AHOTAIISA

bapanos O.M. Mopeni ancam611eBoi kiacudikaiiii 300pakeHb Ha OCHOBI CTEKIHTY
HelipoHHUX Mepex. — KBamidikariiiina HaykoBa Ipalis Ha IpaBax pyKOITHCY.

Hucepramisi Ha 3100yTTS HAyKOBOTO CTymeHs jJokTopa ¢iumocodii 3a
cnemianpHicTioO 122 — Komm’totepHi Hayku. — Harionansuuil yHiBepcuter «Omecbka
nomitexHikay, MOH Vkpainu, Oneca, 2026.

JuceprariitHa poboTa MpUCBSYEHA PO3POOLI MOJENIeH 1 METOMIB MiABUILCHHS
edeKTUBHOCTI aHcaMOJeBo1 Kiacudikallii 300pakeHb Ha OCHOBI CTEKIHTY HEHPOHHUX
MEpEeX JJIsi BUKOPUCTAHHS Y 3aCTOCYBaHHSX 3 HEBEJIUKUMH PO3MiIpaMu 300pakeHb Ta
HEBEJIMKUMHU HAO0OpaMu JaHUX JJIsi HAaBYAHHS.

Merorw aucepTariiiHoi poOOTH € MABUINEHHS SKOCTI Kiacudikamii Ta/ado
3MEHILIEHHS 00CiIry OOYHMCIeHb IMpU BHUKOPHUCTaHHI aHcamOJieBOi Kiacu@ikamii
300paK€Hb 31 CTEKIHTOM HEWPOHHHMX MEpEeX UIUISIXOM PO3POOKH HEUPOMEPEKEBUX
MoOJIeJiel 1 METO/IB.

JIJist TOCSATHEHHSI METH B AMCEPTaLliHii poOOTI PO3B’A3YIOThHCS TaKl 3aBAAHHS:

1. TlpoBectn aHami3 MIAXOMIB aHcaMOieBoi kiacudikamii 300paxeHb, SKi
3a0€31euyI0Th MiJIBUIIICHE CITIBBIAHOIICHHS SKOCTI Kjacu]ikailii Ta He0O0X1THOTo 00CsTY
OOYHCIEHb 1 3JaTHUX B YMOBAX HM3bKOI PO3JLIBLHOI 31aTHOCTI 300paxeHb Ta AePIIUTy
HABYaJbHUX JIAHUX.

2. Po3pobutu Mopens NepHioro cTymneHs aHcaMOieBoro kiacudikaropa 3i
CTEKIHTOM HEUPOHHUX MEPEeX Ta METOJl BU3HAUCHHS ii CTPYKTYpPHO-TIapaMETPUIHHUX
O3HaK.

3. Po3pobutu Mojens JApyroro CcTymneHs aHcaMOjeBoro kiacudikaropa 3i
CTEKIHTOM HEHPOHHUX MEPEK.

4. JlocliIuTyh BUKOPHUCTAHHS PO3POOJICHUX MOJENEH 1 METOAY, MPU BHUPILIECHHI
3aja4i kinacu@ikailii 300pakeHb B aBTOHOMHHUX POOOTOTEXHIUHUX KOMIUICKCAX.

O0’eKT HocaiIzKeHHs1 — Tpolec aHcaMmOJIeBoi kinacudikaiii 300paxeHb B yMOBax

HU3BKOI PO3JIIBHOI 31aTHOCTI 300paxkeHb Ta AediluTy HaBYaIbHUX JaHUX.
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IIpeamet gociazkeHHs — MOJIeN1 1 METOIM aHCaMOJ1eBOi Kiacudikailii 300pakeHb
31 CTEKIHTOM HEUPOHHHUX MEPEK.

PesynbpTatu nucepTauifHOTO JOCTIIKEHHS IPYHTYIOTHCSI HA BUKOPUCTAHHI TEOPii
HEUPOHHUX MEPEK, Teopii MaTPHUIlb, MATEMAaTHYHOI CTATUCTUKH 1 T€Opii HMOBIPHOCTEH,
OOYHCITIOBAILHUX METO/IIB JIIHIMHOT anreOpu Ta (PyHKIIOHAIBHOTO aHAJi3y B YaCTHHI
pO3KiIaiaHHs y psiau QyHKIIN 1 ampOKCUMAITi.

Ha ocHOBI mpoBeAeHMX TEOPETUYHUX 1 EKCIEPUMEHTAIbHUX JOCHIIKEHb
PO3B’sI3aHO AKTyaJlbHE HAYKOBE 3aBAaHHS:

— po3pobOKa MoJIeNl 1 METOTY, IO JIO3BOJISIIOTH 30LTBIITYBATH KUIBKICTh HEHPOHHUX
MEpeX Ha MepIIoMy CTYTeHi B aHcamOIieBuX KiacudikaTtopax 3i crekinrom HM;

— PO3BUTOK MOJENEH g 00’ €HAHHS pe3yIbTaTiB 0a30BUX HEUPOHHUX MEPEK Ha
JpyroMy CTyTmeHi aHcamOJieBoro kiacudikaropa 31 crekinrom HM.

OTpumaHi Taki HOBi HAYKOBI pe3yJIbTaTH:

1. BriockoHaneHo MOJenb MepIoro CTyneHs ancam0JeBoro Kiacudikaropa 3i
CTEKIHTOM HEUPOHHUX MEPEX IS 300paKE€Hb 3 HU3BKOI PO3IITHLHOIO 37aTHICTIO B
yMOBaXx JIe(PIUTy HABYAIBHUX JaHUX, IUISIXOM JI0JIaBaHHS /10 33JaHO01 KIJIbKOCT1 0a30BUX
Kiacu(dikaTopiB iX KJIOHIB, OTPUMAaHUX HABUAaHHSAM Ha BHUOIpKax 300paxkeHb, SK1
CTBOPEHO 33 BU3HAYEHUMHU OTEPATOPAMU NMEPETBOPEHHS, 110 TO3BOJIHIIO 3aPOTIOHYBATH
METO]T BU3HAYEHHS CTPYKTYPHO-TIapaMETPHUUHUX O3HAK MOJEIII.

2. Briepiie 3anponoHoBaHO METOJ BU3HAYEHHSI CTPYKTYPHO-MIApaMETPUUHUX
O3HAK MOJEJII MEePIIOro CTyNeHsl aHcaMOJIeBOro Kiacudikaropa 300paxeHp 31 CTEKIHTOM
HEHPOHHUX MEPeX, fKI TOoOyJOBaHI 3 BUKOPUCTAHHSM OMEPATOPIB TOBOPOTY Ta
[UKJIIYHOTO 3CYBY BXIJIHUX 300paXkeHb, IO JO3BOJWJIO CTBOPUTH €()EKTUBHUN
ancamOJnieBuil kiacudikatop s 300paxkeHb 3 HHU3bKOIO PO3AUIBHOIO 3/IaTHICTIO B
yMOBax Ae(IUTy HAaBYATbHUX JaHUX.

3. Brnepme 3anpornoHoBaHo Mojenb HeillpoHHOT Mepexi MLP-KAN, ska
BIIPI3HSAETBCS BIJI MOJedi 0aratomapoBOro IMEpLENTpOHAa 3aMiHOK  MEPIIOro
npuxoBaHoro mapy MLP na map KonmoropoBa-Apnonpaa (KAN), mo gano 3mory
BUKOPUCTOBYBATH JIBa TUIM alpOKCHUMallli OJHOYACHO, a caMe, 32 PaxyHOK HaBUYaHHS

GyHKIII aKTHBAIllT Ta HABYAHHS Bar HEUPOHIB, 110 TO3BOJIMIIO 3MEHIIIUTHA OOCAT BAaTOBUX
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KOe(]iIlieHTIB, 110 HABYAIOTHCS, MpU 30€peKeHH1 SKOCTI Kiacudikaiii Ha Habopi
TECTOBUX 300paKEeHb.

4. BrockonaneHo Momens Ipyroro CTyIeHs aHcaMOIeBoro kiracudikaropa 3i
crekinrom HM, nuisxom 3aminm knacudikaropa MLP Ha amanrtoBany monens MLP-
KAN 3 ypaxyBaHHSM OCOOJIMBOCTEH BHUXIJHOTO BEKTOPY O3HAK TMEPIIOTO CTYIEHS
aHcamOyieBoro kijacudikaTopa, 10 JaJ0 3MOTY 3MEHIIUTH OOCIT OOYHCIIEHb TPHU
30epeKeHH] SKOCTI Kiacudikarii 300pakeHb 3 HHU3BKOI PO3IILHOI0 3JaTHICTIO B
yMOBax J1e(pilUTy HaBYAIbHUX JIaHUX.

HucepraiiiitHa po6oTa BUKOHaHA BIJIOBIIHO JI0 TUIAHY HAYKOBO-AOCITITHUX POOIT
HarionansHoro yHiBepcuteTy «Ojecbka MOMITEXHIKay 3rigHO 3 rpanToM HOIAY Ne
131/0161 «BukopucTaHHs IITYYHOTO IHTEJNEKTY JJIA MIJBUIIEHHS SKOCTI BU3HAYEHHS
BUOYXOBUX  MPUCTPOIB  MYJIBTUCEHCOPHHUM  JPOHOM-MIHOIIyKaueM»  (JOBiaKa
BripoBaikeHHS Ne 1009/64-07 Big 11.06.2026), B Mexkax BUKOHAHHS HayKOBO-JIOCI1HOT
pob6otu No723-43 «Po3poOka iHTEIeKTyallbHUX CEHCOPIB IUCTAHIIIHHOTO KOMIIJIEKCHOTO
MOHITOPUHTY Jerpajallii TPyHTIB MOBOEHHUX TEPUTOPIN» (IOBIJKa BIPOBAIKEHHS No
1009/64-07 Bin 11.06.2026).

[IpakTuuHe 3HaYEHHS OTPUMAHKX y TUCEPTAIlIHINA POOOTI pe3yIbTaTIB MOJISITae

1. Po3pobui moneneit 1 MeTofa MiABUIIEHHS SIKOCTI Kiacudikalii 300paxeHpb y
MPAKTUYHUX 3aCTOCYBaHHSIX 3 OOMEKEHUM HA0OpOM JaHUX JIJIsi HABYAHHSI, OOMEKEHOIO
OOYHUCITIOBANILHOIO MOTYKHICTIO, 1110 BUKOPUCTOBYETHCS, Ta SIKI MOTPEOYIOTH 0OpOOKH B
peanpbHOMY MaciiTabi Jacy.

2. Po3po0r11i Mopeneii ancambieBoi kinacudikarii 31 CTEKIHTOM HEHPOHHUX MEPExK
JUTSl 3SMEHIIIEHHS 00CATY BaroBUX KOE(III€HTIB, 110 HABYAIOTHCS, TPH 30€pEKEHH1 SIKOCTI
kiacudikaiiii 06’ €KTiB Ha 300paKEHHSX.

3. Po3po0b11i mozenelt Ta MeToga noOy0BU apXITEKTYpH 0OpOOKH BXITHUX JaHUX
y kiacudikaropax 300paxeHb, L0 BIAPI3HAIOTHCA MIJABUIICHOK 3/IaTHICTIO [0
po3napanentoBaHHsS OOYUCIEHb 3 METOI pealizaiii 0OpoOKH B peaqbHOMY MaciuTadi
qacy.

PesynbTatu aucepraiiiitHoi po6otu Oyiu anpoOoBaHi Ta BIPOBAIKEHI:



4

— y  1mporpaMHOMYy  3a0e3leyeHHl  JpoHa-MiHOIIyKada,  po3poOJIeHOTOo
HamionansHum yHiBepcuteroM «QOpecbka moiiTexHika» 3a rpantoM Ne 131/0161
HarmionansHoro Gouay nocnimkeHb Ykpainu « BUKOpUCTaHHS IITYYHOTO 1HTEICKTY IS
HiABUIICHHS SKOCTI BH3HAYCHHS BHOYXOBUX MPHUCTPOIB MYJIBTHCEHCOPHUM APOHOM-
MiHoIykadem» (moBiaka BrpoBakeHHs Ne 1009/64-07 Big 11.06.2026);

— Y TEOPETUYHHUX PO3POOKax MEpPCIEeKTUBHUX MOJeleil 0OpoOKH CUTHANB B
MeKaX BUKOHAaHHS HayKOBO-TOCHITHOI poOoTH Ne723-43 «Po3pobka iHTEeNeKTyalbHUX
CEHCOPIB JUCTAHLIMHOIO KOMIUIEKCHOTO MOHITOPUHIY Jerpajaiii IpyHTIB HOBOEHHHUX
TepuTopiin» (oBiaka BopoBamxeHHs Ne 1009/64-07 Big 11.06.2026),

— y HaBYasbHOMY npoueci HarionanbHoro yHiBepcutety « OecbKa Mo TEXHIKa)
(moBinka BupoBamkeHHs Ne 1008/64-07 Bix 11.06.2026).

BropoBamkeHnHss po3poOJieHHX Mojeneid 1 meroaa 3abes3rneuye MiJBUILCHHS
edeKTUBHOCTI aHcamOJyieBoi Kiacudikalii 31 CTEKIHTOM 3a PaxXyHOK JOIOBHEHHS
CTPYKTYpH MEpILIOTr0 CTYIEHs Kiacudikaropa KIOHaMH 0a30BHX Kiacu(diKaTopiB 1
BJIOCKOHAQJICHHSI JPYroro CTYIEHs aHcaMmOJjieBoro kiacudikaTtopa IUIIXOM 3aMiHU
npuxoBaHoro 1apy mozemni MLP na map KAN, 1110 103BOJIUIO0 3MEHIIUTH KUJIBKICTh
HAaBYaJbHUX BAaroBUX KOE(IUIEHTIB MOJAENl NpH 30epexeHHl SKOCTI Kiacudikarii
00’€KTIB Ha 300paKEHHSX.

3anponoHOBaHI MOJENI Ta METOJI JAaroTh 3MOTY 3/IACHIOBATH MOOYIOBY
e(heKTUBHOTO aHcamOJIEBOTO Kiacu@dikatopa BIAMOBIIHO 10 OCOOJMBOCTEH BXIJTHUX
JAHUX.

PesynbpTatu gucepTamiitHux A0CHIKEHb OMyOIIKOBAaHO y 8 HAYKOBUX MpallsX, sKi
BKJIIOYAIOTh 6 cTaTeil (3 HuX 2 y paxoBoMy MepioAMUHOMY HAyKOBOMY KypHall YKpaiHu
3 TEXHIYHUX HayK Kareropii «b», 4 ctaTTi y nepiogMuHUX HAYKOBUX JKypHajiax YKpaiHu
3 TEXHIYHUX HAYK, 1110 1HJIEKCYIOThCS Y HAYKOMETPUYHiil 6a3i Scopus), 2 Te3u JOMOBIIEH,
mo Oynu TMpeACTaBiICHI B MaTepialiax HayKOBHX KOHGEPEHIliH, M0 1HAEKCYIOThCS Y
HayKOMETpH4HIN 6a31 Scopus.

Knrouoei cnosa: neripoHHi mepexi, Mepexxa KoamoropoBa-ApHoibiaa, HEUPOHHU,
HaBYaJIbH1 (DYHKIT aKTHBallii, aHcamOieBa Kiaacudikaiis, paaiaabHo-0a3ucH1 (QyHKII,

OararomrapoBui MepEnTPOH, TpaHCPopMep.
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ABSTRACT

Baranov O.M. Models of ensemble image classification based on the stacking of
neural networks. — Qualifying scientific work on the rights of a manuscript.

Dissertation for the scientific degree of Doctor of Philosophy in specialty 122 —
Computer Science. — National University "Odesa Polytechnic", Ministry of Education
and Science of Ukraine, Odesa, 2026.

The dissertation is devoted to the development of models and methods for
improving the efficiency of ensemble image classification based on the stacking of
neural networks for use in applications with small image sizes and small datasets for
training.

The aim of the dissertation is to improve the quality of classification and/or reduce
the volume of computations when using ensemble image classification with stacking of
neural networks through the development of neural network models and methods.

To achieve this aim, the following tasks are solved in the dissertation:

1. To analyze the approaches to ensemble object classification in images that
provide an increased ratio of classification quality to the required volume of
computations and are capable of operating under conditions of low image resolution and
a deficit of training data.

2. To develop a first-stage model of an ensemble classifier with the stacking
of neural networks and a method for determining its structural-parametric features.

3. To develop a second-stage model of an ensemble classifier with the
stacking of neural networks.

4, To investigate the use of the developed models and method in solving the
problem of image classification in autonomous robotic complexes.

Object of research — the process of ensemble image classification under
conditions of low image resolution and a deficit of training data.

Subject of research — models and methods of ensemble image classification with

the stacking of neural networks.
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The results of the dissertation research are based on the use of neural network
theory, matrix theory, mathematical statistics and probability theory, computational
methods of linear algebra, and functional analysis in terms of series expansion of
functions and approximation.

Based on the conducted theoretical and experimental research, an actual
scientific task has been solved:

. the development of new models and a method that allow increasing the
number of neural networks at the first stage in ensemble classifiers with NN stacking;

. the development of new models for combining the results of primary neural
networks at the second stage of an ensemble classifier with NN stacking.

The following new scientific results were obtained:

1. The model of an ensemble classifier with stacking of neural networks for
low-resolution images under conditions of a training data deficit has been improved by
adding to a specified number of basic classifiers their clones obtained by training on
image samples created by defined transformation operators, which allowed to propose a
method for determining the structural-parametric features of the model.

2. For the first time, a method for determining the structural-parametric
features of the first-stage model of an ensemble classifier with stacking of neural
networks constructed using rotation and cyclic shift of input images operators is
proposed, which allows creating an efficient ensemble classifier for low-resolution
images under conditions of a training data deficit.

3. For the first time, an MLP-KAN neural network model is proposed, which
differs from the multilayer perceptron (MLP) model by replacing the first hidden layer
of the MLP with a Kolmogorov-Arnold layer (KAN), which allowed using two types of
approximation simultaneously, namely, the training of activation functions and the
training of neuron weights, which allowed reducing the volume of trainable weight
coefficients while maintaining the quality of classification on a set of test images.

4. The second-stage model of an ensemble classifier with NN stacking has
been improved by using the developed MLP-KAN neural network model, taking into

account the features of the output feature vector of the first stage of the ensemble
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classifier, which made it possible to significantly increase the efficiency of ensemble
classification with NN stacking.

The dissertation was carried out in accordance with the scientific research plan of
the National University "Odesa Polytechnic" under the NRFU grant No. 131/0161 "Use
of artificial intelligence to improve the quality of explosive device detection by a
multisensor mine-detecting drone" (implementation certificate Ne 1009/64-07 dated
11.06.2026), within the framework of scientific research work No. 723-43
"Development of intelligent sensors for remote complex monitoring of soil degradation
in post-war territories" (implementation certificate Ne 1009/64-07 dated 11.06.2026).

The practical significance of the results obtained in the dissertation lies in:

1. The development of models and a method for improving the quality of
image classification in practical applications with a limited dataset for training, limited
computational power used, and requiring real-time processing.

2. The development of models for ensemble classification with stacking of
neural networks to reduce the volume of trainable weight coefficients while maintaining
the quality of object classification in images.

3. The development of models and a method for constructing the input data
processing architecture in image object classifiers, which are characterized by an
increased ability to parallelize computations in order to implement real-time processing.

The results of the dissertation work were tested and implemented:

. in the software of a mine-detecting drone developed by the National
University "Odesa Polytechnic" under grant No. 131/0161 of the National Research
Foundation of Ukraine "Use of artificial intelligence to improve the quality of explosive
device detection by a multisensor mine-detecting drone" (implementation certificate No
1009/64-07 dated 11.06.2026);

. in the theoretical developments of prospective signal processing models
within the framework of scientific research work No. 723-43 "Development of
intelligent sensors for remote complex monitoring of soil degradation in post-war

territories" (implementation certificate Ne 1009/64-07 dated 11.06.2026);
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. in the educational process of the National University "Odesa Polytechnic"
(implementation certificate Ne 1009/64-07 dated 11.06.2026).

The implementation of the developed models and method provides an increase in
the efficiency of ensemble classification with stacking by supplementing the structure
of the first stage of the classifier with clones of basic classifiers and improving the
second stage of the ensemble classifier by replacing the hidden layer of the MLP model
with a KAN layer, which allowed reducing the number of trainable weight coefficients
of the model while maintaining the quality of object classification in images.

The proposed models and method allow building an efficient ensemble classifier
according to the features of the input data.

The results of the dissertation research are published in 8 scientific papers, which
include 6 articles (2 of them in a professional periodic scientific journal of Ukraine in
technical sciences of category "B", 4 articles in periodic scientific journals of Ukraine
in technical sciences indexed in the Scopus scientometric database), and 2 report
abstracts presented in the proceedings of scientific conferences indexed in the Scopus
scientometric database.

Keywords: neural networks, Kolmogorov-Arnold networks, neurons, trainable
activation functions, ensemble classification, radial basis functions, multilayer

perceptron, transformer.
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