Hamionanpauit Texniuynuii YHiBepcuTeT YKpaiHu
«KwuiBcbkuii [lomitexniunuii [HcTuTyT 1IMeHi1 Irops CikopcbKOTo»
MiHICTEpPCTBO OCBITH 1 HAyKH Y KpaiHH
Harmionansauit Texniunuii YHiBepcuteT YKpainu
«KwuiBcbkuii [lomitexuiunuii [HcTUTYT iMeHi Irops CikopcbKOT0O»

MiHicTepcTBO OCBITH 1 HAYKH YKpaiHu

KBanigikariiina HaykoBa

IIpaLs Ha [paBax pyKOIUCY

ITAJTAAIEB OJIEKCAH/IP OJIETOBUY

VJIK 004.65

METOAU TA IPOI'PAMHI 3ACOBM U151 BUPILIEHHS
3AJAYI KJTACU®IKAIITI HA OCHOBI TPUBUMIPHUX
HEUPOHHUX MEPEXK

121 Imxenepis nporpamMHoro 3ade3neyeHHs

12 Inpopmariitii TexHonorii
[Tomaerbest Ha 3100y TTSI HAYKOBOTO CTyIEHs JOKTOpa (utocodii

Hucepraiiss MICTUTh pe3yJbTaTH BJIACHUX JOCIIIKEHb. Bukopuctanus izaei,
pe3yJbTaTiB 1 TEKCTIB IHIIMX AaBTOPIB MalOTh IIOCWJIAaHHS Ha BIJAMOBIIHE
JOKEPEIIo [Tananies O.O.

Haykoguii kepiBauk JlicoBuuenko Oser IBaHOBUY, K.T.H., IOLICHT

KwuiB — 2025



AHOTAIISA

llanaoiee O.0O. Mertoau Ta TporpaMHi 3aco0u JUIsl BUPIIIEHHS 3ajadi
KJacu(ikalli Ha OCHOBI TPUBUMIPHUX HEMPOHHUX Mepex. — KBanmidikaiiiiHa HaykoBa

mparis Ha MpaBax PYKOIHCY.

Huceprariiss Ha 3100yTTS HAYKOBOTO CTymeHs JokTopa ¢urocodii 3a
cnemianbHIcTIO 121 — [HXKeHepis nporpaMHOro 3a0e3nedeHHs 3 Tainy3l 3HaHb 12 —
[adopmariitni  TexHomorii. — Hamionansuuit TexuiuyHuit VYHIBepcuTeT YKpaiHu

«Kuicekuit [Momitexuiunuit [acturyT imeni Irops Cikopcekoro», Kuis,, 2025.

Juceprartiitna poOoTa npucBsiueHa po3pooOIll Ta JOCIKEHHIO CIeliali30BaHUX
porpaMHuX 3aco0iB Mg €PEeKTUBHOI Kiacu(ikalii TPUBUMIPHUX 300pak€Hb 3
MOXJIMBICTIO iX 1HTerpaiii B pI3HOMaHITHI aBTOMaTH30BaHI mporech. OCHOBHOIO
METOI0 JTOCHIIPKEHHSI € BJIOCKOHAJIEHHS METOJIB OOpOOKM Ta aHaji3y TPUBUMIPHHUX
JMAHUX MUISIXOM 3aCTOCYBaHHS TMEPENOBHUX MIAXOIB J0 MPOCKTYBaHHS apXiTEKTYp
HEHPOHHUX MeEpEeX 1 PO3pOOKM aJanTUBHUX QJITOPUTMIB onTuMmizamii. Y xomi

BHUKOHAaHHA pO6OTI/I HOCATHYTO HACTYIIHUX pCSyJ'IBTaTiBI

Briepire 3anmponoHOBaHO BUKOPHCTAHHS OMOHEHTHO! KOJHOPOBOI CHCTEMHU K
METO/y TOoNepeaHboi OOpOOKH JaHWX. 3ampoloOHOBAHWMNA METOJ  IiJBUIIYE
1H(OPMATUBHICTh O3HAK 1 MOKpAIly€e IXHIO IHTEPIPETALil0 HEHPOHHUMH MEpPEKaMH,
0 CYTT€BO 3MEHINyEe BTpaTu mnpu kiacudikamii. JlogaTkoBo, JOCTIIKEHO
0COOJMBOCTI POOOTH OMOHEHTHOI CHCTEMH B YMOBaX PI3HOTO PIBHS 3allyMJICHOCTI

BXIJIHUX JaHUX, 110 JTIO3BOJIMJIO PO3POOUTH CTparterii il ajamrtaiii A0 cCreuu(piaHux

Ha0Op1B 300paXeHb.

Briepiie po3po0seHOo TOMOIOTI0 HEUPOHHUX 3B SI3KIB sIKA peajizye JIOKaIbHO-
0OMEXEH1 CTPYKTYPH 3B’S3KIB 3 MPOTWICKHUMU HEHMPOHAMH Ta iX Oe3rocepeaHiMu
cycilaMi B TPHUBUMIPHOMY TIPOCTOpPi. 3amporoOHOBaHA TOMOJIOTIS TOETHYE
PO3IIMPIOBAIBHI Ta 3BY)KYBaJIbHI IIAPH, 110 CIIPHUSIE e(PEKTUBHOMY BUIYYCHHIO O3HAK.
OcoOnuBa yBara npuausiacs ONTUMI3alii napaMeTpiB LKUX HIapiB AJid 3a0€e3MeUeHHs

iXHBOT THYYKOCTI W aJanTUBHOCTI MM PI3HI TUNU JaHUX, a TAKOXX BU3HAYEHHIO



ONTHUMAJIBHOI KUIBKOCTI HEMpPOHIB 1 TUMNIB (YHKIIN akTuBalii IJIs MOKpAIEHHS

HaBYAHHS MEPEXKI.

Bnepure po3po0iieHo MeToAu 3MiHM KiJTbKOCTI HEHPOHHHUX 3B’ s13KiB. LI miaxomam
3a0€3MeuyoTh MIABUINEHHS IMIBUIAKOII MpOrpaMHUX 3aco0iB kiacudikarii, 3a
pPaxyHOK BHJaJ€HHs CIaOKMX 3B’S3KIB Ta MIABUIICHHS TOYHOCTI Kiacudikamii 3a
pPaxyHOK TeHepallli HOBUX 3B’S3KIB /i1 HEHUPOHIB 3 Baramu, HaAOMMKECHUMHU IO MEXK
dbyukiii akrtuBanii. Po3poOieHo Ta mnpoTecToBaHO KiJdbKa METOMIB ajanTaliii,
BKJIFOYAIOYM METOJM TIOCTYIOBOTO YCIYEHHS Bar 1 JOJIaBaHHS HOBUX 3B'S3KIB IS

IIBHUIICHHS CTIMKOCTI MOJCII 10 BapiaTUBHOCTI BX1IHUX JTaHHX.

Po3pobaeno nporpamui 3acobu ajis 3a0e3neueHHs JOCTyny 0 (DYHKI[IOHATY
Kkjacu@ikamli TPUBUMIPHUX 300pa)k€Hb, KU J103BOJIIE€ 1HTEIPYBATH MOMIJIMBOCTI
kiacu@ikaiii B pi3HI aBTOMAaTHU30BaHI Mpoiiecu. PeanizoBaHe pIMICHHS MiITPUMYE
MacIITaboOBaHICTh OOpOOKM BEIMKUX OOCATIB JaHUX, BKJIOYAKOYM  (PyHKIIIT

nonepeaHboi 00poOKH, aHaII3y PE3yNbTaTIB 1 MOHITOPUHTY MPOAYKTHUBHOCTI.

3M1CHEHO JIeTajbHE TECTYBAaHHS IMPOIYKTUBHOCTI pO3pOOJEHUX MPOrpaMHUX
3aco0iB Ha OCHOBI JBOX TPUBUMIPHUX HAOOpiB AaHUX. Pe3ynapTaTh eKCrepuMEHTIB
NIATBEPAWIA BHUCOKY TOYHICTh 1 HPOAYKTHUBHICTH PO3POOJIEHOTO MiAXOAY, UIO
3a0e3mnedye MOro KOHKYPEHTOCIPOMOKHICTh y BHUPIIICHHI 33/Ja4 aBTOMATH30BaHOT

Kiacudikaili CKIIaJHUX TPUBUMIPHUX CTPYKTYP.

Takum 4YWHOM, CTBOpEeHMH MeToja Kiacudikaiii Ta mporpamMHi 3acodu €
e(pEeKTUBHUM pIIICHHAM IS Kiacudikaiii TPUBUMIPHUX 300pa’ke€Hb, MOETHYIOUU
HOBITHI apXITEKTypH HEHPOHHHX MEPEXK 1 arOPUTMH ONTHMI3aIii /ISl JOCSITHEHHS
BUCOKHMX TIOKa3HHMKIB TOYHOCTI Ta MPOAYKTUBHOCTI. 3alpONOHOBAHUWA MIAX1A
JEMOHCTPY€E BUCOKY THYYKICTh 1 aJIaliTUBHICTh, 110 JO3BOJISIE MOTO 3aCTOCYBaHHS B
MIMPOKOMY CHEKTpl MPUKIAIHUX 3a7ad, BKJIOYAIOYHM MEIUYHY [1arHOCTHKY,

MIPOMUCIIOBY aBTOMATH3AIlIIO0 Ta aHAI13 HAYKOBUX JTaHUX.
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ABSTRACT

Palladiiev O.0. Methods and software for solving the classification problem
based on three-dimensional neural networks. — Qualification Research Paper

(Manuscript).

Dissertation for the degree of Doctor of Philosophy in the specialty 121 —
Software Engineering, in the field of knowledge 12 — Information Technologies. —
National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute,"
Kyiv, 2025.

This dissertation is dedicated to the development and investigation of specialized
software tools for effective classification of three-dimensional images with the
possibility of integration into various automated processes. The main objective of the
study is to improve methods for processing and analyzing three-dimensional data by
applying advanced approaches to neural network architecture design and developing

adaptive optimization algorithms.
The following results were achieved during the research:

For the first time, the use of an opponent color system as a preprocessing stage
for image data was proposed. The suggested technique enhances the informativeness
of features and improves their interpretation by neural networks, significantly
increasing classification efficiency. Additionally, the behavior of the opponent system
under different levels of input data noise was studied, enabling the development of

strategies to adapt it to specific image datasets.

A new concept for organizing layers in neural networks with localized
connection schemes between neurons was developed. The proposed architecture
combines expansion and contraction layers, facilitating effective feature extraction and
data dimensionality reduction with minimal information loss. Special attention was
paid to optimizing the parameters of these layers to ensure flexibility and adaptability
to different data types, as well as determining the optimal number of neurons and

activation functions to improve network training.
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Adaptive methods for optimizing neural network architecture were implemented
for the first time, based on dynamic restructuring of local connections during the
training process. This approach improves classification efficiency and accuracy by
adapting the network structure to the characteristics of input data. Several adaptation
algorithms were developed and tested, including methods for gradual weight pruning

and adding new connections to enhance model robustness against data variability.

Algorithms for selecting neurons with low activity (weak connections) were
proposed to reduce the computational complexity of the network and minimize the risk
of overfitting. This allows for maintaining high accuracy results with optimal resource
utilization. Criteria for neuron selection were developed, based on feature importance

analysis and their contribution to the final decision.

A tool was developed to provide access to the functionality of three-dimensional
image classification, enabling the integration of classification capabilities into various
automated processes. The implemented solution supports scalability for processing
large datasets, including preprocessing functions, result analysis, and performance

monitoring.

Comprehensive performance testing of the developed software was conducted
using a spectrum of three-dimensional datasets. Experimental results confirmed the
high accuracy and performance of the proposed approach, ensuring its competitiveness

in solving automated classification tasks for complex three-dimensional structures.

Thus, the created classification method and software tools represent an effective
solution for classifying three-dimensional images, combining advanced neural network
architectures and optimization algorithms to achieve high accuracy and performance.
The proposed approach demonstrates high flexibility and adaptability, allowing its
application in a wide range of practical tasks, including medical diagnostics, industrial

automation, and scientific data analysis.
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The dissertation consists of an introduction, four chapters, conclusions, a list of
sources used and appendices. The total volume of the work is 212 pages, of which 168

pages are the main text. The work contains 50 figures, 3 tables and 80 literary sources.

Keywords: software engineering, data analysis, automation, neural network
modeling automation, automated processing, deep learning, classification, machine
learning, meta-learning, machine learning methods, fuzzy logic, performance
evaluation, preprocessing, object recognition, fuzzy logic systems, neural networks,

intellectualization, model, microservices.
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ITEPEJIIK YMOBHUX ITOSHAYEHb
3DCNN (CNN) — TpuBumipHa 3ropTKOBa HEHPOHHA MEpEXka.
3DSNN (SNN) — TpuBumMipHa po3pikeHa HEHPOHHA Mepexka.
3DSNNO (SNNO) — TpuBumipHa po3pipkeHa HeHpOHHA MepexKa 3 ONTUMI3AIIIETO.
ReLU (Rectified Linear Unit) — @yHKIIisl aKTUBAILII1 3 BUIPSIMIICHHSM.

LiDAR (Light Detection and Ranging) — JlazepHe 30HayBaHHs 1 mooynoBu 3D-

JTaHUX.

PCA (Principal Component Analysis) — MeToa TOJJOBHUX KOMITOHEHT JIJISI 3HMKCHHS

PO3MIPHOCTI TaHUX.

LSTM (Long Short-Term Memory) — JloBra KopoTkodacHa maMm’siTb, PI3HOBU]L
PEKYPEHTHOI HEHPOHHOI MEpExKi.
GRU (Gated Recurrent Unit) — PekypenTHuii 010K 3 KepoBaHUMHU (3aTBOPHHUMH )

CJIICMCHTaMHM.

Adam (Adaptive Moment Estimation) — ApjanTUBHUNW METOJ ONTHUMI3AL]

I'PaJlEHTHOTO CIIYCKY.
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BCTVII

AKTYaJBbHICTh TEMH

CyudacHi iHpOpMaIiiiHI TeXHOJOT1] Ta METOAU MAIIMHHOTO HABYAHHS 3HAYHO
PO3LIMPUIIA MOKIJIMBOCTI aBTOMAaTHU30BaHOi OOpOOKM Ta aHajizy AaHUX, 30KpeMa B
obnacti knacudikailii TpUBUMIPHUX 300paxeHb. OJHUM 13 HAWMEPCTICKTUBHIIIUX
MJXO0/IB € BUKOPUCTAHHS TPUBUMIPHUX HEHPOHHUX MEPEXK, K1 3/1aTHI BpaXOBYyBaTU
IPOCTOPOBY CTPYKTYpY OO'€KTIB, IO € BaXJIUBUM JJI IMIJIBUILIEHHS TOYHOCTI

kiacudikaii [1].

He3Baxaroun Ha 3HaUHUI Nporpec y Lii ramtysi, ICHyr04l MIX01 MalOTh MIE€BHI
oOMexxeHHs. KnacuyHi MeToAau 4acTo He 3a0e3MedyloTh JOCTaTHbOI THYYKOCTI Ta
e(eKTUBHOCTI ITPU pOOOTI 3 BEIMKUMHU 00CATraMu TaHUX a00 CKIaJHUMH CTPYKTypaMu
[2]. 3 iHmoro OOKy, €BPUCTHYHI METOJM, TaKi SK INTYy4HI HEUPOHHI MEpexi,
NOTPEOYIOTh 3HAYHUX OOYMCIIIOBAIIBHUX PECYPCIB 1 CKJIAIHOI MapameTpu3allii, 1o

YCKJIAJTHIOE 1X IIAPOKE NMPAKTUYHE 3aCTOCYBaHHA [3].

AHaJli3 ICHYIOYHUX PIIIEHb BUSIBJISE HEOOX1THICTh PO3POOKH HOBUX MiAXOI1B, SIK
MOEHYIOTh TIEpPEeBarv KIACHMYHUX 1 CYyYaCHUX METOMAIB. 30KpeMa, aKTyalbHOIO €
po3poOKa adrOpUTMIB 1 MPOrpamMHUX 3aco0iB sl ePeKTHUBHOI Kiacudikarii
300pakeHb, M0 0a3yIThCS Ha TPUBUMIPHUX HEHpOHHHX Mepexkax [4]. Taki miaxoau
MalTh TOTEHIa]l 3HAYHO TOKPAIUTH pe3yJbTaTh KiIacudikaiii 3aBAsSKU
BUKOPUCTAaHHIO OPHUTIHAJIBHUX METOMIB BUIUICHHS XapaKTEPUCTHUK 1 ONTHUMI3alli

apXITEKTYpU HEMPOHHUX Mepex [S].

3 HayKOBOi TOYKH 30Dy, JOCIIKEHHS CIPHUATUME PO3IMUPEHHIO TEOPETUIHUX
OCHOB MOOY/I0BH TPUBUMIPHUX HEUPOHHUX MEPEK Ta PO3BUTKY METOIIB ITMOMHHOIO
HABYaHHS IS aHAJI3y CKIIQJHUX 0araTOBUMIPHUX CTPYKTYp [6]. Po3pobneni miaxoau
JI03BOJIATH (popMasTi3yBaTh HOBI MOJIeNIl 0OPOOKH JaHUX, 1110 3a0e3MeYUTh MO IalIbIlIe

NOTJMOJIEHHS. HAYKOBUX 3HaHb Y raigy3l KOMI'FOTEPHOr0 30py Ta IITYYHOI'O 1HTENIEKTY.

3 IpUKJIIAIHOT TOYKH 30PY, PE3YyJIbTATH AOCIII)KEHHS MOXKYTh OyTH BUKOPUCTAaH1

B Takux cdepax, sk wmeaumuna pgiarHoctuka (aHamiz MPT ta KT-3HiMKIB),
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aBTOMAaTU30BaHUW KOHTPOJIb SIKOCTI MPOJYKLIi, pO3Mi3HABaHHA OO0'€KTIB Y
TPUBUMIPHOMY TPOCTOp1 Il pOOOTOTEXHIKM Ta cucTeM Oe3meku. TakuM 4YHhHOM,
3aMpoNOHOBAaHI AJITOPUTMHU Ta IMPOrpaMHI 3acO0M MATUMYyTh HIMPOKE IMPaKTUYHE

3aCTOCYBAHH:.

TakuM YHUHOM, HOCTIKEHHS, CIOPSIMOBAaHE Ha TIJIBUINCHHS €(PEKTUBHOCTI
kiacu@ikaiili 300pakeHb 3a JIOMOMOTOI0 TPUBUMIPHUX HEHPOHHUX MEpex Ta
CTBOPEHHS CIEIiai30BaHUX MPOTrpaMHUX 3acO0iB, € HAJA3BHUYANHO BaXJIUBUM SIK 3

HAYKOBO1, TaK 13 NPUKJIAJAHOI TOUKH 30Dy [7].

3B’A30K po0OTH 3 HAYKOBUMH NMPOrpaMaMu, IJIaHAMH, TEMaMHU

3B’5130K poOOTH 3 HAYKOBUMH ITporpamMamu, IjaHaMu, TeMaMu. JlocikeHHs 3a
TEMOIO JucepTaliiiHoi pobdoTu mnpoBoauioch y HalioHanbHOMY TEXHIYHOMY
yHiBepcuTeTi Ykpaiam «KuiBChKkHMil TMOMTEXHIYHUNA I1HCTUTYT 1MeHl Irops
CikopchbKOr0o» B paMKaxX BUKOHAHHS JEPKOIOKETHUX HAYKOBO-IOCTIAHUX POOIT
«CTBOpeHHsT  TiOpuAHOI  OOYMCIIOBAIBbHOI ~ TEXHOJOTIT  MOOYJAOBM  KBasi-
dbopmarnizoBaHoi MoOjENl MPOTHO3YBaHHS B yMOBaxX HEOJHOPIAHOCTI JaHUX Ta
HEHOPMAaTHUBHUX BIJXWJIEHb B CHCTEMaxX OpraHi3alliiHOro YIpaBlIiHHI» (HOMED

nepkaBHoi peectpariii 01170U002448).

Meta pocaigkeHHst
Meroro maHoi aucepraiiii € MIABUIICHHS MPOJAYKTHBHOCTI Ta €(EKTHBHOCTI
IporpaMHUX 3aco0iB s Kiacu@ikamii TPUBUMIPHUX 300pakeHb Ha OCHOBI

TPUBUMIPHUX HEHPOHHUX MEPEIK.
3aBaaHHA TOCTIKEeHHA
Jlist mocsirHEHHST BKa3aHo1 MeTu OyJio chopMOBaHO HACTYITHI 3aBIAHHS:

1. mpoBecTH aHaji3 Cyd4acHHMX METOJIB 1 MAXOIB /10 Kiacudikailii TpPUBUMIPHHUX
JAaHUX Ha OCHOBI HEHPOHHHUX MEPEK;
2. peanizyBaTd METOJIY MOTIEPEAHHOI 0OPOOKH TPUBUMIPHUX JAHUX 3 YPaXyBaHHIM

cneru@iku IXHbOI MPOCTOPOBOI CTPYKTYPH;
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3. CIpOEKTyBaTH Ta peali3yBaTH apXITEeKTypy kiacudikaropa ansi e(OeKTUBHOI
Kiacudikaiii TPUBUMIPHUX TaHUX 3 MOKIIMBICTIO BUKOPUCTAHHS METO/1iB METa-
HaBYaHHS JUIsl M1IBUILEHHS TOYHOCTI IIPOTHO3YBaHHS;

4. po3poOUTH METOAM 3MIHM KIUIBKOCTI 3B'S3KIB Y TPHUBUMIPDHUX HEUPOHHHUX
Mepekax Uil 3a0e3leyeHHs BHCOKOi NPOAYKTHBHOCTI Ta Yy3arajbHIOHOUOi
3JaTHOCTI;

5. peami3dyBatu mporpamHi 3acobu 3 miarpumkoro WebAPI nmns 3abe3nedeHHs
1HTerpaiii 3 iHmuM# 1HGOPMAIITHUMU CUCTEMaMH Ta XMapHUMH TUTaT(opMaMu;

6. po3poOuTH METOJ TecTyBaHHs Ta Bepu(ikailii kiacudikaropa 3 METOI OIIHKHU
HOro TOYHOCTI, MPOAYKTUBHOCTI Ta MacIITa0DOBaHOCTI;

7. IPOBECTU €KCHEPUMEHTHU AJIsl OLIIHKU TOYHOCTI Ta MPOJyKTUBHOCTI CTBOPEHUX

IPOTpaMHMX 3aCO01B.
Pe3ynbraToM BUKOHAHHS 3aBJaHb CTaHE:

1. maBHILIEHHS TOYHOCTI Kiacu@ikamii 3a paxyHOK OPHUTIHAIBHOI TOIOJOTI]
KiacugikaTopa;

2. TJBUILECHHS MBUIKOIT 32 paXyHOK 3MEHIIICHHS KUIBKOCTI TapaMeTpiB MOJIei
JUTSL KTacu(iKarii;

3. mporpamHi 3aco0u i aBToMaTu3arlii kiaacu@ikaiii TPUBUMIPHUX TaHUX.

O0’exT mocaigkeHHss — mpoiec kinacudikaiii 300pakeHb Ha 0a3l HEMPOHHUX

MEpEX.

IIpeamer pociigzkeHHS — METOAM Ta MOJENI BUJIUICHHS KJIIOYOBUX O3HAaK 3

TPUBUMIPHUX 300paXKEHb.

MeToau A0C/IiIKeHHsI — METOJIM ONTHUMI3allil, TEOPiss HEUPOHHUX MEpeX, aHali3
TPUBHMIPHUX JaHWX, AITOPUTMH MAIIMHHOTO HABYAHHS, METOIU YHCEITHHOTO
MOJICTIIOBAaHHSI Ta OOpOOKM BENMKWX MacuBIB naHux. J[ms mporpamHoi peamizaiii
BUKOPUCTAHO OO0 ’€KTHO-OpPIEHTOBAaHE Ta IPOIEIypPHE INPOrpaMyBaHHS, a TaKOX

TEXHOJIOT1i BUCOKOMPOAYKTUBHUX 1 MapajelbHUX 00UHCIEHb.
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HaykoBa HOBH3HA OTPMMAHUX Pe3yJIbTATIB:

1. Bmepie po3po0JieHO TOMOJIOTIH0 HEUPOHHUX 3B’ S3KIB sIKA peani3ye JOKaJIbHO-
OOMEXEeHl CTPYKTypH 3B’SI3KIB 3 MNPOTWICKHUMH HEHpPOHaMH Ta iX
Oe3rnocepeIHIME  CyCilaMd B TPHUBHUMIDHOMY TIPOCTOpl, IO IIiJIBUIIYE
NPOAYKTUBHICTh MPOrpaMHUX 3acO0IB IIJISAXOM 3MEHIICHHS KUIBKOCTI
O00YMCIICHDb 32 PAaXYHOK MEHIIIOI KITBKOCTI 3’ €JTHAHB Y IIapax HEHPOHHUX MEPEK;

2. BHepuie po3po0JieHO MeTO/ BU3HAUYCHHS CTPYKTYpHU 3B S3KIB MIXK IIapamMu
HEWPOHHOT MEPEeXKi, 110 3a0e3neuye 30epeKeHHS JOKATbHUX 3aJIEKHOCTEH MIXK
CYCIIHIMH €Je€MEHTaMU y TPUBUMIPHOMY TPOCTOPI Ta JO3BOJIIE €PEKTUBHO
00pOoOSATH OJHOMIPHI BEKTOPU WIAPIB, MIATPUMYIOUYM TOYHICTh 1 THYYKICTb
MOJIEJIl 32 PaXyHOK ONTUMI30BaHOI apXiTEKTypH MPOTPaMHUX 3aC001B;

3. BHepiue po3podeHO0 MeTOAM 3MIHU KITBKOCTI HEMPOHHUX 3B’S3KIB, IO
NIJBULIYIOTh HIBUAKOIIIO IMPOTPaMHUX 3ac001B KiIacu]ikalii, 32 paxyHOK
BHUJIAJICHHS CJIA0KWUX 3B’SI3KiB Ta IMMABUIIYIOTH TOYHICTH Kiacudikamii 3a
paxyHOK TeHepallii HOBUX 3B’SI3KIB JIJI1 HEUPOHIB 3 BaraMu, HaOJIM>KEHUMHU [0
MeX (PYHKLII aKTUBaLli;

4. 3anmpoNMOHOBAHO METOJ TOINepPeHbOI KoJIopu(diKaliitHOT 00pOOKH TaHUX IS
HEHPOHHUX MEpEeX, 3aCHOBAaHMUM Ha OINOHEHTHIA Teopli KOJbOPIB, SKUN
J03BOJIIE TICPETBOPIOBATH KOJIBOPH B OIOHEHTHI KOJIBOPH, IO 301IbIIYE
KOpEJAIiI0 MDK KOJbOpaMHu, IIJBUINYHOYM €()EKTUBHICTh HaBYaHHS Ta

3MEHIIIYIOUM BTPATH HEHPOHHOI MEPEXi.
IIpakTHYHEe 3HAYCHHA OTPMMAHMX Pe3yJIbTATIB

Po3pobreno cnemianizoBani nporpamHi 3acodu 13 miarpumkoro RESTful API nns
aBTOMATH30BaHOI Kiacu@ikallii TPUBUMIPHUX JaHUX, 110 3a0e3reuye 1HTEerpaiito 3
CyYaCHUMHM 1HPOPMALIIITHUMU CUCTEMAMU Ta XMapHUMU Tuiatpopmamu. [Iporpamuuii
KOMIUJIEKC pealli3ye MeXaHI3MH OO0pOOKH MPOCTOPOBUX CTPYKTYp Ha OCHOBI
MOTEePeIHHO HAJIAIITOBAHUX HEUPOHHUX MEPEX, TOCTYII A0 SAKUX 3/IIHCHIOETHCS Yepes
iHTEepQeic npukiaagHoro nporpamyBaHHs (API) 3 BHUKOpHUCTaHHAM YHIKaJIbHUX

171eHTU(IKATOPIB MEPEK.
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3anponoHOBaH1 AJITOPUTMH BKJIIOYAIOTh JIalITUBHY PEKOH(DITypalit0o HEHPOHHUX
3’€JIHaHb, 1110 PEaI3y€eThCA YEPE3 MEXAHI3MHU JUHAMIYHOIO YCYHEHHS MaJI03HAYY X
3B’SI3KIB 13 Baroro, HaOJIMKEHOO JJO IOPOTrOBUX 3HAYEHb, BU3HAUEHUX aKTUBALIIMHUMHU
¢dbynkuisimu. Kpim toro, nepeadayeHo anropuTMIvHE JOMOBHEHHS CTPYKTYpU HOBUMU
3’€IHAHHAMHU JUIi HEHPOHIB 13 BHCOKMM pIBHEM AaKTHUBHOCTI, IO IMABUIIYE TXHIO

byHKIIOHATBHY POJIb Y TpoIecax 0OpOOKH JaHUX.

[Iporpamni 3acoOu Opi€eHTOBaHI Ha BUKOPHUCTAHHS B 3ajayax Kiacudikarii
TPUBUMIPHUX JAHUX TAaKUX SK BOKCEIl Ta CITKH, 1 MOXe OyTH IHTETpOBaHUHN Yy
MaciTaboBaHI CUCTEMHU aHai3y BEJIMKHUX AaHUX. APXITEKTypa pillieHHs nependadae
THYYKE HaJlallITyBaHHS MapaMeTpiB MOJENEH Ta iX ajanTalliro 10 cneuudiku BX1THUX
JaHUX, M0 J03BOJIsIE €(PEeKTUBHO OOpoOJATH HOBI BHOIpKM 0€3 HEOOXITHOCTI

NePEenpOeKTYBAHHS MEPEKI.

Po3pobneni 3acoOu Mae TMOTEHIian [JIsi 3acTOCYBaHHS B PI3HUX Tally3sX,
BKJIFOYA0YH MEJUYHY J11arHOCTHKY, CHCTEMU TPUBUMIPHOTO CKaHyBaHHS, aBTOHOMHI
poboTu3oBaHi MmiIaThOpMHU Ta CHCTEMH MOHITOPHHTY HAaBKOJIMIIIHBOTO CEPEIOBHUIIA.
[HTerpanis 3 xMapHUMHU IUIaTGopMaMu 3a0e3Medye MacluTabOBaHICTh 1 MOOUTBHICTD
3aCTOCYBaHHS, PO3MIMPIOIOYHA MOKIIUBOCTI JJIsI aHATITHYHOT 0OpOOKH TPHUBUMIPHUX

JAHUX.
Oco0ucTnii BHECOK 3100yBaya

VYci pe3ynbTaTd, IO BUHOCATHCS aBTOPOM O 3aXMCTy, OTPUMaHi OCOOMCTO B
IpoIeci HAayKOBO-JOCTIAHUIIBKOI poOOTH. Y HAyKOBUX IMparsixX, OmyOJiKOBaHUX Y

CIIBaBTOPCTBI, aBTOPY HAJICKATh:

— B po0oTi [8] 0OrpyHTYBaHHS BIUTUBY 3MEHIIEHHS PO3MIPIB HEUPOHHUX MEPEK
Ha iX 3/1aTHICTH JI0 y3araJlbHEHHs, a TaKOK (GOPMYIIOBAHHS KPUTEPIiB BHOOPY
ONTUMAJILHUX TapaMeTpiB apXiTEKTypH i 3a0e3MeueHHs OallaHCy MiX

HpOILYKTI/IBHiCTIO Ta y3araJJbHIOIrOUYMMH BJIACTHUBOCTAMU,
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— B poOoTti [9] po3pobka mporecy momnepeaHboi OOpOOKM BXIJTHMX JaHUX Ha
OCHOB1 OITOHEHTHOi KOJIbOPOBOi MOJENI, IO IMITy€ OI0JOTIYHI HPUHLIMIIH
CHPUUHATTS KOJBOPY 1 MiABHUIINYE eheKTUBHICTh Kiacudikallli 300pakeHb;

— B po6oti [10] cTBOpEeHHS apXiTEKTypU TPUBUMIPHUX HEUPOHHUX MEPEXK s
3a/a4 KJIacTepu3arlii, BKIOYAIOYN MPOEKTYBAHHS Ta peajlizaiiio Mepe:KeBOi
CTPYKTYPH, 110 ONTHMI3Y€ TMPOCTOPOBI 3aJEKHOCTI MK 00’ €KTaMH, 1 OIIHKA Ti

e(eKTUBHOCTI 3a JOTIOMOTo10 iHAeKCcy JlaHHa.

OTpuMaHi pe3yibTaTH CHPUSIOTH MOJATIBIIIOMY PO3BUTKY METOJIIB aHAI3y JaHUX
Ta ONTHUMI3allii HEWPOHHHX MEpeX Yy 3adadax Kiacudikarii, KiacTepusallii Ta

po3ITi3HaBaHHA 00pas3iB.
Iy0aikamii

3a pe3ynbTaTaMu JUCEPTAIINHUX JOCIIPKeHb OIMyOJikoBaHO 3 CTarTi y

(haxoBUX HayKOBUX KypHaiax kareropii b.
Ctpykrypa i 00csr podoTu

HuceprariitHa po6oTa CKIaIa€Thes 31 BCTYITY, YOTHPHOX PO3/iTiB, BACHOBKIB,
CIUCKY BUKOPUCTAHUX JIKEPEI Ta JOJIaTKIB. 3arajJbHuil 00car poOOTH CTAaHOBUTH 212
CTOPIHOK, 3 SIKUX 168 CTOPIHOK OCHOBHOTO TeKCTy. Pobota micTtuth 50 pucyHkiB, 3

Tabauii ta 80 JiTepaTypHUX JHKepel.
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1 AHAJI3 ITPEAMETHOI OBJIACTI

Knacudikaiiiss TpUBUMIpHUX JaHUX CTAaHOBUTH (yHIaMEHTAJIbHE 3aBJaHHS B
raimy3i o0poOku iH(Dopmarllii, MO 3HAXOAWTh IIUPOKE 3aCTOCYBAaHHS B TaKUX
HampsIMKax, $K MEIUYHa JIarHOCTHUKA, TPOMUCIOBHN KOHTPOJb, T€OJIE3UYHI
BUMIPIOBAaHHSI Ta MOJIEIIOBaHHS BIpTyalnbHUX cepenoBunl [11]. 31 30uibLIEHHAM
00cAriB Ta CKJIAQHOCTI JAHMX 3pOCTae MmoTpeda B po3poOIl BUCOKOMPOILYKTHUBHHUX
MPOTPaMHKX PIllIeHb, 3AaTHUX ePEKTUBHO 0OPOOISATH, aHATI3YBAaTH Ta Kiacu(ikyBaTH

TpUBHUMIpHI 00'exTH [12].

AKTyanpHI IporpaMHi 3aco0u JJig poOOTH 3 TPUBUMIPHUMHU TaHUMH OXOIUTIOIOTH
KOMIUJIEKCHI TIaTdopMu, CHeriani3oBaHi O010J10TEKH Ta IHTETpOBaHI MPOTpPaMHi
NakeTH, 110 3a0e3MeuyoTh PO3LUIMPEHI MOXIMBOCTI JIJIsl aHali3y Ta Bizyamizaiii 3D-

00'exTiB [13].

VY 1poMy po3aiii MpeACTaBICHO aHalI3 MPEAMETHOI 00J1acTi, 0 BKIIIOYAE OTJISA]T
porpaMHHUX pileHb 1 010mioTek s kiaacudikamii TpuBUMipHUX JaHux [37].
[IpoBeneHo OILIIHKY IXHIX IepeBar 1 HEAOJIKIB, a TaK0X PO3MJISTHYTO KIIFOYOBI
npoOiemMu, 1o OOMEXYIOTh €(PEeKTHUBHICTh ICHYIOUux miaxomiB. Oxkpemy yBary
IPUALIEHO NePCIEKTUBAM BIOCKOHAJICHHS MPOrPaMHUX 3aC001B IMUIAXOM ONTHUMI3aIli

JITOPUTMIB 1 3aCTOCYBAaHHS Cy4aCHUX MiAXO/IIB 10 MAIIMHHOTO HABYAHHS.

Po3nin posmoumHaeThCs 3 aHaNizy NPOrpaMHHUX pilmieHb 1 Oi0mioTex s
kiacudikaiii TpUBUMIpHUX AaHuX (migpo3ain 1.1), me AeTanbHO PO3MIISAAIOTHCS
OCHOBHI 1HCTPYMEHTHU Ta TE€XHOJIOT1], III0 BUKOPUCTOBYIOTHCS B CY4aCHUX CHCTEMax
00poOKHM TpuBUMIpHOT 1H(OpMAaIIii.

1.1 AHaxi3 nporpaMHux pilieHb
Jlanuit po3 /i1 MpUCBSYSHHH OTJISITY ICHYIOUHX MTPOrpaMHuX 3aco0iB 1 010110TeK,
10 BUKOPUCTOBYIOTbCS ISl Kiacugikauii TpuBUMIpHUX AaHuX. OcoOiuBY yBary

MPUIUICHO iXHIM TepeBaraM i OOMEXEHHSM, IO J03BOJISAE€ OI[IHUTH IMOTOYHUNA CTaH

TEXHOJIOTIH 1 BUSBUTH HAIIPSMKH JJISI IOJATBIINX JOCIIKEHD Ta BJOCKOHAJICHb.
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1.1.1 Amnaui3 nporpaMHux 3aco0iB s Kiaacu@ikanii TPUBUMIPHHUX JaHUX
[Tporpamui 3acobu i kiacu@ikalii TPUBUMIPHUX JAHUX € BaKIMBUM
IHCTpyMEHTOM Yy cdepl IPOCTOPOBOIO aHaizy Ta OOpPOOKM BEJIMKUX OOCATIB
inpopmarii. Horo ocHOBHe Mpu3HAYEHHS MOJIArae y BUPILICHH] 33124 CTPYKTYpH3aLLii,
CerMEHTallli Ta TpyINyBaHHS TOYKOBUX XMap, IO 3abe3nedye MOAalbLIy
imentudikamito 06’ekTiB. Taki mporpamHi 3aco0u, HE3BaKalOUM Ha CBOIO
(GYHKI[IOHATIBHICT, 3A€OUTBIIOT0 MAalOTh BY3bKYy CHeIiali3alilo Ta OOMeXeH1
MOXKJIMBOCTI 1HTerparii B Macmra0oBaHi iHQopMaliiiHi cuctemMu. Yacto ix
kiacudikaiiiai GyHKIT peaaizoBaHi 3a JOTIOMOT0I0 OKpPEeMUX MOAYJIIB 200 IJIAriHiB,
o0 YCKJIQJHIOE aBTOMAaTU3alilo TmpoiieciB. Po3risitHeMo jeTajnbHIllE OCHOBHI

POrpaMHi PillleHHs, [0 BUKOPUCTOBYIOTHCA B ITii1 001aCTi.

CloudCompare

CloudCompare (muB. puc. E.1) € ogHuM 13 NPOBIAHUX 1HCTPYMEHTIB ISt
00poOKH Ta aHaJI3y TPUBUMIPHUX TOYKOBUX XMap. L mporpama miaTpumMye mupoKHii
cuektp ¢opmatie (LAS, PLY, OBJ) 1 Hamae moxxiauBocTi I Bisyamisamii Ta
cerMeHTamii manux [14]. Ii mmaring  103BONISIOTH IIPOBOJAUTH ABTOMATUYHY
kjnacu(ikamilo  00'€eKTIB 32  TIE€OMETpUYHUMHU  Xapakrepuctukamu. [lpore,
CloudCompare Oinbliie Oopi€eHTOBaHHMM Ha OOpOOKYy OKpeMux HaOOpiB JaHUX 1 HE
3a0e3rneuye THCTPYMEHTIB JJIs 1HTErpallii B KOMIUIEKCHI CUCTeMHU aHai3y. Jlo1aTkoBo
BapTo 3a3HauuTH, Mo CloudCompare 103BoJIsiE BUKOHYBaTH OaraTOpiBHEBUN aHai3
KJ1acu(IKOBAHUX JAHMX, ajle OOMEXEHHS 110JI0 aBTOMAaTH3allli CTBOPIOIOThH TPYIHOIII

JUTSl 3ACTOCYBAHHS B pEANIbHUX CIIEHApIsX 3 BEIMKUMU HabopaMu JaHux [15].

3DReshaper

3DReshaper € rHydkuM pimeHHSIM i1 OOpOOKM TPUBHMIPHUX MOJENEH 1
TOYKOBHX XMap. Moro iHCTpyMeHTapiii BKIIOYA€ aNrOPUTMH KiIacubikamii Ta
CerMEeHTallli, [0 JO03BOJIAE€ AaHaNi3yBaTW JaHI B I1H)KCHEPHUX Ta TMPOMHCIOBHUX
3actocyBaHHax [16]. IIporpama minrpumye nomymsipai ¢opmatu STL, OBJ, PLY 1

3a0e3neuye BUCOKY TOYHICTH OOpoOkM. BoHa TakoX Mae po3mUpeHi QyHKII



21

3r1a)KyBaHHS MTOBEPXOHb Ta KOPEKIIIl IIyMiB, 110 pOOUTH il 3pyUHOIO JIsl poOOTH 3
JAHAMM, OTPHUMaHMMH 3 JIA3€pHOr0 CKaHyBaHHsA. OpHak il BUKOPHUCTAHHSA
OOMEXY€TbCS AaBTOHOMHUMH CIIEHApIIMH, OCKUIBKM BOHAa HE MAa€ PO3BUHEHHUX
MeXaHI3MIB 1HTerpallii B MaciTaboBaHi miatGopMu, 10 YCKIAAHIOE aBTOMATU3AIlII0

npoiieciB anam3zy [17].
TerraScan

TerraScan crienianizyeTbcs Ha aHami3i nanux ja3epHoro ckanyBanHsa (LiDAR).
Bona 3abe3rneuye aBTOMaTHM30BaHy Kiacu(ikallild TOYOK Ha OCHOBI BHCOTH,
IHTEHCUBHOCTI Ta 1HIIMX napametpis [ 18]. TerraScan niarpumye ctangapTHi popmaT
LAS 1 LAZ, mo pobuts ii cymicHoro 3 OuibiiicTio cuctem 30opy LiDAR-manux.
[Iporpama BKIIOYAa€E iIHCTPYMEHTH JJII KOPUTYBAHHS ITOMIJIOK B JIAHUX Ta CTBOPCHHS
TPUBHMIPHUX MOJCIEH MICIIEBOCTI, IO € BaXKIUBUM [JI TCOJC3UYHUX 1
kaprorpadiunux 3aaad. lIpore i HamamTyBaHHS Ta BUKOPHCTAHHS TMOTPEOYIOTH
3HAYHOTO PIBHSA €KCHEepTHU3M, a 11 (YHKUIOHA]T CHPSAMOBAHMI Ha AaBTOHOMHE
BUKOPHUCTAHHS, III0 00MEXYe€ 1HTerpailiro B 0u1bIm iHGopMaiiiai cuctemu [19]. Kpim
TOro, 1ii aIrOPUTMHU ONTHMMI30BaH1 [Jii TIEBHUX THUIIB JaHUX 1 BHUMAararmTh

NONEePEIHbOT0 KaliOpyBaHHs apaMeTpiB.
PointCab

PointCab (muB. puc. E.2) Hagae motyxHi 3acobu s 00poOku 3D-ckaHiB i
knacudikaiii Todok. OcHOBHa cdepa 3acTOCYBaHHS BKJIIOYAE apXITEKTypHE
npoektyBaHHs Ta OyaiBHUITBO [20]. [Iporpama mintpumye popmaru ES7, PTS, PTX
1 JI03BOJISIE BUKOHYBATH TMOMEPEIHIO OOpOOKY MaHWUX TMepei IMIOPTOM B 1HIII
iHCTpyMeHTH. He3Baxaroum Ha  pO3LIMpPEHI  MOXKJIMBOCTI  Bi3yamizamii, i
Kiacudikamiiauil (QyHKIIOHAT OpPIEHTOBAHUIM HA MOYATKOBY OOpOOKy, a HE Ha
MaciTaboBaHi 3ajiadl aHamizy BelMKux o0csariB manux [21]. HomarkoBo PointCab
J03BOJISIE  €KCTIOPTYBAaTH pe3yJbTaTH B YHIBEpPCAIbHI (opMaTé Isg TOMATBIIOL
OOpOOKH 1HIIMMHU CHUCTEMaMH, MPOTe ii aBTOMAaTH3aIlisi 0OMEXYEThCS JTOKATbHUMU

CIIeHapisIMHU BUKOpUCTaHHS [64, 65].
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LiDAR360

LiDAR360 (auB. puc. E.3) € KOMIUIEKCHUM pIIICHHSIM JJIs aHaNI3y JaHHX,
oTpumanux 3a gomnomororo LiDAR. Ilporpama mniaTpumye aBTOMAaTHU30BaHy
KJacuQikaIiio TOYOK, BKIIOYAIOYN BUSBJICHHS POCIMHHOCTI, Oy/iBENIb 1 TTOBEPXOHD
[22]. [linTpumytotbesa popmatu LAS, LAZ ta TXT. LiDAR360 Takox 3abe3neuye
MOJIYJI1 JUTsl BUSBJICHHSI 3MIH B 4acl, 0 € KOPUCHUM JUISI €KOJIOTIYHOTO MOHITOPUHTY
Ta YNpaBiiHHSA 3eMelbHUMHU pecypcamu [23]. Boamnouac, LiDAR360 Bumarae
CKJIaJTHOT'O HAJIAIITYBaHHS aJITOPUTMIB 1 HE nepedayae Jerkoro MaciTadyBaHHs JJist
1HTerpaiii B aBTOMaTHU30BaHI cucTeMu oOpoOKH, 1m0 oOMexye ii 3acTOCyBaHHS B

MpoeKTax Beaukoro Macmrady [70, 71].

[TincymoByrour, HaBe[eHI MporpamHi 3aco0U  JIEMOHCTPYIOTh  BHCOKY
edeKTUBHICTH Y Kiacu(DikaIlii TPMBUMIPHUX JAHUX 3aBISKA BUKOPUCTAHHIO Cy9aCHHUX
JITOPUTMIB MAIIMHHOIO HaBYaHHsS Ta CTaTUCTUYHUX MeTOAIB. IIpoTe iXHs By3bKa
CHPSIMOBAHICTh, 3aJIEKHICTD BIJI IUIAriHIB Ta MOAYJBHUX PILIEHb, a TAKOXX 0OMEKEHA
IHTerpaIis B CKkjiIagHi iHGOpPMAIiiHI CUCTEMH CTBOPIOIOTH 3HAYHI MEPEIIKOMM IS
MaciTabyBaHHs Ta aBTromartu3ailii. Lle Bumarae po3poOku HOBUX MiJAXO/IB 1 3aCO0IB

JUTSL TIIBUILIEHHS €(DEKTUBHOCTI Kiacudikallii B yMoBax aBToMaTu3allii 004K CIICHb.

1.1.2 Amnaui3 6i0aioTex 1 kiaacudikanii TpUBUMIPHUX JaHUX

P0o3BUTOK OOYMCIIIOBAIBHMX TEXHOJIOTIH Ta aJropuTMIB OOPOOKH JaHHMX
CTBOPUB NIAIPYHTA JJs MOsBH O10J10TEK, OpPIEHTOBAHMX Ha KiIacU(IKaIito
TpuBUMipHUX ganux [47]. Lli 6i06mioTekn HAaNalOTh THCTPYMEHTH ISl TIOTEPETHBOT
oOpoOKM, aHami3y, CerMeHTalii Ta Bi3yali3alii JaHuX, MOpoTe iX e(EeKTUBHE
BUKOPUCTAaHHS BUMAara€ KOMIUIEKCHOTO MITXOMy J0 NPOTpaMyBaHHS Ta iHTErpartii
30BHINIHIX MOJYJTB. BaX TMBUM aclekToM € THYUYKICTh HalallITyBaHb IUX O10JTI0TEK,
sKa JI0O3BOJISIE CTBOPIOBATH CIICIiali30BaH1 PIIIEHHS JJIsI KOHKPETHUX 3ajad, aje
BOJHOYAC YCKJIQJHIOE IHTETpallil0 B aBTOMAaTH30BaHI CHCTEMH 3 BHCOKOIO
MPOAYKTUBHICTIO. Hmkue po3ristHyTo OCHOBHI Oi010TEKM [JIi aBTOMAaTH3aIlii
Kjacu(dikanli TPUBUMIPHUX JAHUX, IO AKTUBHO 3aCTOCOBYIOTHCS Y HAyKOBHUX 1

IMPpUKIaJHHUX I[OCJIiI[)KeHHHX.



23

Open3D

Open3D € oaHi€rO 3 TPOBIIHUX 010110TEK AJ11 pOOOTH 3 TPUBUMIPHUMU JJTAHUMHU.
BoHa mniaTpuMye MWHMPOKHIA CHEKTpP IHCTPYMEHTIB Uil peecTpauii, (QuibTparii,
knacugikarii Ta Bizyanizanii TOUKOBHX XMap, TPUBHMIPHHX CITOK i BokceniB [24]. Ti
1HTerpaIlist 3 aNTOPUTMAMH MAIIMHHOTO HAaBYaHHS 1I03BOJIsIE aBTOMATHU3YBAaTH MTPOLIECH
aHamizy nmanux. Kpim O6azoBux ¢ynkmiii, Open3D mniaTpumye 0araromnoTOKOBY
00poOKy Ta poOOTY 3 BEIMKMUMU HaOOpaMu JaHUX, [0 MiABUIILYE MPOIYKTUBHICTD IS
cknagHux 3aBraHb [25]. Ilpore BukopucrtanHs Open3D mnotpebye peamizanii
30BHIIIHIX MOJYJIB, IO POOUTH 11 3pYUYHOIO JIHUIIE JJIi PO3POOHMKIB 13 BUCOKHUM
piBHEM MporpamyBaHHs. J{0AaTKOBOIO MepeBaror0 € MiATPUMKA POOOTH 3 JTaHUMHU Y

¢dopmarax PLY, OBJ ta STL, m1o po3mmuproe cuexTp ii 3aCTOCyBaHb.
PCL

PCL € macmraboBanoro 6165110Te€KO0 J71s1 0OpOOKH Ta aHAII3y TOYKOBUX XMap.
Bona Bkirowae monmymni miis cermeHTtanii, QuibTpariii Ta kimacudikaiii, a TaKoX
MiATPUMY€ peecTpaLito 06'ekTiB i po6oTy 3 nosepxusamu [15]. Ii rnuboxka interparis 3
OpenCV posiuptoe MoxkIuBOCTI 00poOku nanux. PCL Takox miaTpuMye anroputMu
BUPIBHIOBAHHS Ta 3IJ1a/)KyBaHHs MOBEPXOHbB, 110 J03BOJISE aaNTyBaTH 11 0 3aB/IaHb
13 BHCOKMMH BHMOTaMH OO0 TOYHOCTI [26]. OmgHak &mjis aBTOMAaTH3allil CKJIAIHHX
cueHapiie PCL nmotpebye peanizailii cnemiaji3oBaHUX aJIrOPUTMIB 1 HaJallITyBaHHS
30BHINIHIX [UIAriHIB, 110 BHUMAara€ JOCBIly B aJIrOPUTMIYHOMY IPOEKTYBaHHI.
He3Baxkaroum Ha mMApPOKH (QYHKITIOHAT, OOMEKEHHS IIIOJI0 CyMICHOCTI 3 BEJIMKUMH
HabopaMu JaHUX MOXE CTBOPIOBATUM NEPEIIKOAU JUIsl 1HTerpauli B MPOMHCIOBI

CUCTEMMU.
Keras

Keras — e BucokopiBHeBa 010110TeKa /7151 CTBOPEHHS Ta HABYaHHS HEUPOHHUX
Mepex, nodyaoaHa moBepx TensorFlow. Bona 3abesnedye 3pydyHHMil 1 THYYKH
iHTepdeiic IS TPOEKTYyBaHHS MOJENeH, MIATPUMYE SK TOCHIIOBHI, TaK 1

dbynkuionansHi APl jqmst ctBopenHst ckmamHux apxitektyp [1]. Keras mmpoko
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BUKOPHUCTOBYETHCS JIJIs Kiacuikailii, perpecii, kjlactepusailii, a Takox JJIs1 00poOKu

300paxkeHb, TeKCTIB 1 3D-1aHux.

OcHoBHOIO TepeBaroro Keras € MOIyJIbHICTh 1 MPOCTOTa BUKOPUCTAHHS, IO
J03BOJISIE TIIBUIKO CSKCIICPHUMEHTYBATH 3 MOJEISAMH. biOmioTeka TaKoX IMiATPUMYE
inTerpamito 3 TensorFlow, mio 3a0e3neyye wmacmTabOBaHICTh 1 BHCOKY
MPOJXYKTUBHICTB JJIs1 pOOOTH 3 BETUKMMHU Habopamu nanuXx [27]. 3aBasku BOYI0BaHUM
IHCTpYMEHTaM JIJIs Bi3yaJsizallii, onTuMizallii Ta OliHKU pe3yJbTariB Keras miaxoauTh

AK TJIA I[OCJ'IiI[HI/ILIBKI/IX, TaK 1 AJI IPUKIIAAHNX 3aBAdaHb MAlIMHHOI'O HABYaHHS.

[Ipore nns cnenudiuyHUX 3aBlaHb, Takux sk oOpoOka LiDAR-nanux a6o 3D-
BOKCEJIIB, MOE 3HaJIOOMTHCS CTBOPCHHS CIEliali30BaHUX IapiB 1 (PYHKIIIH, 110

BUMarae noriauoieHux 3uanb TensorFlow 1 Python.

TensorFlow & PyTorch

TensorFlow i PyTorch, sik npoBiani ppeiiMBOpKH 1jIsI MAITMHHOTO HABYaHHS,
MPOIMOHYIOTh CIEIMiali30BaHl MOy Jjisi poOOTH 3 TPUBUMIPHUMHU JTaHUMH.
TensorFlow 3D 1 PyTorch3D 3a6e3neuytoTh IHCTpYMEHTH Jis T00Y10BU HEMPOHHUX
MEpexX, MPU3HAYCHHUX [ KiIacu(ikaiii, CerMeHTalli Ta BUsBIEHHS 00'ekTiB y 3D-
npoctopi [28]. BoHM mATpUMYIOTH CKJIQJHI apXITEKTypH TJIMOOKUX HEHPOHHUX
MEpPEeX 1 BKIIOYAIOTh TOTOB1 MOJIEN1 JJI BUPIIIEHHS CTaHJAPTHUX 3a/a4 aHamizy [29].
[{i 6i16:mi0TeKM BiJI3HAYAIOTHCS BUCOKOIO THYUYKICTIO Ta MAacIITa0OBAaHICTIO, MPOTE X
e(eKTUBHE BHKOPHUCTAaHHS NOTpPeOye HaNAIITyBaHHS BCIX €TamiB aHaII3y uepes
IpPOrpaMHUN KOJ, BKJIIOYAKOYU NEperoOpoOKy, HABYAHHS Ta BaJllJalll0 MOJEJEH.
JlomatkoBo iX iHTErpamis B MPOMHKCIIOBI CEpPEIOBHUINA MOXE BHMAaraTd ajarTarii

1HPPaCTpyKTYypH 17151 POOOTH 3 BETMKUMH 00CSITaMH JTaHUX.
VTK

VTK € xoMI1eKCHUM 1HCTPYMEHTOM JUIsl Bi3yalti3alii Ta 00poOKH TPUBUMIPHUX
naHuX. Xo4a ii OCHOBHa (PYHKIIiSI TIOJIATAE Yy Bi3yasisailii, BOHa BKIIIOYA€E aITOPUTMHU
JUISL aHATI3y TOUKOBUX XMap 1 ciTok [30]. 3aBasku iHTerpairii 3 6i6miorexkoro ITK Bona

MOKe OyTH YaCTHMHOIO CKIQTHUX cUCTeM 00poOku. [Ipote mnst peamizarii 3amadq
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Kjacu@ikalli BUMAara€TbCsi MPOrpaMyBaHHs 30BHIIIHIX MOJIYJIB, IO OOMEXye ii
3aCTOCYBAHHS JIJI1 aBTOMATU30BAHMX PillleHb. [i IIMpOKe BUKOPUCTAHHS y Bi3yamizamii
IE€OMETPUYHUX CTPYKTYp pOoOUTH ii MpUAATHOIO Uil MOIEpeNHbOI OOpOOKH JaHUX

nepe; iX mojanbioro kiacudikaiiero [31].

PyMesh

PyMesh opientoBana Ha 00p0oOKYy TPUBHUMIPHUX CITOK 1 HaJa€ (PyHKITIOHAT IS
reHepairii, peJjlaryBaHHs Ta aHalli3y reoMeTpudHuX cTpykTyp [32]. Bona edexkTuBHO
npamroe 3 0OaraTorpaHHUMHM MOJENSIMU Ta MIATPUMYE IHTETpalilo 3 1HIIUMHU
010mi0TeKaMu JUIsl peanizaiii anropuTMiB knacudikamii. PyMesh Takox Bkitoudae
IHCTpYMEHTH JJIs ONTHUMI3AIli CITOK, IO € BaXJIUBUM JUIsI 3a7ad 31 CKIJIAJIHOIO
reometpieto [33]. IIpore i BUKOpPUCTAHHS BHUMarae po3poOKU CHeliali30BaHUX
MOMYJIIB MAIIMHHOTO HAaBYaHHS I8 JIOCATHGHHS aBTOMATH3aIlli IPOIECIB

KJacuikartii.

Laspy

Laspy € By3bKoOCII€Iia1i30BaHOI0 010110TEKOI0 JiJ1si poOOTH 3 TaHuMU Y hopmaTi
LAS, siki € crangaptom juisi LIDAR-ckanyBanus. Bona 3a0e3neuye ¢yHKIIOHAT IS
yrmpaBiiHHs, (UIbTpamii Ta a”am3y To4dkoBuX xmap [34]. Omnak i1 MOMXIJIMBOCTI
oOMeXeHl MaHInmyJduisMu 3 (daiinamu, 1 A 1HTerpauli alropuT™MIB Kiacuikarii
HEOOXiJTHO CTBOPIOBATH JIOJATKOBI 30BHINIHI MOIYJi. Ii OCHOBHE MpHU3HAYEHHS —
00po0Oka Benukux o0cariB ganux y popmari LiDAR s nmogansinoi nepegadi B 1HIII

1HCTpYMEHTHU aHamizy [35].

Po3rasHyTi 010/110TEKM € TOTYXHUMHU 1HCTPyMEHTaMu JJIsi OOpoOKu Ta
kiacudikaili TPUBUMIPHUX JaHUX. BOHU J1EMOHCTPYIOTh BUCOKY MPOIYKTUBHICTH Ta
THYYKICTh 3aBJSKH MIITPUMIII JITOPUTMIB MAIIMHHOT'O HABYaHHS, POTE MOTPEOYIOThH
3HAYHUX 3YCWJIb JJI MPOTPAMHOI iHTerparii. Yci onucani 610J110TeKH OpiEHTOBaHI Ha
CHeIiajgizoBaHl 3aCTOCYBaHHS Ta HE € TOTOBUMH PIMICHHSMU JII aBTOMATHU30BAHOI

knacudikanii. IX BUKOpUCTaHHS BUMAarae TIJHMOOKOTO PO3YMiHHS aJIrOPUTMIB i
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3JIaTHOCTI JIO PO3POOKHU BIACHUX MOJYJIIB, IO MIJKPECIIOE HEOOX1THICTh MOAATBIIIOTO

BJIOCKOHAJICHHS ICHYIOUHX TIJIXOA1B JUIsl MacIITa0OBaHOI aBTOMATH3AIli1.
1.2 IlepeBaru Ta HeJO0/IKH HASBHUX PillICHb

Posrnsuayti mporpamui pimenHs, Taki sk CloudCompare, 3DReshaper,
TerraScan, PointCab ta LIDAR360, nponoHyOTh IHUPOKUNA CIEKTP IHCTPYMEHTIB IS
aHamisy # knacudikauii TPUBMMIpDHMX JAHHMX. IX 3acTOCYBaHHS € e(DEKTHBHUM Y
crieriajgi3oBaHuX MPUKIAIHUX 3a7a4ax, 30KpeMa B reojie3ii, kaprorpadii, apxiTekTypi
Ta €KOJOrYHOMY MOHITOpUHTY. OJIHAaK aHalll3 BUSBHB SIK ME€pPEBard, TaK 1 CYTTEBI
HEJOJIKM, 10 OOMEXYIOTh MOMXIMBOCTI IHMX PpillleHh y MacmTaboBaHWX 1

aBTOMAaTH30BaHMX CUCTeMax. Huxkde HaBeeHO JeTaaIbHUM OTJISA]I TIepeBar 1 HeJIOTiKiB.
IlepeBaru

[Iporpamu, Ttaki sik CloudCompare 1 TerraScan, ocHameHi MOIyIsIMU IS
CerMeHTaIlil, 3rJIaKyBaHHs, Kiacudikarii Ta Bizyami3allii TpHBUMIpHUX JaHuX. BoHn
J03BOJISIIOTH BUKOHYBATH IMIUPOKUN CHEKTP OMNeparliil i3 MiHIMaJIbHOK HEOOX1IHICTIO

30BHINIHIX 1HCTPYMEHTIB, 3a0€3MeUyI0YH 3pyUHICTh POOOTH JJIsl KOPUCTYBAUIB.

[HCTpyMEHTH NIATPUMYIOTh pOOOTY 3 HOMYJISIPHUMH (popMaTaMu, TakuMH Kk LAS,
PLY, OBJ, STL i E57. lle 3abe3neduye BUCOKY CYMICHICTh i3 IHIIMMU CHCTEMaMH

00poOKM TaHMX Ta THTETPaIlil0 B ICHYI0Y1 poO0Yl IPOLIECH.

Taki nporpamu, sk PointCab 1 3DReshaper, MaroTe 3py4Hi rpadidni iHTEpdekicu,
10 pOOUTH 1X JOCTYMHUMU JJIsI KOPUCTYBadiB 0€3 TIIMOOKUX 3HAHB MPOTPaMyBaHHS.

e cporrye po6OTy 3 IHCTPYMEHTaMH 1 CKOPOUY€ YaC HaBYaHHS HOBUX KOPUCTYBAYiB.

LiDAR360 Ta iHmi mnporpamMu 3a0e3MeuyioTh TOTYXHI 1HCTPYMEHTH ISt
TPUBUMIPHOT Bi3yasi3allii, 110 COPUSE MBUAKOMY aHaJI3y JAHUX BEIUKUX OOCATIB 1

J03BOJISIE KOPUCTYBayaM OLIIHIOBATH CKJIAJIHI CTPYKTYpHU B PEAIbHOMY Yaci.

[Iporpamu 1eMOHCTPYIOTh BHCOKY €(EKTHBHICTP y BHKOHAHHI JOKaJbHUX
0OYHNCITIOBAILHUX 3aJ/1ad, 0 POOUTH iX KOPUCHUMH JJI PO3B’SI3aHHS CIICIH(IIHUX

1HKEHEPHUX 1 HAYKOBUX MPOOIIEM.
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Henoaixkn

binbmiicte mporpaMm ONTUMI30BaHI i poOOTHM 3 TMEBHUMHU THUIAMU JAHUX
(HampuUKIIal, TOYKOBMMH XMapaMu 4u citkamu). lle cTBoproe TpyaHoLll mnpu
HEO0OX1THOCTI KOMOTHOBAHOTO aHAII3Y PI3HOPIAHUX JaHUX a00 1HTErpallii B CKJIaIHIIII

IIpOLCCH.

[HCTpyMEHTH Opi€eHTOBaHI Ha pydyHy OOpOOKYy MAaHMX 1 HE MIATPUMYIOTh
MOBHOI[IHHY aBTOMAaTH3allifo IpoiieciB kinacudikartii. [{e ooMexye ixHr0 eheKTUBHICTD

y MacITabOBaHUX MPOEKTAX 3 BEIMKUMH oOcsramu iH(opMairii.

[Tporpamu npaiitoroTh Ik aBTOHOMHI pillIeHHS 1 HE Tepe0ayaroTh JIETKO1 IHTerparlii
B xmapHi a0o wmacmraboBaHi cucreMd. lle yCKIagHIO€ BHUKOPUCTaHHSA iX Yy

BHCOKOIIPOAYKTUBHHUX CCPCHOBUIIIAX.

bararo mporpam He omnTHMI30BaHI I OOpPOOKHM BEIUKUX OOCATIB JaHUX 3a
JOTIOMOTOF0 06araTo MOTOYHOCTI UM PO3IMOAUICHUX OOYMCIICHB, IO MPU3BOIUTH [0

3HMKEHHS NPOAYKTHUBHOCTI MPU POOOTI 3 BETUKUMH MaCUBaMU.

[Tporpamu, taki sik LIDAR360, BumararoTh 3HaYHIX 0OUYUCITIOBAILHUX PECYPCIB,
M0 YCKJIAQJHIOE iX BHUKOPHCTaHHS HA CTaHAAPTHUX KOMIT'IOTEpax 1 OOMEXye

JOCTYIHICTD JUIsl MAJIMX MIJIPUEMCTB Ta TOCHIIHULIBKUX TPYII.

Ha Biaminy Bix 6i6mioTek, Taki mporpamu, sk PointCab 1 TerraScan, maroTh
3aKpUTy apxiTekTypy. lle yckiamHroe iXHIO amanTaiiro mija crenudiuHi 3aBaaHHS
KOPHUCTYBaudlB 1 OOMEXY€ MOXJIMBOCTI I1HTErpauii 3 HOBHMH aJIroOpuTMamu ado

cucTeMaMu 0OpOOKH TaHMX.

[cHyroul pimeHHs HE mependavyaroTh JETKOro J0JaBaHHS HOBHX MOJYJIB abo
1HTerpallii aaropuTMIB MAIIMHHOTO HAaBYaHHS, M0 OOMEXYe iXHIO €(PEeKTHBHICThH Y

3a7a4ax 13 JUHAMIYHO 3MIHHUMH BUMOTaMH.



Tabmuns 1.1 - [lopiBHAHHA IPOrpaMHUX 3acO01B.

MeTpuka

OcHOBHe
NpU3HavYeHHsA

HassHicTb
rpadiyHoro
iHTepdeiicy

MoxnmBocrTi
aBToOMaTm3auii

IHTerpauis B
macwrtaboBaHi
cuctemu

OnTtumisauis
ANA BeIUKUX
o6cariB AaHUx

CloudCompare

AHaniz i
Bi3yani3zauid
TPUBUMIPHUX
DaHNX;
cermeHTauis,
Knacuoikauia
Ta iH.

3py4Hui Ta
[0CTaTHbO
THYY KNI
iHTepdelc,
OpiEHTOBAHUM
Ha Bi3ya/ibHUM
aHani3

OpieHTOBaHMM
Ha pyYHy
0b6pobKy, Mmae
6a3o08i
CKpPMNTOBI
iHCTPYMEHTH

Moxe
npautoBaTh AK
OKpeMU
iHCTPYMEHT,
CKNIagHO
iHTerpyBsatn y
XMapHi
cepefoBumLA

ObmexkeHa
niaTpMMKa
baraTto
NOTOYHOCTI,
ane pocTaTHbO
WBWAKA ANs
HEBEINKMX
NPOEKTIB

3DReshaper

O6pobka 3D-
mogenen,
CTBOPEHHSA
CiTOK, aHani3
OaHuUX ana
NPOMMC/IOBOTO
Ta
aApXiTEeKTYpHOT
o
3aCTOCYBaHHA

Mae
IHTYITUBHUIA
rpadiyHmnn
iHTepdec,
npote
notpebye
NeBHOro
HaBYaHHSA

MepeBaxHO
pYyYHUI
pexum,
obmerkeHa
MO/NBICTb
MaKpociB

MoTpebye
OKpEMOro
HanalwTyBaHHA
, OPIEHTOBaHMUI
Ha odnalH-
0bpobKy

OpieHTOBaHUM
Ha cepeaHi
06’emun,
MOXMBE
3HUMKEHHA
NPOAYKTUBHOC
Ti HA BEAMKUX
MacmBax AaHUX

TerraScan

CneujanizoBaH
a Knacudikauin
Ta 06pobKa
XMap TOYOK,
nepesBaxHo
ANna reogesii Ta
ric

IHTepdemnc
[OCUTb
TeXHIYHUMN,
ONTUMI30BaHU
M nig,
reoge3nyHi
3aBAaHHA

Binbwictb
npouecis
noTpebye
pPY4YHOI
HACTPOMKM,
BiACYTHI
NOBHOLLiHHI
aBTOMaTM30Ba
Hi KOHBEEPM

OpieHTOBaHMM
Ha HACTIiNbHI
cepefoBuLa,
iHTerpauis B
macltaboBaHi
nnatpopmm
obmexeHa

YacTkoBa
niaTpPMMKa
napanenbHux
obuncneHs,
ane He
po3paxoBaHa
Ha ayKe
BE/INKI XMapHi
pileHHA

PointCab

LLBnaka
Bi3yani3auia Ta
aHani3 gaHux 3
Nla3epHoOro
CKaHyBaHHA 1
doTorpammeTp
i

MpocTtuii Ta
3pYYHUM
iHTepdelc,
OpPIiEHTOBAHUM
Ha WBKUAKe
OCBOEHHS

3pebinbLioro
pY4Hi onepauii,
BiACYTHI
MexaHi3mm
PO3ropHYTOI
aBTOMaTM3auii

Mpautoe Ak
aBTOHOMHe [13,
Hemae
PO3BUHEHMUX
APl uyn SDK ana
CTOPOHHbLOI
iHTerpau,ii

EdekTnBHMiM
ONA Manux i
cepepHix
NPOEKTIB,
NPOAYKTUBHICT
b Nafa€ Ha
BE/INKUX
Habopax

28

LiDAR360

AHanis i
Bi3yani3zauiA
XMap TOYOK
BE/IMKUX
obcaris,
30Kpema ana
reonpocTopos
nx 3agad

Mae noTyKHi
3acobu
Bi3yanisau,ii,
iHTepdenc
OpIiEHTOBAHUM
Ha
npodecioHanis

Takox
dOKycyeTbeCs
Ha
iHTEPaKTUBHIMN
06pobui,
aBTOMaTM3auif
obmexeHa

Hemae nosHOI
XMapHOI
iHTerpau,ii,
npoTe Npawtoe
3 BE/IMKUMM
Habopamu
OAHUX Ha
OKpemMux
po6oumnx
CTaHLiAX

CnpoeKToBaHu
M ONs BEINKUX
obcaris gaHUX,
npore
notpebye
MOTYKHUX
pecypcis
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MeTtpuka CloudCompare 3DReshaper TerraScan PointCab LiDAR360
. CepegHboro MNMoTpebye
. CepegHi ‘p f Pty
MNMopiBHAHO BUMOM Bumarae piBHA BUMOrM,  BUCOKOMPOAYK
Bumoru go HEBMCOKI, L [0CTaTHbO MOXK/INBI TUBHOTO
3a/1eXXuUTb Big,
anapartHoro MOXHa CKAAHOCT] noTykHoro MK obmeKeHHsA obnagHaHHs,
3abe3neyeHHA | 3anmycKaTu Ha . . . ONA BENNKNX npw aHanisi 0cob11BoO Aans
. ciToK i 0bcAris .
cepeaHix MK Ak NPOEKTiB BEINKUX BEJINKMX
TOYKOBMX XMap HabopiB AaHUX
KomepuiliHe
o MponpieTapHe  3aKpwUTUi KO ilLWeHHsA
. 3aKpuTUiA Kog, poripierap pUTUM K94, P ’
JocTynHicTb . < pilLEeHHS, KacTomizau,in Hemae
Bigkputnii Kog, 3 obmerkeHoto . o L
Koay Ta . BiACYTHIN yepes MOBHOLLiHHOI
. (CloudCompar niaTpumkoto ) . o .
po3wwuploBaHic e) a—— BiAKPUTUI obmexxeHni NiagTPUMKM Ans
Tb oCTyn A0 Habi iHTerpauii
pPO3LIMpPEHb AT . > . 25
Koay iHCTPYMEHTIB BNACHUX
ANropuTMIB

Ak 6aunmo 3 Tabmuui 1.1, mporpamui pimeHHs Ais Kiaacugikaiii TPUBUMIPHUX
JTaHUX JEMOHCTPYIOTh €(QEKTHBHICTh Yy BHUPINICHHI JIOKAIBHUX 3a/a4d 3aBISKH
IHTErpOBAaHUM 1HCTPYMEHTaM, MIATPUMII MOMYISpHUX (OpMaTiB 1 3PYyUYHUM
rpadiuaum iHTEepdericam. [Ipore ix 0OMekeHHs, Taki K BIACYTHICTh aBTOMAaTH3AIll1,
CKJIQJIHICTh 1HTETpaIlli Ta BUCOKI BUMOTH JI0 PECYPCIB, YCKIATHIOIOTh 1X BUKOPUCTAHHS
B MacmrTabOBaHWX 1 aBTOMAaTHM30BaHWX cHUCTemaX. lle BKa3dye Ha HEOOXiIHICTbH
pO3pOOKH HOBUX TIAXO/IB, OPIEHTOBAaHMX HAa IIJIBUIIEHHS MPOIYKTUBHOCTI,

YHIBEPCAIbHOCTI Ta AJaNTUBHOCTI NPOrpaMHUX pilleHb A KiIacu@ikaiii

TPUBUMIPHUX JTaHUX.
1.3 AHaJai3 3anponoHOBaHUX pillleHb

Knacudikaiiis TpuBUMIpHUX JaHKUX € GyHIAMEHTAIBHUM 3aBJaHHSIM B 00JIaCTIX
KOMII FOTEPHOTO 30y, TeoiH()OpMaIiifHUX CHCTEM Ta MPOMHUCIOBHX J0AaTKiB. [IpoTe,
HE3Ba)KAIOYM HA HASBHICTh PI3HOMAHITHUX MPOTPAMHUX 3ac00iB 1 010110TEK, CydacHi
MiIX0au He 3a0e3meuyroTh JIOCTaTHhOI TOYHOCTI, THYYKOCTI Ta aBTOMAaTH3aIlli, 110

oOMeXye IXHE 3aCTOCYBaHHS B CKJIAQJHHUX CLEHapisix. AHali3 NONEepeaHIX PO3AUIIB
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JO3BOJIMB 1IEHTU(]IKYBAaTH KIIOYOBI MPOOIEMH, SIKI MEPEIIKOIKAITh JOCITHEHHIO
ONTUMAJBHUX pe3yNbTaTiB Kiacu]ikaiii Ta MacmTabOBaHOCTI CHUCTEM OOpOOKHU

JAHUX.
OO0mMeskeHa TOYHICTH KIacupikamii

CyuyacHi iporpaMHi pillieHHs AEMOHCTPYIOTh JIMIIIE TOMIPHUM PiBE€Hh TOYHOCTI,
10 € MPUHHATHUM JUTSI 3arajbHUX 3a/a4, aJie HEJOCTATHIM ISl CKIaJIHUX CTPYKTYD.
HasBHI anropuTMu HE 3aBXIUM BpPaxXOBYIOTh JIOKaJbHI Bapiamii B JaHUX, IO
OPU3BOIUTH 10 BTpatu 1H(pOpMaIlli Npo JIeTail Ta MOTIPUIEHHS SIKOCTI pe3yJbTaTiB
kiacudikaiii. Oco0aMBO 11e MOMITHO TPU 0OpOOI NTyMOBHX HAOOpPIB JaHUX a0o
KOMIUIEKCHUX OO’€KTIB 3 BHCOKMM piBHEM HeoaHopimHocTi. Kpim Toro, meromau
HaBYaHHS MOJieel 4acTo 0a3yloThCsl HA CHPOILIECHUX IMiAX0JaX, sIKi HE BPaXOBYIOTh
CKJIaJIHI TIPOCTOPOBI B3a€EMO3B’SI3KM MDK CITKAMH YH BOKCEISIMH, IO OOMEXKYE

MOYKJIMBOCTI JUIS HIJIBUILEHHS TOYHOCTI.
BincyTHicTh aBTOMAaTH3aWIl TA iHTerpamii 3 30BHIIHIMYM cHCTEMaMU

Posrnsnyti mporpamui pimenHsi, Taki sk CloudCompare, 3DReshaper,
TerraScan, PointCab i1 LiDAR360, opieHTOBaHI Ha aBTOHOMHE BHKOPHCTAHHS.
BiacyTHicTh 1HCTpYMEHTIB IJI1 aBTOMAaTH3aIlll MpolieciB Kiacudikarii yCKIaaHooe ix
IHTErpaIil0 B KOMIUIEKCHI OOYHMCIIOBaJIbHI CHUCTEeMH Ta XxMapHi miatdopmu. Ile
CTBOpIOE Oap’epu Il BUKOPUCTAHHA B CHUCTEMaxX peaJbHOTO 4Yacy, Jie¢ MOTpiOHa
MocTiiHa oOpoOKa aHMX 13 CEHCOpIB a00 aHaji3 BEJIWKUX MOTOKIB iH(opMarlii.
Hu3sbkuii piBeHb 1HTErpallii TakoX 00MeKy€e MOKIMBOCTI KOMOIHYBaHHS LIUX MIPOrpaM

3 alITOpUTMaMU MAIIMHHOTO HABYaHHS 200 IHCTPYMEHTaMU IITYYHOTO THTEJIEKTY.
3aJIeKHICTh BiJl KJIAaCHYHHUX MoOJeJ1el

bintburicTes mporpaMHux pilieHb 0a3ylThCS Ha TPAIUIIIMHUX METOJaX aHaJi3y
JaHUX, sKi, Xxoua M 3a0e3meuyroTh 0a30By (PYHKIIOHAIBHICTh, HE BIJANOBIJIAIOTH
CydyaCHUM BHMOTaM JI0 TPOAYKTHUBHOCTI Ta THy4ykocTi. Kracuuni mojem He
BPaxOBYIOTb MOKJIMBOCTI TJIMOOKOrO0 HaBYaHHS JUIsl MIABUIICHHS TOYHOCTI Ta

aganTanii. BigcyTHICTh MIATPUMKHU apXITEKTYp TNIMOOKUX HEUPOHHHX MEPEK, TAKUX
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gk 3D-CNN a6o tpanchopmepu, OOMEXye 3IaTHICTh aJrOPUTMIB 10 aHami3zy
CKIIQJIHUX 3aJICKHOCTCH MK JaHUMU Ta aBTOMATHYHOTO TMOKPAIICHHS MOJACICH Y

IpoIieCci HaBYaHHS.
CneundivHicTb apxiTeKTyp AJs1 Pi3HUX THIIB JAHUX

Ichytoui pilieHHsI OpieHTOBaHI Ha 00pOoOKy okpeMux GhopmaTiB JaHUX, TAKUX SIK
TOYKOBI XMapw, CiTKM abo Bokcenmi. Ile Bumarae 3acTocyBaHHsS cHerUpIYHUX
QITOPUTMIB 1 APXITEKTYP I KOKHOTO THUITY, 0 YCKIAAHIOE IHTETPAIlit0 PI3HOPIIHUX
HabopiB ganux. [logioHa dparMeHTOBaHICTh MIAXO0A1B MPU3BOAUTH 10 HEOOX1THOCTI
CTBOPCHHSI OKpPEMHUX MOJENeH Isi KOXHOTO (opmaTy, 30UIBIIYIOYM BHUTpPATH HA
pO3pOOKy, TECTYBaHHS Ta ONTHUMI3AIllI0. Y BHUMaJKax KOMOIHOBaHUX (opmariB abo
JAHUX 3 PI3HOIO TOMOJIOTIE€I0, HAsIBHI IHCTPYMEHTHU CTalOTh I11€ MEHII €(PEeKTUBHUMHU

[77].
Bucoki 004uc/10BaJIbHI BUTPATH TAa BUMOTH 10 pecypciB

[Tporpamu, Ttaki sik LiDAR360, nemMoHCTpylOTh 3HayHE HaBaHTAXCHHS Ha
amapaTH1 pecypcH, 0COOJIMBO TIpU POoOOTI 3 BEIMKUMHU HabOpaMu J1aHuX. BiJICyTHICTh
MIATPUMKN TapaJieIbHUX OO0YMCIIEHb 1 MacITa0OBaHUX XMAapHUX PIIICHbL 0OMEXKY€
IPOIYKTUBHICTh IPU POOOTI B peanbHOMY uaci. Lle yckinaiHioe BUKOPUCTAaHHS TaKUX
pILIEHb Y BEJIMKUX MPOEKTAX 1 3HMKYE 1XHIO €()EKTUBHICTD Y PO3MOIAIIEHUX CUCTEMAX
00pobku. Kpim Toro, morpeda y BHCOKONMPOAYKTHBHUX rpadiyHUX MpoIecopax i

cepBepHUX IaThopMax MiBUIIYE BUTPATU HA BIPOBAHKCHHS TAKUX PIllICHb.
3aKpUTICTH aPXITEKTYPH Ta 00MeKEeHI MOKIMBOCTI axanTamii

butbmiicTe mporpaM  MarwTh  3aKpUTY apXITEKTypy, IO YHEMOXJIHMBIIOE
JOJIaBaHHS HOBHUX AQJITOPUTMIB 1 MOJENed MAIIMHHOTO HaBYaHHSA O€3 3HAYHUX
moaudikamii. Ile yckimamHioe amanTaiilo 1HCTPYMEHTIB TiJ crienudiuHi cieHapii
BUKOPUCTaHHA, 30KpeMa y BHMaJKaXx NOTpeOM B HaNAIITyBaHHI MapaMmeTpiB IS
cnenupiuaux ¢opmariB  AaHUX. BiACYTHICTh MATPUMKH [JIsi HaJAIITyBaHHS
apXITEKTyp OOMEXYy€ MOKJIMUBOCTI JUIi E€KCIIEPUMEHTIB 1 BIPOBA/KEHHS HOBHUX

MCTOAUK, IO € KPUTUUHUM IJIA I[OCJIiI[HI/IHBKI/IX 34CTOCYBAaHb.
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AHaniz npobiem knacudikamii TPUBUMIPDHUX JAaHMX I[I0Ka3aB, LI0 HasBHI
pIllICHHS MalOTh HU3KY 3HAYHMX OOMEKEHb. 30Kpema, 1€ HEJOCTATHS TOYHICTh
JITOPUTMIB, OOMEXEHA 1HTErpallisl 3 IHIIUMU CUCTEMaMH, 3aJI€KHICTh Bl KJIACUYHHUX
MOJIeNiel, BUCOKa PECYpPCOMICTKICTh 1 By3bKa crerianizaiis apxitektyp. [logonanns
mux Oap’epiB BUMAara€ CTBOPEHHS YHIBEpCAIbHHUX IIATGOPM, IO MIATPUMYIOTH
aBTOMATH3allil0, I1HTErpalil0 Cy4yaCHUX METOJIB TJIMOOKOTO HABYaHHA Ta
ONTUMI30BaHy OOpOOKY PpIZHOpIIHUX MAaHuX. MalOyTHI HOCHIIKEHHS TOBUHHI
30CepeIKyBaTUCS HA PO3POOII apXiTEKTYp 13 THYYKHMHU TapaMeTpaMH HaJlalllTyBaHHS
Ta aJTOPUTMAMU CaMOOINTHUMI3ALli A MIABUIICHHS MPOAYKTHUBHOCTI Ta TOYHOCTI

KJacuikaili TPUBUMIPHUX JIaHUX.
1.4 IlocraHoBKa 3ajaui

MeTtoro nmanoi nucepTallii € MIABUIICHHS MPOAYKTHBHOCTI Ta €(EKTUBHOCTI
NporpaMHUX 3aco0iB I Kjacudikamii TpUBHMIPHMX 300pakeHb Ha OCHOBI
TPUBUMIPHUX HEUPOHHUX Mepex. Po3pobieni 3acobu MOBUHHI IHTETPYyBaTH CydacHi
aIrOpuT™MH OOPOOKHM Ta omTHUMI3allii HaBYaHHS HEUPOHHUX MEpexk, 3abe3medyroun
BHUCOKY TOYHICTh Ta IPOIYKTUBHICTh MpPH aHaji3l TPUBUMIPHUX HaHuX. KpiMm Toro,
nporpamMHi 3aco0M MaroTh HIATPUMYBATH aBTOMATHU30BaHy OOpPOOKY pI3HOPIIHUX

BXIJTHUX JTaHWUX Ta OyTH aIallTUBHUM JI0 HOBUX apXITEKTYp HEUPOHHUX MEPEK.
Jlist peanizaiiii 3a3Ha4€HOT METH HEOOX1HO BUPIIIUTHU TaKi 3aBIaHHS:

1. mpoBecTH aHaNII3 CydacHUX METOJIIB 1 MIAXOAIB A0 KiIacudikallii TPUBUMIPHUX
JTAaHUX Ha OCHOBI HEHPOHHHUX MEPEK;

2. peamizyBaTh METOAM TOMEPENHbOI OOpPOOKM TPUBUMIPHHUX JIaHUX 3
ypaxyBaHHSM ClieHU(IKHA IXHbOT IPOCTOPOBOI CTPYKTYPH;

3. CHpOEKTyBaTH Ta peajizyBaTH apXITEKTypy KiacudikaTopa misi ePeKTHUBHOI
Kiacudikaii TPUBUMIPHUX JaHUX 3 MOMJIMBICTIO BUKOPHUCTAHHS METO/IIB METa-

HaB4YaHHA OJIA HiI[BI/II]_[eHHﬂ TOYHOCTI IMPOTHO3YBAHH
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4. po3poOUTH METOAM 3MIHM KUIBKOCTI 3B'SI3KIB Yy TPUBUMIPHUX HEHPOHHHX
Mepexkax ansi 3a0e3NeyeHHs BUCOKOI MPOAYKTHBHOCTI Ta y3arajbHIOIOUOI
3JaTHOCTI;

5. peanizyBaTu mporpamHi 3acobu i3 miarpumkoro WebAPI mis 3abe3neueHHs
iHTerpamii 3 IHIWUMUA  1HQOPMAIIMHUMU  CHCTEMaMHd Ta XMapHUMH
miaThopMamu;

6. po3poOUTH METOJI TeCTYBaHHS Ta Bepuikalii kiacugikaropa 3 METOIO OLIIHKU
HOT0 TOYHOCTI, MPOAYKTHBHOCTI Ta MacIITAOOBaHOCTI,

7. MPOBECTH €KCHEPUMEHTH ISl OLIHKH TOYHOCTI Ta MPOJYKTUBHOCTI CTBOPEHUX

IpOrpamMHUX 3acO0IB.

3anponoHOBaHi 3aBJIaHHS CIIPSIMOBAH1 HA CTBOPEHHSI YHIBEPCAIIBHOTO THCTPYMEHTY
U1 Kiacudikarii TPUBUMIPHUX JTaHUX, KW BIJMOBiAaTUME Cy4aCHUM BHMOTaM JI0
e(heKTUBHOCTI, MacIITAOOBAHOCTI Ta IHTETpallii 3 IHIIMMU cucTeMamu. Peanizaiis nux
3aBJaHb 3a0€3MeYNTh OCHOBY IS TOJAJIBIIIONO0 PO3BUTKY IMPOTPAMHHMX 3acO0IB Ta

BJIOCKOHAJICHHSI aJITOPUTMIB aHAJI3y TPUBUMIPHUX CTPYKTYP.
BucnoBku 10 po3uiny 1

[IpoBenenuii aHaIi3 CyyacHUX METO/IB 1 IPOrpaMHUX 3ac001B J1s1 Ki1acuikariii
TPUBUMIPHUX JTaHUX JO3BOJIMB 1ICHTH(IKYBaTH KPUTHYHI ACMIEKTH, 1[0 BU3HAYAIOTH
MOTOYHMK  PIBEHb PO3BUTKY 1Ii€i rTamy3i. Po3rman  icHyro4Yux — migXoliB
MPOJIEMOHCTPYBAB IXHIO €(PEKTUBHICTh y BY3bKOCHEI[Iali30BAHUX 3aBJAHHAX, MPOTE
BUSIBUB 3HAYHI OOMEXKCHHS IIOJ0 MaclITabOBAaHOCTI, aBTOMATH3aIlli Ta iHTErparlii B
PO3MO/IJIEH] OOYMCITIOBANIbHI cepeAoBHIna. JlOCHIPKEeHHST BUCBITIWIO MOTpeOy B
KOMIUIEKCHOMY TIJIXO/A1 /0 ONTHUMI3allii aJrOpUTMIB 1 apXITEKTyp, IO MalTh
3abe3reunT OuUTbily €(PEeKTUBHICTh MPU POOOTI 3 BEIMKUMH MacHBaMU JIaHMX 1 B

pPCAIbHUX YaCOBUX YMOBAX.

JlocnipkeHHsl JOCTYIHUX OporpaMHuX pimeHb, Takux sk CloudCompare,
3DReshaper, TerraScan, PointCab i LiIDAR360, migkpecnuiio iXHiO TpUAATHICTD IS

BUPILIEHHS KOHKPETHUX 3aJad aHajizy TpUBUMIPHUX JaHuX. BonaHowac ixHs
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OpI€HTallls Ha JIOKaJbHI CLEHapii Ta 3aJeXHICTh BIJl PYYHOTO HalalITyBaHHS
00MEXYIOTh MOKJIMBOCTI /JIsl IHTETpallii B Cy4acHi aBTOMAaTU30BaHi CUCTEMH 00pPOOKHU
nanux. Anami3 6i6miorek Open3D, PCL, TensorFlow 3D 1 PyTorch3D miarBepaus
iXHIO MPUJATHICTH JI0 peajizailii METOAIB TJTMOOKOro HaBUaHHS, MPOTE BKa3aB Ha
HEOOX1THICTh 3HAYHUX MTPOTPAMHUX 1 00YMCITIOBATILHUX PECYPCIB IS iX €PEKTUBHOTO
3aCTOCYBaHHA. 30Kpema, Il O010J10TeKH MOTPEOYIOTh IETaJbHOI'0 HaIAIITyBaHHS
mapaMeTpiB 1 CTBOPEHHS MOXYIIB Ui ajanTamii mig crenudivuai  creHapii
BUKOPUCTAHHA, IO YTBOPIOE TIEBHY CKIAIHICTh iX 1HTErpaiii B wmacmTaboBaHi

CHUCTCMU.

VY xom1 1ociipKeHHs BUSBIICHO, 1110 ICHYIOY1 IMTIIX0I1 HEIOCTaTHHO BPAXOBYIOTh
cnenupiky oOpoOKku pizHOPITHUX (OPMATIB TPUBUMIPHUX JTaHUX 1 JEMOHCTPYIOTH
0oOMeXeHy aJanTUBHICTh O HOBUX apXITEKTyp MAIIMHHOTO HaBuaHHs. Lle cTBoproe
norpedy y (opmMyBaHHI HOBUX METO[IB, 3JAaTHUX 3a0€3MEUYUTH ONTUMI3ZALIIO
OOYMCITIOBAILHUX BUTpAT 1 TMIABUIMUTH TOYHICTh Kiacudikarii. Takox Oyio
BUSIBJICHO, 1[0 TEPCHEKTUBHI MIIXOAW 10 OOpOOKM JaHUX BHUMAararoTh PO3POOKH
QJIITOPUTMIB, OPIEHTOBAHKUX HA CHPOLIEHHS MPOLECY IHTErpallil pi3HUX TUITIB JaHUX Ta
aBTOMAaTH3allil0 aHaJI3y B pealiIbHOMY 4yaci. BipoBa/pkeHHs TAKMX METO/IB 103BOJIUTh
aJIanTyBaTH apXITEKTypHU TNIMOOKUX HEMPOHHUX MEpEeXk 10 cnenudiuHuX YMOB 1 TUIIIB

BXIJJHUX JTAHUX, PO3LIMPIOIOYH iXH1 (PyHKII10HAJIbHI MOKJIUBOCTI.

AHami3 pe3ysbTaTiB J03BOJUB CGHOPMYJIOBATH HAYyKOBE MIATPYHTS IS
NOJANBIIOT0 PO3BUTKY CHEIIadi30BaHUX MPOTPaMHUX 3aco0iB, WO OyayTh
OpIEHTOBAaHI Ha THTErpaLlii0 apXITEKTyp MIMOOKUX HEMPOHHUX MEPEXK, METO/IIB METa-
HAaBYaHHS Ta MEXaHI3MiB onTuMi3alii mapametpiB. OcobnmBa yBara Oyae mpuaijacHa
CTBOPEHHIO aJITOPUTMIB, 3JaTHUX 10 JUHAMIYHOTO OHOBJIEHHS MapaMeTpiB MO/Iell Ha
OCHOBI TIOTOKOBHX JAaHMX 1 TWIATPUMKH BHCOKOi TPOJYKTUBHOCTI B yMOBax
PO3MOIIIEHUX 00YKCIIeHb. Taki pillleHHS BIIKPUBAIOTh MEPCIICKTUBH JJIs peajizali
aBTOMAaTU30BaHUX IUIAT(OpPM, sIKi 3a0€3NeUyl0Th €PEKTUBHY KJIacu(]iKalio JaHUX Y

MaclITabOBAHMX 1 TIOpUIHUX 1HPOPMALIIITHUX CUCTEMAX.
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PesynbTaTé 1BOro poO3IAUTY CTAlKd BIJANPABHOK TOYKOK I BU3HAYCHHS
HAMPSIMKIB MOJANBIIMX JOCTIIKEHb, CIIPIMOBAHUX HAa CTBOPEHHS MAacIITa0OBaHUX,
NPOAYKTUBHMX Ta aJalTHUBHUX PIIIEHb JUIi aBTOMATH30BaHOi Kiacudikamii
TpuBUMipHUX naHuXx. [loganwina po6oTa Oyae chokycoBaHa Ha po3poOIll aJTOPUTMIB,
IO MiATPUMYIOTh TIMOOKI HEUPOHHI MEPEXKI 3 YpaXyBaHHIM ONTHUMI3allii mapaMeTpiB
1 aJlanTUBHUX MiAXOMIB 0 aHam3y. [1aHyeTbCcs TakoX CTBOPECHHS 1HTEIPOBAHUX
CEpEeNOBUII JI1 TECTYBaHHSA W ONTHUMI3AIT MOJENEH Yy PEeXUMI peaIbHOTO Yacy, 0
MIJBHUIIUTH TOYHICTH 1 IIBUIKOIIIO Ki1acudikallii mpu 30epeeHHI BUCOKOT THYYKOCT1

CHUCTCMU.
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2 PO3POBKA METO/IB JJI51 KJIACUDIKAIII TPUBUMIPHUX
30bPAXEHD

Y 1mpoMy po3aun MPeACTaBICHO KOMIUIEKCHUM MiAXiJ A0 PO3POOKH METOdY
Kkjacuikaili TPUBUMIPHUX 300pakeHb, M0 0a3y€ThCS HA BUKOPUCTAHHI HEUPOHHUX
MEpPEX 13 BJOCKOHAJICHOIO apXiTEeKTypOIO Ta ONTUMIi3amitHUMu MeTonamMu. OCHOBHA
yBara nNpuauIIETbCsl MOOY0B1 €(pEeKTUBHOI CUCTEMH OOpOOKM JaHUX, KA BPaxXOBYE
0CcO0IMBOCTI poOOTH 3 TPUBUMIPHMMH (OpMaTaMH, BKIIOYAIOUM TOUYKOBI XMapH,
BOKCEJIl Ta MOJITOHAIbHI CITKU. 3MIHCHIOETHCS aHAIl3 METO/IIB MTOTIEPEIHBOI 00POOKH,
OPUHIMIIB OpraHizalli NpPUXOBaHUX IIAPIB HEUPOHHUX MEPEX, MIAXOAIB 0

onTuMmi3alii 004KCciIeHb 1 (POpMyBaHHS TEOPETUYHOI MOJEN] KiIacu(ikaTopa.

Po3pobka merony knmacudikailii MTOUMHAETHCA 3 aHAMI3y MIATOTOBKH JAaHUX, IO
BKJIFOYAE HOPMaJTi3alliio, BUIAJICHHS MIYMIB 1 KOPEKI[iI0 KOJIBOPOBUX XapPaKTEPUCTUK
JUISL I IBUILICHHS 1HPOPMATUBHOCTI BX1IHUX JTaHuX. [laii po3risiiaeTbest apXiTeKTypa
MPUXOBAHUX IIApiB, 30KpeMa 3aCTOCYBaHHS MEXaHI3MIB IHQUAMIT Ta AeQIIsii 1is
MacimTabyBaHHs OOYHUCIIEHb 1 MOOYJOBU aJalTHUBHUX MPOCTOPOBHUX 3B’SI3KIB MIiX

HEWpPOHAMMU.

Oco0OnmBy yBary mpuIiJICHO METOJIaM OINTHMI3aIii 00YHCIIOBAIBLHUX IPOIIECIB,
BKJIFOUAIOUM OOMEXEHHS Ha 3B’SI3KM B MeEpexXi, JUHAMIYHE 3B’SI3yBaHHS, CaMmo
PEAYKIII0 HEWPOHIB 1 aNropuTMHU Mirpamii 3B’s3kiB. LI migxoau crnpsMoBaHi Ha
MIJBHUINCHHS MPOAYKTUBHOCTI Ta QJanNTUBHOCTI Mojenli, Mmo 3abe3meuye ii

¢(eKTUBHICTh Y MacCIITaOOBAaHUX CHCTEMaX.

3aBepiiabHOI0 YaCTUHOKO PO3JILTY € OMUC TEOPETUUHOI MOJIeN KilacudikaTtopa,
gKa 1HTErpy€e poO3poOJIeHI METOAU Ta AJIrOPUTMH B €IUHY CTPYKTYpy. Mojenb
HIATPUMY€E aIaNTHBHY ONTHUMI3AI0 TapaMeTpiB 1 €(EKTUBHO IPAIIOE€ 3 BEIIMKUMH
oOcaramMu 1H(poOpMaIllii, TapaHTyIOYd TOYHICTb 1 MPOAYKTUBHICTH Yy 3aJayax

KkJacu(ikanli TPUBUMIPHUX JTaHUX.

VY pe3ynbrati po3riIsay 3apolOHOBAHUX METO/IIB 1 MOCIICH OOTPYHTOBAHO IXHIO

JOLIIBHICTh Ta €(EeKTUBHICTh s OOpPOOKM TPUBHUMIPHHUX 300pa)K€Hb, a TaKOX
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BHU3HAYEHO MEPCIEKTUBH MOJAJIBIIOT0 BIOCKOHAIIEHHS apXITEKTypH Ta il mporpaMHoi

peaizarii.
2.1 Popmu npeacraBjieHHs] TPUBUMIPHHUX 00’ €KTIB

TpuBuMipHi JaHi, IO 3aCTOCOBYIOTHCS JJIs KJacudiKallii, MpeaCTaBICH] Y TPhOX

HalmnomupeHimux gopmarax (nus. puc. 2.1):

— TOYKOBI1 xMapH (point clouds);
— Bokceli (voxels);

— TIOJIIrOHaJBHI CiTKU (meshes).

ToukoBi XMapu Boxkcemi [ lomironanbH1 CITKH

el
SRS avE e
] VY

‘nq‘ 0 T

Pucynox 2.1 - 300paskeHHs] TPUBUMIPHOTO 00'€KTa B PI3HHUX MPEACTABICHHSIX.

Koxen 13 mux ¢opmatiB Mae CBOi IepeBarn Ta 0OMEKEHHs, SKi BIUIMBAIOTH Ha
BUOIp MeTonIB iX 00poOku. Hampukman, TOYKOBI XMapu 3a0e€3MeuyloTh BHCOKY
JeTajizalito, ajie He MalOTh SBHUX TOMOJIOTTYHUX 3B'SI3KIB MiK TOYKAMH, IO CTBOPIOE
TPYJIHOIIl TPU PEKOHCTPYKII MNOBEpXOHb. Bokceni M03BOJISAIOTH MOJIETIOBATH
BHYTPIIIHIO CTPYKTYpy OO'€KTiB, OJHAaK BHMMAaralOTh 3HAYHMX OOYMCIIOBAIbHUX
pecypciB. [lomiroHanpHi CITKM 3a0€3MEYYIOTh TOYHE T'€OMETPUYHE MPEACTABICHHS

MOBEPXOHB, TPOTE MOTPEOYIOTH ONTHUMI3alIii 1151 POOOTH 3 BEIUKUMHU 00CSITaMH JaHUX.

VY upoMy po3aiai po3rISIHYyTO OCHOBHI THUNHU JaHUX II0 BUKOPUCTOBYIOTHCSI B

3aayax Kiacu@ikaiii TpUBUMIPHUX 00’ €KTIB.

2.1.1 Touxosi xmapu (Point Clouds)
ToukoBi XMapu € MHOKHHOIO JUCKPETHUX TOYOK (AHB. pUC. 2.2), KOXKHA 3 TKUX

OMUCYETHCA KOOPAMHATAMM 1 JIOAATKOBUMHU aTpuOyTaMHu, TaKMMU K Koiip abo
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IHTEHCUBHICTb cUrHaiy [59, 60]. Bonu ¢hopmMyroThCs Ha OCHOBI JaHUX, OTPUMAHUX 13

na3epHux ckanepiB (LiIDAR) a6o pororpaMMeTpuyHuX peKOHCTPYKIiH [62].

P={p; = (x,yiz,a)}i=12,..N, 2.1)

ne:

P — MHOXHHA TOYOK, KOYKHA 3 AKUX npejacTaBieHa sk p; = (x;, Vi, Zi, a;);

p; — OKpeMa TouKa y MpoCcTopi, 3ajaHa KOOpJUHATAMU Ta T0JaTKOBUM aTpUOYyTOM;
X;, Vi, Zi — KOOPJIMHATU TOYKH PI y TPUBUMIPHOMY IIPOCTOPI(JIJIsl OCEH X, Y Ta Z);
a; — JOJIaTKOBUMU aTpuOyT TOUKH , HAIIPUKIIA, KOJIip a00 IHTEHCUBHICTh;

[ — 1HAEKC TOYKH, IKUU 3MIHIOETHCA Big 1 10 N;

N — 3arajibHa KUIbKICTh TOYOK Y MHOHHI P.

ToukoB1 XMapu

L

'.’;;C.\-:..a..:-.m.-.\n, ol
PucyHnok 2.2 - 300pakeHHs] TPUBUMIPHOTO 00'€KTa B MPECTaBICHHI TOYKOBUX XMap.

OcHOBHa TiepeBara TOYKOBUX XMap — BHCOKa JieTalli3allisl 1 mpocToTa 300py
JAHUX, 0 POOUTH iX 11€IbHUMU JJI1 MOJCIIFOBAHHS MIOBEPXOHb CKJIATHUX OO0'€KTIB.
[Ipore neit popmar He 30epirae SBHUX TOIMOJIOTIYHUX 3B'SI3KIB MK TOUYKAMH, IO
YCKJIQJTHIOE TOJaIbITy 00poOKy. g BUpilIeHHS i€l MpoOJeMH 3aCTOCOBYIOTHCS
METOIM 3rTa KyBaHHs (Hanmpukia, k-NN), kmactepu3zaiiii 1u1st BUIITICHHS TPYT TOUOK

1 aNITOPUTMH NOOYJOBH TPUKYTHHX CITOK, 30KpemMa metoj Jlenone.
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KpiMm TOro, mis miaBHILEHHS €()EKTUBHOCTI OOpPOOKH BHKOPHUCTOBYIOTHCS
METO/IM 3MEHIIeHHs po3MipHOCTi, Taki stk PCA (Principal Component Analysis), siki
JI03BOJISIIOTH CIPOLIYBATH HPEJICTaBICHHS TOYKOBHX XMap 0Oe3 BTpaTH KIIOUOBHUX

XapaKTEPUCTHUK 00'€KTa.

2.1.2 Bokceai (Voxels)

Boxkcerni € peryinspHo0 TpPUBUMIPHOIO PEIIITKOIO, ¢ KOXKEH eJIEMEHT (BOKCEIIb)
30epirae iHGOpMaIlilo PO HASIBHICTh 00'€KTa a00 MOT0 BIACTUBOCTI, TaKi K IIIJIbHICTh
gy komp (muB. puc. 2.3). BokcenbHe mNpencTaBICHHS BHKOPUCTOBYETHCS IS
BHYTPIIIHHOTO MOJICNIIOBAHHS 00'€KTIB, HANMPHUKIIAJ, Y MEIUYHUX 300pakeHHSIX a0o

bi3uyHuX cumyssiiax [60].

V(x,y,2) ={0,1}, (2.2)

ne:
V(x,y,z) — 3uauenns Bokcens (0 ado 1);

(x,y,z) — KOOpIAMHATH TOYKH II0 OCSAM X, ¥ Ta Z.

Bokcem

Pucynoxk 2.3 - 300paxeHHs1 TPUBUMIPHOTO 00'€KTa B MPEICTABICHHI BOKCEIIB.
["0710BHOIO MTEpeBaror0 BOKCEIIB € 31aTHICTb MOJIEJIIOBATH BHYTPILIHIO CTPYKTYPY

o0'ekTa, 0 HeAOCTYNmHO Juisl iHUX (opmartiB. [IpoTe iX BUKOpUCTaHHS TOTpeOye

3HAYHUX O0YUCITIOBAIBHUX PECYPCIB, OCOOIHMBO J1JI1 0OPOOKH BEIUKHX OOCSTIB JJaHUX
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[63]. Jns 3MeHIIeHHS OOYMCIIOBAIbHOI CKIIAJHOCTI 3aCTOCOBYIOTHCS aJITOPUTMHU
OKTOJIEPEB, fAKI 1€pApXIYHO MPEACTABISIOTH BOKCEN, 1 METOAM KBAaHTYBaHHS IS

3MEHIIIEHHSA KUIBKOCTI €JIEMEHTIB.

Takok BUKOPUCTOBYIOTHCS MOP(OJIOTIUHI orepariii, Taki K epo3is Ta AuiaTalis,
JUTSL  3TJIQJDKYBAHHS TIOBEPXOHb 1 YCYHEHHS IIIyMiB. 3acTOCYBaHHS MPOIEAYP

1HTEepHoJIsLIi 3a0€e31euye peKOHCTPYKIIIF0 HETOBHUX JAHUX 1 IM1IBUIILYE SIKICTh MOJENI.

2.1.3 IloaironanabHi citku (Meshes)

[ToniroHanbHi CITKM CTBOPIOIOTH TMOBEPXHIO O0'€KTa HA OCHOBI BEpIIMH
(vertices), pebep (edges) 1 rpaneit (faces). KoxHa rpanb 3a3Buyail mpejcTaBiieHa y
BUTJISI/II TPUKYTHUKA a00 OaraToKyTHHKA, 110 J103BOJIsIE TOYHO onucaTu ¢popmy o0'ekTa
(nuB. puc. 2.4). et dopmar mMHUPOKO BUKOPUCTOBYETHCS B KOMIT'IOTEpHINM Tpadirii,

3D-MozentoBaHHI Ta CUMYJISIISX.

M = (V,E,F), (2.3)

Iie:

V ={v,,v,,...,v,} — Halip BepLIMH, KOXKHA 3 AKUX BHU3HAYAECTHLCS KOODIUHATAMHU

(x,y,2);
E = {ey, ey, ..., e,} — HaOIp pebdep, 1110 3’€AHYIOTH BEPIINHHU;

F = {fi, f2, ..., [n} — Habip rpaneii, siki OpPMYyIOTh MOBEPXHIO 00’ €KTa, KOKHA 3 AKX

OTIUCYETHCS K HAOIp BEPIIHH.
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ITonironanpH1 CITKH
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PucyHnok 2.4 - 300paxxeHHs1 TPUBUMIPHOTO 00'€KTa B MPEICTaBICHH] MOMITOHAIBHUX CITOK.

OcHoBHa mnepeBara IMOJITOHAJBHUX CITOK MOJAra€ y BHUCOKIM TOYHOCTI
r€OMETPUYHOr0 TPEACTaBICHHS TMOBEpXOHb. llpoTe 111 poOOTHM 3 BEIUKUMHU
MOJIENIIMA MTOTPIOHO 3HMKYBATH OOYMCIIIOBAIbHI BUTPATH 3a JOMOMOIOI0 PEayKIIi
MOJIITOHIB 1 aJaNITUBHOTO 3M1aKyBaHHs. HopmMarizaliist Hopmasiei BUKOPUCTOBY€EThCS

JUTst 3a0€3TeUeHHsT KOPEKTHOTO BiJIOOpa)KEHHS TEKCTYP 1 OCBITJICHHS.

Cepen anroputMiB 00poOKH 0COOIMBE MiCIIe 3aiMalOTh METOIU PEKOHCTPYKITIi
NOBEPXOHB, Takl 1k Marching Cubes, sIK1 103BOJISAIOTh TEHEPYBATH MOJITOHAIBHI CITKH
3 BOKCEJIbHUX JIaHWX, 3a0e3Meuylourd TOYHE MOJENIOBaHHS CKIagHuX (opwm. [HIm
migxoan, Taki sk meroxa JlammacoBoro 3riajpKyBaHHS, BHKOPHUCTOBYIOTHCS IS

M1JIBUIIICHHS SKOCT1 BIITBOPEHHS T€OMETPIi.
2.2 HasBHI MeTOaM NONEPEAHBOI 00POOKHU JaHMUX

[lonepenus oOpoOka TPUBUMIPHUX JMJAHUX BIJITpa€ BAXKIWUBY pOJIb Y
3a0€3MeueHH] e(PEKTHUBHOCTI aJIrOpPUTMIB Kiacu@ikailii Ta TOYHOCTI KIHIIEBUX
pe3ynbrariB. BianosigHa 00poOKa [103BOJISIE YCYHYTH UIYMH, HOpPMaJli3yBaTH
MacITabu, 3aIMOBHUTH MPOIMYCKHU Ta aIaNTyBAaTH AaH]1 Il TOAATBIIOTO BUKOPUCTAHHS

B INIMOOKUX HEMPOHHUX MEpPEkKaXx.
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MeToau nmonepeaHbLOi 00POOKH TOYKOBHUX XMaP

digbTpaunis mymis

®inbTpanis IIyMIB € BaXJIMBUM €JIEMEHTOM IONEPEeAHbOI OOpOOKH AaHMX, IIO
3a0e3neuye MIJABUILEHHS SIKOCTI BXIIHUX JaHUX I NoJAanbuioi oOpoOku. Y mpoleci
po0OTH 3 TPUBUMIPHUMHU HEHPOHHUMU MEpPEkKaMHU 0COOIMBO aKTyaJIbHUM € YCYHEHHSI
BUIIaJIKOBHX BIXHWIECHD, IKI MOXKYTh IPU3BOJUTH 10 3HAYHHUX MOXUOOK y pe3yJbTaTax
knacudikaiii. OgHuM 3 €PEeKTUBHUX METOIB 3MEHIICHHS IIyMIB € BHUKOPUCTAHHS

anroputmy k-0mmxaux cyciaiB (k-NN) [66, 67].

AnroputM k-NN 103BoJIs€ OOYHCIHTH yCEpEIHEHE TIOJOKECHHS TOYOK Y
JIOKaJTbHOMY OTOYEHHI, 10 CHOpPHS€ 3HUKEHHIO (PIyKTyallii MOBEPXHI Ta CTBOPIOE
edekT 3rnapKkyBaHHs. [{e 0co0IMBO BaXXJIMBO MPU aHAITI31 TPUBUMIPHUX CTPYKTYD, /€
IITYMH MOKYTb 3’ IBJIITUCS BHACIIIJOK IIOMUJIOK BUMIPIOBaHb 200 MEPEIIKO T y TIPoIeci

ckanyBaHHs [73]. @opManbHO HOBE MOJIOKEHHSI TOUKM BU3HAYA€ETHCS 32 (POPMYIIOIL0:

(2.4)

1 k
j=1

ne:

p;*®" — HOBE MOJIOKEHHST TOUKH MICIIS 3T Ky BaHHS;

k — xinpKicTh HAUOMMKYUX CYCIIB, IO BPaXxOBYIOTHCSA IiJ] 4aC yCEPEAHECHHS;
pj — KOOpJMHATH CYyCIJIiB.

OcHoBHI niepeBaru gpuibTpauii mrymis 3a 1onomMororo k-NN:

— 3MEHIICHHS JIOKaJIhbHUX (IYKTyarliili: yCepeIHEeHHs] KOOPIWHAT TOYOK JO3BOJISIE
3raapKyBaTy JpiOH1 HEPIBHOCTI MOBEPXHI;
— TMPOCTOTa peai3allii: alropuTM JETKO pealli3y€eThCs Ta aJalTyeThCs 10 Pi3HUX

THUIIIB JaHUX;
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— THYYKICTh MapaMeTpiB: mapameTp k Moke OyTH HalalITOBaHUN BIAMOBIIHO [0
KOHKPETHHUX BHUMOT JIOCHIJIPKEHHS, 3a0€3MeUyloud KOMIIPOMIC MIX CTyHeHeM
3ra/KyBaHHS Ta 30€peKEHHSAM JeTale CTPYKTYPH;

— CTIMKICTh 70O BHUKHUIIB: METOJ 3HI)KY€E BIUIMB OKPEMHX aHOMAJIbHUX TOYOK Ha

3arajibHy (popMy 00’ €KTa.

OnTumanpHe 3HAYCHHS TIapaMeTpa K 3alleKUTh BiJl TYCTHHH TOYOK Y
JOCIIKyBaH1i 001acTi. 3aHaATO MaJjie 3HAYSHHS MOKE MTPU3BECTH JI0 HEJIOCTATHHOTO
3rJ1aKyBaHHS, TOJII SIK 3aHA/ATO BEJIMKE 3HAUECHHS MOYKE BUKJIMKATH BTPATY JAeTalIeH Y
cTpykTypi. Ilpakthunuii migxig A0 BUOOpPY MapaMeTpa BKIIOYAE TECTYBaHHS
JNEKUIbKOX 3HAYeHb HAa HABYAJIBHMX JaHHUX Ta OILIHKY PE3YJbTATIB 32 JOMOMOIOIO

METPHK SKOCTI.
Hopmauizaniss koopanHar

Hopwmarizariisi KoopJIMHAT € OJJHUM 13 KJIFOYOBHX €JIEMEHTIB MOTIEPETHBOI 00pOOKHU
JAHUX, IO CHpPSIMOBaHWI Ha YCYHEHHs BIUIUBY Maciitaly, po3MipiB 1 OpieHTaiii
o0'ekta [69]. Bona 3a0e3neuye mnpuBeJeHHS 3HAYE€Hb KOOPAMHAT JO €JIUHOTO
nianmazony, 3a3Buyail [0,1] a6o [—1,1]. Takmii miaxim miaBHUITYE CTaOUIBHICTH
AITOPUTMIB MAIlTUHHOTO HABYAHHS, 3a0€3MeUyI0YN KOPEKTHICTh MOPIBHSIHHS JAHUX Ta

IMPUCKOPIOIOYH ITPOUCC HABYAHHA MOIICJ'ICﬁ.

dopManbHO  HOpMali3aliss  BUKOHYETbCS 32  JOMNOMOTOK  HAaCTYyIHOTO

MCPCTBOPCHHA

: X — Xmin (2.5)

Xmax — Xmin

Ie:

x' — HOpMaJTi30BaHe 3HAYCHHS KOOPANHATH;

X — TIOYaTKOBE (HEHOPMasIi30BaHE) 3HAUECHHS KOOPAUHATH;
Xmin — MIHIMaQJIbHE 3HAYEHHS] KOOPAUHATH Y BUOIpIIL;

Xmax — MAaKCHUMaJlbHE 3HAUEHHS] KOOPJMHATH Y BUOIpIII.
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[lepeBaru HOpMaJi3alli KOOpAUHAT:

— YCYHEHHs MacluTabHMX BiAMIHHOCTeM: IlepeTBopeHHs 103BOJIsiE€ €(PEKTUBHO
00pOoOJISATH AaH1 PI3HUX PO3MIPHOCTEM, 3BOJIAUYM iX JO OJJHOTO MacIITa0Yy;

— MOKpaleHHs 301KHOCTI allrOpUTMIB: YHi(IKallis Jlarna3oHy 3HA4eHb KOOPAHHAT
3HWXKY€E YyTJIMBICTh MOJEJIEH O MOYaTKOBUX YMOB Ta IPUCKOPIOE ONTHUMI3ALILI0
napameTpiB;

— 3MEHIIEHHS BIUMBY aHoMamiii: IlepeTBopeHHss oOMeXye BIUIMB BHKHUAIB, IO
MaroTh HAJTO BEJIMKI 00 MaJll 3HAUEHHS, 3HWKYIOUHM CIIOTBOPEHHS B HaBYAJIbHUX
JTAaHUX;

— CYMICHICTb 13 pi3HUMHU MeToAamMu Kiacudikarii: Jleski anropurMu, 30Kpema Ti, 1o
0a3yloThCsl Ha €BKIIOBIN BifcTaHi (Hampukian, k-NN abo SVM), uyTnuBi 10
pi3HMII MacmTabiB, 1 HOpMali3allis Jonomarae 3a0e3NeuyuTH KOPEKTHICTh

OOYHCIIEHD.

VY Bumanaky oOpoOKM TPUBUMIPHUX JTaHUX HOpMAJIi3allisi JOIOMarae y3roauTH
MaciTad KOoOpAWHAT Y3J0BX ycix oced (X, y, z). lle mo3Bosisie HeHpOHHUM
MEpexaM 30CEpEeIUTUCS Ha BHSIBJICHHI NATEPHIB y CTPYKTYpl OO0'€KTIB, a HE Ha
abCOMIOTHUX 3HAYCHHSX KoopAawHaT [75]. Hopmamizariss Takok Ba)JuBa IPHU
poOOTI 3 AaHUMHU, OTPUMAHMMH 3 PI3HUX JKEpen, /€ MacIliTad0yBaHHA MOXKeE

BIJIPI3HSATHUCS.
Bunajienns anomaJiin

Bunanenns anomManiii Tako)XK € BaXXJIUBUM €JIEMEHTOM IMIATOTOBKH JAaHUX, SIKUK
CIpsIMOBAaHUM Ha BUSBIEHHSA Ta YCYHEHHS TOYOK, IO CYTTEBO BIIPI3HSAIOTHCS Bij
OCHOBHOT'O PO3MOJLIY JaHUX. AHOMaNii MOXYTh BHUHHMKATH BHACIIJOK IMOXHUOOK
BUMIPIOBaHb, IIyMiB a00 YHIKaJbHUX, HECTAHJAPTHUX BJIACTUBOCTEH 00'€KTa.
HasiBHICTh TaKMX TOYOK MOXE 3HAYHO 3HWXKYBAaTH €(EKTHUBHICTH KiacuQikalli Ta

poOOTH TPUBUMIPHUX HEUPOHHUX MEPEXK.

Y mpoMy po3Iisi BUKOPUCTOBYETHCA KIACTEPHHM aHami3 aia iAeHTUdIKarii

130JIbOBAaHUX TOYOK, SKI 3HAXOJAThCA Ha 3HAYHIA BIJICTaHI BiJ CBOIX CYCIJIB.
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Kputepiem s BUJaneHHs € MEPEBULIECHHS MMOPOTOBOTO 3HAYEHHS BIJACTaHI, IO

(bopManizyeTbcs HACTYITHOK YMOBOIO:

Ac:

D(pi,pj) > T — BHUJAJIEHHH], (2.6)

D (Pi, p j) — BIJICTaHb MK TOYKaMH p; Ta Pj;

T — IIOpOroBC€ 3HAYCHHA, AKC BH3Ha4Ya€ MAKCHUMAJIbHY OOIIYyCTHUMY BiILCTaHL MIK

TOYKAMH, 1100 BOHU HE BBAXKAJIMCS 130JIbOBAHUMU.

Meroauka ieHTudiKaiii aHoMaii:

oOumcieHHs BifacTaHe: JJII KOXHOI TOUYKHM OOYHCIIOETHCS BIACTaHL 0
HAWOMKYUX CYCIIiB (HATPUKIIAI, 32 €BKJI1JJOBOI0 METPHUKOIO);

MOPIBHSIHHS 3 TOporom: SIKIIo BiJCTaHb OO0 HAHOIMKYHMX CYCIIIB IEPEBHIINYE
3aJIaHui TOPITr T, TOYKA KIACU(PIKYETHCS K AHOMAJIbHA;

BUJaJIeHHs a00 MapKyBaHHsS: AHOMalbHI TOYKH MOXYTh OyTH BHJajieHi abo

MapKOBaH1 JUIsl TOJAIbII0i 00OPOOKH.

HOpOFOBC 3HAYCHHA BHU3HAYA€THCA  CKCIICPHUMCHTAJIBHO ab0 Ha OCHOBI

CTAaTUCTUYHHX XaPaAKTCPUCTHUK JAHUX. OI[I/IH 13 HiI[XOI[iB 1€ BUKOPHUCTAaHHA CCPEAHBOTO

3HAYCHHS BiJICTaHEW TUIIOC KUTbKA CTAaHJAPTHUX BiIXWICHb. AJBTEPHATHBHO, MOKHA

3aCTOCOBYBATH alropuTMH Kiactepusailii, Taki sk DBSCAN, sxi aBToMaTtuuHO

BUSBJISIIOTH aHOMAJTii, BpPaXOBYIOYH IILIbHICTh TOYOK.

BukopucTtaHHs KJIaCTEpHOIO aHadi3y JJid BHSBICHHS aHOMa J103BOJISIE

¢()eKTUBHO 3MCHIIUTH IIYM Yy BXIIHUX JAaHUX, 110 CIPHUSAE MIABUIIEHHIO TOYHOCTI

MOJIeJIel MallIMHHOTO HaBUYaHHs. Takuil miaxiJl € 0COOJIMBO KOPUCHUM JIsl pOOOTH 3

TPUBUMIPDHUMU HEHPOHHHMH MEpeXaMH, Jie¢ CTAOUIbHICTh 1 TOYHICTh JIaHUX €

KPUTHUYHO BaXJINBUMH.
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MeToau nonepeaHLoOi 00POOKH BOKCEJIIB

digbTpaunis mymis

OO6poOka TPUBUMIPHUX AaHUX, MPEJCTABICHUX Y BUIJISIAI BOKCEIIB, BUMAarae
e(pEeKTUBHUX METOJIB (PUIBTPALi] IIYMIB AJIi 30€pEKEHHS CTPYKTYypH 00'ekTa. OqHUM
13 M1JIXO/11B € BUKOPUCTAHHS MOP(OJIOTTYHUX OIepalliid, TaKUX K epo3is Ta JujiaTaris.
Ili omeparrii 3acTOCOBYIOThCSI O€3MOCEPEAHBO 10 BOKCEIBHUX JIaHHMX, J103BOJISIIOUU

BUJANIATH apTe(aKTH Ta BiJHOBIIOBATH T€OMETPUYHI OCOOIUBOCTI 00'€KTIB.

Epozsis — 1e mopdonoriyna omnepariisi, sika 3MEHIIIy€e 00JacTh 00'€KTa MUITXOM
BUKJIFOYCHHS BOKCEJIIB, IO HE 3aJ0BOJIBHSIOTH CTPYKTYpHOMY e€leMeHTy. BoHa

e(eKTUBHO BUAAJISI€ HEBEIUKI IIIyMOB1 TOUKH Ta PO3'€AHAH] KOMIOHEHTH.
dopManbHO, €po3isd BU3HAYAETHCS SIK:

AOB ={z|B, C A}, 2.7)

ne:

A — nouatkoBuil HaO1p BOKceNiB (00'€KT);

B — CTpYKTypHUH €JIEMEHT;

B, — 3CyB CTpyKTYypHOTO €JeMeHTa B 10 no3uii z;

Z — TO3UIIis, 0 SKOi 3CyBAETHCS CTPYKTYPHUI €IeMEHT B.

Omneparlisi BAKOHYETbCSI TAKUM YWHOM, 10 B NMOBHHEH MOBHICTIO MTOMICTUTHUCS

BcepeuHi A 11 30epekKeHHs BOKCEIS Z.

Epo3is BUKOPUCTOBYETBHCS sl BUIAJIEHHS UIYMIB, 3IJ1aJKyBaHHS KpaiB 1
3MEHILEHHS pO3MIpIB 00'€eKTa, OCOOJMBO /JII YCYHEHHS OKPEMHX 130JbOBaHUX

BOKCEJIIB.

Jlunaraitisi, HaBMaKW, € OMEPAIi€l0 PO3IIUPEHHS, KA 0Ja€ BOKCEI 10 MEX
00'exTa, 3aMOBHIOIOUM MPOIYCKU abo apiOH1 oTBOpu. lle m03Bosie BIAHOBIIOBATH

CTPYKTYPY MicJis €po3ii a00 3aM0BHIOBATH IP1OHI MOPOKHUHHU.
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dopmanbHO, TUIaTallisl BU3BHAYAETHCS SIK:
A® B ={z|B,nA + 0}, (2.8)
ne:
A — moyaTkoBuUii HaOlp BOKcemNiB (00'€KT);
B — CTpyKTypHUIl €JIIEMEHT;
B, — 3CyB CTpYKTYpHOTO eJeMeHTa B 10 mo3uiii z;
Z — TO3UILIs, A0 SKOi 3CYBa€ThCS CTPYKTYPHUH elieMeHT B.

JlomaTkoBi BOKcCEJ JIOJAIOThCS B MICIA, i€ CTPYKTYpHUH eleMeHT B

MEPETUHAETHCS 3 00'€KTOM A.

JlunaTaiiisi BUKOPUCTOBYETHCS JIJIsl BIAHOBJICHHSI reoMeTpii 00'€KTiB, 3alIOBHEHHS

MIPOTAJIHH 1 MOCUJICHHS! KOHTYPIB MICJIS €TaIry epo3ii.
Hopmadgizanis mijibHOCTI

Hopmanizaris niiabHOCTI BOKCeniB (2.5) € BaXJIMBUM €TaroM IOIepPeIHbOT
00pOOKHM JaHMX y TPUBUMIDHUX HEHPOHHHX Mepekax. li OCHOBHE IpU3HAYEHHS
noyiirae B yHidikaimii MPOCTOPOBOTO  PO3MOALTY TOYOK, IO 3ade3neuye
MacmTabOBaHICTh, €()EKTUBHICTh 1 KOPEKTHICTh POOOTH AIrOPUTMIB MAIIMHHOIO

HaBYaHHA.

OCHOBHMMHU  3aBJAaHHSIMM HOpMaji3alii € YCYHEHHS HEOJIHOPIIHOCTEH,
BUPIBHIOBAHHS IIUILHOCTI TOYOK 1 CIIPOIIEHHS 004YucieHb. [{aHi, oTpuMaHi 31 CKaHepiB
abo CeHCcopiB, YacTO MAalOTh Bapiallii B UIUIBHOCTI B pi3HUX perioHax. [IpuBeneHus
IIUTBHOCTI 10 (pIKCOBAHOTO PIBHS JI03BOJISIE PO3B'SI3aTH 1[I0 MPOOJIEMY Ta TOJICTIIUTH

IHTErpaliro 3 IHIUMU GopMaTamMH JTaHUX.

[ToBTOpHA BUOIpKa BOKCENIB 3aCTOCOBYETHCS ISl 3MIHM PO3MIpy a00 IIUIBHOCTI
[UIAXOM 1HTEpHOJIALIi 200 BUOIPKH, 1110 ONTUMIZY€ 00CST TaHUX 0€3 BTpaTH KPUTUUHOI

iHpopMmarii. VYHidikamis macmTaldy 3MEHIINY€ KUJIbKICTh BOKCETIB Yy AUISHKAX 3
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HaJMIPHOIO IIIJIBHICTIO, TOJ1 SK 3allOBHEHHS MPOTAJIMH J0Ja€ BOKcCesl B 00JjacTi 3

HU3BKOIO IIJIHHICTIO.

[Ticns HOpMmamizarii MIUTPHOCTI YaCcTO 3aCTOCOBYIOTHCS MOPQOJIOTIUHI Omeparii,
Taki K epo3isd Ta Aunataiis. Eposis Bunanse 1301p0BaHi TOYKH Ta ApiOHI apTedakTH,
a IWJIaTailisl BIAHOBIIIOE 3'€THAHHS MK YaCTUHAMH 00'€KTa, 3a[I0BHIOE TTOPOKHUHU Ta
BIJTHOBJIOE CTPYKTypy. KoMOiHOBaHI omepairii, Taki SIK BIAKPHUTTS Ta 3aKPUTTS,
JIO3BOJIAIOTE 30epiraTh BaXKJIWBI JieTalli 00'€KTIB, OJJHOYACHO YCyBar4u HeOakaH1

IIyMH.

Hopmamizanis oiinbHOCTI pa3oM i3 MOP(OJIOTIYHOI 00POOKOIO MiABHUIILYE SIKICTh
BXIIHUX MJaHUX Ui HEWPOHHUX Mepex, 3abes3leuye TOYHICTh CEerMeHTallii Ta

Kiacudikaiii, a TaKOX IMOJIETrIIye 00poOKy BEIMKUX 00CsTiB iH(popMartii.
PexoHCTpYyKIIisi NOBEPXOHD

PekoHCTpyKIIisi MTOBEPXOHB € BaXJIMBUM €TAIllOM aHalli3y TPUBUMIPHUX JaHHX, IO
nepeadavyae moOyJOBy TE€OMETPUUYHHUX MOJeieH 00'€KTIB Ha OCHOBI BOKCEIBHUX
npencrasiieHb. OIHUM 13 HAUNOIIMPEHIIIUX AJITOPUTMIB IS LI€T 3a7a4l € METOA

Marching Cubes.

Merox Marching Cubes reHepye TONITOHAIBHI CITKA MUISXOM 1HTEPITOJISIIT
3Ha4Y€Hb BOKCEJIB, CTBOPIOIOYH 3IJIaJPKE€HI IMOBEPXHI, K1 MOXYTh OyTH BUKOPHUCTaH1
JUISL Bi3yastizallii, aHajizy a0o nojanbiinoi o0poOku. OCHOBHA 1/1es alTOPUTMY MOJIATae
B aHATI31 JIOKAIbHUX KyOIYHHX KOMIPOK, CPOPMOBAHUX IPYIIAMH 3 BOCBMH BOKCEITIB, 1

1no0y/10B1 TPUKYTHUX TOJIITOHIB, 110 ATPOKCUMYIOTh TTOBEPXHIO.

[HTEeproNsLis 3HaYEeHb BUKOPUCTOBYETHCS JIJIS1 TOUHIIIOTO BUBHAUEHHS MOJI0KECHHS
BEPIIMH MONIroH1B. Hanmpukiaz, 1uist 1BOX CyClIHIX BOKCEIIB 3HAYEHHS HA MOBEPXHI

00YHCITIOETHCS 32 HOPMYJIIOHO:
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p1+ D2 2.9
v(p) = ——— 29
2
e:
v(p) — IHTEpHOSLOBAaHE 3HAYCHHS B TOYIl P, SKE BH3HAYAETHCS K CEPEIHE MIXK

3HAYEHHSAMHM CYCIJIHIX BOKCEIB;
P1, P, — 3HAUYCHHS JIBOX CYCIJIHIX BOKCEIIB.

[le mo3Bosisie 3rMamuTH TEPEXOAM MK BOKCENSIMU, 3a0e3Meuyloud TUIaBHICTh

B1JIHOBJICHO1 ITOBEPXHI.

OcnoBuumMu mnepeBaramu Marching Cubes € BUCOKa TOYHICTb, MOXJIHMBICTh
MpaImoBaTi 3 BEJIMKUMHM HAO0OpaMy MaHMX 1 MIATPUMKA CKIQAHUX TPUBUMIPHUX
CTPYKTYp. MeTo/i MIHUPOKO BUKOPHUCTOBYETHCS B KOMI'FOTEpHIN Tpadilli, MEIUUHIN

Bi3yasli3allii Ta HQyKOBOMY MOJIEJIFOBaHHI.

PexkoHCTpyKILIIsl TOBEPXOHB BIAIIPAE KPUTUYHY POJIb Y TPUBUMIPHUX HEHPOHHHX
MepeXxax, OCKUIBKH 3a0e3nedye 3B'SI30K MIDK BOKCEIBHHMH JaHUMH Ta
NOJIITOHAJIBHUMHM MOJIETISIMU, SKI BUKOPHUCTOBYIOTHCS B IMOAAJIBIIOMY aHalli3l abo

BIJIOOpa’KEHHI.

MeToau nmonepeaHLoOi 00POOKH MOJIrOHAJILHUX CITOK

dinbTpanisa mymis

JlarutacoBe 3r1aJKyBaHHS YCyBa€ HEPIBHOCTI, ONTUMI3YIOUH TTOJIOKEHHS BEPIINH

1 CTBOPIOIOYH TIJIaBHI MIEPEXOU MK TPaHSIMH.

new _ 2.10
v =+ A z (vj—vi), (2.10)
JEN(D)
ne:
v]**" — HOBE MOJIOKEHHSI BEPIIMHH [ MICIIS 314 Ky BaHHSL;

V; — II0YaTKOBE I10JIOXKEHHS BEPILUUHU I

N (i) — Habip CycCifHIX BEPIIMH JJIs BEPIIUHH [;
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V; — IIOJIOKEHHS CYCiZIHbOT BEPIIMHHY j, AKa HaNEeXKUTh 10 Habopy N (i);

A — KoedilieHT 3ri1aKyBaHHS, 1110 KOHTPOJIOE IHTEHCUBHICTh KOPEKIIIi.

[Is dpopmyna peaiizye NmepeMillleHHs] KOXKHOI BEPUIMHU B HAIMPSIMKY CEPEIHbOTO
MIOJIOXKEHHS 11 CYCIIiB, 11O J03BOJISIE€ 3MEHIIMTH JIOKAIbHI KOJMBAHHS Ta IMOKPAIIUTH
TJIaJIKICTh TTOBEpXHi. 3HaUEHHs MapaMeTpa A 3a3Bu4ail oOupaeThes B aianaszoHi Big 0

10 1, 1106 3a6e3neunTu 6anaHc MK 30€peKeHHIM JeTallel 1 yCYHEHHSIM IIyMIB.
Hopmaunizauisi reomerpii

Hopmamizaniss reomerpii € BaXXJIMBUM €JIEMEHTOM MIATOTOBKH MOJITOHAIBHHUX
CITOK JTsI TTOJaIbII0oT 00OpOOKH Ta Bizyauti3allii. BoHa BkiItouae BUPIBHIOBaHHS JTOBXXKUH
pebep 1 KOpUTyBaHHS HOpMasel, 1o 3abe3neuye CTaOUIBHICTh 1 CYMICHICTH 3

QJITOPUTMAMHM OCBITJIEHHS Ta TEKCTYPYBaHHS.

PiBHOMIpHUIT PO3MOIIT JOBKUH pedep M03BOJIAE YCYHYTH aedopmariii CIiTKH,
30epirarouu Mpomnopilii Ta aerail cTpykTypu. Lle mokparrye TOUHICT, 0OUYHCIIEHD ITi]T
4ac CUMYJISILIN 1 CTBOPIOE OJHOPIJIHY CITKY, sIKA € OLIbII TPUAATHOIO JIJIsl aJITOPUTMIB

00pOOKH.

Kopurysanns HopMmasiei BiIrpae KIFOYOBY POJIb B OOYMCIICHHI CBITJIOBUX €()EKTIB,
TaKMX $K BIOONMCKM Ta TiHl. [lpaBuibHAa oOpieHTaliss HOpManed MiIBUIILYE

pealiCTUYHICTb Bi3yani3auii i 3a0e3neuye KOPpEeKTHY 1HTErpalito TEKCTYP.

JlaH1 mpo1iecu € KpUTUIHO BOKIUBUMH T 3a0e3nedeHHs sskocTi 3D-moaenei, mo
BUKOPUCTOBYIOTHCSA B MAlIMHHOMY HaBYaHH1, KOMIT FOTEPHIM rpadimi Ta CUMYIISILIsAX

(b13MYHUX TPOLECIB.
Pexykuisi moJstiroHis

Penykiiisi modiroHiB € BaXJIMBUM €JIEMEHTOM OMNTHMI3allll CTPYKTYpU CITOK st
MIJBHUINCHHS TPOJYKTHUBHOCTI 1] 4Yac Bi3yaiisallii Ta aHami3y BEJIUKHX MOJEJCH.
OcHOBHa MeTa MoJIsIrae B 3MEHUIEHH] KIJIbKOCTI rpaHel 0e3 3HauHHMX BTpaT AeTalIeH,

110 JI03BOJIsIE 30€pErTH TEOMETPUYHY TOUHICTD 1 BI3yalbHY SKICTh 00’ €KTa.
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[Iporiec peaykiiii IpyHTY€ThCS Ha MiHIMI3aIlil 3arajJbHOI MOXUOKH, SIKa OTMUCYETHCS

HACTYITHOIO (POPMYJIOIO:

n (2.11)
_ 2
i=1
ze:
E — 3aranpHa mnoxuOKa, M0 BiJOOpa)kae BIIXWUICHHSA CIPOIICHOI CITKH BIJ
IMOYaTKOBOI;

W; — BaroBi Koe(Ili€HTH, 1110 BU3HAYAIOTh BAKJIUBICTh OKPEMUX TOYOK a00 JIJISTHOK;
d; — BiJICTaHb BiJI BEPIIMHHU [ 10 HAOJUKEHOI TOBEPXHI;
N — 3arajbHa KIJIBKICTh TOYOK Y MHOXKHHI.

Mertoauka penyKilii 3a3BH4ail BKJIIOYA€E TaKl €TaIu:

— 1igeHTH(iKaIisg TpaHel abo BeplInH, K1 MOXKYTh OyTH 00’ €1HaH1 abo BUalieH1 6e3
CYTTEBOI BTPATU F€OMETPUUYHUX OCOOTMBOCTEH;

— IepepaxyHOK MOJIOKEHb BEPIIMH 13 BpaXyBaHHIM ONTHUMI3alli (pOpMU NOBEPXHI;

— TMepeBipKa Ta OHOBJICHHS HOPMaJiel 1 TeKCTypHUX KOOPAMHAT JUIs 3a0e3MeueHHs

30€pEKEeHHS BI3yalbHOT SIKOCTI.

Anroputmu peaykiii, Taki sk Quadric Error Metrics (QEM), BUKOPUCTOBYIOTHCS
TUTst €EeKTUBHOTO OaTaHCYBAaHHS M1k KUIBKICTIO TOJITOHIB 1 TOYHICTIO MOoieli. Bonu
IIIUPOKO 3aCTOCOBYIOTHCA B KOMIT FOTE€pHINM rpadirri, Bizyanizaiii MEIMYHUX JTaHHUX 1

recoMeTpuiIHoOMYy MOI[CJHOBaHHi.

Onrtumizailisi MOJIFOHAIBHUX CITOK OCOOJIMBO BaXJMBa TMpu PoOOTI 3
TPUBUMIPHUMU HEUPOHHUMH MEpEeXaMHu, J€ HIBUIAKICTh OOpOOKHM Ta TOYHICTH

reoMeTpii BINIMBAIOTh HA SIKICTh HABUAHHS 1 pe3ynbTaTiB Kiacudikarrii.



52
2.3 MeToau KOJOPUMETPUYIHOI KOPEKIii

KonopuMerpudHa KOpPEKIIisl € BaXJIMBUM €TallOM IMATOTOBKU JAaHUX IS aHATI3y
TEKCTYp 1 kiacudikaiii 300paxens [80]. Bona Bkiitouae nepeTBOpEHHS! B OOHEHTHUM
IPOCTIP KOJBOPIB, IO JIO3BOJISIE BHUIIIUTH SCKPaBICTh Ta XPOMATHYHICTD,

M1BHUITYIOYH 1HOOPMATUBHICTD JIAHUX.

HepeTBOpeHHH KOMIIOHEHTIB KOJIbOPY BUKOHYETBCA 34 HACTYITHUMHA @OpMy.TIaMI/I:
R—-G R+ G — 2B R+G+B (2.12)
01=—’02=—,03= )
V2 V6 V3

Ac:

0, — nepumuii KOMIIOHEHT B OIOHEHTHOMY IIPOCTOPI1, SIKWH BU3HAYAC PI3HUIIO MIXK
1 5

yepBoHUM (R) Ta 3enenum (G) konpopamu;

0, — npyruii KOMIIOHEHT B OIIOHEHTHOMY MPOCTOPI, 1[0 BPAXOBY€ CIiBBIAHOIUIEHHS

MK yepBoHUM (R), 3enenum (G) Ta cunim (B) konbopamu;

O, — TpeTiii KOMIIOHEHT B OIIOHEHTHOMY IIPOCTODI, SKUIl BiIoOpa)kae sICKpaBiCTh
3 5

KOJIbOPY, BUKOPUCTOBYIOUH BC1 TpH KOMIIOHEHTH: uepBoHuit (R), 3enenuti (G) 1 cuHii
(B);

R,G,B — KOMIIOHEHTU KOJBbOPY Y BHXIJHOMY IMpOCTOpl, IO BIANOBIJAIOTH

yepBoHoMy (R), 3enenomy (G) ta cunbomy (B) kanamam BiAMOBIAHO.

OmnoHeHTHHI MPOCTIP KOJIHOPIB BigoOpaxkae iH(OpMaIIio PO KOJIPHI BIIMIHHOCTI
1 SICKpaBICTh, 10 OCOOJIMBO KOPUCHO MPH aHaJI31 TEKCTYp ab0 cerMeHTallii 00’ €KTIiB y

TPUBUMIPHUX MOJIEISAX.
Lle#t maxim J03BOJISE:

— BUAUIATH KOJIbOPOBI IPaJi€HTH, MOKPALLYOUH PO3II3HABAHHS TEKCTYD;
— 3HWXKYBaTH BIUTUB OCBITJICHHS 3aBJIIKU PO3AUICHHIO 1HPOpMAITii PO ACKPaBICTh

Ta KOJIbOPOBICTB;
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— migBUIyBaTH  €(EKTUBHICTh  Kiacu@ikallii, BHUKOPUCTOBYIOYH  KOJIpHI

0COOJIMBOCTI I TIOKPAIICHHA pCBYJILTaTiB HaB4YaHHA MO,Z[GJ'IGﬁ.

Metoau nonepenHr0i 00pOOKH JaHWX, BKIIOYAOUH (BiIbTpaIliro, HOpMai3alliio,
PEKOHCTPYKIIIIO Ta PEAyKINIO TOJIrOHIB, 3a0€3MeYy0Th CTaOUIBHICTD 1 aJamnTariio
TPUBUMIPHUX MOJCIICH J0 aJITOPUTMIB MAaITMHHOTO HaB4aHHSA. KomopumerpuyHa
KOPEKLIs JOMOBHIOE I METOAH, PO3LIMPIOIOYM MOXIIMBOCTI AaHAII3Y TEKCTyp 1
CTPYKTYyp. | po3paxyBaBIiu cepe/iHi BiJICOTKOBI MOKPAIIEHHS KIJIbKOCTI BTpaT (JIMB.
puc. I'.37), Mo)XHa 3a3HAYUTH IO BUKOPHCTAHHSI OTOHEHTHOI KOJIOPUMETPHYHOI
KOPEKIIii IPU3BOJINUTH 0 3MEHIIIEHHS BTpatT B Aiana3oHi Big 8,64% mo 53,33%, mo B

CBOIO UEpry Bele J0 MOKPAIICHHS TOYHOCTI Ta cTablIBHOCTI Kaacudikarii.
2.4 TeoperuuHi acneKkTH apxiTekTypu Kjiacudikaropa

Po3poOka edekTuBHOrO KiacudikaTtopa sl TPUMBUMIPHUX 300pak€Hb BHUMarae
JIETaJILHOIO aHaNli3y apXITEeKTypu MeEpexi, sKka 3JaTHa BPaXxOBYBaTH MIPOCTOPOBI
ocobnuBocTti gaHux [36]. [ToOymoBa Takoi apXiTeKTypu 0a3yeThCs Ha MPHUHITUIIAX
opraHizaiii  TPUBUMIPHUX  TOMOJIOTiM, 1[0  3a0e3Me4yyloTh  aJalTUBHICTD,

MaciITabOBaHICTh 1 TOUHICTh 0OPOOKH BX1AHUX CUTHAIIB [48].

TpuBuMIpHI TOMONOTIT BiIIrParOTh KIOUYOBY POJIb Y TIPEICTABICHHI 00’ €KTIB 13
30€peKEHHSIM IXHbOI TE€OMETPUYHOI CTPYKTypH. BoHH A03BOJISIIOTH (GopMyBaTu
MOJIeN, K1 34aTHI €(EeKTUBHO MpaLIOBATH 3 PI3HUMH (POpMaTaMH JaHUX, TAKUMU SIK
BOKCEJIl, TOYKOBI XMapH Ta IOJITOHAIBHI CITKH. 3aBASKH IIbOMY 3a0€3Meuy€eThCs

MOKJIMBICTh BUKOPHUCTAHHS CKJIAIHUX IT1IXOIB JI0 BUSBJICHHS O3HAK 1 KJ1acudikarlrii.

[Tomanpmuii  po3risiyy 30CEPEKEHO HAa TEOPETHYHOMY  OOIPYHTYBaHHI
TPUBUMIPHUX TOTIOJIOTIH, IXHIX BIACTHBOCTSX Ta anropurmax nooOyaoswu. Lleit anamnis
€ HEOOX1THOIO OCHOBOIO Ul PO3POOKM apXITEKTyp HEUPOHHHUX MEpPEXk, 3JaTHUX
00pol6usiT Benuki o0csru iHdopMalii 3 ypaxyBaHHIM MPOCTOPOBUX B3a€MO3B’S3KIB

MDX €JIEMEHTAMU JaHUX.
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2.4.1 Teoperu4He OOIPYHTYBAHHS TPUBUMIPHHMX TOIOJIOTiH
AHani3 ICHyI0YMX N1AXOA1B Y IPOEKTYBaHHI TOIOJIOTH € BAXKJIMBUM €TaNIOM IS

BH3HAYEHHS TXHIX IMepeBar, 0OMeKeHb Ta MOKIIMBOCTEH BIockoHaleHHs [38, 43].

Icayioui TonmoJorii

HeiiponHi Mepesxi BAKOPHUCTOBYIOTh Pi3HI TOMOJIOT Jy1st 00poOku gaHux. OCHOBHI

THUIIN BKJIFOYAIOTh:

— MOCIIJOBHA TOIOJIOTIS;
— 3rOPTKOBA TOMOJIOTIS,

— PEKypeHTHa TOMOJIOTs.
IMocainoBHa TOmoOJIOTifA

[TocnitoBHA TOTIOJIOTSI € HAUMTPOCTIIIO Ta HAMOUTBII IHTYITUBHO 3PO3yMLIOI0
CTPYKTYpPOIO MJi MOOYJAOBH HEHUPOHHUX MEpex. Y I apXiTeKTypl KOXKeH HEeHpOoH
OJIHOTO Iapy 3'€qHAHUM 3 yciMa HelpoHamu HacTynHoro mapy. Lle o3nauae, 1o
KOXXEH BHUXIJ OJHOTO IIapy € BXOJOM J/JI BCIX HEHpPOHIB HacTymHoOro mapy. Taka
CTPYKTypa 3a0e3rnedye MOBHY B3a€EMOJIII0 MDK HEMpOHAMHM Ta Ja€ 3MOTy MEpexi
HABUMUTHCS CKJIATHUM HEIHIMHUM 3aleXHOCTIM y naHux [52]. OgHak OCHOBHHI
HEJOJIK I[bOT0 MIAXOAY IOJSAraE€ B OOYHCITIOBAIBHIA CKJIQJHOCTI, fIKa 3pPOCTaE
€KCIIOHEHU1MHO 3 KUIBKICTIO HEMPOHIB 1 mapiB. Hanpuknaz, sSKIio B nepuioMy Imapi
100 neitponis, a B apyromy — 200, to 3aramom Oyne 20 000 3'emnanb. lle moxe
MIPU3BOUTH JI0 TIEPCHABYAHHS 1 BUMaraTu BEIMKAX OOYHCITIOBAILHUX PECYPCIB IS

TPEHYBaHHS.

VY mocaigoBHIN TOMOJNOTII KOXEH HEWPOH MOB'SI3aHUM 3 yciMa HEHpOoHAMH

HACTYMHOTO mapy. Buxin Heiipona o6uucioeTbes 3a GopMyIom:

n (2.13)
vi=f Zwijxj +b; |,
=1

A€
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Y; — BUXIJI 1-TO HEWPOHa;

Xj — BX1JIHI 3HAYEHHA BiJl j-I0 HEMPOHA MONEPEIHBOTO HIapY;

W;j — Baru 3B'A3KiB MK HEHpOHAMHU,

b; — 3MillleHHs )14 1-T0 HEHPOHa;

f — byHKIIS aKTUBAILIT,

N — KUIBKICTh HEHPOHIB y MONEPEAHLOMY IIIapi.
3ropTrkoBa TONOJIOrist

3ropTKOBa TOMOJIOTiS BUKOPUCTOBYETHCS B 3rOPTKOBHX HEHUPOHHUX MeEpexkax
(CNN), sixi crieniaJibHO po3po0IieHi 1t 00pOOKH JaHUX 13 TPOCTOPOBOIO CTPYKTYPOIO,
TakuXx sk 300paxeHHs [44]. OcHOBHa ijes MoJiIrae B TOMY, 11100 Mepeka HaByajacs
BUSIBJISITH JIOKAJIbHI O3HAKHU, TaKl K TEKCTYPH, Kpai, KyTh ab0 KOJIHOPOBI TPAIEHTH.
3ropTKOBa TOIOJIOTIS MPAIIOE 33 PaXYHOK 3aCTOCYBaHHS (PUIHTPIB (SACP 3TOPTKH ), K1
KOB3alOTh TIO0 300paXEHHIO 1 CTBOPIOIOTh KapTu o3HaK. KoxkeH ¢iuapTp TmIykae
cnenudiyHui mabloH y 300pakeHHi, 30epirarouu JOKaldbHICTh 3B's3KiB. [loTiM
OTpUMaHI1 KapTH 03HAK MPOXOIATh Yepe3 IIapH MiABUOIPKH (ITyJIIHTY ), SIKI 3MEHILYIOTh
PO3MIPHICTh JaHUX, POOJIAYM MEpeKy MEHIN YYTIUBOIO N0 3CyBIB a00 macmrTaliB
00'exTiB [68]. [IepeBaramu bOTO MiAXOY € 3HAYHE 3MEHIIICHHS KIJIbKOCT1 ITapaMeTpiB
y TIOPIBHSHHI 3 MIUTBHUMH MEpeXaMHu, MiBUIIEeHA e(PEKTUBHICTh 1 MAaCIITAaOOBAHICTh
JUTSI BEJIMKUX BXIJTHUX JAHHUX, & TAKOXK MOXIIUBICTh aBTOMAaTUYHOTO BUIIJICHHS O3HAK

0e3 HeoOX1AHOCT1 PyYHO1 1H)KEHEpIi O3HaK.

3ropTKoBa TOMOJIOTisI 00POOJIsie JIOKaIbH1 00J1aCTI BX1IHUX JAaHUX 3a JOIMOMOTOI0
3ropTkoBuX (GuUIbTpiB. Buxig HelpoHa Uisi KOXHOTO €JIeMEHTa 3TOPTKHU

PO3pPaxOBYETHCS TaK:

M-1N-1 (2.14)
Yij = f WimnXi+m,j+n T b,

A€
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Vi j — BUXIiJIHE 3HAUCHH B MO3MLII (1, ]) HA KApTI O3HAK IIICIIA 3TOPTKH;

Xit4m,j+n — 3HAYCHHS BXiJHUX JQHUX Y BIANOBIJHOMY BiKHI 3rOPTKHU JUIA MO3MILT (1,
D

Wy, n — Bary s1pa 3roptku posmipom M na N;

b — 3mimenHs (bias), ik 10JA€THCS 10 PE3YIbTATy 3rOPTKU;

f — &yHKUiA akTuBallii, sKa 3aCTOCOBYETHCA IO PE3yIbTaTy A HEIiHIHHOTO

NEePETBOPEHHS,
M, N — posmipu sapa 3roptku (Bucota M Ta mupuna N);

m — BEPTUKAIBHUN 1HACKC €JIEMEHTa B SApPl 3rOPTKH, IO 3MIHIOETHCS B MEXKax

m=0,1,....M—1;

N — TOPU3OHTAJIBHUM 1HAEKC €JIEMEHTa B SApP1 3TOPTKH, IO 3MIHIOETHCS B MEXKax

n=0,1,....N—1.
PexypenTHa TOmOJIOTIA

PexypenTni HeviponHi mepexi (RNN) mpuznaueni 17151 poOOTH 3 TOCIIIOBHUMU 200
YaCOBHUMHM JAHWMHM, TAKUMHU SIK TEKCT, ayio abo Bizeo [40]. 'onoBHOIO 0COOIMBICTIO
i€l TOMOJIOTII € HasBHICTh 3BOPOTHUX 3B'S3KIB, SKI JIO3BOJSIOTH 30epiratu
iH(opMaIIito npo MmornepeaHi eJIeMEHTH MOCaiMoBHOCTI. Y Tpamumiitaux RNN Buxing
KOXXHOTO HEHpoHa MOxe OyTH MOBEpHEHUU Ha MOIepeAHl Iapu, 3ade3nedyrouu
nam'ssTb Mpo TonepenHii crad. Lle m03Bosisie BpaxoByBaTH KOHTEKCT 1 0OpOOIISTH
3aJIEKHOCTI B MOCIIOBHOCTAX NaHuX. Hanpukian, aHami3 TEKCTY JUIsl IPOTHO3YBAHHS
HACTYIHOTO CJIOBA B PEYEHHI, PO3ITi3HABAHHS MOBH 200 MY3WKH Ha OCHOBI MOTIEPEAHIX
3BYKIB, IIPOTHO3YBAaHHS YaCOBUX PSAMIIB, TaKUX K (iHaHCcOB1 maHi [54]. OcHOBHUMU
HEJOJIKaMHU PEKYPEHTHUX MEpEX € MpodsieMa 3HUKHEHHsI a00 BUOYXY I'paJli€HTIB Mij
yac TPEHYBaHHSA, OCOOJIMBO /IS JOBTHX TIOCHIJIOBHOCTEH, a TaKOXX BHCOKI
00UYHCITIOBAIbHI BUTPATH TIPU pOOOTI 3 BEIMKUMHU HabopaMu JaHuX. /(s BUpIIEHHS

nux npodsieM Oynu po3poOieHl BAOCKOHANIEHI apXiTekTypu, Taki sk LSTM (Long
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Short-Term Memory) 1 GRU (Gated Recurrent Unit), ki kpamie 30epiratoTb

JIOBFOCTPOKOBI 3QJI€KHOCTI.

€KYPEHTHI HEHPOHHI MEPEXI MAarOTh 3BOPOTHI 3B'SI3KM U 30€pEKEHHS
Pexy RNN ' §

1H(dopmartii mpo nmonepenni cranu. @opmMyna po3paxyHKy BUXOAY BUTJISAAE TaK:

ht = f(Whh’t—l + Vl/xxt + b), (215)

ne:
h; — TIpuXoBaHMIA CTaH y MOMEHT 4acy t;
h¢_1 — mpuxoBaHMil cTaH y momnepeaHiii MOMEHT 4acy (t-1);
X; — BXI1JIH1 TaH1 B MOMEHT Yacy t;
Wy, W,, — Matpuiii Bar AJig IPUXOBAHUX CTaHIB 1 BXOJIB B1JIMOBI/THO;
b — 3MilIeHHS,
f — dyHk1is akTuBarii.
JlokanbHi Mepeki

JlokanbH1 3B'SI3KM J103BOJISIIOTH 30CEPE/KYBATUCh HA MEBHUX OOJACTAX BXIAHHX
nanux [45]. Hanmpukias, 3ropTKOBI Mepeki BAKOPUCTOBYIOTH (DITBTPH JIJIs1 BUSBIICHHS
KITFOUOBUX OCOOJIMBOCTEH, TaKUX SIK KOHTYypH abo Tekctypu [61]. Ilicns mporo maxi
CTUCKAIOThCS 3a JIONOMOTOI0 MYJIHTY, IO AONOMara€e 3MEHUIUTH iX PO3MIPHICTH 1

MIJIBUIIATH CTIMKICTH A0 3MIIIEHB [79].

OpHak Takuid WIAXIJ HE BPaxoBYe 3B'SI3KM MK BIIJAJICHUMU YaCTUHAMU
300pakeHHs, 10 0OMEKy€e HOTo 3aCTOCYBaHHA AJIs CKIIAJHUX 3a1a4. Lle BupimryeTbes

3a JIOMOMOT'OI0 TPUBUMIPHUX TOIOJIOT1H.

TpuBUMIpHA TONMOJIOTIA

TpuBuUMiIpHa TOMOJIOrisI BPaxoBY€E MPOCTOPOBY CTPYKTYPY BXIJHUX JaHMX.
OcHOBHa i7ies1 TTOJIATAE B TOMY, 100 MPEJICTABUTH JIaHl y BUTIIAI 0araTOBUMIpHOTO

MacuBy (KyO14HOT MaTpwIli) 1 30€perTH iX MpoCTOPOBI 3B'I3KHU.



58

BximgHIII map BuxizHml map
(4=4x4) (4=4=4)
| | | | | | | |
T T T ]| (T T 1]
|~ - [ ]} BT RS = | | | | |
0 4 8 12 | ] 0 4 g 12 | ]
1 5 s | B[ ey, 1 5 9 13 [ ]
2 5 10 1w | ] 2 5 10 1w | ]
3 7 11 15 | | 3 7 11 15 | [
Iaaexc mefipona: Iaaexc mefipona npoermi: 0
Koopaumaru meiipona: [0, 0, 0] Koopaumatu meiipona npoexmii - [0, 0, 0]

Cyeiam 3 pagryeon 1:
[1.4.5, 16,17, 20, 21]

Pucynox 2.5 - Ilpoekiiist HelipoHa Ha BUXIIHUM IIap Ta CYCiId B HHOMY.

st metipona 3 iHaexcom 0 1 koopauHatamu (0, 0, 0), mpoekIiiero B BUX1THHMA
1ap Takoro X po3mipy Oye Takuii camuit HeiipoH 3 koopauHaTtamu (0, 0, 0) (1uB. puc.
2.5) a 1HJEKC pOo3paxyeMo 3a POpMYJIOLO:
index =x+y*n+ z*n? (2.16)
ne:
index — 1HJEKC HEWpPOHA B OJTHOMIPHOMY MAaCHBI;
X — KOOpAMHAaTa HelpoHa B3/10BXK OCi X;
Y — KOOpJAMHaTa HelpoHa B3J0BXk oci Y;
Z — KOOpAWHAaTa HelpoHa B3JI0BX OCl Z;
N — pO3MIp CITKHM MO OAHIHN 0C1 (OCKIJIBKH CiTKa KyOl4Ha, il pO3MIPHICTh NXNXN).
[TincTaBUMO eneMeHTH B GOPMYITY 1 OTPUMAEMO 1HJIEKC.
index=0+0%4+0=x4%=0, (2.17)
Jlami gepe3 3MIIIEeHHS PO3PaxOBYIOTHCS KOOPAUHATH CYCiJIiB MIPOEKIlli HeWpoHa
B BUXIJHOMY IIapi, 1 JAJi1 KOXKHOTO PO3PaXOBYETHCS 1HIEKC HEUPOHA B OJTHOMIPHOMY

BEKTOPI.
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BxiguHmit map Brximgmmii map
(4x4x4) (4x4x4)

21

20

17

16

1

.D..I

T

IrgexcH p—— V EHX1ITHOMY
mapi
[0.1,4,5, 16,17, 20, 21]

J1s mefipona z tggexcon 0

Pucynok 2.6 - JIokanbHi 3B’ SI3KM HEHPOHA M1XK IIapaMH.

3B’s3ku OynyroThCcsi (AMB. pucC. 2.6) TUIBKKM 3 HEHPOHOM MPOEKIE€ (CUHIN

KOJIp) Ta Horo cycigaMu (3eJeHui Koiip).

Y TpuBHUMIpHIii TOMOJIOT1T BpaXxOBY€ETHCS IPOCTOPOBUIA 3B'SI30K MIJK €JIEMEHTAMH
BXIJJHUX JTAHUX, OPTaHI30BaHUX Yy BUIJISIA1 TpUBUMIpHOI MaTpuili. HelipoH nos's3anuii
JMIIe 3 JOKAJIbHUMHU CYCiaMHM y CBOiM OKOJUII, IO BPaxOBY€ HOTO IMOJIOKEHHS Y

TPUBUMIPHOMY MPOCTOPI.

P Q@ R (2.18)

Yijk =f Z Z Z Wp.qrXitp j+ak+r T D |
p=—P q=—Qr=—R

A€

Yi jx — BUXiHE 3HaUeHHA Heifpona B mosuii (i, j, k) y TpuBEMipHOMY 00’ €Mi;
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Xitp j+qk+r — BXIIHE 3HAUYEHHA cyciga B okomuui posmipom (2P + 1)(2Q +

DR + 1);

e . : . .
Wy q,r — Baru 3B’sI3KIB MK HCMPOHAMH JUTS BCIX JIOKAJIBHUX CYCI/IIB Y TPUBUMIPHOMY

IPOCTOPI;
b — 3MiIICHHS;
f — dyHKuis akTHBaIIii;

P, Q, R — paaiycu okonuill y KOXXKHOMY 3 TPbOX BUMIPIB (BIAMOBIJHO B3JIOBXK OCEH X,
Y 2);

p, q, T — 1HJEKCH, 10 3MiHIOIThCS B Mexax [—P, P], [-Q, Q], [-R, R] BiamosigHo,

11100 OXOIMMTH BC1 CYCIJIHI €JIEMEHTH Y TPUBUMIPHIA OKOJIHIIL.

TpuBuUMiIpHI TONOJIOTHI € TEPCHEKTUBHUMM U  aHami3y CKIaJHUX
CTPYKTypOBaHMX maHuX, Takux sk meauudi 3"HiMku (KT, MPT) a6o 3D-momeni
00'exTiB. BoHn 3a0e3meuyoTh MacmTaboBaHICTh 1 €(DEKTUBHICTh OOUYHCIIEHb HABITh

MpU BeUKUX o0csarax iHdopmariii.

2.4.2 Po3roprka Ta 3roprka B TPUBHMIPHHMX LIapax

Po3ropTka Ta 3ropTka € KIIOYOBHMH OIEpalisiMH B HEHPOHHUX MeEpexax,
0COOJIMBO B apXITEKTypax, NPU3HAYEHUX JUIsl OOPOOKH TPUBUMIPHUX JAHUX, TAKUX 5K
3D-300paxkennsi, TomorpadiuHi gaHi abo Bigeo motoku. Lli omepariii H03BOISIOTH
3MIHIOBAaTH PO3MIPHICTh BXIIHMX JaHUX JJIsL JOCSITHEHHS PI3HUX ITIJICH: MiBUIICHHS
netanmizanli (po3roprka) abo 3MEHIIEHHS OOYMCIIOBAJIBLHUX BUTPAT 1 y3arajlbHEHHS

O3HaK (3roptka) [76].
Po3roprka

Posroptka BHUKOpPUCTOBYETHCS JUIsl 30UTBIIEHHS PO3MIPHOCTI JaHUX, KOJH
NOTPIOHO BIJHOBUTH ab0 TMOJIMIIKATU JEeTali3alilo, HalNpuKIal, Y 3aBIaHHIX
CerMeHTallli 4u TeHepalii 300paxkeHb. HalmpocTimuMm meToaoM € "HalOmmKuuii

cycia", mpu SKOMY 3HAYE€HHS CYCIIIB MOBTOPIOIOTHCS JJIs 30UIBIICHHS PO3MIPHOCTI
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[78]. BiH € edheKTUBHUM, IPOTE MOKE CTBOpIOBaTH "Apadunyacti” apredakTu. [Hmmit
OiAX11 — JIHIHHA 1HTEpHOJsAUid, 110 3aCTOCOBYE 3IJIa)KyBAaHHS MK CYCIJIHIMH

3HAYCHHSIMH B TPhOX BUMIpax (X, Y, Z).

binpm CcKJIagHUM 1 TOYHMM METOAOM € TPAHCIOHOBaHA 3TrOpTKa, sKa
BUKOPUCTOBY€E 3rOPTKOBY ONEpALil0 A 30UIbLIEHHST po3MipHOCcTi. Dopmyna s

BUXOJIy B I[bOMY BUTIAJIKy BUTIISAIAE TaK:
O0=(U-1)*S+K-—2P, (2.19)
ne:
O — po3Mmip BUXIJTHOTO TEH30DA;
| — po3Mip BXiAHOTO TE€H30pa;
S — KpOK, Ha CKUTBKH 3MIIYyEThCS BIKHO 3TOPTKH i Yac 0OYNCICHHS;
K — po3Mip sipa 3rOpTKH ;

P — 3anoBHEHHS1, TOOTO JOJAaBaHHS HYJIIB HABKOJIO BX1JIHOTO TE€H30pa AJIsl KOHTPOJIIO

pPO3Mipy BUXOY.

TpaHncnoHoBaHa 3roprtka 3abe3leudye BUCOKY SKICTb BIJHOBJICHHS JeTalel,
OHAK BUMarae OulblIe OOYHCIIOBAIBHUX PECYPCiB. AICEMIUTIHT T03BOJISE
BIJIHOBJIIOBATH BHCOKY PO3JAUIbHY 37aTHICTh, TMOKpAIlyBaTH JAETANI3aIlio IS
TeHEPATUBHUX 33J1ay 1 MIATPUMYBATH CYMICHICTh 3 apXITEKTypamu, 0 BUMAararmTh

CUMETPHUYHOT 0OPOOKH JTaHUX.

B 3anpomonoBaHiii TOMOJOTIi PO3rOpTKAa peali3ye€Tbcs 3a PaxyHOK
NPOEKTYBaHHS HEWPOHA 3 BXIJHOTO INapy MEHIIOTO PO3MIipy A0 Iapy OiIbIIOro

po3Mipy. A TaKOX 32 paXyHOK CyCiiB HEHPOHA MPOEKIIIi.
3roprka

3roprka COpsMOBAaHA Ha 3MEHIUEHHS PO3MIPHOCTI IPOCTOPOBHUX JaHMX. i
OCHOBHa MeTa — 30eperTd HaWOUIbIl BaXXKJIMBI O3HAKU BXIJHUX JAaHUX, BOJHOYAC

3MEHIIUBIIN IXHIO KIJIBKICTh A1 CIIPOIICHHA 00YMCIICHb.
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3MEHIICHHS PO3MiPHOCTI TaKOK MOYKE BUKOHYBATHCSI 32 JOTIOMOT OO 3TOPTKOBHX
orepariiii 3 KpOKOM OLIbIIe OJUHHIN, IO J03BOJsIE€ 30epiraTu HaWOUIbII 3HAYYIII
O3HaKW. 3ropTka 3a0e3rnedye 3MEHIICHHS KUIBKOCTI IMapaMeTpiB 1 OOYHCIICHB,
M1JBUIIY€ CTIMKICTH J0 IIYMIB 1 JO3BOJISI€ BUAUISITH OCHOBHI OCOOJIMBOCTI O€3 BTpaTH

3HAa4YHOI1 1H(pOopMaIli.

VY po3pobioBaHoMy KiacugikaTopi po3ropTka Ta 3ropTka peasi3oBaHi Ha OCHOBI
TpuBHMIpHOI Tomojorii. KoxkeH HEHpoH MOB'A3aHUi 13 MEBHOI TPYIIOI CYCIJIHIX
HEUWpOHIB Yy HACTynmHOMY a0o0 TMOmepeaHbOMYy Iapi, 110 J03BOJISE 30epiraTu

IIPOCTOPOBI 3B'A3KH.

[Tpu posroprui (auB. puc. 2.7) KOXKEH HEMPOH MOPOKYE MHOXKHHY HOBUX
HEHPOHIB, fAKI PO3TAIIOBYIOTHCA B JIOKAJIbHIM OKOJMI, 30epiralouud CTPYKTYpY

BUXIJHUX JaHuX. Lle 3a0e3neuye muaBHe MacluTabyBaHHs Ta JI€TaIl3aliko.

BrxixHmi map
(6x6x6)

BxinHmI map | | | | | ‘ L
(3%3x3) | | | | | |

2 | Tsea e —

Irgexc mefipona: 1
Koopauuarn nefipona: [1. 0, 0]

5 Ll 17 23 29 35

Imgexc mefipoHa npoeknii: 2
Koopmunarts sefipona npoexui : [2, 0, 0]

Cyecimn 3 pagiycom 1:

Pucynok 2.7 - IlpeacraBiieHHs: pO3TOPTKU B TPUBUMIPHIM TOMONOTII.

3BOPOTHIi Tpoliec 11e 3ropTKa (IuB. puc. 2.8), BOHa 00'€JHY€ KUJIbKA HEUPOHIB Yy

onuH, 30epirarouu TOJOBHI O3HakW. Hampukman, mis HEHpoOHa BHINOTO PIiBHS
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BUKOPUCTOBYETHCSI BIKHO CYCIZIB Yy TMONEPEIHbOMY Iapi, MO0 y3araJlbHUTH

1H(pOopMaIliio.

BxizHmt map
(6%6%6)

— Buxigsnit map
0 6 12 18 2 30 ] ] (3x3x3)

et g 14 20 26 32

REIN M 3
------ . 2 5

| | Innexc mefipona npoexmii: 1
|| Koopmunars mefipona npoesui : [1, 0, 0]

5 LL 1 43 2 # ] | Cyciom 3 pagiycom 1:

Izzexe mefipona: 2
Koopmunaru weiipona: [2, 0, 0]

Pucynok 2.8 - [IpeacraBiieHHsl 3ropTKU B TPUBUMIpPHIN TOTIOJIOTT].

Taka opraizaiisi J03BOJISE JOCATTH THYYKOIO MaclITa0yBaHHS PO3MIPHOCTEH,

30epiralouu Ba)kKJIMBI 3B'A3KU B JIaHUX, IO pOOUTH 11 eeKTUBHOIO st 00poOku 3D-
CTPYKTYP.

2.5 Mertoau onTuMi3amii 004YHUCJIeHD

2.5.1 IcHyro4i METOAM ONTUMI3ALIIT

OnTuMizaniss HEHPOHHMX MEpPEX € KPUTHYHO BAXIJIMBOKO CKJIAJ0BOK s
MiJBHIICHHS €()EKTUBHOCTI Ta TOYHOCTI Mojener kiacudikaiii 300paxkens [39, 57].
Cepen iCHYIOUHMX METOJMIB ONTHMI3AIlli BUIUISIOTHECS CTOXAaCTUYHUN Tpal€HTHHM

CIIYCK, aJIaliTUBHA ONTHUMI3allisd, peryspu3alis Ta IpopiKyBaHHs Bar.

Croxactuunuii rpagieHTHuil cnyck (SGD) € onHMM 13 HaWNOIMpPEHIMIMX
METOIB onTuMmizarii. BiH OHOBIIOE Barm Mojelli Ha OCHOBI OOYMCIICHHX T'Paji€HTIB
dynkii BTpar. Moro nmepepara momnsrae B IpoCTOTi peanizanii Ta eheKTHBHOCTI 1A
BEJIMKUX HA0OpiB MaHuX. BogHouac, HeoiKaMu € MOB1IbHA 301KHICTh Ta MOYKJIUBICTh

MOTPAIUISTHHSA B JIOKAJIbHI MIHIMYMHU.
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AnanTuBHi MeToau onrtumizamii, Taki sk Adam [42], RMSprop ta Adagrad,

BUKOPHUCTOBYIOTh aalTUBHI KOE(DIIIEHTH HABYAHHS Il TPUCKOPEHHS 301KHOCT1:

— Adam mnoegHye mepeBard JBOX METO/IB — MOMEHTIB MEPIIOro Ta JIPYroro
MOPAJZIKIB, 3a0e3Meuyro4yr MIBUANTY 30DKHICTh HaBITh I HEPIBHOMIPHO
MacITabOBaHUX JAHUX;

— RMSprop cralunizye HaB4aHHS LUISIXOM MaclITaOyBaHHS TPAJI€HTIB, IO
poOUTH Horo eHEeKTUBHUM JIsl HEPIBHOMIPHHUX PO3MOJILIIB JaHUX;

— Adagrad aBTOMAaTMYHO HAJNANMITOBYE IIBUIAKICTh HABUAHHA IS KOXXHOTO

napameTpa, o 0CoOIUBO KOPUCHO ISl PO3PIIHKEHUX JaHUX.
Peryasipuzanisi cipsiMoBaHa Ha 3MEHIIIEHHSI IEpeHaBYaHHs Mojenen [41]:

— Dropout BunagxoBo BUMHUKAE HEHPOHU ITiJT YaC HaBYAHHSI, 1110 3MYIITYE MOJICITh
Kpare y3arajbHIOBaTH PE3yJIbTaTH;
— L2-perynspu3ariis nogae mrpad 3a Benuki Baru 10 PyHKIIi BTpaT, 0OMEKyI0UU

X 3pOCTAaHHA Ta 3aro0iraro4u ICPCHABYAHHIO.

IpopimkyBanHsi Bar nependavyae BUIAJCHHS MAaJO3HAYYIIUX 3B’SI3KIB Yy
HEHPOHHIM Mepexi, M0 3MEHIIYE pO3Mip MOJENl Ta MIABUIILYE ii OOYHMCIIOBAIbHY
edeKkTuBHICTh. Takui maxiza 3a0e3neuye Kpaily y3arajJlbHIOBAIbHY 3/IaTHICTh MOJEINI

3a paXyHOK CIIPOLIEHHS il CTPYKTYpPH.

Hns pospoOmroBaHoro kimacudikatopa 3 JOKaIbHUMHM  3B’SI3KAMU MU

BUKOPUCTAEMO Ta OMTUMI3YEMO METOJIU PETYJISipU3allii Ta MPOP1KYBaHHS.

2.5.2 Meroa BuiaJIeHHA 3B’ A3KIB

OcHoOBHa i/1es1 METOly BUJIaJIEHHS CIa0KKX 3B’ SI3K1B 0a3y€ThCsl HA MPUIYILIEHHI,
10 Bar HEHPOHHUX 3B’S3KIB 13 HU3bKUMU a0COIIIOTHUMH 3HAUYCHHSIMHU HE POOIISATH
3HAYYIIOr0 BHECKY B pe3yibTaT poOoTH Mepexi [58]. 3 MaTeMaTHyHOi TOUKH 30pY
ca0OK1 3B’SI3KU € TAKUMHU, JUIS SIKUX a0COJIOTHI 3HAUCHHS Bar HUXKY1 3a MIEBHUM MOPIT,

BHU3HAYECHHI HA OCHOBI CEPEIHbOI aKTUBHOCT1 HEMPOHA.
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[Ipouec ontumizalii BUKOHYETHCS ITEPATHBHO MIXK €MOXaMU HABYAHHS 1

BKJTFOYAE KUJIbKA €TaIllB:;

— OOYHCIIEHHSI CEPEeAHBOTO a0COIMIOTHOIO 3HAYEHHS BAaroBUX KOEQIIIEHTIB s
KOKHOT'O HEUPOHA;

— BCTAQHOBJICHHSI 1HJWBIIYaJIbHOTO TMOPOTY /I BUJAJCHHS Bar Ha OCHOBI
OTPUMAHOTO CEPETHHOTO 3HAUCHHS;

— (QopMyBaHHS MacKH 30€pEKECHHS 3B’ I3KIB;

— JIMHaMIYHE KOPWUTYBaHHS TOPOTOBUX 3HAYE€Hb Yy TIPOLeCl HaBYaHHS IS

3a0e3MeYeHHs! aJalTUBHOCTI aJITOPUTMY.
O04uc/IeHHS cepeAHBOr0 A0COIOTHOIO 3HAYECHHSI BATOBUX Koe(dilieHTIB

JUIg KOXKHOrO HEHpOHA [ BU3HAYAETBHCS CEPEAHE aOCOJIOTHE 3HAYEHHS BaroBUX

Koe(iIlieHTIB 3B’ I3KIB:
1 i (2.20)
Wi = —leul,
n; 4
J=1
ne:
w; — cepeaHe a0COIIOTHE 3HaYEHHS BaroBUX KOE(Il1€HTIB HEWpOHa I
N;— KUIbKICTb BUX1AHUX 3B’SI3KIB JJIsl HEUPOHA [;
W;j— Bara 3B’sI3Ky MiJK HEWPOHaAMHU [ Ta j.
BcTaHoBJ/IEHHSI IOPOTrOBOr0 3HAYEHHS 1JIs1 BUIAJIEHHS Bar

Jl7is KO>KHOTO HEMpOHa BCTAHOBIIOETHCS MOPIT BUAAJICHHS BaroBUX KOE(IIi€HTIB

Ha OCHOBI KoedilieHTa NponopIiiHocTi T

T; =T*Wi, (221)

A€

T; — MOPOroBe 3HAYEHHS ISl HEMpOHa i
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T — napameTp peryJroBaHHs, 110 BU3HAYAE PIBEHb Uy TIMBOCTI A0 BUAAIICHHS CIIA0KHX

3B’S3KIB;
W; — cepeaHe aOCONIOTHE 3HAYEHHS BaroBUX KOEQIIi€HTIB HEUPOHA .

[Tapametp T € rinepmapaMeTpoM 1 BUOMPAETHCS Ha €Tarl MomepeHbo1 Baiaarii

JUTst 3a0€3MeYeHHST ONTUMAIBHOTO 0ajJaHCy MIXK MPOJIYKTUBHICTIO Ta TOYHICTIO [49].
DopMyBaHHS MACKH /ISl 30epeKeHHsI BAaroBUX KoedilieHTiB

Ha ocHOBI MOporoBoro 3HaueHHs CTBOPIOETHCA MAcKa, 1[0 BU3HAYAE, K1 3B’ SI3KU

3AITUIIUTH:
M. — 1, AK1o |Wij| =T (2.22)
1y .
J 0, BiHIIOMY BUNAAKY
e:
M;; — macka 30epe)KeHHs Bar JUls 3B’ 3Ky MK HEHPOHAMH [ Ta j;

W;j— Bara 3B’SI3Ky MK HEUpOHaMH [ Ta J;

T; — TMOPOTOBE 3HAYEHHS JUIsl HEUpOHaA [, IKEe BU3HAYAE MEXKY JJIsl 30€pEIKEHHS Baru
3B’ SI3KY.
OHoBJIeHHsI BaroBuX Koe(ilieHTiB
3anuiieHi 3B’ I3KM OHOBITIOIOTHCSA 32 (OPMYJIIOHO:
ze:
W;; — OHOBJICHE 3HAUCHHS Baru IicJisg 3aCTOCYBaHHS MacCKH;

ij

M;; — macka 30epeKeHHs Bar JUis 3B’ 3Ky MK HEUPOHAMH [ Ta j;

W;j— Bara 3B’sI3Ky MK HEWPOHAMHU [ Ta j.
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AanTuBHE KOPUT'YBAHHSI MOPOTiB

I[J'DI YHUKHCHHS HaI[MipHOFO BUAAJICHHA Bar' Ha paHHiX cTarlax HaB4YaHHIA

napameTp T Moxe OyTH CKOPUTOBaHUI BIAIOBIJHO 1O METPUK BTPAT:

JC:

Thew = Tprev * (1 —n=*AL), (2.24)

T,y — HOBE 3HAYEHHS TOPOrOBOr'0 KOEPIIIEHTA;

Tyrey — NOTIEPETHE 3HAYEHHS MOPOTOBOTO KOE(DIIIEHTA IO KOPUTYBAHHS,

7] — WBUIKICTh KOPEKIIIi;

AL — 3mMiHa QyHKIIT BTpaT 32 OCTAHHIO €MOXY HABYAHHSI.

IlepeBaru aaropurmy

3aBIsSKU TUHAMIYHOMY CKOPOYEHHIO KUTBKOCTI 3B’SI3KIB aJITOPUTM 3MEHIIYE
0OYMCIIOBaJIbHI BUTPATH, IO POOUTH HOT0 MPUIATHUM JJI1 MAacIITaOOBaHUX 3a]1a4

1 BeTMKUX HAOOPIB JIaHUX.

3acTocyBaHHS TOPOTOBOTO aHANI3y 3MEHIIYE€ MMOBIPHICTh MEPEHABYAHHS 32
paxyHOK BHKJIIOYEHHS NIYMOBUX 3B’S3KiB, SKIi MOXYTh IEPEIIKOKATH

y3arajibHEHHIO Pe3yJIbTAaTIB.

BukopucTtanHs AMHAMIYHOTO KOPUT'YBaHHsI MOPOTIB 3a0e3nedye OanmaHc Mk

30epeKEeHHIM 1HPOPMATUBHUX 3B’ SI3KIB 1 3HUIKEHHSIM HaJIMIPHOCT1 MOJIEJII.

AJropuT™M MOKHA 3aCTOCOBYBATH J10 Oy/1b-IKMX TOIOJIOT1H HEHPOHHUX MEPEK,
30KpeMa /10 TPUBHUMIPHUX CTPYKTYp, J€ 3B’SI3KM B1AOOpakatoTh MPOCTOPOBI

B3a€EMO3B’I3KH MK €JIEMEHTaMH JaHUX.

3anponoHOBaHUM aNTOPUTM JUHAMIYHOTO BHUJAICHHS CIA0KUX 3B S3KIB Yy

TPUBUMIPHUX HEUPOHHUX Mepexax 3abe3nedye ONTUMI3allilo IXHbOI CTPYKTYpH Ha

OCHOBI aHaJII3y BaroBux koegiuieHTiB. loro Maremarnune oOrpyHTyBaHHs 0a3yeTbCs
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Ha KOHUEMIIAX BaroBOi peryjspu3alii Ta MOpPOroBOoro BiAOOPY, IO JO3BOJISIE

30epiraTv BUCOKY TOUHICTb Kiacu(iKallii Mpu 3HUKEHH1 00YMCIIIOBAIbHOT CKIIQHOCTI.

3aBAsSKA BUKOPUCTAHHIO aJJaITUBHUX MOPOTIB aJTOPUTM JIEMOHCTPYE THYYKICTD 1
e(eKTUBHICT, Yy 3aJlayax 3 pI3HOMAHITHUMH THUIAMU BXIJHUX JaHUX 1 €
NEPCHEKTUBHUM [Tl MOJANBIINX JOCTIIKEHb 1 BIOCKOHAJIEHD Y Traily31 TPUBUMIPHOTO

MAaIlTMHHOT'O HaBYaHHA.

2.5.3 Metoa cTBOpeHHS 3B’ A3KIB

[Iporiec cTBOpEeHHSI HOBUX 3B’ A3KIB IPYHTYEThCS Ha MIPUITYIICHHI, 110 HEUPOHU
3 BUCOKOIO CEpPEAHBOI0 BAaroro (CUIBHUMHM 3B’S3KaMHU) MAalOTh BUCOKUN MOTEHIIAN /10
noAabIioro po3BuTky [50]. Tomy 11 TakuX HEMPOHIB JIOJAIOTHCS HOBI 3’€JIHAHHS,

10 JO3BOJISIFOTH PO3IIMPUTH IXHIO OOUMCITIOBAJIbHY 3/IaTHICTb.
[Ipouienypa BKIIIOYAE HACTYITHI KPOKH:

— BHM3HAYEHHs CEPEAHbOI Baru JJisd KOKHOTO HEMPOHA;
— TMOpPIBHSHHS OTPUMAHOI'O 3HAYEHHS 13 33JJaHUM [TOPOI'OM CTBOPEHHS 3B’ S3KiB;

— TeHepallis HOBUX 3’€IHAHb Y JIOKAIBHOMY TIPOCTOpPI 3a JIOIIOMOTOIO
ACUMETPUYHUX TPUBUMIPHUX 1HIACKCIB;

— BCTAHOBJICHHS HOBHMX Bar Ha OCHOBI MOTOYHOI aKTUBHOCT1 HEMpOHa.
O0uuc/IeHHS cepeIHbOI Baru HelipoHa
Jlnst HelipoHa 3 1HJIEKCOM [ OOYUCITIOEThCS cepeHE aOCOMOTHE 3HAUCHHS Bar:

1<
Wi =n—i;|wz‘j|»

(2.25)

1e:
W; — cepeaHe abCoIIOTHE 3HAUYCHHS BaroBUX KoeilieHTiB HEHpoHa i;
N;— KIUIBKICTh BUX1THUX 3B’S3KIB JJIs1 HEHPOHA i;

W;j— Bara 3B 53Ky MiJK HEWPOHaMHU [ Ta j.
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IlepeBipka moporoBoro 3HaYeHHs JJ CTBOPEHHS 3B’ SI3KiB
Bara nopiBHIOETBCS 13 TOPOTOM O (pqte:

V_Vi > Gcreate (2-26)

ne:
W; — cepeaHe a0COIOTHE 3HAYEHHS BaroBUX KOe(iIl€HTIB HEWpOHa I

Ocreqte — TOPOTOBE 3HAUEHHA, IO BHU3HAYa€ HEOOXITHICTH CTBOPEHHS HOBHX

3’€IHAHb.
IlepeTBOpeHHs iHAEKCY Y TPUBUMIPHI KOOPAUHATH

Hexail n — po3MipHICTh BX1JJHOT'O 1IAPY, a 1M — PO3MIPHICTh BUXIJTHOTO IIapy.

[Hekc HellpoHa y BX1IHOMY IIapi NEPEBOAUTHCS Y TPUBUMIPHI KOOPAUHATH:

i i%n? 2.27
(z,y,x) =|— 0T,i%n , ( )

n2’
ne:
[ — 1HJIEKC HEMpOHa y BX1IHOMY Ilapi;
N — PO3MIPHICTh BXIJTHOTO IIapy (KIJIbKICTh HEMPOHIB HA OJIHY CTOPOHY);

(z,y,x) — TpUBHMIPHI KOOPAWHATH HEHPOHA Y BXiTHOMY IIapi.

MacmTaboBaHi KOOpAUHATH B BUX1THOMY IIIapi:

N (S A sl =

n

ae:
(z,y,x) — TpUBHMIpHI KOOPJANHATH HEHPOHA Y BXiTHOMY IIapi;
N — PO3MIPHICTh BX1JTHOTO IIapy;

M — PO3MIPHICTh BUXIJIHOTO IIAPY;

(CZ, Cy, Cx) — MacmTaboBaHi KOOPJWHATH Y BUX1THOMY Iapi.



I'enepauist 3cyBiB y paaiyci r
dopMye€eThCsI MHOKMHA BC1X MOYKJIMBUX 3CYBIB Y 33JIaHOMY pajlyci:

A= {(dz,dy,dx)| —r < dz,dy,dx < r},

e:

A — MHOXHHA BC1X MOKJIUBHUX 3CYBIB y pajiyci r;
dz,dy,dx — 3CyBH 110 OCSIX Z, VY, X;

r — pajiyc, y MeXax SKOTO TeHEepPYIOThCS 3CYBH.

J1J1s1 KOSKHOTO 3CYBY OOUHCITIOIOTHCSI HOB1 KOOPIMHATH:

(nZ, Ny, nx) = (cZ + dz, Cy + dy,c, + dx),

ne:

(CZ, Cy, Cx) — KOOPJIMHATH IIEHTPa OKOJIMIIl Y BUXITHOMY I1api;

(dz,dy,dx) — 3cyBH 110 OCSIX Z, Y, X;

(nz, Ny, nx) — HOB1 KOOPJAMHATH IICIIA 3aCTOCYBAaHHS 3CYBIB.
[lepeBipsieThCS yMOBa BUXOJTY 32 MEXKI:

0<n,<m, 0<n,<m, 0<n,<m,

ne:
(nz, ny, nx) — HOB1 KOOPAMHATH MICIs 3aCTOCYBaHHS 3CYBIB;
M — PO3MIPHICTh BUX1IHOTO LIAPY.

OO6UHUCTIOETHCS THAEKC Y BUX1THOMY 1Iapi:

OUtigy = Ny *M* + Ny * M + Ny,

Iie:
(nz, ny, nx) — HOBI KOOPAMHATH TICIIs 3aCTOCYBaHHS 3CYyBIB;

M — PO3MIPHICTh BUX1THOTO 1IAPY;
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(2.29)

(2.30)

(2.31)

(2.32)
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out;y, — 1HIEKC HEHUPOHA y BUXIJHOMY Iapi, OOYMCICHUN Ha OCHOBI TPUBUMIPHUX

KOOpJIUHAT.
Bin0ip HoBuX 3B’ A3KIB

JI7ist BUKITIOUEHHS TyOJIIKaTIB MOPIBHIOIOTHCS 1HIEKCH HOBHX 3’ €JJHAHB 13 BKE

ICHYIOYUMH, 1 HPOPMYETHCS MacKa Jijisl BiIOOPY YHIKATbHUX 3B’ SI3KiB:

Mo, = 0Ut;q, & existing_connections, (2.33)

Ac:

M, ., — Macka, sika BU3HA4Ya€ HOBI 3B’SI3KH, 1110 HE MICTATHCS Y MHOXXHHI ICHYIOUUX

3B’SI3KIB;

out;q, — 1HJACKC HOBOTO 3’€HAHHS Y BUXIJIHOMY IIIapi;

existing_connections — MHOXHWHa BXX€ 1ICHyIOUHX 3B’ SI3KIB.
dopmyeTbest HAO1p HOBUX 3’ €THAHB:

Chew = {Outidx € Mnew}» (2.34)

e:
Cyeww — HaOIp HOBUX 3’€JIHaHb, 110 OyNK BiiOpaHi 3a JOMIOMOTOI0 Macku M, .., ;
M,, ., — Macka, sika BKa3y€ Ha yHIKaJbHI HOBI 3B’ SI3KH.

Ininianizanist Bar HoBUX 3B’ SI3KiB

Baru HoBUX 3B’43KiB 1HIIIATI3YIOTHCSI HA OCHOBI CEPEIHBOI Baru:

Whnew = W, (2.35)

ne:
Wy ey — ITOYATKOBA Bara JJisi HOBOTO 3’ €/IHAHHS,

W;— cepeiHe a0CONIIOTHE 3HAYEHHS Bar ICHYIOYHX 3B’ A3KIB JUIsl HEHPOHA L.
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IlepeBaru ajaropurmy

— CTPYKTypa Mepexi 3MIHIOEThCSI 3aJICKHO BiJl HABYAIBHUX JAaHUX, 3a0€3MMeuy0un
edeKTUBHY 00pOOKY CKIaHUX 3aBIaHb;

— CTBOPEHHS HOBHX 3B’S3KiB BPaXOBYE TOIOJIOTII0 TPOCTOPOBUX KOOPAMHAT, 1110
30epirae JIOKajabH1 B3aEMO3B’I3KM MIXK €JIeMEHTaMHU;

— METOJ MIATPUMYE Pi3HI MacIITabyBaHHS MK BXIJHUM 1 BUXIJHUM IIapaMu,
JT03BOJISIIOYM 3aCTOCOBYBATH MOTO B 3a7a4ax 3 PI3HUMH PO3MipaMU JaHUX;

— 3aBISKH JIOKQJII30BaHUM pajiycaM TONIYKYy HOBHUX 3B’S3KIB aJTOPUTM

3a0e3nedye 0OMeX)eHy KiJTbKICTh O0OUYHCIICHb HAaBITh JIJIs1 BETUKUX MEPEK.

3anponoHOBaHUI alrOpUTM CTBOPEHHS HOBUX 3B’A3KIB 1 Bar y TPUBHUMIPHHUX
HEUPOHHUX Mepexax 3abe3reuye aganTUBHE 30UIbIICHHS O0YMCIIIOBAIbHOI €MHOCTI
mozeni. Moro MaremaTHuHe OOIDYHTYBaHHS 0a3yeTbCsi Ha TeOMETPHUHIil
TpaHcopMmallii KOOpJIMHAT Ta aHali3l ICHYIOUMX 3B’SI3KiB. 3aBISKH JAUHAMIYHOMY
PEryIIOBaHHIO TOPOTOBHUX 3HAYEHb AITOPUTM JEMOHCTPYE BUCOKY €(PEKTHUBHICTH Y

3amavax Kiacudikaiii CKIaJHIX TPUBUMIPHUX JTaHUX.

[Tomanpmi JOCHIKEHHS MOXYTh 30CEPEIUTHCS Ha BIOCKOHAJICHHI MEXaHI3MY
1HILIAI3a1011 Bar I 3HWKEHHS PU3HUKY ITE€pEHAaBYaHHA Ta NOKPAIIEHHs a1allTUBHOCTI

QITOPUTMY JI0 3MIH Y BXIJTHUX JIaHUX.
2.6 Teoperuuna moaesb KiacugpikaTopa
3aranbHuil onuc Moaei kiaacudikaropa

ApxiTekTypa kiaacudikaropa, 1mo po3pooseThes, ModyaoBaHa 3 ypaxXyBaHHSIM
TPUBHUMIPHOT CTPYKTYpPU OOpOOKH JaHUX, KA 1JI€AJIbHO MIAXOIUTh AJist poOoTHu 3 3D-
300pakeHHsIMU a00 BokcenbHUMHU (opmatamu [51]. Teopernuna Mopenp Imiel
HEHUpPOHHOT Mepexi (AuB. puc. 2.9), po3aiieHa Ha KUIbKA JOTTYHUX YaCTHH: BX1JAHUHN

miap, TPMBUMIPHI IIapy, TOBHO3B s3H] 1Iapy 1 BUXIJHUY 1wap [72, 74].



Bximmi ".‘ ToMEAMIpHI / TOBHO3B'A3HI i BuxigHwii
wap Lapu K ! wapm ' | wap
' - -~ . . B

Pucynok 2.9 - Teopetnyna mosens kiacudikaropa.

Bxignuii map

[lepmmii eneMeHT apXITEeKTYypu — BXIJHMM 1Iap, MPEACTABICHUN HEHpOHAMH,
MO3HAYCHUMU 3€JICHUM KOJhOpOM. BiH BiAMOBiZa€e 3a MpUOM BXIAHOTO BEKTOPA
JAHUX, SKUH KOAY€E TPUBUMIPHY 1HGOPMAITiI0, HAITPUKIIAJI, Y BUTJISLI1 BOKCEiB a0o 3D-
KoopAuHAT TouoK. KoxkeH HepoH 1[bOT0 MIapy BIAMOBIIA€ OKPEMOMY MMapaMeTpy abo

3HAYEHHIO BX1HOTO 300pakeHHS.

OcHoBHa (DyHKIIIS: MIATOTOBKA JaHUX JIO MOJAIBIIOI 0OpPOOKH B MPUXOBAHUX

niapax.
TpuBuMIipHI Iapu Ta iX CTPYKTypa

KitouoBUM KOMIOHEHTOM MOJENI € MPUXOBAaHI TPUBHUMIPHI IIapH, SKi

CKJIaJIAf0THCA 3 JIBOX OCHOBHMX THUITIB IIAPiB:

— mapu 301IbIIEHHS PO3MIPHOCTI;

— IIapy 3MEHIIEHHS PO3MIPHOCTI.
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IIapu 30lIbIIEHHS PO3MIPHOCTI (CHMHI HEHPOHM CBITJIOr0 KOJIbLOPY)

[Tapu 3011bIIEHHS] PO3MIPHOCTI BUKOHYIOTh MONEPEAHI0 00pOOKY BX1THUX AaHUX,
3HWKYIOUM IXHIO PO3JAUIBHY 3JaTHICTh 1 NIABULIYIOYH €PEKTUBHICTh 0OUYHUCIeHb. Lle
JI03BOJISIE MOJIENI KOHLIEHTPYBAaTH yBary Ha OCHOBHMX OCOOJIMBOCTSIX 300paKCHHS,

ITHOPYIOYM HE3HAUHI JIeTall.
OcHoBHa QyHKLIS:

— 3MEHIICHHS IUILHOCTI JaHUX;
— 3HIDKEHHS HaJAMIpHOCTI iH(opMaii 1j1s1 yHUKHEHHS IepeHaBYaHHS;

- HiI[I‘OTOBKa JaHUX JO BUABJICHHS O3HAK.

VY npomy 1rapi HeHpOHU aHANI3YIOTh JIOKAJIbHI 00J1aCTl BX1THUX JaHUX, POPMYIOUU

y3arajibHeHy 1H(QOpPMAIIifO 711 HACTYITHUX €TaIliB.
IIlapu 3MeHIIEeHHS PO3MIPHOCTI (CHHI HEHPOHHM TEMHOTI0 KOJIbOPY)

[Ticns eramy 30UTbIIEHHST PO3MIPHOCTI BiIOYBaeThCs Mepexiy A0 IIapiB
3MEHILEHHS PO3MIPHOCTI, SIKI BUKOHYIOTb (DYHKIIIIO0 BUTSATYBaHHS O3HAK 31 CIPOIIEHUX

JAHUX.
OcHoBHa QyHKITIS:

— (QopMyBaHHS HOBUX IPEJICTABICHb JAHUX MIJISTXOM 3MEHIICHHS PO3MIPHOCTI;
— BUJUJICHHS peJIeBaHTHUX O3HAK JJI Kiacudikarii;

— CTBOPEHHS BEKTOPIB O3HAK 13 BIAMOBIAHUMU MTapaMeTPaMH.

[[apyu 3MeHILIEHHS pO3MIPHOCTI 3a0e3NeuyloTh €(pEeKTUBHE MEepPEeTBOPEHHS

BEJIMKOI'0 00CATY BXIJHUX JJAHUX Y KOMIIAKTHI, ajie IHPOpPMaTUBHI NPEACTaBICHHS.
IloBHO3B A3HMH IAP

[Ticns oOpoOKM [aHWX TMPUXOBAHUMHU IIIApaMU MeEpeXka MepeXOoauTh 10

MOBHO3B A3HOTO 1mapy. Ha ManioHKy BiH MO3HAYEHUI OpaHKEeBUMU HEHPOHAMH.

OcHoBHa QyHKITIS:
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— BUKOHaHHS Kjacu@ikamii Ha OCHOBI BEKTOpPIB O3HaK, CTBOPEHUX
NONepeHIMU IapamMHu;
— 00poOKa BCiX MOKIIMBUX 3B’ A3KIB MK O3HAKaMH JJIs MM1ABUIIEHHS TOYHOCTI

IIPOTHO3Y.

[ToBHO3B I3HUH 1Iap MOJCITIOE HENIHINAHI 3JIEKHOCTI MK BUIUICHUMHU O3HAKaMU

Ta repeae pe3yabTaTh J0 BUXITHOTO IIapy.
Buxigauii map

OcTaHHIi erann — BUXIIHHWI Iap, NOpeacTaBIeHUHd (P10JIETOBUMU HEWpPOHAMMU.

KoxeH HelipoH 1bOTo 11apy BiAMOBIIA€ 3a OAMH KJIac, SIKUW MATPUMYE Ki1acu(ikaTtop.
OcHoBHa (QyHKIIIS:

— oOuunciaeHHs HUMOBIPHOCTEH MPHHAIECKHOCTI BXITHUX JAHUX JI0 KOXKHOTO 3
KJIaCIB;

— 1ojayva pe3yJbTaTy y BUIJISLIl BEKTOPY HMOBIPHOCTEH.

Hamnpuknan, skimo Moaens Mae 5 KiaciB, TO BUXIJHUN MIAp CKIAAATUMETHCS 3 5
HEHPOHIB, a CyMa BUXIJIHMX 3Ha4€Hb Oyje JOpiBHIOBATH | (3a JOMOMOTOI (PYHKITIT

Softmax).
OnrTumizanis apxiTeKTypHu

Omnucana cTpykTypa KiacudikaTopa ONTHUMIZYEThCS METOJIaMH aJalTUBHOTO

BHJIAJICHHS Ta JIOJJaBaHHS 3B’ I3KIB MiXK HEHPOHAMU.
Meroan orrTuMizarii:

— cna0Ki 3B’SI3KM 31 3HAYCHHSIMH, 10 HAOIMKAIOTHCS 10 HYJIS, BUIAJSIOTHCS,
3MEHIIIYIOUU CKIIAJIHICTh MEPEXKI1 Ta MiABUILYI0OUN €(DEeKTUBHICTD;

— SIKII0O HEMpOH Mae CWIbHI 3B’SI3KM 3 yCiMa JOCTYNHHUMHM CYCIJIlaMHd, BiH
OTPHMY€E MOXKIJIMBICTh CTBOPIOBATH HOBI 3B’S3KH 3 BIIJAJICHIITAMH

HelipoHaMu (2-T0 a00 3-T0 MOPSIKY).
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[lepeBaru onrumizarii:

— 3HWXKEHHS 0OYUCITIOBAILHUX BUTpAT;
— aJlanTUBHA 3MIHA CTPYKTYPU MEPEK1 BIAMOBIIHO 0 CKIAAHOCTI 3aj1aul;

— TIJBUILNECHHS CTIAKOCTI 0 NMepeHaBYaHHS.
B3aeMozis miapiB Ta HAaBYaHHSA

HaBuanus wmepexi BinOyBaeTbCs 3a QJITOPUTMOM 3BOPOTHOTO TOIIMPEHHS

MOMUJIKH. Baru oHOBTIOIOTHCS 3a JIOIIOMOTOI0 ONTHMI3aTOPiB, TakuX sik Adam.
OcCHOBHI eTany HaBYAHHS:

— TPOMYCK BXIJHUX JIAHUX Yepe3 yCi Mapu;
— obuucnenHs GyHKIT BTpaT, HAPUKIIaa, KPOC-CHTPOITi;

— OHOBJICHHS Bar y 3BOPOTHOMY HAIpPSMKY JIJIsl MiHIMI3aIlii BTparT.

[IpencraBnena mMonmens Kiracudikaropa 3 TPUBHUMIPHOIO apXiTEKTYPOIO IMOETHYE
epexTuBHICTE 00p0oOkH 3D-maHuXx 13 MeTonaMu ONTHUMI3allli CTPYKTYPH MEpPExKi.
3aBAsSKA BUKOPUCTAHHIO TPUBUMIPHUX Ta MOBHO3B’SI3HUX IIAPIB, BOHA JAEMOHCTPYE
BUCOKY THYYKICTh 1 QJaNTHBHICTh MO BXIMHUX JaHUX. OnTUMIZaIis MOUITXOM
BHUJIAJICHHS CJIA0KMUX 3B’S3KIB Ta J0JaBaHHS HOBUX JIO3BOJIAE MiATPUMYBAaTH OaJlaHC
MDK MPOAYKTHUBHICTIO Ta OOYHCITIOBAIBHOIO €(PEKTUBHICTIO, 3a0€3IeUylound BUCOKY

TOYHICTh Ky1acu(iKallii.
BucHoBku 10 po3ainy 2

Y apyromy po3aim po6oTH Oyj0 JIeTaJbHO PO3MISHYTO METOIM Kiacuikaliii
TPUBUMIPHUX 300pakeHb HAa OCHOBI HECHPOHHHX MEpEXk, 30KpeMa apXiTeKTypu Ta
ONTHUMI3aIiHI TIAXO0AW, IO T03BOJSIOTH MIABUIIMTH €(EKTHBHICTH aHAI3y Ta

00pOOKH JTaHMX.

[IpoBenenuii aHami3 IMo4yaBCs 3 €TaImiB IMIATOTOBKH BXITHUX JaHUX. byno
MOKa3aHo, 110 HOpMaJi3allis, PpuIbTpallis IyMiB 1 BUJAJICHHS aHOMAIIN € KPUTUYHO

BOXJIMBUMU JIJ1s1 3a0€3TMEUCHHS BUCOKOT SKOCTI IAaHUX TIEPe]T iX MOJa4ei0 B HEUPOHHY
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Mepexy. L1 mMeroaum m03BOJIAIOTH 3MEHUIMTH BIUIMB IIYMIB 1 apTedakTiB, L0
BUHUKAIOTh Yy TMpoleci 300py [aHUX, Ta MOKPAIIUTH CTaOUIbHICTh PE3yJIbTaTiB

KJacuikartii.

Oxkpema yBara Oyna mNpujlJieHa TPUBHUMIPHUM (opMaraMm MpencTaBiICHHS
JAHUX, BKJIIOYAIOUM TOYKOBI XMapH, BOKCEJIl Ta MOJIIrOHaIbHI CiTKU. Bylio Bu3HaueHo
nepeBaru Ta 0OMeXeHHS KOXKHOTO 3 HUX. TOYKOBI XMapH BiJI3HAYAIOTHCS BHUCOKOIO
JeTaizali€ero, MpoTe MarTh ClIabKO BUpPaKEHI TOMOJOTIUHI 3B’s3ku. Bokcemi
3a0e3MeuyoTh BHYTPINITHE MOJICTIOBAHHS CTPYKTypH 00’€KTa, aje BUMAararoTh
3HAYHUX OOUYMCITIOBAIbLHUX pecypciB. [lomiroHanpHl CITKM TapaHTyIOTh TOYHE
BIJITBOPEHHSI F€OMETpIi, OJJHAK NOTPeOYyIOTh ONTUMI3AIil s POOOTH 3 BEIUKUMHU

HabopaMu JaHUX.

Bbyno ommcano 3acTocyBaHHS METOIB PO3TOPTKH Ta 3TOPTKH, IO JTO3BOJISIOTH
30epiraTv Ba)KJIMB1 O3HAKH I1iJT Yac 3MIHU PO3MIPHOCTI BXigHUX AaHux. L{i migxoau
0COOJIMBO BAXKJIMBI JUIsl TPUBUMIPHUX JIaHUX, OCKUIBKU 3a0€3M€UyI0Th y3arajJbHEHHS

0cOo0IMBOCTEN 00’ €KTIB O€3 BTpaTH KIFOUOBO1 1H(OpMaIlii.

Oxkpemo Oyi0 JOCTIPKEHO aJIrOPUTMU ONTUMI3AINT HEWPOHHOI MEpexi,
BKJIFOYAOYM METOJW BHUIAJICHHS Ta JOJaBaHHS 3B’S3KiB MK HEHpPOHAMH, a TaKOX
CITMIHAIII0 HEaKTUBHUX HEUpOHIB. Takuil MiaXia JO3BOJISIE TUHAMIYHO 3MIHIOBATH
CTPYKTYpY Mojemi, 3abesneuyroun OajgaHC MK HPOJYKTHBHICTIO Ta TOYHICTIO.
OnTuMizamiiiHl aaropuTMH CHPUSIOTH 3MEHUIEHHIO OOYMCIIOBAIBHUX BHUTPAT Ta
aJanTUBHOCTI KJIacudikaTopa J0 HOBUX JIAHUX, IO € BAXKIMBUM JIJI MacIITAOOBaHUX

CHCTCM.

Byno Takox po3po0iieHO TeopeTUYHY MOJeNb KiacudikaTopa 3 ypaxyBaHHAM
apXxITEKTYypHUX 0coOIMBOCTel. BoHa BKIIIOUae BXIAHUI 1Iap, TPUBUMIPHI IPUXOBaHI
HIapy JUIsl BUSIBJICHHSI 03HAK, MOBHO3B SI3HUM TIap JUIsl KiTacu(iKallii Ta BUX1IHUN 1I1ap
JUIsL TIPEACTABJICHHS pe3yJbTaTiB. 3alpolOHOBaHAa MOJENIb IOE€JHYE METOAU
aJIaTUBHOI OMTHUMI3aIlii, 3a0e3Meuylour BUCOKY TOUYHICTh Ta €EKTUBHICTH 0OpOOKHU

BEJIMKUX MACHBIB TPUBUMIPHUX JTaHUX.
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VY miacyMmKy, MpoBeeHE JOCTIIKEHHS MIATBEPAUIIO JOIIBHICT BUKOPUCTAHHS
TPUBUMIPHUX HEHPOHHMX MEpPEeX 1 METOAIB onTuMmizamii s  Kiacudikarii
TPUBUMIPHUX 300pakeHb. lle BiOKpuBae TMEpPCHNEKTUBU Uil  MOAAIBIIOTO
BJIOCKOHAQJICHHSI apXITEeKTypd Ta 1i MPOrpaMHOi peaii3alii, [0 CIPUATHUME
MIBUIIEHHIO €(PEKTUBHOCTI PO3B’SA3aHHS NPHUKIAAHUX 3a/ad y PI3HUX Taimys3sx,

BKJIFOYAIOYH MEIUIIMHY, POOOTOTEXHIKY Ta JIONMOBHEHY PEabHICTb.
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3 APXITEKTYPA TA KOMIIOHEHTU [TPOTPAMHUX 3ACOBIB
JUTSI ABTOMATU3ALIT KIIACUDIKALIT TPUBUMIPHUX
30BPAXEHD

VY cyuacHOMy CBiTi 00poOKa TPUBUMIPHUX 300pakeHb HAOyBae nefani OLIbIIOq
aKTyaJbHOCTI, OCOOJIMBO B MEIUIMHI, MPOMHUCIOBOCTI Ta cdepl TPUBHUMIPHOIO
MOJICTIIOBaHHS. 3aBMISKU PO3BUTKY (PpEeHMBOPKIB MAIIMHHOTO HAaBUYAHHS PO3POOHUKH
OTPpUMAJIH TMOTYXHI 1THCTPYMEHTH, SK1 JAlOTh 3MOT'Yy BHUPIIIYBATH CKJIQJHI 3aBJIaHHS
kiacudikarii, cermenTarii Ta anamizy 3D-00’ekTiB. Y 1ili 9acTHHI MOCIIKCHHS
MPOIIOHYETHCS PO3TIISTHYTH apXITEKTYypy MPOTPaMHUX 3aC001B Ta iX KOMIIOHEHTIB, 110
noeanye ASP.NET WebAPI (s opranizaiii Beocepsicy), ML.NET (a1s kmacuaaux
MeToiB MamnmHHOro HaBuaHHs) Ta Keras.NET (a1 riuOMHHUX HEHPOHHUX MEPEXK).
Takuil 1HTErpoBaHMM MIAXiA HAJA€ MOXJIMBICTH MacliTadyBaTh pIIICHHS Ta

BIIPOBAXKYBATH MOT0 B CEPEAOBUINAX 3 PI3HUM PIBHEM HaBaHTaKCHHS.
3.1 3arajgbHa CTPYKTypa NpPOrpamMHMX 3aC00iB

3aranpHa miarpama moOyAoBH TporpamMHuX 3aco0iB (auB. puc. 3.1 a6o JI.1)
IPYHTYETHCS Ha OaratomapoBiil apXiTeKTypi, J€ KOKEH IIap Ma€ YiTKO BU3HAYCHY
pOJIb y 3arajibHOMY KOHBeepi 00poOku nanux. Lleit miaxia copusie miaTpuMyBaHHIO,
PO3IIMPEHHIO Ta JIETKIM ajanTauii 10 HOBUX BUMOr. Ha nmiarpami, HaBelleHI OKpeMi
MOJYJIi, IO PO3MIIIECHI B MeXaX JCKUIBKOX JIOTTYHHMX IapiB: IIap MpeaCcTaBJICHHS,
miap O13HEC-JIOTIKM, IIap MAIIMHHOIO HaBYaHHS, 1Iap JaHUX Ta IHPPACTPYKTYpHUM
map. KoxeH 13 HMX poOUTH CBifi BHECOK y 3arajJilbHHi MpOIEC, MOYMHAIOUU Bij

npuiiMaHHs ¥ po30opy 3amuTy, A0 30epeKeHHs Ta aHaIi3y pe3yabTaTiB Kiacudikaiii.
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Hlap npeacraBieHHs

VY naHiil cuctemi 3a 1map nNpeacTaBiIeHHsS BIAMOB1Iat0Th KoHTpoJsiepu ASP.NET
WebAPI. Bouu 06po6nstors BxiaHi HTTP-3anuTu, po3noauisitoTh iX BiAMOBIAHO 10
MapIIpyTiB 1 BAKOHYIOTh IIOYATKOBI OIepallii 3 aBTOpu3allii UM Bajgigaiii 1aHux. Y pasi
YCIHIIITHOT aBTOpU3allii (sika peanizoBana yepe3 TokeHu JWT) KoHTposiepy BUKIIMKAIOTh
cepBicu 013HeC-TOTiKU. BakInBOI0 0COOIMBICTIO IBOTO MIAPY € HOTO YHIBEPCATBbHICTD:
PO3pOOHUKHM Ta 30BHINIHI CHCTEMH MOXYTh BHUKOpucTOByBaTH eauHuii REST-
1HTEeppenc uisl B3a€EMOli, IO MOJEruly€e 1HTErpalio MporpaMHuX 3aco0iB B 1HIII

MIPOEKTU YU MIKPOCEPBICHY 1HOPACTPYKTYPY.
Ilap Oi3Hec-s10riKH

Cepluie cuCTEMU CTAaHOBUTH Iap OI13HEC-JIOTIKH, SKUH peanidye OCHOBHY
opkecTpalio mporecy kiacudikaiii. TyT po3mimieHo cepBic kiaacuikarii, o
BIJIIOBIJIa€ 3a KEpyBaHHS TMOCTIJOBHICTIO [iif: BiJl MOYaTKOBOI MepeaoOpoOKu
TPUBHMIPHUX JTAHUX O 30epeKeHHs pe3yibTariB. SKIIo moTpiOHO HOpMaJi3yBaTH,
3rJ1a/KyBaTy 4M 3MIHIOBAaTH (popMmaT BuxigHoro 3D-dailty, 111 eTanu BiI0yBarOThC
camMe B Mexax OizHec-noriku. Jlami cepBic BU3HAYae, KU caMe IHCTPYMEHTapii
MaITMHHOTO HABYaHHS BapTO 3aJyYHTH, 3aJICKHO BiJl BAMOT JIO0 TOYHOCTI, JOCTYITHUX
pecypciB Ta cnenudiky BxigHux nanux. Came Iei Imap BUKOHYE TaKOXK J0JIaTKOBI
3a/1aui MEPEeBIPKH Ta KOHTPOJIKO KOPEKTHOCTI, 30€piraroyu MOCIiAOBHICTD 1 IIIJTIICHICTh

yCI€1 MPONEYPH.
HlIap MalIMHHOrO HABYAHHS

[Ilap MamMHHOTO  HABYaHHS  MPEACTABICHUH  JBOMAa  OCHOBHUMH
komrnoneHTamu: ML.NET Models ta Keras.NET Models. Ilepmmii kKoMmoHEHT
30CepeIKeHNI Ha peasti3allii KIIACHYHUX aJTOPUTMIB (J1HIHHI METOIU, IEpEeBa PIlICHb,
MPUCKOPEHHS ), III0 MOKYTh OyTH €(PEKTUBHUMHU JIJISl TOYATKOBUX 200 MEHIII CKIIATHUX
3aBAaHb. J[pyruii KOMIIOHEHT 3ajlydae MOTYKHI TNIMOMHHI HEMPOHHI Mepexi, 31aTH1
IPALIOBATH 3 BEJIMKOKO KUIBKICTIO TAPAMETPIB 1 BUSABISATU CKJIAJIHI 3aKOHOMIPHOCTI B

3D-nanux. Bukopucranus Keras.NET nmae 3mory miagkimrogaTé Mepexi, MomnepeaHbo
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HaBueHl B cepenoBumax Python/TensorFlow, abo HaBiTh po3ropraTd BiacHe

HaBYaHHs Oe3nocepennbo B Mexax .NET-ekocucremu.

BaxxnuBo 3ayBakuTH, 10 B pa3i OMPAIIOBAHHS BEIUKUAX 00CSTIB TPUBUMIPHUX
naHuxX abo0 CKJIaJHMX MYJIbTUMEIIMHUX KOJEKIIi, 4YacTo BHUHHMKAE MOTpeda B
obuncmoBanbHuX pecypcax Ha piBHi GPU/HPC. 1le BunpaBaaHo, Kooy 4ac BiAMOBIAl
Mae OyTH MiHIMaJbHUM (HANPUKIAJ, Y peaJbHUX MEIUYHHX CHCTeMax) abo KOJH
00YMCIICHHS HACTIIbKM MacinTaOH1, mo Tpaauiiiai CPU-pecypcu He 3a0e3meuyoTh

HAJIEKHOI TPOTyKTUBHOCTI.
Hlap nanux

besnocepenne 30epekeHHs Ta KEPYBAHHS JaHUMU 3IHCHIOETHCS Y A1 TaHUX,
akui posniieHo Ha 1Bl yactuHu. [lepma — e SQL a6o NoSQL 6a3a manux s
VOPaBIIHHSA ~ METaJaHUMH, ICTOpIAMU  Kiacudikaiii, JoraMd Ta  1HIIOKO
CTPYKTYpOBaHOIO 1HGOPMAIlIE€I0, IO JIO3BOJISIE THYYKO BHKOHYBATH TIOIIYK YH
arperarii. JI[pyra gactuna — cxoBuie Blob (abo iHmmit Tum 00’€KTHOrO CXOBHIIA),
npu3HadeHe sl 30epiraHHs iHpopMallii Tpo TpUBHMIpHI 300pakeHHs. [le MOXyTh
OyTu OyIib-SIK1 BEJTUKI pecypcH, AKUM NOTpiOHa crieniaiizoBaHa iHPpacTpyKTypa ais
IIBUKOTO YATAHHSI, 3aMKMCY Ta 3aXKUCTY BiJl BTPATH JaHUX. BiMOKpeMIIeHHS «BaXKKUX»
O00’€KTIB BiJI METAJaHMX 1 PE3yJbTAaTIB aHANITUKK 3a0e3medye  OLIbIIy

MacITabOBaHICTh Ta MiJIBUINYE €PEKTUBHICTH CUCTEMU B IIJIOMY.

IndpacTpykrypHui map

Jns  komrmuiekcHOi peanizaiii MOAIOHMX 3ac00iB, BaXJIUBUM € TaKOX
iH(ppacTpykTypHUil 1map. BiH 30cepemkye nmuTaHHS aBTeHTH]IKaIi Ta aBTOpH3AIlii
KopuctyBauiB (uepe3 cepBicu Auth Service, IdentityServer4d) Ta kepyBaHHS
obuncnoBanTbHUMHU pecypcamu, BkItouHO 3 GPU abo minumu HPC-knacrepamu. B
MeXaxX BEJMKOi Kopropallii abo JOCIHiTHUIBKOI YCTAaHOBH 1€ MOXKE OyTH OKpeMHUii

Kubernetes-kiacrep, 1mo posroprae odouucioBaibHI Hoau 3 miaTpumkoro CUDA.
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HasiBHICTB TaKoro mapy Ha aiarpami J1a€ 3MOry MiJIKPECIUTH KPUTHYHO BAKIIUBY POJIb

0e3neKH Ta KEpOBAaHOCTI B CTBOPEHHI MPOAYKTUBHOT 1 HAIIMHOI CUCTEMH.
IIpouec B3aemoaii

[Tporec B3aeMoIii Mixk IIIapaMy TOYUHAETHCS 3 TOTO, 10 30BHIIITHS CHCTEMa a00
kopuctyBau Hajcuiae 3anuT A0 ASP.NET WebAPI. Ilicns ycmimHoi nepeBipku
aBTOpU3AIlii IIap MPeICTABIICHHS MEPECIPSIMOBYE YIIPaBIiHHA y 0i13HeC-TI0TiKy. CepBic
kiacu@ikailli BUKOHY€ BHYTPIIIHIO TMOINEpeaHi0 oOpoOKy, BH3HAYa€ THUIT MOJEII
(kmacuyHOi ab0 TIMOOKOi) Ta mMepeaae JaHi JO BIAMOBIIHOIO KOMIIOHEHTa IapiB
ML.NET Models un Keras.NET Models. [Ticns 3aBepmienns o64uciieHs (iHpepeHcy)
OTpUMaHUM pe3ynbTaT abo 30epiraeTbcs B 0a3i NaHUX (SIKIIO BUMAararTh YMOBH
BUKOpHUCTaHHsA), abo Biapa3y nosepraeThes y Burisal HTTP-signosial. 3a notpebdu,
nonepenHbo abo mapanenbHO 3BEPTAIOTHCSA JO blob cxoBuia A OTpUMAaHHS

MoYaTKoBOi a00 mpomixkHO1 1HGopMarii mpo 3D 300paxeHHs.

Vs nociiIoBHICTD AiH B1I0OYBA€ThCS TAKMM YMHOM, 1100 y KIHIIEBOMY MiJICYMKY
KIIIEHT OTPUMAaB MaKCHMAJIbHO TOYHHM pe3ysbTaT Kiacudikaiii, BUKOPUCTOBYIOUH
IPU LbOMY BC1 MOKJIMBOCTI Cy4acHOT IHPPACTPYKTYypH Ta PpeliMBOPKIB MAIIMHHOTO
HaByaHHA. [Ipu 30UTbIIEHHI HAaBaHTaXXEHHS CUCTEMA MOXKe OyTH MacmTaboBaHa
TOPU30HTAIBHO, J0JIaI0YH 10AaTKOBI cepBepu WebAPI uu posmimyroun 101aTKOBI
ML-cepBicu B okpeMux KoHTelHepax. Llel miaxia rapantye cTabuUIbHICTD 1 JO3BOJISIE

00po0ssATH Benukuii MoTik 3D-300pakeHb y peKrUMI peaibHOro yacy.
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LLlap npeAcTaBneHHa

WebAPI KoHTponepu
(MapLupyTusauis/AsTopusauia/
TOWO)

)

Lap BizHec-norikn

3a notpebu: iHwi GizHec- Cepsic knacudikaujii /
cepeicu OpkecTparop

Wap agaHmx LLap MalUMHHOrO HaB4aHHsA
Y  J 4 v

SQL / NoSQL Blob / O6'exTHe cxoBuULLEe ML.NET (Knacwnuni ML- Keras.NET (Tnu6oki HeHpoHHi
B meTagaHux i peaynerartis (3D-chaiinn) anropuTMu) Mepexi)

|HEhpacTpyKTYpPHUIA Wap

Cepegic ayteHTudikauii GPU /HPC
(JWT/OAuth/ToLo) NNs HaBYaHHA/IHDepeHcy

Pucynok 3.2 - JliarpamMa KOMIIOHEHTIB ITPOTPaMHUX 3acO0iB.

VY Mexax HaBeJIeHOI AlarpaMu KOMIIOHEHTIB (AUB. pUC. 3.2) MOXHA BUOKPEMUTH
II’SITh OCHOBHUX ITapiB, SKI yTBOPIOIOTH 3arajibHy CTPYKTYpPY MPOTPAMHUX 3aCO0IB:
Iap mpeaCcTaBleHHs, map 013HEC-JIOTIKY, Iap MAITMHHOTO HaBYaHHS, IIap JTaHUX Ta
iH(ppacTpykTypHuil map. KokeH 13 LHMX CErMeHTIB BUKOHYE IIUJIIKOM BH3HAUYEHY
GyHKIIIIO Ta BIAMOBIIAE 32 OKPEMY JIAaHKY KOHBEEpa 0OpOOKH 3amuTiB 1 1aHuX. Takui
PO3IOII 1a€ 3MOTY 3a0€3MeYUTH BUCOKY THYYKICTh, MAacIITA0OBAHICTh 1 MIATPUMKY
3ac00iB, a TAKOXK Ja€ MOXJIMBICTh BHOCUTH 3MIHM B KOHKPETHHH map 0e3 3HAYHOTO

BTpYYaHHs B pOOOTY 1HIINX KOMIIOHEHTIB.

Ha giarpami (auB. puc. 3.2) 4iTKO BHUJIHO, 1[0 MMOYATKOBUM ITyHKTOM OOpOOKH
3alUTIB BHCTYIA€ IIAp MPEACTaBlICHHs, No3HaueHuit Onokom WebAPL. Llei
KOMITOHEHT BiANoBigae 3a wmapmpytm3amito Bxigaux HTTP-3amutiB, ixHIO
aBTOpH3allil0 (SIKIIO Taka mepefdadeHa B paMKax 3arajbHOI CHUCTEMH) Ta Tepeaady
HEOOX1THUX JaHuX 1HImUM migcucremam. WebAPI Moxe OyTu peanizoBaHuii Ha 0asi
ASP.NET Core, mo nae mmpokuii BuOiIp 3ac00iB HaJalITyBaHHS KOHTPOJEPIB,

¢1apTpiB, middleware Ta mMexani3MiB Oe3neku. 3 aiarpamu BUIHO, 10 WebAPI mae
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npsMui  3B’S30K 13 cepBicoM ayteHTH(dikamii (AuthService), abu mnepeBipUTH
MOBHOBaYKEHHS KOPUCTYBauiB a00 30BHIIIHIX cepBiciB. Kpim Toro, WebAPI nancunae

3anuT Ha opkectparop (Orchestrator), sKuit HANEKUTH 70 APy O13HEC-TIOTIKH.

[Tap 6i3Hec-noriku, okpecinenuit 61oxkom Orchestrator 1 1ogaTKOBUMHU Oi13HEC-
cepBicamu (OtherServices), € IEHTpPaJIbHOIO JIAHKOK CHCTEMH, i€ 30Cepe/KeHa
OCHOBHA (PYHKITIOHAJIbHA JIOTiKa mporpamMHux 3aco0iB. Came TyT NpUIMArOTHCS
pIIIEHHsI 1IOJI0 TOTO, SAKI caMe omeparlii CJiJi BUKOHATU HaJ BXIIHUMHU JaHUMH, Y
SIKOMY TIOPSIZIKY BiTOYBaTUMYThCSI BUKJIMKHA KOMITIOHEHTIB MAIlIMHHOTO HABYAHHS Ta K
OyIyTh OpraHizoBaHl mpoliecu 30epexeHHs pe3yibTaTiB. 3B’s30k Orchestrator 13
mapom MaimmHHoro HaBuaHHs (MachinelLearning) cBigunThb, 110 715 kiacudikarii ta
0OpOOKHM TPUBUMIPHUX 300pakeHb MOXKYTh BUKOPHUCTOBYBATHCS K KiacudyHi ML-
anroputMu (uepe3 ML.NET), tak i1 rimuboki HeriporHi mepexi (uepe3 Keras.NET).
ITpote poisib Orchestrator He 0OMeEXy€eTbCsI MapIIPYTU3ALIEID JAaHUX: BIH TAKOXK MOXKE
BUKOHYBAaTH 3arajbHy KOODJHMHAIIIO, KEPyBaHHS TpPAH3aKIIsIMU YU JIOTYBaHHS 3

METOIO BiJICTEKEHHS MPOMDKHUX 1 (P1HATILHUX PE3YJIbTATIB.

[[Tap wmamumHHOTO HABUYaHHS BKJIOYae jaBa kiatouoBi Osnoku: ML.NET 1
Keras.NET. Ha niarpami momiTHO, III0 BOHU 0€3M0CEPEIHBO B3a€EMOIIOTH 13 ILIAPOM
O13HEC-JIOT1KM, OTPUMYIOUM BiAMOBiAHI daHi st obuncinenb. ML.NET 3abe3neuye
3ac00M KJIACMYHOTO0 MAIIMHHOIO HABYAHHS, 1€ MOXYTh OyTH BHUKOPUCTaHI MOJEINI
perpecii, AepeB pilliecHb, METO ] OTIOPHUX BEKTOPIB UM iHIII miaxoau. L1 iHcTpymeHTH,
SK MPABUIIO, 3py4Hi, KOJIU 00CIT JaHUX ab0 IXHS CKIAJHICTh HE MOTpeOye rITuOOKUX
HeHpoHHUX Mepex. Y Toi camuil yac Keras.NET mae 3Mory miakiatoyaTH MOTYKHI
3TOPTKOBI MEpEXi Ta 1HII apxXiTeKTypu TJIMOWHHOTO HaBYaHHS. 3aBASKH IbOMY
KOPHUCTYBau MO>ke BUKOpucTatu iHppacTpykTypHi nepeBaru GPU ado HPC-pecypcis,
ampke 3 giarpamu BuaHO 3B’ 530K Keras.NET 3 6mokom GPU. Taka B3aemonist o3Havae,
0 camMe€ y KOMIIOHEHTI TJIMOMHHUX HEUPOHHHX MEPEK BUKOHYETHCS CKIIAJIHE
napajiebHe OOYMCIICHHs, HEOOX1HE NIl BUCOKOTOYHUX MOAENel Kiacuikauli yu

cermeHraii 3D-300paxxeHb.



86

HacTynmHUM KpUTHYHO BaXKIMBUM CKJIQJHUKOM 3arajibHOi CTPYKTYpH € IIap
nanunx (Data), npencrasnennii 6mokamu DB Ta BlobStorage. DB opienToBanuii Ha
30epiraHHs CTPYKTYPOBAaHUX JIaHMX, 30KpeMa METaJIaHuX 1 pe3yJIbTaTiB OOYUCIICHb,
K1 MOKHa OTIepaTUBHO BUOMpPATH, aHAJII3yBaTH Ta MOEHYBATHU 3 IHIIMMU 3alIHUCAMHU B
pamkax cuctemu. Taka 6a3za mMoxke OyTu pensmiiHoo (SQL) abo HepensiiitHOO
(NoSQL), 3anmexHo BiJi KOHKPETHUX BUMOT J0 MaclITabOBAHOCTI, CTPYKTYPHU JaHHUX
Ta npoaykTuBHOCTI. BlobStorage 3a6e3neuye 30epekeHHsI BEIUKUX 00’ €KTIB, a came
TPUBUMIpHUX  (pailyliB, sKI MOXYTh MaTH 3HAYHUW pO3MIp 1 BHUMAaratu
CIeL1aJII30BAaHOr0 TMiAX0Ay 10 30epiraHHs. 3aBIsSKH 1IbOMY JIOTiKa MpOrpaMHUX
3aco0IB pO3/iJ€HAa TaKUM YHHOM, IO MeETaJlaHi ¥ aHamiTU4YHI 3aluch He
NEPEIUITAIOThC 3 «BAXKUMH» MYJIbTUMEAIMHUMU YM HAYKOBHUMH JIaHUMH.
OpxkecTpatop Ma€e IpSMUM 3B’ 30K 13 IIUMU IBOMA OJIOKaMH: BiH MOKE 3aBaHTaXKyBaTH
abo 3umtyBatu 3D-daiinm 3 BlobStorage, a Takox 3amucyBathu abo uMTaTH

1H(popmarrito npo kinacudikaiito 9u pe3yiabTaTd HaBuaHHs 3 DB.

3aBepuiye 3arajibHy Jiarpamy 1HQpPacTpyKTypHUN Iap, IO OXOIUIIOE
komrnoneHTH AuthService ta GPU. AuthService Bimirpae ueHTpasbHy poOJib Yy
3a0e3reueHHl 0e3neKku Ta JOTpPUMaHHI MOJITUK JOCTymy. BiH Moxe peanizoByBaTh
ayrentudikauiro 3a ponomororo JWT, OAuth 2.0 uym iHmMX NOPOTOKONIB, adu
rapaHTyBaTH, IO JUIIE CAaHKIIOHOBaHI KOPUCTyBadi ab0 cepBiCH MAIOTh JOCTYI 0
onepauii kiacudikamii. GPU abo HPC-pecypcu HeoOXinHiI AJis ONEpaTUBHOIO
BUKOHAHHS TPYJIOMICTKMX OOYHMCIIEHb, 30KpE€Ma IMpH 3aCTOCYBaHHI TJIUOMHHUX
HEHpOHHMX Mepex. Ha miarpami momiTHO, 10 1€l OJIOK HampsiMy TOB’SI3aHUM 13
Keras.NET, ockinbkum came 0Oi0mioreka TJIMOMHHOIO HAaBYaHHS HaWdacTille
BUKOPHUCTOBY€E MapajelibHl omnepanii MaTpUYHOrO MHOKEHHS 1 KOHBOJIIOIIH, SKI

MOXKYTbh OyTH MPUCKOPEHI 32 JOTIOMOTO0 rpadiYHUX MPOIIECOPIB.

TakuM YMHOM, HaBeJeHa JiarpaMa KOMIIOHEHTIB BiJIoOpaka€ I1HTETPOBAHY
CTPYKTYpY, [I€ lIap NpeCTaBICHHS Iepeaae BX1AH1 JaHl B map O13HeC-JIOTr1KH, a TOM,
CBO€I0 YEProlo, 3ajlydae IHCTPYMEHTHM MAaIIMHHOIO HaBYaHHSA 1 CIHUPAEThCS Ha

BIJIMOBIJIHI CXOBHUIIA JaHUX. [HQpacTpyKTypHUll map CiIyrye HeHTPaJbHUM BY3JI0M
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Oe3MeKu Ta BHUCOKOMPOAYKTUBHHMX OOYHCIICHb, IO Ma€ KPUTUYHE 3HAYCHHS IS
ycmimHoi peamizamii (QyHKIIOHaTy Kiacudikauii TPUBHUMIPHUX 300pakeHb Y
peaTbHOMY UM IOCTITHUILIBKOMY cepeioBuIlll. Takuii 6araromapoBuid Miaxia rapaHTye
YITKUA MOAUT 000B’A3KIB, HAJIWHICTh Y MacIITa0yBaHHI W MOJIMBICTh MIITPUMKH
cyuacHux (QperimBopkiB ML.NET ta Keras.NET y pamkax po3poOiatoBaHUX

pOrpamMHUX 3acO0IB.

XmapHa nnatcopma

Kubernetes Knactep

Object Storage / Blob Storage

Pod3:
Keras.NET Cepeic

Auth Service
(okpemui Pod

abo 30BHiWHI cepBic)

Load Balancer / Ingress Pod1:
Controller WebAPI + Orchestrator Pod2:

ML.NET Cepeic

— Keposana SQL/NoSQL B0

—> GPU/HPC Byzon
ana obuncneHs

Pucynok 3.3 - Jliarpama po3ropTaHHsl.

Ha 3anpononoBaniii giarpami (auB. puc. 3.3) 300pakeHO TUIOBUU ClLIEHApPIH
pO3ropTaHHsl MPOrpaMHUX 3aco0iB s Kiacuikailii TPUBHUMIPHUX 300pa)keHb Y
xMmapHiil mnatdopmi 3 BukopuctanusMm Kubernetes. ¥ mexax Kubernetes-knactepa
CTBOpeHO aAekinbka Pod-iB, KOkKeH 13 SKMX BUKOHY€ OKpeme mnpu3HaueHHs. Podl
mictuth WebAPI Ta Orchestrator, mo BiANOBIZAIOTh 3a NMPUHAMAHHS 3alHTIB Bij
KOpHUCTyBauiB (uepe3 OalaHCYBaJbHUK HABAHTAXCHHsS) Ta KEpyBaHHS MPOIECOM
knacudikaii. Pod2 peamizye ML.NET Service, mpusHaueHudd uisi BUKOHAHHS
KJIACUYHHUX aJITOPUTMIB MAIIMHHOTO HABYaHHS Ta KOHBEepiB 00poOku, a Pod3 —
Keras.NET Service, 1o 3qaTed 00po06siatu TTn00K1 HEMpOHH1 MepexKi, BKIFOUHO 3 3D-

3TOPTKaMH.

BaxxmmBoro cknagoBoro € Load Balancer / Ingress Controller, yepe3 sikumii
cupsamoByioThcs BXigHI HTTP-3anutu. 3aBasku uboMy pillleHHS OTPUMYE THYUYKICTb
y MapHuIpyTu3ailii Ta MaciTabyBaHHi, aJ[)ke MOXKHA TMHAMIYHO CTBOproBaTH HOB1 Pod-

U 1 pO3NOAUISITH HaBaHTXKEHHSI MK HUMH. AuthService, Buainenuit sik okpemuii Pod
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ab0 30BHILIHINA cepBic, 3a0e3leuye aBTeHTU(]IKaLII0 i aBTOPHU3alilo, JAH0Ud 3MOTY

KoHTpoJtoBaTH noctyn 10 API Ha piBHI kiacTepa.

Jlnst 30epiranHs Ta OOpOOKM JaHUX [iarpama mependadae JBi KIIFOYOBI
koMmrnoHeHTH: kepoBaHy SQL/NoSQL BJ[ (DB) nns meramaHux 1 pe3ysbTaTiB
kinacudikariii Ta Object Storage / Blob Storage (Blob) mist Benukux 3D-daiinis. Pod1
(WebAPI + Orchestrator) B3aemoiie 3 HUMH, KEPYIOYH 3aBaHTAKEHHSM, OHOBJICHHSIM
Yd YWUTAHHSAM HEOOXIJHMX JaHuX. Y CHTyallisx, KoOJM TOoTpiOHa 3HaA4YHa
oOumcoBaibHa MOTYXHICTh, Pod2 1 Pod3 moxyThk ckopucrarucs GPU/HPC-By3iom
(GPUNode), mio miaBuIlye IIBUAKICTh TPEHYBaHHA Ta 1H(GEPEHCY TIITMOMHHHUX

MOJIEJIEN.

3aragoM Taka apxiTeKkTypa 3a0e3leuye BHCOKY MaclITa0OBaHICTh, THYYKICTb
KoH(pirypamii Ta posaiieHHs BignmoBiganbHOCTi. KonteitHepm 3 WebAPI i
OPKECTPaTOPOM MOXKYTh OyTH MacIITaOOBaH1 3aJI€’KHO BiJ] KIJTbKOCTI BX1THUX 3aITUTIB,
tomi sitk ML.NET Service i Keras.NET Service 3 GPU-pecypcamu macimtaOyroThCs 3a
noTpeOu B IHTEHCUBHHUX OOYMCICHHSX. 3aBISKH I1IM MPOTPaMHUM 3aco0aM 30epirae
e(eKTUBHICTh MPU 00POOIIl BETUKOI KUIBKOCTI 3D-300pakeHb Ta JIETKO 1HTErPYETHCSA

3 IHIIIMMU CEPBICAMHU B XMAapHOMY CEPEIOBUIIII.

KRihT { SoaHLLHI CETEMIM WeBAP! KoHTpenepd Cepeic ayTaATIiAW CepRic Knacpikall | OpkecTpaTap MLNET Keras NET &1 Cxopiwe Blob

1. 3anut (HTTP POSTIGET) *+ Token/Ofnixoni fani

¥ paal yeniwrol ayTeHTieilkauil
NIBNEXDIMMD 10 BisHEC-OMKA

>

6. 3 G
(Mizroroansi aawi)

alt [BUkopHETORYEMO MHGAKY HERROHHY Mapesy]

8. 3annT Ha indepenc (MiaraToaneki saH)

9. PeaynTaria inpepsncy

10. 3G6pakenlA (PAaynLTaTH, MeTapall)

1. 3a noTpeia waknRiganae 30-gainy

12, NooeprenHn peaynsTaTy rnackdiraull

e 3. Bignosins (HTTP 200 / JSON Towo]

KnietT  30sHiuni onoTemu WebAP| Kontponeps Cepoic ayTeHThdikauil Ceppic knackpikauil / OpxecTpatop MLNET Keras NET 1] Cxopwiwe Blob

Pucynoxk 3.4 - Jliarpama cTaHiB CUCTEMHU.
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[TocnigoBHICTh B3a€MOJIi MIXK KOMIIOHEHTAMHU CHUCTEMH, BIJOOpa)keHa Ha
niarpami (auB. puc. 3.4 ado /1.5), 1eMOHCTpy€ TUIIOBHIA cLieHapiil poOOTH MPOrpaMHUX
3aco0iB Jy1s Kiacudikalii TPUBUMIPHUX 300paKeHb y 6araTopiBHEBOMY CEpPEOBHIIII.
Ha nmouatky Kiient (abo 30BHimHs cuctema) Hajacuinae HTTP-3anut 13 TokeHOM 4u
peectpamiiaumu ganumu 10 WebAPI KontponepiB (kpok 1). WebAPI Buxonye
NepeBIpKy MOBHOBAXEHb, 3BepTarounch 10 Cepricy ayreHTudikaiii (kpok 2). Ko
CepBIC aBTOpHU3AIlli MOBEPTAE MO3UTUBHUI pe3yNbTaT (KPOK 3), HAAXOIUTH AO3BLI Ha
NoJaNbIly OOpOOKy HaHuX. Y TPOTWICKHOMY BHUMAIKY 3alUT 3aBEPIIYETHCS

MOBIJJOMJICHHSIM NP0 TTOMHJIKY JTOCTYITY.

[Ticna minTBepkeHHs apTopusaiii WebAPI nepenae kepyBannsi Ha CepBic
knacudikamii / Opxkectpatop (kpok 4). OpkecTpaTop BHKOHYE BHYTPIIIHIO
nepeaoOpoOKy Ta Bamigamito (Kpok 5), MEpeBIpsAOYM IUTICHICTh oTpuMaHux 3D-
nanux. Jlam npuiiMaeTbecs pIIIEHHS IMIOAO TOro, SIKY TEXHOJIOTI0 MAaIIMHHOIO
HABYaHHS 3aCTOCyBaTd. SIKIIO JOCTaTHHO KIIACMYHUX AQJITOPUTMIB, BiOYBa€ThCS
Bukiauk ML.NET (kpok 6), sikuil miciasi oOYHMCIIEHb IMOBEpTAaE MOMEpeaHiii abo
diHanbHUN POTHO3 (KpoK 7). SKIo % HEOOX1AHO PO3TOPHYTH INIMOMHHI HEHpPOHHI
mepexi, Orchestrator mepenae mani mo Keras.NET (xpox 8). Ilicis BUKOHaHHS
iH(epeHcy MoJenb moBeprae pe3ysbrar kiacudikauii (kpok 9), axuit Orchestrator

MO€E J0JIaTKOBO MPOAHAII3yBaTHU UM 31CTABUTH 3 1HIIUMHU METAJaHUMH.

Ha 3aBepmansHOMY eTarni pe3yibTaT (mepeadadeHns abo omiHKa HMOBIPHOCTEH )
30epiraetbest B B (kpok 10), a 3a moTpedu TakoK MOXKE 31MCHIOBATUCS] YNTAHHS YU
3anuc BianoBigHux 3D-daitnis y Cxosunie Blob (kpok 11). Opkectparop noBeptae
3BesieHy BiAnoBiab 10 WebAPI (kpoxk 12). 31 coro 6oky, WebAPI dhopmye dbinanpHui
HTTP-BinnoBiae (kpok 13) 3 xoaoMm ycmimHoro BukoHaHHs (200) abo iHIIMM
BIJIMOBITHAM CTaTyCOM, a TaKOXX CTpykTypoBanumu aaHumu (JSON/XML). Taxkum
YUHOM, KIIEHT OTPUMY€E VYHI(pIKOBAaHUNA JOCTyn J0 Tiporecy Kiaacudikamii
TPUBUMIPHUX 300paXEHb 13 MOMJIMBICTIO MaclITaOyBaHHs, 0€3MEYHOro 30epiraHHs

JAHUX 1 THYYKOT0 BHOOPY METO/IiB MaIlTMHHOT0 HaBYaHHs. [Toai0Ha MOCiIOBHICTE il
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3a0e3neuye HUTICHICTD 1 HAAIMHICTh CUCTEMH, a TAKOX JA€ 3MOTY JIETKO IHTETPYBaTH ii

3 IHIIMMU KOPIOPATUBHUMH a00 AOCTIAHUIBKUMHU IIaT(HopMamMu.

lNepegipka TokeHa

3aBaHTaXeHHA/OTPUMaHHA L .
AuthService

—>
TOKeHa
HTTP-3anut 3D-chann— /—\
-OK/Momunka

( Knient )
ML.NET
Keras.NET

Pesyneraru iHdepeHcy,
meTanaHi SQL/NoSQL

—/ —
o — L
WebAPI  ——— ( Opkectpatop - BisHec-norika \_)

4—————Pesynsrar

3D-chalinm 3anciyMTaHHs——»

Blob Storage

Pucynok 3.5 - Jliarpama AisIbHOCTI.

HaBenena miarpama (guB. puc. 3.5) UIIOCTpye MOBHHMM LMK OOpOOKH Ta
Kkiacudikaili TPUBUMIPHUX 300pakeHb Yy MeXKax 3allpONOHOBAHUX MPOTPAMHUX
3aco0iB. [Ipouec posnounHaerbes 3 Toro, mo KiieHnt 3Bepraethess 10 AuthService
3aa71s1 OTpUMaHHsA abo Bepu@ikallli TokeHa JOCTymy. Y pasi yCHiIIHOI aBTOpHU3allii
KJieHT Moxke Hagicnati HTTP-3anuT, o mictuth 3D-(haii (4 mocuiianHs Ha HbOTO),
1o WebAPL. 3i cBoro 6oky, WebAPI mnepeBipse oTpuMaHUil TOKEH, 3HOBY
3Bepratouuch 10 AuthService. fkmio mepeBipka BUSBISETHCA YCIIIIHOI, 3aIHT
nepenaetbcas B Opkectpatop (Business-Logic Layer), skuii Biamosinae 3a

KOOPAMHAIIIO Ta JIOTIKY MOJAIBIIOro mpoiiecy Kiacugikarii.

VYceepenuni OpkecTparopa BUSHAYAETHCS, K1 caMe MOTYJIl MAIlIMHHOTO HaBYaHHS
BapTo 3anyuntr: ML.NET a6o Keras.NET. ML.NET nepeBakHo BUKOPHUCTOBYETHCSI
JUISl KJIACHYHUX aJrOpUTMIB (JHINAHI METOM, JepeBa pILEHb, PErpecis), TOAl K
Keras.NET 3a6e3neuye nocTymn 10 ITMOUMHHUX HEHPOHHUX MEPEK, 10 €hEeKTUBHI IS
ckianuux 3D-3amau 13 BenukuMu MacuBamu anux. [1ig yac inpepency Opkectparop

MO>K€e 30MpaT un 30epiraTi NpoOMiXKHI Ta M1ACYMKOBI pe3yJIbTaTH B CXOBUILAX JAHUX.
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Jns cTpykTypoBaHUX MeTadaHuxX (pe3yibTaTd OOYHUCIEHBb, ICTOpli Kiacudikarlii,
3amucu JIOTiB) BUKOpUCTOBYEThCS SQL/NoSQL 6a3a nanux (DS1), a Benuki 3D-daiinm
36epiratotecs y Blob Storage (DS2). Opkectpatop 3BepTaeThCs 10 WX CXOBHI Y
IOpolecl YUTAaHHS 4YM 3alHCy, 30KpeMa SKIIO MOTpiOHO 30eperTd pe3ysbTaTH

1H(pepeHcy abo oTpuMartu 1o1aTkoBl 3D-(daiinm 3 MUHYITUX CECiil.

[Ticns 3aBepmienns kinacudikamii OpkecTpatop MoOBepTaE MiACYMKOBUN
pesyabrar 3anuty Hazan 10 WebAPL. WebAPI ¢opmye ynidpikopany HTTP-
BIJIIIOBIJIb, SIKY HAQJCHJIA€ KIIEHTY. 3aBASKH LIbOMY KJIIEHT OTPUMYE MOXIIHUBICThH Y
peanbHOMY dYaci 1HIIIIOBAaTH mpollec kiacudikaiii, nmepexaBatu 3D-300paxeHHs, a
TaKOXX ONEPAaTUBHO OTPUMYBATH MPOTHO3W Ta CYyNyTHIO 1H(OpMaIlito (Hampukia,
IMOBIPHOCTI, ME€TaJIaHi Y1 4acoBl MiTkH). Taka apXiTeKTypa 3a0e3medy€e YiTKUM MO
BIIMOBIAQAIBHOCTI MK KOMIIOHEHTAMHM, 3aXUILNEHICTh aocTymny (uepe3 AuthService),
THYYKE BUKOPUCTaHHS PI3HUX IHCTPYMEHTIB MAILIMHHOIO HAaBYAaHHS Ta HaAllHY

poOOTY 3 BEJIMKUMH O0CATaMH JIAHUX Y XMapHUX a00 JJIOKaJbHUX CEPEOBHUIIAX.

KerasNetService PreparedData

antertaces
OrchestratorService ML Model

slnlerfaze Listefloat> Raweclors

Iorehestrator

! “ipepenc Ha ocios”
+C veparedDats data)

K— N N |
+CassiiicationResult ClassifyiThreeDFle fle} E— +ClassificatenResult InfenPreparedData data) +oengtruct )
+PreparedDeta PregracessDeta[ThreeDFle ] e B ReTORE ) -

+Classifis st Classiy{ThreeDFle file] : * Heiefiogt>
+MLWodel SelecthfadsiPreparedDala dala) Gelirfol] - sin
e — | MLNetService R
ipeoenc Ha cuoe

ThreeDFile

st Addtonalilo

Infer(PrepeedDalz data)

Metadata
ClassificationResult

+Guid Id

"] +Guid ThresDFikls

+oonstuctorithreeDFileld, key value)

soonsiructor{threeDField. label. confidence, modelName)

Pucynok 3.6 - Jliarpama ki1aciB mporpaMHuX 3aco0iB.

VY HaBeneHii giarpami KiaciB (QuB. puc. 3.60) MOKa3aHO JIOTIYHY CTPYKTYpPY
MPOTPaMHUX KOMIIOHEHTIB, IO B3a€MOJIIOThH y Tporieci oOpoOku Ta kiaacudikarii
TPUBUMIPHUX 300pakeHb. BoHa 1MIOCTpy€E, SIK 00’ €KTH PI3HMX THUIIIB MOB’sI3aHI MIX
co0o010, sIKi iHTepdeiic BOHHU peasi3yloTh 1 IKUM YUHOM BIJJOYBA€ThCSI OOMIH JJAHUMU
Ha 00’ekTHOMY piBHI. Takuil miaxig aae 3Mory 3a0e3MeUnuTH YITKE PO3MEKYBaHHSI

BIIMOBiAAIBHOCTI MK Oi3Hec-10rikoro (OrchestratorService), MoaeIIMU MaIlIMHHOTO
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HaBuaHHs (MLNetService, KerasNetService), a TakoXx CTpPyKTypaMu JaHUX

(ThreeDFile, PreparedData, Metadata, ClassificationResult).

[atepdeiic [0rchestrator Bu3HAauae KOHTPAKT AJII OpPKECTpaTopa Ta MICTUTH
meton Classify. Big Hporo ycnaakoByetbes kiac OrchestratorService, sikuil peanizye
013HEC-JIOTIKY MPOTpaMHUX 3aco0iB. Y MeXax LbOr0 CepBiCy HependayeHo METOIU
Classify, PreprocessData 1 SelectModel. 3aBasiku TakoMy po3nojiny OOOB’SI3KIB
OrchestratorService MoO)€ CHOYaTKy MIATOTYBaTH JaHl (HAIpUKIaJd, BUKOHATH
HOPMAaJTi3aIlilo0 Y¥ BHJIYYCHHS O3HAK), & TIOTIM, BHKOPUCTOBYIOUN BHYTPIIIHIA METO.
SelectModel, Bu3nauaTu, sikuii came anropuT™ 4u GpeiiMBOPK MAITUHHOTO HaBYaHHS
3actocyBaTu. Lle Hagae rHyukicTh BUOOPY MK kiacuuHuMH MozensiMu ML.NET a6o

MIMOMHHUMH MEpeXxaMH, 1110 niakiovyarTbes yepes Keras.NET.

[arepdeiic IMLModel 3amae meton Infer, sikuii mae peanizoByBaTH Oyib-siKa
Moneiap MamumHHoro HasdanHsa. Kiacu MLNetService Ta KerasNetService
ycnaakoByioTe IMLModel, nmporonyroun BiacHi BapiaHTH peaiizaiiii metoay Infer.
MLNetService 3acTocoBye Kimacu4Hi migxoaw (JTiHIMHI METOAHW, JepeBa PIllICHb,
IPUCKOPEHHS TOILO) 1 3a3BUYall € e(EeKTUBHUM JJid 3aBJIaHb 13 BITHOCHO HEBEIUKOIO
KUIBKICTIO mapameTpiB ad0o MeHII ckiagHuMmu aanumu. Bognouac KerasNetService
peanizye rIMOWHHI HEUpPOHHI Mepexi (30KpemMa 3ropTkoBi 3D-apxiTekTypu) 1 MOXKe
BukopuctoByBatu GPU-akcenepartiito mjis TPUIIBUAMICHOTO OOYUCICHHS. 3aBISKH
inTepdericy IMLModel OrchestratorService Bukiukae y3rompkenuit meron Infer, ne
nepeiMaryuch KOHKPETHOIO — peaii3aili€elo, M0 TMOJeTuye MIATPUMKY Ta

PO3IIUPIOBAHICTH CUCTEMH.

Kmac PreparedData yocoOmtoe pe3yabTaT MOMEpenHbOi O0OpOOKH BXiTHOTO
daiiny. Bin wMictuteh mone RawVectors mis 30epiraHHS YHMCIOBHX BEKTOPIB
(HampuKIIam, BOKceNiB ab0 XapaKTEpPUCTHYHUX O3HAK), a TaKOX JOJaTKOBY
iHdopmarito B moii Additionallnfo. Habip BimmoBimuux wmetoniB (GetVectors,
GetInfo) momermrye mocTynm A0 BHYTPINIHIX CTPYKTYp AaHuxX. [lomiOHUN mimxif
T03BOJISIE  YITKO Bigokpemutn cupi 3D-daiinm Big iXHIX BEKTOPU30BAHUX YH

arpCroBaHux IIPCaACTaBJICHD.
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Knac ThreeDFile mictute Merajgani mpo ailn, Taki sK HOTO yHIKaJbHUN
ineatudikarop (Id), maszsa (FileName), mmsax mo cxoBumia (StoragePath), mara
3aBanTakeHHs (UploadedAt) 1 tunm daitny (FileType). Ilons Metadatalist Ta
ClassificationResults 3a0e3neuyoTh JOTIYHUM 3B’SI30K 13 KOJIEKIIAIMU 00’ €KTIB
Metadata ta ClassificationResult. Taka cTpykTypa cHOpoIrye BIJICTEKEHHS BCIX
oreparliii, moB’si3aHUX 3 00poOKOIO (hailily, BKIIFOUHO 3 1HGOPMAITIEIO IMPO 3aCTOCOBAHI

METO/IM KiIacu]ikallii, ICTOPI0 3MiH Ta BX1JHI JlaHi (KJt04l, OMMCOBI 3HAYEHHS TOILIO).

Kinac Metadata npusHauenuil aiis 30epiraHHsl AOBUIBHMX KJIIOY/3HAUYEHHS Map
(Key, Value), sixi moxxna qonaBatu 10 ThreeDFile 3 meToro 36aradenns omnucy abo
npoBeJieHHs noAaTkoBux aHamituuHux omnepaiid. Kimac ClassificationResult mictuthb
miacyMKu  1HGepeHcy, BKIIOYHO 3 mnependadeHoro wiTkoro (PredictedLabel),
BrieBHeHicTIO iepeadadenns (Confidence), Hazporo moaeni (ModelName) Ta yacoBoro
MmiTkoto (Timestamp). Ile nae 3mory cucremi ¢ikcyBaTu, KOJu caMme OyJI0 BUKOHAHO

KJ1acu(iKaIito, siki pe3yJbTaT OTPUMAHO i 3a JOMIOMOTOIO SIKOTO aJrOPUTMY.

Takum ymHOM, Jiarpama 4iTKO JEMOHCTPYE, SIK OKpeMi Kjiacu Ta iHtepdericu
B3aEMOJIIOTH MDK c000r0 B mporeci kinacudikarii 3D-daitnis. Bona 3abesneuye
MOJYJIbHUH, PO3LIMPIOBaHUN TU3aiH: OrchestratorService BHUCTYIIA€
KOOpAWHAIIIMHUM 1eHTpoM, B3aemojiroun 3 MLNetService a6o KerasNetService
yepe3 yHiikoBanuit iHtepdeiic IMLModel, Tomi sx PreparedData, ThreeDFile,
Metadata 1 ClassificationResult crpykTypytoTh gani it eeKTUBHOTO 30€piranHs Ta

aHaJi3y B MEXaX CUCTEMHU.
3.2 Bukopucrani 0i0/ioTeKn Ta IHCTPYyMEHTH

VY migpo3zaini 1.1.2 Mmu 3a1dCHIIN JeTadbHUM aHall3 TEOPETUUHUX MOXKIUBOCTEN
1 QyHKIIOHAIEHUX 0COOIMBOCTEH pi3HUX 0107110TEK 1 peani3allii HeHPOHHUX MEPEK.
VY nmanomy po3aui Oyjie MpoBeACHO KOMIUIEKCHE JTOCTIHKEHHS MPAKTUYHUX aCTICKTIB
BUKOPHUCTaHHSA 3a3HauYCeHHX O10110TeK. 30Kpema, pO3TIsJaTUMYThCS MNPUKIAIN
peamizamii apxXiTEeKTyp Ta aJITOPUTMIYHUX TOMOJIOTIM HEHUPOHHUX  MEpexK,

OpIEHTOBAaHMX Ha 3ajadl TJIMOMHHOrO HaB4yaHHS. Takoxx Oyne BHCBITIEHO
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METOJOJOTIYHI  MIAXOAM [0 CTBOPEHHS I1HAMBIAYalli30BaHUX AapXITEKTYpPHUX
KOHQIrypamiii 1 ONTUMI3AIifHUX CTpaTerii uisi MiABUIICHHS MPOTYyKTUBHOCTI
Mozeneit. OcobuByY yBary mpuaijeHO ajanTallii airopuTMiB i1 crienud19Hi BAMOTH
3amau kiacudikaiii Ta oOpoOKM TPUBUMIPHUX JaHUX, 110 3a0€3MeYuTh BCEOIUHE

PO3yMIHHS IIPOILIECIB MOOYA0BU Ta HANAIITYBaHHS HEUPOHHUX MEPEK.

3.2.1 ML.NET

ML.NET € ¢peiimBopkOM MalIMHHOTO HaBYaHHS BiJ KomIaHii Microsoft,
OpIEHTOBaHMM Ha po3poOHuKIB y cepenosuili .NET. OcHoBHa ixes mousArae y
CIPOIIEHHI TIpoliecy MoOyA0BHU, TPEHYBAHHS Ta PO3MIMICHHS MOJENel MAIIMHHOTO
HaBYaHHsA, He TTokuaaroun Mexl ekocucreMu .NET. 3a mjomomororo ML.NET moxkna
BUKOHYBAaTH HIMPOKHUI CIIEKTP 3aBJaHb: Kiacu(Dikallito, perpeciro, peKoMeH alliiHi

CUCTEMHU, aHaJIi3 TEKCTY, BUSBJICHHS aHOMAaJIiil Ta HaBITh pOOOTY 3 HACOBUMHU PsITAMH.

Opniero 3 xkmouoBux konneniii ML.NET e DataView — BuyTpimHiii opmar
30epiranHs Ta oOpOOKM JaHMX, IIO JO03BOJSE €PEKTUBHO MPAIIOBATU 3 BEIUKHUMH
HabopaMu JaHUX y MOTOKOBOMY pexumi. Lle o3Hauae, mo 0i01i0TeKa MOKe MOETaTHO
YUTATU YaCTUHU JIaHUX /I 0OUUCIIeHb, HE 30epiratoun BeCch HaOlp JaHUX Yy maM’sTi.
Taka apxiTekTypa Aa€e 3MOry MacmTadyBaTh OOUYMCIICHHS Ta MOJIETUIY€E IHTErpaLlio 3
pi3HUMH JKepenaMu, sK-0T dait CSV, SQL-6a3u uu Oyab-sIKi 1HII CTPYKTYpPOBaHI1

dbopmaru.

Y ML.NET mnependaueno xoHBeepu (pipelines), sKi CKIagaloThCs 3
MOCITIITOBHOCTI TiepeTBOpeHb (transformations) Ta TpeHyBanb moneni. s 3amadi
kjacu@ikamli MoxHa BUOYJyBaTH KOHBEEp, IO BKJIOYAE KIJIbKA KPOKIB: CIIOYATKY
BUKOHYEThCSL HOpMaiizailisi abo KOJyBaHHS O3HaK, Jaimi — MoxJiuBi «feature
engineering» KpokW (HANMpUKIAI, TEKCTOBa OOpOOKa YW BUJIYYCHHS TIEBHHUX
CTaTUCTHUK), a MOTIM — BUKIMK HaBYaJbHOTO anroputMmy (Hanmpukiaza, LightGBM,
KpocruiatopMHi pearizalii JIHIMHUX MOJENIe YU METOIM Ha OCHOBI JIEPEB PIIICHB).
Po3pobHKK Mae THY4YKi MOKJIMBOCTI HaJallITyBaHHS KOXXHOTO Kpoky. OKpiMm TOroO,
010710TEKa MPOMOHYE BOYIOBaHI METOAM JUIsl po3paxyHKy meTpuk (Accuracy, F1-

score, RMSE, Precision, Recall), mo ciporye anani3 pe3ynbTaris.
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VY xoHTekcT! TpuBUMipHUX 300pakeHb ML.NET Moke BUKOpUCTOBYBaTUCS IS
oprasizamii KJIaCHYHUX CIeHapiiB o00poOku. Hampuknaa, koiam po3Mmipu Uu
ocobnuBocTi 3D-1aHuX Jal0Th 3MOTY iX «3ropTaTu» y Hablp CTAaTUCTUYHUX O3HAK 200
KOJM 3aCTOCOBYEThCA TIJAXIJ JIO BWIYYEHHS O3HAK 3a JOMOMOIOI 1HIIUX
IHCTPYMEHTIB, a CaM KOHBEEP MAITUHHOTO HaBYAHHS 30CEPEIKYETHCS HA MPUUHSTTI
pimenns. lleit ¢pelMBOpK TakoX MPOMOHYE MEXaHI3MHU I aBTOMAaTUYHOIO
MalIMHHOro HaByaHHsA (AutoML), KOTpl MOXYTh CHpPOCTUTH BHOIp ONTHUMAIbHOI

MO/I€JIl Ta HAJAIITYBaHb rineprapaMeTpis.

3aBasku cymicHocti ML.NET i3 .NET Core, nmporpamui 3aco0u MOXYyTh OyTH
PO3TOPHYTI Ha PI3HOMAHITHUX IUIaTPopMax Ta ONMEPAIINHUX CHUCTEMax, BKIIOYHO 3
Windows, Linux un macOS. Taka kpocriaTdopMeHICTh BaXKJIMBa, KOJIU MOTPIOHO
3a0€3IMeUNTH YHIBEpCATbHUN TOCTYI a00 iHTErpyBaTH CUCTEMY 3 IHIIIUMH CEPBICaMH,

110 MpaIoTh Y XMapi un y koHTeitHepax Docker/Kubernetes.

3.2.2 Keras.NET

Keras.NET — me 6i6mioTreka-ooroptka, mo Hamae 3mory .NET-po3pobHuKam
B3aeMoisATu 3 PpeitmBopkom Keras, momynsapuum y cepepoBuii Python. Keras cam
1o co01 € BucokopiBHEBUM API mjig rmuOMHHOrO HaBYaHHS, U0 BUKOPUCTOBYETHCA
MOBEPX TaKUX 00UYHUCITIOBANLHUX cepenoBulll, Kk TensorFlow uu Theano. ¥V konTekcTi
TpuBUMIpHUX 300paxkeHb Keras.NET BusiBisieTbcs HE3aMIHHUM, OCKUIBKU JJO3BOJISIE
CTBOPIOBATH, HAJIAIITOBYBAaTH Ta TPEHYBATH CKJIAJIHI 3TOPTKOBI HEMPOHHI MEpPExKi

(CNN), 3okpema 3D-Bapiariii, mpu3HadeHi 11 poOOTH 3 00’ €EMHUMU JaHUMH.

KmrouoBa mnepeBara Keras.NET mnonsgrae B  MOXIMBOCTI  CTBOPEHHS
KOPHUCTYBAllbKUX LIapiB 1 mapaMerpiB 0e3 HeoOxigHocTi 3amumaru npoctip .NET.
Hampukinan, po3poOHUK MOXKe HaJlAlITYyBaTH MEPEXKY, JAOJAI0UYM crenudiuHi mapu
(Conv3D, MaxPooling3D, LSTM, Dense), 3mintoroun (ynkuii aktuaiii (ReLU,
Tanh, LeakyReLU Tomio) abo HaBiTh CTBOPIOIOYM BJACHI KaCTOMHI IIapyd HA OCHOBI
ICHytouUMX. Y TJIMOMHHUX HEWPOHHUX Mepexkax, [0 MaTh BEJIHMKY KUIbKICTh

napaMmeTpiB, YaCTO BUHUKAE MOTpeOa B OLIbII TOHKIA ONTHMI3aLli, IKa BKIIOYA€E 3MIHY
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KuibkocTi sigep 3roptku (filters), posmipiB «BikHa» (kernel size) um mertonis

inimiamizamii Bar (HeNormal, XavierUniform tomno).

PosrasineMo sik MOKHa pO3IIMPUTH HasIBHI KJ1acu 010J110TEKH.

1/ - —m—————_——————
2 // 1. NMpuknag kactomHoro wapy (Layer)
3 ) e
4 CustomLayer Layer
5
6 _units
7 _activation
8
9 CustomLayer units activation "relu" name "CustomLayer"
10 name: name, trainable: true
11
12 _units units
13 _activation activation
14
15
16 build(Shape input_shape
17
18 // MNpu 6axaHHi mMoxHa iHiuyianisyBaTw BRacHi Barw, Hanpuknag:
19 /! this.AddWeight(shape: new Shape(input_shape[l1], _units),
20 // initializer: "glorot_uniform",
21 // name: this.Name + "_weights");
22 build(input_shape
23
24
25 Keras.Tensor call(Keras.Tensor inputs is_training false
26
27 // 'V uboMmy npuknagi npogemoHcTpyeMo HawWnpocTiwy ipeio:
28 // TomHOoXMMO BxigHi paHi Ha pAedAkui koedpiuieHT, a noTim 3acTocyemo akTuBauilo.
29 // 3a noTpe6w MOXHa OTpuMMaTW AOCTYM A0 MonepeaHbO A0AaHUX Bar:
30 // var W = this.GetWeights()[0];
31 // var z = K.dot(inputs, W);
32
33 // [Ans npocToTW 3pobwumo ncesgoonepauiw: y = inputs * 2
34 scaledInput Keras.Backend.K.Mul(inputs, 2.0
35
36 // NoTim 3acTocyemo BByAoBaHy akTuBauyiw (Hanpuknag RelU)
37 Keras.Tensor activated
38 _activation.TolLower
39
40 "relu"
41 activated Keras.Backend.K.Relu(scaledInput
42
43 "sigmoid"
44 activated Keras.Backend.K.Sigmoid(scaledInput
45
46 // MoxHa gopatw iHwi BapiaHTw.
a7
48 activated scaledInput
49
50
51
52 activated
53
54

Pucynok 3.7 - Tlpukiaa Koy OpUTiHAIBHOTO IIapYy.
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Hanuii map (auB. puc. 3.7) Hacmigye Oazouit kiac Layer 3 Keras.NET i
nepeBusHadae metoau build ta call. ¥ metoni build moxna (3a moTpedu) oromocutu
Ta 1HII1aTI3yBaTH BJIACHI MapaMeTpH (Baru, 3MIIIEHHs), iK1 Oy TyTh HABUYATUCH 1111 Yac
3BOPOTHOT'O PO3MOBCIOIKCHHS MOMUJIKH. Y MeTO/I1 call BUKOHYEThCS OCHOBHA JIOT1Ka
NEPETBOPEHHS BXIJIHUX TEH30PIB. Y TMPUKIAAlI JUIsi HAOYHOCTI TIOKa3aHO, SK
MacimTadyBaT 3HAYCHHs Ta 3aCTOCOBYBaTHM akTuBaliiHy ¢yHkiiio “RelLU” 3
6i0miorekn TensorFlow. ¥V peanpHOMYy NpOEKTI BH MOXKETE peani3yBaTH OiIbII
CKJIaJIHy MaTeMaTUKYy, HAPUKJIa/, BJACHI 3TOPTKH UM CHeliaai3oBaHi QyHKIIII.

1 /] e o
2 // 2. Npuknag KacToMHoro kKonéeky (Callback)

1
5

6 // BUKNUKAaeTbCHA Ha NoOYaTKY Enoxu

7 null
8

9

10

11

12

13 // BUKNUKaeTbcsA B KiHUi KoxHOoi enoxwu

14 null
15

16 null

Pucynok 3.8 - IIpukiag Koty OpUriHaIbHOTO 3BOPOTHOTO BUKIIHKY.

Opniero 3 ocobmuBocteit Keras.NET € MOXITHUBICTD MiIKITFOYEHHS OPUTIHATBHUX
3BOPOTHUX BUKIIUKIB (UB. puc. 3.8), HAMPUKIIAJ, I aBTOMATUYHOTO PETYTFOBAHHS
MIBUAKOCTI HaBYaHHS a00 30€peKeHHS KpalluX Bar MoJiesi. Y CIieHapisx, /e BaKJIUBO
OTPUMYBATH MPOMDKHI pe3yabTaTH (HANPHUKIAA, Y MEIUYHUX TOCTIIHKEHHSX IS
cerMeHTanii 300paskeHHs), 3BOPOTHI BUKJIMKHU CIPOIILYIOTh MOHITOPHHI MOKa3HHUKIB
SKOCT1 B TIpoIleCl HaBUaHHS. Tako MOKHA peayi3yBaTH BiacHI (YHKIli BTpaT 4yu
METPHUKH, M0 Ja€ TOBHY THYYKICTh y HaJATyBaHHI HEHPOHHUX MEPEX i

crierudivyH1 3a1a491.
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43
a4
45
46
a7
48
49
50
51
52
53
54
55

cemnnie
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Custom3DModel
BuildAndTrainModel
model Sequential

/{ NMpunycTuMo, MU MaeMo 3D-BxigHi gaHi posmipoMm 64 X 64 x 64 3 OAHWM KaHanom
// (Hanpuknag, cipui konip a6o ogHoKomnoHeHTH1 Bokceni).
model.Add Conv3D(filters: 16
kernel_size 3, 3,3
activation: "relu"
input_shape Shape (64, 64, 64, 1
model.Add MaxPooling3D(pool_size 2,2, 2

// Dopaemo we oAWH wWap 3ropTKW
model.Add Conv3D(filters: 32
kernel_size 3,3, 3
activation: "relu"
model.Add MaxPooling3D(pool_size 2,2, 2

// "PosropTka" anA nepexody A0 MOBHO3B'A3HUX wapie
model.Add Flatten

// Tenep popgaemo Haw KacToMHuMWA wap (CustomlLayer)
// Hanpwknad, BiH BWKOHae [O04aTKOBY aKTUBauiw
model.Add CustomLayer(units: 64, activation: "relu"

// [Lopaemo CTaHAaPTHUA MNOBHO3B'A3HUA wap
model.Add Dense (1@, activation: "softmax"

// Komninwemo Mogenb

model.Compile(optimizer Adam
loss: "categorical_crossentropy"
metrics "accuracy"

// BuBegeMo KOPOTKY iHpopMauil npo moaenb
model.Summary

x_train np.random.rand (10, 64, 64, 64,6 1 // "10" - ue batch_size % kinbkicTb
y_train np.random.rand (1@, 10 // 10 knacie

/{ BWKOHYEMO TpPEeHYBaHHS
model.Fit
X_train
y_train
batch_size: 2
epochs: 3
verbose: 1
callbacks Callback CustomCallback

Pucynok 3.9 - IIpuxnan Koy OpuUriHaiIbHOT MOJENI.

[Ipuknan cTBopeHHs opuriHajibHOi Mojeni (auB. puc. 3.9) 3 nBoma Conv3D

mapamMu Ta gBoma mapamu MaxPooling3D, micias 4oro naHi «po3ropTaroThbes Y

Flatten, abu nepeiiTu 10 MOBHO3B’S3HUX IIapiB. Jlami MigKII0Ya€ThCs OPUTTHATBHUN
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map MyCustomlLayer ajis BBeACHHS J10OJATKOBOI JIOTIKH. 3aBepIlye apXiTEKTypy

cragaaptHuii mwap Dense 3 softmax, 110 BimoBigae 3a 6araTokaacoBy KiacuQikarliro.

Y wmeromi Compile Bkazano ontumizatop Adam 1 (¢yHKIFO BTpar
categorical crossentropy, sika € MOIIMPEHOI JIsI OaraTOKJIacoBOi Kiacuikairii.
MoskHa pUeIHATA CBOIO OpUTiHANBHY (DYHKIIIIO BTpatT, Hacaiayrouu kiac Loss, abo

K BUKOPUCTOBYBATH I'OTOBI.
JonaTkoBi iHcTpyMeHTH Ta 0i0pioTeKkn

Oxpim ML.NET Ta Keras.NET, y koHTeKCTI 00pOOKH TPUBUMIPHUX 300pa’KeHb

4acTO 3ay4aroThCs ¥ 1HII IHCTPYMEHTH, 31€0UTBIIOTO 31 «CBITY» Python. 3okpema:

— NumPy - yHiBepcasbHa 0i0Ji0TeKka HJii HAayKOBUX OOYHMCIIEHB, IO HaJae
MOJKJIMBICTh €()EKTHBHO OIEpyBaTH 0araTOBUMIpHHUMH MacuBamMu. Xoua NumPy
MEPBUHHO BUKOPUCTOBYIOTH y Python-cepemoBumii, y pa3i Keras.NET unm
MDKMOBHO1 B3aeMOJii (Hanpukia, yepes oneparii 3 TensorFlow) yacto moxHa
BUKOpPUCTOBYBaTH KoHUenuli 3 NumPy 1 mapanenbHO BUKJIMKATH i MeToau (y
BUITAJIKY, SIKIIIO YaCTHHA JIOTIKK peanizyeTbes B Python);

— SciPy — opieHTyeThCs HAa MUPOKUM HAOIP HAYKOBUX OOYHCIIEHb, MICTUTh MOIYJI1
JUIS 1HTeTrpallii, onTUMi3allii, JiHIHHOT anreOpu Ta CTaTUCTUKU. s 3aBjaHb,
OB’ SI3aHUX 3 aHATI30M CKJIQJHUX TPUBUMIPHUX CTPYKTYP, MOKE OYTH KOPUCHUM
BUKOHAHHSI YUCIIOBUX METO/IIB, 1110 TOKPAIIyIOTh a00 MPUCKOPIOIOTH OOPOOKY;

— Matplotlib, Seaborn Ta iHmIi — Bi3yasmizarliss TPOMDKHUX pe3yJbTaTiB, Tpadikis
HaBYaHHS, TICTOTpaM MOMUJIOK a00 1HIIUX CTATUCTUYHUX MOKA3HUKIB. X04a s
NET Takox ICHYIOTh BJacHl Bi3yami3aliidHI pIMIEHHS, Yy CKJIAQIHUX
JOCITITHUIIBKUX MPOEKTaX HEePIIKO 3pydHO iHTerpyBaTucs 3 Python-noyrOykamu

(Jupyter) 3aaJ1s NIBUKOTO MPOTOTUITYBAHHS 1 BI3yaJIbHOTO aHAII3Y.

Bapto 3a3HauuTH, 1110 Taka pi3HOOIYHA IHTETpallis 1HOA1 repeadadae TiOpuiHe
cepenoBuie po3podku. TooTo, 6e3nocepenaro B .NET-gacTrHI nporpaMHux 3aco0iB
BukopuctoByerbcsi ML.NET (s KOHBeepiB 4M 1HTErpOBAHOIO PO3TOPTaHHA), a

nigkiarodeHHss Keras.NET BUKOHYeTbCsl 10 HEHPOHHUX MOJIENEH, 110 MOXYTh OyTH
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YacTKOBO po3po0ieHi uu miarotonieHi y Python. Yce ne no3Bossie MmakcumanabHO
BUKOPHUCTATH MOTEHI[Ia)I 000X €KOCHCTEM: BUPOOHNYY HaiiHICTh Ta rHy4YKicTh .NET,

a TaKOK BEJIMYE3HY CHIJIBHOTY ¥ HAyKOBI HampaitoBands Python.

3aramom, came mnoenHanHs ML.NET ta Keras.NET 3 iHmmmu HaykoBUMHU
IHCTpPYMEHTAMH Ja€ 3MOT'Y CTBOPIOBATH BHUCOKOIPOJYKTUBHI PILIEHHS ISl aHAII3Y
TPUBUMIPHUX 300paKEHb Yy pEXUMI pealbHOro 4Yacy abo X OQuiailH CHCTEMH,
OpIEHTOBaHI Ha TOMIMOJEHUM aHam3 1 JOHAaBYaHHS Mojenei. Takuh miaxiz
neMmoHctpye, mo .NET-mmarpopma wmoxxke OyTH IIIJIKOM T[OBHOILIIHHUM Ta
KOHKYPEHTOCIIPOMOXKHHUM  CEPEAOBHUINEM i1 TOOYIOBH CydYacHHMX 3aco0iB
MaITMHHOTO HaBYaHHS 1 TTMOMHHOTO HABYAHHS, HE BTPAYalOUM MPHU IIBOMY TepeBar

B3aeMO/I1i 3 iIHCTpyMeHTaMu Python.
3.3 Peanizauis apXiTeKTypH NPUXOBAHUX LIAPiB

VY momepenHix po3aiiax MH BXKE PO3TISHYJIH OCHOBH pOoOOTH 3 010J110TEKOIO
Keras. ¥V mnpoMmy 3k po3aiini MU JI€TadbHO 30CEPEAMMOCS Ha MPOLECT CTBOPEHHS
OpUTIHAJIBHOI HEHPOHHOI MEpEeXkl, MPUIUISIOYM OCOO0JMBY yBary ii Tomosorii. Mu
pO3riIsiTHeMO BUKOpHUCTaHHs O10mioTekn Keras mis moOyaoBH CKIAIHUX apXITEKTYP
HUIAXOM yCHaJKyBaHHs 0a30BUX IIApIB 1 peanizauii KIOYOBUX MPUHIUIIB IXHbOI

poOoTH.

OcHoBHUY akmeHT Oyae 3po0JeHO Ha CTBOPEHHI aJanTUBHOI TOMOJIOTIT
HEHPOHHOI Mepexi, Sika 371aTHa €PEKTUBHO MPAIFOBATH 3 TPUBUMIPHUMU JaHUMHU [56].
Ile nmepenbavyae BUKOPUCTAaHHS CHELIATI30BaHUX IIApiB AJI1 OOPOOKM BOKCEIbHUX

JTAHUX.

3.3.1 MeTtoa po3paxyHKYy iHIeKCiB 3B'I3KIB B y3ro/:KeHild 3a po3MipomM MmaTpui
VY 1pomMy miApo3auii AETaAIBHO PO3MISIAAETHCS AITOPUTM OOUYUCIICHHS 1HIEKCIB
3B'SI3KIB Y CHMETPHYHHMX KBAJAPATHUX MATPHIIAX, SKi € KIFOYOBUM KOMITOHECHTOM JIJIst
1oOYI0BH CTPYKTYP TPUBUMIPHUX HEMPOHHHUX Mepek. MeTo iika 3a0e3nedye BUCOKY
€(pEeKTUBHICTh TPU MOJCIIOBAHHI JOKAJTi30BaHUX B3a€EMOJIN MIX HEWpOHAMHU, IO

M1JBUIILY€ TOYHICTh KJIaCU(IKAIIMHUX 3a7a4.
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Meton 6a3yeThcsi Ha TaKHX TTapaMeTpax:
N — PO3MIPHICTH KBaJpaTHOT MaTpHIll (KUTBKICTh PSAKIB 1 CTOBIIIIB);
I — paJilyc JOKaJIbHOI 3B'I3HOCTI, 110 BU3HAYAE MEXK1 B3a€EMO/I11 MiK HEHpPOHAMHU.

3HaueHHd TapaMeTpiB  JO3BOJSAIOTh HAJIAIITYBAaTH pIBEHb JeTami3auli
POCTOPOBHUX B3a€EMOJINA. 30Kpema, MapaMeTp I BHU3HAYa€ KUIBKICTh CYCIIHIX
HEHPOHIB, sIKI MOXKYTh YTBOPIOBATH 3B'SI3KM 3 MOTOYHHM HEUPOHOM, 1 HOro BUOIp

BIUIMBAE HA MIUIHHICTh Ta ITMOMHY OOYHUCIICHb.

/! IHiyianizauyia cTpyKTypu AaHux

O 00~V WNPE

// TeHepauida KoopAWMHAT HelpoHiB
10

15 /! ®opmyBaHHA 3B'A3kiB y Mexax pagiyca

£l // 36epexeHHs pe3ynbTaTis

Pucynoxk 3.10 - Ilporpamua peamnizauis metoay “CalculateConnectionsSymmetric2D”.
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[Iporpamua peamizaniss Meroxy ‘‘CalculateConnectionsSymmetric2D” (nuB.

puc. 3.10) cknagaeTbCs 3 HACTYTHUX €TalliB:

1. BU3HA4Ya€ThCS 3arajbHa KITBKICTh HEUPOHIB Ta CTBOPIOETHCS MACUB IS
30epiraHHs iX 3B'sI3KiB;

2. OOYMCIIOIOTHCA KOOPAMHATH KOXKHOIO HEMpOHA y JABOBUMIPHOMY MPOCTOPI
MaTpHIIi;

3. U1 KO’KHOTO HEeWpOHa MepeBIpAeThCs 00JIacTh y MeXax 3aJlaHoTo pajiyca r 3
0OMEKEHHSIM BUXOTy 32 MEX1 MaTPHIIi,

4. MoBepTaEThCA MacUB CPOPMOBAHUX 3B'SI3KIB ISl KOKHOTO HEUPOHA.
Hpyauun GyHKIiOHYBAHHS AJTOPUTMY

3anpornoHOBaHUN aITOPUTM OyAy€ MPOCTOPOBO-TOKAII30BaHI B3a€EMO3B'SI3KH
MK HeHpOoHaMH, IO BPaXOBYIOTb OOMEXEHHS Ha PO3MIpHICTH MaTpuui. Moro
aJlanTUBHICTD J03BOJIsSI€ HAJIAIITOBYBAaTH PIBEHb JIOKAJi3allii, 1110 OCOOJIMBO BaXKIIMBO
JUIS MOJICITFOBAHHS CKJIQJTHUX apXiTEKTyp HEHPOHHUX MEPEkK. AJTOPUTM MOXKE OyTH

PO3IIUPEHAI 1711 BpaXyBaHHS CHEIU(IYHAX TOMOJOTINA JaHUX, TAKUX SIK aHI30TPOTIHI

CTPYKTYpPH.

IlepeBaru migxony:

— METOJI BpPaxOBy€ HANOJIMKYE OTOUYEHHS HEHPOHIB, MIABUIIYIOYM TOYHICTH
BIJIOOpaKE€HHS TPOCTOPOBUX 3AJIEAKHOCTEM;

— 3a0es3neuyeTbcs epeKkTuBHA OOpoOKa MaTpullb JOBLIBHOI PO3MIPHOCTI 0e€3
BTpaTH MPOIYKTUBHOCTI;

— pajiyc 3B'sI3KIB HAJAIITOBYETHCS 3aJ€XKHO Bij crienudiku 3a7adi Ta BUMOT 0
JleTaj3aii;

— METOJ[ JIETKO IHTETPYETHhCS B apXiTEKTypH HEHPOHHHX MEPEXK, MIATPUMYIOUN

PI3HI CXEMH MiJIKJIFOUYEHb.
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Po3mmpennii npukiaaa peasizamii

Jlnst kBazgpaTHOi MaTpuil 4x4 (n=4) 3 pazniycoMm 3B's3KiB r=1 reHepyIOThCs 3B'A3KU

MIX HeiipoHamu (AuB. puc. 3.11).

1 HenpoH O0: @, 1, 4, 5

2 HenpoH 1: 0, 1, 2, 4, 5, 6

3 HewpoH 2: 1, 2, 3, 5, 6, 7

4 HewpoH 3: 2, 3, 6, 7

5 HenpoH 4: 0, 1, 4, 5, 8, 9

6 HenpoH 5: 0, 1, 2, 4, 5, 6, 8, 9, 10

7 HewpoHnH 6: 1, 2, 3, 5, 6, 7, 9, 10, 11
8 HewponH 7: 2, 3, 6, 7, 10, 11

9 HeunpoH 8: 4, 5, 8, 9, 12, 13
10 HenpoH 9: 4, 5, 6, 8, 9, 10, 12, 13, 14
11 HewnpoH 10: 5, 6, 7, 9, 10, 11, 13, 14, 15
12 HewnpoH 11: 6, 7, 10, 11, 14, 15
13 HenpoH 12: 8, 9, 12, 13
14 HewnpoH 13: 8, 9, 10, 12, 13, 14
15 HenpoH 14: 9, 10, 11, 13, 14, 15
16 HeunpoH 15: 10, 11, 14, 15

Pucynok 3.11 - Pesynbrat pobotu CalculateConnectionsSymmetric2D.

3anponoHoBaHU MeToJ (QOpMyBaHHS 3B'SI3KIB € KPUTHYHO BAKIMBUM
{HCTpYMEHTOM [l TI06YIOBH TOIOJNOTiYHO AJANTHBHUX HEHPOHHMX Mepex. Moro
3IaTHICTh JJO MacITaOyBaHHS, HAJAIITYBaHHS MMapaMeTpiB 1 iHTErpalii poOuTh Horo
OpUJATHUM JJI IOUPOKOIrO CIHEKTpa 3ajady y rajly3l MAllMHHOTO HaBYaHHA Ta
knacudikanii TPUBUMIPHHX CTPYKTYyp. BHKOpUCTaHHS IIbOTO aNTOPUTMY MOKE
CIIyTyBaTH OCHOBOIO JUIsl MOJANbIIMX YJIOCKOHAJIEHb MOJEJEH, 0 BKIIIOYAIOTh

JMHAMIYHE PETyJIIOBaHHSA 3B'S3KIB Y IIPOLIECI HABYAHHSI.
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3.3.2 Po3smimpeHHss A0 OOYMC/ICHHHA iHIEKCIB 3B’HA3KIB B  Y3rOAKEHOMY

TPUBUMIPHOMY TeH30Pi

Jlanuii miapo3aia MPUCBSYCHUN aHallizy Ta JeTaiizailli MeTOAy pPO3paxyHKY
1HJIEKCIB 3B’SI3KIB Y CUMETPUYHOMY TPUBUMIPHOMY TE€H30pI1, SIKUH PO3IIUPIOE MIIXI1],
3aCTOCOBAaHUN MJisi IBOBUMIpHHX MaTpullb. [IpencraBnenuit meton (muB. puc. 3.12)
OpIEHTOBAHWN Ha OMTUMI3AIII0 OOPOOKH CKIIAJHUX MPOCTOPOBUX 3aJICKHOCTEH MiXk
HelpoHaMu, 3a0€3MeUy0Ud MOKIIMBICTh MacIITa0OBAHOTO MOJCIIOBAHHS JJIsI 33724
kiacuikailii TPUBUMIpHUX CTPYKTYp. OCHOBHUHM aKIEHT 3p00JIeHO Ha €(pEeKTUBHOCTI

Ta PHy‘IKOCTi 3aCTOCYBAHHA I BCIIMKUX MAacCHBIB JaHUX.

1

2

3 // IHiuyianizauisa CTPYKTYpM AaHUX
4

5

6

7

8

9 // BW3HAUYeHHA KOOPAWHAT HENpoHiB
10 0

11

12

13

14

15

16

17

18 /! TeHepauina 3B'askis
19

20

21

22

23

24

25

26

27

28

29 C] 0] o]
30

31

32

33

34

35

36

37

38 /! 36epexeHHa pe3ynbTaTis

B W
® O

Pucynoxk 3.12 - Ilporpamua peamnizauis metoay “CalculateConnectionsSymmetric3D”.
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Mertogn “CalculateConnectionsSymmetric3D” oniepye TakuMu rapaMeTpamu:

N — PO3MIPHICTh BX1AHOTO KyO14HOTO T€H30pa (KUIbKICTh €JIEMEHTIB Y3/I0BXK KOXKHOTO

BUMIDY);

m — pO3MIPHICTh BUXIJTHOTO KyOI4HOT'O TEH30pa;
I — paJilyC JTOKaJIbHOI 3B'I3HOCTI, 1110 3a7a€ 00JacTh 3B’ SI3KIB /sl KOXKHOTO HEpoHa.

[TapameTpu 7103BOJIIIOTH KOHTPOJIIOBATH JI€TaTI3allil0 00UNCIICHB 1 HAJIAITOBYBAaTH
MacmTad MOKPUTTS JIOKAJIbHUX 3B S3KIB JJIA 3a0€3MeUeHHs ONTUMAIBLHOTO OanaHCy
MIXK TOYHICTIO 1 0OYMCITIOBAIBHOIO CKIQIHICTIO anropuTMy. OCcOoOIMBO BaXKIIMBHM €
napameTp r, SIKui BU3Ha4a€ PO3MIPHICTB JIOKAJTLHOTO OTOYEHHS JJI1 KOKHOTO HEHPOHa

Ta 0e3MOCepeIHhO BIUTMBAE HA IIIJIBHICTH 3B’ SI3KIB Y MOJICIII.

Meron  “CalculateConnectionsSymmetric3D”  BukoHye  oOuyuCIIEHHS  3a

HAaCTYITHUMH CTallaMU:

1. oOuMchioeThCs 3arajibHa KUIBKICTh HEWPOHIB 1 CTBOPIOETHCS MAacHUB IS
30epeKEeHHS 3B’ SI3KIB;

2. BU3HAYarOThCs MPOCTOPOBI KOOPAMHATH MOTOYHOTO HEMpPOHA Y TPUBUMIPHOMY
IPOCTOPI;

3. IS KOKHOTO HeipoHa GopMyeThesi Hallp CyCIIHIX 1HIEKCIB y MEXax pajiyca
1, BKITIOUAIOUHY TIEPEBIPKY BUXOJY 33 MEX1 TEH30Da;

4. TOBEPTAETHCA CIUCOK 3B’ SI3KIB JIJIs1 KOYKHOTO HEMpPOHA.
Ipunuun GyHKHiOHyBAHHS AJTOPUTMY

AnTOpuTM MOOYJI0BU JIOKAJTI30BAHUX B3a€MO3B’SI3KIB Y TPUBUMIPHOMY MPOCTOPI
BpPaxoOBY€ OCOOJIMBOCTI TOMOJOTIi JaHUX 1 aAanTyeTbCAd 10 PI3HUX KOH(Irypamii
BXI1JIHUX Ta BUXITHUX PO3MIPHOCTEH. 3aBISAKH THYYKOCTI B HAJIAIITYBAaHHI MTApaMeTPiB,
METOJI JTO3BOJISIE€ MIUIAIITOBYBATH apXITEKTYpy MEpExi MiJ KOHKPETH1 3aBJaHHS,
30epiraroyu MpU [bOMY KOMITAKTHICTh Ta €(peKTUBHICTH oOumcieHb. Kpim ToroO,
QITOPUTM BPAXOBYE CUMETPUYHICTh CTPYKTYD, 11O JO3BOJISE MIBULIUTH IBUIKOIIIO

1171 9ac 0OpOOKU BEIMKUX OOCSTIB JaHUX.
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[lepeBaru anroputmy

— TATPUMKA TPUBHUMIPHHUX TEH30PIB JI03BOJISIE MOJICIIIOBATH CKJIAIHI MPOCTOPORBI
CTPYKTYPH, 30KpeMa JIJIsi TEOMETPUIHUX 00’ €KTIB 1 MEUIHHUX 300PaKCHb;

— BKJIIOYEHHS JIMUIE CYC1IHIX HEMPOHIB 3MEHUIY€ HAJUTUIIKOBI 3B’ I3KH 1 IT1/IBUIILY €
MPOJAYKTUBHICTh OOUHCIICHb;

— paniyc 3B’SI3KIB MOXe OyTH afanTOBaHMM M1 crienudiky 3a1adi, 3a0e3neuyrdun
OaJlaHC MK TOYHICTIO 1 IBUIKOJIEIO;

— anropuT™ e(peKTUBHO MacIITabyeThCs M POOOTH 3 BEIUKUMH OO0CsSTamMu

1H(dopmarrii, 3ade3nedyroun 00poOKy TPUBUMIPHUX CTPYKTYP y pealIbHOMY Yaci.
Ipuxaan peanizaumii

Jlnst kyGiuHoro TeHzopa 4x4x4 (n=4, m=4) 3 paaiycoM r=1 oTpUMyeMO 3B’s3KU

(muB. puc. 3.13).

16, 17, 28, 21
2, B, 6, 1Ff, 18, 20, 21, &2
B, *, &7, 18, 1¥, 2L, Z2, £
18, 19, 22, 23

(6, I UV S S8
WN RO
NP OO
W N R R
oW NP
~N U A oun

Pucynoxk 3.13 - Pesynbsrar pobotu CalculateConnectionsSymmetric3D.

3anponoHOBaHUI METOJI PO3pPaxyHKY IHJEKCIB 3B’SI3KIB ISl TPUBUMIPHUX
TEH30PiB € BAXIMBUM IHCTPYMEHTOM Il MOJCIIOBAHHS CKJIQJHUX HEUPOHHUX
apXiTeKTyp, OPi€HTOBAHMX HA POOOTY 3 MPOCTOPOBUMH JAHMMH. VIOro THYUKiCTB,
MacmTaboOBaHICTh 1 €(EeKTUBHICTh POOIATH MOro MNPUAATHUM JUIsl BHUPIIICHHS
IMIUPOKOTO CHEKTpa 3aBJaHb, BKJIIOYAIOYM OOpPOOKY MEIMYHUX 300pakeHb,
TPUBUMIPHUX CTPYKTYp B POOOTOTEXHINl Ta aHajidy TeOMETPUYHUX MO/IeTeH.
BrpoBamkeHHsT 1IbOTO aNTOPUTMY CIPHS€ TOKPAIICHHIO TOYHOCTI Kiacudikamii Ta

IPOTYKTUBHOCTI MEPEXi B YMOBaX CKJIATHUX 1 HEOTHOPITHUX JTAHUX.
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3.3.3 VY3araJbHeHHs 1JIA 3HAXOMKECHHSl IHIEKCIB 3B’A3KIB B HEY3IOJKECHOMY
TPUBUMiPpHOMY TeH30Ppi
VY 1poMy OiApO3ALTI OMUCYETHCS METOJ PO3PaxyHKYy IHJACKCIB 3B’SA3KIB JJIS
HEY3rOJKEHUX TPUBUMIPHUX TE€H30PIB, € PO3MIPHU BXIJHOTO Ta BUXIJHOTO TEH30PIB
BIJIPI3HSIOTHCA. 3anpornoHoBaHui miaxin (auB. puc. 3.14) no3Bossie MacmTabyBaTu
KOOpJAMHATH HEUPOHIB 1 BPaxOBYBAaTH ACHUMETPUYHICTH TOIOJOTIl MK BXITHUM 1
BUXI1JHUM NpocTopaMu. Lle 3a0e3nedye rHyUYKICTb 1 aIaNTalil0 AITOPUTMY 110 3a4ad 13

HEOTHOPITHUMHU TaHUMH.
MeTo1 BUKOPHUCTOBYE TaKi TapaMeTPH:
N — PO3MIPHICThH BXIJHOTO KyOIUHOTO TEH30pa (I0BXKUHA CTOPOHH);
m — PO3MIPHICTh BUXIJTHOTO KyOI4HOTO TEH30pa;
I — pajiyc JOKaIbHOI 3B’ I3HOCTI.

[TapameTpu 103BOJIAIOTH BPAaxOBYBAaTH MACIITaOHI 3MIHM MiX BXIJHUM 1
BUXIJTHUM TPOCTOpaMH, 3a0e3Meuylourd KOpPEKTHE BiJOOpaKeHHS MPOCTOPOBUX

3B’ SI3KiB.



108

// IHiyianizauyis cTpyKTypu daHWX

Q~No0wm s WwWNPE

o]

// 064yucneHHs macuwTabHoro koepiuieHTa

PR R
NP

// TeHepauis koopauHaT HeWpoHiB
0
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VB WNRP QOO AW

// ®opMyBaHHA 3B’A3KiB 3 ypaxyBaHHAM MacuwTaty

A DEBPEAPDDBEDUWUWWLWWWWWWWNNNN
Vi WNRPOQOUOONOWV A WNREOWORR~NO
(o]
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// 36epexeHHs pe3ynbTaTie

I
g o

Pucynok 3.14 - Ilporpamua peanizamis metony “CalculateConnectionsAsymmetric3D”.

Meron “CalculateConnectionsAsymmetric3D” BuKOHye o0OuYMCIEHHS 32

HAaCTYIIHUMHU CTallaMMU:

1. BU3HAuaeThCs 3arajgbHa KUIBKICTH HEWPOHIB 1 CTBOPIOETHCS MAacuB IS
30epeKeHHS 3B’ 3KiB;

2. MacmTaOyBaHHS KOOPAWHAT BUKOHY€ETHCS 3a (DOPMYIIOLO;

3. BHM3HAYAIOTHCAd KOOPAMHATH KOXKHOIO HEHpOHAa y BXIAHOMY HPOCTOpPI Ta ixX

MacITa0yBaHHS J0 BUX1THOTO IIPOCTOPY;



109

4. nHabip 3B’s3KIB (hOPMY€EThCS B MEXax pajiyca 1;

5. MOBEPTAETHCS CIUCOK 3B’SI3KIB AJI1 KOKHOTO HEHPOHA.
IpuHUUI PpOo0OTH AJIrOPUTMY

AnroputMm 3abe3neuye MacmTaOyBaHHs KOOPAMHAT HEHPOHIB MK BXITHUM 1
BUXIJTHUM TEH30paMU 3 YypaxyBaHHSM acuMeTpii ixHix po3mipiB. lLle mo3Bosse
BpPaxOBYBaTH MacHITaOHI 3MiHM MK PIBHSAMH aOCTpakilii B HEHPOHHUX MeEpexkax,
CTBOPIOIOUH 3B’SA3KH, SIK1 aIANTYIOTHCS 10 HOBUX IMPOCTOPOBUX YMOB. 3aBJISIKH LIbOMY
METOJl MIAXOAUTh sl OOpOOKM CKIaAHMX OaraTOBUMIPHUX CTPYKTYpP, TaKHX SK

MeIN4HI 300paxKeHHs1 a00 TeOMETPUYH1 MOJIEIIIL.
IlepeBaru miaxoxay:

— MATpUMKA  PI3HUX  PO3MIPHOCTEH  TEH30piB  3a0e3medye  THYYKICTh
BUKOPHUCTAHHS JUIsl HEOJJHOPITHUX JTaHUX;

— BpaxyBaHHS aCUMETPii T03BOJISIE 3aCTOCOBYBATH aJTOPUTM JUIS 33/1a4 3 Pi3HOIO
JIETaTI3aIlI€0 BXITHUX 1 BUX1THUX PIBHIB;

— METOJ MiHIMI3y€ OOYHCITIOBAIBHI BUTPATH MIISTXOM JIOKATI30BaHUX 3B’ S3KiB;

— MIXOOUTh JUIS IIUPOKOTO CIEKTpa 3acTOCYBaHb, BKIIIOYAIOYW 3ajadi

kJacu@ikalli, peKOHCTPYKIIi1 Ta 0OpOOKH CUTHAIIB.
Ipuxkaan peanizaumii

Jlnst BxigHOTro TeH3opa 4x4x4 (n=4) Ta BUX1IHOTO TeH30pa 8x8x8 (m=8) 3 paaiycom

r=1 oTpumyemo 3B’43kH (IuB. puc. 3.15).

8, 9, 64, 65, 72, 73
9, 1@, 11, 65, 66, 67, 73, 74,6 75
11, 12, 13, 67, 68, 69, 75, 76, 77
13, 14, 15, 69, 70, 71, 77, 78, 79
16, 17, 24, 25, 72, 73, 80, 81, 88, 89
6, 11, 17, 18, 19, 25, 26, 27, 73, 74, 75, 81, 82, 83, 89,6 90, 91

GV b wWNPE
UVih WNEPE O
OO uUvwWwEo
R OO0 ,A~NE

~ Ul W

Pucynox 3.15 - Pesynbrat pobotu CalculateConnectionsAsymmetric3D.
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3anponoHOBaHWN  METOA JJI HEY3TOKCHHX TEH30pIB €  BaXXIHMBUM
IHCTPYMEHTOM JIII MOJICTIOBAaHHS AaCHUMETPUYHUX B3aEMO3B’S3KIB y HEUPOHHUX
Mepexax. Moro 31aTHicTh 10 MaciiTadyBaHHS 1 afanTaliii poouth Horo e)eKTUBHUM

pIIIEHHSIM 1J1s1 OOPOOKY BEJIUKUX JaHUX 1 IPOCTOPOBUX CTPYKTYP P13HOT CKIIQTHOCTI.

3.3.4 Ilporpamua peaJjizauisi apy aJisi po3pifkeHux 3B’ A3KiB

[le#t  mimpo3min  mpenacTaBisie  JACTAJbHY  MpPOTpaMHy  peai3allito
CHEIIaTi30BaHOr0 IIapy i TPUBUMIPDHUX HEHPOHHHUX MEpeX, W0 OIlepye 3
PO3pIIKEHUMH 3B’ I3KaMU MK HelipoHamu (auB. puc. 3.16). Peanizaris 6a3yeTbest Ha
ITOpUTMI OOYHUCIICHHS ACHMETPUYHUX 3B’SI3KiB, OMHMCAHOMY B mimpo3aim 3.3.2.
OCHOBHHM 3aBIaHHIM € ONTHUMI3aIlsl OOYHCIIIOBAJIBHOI CKIAAHOCTI Ta I1IBHUIIECHHS
aJalNTUBHOCTI MOJCNII JO XapaKTepPHCTUK BXIJHUX JaHUX, 3a0e3meuyroun il

MacITabOBaHICTh /71 0OPOOKHU BEIMKUX HAOOPIB JaHUX.

“SparseLayer3D” sBisie c000I0 KOMIIOHEHT HEWPOHHOI MeEpexi, SIKUN
3a0e3neuye e(pekTuBHY OOpOOKY TPUBHUMIPHUX JaHUX 3aBISKH BHUKOPHUCTAHHIO

CTPYKTYPH PO3piKEHUX 3B’ s13KiB. OCHOBHI €IEMEHTH apXiTEKTypPH BKIIFOYAIOTh:

— CHOHCOK 1HJEKCIB 3B’SI3KIB MK HEHPOHAMHU, PO3MIPHICTh BUXIJHOTO MPOCTOPY,
(byHKIIIS aKTUBAIIIT;

— pO3pimKeHa MaTPHIlS Bar Ta BEKTOP 3MIllICHb;

— edeKTuBHA peati3allisi MHOXKEHHS IS PO3PIHKEHUX MATPHIlh 13 MiATPUMKOIO

TEH30PHUX OTeparlii.
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¢ class SparselLayer3D Layer

te int inputSize

int outputSize

> List<(int, int)> indices

> Keras.Activations.IActivation activation
= NDarray sparseWeights

ate NDarray bias

// KoHcTpykTop wapy
public SparselLayer3D(List<(int, int)> indices, int outputDim., string activation = null

this.indices = indices
t outputSize = outputDim
is.activation = Keras.Activations.Get(activation

// IHiuianiszauis Bar i 3miweHb
protected override void Build(NDarray input_shape

inputSize = input_shape[®

sparseWeights = this.AddWeight
shape: new Shape(indices.Count
initializer: "random_normal"
trainable: true

bias = this.AddWeight
shape: new Shape(outputSize
initializer: "zeros"
trainable: true

base.Build(input_shape

// 06uncneHHs BUX1AHWX 3HaJveHb wWapy

protected override NDarray Call(NDarray inputs, bool training = false
r sparseIndices = new List<int[]>
sparseValues = new List<double>
var (row, col) in indices
sparseIndices.Add(new int[] { row, col

sparseValues.AddRange (sparseWeights.GetData<double>

// ©®opmMmyBaHHA po3pigxeHol maTpuui
var sparseMatrix = tf.sparse.SparseTensor|
indices: tf.constant(sparseIndices
values: tf.constant(sparseValues
dense_shape: new int inputSize, outputSize

/! TNepeTBOpeHHA BXiAHWUX AaHWX
var output = tf.sparse.sparse_dense_matmul(inputs, sparseMatrix
output = output + bias

// 3acTocysaHHs akTuBaulitHoi ¢yHkuii
activation == null
output = activation.Call(output

urn output

Pucynok 3.16 - IIporpamua peanizauis kiacy “SparseLayer3D”.
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Po30ip Jioriku koay

KoHcTpykTOop mpuiiMae CriMcoK 1HAEKCIB, 1110 OMUCYIOTh JOKaIi30BaH1 3B’ SI3KU
MK HEHPOHAMH, ONTUMI3YIOUH CTPYKTYpPY Mepexi s oOpoOKM BETUKHX OOCSTIB

JTaHUX.

Baru iHiHiaJIi3y}OTI>CH BUITAAKOBHMMHU 3HAUYCHHAMH [JIA KOXHOI'O 3B,H3Ky, a

3MIILIEHHS] — SIK HYJIbOBHI BEKTOP.

IHnexkcu Ta 3HaYeHHsT BHUKOPUCTOBYIOTbCS Uil reHepauii SparseTensor, 1m0

J03BOJISIE €PEKTUBHO BUKOHYBATH OOYHCIICHHS.

OcHoBHI  omepamii peami3yloTbes  depe3  tf.sparse.sparse dense matmul,

3a0e3Ieuyroun MacIiITaboBaHICTh Ta MPOAYKTHUBHICTb.

BukopucranHs mnapamMeTpu3oBaHUX (DYHKIINH axkTuBalii [UIsl HaJallTyBaHHS

BUXIJIHOTO CUTHAITY.
3acTocyBaHHS B 3a1a4ax

[Map “SparseLayer3D” imeanbHO MIAXOAWTH JISI apXITEKTYp, 0 OOPOOIAIOTH
BOKCENIbHI JaHl abo 1HUIl TPUBUMIpHI CTpyKTypu. BiH 3a0e3neuye OamaHc Mix
IPOJYKTUBHICTIO Ta €PEKTHUBHICTIO 32 paXyHOK OOMEKEHO1 KUIbKOCTI 00YHCIIEHb, IO

poOUTH HOTO MIPUAATHUM 711 0OPOOKHU BEIMKUX HAOOPIB JaHUX Y PeaIbHOMY Yaci.

3anponoHoBanuii map “SparseLayer3D” neMOHCTpye BHCOKHIl  piBEHb
aJIalTUBHOCTI 10 CTIeM (1K BX1AHUX TaHUX 13a0e31euye NpoAyKTUBHICTb PU pOOOTI
3 TPUBUMIPHHMH CTPYKTypaMu. Moro iHTerpariisi B Cy4acHi apXiTeKTypu HEHpOHHHX
MEpEeX J03BOJISIE 3HU3UTH OOUMCITIOBAJIbHI BUTPATH 0€3 BTPATH SKOCTI Kilacuikarii.
Peanizanis mapy 3a0e3neuye MOMIMBICTh MacliTaOyBaHHS JJIsi OOPOOKHU BEJIMKUX

MacCHBIB JIaHHUX 1 MOKe OyTH HaJIAIITOBAHA TiJ] pi3HI CIIeHapil 3aCTOCYBaHHSI.
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3.4 PeaJizaniss MeTOAIB onTHMI3aIil

Metonu onTuMizalii BIIIrPalOTh KIOYOBY POJIb y MiJABUIIEHHI €QEKTUBHOCTI
HEHPOHHHUX MEPEXK, JO3BOJIIOUH aJaNTyBaTH IXHIO apXITEKTypy A0 cneru@iku 3aaadl
Ta 3HI)KYBaTU O0YMCIIOBaJIbHI BUTpaTU. OCOOIMBO BaXKJIMBUM € BUKOPUCTAHHS LIUX
METO/IIB Y KOHTEKCTI TPUBUMIPHUX HEUPOHHUX MEPEX, SKI MOTPeOyIOTh 3HAYHUX

pecypciB 1uist poOOTH 3 00’ €MHUMHU JTAaHUMU.

3.4.1 OnTumizauis CTPYKTYPH Mepexi MeTO0M BUIAJIEHHS 3B'A3KIB
OnTumizalisi apXiTeKTypyu HEMPOHHUX MEPEXK € BAXKIMBHUM €TarioM PO3pOOKHU
e(eKTUBHUX MOJEJEH sl BUPIIIeHHs 3a1a4 kinacudikaiii [55]. OgHuM 13 miaxo/1iB 10
3MEHIIEHHS] OOYHUCIIIOBAIBLHOT CKJIAHOCTI Ta 3aroOiraHHs NMEpPeHABYAHHIO € METOJ
BUJIAJIEHHS CJIa0KMX 3B'S3KIB (pruning). Y npomMy Migpo3Aiil pO3IIIsIa€ThCs alrOPUTM
BUJIAJICHHS 3B'SI3KIB Y TPUBUMIPHIA HEUPOHHINA MEpexki, a TaKOoXX HOro mporpaMmHa

peaizariis.

Meton BumasieHHs 3B'S3KIB (pruning) TPYHTYEThCS Ha aHalli3l BaroBHUX
Koe(iII€HTIB HEUPOHIB. 3B'SI3KM 3 Baramu, 110 MarOTh HU3bKI aOCOIIOTHI 3HAYEHHS,
BBAKAIOTHCS MAJIO3HAYYIIMMU JIJIS1 TPOLIECY HABYAHHA Ta MOXKYTh OyTH BHajieH1 6e3

3HAYHOTO BIUIMBY Ha sIKICTh Kiacudikariii. [{e mo3Bosise:

— 3MEHIIMTH KUIbKICTh MMapaMeTpiB MOIENI;
— 3HU3UTH NOTPeOy B OOUUCITIOBAILHUX pecypcax;
— MIJBUIIUTH 3JaTHICTh MOJIENI 10 y3arajJbHEHHS 3a PaXyHOK 3MEHIICHHS PU3UKY

IICPCHABYaHHA.

PosrnssHemo peanizaniro Metony BuaanieHHs 3B'sa3kiB “PruneConnections™ (mquB.

puc. 3.17).
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0O ~NO UV AWNEPE

Pucynox 3.17 - IIporpamua peanizaiis metoay “‘PruneConnections”.

Omnuc anropurmy

[lepeBipka BaroBux KoOe(DIIIEHTIB Ha BIANOBIAHICTh 3aJaHOMY IOPOTY

(pruneThreshold).
30epeKeHHS JIMIIIE THX 3B'SA3KIB, K1 IEPEBUIIYIOTh TOPOTOBE 3HAUYCHHS.
OHoBIIEHHS 1HAEKCIB 1 Bar Jyis BiA(1IbTPOBAaHOT MOJIEIII.

Jlnst  aBTOMaTu3amii Tporiecy BUIAJICHHS 3B'SA3KIB  TiJ] 4Yac TPEHYBaHHS

BUKOPHUCTOBYETHCS 3BOPOTHHIA BUKIHNK “PruningCallback™ (mus. puc. 3.18).

o ~NoOvWV hWNPE

{(e]

null

el el
AUWNR O

Pucynoxk 3.18 - Ilporpamua peainizauis metoay “PruningCallback”.
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[TpuHIIMTT pOGOTH 3BOPOTHOTO BUKIIUKY:

— 10  3aBEpIIEHHI  KOXXHOI  €MOXM  BUKOHYETbCA  BUKIUK  (DyHKLIT
“PruneConnections” ajsl akTyaiizauii CTpyKTypH MOJEN;
— aBTOMATHMYHE BHUJAJICHHS CJHA0KMX 3B'A3KIB  3a0e3neuye  JIMHAMIYHY

ONITUMI3aIliI0 CTPYKTYPH MOJIEN1 MPOTATOM HaBYAHHSI.
[lepeBaru BUKOPUCTaHHS METO/Y BUAJICHHS 3B'SI3KIB:

— BHUJQJICHHS CIA0KUX 3B'SI3KIB CKOPOUYE KUTBKICTh OOUHUCITIOBAaHUX MMAPaMETPiB;

— 3MCHIIEHHS HAUTUIITKOBUX MTapaMeTPiB 3HIKYE HMOBIPHICTh 3araM'STOBYBaHHS
IIyMy B JJaHUX;

— MepeXka CTae OUTBIT aIaNTUBHOIO 10 HOBUX JIAaHUX;

— MOYKJIMBICTb 3aCTOCYBaHHS aJrOPUTMY Ha PI3HUX €Tanax HaBYaHHS.

Meron BumalieHHS 3B'S3KIB € €(PEKTMBHUM I1HCTPYMEHTOM [IJIs ONTHMIi3arlii
TPUBUMIPHUX HEHPOHHHX Mepex. Moro peanizallis B HO€IHAHHI 3 aBTOMATH30BAaHUMH
3BOPOTHHUMH BHUKJIMKAMH, JIO3BOJISIE 3a0C3MEUYUTH BHCOKY IPOJAYKTHUBHICTH Ta
aJanTUBHICTH MOJIEJICH 1111 Yac HaBUYaHHS. 3alpOIOHOBAHUH MIIX1]] € YHIBEpCATbHUM

1 MOKe OYTH 3aCTOCOBAHUM JI0 IITMPOKOTO CIIEKTpa 3a7a4 Kiacudikariii.

3.4.2 JIuHamivyHe pO3LIHUPEHHS CTPYKTYPH HelPOHHOI Mepexi

AJanTUBHE PO3IMIMPEHHS apXITEKTypU HEHPOHHUX MEPEXK IiJ Yac HaBYaHHS €
BKJIMBUM IHCTPYMEHTOM JIJISl IJBUILEHHS iIXHBOT IPOYKTUBHOCTI Ta aAalTUBHOCTI.
3anponoHOBaHUI METOJ JAMHAMIYHOTO 3POCTaHHS 3B'A3KIB 3a0e3nedye 1HTerparlito
HOBUX 3B'SI3KIB Y MOJIeJIb HAa OCHOBI aHali3y BaroBux KoedimieHTtiB. Lle mo3Bose
HEUpPOHHIN Mepexi e(EeKTUBHO MacmTabyBaTH CBOIO CTPYKTypy B yMOBax
YCKIAAHEHHS BXIAHUX JaHUX. Y IbOMY MIiAPO3JAUII TPEACTABICHO TEOPETUYHE
OOTpYHTYBaHHsI aJITOPUTMY, HOTO MPOTPaMHY peajizalliio Ta aHaldi3 e(peKTUBHOCTI B

CKCIICPUMCHTAJIbHHUX YMOBaX.

Metoa nUHAMIYHOTO 3pOCTaHHS 3B'A3KIB 0a3yeThCsl HA aJalTUBHOMY aHali3l

CEpeIHIX 3HaYeHb BaroBUX KOE(IIIEHTIB JIJII BU3HAYCHHS HEHPOHIB 13 MiBUIIECHOIO



116

akTUBHICTIO. HeilpoHu, siKi J€MOHCTPYIOTh BaroBl KOe(II[lEHTH, 1O MEPEBUILYIOThH
3amanuii mopir (growthThreshold), inerTrdiky0ThCS SIK KAaHAUAATH TS TIOIATTBIIIOTO
3poctaHHs. JlaHui miaxig iMiTye O10JIOT1YHI MPUHIMIN HEUPOIJIACTUYHOCTI, IO

poOUTH HHOro e(heKTUBHUM y CKJIQJHUX YMOBaX BapiaTUBHUX JAaHUX.
OCHOBHI €Tanu METOy:

— 1meHTU]IKaIlis HEUPOHIB 13 BUCOKOIO CEPEIHBOIO Barolo 3'€IHaHb;

— TreHepauis NOTEeHIIHHUX HOBUX 3'€/THAHb JUIsl BAOpAaHUX HEHPOHIB;

— BiAOip 1 JO/TaBaHHS HOBUX 3'€THAHb IO MEPEKI;

— JIMHAMIYHE OHOBJICHHSI CTPYKTYpU MEpexl 13 30epeKeHHSIM MMOTOYHOTO CTaHy
napameTpiB;

— MOJEIIOBAHHS 3B'A3KIB 13 BHUIIQAKOBUMH €JEMEHTAMH JUIS II1ABUIIEHHS

CTIKOCTI A0 UIyMYy B JAHUX.

Peanizamiss merony “AdaptiveGrowth” (muB. puc. 3.19) nemoHCTpye MexaHi3M

OJaBaHHSI HOBUX 3'€HAHD.

@OV oO~NoOWUWVhWNRE

>

Pucynoxk 3.19 - Ilporpamua peaunizauis metoay “AdaptiveGrowth”.
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Onuc merony:

aHaJli3 BaroBUX XapaKTEPUCTUK HEHPOHIB I BUSBIICHHS aKTUBHUX €JIEMEHTIB;
JUHAMIYHE 301IbIIEHHS PaJilyCy MOIIYKY MOKJIUBUX 3'€JHAHb;

BiJI0Ip ONTUMANILHUX HOBHX 3'€IHAHD JIJISI PO3IMIMPEHHS MEPEKi;

IHKpEMEHTHE OHOBJICHHS CTPYKTYpPH HEHPOHHOI Mepexi 0e3 MopyIieHHs ii
IIUTICHOCTI;

CTBOPEHHS YMOB JIJIsl T€TEPOreHHO1 a/ianTanii HeMpoHiB Ha OCHOBI JIOKAJILHUX

KpUTEPIiB.

Jlnst 3a0e3nedeHHs AMHAMI9HOT ONTUMi3allli BUKOPUCTOBYETHCS 3BOPOTHUI BUKIIMK

“GrowthCallback” (nuB. puc. 3.20), sikuii akTUBY€ (HYHKIIIIO PO3IIUPEHHS HAPUKIHIT

KOKHOI €TIOXH.

=
WNRFEFOOUO~NO WUV WNRE

e el

null

Pucynoxk 3.20 - IIporpamua peainizauis metoay “GrowthCallback™.

[TpuHIMT pOOOTH 3BOPOTHOTO BUKIIUKY:

BUKOHAHHS JUHAMIYHOIO aHaji3y CTPYKTYpH MOJENl MICHIs KOXHOI €NOoXH
HaBYaHHS;

aBTOMAaTUYHA aJanTailisi HBHPOHHOT MEpPEeX1 10 3MiH Y JJaHUX;

NiATPUMKA THYUYKOiI peKoH(Iryparii 0e3 He0O0X1AHOCTI Nepe3anycKy HaBYaHHS;

KOHTPOJIb CTAO1IBHOCTI MPUPOCTY 3'€THAHB Uepe3 perysipu3aliiio Bar.
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[lepeBaru aganTHBHOTO 3POCTaHHS:

— 3JaTHICTh MOJIEJI pearyBaTi Ha 3MiHY CKJIQJHOCTI JIAaHUX;

— ajanTaiis CTPYKTypH 03 MOpyIIeHHsI HaBYaJIbHOTO MPOIIECY;

— JIOJaBaHHS HOBHUX 3'€/IHAHb TOKpAIly€ 3/JaTHICTb MEPEXi J0 HaBYAHHS Ha

CKJIQJIHMX Ha0Opax JaHMX;

— MiHIMI3alis HeoOX1JHOCTI pyYHOT'O HaJAIlITYBAHHS Ta BTPYYaHHS;

— MOXJIMBICTH POOOTH 3 PI3HUMHU TUIIAMH JAHUX 1 opMaTaMu CTPYKTYP.

MeTon aganTUBHOTO 3POCTAHHS JIEMOHCTPYE BUCOKY €(QEKTHBHICTh Yy 3ajaudax
onTHMi3alii HepOHHMX Mepex. Moro 3acTocyBaHHS 103BOISE peasti3yBaTh aJaNTHBHI
CTPYKTYpH, IO JWHAMIYHO pO3BHUBAIOTBCS B TpOIeCi HaBUYaHHS, 30epirardu
CTaOUIBHICTh 1 IPOJYKTHUBHICTh. 3alPOTIOHOBAHUW MiJXiJ € MEPCIEKTUBHUM ISl
3aCTOCYBaHHs B 3ajadax kiacudikamii Ta aHami3zy MaHUX, MO0 XapaKTEePU3YIOThCS
BHCOKOIO BapIaTHBHICTIO Ta CKJIAQHICTIO. IMomanem TOCIIIKEHHSA
30CepeIKyBaTUMYThCS Ha ONTUMI3allli KpUTEPIIO 3pOCTaHHA Ta IHTErpallii 3 METOIaMH

MCTa-HaB4YaHH:.

3.5 Iurtepdeiic kopucryBaua

VY manoMy miApo3/iii A€TadbHO OMKCAHO JliarpamMy BapiaHTIB BUKOPHCTAHHS Ta
(GyHKITIOHATBHI MOXIJIMBOCTI 1HTEep(eiicy KOpUCTyBada IPOTrpaMHHUX 3aco0iB IS
kimacudikamii TpuBUMipHUX aaHuX. [Iporpamui 3aco0u HE MICTATH TPAAMIIIITHOTO
rpadgiuHoro iHTepdeicy kopuctyBada. Bzaemomis 3 HUMU moOyJ0BaHa Ha OCHOBI
Habopy HTTP REST-enanoinTis, siki peanizoBani 3a gonomororo WebAPI. Takuit
niax17 3a0e3neyye BUCOKY MAacIITaO0OBAHICTh, IHTETPAIll0 3 IHIIMMHU CEpBICAMHU Ta

HIATPUMKY aBTOMATH30BaHUX MPOIECIB 00pPOOKY BETUKUX MACHBIB JaHUX.

InTepdeiic kopucTyBaya MOAUISETHCS Ha KUIbKAa PIBHIB, sIKI 3a0e3Me4yrOTh
B32€MO/IIF0 M1’)K KOMITOHEHTaMH MPOTrpaMHKX 3aco0iB (auB. puc. 3.21). L{i komnoHeHTH
noOy10BaH1 Ha OCHOBI MOYJIBHOCTI, IO JIO3BOJISIE JIETKO PO3MIUPIOBATH (PYHKITIOHAT

3ac00iB, IHTETPYIOYH HOBI KOMITOHCHTH.
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Cepsic ayTeHTHdikawi

SQLMNoSALBA

Pesynstati

) : MNepesipka Tokexa
Bignosigs

EWKNWE OpEECTPaTOPS
OpkecTpatop

PesyneTaT knacudixauii

Indbepetc ML 36epewxenHa 8 B

Blob Storage

Icpeperc NI 3BepewerHa 3D-thaiinis

HTTP |

Pesynsram

KniexT/Cepeic

Pucynok 3.21 - Jliarpama BapiaHTiB BUKOPHCTaHHS.

Knieat/Cepsic

OcHoBHa B3aeMOisl 3 3aco0amu B1AOYBaeTbCs 4epe3 KIIEHTIB ab0 30BHILIHI
cepBicH, skl HagacunaroTh HTTP-3amutu mist Bukonanus knacudikarii. i 3amuTi
MOXKYTh BKJIFOYATH MapaMeTPH JJIA HaJAIITyBaHHS MOBEIIHKA MOJECIHI, 10 POOHTH

CI/ICTeMy FHy‘IKOIO.
WebAPI

Bianosinae 3a npuitom 1 06pooky HTTP-3anutis. Ha mipomy piBHI peanizoBaHO
MapHIpyTHU3allio, MepeBIpKy ayTeHTHU]IKaIii Ta aBTOpHU3allil0 KOPHUCTYBadiB uepes
cepBic ayrtentudikarii. Takoxx WebAPI mepemae mani mo opkecTtparopa s

NoAaNIbIIOI 0OPOOKH.

OpxkecTpaTop

€ LEHTpaJIbHUM KOMIIOHEHTOM Oi3Hec-Joriku. BiH BuKOHye mepenoOpoOKy
BXIJTHUX JaHUX, BUOIp BIAMOBIIHOI Mojeni mamuHHoro HaBdyaHHs (ML.NET a6o
Keras.NET) 1 koopamHye poOOTy IHIIHUX KOMIIOHEHTIB. OpKecTpaTtop TaKoX
BIMOBIAa€e 3a 301p 1 arperyBaHHs pe3ysbTaTiB 1H(EpPEHCY mepen iX MOBEPHEHHSIM

KITIEHTY.
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ML.NET i Keras.NET

BUKOHYIOTH OCHOBHI (DYHKIIIi MAIIMHHOTO HAaBYaHHS Ta TJIMOMHHOTO HaBYaHHS
BianoBigHO. ML.NET BukopucroByeThes st kiacuunux ML-anroputmiB, Toll K
Keras.NET 3acrocoByeTbes 115 TIMO0KUX HEHPOHHUX Mepek. OOnBa KOMIIOHEHTH

MIATPUMYIOTH MacIITaboBaHi 004YMCIIeHHs 3a gornomororw GPU.

Cxosuia gaaux (SQL/NoSQL BJ1 1 Blob Storage)

BuxopuctoBytoTbes i 30epekeHHs1 pe3yJbTaTiB Kiacudikalii, MeTaganux i
3D-¢aiiniB. basu nanux 3abe3nedyoTh MBUAKUN JOCTYI A0 CTPYKTYPOBAaHUX JaHUX,
a Blob Storage BUKOpUCTOBYEThCA [Jisi 30€piraHHsl BEIUKUX 00'€KTIB, Takux sk 3D-

MOJIENI.

AvyrerTudikaiis Ta aBTOpU3aIis

Bepudikariisi kopuctyBadiB 31HCHIOETHCS 32 IOMOMOTOI0 TOKEHIB JOCTYIY, IO
peamizoBani Ha ocHoBi mporokodiB JWT abo OAuth. Ile 3abe3neuye Oe3neyHuit

JIOCTYT JI0 CEPBICY Ta 3amobirac HeCaHKIIIOHOBaHOMY BUKopucTaHHIO API.

O0podka HTTP-3anutiB

[Tinrpumka metoaiB POST 1 GET nns nepenadi 1anux Ta OTpUMaHHS pe3yJIbTaTiB

KJacuikartii.

Po6Gora 3 nanumu

30epexxeHHsT pe3ynbTaTiB Kiaacudikailii B CTPYKTypoBaHIA (popMi JJIs MOAAIBIIOTO

anamizy. [linTpuMka BeTMKUX 00CSTIB JaHUX Ta iX 30epiraHHs B 00'€KTHUX CXOBUIIAX.

FHV‘IKiCTB HaJdallTyBaHb

KopuctyBadi MOXyTh BUOUpATH THUIT MOJETI I Kiacudikarii, BCTAHOBIIOBATH
MOPOTH BIEBHEHOCTI Ta 1HIN MapamMeTpH, IO JO03BOJISIE ONTUMI3YBAaTH IPOIEC i

crienugigH1 MOTPEOH.
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MaciutaboBaHICTh

Cucrema miATpUMYE MapajieabHi OOYUCIEHHS, 110 JI03BOJIIE OOPOOJISATH BEIUKI

o0csru JaHux 1 MaclITadyBaTUCh Y BINOB1/Ib HAa 3pOCTAaHHS HABAHTAXKEHHS.
IIpuxian BUKOPUCTAHHSA

Knient nagcunae HTTP POST-3anut (nuB. puc. 3.22) Ha enanoinT /api/classity,

BKa3yl04YHW apaMmeTpu Juist Mojieni Ta Qaiti 1y1st o0poOKH.

OO ~Noul P WNPE

0.8

(IO I TN
N R O

Pucynok 3.22 - [lpukinan 3anury.
Cepep 00po0isie 3anuT, BUKOHYE iH(EpEeHC 1 MoBepTae BIANOBIAb y Gopmari

JSON (nuB. puc. 3.23).

1.1 200

©.92

OO ~Nou b WNPE

=
©

Pucynok 3.23 - [Ipuknan BiamoBifi.
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JlonaTkoB1 MOKIIMBOCTI:

— MIATPUMKA JIOTYBAaHHA Ta MOHITOPUHTY 3alMTIB JJI1 BUSBJICHHS MOXKJIMBUX
npo0JieM y poOOTI CUCTEMU;

— 1HTerpaumis 3 XMapHUMHU IulaTopMaMu Juisl MaciuTaOyBaHHS OOYMCIEHBb 1
3a0€e3MeUeHHs IOCTYITY 0 BUCOKONPOAYKTUBHUX PECYPCIB;

— API-noxkymenramiss 'y ¢opmari Swagger, II0 CIPOIIY€E€ B3aEMOJIII0 3

1HTEpPEiicoM s pO3POOHUKIB.

InTepdeiic kopuctyBaua, modynoBanuit Ha ocHoBi WebAPI, 3ab6e3neuye rHyuKkicTh
1 MaciTaboBaHICTh JIsl 00OpOOKH BEIUKHX OOCATIB JaHUX. BukopucTaHHs MOy IbHOT
apxITeKTypu Ta NIATPUMKA CY4YaCHUX CTaHIapTiB ayTeHTU(IKalli TapaHTyIOTh
OesreyHy 1 3pydyHy IHTerpamiro 3 IHIMMUMH cucremMamMud. Cucrema MiATPUMYE
KJacu(dikalilo TPUBUMIPHUX JIaHUX 13 BUKOPUCTAHHSAM KJIACUYHUX 1 TIUOOKHUX
METO/11B MAIIMHHOTO HaBYaHHS, 110 POOUTH ii NOTYKHUM IHCTPYMEHTOM ISl AHAIII3Y

CKJIQIHUX CTPYKTYp 1 00'€KTIB.
BucHoBku 10 po3ainy 3

Y mpomy po3gini  Oyno MpencTaBieHO BCEOIUHMM — aHai3  IPOIECy
NPOEKTYBaHHs, pealizaimii Ta OnTuMi3amii MPOrpaMHUX 3aco0iB A KiacuQikarii
TPUBUMIPHUX JTaHUX, [0 0a3yeThCs HA Cy4aCHUX METOAaX TIMOOKOTO HaBYaHHS.
OcoOnuBHUii aKLIEHT 3p00JIEHO Ha PO3pOOLIl apXITEKTYPHUX PIIEHb, K1 320€3MeUyI0Th
€(eKTUBHICTh, MacHITA0OBAHICTh 1 AJANTUBHICTh N0 CKJIAJHUX HAOOpIB JaHUX.

JlocsITHYTI pe3yJIbTaTh MOXHA MiACYMyBaTH HACTYITHUM YHHOM:

3anporoHoOBaHO 0araTopiBHEBY apXiTEKTYPY, 110 BKIFOYAE JIOTIYHE PO3AIICHHS
Ha KOMIIOHEHTH JJIsl IPeICTaBIEeHHs, O13HEC-JI0T1K1, HABYaHHS MOJEJIEH 1 ypaBIIiHHS
naHuMu. Takuii miaxig 3abe3nedye JIErKy I1HTETpaliio 13 30BHIIIHIMH CHCTEMAaMH,
crpusie MacimTaboBaHOCTI PIMIEHHS 1 TMOJIETIIyE aJanTallilo J0 HOBUX YMOB
eKcIuTyatailii. ApXiTeKTypa BpaxoBY€ CydacHl MIIXOAW 10 PO3MOALICHOI 0O0pOoOKH
JAHUX 1 MATPUMYE TMapajesibHi 0O0UUCICHHS, 10 € BAKIMBUM JUIsl aHAII3Y BEJIIMKUX

MacHBiB 1HGOpMaITii.
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[Iporpamui 3aco6u BukopuctoByroTh 010mi0Teku ML.NET ta Keras.NET, sxi
3a0€3Mevy0Th MOKJIMBICTh MOOYIOBH MOJENe TIUOOKMX HEWPOHHUX MEpEex 13
BUCOKOIO TOYHICTIO. ['HyuKICTh HajallTyBaHb JO3BOJISIE aJanTyBaTH MeEPEXl 10
cnenuIvyHUX 3a/1a4 1 3HWKYE BUTPATH HA MIJATOTOBKY AaHUX. TakoX BUKOPUCTAHO
IHCTPYMEHTH JUIsl MOHITOPMHTY TPOAYKTHBHOCTI Ta BaJifamii Mojeneu, 1o

1BUIIYIOTH KOHTPOJb 32 AKICTIO pOOOTH aJITOPUTMIB Ha BCIX €Tarmax HaBYaHHS.

Oco6ymBy yBary npuaiieHo e(eKTHUBHIN O0Y/1I0B1 MPUXOBAHUX IIapiB MEPEK,
AKl 3a0e3MeuyloTh THY4YKE OIMpAIIOBAHHS BXIJHUX XapakTepUCTUK. Po3pobieHo
QITOPUTMU MacIITa0yBaHHS MMapaMeTpiB 1 JIWHAMIYHOI ajanTaiii CTPYKTYyp, IO
MIHIMI3y€ OOYMCIIOBaJbHI BUTpaTh 0O€3 BTpaTH NPOAYKTUBHOCTI. BnpoBamxeHo
MeXaHI13MH KOHTPOJIIO HaJl 3B’ I3KaMU MK HEHPOHAMH JIJIS IIOKPAIIEHHS y3araabHEeHHS

pe3yabTaTiB 1 CTAaOUIBHOCTI MOJIEIIEH MTPU pOOOTI 3 HOBUMHU HAbOpamu JTaHUX.

BBeneno nuHamMivHI MIAXOAM 0 ONTHUMI3AIIT apXITEKTypU HEUPOHHUX MEPEXK,
10 TepeadavaroTh MOCTYNOBE YCYHEHHS MAJIO3HAYYIINUX 3B’ SI3KIB 1 ]0/1aBaHHS HOBUX
JUIS afanTaiii 1o crenudiku BXITHUX AaHUX. BUKOpHCTaHHS MeXaHi3MIB CEIEKIIii
HEHPOHIB JJO3BOJISIE 3HU3UTU PECYPCOEMHICTH 1 MIHIMI3yBaTU PU3HUK MEpEHAaBUYaHHS.
[Tigxix TakoX MIATPUMYE CTpaTerii HaBUYaHHA 3 MIAKPITUICHHSM, IO TOKPAILy€e

CTaOUIBHICTH pe3yJIbTaTIB HABITh IS CKJIATHUX 3aBJlaHb Kiacudikariii.

Po3po6ieHo iHTYITUBHO 3po3yMinuil iHTepdeiic KopucTyBaya 3 MiJATPUMKOIO
RESTful API, mo mo3Bossie 3miiiCHIOBATH IHTErpaIlio 3 HIMMH iH(GOpMaIIHHUMHA
cuctemamu. HasiBHICTh OKyMeHTallli y gopMari Swagger CIpoIllye HalallTyBaHHS
1HTEpPeiicy 1t B3aEMOIIT 3 30BHIIIHIMU MIaTGOpMaMu Ta 3a0e31euye THyUKICTh Py
po06OTi 3 BEJIMKUMU MacUBaMu JaHuX. PeanizoBaHO MiATPUMKY BiAIaJI€HOTO JOCTYILY

1o GyHKIioHay Kiacudikallii Ta MOHITOPUHTY Pe3yJIbTaTiB 0OPOOKH.

Pozain nmpeacTaBuB KOHIIEMIIIIO CTBOPEHHS MPOrPaMHUX 3ac001B 11 Kitacudikari
TPUBUMIPHUX JAHUX, IO TOEIHYE TMEPEIOBl MAXOAW IO apXITEKTYpH, aJanTHBHI
METOIM ONTHUMI3aIlil Ta IHTErpaimil0 3 Cy4YaCHUMH 1H(QOpPMAIIHHUMH CHUCTEMaMH.

3anponoHOBaHl pIMIEHHS JIE€MOHCTPYIOTb BHUCOKMH PIBEHb MPOAYKTHUBHOCTI Ta
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TOYHOCTI B 00OpOOIll BETUKUX OOCATIB JaHUX. 3aCTOCOBAHI MEXaHI3MHU ajamnTallii Ta
ABTOMATHU30BAHOTO HAJAIITYBaHHS 3a0e3MeuyioTh CTa0LIBHICTE POOOTH Mojaenen
HaBITh 3a YMOB 3MIHHHMX IapaMeTpiB BXIIHUX JaHUX. Pe3ynpTatu MOCTIKEHB 1
TECTYBaHHS MIATBEPAWIN €(EKTHUBHICTh peandi30BaHUX IMPOrpaMHUX 3ac00iB, L0 €
MEPCIEKTUBHOIO OCHOBOIO IS TOJAJbINOI 1HTEerpamii B MNPUKIATHI CHUCTEMH

aBTOMAaTH30BaHOI'0 aHAMI3Y CKIAIHUX CTPYKTYP.
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4 PE3VJBTATU HABUAHHS TA EKCITEPUMEHTAJIBHI
JIOCJDKEHHS

4.1 JlaHi 1jisi HABYAHHSI TA TECTYBAHHS

VY pamkax gochiikeHHs 0yJI0 BUKOPUCTaHO BiAKpUTUi HaOip nanux ModelNet40
(muB. puc. 4.1), po3pooOnennii y [IpiHcToHCRKOMY yHiBepcuTeTi. Jlanmii Habip €
STAJIOHHUM JIJIs1 3a/1a4 Kiacudikallii Ta aHaizy TPUBUMIPHUX 00'€KTIB 3aBIISIKH CBOIN
CTPYKTYPOBAHOCTI Ta pI3HOMaHITHOCTI Kateropiii. Bin Bkitouae 40 kiaciB 00'€KTIB 13
3arajibHOI0 KUTbKICTIO 12311, 3 sikux 9843 nmpusHaueHi juisi HaB4YaHHs, a 2468 — s

TCCTYBAHHA.

Pucynoxk 4.1 - 3o0paxenHs aanux 3 Habopy ModelNet40.

OO0'exTn mpeAcTaBIICH] Y BUIJISAl TPUKYTHHX IOJITOHAIBHUX CITOK, K1 OyJju
MEPETBOPEHI B BOKCENI I TOJAJibIIOi OOpOOKH Ta BUKOPHUCTAHHS B HaBYaHHI.
[lepeTBOpeHHsI B BOKCENl JI03BOJWJIO CTBOPUTH YHI(IKOBAaHE NPEICTaBIICHHS
IPOCTOPOBOI  CTPYKTYpHU OO'€KTIB, CHPONIYIOYM MPOLEC NOAAIBUIOl OOpOOKH
HEHWPOHHOIO Mepexero. Takuil miaxia 3ade3reuye CyMICHICTh 3 apXiTeKTypaMmu, SKi
MpaIoTh 13 BOKCEIbHUMHU JaHUMHU, 1 MIABUILYE €(PEKTUBHICTH MOJCIIOBAHHS
CKJIQJIHUX TPOCTOPOBUX 3ayexHocTed. KpiM TOro, BOKcelbHE NPEICTABICHHS
JI03BOJII€ OUTBII TOYHO 30€piraTd MPOCTOPOBI OCOOIMBOCTI 00'€KTIB 1 BpaXxOBYBaTH
JokanbH1 Bapiamii ¢opmu. KoxkeH 00'eKT MICTUTH 1H(pOpPMALID HPO TEOMETPIO
MOBEPXOHb 1 iX Opi€HTAILlI0, 1110 3a0e31euye MOBHOTY MPEJACTaBICHHS Il MOJAIbIIO]
00poOKH. 3aBASKU IMPOKOMY CHEKTPY KaTeropiit Hallp MpUAATHUM AJi pO3B'sI3aHHS

3a/ay kinacudikaii, cerMeHTaIlli, BUSBIICHHS aHOMAJTiii Ta BIIHOBJICHHS TPUBUMIPHUX

dbopm.
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IHonepennsi 00podka naHuUX

JInst miArOTOBKM JTaHUX /10 BUKOPUCTaHHS B Mojeni Oyyo 3a1HCHEHO KidbKa
eTamniB 0OpoOKH, CIIPSIMOBAHUX Ha IMIJIBUILEHHS Y3TOKEHOCTI Ta MPUJATHOCTI JaHUX
no HaBuyaHHA. [lonepenns o6poOka BKIIFOYaIa HOpMali3allilo KOOpJAUHAT YCiX TOYOK
00'€KTIB 0 OAMHUYHOTO KyOa Jjisi 3a0e3MEeueHHs 1HBAaplaHTHOCTI 10 MaciiTaly,
BUPIBHIOBaHHA OO0'€KTIB 110 €AMHOI Opi€HTaIlli B MPOCTOPlI 3 METOI 3MEHIICHHS
YyTJIUBOCTI MOJCTI 0 o0epTaHHs 1 cuMeTpiid. KpiM Toro, mpoBoauaocss BUIAIICHHS
AHOMAJIBHUX TOYOK 1 T€OMETPUYHMX apTe(akTiB 13 MOAAIBIIUM 3IJIaJKyBaHHSIM
MOBEPXOHb Ui 30€peKEeHHS KIIOUOBUX ocoOiuBocTed. Takoxx Oyn0 BHUKOPUCTAHO
Kojopudikaiiiny o0poOky. Ilicmsa 1mporo udactuHa 00'€eKTIB OyiM TEPETBOPEHI B
BOKCEJIbHI MTPEICTABIICHHS 3 33IaHOI0 PO3/IIIHLHOIO 3JaTHICTIO U1 YHI(DiKaIlli BX1THUX
nanux. JlogaTkoBo, mija yac momnepeaHboi 00poOKH BpaxOBYBAIKCS MOJKJIMBI Bapiarlii
pO3MipiB Ta Opl€HTalllil 00'€KTIB, IO 3a0€3MeUyBaIO CTIMKICTh JO 3MIH Yy BUXIJIHHX

JAHUX 1 M1JBUIYBAJIO aJallTUBHICTh MOJIEN IO PI3HUX CUTYyallld TECTYBaHHS.
Po3nisienns janux

Jlns 3abe3rneueHHst HAAIHHOCTI Ta CcTabUIBHOCTI pe3ybTaTiB OyJi0 3aCTOCOBAHO
pO3AUIeHHsT HAOOpy Ha TpU MiABUOIPKH, SIKI BKJIIOYAIM HaBYalbHY BHOIPKY, IIO
CTAaHOBWJIA BICIMJECST BIJICOTKIB 3pa3KiB 1 BUKOPUCTOBYBAJacs /I HaJallTyBaHHS
BaroBUX Koe(]illiEHTIB MEPEXki, TECTOBY BHOIPKY B PO3MIpi JBAJAISTH BIJICOTKIB, sKa
npu3Hayajiacs JJig OLIHKHA Yy3araJlbHIOBAJIBHOI 3[aTHOCTI MOJIENl, Ta BHOIPKY
BaJIijlallii, 10 CTAHOBHJIA JECATh BIJICOTKIB BiJl TECTOBOI Ta 3aCTOCOBYBaJiacs IS
nigoopy rimepnapamMeTpiB 1 BUSBICHHS IepeHaB4yaHHs. Po3noain 00'ekTiB
3M1MCHIOBABCS 3 ypaxyBaHHSM KJIAaCOBOro OanaHcy sl MiHIMI3alli MEepeKoCiB y
HaBUaJlbHUX JaHuX. KpiM Toro, TecroBa BuOIpKa MICTWIA 3pa3Kud 3 PI3HUMH
BapiaiisiMu TpaHnchopmalliii i moJI0kKeHb, 110 JO3BOJISIIO Kpallle OLIHIOBATH CTIMKICTh

MOJIENl 0 PeabHUX CLIEHAP1iB BUKOPUCTAHHS.
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Ocob6auBocTi BUOIpKH

Pi3HOMaHITHICTh MPEJICTABICHUX KATErOpid CTBOPIOE PHUBHK HEPIBHOMIPHOIO
NPEICTABICHHS OKPEMHUX KJAciB, [0 MOXE IMPU3BECTH 10 3MILICHHS pEe3yJIbTaTiB
knacudikaiii. Jms ycyHeHHs 1boro edexTty Oysio MmpoBeneHO OalaHCYyBaHHS KJIaciB
NUISIXOM 30aradeHHs MajomNpeICTaBICHUX KaTeropii 3a JOMOMOrow MOBTOPIB.
JloaTKkOBO BHKOHYBaJIacs ayrMeHTaIlisl JaHUX 4Yepe3 3aCTOCYBaHHS T'€OMETPUYHUX
TpaHnchopMmalliil, siki BKIOUYAIN BUITAIKOBI TOBOPOTH HABKOJIO OCEH, 3MIHU PO3MIPIB Y
3aJ]aHOMy Jlana3oHl Ta NEPEeMIlIeHHS KOOpPAMHAT Yy JOMNYCTUMHUX MeEXax.
[TinroToBNeHI TaKUM YMHOM JaHi 3a0€3MeUnsId MiABUINEHY CTIMKICTh MOJEICH 0
Bapialiif y BXIJHUX BHUOIpKax 1 JO3BOJIMIM MOKPAIIMTH IXHIO HPOJYKTHUBHICTD.
Oco0nuBy yBary NpuIiIsSId CTBOPEHHIO YMOB JJIS BIATBOPIOBAHOCTI PE3yJbTATIB 32

PaxyHOK KOHTPOJIIO HaJl BUITAIKOBUMU TTapaMeTpaMu TpaHchopmarliil.

Buxopucranns nabopy nannx ModelNet40 mn03BOJIMIO CTBOPUTH OCHOBY LIS
pPO3pPOOKH BHUCOKOTPOAYKTUBHHUX MoOAeNel Kinacudikamii TPUBUMIPHUX OO'€KTiB.
[Tonepenus o06poOka, OanmaHCyBaHHS Ta ayrMEHTallisl JAaHWUX 3a0€3MEeYUIN BHCOKY
SKICTh BXITHMX XapaKTePUCTUK IS HaBYaHHS HEHpOHHUX Mepex. [lepeTBopeHHS
MNOJIITOHAJIbBHUX CITOK y BOKCEJIbHI MPEJCTABICHHS CIPOCTWIO MpoLec O0O0poOKu
npocTopoBoi  1HGopMaIli Ta MIABUINWIO e(QEKTUBHICTh MOJENII NpH aHaji3i
TPUBUMIPHUX CTPYKTYyp. JocmixkeHHs miaTBepauso e(eKTUBHICTh 3aCTOCOBAHUX
METO/IB MIJTOTOBKM JIaHUX 1 TPOJEMOHCTPYBAJO CTIAKICTh apXITEKTypH 0
pPI3HOMaHITHUX Baplaliid y BXIOHUX BuUOIpkax. OTpumaHi pe3yJbTaTH 3aKIIaIH
byHIaMEHT [JIs1 TTOMATBIITNX SKCIIEPUMEHTIB 13 TTMOOKUMU HEHPOHHUMH MEpexaMu

Ta ONTHUMI3alIHHUMHU aJITOPUTMAMHU.
4.2 Ilpouec TecTyBaHHA MPOrPAMHHX 32C00iB

JocmipkeHHsT  cIpsIMOBaHE  HAa  KOMIUIEKCHY — OIIIHKY  €(eKTUBHOCTI
3aMpPOTIOHOBAHOI apXITEKTYpH KiacudikaTopa 3 MOKPAIEHOK OpPraHi3alliclo mapiB y
MOPIBHSAHHI 3 KJIACHYHHUMHM IMAXOJAaMU A0 Kiacudikaiii TpUBUMIPHUX O0'€KTIB 3a

JOTIOMOTOI0  HEHUpPOHHMX  Mepex. [HHOBalliliHa  apxiTeKTypa Mpalwe 3
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0araTOBUMIPHUMHU TEH30PAMH, 1110 JAE 3MOTY OOpPOOJISTH K BOKCEIIbHI CTPYKTYPH, TaK

1 CITKH, ONITUMI3YIOYH aHaJ13 CKIaJHUX TPOCTOPOBUX 00'EKTIB.

[Tonepenniii anainiz ¢popMatiB JaHUX JUIsl TPUBUMIPHOI KiTacudikairii Bka3as, 10
BOKCEJI1 Ta CITKM MAlOTh CYTTEBO Pi3HY CTPYKTYPY IPEICTABICHHS HIXK TOUKOB1 XMapH:
nepin MOXYTb OyTH ONHCaHl M'STUBUMIDHUMHU TEH30paMH, TOAl SK JPyri—
TpUBUMIpHUNA. BpaxoByrouu 111 BiIMIHHOCTI, €KCIIEPUMEHT OyJie MpPOBOIUTUCH Ha
BOKCEJIbHUX JIAaHUX Ta CITKaX, TaK sIK B HUX BX1/IHI JaH1 MalOTh OJTHAKOBY PO3MIPHICTh
1 MOXyTh OyTH TOpiBHsSHI. Mera mossirae B OIIHII 34aTHOCTI 3ampOMOHOBAHOI
apXITeKTYpH aJanTyBaTHUCS 0 PI3HOPIAHUX (hopmaTiB Ta 3abe3neuyBaTd CTaOUIbHI

pe3yibTaTH B YMOBAX BapiaTUBHOCTI BXIJHUX JAHUX.

JIist MOPIBHAJIBHOT OLIIHKKA POOOTH 3ampONOHOBAHOTO Kiacu@ikaTopa, TaKOX
Oyna crnpoekTOBaHAa TPUBHMMIpHA 3rOpTKOBa Mepexa. [lanuil Tum mepex ayxe

NOMYJISIPHUH B 3a71a4ax Kiacudikaiiii pi3HOMaHITHUX 300paKeHb.

Takox mIs1 TMEepeBipKM BUAUICHHS 3 JaHUX KIIOUOBHUX XapaKTEPUCTHUK, IS
MOPiIBHIOBAHKUX MOJIeJIEH, HEOOX1THO pO3pOOUTH MITY4HI epenoHu kinacudikarii. s
1IbOro OyJ0 CTBOPEHO JeKiabka mojaenei, 3okpeMa SNN, tabmuisg 4.1 ta CNN,

Tabmung 4.2.

Ta6muist 4.1 - Apxitektypa SNN mojerni.

Tun wapy BuxigHa ¢popma Kinbkictb napamerpis

Po3pigrKeHui TpUBMMIpHUI Wwap

22,22,22,1 2 2

(SparseLayer3D) s, 22, 22, 2 & 74,625
PospigrKeHui TPUBMMIPHUIA Wap (None, 12, 12, 12, 1) 42 875
(SparseLayer3D) e !
Po3pigrKeHui TpUBMMIpHUI Wwap

1 12,1
(SparseLayer3D) s, 2 3 ) 1 /167
LLlap 3ropTaHHa B oauH BeKTop (Flatten) (None, 512) 0
LLlinbHO 3B'A3aHMiA Wwap (Dense) (None, 1000) 513,000
LLlap BMKAtOUYEHHSA HelipoHiB (Dropout) (None, 1000) 0

LLinbHo 38'A3aHMi wap (Dense) (None, 40) 40,040
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Ta6muist 4.2 - Apxitektypa CNN mozei.

Tun wapy BuxiaHa ¢popma Kinbkictb napamerpis
3ropTKOBUIA TPUBUMIPHWIA LIAP
(Conv3D) (None, 28, 28, 28, 26) 728
TPUBUMIPHUI WIAP MaKCUMabHOI
nig, subipkn (MaxPooling3D) (None, 14,14, 14, 26) 0
3ropTKOBUI TPUBUMIPHUIA LWIAP (None, 12, 12, 12, 51) 35 853
(Conv3D)
TPUBUMIPHUI WIAP MaKCUMabHOI
nig, subipkn (MaxPooling3D) (None, 6, 6, 6, 51) 0
3ropTKOBUI TPUBUMIPHUIA LWIAP (None, 4, 4, 4, 102) 140,556
(Conv3D)
TPUBUMIPHUI WIAP MaKCUMabHOI
nig, subipkn (MaxPooling3D) (None, 2,2, 2,102) 0
LLlap 3ropTaHHA B 04MH BEKTOP (None, 816) 0
(Flatten)
LLinbHo 3B'A3aHMiM wap (Dense) (None, 1000) 817,000
LLlap BUKAtOYEHHA HEMPOHIB (None, 1000) 0
(Dropout)
LLlinbHO 3B'A3aHMiA Wwap (Dense) (None, 40) 40,040

Apxitektypa moOyJOBaHa TaKUM YHWHOM IO MOJENI BHOKPEMIIOIOThH
PI3HOMAaHITHI XapaKTePUCTUKU 3 BXIJHUX JIAaHMX Ta IMepealoTh iX Ha MOBHO3B'SI3HY
Mepexy s kinacudikamii. B Xoal ekcnepuMeHTy, Ll IIapu Mepexi He OyayTb

BIPI3HATHUCS MK MTOPIBHIOBAHUMH MOJICIISIMU.

0,95

0,9

0,85

0,8

TouHicTb (%)

0,75

0,7

0,65

0,6
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa7 | Enoxa 8 | Enoxa 9 |Enoxa 10

——SNN | 0,6822 | 0,7799 | 0,8487 | 0,8887 | 0,9289 | 0,9512 | 0,9632 | 0,9695 | 0,9765 | 0,9873
—4—CNN| 0,6831 | 0,7973 | 0,8463 | 0,8778 | 0,9107 | 0,9237 | 0,9573 | 0,9548 | 0,9648 | 0,9698

PucyHnok 4.2 - [1opiBHSHHSA TOYHOCTI MOJIEJICH HA BaliIalliiHUX JaHUX (O1IbIIE - Kpale).
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Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa7 | Enoxa8 | Enoxa 9 |Enoxa 10
———SNN | 1,2048 | 0,7914 | 0,5480 | 0,3965 | 0,2718 | 0,1916 | 0,1496 | 0,1197 | 0,1118 | 0,0594
—4—CNN| 1,1008 | 0,6834 | 0,5059 | 0,4013 | 0,3007 | 0,2504 | 0,1479 | 0,1510 | 0,1101 | 0,0994

Pucynox 4.3 - [TopiBHSHHS BTpaT MOJIeJIel Ha BaJiTallifHIX TaHUX (MEHIIE - KpaIle).

HapuuBimim paekiibka Mojesie, 3 MOBHO3B's3HUMH miapamu 1o 1000 ta 40
HelpoHiB (40 11e KiTBKICTh KJIaciB B HaBYaIBHIN BUOipINi) [46], MOkHA TOOAUNUTH (TUB.
puc. 4.2, 4.3) 1110 TOYHICTh MEPEK MakKe HEe BIAPI3HAECTHCA. 3alIPOTIOHOBAHA MOJICIIb
xo4 1 Mae Ha 151470 nmapameTpiB MeHIIIE, TOKa3y€e 0171 TOUHUM pe3yJIbTaT 3 PI3HUIICIO

B 2%.

3 1bOoro poOMMO BHCHOBOK, 110 MOBHO3B si3HMM map Ha 1000 enemeHTIB Tpeba
3MEHIIUTH. TOMY HJisi MPOBEACHHS 1HIIMX E€KCIEPUMEHTIB B MOJAIBIIOMY OyIeMO
BUKOPUCTOBYBATH MMOBHO3B’ s13HUH ap Ha 500 HEWpPOHIB, TUM CAMHM IMITYIOUU BY3bKE
Micie Kiacudikaiii sl MpoXoay SKoro Tpeda O011b YiTKO BHAUISATH KIIFOYOBI O3HAKH

300pakeHb.

Okpim aHai3y apXiTEeKTyp Ta TOUYHOCTI, JOCIIIKEHHSI OXOILUTIOE ONTUMI3aIliHI
cTpaTerii. 3ampomOHOBaHI MIAXOAW BKIIOYAIOTH JWHAMIYHE BHUIAJICHHS CIIAOKUX
3B'I3KIB Ta CTBOPEHHS HOBHX, IO MiJBUIILY€E MPOIYKTUBHICTH MEPEkKI Ta 3MEHIIYE
oOumncIoBaNbHI BUTpaTH. Taki onTumizauli COpHUSIOThH MiABUIIEHHIO Y3arajabHIOKYO0i

3JJaTHOCT1 MoJiefied 1 3a0e31euytoTh O1IbII €()EKTUBHE HABUAHHS.
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JIist ekcnepuMeHTaNbHOI MEePEBIPKU MIATOTOBICHO WIICTh MOJENEH 3 PI3HUMHU

KOH(DIrypamisimu:

— 3D CNN_Vox - 3ropTkoBa MepeKa Jijisl aHajli3y BOKCEIiB;

— 3D CNN_Mesh - 3ropTkoBa Mepexa AJis aHaJi3y CITOK;

— 3D SNN _Vox — 3ampornoHoBaHa TOMOJIOTiS A Kiacudikallii BOKceliB 0e3
ONTHUMI3aIIii;

— 3D SNN_Mesh - 3ampomnoHoBaHa TOMOJIOTiS A Kiacuikauii ciTku 0e3
OIITHUMI3alIii;

— 3D SNN_O Vox - ontumizoBaHa TOMOJOTIS s KjIacu(ikallii BOKCEIiB;

— 3D SNN_O Mesh - ontuMizoBaHa TOMOMOTIS ISt Kiacu(iKailii CITKH.

JIsi BUBYEHHSI BIUIMBY MaclITa0yBaHHS OyJI0O CTBOPEHO M'SITh BapiaHTIB KOKHOI
MOJIeJl, 3 TOCTYNOBUM 30UIBIIEHHSAM pPO3MIpHOCTI. Lle 103BOJMIO MPOCTEXKHUTH
TEHJICHIII1 10 MepeHaBYaHHs a00 HeJOHABYAHHSI NP 301IbIIEHH] TTapaMeTpiB MO

Ta BUSIBUTH I'PaHUYHI KOHGIryparlii, siki 3a0e31ne4yroTh HalKpal pe3yabTaTu.

Koxen BapianT wmojeni HaByaBcs 10 pa3iB 3 MNOJANBIIMM YCEPEIHEHHSIM
pPe3yJbTaTIB JJIs MiHIMI3aIlll BIUTMBY IMOYATKOBUX BarOBUX PO3MOJLUTIB. TaKuil miaxis
JI03BOJISIE€ 3a0€3MEUUTH PENPE3CHTATUBHICTh Ta CTAOUIBHICTh E€KCIIEPUMEHTATBLHUX
nanux. JlomatkoBo OyJi0 TpoaHaNTI30BaHO BIUIMB aJrOPUTMIB ONTHMI3alil Ha
IIBUJIKICTh 301KHOCT1 MOJIeiel Ta X €peKTHUBHICTh MPU POOOTI 3 BETUKUMH 00CATaMH

aHUX.

OuiHka MPOIYKTUBHOCTI 3IMCHIOBajacs MLUISIXOM TOMAPHOTO MOPIBHSIHHS

MOJIENIEH Y JBOX Irpynax.
JI71s1 BOKCeIiB:

— 3D CNN _Vox;
— 3D SNN Vox;
— 3D SNN O Vox.
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Jlnst ciToK:

— 3D CNN_Mesh;
— 3D SNN Mesh;
— 3D SNN O Mesh.

OCHOBHI1 KpUTEPil OLIIHIOBAHHS BKJIIOYAJIH:

TOYHICTh KJIacudikaii;

— MIBUAKICTH 301>KHOCTI M1 Yac HaBYaHHS;

— KUIBKICTh HABYaHUX MApPaMETPIB MEPEKI;

— e(EeKTUBHICTh ONTUMI3AIIHHUX AIITOPUTMIB;

— MacmTabOBaHICTh 1 CXWJIBHICTD JI0 TIEPCHABYAHHSI;

- HpOI[YKTI/IBHiCTB Ha BCIIMKHUX Ha60an JaHUX.

3anponoHOBaHa METOOJIOTISI JO3BOJSE KOMIUIEKCHO OLIIHUTH MPOAYKTHBHICTD,
TOYHICTh 1 QJaNTHUBHICTh HOBHX apXITEKTyp KiIacu(ikaTopiB y TMOpPIBHSIHHI 3
KJIACUYHUMU miaxonaMu. OUiKyeTbCsl, IO pe3ybTaTH €KCIIEPUMEHTIB MIATBEPAATH
nepeBard ONTHMI30BAaHMX TOMOJOTIM IIOAO y3arajJbHIOIYOi 3/JaTHOCTI  Ta

¢(heKTUBHOCTI OOYHUCIICHB.

PesynpraTu aHamizy TakoX JO3BOJISITH BU3HAUUTH KPUTHYHI IMMapaMeTpH, IO
BIJIMBAIOTh Ha CTIMKICTh 1 MacITabOBaHICTh Mojelel. Lle Mae npakTuuHe 3HaAUYECHHS
JUISL PO3POOKM 1HTENEKTyaJbHUX CHUCTEM aHajidy TPUBUMIPDHUX JaHUX Y TaKuX
rajry3sx, sk KOMI'tOTepHUH 31p, MEAMYHA A1arHOCTUKA, IPOMHUCIIOBA aBTOMATH3AIlis Ta

CUCTEMHU MOHITOPHUHTY.

TakuM 4MHOM, AOCTIPKEHHS! pOOUTH BHECOK Yy PO3BUTOK METOJIB 1 aJITOPUTMIB
00pOOKU TPUBUMIPHUX JaHUX, IMIJAKPECITIOIOYH BAXKIUBICTh IHHOBAIIIMHUX apXITEKTY]P

1 aIalTUBHUX ONITUMI3AI} JIJIs MOKPAIEHHS TOYHOCTI Ta ePEeKTUBHOCTI KiIacudikarii.
4.3 Pe3yabTaTH eKCIIEPUMEHTIB

Sk 3a3Hauvanocs padilie, TPOBEACHO 2 EKCHEpPUMEHTH o Kiacugikarii

TPUBUMIPHUX JAHUX NPEICTABICHUX Y BUIJISAA1 BOKCEIIB Ta CITOK.
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4.3.1 Kaacudikauisa BOKCeJIbHUX TaHUX

[Ticnst mpoBeAeHHS HABYAHHSA Ta TECTyBaHHs 15 Moneneil, oTpumMani faHi Oynu
KOHCOJIIJIOBaH1 y BUIJISIAL rpadiuHuX 3aJIe)KHOCTEH (moaatok '), 1o cTaiu 0CHOBOIO
JUIsl CUCTEMAaTUYHOIo aHajizy pesynbTatiB. i rpadiku naroTh 3Mory BiloOpa3uTH
JUHAMIKy 3MIH TOYHOCTI MOJICJICH Ha PI3HUX eTarax HaBYaHHS Ta Baijarlii, a TaKox

OIIIHUTH €(EKTUBHICTH BUKOPUCTAHUX APXITEKTYP 1 aITOPUTMIB ONITUMI3AII1.
CNN

Amnami3z apxitektypu CNN model 1 (guB. Tabn. B.1) nemoHcTpye, mo us
MOJIeJIb BKJIIOYAE IIapU 3 OOMEKEHOI0 KUIBKICTIO napamerpis (336 y nepuomy mapi
Conv3dD 1 8450 y gpyroMmy), MmO TPHU3BOJAUTH JIO 3HAYHOTO CIPOIICHHS
00UYHMCITIOBANIbHOT CKJIaAHOCTI. BuxigHa ¢opma JaHUX MOCTYNOBO 3MEHINYETHCS Bij
(28, 28, 28, 12) no (2, 2, 2, 51) Ha ocranabomy tapi MaxPooling3D, o Bka3ye Ha
BTpary iH(GOPMATUBHOCTI O3HAK Ha eramax 3ropTku. Taka apxiTekTypa 3abesreuye
TO4HICTh Ha piBHI 70% (auB. puc. I'.3) Ha etami Bamijarii, [0 € HEIOCTATHIM JJIsi

edekTrBHOI Knacudikarii uepe3 0OMeKeHyY 31aTHICTh JI0 y3araJbHECHHS O3HAK.

VY nopiBusanHi, apxiTektypu CNN model 2 (nuB. tabn. B.2), CNN_model 3
(muB. Taba. B.3) 1 CNN model 4 (nuB. Tabs. B.4) nmoka3anu 3Ha4yHO BHIILY TOYHICTD,
nocsiraroun 96% (muB. puc. 1.3) Ha erami Bamigamii. Hanpuxnaa, model 3
BUKOPHUCTOBYE ObIe (DUIBTPIB HA KOKHOMY Iapi (Hanpukiaa, 106,106 mapamerpis
y TperboMy tmapi Conv3D), mo mo3Bosisie 30epiraTé OUIbIIE MPOCTOPOBHUX 1
TEKCTYpPHUX O3HAK Ha KO)KHOMY €Tari 0O0uYMCcIeHHs. 3MEHIIEHHs BUX1AHO1 hopMu 110
(2, 2, 2, 102) cBiIuuTh MPO Kpamui OaJlaHC MK 3MEHIIECHHSIM PO3MIPHOCTI Ta
30epeXEeHHSIM KJIFOYOBHX O3HaK. JloAaTkoB1I METOIU peryJisipu3alii, Taki ik Dropout,
a TaKOX IIIIbHI Imapu (Hampukiaag, Dense 3 308,500 mapameTrpamu), 3a0e3ne4yroTh

CcTaOUIBLHICTD 1 TOYHICTH IT1]T YaC HAaBYAHHS.

Opnak apxitektypa CNN _model 5 (auB. Tabn. B.5) 3 kubkicTio 2,269,760
napameTpiB y m’aromy mapi Conv3D moxkasana o3Haku MEpeHABYAHHS, JOCITAIUH

95% tounocTi (muB. puc. [.3), aje BTpadar4u 3AaTHICTH JO y3arajJbHEHHS Ha
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TECTOBUX Habopax AaHux (auB. puc. ['.1). HagmipHa KiJIbKICTh MapaMeTpiB 1 BUXiAHA
dopma (1, 1, 1, 410) cTBOprOIOTH YMOBU TS "3amaM'sTOByBaHHS" HaBUAIbHUX JaHUX
3aMICTh IXHBOTO y3arajJibHeHHs. Lle migkpecinroe HEOOXiqHICTh ONMTUMIBAIlT IIIXOM

BUJIAJICHHS HAJIMIIKOBUX MapaMeTPiB 1 perysapu3arii.

Mopens CNN_model 4, sika BUKOpUCTOBY€E OUTbII 30a1aHCOBAaHY apXITEKTYpYy,
3abe3neuye Haii6inbIn onTUManbHI pe3ynbTatd. Ii Buxigma dopma (2, 2, 2, 205) i
napaMeTpH, M0 CTaHOBIATH 564,775 y KIIOYOBHX INapax, JO3BOJISIIOTH JOCSATATH

BHCOKOiI TOYHOCTI 0€3 03HAK MepEeHaBYaHHS.
SNN

Y pesynpTaTi HaB4aHHS Ta TecTyBaHHS Moxaened SNN (Sparse Neural
Networks), oTrpuMani aHi 0yJI0 CHCTEeMaTH30BaHO y BUIJISIAL AlarpaM Ta rpadikis, 10
UTIOCTPYIOTh JMHAMIKY 3MIiH TOYHOCTI Ta BTpaT Ha eTanax HaBYaHHS 1 BaJlijarlii.
[IpoBenennii aHami3 J03BOJISIE 3pOOMTH BHCHOBKHM IIOJIO MPOJYKTUBHOCTI PI3HUX
apXITEKTYp, IXHbOI 3IaTHOCTI JI0 y3araJibHEHHS 03HAK Ta €(peKTUBHOCTI BUKOPUCTAHHS

00YMCIIIOBAJIBHUX PECYPCIB.

Apxitektypa SNN_model 1 (auB. Tabn. B.6) Big3HauaeThCss KOMIAKTHICTIO,
Maroun 294,497 mapametpiB 1 po3mip mozeni 1,12 Mb. 3a 10 enox HaBUYaHHS MOJIEb
nocsirae To4HOCT Bamigamii 92,87% (nuB. puc. ['.9) npu 3nmwxkenHi Brpat g0 0,273
(muB. puc. I'.10). Xoua 3pocTaHHS TOYHOCTI BIJIHOCHO IMOBUIbHE, TaKa CTPYKTypa
JEMOHCTPY€E CTaOUIBHICTh 1 HU3bKY CXWJIBHICTH 10 TI€pPEHABYaHHs, IO POOUTH Ti

OPUAATHOIO JUIS 3371a4 3 OOMEKEHUMHU 00UHCTIOBAIIBHUMH PECYPCAMH.

Mopens SNN model 2 (nuB. Taba. B.7), ska mictutrs 429,808 napamertpis
(1,64 Mb), nemoHCTpy€ 3HaYHE TOKPAILIEHHS, JOCATal0Yl TOYHOCTI Baniaamii 97,07%
(zuB. puc. I'.9) 1 BTpar 0,123 (qus. puc. I'.10). 3aBasku 611b111H KITBKOCTI MApaMETPIB,
1151 ApXITEKTypa Mae€ MOJIIIIEHY 3AaTHICTh 0 y3araibHeHHs. OnTUMaNbHa CTPYKTYpa
1i€i Mozeni 3a0e3neuye 6anaHnc MK TPOTYKTHUBHICTIO Ta CTIMKICTIO 0 TIepEeHABYAHHS,

HaBITh 0€3 BUKOPUCTAHHS CHEI1alli30BaHUX METOJIIB peryJisipu3aliii.
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Apxitektypu SNN _model 3 (nuB. Tabn. B.8) Ta SNN _model 4 (auB. Tabm.
B.9) nemonctpyrots mie Bumil pesyiabTaTH. 30kpeMa, SNN _model 4, sika BKIoyae
829,448 napamertpis (3,16 MB), nocsrae Tounocti Baniaamii 98,47% (nus. puc. I'.9) 31
3MeHIeHHaM Brpar 10 0,072 (nuB. puc. I'.10). Ii 36anancoBana apxiTexTypa 103B0JIsE
edeKTUBHO O0O0poOISITH CcKIaaHI 3amadi  kiacudikaiii, 3a0e3medyroud BHCOKY
CTaOUIbHICTh 1 TOYHICTh. 3MEHUICHHS PU3UKY MEpPEHABUAHHS JIOCATAETHCS 3aBSIKU

ocobnuBocTsM Tomnonorii SNN, sKi MIHIMI3YIOTh IEPEHACUYEHHS MOJIEN JaHUMHU.

Haiikpamii pesynbratu gemoHctpye SNN model 5 (auB. Tabna. B.10), ska
mictuTh 3,287,950 mapametpis (12,54 MB) 1 nocsirae Tounocti Bamiganii 99,17% (nus.
puc. 1'.9) 31 3menmennsm BTpar a0 0,029 (muB. puc. I'.10). Benuka KiIbKICTh
napaMmeTpiB Ii€i MojeNi JO03BOJISIE BUIUISATA BHUCOKOPIBHEBI O3HAKH, OJHAK II€
CYNPOBOJIKYETHCS 3HAYHUMHU BUMOTaMHU 710 00YMCITIOBAIbHUX pecypciB. Hezpaxkarouu
Ha CKJIaAHICTh, apxitekTypa SNN ngeMmoHcTpye BOyJIOBaHy CTIMKICTH [0

NepeHaBYaHHs, 1110 3yMOBJIEHO CIIEHU(]IKOIO ii CTPYKTYpHOI OpraHizarii.

3aranpauit  aHam3 wmojaened SNN  miaKpecaoe KIHYOBY pPOJb BHOOPY
apXITEeKTypH MJIg JOCSATHEHHS ONTUMAaJbHOTO CIIIBBIJIHONIEHHS MIX KIUJIBKICTIO
napameTpiB, 0OYMCIIOBAIBHUMH PeCypcaMu Ta NPOAYKTUBHICTIO. KoMIakTHI Mozem
€ eeKTUBHUMHU JUIS 3a/1ad 13 HU3bKMMHU BHUMOTAMH J0 PECypCiB, TOJ1 K CKJIIHIIII
apxIiTeKTypu 3a0e3leuyloTh BHILY TOYHICTh 1 3/JaTHICTb JO Yy3arajJbHEHHd, alie

BUMAararoTh OUIbIIE PECYPCIB ISl pealti3allii.
SNNO

VY pesynbTaTi HaBuaHHS Ta TectyBaHHS Moxaener SNNO (Sparse Neural
Networks Optimized), pe3ynabTaTd OyJIO CHCTEMAaTHU30BaHO Yy BUIJIAML JilarpaM Ta
rpadikiB, sIK1 JIEMOHCTPYIOTh JUHAMIKY 3MIH TOYHOCTI, BTPAT Ta KOMIIPECIi HapaMeTpiB
M1 yac HaBYaHHSA ¥ Bamigamii. [ 0OJJOBHOIO OCOOJMBICTIO IIMX MOJEIEH € MEXaHI3M
ONTUMI3aIlli, 110 aKTUBYEThCS 3 4-1 €MOXH, CTBOPIOIOYM HOBI Baru Ta BUIAISIOUU
HajuMIIKoBi. lle 703BoMsie AOCATTH BHCOKOi TPOIYKTUBHOCTI TMPU CYTTEBOMY

3MEHIIIEHHI KIJIbKOCT1 apaMeTpiB.



136

Apxitektypa SNNO_model 1 (nuB. Tabn. B.6) BHpI3HAETHCA KOMIAKTHICTIO,
Maroun 294,497 mnapameTpiB Ha TMOYATKy HABYaHHS, SIKI MICHS ONTUMI3ALl
3MeHIyoThes 10 130,144 (auB. puc. 4.6). Po3mip moxaeni 3menmyetses 3 1,12 Mb 1o
0,50 MB. IIpotsirom 10 ernmox HaBUYaHHS 1151 MOJIENb JOCATAE TOYHOCTI Bamiaarii 93,37%
(muB. puc. I'.15) npu 3umxenni Brpar a0 0,256. (quB. puc. ['.16) 3aBasku kommpecii
KUIBKICTh OOYHCJICHb 3HAYHO 3MEHIIYETHCS, BOJIHOYAC 30€pIraeThCs CTaOUIBHICTD Ta

e()eKTUBHICTh MOJIENI.

Mopens SNNO model 2 (auB. Tabn. B.7) neMoHCTpye KOMIpeciio 13
3MeHIIeHHsIM mapaMmeTpiB 3 429,808 mo 194,234 (auB. puc. 4.6). Po3mip mMopemi
ckopouyeTbest 3 1,64 Mb g0 0,74 MB. 1ls mozaens 3abe3nedye TOYHICTh Bajijariii
96,84% (muB. puc. I'.15) Ta Brpatn Ha piBHi 0,127 (muB. puc. I'.16). Mexanizm
onTUMI3aIlli 103BoJIsiE 30€perTy 3AaTHICTD JI0 y3araJlbHEHHS, 1110 3HAYHO M1BHIIYE i1

€()EeKTUBHICTb.

Apxitexktypa SNNO model 3 (auB. Taba. B.8) 3menmye napamerpu 3 606,207
1m0 279,298 (muB. puc. 4.6), a po3mip moxeni — 3 2,31 Mb mo 1,07 Mb. Monuens
JTEMOHCTpY€E TouHICTh Baijamii 98,17% (quB. puc. I'.15) npu Brpari 0,079 (nuB. puc.
['.16), mo cBIQUUTH MpO ii 3AATHICTb OO0 €(PEKTUBHOIO y3araJlbHEHHS HABITH Y

BHITQ/IKaX 3HAYHOI KOMITPECIi.

Mopens SNNO _model 4 (nuB. Taba. B.9) 3MeHIye KiIbKICTh TapaMeTpiB 13
829,448 no 388,419 (auB. puc. 4.6). Po3mip mojaeni ckopouyethes 3 3,16 Mb no 1,48
MB. Ilicns 10 emox HaB4aHHS MOJCNB JIOCATAaeE TOYHOCTI Bamigarii 98,41% Ta BTpar
Ha piBH1 0,067. AjganTUBHE CTBOPEHHS HOBHX Bar 1 BUJIAJICHHS 3alBHUX J03BOJISE

30epiraTi BUCOKY CTaOLIbHICTb 1 TOUHICTD.

Mogaenr SNNO model 5 (auB. Tab6mn. B.10), 13 mo4aTKOBOI KiJIBKICTIO
napametpiB 3,287,950, micas omrtumizalii 3MeHIye ix jgo 687,218 (nuB. puc. 4.6).
Po3mip mogeni ckopouyetbest 3 12,54 Mb no 2,62 Mb. 3a 10 enox HaBuYaHHS 115

MoOJENb gocsrae TogHocT Bamiaarii 99,02% (muB. puc. I'.15) npu BTpati 0,035 (1us.
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puc. I'.16). Taka mpoayKTUBHICTh MmiATBepkye 31aTHICTH SNNO mpamroBatu 3

BEJIMKOIO KUIBKICTIO MapaMeTpiB 0€3 BTpaTH TOUHOCTI.

Bif,coToK KinbKocTti napamertpis (%)
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Pucynok 4.4 - TTouaTkoBa Ta KiHIeBa KUJIBKICTb ITapaMeTpPiB MPH ONTHUMI3aLlli HAa BOKCEISX.

3aranpauii ananiz mozeneir SNNO migkpeciatoe eeKTUBHICTh BUKOPUCTAHOTO
MeToay omntuMmizarlii. BiH 103Bojis€e 3HAYHO 3MEHIIYBAaTH KUIBKICTh TMapaMeTpiB 1
00YHCITIOBANILHUX PECYpCiB, HE MOripuyouun TouyHocTi mozeini. Lle poouts SNNO
0COOJIMBO MPUBAOIUBUMHU JUIsl BUKOPUCTAHHS B 3a7ja4aX 3 OOMEXEHUMH pecypcami,

336631'16‘-1}/}0‘-11/1 BHCOKY HpOI[YKTI/IBHiCTB Ta a)_IaHTI/IBHiCTB 0 y3araJJbHCHHA O3HAK.

4.3.2 Kanacudikania 1aHux B BUTJISAAI CITOK

CNN

VY paMmkax HOBOTO €KCIIEpUMEHTY OyJI0 MPOBEICHO HaBYaHHS Ta TECTYBaHHS
mozeneit CNN (Convolutional Neural Networks), BukopucroBytoun aani y ¢popmari
BeplIuH ciTok (mesh data). Pe3ynbTaTtu poOOTH MOENIei CUCTEMAaTU30BaHO y BUTJISIAL
niarpam Ta rpadikiB, sIKi JEMOHCTPYIOTh 3MiHY TOYHOCTI, BTpAT Ta 1HIIMX MTOKa3HUKIB
Ha PI3HMX eTamax HaBYaHHs Ta Badifgarii. EkcriepuMeHT BUSBHB, IO JaHUW THII

MoOJIeNIell IEMOHCTPY€e OOMEXeHY e(EeKTHBHICTh y poOOTI 3 BepIIMHAMHU CITOK, 1
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30LIBIIEHHS 1X pO3MIpy HE 3a0e3Medy€e 3HAYHOTO MOKpPAIleHHs MPOAYKTHUBHOCTI, a B

NesSKUX BUIAJIKaX HaBITh MOTIPIIY€E PE3yJIbTaTH.

Apxitektypa CNN _model 1 (muB. Tabm. B.1) xapakTepu3yeThCcsi HAMEHIIIOO
KUIBKICTIO TapaMeTpiB cepejl pO3MBIHYTHX Mojaene — 269,179, mo Biamoigae
po3mipy 1,03 Mb. 3a 10 enox HaBUaHHS MOJIENb JOcsrae TOYHOCTI Bamigamii 60,25%
(muB. puc. I'.21) mpu Btpari 2,0565 (muB. puc. I'.22). Ilporsarom HaBYaHHS
CIIOCTEPITaEThCA TOBUIbHE 3pPOCTAHHS TOYHOCTI, IO CBIYUTH IIPO OOMEXKEHY
3/IaTHICTh MOJEII JI0 y3arajdbHEHHs O3HAK y JaHOMY THUI AaHuX. BogHouac mporec

BTpAT CTaOUII3Y€EThCS, alie 3aTUIIAETHCS BITHOCHO BUCOKUM.

Mogaens CNN _model 2 (muB. Tabn. B.2) mae OuibIny KiJbKICTh ITapaMeTPiB —
471,227 (1,80 MB), 110 3a6e3meuye MokpaiieHHs MpoAyKTUBHOCTI. TOUHICTh BastiAatii
nocsirae 79,02% (nuB. puc. I'.21), a BTpaTu 3amKkytotbes 10 0,1268 (aus. puc. 1.22).
OpnHak, He3BaXKarO4UM Ha MOKPAIICHHS TOYHOCTI, PE3YJIbTaTH BCE M€ 3aJUIIAIOTHCA

HEJIOCTaTHIMHU JJ1s1 €PEKTUBHOTO BUPIIICHHS CKJIAIHUX 3a7a4 Kiacuikaiii.

CNN model 3 (nuB. Tabn. B.3) nemoHCTpye pe3yibTaTH, MNOAIOHI [0
cnn_model 2:3a HasBHOCTI 605,677 nmapamerpiB (2,31 Mb) Mmoaens gocsirae TO4HOCTI
Baniganii 79,01% (quB. puc. I.21) 1 Brpar 0,1402 (quB. puc. ['.22). He3paxxatouu Ha
OUIBIITy KUIBKICTH MapaMeTpiB, i MPOAyKTUBHICTh He mepeBuirye cnn_model 2. Ile
CBIIYUTH MPO T€, 10 30UIBIICHHS KUIBKOCTI MapaMeTpiB HE 3aBXKIW MPU3BOIUTH 0
MOKPAIICHHS Pe3yJIbTaTiB, a TaKOK MOXKe OyTH MapHUM y 3a7adax i3 UM THIIOM

JTAHUX.

Mopens CNN_model 4 (auB. Tabn. B.4) i3 864,952 mapamerpamu (3,30 MB)
nocsirae TouHocTi Bamigamii 79,01% (auB. puc. I.21) npu Btpati 0,1302 (auB. puc.
I'.22). Apxitektypa mozeni 3abe3nedye cTablIbHUM MPOIEeC HAaBYAHHS, aje 3HOBY X
TaKHu HE JIEMOHCTPYE CYTTEBOTO MOKpaIlleHHs TOYHOCT1 y mopiBHsIHHI 3 CNN_model 3.
Ile miaTBepKye, MO 30LMBIICHHS PO3MIPY MOAECHI IMOHAJ TEBHUW MOpIr HE Ja€

A0JAaTKOBHUX IICpCBaAr.
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Haii0inbiry kigpkicTs mapameTpiB mae CNN_model 5 — 3,237,212 (12,35 MB)
(muB. Tabma. B.5). Ls monens gocsrae Tounocti Banigamii 78,03% (aus. puc. ['.21) npu
BTpati 0,2521 (nuB. puc. I'.22). He3Bakaroun Ha 3HaAYHY OOUMCIIIOBAJIbHY CKJIAJIHICTD,
il IPOJYKTUBHICTh € HAaBITh HIXKUOIO, HIK y MEHIIUX Mojeneil. Lle cBiquuTsh mnpo e,
10 HA/JIMIIKOBA KUIBKICTh MapaMeTpiB MOKE MOTIPITyBaTH MPOAYKTHBHICTH 1 HE

aIaNTYy€eTHCS HAJICKHUM YHMHOM JI0 TAaHUX Y (hopmaTi CITOK.

3aranpHUi aHami3 nokasye, mo Moaenai CNN maioTh 0OMEXKEHY 31aTHICTh 10
po0OTH 3 TaHUMU Y popMaTi CiTOK. 301TBIIIEHHS KUTHKOCTI TapaMeTPiB HE MPU3BOINUTH
JI0 CYTTEBOTO MOKPAIICHHS pPe3yJIbTaTIB 1 MOKE HaBITh MOTIPIITYBATH MPOTYKTUBHICTb.
Leit pe3yabTaT NIAKPECTIOE HEOOXIIHICTh PO3POOKH HOBUX MIIXO/IB 200 apXiTEKTyp

JUIsl epEKTUBHOI pOOOTH 3 JAHUMU TaKOTO TUITY.
SNN

Takox OyJio mpoBeIeHO HaBYaHHS Ta TecTyBaHHs Mozeneir SNN (Sparse Neural
Networks) 3 BukopuctaHHsM JaHux y ¢opmati citok (mesh data). PesynbTatn
EKCIIEPUMEHTY TPEJCTABICHI y BUIIAAI TaOmumb 1 rpadikiB, SKi UTIOCTPYIOTh
JUHAMIKY 3MiH TOYHOCTI, BTpaT Ta 1HIIMX KJIIOYOBHX MOKA3HUKIB HA PI3HUX eTamax
HaBYaHHA 1 Baiigaiii. Mera qociiKeHHs ToJisirajia y BA3BHAUYCHH1 3/JaTHOCTI MOJeneit
SNN anantyBatvca A0 cnenudikid JaHOTO TUIY NAHWUX Ta OLIHIN iX e()EeKTUBHOCTI

MOPIBHSHO 3 THIIMMH apXiTEKTypamHu.

Apxitektypa SNN model 1 (auB. Tab6n. B.6) BUpI3HSAETHCS HaANMEHIIOO
KUTBKICTIO TapaMeTpiB cepell po3rsHyTHX Mojened — 294,497, mo BigmoBigae
posmipy 1,12 MB. Ilicns 10 emox HaBYaHHS MOJCNIb JOCSATA€ TOYHOCTI Bamimarli
83,05% (muB. puc. I'.27) npu Brpati 0,3502 (muB. puc. 1'.28). IIpore, mocrymnose
3pOCTaHHS TOYHOCTI TPOTATOM HABYaHHS CBIMYUTh TPO TEBHI OOMEXKEHHS IIi€i
apXITEKTYpH y 3/IaTHOCTI 0 €(EeKTUBHOTO y3araJibHEHHS O3HaK y AaHOMY (opmari

JTaHUX.

Mognens SNN_model 2 (muB. Tabn. B.7) i3 429,808 mapamerpamu (1,64 Mb)

JIEMOHCTPY€E MOMITHE TTOKPAIICHHS, TOCITalo4 TOYHOCTI Baiigarii 88,50% (auB. puc.
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['.27) npu Brpati 0,1503 (muB. puc. I'.28). 3aBasku 30alaHCOBaHIi CTPYKTYypi, LI
MOJIEITb IEMOHCTPYE CTaOUTbHY TUHAMIKY 3pDOCTaHHS TOYHOCTI Ta 3MEHIIICHHS BTpaT,
0COOJIMBO MICJISI 1’ AITOT €MOXH, 110 CBIAYMTH PO 11 J0OpYy ajanTallio 10 HOBOTO TUITY

aHUX.

SNN_ model 3 (quB. Ta6a. B.8), sika mictuth 606,207 nmapametpis (2,31 MB),
3a0e3meuye CyTTEBE MOKPAIIECHHS MOPIBHSHO 3 MOMEPETHBOI0 MOJIEIUTIO, JOCITAI0UH
TouHOCTI Bamigamii 92,46% (aus. puc. [.27) npu Btpari 0,1102 (quB. puc. I.28).
3pocTaHHsl TOYHOCTI Ta 3MEHINIEHHS BTPAT IEMOHCTPYIOTh BUCOKY €(EKTUBHICT ITi€i

MOJIe JTsl poOOTH 3 TaHUMU y (OPMATi CITOK.

Mogaens SNN model 4 (muB. Ta6n. B.9) 13 829,448 mapamerpamu (3,16 MBb)
JIEMOHCTPY€E HaWKpaIlli pe3yJbTaTh cepell MPEACTaBICHUX apXiTeKTyp. BoHa mocsrae
touHocTi Bamigamii 94,93% (auB. puc. [.27) npu Brpari 0,0902 (muB. puc. 1.28).
CrabuIbHICTh HABYAHHS CIIOCTEPITAETHCS BXKE IMICIIS IIOCTOI €MOXH, 110 MIIKPECIIoE 11

BHUCOKY SHaTHiCTB A0 y3arajJbHCHHS O3HAK Ta aI[aHTaL[i'l' J0 CKIIaJHUX JaHUX.

Haitbinbima 3a kuibkicTio mapamerpiB Moaenb, SNN model 5 (3,287,950
napametpis, 12,54 Mb) (quB. Taba. B.10), nocsrae Tounocti Banigamii 94,30% (nus.
puc. I'.27) npu Btpati 0,0354 (nuB. puc. I'.28). He3paxkaroun Ha 3HaYHY KUJIBKICTb
napaMmeTpiB 1 OOYUCITIOBATIBHY CKJIAJIHICTh, MPOAYKTUBHICTD Ili€1 MOJIE1 BKa3ye Ha ii
3aTHICTh €(QEKTUBHO TMpaIoBaTH 31 CKJIAAHUMH oO3Hakamu. [IpoTe 3pocTanHHs
napaMeTpiB MICl TMEBHOTO PIBHS JEMOHCTPY€E 3MEHIICHHS €()EeKTHUBHOCTI MO0

3pOCTaHHS TOYHOCTI.

3aranpHUI aHaJi3 CBIMUNTh, o MoAem SNN mo0pe aganTyoThCs 10 poOOTH 3
naHuMu 'y Gopmati citTok. BoHH JeMOHCTpPYIOTh cTablIbHE 3pOCTAHHS TOYHOCTI Ta
3MEHILEHHS BTPAT 13 KOKHOIO €MOXOI0, TPOTE MPOAYKTUBHICTh 3HAYHO 3AJIEKUTH Bij
OaJlaHCy MK CKJIQHICTIO apXiTEeKTypH Ta OOYMCIIOBAIIbBHUMHU pecypcamu. Mogeni
SNN model 4 1 SNN model 5 mnoxkazanu wHalikpanii pe3ylbTaTd, TOMI 5K
SNN model 1 ta SNN model 2 3anumarotecs edeKTUBHUMHU IS 3adad 13

0OMEKECHUMH OOYMCITIOBATLHIMH MOYKJIMBOCTSIMH.
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SNNO

Y Mexkax HOBOTO €KCIIEPUMEHTY OYyJI0 NPOBEICHO HAaBUAHHS Ta TECTYBaHHS
ontuMizoBanux mojeneir SNNO (Sparse Neural Networks Optimized), cipsimoBane
Ha OIIHKY IXHBOI 3AaTHOCTI 10 KoMmIpecli mapamMerpiB 1 30epekeHHsS BHCOKOI
MPOAYKTUBHOCTI Mpu poOoTi 3 nanumu y dopmarti citok (mesh data). Pesynbratu
EKCIIEPUMEHTY TMPEACTaBICHI y BUIIIAMI Tabmuik 1 rpadikis, sKi BigoOpaxaroThb
JUHAMIKy 3MIH KIJbKOCTI IapaMeTpiB, TOYHOCTI, BTpaT Ta IHIIUX KIHOUYOBHUX

MOKA3HMKIB HA PI3HUX €Tanax HaBYaHH 1 BaJiallii.

Apxitektypa snno_model 1 (zuB. Tabi. B.6) Bkimtouae 294,497 napameTpis, siki
micis KoMrmpecii 3MmeHmyioThes g0 173,207 (muB. puc. 4.7). Posmip mopeni
ckopouyetbest 3 1,12 Mb 1o 0,66 Mb. Ilicns 10 enox HaBYaHHS MOJIEh IEMOHCTPYE
TOYHICTh Bamigarii Ha piBHI 84,03% (muB. puc. I'.33) npu BTpari 0,2816 (quB. puc.
['.34). He3Baxaroum Ha 3HAYHE 3MEHIICHHS KUIBKOCTI IapaMeTpiB, MOJEIb
JEMOHCTPY€E CTaOUIbHE 3POCTAHHS TOYHOCTI, IO CBIAYMTH MPO ii aJaNTUBHICTH J10

crienu(piku TaHUX.

Monens snno_model 2 (quB. Tabs. B.7), 13 mo4aTkoBOIO KUTBKICTIO TTapaMeTpiB
429,808, micis ontumizaiiii 3meHmye ix no 229,779 (aus. puc. 4.7). Po3mip moneni
ckopouyetbest 3 1,64 Mb ngo 0,88 Mb. Ilicna 10 emox HaBYaHHS MOJIETb JOCSTAE
TouHocTi Bamigamii 87,16% (aus. puc. I.33) npu Brpari 0,1393 (nuB. puc. 1.34).
EdekTuBHICTS KOMIpECii NIATBEPAKYETHCSA 30€pEKEHHAM 3JaTHOCTI J0 y3arajJbHEHHS

O3HaK Ta CTa01IbHUM 3MEHILEHHSAM BTpAT.

snno_model 3 (quB. Tabn. B.8) nemoHCTpye 1€ BUIUI piBEHb KOMIpeECii, 31
3MEHIIECHHSIM KUIbKOCTI mapamerpiB 3 606,207 no 357,566 (nuB. puc. 4.7). Po3mip
mozeni 3HuwxkyeTbea 3 2,31 Mb no 1,36 Mb. Tounicts Bamigamii micias 10 emox
craHoBuTh 88,35% (mauB. puc. 1'.33), npu Btpati 0,0869 (muB. puc. [.34). L4
apXiTeKTypa €(QEeKTHBHO TO€JHYE ONTHMI3aLII0 [apaMeTpiB 13  BUCOKOIO

IPOIYKTUBHICTIO IIPH aHAJI31 JaHUX y OpMaTI CITOK.
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Mogens snno_model 4 (quB. Tabn. B.9) mae mo4aTkoBY KUJIbKICTh apamMeTpiB
829,448, ska micns onmTuMmizaiii 3MeHITyeTbes 10 442,169 (muB. puc. 4.7). Po3mip
Mozeni ckopouyethes 3 3,16 Mb no 1,69 Mb. Tounicts Baniganii nocsirae 94,56%
(muB. puc. I'.33) mpu BTpari 0,0744 (quB. puc. I'.34) micns 10 enox HaB4aHHS. 3aBAsIKU
30aJlaHCOBaHIM apXITEKTypi MoJenb 3abe3reuye TIIMOOKE y3arajJbHEHHS O3HaK,
30epiraroun CTaOUIBHICTh 1 BHCOKY TOYHICTh HAaBITh MNPHU 3HAYHIA Kommpecii

napameTpiB.

snno_model 5 (auB. Tabn. B.10), Haii0inpma 3a KUIBKICTIO TMapaMeTpiB
(3,287,950), micnsa ontumizarii 3menmye ix mo 1,098,343 (auB. puc. 4.7). Po3mip
Mozeni ckopouyethes 3 12,54 Mb o 4,19 Mb. Tounicts Bamigaiii gocsirae 96,54%
(muB. puc. I'.33) mpu BTpari 0,0372 (muB. puc. 1.34). Hespaxkarounm Ha CyTTEBE
3MEHIIICHHS [TapaMeTpiB, MOJIENb IEMOHCTPY€E BUHATKOBY MPOTyKTUBHICTb 1 3MaTHICTh

MpaIloBaTy 31 CKJIAJTHUMHU HAOOpaMH JTaHUX.
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Pucynok 4.5 - [TouaTkoBa Ta KiHIIeBa KUJIbKICTh TApaMeTpPiB MPH ONTUMI3aLlii Ha CITKaX.

3aranpHuil aHamiz miaTBepaKye, mo Moneni SNNO neMOHCTPYIOTh BHCOKY
e(eKTUBHICTh Y KOMIpecii mapameTpiB, 30epirarouu 3/aTHICTh 10 y3arajibHEHHS Ta
amanTanii 1m0 naHux y Qopmari citok. Haiikpamii pe3ynbTaTd JOCSITHYTO 3a

normomororo  Mozeneii snno model 4 1 snno _model 5, ski 3a0e3neuyyroTh
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ONTHUMAJIbHUM OajaHC MDK KOMIIPECIE€I0, TOYHICTIO Ta OOYUCIIOBAIBHOIO
epexTuBHICTIO. Taki apXiTeKTypu € NEPCIEeKTUBHUMM s 33434 13 BHCOKHMU

BUMOTaMH JI0 TTPOJYKTUBHOCTI Ta OOMEKCHUMHU 00UHCITIOBAIbLHIMH PECYpCaMH.
4.4 IlopiBHAIBLHUIT aHAJI3

Jns popmymroBaHHS OOTPYHTOBAHMX BHUCHOBKIB MO0 €()EKTUBHOCTI pOOOTH
HOBOI TOTOJIOTIi Ta 3aCTOCOBAaHUX OINTHUMI3aTOPiB, MPOBEICHO MOPIBHSIBHUN aHai3
mMozene knacudikaropiB [53]. O6’€KTOM MOPIBHSHHS CTaJIM MOJIENI OJHAKOBOTO
pO3Mipy, /i€ pO3Mip BU3HAUAETHCS SIK 3arajibHa KUTbKICTh [MapaMeTpiB, 110 M1Ta0ThCS

HAaBYaHHIO MIJIAXOM 3BOPOTHOI'O PO3IMOBCIOIKCHHA ITOMUJIKH.

Y paMkax JOCHiTKEHHS TMiJg dYac BHPIBHIOBAHHS MOJEIEH 3a KUIBKICTIO
napaMeTpiB JIOTPUMYBAJIUCH MPUHITUITY MPHUOJU3HOT PIBHOCTI, OCKUIBKHK crienudika
TOTOJIOT1 HakjaJae TEBHI OOMEXEHHS Ha KpaTHICTh mapaMmeTpiB. 30Kpema,
OOMEXEHHS MOXYTh OyTH OOYMOBIICHI apXITEeKTYpHUMH BHMOTaMH, TaKUMH SK
¢dikcoBaHa KIJTBKICTh HEMPOHIB y IIapax abo 3aJeXHICTh MIXK po3MipaMH IIapiB y
PO3IIMPIOBATIBHO-3BYXKYBaJIbHUX  Tomojorisix. lle 3abe3meuye  KOpEKTHICTb

MOPIBHSHHS, 30€pirarouu piBHICTh BUXITHUX YMOB JIJIsl aHATI3Y.

BianoBigHo 10 METOMMKH, OyJM MPOTECTOBAHI Pi3HI apXiTEKTYpU HEUPOHHUX

MEpEexX 3 ypaxyBaHHSIM TaKUX MapaMeTpiB:

— 3a0e3MedYeHo BITHOCHO PIBHY KIJIBKICTh MTapaMeTpPIB IJIs PI3HUX apXiTEKTYp, 110
JI03BOJISIE 3ICTABISITH PE3yJbTaTH 0O€3 BIUIMBY AHCIPONOPIi y CKIATHOCTI
MOJICJICH;

— JIOCHIJKEHO aJalTUBHI MOJJIMBOCTI MOJENed Yy Tpoleci HaBYaHHA 3
BUKOPUCTAHHSAM PI3HUX QITOPUTMIB OMNTHMI3aIlli, BKJIIOYAIOYN aJalTHBHI
METO/IM Nepedy10BU 3B’ SI3KIB;

— OUIHIOBAJIKUCH PE3yJIbTaTH MOJENEH 00 31aTHOCTI KOPEKTHO Kiacu(diKyBaTH

TPUBUMIPHI JaH1 IpH PI3HUX HAOOpax BXiAHUX YMOB.
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OTpumaHni pe3yabTaTH JT03BOJISIOTH 00’ €KTUBHO OIIIHUTH BILUIMB 3aIPOIIOHOBAHUX
YAOCKOHAJIeHh Ha TOYHICTh 1 TPOAYKTUBHICTh Kiacudikarii. Takuii migxig €
YHIBEpCAJIIBHUM JUIsl TIOPIBHSAHHS MOJIEJICH 13 pI3HUMH TOIOJIOTISIMUA Ta 3a0e3nedye

00’ €KTUBHICTh aHaJI13y HaBITh 32 YMOB HEOJHOPITHUX MTapaMETPUUYHUX OOMEKEHb.

PosrnssHeMo po3mnoit KiTbKOCTI MapaMeTpiB B MOJISTISAX.
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H snno 294497 429808 606207 829448 3287950
Hsnn 294497 429808 606207 829448 3287950
chn 269179 471227 605677 864952 3237212

Pucynoxk 4.6 - [TouaTkoBHiA pO3MOIiT MOIENEH 3a KUTBbKICTIO TapaMeTpiB.

bauumo (auB. puc. 4.8), mo monent SNN ta SNNO maroTh 0JJHAKOBY KIJIBKICTh
napaMmeTpiB Ha ToYaTKy HaB4aHHs. [le 3yMOBIEHO THM, 1110 apXITEKTYPH IIUX MOJIEIICH
€ 1IEHTUYHUMH, 32 BUHATKOM BHKOPHCTOBYBAaHHMX METOJIB ONTHMI3alii. Y mopemi
SNNO peanizoBaHO MEXaHI3MH TUHAMIYHOTO yIPABIiHHS 3B’ I3KaMH, 10 Tiepeadadae
BUJIAJICHHS] MAJIO3HAYYIIMX 3B’SI3KIB 1 CTBOPEHHSI HOBHX II1J] YaC HAaBYaHHA. 3aBISKU
[bOMY KIJIBKICTh apaMeTPiB Y MOAEIISIX I[bOTO TUITY 3MIHIOETHCS ITPOTITOM HAaBUAHHS,

110 JO3BOJISIE OLIHUTH €(DEKTUBHICTh POOOTH ONTUMI3aTOPIB HAa PI3HUX €Tallax.

Jlanuit po3moaisi mapaMeTpiB € YHIBEPCATBLHUM JIJIs1 000X €KCIIEPUMEHTIB, OCKLIBKU
CTPYKTypa Ta apXiTEeKTypa MOJeNel 3alIHIIaloThCsd HE3MIHHUMHU. BaXIMBO TakoX
3a3HAYUTH, IO TEPIITi YOTUPHU MOJIETIi IEMOHCTPYIOTh TOCTYIIOBE 3POCTaHHS KUTHKOCTI

napameTpiB. Lle 3po0ieHo s TOro, Mmoo AOCTIANTH, K 3aJEKUTh MPOTYKTUBHICTD
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MojieNiel Bij 30UIbIIEHHS KIJIBKOCTI MapaMeTpiB. 30Kpema, aHali3 TaKhuX MOJeNeu
JI03BOJISIE BUSBUTH ONTUMAJIbHUNA OallaHC MIXK CKJIAAHICTIO MOJIel Ta il 34aTHICTIO 10

y3araJbHCHH:.

OxkpeMy yBary 3acilyroBy€ IT’siTa MOJEJb, SIKa Ma€ 3HAYHO OUIbIIY KUIBKICTh
napameTpiB y MOPiBHSAHHI 3 onepeaHiMu. g Moaens Oyna po3poOieHa He Juie st
aHaTI3y 3aJIEKHOCTI MK KUIBKICTIO TTapaMeTpPiB 1 TOUHICTIO Kiacudikarlii, ane i s
JOCIIJIKEHHST 3[JaTHOCTI MOJIEJe CHpaBisATHUCA 3 IMepeHaBYaHHAM. BukopucTaHHS
TaKMX BEJTUKHUX MOJICTICH JO3BOJIAE OIIIHUTH, HACKUIHKM aMalTHBHI ONTHMI3aTOPH
3aTHI 3HIKYBAaTH OOYHCIIOBAIBHY CKJIAIHICTh, 30€piralouu Mpu IbOMY BHUCOKY

TOYHICTb 1 CTIMKICTb JIO EpEHABYAHHSI.

Tenep PO3TTIIHEMO 10300005071 pO31'IOL[iJ'I, ITCJIs HAaBYaHHS Ta 3p06HMO BHUCHOBKH.
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, el st N EEE SN

model_1 model_2 model_3 model_4 model_5
H snno 130144 194234 279298 388419 687218
B snn 294497 429808 606207 829448 3287950
mcnn 269179 471227 605677 864952 3237212

Pucynok 4.7 - KinueBuii po3noain Mojieneit 3a KUIbKICTIO TapaMeTpiB AJIst BOKCEIIB.
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model_1 model_2 model_3 model_4 model_5

H snno 173207 229779 357566 442169 1098343
M snn 294497 429808 606207 829448 3287950
cnn 269179 471227 605677 864952 3237212

Pucynoxk 4.8 - KinueBuii po3no/in Mojenei 3a KUTbKIiCTIO TapaMeTpiB s CITOK.

Ax OGaunmo (auB. puc. 4.9, 4.10), onTUMI3aTOpPU JIEMOHCTPYIOTh ITO3UTHBHI
pe3yibTaTH. 30KpeMa, MOXKHA MMOMITHTH, [0 TPHU aHaIi31 BOKCENIB ONTHUMI3aTop Ha
NEePIIUX YOTUPHOX MoJesax 3anumiae Omu3pko 30% mapaMerpiB BiJf MOYAaTKOBOL
KuIbKoCTI. Llelt pe3ynbTaT Hao4HO uTtocTpye rpadik 4.3. Y Bunaaky poOOTH 13 CITKaMH
ontumizarop 30epirae mpubauzHo 35% mnapameTpiB, IO CBIIYUTH MPO CKIIAHICTD
bOT0 TUIY AaHUX I kKiacudikarii Mmoaemao. CITKU € CTPYKTYPHO CKIIQIHIIIUMU
CYTHOCTSIMH, OCK1JTbKYA BOHH CITOYATKy CTBOPIOBATIUCH JIJIsl MOJIef0BaHHS 3D-00"€KTiB
1 1u3aiiHy, M0 NoTpedye OUIBIIOT0 00CATY mapaMeTpiB JUIsl TOYHOTO MPEICTABICHHS

Ta aHaJi3y IXHBOI T€OMETPIi.

i criocTepekeHHs 103BOJISAIOTh 3pOOUTH MPUNYILEHHS, 1[0 TOYHICTh MOJENIEH y
BUIMAJIKY POOOTH 13 CITKaMu OyJe HIXKYOIO, a/pKe ONTuUMi3aTop 30epir Ouibury
KUIBKICTh ITapaMeTpiB JJis1 0OpOOKH I11€1 CKIIAIHOT CTPYKTYPH. Y TOM Yac sIK y BUIAAKY
3 BOKCEJISIMU OINTHUMI3ATOP 3AaT€H 3MEHIIUTU KIIbKICTh mapameTpiB 0€3 3HAYHOTO
BIJIMBY Ha MPOJYKTUBHICTH, IO BKa3y€ Ha OUIbIN e(heKTUBHY 0OpOOKY IHOTO THITY
naHuX. TakuM YUHOM, XapakTep 30epeKeHHS MapaMeTpiB MOJAENi JIEMOHCTPYE

YYTJUBICTh 1 aJalITUBHICTh ONTUMI3AaTOpPa A0 TUIY BXIAHUX JAHMX, MIJKPECIIOIYH
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BAXJIMBICTh BHUKOPHUCTAHHA CHEUM(PIYHUX HaJalITyBaHb Il  3a0e3MeYeHHA

ONTHUMAJIBHOI TPOTYKTUBHOCTI KJIacuikarii.

Tenmep mopiBHIEMO MOl 3a TOYHICTIO. [l 1boro BUHEeceMO Ha rpadik
pe3yJIbTaTh MOJENIeH OJHAKOBOTO PO3MIPY Ta MPOAHATI3YEMO TXHIO MPOAYKTHUBHICTb.
[TopiBHSHHSA TPOBOAUTHUMEMO BUKJIIOUHO HA OCHOBI JaHUX 13 BaJIiAaIiiHOrO HAbOpYy,
OCKIJIbKHM CaM€ BOHHM B1OOpaXKaroTh 3/IaTHICTh MOJIEJICH /10 y3arajlbHEHHS, YHUKAIOUH
BIUIMBY NepeHaBuYaHHs. Bci 1HIN pe3yibTaTd, BKIOYAKOYM BTPATH Ta TOYHICTh Ha

HaBYaJIbLHOMY Ha0opi, npeacranieHi y Jlogatky I

Po3nounemo 3 Mozenen 1o npauroBaiy 3 BOKCEISIMMU.

P _ / S—_—
o /
08 -
e
S 0,6 /
0
-
S
I
5 0,4
-
0,2

Enoxa
10

—&—snno_model_1| 0,5643 | 0,6816 | 0,7451 | 0,7840 | 0,8197 | 0,8601 | 0,8721 | 0,9017 | 0,9188 | 0,9337
snn_model_1 | 0,5458 | 0,6794 | 0,7346 | 0,7839 | 0,8162 | 0,8493 | 0,8696 | 0,8943 | 0,9160 | 0,9287
cnn_model_1 | 0,5463 | 0,6039 | 0,6056 | 0,6481 | 0,6460 | 0,6902 | 0,6723 | 0,6815 | 0,7060 | 0,7086

Enoxa 1| Enoxa 2 |Enoxa 3 |Enoxa 4 |Enoxa 5 | Enoxa 6 | Emoxa 7 | Enoxa 8 | Enoxa 9

Pucynok 4.9 - TlopiBHsiHHS BaniganiiHol TOYHOCTI Mojeneil kinacy model 1 ans BokceniB (Oiblie
- Kpaie).

Model 1 (auB. puc. 4.11) nokasye, 1o Jjs 3ropTKOBOT MEPEki Takoi KiIbKOCTI
napaMeTpiB HEIOCTATHRO VIS y3aralbHEeHHS, Toal Sk SNN Mo1eli MOKa3yrTh 3HAYHO

Kpallyi pe3yJIbTar.
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1,2
! v NN TR |
- 0,8
S
0
G 0,6
I
T
o
-
0,4
0,2
0
Enoxa
Enoxa 1l |Enoxa 2 |Enoxa 3 |Enoxa 4 |Enoxa 5 | Enoxa 6 | Emoxa 7 | Enoxa 8 | Enoxa 9 10
—&—snno_model_2| 0,6130 | 0,7431 | 0,7937 | 0,8380 | 0,8742 | 0,9100 | 0,9308 | 0,9480 | 0,9588 | 0,9684
~#—snn_model_2 | 0,6104 | 0,7324 | 0,7916 | 0,8333 | 0,8786 | 0,9078 | 0,9318 | 0,9472 | 0,9590 | 0,9707
cnn_model_2 | 0,6718 | 0,7831 | 0,8330 | 0,8677 | 0,8934 | 0,9073 | 0,9293 | 0,9487 | 0,9533 | 0,9640

Pucynox 4.10 - TlopiBHsIHHS BaiigamiitHoi TouHOCTI Moenel kiaacy model 2 mist BokceniB (Oiyibie
- Kpaiie).

Bceworo tpoxu 6inbiie napamerpis 1 Bxke Ha Model 2 3ropTkoBa mepeska maiixe

MOBHICTIO BUPIBHIOETHCS 3 PO3pikeHnMH (AuB. puc. 4.12). | HaBiTh TpoXu oOraHse ix

JI0 5 ernoxu.
1,2
_ 0,8 E /2‘/_
S
2 }
5 0,6
I
T
<)
-
0,4
0,2
0
Enoxa
Enoxa 1l |Enoxa 2 |Enoxa 3 |Enoxa 4 |Enoxa 5 | Enoxa 6 | Emoxa 7 | Enoxa 8 | Enoxa 9 10

—&—snno_model_3| 0,6610 | 0,7707 | 0,8245 | 0,8723 | 0,9080 | 0,9332 | 0,9545 | 0,9661 | 0,9743 | 0,9817
——snn_model_3 | 0,6480 | 0,7643 | 0,8242 | 0,8624 | 0,9066 | 0,9284 | 0,9523 | 0,9669 | 0,9751 | 0,9804
cnn_model_3 | 0,6789 | 0,7775 | 0,8282 | 0,8717 | 0,8917 | 0,9130 | 0,9350 | 0,9461 | 0,9579 | 0,9649

Pucynok 4.11 - [opiBHsIHHS BasigariitHoi TouHOCTI Mojesnel kinacy model 3 s BokceniB (OuibIe
- Kpartie).
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baunmo (auB. puc. 4.13), 1o Bci Tpu MOJEN1 AEMOHCTPYIOTh MailKe 1€ HTUYHHMA
pe3yabTaT Ha BCiX enoxax HaBuaHHs. Taka CXOXICTh y MOBEAIHIII MOJIeNIeld YaCTKOBO
MOSICHIOETHCA IXHIMHM CXOXUMHU MEXaH13MaMu poOOTH 3 TaHUMH BCEPEAMHI MEpexi.
3okpema, KOKHA 3 Mojelield peanidye OO4YMCICHHs, SKI NependadaroTb MHOXKECHHS
3HAYCHb y TIEBHINM 00JIacTi HAa BCTAHOBJIEHI KOS(DIIIEHTH, MOAANIbIIE CyMYBaHHS ITUX
3Ha4YCHbB Ta Mepeady pe3yabTaTy 10 GyHKiii aktuBarltii. L{el miaxing € yHiBepcalbHUM
JU1s1 0araTboX apXiTEKTyp HEHPOHHUX MEPEK, 1110 1 3a0e3euye Mo 1iI0HICTh OTPUMAHUX

pe3yNbTaTiB.

Opnak, He3Ba)kKarouu Ha TOMIOHICT, MEXaHI13MIB OOYHCIICHB, TPUPOJIa MOJIeTIeiH
€ pi3Ho10. 3ropTkoBi HepoHHi Mepexi (CNN) BUKOpHUCTOBYIOTH 3adhiKCOBaHI spa
3TOPTKH, SIKI BU3HAYAIOTHCS JO HABYAHHS 1 3aIUINAIOThCA He3MIHHMMU. L1 snapa €
OCHOBOIO JIJII BUJIYUCHHS JIOKAJIbHUX O3HaK 13 JaHuX, 110 poouts CNN Ha 3BUYAIHO
eeKTUBHUMU 711 pOOOTH 3 MPOCTOPOBUMHU CTPYKTYypaMH, TAKUMHU SK 300paKEHHS

ab0 TpUBUMIPHI JaHi.

Ha BigmiHy Big 1IbOTO, Y 3alpOTIOHOBAHIM TOMOJOTIi MOAeNi "siapa 3ropTku" €
yacTUHOIO Bar mapy. lle o3nauae, mo koediuieHtu, siki B CNN 3amumarorbes
HE3MIHHUMHU, Y HOBIN TOIOJIOTIT MOXYTh JUHAMIYHO 3MIHIOBATHUCS 1]l YaC HaBUYAHHS
Ta aJanTyBaTUCS 10 crenudiKyd BXITHUX JaHUX. Takui miaxin 3adesnedye OuIbIry
THYYKICTh MOJIETI, JTO3BOJISIIOUM il OUIbII TOYHO BPaxoOBYBAaTU 3aJIEKHOCTI MIiX

napaMeTpaMy BX1AHUX JTaHUX.

Takum ynHOM, X04a rpadiku MOJENIEH TEMOHCTPYIOTh CX0XKY MPOTYKTUBHICTD,
OIIXOAM /0 OOpOOKM JaHUX Yy IUX apXITeKTypax CYTTEBO BIJIPI3HIIOTHCS.
3anporoHOBaHa TOIOJOTISA 3aBASKH CBOIM JHMHAMIYHOCTI ITOTEHIIMHO 34aTHa
NepeBepIlyBaTh KJIACUYHI 3rOPTKOBI MOJIENI Y BUMAAKaX, KOJU aJanTailis 10 HOBUX

YMOB JaHUX € KPUTHUYIHORO.
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1,2
1 - —N
- 0,8
S
0
S 06
I
T
o
-
0,4
0,2
0
Enoxa
Enoxa 1l |Enoxa 2 |Enoxa 3 |Enoxa 4 |Enoxa 5 | Enoxa 6 | Emoxa 7 | Enoxa 8 | Enoxa 9 10
—&—snno_model_4| 0,6740 | 0,7897 | 0,8466 | 0,8911 | 0,9238 | 0,9431 | 0,9624 | 0,9692 | 0,9811 | 0,9840
~#—snn_model_4 | 0,6788 | 0,7838 | 0,8514 | 0,8920 | 0,9228 | 0,9426 | 0,9623 | 0,9741 | 0,9818 | 0,9847
cnn_model_4 | 0,6551 | 0,7535 | 0,8149 | 0,8638 | 0,8778 | 0,9052 | 0,9348 | 0,9505 | 0,9635 | 0,9631

Pucynox 4.12 - TlopiBHsIHHS BajifamiitHoi TouHOCT1 Moenel kiaacy model 4 st BokceniB (Oiyibie
- Kpaiie).

I B3xe Ha Model 4 6aunmo, 1110 3ropTKOBa Mepexa royasa nepeHaByaTuch (JIuB.

puc. 4.14). Ha nanux monemnsx 1ie He HACTUIbKU MOMITHO, TOMY € CEHC PO3TJISHYTH

Model 5.

1,2
1
- 0,8
S
0
5 0,6
I
T
o
-
0,4
0,2
0
Enoxa
Enoxa 1l |Enoxa 2 |Enoxa 3 |Enoxa 4 |Enoxa 5 | Enoxa 6 | Emoxa 7 | Enoxa 8 | Enoxa 9 10
—&—snno_model_5/| 0,7348 | 0,8506 | 0,9162 | 0,9486 | 0,9719 | 0,9809 | 0,9827 | 0,9896 | 0,9880 | 0,9901
~#—snn_model_5 | 0,7363 | 0,8517 | 0,9155 | 0,9524 | 0,9724 | 0,9760 | 0,9842 | 0,9878 | 0,9895 | 0,9917
cnn_model_5 | 0,5873 | 0,7126 | 0,7700 | 0,8218 | 0,8453 | 0,8934 | 0,9025 | 0,9277 | 0,9417 | 0,9501

Pucynok 4.13 - [lopiBHsSIHHS BaJligaIiitHoi TouHOCTI Mojesnel kinacy model 5 mis BokceniB (OuibIe
- Kpartie).
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CnocrtepiraeMo TOMITHY TEHJEHII0 (nuB. puc. 4.15), 3ropTkoBa Mepexa
JEMOHCTPY€E 3HAYHO CHUJIBHILIE MEPEHAaBYaHHS, TO/1 SIK pO3PIIHKEH] MOJEIN1, HAaBIIaKH,
IOKa3aJM IOKpAallleHHs TOYHOCTI NpuOau3Ho Ha 1%. Ll pi3HMUS € BaXJIMBUM
MOKa3HUKOM €()EKTUBHOCTI BUKOPUCTAHHS PO3PIINKEHOI TOIMOJOTIi 3 aaropuTMOM

(opMyBaHHS 3B’ SA3KIB.

BapTo Tako miAKpecauTH, 1110 BUJAJICHHS O3HAK Y PO3PILIKEHUX MOJEISAX HE
MaJIo HEraTMBHOI'O BIUIMBY Ha iXHIO TOYHICTb. [lONpH CyTTEBE 3MEHIIEHHS KUIBKOCTI
napaMmeTpiB, MoJeib 30eperjia CBOK 3JaTHICTh 10 Kiacu@ikauii 3 J0CTaTHHOIO
TouHicTiO. Lleli pe3ynbrar neMoHCTpye €(PEeKTHBHICTh BUIAJICHHS MajlO3HAUYIIUX
3B’SI3KIB, 10 JIO3BOJISIE ONTHUMI3yBaTH CTPYKTypy Mozeni 0e3 BTparu ii

IPOJYKTUBHOCTI.

[Ipote, anaii3 TakoX BKa3y€e Ha T€, IO BILUIUB HOBUX HEHPOHHUX 3B’SI3KiB, SIKi
CTBOPIOIOTHCSI B paMKax ONTHMI3aTOPiB, 3aJIMIIaeTbcsa He3HauHUM. Ha ibomy etamni He
CIIOCTEPITaETHCS CYTTEBOTO MOKPALIEHHS! TOYHOCTI, SIKE€ MOXHa 0yJ10 6 6e3mocepeiHbO
NOB’sI3aTH 3 HOBUMH 3B’si3kaMu. IIpote, IXHs posib y KoMIeHcalii MOXIUBUX BTpAT
TOYHOCT1 TIICJ BUJAJIEHHS CTapuX 3B’S3KIB € TMOTEHLINHO BaXXJIuBOKW. MokHa
IPUIYCTUTH, IO LI HOB1 3B’A3KM BUKOHYIOTH (DYHKIIIIO HIBEJIIOBAHHSA MPOCAAOK Y

TOYHOCTI, Kl BAHUKAIOTh Yepe3 PeAYKIlito mapaMeTpiB.

Temnep po3rissHEMO Ta MOPIBHIEMO PE3yJIbTaTH POOOTH MEpeXkK B Kiacudikari

CITOK.
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0,7 //
0,6 /

X
by 0,5 0/
-
k]
T 0,4
(o]
-
0,3
0,2
0,1

Enoxa
10

—&—snno_model_1/| 0,5079 | 0,6134 | 0,6706 | 0,7056 | 0,7377 | 0,7741 | 0,7849 | 0,8115 | 0,8269 | 0,8403
snn_model_1 | 0,4802 | 0,6413 | 0,6501 | 0,6902 | 0,7304 | 0,7605 | 0,7807 | 0,8006 | 0,8202 | 0,8305
cnn_model_1 | 0,4448 | 0,4910 | 0,5004 | 0,5315 | 0,5198 | 0,5643 | 0,5371 | 0,5575 | 0,5862 | 0,6025

Enoxa 1l |Enoxa 2 |Enoxa 3 |Enoxa 4 |Enoxa 5 | Enoxa 6 | Emoxa 7 | Enoxa 8 | Enoxa 9

Pucynok 4.14 - TlopiBHsIHHS BajigaiiitHoi TouHOCTI Moaenel kimacy model 1 st citok (OimbIme -
Kparte).

3 rpadiky (auB. puc. 4.16) BUAHO, IO 3rOPTKOBA MEPEXKA TEMOHCTPYE HUKUMIMA
pe3yabTaT TOYHOCTI TOPIBHIHO 3 PO3piKeHUMHU MojensiMu. OIHAK, SKIIO 3BEPHYTH
yBary Ha pesyibTatd Model 1 mms BokcenmiB, MOXXKHA TOMITHTH, IO PI3HUI B
TOYHOCTI MK MOJEISIMH CKiiagae Omu3bko 22%, a ais citok — 23,5%. Li cxoxi
pe3yNbTaTH CBiYaTh MPO TEBHY 3aKOHOMIPHICTh, fKa MOXe OyTH TOB’s3aHa 3

XapakTepoM 0O0pOoOTIOBaHUX JTaHUX.

OTpuMaHl TOKa3HUKU NIATBEPIKYIOTh MPUNYIIEHHS Mpo Te, L0 JIaHi,
IpeacTaBlieHl y ¢opMartax CITOK, € CKIQAHIMMH Jisi 00poOku. Ile mosicHioeThes
CKJIaJIHICTIO TEOMETPUYHHUX 3aJICKHOCTEH, sKi TOTpeOyITh TJIMOMIOro aHami3y.
VYCKIIagHEHICTh TaHWX TAKOXK BUSBISIIACH PaHINIE MiJ Yac TOPIBHSHHS CTYIICHS

KOMITpECii mapamMeTpiB, BUKOHAHOT ONITHMI3aTOPaMH.

Oco06JMBOCTI IILOTO TOPIBHSAHHS JI03BOJISIOTH 3POOUTH BUCHOBOK, IO PI3HUILS
B TOYHOCTI MK MOJIEISIMU, OCOOJIMBO HA MOYATKOBUX PIBHAX, MOXKE OYTH 4aCTKOBO
00yMOBJIEHAa PI3HUIICIO Y 3ATHOCTI MOJIEJeil BpaxoBYBaTH III CKJIAJHI MPOCTOPOBI

3JIEKHOCTI.
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0,9
0,8
0,7
0,6

0,5

TouHicTb (%)

0,4
0,3
0,2

0,1

Enoxa 1l

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa
10

—&—snno_model_2

0,5517

0,6688

0,7143

0,7542

0,7868

0,8190

0,8377

0,8532

0,8629

0,8716

=—snn_model_2

0,5454

0,6502

0,7013

0,7404

0,7805

0,8103

0,8354

0,8555

0,8703

0,8850

cnn_model_2

0,5402

0,6202

0,6624

0,6941

0,7205

0,7441

0,7572

0,7775

0,7806

0,7902

PucyHnok 4.15 - TlopiBHsHHS BajigaiiiHoi ToUHOCTI Mojaenel kiacy model 2 mst ciTok (OutbIe -
Kparie).

0,9
0,8
0,7
0,6
0,5

0,4

TouHictb (%)

0,3
0,2

0,1

*

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa
10

—&—snno_model_3

0,5949

0,6936

0,7421

0,7851

0,8172

0,8399

0,8591

0,8695

0,8769

0,8835

~—snn_model_3

0,5701

0,6802

0,7503

0,7904

0,8302

0,8603

0,8852

0,9053

0,9154

0,9246

cnn_model_3

0,5403

0,6038

0,6542

0,6886

0,7133

0,7315

0,7495

0,7703

0,7795

0,7901

Pucynok 4.16 - [lopiBHsHHS BatigamiitHoi TouHOCTI Mozenel kinacy model 3 mis citok (Oinbme -
Kparle).
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0,9 R
0,8 o
0,7 -
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0,6
0,5

0,4

TouHicTb (%)

0,3
0,2

0,1

Enoxa
10

—&—snno_model_4| 0,6466 | 0,7107 | 0,7719 | 0,8219 | 0,8314 | 0,8788 | 0,8962 | 0,9323 | 0,9329 | 0,9456
snn_model_4 | 0,6532 | 0,7104 | 0,7803 | 0,8204 | 0,8503 | 0,8752 | 0,9131 | 0,9202 | 0,9303 | 0,9493
cnn_model_4 | 0,5203 | 0,5887 | 0,6321 | 0,6752 | 0,6978 | 0,7342 | 0,7622 | 0,7804 | 0,7885 | 0,7901

Enoxa 1l |Enoxa 2 |Enoxa 3 |Enoxa 4 |Enoxa 5 | Enoxa 6 | Emoxa 7 | Enoxa 8 | Enoxa 9

Pucynok 4.17 - TlopiBHsIHHS BajigaiiifHoi ToUHOCTI Moaenel kiacy model 4 st ciTok (OibIe -
Kparte).

st Model 2 (auB. puc. 4.17), Model 3 (nuB. puc. 4.18) Ta Model 4 (nuB. puc.
4.19) cnocrtepiraerbcsi CXoxa MOBEIAIHKAa Mojeneil. Po3pimkeHi Mojeni mocTymoBO
HaOWparTh TOYHOCTI HA KOXHIM iTepallii, TOJ1 K 3ropTKOBa Mepexka J0CsIrae CBOro
NiKy TOYHOCTI Ha piBHI 79%. BaximBo 3a3HayuTH, 110 HaBITH 31 30UIBIIEHHAM
KUIBKOCTI MapaMeTpiB TOYHICTh 3rOPTKOBOI Mepeki He 3pocTtae. Lle Moxe CcBiqUuTH
PO OOMEXEHHS B 3[aTHOCTI 3TOPTKOBUX MEPEX €(hEKTUBHO BUOKPEMITIOBATH 3HAUYIIII

JaH1 JJI OAAJIbILIOT0 BUKOPUCTAHHS Y TPEHYBaHHI IOBHO3B’ SI3HOT YACTUHHU MOJEI.

Takuii pe3ynpTaT MiIKPECTIOE BAXKIMBICTH CaMe€ MOBHO3B’SI3HOT MEpexki IS
JOCSITHEHHSI BUINOiI TOYHOCTI. 30UIbIIeHHS i1 po3Mipy abo riaubOuHu MOXe OyTH
KPUTUYIHUM JIJTS TTOAAITBIIOTO TIOKPAIIEHHS MPOYKTUBHOCTI 3TOPTKOBOT apXiTEKTYPH.
[Hakmie Kaxxydu, MOTOYHA apXITEKTypa 3rOPTKOBOI MEPEXi MOXKE CTaTH BY3bKHM

MicIIeM, sIKe OOMEXYe ii 31aTHICTh JI0 TOAAJIBIIOT0 BAOCKOHAICHHS.

[Iom0 po3pikeHrX MOENel, 0COOIMBO IIKaBUMU € pe3ynbTaTu At Model 3.
Y 1mpoMy BHUMAAKYy MOJENb 13 ONTHMI3aTOPOM MapameTpiB TOKAa3ye JNEI0 HIDKYY
TOYHICTb Y TIOPIBHSHHI 3 0a30BOIO PO3piHKEHOI0 MoieIlTio. Lelt ¢penomMeH noTeHIinHo

MOXX€ MIATBEPAUTH TMPUIYIIEHHS, IO CTBOPEHHS HOBHUX HEHUPOHHUX 3B’SI3KIB
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KOMIIEHCY€E BTPAaTH TOUYHOCTI, CIPUYMHEH]1 BUJATICHHIM MONEPEAHIX 3B’ 13K1B. [HIIMMH
CJIOBAMM, HOBI 3B’A3KH, XOY 1 HE JaIOThb CYTTEBOIO IMPUPOCTY MNPOAYKTHUBHOCTI,
JOTIOMararoTh MIATPUMYBAaTH CTAOUIBHICTh MOJIEi, KOMIICHCYIOUM BTpPAaTH BIJ

penyKiiii mapamerpiB.
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- 0,8
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0,4
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Enoxa
10

—&—snno_model_5| 0,7174 | 0,8293 | 0,8923 | 0,9249 | 0,9475 | 0,9564 | 0,9581 | 0,9648 | 0,9633 | 0,9654
snn_model_5 | 0,6602 | 0,7803 | 0,8502 | 0,8804 | 0,9051 | 0,9152 | 0,9303 | 0,9401 | 0,9454 | 0,9430
cnn_model_5 | 0,4702 | 0,5701 | 0,6172 | 0,6652 | 0,6923 | 0,7301 | 0,7442 | 0,7579 | 0,7704 | 0,7803

Enoxa 1| Enoxa 2 |Enoxa 3 |Enoxa 4 |Enoxa 5 | Enoxa 6 | Emoxa 7 | Enoxa 8 | Enoxa 9

Pucynok 4.18 - [TopiBHsIHHS BaTigamiitHoi TouHOCTI Mojelnel kimacy model 5 st citok (OibIe -
Kparie).

Model 5 memoHCTpye 4iTKiI O3HAKH MMEpEHABYAHHS y 3TOPTKOBIN MOjaei (IuB.
puc. 4.20). Ile 0co611BO MOMITHO 3a CTaOUIBHICTIO TOYHOCTI, SIKa HE TUIBKHU MepecTae
3pOCTaTH, aje M MOKEe MOYaTH 3HIXKYBATUCS Ha BaJIIIAlIMHUX JaHUX. Taka moBeiHKa
CBITYUTH TIPO T€, MO 30UIBIIECHHS KUIBKOCTI MapamMeTpiB y 3rOPTKOBIN MOEINi He
3a0e3reuye BIAMOBIHOTO MPUPOCTY MPOJYKTUBHOCTI, a HATOMICTb YCKJIQJHIOE

y3arajJbHEHHS MO/ Ha HOBI JjaHi.

VY cBOIO yepry, MoJIeib 13 ONTUMIZALIEI0 TapaMeTPiB JEMOHCTPYE TPOXH Kpallll
pe3ysbTati. PI3HUIA Y TOYHOCTI MK PO3PLIKEHOI MOJE/UTIO 3 ONTHUMI3alli€l0 Ta
0a30BOI0 PO3PIIKEHOI MOJICIUTIO CTAaHOBUTH 2,5%, 110 € 3HAYYIIUM MOKa3HUKOM Yy
3amavax kiacudikamii. Takuili mpUpICT CBITYUTH TPO €(PEKTUBHICTH MEXaHI3MIB
ONTUMI3aIlii, K1 JJO3BOJISIOTH TMHAMIYHO YIIPABJISATH CTPYKTYPOIO MOCI, BUIATISTIOYN

ca0OKi 3B’SI3KU Ta CTBOPIOIOYU HOBI, 1110 T1JIBUIIY€ aJAalITUBHICTD 1 TOYHICTb.
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[leii pe3ynbTaT TaKOX IMIJKPECIIOE MOTEHIIa] MOAENeH 13 JUHAMIYHUMU
onTUMI3aTopamMu Il poOOTH 31 CKIaAHUMHU Habopamu JaHux. BonHouac, momipHe
MOKpAIIEHHs] TOYHOCTI BKAa3y€e Ha Te, II0 ONTUMI3aTOp MOXKE JOCITTU NMEBHUX MEX Y
CBOill €PEKTUBHOCTI, 110 BUMArae 1moJajblioro BIOCKOHAJICHHS MEXaH13MiB aJantaiii

apameTpiB.
BucHoBku 10 posainy 4

VY posznini 4 quceprariiiiHoi poOOTH 3IIMCHEHO MOTJIMOICHNN aHaII3 pe3yJIbTaTiB
HAaBYaHHS Ta CKCIEPUMEHTAIBHUX JIOCTI/DKCHb, CIPSIMOBAHMX Ha IEPEBIPKY
eeKTUBHOCTI  PO3pPOOJECHOTO  METOMOJIOTIYHOTO  MAX0omy A0  Kiacuikarrii
TPUBUMIPHUX JaHWX 13 3aCTOCYBaHHSIM BIOCKOHAJICHHX apXiTEKTyp HEHPOHHUX
Mepexx. OTpuMaHi pe3ynbTaTH JAEMOHCTPYIOTh HAyKOBY Ta MPAKTHYHY 3HAYYIIICTh
3aMpONMOHOBAHMX METOMIB 1 TEXHOJOTIH y Cy4acHHMX yMOBaxX aBTOMAaTH30BaHOI

00pOOKHM JTaHHMX.

JocmikeHHsT TATBEPAWIIO, IO 3alpollOHOBaHA PO3pIIKEHA apXiTeKTypa
HEHPOHHOI Mepexki 3a0e3neuye BUCOKY e(DeKTUBHICTh y BUIUICHHI KIIFOUOBUX O3HAK 13
TpUBUMIpHUX JaHuX. Lle 103BOJIsI€ CYTTEBO MIABUIIMTH TOYHICTH Kiaacudikarii. Takuii
HiJX11 rapaHTye CTaOUIbHI pe3yslbTaTH, 10 MAa€ BUpIIIAJIbHE 3HAYEHHS Ui 3a]ad

BHCOKOTI'O PIBHS CKJIATHOCTI.

OfHUM 13 BOKIIMBUX JIOCATHEHB € BIIPOBA/KCHHSI ONTUMI3aTOpa JIsl BUIaJICHHS
cnabKkux  3B’SI3KIB Yy HEUpOHHIM  Mepexi. PesynpTaTh  eKCHIEpUMEHTIB
IPOJAEMOHCTPYBaJM, 110 BUKOPUCTAHHS I[LOTO OINTHUMI3aTOpa Ja€ 3MOTY CYTTEBO
3MEHIIUTH KUTBKICTh MapaMeTpiB MOJIENI, 110, Y CBOIO Yepry, MO3UTUBHO BILIMBAE HA
il MPONYKTUBHICTb. 3MEHLIEHHS PO3MIPY MOJENl Ta CKOPOYEHHS 4acy OOpoOKH
3a0e3MeuyloTh BHUCOKY €(QEKTHBHICTh HABITH Yy CEpEIOBHUINAX 13 OOMEKCHUMH
00YHCITIOBAILHUMH PECypcaMH, IO € BAKJIMBUM JJIsI IHTETrpallii B CHCTEMH peaabHOTo

qacy.

AHani3 BINTMBY ONTHMI3aTOpa, BIANOBIJAIBHOIO 32 CTBOPEHHS HOBUX 3B S3KIB

y Mepexi, oKasas, 10 HOTo ePEeKTUBHICTh BAPIIOETHCS 3AJIEIKHO BiJI XapaKTEPUCTUK
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3amadi. Xoda EKCHEpPUMEHTH HE J03BOJUIM 3pPOOUTH OJHO3HAYHI BHUCHOBKH,
CIIOCTEPEKEHHSI CBIOQYaTh MPO MOTEHLIaJl [bOTO MEXaHI3My Y IOKpAaIlEHHI
aJanTUBHOCTI Ta TOUHOCTI Moei. [TogabIi 1oCaiKEeHHS B IIbOMY HAPsAMI MOXKYTh
CHOPUATH KpPaIOMY PO3YMIHHIO pOJII AUHAMIYHOTO YTBOPEHHS 3B’SI3KIB Y CTPYKTYpi

HEUPOHHUX MEPEXK.

Oco0nuBO BaXJIMBOIO € YHIBEPCAIBHICTH po3pobiieHoi apxiTektypu. Bona
JNEMOHCTPY€E 31aTHICTh €()EKTUBHO TpAIllOBaTH 3 pI3HUMU TUTNIAMU JaHUX 0e3
HEOOX1THOCT1 BHECEHHS 3MIH J0 CTPYKTypu Mepexi. Lle 3a06e3neuye mupoky chepy
3aCTOCYBaHHS METOJIOJIOT1T — BiJl METUYHOT JIaTHOCTUKH JI0 aHATI3y T€OMPOCTOPOBUX
JAaHUX 1 aBTOMaTu3alii poOOTOTEXHIYHUX MpoLeciB. [ HyUKICTh apXiTEeKTypHU TaKOXK
copusie i aganTaiii 70 3MIHHUX YMOB CEPEOBUIIA, 0 € KIIOYOBUM (PAKTOPOM IS

1HTerpailii B MpakTU4HI CHCTEMH.

3arangoMm pe3yJibTaTh MPOBEACHUX JIOCIIIKEHb MIATBEP/KYIOTh €(DEKTUBHICTD
3alpONIOHOBAHOIO MIAXOAY Ta MOro 3JaTHICTh BHPINIYBAaTH CKIAJIHI 3ajadl
aBTOMATHU30BaHOI OOpOOKM TPUBHMMIPHUX JaHUX. BUKOPHCTaHHS BIOCKOHAJICHHX
apXITEKTYp HEUPOHHUX MEPEX 1 AITOPUTMIB ONTUMI3ALIl BIAKPUBAE HOBI TOPU3OHTHU
JUISl TIJABUIICHHS TOYHOCTI Ta NPOJYKTHUBHOCTI aHalI3y JaHUX. 3almpONOHOBAHE
pILIEHHS! Ma€ 3HAYHUM MOTEHIIA] IS BIPOBAIXKEHHSI y IIMPOKOMY CIIEKTpI rajiy3eH,

CTBOPIOIOYM OCHOBY ISl PO3BUTKY HOBITHIX MPUKIAIHUX CUCTEM 1 TEXHOJIOT1H.
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BHCHOBKH

B nucepraniiiHiii poOoTi po3B’si3aHE aKTyaJlbHE HAyKOBE 3aBJAHHS CTBOPEHHS
METO/IIB Ta MPOrPaMHUX 3ac0o0iB /715 epekTHUBHOI Kiacudikaiii TPUBUMIPHUX JaHUX

Ha OCHOB1 TPUBUMIPHHUX HEMPOHHUX MEPEK.

Hucepramiitna po6oTa crnpsMoBaHa Ha TWIABUIIEHHS MPOIYKTUBHOCTI Ta
e(peKTUBHOCTI MPOrpaMHUX 3aco0iB [l Kiacu@ikalii TPUBUMIPHUX 300pakeHb Ha
OCHOB1 TPUBUMIPHUX HEHPOHHUX MEPEX, M0 0a3ylThCs Ha CyYaCHHUX MiJIXO0Jax IO
iXHBOI apXiTEeKTypH, OOpOOKM JaHUX Ta aJanTUBHOI onTuMizaiii. B mporeci
JOCIIKEHHSI YCHINTHO BUKOHAHO ITOCTABJICHI 3aBJAaHHS, IO O3BOJWIO JOCSTTH

noctaByieHoi MeTu. OCHOBHI Pe3ybTaTH TUCEPTAIlii MOJISATAIOTh Y HACTYITHOMY:

1. mpoaHasi30BaHO CydYacHI METOAW Ta MIIXOJH N0 Kiacudikalii TPUBHUMIPHUX
naHux. IIpoBeeHO IPYHTOBHE MAOCHIIKEHHS Cy4acHUX METOMAIB OOpOOKH
TPUBUMIPHUX JAHUX, BKIIOYAIOYH TIMOOKI HEMPOHHI MEPEkKi Ta METOIN MeTa-
HaBYaHHS. BUsABIEHO OCHOBHI 0OMEXEHHSI ICHYFOUHMX IMiIXO1B, SIK1 CTOCYIOThCS
HEIOCTAaTHLOI TOYHOCTI, BHCOKOI OOYMCIIOBAILHOI CKIIAJHOCTI, HEAOCTATHHOI
IIBUJIKOIIT Ta cJIabKo1 iHTErparlii 3 aBTOMaTH30BaHUMH CHCTEMaMHU;

2. pealli30oBaHO METOAM MOMEPEeIHbOI OOPOOKM TPUBUMIPHHX JaHUX, 4 CaME:
HOpMaJTi3arlisi KOOpAWHAT, OlnaTepaiabHe 3TIa/KyBaHHS, (UIBTpAIlisl MIyMiB 13
BUKOPUCTAHHSAM aJTOPUTMY K-ONMKUMX CYCi/iB, TEPETBOPEHHS HaHUX Y
BOKCEJIbHE MpeCTaBICHHS. TakoX 3amponOHOBAHO IHHOBAIIIITHE BUKOPHUCTAHHS
OTIOHEHTHOI ~ KOJBOPOBOI  CHCTEMH, fKa MiABUIILYE 1H(OOPMATUBHICTD
XapaKTEePUCTUK BXIIHMX JAaHUX 1 iX 1HTEpIpeTalil0 HEHPOHHUMH MepekKamu.
Excriepumentrn noBenmu e(EKTUBHICTH 3alpPOIIOHOBAHOTO METOMy, a CaMe
3MEHIIIEHHsS BTparT B jiama3oHi Bixg 8,64% mo 53,33% B mporieci HaBYaHHS
HEWPOHHUX MEpEexKax;

3. CIPOEKTOBAHO Ta peali30BaHO apXITEKTypy Kiacudikaropa s TPUBUMIPHUX
JAHUX, 0 pealli3y€e PO3PIAKEHY TOIMOJIOTIIO 3 JIOKATI30BaHUMU 3B’ I3KaMU M1k

HelipoHaMu, siKa 3a0e3Ieuye MOKpalleHe BIIIYYEHHS KIIOUYOBUX O3HAK 3 JIAHUX,
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0 MPU3BOJAUTH JO TMOKpAIIEHHS TOYHOCTI Kiacu@ikaiii ajis BOKCENIiB, B
cepenaboMy, Ha 9,82%, Ta mist Touok Ha 19,75%;

4. po3poOiieHi 1Ba METOIMU 3MIHM KIJTBKOCTI HEHPOHHUX 3B'SI3KIB, Kl BUIAJISIOTH
Ta CTBOPIOIOTH JIOKAJIbHI 3B’ SI3KM MEpeX1 MiJ Yac HaB4YaHHS, 1110 3a0e3neuye ii
aZlanTalio 10 crenudikd BXIAHUX JaHUX, [0 B CBOIO YEPry MPHU3BOIUTH JIO
PUCKOPEHHs poO0TH KiacudikaTopa mpu poOOTI 3 BOKCEIISIMU, B CEPETHBOMY
Ha 23,72%, Ta ipu po6oTi 3 Toukamu Ha 10,43%;

5. peami3zoBaHo mporpamHi 3acobu 3 miaTpumkoro WebAPI, a came mporpamui
3acobu g kiacudikanii TPUBUMIPHHMX 300pake€Hb, $KI HIATPUMYIOTb
IHTerpauilo 3 I1HIUMU 1H(QOpPMAUIMHUMH CHUCTEMAaMM, IHO 3a0e3reuye
aBTOMAaTH3al1l1}0 0OPOOKH TPUBUMIPHUX JAHUX 3 MOXKJIUBICTIO MacIITaOyBaHHS;

6. po3po0JieHO METOJ TecTyBaHHs Ta Bepudikaiii poOoTu Kiacudikaropa, 110
IPYHTYETHCSI Ha BUKOPHUCTAHHI PI3HUX TOMOJOTIA IIapiB JJii BHOKPEMIICHHS
KJIIOUYOBUX O3HAK Ta TPEHYBaHHI OJHAKOBUX MOBHO3B'SA3HUX IIAPIB;

7. TPOBEACHO NETajdbHI EKCIEPUMEHTH, TSI BUSHAUYCHHSI TOYHOCTI Kiacudikaiii
TPUBUMIPHUX JaHUX Ta MPOJYKTUBHOCTI POOOTH CTBOPEHUX MPOTPaMHUX
3ac00iB. Pe3ynbratu aHamizy €KCIIEPUMEHTIB H1ATBEPANIN
KOHKYPEHTOCTIPOMOKHICTh 3alPOMOHOBAHUX METOJIIB Yy BHUPIMICHHI CKIATHUX

3a/1a4 Kiacugikartii.

[IpakTryHa 3HaYyIIICTh POOOTH TOJISATAE Y CTBOPEHHI MMPOTPAMHHUX 3aC001B, 1110
MOEJHY€E CydYacHl apXITEKTypd HEHPOHHUX MEpeX, aJIrOpUTMHU ONTUMi3alii Ta
HIATPUMKY MaciTaboBaHOi 0OpOOKM TPUBHMIPHHX JaHUX. PillleHHS opieHTOBaHE Ha
aBTOMATHU3aLI0 AaHAMIZY JaHUX Yy TakKuX MPUKIAJHUX cdepax, sSK MeauyvHa

J1arHOCTHKA, POMUCIOBUIM KOHTPOJIb, POOOTOTEXHIKA Ta €KOJOTTYHUNA MOHITOPHHT.

3arajgom, po3poOieHud mMmiaxif A0 Kiacudikamii TPUBUMIPHUX 300pa’KeHb
JEMOHCTPYE BUCOKY TOYHICTh Ta €(EKTUBHICTH, IO BiAKPHUBAE MEPCIEKTHBU HOTO
3aCTOCYBaHHS y HIMPOKOMY CIEKTPl HAYKOBHX 1 MPUKIATHUX 3amad. [lomambimmii

PO3BUTOK I[LOTO HAMPSAMY MOK€ OyTH TOB’S3aHUN 13 JOCHIPKEHHSM TiOpHUIHUX
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MoJIeNieH, SIK1 TOEIHYIOTh MOJIMBOCTI PI3HUX THUIIB HEMPOHHUX MEPEK Ta METOJIB

MECTa-HaBYaHH:.

TakuMm yuHOM, yCl MOCTaBJICHI y JAaHOMY HAayKOBOMY JOCIIPKEHHI 3aBJaHHS

[MOBHICTIO BUKOHAHI.
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TIONATOK B YACTUHA ITPOTPAMHOIO KOJIY
import sys
import time
import tqdm
import time
import numpy as np

import tensorflow as tf

class SparseLayer(tf .keras.layers.Layer):

def init (self, output shape, radius, prune threshold=0.1, create threshold=0.2,

activation=None, **kwargs):
super(SparseLayer, self). init (**kwargs)
self.output _shape = output shape
self.m = output_shape[0]
self.r = radius
self.activation = activation
self.prune threshold = prune_threshold
self.create threshold = create threshold
self.indices = None
self.values = None

self.train_step = tf.Variable(0, trainable=False, dtype=tf.int64, name="train_step")

def build(self, input_shape):
self.input_shape = input_shape

self.n = input_shape[1]



if self.indices is None:
connections = calculate_connections_asymmetric_3d(self.m, self.n, self.r)
self.indices = tf.Variable(
connections,
dtype=tf.int64,
trainable=False, name="sparse_indices"
)
if self.values is None:
self.values = self.add_weight(
shape=(int(self.indices.shape[0]),),
initializer=tf.keras.initializers. RandomNormal(mean=0.0, stddev=0.05),
#initializer = tf keras.initializers. TruncatedNormal(mean=0.0, stddev=0.05),
#initializer = tf keras.initializers.HeNormal(),
#initializer = tf.keras.initializers.GlorotUniform(),
trainable=True,
name="sparse values"
)
self.dense shape = [self.m * self.m * self.m, self.n * self.n * self.n]

super(SparseLayer, self).build(input_shape)

def call(self, inputs, training=False):
start_time = time.time()

batch_size = tf.shape(inputs)[0]
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inputs_reshaped = tf.reshape(inputs, (batch_size, -1))
inputs_transposed = tf.transpose(inputs_reshaped)
kernel sparse = tf.sparse.SparseTensor(

indices=self.indices,

values=self.values,

dense shape=self.dense shape
)
kernel sparse = tf.sparse.reorder(kernel sparse)
outputs = tf.sparse.sparse_dense matmul(kernel sparse, inputs transposed)
if self.activation is not None:

activation_func = tf.keras.activations.get(self.activation)

outputs = activation_func(outputs)
outputs transposed = tf.transpose(outputs)

outputs_reshaped = tf.reshape(outputs_transposed, (batch_size, self.m, self.m, self.m, 1))

end time = time.time()

execution_time = end_time - start_time # Bpems BommonHenus "call” B cexynmax

model name = self.get model name()
layer name = self.name

phase = "train" if training else "validation" # Dram: oOy4eHre WM BaTU NS

tf.summary.histogram(f" {model name}/{phase}/{layer name}/values", self.values,

step=self.train_step)

tf.summary.scalar(f" {model name}/{phase}/{layer name}/values count", tf.size(self.values),

step=self.train_step)
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tf.summary.scalar(f" {model name}/{phase}/{layer name}/execution time", execution time,

step=self.train_step)

self.train_step.assign_add(1)

return outputs_reshaped

def meta_learning(self):
start_time = time.time()
unique_neurons = tf.unique(self.indices|:, 0])[0]
new_indices =[]
new_values =[]
create_count=10

prune rest count =0

for neuron in tqdm(unique neurons, desc="Meta learning"):
mask = tf.equal(self.indices[:, 0], neuron)
neuron_indices = tf.boolean mask(self.indices, mask)
neuron_values = tf.boolean mask(self.values, mask)
mean_weight = tf.reduce _mean(tf.abs(neuron_values))
pruning_ mask = tf.greater equal(tf.abs(neuron_values), self.prune threshold)
new_indices.append(tf.boolean mask(neuron_indices, pruning_mask))
new_values.append(tf.boolean mask(neuron_ values, pruning mask))
prune_rest_count += len(tf.boolean mask(neuron_values, pruning_mask))
if mean_weight > self.create threshold:

existing_connections = tf.cast(neuron_indices|[:, 1], dtype=tf.int64)
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new_connections = calculate connections asymmetric_index 3d(int(neuron), self.n,

self.m, self.r+1)
new_connections = tf.cast(new_connections, dtype=tf.int64)

mask duplicates = tf.reduce_all(tf.expand dims(new_connections, axis=1) !=

tf.expand dims(existing_connections, axis=0), axis=1)
filtered connections = tf.boolean_mask(new_connections, mask duplicates)
new_connection = tf.random.shuffle(filtered connections)[0]

new_indices.append(tf.constant([[int(neuron.numpy()), int(new_connection.numpy())]],

dtype=tf.int64))
new_values.append(tf.constant([int(mean _weight.numpy())], dtype=tf.float32))

create count += 1

new_indices = tf.concat(new_indices, axis=0)
new_values = tf.concat(new_values, axis=0)

self.indices = tf.Variable(new _indices, dtype=tf.int64, trainable=False,

name="sparse_indices")
self.values = tf.Variable(new values, dtype=tf.float32, trainable=True, name="sparse values")
end time = time.time()

execution_time = end_time - start_time # Bpems BbimonHeHust ‘meta_learning’ B cekyHaax

model name = self.get model name()
layer name = self.name

phase = "train"

tf.summary.scalar(f" {model name}/{phase}/{layer name}/meta learning/create count",

create_count, step=self.train_step)
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tf.summary.scalar(f" {model name}/{phase}/{layer name}/meta learning/prune count",

tf.shape(self.indices)[0] - prune _rest count, step=self.train_step)

tf.summary.scalar(f" {model name}/{phase}/{layer name}/meta learning/execution time",

execution_time, step=self.train_step)

def get model name(self):
# [lonydyeHrne UMEHH MOJICNIH, B KOTOPOM HAXOJUTCS CIOU
model = self. keras history.model if hasattr(self, ' keras history') else None

return model.name if model else "UnnamedModel"

def compute output shape(self, input_shape):

return (input_shape[0], self.m, self.m, self.m, 1)

def get config(self):

tf.print("Get config")

config = super(SparseLayer, self).get config()

config.update({
'output_shape': self.output_shape,
'radius': selfr,
'prune_threshold": self.prune threshold,
'create threshold": self.create threshold,
'activation': self.activation,
'indices': self.indices.numpy().tolist(),
'values': self.values.numpy().tolist()

})

return config
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@classmethod
def from_config(cls, config):
indices = tf.constant(config.pop(‘indices'), dtype=tf.int64)

values = tf.constant(config.pop(‘values'), dtype=tf.float32)

layer = cls(**config)

layer.indices = tf.Variable(indices, trainable=False, name="sparse_indices")
layer.values = layer.add weight(

shape=values.shape,

initializer=tf.constant_initializer(values.numpy()),

trainable=True,

name="sparse_values"

)

return layer

class MetalLearningCallback(tf. keras.callbacks.Callback):
def init (self, layer, log dir="logs"):
super(MetalLearningCallback, self). init ()
self.layer = layer
self.log_dir = log_dir

self.writer = tf.summary.create file writer(log_dir)

def get layer memory(self, layer):
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size_values = sys.getsizeof(layer.values.numpy())
total size = size values

return total size

def on_epoch_end(self, epoch, logs=None):
if epoch > 2:
model name = self.layer.get model name()

layer name = self.layer.name # Vms crnos

with self.writer.as_default():
memory _usage mb = self.get layer memory(self.layer) / 1048576

tf.summary.scalar(f' {model name}/{layer name}/memory usage MB",

memory_usage mb, step=epoch)

self.writer.flush()

def calculate_connections _asymmetric_3d(n, m, ):
start_time = time.time()
input_size=n*n*n
output_size=m *m * m
scale=m/n
z1l, y1, x1 =np.indices((n, n, n))
offsets = np.array([(dz, dy, dx)
for dz in range(-r, r + 1)
for dy in range(-r, r + 1)

for dx in range(-r, r + 1)])
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connections = []
for z, y, x in zip(z1.flatten(), y1.flatten(), x1.flatten()):
cz, ¢y, cx = int(z * scale), int(y * scale), int(x * scale)
for dz, dy, dx in offsets:
nz, ny, nx = cz + dz, cy + dy, cx + dx
if0<=nz<mand 0 <=ny <mand 0 <=nx <m:
inidx=z*n*n+y*n+x
out idx =nz *m * m + ny * m + nx
if 0 <= out_idx < output_size:

connections.append((in_idx, out_idx))

end_time = time.time()

return connections

def calculate connections asymmetric_index 3d(index, n, m, r):
start_time = time.time()

scale=m/n

z=1ndex // (n * n)

y =(index % (n * n)) / n

X = index % n

cz, ¢y, cx = int(z * scale), int(y * scale), int(x * scale)
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offsets = np.array([(dz, dy, dx)
for dz in range(-r, r + 1)
for dy in range(-r, r + 1)

for dx in range(-r, r + 1)])

connections = []
output_size=m *m * m
for dz, dy, dx in offsets:
nz, ny, nx = cz + dz, cy + dy, cx + dx
if 0 <=nz<mand 0 <=ny <m and 0 <= nx <m:
out idx =nz * m * m + ny * m + nx
if 0 <= out_idx < output_size:

connections.append(out_idx)

end time = time.time()

return connections
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JHOJATOK B MOJEJITI KITACUDIKATOPIB

Mogeai CNN kaacugikaropa

Ta6muist B.1 - Apxitexktypa moaeni CNN (model 1).

Tun wapy

3ropTKoBMI TpUBMUMipHUIA Wap (Conv3D)

TpMBUMIPHUI AP MaKCMManbHOT Nig BUBIpKK
(MaxPooling3D)

3ropTKoBUIA TpuBMMIipHKIA Wwap (Conv3D)

TpMBUMIPHMI Wap MaKCMManbHOI Nig BUBIpKK
(MaxPooling3D)

3ropTKoBUI TpuBMMIipHKIA Wwap (Conv3D)

TpMBUMIPHUI WIAP MaKCUManbHOT Nig BUBIpKK
(MaxPooling3D)

Lap 3ropTaHHA B oauH BekTop (Flatten)
LWinbHo 3B'A3aHM Wwap (Dense)
LLlap BMKAtOUEHHS HelipoHiB (Dropout)

LLinbHO 3B'A3aHM Wwap (Dense)

BuxiaHa ¢opma
(None, 28, 28, 28, 12)
(None, 14, 14, 14, 12)
(None, 12, 12, 12, 26)
(None, 6, 6, 6, 26)
(None, 4, 4, 4, 51)
(None, 2, 2, 2, 51)
(None, 408)

(None, 500)

(None, 500)

(None, 40)

Ta6muist B.2 - Apxitexktypa moaeni CNN (model 2).

Tun wapy

3ropTKoBUI TpMBUMIpHUIA Wwap (Conv3D)

TpUBUMIPHUI AP MaKCMMabHOI Nig BUBiIpKK
(MaxPooling3D)

3ropTKoBMI TpUBMUMipHUI Wwap (Conv3D)

TpUBUMIPHUI LWIAP MaKCMMabHOI Nig BUGiIpKK
(MaxPooling3D)

3ropTKoBuMiA TpMBMMipHUIA Wwap (Conv3D)

TPUBUMIPHUI AP MaKCMMabHOI Nig BUBiIpKK
(MaxPooling3D)

LLap 3ropTaHHa B oamH BekTop (Flatten)
LLinbHo 3B'A3aHMit wap (Dense)
LLlap BMKAOUYEHHA HelpoHis (Dropout)

LinbHo 38'A3aHMit wap (Dense)

BuxiaHa ¢popma
(None, 28, 28, 28, 26)
(None, 14, 14, 14, 26)
(None, 12, 12, 12, 51)
(None, 6, 6, 6, 51)
(None, 4, 4, 4, 77)
(None, 2, 2,2,77)
(None, 616)

(None, 500)

(None, 500)

(None, 40)

Kinbkictb napamerpis

336
0

8,450

35,853
0

0
204,500
0

20,040

Kinbkictb napamerpis

728
0
35,853
0
106,106
0

0
308,500
0

20,040



Ta6muist B.3 - Apxitexktypa moaeni CNN (model 3).

Tun wapy

3ropTKoBMI TpUBMMipHUIA Wap (Conv3D)

TpMBUMIPHUI AP MaKCMMabHOI Nig BUBiIpKK
(MaxPooling3D)

3ropTKoBuMiA TpMBMMIpHKUIA Wwap (Conv3D)

TpMBUMIPHUI AP MaKCMMaNbHOI Nig BUBIpKK
(MaxPooling3D)

3ropTKoBMIA TpUBMMIpHUIA Wap (Conv3D)

TpMBUMIPHUIA WIAP MaKCUMManbHOI Nig BUBipKK
(MaxPooling3D)

LLlap 3ropTaHHA B oamH BekTop (Flatten)
LWinbHo 3B'A3aHM wap (Dense)
LLlap BUKAtOUYEHHA HelipoHiB (Dropout)

LWLinbHo 3B'A3aHM Wwap (Dense)

BuxiaHa popma
(None, 28, 28, 28, 26)
(None, 14, 14, 14, 26)
(None, 12, 12, 12, 51)
(None, 6, 6, 6, 51)
(None, 4, 4, 4, 102)
(None, 2, 2, 2, 102)
(None, 816)

(None, 500)

(None, 500)

(None, 40)

Tabmums B.4 - Apxitektypa momeni CNN (model 4).

Tun wapy

3ropTKoBUIA TpMBMMIipHKIA Wwap (Conv3D)

TpMBUMIPHMI AP MaKCMMabHOT Mig BUBIpKK
(MaxPooling3D)

3ropTKoBUI TpuBMMIipHKIA Wwap (Conv3D)

TpMBUMIPHUI WIAP MaKCMManbHOT Nig BUBIpKK
(MaxPooling3D)

3ropTKoBMI TpUBMUMipHUIA Wap (Conv3D)

3ropTKoBuiA TpuBMMipHKIA Wwap (Conv3D)

TpMBUMIPHUI WIAP MaKCMMabHOT Mig BUGiIpKK
(MaxPooling3D)

LWap 3ropTaHHs B oauH BekTop (Flatten)
LLlinbHO 3B'A3aHMi Wap (Dense)
LLap BUKAKOYEHHSA HelipoHiB (Dropout)

LLlinbHO 3B'A3aHMM Wwap (Dense)

BuxigHa ¢popma
(None, 28, 28, 28, 26)
(None, 14, 14, 14, 26)
(None, 12, 12, 12, 51)
(None, 6, 6, 6, 51)
(None, 4, 4, 4,102)
(None, 2, 2, 2, 205)
(None, 1, 1, 1, 205)
(None, 205)

(None, 500)
(None, 500)

(None, 40)
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Kinbkictb napamerpis

728
0
35,853
0
140,556
0

0
408,500
0

20,040

Kinbkictb napamerpis

728
0
35,853
0

140,556
564,775
0
0
103,000
0

20,040



Ta6muist B.5 - Apxitexktypa moaeni CNN (model 5).

Tun wapy

3ropTKoBUI TpuBMMIipHKIA Wwap (Conv3D)
TpMBUMIPHUI AP MaKCMManbHOT Mig BUBIpKK
(MaxPooling3D)

3ropTKoBMI TpUBMUMipHUIA Wwap (Conv3D)
TpMBUMIPHMI Wap MaKCMMaNbHOT Nig BUBIpKK
(MaxPooling3D)

3ropTKoBUIA TpMBMMIipHKIA Wwap (Conv3D)

3ropTKoBUI TpUBMUMipHUIA Wap (Conv3D)
TpMBUMIPHUI LIAP MaKCMManbHOT Mig BUBIpKK
(MaxPooling3D)

3ropTKoBMI TpUBMMipHUIA Wap (Conv3D)
TpMBUMIPHMI WIAP MaKCMMaAbHOIT Mig BUBIpKK
(MaxPooling3D)

LWap 3ropTaHHsa B oanH BekTop (Flatten)
LinbHo 38'A3aHui wap (Dense)
LLlap BMKAtOUYEHHSA HelipoHiB (Dropout)

LLinbHo 3B'A3aHMM Wwap (Dense)

BuxigHa ¢popma

(None, 28, 28, 28, 26)

(None, 14, 14, 14, 26)

(None, 12, 12, 12, 51)

(None, 6, 6, 6, 51)
(None, 4, 4, 4, 102)

(None, 2, 2, 2, 205)

(None, 1,1, 1, 205)

(None, 2, 2, 2, 410)

(None, 1,1, 1, 410)
(None, 410)
(None, 500)
(None, 500)

(None, 40)

182

KinbKicTb napamerpis

728

0

35,853

0
140,556

564,775

0

2,269,760

0
0
205,500
0

20,040



Mogaeai SNN Ta SNNO knacugikaropis

Ta6muist B.6 - Apxitektypa moaeneit SNN ta SNNO (model 1).

Tun wapy

Po3pigrKeHui TpUBMMIpHUI Wwap
(SparseLayer3D)
PospigrKeHui TpUBUMIpHUI Wap
(SparselLayer3D)
Po3piarKeHui TpUBUMIPHUIA Wap
(SparselLayer3D)

LLlap 3ropTaHHa B oamH BekTop (Flatten)
LLinbHo 38'A3aHnit wap (Dense)
LLap BMKAtOYEHHS HelpoHis (Dropout)

LLlinbHO 3B'A3aHMiA Wwap (Dense)

BuxiaHa ¢popma
(None, 18, 18, 18, 1)
(None, 8, 8, 8,1)
(None, 6, 6, 6, 1)
(None, 216)

(None, 500)
(None, 500)

(None, 40)

Tabmuus B.7 - Apxitexktypa mozesneir SNN ra SNNO (model 2).

Tun wapy

Po3pigrKeHui TPUBUMIPHUI Wap
(SparselLayer3D)
Po3pigXKeHnn TpMBMMIpHUI Wap
(SparselLayer3D)
Po3pigrKeHui TpUBMMIpHUI Wwap
(Sparselayer3D)

LLlap 3ropTaHHA B oguH BekTop (Flatten)
LLinbHo 38'A3aHMi wap (Dense)
LWap BMKAOUYEHHS HelpoHis (Dropout)

LLinbHO 3B'A3aHMiA Wwap (Dense)

BuxiaHa ¢popma
(None, 20, 20, 20, 1)
(None, 10, 10, 10, 1)
(None, 7,7,7,1)
(None, 343)

(None, 500)
(None, 500)

(None, 40)

Kinbkictb napamerpis

148,877

12,167

4,913

108,500

20,040

Kinbkictb napamerpis

205,379

24,389

8,000

172,000

20,040
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Ta6muist B.8 - Apxitektypa moaeneit SNN ta SNNO (model 3).

Tun wapy

Po3pigrKeHui TpUBUMIpPHUI Wap
(SparseLayer3D)
PospigrKeHui TpUBMMIpHUI Wap
(SparselLayer3D)
Po3piarKeHui TpUBUMIPHUIA Wap
(SparselLayer3D)

LLlap 3ropTaHHA B oguH BekTop (Flatten)
LLinbHo 38'A3aHni wap (Dense)
LWap BMKAtOYEHHS HelpoHis (Dropout)

LLlinbHO 3B'A3aHMiA Wwap (Dense)

BuxigHa ¢popma
(None, 22, 22, 22, 1)
(None, 12, 12,12, 1)
(None, 8, 8, 8, 1)
(None, 512)

(None, 500)
(None, 500)

(None, 40)

Tabmuus B.9 - Apxitexktypa mozaeneit SNN ta SNNO (model 4).

Tun wapy

Po3pigrKeHui TpPUBUMIpPHUI Wwap
(SparselLayer3D)
Po3pigXKeHnn TpMBMMIpHUI Wap
(SparselLayer3D)
Po3pigrKeHui TpUBMMIpHUI Wwap
(Sparselayer3D)

LLap 3ropTaHHA B oguH BekTop (Flatten)
LLinbHo 38'A3aHni wap (Dense)
LWap BMKAOYEHHS HelpoHis (Dropout)

LLlinbHO 3B'A3aHMiA Wwap (Dense)

BuxiaHa ¢popma
(None, 24, 24, 24, 1)
(None, 14, 14, 14, 1)
(None, 9,9, 9, 1)
(None, 729)

(None, 500)
(None, 500)

(None, 40)

184

Kinbkictb napamerpis
274,625
42,875

12,167

256,500

20,040

Kinbkictb napamerpis
357,911
68,921

17,576

365,000

20,040



Ta6muist B.10 - Apxitektypa moaeneir SNN ta SNNO (model 5).

Tun wapy

Po3pigrKeHui TPUBUMIPHUI Wap
(SparselLayer3D)
Po3pigXKeHnn TpMBMMIpHUI Wap
(SparselLayer3D)
Po3pigKeHuni TpUBMMIpHUI Wap
(SparselLayer3D)

LLlap 3ropTaHHA B oguH BekTop (Flatten)
LLinbHo 38'A3aHni wap (Dense)
LLap BMKAOUYEHHS HelpoHis (Dropout)

LLlinbHO 3B'A3aHMiA Wwap (Dense)

BuxiaHa ¢popma
(None, 30, 30, 30, 1)
(None, 25, 25, 25, 1)
(None, 11, 11, 11, 1)
(None, 1331)
(None, 500)

(None, 500)

(None, 40)

Kinbkictb napamerpis

681,472

1,771,561

148,877

666,000

20,040
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TouHicTb (%)

1
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

0
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Pe3yabraTtu kiaacudikaTopis 1 pod0TH 3 BOKCEISIMH
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4

L 4

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

0,43046

0,55461

0,59240

0,61445

0,62623

0,64299

0,65133

0,66027

0,66687

0,67164

——model_2

0,52271

0,69593

0,76308

0,79793

0,83105

0,85817

0,87301

0,89942

0,91314

0,92838

—fi—model_3

0,52616

0,69826

0,76278

0,79701

0,83084

0,86021

0,88032

0,90206

0,91832

0,92746

model_4

0,48410

0,67317

0,74652

0,79457

0,82607

0,86498

0,88520

0,90389

0,92370

0,92787

—=model_5

0,44275

0,62958

0,70680

0,75810

0,79905

0,83044

0,86285

0,88317

0,90288

0,91750

Brpatwu (Har)

Pucynok I'.1 - Tounicte CNN Moerneii Ha HaBUaHHI Ha BOKCEIsAX (OUIbIIE - Kparie).

4
3,5
3
2,5
2
1,5
1
0,5

0

L 4

S

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

3,46245

2,27802

2,11033

2,03027

1,97848

1,92582

1,89208

1,86479

1,86181

1,82648

——model_2

1,80966

1,05730

0,80998

0,66282

0,53504

0,43977

0,37544

0,30518

0,26219

0,21910

model_3

1,79818

1,04352

0,80337

0,65918

0,53214

0,44651

0,36561

0,29948

0,24750

0,21889

model_4

1,91094

1,11444

0,85496

0,68310

0,55371

0,42798

0,34870

0,28950

0,23556

0,20910

—=model_5

2,11414

1,31582

1,01135

0,82715

0,67206

0,55237

0,44017

0,36017

0,29537

0,25661

Pucynok I'.2 - Brpatu CNN mojesneit Ha HaBYaHHI Ha BOKCEISX (MEHIIE - Kpare).




TouHicTb (%)
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]

L 4

L 4

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

0,54628

0,60388

0,60561

0,64807

0,64604

0,69024

0,67225

0,68150

0,70598

0,70863

——model_2

0,67185

0,78309

0,83298

0,86772

0,89343

0,90735

0,92929

0,94869

0,95327

0,96404

——model_3

0,67886

0,77751

0,82820

0,87169

0,89170

0,91303

0,93498

0,94605

0,95794

0,96495

model_4

0,65508

0,75353

0,81489

0,86376

0,87778

0,90521

0,93478

0,95052

0,96353

0,96312

—=model_5

0,58732

0,71259

0,76999

0,82180

0,84527

0,89343

0,90247

0,92766

0,94168

0,95012

Brpatwu (Har)

Pucynok I'.3 - Tounicte CNN Moperneli Ha Batigarii Ha BOKcemsix (OUIbIe - Kparie).

2,5

0

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

2,35003

2,07665

2,07232

1,89329

1,89350

1,74729

1,79964

1,78138

1,70519

1,68694

——model_2

1,12688

0,72851

0,55877

0,43839

0,35893

0,29579

0,22917

0,16384

0,14276

0,12685

model_3

1,09215

0,75920

0,57744

0,42606

0,36027

0,28464

0,20812

0,17429

0,12734

0,11357

model_4

1,20627

0,85252

0,61223

0,45033

0,39960

0,28042

0,20869

0,16997

0,12309

0,11135

—=model_5

1,45375

0,96262

0,78351

0,59223

0,49523

0,35844

0,29994

0,23630

0,18645

0,16710

Pucynok I'.4 - Brpatu CNN moeneit Ha Baiamii Ha BOKCesIX (MEHIIE - Kparie).
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1600
1400 /\ . :
‘ , ; ™~ 0 T
1200
— 1000 ._"‘N‘."‘——'W" o ok > e > < X
b
L 800
(8]
[0}
T 600
400
200
0
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
——o—model_1| 981 965 968 971 971 972 974 975 975 976
~—model_2| 1012 994 993 994 994 996 994 996 997 996
—A—model_3| 1015 998 996 999 999 1001 998 999 1004 1001
model_4| 1021 1004 1007 1006 1006 1007 1008 1007 1009 1009
—=model 5| 1292 1277 1283 1286 1287 1291 1419 1345 1346 1343
Pucynok I'.5 - Hac napuanns CNN Mozerneii Ha BOKcensx (MEHIIIE - Kpaile).
350
, NV , L | RN
300 M ! - 1 — !
250
-_ U Y
x 200
3 150
T
100
50
0
Enoxal | Enoxa 2 | Enoxa 3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&o—model_1 179 176 174 183 188 188 186 189 189 184
~#—model_2| 201 210 208 198 200 197 201 195 197 197
—A—model_3| 221 207 214 208 209 218 220 202 207 209
model_4| 229 217 219 229 212 223 226 223 229 225
—=model_5| 279 280 278 284 304 309 305 308 304 310

Pucynoxk I'.6 - Yac pobotu CNN mozeneit Ha BOKcemsX (MEHIIe - Kpalle).




TouHicTb (%)
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L4 =

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

0,35274

0,59921

0,67510

0,72701

0,76237

0,79661

0,82841

0,84832

0,86884

0,88743

——model_2

0,39185

0,65366

0,72884

0,78289

0,82170

0,85838

0,88347

0,90836

0,92380

0,94107

——model_3

0,41603

0,67551

0,75739

0,81337

0,84791

0,88408

0,90887

0,93010

0,94758

0,95652

model_4

0,43838

0,70141

0,78228

0,83084

0,86701

0,89973

0,92594

0,94290

0,95916

0,96424

—=model_5

0,53988

0,75343

0,83521

0,89526

0,93711

0,95418

0,96515

0,97440

0,98090

0,98161

BrpaTtu (HarT)

Pucynok I'.7 - Tounicte SNN Mojesieii Ha HaBYaHHI Ha BOKCeNsX (OUIBIIE - Kparie).

0,5

0

N
X
2N

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

2,56565

1,51225

1,19569

0,99129

0,83960

0,70457

0,59664

0,51426

0,44440

0,37999

——model_2

2,41131

1,28969

0,98183

0,77256

0,61809

0,48818

0,39177

0,31703

0,25410

0,20719

model_3

2,32071

1,18304

0,87781

0,66190

0,52002

0,39411

0,31058

0,23740

0,18398

0,15208

model_4

2,23067

1,11728

0,79937

0,60114

0,44799

0,33489

0,25918

0,19403

0,15081

0,13165

—=model_5

1,85578

0,90276

0,56477

0,34427

0,21268

0,16087

0,11537

0,08420

0,06247

0,06110

Pucynok I'.8 - Brparu SNN mojesneit Ha HaBYaHHI Ha BOKCENSIX (MEHIIE - KpaIle).




TouHicTb (%)
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1,2

’

0,8

0,6

0,4

0,2

0
Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10

—e—model_1|0,54577 | 0,67937 | 0,73463 | 0,78391 | 0,81621 | 0,84933 | 0,86955 | 0,89434 | 0,91598 | 0,92868

——model_2|0,61038 | 0,73240 | 0,79163 | 0,83328 | 0,87859 | 0,90775 | 0,93183 | 0,94717 | 0,95896 | 0,97074

—i—model_3| 0,64797 | 0,76430 | 0,82424 | 0,86244 | 0,90663 | 0,92838 | 0,95225 | 0,96688 | 0,97511 | 0,98039

model_4| 0,67876 | 0,78381 | 0,85137 | 0,89200 | 0,92279 | 0,94260 | 0,96231 | 0,97409 | 0,98181 | 0,98466

—*—model_5/|0,73626 | 0,85167 | 0,91547 | 0,95235 | 0,97237 | 0,97602 | 0,98415 | 0,98781 | 0,98954 | 0,99167

BrpaTtu (HarT)

Pucynok I'.9 - Tounicte SNN Moeneit Ha Bamifamii Ha BOKcessx (OUIbIIe - Kparie).

1,8
1,6
1,4
1,2

1
0,8
0,6
0,4

0,2

% &

I —

0 :
Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10

—e—model_1|1,67647 | 1,19559 | 0,97624 | 0,78268 | 0,65766 | 0,54150 | 0,46040 | 0,37855 | 0,31453 | 0,27301

——model_2|1,43624 | 0,97924 | 0,74560 | 0,58354 | 0,44307 | 0,33997 | 0,26120 | 0,20360 | 0,15822 | 0,12297

model_3| 1,30307 | 0,87375 | 0,63271 | 0,47944 | 0,34117 | 0,26332 | 0,18989 | 0,13808 | 0,09976 | 0,08193

model_4|1,22015 | 0,79866 | 0,55308 | 0,40286 | 0,28738 | 0,21795 | 0,14711 | 0,10578 | 0,08194 | 0,07189

—*—model_5/ 0,97252 | 0,54956 | 0,31171 | 0,17810 | 0,11203 | 0,08622 | 0,06392 | 0,04577 | 0,03729 | 0,02933

Pucynok I'.10 - Brpatu SNN Mozerneii Ha Batiamii Ha BOKCeIsX (MEHIIE - Kpaiie).




191

1600
1400
1200
- 1000
x
[J]
L 800
(8]
[0}
T 600
400
200
0
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 1328 1345 1346 1343 972 970 973 972 1019 1031
~—model_2| 1046 1031 1014 1032 1034 1036 1038 1040 1041 1043
—A—model_3| 1063 1086 1052 1057 1057 1059 1059 1058 1061 1062
model_4| 1082 1068 1073 1080 1080 1080 1082 1082 1068 1070
—¥=model 5| 1163 1102 1111 1107 1109 1112 1147 1166 1168 1176
Pucynok I'.11 - Yac naBuanus SNN mojeneit Ha BOKCENsX (MEHIIE - Kpatie).
300
250 e ——— — /K\*___X
BAN . —X
7~ - ;,_,_—el":ﬁ,‘g
w A= L m—e
3
[J]
L 150
[8)
(1}
T
100
50
0
Enoxal | Enoxa 2 | Enoxa 3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&o—model_1 191 194 201 197 193 205 193 197 198 197
~#—model_2| 211 215 199 196 210 208 214 216 219 217
—A—model_3| 215 213 219 219 229 226 217 215 224 219
model_4| 232 233 235 237 225 227 233 214 219 226
—=model_5| 246 247 236 249 242 244 240 264 242 243

Pucynok I'.12 - Hac po6otu SNN mojeneit Ha BOKCeNnsX (MEHIIE - Kpalle).
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TouHicTb (%)

1,2

0,8

0,6

0,4

0,2

0

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

0,34888

0,60033

0,68150

0,72976

0,76897

0,79742

0,83013

0,85431

0,87626

0,89292

~—model_2

0,38870

0,64940

0,73108

0,77862

0,82058

0,85624

0,88906

0,90887

0,92462

0,93762

—#—model_3

0,43025

0,68566

0,76217

0,81144

0,85147

0,88753

0,91324

0,92888

0,94707

0,95885

model_4

0,43655

0,69857

0,77923

0,83135

0,87118

0,90348

0,92543

0,94270

0,95418

0,96597

—=model_5

0,53723

0,75323

0,83745

0,89952

0,93711

0,95327

0,96312

0,97044

0,98049

0,98385

Pucynok I'.13 - Tounicte SNNO mopeneii Ha HaBYaHHI Ha BOKCENAX (OLIbIIe - Kpalle).

Btpatu (HaT)

0,5

0

!

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

2,59438

1,51012

1,18296

0,97436

0,82189

0,69914

0,58370

0,49182

0,42624

0,36590

~—model_2

2,41584

1,29151

0,96648

0,76724

0,60964

0,48236

0,37999

0,30691

0,25359

0,21315

model_3

2,28716

1,17158

0,86143

0,66308

0,51056

0,38733

0,30025

0,23442

0,18517

0,14856

model_4

2,25541

1,12424

0,80396

0,59485

0,44389

0,33413

0,25911

0,20236

0,16158

0,12069

—=model_5

1,87430

0,90082

0,55718

0,34277

0,21555

0,15531

0,12230

0,09883

0,06597

0,05510

Pucynok I'.14 - Brpatu SNNO mozeneil Ha HaBuaHHI Ha BOKCENSAX (MEHIIE - Kpallle).
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Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

0,56426

0,68160

0,74510

0,78401

0,81967

0,86010

0,87209

0,90166

0,91883

0,93366

——model_2

0,61302

0,74307

0,79366

0,83796

0,87423

0,90999

0,93081

0,94798

0,95875

0,96840

——model_3

0,66098

0,77070

0,82455

0,87230

0,90795

0,93315

0,95449

0,96607

0,97430

0,98171

model_4

0,67398

0,78970

0,84659

0,89109

0,92380

0,94311

0,96241

0,96922

0,98110

0,98405

—=model_5

0,73484

0,85055

0,91618

0,94859

0,97186

0,98090

0,98273

0,98964

0,98801

0,99015

BrpaTtu (HarT)

Pucynok I'.15 - Tounicte SNNO moerneii Ha Bamiialii Ha BOKCENsx (OiIbIIe - Kpaie).

1,8
1,6
1,4
1,2

1
0,8
0,6
0,4
0,2

0

f
~

biire
74

y

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

1,64252

1,20657

0,94497

0,77687

0,64746

0,52650

0,44269

0,36111

0,30131

0,25603

——model_2

1,42171

0,97594

0,73618

0,57788

0,44259

0,33350

0,26829

0,19353

0,15800

0,12664

model_3

1,29992

0,84806

0,63830

0,47254

0,34117

0,25698

0,18370

0,13353

0,10951

0,07905

model_4

1,22175

0,78923

0,56548

0,40285

0,29021

0,21625

0,15134

0,11968

0,08147

0,06759

—=model_5

0,95923

0,54051

0,31505

0,19483

0,10685

0,08212

0,06218

0,04249

0,04252

0,03538

Pucynok I'.16 - Brpatt SNNO Mozerneii Ha Batigarii Ha BOKCENsIX (MEHIIIE - Kpaiie).
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2500
2000
) 1500
[J]
L
(8]
] 1000 —
500
0
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 1077 1120 1125 1246 1131 1098 996 993 996 996
~—model_2| 1002 985 986 1124 1108 1012 1013 1013 1013 1015
—A—model_3| 1014 996 1001 1194 1179 1034 1036 1035 1039 1037
model_4| 1030 1015 1018 1289 1267 1062 1058 1061 1061 1063
—¥=model 5| 1157 1140 1143 2056 1770 1175 1212 1187 1160 1161
Pucynok I'.17 - Hac naBuanust SNNO mojeneit Ha BOKCENSAX (MEHIIE - Kpale).
300
220 M\\
200 ‘ Sy < o X
" . o —e \
S 150 A * —
(8]
[1°]
T
100
50
0
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
——o—model_1| 163 169 172 151 156 154 151 155 151 155
~—model_2| 183 189 200 164 144 135 142 139 145 148
—A—model_3| 201 191 205 186 153 154 160 163 158 162
model_4| 206 220 209 164 152 163 162 166 162 165
—¥=model 5| 250 257 243 204 199 201 203 208 209 208

Pucynok I'.18 - Hac po6otu SNNO mojeneit Ha BOKCeNsIX (MEHIIE - Kparie).




PesyabTaTn KiacudikaTopis ajsi podoTH 3 CiTKAMH

195

0,9
0,8
0,7
—_ 0,6
&
o 0,5
S
I 0,4
o
= 0,3
0,2
0,1
0
Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
——e—model_1| 0,3502 | 0,4427 | 0,4783 | 0,5046 | 0,5164 | 0,5249 | 0,5332 | 0,5397 | 0,5470 | 0,5561
~@#—-model_2| 0,4105 | 0,5699 | 0,6245 | 0,6488 | 0,6810 | 0,7110 | 0,7304 | 0,7581 | 0,7703 | 0,7836
—A—model_3| 0,4109 | 0,5502 | 0,6281 | 0,6322 | 0,6602 | 0,6904 | 0,7180 | 0,7410 | 0,7622 | 0,7748
model_4| 0,3921 | 0,5382 | 0,5875 | 0,6401 | 0,6680 | 0,7202 | 0,7350 | 0,7594 | 0,7782 | 0,7903
—¥-model_5| 0,3501 | 0,5006 | 0,5603 | 0,6117 | 0,6482 | 0,6824 | 0,7081 | 0,7302 | 0,7505 | 0,7621
Pucynok I'.19 - Tounicte CNN Mo/eneil Ha HaBYaHHI Ha CiTKax (OibIIe - Kparie).
4,5
4
3,5
— 3
-
©
z 2,5
=
g 2
=
@ 1,5
1
0,5
0
Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 4,1056 | 2,7489 | 2,5301 | 2,4408 | 2,3702 | 2,3103 | 2,2701 | 2,2406 | 2,2302 | 2,1912
~#—model_2| 2,1701 | 1,2604 | 0,9605 | 0,7911 | 0,6409 | 0,5301 | 0,4502 | 0,3604 | 0,3105 | 0,2603
model_3| 2,1502 | 1,2503 | 0,9607 | 0,7901 | 0,6402 | 0,5303 | 0,4403 | 0,3602 | 0,3001 | 0,2605
model_4| 2,3201 | 1,3404 | 1,0301 | 0,8102 | 0,6608 | 0,5101 | 0,4203 | 0,3503 | 0,2804 | 0,2502
—¥-model_5| 2,5401 | 1,5803 | 1,2105 | 0,9906 | 0,8102 | 0,6603 | 0,5301 | 0,4308 | 0,3502 | 0,3101

Pucynok I'.20 - Brpatu CNN Mmozeneii Ha HaBYaHHI Ha CiTKax (MEHIIE - Kpalie).
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0,9
0,8
0,7
— 0,6
&
o 0,5
S
I 0,4
o
= 0,3
0,2
0,1
0
Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—e—model_1| 0,4448 | 0,4910 | 0,5004 | 0,5315 | 0,5198 | 0,5643 | 0,5371 | 0,5575 | 0,5862 | 0,6025
—#—-model_2| 0,5402 | 0,6202 | 0,6624 | 0,6941 | 0,7205 | 0,7441 | 0,7572 | 0,7775 | 0,7806 | 0,7902
—A—model_3| 0,5403 | 0,6038 | 0,6542 | 0,6886 | 0,7133 | 0,7315 | 0,7495 | 0,7703 | 0,7795 | 0,7901
model_4| 0,5203 | 0,5887 | 0,6321 | 0,6752 | 0,6978 | 0,7342 | 0,7622 | 0,7804 | 0,7885 | 0,7901
—¥-model 5| 0,4702 | 0,5701 | 0,6172 | 0,6652 | 0,6923 | 0,7301 | 0,7442 | 0,7579 | 0,7704 | 0,7803
Pucynok I'.21 - Tounicte CNN mogenei Ha Bamijamii Ha ciTkax (OUIbIIe - Kparie).
3
2,5
— 2
-
©
z
E 1,5
©
o
=
@ 1
0,5
-‘\;\H\_ﬁ m—
0
Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 2,8267 | 2,4902 | 2,4715 | 2,2701 | 2,2639 | 2,1054 | 2,1804 | 2,1601 | 2,0603 | 2,0565
~#—-model_2| 1,1269 | 0,7285 | 0,5588 | 0,4384 | 0,3589 | 0,2958 | 0,2292 | 0,1638 | 0,1428 | 0,1268
model_3| 1,3101 | 0,9102 | 0,6904 | 0,5102 | 0,4306 | 0,3405 | 0,2504 | 0,2101 | 0,1502 | 0,1402
model_4| 1,4502 | 1,0105 | 0,7303 | 0,5503 | 0,4802 | 0,3402 | 0,2503 | 0,2561 | 0,1500 | 0,1302
—¥-model 5| 1,7604 | 1,1502 | 0,9404 | 0,7101 | 0,5907 | 0,4302 | 0,3602 | 0,2801 | 0,2203 | 0,2521

Pucynok I'.22 - Brpatu CNN mozerneii Ha BaTiaii Ha ciTkax (MEHIIe - Kparie).
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1600
1400 /\V = o
1200 | . - - -
- 1000 ’.__"N‘."v——'s=,=.=¢=¢=,=¢=w = = € >0 > < ]
b
L 800
(8]
[0}
T 600
400
200
0
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
——o—model_1| 981 965 968 971 971 972 974 975 975 976
~—model_2| 1012 994 993 994 994 996 994 996 997 996
—A—model_3| 1015 998 996 999 999 1001 998 999 1004 1001
model_4| 1021 1004 1007 1006 1006 1007 1008 1007 1009 1009
—=model 5| 1292 1277 1283 1286 1287 1291 1419 1345 1346 1343
Pucynok I'.23 - Yac naBuanass CNN mojerneli Ha ciTkax (MEHIIE - KpaIle).
350
300
250
g 200
L
3 150
T
100
50
0
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
——&—model_1| 203 183 187 196 178 193 175 183 173 189
~—model_2| 180 207 198 195 212 185 190 210 207 198
—A—model_3| 220 198 205 195 206 205 211 190 202 201
model_4| 207 206 203 210 212 215 223 217 217 210
—¥=model 5| 287 278 293 284 305 289 317 290 303 308

Pucynok I'.24 - Yac po6oru CNN Moeneii Ha ciTkax (MEHIIIE - Kpalie).




1

0,9
0,8
0,7
kS 0,6
0
S 0,5
I
A 0,4
|—
0,3
0,2
0,1
0
Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 0,3294 | 0,5454 | 0,6132 | 0,6501 | 0,6801 | 0,7012 | 0,7304 | 0,7506 | 0,7707 | 0,8838
~#-model_2| 0,3501 | 0,5904 | 0,6601 | 0,7102 | 0,7503 | 0,7802 | 0,8051 | 0,8365 | 0,8457 | 0,8654
—A—model_3| 0,3601 | 0,6102 | 0,6803 | 0,7354 | 0,7703 | 0,8204 | 0,8254 | 0,8514 | 0,8751 | 0,9153
model_4| 0,3902 | 0,6303 | 0,7102 | 0,7604 | 0,7902 | 0,8203 | 0,8504 | 0,8755 | 0,9033 | 0,9321
—¥-model 5| 0,4802 | 0,6803 | 0,7602 | 0,8203 | 0,8603 | 0,8803 | 0,9054 | 0,9252 | 0,9401 | 0,9511
Pucynok I'.25 - Tounicte SNN Moierneii Ha HaBYaHHI Ha CiTKax (OUIBIIE - Kpatie).
3
2,5
— 2
&
z
E 1,5
o
=
@ 1
0,5
0
Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 2,7003 | 1,6502 | 1,3202 | 1,1004 | 0,9503 | 0,8202 | 0,7101 | 0,6202 | 0,5405 | 0,4902
~#—-model_2| 2,5123 | 1,4479 | 1,1213 | 0,8805 | 0,7163 | 0,5701 | 0,4602 | 0,3703 | 0,2905 | 0,2494
—A—model_3| 2,4255 | 1,2801 | 0,9603 | 0,7304 | 0,5902 | 0,4603 | 0,3701 | 0,2902 | 0,2204 | 0,1903
model_4| 2,3302 | 1,2103 | 0,8805 | 0,6902 | 0,5203 | 0,4102 | 0,3304 | 0,2502 | 0,1903 | 0,1601
—¥-model 5| 1,9559 | 0,9902 | 0,6304 | 0,4203 | 0,2803 | 0,2102 | 0,1602 | 0,1204 | 0,0902 | 0,0801

Pucynok I'.26 - Brpatu SNN Mozerneii Ha HaB4aHHI Ha CiTKaxX (MEHIIIE - KpaIle).
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g
0
5]
T
T
o
|—
0,2
0
Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—e—model_1| 0,4802 | 0,6413 | 0,6501 | 0,6902 | 0,7304 | 0,7605 | 0,7807 | 0,8006 | 0,8202 | 0,8305
~#—-model_2| 0,5454 | 0,6502 | 0,7013 | 0,7404 | 0,7805 | 0,8103 | 0,8354 | 0,8555 | 0,8703 | 0,8850
—A—model_3| 0,5701 | 0,6802 | 0,7503 | 0,7904 | 0,8302 | 0,8603 | 0,8852 | 0,9053 | 0,9154 | 0,9246
model_4| 0,6532 | 0,7104 | 0,7803 | 0,8204 | 0,8503 | 0,8752 | 0,9131 | 0,9202 | 0,9303 | 0,9493
—¥-model 5| 0,6602 | 0,7803 | 0,8502 | 0,8804 | 0,9051 | 0,9152 | 0,9303 | 0,9401 | 0,9454 | 0,9530
Pucynok I'.27 - Tounicte SNN moperneii Ha Baminaiii Ha ciTkax (OUIbIIE - Kpatie).
2
1,8
1,6
1,4
-
g 1,2
E 1
o 0,8
o
0,6
0,4
0,2
0 : —
Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 1,7802 | 1,2501 | 1,0301 | 0,8402 | 0,7203 | 0,6200 | 0,5402 | 0,4601 | 0,3903 | 0,3502
~#—-model_2| 1,5402 | 1,0301 | 0,7902 | 0,6203 | 0,4804 | 0,3902 | 0,3103 | 0,2504 | 0,1905 | 0,1503
—A—model_3| 1,4202 | 0,9404 | 0,7002 | 0,5401 | 0,4102 | 0,3204 | 0,2404 | 0,1802 | 0,1303 | 0,1102
model_4| 1,3202 | 0,9103 | 0,6404 | 0,4802 | 0,3601 | 0,2804 | 0,2132 | 0,1503 | 0,1105 | 0,0902
—¥-model 5| 1,0503 | 0,6102 | 0,3604 | 0,2203 | 0,1305 | 0,1204 | 0,0751 | 0,0553 | 0,0452 | 0,0354

Pucynok I'.28 - Brpatu SNN mozerneii Ha Batiaii Ha ciTkax (MEHIIIE - Kparie).
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1600
1400
1200
- 1000
x
[J]
L 800
(8]
[0}
T 600
400
200
0
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 1328 1345 1346 1343 972 970 973 972 1019 1031
~—model_2| 1046 1031 1014 1032 1034 1036 1038 1040 1041 1043
—A—model_3| 1063 1086 1052 1057 1057 1059 1059 1058 1061 1062
model_4| 1082 1068 1073 1080 1080 1080 1082 1082 1068 1070
—¥=model 5| 1163 1102 1111 1107 1109 1112 1147 1166 1168 1176
Pucynok I'.29 - Yac naBuanas SNN Mojeneit Ha ciTkax (MEHIIE - Kparie).
300
250
200
3
[J]
L 150
(8]
[1°]
T
100
50
0
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 210 216 221 225 220 216 225 203 204 218
~—model_2| 223 199 212 213 198 190 209 226 221 204
—A—model_3| 202 207 192 226 216 228 203 224 232 229
model_4| 234 210 208 213 214 237 233 241 234 223
—¥=model 5| 244 234 248 218 241 217 257 262 258 235

Pucynok I'.30 - Yac po6otu SNN mozeneii Ha ciTkax (MEHIIE - Kpaiie).




TouHicTb (%)

1,2

’

> 4

201

L &

L d =3

uh

<

0,8

0,6

0,4

0,2

0

Enoxal | Enoxa 2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9

Enoxa 10

—e—model_1/ 0,34888 | 0,60033 | 0,68150 | 0,72976 | 0,76897 | 0,79742 | 0,83013 | 0,85431 | 0,87626

0,89292

——model_2|0,38870 | 0,64940 | 0,73108 | 0,77862 | 0,82058 | 0,85624 | 0,88906 | 0,90887 | 0,92462

0,93762

—A—model_3| 0,43025 | 0,68566 | 0,76217 | 0,81144 | 0,85147 | 0,88753 | 0,91324 | 0,92888 | 0,94707

0,95885

model_4| 0,43655 | 0,69857 | 0,77923 | 0,83135 | 0,87118 | 0,90348 | 0,92543 | 0,94270 | 0,95418

0,96597

—*—model_5/|0,53723 | 0,75323 | 0,83745 | 0,89952 | 0,93711 | 0,95327 | 0,96312 | 0,97044 | 0,98049

0,98385

BrpaTtu (HarT)

Pucynok I'.31 - Tounicte SNNO moerneii Ha HaB9aHHI Ha CiTKax (OUTBIIE - Kparie).

0,5

L

0 ! yicy
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9

Enoxa 10

—o—model_1|2,59438 | 1,51012 | 1,18296 | 0,97436 | 0,82189 | 0,69914 | 0,58370 | 0,49182 | 0,42624

0,36590

——model_2|2,41584 | 1,29151 | 0,96648 | 0,76724 | 0,60964 | 0,48236 | 0,37999 | 0,30691 | 0,25359

0,21315

model_3|2,28716 | 1,17158 | 0,86143 | 0,66308 | 0,51056 | 0,38733 | 0,30025 | 0,23442 | 0,18517

0,14856

model_4| 2,25541 | 1,12424 | 0,80396 | 0,59485 | 0,44389 | 0,33413 | 0,25911 | 0,20236 | 0,16158

0,12069

—*—model_5/|1,87430 | 0,90082 | 0,55718 | 0,34277 | 0,21555 | 0,15531 | 0,12230 | 0,09883 | 0,06597

0,05510

Pucynok I'.32 - Brpatu SNNO mozerneii Ha HaB4aHHI Ha CiTKaxX (MEHIIIE - KpaIe).




TouHicTb (%)

1,2

’

0,8

0,6

0,4

0,2

0
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Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

0,56426

0,68160

0,74510

0,78401

0,81967

0,86010

0,87209

0,90166

0,91883

0,93366

——model_2

0,61302

0,74307

0,79366

0,83796

0,87423

0,90999

0,93081

0,94798

0,95875

0,96840

——model_3

0,66098

0,77070

0,82455

0,87230

0,90795

0,93315

0,95449

0,96607

0,97430

0,98171

model_4

0,67398

0,78970

0,84659

0,89109

0,92380

0,94311

0,96241

0,96922

0,98110

0,98405

—=model_5

0,73484

0,85055

0,91618

0,94859

0,97186

0,98090

0,98273

0,98964

0,98801

0,99015

BrpaTtu (HarT)

Pucynoxk I'.33 - Tounicte SNNO moperneii Ha Bamialii Ha ciTkax (OUTbIIE - Kparie).

1,8
1,6
1,4
1,2

1
0,8
0,6
0,4
0,2

0

f
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biire
2

y

Enoxa 1

Enoxa 2

Enoxa 3

Enoxa 4

Enoxa 5

Enoxa 6

Enoxa 7

Enoxa 8

Enoxa 9

Enoxa 10

—&—model_1

1,64252

1,20657

0,94497

0,77687

0,64746

0,52650

0,44269

0,36111

0,30131

0,25603

——model_2

1,42171

0,97594

0,73618

0,57788

0,44259

0,33350

0,26829

0,19353

0,15800

0,12664

model_3

1,29992

0,84806

0,63830

0,47254

0,34117

0,25698

0,18370

0,13353

0,10951

0,07905

model_4

1,22175

0,78923

0,56548

0,40285

0,29021

0,21625

0,15134

0,11968

0,08147

0,06759

—=model_5

0,95923

0,54051

0,31505

0,19483

0,10685

0,08212

0,06218

0,04249

0,04252

0,03538

Pucynok I'.34 - Brpatu SNNO moerneli Ha Bamiaiii Ha ciTkax (MEHIIIE - KpaIe).
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2500
2000
) 1500
[J]
L S ‘
o o . 1 A X
F 1000 — s §
500
0
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 1077 1120 1125 1246 1131 1098 996 993 996 996
~—model_2| 1002 985 986 1124 1108 1012 1013 1013 1013 1015
—A—model_3| 1014 996 1001 1134 1179 1034 1036 1035 1039 1037
model_4| 1030 1015 1018 1289 1257 1062 1058 1061 1061 1063
—¥=model 5| 1157 1140 1143 2056 1770 1175 1212 1187 1160 1160
Pucynok I'.35 - Yac naBuanas SNNO Mojeneit Ha ciTkax (MEHIIE - Kparie).
300
250
200
3
[J]
L 150
(8]
[1°]
T
100
50
0
Enoxal | Enoxa2 | Enoxa3 | Enoxa4 | Enoxa5 | Enoxa 6 | Enoxa 7 | Enoxa 8 | Enoxa 9 |Enoxa 10
—&—model_1| 214 228 221 194 192 196 196 191 190 193
~—model_2| 218 226 235 205 203 204 208 206 201 200
—A—model_3| 241 248 243 221 210 203 210 211 208 205
model_4| 236 232 243 195 192 198 199 194 197 197
—¥=model 5| 241 240 244 201 197 205 202 208 201 199

Pucynok I'.36 - Yac po6otu SNNO mojeneit Ha ciTkax (MEHIIIE - Kpaiie).
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Pucynok I'.37 - Brpatu mozeneit 3 pizHOI0 KoJopudikamiitHor 00poOKoro.
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Mepesipka TokeHa abo

JIOJATOK JI JUATPAMU

oBnikoBuMx AaHUX

IHppacTpyKTYPHUA Wap

Cepsic aBTopusauii JWT /
OAuth / Towo

GPU I HPC Pecypcw ansa
HaB4aHHsA | iHtbepeHey

«winterface»
I0rchestrator

+ClassificationResult Classify(ThreeDFile file)

+string PredictedLabel
+double Confidence
+DateTime Timestamp
+string ModelName

+constructor(threeDFileld, label, confidence, modelName)

"HaneTs (3 ThreeDFileld)'—>|

+List<Metadata> Metadatal ist

+List<Cl Ci

+AddMetadata(meta: Metadata) *  void
+AddCl i it: Ci

+constructor(fileName, storagePath, fileType)

Result) - : void

Pucynok /1.2 - Jliarpama kJiaciB mporpaMHUX 3aco0iB.

+string Value

HTTP REST-
Llap npeacTasneHHs -
ASP.NET WebAPI
30BHILWKI cucTEMKM
) KonTponepn WebAPI Mogyni -
. . 0bpobiu aanuTie HTTP Bignc
HTTP Bignosigf P . . S
MapLupyTuaalia / AsTopuzallia
—p ! Towo Buknuk cepaicy knacudikallii—
Pesynerat knacudikalyii- ~
nuBoke Wap gaHnx
LLlap MaLIMHHOTO HABYaHHS
LWap GizHec-noriku - ey e Cxosuile Blob / O6'ekTHe
i 4 cxoBvLe iHopmauii npo 3D
—p Keras.NET Mogeni rnuBoki Opxecparop / Gepeick iHtbopmauiio 3D 306paxeHt e Hcpopuanl np
GPU onepallil- HeiPOHHI Mepexi I 3oGpaxens
paul P P Mepeno6pobka
Peaynerarl . . T 'j_,l
. . 1 Capele knacuchlkaul Blzrec- Y 36eperti pesynsraru i SQL / NoSQL B[] 36epiraHHs
ML.NET Mopeni knacuHi ML~ P, norika OpkecTpaujis npoLecia q p . )
b Peaynsrarit meTafaxi MeTafaHux | peaynsratis
anropuTMn
KnacwyHuin ML iHcbep
KerasNetService PreparedData
«interfacer
OrchestratorService IMLModel - JU— List<float> RawVest
srnas +ClassificationResult Infer(PreparedData data) -siring Additionalinto
< y
+ClassificationResult Classify(ThreeDFile file) . . +ClassificationResult Infer(PreparedData data) +eonstructor(data, info)
+PreparedData PreprocessData(ThreeDFile file) OTpHMYE B MeTonax +GetVectors() : : List<float>
+IMLModel SelectModel(PreparedData data) :
MLNetService +Getlnfo() : : string
Ha ocHoBI"
ThreeDFile
+Cl ult Infer(PreparedData data)
+Guid Id Metadata
ClassificationResult +string FileName
+string StoragePath oud 18
+Guid 1d - 1 "Dta‘mge:pm“e‘m N 9| +Guid ThreeDFileld
+Guid ThreeDFileld *string File Type +string Key

+constructor(threeDFileld, key, value)




LWap npeacraeneHHs

WebAPI KoHTponepu
(MapwpyTtusauis/Aetopusauia/

TOLLO)

Lap BizHec-noriku

3a notpebu: iHwi GisHec-
cepsicu

Cepsic knacudikadii /
OpkecTparop

206

Wap gannx

LLlap malmnHHOro HaB4aHHA

SQL/ NoSQL Blob / O6'ekTHe cxoBuLle ML.NET (Knacw4Hi ML- Keras.NET (Immboki HenpoHHi
B[l meTapgaHumx i pesynksraTie (3D-charinm) anroputMu) Mepexi)
IHdbpacTpyKTypHUN Wap
Cepsic ayteHTudikauii GPU /HPC

(JWT/OAuth/Towyo)

Ansi HaBYaHHsA/iHdepeHcy

Pucynok /1.3 - JliarpamMa KOMIIOHEHTIB MMPOTPAMHUX 3aCO0IB.
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XmapHa nnatcopma

Load Balancer / Ingress
Controller

Kubernetes Knactep

s

h 4

Pod3:
Keras.NET Cepsic

Object Storage / Blob Storage

w,
Pod1: —
WebAPI + Orchestrator Pod2:

ML.NET Cepgic

Auth Service
(okpemun Pod
abo 30BHIiLLHIN cepBic)

KeposaHa SQL/NoSQL B[]

GPU/HPC Byson
ansa ob4yncneHb

Pucynoxk /1.4 - Jliarpama po3ropTaHHs.




KnienT / 3oBHiwHi cnctemu

1. 3anuT (HTTP POST/GET) + TokeH/OGnikoBi aaHi

WebAPI KoHTponepu

Cepgic ayTeHTudikauii

2. MNepesipka TokeHa/Npae JocTyny

3. Pesynetar ayTeHTudikauii (OK/Momunka)

Y pasi yeniwHoi ayTeHTudikai
nepexogumMo Ao BiaHec-norikn

4, Buknuk cepeicy knacudikauii
+ pai (3D-dvain / iHwe)

Cepsic knacudikauii / OpkectpaTtop ML.NET Keras.NET EO

13. Bignosige (HTTP 200 / JSON ToLwo)

KnigHT / 30BHILUHI cUcTEMK

WebAPI KoHTponepwu

12. NoBepHeHHA peaynsTaTy knacudikauii

>
-

5. Mepenobpobka / anigauis AaHnx

alt [BukOpWCTOBYEMO KNaCWuHi
anropuTMu]

6. 3anuT Ha iHepeHc
(MigroToeneHi gaxi)

7. PeaynetaTu iHchepeHcy

8. 3anuT Ha iHdepeHc (MigroToeneHi AaHi)

9. PesynsTaTi iHtbepeHey

10. 3bepexeHHs (pesynsTat, MeTafaHi)

11. 3a noTpebwn YutanHs/3annc 3D-caiiny

208

Cxoeuiie Blob

Cepsic ayTeHTudikauii

Cepgic knacudikauii / Opkecrpatop ML.NET Keras.NET B

Pucynox /1.5 - /liarpama cTaHiB CUCTEMHU.

Cxosuiie Blob
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2

—

( Knient )

-

WebAPI

— | e
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3aBaHTa)eHHn/oTpUMaHHS L
—>
TOKeHa

AuthService

OWHOMMHK&J

» <
'v‘

OpkecTtpaTop - bisHec-norika

Pucynox /1.6 - Jliarpama gistiibHOCTI.

ML.NET

Keras.NET

Pesynsratu iHbepeHcy,
MeTafaHi

3D-dannum 3anuc/4nTaHHs

SQL/NoSQL

Blob Storage




KnieHT/Cepeic
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OprecTpaTop

PesyneTaT knacudikavyii
Ingpepenc NN 36epewenta ID-dainis -

Blob Storage
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Pucynoxk /1.7 - [liarpama BapiaHTiB BUKOPUCTAHHS.
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