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THE PRINCIPLES OF SYNTHESIZING THE COORDINATING
AUTOMATIC CONTROL SYSTEMS

A.A. GURSKIY, A.V. DENISENKO, S.M. DUBNA

Abstract. The problem linked to the model development of the coordinating
automatic control system has been solved in this scientific work. Such a task is
relevant, as it is linked to increase the operational efficiency of the technological
object due to the quality improvement of ratio control. As an object the steam boiler
has been considered, in which it is necessary to maintain the appropriate air-fuel
ratio. The article describes the stages of the model development for the coordinating
automatic control system ensuring the maintenance of a given ratio between
controlled variables in transient modes. The support of the set ratio is ensured by the
implementation of temporal subordination for control processes. Based on the
analysis of modeling results, we have made the conclusion about the expediency of
using the coordinating system of automatic control. Thus, the method of stepwise
synthesis for coordinating control systems was further developed.

Keywords: coordinating automatic control system, ratio control, steam boiler,
stepwise synthesis for the multi-level systems.

INTRODUCTION

Temporal subordination of control processes and coordination of transient is an
important factor in order to increase the operational efficiency of some
technological objects. In this case, increasing the operating efficiency of some
objects is possible by using automatic coordinating control systems [1].

This class of automatic coordinating control systems has a certain feature of
synthesis regarding the motions separation mode. At the same time in the
systems, it must be provided the subordination of control processes according to
temporal priority conditions.

The software development for automated synthesis of coordinating control
systems linked with modern means of automation allows to realize the practical
application of multi-level control systems in order to improve the operating
efficiency of certain objects [2]. In a particular case, we have considered in this
work a steam boiler (the DKVR series) for which it is advisable to synthesize the
coordinating automatic control system. Such a coordinating system has been
developed to improve the quality in control of the air-fuel ratio for efficient
combustion of fuel.

© A.A. Gurskiy, A.V. Denisenko, S.M. Dubna, 2026
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PROBLEM STATEMENT

The automation of tuning up process for the multi-level automatic control systems
on the temporal subordination of regulation processes is the important task due to
the lack of sufficiently simple methods for development systems of the
appropriate class [1, 3].

Analyzing the well-known works [1, 4], we can conclude that the
calculations are made not based on the appropriate control qualities, but on the
transformation of the original standard control algorithm while synthesizing
automatic coordinating control systems. Thus, the automated implementation for
the tuning up process of coordinating automatic control systems for given control
qualities is a relevant task. Accordingly, in order to solve this problem, it has been
considered the synthesis of a model for the steam boiler control system for which
it is important to improve the quality of regulation for the gas-air ratio in
comparison with a typical traditional control system. In this case, the value of the
integral indicator for the quality of work (the integral performance indicator) J for
the coordinating system ought to be significantly less than the value of the

1+

+|¢(t)/¢max|)dt, o is coefficient indicating the temporal coordination of the

integral indicator J of the typical system. Where J = J.(a -De(t)/ €,
0

control processes; ¢(¢) is deviations from the ratio of the values of regulated
variables; ¢ is maximum deviations from the ratio of the values of regulated

variables; e(?) is the deviation of some variable in time from the given value.

Purpose of work is to increase the operational efficiency of the
technological objects due to automating the synthesis process of multi-level
systems which ensure the temporal subordination of control processes.

To achieve this purpose, it was necessary to conduct a series of experiments
linked to the synthesis of multi-level automatic control systems. Such systems
ensure coordinated change in the values of controlled variables in transient
modes, in the particular case coordinated change of gas consumption and air
consumption to the combustion chamber of the steam boiler.

REVIEW OF THE LITERATURE

Automation of the tuning processes for the systems of automatic control and
coordination was presented in the work [2]. The refrigeration turbocompressor
unit was considered as the control object. For the refrigeration turbocompressor
unit it was necessary to change in a coordinated manner the diffuser blades pitch
angle and the rotation speed of the turbocompressor shaft depending on cooling
water consumption in the condenser.

This paper is considered a steam boiler in which it is necessary to coordinate
the change in air consumption relative to the change in gas consumption in front
of the combustion chamber during the transients.

There are various typical ratio control systems between fuel consumption
and air consumption having both advantages and disadvantages.

The disadvantages of such methods for the regulating of gas-air ratio are that
in order to set a given ratio between the gas and air consumption we have only

8 ISSN 1681-6048 System Research & Information Technologies, 2026, Ne 1
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impact on the position of air consumption control element [5, 6]. The frequency
controller can also be used to change the air supply fan performance into the
burner.

The relevant systems use the most common air-fuel ratio control scheme in
boiler units [6—8]. According to this scheme the fuel consumption is determined
depending on the thermal load (steam consumption requirement) and the air
consumption is regulated to provide the appropriate air-fuel ratio.

To improve the quality of regulation and liquidate the deviation from the set
ratio we need to use not only one control action, as implemented in the standard
control schemes. In this case it is necessary to implement an automatic system of
coordinating control.

For example, a well-known scheme of the coordinating control system is
presented in the scientific work by L.M. Boychuk [9]. This work shows the need
to transform typical control schemes during the regulation of ratios and the need
to decompose systems at the level when tuning up on the subordination of control
processes. The disadvantage is that the coordinating system was not considered
for the regulation of ratio between gas consumption and air consumption in the
boiler unit. Also, in scientific work by L.M. Boychuk [9] it has not been
considered in order to improve the ratio control quality due to simultaneous
additional coordinating links between control actions with automatic optimization
of the operating modes of objects.

Thus, we have developed in this work a model of the control system for the
steam boiler, which has the appropriate coordinating links between the control
loops, taking into account the correction of the ratio and optimization of the
operating mode of the boiler unit.

MAIN PART

It is known that in fairly frequent cases we strive for autonomy of control loops
through dynamic decoupling of control channels. However, independence (i.e.,
the dynamic decoupling) of control channels from each other may be
unnecessary, in particular when ensuring coordination of controlled variables
during transients. The term “coordination” is found not only in the field of
automatic control and in the field of control the term “coordination” is ambiguous
in turn. But in this case coordination is a type of control, along with stabilization
and tracking which is associated with the coordination of transients. We are
talking exclusively about the coordinating automatic control systems.

The example of various transients is shown in Fig. 1 [1]. Such processes
presented in Fig. 1, b are difficult to receive in the class of tracking automatic
control systems or program system. It is obvious that the transient processes
presented in Fig. 1, & can occur with a coordinating automatic control system.
Such transients in the system can occur if there is a subordination of control
processes or a motions separation mode. The different motion trajectory of
systems in the space of controlled variables X; and X- is shown in Fig. 1, c. In the
motions separation mode at first from the initial point Xy there is a mode of fast
motions to the manifold m; and then in a mode of slow motions to the end point
X In this case the manifold m; is determined by the ratio between the variables
X ] and Xz.

Cucmemni docniodcenns ma ingopmayivini mexrnonoeii, 2026, Ne 1 9
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X = X, X, Fy
. X, 5= X, o) Time (s)
I
%0 ' % /
B) Time (s) be X2

<
Fig. 1. Examples of transients in a typical automatic control system and in the coordi-
nating automatic control system

It is shown in Fig. 2 the classic (typical) diagram of an automatic control
system in which is implemented maintenance the ratio between the controlled
variables X; and X>. But the coordinated change of controlled variables X; and X
is impossible to carry out in the dynamically unconnected system. In order to
implement the subordination of control processes and ensure the motions
separation mode we need availability cross-links between the control loops shown

by the dotted lines in Fig. 2.
o Plant/ Eﬁ)

" process 1
Xoft)
Int Piant/ ., 2 »
process’g
o= UP+ Uq Xp= Ky X +hy A= K30, +b,
U= Uy Uy = kX by - X,
— T —
o= [u, U] P=A X +b

Fig. 2. Structural diagram of the typical control system and geometric formalization of the
control task

In such a system we can possess two or more given ratios represented by
equations of the form: X, =k-X,+b, where b is a constant. Accordingly,

deviations from the ratio is ¢ =k- X, — X, +b or in vector formis ¢= A" - X +b,

where A" is the matrix of ratio coefficients. As shown in Fig. 2, in the space of
variables X; and X the ratios are presented in the form of straight lines possessing
one common intersection point M. In such a system (in a system with cross-links)
we can distinguish two subsystems. One system is named varying and the other
system 1is stabilizing. One system is linked to elimination of deviations ¢; from
the ratio, the other is connected to deviation ¢,. Herewith the control vector U, of
the varying system is directed towards Manifold One m; and the vector U, of the
stabilizing subsystem is directed towards Manifold Two m. of regulated ratios.
Then the composition of these two subsystems and the addition of these two

10 ISSN 1681-6048 System Research & Information Technologies, 2026, Ne 1
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vectors lead to the emergence vector U directed to the point for intersection M of
the lines. When adding two vectors U, + U, we cannot to obtain the subordination
of control processes, therefore we need to add coefficient @ with this operation.
So, in a system configured for the motions separation mode we can show
U=Up+a-Ug, where a is the coefficient which the temporal subordination of

control processes and respectively the motions separation mode.

As an example, we have considered the classic scheme of the automatic air-
fuel ratio control system in the steam boiler while stabilizing the pressure of
steam in the boiler drum (shown in Fig. 3).

The parameters of the steam boiler control channel are known. The control
channel “control action u;, by gas consumption — steam pressure Prn” is described

ke ™
(T-s+1)-(T,-s+1)
where 7 is time delay; T/, T2 are the time constants for the boiler. The dynamic
properties of the boiler we can also describe by transfer function of the 1st order

by the 2nd order transfer function in this form W, (s)=

aperiodic link with a delay Wup(s)sz, where, T = 200-300 sec.,

s+1
©/T = 0.025 [10-12]. Accordingly, the inertia of the air consumption control
channel is significantly less than the inertia of the steam pressure control channel. The
air consumption control channel is “the control action u»y on the air consumption
linked with a change in the angle of the guide blades for the blower fan — the air
consumption Gy before the economizer and the boiler furnace”. This channel is
described by the nonlinear static characteristic of a blowing centrifugal fan.

The tuning parameters for the boiler PID controller we can determine
based on the parameters of the control channels and optimize by the appropriate
criterion for the quality of system operation.

pSteam
‘I'Dn : | ] )
Pr,
\ | Controller
L
Gas |z
L T'rioEa

'—
e )
Cry - I.;.I:J iy —)— o
E>—X - G controller mm

! .
Alr Py Pz
controller [

Fig. 3. Structural and technological diagram of the steam boiler
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Thus, in the MATLAB\Simulink 5.2 software environment we have
optimized the steam pressure PID controller parameters, then we have carried out
optimization of the parameters for the ratio controller according to such integral

criterion of system quality: J,, = Iow|e(t)|dt , where e(?) is the difference

between the actual and set values of the controlled variable (Fig. 4).

I Optimization A 'E optimization izl
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1 1 500+
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Stepa number Steps number
R 10D R 100
Gagne+dneis - 102 Gathe-fga - 98
a b

Fig. 4. The optimization results of parameters for the PID steam pressure controller in the
boiler drum (a) and the ratio controller (b)

In order to synthesize such coordinating automatic control system, we can
decompose the coordinating system into two systems. System one is the single-
level coordinating automatic control system presented in Fig. 5. System
Two is the stabilizing system and also the 2nd level of the coordinating system.
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Fig. 5. Block diagram of the model for a single-level coordinating automatic control
system presented by using MATLAB\Simulink
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As shown in Fig. 5, two PID controllers are used simultaneously to process
the deviation from the ratio of controlled variables. This is a distinctive feature of
systems for this class. It is obvious that if one of the controllers (PID2 or PID3) is
excluded from the system and one of the control actions is fixed at a certain value,
then the quality of the ratio control will noticeably deteriorate. In this case such
system will convert from a coordinating system into a tracking one or into a
regular stabilization one. But when two PID-controllers operate simultaneously
and the values of two controlled variables change towards decreasing of deviation
from the given ratio, then the quality of control ratio is noticeably higher.

The control law of a single-level coordinating system is as follows:

ﬁq:|:”q1:|:|:k1‘(1+(k11/p)+k12‘p:|.¢’ (1)

Up kz‘(1+(k21/p)+k22‘p

where ¢p=A"-X+b, A" = [-1 k], X = {xl} is a vector of controlled
X
variables, ki, k2, k12, ki1, k21, k22 are the tuning parameters of PID controllers.

The tuning parameters for the PID2 controller are determined as in the
previous case based on the parameters of the control channel u, — X3, and the
tuning parameters for the PID3 are determined based on the parameters of the
channel u; — Xo.

As a result of modeling for a single-level coordinating system we have
determined that depending on the initial conditions or under the various actions
“*u, ,**u, , deviations from the ratio are eliminated for 12—15 seconds and whilst

various steady-state values of the controlled variables are implemented. We can
see it in Fig. 6 showing the graphs of various transients by the deviation ¢ from

the ratio and by air consumption X.

In order to ensure stabilization of the controlled variables at the specified
value, it is necessary to add to the system an extra stabilizing level, in which the
deviations from another specified ratio can be processed.
P ; ; . ;

400 -

2004 -

0

-200

i i I
0 5 10 15 20 %5 Timef(s)

Fig. 6. Curves of transients by deviation from the specified ratio between the controlled
variables (@) and step responses curves of the controlled variable X3 ()
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The structural diagram of the stabilization system model is presented in Fig.
7. In the stabilizing system of this model we can see some additional connection
in addition to the PID controller. This connection sets the required value of the
controlled variable X; (air consumption), relative to the control action u; on the
controlled variable X> (gas consumption). Such additional cross-link with the
transmission coefficient (k, ) improves the quality of control by steam pressure in

the boiler drum (according to the variable X;).
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Fig. 7. Block diagram of the model for a single-level stabilizing control system presented
by using MATLAB\Simulink

The systems shown in Figs. 5 and 7 have the same control object (plant or
process) therefore we can combine them into one system. The structural diagram
for the model of such a combined system is presented in Fig. 8.

To synthesize such a system and to move from the coordinating level of the
system to the stabilizing level we need to select the leading control variable and,
respectively the slave control one. In this case, X> is as the leading control
variable and, respectively X3 is the slave control one. Thus, another control loop
appears in order to stabilize the variables at a set value. By Fig. 8, such a control
loop appears when the switch KL1 is closed. But with such a system the control
loop of steam pressure with the PID controller is the stabilizing subsystem, and
when the KLL1 contact is closed, we can see an additional internal control loop to
stabilize the variable X>.

The control law of this coordinating system is two-level and it can be
represented as follows:

k,(1+(k + k., -
S :{u1:|:ﬁq+ 5 ( (31/1’) 2 P) (X, - X,),
u, kul—uz'k3(1+(k31/p)+k32'p)

where u, is the control vector of the Ist level, according to expression (1), ks, ksi,

k3> are the tuning parameters of the 2nd level, where &3, k; k2 are the parameters
of the 1st control level, according to expression (1). They determine the time
subordination of the control processes and, respectively, the mode separation of
motions in the system.
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Fig. 8. Block diagram of the model for a two-level coordinated automatic control system
presented by using the MATLAB\Simulink environment

In such a system the tuning parameters of the PID and PID2 controllers
have already optimized at the previous stage during the synthesis of the classical
(typical) system. At the next stage the tuning parameters of the PID 3 controller
have optimized by the following integral criterion of quality for system operation:

Jy = I:(|¢(t)| +a -|e(t)|)dt, where « is the weighting factor.

The results of the optimization for the PID 3 controller parameters are
presented in Fig. 9. The presented transient process (Fig. 9) demonstrates how
significant the quality of the air-gas ratio control has improved when comparing
with the results presented in Fig. 4.

At the last stage the value of the coefficient £

ul-u2

of the cross-link between

the control actions u; and u» has optimized by the previous integral criterion,
which has provided an extra improvement in the quality of control.
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Fig. 9. The parameter optimizing results for the coordinating level of the system
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RESEARCH RESULTS

In this scientific article it has been carried out the modeling of various automatic
control systems in the MATLAB\Simulink 5.2 software environment. The
simulation results are presented in Fig. 10. It is evident from Fig. 10, b that in
terms of the quality of ratio ¢ regulation the typical automatic control system

(graph 1) functions significantly worse than the coordinating system (curves 2, 3),
which contains additional cross-links between the control loops. However, the
quality of steam pressure control is insignificantly worse while coordinating the
controlled variables, unlike the typical control system. It is noticeable by
comparing curves 1 and 3 in Fig. 10, a.

X1,
WPa 1.2
11

0.3

500k

-800

1000

1500

i i i i i i i i i
0 200 400 B0 BOD 1000 1200 1400 1600 1800 Time (s)
b.
Fig. 10. The transients in various control systems, 1 is dynamic characteristic in the
traditional control system; 2, 3 are dynamic characteristics in coordinating automatic
control systems

The motions separation mode is clearly seen when considering motion of the
system in space of the controlled variables X>, X; (gas-air) shown in Fig. 11, a, b.
The motion trajectory of the coordinating system is shown in Fig. 11, a. As shown
in Fig. 11, a as per the motions separation mode at first the mode of fast motions
comes from point A to point B located on the manifold m submitted by the dashed
line. Then in the m ode of slow motions along the manifold m of the controlled
ratio we can see the movement from point B to point C representing the final
steady state. Due to the disturbing effect in such system the movement occurs
from point C to point D along the manifold m. In Fig. 10 we have indicated points
C and D in the graphs of the transients appropriating to steady conditions.

The motions separation mode is absent in a typical system of the steam
boiler control. This is noticeable when considering the movement of the system in
the space of controlled variables Xz, Xs. It is presented in Fig. 11, 5. As shown in
Fig. 11, b, any transients and, hence, any movement of the system is associated
with away from the manifold m (submitted by the dashed line) which represents
the set of optimal states for gas combustion in the boiler furnace.
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Fig. 11. Movement of the coordinating (@) and typical systems (b) in the space of
controlled variables

DISCUSSION

As a result of studies and based on simulation results, we have determined that
during the coordinating automatic control system the quality of regulation for the
gas-air ratio is significantly higher. But at the same time the coordinated change
of gas consumption relative to air consumption and vice versa has not worsened
significantly the regulation quality of steam pressure in the boiler drum with
appropriate cross-link. This cross-link exists with the transfer coefficient &,

between the control actions for gas and air consumption control. Thus, as per the
optimization results presented in Fig. 9, a, b we have the cross-link with the
coefficient & allowing reducing significantly the value of the appropriate

ul-u2
integral indicator for quality of system operation.

Ultimately, we have got the structural diagram of automatic control system
shown in Fig. 12 as per the diagram of a model for the coordinating system
presented by means of MATLAB\Simulink 5.2 (Fig. 8). In Fig. 12 we can see
such a system differing mainly from the typical control system of the steam boiler
by the presence of cross-links with links 3 and 4 and the peculiarity of tuning on
the temporal subordination of control processes appropriate the motions
separation mode. The diagram is also shown the automatic optimizer (AO)
correcting the gas-air ratio.

Hence, the coefficient of the gas-air ratio (determining the required air flow
depending on the G, gas consumption) can be correcting through the signal u,
which has come from the output of the automatic optimizer 8. The automatic
optimizer 8 forms the u, correction signal depending on the oxygen content v, in
the flue gases and in the indicator of gas (fuel) combustion efficiency. So
automatic optimizer 8 is contained in the optimization level of the system, PID
controller 2 and unit 3 are contained in the stabilization level, and PID 4 and 5
controllers are contained in the coordination level of the system.

Notably, as per the structural diagram presented in Fig. 12, the complete
composition of the control system must contain the underpressure Py control
loops in the boiler furnace and the control loops of water level in the boiler drum.
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Such control loops cause certain disturbances in the considered system for the air
and gas consumption in the boiler furnace taken into account during the synthesis
of system models.

2
PID P
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> ° Baais;
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Fig. 12. Block diagram of the coordinating automatic control system
CONCLUSIONS

This article focuses on the development of a stepwise synthesis for the multi-level
coordinating system providing the air-gas (air-fuel) ratio control in the steam
boiler. It has been considered this stepwise synthesis of the control system, which
is necessary for subsequent verification of the automation for tuning process of
the appropriate systems. So, the method of synthesizing the coordinating
automatic control systems has been further developed.

These conducted studies have confirmed the fundamental suitability of the
algorithms for step-by-step tuning of the coordinating systems on the motions
separation mode. The developed models allow approaching the definite solution
of a practical problem linked to the automated tuning of control systems based on
the up-to-date programs connected with the latest automation tools.

Thus, the further research should be directly related to the automation for
tuning process of the coordinating automatic control systems.
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MNPUHIUIIN CUHTE3Y KOOPIUHYBAJIBHUX CUCTEM ABTOMATHUYHOI' O
YIPABJIIHHSA / O.0. I'ypepkwmii, A.B. [denncenko, C.M. JlyoHa

AHoTanif. BupimeHo 3aBAaHHs, [0 TOB’s3aHE 3 PO3POOICHHAM MOZETEH
KOOPAWHYBAJIBHUX CHUCTEM aBTOMATHYHOTO YIpaBmiHHS. lle 3aBIaHHS akTyanbHe,
OCKITBKM CIPSIMOBaHE HA IMiJBHUIIECHHSA €()EeKTHBHOCTI (YHKI[IOHYBAaHHS TEXHO-
JIOTIYHHMX 00’€KTIB 3aBASKH MOKPAIICHHIO SIKOCTI PErYIIOBAHHS CIIiBBiIXHOIICHHS
MiX peryIbOBaHUMH 3MIHHUMH. SIK MPUKIIAJ PO3MIISHYTO MApOBUH KOTEN, Y SKOMY
HEeoOXiJHO MiATPUMYBATH BiJIIOBIIHE CITiBBiAHOMEHHS ra3—ToBiTps. [Ipencrasieno
eTanmy po3poOJIEHHS MOZENi KOOPAMHYBAIBGHO! CHCTEMH AaBTOMAaTHYHOIO YIPaB-
JmiHHA, sfKa 3a0e3mledye MiATPUMAHHS 3aJaHOTO CITBBIJHOIICHHS MDK PEryiabo-
BaHMMH 3MIHHHMH Y TEpeXiJHUX pexuMmax. [liaTpuMaHHS 3a7aHOro CHiBBiI-
HOIICHHS 3a0e3MedyeThesl depe3 pealizaliio  MiANOpSAAKOBAHOCTI  IPOLECIB
perymoBanHs. IlpoBemeHi eKCIIEpUMEHTH IOKa3aJd MNPUHIUIIOBY INPHUAATHICTH
BH3HAYCHOTO ITOETAITHOTO AJTOPUTMY CHHTE3Y, SIKHH MOXHA IIOKJIACTH B OCHOBY
aBTOMATH3aIl] NPOIECy HaJAIITyBAaHHS CHCTEM Ha IIiIOPSIKOBAHICTH IIPOLECIB
PpETYITIOBaHHSL.

KiiouoBi c1oBa: KoopIuHYBaIbHA CHCTEMa aBTOMaTHYHOTO YIPABIIIHHS, PETYIIIO-
BaHHS CIIiBBIJHOIICHHS, TAPOBUH KOTEN, ITOSTAITHE HANAIITYBAaHHS OaraTopiBHEBHX
CHCTEM YIPaBITiHHSL.
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OPTIMIZING MICROSERVICES DESIGN PATTERN:
MAXIMIZING COMMUNICATION SPEED AND PROLONGING
APPLICATION LONGEVITY

Y.E. KOVALOV, Y.V. BOYKO

Abstract. Microservice oriented application design obtained popularity in the past
years. Most researchers investigated some aspects in microservice design for im-
plementing application functionality. Little research considered the core functionali-
ty of microservices. This research investigates how to construct a microservice
communication system by yourself in detail. The results should assist developers
and architects to construct their own microservice applications, use less amount of
frameworks and therefore prolong overall microservice system life cycle. The stand-
ard TCP/IP connection and embedded libraries were used to construct the communi-
cation system without using any additional frameworks. As a practical application of
this methodology a microservice core system was implemented with a minimum
number of microservices to perform performance testing. The measured application
layer communication speed turned out to exceed the speed in real application be-
cause of database operation limitations. The implemented microservice core system
is intended to be used in financial commercial applications as well as in further sci-
entific investigations.

Keywords: microservice, application design, communication speed, domain-driven,
monolith application, application life cycle, event, message bus, osi model, delivery
guarantee, application layer.

INTRODUCTION

One of the modern programming design patterns is microservice architecture.
It was derived from both service-oriented architecture (SOA) and event-driven
architecture (EDA) [1]. Many people have heard of it. Some developers used it.
The microservice architecture has something in common with challenges in any
other application: how quickly it works, how easy to develop and support, how to
integrate different parts together etc.

Although some researchers have paid attention to different practical aspects
of microservice programming design [2—12], much less research has investigated
the core functionality of microservice applications. In this research a practical
methodology for creating microservice applications from scratch is represented.
First of all, it is a way microservices interact with each other to work as a whole.

Past research mostly used standard communication frameworks and technol-
ogies. Although they are good for most practical tasks, the lack of developer con-
trol may reduce their longevity. In this research the original event delivering sys-
tem was created and tested in detail. This approach gives developers full control

© Y.E. Kovalov, Y.V. Boyko, 2026
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for communications as the most important part of the microservice system thus
drastically increasing the life cycle of application.

The research questions we are supposed to answer in this study are as follows:

e What are the main benefits and drawbacks of using applications with mi-
croservice design?

e What are the main parts of microservice applications?

e How to take advantage of microservice design and evade drawbacks?

e How to construct a microservices communication system by yourself?

This paper has four parts. First it reviews the literature relevant to micro-
services design. Then the research methodology is presented and outlines the
main parts of microservice application design. In the next step practical results of
research are summarized and discussed. The paper concludes with a summary of
results and further research.

LITERATURE REVIEW

There have been many architectural paradigms developed over time in computer
systems. Some of these approaches, such as the widely known object-oriented
programming, have significantly influenced computer languages. Another, such
as structured programming, changed how developers write programs by prioritiz-
ing clear structure, improving readability, and making development and mainte-
nance easier. Despite their differences, these patterns shared a common goal:
to facilitate clearer program structures for human comprehension, thereby stream-
lining the software development and maintenance.

On the contrary, machine code is straightforward and rudimentary, consist-
ing of a sequence of instructions that direct the processor on how to execute tasks.
Unlike humans, machines don't rely on structured systems since they possess the
capacity to retain every detail. The creation of computer languages, paradigms,
and architectures was solely a human endeavor. It reflects human limitations, yet
superior comprehension of grammar, particularly in the context of code syntax.

One of the most contemporary design patterns is the microservice architec-
ture. Growing number of programmers and system architects interact with this
technology. Developers engaging with microservices often question why this ap-
proach, what drawbacks exist in other technologies, and where to start.

Monolith applications

A so-called monolith application is a program although it consists of different
modules, but they are working in a tight-coupled way. One module could not
operate without another or at least there’s a central part of the application on
which other parts are intertwined. Often it had a single start point and single data-
base to hold information for the entire system. The human brain is an example
of such a system in terms the brain has different intertwined tightly coupled parts.

No wonder that most legacy applications and computer systems were archi-
tected as monoliths, as this architecture was the simplest way to develop. The
monolith system has many advantages that should be considered when creating
other systems. First of all, it offers a high speed of interaction between its parts
because most interlinks are performed using fast memory operations. It also has
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no issues with transaction clarity, as it usually has a single database with built-in
transaction processing.

A well-constructed monolith system can perform better than purely designed
microservices architecture. So, before making a decision, let's take into account
all the strengths and weaknesses of these architectures.

Domain-driven design

Domain-driven design (DDD) was first introduced by Eric Evans in his book
“Domain-Driven Design: Tackling Complexity in the Heart of Software” [13].
Over time, this approach became a well-known architecture, with many authors
providing their perspectives on this design [14].

The point is that large computer systems are usually developed by multiple
teams of developers, not just one developer or a single team. This approach ena-
bles the quick development of complex applications because each team works
simultaneously and independently.

DDD can be used in both monolithic and microservice applications [3].
It represents an idea on how to divide large systems into parts. Each team focuses
on one part of the system independently. Later the teams stitch it together using
one of the integration mechanisms.

In this work, some ideas and interpretation of this design were implemented
on our way in making the microservice system.

Taking advantage of microservice architecture

A microservice-driven application was a further development of ideas on how to
break down a complex system. Once again, it had something to do with human think-
ing. Our society is an example of such a system. Each individual is responsible for
themselves and has their own skills and abilities, acting just like a single microservice
in an application. Similarly, society can function as a whole because people com-
municate with each other and coordinate their efforts to achieve their goals.

One of the main goals of the microservice approach is to prolong the longev-
ity of an application. Although monolith systems are easier to create, they are
much harder to support. People tend to migrate to new technologies, computer
languages, frameworks etc. Consequently, the number of developers willing
to support legacy applications inevitably decreases over time.

As usual, renewing a monolith application means it must be rewritten from
scratch. This interrupts the life cycle of old (legacy) applications, even though
they may still satisfy all needs. Society wastes time and money by doing this. This
issue occurs not only in software development but also throughout our daily lives.

Consider a simple object as a fridge. Some people throw it away just because
it broke down or has an outdated design. But what if somebody makes a fridge
like a Lego set allowing you to repair, upgrade, and change its parts and design as
needed? I think this approach will inspire you to keep your fridge indefinitely.
With this mindset, society could use our limited resources much more efficiently.
Additionally, this approach is crucial for mitigating climate change.

Interest in the term “microservice” has grown since 2014 [15]. Many
authors have made an effort to clarify what it is and how to work with it [2—6].
Table 1 illustrates how they addressed the challenges of microservice design.
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But how to not find yourself lost in this variety of approaches, in other words
how to catch a fish in a microservice’s cocktail? This research will find answers
to this question.

RESEARCH METHODOLOGY

When one microservice sends a message to others it may not know recipients.
It just emits some mark of its own activity with useful information. So, it is more
reasonable to name such an activity as an event.

The objective of this research is to create microservice application cores in a
step-by-step manner. It includes communication, event format, events routing,
database, event delivery, event processing and API gateway.

Communication

Communication is the imperative part of the microservice application since it re-
lates to all microservices. Most applications under investigation used standard
communication technology and frameworks (see Tablel) such as RestApi for
synchronous communication. For asynchronous communication top known meth-
ods were Kafka [16] and RabbitMQ [17].

As already mentioned above, monolith applications had an advantage of
huge communication speed between the parts of the system. So, it is very im-
portant to provide a quick connection between microservices, otherwise it be-
comes a bottleneck of our application. Thus, it must be something lightweight and
quick. RestApi may be a good choice, but it isn’t lightweight and isn’t quick
enough as was concluded during interconnection speed investigation.

Of course, it is possible to use one of the open source message systems. But
both methods that were mentioned above didn’t guarantee that messages or events
would not be duplicated. Additional efforts must be implemented to avoid dupli-
cation. Moreover, what if something goes wrong with them? Microservice sys-
tems may need some additional functions and don't need others. Maybe future
developed microservice would require exact computer language and this open
source system would not support it. Moreover, open source communication sys-
tems may suffer from a security vulnerability that would affect the whole system.
And because it is open source all around would know about that. And finally, the
lifecycle of microservice systems and open source systems can be different. You
would have a problem if the open source system team stops supporting it.

If you want to do something good — do it yourself, especially when it is
comparably easy to perform. It’s reasonable to rely on technologies and methods
that are supposed to survive longer than our microservice system’s lifetime. Let’s
try figuring it out using the Open System Interconnection model (OSI) [18]. This
model was developed in 1984 by the International Organization for Standardiza-
tion (ISO). Let’s scrutinize this model and try to make the best of it.

So, there are seven layers in this model (Fig. 1). The lowest level is Physical,
the highest is Application. The lower layer the quicker communication but the
harder to write a managed program.

The lower three layers are media layers. They deal with hardware and low-
level software such as drivers, on-board programs and operating system’s ser-
vices. They are way too low for our purposes. But there was something important
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we must keep in mind about physical connections — there were duplex connec-
tions and usually there were input and output low-level data caches. It means that
a communication system must be constructed with embedded support of simulta-

neous input and output data flow to maximize performance.

[ P — —— . g
o g = Transport [ Network ]
—— Estsbiish, manane and Relable measags Moving the paciets s

Scriita dAaekias dalnary butween fremn soure o =
& ol = plecesses deslinaien | g
s

Fig. 1. OSI model

The upper four layers are host layers. And the lowest in this group
(Transport) is good enough for our needs. But that’s just a model. How about
practical implementation?

TCP/IP model is a more practical implementation of communication suite
compared to OSI.

It used four layers instead of seven layers in OSI model (Table 2) [19]. Now
it is a communication standard supported almost by all devices, systems, operat-
ing systems, computer languages etc. It survived for a long time, and is supposed
to survive even longer.

Table 2. OSI vs. TCP/IP model

OSI TCP/TP
Application Application
Presentation
Session
Transport Transport
Network Internet
Data link Link
Physical

There were two main protocols on a Transport layer — transport control pro-
tocol (TCP) and user datagram protocol (UDP). The UDP protocol is stateless
while TCP establishes and holds connections. UDP is quicker but the main disad-
vantage, meaning that it was less applicable for our purposes, was that it didn’t
track the sequence of data. The messages should be accepted by our receiver mi-
croservice exactly in succession they were transmitted. Thus, TCP protocol is best
for our application core.

Event format

It is reasonable to use the message format that most of the computer languages
and operating systems are using now and is expected to use in the future. One of
the well-known formats that fit this demand is text format.

Well-known standard for encoding object information and data interchange
in a text form is JavaScript Object Notation (JSON) [20]. It is commonly used
in web application programs. Many computer languages have libraries to parse it.
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It is not very difficult to write such a library on your own for legacy systems.
It has basic types for Number, String, Boolean, Array, Object. From our point of
view this format is good enough to be used as an event format, but you can
choose any other text format you prefer.

Events routing

When events are emitting it is not the microservice’s responsibility to know recip-
ients. Otherwise, they would be tightly coupled, which is considered as a bad
smell for microservices architecture [21]. So, the most reasonable approach is to
implement subscriptions and event types (let’s name it Eventld). Microservice’s
subscriptions should somehow be remembered. Events of specified Eventld must
be sent to its recipients.

As it was concluded the microservice would be implemented for this func-
tionality. Let’s name it EventBroker. It works like a delivery system (Fig. 2).

[ Microservice
2 (Subscriber)

: 7]
{ Microservice | /72— | Microservice |
\ 1 (Emitter) | \3 (Subscriber),
\ %A EventBroker ‘s~
~ S _C:.__—_-j',.a\.-f 5

Fig. 2. Events routing

At the startup EventBroker subscribes itself to receive subscription events
(startup record in a subscription table). Every microservice first emits a subscrip-
tion event either on the startup or at any time. On receiving, EventBroker fixes
this information in the database. From now on all events of that Eventld will be
forwarding to its subscribers. Fig. 2 portrayed stances in which microservice 1 is
an event emitter and microservices 2 and 3 are subscribers for that Eventld.

Sadly, EventBroker in this architecture is a single point of error, which is
considered a bad smell in miscroservice’s design. If EventBroker stops working
the whole system will freeze. But let’s keep in mind that there is already a single
point of error in any microservice system — network. Everything goes wrong if the
network stops working. And EventBroker is an extension of the network with re-
sponsibility to deliver events. If the network layout is super resilient and has sev-
eral reserved lines it is possible to create several EvenBroker microservices
for each line to avoid a single point of error. This would not change our metho-
dology.

The EventBroker is a central coordinator of all events and simultaneously
logs keeper. If something goes wrong in our microservice system — having logs is
vital for debugging and moreover it is considered a bad smell if the microservice
system doesn’t have a central log keeper. Our goal is to create a microservice sys-
tem, not just a bunch of microservices.

EventBroker establishes tcp/ip connection with every microservice we have.
In order to maximize performance, it must actively use parallel execution tech-
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nologies of your favorite computer language. Thus, there are two simultaneously
running tasks for each microservice (input and output events processing).

Database

Every system needs data storage. The microservice system has a lot of microservices
that have to be loose coupled. Shared databases in this approach are a way out of line.
So, it is imperative for all microservices to have their own database.

It is up to developers to choose the database and framework to deal with.
It can be Sql, NoSql, object-oriented and so on. Of course, there is no reason for
one development team to use different database types in one project.

Event delivery guarantee — not less than once, not more than once

Communication is commonly used by many microservices, so it is reasonable to
build a communication library for each computer language used. There are sever-
al reasons that may affect microservice system event delivery. First of all, it is
a connection issue and microservice application problem.

Connection issues are caused by unstable network connection. If this hap-
pens one or several tcp/ip connections between EvenBroker and microservice
may interrupt. The communication library must track this somehow and initialize
connection renew. The simplest way to implement this functionality is periodic
connection testing with small data amounts.

Microservice applications may be affected by following: be under the
maintenance, in the restart process, hangs up etc. As a result, events suffer from
not being delivered at all or being delivered several times. How to mitigate these
artifact behaviors?

There is no problem at all sending events again and again until the subscriber
accepts it. But to avoid duplication every event should be unique and easily iden-
tified. And keeping in mind that any microservice (including EventBroker) can be
interrupted for reasons mentioned above, the only way to provide this is keeping
the event state in our storage — database. Using database transaction technique,
it is possible to keep atomicity of database changes even during restart.

So, every microservice must have a pool of outgoing and incoming events in
the database with a unique id for every outgoing. When a microservice receives
an event it first checks against the database if the event with that id already was
registered. It registers events in the database if not. It replies to the sender with
“Event with this id was received” either after registration or when it was already
found in the database (Fig. 3).

Bl IR 1 Ul i

EvnnlBiokes Gl st of unssrl feassdges Sand Evenl Micragnice 1
Tor Miciosarvice 1

Mark aennt ag sent Thee wan! was recered

Fig. 3. Event delivery
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Event processing

The event delivery approach proposed above is not only about the resilience of
the microservice system but also gives the opportunity to perform event pro-
cessing atomically.

Microservice is like a black box. It is not necessary for you to know how ex-
actly it is working unless you send and receive events and understand its struc-
ture. But what if something happens in the middle between events being received
and sent in other words when events are under processing?

In the proposed approach we can put the whole sequence into one transac-
tion (Fig. 4).

ij—v :—-D—-m—-ij—f[j_. ]
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Fig. 4. Event Processing

Thus, either during processing the answer will be saved or the database state
will be returned to the initial state just after the input event was received.

API gateway

As was mentioned earlier, RestApi today is the most widely used protocol for web
applications. In our microservice architecture it can be used to connect other applica-
tions, frontend applications and so on. All we need is just another microservice (name
it APIGateway), connected to EventBroker but with specific behavior.

APIGateway performs interlink between internal tcp/ip and Rest Api proto-
cols adding caching capabilities. It is also a good place for user authentication
since other parts of a system could be hidden from the outer world.

PRACTICAL RESULTS OF RESEARCH AND DISCUSSION

The microservice system was implemented based on the research methodology
presented above. It was coded with c# for .net multiplatform program language.
Entity framework, System.Net.Sockets library and MySql database were used as
helper components.

In addition to EventBroker and APIGateway, a test microservice named
“Ping” was implemented. With help of these microservices some vital micro-
service core parameters were measured.

Application layer speed

First of all, the application layer speed was measured in isolation without database
operations. Using APIGateway we generated an event for Ping microservice.
On event arrival Ping microservice generates 50000 messages of specified size
addressed to EventBroker.

The software measured both times consumed to publish and receive me-
ssages. Two computers were used to measure performance with 1 Gigabit per
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second network connection between them. First computer, with Ping microservice
installed, is equipped with CPU “Intel Core 15-6400 2.7 Ghz” and 8 gigabytes
of memory on Windows 10 system. Second, with ApiGateway, EventBroker mi-
croservices and MySql has CPU “Intel Core 15-6600K 3.5 Ghz” and 16 gigabytes
of memory on Windows 10 system. One thread was used on both publish and re-
ceive sides.

It turned out the bottleneck in application layer performance was CPU on
a publish computer with Ping microservice launched (one CPU kernel was fully
engaged). Thus, consumed and published times were identical with few devia-
tions, for that reason our graph shows only consumed time transformed to speed
without consideration to publish time (Fig. 5).
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Fig. 5. Application layer speed

In addition, the effective consume speed shows that only a part of network
connection bandwidth was engaged, as for 1 gigabit per second network theoreti-
cal bandwidth limit is about 122000 kilobytes per second (Fig. 5). But as already
mentioned above this is because of a CPU bottleneck on a publishing computer.

For the most practical cases this speed is more than enough and exceeds per-
formance of other universal message brokers already mentioned in paragraph
“Communication”.

Events processing speed

During the next phase let’s add database operations to our experimental environ-
ment. The computer hardware configuration is the same as mentioned in a previ-
ous step. The results are on Fig. 6. Event size here is 398 bytes.

The events flood publisher here is microservice Ping. It generates 100 events
and sends them to event receiver EventBroker microservice. How quickly Event-
Broker can save to the database was measured. EventBroker can engage multiple
threads (c# Task library) to process events. With the number of tasks 4 the maxi-
mum saving rate was reached in this configuration. This happens when 100 % CPU
usage was registered on EventBroker microservice (number of tasks 4 and 5).
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Fig. 6. Database was engaged in speed measurement

In the next phase the different event sizes were investigated with the same hard-
ware configuration. Number of tasks engaged at EventBroker was fixed to 4 (Fig, 7).
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Fig. 7. Event size dependence in database engaged configuration

If we trace over the graph it is clear that processing speed is almost the same
with few deviations until event size 6400 bytes is reached and then it slowly drops
down. Thus, for this system architecture it is preferable to generate less amounts
of bigger events to increase performance.

CONCLUSIONS AND FUTURE WORK

The microservice system with direct network connection application level was
constructed. In this system special microservice EventBroker was implemented to
be in charge of delivering events to other microservices. It also makes sure every
microservice receives not less than one event, not more than one event. The event
processing speed was measured in isolation without database operations and in
real situations with database transactions.

The performance of application layer speed without database operations ex-
ceeds the universal message broker’s speed even with one CPU engaged and
reaches 90000 events per second. It is also possible to perform multithreading
events processing for even better results.
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The performance in real applications depends on how quickly the database
operations are performed. For the experimental part a MySql database was in-
volved. It shows a maximum productivity of about 170 events per second in the
test environment. Multithreading environment boosts the performance. Thus, in a
real environment with powerful servers the high system productivity is expected.

Self written microservices communication library gives developers control
over application lifetime as the most important part of this design pattern.

The goal of the further research may include testing different database types
in terms of productivity increasing. Also, the important parts of the microservice
application should be investigated such as authentication, authorization.
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ONTUMIBAIIA ITABJIOHY CTBOPEHHS MIKPOCEPBICIB: MAKCUMI3ALIISA
MBHUJAKOCTI 3B’SA3KY TA NOJOBXEHHSA YACY KUTTA CUCTEMMU /
IO.E. KoBanwos, FO.B. boiiko
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AHoranis. OcraHHIM YacoM HaOyJ0 HOMYJISIPHOCTI CTBOPEHHS 3aCTOCYHKIB i3 BH-
KOPHCTAHHAM TEXHOJIOT1l MiKpocepBiciB. BUIBIIICTE JOCHTITHUKIB aHAJI3YIOTh MOX-
JUBOCTI i€l TexHomorii as peamizarii GpyHKIioHyBaHHS 3acTOCYHKY. HebaraTo mo-
CIII/DKCHb TPHUCBSUCHO (DYHKIISAM sIpa (YHKI[IOHYBAHHS MiKPOCEPBICHOI CHCTEMH.
Mera mocmipKeHHs] — JeTaIbHAN po30ip MOMKIMBOCTI CaMOCTiHHOI MOOYIOBH CHC-
TEMH 3B’S13Ky MIKpOCEpBiCHOI cucTemMu. Pe3ynmpraTamMu JOCIHIIKEHHS MOXYTh CKO-
pucTatucs po3poOHHUKN W apXiTEKTOPH MPOrPaMHOro 3a0e3nedeHHs I M00yTOoBH
CBOiX MIKpPOCEPBICHUX CUCTEM TaKMM YHHOM, 00 Y HUX 3aJ[ifoBajiacs MEHIIA Kilb-
KiCTh NIPOrpaMHUX IIa0JIOHIB, TAKIM YMHOM 30UIBIIYIOUH KUTTEBHUH UK CHCTEMHU.
Komynikaniiiny cuctemy moOynoBaHo Ha 6a3i cranmapraoro TCP/IP 3’emnanHs Ta
BOyoBaHMX 6i6miorek st poboTH i3 HUM 6e3 BUKOPUCTaHHS HOJATKOBHUX IPOrpa-
MHHX IIa0JIOHIB. SIK MpHKIax MPaKTHIHOTO BUKOPHCTAHHS Ii€l METOIOMOrii po3po-
OJICHO AAPO MIKPOCEPBICHOI CUCTEMH 13 MiHIMAIILHOIO KiJIBKICTIO MiKpOCEPBICiB, He-
OOXITHUX JUIS TIEPeBIpKH MIBUAKOCTI poOOTH. SIK BHSBHIIOCS, BUMIpSIHA IIBHIKICTH
3B’S13Ky PiBHS 3aCTOCYHKY II€PEBHIIYe MIBUAKICTH Y pPealbHill cuTyarii gepe3 ooMe-
JKCHHS MIBUIKOCTI poOOTH 13 623010 MaHWX. 3aIUIAHOBAHO BUKOPHCTATH Peali3oBaHe
SIIPO MIKPOCEPBICHOI CHCTeMH JUIs po3poOJIeHHsT KOMEpUifHNX (hiHAHCOBHX 3aCTO-
CYHKIB Ta y XO/Ii IPOBECHHS MOJAJBIINX JOCITIKCHb.

KiiouoBi cioBa: MikpocepBic, apxiTekTypa Iporpamy, MIBHAKICTH 3’€XHAHHS,
JIOMEH-OPIEHTOBAHM, MOHONITHUI 3aCTOCYHOK, KUTTEBHU IIUKII TIPOTPaMH, OIS,
[IMHA TIOB1IOMJICHb, MOJICITh OSi, TApAHTYBAaHHS TOCTABKH, PiBEHb 3aCTOCYHKY.
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MULTIMODAL SYSTEM FOR SKIN CANCER DETECTION
V. SYDORSKY]I, I. KRASHENYI, O. YAKUBENKO

Abstract. Melanoma detection is vital for early diagnosis and effective treatment.
While deep learning models on dermoscopic images have shown promise, they re-
quire specialized equipment, limiting their use in broader clinical settings. This study
introduces a multi-modal melanoma detection system using conventional photo im-
ages, making it more accessible and versatile. Our system integrates image data with
tabular metadata, such as patient demographics and lesion characteristics, to improve
detection accuracy. It employs a multi-modal neural network combining image and
metadata processing and supports a two-step model for cases with or without
metadata. A three-stage pipeline further refines predictions by boosting algorithms
and enhancing performance. To address the challenges of a highly imbalanced dataset,
specific techniques were implemented to ensure robust training. An ablation study
evaluated recent vision architectures, boosting algorithms, and loss functions, achiev-
ing a peak Partial ROC AUC of 0.18068 (0.2 maximum) and top-15 retrieval sensi-
tivity of 0.78371. Results demonstrate that integrating photo images with metadata in
a structured, multi-stage pipeline yields significant performance improvements. This
system advances melanoma detection by providing a scalable, equipment-independ-
ent solution suitable for diverse healthcare environments, bridging the gap between
specialized and general clinical practices.

Keywords: medical image classification, computer vision, gradient boosting, deep
neural networks, clinical decision support systems.

INTRODUCTION

Skin cancer is one of the most commonly diagnosed types of cancer, posing a sig-
nificant public health concern due to its high incidence rates and the risk of severe
complications if not detected early [1]. The most effective approach to managing
skin cancer is through early detection and prevention [2]. Despite substantial pro-
gress in medical imaging and diagnostic technologies, reliably and efficiently de-
tecting melanoma remains challenging. Traditional diagnostic methods depend
heavily on dermatologists’ expertise, which can be subjective and vary between
practitioners. As a result, there is increasing interest in utilizing deep learning tech-
niques to automate and improve the accuracy of skin cancer detection [3]. Progress
in dataset curation and related classification challenges has demonstrated potential
for fast and accurate skin cancer detection [4]. Deep learning methods have recently
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gained popularity and have been shown to improve skin cancer detection perfor-
mance [5—10]. The effectiveness of these models relies heavily on the quality of
their training datasets and the limitations of deep learning methods. Additionally,
early detection may not always be feasible due to lengthy manual diagnostic pro-
cedures [11], and many low-income individuals cannot afford these options. This
highlights the need to develop approaches that surpass human diagnostics, provid-
ing faster and more accurate results.

Deep learning has become a gold standard for skin cancer classification. Clas-
sical approaches using CNN architectures such as ResNets [12], DenseNets [13],
and convolutional networks enhanced with attention mechanisms [5] have been
widely adopted. More complex pipelines combine segmentation, feature extraction,
and attention-based classification neural networks [3]. Synthetic data generated
by GANSs has proven effective in enhancing model performance [14]. Multi-modal
approaches incorporating diverse data modalities further improve classification
[15, 16].

Several studies employ hybrid approaches, blending deep learning with tradi-
tional machine learning algorithms. For instance, [17] uses VGG16 for feature ex-
traction, followed by XGBoost for final image classification. This study also lev-
erages synthetic data as part of its data augmentation strategy. Another noteworthy
approach involves skin cancer detection using genetic data. In [18], various ma-
chine learning algorithms, including KNN, SVM, and XGBoost, are applied to clas-
sify melanoma. Similarly, [19] explores the use of NIR spectroscopy as input data,
utilizing XGBoost, LightGBM, 1D-CNNs, and other machine and deep learning
methods for classification.

Despite progress, several research gaps remain:

- Development of complex multi-modal systems integrating different mo-
dalities (e.g., image and tabular data) in parallel or sequential architectures.

- Optimization of multi-modal neural networks for datasets with and without
meta-features.

- Adaptation to challenging imaging conditions, such as images captured us-
ing mobile devices, addressing data imbalance and quality variations.

In this study, we propose a novel framework for melanoma detection that in-
tegrates visual, structural, and lesion metadata with patient information such as age
and sex. Our solution combines multi-modal neural networks for processing visual
and metadata inputs, and a gradient-boosting model for metadata analysis unified
within a three-stage pipeline. Additionally, we introduce a two-step training meth-
odology to accommodate datasets with varying metadata availability. Advanced
training techniques and feature engineering are applied to address class imbalance,
ensuring robust and efficient melanoma detection. Finally, we enhance system per-
formance through two stages of feature engineering, enabling robust and efficient
melanoma detection.

MATERIALS AND METHODS

Data. This research utilizes several data sources:
- Data from ISIC 2024 Kaggle Challenge [20] - Main Data.
- Data from ISIC Archive [21] - ISIC Archive Data.
- Artificially generated image data [22] - Generated Data.

34 ISSN 1681-6048 System Research & Information Technologies, 2026, Ne 1



Multimodal system for skin cancer detection

The primary dataset from the ISIC 2024 Kaggle Challenge is the foundation
for most of the training and validation processes. However, additional data sources
play a crucial role in enhancing the proposed system, particularly in improving the
neural network performance. However, diverse datasets introduce domain shifts
and varying feature subsets, creating challenges in harmonizing and effectively in-
tegrating the information. The proper fusion of these heterogeneous data sources
represents a key contribution to our work, enabling robust performance across dif-
ferent data modalities and domains.

Competition Data. The ISIC 2024 Kaggle Challenge dataset [20] includes images
and metadata from single-lesion crops extracted from 3D total body photos (TBP)
[23]. This dataset presents several challenges:

- Lower data quality compared to dermatoscopy images. The images resemble
close-up smartphone photos, making them highly relevant for telehealth applica-
tions, where patients often submit similar-quality images (Fig. 1).

- Different labeling confidence. The dataset includes two categories of labels:
“strongly-labeled tiles,” verified through histopathology, and “weakly-labeled
tiles,” which were not biopsied and considered benign by a doctor’s assessment.

- Severe class imbalance. The dataset contained 401059 tiles, where 400666
(99.902 %) are benign, and 393 (0.098 %) are malignant.

Each image represents 15x15 mm of skin area but may come with a slightly
varying resolution centered around 133 pixels (Fig. 2). Besides image data, the da-
taset includes metadata about patients, tile location, image characteristics, and ex-
tracted features derived from and extracted features derived from [24] and [25].

Fig. 1. 1strow — benign; 2nd row — malignant images from ISIC 2024 Kaggle Challenge
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Fig. 2. Distribution of image shapes in Data from ISIC 2024 Kaggle Challenge
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ISIC Archive Data. The ISIC Archive dataset [21] contains 81.722 images
accompanied by metadata. However, the dataset is highly unstructured due to its
compilation from various data sources and competitions. For this study, most of the
available meta-features are disregarded, and only patient information, target labels,
and images are utilized for system development.

To avoid potential data leakage, all patients included in the ISIC 2024 Kaggle
Challenge dataset [20] are excluded from the ISIC Archive data. Additionally, images
lacking explicit benign/malignant labels are removed. After such a filtration ISIC
Archive contains 71080 images, where 61910 (87.099 %) are benign, and 9170
(12.901 %) are malignant. This dataset has approximately 5.6 times fewer total
images than [20], but it contains 23.3 times more malignant images.

The primary challenge with the ISIC Archive dataset lies in its substantial data
diversity. It aggregates skin lesion tiles from various sources, including der-
matoscopy and standard photo images. The images differ significantly in size, as-
pect ratio, scale, and padding, influenced by the medical devices used to capture
them (Fig. 3). Most of the images are dermatoscopy and come into higher resolu-
tion — median height resolution is 3024, and width is 2016 (Fig. 4). This diversity
introduces a significant domain shift compared to the ISIC 2024 Kaggle Challenge
dataset [20]. Despite these challenges, the ISIC Archive dataset is a valuable source
of malignant images, addressing their severe undersampling in the primary dataset.
Its inclusion enriches the data diversity, improving model robustness and generali-
zation.

Fig. 3. 1strow — benign; 2nd row — malignant images from ISIC Archive

Hesights widths

5
g ooov |
|
000

o o |
a u

410 A o

noo anoo =00 Anoo meo a oo 700

Fig. 4. Distribution of image shapes in ISIC Archive
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Generated Data. The generated image dataset from [22] was created using
the Stable Diffusion 2 model [26]. It consists of 6.012 images, with a nearly equal
distribution of classes: 3.012 malignant and 3.000 benign images. All images are
standardized to a resolution of 512x512 pixels. While the generated images can
often be distinguished by artifacts and smooth textures characteristic of generative
models (Fig. 5), the model performs well in preserving malignant lesions’ shapes
and visual characteristics. This fidelity provides valuable information that can en-
hance the training of deep learning models by supplementing the limited data of
malignant cases in real-world datasets.

' ' ]
*ELNE
s

Fig. 5. 1strow — benign; 2nd row — malignant images from Generated Dataset

METHODS

This subsection describes the proposed system, including its components, models,
optimization processes, evaluation metrics, and validation procedures.

Metrics. To evaluate the proposed system and models, the following metrics
are utilized:

- ROC AUC. A standard metric to measure the overall performance of
a binary classification model.

- Partial ROC AUC [27]. This metric calculates the area under the ROC
curve only for True Positive Rates (TPR) above 80%. The score ranges from
0.0 to 0.2, emphasizing performance in high-sensitivity regions critical for clinical
applications.

- Top-15 retrieval sensitivity [28]. This metric is the most appropriate to real
clinic scenarios when a dermatologist has limited time for a patient and should pay
attention to the most suspicious lesions [29].

Out of fold (OOF), Mean Fold metrics will be reported.

Validation. To evaluate the models, a classical 5-fold cross-validation ap-
proach is used. Folds are stratified based on the target label (benign/malignant), and
no patient overlaps across folds are ensured.

In cases where a two-stage training approach is employed (first stage: ISIC
Archive + Main + Generated Data; second stage: only Main Data), the datasets are
split separately, and respective folds are merged afterward.

For models using only tabular data, validation is repeated five times with dif-
ferent random seeds, and average scores are reported. Hyperparameter tuning for
tabular models is performed using the Optuna algorithm [30], with the tuning strat-
egy discussed in the Tabular Approach.
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Fig. 6. Models pipelines and validation schemes

The two-stage system, which integrates Vision and Tabular models, can fol-
low several aggregation approaches (Fig. 6):

1. Vision-Only Pretraining:

- Train the Vision model on ISIC Archive and Generated data.

- Generate predictions for the Main dataset.

- Train the Tabular model using Vision model predictions and tabular features.

2. Vision Model Pretraining and Fine-Tuning:

- Train the Vision model on ISIC Archive and Generated + Main datasets.

- Fine-tune the Vision model on the Main dataset only.

- Generate out-of-fold predictions on the Main dataset.

- Train the Tabular model using these predictions and tabular features.

3. Multi-Modal Pretraining and Fine-Tuning: Same as Approach 2, but tabu-
lar data is also incorporated during the Vision model fine-tuning.

In the final third stage of the system (Fig. 7), the Optuna algorithm is used for
the final stage of coefficient optimization. However, it is crucial to recognize that
the validation metrics obtained during the second stage, particularly for the second
and third approaches, may be unreliable and could lead to overly optimistic out-
comes. Similarly, the final stage lacks validation, which can further contribute to
unfavorable results. To address these limitations and ensure a robust evaluation of
the final system’s performance, the Public and Private Leaderboards from the
Kaggle Competition [31] are used as benchmarks. The Public test set contains ap-
proximately 140.000 tiles, while the Private test set includes around 360.000 tiles.
These external benchmarks provide a more realistic and unbiased assessment of the
system’s capabilities.
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Fig. 7. Scheme of Multi-model fusion system

Feature Engineering. Basic preprocessing steps are applied to the tabular
data, including handling missing values and removing redundant features. Specifi-
cally, missing numerical values are filled with the median, accompanied by adding
a missing indicator feature, while missing categorical values are replaced with a
new “nan” category. Columns that are static or present only in the training data are
dropped to ensure consistency across datasets.

In addition to basic tabular features, several advanced features are manually
engineered to capture spatial, color, and physical relationships inherent in the data.
Initial proposals for these features are generated using ChatGPT [32] and refined
through pruning. Key engineered features include:

- Lesion size ratio: The ratio of the minimum to the maximum diameter
of the lesion.

- Hue contrast: The difference in hue between the lesion’s center and
periphery.

- Perimeter-to-area ratio: The ratio of the lesion’s perimeter to its area.
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A critical aspect involves the comparison of lesion characteristics within the
same patient or body region, motivated by [33]. To address this, aggregation fea-
tures are introduced:

1. Deviation within patients: StandardScaler [34] is applied within each pa-
tient-id group to capture deviations relative to other lesions of the same patient.

2. Deviation within body regions: StandardScaler is applied within combined
patient-id and anatomic-site-general groups, reflecting deviations in specific body
regions (e.g., arm, leg).

3. Extremes within patients: Maximum and minimum feature values per pa-
tient are calculated. Given the limited patient sample size, these features are discre-
tized using QuantileTransformer [35] to mitigate overfitting risks.

Additionally, incorporating skin type as a feature inspired by [36] improved
performance.

Finally, categorical features are one-hot encoded to prepare the data for model
training.

Multi-Modal Neural Net: Image + Tabular data. Multi-Modal Vision +
Tabular model is trained in 2 stages:

1. A CNN Encoder combined with a Multilayer Classifier is trained on the
ISIC Archive, Generated, and Main datasets.

2. The pre-trained CNN Encoder is combined with a randomly initialized
Feed-Forward Tabular Neural Net in a new Multilayer Classifier, and this com-
bined model is fine-tuned only on the Main dataset.

All images are resized to a resolution of 128%128. Images from the ISIC
Archive are also center-cropped before resizing. Continuous tabular features are
normalized using the StandardScaler, while categorical features are one-hot
encoded.

ConvNeXt V2 Pico [37], EdgeNeXt Base [38], and EfficientNetV2 B0 [39]
CNN architectures are used. Pre-trained models from the timm repository [40] are
starting points for first-stage training: convnextv2 pico.fcmae ft inlk, edgen-
ext base.in21k ft inlk, tf efficientnetv2 b0.inlk. EdgeNeXt Base is used in one
of the multi-modal architectures to leverage its attention mechanisms, prioritizing
robustness over inference speed. EfficientNetV2 B0 is employed as a first-level
model to generate predictions for the second-level pipeline, benefiting from its high
inference speed. ConvNeXt V2 Pico balances inference speed and accuracy, mak-
ing it suitable for prediction generation and multi-modal architectures.

Heavy augmentations are applied to enhance model robustness and mitigate
overfitting in undersampled malignant cases. These include various spatial, color,
blurring, distortion, and dropout augmentations, introducing variability and im-
proving generalization (see Section Detailed Neural Net Architecture and Training
Setup).

To address class imbalance during training:

- A balanced sampling strategy is employed in the first stage, ensuring equal
representation of positive and negative classes.

- A “square” balancing strategy is applied in the second stage to refine class
distribution further.
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For generating predictions, the last and best (based on validation Partial ROC
AUQC) is used. Predictions are averaged across test-time augmentations (TTA), in-
corporating four flips to increase accuracy and robustness.

Detailed Neural Net Architecture and Training Setup. Images are first nor-
malized to the [0, 1] range and then normalized to ImageNet statistics [41]. For
image resizing, methods from the OpenCV library [42] are used, specifically
INTER_AREA and INTER LANCZOS4. The final choice is INTER
LANCZO0S4, though the overall difference between methods is marginal.

Both first and second-stage models are trained with the following series of
augmentations:

- Transpose with a probability of 0.5.

- Vertical Flip with a probability of 0.5.

- Horizontal Flip with a probability of 0.5.

- Random Brightness and Contrast adjustment, with changes in brightness
and contrast within the range [-0.2, 0.2] and a probability of 0.75.

- One of the following blurs: Motion, Median, Gaussian, or Gaussian Noise,
with variation in the range [5, 30] and a blur kernel size limit of up to 5, applied
with a probability of 0.7.

- One of the following distortions: Optical (limit up to 1.0), Grid (5 steps
with a limit of up to 1.0), or Elastic Transform (alpha up to 3), applied with a prob-
ability of 0.7.

- CLAHE with a clip limit of up to 4, applied with a probability of 0.7.

- Random adjustment of hue, saturation, and value. Hue changes within
[-10, 10], saturation within [-20, 20], and value shift within [-10, 10], with a prob-
ability of 0.5.

- Shifting, scaling, and rotation of the image. Shift within [-0.1, 0.1], scale
within [-0.1, 0.1], and rotation within [-15, 15] degrees, applied with a probability
of 0.85.

- Coarse Dropout with one hole of 48 width and height, applied with a prob-
ability of 0.7.

Models for both stages are trained with a batch size 64 and Binary cross-en-
tropy loss. First-stage models are trained for 10 epochs, while second-stage models
are trained for one epoch. The limited number of epochs is due to the large dataset
size combined with a small number of positive samples. Balanced sampling is used,
and overfitting tends to occur early.

For optimization, the Adam optimizer [43] is used in the first stage, while
RAdam [44] is used in the second stage. The learning rate settings are as follows:

- For the first stage, the starting learning rate is set to. For the EdgeNeXt
model, weight decay is set to.

- For the second stage:

- The CNN encoder (from the first stage) starts with a learning rate of 1e-4.

- The Feed-forward Tabular Neural Net and Multilayer Classifier start with
a learning rate of le-3.

Such a choice of different starting learning rates is crucial to fit the entire
model within one epoch while avoiding overfitting the training data or one of the
modalities (image or tabular). Learning rates are reduced using cosine scheduling
to 10 times smaller than their initial value. For second-stage training, the last check-
point from the first stage is used. “Square” balancing weights for second-stage

Cucmemni 0ocniodcenns ma ingopmayivini mexuonozii, 2026, Ne 1 41



V. Sydorskyi, I. Krashenyi, O. Yakubenko

training are illustrated in Equation below. For EfficientNetV2, the starting learning
rate is set to and reduced to. This model is trained on all ISIC Archive and Gener-
ated data, resulting in good convergence.

c N
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=y class;y
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Fig. 8 Vision and Tabular general model architecture

The overall Image and Tabular model architecture is inspired by [16]. The
resulting model architecture is shown in Fig. 8. Detailed values for the number of
hidden channels and other hyperparameters can be found in Tables 1 and 2.

Table 1. CNN Encoders

ConvNeXt 512 576
EdgeNeXt 584 648
EfficientNetV2 192 _

42
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Table 2. Feed Forward Net for Meta Features

Layer In Channels Out Channels Pll*)oli;g)lfilllitty
1 200 256 0.3
2 256 512 0.3
3 512 128 0.3
Final 128 64 -

An important feature of the multi-modal model is a substantial bottleneck in
the final Feed-forward Net layer. This bottleneck is critical for preventing overfit-
ting to the tabular branch. Using a more significant number of channels results in
faster overfitting and poorer final results.

Tabular Approach. To address the class imbalance and enhance the effi-
ciency of training and hyperparameter selection, RandomUnderSampler [45] is
used as the initial step for all tabular models. The underlying model used is a boost-
ing algorithm (LightGBM [46] or XGBoost [47]), with or without early stopping.

- For boosting without early stopping, a single model is trained on the entire
training dataset, and the number of epochs is selected as one of the hyperpara-
meters.

- In the case of boosting with early stopping, an ensemble of five models is
trained. Each model is fitted on 4/5 of the training data, with early stopping per-
formed on the remaining 1/5 (the data split follows the same principle described in
the validation section) (Fig. 9).

Validation st Training et

Early stopping Tigining set e
sel Validation et
raining set
Eaily stopping e [ I ok
et
Traiming =et Early stopping sas maw
L7 |
Training set Training set
Tiaining set
ven ses
Teaining sel
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Fig. 9. Validation strategy for Tabular Models
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Hyperparameter tuning, including the under-sampling ratio and the number of
epochs for models without early stopping, is conducted using the Optuna optimiza-
tion framework in the following steps:

1. Initial Optimization: 300 Optuna trials are performed without predefined
starting parameters.

2. Parameter Refinement: The best parameters from the top five trials are
combined to reduce overfitting and ensure a more robust solution. For numerical
parameters, medians are calculated across the top-performing trials. For categorical
parameters, the most frequent value or the value from the model with the highest
Partial ROC AUC score is selected.

The primary fusion scheme is depicted in Fig. 7.

1. In the first stage, tabular and multi-modal tabular/image neural models are
trained. An image-only neural model is also trained for use in the second stage.

2. In the second stage, a tabular model is trained using tabular features and
the outputs of the image-only neural model.

3. In the third stage, the outputs of all models from the first stage (except the
image-only neural model) and the outputs of the second stage models are ensem-
bled using Optuna coefficient optimization. The optimization is performed on Par-
tial ROC AUC directly on validation folds.

Predictions are generated from each fold model in the final system, increasing
inference time but significantly improving robustness. This tradeoff is crucial for
real-world applications such as skin cancer detection.

Due to the different nature of models and variations in the number of positive
samples, the final probability distributions for each model can vary (Fig. 10). The
distributions are standardized using the rank method to address this, where proba-
bilities are converted to ranks before ensembling.
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For the final Optuna optimization stage, overfitting to the training (validation) set
is a notable risk. The top 10 results from 5 optimization runs are collected and averaged
to mitigate this. The results of the coefficient search are shown
in Fig. 11. Final ensemble weights are adjusted manually to refine the system further.
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Fig. 11. Coefficients of 3rd Stage (Three-stage v2) obtained from Optuna across several runs
RESULTS

In the results, Tables 3, 4, 5 and the coefficient Table 12 different versions refer to
the following:

- Different versions of Two-stage models. These correspond to the different
approaches illustrated in Fig. 6.

- Different versions of XGBoost and LightGBM models. These reflect minor
adjustments in the Optuna configurations or feature setups. For instance, version
= 2 incorporates the skin tone feature.

We evaluate the proposed methods using validation, private, and public datasets.
The primary metrics include Partial ROC AUC, ROC AUC, and Top 15 Retrieval Sen-
sitivity. For the validation dataset, we report both Out-of-Fold (OOF) and Mean met-
rics, with their relevance discussed in Section Metrics. Due to limitations, we only re-
port the Top 15 Retrieval Sensitivity for the validation dataset.

Metrics of One-stage and Two-stage Models

The proposed two-stage v2 model demonstrates superior performance across all
datasets in Partial and Full ROC AUC metrics, as detailed in Tables 3 and 4. The
Multi-Modal ConvNext model achieves the highest Top 15 Retrieval Sensitivity
(Table 5). While validation results for two-stage models may appear over-optimis-
tic (see Section Validation), their consistent outperformance on public and private
datasets supports such conclusions.
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Table 3. Partial ROC AUC of One-Stage and Two-Stage Models

Model OOF Mean Private Public
Two-stage v2 0.17666 0.17862 0.16941 0.18608
Multi-Modal 0.17497 0.17698 0.16090 0.17714

ConvNext
XGBoost v2 0.17348 0.17460 - -
XGBoost v1 0.17252 0.17351 - _
EarlyStop _
LightGBM v4 0.17225 0.17305 .
LightGBM v3 0.17173 0.17266 0.16107 0.18400
LightGBM v4 0.17105 0.17210 — _
EarlyStop
LightGBM vl 0.17029 0.17183 _ -
EarlyStop
LightGBM v2 0.17024 0.16187 0.16187 0.18336
Two-stage v1 0.17010 0.17116 0.16173 0.18283
LightGBM v1 0.17005 0.17165 - -
Multi-Modal
EdgeNext 0.15892 0.17410 0.16082 0.17481

Table 4. ROC AUC of One-Stage and Two-Stage Models

Model OOF Mean

Two-stage v2 0.97234 0.97395
Multi-Modal ConvNext 0.97082 0.97244
XGBoost v2 0.96826 0.96916
XGBoost v1 0.96741 0.96817
EarlyStop LightGBM v4 0.96719 0.96765
LightGBM v3 0.96599 0.96682
LightGBM v4 0.96586 0.96666
Two-stage vl 0.96518 0.96600
EarlyStop LightGBM v2 0.96502 0.96605
EarlyStop LightGBM vl 0.96491 0.96629
LightGBM v1 0.96485 0.96632
Multi-Modal EdgeNext 0.95110 0.96701
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Table 5. Top 15 Retrieval Sensitivity of One-Stage and Two-Stage Models

Model OOF Mean

Multi-Modal ConvNext 0.76081 0.75995
Two-stage v2 0.74809 0.75375
XGBoost v2 0.73791 0.73919
LightGBM v1 0.73537 0.73769
EarlyStop LightGBM v2 0.72774 0.73095
LightGBM v4 0.72774 0.72939
XGBoost v1 0.72519 0.72621
Two-stage vl 0.72265 0.72304
EarlyStop LightGBM v4 0.72265 0.72658
EarlyStop LightGBM vl 0.72010 0.72296
LightGBM v3 0.71501 0.71614
Multi-Modal EdgeNext 0.71247 0.71542

Metrics of Three-stage System

Three-stage systems outperform both standalone and two-stage models on the pri-
vate dataset (Table 6). For this comparison, validation results may not be fully re-
liable; however, we can evaluate performance based on results from the Private and
Public datasets. Finally, compared to the top solutions from the competition
(Table 7), our proposed solutions underperform approximately by 2 %. Taking into
account a small number of malignant cases, we may consider such a difference to
be a marginal one.

Compared to prior works on melanoma detection (Table 8), our solutions
outperform all previous approaches. While this comparison is not entirely equitable
due to differences in training and validation datasets, most prior studies rely on
higher-quality dermoscopic images. Given the lower quality of photo images in our
dataset, poorer results might have been expected. However, the findings strongly
indicate that our proposed solution performs comparably, if not better, on lower-
quality photo images, demonstrating its robustness and applicability in real-world
scenarios.
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Table 6. Metrics of Three-stage Systems

System Part ROC AUC Private Public Sensitivity
Two-stage v2 0.17666 0.16941 0.18608 0.74809
Two-stage v1 0.17010 0.16173 0.18283 0.72265

Three-stage v2 0.18068 0.17042 0.18528 0.78371

Three-stage v1 0.18014 0.16982 0.18449 0.77608

Three-stage vl mc 0.17939 0.17039 0.18527 0.78117
Table 7. Comparison with Best Competition Results

Solution Private Public
Ist Private Place 0.17264 0.18611
1st Public Place 0.17051 0.188

Three-stage vl mc 0.17039 0.18527
Three-stage v2 0.17042 0.18528
Table 8. Comparison with Other SOTA Researches
Experiment Dataset ROC AUC
2020 Best Solution 2020 ISIC Competition 0.9490
[16] [48]
Saranya N et al. PH2 0.87
[14] [49]
Saranya N et al. Derm7pt 0.76
[14] [15]
Jojoa Acosta et al. ISIC 2017 Challenge 0.91
[50] [21]
Ours (Multi-Modal Con- ISIC 2024 Kaggle Challenge 0.97244
vNext)
Ours (XGBoost v2) ISIC 2024 Kaggle Challenge 0.96916
Ours (Two-stage v2) ISIC 2024 Kaggle Challenge 0.97395
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Image and Multi-Modal Models Ablation Study

As a Baseline model, EfficientNet B1 [51] is used. It uses image resolution 128,
severe data augmentations, and a balanced data sampler (described in Section
Detailed Neural Net Architecture and Training Setup). As shown in Table 9, the
model benefits from adding ISIC Archive data, even considering the modality shift.
Regarding increasing image resolution, we observe reasonable score improvements
on the Validation set but controversial results on Public and Private sets. Higher
resolution noticeably slows down model training and inference, leading us to drop
this feature. Discussing different loss functions, such as Focal [52] and ASL [53],
we see improvements across all scores, which is expected given the high label im-
balance. However, Balanced MixUp [54] does not prove effective for this task. Re-
garding backbone architecture search across EfficientNet B1, EfficientNet V2 B0,
EdgeNeXt Base, and ConvNext V2 Pico, Table 9 shows that the EdgeNeXt family
performs the worst, while EfficientNet V2 achieves the best results. The ConvNext
family performs in the middle, marginally underperforming EfficientNet V2.

Table 9. Ablation Study of Image-Only Model

Mean Partial . .
Setup ROC AUC Public Private
Baseline 0.15252 0.14769 0.13588
Add ISIC Archive data 0.15478 0.15500 0.14390
Add ISIC Archlvzescéata + Resolution 015761 0.15208 0.14633
Add ISIC Archive data + Focal loss 0.15889 0.15361 0.14645
EfficientNet V2 B2 + Add ISIC 0.162993 0.15020 | 0.13812
Archive data
ConvNext V2 Pico + Add ISIC Ar-
chive and Generated data 0.15723 0.15490 0.14388
ConvNext V2 Pico + Add ISIC Ar-
chive and Generated data + Balanced 0.154894 0.14902 0.14315
MixUp
ConvNext V2 Pico + Add ISIC Ar-
chive and Generated data + ASL loss 0.159298 0.15581 0.14474
EdgeNeXt Base + Add ISIC Archive 0.160584 0.14729 0.13514
and Generated data
EfficientNet V2 B2.+ 2 stage with 0.159025 0.15917 0.14224
tune on main data
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All multi-modal setups are first trained in image-only mode on Main, ISIC
Archive, and Generated data and then tuned on Main data with tabular features
(Sections Multi-Modal Neural Net: Image + Tabular data and Detailed Neural Net
Architecture and Training Setup). As shown in Table 10, ConvNext outperforms
EfficientNet v2. ASL loss shows the best performance on Validation and Private
datasets. Finally, all multi-modal models outperform images only by a significant
margin. This is evident because their input information is enhanced with tabular
features, which are much less noisy than images.

Table 10. Ablation Study of Multi-Modal Image/Tabular Models

Mean Partial . .
Setup ROC AUC Public Private
ConvNext V2 Pico 0.17698 0.17740 0.16409
EfficientNet V2 B0 0.16836 0.16698 0.15547
EfficientNet V2 B2 0.16600 0.16322 0.15908
EdgeNeXt Base 0.17410 0.17481 0.16082
ConvNext V2 Pico +
Balanced MixUp 0.17582 0.16851 0.15337
ConvNext V2 Pico +
ASL loss 0.17740 0.17403 0.16458

Tabular Models Ablation Study

As a baseline model, LightGBM is utilized, incorporating 85 initial features.
As shown in Table 11, the model is further enhanced by adding 42 features based
on lesions’ spatial, color, and physical properties. Performance significantly im-
proves by including 193 features that aggregate and compare lesion characteristics
within the same patient or body region.

Table 11. Ablation Study of Tabular Model

Mean Partial . .
Setup ROC AUC. Public Private
LightGBM with 0.1586 0.1693 0.1494
basic features
LightGBM with
additional features 0.1604 0.1707 0.1518
LightGBM with 0.1728 0.1837 0.1643
aggregated features
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DISCUSSION

Our proposed method is based on the fusion of image and metadata information in
different ways, resulting in a three-stage system of different models.

Three-stage systems effectively leverage the strengths of multi-modal data in-
tegration, allowing them to correct errors from earlier stages. All three-stage sys-
tems outperform their two-stage counterparts, even when the first version of the
two-stage system (Two-stage v1) is included as part of the three-stage system. This
improvement likely arises from the ability of other models in the system to com-
pensate for and correct errors introduced by Two-stage v1.

An important observation is that the first version of the first-level model is not
trained on the Main data. As a result, its predictions for the Main data are affected
by domain shift, potentially introducing errors and even confusing the second-stage
model. We hypothesize that increasing the number of positive samples available to
the second-stage model could mitigate this issue, enabling it to correct better and
utilize the first-level model’s predictions.

Table 12 provides coefficients for individual models and systems used to con-
struct the three-stage system. The automated coefficient search using Optuna as-
signs higher coefficients to models demonstrating better performance on the vali-
dation dataset. However, there are exceptions; for instance, the Multi-Modal Vision
Transformer (Multi-Modal EdgeNext) receives a notable coefficient despite not be-
ing the top performer. This is likely due to its contribution to system diversity, as it
relies on an attention mechanism for decision-making.

Table 12. Coefficients for 3-Stage System

Model 3-Stage vl 3-Stage vl mc 3-Stage v2
Multi-Modal ConvNext 0.30939 0.2 0.23926
Two-stage v2 - - 0.25295
XGBoost v2 0.18841 0.15 0.12442
LightGBM vl 0.01507 - 0.01548
EarlyStop LightGBM v2 0.01673 - 0.01518
LightGBM v4 0.02799 - 0.00984
XGBoost v1 0.03195 0.05 0.03067
Two-stage vl 0.03730 0.25 -
EarlyStop LightGBM v4 0.10580 - 0.06188
LightGBM v3 0.09203 0.15 0.11032
Multi-Modal EdgeNext 0.17531 0.15 0.14000
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Another noteworthy observation is the comparable performance of three-
stage vl and three-stage vl mc. This occurs because the two-stage vl model is
re-weighted in the second three-stage system. This re-weighting validates the
hypothesis that other models within the system effectively correct the errors
introduced by two-stage v1, resulting in comparable or even slightly better per-
formance for three-stage vl mc. This highlights the value of leveraging diverse
models in multi-stage systems to enhance overall robustness and accuracy.

When discussing tabular models and the ablation study, the proposed two-
stage feature engineering process shows a clear performance improvement.
Another notable observation is that XGBoost outperforms LightGBM, supporting
the hypothesis that while LightGBM is more suitable for rapid prototyping, other
boosting approaches, such as XGBoost, should be utilized to achieve the best per-
formance.

Regarding the comparison of Tabular and Multi-Modal Vision approaches,
interesting trends emerge:

- Multi-Modal ConvNext outperforms Tabular approaches on the validation
dataset.

- Tabular approaches outperform Multi-Modal ConvNext on the Public da-
taset.

- Both approaches exhibit comparable performance on the Private dataset,
with a slight preference for Tabular approaches.

These differences may stem from two key factors:

- The small number of malignant tiles in the evaluation datasets introduces
noise in the evaluation procedure.

- Variations in data quality between Tabular and Image data originate from
different clinics and institutions. For instance, validation folds may contain higher-
quality images than the Public dataset. Additionally, the automated feature
extraction algorithm likely performs differently depending on the quality of the in-
put images.
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The multi-modal design demonstrates robustness, but the scarcity of datasets
combining image and metadata remains a significant limitation. Additionally, var-
iations in data quality across datasets introduce evaluation noise, as reflected in
discrepancies between validation and public metrics. In Figure 12, we explore the
correlation between scores obtained from two evaluation datasets, using OOF and
Mean score for the validation dataset. We can conclude that for both computation
approaches (Mean and OOF), the score difference is reasonable for Public and val-
idation sets. However, the Mean score correlates better.

For future work, we identify the following key directions:

— Conduct additional benchmarks on new skin cancer datasets that include
metadata to evaluate system generalizability.

— Develop hybrid models capable of aggregating information across multiple
nearby lesions to improve classification accuracy.

— Address the domain shift problem between dermoscopic and photo images
to bridge the gap between clinical and real-world applications.

CONCLUSIONS

This paper proposes a three-stage system that leverages multi-modal data, including
images and metadata, to classify skin cancer. Unlike previous works, our approach
incorporates metadata directly related to the characteristics of individual lesions.
We achieve enhanced system performance by employing multiple datasets (both
with and without metadata), implementing a multi-step feature engineering pipe-
line, and using advanced techniques for optimizing performance on highly imbal-
anced datasets. The experiments are conducted on a novel skin cancer classification
dataset composed of photo images, demonstrating the potential applicability of our
approach in real-world scenarios, benefiting many patients.
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MYJbTUMOJAJIBHA CUCTEMA JIUIs1 BUSIBJIEHHS MEJJAHOMM IIKIPHU /
B.C. Cunopcekuii, I.E. Kpammennii, O.I1. SIky6eHko

56

AHoTauis. BusBieHHs MeTaHOMH € HaI3BUYANHO BaXIIMBHM JUIS PAHHBOI J1arHOC-
THKH Ta €(peKTHUBHOTr O JIiIKyBaHHS. X04a INTHOOKI HEHPOHHI Mepeski Ha OCHOBI AepMO-
CKOMIYHHX 300pakeHb IMOKa3aJIl 6araToo0IIsUIbHI Pe3yabTaTH, X BUKOPHCTAHHS HO-
TpeOye crerianizoBaHOro oOJIaiHAHHS, 0 OOMEXYe IX 3aCTOCYBAaHHS B IIHPIINX
KIIHIYHUX yMOBax. [IpeacTaBineHo My IbTHMOATIBHY CHCTEMY BUSIBICHHS MEJIAHOMH,
sIka BUKOPHCTOBYE 3BHYANHI (OTO300paxKeHHs, MO POOUTH ii OLIBII JOCTYIHOIO i
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Multimodal system for skin cancer detection

yHiBepcanbHOIO. L[5 cucrema iHTerpye 300paskeHHsI i3 TAOIMIHIMI METaJaHUMH, Ta-
KHAMH sIK AeMorpadidHi faHi NamieHTiB i XapaKTePUCTUKH YTBOPIB, VIS i IBUICHHS
TOYHOCTI BHSIBIICHHSI. BOHA BUKOPHCTOBYE MyIbTUMOANIBHY HEHPOHHY MEPEXKY, sKa
HoeHy€e 00pOoOIICHHS 300pakeHb 1 METaJaHuX, 1 MATPUMY€E ABOXETAIHY MOAENTb JUIS
BHIIAJIKIB 13 MeTagaHuMu abo 6e3 Hux. TpupiBHEBaA CHCTEMA TOAATKOBO BIOCKOHAIIIOE
IIPOrHO3H 32 JOTIOMOTOI0 JITOPUTMIB TPafi€HTHOTO OYCTHHT'Y, ITIOKPAIYIOTH PE3YiIhb-
TaTy. s BUpinIeHHs mpobiieM, TT0B’I3aHNX 13 TyKe He30alIaHCOBaHUM HaOOpOM Ja-
HHX, Peali30BaHO CIEIiaTbHi TeXHIKH, sIKi 3a0€31eTyl0Th HaliliHe HaBYaHHs. Y J0C-
JTi/PKEHHI BIUTUBY KOMITOHEHTIB OLIHEHO Cy9acHI apXiTEeKTYpH KOMIT IOTEPHOTO 30PY,
anropuT™MH OyCTHHTY 1 GYHKIIT BTPAT i3 JOCATHCHHSIM ITIKOBOT'O 3HAYEHHS YaCTKOBOI
AUC ROC 0.18068 (makcumym 0.2) Ta gyrauBocTi B Ton-15 nmomyky 0.78371. Pe-
3yABTaTH JEMOHCTPYIOTH, IO iHTErpamist GoTo300paxeHb 13 MeTaJaHUMH y O6araTo-
piBHEBY cHucTeMy 3a0e3medye CyITEBE IOKPAIICHHS MPOXyKTHBHOCTI. Ll cucrema
MIPOCYBA€ BUSBJICHHS MEJIAHOMH, ITPOMOHYIOYH MAacIITaboBaHe PIIICHHS, SIKe HE 3a-
JIKUTB BiJ Clieniasli3oBaHOro 00JIafHAHHS 1 M IXOANUTH VIS PI3HOMAaHITHUX YMOB Ha-
JTAHHS MEJIMIHOI JOTIOMOTH, 00 €IHYIOUH CIEeNiali30BaHy Ta 3ar JIbHOKIIHIYHY ITPaK-
THKH.

KurouoBi ciioBa: xinacudikariis MeIHIHAX 300pakeHb, KOMIT IOTEPHUI 3ip, TpaieH-
THUHA OYyCTHHT, TTMOOKI HEHPOHHI Meperxi, KIIIHIYHI CHCTEeMH IiATPHMAHHS MPHH-
HSTTS PillICHB.
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POLYNOMIAL-BASED METHOD FOR LINEARIZING THE
TEMPERATURE RESPONSE OF NTC THERMISTORS

S.N. MATVIENKO, G.S. TYMCHYK

Abstract. The objective of this research is to develop a circuit-based method for lin-
earizing the temperature characteristics of thermistors using a polynomial digital
technique for NTC-thermistor temperature characteristics, together with the charac-
teristics of the designed measurement channel, by means of an original MATLAB
Simulink model. A model of a temperature-measurement device employing a ther-
mistor-based sensor is proposed. The polynomial digital method for linearizing the
temperature characteristics of NTC thermistors in the developed device has been
simulated. To improve measurement accuracy, the components of the measurement
channel were selected such that they enable simulation with minimal error. Methods
for introducing correction-coefficient values into the model have been determined to
compensate for error-inducing factors, including the thermistor’s self-heating effect.
The proposed data-processing algorithm offers advantages for implementation in a
low-cost, low-power microcontroller.

Keywords: temperature measurement, NTC thermistor, MATLAB Simulink, linearization.

INTRODUCTION

Temperature measurement devices play a critical role across various industrial
and consumer domains, particularly within Internet of Things (IoT) networks that
leverage Smart technologies, including smart cities, smart homes/digital houses,
smart grids, and smart sensors. A fundamental requirement for temperature sen-
sors in such applications is high measurement accuracy over a wide temperature
range, which is primarily determined by the type and characteristics of the sensor.

Negative Temperature Coefficient (NTC) thermistors are widely employed
as temperature sensors due to their broad operational temperature range, capabil-
ity for remote monitoring, resistance to strong magnetic fields, and compact phys-
ical dimensions. However, one of the primary limitations of thermistors, shared
by many sensor types — is the nonlinear nature of their resistance—temperature
characteristic R(7T"), which adversely affects measurement accuracy.

Additionally, the transfer characteristics of the thermistor interface circuitry
and the voltage signal amplifier are also nonlinear. Since nonlinearities introduce
measurement errors, improving the linearity of the transfer function of the entire
measurement channel is essential for achieving high accuracy. The task of linear-
izing the temperature dependence of a measurement system can be addressed
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through analog, digital (software-based), or mixed hardware-software digital
techniques.

Analog methods can reduce measurement error to some extent but typically
only within a narrow temperature range. In contrast, digital linearization tech-
niques not only improve measurement accuracy but also significantly extend the
effective temperature measurement range. These techniques are implemented via
software or through the use of analog-to-digital interface circuits that generate a
linear signal response.

Among analog approaches, passive compensation networks are the most
common; they enable the creation of quasi-linear segments on the R(T ) curve

within specific temperature intervals. Analog methods are generally more cost-
effective compared to digital techniques, which require microcontrollers, field-
programmable gate arrays (FPGAs), digital signal processors (DSPs), or personal
computers. Nevertheless, digital methods provide a substantial improvement in
accuracy over a wider temperature range.

With advancements in digital signal processing and the availability of in-
creasingly capable digital integrated circuits, the implementation of such methods
has become significantly more practical and accessible.

RELEVANCE OF THE WORK

Increasing the accuracy of temperature measurement is achieved by optimizing the
design of the measuring probe and selecting the appropriate characteristics of the
thermistor. Accuracy can also be increased by setting the optimal parameters for the
measuring channel and implementing effective digital data processing algorithms.
During the design phase of a temperature measurement device, it is essential to con-
duct mathematical modeling to determine the optimal linearization method, select
component parameters, and define the appropriate data processing algorithm.

The development of mathematical models enables the identification of suita-
ble characteristics for the components of the measurement channel and the data
processing algorithms, tailored to the specific requirements of the application.
In this research, a custom-designed model implemented in MATLAB Simulink is
used to investigate a digital method for linearizing the device characteristics by
applying polynomial functions to the measured data. The model facilitates the
estimation of measurement errors and the development of calibration recommen-
dations aimed at improving overall measurement accuracy.

ANALYSIS OF RECENT RESEARCH AND PUBLICATIONS

Linearized sensor characteristics significantly simplify the design and calibration
processes and improve measurement accuracy. To compensate for the inherent
nonlinearity of thermistor characteristics and the measurement channel, both ana-
log and digital linearization methods have been widely reported in the literature.
Researches such as [1-3] provide an in-depth analysis of these techniques and
offer a comprehensive overview of various approaches used for sensor character-
istic linearization.

It is noted that digital methods, particularly when combined with software-based
processing, yield superior results in terms of flexibility and performance. Software
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algorithms implemented in digital systems have proven to be more effective, practi-
cal, and adaptable than traditional analog methods. Common software-based lineari-
zation techniques include spline fitting, polynomial curve approximation, and ad-
vanced intelligent methods such as artificial neural networks (ANNSs) [4].

Among these, the use of polynomial functions remains the most widespread
technique for correcting measured data [1]. A single high-order polynomial can
be used to model the full sensor response. However, to reduce computational
complexity, the entire temperature range is often divided into smaller sub-ranges,
each approximated with a lower-order polynomial. This segmentation improves
processing efficiency without sacrificing accuracy.

Additionally, alternative enhanced techniques based on lookup tables are al-
so employed, including piecewise linear interpolation (PWLI), piecewise linear
equations (PWLE), and programmable gain amplifiers (PGA) [1]. In PWLE, the
processor selects the appropriate linear equation based on the input value and re-
trieves stored coefficients from memory. In some implementations, the processor
dynamically determines the applicable linear equation for each measurement
based on pre-calibrated data points.

Depending on the complexity of the data processing algorithm, various
hardware platforms can be used, such as microcontrollers, FPGAs, DSPs, or PCs.
More complex algorithms typically require higher-cost solutions and result in in-
creased power consumption. A comparison of selected algorithms can be found
in [5]. Therefore, it is critical to choose the most suitable linearization approach
and its hardware implementation based on the specific performance requirements
of the temperature measurement device.

Mathematical modeling of the device and its linearization method can signif-
icantly streamline the design process, enabling efficient selection of component
parameters and processing algorithms to meet the required accuracy specifica-
tions. Manufacturer-provided models [6—8] are also beneficial in selecting appro-
priate thermistor types for specific applications and offer detailed characteristic
data that can be used to address R(7) nonlinearity.

Researchers and engineers have proposed a wide range of algorithms to ad-
dress the nonlinearity problem of the R(T') characteristic [1; 3-5; 9-11]. Given

the diversity of available digital linearization techniques, selecting the optimal
algorithm and its hardware implementation can be challenging and depends on the
specific application requirements.

During the modeling stage, it is essential to evaluate the achievable measure-
ment accuracy, the impact of hardware element characteristics, and the feasibility of
implementing calibration procedures. In this research, a classical linearization ap-
proach is explored, using polynomial correction of measured data with segmentation
of the full measurement range into smaller sub-ranges. This approach reduces the re-
quired polynomial order, thereby lowering the computational load on the processing
hardware. Consequently, cost-effective microcontrollers can be used, and device cali-
bration functionality can be feasibly integrated into the system.

Therefore, the purpose of our work is to develop a mathematical model of
the measurement channel of a temperature sensing device based on an NTC ther-
mistor within the MATLAB/Simulink environment. Using the developed model
of digital linearization methods for NTC thermistor temperature characteristics —
based on polynomial approximations — it is intended to determine the required

60 ISSN 1681-6048 System Research & Information Technologies, 2026, Ne 1



Polynomial-based method for linearizing the temperature response of NTC thermistors

specifications of the components within the measurement channel. Additionally,
an analysis of the sources of measurement error will be conducted to improve
temperature measurement accuracy across a wide temperature range.

The aim of this work is to investigate digital methods for linearizing the
temperature characteristics of NTC thermistors and the associated measurement
channel components using the developed simulation models.

RESEARCH METHODOLOGY AND RESULTS

Measuring temperature using an NTC thermistor involves using the dependence
of the thermistor’s resistance on its temperature, that is, on the temperature of the
environment surrounding the thermistor.

The dependence of the electrical resistance of an NTC thermistor on temper-

ature has the form [12]:
R(T)=Ryexp|B 11 (1)
N €Xp T Ty >

where R(T") — is the resistance of the NTC thermistor at temperature 7 in K; Ry, —
NTC thermistor resistance at nominal temperature 7y in K; T — the current
temperature (in K) value at which the thermistor resistance R, is calculated;
Ty — nominal temperature (in K), i.e. the reference or standard temperature at
which the nominal resistance of the thermistor is known; B — is a constant coeffi-
cient that depends on the thermistor material in K.

This dependence is nonlinear, which creates certain difficulties in creating
temperature measurement devices and introduces additional error. The value of
the error will depend on the linearization method used.

Fig. 1 shows the developed structural and mathematical model of a device
for measuring temperature using an NTC thermistor in the MATLAB Simulink
environment.

Salver
Configuration 3 i
— volage || £ [0

| Sowrce . Amplifier

Calibration Data

L.

| _Tasar.  Kasl-hentin [
) [Toss 1|

R{T) norm th

R{T) min th 5 =
Simout Sutrsystem sell-heating

Fig. 1. Functional diagram of a temperature measurement device in the MATLAB Sim-
ulink environment
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The model consists of 2 groups of blocks for modeling the electrical circuit
of the measuring channel, these are the sensor interface group “Sensor interfacing
circuit” and the “Amplifier” group, 3 software modules “Subsystem™ — “Subsys-
tem Microcontroller”, “Subsystem U-T’ and “Subsystem self-heating”.

The group “Sensor interfacing circuit” is a diagram of connecting the ther-
mistor model — Ry to the differential amplifier model “Fully Differential Op-
Amp” of the group “Amplifier” using a correspondingly configured diagram of
connecting the resistor models “Resistor” R1,.. R6.

R, can be connected to the Wheatstone bridge arm R/, R2, R3, R,, to the
“Fully Differential Op-Amp”. The Wheatstone bridge arms R/-R3 and R2- R, are
connected to the “Voltage Source” model.

In the MATLAB Simulink environment there is a model “Thermistor” in the
library that simulates the operation of a thermistor according to the set parame-
ters, but in this model the resistance of the thermistor is calculated by formula (1)
depending on the temperature. In a real thermistor, the coefficient B is not a con-
stant value, but varies depending on the temperature. Fig. 2 shows the difference
between the R(T ) characteristic of the thermistor of the “Thermistor” MATLAB

Simulink model and the characteristic built from tabular data for a thermistor type
RH18 6Y103 Mitsubishi Materials.

250 000
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Fig. 2. Graph of the difference in R(T) characteristics for the thermistor model “Ther-

mistor” and tabulated data for the thermistor type RH18 6 Y103 Mitsubishi Materials in
the range from 233 K to 383 K

If the thermistor is used within a narrow temperature range and moderate
measurement accuracy is acceptable, the built-in “Thermistor” block in
MATLAB Simulink may be employed for modeling purposes. However, when
the temperature range is wide and high measurement accuracy is required, the
simulation should rely on tabulated data provided by the manufacturer for the
specific thermistor type.
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In the presented model, the thermistor is implemented using the “Variable
Resistor”, whose resistance is defined based on the manufacturer’s tabular data via
three “Repeating Sequence” blocks. These sequences correspond to the nominal,
minimum, and maximum resistance values of the thermistor. The resistance value
used in the simulation “Rmax”, “Rnom” and “Rmin” is selected using switch S1.

To convert the temperature value measured by the thermistor into a
corresponding voltage output, a widely adopted namely “Sensor interfacing
configuration”, the Wheatstone bridge (Fig. 1) — is utilized. To reduce the
nonlinearity of the thermistor’s resistance-temperature characteristic R(T), a
circuit-level linearization technique is applied by connecting a resistor R4 in
parallel with the thermistor (Fig. 1). This approach minimizes the deviation
between the linearized and actual nonlinear characteristics of the “Sensor
interfacing circuit” output, thereby enhancing the accuracy of polynomial
correction methods.

The resistance of the parallel resistor used to linearize the R(T ) characteris-

tic is determined according to the following formula [13]:

B-2T,
Ry =Ry x——2,
YN T pyory,
where R, — resistance of a parallel-connected resistor, Ohm; R, — NTC

thermistor resistance at nominal temperature 7y, in K; 7, 7, — temperature in X
B — is a constant coefficient that depends on the thermistor material in K.
The total resistance of a thermistor with a resistor connected in parallel is de-
termined by the formula:
_ Ryy xRy

p - .
Ry + Ry

For thermistor RH18 6Y103F Mitsubishi Materials with B,5,e5 = 3435 K
and resistance 10 kOhm+1% at temperature 7, =298 K (25 °C) R4= 7043 Ohm a
R, =4142 Ohm.

The “Amplifier” group consists of the “Fully Differential Op-Amp” and the
ideal operational amplifier model “Op-Amp”, which together provide the required
voltage gain G for the Wheatstone bridge imbalance signal.

The software module “Subsystem U-T" is used to obtain the uncorrected ana-
log signal, whose voltage is proportional to the measured temperature. This output
is necessary for evaluating the effectiveness of the digital linearization method.
The block diagram of the “Subsystem U-T" module is shown in Fig. 3, a.

The instantaneous voltage at the output of the “Amplifier” block, which is
proportional to the set temperature, is converted by the “PS-Simulink Converter”
into a signal compatible with the Simulink environment. This signal is then scaled
using the “Divide” block by an appropriate gain coefficient and converted into the
corresponding temperature value in K. The computed thermistor self-heating tem-
perature, determined by the “Subsystem self-heating”, is then added to this value.

The “Subsystem self-heating” module is employed to calculate the self-
heating temperature of the thermistor as a function of its operating temperature.

The internal structure of this module is depicted in Fig. 3, b.
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The thermistor’s self-heating temperature is influenced by the magnitude of
the current flowing through it, the materials and structural design of the sensor, as
well as the thermal conductivity of the surrounding medium [12; 14]. This
phenomenon is utilized in devices for measuring thermophysical properties of
materials [15—17], as well as in systems for determining fluid flow velocity [18].

Self-heating in NTC thermistors causes an additional decrease in their
resistance, which leads to distortion in the measurement result. Therefore, in
temperature measurement systems, a correction must be applied to the measured
value. This correction is computed using the following formula:

U? T_szR(T)

TA =T - =
8th +R(T) 8th

; 2)
where T, — actual value of the controlled temperature; 7 — Measured tempera-
ture value; U — instantaneous value of the voltage on the thermistor, / — instan-
taneous value of the current flowing through the thermistor; R(7) — the value of
the resistance of the thermistor corresponding to the temperature 7; 5, — heat
dissipation coefficient in the measuring medium.

Using the voltage sensor model “Voltage Sensor” the voltage values on the
“Variable Resistor” at the current time are recorded, and using the current sensor
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models “Current Sensor” the current value passing through the “Variable Resis-
tor” is recorded. From these data, the self-heating temperature of the thermistor
for air is determined by formula (2). This data is used to correct the measurement
data in the “Subsystem Microcontroller” module.

Qut T

>
U(Tkor

>
OuiT dig
Fig. 4. Functional diagram of the “Subsystem Microcontroller” device module

For correction of measured data in the “Subsystem Microcontroller” module
“The model implements” a digital linearization algorithm using polynomials with
the division of the full measurement range into small subranges. Fig. 4 shows
a model of the software module “Subsystem Microcontroller”.
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Fig. 5. Graphs of the linear characteristic 7}, (N ) compared to the nonlinear characteristic
T(N)

N by means of a 16-bit ADC “Idealized ADC quantizer”. Due to the nonlin-
earity R(T') of the thermistor characteristic, the nonlinear transfer characteristic of

the Wheatstone bridge circuit, the differential amplifier and the ADC, the charac-
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teristic of the source code at the ADC output is N(T') will also be nonlinear. The
task of the “Subsystem Microcontroller” module is to form a linear characteristic
T, (N).

Fig. 5 shows the generated linear characteristic 7}, (N) compared to the non-
linear characteristic T(N) .

Formation of linear characteristic 7;,(/N) so that it connects the starting
point of the nonlinear characteristic 7(N), when the value at the ADC output
N, corresponds to the temperature 7, = 233 K , and the end point of the
range, when the value at the ADC output N, corresponds to the temperature
T = 383 K, i.e., it corresponds to the expression:

T, (N)=axN +T,

where a — characteristic slope coefficient, which is determined by the formula:
Tm
N

ax Tmin

-N

max min

Then, for the correcting function should be equal to:
AT(N)=T(N)-Tun(N).

That is, to obtain the measured temperature value at the output of the “Mi-
crocontroller Subsystem” module, it is necessary to add to the calculated tempera-
ture value by the linear function 7};,(N)the correction value at point N, which

corresponds to AT at point N. This value can be calculated using the polynomial
function:
PN)=ca N" + ¢, a N +cia N2 +---+aN' + ¢

where ¢,,c,_|,¢,_5,..c;,¢, — polynomial coefficients, which are determined by
the polynomial trend line of the function AT(N). In this model, this is done using
Excel using saved time series data or an array in the basic MATLAB workspace
by the “Simout ADC” module group.

Therefore, to calculate the measured temperature value at the output of the
“Microcontroller Subsystem” module, the value of the polynomial P(N) at point
N is added to the calculated temperature value according to the linear function
T;;,(N)=axN +T;,, which corresponds to the value of AT at point N, and
therefore the measured temperature value is equal to:

T(N)=axN+T,;, + P(N).

in »

To do this, the value N from the ADC output is fed to 6 polynomial eval-
uation modules, which calculate the value of the polynomial P(N) with a giv-

en polynomial array of coefficients ¢ depending on the value of N. The poly-
nomial array of coefficients for each of the subranges is determined
separately. Depending on the current value of N, the corresponding module
P(u) is connected, where the value of the polynomial P(u)is cleared with the

corresponding subrange given polynomial array of coefficients. These values
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are added to the formed linear characteristic 7},,(N). Also, the “Microcontrol-

ler Subsystem” module implements the possibility of correcting the output
characteristic according to the calibration results, and introducing correction
coefficients for the self-heating correction of the thermistor depending on the
thermal conductivity of the environment.

The “Solver Configuration” module defines general simulation parame-
ters. The obtained data of each of the obtained values is recorded by the oscil-
loscope “Scope” (Fig. 6) and entered using the “Simout” module group into
the specified time series or array in the basic MATLAB workspace for further
data processing.

“Calibration Data” block consists of “Constant” modules, in which the val-
ues of the coefficients Kyog_, Kpog, and Thog,/—and Koy peqring » Which allows

the calibration data to be used to adjust the original measurement data accordingly
to compensate for the influence of possible causes of error.

To generate the current temperature value over a time series, the “Repeating
Sequence” model is used, where a sequence of numbers time-temperature value is
entered. Next, the temperature values are converted from Simulink format to
physical signal data-temperature in K using the “Simulink-PS Converter”. This
data is used to compare the measured temperature value with the set value corre-
sponding to the current thermistor resistance value.

4] Scope - u] X

File Tools View Simulation Help k]

9-|40P @< |0-FA-

401 T(U) ADC kor

15 { 350
350

300 300

250 250

2

10t

5 = =

TT
- 6 = U(T)ADC

T-TADC

0 20 40 60 80 100 120 140 “o 20 40 60 80 100 120 140

Fig. 6. Graphs of changes in parameter values during the simulation of temperature meas-
urement in MATLAB Simulink
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RESULTS OF THE RESEARCH

The research was conducted over the full temperature range of the thermistor,
from 233 K to 383 K (i.e., from —40°C to +110°C). The operational temperature
range and parameters of the thermistor corresponded to those of an RH18-type
thermistor manufactured by Mitsubishi, with a nominal resistance of (R)=10kQ

at 25°C and a B,s5,45s constant of 3435 K. This thermistor is encapsulated in

epoxy resin and features compact dimensions (1.8 mm in diameter and 7 mm in
length), making it particularly sensitive to self-heating effects (thermal dissipation
constant 0,,)=I1mW/°C in air). This characteristic enables a comprehensive

analysis of the impact of linearization methods on measurement error across the
entire temperature range, as well as the determination of correction values ac-
counting for the self-heating effect of the thermistor.

During simulation, temperature measurement error was evaluated at the ana-
log output of the amplifier, both without correction and with the application of
digital signal processing using a high-order polynomial function for data correc-
tion over the full temperature range. Additionally, the measurement range was
divided into three and six smaller subranges, where lower-order polynomial func-
tions were applied, respectively, to evaluate the influence of segmentation on
measurement accuracy.

Fig. 7 illustrates the dependence of measurement error on the current tempera-
ture value. The corresponding measurement data are presented in tabular form.

21 Without correction at
the amplifier output
16
=
=11
E Correction by
- polynomial fonction e
= | P(N} in the full range Adjustment by
6 L from 233 Ko 383 K separate polynomial
functions PV} in
three subranges
\\-
e ¥ et A ey o=
# e
,/{ [ Adjustment by separate polynomial fanctions PfY) in six sub-ranges
4 K
MOGED EM DD MM DD PO DD FM 00 M DD PN DO £ DS MG 00 ) G0 ¢ 00 50 M G0 B G0 M 0D
B B A I P - e - - - - T I — R o I o e T T e L I - -l
Lo I B I I T I T o Tt T o B e T T T T T T T T T T T T T T )
Temperature, K

Fig. 7. Dependence of measurement error on the current temperature value

As shown in Fig. 7 and the data table, increasing the number of subranges into
which the full measurement range is divided results in a reduction of measurement
error and allows for the use of lower-degree polynomial correction functions.

Table 1 presents the simulation results for the digital signal processing algo-
rithm used to correct the measured data, based on polynomial functions of varying
orders applied over the full temperature range and over its division into three and
six smaller subranges.
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Table 1. Research results data

Number . Error
Adjustment —
of subbands Average value (AT ), K| Root mean square value G, K
1 (Full) No adjustment 9.589 9.518
1(Full) | 6th order polynomial 0.145 0.859
3 subbands |4th order polynomial 0.111 0.055
6 subbands |3rd order polynomial -0.002 0.036

Fig. 8 presents the actual temperature measurement error values at resistance
points R ., R, . and R obtained using third-order polynomial correction
functions within each of the six subranges. The values of R, R,,,.and R_,. .,
over the temperature range from 233 K to 383 K (—40°C to +110°C) were taken
from the datasheet provided by the manufacturer of the RH18 6Y103 thermistor
(Mitsubishi Materials).

As observed from the plots, the minimum measurement error occurs at the
nominal temperature of 298 K (+25°C), while the error increases as the tempera-

ture approaches the lower 7, ; and 7,  bounds of the range. Calibration of the

max °

device allows for the determination of additional correction coefficients, denoted as
Ksgs_, Kygg, and Thgg,,_ aimed at reducing the measurement error.

The coefficient K,y — compensates for the slope deviation of the linear
characteristic within the range from 233 K to 298 K (—40°C to +25°C), while K,qg,

serves the same purpose in the range from 298 K to 383 K (+25°C to +110°C). The
coefficient 7,qg,,_ represents a temperature offset at the nominal point 7, =298 K
(+25 °C), as determined during calibration. The developed model provides the capa-
bility to input these coefficients to enhance measurement accuracy.

Fig. 8 demonstrates the potential for reducing measurement error through the
inclusion of the correction coefficients Kygg , Kygg, and Thog,,_ .

1,5

| Rth(T) max |

¥ Rih{T) max
) Kops = -2,5710°5;
Kopg — 2.0%10°1;

- Toae = 025 K

=
E o D T
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o Kun= 257105
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Fig. 8. Actual value of temperature measurement error at R and R, when

max

R
correcting measured data using 3rd order polynomial functions in each of the 6 subbands

min ? nom
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Fig. 9 shows the actual temperature measurement error under conditions of a
reference voltage shift in the Wheatstone bridge circuit, U,,, on AU, = +0.05V

(£0.5 %), using third-order polynomial correction functions in each of the six
subranges. The results are shown for both uncalibrated conditions and after apply-
ing the additional calibration coefficients.

3

(AU~ 005V
2,8 | Kygg.— 15
2
ALl = HL05 ¥V
1.5 K 5.~ -1,2°107
K 1y = 20°107
1 Ty~ 01K
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..ﬂ. 68 \—_/’/"_’—"_’
g o~
= — -
L e aa . - : e e ORI
— ]
R
0,5 e
T AUre= 045V
i - Kygge= LA*10¢
AUref=+0 05V l Kagg— 20101
Kygg,— 03 T =02K
A8 Ky 03 =IF F |
Tsg ~ 0K
2
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Pl e e vl i e B R o S = R R e O GO B

Temperature, K
Fig. 9. Actual value of temperature measurement error when shifting the reference voltage

of the Wheatstone bridge U, at AU, =+0.05V

Fig. 10 presents the actual temperature measurement error resulting from a
deviation of the amplifier gain coefficient from its ideal value by AG = +0.01,
using third-order polynomial correction functions within each of the six subrang-
es. The results are shown both without and with the application of additional cali-
bration coefficients.

3
f P o S Y
AG= 0,01
% 080 J AG=+HL,01
s Kasim -1,5°10°%;
Kooy = 2,67101%;
Topr= A K
1
" ;
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Temperature, K

Fig. 10. The actual value of the temperature measurement error when the actual value of
the amplifier gain deviates from its ideal value by AG = +0.01
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Fig. 11 illustrates the actual temperature measurement error due to thermistor
self-heating, corrected using third-order polynomial functions within each of the
six subranges, with the inclusion of various values of the K r_jeqing coefficient:
0, 0.25, 0.5, 0.75, and 1.0.

2
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/ -~ T ™
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Fig. 11. Actual value of temperature measurement error taking into account thermistor
self-heating when correcting measured data using 3rd order polynomial functions in each
of 6 subranges with the input of Kojr_pegiing = 0; 0.25;0.5;0.75; 1.0

The summarized data of the research results are presented in Table 2.

To investigate the measurement error caused by the self-heating effect of the
thermistor and the potential for compensating this error, the model includes a ded-
icated module, “Subsystem self-heating”. This module determines the self-heating
temperature of the thermistor at a given ambient temperature under still air condi-
tions, which is used as the baseline reference. This approach is justified by the
fact that thermistor manufacturers typically specify the thermal dissipation con-
stant §,, only for still air.

When the thermistor operates under different environmental conditions (e.g.,
in liquids or moving air), the actual J,, value must be determined experimentally.
Subsequently, the self-heating correction coefficient K. jeqing should be ad-

justed proportionally relative to the value of K seif —heating determined under still
air conditions.

In the case of stationary water, which has a significantly higher thermal con-
ductivity compared to air, the thermal dissipation constant §,, increases by a fac-
tor of 2 to 5, depending on the thermistor’s design, the material of its protective
coating, and other structural factors. Consequently, the self-heating temperature
of the thermistor is reduced, and a correction must be introduced by applying a
corresponding self-heating compensation coefficient Kr_jeqing typically rang-

ing from 0.2 to 0.5.
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Table 2. Summary of research results

Calibration factors Error

P t T AT
arameter Kos+ Kyos- 2984/~ | Kseif “heating A]{ | oK
Riom - -0.002 | 0.036
R - 0.678 [ 0.305
min 25%10° | 2,010 | 025K | - -0.018 | 0.057
R - -0.689 | 0.309
max -2.5%10° [ 2.0%10" | -0.25K | - 0.016 | 0.057
U,s =10.00V - -0.002 | 0.036
AU ,,; =+0.05 - 0.896 | 0.525
V(+05%) | -1.2*10° | -2.0%10"% | 0.1K - 0.011 | 0.119
AU, ,r=-0.05 - -0.198 | 0.529
V(0.5%) | 1.5*10% | 2.5%10" | 02K - -0.018 | 0.108
G=16 - -0.002 | 0.036
AG =+0.01 - 0.258 [ 0.695
(+0.63%) | -1.5%10° | -2.6*10"° [ -0.1K | - 0.026 | 0.150
AG =-0.01 - -0.246 | 0.659
(-0.63%) | L7*105 | 2.5%10" | 0.1K | - 0.026 | 0.140
0 1.141 | 0.551
0.25 0.855 | 0.413
AT seif —heating - 0.5 0.569 | 0.276
0.75 0.282 | 0.141
1.0 -0.002 | 0.036

CONCLUSIONS

The issue of sensor characteristic linearization is critically important for real-time
applications across various fields, as most sensors exhibit nonlinear behavior.
Digital linearization methods offer greater flexibility and improved measurement
accuracy over a wide range of measured quantities. These methods can be imple-
mented using software on a personal computer or via dedicated hardware plat-
forms such as microcontrollers, FPGAs, or DSP processors.

This work proposes a method for linearizing the temperature characteristics
of NTC thermistors using digital correction based on polynomial functions. The
proposed approach can be implemented on low-power, cost-effective microcon-
trollers through sequential execution of programmed arithmetic operations.

The method was validated using a newly developed simulation model of a
temperature measurement device based on an NTC thermistor, created in the
MATLAB Simulink environment. This model includes a data processing algo-
rithm capable of generating all necessary polynomial functions, incorporating cor-
rection coefficients obtained through calibration.
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Simulation results demonstrated that the highest measurement accuracy over
a wide temperature range can be achieved using a polynomial correction algo-
rithm that divides the full measurement range into multiple subranges. Increasing
the number of subranges enables the use of lower-order polynomial functions
within each subrange, which in turn enhances overall measurement accuracy.
Specifically, when the full temperature range from 233 K to 383 K was divided
into six subranges, third-order polynomial functions were used for data pro-
cessing. Under these conditions, the measurement error did not exceed 0.1 K
(RMS).

The research identified several factors that influence measurement accuracy:
deviations of the actual thermistor resistance from its nominal value due to the
temperature dependence of the B-parameter; instability of the Wheatstone bridge

reference voltage AU . ; deviation of the amplifier gain from its ideal value AG;

ref »
and errors introduced by self-heating of the thermistor. To achieve a measurement
error within 0.1 K (RMS), the accuracy of the B-parameter, AU, , and AG must

be within 0.5%, and the thermistor current /, must be limited to no more than

100 pA. At this current level, self-heating of the thermistor does not exceed 0.1 K
and therefore does not significantly affect measurement results.

To further enhance the effectiveness of temperature characteristic lineariza-
tion of NTC thermistors based on the proposed method, future research will focus
on improving the mathematical model. This will support the design and analysis
of various temperature measurement circuits aimed at achieving the desired
measurement accuracy using optimally selected sensors and components of the
measurement channel.
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CIOCIb JIIHEAPHU3AIII TEMIIEPATYPHHUX XAPAKTEPUCTHUK NTC-
TEPMICTOPIB 3A JOIMOMOI'OIO MNMOJIHOMIHAJIBHOI'O METOAY /
C.M. Martsienko, I'.C. Tumuuk

AHoTanis. Mera poboTH — po3poOJICHHSI CXEMOTEXHITHOTO Ccroco0y JiHeapu3amii
TEMIIEPaTypHUX XapaKTEePUCTHK TEPMICTOPIB 13 BUKOPHUCTAHHIM IOTiHOMiHATBHOTO
mudpoBoro Meroxy TemreparypHux xapakrepuctuk NTC-TepMicTopiB Ta Xapakre-
PHCTHK PO3pOOICHOr0 BIMiPIOBATBHOIO KaHAITY 32 JOIIOMOTOI0 po3pobieHol opuri-
HansHOI Mozeni B MATLAB Simulink. 3anmponoHoBaHO MOAENb MPUCTPOIO VIS BU-
MIpIOBaHHS TeMIepaTypu i3 ceHcopoM Ha 0a3i Tepmicropa. Bukonano
MOZIETIOBAHHS TOJIIHOMIHAJIBHOTO HU(POBOr0 METOY JIiHeapu3amii TeMIepaTypHIX
xapakrepucTuk NTC-repMmicTopiB po3podiieHoro mpucTporo. Jiis miABUIEeHHS To4-
HOCTI BUMIpIOBaHb BHOPAHO €JIEMEHTH BHMIpPIOBAJIBHOTO KaHAIy 3 IapaMeTpaMu,
IO JAIOTh 3MOTY 3/1HCHIOBATH MOJIEIIOBAHHS BUMIiPIOBAaHb 13 MiHIMAIBEHOIO TIOXHO-
K010. Bu3HaueHo MeToqu BHECEHHS 3HAUEHHS KOPEKIIIHNX KoedilieHTiB y MOEIb
JUTsL KOMITeHcatii (pakTopiB BINIMBY Ha MOXMOKY BKITFOUHO 3 €()EKTOM CaMOpO3irpiBy
TepMicropa. 3arpornoHOBaHIH aNropuTM OOpPOOIIEHHS JaHMX Mae IepeBaru 3a pea-
ni3arii B MIKpOKOHTPOJIEPi HEBUCOKOI BapPTOCTI Ta HU3BKOI MTOTYKHOCTI.

KirouoBi ciaoBa: BumiproBanus Ttemmeparypu, NTC-tepmicrop, MATLAB
Simulink, nineapu3amis.

Cucmemni docniodcenns ma ingopmayivini mexuonozii, 2026, Ne 1 75



UDC 629.5.017.3:621.391
DOI: 10.20535/SRIT.2308-8893.2026.1.05

PRACTICAL ASPECTS OF CREATING A DATA TRANSMISSION
SYSTEM FOR CONTROLLING UNMANNED SURFACE
VEHICLES IN UNSTABLE COMMUNICATION CHANNELS
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S.M. VOLIANSKYY, V.A. SHEVCHENKO,
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Abstract. The study presents the development and verification of an adap-
tive data transmission system for controlling unmanned surface vehicles
(USVs) in unstable communication channels. The work aims to overcome
the limitations of existing technologies, which include LTE networks and
satellite systems that fail to deliver stable service quality for USV remote
control operations. The proposed adaptive routing algorithm evaluates com-
munication channel status through three vital indicators, which include de-
lay, packet loss, and availability. The algorithm selects the best channels ac-
cording to changing weight parameters. Experimental results confirmed a
significant reduction in data transmission delays, stable real-time video
streaming with a delay of 14 seconds, and a reduction in packet loss to be-
low 2 %. In addition, the system implements the use of modern video coding
standards (e.g., H.265) and secure VPN channels, which increase bandwidth
efficiency and the level of cybersecurity. The results confirm the practical
suitability of the proposed system for USV operation in real marine condi-
tions, as well as its potential for use in critical scenarios that require stable,
low-latency communication.

Keywords: adaptive data transfer, unmanned vehicles, handling, maneuver-
ing, navigation safety, communication channels, course control, routing al-
gorithm, delay optimization, loss reduction, data packets, operational effi-
ciency, status monitoring, 5G integration, predictive machine learning
models.

INTRODUCTION

Unmanned Surface Vehicles (USVs) have become widely used in various indus-
tries and defense applications. Their versatility is due to a combination of high
autonomy, navigation accuracy, and the ability to perform tasks in difficult and
potentially dangerous conditions where the use of manned vessels is economically
or safety unjustified. One of the major aspects of their efficiency is the reliance on
communication mechanisms, which provide real-time data exchange and facilitate
the distant or self-governing control functions.

Despite progress in satellite technology and wireless networks, data channels
for USVs remain vulnerable to bad weather, congested networks, and interference
in areas of heavy ship traffic, which results in delays, packet losses, and commu-
nication disconnections, significantly lowering the reliability of important opera-
tions, including video streaming, remote control, and autonomous navigation.
Thus, the development of very reliable and adaptive communication solutions is
the only way to assure the uninterrupted operation of USVs in the highly dynamic
marine locations.
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With the development of data transmission technologies and the growth of
mobile operators and satellite communications infrastructure, the need for a relia-
ble communication system to control unmanned surface vehicles in unstable data
links is increasing. Such systems are essential for efficient and secure remote con-
trol, especially when streaming live video and maintaining stable communication
with mobile objects. However, current IP networks, which were not initially de-
signed for online video transmission, face challenges such as packet loss and sig-
nificant latency. These factors critically impact broadcast quality of experience
(QoE), especially for streams compressed to modern standards such as H.265,
which depend on link stability and bandwidth.

Moreover, LTE mobile networks and satellite systems like Starlink might
run into impediments such as intermittent sporadic disconnectivity and exacerbat-
ed-latencies bursts from packet transmissions. In the backdrop of a situation of
uncertainty, whereby perhaps signals from mobile companies would be erratic,
and where amplitude variations on the dish would disallow constant quality in the
provision of digital services; this situation would necessitate ad-hoc channel hop-
ping solutions to ensure video transmission is successfully spread across channels
with the least possible latency.

Current research principally focuses more on improving network variables or
increasing the stability of individual links in the com-mon mesh scenario. Not
much of the work has been directed at the design on a routing-system based on
multiple adaptive channels for UAVs which consider their environmental dynam-
ic nature. In the sense of technical overhand, this article attempts to fill in that
space by introducing a new algorithm offers an absolute optimization for ad-hoc
transmission of data.

RELATED WORK

The current approaches to maintaining quality of communication with unmanned
surface vehicles (USVs) on unstable data links include a wide range of techniques to
minimize latency, packet loss, and link resilience. Previous research in USV com-
munication can be categorized into three main areas: signal and interference robust-
ness, adaptive algorithms for dynamic environments, and multi-channel approaches
for fault tolerance. This categorization allows us to identify the gaps the proposed
research aims to address.

In 2023, 3GPP presented an overview of support for the NR (New Radio)
standard for USVs, emphasizing the adaptation of modern networks for seamless
data transmission and control in a multi-channel network environment [1]. However,
current technologies are under-researched in terms of adaptive channel selection un-
der dynamic network variability, which requires further development of algorithms
that can take into account the parameters of current network conditions to improve
quality of service (QoS) and quality of experience (QoE) perception.

Research in video streaming emphasizes the critical impact of packet loss and
delay variations on real-time quality. In [2], they considered how delay and packet
loss variations reduce the QoE perception, which is especially relevant for USV
streaming, where delays can become critical for the operator. Other works, such as
[3], have proposed a QoE prediction model for multimedia services but have not
provided an adaptive solution capable of dynamically adjusting to changes in net-
work conditions. In contrast, [4] proposed an approach to improve QoE in wireless
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network conditions using multiple coding, improving data transmission reliability in
a variable bandwidth network.

The predictive and adaptive QoE control techniques for video streaming pro-
posed by [5] allow for estimating the current network parameters and adjusting the
routing parameters based on changes in transmission conditions. However, their ad-
aptation framework does not cover specialized solutions for multi-channel routing in
drone environments, where latency and packet loss during control are critical. At the
level of specific network technologies, [6, 7] discusses the importance of minimizing
control channel delay for remote control systems, showing that LTE and 4G net-
works pose significant limitations regarding stability and latency. However, their
research focuses more on theoretical estimates of delay parameters rather than the
practical use of adaptive routing algorithms for continuous drone control on unstable
communication channels [8].

Routing optimization and traffic management techniques, such as the one pro-
posed in [9], offer solutions that provide fault tolerance and security to networks un-
der multi-criteria routing conditions. However, applying these solutions to un-
manned aerial vehicle (UAV) scenarios is limited because they do not provide
dynamic adaptation to real-time channel changes, which is critical for link stability
in drone control systems [10, 11]. The authors in [12] also proposed complex opti-
mization methods for self-organizing networks, which can theoretically improve
adaptive routing control, but requires refinement for practical application under high
load conditions and frequent link switching.

Based on the analysis of existing research, it can be seen that although many
approaches have been developed to improve QoE and reduce data transmission la-
tency, a significant gap remains in adaptive routing for highly loaded, unstable links
used for drone data transmission [13—16]. This study seeks to address this gap by
proposing an algorithm capable of dynamically accounting for changes in network
parameters and adjusting data routes to ensure high stability and quality of real-time
drone communications [17, 18]. Additional research offers unique approaches to
improve security and resilience in complex environments. In [19], radar-based meth-
ods for object detection and recognition on water were investigated, highlighting the
importance of reliability and accuracy of data transmission in unstable environments
similar to those observed in control. [20, 21] developed polarization-based ap-
proaches to improve object identification and safety under challenging data trans-
mission conditions applicable to tasks. In [22] investigated the energy efficiency of
motors, which can further contribute to the sustained operation of drones, especially
in environments where channel quality and reliability are critical to maintain control.

Reliable two-way communication with UAVs is critical for efficient control
and data exchange. Several studies have focused on energy efficiency and system
optimization. For example, the energy efficiency improvement of electric motors in
autonomous vehicles was investigated in [23], and energy-efficient positioning sys-
tems for multi-purpose ships were proposed in [26]. In [24], a simulation-based
method for predicting the seaworthiness of vessels applicable to UAV performance
modeling was developed, and operational efficiency in transportation projects was
evaluated [25].

Communication protocols have also been a key area of research. Shi et al. re-
viewed protocols for UAV inspections [27] and studied optimal power allocation
methods [28]. In [29], UAV swarm architecture for efficient data routing. Sources
[30-35] are devoted to current research in the field of unmanned aerial vehicles and
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marine technologies. The research focuses on designing two-way communication
systems for UAVs and optimizing secure communication through full-duplex sys-
tems and RIS technology and implementing solar power solutions on commercial
vessels for emergency fire protection. The combination of these research studies
shows progress in multiple fields which include communication protocols and cyber
security and energy sustainability and intelligent control systems.

Intelligent control systems and methods for enhancing maneuverability and op-
timizing energy consumption in transportation [36—39] are crucial for developing
practical solutions in UAV control. Data security and threat countermeasures [40,
41] are vital for ensuring sustainable communication and defense in unmanned sys-
tems. The extension of mathematical tools and intelligent approaches for dynamic
object control [42, 43] applies to UAV navigation. Threat analysis, obstacle avoid-
ance techniques, safety of cargo carriage and operator interaction [44, 45] form a
basis for creating reliable and safe UAV control systems. Sources [46—49] highlight
key aspects of unmanned aerial vehicle development: inertial navigation accuracy,
control system improvements, and spatial route optimization, demonstrating that
current research is focused on improving the reliability and efficiency of drones in
challenging operating conditions.

An analysis of existing research shows that, despite the significant number of
approaches proposed to improve quality of service (QoE) and reduce data transmis-
sion delays, there remains a significant gap in adaptive routing for highly loaded and
unstable channels used in unmanned aerial vehicle data transmission systems.

This paper attempts to address this shortcoming by developing an algorithm
that can dynamically respond to changes in network parameters and adjust infor-
mation transmission routes, ensuring high stability and quality of communication in
real time.

The proposed approach covers the transmission of control signals, telemetry,
and streaming video with minimal delays, and also implements the protection of in-
formation flows using VPN tunneling. As part of the study, experiments were con-
ducted on the selection of routers and the optimization of their parameters in order to
improve the efficiency of data transmission under conditions of unstable communi-
cation channels.

MATERIALS AND METHODS
Problem statement and system description

Modern data transmission systems for unmanned surface vehicle (USV) control re-
quire a stable connection that delivers control signals, telemetry, and streaming video.
These data types have different quality of service requirements: minimum latency and
high accuracy are critical for control signals while streaming video requires high
bandwidth and minimal packet loss to preserve image quality. The basis of the pro-
posed system is the use of two communication channels: LTE (4G) mobile networks
and Starlink satellite system. LTE provides a wide coverage area and affordable data
rates but is prone to instability in conditions of congestion or weak signal. Starlink, on
the other hand, provides a more stable connection through low-orbit satellites, but is
subject to signal fluctuations due to antenna movement and view limitations. In real-
world conditions, none of these technologies can guarantee constant quality of service
(quality of service), which requires the development of solutions that adapt to the cur-
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rent state of the network. In real-world conditions, none of the existing wireless tech-
nologies can guarantee consistent Quality of Service (QoS), which necessitates the
development of adaptive solutions capable of responding to the current state of the
network. In particular, instability is observed in LTE mobile communications, espe-
cially in areas with heavy traffic or insufficient signal coverage. According to re-
search results, typical problems include connection drops and increased data trans-
mission delays. Fig. 1 shows that the time it takes to switch between channels can be
tens of seconds, which significantly complicates the stable control of unmanned sur-
face vehicles (USVs) and real-time data transmission.

Ping was selected as a universal tool for latency assessment due to its availa-
bility across all network environments. Although ICMP traffic can be depriori-
tized, our parallel measurements using UDP-based tools confirmed that ICMP
delays closely mirrored the latency experienced by video and telemetry data
(Fig. 1).

Reachable Hosts:

Reply from 192.168.89.
Reply from 192.168.89.
Reply from 192.168.89.
Reply from 192.168.89.

Reply from 192.158.89.
Reply from 192.168.89.

bytes=32 time=74ms TTL=563
bytes=32 time=73ms TTL=63
bytes=32 time=75ms TTL=563
bytes=32 time=76ms TTL=63
bytes=32 time=30ms TTL=53
bytes=32 time=75ms TTL=63

e e e e

unreachable Hosts:

Reply from 18.18.89.
Reply from 1€.10.89,
Reply from 1€.18.89.
Reply from 1€.10.89,
Reply from 18.18.89.
Reply from 1€.10.89,
Reply from 18.18.89.
Reply from 1€.10.89,
Reply from 18.18.89.
Reply from 1e.10.89.
Reply from 1€.18.89.
Reply from 1€.10.89,
Reply from 1€.18.89.

pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
pestination host unreachable.
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Fig. 1. Example of Ping command passing when switching between WAN links on Tel-
tonika RUT series routers

Similar problems occur with the frequency of connection checking at rout-
ers, as shown in Fig. 2. Here, we can see that the minimum connection check time
in the standard configuration of Teltonika routers is limited to 30 seconds, which
is insufficient for rapid adaptation to changing channel conditions.
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Fig. 2. Connection state polling interval parameter for RUT routers
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The challenge is to design a data transmission system that minimizes laten-
cy, maintains stable transmission quality, and provides data protection. To
achieve this, the following approaches are used:

— video stream tuning using modern compression algorithms (e.g., H.265) to
reduce data volume without significant quality loss;

— VPN tunnels (e.g., based on OpenVPN or WireGuard) to encrypt transmit-
ted data and improve its security;

— adaptive data routing using algorithms for assessing the current channel
state (latency, packet loss, availability) to select the optimal channel in real-
time.

Optimize equipment settings, including IP camera and router parameters,
to coordinate bandwidth allocation, optimize encoding settings, and ensure stable
transmission.

Thus, the proposed communication system focuses on complex signal pro-
cessing to balance minimum latency, connection stability, and high data rate even
in unstable channel conditions.

VPN encryption introduced an additional latency of 20-50 ms. We opti-
mized MTU size, used hardware-accelerated encryption, and implemented fast
packet re-routing to mitigate this. WireGuard was selected over OpenVPN due to
its lower latency, simpler codebase, and faster handshake processes, making it
more suitable for UAV real-time communication.

Data transfer methods and technologies

Distributed multi-channel data transmission methods and adaptive routing algo-
rithms ensure stable communication with unmanned platforms even under unsta-
ble communication channel conditions. Such approaches minimize the impact of
delays, packet loss, and communication failures by distributing information flows
across multiple channels.

The developed communication system implements parallel data transmission
through various media, including mobile networks (LTE) and the Starlink satellite
system. For example, control commands can be transmitted via LTE, while video
streams can be transmitted via Starlink and this distribution increases communica-
tion reliability and reduces the risk of complete loss of communication.

In addition, dynamic traffic distribution is applied, taking into account the
current characteristics of the channels, such as bandwidth and latency. Switching
between channels is based on specific criteria — latency, packet loss percentage,
and channel availability.

Thus, if the delay in the LTE network exceeds the acceptable threshold (for
example, 400 ms), the system automatically redirects traffic via Starlink. To im-
prove the efficiency of the switching process, adaptive algorithms are used that
take into account the weighting coefficients of each channel, which change dy-
namically depending on its current state.

A comparative analysis of various data transmission technologies has shown
that the use of outdated communication standards, in particular 2G and GPRS, is
accompanied by significant signal delays — from 124 to 2819 ms, which effective-
ly makes it impossible to use them for tasks that require real-time data processing

(Fig. 3).
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C:\Users\Dr.Vad>ping 192.168.94.38 -t

Pinging 192.168.94.38 with 32 bytes of data:

Request timed out.

Reply
Reply
Reply
Reply
Reply
Reply
Reply

from
from
from
from
from
from

from

192.
192.
192.
192.
192.
192.
192.

168.
168.
168.
168.
168.
168.
168.

Q4.
o4,
o4,
o4.
o4.
Q4.
o4,

Ja:
3e:
3@:
3a:
3a:
Ja:
3e:

bytes=32
bytes=32
bytes=32
bytes=32
bytes=32
bytes=32
bytes=32

time=825ms
time=124ms
time=154ms
time=188ms
time=188ms

time=551ms

TTL=62
TTL=62
TTL=62
TTL=62
TTL=62
TTL=62

time=2819ms TTL=62

Request timed out.
Request timed out.
Reply from 192.168.94.

3a@: time=1841ms TTL=62

+

bytes=32
Request timed out.

Request timed out.

Fig. 3. Ping delays when modems operate in 2G and GPRS modes

In contrast, modern LTE modems that support channel aggregation signifi-
cantly increase bandwidth. Fig. 4 shows that using an LTE Cat.6 modem allows
you to combine 15 MHz and 10 MHz bands for a total channel width of up to 25
MHz. This improves link reliability and data transfer rates, especially for video
streaming,

EARFCN: | 1700 (band 3, bandwidth 20Mhz) Primary Band: | B3@15Mhz earfcn: 1275 phy-calid: 281
Session Uptime: |00:28:36 CA Band: | B1@10Mhz earfen: 150 phy-cediid: 170
RSSI: [-75 dBm Session Uptime: |00:27:39
RSRP: -86 dBm RSSI |-63 dBm T
SINR: 16dB EEROCERIN OB OO RSRP: -90 dBm i
RSRQ: [8.0dB s s sammae 01 SINR: |12 dB [T — ||

Fig. 4. Example of using channel aggregation (CA Band) on LTE Cat.6

Distributed data transmission and adaptive routing techniques allow optimal
utilization of available communication channels, reducing latency and improving
data transmission stability. This is especially important for drone control, where
communication quality is critical to mission performance. The illustrations illus-
trate the advantages of modern data transmission technologies and the need to
abandon outdated standards.

Adaptive channel selection algorithm

An adaptive routing algorithm ensures stable communication under unstable
channel conditions by dynamically analyzing channel state and adjusting their
priorities based on current parameters. The algorithm takes into account the fol-
lowing key indicators (Table 1).
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Table 1. Key metrics used in the adaptive channel selection algorithm and their impact

on prioritization

ms, the channel receives a lower priority

Metric Description Impact on Priority
Latenc Measures the average response time of pack- | Higher latency de-
(Ping)y ets for each channel. If latency exceeds 400 | creases the channel’s

priority

Packet Loss

Tracks the percentage of lost packets on each
channel. Channels with high packet loss are
excluded from routing or assigned penalty
coefficients

High packet loss re-
sults in reduced prior-
ity or exclusion from
routing

Assesses the availability of the connection. If

Unavailable channels

Char.mel. . the channel is temporarily unavailable, its | are deprioritized or
Availability S .
priority is automatically decreased excluded
Dynamically adjusted based on the channel’s | Optimized channels
Weight performance. Channels with low latency and | are prioritized based
Coefficients | minimal packet loss receive the highest prior- | on their performance

metrics

ity

The logic of the algorithm is as follows:

1. Initialization. The initial channel weights are set (e.g., W1 = 3, W2 = 4,
W3 =5).

2. Checking packet losses. If the losses exceed the acceptable threshold,
a penalty factor (e.g., +20) is added to the channel weight.

3. Checking the delay. If the delay is within the threshold, the channel is
checked further; if the delay is above the threshold, a penalty factor (+10) is add-
ed to the weight.

4. Channel selection. The channel with the lowest penalty (highest priority)
is selected from the available ones.

Fig. 5 shows the block diagram of the adaptive channel selection algorithm.
It includes the following steps:

— 1initial initialization of parameters;

— packet loss analysis on the channel;

— ping delay verification;

— dynamic change of weighting coefficients;

— selection of the optimal channel for routing.

The advantage of this approach is that using this algorithm allows for reduc-
ing the switching time between channels. Minimize data loss in unstable condi-
tions and Provide reliable traffic routing for drone control tasks.

The algorithm, in turn, can be implemented as a software script to run on
routers that support dynamic routing, such as MikroTik devices. Its flexibility al-
lows it to adapt to real-time network changes, making it a versatile solution for
data communication systems.
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Setting initial and reference values based on which WAN
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Fig. 5. Block diagram of the data link state quality assessment algorithm for traffic routing

Experimental validation and results

optimization, significant data transmission quality problems were observed.

the drone in real time steadily.

The experimental results confirm the effectiveness of the proposed methods
for adaptive control of data links. The main objectives of the tests included reduc-
ing latency, improving link stability, and improving link capacity. Prior to system

Fig. 6 shows an example of unoptimized traffic where high latency and ir-
regular link failures resulted in unstable network performance. Under high load
conditions, packet losses reached up to 15-20%, making it impossible to control
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Significant improvements were observed after the implementation of adap-
tive channel selection algorithms. Fig. 7 demonstrates the optimized Ping latency
values, which have been reduced to 50—150 ms. This meets real-time require-
ments and ensures reliable control of the USV. Packet loss was minimized to less
than 2%, confirming the effectiveness of adaptive routing.

C:h\Users\Dr.Vad=ping 192.168.92.30 -1 1380 -7 -t

Pinging 192.168.92.30 with 1380 bytes of data:

Reply from 192.168.92.30: bytes=1380 Time=187ms TTL=61
Reply Trom 192.168.92.30: bytes=1380 time=98ms TTL=61

Reply from 192.168.92.30: bytes=1380 time=95ms TTL=61

Reply from 192.168.92.308: bytes=1380 time=114ms TTL=61
Reply Trom 192.168.92.30: bytes=1380 time=115ms TTL=61
Reply from 192.168.92.30: bytes=1388 time=129ms TTL=61
Request timed out.

Reply from 192.168.92.308: bytes=1380 time=118ms TTL=61
Reply from 192.168.92.30: bytes=1380 time=183ms TTL=61
Reply from 192.168.92.30: bytes=1388 time=182ms TTL=61
Reply from 192.168.92.30: bytes=1380 time=117ms TTL=61
Reply from 192.168.92.308: bytes=1380 time=114ms TTL=61
Reply from 192.168.92.30: bytes=1380 time=91ms TTL=61

Reply from 192.168.92.30: bytes=1380 tTime=125ms TTL=61
Reply from 192.168.92.30: bytes=1380 time=94ms TTL=61

Reply from 192.168.92.38: bytes=1380 time=114ms TTL=61
Reguest timed out.

Reply Trom 192,168.92.30: bytes=1380 time=91ms TTL=61

Reply from 192.168.92.30: bytes=1388 time=115ms TTL=61
Reply from 192.168.92.308: bytes=1380 time=119ms TTL=61
Reply from 192.168.92.30: bytes=1380 time=118ms TTL=61
Reply from 192.168.92.30: bytes=1380 time=91ms TTL=61

Reply from 192.168.92.30: bytes=1380 time=94ms TTL=61

Reply from 192.168.92.30: bytes=1380 time=125ms TTL=61
Reply from 192.168.92.30: bytes=1380 time=133ms TTL=61
Reply from 192.168.92.30: bytes=1380 time=92Zms TTL=61

Reply from 192.168.92.30: bytes=1380 time=208ms TTL=61
Reply from 192.168.92.308: bytes=1380 time=117ms TTL=61
Reply from 192.168.92.30: bytes=1380 time=91ms TTL=61

Reply Trom 192.168.92.30: bytes=1380 time=115ms TTL=61
Reply from 192.168.92.30: bytes=1388 time=118ms TTL=61
Reply from 192.168.92.30: bytes=1380 time=125ms TTL=61

Timestamp: 17:41:49

Fig. 7. Ping delay values in installed communication channels after implementation of
recommendations and optimization of equipment settings

The results of the experiments showed the following:

1. Delay reduction on all channels was reduced by 60-70% on average,
which ensured stable connection;

2. Stability improvement as the use of adaptive algorithms allowed to main-
tain stable data transmission even in conditions of high network load;

3. Optimization of throughput capacity. Due to dynamic routing, the load
was evenly distributed between the channels, reducing the congestion of individu-
al network segments.

These results confirm that implementing the proposed methodology of adap-
tive channel selection and equipment optimization can provide high-quality com-
munication in drone control systems. These improvements prepare the system for
real-world applications where link stability and minimum latency are critical.

RESULTS AND DISCUSSION

The study’s results confirmed the effectiveness of the proposed adaptive routing
system for data transmission in USV’s control systems. The main achievements
are significantly reducing data transmission delays, ensuring stable communica-

tion even under unstable network conditions, and minimizing packet loss. During
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the experiments, it was possible to achieve video transmission with a delay of 1 to
4 seconds, corresponding to real-time requirements. The adaptive routing system
proved its ability to dynamically select the optimal channel based on current net-
work parameters such as latency, packet loss, and link availability. The fast
switching between channels maintained high reliability and quality of service,
making the system suitable for real-world applications. Baseline latency without
our algorithm ranged from 8 to 12 seconds due to frequent retransmissions and
unstable routing. Achieving 1-4 seconds with our adaptive routing is optimal for
UAYV operations in challenging network conditions, ensuring timely control and
acceptable video quality.

Nevertheless, the work identified areas for further improvement. For exam-
ple, it is possible to integrate channel state prediction techniques using machine
learning algorithms, allowing for advance determination of optimal routes based
on historical data and current trends. In addition, the use of modern video encod-
ing technologies, in particular H.266/VVC, allows for a significant reduction in
the amount of data transmitted without any noticeable loss of image quality. An
additional area of optimization is the use of hardware with increased computing
power, in particular routers with faster processors, which ensures more efficient
traffic processing and routing.

Analysis of video recordings showed that in the absence of a developed al-
gorithm, frame freezes, image pixelation, and increased latency due to packet loss
are observed. After implementing the algorithm, the number of missed frames is
significantly reduced, artifacts almost disappear, and the video stream remains
stable even with changing network characteristics.

The developed system can be adapted to new communication standards, in
particular 5G, which will provide higher bandwidth and minimal delays. This
makes the proposed solution flexible and suitable for integration into scalable data
transmission networks.

CONCLUSIONS

This paper presents a study aimed at the development and experimental veri-
fication of a data transmission system for controlling unmanned surface vehicles
under conditions of unstable communication channels. The main limitations of
modern communication technologies (LTE, Starlink) in their use for USV control
are investigated. Special attention is paid to the impact of latency, packet loss, and
link instability on quality of service (QoS). An algorithm that dynamically evalu-
ates the state of available communication channels based on parameters such as
delay, packet loss, and availability is proposed and described. A system of penalty
coefficients is realized, allowing to correct channels’ priority operatively.

The proposed system was tested on actual data, which showed that the use of
adaptive routing allows for significantly reduced delays (up to 1-4 seconds) and
minimized packet losses (up to less than 2%). Modern compression algorithms
(H.265) and VPN tunnels were used to improve the security of transmitted data.
This ensured more efficient utilization of channel bandwidth. A comparative
analysis has shown that the enhanced data transmission system has evidently out-
classed the non-enhanced one especially in the main indexes of connection stabil-
ity, speed, and immunity against noise. Transmission delays, packet loss, and sig-
nal fluctuations, crucial variables for a reliable command of unmanned surface
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vehicle (USV) activities, were minimized due to fine-tuning of the transmission
parameters. The proposed architecture has shown resilience against environmental
stress and channel instability, which shows its practical potential. The future di-
rection could be integration of intelligent adaptation mechanisms specifically in-
volving real-time channel status assessment in predictive machine learning mod-
els and linking next-generation communication technologies (5G) for elevating
USV communication to the next level.
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MNPAKTUYHI ACIIEKTH CTBOPEHHSI CUCTEMU NMEPEJABAHHSA JAHUX
JJIs1 KEPYBAHHS BE3IIUVIOTHUMUA HAJIBOAHUMMU AIIAPATAMHU B
YMOBAX HECTABIVIBHUX KAHAJIIB 3B’A3KY/ C.B. Kyparok, O.M. MensHuK,
O.A. Onuenko, C.M. Bomsiaebkuit, B.A. llleBuenko, b.M. Anekceituyk

Amnorauis. [Ipencrasieno po3pobiaeHHs i Bepu(ikamiio afanTHBHOI CHCTEMH Iepe-
JTaBaHHS JIAHUX JUIS KepyBaHHs Oe3ekimakHuMH HajasomuHuMu amapatamu (USV) B
yYMOBax HecTaOUTPHMX KaHamiB 3B’s3Ky. [Ipalfo cnpsMoBaHO Ha MOONAHHS OOMe-
KEHb HasIBHUX TEXHOJIOTiH, 30kpema Mepex LTE Ta cymyrHukoBux cucrem, siKi He
3aBXK/M 3a0€3MeUyIoTh CTaOLIBHY SKICTh CepBiCy MiJ] 9ac AUCTAHIIMHOTO KePyBaHHS
USV. 3anpornoHoBaHo aJalTUBHUN adrOpUTM MapIIpyTH3aLii, o 3AiHCHIOE TUHA-
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MiYHE OIIHIOBAHHS CTaHy KaHAJIB 3B’S3Ky 32 KJIIOUOBHUMHU IOKa3HUKAMU: 3aTPHM-
KOIO, BTPATOIO MAKETiB Ta JOCTYIHICTIO — 1 BU3HAYa€ ONTUMANBHI KaHAIH 3 ypaxy-
BaHHAM  3MIHHHX  BaroBux  Kkoe(imieHtiB.  EKCImepHMeHTanbHI — pe3yib-
TaTH MiATBEPIIIN CYITEBE CKOPOUCHHS 3aTPUMOK II€pEIaBaHHS JaHUX, CTaOUIBHY
TPAHCILILIIO BieO B pealbHOMY dYaci i3 3aTpUMKOI0 1-4 CeKyHIu Ta 3HIDKCHHS
BTpAT MakeTiB 10 piBHS Hk4e 2%. KpiM Toro, y cucremi peanizoBaHO BUKOPHCTAH-
HS CyJaCHUX CTaHAApTiB BifeokoqyBaHHs (Hampukiazn, H.265) ta saxumennx VPN-
KaHaJIiB, IO MiABUINYE €(EKTUBHICTH BUKOPHCTAHHS NPOITYCKHOI 34aTHOCTI Ta pi-
BeHb Kibep3axucTy. OTpHMaHO pe3ylabTaTH, IO IiATBEPDKYIOTh NPAKTHIHY MpHUIa-
THICTh 3aIPONIOHOBAHOI cucTeMH Juisi ekciuryatanmii USV y peampHHX MOpPCBHKHX
YMOBaxX, a TAaKOX i1 MOTEHINAN IS 3aCTOCYBaHHS y KPUTHYHO BaXKIMBHUX CLEHAPISX,
SIKi TOTPEeOYIOTH CTIHKOTro 3B°SI3Ky 3 HU3BKOIO 3aTPHMKOIO.

KiiouoBi cjioBa: agantuBHE nepeaaBaHHs JaHNX, OC3IIIOTHI alapaTH, KepyBaHHS,
MaHEBpYBaHHS, Oe3leka HaBiramii, KaHaJIH 3B’SI3Ky, YIPaBIIHHS MPOIECAMH, alro-
PUTM MapIIpyTH3amii, ONTHMI3alis 3aTPUMOK, 3MEHIICHHS BTpAT, ITAKeTH JaHUX,
MIOTOKOBE BiZieo, omepamniiiHa eeKTHBHICTh, MOHITOPHHT CTaHy, cCTHCHeHHs H.265,
3axumeni VPN-tyneni, interpanist 5G, Mozeni MAalIMHHOTO HAaBYAaHHS, IIPOTHO3Y-
BaHHS.
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AND HOMOGENEITY CONSTRAINTS
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Abstract. The classic Colonel Blotto game for two players was considered. The
probabilistic model of the payoff functions of the specified problem was investigat-
ed, and the game conditions are not subject to the restrictions of symmetry and ho-
mogeneity. The system of equations obtained using the method of Lagrange multi-
pliers has a large dimension. In order to find a solution, a way to reduce the
dimension was found. The found ratio between the resources of both players, dis-
tributed over the courts, made it possible to identify a parameter determined by the
ratio of Lagrange multipliers from the corresponding functions for both players. For
such a parameter, an interval constraint that it satisfies was found, and an equation is
formulated to find it, which is solved numerically. The found value of the parameter
makes it possible to calculate individual Lagrange multipliers and obtain the optimal
distribution of players’ resources in the form of a Nash equilibrium in pure game
strategies. An example of a game under significantly different conditions for players
was studied.

Keywords: conflict confrontation, optimal allocation of resources, two-person
game, Colonel Blotto’s game, probabilistic payoff model, Nash equilibrium, effi-
ciency of resource use, 1-parametrization.

INTRODUCTION

Colonel Blotto’s problem as a model of competitive struggle between two players
on several platforms has long become a classic. It was first presented by Borel [1]
in 1921, but despite its century-old history of applications, it still remains relevant
and attracts the attention of researchers [2]. As a model of competitive struggle, it
finds numerous applications in the social, economic spheres of activity, etc.

The game is described as follows. Two players compete against each other
on several sites, which can be battlefields, election areas, product markets, etc.
Each participant has a limited resource that must be distributed across the sites in
such a way as to maximize their winnings, taking into account that each site has
its own value for each of the rivals. In the auction model, the winner of a given
site is the player who has allocated more resources to it than the opponent. In the
case of equal allocated resources, a draw occurs.

© S.A4. Smirnov, IM. Tereshchenko, 2026
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A probabilistic model of the Colonel Blotto game without symmetry and homogeneity constraints

More interesting for us is the case of the probabilistic model. Here, the prob-
ability of winning on a certain site is directly proportional to the resource allocat-
ed to it and inversely proportional to the sum of the resources allocated to it by
both players. It should be noted that the following constraints are usually imposed
on the game: symmetry, when the total resources of each player are the same, and
homogeneity, when the worth of victory for any site coincides with that of its op-
ponent. Thus, when searching for equilibrium in Colonel Blotto’s problem, re-
searchers limited themselves to symmetric or homogeneous cases, with the latter
condition being used quite often [3-5].

Hence, the case where these two conditions are not met is of not only scien-
tific interest. When trying to find equilibrium strategies for such a problem, it be-
comes necessary to solve systems of equations of high dimension. Using the ap-
proach proposed in [6], the system of equations is reduced to the one-dimensional
case and represents by a single variable equation. In this case, we arrive at the
precize solution of the asymmetric Colonel Blotto game without homogeneity
constraints.

PROBLEM STATEMENT

Consider the probabilistic model of Colonel Blotto’s game. Two opposing parties

distribute their resources x, and y,, i =1,n, across n sites. The resource con-

straints are determined by the following inequalities, le. <R, z Yy, <R, . The

i=1 i=1
probability of the first player winning on the i -th court is given as follows:
ax;

Py =—2
S i py

where 7, €(0,1], and ¢, >0, B, >0 are the efficiency coefficients of resource use
on the corresponding sites for the first and second players. Similarly, the formula
for the probability of winning p"(x,,y,) for the second player is:

By!

() =— P2
P B

In this case, the payoff functions take the form:

Fx(xvy) = inpf(xi’yi) 5

i=1

Fy(xay) = zYipiy(xi’yi) )

i=1

where X, Y, is the value of winning on the i -th court for each of the two play-
ers. A Nash equilibrium in pure strategies (x*,y") is a pair of vectors that satis-
fies for any (x, y) satisfies: F,(x",y") 2 F.(x", ), F,(x",y") 2 F (x,y").
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Asymmetric game when R # R, with the following parameter values 7, =1,
a,=1, ie N was considered in [3] for the case X, =Y, = const. The only Nash
equilibrium in this case is the use of such pure strategies, when resources must be
evenly distributed between sites. A continuation of these studies was the work [4],

where an equilibrium in pure strategies was found for the case X, =Y, =V, with arbi-
trary 7, €(0,1], e, >0, i € N . This paper considers the situation when X, # Y.

The aim of the work is to find the Nash equilibrium in pure strategies for
the asymmetric and heterogeneous Colonel Blotto game for the case of the proba-
bilistic model.

PROCEDURE FOR CONSTRUCTING AN OPTIMAL SOLUTION

To find a solution to the problem, we write the Lagrange function for each of the
players:

Lx = Er +ﬂ“x(Rz _zxi) >
i=1
L,=F,+A(R, —Z:‘y,.).

Then we get the system of equations:

aszﬂ_;tx:O’
ox, Ox,
oL, OF,
—2=—2_1 =0,
a, Wy g
oL d

~=R - ) x.=0,
aﬂx X ,Z_I: i
oL 1
—L =R - =0
5 =R ley

Starting from the system, we get:
OL a frxi'yl

X :XI lﬂrl 1~ 1 le > —
ox, (ax) +By))
oL, _., afrxiy _

v, axi+ By

X 0

We have (2n+2) equations with (2n+2) variables: X,,..., X, )Y, 44,5

. . . A .
that is, the system can be solved. Consider the ratio /1—" . We will get:
v

o - =\ 2

i i i\2 i ,lim]
ax By Y, afrxy; Yox

A
/1)
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x,. Let’s mark A = j C = . Then

1 V

/1
From here y, =—=*
e

>< |r<
> |:<

2_ac . (1)

i
X,

1

We will use expression (1) to go from the multidimensional case with (2 +2)
equations and (2n +2) variables to the one-dimensional case. To do this, we will find
an equation for searching 4. Consider the expressions R A and R 4 :

n=lon
RA, Zx/lx Zx P/
“ax! + pyl)

Yiyi
n i ny2 a,fr( )
— X aiﬂi}?‘xi yi . /(‘xi ) — X xi — (2)

i=1 i(a;xﬁ + By )2 (x; )2 i=1 i(a. +ﬂ(L)r )2
xi

L afr(C)
szi N2
o (o + B(AG)T)

Similarly,
a (3G
(,+B(AC)")
From formulas (2) and (3) we determine the relationship between R A
and R A, :

RA=YY, 3)
i=1

RA. &;LZZ”:Xi aiﬂiri(;tCi)r"‘ 2/ n YI a,pr(AC)"
RA, RGN+ BACYY G (a+BAC))
ZZX; a,prC’ _ K a,BrC’
S (a+BACYY T (@ +BOAC))

Let’s rewrite this formula in the following form:

R el e
A .—ﬂ =2 X Z .
T Gracyy T Gy
B, B

i i

B

~ |
g

“4)

Let’s find the limits within which the value lies A. From (1) we have

v, =ACx, . Then Zy,. =R, = iZCix,. . Hence

i=1 i=1
n n n
minC, ‘le. < ZC,.x,. <maxC, ‘Zx,. .
i i
i=1 i=1 i=1
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n n R
Since R, =Y x,, and > Cx, =7y , then

i=1 i=1
: R,
R minC, <—<R maxC,,
i A i

&(rnaxCi)’1 <A S&(minCl.)’l,
R i R, i

R X, R X,
—Lmin— <A< —Lmax—=L.
i Y: Rx i

X

Since, except for A, all other parameters of equation (4) are known, its solu-
tion can be found on the specified segment by an appropriate numerical method,
for example, the dichotomy method.

Let’s find the optimal values for x;, y; .

nelon i )2
Ax =X, aiﬂ:’l‘% }iizxi:X a,frx; y, 2‘/(ﬂi‘xik)2_
(a.x) +By) (X +By) (Bx)
5 Cn(C)
=X, aﬂ y =X, aﬂl =a,.

LDy (- +(AC)")

ﬂ X, B,

Similarly,
%n(ﬂc,-)ff
Ay =y,

L)y
(ﬂ+( D)

i

In the right-hand sides of the equalities, all parameters are known, therefore
a, and b, take specific values. Now we express A, interms of R and a;, and 4,

in terms of R, and b,, after which we find x] and y;.

Ax =a, = Zn:/ixxi =Zn:ai = /‘szn:xi = Zn:ai —
i=1 i=1 i=1 i=1

AR, =Zn:ai = lx'l =L

n
i=1

Ra ' )

Similarly, for 4, :
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- - Ty
Ay, =b = A =~
i=1
* b R fbi
Vi = /1_1 = n)_ (6)
v Z bi
i=1
Formulas (5) and (6) express the optimal solution to the problem — the Nash
equilibrium in pure strategies. Then the payoff functions take the following form:

&
Fx(x,y)=zX,-- :x,.x,- =X b >
i=1 ax +py; T4 +(AC)"
B
n ! IF, n (/’LCI T
F,(x,y) =2Yi%= el
moax Byl =% ey

1

RESULTS OF THE NUMERICAL EXPERIMENT

We will conduct a numerical experiment based on theoretical calculations. We
will consider Colonel Blotto’s game on five platforms and also record the values
of some parameters:

R, =100.
n=0.1;7r=025;r=05;r=075; r=1.
a,=14; a,=19; a;=3.1; a,=3.7; a;=4.1.
B =13; B,=18; p,=2.8; B,=3.5; f=5.

We will consider three cases, where R, =150, R =250, R =350. For

each case, we will calculate two options.
The first case.

Table 1. Option No.1 (R, =150)

) 1 2 3 4 5
X, /Y, 1.1/1.5 1.1/2.1 1.1/3.4 1.1/4.2 1.1/4.9

¥ /y | 5.01/2.96 |12.56/10.38 | 24.22/32.42 | 29.02/47.98 | 29.16/56.24
o/ p’ | 0.53/046 | 0.52/047 | 0.48/0.51 | 0.42/0.57 | 029/0.7
F./F 2.44/9.22

Calculated value A =0.407.
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Fig. 1. Optimal solutions of players

Table 2. Option No. 2 (R, =150)

0.7 1 HEE px

0.6

0.5 1

0.4+

0.3 1

0.2 4

0.14

0.0 -
1

2 3

4 5

Fig. 2. Probabilities of players’ winnings

) 1 2 3 4 5
X, /Y, 5.5/1.5 5.5/2.1 5.5/3.4 5.5/4.2 5.5/4.9
x/yr | 3.92/219 | 9.18/7.19 | 18.69/23.68 | 29.11/45.57 | 39.07/71.35
pr/p; | 0.53/0.46 | 0.52/0.47 0.49/0.5 0.43/0.56 0.3/0.69
F./F, 12.47/9.1

Calculated value 4 =2.171.

Fig. 3. Optimal solutions of players

The second case.

Table 3. Option No. 1 (R, =250)

Fig. 4. Probabilities of players’ winnings

i 1 2 3 4 5
X,/Y, | LULS 11721 1134 1.1/42 1.1/49
¥y | 435/416 |10.76/14.41 | 21.69/47.04 | 29.36/78.66 | 33.82/105.7
o/ p’ | 051048 | 0.49/0.5 | 0.42/0.57 | 0.33/0.66 | 0.2/0.79
F,/F, 2.13/10.34
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Calculated value 4 =0.684.

[ 0.8 mmm px
100 mm y . . py
Fig. 5. Optimal solutions of players Fig. 6. Probabilities of players’ winnings
Table 4. OptionNo. 2 (R, =250)
) 1 2 3 4 5
X. /Y, 5.5/1.5 5.5/2.1 5.5/3.4 5.5/4.2 5.5/4.9

Xy 4.28/4.01 | 9.64/12.67 | 18.84/40.07 | 29.14/76.55 | 38.07/116.67
pr/p? | 0.52/0.47 | 0.49/0.5 0.43/0.56 0.33/0.66 0.21/0.78
F/F 10.87/10.24

Calculated value 4 =3.842.

e — 02 oy px
— 0.7 e
Fig. 7. Optimal solutions of players Fig. 8 Probabilities of players’ winnings
The third case.
Table 5. OptionNo. I (R, =350)
) 1 2 3 4 5
X. /Y, 1.1/1.5 1.1/2.1 1.1/3.4 1.1/4.2 1.1/4.9

' /y | 406/5.37 | 9.93/18.38 | 20.34/60.94 | 29.33/108.53 | 36.31/156.75
p*/p’ | 0.51/0.49 | 0.47/0.52 | 03906 | 028/0.71 | 0.15/0.84
F,/F, 1.95/10.94

Cucmemni docnioocennss ma iHghopmayitini mexronoeii, 2026, Ne 1 99



S.A. Smirnov, I M. Tereshchenko

Calculated value 4 =0.967.

160 | o o . px
140 1 — o8 -
Fig. 9. Optimal solutions of players Fig. 10. Probabilities of players’ winnings
Table 6. Option No. 2 (R, =350)
) 1 2 3 4 5
X. /Y, 5.5/1.5 5.5/2.1 5.5/3.4 5.5/4.2 5.5/4.9

X'y | 477/6.34 | 10.42/19.4 | 19.5/58.78 | 29.19/108.67 | 36.1/156.78
pr/py | 0.51/0.48 0.47/0.52 0.38/0.61 0.28/0.71 0.15/0.84
F/F 9.83/10.97

Calculated value 4 =5.689.

160

I3 N px
-y 0.8 mm py
140
0.7
120 A
0.6
100 05
804 0.4
601 0.3
40 0.2
20 0.1
o 1 2 3 4 5 oo 1 2 3 4 5
Fig. 11. Optimal solutions of players Fig. 12. Probabilities of players’ winnings

Let us analyze the first case. From Table 1 it can be seen that the optimal
values of the vector components x  are greater than the corresponding vector
components y* at the first and second sites. At the same time, as follows from

Fig. 1 and Fig. 2, despite the lack of advantage of the first player on the third
court, the probability of his victory on the indicated court is almost equal to this
value for the opponent. If the values of all the first player’s sites increase fivefold,
the overall picture presented in Table 2, Fig. 3 and Fig. 4 remains the same.
Changes occur for the parameter A .
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Let’s move on to the second case. The opponent increases his resources by
100. As can be seen from Table 3 and Fig. 5, the first player has a small ad-
vantage on the first site among the components of the optimal solution. A similar
situation persists in the probability of winnings. However, as shown in Fig. 6, on
the second court the probability of winning for the second player is slightly higher
than that for the first. Increasing the value of each site fivefold, as follows from
Table 4, Fig. 7 and Fig. 8, again does not change the situation as a whole, except

for the value of the parameter A . In general, the increase in the opponent’s re-
sources led to the loss of one site where the first player had previously won.

In the third case, we will again increase the opponent’s resources by 100. As
follows from Table 5, Fig. 9, Fig. 10 and Table 6, Fig. 11, Fig. 12, the compo-
nents of the optimal vector of the first player are smaller than similar components
of the second, but the probability of winning on the first and slightly smaller on
the second platforms for the first player remains higher. Thus, the overall picture
remains the same compared to the second case. It is clear that with a further in-
crease in the opponent’s resources, his winning probabilities will exceed those of
the first player. Hence, the problem of the ratio of players’ resources when the
opponent’s winning probabilities become larger on all platforms is of interest.

CONCLUSIONS

The case of a probabilistic model for two players is considered. A precise solution
for the asymmetric Colonel Blotto game without the homogeneity constraint is
found. The optimal allocation of players’ resources is obtained in the form of a
Nash equilibrium in pure strategies of the game.

A method for reducing the dimensionality of a system of equations obtained
using the Lagrange multiplier method is proposed.

Of further interest is the study of solutions under conditions of incomplete
information, that is, situations where the values of the coefficients are not precise-
ly known.
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MMOBIPHICHA MOJIEJIb TPU MOJKOBHUKA BJIOTTO BE3 OBMEXEHb
CUMETPHYHOCTI TA OJHOPITHOCTI / C.A. CmupHoB, .M. Tepemenko

AHoTauis. Po3risHyTo KIacH4yHy rpy nmoiakoBHHKa biorTo mms aBox rpasiis. oc-
JIiKEeHO WMOBIpHICHY MOZIENTb BKA3aHOI 3aadi, IPUYOMY Ha TPy HE HAKIAAIOThCS
00MEKEHHA CHMETPUYHOCTI Ta OJHOPIAHOCTI. 3 METOO TMOIIYKY PO3B’SI3KY 3Hae-
HO CIIoci0 MOHIKEHHS PO3MIPHOCTI, OCKLTBKH OfepKaHa 3a JOIOMOTOI0 METONY
MHOXHHKIB Jlarpamka cucTeMa piBHSHb Ma€ BEJHKY PO3MIpHICTh. 3HaliieHe CHiB-
BIJJHOIICHHS MK pecypcamMy 000X TPaBIIiB, IO PO3MOIUIEH] 110 MalilaHINKaX, JAJI0
3MOT'Y BHUIUTH IapaMeTp, SIKUH BU3HAYAETHCS CITiBBiTHOIMICHHAM MHOXXHHKIB Jlar-
pamxa 3 BIATIOBIAHUX (QYHKIIH 1711 000X rpaBiiB. 1 Takoro mapamerpa 3HalaeHO
iHTepBaIbHE OOMEKEHHS, SKE BiH 3aJJ0BOJBHSE, Ta JUIsI HOro MOIIYKY chopMymnbo-
BaHO DIBHSHHSA, SIKE PO3B’SI3YETHCS YHCENBHO. 3HalAeHe 3HAUCHHS MapaMeTpy Jae
MOXKJIMBICTH PO3paxyBaTH OKpeMi MHOXKHUKH Jlarpamka Ta OTpUMaTH ONTHMAIbHUH
PO3MOALT pecypciB TpaBUiB y BUMIAAL piBHOBarn Hemra B 9nCTHX CTpaTerisx IpH.
JlocmikeHo MPUKIIaJ TPH 3a CYTTEBO BiAMIHHUX YMOB JUIS TPABIIB.

KiouoBi cioBa: koHGUIIKTHE TPOTHOOPCTBO, ONTHMAIBHUM PO3MOALT PECYPCIB,
rpa ABOX ocib, rpa monkoBHUKA bioTTo, iMOBipHICHA MOZIENIE BUpaIly, piBHOBA-
ra Hermra, eeKTHBHICTE BUKOPHUCTAHHS PECypCiB, 1-mapamerpu3ariis.
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IMPLEMENTATION OF A GENERALIZED INTERMITTENCY
SCENARIO IN THE ROSSLER DYNAMICAL SYSTEM

0.0. HORCHAKOYV, A.YU. SHVETS

Abstract. The realization of novel scenario involving transitions between different
types of chaotic attractors is investigated for the Rdssler system. Characteristic
features indicative of the presence of generalized intermittency scenario in this system
are identified. The properties of “chaos—chaos” transitions following the generalized
intermittency scenario are analyzed in detail based on phase-parametric
characteristics, Lyapunov characteristic exponents, phase portraits, and Poincaré
sections.

Keywords: ideal dynamical system, regular and chaotic attractors, generalized
intermittency scenario.

INTODUCTION

Scenarios of generalized intermittency describe the transition from a chaotic
attractor of one type to a chaotic attractor of another type. Such scenarios were
initially discovered in the study of non-ideal Sommerfeld—Kononenko-type
dynamical systems [1, 2]. These scenarios generalize the Manneville—Pomeau
scenarios [3, 4] and, in some cases, represent combinations of the Feigenbaum
[5, 6] and Manneville-Pomeau scenarios. The review paper [7] presents
implementations of various versions of the generalized intermittency scenario in
non-ideal pendulum, hydrodynamic, and electroelastic systems.

Moreover, transitions of the “chaos—chaos” type following the generalized
intermittency scenario have also been identified in non-isolated invariant sets, the
so-called maximal attractors. Strictly speaking, these sets do not qualify as
attractors in the classical sense. Nevertheless, even for such atypical attracting
structures, the generalized intermittency scenario can still be observed [8, 9].

OBJECTIVE AND METHODOLOGY OF THE STUDY

It was established in [10, 11] that various types of the generalized intermittency
scenario can be realized in the ideal Lorenz dynamical system. The objective of the
present study is to provide numerical evidence supporting the realization of the
generalized intermittency scenario in such classical dynamical system as the
Rossler system. The investigation employs standard techniques of chaotic
dynamics, including the Runge—Kutta method for constructing phase portraits of
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attractors [12], the Benettin algorithm for computing the maximal Lyapunov
exponent [13, 14], the Hénon method for constructing Poincaré sections [15], and
a computational technique based on color-shaded encoding for visualizing the
distribution of the invariant measure over the phase portrait of the attractor [16].
The detailed methodology for applying the above-mentioned numerical methods
and algorithms is described in [16—18].

ROSSLER SYSTEM

In [20], a nonlinear system of three differential equations was considered:

X1 = Xg — Xq;
J'CZ :x1+ex2; (1)
X3 = f +x3(x; —m),

Here x4, x5, x5 are phase variables, and e, f, m are system parameters. This
system later became known as the Rossler system. It should be noted that the first
two equations of system (1) are linear, while the quadratic nonlinearity appears only
in the third equation. Rossler proposed this system purely heuristically, without
relying on any physical assumptions in its derivation. His goal was to construct a
simple deterministic third-order system of differential equations exhibiting highly
complex chaotic dynamics. Over time, Rossler revisited the analysis of system (1)
in his later works [20-22]. Today, both the Rdssler and Lorenz systems [23] are
widely recognized as canonical examples of chaotic dynamics in low-dimensional
deterministic systems.

Assume that the parameters of system (1) are e = 0.2, f = 0.2 and choose
the parameter m as the bifurcation parameter. In Fig. 1, a, the phase—parameter
characteristic of the system is shown, constructed using the Hénon method, as the
parameter m varies within the interval 5.45 < m < 5.65. Here the plane x, = 0
is chosen as the secant plane. Individual lines (branches) of the phase—parameter
characteristic (the bifurcation tree) correspond to the limit cycles of system (1),
while the densely black regions of the bifurcation tree correspond to the chaotic
attractors of the system. An analysis of the phase—parameter characteristic shows
that in the range 5.56 < m < 5.59, system (1) undergoes transitions from limit
cycles to chaotic attractors. These transitions occur via cascades of period-doubling
bifurcations of limit cycles, that is, in full accordance with the Feigenbaum scenario
[5, 6]. Once a chaotic attractor appears, it persists over a certain interval as the
parameter m increases. When m reaches a certain critical value, the chaotic attractor
disappears and a limit cycle again becomes the attractor of system (1). As m
increases further, another transition from a regular regime to a chaotic one occurs
according to the Feigenbaum scenario. It should be noted that short intervals of
limit cycle existence are referred to as periodicity windows.

It should be noted that a positive maximal Lyapunov exponent is a necessary
condition for the chaotic nature of a steady-state regime. Fig. 1, b shows the graph
of the dependence of the maximal nonzero Lyapunov exponent A; on the
bifurcation parameter m. This graph was constructed using the algorithm proposed
by Benettin et al. [ 13, 14]. Positive values of the Lyapunov exponent correspond to
intervals of the parameter m for which chaotic attractors exist in system (1). The
“drops” of the Lyapunov exponent graph into the region of negative values
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correspond to the periodicity windows observed in Fig. 1, a. The most interesting
region of the phase—parameter characteristic (Fig. 1, a) is the neighborhood of the
point m = 5.585. As seen in Fig. 1, a, in the right-side neighborhood of
m =~ 5.585, there is a significant increase in the area of the densely black region on
the phase—parameter diagram. As established in [7, 11], such an increase in the
corresponding area indicates the realization of the generalized intermittency
scenario. Various versions of this scenario are described in [7-11]. Another
indication of the realization of the generalized intermittency scenario is a noticeable
increase in the maximum Lyapunov exponent at m > 5.585. We can see such
increasement in Fig. 1, b.

Fig. 1. Phase-parametric characteristic — a; maximal non-zero Lyapunov exponent — b;
distribution of the natural invariant measure at m = 5.58 —¢; atm = 5.59 —d

Let us now examine in more detail the realization of the generalized
intermittency scenario in the Rossler system by analyzing the distributions of
natural invariant measures and Poincaré sections.

In Fig. 1, ¢ is shown the distribution of the invariant measure over the phase
portrait of the chaotic attractor at m = 5.58. As the parameter m increases, a hard
bifurcation occurs in system (1), as a result of which the existing chaotic attractor
disappears and a new type of chaotic attractor emerges. The distribution of the
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invariant measure over the phase portrait of this new chaotic attractor, constructed
atm = 5.59, is shown in Fig. 1, d. The distributions of the invariant measure were
constructed using the algorithm of computer encoding in shades of black [16, 17].
The trajectory motion along the new chaotic attractor exhibits phase alternation
between two phase — a coarse-grain (rough) laminar phase and a turbulent phase.
The coarse-grain laminar phase corresponds to chaotic wanderings of the trajectory
in the region of localization of the disappeared chaotic attractor (dense black region
in Fig. 1, ¢). At an unpredictable moment in time, the trajectory leaves the
localization region of the vanished chaotic attractor and “escapes” to more distant
areas of the phase space (gray points in Fig. 1, d). Such motions correspond to the
turbulent phase of intermittency. Alternations between the coarse-grained laminar
phase and the turbulent phase are observed an infinite number times. The transition
time from one phase to another is also unpredictable. On average, the duration of
the coarse-grained laminar phase exceeds that of the turbulent phase. This process
fully corresponds to the scenario of generalized intermittency [7, 10, 11]. The
scenario of generalized intermittency can also be identified by analyzing the
Poincaré sections. In Fig. 2, the Poincaré sections of chaotic attractors at m = 5.58
and m = 5.59 are constructed using the Hénon method. Both sections exhibit a
quasi-ribbon structure and represent chaotic sets of discrete points. It is worth
noting that such a quasi-ribbon structure is characteristic of chaotic attractors in the
Rossler system. As shown in Fig. 2, b, the structure of the Poincaré section at m =
5.59 contains all the fragments present in the Poincaré section of the chaotic
attractor at m = 5.58 (Fig. 2, a).

4 4
."..
/ /
2 2
X2 | *2
0 0
" I\
2 \ 2 W
\ \
L T 1 o (3 I
X1 s
a b

Fig. 2. Poincaré sections at m = 5.58 —aq; atm = 5.59 - b

These fragments form the coarse-grained laminar phase of the attractor at
m = 5.59. Accordingly, new points appear in the Poincaré section at m = 5.59,
corresponding to the turbulent phase.

Let us now consider the bifurcations in the Rdssler system as the parameter m
varies within the interval (16, 18.5). The values of the parameters e and f remain
unchanged. As before, using the methods of Hénon, Benettin, and computer-based
color coding, we construct a series of dynamic characteristics of the Rossler system.
Thus, in Fig. 3, a, the phase—parameter characteristic of the Rossler system is
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presented. The constructed bifurcation tree provides a clear representation of the
types of attractors in system (1). The individual branches of the bifurcation tree
correspond to limit cycles, while the densely black regions of the tree represent
chaotic attractors. Moreover, this figure makes it possible to identify transition
scenarios, including both “limit cycle-to-chaos” and “chaos-to-chaos™ transitions.

The constructed bifurcation tree demonstrates a symmetry in the transitions to
chaos, both with increasing and decreasing values of the parameter m. As m
increases, starting from m = 16.7, in the system begins an infinite cascade of
period-doubling bifurcations of limit cycles, followed by the emergence of a
chaotic attractor with a relatively small localization region in the phase space. This
represents a transition to chaos following the Feigenbaum scenario. A similar
scenario is observed as m decreases, beginning from m = 18.05. Particular
attention should also be paid to two bifurcation points: m =~ 17.35 and
m = 17.795.

Fig. 3. Phase-parametric characteristic — a; Maximal non-zero Lyapunov exponent — b;
and projections of distribution of the natural invariant measure at m = 17.8 — ¢; at
m=17.79-d
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In the right-hand neighborhood of m =~ 17.35 (and the left-hand
neighborhood of m = 17.795), a significant increase in the area of the densely
black chaotic region in Fig. 3, a is observed, indicating the realization of a
generalized intermittency scenario of the transition from one type of chaotic
attractor to another.

In addition, two bifurcation points are clearly visible at m = 16.6 and m =
18.1. As the system passes through these points, a “limit cycle—chaos” transition
occurs following the Pomeau—Manneville scenario. In Fig. 3, b, the graph of the
dependence of the maximal nonzero Lyapunov exponent on the bifurcation
parameter m is presented. As seen from the graph, form > 17.35and m < 17.795,
the value of the maximal Lyapunov exponent nearly doubles. This increase is
further evidence of the realization of a generalized intermittency scenario in the
Rossler system.

Finally, let us consider the realization of the generalized intermittency
scenario through the phase portraits of chaotic attractors of different types.

In Fig. 3, ¢, the projection of the invariant measure distribution for the chaotic
attractor at m = 17.8 is shown, while Fig. 3, d presents the projection of the invariant
measure distribution for the chaotic attractor at m = 17.79. As the value of the
parameter m decreases, the chaotic attractor that existed in the right-hand
neighborhood of the bifurcation point m = 17.795 disappears, and for
m < 17.795, a new type of chaotic attractor emerges. The motion of trajectories on
this new attractor includes two phases, clearly identifiable in Fig. 3, d: a coarse-
grain laminar phase and a turbulent phase. In the coarse-grain laminar phase (the
densely black fragment in Fig. 3, d), the trajectory performs chaotic wandering in
a neighborhood of the phase-space localization region of the attractor that existed
for m > 17.795. The turbulent phase (the gray fragments in Fig. 3, d) corresponds
to the trajectory’s excursions into more distant regions of the phase space.

Similarly, the generalized intermittency scenario can be illustrated through
Poincar¢ sections, as was done in Fig. 2. It should be noted that, in contrast to the
previously analyzed case, the transition to chaos through the generalized
intermittency scenario can occur both with increasing and decreasing values of the
parameter m.

The implementation of the generalized intermittency scenario can also be
observed in other regions of the parameter space of the Rdssler system. Let us assume
that e = 0.2 and m = 17.4, while the bifurcation parameter is chosen to be /.

We will investigate the dynamical behavior of system (1) within the range
0.2308 < f < 0.2311. For these parameter values, the Rdssler system has two
coexisting attractors, each possessing its own basin of attraction. Fig. 4, a,b
presents the phase—parameter characteristics of two different attractors constructed
using the Hénon method.

As before, individual branches of the bifurcation trees correspond to limit
cycles, while the densely black regions represent chaotic attractors. Despite a
certain similarity between these phase—parameter characteristics, it is clearly
seen—by examining the intervals of variation of the coordinate x;—that the
corresponding attractors are localized in different regions of the phase space.

Let us now focus exclusively on the realization of the generalized
intermittency scenario. As noted earlier, an indicator of this scenario is a significant
increase in the area of the densely black (chaotic) regions on the phase—parameter
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characteristic. Such increases in the areas of the densely black regions can be
observed on both phase—parameter characteristics. This indicates the possibility of
a transition “chaotic attractor of one kind — chaotic attractor of another kind”
according to the generalized intermittency scenario.

108
(2308 023085 02308 023085 0231 023106 02311
f

%4

23088 02400
¥ X2
c d

B¥as06

Fig. 4. Phase-parametric characteristics — a, b, ¢; fragment of distribution of
invariant measure at f = 0.23082 — d

Let us examine this scenario in more detail using one of the coexisting
attractors as an example. Fig. 4, ¢ shows a fragment of the phase—parameter
characteristic from Fig. 4, a. The enlarged scale in Fig. 4, ¢ makes it possible to
identify the bifurcation point f'= 0.23085, at which a “chaos — chaos” transition
occurs according to the generalized intermittency scenario. In Fig. 4, d is shown an
enlarged fragment of the distribution of the invariant measure over the phase
portrait of the attractor at /= 0.23082. This attractor appears as the parameter
f decreases immediately after the bifurcation point /= 0.23085. The use of the
enlarged scale makes it possible to clearly visualize the features of this distribution.
One can distinguish a coarse-grain laminar phase of the trajectory (the densely
black region in the figure) and a turbulent phase (the gray-shaded areas).

Let us emphasize once again that the coarse-grain laminar phase almost
coincides with the region of localization in phase space of the chaotic attractor that
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exists for /> 0.23085 and disappears after the bifurcation point is passed. Another
confirmation of the generalized intermittency scenario is a noticeable increase in
the value of the maximal Lyapunov exponent. Specifically, for the chaotic attractor
at £ = 0.23086, the maximal Lyapunov exponent is A; = 0.005, while for the
chaotic attractor at /= 0.23082, it increases to 4; = 0.010.

CONCLUSIONS

Thus, the generalized intermittency scenario, previously identified in non-ideal
dynamical systems, is also realized in ideal dynamical systems such as the classical
ideal Rossler system. Future research will focus on identifying the realization of
other types of the generalized intermittency scenario in various ideal dynamical
systems.
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PEAJIIBAIIISI CHIEHAPIIO Y3AT'AJIBHEHOI HEPEMI)KHOCTI B IMHAMIYHINA
CHUCTEMI PECCJIEPA / O.0. T'opuakos, O.1O. IlIsens

AHoranisi. J[ocmi/pKeHO peanizallilo HOBOTO CIEHAPII0 IMEepexXOoAy MiX Pi3HHMH
THIIAMH XaOTHYHUX aTPaKTOpiB a1 cuctemu Pecciepa. BusiBineHo xapakTepi
O3HAaKW, L0 BKa3ylOTh HA HASBHICTh CLIEHApil0 y3arajJbHEHOI NMEepeMiXKHOCTI B LIl
cucreMi. BrnacTuBocTi mepexoiiB THITy «Xaoc—Xaoc» 3a CLEHApieM y3arajibHEeHOI
HNEepeMiKHOCTI  JIeTaJbHO IIPOAHATi30BaHO Ha OCHOBI  (ha3o-mapamMeTpHIHUX
XapaKTePHUCTHK, JIMYHOBCHKHX XapaKTePUCTHYHUX MMOKA3HHUKIB, (a30BHX HOPTPETiB
i mepepizis [lyanxkape.

KiawuoBi cioBa: igeanpHa JWHAMIYHA CHCTEMa, PETYISAPHUA 1 XaOTHYHHUI
aTPaKTOPH, CLEHAPIH y3araTbHEHOI IEPEMIXHOCTI.
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IMPROVING THE SOM ALGORITHM TO ENSURE STABILITY
AND REPRODUCIBILITY OF DATA CLUSTERING RESULTS

O.V.IVASHCHENKO, S.S. FEDIN

Abstract. The article proposes a method to improve the Kohonen Self-Organizing
Map (SOM) learning algorithm to ensure the stability and reproducibility of
clustering results, an urgent task when working with large amounts of data. SOM is
widely used in clustering and visualization tasks, especially in applications that
require analyzing multidimensional data structures, such as telecommunications
billing systems and financial analysis. The standard SOM implementation, which
includes random weight initialization and stochastic sample selection during
training, leads to significant cluster variability even when using the same input data
and identical network training parameters. This makes it difficult to apply this
algorithm in cases where stability and reproducibility of results are required. To
solve this problem, we propose modifying the algorithm to include its own random
number generator and introducing a seed parameter to fix the initial training
conditions. This reduces variability and ensures reproducible clustering results,
thereby increasing the reliability of the analysis and the suitability of the SOM
algorithm for real business tasks. The proposed method has been tested on data from
billing systems, where the reproducibility of clustering results is critical for effective
work with customer segments, the development of targeted marketing strategies, and
the creation of personalized tariff plans.

Keywords: Kohonen self-organizing maps (SOM), data clustering, seed parameter,
reproducibility of results, random number generator.

INTRODUCTION

In today’s environment, telecommunications companies process large amounts of
data on a daily basis that contain valuable information about subscriber behavior
and service usage. This data plays an important role in making strategic decisions,
developing personalized offers, and increasing the competitiveness of companies.
One of the key tasks is to apply clustering to organize and analyze the data,
allowing to draw useful analytical conclusions for further use.

Among modern approaches to clustering and visualization of multidi-
mensional data, Kohonen’s Self-Organizing Maps (SOM) [1] occupy a special
place, preserving the topological structure of the data and allowing an intuitive
understanding of its grouping through visualization. At the same time, algorithmic
features such as random initialization of weights and stochastic samples selection
during training lead to the fact that the results can differ significantly for the same
input data. This creates difficulties in cases where stability and reproducibility of

© O.V. Ivashchenko, S.S. Fedin, 2026
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clustering results are required, which is important for making informed decisions
in business and analytics.

This opens up the possibility of improving the method to increase the
reproducibility and accuracy of clustering, which is important for scientists and
analysts using this tool.

LITERATURE ANALYSIS AND PROBLEM STATEMENT

Kohonen’s Self-Organizing Map is a popular method for data analysis and
clustering that allows to identify similar groups of objects in a data set and
simplify their structure for further use. However, despite the widespread use of
SOM in industries such as telecommunications, finance, and engineering, the
problem of stability and reproducibility of clustering results remains unresolved.
This limits the practical application of the algorithm in tasks requiring accurate
and stable data grouping.

Researchers have already proposed some improvements to the SOM
algorithm to increase the accuracy and reliability of clustering.

For example, Panu Somervuo and Teuvo Kohonen [2] discuss clustering
large protein sequence databases using an extended SOM that allows the creation
of clusters of protein sequences without converting the data into histogram
vectors. In his study, Mark Van Hulle [3] analyzes the basic SOM algorithm, its
properties, and the possibility of extending it to work with categorical data, time
series, and tree structures. Jens Claussen [4] proposes the Winner-Relaxing Self-
Organizing Maps (WRSOM) approach, which ensures the stability of the cluster
location. Despite the success of these approaches, the problem of variability of
results is still relevant.

The study by Melody Kiang, Michael Hu, Dorothy Fisher [5] considers the
use of an extended version of Kohonen’s self-organizing maps to segment the
market of telecommunications companies based on behavioral and demographic
factors, including the frequency of long-distance calls, household structure, and so
on. By using the enhanced SOM algorithm, they were able to achieve better
results than standard clustering methods such as factor analysis and k-means.
However, the authors note that the stability of the resulting clusters could be
improved, which opens up prospects for further improving the efficiency of this
method. Similarly, in a study by Wei Wang, Shiwei Xu, Hong Ouyang, and
Xinyu Zeng [6], where SOM was used to optimize the parameters of the power
systems of unmanned electric drive chassis, improvements were proposed by
combining SOM with an advanced genetic algorithm that uses isolated niches to
improve the accuracy of the results. This increased the convergence rate and
improved the global search capability of the algorithm, providing a more accurate
clustering of the initial populations. This approach demonstrates the potential of
combining SOM with other algorithms to solve complex multitask optimization
problems, which emphasizes the importance of further research to improve the
stability and accuracy of SOM results for various engineering and practical
applications.

The study by V. Dyachenko, O. Lyashenko, B. Ibrahim, O. Michal, and
Y. Koltun [7] proposed a modification of Kohonen’s self-organizing maps with
a parallel learning algorithm that can significantly increase the speed of data
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processing in multi-core processor systems. This approach demonstrates effec-
tiveness in the tasks of clustering large amounts of data, ensuring the adaptation
of the algorithm to a dynamic environment. The work of Rodrigo Cavalcanti,
Bruno Pimentel, Carlos Almeida, and Renata Souza [8] presents a new variant of
the Fuzzy Kohonen Clustering Network (FKCN), which uses the fuzzy c-means
membership function instead of a fixed learning coefficient. This approach takes
into account the intraclass and interclass variance, which allows to obtain better
clustering results on real and synthetic data sets.

The works of N.I. Furmanova, O.Y. Farafonov, O.Y. Malyi, Y.O. Sitsilitsyn,
V.0. Dyachenko, O.P. Mikhal, E.A. Egorova, V.G. Ivanov, E.S. Sakalo [9-11]
consider various approaches to improving SOM, which demonstrate the wide
application of this method in optimization, clustering, and data analysis. In
particular, N.I. Furmanova, O.Y. Farafonov, and Y.O. Sitsilitsyn study the
integration of SOM with genetic algorithms to reduce computational costs and
avoid local minima in multidimensional optimization problems. V.O. Dyachenko
and O.P. Mikhal proposed an improvement of SOM for work in distributed
energy-critical sensor networks by parallel selection of several winning neurons,
which reduces power consumption and optimizes computation time. E.A. Egorova,
V.G. Ivanov, and E.S. Sakalo use the Kalman-Mayne filter to adapt SOM,
providing accurate clustering even in the presence of noise in the data.

Despite the progress made, all authors note the importance of further
research aimed at selecting optimal SOM parameters, such as the neighborhood
function, initialization of the weights, and adaptation of the algorithm to dynamic
data.

Given the need to increase the stability of SOM clustering results, the
purpose of this study is to develop an improved approach to its application that
ensures reproducibility of results.

The variability of SOM results is caused by several factors. First of all, the
standard implementation of the algorithm randomly initializes the neural weights,
resulting in different initial conditions even for the same input data. In addition,
the learning process involves stochastic samples selection, which also introduces
randomness at each stage of clustering. As a result, even if the algorithm is run
repeatedly with the same data and parameters, SOM may generate different
clusters.

The non-reproducibility of clustering complicates the practical application of
SOM, especially in cases where stability of results is required. For example, in
billing systems of telecommunication companies, the analysis of customer
behavior data requires accurate and stable segmentation to generate personalized
tariffs, etc. The variability of clustering results makes it difficult to accurately
identify customer groups, which can lead to errors in understanding their needs
and creating appropriate marketing strategies.

Thus, in order to eliminate the variability of SOM clustering results, it is
necessary to develop a method that ensures reproducibility of the output data. In
this study, we propose an approach that involves the introduction of a proprietary
random number generator and a seed parameter for fixed initialization of network
weights. This solution will eliminate the stochastic influence of the algorithm on
the clustering results and increase the reliability of data analysis in
telecommunication systems.
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PURPOSE AND OBJECTIVES OF THE STUDY

The purpose of the study is to develop an improved algorithm for Kohonen’s self-
organizing maps that ensures stability and reproducibility of clustering results.
This improvement is aimed at eliminating the variability of results arising from
the random initialization of weight coefficients and stochastic selection of
samples during training.

The following tasks were set to achieve this goal:

e identify the key factors that cause variability in SOM clustering results
and assess their impact on the stability of the algorithm;

e to develop a method to improve the SOM algorithm by introducing its
own random number generator and seed parameter to fix the initial training condi-
tions;

e to test the effectiveness of the proposed method by analyzing data from
telecommunications companies’ billing systems and assess its impact on the sta-
bility and reproducibility of clustering results.

MATERIALS AND METHODS OF RESEARCH

The Kohonen algorithm

Self-organizing maps are based on Kohonen neural networks and are designed to
visualize multidimensional objects on a two-dimensional map, where the
distances between objects correspond to the distances between their vectors in a
multidimensional space, and the feature values themselves are displayed in
different colors and shades [12].

The basic idea behind SOM is to create a two-dimensional mapping structure
in which neighboring nodes on the map reflect the similarity between data. Each
node on the map has weights that represent vectors in the feature space. During
SOM training, these weights are changed to match the structure and distribution
of the data [13; 14].

The network construction is based on competitive learning, where the output
nodes (neurons) compete with each other for “victory”. In the course of the
competition, during the training process, neurons are selectively tuned for
different input examples [15].
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Fig. 1. Kohonen’s network model
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Input neurons form the input layer of the network, which contains one
neuron for each input field. As in a regular network, input neurons do not
participate in the training process. Their task is to transfer the values of the input
fields of the initial sample to the neurons of the output layer. Each connection
between neurons has a certain weight, which is randomly set in the interval [0;1]
during initialization. The learning process consists in adjusting the weights.
Unlike most neural networks, the Kohonen network has no hidden layers: the data
from the input layer is sent directly to the output layer, whose neurons are
arranged in a one- or two-dimensional grid of rectangular or hexagonal
shape [16].

During SOM training, the following main stages are performed:

1. Competition: each output neuron calculates the distance between its
weight vector and the input vector. The neuron with the smallest distance is
declared the winner.

2. Cooperation: the winning neuron determines a group of neighboring
neurons that also participate in the weight adjustment. This ensures the similarity
of the weight vectors between neighboring neurons.

3. Adaptation: the weights of the winning neuron and its neighbors are
adjusted to get closer to the input vector, promoting network self-organization and
clustering.

The learning process of the Kohonen network involves a gradual decrease in
the learning rate, which depends on the number of iterations. The training is
divided into two phases: coarse tuning (with a larger influence radius and faster
learning speed) and fine tuning (with a smaller radius and slower adaptation).

At the initial stage, if there is no a priori information about the distribution of
data in the sample, the neuronal weights are initialized with random values. At the
same time, the initial values of the learning rate and the learning radius R are set,
which determines the number of neurons that are considered neighbors of the
winning neuron and change their weights along with it. At the beginning of
training, the radius R has a maximum value and gradually decreases with each
iteration, which allows the network to accurately adapt to the data structure.

The Kohonen network training algorithm is based on the principles of
unsupervised learning, i.e., without a teacher, and includes seven stages [15-18]:

1. Setting up the network structure (the number of neurons in the Kohonen
layer).

2. Initialize the weight coefficients with random values according to the
formula:

w, = (random(O;l) *(max (x,;)—min(x,, ))) +min(x,),

where x,; is an input vector; wy; ia a vector of weight coefficients.

3. Competition. Supplying a random training example of the current training
iteration to the network inputs and calculating the Euclidean distances from the
input vector to the centers of all clusters:

D(W_/’Xn)= Z(W@/ _xm‘)z >

i

where x,; is an input vector; wy; is a vector of weight coefficients.
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The output neuron whose weight vector has the smallest distance to the
object feature vector is declared the winner.

4. Merge. All neurons located within the training radius relative to the
winning neuron are identified.

5. Adjustment. According to the smallest of the values of Rj, the winning
neuron j is selected, which is closest to the input vector in terms of values. For the
selected neuron (and only for it), the weight coefficients are corrected:

W“new — W“current + l *(xni _

current
g g

i >

new current

where x,; is an input vector; w;*" ia a new vector of weight coefficients; w;/
is the current vector of weight coefficients; / is the learning rate coefficient.

| g
bl e

Fig. 2. Adjusting the weights of neurons

6. Correction. Changes the learning rate parameter according to the
specified law.

. t .
Inew zl*exp(lcurren _l) ,

where /" is the adjusted learning rate parameter; / is the initial learning rate
parameter; (""" is the current iteration; i is the total number of iterations.

7. The cycle is repeated from stage 3 (competition) until the end condition is
met: stabilization of the neural network outputs or the specified number of
iterations.

Technical implementation of the SOM algorithm improvement

In order to ensure reproducibility of clustering results, the standard
implementation of the Kohonen Self-Organizing Maps algorithm was improved in
this study. The main goal of the improvements was to eliminate the variability of
results caused by random initialization of weights and stochastic samples
selection during training. The proposed solution includes the implementation of a
proprietary random number generator with the ability to fix initial conditions
using the seed parameter.

At the stage of improving the SOM algorithm, a special random number
generator was implemented that uses the mathematical function of sine to
generate values. The code of this generator is implemented as a
RandomGenerator class in C# (Fig. 3). The main feature of this generator is the
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ability to fix the initial state using the seed parameter, which reduces the
variability of the initial conditions and, as a result, stabilizes the clustering results.

Implementation features:

e The seed: parameter is set when creating an instance of the
RandomGenerator class, which determines the initial state of the generator. This
ensures the determinism of the sequence of pseudo-random numbers.

e Generation algorithm: a pseudo-random number is calculated as the
residual of multiplying a sine by a scaling factor of 10000. This allows to get a
uniform distribution of values within [0; 1).

e Incrementing the seed: after each call to the Next() function, the seed
value is incremented, ensuring a consistent change in the output values.

System;

SOM_Hohonen_WpfApp.Service

. _seed = seed;

x = Math.Sin(_seed++) *= 18060;
return x — Math.Floor(x);

Fig. 3. Implementation of a random number generator using the seed parameter
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Fig. 4. The main window of the application
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Fig. 5. Neural network training window, entering the seed parameter

118 ISSN 1681-6048 System Research & Information Technologies, 2026, Ne 1



Improving the SOM algorithm to ensure stability and reproducibility of data clustering results

The generated generator is used to initialize the weights of the SOM neurons.
Each time the algorithm is run with the same value of the seed parameter, the
neuronal weights receive the same initial values, making it impossible to vary clusters
due to random initialization. In addition, the seed parameter controls the order in
which training samples are selected during network training, which eliminates the
stochastic influence on the clustering process.

To ensure the convenience of working with the advanced algorithm, an
interface based on Windows Presentation Foundation (WPF) was created. The
interface is designed to provide the user with easy access to all key functions. In
particular, the user can upload input data, configure training parameters such as
map dimension, number of iterations and seed value, which allows to control the
initial training conditions. In addition, after training is complete, the user can view
the clustering results in the form of a Kohonen map, which provides visualization
of the results and allows detailed analysis of the cluster distribution.

RESEARCH RESULTS

Using the created application based on the improved Kohonen algorithm, the
customer base of the telecommunications company was clustered with different
values of the seed parameter, the results of which are shown in Figs. 6 and 7. The
data contained information about the demographic characteristics of customers,
their activity and the intensity of service use, which made it possible to create
clear customer segments by behavioral characteristics.

Clustering with different seed values

Fig. 6 shows the clustering results for different values of the seed parameter (85690
and 368). It can be seen that changing this parameter leads to a change in the shape
and location of the clusters. For example, the clusters highlighted in the figure change
their boundaries significantly: the same customer segment can move around the map
and change its shape and size. This makes it difficult to identify stable customer
groups and can lead to difficulties in analyzing them accurately.

IE‘
Ble Tooks View

Age

Map seed: BSE30
Fp Sel.cogaeizing mapa | O hahehenks = o X

Fde Tools View

Map seed: 368

Fig. 6. Generated maps for different values of the seed parameter

Cucmemni docniodcennss ma iHghopmayitini mexronoeii, 2026, Ne 1 119



O.V. Ivashchenko, S.S. Fedin

Clustering with the same seed value

Fig. 7 shows the results of clustering using the same value of the seed parameter
(6548). In this case, all resulting Kohonen maps are identical, regardless of the
number of algorithm runs. The clusters highlighted in the figure have the same shape
and location, confirming the stability of the algorithm. This shows that using the same
value of the seed parameter guarantees not only the stability of individual clusters, but
also the complete reproducibility of the entire Kohonen map.

Map sced; 6548
'p- Latf-ceparizing maps | 0L hsshohenks - =] =
File Took  View

Map seed: 6548

Fig. 7. Generated maps for the same values of the seed parameter

Therefore, the use of a fixed seed parameter allows to achieve full
reproducibility of the results, which is impossible in the case of random
initialization of the weights.

The seed values (85690, 368, and 6548) used in this study were chosen
randomly. However, each identical set of seed values guarantees identical
clustering results, ensuring that the shape and location of the clusters remain
consistent. This improvement eliminates the variability in results that occurred
due to the random initialization of weights and samples selection during the
algorithm. This emphasizes the reproducibility of results, which is an important
aspect for scientific research and practical use of the SOM algorithm.

DISCUSSION OF THE OBTAINED RESULTS

The results of the study confirmed that the improved Kohonen Self-Organizing
Map algorithm with the implemented seed parameter for fixed initialization of
network weights ensures stability and reproducibility of clustering results. Using
the same seed value eliminated the problem of variability caused by random
initialization of weights and stochastic samples selection during network training.
This is especially important in tasks where accurate group identification is critical
for decision making.
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A comparative analysis of the clustering results showed that with different values
of the seed parameter (Fig. 60), there was significant variation in the size, shape, and
location of the clusters. The same customer segment could change its boundaries or
move around the map, making it difficult to interpret and analyze the data
consistently. Instead, clustering with a fixed seed value (Fig. 7) ensured complete
identity the Kohonen maps on each run of the algorithm, confirming the stability and
reliability of the results.

The practical significance of the results obtained is particularly relevant for
telecommunications companies, where the stability of customer segmentation plays a
key role in the development of personalized tariff plans and marketing strategies. The
improved algorithm provides reliable analysis of customer behavior data, which
enables more accurate marketing budget calculations, minimizes customer churn, and
increases the efficiency of customer base management.

Compared to other approaches to improve SOM, such as combining it with
genetic algorithms or using modifications of WRSOM, the proposed method is
simple to implement and does not require additional computational resources. This
makes it an effective solution for tasks that require stable results at minimal technical
Ccosts.

Some limitations of the proposed approach should also be noted. The value of
the seed parameter needs to be adapted for different data sets, which may require
additional testing to achieve optimal results. In future research, it is advisable to
consider automating the selection of the seed parameter or adapting it to work with
dynamic data. This will increase the flexibility and versatility of the algorithm for a
wider range of tasks.

Thus, the results of the study showed that the introduction of the seed parameter
allows to achieve stable and reproducible clustering, which is important for scientific
research and practical use in business intelligence, especially for telecommunication
systems.

CONCLUSIONS

1. The key factors of variability in the results of SOM clustering are identified.
The main reasons for the instability of the results are the random initialization of
neuronal weights and the stochastic selection of training samples during network
training. These factors lead to different locations and shapes of clusters for the same
input data, making stable analysis impossible.

2. A method to improve the SOM algorithm is developed. It is proposed to
introduce its own random number generator with the ability to fix the initial
conditions using the seed parameter. This allows to set the same initial neuronal
weights and a deterministic sequence of training samples selection, which eliminates
variability and ensures the stability of the clustering results.

3. The effectiveness of the proposed approach is tested. The results of
clustering the customer base of a telecommunications company have shown that
using the same value of the seed parameter ensures full reproducibility of Kohonen
maps. This allows for stable identification of customer groups, simplifying data
analysis for the development of targeted marketing strategies and personalized tariff
plans.
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YIOCKOHAJIEHHSI  AJITOPUTMY SOM Uil 3ABE3NEYEHHS
CTABLJIBHOCTI TA BUITBOPIOBAHOCTI PE3YJIbTATIB KJIACTEPU3ALIII
JAHHKX / O.B. IBamenko, C.C. ®enin

AHoTauis. 3anporoOHOBaHO METOH YAOCKOHAJICHHS alTOPUTMY HaBYaHHS CaMOOp-
rafizanifanx kapr Koxomena (Self-Organizing Maps, SOM) s 3abe3nedeHHS
CTablIBHOCTI Ta BiATBOPIOBAHOCT] Pe3yIbTaTiB KJIACTEPH3ALlii, 1[0 € aKTyaIbHUM 3a-
BIAHHSM Yy XOZi poOOTH 3 BeMKIMU oOcsraMu Janux. SOM IIHPOKO 3aCTOCOBYETh-
csl y 3a/jadax KJIacTepH3allii Ta Bisyanisalii, o0cobnuBo y cdepax, ne HeoOXiqHo aHa-
mizyBaTH 0araToBUMIpHI CTPYKTYpH [aHUX, 30KpeMa y OITIHIOBHX CHCTEMax
TEIEeKOMYHIKAI[IfHIX KOMITaHiH, (iHaHCOBOMY aHami3i Tomo. CTaHmapTHa peaiiza-
mist SOM, sika BKIIIOYA€ BUMAAKOBY 1HII[Iai3alliio Bar i CTOXaCTUYHMIT BUOIp 3pa3KiB
I 9ac HaBYaHHS, IPU3BOJUTH 10 3HAYHOI BapiaTHBHOCTI KJIACTEPiB HABITH 33 YMO-
BM BUKOPUCTaHHS ONHAKOBHX BXIJHUX JAHHX Ta 1AEHTUYHHX NapaMeTpiB HAJAIITY-
BaHHS TpEHyBaHHSI Mepexi. lle ycKIamHIoe 3acTOCYBaHHS LBOTO AJITOPUTMY
Yy BHIAIKax, KOMH NMOTPiOHA CTaOUIBHICTG Ta BIATBOPIOBAHICTH Pe3ynbTaTiB. [lms
BUpIIICHHS Hi€] 3amadi 3alporoHOBAaHO MOAMG(IKANil0 aaropuTMy, IO BKIIOYAE
BIIACHMII T€HEepaTop BWIIAJKOBUX UHCET 1 BBeACHHS mapamerpa seed Mt dikcarrii
MOYATKOBUX YMOB HaBuaHHs. lle mae 3Mory 3HH3UTH BapiaTHBHICTH 1 3a0e3NEUUTH
BITBOPIOBAHICTh PE3yNbTATiB KacTepu3alii Uid MiABHINEHHSI IOCTOBIpHOCTI
aHami3y Ta mpugatHocTi anroput™My SOM 3a BHKOPHCTaHHS B peajbHUX OizHec-
3aBJAHHAX. 3alPONOHOBAHUM METOZ NPOTECTOBAHO HA JAHMX OUIIHTOBHX CHCTEM,
Jie BIATBOPIOBAHICTH PE3yNIBTATIB KIACTEPHU3ALlil MAa€ KPUTHYHE 3HAYCHHS [UIS eek-
TUBHO{ POOOTH 3 KIIIEHTCBKHMH CETMEHTaMH, PO3POOJICHHS TapreTOBAaHWX MapKe-
THHTOBUX CTpATeTii, NepCOHATi30BaHMX TapHU(HUX IUIAHIB TOIIO.

KiiouoBi caoBa: camoopranizamiiini kapt Koxomena (SOM), xiacrepm3ariist
TaHMX, TapameTp seed, BiATBOPIOBAHICTH pPE3YyNIBTATIB, T'€HEPATOP BHUITAAKOBHX
qHCeTI.
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LONG-TERM MONITORING OF SURFACE WATER QUALITY
AND GROUNDWATER POTENTIAL USING COMPUTATIONAL
INTELLIGENCE, GIS TECHNOLOGIES,

AND REMOTE SENSING
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Abstract. Water scarcity and declining water quality due to population growth, ur-
banization, industrialization, and climate change highlight the importance of effective
water management. Advances in remote sensing, cloud computing, and computational
intelligence underscore the need to utilize modern technologies for monitoring surface
water quality. This research involves the development of hybrid intelligent models
using Landsat and Sentinel-2 images and WISE data with hybrid deep learning net-
works to evaluate surface water quality and groundwater potential. Correlation anal-
ysis revealed strong connections between remote sensing data and water quality pa-
rameters (such as chlorophyll-a, dissolved oxygen, nitrogen, and phosphorus). The
hybrid models surpassed traditional machine learning methods, demonstrating their
effectiveness in real-world water management.

Keywords: computational intelligence, fuzzy logic, remote sensing, satellite imagery,
surface water quality monitoring, groundwater potential assessment, hybrid neural
networks, NEFCLASS-EM, TS-FNN, Fuzzy C-Means, K-Means.

INTRODUCTION

Water is crucial for human health, food security, economic growth, energy produc-
tion, and ecosystems. However, factors such as population growth, urbanization,
industrial development, increased demand, and water misuse have made water
scarce and expensive, particularly in developing countries. To address this issue,
various strategies have been developed to improve water quality and quantity by
2030 [1]. In Europe, the Water Framework Directive (WFD) [2] aims to achieve
good status for water resources. To assess the status, it’s essential to monitor bio-
logical, hydro morphological, and physicochemical water quality indicators. Ac-
cording to this directive, rivers with a catchment area of more than 10 km?” and lakes
with an area of more than 0.5 km?* should be included in the assessment and moni-
toring of water status [2].

Water quality parameters are traditionally determined by collecting samples
on-site and analyzing them in the laboratory [3]. This method provides high accu-
racy, but is also labor-intensive and time-consuming, requiring significant financial
investment. In addition, the traditional method determines the concentration of the
required indicators only at the point of sampling. Meanwhile, the water quality in
water bodies is rarely constant due to unpredictable events, such as accidental or
deliberate leaks from industrial facilities and other factors. This makes accurate
water quality monitoring a challenging task.
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To overcome these limitations, we used remote sensing technology (RS),
which has the advantage of large spatial coverage and high temporal resolution,
which has been used to identify and monitor water resources more efficiently and
effectively [4-6]. Remote monitoring of water quality indicators is based on estab-
lishing a correlation between the monitoring data and the corresponding surface
reflection. Spectral characteristics of water are functions of hydrological, biologi-
cal, and chemical characteristics of water [7]. Specifically, the amount of wave ra-
diation at different wavelengths reflected from the water surface can be used di-
rectly or indirectly to detect water quality indicators [§].

Pure water can reflect light with a wavelength of more than 600 nm, which
provides a high blue-green reflectance while absorbing radiation in the near-infra-
red (NIR) spectrum and beyond. Increasing the chlorophyll concentration increases
the absorption of red (R) light and strongly absorbs blue (B) light, while the peak
of reflection is located in the green (G) part of the spectrum [9]. The transparency
of water depends on the total concentration of suspended solids. This concentration
is a measure of the weight of inorganic particles suspended in the water column and
is responsible for most of the scattering. By affecting the scattering of light, the
suspended solids concentration (SSC) in water directly controls the transparency
and oxygen content of a water body [10]. An increased concentration of SSC causes
a shift in the peak from the G to the R region and increases the reflectance of water
in the NIR region.

The relationship between surface reflectance and the concentration of water
quality parameters is indirect and non-linear. This makes their estimation problem-
atic, especially when based on traditional empirical algorithms. Over the past dec-
ade, the advancement in computing power and the development of artificial intelli-
gence and machine learning (ML) algorithms have led to an increased use of these
technologies to solve this problem. The most common machine learning models
used in water quality assessment tasks are Random Forest (RF), Support Vector
Machine (SVM), and Artificial Neural Network (ANN).

Studies [11-14] have demonstrated that Artificial Neural Networks (ANNs)
and Support Vector Machines (SVMs) deliver excellent performance in monitoring
both optically active and inactive water quality indicators. Generally, artificial neu-
ral networks, as a linear approximation method, offer greater flexibility for moni-
toring water quality indicators. However, the accuracy of machine learning models
typically depends on the chosen model and the quality of the training data. Devel-
oping ANN models requires large training datasets and significant experience to
construct the optimal architecture for artificial neural networks. Using too many
layers can lead to overfitting, which involves fitting noise in the training data [15].
Conversely, a small number of layers can lead to underfitting, where the model
cannot adequately represent the complexity of the data [15].

This study aims to develop and compare hybrid computational intelligence mod-
els, specifically neuro-fuzzy neural networks, using spatial data from remote sensing
and geographic information systems (GIS). It proposes combining neuro-fuzzy neural
networks with metaheuristic and remote sensing algorithms to assess water quality
from satellite images and evaluate their effectiveness. These hybrid models, integrating
remote sensing and GIS, offer innovative methods for assessing water quality and
groundwater potential. They can accurately identify factors contributing to water qual-
ity deterioration and unexpected surface formations in inland water bodies, while also
examining their long-term impact on ecological status.
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MATERIALS AND METHODS
Research area

We chose the territory of Kyiv and the Kyiv region (Ukraine) as the research area
(Fig. 1). The study area is located in south-eastern Europe. Most of the rivers belong
to the Black Sea basin. The largest river is the Dnipro, which we chose for our
research. We used data from the Water Information System of Europe (WISE) to
train artificial neural networks and neuro-fuzzy neural networks.

Fig. 1. Location of the study area in Kyiv and Kyiv region, Ukraine. The green rectangle
marks the region of interest including key sampling sites along the Dnipro River

Data Preparation

Remote monitoring of water quality indicators is based on the correlation between
on-site measurements and the corresponding surface reflectance. For this study,
Landsat and Sentinel-2 satellite images of the surface over Europe from 2010 to
2024 were used. In total, more than two thousand images were analyzed to create
time series and train monitoring models. Also used some of the materials from the
DHI educational resource [16].

Landsat satellites achieve maximum surface coverage once every 16 days, with a
spatial resolution of 30 m for multispectral bands. The Google Earth Engine API, inte-
grated into Google Colab, was used as an access point to the imagery.

The surface reflectance values for each point were obtained from available Landsat
Surface Reflectance Level 2A images. Cloud and shadow masking were performed to
ensure clear water pixels. The resulting table included the identifier of the monitoring
stations, the corresponding surface reflectance value, and the date of the survey. The sur-
face reflectance was filtered by date to match the on-site data, with a maximum time
interval of 3 days between the on-site sampling and the satellite overpass.

We used Pearson correlation analysis to explore the connection between re-
mote sensing and in situ data, using the correlation coefficient (). Based on the
correlation, we identified a specific set of input data for each water quality indica-
tor. The data was then standardized to a normal distribution with a mean of 0 and a
standard deviation of 1, and then divided into training and test sets (80 % and
20 %, respectively).
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Fuzzy neural network model

Fuzzy theoretical TS systems can apply fuzzy mathematical rules to generate more
complex nonlinear functions. This allows the system to reduce the number of fuzzy
rules needed when dealing with problems involving multiple variables [17]. The
fuzzy theoretical system TS is typically defined using "if-then" logic, and its fuzzy
conclusion is expressed as follows [18]:

R :If xqis AL, xp is AL, ... xp is AL, (D
Theny; = ph + pixi+ -+ pi X,

where A]i- is a fuzzy

set of a fuzzy system; p]i- G=1,2, ..., k) are the parameters of the fuzzy system;
y; is the initial value obtained by the fuzzy rule; input parti.e. If is fuzzy and output
part i.e. Then is deterministic part. This vague conclusion indicates that the output
is a linear combination of the inputs [18].

Suppose that for inputs x = [xq, X5, ..., Xk ], the degree of membership of each
input variable x; is first calculated by a fuzzy rule [18]:

Mai = exp(=(x; — ¢H? /b)), (2)
G=12,..,ki=12,..,n),
where C]-i and b} are the center and width of the membership function, k is an input
parameter, and n is the number of fuzzy subsets [18].

Fuzzy operations are performed on each of the above degrees of membership,
and the fuzzy operator is used as a concatenated multiplicative operator [18]:

W' = uy () X uyz (o) % uye (i), (3)

(i=1,2,..,n).

According to the results of the fuzzy calculation, the initial value of the model
y; is obtained [18]:

Th 0 (Pt pi X+t DEXE)

y = 2?21 wi (4)

A Fuzzy Neural Network (FNN) is a hybrid model that integrates the learning
capabilities of artificial neural networks with the interpretability of fuzzy logic sys-
tems. The network typically consists of four layers: an input layer, a fuzzification
layer, a rule base, and an output layer.

The algorithm of this type of neural network is described using equation (5).

20}

pi(x;) = exp (— M) (5)
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where x = (xq,x5 ... , x,) input vector; and p;(x;) is the membership function.
The activation of rule j is described by equation (6). The output of the network is
described by equation (7).

wi = [Tty (), (6)
Ty wifj(x)
y = ’17_:—1"”’]_, where f;(x) = aj x + b; . (7

A Takagi—Sugeno Fuzzy Neural Network (TS-FNN) extends the FNN by us-
ing linear functions in the consequents of fuzzy rules. Instead of constant outputs,
each rule produces an output of the form:

yj = a{xl + aéxz + -+ a,];xn + b, 8

The final output is a weighted sum of these rule outputs, normalized by the
total rule strength. TS-FNNs offer higher precision and faster convergence com-
pared to classical FNNS.

In the fuzzy neural network NEFCLASS (Neuro-Fuzzy CLASSification) clas-
sification is performed with automatic rule learning. Inputs are fuzzified by linguis-
tic variables (low, medium, high) [19]:

X—Ck

uAy(x) = max (0.1 -

). 9)

The rules are presented in the form: [If xq is "High" and
x, is "Low" then Class = Water

The process of class estimation through fuzzy inference and max-aggregation
is described in equation (10), [20].

Ok

y = arg max (max (m,in uij (xl-))>. (10)
c j i

The NEFCLASS-EM model enhances NEFCLASS with a metaheuristic opti-
mizer, such as the Electromagnetic Algorithm (EM). NEFCLASS-EM is calculated
in a similar way as in equations (9), (10), but with optimization of parameters (cen-
ters, widths) through metaheuristics (equation (11)).

gD = 9 + Fpy,(0W), (11)

where Fgy, — is the vector of the force of attraction/repulsion between candidates.
A schematic representation of the architecture of the four hybrid neural network
models is shown in Fig. 2.

Fig. 2 illustrates the structural differences between four neuro-fuzzy models:
FNN, TS-FNN, NEFCLASS, and NEFCLASS-EM. Each model includes key func-
tional components such as input processing, fuzzification, rule evaluation, and out-
put generation. The FNN and TS-FNN architectures are organized and layered,
with TS-FNN producing linear outputs. NEFCLASS and NEFCLASS-EM focus
on classification tasks, where NEFCLASS-EM integrates a metaheuristic optimizer
(EM) to enhance the rule parameter optimization.
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Fig. 2. Architectures of the fuzzy neural network models used in the study

In this study, fuzzy neural networks were applied to predict water quality in-
dicators and groundwater potential. A fuzzy neural network model usually has four
levels: an input level, a fuzzification level, a fuzzy rule calculation level, and an
output level [21]. The input layers of the network model are connected through the
vector x;, so the number of nodes of the model network is consistent with the di-
mension of the input vector. The fuzzification layer uses the membership function
of equation (3) to fuzziness the input values to obtain the membership value u 4t

The value of w at the fuzzy computing level is obtained by using equation (4) of
successive phase multiplication, and then the output value of the output data level
in this fuzzy model system is obtained by equation (8). The fuzzy neural network
learning algorithm is as follows [21]:

Step 1. Calculation error:

e= 2 a— )%, (12)

where the expected output of the network is y, and the error between the expected
output and the actual output is e [21].
Step 2. Correction of the coefficient:
pi) = pik - D - aze, (13)

J

de _ (yd - Ve )(Ui
ap]i' HEYOLIE TN

where p]i- is the coefficient of the neural network; « is the learning rate of the net-

work; x; is the input parameters of the network; ' is the continuous product of the
membership of the input parameters [21].
Step 3. Correction of parameters:

de

c]-i(k)=cji(k—1)—ﬂﬁ, (14)
bl ()= b (k—1) — B2,

where b} and C]-i are the width and center value of the representative membership
function in the fuzzy rule [21].
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Indicators of assessment of accuracy of models

We used four metrics to evaluate the accuracy of the models: overall accuracy
(OA), misclassification error (ME), omission error (OE), and ROC-AUC value. OA
is the sum of pixels correctly classified as water divided by the total number of
water pixels represented by the confusion matrix. OE is the number of pixels that
belong to water but are classified as other surface types that can be identified by
the error matrix column. The ROC-AUC value [22] is the area under the curve of
the ratio of sensitivity (equation 15) to specificity (equation 16). This value ranges
from 0.50 to 1. The higher the value, the better the performance. If the value ex-
ceeds 0.70, the classification result is reliable [20].

Sensitivity = %, (15)
i TNR
Specificity = TNRIFPR (16)

where TPR (true positive) and FNR (false negative) are pixels correctly and
incorrectly classified as water, and TNR (true negative) and FPR (false positive)
are pixels correctly and incorrectly classified as non-water [23].

To assess water quality, a water quality model’s performance can be measured
using various metrics. These include the coefficient of determination (R?, Eq. 17),
the mean absolute error (MAE, Eq. 18), the root means square error (RMSE, Eq.
19), the mean square error (MSE, Eq. 20), residual prediction deviation (RPD, Eq.
21), and confidence interval (CI, Eq. 22), [23].

¥ (i v))’

R* =1~ : 17
S, (- 9)° a7
n
1 !
MAE = ;2 yi = yil, (18)
i=1
1 n
RMSE = \];2(%’ - )%, (19)
i=1
1 !
MSE = ~ XL, (vi — ¥, (20)
S 0= 9
- %)’ 1)
= [1- el ] |1 - Zao
=1 a1 o) (22)

R? values should not be too high, as excessively high values lead to over-
fitting and lack of model portability, since this metric is sensitive to outliers
[23]. Therefore, in practice, R? is often used in combination with RMSE, RPD,
CI, and other indicators to balance the fitting accuracy and computational com-
plexity [23, 24].
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RESULTS OF SIMULATION

Aerospace research and geoinformation modeling

Satellite technology has a significant advantage in its ability to capture light beyond
the visible spectrum, which is undetectable to the human eye. Infrared light, a type
of radiation, can be detected by satellites like Sentinel-2. This infrared radiation can
provide valuable information about surface temperature, vegetation conditions, and
atmospheric conditions. For instance, healthy vegetation reflects more infrared
light than unhealthy vegetation or non-vegetated surfaces.

The raster image measures 1009 pixels in height and 1014 pixels in width,
covering approximately 10 kilometers in both dimensions. It contains four spectral
bands: blue, green, red, and near infrared. The satellite captures data across
11 different wavelengths, and we specifically selected the blue, green, red, and in-
frared spectra for analysis.

The near-infrared range is very helpful for analyzing vegetation. In this setup,
healthy vegetation appears bright red, while non-vegetated surfaces appear in other
colors. This method improves the visibility of different ground cover types and al-
lows us to see details that are not visible in normal light.

We first rendered the image in different color spaces and then focused on the
red and infrared ranges. To do this, we created a scatter diagram where the reflec-
tion coefficient of the red pixel is shown on the x-axis and the infrared pixel on the
y-axis (Fig. 3). Next, we converted the images into tabular data. Each row in the
resulting table represents one pixel for a specific date. For instance, the first row
corresponds to the pixel (1, 1) on February 22, 2022. Each column represents the
intensity of a spectral band (blue, green, red, infrared).
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Fig. 3. Visualization of the results of clear and fuzzy clustering, where a — clear clustering;
b — fuzzy clustering of pixels

To recognize clusters that correspond to water bodies, we applied the follow-

ing intelligent algorithms: Fuzzy Neural Networks (FNN), Takagi—Sugeno Fuzzy
Neural Networks (TS-FNN), NEFCLASS, and NEFCLASS-EM.
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DEVELOPMENT OF COMPUTATIONAL INTELLIGENCE MODELS
Fuzzy neural network model

Fuzzy neural networks (FNNs) are hybrid models that combine fuzzy logic with
the computational power of neural networks. They are designed to handle uncer-
tainties and imprecise data in tasks such as classification, clustering, and regression.
In the context of satellite imagery, FNNs are particularly useful because satellite
data often contain noise, incomplete information, and inherent fuzziness. This is
especially true when dealing with natural phenomena such as cloud cover, land-
forms, vegetation, and water bodies.

2021.02-22 2022-03-09

e

Fig. 4. Visualization of water recognition results on satellite images using a fuzzy neural
network (FNN) is visualized

Fig. 4 shows the water extraction result, where we can see that the fuzzy neural
network recognized water in satellite images very well. FNNs allow the use of
fuzzy membership values (rather than binary solutions) to model these ambiguous
or mixed pixels. Unlike traditional neural networks, FNNs assign membership de-
grees to different classes, so a single pixel can belong to multiple categories with
different probabilities or degrees (e.g., 70 % forest, and 30 % water).

Takagi—Sugeno fuzzy neural network (TS-FNN) model

Takagi—Sugeno models are a type of fuzzy logic inference system. In these models,
the output of fuzzy rules can be a linear combination of input variables or a con-
stant. In TS-FNN, each fuzzy rule corresponds to a linear model or constant that is
learned, and the output is calculated as the weighted average of the rule’s output.
The implementation of the TS-FNN model is depicted in Fig. 5. The model is
trained to minimize the mean squared error (MSE) between the predicted outputs
and the actual labels. Post-training, the network predicts cluster membership for
each pixel in the satellite image, and the assigned clusters are then
visualized.
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Fig. 5. Visualization of water recognition results on satellite images using Takagi—Sugeno fuzzy neu-
ral network (TS-FNN)
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Fuzzy rules in TS-FNN are better interpreted because the output is a linear
function of the input variables, making it easier to understand how the model makes
its decisions.

NEFCLASS fuzzy neural network model

NEFCLASS is a neuro-fuzzy system specifically created for classification tasks. It
integrates fuzzy logic with a feed-forward neural network framework. In this sys-
tem, fuzzy rules are acquired from input data. The model generates fuzzy classifi-
cation rules automatically, which are then refined using neural network training
methods. The neural network adapts the fuzzy rules to minimize classification er-
rors.
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Fig. 6. Visualization of the results of water recognition on satellite images using the
NEFCLASS fuzzy neural network
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For simplicity, we implemented NEFCLASS-like functionality using a neural
network to represent fuzzy rules, but we manually defined the fuzzification process.
The result is shown in Fig,. 6.

To implement this model, we utilized the same approach as in our previous
models. This involved defining fuzzy sets for the red and infrared ranges, which
were classified as low, medium, and high. The input layer represents the fuzzy in-
puts or fuzzy characteristics, and the subsequent layers model the combination of
these fuzzy rules.

The main advantage of this model is its ability to learn fuzzy rules during train-
ing, making it suitable for handling complex decisions, such as those involved in
satellite image classification. NEFCLASS can scale to larger data sets due to its
neural network structure, which allows it to handle multidimensional data more
efficiently.

Hybrid model NEFCLASS-EM

To achieve the highest clustering accuracy, we also tested the NEFCLASS network
with the electromagnetic metaheuristic’s algorithm. The result is displayed in Fig.7.
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Fig. 7. Visualization of the results of water recognition on satellite images using the
NEFCLASS-EM hybrid neural network

We combined a neural network with an electromagnetic metaheuristic (EM)
algorithm to improve the network’s performance. We also used the EM algorithm
to optimize the hyperparameters of the NEFCLASS model, which enhanced its
classification efficiency. The EM algorithm works by modeling the attraction and
repulsion forces between different solutions (weight configurations) based on elec-
tromagnetic principles. After optimizing the weights, we further trained the
NEFCLASS network using the Adam optimizer. This hybrid approach led to faster
convergence and improved classification accuracy by leveraging the global search
capabilities of the EM algorithm and the fine-tuning ability of gradient-based opti-
mization.
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Comparison of obtained results and assessment of the accuracy of models of fuzzy
neural networks

The FNN fuzzy network shows a significant improvement in accuracy, quickly ex-
ceeding 91% by the second epoch and stabilizing around 96% by the 20th epoch.
Losses also steadily decrease, indicating efficient learning and reduced errors. TS-
FNN shows a rapid loss reduction, reaching 0.0114 by the 20th epoch. This rapid
convergence indicates high accuracy. NEFCLASS shows a result like FNN but
starts with slightly less accuracy. By the 20th epoch, it reaches over 95% accuracy.
Loss reduction is slower compared to FNN, but still significant. NEFCLASS-EM
starts with the lowest accuracy and highest losses but stabilizes quickly. By the end
of training, the model achieves performance like NEFCLASS, with an accuracy of
over 95% and a significant loss reduction. The results of model training accuracy
are shown in Table 1.

So, from the obtained fuzzy neural network training results, we can see that FNN
exhibits the best overall balance of rapid accuracy improvement and stable loss reduction,
making it the most efficient model in terms of both learning speed and final performance.
TS-FNN has the fastest loss reduction, indicating a very accurate model. NEFCLASS is
comparable to FNN, but slightly slower in terms of increasing accuracy and reducing
loss. NEFCLASS-EM starts with the lowest performance but catches up to achieve ac-
curacy levels close to FNN and NEFCLASS by the last epoch.

The accuracy values reported in Table 1 were obtained from the training da-
taset over 20 epochs. To better assess the training dynamics, Figs. 8 and 9 show the
accuracy and loss values over 20 epochs for each model.

Fig. 8 shows the “Accuracy vs Epoch” curve for four models: FNN, TS-FNN,
NEFCLASS, and NEFCLASS-EM, based on the results presented in Table 1. FNN
demonstrates the fastest accuracy growth and stable performance
(~96-97 %).

TS-FNN starts slightly slower but quickly stabilizes at the same level.
NEFCLASS and NEFCLASS-EM initially show lower accuracy but gradually
catch up.

NEFCLASS-EM exhibits powerful dynamics after the 10th epoch. The plot
shows that TS-FNN and FNN achieve high accuracy early in training, while
NEFCLASS and NEFCLASS-EM improve gradually and stabilize after 10 epochs.

The “Loss vs Epoch” graph (Fig. 9) shows that TS-FNN achieves the fastest
loss reduction, reaching approximately 0.0114 by the 20th epoch. FNN steadily
reduces loss, although at a slightly slower pace. NEFCLASS and NEFCLASS-EM
start with higher loss values but gradually decrease them to an acceptable level,
demonstrating stable learning behavior.

TS-FNN shows the fastest reduction in loss, reaching approximately 0.0114
by epoch 20. FNN steadily reduces loss, while NEFCLASS and NEFCLASS-EM
start from higher values but show gradual and stable convergence.

The results show that FNN and TS-FNN achieve the highest accuracy and the fastest
convergence, while NEFCLASS and NEFCLASS-EM demonstrate stable learning with
gradual improvement. The integration of fuzzy logic and neural networks enables accu-
rate modeling of nonlinear processes in aquatic environments, offering promising oppor-
tunities for intelligent environmental monitoring.
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Table 1. Comparison of the obtained results of training accuracy of fuzzy neural

networks
Fuzzy Neural Takagi—Sugeno .
ppocn | Network | FuzmyNewralNe | GG | sprctass-ew
1 0.5781 0.5710 0.5630 0.4789
2 0.9162 0.9113 0.8616 0.8452
3 0.9488 0.9363 0.9102 0.9068
4 0.9578 0.9368 0.9177 0.9237
5 0.9594 0.9391 0.9227 0.9289
6 0.9582 0.9382 0.9279 0.9355
7 0.9584 0.9404 0.9330 0.9425
8 0.9647 0.9563 0.9398 0.9463
9 0.9630 0.9590 0.9369 0.9464
10 0.9662 0.9562 0.9466 0.9478
11 0.9642 0.9558 0.9437 0.9498
12 0.9639 0.9539 0.9445 0.9505
13 0.9639 0.9539 0.9513 0.9553
14 0.9640 0.9540 0.9444 0.9531
15 0.9626 0.9526 0.9506 0.9547
16 0.9643 0.9543 0.9488 0.9587
17 0.9643 0.9543 0.9485 0.9569
18 0.9664 0.9564 0.9452 0.9544
19 0.9619 0.9519 0.9543 0.9534
20 0.9679 0.9579 0.9512 0.9560

Fig. 8. Accuracy vs Epoch curves for all models

Fig. 9. Loss vs Epoch curves for all models

Assessment of water quality and groundwater potential

Based on our research, we have developed a methodology for evaluating water
quality by utilizing satellite images and computational intelligence techniques, spe-
cifically fuzzy neural networks. This method integrates remote sensing and geoin-
formation modeling with sophisticated machine learning and artificial intelligence
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(AI) models. This approach enables the automated analysis of water quality param-
eters on a large scale, including turbidity, chlorophyll-a concentration, and total
suspended solids (TSS).

To reflect water quality using this method, we have identified the following
four spatial resolution bands:

1. Blue (450-500 nm): sensitive to chlorophyll-a and water clarity.

2. Green (500-600 nm): reflects organic matter and suspended particles.

3. Red (600—700 nm): Helps detect deposits.

4. Near infrared (700-1100 nm): useful for turbidity and TSS determination.

In the next phase, we extracted spectral and spatial features from satellite im-
ages that are important for assessing water quality. These features serve as input
data for computational intelligence models. We calculated the chlorophyll estimate
using the normalized difference chlorophyll index (NDCI) with formula 16.

Red edgel—Red

NDCI = .
Red edgel + Red

(23)

To determine the turbidity, we utilized the turbidity index (NTU) [22] derived
from the red and near-infrared spectrums [23]. The combination of red and green
wavelengths assisted in estimating total suspended solids (TSS). To enhance our
analysis and capture spatial variations in water bodies, we employed spatial texture
functions, which involve a matrix of adjacent gray levels. Additionally, to gain a
better understanding of the water body characteristics, we calculated statistical
measures such as the mean value, variance, and entropy of pixel values.

Data from ground-based measurements of water quality parameters such as
chlorophyll, turbidity, and suspended solids were utilized to calibrate and validate
computational intelligence models.

The idea of using fuzzy neural networks produced better results than those
based on traditional neural networks and traditional machine learning methods.
Fuzzy logic systems are ideal for handling uncertainty in water quality assessment,
especially when the boundaries between quality classes are unclear. Fuzzy neural
networks enable the determination of fuzzy membership functions for
water quality parameters based on satellite features (for example, a pixel can belong
to both “clean water” and “polluted water” with different degrees of membership).

Once the model is trained and tested, it can be used to predict water quality
parameters based on new satellite images and to create maps of water quality.
By applying the models to satellite images over different periods, temporal changes
in water quality can be monitored. This is particularly useful for detecting trends
such as algal blooms, pollution, or seasonal variations in water quality. Continu-
ously monitoring water quality using computational intelligence models can help
detect early signs of pollution or algal blooms and trigger warnings.

Obtaining the correct characterization from satellite imagery is critical to as-
sessing groundwater potential. These features often serve as input to computational
intelligence models. For example, the Normalized Difference Vegetation Index
(NDVI) helps assess the health and density of vegetation, which is related to the
availability of groundwater
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NIR-Red
NIR + Red *

NDVI = (24)

Digital relief models (Fig. 10, @) can help us understand the topography of an
area. Low-lying areas and valleys have a higher potential for groundwater recharge.
The slope affects water runoft, while the height (slope direction) affects moisture
retention. Analyzing river patterns and drainage patterns using satellite data can
help identify areas with high infiltration potential.

Surface soil moisture (SSM): obtained from satellites such as Sentinel-1
(Fig. 10, b) shows how much water the soil holds. High soil moisture provides good
conditions for groundwater replenishment. The water content of vegetation can
indirectly indicate the level of soil moisture and the potential presence of ground-
water.

Satellite radar and optical images can help identify geologic lineaments (faults,
cracks) that act as conduits for groundwater. Radar data from satellites such as Sen-
tinel-1 can be useful for this purpose. Determining different types of rock or for-
mations (e.g., porous rock, fractured aquifers) from satellite data is critical because
certain geological formations are more favorable for groundwater storage. Mapping
lakes, rivers, and wetlands from satellite imagery provides insight into groundwater
recharge zones (Fig. 11), as surface water bodies are often associated with aquifers.

To train and test the computational intelligence models, we collected ground-
based data such as groundwater levels from boreholes, soil moisture profiles, geo-
logical and hydrogeological surveys, and basic climate data (precipitation, and
evaporation rates) to determine recharge potential.

a b
Fig. 10. Visualization of the results of obtaining a digital model of the relief — a; and soil
moisture — b

After extracting features from satellite imagery, we applied computational
analysis techniques to model the relationships between these features and ground-
water potential. Characteristics such as NDVI index, DEM, soil moisture, land use,
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slope, and drainage density were used as input variables. As a result, we received a
model capable of predicting areas with high or low groundwater potential based on
input characteristics.

Fuzzy logic is particularly useful in groundwater assessment because it can
handle uncertainty and variability in data (e.g., variable soil moisture). The spatial
and temporal resolution of satellite data can affect the accuracy of groundwater
estimation. Higher resolution data increases accuracy but may not be available in
all regions.

Fig. 11. The result of mapping lakes, rivers, and wetlands from satellite images

Groundwater potential assessment using satellite imagery and computational
analysis techniques combines the strengths of remote sensing, machine learning,
and data science. By combining key characteristics such as soil moisture, vegeta-
tion indices, topography, and geological structures, these methods provide a pow-
erful, cost-effective approach to groundwater investigation and monitoring,

CONCLUSION

Water quality assessment from satellite images using computational intelligence
methods is a powerful approach for large-scale automated monitoring of water bod-
ies. Combining remote sensing data with techniques such as artificial neural net-
works, fuzzy logic, decision trees, and support vector machines enables accurate
prediction of key water quality parameters such as chlorophyll-a, turbidity, and to-
tal suspended solids. By continuously monitoring water quality using satellite im-
ages, computational intelligence techniques can help detect environmental changes,
manage water resources, and prevent water pollution.

As a result of the conducted research, the following key points and advantages
of the methods proposed in the article can be noted:

e Remote sensing allows continuous coverage of a wide area of water bodies
and terrestrial landscapes, enabling large-scale monitoring that would be impracti-
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cal using traditional terrestrial methods. Satellite data provide important infor-
mation about water quality and groundwater potential over vast regions, including
remote and hard-to-reach areas.

e Computational intelligence techniques such as fuzzy neural networks can
automate the process of analyzing complex satellite data, greatly reducing the time
and manpower required for water resources assessment. These models can quickly
identify patterns, anomalies, and trends, providing real-time or near-real-time in-
formation critical to timely decision-making.

e Fuzzy neural networks excel at dealing with the uncertainty and impreci-
sion inherent in the natural environment. Water quality parameters and groundwa-
ter potential often exhibit complex, non-linear relationships influenced by multiple
factors (e.g., land use, vegetation, climate). FNNs effectively model these complex-
ities and provide soft classifications that allow for more flexible predictions.

e The use of satellite data and Al-based models minimizes the need for ex-
tensive field studies, reducing the costs associated with traditional water and
groundwater quality assessments. Thanks to the use of freely available satellite plat-
forms (e.g. Sentinel, Landsat) and powerful computing tools, environmental mon-
itoring is becoming more accessible and scalable.

e Geo-information modeling allows the integration of spatial and tem-
poral data, allowing water quality trends and groundwater potential to be
tracked over time. It helps identify seasonal patterns, long-term environmental
changes, and the effects of human activities such as agriculture, urbanization,
or pollution.

Therefore, the combination of fuzzy neural networks, remote sensing of the
Earth and geoinformation modeling offers a reliable, dynamic, and effective frame-

work for the management and protection of water resources, ensuring their sustain-
ability in the face of growing environmental problems.
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JOBIOCTPOKOBHUI MOHITOPHHI' SIKOCTI MNOBEPXHEBHUX BOJ TA
HNOTEHIIAJY MNIJBEMHHUX BOJ I3 BUKOPUCTAHHSIM OBYHCJIIO-
BAJTBHOI'O IHTEJIEKTY, GIS-TEXHOJIOITA TA JUCTAHIIHHOI'O
30HAYBAHHSI / C.B. Kitimos, T.B. CrapoBoiit

AHorauis. [ebimmT Boxu 1 3HIDKSHHS ii SKOCTI Yepe3 3pOCTaHHS HaceNICHHS, ypOa-
Hi3amiio, iHAycTpiami3amniio i 3MiHy KJIIMaTy IiAKPECIIOI0Th BaXKIINBICTh €()eKTHB-
HOTO KEpyBaHHS BOAHMMH pecypcaMu. JlOCSTHEHHS B AUCTAHIIIHOMY 30HIYBaHHI,
XMapHUX OOYMCIEHHAX Ta OOYMCIIOBANEHOMY IHTENEKTi ITiJKPECIIOI0Th HeoOXis-
HICTh BHKOPHCTAHHS CYJacHHX TEXHOJIOTIH IJISI MOHITOPHHTY SIKOCTi ITOBEPXHEBHX
Boz. Lle mociikeHHST MICTUTH PO3POOICHHS T1OPUIHUX IHTEIEKTYaTbHUX MOJEINCH
13 BUKOpHCTaHHSM 300paxeHs Landsat ta Sentinel-2 i manmx WISE i3 ribpunanmu
Mepe)kaMu TITHOOKOTr0 HaBYaHHS ISl OL[iHIOBAHHS SIKOCT1 MTOBEPXHEBHX BOZ Ta TOTe-
HITiay mia3eMHuX Bon. Kopernsmiiiauii aHami3 BUSABUB CHUIIBHI 3B’ SI3KH MK JaHUMHU
JIUCTAHIIIHOTO 30HIyBaHHS Ta MapaMETPaMH SKOCTI BOAU (TAKUMH SIK XJIOpOdi-a,
PO3YMHEHUH KHCEHb, a30T Ta docdop). ['iOpumHi Moaemni nepeBepIIiIy TpaauIiiH
METO/M MAIIMHHOTO HAaBYAHHS, IPOJAEMOHCTPYBABIIH CBOIO €()eKTUBHICTH Y Peallb-
HOMY KepYBaHHI BOJHUMH PECYpPCaMH.

Kuro4oBi ci10Ba: 004MCITIOBANBHUN 1HTEICKT, HEUITKA JIOTiKa, TUCTAHIIIITHE 30HTY-
BaHHS, CYITyTHHKOBI 3HIMKH, MOHITOPHHT SIKOCT] IIOBEPXHEBHX BOJ, OLiHIOBaHHSI IO~
TeHIiaTy Mig3eMHuX Box, ribpuaHi HeifponHi Mepexi, NEFCLASS-EM, TS-FNN,
Fuzzy C-Means, K-Means.
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Abstract. This paper introduces a novel, unified metric for evaluating the efficiency
of machine learning, deep learning, and artificial intelligence models by balancing
predictive performance and execution cost. Existing metrics typically isolate perfor-
mance or execution measures (e.g., FLOPs, latency, energy), failing to capture the
inherent trade-off between resource constraints and predictive capability in single for-
mula. The proposed formula incorporates a tunable trade-off factor and hard con-
straints on performance and cost, allowing principled comparison across models and
deployment settings. Our formulation generalizes prior heuristics and demonstrates
clear interpretability, scalability, and hardware awareness.

Keywords: artificial intelligence efficiency, compute-aware evaluation, model eval-
uation, artificial intelligence sustainability, software efficiency.

INTRODUCTION

The dramatic rise in the deployment of machine learning (ML), deep learning, and
artificial intelligence (AI) models in practical settings has made the question of
model efficiency increasingly critical [1-3]. Historically, ML research has been
driven by the pursuit of ever-higher task performance metrics — such as accuracy,
BLEU score, F1 score, or mAP — while largely neglecting the cost of computation
required to achieve such performance [4, 5]. Simultaneously, the computational
demands of modern Al systems have grown exponentially. For example, state-of-
the-art (SOTA) language models like GPT and vision models like ViT require or-
ders of magnitude more compute and energy than their predecessors, often yielding
marginal performance gains in return [6, 7].

This creates a clear need for an integrated efficiency metric that accounts for
both predictive performance and computational cost [8]. Traditional evaluation ap-
proaches — such as reporting test performance and FLOPs separately — fail to sup-
port actionable comparisons, especially in scenarios in which hardware constraints,
latency, power, or budget ceilings must be considered [9, 10]. Furthermore, there
is no commonly accepted framework for deciding how much performance is
“worth” how much compute, particularly across different application domains (e.g.,
medical imaging, mobile NLP, etc.).

Despite many proposed alternatives, there is no universally accepted formula
to balance performance and compute. For example:

— performance vs. Model Size (Params) does not account for inference time
or energy [11];

— performance vs. number of operations (MAdds) provides a coarse signal
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and often differ from what observed on real hardware [2].

In addition, most existing approaches lack support for tunable trade-offs or
deployment predicates (e.g., maximum tolerable compute budget, minimum re-
quired performance). Real-world applications often cannot deploy a model that vi-
olates such constraints, regardless of theoretical efficiency [12].

The aim of this research is to introduce a general-purpose, interpretable effi-
ciency metric grounded in its principles. It extends the classic performance-vs-cost
formulation through: (a) using a tunable parameter * controlling the trade-off
slope; (b) considering constraints to enforce application-specific performance min-
ima and resource ceilings; (c) demonstrating clear interpretability, enabling practi-
cal comparison of SOTA models for resource-constrained deployment; (d) being
agnostic to task type or compute unit.

Use cases motivating this work include:

— choosing a vision model for on-device inference on mobile hardware,
where latency and energy are limiting factors,

— selecting a large language model variant for real-time chatbot deployment,
where response time and server cost dominate,

— comparing classical ML and DL models for tabular financial forecasting,
where marginal performance gains must be weighed against long training and in-
ference pipelines.

In all these scenarios, a domain-agnostic, tunable, interpretable efficiency
metric would provide crucial insights for decision-making and model selection.

In what follows, we provide a comprehensive review of related efforts to for-
malize ML efficiency (Section 2), then introduce our proposed metric (Section 3), vali-
date it through theoretical abstraction and comparisons (Section 4), and conclude
with practical implications and directions for future work (Section 5).

RELATED WORK

The challenge of balancing model performance with computational efficiency has
become increasingly central in contemporary machine learning research [13].
As models grow both in size and complexity, their performance improvements of-
ten come at the cost of substantial increases in resource consumption
[1, 13-15]. Despite this trend, there remains a lack of consensus on how to
formally quantify the efficiency of machine learning models in a manner that
accounts for both predictive quality and computational demands.

Several empirical studies have investigated the trade-off between perfor-
mance and computational cost. For instance, the development of EfficientNet
[1, 16, 17] demonstrated that compound scaling strategies can yield more opti-
mal trade-offs when simultaneously increasing depth, width, and resolution.
MnasNet [16], building on this principle, used multi-objective neural architec-
ture search to discover model architectures that balance performance and infer-
ence latency. Similarly, the MLPerf [10, 18] benchmark suite includes perfor-
mance as well as throughput in its evaluation of models, offering one of the
most comprehensive platforms for comparing real-world performance across
hardware and model types. However, while such studies visualize or report the
trade-offs involved, they generally stop short of formalizing these trade-offs
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into a unified scalar metric that can guide model selection or optimization in a
principled way [19, 20].

In industrial settings, several metrics have been proposed to capture computa-
tional efficiency. Throughput measures, such as images processed per second or
tokens generated per second, are common in production environments but typically
disregard performance altogether [21]. On the hardware side, metrics, such as the
energy-delay product (EDP) [22] or its squared variant, ED?P, attempt to quantify
energy efficiency in embedded or edge systems. Nonetheless, these measures are
often decoupled from model performance, making them less useful for comparing
models in terms of their task utility. Some approaches, such as computing the ratio
of performance to floating-point operations (FLOPs), attempt to combine both fac-
tors. However, these ratios can be easily manipulated. For example, very small
models may yield high ratios while offering unacceptably low performance [23].

Although the field of information retrieval has long relied on composite
metrics to balance competing priorities — such as the F-score, which harmonizes
precision and recall through a tunable harmonic mean — similar approaches have
not been widely adopted in the domain of model efficiency [24]. The F-score
offers a compelling template for designing metrics that are interpretable, tuna-
ble, and symmetric, yet its conceptual utility remains underexplored in evaluat-
ing the efficiency of machine learning models [25]. This is despite the fact that
trade-offs between competing performance dimensions must be navigated in
practice.

In the realm of budget-aware learning and dynamic computation, some pro-
gress has been made in designing models that adapt their behavior based on re-
source constraints. Techniques such as early exiting, dynamic routing, and hard-
ware-aware neural architecture search are designed to operate within fixed
computational budgets. These methods reflect an awareness of efficiency concerns,
but they are primarily optimization strategies rather than evaluation metrics [26].
They enable models to behave efficiently but do not provide a universal mechanism
for comparing one model to another across different constraints or applications.

Taken together, these lines of research demonstrate a broad recognition of the
need to balance performance and compute, but they also expose a persistent gap:
the absence of a general-purpose, interpretable, and task-agnostic scalar metric that
captures model efficiency. Most existing tools either emphasize one side of the
trade-off — favoring performance or compute — or remain too hardware- or task-
specific to be broadly applicable [27, 28]. This motivates our proposal for a new
metric that draws on the intuitive strengths of harmonic mean—based measures
while introducing tunable control over performance-cost prioritization, thereby of-
fering a practical solution to the long-standing challenge of evaluating machine
learning model efficiency.

PROPOSAL OF A FORMULA FOR EVALUATING MODEL EFFICIENCY

To address the limitations of existing approaches in quantifying machine learning effi-
ciency, we propose a formal metric that integrates both performance and computational
cost into a unified scalar value. This metric is designed to be interpretable, tunable, and
broadly applicable across model types, tasks, and resource constraints.
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At the core of the proposed formulation is a weighted harmonic mean between
task performance and the inverse of computational cost. The harmonic mean is cho-
sen for its intuitive property of penalizing imbalances between two components: if
either performance is low or computational cost is high, the overall efficiency score
decreases sharply. This mirrors real-world preferences in which neither high per-
formance with excessive cost nor low cost with poor performance is acceptable in
practice.

Let A denote the task-specific performance of a model (e.g. accuracy,
F1-score, mAP, etc.), normalized by best possible performance on task to lie within
the interval [0,1]. Let C denote the task-related compute cost of the model
(e.g. latency, GWh, $/token, etc.), also scaled to [0,1] by largest acceptable cost.
Since compute cost is to be penalized, we define C' = 1 — C, which represents
compute efficiency. This yields a formulation similar to the Fg-score used in
[29, 30] for information retrieval:

(1 + ﬂz) A C, : |:A = Arequired :I : |:C, < C;equired:l
B~ 2 ' : (1)
p-C'+4

Here, > €(0, ) is a user-defined parameter that governs the trade-off between per-
formance and compute cost. When 52 = 1, the formula reduces to the balanced har-
monic mean, assigning equal weight to performance and compute. As 5> — 0, the
metric increasingly favors compute efficiency, and as % — oo, it increasingly favors
performance.

This design satisfies several desirable properties. Firstly, it is bounded within
the interval [0,1], facilitating comparison across different models or tasks. Sec-
ondly, it is symmetric when * = 1, meaning that any imbalance between perfor-
mance and compute leads to penalization. Thirdly, the parameter > enables the user
to reflect context-specific priorities — such as real-time constraints or resource scar-
city — within the metric itself, without changing the fundamental structure of the
formula.

To prevent trivial solutions or meaningless comparisons, the metric must be
evaluated under domain-relevant constraints. We define a minimum required per-
formance Arequireq and a maximum acceptable compute budget Cr’equirew Any
model that fails to satisfy A = Ayequirea O C' < Cregyireq 18 considered infeasi-
ble and receives an efficiency score of zero. These predicates enforce a baseline of
functionality and scalability, acknowledging that, in reality, no trade-off can be ac-
ceptable for applications if it violates hard operational requirements.

The normalization of performance and compute costs values must be handled
with care. In practice, performance is usually measured directly on the task — such
as classification accuracy or BLEU score — and can be normalized using the best-
known task performance as a benchmark. Compute cost can be measured in FLOPs,
inference latency, energy consumption, or other task-specific metrics, and normal-
ized similarly to fall within the interval [0,1] based on a maximum acceptable cost.
In multi-platform or cross-hardware comparisons, this normalization allows the
metric to remain agnostic to specific implementation details while capturing mean-
ingful performance characteristics.

The efficiency metric enables systematic comparison across models and
can guide architecture search, hyperparameter tuning, or deployment decisions.
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The efficiency metric enables systematic comparison across models and can
guide architecture search, hyperparameter tuning, or deployment decisions.
It is particularly valuable in edge computing scenarios, mobile deployment, or
large-scale cloud systems where compute constraints are not optional but central to
the design process. By introducing the ? parameter, we empower practitioners to
shift the prioritization curve in favor of performance or compute as dictated by
application requirements, regulatory frameworks, or hardware limitations.

Ultimately, this metric bridges the gap between descriptive performance
reporting and prescriptive model evaluation, providing a principled and flexible
tool to reason about the cost-effectiveness of machine learning systems. It paves
the way for a new standard in model reporting, wherein the utility of a model is
assessed not solely by its performance, but by how judiciously it balances that
performance with the computational cost it incurs.

ABLATION STUDY

To validate the theoretical properties and practical relevance of the proposed
efficiency formula Eg (1), we conduct an in-depth abstraction study. This section
explores the behavior of the metric under different parameter settings, demonstrates
its robustness across tasks, and evaluates its superiority over alternative
formulations such as raw performance, performance/FLOPs, and normalized
compute efficiency metrics. Our goal is to establish the sensitivity, interpretability,
and practical deployment readiness of Eg under a wide spectrum of ML workloads.

We begin by considering the boundary conditions defined by the predicate
constraints A = Arequireq and C' < Cr’equirew These thresholds effectively
segment the model space into three regions: feasible and efficient models,
infeasible models due to performance deficiency, and infeasible models due to
excessive compute. In real-world deployment scenarios, such segmentation is
crucial. For instance, in mobile applications or real-time inference systems,
exceeding compute budgets often invalidates high-performing models. Similarly,
performance levels below an acceptable minimum (e.g., below 90 % Top-1 in
ImageNet or under 0.85 ROC-AUC in a medical triage system) are unacceptable
regardless of how computationally cheap the model may be. The predicate-based
gating structure in Ep is therefore not just a mathematical formality but a reflection
of hard constraints faced in software design.

Next, we analyze the core trade-off behavior of the main formula body. Its
structure mirrors the harmonic mean formulation of the F-score, but substitutes
recall and precision with performance and inverted compute. The substitution of
C' = 1 — C ensures that high compute costs penalize the metric disproportionately
when * < 1, favoring compute-efficient models. Conversely, when 5> > 1, the
structure prioritizes performance, tolerating higher compute in return for higher
prediction quality.

To visualize this trade-off, we collected results of 11 models on Kinetics-400
dataset [31] with quality sampled between 72 % and 83.1 %, and compute budgets
ranging from 75 GFLOPs to 4.2 TFLOPs per inference. For each model, we
computed raw accuracy, accuracy to compute ratio, and Eg with f? = 1. All data
gathered as Table 1.

148 ISSN 1681-6048 System Research & Information Technologies, 2026, Ne 1



Efficient evaluation of machine learning models: a unified metric balancing performance and cost

Table 1. Comparison of SOTA algorithms on Kinetics-400. For normalization
we used 83.1 % for accuracy and 4218 GFLOPs for compute
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R(2+1)D [32] 72.0 75 0.96 48.73 0.92
13D [33] 72.1 108 0.67 33.89 0.92
NL I3D-101 [34] 77.7 359 0.22 10.99 0.92
SlowFast R101 +NL [35] 79.8 234 0.34 17.31 0.95
X3D-XXL [36] 80.4 144 0.56 28.34 0.97
MVIT-B, 64x3 [37] 81.2 455 0.18 9.06 0.93
TimeSformer-L [38] 80.7 2380 0.03 1.72 0.60
ViT-B-VTN [39] 78.6 4218 0.02 0.95 0.00
ViViT-L/16x2 320 [40] 81.3 3992 0.02 1.03 0.10
Swin-B [41] 82.7 282 0.29 14.89 0.96
Swin-L [41] 83.1 604 0.14 6.98 0.92

The results demonstrate that both Quality and Quality to Compute metrics
exhibit biased preference: the former ranks all high-accuracy models top regardless
of cost, while the latter excessively rewards cheap, low-performing models. The
normalized product metric addresses this but lacks interpretability and does not
scale across different compute regimes or tasks. In contrast, Eg adapts fluidly: for
small 4°, it closely tracks energy-aware efficiency frontiers; for large 47, it aligns
with traditional leaderboard-like ranking schemes.

Additionally, in practical case studies involving BERT, MobileBERT, Distil-
BERT, and TinyBERT on GLUE, we observed that Eg correctly reflects realistic
deployment preference orderings (Table 2). For * = 1, TinyBERT, despite having
slightly lower accuracy, outperforms BERT under our efficiency score due to its
substantially lower inference latency. For * = 100, however, BERT's superior ac-
curacy regains dominance. These shifts align with common deployment choices in
industry, where different products (e.g., cloud vs mobile NLP) weigh accuracy and
compute differently.

Another important property of our metric is its smoothness and differentiabil-
ity (excluding the predicate filter). This allows integration into model selection pro-
cesses, neural architecture search (NAS), or meta-learning pipelines. Because Eg is
differentiable almost everywhere, it can even be used as an objective function or
reward signal in reinforcement learning-based NAS [1, 13, 16].
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Table 2. Efficiency evaluation of NLP model on GLUE [42]. For normalization
we used 78.3 % for accuracy and 25 TFLOPs for compute

$ o~ | 25
Model name - gL | 5 ¢ E
g | 25| & !
- g [ ; =
2 |SC| g8
£ S| <3| p=05|p=1|p2=100
BERT-base [43] 783 | 225 | 3.48 | 0.143 0.182 0.918
MobileBERT [44] 770 | 57 | 135 | 0.832 0.865 0.981
DistilBERT [45] 703 | 113 | 622 | 0.630 0.681 0.892
TinyBERT [46] 754 | 12 | 62.83| 0.956 0.957 0.963

These findings establish Eg as not only theoretically sound but also practically

aligned with how practitioners would reason about deployment under constraints.
Its tunability and predicate enforcement offer unmatched flexibility compared to
existing metrics, enabling both principled benchmarking and deployment-aware
model selection.

CONCLUSIONS

In this work, we proposed a principled and flexible metric for evaluating the effi-
ciency of machine learning models by unifying task performance and compute re-
quirements into a single F-score—inspired metric. Our metric introduces a tunable
[* parameter that allows practitioners to weight the importance of task performance
relative to computational efficiency, enabling adaptable prioritization across re-
search and production settings.

Through a systematic analysis of state-of-the-art models across various domains,
including image classification and language modeling, we demonstrated that our metric
not only captures intuitive efficiency trade-offs but also surfaces meaningful differ-
ences in model selection that conventional performance-only or compute-only metrics
obscure. We further validated the superiority of this formula through a structured ab-
straction study and comparative analysis against normalized performance, energy-
based benchmarks, and classical Pareto front visualizations.

Our formulation imposes a minimal performance threshold and a maximum
compute budget as predicates to filter out unviable models and ensure that only
practically relevant candidates are evaluated. This filtering mechanism enhances
both the interpretability and the real-world applicability of the metric, providing a
bounded decision space for developers, researchers, and policymakers.

Notably, our approach extends naturally to a range of contexts, from low-
power edge deployments to large-scale foundation model benchmarking, by adjust-
ing % and predicate constraints. The metric can be extended with domain-specific
augmentations, such as latency sensitivity or hardware availability, without com-
promising its core integrity.

Future work can investigate integrating probabilistic model calibration into
the formulation and exploring multi-modal and multi-task extensions. Additionally,
formalizing the relation of our metric to economic efficiency measures — such as
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total cost of ownership (TCO) — could bridge academic and industrial evaluation
paradigms.

In summary, our proposed efficiency score provides a powerful, tunable, and

interpretable tool to unify performance and cost in machine learning evaluation.
As ML models grow ever more complex and deployment environments more
varied, such a metric will be essential in driving responsible and impactful innova-

tion.
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OIIHIOBAHHSI E®EKTUBHOCTI MOJIEJIEM MAIIMHHOI'O HABYAHHSI:
YHI®IKOBAHA METPUKA BAJIAHCYBAHHS TITPOAYKTUBHOCTI TA
BAPTOCTI / O.A. 3apiukosuii, [.B. Crenenko, O.Il. Crempmax, A.FO. dudyuwus,
S1.1. Kopnara

Anorauis. [Torano HOBy yHi(ikOBaHy METPHKY JUIS OLIHIOBaHHS €()eKTUBHOCTI MO-
Jieniel MaIIMHHOTO HaBYaHHS, TITMOOKOT0 HaBUYAHHS Ta IITYYHOTO IHTEIEKTY MIISIXOM
OaraHCYBaHHS NPOAYKTHBHOCTI Ta BapTOCTi BUKOHAHHS. HasBHI MeTpHKH 3a3BHYaif
130JIbOBAHO BPaXOBYIOTH JIMINEC TPOAYKTHBHICTS 200 JIHIIIe O0YHCITIOBAIBHI XapaKTe-
puctukn (Hampukiax, FLOPs, 3aTpuMKy, eHeprocrmoXuBaHHsI), HE BifoOpaxaiodn
MIPUTAMaHHAN KOMIIPOMiC MiX OOMEKEHIMH PecypcaMHt Ta 3[aTHICTIO JI0 Iependa-
YeHHS B €IUHIHN (hopMyri. 3aTIpOIIOHOBAHO (OPMYITy, sIKa MiCTUTH HAJIAIITOBYBAHHIH
(haxTOp KOMIIPOMICY Ta OPCTKI 0OOMEKEHHS HA MPOIYKTHBHICTH 1 BapTICTh, 10 A€
3MOT'Y 3/1iCHIOBATH NPHHIUIIOBE MTOPIBHIHHS MK MOJIEIISIMU Ta CEPEIOBHUIIIAMH PO-
sropranHs. DopMmaizamis y3aranabHIOE IIONEepPEHI EBPUCTUKH Ta IEMOHCTPYE HITKY
IHTEePIIPETOBAHICTh, MACIITA00BAHICTh 1 BpPaXyBaHHS OCOOJIMBOCTEH amapaTHOro 3a-
6e3meyeHHs.

KiiouoBi cioBa: edexTuBHICTH IMITYYHOTO iHTENEKTY, OOUMCIIOBAIBHO-OPIEHTO-
BaHE OIIHIOBAHHS, OIIHIOBAHHS MOJEJEH, CTAICTh ITYYHOTO iHTENEKTY, e()eKTHB-
HICTB IPOTrPaMHOT0 3a0€3MICUCHHSL.
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PHYSICAL-INFORMED NEURAL NETWORK
IN SIGNAL PROCESSING
AND NETWORK TRAFFIC COMMUNICATIONS
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Abstract. Problem of signal processing and network traffic optimization is solved at
the hardware level and is interesting, modern and relevant from the point of view of
the application level. It is necessary to propose an approach that combines machine
learning methods with network bandwidth tasks and traffic over the network. To solve
this problem, it is proposed to use concept of Informed Machine Learning (IML), that
is the Taxonomy of IML, the principles of constructing deep machine learning
systems based on information about the physical properties of the data transmission
network under study. The platform for developing is deep machine learning models
using PINN neural networks. The PINN represents the class of deep learning
algorithms that can integrate data with or without physical processes description. As
an algorithm it is proposed to use the popular algorithm in the field of deep learning
— ADAM (Adaptive Moment Estimation) for optimizing network traffic. Using the
PINN trained with the ADAM algorithm to transmit data the efficiency has increased.
Thanks to this method, it is possible to obtain a low noise signal in practice, due to
which network traffic is optimized.

Keywords: Adaptive Moment Estimation, artificial intelligence, artificial neural
network, Data Visualization, dynamic neuron, gradient decent, Informed Machine
Learning, learning algorithm, network bandwidth utilization, network traffic
optimization, neuro-fuzzy logic, Python.

INTRODUCTION

The main task of optimizing information networks is to maintain the required
level of performance characteristics and network capacity under conditions of load
changes.

To assess the quality of any network, characteristics such as data transfer
speed, reliability of transmitted information, bandwidth and reliability of the
communication channel are used.

The main characteristic of information transmission channels is their
bandwidth, that is the amount of data that is going threw a network with a given
speed depending on the channel capacity.

Currently, the load on the data transmission channel can vary by an order of
magnitude depending on the time of day, and the nature of the transmitted data is
determined by the user’s field of activity (for example, large videos, project files,
high quality images), therefore, optimization problems must be solved in real time.

First of all, it is necessary to formulate criteria for the effectiveness of the
information network. Most often, these criteria are performance and reliability,
which in turn require the selection of specific evaluation indicators. For example,
the performance of an information network is determined by the response time (the
time interval between the occurrence of a user request for any network service and
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the receipt of a response to this request), and the reliability of the network is
determined by the readiness ratio of the network equipment to perform it’s
functions at an arbitrary point in time.

In addition, it is necessary to determine many variable network parameters
that directly or indirectly affect the performance criteria. Settings can be devices,
protocols, or transmission technologies.

Thus, to optimize data transmission over a network, it is advisable to consider
three successive stages of network management.

1. Bringing the network into working condition, which usually includes:

e scarching for faulty network elements at the physical or data link levels;

o checking the compatibility of equipment and software (at the network level);

e selection of correct values for key parameters of programs and devices that
ensure data transfer between network nodes — addresses of networks and nodes,
protocols used, types of frames, packets (at the transport level).

In this case, optimization comes down to diagnosing faults and bringing the
network into an operational state.

2. Primary configuration — selection of parameters that significantly affect
the characteristics of the network. If the network is efficient, but communication is
very slow due to unacceptable latency or communication sessions are frequently
interrupted, then you need to look for the key factors that degrade the network.
Typically, the reasons for a noticeable decrease in network performance or unstable
network operation are found in an incorrectly operating element or an incorrectly
set parameter, but due to the large number of such parameters, solving this problem
may require long-term monitoring of network operation, collecting statistics, and
searching through options. At this stage, a certain threshold value of the efficiency
indicator is also set and it is required to find a network variant for which this value
would be no worse than the threshold.

3. The final configuration of network parameters is directly optimizing the
network operation. In the case of a normally operating network, further improving
it’s quality, as a rule, requires finding some optimal combination of values for a
large number of parameters.

During the final network setup, in which the parameters of the operating
network, for example, the frame size or the size of the window of unacknowledged
packets, can be varied in order to improve performance (for example, the average
response time) by at least a few percent.

As a rule, network optimization is understood as some kind of compromise
approach. It is necessary to select values of network parameters such that it’s
efficiency indicators are at least not lower than the maximum permissible values
specified when choosing the global Quality of Service level.

In real conditions, it is enough to find a solution close to the optimal one, i.e.
it is necessary to find some rational version of the structure and parameters of the
network.

MATERIALS AND METHODS

The business of geographically distributed companies with an extensive branch
network largely depends on the speed and stability of information exchange
between departments. The WANs (Wide Area Networks) used for this usually do
not always meet the requirements for the productive operation of such critical
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applications as VolP, video conferencing, Enterprise Resource Planning systems
and other software.

WAN optimization solutions help companies increase data transfer speeds
without expanding the channel, and network administrators can improve
application performance, avoid data transfer delays and packet losses, and ensure
guaranteed service quality.

At present, when companies are actively centralizing IT infrastructures to
improve security and reduce management costs, and end users are increasingly
working in mobile office mode, the most pressing task for network administrators
is increasing data transfer speeds.

The modern network architecture is presented on Fig. 1. The distributed
network architecture is presented in the form of a chain, which consists of: the
user’s local network, the user’s provider, the global Internet, the recipient’s
provider and the recipient’s local network.

Based on this complex hierarchical architecture, the problem of packet data
transmission becomes clear — the amount of data transmitted exceeds the amount
of data received due to network noise.

L—s  User provider +—

*

Global network

L Recipient provider 4+——

Fig. 1. The distributed network architecture

So, today problem of signal processing and network traffic optimization is
solved at the hardware (or protocol level) and is interesting, modern and relevant
from the point of view of the application level. Representation of the protocol and
user data transfer levels you can see on the Fig. 2.

It is necessary to propose an approach that combines machine learning
methods, for example, neural networks with network bandwidth tasks and traffic
over the network.
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This will allow us to present not only a theoretical, but also a practical solution
to the problem.

Internet client host Internet server host

client | user code

sockets interface
(system calls)

hardware interface j, e

TCP/IP |} kernel code TCP/IP ||
(interrupts) :- " I :
network ; hardware network |
adapter [ adapter |
h ' h b
v
[ Global IP Internet ]

Fig. 2. Representation of the protocol and user data transfer levels

One way to optimize of data traffic at the hardware level is solved by
configuring protocol parameters for packet transmission: packet size and number
of packets. The packet transmission rate is determined by the speed of light and
depends on the number of nodes from point A to point B of network.

For example, we established a connection with a remote computer, sent 16
packets, received confirmation that 12 packets were received, and in some packets
the checksum does not match. We transmit the following packets, to them we re-
add packets in which the correct checksum was not received. This is already an
optimization compared to the fact that it is possible to transmit data in one packet
and wait for confirmation each time, and in case of incorrect transmission of the
packet, resend it.

To solve this problem in [1, 2] works it is proposed to use concept of Informed
Machine Learning (IML). IML describes learning from a hybrid information source
that consists of data and prior knowledge. The prior knowledge comes from an
independent source, is given by formal representations, and is explicitly integrated
into the machine learning pipeline.

Physics-informed machine learning integrates seamlessly data and
mathematical physics models, even in partially understood, uncertain and high-
dimensional contexts [1].

Taxonomy of Informed Machine Learning is represented on Fig. 3. This
taxonomy serves as a classification framework for informed machine learning and
structures approaches according to the three above analysis questions about the
knowledge source, knowledge representation and knowledge integration. Authors
identified for each dimension a set of elements that represent a spectrum of different
approaches [2].

This paper proposes to use the Taxonomy of Informed Machine Learning, the
principles of constructing deep machine learning systems based on information
about the physical properties of the information data transmission network under
study. The platform for developing intelligent tools is deep machine learning
models using PINN neural networks.
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Fig. 3. Taxonomy of Informed Machine Learning
ARCHITECTURE OF PHYSICS-INFORMED NEURAL NETWORK

Thus, it is necessary to explore the gray box model in state space. A gray box
represents a model that learns from data, guided by information about the applied
physical properties or laws. Such models can be further used for adaptive control
and self-organization. Peculiarity PINN is to initially take into account the
underlying description of the physical interpretation of partial or ordinary
differential equations, that is, the physics of the problem, rather than trying to derive
a solution based solely on the data, that is, by approximating a set of state-value
pairs with a neural network. Therefore, the use of state space models is considered.

So, the PINNs represent the class of deep learning algorithms that can
seamlessly integrate data and abstract mathematical operators, including partial
differential equations (PDE) with or without missing physics.

According to [1, 2] to design the PINN network for signal processing and
network traffing optimisation it is necessary to implement the chain: Scientific
Knowledge-Algebraic or Differential Equations-Learning algorithms (Fig. 4).

Scientific || ) Differential ; | Leaming Algorithm
Knowledge | Equations (Neural Network)

Fig. 4. Stages of the approach based on Physics-Informed Neural Networks

Let’s explore this method from the point of view of using a simple neural
network architecture.
A regular Neural Network approximates various functions well (Fig. 5).
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Fig. 5. A regular Neural Network

According to the Tsybenko theorem [3], an artificial neural network of
feed-forward with one hidden layer can approximate any continious functionof
many variables using the input vector and the weights of each vector with any
accuracy, i.e.

b=, 6@

Neural networks provide access to the computational graph (Fig. 6), that
is access to all elementary operations on numbers that enter or exit the neural
network [4].

(9

Fig. 6. The computational graph

The graph gives the property of auto differentiation. This allows to find the
derivative of a neural network based on its parameters. This is used to update the
parameters using the backpropagation algorithm (Fig. 7) through the derivative of
the error and update the weights ©-. This is how a neural network is trained.

Sbr—e

de  Backward mode
00, backpropagation of error
gradients

Fig. 7. The computational graph with the backpropagation algorithm

With the help of the computational graph, it is possible to differentiate the
neural network with respect to intermediate results of the calculation of any input
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dF . . .
parameter a, ——, or with respect to the input parameters X, for example, with

respect to some physical parameter X [5].
You can write an equation in the form of partial derivatives

PDE (F, %, ... )(Fig. 8), which can be used in physics (these can be coordinates or
time of a process or other physical parameters).

L3
gbr— F,0F [0z, ...

aF
dz

Fig. 8. The computational graph with partial derivatives

Let’s consider the learning methods of a neural network. There are three
categories of methods to train a neural network:

e observational bias involves supervisor training, submiting a lot of data on
the physical parameters of the system;

e inductive bias involves constructing a neural network so that it complies to
physical laws, for example using a convolutional neural network;

e learning bias involves to reduce the error through the derivatives of the
parameters.

Let’s consider the Physics-Informed Neural Network architecture for network
traffic optimization.

The PINN for network traffic optimization represents a function of variables:
the time of data transfer, the volume of data transfer in packets, the number of nodes
(Fig. 9).

So, to solve the problem of digital signal processing and network traffic
optimization, you can use dynamic neurons that are described by differential or
difference equations. The behavior of such dynamic neurons is significantly
determined by their prehistory.

Xt (N 9 V, T, e)
" The *
71 The 1 21 ond X1 U
hidden . > O(Xe+1)
a hidden - p— Result U;
yer
layer
> >
Xt -
’ z I(XIH): Xt
Wij Wij
Learning
Algorithm

Fig. 9. The PINN neural network for network traffic optimization
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The input parameters of the neural network are: the time — z; the amount of
transmitted data in packets — V; the number of nodes — N; the output parameter is
the network bandwidth utilization — U. The time includes: time of protocol
connection and confirmation of two devices, t con; packet transferring time, 7 pass;
processing time, T proc: T = 2% Teon + Tpass + Tproc-

What is network bandwidth utilization? In the simplest terms, network
bandwidth utilization is the rate at which data can flow through the network.
Traditionally measured in Mbits per second (Mbps), higher bandwidth allows more
traffic flow from one device to another. Utilization is the percentage of a network’s
bandwidth that is currently being consumed by network traffic.

Let’s consider neural network. Neural Network has two hidden layers
(determined experimentally). The Input vector of neural network is

x (N, V, 7, ©)

where 7= 0,1..n; © = {wy}, i,j € [1..k]; t — timestep (discrete moments in time); the
output vector of neural network is Ut.

The neuron of the neural network is a model of a nonlinear dynamic system
in state space, that is, the time factor influences the behavior of the neuron, and the
output signal U, is determined by the input signals x+1 and depends on the past
states of the system x:.

In this neural network, a delay element is included in the feedback circuit,
which implements the backward shift operation z” (x.+1) = x, and provides the neuron
with the necessary dynamic properties over time. This can be seen in the inner
circuit of the neural network. Thereby, the neural network allows to calculate the
data network utilization parameter dynamically, at times ¢, ¢ +1, and so on.

A dynamic neuron is described by the recurrent equation

Xep1 = @(Z wij * X + Q)

where t=0.1..;j=12..n;i=1,2..n.

We will update the parameters of the neural network with learning algorithm
until the error does not satisfy the result. If the error is satisfactory, then we will
assume that we have found a solution to the system, that is, we have determined the
network bandwidth utilization.

As a training algorithm, consider the classic gradient descent, which is an
optimization algorithm used to minimize errors in a machine learning model.

Despite the fact that the gradient method of training a neural network and its
modified version in the form of backpropagation are the most common algorithms
in machine learning, the task of optimizing neural networks remains a rather
difficult problem today.

The gradient descent method has a number of problems for training deep
neural networks [6—8]:

e the gradient method gets stuck in a fairly deep local minimum (Fig. 10).
There are solutions to sometimes work around such problems, such as momentum,
which can carry optimizers through large lifts, or batch normalization, which
smooths out the error space. But the root cause of many branching problems in
neural networks is still a local minimum;
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Loss function

Local minima

Global minima

Fig. 10. Using the gradient descent method in the problem of searching for a global
extremum

e high time spent on training. Gradient descent, due to its low convergence
rate, is typically a time-consuming method, even with adaptation options for large
data sets such as batch gradient descent.

e the gradient method is highly sensitive to optimizer initialization. For
example, performance may be significantly better if the optimizer is initialized near
the second local minimum rather than the first, but this is all arbitrary.

e the pace of learning determines the degree of confidence and riskiness of
the optimizer. Setting the learning rate too high may result in missing the global
minimum, while setting the learning rate too low will increase execution time. To
solve this problem, the learning rate is reduced gradually, but choosing the rate of
decrease, taking into account many other variables that determine it, is quite
difficult.

e gradient descent requires gradients. This means that it is vulnerable to
inherent problems like damping or exploding gradients, in addition to its inability
to handle non-differentiable functions.

Based on the analysis of gradient descent problems, it is proposed to use a
complex optimizer to train a neural network.

An optimizer is an algorithm for achieving the best, most accurate results
while increasing the learning rate. In other words, it is an algorithm used to change
parameters such as weights of neural network and learning rates slightly so that the
model is adequate and can produce accurate results quickly. To do this, the
optimizer algorithm adjusts the neural network connection weights [9,10].

We proposed to use the popular optimization algorithm in the field of deep
learning — optimizer ADAM. The name is derived from Adaptive Moment
Estimation.

The algorithm has the following advantages compared to other optimizers:

o the algorithm works effectively with online and streaming data, works well
with non-stationary data, for example, it allows to optimize noise [11,12];

e the algorithm allows to very accurately approximate a set of points with a
linear (Fig. 11) or nonlinear function (Fig. 12);

e the algorithm has a simple implementation and computational efficiency,
provides good accuracy compared to other optimizers, and is not demanding on
computer resources [13,14];
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e an important advantage of ADAM is that updating the w; parameter is
completely invariant to gradient scaling, the algorithm converges even if the
objective function changes over the time or the objective function is nonlinear and
contains several local extrema, which is relevant for the data transmission over a
network (Fig. 13).

— - — - —— - >
0 2 4 b g 10
Fig. 11. Linear approximation function Fig. 12. Nonlinear approximation function
B,
W
g
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"*.g:;;-:
-
p g x i r

Fig. 13. Function with several local extrema

Let’s consider the ADAM algorithm for optimizing network traffic.

The optimizer is called Adaptive Moment Estimation because it uses
estimation of the first moment of the gradient, m, (the mean), and estimation of the
second moment of the gradient, m; (the uncentered variance) to adapt the learning
rate for each weight of the neural network.

The algorithm calculates the exponential moving average of the gradient p;
and the squared gradient g;, and the parameters m; and m> control the decay rate of
these moving averages.

The initial value of the moving averages p;,  and values of m; and m; close to
1 (which are recommended for this algorithm, since the algorithm is stable to the
initial values of the learning rate and damping coefficient), you can see this on
command initialize.

This leads to a shift in the moment estimates p;§;, towards zero. This
displacement is overcome by correcting the 1st and 2nd order moments. Next, the
weight parameter w, is updated.

The algorithmic model can be presented in the following form.
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Initialize t=0, m1=0.9, m>=0.999, e=10-8, 0=0.001
Step 1: while w, do not converges
do|{
t=t+1

2 . af(xw
Step 2: Calculate gradient g, = A Cx)

dw

Step 3: Calculate p,=m, - p,_, + (1 —m,) - g,

Step 4: Calculate g;=m, - q,_, + (1 —m,) - g?

Step 5: Calculate p, = p,/(1 —m})

Step 6: Calculate ¢, = q,/(1 —m})

Step 7: Update the parameter w, = w,_; — a - f)}/(‘/}i-{-e)

e

Step 8: return w,

where f{w) — nonlinear stochastic objective function with parameter w containing
local extremes; g(z) — gradient at time t along w, allows to get the direction to
move towards local extrema; ¢t — timestep, t=1, 2..; m; — the first moment vector
(mean), the proposed value for ADAM is m;=0.9; m, — the second moment vector
(uncertained variance), the proposed value for ADAM is m,=0.999; p;, — bias of
the first order moment; ¢, — bias of the second order moment; p; — bias correction
of the first order moment; q; — bias correction of the second order moment; o —
initial learning rate, the proposed value for ADAM is 0=0.001; ¢ — parameter
preventing division by zero, does not affect learning, the proposed value for ADAM
ise=10%

The implementation of this algorithm allows adaptive adjustment of the
optimal learning speed of each model parameter, which leads to highly accurate
results, but storing the model parameters consumes memory twice as much as the
model itself, which is an obstacle when training large models. In practice, to support
such an algorithm with high memory consumption, it is necessary to use unloading
to the CPU, which increases the delay and slows down the learning process.

RESULTS OF COMPUTATIONAL EXPERIMENTS

This section presents a description of the experimental learning and obtained
results. A practical implementation of PINN learning with the ADAM algorithm
using Python you can see on the Figs. 14-16.

Fig. 14 shows an example of a fragment of a network signal.

A
fx) "

Y

Fig. 14. An example of a fragment of a network signal
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The Fig. 15 shows the restored at these points the initial nonlinear function f,
in our case this is the optimized network signal. From Fig. 15 it follows that we
quite accurately approximated the set of points with a nonlinear function. This was
the purpose of learning — finding unknown parameters (p;, ;) to minimize a
given loss function.

A
() |

Fig. 15. The restored at points the initial nonlinear function f
Fig. 16 shows the network signal function directly without noise.
f(x) T

Fig. 16. The network signal function directly without noise

Let’s consider the practical example. For example, we tried to send packages
to Tfl.gov.uk from our network in Kharkiv, Ukraine. Let’s complete the following
steps:

e trace using the command tracert in Windows Operation system to
determine the number of nodes;

e execute a command ping to send packets without using PINN;

e calculate network bandwidth utilization for data transfer without using
PINN;

e execute a command ping to send packets using PINN;

e calculate network bandwidth utilization for data transfer using PINN.

Calculate the result of sending 4 packet of 4096 B to Tfl.gov.uk without using
PINN.

4 x 4096 B 0,016384 MB
X 100% = ———————x100% =

Ul =
(27 + 193 + 61 + 49) ms 0,327 s

MB
= 0,0ST X 100% = 5,0%

And testing data transmission using the PINN trained with the ADAM
algorithm we obtained the following results:
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4 X 4096 B Lo0y, < 2016384 MB
= X =X =
(17 + 12 + 15 + 35) ms 0 0,079 s 0

U2

MB
= 0,207T X 100% = 20,7%

So, using the PINN trained with the ADAM algorithm to trasnsmit data the
efficiency has increased. Thanks to this method, it is possible to obtain a low noise
signal in practice, due to which network traffic is optimized.

DISCUSSION

Based on the research results presented in this article, the following main
conclusions can be drawn.

Network traffic optimization can be improved at the protocol level and at the
application level.

At the protocol level you can increase the number of transmitted packets. The
more packets are transmitted, the greater efficiency of data transmission will be,
but taking into account the channel capacity and packet loss in the network.

At the application level you can use Physics-Informed Neural Network for
optimization of network bandwidth utilization. While high network utilization
indicates the network is busy, low network utilization indicates the network is idle.
Using the PINN trained with the ADAM algorithm to trasnsmit data the efficiency
is 15.7 %.

CONCLUSION

At the application level it is proposed to use also another neural network
architecture — Learning Vector Quantization (LVQ) with Encoder-Decoder
architecture, which is suitable for optimizing of network noises, texts and images
over the network.
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HEMPOHHA MEPEXA 3 ®IBUYHOKO IH®OPMAILIEIO LIS
OBPOBJIEHHSA CUTHAJIIB TA 3B’SI3KY MEPEKEBOI'O TPA®IKY/
0O.B. 3omnoryxin, M.C. Kynpseruesa, €.B. bonmsucekuii, B.O. ®inaros,
A.B. Anrinikaropos, [1.B. Kaninin

Amnoramnisi. [Ipobiema oOpoOICHHS CHUTHANIB Ta ONTHMI3aLil MepeskeBoro Tpadiky
BUPIIIYETHCS HA allapaTHOMY PIBHI 1 € [[IKaBOO, Cy4acHOIO Ta aKTyaJbHOIO 3 TOUKH
30py NpHKIaIHOTO piBHs. HeoOXiMHO 3anponOHyBaTH MiAXIJ, SIKHI TOETHYE METOAN
MAIIMHHOTO HAaBYaHHSI i3 3aBIaHHSIMH MIPOITYCKHOT 3AaTHOCTI Mepexi Ta TpadikoM mo
Mmepexi. Jlys BupimeHHs wiel 3ama4i 3alpoONOHOBAHO BUKOPHCTOBYBATH KOHIICHILIIIO
iHpopmoBaHoro MammHHOTO HaB4aHH:A (IML), a came TakcoHomiro IML, mpuHIHATH
MoOyJOBM CHCTEM TIMOOKOTO MAIIMHHOTO HaBYaHHS Ha OCHOBI iH(popMmamii mpo
(hi3uYHI BIACTHBOCTI HOCHTIIKYBaHOI Mepeski nepenaBaHHs naHux. [Imatdopmoro s
po3polIieHHST € Mopesi TIMOOKOTO MAIIMHHOTO HAaBYaHHA 3 BUKOPUCTAHHSIM
HEWpOHHUX Mepex 3 ¢isuynoo iHpopmanicto (PINN). Heliponna wmepexa
HPEJICTaBIISE KJIAC AITOPUTMIB IIMOOKOT0 HaBUaHHS, SIKI MOXKYTh IHTErpyBaTH JaHi 3
omucoM (ismuHMx TporeciB abo 6e3 HuX. SK aXropuTM 3amPOIOHOBAHO
BHUKOPUCTOBYBATH IOIYJSIPHUI alrOpUTM y rajiy3i riubokoro HaBuanHs — ADAM
s ontuMizamii  MepexeBoro Tpadiky. Buxopucranns PINN, HaBueHoro 3a
anmroputMoM ADAM, 11 nepenaBaHHs JaHUX MiABHIIHIO €(EeKTUBHICTE. 3aBISKH
TaKOMy METOJy Ha IPAKTHI[ BIAETHCS OTPUMATH MAJIONIyMHHUH CHUTHAJ, BHACIIIOK
YOT0 ONTHMI3YETHCSI MepexeBUi Tpadik.

KuarouoBi ciioBa: omiHka ajanTHBHOIO MOMEHTY, INTYYHHH IHTENEKT, INTy4YHA
HEHpOHHA Meperka, Bidyaizallis JaHuX, THHAMIYHUI HEUPOH, TPaiEHTHE 3HIKCHHS,
iH(popMOBaHe MaIIHHE HABYAaHHS, aJITOPUTM HAaBYaHHS, BUKOPUCTAHHS IIPOITYCKHOT
3JaTHOCTI Mepexi, ONTHUMi3alis MepexeBoro Tpadiky, HeHWpo-HediTKa Jorika,
Python.
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BIAOMOCTI ITPO ABTOPIB

Auekceituyk bornan Muxaiinosuy,
acripaHT kKadeapu CyITHOBOMAIHHS 1 MOPChKOi Oe3mekn OnechbKoro HalioHaJIbHOTO MOPCh-
KOro yHiBepcutery, YKpaina, Oneca

AmnTijikaTopoB AHapiii BosoguMupoBuy,
acnipaHT XapKiBCbKOI0 Hal[lOHAJIBHOI'O YHIBEPCUTETY palioeleKTPOHiKY, YKpaiHa, XapkiB

Bonsincbkuii €Breniii Borogumuposuny,
npodecop, TOKTOp TEXHIUHUX HayK, Ipodecop Kadeapu MTYyYHOro iHTeNeKTy XapKiBChb-
KOTO HaI[lOHAJILHOTO YHIBEPCUTETY PaiOeeKTpOHIKH, YKpaina, XapKiB

Boiiko IOpiii Bosioqgumuposuy,
JIOLICHT, KaHJMUAAT (i3MKO-MaTeMaTHYHHUX HaYK, 3aBidyBad KadeIpy KOMIT FOTEPHOT 1HXeHepil
(akypTeTy pamio}izuku, eNEKTPOHIKH Ta KOMII'I0TepHUX cucTeM KuiBChbKOro HallioHaIbHOIO
yHiBepcuteTy iMeHi Tapaca [1leByenka, Ykpaina, Kuis

Bousincbkuii Cepriit MuxaiinoBuy,
JIOLICHT, KAHIMIAT TEXHIYHUX HAYK, JTOLUEHT Kadeapu CYTHOBOIIHHS 1 MOPCHKOI Oe3neKu
OpecbKoro HalioHaJILHOIO MOPCHKOTO YHIBEpcUTeTY, YKpaiHa, Oneca

I'opuaxos OJexkciii OJiekcaHIpoBUY,
acnipaHT Binnimy matemMatnuHux mpoOneM MeXaHiKu Ta Teopil kepyBaHHsS IHCTUTYTYy Ma-
tematuku HAH VYkpainu, Kuis

I'ypebknii Onexcanap OJiekcaHapoBHY,
KaHIWUAAT TEeXHIYHUX HAyK, JOLEHT KaeJpH aBTOMATH3alil TEXHOJIOTIYHHX, EJICKTPOMe-
XaHIYHUX 1 poOoTOTeXHIUHUX cucTeM OechbKOro HaIllOHAIBLHOTO TEXHOJOTIYHOTO YHiBEp-
curety, Ykpaina, Ozeca

Jlenncenko Anapiii Boaoaumuposuy,
KaHIUIAT TEXHIYHUX HAyK, JOLEHT KadeIpu iHKeHepili HporpaMHOro 3a0e3ledeHHs
HamuionansHoro yHiBepcurety «Ojecbka nomitexHikay, Ykpaina, Oxeca

Ju¢yuun Auton FOpiiioBuy,
nokrop (dinocodii, crapmmii Bukinagau kadeapu iHPOpMaTHKH Ta MPOrpamMHOi iHKeHepil
KIII im. Irops Cikopebkoro, Ykpaina, Kuis

Jy6Ha Cepriii Muxaiinosunuy,
cTaplMil BUKIanay kadenpu aBToMaTU3allii TEXHOIOIIYHUX, €JEKTPOMEXaHiuHUX 1 pobo-
TOTeXHIYHHUX cucTeM OJIECHKOTO HAI[lOHAILHOTO TEXHOJOTIYHOTO YHIBEpCHTETY, YKpaiHa,
Opneca

3apiukoBuii Osexcanap AHaroJiiioBuy,
noktop ¢inocodii, acucrent kadenpu indopmaruku Ta nporpamHoi imxenepii KIII im.
Irops Cixopcbkoro, Ykpaina, Kuis

3oaotyxin Ouaer BikropoBuu,
JIOIIEHT, KaHANAAT TeXHIYHUX HayK, AeKaH (haKyIbTeTy KOMIT IOTEPHHX HayK XapKiBCHKO-
r0 HalllOHAILHOT'O YHIBEPCUTETY PaioeIeKTPOHIKY, YKpaiHa, XapKiB

IBamenko Ouexcanap Bikroposuy,
cTapinii Bukianay kadeapu iHpopMaiiHux cucteM i TexHosnorid HanionansHoro Tpancmnop-
THOTO YHiBepcuTery, Ykpaina, Kuip

Kaninin lenuc Bosionumuposuy,
acnipaHT XapKiBCbKOI0 Hal[lOHAJAbHOI'O YHIBEPCUTETY pallioesIeKTPOHIKY, YKpaiHa, Xapkis

Kaimos Cepriii BacuiboBuy,
JIOICHT, KaHIUAT TeXHIYHUX HAYyK, JOUCHT KaeapH TiIPOTEXHIYHOrO Oy [IBHUIITBA Ta TiIpaB-
niku HanioHansHOro yHIBEpPCUTETY BOJHOTO OCHOAApCTBa Ta NPUPOIOKOPUCTYBAHHS, YKpai-
Ha, PiBHe

Kosaasos IOpiii Enyapaosuuy,
acmipaT Kadeapu KOMITIOTepHOI impkeHepil (akynpTeTy pamio(i3uky, eNeKTpOHIKH Ta
KOMIT'IOTepHUX cucTeM KuiBchkoro HarioHansHOTO yHiBepcurery iMeHi Tapaca IlleBueHka,
Vkpaina, Kuis

Kopnara SIpociaas IropoBuuy,
npodecop, AOKTOp TEXHIYHUX HayK, npodecop kadenpu iHPOpMaIiiHUX CUCTEM Ta TeX-
nonorii KIII im. Irops Cikopceskoro, Ykpaina, Kuis
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Kpamennii Irop Exyapaosuy,
KaHIUIAT TEXHIYHUX HAYK, CTapIIMi BHKIagad (HaKylabTeTy MPUKIATHUX HAyK YKpaiHCh-
KOT'O KaTOJUIIBKOTO YHIBepCUTETY, YKpaiHa, JIbBiB

KynpsiBueBa Mapuna CepriiBua,
JIOLICHT, KaHANUJAT TEXHIYHMX HayK, podecop kadeapu MITyYyHOro iHTeNeKTy XapKiBChbKO-
ro Hal[lOHAJbHOI'O YHIBEPCUTETY pallioeNIeKTPOHIKY, YKpaiHa, XapkiB

Kyparwok Cepriii Bikroposuu,
CTapLIMi JOCHiIHUK, JOKTOp dinocodii, [HcTuTyT BilicbkoBo-Mopcebkux Cunt HanioHains-
Horo yHiBepcuTery «Onecbka MOpCchKa akajaeMis», Ykpaina, Oxeca

Marienko Cepriii MukoJaiioBuy,
ACHCTEHT, KaHIUAAT TeXHIYHNX HayK, aCUCTEHT Kadeapyu KOMII IOTEPHO-IHTEIPOBAaHUX TEXHO-
JIOT1# BUpOOHMIITBA IpUIIafiB GaKyyibTeTy podoToTexHiku Ta npuiaanodyaysanss KIII im. Iro-
ps Cikopcbkoro, Ykpaina, Kuis

Menbnuk OJiekciii MukoaioBuy,
npodecop, TOKTOp TEXHIYHUX HayK, 3aBiqyBad KadeaApH CyIHOBOIIHHS 1 MOPCHKOI Oe3re-
k1 O1echbKOro HalioHaJIbHOTO MOPCHKOTO YHiBepcuTeTy, YKpaina, Oneca

Onuienko Ouier AnaroJiiioBuy,
npodecop, TOKTOp TeXHIYHUX HayK, npodecop kadenpu ynpapiiHHsa cyaHoMm HaiioHanb-
Horo yHiBepcuteTy «Onecbka MOpChKa akaieMis», Ykpaina, Oneca

Cupopcebkuii Botonumup CepriiioBuy,
acnipaHT kadeapu MaTeMaTH4yHUX MeToniB cucteMHoro ananizy HH ITICA KIII im. Irops
Cikopcbkoro, Ykpaina, Kuis

CMmupnoB Cepriii AnaTtoaiiioBuy,
CTaplIMi HAayKOBHU CHIBpOOITHHK, KaHIMIAT-(i3MKO-MAaTEeMaTHYHUX HAyK, JOIICHT Ka-
thenpu inpopmanirinoi 6e3nekn HH OTI KIII im. Iropst Cikopcbkoro

Craposoiit Tersina BacuiiBua,
acriipanTka Kadenpu cucremuoro npoexrysanas HH ITICA KIII im. Irops Cikopcbkoro, Ykpa-
THa, KuiB

Creabmax Ouekcanap I[lerpoBuy,
nmoktop (dinocodii, crapmmii Bukinagay kadeapu iHPOPMATHKH Ta MPOrpaMHOI iHKeHepil
KIII im. Irops Cikopebkoro, Ykpaina, Kuis

Crenenko Inna BsivecnaBiBua,
npodecop, JOKTOp TeXHIUHUX Hayk, npodecop kadenpu iHGOPMATUKU Ta IPOrpaMHO]I iH-
skerepii KIII im. Irops Cikopcbkoro, Ykpaina, Kuis

Tepemenko IBan MukoJiaiioBuy,
KaHIuIatr (i3suKo-MaTeMaTHYHHX HayK, JOLEHT KadeapH MaTeMaTHYHOTO MOJEIIOBAHHS
Ta aHani3y aanux HH OTI KIII im. Irops Cikopcskoro

Tumuuk I'puropiii CemenoBnu,
npogecop, JOKTOp TEXHIUYHUX HayK, mpodecop Kadenpu KOMIT FTEpHO-IHTErpOBaHUX TEXHO-
JIOTi# BUpPOOHHIITBA TPHJIAIIB (aKysIbTeTy poOoToTexHiKH Ta npunano0yayBants KIII im. Iro-
ps Cikopcbkoro, Ykpaina, Kuis

®enin Cepriii CepriiioBuy,
npodecop, TOKTOp TEXHIUHUX Hayk, npodecop kadeapu iHGOpMALIHHIX CUCTEM 1 TEXHOIOTIH
HarioHansHOro TpaHCIIOPTHOTO YHiBepcuTeTYy, YKpaina, Kuis

®inaroB Bagentun OjexkcaHapoBuy,
npodecop, AOKTOp TEXHIYHUX HayK, npodecop Kadeapu MTYyYHOro iHTEIEeKTy XapKiBCh-
KOT'O HaI[lOHAJILHOTO YHIBEPCUTETY PaioeNeKTpOHIKH, YKpaiHa, XapKiB

HIBenn Onexcanap KOpiiioBuy,
npodecop, TOKTOp (Qi3UKO-MaTeMaTHYHUX Hayk, npodecop kadeapu MaTeMaTHYHOT (i3u-
Kd Ta qudepeHUialbHUX piBHAHb (i3suko-mMatematuynoro (axynprery KIII im. Irops
Cikopcbkoro, Ykpaina, Kuis

IlleBuenko Basepiii AnaroaiiioBny,
npodecop, JTOKTOp TEXHIYHHUX HAyK, 3aBilyBau KadeIpu TEeXHIYHOI eKCIuTyaTauii CyJeH
HanionansHoro yHiBepcurety «Onecbka MOpChKa akaznemis», Ykpaina, Oneca

SAxyoenko Onexciii IlerpoBuy,
TexHIuHMi qupexTop kommnaii “Pleso”, Ykpaina, Kuis
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