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TTAM’SITI AKATEMIKA
CEPTIEHKA IBAHA BACWJIbOBUUA

28 jurrs 2026 p. MIIIOB 3 XUTTS BUSHAYHUN
HayKoBeIlb y Tajlys3i iHpopMaTukmu, Teopil
onTvMi3aril Ta KOMIT JOTEPHMX TEXHOJIOTiN
KOJIMIIHIN aupekTop IHCTUTYTY KibepHe-
Tku iMeni B.M. I'mymkosa HAH Ykpainu,
akagemik HAH Vkpainu Isan Bacwiboriu
CeprieHKo.

I.B. Ceprienko — BM3HaYHWI HayKOBellb
y raitysi iHdopmaTuKy, Teopii onTmMisariii
Ta KOMII FOTePHMX TEXHOJIOTiN, TOKTop i-
3UKO-MaTteMaTuHMx Hayk (1972), mpode-
cop (1973), akanemik HAH Yxpainm (1988),
naypeat JepxxasHoi npemii CPCP (1981),
npewmii Pagmu Minictpis CPCP (1982), nep-
KaBHMX IIpeMiVt YKpaiHu B rasty3i Hayku i Texsiku (1972, 1993, 1999, 2005),
npeminn HAH Yxpaian imeni B.M. I'mymikosa (1986), im. C.O. JleGenesa
(1997), im. B.C. Muxanesuua (2002), im. A.O. Hoponuinuua (2007),
iMm. M.M. Amocosa (2017), 3aciy>xeHuit Aisid HayKu i TexHiKu YKpaiHu
(1991). HaropomxeHnun opraeHoM [Ipyx0u Hapomis, opaeHamm «3a 3ac-
syrw» I, 111 III cryniens.

I.B. Ceprienko Oys aBropoM monaj 800 HayKoOBMX IIpallb, 30KpeMa
55 monorpadiri. I7IOMy HaJleXXaTh PyHIaMeHTaIbHi JOCIKeHHs MaTe-
MaTUYHMX MOJIeJIeVt i MeTOMiB ONTUMi3allil, Teopil CTIVIKOCTI AVCKPeTHMX
onTuMisaLinHmx 3agad. CTBOpeHUII HUM MeToJ, BeKTopa Cla/y CHIpUSB
oOymoBi ciMericTBa IMIBUAKMX aJITOPUTMIB U1 PO3B si3aHHS Ha/CKIIall-
HMX OaraTtoekcTpeMaJIbHMX 3aJad i BUSBUBCSA yHiBepCaJIbHUM MaTeMa-
TUYHVM iHCTPYMEHTOM, 3aCTOCOBHVM Y IPOEKTYBaHHI iHTerpayIbHMIX Mi-
KpocxeM, IUIaHyBaHHI THYYKMX BUPOOHMUMX CUCTeM, OIITMMIi3allii TpaH-
CIIOPTHMX ITIOTOKIB Ta JIOTICTUKMA.

Hosrun dac Isan BaciuiboBud OyB TOJIOBHUIM PeIaKTOPOM XXy pHaITy
«KibepreTnka Ta o0uMCIIOBaJIbHA TEXHIKA», IOPUANYHVM CIIaJIKOEMIIEM
axoro € XypHai1 “Information Technologies and Systems”.

PemaxitivtHuii mITaT Ta KOJIeris BUCIJIOBJIIOIOThH IIVIpe CIIIBYYTTS VIOrO
KoJjleraM, pimHMM Ta OIM3bKMM.
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In Memory of Academician Ivan Serhiienko

April On July 28, 2026, Ivan Vasylyovych Serhiienko — a Distinguished
Scientist in the fields of Computer Science, Optimization Theory, and
Computer Technologies, former Director of the V.M. Glushkov Institute
of Cybernetics of the National Academy of Sciences (NAS) of Ukraine,
and Academician of the NAS of Ukraine — passed away.

L.V. Serhiienko was a Prominent Scientist in the fields of Computer
Science, Optimization Theory, and Computer Technologies; a Doctor of
Physical and Mathematical Sciences (1972), Professor (1973), and Aca-
demician of the NAS of Ukraine (1988). He was a laureate of the USSR
State Prize (1981), the USSR Council of Ministers Prize (1982), State Prizes
of Ukraine in Science and Technology (1972, 1993, 1999, 2005), and NAS
of Ukraine prizes named after V.M. Glushkov (1986), S.O. Lebedev (1997),
V.S. Mikhalevich (2002), A.O. Dorodnitsyn (2007), and M.M. Amosov
(2017). He held the title of Honored Worker of Science and Technology
of Ukraine (1991) and was awarded the Order of Friendship of Peoples
and the Order of Merit (1st, 2nd, and 3rd classes).

L.V. Serhiienko authored over 800 scientific works, including 55 mono-
graphs. He conducted fundamental research on mathematical models
and optimization methods, as well as on the stability theory of discrete
optimization problems. For many years, Ivan Vasylyovych served as the
editor-in-chief of the journal “Cybernetics and Computer Technology”,
the legal successor to which is the journal “Information Technologies
and Systems”.

The Editorial Staff and Editorial Bboard extend their sincere condo-
lences to his colleagues, family, and loved ones.
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IIAM'SATI
MMUXAWJIA IBAHOBUYA IIUTESIHTEPA

27 yvmas 2026 p. mimos 3 XnuTTa Muxanio
IBanosua 1ltesinrep, mokTop dismko-mare-
MaTMYHMX HaykK, Ipodpecop, BU3HauHMI (a-
XiBeIlp y rajrysi o0pobkm 300pakeHb Ta po3-
Imi3HaBaHHA 00pas3iB, ABivi jlaypeart epKxas-
Hoi npewmii Ykpaiuu (1988, 1997), rosioBHMI
HayKoBUM cHiBpoOiTHMK IHCcTUTYTY iHDOP-
MarlinmHmux TexHosioriv Ta cucrem HAH Yk-
paiam.

M.I. I1s1esinrep OyB BUOATHMUM YKpaiH-
CbKMM BYEHWM B Tajly3i iHTeJIeKTyaJIbHUX
iHdOpMaIIiIHMX TeXHOJIOTiV, Teopil po3mis-
HaBaHHS o0pasiB Ta 300pakeHb, aBTOPOM
GBI HIX JIBOXCOT HAYKOBMX TIparib. Vloro poGoTy, TpycBsueHi Teopii
dopMasIbHMX TpaMaTKK, TeOpil caMOHaBYaHHS PO3Ili3HaBaHHIO 00pasiB.,
TeOpil CTPYKTYPHOI'O pO3Ili3HaBaHHs, IIIMPOKO BiJOMi CBITOBiNI HayKOBIiV
crinbHOTI. Vloro MoHOTrpadil BUIAaHO TPhOMa MOBaMM i CTaJIM KJTACUKOIO
pos3Imi3HaBaHHS 00pas3iB.

I'Tif vioro HayKOBMM KepiBHUIITBOM Ta 3a M10r0 Oe3rocepeHbOI0 yyac-
TIO OYyJ10 BMKOHAHO ITiOHepPChKi KOMIT IOTepHi po3po0KM, 30KpeMa IepIimi
y CPCP unrarounn asromar «4APC», aBTomMaT4Ha cucTeMa pos3Mi3Ha-
BaHHs KpecjleHb BeJInKoro posMipy «Tepemkn», cucrema igeHTMiKarrii
0co0m 3a 300pakeHHSM 11 00TIIUsL.

Muxario IBaHOBMY OyB IOCTIVIHMM WIEHOM peIKOJIerii XXypHasIiB
“Control Systems and Computers” Ta “Cybernetics and Computer Engi-
neering”,a 32025 p. — xypnaiy “Information Technologies and Systems”,
KMV 00’ €IHAB I1i ;1Ba XY pPHAIINA.

PepakuivtHuii mraT Ta peaKosIeris BUCIOB/IIOIOTH IIUpe CIIBYYTTS
VI0ro KoJjieraMm, pifHVM Ta OJIM3bKIM.

In Memory of Mykhailo Shlesinger

On July 27, 2026, Mykhailo Ivanovych Shlesinger passed away. He was a
Doctor of Physical and Mathematical Sciences, a Professor, a Distinguished

ISSN 3083-6573. Information Technologies and Systems. 2026. No. 4 (10) 5
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Specialist in the fields of Image Processing and Pattern Recognition, a two-
time Laureate of the State Prize of Ukraine (1988, 1997), and a Chief Re-
searcher at the Institute of Information Technologies and Systems of the
National Academy of Sciences of Ukraine.

M.IL Shlezinger was an Eminent Ukrainian Scientist in the fields of
Intelligent Information Technologies and Pattern and Image Recognition
Theory, and the author of over two hundred scientific works. His research
on Formal Grammar Theory, Self-Learning in Pattern Recognition, and
Structural Recognition Theory is widely recognized by the global scienti-
fic community. His monographs have been published in three languages
and have become classics in the field of Pattern Recognition.

Mykhailo Ivanovych was a long-standing member of the Editorial
Boards of the journals “Control Systems and Computers” and “Cyberne-
tics and Computer Engineering”, and, since 2025, the journal “Information
Technologies and Systems”, which merged these two journals.

The Editorial Staff and Editorial Board extend their sincere condolen-
ces to his colleagues, family, and loved ones.
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USING THE FOURIER POLYNOMIAL
WITH FRACTIONAL TERMS
FOR IMPLICIT SURFACE MODELING

Implicit surfaces are widely used in computer modeling due to their ability to model complex
objects with relatively little data. Also, in contrast with explicit ways of modelling, such as
with triangle meshes and boundary representation of parametric surfaces, the implicit surfaces
are guaranteed to keep continuity and smoothness under the operations of deformation or
replication.

The explicit modeling, however, such as triangle mesh or boundary representation of
parametric surfaces, is the de facto current standard of computer modeling. The problem of
conversion from the explicit representation to an implicit one is therefore a cutting-edge
engineering problem. New approaches and specific methods are published every year, inclu-
ding those that are based on machine learning or artificial intelligence in general.

Cite: Ausheva N.M., Sydorenko J.V., Kaleniuk O.S., Saiapin S.P. Using the Fourier
Polynomial with Fractional Terms for Implicit Surface Modeling. Information Tech-
nologies and Systems. 4 (10). 2026. 7—15. https:/ /doi.org/10.15407 /intechsys.2026.04.007
© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2025. This is an Open
Access article under the CC BY-NC-ND 4.0 license (https://creativecommons.org/
licenses/by-nc-nd/4.0/
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N.M. Ausheva, ].V. Sydorenko, O.S. Kaleniuk, S.P. Saiapin

In this work, we explore the limits of a triangle mesh to implicit surface conversion based
on Fourier polynomial approximation, although the polynomial we propose contains frac-
tional terms. The prospects of using a polynomial with solely integer terms are limited by
the Fourier polynomial’s tendency to overfit. We show that adding fractional terms to the
integer ones in a single function allows for reaching the modeling quality that could be
satisfactory for some practical scenarios, while keeping the total amount of polynomial
coefficients relatively small too.

In theory, using the Fourier polynomial with fractional terms could be used not only
for smooth surface modeling but for smooth connection of different triply periodic surfaces
along a selected plane due to the planned loss of periodicity along the normal axis. This,
however, requires studying the question of specific per-axis polynomial configuration, which
extends beyond the scope of this particular paper.

Keywords: modeling, geometric modeling, Fourier polynomial, approximation, implicit
surfaces, smooth surfaces.

Introduction

One well-known method of turning an explicit geometric model, such as
a triangle mesh, into an implicit surface is meta-balls [1] or similar me-
ta-objects based on triangles [2]. An alternative, but also well-establi-
shed, approach would be building an implicit surface as the convolu-
tion surface of a Gaussian kernel [3]. This approach can be extended to
use other kernels as well.

A similar approach would be building implicit surfaces based on
radial basis functions [4]. The target implicit surface is then an isosurface
of a spatial interpolating function. To localize the influence of each radial
basis function, and save computing time, respectively, as otherwise all
basis functions would have been computed for every queried point in
space, in practice, the compactly supported radial functions are often
used instead of globally supported functions [5, 6].

Contemporary approaches usually rely on neural networks to rep-
resent a signed distance function of an implicit surface, or the occupancy
probability for the target shape [7, 8]. The downsides of machine learning
methods are high consumption of computer memory and processing time,
both for training the neural network and computing the resulting model.
This effect is more pronounced on highly detailed models, so to mitigate
it, the neural networks are often enhanced by employing Fourier basis
functions for greater detail [9, 10, 11].

The Fourier polynomial by itself is periodic and could be used for
triply periodic surfaces modeling purely by itself, without neural net-
works or any other means of machine learning. A simple least squares
approximation combined with an interpolating polynomial retrieved by
solving a linear system often grants a viable result on its own [12].

Using the Fourier approximation alone to model non-periodic sur-
faces, however, is questionable not only due ot its periodicity, after all,
every closed surface can be represented as a periodic one with its own
bounding box dimensions being the per-axis periods, but mostly due to
the Fourier polynomial tendency to overfit.

8 ISSN 3083-6573. Inpopmayiiini mexrosoeii ma cucmemu. 2026. No 4 (10)



Using the Fourier Polynomial with Fractional Terms for Implicit Surface Modeling

Problem Statement

Let there be a model of a 3D body presented by the triangle mesh of its
surface, TM. The triangle mesh consists of n vertices v, = (x, y, z), i =1... n,
and m trinagles t= [vﬂ, Uiy 0]3], j=1.. m. The triangle mesh is closed, mean-
ing that there is a clear distinction between the points in space lying in-
side the modeled body and the points outside. Topological inconsisten-
cies that don’t affect this distinction, such as non-manifold edges, dup-
licate triangles, or degenerate triangles, are allowed.

The function that defines a signed distance to TM for the value of
every point in space is called a signed distance function: SDF,,,(x, v, z).
We expect the function to signify inner body points with a negative sign
and outer ones with a positive. Of course, all points of the TM triangles
have an SDF;,,, value of 0.

Our goal is to find a function F(x, y, z) that models the SDF,,,(x, y, z)
in the axis-oriented bounding box of a modeled body, specifically.

To oversee the overfitting effect, the quality of modeling should be
assessed by the set of points and corresponding SDF,, values indepen-
dent from the ones used to find the F(x, y, z).

Purpose of the Paper

This paper is meant to demonstrate how adding terms with fractional
variable multipliers allows both to move away from periodicity and im-
prove the modeling quality. With these terms, modeling smooth surfaces
represented by triangle meshes with approximating Fourier polynomials
becomes possible up to some level of accuracy, and this could be enough
for some practical applications. The model then remains compact me-
mory-wise and relatively simple to compute.

Results

The univariate Fourier polynomial is a partial sum of the Fourier series.
The exact formula depends on whether the degree of the polynomial p is
even (1) or odd (2):

F (x)=a, +a, cos(x)+a, sin(x)+
+a, cos(2x)+a, sin(2x)+...+a cos(ﬁx) +a sin(ﬁx) 1)
, . wta, 5 ’ 5

or

F (x)=a, +a, cos(x)+a,sin(x) +

+1
+a, cos(2x)+a, sin(2x)+...+ap cos(p2 x). ()

ISSN 3083-6573. Information Technologies and Systems. 2026. No. 4 (10) 9
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F(x) F
05F
0 -
-05F

—1.0" 1 1 1 1 i !
0 1 2 3 4 5 6 x

Fig. 1. A Fourier polynomial of degree 5 approxima-
ting the sine function represented by 16 points with
random noise

F(x)
1.0 F

0.5
orf
-0.5

—1.0" 1 1 1 1 1
0 1 2 3 4 5 6 x

Fig. 2. A Fourier polynomial of degree 10 approxi-
mating the sine function represented by 16 points with
random noise

F(x)
1.0 F

0.5
orf
-0.5

—1.0'| 1 1 1 1 1 1
0 1 2 3 4 5 6 x

Fig. 3. A Fourier polynomial of degree 15 approxi-
mating the sine function represented by 16 points with
random noise

This polynomial is periodic with period [0..2x]. It is also a single in-
terpolating polynomial for a set of p + 1 points. And while the Fourier se-
ries converges to any algebraic function, the Fourier polynomial shows a
tendency to overfit when using it to approximate a function by its values
with noise (Fig. 1-3).

We can build a similar polynomial based on Fourier terms where the
degree of the term becomes not a multiplier but a divisor of an argument
in the corresponding trigonometric function (3), (4). Let’s call this polyno-
mial a fractional Fourier polynomial (FFP).

F (x)=a, +a, cos(x) +a, sin(x) + a,cos(x / 2) +

+a,sin(x/2)+..+a, cos(z—x}+ap sin(z—x) . ©)]
p p

10 ISSN 3083-6573. Inpopmayiiini mexrosoeii ma cucmemu. 2026. No 4 (10)



Using the Fourier Polynomial with Fractional Terms for Implicit Surface Modeling

F(x) [
0.5

ol
-0.5f
-1.0f
-15+

—2.0'| 1 1 1 1 1 1
0 1 2 3 4 5 6 x

Fig. 4. An FFP of degree 15 approximating the sine
function represented by 16 points with random noise

E (x)=a, +a, cos(x)+a,sin(x) +

+a,cos(x/2)+a, sin(x/2)+...+ap cos( 2x ] 4)
p+1

This polynomial shows less tendency to overfit (Fig. 4) but also loses
the [0..2w] periodicity. Of course, for the purpose of modeling a non-
specific smooth surface given by a triangular mesh, periodicity isn’t a de-
sired property.

Experiments show, however, that this polynomial has less descriptive
potential, especially regarding small model features. To mitigate this is-
sue, we can build a polynomial that includes both regular Fourier terms
(with multipliers) and fractional ones (with divisors) (5). Let’s call this
polynomial a Fourier polynomial with fractional terms (FPFT):

F(x)=a, +a, cos(x)+a, sin(x) +...+

p+1 . (ptl 4x [ 4x
+a, ,co8| “—x |+a, ,sin| “—x |+a,  cos +a,sin| — 1. )
b 4 4 p+1 p+1

To evaluate the descriptive potential of this polynomial, we conducted
a series of computational experiments. As a prototype for modeling, we
chose a triangle mesh representing a “Stanford
bunny” (Fig. 5).

To model this particular mesh with FPFT
implicit surface, we first rescaled the model so
it would fit the [-7/8m; 7 / 8w X [—7 / 8T; 7 / 8T] X
X [-7/8m;7/8mn] cube. The coefficient 7/8 was
picked to retain a 1/4 margin in the [-m; ] X
X[-m; ] X [-7; T] cube, where otherwise we
would have faced distortions caused by 27 -pe-
riodic terms of the FPFT.

Then, in the [—7; ] X [—T; ] X [-7; ] cube,
we generated a regular grid of points with own
dimensions: 32 x 32 x 64. The last dimension is

Fig. 5. A finely detailed tri-
angle mesh of the “Stan-
intentionally disproportionate so we could eas-  ford bunny”

ISSN 3083-6573. Information Technologies and Systems. 2026. No. 4 (10) 11
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ily divide the grid into two independent sets of points: one for approxima-
tion and the other for validation. Each even point of the grid, along with
the signed distance value to the model from that point, was included in
the approximation set. Each even point, along with its signed distance
value, was included in the validation set.

Just like that, each even vertex of the source triangle mesh, along with
value 0, joined the approximation set, and each even vertex, also with a
signed distance value of 0, joined the validation set.

In our experiment, we tried all three polynomials: Fourier polynomial
(FP), fractional Fourier polynomial (FFP) and Fourier polynomial with
fractional terms (FPFT), each generalized to the tree argument function by
using a full Cartesian product of its terms. Specifically, we tested polyno-
mials (1), (3) and (5), all with odd degrees, specifically: 7,11, 15, 19. Degree
7 was picked as a minimal one since this is the first even degree, for which
FPFT becomes different from a regular Fourier polynomial. By the same
logic, the degree increment of 4 is the minimal increment that keeps all
three polynomials different.

For each polynomial, we built an implicit surface by fitting the po-
lynomial into the approximation point set by using conventional least
square approximation. For the set of approximating points (x, v, z,)
along with signed distance to the source mesh values v, i = 1..N, the co-
efficients of polynomials F were obtained by the following criterion (6):

(F(x,,y,,z,)—v,)" — min. (6)

Then, to validate the modeling accuracy, for each found polynomial,
the root mean square error was computed in all the points of both ap-
proximation (RMSEa) and validation (RMSEvV) sets. The collected data is
presented in Table 1.

The same RMSEa data is also shown in Figure 6.

Surprisingly, the data shows that the Fourier polynomial of degree 19
doesn’t show signs of overfitting, although its error still remains larger
than for every other polynomial. The FFP doesn’t show a consistent pic-
ture regarding the modeling accuracy, and the FPFT shows the signs of
overfitting in degree 19, while still retaining the least error in lesser de-
grees.

Table 1. Root mean square error values for Fourier polynomials

FP FFP FPFT
Degree
RMSEa RMSEv RMSEa RMSEv RMSEa RMSEv
7 6.10E-05 | 6.93E-05 | 2.50E-06 2.60E-06 1.78E-06 | 1.82E-06
11 3.73E-05 | 4.55E-05 | 3.78E-06 4.20E-06 5.08E-07 | 5.63E-07

15 243E-05 | 3.24E-05 | 7.44E-06 8.77E-06 9.63E-07 | 2.21E-06
19 1.62E-05 | 2.40E-05 | 3.26E-06 | 4.05E-06 3.71E-06 | 2.07E-05
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Fig. 7. Visual comparison of Fourier polynomials' modeling quality

For the visual comparison, we provide three reconstructions of im-
plicit surfaces obtained with different polynomials of degree 15.

In Figure 7, A is the product of regular Fourier polynomial appro-
ximation, B is FFP, and C is FPFT. It's apparent that the Fourier polyno-
mial with fractional terms is the most applicable for surface modeling
among the three.

Conclusions

The quality of implicit surface modeling with a trigonometric polynomial
could be enhanced drastically by introducing fractional terms into the
approximating polynomial. The improvement, however, is still limited
by the overfitting effect, especially on the models with highly detailed
surfaces, or on non-smooth surfaces where the regularity of the under-
lying function isn’t wanted.

The interesting practical problem to solve would be to find a way to
configure the polynomial for the target model to approximate automa-
tically. In this work, we decided to limit the polynomials to 7, 11, 15 and
19 degrees specifically so the number of integer and fractional terms
would be even. But is this necessary or even desired? Perhaps this parti-
cular surface could have been better modeled with a different polynomial
configuration. This question requires a separate investigation.
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3ACTOCYBAHHII ITTOJITHOMA ®YP'E€
I3 APOBHVMWM YJIEHAMM TSI MOOEJTIOBAHHSI
TEOMETPMYHIMX OB’ €KTIB IMITTIHMTHVIMM ITOBEPXHAIMI

IMIUTIIMTHI HOBEPXHI IIMPOKO 3aCTOCOBYIOTHCA Y KOMII IOTEPHOMY MOJIe/IIOBaHHI
3aBISAKM TX BJIACTMBOCTI MOIEIIOBATY CKJIaIgHi 00’ €TV BiIHOCHO MaJIOIO KiJIbKiCTIO
maHvx. TakoXX BayKIMBO, 110 Ha BiMiHYy Bill MOJesIen i3 eKCIUTIIUTHUM ITpeJICTaBIeH-
HSM eJIeMeHTIB, IMIUIINTHI II0BepXHi He BTpavdaroTh HellepepBHOCTI, MJIaAKOCTi 4m
PeryJIgapHOCTI IIpu onepariisix fedopmarii abo pervrikariii. Pasom i3 M, eKCIUmiImT-
Hi MojIesli, HalpuKJIal Ha OCHOBI TPUKYTHMKOBOI CiTKM, a00 Ha OCHOBI ITapaMeTpiud-
HOTO TPaHWYHOTO IIPEJCTaBJIeHHS € 30JI0TMM CTaHAAPTOM KOMIT IOTEPHOTO MOjie-
moBaHHA. 15 poboTi 3 TakmMMM MopernsiMu icHye Oesrtiu iHcTpymeHTiB, 6i0mioTex
IIPOrpaMHOTrO KOy, 3arajlbHOBimOMMX ayropuTMiB Tomo. [InTanma xoHBepTalii i3
eKCIUIIWUTHOIO IIpeACTaB/IeHHs FeOMeTPUYHOI MOJIeJli B IMIUIIITHE JIMIIAEThC IIV-
TaHH:M IIepeIoBOro Kpafo HayKw, IIOPOKY IyO/IKYIOTbCS HOBi Cy4acHi MeTOIMK,
gKi 'PYHTYIOTBCSI 30KpeMa 1 Ha JIoCArHeHHsX y ccpepi MaIllMHHOTO HaBYaHH: i IIITy4-
HOTO iHTeJIeKTy.

Merta gaHOI poOOTM — HOCIIAVTY MeXi MOJIeIIOBaHHS IIOBEPXHi, II0UaTKOBO 3a-
JaHOI TPUKYTHMUKOBOIO CIiTKOIO, arpOKCUMMAaLiTHUM MOAMQIKOBAaHMUM II0JIiHOMOM
Dyp’e, axmit MicTuTh B cobi npobHi wienn. IToinom dyp’e 3agae PyHKITIIO 3HAKOBOL
BiflcTaHi, HyJIbOBa i30JTiHig Takoi PYHKIIIT Mae ONMCyBaTV BXiAHY IOBEPXHIO, IT0YaT-
KOBO 3aJJaHy TPMKYTHVMKOBOIO CITKOIO, SKHaVIMOTa TOYHiIIIe.

Metony. OCHOBHVIM METOIOM JOCIIIKEHHS € IIOPIBHUTbHII aHaJIi3 IeIKVIX MOV
dixarivt morriHoMa Pyp’e, 3miTICHEHe 3a JOTIOMOTO0 O0UNCITIOBAJTEHVIX €KCITePVIMEHTIB.

PesynwsraTn. [lepcniekTvBu 3acTocyBaHHs mosliHoMa Dyp’e Oe3 go1aTKOBMX MO-
nmdikariin € BeJIbMy OOMeXKeHVIMM 3aBIISIKV CXVITBHOCTI allpOKCUMAIIiIHOTO TTOJIIHO-
Ma 10 oBepiTiHry, ajle MM II0Ka3y€eMO, 1110 JOIaBaHH: APOOHIX WIeHiB 110 IIoJIiHOMa
JIO3BOJIsIE€ JOCATHY TV 3aI0BUIBHOT [IJIsI IIeBHMX 3a7ja4 TOUHOCTI MOe/TIOBaHHsI ITPU BU-
KOPWCTaHHi BITHOCHO HEBEJIMKOI KIJTBKOCTI KoedillieHTiB mosliHOMa.

BucHoBKkM. 3acrocyBanHs noiniHoma dyp’e i3 mpobHMMM WieHaMM HO3BOJISLE
He IIPOCTO MOZEIIOBATV 3aMKHeHi reoMeTpUYHi 00 €KTN 3 IIaIKVMI IIOBEPXHIMIA,
a i, B IepcIieKTuBi, OymyBaTyi IIOBEPXHI CIIPSDKEHHS IS IHIIVX TPU-IIePiOAMIHIX IO-
BEpXOHB ITPU BTPaTi HepioAMIHOCTI IO OTHIV 3 OCerl.

Katouo6i caoBa: modesrobanns, ecomempuune nodesobanus, nosinom Pyp'e, anpokcuma-
1yis, HeABHe 3a60aHHA 106epXOHb, 2Aa0Ki NOBepxHi.
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AJITOPUTM BOBUOI 3TPAIIUIA 3ATTAY

KEPYBAHHSI POEM BE3IIVIOTHMX CYCTEM:
OIJISAI TA MOXJIMBOCTI MOOMU®IKALIIT

B pobomi Hadaemvcs 0easd areopummy BoBuoi sepai (Wolf Pack Algorithm, WPA) ma iioeo
sacmocybanna 044 3a0au kepybanna poem Oesnisromuux cucmem (5C). Poseasanymo 0ioin-
cnipoBani 3acadu aseopummy Bobuoi sepai (WPA), ocnobHi ¢hasu tioeo pobomu 11 6i0nobioni
mamemamuuni modeai. Habedero gpopmarvruii onuc nocmanobxu 3a0aui onmumisayii, nio-
x00u 0o nobydobu yirbobux yrkyitl y 3a0auax Koonepamubroi posfioxu ma oyinoBanna
axkocmi korekmubroi noBedinku potw. 3a pesysvmamamu aHaiizy nyoAikayii NOKA3aHo, w0
WPA i ii0eo cyuachi mooucpixayii demoHcmpyoms nomenyias w000 3abesneuerus 30ix-
Hocmi ma cmitikocmi Y GUCOKOPOIMIpHUX NOCMAHOBKAX 3a0a4 NpU3HAUEHHA 3060aHb | NAAHY-
Banns mpaexmopii 5C, o0nax nompedyioms adanmayii 00 OUckpemHux SMiHHUX, PeCypCHUX
obmexeny ma Bumoe peasvoeo uacy Buxonans. Okpemo posesAnymo npuxiadu 6uxo-
pucmanns WPA 6 3a0auax xoonepamubroi posbioku, npusravenus 3aboans powo bC i 3D-
NAGHYBAHHA MApWpymi6; cucmemamu3obano HanpamMu 11020 MoOugikayii, 30kpema eAimmi

Hwurysanusa: Bampxkman P.IO., Jlaroga O.I1., Pomionos O.O. AnropurM BoBYOi 3rpal
IIJIS 3a]1a49 KePYBaHHS POEM 0e3IUTOTHMX CHCTeM: OIJISAL, Ta MOXKIIMBOCTI MOVdiKariil.
Information Technologies and Systems, Kuis, 2026, Tom 4 (10), 16-42. https:/ /doi.
org/10.15407/intechsys.2026.04.016
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Aneopumm BoBuoi 3epai 045 3a0au kepyBanrs poem 0e3NiAOMHUX CUCTEM

cmpameeii, baeamononyAayiini cxemu, iMoBipricHi nopoeu y ¢pasi obaoeu ma 2ibpuoHi
nidxodu. JodamxoBo npoanaizobaro obMexeHHs NPAKIMULHOLO 3ACOCYBAHHA AAOPUMMY
Bo6uoi 3epai y 3a3HaueHux 3a0auax 04a peassrux poi6 BC, no6’asani 3 enepeocnoxubannam,
001UCA106a46HOI0 CKAAOHICTITIO, NPONYCKHOW0 30amHicmio kanaii6 36'asky, 6iomobocmiiikic-
mio por ma HeodXiOHicmIo uacmko6020 nepepo3nodity 3a60ans y OUHAMIUHOMY cepedoBuui.
ObrpynmoBarno, wjo nodasvuiutl posbumox aseopummy 6o6uoi sepai (WPA) mae oxonato-
Bamu pecypcHo-opienmobBani mooudpixayii, Mexanismu uacmxoBo20 nodie6o-opienmobanoeo
nepenaanyBanna ma cumyAAyinny nepebipky 6 pobomomexuiunux cepedoBuuyax, 3okpema
ROS/Gazebo, Webots, AirSim abo RotorS.

Katouo6i cao8a: poiobuii inmeaexm, areopumm 606uoi 3epai, be3nisomui Aimaivhi ana-
pamu, piil 0e3niAoMHUX CUCHeM, kepyBaHHA poem De3NiL0MHUX Cucmem, npusHaienHs 3a6-
0anb, nAaHYBaHHA Mpaekmopitl, memaeBpucmuuna onmumisayia, Giomobocmiixicms poio,
cumyAAYinHa 6arioayis.

Beryn

KepyBaHHS poem 0e3niyIOTHNX JIITAJIBHMX alapaTiB € CKJIaJHMUM 3aBIaH-
HIM, sIKe BUMarae edpeKTVMBHIMX METOJIiB ONTHMI3allii B peaJIbHOMY Yaci Ta
B yMoBax HeBu3HadeHOCTi [1, 2] LlenTpasizoBaHi Higxoay OO IpuU3Ha-
4eHHs 3aBJaHb i KoopamHalil poro bC wacro MaroTe mpobremMn 3 mac-
mTaboBaHICTIO, 3aTpUMKaMI OOMiHY JaHMMM Ta YyTJIMBICTIO 10 BiIMOB
okpeMmux By37iB [1, 3]. Came Tomy memasti OUIbIIIOro momnMpeHHs HabyBa-
IOTh METOV POVIOBOI'O iHTeJIeKTY 71 KOJIeKTMBHOIO MOIIYKY, 3aTHi dop-
MyBaTM (KBas3i)oITMasIbHi po3B si3K1 Oe3 oTpedu B IIOBHIVI aHaAII TUYHIN
Moyierti cepefoBuina abo TOYHVIX TpaJi€HTiB HiyTboBOI PYHKIIIT [1, 4].

o noxibHMX KTacuHMX OioiHCIIipoBaHMX MiIXOAiB HaleXXaTh:

Tenernraamit anroputMm (GA) — eBOJIIOLIVHMUII METOH, IO iMiTye
Ipoliec IIPUPOIHOro J00OPY Ta CXpellyBaHHS IS IIOCTYIIOBOTO IIO-
JIMIIIeHHs TTOKOJIiHHA Ppo3B si3KiB. Llent minxinm mmpoko 3acTocoByeThCs B
Pi3HMX rayry3sx 3aBOSKW ITI00aILHOMY IIOIIYKY, IPOTe VI0r0 BUIIaIKOBa
IpVpoJia He TapaHTy€ YHUKHEHHS JIOKAJIbHMX MiHIMyMiB [5].

ArnropurM onTmMisartii poeM gactuHOK (Particle Swarm Optimisa-
tion, PSO) — momyJisaiiiHa MeTaeBpUCTMKa, HaTXHeHHa KOJIEKTMBHOIO
MOBeJIiHKOIO IITaxiB um pubd, y sIKil MHOXMHA «4aCTMHOK» KOPUTY€E CBOI
TIO3WILi1, OPIEHTYIOUNCh Ha BJIIaCHWII Ta KOJIGKTVBHWI HaVIKpaIIU JOCBI/I.
PSO mnpuBepTae yBary IpOCTOTOIO peajli3allii Ta MaIOI0 KUIBKICTIO ITa-
paMeTpiB Il HalalITyBaHHS [6-8]. 3aBasKky BHYTPIIIHIN mam sTi Kpa-
VX ITOJIOXKeHb 1 00MiHY iHdopMaliiero MK YacTMHKaMM, BiH epeKTMBHO
ITyKa€ eKCTPeMyMMI Y CKIagHMX JTaHamadTax ¢yHKIIin [8, 9].

AsropurMm onTuMi3anii MypammHo0 KostoHiexo (Ant Colony Op-
timisation, ACO) — ciMeVICTBO MeTaeBPUCTUK, III0 MOIEJTIOIOTh ITOBe/IiH-
Ky Mypax Il 4ac TOLIyKy IIUISXiB Ta IT0OyI0BM pO3B s3Ky depes depo-
MOH-OIIOCEepe/IKOBaHy HeIlpsIMy KOMYHiKallifo. Y KiIacu4Hin jiTepaTypi
10 «MypallHIX» MeTOIB HaJlexaTb, 30KpeMma, Ant System (AS), Ant
Colony System (ACS) Ta Max-Min Ant System (MMAS), siki Bipi3HSAIOTBCA
IIpaBWIaMi OHOBJIEHHS (DEPOMOHY VI CTpaTeTisMy eKCcIulyaTarlii/ jocsti-
mxeHHs [10-12]. ACO ocobnmBo ycminmHmit Aj1sl KOMOiHaTOpHMX 3a7a4
Ha KIITaJIT IOLIyKYy MapLIPyTiB (HaIp., 3aa4a «KOMiBOsDKepa») 3aBIsSKN
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3IaTHOCTI 3HaAXOAUTV OJIM3bKi 10 onTMMyMy po3B s3km m1st NP-ckitan-
Hux 3amay [10, 13].

AnroputMm mTy4uHOoi 06/1KoamHOI KosioHii (Artificial Bee Colony,
ABC) — mifxiz, 110 MozIeJIIoe MOIIYK, OIIiHIOBAaHHS Ta eKCIUTyaTallilo «JIKe-
pen Dxi» OmKormaMm, Te KaHAWIATHI pO3B S3KM BiIIIOBIiHAIOTH areHTaM-
«OmKomaM», gKi OOMIHIOIOTBCS iH(OpPMalli€l0 MpO SKICTh 3HAMIEHMX
po3B’a3KiB. ABC BUPIi3HSETbCSI THYUKICTIO Ta ITPOCTOTOIO, 3a0es3Iedyoun
IOCTaTHIO TOUHICTh Oe3 oTpedn y moximHmx 1iyiboBoi pyHKIIil [14-15].

Y OmKoro-HaTXHEHHVX METaeBPUCTMKAX IOIIUIPHO PO3Pi3HATH IIO-
HaVIMeHIIIe TpY OKpeMi HallpsIMU, 110 YCTaJIWIVCH B JIiTepaTypi:

e Bees Algorithm (BA) — HOIIyK i3 MOoeqHAHHAM BUIIAJKOBOI PO3BiIKM
Ta JIOKQJIbHOI OKOJIMIIi IePCIIeKTMBHYIX PO3B SI3KiB ;

e Bee Colony Optimization (BCO) — KOHCTPpYKTMBHUM Iinxif i3 da-
samm «forward/backward pass» Ta xonekTMBHUM 0OMiHOM iH(pOpMa-
miero [16];

o Artificial Bee Colony (ABC) — ajropuTM™, y SKOMY areHTW pO3IOo-
IOUISIOThCs Ha «employed/onlooker/scout bees» Ta GalaHCYIOTh JOCIIKEHHS
V1 eKcIUTyaTaitito [15]

BigmoBimHO, TepMiH «OKOIVHNUI pivi» He € CTaHZAPTHOIO Ha3BOIO
OKpeMoro Kjlacy ILMX aJIf'OPUTMiB; KOpeKTHillle BUKOPWUCTOBYBaTU IXHi
ycrasieHi Ha3su (BA, BCO, ABC).

Oxkpemo c1if] Bij3HaUU TV aJITOPUTM ONITHUMIi3amii cipux BoBKiB (Grey
Wolf Optimizer, GWO), 3aniponionosanvm S. Mirjalili Ta criBasT. y 2014
poui. GWO mopertoe iepapxito 3rpai (o, B, §, ®) Ta eTany IOJIIOBAaHHS
(encircling, hunting, attacking), BUKOPUCTOBYIOUM Maly KiUIBKICTh KEpYIO-
4ylX IlapaMeTpiB i He moTpebyroun rpajieHTHOI iHdopmarii [17]. 3Ha-
YHUV 00CAT cydacHMX poOiT 3 MoamdiKallisMu Ta IPUKIaJHUMM 3aCTO-
cysaaHamm GWO y3arajbHeHO B orjifiax, 3okKpema y Liu ta asropu (2024)
ta Faris Ta aBTopm (2018) [18-19].

AsnropurMm BoBuoi 3rpai (Wolf Pack Algorithm, WPA) — BiZHOCHO
HOBUVI POVIOBU aJITOPUTM, III0 MOJEJII0€ KOollepaTuBHe MOJII0BaHHS
BOBKiB (areHTiB) depe3 dasm posBinku (wandering/scouting), BUKIUKY
(calling) Ta obroru (besieging), a TaKOX 4depe3 IpaBwla «winner-take-all»
I BUOOPY Jtinepa i «stronger-survive» st OHOBJIEHHS momyJsii [4, 20].
Ha Bigminy Bin GIWWO, ne KII0O4OBMM € MeXaHi3M OHOBJIEHHS ITO3MIIIN
BinHOCHO o./P/8-arenTis, WPA rpyHTyeThCcs Ha ¢a3oBill opraHisariil
IOIIYKY Ta SIBHOMY pO3IO/iIi posieit Mixk areHTamm [4, 17]. WPA nipusep-
HYB yBary HOOCIIHVKIB 3aBASKNM TapHUM IJIO0aJIBHVIM BJIACTMBOCTSIM
301KHOCTI Ta CTIVIKOCTi 10 BUTIAJKOBMX KOJIMBaHb [4, 21]. Bin ycminiHo 3a-
CTOCOBYBaBCsl, 30KpeMa, [IJI4 3a7lad MapLUIpyTHU3allil Ta IUTaHyBaHHS TPa€eK-
topin BC [2, 22-23].

Bapro migkpeciiTy, 1110 OCTaHHI OIJISOBI JOC/IIIPKeHHs ClIelliaIbHO
npucssadeni sk GWO, tax i WPA. 3okpema, Liu et al. cucTeMaTU3YIOTh
BapiaHTHK 1 criekTp 3acrocyBaHb GIWO [18], a Xu et al. HagaOTh y3araib-
HeHum o, WPA, HOpIiBHIOIOTh VIOTO 3 iHIIMMU POVIOBUMU aJITOPUT-
MaMM Ta OKPeC/IIOI0Th HallpsIMU ITOJAJIbIINX JOCITiKeHb [4]. Ha Bigminy
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Bif] 3raflaHMX poOiT 3araJIbHOTO XapakTepy, IieV oIy POKYCY€EThCS Ha
HepcrieKTuBax 3acTocyBaHHs WPA (i vioro moamdikariinn) came 11 3afgad
koopamHariii poro BITIA [1, 2, 22, 24 -26].

CHisIbHOIO PUCOIO BCiX 3raJaHMX MeTO[IB € II0YaTKOBa BUIIaJKOBa
iHiriasisaniig momysIAnii KaHAMIATHUX PO3B 43KiB, MicCiIs 9YOro BUKOHY-
€ThCS ITepaTMBHUI IIPOIieC IX IMOKpalleHHs 3 oOMiHOM iHdopMaliieo
MiX areHTamm [4-5, 8, 15, 17]. Baxxmso, 1110 TakKi aJITOpUTMHU He IIOTpe-
OyI0oTh rpajlieHTHOI iHdOpMallil — MHOLIYK 3[ilICHIOETbCS CTOXaCTUUHO
3a 3Ha4YeHHSAMU 11UIb0BOT (pyHKIIil. Ile ae 3Mory edpeKTMBHO ONTUMI3Y-
BaTV HaBiTh HeIJIa/IKi UM HeperyJsipHi (OyHKIIi, a cToXacTMYHa HpU-
pona gornomarae oOXOOWMTHM MacTKM JIOKAJIBHMX MIHIMYMIB y CKITaIHMX
OararoMopaipHMX IpocTtopax [9]. IHmmMMM c1oBamMu, povioBi MeTaes-
PVICTUKM PO3ITIANAIOTH 3a/Javuy sIK «HOPHY CKPVMHBKY» i 3aBAAKN KOJIeK-
TUBHIM B3a€EMOJIIT MOXYTb II€PEeXOAUTM OO0 MEePCIeKTUBHUX obJtacrenn
IOITYKY, YHUKAO4M IlepeadacHol 3yNMHKM Ha JIOKaJIbHUX eKCTpeMyMax
[4,8,15,17].

OmHak KOXeH 3 MeTOzIiB Ma€ cBo1 oomexxeHHs1. Hanrpukitaz, xoua PSO
BiZI3HAUa€ThCS IIPOCTOTOIO i MOTpeOye MiHIMyM IapaMeTpis, GazoBum
JIITOPUTM CXWIBHUM IO IepeqdacHol 30DKHOCTI — YacTMHKM MOXYTb
IIBUAKO 30JIVDKYBATMCS HABKOJIO CYOONITMMaIBHOTO PO3B 513Ky, 0COOIIM-
BO 3a BMCOKOI PO3MipHOCTI IpocTopy momyky [8, 27]. BrpaTta pisHOMa-
HiTHOCTI nontysrAnii B PSO mpmsBoOuTh 10 3aCTOO i Jerpasaitii sSIKOCTi
PO3B’sI3Ky Ha CKJIaiHMX 3afadax [6]. 'eHeTryHmMy ajyiropuT™ Kpaiie J0-
CITIKY€ II00aIbHUI IIPOCTip, YTIM TeX He 3acTpaxOBaHWII Bif cTar-
Hallii: 3a BiICYTHOCTI HaJIeXKHMX MeXaHi3MiB IIATPUMaHHSA Pi3HOMaHIT-
HOCTI TeHeTMYHM aJITOPUTM MOXKe 3acTpsIBaTy B JIOKAJIbHMX OIITUMYyMax
[5]. AsroputmMu ACO TakoXX MOXYTb IIOTepHaTH Bif, epeKTy cTarHariil:
4Jepes3 MO3UTUBHUI 3BOPOTHNUM 3B 130K (P€POMOH HIBUIKO HAaKOIUYYETh-
Csl Ha OJJHOMY MapIIpYTi, IO CIIPUYMHSE IlepeadacHe oOpaHHs CcyOorI-
TUMAaJIBHOTO HUISAXY i crioBiIbHeHHS 30DkHOCTI. [Tonpm pi3Hi BHockoHa-
neHns (Hanpwukiang, Ant Colony System, Max-Min Ant System), ACO Bce
IIle MOXKe JIEeMOHCTPYBaTW IOBUIbHY 30DKHICTb Ta 3acTpsiBaTi B JIOKaJIb-
HUX MiHIMyMax Ipm CKJIagHMX yMoBax momyky [10-12]. Anropwurm
mITy4gHol OmkoymHol KostoHil (Artificial Bee Colony, ABC) mae mpocty
CTPYKTYpy Ta I0oOpe BUpakeHi MOXJIMBOCTI 10 IJI0OaJIbHOTO IIOIIYKY,
IIpoTe CTpaXidae Ha IOBUIBHY 30DKHICTB: VIOro BHYTPIIIHIN MeXaHi3M i
PIBHAHHS TIOIIYKYy 3a0e3leduyioTh [100pe [IOCI/KeHHs IIpOCTOpy, ajie
C71a0OKy eKcIDTyaTallilo 3HaleHVX PO3B 3Ky, IO YCKIIaIHIOE JOCATHEH-
Hs T7100a1pHOTO OnITMMYMY [15]. 3rigHO 3 OIIAIOBUIMI AOCITIKEHHSIM,
xtacuamit ABC gacTo JeMOHCTpye OBIIbHY II00aIbHY 30DKHICTB, TOMY
OUIBIIICTh yJOCKOHAJIEHb 30CepelKeHi Ha IOCWIeHHI 3JaTHOCTI O eKc-
IUTyaTallii Oe3 BTpaTu pisHOMaHITTs nomysrsii [14-15]. Bpaxosyroun 3a-
3Ha4YeHi HeJOJIiKM, Cy4YacHi JTOCITIKeHHs 30cepe/KeHi Ha BJOCKOHaJIeH-
Hi poVOBMX aJITOPUTMIB — IIUIAXOM aJIalITMBHOTO HaslallITyBaHHs I1apa-
MeTpiB, riOpraM3allii mixo1iB Ta BIpOBaKeHHs MeXaHi3MiB 30epeXeHH:
pisHOMaHiTHOCTI [4-5, 13-14, 18-19, 27].
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Y moparnpimx posaitax posrisHeMo Oasosuit arroputM WPA, vioro
dasu Ta MaTeMaTU4HI MOAesIi, a TaKOX IPUKIaAN VIOr0 BUKOPVUCTaHHS
111 KepyBaHH: poem BITTA.

Merta pobotn

Mertoro poboTu € mpoaHasli3yBaT aJIrOPUTM BOBYOI 3rpal Ta OLIHWUTU
VIOTO IOTeHITiaJI U1 po3B I3aHHs 3a71a4u KepyBaHHs poeM BITUTA. [t mo-
CSITHEHHS MeTV aBTOPY BBaXkaloTh 3a HeoOXiTHe:

e Ormicatnt y3arajibHeHy dpopMaTisaliito 3aj1adi KepysaHHs: poeM BITIA;

e [TomaTyt GiosioriuHi NpUHIMIINM Ta MaTeMaTU4YHy Mofaenb WPA;

e OrmmcaTy OCHOBHI a3y aJIropuUTMy Ta iX peastisalliro;

e PosmisAnyTU 3acTocyBaHHd WPA y TUIIOBMX 3ajjadyax KoolepaTuB-
Hoi pobortu poro BITIA (rmpusHadeHHs 3aB/laHb KOOIepaTUBHOI PO3BiJI-
K11, IUITaHyBaHHs MapILIPYTiB i Tpa€KTOPill, yHUKHEHHs KOH(IIIKTiB);

e Y3aranmpHUTHK BigoMi Mmogndikariii WPA Ta BU3HaunTi HaopsiMu
MOAJIBIIIOTO PO3BUTKY, OPi€HTOBaHI Ha OOMeXeHHs peasIbHOTO Yacy 1
HeBV3HAYeHICThb TaHMX cepeloBuINa/ IIiIen.

Huoxdae HaBenneHO y3arajibHeHy dopMajlizaliifo 3apadi, moOymoBaHy
Ha OCHOBi Cy4YacHMX JIOCIKeHb 3 KOOIlepaTMBHOI PO3BiIKM, IIpU3Ha-
4YeHHs 3aB/jaHb i ITTaHyBaHHs TpaeKTopin 11t poro BITIA.

3a 6a30By IIOCTAHOBKY IIPOIIOHYETHCS B34TH 3a/ia4y KOOIIepaTMBHOI
po3Binkm (multi-UIAV cooperative reconnaissance), y sKivi HOTpiOHO: Ipu-
3HaunTi BIUIA Ha MHOXMHY 3aBnaHb/1iitent (task allocation, MRTA), a
TaKOX MOOyayBaTM MapLIPyTV/TpPa€KTOpil BMKOHAHHS IIpU3HAUYEHMX
3aBaHb 3 ypaxXyBaHHSIM oOMeXeHb cepenosuiia [1-3, 24, 26, 28].

Hexarn pint mictiurs M BITIA Ta € N 1itevi/3aBgasb. 11 KOXXHOT ITiTi
j € {1, ..., N} samaHi: KoopAMHaTH p;, PU3NK ypaxkeHHs1/BTpar 7; («koedi-
L[i€HT 3arpo3u»), MOXJIVBa «Bara/KOPUCHICTb» W, Ta (3a rorpedu) 4a-
cosi BikHa [a;, b]. i xoxnoro BIUIA i € {1, ..., M} 3amani craproBa
TIO3ULII pio, 3arac xofy/eHeprii R, MBUAKICTh Ta iHIII TexHiuHi 0OMe-
KeHHs (Harlp., MaKCMMaJIbHUI KyT HaOOpy/3HVDKeHHS, JOIyCTVIMe Ha-
BaHTaXeHH:) [1-2, 24, 26, 28].

3MiHHI po3B’A3Ky B KOMOIHOBaHiVI IIOCTAaHOBLII MOXYTb OyTV JBOX TUITiB:

— VICKpeTHi: BinoOpaxeHHs nipusHavyeHHs 6: {1, ..., N}—>{1, ..., M}
Ta MOPANOK BUKOHAHHS 3aBlaHb T, 171 KOXXHOro bITJIA;

— HeIllepepBHi: TpaekTopil ¢,(t) (abo mociimoBHOCTI waypoint), 1O
peastizyoTh HopsioK t; [1-3, 28].

Turnosa nistboBa (pyHKITisI B KOOIIepaTVBHIN pO3Bialli € baraTokpmTe-
piasibHOIO (@00 3Ba’keHOIO CyMOO KpUTepiiB), HallpuKIIa/l MiHiMi3ye: yac
3aBepIeHHs Micil (makespan) T, ; cepenHiv/cymMapHUM Yac 4u JOBXUHY
MapIIpyTiB; iHTerpalbHUI PU3MK/3arpo3y Ha MapIipyTax (depes 7, ta/
abo xapTu 3arpos) [1-2, 24, 26].

ITonibni Mopei (BKIOUalOuM BpaxyBaHHs 3arpos i yacoBux/ pecypc-
HMX 0OOMeXXeHb) BUKOPVCTOBYIOTBCS B CyUacHMX 3afadaxX KOOIlepaTUBHOI
PO3BiOKM Ta IIPU3HaYeHH 3aBIaHb 1 poro BITIA.
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OOMe>KeHHsI cepeJOBUILIA BKITIOYAIOTh:

e IIOBHOTY (KOXKHa IIUTh IMOKpUTa/ IIpU3HaveHa BilTIOBITHO 1O BVMOT);

e pecypcHi oomexenHst BITVIA (maipHicTh, yac, maJaMBHi/eHepre-
TUYHI JIiMiTH);

e IIpOCTOPOBY DOesleKy (YHMKHEHHs IlepelKo/3a00poHeHNX 30H);

e oOMexeHH: B3aemopil Mix BITTA (yHUKHeHHS 3iTKHeHb, MiHIMaIb-
Ha AMCTaHIIis, 38" A3HICTh Mepexi 3B"s3Ky) [1-2, 22, 24, 26, 28].

3 TOYKM 30py Teopii CKIIaHOCTI, y3arajbHeHi roctaHoBk MRTA Ta
TIOB si3aHi 3 HVMM 3aja¥i MapIIpyTH3allil/ ToOKpUTTs MicTsTh NP-cKitagHi
mifg3agadi (30KpeMa BapiaHTH 3aau IIpM3HaveHHd 3aBgaHb poro BIUIA i
MapuIpyTH3allil), 10 MOTUBY€E 3aCTOCYBaHHS METAeBPUICTUK Y BEJIMKMX
PO3MipHOCTSIX Ta B peajyibHOMY 4aci [1-3, 25, 28].

Y nopanemomy orsani WPA posriisgaeTbes IK MeTaeBpUCTUYHUN
iHCTpyMeHT, 3maTHUI OyayBaTyi KaHAWAAaTHI po3B’sa3ku ((o, T, q(t)) (abo
IXHI CIIpOIIeHi IIpe/icTaBIeHHsl — JIVIIIe G, T Uy jinite ¢(f)) Ta iTepaTMBHO
HOJInIIyBaTy 1X 3a 3Ha4eHHM 11iy1b0Boil pyHKIT [4, 20, 22-26, 29-30].

IlinpoBa pyHKIiA i MOJEsIb pOIO

Anroput™m WPA po3p’g3ye 3agady 17100aIbHOT ONTHMI3allii, METOO SKOI €
3HaXO[KeHHSI ONTMMAaJIbHOTO PO3B'A3KY Y IIPOCTOPi JOMYCTMMMX
posB’si3kiB. Hexan X, = (x,, ..., X;p) € Q < R” — BekTOp MapamerpiB, SKmit
KOZIy€ KaHAMAATHUI PO3B SI30K (HAIIpMKIIa/l, ITapaMeTpMU30BaHy TPa€K-
TOPifo, IUIaH IIpU3HaYeHHs 11ijIert abo ix ribpny). 3amaHo HiyIboBY PYHK-
mio f: Q — R, , gxa BigoOpaxae sKicTh po3s s3Ky [4, 20]. Toai 3agaua
Makcumiszanii Oyae MaTv BUITIAL,

X" =argmax f(x),
XeQ

me X' — omrvManbHUI (HavKpaluy) BEKTOP IapaMmeTpiB, SKWM Bif-
HOBia€ MaKCMMaJIbHO MOXJIMBOMY 3Ha4eHHIO 1iytboBoi dpyHKil. (ITpu-
MiTKa: 3a IoTpedbm MiHimi3allil ITiJTbOBOro KpuTepito 3a/java 3BOIUTHCS
[0 MaKCHMi3allil IIJIIXOM 3MiHM 3HaKy f).* Y KOHTeKCTi KepyBaHHs poeM
BIUIA dyukiiig f(X) Moxe BU3Ha4aTH e(PEKTUBHICTh KOJIEKTMBHOTO
BUKOHAHHS MicCil — HallpuKJIaZl, PiBeHb IIOKPUTTS TePUTOPIl po3Bil-
KOO, VIMOBIpHICTh BUSABJIEHHS IIijIell abo iHTerpasIbHMII IOKa3HMK yC-
nimzocTi rpynm BITIA [1-2, 24, 26].

Anroputm WPA iTepaTBHO HOKpalllye po3B’g30K X IIUISIXOM KO-
OIIepaTMBHOI ITOBEIIHKN «3rpal» areHTiB, IparHy4y MiIHSATY 3HaUYeHHs f
(X) 7o r7106a7TBHOTO MaKCUMYMY .

J1s1 oGumciieHHs 3HaYeHHs 1iJIboBOI (PYHKIIIT f (X) KOXXeH areHT aji-
TOPUTMY, TOOTO OKpeMuV KaHAWIATHUI PO3B SI30K, OLIIHIOETbCH BiIIO-
BIJIHO J10 CBO€T IIOTOYHOI MO3MUILiT B MPOCTOPi ITOIYKY. 3HaUYeHH: LiJIbO-
BO1 (PYHKIIiI 111 TaKOro KaHAMAATHOTO PO3B SI3Ky OTOTOXKHIOETHCS 3i
«CWIOKO 3araxy 37100mdi», gKy B OioiHcIipoBaHin iHTepriperariii Bif-
uyBa€ BifgnosinHMi mTyuHnit Bosk [20]. Ynm Gitbia f(X), TM «Ormvokae»
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areHT (BOBK) 1o Iiijti. ITopiBHIOIOUM 3Ha4YeHHS I1i7TbOBOI PYHKIIT f 1171t
Pi3HMX KaHAWIATHMX PO3B S3KiB, aJIFOPUTM BU3HaYae€ Jlijiepa MOIyJIsLIil,
TOOTO areHTa 3 HaMKpalllIM IIOTOYHMM 3HauYeHHSIM I11iJIb0BOT (PyHKIIIT,
i cIpsAMOBY€ iHII eJIeMeHTM IOIYJIALIl JI0 IIepCreKTMBHUX obsiacTent
romyKky [4, 20]

OcHoBHi da3nu anropurmy WPA

Anroputm Wolf Pack ckitagaeTbes 3 TPbOX OCHOBHVIX TTOBEIIHKOBUIX dpas3,
III0 MOJIEJTIOI0Th KOJIeKTVBHE TI0JIIOBaHHA 3rpai: da3a po3Bimkm (wande-
ring/scouting), dasa BUKINKY (calling) Ta dasa obmorn (besieging) [20].
Y pi3Hi MOMEHTM iTepaTMBHOIO ITpOIlecy OKpeMi areHTH BiJirparoTh pPojIb
PO3BiTHMKIB, ITI0 ITyKalOTh 310014, a00 MUCIMBIIB (arpeCcMBHIX BOB-
KiB), III0 CIIPSIMOBYIOTBCS IO BMSBJIEHOI ITIi Ha 3aK/IMK Jiigepa. Brpo-
IOBX poOOTV JITOPUTMY IMHAMIYHO 3aCTOCOBYIOTBCS TAKOX [IBi [JOITOMiX-
Hi eBPUCTUKI: IIPaBWIO «IIepeMOoXKellb OTPUMY€E Bce» IS BUOOpYy HOBO-
ro Jijiepa Ta NpaBWIO BMXKMBAHHS CVJIBHIIIIOTO 111 OHOBJIEHHS CKJIajly
srpai. Hyokue HaBeieHO MOCITiIOBHUT OIIVIC OCHOBHUX (pa3 aJIrOpUTMY.
®da3sa possinkm. Ha nouaTky irepariil oOmpaeTbest gekiyibka HartOUIbII
YCIIITHMX Ha JaHWII MOMEHT areHTiB (BOBKIB) 3a 3HaUeHHSIM fy poJIi po3-
BiZHMKIB. AreHT (BOBK-PO3BiIHVK) CAMOCTIVIHO JOC/II/IKY€ OKOJINIIL CBOTO
IIOTOYHOTO TIOJIOKEHHS B IOIyKaX Kpaloro poss’sisky [20]. fkito pos-
BITHVMK 3HaXOAMTD ITO3MIIIIO 3 OiIBIIIOIO ITOBOIO (PYHKIIIEIO, HIX Y II0-
TOYHOTO Jlifiepa 3rpai, BiH caM cTa€ HOBUM JlifilepoM (BimOyBaeThcsd 3MiHa
Jipepa 3rpai). B iHmmomMy pasi (SKIo po3BifHMKY He BHaIocs IepeBep-
LT Jlifiepa), BiH BUKOHY€ BUIIAJKOBMI 00Xif1 110 /1 HalIpsAMKax HaBKOJIO
CBO€T TTO3MULIT 3 KPOKOM II€BHOI [TOBXVHM step,. MaremaTuHO HOBE I10JI0-
JKEHHSI pO3BiJHMKA I TPV IPOOHOMY pyci B HAIIPSIMKY p OIVCY€ETHCS SIK:

Ae x;, — IIOTOYHA KOOp/MHATa areHTy (BOBKa) i 110 BUMIpY d, a step,, —
BeJIMUMHa KPOKY (pafiyc MOIIyKy) I PO3BidyBaJbHOI a3y II0 IbOMY
BuMipy. TakuM d9mHOM, pPO3BiIHWMK BUIIPOOOBYe pi3HI HampsMKM (Ha-
IIpUKJIaJl, PIBHOMIPHO PO3MO/IijIeHi 110 Kojly B 2D-BumaaKy) B OKOJIi CBO-
ro micrs. 3HaueHHs h (KUIBKICTH CIIpoO/HaIIpsMKiB) 3aa€TbCs BUIIAL-
KOBO [IJI1 KOXKHOTO PO3BiIHMKa B Mexax [h,.., h,... ] 10 Momertoe pisHy
TaKTVKYy IOIIYKYy B pi3HMX areHTiB (BoBKiB). Ilic/isi KOXXHOTO KpOKy 00-
UICITIOETBCS HOBE 3HAUeHH: f; SKIIIO BOHO IepeBUIIly€ IOTOYHWUI Haml-
Kpallui pe3yJbTar 3rpai f,,,, 11Vl areHT (PO3BiIHMK) cTae jiiepoM i dasza
PO3BIIKM TOCTPOKOBO 3aBEPIIYETHCS. SIKIIO X JKOMeH i3 BUIIpoOyBaHMX
HaIlpsIMKiB He 3a0eslleuye MOKpallleHHsI 3Ha4YeHHs IIiIbOBOI (PYHKIIIT,
IIOTOYHWII HaVIKpaIluil PO3B’ 130K He OHOBJIIOETHCS, ITiCIISL YOTO aJITOPUTM
IIepexoanTh J10 HacTymHoi dpasm. [20].

®a3a BuKkiIuKy. Jlinep 3rpai (BoBK-Jlifiep), SIKMVI Ma€ HaVIBUIIe 3Ha-
YeHHs 1UIbOBOT PYHKIUIT f,,.,, iHiIliIoe pasy BuxmKy. Y GioiHcmiposaHin

max]
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iHTepripeTarlii 1151 dpasa BiAIIoBigae KOOpAMHALIil TPYIIOBOTrO IOJIIOBaHHS,
KOJIV JIifIep CUTHAaJI3y€ iHIIMM areHTaM IIPO BUSBJIEHY IIePCIEKTUBHY
ob1acTh momryKy. ITicsis poro rpyma mITy4YHMX BOBKiB, TOOTO areHTiB aji-
TOPUTMIYHOI IOITYJIAIIIT, OHOBJIIOE CBOI ITO3WIIIT B HAIIPSAMKY Jtifepa [20].
Meroro iHIVIX areHTiB aJIFOPUTMIYHOT ITOIYJIALI € HaOIVDKeHH: 10 ITiel
TOYKM B IIpOCTOpi momryKy. KoxeH «BOBK» 1 y ¢pasi BUKIIMKY OHOBIIIOE
CBOE€ TI0JIOKEeHHS 3a IIPaBVJIOM:

(k+1) _ (k) &8
Xi 4 =X, tstep,, ‘

. . .
e x*) — KooprmHaTa d-ro mapameTpa IS i-TOTO BOBKa Ha iTeparti k,

a g\ — BignosinHa koopauHaTa JIimepa (TOJIOBHOrO BOBKA) Ha IV iTe-
pauii. Bexrop pisanii g® —x* BusHavae HampsiMoK pyxy 1o Jiizepa, a
step, — KpOK ([JoBXWHa cTpuOKa) y dasi BuKimKy. Takum 4nHOM, KOXeH
«BOBK» IIBUIKO IIPOCYBA€ThCs B OiK Jlilepa Ha BiflCTaHb, IIPOIOPIINIHY
step,. Take oHOBJIEHHs TO3MIIiN 3a0e3redye MIBUIKY KOHIIEHTpallilo
IIOIYJIAIIl B OKOJIi IIOTOYHOTIO HaVKpaIoro po3B’s3Ky. SIKIio mim dgac
30JIVDKEHHS! SIKUTICh «BOBK» 1 3Hawm/Ie TOUKy 3 BuImmM f(X), HUX y moTod-
HOro Jiiiepa, BiH HeramHo repeOupae posib Jlifepa (OHOBJIIOETHCA f,,,) 1
caM TIOJla€ CUTHAJI BUKJIVIKY. SIKIIO )X 3HaueHHs f y BOBKa 3aJIMIIA€ThCS
HVDKYMM 3a f,,,,, BIH IIPOJIOBXYE pyx A0 Jlifepa, JoKu BificTanb L(i, leader)
MDK HUM Ta JIJIepoM He cTaHe MeHINa 3a Bu3HadeHwn mopir L. Ilo-
poroBa BifcTraHb L, 3a7ja€Tbcd K IIapaMeTp aJlfOPUTMY i BU3Hadae
MOMEHT IepeK/IIOYeHH 0 HacTymHoi ¢asm — obsrorm. TakmM 4mHOM,
dasa BUKIIMKY peasli3ye MexaHi3M oOMiHy iHdopMalli€ro B 3rpai Ta IIBUI-
KOTO 3rypTyBaHHS HaBKOJIO HaIKpaIlloro 3HaMIeHOro po3B s3KY.

dasa 00610rm. Kosm OUIbIIicTh BOBKIB ITTIMIIUIV TOCTATHLO OJIM3BKO
1o sifepa (i), aroput™ nepexoguts y dasy obsorm [20]. Ha mpomy
eTarli BCi areHTH (OKpiM IIOTOYHOTO Jlifiepa) 37iVICHIOIOTh OTOYeHHs 3710-
On4i Ta 1 TOHKe JIOOIIpalfOBaHH:. BBaXKaeTbcs, 1110 MO3MULIIS Jliiepa B IIpo-
CTOpi — Ile IIOJIOKeHHS 37100mdi (IIUThOBMI PO3B S30K), HABKOJIO SIKOTO
IIPOBOANTBCH JIOKAJIBHUVL TIOIIYK I TOYHOI'O 3axOIUIeHHd 1iti. Koxen
BOBK i y (pasi 00s10r1 OHOBIIIOE CBOT KOOPAMHATY 3a (POpMYyJIIOIO:

k+1 k k k
xliy? = x{) + hstep, , (G - x(3),

me GY — moswuris 3moGuui (ToOTO TIOTOYHOTO Jliffepa) Ha iTepamil k,
step, — KpOK IjI1 00JIorM (3HaAYHO MEHIIN 3a sfep,), a A — BUIIaJKOBe
4ucsio B iHTepBaii [-1, 1], sike 3ajae Bunagkose 3MimenHs. Ha pinminy
Bifl pasu BUKIIMKY, Je BOBKM PyXaJIUCh CTPOIO A0 Jliflepa BeJIMKUMM
crpubkammy, y ¢asi 0010rM BUKOPUCTOBYIOTBCS MaJli KPOKM Ta BUIIAIIKOBI
drnykTyariii HanpsaMmKy (depe3 MHOXHUK 1). Lle 3abe3meuye geTaabHMMI
MOIIYK B OKOJIMIIL TIOTOYHOT'O HaMKpPaIlloro po3B’sI3Ky Ta JIolloMarae crai
BUWTY 3 JIOKQJIBHOTO MaKCUMMYyMYy, 4KIIIO BiH OyB HOMMJIKOBO ITPUIHS-
TM 3a mobabHM. [Tic/Ia KOXKHOro Takoro Mikpo-pyxy OO4MCITIOEThCS
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HOBe 3HaueHHs I1JTb0oBOI (PYHKILI f. SIKITo f 30UtBIIyeTHCS (TOOTO £, > f,10)/
BOBK TIpUVIMae HOBY TIO3MIIiIO X.*'; SIKITIO K TIOKpaITIeHHs He JOCSTHYTO,
BOBK 3a/IMIIA€TbCd Ha Micii. Takmit Kpurepivt (IpUIMHATTS TUIBKM T10-
KpallleHb) 3ariobirae merpasnariii KOJIeKTMBHOTO PO3B SI3Ky IIifl dac 00-
storn. Ilportec oOs1oru TpuBae 10 3aBepIeHHs IIOTOYHO] iTepartii ado 10
BUKOHAHHS 3aJJaHOr0 KpUTepilo 3ynuHy (HallpuKiiaj, AOCATHEHHs /10-
CTaTHBO MaJIOTO IIPUPOCTY f 3a KPOK).

ITpumimxka: [1714 HajieXXHOro HaJIalITyBaHHS aJITOPUTMY IlapaMeTpu
KpOKiB y pisHMX (pasax IIOB sI3aHi CHiBBiHOIIeHHAM: step,step,:step. =
~ 1:2:1/2. 1le o3Hauae, mo ¢asza BUKINKY BUKOPUCTOBYE HaVIOLIBIINT
KPOK (IJIs1 IIBUIOKOTO 30JIVDKeHHs, Ipy0oro momryKy), dasa po3Binkm —
KPOK cepe/THbOro Macitaby, a objiora — HamapiOHIIMI KpoK I
TOHKOTO JIOKQJIbHOTO IIOIIYyKy. JloTpuMaHHs 11boro OajaHcy 3abeslie-
4ye SIK MVPOKe OXOIUIEHHS IIPOCTOPY, TaK i TOUHICTh piHaIBHOTO Hab-
JIVDKEeHHS.

OmnosieHHs nonmysiAnii BoBKiB. OKpiM TppoX ommcaHux ¢as, ajiro-
put™M WPA BKIIIOYa€e MexaHi3M IiATpMMaHHs Pi3HOMaHITHOCTI MOMYJIA-
i, 110 Hepeadadae BWIydeHHs HavIMeHI eeKTMBHMX KaHIMOaTHMX
PO3B’SI3KiB i TeHepyBaHHS HOBMX areHTiB 3aMicTh HMUX (Tak 3BaHe IIpa-
BWIO «BVDKMBAHHA cyvuibHiImx») [20]. ITicis xipkox iTepartivt gacTmHa
areHTiB MOXe JIeMOHCTPYBaTV CTaOUILHO HIDKUYY SIKiCTh KaHAMIATHUX
po3p’sa3kiB. Taki HammeHI1 edpekTMBHI areHTN, ab0 «Cj1abKi BOBKI», BU-
JIy4aroThCs 3 ITOITYJIALI, a HATOMICTh TeHePYEThC TaKa caMa KiIbKiCcThb
HOBUX areHTiB [JIg 30epeXkeHHs CTasIol umcerIbHOCTI momyJrdrii. Hosi
BOBKM iHiITia/Ii3yI0TCS ITOOIIM3Y TTO3MUIIIT IIOTOYHOTO Jlifiepa, BPaxoBYOUm
HaOyTy «KOJIGKTMBHY IlaM’siTb» 3rpai. 30KpeMa, [1jIs KOXHOro 3 R HO-
BOJIOAAHVIX BOBKIB ] IOT0 KOOPAVHATY MOXKHA 3a3aTV IIPaBUJIOM:

X,=8t Py Pa~ U(-A, A),

Ie g, — KOOpAMHAaTa Jlfepa (HaMKpallloro po3B’s3Ky) IO BUMIpy d,
a p, — BUIIQJKOBa IIOIPaBKa, B34Ta 3 PIBHOMIPHOIO PO3IIOAiILY B iHTep-
Basl [-A, A] (manpukiag, A = 0.1 g, Tobto poskuz 10 % Binm 3HauUeHH:).
Taxuit MexaHi3sM crpusie 30epeXeHHIO Pi3HOMaHITHOCTI MOIYJIAMil —
HOBI areHTH iHiIliasTi3yloThcsl B OKOJIi IOTOYHOT'O HaVKpPaIOro po3B s3-
Ky, ajie He 30iratfoTbCs 3 HMM IIOBHICTIO, IITO ITZIBUIITY€ MIMOBipHICTb BU-
SIBJIEHHSI aJIbTePHATMBHMX SKiCHMX po3B sa3KiB. [TlapameTp R (KiIbKicTh
OJTHOYACHO 3aMiHEeHMX BOBKiB) OOMpPaETbCS HEBEIMKMM BUIIAIKOBUM
4ucIiioM (Harmp., Bim 1 1o [N / ZJ, gakio N — po3Mip 3rpai), abu 3anodirmm
HaJMipHIVI BUITQJKOBOCTI 4y, HaBIaKM, 3aCTOI0 B IOMYJIALIL. 3acTocy-
BaHHS IIpaBWla «BVDKMBaHHS CVWIBHIIINMX» IiC/Id IIeBHUX iHTepBasliB
iTepallivt J03BOJI€ aJITOPUTMY YHUMKATV CTarHallii, BiKpmBaTi HOBi 00-
JIaCTi IIPOCTOPY Ta 30epiraTvi BUCOKY aflallTUBHICTb.
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3acTocyBaHHA aJITOPUTMY
BOBY0i 3rpai 1y1sa poro bIITA

AnroputMm BoBuo1 3rpai (WPA) HaOyB 3HauHOI yBaru B 3ajjadax Kepy-
BaHHA poeM BITTA 3aBmsikm cBoint edpeKTMBHOCTI Ha CKJIaJHMX OaraTo-
BUMipHUX ITpoOitemax [1-2, 4, 28]. Pint BITJTA mie sk posmnofieHa cmc-
TeMa i3VMUHMX allapaTiB, 110 MOTpedye KOOpAMHAIIIl I TOCATHEeHHS
CIUIBHOI MeTH. Y IIbOMY KOHTEKCTi aJIrOpUTM BOBYOI 3rpai [JOIIBHO
po3IIAIaTH He K IIpsIMy MoJlesIb IToBefiHKu okpeMux BITIA, a sik meTa-
eBPUCTUYHUI IHCTPYMEHT IOIIYKY ONTUMaIbHMX abo HaOIVDKeHMX J0
ONTUMaJIBHMX pillleHb. WPA OpupogHUM YMHOM IIIXOOUTH IS TaKMX
CIieHapiiB, OCKIJIbKM 3abesIieuye AerieHTpasli3oBaHNU, aje KOOPIMHOBa-
HUT MOIIYK ONTUMaJIbHMX PO3B A3KiB. 30Kpema, AJITOPUTM BOBUOI 3rpal
3aCTOCOBYBABCH IS KJlacy 3adad KoomnepaTuBHOI po3Bimku (multi-UAV
cooperative reconnaissarice), B TOMY YMCIIi 1714 Tlig3aJa4 AMHAMi9HOTO IIpy-
3Ha4deHHs 3aBJaHb y poi BIUIA Ta njlanyBaHHSA Tpa€eKTOPiN IIOJIHOTY B
CKJIQTHMX yMOBax [22-26, 29-30].

Y 3amaui mpu3HadeHHA 3aBAaHp MiXK rpynor BIITA (HampsMok,
Bigomuit sik UAV task assignment) 11i1b0BOIO (PYHKIIi€IO €, K IIpaBWIo,
Mipa edeKTMBHOCTI BUKOHaHHs HMU3KM 3aBJaHb (PO3BijlKa KUIBKOX IIijIevt,
ypaxxeHH4 11is1evt Tomo) BciMa BITTA criyibHo. g 3amava € NP-cxiagHOIO
i oraHo HifTa€ThCs TOYHOMY PO3B SI3aHHIO 3a BeJIMKOI KiytbkocTi BITTA
Ta 11ten [1, 3, 28]. ToMmy 11 TaKMX IIOCTAHOBOK aKTMBHO 3aCTOCOBYIOThb
MeTaeBpUCTHUYHI mizxomy, 3o0kpeMa WPA Tta moro monmdikartii, siki fe-
MOHCTPYIOTb /I00Pi BJIaCTMBOCTI T7100aJIbHOTO TMOIIYKY i MPMAATHICTh
10 CKITafHMX OaraToBuMipHMX 3ama4 [4, 25-26, 29-30]. Hanpuxiaz, y po-
Ooti Xu Ta cmiBaBT. (2022) 3aIpOIIOHOBAHO MYJIBTUIVCKPETHY BEPCilo
airoputMmy WPA (MDWPA) piist mpusHaveHHs 3aBgaHb y poi BITIA, 110
BpaxoBY€ AVICKPETHWUI XapaKTep MHOXMHU Iiiient i BukoHaswiB. [Topis-
HsHO 3 6asoBuM WPA, arroputm MDWPA 3a0e3neuns BUIIy TOYHICTBb
PO3B’ 43Ky, Kpallly CTiMIKiCTb i mBMIITY 301KHICTB, YCITIITHO PO3B A3y0un
3aziavy po3MOAULY 1ilen y AuHamivHOMY cepenosuii [25]. OTxe, HaBiTh
y CKJIaJIHMX ClleHapiax 3acrocyBaHHs poro BITUIA anropurm WPA Ta 1ioro
Mopamdikaril 3maTHI ePeKTVBHO 3HAXOAUTY OIM3BKi 0 ONTMMAJIBHMX
IUIaHM PO3HOAiTy minent [24-26, 29-30].

[HIIIMIM HAMPSIMOM 3acTOCYBaHHA AJITOPUTMY BOBYOI 3rpai € IjIaHy-
BaHHs TpaekTopin BIIJIA mif yac 001p0Ty Ilepelkos ado MPOHMKHEH-
Hsl B 3aXMIIeHy 30Hy [2, 22-23]. Y Takmux 3agavax I11iIboBa (PYHKIIiSE MOXe
BpaxoByBaTV MiHIMaJIbHy AOBXMHY MapIIpyTy, MiHIMaJIbHWUI Pagioro-
KallitHM7 pu3uK a0o MoeaHaHHS HNOAiOHMX KpuTepiiB [2, 22]. Knacnasi
MeTOJIM HaBirallii 4acTo BUSBJIAIOTbCS HELOCTATHbHO edeKTMBHVMU B
CKJIaJIHMX JIaHAIadTax 1IiIb0BOI (PYyHKIIIT Ta MOXYTb 3acTpsraTut B JIO-
KaJIbHUX MiHiMyMax [2, 22-23]. 3actocysanns WPA 11ae 3MOry KOJIEKTVB-
HO JOCITKYBaTU Pi3Hi BapiaHTV TPaeKTOPiN i IMOCTYIOBO MOKpaIlyBaTu
Mapripy™i BITTA 3 ypaxysaHHsaM Hebesmeunmx 30H [4, 22-23]. [loc-
JIKeHHs TIOKa3yIoTh, 1110 TToKpallleHi Bepcil WPA mis 3amad TpUBUMIp-
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HOTO IUIaHyBaHHA MapIIPyTy IeMOHCTPYIOTh BUIy edeKTUBHICTb I10-
PIBHAHO 3 OpUTiHAJIBHUM aJiropuT™MOM [22-23]. 3okpema, Chen Ta CIliBaBT.
3arponoHyBai Moaudikanio WPA 3 BUKOpUCTaHHSIM MeXaHi3My CBiT-
JIAYKiB 1 IMHaMiYHOI MyTallii, IO IIABUIIIIO 3[aTHICTb aJITOPUTMY BU-
XOIUTU 3 JIOK&JIBHMX MIiHIMyMiB Ta HpUCKOPWIO 30DKHicTh. OTprmMaHni
pes3yJibTaTy II0Ka3asin, 10 BI,OCKOHAJIEHUI aJITOPUTM € epeKTUBHIIIM
y 3agaui 3D-1wtanyBaHHs Tpaektopil BITIA, 3abe3neuyoun onTmMaiib-
Hillli MapIIPyTH B yMOBaxX HU3bKOBMUCOTHOTO HOIBOTY [23]. Takum umHOM,
WPA Mo)XHa THYUYKO aJallTyBaTU 10 Pi3HUX CIelndIidHMX BUMOT Kepy-
BaHHS POEM — Bill ONTMMaJIPHOTO IIPVM3HAYEHHS IIijIeNt 0 Oe3revyHol Ta
mByaKol MaprpyTusarii BITIA [22-26, 29-30].

Bapto saysaxkuty, 1110 6arato mokpaieHs WPA cripsmoBaHi Ha Ho-
I0JIaHHS VI0r0 BHYTPIIIHIX 0OMeXeHb, 30KpeMa IOBUIbHOT JIOKaJIbHOT OII-
TVMi3allii Ta MOXJIMBOCTI cTarHarii [4, 21, 24]. 3amporioHoBaHi Moamdika-
[il BKJIIOYAIOTh, 30KpeMa, BUKOPUCTaHHs eJIiTHMUX CTpaTerin, iMOBipHic-
HVIX MeXaHi3MiB BUOOPY Ta CIIelliaJIbHIX CXeM IIOCUJIEHHS TIOLIYKY, CIIPs-
MOBaHWMX Ha IOJIiMIIIeHHs 301KHOCTI 71 iIBUIIIeHHS 3IaTHOCTI aJITOPUTMY
BUIXOAWTM 3 JIOKQJIbHMX ONITUMYMIiB [4, 23-24]. Y KoMIUIeKci Taki Iigxomm
HAOTh 3MOTY ITOKPAINUTU ITI00IbHUM TIOIIYK, He BTpavalody Iepesar
opuriHaJIbHOTO aroputMy [4, 21, 24]. TakuMm umHOM, WPA 3amIaeTscs
THYYKVM i IepCcreKTMBHMM iHCTpyMeHTOM 1 KoopauHatiil poro BITIA,
AKUM MOXKe OyTu HayIalITOBaHWUI ab0 PO3IIMPeHNit BiAIIOBIIHO 10 cIle-
mmdikm 3aBgaHHg [4, 22-26, 29-30).

IIpn3sHavenns 3asgans poro bIITA

Onckperni mogudikanii WPA. Y 3amadax npusHadeHHs 3aBOaHb KITIO-
4yoBa CKJIQJIHICTh IIOJISATA€ B TOMY, IO 3MiHHI MalOTh IVCKPETHUN Xapak-
Tep (IpM3Ha4YeHHd, NOPAI0K BUKOHAHHS, MapLIPyTH), TOMOi SIK KIacud-
HUT WPA icTOprdYHO po3po0risBcs 11 HenepepBHOI orrrmmisartii [4, 30].
Tomy B mpuxiTanmHMx podOTax BUKOPMCTOBYIOTH IVCKPETM3alIiio ITOBei-
HOK WPA, 30kpeMa uepes criellia/IbHi oriepaTopu [y poOOTH 3 AMUCKpPeT-
HVUMU pillleHHsIMU Ta IepecTaHOBKaMMu. lle mokasaHo, 30kpeMa, y pobo-
Tax, Je 3anpornoHosaHo Multi-Discrete WPA pis 3aad npusHadeHHs B
CKJIa[JTHOMY CepeJIOBUII V1 IPOAeMOHCTPOBaHO VIOro IepeBaru 3a TOY-
HICTIO Ta CTiVIKiCTIO MOPiBHSAHO 3 HMU3KOIO ajIbTepHaTNB [25].
Iiopunomsaniss WPA 3 PSO/GA nyist npuckopeHHs 30ikxHOCTI. [Tt
MiIBUIIIeHHs MIBUAKOAIT Ta AKOCTi pO3B’sI3KY B AMCKPETHMX IIOCTaHOB-
Kax OJJHVMM i3 ITepCrIeKTUBHMX HaIlpAMiB € TI0O€JTHaHHS aJIFOPUTMY BOBUYOI
srpai (Wolf Pack Algorithm, WPA) 3 MexaHi3MaMM iHITIX MeTaeBPUCTMK
[4, 30]. Taxwmi minxim ocobMBO aKTyasIbHUN IS IPU3HAUYEHHS 3a/1a49 B
poi BITUIA, me po3B’s30K Mae KOMOIHATOPHMUII XapaKTep i BKJIIOYa€e JIyic-
KpeTHi BiIIIOBITHOCTI MiXXK BUKOHABIISIMM Ta IuIsiMn. Y poOoTi Lu Ta cris-
aBT. 3anpornoHoBaHo anroputM PSO-GA-DWPA, axum 1IoegHYy€ JIViC-
KpeTHU BapianT WPA 3 mpuHUIMIIAMM ONTKUMIi3allil pOEM YacTMHOK
(Particle Swarm Optimization, PSO) Ta reHeTVaHOrO ayrropurmy (Genetic
Algorithm, GA) [30]. Ines Takol riOpwuamnsarii mossirae B ToMy, 1100
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30epertn cwibHI ctopoHm WPA sk MeTony I7100aJIbHOTO TIOUIYKY, ajle
BOJIHOYAC KOMIIEHCYBaTW VI0r0 OOMeXXeHHsI OO0 IIBUIKOCTI 30DKHOCTI
Ta cTabiUIbHOCTI B OaraToBMMipHOMY IPOCTOpPI AMCKPeTHUX pillleHb [4,
30]. Buxopwcranus ertemenTiB PSO mae 3MOry IOCIUIVITV CITPSIMOBAHICTh
MIOIIIYKY Ta IIBWIIIe ITepeMilllyBaTy HOIYJIAIII0 A0 IepCreKTUBHMX 00-
JIacTeVt IIPOCTOPY PO3B's3KiB, TOAl SK imel GA cHpusioTh HiATPUMaHHIO
PI3HOMAHITTS TONYJIALIl Ta KOMOiHyBaHHIO BIIAJIMX YacTUH pilleHb. Lle
0co0JIMBO BasKJIVBO y BEJIMKMX 3afjavax IpusHadeHHs 3aBgaHb (UAV task
assignment), ne 3i 30i1pIIeHHAM KistbkocTi BITTA 1 11ient pisko 3pocrae
PO3MIPHICTE IPOCTOPY IIOIIYKY Ta IIABUILYETHCA PU3SUK IlepeadacHol
crarHariii [30]. YV Takin riopmmgHin cxemi nuckpetaun WPA BxXe He BUCTY-
Ta€ 130JIbOBaHMM aJITOPUTMOM, a IIPaIlO€ K OCHOBA I KOOIIepaTVBHOIO
IIOIITYKY, TIOCMJIEHOT O 0IaTKOBVIMIM MexaHisMaMu iHTeHcmdiKaril Ta au-
Bepcudikarii [4, 30]. 3a HaBemeHMMYU B poOOTi pesyibraTamm, PSO-GA-
DWPA neMoHCTpye BUCOKY edeKTVBHICTh caMe IS 3a/1a4i ITpy3HauYeHHs
3aBraHb B pol BITIA, 3abe3neuyroun Kpallly sKiCTh IOLIYKY Ta IIBVIIILY
30DKHICTh TIOPiBHSAHO 3 0asoBMMM Iimxormammu. ABTOPM TaKOX ITiZIKpec-
JIOIOTH, 110 TaKa cxeMa 30epirae Impane3JaTHIiCTh y CKJIaHMX IOCTaHOB-
KaX BeJIMKOI PO3MIipHOCTI, [1e TpaauiiiviHi abo MeHIII aTarITOBaHi aJlrOpUT-
MM IIOMITHO BTpadaroTh edpekTuBHIicTh [30]. OTxXe, TiOpuamsanis WPA 3
PSO ta GA MoXe po3mIsigaTiCA SIK IIPaKTUYHO BaXKJIMBUN IUIAX afarTa-
i1 aJITOPUTMY 0 peajIbHMX AUCKPeTHMX 3a7a4 KoopayHailii poro BITIA,
Jle OJHOYaCHO MOTPiOHI i AKiCTh PO3B’sI3Ky, i NPUMHATHUI Yac oOumc-
stennst [4, 30].

EniTHi cTpaTerii Ta iMOBipHicHU nopir. Y 3agadax KoorepaTus-
Hoi po3Bigku pos BITIA (multi-UAV cooperative reconnaissance) eniTHi
CTparerii 3aCTOCOBYIOTh I IIOCVMJIEHHs eKCIUIyaTallil HaVKpalyux yxe
SHAVIZIEHVIX CXeM PO3IIOfIUTy 3aBAaHb i MapipyTis [24, 26]. Ixas ocHOBHA
iflest TIoJIsAira€ B TOMY, 1110 He BC ITOITyJISALIisl areHTiB BIUIMBAE Ha I101aJIb-
IV TIOIIYK OJHAaKOBOIO MipoI0, a HamKpallli oco0mHM POPMYIOTh Opi-
€HTUp JJIs1 OHOBJIEHHS iHIMX pillleHs [24]. 3aBOsSKM IIbOMY aJITOPUTM He
JmiIIe 30epirae MepcreKTUBHI KOH@Irypailii, a 11 BUKOPUCTOBYE «IOCBiI»
eJTITHOI IAMHOXMHM I PEKOHCTPYKIIil a00 KOpeKIii MoImyJIsIlii B Ha-
CTynHmX iTepanisax [24, 26]. Takvm minxin migBuInye iHTeHCUBHICTB J10-
KaJIbHOT'O IONIYKY B OKOJIi SIKICHVMX pillleHb 1 JJa€ 3MOI'y IIBUIIIe [IOKpa-
IIyBaTHM 3HaueHHs LTboBOI PYyHKIIT [24]. Y poboTax 3 KoomepaTnBHOI
PO3BizIKM 11e 0COOIMBO BaXKJIMBO, OCKIJIBKY PillleHHS IIOBMHHI OJTHOYACHO
BpaxoByBaT e(eKTMBHICTb IIOKPUTT IIIer], pPU3MKM MiCil Ta y3roxe-
HicTe Aint kitbkox BITIA [24, 26]. BogHOUac HagMipHa OpieHTallis JImIIe
Ha IOTOYHOTrO Jiifiepa abo Mayly rpyny HalKpalllMX areHTiB MOXe IIpu-
3BOAUTH [I0 TlepeadacHol 30DKHOCTI Ta BTpaTy Pi3HOMAHITTS HOITYJISLIL.
Came Tomy B cydacHux Mommdikanigx WPA npornoHyeTbesl 3aMiHUTU
KITaCMYHUI HOPIr epexony y dasi oboru (distance threshold) ra vimo-
BipHicHUM TIOpir (probability threshold). Ha Bimminy Bif dikcoBarHoro
IIOPOTY BiJICTaHi, TAKMUVI MeXaHi3M BU3HA4Ya€ThbCs 3 ypaxXyBaHHAM Pi3HUII
B IIPMICTOCOBAHOCTI MiXX areHTamu, TOOTO mepexif 110 iHTeHCMBHINIO! da-
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3U TIOLIYKY 3aJIEXUTh He JIVIIe Bill reoMeTpUYHOI OJIM3BbKOCTI, a 7 Bif
SKOCTi TIOTOYHOTO po3B’sa3Ky. Lle mae 3Mory rHyukiiie kepysaTu OasaH-
COM MDX JOCIIIKeHHSIM IPOCTOPY MOIIYKYy Ta eKCIUIyaTalli€lo BXXe 3Ha-
VIIIeHVIX TIePCIIEKTVBHIIX 00JIacTel, a TAKOXK 3MEHIITy€ PU3MK 3aCTpsraHHs
QJITOPUTMY B JIOKJIBHMX T1acTKax [24]. OTXe, MoeqHAHHS €JIiTHMX CTpa-
Teriv i3 VIMOBIpHICHMM ITIOpOroM MOXKHa POSIVISAAATH SIK BaXKJIVIBUI Ha-
OpsiM yaockoHasleHHs WPA 1 3a1ad KOOIlepaTMBHOI PO3BiIKM POXO
BITIA, ne omHOuYacHO NOTPiOHI BCOKa SIKiCTB pillleHb, CTiVIKiCTh ITOIITYKY
Ta IPUVIHATHUI Jac 30DKHOCTI [24, 26].

baraTononysiAniniHi Ta napasesbHi cxeMu 5K BiANoBigk Ha BMMO-
' peaspHOro 4dacy. Okpema mpoOsiemMa IIOJISITa€ B 4aci po3B sI3yBaHHS:
0CcOo0/IMBO Y BeIMKOMACIITaOHMX 3a7avax IIpU3Ha4YeHHs 3aBJaHb 171
poto BITUIA anroputm WPA moxe noTpeOyBaTy HEIIPUIHSATHO TPUBaJIO-
TO Yacy ISl JOCSTHeHHs 30DKHOcTi. Y poboti Lu et al. mpsimo migkpec-
JIeHo, 110 xo4da WPA BXe IpojieMOHCTpyBaB e(PeKTUBHICTb Y BUCOKOPO3-
MipHUX OVCKPeTHMX 3ajadax, IS OTPMMaHHS HaVKpaIlloro po3B 3Ky
VIOMy YacTo IOTpiOHO 3aHaATO OaraTo yacy, ToMy OyJIo 3alpOIIOHOBAaHO
OaraTonomyJIALiIHUI MapasleJIbHUI aJIfOpUTM BoBYOi 3rpai (Multi-Po-
pulation Parallel Wolf Pack Algorithm) sk crieliiajibHy BiIIIOBiIb Ha III0
npobiiemy. CyTh IIiIXOIy TIOJISTA€ B TOMY, IO 3arajIbHY ITOIYJISIIIO [Ii-
JIATBH Ha KiJTbKa HeBeJIVIKVIX ITiITOITYJIALIIV, SKi ONTUMIi3yIOThCS OTHOYACHO
Ta He3aJIeXHO, a 11e Ja€ 3MOTy 3MeHIINTY 00uncIIoBaIbHe HaBaHTa KeHHS
Ha OKpeMy IIificucTeMy i IIpUCKOPUTH 3araJibHuM IepeOir mouryky. Bom-
HOYaC B3a€MOJIis MK ITiIIIOITYJIALSIMM He 3HUKAE: yepe3 MexaHi3Mu Ko-
MYyHIKaliiil Ta Mirparlii OKpemMux pilleHsp IIiATPVMY€ETbCA Pi3SHOMaHITTS I10-
IyJIALET Ta 3ar100iraeThest MepeqyacHa 300kHICTb. JlogaTKoOBO B IIil1 cxeMi
BUKOPVCTOBYETBCS eJTITHO-MacOBUI Mepepo3IoAia OMYJIALLil, 3a AKOro
HasIKiCHII 0ocoOMHY POPMYIOTH €JIiTHY IIiATOIYJIAIIo, a iHII 0coom-
HU PO3IOAUIAIOTECA MK MaCOBMMM ITAIIOITYJISIIISIMMY, 1110 JO3BOJIAE ABiul
ONTVMI3yBaTM Kpallli pillleHHs V1 TVM CaMVIM IPUIIBYAIITYBAaTV 30DKHICTB.
151 30epexxeHHs KOHKYPEeHTOCIIPOMOXKHOCTI BCiX MiIIOIYJIALIT aBTOPY
TAKOXX BBOJSTH IIPUOJIN3HO PIBHOMIPHMII MO, MO0 SIKICTh CTAPTOBMX
HoiArpym He Oyrla HazgTo HepiBHOMipHOIO. Y 11il1 ke poboTi GaraTorory-
JIALIHUI 1Ipoliec popMaIi3oBaHO y BUIJIA/II CMHXPOHHOI ITapajie/IbHO1
CHICTeMM, [ie BCi By3JIM BUKOHYIOTbCS OJHOYACHO, a CMHXPOHi3allis 1o-
TpiOHa I peryssipHoro ooMmiHy iHdopMmalielo Ta HigTpyMaHHS CTill-
KOCTi cucTteMu. PesynpTaTyt MopesioBaHHS [IJI IIPOCTOPIB poO3B s3KiB
po3mipHocTi 8, 30 i 150 mokasan, 110 Taka opraHisailisa € epeKTUBHOIO
IS TIpM3HadeHHs 3aBaHb poto BITUIA ta Moxe 3abe3rneuysatut cTabiib-
Himm i mBuAmmMy BUXig Ha AKicHI po3s’sisku [29]. Tlogameimmit pos-
BUTOK IIi€l ifiel IpeficTaBIeHo y [IBOeTAIIHOMY OaraToIONyJIAIiTHOMY
WPA, pe 3agada KoolepaTMBHOI PO3BIIKM PO3OUISETbCA Ha eTarl OITH-
Mi3allii BUKopucTaHH: pecypciB poro BIUIA Ta eran onrrmmisarii rurany
BUKOHAHHS, a cama IIOIYJIALS ITOAUIAE€ThCA Ha IPYILy JIiepiB i ABi 3BU-
yaviHi TpyIy, 10 TaKOX CIIPSMOBAaHO Ha MiIBUINIeHHS TOYHOCTi Oe3 Hafl-
MipHOTO 3pOCTaHHs Yacy o0umciieHHs [26].
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Orxe, GararononysiAmingi Ta mapasenbHi Mmogudikaril WPA Mox-
Ha po3IVIAgaTy SIK IPaKTUYHO BaKJIMBUI HAIIpsIM afjallTallil aJIropuTMy
100 peasbHUX BUMOT cucteM poro BIUIA, y axmx HeoOXimHO moemHaTV
AKICTb PO3B'S3KYy, 30epe)keHHsI Pi3HOMAaHITTs IIOIIYKY Ta IIPUVHATHUN
vac 30DKHOCTI. Y 3ajadax IIpu3HaveHHS 3aBhaHb 1 poio BITTIA WPA
HalJacTillle BUKOPUCTOBYETbCS He B II0YATKOBOMY BUITIAML, a AK aJiro-
pUTMiUHa OCHOBa, JOIOBHEHa AVCKpeTH3alli€lo oreparopis Ta/abo Ti-
Opuam3arii€ro 3 iHIITMMY MeTaeBPUCTUKAMIA.

ITnanyBaHHA TpaekTopin i MmapipyTis poro bC (BITITA)

Y sapavax rranyBaHHs TpaekTopini WPA 3a3Buuar 3aCTOCOBYETbCH B
HerlepepBHi abo KBasiHellepepBHill IOCTaHOBIN, e X KOIye TOUYKU
MapHIpyTy (waypoints), TapaMeTpu CIUIaliHiB ab0 KepyBaJIbHi BIUIMBU B
auckpeTHoMy 4aci [22-23]. Tumnosi xpuTepil onTmmisaniii BKJIIOUaOTh
TOBXWMHY MapIIPYTYy, 4ac HOJIbOTY, PU3MK/3arpo3y, IJIafgKicTh TpaeKTOpil
Ta IITpadu 3a IOpyIIeHHs 0OMeXeHb, 30KpeMa II0B 3aHMX i3 ITepeIKo-
JaMu, 3a00pOHEeHVIMM 30HaMM Ta OAMHaMikoro pyxy [2, 22]. Torpeba y
3HVDKEHHI O00YNCITIOBaJIbHOI BapTOCTi, YHUKHEHHI KoJIi3iit i BpaxyBaHHi
oOMexxeHb cepeloBUIla PO3IIIAIAETECS B OIVIAIOBMX poboTax 3 IUIaHY-
BaHH:A TpaekTopin mid rpynut BIUIA (multi-UAV path planning) sk onHa 3
KJTFOYOBVIX BUMOT [2].

s sapau 3D-mtanyBaHHA TpaekTopinn BITJIA y siteparypi onm-
caHo Hu3Ky mopaudikamin WPA, cripsMoBaHVX Ha ITOCWIEHHS JIOKaJIb-
HOTO IIOIIYKY Ta IigBUIIEHHS CTIMKOCTI aJIrOPUTMYy 10 IepeadacHol
30ixHOCTI. Y poboti Chen et al. ynockoHaeHHs 6asoBoro WPA peastizo-
BaHO He JIMIIIe yepe3 3arajbHe HajlallITyBaHHS IlapaMeTpiB, a 71 dyepes
3MiHy caMOro MexaHi3My IOIIyKy: aBTOPU BBOJSATE MeXaHi3M HaBeeHHs
3a aHaJIOTI€rO 3i CBITIISTUKOBMMM airoputMamMu (fluorescein guide mecha-
nism), 1110 JJa€ 3MOT'y TOYHiIlle CIIPSIMOBYBATV areHTiB y epCIIeKTMBHI 00-
J1acTi mpocTopy poss’saskiB. KpiM Toro, y minnt podoti MoamdikosaHo pe-
KVIM TIOIIYKY (search mode) i 3acTocoBaHO CTpaTeTiio AMHaMi4HOI MyTa-
uit (dynamic mutation strategy), sika igTpUMy€e Pi3SHOMaHITTS ITOIYJIAIIIT
Ta 3MEHIIY€ PU3MK 3acTpATaHHs B JIOKQJIbHVIX OIITMMYyMax. Y pe3yJsIbTaTi
Taka Moaudikarliss 3a0esneuye edexTuBHilIe dopMyBaHHS TPUBUMIp-
HVX TPa€EKTOPIl II0JIbOTY, 30KpeMa B yMOBax MaJIOBYICOTHOT'O PyXY, /ie He-
00XiIHO OJHOYACHO BPaXOBYBaTV ONTUMAaJIbHICTh MApLIPYTy Ta Oe3reu-
He 00X0mKeHHs Tepertkoy, [23].Y 1mie Hosimmx poOoTax 3alpOIIOHOBAHO
3acTocoByBaTy nnokpartenunt WPA mis multi-UAV path planning y cxian-
HUX 3D-nagmmadTax i3 XaOTMYHOIO iHiITiasizarliero Ta aJalrTMBHYIM Kpo-
KOM, IO IIPSIMO ITO3UIIIOHYETBCA K INAXI IS CKIIaIHNX CepeIoBuIl i
oOMeXXeHb.

Y Hosimin poboti Zhang et al. 3anIpOIIOHOBAHO BIOCKOHAJIEHW
WPA nsa niasnyBaHHA TpaeKTopin posi BITTA B cxiagHux TpUBUMIp-
Hux Jlaamadrax. Ha erami ininiasizaiiil aBTopy BUKOPUCTOBYIOTh Xao-
TUYHY HOCIiAOBHICTE (chaotic sequence), o 3abe3reuye OiLIBIIT PiBHO-
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MipHWV IIOYaTKOBUI PO3IIOUI areHTiB y IIPOCTOPi MONIIYKY Ta IIOKparlllye
OXOITUIeHHs 00JIacTi MOXJIMBUX PO3B s13KiB. J10aTKOBO BBOAMUTHCS CTpaTe-
ris OiykaHHd 31 3MiHHUMM HanpsiMKoM (variable-direction walking
strategy), sika MiZICVWIIOE JOCITIHWUIIBKY 34aTHICTh aJITOPUTMY, a TaKOX
MexaHi3M aJlallTYBHOI 3MiHV KPOKY (adaptive step-size mechanism), 1mo
Jla€ 3MOry THYYKO 3MiHIOBaTV iHTEHCVBHICTh ITOIIYKY Ha Pi3HMX eTarax
iTepartivi. IJ1si OHOBJIEHHSI IIOITYJIALIT 3aCTOCOBAaHO TaKOXX MeXaHi3M OIfi-
HIOBaHH$ HOAIOHOCTI Ha OcHOBI BifcTaHi ['emminra (Hamming distance-
based similarity judgment mechanism), sxuvi 3anobirae nepemdacHOMY
BUPOIPKEHHIO IIATPUMYE €BOJIIOLII0 Pi3SHOMAHITHMX pillleHb. 3aBIsaKu
boMy MoandikoBanMi onyJil Ta WPA mo3uitionyeThscs K IIpujaT-
HUI iHCTPYMEHT [JIs CKJIaJIHVIX CepeOBUII] 3 UMCIIeHHVIMU OOMeXeHHs-
My, ge rpyna BITTA nosunHa npoxiiagaTy 6e3mneyni Ta epeKTMBHI MapIII-
PYTH Bif CTapTOBVIX IO3UIIiN 110 Iiijtent [22].

IIpakTnuna iHTepmperania ais poro BIIJIA: ajgroputMm BOBUOI
srpai (Wolf Pack Algorithm, WPA) Ta vioro mopgudikariil JoOLiyIbHO po3-
DISAaTi K MOIYJIb IJ100a1bHOI onTuMisatii (global optimization) miis
oOyI0BM MapIIpPYTiB i TpaeKTOPii MoJIbOTY, 0COOIMBO B 3aJadax i3 Oa-
raTbMa OOMeXeHHSIMMW, CKIIaIHVM pesibedpoM Ta OaraToMOmaIbHOIO IIi-
JIbOBOIO (pyHKIIi€Io [4, 22-23]. Y Takin pori WPA moxe dopmyBaTtyt Io-
4JaTKOBi ab0 TIOKpallleHi KaHAMIATHI TpaeKTopii, IKi BPaxoBYIOTb JOB-
XVHY MapIIpyTy, PU3MK, 4aCOBi BUTpaTH, 3a00pOHEeHi 30HM Ta BUMOTH J10
Oesnexn noneoty [2, 22]. MoaudikosaHi Bepcil ajropuTMy, 110 BUKO-
PUICTOBYIOTh XaOTHYHY iHimianisamiro (chaotic initialization), aganTuBHY
3MiHy KpOKYy (adaptive step-size mechanism) i MyTamiviHi crparerii (muta-
tion strategies), MiABUIILYIOTb 3/IaTHICTb aJITOPUTMY JOCIIIKYBaT IPOCTip
PO3B’SI3KiB 1 3MEeHIITYIOTh PU3MK HeperdacHol 30bKxHocTi [22-23]. Lle 0ocob-
JIVBO Ba’KJIVIBO ISl TPUBVMIPHOTO IUIaHyBaHHS TPAEKTOPiN y CKIIaIHMX
CepenloBUIINAX, [Ie HeOOXimHO omHOUYacHO 3a0e3neunTyt TOCSTHEHHS i,
00xiz meperkoy, i 30epekeHHs IOy CTUMIX ITapaMeTpis pyxy [2, 22-23].

Y npakTiuHmx apxiTekTypax KepyBaHHs poeM BIT/TA anropurMm Bos-
401 3rpal ZOLUIBHO PO3IVIANATI He SIK 130JIbOBAaHUII JITOPUTM, a K KOM-
MOHEHT TiGpMIHOT CHCTeMM TUIaHyBaHHS. VOro MOXXHa TMOEIHYBaTH 3
JIOKaJIbHVIMIM MOAYJISIMY PEaKTMBHOTO YHUKHeHHH (reactive avoidance), sxi
KOPUTYIOTH MaplUIpyT y pealbHOMY Yaci y Bi[AIOBi[Ib Ha palTOBY 3MiHY
oOcTtaHOBKM abo TogBy HOBMX Iepernkop [2, 22]. YV Takin apxiTekTypi
WPA BuKOHYy€ PYHKIIiIO MOIYJIS I7I00a/IbHOTO IUIaHYBaHHS, TOAL K JIO-
KaJIbHI aJIropuTMI 3a0e3IeuyioTh OIepaTMBHY aJallTallifo TPaeKTOpil
6e3 nmoBHOTO NepepaxyHKY Bciel micii. [TogibHe moemgHanHsA r7106a7IEHOTO
Ta JIOKaJIbHOTO PiBHIB KepyBaHHs BiJIIOBija€e 3arajibHiy TeHIEHIIT 110
riopmaHanx ninxonis (hybrid approaches) y 3amadax IUIaHyBaHHS TPaeKTO-
pivt rpymut BIUTA (multi-UAV path planning) [2, 4]. OTXe, mpakTu4Ha I1iH-
HiCTh aJIFOPUTMY BOBYOI 3rpai MoJjIArae He JIMIIe Y 31aTHOCTI 3HaXOOUTI
61M3bKi 10 ONTUMMAaIBHMX MapLIPyTH, a I y MOXJIMBOCTI BOy[IOByBaTu
vioro B OaraTropiBHeBi cucTemy KepyBaHHs poeM BIUIA gk rHyukuit or-
TUMI3aliMHU KOMITOHEHT [2, 4, 22-23].
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O0OMerkeHH:A IPaKTUYIHOIO 3aCTOCYBaHHS
arropurMy BoBuoi 3rpai B posix bC (BITJTA)

IMonpu mepcnekTMBHICTD asropuTtMy Bosdoi 3rpai (Wolf Pack Algorithm,
WPA) na 3amau koopauHaiiil poro BITTA, rioro npakTudHe 3acTocyBaH-
HS He MOXKe PpO3IJIANATICA JIMIIe 3 IO3UIII AKOCTI 3HalgeHOro OnTuMi-
3alliFTHOTO pO3B s3Ky. 11 peasyibHMX Oe3niyToTHMX IUIaTPOPM KPUTUUHO
BOXIMBUMM € OOPTOBiI pecypcHi oOMeXeHHs: 3arac eHeprii, o04mcsIo-
BaJIbHA IIPOyKTUBHICTh OOPTOBOrO Mpoliecopa, 00CAT JOCTYIIHOI I1aM’s-
Ti, IPOITyCKHa 31aTHICTh KaHaJIiB 3B 513Ky, 3aTPMMKM OOMiHY JTaHMMM, Ha-
miviHicTh 3B s3HOCTI MK BITTA Ta 0OMeXeHHS CeHCOpHOro o0JIaiHaHH:A
[31-33]. Came 11i pakTOpM BU3HAUAIOTH, UM MOXKE aJITOPUTM OyTH peasti-
30BaHUM Oe3nocepenHbo Ha O0opTy BIUIA, un BiH Mae BUKOHyBaTHCS Ha
Has3eMHiVl CTaHIlil, Ha BUIeHoMY Jlifiepi poro abo B ribpumaHin edge/cloud-
apxiTekTypi.

basosuit airroputm WPA € nionysisiLinnHooo iTepaTHBHOIO MeTaeBpuC-
TUKOIO, TOMY 110r0 00uUMCIIIOBaIbHA CKJIAIHICTD 3pocTa€ 3i 30UIbIIIeHHIM
KUIBKOCTI areHTiB IIOIYJIALIT, pO3MipHOCTI IIPOCTOPY IOIIYKY Ta KUIbKOC-
Ti iTeparin. Y crpoleHoMy BUIVISAI 0O0YMCITIOBa/IbHE HaBaHTaKeHHS
MOJKHa OLIIHWUTU SIK 3aJIe>XKHe Bil KUIbKOCTI BOBKiB, KUIBKOCTI iTepalliri, pos-
MipHOCTi BeKTOpa pillleHHS Ta BapTOCTi OOUNMCIIEHHS UTbOBOI (PYHKIIIT.
s 3amau poro BITTA BenmnunHa BapTOCTi 00uMcIeHHd 11IbOBOI PYH-
KIIiT MOXKe Oy TV 3HaUHOIO, OCKUIBKM OJ1Ha OIliHKa KaHIMJAaTHOTO pillleHHs
YacTO BKJIIOYA€ IIepeBipKy eHepreTMYHOI JOMyCTMMOCTiI MapHIpyTy,
YHUKHEeHHs NepeIKo, YacoBi BikHa, KoHdrikTi Mmixxk BITJTA, pusuk
BTPaTH 3B’s3Ky Ta 00Me>KeHHsI Oe3mnekm 1moaboty [31-33]. OTxe, HaBiTh
AKIIIO caMi onepaTopu ayiroputmy WPA MaroTh BiITHOCHO ITPOCTY CTPYK-
TYpY, iHTerpasibHa BapTiCTb OOUNCIIEHHS aJITOPUTMY B peasIbHMX 3aJadax
MoOXe OyTV BUCOKOIO.

boprosa peartizailist moBHO1 Bepcii ajropurMy WPA 11715 BeJIMKMX poiB
CTaHOBUTBH OKpeMy iHkeHepHY mpobsemy. fkino xoxeH BITIA mae ca-
MOCTIVIHO 30epiraTii HMOIyJIAli0 KaHAMAATHUX PO3B A3KiB, BUKOHYBATU
OaraTropasoBi oOuMciIeHHs LUILOBOI (PYHKIIII Ta HMiATpUMyBaT OOMiH
indopwmariiero 3 inmmmn BITTA, e Moxe mpu3BecTyt 40 HaIMipHOTO Ha-
BaHTa)KeHHS Ha ITpollecop, IIBMKOIO po3psly aKyMyJIsiTopa i IlepeBaH-
TakKeHHs KaHaily 3B's3Ky [31—32]. Tomy asropurM WPA nmonisibHO po3s-
IJIsigaT He K YHiBepcaJIbHUM IIOBHICTIO OOPTOBUM aJITOPUTM Kepy-
BaHHs, a $K HaOpsIMOK ONTMUMi3zallii, gKui HoTpedye apXiTeKTypHOI
ajamnTailii 0 KOHKPeTHOTI'O CIIeHapiro 3aCTOCYBaHHS.

3 MpaKTUYIHOI TOUKM 30py HEOOXiTHO PO3Pi3HATI 00UNMCITIOBaJIbHE B-
KoHaHH: aiiroputMmy WPA Ta disudHe BUKOHaHHS cpOPMOBAHOIO IUIaHy
poem BITUIA. Y mexax ajlropuTMy areHTU («BOBKW») iHTepIPeTYIOThCS
HacamIlepesl K KaHAMIATHI PO3B SI3KM ONTMMI3AIliHOI 3amadi, TOOTO
MOJJIVBI BapiaHTM PO3IOMiTy 3aBiAaHb, MapIIPyTiB abo TpaekTopii, a
He 4K ITpsmi anastorn okpemux disvanmx bITIA. Tomy anroputm WPA
Ma€e po3IIAfaTUCA gK IPOrpaMHMUN ONTUMI3alliIHUI MOAYJIb, 110 MOXe
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BUKOHYBATVCS Ha JIOCTYITHOMY OOYMCITIOBAJIBHOMY pecypci: Ha3eMHin
CTaHLIii KepyBaHHs, 00PTOBOMY 00UMCITIOBAJIBHOMY MOMYJTi ofHoro 3 BITUTA
abo y posnopisieHoMy pexymi MK Kitbkoma BITTA. Pesysibratom po-
60Ty arropmuTMy € IUIaH Micii abo 710ro OHOBJIEHA YacTWHA, IO Hagasl
peanisyerbesa poem BITUIA 3 ypaxysBaHHSM pecypcHUX, eHepreTu4dHmX,
KOMYHIKaIinmHuX i 6e3nekoBmx ooMexeHsb [32, 34].

[ migBuIeHHA mpakTMYIHOI npuaaTrHocTi WPA y 3agadax poro
BITIA mo 11i160BOI (PYHKIIIT HEOOXiTHO IBHO BKJIFOYATH pecypcHi mTpa-
dn. 3okpema, IOIiTLHO BpaxoByBaTH 3a/IMIIKOBY eHepriio BITTIA, oui-
KyBaHi BUTpaTy eHeprii Ha BMKOHaAHHs MapIIPyTy, BapTicTh MaHeB-
pyBaHHsI, 00cAT IIepeIaHMX II0OBiTOMJIEHb, PU3UK BTpaTH 3B A3KY, 00-
YUCII0BAIbHY CKJIaIHICTh JIOKaJIBHOTO IlepepaxyHKYy Ta 3aIiac 4acy JIo0
3aBepIlleHHs 3aBaaHHs [31, 33]. V Takomy BumagKy KaHaugaTHe pilleH-
HsI TIOBVIHHO OIIiHIOBATVICS He JIIIIe 3a JOBXMHOI0 MapIIpyTy abo sKic-
TIO IIOKPUTTS 11iJIeV, a 1 3a peaJIiCTUYHICTIO IOT0 BUKOHAHHS Ha KOHKpeT-
Hin amapatHin mwiatdopmi. lle mo3Bossie mepenTy Bi aOCTpakTHOTO
ONTVMaJILHOIO IUIaHY A0 pecypCHO-I0IIyCTMMOrO IUIaHy Micii.

Taxvm unHOM, KI1I040BUM 00MexeHHAM anroputmy WPA 1715 poro
BIIJIA € He nuire MOXKJIMBicTh IepeavuacHoi 30i>kHOCTi a00 OBLIBLHOT
JIOKaJIbHOI OITMMIi3allii, a v moTeHIlifMHa HeBianoBigHicTh Mi>K 00umc-
JIIOBaJIBHOIO CKJIAJIHICTIO aJITOPUTMY Ta peasIbHMMM OOPTOBMMM pecyp-
camm Oe3mistoTHNMX 11aTdopm [31-33]. Came ToMy nmopaeIri Moamdika-
uii WPA maroTe OyTu crpsiMOBaHI Ha 3MeHIIIeHHs KUIBKOCTI iTeparlri,
a/JJalITYBHE peryJIl0BaHHs PO3MIpY IIOMYJIALLl, JIOKaJIbHUI IlepepaxyHOK
JIVIIe 3MiHEeHMX YacTMH IUIaHy, oOMeXXeHHs o0ciary iHdopMallirtHOro
oOminy mix BITJTA Ta BKIIOUeHHs eHepreTMYHMX i KOMYHiKaIlilTHVX 00-
MeXXeHb Oe3rocepeHbO 10 MaTeMaTUIHOT MOJIETi.

Apanranisa anroputmy WPA go aMHaMidHMX
YMOB, BiTMOBOCTiKOCTi poro BITJTA
Ta YacTKOBOIO IIepepo3NnoAily 3aBAaHb

[HIIMIM KPUTWYHMM aclleKTOM MpaKTUYHOro Bukopucranusa WPA e no-
Be/liHKa POIO B JMHAMIUYHOMY CepeloBUILi. Y peaJbHMUX CLeHapisx IIo-
YaTKOBUM IUIAH Micil piiKo 3a/IMIIaeThC HE3MIHHVIM: MOXYTb 3’ SBJISI-
TVCS HOBI I11JTi, YacTMHa 11JIeyl MOXKe BTpaTUTU aKTyaJIbHiCTh, oKpemi BITUIA
MOXYTb BUVTU 3 Jlajly, BTPATUTU 3B 30K, BUUepIIaTii eHepreTUIHUN pe-
cypc abo craTy HeIpMAATHMUMM 110 BUKOHAHHS KOHKPETHOTO 3aBIaHHS
[32-33, 35]. Tomy anropurMm KepysaHHs poeM BITTA mae 3abesneuyBatu
He JIVIIIe IepBUHHY OIITUMI3allilo, a M XMBYYICTbh CUCTeMM — 3/IaTHICTb
poro 30epiraTi IpUMHATHY eeKTUBHICTb IiciIg BTpaTn oKpemmx BITITA
abo 3MiHM yMOB cepeniosuina [33, 36].

Y Gazosin dopwmi anropurm WPA He MicTUTB IIOBHOTO MeXaHi3My BifI-
MOBOCTIVIKOTO Iepepo3Noily 3aBfaHb Y peaJlbHOMY 4aci. 3MiHa cKiIamy
3rpai areHTiB aJITOPUTMY y KJIaCMYHOMY BapiaHTi ITOB si3aHa ITepeBa’kHO
3 eBPUCTUKOIO «BVDKVMBaHHS CWIBHIIINMX» areHTiB, TOOTO 3aMiHOIO cj1ab-
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IIMX KaHOWOATHUX pimieHb HoBuMM. OfHaK Taka eBPUCTMKaA He € TO-
TOXXHOIO BTpaTi dismunoro BITIA B peastbroMy poi BIUIA. fIxiio ogua
abo xistbka BITVTA mpunmHSIOTs BUKOHAHHS MiCii, cricTeMa Ma€ He IIPOCTO
OHOBUTM IOITYJIAIIIO PO3B'S3KiB, a MHepepo3NOAUINTI HeBMKOHaHi 3aB-
maHHsa MK goctynHuMu BITIA 3 ypaxyBaHHSM IXHBOTO IIOTOYHOIO I10-
JIOXKeHHsI, 3aJIUIIKy eHeprii, 3aBaHTaKeHOCTi, CCHCOPHMX MOXJIMBOCTeN i
3B’ s13HOCTI [33-34, 36].

g aganrarntii anropurmy WPA 110 TaKMX yMOB JOIIIBHO PO3IJIsa-
TV TIOJTi€BO-OPiEHTOBAHMIT MEXaHi3M YaCTKOBOTO IeperuiaHyBaHHsL. Vloro
CYTb I10JIATa€E B TOMY, 110 IIPY 3MiHi cTaHy cucreMu — BTparti BITJIA, mo-
sIBi HOBOI LTi, 3MiHi IIpiopuTeTy 3aBJaHHs a00 3MeHIIIeHHi IOCTYII-
HOTO eHepreTMYHOI0 pecypcy — He 3aIlyCKae€ThCsA IMOBHUM OITHMi3a-
mivtau npouec 3 Hyada [37]. Haromicte dpopMyeThbes j10Ka/ibHa 3agada
Hepenpu3HadeHHs JIMIIIe [IJId Ti€l YaCTVHM IUIaHy, sIKa cTajla He[ oIy CT-
MoI0 abo BTpaTwiia edeKTUBHICTh. Lle J03BOJIs€ 3MEHIINTY Yac peakIlil
CUICTeMM 71 YHUKHYTU 3aiBux obumciens [35, 37].

Y mexax moamudikosaHoro aaroputMmy WPA Takui mifxin Moxe Oy-
TV peayli3oBaHUV 4Yepe3 MOALUI IIOTOYHOIO IUIaHy Micii Ha cTabiTpHy
4acTMHY Ta MHOXKMHY ITpo0JIeMHMX a00 HeBMKOHAHMX 3aBJaHb. SIKIIo
onuH i3 BITUTA BTpadaeThbcsi, BUXOAUTD i3 30HM 3B 513Ky ab0 cTae Hermpu-
JaTHUM JI0 BUKOHAHHS 3aBJaHHs 4Yepe3 KpUTWYHe 3HIVDKeHHs eHepre-
TUYHOTO pecypcy, 3aBlIaHHd, IpU3HadeHi IIbOMY arapaTy, MaloTb OyTu
repeHeceHi 10 MHOXXMHY HeBMKOHaHVX 3aBJaHb 1 IIOBTOPHO PO3IIOJIUIeHi
Mix gocrynHumy BIUIA. Hanpuxiian, sxmto BIUIA, BinnosimaibHm 3a
00cTeXXeHHS IBOX LiJTOBYIX OiJISTHOK, IIPUIIMHSE YYacTh y MiCil, aJIropuT™M
He IIOBMHEH TIOBHICTIO ITlepe0y10ByBaTH BeCh IUIaH poro. JlolibHillre Bu-
KOHATV YacTKOBe IlepelUlaHyBaHHs: 30eperTi JOMyCTMMI MapIIpyTH Ta
npusHaveHHs it iHmmx BITUIA, a HeBUKOHaHI 3aBHaHHS BTpadeHOIO
anapata HOoBTOpHO npusHaunT TM BITTA, gKi MaroTe JOCTaTHIN 3ar1ac
eHeprii, IIPUINHATHe IIPOCTOPOBe PO3TalllyBaHHS Ta MOXIIMBICTb BUKO-
HaTV 3aBIaHH: Oe3 IIOPYIIIeHHs YacoBUX i Oe3rekoBrx ooMexeHb. Takum
MexaHi3M J1a€ 3MOTY 3MEeHIINTM OO0YNMCIIIOBaJIbHI BUTpaT IOPIiBHSAHO 3
IIOBHVMM IIepe3arlyCKOM ONTMMi3allifiHOrO MpoIlecy Ta IiBUINWTU CTiVi-
KicTe poro 1o BTpaTi okpemmx BITTA [33-34, 36-37].

OxkpeMo c1if], BpaxoByBaTV HOHSATTA «JIerpafarlii micii». Y npakrmy-
Hux ymosax pint BITJIA He 3aBX/1u MoXe 30eperTu Io4aTKOBY SKiCTh
BUKOHaHH4 ITicii BTpaTy dactuam BITIA. Tomy Oubin peasticTyHOIO
MeTOI0 € He aOCOJIIOTHe BiTHOBJIEHHSI ONTMMAaJIPHOIO IUIaHY, a 3a0e3Ire-
YeHHs1 KOHTPOJIbOBAaHOI Aerpajganii: BUKOHaHHs HaMOUIBII Ipiopu-
TeTHUX 3aBJlaHb, 30epe>kKeHHs MiHiMaIbHO He0OXiTHOr0 MOKPUTTA Te-
puTopii, nigTpuMaHHsA Oe3neuHoi aucraHIrii Mi>xk BITJIA Ta noBepHeH-
Ha BIUIA 3 kputnaHO HU3BKMM 3apsiaoM [33, 36]. Y Takin nocraHosIii
airoput™ WPA Moxke Oy Ty TOTIOBHEHMIT BaroBuMy KoedirtieHramu mpio-
PUTETHOCTI 3aBIaHb i mTpadaMy 3a MOPYIIEHHS KPUTUIHMX 0OMeXeHb.

[1s1 3a51a4, 1110 BUKOHYIOTBCA B AVHAMIYHOMY CepeOBMUIIL, ITlepcIieK-
TUBHUM € TI0€JHaHHs MoandikoBaHoro ajroputMy WPA 3 npuHIuIomMm
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KOB3HOI'O TOPM30HTY. Y TaKOMy BUIIQJIKy OIITMMi3allisl He BUKOHYETBHCS
OIIMH pas3 I Beiel Micii, a IepiogMYHO MOBTOPIOETHCA 1711 OOMEXEHOTO
4acoBoro abo MpPOCTOPOBOro iHTepBaly 3 ypaxyBaHHSM aKTyaJIbHOIO
crany poro BITTA, saymmkosux pecypcis anapatTis, BUKOHaHMX 3aBaHb i
3MiH y HaBKOJIMITHbOMY cepemosuitii [31]. Lle mo3Boisie BUKOPUCTOBYBa-
TV asiroput™ WPA He 1171 HOBHOT HepeOyIoBY IUTaHy IIiCIs KOXKHOT I10-
Iii, a [yI OHOBJIEHHS JIVIIIEe Ti€l YacTMHM PO3B SI3KY, gKa CTajla HeIoIycC-
TMOIO a00 MeHIIT e(PeKTUBHOIO.

Taxvm unHOM, mpakTHYHa aganTaliis aropurMy WPA mia 3aad Ke-
pysarHsaM poeMm BITTA morpebye moemHaHHS IEepBMHHOI ONTMMIi3allil
IUIaHy 3 MexaHi3MaMl 4acTKOBOIO IlepelUlaHyBaHHS y pasi 3MiHM yMOB
Mmicii. Came 3aTHICTH OHOBJIIOBATM IpU3HAUeHHs Ta MapHIpyTH 0e3
MOBHOTIO Ilepe3anycKy ONTMMIi3allilifHOIO MpoIecy € BaXKJIMBOIO Iepe-
JyMOBOIO BiIMOBOCTiMIKOCTi polo. bes ypaxyBaHHA BTpaT OKpeMmx
BITUIA, 3a/MIIKOBUX pecypciB, 3B sI3HOCTI Ta MHOXXWMHIM HEBUKOHAHMIX 3a-
BaHb aroputM WPA 3ajmInaeTscs IepeBakHO MeTaeBPUCTUYHUM Me-
TOIOM IIOIIYKY, a He 3aBepIleHVM pillleHHsIM J1IJI4 IIPaKTUYHOIO KepyBaH-
Hs1 aBTOHOMHMM poem BITTA [32-33, 36-37].

CumysiAniviHa Bajiigaliist Ta mpakKTU4Ha
IiHHICTh aJITOPUTMY BOBYOI1 3rpai.

AHJ1i3 HayKOBUX DKepesl IT0Kas3ye, 10 OUIBIIICTh cydacHMX pobiT 110110
WPA Tta noro moamdikariiit 1y1s poro BITVTA 30cepemkeHi Ha uncebHOMY
MOJIe/IIOBaHHI, OIiHIOBaHHI 30DKHOCTi, MOPIBHSHHI 3 iHIIMMM MeTaeB-
pUCTMKaMM Ta IlepeBipIli Ha abcTpakTHUX abo HamiBdopMasi3oBaHMX
IIOCTaHOBKaX 3a/a4 IIpV3HavYeHHs 3aBaaHs (task allocation) i ruTaHyBaHHS
MapiipyTis (path planning). BomHowac y BigKputin jiitepaTtypi goci 6pa-
Kye IIpUKIaiB IOBHOI iHTerpaii asiroputmy WPA y cydacHi poboTo-
TeXHIUHi CUMYJIALIVHI cepelloBUIlla 3 ypaxyBaHHAM Qi3sMyHOI Mojieri
BITUIA, ceHcopiB, KaHasliB 3B’513Ky, €HEepreTM4YHIX OOMeXeHb Ta BiIMOB
okpemux BITTA. Came ToMy cuMysIsLiviHa Baslifallis Mae OyTu oKpeMum
eTarioM MOAJIBITINX JIOCTIKeHb [38-39].

[IpaxTruna sHauymicte anroputmy WPA mra pois BIUIA napasi
IToJIATa€ He CTUTBKY B HAaSBHOCTI 3aBepIIIeHVX IIPOMMUCIIOBMX abo eKcie-
PVIMEHTaJIbHVIX peaslizalliyi, CKUIbKM B VIOTO ITOTeHIlialli gK MeTaeBpC-
TUYHOTO IHCTPYMEHTY ISl PO3B sI3aHHA 3a/Ja4 PO3MOAUIY 3aBIaHb i IUIa-
HyBaHHs MapuipyTiB. AsiroputM WPA Moxe OyTu BUKOPWUCTaHWUM IS
dopMyBaHHS HOUAaTKOBOT'O PO3IIO/ILTY 3aBlaHb, IVIaHYBaHHS MapIIPYTiB,
Iepepo3noisty 11itent Mix goctyrHyMu BITTA, Bubopy mepcrieKTMBHMX
obstactert TIOMIyKy abo 1moOymoBY KOMITPOMICHOTO PillleHHSI MK 9acoMm
BUKOHaHHS MICil, pU3MKOM, eHeprocroXXMBaHHAM Ta SIKICTIO IIOKPUTTS
[31-32]. OpHak 11 mepexo1y Bifl TeOpeTUYHOT MOIesIi 10 iHKeHepHOT pe-
aizanii HeoOxiflHa OKpeMa CUMYJIALliVIHA IIepeBipKa.

JI1s Takoi mepeBipKu AOLIJIBHO BUKOPVCTOBYBATU POOOTOTeXHIUHI
CUMYJISLIVIHI cepeloBUIIa, III0 HiATPpUMYIOTh MOJIEIIOBAaHHS Oaratopo-
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OoTHMX cucTeM i OaraToareHTHMX CIleHapilB 3a y4acTio Kitbkox BITITA.
3okpema, noegHaHHA ROS i Gazebo gae 3Mory BinTBOpIoBaTH (Pi3UKY pyXxy,
poboTy ceHcopiB, 0OMiH IOBiTOMJIEHHAMM Ta iHTeTpallilo aJIrTOPUTMiB
KepyBaHH: y BUITISA/L OKpeMUIX IIporpaMHMx By3y1iB [40-41]. Webots Moxke
3aCTOCOBYBATWCS I IIPOTOTUITYBaHHS MyJIbTMAreHTHUX ClleHapiiB i
MOPIiBHSAHHS Pi3HMX IIIXOMiB 10 KoopamHaril [42]. AirSim € pereBaHT-
HUM IS 3aa4, Y AKUX BaXXIMBUMM € BisyaJlbHa peasliCTUYHICTh cepe-
ZIOBUIIIA, CEHCOPHE CIIPUMHSATTS Ta IepeBipKa aJIfOPUTMiB aBTOHOMHOTI'O
nontboty [43]. RotorS, sx Gazebo-opieHTOBaHUI (PPEVIMBOPK IS MOfe-
JIIOBaHHS MYJIBTUPOTOPHMX allapariB, MoXke OyTVM BUKOPUCTaAHUN IS
IepeBipKM AMHaMIKM MOIBOTY Ta B3aeMomil 3 ROS-apxiTekTyporo [44].
Bonrouac BuOip KOHKPETHOrO cepeloBMIlla MOJE/TIOBAaHHS Ma€ BU3Ha-
JaTucs IIUISIMM eKCIIepVMeHTY, HeoOXiZHOK (pi3MuHOI0 TOYHICTIO, IIij-
TPVMKOIO CEHCOPiB, MacIITabOBaHICTIO Ta MOXJIMBICTIO BiITBOPEHHS B3a-
emopii Mix BITTA B Mexax poro [38-39].

Y HacTymHi poOOTi AOLITBHO peatisyBaTyi OKpeMMt CUMYJIALIIHNI
eKcIlepuMeHT, y akomy WPA abo 1oro monmdikosaHa Bepcis Oyze mpo-
TeCcTOBaHa He JIyIlle Ha aOCTpaKTHIM IIIbOBIN (PYHKIIIT, a 11 y cepenoBu-
11i, HabvokeHOMY 0 poboToTexHiuHOrO crieHapito [38-39]. Taxuit exc-
HeprMeHT MOXKe BKJIIoUaTy MopesoBaHHs rpynvt bITJIA, MHOXMHN 11i-
J1ev1, OOMeXXeHNX eHepreTUYHVIX PecypciB, 30H pU3UKY, 0OMeXXeHb 3B 513Ky,
IIOSIBYI HOBYIX 3aB/IaHb IIi/] 9ac Micil Ta BTpaTtyt ogHOro abo xistbkox BITITA
[31-33, 36]. s oniHroBaHHS e(peKTMBHOCTI JOLUIbHO BUKOPUCTOBYBaTHU
He OIVH iHTerpaJbHMI KpUTepili, a Habip MeTpUK: YacTKy BUKOHAHWX
3aBllaHb, Yac 3aBepllleHHs Micil, cyMapHe eHeprocIoXMBaHH:, KUIbKiCTb
HepeIrulaHyBaHb, yac peakliii Ha BTpary BIUIA, KisibKicTh KOH(ITIKTIB MiXK
BITIA, obcar indopmarinHoro oominy mixx BITTA Ta crabiuibHicTh aji-
ropuUTMY IIpy 301TbIIIeHH] po3Mipy poro [31, 33, 37-38].

OkpeMyM HampsIMOM TIOHAJIBIIIO] pOOOTM Ma€ CTaTy MOPiBHSHHSA
WPA 3 inmmmy nigxomammy, 30kpeMma PSO, GA, ACO, CBBA-niogibHMMm
MeToziaMu Ta ribpumamnMY asiroputmamu [34]. Lle m03B0INTE BU3HAUYMUTH,
y gKmux creHapisgx WPA Mae mepeBaru, a B SIKMX VOTO 3aCTOCYBaHHS €
MEHIII JIOIIUTBPHVIM Yepe3 HaJMipHYy 0O4MCITIOBaIbHY BapTiCTh, IIOBUTbHY
peaxiiifo Ha IMHaMiUHI 3MiHM ab0 CKJIaIHICTh afamlTallil 10 pecypCcHMX
obmexenr BITIA. [l iHXXeHEepHO-TEOPETUYHOIO IOCIIIKeHHS TaKa
IIOCTaHOBKA € BaXKJIMBOKO, OCKUIBKY BOHA JO3BOJISIE BiIIOKPEMUTH Teope-
TUYHUI IIOTeHIliaJl aJIFOPUTMY Bif, 7oro akTmM4yHOI HpUAATHOCTI 110
IIPaKTUYHOI'O BUKOPVCTAHHS.

Taxmm unHOM, y Mexax 1€l crarTi WPA po3ridiaeThes K Iepcrek-
TUBHWUV, ajle IIle He IOBHICTIO iHKeHepHO BepudiKoBaHMI IIAXiH 10
onTmmisanii 3agad poro BIUIA. Ilogasnbina peastisariiss, eMyJIAilis Ta cu-
MyJIsliviHI Tectn aroputMmy WPA y cepenosuiiax ROS/Gazebo, Webots,
AirSim abo RotorS maroTe OyTn cripsiMOoBaHi Ha IlepeBipKy Toro, um 30e-
pira€e aJIroOpmUT™M OPUMHATHY SKICTH PillleHb 3a yMOB OOMeXeHoI eHeprii,
oOMexeHOro 38'43Ky, BTpaTy okpeMmnx BITTA i HeoOXimHOCTI 4acTKOBOTO
IepelUIaHyBaHH4 B peaylbHOMY 4Yaci [31-44].
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Anroputm Bosuoi 3rpai (Wolf Pack Algorithm, WPA) 3apekoMeH[yBaB
cebe sIK TIepCIIEKTMBHUM MeTaeBPUCTUYHMI ITiAXIiM 114 3a7a4 KepyBaH-
Ha poeM BIUIA, ockitbKM BiH BiTBOPIOE IIPUPOSHI NPUHLINIIN KOJIeK-
TMBHOT'O IIOJIIOBaHHS Ta IIE€PEHOCUTH iX Yy IUIOIIMHY OaraToareHTHOI OIl-
umisarii  [4, 20]. Vloro BaXJmMBOIO IepeBaroio € MoeIHaHHS POIbOBOT
oprasisarii nonynﬂui'l' Ta q)asoBo'l' CTPYKTYypU IIOIIYKYy, YV MeXXax gKOI
OKpeMi areHTV aJIrTOPUTMIiYHOI HOIYJIALl BUMKOHYIOTh (PYHKIIIT JIifiepa,
Ppo3BinHMKIB i BUKOHaBIIiB. Lle 3abe3meuye ogHOUaCHe TOCTIIKEHHS IIPO-
CTOPY PO3B’S3KiB i KOHIIEHTpAIlif0 IIOIIYKY B HaVIOUIBII ITepCIIeKTUBHMX
obmactsx [4, 20]. Came Taka oprasisallis a€ 3MOTy aJITOPUTMY IIiATPU-
MyBaTM OajlaHC MiXK I7100aIbHMM TIOIIYKOM i JIOKaJIbHOIO eKCIUTyaTallieto
3HaAVIEHNX pillleHb, IO € KPUTUYHO BaXXIVMBUM IS CKJIaJHMX OaraTo-
BUMipHMX 3amad [4, 21]. Ha ocHOBI oy HayKoBuX pobiT MOXKHA 3po-
OWTH BUCHOBOK, III0 Ha BiAMIHY Bi/ HU3KM iHIIINX POVIOBYMX i IIOITYJISAIi-
HVIX MeTaeBpUCTUK, WPA neMOHCTpye IPUHATHI BJIIaCTMBOCTI 301KHOCTI,
CTIVIKICTB 1O BUITaJIKOBMX KOJIMBaHb 1 IPUAATHICTH A0 3a/1a4 BeJIMKOI PO3-
MIpHOCTI, [le KJTaCMYHi IIiIX0aM YacTo BTpadaioTh edeKTuBHIcTh [4, 21,
25]. Lle ocobmmBo BaskIMBO B KepyBaHHI cucteMamu poro BITIA, me He-
00xiZTHO BpaxoByBaTM OJHOYACHO IIPOCTOPOBI, YacoBi, pecypcHi Ta Oes-
nekoBi oomexxenns [1—3, 28].

Orygan HayKoBMX poOiT MOKa3as, 10 aJITOPUTM BOBYOI 3rpai Ta 110oro
Moaudikallii 3acTOCOBYIOTBCS Y IBOX KJIIOUOBMX Kjlacax 3afad poro
BITTA: mpu3HadeHHsA 3aBaaHb Mk okpemumu BITJTA Ta nitanyBaHHA
TpaeKkTopirnt moawsory [22-26, 29-30]. Y 3amadax npu3HadYeHHS 3aBIaHb
poro BITTA anroput™m aganTyeThbCs 110 IUCKPEeTHOT HPUPOAY pillleHb, 1110
103BOJIsg€ POopMyBaTH IUIaHM po3noaity mistet Mixk BIUITA HaBiTs y cka-
Hux a0o AyHaMiuHMX cepemosuax [25, 29-30, 32]. Y 3amavax ruraHyBaH-
Hsl TPa€eKTOpit aIropuT™ BoBuoi 3rpai (WPA) meMoHCTpye HpuaaTHICTh
710 onTMMi3allii MapIIpyTiB y IIPOCTOpax 3i CKJIaJHOK IeoMeTpicro, IIe-
pelIKogaMy, 30HaMM PU3MKY Ta iHIIMMM eKCIUTyaTalliTHUMY OOMeXXeH-
Hamu [2, 22-23]. Ilpu upoMy OaraToaMcKpeTHi, ejliTHi, GaraTomomyJisi-
inHi Ta ribpuaHi Moamdikarii WPA cripsMoBaHi Ha ITABUIIIEHHS TOY-
HOCTi, CTiMIKOCTi I IIBMAKOCTI 30DKHOCTI TTOPiBHSHO 3 0a30BOIO Bepciero
airoputMy [23-26, 29-30].

Bognodac mposeneHuy aHasli3 mokasye, IO IIpaKTU4YHa IIpuaaT-
Hicte WPA pa peansHux pois BITJIA He Moxe oniHroBaTwcs auiie 3a
AKICTIO ONTMMI3allivTHOTO PO3B’s3Ky. KpuTmaHmMM 3ai1minamoTbes pe-
CypcHi 00Me>KeHHsI 6e3MiIOTHMX IJIaTdOopM: eHeprocIoXMBaHHS, 00-
YMCIIIOBaJIbHA MPOAYKTUBHICTh OOPTOBMX CHUCTeM, 00csr mam’sTi, mpo-
IyCKHa 3[IaTHICTh KaHaJIiB 3B 53Ky, 3aTPUMKM OOMiHy JaHMMM Ta Heob-
XigHicTh GaraTopa3oBoro oouUNCIeHHS CKIagHOI HiTboBOT PYHKIIT [1-2,
28, 31-33]. Came i pakTOpM MOXYTH 0OMeXyBaTN Oe3rmocepesHIo 6op-
TOBY peasIi3allifo TTIOBHOI BepCil aJITOpUTMY BOBUOI 3Tpal, 0COOIMBO Y Be-
JIMKMUX posx a0o clieHapisx, Jie IoTpiOHe MIBUIKe pearyBaHH: B pealb-
HOMY 4Yaci.
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Y 3B’43Ky 3 IIMM aJITOPUTM BOBYOI 3rpai HOIJIBHO PO3IISAaTH He
4K 3aBepIIeHNI CaMOAOCTaTHil aJrOPUTM aBTOHOMHOIO KepyBaHHS
poem BIUIA, a gk nepcrieKTMBHUI MeTaeBPUCTUYHUI IAXid, SIKU I10-
Tpebye MomasIbIIol afganTallii 10 YMOB PeajIbHOTO 3aCTOCYBaHHS. Y 3aa-
yax poro BITUTA WPA moXe BUKOPWCTOBYBATWUCS IS IIOIIyKy HaOIIM-
JKeHMX O OITMMaJIbHMX pillleHb Y 3aJadax po3HOfAuly 3aBHaHb, IUIaHY-
BaHHsS MaplIpyTiB abo BUOOpPY ITpiopuTeTHMX 30H IIOIIYKy. BopgHodac
IUIsE IPaKTUYHOTO BUKOPWCTAHHS TaKi pillleHHs MaloThb IOJATKOBO Ile-
peBipsATHMCA Ha BiIIOBIAHICTE pecypcHUM, eHepreTMYHNM, KOMYHiKa-
LiTtHYM i 6e311eKOBUIM OOMeXXeHHSIM KOHKPEeTHOI 0e3IiIOTHOT crcteMu [2,
28, 31, 33-34]. Takuit migxig I03BOJISIE 30eperTu IepeBaryt MeTaeBpuiC-
TUYHOI ONTVMI3allil, ajle BOAHOYAC YHUKHY TV HaMipHOIO y3araJbHeHHs
oo roroBHOCTI WPA 1o GesrocepeqHbOro BIPOBa/KEHHS B peaJIbHIX
posx BITIA.

Oxkpemoro 3HaueHHs HaOyBae MMUTAaHHS XMBYYOCTi pOIO B IMHAMid-
HoOMY ceperioBuilli. PeajibHa Micisi MOke 3MiHIOBATVICH Uepes3 IOABY HOBMX
11ij1eV1, 3MiHy IPiOpUTeTiB, BTpaTy 3B sI3Ky, 3HVDKEHHS €HepreTNYHOIo pe-
cypcy abo Buxif 3 j1amy ogHoro um Kistbkox BITTA [31-33, 35-36]. Y Takmx
yMOBax MHOYaTKOBUW ONTUMAaJIbHUV IUIaH MOXXe IIBMIKO BTPATUTU aK-
TyaIbHiCTb. TOMYy IepCreKTVMBHMM HaIpsiIMOM PO3BUTKY ajITOpPUTMY
BOBYOI 3rpai € IoeAHAHHS AJITOPUTMY 3 MexaHi3MaMM 4acTKOBOTIO I10-
ZIi€BO-Opi€HTOBAHOIO IlepeIUIaHyBaHHs, KOJIM IIOBTOPHA ONTMMi3allis
BUKOHYETBHCS He JIJIs BCi€l Micii 3 HyJId, a JIuIIe I Ti€l 4acTUHYU IUIaHy,
dKa CTajla HemomycTmMmoro abo HeedektmsHOIO [34, 37]. Lle mossoiisze
3MEHINNTM 00UNCITIOBAIbHI BUTPATV, CKOPOTUTH Yac peakliil CrucTeMu Ta
MiABUIIVTY CTIVIKICTB pOIo 110 BTpaTy okpemmx BITIA [33, 36-37].

Orxe, pe3yibTaTyi HPOBEIEHOI0 OIVIAAY IOJIATaloTh He JIMIIIe B y3a-
rajibHeHHi Bigomux Mopaudikanin WPA, a 7 y BU3HauYeHHi KIIOYOBUX
YMOB VIOTO ITPaKTUYHOL aganTardi. [Togambimnmi PO3BUTOK aJITOPUTMY Ma€
OyTu cnpsIMOBaHMII Ha 3MeHIIIeHHs 004MCITIOBAaIbHOL CKJIaTHOCTi, ypa-
XYBaHHS eHepreTMYHMX i KOMyHiKalliliHMX 00Me>KeHb, MiATpMMaHHsI
JKMBYYOCTi pOI0 Ta IMHAMiYHMI IIepepo310aia 3aBaans [31-37].

INepcneKTMBY MOJAJIBIINX TOCTIIDKeHb. BaXXmBrM 0OMeXeHHSIM
HasBHMX JIOCIIIKEHbB € Te, III0 3HaYHA 4JacTuHa pobiT momo WPA mis
poiB BITTA 3anmuimaeTbcs Ha piBHI 4mcesIbHOTO abO0 MaTeMaTMYHOTO
MoeTIoBaHH:. Y BiIKpWUTiV jliTepaTypi Opakye IpukiajiiB IMOBHOI iH-
Terparlil aJIrOpUTMy BOBYOI 3rpal y pOOOTOTeXHIUHi CUMYJIALIVHI ce-
penoBuilia 3 ypaxyBaHHsAM dismuHoi Moperti BITIA, cencopis, KaHaliB
3B’513Ky, oOMeXkeHO1 eHeprii, BitMoB okpemux BITIA i mosiBu HOBUX 3aB-
ma"b. ToMy B HAcTyIHIi poOOTi IUIAaHYETBCS peaslizyBaTM Ta IIPOMO-
nemoBaTn Mommdikosanu WPA y cepemosuiiax ROS/Gazebo, Webots,
AirSim abo RotorS, 1110 103BOJIUTH HePeBipUTH Oro MPaKTUUHY IpuaaT-
HICTb I iFDKeHepHMX cucTeM KepyBaHHs poem BIUIA, a Takox mopis-
HATU 3 aJbTePHATVBHMMM MeTaeBPUCTUYHMMM Ta TiOpmaHMMM IIifgxo-
mamm [31-44].
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IHOBIIOMJIEHH!I

Brnecox aBmopib. P.JO. Baivkman: Menodoaoeis, opueinaisha uepremxa, Hanucanns; O.I1.
Jlaeooa: ysazasvHenHA, KoHyenmyaizayis, memodooeis; O.O. PodiooB: octoBHa ides, ghop-
MAABHUTL AHAAI3, pecypcl, peyeH3ybanna ma pedaeybanns.

HII ma inwi incmpymenmu nio uac HANUCAHHA cmammi He Bukopucmobybasucs.
Kongpaixmu inmepeci6 Giocymmi.
I'panmu abo gpinancoBa niompumxa ne Guxopucmobybasucs.
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WOLF PACK ALGORITHM FOR UAV SWARM CONTROL:
A REVIEV AND OPPORTUNITIES FOR MODIFICATION

Introduction. UAV swarm control is a complex problem that requires efficient re-
al-time optimization under uncertainty, limited resources and dynamic environmen-
tal constraints. Centralized approaches to task assignment and coordination often
suffer from poor scalability, communication delays and vulnerability to failures of
individual nodes, which motivates the use of swarm-intelligence-based methods ca-
pable of generating near-optimal solutions without a complete analytical model of
the environment. Among such methods, the Wolf Pack Algorithm (WPA) is a pro-
mising metaheuristic inspired by cooperative wolf hunting. It organizes the popu-
lation through role differentiation and phase-based search, combining exploration
and exploitation via scouting, calling and besieging behaviors.

The aim of this review is to analyze the Wolf Pack Algorithm and assess its
potential for solving UAV swarm control problems. The paper summarizes the bio-
logical foundations and mathematical model of WPA, presents a generalized for-
mulation of cooperative reconnaissance and task allocation problems for UAV swarms
and describes the main phases of the algorithm together with its population update
mechanism. Particular attention is given to the use of WPA in two major application
areas: UAV task assignment and trajectory/path planning, including three-dimen-
sional flight scenarios in constrained environments. The review also systematizes
known improvements of WPA, including discrete adaptations, hybrid PSO/GA-
based variants, elite strategies, probability-threshold mechanisms and multi-popu-
lation parallel schemes designed for real-time requirements. In addition, the paper
analyzes practical limitations of applying the Wolf Pack Algorithm in real UAV
swarms, including energy consumption, computational complexity, communication
bandwidth, swarm resilience and the need for partial task redistribution in dynamic
environments.

Methods. The study is based on a literature review and theoretical analysis of
the Wolf Pack Algorithm and its recent modifications. The structure of WPA is exa-
mined through its objective-function formulation, role-based population model and
iterative update rules for scouting, calling and besieging phases. The paper also con-
siders a generalized mathematical formulation of multi-UAV cooperative recon-
naissance, where task assignment, route planning, risk, time, energy, communication
and resource constraints are integrated into a multi-criteria optimization framework.
Recent publications are analyzed to identify how WPA is adapted to discrete search
spaces, how convergence is accelerated through hybridization and parallelization
and how elite and probabilistic mechanisms improve search robustness in UAV
swarm applications. Additional attention is paid to resource-aware adaptation, fault
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tolerance, event-triggered partial replanning and simulation-based validation as
necessary conditions for transferring WPA from theoretical optimization models to
engineering-oriented UAV swarm systems.

Results. The review shows that WPA provides a flexible framework for solving
complex UAV swarm problems in both discrete and continuous search spaces. In
task-assignment scenarios, modified versions such as Multi-Discrete WPA (MDWPA)
and PSO-GA-DWPA improve solution accuracy, robustness and convergence speed
in large-scale combinatorial settings. In cooperative reconnaissance problems, elite
strategies and probability-threshold mechanisms improve the exploitation of high-
quality solutions while reducing the risk of premature convergence and local trap-
ping. In trajectory-planning tasks, including 3D path planning in complex terrains,
improved WPA variants demonstrate higher efficiency than the basic algorithm by
incorporating mutation strategies, adaptive step adjustment, chaotic initialization
and enhanced local-search mechanisms. At the same time, the standard WPA still
has limitations, particularly slow local optimization in later iterations, the possibility
of stagnation near local optima and a potential mismatch between algorithmic com-
plexity and the limited onboard resources of UAV platforms. These shortcomings
are addressed in the literature through adaptive operators, hybrid search compo-
nents, multi-population parallel structures, resource-aware formulations and partial
replanning mechanisms that shorten convergence time, preserve population dive-
rsity and support swarm resilience under changing mission conditions. Overall, the
reviewed studies indicate that WPA and its improved variants are promising for
UAV swarm control tasks requiring decentralized coordination, high-dimensional
optimization, dynamic task redistribution and adaptation to uncertainty.

Conclusions. The Wolf Pack Algorithm is a promising metaheuristic approach
for UAV swarm control because it combines biologically inspired collective beha-
vior with a formal global-optimization framework. Its role-based population struc-
ture and phase-based search allow it to balance global exploration and local exploi-
tation, which is especially valuable in large-scale, constrained, and uncertain UAV
missions. The reviewed literature indicates that WPA and its modifications are ap-
plicable to two key classes of problems: task assignment and trajectory planning. Dis-
crete, hybrid, elite and multi-population variants improve the accuracy, stability and
convergence speed of the basic algorithm, making WPA a flexible platform for the
development of adaptive swarm-intelligence methods in autonomous UAV systems.
However, the practical applicability of the Wolf Pack Algorithm in real UAV swarms
cannot be assessed only by the quality of the obtained optimization solution. Energy
limitations, computational cost, communication constraints, loss of individual UAVs,
and the need for partial event-triggered replanning remain critical factors for engi-
neering implementation. Therefore, the further development of the Wolf Pack Al-
gorithm should include resource-aware modifications, mechanisms for partial task
redistribution, and simulation-based validation in robotic environments such as
ROS/Gazebo, Webots, AirSim, or RotorS. Such validation is necessary to determine
whether WPA-based approaches can maintain acceptable solution quality under
limited energy, limited communication, UAV failures, newly emerging tasks and
real-time replanning requirements.

Keywords: Wolf Pack Algorithm; swarm intelligence; UAV swarm control; task assign-
ment; cooperative reconnaissance; path planning; metaheuristic optimization; swarm resi-
lience; partial replanning; simulation-based validation.
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AHAI3 METOJIB TA 3ACOBIB

O®JIAVIH OGPOBJIEHHS ITIOCIITOBHOCTEN
30BPAJKEHD 3 BOPTOBOI KAMEPU

Y cmammi po3e’s3aHo akmyanvHe HAYKOB0-NpaKmuure 3a60aHHS 3 Ni0BUULEHHS MOYHOCII
ma Hadilinocmi 6i0HO6IEHHS MPAeKmopii nonvomy nimanvHux anapamie (JIA) 3a danumu 6op-
M08020 8i0CO3HIMAHHS 8 YMOBAX CKAAOHO20 penvedy ma 3a6ad. OOspyHmoearo ma peanizo-
8aHO KOHUENUiI0 8i3YaNbHO-AHATIIMUYHO20 8i0ME0PEHHS NONILOMHOL iHPopmayii y dopmi cma-
UIOHAPHO20 NPOZPAMHO-ANAPAMHO20 KOMNEKCY 0PnaiiH-00pobneHHA daHUuX. 3anponoHo8aHo
CUHME308aHULL MeMOOD, SIKULL 6A3YEMbCT HA KOHBEEPHOMY NOEOHAHHI MPbOX ANOPUMMIMHUX
KOMNOHEHMIB: ANROPUMMY AHANI3Y A cesleKyii Kaopie 077 asmomamuuHozo UNLyHeHHs Cno-
MBOPEHUX 300paceHb, memody monozpagiunoi knacmepusauii nocnidosHocmeii 306pasieHs Ha
0cHO81 KoHUenyii monoepagiunoi cnopioHenocmi, a Makox memooy Kpoc-KopenayitiHoi knac-
mepusauii sipmyanvHux ocobnusux mouok. Ocmanniti 3a6e3neuye cymiweHHs Kaopie 3a 6io-
cymHocmi npupooHux mapkepieé HAd mekcmypHo 0OHOPIOHUMU NIAHOUAPMamu 3a805KU BU-

Hurysanus: Komap M.M., Cimaxia B.M., I[Torios I.B. Anasi3 merojiis Ta 3acobis od-
J1avtH 00po0sIeHHs IOCITiIOBHOCTEN 300pakeHb 3 OopTOBOI Kamept. Information Tech-
nologies and Systems, Kuis, 2026, Tom 4 (10), 43-53. https:/ /doi.org/10.15407/in-
techsys.2026.04.043
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KOPUCMAanHio wabsionie nikcenvHoi Kopensyii ma 2eomempu1Hoeo 3icrasieHHs MPUKymHUX
KoHieypayiti 3a Kymamu Haxuy i cnigeioHoweHHam 008xcun sekmopis. ITo6ydosaro mame-
MAMU1HY MOOesb BUSHAUEHHS BeKMOPA 3CY8Y 300pANCeHH S 0715 PO3PAXYHKY PeanvHOi n000naHoi
gidcmani ma npocmoposo-14acosoi Ounamixu pyxy (3cys, nosopom, macumab, sucoma). 3a-
be3neueHo asmomamuure PoOPMyBaHHs CMPYKMYPOBaHUX HAbopis danux (popmamie CSV ma
JSON) 0nst 3acmocysants 6 060poHHiil aHanimui, po3eiouyi, HAYKOBUX 00CTIONEHHX Ma OUiH-
ui 0iti onepamopis JIA.

Kntouoei cnosa: nocnidosrocmi 306pasicerv, opnaiin-o6pobnenHs 306pajicetv, Komn omepHuii
3ip, monoepagiuna xnacmepusauis, eipmyanvii 0co6USI MOUKU, KPOC-KOPENSUIiHUTI aHANi3,
PEKOHCMPY KU MPAEKMOPIL.

Bcryn

B ymoBax iHTEHCMBHOTO BUKOPVCTAHHS Pi3HOMaHITHMX /liTanbHUX anaparis (JIA)
BUHMKAE [TO0Tpeba He Jile y peasisalil arropuTMiB aBTOHOMHOI HaBirauii B pe-
a/IbHOMY Yaci, ajie 11 y IpoBeieHHi I/IMOO0KOT0 MiC/IAI0TbOTHOTO aHa i3y OTpuMa-
HIX Bi3ya/JIbHUX JAHUX B PeXVUMi O(riaiH.

Ha Bigminy Bif cucteM peanbHOro yacy, siki 0OMexeHi B 0041 C/IIOBaIbBHUX
pecypcax 60pTOBUX KOMITIOTEpPiB Ta BUMOTaMU JI0 MiHIMa/IbHOI 3aTpUMKH, 0¢-
NaiiH-00pO6/IeHHA Ma€e KapAMHAIbHO iHIII LiMi Ta MOXJIMBOCTI. BinbyBaerbcs
3MiHa 6a30BMX 3aBJIaHb, | METOIO CTa€ He OllepaTVBHE BUABJICHHS IIEPELIKOf, 9U
KOPUTYBAaHHSA KyPCY, @ BUCOKOTOYHA PEKOHCTPYKL i TPAEKTOPiNl OIBOTY, CTBO-
peHH:A opTodOoTOIIaHiB, POpMyBaHHA AKICHUX JAaTaceTiB /I HaBYaHHA HEWPO-
MepeX, a TAKOXK aHAJIITMKA Ta IeTaJIbHUIL ayIUT /il onieparopa.

O6uncneHHs 3AiICHIOETbCS Ha CTAL[iOHAPHUX MPOrPaMHO-aNapaTHIX KOMII-
NeKcax 6e3 0OMeXeHb IIOJ0 eHepProCIOXKMBAHHA Ta OOYMCIIOBATBHOI HOTYX-
HocTi. e mo3BoJIA€ 3acTOCOBYBATU CKIafiHi MaTeMaTU4YHI MOJe/Ii Ta pecypco-
€MHI a/ITOPUTMM KOMIT IOTEPHOTO 30Py O Manux o6cAriB BuOipkoBux abo cyT-
T€BO CIIOTBOPEHMX JaHUX, OTPUMYIOUN 3 HUX MaKCYMMYM KOPUCHOTO CUTHay.

306paxkeHHs 3 0OPTOBYX KaMep 3a3HAIOTh criennivHux gedopMaliiit, SK TO:
BIICOKOTO PiBHA LIIYMy Yepe3 HU3bKY OCBIiT/IeHICTb abo Bibpalil HociA, ONTUYHMX
CIIOTBOPEHD, Pi3KUX MEPCIEKTUBHIX 3CYBiB, 3Ma3yBaHHA KaJpiB IIpM MaHeBpaXx,
a TaKOXX BiICYyTHOCTI 4iTKMX TeKCTOBMX ab0 KOHTPAaCTHMX JeTajel IIif yac Io-
JBOTIB HaZl ofHOpimHMMM MaHmmabTamu (JTicoBi MacMBM, BOOVIMM, CHITOBI O-
KPVBM 4 PiBHMHM). YCYHEHHS LIUX CHOTBOPEHb Ta Bi[HOBJIEHHS IIPOCTOPOBO-
94acoBOI AVHAMIK) HO/IBOTY BUMArae po3poO/IeHHs CIelliali30BaHNX MeTOJO0/IO0-
TiYHMX MiAXOMIB 0 BUOIPKOBOTO Ta CMHTETMYHOTO aHa/Ii3y BiZleONOTOKY.

Mero10 CTATTi € aHa/Ii3 HAABHUX METO/iB Ta 3aC06iB KOMIT IOTEPHOTO 30py i
OOIPYHTYBaHHA Ha IX OCHOBi CMHTE30BaHOTO MeTOAy o¢IaitH-06po6IeHHS 110-
CIioBHOCTEIT 306paXkeHb 3 60pTOBOI Kamepu JIA 11 aBTOMaTI30BaHOTO Bifbo-
PY AKICHUX KafIpiB, 3iCTaB/IeHHA 300pa’keHb HaJl TEKCTYPHO OJHOPiITHUMM JIAH-
madTaMy Ta BUCOKOTOYHOTO BiITBOPEHHA TPAEKTOPIi MONbOTY.

Ornap miteparypu

AHari3 cy4yacHMX HayKOBO-TeXHIYHMX JKepesl CBifuUTDb PO CTPIMKMIT PO3BUTOK
MeTOfliB 1 3ac06iB KOMITIOTEPHOTO 30py A/ 0OpOONIeHHA Bidya/lbHMX JAaHUX,
OTPMMAHIX 3 JTiTa/lbHNUX amaparis [1-3]. 3a/me)Ho Bif yMOB 3aCTOCYBaHHA pO3-
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Pi3HAIOTH CUCTEMU PEasbHOIO Yacy, BKIIOYHO 3 aITOPUTMaMI Bi3yasbHOI 0Ofi0-
MeTpil Ta MeTofjaMM OJHOYACHOI JI0Kai3alil it nobynosu kaptu (Simultaneous
Localization and Mapping, SLAM) [1-2], Ta KOMIUIEKCH ITiCTIANIONBOTHOTO O(Iait-
aHamisy [4-5].

Cepeq HasIBHMX MeTOJiB 00OpOOJIeHHS Ta 3icTaBleHHs 300pakeHb QyH[a-
MeHTa/IbHe 3HaUYeHHA MaloTb aITOPUTMU BUAB/IEHHA Ta OMICY OCOOIMBUX TOYOK.
Hait6inb1 BifoMuMu € KIaCH4Hi JeTEKTOPH, TaKi SK alTOPUTM MacuITaboiHBa-
piaHTHOrO nepeTBOpeHH: o3HaK (Scale-Invariant Feature Transform, SIFT) [6] Ta
aJITOPUTM IIPUCKOPEHNUX CTilikux o3Hak (Speeded-Up Robust Features, SURF) [7].
Bonnu 3abe3reuyoTh BIUCOKY iHBapiaHTHICTb [0 3MiHM MacuITady, IIOBOPOTY Ta
HepiBHOMIPHMX 3MiH ocBiTIeHOCTI. [l cucteM i3 oOMe>XXxeHMMM 004MCITIOBaIb-
HVMI pecypcaMyl IIPOKO BUKOPUCTOBYeTbcsA anroput™ ORB (Oriented FAST and
Rotated BRIEF) [8], mo 6asyerbcs Ha OiHAPHUX AeCKPUIITOPAX i IIpalIfoe 3HAYHO
mBype 3a SIFT [6] un SURF [7]. Takoxx [jis OLiHIOBaHHS MDKKaJJpOBMX Ilepe-
MillleHb 3aCTOCOBYIOTbCS AUdepeHIliaTbHi METOAY ONTUYHOTO MOTOKY, 30KpeMa
xinacuanmit Metop, JTrokaca-Kanagme [9].

[IpoTe HaBezeHi METOAY MAIOTh HU3KY OOME>KeHb. 32 YMOB 3HVDKEHHS AKOCTI
BXi[JHOTO BifjleonoToKy mif 4ac monpotiB JIA KinbKicTh cTabimbHMX 0cO6MMBUX
TOYOK CYTTEBO 3MeHIIYeTbcs [4, 10]. IHIIOI npo6reMoio € 06pobIeHHS faHNX
HaJl TeKCTYPHO OJHOPiJHMMIY HMOBepXHAMMU (30KpeMa JTiCOBMMU MacuBaMu, BO-
JOJIMaMM, CTEIIOBYMIU Ji/ITHKAaMM), ie KJIACUYHI aITOPUTMU TpeKiHry [6-7] 3a-
3HAIOTb 3001B Yepes BiICYyTHICTD 4iTKMX NPUPOTHNX MapKepiB.

Cepern 3ac06iB 06p0o6/IeHHs Ta MPOTrpaMHO-AIlAPATHUX PillleHb CY4acHi 10-
CIIKEHH s OXOIUIIIOTh IVPOKUI CIIEKTP IHCTPYMEHTIB — Bifl BiTHOCHO JIETKMX
6i6/1i0TeK KOMIT I0TEpPHOTO 30py 710 poTorpammerpmnyHux miarpopm [3, 5]. Pecyp-
CoeMHI ororpaMMeTpuyHi KoMIviekcu (Hanpukian, Pix4D, Agisoft Metashape)
peati3yloTb METO[M PEKOHCTPYKLIi TPMBYMIPHUX CLIEH Ha OCHOBI IiJXOMiB «CTPYK-
Typa 3 pyxy» (Structure-from-Motion, SfM) Ta 6araTopaKypcHOro crepeoo6pob-
neHHs (3, 10]. BogHouac Taki 3aco0u € 4yTIMBMMU O HAsIBHOCTI IPOIYIIEHNX
260 HM3bKOAKICHMX KaJ[piB y IOC/TiOBHOCTI: T0ABA 3Ma3aHOTO YN 3aLIyM/IEHOTO
KaJIpy 4acTO IPU3BOAUTD IO PO3PUBY TPAEKTOPil a00 CYTTEBOrO CHOTBOPEHHS
Bciel reoMmeTpryHoi Mopeni 4, 10].

Takum urHOM, HasiBHI MeTomu [6-9] Ta 3acobm 3, 5] € opienToBaHUMM 260
Ha po6OTY B pea/IbHOMY 4aci 3 06MexeHoo To4yHicTIo [1-2], a60 Ha ifeanpHi BXif-
Hi poTorpamMMeTpuyHi faHi BUCOKOI AKoCTi [3, 10]. [l yMOB, Koy Bifeo3anucu
3 60opToBOi kKamepy JIA MicTATh pparMeHTapHi CIIOTBOPEHHA, ITYMY Ta Ai/ITHKN 3
Bi/ICYTHICTIO XapakTepHUX (GparMeHTiB, BUHMKAE noTpeda y popmyBaHHI 00-
I'PYHTOBAHOI IIOCTTITOBHOCTI CIeljiaTli30BaHMX a/ITOPUTMIB, 06’ €THAHNX B €[[VIHNI
KOMIUIEKCHII METOJ, CeJIEKIIiI Ta aHami3y Ka/ipiB.

CuHTe3 MeTORYy aHANi3y Ta CeNeKIil
KafipiB 3 60pToBoi Kamepu JIA

Jl1a ycyHeHHS 0OMe)XeHb K/IaCMYHVIX HiAXOfiB Ta 00po0/IeHHs HU3bKOAKICHMX
a60 c1abOCTPYKTYpPOBaHMX Bi3ya/JIbHUX JJAHUX 3aIIPOIIOHOBAHO CHHTE30BaHMI
MEeTOJ aHaJIi3y Ta ceneKIil kaapiB 3 6oproBoi kamepu JIA. B ocHOBY MeToxy 110-
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K/IaJleHO KOHIIENIII0 IOENHAHHA TPhOX CIIeljiaNi3OBaHMX aITOPUTMIYHUX KOM-
IIOHEHTIB, KOXKeH 3 AKMX BUKOHYE OKpeMy (YHKIIiI0 B 3aTa/IbHOMY KOHTYPi 0d-
MaitH-06po6IeHH L.

[TepimnM KOMIIOHEHTOM € /JITOPUTM Biffoopy AKICHUX 300pakeHb, IPU3HA-
YeHMI J/IA IepBUHHOTO (iNbTPyBaHHA BXiIHOTO MacuBY Kajpis. Y mporeci mo-
nboTy JIA 3HauHa YacTMHA BifIeONIOTOKY CIIOTBOPIOETHCA Yepe3 PO3MMUTTS BHa-
CIifoK pyxy, Bibpauii Hocis Ta piskux 3MiH OCBiT/IeHOCTI. 3alIPOIIOHOBAHMIT AI-
TOPUTM OL[iHIOE PiBEHb YiTKOCTi Ta MIDXKKaZipOBOIO IEPEKPUTTH, 10 JAE 3MOTY
BITy4aTy HeiHdopmaTyBHI kanpu. le migBuinye miCyMKOBY TOYHICTh PEKOH-
CTPYKIil Ta 3MeHIIye 0OYNCTIOBaIbHI BUTPATH Ha HACTYIIHNX eTarax.

[l aBTOMaTN30BaHOI CeneKIil 300paXkeHb HU3BKOI IKOCTi 3aIIPOIIOHOBAHO
METO/| OLIiHIOBAaHHA JIOKa/JIbHOTO KOHTPACTy Ha OCHOBi aHajli3y pO3CiloBaHHA iH-
TeHCUBHOCTI miKceniB. OLiHIOBaHHA 37iJICHIOETbCA Y JIOKAJIbHUX BiKHAX po3Mi-
poM 9x9 mikcesniB, piBHOMIpHO PO3IOAIIEHUX IUIOLE0 Kanpy (Mas po3ninbHOT
3maTHOCTI 1920%1080 KinbKicTh TaKMX NIIAHOK CTAaHOBUTH m = 40000 ).

Il7151 KO>)KHOTO Kk-TO BiKHa 3 KIZTBKICTIO TKCETiB 11 00UMCITIOETbCS CePeTHE 3Ha-
YeHHA IHTEHCUBHOCTI CipOTo KONIbOPY Tk Ta JIucIepcisa Gi:

- 1 1 -
_ 2 _ 1 _T\?
I __zlilck = Z(Ii Iy,
e e
ne I, — iHTeHCUBHICTD i-TO MiKCe.
JlokanmbHMIT KOHTPACT BiKHA BU3HAYAETbCA AK CepeJHE KBa/JpaTNdHe (CTaH-

. 2 A . . .
napTHe) B1OXVICHHA Gk = Gk , IO Ma€E OHHaKOBy pOSMlleCTb 13 BUX1JHOXO 1H-

TeHCHBHICTIO. ITicyMKOBMII ITOKa3HMK SAKOCTI KaJpy BU3HAYA€ThCA K CEPENHE
3Ha4YeHHs CTAaHJAPTHOTO BiIXWJIEHHS 110 BCbOMY 300paXKeHHIO:

_ 1 1 _
Ik:;zlizo'i:;zai_l)z-
i=1 i=1

Bucoke 3Ha4eHHA G CBifUMTb PO BUCOKY YiTKiCTb, HASABHICTb BUPA’KEHUX
KOHTYPIB i TEKCTYpHUX 0COONMMBOCTEN, TOAi AK HU3bKe 3HaYeHH] O imeHTN}i-
Ky€e po3MuTi, 3MasaHi a60 OJHOTOHHI Kajpy, SIKi MiJIATaloTb aBTOMAaTUYHOMY
BIUTYYEHHIO 3 ITO/I/IBIIOTO 0OpOO/IeHH .

IpyruM KOMIIOHEHTOM € MeTOJ 3iCTaB/IeHHs MOCTIZOBHOCTEN 300pakeHb,
pO3po6IeHnit Ha OCHOBI IPUHINIIIB ToTOrpagivHoi K1acTepusaliii. 3alpoOIOHO-
BaHMII MifXi[ NIpU3HAYEHMII /1A HifABUILEHHA HaAiTHOCTI reOMeTPUYHOrO aHa-
i3y Bi3ya/bHUX JaHMX 32 PaXyHOK KOHIeMIii Tonmorpadivynoi criopigHeHOCT Ka-
npis. Ha BifMiHy Bifi cTaHJapTHOIO TOYKOBOTO 3iCTaB/IeHHS, ToNOrpadiyHa Krac-
Tepusalisg pO3INAfA€ B3a€EMHE IPOCTOPOBE IOJIOKEHHS KaJIpiB AK €/1€MEHTIB
Li/1icHOI TONONOriYHOI CTPYKTYypu. Lle mo3BoIA€ HafiIHO OLjiHIOBATY ITApAMETPH
IpOCTOPOBOro pyxy JIA (BeKTOpU 3CyBY, KyT! IOBOPOTY Ta MacuITabHi koedii-
€HTI) HaBiTb 32 HASAABHOCTi CYTTEBMX CIIOTBOPEHD MEPCIIEKTUBIL.

Mertop 3a6e3nedye 004MC/IEHHS IIPOCTOPOBOrO MepeMillleHHs, 3MiHM BUCO-
TY TIOJILOTY Ta KypcoBOro KyTa JIA Mix 6a30BMM i IIOTOYHMM KafipaMi.

Ha nepiomy Ta ipyromy etamnax 3/iliCHIOETbCS BYUSB/ICHHS 0COOMMBUX 00-
JIacTell 3a JOIOMOTOI0 JJeTEKTOpa JIOKa/JIbHUX MAaKCUMMYMIiB onepatopa Jlamaca,
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IiC/IsT 4OrO IPOBOANTHCA IXHA ABOQAKTOPHA ¢inbTpalis 3a giameTpoM i posmi-
pOM IpocTopoBoro BikHa. Ha TpeTboMy eTani BUKOHY€ETbCs Nepebip KoMbiHat il
3 TPbOX 0COONMMBUX 30H i popmyBaHHsA TpukyTHuKiB A B,C, ta A,B,C,, ne
nentp mac C(C, Cy) KOXHOTO TPUKYTHMKA 00UMCTIOETHCA 32 KOOPAVHATAMM 110-
rO BEpILINH:

_ax+bx+cx C _uy+by+cll
x = sy T
3 3
IITI}I BeKTOpiB a, b, C CIIpAMOBAaHUX Bi)_I LIeHTpa Mac C 0o TOYOK 4a, b, C pos3-

PaxoBYIOTbCA IXHi JOBXMHM Ta KYT) BiJHOCHO OINOPHOTO BEPTMKAJIbHOIO IIEp-
neHavKynapa h. Kyt o0 y pajiianax o64ncioerbes sAK:

C

h-a
o =arccos| ——— |.
|72 [l
Il TOYOK, 110 /IeXXaThb TIBOPYY Bijj [IeHTpPa Mac, KyT KOPUTYETHCS /IS 3a-
6esnevenHs fiamasony [0°, 360°]:

Oy =20 — 0.

[Toni6HICTh TPUKYTHUKIB BCTAHOB/IOETHCS 32 IBOMA KPUTEPisAMM:

® KyTOBa BilNOBiIHICTD: pisHMUi KyTiB AQ,, =0, ; — 0 ; I BiAIOBIIHNUX
BEKTOPiB IIOBMHHI OyTY NpuOIN3HO OJHAKOBMMU Ta He NEpeBUIYBATH IOPO-
roBe 3HAYEeHH:

Ao, — Ao, |<Ee,,

Aoy, — Ao | <€,

L, .
. .. . . 2,
e MaciTabHa BiAMOBIZHICTD: BiIHOLIEHHS JOBXIH BeKTOpiB R, , = —=

i € {a, b, c}), nepeBipsAIOTHCS Ha BiIXM/IEHHS Bifl CEPEHBOrO: 1,i

(me

AR, =|R,; R, | <eq.

Ha geTBepTOoMy eTami KOH(’pirypauiﬂ Bepl/[(’piKyeTbc;I NOJAaBaHHAM YeTBEPTOI
. . ’ ’ 7
0co6/Boi 30HM d, yTBOPIOI0YN YOTUPUKY THUK i3 nentpom Mac C'(C,, C)) :
C’_ax+bx+cx+dx C'_ay+by+cy+dy
x 1y T
4 4

Ha m’atoMy etani po3paxoByIOTbCS Mi/ICYMKOBI TapaMeTpy Pyxy:
Kyt noBopory (A0): cepepHe 3HaUeHH:A KYTOBUX pisHUIb A = %Zi A

3MiHa BUCOTH: BU3HAYAETHCS Yepe3 CepefHs 3HadeHHs macumraby AR, =
1 o4 . -
= o R, ;» me 3MiHa BUCOTH € 06epHEHO MPOMOPIiitHOI /0 R,

Bekrop 3cyBy (A,): moGyoBaHuit Ha TOTOYHOMY Kazapi BekTop A, (Big C, 1o
neHTpa Kazipy C,,) TOBepTAETbCA Ha KYT —AD 3a JOIIOMOTr010 MaTpu1ii HOBOPOTY:
A, cos(—AB) —sin(-A0) \( A,

A, sin(-AB)  cos(-AB) || A,,
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Puc. 1. Cxema mpouecy ¢popmy-
BaHHA BEKTODIB 3iCTaBIeHMX Bip-
TyaJIbHUX TOYOK eTaJIOHHOro (a)
i motouHoro (b) 306paxkeHp

A Ay

. _ T tx —
Ilicna macwrabysanus A, =—*, A, =-——- TallepeHeCEHH TOYKM Ha
Ry v
o ’ ’
6asosmit kagp A, =Cj, +A,, ., A, =C, +A,, , BEKTOp 3CyBy A, yTBOpIOE-
ThCS MK IIeHTpoM 6asoBoro kazfpy C,, Ta TOUKOI A :

S

A =(Ay - CZl,x AAy - CZl,y)

Mopynb BeKTOpa 3CyBYy L, = ||AC|| = \/(AAX —Cp )+ (A —Cz,y )* Bu3Ha-
Yae IMiJICYMKOBY BificTaHb, ogonaHy JIA MDK KafipaMyl B KOOPAMHATAX 300paKeHHSI.

TpeTboro CKIafoOBOI0 € METOJ, KPOCKOPEIALITHOI KIacTepusalii BipTyaib-
HUX 0cO0MMBUX TO40K. HeoOXigHiCTh 10T0 3aCTOCYBaHHA 0OyMOBJIEHA CYTTE-
BUM 3HIDKEHHAM e(eKTMBHOCTI KIaCYHMX MiIXOJiB Ha OJHOPITHMX AiIITHKAX
MiciieBoCTi (BOJHI MOBEpXHi, IIi/IbHI TiCOBI MaCUBHU, CHITOBi IIOKPUBH, CiTBCHKO-
TOCIIOIAPChKi MO/ TOLIO), e MPAKTUYHO BifCYTHI 4iTKO BMpa)keHi NMpUpORHi
KOHTPAaCTHi MapKepu.

3anpornoHoBaHuil MeTof, POpMye CITKY BipTya/lbHUX OCOOMMBMX TOYOK Ha
OCHOBI IIA0/IOHIB MIKCeNMbHOI KOpe/IALii Ta 3i/iCHIOE TeOMeTPUYHE 3iCTaB/IeHHS
ix TpUKyTHMX KOH}irypamiii 3 ypaxXyBaHHAM KYTiB HaXmity i CHiBBiTHOIIEHHA
TOBXIH BeKTOpiB. Lle mae 3Mory HafjiltHO po3B’13yBaTy 3ajiadi Bidya/sbHOI ooMe-
Tpii Ta reolpoCTOPOBOTO aHaJIi3y HaBiTh 3a YMOB IIOBHOI BifICYTHOCTI Xapak-
TepHUX PparMeHTiB penbedy.

I[Iponec popmyBaHHA BEKTOPIB 3iCTaB/IEHUX BipTya/JbHMX TOYOK €TAJIOH-
HOTO Ta IIOTOYHOTO 300pakeHb ITOKa3aHo Ha puc. 1. Ha mouarky npouecy Ha era-
JIOHHOMY Kafipi 3afafoTh BipTyanbHi Touku A, B, C, D Ta BignosinHi mra6moxn
nomykKy S,, Sy, Si» Sp. 3a HOIOMOroI0 IBOBUMIPHOI KpOCKOpeALlil BcepenyHi Io-
TOYHOTO 300pa>KeHHsI 3HAXOAATh KOOPANMHATH LIeHTPIiB IUX MIA0/IOHIB, SKi yTBO-
PIOIOTB BifiIOBifHI BipTyanbHi Touky notouHoro Kazgpy A', B, C', D'. [lani o64nc-
JTIOIOTD IIEHTPU Mac JIA BipTyaJbHUX TOYOK eTasioHHOro (O) Ta moroynoro (O')
300pakeHb. 3icTaB/ieHi BipTya/lbHi TOUKM CIIJIBHO 3 LIeHTPaMM MaC BU3HAYAIOTh
KoHirypario 3ipok kr1acrepusauii 3 Bekropamu npomenis OA, OB, OC, OD na
etanoHHoro kagpy ta O'A’, O'B’', O'C’, O'D’ gy noTo4YHOrO.

CuHTe3 oNnMCcaHMX a/ITOPUTMIB y €IMHMIT METON, aHali3y Ta ceNeK1ii Moci-
ITOBHOCTE 300pa>keHb peali3oBaHO K TPMeTAITHNII 0OUYNC/TIOBaIbHII KOHBEED.
Ha nmepmomy eTamni BXifHMII BifleONOTIiK IPOXOAUTH aBTOMATUYHY CENIEKIII0 I/
¢dbopMyBaHH:A ONTUMI30BaHOTO MacKBy iHpopmaTuBHMX Kazipis. Ha gpyromy eta-
i 5o chopMoBaHOI BUOIpKM 3aCTOCOBYETHCS METOJ, ToIOrpadivHoOl KIacTepusa-
1ii, a B pasi BUABJIEHHA TEKCTYPHO ONHOPIZHUX JFiMAHOK JJOMaTKOBO 3ail0€THCA

48 ISSN 3083-6573. Inpopmayiiini mexrosoeii ma cucmemu. 2026. No 4 (10)



Ananiz memodif ma 3acobi6 ogpaaiin 0bpobaera nocaidoBHocmetl 306paxets 3 bopimoboi kamepu

KPOCKOpeJIALiHNII aHaIi3 BipTyanbHUX 0co6MMBuUX To4oK. Ha 3aBepuranbHoMy
eTali OTpMMaHi FTeOMEeTPUYHI ITapaMeTpy Ta BEKTOPU 3CYBY iHTETPYIOTbCA B EAUHY
MaTeMaTI4Hy MOJeTIb, 1110 3a0e3Iedye BiJHOB/IEHHs TpaeKTopii momboty JIA y mmpoc-
TOPi KOOpAMHAT Ta (GOPMYBAHHSA CTPYKTYPOBAHMX Pe3y/IbTYIOUNX JaTACeTiB.
MatemaruyHa peasnisalis 00 efHaHOI MOJe/i PO3IIOYNMHAETHCS 3 AAIITUB-
HOTO pOpPMyBaHHA MHOXKIMHN onopHux Todok P={p,}™, . Ha TekcTypoBanmx fi-
JIAHKaX MiCLI€BOCTi TOUKM BUABJIAIOTHCA K MaKCUMyMu oneparopa Jlammaca:

p; =arg max|AI1 (x)|

Ha opHOpifHuX MOBepXH:AX 3a BedillUTy IPUPOZHMUX KOHTPACTIB Ha 6aso-
BOMY KafIpi 3a/jal0ThCsA MiKCe/MbHi Iabonn S, a BiAOBiHI IM BipTya/IbHi TOUKM
D, Ha TIOTOYHOMY KaJipi 3HaXOAATH I/IAXOM MaKCUMi3allil HOpMOBAHOI B3aEMHOL
KOpeAwLii:

p,; =arg max NCC(I,(x),S;).
! x

OTtpuMaHi YOTVpM 3iCTaB/IeH] TOYKY BUKOPUCTOBYIOTBCS /IS TOOYHTOBM reo-
MeTPUYHUX 3ipoK KnacTepusauii. Cllo4aTKy 0OUMCTIOITbCA KOOPAUHATH LIeHT-
piB mac O, Ta O, /11 6a30BOTO i IOTOYHOTO KaJpiB:

1 M
O, :M;‘pk'“ ke {1,2}.

Hani GopmMyoTbCs BEKTOPU MPOMEHIB U, ; =P, ; — O, , AN AKUX BU3HAYA-
I0TbCA IXHi OBXMHN L, ; =||v,m.|| Ta KyTn o, € [0°, 360°] BifHOCHO OHOPHO]
BEPTUKAJIbHOI OCi.

Ha saBepiapHOMY eTalli IPOBOAUTbCA PO3paXyHOK IapaMeTpiB pyxy JIA
Ta IPOCTOPOBOTO 3CYBY 306pakeHb. KyT IMIOBOPOTY BifHOCHO KYPCY OIIiHIOETHCSA
AK cepefHe 3HaYeHHA KYTOBMX Pi3HUIb BiIMIOBIJHMX IIPOMEHIB:

1
A= M(az,i =0y ;)

3MiHa BucOTH NONBbOTY JIA € 06epHEHO MPONOPILITHOI IO CepeHbOTO Mac-
mrabHoro koedirienra R,

[lnsa Bu3HaYeHHA mpoiifeHoi Bigcrani Bektop A, =C,, — O, , mobynoBanmit
Bij| IleHTpa Mac /10 LIeHTpa NOToYHOro Kazipy C,,, ToBepTaeThcA Ha KyT —ADO 3a
JIOIIOMOTO0 MaTpMIii HOBOPOTY R Ta MacmTabyerbcs KoedinieHTom 1/R,:

1
A = R_ R(—AG)AZ .

mt
\%4

ITicna mepeHeceHHA OTPUMAHOTO BEKTOPa Ha 6a30BMUIl KaJp BiflHOCHO 110-
ro nentpa mac A, =0, — A,,, MICYMKOBUIT BeKTOP 3CyBY 300pa’keHH: BU3HA-
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Ya€eThCA BiJHOCHO LieHTpa 6asoBoro kajpy C, :
AA = AA - C21 .

Vloro mopynb 3afae IpOIeHY BilcTaHb MK KaZipaMy B IIIKCETbBHOMY IIPOCTOPI:

L = ”As ” = \/(AAx —Cp )+ (Ap —Coy ).

3anpoNOHOBAHMI CMHTE30BAaHMUII METON, JAa€ 3MOTY BUPILIUTH K/IIOYOBY 3a-
mady o¢aitH-06po6IeHHs BileONOTOKY 60PTOBOI KaMepy — aBTOMATUYHO BifI-
ciloBaTV HEKOPEKTHi Kafipy Ta GOpMyBaTy CTPYKTYPOBaHi IPOCTOPOBO-TIPYB -
3aHi gatacetn y popmarax CSV ta JSON i1 HOAA/IBLIOTO aHAI3Y.

O6roBopeHH: pe3ynbTaTiB

3aIpoNOHOBAHMII CMHTe30BaHMII METOJ, IEMOHCTPY€E BUCOKY CTIilKiCTh IO cIIe-
unbivHnx 3aBaj 60pTOBOI Bimeodikcalii, TaKMX SIK BUCOKOYACTOTHI Bibpariii,
Pi3Ki 3MiHM OCBIT/IEHOCTI Ta JIOKaJ/IbHi TeOMETPUYHI CIOTBOPeHH:A. OCHOBHa IIe-
peBara po3po6/IeHOro X0y O/IATAE B 3AaTHOCTI Haii{HO BiTHOB/IIOBATI TPa-
€KTOPIIO IIOJIBOTY 32 YMOB, KO/IM KJIaCU4Hi poTorpaMMeTpuyHi mifxonm (3o0kpema
anroputMy Ha ocHOBi SIFT, SURF a6o ORB) BTpayaioTh Ipale3JaTHiCTh Yepes
medinut abo Aerpajaniio TPeKiHTy HaTypalIbHNUX eTaIOHHUX TOYOK.

3aB/IAKM BIPOBAJPKEHHIO KOHIIEIIIIi BIpTyaIbHUX 0COOMMBUX TOYOK i Kpoc-
KOpe/IALIHOI K/IacTepu3alil JOCATHYTO CTabiIbHOCTI 00pOOKM ITOCTIOBHOCTEN
KaZIpiB HaJi TEKCTYPHO OFHOPiZHMMU naHgmadpTamy (BOLHI IOBepXHi, CHIrOBUIA
MOKPUB, CiTbCHKOTOCTIOAPCHKI MO, 1IiNbHI TicoBi MacuBM To1110). [TopiBHAHO 3
HasBHVMMM pillleHHAMN Bi3ya/IbHOI OfoMeTpii, reoMeTpryHa QibTparis TpuKyT-
HUX KOH(Irypaliii 3a KyTaMy HaXWIy Ta CIIiBBiJHOLIIEHHIM JOBXXVH BEKTOPIB 3a-
Oesmnedye BUCOKY CTilIKiCTh [0 HMEepCHEKTMBHMX CIIOTBOPEHb 0e3 HeoOXifHOCTi
BMKOHAHHA CK/IQ[IHMX iTepaliliHuX IpoLefyp Ha KOXKHOMY KaJpi.

BripoBamKkeHHA MOZ YA IONIEPEHbOI CEIEKIIil A€ 3MOT'y CKOPOTUTH 3arajib-
Hi o6uncmoBaabHi BUTpaTy Ha 30-40% 3a paXyHOK aBTOMATMYHOTO BYUTYYCHHS
KaJIpiB i3 fMHAMIYHMM PO3MUTTAM Ta HEZOCTATHIM MIKKaJpPOBUM IIEPEKPUTTAM.
Ile ontumiaye po6oTy odaitH-KOHBeepa 6e3 BTpaTy TOUHICHUX XapaKTePUCTUK
i CYMKOBOI 3D-peKOHCTPYKII TPaeKTOPil.

DopMyBaHHSA CTPYKTYPOBaHMX BUXIiIHMX flataceTiB y popmarax CSV ta JSON
3abesnedye MOBHY CyMiCHICTh OTPMMAHUX JAaHMX i3 30BHINTHIM TPOTPaMHIM 3a-
OesnevyennsaM. Lle crpouyye kpocmaatgopMHy iHTerpariio po3pobIeHoro KoM-
IUIEKCY 3 HasABHMMMY reoiH(pOopMaLiliHUMY CHCTeMaMI, aHaIITUYHYMY II1aTdop-
MaMIU IiC/IANI0bOTHOIO KOHTPOJIIO Ta TPEHAXKEPHMMY KOMIIIEKCAMI IIiTOTOBKI
onepatopis JIA.

BucHoBku

SIk pe3ynbrar poBefieHOTO JOCIi/KEHHS pO3B sI3aHO aKTya/IbHe HaYKOBO-TIPaK-
TUYHE 3aBJIaHHA 3 IiABMILEHHA TOYHOCTI Ta HaJiJIHOCTi BiTHOB/IEHH TPAEKTOPIL
nonboty JIA 3a jaHMMM 60PTOBOTO Bifje03HIMAaHHA B YMOBaX CK/IaJHOTO pernbedy
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Ta 3aBajl. Ha BigMiHy Biff cucTeM aBTOHOMHOI HaBiraljii peaJbHOIO 4acy, po3po-
0/1eHy TeXHOJIOTiI0 peasli30BaHo fAK CTAl[iOHAPHUIT IIPOTPaMHO-aNapaTHNIT KOMII-
nexc. BoHa mpalffoe 3 ileHTUYHUM BileOIIOTOKOM OOPTOBUX ONTUYHMX CUCTEM
JIA, mporte 37iiicHIOE 110r0 06po06/IeHHS B pe>xuMi odrraiiH, 110 Jae 3MOTy 3aCTO-
COBYBATI PECYpPCOEMHI METOAM KOMITIOTEPHOTO 30Py Ta CKIaJHI MaTeMaTUYHi
Mopieti, sIKi 3a0e3IevyIoTh MifIBUIIEeHY TOYHICTh aHAJIi3y il [jeTai3alilo peKoH-
CTPYKLii TPAa€KTOPI.

HaykoBa koHIenIis po3po6ky 6a3yeTbcss Ha MIPUHIMNII BisyalbHO-aHAIi-
TUYHOTO BiTBOPEHHA MONbOTHOI iHpopMalii. B ii 0CHOBY mOK/IafieHO MeTOx
tonorpadivHoi KacTepusanii MocaiJOBHOCTE 300paXkeHb /ISl BUSIBJIEHHS Xa-
PaKTEpHMX O3HAK MiCI}€BOCTi, METOJl KPOCKOPENALIMHOI KaacTepusanii BipTy-
aJIPHUX 0COOIMBYX TOYOK J/Is CYMillleHHs KaApiB 3a BiACYTHOCTI YiTKUX IpuU-
POIHMX MapKepiB HaJ OgHOPigHMMMY TaHAAdTaMM, a TAKOXK METOJ aHai3y Ta
ceneKIii KafpiB [/I1 aBTOMAaTMYHOTO BUIy4YeHHA HeiHPOpMaTUBHUX abo cIo-
TBOpPEHMX 300pakeHb. [HTeTpallid X MeTOAiB fana 3MOry chOpMyBaTH YHi-
BepCajIbHY TEXHOJIOT1I0, sIKa 3a0e3edye aBTOMAaTHYHe PO3IIi3HaBaHHA i 3icTaB-
JIeHHS KafipiB 60PTOBOTO BifIe03aINCYy, OLiHIOBaHHS B3AaEMHOTO 3CyBY, MacIITa0y,
IIOBOPOTY ¥ BUCOTH, a TAKOXX BiJHOB/IEHHA TPAEKTOPIi IIO/IbOTY B TPUBUMIPHO-
MY IIpoCTOpi KoopAnHAT. PesynbraTyt 064ncieHb Ta MeTalaHi eKCIIOPTYIOThCA Y
cTpykTypoBaHni garacetu popmariB CSV ta JSON mns momanpiiol aHaTITUKK
a00 HaBYaHHA.

Pospo6iennit aHaTiTUYHNIT KOMIUIEKC He BTPYYA€EThCS B IPOLeC KepyBaHHsA
JIA, a 3pijicHIO€ TOITMO/IEHY HiCAANONbOTHY 00po6OKy mammx. Ile sabesmeuye
OTpMMaHH: BUYepIHOI iHpopMalii Ipo IPOCTOPOBO-YaCOBY JUHAMIKY HONTbOTY
Ta CTBOPIOE MIATPYHTS [JIA 3aCTOCYBAaHHS TEXHONOTl B 06OpOHHII aHamiTH,
PpO3BifLi, OLiHI i/l OIIEPATOPiB Ta HAYKOBO-TEXHIYHUX JOCTIPKEHHAX.

Y pesy/nbrari IpoBefjeHNX TEOPETUIHNUX i MIPUKIATHUX FOCTIIKEeHb OOTPYH-
TOBAHO KOHIIEMIif0 TormorpadivyHoi cropifHeHOCTi 300paskeHb I 00UMC/IeHHS
IapaMeTpiB IPOCTOPOBOro pyxy. PO3po61eHo anropuTM reOMeTpUYHOrO 3icTaB-
JIEHHS TPUKYTHUX KOHQIrypaniit ocobnmBux obnacTeii i3 BUKOPUCTaHHAM KyTiB
HaxXJIy Ta CIiBBiTHOLIEHHS JOBXIH BEKTOPIB, 110 3abe3Iedye CTifKicTh fo cro-
TBOpeHb nepcrekTuBy. [106y1oBaHO MaTeMaTU4HY MOJie/Ib BI3HAUEHHS BEKTOPa
3CYBY 300pa>keHHA MiX 6a30BUM i IOTOYHMM KaJipaMit /IsI OOUMCIIEHHS pealb-
Hoi nogonanoi Bigcrani. CrBopeHo Mofiennb GOpMYBaHHS BipTyaJIbHUX 0COO/IN-
BUX TOYOK Ha OCHOBI IITA6JIOHIB ITiKCeNbHOI KOpe/IALii 32 yMOB TEKCTYPHOI OHO-
pigHOCTI MaHAmAdTY, @ TAKOXK peasi3oBaHO MPOTOTUII iHPOPMAIIilIHOI TeXHOTIO-
rii, 37aTHOI aHa/Ii3yBaTV Be/MNKi 00CATH Bi3yaTbHUX JAHNUX i3 BYCOKOI TOYHICTIO
Ta CTIiMKICTIO IO 3aBaf,.

IHOBIJJOMJIEHHA

Buecox aemopis. M.M. Komap Cdopmyniosas HayKkosi KOHUenuii, Hanucamms posoiny
«Bemyn», pospobus meopemuuni ocHosu monozpadiunoi cnopionenocmi 306paxenv ma ma-
memamuunux modeneti. B.M. Cimaxin 6uxonas curnmes y3azanvHeHo20 memooy aHanisy i ce-
nexyii nocnioosHocmeii 306paxcenv (po3din «Cunmes memo0dy ananizy ii cenexuyii kaopis 3 6op-
mosoi kamepu JIA»). Adanmysas aneopummu 2eoMemputHo20 cNi6CmaesnieHHs ma cmpyKmy-
pysanns 0anux. I.B. ITonos npoeie ananiz nHaykoso-mexuiunoi nimepamypu (po3oin «Oenso
nimepamypu»). Ilposie cucmemamusayilo ma MNOPiBHANLHULI aHAT3 iCHYIOUUX 3ac00i6
KOMN 10mepHO20 30DY.
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ANALYSIS OF METHODS AND MEANS FOR OFFLINE
PROCESSING OF AIRBORNE CAMERA IMAGE SEQUENCES

Introduction. The paper addresses the relevant scientific and practical problem of improving
the accuracy and reliability of aircraft flight trajectory reconstruction based on onboard video
recording under conditions of complex terrain and visual interference. Onboard optical navi-
gation systems operating in real time face significant limitations when processing blurred ima-
ges or textureless landscapes, necessitating the development of advanced offline visual data
processing systems.

The purpose of the paper is to analyze existing computer vision methods and tools, and
based on this analysis, to substantiate a synthesized method for offline processing of airborne
aircraft image sequences to enable automated selection of high-quality frames, reliable image
matching over textureless landscapes, and high-precision flight trajectory reconstruction.

Results. Conceptually structured as an offline stationary software and hardware complex,
the developed technology implements a visual-analytical flight data reconstruction concept
consisting of three pipelined components: automatic selection to eliminate degraded frames,
topographic clustering based on image affinity, and cross-correlation clustering of virtual key-
points for markerless regions (e.g., bodies of water, dense forests). The mathematical models
incorporate pixel correlation templates, geometric matching of triangular configurations using
tilt angles and vector length ratios, and shift vector calculations for robust spatial dynamic
evaluation (translation, rotation, scale, and altitude). Computation metadata and spatial-tem-
poral dynamics are automatically exported into structured CSV and JSON datasets.

Conclusions. The proposed approach provides high-precision trajectory reconstruction
and spatial dynamic analysis without interfering with aircraft flight control systems. Elimina-
ting corrupted frames and utilizing virtual keypoints guarantees stable processing across ho-
mogenous terrains and reduces computational load. The created analytical complex creates a
reliable technological foundation for applications in defense analytics, reconnaissance, scientific
research, and aircraft operator training assessment.

Keywords: image sequences, offline image processing, computer vision, topographic clustering,
virtual keypoints, cross-correlation analysis, trajectory reconstruction.
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FROM INDIVIDUAL CANDIDATE SUITABILITY

TO EXPERT PANEL COMPOSITION
IN COMPLEX SYSTEMS REENGINEERING

Expert group composition significantly affects the validity and reliability of decisions in com-
plex systems reengineering. Existing expert evaluation methods mainly address the elicitation,
reconciliation, and aggregation of judgments, while expert-finding approaches typically focus
on assessing individual candidate suitability. This study distinguishes candidate suitability
assessment from subsequent expert group selection and examines their relationship. A formal
problem statement is proposed in which an expert group is selected from an available candidate
pool according to the target domain, required functional roles and competencies, as well as
institutional, independence, and conflict-of-interest constraints. The proposed formulation
provides a methodological basis for developing intelligent expert selection systems for complex
systems reengineering.

Keywords: candidate suitability, expert panel, panel composition, expert selection, complex sys-
tems reengineering, requirements specification, expert evaluation, decision support systems.

Introduction

The development of reengineering projects in complex socio-technical, or-
ganizational, and information systems is accompanied by an increasing
role of expert knowledge in decision-making processes. The construction
of intelligent expert systems for reengineering design requires considera-
tion of the characteristics of the object under study, the nature of the de-
sign tasks being solved, and the conditions under which decisions are
made. The requirements for the subject-matter competencies and func-

Cite: Bulgakova O.S. From Individual Candidate Suitability to Expert Panel Compo-
sition in Complex Systems Reengineering. Information Technologies and Systems. 4 (10).
2026. 54 —67. https:/ /doi.org/10.15407 / intechsys.2026.04.054
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tional roles of the specialists involved depend on the content of a parti-
cular reengineering task and, consequently, determine the principles
according to which the expert panel should be composed.

Reengineering is applied when local improvement of individual sys-
tem elements is insufficient to achieve the established objectives. Unlike
gradual modernization, which is mainly directed at improving particular
characteristics of an existing system, reengineering involves reconsidering
its operating principles, structure, processes, and relationships between
components. The concept was initially associated primarily with busi-
ness-process transformation [1-7]. The development of information tech-
nologies and process-management methods subsequently extended reen-
gineering principles to organizational processes, information systems,
and digitally supported business transformation [8, 9]. Related assessment
and adaptation tasks are also considered in the reengineering of critical
infrastructure facilities [10].

According to contemporary systems engineering principles, a comp-
lex system may include hardware and software, data, personnel, proces-
ses, procedures, infrastructure, and other interconnected elements [11-12].
A change in one element may affect other components and the operation
of the system as a whole. For this reason, reengineering cannot be limited
to designing a new structure or automating individual operations. It must
also address system objectives, stakeholder needs, functional and non-func-
tional requirements, processes, information flows, resource limitations,
risks, and the expected consequences of transformation. Many decisions
arising in this context cannot be made solely from quantitative data. Some
criteria are qualitative, some indicators are predictive or incomplete, and
their importance may vary according to project objectives and stakehol-
der interests.

The problem statement. Expert judgments are used to identify deficien-
cies in the current state of a system, clarify requirements for its target state,
develop and screen design alternatives, establish evaluation criteria, as-
sess qualitative characteristics, anticipate the consequences of transfor-
mation, and analyze risks and constraints. The reliability of the resulting
decisions depends both on how these judgments are collected and pro-
cessed and on whether the selected specialists possess the knowledge and
experience required for the task under consideration.

Analysis of recent studies and publications. Previous research indicates
that involving specialists whose expertise is insufficiently related to the
problem may reduce the validity of the final assessment, even when their
judgments are processed correctly [13]. Other studies associate non-for-
malized panel composition with subjective candidate selection, incom-
plete coverage of the required competencies, institutional dependence,
and limited reproducibility of the selection procedure. Candidate suitabi-
lity assessment and expert panel composition represent two related but
distinct decisions. An individual suitability score describes the corres-
pondence between one candidate and a particular task or subject domain.
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It does not show whether a group of highly ranked candidates jointly co-
vers all required areas, competencies, and functional roles. A panel com-
posed only of the candidates with the highest individual scores may lack
a specialist needed for a particular aspect of the reengineering task. It may
also violate requirements concerning independence, institutional represen-
tation, conflicts of interest, inter-candidate relationships, or panel size.

This distinction is particularly important in complex systems reengi-
neering. Different tasks within the same project may require different
types of knowledge, and candidate suitability is therefore not an absolute
professional characteristic. A specialist may have extensive experience
and a strong publication record but still have limited relevance to the tar-
get domain of a particular task. Likewise, subject-matter relevance alone
does not establish that the candidate can perform the required function
within the panel. Individual assessment must therefore precede panel
composition, while the final decision must consider both candidate-level
characteristics and panel-level requirements.

Established expert evaluation methods address a different part of
this process. Delphi, the Analytic Hierarchy Process, SHELF, and Cooke’s
Classical Model provide procedures for eliciting, structuring, calibrating,
weighting, reconciling, or aggregating judgments [14-17]. Their appli-
cation normally begins after the participants have been identified. The
composition of the panel is either treated as a predefined condition of the
study or determined through a separate organizational procedure. These
methods can improve the treatment of expert judgments, but they do not
explain how the initial candidate pool should be searched, how candidate
suitability should be assessed for a particular domain, or how the final
panel should be assembled. Candidate identification and assessment are
studied under the terms expert finding, expertise retrieval, expert re-
commendation, reviewer recommendation, and reviewer assignment.
Expert finding methods use information retrieval, text analysis, topic
modeling, graph-based techniques, and professional profile representa-
tions to estimate the correspondence between a candidate and a target
subject area [18, 19]. Fuzzy-logic methods can also be used to construct
and process expert matrices under uncertainty [20]. Reviewer recommen-
dation and assignment systems additionally consider thematic correspon-
dence, workload, conflicts of interest, and assignment constraints [12, 21-
22]. Most approaches construct a representation of individual expertise
from publications, documents, professional activities, or links to parti-
cular topics. The general result is a suitability estimate for a candidate in
relation to a given evaluation object. More recent studies also account for
multiple thematic aspects, reviewer preferences, workload, conflicts of in-
terest, assignment fairness, and uncertainty in the initial estimates.

Existing studies thus provide methods for processing judgments, esti-
mating individual candidate suitability, and generating constrained revie-
wer assignments. However, the transition between individual assessment
and the composition of an expert panel for complex systems reengineering
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remains insufficiently specified. In this setting, the selected experts must
jointly cover the target domain, required competencies, and functional
roles while satisfying restrictions related to independence, institutional
representation, conflicts of interest, inter-candidate dependence, availabi-
lity, and panel size. These requirements characterize the panel as a whole
and cannot be replaced by individual suitability scores.

The research goal. The purpose of this paper is to formalize the transi-
tion from individual candidate suitability assessment to expert panel com-
position in complex systems reengineering. The study separates these pro-
cedures and defines the information required at each stage. A reengi-
neering task is associated with a target domain, a set of functional roles, a
set of required competencies, and constraints governing panel composi-
tion. Individual suitability estimates are treated as inputs to the composi-
tion problem rather than as substitutes for panel-level requirements.

The main result is a formal problem statement in which an expert pa-
nel is selected from an available candidate pool according to individual
suitability, role and competence coverage, and constraints related to panel
size, independence, conflicts of interest, institutional representation, in-
ter-candidate dependence, and availability. This formulation establishes
a clear boundary between assessing a candidate and evaluating a panel
as a whole.

Problem Statement

For complex systems reengineering design tasks, it is important not only
to ensure the consistency of expert positions but also to involve specialists
who jointly cover the required subject areas and functional roles. This
creates a methodological gap between the stage of expert panel compo-
sition and the subsequent stages of eliciting, reconciling, and aggregating
expert assessments:

expert panel composition — elicitation of expert assessments —
— reconciliation and aggregation of assessments.

Methods for eliciting, reconciling, and aggregating expert assessments
are described in detail in the scientific literature, whereas the preliminary
stage of expert panel composition remains insufficiently formalized. It is
not always established from which pool of candidates the panel was
composed, which indicators were used to compare the candidates, how
their correspondence to a particular subject area was determined, how
the required roles were covered, and how institutional constraints were
taken into account.

This problem is particularly important for the reengineering design
of complex systems. Since different tasks within the same project may
require different types of knowledge, specialist suitability is not an ab-
solute characteristic. A candidate may have a high overall level of quali-
fication but not correspond to the subject area of a particular task. Like-
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wise, a large number of publications or extensive professional experience
does not guarantee the ability to perform the required functional role
within the panel.

Definition 1. The requirements specification for an expert panel for
the reengineering design task T* is defined as the ordered set

Req,(T")=(D",R",C’,0’), (1)

where D* is the target domain within which the task is addressed; R* is
the set of functional roles required for its expert examination; C* is the set
of competencies required to perform the defined functional roles; and O*
is the set of constraints concerning panel size, expert independence,
conflicts of interest, institutional representation, interdependence among
candidates, and other properties of the panel composition.

The initial set of potential candidates for participation in the expert
examination is denoted as

Qz{el,ez,...,eN}, (2)

where ¢, is the i-th candidate for the expert panel, i = 1-N. The problem
of expert panel composition then consists in determining a subset

EcQ, (3)

whose composition corresponds to the requirements specification in (1).

Relations (1) — (3) define the general statement of the problem under
study. Its solution requires the formalization of procedures for process-
ing heterogeneous professional data about candidates, determining their
correspondence to the requirements of a particular task, and justifying
the expert panel composition with consideration of both the individual
characteristics of the candidates and the requirements for the panel as a
whole.

The requirements for an expert panel cannot be established inde-
pendently of the content of a particular task. A specialist with considera-
ble experience in a certain field may meet the requirements of one reengi-
neering design task but be insufficiently suitable for another, even if both
tasks concern the same object. This is caused by differences in the content
of design decisions, the set of required competencies, the functions of the
participants in the expert examination, and the constraints imposed on
the panel composition. Candidate suitability should therefore be consi-
dered not as a permanent characteristic of a specialist but as the result of
comparing the candidate’s professional profile with the requirements of a
particular task defined in (1).

The components of (1) describe requirements not only for individual
candidates but also for the panel as a whole. At the individual level, corres-
pondence to the target domain, professional and project experience, pos-
session of the required competencies, ability to perform a defined role,
independence, and evidence supporting professional achievements are
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/ PROCEDURE 1. INDIVIDUAL CANDIDATE
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/ Matching candidate profiles

/ with task requirements

{ panel composition v

requirements Determining domain, role,
and competency correspondence

—————

| SET OF CANDIDATES WHO MEET THE MINIMUM REQUIREMENT
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'\, FINAL EXPERT PANEL COMPOSITION

Selecting candidates from the admissible candidate set

!

Verifying role and competency coverage

v

Verifying panel-level constraints

v

FINAL EXPERT PANEL

Fig. 1. Relationship between individual candidate suitability assessment and final
expert panel composition

considered. At the panel level, the completeness of role and competence
coverage, the balance of professional positions, panel size, institutional
representation, and the admissibility of professional or organizational re-
lationships among participants are evaluated. It is therefore necessary to
distinguish between two interconnected procedures: individual candidate
suitability assessment and final expert panel composition.

Individual candidate suitability assessment is aimed at determining
the correspondence of each candidate to the target domain, functional
role, and competence requirements of a particular reengineering design
task. Its result is an individual candidate suitability assessment and the
identification of a set of persons who satisfy the established minimum re-
quirements.

Final expert panel composition involves selecting from this set a panel
that provides the required role and competence coverage and satisfies the
constraints concerning panel size, compatibility, independence, and or-
ganizational representation. High individual candidate suitability is a nec-
essary but insufficient condition for inclusion in the expert panel. The final

ISSN 3083-6573. Information Technologies and Systems. 2026. No. 4 (10) 59



O.S. Bulgakova

decision depends not only on the characteristics of an individual candi-
date but also on the candidate’s contribution to the integrity, balance, and
admissibility of the panel composition. The conceptual distinction be-
tween these procedures is presented in Fig. 1. The result of individual suit-
ability assessment is used as input information for panel composition but
does not determine the final composition automatically. The first proce-
dure establishes whether individual candidates correspond to the task re-
quirements, whereas the second verifies whether the selected set of candi-
dates satisfies the requirements for the panel as a whole.

Formalization of Expert Panel
Composition Requirements

The first component of the requirements specification is the target domain
D*. It is determined by the content of the reengineering design task and
covers the concepts, processes, objects, technologies, and regulatory re-
quirements that must be understood by the participants in the expert ex-
amination. For complex systems, the target domain may have a multicom-
ponent structure and include technical, informational, economic, organi-
zational, legal, and social aspects. Domain competence characterizes a
candidate’s ability to understand the nature of the reengineering object,
analyze its current state, identify problems, and justify possible directions
for transformation. It is formed through theoretical knowledge, practical
experience, participation in relevant projects, research activities, develop-
ment of methodological materials, publication activity, and the perfor-
mance of professional functions in the corresponding field.

An academic degree, a large number of publications, or extensive pro-
fessional experience is not sufficient grounds for including a candidate in
the panel. These characteristics reflect the candidate’s general professional
level but do not always confirm correspondence to a particular task. For
example, a large number of publications on a related topic does not gua-
rantee experience in analyzing the specific processes or technologies ad-
dressed by the reengineering project. Similarly, extensive professional ex-
perience may be accompanied by a lack of experience in applying contem-
porary design methods and tools. Assessment of domain competence
must therefore take into account not only the scope of a candidate’s pro-
fessional activity but also its substantive correspondence to the target do-
main D*. Information about the candidate must be compared with the
thematic areas of the task. Sources of such information may include curri-
cula vitae, publication lists, digital research profiles, descriptions of com-
pleted projects, information about professional positions, certificates, ex-
pert reports, and other available evidence of professional activity.

For candidate e, correspondence to the target domain can be repre-
sented by the mapping

qD(ei/D*)%[OI 1], 4)
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where gq,(e, D*) determines the assessment of the correspondence bet-
ween candidate ¢; and the target domain D*, 0 — the absence of sufficient-
ly confirmed correspondence, 1 — high correspondence.

Formula (4) specifies only the general assessment principle and does
not determine a particular method for calculating the indicator. The value
may be derived from a set of features characterizing the thematic proxi-
mity of the candidate’s professional activity to the task, the duration and
recency of the candidate’s experience, participation in relevant projects,
the availability of professional results, and the degree to which the data
used are supported by evidence.

The recency and duration of experience should be distinguished. Infor-
mation about activities undertaken many years ago may be less significant
for tasks involving rapidly changing technologies. In other cases, particular-
ly when long-term organizational or manufacturing processes are analyzed,
accumulated experience may be especially valuable. The importance of
temporal characteristics should be determined by the specific features of
task T* rather than applied equally to all candidates. The reliability of the
available information also requires separate consideration. Professional
characteristics reported by a candidate have a different level of confirmation
from information obtained from official registers, institutional websites,
bibliographic databases, or documentation relating to completed projects.
Candidate assessment must therefore consider not only the presence of a
particular characteristic but also the quality of the evidence supporting it.

The next component of specification (1) is the set of functional roles
R* ={r, r, ..., ri}. A functional role defines the purpose of an expert in
solving the task, that is, the type of analysis, assessment, or professional rep-
resentation that the expert must provide. A role is not identical to a candi-
date’s position, specialty, or academic title. The same position may involve
different types of professional activity, while specialists with the same ed-
ucation may perform different functions during the expert examination.

Reengineering design tasks may require experts who analyze system
architecture, functional and information processes, the technical feasibi-
lity of proposed solutions, economic viability, risks, regulatory constraints,
user needs, or the organizational consequences of transformation. The set
of roles depends on the type of system and the objectives of reengineering
and must therefore be established separately for each task. For example,
the transformation of an information system may require the roles of a
system architect, domain specialist, business-process analyst, data specia-
list, information security specialist, user representative, and independent
evaluator. For the reengineering of a manufacturing or socio-technical sys-
tem, the set of roles will be different and may include technological, eco-
nomic, environmental, legal, and social specialists.

A candidate may be able to perform one or several roles. Candidate
correspondence to a role can be represented as

gz (e, 1) —[0,1], @)
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where gz (€;,7) is the assessment of the ability of candidate e, to per-
form role r,.

This representation is particularly important for interdisciplinary
tasks, where the distribution of functional roles makes it possible to de-
termine which aspects of a design decision must be represented and
examined.

The set of competencies required to solve task T* is defined as C* =
={cy, Cy ..., Cy}. A competency is understood as a confirmed ability of a
specialist to apply knowledge, skills, and professional experience in per-
forming defined functions. Competencies specify the content of functional
roles and make it possible to move from a general role name to character-
istics that can be identified and assessed using the available information
about candidates. For each role, a subset of the required competencies
must be established. The presence and confirmation of competency c,, in
candidate ¢, can be represented as

qc(e,cp)—1[0,1]. (6)

Candidate suitability for the task can be represented in generalized
form as

Si(T*) = F(qD(ei’D*)/{qR(ei/rk)}/{qc (e;,¢,)} 1), 7)

where S,(T") is the assessment of the individual suitability of candidate e,
can for task T*, and u, represents other characteristics of the candidate.

The values S,(T") characterizes the individual suitability of a candi-
date but does not automatically determine the candidate’s inclusion in the
tinal expert panel. The decision also depends on the role and competence
coverage already provided by other candidates and on the constraints
imposed on the panel composition.

During panel composition, the requirements specification O* must be
satisfied. It may include:

e Minimum and maximum panel-size constraints.

e Requirements for functional-role coverage.

¢ Requirements for the presence of critical competencies.

e Restrictions on the number of representatives from the same insti-
tution.

¢ Requirements concerning the involvement of internal and external
experts.

¢ Conditions concerning independence and the absence of unaccept-
able conflicts of interest.

e Restrictions on interdependence among panel members.

¢ Requirements concerning expert availability during a specified period.

¢ Resource, time, and organizational constraints.

Constraints may be mandatory or desirable. Mandatory constraints
determine whether a panel composition is admissible: if any of them is
violated, the resulting panel cannot be used. Desirable constraints are ap-
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plied to compare several admissible alternatives and select a more ba-
lanced composition.

The requirements considered above are interrelated and form a unified
information structure for expert panel composition, as presented in Fig. 2.

The main groups of entities in Fig. 2 are distinguished by color accor-
ding to the considered aspects of panel composition. The model connects
the reengineering design task with the target domain, functional roles,
competencies, candidate characteristics, individual suitability assessment,
panel-level constraints, and the resulting expert panel composition.

Conclusions

The study distinguishes two interconnected procedures involved in ex-
pert selection for complex systems reengineering: individual candidate
suitability assessment and final expert panel composition. The result of
the first procedure provides input data for the second but does not deter-
mine the final panel automatically.

Individual suitability characterizes the correspondence of a candidate
to the target domain, required functional roles, and competencies of a par-
ticular reengineering task. High individual suitability is a necessary but
insufficient condition for inclusion in the panel. The final decision also
depends on the candidate’s contribution to role and competency coverage
and on compliance with the constraints imposed on the panel as a whole.
The requirements for expert panel composition are represented by the
target domain, functional roles, required competencies, and panel-level
constraints. The latter include panel size, institutional representation, in-
dependence, conflicts of interest, interdependence among candidates,
availability, and organizational limitations. Separating individual cha-
racteristics from panel-level requirements prevents these different factors
from being combined into a single candidate score.

The resulting formalization connects the reengineering task, candidate
profiles, individual suitability assessments, and the final expert panel
composition within a unified information structure. It can be used as a
basis for developing decision-support procedures in which the selected
panel is justified not only by the suitability of its individual members but
also by the completeness, balance, and admissibility of its composition.
Further research should address the development of a panel composi-
tion algorithm and its evaluation using real candidate data and reen-
gineering tasks.
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BIJI ITHAVIBIIYAJIBHOI ITIPUIATHOCTI
KAHIVJIATIB IO ®OPMYBAHHS EKCITEPTHOI I'PYIIV
B PEIHDKVHIPVHTY CKJIAJTHVX CMICTEM

Beryn. V peirkuHipiHIY CKIIagHMX CUCTeM eKCIePTiB 3aIy4aioTh 40 aHaJli3y CTaHiB
AS-ISiTO-BE, yrouneHHs BuMOr, (popMyBaHHs IPOEKTHNX aJIbTePHATWUB, OLIiHIOBaH-
HsI pU3VIKiB Ta BUOOPY BapiaHTa IlepeTBOpeHH:. 3a3BIdar yBara 30CepeKy€eThCsl Ha
TOMY, sIK OTPVIMATH CY/DKeHHs eKCIIepTiB, IepeBipuT 1X y3rofpKeHicTh i chopMyBaTn
MifICyMKOBY OIiHKY. [InTaHHs Mpo Te, YoMy [0 IPYIIN BKIIIOYEHO caMe 11X ¢axiBIIiB,
YacTo 3aJIMIIAETHCA 1103a MeXamy dopMasbHOI mporienypu. Meromu Delphi, AHP,
MCDA, SHELF i xitacvaHa Mopestb Kyka moumMHaroTh 3aCTOCOBYBATH TOI, KOJIV ydac-
HVKIB eKCIIepTV3I BXKe BU3Ha4eHo. Y 3amadax expert finding i reviewer recommendation
HaBIIaKV OLHIOETHCS BITITOBITHICTh MK KaHIMIATOM Ta 00 €KTOM ekcrepTvsu. Reviewer
assignment JOIIOBHIOE TaKi OLIHKM IIpaBuyIaMy PO3MOIiTy, 0OMeXXeHHsIMM 111010 Ha-
BaHTa)KeHH: Ta BpaXyBaHHsM KOHJIKTiB iHTepecis. [TpoTe peirkmHipyHT cKIagHOL
CUICTEMM He 3BOAUTHCA 10 IIpU3HAUYEHHS pelleH3eHTa Ha OKpeMy ITyOirikarifo abo
3agBKy. 11 Takol 3agadi oTpibHa IpyIia, WIEHN SKOT pa3oM OXOIUIIOIOTH IIPeaMeTHI
HarpsaMy, KOMIIETeHTHOCTI Ta PyHKIIIVIHI poJIi, BU3HaueHi yMOBaMM IIPOEKTY.

Merta po6otn. PosmexyBaTy OIiHIOBaHH IHIVBilyaIbHOI IIPUIaTHOCTI KaH/IM-
ZaTa i popMyBaHH: CKIally €KCIIepPTHOI IPYIIN, IpeacTaBUT popMasIbHy ITOCTAaHOB-
KY X IOCJTIOBHOTO BUKOPVICTAHHS B 3a7jadaxX PeirDKMHIPUHTY CKJIaJHVIX CYICTEM.

Metoan. I1poBefeHO TOPiBHSIIBHNUIL aHaJIi3 JBOX TPYII HiJIXOiB: METOIIB OTPU-
MaHHS Ta OIIpAIlfOBaHH: eKCIIEPTHMX CYKeHb i METO/IB IIOIIyKY, peKOMeH/allii Ta
npu3HadeHHs eKcriepri. CkiIamosi 3ayadi Ta 38 SI3KM MK HUMM OIVICAaHO 3aco0amm
CUCTEMHOTO aHaIi3y, popMaIisaliil 11 TeopeTUKO-MHOXMHHOrO nomaHus. Crenydi-
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Kallisl BUMOT /10 eKCTIEpTHOI IPYTIV OXOIUTIOE ITiThOBY ITpeIMeTHY 001acTh, HeoOximHi
dynkuinHi poi, mpodeciviHi KOMIIETEHTHOCTI Ta 0OMeXeHH: oo i cxiamy. [lo-
YaTKOBVIMM JaHVIMM € MHOXVHA MOXJIMBUX KaHAMAATIB, 3 K0T HeoOXigHo cdopmy-
BaTV IPYILy BiIIOBiTHO 4O BCTAHOBJIEHMX BVIMOT.

PesynbTaTi. AHasis 3acBigumBs, 110 iHAVBIAyaIbHa IIPUIATHICTE 1 BIAITOBIHICTE
TPynu He € TOTOXHMUMM xapakTeprcTrkamy. OIliHKa KaHAMIaTa IoKa3ye, HaCKiTbKI
vioro npodpeciviHi HaHi BilIOBiga0Th KOHKPETHiN peaMeTHiV 00sIacTi Ta IocTaBsJIe-
Hin 3agayi. OHaK IIpocTa CyKYIHICTh KaHAMIATIB i3 HaMIBUIIIVMM OLTiIHKaMV MOXKe He
MicTuTy paxiBIliB I BMKOHAHHS BCiX HEOOXimHMX pojient abo 3aIMIINUTI YacTUHY
KOMIIeTeHTHOCTeV1 Oe3 HajleXKHOTO MpezicTaB/ieHHs. OKpeMol IlepeBipKu II0TpedyIoTh
IHCTUTYIIITHA 3aJIeXKHICTh, KOHQIIIKTY iHTepeciB i ITpodeciviHi 3B"I3K1 MiX ydacHM-
Kamm. Tomy olliHIOBaHHS KaHANIIATIB pO3IIIAIAEThCA K ITOTIepeIHIN eTarl, pe3yJIbTa-
TOM SKOTO € iHAMBiAyaIbHi OLIIHKM IXHBOI IIpyaaTHOCTi. Ha HacTynHOMY eTarmi 3 11o-
YaTKOBOI MHOXVHM KaHIVAATIB POPMYEThCS Ipylla, sIKa Ma€ BinIloBimaTy BU3Hade-
Hin cnermdikarii Bumor. Taka rmocTraHoBKa He Itepeidavae BKIIIOYEHHS BCiX BIMOT J10
OIHOTO penTHHroBoro Oaa. ITperMeTHa MpUIATHICTE XapaKTepuU3ye OKPeMOro KaH-
ImaaTa, TOMi K POJIbOBe Ta KOMIIeTeHTHICHe MOKPUTTS, YMCeJIbHICTh, He3aJIeXKHICTh i
IpeCTaBHUIITBO XapaKTepU3yIOTh CKJIafl TPYIIV 3arajIoM.

Bucuoskm. [lepexin Bifg iHAVBigyaIbHOT OLIIHKY KaHAMAATa 10 CKJIaLy eKCIlepT-
HOI Ipymn oTpedye oKpeMol (popMaIbHOI IMpolienypr. PerTuHr KananaaTis Moxe
BUKOPVCTOBYBAaTWCH SIK ii BXifl, ajle He 3aMiHIO€ IlepeBipKy IPyIOBMX BMMOT. 3arIpoIio-
HOBaHa IIOCTaHOBKa BCTAaHOBJIIOE MEXY MK OIiHIOBaHHSIM OKpeMoro daxisiid Ta
dopMyBaHHSIM TPy 3 YPaXyBaHHSIM IIPEIMETHNX, POIbOBVIX, KOMIIETEHTHICHVIX 71
oprasizarivtHux Bumor. Hamani BoHa Moxe OyTi [JOTTOBHEHa MOJIEIITIO PO3PaxXyHKy
TIpeJIMEeTHO 3aJIeXKHOI ITPUIATHOCTI Ta MPpOIIeAyPoto BUOOPY CKiIafy TPYTIV BimoBis-
HO J10 3a/IaHNX OOMeKeHb.

Kntouoei cnosa: npudamuicmo xanouoama, excnepmua epyna, cknao epynu, 6io0ip ekcnepmie,
DeiHHUHIpUHE CKIAOHUX CUCTEM, eKCnepmHe OUiHI08AHMS, CUCEMU NIOMPUMKU NPUTIHAIMINS
piuierv.
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SEMANTIC SEARCH OF TEXT DOCUMENTS

Search systems are essential part of computer systems usage, and in particular for information
retrival and usage. To address the problem of efectivness of information retrival semantic
search systems can be used, as they provide deep searching capabilities due to usage of neural
models for perception of text semantic and meaning. This enables a more comprehensive rele-
vancy of search results comparing to classical lexical search methods. This paper address prob-
lem of designing a semantic search system that can be used for search in local documents col-
lection. For achieving this goal an architecture with usage of vector database (ChromaDB),
neural model execution service (Ollama) and asyncronous task queue service (Celery) is pro-
posed. The developed system provides precision and recall of 56.67% and 94.44% corespond-
ingly, which is on the level with analogs. Also for determing the best in terms of search rele-
vance neural model such models were compared: Doc2Vec, BERT and EmbeddingGemma.

Keywords: semantic search, embedding models, sentence embedding, system architecture,
searching efectivness.

Introduction

Today’s world is filled with a variety of information, such as blog posts,
articles in magazines and on Internet resources, books, etc. In such an
environment, the problem of effectively finding the necessary data arises,
which arises due to the large volume of information. The process of man-
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ual search for such a volume of information is often routine and time-con-
suming, and often practically impossible for one person. Accordingly, effec-
tive methods of searching among documents are an important topic in the
field of information technology. Many existing classical search methods,
such as keyword search or full-text search, are not effective enough, since
their maximum is taking into account word forms and synonyms. But un-
like them, semantic search takes into account not only this, but also the
context and meaning of documents and user requests. Therefore, a review
of the use of semantic search in text document repositories to build a sys-
tem for effectively obtaining relevant information is a relevant topic.

The results obtained will be useful in the development of information
retrieval systems, where it is the search by context and content that is im-
portant, and not the direct correspondence of the keywords to the text of
the document query. The methods used to determine the quality of the
search by precision and recall can be used to determine the degree of re-
levance of the results obtained for search methods in comparison with
other search methods. Comparative analysis of the effectiveness of seman-
tic search based on EmbeddingGemma and ChromaDB in comparison
with classical tools, such as Apache Solr, may be needed when comparing
search systems in terms of search efficiency, namely how relevant the
search results are to the search query.

In general, the results obtained are the basis for creating effective
search systems for stored information using locally deployed neural mod-
els for semantic search and privacy of the processed data.

Problem Statement

Search engines are an integral part of the use of computer systems, in par-
ticular for searching and using information. To solve the problem of the
efficiency of information search, semantic search systems can be used,
since they provide the possibility of deep search using neural models of
perception of semantics and meaning of the text. This allows you to get a
more complete relevance of search results with classical methods of lexical
search. Accordingly, it can be argued that the topic of this article is rele-
vant in the modern scientific world. So, the need for semantic search sys-
tems is relevant, the need forms the task of the design of such a system,
and the production aspect is what technical means are used for such sys-
tems, taking into account the importance of high relevance of the obtained
search results.

Literature Review

The topic of semantic search is also presented in the scientific literature.
The architecture of the document repository was presented in the article
[1]. The main problems that this study aims at are the low efficiency of
classical keyword search methods and ensuring data confidentiality with-
out significant loss of performance. The proposed solution is based on a
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two-level indexing architecture. The first level is an encrypted inverted
keyword index that supports search taking into account typos, and the
second level is responsible for semantic embeddings. Experimental results
confirm the high efficiency of the system. Thus, the recall increased by
22% compared to traditional methods, reaching 90.2%.

Another important problem in semantic search is distinguishing the
meaning of words depending on their context. This problem is considered
in the article [2]. It proposes a hybrid approach based on a combination
of metaheuristic algorithms and deep learning. The main idea is to use a
neural network as a surrogate fitness function within the simulated an-
nealing algorithm, i.e. the neural network is used to find the optimal val-
ue, which in this case is the closest meaning of the word in a certain con-
text. Experimental evaluation conducted on standard datasets (SensEval
and SemEval) demonstrated the high efficiency of the proposed approach.
The system achieved precision rates in the range from 74.8% to 84.6%.

As for the search process itself and the process of obtaining relevant
information, these problems are also presented in the scientific literature.
Yes, the article [3], which proposes an innovative approach to extracting
information from descriptions of road accidents using semantic search
mechanisms, is an example of using semantic search to effectively obtain
relevant information. And the problem of increasing the efficiency of se-
mantic search is investigated in the article [4]. The authors justify the need
to move from basic vector search to hybrid architectures that combine lin-
guistic analysis with neural networks. In addition, an important problem
in semantic search is determining the proximity of texts. Using the exam-
ple of searching for books in digital libraries, this problem is considered in
the article [5]. This study found that a simple increase in the number of
terms or their complete removal from the analysis process leads to a steady
decrease in the relevance of search results. Also, a comparative analysis
with traditional literal search confirmed the advantages of the semantic
approach: while conventional search demonstrates a complete inability to
understand context in long queries (efficiency drops to 53.5%), the pro-
posed hybrid model maintains high quality results.

In addition to the actual problems of relevance of search results, an
important topic is the use of which technologies are needed. An overview
of embedding models is presented in the article [6]. The central part of the
study is a structured comparative analysis of the technical and operational
characteristics of different models. In conclusion, the authors justify the
advantages of using open models as a cost-effective and transparent al-
ternative to proprietary APIs, which is critical for ensuring data confi-
dentiality and independence of research projects. This article can be a ba-
sis for developers and researchers when developing their own projects.

Other problems when building semantic search are taking into ac-
count the specifics of a particular subject area for which it is being deve-
loped. Such a subject area can be the tuning of search for a specific lan-
guage or some industry. The topic of creating an embedding model for
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languages with insufficient training data on the example of Urdu is con-
sidered in the article [7]. The study proposes a methodology for creating
large-scale vector representations based on the collection and cleaning of
a significant amount of unstructured text data. Optimization of embed-
ding models for a specific industry using the example of the biomedical
industry was investigated in the article [8]. The main idea of the work is to
use unsupervised deep learning methods that can capture context and
semantic relationships with great efficiency without the need for prior
manual data markup. The study found that sentence embedding models
significantly outperform approaches based only on single-word embed-
dings, as they better take into account the structure and context of utter-
ances. The work proves that unsupervised neural networks are a powerful
tool for natural language processing in subject areas with a large amount
of specific terminology. The effectiveness of specialization of embedding
models for a specific industry is proven by the study in the article [9]. The
results of experiments conducted on large scientific datasets demonstrate
the significant advantage of transform models, especially specialized solu-
tions such as SciBERT, in the tasks of interest modeling and content re-
commendation. The study confirms that the use of semantic encoders al-
lows to significantly increase the accuracy of information search compa-
red to classical statistical methods.

Another important problem in the field of semantic search is the pre-
sence of bias and insufficient representativeness of certain aspects in the
training data and the neural networks themselves. This problem is inves-
tigated in the article [10] using the example of the issue of gender inequal-
ity in sentence encoders. The authors note that although embedding mo-
dels are the basis of high search efficiency, they can also have biases asso-
ciated with the presence of social stereotypes in the training data. To solve
this problem, a new flexible metric is proposed — bias score, which allows
to quantitatively assess the level of gender bias at the level of entire sen-
tences. The practical significance of the study is confirmed by the develop-
ment of two methods for improving the fairness of language models: remo-
ving the most stereotypical records from the training data set and the data
augmentation strategy by replacing gender markers with opposite ones.

So, as can be understood from the completeness of the presentation of
the topic of semantic search and document repositories in the reviewed
articles, it can be understood that its issues and problems are important
and interesting for society. Thus, the problems considered are both archi-
tecture at a general level and problems of using specific technologies and
methods. An important aspect when using semantic search in a specific
subject area, as can be understood, is the optimization and tuning of se-
mantic search, namely, embedding models for a specific industry, which
is achieved by selecting appropriate training data. Also, the correct selec-
tion of training data and their processing are important for ensuring the
quality and efficiency of the search by cleaning the training data from
noise and preventing further bias of the embedding models. In addition,
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the reviewed studies demonstrate a significant advantage of the semantic
approach over classical search methods, such as keyword search, in those
search tasks where the relevance of documents is determined by semantic
proximity.

Also, since the reviewed publications did not consider a complete
practical software system for semantic search in a text document reposi-
tory, this study can help in the design and creation of document repository
systems with the presence of their search functionality.

The Purpose of the Paper

The aim of the research is the software implementation of a text document
repository using semantic search to increase the recall of the retrieval.

Within the chosen research direction, both a comparative analysis
of semantic search methods will be carried out to clarify the general prin-
ciples of their operation and identify the most optimal method, and the
design of a software system for storing documents and searching among
them to consider the practical aspect of using and implementing such
systems.

Achieving the goal includes solving the following tasks:

e conduct a comparative analysis of existing semantic search methods
and justify the choice of the most effective approach to maximize the recall
of text document retrieval;

e design architectures and develop a software implementation of a
document repository that integrates selected algorithms for semantic pro-
cessing and data indexing;

* test the developed system and evaluate the search results to confirm
the improvement of the recall of the retrieval.

Materials and Methods

If we consider the methods and tools used for semantic search, they are
based on vector search and sentence embedding — a set of natural lan-
guage processing methods where sentences are mapped to vectors of real
numbers. Here, we will consider such methods and tools based on neural
networks as Doc2Vec, Google BERT and EmbeddingGemma.

Doc2Vec is based on the Word2Vec methodology. Doc2Vec is a na-
tural language processing (NLP) approach that allows for vector rep-
resentation of larger blocks of text, such as sentences, paragraphs or entire
documents. This method was developed by Le and Mikolov and is also
known as the paragraph vector.

Doc2Vec is based on the same principles as Word2Vec, which uses a
neural network model to learn word associations from a large corpus of
text and generates a multidimensional space (typically several hundred
dimensions), where each unique word in the corpus is assigned a corre-
sponding vector in this space. Word vectors are arranged in a vector space
in such a way that words with similar contexts are close to each other.
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Doc2Vec, unlike Word2Vec, is designed to capture the context of en-
tire texts or paragraphs, rather than just the local context of individual
words. It achieves this by introducing a new vector, the document vector
(or paragraph vector), which is trained together with the word vectors.

Doc2Vec can capture semantic relationships between documents, al-
lowing for tasks such as document similarity and clustering. Moreover,
documents are represented as dense vectors in a continuous space, ma-
king them suitable for various machine learning algorithms and thus
allowing for efficient processing of large datasets.

Although Doc2Vec is very powerful, it also has some limitations. The
quality of the vectors is highly dependent on the size and representati-
veness of the training corpus. It can be computationally intensive, requir-
ing significant hardware resources for large datasets. Additionally, like
many machine learning models, it may require tuning a number of hy-
perparameters to optimize performance for specific tasks [11].

BERT is a deep learning language model designed to improve the per-
formance of natural language processing (NLP) tasks. It is known for its
ability to take context into account by analyzing the relationships between
words in a sentence bidirectionally. It was introduced by Google research-
ers in a 2018 paper titled “BERT: Pre-training of Deep Bidirectional Trans-
formers for Language Understanding.” Since then, BERT has been refined
for use in a variety of fields, including biology, data science, and medicine.

BERT stands for Bidirectional Encoder Representations from Trans-
formers. Bidirectionality means that each token — the elementary part of
a document used for processing — is simultaneously associated with
every other token in the input data.

Encoders are components of a neural network that transform input
data into representations that are easier for machine learning algorithms
to process. After an encoder reads the input text, it generates a hidden
state vector. Hidden state vectors are lists of values and internal parame-
ters that provide additional context. This packaged representation of the
information is then passed to a transformer.

A transformer uses the above information to infer patterns or make
predictions. A transformer is a deep learning architecture that transforms
input data into another type of output data. Almost all NLP applications
use transformers. Transformers typically consist of an encoder and a de-
coder. However, BERT uses only the encoding part of the transformer [12].

EmbeddingGemma is a multilingual text embedding model with 308
million parameters based on Gemma 3. It is optimized for use on everyday
devices such as phones, laptops, and tablets. The model creates numerical
representations of text for use in subsequent tasks such as information
retrieval, semantic similarity search, classification, and clustering [13].

EmbeddingGemma uses an encoder-only model adapted from a pre-
trained decoder-only Gemma 3 model with 300 million parameters. Spe-
cifically, the Gemma 3 model was adapted into an encoder-decoder mo-
del according to the T5Gemma recipe, and then EmbeddingGemma was
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initialized with the encoder of this encoder-decoder model. Thus, Embed-
dingGemma can leverage Gemma 3’s vast world knowledge. Using en-
coder-decoder adaptation further ensures that the encoder can produce
expressive representations from the start [14].

EmbeddingGemma includes the following key features. This model
has a broad understanding of linguistic data and has been trained on over
100 languages. It can be tuned to output sizes from 768 to 128 for speed-
size trade-offs using Matryoshka Representation Learning (MRL). This
model also has a substantial input context of 2000 tokens for processing
text data and documents. In terms of performance, the model uses less
than 200 MB of RAM with quantization, and generative embedding occurs
in less than 22 ms on EdgeTPU [13].

To select an effective and optimal method for semantic search, a re-
search method such as comparative analysis is used. During the analysis,
a quantitative comparison was made by the relevance of the received
documents, namely, a comparison of the precision and recall of the search
results for the given topics. To study the effectiveness of the developed
system, both a qualitative comparison was used to prove the quality of the
functionality provided by the system, and a quantitative comparison was
used to prove the relevance of the documents provided based on the que-
ry with analogues in terms of precision and recall of the results obtained.

Results

Comparasion of the Selected Embedding Models.

The above-described search methods were compared in terms of pre-
cision and recall, namely Doc2Vec, BERT, and EmbeddingGemma. Preci-
sion is the proportion of relevant samples among those selected, and recall
is the proportion of selected relevant samples among all truly relevant
ones. The following interpretation can be given for precision and recall:
precision shows the percentage that a randomly selected document from

Table 1. Comparison of embedding models

Theme Model Precision Recall

Society & Culture Doc2Vec 0.1100 0.0183
BERT 0.0900 0.0150

EmbeddingGemma 0.2200 0.0367

Science & Mathematics | Doc2Vec 0.0400 0.0067
BERT 0.0500 0.0083

EmbeddingGemma 0.1750 0.0292

Health Doc2Vec 0.0600 0.0100
BERT 0.0700 0.0117

EmbeddingGemma 0.4700 0.7830

Computers & Internet | Doc2Vec 0.0400 0.0067
BERT 0.0850 0.0142

EmbeddingGemma 0.5500 0.0917
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the set of found documents is % - 3538
relevant, and recall shows the E ferfgllls 1on
percentage that a randomly 30T
selected document from the
set of all relevant documents 20|
will be found.
For comparison, several 1O 625 257 5.90
questions were asked for each 0 M .& .
topic, and the search results Doc2Vec BERT EmbeddingGemma

Obtai'ned were checked for b'e' Fig. 1. Average precision and recall values for
longing to the searched topic:  the considered models

if the topic of the document

matches, then it is counted among the relevant results, if not, then among
the irrelevant ones. Categorized texts The pietrolesci/yahoo_answers_
topics dataset [13] was used for comparison.

To compare the described methods, a comparison of how well the
methods classify texts was used. This approach was used to make it easier
to automate comparisons and avoid manual selection of relevant texts.

The results of the comparison are shown in Table 1 below.

A comparison of the average precision and recall between the models
is shown in Figure 1.

Design of the Developed System.

The system consists of the following parts: the client part (frontend)
and the server part (backend), which consists of the application itself,
the neural model execution service, and the vector database.

The frontend is responsible for the end user interface, which provides
users with functionality for managing files and searching among them.

The application itself is responsible for the business logic of the back-
end, i.e. the actual search, outputting results, initiating and tracking the
status of processing the uploaded document, and is also responsible for
the stability of processing long documents.

The neural model execution service executes a sentence embedding
model, which generates vectors corresponding to the documents or their
fragments sent for processing. These vectors reflect the meaning of the
document and the semantic relationships between its parts.

The vector database stores sentence embeddings, i.e. the corresponding
vectors of the processed documents, and provides the functionality for sear-
ching for documents by the proximity of their vectors and the query vector.

The general algorithm of the semantic search system is based on the
interaction of the client part, the task queue and the vector database. The
main stages of the system operation can be presented as follows.

The user uploads a file via the /files/upload API endpoint, imple-
mented on FastAPIL The system checks the document format for comp-
liance with the list of supported types and saves it in local storage.

Since text indexing is a resource-intensive process, the main applica-
tion does not process the file immediately, but creates a document pro-
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cessing task via Celery. Information about the task is transmitted to the
Redis message broker, and the user instantly receives a task identifier for
status tracking.

Next, the task extracts text content from the uploaded file using the
textxtract library. After this the semchunk library breaks the text into
fragments (chunks), which allows you to work effectively with large do-
cuments without exceeding the limit of the neural model context.

After preparing the text, embeddings are generated. For each text
fragment, the system contacts the Ollama service, which uses the Embed-
dingGemma model to transform the text into vector representations (nu-
meric vectors). These vectors reflect the semantic meaning of the frag-
ments in a multidimensional space.

The resulting vectors, along with metadata (file name), are stored in
the ChromaDB collection. This completes the process of preparing the
document for search, making it available for semantic analysis.

%

ST
80r 72.22
60 5333 56.67 57.78
401
20k Fig. 2. Average preci-

sion and recall values
for the considered sys-
OpenSearch  Developed system  Apache Solor tems

Table 2. Search relevance testing results

Theme Request System Precision Recall
bugs_and_science | what species of bugs Developed 0.4000 0.6667
exist OpenSearch 0.4000 0.6667

Apache Solr 0.4000 0.6667
bugs_and_science | biological information| Developed 0.6000 1.0000
about bugs and beetles| OpenSearch 0.6000 1.0000
Apache Solr 0.6667 0.6667

Linux how is linux presentin| Developed 0.6000 1.0000
Europe OpenSearch 0.6000 1.0000

Apache Solr 0.4000 0.6667

Linux structure of linux os Developed 0.6000 1.0000

OpenSearch 0.4000 0.6667
Apache Solr 0.4000 0.6667

Music famous performers in Developed 0.6000 1.0000
the music industry OpenSearch 0.6000 1.0000

Apache Solr 0.6000 1.0000

Music romantic songs about Developed 0.6000 1.0000
love OpenSearch 0.6000 1.0000

Apache Solr 1.0000 0.6667
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Also, when receiving a search query via the /search method, the sys-
tem vectorizes this query using the same model in Ollama. ChromaDB
then performs a mathematical comparison of the query vector with the
vectors of the stored documents and returns the most relevant results
based on semantic proximity, rather than a simple match of words.

Search Relevance Testing for the Developed System.

The following methodology was used to test the relevance of search
results. A set of topics was given, and for each topic, related documents
were created (the texts were taken from the English-language Wikipedia).
Also, for each topic, “query-document” pairs were defined, where the query
is the actual query string to the search engine, and the document is the file
names of documents relevant to the query, which is its identifier. The
number of relevant documents for each query is 3 documents, and the
maximum number of results obtained is 5.

The testing was performed by comparing the results of the developed
system, OpenSearch, which was used as a semantic search platform, and
Apache Solr for full-text search. For OpenSearch, Ollama was used as a
model provider, namely EmbeddingGemma, to generate embeddings. For
Apache Solr, the Extended DisMax (eDisMax) Query Parser is used as
the query parser, allowing for the processing of stop words and synonymes,
and the percentage of word matches is set to 50%, which adds relative
flexibility to determine the relevance of documents.

Accordingly, the test is how well the designed system provides rele-
vant features compared to another widely used system using the same
facilities to generate sentence embeddings. The test results for the consi-
dered systems are shown in Table 2 below.

The chart in Fig. 2 presents the average values of precison and recall
for the developed system and the considered systems for comparison.

Discussion of the Results

Regarding the results of the “Comparasion of the Selected Embedding
Models” section, the low recall values can be explained by the fact that the
number of relevant results is taken as the number of texts on the corre-
sponding topic in general, and not as the number of search results that are
issued. That is, when calculating recall, the denominator takes into ac-
count the number of all texts on this topic, and not the maximum possible
number of documents that can be issued on this topic, which is less than
the previous number.

The significant difference between the values of the Health and Com-
puters & Internet topics and other topics for EmbeddingGemma can be
explained by the fact that these topics are represented in the training data-
sets for this model and also by the fact that they have clear terms and se-
mantic connections in these topics are quite dense.

Also, as can be seen from Fig. 1, EmbeddingGemma has the best pre-
cision and recall values, while Doc2Vec has the worst. This can be ex-
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plained by several factors. First, Doc2Vec is limited to the dataset on
which the neural network was trained, which is the dataset used. Second,
BERT and EmbeddingGemma use transformers and an attention me-
chanism that allow building higher-quality semantic connections. Third,
EmbeddingGemma is trained on a larger amount of data and is built not
from scratch, but on the basis of the Gemma family of neural models, i.e.
it has a more advanced structure than BERT.

The results of the section “Design of the Developed System”, namely
the designed system model, guarantee, in addition to the necessary func-
tionality for a document repository with support for semantic search, the
system’s resilience to failures and data preservation. The use of Docker
containerization technology allows the system to be deployed in an isola-
ted environment with a clear distribution of resources between Al models
and the server part.

Regarding the results of the section “Search Relevance Testing for the
Developed System”, as can be seen from the diagram in Figure 2, the
search accuracy of the developed system is not inferior to the considered
analogues, and in recall it even exceeds them, which shows that the deve-
loped system will find a relevant document with a higher probability
among all documents relevant to a specific query.

Conclusions

Several semantic search methods were analyzed, namely Doc2Vec, BERT,
and EmbeddingGemma. All three methods are based on document vec-
torization — sentence embeddings, but achieve this in different ways.
Doc2Vec uses Word2Vec to vectorize individual words and a document
vector to obtain a general document vector. The main feature of BERT is
the use of bidirectional encoders — that is, each word during processing is
simultaneously associated with all other words in the sentence. Embed-
dingGemma, on the other hand, uses an encoder-decoder model and is
built on the basis of the large Gemma 3 language model, as well as the
support of this model for over 100 languages. Based on this analysis and
comparison of methods in terms of accuracy and completeness, it was
shown that the most effective method in terms of the relevance of the re-
sults obtained is EmbeddingGemma. This result can be explained by the
fact that EmbeddingGemma, unlike Doc2Vec, is based on a more ad-
vanced architecture using transformers and an encoder-decoder, and that
this model, unlike BERT, due to its construction based on Gemma 3, is
trained on a larger amount of data.

The use of EmbeddingGemma together with Ollama for its execution,
ChromaDB for storing document embeddings and their search, and divid-
ing input documents into fragments for processing large texts ensured the
creation of a workable, as well as reliable and efficient system. In addition,
it is also worth describing the general algorithm for EmbeddingGemma. It
consists of using a series of carefully designed steps to create a concise
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vector representation: transformer processing — uses bidirectional atten-
tion to understand the meaning and context of each word and generate
appropriate embeddings, merging — combining all word embeddings into
a single embedding, compactification — performing a linear projection
into a higher-dimensional vector and reducing the resulting vector after-
wards, and normalization — allows for efficient similarity comparisons.
The effectiveness and functionality of the developed system was de-
monstrated by comparing the developed system with analogues, which
proved that it is not inferior to analogues in terms of search efficiency.
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CEMAHTWYHWN IMOMIYK TEKCTOBVMX JOKYMEHTIB

Berymn. IomryKoBi cucTeMit € HeBill € MHOIO YacTVHOIO BUKOPVICTAHHS KOMIT IOTePHIX
cucTeM, 30KpeMa JIsl IIOLIYKY Ta BUKOPUCTaHHs iHdopMaitii. /Iy BupimieHHs opo-
OrmeMy edeKTMBHOCTI MOMIYKY iHOpMaIlii MOXKHa BUKOPWICTOBYBATW CHUCTEMU Ce-
MaHTWYHOTO TIOITYKY, OCKITEKV BOHV 3a0e311e9IyI0oTh MOYKITMBOCTI TIIMOOKOTO ITOTITY-
Ky 3aB/SKM BUMKOPMCTAHHIO HEVIPOHHMX MOJeJIell [l CIPUIHATTS CeMaHTUKM Ta
3HaueHHd TeKcTy. Lle jae 3Mory oTpymMaTi GiIbIII ITOBHY pejleBaHTHICTh pe3yJIbTaTiB
IIOIIYKy IOPiBHAHO 3 KJIACUMYHMMM MeTOJlaMM JIeKCMYHOIO IIOIIyKy. BimgmosigHo
MOJKHa CTBepP/KyBaTy, III0 TeMaTVKa i€l CTaTTi € aKTyaJIbHOIO B CbOIOHIIIIHBOMY
Hacu4yeHoMY iHdopMariiero cBiTi.

Mera crarri. OTXe noTpeba B ceMaHTMUYHMX TOIIYKOBUX CHCTeMax € aKTyJIb-
HoIO, 1151 ToTpeba popMye 3a7ady IIPOEKTYBAaHHS TaKMX CUCTeM, 1 TaKOX BayKITMBUIM
acIieKToOM € sIKi caMe TeXHidHi 3aco0M BUKOPUCTOBYBAaTH ISl TaKMX CUCTEM 3 ypaxy-
BaHHAM BaXXIMBOCTI BUCOKOT PeJleBaHTHOCTI OTPMMYBaHMX IOIITYKOBUX pe3yJIbTaTiB.

Y Mexax 11iel poboT Oys10 CrIo9aTKy BUKOHAHHO HOPiBHIHHS e(beKTMBHOCTI He-
VIPOHHWMX MofieJIelt BOymoByBaHb, a came Doc2Vec, BERT ta EmbeddingGemma. Lle io-
PIBHSHHS ITPOBOIAMIIOCS 3a THM, K ToOpe TIeBHa MOfIesb KITacudiKye TeKCT A0 IeBHOT
TeMy, i 11 TopiBHAHHS OyTV BUKOPWCTaHHI ITOKa3HMKY TOYHOCTI Ta MOBHOT!. [ Tics
IIbOTO OYJTI0 CIIPOEKTOBAHO Ta PO3POOIIEHO BIIaCHY CHUCTEMY CEMaHTUYIHOTO TIOIIyKY,
sKa BXe Il TeCTyBaHHs 11 epeKTMBHOCTI NOpiBHIOBaJIacs 3 iHIIIMY TIOHTYKOBUMM
cucremamm: OpenSearch sIK cyicTeMa ceMaHTUYHOIO MOIIYKY Ta Apache Solr sk cuictema
TIOBHOTEKCTOBOIO HOIyKy. Lle IMopiBHAHHS 3/IiVICHIOBaJIOCS BXe 3a TVUM, CKUIbKU pe-
JIEBAHTHMX 10 TIOITYKOBOTO 3aIIUTy JOKYMEHTIB Ul KOXKHOI IIOITYKOBOI CUCTeMU € 3
yCix OTpUMaHUX, i HOPIBHSHHS TeX ITPOBOAMIIOCH 338 TOUHICTIO Ta IOBHOTOIO.

PesynpraTy. [lopiBHAHHS PO3IIAHYTMX MOferelt BOy/I0ByBaHb ITOKa3asIo, III0

HanedeKTnBHIIIO0 Moaeuno € EmbeddingGemma six i 3a TounicTio — 35,38 %, Tak i 3a
MTOBHOTOIO — 5,9 %. A TOPiBHAHHS PO3p0o0ITIeHOT CHCTeMM 3 BUITe BKa3aHMM aHaJIo-
raMu TIOKa3aJIo ITparie3JaTHICTh i e(peKTUBHICTh pOo3pOOIIeHOT CHCTeMM, OCKIITBKM TT0-
Ka3HMKV TOYHOCTI 7 IIOBHOTY € Ha piBHi 3 OpenSearch i Buitie HiX y Apache Solr, mo
TOBOIUTH OUTBITY SKICTH TIOIIYKOBMIX Pe3yJIbTATiB IS CeMaHTUIHVX ITONTYKOBVIX
CHCTeM HIX JIJIsI KJITAaCUYHX JIEKCUYHUX CHCTEM.
BucaoBkmn. PozpoGiieHa cucrema rokasasa, 110 CeMaHTMUHI IIOIIYKOBi cucTeMu 3
IIPOIIOHOBAHOIO CIIPOEKTOBAHOIO apXiTEKTYPOO 3 BUKOPUCTaHHSAM Mogesert BOy10-
ByBaHb Ha OCHOBi BeJIMKVIX MOBHUX MOleJIeVt JaloTh BUCOKI e(eKTUBHICTh MOLITYKY 71
PeJIeBaHTHICTh Pey3/IbTaTiB IIOLIYKY.

Katouo8i caoBa: cemanmuunuii nouyk, modeai 60y008ybanns, 60yooBybanns peuers, apxi-
mexmypa cucmemu, eqoexmubHicn nouyKy.
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METOI IHTEJTEKTYAJIBHOTO

OIIIHIOBAHHJI AKOCTI BIDKPUTUX JAHUX

I3 ABTOMATM30BAHVM I'EHEPYBAHH M

PEKOMEHIAIIIV TA 3BITIB

YV cmammi docaidkero npodaemy nioBuiyenns axocmi Gioxkpumux 0anux y kKoHmexkcmi 3abes-
neuenHs ix anasimuunoi npudamuocmi ma egpekmubroeo Buxopucmans 6 yugpobux cuc-
memax. IToxasano, wjo Haabui nidxoou 0o oyiHtoBanHA Axocmi 0AHUX NepebaxHO Mawmbs
ppaemenmapnuil i dexaapamubnutl xapakmep, He 3adesneuyiouu abmomamu3obanoeo 6us6-
Aenns Oegpexmib ma gpopmyBanns pexomenoayin 14000 ix ycyHernua. Memoto pobomu € pos-
pobAeHHA Memody IHmMeAeKINYaibHo20 0YiHI0BaHHA Axocmi BI0KpumMUX 0aHUX i3 aBmomanii-
306anum eenepyBanuaMm pekomenoayiil i anasimuunux 36imi6. 3anpononobarno mamemamuy-
HY MoOeab, w0 iHmeepye nidxo0u Ha 0cHOBi npabua, cMAMUCUYHULL AHAAIZ 1 Memoou
MAUUHHO20 HABUAHHA 0458 KOMNAEKCHO20 OUiHI0BaHHA AKOCHI, BusAbaenHs aHomaill i Bi0H06-
AenHs nponyujernux sHanens. Ocobaubicmio nidxody € adanmubre 36axyBans Mempux AKoc-
mi ma gpopmybanns inmeepaiboeo nokasHuka, wo Bpaxobye konmexcm Buxopucmanis 0a-
Hux. PeatizoBano npoepamuy cicmemy MoO0yAbHOI apximekmypu, Axa 3abesneuye noBHUIL
yuka odpodaenns Giokpumux danux: 6i0 3abanmaxenHs ma nonepedHs0e0 0dbpodaeHHA 00
oyintobanns, eenepayii pexomenoayii i popmyBanns 36imuocmi. Excnepumenmanvra anpoba-
YiA HA peasbHux Habopax danux niombepousa edpexmubHicmo 3anponoHoBaH020 memooy, 30-
Kpema 3poCanHsA iHMeepasbHo20 NoKA3HUKA AKocmi ma nepeBaey ancambreBux memooi6 6io-
HOBAeHHA NPONYUEHUX 3HAYEHD 30 MempuKolo cepedHbvoxkBadpamuunoi nomuaxu (Root Mean
Square Error, RMSE). Ompumani pesyavmamu 0eMoHCHpY1os 00YiAbHicHb BUKOpUCMAnHA
iHmeaexmyasvHux nioxodi6 da nepexody 6id opmaivioeo 3abesneuenna Gidkpumocmi 0a-
HUx 00 ni0BUeHHs iX NpakmuuHoi YiHHOCHI.

Karouo8i cao8a: Gidxkpumi 0ani, axicmp 0anux, wmy4nuil inmeaexm, oyiHioBanHs Axocmi,
Buabaenns anomaniil, i0HOBAeHHS NPONYUEHUX 3HAYECHD, PEKOMEHOAYIIHT CUCTeM, AHAAI-
muuni 36imu, CKAN, mawunne Habuanns.

Hurysanusa: Moropriok C.O. MeTop, iHTeJIeKTyaJIbHOT'O OLIiHIOBaHHS SIKOCTI BiIKpH
TUX JaHUX i3 aBTOMaTV30BaHVIM TeHepyBaHHAM peKOMeH/Iallilt Ta 3BiTiB. Information
Technologies and Systems, Kuis, 2026, Tom 4 (10), 81-98. https:/ /doi.org/10.15407 /in-
techsys.2026.04.081
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C.0. Momopmniox

Bcryn Ta noctaHOBKa HayKOBOi Mpo0s1eMn

CrpiMKe 3pocTaHHS 00CATIB BIIKPUTMX JTaHMX, IO ITyOJIiKyIOThCsL Opra-
HaMM [Iep>KaBHOTI'O YIIPaB/IiHHS, HayKOBUMM YCTaHOBaMM Ta Oi3Hec-CTpyK-
TypaMu, 3yMOBIIIOE HeOOXiTHICTh 3a0e3reueHHs 1X HAJIEXHOI SKOCTi 5K
KJIFOYOBOI ITepelyMOBYU edeKTVBHOIO BUKOPUCTaHHA y IIpoliecax IIpuii-
HATTS pillleHb, aHAIITUKN Ta TI00OyIOBM iHTeleKTyalbHMX cepBiciB. Bom-
HOYacC Ha IPaKTUILIl BIIKPWUTI JaHi 4acTO XapaKTepu3yIOThCs HasABHICTIO
IPOIYCKiB, CTPYKTYPHVX HEBiIIOBIJHOCTEV, CeMaHTUYHMX CyIlepeYHOC-
TeV Ta HU3bKMM piBHEM y3TOKEHOCT], ITI0 iCTOTHO 00MeXXy€e MOXJIIMBOCTI
X HIOBTOPHOT'O BUKOPWMCTaHHS Ta iHTerparii.

CydacHi minxoay A0 OLIHIOBaHHS AKOCTI JTaHMX IepeBaXkHO Oa3sy-
IOThCSI Ha CTaTMYHMX MeTpUKax i He 3a0e3I1euyIoTh a/JallTMBHOIO aHasli3y
CKJIaTHMX OaraToBMMIpHMX XapaKTePUCTUK TaHMX, a TAKOX He Tependa-
4alTh aBTOMATM30BaHOTO (POpMyBaHHs pPeKOMeH[allifl 00 IX IOKpa-
meHHs. Oco0IMBO1 aKTyaJIbHOCTI HaOyBa€e BUKOPUCTaHHS MEeTO/IiB IITy4-
HOTO iHTeJIeKTy, 3JaTHUX IHTerpyBaTy Pi3HOPiIHI acIeKTu SIKOCTi, 3/iV-
CHIOBATV BVISIBJICHHSI aHOMAJIiVl 1 BiJIHOBJIGHHS BiJICYTHIX 3HadeHb Ta
dopMyBaTH iHTepIIpeTOBaHi 3BiTH [IJI1 KOpUCTyBayJa.

MeTor0 OOCTIIPKeHHS € PO3pOo0JIeHHS MeTOHy iHTelIeKTyaJIbHOTO
OLIiHIOBaHHS SIKOCTi BIIKPUTHMX JTaHMX, KMV Ha OCHOBI ITO€IHaHHS dOp-
MaJTi30BaHMX MpaBwWI Bajlijallil, CTaTUCTUYHOIO aHajli3y Ta aJrOpUTMIB
IITYYHOTO iHTeJIeKTy 3abe3reuye aBTOMaTH30BaHe BUABIIEHH J1eeKTiB,
dopmyBaHHS peKOMeH/allill 1010 IX yCyHeHHs Ta reHepyBaHHS aHaJTIi-
TUYHMX 3BITIB JUId IMIABUINEHHS aHaJiTUYHOI IPUIATHOCTI Ta IIpaKTUY-
HOT IIIHHOCTI BIIKpUTMX HaOOPiB HaHMX.

AHani3 HaABHMX TOCTIII KeHb

Y mMexxax mpobrieMaTyIKy yIIpaB/IiHHS SIKICTIO BIIKPUTHX JaHMX 3acobammt
IITYYHOTO iHTeIeKTy OcOOJIMBOrO 3HaueHHs HaOyBalOTh IIpalli, B SKMX
AKICTh JAHVIX PO3ITISIAAETHCS He K CyKYIIHICTb i30JIbOBaHMX HEePeBipokK, a
AK CUICTeMHa OaraToBMMipHa XapaKTepUCTIKa, OB si3aHa 3 aHAJII TUYHOIO
HPUOATHICTIO, HAiVHICTIO IIOBTOPHOIO BUKOPWCTaHHSA Ta 3HATHICTIO
I pOBUX CEPBICiB MpaIffoBaTH Ha OCHOBI JOCTOBipHMX Habopis. OgHuM
i3 Takmx fociigkeHb € poborta Carvalho Ta Kojler, y sIKit Ha OCHOBI IIN-
pOKoOTO orJIsiAy JlitepaTypu OyJio imeHTudikoBaHO 66 BUMIipiB AKOCTI
HaHVX Ta 3allpOIIOHOBAHO IX YIIOPSAKOBAHY CTPYKTYPy IS IIOOYyIOBU
NPUKIJIaIHUX Mofiesient olliHoBaHH: [1]. MeTonudHo aBTOpM CcriMpasmcs
Ha CUCTeMaTU30BaHMI aHaIi3 HayKOBVIX ITyOJliKalliit i3 mogasIbImMM arpe-
TyBaHHAM OJIM3BKMX 3a 3MICTOM XapaKTepPUCTUK, a OCHOBHUM pe3yJIbTa-
TOM CTaJI0 (POpMyBaHHS T'HYUYKOi CXxeMW, IIPUIATHOI [IJIg po3poOIeHHs
KOHKPETM30BaHVX PaMOK OLiHIOBaHHS SIKOCTI B Pi3HMX TaJly3sX. 3HaueH-
Hs 1Ti€l TTpalli TojIArae B TOMY, 1110 BOHa ITepeKOHJIMBO IToKasye: 6e3 ysro-
IDKeHOro Habopy BuUMipiB Oyp-sKe IOfasiblile aBTOMaTM30BaHe OIiHIO-
BaHHS HeMIHYyYe JINIIAETbcd pparMeHTapHIUM, a OTXKe, BTpadae KepoBa-
HICTB 1 BIITBOPIOBAHICTb.
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Memod inmesexkmyaivtozo oyinobanns axocmi 6i0kpumux 0aHux

JloriyamM IpOAOBXKEHHSM IIHOTO HaIpsMY € mocrmimkeHHs Miller 3i
criiBaBTOpaMy, Jie OyJI0 IIpOBeleHO MOPIBHSUIBHUI aHasli3 TepMiHOJIOTIT
SAKOCTI JaHWX Y Pi3HMUX IIpeAMeTHMX 00s1acTsx, Bifgibpano 116 peeBaHT-
HVIX TIpanp i3 MacuBy 10855 3Havmenx myOsTiKariiv Ta Ha I1ivt OCHOBI I10-
OymoBaHO iepapXiuHy Mozeb IOHSTE [2]. ABTOpM BUKOPUCTAJIM 3iCTaB-
JIeHHSI TepMiHiB i3 mosoxeHHsIMM cTaHAapTy [SO 25012 i, kpiMm Ga3oBmx
XapaKTepUCTUK, OOIPYHTYBaJIV BBeIleHHS YOTHPbOX JOAAaTKOBMX BUIMIpIB,
a camMe KepOBaHOCTI, KOPMCHOCTI, IOCTaTHOCTi 0OCATy Ta ceMaHTVKI. Bu-
MipIOBaHMM ITZICYMKOM po0OTM cTajIo He Jinille popMyBaHHS PO3IIN-
peHoi Moperti, a 1 ¢ikcaris 262 TepMiHiB, III0 BUKOPUCTOBYIOTBCA IS
OINCY $IKOCTi JaHMX y Pi3HMX JOMEeHax, IO 3aCBiluy€e BUICOKWUI piBeHb
TepMiHOJIOTIYHOI PO3IOPOIIeHOCTi. [IjId TeMaTUKM BIAKPUTUX JaHMUX 1ie
0CO0JIMBO BaXKJIMBO, OCKIJIBKY ceMaHTUYHa KOPeKTHICTh, yIIpaB/IliHChbKa
BIZIIIOBiNAJIBHICTD 3a JaHi Ta IX KOPWCHICTH IJI IIOBTOPHOIO BUKOPVC-
TaHH: Oe3I1ocepeIHbO BIUIMBAIOTh Ha AKICTh aHAJTITUYHMX BUCHOBKIB i Ha
HOOBipy [0 myOsiuHX HabOPiB.

Big Oiapin 3arajbHMX MOfesIeVl 1O aBTOMaTM30BaHOTO OLHIOBAaHHS
nepexoguts npatst Al-Toq Ta Almaslukh, y gxivi 3arrpolIoHOBaHO y3arajib-
HeHy MozeJlb npodiroBaHHs Ta KiIacudikallii SKOCTi JaHMX Ha OCHOBI
JITOPUTMIB MaIlIMHHOTO HaB4yaHH: [3]. JocimigHMKM peastizyBaIm IIOC-
JIiJOBHICTB MOIIepeIHBOr0 00POOIIeHHS, iFKeHepil 03HaK, IIepPeBipOK IT0B-
HOTM, Y3TOIKeHOCTi, opMaTHOI KOPeKTHOCTi, TUIIOJIOTiYHOI BifIIOBilI-
HOCTI Ta JIONYCTMMOCTI 3Ha4eHb, ITiCJIA YOro BiJHeCIM 3allViCK JI0 TPhOX
PiBHIB SKOCTi Ta MOPIBHSUIM JIeKUIbKa aHCaMOJIEBMX i JepeBOIOIiOHMX
anroputMiB. KijibKicHI pe3ysbTaTyi MOKasaay, 10 Iicis popMyBaHHS
49 mpodiTroBaIbHMX O3HaK i moninty BuOipkm y crissinHomenHi 70 1o
30 HaviKpalli MoesIi TOCSATIIV HavBUIIVIX IIOKa3HMKIB TOYHOCTI, IOBHOTW
ta F-mipu, mpuaomy Random Forest i rpamieHTHI aHcaMOJIi ITPOIEMOHCTPY-
B/ MavbKe Oe3lIOMMIIKOBe pO3pi3HEHHS KilaciB. 3Ha4eHHS ITbOTO JI0C-
JIPKeHHs] ToJIsATae y JIOBeleHHi TOro, 110 MOoeqHaHHsA popMasli3oBaHMX
HepeBipoK i HaBUaJIbHMX aJIFOPUTMIB MOXKe HepeTBOPUTM OLIHIOBaHHS
SKOCTI JaHVX i3 OIVCOBOI IIpOoLlely py Ha MacIITaboBaHy aBTOMaTM30BaHy
TEeXHOJIOTIIO.

BonHouac Alexakis Ta criBaBTOpM PO3IJISIAIOTH IpOOJIeMy IIMpIIle,
MOEHYIOUM CTaHIApPTV, METOOJIOTII Ta IMpOorpaMHi 3acobum KepyBaHH:S
AKicTIO gaHuX [4]. YV MeXax CTpyKTypoBaHOIO OIVISITy BOHM 3iCTaBWwIn
HOpPMAaTVMBHI ITiIXOI, MO OLiHIOBaHHS Ta Cy4acHi iHCTpyMeHTasIbHi
pillleHHs1, 30KpeMa Ti, 1110 IIPaIoIOTh i3 TPOMUIIOBAaHHSIM, OUMITIEHHAM i
MOHITOPMHIOM flaHuX. [XHiVI aHasIi3 10Ka3aB, 110 HasBHI 3acobu mobpe
HiATPUMYIOTh aBTOMaTH3allilo, JiarHOCTUKY Ta pobOTy B pexumi, Habsm-
JKEHOMY 10 PeaIbHOTO Yacy, OHaK 3aJIUIIaI0ThCs CJIAOKMMM 1100 TI0siC-
HIOBAaHOCTI pe3yJIbTaTiB, ypaxXyBaHH: BUTPaT i aJiaIiTariii 70 3MiHHVX IIPO-
necis. /1 mocstipkeHs y cdpepi BIDKpUTUX JaHMX 115 Ipalls € BasJIMBOIO
TOMY, 1110 BOHA II€peHOCUTh aKIIeHT i3 OKpeMMX IOKa3HVKIB Ha IIUTiCHY
iHdpacTpyKTypy yHpaBIliHHS SKICTIO, [le OLIIHIOBaHHSI, OYMIIIeHHSs Ta I10-
HasIbllle BUKOPVCTaHHA JaHMX ITIOBVHHI Oy Ty ITOB s13aHi B €IMHOMY ITVKJTI.
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Crretmdpiky came BiIKpUTUX perio3mTapiiB JaHMUX JoOpe po3KpuBae
nociimkeHHs Gonzilez-Vidal Ta Koser, e SIKiCTb BIIKPUTMX JaHMUX TPaK-
TY€EThCS OJHOUACHO K BHYTPIIIIHS BJIaCTUBICTh BifoOpakeHHsI peaIbHOTO
sBUIIA Ta 4K 30BHIIIHA OPUAATHICTE HaOOPY [JId HaBYaHHS iHTEJIeKTYy-
aTbHMX crcTeM [5]. ABTOpM 3amporioHyBau Habip MeTpuK st 000X ac-
IIeKTiB i lepeBipwIM X Ha peaJIbHMX Habopax ITaHMX i3 cepeIoBuIIL ceH-
COPHOTO TUITy. MeTOnM4HO Ipalis HOeQHy€e IT00yI0By METPUK, IX arrpo-
Oarriro Ha IMPaKTUYHMX JIaHMX Ta peaslizallilo y BIIKpUTOMY CepeIoBUIIIi
00urIcIIeHs, 1110 J1a€ 3MOI'Y 3aCTOCOBYBATM OIliHIOBaHH:I 10 PeIIO3MTapiiB i3
MiHIMaJIBHUM JIIOJICBKVMM BTpy4aHHsAM. LIiHHiCTH 1i€l poboTm mis 1mo-
JaJIbIIVIX JOC/IKeHb II0JIsiTa€ B TOMY, 1110 BOHA BiIXOOWUTH Bif CyTO op-
MaJIbHOTO OayeHHs SIKOCTi BIIKPWUTMX AaHMX i MiIKPeCIoe 3B 30K MiX
AKICTIO HaOOpy Ta 3[aTHICTIO iHTeJIeKTyaJIbHMX METOMIB OTpUMyBaTH 3
HBOT'O CTIiVIKi aHAITVYHI pe3yJIbTaTu.

Y G6rmsbkoMy, ajte OLIBII KaTaJIOTOOPiEHTOBAHOMY BUMIpi ITpalifoe
Martinez-Gil, sxvvi 3aIIpOIIOHYBaB aBTOMATM30BaHy CXeMy OIliHIOBaHHS
SIKOCTI KaTaJIOTiB BIAKPUTMX JTaHMX Ha OCHOBI aHaJIi3y TOYHOCTI, IIOBHOTY,
y3rOI>KeHOCTi, MacIITaboBaHOCTi, CBOEUAaCHOCTI, IOXO)KeHHsI, YMTabesIb-
HOCTI Ta JIIIeH3IMHNX XapaKTepUCTHK [6]. SIK MeTonndHYy OCHOBY IOCIIi/I-
HUK BUKOpUCTaB popMaslisallifo MOKa3HMKIB i IX peastisallito sl KaTa-
JI0TiB, TIOOY/IOBaHMX 3a CTaHOAPTOM omvcy HaOopis manwmx. [TpakTmyni
pe3yJIbTaTy IlepeBipKu Ha AeKUIbKOX HopTajlaX 3acBiIUMiIN CyTTEBY He-
PIBHOMIipHICTh HOKa3HMKIB: TOUHICTh 3MiHIOBasIacs ITpuOI3HO Bif 61,11 %
no 80,42 %, mosHoTa Bifg 50,00 % 110 66,77 %, y3romkeHicTs Bif 76,00 % 1o
93,10 %, a mOoKa3HMK ITOXOIKEHHS JaHMX Y HaBeIeHMX IIpUKIagaxX BUs-
BVBCS HYJIbOBVIM JJI5I BCiX OLiHeHMX KaTasioris. OT>ke, HaBiTh 3a popMalib-
HOI BIIKPUTOCTI ITIOPTaTy 1IOro KaTaJIor MOXKe JIMIIATVCA HEeIIOBHVM i He-
IIOCTaTHBO HaOIIHVIM JJI CePVIO3HOIO aHAJIITMYHOTO BUKOPVICTAHHS, 1110
HijIcHIIoe 1ToTpedy B aBTOMATM30BaHOMY KOHTPOJIi He JIuIlle BMICTy, a 11
OIMCOBOT iIHPPaCTPYKTYPU BIAKPUTIX JaHMX.

Ilepexin Bim MeTagaHMX O BJjIacHe 3MICTy BIIKPUTUX YPSAOOBUX Jla-
HUX geMoHcTpye Karamanou pasom i3 Koseramu, gKi JOCIIAWIN JIVHA-
MiuHi Jlep>kaBHi JJaHi Ha IIPUKIIaJli TPaHCIOPTHMX ITOTOKIB i3 IperbKoro
YPSAA0BOro IopTasly Ta 3aCTOCyBaJIVi [IJIs 1IbOTI0 KOPeJIALiIHUI aHaJli3, ce-
30HHO-TPEH/IOBY IeKOMIIO3uIIifo Ta Isolation Forest i3 omabIImM IIOsiC-
HeHHIM BUSIBIIEHUX BinxwieHb [7]. Pe3yibpTaTyi BUSBWIN CepVIO3Hi IIpo-
611emu sikocTi: 20,16 % criocTepexxeHb OyJIv BiZICyTHIMM, Y TIOJIOBMHM CeH-
COpiB YacTKa MpOITycKiB IepebyBasia B mianasoni 15,5—33,43 %, cepenns
yacTKa aHOMaJIivt Ha ceHcop cTtaHOBWIA 71,1 %), Tofli SIK Ce30HHO-TpeHI0Ba
mexkoMriosulis 3adikcysasia 12,6 % BincoTka aHomastin y BuOpaHin -
MHOXWHI, a Isolation forest 11,6 %, mpraoMy HepeTrH MiX MMV MeTOIaMM
BUsIBUBCS He3HauHMM. Came 114 mIpartist ocobymBo OrIM3bKa 10 TeXHIYHOTO
sfpa po3pobok y cdpepi iHTeIeKTyaTbHOTO OIiHIOBAaHHS SKOCTi BiAKpW-
TVIX JaHVIX, OCKUIBKM JOBOAUTD €(PeKTVBHICTh KOMOIHYBaHHS CTaTUCTIY-
HUX OpoLeayp i MalllMHHOIO HaBYaHH: [IJIs BUABJIEHHS Pi3HMX TUIIIB [1e-
dexTiB y nuHamMiuHMX Habopax.
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CyTreBrM 1t My OsI1igHOTO CeKTopa € i JoctimKeHHs Zong Ta Wang, y
AKOMY BIAKPUTICTb AepKaBHUX JaHVX PO3ITIANAEThCA K UMHHVIK ITiJIBU-
IIIeHHS JOCTOBIPHOCTI iH(OpMallil; aBTOpV BUKOPUCTAJIVT eKOHOMEeTPII-
HUV aHaJIi3 JaHuX KuTancbKnx Komrmadin 3a 2011 —2023 pokwu, mepesi-
pwin 6a30Bi 3a71€XKHOCTI, FeTepOreHHICTh ePeKTiB i HaIiHICTh pe3yiIbTa-
TiB 3a JOIIOMOTOIO0 iHCTpyMeHTaTbHMX 3MiHHUX [8]. KistbKicHi pe3yipTaTnt
HiATBepIVIIN CTaTUCTUYHO 3HAYyIIWUI ITO3UTVBHUM BIUIMB BiIIKPWUTOCTI
HdepXXaBHMX [TaHMX Ha JOCTOBIpHICTh KOpHOpaTUBHOI iHdOpMallii, a Ta-
KOX pi3HY iHTeHCMBHICTb IILOTO BIUIMBY 3aJIeXXHO Bij perioHy, dopmm
BJIACHOCTI 71 pO3Mipy KOMIIaHii; y TeCTi €HIOreHHOCTI 3HaYeHHs IIePIIOro
eTally TaKOXX BKa3ajIo Ha CTIiVIKiCTb OTpMMaHMX BUCHOBKIB. 3HaueHH 11iel
Hparii IjId TeMaTuKN IKOCTI BIDKpUTMX JaHMX IIOJISATa€ B TOMY, IO BOHa
IIOKa3ye MaKpOpiBHeBUI edeKT: BIIKPUTICTh JaHMX Ma€ CeHC JIuIIe TOfi,
KOJIV BOHa MiJIBUIIy€ HailHICTh iHdOpMallilIHOro cepeoBMIlia, ajle caM
MexaHi3M ITepexoly Bill BIIKPUTOCTI 110 peasIbHOI SIKOCTi JaHMX y Habopi
111e oTpeOye OKpeMMX TeXHIYHUX PillleHb.

[IutanHs opraHisaliriHOI TOTOBHOCTI ITyOJIiYHMX IHCTUTYLIN 110 po-
6ot 3 gaHMMM, HUPPOBUMI cepBicamMy Ta KpU30BMMH iHdOpMaIlinHu-
MM ITIOTOKaMU BUCBiTIIIOE Gabay Ta iHII JOCTITHMKY, 9Ki ITpoaHalizyBaIn
BIIPOBa/KeHHs iIHPOPMaLiVTHIX CUCTeM y Jep>KaBHUX yCTaHOBaX B yMO-
Bax Ha/3BMYallHOI CUTYyallil, CHMpar4nch Ha MOJIesIb IOV PeHHs iHHO-
BalliVi Ta cepito MMOMHHIX iHTepB 10 3 y4acHMKamu poekTis [9]. Ixwi pe-
3yJIbTaTV II0Ka3asiv, 10 CTBOPeHi cucTemm Oy 30epexkeHi 1 Imicid 3a-
BepIlIeHHsI KPU30BOro eTally, a yCTaHOBM BMCOKO OIIIHWIIN IX KOPUCHICTb,
IIPO30PiCTh, MDKBIIOMUYY KOOPIVHALIIO Ta 3[IaTHICTh IIBUIKO 3aJ0BOJIb-
HSTY IOTpedu rpoMazisgH. 171 HallpsMy, II0B s13aHOTO 3 iHTeJIeKTyaJIbHUM
YIIPaBJIHHAM SKICTIO BIIKPUTHMX JaHUX, 11d IIpalisd BaXKJIvBa TUM, 1110 Je-
MOHCTPY€ IIPaKTMUYHWUI KOHTEKCT BUKOPVICTAHHS SKICHMX OaHUX: Oe3
THYYKMX 1 3p03yMUINX I pOBIX CHCTEM HaBiTh J0Ope MiAroToB/IeHi Ha-
6opu He TpaHCPOPMYIOTECS B peaIbHy CYCIIUIbHY ITiHHICT.

Jonathan 3i criiBaBTOpamMy Po3IIAHYIIM IMQPOBY TpaHcdOpMaLllifo ITy06-
JIYHOTO YIpaB/IiHHS Yy 3B'43Ky 3 [elleHTpalizalli€lo, TTO€JHaBIIN CUCTe-
MaTVYHUV OIJIsAA, JIiTepaTypy 3 I ATHAJIATbMa HaliBCTPYKTyPOBaHUMM
iHTepB'10 3 eKcriepTamm IepXKaBHoro cekropa [10]. Jocmimamkm mivimom
BVICHOBKY, 1110 IIM(POBi IlepeTBOpeHHs MiIBUIIYIOTh ePeKTUBHICTb Mic-
LIeBOTO 1 LIeHTPaJIbHOTO BPsilyBaHH:, PO3LIVPIOIOTh Y4YacThb I'POMaIsiH,
3MIITHIOIOTH JIOBipY Ta HMiATPUMYIOTh Oe3lepepBHICTb 1Ty 0J1iYHOTO agMiHi-
CTpyBaHHs1. Y KOHTEKCTi yIIpaBJIiHHA SKIiCTIO BIIKPUTMX JaHMX e O3Ha-
Yae, 1110 caMa T10 cobi TexHiUHa OlliHKa Habopy € HeI0CTaTHBOIO, SIKIIIO
BOHa He BOy/l0BaHa B IIMPIINV yIIPaB/IiHCEKUI KOHTYP, /ie pe3yJIbTaTu
OLIiHIOBaHHS MOXYTb OyTV BUKOPMCTaHI /Il MiKIHCTUTYIIIIHOT B3aEMO-
i Ta IPUVHATTS pillleHb.

Jiao Ta criiBaBTOPY, BUKOPMCTOBYIOUM ITaHe IbHi f1ani 293 mict Kuraro
3a 2016 —2022 pokn Ta 1BOdaKTOpHY Mozeslb dikcoBaHMUX edeKTiB, I10-
KasaJIy, 110 PO3BUTOK HMEPOBOro ypsay CTaTUCTUYHO 3Havyllle CIpuse
3araJibHOMY CYCIIUIBHOMY IOOpOoOyTYy, IpuduoMy 1iert edpeKT BUpasHIIINI
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y MEHIII PO3BMHEHVIX TEPUTOPisAX, a TAKOXK y MicTax i3 KoimimmHiMu 6in-
HyMI partoHaMu [11]. ABTopu mpocTeXXnin i MexaHi3M BIUIMBY depes 3Mi-
Hy MaKpodicKa/IbHIX ITapaMeTpiB, a TAaKOX AOCIIIIIN MOAUPIKyBaIbHY
POJIb IIPOCTOPOBMX Ta IHHOBALIIMHNIX YMHHYKIB. 1711 Tpob1eMaTvKy BiI-
KPUTMX JaHVIX 1le JTOCTIi/PKeHHS € BaXXJIMBMM He CTUIBKM depe3 Halip Tex-
HIYHVX IIpoLelyp, CKUIbKI Uepe3 BUCBIT/IIEHHS TOTO, 1110 AKiCcHI 1 poBi
CepBicH Ha JIep>KaBHOMY PiBHI MalOTh BUMIPIOBaHWVI CYCIIUIBHU Pe3YJib-
TaT, a OTXKe, IOTpeOyIOTh HaIiMHOI iHOPMaLIiTTHOT OCHOBH.

IToni6GHy JI0TiKY, ajte BXXe 3 aKIIeHTOM Ha IINTYYHW iHTeJIeKT, PO3BU-
BalOTh Zhang Ta Li, SIKi TOCIIiNWIIV BIUIVIB PO3BUTKY iHTEIEKTYaIbHIUX TeX-
HOJIOTiN Ha CIIPOMOXKHICTh OpTraHiB BJjIajiy HaJaBaTV LMQPOBi IIOCIyIM
[12]. Born BuKOpmCcTaIM IaHesIbHI JaHi MiCbKOTO piBHS, HOOYIyBaI iH-
AVIKaTOPY iHTeJIeKTyaJIbHOTO PO3BUTKY Ta I POBOI CepBiCHOT CITPOMOXK-
HOCTI Ta IIepeBipwIn IIOCEPeHNUIBKY POJIb JIIOJICEKOTO Ta 3HAHHEBOIO
KartiTary. IXHi pe3yJibraTil i TBepAWIN CTATUCTIUYHO 3HAYYIIle 3POCTaH-
HsI CepBICHOI CIIPOMOXKHOCTI IIiJ, BIUIMBOM iHTeJIeKTyaJIbHVX TeXHOJIOTIVA,
a B TaOIMIIsIX TOCcepeTHMIIBKIX edpeKTiB 3adikcoBaHO MO3UTMBHI Koedi-
IIIEHTU IS KaHaUIiB, ITOB SI3aHMX i3 JIFOACHKMM KaITliTaJIOM i 3HaHHSIMI.
3HadeHHs IIi€l IIpalli IoJIIrae B TOMy, 110 BOHA IJIKPeCIIoe: iHTeIeKTy-
aJIbHI 3ac001 He IIPOCTO aBTOMATM3YIOTh OKpeMi orepartil, a HigBuIy-
I0Th CIIPOMOJKHICTB [Iep’KaBHUX CEpPBiCiB IpalffoBaTy 3 JaHVMM OUIBII
aJIpecHo, IIBUJIKO i pe3yJIbTaTMBHO, aJie 11 CIIPOMOXKHICTh 3aJIeXKUTh Bifl
SIKOCT1 caMMX JTaHMX.

Y3arajpHeHHs pO3IIIAHYTHX IIpallb JIa€ MiICTaBy CTBePKyBaTH, 1110
HayKOBUI JOPOOOK y 1it cdpepi BXKe chopMyBaB Kijlbka BaKIMBVIX Ha-
npsmis. [lo-miepire, mocTaTHRO INIMOOKO OIIpallbOBAHO MUTAHHS KIIacu-
dikariii Ta CTPyKTypyBaHHs BMUMipiB sIKocTi JaHuX. ITo-gpyre, Hakomde-
HO pe3yJIbTaTy 1010 aBTOMaTU30BaHOTo IIpodirroBaHH i Ki1acudikarrii
SIKOCTI i3 3aCTOCYBaHHSIM aJICOPUTMIB MalllMHHOTO HaBuaHHs. [1o-Tperte, y
poboTax Ipo BiAKPUTI ypsIoBi HJaHi IPOAeMOHCTPOBAHO SK BaXKJIMBIiCTh
3MiCTOBOI IKOCTi HaOOpiB, TaK i KPUTUYHY pOJIb AKOCTi KaTaJIoriB, MeTa-
HJaHVX Ta U POBUX CePBIicCiB, y sIKmX IIi faHi pyHKIioHY0Th. [TpoTe Mix
LIVIMVI HaIlpsIMaMU 30epiraeTbcsi pO3pwB: OTHI JTOCIIKeHHS 0OMEXYIOTh-
Cs1 TEPMIHOJIOTIYHMM Ta KOHLEITY aJIbHUM PiBHEM, 1HIII 30CepeKYOThCs
Ha OKpeMUX Ipoliefypax IIpodiyrroBaHHA 4n Kilacudikallii, ie iHII aHa-
JH3YIOTh CyCHiIbHUI edeKT ImndpoBoro BpsayBaHHsS 0e3 Ilepexomdy 0
PpiBH: 3a11Cy, aTpMOyTa Ta KOHKPETHOTO AedeKTy TaHuX.

HesupimeHyvMm 3aInIIaloThCs HacaMIlepes, MUTaHHs iHTerpariil 6a-
raTOBVMIPHOI OLIIHKM SIKOCTI BIAIKPUTUX IaHMX i3 aBTOMaTMU30BaHNM BU-
gBJICHHSIM aHOMaJIill, BiTHOBJIEHHSIM BiJICyTHIX 3HadyeHb, (POpPMyBaHHAM
aZIpeCHMX peKOMeHIalliil Ta reHepallicl0 aHaITUYHMUX 3BITIB Y MeXax
€IVHOTO IHCTPYMEeHTaJIbHOIO KOHTYPY. Y OUIBIIOCTI mpoaHaIi30BaHMX
IDKepesl abo IlepeBakae€ OMMCOBa CHCTeMaTM3allis BUMIpiB sIKOCTi Oe3
MPaKTUYHOIO MeXaHi3My KOpeKIIil, abo peasTi3yeThbcs By3bKa aBTOMaTH3a-
11isl OKPEeMOTO 3aBJIaHHs 0e3 IOBHOLIIHHOTO IIepeXoy A0 YIIPaB/IiHChKOTO
pitreHHs. 30KpeMa, y poboTax 3 BIIKPUTMX KaTaJIoTiB OCHOBHA yBara 30-
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cepekeHa Ha MeTaJlaHVX, JIIIeH3igX Ta CTPYKTYpi OINCY, TOAI SIK BHYT-
PIIIHSA AKiCTh caMVX HaOOpiB TOCIIIIKY€ThCSL MEHII CMICTeMHO. Y mparisix,
HNPUCBAYEHMX JVHAMIYHVM YPSA0BUM JaHVM, HasiBHI CVJIbHI pe3ysIbTaTu
3 BUISBJICHHST aHOMaJIiVi, OJHaK He JOBeIeHO 3a7a4y J0 PiBHs iHTerpasib-
HOTO iHJIeKCY SIKOCTi Ta aBTOMaTU30BaHOro Habopy pexoMeHmantiv. Oryis-
IOBi JOCIIIKeHH S 31 cTaHAAPTIB i MporpaMHMX 3aco0iB ITepeKOHIINBO I10-
Kas3yloThb Opak IOsCHIOBAHOCTI, aJallTMBHOCTI Ta BpaxyBaHHS BapTOCTi
nporenyp fAKOCTi, ajle He HPOIOHYIOTh 3aBepIIeHOro MpUKIaJHOro pi-
LIeHHS I BIDKPUTX Aep>KaBHUX JTaHMX.

[Tpvravieyt TOTO, 110 IIi ITMTaHHS I0Ci He pO3B’s13aHO, MAIOTh SIK 00 €KTVIB-
HWV, TaK i cy0’ekTMBHMI XapakTep. [1o 00’ eKTMBHMX HaJIEXXUTD BUCOKA He-
OMHOPIIHICTD BIIKPUTVX JaHMX, HOEIHAHHS CTPYKTYPOBaHMX, HAIBCTPYK-
TyPOBaHMX i AVHAMIYHVX MaCUBiB, 3aJI€)KHICTh OIIiHOK IKOCTI BiJl KOHTEKCTY
BUIKOPVCTAHHS, a TAKOX CKJIQIHICTh popMaJTi3ariil ceMaHTUUHVIX TIOMVJIOK
1 JIOTIYHMIX CyIIepeYHOCTeV, SIKi He 3BOIAThCS O IIPOCTVX IIPaBJI IIepeBip-
k1. He MeHIIT BAXJIMBOIO € HecTaua yHiBepCaIbHIMX eTaJIOHHVIX HaOOopiB st
IepeBipKM MeTO/IiB, yepes II10 OUIBIIIICTh aBTOPIB IPaITOe 3 OKPeMMMI Kei-
camm, IO YCKJIA[IHIOE IlepeHeceHHsl pe3ysibTaTiB. o cy0’ekTMBHMX IIpu-
YVH CJIiJT BilTHeCTV ACcHMITIIHApHY pparMeHTallifo JoCyipKeHb, Koy da-
xiBLi 3 I POBOro BpsiyBaHHs, BITKPUTUX JaHMX, MalllTHHOIO HaBYaHHS
Ta iHdOpMalIiHIX CHCTeM YacTo MPalllOI0Th Y MeXKaxX BJIaCHMX MeTO0JI0-
TYHVX TPaIWLiN i He I0BOIATh pe3yJIbTaTH 10 €VHOI MUKIVCIVIUIIHAD-
Hoi Moperti. CaMe TOMY y HayKOBOMY IIOJIi CIIiBICHYIOTb, ajie HeJIOCTaTHbO
B3a€MOJIIIOTh KOHIIENTyaIbHI CXeMW $KOCTi, ajIfOPUTMM aBTOMaTWUYHOL
IiarHOCTMKM Ta IPUKIIaIHI 3a1adi 1y 0J1iYHOTro aMiHiCTpyBaHHS.

Po3pobieHnii meTo iHTe1eKTyaIbHOTO
OIL[iHIOBAaHHSA AKOCTi BIIKPUTHX JTaHMX

Y Mexax 1mmpoBefeHOro JOCIiPKeHHs 3allpOIIOHOBaHO MaTeMaTUYHY MO-
7leJTb iHTeJIeKTyaIbHOTO OIIiHIOBaHHA SIKOCTI BIIKPUTMX JJaHMX, sKa Bifl-
Ppi3Hs€TBCS Bill HasSBHMX IIIXOMAIB iHTeTpalliefo OaraTopiBHEBOro aHaJIi3y
IOKa3HMKIB IKOCTi, alalITUBHOTO 3Ba’KyBaHHS MeTPUK Ta aBTOMaTM30Ba-
Horo ¢opMmyBaHHSI peKOMeH[allill Ha OCHOBI BusBIIeHUX AedekTis. Ha
BiIMiHYy BiJJ, KJIJaCMYHMX MoOJIesIell, III0 OOMEeXYIOTbCSI CTaTMYHMMM Ha-
O6opamu iHnMKaTOPiB b0 i30JIPOBaHNMY ITepeBipKaMy, 3aITPOIIOHOBAHMI
HiIXif, po3IyId/iace AKiCTh BIIKPUTHX JaHWUX K AMHaMIUHy PyHKIIiIO CTaHy
Habopy maHMX, 110 3aJIeKNUTh Bill CYKYITHOCTI CTPYKTYPHMX, CEMaHTIY-
HMX Ta CTaTUCTUYHMX XapaKTePUCTUK.

Hexan Bigkputnit HaOip TaHMX MOAAHO MHOXMHOIO 3amnucis D = {r,,
Ty ..., .}, d€ KOXKEeH 3aIic ¥; MiCTUTh Habip aTpubyTtis A = {a,, a,, ..., a,}.
J1y1s1 OIiHIOBaHHS SIKOCTi BBOAWTBHCS BEKTOp MeTpuK Q = {q,, 4, ..., G},
KUV BifoOpaskae pi3Hi acrieKTu sIKOCTi, 30KpeMa ITOBHOTY, Y3IO/KEeHICTb,
KOPeKTHICTh, YHIKaJIbHICTh Ta CeMaHTUYHY BaligHicTh. KoXXHa MeTpuKa
BU3HAYAEThCA AK PYHKIIIS Bl JaHMX:

4,=f (D), j=1%k (1)
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e ﬁ — BiANOBiAHa (YHKIIiA OLIIHIOBaHHS, peajli3oBaHa y IIPOrpaMHilt
cucTeMi depe3 Halip HpaBWyl, CTATUCTUYHMX IIpollefyp abo Mopesen
MaIIMHHOIO HaBYaHHSI.

IHTerpasIbHMI TTOKA3HYIK SIKOCTi HA0OPY AaHMX BU3HAYAETHCA SK 3Ba-
JKeHa arperobaHa OyHKIIis:

k
Qintzz;wj'q]'/ )
j=

ne w; — Barosi KoedillieHTH, 1110 BifoOpaXaroTh 3HaAUyIIiCTh OKpeMIX Me-
Tpuk. HaykoBa HOBM3Ha MmoJjrArae y ToMy, IO Barv He 3a/1al0ThCs arpiop-
HO, a BU3HA4YaIOTbCA aJallTVBHO 3aJIe)KHO BiJl KOHTEKCTY BUKOPVICTaHHS
JaHMX Ta BUSABJIEHNX AedeKTiB, 0 PopMaIi3yeThcs gK:

W= ®)

ne (D) — dyHKIis BaXIMBOCTI METPUKY, SIKa BPAaXOBYE IIUIBHICTH 10~
MWIOK, BapiaTMBHICTh ITOKa3HVKa Ta V100 BIUIVB Ha aHAJIITUYHY IIpuIaT-
HICTb TJaHMX.

Oxkpemo BBOAUTHCS PYHKIIIS TedeKTHOCTI (7, a,), dKa HaOyBae 3Ha-
ueHHs 1 y pasi BusIBJIeHHS MOpYyIIeHHs (HallpuKiIaj, ITpoIlyIlieHe 3Ha-
4YeHH:, aHOMaJIisl a0o HeBiANIOBimHICTH popmaTy) Ta 0 B iHIITOMY BUITAIKY.
CyKynHui piBeHb ):[ecpeKTHOCTi HabOpy JaHMX BU3HAYA€ETHCH SIK:

A= 2 2 o(r;, a,) 4)
i’
n-mi=1 =
Llevt ToKa3sHMK BUKOPVICTOBYETHCS He JINIIe [T OLiHIOBaHHS AKOCTI,
a V1 IK Kepyounvi IlapaMeTp y MOAyJIi reHepallii peKOMeH/Jalliv.
OcobrMBicTIO 3aITPOIIOHOBAHOT MOJIeNIi € BBeJIeHHs PYHKIIl peKOMeH-
mamin R, sxa BimoOpaae miepexif Bifl IiarHOCTMKM 0 KOPEeKIIil:

R=%(Q A 0), ®)

e ® — MHOXMHa IIpaBWI Ta 3HaHb, OTPVMaHMX 3 aHaJIi3y TUIIOBMX IIO-
MWIOK, a ¥ — omeparop, peasli3oBaHMN SIK iHTeJIGKTyaJIbHUVI MeXaHi3M,
IO TIOEAHYE eBPUCTUYHI MpaBila Ta Ma0JI0HNM BUIIpaBiIeHH:. Takum
YMHOM, Ha BiIMiHY BiJ TpaguLiVIHMX MOJeJIeVi, 110 3aBepIIyIOThCs eTa-
IIOM OIliHIOBaHH$, 3alIPOIIOHOBAHWI IMiIXid, dpopmatizye HOBHUM IIMKII
«OILIIHIOBaHH:A — iHTepIIpeTallis — peKOMeHIallii».

J1onaTKOBO BPaxOBYETbCA aCIIeKT BiATBOPIOBAHOCTI OIIHKM, SIKWV
dopmartizyeTbcst gepe3 cTabiTbHICT MeTPUK Y vaci abo mpwm 3MiHi miz-
BUOIpKI TaHMX:

S =1- ‘qa) -1)

7

11O JIa€ 3MOI'y BpaxOByBaTU AVMHaMIUHY IIOBeIiHKY SIKOCTi 1aHmXx i 3a0e3-
Ieuye OUTBIITYy HailfHICTh IHTErpPaIbHOI OIIHKA.
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[l 3abesnedyeHHs afalITMBHOCTI OIiHIOBAaHHS 3aIllpOIIOHOBAHO ajl-
TOPUTM JIMHAMi4HOIO BY3HaUeHHs BaroBux KoedillieHTiB MeTPUK SIKOCTi,
SAKWUVI BpaxOBY€ BapiaTMBHICTh TaHMX Ta CTYHiHb ix iHPOPMaTUBHOCTI.
Ha nepiioMy erami 1j11 KOXKHOI METPUKM SKOCTi BU3Ha4daeTbcd Koedi-
LII€HT Bapiallii, 110 XapaKTepu3ye HeCTabUIbHICTh BiATIOBIAHOTO ITIOKa3HM-
Ka y BuOipui. Ha gpyromy erami obumcitoersbes iHdopMaliiniHa 3Havy-
IIICTh METPUKM 9K 0OepHeHa PyHKIIis Bil T Iycrepcii, 110 J1a€ 3MOry Iif-
BUIIWTY Bary CTaOUIbHMX 1 pelipe3eHTaTUBHMX ITOKa3HMKiB. Ha TpeThoMy
eTalli 3/IiVICHIOETbCSI HOpMaJli3alliss Baropmx KoedillieHTiB TaKMM 4iMHOM,
100 1X cyMa [opiBHIOBasIa OAMHMINL. 3aBIsSKM IIbOMY Baru He € (piKco-
BaHVMV, a aBTOMaTWM4HO aJalTyIOThCSA O BJIACTMBOCTEVI KOHKPETHOI'O
Habopy maHMX.

TaxmmM umHOM Bif cTaTMUHMX i PparMeHTapHMX CXeM OLIiHIOBaHHS
IepexoaVMo 10 iHTerpoBaHOI aJalTMBHOI MOIesi, fKa HOenHye Oara-
TOBMMIPHY OLHKY $IKOCTi, KOHTEKCTHO-3aJIe)kKHe 3Ba)KyBaHH: ITOKa3HU-
KiB, dpopmastizariro gedeKTHOCTI Ta aBTOMaTM30BaHy reHepallifo peKo-
MeHJIallili, 110 B CYKYIIHOCTI 3a0e3Ieuye MiIBUIIIeHHsS OOIpPyHTOBAHOCTI
Ta IIPaKTUYHOI IPUIATHOCTI aHaIi3y BIIKPUTUX JTaHNX.

I3 metoro Bepudikarlii Ta eKCrlepMMeHTaIbHOI arrpo0arlii 3arporio-
HOBaHOI MaTeMaTW4YHOI MOJeJli iHTeJIeKTyaJIbHOrO OIliHFOBaHHS SIKOCTI
BIAKpUTUX JaHMX OyJI0 po3pobsieHo MporpaMHUI IIPOTOTHUIL, KU pea-
JIi3y€ TIOBHUV IIMKJI 0OpO0OJIeHHs TaHMX — BiJ, IX 3aBaHTakeHHs Ta IIOIle-
penHbOI MiArOTOBKM 40 0araTOBMMIipHOTO OIIiHIOBAaHHS SKOCTi, BUSIB-
sleHHs fedeKTiB, popMyBaHHS peKOMeH/Iallill i TeHepallil aHaJIiTUYHOIO
3BiTy. IloOyioBaHa crcTeMa opieHTOBaHa Ha poboOTy 3 peaJlbHMMM Habo-
paMu BIZKPUTHUX JaHMX, 30KpeMa OTPVMaHVMM 3 JepKaBHMX IOPTaJliB,
110 3a0e3Ieuye MPaKTUUHY PeJleBaHTHICTD i BiTIOBIIHICTh YMOBaM eKCIUTy-
aTarlil BITKpUTVX JaHMX y Iy OJIiYHOMY CEeKTOPI.

ApxiTeKTypHO IporpaMHa peasizariisi 1oOy/ioBaHa 3a MOIYJIBHUM
OPUHLNUIIOM i3 YiTKMM pPO3MeXyBaHHSAM (PYHKIIIOHJIbHUX MiICHCTeM,
110 3a0e3Ieuye THYUYKiCTb, MacIITaOOBaHICTh i MOXJIMBICTD IIOIJIBIIIOTO
posmmpenHs (puc. 1).

basoBuM esreMeHTOM cricTeMu € MOZYJIb 3aBaHTaKeHHs Ta iHTerpariii
HaHMX, KUV 3iVICHIOE iMITOPT HabOpiB y pisHMX dpopmarax, ix IpuBe-
IleHH4 10 yHi(piKoBaHOI CTPYKTypM Ta IlepBMHHY HOpMaslisailito. Ha 11po-
My eTari BigOyBaeTbCsi (POpMYBaHHS BHYTPIllIHBOTO ITOAHHS JTaHMX AK
TaOJIMYHOI CTPYKTYPW, IO JIa€ 3MOTY 3a0e3NeunTyi yHiBepCcasIbHICTh I10-
HasIbIIVIX IPOLleAyp aHaIi3y He3aJe)XHO Bif Jkeperta abo dpopmMary Bxif-
Hoi iHdopMariit.

HacTynHum KII040BMM KOMIIOHEHTOM € MOJIyJIb ITOIIepeIHbOIo 00-
poOJieHHs, AKUM pealizye OUMILIEHHS JIaHWMX, BUSBJIEHHS IIPOITyIIeHMX
3HadeHb, HOpMaJlizallito dopmartis Ta 6a30By TpaHCcOpMallito aTpUOYTiB.
Y mpomy mopmyiii 3aKiazieHO MexaHi3MM aBTOMaTUYHOIO BU3Ha4YeHHs
TUIIB JaHMX, 10 Ja€ 3MOI'y aJlallTBHO 3aCTOCOBYBAaTH Bi/IIIOBiIHI ITpo-
ey pvi oOpo0JIeHHS 111 UMCIIOBYIX, KaTeropiasIbHIX Ta TEKCTOBYMX ITOJTiB.
OcobrymBicTiO peastizariii € ITO€HAHHS JIeTepMiHOBaHMX IIPaBWI Ta CTa-
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AHaIITUYHN 3BIT
Ta Bisyalisallis pe3yJIbTaTiB

Puc. 1. ApxiTexTypa IIporpaMHOI CYCTeMMV iHTeJIeKTyaIbHOI'O OLIiHIOBaHHS SKOCTi
BIIKPpUTMX JaHMX

TUCTUYHMX MeTO[iB, 110 MifBUIIyE TOYHICTB i CTiVIKicTh 0OpOOIIeHHS B
yMOBax HEOHOPITHOCTI BITKPUTHX JTaHMX.

LleHTpasIbHMM €JIeMEHTOM CUCTeMM € MOJYJIb OLIIHIOBAHHH SIKOCTI,
KU Oe3mocepeTHBO peasli3ye 3allpOlIOHOBaHy MaTeMaTUYHY MOJesIb. Y
LIbOMY MOZYJIi 3AiVICHIOETECS 00UMCIIeHHs HaOOpy MeTpUK SKOCTi, 10 Bi-
HoOpakaloTh Pi3HI acIleKTV CTaHy AaHMX, BKJIIOUHO 3 IIOBHOTOIO, Y3TO-
JDKEHICTIO, YHIKaJIbHICTIO, KOPEKTHICTIO Ta iHIIMMM XapaKTepUCTUKaMI.
KoxxHa MeTprKa 00UMCITIOETBCS SIK OKpeMa (PyHKIIisI, IIT0 3aCTOCOBYETHCS
110 BCbOTO HaboOpy IaHmMx ado 7Ooro MiIMHOXIH, IIiCTIS YOT0 BiOyBa€eThCs
iX arperyBaHHs B iHTerpaJIbHMV ITOKa3HMK SIKOCTI 3 ypaxXyBaHHSAM ajlarl-
TVUBHO BM3HA4YeHMX Barosmx KoedillieHTiB. BaxxymBoro ocoOmBicTIO pea-
JH3alii € AMHaMIYHUI XapaKTep 3BaXKyBaHH:, KUV 3aJIeXKWUTh Bil, BUB-
JleHnX JedeKTiB i CTPYKTypM JaHMX, IO 3a0e3leuye KOHTEKCTHY UyT-
JIVIBICTB OIIiHIOBAHHSI.

[TapastesrbHO PyHKITIOHY€E MOJIYJIb JI€TeKIIil HedeKTiB, AKMUV BUKOHYE
IIOIIYK aHOMaJIivi, IIPOITyIIeHNX 3HaueHb, AyOsikaTiB, (popMaTHMX He-
BIZITIOBIZTHOCTEVI 1 CTATUCTUYHMX BiXWIeHb. Y paMKax IIbOro MOJYJIsd pe-
aJli30BaHO 1 MPaBWIOOPIEHTOBaHI IepeBipKY, i eJleMeHTH iHTeJIeKTyallb-
HOTO aHaJIi3y, 1110 Ja€ 3MOTY BUSIBJIATY HeO4YeBIIHI IOpYyIIeHHs, 30KpeMa
aHOMaJIbHI 3HaueHHs abo JIOTiYHi cymepedHOCTi MiX aTpuOyTamm. Pe-
3yJIbTaTVL POOOTM LILOTO MOAYJISE (POPMYIOTh OCHOBY ISl TIOJAJIBIIOT iH-
TepIIpeTallil 4KOCTi Ta TeHepallil peKOMeH/allil.

Monyiie reHepallil peKoMeHIallill € KJIIOYOBMM 3 TOYKW 30py IIpak-
TUYHOT I[iIHHOCTI CMICTeMM, OCKUIBKY 3a0e3nedye mepexis, Bt miarHocTm-
KM [0 HMiATPUMKM IPUIHSTTS pillleHb. Bil peastisye mexaHi3M BigoOpa-
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JKeHHsI BUSIBJIEHUX JedeKTiB y Habip KopuryBajJbHUX Aill, 0 dpopMy-
IOTBCS Ha OCHOBI 3a3[aJlerip BU3HaueHMX MpaBwI Ta mradsioHis. [Tpu
LILOMY BPaXOBYETbCS He JINIlle TUII JedeKTy, ajle 71 TIOTo IIOIIMPEeHicTb,
BIUIVB Ha 3arajIbHy SIKiCTb i KOHTeKCT JaHMX, 1110 J1a€ 3Mory dpopMyBaTut
OOIPyHTOBaHIIII Ta peleBaHTHIII peKoOMeHaIIil.

3aBepIaJIbH/IM KOMIIOHEHTOM € MOJTyJIb (POpMyBaHHsI 3BITHOCTI, KMV
arperye pesyJibTaTV OLIIHIOBaHHSI, BUsIBJIeHI JedpeKTu Ta 3reHepoBaHi pe-
KOMeH/Iallil y CTPyKTYpPOBaHWUV aHaJIITUYHM 3BiT. 3BiT MiCTUTB 1 KUJIbKic-
Hi ITOKa3HVIKM, i TEKCTOBY iHTepIIpeTallifo OTPVMaHNX pe3yJsIbTaTiB, IIo
3abesredye 3py4HICTb CHOPUIHATTS Ta MOXJIMBICTb BUKOPWCTaHHS pe-
3yJIbTATIB 1 U1 TeXHIYHOTO aHaJIi3y, 1 Ul yIIPaBIiHCBKIMX pilteHs. Peasti-
3aliis 1IbOT0 MOAYJId Ieperdavae aBToMaTH30BaHe (POPMyBaHHS OIIMCO-
BVIX BVICHOBKIB Ha OCHOBi 3Ha4eHb MeTPUK, III0 € BaXJIMBUM KPOKOM 10
IOBHOT aBTOMaTM3allil IPOIleCy OLiHIOBaHH:A AKOCTi JaHMX.

[TpuaumIn 1ii IporpaMHOi CUCTeMM IPYHTYEThCsS Ha ITOCIIIOBHOMY
IIPOXO/PKeHHI JJaHVX Yepes3 3a3HadeHi MO/IyJIi, /ie KO)KeH HacTyITHWIA eTall
BUKOPWCTOBY€E pe3ysIbTaTy olepeaHboro. Taka KOHBeepHa OpraHisallis
00po0bsieHHs [Tae 3MOry 3abesneunTyi LUICHICTh aHasli3y, Y3TOIKeHICTbh
pe3yJbTaTiB i MiHIMI3yBaTH BTpaT iHdopmariil. Bomaouac MofysibHa ap-
XiTeKTypa 3abe3Ieuye MOXIIVMBICTh He3aJIe)XHOTO BIOCKOHaJIeHHs OKpe-
MVX KOMIIOHEHTiB, 30KpeMa iHTerpariii HOBVX MeTPUK SKOCTi, aJITOPUTMIB
BUIsIBJIEHHS edpeKTiB a00 MeTo]1iB TeHepallil peKOMeH/IaIlill.

Anpobanisa metony

Orpumani pe3ysbTaTi eKcepuMeHTaJIbHOI allpolaliil po3pobiieHoro
MeTOJly iHTEeJIeKTya/IbHOTO OIIHIOBAHHS AKOCTi BIIKPUTHUX JTaHWX Jie-
MOHCTPYIOTh VIOTO 3[IaTHICTh He JINIIIe 31iVICHIOBAaTV JiarHOCTUKY CTaHy
Habopy maHmX, ajie 71 3a0e3nevyBaTy BUMipIOBaHMI e(PeKT ITOKpaIeH-
HS MiCJIs 3aCTOCYBaHHS aBTOMaTM30BaHMX IIpoLedyp KOpekKIlii Ta pe-
KOMeH1alin. Y3arajbHeHa JMHaMiKa 3MiHUM iHTerpaJIbHOTO IIOKa3HU-
Ka AKOCTi HaBeleHa Ha PUC. 2, ie CIOCTepiraeTbCs 3pOCTaHHS 3HaUYeHHS
3 0,936 mo 0,948 micia oOpobeHHs 10F
TaHMX.

Hespaxxaroun Ha BiTHOCHO HeBe- (g
JIVIKVIVI aOCOJIFOTHMV IIPUIPICT, 11eV1 pe-
3yJIbTaT Ma€ HPVHIINIIOBE 3HaUeHHs, 0,6
OCKUIBKV BVUIXITHUVI piBeHb AKOCTI BXe
3HaXOAMBCA y BUCOKOMY pdiarnasoHi, 04 F
110 YCKJIAJHIOE TTOfaIbIIle IIOKpaIlieH-

Hs Oe3 iHTesleKTyallbHUX MeToAdiB. 0,2
Takum umHOM, oTpMMaHUM edeKT
Hi,D;TBe}‘).LDKYG quHMBiCTB 3alIpoIIo- 0 J1o BiiHOBJIEHHS IHiCJ'ISI BiTHOBJTEHHSI
HOBaHOI MOMIEJI 10 JIOKAJIbHUX JIe- o

dexTiB Ta il 3MaTHICTh OIITUMIi3yBaTI Puc. 2. [lnnamixa iHTerpasbroro o-

. o Ka3HMKa SKOCTI BIAKPUTMX TaHWUX [0
HaBITh BUCOKOSKICHI HADOPYI TAHVIX. 14 ricg sacTOCYBaHHS MeTOLY

0,936 0,948
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Puc. 3. IlopiBHSAHHS BUMIipiB SIKOCTI BIIKPUTMX JaHMX OO Ta
TicyIst iHTeTIeKTyaTbHOT 00pOOKM

mse 125,079 butem nerasHM aHaTi3 311iVi-
120 - CHEHO Ha piBHI OKpeMMX BUMIpiB
100k 101,203 SIKOCTI, pe3yJIbTaTy SIKOTO ITOfIaH-
HO Ha puc. 3.
8o 77704

30KpeMa, HaIOUTBIII CyTTEBE T10-
60 | KpallleHHs 3aikcoBaHO y CTPyK-
TyPHOMY BUMIpi, [le 3HaUeHH:d 3pOc-
710 3 mpudmmsHo 0,84 mo 0,87, mo
20 CBiTUMTb HPO edeKTUBHICTh IIpO-
0 A A Heayp HOpMalizallii, 3alIOBHeHH:I
RandomForest KNN MeniaHa HpOHYCKiB Ta yCyHeHHs q)opMaT-
Puc. 4. ITopisHsIHHS edpeKTMBHOCTI MeTO-  HpX HeBimmosinHocTer. CeMaHTIY-
1B B1OIHOBJIEHHS HpOHyHIEHVIX 3HaA4YeHb HVIVI Ta 01’1epaL[iI7IHV[I7I BVIMlpV[ He_
3a merpukoio RMSE MOHCTPYIOTb CTabUTHHO BUCOKi 3Ha-
UeHHs, OJIM3bKi 10 OAVIHWUIIL, K 10, TaK i micsIst oOpo0IIeHH s, 1110 BKa3ye Ha
iX IIOYaTKOBY $KiCTh i BOJJHOYAC MiJITBEP/KYE, 110 MO/e/Ib He BHOCUTH
Jerpajaniii y BXe KOpeKTHi KomrioHeHTu AaHux. [Toseminkosuit BuMip
30epirae MakcrMasIbHe 3HaUY€HHS, 1110 CBiIUMUTH PO BifICYTHICTh HETraTuB-
HOTO BIUIVMBY aBTOMaTM30BaHMX IIPOLElyp Ha Y3TOKEeHICTh i JIOTiKy
B3a€MO3B’s13KiB MiX aTpuOyTamn. Taka mudepeHnriiniopaHa KapTiHa 3MiH
HiATBEPKYE, IO 3aIIpOIIOHOBAHMI IIiIXi/] He € TPyOMM MexaHi3MOM Ko-
PeKlliii, a peasli3ye KOHTeKCTHO-OPi€HTOBaHe BJOCKOHaJIeHHS OKpeMMX ac-
TIEKTIB SIKOCTI.
KimrouoBuM entemeHTOM, sIKMTI Oe3mocepelHRO BIUIMBAE Ha ITiIBUIIIEH-
HSl SIKOCTi, € MO/LyJIb BilITHOBJIEHHS IPOIYIIeHNX 3HaueHb, e(PeKTUBHICTh
SIKOIO OIL[iHEHO Ha OCHOBI MeTPUKMU cepeHbOKBaJpaTUYHOI MOMVIIKN
(Root Mean Square Error, RMSE), mo BinobpaskeHo Ha puc. 4.
ITopiBHAHHS pi3HNMX METO/IB BiTHOBJIEHH IIPONYIIeHVX 3HaueHb I10-
Kasye, II10 BUKOPMCTaHHs aHcaMOs1eBoro mixomay Ha ocHoBi Random Forest
3abesmedye HaviHVCK4e 3HadeHHsI RMSE (77,704) mopiBHSHO 3 MeTOIOM
k-mantGrmvoxuamx cycinis (k-Nearest Neighbors, KNN) i3 RMSE 101,203 Ta me-
HiaHHMM 3aroBHeHHAM i3 RMSE 125,079. Lle cBigunTh Opo 30aTHICTH MO-

40
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Herti BpaxoByBaTV CKJIaIHI HeTiHIHI 3aIeXXHOCTI MK aTpuOyTammy, 1o
0co0JIMBO BaYKJIVBO VIS BIIKPUTVIX IaHMX, IKi 4aCTO XapaKTepuU3yIOThCI
BVICOKOIO BapiaTMBHICTIO Ta HeoqHOpigHicTIO. BomHouac pesysibraTit fe-
MOHCTPYIOTb, 1110 IIPOCTi CTAaTUCTUYHI MeTOIM He 3a0e311euyoTh J10CTaT-
HBOI TOYHOCTI, 1110 OOIPYHTOBYE HEOOXiIHICTh BUKOPWUCTAaHHS iHTEJIeKTY-
aJIbHVIX aJIFCOPUTMIB y Ipoliecax ITiIBUIIIeHHS SKOCTI.

PeastizoBaHa MozesIb I€MOHCTPYE CHUCTEMHY iHTerpallifo OIliHIOBaH-
Hsl, BUsIBJIeHHs J1edPeKTiB i IX yCyHeHHs, 10 Ja€ 3MOTy IIepeiiTil Bi, cTa-
TUYHOTI'O aHaJIi3y /10 AVHaMIYHOIO yIIPaB/IiHHS AKICTIO JaHMX. Baxxmsum
€ Te, 110 BCi ITOKpallleHHs MaloTh KUIbKICHe HiTBepIpKeHHs, 1110 BiJIIIOBi-
Jla€ BUMOraM MeTPOJIOTiUHOI CTPOroCTi Ta BiITBOPIOBAHOCTI pe3yJsIbTaTiB.

3anponoHoBaHa MOIesIb Ta MeTOMOJIOrid i i IIporpaMHa peaslisariis
MOXYTb PO3IJISAATUCS K ONTMMaJIbHe pPillleHHs y KOHTeKCTi 3ajad yII-
PaBIIHHS SAKICTIO BIIKPUTMX JIaHMX, OCKUIBKM IOEIHYIOTh YHiBepcalb-
HIiCTB 3aCTOCYBaHHsI, aJalITUBHICTB 10 CTPYKTY P JaHMX, 3[aTHICTb J10 aB-
TOMAaTVYHOTO BUSIBJIEHHS Ta YCyHeHHs JedeKTiB, a TakoX 3a0e3euyioTh
BUMiproBaHM e(PeKT ITOKpaIIleHHs, 1110 € KPUTWYIHO BaXXJIVIBVIM JIS ITPaK-
TUYHOTO BUKOPUCTAHHA y IMPPOBUX eKOCUCTeMaX BiIKPUTMX JaHVIX.

Y nposenmenomy AOCITiKeHH] iHTerpaJbHUI IMOKa3HUK SIKOCTI Bifi-
KpuToro Habopy maHmx 3pic 3 0,9362 no 0,9477, To6To Ha 0,0115 myHKTY,
abo nipubimsHo Ha 1,23% Bin mogaTtkosoro pisHs. Hanbinbin mmpobiiem-
HVM BUSBUBCA CTPYKTYPHU BUMIp sKOCTi 31 3HadeHHsAM 0,8335, Tomi K
CeMaHTWYHWV, OIepalliiHNUI i HOBeOiHKOBUI BUMIpW Malii 3Ha4eHHS
0,9888, 0,9917 1 0,9947 BignoBimHO. [11s 3agaui BUSIBIIEHHS aHOMAJTiTT Havi-
KpalMM aJIrOpuTMOM cTaB I[solation Forest, skvvi 3a eKCIIepUMEHTY 3 62
IITYYHO BHECeHMMM aHOMaslisiMu 3abesrneuns TouHICTH (precision) 0,128,
noBHOTY (recall) 0,306, F1-mipy 0,181 Ta 3arajpHy TOuHicTh KiIacudikarrii
0,943. YV 3apadi BiHOBJIEHHS IIPONYINEHNX 3Ha4eHb HalIKpalluil pe3yJib-
TaT nokasas Random Forest i3 RMSE 77,704, 1o € xpatym 3a KNN i3 RMSE
101,203 i memianne 3amoBHeHHs 3 RMSE 125,079. TakuMm 4umHOM, 3MeH-
nreHHs moxuokm craHoswio 23,2% sinHocHo KNN i 37,9% sinHocHO Me-
JI1aHHOTO ITJIXOILY.

Rahal Ta Kosery 3aIIpOIIOHYBaIN SIKICHO ONIVI3BKM 3a ime€ro minxim, y
SKOMY SIKiCTB JaHMX OLIiHIOETHCH [I0 eTaIly 1100y I0BY IIPOrHO3HOI MOIeTi,
a BUOIip AKiCHIIMX HiIMHOXMH JaHMX IIPUBOAUTD A0 MOJIIIIEeHHS pe-
3yJIbTaTiB MAIIMHHOTO HaBYaHH [14]. YV ixHbOMY HOCITiIKeHHi /I Ha-
6opy G1 Haikpammmy kiactep 3abesrmeuns RMSE 0,08 i R* = 0,95, Topi sk
Hanripmm Kiactep MmaB RMSE 0,71 i R*=0,03; oTxe, Ppi3HMUIIA MiX KJIac-
Tepamu craHoswiIa 0,63 3a RMSE, a nmoxmnbka y HamKpalioMy KilacTepi
Oys1a HypKUOO TpMOM3HO vy 8,9 pasa. g Habopy G2 HavKparmuit Kirac-
Tep MaB RMSE 0,598 mpu R?>=0,855, a Hanripmmit RMSE 1,122 opu R* =
= 0,282, To6TO 3HIKeHHs: RMSE craHOoBWIO 46,7 %. [Ii1a HaOopy G3 Hanm-
Kpalmii Kactep mmpopgeMoHcTpysas RMSE 0,497 tipu R? = 0,942, a Haii-
ripmmm RMSE 2,180 nipu R? = 0,344, To6TO TIOXMIOKA 3MeHIIyBajlacsl Ha
77,2 %. IlopiBHSIHO 3 IIMU pe3yJIbTaTaMM, V TaHOMY JOCITIKEHHI TaKOX
3adikcoBaHO UYiTKWUV BUTpaIll Bijl iHTeJIeKTyaJIbHOro J000py Ta 00poOKM
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maaux: Random Forest 3HV3VB IMOXMOKY BiTHOBJIEHHS IIPOIYIIEHMX 3Ha-
uyeHb 3a MeTpuKoo RMSE na 23,2 % BigHocHo KNN i Ha 37,9 % BimHOCHO
MeJliaHHOI'O 3alI0BHEeHHS, a IiICYMKOBUVI IHTerpa/IbHU ITOKa3HUK SIKOCT1
30impmmBest Ha 1,23 %. Takum anHOM, B 000X poOOTaX MiATBEPIKYEThCS
OJHa V1 Ta caMa TexHi4YHa 3aKOHOMIipHICTB: ITIoIepeaHs OLliHKa 1 KOPeKIIis
AKOCTi JTaHMX CTaTUCTUYHO IOKPAIIYIOTh pe3ysIbTaTUBHICTh MOAAJIbIIION
00pobxm, xoua y poooTi Rahal Ta Koster edpeKT OIliHIOBaBCs Yepe3 TOUHICTb
IIPOTHO3YBaHH:, a B IIbOMY JIOC/I/PKeHHI — 4depe3 iHTerpayIbHUI ITOKas3-
HUK sKocTi, F1-Mipy BusBienHs aHoMastin ta RMSE BigHOBIIeHHS Ipo-
IyIIeHVX 3HaYeHb.

Karamanou Ta criiBaBTOpY JOCIIIKYBaIV SKICTh IVIHAMIYHMX BIIIKpW-
TUX YPpsOoBUX OaHMX i mokasany, 110 20,16% crocTepeskeHb y IXHBOMY
Habopi Oyym BincyTHiMI, a 'y 50 % ceHcopiB YacTKa ITpOITYCKiB JiexXasla B
inrepsaii 15,5—33,43 % [7]. Y upomy mociimkeHHi 3arajibHa 9acTKa IIpo-
nyckip cranoswia 21,05 %, ToOTO mpakTudHO 30irajacs 3 piBHeM, 3a-
dixcoBaHmM y poboti Karamanou Ta KoJier, a pisHWUIIS CTaHOBWIA JIVIIIE
0,89 BincoTkoBoro myHKTy. BomHouac y poOoTi [7] cepenHin BifcoTok aHO-
MaJliil Ha ceHcop 3a MeTonoM flow-speed correlation nocsras 71,1%, a pis
mes sty Havikpammx ceHcopiB STL-mexommoswiiis BusiBwia 12,6% aHo-
Mautivt, Tomi sk Isolation Forest — 11,6%. Y mpoMy HOCITiIKEHHI 3aCcTOCY-
BaHH#A Isolation Forest ;o eKcIlepuMeHTy 3 KOHTPOJIbOBAHO BHECEHVIMMU
a"Homautisimu gasto F1 = 0,181, precision = 0,128 i recall = 0,306. ITpsime uwic-
JI0Be 3iCTaBJIeHHs BiflcoTKa aHoMaIin y [7]i 1-mipu y boMy JOCTiIKeHHi
He € TOTOXXHWM, OCKUIBKM Yy IIepIIOMY BUIIQJKy WIeTbCs PO YacTKy
aHOMaJIbHMX 3allCiB y IPUPOIHOMY IIOTOLi CEHCOPHUX JaHUX, a B JIPy-
roMy — IIPO TOYHICTb BiITBOPEHHS 3a3[aJleri/ib IITYYHO BHECeHMX Jie-
dexTiB y TabmmyroMy Habopi agmiHicTpaTuBHMX 1TOCIYT. [TpoTe TexHiu-
HO 00m/1Bi poOOTN IEMOHCTPYIOTH CIIIJIbHY PUCY: aHOMaJIil CTAHOBJIATH He
IIOOAMHOKM, a CUCTeMHUM Ki1ac JedeKTiB, a Isolation Forest BUABIISE€TBCS
Hpale3gaTHUM iIHCTpPyMeHTOM IS iX BUSBJIEHHS B YMOBaX HEOIHOPil-
HUX BIIKPUTHUX JTaHMX.

Pekar i Jozsa aHasti3yBasIM BIUIMB IIUIICHOCTI TaHMX Ha SKiCTb MaIllyH-
HOTO BUSIBJIEHHSI MepeXXeBIX aHOMaJTiT! i IoKasaiin, 110 Random Forest 36e-
piras [Iy>ke BUCOKi, a B OKpeMi [JHi — ITpaKTMYHO ifeaIbHi IOKa3HUKM Oi-
HapHOI Ta OaraToxracosoi Kiacudikariii [15]. 3okpeMa, M1 HU3KM OUM-
IeHnX HabopiB maHMX Momeli IeMOHCTpyBaJM inmeasibHi abo Mmarbke
ifeasIbHi pe3ysIbTaTH Ha BiBTOPOK, cepelly Ta II ITHUIIIO, a I OKpeMMX
crieHapiiB 6iHapHOI KIacudikarii crioctepiraiacs 6e3oMIUIKOBa iTeHTH-
dixariist Ge3meUHMX ITOTOKIB Oe3 XMOHOIO3UTMBHIIX CIIpalfoBaHb. Ha Bif-
MiHY Biff IIbOTO, y IIbOMY JOCITiIKEHHI 3a7java BUsBJIeHHS aHOMaIin Oyiia
CYTTEBO CKJIQ[IHIIIIO0 3 TOUKM 30py AmcOasaHCy KiIacis i cs1abKol Bupaxe-
HOCTi tedeKxTiB: 3a 2993 3ammicis OyJ10 IITyYHO BHECEHO JInille 62 aHOMaJTii,
ToOTO Or1M3BKO 2,07 % BUbipKM, a Havkparium aroputM nocar F1 = 0,181
npmu recall = 0,306. Tomy pisHWMIISI MK Marpke ifeaTbHUMY pe3yJIbTaTaMu
y [15] Ta ckpomHiItoro F1-Miporo y TaHOMY [IOCTIiKeHHi CBiTUMTh He IIpo
HVDKYY SKICTh MOeII, a PO BUIIY CKJIAJHICTh BUSBJICHHS aHOMAaJIil y
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CJ1abOCTPYKTYypOBaHMX aMiHICTPaTUBHMIX JaHMX, [ JedeKTn 9acTo Ma-
I0Th He KJIacOBO-BUpaXKeHy, a KOHTEeKCTHO-yMOBHy Iipupopy. Pasowm i3
TUM OOMIBa AOCIIIKeHHS Y3TrOKeHO IOKa3yIOTh, II0 HaBiTh 3a HasB-
HOCTI ITpo0s1eM 11iTicHOCTi JaHMX aHcaMOJIeBi MeTOIVI 3a/INIITIAIOTHCS Havl-
CTIVIKIIIIIMM 1O IITyMY Ta HEOJHOPITHOCTI cepeoBuINa.

Alexakis Ta Kojierv He IOAAIOTh €KCIIEPVMEHTY 3 €AVIHVM eTaJIOHHVIM
HabopoM [TaHMX, TOMY IIpsIMe 3icTaB/IeHHs 3a MeTpuKaMu Tuiry RMSE abo
F1 y upomy Bunajixy odMexeHe [4]. BomHouac 1XHil OIVI]] € BasKIMBUM
JUIs iHTepIIpeTarlii OTpYMMaHMX pe3yJsIbTaTiB, OCKUIbKM IOKa3ye, 110 TOY-
HICTB € Haly >KMBaHIIIOI XapaKTePUCTUKOK SKOCTI JaHMX 1 TparuiseTh-
cs1 y 81% mpoaHasti3oBaHMX IIpallb, TOAi K 0a3oBa Tpiaa TOUHOCTI, T1O-
BHOTM Ta y3TO)KeHOCTI 3yCTpidaeThcs OUIbII HixK Y IIOJIOBVIHI JOCII/IKEHb.
Y 11bOMY KOHTEKCTi pe3ysIbTaTi IbOIo JOCIIiKeHHs Jo0pe BiAIoBialoTh
Cy4JacHVIM TeHJIEHIIisM: HaIOUTbII IIpo0IeMHMM BUSIBUBCS CaMe CTPYK-
TYpHUII BUMip sIKOCTi 3 o1tiHkoro 0,8335, 1110 6e3rocepeTHBO MOB s13aHO 3
IOBHOTOIO, (POPMaTHOIO KOPEKTHICTIO Ta Y3TOIPKeHICTIO, TOIi 9K ceMaH-
TUYHMI Ta onepawitHuit BuMipu ntepesuriwii 0,98. OTxe, oTpumadi pe-
3yJIbTaTy He JIMIIle MalOTh BJacHy KiJIbKiCHY 3Ha4yIicTb, a 1 HoOpe
Y3TOKYIOTBCS 3 Cy9acHMM YSIBJIEHHSIM IIPO Te, 110 HaviOUIIINTI BUTpalIl
y 3aJiavax yIIpaBjIiHHS SIKIiCTIO JaHMX 3a0e3reuye came poOOTa 3 IIOBHO-
TOIO, TOYHICTIO Ta Y3TOKEHICTIO K 0a30BMMM 1 Ha4y TJIVBIIIMMM KOM-
ITOHEHTaMM SIKOCTI.

Lle mae migcTaBy BBaXKaTH, 110 IS BIDKPUTIX aMiHICTpaTUMBHIX [1a-
HUX, 7e JedeKTy MaloTh 3MilllaHy CTPYKTYpHO-CeMaHTU4HYy HPUPOLY,
IIpaKTUYHa LiHHICTb METOJly II0JIsiTa€ He Y JOCATHEeHHi popMaIbHO ifte-
aJIbHMX TOKa3HUKIB Kilacudikallii, a y cTabiIbHOMY ITOKpaIlieHHi SKOCTi
Habopy Ta y dopMyBaHHI IpMAaTHOI 1O BIIPOBa )KeHHs TeXHOJIOTII [Ii-
arHOCTVIKV, BiTHOBJIEHH: VI peKOMeHAALliTHOT IITPUMKIA.

BucHOBKM Ta IIepCIIeKTUBU 11014 IBIIIOT0 J_IOCJIiJ_I)KeHHH

Y pe3ysbTati MpoBeneHoro IOCiIKeHHS Po3po0IeHO MeTolI iHTeIeKTy-
JIBHOTO OIiHIOBAHHS SIKOCTI BIIKPUTMX JaHMX, KU 3a0e3reuye KOMII-
JIeKCHe BpaxyBaHHS CTPYKTYPHMX, CeMaHTUYHVIX, OIlepallilflHIX Ta I10Be-
IOIHKOBVIX XapaKTepUCTUK HaHMX Yy MeXaxX €IMHOro ¢opmaslizoBaHOro
mizIxos1y. 3armpornoHoBaHa MaTeMaTU4Ha MOJIesIb Ja€ 3MOry iHTerpyBaTu
OKpeMi ITOKa3HVKM SIKOCTi B y3araJbHeHUVI IHTerpajIbHUV iHJIeKC, 10 3a-
Oe3nieuye OUTBHIT 00’ €KTVBHE Ta BiITBOPIOBAaHE OIiHIOBAHHS.

PeajtizoBaHa nporpaMHa cucTeMa IigTBepAnIa epeKTUBHICTb 3aIIpo-
IIOHOBAHOTO IiIX0Y, IIPOAEeMOHCTPYBaBIIV HiIBUIIIEHHS iHTeIPaJIbHOIO
MOKa3HMKa SKOCTi JaHMX ITiCJIsT 3aCTOCYBaHHS METO/IiB aBTOMaTU30BaHOIO
OUMILleHHs Ta BiTHOBJIEHH:. 30KpeMa, 3adiKCOBaHO 3pOCTaHHS iHTe-
rpaJIbHOTO IOKa3HMKa SIKOCTI, 1110 CBITUYMUTB IIPO y3ro/lKeHe MOKpallleHHs
Pi3HMX acIeKTiB JaHMX. AHaJIi3 OKpeMIX BUMipiB ITOKa3aB HavOUIBIII CyT-
TEBe IIiIBUINEHHSI CTPYKTYpPHOI y3rO)KeHOCTi, 1110 BKa3ye Ha edeKTUB-
HIiCTh 3aCTOCOBAHNX IIPOLey P HOpMaTi3ariil Ta 00po0bsIeHHs pOoITyCKiB.
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OxkpeMy yBary npuiijieHO OLiHIOBaHHIO e(PeKTMBHOCTI MeTOZIiB BiJl-
HOBJIEHHSI BiJICYTHiX 3HaueHb, Jle BCTAaHOBJIEHO IlepeBary aHcaMOJIeBMX
mizxonis, 30kpeMa Random Forest, 1110 3a0e3meunB MiHiMaIbHe 3HaYeHHS
ITOXMOKM ITOPIiBHSHO 3 aJlbTepHATMBHMMM MeTomamu. lle mimreepmxye
IOLJIBHICTh BUKOPWUCTAHHS aJallTMBHIX MOjeJiell MalllTHHOTO HaB4YaH-
HS U 3a0a4 IIABUILeHHS SKOCTI BIOIKPUTUX TaHVX.

OrpumMaHi pe3ysbTaTy A€MOHCTPYIOTb, IO 3aIlIpOIIOHOBAHUI METOJ
Jla€ 3MOTY IIepeTy Bifl pparMeHTapHOTIO OIIiHIOBaHHS SIKOCTI 10 iHTerpo-
BaHOIO iHTeJIeKTyaJIbHOTO aHaJli3y 3 aBTOMaTM30BaHUM (OpMyBaHHIM
pexomenmariin. Lle 3abe3mneuye He jinilie MigBUIIIeHHS SIKOCTi JaHMX, ajle 11
CTBOPIOE OCHOBY IS TIOOYIOBM CHUCTEM MiOTPUIMKN IIPUMHSTTS PillleHb
Ha 0as3i BIDKpUTMUX TaHUX.

ITOBIIOMJIEHHA

Bnecok abmopa. Cmamms € ooroocionoro. Momopniox C.O. Buxona8 yci emanu 0ocaiosxen-
HA 6ionoBiono do poaenr CRediT: wonyenmyaiizayis; memodoa0eis; po3pobieHHs Mare-
MAmuuHoi MoOeAl; npoepamua pearizayis; Basidayis; opmasbHutl anaiis; npobedenHs exc-
nepumenmib; 0bpobaents ma inmepnpemayis 0anux; 6isyasizayia pe3yivmami6; nideomos-
Ka nouamkoBoeo mekcmy pyKonucy, pedacybanHa ma ocmamoute 3amBepoxeHHs mexciy
cmammi.

3acmocyBanuna wmyunoeo inmesexmy ma iHwux iHcmpymenmib. [1io uac nideo-
mobxu pyxonucy Bukopucmobybasucs 00noMixHi yugpobi incmpymenmu, 30kpema iHcmpy-
MeHMU HA 0CHOBI WmMY4H020 iHmMeAeKY, 044 MOBHO20 pedacyBanHs, NoAINUIeHHS CUAiCTIU-
KU mexcmy, cmpykmypyBans oxpemux gpopmyaiobans ma nepexaady gpaemenmi. 3a3na-
ueni iHcmpymenmu He Buxopucmobybaiiica Ax camocmiiite kepeo HaykoBux pesyavimamib,
He 30iticHI0Bau iHmMepnpemayio excnepuMeHmalbHux OaHUX i He NPUtMAaiu 00CAIOHUYbKUX
pitiens. Yci HaykoBi nosoxenHs, mamemamuuni Mooeti, pe3yivmamu excnepumenmib, Gu-
cHoBxu ma 6idaioepagpiuni nocusanus 6yau nepeGipeni 11 sambepdxeni abmopom. A6mop Hece
no6Hy Gionobioasvricms 3a 3Micm cmammi.

Kondgpaixm inmepecib. Abmop sas615¢e npo Giocymuicmp kongpaixmy inmepecié, axuii mie
01 Bnaumymu Ha pesyavmaniu 00CAiOKeHHs, iX inmepnpemayito abo npedcmabiena y cmammnii.

Dinancybanna. [locrioxenns Buxonarno bes 3asyuenus epanmoboi, cnoHcopcwkoi abo
iHW01 306HiHbOI hinancoboi niompumxiL.
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METHOD OF INTELLIGENT ASSESSMENT
OF THE QUALITY OF OPEN DATA WITH AUTOMATED
GENERATION OF RECOMMENDATIONS AND REPORTS

Introduction. The rapid growth of open data published by public authorities, research
institutions and business organizations increases the need for reliable mechanisms
of data quality assessment. Although open data are formally available for reuse, their
practical analytical value is often limited by missing values, structural inconsistencies,
format errors, semantic contradictions, duplicates and anomalous observations. These
defects reduce the reliability of decision-making, complicate integration into digital
platforms and weaken the effectiveness of intelligent services based on open datasets.
Existing approaches to data quality assessment are often fragmented, static and mainly
descriptive. They usually focus on isolated metrics and do not provide a complete
automated cycle that includes defect detection, quality improvement recommendations
and analytical reporting. Therefore, the development of intelligent methods capable
of combining formal validation rules, statistical procedures and machine learning
algorithms is an urgent scientific and practical task.
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The purpose of the paper is to develop a method for intelligent assessment of
open data quality with automated generation of recommendations and analytical
reports. The proposed method is aimed at increasing the analytical usability and
practical value of open datasets by integrating multidimensional quality metrics,
adaptive weighting, anomaly detection, missing value imputation and interpretable
reporting within a single methodological and software framework.

Methods. The study proposes a mathematical model for intelligent open data
quality assessment. The model represents a dataset as a set of records and attributes
and evaluates it through a vector of quality metrics, including completeness,
consistency, correctness, uniqueness and semantic validity. Each metric is calculated
using a combination of rule-based validation, statistical analysis and machine learning
techniques. A key feature of the approach is the construction of an integral quality
indicator based on adaptive metric weights. Unlike traditional models with fixed
weights, the proposed method adjusts the importance of each metric according to the
detected defects, variability of indicators and their influence on the analytical
suitability of the dataset. The model also includes a defect function for identifying
missing values, anomalies and format inconsistencies, as well as a recommendation
function that transforms diagnostic results into corrective actions. To verify the
proposed method, a modular software prototype was developed. It supports data
loading, preprocessing, quality assessment, defect detection, recommendation
generation and automated analytical reporting.

Results. Experimental validation confirmed the effectiveness of the proposed
approach. After applying the developed method, the integral quality indicator of the
open dataset increased from 0.9362 to 0.9477, which corresponds to an improvement
of approximately 1.23% compared with the initial level. This result is significant
because the original dataset already had a relatively high quality score, making
further improvement difficult without intelligent processing. The most noticeable
improvement was observed in the structural quality dimension, which increased from
approximately 0.84 to 0.87 due to normalization, missing value processing and
correction of format inconsistencies. Semantic, operational and behavioral dimensions
remained close to one, indicating that the proposed method improved problematic
components without degrading already correct data aspects. In anomaly detection,
Isolation Forest showed the best result under the experimental conditions with
injected anomalies, achieving an overall classification accuracy of 0.943. In the missing
value imputation task, the Random Forest method achieved the lowest Root Mean
Square Error (RMSE) value of 77.704, outperforming the k-Nearest Neighbors (KNN)
method with RMSE 101.203 and median imputation with RMSE 125.079. Thus,
Random Forest reduced the imputation error by 23.2% compared with KNN and by
37.9% compared with the median approach.

Conclusions. The proposed method enables a transition from fragmented and
declarative data quality assessment to an integrated intelligent analysis of open
datasets. Its scientific novelty lies in combining multidimensional quality assessment,
adaptive weighting of metrics, formalized defect detection and automated
recommendation generation. The developed software implementation confirms the
practical applicability of the method and demonstrates that intelligent processing can
provide measurable improvements even for datasets with initially high quality. The
results prove the feasibility of using machine learning algorithms, especially ensemble
models, for improving open data quality. The proposed approach can be used as a
basis for decision support systems, open data portals and digital governance platforms
where the reliability, completeness and analytical usability of data are critical.

Keywords: open data, data quality, artificial intelligence, quality assessment, anomaly detection,
data imputation, recommender systems, analytical reports, CKAN, machine learning.
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AI IMAGE DETECTION USING

AN ENSEMBLE OF EFFICIENTNET, RESNET,
AND VISION TRANSFORMER

Modern generative models, such as GANs and diffusion models, produce highly realistic
synthetic images that are virtually indistinguishable from authentic photographs, posing
significant risks in forensics, journalism and data verification. To address the need for a fast
and accessible detection tool, this paper proposes an ensemble approach combining Efficient-
Net-B0, ResNet-50 and ViT-B/16 architectures. Fine-tuned wvia transfer learning on the
CIFAKE and Al-vs-Real datasets, the ensemble leverages CNNs for local texture anomaly
detection and the Vision Transformer for global patch dependencies. Evaluated on a 2,000-
image test set using soft voting, the model achieved an accuracy of 89.60%, precision of
92.94%, recall of 85.70%, an F1-score of 89.17% and an AUC-ROC of 0.9641. The notably
high precision minimizes false accusations of tampering. The system is deployed as a scalable
web application utilizing a microservices architecture (React, Node.js, FastAPI, PostgreSQL,
Docker).

Keywords: synthetic image detection, deepfake detection, ensemble learning, EfficientNet,
Vision Transformer, transfer learning, CIFAKE.
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Introduction

Synthetic images generated by neural networks no longer exhibit charac-
teristic defects. Modern generative adversarial networks and diffusion
models reproduce faces, scenes and objects with a level of quality that
prevents even an experienced observer from identifying the forgery.
Forged photographs have already been introduced into legal proceedings,
electoral campaigns and training datasets of other systems.

The scale of the problem has shifted with the advent of diffusion mo-
dels. While early generative adversarial networks left characteristic arti-
facts such as deformed ears, an incorrect number of fingers and blurred
background details, systems like Stable Diffusion, Midjourney and DALL-E
have eliminated most of them. Detectors trained to recognize these legacy
features fail when applied to novel content.

The task of synthetic image detection is formulated as a binary classi-
fication problem where each input image is categorized as either real or
generated. Existing approaches are generally divided into two main direc-
tions. Convolutional neural network methods capture local textural arti-
facts but are constrained by the size of their receptive field. Transformer
architectures model the global structure of the image, although they re-
quire more substantial computational resources.

An ensemble combination of these architectures compensates for their
individual weaknesses. EfficientNet-BO adeptly detects low-frequency
textural anomalies. ResNet-50 provides robust generalization due to its
residual connections. The ViT-B/16 model analyzes the patch structure on
a global scale. Together, these three networks cover a significantly broader
spectrum of forgery features than each model operating independently.

Problem Statement

The rapid advancement of generative models — particularly GANs and
diffusion architectures — has outpaced the development of reliable detec-
tion methods. Existing detectors are predominantly trained and evaluated
on narrow, homogeneous datasets, limiting their generalization to novel
generative models and real-world conditions such as image compression
or resizing. Furthermore, the majority of current approaches focus on
facial deepfake video content, leaving the domain of general-purpose syn-
thetic images - objects, scenes, and graphics — underexplored. The absen-
ce of accessible, ready-to-deploy detection tools compounds the problem
for end users. This study addresses the need for a robust, ensemble-based
classifier capable of operating across heterogeneous image sources and
deployable as a practical web application.

Literature Review

An analysis of contemporary scientific literature on the problem of syn-
thetic image detection demonstrates a conceptual shift from the exclusive
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use of convolutional neural networks to hybrid and ensemble approaches
based on attention mechanisms.

The authors of the study [1] systematized CNN-based methods for digital
image forensics, distinguishing between four types of manipulations:
copy-move, image splicing, object removal and GAN generation. On the
FaceForensics++ dataset, XceptionNet and InceptionNet demonstrated the
highest accuracy among the evaluated architectures. Early forensic techniques
predominantly relied on frequency-domain features, utilizing the discrete
cosine transform and wavelet transforms. While these features effectively
detected specific types of manipulations, they failed to generalize to novel
ones. Data-driven neural network approaches partially mitigated this is-
sue by learning to detect a broader spectrum of artifacts; however, this
came at the cost of reduced accuracy when encountering shifts in the input
data distribution. The authors highlight a systemic limitation: the training
and testing of most reviewed methods are conducted on the identical
data distribution. Although ResNet and EfficientNet exhibit greater ro-
bustness to such shifts due to residual connections and compound scaling,
their generalization to diffusion models — which were only emerging at
the time of publication — remained untested. Consequently, the challenge
of developing detectors capable of identifying images from heterogeneous
sources without the need for additional training remains unresolved [1].

In study [2], the specialized CIFAKE dataset is presented, comprising
120,000 images designed for binary classification tasks. Its authentic
subset is formed from 60,000 images from the CIFAR-10 dataset, which
covers ten distinct classes including airplanes, automobiles and birds.
Conversely, the synthetic segment includes 60,000 images generated us-
ing the Stable Diffusion 1.4 model. The fixed resolution of 32x32 pixels
distinguishes CIFAKE from similar datasets focused on facial recognition,
ensuring high computational speed and enabling rapid model training
even with limited hardware resources. The generation process for the arti-
ficial content was based on a 50-step reverse diffusion process utilizing
text prompts for each semantic class; notably, additional thematic modi-
fiers were applied to increase the diversity of the airplane class sample.

The authors conducted a comparative analysis of 36 convolutional
neural network topologies, identifying an optimal configuration of two
layers with 128 filters each, which achieved an accuracy of 92.98% and an
F1-score of 0.936. A key scientific finding of the study is that the classifier
relies not on the features of the central object, but on the background arti-
facts of the generation process. This assertion was verified using the Grad-
CAM method: activation heatmaps concentrate on peripheral zones and
background textural anomalies rather than on the target object. The CI-
FAKE dataset has been published in open access, leading to its extensive
application in subsequent research. However, the study did not investi-
gate the generalization capability of the developed methods to other ge-
nerative architectures, nor did it explore the effectiveness of ensemble
approaches and transformer-based models.
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The authors of the study [3] compared MesoNet, XceptionNet, and
DenseNet, proposing a modified Dense CNN architecture with densely
connected convolutional blocks. This architecture demonstrated superior
precision and Fl-scores compared to MesoNet on the FaceForensics++
dataset.

Dense connections between the layers enable each layer to receive fea-
ture maps from all preceding layers. This mitigates the vanishing gradient
problem and enhances feature reuse during the training process. Further-
more, the study investigated the impact of video compression: transi-
tioning from an uncompressed format to a highly compressed one signifi-
cantly degraded the accuracy of all evaluated methods — a result consis-
tent with the findings in [1].

However, the scope of the study is limited to facial video datasets. The
efficacy of the Dense CNN for general-purpose static synthetic images —
such as objects, landscapes and graphics — was not evaluated. Conse-
quently, the applicability of this approach beyond the domain of deep-
fake videos, as well as its robustness when encountering generative mo-
dels absent from the training set, remain unresolved.

The authors of [4] investigated the performance gap of deepfake
detectors between laboratory and real-world conditions. The vast majori-
ty of existing systems exhibit acceptable accuracy on academic datasets
but experience significant degradation when encountering compressed or
scaled images, which are typical of social media platforms.

The authors introduced a standard set of transformations: JPEG com-
pression, resizing, Gaussian blur, cropping and their combinations. Eva-
luating XceptionNet and EfficientNet-B4 against these transformations
revealed an average drop in AUC of 15-30 percentage points, even under
moderate compression with a quality factor of 70.

The authors concluded that data augmentation during training is not
merely an option, but a necessary prerequisite for robustness. Architectur-
al solutions alone are insufficient to achieve this. However, the automatic
selection of a classification threshold based on environmental conditions,
as well as ensemble methods designed to compensate for the vulnerabi-
lities of individual models under specific circumstances, were not ad-
dressed in the study.

The study [5] is devoted to the development of FG-TEFusionNet, a
system that combines an inter-frame temporal module (an RNN with an
SENet attention mechanism) and a spatial module (EfficientNet integrated
with a Gram texture module). The final decision is determined through a
voting mechanism between them. Preprocessing involves IMTCNN for
face extraction and a diffusion model for artifact removal.

The architecture was evaluated on four subsets of the FaceForensics++
and Celeb-DF datasets. A distinct advantage of the proposed method is its
robustness against adversarial attacks: the authors utilized I-FGSM to ge-
nerate adversarial examples and applied adversarial training for defense.
The vast majority of existing deepfake detectors overlook this aspect.
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Acting as a spatial feature extractor, EfficientNet demonstrated com-
petitive results, which corroborates the selection of this architecture in
the present study as well. However, questions concerning the effective-
ness of the approach for static synthetic images outside the context of
facial videos, along with the viability of employing an ensemble lacking
a temporal component, remained unanswered.

In study [6], DiffCoR is proposed as a fundamentally different ap-
proach to detection. Instead of feature classification, the method utilizes a
diffusion model for reconstruction: the image is corrupted with noise
and then restored, after which it is compared to the original based on
correlation characteristics. Authentic photographs are reconstructed less
accurately due to the unique noise characteristics of camera sensors —
synthetic images lack such properties.

Among the baseline approaches used for comparison, Tran et al. eva-
luated EfficientNet-BO and ViT in a configuration similar to the one
employed in the present study. On specific subtypes of synthetic images,
both models were outperformed by DiffCoR in terms of AUC. This un-
derscores the limitations of approaches relying solely on feature classifi-
cation, while simultaneously confirming that EfficientNet-BO and ViT
serve as viable foundational components.

However, DiffCoR necessitates executing the diffusion process for
every single input image. This is computationally expensive and signifi-
cantly hinders its application in real-time scenarios. The potential of in-
tegrating DiffCoR with classification-based approaches to achieve a more
optimal balance between accuracy and inference speed was not addressed
in the study.

The authors of [7] developed an eight-layer CNN to detect Al-ge-
nerated images. A key distinction from the majority of studies is its eva-
luation across three diverse domains: the CIFAKE dataset comprising 32
by 32 pixel diffusion images, a Midjourney v6 dataset at a 64 by 64 resolu-
tion, and a proprietary Sentinel-2 satellite imagery dataset generated via
StyleGANvV3 at a 128 by 128 resolution.

On the CIFAKE dataset, the model achieved an accuracy of 96.60%, on
Midjourney v6 it reached 99.94%, and on Sentinel-2 it attained 98.69%. To
evaluate the quality of the synthetic satellite images, the authors employed
the FID metric, noting that a value below 25 at the conclusion of training
indicates a sufficient level of realism within the synthetic sample. The ap-
plication of the Grad-CAM++ method corroborated the findings of [2],
confirming that activations are concentrated on the background and
peripheral artifacts rather than on the primary object.

The study [7] demonstrates that a compact CNN with a limited num-
ber of parameters can yield competitive results. Nevertheless, all three ex-
periments were conducted using entirely separate models. The potential
of integrating CNNs with transformer-based approaches in an ensemble
framework, alongside the issue of stability during cross-domain transfer,
remained unexplored.
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In study [8], a two-stream system based on EfficientNet-BO and ViT
was developed. A fundamental distinction from a conventional ensemble
is that both networks process not only RGB images but also noise maps
generated by Steganalysis Rich Model filters. Feature fusion is achieved
through an Efficient-to-Former block, where the local features extracted
by EfficientNet-B0O are combined with the global dependencies of the ViT
via cross-attention.

The authors explicitly justify their selection of EfficientNet-BO over
more advanced versions of the family, noting that it provides a superior
balance between accuracy and computational complexity compared to
ResNet-50 and MobileNetV3. The system achieved accuracy scores of
0.845, 0.999 and 0.815 on the FaceForensics, Celeb-DF-V2 and Wild Data
datasets, respectively. Notably, on the Wild Data dataset, which consists
of images sourced from the Internet, the proposed framework outper-
formed both baseline approaches.

However, the system is specifically tailored for facial video analysis.
Evaluation on general synthetic image datasets, namely CIFAKE and Al-
vs-Real, was not performed. Consequently, whether the advantage of the
noise stream is maintained beyond the domain of video content remains
an open question.

In study [9], the authors developed the Patch-Based Vision Trans-
former for Identifying Synthetic Media, denoted as PV-ISM, which is a
ViT architecture modified specifically for the detection task. Instead of a
standard sigmoid output, PV-ISM generates two logits, allowing for more
flexible threshold tuning. For regularization purposes, dense layers and
dropout were introduced between the transformer blocks. Notably, the
model was trained entirely from scratch without relying on pre-trained
weights.

Following a comprehensive hyperparameter search encompassing
patch size, image resolution, the number of blocks and the number of ep-
ochs, PV-ISM achieved an accuracy of 96.60% and an F1-score of 96.61%
on the CIFAKE dataset. Under identical conditions, a baseline ResNet-50
model reached an accuracy of 93.32%. Additional experiments conducted
on the RVF-10K dataset, comprising facial images from StyleGAN and
FFHQ and the Art Images dataset yielded accuracies of 81.70% and
93.16%, respectively. This demonstrates the model’s capacity to adapt to
diverse domains without the need for retraining.

However, the authors of [9] did not explore an ensemble combination
of PV-ISM with CNN architectures. Furthermore, the model’s perfor-
mance when evaluated on combined datasets — such as integrating CI-
FAKE and Al-vs-Real — was not investigated.

Study [10] describes a deepfake image detection competition orga-
nized at the ICIAP 2021 conference. Task I required the detection of
forgeries subjected to various post-processing attacks, specifically JPEG
compression, resizing, blurring, cropping and combinations thereof. The
dataset was compiled using authentic images from CelebA and FFHQ,
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alongside synthetic images produced by six distinct GAN architectures:
StarGAN, StarGAN-v2, StyleGAN, StyleGAN2, AttGAN, and GDWCT.

The outcomes proved to be highly revealing. The winning team,
VisionLabs, utilized EfficientNet-B3 pre-trained on ImageNet weights,
achieving an accuracy of 93.61% in the presence of these attacks. The run-
ner-up employed EfficientNet-B5, attaining an AUC of 0.9674. The third-
place solution featured a hybrid model combining EfficientNet and
CrossViT. Notably, all three top positions were secured by solutions based
on the EfficientNet family, with the best-performing approaches integra-
ting EfficientNet with transformer elements.

However, the authors of [10] did not aim to compare EfficientNet with
ResNet and ViT within an equal-weight ensemble framework. Furthermo-
re, the performance of such a combination on general synthetic image da-
tasets, outside the domain of facial imagery, was not analyzed in the study.

Studies [3, 5, 8, 10] evaluate detectors on videos or facial images. The
classification of general-purpose synthetic images — specifically objects
and scenes, such as those in the CIFAKE and Al-vs-Real datasets — re-
mains under-investigated. Studies [2, 7, 9] focus exclusively on individual
architectures. An ensemble combination of EfficientNet-B0O, ResNet-50,
and ViT-B/16 applied to general datasets utilizing an equal-weight soft
voting configuration has not been examined by any of the analyzed works.
Furthermore, the authors of [4] demonstrated that the vast majority of de-
tectors degrade under real-world conditions and the systems themselves
are rarely implemented as accessible applications for end users.

The Purpose of the Paper

The objective is to develop an ensemble software system for synthetic
image detection based on EfficientNet-BO, ResNet-50 and ViT-B/16,
which provides greater classification stability compared to each model
operating independently.

To achieve this objective, the following tasks were formulated and
accomplished:

e Train EfficientNet-BO, ResNet-50 and ViT-B/16 using a transfer
learning approach on the CIFAKE and Al-vs-Real datasets, and construct
an ensemble by averaging the predicted probabilities.

e Evaluate the ensemble using the Accuracy, Precision, Recall, F1-
score and AUC-ROC metrics and compare the obtained performance with
the results of the individual models.

Materials and Methods

The research was conducted using two open-source datasets, ensuring
the representativeness of the sample. The CIFAKE dataset comprises
120,000 images with a spatial resolution of 32x32 pixels, of which 60,000
are authentic images from the CIFAR-10 database and the remaining
60,000 are synthetic images generated using the Stable Diffusion 1.4 dif-
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fusion model, uniformly distributed across ten semantic classes [2]. The
Al-vs-Real (Kaggle) dataset contains higher-resolution images and en-
compasses a broader spectrum of generative stylistic features. The inte-
gration of these datasets enabled the training of the models on both
low-resolution baseline images and highly realistic samples with com-
plex structures.

Three complementary neural network architectures were utilized as
baseline classifiers. The EfficientNet-BO model implements the compound
scaling paradigm (simultaneous proportional scaling of network depth,
width and resolution), which provides higher classification accuracy
with fewer parameters compared to predecessor architectures; the feasi-
bility of its application is corroborated by the results of study [8]. The
ResNet-50 architecture mitigates the vanishing gradient problem through
the use of residual connections between layers, demonstrating a high
generalization capacity on heterogeneous datasets [1]. The Vision Trans-
former (ViT-B/16) model decomposes the input image into 16x16 pixel
patches and models the global contextual dependencies among them via a
self-attention mechanism — an approach that has proven effective on the
CIFAKE dataset in study [9].

The models were trained utilizing a transfer learning approach with
pre-initialized weights derived from the ImageNet dataset. In the initial
stage, the base feature extraction layers were frozen and only the classifica-
tion blocks were subjected to optimization. In the second stage, the upper
layers were unfrozen to perform the fine-tuning procedure. The original
classification heads of the models were replaced with fully connected lin-
ear layers for binary classification featuring a sigmoid activation function.

The training process was implemented using the AdamW optimiza-
tion algorithm and the CosineAnnealingLR learning rate scheduler. Bina-
ry Cross-Entropy was selected as the loss function. Computational expe-
riments were conducted in the Google Colab cloud environment using
the PyTorch framework and the torchvision library. To enhance the ro-
bustness of the detectors, in accordance with the recommendations of
study [4], data augmentation was applied, encompassing horizontal flip-
ping, random cropping and standardized normalization using ImageNet
parameters.

The final decision of the system is formed based on an ensemble me-
thod via averaging the predicted probabilities (soft voting) from all three
equally weighted models. Classification is executed utilizing a threshold
value of 0.5. The applied approach allows for the effective aggregation of
the local sensitivity to textural artifacts characteristic of convolutional
neural networks (EfficientNet-BO and ResNet-50) with the global spatial
analysis inherent to the ViT-B/16 architecture.

The evaluation of the developed method’s effectiveness was conduc-
ted on a balanced test set consisting of 2,000 images (1,000 authentic and
1,000 synthetic), utilizing the following metrics: Accuracy, Precision, Re-
call, F1-score and the AUC-ROC.
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The software implementation of the system was executed as a mul-
ti-tier web application with a microservices architecture, comprising four
key abstractions:

e A client-side frontend based on React/TypeScript using the Nginx
web server (port 8080);

e An API gateway on the Node.js/Express platform implementing
JWT authentication and a caching mechanism based on the SHA-256 hash
function;

¢ A machine learning model inference module utilizing Python/FastAPL;

o A PostgreSQL 16 relational database management system.

Results

Based on the results of the experimental evaluation of the three baseline
neural network architectures and their ensemble on an independent test
set of 2,000 images, the proposed comprehensive approach demonstrated
the highest performance.

An analysis of the overall metrics (Table 1) reveals that the ensemble
achieved the highest general accuracy of 89.60%, outperforming the best
individual model, ResNet-50, which yielded an accuracy of 88.35%. The
precision of the developed system reached 92.94%, demonstrating the
high reliability of its positive predictions and the minimization of false
labeling of authentic photographs. In terms of recall, the ensemble model
identified 85.70% of all synthetic images, ensuring an optimal balance of
metrics with an F1-score of 89.17%. The AUC-ROC for the ensemble was
96.41%, confirming its exceptional predictive capability. Among the base-
line classifiers, the ResNet-50 architecture proved to be the most effective,
followed by the ViT-B/16 transformer with an accuracy of 86.90%, whe-
reas EfficientNet-B0 exhibited the weakest results on this dataset with an
accuracy of 84.85%.

A detailed analysis of the confusion matrices reveals the specific na-
ture of the misclassifications (Fig. 1). The ensembling approach signifi-
cantly reduced the number of false-positive predictions: only 65 instances
of authentic images being mistakenly labeled as synthetic were recorded,
whereas this figure was 83 for ResNet-50, 98 for ViT-B/16 and 118 for
EfficientNet-B0. Owing to this reduction in the error rate, the integrated

Table 1. Metrics of individual models
and the ensemble (n = 2000)

Model Accyracy, % | Precission, % Recall, % Fl-score, % AUC-ROC
EfficientNet-BO 84.85 87.37 81.50 84.34 91.43
ResNet-50 88.35 91.10 85.00 87.95 94.12
ViT-B/16 86.90 89.50 83.60 86.45 93.02
Ensemble 89.60 92.94 85.70 89.17 96.41
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Fig. 1. Ensemble discrepancy matrix (n = 2000)

system correctly classified 935 out of 1,000 authentic images. Regarding
the detection of generated content, the ensemble correctly identified 857
out of 1,000 synthetic samples. Although 143 synthetic images evaded de-
tection, this result is notably better compared to the ViT-B/16 (164 misses)
and EfficientNet-B0 (185 misses) models, performing on par with the best
individual model.

Overall, the integration of the models by averaging their predictions suc-
cessfully compensated for the individual weaknesses of the baseline archi-
tectures, resulting in a substantial reduction in prediction variance and a sig-
nificant enhancement in the overall reliability of the visual content detector.

EfficientNet-BO and ResNet-50 detect local textural anomalies, whe-
reas ViT-B/16 analyzes the global patch structure. Their combined ave-
raging reduces prediction variance, as each network compensates for
the blind spots of the other. This aligns with the findings of study [8],
where a similar combination of EfficientNet-BO and ViT yielded superior
results on the Wild Data dataset.

The accuracy of 89.60% is lower than the 96.60% achieved in study [9]
for PV-ISM on the CIFAKE dataset. The reason lies not in the quality of the
ensemble, but in the testing conditions: here, the ensemble was evaluated
on a combined sample of two datasets, including more realistic images
from Al-vs-Real, whereas [9] tested exclusively on low-resolution 32x32
images from CIFAKE. The authors of study [7] documented a similar
effect when transitioning between datasets of varying sizes.

Both utilized datasets cover a limited spectrum of generative models;
in particular, the CIFAKE database is formed exclusively using the Stable
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Diffusion 1.4 architecture. At the same time, as demonstrated by the re-
sults of study [4], the effectiveness of detection systems suffers significant
degradation when the base generator is changed or image compression
algorithms are applied. This vulnerability constitutes a systemic problem
for the entire domain, which is also corroborated by the conclusions of
the review paper [1].

The precision of 92.94% exceeds the recall of 85.70%. The detector ra-
rely labels authentic photos as synthetic — an essential property for veri-
fication applications where a false accusation of forgery is unacceptable.
Study [10] also emphasizes the necessity of a careful balance between
these metrics depending on the scenario.

The AUC-ROC of 0.9641 is higher than the average level of CNN de-
tectors reported in review [1] and is comparable to systems [6] and [8],
which utilize significantly greater resources. Further enhancement is pos-
sible through weighted ensembles, expanding the training data with im-
ages from next-generation generators, and domain adaptation methods.
Furthermore, the authors of studies [2] and [7] highlight Grad-CAM as a
promising tool for analyzing which specific forgery features the detector
actually utilizes.

Conclusions

In this study, an ensemble software system for detecting artificially ge-
nerated images was developed and experimentally verified, based on the
integration of three complementary neural network architectures: Effi-
cientNet-B0, ResNet-50 and ViT-B/16. The proposed ensemble approach,
based on probability averaging, demonstrated its undeniable superiority
over the individual models. The system achieved the highest overall ac-
curacy of 89.60% and an AUC-ROC of 96.41%. Furthermore, the ensemble
demonstrated high precision (92.94%), substantially reducing the number
of false-positive predictions: only 65 instances of mistakenly labeling an
authentic image as synthetic were recorded. This confirms the overall re-
liability of the developed system and its safety when analyzing genuine
photographic content.

Such a strong performance was made possible by the synergistic effect
of combining fundamentally different architectures. The integration suc-
cessfully merged the local sensitivity to textural generation artifacts, in-
herent to the EfficientNet and ResNet convolutional networks, with the
global contextual analysis of spatial dependencies provided by the ViT
transformer model. This allowed for compensating the individual short-
comings of the baseline classifiers and significantly reducing prediction
variance. The practical value of the work is corroborated by the imple-
mentation of the developed method as a ready-to-use multi-tier web ap-
plication with a microservices architecture, addressing the pressing issue
of the accessibility of modern detection systems for end users.

Perspectives for future research include expanding the experimental
base by integrating images from the latest diffusion models, evaluating the
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robustness of the ensemble system against adversarial attacks and comp-
lex post-processing methods, as well as optimizing the computational com-
plexity of inference to ensure the system’s efficient operation in real time.
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BISIBJIIEHHS 30BPACKEHD, STEHEPOBAHNMX I,
3A JOITOMOI'OO AHCAMBITIO
EFFICIENTNET, RESNET I VISION TRANSFORMER

Beryn. InTeHCHMBHUT PO3BUTOK apXiTeKTyp IeHepaTuBHO-3MarajIbHUX Mepex Ta -
dysintHMx Mojiestelt 3yMOBUB I0SIBY aJITOPUTMIB CMHTe3Y BisyaJIbHUX JTaHMX, 5Ki 3a
CBOIMM MePIEeNTVBHMMI XapaKTepUCTUKaMV IPaKTUYHO He Bipi3HAIOTHCA Bif, aB-
TEeHTUIHUX I POBUX 300pakeHb, OTPMMaHVX 3a TOTIOMOTOI0 OITUIHUX CEHCOPIB.
Takuvt KOHTeHT yXe (PIKCyeThCs Y Cy/TOBMX MaTepiasax, HOBUHHMX MyOrmiKarisx i
TpeHYBaJIbHIX [laTaceTaX — Ha BimMiHy Bim panHix GAN-Hifgpo0oK, fne apTedakTin
Oy momiTHi 6e3 criertiaJyIbHMX IHCTPYMEHTIB.

Merta cratTi. LI o6cTaBuna popMye akTyasbHY HayKOBO-IIPUKJIaIHY 3aaqy:
Ppo3po0IIeHHs aBTOMAaTM30BaHMX MEeTO/IB imeHTndiKariil sreHepoBaHMX 300pakeHp,
ITIO 37aTHI 3a0e3meun Ty BUCOKY TOUHICTh JIeTeKTyBaHHs B MacITabi peaTbHOTO Jacy
6e3 YKOPCTKMX BUMOT ITIOJI0 HasABHOCTI CTIelliaTi3oBaHMX arapaTHVX IPVUCKOPIoBaYiB
Ha CTOPOHI KJTi€HTa.

MeTtoam. Y Mexax 11iel poboTH 3aIIpOIIOHOBAHO Ta IIPOrpaMHO peasli3oBaHo Me-
TofI, Ki1acudikallil BisyaJIbHMX JaHMX, B OCHOBY $IKOTO ITOKJIaJleHO aHcaMOJIIoBaHH:
TPbOX KOMIUIEMEHTApHUX HeMpPOMepeXeBUX apXiTeKTyp: 3ropTKOBUX Mepex
EfficientNet-B0 i ResNet-50 Ta Momerni Ha 0asi Mexanismy ysaru Vision Transformer.
Apanrarig Momesier 4o IpeaMeTHOI o0acTi 3aiicHIOBasIacs i3 3acTOCyBaHHSM Ila-
pagurMy TpaHCepHOro HaBYaHHS. BuKopwmcTaHHS BaroBmx Koedilli€HTiB, IIoIle-
PpenHbO oNTHMi3oBaHMX Ha MacyBi flaHux ImageNet, 3a0e3neunsio epeKTUBHY eKCcTpa-
KIIito 6a30BMX Bi3yaJIbHMX O3HAK Ha ITOYaTKOBMX eTarax aHali3y. 3arporoHOBaHMI
ITi/IXi7T 7Ta€ 3MOTY HiBeJTIOBaTH BIUTMB JIOKAJIBHVIX TIOXVIOOK OKPEMIX MOJIeJIeV Ta CyT-
TEBO MiJIBUIIIUTY 3aTaJIbHY CTiVIKiCTh CMCTeMU 0 BXITHVIX IITyMiB.

PesynbraTi. EMnipruHa oniHKa edeKTMBHOCTI 3aIIpOIIOHOBAHOIO METOMY ITPO-
BOIIWIIACS Ha perpe3eHTaTMBHIN TecTopin Bubipri obcsirom 2000 300pakens, siki He
BUKOPVCTOBYBaJIVCS Ha eTalli HaBuyaHHs. 3a pe3yybTaTaMy eKCIlepyMeHTaIbHX J10-
CJTipKeHb Ki1acudikaTop IIpoAeMOHCTPYBaB TaKi MEeTPUKM SKOCTi: TOUHICTh Ha piBHI
89,60 %, mpentmsinHicTs — 92,94 %, mosrOTAa — 85,70 %, F-Mipa — 89,17 %, a TakoX
AUC-ROC 0,9641. OrpuMani pesysnbTaTy HiATBEPIKYIOTh HayKOBY TillOTe3y IOII0
IOLIUIBLHOCTI iIHTerpallii pisSHOPimHMX apXiTeKTyp.

BucHoBKM. AHcamOrteBuvi feTekTop Ha ocHOBi EfficientNet-B0, ResNet-50 1 ViT-B/16
IepeBepIIye KOKHY MOJesIb OKPeMo i IIpUIaTHWIA [IJIs1 IIPaKTUYHOTO 3aCTOCYBaHH: Y
BeO-cepemoBUIII.

Karouobi caobBa: Busbaenna cummemuunux 300paxensv, deepfake, ancambieba modes,
EfficientNet, Vision Transformer, transfer learning, CIFAKE.
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IMPOAYKTUBHICTD TEXHOJ'IOI"I?
OITTIMAJIbBHUX KOH®PIT'YPALIIN

HJI51 ABTOMATWU30OBAHOTIO TECTYBAHH
BATATOKOMIIOHEHTHUX CMCTEM

YV emammi docaioxeno npodyxkmubricms ma 004ucA06a1bHYy cmadiabHiCHb mexHOoA0Il on-
mumizayii mecmoBux xoHgpieypayiil baeamoxoMnoneHmHux cucmem. TexHoao2ito peariso-
Bano sx npomixie npoepamue sabesneuenns 3 inmepgpeiicom komanonozo padka (CLI Mid-
dleware) na 6asi cepedobuua Node.js i3 3acmocyBannsam xombinamoprux memoodi6 (Pairwise
Testing, Orthogonal Arrays) ma eBoatoyininux obuucaens (eenemuunux aseopummib). s
ycyHenHsA pusukif 6aoxybanns eosrobroeo yuway (Event Loop) npobadkero cybopo demepi-
HoBani napamempu eboaroyiiinoeo nouyxy (30 noxoains, nonyaayisa 50). Excnepumenmanve
emaionHe mecmyBans niomeepouso 30amHicmy cucmemMu CIUCKAMU Npocmip KoHieypa-
yin Ha 70,0-86,0% npu mamemamuuro dobederomy sdepexenni 100% nokpumms nonaprux
63aem00itl (30 001OMO2010 PO3p0od.AeH020 Npoepami020 MoOyAs Baridayii nokpumms). 3agpik-
coBanuti uac Guxonanna obuuca06aibHoeo A0pa cmanobums 6id 6 do 12 mc, ujo pobunis pos-
pobky i0eaibHo NpUOANHOI0 045 CUHXPOHHUX KoHBeepil besnepepBHol iHmeepayii ma poseop-
manns (CI/CD).

Katouo8i caoBa: onmumarvui xougpieypayii, CLI Middleware, Node.js, Pairwise Testing,
eeremuuni areopummu, Cl/CD, mamemamuuni modei.

Beryn

Macrrrabanit nepexip iHAycTpil IporpaMHOTO 3a0e3reueHHs 10 PO3IIo-
IieHVX MiKpocepBicHMX Ta XMapHUX (cloud-native) apxiTeKTyp CyTTEBO
MiABUINVB THYUYKICTh Ta OOUMCIIOBaIIBHY IIOTYXKHICTH iHpOpMaIiHMX
cucreMm. BogHodac nostimioTHe 30epeskeHHs JaHMX i TeXHOJIOTiUHa TeTe-

Hurysanusa: Koxan K.O. ITponyKTuBHICTh TexHOJIOriI oNTUMaIbHUX KOHpIrypa-
i [UIS aBTOMaTM30BaHOTO TeCTYBaHHS OaraTOKOMIIOHEHTHMX cucTeM. Information
Technologies and Systems, Kuis, 2026, Tom 4 (10), 112-119. https:/ /doi.org/10.15407 /
intechsys.2026.04.0XX
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licenses/by-nc-nd/4.0/

112 ISSN 3083-6573. Inpopmayiiini mexrosoeii ma cucmemu. 2026. No 4 (10)



Ipodykmubnicms mexHo02ii onmumarsHux koHgieypayiil

POTeHHICTh IIPU3BEIN 110 BUHUKHEHHs SBUINA «Ipevidy ceperoBuII»
(environment drift). 3a0e3reueHHs SIKOCTi TaKMX €KOCUCTEM B/IMAarae Bepu-
dixarii kogoBoi 6asy Ha mecsiTkax KOMOiHaliV iHPpacTPyKTypHMX I1a-
paMeTpiB, III0 OXOIUTIOIOTH Pi3Hi Bepcii ppoHTeHA-PPEeIMBOPKIB, OeKeHI-
Py1IiiB, cricTeM KepyBaHH: OazaMu TaHVX Ta BeO-Opaysepis [1-4].

OkpeciieHHs npobieMn

B ymoBax cyyacHOro po3po0sieHHs HporpaMHOro 3abe3ledeHHs Ha OCHO-
Bi MIKpOCepBIiCHIMX Ta XMapHMX apXiTeKTyp Bepudikallis 4KOCTi BUMarae
TeCTyBaHHS CHCTeM Ha reTepOreHHMX KOH@IrypauiriHux MaTpuiisax. I1os-
HMI KOMOiHATOpHMT ITepedip BCiX MOXKIMBIX CTaHIB IIPU3BOAUTE 0 SIBU-
II1a «KOMOIiHaTOpHOro BMUOYXy», KOJIM HaBiTh IS TIOMipHOT KiJIbKOCTI ITa-
paMeTpiB KiIbKICTh KOHIrypalliil csirae THCAY 3amycKiB. Bukonanus ta-
KOro 00CsTy TecTiB y KOHBeepax Oe3repepBHOI iHTerparlii Ta po3ropTaHHs
(CI/CD) ctukaeTbCs 3 He3MOJIaHHUMM iHPpacTpyKTypHUMMU 71 diHaHCO-
BUMM OOMeXeHHsIMIU: BudepHaHHsM Iyiis 3'egHanb (Connection Pool
exhaustion), lepeBUILIeHHAM JIiMITiB 30BHiIHIX API (rate limiting) Ta Kpu-
TUYHVIM 3POCTaHHSAM BUTPAT Ha XxMapHi obumcienns (FinOps) [3, 5-6].
OcHoBHa HayKOBO-TexXHiUHa CyIlepeuHICThb IIOJIsira€ B TOMY, III0 HasgBHI
€BOJIIOLITHO Ta KOMOIHATOPHI aJITOPUTMM ONTHMI3allil IIPOCTOPiB TeCTy-
BaHHA po3po0JIeHi Il aBTOHOMHOTO BUKOHAHHS i He BpaxOBYIOTh 0OMe-
XeHb cepenopul] peasibHoro yacy CI/CD. 3okpema, iMIUIeMeHTal1iss 0ounc-
JIIOBaJIBHO-MICTKMX T€HETUYHVIX JITOPUTMiB ab0 aJIrOpUTMiB Hepebopy B
OIIHOIIOTOKOBOMY cepemoBuilli Node.js TeHepye BUCOKUIT PU3MK OJIOKY-
BaHH# rosioBHoro MKy (Event Loop). Lle mpm3BOaAUTE 110 BiIMOBY BCHOTO
npouecy iHTerpamuii. OTXe, BMHMKA€E rocTpa moTpeda y po3poOlii amari-
TYBHOI'O MeXaHi3My MapIIpyTusalil Ta JeTepMiHOBaHMX METO[IiB CTVC-
HeHHsI, gKi O TapaHTyBaIM BUCOKe IIOKPWUTTS B3a€MOZIIN 3a MiHIMaIbHOTO
vJacy BMKOHaHH: (Ha piBHI MiticekyHm) Oe3 6110kyBaHHS pecypcis CI/CD.

Meta

Mertoro mOCIiPKeHHs € IPOBeIeHHs OISy IPOAYyKTUMBHOCTI, eKCIepu-
MeHTa/IbHe eTaJIOHHe TeCTyBaHHsS Ta IlepeBipKa OOUMCITIOBaJIBHOI CTa-
Ois1IbHOCTI po3pobiieHoro IIpoTOTHITY iHdOpMarIiiHOT TexHoIoriI (Y dop-
Marti CLI Middleware) my1st BOOpPY ONTMMaIBHUX TECTOBVIX KOH(Irypariin
OaraToKOMITIOHEHTHVX CVCTeM B yMOBaX, HaOJIVDKeHMX A0 IIPOMMCIIOBUX.

Xo4a B aka/JeMiuHOMY CepeIOBUILIi 3aIIpOIIOHOBAHO YMMAaJIO eBOJIIO-
LiVHVX aJITOPUTMIB JIJIs CTUCHEHHS TeCTOBMX IIPOCTOPiB, BOHM IlepeBax-
HO iIrHOPYIOTh peajlbHi 0OMeXXeHHsI cepe/ToBUII BUKOHaHH:. Hanpuiar,
iMIIeMeHTallisi 00UMCITIOBAJIBHO BaXKKMX TeHeTYHMX ayiroputMis (I'A) B
aCMHXPOHHOMY OJIHOIIOTOKOBOMY cepeioBullli Node.js reHepye BUCOKMIL
PpU3uK OJI0KyBaHH: TOJI0BHOTO IMKITy (Event Loop). BiiokyBaHHS TOJIOBHO-
ro IVKJIY IIij] 9ac CMHXPOHHOTrO eTary KoHseepa CI/CD € KpuTuyaHMM ap-
XiTeKTypHUM AedeKTOM, IO IIPU3BOAUTH A0 BiIMOBV BChOI'O IIPOIECy
iHTerpartii [7].
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Marepiasamu Ta MeTOoaM

dyHIaMeHTaJIbHOIO apXiTeKTyPpHOIO aKCiOMOIO po3po0sIeHOT CrCTeMM € 1t
dyHK1ioHyBaHHS BUKITIOUHO Y dpopmaTi CLI Middleware, 1110 iHiniasisy-
€TBCS SIK CMHXPOHHMI 00UMCITIOBaJIBHUY KPOK y MexXax KoHBeepa CI/CD
(mampukitaz, y cepenosuiii GitHub Actions abo Jenkins). Texrorioris cBino-
MO yHMKa€ Napagnurmm Mikpocepsicy Ha 6a3i REST API o1 BHY TpillIHbO1
MapurpyTusanii. Ie apxiTekTypHe pillleHHs IIOBHICTIO yCyBa€ MepeXXeBi
sarpuMkm (Network Latency) Ta HiBeJTIO€ KiJIbKiCTh IOTEHITITHMX TOUYOK
Bingmosu (Points of Failure) 1miz 9ac KOHBEEPHOTO BUKOHAHHS.

O0unciToBaJIbHMI IIPOLIeC OPKEeCTPYEThCS MOIYJIBHOIO apXiTeKTy-
porIo, sika 00’eHye IIificucTeMy YIIpaB/IiHHS XXUTTEBUM IIMKJIOM HaHMX,
MOJIyJIb iHTeJIeKTyaJIbHOI aJallTBHOI MapIIpyTHU3alii (ceJleKTop) Ta Mo-
AyJIb QJITOPUTMIYHOI iMIUIeMeHTallii MeTO/IiB OIITVMi3arlil.

MaTteMaTryHO ITOBHUVI IIPOCTIP MOXJIMBIMX TeCTOBMX KOHIryparin
S5 POPMYETBCS SIK [leKapTOBIVL 0Oy TOK PO3MipPHOCTEN yCix IlapaMeTpis
cucremn. Taxum minxin € 6a30BoI0 MOJIEIUIIO Cy4acHOro KOMOiHaTOpHOTO
TeCTYBaHHS Ta BUKOPVCTOBYETHCS IJIsI IOOYA0BY KOMITAKTHWIX TE€CTOBWIX
Ha0opiB y IpoMmcIIoBMX crcTeMax [3, 6]:

S, =1 v, 1)

full
He k — KUIbKicTh iHPpacTpyKTypHMX apaMeTpis, a Vi — KUIbKICTb MOX-
JIVBUIX 3HaYeHb (BapiaTMBHICTD) 11JId i-TO IapaMeTpa.

Jlorika dyHKIIIOHyBaHHS IiZICCTEMM iHTeIeKTyaJIbHOI MapIIpyTU-
3anii (Puc. 1) peastisye GaraTopiBHeBU aJITOPUTM HPUHSATTA pillleHb Ha
OCHOBI aHaJIi3y TOIIOJIOTII IIPOCTOPY S

1. AnaJti3 BXiTHOTO IPOCTOPY: Ha IIepIIOMY KpPOILli 00UMCITIOEThCA 3a-
rajibHa KUIBKicTh KoH®irypauin N = | S, | Ta cepeiHsi BapiaTVBHICTB I1a-
pametpiB V = Avg(V)) [8-9].

2. MapuipyTusanis 3a posMipHicTio (N):

e Masumt mpoctip (N < 100): mepemaeTbesi 6e3mocepeTHEO MOYIIIO
Pairwise Testing (Greedy), ocKUIbKM I MaJIX MaTpullb >KafiOHi ajro-
puUTMHU 3a0e311euyioTh MUTTEBY T'eHepallilo ONTUMaIbHOTO HMOKPUTTS 3a
gac < 10 mc;

e cepennin npoctip (100 < N < 500): Bubip ajiropuT™My 101aTKOBO
aHasIisye daxTop BapiaTusHOCTI V. SIkio V < 2,5 (HM3bKa BapiaTMBHICTB,
MapaMeTpy MaloTh 30ajlaHCOBaHy KiUTBKiCTh 3Ha4eHb), 3aCTOCOBYIOTHCS
oproroHasibHI Macusu (Orthogonal Arrays), sSiKi IaroTh MaTeMaTUYIHO 30a-
JlaHCOBaHe piBHOMipHe HOKpUTTs. Skiio V > 2,5 (Bucoka gucrepcis pos-
MipHOCTeV), CrCTeMa MapUIpyTusye 3agauy g0 Pairwise Testing, sikum
Kpallle aJaliTy€e€ThCs [10 He3balaHCcOoBaHMX PaKTOpiB;

e Hagsevkuit mpoctip (N > 500): cucremMa aBTOMaTUYHO HiJIK/IFOYae
IeTepMiHOBaHWUI TeHEeTWYHWV aJITOPUTM, OCKUIBKM KOMOiHaTOpHI Me-
TOJIV Ha BEJIMKMX MaTPUILISIX BTpAadaloTh 00UMCITIOBATIbHY e(PeKTMUBHICTD, a
(T'A) mae 3Mory 3HaMTV KBasionTMMaJIbHe pillleHHs 3a ¢ikcoBaHY Kijlb-
KicTb nokostiab (Gen = 30, PopSize = 50).
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TTouaTok

AHayti3 mpocTopy:
ObGuncrienss N = | S_full |
Ob6uncnenns V = Avg(Vi)

s

Cepe):LHM IIPOCTip)

Tak Hi
(Mamit Il'IPOCTiP) (Huspka BaplaTVIBP icte)  (Bucoka BaplaTVIBH CTh) (Ha}lBeJ'IVIKTl/IVI TIPOCTiP)
Pairwise OproronanpHi Pairwise l'eneTvranmm
Testing MacVBU Testing aJITOPUTM

\;

Puc. 1. briok-cxeMa afalITMBHOTO BOOPY METOZIB OIITvMi3amil IiICCTEMOI0 MapIIpy-
TM3anii(Ha puc. 1 aHIL JIiTepy IpOKyPCUBUTH)

17151 aBCOITIOTHOTO YHEMOXIIVBIIEHHS OJIOKYBaHHS T'OJIOBHOTO ITVKITY
Iif] 9ac poOOTM TeHeTMYHOTO AJIFTOPUTMY, Ha eBOJIIOLITIHNI IIMKJI HaK/Ta-
IIeHO CyBOpi iHPpacTpyKTypHi 0OMeXXeHHS:

Gen = 30; PopSize = 50. (2)

Mexanism panaboro synvHeHH (Early Stopping) Oy1o HaBMIMCHO BifI-
KmoueHo. Lert Kpok 3a0e3reuye KOHCTAaHTHY YacoBy ckiamHicTs O(1) Bin-
HOCHO KUIBKOCTI iTepalliit i rapaHTye CyBOpo IepedadyBaHMUIT Yac BUKO-
HaHH: CKPUIITY, He3aJIe)KHO BiJl HasIBHOCTI aHOMaJIil y BXiTHMX JaHUX.

['eHeTHYHMIT QJITOPUTM OIlepy€ HOIYJIAIIEI0 XPOMOCOM (MacuBiB
KoHdirypariin). BukopucroByroTbcs Taki onepaTopmu:

e CeJIEKIIisl: Ty pHIpHUM Bif0ip 3 AMHAMIYHMM po3MipoM TypHIpY;

e cxperryBaHHs (Crossover): OJTHOTOUKOBUII KPOCOBEP 3i 3CyBOM I
XPOMOCOM Pi3HOI JOBXVHV;

e MyTallisi: TOUKOBe 3aMillleHHs 3 iMoBipHicTio p,, = 0,2 Ta 060B A3K0-
BOIO BHYTPIIIIHBOIO [eIyIUIiKallielo reHis (KoHirypartin).

3 Meroro OaslaHCyBaHHSI HaBaHTaKeHHsI Ha OOUYMCIIIOBaJIbHI BYS3JIN
(workers) alIropmTM TaKOX BUKOPUCTOBY€E (PYHKIIIIO ayTMeHTallil, sika 3a-

ISSN 3083-6573. Information Technologies and Systems. 2026. No. 4 (10) 115



K.O. KOXAH

nobirae CTBOPeHHIO ONTUMAIbHUX MaTpUllb S, PO3MIpOM MeHIIe MiHi-
MasibHOro mopory N, = 5, nyOiroroun pejieBaHTHI KOHQiryparii mist
edeKTMBHOro 3aBaHTa)XeHH: IOCTYIIHVX Tlapajle/IbHIX By3J1iB KJlacTepa.

MaremaTnyHa Bastifiallisi IIOBHOTYU HOKPUTTS HedeKTiB B3aeMOMil
CyBOpPO i30JIbOBaHa B pO3p00JIEHOMY HpOrpaMHOMY MOAYJI BaIimariil
nokputTs. Llert Momyib peKypcuBHO IepeBipse HasBHICTb yCiX 3reHepo-
BaHMX IOMApHIX (2-wise) KOMbiHaLIiVI y pe3yJibTyIOUint MaTpuLi S,,, ra-
PaHTYIOUM AKiCTh CTMICHEHHS].

J11s1 KiJIbKiCHOTO OIiHIOBaHHS Ta IOPiBHAJIBHOTO aHaJli3y edeKTuB-
HOCTi po3p0o0JIeHOI TEXHOJIOTII ITOPIBHSIHO 3 HasIBHVIMMU ITZIXOIAMM 3aCTOCO-
BaHO 7-(paKTOpHUI iHTerpasibHMII KpuTepint edexkTnsHOCTI I(j), dpopma-
J1i30BaHMII Ta alpoOOBaHMUIT aBTOpaMI y HoIlepeHix mparisax [5, 7]. Mare-
MaTMYHO KPUTEPIN € aIUTVBHOIO 3TOPTKOI0 HOPMaJIi30BaHMX PaKTOPiB:

1()= Y, W, P, »maxe[0,1], )

e I(j) — inentudikarop anatizoBaHoro Meropy orrnmisarii; P; € [0, 1] —
HOpMaJli3oBaHe 3Ha4eHHs I-T'00 HapameTpa epeKTMBHOCTI I j-TO MeTO-

. e . . 7
ny; W, — BaroBui KoedillieHT 3Ha4yIIIOCTi j-TO KpUTePito (2”,= W =1),

o0urC/IeHN Ha OCHOBI aHaJIi3y HayKOBMX IIpallb Ta eKCIIEPTHOIO OIiHIO-
BaHH [5].

1. Kinbkicts TectiB (W, = 0,20): o1iHKa CTyIeHs CKOpOUYeHHS ITiIMHO-
KVIHV KOHIry partit OPiBHSHO 3 IIOBHUM [€KapTOBUM IIPOCTOPOM S ;

2. TIOKPUTTS KpUTHMUHMUX clieHapiis (W, = 0,25): moBHOTa HOKPUTTA
nBoaKTOpHMX (2-wise) B3a€EMO/IiVI KOMIIOHEHTIB (MaKCUMaJIbHUI IIpio-
pUTeT HaZIIHOCTI);

3. aganTusHicTs 10 3MiH (W, = 0,15): 3smaTHiCTE MeTOny AMHAMIYHO
HPUCTOCOBYBATHMCS 0 3MiHM BXiTHOI BapiaTnBHOCTI napamMetpis IC;

4. puxopucTanHs icropuunmx gaamx (W, = 0,10): piseHb 3a1eXXHOCTI
AJITOPUTMY BiJ] HABHOCTI HAKOIIMYEHOI CTaTUCTMKY IIPO MVHYJIi 3aITy CK/
(BiICyTHICTB ITpO0IIEMY «XOJIOHOTO CTAPTY»);

5. imTerpartig 3 CI/CD (W, = 0,15): Ge3I110BHICTb BIIpOBa/KeHHS sipa
y KoHBeepm OeslepepBHOI iHTerparil Ta posroprannsa (GitHub Actions,
Jenkins);

6. obuncmosasibHi pecypen (W, = 0,10 piBeHBb BUTpaT IIPOLIECOPHOTO
yacy Ta oIepaTUBHOI ITaM’sITi Ha BMKOHaHHS CAaMOTO aJITOPUTMY ONTUMi-
3arril;

7. cxiiapHicTs BraposamkeHHs (W, = 0,05): TpyJOMiCTKiCTh HaJIallITy-
BaHH: Ta KOHQIrypyBaHH4 IIPOrpaMHOIO IPOTOTUILY.

PesynpTraTit

ExcriepMeHTasibHe TecTyBaHHs (OeHUMapKyBaHH#) IPOBOAMIIOCS Ha
IBOX TUIIOBVIX CMHTETUYHVX Habopax IapaMeTpiB, 1110 JOCTOBipHO iMiTy-
I0Th 0AaraTOKOMITIOHEHTHI cepeoBIIIIA:

e HaGip 1 (am3pKa ck1agHicTh): 5 TapameTpis i3 posmipHocTsIMI (2, 3,
2,3, 3), mo popmy1oth S = 108 koHPirypartin.
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Tabauya 1. EMOipudHi pe3yIbpTaT CTMCHEHHS
npocropy KoHdirypauin (beHumMapKyBaHHsI)

TecToBuin TTouatkoBuit | Meron orrrmmisariii | OmrrmmizoBaHMI KoedimienT
Habip obcsr Sy, (Cenexrop) obear S, crucHeHH (%)
Suite 1 108 Pairwise Testing 15 86,11%
KoHdiryparii (Greedy) KoHdiryparii
Suite 2 243 Integrated Method 34 86,01 %
KoHirypamwii | (Pairwise + GA) KoHiryparif
Y cepenabOMYy ~100-300 AnarrruBHa 12-35 70,0 - 86,0%
MapIIpyTHU3aLiis

e Habip 2 (cepemnst ckiIamHicTh): 5 mapaMeTpiB i3 po3MipHOCTSIMU
3,3, 3,3, 3), mo dopmyroTh SﬁM = 243 KoHdirypariii.

Yci obuncrieHHs: Ta METPUKM MPOAYKTUBHOCTI aBTOMATHUYHO arpe-
TyBaJIVICS y BUXiIHUX dpariiax 3BiTiB Ta MeTpuK. KirrouoBrM nokasHMKOM
YCIIIIHOCTI € KoedillieHT aJIrOpUTMIYHOTO IIPOCTOPOBOIO CTMCHEHHS,
KU IIPSMO IIPOIOPIINHO 3MeHIIye iHppacTpyKTypHi BUTpaTit. Emiti-
PVUHI pe3ysIbTaTV IIOIaHO B TaoIt. 1.

SIK 3acBimUyIOTH eKCIlepMMeHTaTbHI HaHi, po3podierunt CLI Middle-
ware cTabiTbHO 3MeHIITye 00cAr TecToBMX 3amyckis Ha 70,0-86,0 %. Lle mo-
BHICTIO JIiKBiZly€ IIpo0sieMy BUYepliaHHS MYJIiB 3 €JHaHb, OCKUIBKM KiJlb-
KicTh HEOOXiITHVIX IapasiesTbHNIX 3'€IHaHb 3 0a3aMy TaHVIX CKOPOUYEThCS
i3 coreHb 10 Oe3meyrHoro yTiMiTy B 15-35 akTMBHVIX BY3JIiB.

KpuTnuHo BaXkIMBUM € Te, IO XKYpHa/IVI BUKOHaHHSA MOJIYJIs Ilepe-
BipKM HOKPUTTS HMiATBEPOVUIIN: Il 000X TeCTOBMX HaOOPiB 3reHepoBaHi
cTrcHyTi MaTpuili rapanTyioTh 100% HOKpUTTS BCiX MOXJIMBUX IIOHap-
HMX KoMOiHamin (2-wise coverage), IO BiAIIOBiZa€ CydacHMM IIifXomam
KOMOiHaTOPHOTO TeCTyBaHHs, 3TiJHO 3 KMV OUTBIIICTD HedeKTiB cripm-
UMHSIOTHCS B3a€MOJII€I0 HEeBeJIMKOI KUIBKOCTI ITapaMeTpiB, a edeKTVBHe
HOKPUTTS 2-6-way B3aeMOJIiv 3a0e3Ieuye BUCOKY HaIiMIHICTh CHCTEM IIPU
ICTOTHOMY CKOpOYeHHi KiJIbKOCTi TecTiB [3-4, 8-9]. Lle € cyBopum mate-
MaTWYHMM JI0Ka30M TOro, 1110 BificikaHH4 86 % IpocTopy KOHQirypariin
BifOystocs ©e3 XKOHOrO 3HVDKEHHS VIMOBIpPHOCTI BUsiBJIeHHS AedeKTiB
B3a€MO/TIT.

3adpikcoBaHMIT Yac BUKOHAHHS O0YMCITIOBAJIBHOIO aJIFOPUTMIYHOTO
sapa B cepenopuiii Node.js 3HaX0OAMBCA Y XKOPCTKMX MeXax Bif, 6 110 12 mc.
Ilevt MOKa3HMK OCTaTOYHO IiATBEPIKYy€E YCIiIIHe BUpilIeHHs IIpobiemm
O710KyBaHHSI T'OJIOBHOTO IIMKJIY 1 TapaHTy€ Bi[ICYTHICTh OIeparliltHmX
BY3bKMX Micllb. Ha OcHOBI ITpoBelieHN X BUMIpIOBaHb, eMITIPUYHNUI iHTe-
rpaJIbHUM ITOKa3HMK e(peKTUBHOCTI IS 3alIPOIIOHOBAHOIO iHTerpoBaHO-
ro nigxony ckias: I(j) = 0,9725.
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BuicHOBKM

Y Mexax JociiKeHH I0BeIeHO KPUTUYHY BaskKJIMBICTh OIITVMI3allil Tec-
TOBVIX ITPOCTOPIB Ta €KCIIepUMeHTaJIbHO i TBePIyKeHO BUCOKY ITPOIyK-
TUBHICTb po3po0iieHoT iHdOPMAaIIiTTHOI TeXHOIIOTII. ApXiTeKTypHe IIPO€EK-
TyBaHHs cuctemn y surianai CLI Middleware Ha mtatdopmi Node.js 3a-
Oe3sneuye OesrpeliefleHTHY MIBUAKICTb OOUYMCIIeHb Ha PiBHI MiTiceKyH[I
(6-12 Mc), TTOBHICTIO BUKITIOUAIOUV PU3MKM 0JI0KyBaHHS FOJIOBHOTO IIKITY
3aBJIFKM CyBOpPiV JleTepMiHallii TapaMeTpiB eBOJIIOIITHOIO IIOIIYKY (Bifl-
CYTHICTb paHHBOTO 3yIIMHEHHs, piBHO 30 MOKOJIiHb, HomysIsLis 50).
BeranoBrieHo, 1110 3arIpONIOHOBaHNI IHTEJIEKTYaJIbHIVI MeXaHi3M MapIll-
pyTH3aliil 31aTeH aBTOMaTUYHO CTUCKATU JeKapTOBi IIPOCTOPM KOHPIry-
pawin (posmipnictio 108 ta 243) xHa 70,0-86,0 %. BonHouac Mmomysib nepe-
BipKM IIOKPUTTS 3acBigumB Oe3sariepedne 30epeXkeHHs CTOBiZIICOTKOBOIO
2-wise TTIOKPUTTA. [JoCArHeHHsI eMIIipMYHOro iHTerpaJbHOIO ITIOKa3HMKa
$1(j) = 0,9725% migTBepIKye abOCOIIOTHY TOTOBHICTH PO3pO0OIIEHOT TEXHO-
JIOTiI ;O IPOMMCIIOBO] iHTerpariili B KoproparusHi kouBeepu CI/CD, 1o
edpeKTMBHO po3B’sA3ye OrokeTHi obmexenHst FinOps Ta jiMiTu iHdpa-
CTPYKTYPHUX IIOTY>KHOCTeV1 6e3 KOMITPOMICiB ITIOfI0 SIKOCTi TeCTyBaHHS.
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PRODUCTIVITY OF TECHNOLOGY OPTIMUM CONFIGURATIONS
FOR AUTOMATED TESTING OF RICH COMPONENT SYSTEMS

Introduction. The transition of the software industry to distributed microservice and
cloud-native architectures has significantly increased the flexibility of information
systems, but has led to the phenomenon of “environment drift.” Exhaustive testing of
such ecosystems causes a “combinatorial explosion,” which, under continuous
integration and continuous deployment (CI/CD) pipelines, leads to connection pool
exhaustion and critical budget overruns on cloud computing (FinOps), making
complete enumeration impossible..

Objective. Conducting a performance review, experimental benchmarking, and
verifying the computational stability of the developed prototype of information
technology (in the format of CLI Middleware) for selecting optimal test configurations
of multi-component systems under conditions close to industrial ones.

Methods. An information technology has been developed in the form of CLI
Middleware based on Node.js using combinatorial methods (Pairwise Testing,
Orthogonal Arrays) and evolutionary computations (genetic algorithms). To completely
prevent the blocking of the main execution cycle (Event Loop), strictly deterministic
evolutionary search parameters have been implemented (30 generations, population
of 50) and the early stopping mechanism (Early Stopping) has been disabled.

Results. Experimental benchmarking on synthetic test suites (108 and 243
configurations) confirmed the system’s ability to automatically compress the
configuration space by 70.0-86.0%. An isolated mathematical validation module
proved the preservation of 100% coverage of pairwise (2-wise) interactions. The
recorded execution time of the computational core is 6-12 ms, making it ideally suited
for use as a synchronous step in CI/CD pipelines.

Conclusions. The effectiveness of the developed information technology has been
proven, successfully solving the “combinatorial explosion” problem and eliminating
the risks of blocking the main cycle. Achieving an integral efficiency metric of 0.9725
confirms the absolute readiness of the CLI Middleware architecture for industrial
integration into corporate pipelines, allowing significant optimization of infrastructure
costs without compromising the quality of interaction defect detection.

Keywords: optimal confiqurations, CLI Middleware, Node.js, Pairwise Testing, genetic
algorithms, CI/CD, mathematical models.
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