PE®EPAT

AKTyajabHicTh Temu. CydacHUW pPO3BUTOK 1H(GOPMALIWHUX TEXHOJOTIN
CYNpPOBOKYETHCS ~ HEBNMHHUM  3pPOCTaHHSIM  OOCATIB  Bi3yaJbHUX JaHUX 1
YCKJIaJHEHHSM 3aj]ad, 10 CTaBIATHCA TEpe] CHUCTEeMaMHd aBTOMATUYHOIO aHaNi3y
300paxkeHb. EQexTuBHICTH pOOOTH TaKMX CHCTEM BHU3HAYAETHCS HE JIUIIE
apXITEKTYpPOIO 3aCTOCOBYBAHHMX MOJI€Nie MAIlMHHOIO HABYaHHA, ajie ¥ CcrocodooM
nmojaHHs Ta BigOOpY BXigHMX o3HaK. L{udposi 300pakeHHS XapakKTepU3YIOThCA
BHCOKOIO PO3MIPHICTIO IPOCTOPY O3HAK Ta 3HAYHOIO KOPEJAILIEI0 MK CYCITHIMH
MIKCEJISIMU, 1110 TOPOKY€ Ppo0aeMy 1HPOPMALIIIHOI HAITTUIIIKOBOCTI. Y IIMX yMOBaxX
AKICTh Tpoliecy (OpMYyBaHHS MIIMHOKMH O3HAaK O€3M0CepeHbO BIJIMBAE HA
CTaOUIbHICTh HABYaHHS, BIATBOPIOBAHICTh EKCIEPUMEHTIB Ta Yy3arajbHIOBAJIbHY
3/1aTHICTh MO0y I0BaHUX Mojesel. [lommpeni croxacTuuHi METOAN BUOOPY O3HAK, JI0
AKUX HaJleaThb MEXaHI3M BHIIaJJKOBOTO BUMMKAaHHS O3HAK Ta METOJ| BHUIIaJKOBUX
MIAIPOCTOPIB, HE 3a0€3MEUYI0Th KOHTPOJIBOBAHOTO Ta OE3MOBTOPHOTO MOKPHUTTH
IpOCTOpPY O3HAaK, IO YCKJIAJHIOE aHaji3 mMoBeAiHKM Moxened. lle cTBoproe
nepeayMOBH ISl TIONTYKY JI€TEPMIHOBAHUX CIIOCOOIB POPMYBaHHS IMiIMHOXKHH O3HAK
(p1KCOBaHOI MOTY>KHOCTI, $IKI JO3BOJIAIOTH IMOEJHATH TMEpeBard MiAIPOCTOPOBUX
1IX0/11B 13 MOKJIMBICTIO YITKOTO KOHTPOJIIO HaJl ITPOIICCOM BHOODY.

Meta po6Goru. IligBumieHHs CTaOIILHOCTI Ta BIATBOPIOBAHOCTI IPOIECY
HaBYaHHS MOJIeJied pO3Mi3HABaHHS 300pakKeHb IIJISXOM PO3POOJIEHHS CIoco0y
nerepMmiHoBaHoro  (opmyBaHHs ~ M-KpaTHUX BEKTOpIB O3HAaK Ha  OCHOBI
ONTHMI30BaHOT'O AJITOPUTMY KOMOIHATOPHOIO 1H/IEKCYBaHHS.

O0’ext pocaimxkenns. Ilpouec posmizHaBaHHA 300paXeHb y CHUCTEMax
MAaITMHHOTO HAaBYaHHS.

IIpeamer  fgociaizkeHHsA.  AJNTOPUTMIYHI  CIIOCOOM  JIE€TEPMIHOBAHOTO
dbopMyBaHHSI MiIMHOKUH O3HAK (hIKCOBAHOI MOTY>KHOCTI JIJIsi Mojieiel kiacudikarii
300paKeHb.

Metoau pociaimkeHHsi. Y poOOTI 3aCTOCOBAHO METOIM KOMOIHATOPHOTO
aHami3y aysg ¢popMalizarii 3a/1a4i Ta 00TpyHTYBaHHS JETEPMIHOBAHOTO 1HJEKCYBAHHS

M1IMHOXHH O3HAaK, METOJIM T€OPii MHOXKHH Ta JIHIMHOT anre0pu sl OMUCY MPOCTOPY



M-kpaTHUX BEKTOpIB, METOAM MAIIMHHOTO HaBYaHHS Uil MOOYAOBH MOJeEieu
knacudikamii, a TaKoX METOAM EKCIEePUMEHTATHHOTO MOJCIIOBAHHS  JUIS
MOPIBHSUJIBHOTO aHalli3y 3alpONOHOBAHOTO Ta ICHyrouux miaxoniB. I[Iporpamna
peanizariis BuUKOHaHa MoBow Python 13 BukopuctanHsm 61061ioTek PyTorch,
torchvision, NumPy Ta scikit-learn. AHaii3 pe3yibTaTiB MPOBEACHO 3a JOIMIOMOTOIO
METO/IB OMMCOBOI CTATUCTHUKU ¥ OIIHKKA CTAOUILHOCTI HaBYAHHA 3a MHOKHHOIO
HE3aJIeKHUX 3aITyCKiB.

HaykoBa HOBHM3HA 0Jlep:KaHMX pPe3yJabTaTiB. Y pe3ylbTaTi BUKOHAHHS POOOTH
OTPUMAHO TaKi HayKOB1 pe3yJbTaTH. Y JOCKOHAJIEHO c1oci0 (opMyBaHHS MiAMHOXKUH
O3HaK s Mojened kiacudikanii 300paxkenb. Ha BIIMIHY Bi MOIIMPEHHX
CTOXaCTUYHUX MIAXO1B, 3aIIPOIIOHOBAHUM CIIOCIO IPYHTYETHCS HA JIETEPMIHOBAHOMY
KOMOIHATOPHOMY 1HAEKCYBaHHI M-KpaTHHX BEKTOpIB, IO 3a0e3leuye OJHO3HAYHY
BIIMOBIJIHICTh MI)K HOMEPOM KOMOIHAIII Ta MIJIMHOXWHOK aKTUBHUX O3HAaK,
YHEMOJKJIUBIIIOE TOBTOPHHUM BHUOIp OJHAKOBUX KOMOIHAIIA y MeXaxX 3aJaHoro
MIPOCTOPY IHJEKCIB 1 cOpusie OUTbII PIBHOMIPHOMY OXOIUIEHHIO MPOCTOPY BXITHHUX
naHux. /[icraB moganbIioro po3BUTKY MiAX1J A0 IHTETpalii CTPYKTYpOBaHUX METO/IIB
BUOOPY O3HAK y MEXaHI3MH peryJssipu3ailii HeMpOHHUX MEpeX Ta aHCaAaMOJIEBl CXeMU
Kiacudikarlii, 1110, Ha BIIMiHY BiJl ICHYIOUHUX PIIIEHb, I03BOJISIE 3aMIHUTH CTOXACTUYHY
CKJIaJIOBY JI€TEPMIHOBAHUM KOMIIOHEHTOM 0€3 1CTOTHO1 3MIHU apXITEKTYpH MOJEIICH.

IIpakTH4yHe 3HAYeHHsl OJep:KaHUX pe3yabTaTiB. Po3pobnenuii cmocid
JeTepMIHOBaHOTO (popMyBaHHSI M-KpaTHHX BEKTOPIB Ta peaii3oBaHa Ha MOro OCHOBI
IporpaMHa CUCTEMa MOXKYTh OyTH BUKOPUCTAHI JJI MPOBEICHHS €KCIIEPUMEHTATBHIX
JOCTI/DKEHb y 3a7auax MAallMHHOTO HaBYaHHSA, J€ BaXXKJIMBUMHU € BiJTBOPIOBAHICTH
pe3yibTaTIB Ta KOHTPOJIbOBaHE (POPMYBAHHS MIAIPOCTOPIB 03HAK. Pe3ynpTaTi podoTH
MalOTh TMEPCIEeKTHBY 3aCTOCYBAHHS Yy CHCTEMax pO3Mi3HAaBaHHA PYKOIHCHUX
CUMBOJIIB, MONEPEAHbOI OOPOOKM MEAMYHUX 300pa)K€Hb, aHaI3y JOKYMEHTIB 1 y
JOCTITHULIBKUX 3ac00ax JIJIsl OL[IHIOBAHHS BIUTMBY CTPYKTYpU BUOOPY O3HAK Ha SKICTh
knacugikamii. [IporpamHa cucrema noOynoBaHa 3a MOAYJIBHUM MPHUHIIMIIOM 1
JIOIYCKA€ 1HTErpalLito po3po0IeHOro alropuTMy y HasiBHI HaBYaIbHI MpoLeaypu 6e3

ICTOTHOT 3MIHU apXITEKTYPH 3aCTOCOBYBAHHUX MOJIEIICH.



OcoOucTHii BHeCOK MaricTpaHTa. Yci OCHOBHI HAayKOBI Ta IIpaKTHYHI
pe3yibTaTH JUCEpTaIlii OTPUMAHO aBTOPOM OCOOHMCTO. Y CHUIBHUX ITyOJTIKAIisaX
3m100yBayeM BHKOHAHO aHAJ3 Cyd4aCHOTO CTaHy METOMIB BHOOpPY O3HaK y 3ajadax
pO3Mi3HaBaHHsI 300pakeHb, y3arajJbHEHO OOMEXEHHS MOIIMPEHUX CTOXAaCTUYHUX
miaxomiB 1 chOpMyIbOBaHO KOHIICMIIIO JETEPMIHOBAHOTO KOMOIHATOPHOTO
dbopMyBaHHS MIAMHOXHUH O3HaK. Y MeXaX MaricTepchbKoi aucepTanii aBTOpoM
CaMOCTIMHO po3po0sieHo popMalizoBaHe OMMCAHHS TPOCTOPY M-KpaTHUX BEKTOPIB Ta
ONITUMI30BaHUMN ANTOPUTM X (POpMyBaHHS HA OCHOBI KOMOIHATOPHOTO 1HAEKCYBAaHHS.
Kpim TOro, aBTOpoM CIpO€KTOBAHO Ta Pealli30BaHO MPOTPAMHY apXITEKTYpy CUCTEMHU
€KCIIEPUMEHTAJILHOTO JIOCTIPKEHHSI 3allPOIIOHOBAHOTO MIAXOAY M MIArOTOBJIEHO
METOJUKY MOpPIBHSAJIbHOTO aHamiizy. HaykoBuil KepiBHHUK 3/1ICHIOBaB IMOCTaHOBKY
3aJ1a4i, 3arajbHe KEPIBHUIITBO JOCIIKEHHSIM 1 KOHCYJIBTATUBHY JIOIIOMOTY.

Amnpobauia pe3yabrartiB aucepramii. OCHOBHI TMOJIOXKEHHSI Ta pe3yJbTaTH
pobGotu Oynu mpexacrasieHi i obrosoproBanuch Ha XVIII HaykoBiit koH]epeHiii
MaricTpaHTiB Ta acnipaHTiB «lIpuknagna maremaTtrka ta KoM POTHHT — [IMK’2025
(M. KuiB, 19-21 nucromnana 2025 p.).

IMyoaikauii. 3a pe3ynbratamMu MPOBEACHUX IOCTIKEHb Ta CYMDKHUX POOIT
aBTopa OMyOJIIKOBAHO TpPW HAYKOBl TMpaili: Te3W JOMOBiAl Ha BiciMHamuATII
MDKHApOJHIA HAayKOBO-TIpaKTU4HIN KoH(pepeHiii «IHTerpoBaHi 1HTENEKTyalbHI
poboTtorexHiuni komruiekcu — [IPTK-2025» (m. Kuis, 20-21 TpaBus 2025 p.); Te3u
7omoBiAl Ha BiciMHanuATii HayKoBi KOH(epeHIIi MariCTpaHTiB Ta acIipaHTIB
«ITpuknagna matemarrka ta kommn'toTuar — [IMK'2025» (M. Kuis, 19-21 aucronana
2025 p.), y skux 0e3rnocepeHb0 BUKIIAICHO OCHOBHI MOJIOXKEHHS 111€1 MaricTepCchbKol
JUCEpTallii; a TakoX CTaTTio y ¢axoBoMy HaykoBoMy BujaHH1 «Information,
Computing and Intelligent Systems.

Ctpykrypa Ta 00cAr podoTH. MaricTepchbka aucepTallis CKJIAJAaeThCcs 3i
BCTYITy, YOTHPHOX PO3/ILIiB, BACHOBKIB JI0 KOKHOTO PO3/IITy Ta 3araJIbHUX BUCHOBKIB
1o poOOTi, CHUCKY BUKOPUCTAHUX JIKEPEI 1 JOJATKIB.

Y BecTymi mnoAaHO 3arajbHy XapaKTEpUCTUKY pPOOOTH, OOIPYHTOBAHO

aKTyaJIbHICTh OOpaHOTO HampsIMy JOCHIKeHb, CPOPMYJIHOBAHO METYy 1 3ajaui,



BU3HAYEHO OO ’€KT 1 MpEIMET MOCTIKEHHS, BiIOOpaK€HO HAyKOBY HOBHU3HY Ta
MpaKTUYHE 3HAYEHHS OTPUMAHUX PE3yJIbTATIB.

Y mepmomMy po3fiii TPOBEICHO aHaNi3 CydacHHUX MITXOMIB /10 PO3IMi3HABAHHS
300pakeHb 1 BUOOPY O3HAK, PO3TJIIHYTO MpOOJeMy HAJIMIIKOBOCTI Ta KOPEJSIil
O3HaK y 300paXKeHHSX, IPOAHAII30BaHO ICHYIOYl METOAM 3MEHIICHHS PO3MIPHOCTI Ta
dbopMyBaHHsI MAMPOCTOPIB O3HAK, BUSBICHO OOMEKEHHS CTOXACTUYHHUX IMIJIXOIIB Ta
0OTPYHTOBAHO JOIIBHICTh PO3POOJICHHS JETEPMIHOBAHUX CIIOCOOIB BUOOPY O3HAK.

Y npyromy po3niii popmMaizoBaHo 3a1aqy BHOOPY M-KpaTHUX BEKTOPIB O3HAK,
PO3IMIIHYTO MaTeMaTH4HI OCHOBU KOMOIHATOPHOTO 1HAEKCYBaHHS IM1IIMHOHH,
JOCIIKEHO JIEKCUKOTpapiyHU 1 KOJEKCUKOrpapilyHUM MOPSAJOK KOMOIHAIlMH,
OMKCAHO 3alpPONOHOBAHUN ONTHUMI30BaHUN anroput™m GopmyBaHHS M-KpaTHUX
BEKTOPIB Ta MIPOAHAII30BaHO MOTO BJIACTUBOCTI.

Y  TperhoMy  pO3IUIl  ONMCAHO MPOTPaMHy  peali3aililo  CHUCTEMH
€KCIIEPUMEHTAJILHOTO JOCII/KEHHSI 3alpONOHOBAHOIO aJITOPUTMY, OOIPYHTOBAHO
BHOIp 3ac001B peaizallii Ta apXiTeKTypy MPOrPaMHOTO 3a0€3MEUCHHS, HABEJIEHO OMKC
OCHOBHHX MOJYJIIB CHCTEMHU.

Y  derBepTOMy pO3IUI  BUKIANEHO METOJIUKY EKCIEPUMEHTAILHOTO
JTOCIIDKCHHS, HABEJCHO pe3YyJbTaTH TMOPIBHAJIBHOTO aHali3y 3alpONOHOBAHOTO
miaxoay 3 0a30BUMHU Ta BUITAJIKOBUMH METOAaMHU BHOOPY O3HAK, BUKOHAHO OI[IHKY
TOYHOCTI Ta CTaOUTLHOCTI HABYAHHS MOJICIICH.

Y BUCHOBKaX IMiJICYMOBaHO pe3yJIbTaTH MPOBEACHOT pOOOTH.

Po6ora Bukmamena Ha 99 cropinkax, mictuth 10 pucynkiB, 11 Tabnuipb,
MOCWJIAHHS Ha CIIMCOK BUKOPHUCTAHUX JpKepen 13 14 HaliMeHyBaHb.

KurouoBi cioBa: po3mnizHaBaHHS 300pakeHb, BUOIp 03HaK, M-KpaTHI BEKTOPH,
koMmOiHaTopHe iHAekcyBanHs, Combinadics, Feature Dropout, Feature-Subspace

Ensemble, MNIST, mamunHe HaB4aHHs, HEHPOHH1 MEPEXKI.



ABSTRACT

Topic relevance. The contemporary development of information technology is
accompanied by a steady increase in the volume of visual data and a growing
complexity of tasks faced by automated image analysis systems. The performance of
such systems is determined not only by the architecture of the underlying machine
learning models, but also by the way in which input features are represented and
selected. Digital images are characterised by a high-dimensional feature space and
substantial correlation between neighbouring pixels, which gives rise to the problem
of information redundancy. Under such conditions, the way feature subsets are formed
directly affects training stability, experimental reproducibility and the generalisation
capability of the constructed models. Widely used stochastic feature-selection
methods, including random feature dropout and the random subspace method, do not
guarantee a controlled and non-repetitive coverage of the feature space, which
complicates the analysis of model behaviour. This creates a strong motivation for
investigating deterministic methods for forming fixed-cardinality feature subsets that
combine the benefits of subspace-based approaches with the ability to exercise explicit
control over the selection process.

Aim of the work. Improving the stability and reproducibility of the training
process for image recognition models through the development of a method for
deterministic formation of M-fold feature vectors based on an optimised combinatorial
indexing algorithm.

Object of research. The process of image recognition in machine learning
systems.

Subject of research. Algorithmic methods for deterministic formation of fixed-
cardinality feature subsets for image classification models.

Research methods. The work applies methods of combinatorial analysis to
formalise the task and to substantiate the deterministic indexing of feature subsets,
methods of set theory and linear algebra to describe the space of M-fold vectors,
machine learning techniques to construct classification models, and experimental

modelling for the comparative analysis of the proposed and existing approaches. The



software implementation is carried out in Python with the use of the PyTorch,
torchvision, NumPy and scikit-learn libraries. The analysis of results relies on
descriptive statistics and on the evaluation of training stability across multiple
independent runs.

Scientific novelty. The following scientific results have been obtained in the
work. The method for forming feature subsets in image classification models has been
improved. Unlike widely used stochastic approaches, the proposed method is based on
deterministic combinatorial indexing of M-fold vectors, which provides a one-to-one
correspondence between the number of a combination and the corresponding subset of
active features, eliminates repeated selection of identical combinations within a given
index range and contributes to a more uniform coverage of the input feature space. The
approach to integrating structured feature-selection methods into neural-network
regularisation mechanisms and ensemble classification schemes has received further
development; in contrast to existing solutions, it allows the replacement of the
stochastic component with a deterministic one without substantial modifications to
model architecture.

Practical value. The proposed method for deterministic formation of M-fold
vectors and the software system implemented on its basis can be used in experimental
studies of machine learning tasks where reproducibility of results and controlled
construction of feature subspaces are important. The results have prospective
applications in handwritten character recognition systems, in the preprocessing of
medical images, in document analysis, and in research tools for evaluating the
influence of the feature-selection structure on classification quality. The software
system is built on a modular basis and supports the integration of the developed
algorithm into existing training procedures without substantial changes to model
architecture.

Personal contribution of the master's student. All major scientific and
practical results of the dissertation were obtained by the author personally. In the joint
publications, the author carried out an analysis of the current state of feature-selection
methods in image recognition tasks, generalised the limitations of common stochastic

approaches and formulated the concept of deterministic combinatorial formation of



feature subsets. Within the master's dissertation, the author personally developed the
formal description of the M-fold vector space and the optimised algorithm for their
formation based on combinatorial indexing. In addition, the author designed and
implemented the software architecture of the system for experimental research and
prepared the methodology of the comparative analysis. The supervisor provided the
problem statement, overall research guidance and consultative assistance.

Approbation of the dissertation results. The main provisions and results of the
work were presented and discussed at the 18th Scientific Conference of Master's and
PhD Students "Applied Mathematics and Computing — AMC'2025" (Kyiv, 19-21
November 2025).

Publications. Three scientific works have been published on the basis of the
conducted research and the author's related studies: conference theses presented at the
18th International Scientific and Practical Conference "Integrated Intelligent Robotic
Systems — IRTC-2025" (Kyiv, 20-21 May 2025); conference theses presented at the
18th Scientific Conference of Master's and PhD Students "Applied Mathematics and
Computing — AMC'2025" (Kyiv, 19-21 November 2025), which directly outline the
main provisions of this master's dissertation; and a paper published in the professional
scientific journal "Information, Computing and Intelligent Systems".

Structure and scope of the work. The master's dissertation consists of an
introduction, four chapters, conclusions to each chapter and general conclusions, a list
of references and appendices.

The introduction provides a general description of the work, substantiates the
relevance of the chosen research direction, formulates the aim and tasks, defines the
object and subject of research, and reflects the scientific novelty and practical value of
the obtained results.

The first chapter analyses contemporary approaches to image recognition and
feature selection, examines the problem of redundancy and correlation of features in
Images, reviews existing methods of dimensionality reduction and feature subspace
formation, identifies the limitations of stochastic approaches and substantiates the need

for deterministic feature-selection methods.



The second chapter formalises the task of selecting M-fold feature vectors,
examines the mathematical foundations of combinatorial subset indexing, investigates
lexicographic and colexicographic orderings of combinations, describes the proposed
optimised algorithm for forming M-fold vectors and analyses its properties.

The third chapter describes the software implementation of the experimental
research system, substantiates the choice of implementation tools and the architecture
of the software, and outlines the principal modules of the system.

The fourth chapter presents the methodology of the experimental study, the
results of the comparative analysis of the proposed approach against baseline and
random feature-selection methods, and the evaluation of model accuracy and training
stability.

The conclusions summarise the results of the conducted work.

The work is presented on 99 pages, contains 10 figures, 11 tables and references
to a list of 14 sources.

Keywords: image recognition, feature selection, M-fold vectors, combinatorial
indexing, Combinadics, Feature Dropout, Feature-Subspace Ensemble, MNIST,

machine learning, neural networks.



