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AHOTAIIS

Cusonenxo O./]. Po3po06iieHHs TEXHOJIOT1T Ta IPOrpaMHUX 3aC001B BUSBICHHS
Ta po3Mi3HAaBaHHS 00 €KTIB y pexuMi peajapbHoro yacy — Ksamidikamiiina HaykoBa
npais Ha IpaBax PyKOMHCY.

Juceprartiiss Ha 3100yTTSI HAyKOBOTO CTyNeHsS AOKTopa (imocodii 3 ramysi
3HaHb 12 [HhopMaIlliifHl TEXHOJIOTI 3a crerianbHicTio 121 [HXKeHepis mporpaMHOTo
3a0e3neyeHHs — J{HImpOBCHKUI HalloHANBHMN YHIBepcuTeT iMeHi Onecs ['onuapa,

Huimpo, 2024.

Huceprauiitna poOoTa MpUCBSIYEHA PO3POOJICHHIO €(PEKTUBHOI Ta MIBUJKOI
1H(OpMaIIHHOT TEXHOJIOTIT Ta MPOrPaMHOT0 3aC00y BUSIBIICHHS, PO3IMi3HABAHHS Ta
BIJICTEKEHHS 00’ €KTIB Yy PEXKUMI pEaIbHOTO Yacy.

JlocnmiKeHHsT PO3KPUBAE CYTHICTh TEXHOJIOTIH TIUOMHHOTO HAaBYAHHS Ta
CIpsIMOBaHE Ha aHaJI3 MOTOYHOIO CTaHy Ta BUSBJICHHS METOJIB TOKpAIICHHS
poOOTH MPOrpaMHOrO PIlICHHS BUSBICHHS, pO3Mi3HABAaHHSA Ta BIJACTEKEHHS
00’€KTIB Y pEKMMI PEAIbHOTO Yacy. Y BCTYII BU3HAYEHO METY, 00’ €KT, MPEeaIMET Ta
METOJU AOCTIKEeHHS. PO3KpUTO HayKOBY HOBU3HY JOCIIIKEHHS, TECOPETHYHE Ta
NPaKTUYHE 3HAYEHHS HAYKOBHUX pe3yJlbTaTiB, OCOOMCTHUI BHECOK, 3a3HAYECHO
1H(}OopMaIrito Mpo BIPOBAHKEHHS 1 alipo0allio pe3yabTaTiB.

AKTYaJIbHICTb TeMM JOCIIPKEHHSI OOYMOBJIEHO ICHYIOUHMM HPOTHUPIYYSIM
MDK YCKJIQJHEHHSIM MOJIeJIel TIIMOMHHOTO HaBYaHHS MTPU BUKOPUCTAHHI 1ICHYIOUHUX
MIPOrpaMHUX PIlIeHb, 3 OTHOTO OOKY, Ta 3pOCTAaHHSIM TPY/IHOIIIB IHTEPIIPETAITiT IIHX
MoOJiejiel y MPUKIAJHOMY 3aCTOCYBaHHI 3 MiJABUIIEHHSAM IIBUJKOMIT MPONEAYypU
pO3Mi3HABaHHS Ta BIJCTEKEHHA 00 €KTIB y PEKMMI PEaJbHOro 4acy — 3 1HIIOrO
ooky. Cdepa 3actocyBaHHs Oe3NUIOTHUX JiTanbHUX anapaTiB (bnJIA) mocTiiiHo
3poCTa€ 1 BUHUKAE HEOOXIIHICTh a/IanTailii aJirOpUTMIB MAITMHHOTO HaBYaHHS Ta
MojieNiel TITMOMHHOTO HaBYaHHS JUIsl BUKOPUCTaHHSA came Ha Oopty bmJIA mpu

BpaxyBaHHI OOMEXEHOCTI Ha OOYHUCITIOBATIbHI PECypCcH Ta crieuudiky opraHizarii
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OTPUMAHOTO BiJICOMOTOKY JaHUX. Y poOOTI MiJKPECIIOETHCS Bara BXXKe 1CHYIOUHUX
apXITEeKTypHUX PpIlIeHb peaiizamii 3rOpTKOBOI HEHPOHHOI Mepexi Ipu
BUKOPHCTaHHI METOJIB Ta aJrOPUTMIB MAaIIMHHOTO HaBuyaHHS. BcraHoBieHe
IPOTUPIYYS JOJAETHCS BHECEHHSIM JIOJATKOBUX YMOB ISl 3a/1ayl ONpalibOByBaHHS
BEITUKOT0 HAOOPy 300pakeHb BiICOMOTOKY, SIKHI TIOCTIHHO OHOBJIIOETHCS Ta MOXKE
BMIIIyBaTH 1H(OPMAIIIO MPO O00'€KTH pi3HOrO po3Mipy Ta (Gopmu Ans 3amayi
pO3IMi3HABaHHA Ta BIICTSKEHHSA. BuaLIIEThCSs HEOOXIAHICTh BUKOPHCTAHHS B
3allpOIIOHOBAHOMY MPOTPAMHOMY PpillIeHHI aJanTtoBaHOi (yHKIII BTpaT s
MIATPUMKN TIPUNHATTS PIllIEeHh HA OCHOBI CIIOCTEPEKEHUX JAaHUX. AKTYyaJIbHOIO B
i TeMaTuill € 3a7ada 3JUTTS O3HAaK 3TOPTKOBUX HEUPOHHUX MEPEX IS
IIPOCTOPOBOTO Ta YaCOBOTO MOTOKIB.

MeTow podOTH € MiJABUIICHHS TOYHOCTI BUSIBJICHHS, PO3II3HABaHHA Ta
BIJICTEXEHHSI OO0'€KTIB B PEXHMI pEalbHOTO Yacy Ta peajizaiii BiANOBIIHOI
TEXHOJIOT1i Y BUTJISI/II POTPAMHOTO 3ac00Yy.

O0’ekTOM JOCJIIKEHHSI € TPOILIECH OIpallOBaHHS JaHWX B 3a/adax
BUSIBJICHHSI, PO3II3HABAHHSA Ta BIJCTEXKEHHS 00’ €KTIB y PEKUMI pEAIbHOTO Yacy.

IIpeamMeTroM gocaigxKeHHS € MOJENl, QJITOPUTMH Ta TEXHOJOTii
BUKOPUCTAHHS 3TOPTKOBUX HEHPOHHUX MEpeX I BUPIMICHHS  3a1adi
pO3Mi3HaBaHHS Ta BIACTEXKEHHS 00'€KTa y peKUMI peaIbHOro yacy.

Y nepmomy po3mii gucepTaiii akKIEHTYEThCS yBara Ha poO3IJIsii
MpeAMETHOI 00J1acTl Ta aHaji31 CydaCHUX METO/IB BUSIBJICHHS, pPO3II3HABAHHS Ta
BiJicTexeHHs1 00’ ekTiB. OcoOaMBa yBara mpujijieHa eTanamM po3BUTKY HEHPOHHHX
3TOPTKOBUX MEPEXK Ta MOJEISM TJIMOOKOTO HABYAHHS JJIS MPOBEJCHHS aHAII3y
MoOy/I0BaHUX apXITEKTYpPHUX PIIIEHh Ta BUKOPUCTAHUX aJITrOPUTMIB. Takox
PO3TIITHYTO TIPOOJIEMH, TIOB's13aH1 3 peajizalli€ro IHTeIEKTYaATbHIUX CUCTEM Y PEKUMI
pealbHOrO0 4acy, BKJIIOUYAalOYM OOpOOJICHHS BEIMKOro o0cAry JaHuX, Ta
ONTUMI3AIlII0 MBUIKOCTI pOOOTH MPOrpaMHUX 3aCO0IB.

Y apyromy po3aijii AOCTIIKEHHS yBara aklEHTY€ThCS Ha OOTPYyHTYBaHHI

BUOpaHUX METOMIB BHSBIEHHS, pO3MI3HABAHHS Ta BIJICTEKEHHS 00’ €KTIB.

3



[Ipuainena yBara etamy IiJATOTOBKM HAaOOpiB JaHUX (MPEMpOIECciHT) I iX
MOIAJILIIOT0 BUKOPUCTAHHS y MoAeni. Po3risinaotecs anroputmu cimeiicts YOLO
ta Faster R-CNN. OnucaHo aerani HaBYaHHS JJaHUX AJITOPUTMIB Ta HaBEICHO
pe3ynbTaT  aociikeHb. OCHOBHY yBary NpPHAUICEHO MHTAHHIO —E€BOJIOIT
anroputMy YOLO, 1110 € KIII040BUM AJIs1 PO3YMIHHS CTPYKTYPHU JAHOTO aIrOPUTMY
Ta BUKOPUCTAHUX METO/IIB 1 MiXOIB OpraHi3allii JaHuX.

Y TperboMy Ppo3aijii OCHOBHA yBara MpHAUICHA peami3aiii TeXHOJOrIi
pO3Mi3HABaHHS Ta BIICTEKEHHS 00'€KTIB B pEXKUMI PEaTbHOTO Yacy, a TAKOXK aHAI3Y
OTPUMAHUX Pe3yJbTaTIB POOOTH pO3pOOJIEHOT TEXHOJIOrIT NpHU MOPIBHAHHI 3
ICHYIOYUMHU TIpOrpaMHUMU pitieHHsMU. [IpoBeneHo ormisa icHyrouux HaOOpiB
JAaHUX 71 TOJaiblIol  ampoOarlii aJropuTMIB Ta OOTOBOPIOETHCA IMUTAHHSA
aHOTYBaHHs JaHMX Ta (OpMyBaHHS BiIacHOro Habopy nanux (dataset, maracer).
ExcnepuMenTanbHe MOCTIIPKEHHS Ha BU3HAYCHHX HaOOpax maHux (30Kpema,
BrnacHui, Kitti Ta TAIVD) 3 HeBeNMMKOIO KUIBKICTIO 300pa)KE€Hb IMOKAa3alo, IO
3aMpONOHOBAaHA TEXHOJIOTIS Y BUTJISAI KOMOIHAIT adrOPUTMIYHHUX PIIIEHb 3 JIBOX
THUITIB 3rOPTKOBUX HEUPOHHUX MEPEXK, NIEMOHCTPYE MOKpallleHy npubiauzHo Ha 1,8
% TOYHICThH PO3MI3HABaHHS HIXK TexHouyoris-aHanor YOLO. OtpuMani pe3yiabTaTi
CTHIOCTEpEKeHb 3 MOOYI0BAHOTO BJIACHOTO HAOOPY aHWX 3 HEBEIUKOI KUIBKICTIO
300pakeHb MarOTh MEpeBary 3a po3MipoM Mojedii Ha 6 % BIIHOCHO JaTacery
TAIVD B Tomy * 00'eMi, IKMii MOke OyTH TOPEYHUM ISl BUKOPHCTAHHS 3a
paxyHOK BMileHHs 300paxens 3 briJIA. ITpu nonaBanHi 1o 6a30B01 MojeN mapy
nerektyBanHsd B2-PFNB npu HeBenwkiii KIUTBKOCTI 300pa)keHb YycepeaHeHa
TouHicTh MAP 30umbmyerbest Ha 4,3%. Koxxna oOpana crpaTerisi MOKpaiieHHs
TexHoJorii-anasora YOLO pi3HOI0 Miporo nokpauuia eQpeKTUBHICTh BUSBICHHS,
pO3Mi3HaBaHHS Ta BIJCTEKEHHS 00'€KTIB B PEKHUMI PEaIbHOTO Yacy.

BHyTpimHs JI0TiKa OpOrpaMHOro 3a0e3nedyeHHs po3pO0JIEHOI TEXHOJIOTi
noOy7oBaHa 3 BUKOPUCTAHHSM KOMIIOHEHTHO-OpI€HTOBAaHOTO miaxomy. Jlms

peamizailii oO4MCIIeHb BHKOPHUCTaHO Taki Oi0mioteku, sik Pytorch, Ultralytics,



NumPy, OpenCV2 Ta Matplotlib. Jlns posropraHHs 1€l TEXHOJIOTI]
3aMlpOIIOHOBAHO peajizallis JeKiIbKOX TOUOK 1HTEerpallii.

HaykoBa HOBH3HA PE3yJIBTATIB JOCTIIKCHHS TOJISITAE B HACTYITHOMY:

— e@nepuwie PO3pOOJICHO apXITEKTypHE pIlIeHHS MOOYyA0BH HEHPOHHOI
3rOPTKOBOI MEpEeX1 3a/1aul BUSBJICHHS, PO3Ii3HABAHHS Ta BIJCTE:KEHHS 00'€KTIB B
PEXHMI pEealbHOTO Yacy, IO BIAPI3HSAETHCS BiA ICHYIOYOTO PIIIEHHS THM, IO
BUKOPHUCTOBYE O1IBINY KUIBKICTh OJIOKIB pO3Mi3HABaHHS 00'€EKTIB PI3HOTO PO3MIpY,
SKE € ONTUMI30BaHE IS 3a/1a4 KOHKPETHOT MPeIMETHOT 00J1aCTi;

— enepuie OOIPYHTOBAHO MOXJIMBICTh BHUKOPUCTaHHS B pPO3pOOsICHIN
texHosorii PFNB-61oky, sikuii 6a3yeTbes Ha apxiTekTypHOMY pimneHHi Faster-Net,
10 BUKOPUCTOBYE OaraTroMacuTabHy Mepexy 00’ € JHaHHS O3HAK JJIs1 AEMOHCTpaIlli
MOKPAIIEHOi TOYHOCTI PO3Mi3HABAHHS Y MOPIBHSAHHI 3 0a30BOI0 TEXHOJIOTIEIO;

— snepuie cHOPMOBAHMI BIaCHUN HaOIp AaHUX JiA anpoOallii po3poosieHol
TEXHOJIOT1i TIOYMHAIOUM 3 €Tally pO3Mi3HaBaHHS O00'€KTIB y BiJIE€OMOTOIl, SIKUN
BKJIIOYAa€ O0O0'€KTH pI3HOTO MaciiTady BHM3HAYEHOI MpPEAMETHOI 00JacTi, 1110
MITBEPIKY€E €EKTUBHICTh PO3pPOOJICHOT MOJIENI;

— @nepuie 3aMPONIOHOBAHO aPXITEKTYPYy KpocriaaThopMHOi 010110TeKH s
peanizallii TeXHOJIOT1i BUSIBJICHHS, pO3Mi3HABaHHS Ta BIJICTEXKEHHS 00'€KTIB, sIKa €
N'ATUMACIITA0HOI0 CTPYKTYpPOIO 1 MICTUTh MexaHi3M yBaru BiFormer 3 manoro
OOYHUCITIOBATILHOIO TOTYXKHICTIO, 10 JIO3BOJISIE MOKPAIIUTH TOYHICTh BUSBJICHHS
MaJiix 00'€KTIB Ta MOKpAIIy€e yBary J0 KJI40BOi iH(popMailii Ha KapTi 00'€KTIB;

— 6nepuie TPOBEICHO MOJICTIOBAHHS MOPIBHSUIBHUX ekcriepuMeHTiB Ha YOLO
vO Ha HEeBeTMKOMY HA0OP1 IaHUX, K1 BIIPI3HIIOTHCS BUKOPUCTAHHSAM PI3HUX BUJIIB
GbyHKL1A BTpaT pH 30epiraHHi IHIIKMX YMOB HaBYaHHS HE3MIHHUMHU, 110 MTOKA3aJ10
BukopuctanHa ¢QyHkiii perpeciiinnx BTpatr WIoU v3 HailedeKTHBHIIIOW s
no0y/1I0BaHOI MOJIETI;

— enepuie IPOBEICHO MOJICTIOBAHHS €KCIIEPUMEHTIB Ha HEBEIMKIN KIIBKOCTI
300paxkeHb MU J0J1aBaHH1 10 0a30B01 Mojieni OJ0KiB neTekTyBaHHs rpynu PFNB,
K1 00'€eIHYIOTh APiOHI OCOOJMBOCTI IIApiB HEHPOHHOI 3rOPTKOBOI MEpexi, II0
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30UIbIIIyE HAa HEBEIMKOMY Ha0Opi JaHUX ycepeaHeHe 3HaueHHs MmAP Ta npu ix
OJITHOYACHOMY BUKOPHMCTaHHI PO3Mip MOJIEN1 1 KUIBKICTh TapaMeTPiB 3MEHIITYEThCS;

— 6nepuie TIPOBEICHO MOJIETIOBAHHS €KCIIEPUMEHTIB Ha MOKpaIleHi Moeni
YOLO v9 P, sxa BizpizHseTbes Big 6a30B0i mojzeni YOLO v9 dyskuiero BTpar,
METOJIOM 3JIUTTS Ta MOJAU(IKOBAHOIO apXITEKTYpOIO OJIOKY pO3Mi3HABAaHHSA, 1110 Ha
HEBEJIMKOMY Ha0Opi JaHUX JO3BOJWJIO OTPUMATH MOKpPAIEHHS YCEpPEIHEHOTO
3HayeHHsI mAP Ha 7,7% 1 AP Bix 2,5% 1o 14,1%.

IlpakTHyHe 3HAYEHHSI OJICP)KAHUX PE3YJLTATIB TMOJSITAE y CTBOPCHHI
IPOTPaMHOro 3aco0y 1H(OpMaIiiHOT TEXHOJIOT1l pO3Mi3HaBaHHS Ta BIJICTEKCHHS
00'€KTIB B PEKUMI peajbHOTO Yacy.

Pe3ynbrat poOOTH OTpUMai BOPOBAKEHHS B OCBITHIN mpouec kadeapu
MaTteMatuyHoro 3abesneueHHs EOM (dakynbreTy nDpHUKIaAHOI MaTeMaTHKH
JIHITPOBCHKOIO  HAI[IOHAJIBHOrO yHIBepcuTeTy 1MeHl Onecs [oHuapa mnpu
BUKJIAJIaHHI ~JUCHUIUIIH «AJITOPUTMU aHaNI3y Ta METOAM  OIpaIfOBaHHS
300pakeHby «CHcTeMH IITY4YHOTO I1HTENEKTy», «[JMOWHHE HaBUaHHS» Ta
BUKOHAHHI KBaJl(PiKaIHHUX poOIT 3700yBayiB.

Po3pobneni B gucepTarliiiHii poOOTI TEXHOJIOTIT Ta MPOTpaMHI 3aco0U
otpuManu BipoBakeHHa y aisnpHocTi TOB « KAHBOH THXXKMHIPIHI Y, 30kpema
y mporeci po3podbku mnpoekty «FridgeEye», 110 103BoJis€ MpOBOIUTH
po3mi3HaBaHHS 00'€KTIB y peabHOMY Yaci Ta BUKOPUCTOBYBATH B IHTETIEKTYaTbHUX
CHCTEMaX, 1[0 € OOMEKECHUMH 32 PECYPCaMH.

HaykoBi pe3ynbpTaTu AOCTIIPKEHHSI € BHECKOM y PO3BHTOK apXiTEKTYpPHHUX
pillieHb 3a7a4l BUSBICHHS, PO3IMI3HABAHHS Ta BIJCTEXKEHHS OO'€KTIB y pexXuUMI
pEaNbHOTO Yacy.

B sgxocTi MOXIMBUX HAOpSMKIB IIPOJIOBXKECHHS JIOCIIKEHHS MOYKHA
BIJIMITUTH aKTYyaJbHICTh PO3POOJICHHS MPOTPAMHOTO 3a0€3MeUeHHS ISl TIOBHICTIO
Ta HariB aBTOHOMHUX briJIA.

KuarwuoBi cioBa: iHdopmaliiiiHa TEXHOJIOT1S, BUSABICHHS 00’ €kTiB, briJIA,

po3mizHaBaHHsA 00°ekTiB, Y OLO, 300paxkeHHs1, 3rOpTKOBI HEMPOHH1 MEpexkKi, MOJENI
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3rOPTKOBUX HEUPOHHUX MeEpex, HeHpoHHa mepexa, apxitekrypa CNN, riauboke

HaB4YaHHs, MamnHHe HaByaHHs, Faster R-CNN.



ANNOTATION

Syzonenko O.D. Development of technology and software tools for detecting
and recognizing objects in real time — Qualifying scientific work as a manuscript.

Dissertation for the degree of Doctor of Philosophy in Knowledge Area 12
Information Technology, specialty 121 Software Engineering — Oles Honchar
Dnipro National University, Dnipro, 2024.

The dissertation is devoted to the development of efficient and fast
information technology and software tools for detecting, recognizing and tracking
objects in real time.

The study reveals the essence of deep learning technologies and aims to
analyze the current state and identify methods to improve the operation of a software
solution for detecting, recognizing and tracking objects in real time. The introduction
defines the purpose, object, subject, and methods of the study. The scientific novelty
of the study, theoretical and practical significance of the scientific results, personal
contribution, and information on the implementation and testing of the results are
disclosed.

The relevance of the research topic is due to the existing contradiction
between the complexity of deep learning models when using existing software
solutions, on the one hand, and the growing difficulty of interpreting these models
in an application with an increase in the speed of the procedure for recognizing and
tracking objects in real time, on the other hand. The field of application of unmanned
aerial vehicles (UAVS) is constantly growing and there is a need to adapt machine
learning algorithms and deep learning models for use on board UAVSs, taking into
account the limited computing resources and the specifics of organizing the received
video data stream. The paper emphasizes the importance of existing architectural
solutions for the implementation of convolutional neural networks when using
machine learning methods and algorithms. The identified contradiction is overcome

by introducing additional conditions for the task of processing a large set of video
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stream images that are constantly updated and can contain information about objects
of different sizes and shapes for the task of recognition and tracking. The necessity
of using an adapted loss function in the proposed software solution to support
decision-making based on the observed data is emphasized. The task of fusing
features of convolutional neural networks for spatial and temporal flows is relevant
in this area.

The purpose of the study is to improve the accuracy of detection, recognition
and tracking of objects in real time and to implement the corresponding technology
in the form of a software tool for the task as part of intelligent systems.

The object of research is the processes of data processing in the tasks of
detecting, recognizing and tracking objects in real time.

The subject of the study is models, algorithms and technologies for using
convolutional neural networks to solve the problem of recognizing and tracking an
object in real time.

The first chapter of the thesis focuses on the subject area and analysis of
modern methods of object detection, recognition, and tracking. Particular attention
is paid to the stages of development of neural convolutional networks and deep
learning models for analyzing the built architectural solutions and used algorithms.
The problems associated with the implementation of intelligent systems in real time,
including the processing of large amounts of data, and optimization of the speed of
software tools are also considered.

The second section of the study focuses on the justification of the selected
methods for detecting, recognizing, and tracking objects. Attention is paid to the
stage of preparing datasets (preprocessing) for their further use in the model. The
algorithms of the YOLO and Faster R-CNN families are considered. The details of
training these algorithms are described and research results are presented. The main
attention is paid to the evolution of the YOLO algorithm, which is key to
understanding the structure of this algorithm and the methods and approaches used

to organize data.



The third section focuses on the implementation of the technology for
recognizing and tracking objects in real time, as well as analyzing the results of the
developed technology in comparison with existing software solutions. The existing
datasets are reviewed for further testing of the algorithms and the issue of data
annotation and the formation of an own dataset is discussed. An experimental study
on certain datasets (in particular, our own, Kitti and TAIVD) with a small number
of images showed that the proposed technology, in the form of a combination of
algorithmic solutions from two types of convolutional neural networks,
demonstrates an improved recognition accuracy of about 1.8 % over the analogous
YOLO technology. The obtained results of observations from the built own dataset
with a small number of images have an advantage in model size by about 6 % relative
to the TAIVD dataset in the same volume, which may be appropriate for use due to
the incorporation of UAV images. Adding the B2-PFNB detection layer to the base
model increases the average mAP accuracy by about 4.3%. Each selected strategy
for improving the YOLO analog technology improved the effectiveness of real-time
object detection, recognition, and tracking to varying degrees.

The internal software logic of the developed technology is built using a
component-oriented approach. To implement the computations, libraries such as
Pytorch, Ultralytics, NumPy, OpenCV2, and Matplotlib were used. To deploy this
technology, the implementation of several integration points is proposed.

The scientific novelty of the research results is as follows:

— for the first time, an architectural solution for building a neural
convolutional network for the task of detecting, recognizing, and tracking objects in
real time has been developed, which differs from the existing solution in that it uses
a larger number of object recognition units of different sizes, which is optimized for
the tasks of a specific subject area;

— for the first time, the possibility of using the PENB block in the developed
technology, which is based on the Faster-Net architectural solution, which uses a
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multi-scale feature fusion network to demonstrate improved recognition accuracy
compared to the basic technology, has been substantiated,;

— for the first time, an own dataset was formed to test the developed
technology starting from the stage of object recognition in a video stream, which
includes objects of different scales of a certain subject area, which confirms the
effectiveness of the developed model;

— for the first time, the architecture of a cross-platform library for the
implementation of object detection, recognition and tracking technology is
proposed, which is a five-scale structure and contains the BiFormer attention
mechanism with low computing power, which improves the accuracy of detecting
small objects and improves attention to key information on the object map;

— for the first time, comparative experiments were simulated on YOLO v9,
which differ in the use of different types of loss functions while keeping other
training conditions unchanged, which showed the use of the WIoU v3 regression
loss function to be the most effective for the built model;

— for the first time, experiments were simulated when adding to the basic
model the detection units of the PFNB group, which combine small features of the
layers of the neural convolutional network, which increases the average value of
MAP and, when used simultaneously, the model size and the number of parameters
decrease;

— for the first time, experiments were simulated on the improved YOLO v9 P
model, which differs from the basic YOLO v9 model in the loss function, fusion
method and modified architecture of the recognition unit, which allowed to improve
the average mAP value by about 7.7% and AP by about 2.5% to 14.1%.

The practical significance of the results obtained is the creation of a software
tool for information technology for recognizing and tracking objects in real time.

The results of the work have been implemented in the educational process of
the Department of Mathematical Computer Support of the Faculty of Applied

Mathematics of Oles Honchar Dnipro National University in teaching the disciplines
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“Algorithms of Analysis and Methods of Image Processing”, “Artificial Intelligence
Systems”, “Deep Learning” and in the performance of qualification works of
applicants.

The technologies and software tools developed in the dissertation have been
implemented in the activities of CANON ENGINEERING LLC, in particular in the
development of the FridgeEye project, which allows for real-time object recognition
and use in intelligent systems that are limited in resources.

The scientific results of the research contribute to the development of
architectural solutions for detecting, recognizing, and tracking objects in real time.

Possible areas for further research include the relevance of developing
software for fully and semi-autonomous UAVS.

Keywords: information technology, object detection, UAVSs, object
recognition, YOLO, images, convolutional neural networks, convolutional neural
network models, neural network, CNN architecture, deep learning, machine

learning, Faster R-CNN.
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— MOJIENb BIJHOCHUTHCS IO TPYIIU PO3Ii3HABAHHS 32 00JIACTIO,

10 PO3IMi3HA€E 00'€EKTH Y JBA €TAIU
— ycepeaHeHa MoxuoOKa (aHIJI. mean average precision)
— Traffic Aerial Images for Vehicle Detection (dataset)
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— wMeTtona posmizHaBaHHS 00’ekTiB (aHri. You Only Live

Once, YOLO)
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— TreoiHdopmMarlliiiHa cucrema

19



BCTYII

AKTyaJbHICTh TeMHU. 3 KOXXKHUM JHEM Jenaii Oulblne 3pocTae KiIbKICTh
cdhep MSIBHOCTI, Y SIKUX CYTTEBY JomoMOTY HajaoTh briJIA [1]. A came: 3porieHHs
CLTBCHKOTOCTIONAPCHKUX YTi/b, TACIHHS TOXKEXK, JOCTaBKa BAaHTAXiB, TOIIYK Ta
MOPATYHOK JIIOJICH, MOHITOPUHT PaiOHIB, 1 HABITh i 4yac OOWOBUX Aiil. 3aBIIKU
CBOIM MOXJIMBOCTSIM, BrJIA craioTh epeKTUBHUMHU 1HCTPYMEHTAMH sl 300py
iH(bopMarlii Ta aHamizy B peanbHoMy 4aci. OJHaK, TOUYHE Ta IIBUIKE BHUSIBICHHS,
pO3ITi3HABaHHSA Ta BIJCTEKEHHS 00'€KTIB Y BIJICOMOTOI IaHUX B PEKUMI PEATTBHOTO
qacy 3aJIMIIAETHCA BUKIMKOM, SIKUW MOTpeOye MOAAIBIIOT0 BJOCKOHANICHHS. [cCHye
O0arato MiJIXOJIB, METOJIB, AITOPUTMIB Ta TEXHOJOTrIA BHUSABIECHHA OO €KTIB
300pakeHHsT ab0 BiJIEOMOTOKY Ta 3HAXOJ/KEHHS MICIEpO3TalllyBaHHsS 00 €KTIB 3
oopry bmnJIA [2], nanpuknaa, 3a npomnomororo GPS abo mpu BukopucTaHH1
KOMOIHOBaHUX TEXHOJOTIH [3-6]. AJle B Cy4yaCHHMX peallisiX CIIij Iam’siTaTH, 10 Ha
TOYHICTh 1 HaAilHICTF GPS MOXyTh BIUIMBAaTH (AKTOPH HABKOJIMIIHBOTO
Cepe/IoBUIIA, TaKl SK MEPEIIKOAU Bl OyIiBENb, JEPEB Ta IHIIUX 00’ €KTIB, TAKOXK
curHanin GPS moxyTh 6510KyBaTu M yac crneriaibHux omnepailiii. Kpim Toro, Ha
TouHicTh GPS MOe BIUIMBaTH MOTYKHICTh CUTHAY, Ha SKY BITUBA€E BUCOTA JIPOHA
Ta BIJICTaHb JI0 MepeIaBayva.

brJIA maroTh HU3KY TepeBar rnepej; Ha3eMHUMHU 3ac00aMU: BEJIMKa 00J1acTh
MOKPUTTS. TEPUTOPINA, MOMIMBICTh MPU3EMJICHHS Y OyAb-sKy TOYKY MICLEBOCTI,
BHUCOKA MIBUAKICTh MOJBOTY Ta, SIK HACHIJIOK, OTMIEPATUBHICTh JOCTABKHA BaHTAXIB
HE3aJIe)KHO BiJ IOPOKHIX OOCTAaBUH Ta 1HIIIE.

JI1st 3a7J0BOJICHHST 3pOCTAlOUMX BUMOT JIO IIbOTO KJIACY aBiallifHOT TEXHIKU
BUCHUMU Ta IH)KEHEpaAaMU BUKOHYIOTHCA JOCTIDKCHHS, CIPSMOBaHI SK Ha
MOKPAIICHHS JIbOTHUX XapaKTePUCTHUK amapariB, TaK 1 Ha BJAOCKOHAJIICHHS iX
TEeXHIYHOTO0, IHPOPMAIIIIfHOTO Ta TPOTPAMHOTO 3a0€3MEeUEHHS.

EdexTuBHe BUABICHHS, PO3MI3HABaHHS Ta BIACTEXKEHHA OO'€KTIB Yy

B1JICOIOTOIII € KJIFOUOBOIO 3aJ1aueto, 110 103BoJjisie briJIA BUKOHYBaTH pi3HOMAaHITHI
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3aB/IaHHS B aBTOHOMHOMY Ta HAall1BaBTOHOMHOMY pexkumax. OTxe, po3po0ieHHs Ta
JTOCTIKEHHSI €(EeKTUBHOCTI HOBHX YHIBEpPCAJIbHUX aJTOPUTMIB, TEXHOJIOTIH Ta
MPOrpaMHUX 3ac00iB, IO OPTraHIYHO TOEHYIOTH BIIACTUBOCTI KIIACHYHUX METOJIB,
QITOPUTMIB MAIIMHHOTO HaBYaHHS Ta Mojejied TTMOMHHOTO HaBYaHHS 1 Ha iX
OCHOBI MOOYIOBaHUX BIAMOBITHUX MPOTPAMHUX 3ac00iB, — € aKTyaJbHOIO, K B
TEOPETUYHOMY TaK 1 B IPUKIATHOMY 3aCTOCYBaHHI.

3B’9130K po00TH 3 HAYKOBUMHM NPOrpaMaMH, IJIAHAMH, TEMAMH.

3anponoHOBaHi TEXHOJOTIS Ta MOJENb CTBOPEHI B paMKax JOCIHIIXKECHb
HayKoBO1 mikoiu «lH(opmalliiHi TeXHOJOr1i 0OpOOKH CTaTUCTUYHUX JAaHUX» Ha
kadenpi mareMatnuHoro 3abOesrnedueHHs EOM JIHIIPOBCHKOro HAaIllOHAJILHOTO
yHiBepcuTeTy iMeHi Ounecs ['onuapa.

Hucepramiitna po0OoTa BHUKOHAHA  BIJAMOBIAHO 3 TNOTOYHUMHU  Ta
NEpPCHEKTUBHUMHU  IIJJaHAMHM HAYKOBOI Ta HAayKOBO-TE€XHIYHOI JISUIBHOCTI
JIHITIPOBCHKOTO ~ HalllOHAIBHOTO yHIBepcutery imeHi Omnecs ToHuapa ans
MOIAJIBIIOTO PO3BUTKY 1HKEHEPIii MPOTPaMHOT0 3a0€3MeUEHHS.

Metoro aucepramiiHoi pPoOOTH € TIJIBUINCHHS TOYHOCTI BUSBICHHS,
pO3Mi3HaBaHHS Ta BIJICTEKEHHS O0'€KTIB B PEXXHMMI PEAIbHOTO Yacy Ta peaiizarlii
BIIMOBIHOT TEXHOJIOT11 Yy BUTJISAII MPOTPAMHOTO 3ac00y.

Pe3ynbraTi bOro AOCTiHKEHHS MOXKYTh OYTH BUKOPHUCTAHI JTsI TTOTAJTBIIOTO
BJIOCKOHAQJICHHSI CHCTEM aBTOMAaTHYHOI'O PO3IMi3HABAaHHS Ta BIJICTEKCHHS 00'€EKTIB B
peXUMI peanbHOr0 4Yacy NpH NOKpalleHH! (PYHKIIOHAIBHOCTI MNPOrPAMHOIO
3a0€e3MeUeHHsI IHTEJIEKTYaJIbHUX CUCTEM, 30Kpema briJIA.

JIoCSITHEHHSI BKa3aHOi METH JIOCHIKEHHS 3a0€3Medy€eThCs BUKOHAHHIM
HACTYITHUX 3aBJaHb.

— MIPOBECTH aHATI3 ICHYIOUNX TEXHIYHHUX Ta MPOTPAMHUX PIIICHbh BUSBIICHHS
00'€KTIB y B1JICOMOTOIIl JJAHUX Ta MOAAIBIIOTO X pO3Mi3HABAHHS Ta BIJICTC)KECHHS;

— TPOBECTH aHalli3 AJITOPUTMIB Ta CTPYKTYp JMaHHX JUIsl BpaxyBaHHS
0OMEKEHOCTI Ha O0YHCIIIOBAIBHI peCypcH Ta crenudiky opraHizaiii OTpUMaHOTO

B1JICONIOTOKY JaHUX;
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— BUKOHATHU MPEMPOIIECIHT 300paKeHb /11 HaBYaHHS MOJENI Ta BUPIIICHHS
3a/1adi po3IMi3HABaHHA Ta BIJCTEKEHHS 00'€KTIB BiI€ONMOTOKY AaHuX 3 briJlA;

— YIOCKOHAJIMTH ICHYIOUE apXiTEeKTypHE PpIIICHHs peati3aiii 3ropTKOBOI
HEHPOHHOI MepexXi MPU BHUKOPUCTAHHI METOJIB Ta AQJTrOPUTMIB MAIIMHHOTO
HABYaHHS;

— YIOCKOHAJUTH YMOBY ICHYIOUOTO QJITOPUTMY HIOJO OO'€KTIB Pi3HOTO
po3mipy Ta hopmu 3a7a4i OpaIbOByBaHHSI HA0OPY 300pakeHb BiACOMOTOKY TaHUX;

— pO3pOOHTH MpOTpaMHE PIIICHHS 100 ITiIKJIFOUYCHHSI aIallTOBaHO1 (YHKITI1
BTpAT IS MIATPUMKU MPUIHATTS PIILIEHh HA OCHOBI CIIOCTEPEKEHUX JIaHUX;

— pO3pOOUTH MTPOTpaMHE PIIICHHS IIOA0 MIIKIIOUYEHHS METOAY 3JIUTTS 03HAK
3TOPTKOBUX HEUPOHHUX MEPEX JJIS TPOCTOPOBOTO Ta YACOBOTO IMOTOKIB;

— peali3yBaTH TEXHOJOTII PO3Mi3HaBaHHS Ta BIJCTEKEHHS O0'€KTIB 3
BUKOPHCTAHHAM CyYaCHHX TEXHOJIOTi KOMITIOTEPHOTO 30py Ta IITYYHOTO
IHTEJIEKTY;

— TMPOBECTU EKCIIEPUMEHT Ta OI[IHUTH €(PEKTUBHICTh 3ampONOHOBAHOL
TEXHOJIOT1i pO3Ii3HABAaHHS Ta BIJICTEXKEHHS 00'€KTIB B1IEONOTOKY AaHUX 3 briJIA.

00’exkToM JoCJiIsKeHHs1 € TpoliecH OOpoOJeHHS JaHuX B 3ajadax
BUSIBJICHHSI, PO3MI3HABaHHS Ta BIACTEKEHHS 00 €KTIB Y PEKHMI PEeaJIbHOTO Yacy.

IIpenmeTrom aocCHigKeHHA € MOJENi, AJIrOPUTMHU Ta MPOrpamHi 3acolu
BUKOPUCTAHHSA 3TOPTKOBUX HEHUPOHHUX MEPEeX [JIsi  BUPIIIEHHS  3aj1adi
pO3Ii3HAaBaHHS Ta BIACTEKEHHS 00'€KTA.

MeToau a0CaizKEHHSI: METOJAM CHCTEMHOrO Ta TMOPIBHSUIBHOTO aHAII3Y;
METO/IM Ta TEXHOJIOTII 1HXKEHEepii MporpaMHOro 3a0e3MeUeHHs; CTPYKTYPHUHN aHai3
Ta CHUHTE3 aHaJli3y YMOB, I1I0 BIUIMBAIOTh Ha (DYHKI[IOHYBaHHS OKPEMHUX MOMAYJIB
MOJIelTi Ta TOOY0BH apXITEKTYPH MPOTPAMHOTO PIIICHHS; METOIU MPEMPOIIECCIHTY;
METO/IM MAIIMHHOTO HaBYaHHS, METOIN TTOOYOBH HEHPOHHUX 3rOPTKOBUX MEPEK;
METOIY IMITAIIIHHOT'O MOJICITFOBAHHS MPH armpoOarlii 3arporoHOBaHOT TEXHOJIOT 1.

HaykoBa HOBM3HA O1ep:KAHUX Pe3yJIbTATIB:
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1. Bmepme po3poOieHO apxXITeKTypHE pillleHHS T00YJI0BU HEWPOHHOT
3rOPTKOBOI MEPEXi 3ajaul BUSABJICHHs, PO3Mi3HABAHHS Ta BIJICTE)KCHHS 00'€KTIB B
PEXUMI pealbHOTO Yacy, IO BIAPI3HSAETHCS BiJ ICHYIOUOTO PIIIEHHS THM, IO
BUKOPHUCTOBYE O1IBINY KUIBKICTh OJIOKIB pO3Mi3HABaHHS 00'€EKTIB PI3HOTO PO3MIpY,
SKE € ONTUMI30BaHE IS 3a/1a4 KOHKPETHOT MPeIMETHO1 00J1acTi.

2. Bmepmie OOrpyHTOBAaHO MOKJIMBICTh BHUKOPHUCTaHHS B PO3pOOJICHIN
texHosorii PENB-6110Ky, sikuit 6a3yeTbes Ha apXiTekTypHOoMY pimneHH1 Faster-Net,
110 BUKOPUCTOBYE OararomacimTabHy Mepexy 00’ € THaHHS O3HAK JIJIs1 IEMOHCTpAITii
MOKPAIICHOI TOYHOCTI PO3Mi3HABAHHS y MOPIBHAHHI 3 6a30BOI0 TEXHOJIOTIEIO.

3. Bnepiie copmoBanuii BiacHui HaOlp JaHUX IS anpoOarlii po3po0ieHoi
TEXHOJIOT1i TOYMHAIOUM 3 €Tally pO3Mi3HaBaHHS O0'€KTIB y BiJE€ONOTOLI, SKUN
BKJIIOYA€ O0O0'€KTH pI3HOTO MaciiTady BHU3HAYEHOI MpPEAMETHOI 00JacTi, 1110
HIATBEPIKYE €PEKTUBHICTH pO3pOOIEHOT MOJIEI.

4. Bnepiiie 3arponoHOBaHO apXITEKTYpy KpocriaThopMHOiI 010J10TeKH ISt
peaizallli TeXHOJIOTii BUSABJICHHS, PO3II3HABAHHS Ta BIJICTE)KEHHS 00'€KTIB, sIKa €
'ITUMACIITA0HOI0 CTPYKTYpPOIO 1 MICTUTh MexaHi3M yBaru BiFormer 3 manoro
OOYHMCITIOBANILHOIO TOTYXKHICTIO (3MeHInye po3mip wmoxaeni Ha 0,4 Mb Ha
HEBEJIMKOMY Ha0O0pi TaHUX ), 110 JO3BOJISIE€ MOKPAIUTA TOYHICTh BUSBJICHHS MAJIUX
00'eKTIB Ta MOKpAIIy€ yBary A0 KJI04oBOi iHPpopMallii Ha KapTi 00'€KTiB 1 301JIbIIYE
mAP50 na 0,5%.

5. Brmepuie npoBeneHO MOJENIOBAHHS MOPIBHSAJIBHUX EKCIEPUMEHTIB Ha
YOLO v9 Ha HeBenuKoMy HaOOpi JaHMUX, SKI BIAPIZHSIIOTHCS BUKOPUCTAHHSIM
pi3HMX BUAIB (PYHKIIH BTpAT Ipu 30€piraHHi 1HITUX YMOB HaBUYaHHS HE3MIHHUMH,
o0 ToOKa3ajlo BUKOpucTaHHA ¢yHKuUli perpeciinux Brpar WIloU v3
Halle(DeKTUBHINMIOW s ToOyaoBaHoi Mojeni 1 3HadeHHs mMAP mozem mpu
BukopuctanHi WloU v3 Ha 0,7% Buiie, Hixk npu Bukopuctandi CloU.

6. Bmepiie mpoBeneHO MOJETIOBAaHHS EKCIEPUMEHTIB TPH J0JaBaHHI J10
0a3oBoi Mozeni OnokiB aerekryBaHHs rpynu PFNB, sxi 006'eqnyrors npiOHi

0COOJIMBOCTI IIAPiB HEMPOHHOT 3rOPTKOBOI MEPEX1, IO 30LIBIIYE HA HEBEIUKOMY
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HaOopi nanux 3HadyeHHs MAP Ha 4,3% Ta npu iX OAHOYACHOMY BUKOPUCTaHHI

PO3Mip MOJIeN 1 KITTbKICTh MMapaMeTpiB 3MEHIIYEThCS 3MeHIyeThest Ha 5% (1 MB) 1

KiIBKICTh TApaMeTPiB 3MEHIIyeThCst Oinbime Hix Ha 7,2% (0,8 * 10°).

7. Bnepiiie mpoBeieHO MOJICTIOBAaHHS €KCIIEPUMEHTIB Ha MOKpaIIeHii Moaeni
YOLO v9 P, sxa BizpizHsieTbes Bin 6a30B0i mojzeni YOLO v9 dyskuiero BTpar,
METOJIOM 3JIUTTS Ta MOJAU(IKOBAHOIO apXiTEKTYpOro OJIOKY po3Ii3HaBaHHS, 110 Ha
HEBEJIMKOMY Ha0Opl JaHUX J03BOJHIO OTPUMATH MOKpalleHHs 3HauyeHb mAP Ha
7,7% 1 AP 811 2,5% 1o 14,1%..

IIpakTyHe 3HAYeHHs1 OJCPXKAHUX pE3YJIbTATIB MOJSITa€ y CTBOPEHHI
MpOTrpaMHOro 3aco0y 1H(QOpMaIliiHOT TEXHOJIOTIl pO3Mi3HABAaHHS Ta BIJICTEXKCHHS
00'€KTIB B PEKHUMI peajbHOTO Yacy.

Po3pobiene nmporpamue 3a0e3nedeHHs [Jis BUPIMICHHS 3a7a4l BUSIBJICHHS,
pO3Ii3HABAaHHSA Ta BIJCTEXKEHHS O0'€KTIB y PEKUMI PEATbHOTO Yacy J03BOJISIE
aJanTyBaTU Po3po0JIeHI PIllIEHHS JI0 ICHYIOUHUX CUCTEM 1AeHTHU(IKAIT 00'€KTIB.

Pesynprat poOOTH OTpHMaiM BOPOBAKEHHS B OCBITHIN mpouec kadeapu
MaTteMatuyHoro 3a0esneueHHs EOM (dakynbrery NpHUKIaAHOI MaTeMaTHKU
JIHITPOBCHKOIO  HAIlOHAIBHOrO yHiBepcuTeTy 1MeHi Onecs [oHuapa mnpu
BUKJAJaHHI JUCHMILUTIH «AJNTOPUTMH aHalli3y Ta METOAM OINpaIfOBaHHS
300paxkeHby «CHCTeMHM IITy4YHOTO IHTENEKTy», «[JMOWHHE HaBUaHHS» Ta
BUKOHAHHI KBaJ(piKaIiHUX poOIT 3700yBayiB.

Po3pobnieni B gucepTarliiiHii poOOTI TEXHOJIOTII Ta MpPOTpaMHI 3acoOu
otpuManu BipoBakeHHa y aisnpHocTi TOB « KAHBOH THXXKMHIPIHI Y, 30kpema
y mporeci po3podbku mnpoekty «FridgeEye», 110 103BoJis€ MPOBOIUTH
po3Mi3HaBaHHs 00'€KTIB Y pealbHOMY Yaci Ta BAKOPUCTOBYBATH B IHTEIEKTYaIbHUX
CHCTEMaX, 1[0 € OOMEKECHUMH 32 PECYPCAMH.

HayxoBi pe3ynbTatu JOCHIIKEHHS € BHECKOM Y PO3BUTOK apXiTEKTYPHHX
pillieHb 3a7a4l BUSBICHHS, PO3IMI3HABAHHS Ta BIJCTEXKEHHS OO'€KTIB y peXUMI
peanbHOTO Yacy. JlocimkeHHs: MOke OyTH BUKOPHCTaHE SIK OCHOBA TSI TIOJATBIITNX
HAYKOBHX JOCTIIKEHb Y Tally31 KOMI'IOTEPHOTO 30py Ta IITYYHOTO 1HTEJIEKTY.
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B sKoCTI MOXIIMBHUX HANpsSMKIB MPOJOBKEHHS JOCHIPKEHHS MOXXHA
BIIMITUTH aKTYaJIbHICTh PO3POOJIEHHS MPOrpaMHOTO 3a0e3MeueHHs JIJIsl TIOBHICTIO
Ta HariB aBTOHOMHUX briJIA.

OcoOuctuii BHecok 3100yBaua. JlucepramiiiHa poOoTa € CaMOCTIHHOIO
HAyKOBOIO TMparer0, B SKiA BHUCBITICHI BIACHI i€l 1 po3poOKH aBTOpa, IO
JO3BOJIMUIA BHPIMIUTH TIOCTaBJICHI 3aBAaHHsA. OCHOBHI TOJIOKEHHS, BHCHOBKH,
pe3yJabTaTH JOCIIKEHHS 1 peKOMEHaIli, [0 MICTIAThCSA y JAUCEpPTAIliiiHIi poOoTi
Ta BHUHOCATHCS Ha 3aXHCT, OTPUMAHO 3M00yBadueM ocoOucto. Bukopucrani B
Javcepranii i7ei, TMOJIOKEHHsS YW TIMOTe3W IHIIMX AaBTOPIB MaloTh BiAMOBIIHI
MOCWJIAHHSI 1 BAKOPUCTAHI JIMIIE I MIIKPIIIIEHHS 171e# 3100yBayva.

3a TeMoro aucepTarii omy0aikoBaHO 9 HAYKOBHX Mpallb. 3 Mpamb BUKOHAHUX
31 CIBAaBTOpPaMH, HA 3aXHUCT BUHOCATHCS JIMIIE PE3yJbTaTH, OTPUMaHiI OCOOMCTO
3100yBaueM. Y HAyKOBUX IpalsiX, OMyOJIKOBaHHUX Y CIIBaBTOPCTBI, aBTOPY
HaJIeXKAaTh:

— y po0oTi [2] BUKOHAHMM aHalli3 CY4YaCHMX TEXHOJIOTIM Ta IpOrpaMHHUX
3ac001B 11010 BU3HAYEHHS MICIIE3HAXOKEHHSI 00’ €KTa; 3alpONOHOBAHO IMIIXOU
mo0 (GopmyBaHHs cTparerii oOpaHHS NPUHIUIIB aAPXITEKTypU MEPEXi MpU
MPOEKTYBAHHI CUCTEMHM JJIsl MOJAIBIIOTO PO3POOIICHHS TEXHOJIOT1] YCYHEHHS BCIX
MOJIMBUX (DAaKTOPIB, SIKI BIUIMBAIOTh HAa BHU3HAYEHHS MICISl pPO3TallyBaHHS 3
MaKCUMaJbHOI TOYHICTIO; TIPOBEICHO JOCHIKEHHS 1 HaJaHi pe3yJabTaTh
MOPIBHSHHS BUKOPUCTAHHSI PI3HUX M1JIXO/IIB;

— y po6ori [3] mpuaineno ypary o GPS-po3ranryBanHs 300pakeHHS 3
(GbOHOBUM 300pa)KEHHSM BYJIMIh IUIIXOM IONIYKY BIAMOBIIHUX 300pa’KE€Hb Yy
JIOBIJIKOBIMA 0a3i JaHWUX 300pa)keHb Ta BUKOPUCTAHHS aJTOPUTMIB IMOPIBHSIHHS,
po3pobieHo cuctemy 3a ponomoroto Faster R-CNN st BusiBiieHHs: OyJiBesb 3a
3aMUTOM; ISl BU3HAUYEHHS OO0 €KTIB 0OpaHO anroputMm k-HaOmmk4ux cycimiB 3
BUKOPHCTAHHSAM CiaMChKO1 3rOPTKOBOI HEMPOHHOT MEPEXi, BpaXOBaHO MO3UTHUBHI Ta
HEraTWBHI Napu 300pakeHb 3a 30irOM; OLIIHEHO 3alpOlOHOBaHY CTPYKTYpy Ha

Ha0op1 300paKEeHB 3 PI3HUMHU XapaKTEPUCTUKAMH 3HOMKH;
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— y poGoti [11] mpuaiieHa yBara mporecy po3pOOJICHHS HPOrpaMHOIO
MPOJYKTY 3 BUKOpUCTaHHAM OaratonoToudHoi 3B’si3ku Faster R-CNN ta Merony
PI3HUII KaJpiB 3 BUKOPUCTAHHSIM TEXHOJIOTi po3mapasetoBaHHs;

— y poboti [32] ommcaHo po3poOjieHe MporpamMHe 3a0e3medyeHHs s
nopiBHaHHA 1BoX Moneneil YOLO v5 ta Faster R-CNN oo BupimieHHs 3a7adi
BUSBIICHHS O00’€KTIB; HABEJICHO pe3ylbTaTH HaBYaHHA 1 Bamigamii Ha
EKCIIEpUMEHTAILHOMY Ha0O0p1 JIaHUX;

— y Te3ax omnoBijei [§] 3anmpornoHoBaHO cUCTEMY, sika 3aMiHioe curHain GPS,
MOETHYIOYN METOJT ICKPABOCTI MIKCENiB, METOJT pi3HuIll kajapiB Ta Faster R-CNN;

— y Te3ax JomoBijiel [4] 3ampONOHOBAHO METOJ TOKpAIECHHS BHUSBIICHHS
00'€KTIB 3 BUKOPUCTAHHSIM HA0Opy a0COIIOTHUX 3HAY€Hb, OTPUMAHUX 13 0a3 JaHUX
I'iC;

— y Te3ax JOomoBiae [5] myis anropuTMa MO3UIIIOHYBaHHSA OO'€KTIB B
JOKaJbHIA Mepexki 3alporoOHOBAHO MOJENb PO3TAllyBaHHA O0'€KTIB MpHU
BUKOPHUCTAHHI IMiIX0/[1B BU3HAYEHHS JIOKAIIIl B PEKUMI peajJbHOT0 4acy;

— y Te3ax JOomoBijed [6] 3ampornoHOBaHO METOAM, IO MPUB'A3YIOThH
300pa)KE€HHS J10 TIEBHOTO PO3TAIIlyBaHHS: 32 METaJaHUMU, PEBEPCUBHUM TIOIIYKOM,
3a 00'eKTaMU-IKOpSIMH Ha (DOHI1, 3a OMKUCOM;

— y Te3ax JomnoBijied [12] mpuaiieHo yBary MNpOrpaMHOMY MPOAYKTY 3
BukopuctanuaMm Mmeroay Faster R-CNN st BusiBiIeHHS 00'€KTiB Ta MPOBEICHO
€KCIIEPUMEHT II0JI0 BCTAHOBJICHHSI I€0JIOKaIlil 00'eKTa.

Anpobania martepiajaiB aucepranii. OCHOBHI pe3yJIbTaTu JUCEPTAIIITHOTO
JOCIIJKEHHSI OOTOBOPEHO HAa MDKHAPOJIHUX Ta BCEYKPAaiHCHKUX HAYyKOBHX
KOH(EpeHIisix, 30KkpemMa Ha: «MaTemaTnuHe Ta TmTporpamMHe 3a0e3NeUeHHs
IHTeNeKTyaIbHUX cucTem», (MPZIS-2023) (M. Jninpo, 2023 p.) [8];«Marematuune
Ta MporpaMHe 3a0e3MEeUeHHs I1HTENEKTyalbHUX cuctem», (MPZIS-2022) (m.
Huipo, 2022 p.) [4]; «MarematuuHe Ta TmporpaMmHe 3a0e3NeueHHs
IHTeNeKTyanbHUX cuctem», (MPZIS-2021) (m. Ininpo, 2021 p.) [5]; Beeykpaincbka

HayKOBO-MeToan4yHa KoH(pepeHuis «[I[podbreMu MaTeMaTUYHOTO MOJETIOBAHHS (M.
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Kam'suceke, 2022 p.) [6]; «HaykoBa koH(epeHIis 3a MiJCyMKaMH HayKOBO-
nociiguaoi podotu JHY im.O. 'onuapa 3a 2022 poku. MaremaruuHi Ta mporpaMHi
3acobu 00poOku 1 aHam3y manux» (M. [Huimpo, 2022 p.) [12]. Pesympratm
JUcepTalii TaKoX OOTOBOPIOBANIMCA Ha HAYKOBUX ceMiHapax (aKyIbTeTy
IPUKIATHOT MaTEeMaTHKU JIHIMPOBCHKOTO HAI[IOHATBFHOTO YHIBEPCUTETY IMEHI
Onmnecs ['onuapa.

Ilyoaikanii. OcHOBHI HayKOBI pe3yjbTaTH JMcCepTallii BUKIAAEHO y 9
nyOmiKaIisiax, cepes sIkux 4 CTaTTi B IeplOANYHUX HAYKOBUX HAYKOBUX JKypHajax 1
30ipHUKAaX HAYKOBHX Mpallb Kareropii b, 5 myOmikamii y mpansgx i Marepianax
HAyKOBUX KOH(EPEHIIi.

Crtpykrypa ta obcar aucepranii. Jlucepraiiiiina poboTa cKiIagaeTbecs 31
BCTYIY, TPHOX PO3JLIIB, 3aTAJIbHUX BUCHOBKIB, CIIMCKY BUKOPUCTAHUX JIKEpes Ta
nonatkiB. [ToBHuit oOcsar nuceprtamii ckiagae 172 cropinku, B ToMy uucii 142
CTOPIHOK OCHOBHOTO TEKCTy, 14 Tabmuilh 1 58 pUCYHKIB, CIIUCOK BHUKOPUCTAHHUX

JoKepen 13 47 HaliMeHyBaHb 1 2 I0JaTKH.
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PO31J 1. AHAJII3 ITPOBJIEMHU BUABJIEHHS],
PO3IIIBHABAHHA TA BIACTEKEHHS OB’EKTIB B PEKUMI
PEAJIBHOI'O YACY

B ganomy posmimi  Oyae poO3TIAHYTO — aKTYyalbHICTh  JTOCHIKCHHS
JTUcepTaniiHoi poOOTH Ta OOTPYHTOBAHO MPAKTUYHY HEOOXIIHICTH PO3POOICHHS
TEXHOJIOT1i JiJi1 BUPIIICHHS OIKCAHOI MPOOJEMHU IPH 3aCTOCYBaHHI CHEUBIKU
3aJ1ay KOMIT I0TEPHOro 30py 3 BUKopucTaHHaM brJIA.

Ha ocHOBI HaBeIeHOro ONMUCY MPUKIAIHUX 3aJlad 3aCTOCYBAaHHS MOJIEJCH
KOMIT'FOTEPHOT'0 30py B CKJIAJl TEXHOJIOT1H Ta mporpamMHoro 3abe3neueHHs briJIA,
HEOOX1ZITHO BHOKPEMHUTU 3aJadl Ta METOJAW aJITOPUTMIB MAIIMHHOIO Ta/abo
IIMOMHHOTO HaBYaHHS I 3a0e3reueHHs HeoOX1HOi e()EeKTUBHOCTI Ta TOYHOCTI
pO3Ii3HaBaHHS.

Jlsist BupilieHHsT npoOsieMu BUOOPY MOOYIOBAHUX apXITEKTYPHUX PIllI€Hb,
TEXHOJIOT1M Ta ajdropuTMiB, Oy/e MpUJIlJIeHA yBara erarnaM pO3BUTKY HEHPOHHHX
MEpeX Ta Mojesied TIMOOKOro HaBYaHHS NpPU BpaxyBaHHI 3MiH, CIIa0KHX Ta
CHWJIBHUX CTOPIH JIJISl KOKHOTO 3 OTJISTHYTUX MPOTPAMHUX PIIICHb.

HeoOxigHo cdopmyntoBaTd BHUMOTU JUIsl TEXHOJOTil BUSIBIICHHS Ta
pO3Mi3HaBaHHsI 00 €KTIB y PEKHUMI PEANbHOIO 4Yacy, Kl MOB'S3aHl 3 peai3alliero
IHTEJIEKTyJIbHUX CUCTEM y PEKUMI PEaTbHOTO Yacy MpU OMPAIFOBaHHI BEJIIUKOTO

o0cAry TaHHUX Ta ONTHUMI3aLlI0 IBUJIKOCTI pOOOTH MPOrPaMHHX 3aCO01B.

1.1 Anaji3 norped ajs po3BuTKy bnJIA

BukonaHHS IIbOTO 3aBJaHHS BUMAara€ HaJlMHOCTI CHCTEMH, BUCOKOI TOYHOCTI
QITOPUTMIB Ta IIBUAKOCTI POOOTH TMporpaMHUX 3aco0iB, ockinbku brJIA
BUKOPUCTOBYIOTHCS B PI3HUX c(pepax, 30Kkpema BIHChKOBIH.

B ocranni poku briJIA 3mMornu mokpuTd OLIBIIICTH 3aBAaHb, K1 paHiIe
BUKOHYBAJIKCA MUJIOTOBAHUMHU JiTAIbHUMU anapataMu. Ockibky TexHosoris briJIA
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MPOJIOBXXY€E PO3BUBATUCS, KUIBKICTh OE3MUJIOTHUKIB B KpaiHax CBITY 3pOCTae 3
KO>KHMM POKOM, 1 3T1JIHO 3 JJaHUMH, 1110 TIOKa3ye I100agbHI KOMEPIiHHI IPOHH 3a
pik 1 cTaTucTuky mponaaxis [7], 1o 2025 poxy B cBiTi Oyae npudauzno 2679000
bnJIA, npu npoMy 00CSAT PUHKY CTaHOBUTH MPUOSW3HO 12,6 MUIBSpAIB J0JapiB

CIIA (pucynok 1.1). Otxe, 11e CBITUUTh TIPO MBUIKUNA po3BUTOK BriJIA Ta iioro

IO PCHHA.
Revenue (in billion U.S. dollars) Drones sold (in thousands)

0.6 0.8 1.1 1.6 2.4 3.6 S 7.6 10.1 12.6

2,679
2,329
a S
' 1,909
ol 1 1,414
996
634
392
110 159 246
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Pucynok 1.1 — CtaTuctuka KinbKOCTI peai3oBaHuX KoMepuiiHux briJlIA 3

nependaueHasam 10 2025 poky [7]

Ane mBuakui pict B cepi brJIA 30ublIye KITBKICTh NPOOJIEMHUX 3a/1ad,
AK1 TOB'SI3aH1 3 PO3MiI3HABaHHSIM PYXOMHX 00'ekTiB. DakTopamu, sIKI MOXYTb
BIUTMBATU HA TOSIBY JOJATKOBHX YMOB MOXYTh OYTH 3MiHa paKkypcCy, MIHJIHBICTb
OCBITJICHHSI, PI3HI Bapialii y po3Mipl Ta BUIJISIAL 00'€KTIB, MEPEKPUTTS 00'€KTIB,
IIyM, TOIIO. 3THO 3 JOCHIKEeHHsM, npoBeraeHuM y 2020 pori, monan 70%
MOMWIOK Y pO3Mi3HAaBaHHI 00'ekTiB Ha 300paxkeHHsx bnJIA moB's3ani 3
HEJIOCTATHBOIO TOYHICTIO aJITOPUTMIB.

AKTyaJabHOIO 3a7]a4€i0 € TO0Y0Ba aJTOPUTMIB, SIKI MOXKYTh MPAIIOBAaTH B

pPeXKUMI pealbHOTO Yacy. 3aBAsKd 30UIBIIEHHIO MOTYKHOCTI OOYMCIIIOBAIBHUX
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MNPUCTPOIB Ta 3aCTOCYBAHHIO OINTHUMI30BAHUX AJITOPUTMIB, MOXIMBO JOCATTH
MOKPAIIEHUX pe3yJIbTaTiB IpH poOOTI 3 BIAEONMOTOKOM JaHuX brJIA B pexumi
peanbHOTO Yacy. Kpim Toro, icHyroTh TIpo0JIeMHU, III0 MOB'sI3aHi 3 YHIBEPCATBHICTIO
Ta MacIITaOOBaHICTIO aJITOPUTMIB pO3Mi3HaBaHHSA 00'ekTiB. BuHukae mnorpeba B
pO3po0IeHHI METO/IB, SK1 37JaTHI PO3MI3HABATH Pi3HI TUIIK 00'€KTIB 32 PO3MIPOM Ta
dbopMor0, BKIIFOYAIOYH JIFOJICH, TPAHCIIOPTHI 3aco0u, OyaiBii Tomno. EdhekTuBHICTh
po0OOTH aNropuTMy B yMOBaxX 3MiHM MacHITady Ta BEJIMKOTO OOCATY JTaHUX TEX
noTpedye yBaru.

VY 3B'a3ky 31 3pocTaHHSIM KuibkocTi bnJIA craioTh aenani BaKJIUBIIIMMHU
npoOsemMu Oe3neKu Ta NpuBaTHOCTI. BuHukae nmotpeda B anropuTtMax, siki MOXYTh
e(EeKTUBHO BUSBISITH 3arpo3d Ta 3axuIlaTH MPUBATHI JaHI Ta OPH LbOMY
3a0e3nedyBaTu 0e3MeKy onepaTopiB Ta IHITUX YYaCHUKIB.

BusiBiienHs1, po3mi3HaBaHHS Ta BIJICTEKEHHS 00’€KTIB B PEKUMI PEaIbHOTO
yacy miga bnJIA € akTyallbHOIO Ta CKJIAJHOIO 337a4€l0 B rajy3i KOMII'FOTEPHOTO
30py. ns JMOCSTHEHHST BUCOKOI TOYHOCTI PO3IMI3HaBaHHSA O0'€EKTIB B PEKUMI
peanbHOro 4acy, MHUPOKO BUKOPUCTOBYIOTHCS 3TOPTKOBI HEWpoHHI Mepexi. Lli
METO/H JO3BOJISIIOTH aBTOMAaTUYHO BUBYATU XaPAKTEPUCTUKHU OO0'€KTIB 3 BEIMKOTO
o0csry 1aHux 1 popMyBaTH TOUHI Miepe10auYCHHS HA HOBUX 300payKeHHSIX a00 B1JI€O.

BpaxoByroun BHIll€3a3HAY€Hl MPOOJEMH Ta BUKIUKH, PO3POOIEHHS
e¢(DeKTUBHUX METOJIIB BHUSBJICHHS Ta po3Mi3HaBaHHSA o00'ekTiB i1 brJIA €
aKTyalbHOI0 Ta BaXJIMBOKO 33/1a4elo, sIka BUMAarae€ MOJaibIINUX OCHIHKEHb Ta

PO3BUTKY.

1.1.1 AnaJii3 BUMOT 3aCTOCYBaHHA Ta KpuTepii BUukopucranusa bnJIA

AKTyaqbHUM € TIMTaHHS 3acTocyBaHHi bnJIA B pi3HHX ramy3sx.
Po3nizHaBaHHSA Ta BIACTEKEHHS 00'€KTIB € HEOOXITHOK CKJIaJI0BOIO JIJISI BAUKOHAHHS
PI3HMX 3aBJaHb B Tally31 0€3MEKU, TAKUX SK BUSBICHHS 3arpo3, CIIOCTEPEKCHHS Ta
30ip po3BiayBalibHOI 1HGOpMaIlii. ¥ cdepl TpaHCHIOPTY Ta JIOTICTUKU O€3MUIOTHI
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JTaabHI anapatd MOXKYTh OyTH BUKOPHUCTaH1 JJisi €()eKTUBHOTO MOHITOPUHTY Ta
KEepyBaHHA JIOTICTUYHUMU TpolecaMu. Po3mi3HaBaHHS Ta BIJACTEKEHHS PYXOMHUX
00'€KTIB € KIIOYOBUM (PAKTOPOM JJIsI aBTOMAaTUYHOTO BUSBJICHHS Ta 1AeHTU]IKAIT
00'eKTIB Ha 300pKEHHSX, IO JO3BOJISIE MOKPAIIUTH €(PEKTUBHICTh Ta OC3MEKYy
JIOTICTUYHUX OTEpPaLlii.

briJIA 3100yBatoTh Bce Ounbllie 3HAYEHHS y CUIBCHBKOMY TOCIOAApPCTBI
3aBISKH 1XHbOMY MOTEHIIANy IS aBTOMAaTH3allii: MOHITOPUHI 1 OOCTEXKEHHS
cinbebkorocnoaapchbkux KyabTyp (BiJIA 3a0e3medyioTh MOKIUBICT Bi3yalbHOTO
KOHTPOJIIO 32 CTAHOM TIOJIIB Ta POCIHH, 110 JI03BOJIsiE€ (hepMepaM BUACHO BUSIBIISITH
npoOiemMu, Taki SK XBOpOOM, HIKITHUKH Ta CTpecoBl (akropu, 1 NpuiMaTu
BIIMOBIHI 3ax0/u); NoJuB Ta no3yBaHHs (bmJIA 3 cucteMamu sl MOJUBY Ta
PO3MUJICHHST TO0pUB, K1 JO3BOJISIOTH PIBHOMIPHO Ta €(EeKTHUBHO 3aCTOCOBYBATHU
pecypcH Ta MIJBUIIYBATH BPOXKAIHICTD); MOMEPEPKEHHS Ta J1arHOCTUKA KPU30BHUX
cutyaiiit (bnJIA MoOXyTh IIBUAKO OIIIHIOBATH HACIIIKHA MPUPOJIHUX JIMX, TAKUX K
3acyxa, HOBiHb a00 rpaji, 1 JoroMaraT B pearyBaHH1 Ha HUX, @ TAKOX MONEPe»KaTh
(dbepmepiB PO MOXKIIMBI 3aIPO3H).

AKTyanbpHICTb po3mi3HaBaHHs 00’ €kTiB Jyist briJIA € oueBUIHOI0, OCKIIBKY 11€
€ KJIIOYOBOIO TEXHOJIOTIEI JUIsl TOKpalleHHs Oe3neku, eQeKTUBHOCTI Ta
(GyHKL10HATBHOCTI 0€3M10THOT aBialii. 3poctanHsd puHKy briJIA sk y cBiTi, Tak 1 B
VYkpaini, miaKpecioe HEOOXIAHICTh PO3BUTKY HOBHUX METOMAIB Ta ajTrOpPUTMIB
ONEPAaTUBHOIO MOHITOPUHTY O0'€KTIB B PEKMMI PEATBHOTO Yacy.

Buxopucranns BUsBICHHS Ta po3mi3HaBaHHS 00’ekTiB y chepi briJIA mae
CBOIO crieriu(iKy TOMY, IO oTpuMaHi (oTo- Ta Bijeo- AaHi 3 brJIA 3anexats Bix
0aratbox (paKTopiB, MOYMHAIOYM Bl TEXHIYHUX XapAKTEPUCTHK CAMOT0 anapary a0
CepeI0BHILA HOro MOJIbOTY, Mij Yac sIKoro Oynu 310paHi JaHi.

Pisni tumu BrJIA MaroTh pi3HI TEXHIUHI XapakTepucTHKU (pucyHok 1.2).
Hanpuknan, ogqHorsuaToBl briJIA MOXYyTh HECTH Ba)kke KOpUCHE HaBaHTa)KEHHS,
aJie BOHM MalOTh CKJIAJHY MEXaHIYHY KOHCTPYKIIIIO, M0 MPU3BOJAUTH JO BUCOKOI

BaptocTi. baratorsuntoBi bnJIA € momupeHUM THUIOM, OCKUIBKM iX MOXHA
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BUKOPHUCTOBYBATH MTPO(ECiiiHO Ta BOHU MAIOTh MOXJIMBICTh 3aBHCATH a00 pyXaTHUcs
B37OBXK 3amaHoi num. [HmumM  kputepiem  kinacudikamii  bnJIA, oxpim
aepoaMHAMIYHOI KOHIIeMIii, Moke OyTu ix cranmapT aBToHOMIii. Komu misoT mae
CUTHAJ Ha KOXKEH MPHUB1JI TITATBHOTO arapary, BiH Moke OyTH BiHECEHHUH 110 pajio-
omepartiinoro (Hanpukian, FPV amapatu). PamiokepoBani amapaté (HampuKkian,
anapatu cepii DJI Mavic) n1eMOHCTpYIOTh APYTUil CTYIIHb aBTOHOMHOCTI, B SIKHX
Oe3meka TMOJIbOTY 3alIeKUTh BiJ OOPTOBOTO aBTOMATHYHOTO KOHTpoJiepa Ta
HA3eMHUH orepaTop MOKe HaJaBaTH 0OPTOBOMY KOHTPOJIEPY KOMAH/IH IIBHIKOCTI
Ta opieHTalli. be3 BTpy4yaHHs JIOJIMHU aBTOHOMHI amapaTd MOXYTh BUKOHYBaTU

TIEBHUU IIJIaH ITIOJIbOTY.

| Ksagpoxonrep
OJ[HOBHHTOBI
boJIA
PoropHi | Texcakomnrep
buJIA
BaratorsuaTOBL
. bolIA
| Ha THOI KpHIa 3 dixcoBannM L] Tpixonrep
KpHIIOM
Ti6pmsi L| Oxraxomrep
boJIA

boJIA

ABTOHOMHI
buJIA

aBTOHOMHI Paio-
omnepaniiHmi

PamiokeporaHi
buJIA

Pucynok 1.2 — Knacudikaris briJIA

1.1.2 IIpodsemaTuka 300py JaHUX

BukopucTaHHs METOIB Ta AJITOPUTMIB KOMIT I0TEPHOTO0 30py Yy cdepi briJlA,
30KpeMa aJfOPUTMH PO3ITi3HABAHHS Ta BIJICTEXKEHHS Oaratbox O00’€KTIB, Mae
OKpeMy MpOOJEeMaTUKy CHOPUYMHEHY crocoOoM 300opy nanux. IlpobGiemu
BUPIIIYIOTHCS K TEXHIYHUMHU 3ac00aMH, Tak 1 aITOPUTMIYHO, B 3aJIEKHOCTI BIJ

OOTpYHTYBaHHSI METH PO3pPOOJIEHHS TEXHOJIOT1, OCHOBHI 3 IKUX HABEACHO HUKYE.
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JluHamivyHa 3MiHA CIIEHH € HaciakoM pyxy briJIA Ha 3Ha4YHIN NIBUAKOCTI Ta
roro ManeBpyBaHHs. Ha 300pakeHH1 JaHUM THI TPoOJIeMH MOXKE BioOpa)KaThcs
PO3MUTTSM BHACTIJOK pyXy, IO CIIOTBOPIOE sIKicTh. Jlama mpoOiema MoOXke
BUPINIYBATUCS TEXHIYHO — NUIIXOM 3aMiHM KaMepud Ha HOBY 3 301JIbIISHOIO
YaCTOTOI0 3WOMKH a00 aJITOPUTMIYHO — BHUKOPHCTOBYIOUM METOJW BUIAICHHS
po3mutTs. [lomiOHOIO 3a mpupomo0 € TpodiieMa PyXOMHX O0’€KTIB BiTHOCHO
CIEHHU, 1[0 TPUBOAUTH JO PO3MHUTTS OKpPEMHUX OO0’€KTIB, Yy BHUPIIICHHS SKO1
HANUOUTBIINI yCIIIX MalOTh MEPEsKi INIMOOKOT0 HaBYaHHS.

[IpoGnema 3MiHM pakypcy Kamepu (MpeCcTaBICHUM KyTaMU JI0 BEPTHKAII Ta
JI0 TOPU30HTY) MPHUBOJMUTH O 3MEHIIECHHS TOYHOCTI PO3Mi3HABaHHSA OO0'€KTIB Ta
MOTIPIICHHST JACKOTPUX METOAIB BiAcTeXeHHsA. Hampuknaa, 3MiHa pakypcy
MPU3BOJUTL JIO BapiaTUBHOCTI BUIJIAAY OJHOTO 00’€KTy (IIPOEKINiS 3ropu
BIJIPI3HIETbCS BiJ OOKOBOi mpoekiii). [ns BupimenHs wmiei mpodaeMu
BUKOPUCTOBYIOTh OuUIbIly BHOIpKY MJisi HaBYaHHS, sIKa MOXKe OyTH OTpuMMaHa 3
PI3HUX PaKypciB.

[Ipobyiemy po3mnizHaBaHHS MaliuX 00’€KTIB CIIPUUYUHSE BEIUKA BIJICTaHb MIXK
briJIA ta 00’ekTaMu ClieHH TPU 3aBJIaHHI SKHAMOUTBIIOTO MOKPUTTS ClIeHU (TOOTO
0e3 BHUKOpHUCTaHHS 30UIbIICHHS 300pakeHHs1). CKIQAHICT, AaHOI MpoOIeMU
0a3yeThca Ha Maliid 1HGOPMATUBHOCTI 00’€KTIB BIJTHOCHO 3arajibHOi CIIEHH, IO
poOUTh 3a7ady pO3Mi3HABAaHHSA BaXXYOI HDK TpH (POHTATHHO-TIAPATICTLHOMY
3HIMaHHI (HaNpuUKIaJ, KaMepu HaJ 1I0pOramu).

[Torani mOroAHI yMOBH TaKOX CIPUYUHSIOTH Psii MPOOJieM, TaKuX SK
HEJIOCTaTHS KOHTPACTHICTh KaJpy, Ppi3HI TUMH PO3MHUTTS, Tomio. IIpobnema
OCBITJICEHOCTI, III0 MPUBOJIUTH JI0 HEXBATIl KOHTPACTHOCTI 300paK€HHsI, MOKe OyTH
CIPUYMHEHA TOPOI J00M abo pOKy Ta TOTOAHMMH yMOBaMH, HANpHUKIaa B
COHSIYHMMA JICHb 300pa)KCHHS CTa€ «3aciIUICHUM», a BBeuepi «TeMHuM». [0
npo0semMy 3a3BUYail BUPINIYIOTh TEXHIYHO — 30UIBIICHHSIM YYTJIHBOCTI KaMepH,

QITOPUTMIYHO — METOJaMU TIABUIICHHS KOHTPACTHOCTI. TymaH, XMapHICTh
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MOXXYTh TaKOX MPU3BECTU 1O MPOOJIEMU PO3IMUTTS, a 1HKOJIM 1€ MOXKE CTaTUCS
yepe3 HeMpaBWIIbHE HANAITYBaHHS (OKYCY KaMepH.

Ha mopaTtok 10 X TpyAHOIIIB, TOCTIKEHHS 010 BUSBJICHHS 00'€KTIB Ha
Bileogannx 3 bnJIA TakoX CTHKalOThCs 3 MPOOJIEMOIO YIEPEIKEHOCTI Habopy
nanux. {06 yHukHyTH 1i€i po6iemMu, HaOlp JaHUX MOBUHEH MAaTH aHOTAIIIIo, sIKa
BioOpakae peaabHi 3aCTOCYBaHHs. TOMY HE TUBHO, 110 MOJEII /IS PO3ITi3HABAHHS
00'eKTiB, HABUYCHI Ha TPATUIIIMHUX 300paKEHHSIX, HE MIIXOMITh JJIs BiJICOJIaHUX 3
brJIA.

Ha pgonmarox mie mMoxHa oTpuMaTu mpoosieMy (GakTHYHOTO 300py JaHHUX B
peXUMI peaqbHOTO 4Yacy Il MPOBEACHHS EKCIEPUMEHTIB IMOJ0 armpoOarrii
QITOPUTMIB BUSIBJIEHHS Ta PO3Mi3HaBaHHs 00'€KTIB. B yMOBax BOEHHOTO CTaHy came
3 1I€I0 MPOOJEMOI0 BHHHUKAIM CKJIQJHOUII B oprasizamii 300py JaHUX s
JMCEPTaLIHOTO AOCIIJIKEHHSI, 1110 CIIOHYKAJIO 0 BUKOPUCTAHHS 1HIIMX IM1AXO1B

opranizaiiii Habopy aHOTOBaHUX JaHUX.

1.2 Anaji3 icHyw4YHX pilleHb 3aJa4i BHUSIBJEHHSI Ta PO3Mi3HABAHHS

00’€cKTIB

Po3nizHaBaHHS 00’€KTIB € 3aBJAaHHSIM KOMITIOTEPHOTO 30PY, METOIO SIKOTO €
MOIIYK OJHOro Ta/abo rpynu oO0'eKTiB Ha 300pakeHHI abo y Biaeopsal 3a
BUIIJIEHUMH 1ICTOTHUMH O3HAKaMHU.

ANTopuTMH 3aBHAHHA KOMII'IOTEPHOTO 30pY CIPSIMOBaHI Ha pPO3YMiHHS
3MICTy 300pakeHHs, Iepen0adyeHHs MPOCTOPOBOrO pPO3TAUIYBAHHS, BHSIBJICHHS
paMku 00'€KTIB Ha 300pakeHHI (IEpEeBaKHO MPSIMOKYTHUKOM) Ta KIacu(iKyBaHHS
00'€KTIB 32 BU3HAYCHUMU KaTETOPISIMHU.

3a ocTaHHI POKH, SK HACHIIJIOK PO3BUTKY 1H(MOPMAIIWHUX TEXHOJIOTIN Ta
QITOPUTMIB BUSBJICHHS Ta PO3MI3HABAHHS OO0 €KTIB, 3’SIBUJIOCS 0araTo HOBHX
mozeneit 1 ix momudikamii. CywyacHi moOynoBaHI ajJrOpUTMHU PO3Mi3HABAHHS
00’€KTIB BIAPIZHSAIOTHCS MK COOOI0 THM, II0O BUKOPUCTaHI Pi3HI MeToAu abo ix
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KoMOiHalli, ¢yHKI[IOHAIBHI BUMOTH 3ajayl (HampUKJaJ, BiJ pPO3Mi3HABAHHS B
pealbHOMY dYacli 1 J0 MYJbTUMACIITaOHOTO PO3MI3HABaHHS), MOXKJIHUBOCTI
OOYMCITIOBAJIFHOT TEXHIKM, Ha SKii mependadeHo TpeHyBaHHS Ta ampoOarlis
aJTOPUTMIB, TOIIIO.

[linxoan moA0 MOOYJOBM MOAENEH 3a alropuTMIYHOIO 0a3010 MOXKHA
MOJIIJIUTH Ha Bl TPYNH: HA OCHOBI KJIACHYHHUX METOMAIB 0OpoOJIeHHS 300pakeHb
(MeTomaMu MalTMHHOTO HaBYaHHS) Ta HA OCHOBI HEHPOHHUX MEpEX TIHMOOKOTO

HaB4aHHS (prCcyHOK 1.3).

Metox po3ni3HABaHHA

00’eKTiB
|
| ]
Tpamnmiiina obpobka T —
z00paxkeHsb
| |
[ | | |
Ha ocHogl Ha ocHoBi pyxy BusBieHHd Ha OCHOBI BuABIeHHA 33 0JHH
J0BHIIIHBOTO BHIILAIY periony npoxiza
| | Ha ocrosi konmeopy | || BigaiManus ¢ony - RCNN YOLO
Ha ocnosi rmGunn | | | TIpocTopoo-uacosa || R-FCN SsD
(prLETpaa
_ | OnTHusIii NOTIK o Fast RCNN

Faster RCNN

FPN

Pucynox 1.3 — Knacudikariiss MeTo1iB po3mi3HaBaHHs 00’ €KTIB

Jlist po3mizHaBaHHA 00’€KTIB Ha 300pa)K€HH1 3aCTOCOBYIOTH JIBI CTpAaTerii:
MOIeNTIOBaHHs (POHY 1 MoJIeTIoBaHHs 00’ ekTa. Bubip cTpaterii 3aj1eXuTh BiJl yMOB
OTpUMaHHA 300paxkeHHs. MoentoBaHHs (JOHY 3aCTOCOBHE TUIBKH JIS “11€albHUX
ymoB 3iiomku. [lpu BuOOpi cTparerii mMojaentoBaHHS O0’€KTa, SKa Ma€ OUIBII

3arajJlbHUM MIOX1J[, MOKHA 3aCTOCOBYBATH Pi3HI METOAM JJIsl MOILIYKY 00’€KTa Ha
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300paxeHHl. EQEeKTUBHICTh BUKOPUCTAHHS KOKHOT 3 IIUX CTPATETriil 3aJ1eKuTh Bijl
0araTb0X YMOB, 30KpeMa BUOOPY METO/IIB Ta AJITOPUTMIB OTIPAIFOBaHHS 300paKCHb.

HaiinpocTimmMu MeTogaMu BHJIIJICHHS 00’€KTa Ha 300pa)KeHH1 € KOJipHI
binbTpu. Taki METOIU 3aCTOCOBYIOTHCS, SKIO 00’ €KT CYTTEBO BUALISIETHCS HA (DOHI.
BuninenHs kpaiB Ta KOHTYPHHUH aHAI3 MOXYTh OYTH KOPUCHUMH Y BUTIAJKAX, SKIIIO
00’€KT MOCUTH CKJIaIHUK 1 A00pe BUAUIAEThCS HA (oHI. BUKOpUCTaHHA Takux
METOJIB HaJla€ 3MOTYy IEePEeXOAUTH BiJ poOOTH 3 300pa)KEHHSIM N0 POOOTH 3
00’€KTaMH Ha I[bOMY 300paKCHHI.

Jlani BxKe MOKe 3'IBUTHUCS] MOKIIMBICTD MEPEBIPKH HAsIBHOCTI Ha 300pakeHHI
NMEeBHUX TeoMeTpuyHux (opm. MeTon cmiBcTaBieHHs 31 1mabioHoMm (template
matching) nonsirae y MNOHIYKy Ha 300pa)X€HHl AUISHOK, $IKI CHIBOAJAlOTh 3
300paKEHHSIM IIIyKaHOTo 00’ ekTa. [Ipu ymMOBI, 1110 300paskeHHs 00’ €KTa TOBEPHYTE
Yy MaciiTaboBaHe BIIHOCHO IMIA0JIOHY, 1€l MeTOoJ He € eeKTUBHUM. J[JIsi Takux
BUIIAJIKIB 3allPOIIOHOBAaHI METOAM, Kl 0a3ylOThCS Ha BUKOPHUCTAHHI OCOOJIUBUX
(omopuux) Touok (reference points). OmnopHi TOYKH € OCOOJIUBUMU
XapaKTEPUCTUKAMU IIYKaHOro 00’ekTa Ha 300paxeHHl. Ll xapakrepucTuku
JTO3BOJISIIOTH CHIBCTABUTU 00 €KT caM 3 cO0010 a00 31 CXOKUMHU KJlacaMu 00’ €KTIB.
Icnye aekinbka cioco0iB BUALICHHS OCOOJMBUX TOYOK: HA CYCIIHIX KaJpax, yepes
BEJIMKI IPOMIXKKHM 4Yacy Ta MPHU PI3HOMY OCBITJICHHI, IPU MOBOPOTI 300paKeHHsI Ta
1H.

HaiicknaguimuyMy BUMagKaMy 3a7adi pO3Mi3HABaHHS € TOMIYK OO0 €KTiB
BU3HAYEHOTO KJIacy. B Takux BUMagkax 3aqady BUSBICHHS 1 pO3Mi3HABAHHS MOXHA
BUPIIIUTH 3a JOMOMOTOI MOOyIOoBH KiIacu]ikaropa Ha OCHOBI MAaIlTUHHOTO
HaBYaHHS, SIKUM CKJIAJIA€ThCS 3 METO/1a BUJIUICHHS ocoOnuBocTel (feature extractor)
Ta BiacHe kiacudikaropa. Bubip MeTtony BUIIJIEHHS OCOOIMBOCTEH 3aJIeKaTh BiJl
nocTtaBiieHoi 3amadvi. g ogHOro kimacy 3ajgad Iie Moxe OyTH HaBUYaHHS Ha
MO3UTUBHHUX 1 HETAaTUBHUX HaOOpax AaHWX 3 300paKeHHSAMU, JJIS 1HIIHX — 1€
BUJIIJICHHSI KJIACTEPIB JIECKPUINITOPIB OCOOJMBUX TOYOK 1 CTBOPEHHS CJIOBHHKA

neckpunrTopiB. He 3Bakaioum Ha BENMKY KUIBKICTh METOMAIB PO3Mi3HABaHHS
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00’€KTIB, HE ICHYE YHIBEpPCaJbHOro HAOOpy MJIg BCIX YMOB BHMKOHAHHS 3ajadyl
po3mi3HaBaHHsA 00’€KTiB. 3a/jaya po3Mi3HABaHHS MO)Ke OyTH BUpIIICHA JIUIIE 32

KOHKPETHHX YMOB Ta BU3HAYEHHI HAOOPY METO/IIB Ta aJITOPUTMIB.

1.2.1 IocTaHoBKA 3a/1a4i BUSIBJICHHA TA PO3Mi3HABAHHSA 00’ €KTIB

PosnizHaBaHHs 00’€KTIB € MiJ[3a1a4€l0 TPYNH 3a]ay BUSIBICHHS 00 €KTIB B
chepi koM rorepHOro 30py. DopmanbHY TOCTAHOBKY 3aJadi pO3Mi3HABaHHS
00’€KTIB MOXXHA BHUPA3UTH SK KOMOIHAIIIO 3a/1ayl JIoKaji3alii (MpoCTOPOBOTO

po3ranryBaHHs1) Ta 3aj1ayl kiacudikaiii o00'€kTiB Ha 300pa’K€HHI BIIACOPSAIY

(pucyHok 1.4).

Kiacudixaris Jlokamizaris Po3zmnizHaBaHHA

ABTOMOOLIE ABTOMOO1IB
Pucynox 1.4 — Pesynbrar my1s 3aga4 kinacudikarii 300paxeHHs, JJoKaTi3arii

Ta po3Mi3HaBaHHs 00’ €KTY

Bxigaumu qanuM#u s JToKajizarii 00’ €KTiB € 300pakeHHs I, a BUXITHUMH €
HaOlp 0OMEXKYBAIbHUX MPSIMOKYTHUX pamMok Bj, B, ... B,, skuii mpencraBieHuin
KOOpAMHATaMU 00'€KTY Ta PO3MIPOM:
B: {x,y,w, h}, (1.2
Ie
X,y — KOOPJIMHATH BEPXHBOTO JIIBOTO KyTa MPSIMOKYTHHKAa OOMEXYBaJTIbHO1

pamKw,
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w, h — mupuHa Ta BUCOTa 0OMEXYBaJIbHOT PAMKHU.

3aoaua knacugirxayii 300padcenns. O0’ekt O € YIEHOM OJHOTO 3
Bu3HavYeHuX KkmaciB C; ,i = {1,2,... ,n},n € N. BXitnumu nanumu € 300paxeHHs
I, Ha TKOMY MpEeICTaBJICHO JuIlle OAuH 00’ ekT 0, a00 HOro BIICYTHICTh. Buxigaumu
JaHUMU € Kjac C; 3 monepeaHbo BU3HAYEeHOT MHOKUHU KiaciB Cq, Cy ... Cy,.

3aoaua posnizHasanus 00’€kmy TONATAa€ B JIOKali3alii 00’€KTIB Ha
300paK€HHI 3 BHM3HAYEHHSM iX MPUHAIEKHOCTI JO MEBHOTO Kiacy. BxigHumu
JAHUMHU CITyTye 300pakeHHA [, Ha SKOMY 3HAXOAUTHCS MHOXHHA O00'€KTIB
{04,0, ... 0,,}, m € N. Ha Buxo/1i 09iKy€eThCSI MHOXXHHA HAOOPIB 3 2 €JICMECHTIB IS
KOXHOT'O 00’ €KTYy 300paKeHHS:

0;: (B;,G),i € {1,2,..,m},j € {1,2,..,n}ymneN (12)
ne

m — KUIbKICTh 00'€KTIB Ha 300paKEHHI,

N — KUJIBKICTh KJIACIB.

1.2.2 MeTtoau BinHiMaHHs GoHy

JIJIsi TeTeKTyBaHHS PyXy IIMPOKO BHKOPHUCTOBYIOTHCS METOIW BiTHIMAaHHS
(GboHy, IO 3aCTOCOBYETHCS B OUIBIIOCTI TPATUIIMHUX 3amad  oOpOOJICHHS
300paKeHb.

Meron BinHIMaHHS (POHY (POKYCYETHCS Ha PO3MI3HABAaHHI B peajbHOMY 4aci
00'€KTIB MEPEHHOTO MJIAHY 3a BiJICOPSIIOM, IIJITXOM BiJTHIMAHHS MIKCETiB (POHOBHUX
cueH (pucyHnok 1.5). Lle#t nponec ckinagaeTbes 3 TPhOX €TaliB: 1HIiami3aiis GoHy,

niaTpuMka GoHy Ta kimacudikaiis mkcenis ¢pony [8].
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MoTouHMit Kagp

e -

Mopir

Macka

!
-©- %

Pucynoxk 1.5 — Ilpuknan poOotu MeToay BigHIMaHHS (HOHY

[ToyaTkOBHUM KPOKOM € OOUHCIIEHHS YaCOBOT pi3HUIIl KajpiB. Pi3HuIg KaapiB
y MIEBHUM MOMEHT 4acy t 0OUUCIIOETHCS 3a POPMYJIOLO:
FDy = |pc(xy) — pe-1(x, ¥, (1.3)
ne
p¢(x,y) — 3HaUGHHS SICKPABOCTI MIKCeNs y t-My KaJpi,
Pt—1(x, y) — 3HAUCHHSA sIcCKpaBOCTI mikcens y (t — 1)-my kaapi.
Pyx mikceniB BBaXa€eThCsl 3HAUHUM, SIKIIO BiH jocsrae nopory T. Takuit pyx
HA3MBAETHCS NEPEIHIM IUTaHOM F G !
FG, =1, axwo FD; > T
abo
FG; = 0, inaxwe (1.4)
K10 Hemae BEIHUKOro pyxy, MIKCENl BBaXalOThCAd CTAOUIBHUMHU a0o0
dbonoBumu. Kagp hoHOBOTO po3pi3HEHHS MOKHA 3alTMCATH Y BUTJISIIL:
BD; = |pt(x,¥) — BMy_1(x,¥)|, (1.5)
ne BM;_;(x,y) — monens ¢ony.
Hanani mikcem kimacnudikyroThCs Ha MIKCEN IEPEIHBOT0 200 3aJHHOTO TIIaHY
3a JIOTIOMOT'OK0 PIBHSIHHS:
FG; = 1,axkwmo D;(x,y) >T
abo
FG, = 0, iHakue (1.6)
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VY po6ori [9] aBTOpamu 3arrpOrOHOBAHO PO3TJISTHYTH aJTOPUTM BUSBIICHHS Ta
BIJICTE)KCHHSI MEBHOTO O0'€KTy y MPHUMIIIEHH] 3a JOIMOMOTr0I0 MajaoradapuTHOIO
briJIA. 3aranpHa cxema LBOTO METOAY MOJSArae B BUKOHAHHI CIOYATKY 3ajadi
MOIIYKYy KaMepolo JpOHa MOTPIOHOro o0'ekTa 3a PO3MIPOM 1 KOJBOPOM. SIKIIO
00'€KT HE PpO3MI3HAHO, JPOH PO3BEPTAETHCA 1 TMEPEMINIYETHCS B 1HIIE  MICIIE.
3anponoHoBaHe MpOrpaMHe pIIIeHHs OMpalboBye 300paxenHs y ¢opmari RGB,
SKUM mi3Hie KoHBepTyeThes B popmatr HSV. Ha npomy etami Bci 00'ekTH, K1 HE
30iratoThCsl 3 KOJBOPOM TOTPIOHOTO 00'€KTa, BIAKWMIAIOTHCS. PesymbTaTom €
6iHapHe 300pakeHHs. [1iciist 40ro OOUYUCITIOETHCS TTOJIOKEHHS 1 KyT HaXUITy 00'eKTa

JUTST IOTO BIICTEKEHHS.

1.2.3 Merox Bioau-/I:xoHca 11 BHSIBJEHHSI O00'€KTIiB B peKHMI

P€AJIBHOI0 4acy

Merton Bionu-JI)koHca BU3HAYA€THCS CBOEH €(EKTUBHICTIO Ta MIBUIAKICTIO
BUSIBJICHHS 00'€KTIB Ha 300payKEHHSX, 1110 OTPUMAIIO OCOOJIMBUI YCITIX B KOHTEKCTI
pO3Mi3HABAHHA 0OJINY JIFOAMHH HA Yac HANMCAHHsA PoOOTH. Floro 0CHOBY CKJIa/atoTh
o3Haku Xaapa [10], siki BUKOPHUCTOBYIOTH JIiHINHI, MPAMOKYTHI (PUIbTpU IS
BUSIBJICHHSI 3M1H Y SICKpaBOCT1 Ha 300paxkeHH1. [Ipoiiec po3mizHaBaHHs peali3yeThCs
yepe3 3aCTOCYBaHHS KacKaJHOTro Kiacudikaropa Haj IHTETPAIbHUM 300paKeHHSIM,
KU noennye psija kiaacudikatopis anroputMy AdaBoost, skomy npujineHa yBara
n. 1.2.4, npu nocaiA0BHOMY iX 3aCTOCYBaHHIO JUIsl TOUHOTO BU3HAYEHHS 00'€KTa.

Meron Bionu-/[)x0oHca BUKOPUCTOBYE HACTYIIHI MPUHIIMIIH, 1110 € CYTTEBUMH
JUTsl OpraHi3alli BJIaCHOTO IPOrpaMHOTO PIIIECHHS:

1. Cmeopenns inmezpanvrux 300pascetsv. BXiaHe 300pakeHHS 00poOIIIeThCs
JUISL CTBOPEHHS 1HTErpaIbHUX 300pakKeHb, 10 J03BOJISAE€ e(PEKTUBHO OOYHMCITIOBATH
CyMH 3HAU€Hb IIKCENIB Ha MPAMOKYTHUX 00JacTAX (KyMyJISTUBHAa Cyma, siKa

CIoYaTKy 00UMCIIeHa 3711Ba — HapaBo, OTIM 3rOpU — IOHU3Y).
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2. Bukopucmanusa osumax Xaapa: 0a30B1 O3HakM Xaapa NpEICTaBISAIOTh
co00I0 MacKy, siKka CKJIAJa€eThbCsi 3 MO3UTHUBHUX 1 HEraTUBHUX oOyactei, Ta
JI03BOJISIIOTh BU3HAYATH JIOKAJIbHI OCOOIMBOCTI, TaKi SIK IPaHuULll 00'€KTIB.

3. Aoanmuenuii éubip o3uax: 3JIACHIOETHCS AIalTUBHUNA BUOIp O3HAK JJIs
BU3HAUCHHS THUX OOJacTed, ae Moxe 3HaxomauTucs o0'ekt. KoxkHa o3HaKa
OLIIHIOETHCA 32 3[aTHICTIO €(PEKTUBHO PO3ALISATH MO3UTUBHI Ta HEraTWBHI 00JaCTi
(mo3uTHUBHI — 00’ €KT MPUCYTHIM, HETATUBHI — 00’ €KT BIJICYTHIMN).

4. Cmeopenns Kackaody kiacughikamopig: TOCTIAOBHICTh Kiach(}ikaTopiB
dbopmye kackan, Ae KoxkeH kiacudikatop AdaBoost BUKOPUCTOBYEThCS Jis
BIJICIFOBaHHS HEraTUBHUX o0jacTeil. Kackaja ckiagaeThbes 31 CTEKy €TalliB, 1€ KOKEH
eTaIr Mae CBil BIacHUM Ha0ip O3HAK.

5. Kackaone euznauenns 06'exma: 300paxeHHs MPOMYCKAETHCS Yepe3 Kackaj
eTallB, ¢ KO)KEH eTan BU3Ha4ae, 9u 00JIacTh € 00'ekToM un Hi. HeratuBHI obacti
BUJTyYalOThCS HA PAHHIX e€Tanax, TMM CaMHM 3HAayHO MPUCKOPIOIOYH MPOIIEC
pO3ITi3HaBaHHS.

OpnHieo 3 KIOYOBUX TMepeBar Meronay Biomm-/[koHca € #oro BHCOKa
IIBUJIKICTh Ta 3JaTHICTH TMPALOBAaTH B PEXKHUMI pPEAIbHOrO dacy. 3aBIsSKd
BUKOPHUCTAHHIO KJIACH(IKATOPIB Ta KACKAIHOI CTPYKTYpH, aIrOpUTM €(HEKTUBHO
BUKJIIOUAE «HEIIKaB1» 00JacTi Ta MIBUAKO po3mizHae o0'ektu. Meton Bionu-
JI>kOHCa 3HAWIIOB MIMPOKE 3aCTOCYBAHHS B CHUCTEMax BIJIEOCTIOCTEPEKEHHS Ta

pO3Mi3HaBaHHs 00JMY Y pealbHOMY Yaci.

1.2.4 AdaBoost jas miaBUIleHHSI e(EKTUBHOCTI aJrOPUTMIB

KJIacu@ikanii

Mopenb Ha3UBAETHCA «CUIIBHOIO», SIKIIO MPUITYCKA€ HEBEJIHKY KIJIbKICTb
MOMIIOK Kiacudikariil. Mojienb Ha3uBa€ThCS «CIIA0KOI0» MPU OTPUMAHHI BEJTUKOT
KUIBKOCT1 TOMWJIOK Kilacuikaliiif Ta He J03BOJIAE€ HAMIMHO pO3UTUTH Ki1acH. Tomy,

BU3HAYEHO NpoLeaypy OYCTHUHTY UIsi YCYHEHHS HENONIKIB BCIX MMONEPEeIHIX
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QITOPUTMIB JIJ151 KO)KHOTO HACTYITHOTO, IO € TIOCII1JOBHOIO MOOYA0BOIO KOMITO3HIIIT
QITOPUTMIB MAIIMHHOTO HaB4aHHs. OAHUM 3 HAWHO1IBII JOCKOHAIUX AJITOPUTMIB
oyctunry € anroput™m AdaBoost.

Anroputm AdaBoost € xomIuiekcoM METOAIB, KU CIpUS€ MIIBUILIEHHIO
TOYHOCTI aHATITUIHUX MOJICIICH.

Anroputm AdaBoost € ananTUBHUM TOMY, IO KOXEH HACTYIHUHN
KiacudikaTop OyayeTbcsl 3 THX 00'€KTIB, skl OylM HENMpaBWIBHO KiacudiKOBaHI
MUHYJIAMH. JIaHWH aNTOpUTM € YyTIUBUM JI0 IITyMYy 1 BUKH[IB B JAaHUX Ta MCHII
CXHWJIBHUMN JI0 TIEpEHABYAHHS.

Po6ora anroputmy AdaBoost Ha 3a1a4i moOya0BHM O1HApHOTO KiacupikaTopa
HaBejieHa HUXx4YeE. [TlouaTkoBuii HAO1p TOYOK MPEJCTABICHUN Y BUTIISIL:

(X1,Z1), L] (Xm, Zm) (17)
nex; € X,z;e Y={-1,+41},i=1,2,...m,m€ N.

[ToyaTkoBI1 Baru BU3HAYECHI SIK:

D,(i) = %,Ae i=1..m meN (1.8)

Just Beix t = 1, ..., T BU3HaUUMO KJacudikaTop:

hy: X - {—1,+1}, (1.9)
10 MiHIMI3Y€ 3BayK€HY MOXUOKY Kiacu(ikallii, ska HaBeIeHo y Gpopmyii:

h, = minp ey ¢ , (1.10)

ne g = Y% D(0) [z # hi(x))]

ko e = 0.5, To Ail aNropuTMy IPUMUHSIIOTHCS.

Bubip a.€ R, xorpuii 3a3Buuaii gopisuioe a; = 0.5In (1 — &) / &), Ie &
€ 3BAXECHOI0 MTOXHOKOI0 Kinacudikaropa h;.

HacTynmHuM KpOKOM € OHOBJIGHHS BariB, sIKI BH3HA4YalOTh BaXXJIMBICTb

KO>KHOTO 3 00'€KTIB MHOKMHU HAaBUaHHS JJ1s1 Kjacuikarii:

Desq (D) = L;t—;‘t) e~ i he(x) (1.11)

ne DZ, — HopMai3yrounii mapamerp, ssKuii 00upaeThest Tak, mod e, Dpyq (i) =

1
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[TobynoBa pe3yiabTyIOUOTr0 «CUJBHOTO» KiIacH(piKaTopy NpUBEIAEHA Y
bopmyii:

H(x) = sign (Xt=1  ache(x)) (1.12)

J1J1s moanbIIoro JOCHIHKeHHS y AUCepTalliiiHl poOOTi HaBEJEHUH aIrOpuT™M
AdaBoost Moxe OyTu BUKOPUCTAHUH 3aB/ISIKHA HOTO TIEpEBar:

1) JIOBOJI1 TIPOCTa peaizaliis;

2)  IOyXe TapHa y3arajJbHIOIYa 3/IaTHICTh, KA MOXKE IMOKPAIlyBaTUCS 3i
30UIBIIICHHSAM YHCjIa 0a30BUX aJITOPUTMIB;

3) MOXJIMBICTh BUSBJICHHS 00'€KTIB, SIK1 € ITYMOBUMH BUKHUIAMHU;

4) BJIACH1 OOYHUCITIOBAIBbHI BUTPATH IILOTO AJITOPUTMY HEBEIIUKI.

[Ipu poGoti 3 anroputmom AdaBoost moTpiOHO BpaxoByBaTH BUMOTY [0
JIOCUTh MACUBHUX HABUAJIbHUX BUOIPOK Ta MOMJIMBICTh MOOYAOBU HEONTUMAIBHUX
HaOOpiB 0a30BUX aJITOPUTMIB 3 HEOOXIAHICTIO MOBTOPHOTO HABYaHHS, IO €
HEJI0JIIKaMH Ta MOXYTh BIUTMHYTH PE3YJIbTATH MOJICITIOBAHHS.

[HOMI BiAOYBa€ThCA IMEpEHABYAHHS 3a HASBHOCTI JIOCUTh BUCOKOI'O PIBHS
HIyMy JaHHMX. CGKCIOHEHIiWHa ¢yHkmis Brpar (1.11) mayxke 30inblIye Baru
«HAUBAXUYKX» O0'€KTIB, Ha SIKUX MOMUJISIOTHCS 0arato «cCiabKux» ajJropUTMIB.
Haifuacrime came i 00'€KTH BUSIBISIOTHCS IIIYMOBUMH BUKHAMH, 110 3aCTaBIISIE
anroput™M AdaBoost HamamToByBaTHCS Ha IIyM 1 Beae N0 TepeHaB4yaHHsS. [ls
npoOiemMa BUPILIYEThCA NUIIXOM BUIAJICHHS [HMX IIYMOBHX BHKHAIB a0bo

3aCTOCYBaHHA TaKUX (DYHKIIIM BTPAT, K1 € MEHIII «arPECUBHUMI.

1.2.5 Aaroputm Fast R-CNN

Anroputm Fast R-CNN € ogaum 3 HalOUIbLI MOMYJISPHUX AJITOPUTMIB Y
cdepi BusiBnieHHsa o0'ekTiB. Ha BinMiHy BiJ mpocToi kiacudikaiiii 300paxeHsb, sgKa
Kiacudikye Bce 300paXkeHHs 3a TIEBHOIO KAaTETOPi€r0, BUSBIEHHS 00'€KTIB Ma€ Ha
MET1 TOUYHE BU3HAYEHHS MICIIE€3HAXO/KCHHSI 00'€KTIB Ha 300pakeHHI, a TaKOXK iX
KJ1acudiKario.
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Y nopiBHsSHHI 3 Kiacu@ikaiiero 300pa)keHb, BHSABICHHS OO'€KTIB €
CKJIQIHIIINM 3aBJIaHHSAM, OCKUIbKM BHMAara€ BHCOKOi TOYHOCTi, JO TOTO X B
peanpbHOMY dyaci. Omxke, 0araTo 3 ICHYIOUHMX aJTOPUTMIB HE 3aJI0BOJIBHSIOTH
BuMoram. /[y BupiieHHs 1€l nmpoOiemMu, Oyau cupoOu BUKOPHUCTAHHS Oe3nivl
QITOPUTMIB, y TOMY YHCIi Oe3mepepBHO aganTuBHE cepeaHe 3mimenHs (Camshift)
3 pinpTpom Kanmana ta BifcTexeHHs-HaBYaHHSA-BUsBICHHS (TLD), BimcTexeHHs
Ha ocHoBl HOG Ta SIFT. Anroputm Camshift, 1o Outbin geTanbHO pO3TIASHYTHI B
HiAMYHKTI 1.3.2, BUKOPUCTOBYE CTATUCTUKY KOJBOPY SIK (PYHKIIIIO BiICTEKEHHS, 1110
pOOUTDH HOTO CXUITBHUM JI0 TOMUJIKOBOT 171IeHTH (KL, KOJIH IIIJILOBUH KOJIIP 1 KOJIIp
dony cxoxi. AnroputM TLD € 3aHanTro MOBUIRHUM Jisi JIOCATHEHHS METH
BIICTEXKCHHS, 110 MPU3BOAUTH 10 HU3BKOI MPOJYKTUBHOCTI B peajibHOMY 4Yaci. B
anroputmi BifictexxeHHs HOG + Support Vector Machine (SVM) Baxkko oTpumaTu
edexTuBHI QYHKIIIT, KOJIU 00’ €KT 3HAXOAUTHCS JAIEKO.

Ha Bigminy Bij mepepaxoBaHUX BHIINEC TPAAUIIHHUX METOMIB, aJITOPUTMU
IJIMOOKOr0o HaBYAaHHSA OUIBII HAAIMHI 1 TOYHI Ta JO3BOJISIOTH IIBUIKO BUSIBUTH 1
JIOKaNi3yBaTu 00’ €KT 3a 300paKEHHSIM.

Anroputm Fast R-CNN otpumanmii 3 R-CNN, skuit € monudikariero
anroputMy CNN moOyaoBaHOro JiJisi po3B'si3aHHS 3a7a4i Kiacugikaliii 300paxeHb.
Ha Bigminy Bix kinacudikailii 300pa’keHb, BUSBJICHHS BUMAarae Jiokaii3ailii 00'eKTiB
ycepeauHi 300pakeHHsl, 1110 Brepiie 0yiio gociarayTo 3a gornomoror R-CNN. CNN
MO€ TIPU3BECTH J0 MTOMITHOTO MiABUIIEHHS €()eKTUBHOCTI BUSBJICHHSI 3allepeyeHb
y PASCAL VOC B nopiBHSIHHI 3 CUCTE€MaMH, 3aCHOBAaHUMH Ha OUIBII MPOCTHX
bynkuisx, noaiouux 10 HOG. [Ins BusineHHs 00'€KTiB Ha 300paKeHHSIX aJTOPUTM
R-CNN moke BUpiIIUTH podiemy jgokaiizaiii anroputMy CNN, niroun B pamkax
napajurMu po3mi3HaBaHHS 3a oOmactio (region based detection, RBD), sika
BUSIBWIACS YCIIIIHOKW SIK JUIsl BUSBJICHHS OO'€KTIB, Tak 1 Il CEMaHTUYHOI

cerMmeHTarlii. 3aranpHa cxema podot RBD nokaszana Ha pucysky 1.6.
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Pucynok 1.6 — 3aransna cxema po6otu RBD mopeneii [10]

[1ix yac poOOTH aNropuT™M BUKOHYE TAaKHI MOPSAOK JI1i:

1 Meroa renepye 0iu3bko 2000 He3aneKHUX BiJ] KaTEropii perioHaJIbHUX
IIPOTIO3HIIIH 17151 BX1THOTO 300paKeHHSI.

2 BekTop 03HaK (pIKCOBAHOI JOBKHHHM BUTITYETHCS 3 KOXKHOI MPONO3ULII 13
BuKopucTaHHAM CNN.

3 Knacugikyerbcsi KOXK€H perioH 3 mHIMHUMH SVM 171 KOHKpETHOi
KaTeropii.

4 Knacudikaiiist 00’€KTIB Ta iX pO3TalllyBaHHS.

AnroputM  R-CNN  gocsr 4ynoBOoi TOYHOCTI BHUSABIECHHS OO0'€KTIB,
BUKOPUCTOBYIOUM TIHOOKY Mepexxy ConvNet nns kinacudikamii mpomno3uiiin
00'eKTiB. AJle OCHOBHMM HEJIOJIIKOM ILIbOTO aJrOPUTMY BHIAUISAIOTH MOBUIBHICTD
poOOTH, OCKUIBKM BiH BUKOHYE Tipsimuid mipoxiz ConvNet st KOKHOI MPOMO3UITIT
00'ekTa 0€3 CMUJILHOTO BUKOPUCTAHHS OOYUCIICHb.

Tomy Oyyio 3amporoOHOBAaHO Mepexi 00'€qHaHHS MPOCTOPOBUX TTipaMil
(SPPnet) mns mpuckopenHs R-CNN 3a 10momMororw CIIBHOTO BHUKOPHCTAHHS
oOuuciens. Meron SPPnet 00unciioe 3ropTKOBY KapTy O3HaK AJi11 BCbOT'O BX1JHOTO

300paKeHHsI, a MOTIM KJacu(piKye KOKHY MPOMO3HULII0 00'€KTa, BUKOPUCTOBYIOUH
45



BEKTOP O3HAK, BUTSTHYTHUH 13 3arajabHoi kapT 00'ekTiB. Kpim Toro, R-CNN Bumarae
(hIKCOBAHOTO PO3MIPY BXIJIHOTO 300pa)kKeHHS, IO OOMEXY€ SK CHIBBIIHOIICHHS
CTOpiH, Tak 1 MacmTad 300paxkeHHs. [loTounuit MeTo A03BOJISIE 3MIHUTH PO3MIp
300paxkeHHs 70 (PiKCOBAaHOTO PO3MIpPY, B OCHOBHOMY NIISAXOM OOpi3aHHS abo
nedopmMariii, Mo npusBeae 10 HebaKaHUX CIOTBOPEHb ad0 BTpaTH iHQoOpMaIlii, y
Toil yac sk SPPnet moxe o0'emHyBatu 300paxkeHHS Oyab-SIKOTO PO3MIPY IS
OTpUMaHHA 300paskeHHsI cTanoi po3MmipHocTi. Ha mpaktuiii SPPnet mpuckoproe
po6oty R-CNN y 10-100 paziB. Ognak, meron SPPnet mae Hemomik: HaBYaHHS
aBiisie co0or0 OaratoetanHuii kKoHBeep (Ak 1 B R-CNN), sikuii BKiIro4ae BUITyYCHHS
O3HAK, TOYHE HAaJallITyBaHHS MeEpexi 3 BTparamu, HaB4aHHS SVM 1 mialip
perpecopiB 3 0OMEKEHOI0 30HOK0. Bkl TOro, anropuT™M TOHKOTO HAJIAIITYBAHHS
HE MOYKE€ OHOBJIIOBATU 3rOPTKOBI IIApH, SIKI EPENYIOTh 00'€ JTHAHHIO MPOCTOPOBUX
nipamif. Lle oOmexeHHs: 00MeKy€e TOUHICTh AyXkKe TIIMOOKUX MEPEK.

Hanani OyB 3ampomoHOBaHUN yIOCKOHAJICHUN allTOPUTM, SIKUM yCyBae
Henoaiku R-CNN 1 SPPnet, nasBanuii Fast R-CNN 3 miaBUILIEHOI IIBHIKICTIO 1
TouHicTiO. Fast R-CNN Mo)ke OHOBIIOBAaTH BCl IIapW MEPEX1 HA €Tarl HaBYaHHS,
HE MOoTpedye TUCKOBOTO CXOBUIIA JIJIsl KENTYBAHHS O3HAK Ta 03HAKHU 30€piratoThCs y
BlJI€OIIaM'TI.

Ha pucynky 1.7 nokazano apxitektypy Fast R-CNN [11]. Mepexa Fast R-
CNN BHUKOPHUCTOBYE, SIK BX1JIHI IaH1 BC1 300pa’keHHS Ta Ha01p MPOMO3UIlii 00'€KTIB:

1 Bee 300paxeHHs 3 5 3rOpTKOBUMH IlIapaMU Ta MAKCUMaJIbHUM ITyJIOM IIapiB
00pOOSETHCS JJIsI CTBOPEHHS 3TOPTKOBOT KapTH O3HAK.

2 Jlns xoxxkHOI mporosuilii 00'exta 1map o0'eqHanHs ROI orpumye BekTOp
O3HaK (PIKCOBAHOT JOBKUHHU 3 KapPTH O3HAK.

3 KokeH BEKTOp O3HAaK IMOJAETHCS Ha IMOCIIIOBHICTh MOBHICTIO 3'€JHAHUX
11apiB, sIKI PO3TATY>KYIOThCSl Ha 2 BUXIJHI IIApH:

— OJIUH IIap, SIKWHA BHUPOOJIAE€ OIIHKH WMOBIpHOCTI softmax s K kiacis

00'exTiB TUTIOC "(POH";
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— JIpyTU# 1map, sSIkuii BUBOJAMUTH 4 AIMCHUX uucia s KokHoro 3 K kiacis
00'eKTiB; KO’KeH Habip 3 4 3HAUCHBb KOy€ YTOUHEHI1 MO3UIIIT 00MEKYBaIbHUX PAMOK
st ogHOTO 3 K KItacis.

Fast R-CNN jnocsarae MmBHIKOCTI, HAOJMXKEHOI 10 peajbHOro dacy,
BUKOPHUCTOBYIOUH YK€ TTHOOKI Mepexi, ITHOPYIOYH 4Yac, 1[0 BUTPAYAEThCA Ha
nporo3uiii perioHiB. [Ipomo3urii — 1e By3bKe MICIE B OOYHMCICHHSX
HaNCy4YacHIIIUX CUCTEM BUSBIICHHS.

- - e L 5
ConvNet : bbox

| ROI softmax regressor

| pooling o] [

i layer | FC

—LH HH—

ROI FC

npoekuia

ROI feature vector

Conv KapTa pyHKLiM

Pucynok 1.7 — Ornsan cuctemu Fast R-CNN

Merona SPPnet Ta anroputm Fast R-CNN 3MeHITy0Th 4ac poOOTH ITUX MEPEx
BUSIBJICHHSI, 1110 POOUTH OOYHMCIICHHS MPOMO3UIIINA PET1I0HIB BY3bKHM MICIIEM.

Jist BupieHHs 1i€i npooyieMu 0ys10 3alponOHOBAHO HOBUW METOJI — MEPEKY
npomno3uiiiii perioHiB (RPN). Meron RPN mnoginsie ¢yHkiii 3ropTkd MOBHOTO
300paXeHHS 3 MEPEXKEI0 PO3MI3HABaHHS, IO J03BOJIIE Maike OE3KOIITOBHO
OOYHMCHIOBATH MPOMO3ULII0 perioHy. Lle MNOoBHICTIO 3ropHyTa Mepexka, sKa
OJIHOYACHO TIPOTHO3Y€E MeX1 00'€KTIB 1 OIIHKK 00'€KTIB y KOXHINA moswuilii. RPN
HABYAIOThCSI HACKPI3HO, 1100 T€HEPYBATH BUCOKOSKICHI MPOMO3UIIlT PErioHIB, SK1
BUKOpUCTOBYIOThCS Fast R-CNN mnst BusBnennsi. Takum unnoMm, Faster R-CNN
MoskHa posrisiaatu sk koMmOiHamito RPN 1 Fast R-CNN. BubipkoBuii nomryk OyB
3amineHnii Ha RPN mns renepanii npomosuiiiii. Faster R-CNN [12] o6'ennye
MPOMO3UIIIO PETIOHY, BUITyUEHHS O3HAK, KJIacu(iKaIlito Ta MPSIMOKYTHE YTOUHEHHS

B ]_IiJ'Iy MCPECKY, TAKUM YHMHOM JOCATAOYHU BUABJICHHA B PCAJIbHOMY yacl.
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1.2.6 Moaean Faster R-CNN

Jlo rpynu po3mizHaBaHHAM 3a obnacTio (region based detection, RBD), mio
po3mizHae 00'ekTu y nBa eranu (pucyHok 1.7) BimHocuthes mozenb Faster R-CNN.
Ha xoxHOMY 300pakeHHI TeHEPYIOThCS 00acTi inTepecy (region of interest, ROI)
1 ki1acudikyroTbCs B Mepexi Taubokoro HaBuyaHHA. AnroputMu RBD
BUKOPHUCTOBYIOTh METOJ| MPOIMO3HUIIii oOnacTed (region propose) Jjis CTBOPEHHS
obnacteit inTepecy ROI st BusBienns o0'extiB. [lomepenHi MeToau BUSBICHHS
00'eKTIB BHMBYAIOTh PI3HI 3aBJaHHSA, TakKi SK JIOKadi3allis, Kiacudikaiis Ta
MIPOTHO3YBaHHSA OOMEXYBaJIbHUX DPAMOK, BHUKOPHCTOBYIOUM O0O0'€IHaHYy MEPEKY
CNN. ITi3nime, RCNN gemMoHCTpy€e 3HaUHE MOKPAIICHHS B 3a/a4l pO3Mi3HaBaHHS
00'exTiB. RCNN 00uncIIIoe MicIie3HaX0XKEHHS 00'€KTIB Ta BUOKPEMITIOE iX, 3Tr0JI0M
KOKE€H 00'€KT KIacu(iKyeThCA 3a JOTOMOTOI0 Mepexl rinOoKoro HaBuaHHs. B
po6oTi [13] mist 30UTbIIEHHS MIBUAKOCTI HAaBYaHHS MPOMOHYETHCS MOjeib Faster
RCNN.

Faster R-CNN ckiamaeTbcsi 3 MEpeXi BWIYYEHHSI O3HAK, SIKa 3a3BUYall €
nonepenubo HaBueHoto CNN. HasBui mie 1B1 migMEpexi, SKI HABYAIOTHCA
BIJIMOBIHO J0 MocTaBjeHo1 3aaaui. [lepia — e mepesxa mpomnosutiiii oomacti (RPN,
Region Proposal Network), sika, sk BUIUIMBa€ 3 Ha3BU, BUKOPUCTOBYETHCS IS
reHepyBaHHs MPOMO3UIlIA 00'€KTIB, a Japyra — JJiA TMOMNEPEAHHOTO BU3HAYCHHS
daxkTuyHoTrO Ki1acy 00'ekta. OcHoBHa BinMiHHICTh Faster R-CNN nosisirae B ToMy,
mo RPN nomaeTwcs micns ocTaHHBOTO mapy 3ropTku. lleli mexaHi3m gomomarae
CTBOpIOBATH Mpomno3ullli obmacti 6e3 BHOIpKOBOro migxoxay mo mormryky. I[licis
IIOT'0 KPOKY IMOCIIIOBHO 3aCTOCOBYIOThCS eTanu 00'eaHanHss ROI, knacudikaris 1
perpecis oOMexxyBainbHOi pamku. Faster R-CNN mpairoe kpaiie TOpIBHSHO 3
IHIIMMU JIeTekTopaMu Ha ocHOBI RBD 1 mae HacTynH1 nepeBaru:

— SIKICTh BUSIBJICHHS 32 MeTprukoro mAP Buria, Hixk y RCNN;

— kiacugikallis Ta perpeciiine HaBYaHHS BUKOHY€ETHCS 3a OJIMH €Tall;

— JIJI1 BWIYYEHHs O3HaK MOTPIOHO MEHIIIE MMaMm'sITi;
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— Mepexa mnporno3uuii obnacti po3paxoBye ROI pocuth mBUAKO, IO
JT03BOJISIE BUKOPUCTAHHS MOJIENIl y peaibHOMY Yaci.

BaxxnuBuMm 3aBAaHHAM KOMI'IOTEPHOTO 30pYy € PO3Mi3HaBaHHS 00'€KTIB y
pI3HUX MacliTadax.

Mepexka mipamign o3Hak (Feature Pyramid Network, FPN) 3patna
reHepyBaTH OararomaciiTabHe MPEACTaBICHHS O3HAaK 3 BHCOKOIO PO3ILIBHOIO
3JIaTHICTIO, SIKE € CEMAHTUYHO CUJILHUM. Y po0o0Ti [14] 3anpononyBanu GppeiiMBOpK
Ha OCHOBI BOy/0BaHOi cuctemu mijJ Ha3Boto Deep Drone. Bona BukopucToByeThes
K JUIsl pO3MI3HABaHHSA, TaK 1 JJ BIACTEXKEHHS. 3ampoONOHOBaHA CHCTEMaA
peaizoBaHa sIK Ha HE3aJIe)KHOMY, TaK 1 Ha BOyJ0oBaHOMY rpadigyHOMY Mporiecopi i
MOKa3ye CTaOIbHO MIBUKI 1 TOUYHI pe3yJIbTaTH.

Ha pucynky 1.8 nokazano nporpec Big R-CNN g0 Fast R-CNN 1 o Faster R-
CNN.

PerionanrHa mporiozuIis . .
PerionansHa npomo3umisa

(SS) Perionanraa npomno3umisa (SS)
Buiryuenns o3nak (SS) Buityuenns 03HaK
(Deep Net) Buinygenna o3Hak

Kiacugikarisa + yTouHeHHA

o ST
Krnacndikamia| IIpame Kracudixanis + yrouHeHHS

YTOYHEHHA

RCNN Fast RCNN Faster R-CNN

Pucynok 1.8 — PiznoBug anroputmiB R-CNN, Fast R-CNN, Faster R-CNN

VY cdepi BusBieHHsS 00'€KTIB BigOyjacs 3MiHA TapaJUrMd 3 TMOSBOIO
texnonorii YOLO. VYrikampra mnponosumis YOLO, pospobaena JIxozedhom
PenmoHOM Ta #10T0 KOMaH/1010, MOJIsiraia B 3JaTHOCTI BUSIBIIATH Ta KJIacu(IKyBaTH
00'ekTH Ha 300pakKeHHIX 3a OJIUH MPSIMUI MPOXi HeWpoHHOT Mepexi. Llel Biaxina
B1JI TPaJIUIIMHUX ABOETAITHUX MPOIECIB, TAKUX AK y MeToAax Ha ocHOBI R-CNN,
103BoJIuB Y OLO A0CSTTH MIBUIKOCTI BUSIBJICHHS B peajbHOMY 4aci 0€3 CYyTTEBOTO

noripmenas ToaHocti. YOLOvV3, BaockoHaneHa ireparis cepii YOLO, npunecna
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HU3KY BJIOCKOHajeHb. OJHI€I0 3 WOro MOMITHUX OCOOJUBOCTEH CTalo
BUKOPUCTAHHS TPHOX PIZHUX PO3MIPIB aHKEPHUX KOPOOOK I KOXKHOI IIKaIH
BusiBieHHS. Takuii migxiax mo3BoauB YOLOvV3 kparre BUABISATH 00'€KTH PI3HHX
po3mipiB. KpiM Toro, BiH BHKOPHUCTOBYBaB TpH pI3HI MacIITaOW BUIBICHHS,
BUKOPHCTOBYIOUM  OCOOJHMBOCTI  pi3HUX piBHIB Mepexi. Llg  crpareris
OaraToMacmTabHOTO BUSIBICHHS MiABUILMIA TOYHICTh BUSBICHHS 00'€KTIB PI3HOTO
po3mipy. Ille ogaum ctpubkom y YOLOV3 crajno BUKOPUCTAHHS TPHOX TLIOK
MIPOTHO3YBAHHA, KOXKHA 3 SIKAX BIANOBIZA€ 3a MPOTHO3YBAHHS OOMEXYBAJIbHUX
pPaMOK, OILIIHOK 00'€KTHOCTI Ta OIIIHOK KJIacCiB.

PosBuBarounce gami, YOLOVS 3'dBUBCS He SK TPSMHH CIIaJKOEMEIb
opuriHanbHUX po3poOHKKiB YOLO, a sk pe3yabTarT €BOJIOLIl, KEpOBaHOI
CHUILHOTO0. X04a MOro Ha3Ba MOXKE CBITUUTH Ipo npotuiexHe, YOLOvVS nemae
ananora v4 3 Tiei x miHii. YOLOVS, nopiBHsiHO 3 YOLOV3, MOXe MOXBaJIUTUCH
MOJIIMIIIEHHSAMH SIK Y IIBUJIKOCTI, TaK 1 B TOYHOCTI. 3aBJIIKH apXITEKTypPHHUM 3MiHaM,
BJIOCKOHAJICHMM METOJIaM HaBYaHHS Ta ONTHUMI3alii, BiH 3a0e3medye Kparili

MOKa3HUKHU MTPOYKTUBHOCTI HA Pi3HUX OCHUMapKax.

1.2.7 Onuc meroxy SSD

AnropuTMu po3ii3HaBaHHs 00'€KTiB, Taki ik RBD, nocsariau 3HayHuX yCIixXiB
y TOYHOCTI, OJTHaK, MIBUIKICTh pOOOTH € HeeeKTUBHOIO. MeTo/in po3mi3HaBaHHS 3
napajgurMy posmnizHaBaHHs 3a ofauH mpoxina (Single shot detection, SSD) maroTh
BHCOKY IIBHJKICTh 1 MEHIII BHMOTH JO TaM'aTi TOPIBHAHO 3 IMJAXOJaMHU,
3acHoBaHnMH Ha RBD. Anroputmu, 3acHoBani Ha SSD, moTpeOyroTh JUIIIE OJTHOTO
npoxoay, 100 po3mizHaTh OaraTo O00'€KTIB, BUKOPUCTOBYIOUM MYJIBTHOOKC
(BIATIOBIIP MEpEXi IpeJcTaBlIcHa HAOOPOM BEKTOPIB, SKI OJHOYACHO MICTSITh
iH(dopMaitito i mpo oOMeKyBaIbHY paMKy i PO Kj1ac 00’ €KTY) Ha 300pakeHHi. Bin

3HaYHO IIBUAIIMNA 3a IIBUJKICTIO 1 Ma€ BHCOKY TOYHICTb, OCKUIBKM YHHUKAa€
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MpOoMo3ullii oOMexyBabHUX paMok (bounding box proposals), MoaiOHUX 10 THX,
110 BUKOPUCTOBYIOTHCS B RCNN.

B po6orti [15] 3anpononyBasin MOZAEIIb HA OCHOBI MTHOOKOTO HABYAHHS IS
posmizHaBaHHA 00’ekTiB Ha 300paxkeHHsx 3 brnJIA. Parrot AR Drone 2
BUKOPHCTOBYBABCS JJI 3MOMKH 300paKeHb, a aHai3 300pakeHb 0OUNCIIOETHCS Ha
cepepi. Jpor i1 cepsep 3'ennani yepe3 WiFi. ABTopu 3actocyBamu moaens SSD
(Single Shot Detector) ans posmi3HaBaHHS 00'€KTIB, OCKUIBKM BBa)aloTb, IO
anroputMu, 3acHoBaHi Ha RBD, e pecypcosarpatnumu. Buxigai mani SSD
nonatotecsi Ha PID-xkonTponmep nnst BincrexeHHs o00'ekta. PID-xoHTposiep
pO3IIIsiIae TPUBUMIPHY IPOCTIp, SIKUK 3a0e3mneuye Kpally TOYHICTh 1 MEHIIUN Yac
O0YHCIIEHb, 110 POOUTH HOTO MPUAATHUM JJISl 3aCTOCYBaHb y PEaIbHOMY Yaci.

Mopens SSD mnpezcraBisie co00r0 NETEKTOP OJHOTO Kaapy, TOOTO BCA
00poOKa 300pakeHHsI BIIOYBA€THCA 3a OJUH Npoxia HelipoHHOo1 Mepexi VGG16.

Ha pucynky 1.9 3006pakeHo cxema 00po0eHHs 300pakeHHss MmeTooM SSD,

ne 3-5 Kpoku 1€ 1HAMBIAyaldbHI IIApU 3TOPTKH, a MIOCTHH KPOK — QUIBTP

IIPOTHO3YBaHHSI.
306pakeHHa [P VGG19 i 3ropTKka i 3ropTKa > 3ropTKa
v
Knac+pamka “ 3ropTKa <+ 3ropTKa * 3ropTKa € 3ropTKa

Pucynox 1.9 — Cxema o6po0iaeHHs 300paxkeHHss MeTogoM SSD

Januit miaxig DUCKPETU3y€ BUXITHUN MPOCTIP OOMEXKYBaTbHUX PaMOK B
HaOlp TMOMIB 3a 3aMOBUYYBAHHSM IS DPI3HUX TMPOMOPIIA 1 IIKad Ha KOXKHE
po3TantyBaHHs KapTh. B mporieci mporao3yBaHHs HEHpOHHA Mepexka IeHEPYE IMEBHY
KUIBKICTh OaliB 11 KOKHOI BH3HA4YEHOi KaTeropii OO0'€KTIB B KOXHOMY
BU3HAYEHOMY OO0'€KTI 32 3aMOBUYBAHHSM 1 BUJA€ KOPUTYBAHHA B TOJIE, JJISI TOTO
1100 Kpaiiie BiimoBigaTu BiacHe Gopmi 00'exta. Takox Mepexa 00'eJHy€e TPOTrHO3U
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3 pIBHUX KapT (QYHKIIHA 3 PI3SHUMH JI03BOJIAMHU JUIS MPUPOIJHOTO YMPABIIHHSA
o0'ekTamu pi3HUX po3MipiB. Bussienns 06'ekta SSD ckiiafaeThcsi 3 IBOX YaCTHH:
— BWJIYYCHHS KapTKU (PYHKIIIH; — 3aCTOCYBaHHS (IBTPIB 3TOPTKHU JJISI BUSBICHHS
00'eKTiB.

SSD He BHKOPHCTOBYE MEPEXKY IMPOMO3UINN IS NEJIEroBaHNX PETiOHIB.
3aMicTh IIHOTO BiH BUKOPUCTOBYE YK€ MPOCTUN MeToJ. BiH o0uunciioe sk micie
pO3TalllyBaHHS, TaK 1 OIIHKY KJAaciB 3 BUKOPUCTAHHSIM HEBEIUKHX (GUIBTPIB
sroptku. [licas Bumydenns kapt Qynkuiit SSD 3actocoBye 3 X 3 pinbTpu 3ropTKU
JI0 KO’KHOT KOMIPKH JIJIs1 TPOTHO3YBaHHs (111 PUIBTpU 0OUUCITIOIOTH pe3yIbTaTH TaK
camo, sik 3Bu4aitHi GinbTpu CNN). Koxen GpuibTp BUBouTh 24 kananu: 21 6an s

KOXXHOTO KJIacy IJII0C OJWH IPaHUYHMI OJIOK.

1.2.8 Anroputm YOLO

AnroputM YOLO 3ajimae Basiuse Miciie y chepi BusiBieHHs 06'ekTiB. Foro
L1Jb CIPSMOBaHA Ha 30UIBLIEHHI MIBUJKOCTI 0€3 CYTTEBOTO 3HM)KEHHSI TOYHOCTI.
Horo HactymnHi Bepcii, Bkmouatoun YOLOvV3 i YOLOVS, me Ginblne 3akpimiu
HOTO MOMYJIAPHICTh B CEKTOP1 BUSIBJICHHS B peayibHOMY uaci. B Toii "ac sik Taki
mozeni, sik Faster R-CNN, 3ocepemxyBanucs Ha TOYHOCTI 3 BIHOCHO OUIBIITUMU
OOYMCITIOBAILHUMHU HAaKJIQJHUMU BUTpaTamu, Bapiantu YOLO po3mmpunu mMexi
JOCSHDKHOTO B peajbHOMY 4acl, Xo4a 1HO/II 1 IHOKO BTPATH TOYHOCTI.

Anroputm YOLO npenctaBiisro co00r0 CydacHY TEXHOJIOTIO PO3IMTi3HABaHHS
00’€KTiB, IKa 3acHOBaHa Ha nmapaaurMi SSD, 110 BUKOPUCTOBYEThCSA B chepi briJIA
JUIsl po3mi3HaBaHHS B peasbHoMy daci [16]. Ilepmry monmens YOLO Oyno
ommyOrikoBano B 2015 porii, 3a 1[bOTO Yacy MOJIENIb OTpUMaJIa MOTYKHUH PO3BUTOK,
a/pke Majia BeNMKUN eBoMIoLiiiHMM moteHmian. Eomromis anroputmy YOLO

300pakeHo Ha pucyHnky 1.10 [17].
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For each grid cell

] - box1 Lxlylwlh] s
" : Class probabilities
box2 [xIylwlh]sc]
< +[afJael. JTwilaoml]
boxB [xlylwlh] s
SxS dimension=Bx5+C

For each grid cell

| anchorbox1 |Lx Iyl wlhfsel[c1fca]. [cnlcnl|
.
! anchorbox2 [x T yTwlhTscl[caTca].. Tcni]cnl]
. ) anchorboxB [x Tyl wlhlsc][caJca]. Jcnifcnl]
SxS dimension = B x (5+C) with B = 5 anchor boxes

(b)
For each grid cell
anchorbox1 Lxlylwlh|scffc1]c2]. |cni Cn|
anchorbox2 [xIyIwlh]scJ[ca]c . Tcni[cn]
Level 1 i
™ anchorboxs Iy Twlh ] [G 1@ = T el ]
SxS dimension = B x (5+C) with B = 3 anchor boxes
——
Level 2
25x2S
Level 3
45x4S
()

Pucynox 1.10 — EBomrortis anroputmy YOLO [17]

Cepen eBostoliiftHoro psay mozeneit cimeiictea YOLO cribHOIO pHCOO
JWIE 3aJMIIUBCSA 3arajibHUM anropuTMivyHuN miaxia. OCHOBHMMH YWHHUKaMU
€BOJIIOLIT aITOPUTMY CTaJIM HACTYTIHI:

— BHUKOPHUCTAHHS SKOPHUX OOMEXYBAJIbHUX pPAaMOK, IO OOMEXYyBajo
JIOKaJli3allio 00'eKTIB paMKaMH MEBHOI (HOpMH;

— 3MIHa apXITEKTypH 3TOPTKOBOI HEHPOHHOI MEpexl, SKa JIGKUTh B OCHOBI

moneni YOLO;
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— 3MiHa KUIBKOCTI 0JIOKIB, Ha sIKI pO30UBAETHCS 300payKEHHS Y aJlTOPUTMI;

— BUKOPUCTAHHS MYJIbTUMACIITA0HOTO MPEICTaBIICHHS [V SIKICHOI POOOTH 3
00'eKTaMu pI3HOTO PO3MIpYy.

3 NosIBOIO TakuX Oaratux HaOOpiB JaHUX y chepl NeTeKTYBaHHsS 00'€KTIB SIK
Kitti, 3'sBUBCS CIUIECK 1HHOBAIlil 1 BIOCKOHAJICHB, IO OXOILTIOIOThH SK peajbHi
300pakeHHsI, TaK 1 OUIBII CTIeliai30BaH1 CIieHapii.

Hanpuknan, Yyanesan Jlro [18] 3anpononysaB anroputm MTI-YOLO nns
BUSIBJIICHHS TAKHX IIUICH, SIK 130JIITOPH IMi/T Yac 1HCTEKIT JIIHIN elexTporepeaad 3a
nonomororo briJTA.

Ha ocnoBi YOLOvV3-Tiny, MTI-YOLO po3mmpioe CTpyKTypy, IOAal0UH
(GyHKUIOHATIBHY CTPYKTYpPY 37IUTTA 1 Moayidi SPP. Bin Takox nogae BUXIJHI MIapH
JI0 OCHOBH. BJIOCKOHaJIEHHSI CTPYKTYPHU IIOT'O METO/1Y € BIIHOCHO HA/JIUIITKOBUM, 1
KOHCTPYKIIisE Mepexi motpedye ontumizanii. Oiiky Caxin [19] mpoanamizyBaB
ckiagHi mpobiiemu B aepodoTo3HiMkax brJIA. B ¥oro poGoTi BUXigHUH IIap
ocHoBu YOLOV3 ny1s1 BusiBiieHHs 00'€KTIB pi3HOTO MaciiTady Ha 300pa’keHHI OyB
PO3MMPECHUN, 301TTBIITUBIITY YUCIIO MTOYATKOBUX IIIapiB BUABJICHHS 3 TPHOX JIO IT'SATH.
Taka cTpyKTypa Bilirpa€ MeBHy poJib Y YaCTUHI peaizallii, 0 BiAMOBIIa€ 3a 3TUTTS
o3Hak. OHAK 11e MPU3BOANTH J0 HATO BEIUKHX 1 CKJIATHUX MOJEEH BUSBICHHS,
110 301JIbIITY€ BapTICTh HABYAHHS Ta OOUUCIICHb.

Jxynoc pazom 3 Jlaxapi [20] B cBoiii poOOTI po3MIIsiaid BUKOPUCTAHHS
brJIA nns BUSIBIEHHS TJIOAIB OJIMHOI manbMu. [[Is bOrO BOHU  CTBOPWIIU
MacuBHHM HaOip aepodorosHimMkiB 3 brmJIA. Ha ocnoBi YOLOV3-Tiny BoHuU
3aMpONOHYBAJIM METO]I BUSBIICHHS IIJIOJIB OJIMHOI aibMu. MeTo BUKOPUCTOBYE
HIUTBHO 3B’SI3HY HEUPOHHY Mepexy 1 ¢yHkuii aktuBamii Swish, a Takox monae
HOBUU mmap BusiBieHHA. DyHKINSA akTUBAIli, 0OpaHa i€ MOJEIUII0, CXWIbHA JI0
NOTIPUIEHHS! MPOAYKTUBHOCTI B TNIMOOKHUX MEpeXkax, a JOJaHUM map (PyHKIH,
0€3CyMHIBHO, CIIOBUIBHIOE IIBUIKICTh BUSIBJICHHS MOJIEIII.

[I3s I'yo Ta iu. [21] 3ampomnoHyBajiu BIOCKOHAJEHWN METOJ BHUSBIICHHS

YOLOvV4 nns manux UUIed, TakuX SK aHTUBIOpaIliiiHI MOJIOTKA B JIHISX
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eynekTporiepeaad Ha aepo3HiMkax brJIA. [Ins mokpaieHHs 37aTHOCTI Mepexi
BUTSATYBAaTH 03HaKU, MeTo 1 1ojae Moyl ReceptiveField Block (RFB) B ctpykTypy.
VY 3anmporoHOBaHOMY METO/II BICYTHS JUCKYCIS MO0 MICIS JOJaBaHHS MOJYIIB,
a BJOCKOHAJIEHA CTPATErisl € BIIHOCHO MPOCTOIO.

SAu60 Yenr [22] 3anpornoHyBaB BAOCKOHaieHMd wmeton YOLO s
PO3MHUTOTO  300pa)KE€HHS, CHPUYMHEHOTO TPEMTIHHSIM KaMepu TiJ  4ac
aecpodoto3iiomknn 3 bnJlA, ekcrosuii€o, COPUYMHEHOI HEPIBHOMIPHUM
OCBITJIEHHSIM, Ta IIIyMOM IIiJ1 4ac nepezadi. Lleit MeTo1 BAKOpHUCTOBYE pI3HOMAaHITHI
METO/IM TIOKPAIICHHS JaHUX, TaKl sIK apiHHE MepeTBOPEHHs, 00poOKa pO3MUTTS 3a
['aycom Ta mepeTBOpEeHHS Tpajaiiid ciporo s TOCHJICHHS MOXKIUBOCTEN
nonepeaHbo1 00pooku ganux y YOLOVA4, 1110 BUKOPUCTOBYETHCS JJIs MOJIETIIICHHS
mpoOJIeMHu CKIIATHOTO HABYAHHS 4epe3 Mally KUIbKICTh JaHux. Hemomikom 1boro
METOAY € Te, 0 WOMY HE BHCTAYa€ ILUIECIPIMOBAHUX MOJU(DIKaLIA CTPYKTYpH
camoi MoJIedi.

Ha ocnori YOLOVS Beit Jlinr ta Jli /Ixanr [23] nogamu MOIyJb 3rOpPTKU
osokiB yBaru (Convolutional Block Attention Module, CBAM), mo6 po3pi3HsaTu
OymiBm pi3HOI BUCOTH Ha aepo3HiMKax 3 brJIA. OcHoBa BIIOCKOHAJICHOI MOAEI
MOKpaIlly€ MOJUBOCTI BWJIYYEHHS O3HAK, aj€ CJiJ 3a3Ha4uTH, II0 oO0cAr
00YHCIIeHb 30UIBIIUTHCS Yepe3 JOAaBaHHS THIIMX MOAYJIIB.

Croii Benb Banr 3 komanporo [24] 3anponoHyBaiu MeToJ BUsiBieHHs LDS-
YOLO sxuii BpaxoBy€ XapaKTEpPUCTUKU MaIMX LIJ€H 1 HE3HAYH1 AeTalll MEPTBUX
nepeB Ha aepodoTto3HiMKax bnJlIA, skuii motiM OyJ0 BIOCKOHAJIEHO Ha OCHOBI
YOLOVS. B po6oTi 0ys0 moOy10BaHO HOBUM MOJY/Ib BUJIIJICHHS O3HAK, BBEJICHO
meton SoftPool B Mmoayns SPP, a TpaauiiiiiHi 3ropTkyd 3aMiHEHO Ha 3TOPTKH, 110
po3nuIstoThesa 3a rimOuHoro. llel mMerox mae xopoury MpOAYKTUBHICTB. Xoua
3rOpTKa, M0 PO3ILISETHCS 3a TIMOWHOI, 3MEHIIYE MapamMeTpu MOENdi, aje B
mpolleci HAaBUaHHA JIETIIE HE HABUMTHCSA PO3MI3HABATH IUILOBI O3HAKH dYepe3

HEJIOCTATHIO KIJTbKICTh BUOIPOK.
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Jls1 BupiteHHs npo0aeMu HU3bKOi €(DEKTUBHOCTI BUSIBIICHHS IMOITKOIKEHUX
nopir Ha aepo3HiMKax briJIA YO Yen Jlro Ta iH. [25] npeacTaBuiIu METO1 BUSBIICHHS
M-YOLO. Ileit meron 3amintoe ocHoBy YOLOvSs Ha MobileNetv3 1 BBoauTh
MepexxeBy cTpykTypy SPPNetwork, mio chopusie mNiIBUIIEHHIO HIBUIKOCTI
BUsABIICHHS wMozem. Ciijg 3a3HAaYuTH, IO 30UIBIICHHS IIBHAKOCTI YacTo
CYNPOBOIKYETHCS TIOTIPIIICHHSM TOYHOCT] BUSBIICHHSI.

Ha ocnoBi YOLOVS5s Pyit Uxan 1 Uyan6o Ben [26] 3anpornonyBaiu MeToA
BUSBIICHHS Ne(EKTIB Jomarei BITpoBUX TypOiH Ha aepo3HiMkax brJIA, nazBanmii
SOD-YOLO. SOD-YOLO nonmae uiap BUsIBJICHHS APIOHUX 00'€KTIB, BAKOPUCTOBYE
anroput™m K-cepennix juisi kiacTepusallii Ta OTpUMaHHS SIKIpHUX OJIOKIB 1 J10Ja€
Moayiai CBAM no cucremu. KpiM TOro, BUKOPUCTaHHSI alrOpuTMy OOpI3aHHS
KaHaJIIB 3MEHIIYE OOYUCIIOBAIBHY BapTICTh MOJENi, OJHOYACHO 30UIBIIYIOYU
HIBUKICTH BUSIBIEHHS. OJIHAK, el METOJT HE BUPIIIYE MPoOIeMy, OB'A3aHy 3 TUM,
110 MOYaTKOBI OMOPHI TOYKH, K TIPABUIIO, € JIOKAIIBHO ONTUMATbHUMU PIIICHHIMHI
yepes KilacTepu3sallito 3a MmetogoM K-cepenHix.

[lincymMoByrO4M, MOKHA CKa3aTH, IO NPHU BAOCKOHAJIEHHI MOJEN Ba)KIUBO
30ajlaHCyBaTH CITIBBIAHOIICHHS MIK TOYHICTIO BHUSBJICHHS Ta IIBUAKICTIO
o0urcieHb. XOpOINiA METO/ BUSBJICHHS TOBHHEH HAMAaraTHCs BPaxOBYBaTH JBa
BUIIE3rafaHi MomeHTH. Haitnomynsipuimmm metoaom BusiBiieHHs cepii YOLO e
YOLOVS, skuii 6a3yerbes Ha YOLOV4 1 mae wotupu Bepcii: s, m, 1 1 x. YOLOvS5x
Ma€e BEIUKHA po3Mip 1 CKIagHUN B oOuuciatoBasibHOMY MiiaHi. YOLOvSs Ta
YOLOv5Sm mBuaii, ane HegoctatHbo TouHi. YOLOVSI no6pe mpairioe 3 ToUku
30py MBUAKOCTI 1 To4HOCTI 1 moAiouuit 7o YOLOvV4 3 Touku 30py 3arajibHUX
napameTpiB 1 3arajbHOi KUIBKOCTI Omepaliii 3 IJIaBalo4ol KOMOIO B CEKYHIY
(FLOPS).

Crpykrypy YOLOVS] MoxHa pO3IUIATA HAa TPU YaCTUHH, a CaMe: KICTSK,
muio Ta rosioBy (pucyHok 1.11). KicTsk Takox BiAOMMIA SK Mepexa BHITYyYCHHS
o3Hak. Komu 300pakeHHS TONAEThCA HA BXiJl, BHJIYYCHHS O3HAK BUKOHYETHCS

KiCTKOM. BximHe 300pa)k€HHsI CIIOYaTKy MpPOXOAUThH 4epe3 Moaysb Focus. Ilei
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MOJIyJIb OTPUMYE BiJTIOBIIHE BIIACHE 3HAUCHHS IS KOJKHOI 1HIIIOT TOYKHU 1 00'€THY€
YOTHUPHU HE3AJICKHI IIapyu O3HAK JUIsl OTPUMAHHS OCTATOYHOTO pe3yibTaTy. Y e
yac iH(opMallis mpo MHUPUHY Ta BHCOTY 300pakeHHS Oy/e CKOHIIEHTPOBAaHA B
KaHaTl, [0 BUpIIIye mpobiieMy BTpaTd i1H(oOpMaIlii, CIPUUYUHEHY 3aHHKEHOIO
JTUCKPETU3AIIIETO.

YOLOVS5 BukopuctoBye ¢yHKITi0 aktuBaiii SiLU, sKy MOXHa po3risaaTv
gk 3raamkeny Qyskuito aktubanii ReLU. SiLU He Mae BepxHbOI MEXi, ajie Mae
HUKHIO MEXKY 1 € HeMOHOTOHHOI0. BoHa Bce 111e 30epirae Xopoury mpoIyKTUBHICTh
Ha TIIMOOKHUX Mepexax, 1 1€ KOPUCHO A MOJENi, Mmo0 MOKpamuTd e(exT

dinpTpartlii npu 301IbIIEHHI TTMOWHHU.
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Pucynok 1.11 — Ctpykrypa YOLOV5 [26]

SAnpo YOLOVS wmictute Moaynb SPP, sikuil BUKOHYE EKCTpPAaKIII0 O3HAK

[UITXOM MaKCUMAaJIbHOTO OO0'€HaHHS SAep PI3HOTO PO3MIpPY, PO3ITUPIOIOYU
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CpuiHATINBE TMoje Mojaeni. s 3murrs 1Hopmarllii mpo O3HaKU B PI3HUX
MacmTabax IMMitHA YacTMHA BUKOPHUCTOBYE TPU MalKd O3HAK PIZHOTO PO3MIpY,
BUJIYYCHI SApPOM ISl 37UTTS O3HAK. Y Mii YacTUHI BCE IlI€ BHUKOPUCTOBYETHCS
ctpyktypa PANet, sika, Ha ocHOB1 FPN, nomae kanai 3 M1JIKOi Mepesxi 10 TIIUO0KO1
Mmepexi. Lle qomomarae 06'eqHaTH MiCIIE3HAXOKEHHS Ta CEMAHTHYHY 1H(GOPMAITIFO
MOBEPXHEBUX Ta TIMOWHHUX 00'€KTIB, THM CaMHUM IOKPAI[yIOYd BUKOPUCTAHHS
iH(opMaIIii Ta TPUCKOPIOIOYN €(PEeKTUBHICTH i1 OIupeHHs . ['0J10By MoJ1eI11 MOXKHA
po3risanaty K kmacudikarop i perpecop YOLOVS. 3a momomororo 3ropTku 1x1
BU3HAYAETHCS, YU ICHY€ O0'€KT Ha KapTi O3HAaK, IO oMy Biamosimae. [lig gac
HAaBUYaHHS BHKOPUCTOBYETHCS MO3aiyHE JOMOBHEHHS JaHUX, sike 30arauye ¢GhoH
BUSIBJICHUX OO0'€KTIB 1 IoNOMarae migBUIIUTH €(heKTUBHICTh MAKETHOI HOpMaJi3ailii.

BukopucTtoByeThCS 3TNIa)KyBaHHS MITOK, OCKUIBKM BOHO JIONIOMArae
3MEHIIUTH  PU3UK  mepedopy  Mojeli Ta  MOKpallye  y3araJbHEHHS.
BuKopUCTOBYEThCS aNaiTUBHUM MIAXiA A0 SKIPHUX OJIOKIB, SIKUW TIOJIETIIYE
aBTOMATUYHE BCTAHOBJICHHS IMOYATKOBOTO PO3MIPY SIKIPHOTO OJIOKY TpH 3MiHi
pi3Hux HaOopiB naHux. Ctpykrypa YOLOVS nokasaHa Ha pUCYyHKY 2.

Hapasi pizaux moaudikariiit mogeni YOLO omy06iikoBaHO JOCHTH Oararo,
cepell HUX MOXHa BIJOKPEMUTH OCHOBHE E€BOJIIOIIMHE JI€pEeBO, CaMOl0 HOBOIO
moneutio aKkoro € YOLOvVS. Moaens YOLOVS € HaligoCKOHATIIIOK 1A 3a7ayl
po3mi3HaBaHHsA OO0 ’€KTiB y OalaHCl TOYHICTh-IIBUAKOMIS [27], Ha MOMEHT

HaMUCaHHS 111€1 pOOOTH.

1.2.9 Bib6aioreka OpenCV

3HaYHUN BHECOK Y BIOCKOHAJICHHS aJITOPUTMIB MAIIMHHOTO 30PY 3MIMCHUB
npoekt OpenCV. Bin OyB 3amymienuii 3 i"imiatuBu komnanii Intel y 1999 porri.
OpenCV — 1ie opensource-010J1i0Teka KOMITIOTEPHOTO 30pY, 00poOKH 300pakeHb 1
YUCENPHUX aITOPUTMIB 3 JIOCUTh IMHPOKMM (yHKIioHamoM. PeamizoBana

oi0moreka Ha C/C++, € miarpumMka Python, Java, Ruby, Matlab, Lua ta iHmmx moBs.
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3apaz npoekt OpenCV  OIATPUMYETHCS  HEKOMEPIIHHOI  OpraHizaili€ro
OpenCV.org.

MosximmBocti OpenCV BKIIOYAKOTH:

— KaJpyBaHHS;

— 3MiHa PO3MIipy 300pakeHHs, IO MOTPIOHO ISl 3TOPTKOBUX HEHPOHHUX
MepexX, o0 3MEHIINTH HABaHTAXKCHHS HA CHCTEMY;

— TIOBOPOT 300pakKeHHS;

— TIEPEBECHHS KOJIBOPOBOTO 300pakeHHs B YOpHO-O11e/Tpaaartii ciporo;

— METOJIX PO3MUTTS/ 3T/ I)KyBaHHS,

— HasBHICTh I1HCTPYMEHTY PHUCYBaHHS MTPSIMOKYTHHKIB 1 JIHIN, SKUMH
MO3HAYAIOTHCS MEXk1 00'€KTIB MPU PO3MITIN JaTaceTa Jjisl CUCTEM PO3Ii3HABAHHS,

— HAsBHICTh 1HCTPYMEHTY CTBOPEHHSI TEKCTY Ha 300pakKeHHI, 1110 JO3BOJISIE
BUKOPUCTOBYBATH 110 (YHKLIIO NpU PoOOTI 3 BIACO ISl JUHAMIYHOTO MOKa3y
MEBHUX MapaMeTpiB YACTOTH KaJPIB B1IEOMOTOKY, KUILKOCTI MEBHUX 00'€KTIB, 1110
BIJICTIIZIKOBYIOTECS B PEaJIbHOMY Haci B CHUCTEMax, J0JaTKoBa iH(opMallis Mpu
HaJalTyBaHHI.;

— HASIBHICTh TEXHOJIOTIi pO3Mi3HaBaHHA OOJMYYS, sSIKa pealli3oBaHa 3aBIISIKU
MIOTIEPETHHO HATPEHOBAHUM MOJEIISIM, 1110 3aCHOBaHI Ha HEHpOMeEpeKax.

bi6moreka MicTuTh oHas 2500 oNnTUMI30BAaHUX AJITOPUTMIB, IO BKIIFOYAE B
cebe BUYEpITHUI Ha0lIp SK KIACHYHUX, TaK 1 CY4aCHUX aJTOPUTMIB KOMI'TOTEPHOTO
30py Ta MalIMHHOTO HaBYaHHA. bi010TeKy y CBOIX MPOIYKTaX BUKOPUCTOBYIOTh
Taki Bigomi kommaHii, sk Google, Yahoo, Microsoft, Intel, IBM, Sony, Honda,

Toyota, a Takox Oe3714 cTapTarnis.

1.3 AHaJ1i3 ICHYIO4YHX pillleHb 3a/1a4i BIACTE:KeHHA 00’ €KTIB

BiacrexxeHHs 00'€KTIB € TEpMIHOM, SKUH BUKOPHCTOBYETHCS IJIsl 3ajadi
BU3HAUCHHS TIOJIOKCHHS PYXOMHMX OO'€KTIB, a TaKOX I BIJCTEKECHHS iX 3

BizieonociiioBHOCTe. Kiacudikariiss MeTodiB 1 3a7a49 BIACTEXKEHHs 00’ €KTIB TykKe
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pI3HOMaHITHa 4Yepe3 BEJIMKUM NPOCTIp Bapiallii MOCTAaHOBKH IPOOJIeMH
BIJICTE)KCHHSI Ta IMIIXO/1B JI0 X BUPIIICHHS.

Metonu BiAcTeXeHHS 00 €KTIB MOMAUISIOTHCS B OCHOBHOMY 3a KUIBKICTIO
00’€KTIB BIJCTEXKEHHS: ISl OJAMHUYHOTO OO0’€KTy Ta Uil OaraThoX OO0 €KTIB.
3a3Buyaif, BIJCTE)KEHHA OAMHUYHOTO 00’ekTy (single object tracking, SOT)
notpedye He AyXke CKIaTHOTO ajJrOpUTMy Ta MOXKE MPOBOAWUTHUCS Oe3 HaBUaHHS
(HamamTyBaHHSA 3a0€3MEUyIOTh ITapaMeTpH), ajie 3HAYHO MOXKYTh OyTH OOMEKEeH1 B
aBTOHOMHOCTI. TakuM YWHOM, JAJsi BHKOPUCTAHHS aJTOPUTMIB BIJACTEKCHHS
OJIMHUYHOTO OO0’€KTy HEOOXIZIHO BHUOKPEMHUTHU IIell OO ’€KT TIEBHUM YHHOM,
HalyacTille BUKOPUCTOBYETbCS MaHyallbHE BHUJUICHHS, a00 cTaiioHapHe
(BBaXKaeThCs, M0 00 €KT MOYATKOBO 3HAXOJIUTHCA B MEBHINM YaCTHHI 300paKeHH)
Ha TI0YaTKY MPOIIECY BIJICTEKEHHS.

Biacrexxenns Oaratbox 00’ektiB (multiple object tracking, MOT) mae
OJIHO3HAYHY TepeBary B aBTOHOMHOCTI, aJ)kKe He MOTpeOy€e MOYaTKOBE BUIIICHHS
00’€KTIB MaHyaJbHO 4YH CcTalliloHapHo. HaroMicTh, aaropuTMu BiACTEKECHHS
0aratboXx 00’€KTIB OLIbII KOMIUIEKCHI Ta TOTPEOYIOTh HAaBYaHHS, a00 B)KE€ HAaBUEHY
MOJIC/Ib PO3ITi3HAaBaHHS, 110 BIAMOBIIATHME 33/1a4l BIICTe:KEHHS. TakoX BU3HAYHUM
€ TIPUHLUN POOOTH ANTOPUTMY JJIS BIJICTEKEHHS OaraThoX 0O0'€KTIB, JJIsSI JaHOT
poOOTH HaMOUIbIIE MIAXOAUTH MapaJurMa BIJICTEKEHHS dYepe3 po3Mi3HaBaHHS
(tracking by detection, TBD a6o detection based tracking). [lapanurma BiacTexeHHs
yepe3 pO3Mi3HABAaHHS O3HAYa€ HAABHICTh HATPEHOBAHOI MOJEN PO3Mi3HABaHHS

00’€KTIB Ta alTOPUTMY IS 1X BiACTexKkeHHs (pucyHok 1.12) [28].
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BuasneHHA Ha

Bigeopsap, BuasneHHa KiHueBi TpaeKTopii
06’ekTa ﬁl
»(P J'/ -
¥ il
i
detekTop

Pucynox 1.12 — Cxema poOOTH alropuTMy BiJICTEKEHHS Yepe3

pO3Mi3HaBaHHs

Takox MeTOOM BIACTEKEHHS OO0 €KTIB MOAUISIOTHCA Ha Ti, IO 34aTHI
MpaioBaTd B PEXHUMI peallbHOro yacy (online), Ta Ti, 1[0 MawOTh YacTOTY

BIJICTE)KCHHS HIDKYE 32 HEOOX1THY YacToTy 3MiHU KajapiB (offline).

1.3.1 3agaua BigcTe:keHHA 00’ €KTIB

[Ipobsiemy BiAcTexkeHHs 0araTbox 00’ €KTIB HAWUaCTIIIE MPEICTABIISIIOTH K
rpadoBy Mojienb a00 perpeciiiHy MoJienb nependaueHHs 0aratbox 3MiHHUX. JlJis
perpeciiiHoi Mojeli 3agaya BIACTEKEHHS 3BOJMTBCSA JI0 Makcumizamii (QyHKIi
MPaBIONOAIOHOCTI IIOJO PO3MI3HAHUX Ha TMOTOYHOMY KpoIli 00’ €KTIB 10
BIJICTE)KCHHUX Ha TOTIEPEIHIX KPOKax.

Jlnst 3amadi  BIACTEXKEHHS OaraThoX OO’€KTIB depe3 pO3Mi3HaBaHHSI Yy
rpadgoBoMy Burisai (pucyHok 1.13) 3agaHo MHOXMHY BepmivH Trpady, sKi
BU3HAYAIOThH PO3Mi3HAHI 00’ €KTH Ha KOKHOMY KpOIIi t:

ot = {0%,0%, ...,08) (1.13)

PeOpamu B TakOMy NPEJICTABJIEH] € Mipa MOMIOHOCTI 7; j MK BEPLIMHAMH-

06’extamu 0f Ta 0!~ 3 nonepennboro Kpoky.
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Pucynok 1.13 — I'padoBe npeacTaBieHHs 3a7adi BiICTSKEHHS OaraTbox

00’€KTIB Uepe3 po3Mi3HaBaHHS

Tonmi 3amaga BIACTEXKEHHS 3BOAWUTHCS 1O 3aaadi MpO MPU3HAYCHHS MiX
sepmmHamu 0 ta 017! | 1e HeoOXimHO MakcHMi3yBaTH 3araibHy CyMy Mip

MOX10HOCTI:

ZOfeOt ri,j (114)
1.3.2 be3nepepBHe aganTHBHE BiACTEKEHHS CEPEAHBOIO 3CYBY

BesnepepBHe anmanTuBHE BiACTeKeHHs cepenHboro 3cyBy (Continuously
adaptive mean shift tracking, CAMShift) € meTomom BiACTe)KEHHS 00'€KTIB Ha
KaJapax BIIEOpsAy Ha OCHOBI KosibopiB. Llel MeTon 3ocepemkeHuii Ha METOMl
BIICTEXXEHHSI cepelHboro 3cyBy (mean-shift tracking method) i cmouatky OyB
3aMpOTIOHOBAHMM JJI MOHITOPUHTY JIFOJICBKUX O0JMY B paMKax KOPUCTYBaIlbKOTO
iHTepdeiicy. IlepeBara 1mporo migxoay MOJSATaE B TOMY, IO BiH Ja€ 3MOTY
HAJAIITOBYBAaTH BIKHO TOMIYKYy. METONl CEepeaHhOr0 3CYBY € TOKPOKOBOIO
TEXHIKOI0, sIKa BUOMpA€E BIKHO IMOIIYKY 1 HAJIa€ 1ICTOPIIO MOJIOKEHHS, TUITY, HOpPMH 1
po3mipy o00'ekTa.
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Anroputm aisa metoxy CAMShift BkiTrouae HacTyITHI KPOKHU:

1 Bubip mouaTkoBOro MoJI0KEHHS BIKHA MOIIYKY.

2 BukoHaHHs 3MillIEHHS 32 CEPeHIM 3HAUCHHSM.

3 OO6uuncieHHs cepeHbOI MO3UIIIT y BIKHI MONIYKY.

4 BikHO MoOIIyKy pO3MIIIy€ThCA Ha OCHOBI CEPEIHBOTO MOJOKECHHS, SIKE

BU3HAYAETHCS HA MOTEPEIHBOMY KPOIIL.

5 [ToBTOpEHHS MYHKTIB 3 Ta 4 10 JOCATHEHHS 301’KHOCTI IIPOIIECY.

6 BceraHoBieHHS po3Mipy BIKHA TIOLIYKY, SIKAH JOpIBHIOE (YHKIIT
HYJIbOBOI'O MOMEHTY 3 KPOKY 2.

Po3mip BikHa nomnryky oOuucIoeThCs 3a popmynoro 1.15.

— Moo
S=2x% v (1.15)

JIe Mg — 1I€ HYJIbOBHI MOMEHT.

B HaykoBiii myOumikamii [29] 3anponoHOBaHO MOAENb PO3MI3HABAHHS Ta
BIJICTeXKEHHSI OO0'€KTIB JIsl CIIOCTEpEKEHHs Ijieil. Monens crnpsMoBaHa Ha
BUSBJICHHS He3BHYaWHUX Mol Ha Bimeo 3 bnJIA. Bigecopsn 3HiMaeThes 3a
nonomororo bnJIA Phantom Ta po3mizHaBaHHsI 00'€KTiB BIIOYBA€ThCSI Ha OCHOBI
METO/y aJallTUBHOTO BifHIMaHHS (hoHy. BincrexxeHHs 00'€KTiB 3MIMCHIOETHCS 3a

noromororo MetoaiB Lucas Kanade ta CAMShift.

1.3.3 Onuc TransMOT

JlocsiTHEHHST B Tajly3l TJMOUHHOTO HABUaHHS TIPUBEIM O BHUBYCHHS
MIPOCTOPOBO-YACOBHUX 3B'SI3KIB 3a JIOMOMOTOI0 TJIMOMHHOTO HaBYAHHS. 30KpeMa,
ycnix Tpanchopmepis (transformer) 3anponoHyBaB HOBY HapajurMy MOJETIOBaHHS
YaCOBUX 3aJIEKHOCTEH 3a JIOMOMOIOI0 TIOTY)KHOTO MEXaHI3My caMOyBaru
(selfattention mechanism). AJyie MeToau BIJACTSKEHHS 00 €KTIB Ha OCHOBI
TpaHchOpMepiB MEBHUM Yac HE MOTJIM JOCSITTH KOHKYPEHTHOI MPOIYKTUBHOCTI

BIJTHOCHO IHIIIMX METO/IIB 3 IPUYUH TOTO, II0:
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— BIZEO MOXE€ MICTUTU BEJIUKY KUIbKICTb OO'€KTIB 1 MO/JICIIOBAHHS
IIPOCTOPOBO-YaCOBUX 3B'SA3KIB IHMX O00'€KTIB 3a JIOMOMOTOK  3araJibHOTO
TpaHcpopmepa € HeePEeKTUBHUM;

— JUIS MOJICITIOBaHHS JOBrOTPHBAIMX YaCOBHUX 3aJICKHOCTEH TpaHCopMep
notpedye O0arato 00YHCIIOBAILHUX PECYPCIB Ta IaHUX;

— BUKOPHUCTaHHS HEJTOCKOHAIUX METOMAIB PO3Ii3HABAHHS 00’ €KTIB.

Psmu rpadikiB CYIPOBOIKYBAHIX I'padik
mineii KaJIIaTiB TransMOT

TIpocTOpOBO-YacoBHii TpaHC(HOPMATOp

py

WA Yacos:
TpaHcpopmaTopa TpaHchopmaTopHMii
npocroposoro rpada piBeHb Koaepa

BiptyanbHa BiptyanbHe
BOPOHKa hxxepeno

\ 4

Jlexoziep TpaHC(OpMaTOpa IMPOCTOPOBOTo rpada

Pucynox 1.14 — Cxema po6otu metony BiactexeHHss TransMOT

[HHOBamiiHUN  mpocTtopoBo-uyacoBuit  rpad-tpanchopmep  TransMOT
3anpornoHoBaHo y pob6oti [30], skuil BUpillye BUILE TMepeTideHi MpoOIeMHU.
Monenb-TpancopMep BHOPSIKOBYE TPAEKTOPIi BCIX BIICTEKYBAaHUX OO'€KTIB y
BUTJISIAL cepli po3pIIKEHUX 3BaKEHUX TpadiB, siKl OyIyHOThCS 3 BUKOPUCTAHHSIM
POCTOPOBUX B3aeMO3B's13Ki1B 1111, [ToTiMm TransMOT BukopucToBye 11i rpadu s
CTBOPEHHS IIapy Kojepa MpocTopoBoro rpadoBoro TpaHcpopmepa, mapy Kojaepa
4acoBOro TpaHchopmepa 1 mapy AeKojaepa MpoCcTOpPOBOTO TpaHchopmaropa s
MOJICTIOBaHHSI ~ MIPOCTOPOBO-YaCOBUX  3B'SI3KIB  00'ekTiB  (pucyHok  1.14).
Po3pikeHICTh NpeacTaBiIeHb 3BaKEHUX rpadiB poOUTh iX OUIbII e()EeKTUBHUMU B
00UYMCITIOBAILHOMY TUJIaHI MiJl YaC HAaBYAHHS Ta BHUBEACHHS, OCKITBKH MOJEIb

BUKOPHUCTOBYE CTPYKTYPY 00'€KTIB.
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1.3.4 Meton Biacre:xxkennss BYTE Track

VY pob6orti [31] Oyno mpeACTaBICHO METOJT BIACTEKEHHS 0araThoX 00'€KTIB B
pexumi peanbHoro yacy BYTE Track 3 iHHOBamiiiHUM aaropuTMOM acoriarii
BYTE. Meton Bincrexxenns BYTE Track Bupi3HS€THCS BHCOKOI IIBHIKICTIO,
TOUYHICTIO Ta HAMBUILIOIO SKICTIO BiACTEKEHHS 3a MeTpukoro MOTA y BHUKIHKY
MOT17 (Multi-Object Tracking) (pucynok 1.15). Floro 0CHOBHOIO IepeBaroo €
3IaTHICTh €()EKTUBHO BIJACTE)KyBaTH OO'€KTH, 3 MAaJOI0 OIIIHKOK BIIEBHEHOCTI

(confidence score).

ByteTrack

ReMOT TransMOT CorrTracker

TransTrack CETrack

TransCenter
72.51 SOTMOT

FairMOT

TraDes QuasiDense

67.51 Chaine_:d-Tracker CenterTrack

Tube_TK

0 5 10 15 20 25 30 35
Yacrora 3minu kazapis (FPS, frames per second)

Pucynok 1.15 — Pesynbsratu Bukinuky MOT17 3a merpukoro MOTA Ta

gacToToro KaapiB y FPS

Meronq BYTE Track HamexuTh 110 THIY METOJIB BIACTSKEHHS dYepes
pO3Mi3HaBaHHs, TOMY MOTpeOye MOJENl po3Mi3HaBaHHA OaratboX O00'€KTIB (Y
BuIe3raganii podori [31] Oymno Bukopucrano monenb YOLO). Ha Bxim BYTE
Track HagxoaaTh po3mi3HaHi 00’ €KTH y BUIIIAAI MHOKUHHA OOMEXYBAIBHUX PaAMOK
pa3oM 3 OLIIHKOI BIEBHEHOCTI JIJIsI KOXKHOTO 00’€KTy. ANTOPUTM 3aCHOBaHUH Ha
OPUHITUII PO3OUTTS PO3MI3HAHUX HAa TMOTOYHOMY Kajapi OO0’€KTIB HaA TpymH 3
BHCOKMM Ta HHU3bKHUM OIlIHKAMHU BIIEBHCHOCTI, II0 BH3HAYAa€ TMapameTp IOpOTy.
[TpoBomuThCs omepaiiist acortiarii Ay 00’ €KTiB 3 BUCOKOO OITIHKOIO BIIEBHEHOCTI: Y

BUIAJIKy HEBAAul JaHI OO0 €KTH CHPUNMAIOTHCS SK HOBI Ta JOJAIOTHCS 10
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BifcTe)KyBaHUX. {11 00’€KTIB 3 HU3BKOIO OILIHKOI MPOBOAMTHCS TaKOX MPOIIEC
acoIriarlii, ajie y BUIaJIKy HeCIiBIaAIHHS J1aH1 00’ €KTH BIJKHIAIOTHCS.

Anroputm BYTE Track BukopuctoBye dinbrpu Kanmana myist nependauenHs
MO3UIlil 00'€KTy Ha HACTYMMTHOMY KaJpi BiJICOPSAy MPH BpaxyBaHHI HOPMaJIHHOTO
BigxuieHHs. Jleranpauii po3risig ¢insTpy Kanmana naBeneno B myHkti 2.4.2. [Ipu
pOOOTI ANTOPUTMY KOKHOMY BiJICT€KYBAaHOMY 00'€KTY MPU3HAYAETHCS BiAMOBIAHUN
bineTp Kanmana, sxuii nepeoadae Horo MicIie3HaX0HKEHHS Ha HACTYITHOMY KaJpi
Ta OHOBIIOETHCS 3TIAHO 3 pEaTbHUM MICIIE3HAXO/KEHHSIM Ha MOTOYHOMY Kajapi
micns eramy acorriamii. J{ms acorriamii 00'€KTiB BUKOPUCTOBYEThCS MeTpuka 10U
(Interception over union, mepeTHH HaJ 00'€THAHHAM), IO MEPETBOPIOE 3aJady
acowialii Ha CTaHIApPTHY 3aJady MpO MNPU3HAYEHHS, [JIs BUPIMICHHS SKOI
BUKOPUCTOBYEThCSI YTOPCHKHUM METOJ| (J€TaJbHUNA OMUC YTOPCHKOTO METOIY

ONKCAaH B MyHKTI 2.4.2).

1.4 BucHoBKH 10 po3aiay 1

B nepmiomy pozauti Oysno po3MisSHYTO CHEIlalii3oBaHy JiTepaTypy Ta
1H(opMarIiiiHi TEXHOIOTIT 111 BUSHAYCHHS aKTyaJIbHOCT1 TEMHU JOCIIKSHHS JaHO1
JaucepTaniitHoi po6oTu. Po3risiHyTO 1ICHYIOY1 METOAM Ta PIllICHHS ISl BUKOHAHHS
MOCTABJICHOI 3a/1aul.

HaBeneno craThcTMuYHI JaHl Ta BHCBITIEHO MpOOJEMaTUKy 3a1ad
KOMIT F0T€pHOTO 30pYy B cepi brJIA 3 onucoM ix npuyuH Ha NPaKTHILL.

[TocTaBneHo dhopmanbHy 3a7aqy JJIsl BUSBICHHS Ta PO3Ii3HABaHHSA 00’ €KTIB
Ha 300pa)KEHHSX Ta PO3TIISIHYTO METOJM Ta AJITOPUTMU AK TPAIUIIHI (BIAHIMAHHS
dony, meron Bionu [[»oHca), Tak 1 3acCHOBaHI Ha TIMOOKOMY HaBYaHHI (Mepexi
Faster R-CNN, SSD, YOLO).

[Ipu BpaxyBaHHI MPOBEIEHOTO aHaIi3y MepeBar Ta HEIOJIKIB KOXHOTO 3
OMMMCAHUX METOJIB, NI PO3POOJICHHS TEXHOJIOTII 3a 0a30BY KOHIICTIIIIO 0OpaHO
apXiTeKTypHEe pillleHHs 1HHOBaliiHOi Mepexi YOLO Vv9 3 nekoTpumu
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3apONOHOBAHMMHM METOJaMU BUSIBIIEHHS Ta po3mi3HaBaHHA. Jlanuii BuOIp
IPYHTYETbCSI Ha HaMKpamoMy OajaHCl TOYHOCTI PO3Ii3HABaHHS JI0 IIBHIKOCTI
poboTH, 10 Aa€ MOXJIMBICTH pealli3yBaTh pPO3Mi3HABaHHA 00 €KTIB B pEalIbHOMY
yaci.

Jlng 3amadi BiICTEXKEHHS OO0’ €KTIB PO3MIISIHYTO KiIacH(IKaIlilo HAMpsSMKY
cnerudik OaraTh0X TMif3agad Ta BHU3HAYECHO, 110 HAMOUIBIIE BIAMOBITAE TEMi
JOCITIDKCHHST METOJIU BIJICTEKEHHS OaraThboX OO0’€KTIB 4Yepe3 pO3Mi3HaBaHHS B
peasibHOMY Yaci. OTJIIHYTO Pi3HI METOIM BIJCTEKEHHS: 5K 1 ISl OAHOTO 00 €KTY (3
MO>KJIMBOIO Moiuikalii€ro A 6aratb0X) Tak 1 y1st 6ararbox. Oopano meron BYTE
Track, sx HaWIIBUIIIMK JJIS BIACTEKCHHS OaraThboX OO0’€KTIB 1 3 JOCTATHHOIO
TOYHICTIO 1IeHTU(IKAalIli, SIKUI 3acHOBaHMM Ha QiabTpax KanmMana ta mae nepeBary

IIPU HEJIOCTATHIN OIlIHII BIIEBHEHOCTI B HAsIBHOCTI 00’ €KTA.
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PO3111 2. TOCJLKEHHA OBYUCJ/IIOBAJIBHUX ACIIEKTIB
METO/IB BUABJIEHHS, PO3INI3BHABAHHSA TA BIZIICTEXKEHHSA

HIupokoi akTyansHOCTI HAOYyBae€ 1/1€s1 CTBOPEHHS IPOrPaMHUX 1IHCTPYMEHTIB,
10 JIO3BOJISIIOTH OPraHi3yBaTH JISIbHICTH 3 PO3POOJICHHS METOJIB Ta aJIfTOPUTMIB
MaIuHHOTO 30py Ui Hairamii bnJIA, 3abe3neunTr MOKIMBICTH OTpPUMaHHS
TECTOBUX BIJICOJAHUX Ta TPOBEICHHA EKCIIEPUMEHTAIbHUX JOCIIIKEHb 3
00'€KTUBHOIO KIJIbKICHOIO OLIIHKOIO €(DEeKTUBHOCTI MiAXO/IB, 1[0 PEai3yIOThCS.

3acTOCyBaHHSI TE€XHOJOI KOMIT'FOTEPHOIO 30py ISl HaBIiramii JITaJbHUX
amapariB B OCHOBHOMY 3BOJIUTHCS JI0 TOTO, 1110 HEOOX1THO B TOW 4M 1HIIUH CIIOCIO
31CTaBUTU JaHl MOTOYHOI BIJCO3WOMKH 3 OTPUMAHMMH Hamepel €TaTOHHUMHU
300paKEHHSIMH MICIIEBOCTI. Uepe3 BENUKY KIIbKICTh 300pa)eHb y BIJCOpAl B
peXKUMI peabHOro 4acy Ta iX po3MipHICTb, MPOBEJCHHS TaKMX 31CTABIICHD MMOB's13aH1
3 ICTOTHUM 00csiroM oOunciieHb. KpiM Toro, 3HauHi 00yacTi 300pa)K€Hb 4acTo
BUSIBJIIIOTBCS MaJIOIHPOPMAaTUBHUMHU a00 3ajiekaTh BiJl YMOB CIIOCTEPEKEHHS.
Tomy, 11t BUPIIIIEHHS WX CKJIQAHOCTEH HAyKOBIIMU 3aIIPOITOHOBAHO BUALIATH HA
€TAJIOHHUX 300paXKeHHSX OIMOPHI IUISHKH, SIKI € XapakTepHUMHU 00'ektamu abo
perioHaMy 3 MiHIMaJbHUMHM BHU3HAYEHUMHM 3MiHaMU. Takud MiAXia JO3BOJISIE SK
CKOPOTUTH OOYMCIIOBAJIbHI BUTPATH, TaK 1 MIABUIIMTH HAJIIMHICTh 31CTaBJICHHS 3a
paxyHOK BUKOPUCTAHHS HaOUIbI 1HOPMATUBHUX Ta CTIMKUX JI0 3MiH (DparMeHTIB
300paxeHb.

TpanuuiiiHi METOAW BUSBICHHS MPOMYCKAIOTh KOXKHE 300paKeHHS uepes
NOTIEPEIHBO BCTAHOBJIEHE BIKHO JJISl BIUIYYE€HHS O3HAK, a OTIM BUKOPUCTOBYIOTh
HaBUYEHUH Kiacudikarop Ay kinacudikarii. Taki METOH, K MPaBUIO, BUMAratoTh
0arato JIOJCHKUX PECYPCIB 1 3yCHIIb Jisi 0OpOOJICHHS JaHUX, 1 BaXKKO BCTAHOBUTH
€NWHI CTaHAApTU N7 03HaK. KpiM TOro, TpamuIliiHi METOIW BUSBIEHHS YacTO
CTHKAIOThCA 3 TakKUMH TpoOJieMaMu, SK BHCOKAa YacoBa CKJIQJHICTh, HH3bKa
HAJIWHICTh 1 CWJIbHA 3aJIEKHICTh BIJl CIIEHHU, IO YCKIAIHIOE X MpaKTUYHE
BUKOPHUCTAHHS.
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B ocranHi pokM, 3aBASKM METOJaM BHSBJIEHHS LUJIEH, IO MOCTIHHO
MPOIMOHYIOTECS HA OCHOBI 3TOpTKOBUX HeWpoHHuX Mepex (CNN), mocsrHyTo
NEBHUX MO3UTHUBHUX PE3yJIbTAaTiB BUPIIICHHS 3aJadl BUSBICHHS. 3aJIKHICTh BiJl
oOpaHUX aJIrOpUTMIB OOPOOJICHHS BXIJHOTO 300paxkeHHs (OpMye JBOCTAIIHI Ta
OJTHOETAINHI THUIU METOJIB BUSABICHHSA O0'€KTIB, IO MAarOTh MEPEBaru BiTHOCHO
BHCOKOI TOYHOCTI BHSIBJICHHS Ta MIBUAKOCTI oO4ucieHb. Hampukian, 3ropTkosi
mepexki R-CNN, Fast R-CNN, Faster R-CNN, Mask R-CNN, Cascade R-CNN, R-
FCN € nBoetamHMMH MeTOJaMU BUSIBICHHS. ApXiTeKTypHe pimeHHs DenseBox,
RetinaNet, cepia SSD, cepis YOLO € ogHO€TalTHUMH.

Takum 4rHOM, TaHUM PO3ALT BKIFOUYAE MOCHIIOBHUM OMUC OOpPAaHUX METO/IIB
(YOLO Ta Faster R-CNN) BusiBjiieHHSI, pO3Mi3HaBaHHA Ta BIACTEKEHHS Oararbox
00’exTiB 3a BimeogaHumu 3 bnJIA B pexumi peaqpbHOrO yacy Ta MpPaKTHYHE
NOPIBHSAHHSA OOpaHUX MIAXO/JIB Ta MPOTPAMHUX pILMIEHb, PE3YJIbTATOM SKUX €
PO3pOOJIEHHS TEXHOJIOTIT ISl JOCSITHEHHS! METH IUCEPTALIMHOTO JOCIHIIKEHHS.

OcCK1JIbKH MIBUIIKICTh BUXOLy HOBUX Bepciil anroputMy YOLO nyxe Bucoxa,
Ha MOMEHT TPOBEJICHHA MOPIBHAJIBHOI OLIIHKA BHKOPHUCTOBYBAJIUCH BepCil
anropuTMy v3 Ta v5, 110 Ha TOM MOMEHT Oynu HaitHoBimmMH. Bepcito v3 mMoxHa
BBaxkatu “odiuiiiHoro” Bepciero Ultralitics, ronoBHoro BeHaopa 010J110TEK IBOTO
QITOPUTMY, a VS 3’IBUJIACh 3aBASKU MIATpUMII Tpomaan. [Ipy HasBHOCTI HA AaHUIA
yac JOCKOHammux Bepcikt anroputMy YOLO, mpakTtuyHe TOpIBHSHHS OOpaHUX
BEpCi y AaHOMY pO3JUII 3yMOBJICHO KOHKPETHU3AIll€I0 TapaMeTpiB SKOCTI Ta
nepeBar Mo MIBUAKOCTI anroputmiB cimerictBa YOLO, ski BUKOpUCTaHI TPHU
BUKOHAHHI IPaKTUYHOI yacTHU. Ha manuit MoMeHT “odimiitHoro” Bepciero € v8.1
Ta BXKe po3podieHa Bepcis v9, sika e He € ctabuibHOor0. Came Ha Bepcli v9 Ta Ha
onTUMi3alii Ta BIOCKOHAJIEHHI 11 apXITEKTypHOTO PillIeHHs] 0a3yeThCs MpaKkTUYHA
yactuHa. Onuc metony posnizHaBaHHs YOLO v9 BkitouaTuMe ONUC aifOPUTMY

YOLO, cknan ¢yHKIIIi BTpAT Ta TOMOJIOTII0 MEPEXKI B 3aralIbHOMY BH/II.
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JIns moKpallleHHsT pe3ysbTaTiB pPO3Mi3HABaHHS dYepe3 IMiABUIICHHS SIKOCTI
300paXeHHsI PO3TIISTHYTO Pi3HI METOIU MPEMPOIIECHHTY 3 IX MAaTEMAaTUYHUM OTIHCOM
Ta AITOPUTMAMH.

JIis  TOJanbIIOT0 BHKOPUCTAaHHSI B PO3POOJEHIN TEXHOJOTIT METOody
BizmcTexxeHHs O0aratbox 00’ektiB BYTE Track y manomy po3mini mpumiieHa yBara
CYTTEBUM I HBOTO CKIAOBHM: Mojenb ¢uibTpiB Kanmana ta Yropcbkuit

aJTOPUTM JUIs acolriallii 00’ eKTiB.

2.1 BusiBjienns 00’exriB y Ha0Oopi nanux Kitti npu 3acrocyBanni YOLO

Ta Faster R-CNN

BusiBnennst 00'ekTiB Mae BUpIIIATIbHE 3HAYEHHS JJII PO3BUTKY TEXHOJIOTIH
aBTOHOMHOI'O TOJIbOTY, J€ CKIAIHICTh 1 Hemepen0adyBaHICTh pealbHUX YMOB
BUMAararoTh HAJIMHUX 1 TOYHUX MOJIEIEH.

B nmanomy posaim posrisiHyTo BukopuctanHs mojeni Faster R-CNN s
BUSIBJICHHS 00'€KTIB 3 BUKOPUCTaHHAM Habopy aanux Kittl 3 0cOOIMBUM aKLIEHTOM
Ha BUSBJIEHHI TakuX OO0'€KTIB, K I0OMa, CTAJIOHU Ta MepexpecTs AOpIr. 3aBAsSKd
BCeOIYHOMY HaBYaHHIO 1 KopuryBaHHIO Mojeini, Faster R-CNN Oyno ToHKO
HaJAIITOBAHO JIsl aJamnTallii 40 pi3HOMaHITHUX BUKJIMKIB, SIKI IPUCYTHI y Habopax
JAHUX.

VY nopiBHsuibHIN oniHLl Bukopuctani YOLOvV3 ta YOLOVS, sxi cinyryBaiu
eTaJIOHaMH JJIsl BU3HA4YeHHsS BiAHOCHMX mepeBar 1 HemonikiB Faster R-CNN.
PesynpTaTi eKcnepuMEHTANIbHUX JOCTIKeHb MOKa3ald, M0 TpPH JOCATHEHHI
BHUCOKO1 TouHOCTI airoput™m Faster R-CNN BijcTaBaB y MIBUAKOCTI, IO 3pOOHUIIO
mozeni YOLO Oinbin mpuaaTHUMU IS CLIEHApiiB peasibHOTO Yacy. [IpoBeneHHs
MOPIBHSJILHOTO aHAJI3y Ma€ Ha MET1 IOMTOMOTTH 3 BHOOPOM METO/IIB Ta aJITOPUTMIB
noOyI0BH apXITEKTYpH MPAKTUYHOTO PIIICHHS JJIS BUPIIICHHS 3a/1adl ONTUMI3aIlii

MojieJiell BUSIBICHHS 00'€KTIB JIJIs pealbHUX 3acToCcyBaHb Ha Oopty briJIA.
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2.1.1 Onuc moYaTKoOBUX JAHUX

Pesynbratu ampoOariii moka3yroTh, mo xoua Faster R-CNN i1 mpomonye
BUCOKHU pIBEHb TOYHOCTI, OOYHMCIIOBIbHI BUMOIH pPOOJSATH MOJCIH MEHII
NPUIATHOIO IS CIEHapiiB, 10 BUMAaraimTh HEraiHoi peakuii. 3 iHIIOrO OOKY,
mozeni YOLO, siki BioMi CBO€IO MIBHIKICTIO OOpOOKH, MPOMOHYIOTH OB
ONTUMAJIbHE PIIICHHS JIJIsl BUSIBJICHHS 00'€KTIB Y peajlbHOMY 4Yaci, HE3BaKal04M Ha
JIeII0 HIKYY TouHICcTh opiBHAHO 3 Faster R-CNN.

OcTaHHIM YacOM TEXHOJIOTiT aBTOHOMHOTO MOJLOTY OXOIUIIOIOTH 11l MOJIEN1
no-pizHoMy. Ha puHKY aBTOHOMHOT'O MOJBOTY MPOJIOBXKYIOTH BUITYCKAaTH HabOpU
JaHUX, SIKI BKJIIOYAIOTh B ce0e SIK 300paKe€HHs, TakK 1 JaHl 3 JaTYMKIB, TaKUX SK
LiDAR. Xoua Oarato 3 mux HaOOpIB JaHUX HAJAIOTh aHOTAIlli JJII 00'€KTIB 3a
JIOTIOMOTOI0 OOMEXYBATBbHUX PaMOK, JIMIIE AEKOTPl 3 HUX PO3IMHUPIOIOTHCS 0
JIETATBHOTO CEMAaHTUYHOTO PIBHS, HEOOXITHOTO JUIsl OUIBII JIeTadbHUX 3aBJlIaHb,

TaKuX 5K T€, [0 BUPIIIYETHCSA B JAHOMY JOCIIIIKCHHI.

2.1.2 Onuc nadopy nanux Kitti

VY nuceprauiiiHiii pod0TI BUKOpUCTOBYEThCs Habip nanux Kitti 3 6aratum
HA0OpOM CKJIQJHUX pEATbHUX CIEH, SKI TOYHO IMITYIOTh CKJIQJHOIII, IO
3yCTpIYalOThCAd B PI3HUX YMOBax BOJIHHS 4YM TMOJLOTY. PobOoTra 3 Takum
peaNTiCTUYHUM HAOOPOM JaHUX, TO3BOJISIE€ POMIUPUTH MEXKI CTIMKOCTI Ta TOUHOCTI
MOJIEJIi B 3a/1a4ax BUSIBJIICHHS 00'€KTIB.

Konekmis Kitti oxoruitoe Oaratuii HaOlp TUMNIB JIaHUX, OpPraHi30BaHUX B
1€papxi4Hiil CTPYKTYPI, IO CIIPUSE BUPIMICHHIO 0aratb0X 3aB/laHb KOMII'FOTEPHOTO
30py, 30KpeMa, BUsIBJIEHHS 00'ekTiB (pucyHok 2.1). Halip nanux xapakrepusyeThcs
KOJICKIII€I0 300pa)KeHb BHCOKOI PO3MIIBHOI 3/IaTHOCTI, SIKI OTPUMaHi y PI3HHUX
YMOBAaX MOJBOTY: BiJ T'YCTOHACEIEHUX MICHKHX PalilOHIB 10 MEHII CTPYKTYpPOBaHUX

CUIbCBKHMX JOPIT. AJNTOPUTM BUSBICHHS CHUCTEMATHUYHO KIacHU(iKye pi3HI TUIU
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00'e€KTIB, KOKE€H 3 SIKMX PETeIbHO aHOTOBaHWM 3 TouHMMH 2D 1 3D pamkamu.
AHoOTaIIii 00'€KTIB MPOIIOHYE PO3TaIlyBaHHS 00'€KTIB y IUIONIMHI 300paKCHHS Ta
JeTanbHy 1H(GOpMAIliI0 MPO X MPOCTOPOBY OPIEHTAINIO Ta PO3MIPH B PEATbHOMY
KOHTEKCTI.

HaGip mammx Kitti mae yHIKadbHY CTPYKTypy, IO CKIIQIA€ThCA 3
OpraHi30BaHOiI KOJEKIli B zip-apXiBaX, SKI PO3/iJCHI 3a JaTaMU 1 KOHKPETHUMHU
MOCJIIIOBHOCTSIMU pyXy. CXOBHIIE TaHUX MICTUTh HU3KY IT1IKATAJIOr1B, TIOB'I3aHUX
3 Bizeo 3 kKamep, iHpopmartiiero 3 GPS 1 maT4ukiB pyxy, a TakoX XMapaMu TOUYOK
LiDAR. Bce e mae BupimajabHe 3HAYCHHS ISl TAKUX 3aBAaHb, SK CIPUHHATTS
rMOMHU 1 BUSBJICHHS TPUBUMIPHHX 00'e€kTiB. BKIIIOYEHHS pi3HOMIAHOBUX

CEHCOPHHUX MOJIaJIbHOCTEN poOUTH HAOIp JAHUX y3arajlbHEHUM.

date/

— date_drive/
date_drive.zip

——  Image_Ox/ X={0,...,3}

frame_number.png

timestamps.txt

— data/
L frame_number.txt

| dataformat.txt
L timestamps.txt

velodyne_points/

— data/

frame_number.bin

timestamps.txt

I timestamps_start.txt

timestamps_end.txt

—— date_drive_tracklets.zip

- date_calib.zip

Pucynok 2.1 — Ctpykrypa dataset Kitti

V apxiBax kosekiiii Kitti HaOip 1aHKX € peTeabHO OPraHi30BaHUM 1 BKITIOUYAE
CUHXPOHI30BaHI BIJICOKAJIpH, KaliOpyBaJlbHI MapamMeTpu Ui BHUPIBHIOBAHHS
JATYUKIB, TPEKJICTH Ta TOB's3aHi 3 HUMHM aHoTarlii. Taka aeTanpHa OpraHi3alis,

BKJIFOYAIOYM YacOBl MITKH, KajdiOpyBalibHI JaHi JJIs 3JUTTS JATYMKIB 1 TOYHE
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MapKyBaHHs, HEOOX1IHA JIJII pO3POOKHU aJITOPUTMIB, SIKI TTOKJIAJAl0ThCS HA TOYHY
MIPOCTOPOBY 1H(MOPMaIIit0, OTPUMAaHY 3 JBOBUMIPHUX 300paKeHb, JJIs1 PO3YMIHHS Ta
1HTepIpeTalii TPUBUMIPHOTO MPOCTOPY.

Bxmrouenns B Kitti peaapHUX ClieHapiiB MOJILOTY, PI3HUX YMOB OCBITJICHHS,
YacTHX TMEPEIIKOJl, 3HAYHUX 3MIH pakypcy 1 Oe3nmiy MacmraliB copusie ioro
penyTarii K CyBOpOro 1 HaIIHHOTO €TAJIOHY JJIsi AJITOPUTMIB BHUSIBJICHHS 00'€KTIB.
ApxiTekTypa Ha0Opy JaHUX 1 IIMPOKE MapKyBaHHS CIEIiaIbHO PO3POOJICHI IS
MiABUIICHHA HAJIMHOCTI alrOpUTMIB KOMI'IOTEPHOTO 30py Hpu 3a0e3meueHHi iX
e(eKTUBHOCTI Y peaIbHUX YMOBaX aBTOHOMHOTO MOJIBOTY.

Takum 4MHOM, 3 MOMEHTY CBOTO CcTBOpeHHs HaOip manux Kitti € BaxIuBum
JUISL €BOJIIOLIT TEXHOJIOT1 BHUABJICHHS OO0'€KTIB Ta aBTOHOMHOTO YIPaBJIiHHSA
npoHoM. Moro peanbHi, pi3HOMaHITHI Ta CKJIaJHi CLieHapil rapaHTYIOTh, 10 OY/Ib-
SAKUU aJIrOpUTM, NEPEBIPEHUN HAa HbOMY, MOXE BIANOBIIATA PI3SHOMAHITHUM 1
CYBOPMM BHMOTaM peajbHUX CHUTyalllil MOJbOTY, IO POOUTH HOTO OE3LIHHUM

pecypcoMm SIK JIs JOCIIAHUKIB, TakK 1 JIJIs MPAKTHKIB.

2.1.3 IlopiBHsJIbHA oninka anropuTmis cimeiictBa YOLO Tta Faster R-

CNN

VY Benuue3sHoMy IPOCTOpi BUSIBICHHS 00'€KTIB, 1[0 MOCTIHO PO3BUBAETHCS,
BUOIp METPHK OI[IHIOBaHHS Ta apXITEKTYpH MOJEJI BiAIrpae KIYOBY pOJIb Y
BU3HAYCHHI €PEKTUBHOCTI MIAXOTY. Y I[bOMY PO3LT PO3IIISIAI0THCS METOIOJIOT 1,
3aCTOCOBaHI B MOTOYHOMY JIOCIIIXKEHHI, Ta BUCBITJIFOIOTHCSI HFOAHCH OIIHOYHUX Ta
eKCMIEPUMEHTAIBHUX TpoIenyp. Sk OCHOBHY METPHKYy OYyJ0 BHUKOPHCTaHO
ycepenHeHy TouHicTh mAP, 1mo mae 3Mory KOMITJIEKCHO OI[IHUTH €()EeKTHUBHICTH
BUSIBJICHHSI Ha P13HUX 00'€KTax 3a po3MipoM Ta GopMOI0.

Jlis BU3HAUEHHS MOXJIIMBOCTEM Ta MOTEHLIMHMX OOMEXEeHb Cy4YacHHUX
apxITEKTYyp BUSBIICHHS MPHU aHaTI31 3BEpHEHO yBary Ha Tpu mojeni: Faster R-CNN,

BIJIOMY CBOIiM PETEIbHUM MEXaHI3MOM MPONO3ullli perioHis, Ta Bapiantd YOLO v3
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1 V5, B1JIOMi CBO€IO IMIBUAKICTIO Ta MOXKJIMBICTIO 3aCTOCYBaHHsI B peaibHOMY vaci. L1

MOJIEIl peTEeNIbHO MPOTECTOBaHI Ha HabOopi AaHMX BusBiIeHHS 00'ektiB Kitti, mo

CIIyTY€ €TaJOHHUM TECTOM, KM CTBOPIOE PI3HOMaHITHI MpOOJIEMU Ta CHUTYaIli,

THUIIOBI1 JJISI peasIbHUX CIIEHAp1iB MOJIHOTY. 3a JOTIOMOTOIO ITi€ET METO0JIOT1T Ha/laHO

YSIBJICHHS TIPO CUJIbHI CTOPOHU Ta MOTEHINIIHI HANPSMKHA BIIOCKOHAJICHHS KOXKHOT

MOJIEJI B KOHTEKCTI BUSBJICHHS 00'€KTIB.

PesynbpTaTu pob0TH AJIrOPUTMIB IIPU BUKOPHUCTaHHI JaHuX 3 KoJekii Kitti B

Mmonenssx YOLOv3, YOLOvS ta Faster R-CNN naBenenHo B ta0mungx 2.1-2.3

(BM3HAUYCHHSI TPYIT OPIEHTHPIB 3a pO3MipaMu HaBeeHO B po3aiii 2.1.7).

Tabmur 2.1 — Pesynpratu quist Kitti 3 Bukopucranasm moaudikoBanoro Y OLO v3.

Opientup Jlerkuii Cepenniit Cknaaauit
ABTOMOO1J1b 56,0% 36,23% 29.,55%
[Timoxin 29,98% 22,84% 22,21%
Bemnocunenucr 9,09% 9,09% 9,09%

Tabmuus 2.2 — Pesynbsratu 11 Kitti 3 Bukopuctanasm moaudikoBanoro YOLO v5.

Opientup Jlerkuii Cepenniit Cknaaauit
ABTOMOO1JIB 88,17% 78,70% 69,45%
[Timoxizg 60,44% 43,69% 43,06%
Bemocunenuct 55,00% 39,29% 32,58%

Tabmuus 2.3 — PesynasraTu s Kitti 3 Bukopucranusam Faster R-CNN

Opientup Jlerkuii Cepenniit Cxianaui
ABTOMOO171b 84,81% 86,18% 78,03%
[Timoxis 76,52% 59,98% 51,84%
Bemnocunenucr 74,72% 56,83% 49,60%
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2.1.4 Kin104oBi NOKA3HUKH 1JI5 OLHIHKHA

Jlist BceOiuHOT OIiHKM €(EeKTUBHOCTI MOJCIICH BUSABICHHS OO'€KTIB ITyXKe
BaXKJIUBO PO3IVISIHYTH MOKA3HUKH, SKi OXOIUTIOIOTH SIK TOYHICTb, TaK 1 IIOBHOTY.

Ycepennena TouHicTh (MAP) € KOMIUIEKCHOK METPHKOIO, sIKa BiJoOpakae
TOUYHICTh AJITOPUTMY JJISl PI3HUX KJIACIB 1 BU3HAYAEThCSI B TEPMiHAX TOYHOCTI 1
GyHKITT mam'sTi.

Tounicts (Precision, P) € BiiHOIIEHHAM KIJIbKOCT1 MTPaBUIIBHO MEepeI0aueHUX
HNO3UTUBHUX CIIOCTEPEXKEHb A0 3arajbHOI KIJIBKOCTI HEepeadauyeHUuX MO3UTUBHUX

CIIOCTCPCKCHB.

p=-1 (2.1)

© TP+FP

ne
TP — KiNbKICTh MPaBUJIBHO MEpPe0aYeHUX MO3UTUBHUX CIOCTEpEkeHb (ICTUHHO
MO3UTHUBHI),
FP — 3arajmbHa KUIBKICTh Iepea0adyeHuX IMO3UTUBHHUX CIIOCTEPEKEHb (XHOHO
MO3UTUBHI PE3yJIbTaTH).

IToBHoTa (Recall, R) € BinHOIIEHHSAM IPaBUIIBHO Mepea0ayeHUX MO3UTUBHUX

CIIOCTEPEkKEHB J0 BCIX CIMIOCTEPEKEHDb Y (PaKTUUHOMY KJIaci:

R=—2 (2.2)

"~ TP+FN

ne FN — xubHo HeraTuBHI pe3yibTaTH.

Jlns dikcoBanoro kiacy adcomtorHa TouHICTh AP (Absolute Precision) €
IUTOIIEIO ITiJ] KPUBOIO TOUHICTH-BiAryK P(R), siKa BimoOpakae TOYHICTb K (QYHKIIIFO
BIATYyKY. PO3paxyHOK cepeHbOi TOYHOCTI HaBEIEHO Yy (GOpMYJIi:

AP = [’ P(R)dR (2.3)

Ha npakrumi kpuBa P(R) € TUCKPETHORO, 1 TOUHICTh AP po3paxoByeThCs 3a

JOIIOMOI'OK0 YHCCIBbHHUX MCTOI[iB, AK CCPCAHBO3BAXKCHC 3HAYCHHA TOYHOCTI Ha

KOXXHOMY IOpPOTrOBOMY 3HA4€HHI, MPUYOMY B SIKOCTI Baru BHUKOPUCTOBYETHCS
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NPUPICT  TPUTAAyBaHHA Bl  TOMEPEIHHOTO  TOPOTOBOTO  3HAYCHHS.
CepeaHb03BaKEeHE 3HAUCHHS TOYHOCTI PO3PaXOBYETHCS 3a (hOPMYJIOKO:

AP = Zgzl (Rp — Rp-1)Py (2.4)
Ji(S

P,, — TOUHICTH Ha N-My MOPO3,

R,, — TOBHOTa Ha N-My MOPO3i.

[Ipu BuUKOpWCTAaHHI TaKOTO MIAXOAy MOxuOKka MAP TOmi € cepemaHim
3HAYCHHSM CEpPEeAHBOI TOYHOCTI MO BCIX Kjacax Ta ii pPO3paxyHOK HAaBEICHO Y
bopmyni:

mAP =~¥I, AP, (2.5)

ne

N — 11e KUTBKICTh KJIACIB,

AP; — cepeHsl TOYHICTD IS 1-TO KJacy.

[Toxasauk mAPO0.5 mo3Havae cepeaHro TO4YHICTh, kKoym loU mopemi
BusiBiieHHs JopiBHIOE 0.5, a mAP0.5: 0.95 no3Hauae cepeHIO TOYHICTh, kKoiu loU
Mozeni BusBieHHs gopiBHIOE Big 0.5 mo 0.95 (31 3HaYeHHSAMH, B3ATUMHU 3
iHTepBasioM 0.5). Taka meTpuka eeKTUBHO BioOpaxkae 3arajibHy IPOAYKTUBHICTh
QITOPUTMY BUSIBICHHS 00'€KTIB y BCIX KJlacax, MPOIMOHYIOYH €IUHY Y3TOJDKEHY
METPHKY, sIKa BPaXOBY€ ICHYBAaHHS 1 TOUHY JIOKaII3al1l0 00'€KTIB.

Ha nmpaktuii nokasHuk mMAP  OOYHCIIOETBCS  CHOYATKy — IILIISIXOM
BIIOPSIKYBAaHHSA BHSBJICHUX OO0'€KTIB Yy BCIX KjlacaXx 3a IX [OKa3HUKaMu
JIOCTOBIPHOCTI. B anaropuTMi Hanaini BpaxoBYHOTbCS iCTUHHO mo3utuBH1 (True
Positive, TP) 1 xubno no3zutusHi (False Positive, FP) BusiBnenHs Ha pi3HUX pPIBHAX
TOYHOCTI, fK1, SIK TIPaBUJIO, 30UIBIIYIOTHCS HEBEJIMKUMU KPOKAMH, MOKU HE OyJie
JOCSITHYTO 3HAYEHHSI TOYHOCTI, 10 TIOPIBHIOE 1.

Ha xoxHOMY piBHI OOUMCITIOETHCS TOUHICTh P Ta moka3sHuk AP. Metpuka
MAP € 0coOJMBO BaroMolo0 B CIIEHApIAX 3 He30aJaHCOBAaHMMHU Ha0OpaMu JaHUuX, 1€

JEKOTPl KJIaCH € HEIOCTaTHhO MpeACTaBICHUMH. [Ipu OoTpuMaHHI CEpPeaHBHOTO
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3HAYEHHS MK KJlacaMH MOKa3HUK MAP TapaHTye, 10 BCl KIacu poOisiTh OyayTh
pOOMTH OJIHAKOBHM BHECOK Y 3arajbHy €()EeKTUBHICTH MOJIEJ HE3aJekKHO BIJ iX

qaCTOTH.

2.1.5 Jleraji napuanHs 1jsa Faster R-CNN

[Ilo6 BukopuctaTtu Bech nmoteHmian Faster R-CNN s Habopy manux Kitti,
Oy710 3aCTOCOBAaHO OararoeTanmHui miaxin 70 HaBdaHHs. KokeH erar OyB peTenbHO
PO3pOOIICHHH JIJIs1 TOCTYIIOBOT'O MOKPAIICHHS MPOAYKTUBHOCTI MOJIEII1 Ha CKJIaJHUX
peallbHUX JIaHUX, IpecTaBiIcHuX Koekiiero Kitti.

Anroputm HaBuaHHs Faster R-CNN HaBeneHO Ha pucCyHKYy 2.2.

Kpok 1: NonepeaHe HaBYaHHA
-> BunyyeHHA o3Hak +
iHiyianisauia mepexi-> RPN

Kpok 2: lNonepeaHe HaBYaHHA
-> FasterRCNN

Kpok 3: HanawrtyeBanna RPN

h 4

Kpok 4: [loHanawTyBaHHA
FasterRCNN i3 diHansHumMK
napameTpamu MepeKn

Pucynok 2.2 — Anroputm HaBuanHs Faster R-CNN
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Eran 1: Inmimiamizamis wMepexi perioHanbHux npomnosuiiii  (RPN).
InimianizoBano RPN npu BUKopucTaHH1 Baru 3 MOJIeJIi, sika MoNepeIHhO HaBUCHA Ha
KOMIUIEKCHOMY Ha0opl JaHUX BKIIOYHO 3 TIEPEHECEHHSIM JOCBiay, 100
CKOPHUCTATHCS MOIEPEeHHO BUBUCHUMH 0COOMUBOCTAMU. L5 cTpareris nmpuckopuia
nporec 30DKHOCTI Ta mokpammia 3aatHicTh RPN reHepyBatu BHCOKOSIKICHI
MPOMO3UIIi1, MPUCTOCOBAHI 10 YHIKAIBHUX XapaKTEepUCTUK Habopy ganux Kitti.

Eran 2: HaBuanus Faster R-CNN. Ha npomy ertami Oyio cnpsiMOBaHO
3ycwiis Ha HaB4yaHHs fgetektopa Faster R-CNN. IIpu BukopucTanHi mpomno3uiii,
aki 3reHepoBaHi RPN, Oyno HaB4yeHO paeTekTop KiacudiKyBaTH O00'€KTH Y
3aIpPONOHOBAHUX 00JIACTAX Ta MPOBOJUTU YTOUHEHHS 1X OOMEXYBAJIBHUX PaAMOK.
Ha nipomy etami 0yJio BUKOPUCTAHO HEUPOHHY 3TOPTKOBY MEPEXKY, IO JO3BOJUIIO
aJIanTyBaTH Bard MoJiei 10 crienudiuHuX HI0aHC1B Ha0opy nanux Kitti 1 mpu nbomy
M1JBUIIUTH TOYHICTh PO3M13HABAHHS.

Eran 3: HanamryBanns RPN. Chupatounch Ha eKCIEpUMEHTaNbHI
pesynbTaT pobotu Faster R-CNN, 6yno npoBeseHo nmoBepHeHHs A0 erany 1 (RPN
JUTS TIO/IAJIBIIIOTO IOHABYaHHs. MeTa BBEICHHS I[bOTO €TaIly MoJisirajia B ToMy, oo
1TepaIlitHo MOKPAIIUTH 3aTHICTh MEPEXKi MPOTIOHYBATH PETIOHU, CITUPAIOYHNCH HA
COUIbHI IIapu 3TOPTKH, SIKI € ONTHUMI30BAaHMMHU JUIsl BUSBICHHS OO0'€KTIB IO
cnemudiunl g Kitti.  30epiraroun 11 mapu  (PiKCOBaHMMHM, 3a0€3MEYEHO
CTaOUIbHICTh BWJIYYEHHS O3HAK, MPH OJHOYACHOMY BIATOYYBaHHI MEXaHI3MY
npono3uiiii RPN aist migABUIIIEHHS] TOYHOCTI.

Eran 4: ®dinanpHa HacTpoiika naerektopa. Ha octanHbomy erami Oyro
nonanamroBaHo netektop Faster R-CNN 3 nonBiitHUM (hOKycOoM Ha BUKOPUCTaHHI
3HalgeHux nponosuiliit Big RPN Ta 30epekeHH1 IITICHOCTI CIUJIBHUX 3TOPTKOBUX
o3Hak. Lle#t etan OyB KpUTHYHO BaXKIMBHUM JJISL JOCSTHEHHS! TOHKOTO OajaHCy MIXK
SAKICTIO TPOIO3UINNA Ta 3JaTHICTIO BHUSBJICHHS, IO € KJIOYOBUM JJIsi BHUCOKOI
MPOYKTUBHOCTI Ha HaOop1 ganux Kitti.

Po6ounii npouiec Bkirouas HanamTyBaHHa TensorFlow Object Detection API,

neperBopeHHss Habopy nanux Kitti y dopmar TensorFlow tfrecord, a Taxox
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peTeNbHU TIpolleC HaBYaHHS Ta TecTyBaHHSA. Ha KoHIM iTepaliii peTenbHO
MPOBEJICHO BIJICTE)KCHHS METPUKH BTpaT 1 Bi3yalli3allii MPOTHO31B TPaHUYHHUX
oOnacrtel, 00 ITepaTUBHO MiAJAIITOBYBATH MOJENb MijJ mopir BTpat Huxue 0.1,
0 CBIIYUTH Mpo 1o0pe HaBueHy Mozenb Faster R-CNN mig 3amaui BusiBIeHHA

00'exTiB Kitti.

2.1.6 Jleranizanisa eraniB HaB4YaHHs 11 YOLOv3 ta YOLOvVS

Jliist BuKopucTaHHs notenuiany mojenai YOLO BukopucTaHi HACTYIIHI eTaru
[23].

Eran 1: Apanramis no HaGopy nanux Kitti. Crpareris HaB4aHHS AJs
BapianTiB asiroputMy YOLO Oyna TOYHO HajamToBaHa Ha YHIKaJIbHY CTPYKTYpPY
HaOopy panux Kitti. YOLOv3 Ta YOLOvVS Oyno agantoBaHo Juisi poOOTH 3
IIMPOKUM CIIIBBIJHOLIEHHSM CTOpiH 300pa)keHb. byll0 YHUKHYTO CIOTBOPEHHS
OOMEXyBaJbHUX pPaMOK, 3MIHUBIIM BXIJHI MapaMeTpPH PO3AUIbHOI 3JaTHOCTI
BIJIMOBITHO JO BJIACHOTO CIIBBIJHOIIEHHS CTOPIH HA0OPY JIaHUX, 1110 3a0€3MEUHIIO0
IIUJTICHICTB TIPOIIECY PO3IMi3HABaHHS 00'€KTIB.

Etan 2: Ontumizanis kougirypauii. O6uasi mogeni YOLO npoiiuuu cepito
KOH(DIrypamiiiHuX KOpUryBaHb ISl ONTHMI3allli apXITEeKTypu Mepexi 1jid Habopy
nanux Kitti. 111 onTtuMizanii Bkiroganu crienudivHi 3MiIHK PO3MIPY BXIJIHUX JIAHUX
JUTs1 30€pexKeHHs MOYATKOBOTO CIIBBITHOIIEHHS CTOPiH 300pakeHb Ta KOPUTYBaHHS
po3MipiB QIIBTPIB Y IIapax po3Mi3HABAHHS JJI TOYHOTO BIJOOpaKeHHS KiJIbKOCTI
KiaciB. B Mozeni Ha 1mpoMy eTarni BUMKHYTO BUMAIKOBY 3MiHY PO3MIPIB s
3a0e3MeueHHsI CTa01IbHUX Ta Y3TOJKEHUX BX1THUX JAHUX ST MOJICIICH.

Eran 3: HanmamrtyBanns rinepnapametpiB. Iloganpine HajamrTyBaHHS
rineprnapaMeTpiB OyJo MPOBEACHO AJis MOKpPAILEHHS MPOJYKTUBHOCTI MOJEINEH.
[[IBuaKiCT, HAaBUYaHHS, MaciITabu O0'€KTIB Ta MOporu Oyiu BiAKaTiOpoOBaHI st
ONTUMAaJIbHOI TOYHOCTI po3mi3HaBaHHs. Llel mpoliec TOUHOro HalalmTyBaHHS OyB

KPUTHUYHO BAXKJIMBUM JUIs 3a0€3MEUECHHS TOT0, 11100 Mojiesi OyiIu MPUCTOCOBaHI HE
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JIUIIE 10 PO3MipiB 300pakeHb HA0OPY JaHUX, ajie U 10 XapaKTepucTUK 00'ekTiB. L1
KOPHUTYBaHHSI Bilirpajii Ba)JIUBY poJib Y BU3HaYeHHI mpoaykTuBHOCTI YOLOV3 Ta
YOLOVS [32] na HaOopi mammx Kittl, mo mpusBeno 10 MOKpaIieHHS MOCII

BUABJICHHA O6'€KTiB, sJKa € OJHOYaCHO TOYHOIO Ta e(i)eKTI/IBHOIO.

2.1.7 Pe3yabTaTH J0CIiIKeHb TA NOPIBHAJBHUN aHATI3

Ha pucyHnky 2.3 npeacTaBieHo MOKa30Bl pe3yibTaT TeCTyBaHHS, OTPUMaH1
3a JOIOMOIOI0 TPhOX MojeieH, mo posrisaarTeesd: Faster R-CNN, YOLOvV3 Ta
YOLOVS. Jlns 11i€i emMnipayHoi OIIHKKA OOpaHO TPHU JIOPOKHI CIIeHapii 3 Habopy
nanux Kitti, ski xapakTepu3yrThCs BETUKOIO KUIBKICTIO aBTOMOOLIIB, MIIIOXO/1B
Ta PI3HOMaHITHUM HaOOpOM KJ1aciB 00'ekTiB. Mojeni 0yJio MPOTECTOBAHO Ha TPHOX
pi3HUX Ha0oOpax JaHUX: JIETKUH, cepeliHiil Ta ckiaauuil. B nerkomy Habopi maHux
IIyKaHui 00'€KT BUAHO IMOBHICTIO, B CKJIAQJHOMY — BHJIHO JIMILIE WOTO YacTHUHY.
Cepenniit HaOlp MICTUTh KUIBKICTh IIYKaHUX OO'€KTIB 3 JIETKOTO Ta CKJIAHOTO
Ha0opiB, O POPMYETHCS Yy CIIBBIAHOMIECHHI 1:1 BIATOBIAHO.

Sk mokazano Ha pucyHky 2.3, mozaenb Faster R-CNN nemoHCTpye Haiikpart
pe3ynbTaTH MOPIBHAHO 3 00oma Bapiantamu Y OLO. YV BU3HaU€HOMY €KCIIEPUMEHTI
mozaeni YOLO neMOHCTpyHOTh MOMITHI OOMEXKEHHS Yy BHUSBICHHI JIIOJEH,
pO3TaIIOBaHKUX 3 JIBOro OOKY, 1 37aTHI 1IEHTU(]IKYBAaTH JUIIE OJHOTO MIIIOX0/a
npaBopyu. Ha Binminy Bia Hux, mojaenb Faster R-CNN BMUIO po3mi3Hae AeKiJibKa
MIIIOXO/IB TIPABOPYY, IO MIAKPECIIOE HOT0 TMOKpaIeHy 37aTHICTh BUSBJICHHS

00’€KTIB B CKJIQJIHIUX yMOBaXx.
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YOLOVS

YOLOvV3

Faster R-CNN

Pucynok 2.3 — Pe3ynbratu TeCTyBaHHS, OTpuMaHi 3a gornomororo Faster R-

CNN, YOLOv3 ta YOLOV5S

KomrmiekcHa KiTbKiCHA OIIHKA MPY BUKOPUCTAHHI MIAXOAY MOJUTY Ha JErkKi,
NOMIPHI Ta CKJIaJHI HAOOpW AaHUX BUSBHJIA TJIMOOKI 3aKOHOMIPHOCTI B POOOTI
QITOPUTMIB PO3MI3HABAHHSA. Y HAWMPOCTIIIOMY HAa0Opi1 JaHUX, A€ YMOBHU Oyiu
HaOuwbl crpustiuBuMu (pucyHok 2.4), Faster R-CNN mnpoaemMoHCTpyBaB
BUHSTKOBY TOYHICTh BHUSIBJICHHS JOPOXKHIX PO3B’S30K, mocsarHyBmu 88,17%
nopiBHSHO 3 56,00% mis YOLOV3 1 84,81% st YOLOVS. OnHak 11 MIIoxo/1iB
YOLOVS nepeBepiiuB cBOi aHayioru 3 nmokazHukom 60%, toxai sk Faster R-CNN
nokaszaB Jymime 29,98%, 1o MiIKpecItoe MIHIUBICTh PE3YNbTATIB I PIZHHUX

KaTeropiit 00'exTiB.
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KinbKicHi pe3ynbtatn B nerkomy Habopi gaHux
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AsTomobine Miwoxig, Benocunegmct

=]

=]

=]

=]

=]

BYOLOv3 mYOLOv5 mFaster RCNN

Pucynox 2.4 — Tecrosi npukiiagu metoniB YOLOvV3, YOLOVS, FasterRCNN B

JerkoMy Ha0Opi JaHUX

Komu cknmagaicTs Habopy € cepenuboro (pucyHok 2.5), Faster R-CNN 36epir
JAEPCTBO Y BUSABJICHHI JOPOKHIX PO3B’s30K Ha piBHI 86,18%, 110 B MOPIBHSAHHI 3
MIPOCTUM HAOOPOM € JIUIIIE HE3HAYHUM 3HUKEHHSIM, JEMOHCTPYIOYH HOTO CTIUKICTh
no minnuBuX yMoB. Ha mpotuBary mpomy, YOLOV3 1 YOLOVS 3a3nanu Oiibin
3Ha4HOTO NaaiHHs 10 36,23% 1 78,70% BianosiaHo. Lls TenaeHtis 36epernacs i npu
BUSIBJICHH1 BenocuneaucTis, ne Faster R-CNN moka3aB Halkpamuid pe3yiabTaT —
56,83%, toai sik YOLOvVS yrpumascs Ha piBHI 59,98%, a YOLOV3 3HauHO mouas

B1JICTaBaTH BiJ HHOTO, OTpuMaBIiy juiie 9,09% BHUsIBICHHS.
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KinbKicHi pe3aynbtat B cepegHbomy Habopi aaHux
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=]

BYOLOv3 mYOLOwS mFaster RCNN

Pucynox 2.5 — Tecrosi npukiiagu metoniB YOLOvV3, YOLOVS, Faster RCNN B

cepemHbOMY HaOOp1 JaHUX

Cxnanauii HaOlp naHux (pucyHOK 2.6), 10 XapaKTepU3ye HaNCKIaJHIII
CleHapii, MpoaOBXKye MiaKpecmtoBatn TapHy mnpoaykTtuBHicTh Faster R-CNN,
0CcO0JIMBO TpU BUSBIEHHI aBTIBOK 3 ycmimHIicTIO 78,03%. Ilokaznuku YOLOVS
TaKOX 3aCJIyTOBYIOTh Ha yBary, ocoOJMBO MpU BUSBJICHHI aBTO — 43%, 110 HE
naneko Bifctae Bin mokasHuka Faster R-CNN (51.84%). Omnak edeKkTHBHICTD
YOLOV3 pi3ko Bhana B ycixX KaTeropisix, focsruysmu 29,55% nns aBto 1 9,09%

JUIA TTIIOXO/IIB 1 BEJIOCUIIEINCTIB.
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KinbKicHi pe3ynsTaTt B cknagHomy Habopi aaHux
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BYOLOv3 mYOLOwS Faster RCNN

Pucynok 2.6 — Tectosi npukiiagu metoniB YOLOvV3, YOLOVS, FasterRCNN B

CKJIaJTHOMY HaOOp1 JaHUX

CrabinpHicTh pesyibTaTiB Faster R-CNN Ha Bcix piBHSIX CKIIAIHOCTI
MIJKPECIIIOE HOT0 HAJ1HI MOXKJIMBOCTI BUIJICHHS O3HAK Ta MPOIO3UIIIT PET10HIB,
0co0JIMBO TIpu OOpOOJICHHI CKJIaAHUX CLEH 3 PI3HOMaHITHUMH 00'ektamu. |
HaBmaky, xoua YOLOVS npogeMoHCTpyBaB 3HAUHY aAalTUBHICTh, IEPEBEPIIMBIIN
YOLOV3 1 naBits Faster R-CNN y neskux Bunaakax, oro pe3yiabTaTu He Oyiu
TaKUMH K TIOCHIIOBHUMM JJisi PI3HUX KaTeropid 1 ©HabopiB ganux. L1
CIIOCTEPEKEHHS BKa3ylOTh Ha KOMIIPOMIC MK BHCOKOIIBHIKICHOIO OOpPOOKOIO
apxitektypu YOLO 1 perenbHO0 00po0OKOr0 Ha 0cHOBI perioHiB Faster R-CNN, sika,
Xoua 1 TMpaIloe MOBUIbHIINIE, aje 3a0e3neuye MiABUIIEHY TOYHICTh y 3aBIaHHAX
BHSIBJICHHS 00'€KTIB.

Otxe, aHaji3 Ha OCHOBI JaHuX MmATBepmKye, 1mo Faster R-CNN e Ouibin
HAJIHOTO 1 TOYHOIO MOJICJUTIO JIJIsI BUSIBIIEHHS 00'€KTIB y PI3HOMAHITHUX 1 CKJIaTHUX
CEPEIOBHINAX, 0 € KPUTHYHOI BHUMOTOKO JUISI CHCTEM aBTOHOMHOTO ITOJIBOTY.

CralinpHa TPOAYKTUBHICTH B PI3HUX YMOBAaX 1 KaTreropisx 00'€KTiB poOUTH ii
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Kpalllol0 MOJE/UTI0 JIJII  3aCTOCYBaHb, JI€ HAIIAHICTh 1 TOYHICTH MAalOTh

NepIIoYeproBe 3HaUYCHHH.
2.1.8 AHaJ1i3 yacy BUKOHAHHSA aJITOPUTMIB MoaeIei
B nomoBHEHHS 10 OIIHKY TOYHOCTI BUSBIICHHS, OYJI0 TIPOBEICHO OIIIHKY Yacy
BUKOHAHHS aJTOPUTMIB KOXXHOI 3 TpPbOX MOJENe NpH ONpalioBaHHI JTaHUX

300paKCHHS.

Tabnuus 2.4 — Yac 00poOneHHs 300paskeHHS

Moenb YOLOv3 YOLOvV5 Faster R-CNN

Yac 15 Mmc 35 Mmc 2763 Mc

SAx YOLOvV3, Ttak 1 YOLOvVS mno3uiionytoTbcst sk GpEeHMBOPKU IS
BUSIBJICHHS B peajbHOMY u4aci. EKcnepuMeHTH MIiATBEPAWUIU 1€ TBEPKEHHS,
OCKUIbKH 1711 Habopy aanux Kitti 0OuaB1 MOjEN 3MOTJIN 3aBEPIIUTH BUSIBIICHHS
00'ekTiB MeHII Hix 32 40 Mc Ha 300paxenHs. [Ipuaomy YOLOVS nponeMoHCcTpyBaB
HE3HAYHE BIJICTABAaHHS B Yacl MOPIBHSAHO 31 CBOIM nonepeanukom, YOLOv3.

Ha mportuBary upomy, mozaenb Faster R-CNN, He3Baxkaroum Ha CBOIO
3asiBJICHY IIBUIKICTb, MPOJAEMOHCTPYBaJa 3HAYHO OUIBIIMM Yac BHKOHAHHS
nopiBHsAHO 3 cepieto YOLO. Takuii wac podotu poduts Faster R-CNN menm
MIPUIATHOIO JIJISI 3aCTOCYBaHb, 1110 BUMAralTh Peakilii B pealbHOMY 4acl, TAKUX SIK
aBToHOMHM moiT. Xoua Faster R-CNN Bunepemxae moaeni YOLO 3a TouHICTIO
BUSIBJICHHSI, ii IIBUJIKICTh CTABUTh IiJI CYMHIB JIOUUIBHICTh 1i BUKOPUCTAHHS IS
KPUTUYHO BAKJIMBUX 3aBJaHb, MOB'SI3aHUX 3 YacoM. lle migkpecaioe Ba)JIMBICTh
peTenbHOro BUOOpPY BIAMOBITHUX MOJEJIEH Ha OCHOBI cHenU(iYHUX BHUMOT 1

00MeKEHb KOHKPETHOT'O 3aCTOCYBAHHA.
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2.2 Mopedi Ta peadizanii aaroputmy YOLO

BpaxoBytoun omucaHi BHIlle pPe3yabTaTH MOPIBHAJIBHOTO aHamizy, s
noAanbInoi podoTH HaJ MOOYIO0BOIO MPOTPAMHOrO PIlICHHS OYyJ0 00paHO Tpymy
anroputMiB YOLO, OCKiJIbKH TONPU MEHII BUCOKY TOYHICTh PO3Ii3HABAHHS HOTO
MIBUAKO/IS HA TpakTHill Habarato mepesuirye nokasHuku Faster R-CNN. 3a gac
HaIMCaHHS JMCEepPTalliifHOi poOOTH BUUIUIO NEKiIbKa HOBUX BEPCIH alrOpUTMY
YOLO, takux sk YOLOv7, YOLOvV8 Ta YOLOVY, sixi nornpu MiHiMadbH1 BTPaTH y
MIBUIKOCTI 3HAYHO MOKPAIIYIOTh MOKAa3HUKUA PO3Mi3HABAHHS HA PI3HOMAHITHUX
HaOopax manux. Ha »xanb, 3a el yac He OyJ0 aHOHCOBAHO HOBHUX BepCiit
anroputMiB cimerictBa R-CNN, ToMy MOKHa BBa)kKaTH pe3yJIbTaTU MONEPEAHLOTO
MYHKTY PEJIEBAaHTHUMH, Ta TaKUMH, 110 B1IOOpa)KalOTh MOTOYHI TPeHAU B cdepi
pO3IMi3HaBaHHs 00’ €KTIB.

Oco6amBor0 XapakTepucTrukor TexHosorii YOLO e Hag3BruyaiiHa IBUJIKICTD
il poOOTH, 110 JI03BOJIUIIO BUKOPUCTOBYBATH ii B 3a/1auax po3Ii3HABaHHSA 00’ €KTIB Yy
peanpHoMy daci. llle onHier0 mepeBaror AaHOTO MIJIXOAY € THYYKICTh JI0
OTIpAIIOBaHHS 300pakKeHb PI3HOI PO3MIPHOCTI Ta PO3Mi3HABAHHS PI3HOI KUIBKOCTI
KJ1aciB 0€3 3HAYHUX 3MiH B apXiTekTypi mojaeni. Takox, B mozaensax YOLO Oyino
YaCTKOBO BUPIILIEHO MPOoOJeMy po3Ii3HaBaHHS 00’ €KTIB IPH PI3HUX MaclTadax.

[TepeBarn YOLO Ta Benukuii MoaugikaiiiHui MOTEHITIa CTaTud IPUYUHOIO
CTPIMKOTO PO3BUTKY JAaHOTO MIAXOAY JJis BUPIIIEHHS OaraThOX 3ajay: BIJ
cerMeHTaIi 00’€KTIB M IO BIJICTEKEHHsS OaraThoX 00’€KTIB y pealbHOMY dacl.
Tomy, Hapasi Oinbin KOpekTHe Bu3HaueHHs st YOLO, sk cimelicTBO Mojenei
00’€THAHUX €IUHUMHU AJTOPUTMIYHUMU TIJXOJaMHM  3arajllbHOi ~ KOHLEMIIil

PO3ITi3HAaBaHHS 32 OJIMH MPOXiJI.
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2.2.1 AnrropurMivyHa OCHOBA

3aranpHuii anroput™ podotu Y OLO mpaiitoe Ha OCHOB1 HACTYITHUX YOTHPHOX
0a30BUX M1IXO/IB:

— moi Ha 300pakenHs Ha 6;10ku (Residual blocks);

— obmexyBanbHi paMkH (Bounding box regression);

—nepetuH Haj 00’ enHanHsM (Intersection Over Unions abo ckopoueno [OU);

— HeMakcuManbHe ctpuMyBaHHs ( Non-Maximum Suppression).

Ilooin na 306pasxcennss na Onoku. llepmuii KpOK TOYUHAETHCS 3 TOILTY
BUX1JTHOTO 300paxkeHHsa I Ha N X N KIIITUHOK CITKH OJHaKOBOi dopmu, ne N y
HAIIOMY BHITaJIKy JTOPiBHIOE 8 (K Ha mepmomy macimrTadi moaem YOLOV2) i sk
nokazaHo Ha pucyHky 2.7. KoxkHa KIITMHKAa B CITII Ha MOJAJBIIMX KpPOKax
BIJIMIOBIJIA€ 32 JIOKAJII3AI[iI0 Ta IPOrHO3YBaHHS KJIacy 00’ €KTa, SKUil BOHA OXOILTIOE,

a TaKOX 3HAYCHHS KMOBIPHOCTI/IOCTOBIPHOCTI.

Pucynok 2.7 — Po30utts 300pakennss Ha N X N 0GJ0KiB

HactynHum KpoKoM € gusHauenHs 0omexncy8aivHux pamok (PUCYHOK 2.8), siki

BIIMIOBIIAIOTh MPSIMOKYTHUKAM, 110 BHIUISIOTH BCi 00'€kTH Ha 300pakenHi [33].
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MoxHa MaTu CTUTBKU OOMEXYBaJIBbHUX PAMOK, CKUIBKU € 00'€KTIB Ha 300pakeHHI,
ajie y MoJiel € aJlrOpuTMiuyHEe OOMEXKEHHS Ha KIJIBKICTh paMOK I 1 KIITHHKHU
noJiTy (3a1exuTh Big Bepcii, Hampukian B YOLOvV] ix Moxke Oyt 2 117151 KOSKHOTO
3 49 6510KIB-KITHHOK, a Y YOLOV8 nmoTeHIiiHO 1X THUCSAY1 3arajioM, B 3aJIe’KHOCTI
BiJI 33JTaHOTO PO3MIPY MOJEI).

C

X

Py
cy 5.... """""”E
: b, -
: act) ||} b=oCt)+c,
Pra | b, ,_.I i b=oCt)+c,
E Octx) E bw=pwet~
E : bh_phet"

Pucynok 2.8 — OOMexxyBajgbHa paMKa 3 MONEpPeIHIMU PO3MIPAMHU 1

IMPOTrHO3YBAHHAM PO3TAlllyBaHHA

Mopens YOLO Bu3Hauyae arpuOyTH LHUX OOMEXKYBaJIbHUX paMOK 3a
JIOTIOMOT'OX0 OJTHOTO MOJIYJISI perpecii y HacTymHoMy dhopmarti:

Y = [By, By, By, By, Py, C1, Co, Cs, ..., Cp ] (2.6)
ne

Y — 1e xiHIleBe BEKTOPHE MPEACTABIICHHS ISl KOXKHOTO OOMEXKYBaJIbHOI
paMKu;

P, — BiAmoBiJlae OLIHIII WMOBIPHOCTI OJIOKY CITKH, II0 MICTUTh OO'€KT;
HAIPUKJIA], BC1 CITKH, SKI TIO3HAYEHI YEPBOHUM KOJIOPOM, MATUMYTh 3HAUCHHS
HMOBIpHOCTI OibIle HYJISI; MPUKIAA Ha PUCYHKY 2.9 € CIHpOIIEHOI BEPCIElo,
OCKLUJIBKH HMOBIPHICTh KOXKHOI 3€JICHOT KIITHHKHU Oyi3bKa 10 0 (€ HE3HaYHOI0);

By, By — KOOpAMHATH X Ta Y LEHTPY OOMEKXYBalbHOI PAMKM BiJHOCHO

KJIITHHKH CITKH, 110 1i OTHHAE.
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By, B, — BIANOBIJIalOTh BHUCOTI 1 IIUPUHI OOMEXKYBAJIBHOI pPaMKH 10
BIIHOIIICHHIO JI0 OJIOKY-KJIITUHKU CITKH, IO 11 OXOILIIOE.

C;, Cy, C5, ..., C, — BIATIOBIMAIOTH KJ1acaM, SIKi MOJIENb Mepeadadac.

KinpkicTe ki1aciB He oOMEXyeTbcs 0a3z0Bow apxitektyporo YOLO, a

BHU3HAYA€THCS KOHKPCTHOIO 3a1a49CHO.

Pucynok 2.9 — Ipukinan 300paxkeHHs 3 BUAIJICHUM 00’ €KTOM Ta OJI0KaMU

CITKH, JI¢ OIlIHKa HMOBIPHOCTI HAsIBHOCTI 00’ €KTa OLIBIIIE BiAMIOBITHOTO TTapaMeTpy

Ilepemun nao o6'eonannsam (Intersection Over Unions). Bbiabie omgHOTO
00'exkTy Ha 300pakeHHI MOXK€ MAaTH KiJIbka HMOBIpHUX OOMEXYyBaJIbHUX PaMOK Ha
MIPOTHO3YBAHHS, HaBITh SIKIIIO HE BCl 3 HUX € pelieBaHTHUMH. MeTpuka Intersection
Over Unions (IOU) Bu3Hauae Mipy CXOKOCTI JJBOX OOMEXKYBAJIbHUX PaMOK MiXK
co00r0 Yepe3 BIIHOIICHHS IUIONII MEePETHHY 10 TUTONI 00’€THAHHS JBOX PaMoOK
(pucynok 2.10). Meroro Buxopuctanus wmerpuku IOU (IOU € [0, 1]) e
BIIKMIyBAaHHSI HE PEJIEBAaHTHUX KJIITUHOK CITKH Ta OOMEXYBaJIbHUX PaMOK.

Jlorika Takoro miXoJly peaji3ye CTpaTerito TOro, 0 KOPUCTYBAay BU3HAYAE
nopir Bigoopy IOU (crannaptro gopisHioe 0.5) 1 motim anroput™m Y OLO oGuuciioe
IOU k0xHO1 KIITUHKH CITKU (JOPIBHIOE BIAHOIICHHIO TLJIOINII MEPETUHY JO TUIONT

o0'eqnanns). Hanmami aaroputM mOBHHEH NMPOITHOPYBATH MPOTHO3 KOMIPOK CITKH,
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mo MawTh IOU < moporoBoro 3HaueHHs, 1 BPaxoBYTH Ti, 1o MawTh [OU >
noporoBoro 3HadeHHs (threshold).

BOX 1

Area of
Intersection of
boxes

BOX 2

IOU —

BOX 1

Area of Union of
boxes

BOX 2

Pucynok 2.10 — Cxema po3paxynky IOU

Hemaxcumanvne cmpumysanns (Non-Maximum Suppression). BctanoBieHHs
nopory miisi IOU He 3aBkIu MOCTaTHHO, OCKUIBKH O00'€KT MOXKE MaTH KUIbKa
oOMexxyBanbHUX paMok 3 IOU, 110 NepeBUIy0Th MiHIMAJIbHUN OPIT. 3aJIUILIEHHS
BCIX ITUX OOMEXYBAJIbHUX PAMOK MOXE CIPUYUHUTH IIyM 1 TOXUOKU (KOIH OIUH
00’eKT OyjAe pO3Mi3HAHO SK JeKiabKa). [ yHuKHEeHHs 1poro anroput™ YOLO
BUKOPUCTOBYE HEMAaKCUMajlbHE CTPUMYBaHHS, 1100 3alMIIMTA TUIBKH Ti

0oOMEeXyBaJIbHI PaAMKH, SIK1 MatOTh HAaWBUIIY HMOBIPHICTh BUSBIICHHS 00’ €KTY:

By = Py(By) (2.7)

ne
B, — pinanpHa oOMexyBabHA paMKa JJisi 00’ €KTa,

B; — nOTeHLIHI paMKH.

2.2.2 EBoamwonis apxitektypu Mepexki YOLO

HaiiGinp110r0 1HHOBAIIHHOIO HA MOMEHT HANMMCAHHS POOOTH apXiTEKTYPOIO

mepexi € YOLOVY (pucynok 2.11), sika Bwifnia B kBiTHI 2024 poky ¥ cTana
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popuBOM y cepi po3mizHaBaHHS 00’ €KTIB y peajbHOMY Yaci, aHOHCYBaBIIIA HOBI
aITOPUTMH, SK1 3MIHIOIOTH IIpaBWJIa TPU, a TOYHIIIE MporpaMoBaHy 1HGOpMaIlio
npo rtpamieHT (Programmable Gradient Information, PGI), Ta y3arampHeHY
ehextuBHY Mepexky arperarii piBHiB (Generalized Efficient Layer Aggregation
Network, GELAN). Jlana Moieib aNropuTMy JA€MOHCTPY€E Baromi MOKpaIieHHs B
THYYKOCTI1, €EeKTUBHOCTI Ta TOYHOCTI Ha BUu3HaueHomy Habopi nanux MC COCO.
PeanizyBana i okpemMa KOMaHaa PO3POOHMKIB, sIKa PO3MICTHIIA BIAKPUTHUM KOJ 3
Moayismu Y OLOV9 y my6miuauit GitHub penosuropiid.

Ha ™omenTt omnwmcanns apxitektypu YOLOV9 B miit pobori kKomanna
Ultralytics He omyOiKyBaiH >KOJIHOI HayKoBOi poOOTH abo0 CTaTTl 3 JACTaIbHUM
OMMKMCOM HOBOI AapXITEKTYpH, OOIPYHTYBaHHSAM MOJU(IKaLlid Ta KOMEHTapsMU
aBTopiB. Tomy posnin Oyae Oa3zyBaThcs Ha 3arajJilbHOMy OIMCI €BOJIIOIIIT
apxitektypy YOLO 3 wmomeHty Bepcii YOLOvVS, OCKUIBKM caMe BOHa
BUKOPHCTOBYBAJIACh B ONEepeIHbOMY po3/iii mpu nopiBHsHHI 3 Faster R-CNN.

VY cBoto uepry, mozens YOLOVS, peanizoBana 6e3Mocepe/lHb0 KOMaHIO0
Ultralytics crana Binmem eBomromii (State of the art, SOTA) s 3amau
po3mi3HaBaHHS O0’€KTIB Ta pO3Mi3HaBaHHA O0’€KTIB y peanbHOoMy uaci. [lompu
HEBEJIMKUI dYac ICHyBaHHS MOJIeJb BCTHTJIAa 3apEKOMEHIyBaTH cebe 30J0TUM

CTaHaapTOM, sIKa 10CsATa€ BUCOKHX MMOKA3HUKIB IO KIIOYOBHUM napamMcTpam.

2.2.2.1 Moaean YOLO v8

[TopiBHsiHO 3 monepenniMu Mojesimu cepii YOLO (takumu sik YOLO v5 ta
YOLO v7), anroput™m YOLO v8, sikuii Bunymennii komnanieto Ultralytics 10 ciuns
2023 poky, € BJOCKOHAJEHOI Ta MEPEJOBOI0 MOJEIUIII0, 10 MPOIMOHYE BHIIY
TOYHICTh Ta MIBUAKICTH BUsiBIIeHHS. CTpykTypa Mepexi YOLO v8 mpezacrasiena 3

xpeOTa, Ui Ta TOJIOBH, SIK MOKa3aHO Ha pUCYHKY 2.11.
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Pucynox 2.11 — Ctpykrypa mepexi YOLO v8

Xpebet (backbone) YOLO v8 BukopucroBye monudikoBany CSPDarknet53
[34] ax omopHy MeEpexy, a BXIJHI O3HAaKH JUCKPETU3YIOThCS M'SITh pa3iB s
OTPUMAHHS M'SITH O3HAK PI3HOrO MacwTaly, skl mo3HadaeMo sik B1-BS. Ctpykrypy
OIIOPHOI MEPEeXkKi MoKa3aHo Ha pUCYHKY 2.14 y 30Hi (a). Moayis Cross Stage Partial
(CSP) B opurinanbHiii omopHiA Mepexi 3amiHeHo Ha moaynb C2f, 1 cTpykrypa
monayiis C2f mokazana Ha pucyHky 2.14 y 30Hi (f), e n mo3Hayae KUIbKICTh BY3bKHX
Micib. Moayne C2f BUKOPUCTOBYE IpaJi€HTHE IITYHTOBE 3'€ THAHHS JUIS 30araucHHs
1H(OpMAIITHOTO TMOTOKY MEpeXl BHIYYEHHS O3HAK, 30epiraroyu Mpu LbOMY
HeBenuKy Bary. Moayns CBS BUKOHYeE omepaliiio 3ropTKd BX1JHOI 1H(opmanii 3
MOAJIBIION0 TTAKETHOIO HOPMAJIi3aIli€ro 1, HAPEeIlTi, aKTUBYE 1HGOPMAIIITHII TTOTIK
3a gonomororo SiLU ang oTpumaHHS BUXIZHOTO pe3yjbTaTy, K IOKa3aHO Ha
pucyHKy 2.14 y 30Hi (g).

MarictpanbHa Mepeka BUKOPHCTOBYE MOAYJb LIBHUAKOTO MPOCTOPOBOTO
nipamiganbHOro o0'eqHanHs (spatial pyramid pooling fast, SPPF) nns 06'ennanus
BX1JTHUX KapT 00'€KTIB y KapTy (DIKCOBAHOTO pO3MIpY MJIs aAANITHBHOTO BUBEICHHS.
[TopiBHSIHO 31 CTPYKTYpOIO MPOCTOPOBOrO TipaMifaibHOTO 00'eqHaHHs (spatial

pyramid pooling, SPP) [35], SPPF 3MmeHniIye 00uncitoBaibHi 3yCHIIIS 1 Ma€ MEHITY
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3aTPUMKY 3aBJIIKH TMOCHIZIOBHOMY 3'€IHAHHIO TPhOX MAaKCHMAJIbHUX LIApiB
00'eTHaHHS, K MOKa3aHO Ha pUCyHKY 2.14 y 30Hi (d).

[Ipu BpaxyBanui HapoOok PANet [36], mepexxa YOLOV8 po3pobiena 3i
ctpykTyporo PAN-FPN nHa mmwmi (neck), sx moka3zano Ha pucyHky 2.14 y 3oHi (b).
[Tpu mopiBHsAHHI 31 cTpykTyporo mmi moxenet YOLOvS 1 YOLOv7, moxpens
YOLOVS8 ycyBae onepaliiito 3ropTKH IMicys MiABUIIEHHS IUCKpPETH3allii B CTPYKTYypi
PAN, mo 30epirae mo4yarkoBy NpOIyKTUBHICTH MPHU CIpoIneHHl mojaen. P4-P5 ta
N4-N5 BUKOPUCTOBYIOTBCS MAJIsi MO3HAYCHHS JBOX PI3HUX IIKan o3Hak y PAN-
ctpykrypi Ta FPN-ctpyktypi mozemi YOLOvS BigmoBiguo. Tpamumiiino FPN
BUKOPUCTOBYE TiaXia "3Bepxy BHU3" Uil Tmepedadi TJIMOOKOT CEMaHTHYHOL
iH(popmartii. FPN nokpaniye ceMaHTHUHY 1HPOpPMALIII0 03HAK HUISIXOM 00'€ THAHHS
B4-P4 ta B3-P3, ane npu iboMy BTpavyaeThcsi YacTUHA 1H(OPMAITIT PO JIOKaITI3aIli 0
o0'ekta. I1[06 Bupimmtu 10 npoodnemy, PAN-FPN nomae PAN no FPN. PAN
MOKpalye BUBYEHHs 1HGOpMaIIii Mpo Miclie3HaX0/KeHHs, 00'eanytoun P4-N4 1 P5-
N5 mns peanizamii mokpamieHHs nuisixy B HusxigHid ¢opmi. PAN-FPN Oynye
MEPEKEBY CTPYKTYypy 3BEpXy BHHU3 1 3HH3y Bropy, sKa pealizye
B3a€MOJIONIOBHIOBAHICTh TMMOBEPXHEBOT TMO3UIINHOI 1H(OpMaIii Ta TIMOOKOT
CEMaHTH4YHOI 1HQoOpMaIlii 3a JOMOMOrOK 3JUTTA O3HAK, IO NPU3BOJUTH [0
PI3HOMaHITHOCTI Ta IOBHOTH O3HAK.

Yactuna BusBieHHs wmojaemi YOLOvVS BUKOPHUCTOBYE BiIOKpPEMIICHY
CTPYKTYpY TOJIOBH, SIK MOKa3aHO Ha pUCYHKY 2.14 y 30Hi1 (€). Y BiIOKpeMIICHII
CTPYKTYP1 TOJIOBH BUKOPUCTOBYIOTHCS JAB1 OKpeMi TUIKH i Kitacudikaiiii 00'eKTiB
1 TPOTHO3YBaHHS perpecii rpaHuyHoro mojst. Jlisg 1uxX JBOX THIIB 3aj1a4
3aCTOCOBYIOThCS pi3HI PyHKIIT BTpaT. s 3a1aui kiacudikailii BAKOPUCTOBYEThCS
OiHapHa mepexpecHa eHTporiiiHa BTpara (binary cross-entropy loss, BCE Loss). Jlns
3aaul  perpecii 3 OOMEXEHHSM NPOTrHO30BAHOTO TMOJS BUKOPUCTOBYIOTHCS
po3noauneHi GpokanpHi BTpaTtH (distribution focal loss, DFL) [37] Ta CloU [38]. Taka
CTPYKTypa BUSIBIICHHS JTO3BOJISI€ TIABUIIUTH TOYHICTH BUSBJICHHS 1 MPUCKOPHUTH

301kHICTh Mozeli. Moaenb YOLOVS no3uIiionyeThes ik MOJIENb JeTeKTyBaHHS 0e3
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SKOpSI, SIKa CTHCIIO BU3HAYa€ TMO3WTHUBHI Ta HETaTWBHI 3pa3ku. Moxens YOLOVS
Takox BUKopucToBye Task-Aligned Assigner [39] mjs TMHAMIYHOTO MPU3HAYEHHS

3pa3KiB, IO MOKPAITy€ TOYHICTh BUSBIICHHS Ta POOACTHICTH MOJIEII.

2.2.2.2 Moaear YOLOV9

Januit po3ain 6a3zyeThcsi Ha 3araigbHOMYy omuci Moaen YOLOvV9 nHa caiirti
po3poOHMKAa Ta 3BOPOTHOI I1HXKEHepii (reverse engineering) KOIYy MOIYIIB 3
nyonigyHoro GitHub peno3utopito. ApXiTekTypa CKIAJa€eThCsl 3 JABOX OCHOBHHX
yacTuH: xpedta (backbone) ta ronosu (head), B monepenHix Bepcisix Mozeni Oyia
mie gactuHa neck, mo B YOLOV9 06’eqnana 3 head.

[lepmr Hixk po3risinatu MepexkeBy cTpykTypy YOLOVY HeoOXiaHO B3SITH 10
yBarm TEXHOJOTII0 MepenapaMerpu3auii (re-parameter), sika € BiJIOMOIO
TexHoJIoTi€r0 (Hanpukiag, B onepailii FuseCon anroputmy YOLOVS).

[TepenapameTpuzailisi € MEpEKEBOIO CTPYKTYPOIO, KA ONTUMI30BaHA 3 TOUKH
30py €(pEeKTUBHOCTI Ta MPOAYKTUBHOCTI MEPEKEBUX apXITekTyp. OCHOBHa ijes
nepenapaMeTpusailii mojsrac y BUKOPUCTaHHI KUIBKOX TUIOK (HaMpHKIIaa KUIBKOX
mapiB Conv) miJ yac HaBYaHHS, 00 30UTBIINTH HUIAX IPAIEHTHOTO 3BOPOTHHOTO
3B’SI3KY. 3NUTTS BUKOHYETRCS T 9ac (pa3u BUCYBaHHS BUCHOBKIB, JUTsl 3SMEHITICHHS
KUTBKOCTI OOYHCIICHB 1 TIBHIICHHS e(DEKTHUBHOCTI PO3PaXyHKIB.

IIpu posrmsami 3roptku  (Conv) Ta makeTHoi HopMamizamii (Batch
Normalization, BatchNorm2d, BN) ctae 3po3yminum, 1110 1miap 3ropTKyA Hacmpasii
€ orepari€io BUy y = ax + b.

Ha erami HaB4aHHS OCHOBHA OTepallisi CKJIAJAEThCS 3 IBOX YaCTHH: 3rOPTKa
Ta MakeTHa Hopmaum3aiisa. Omneparltisi 3ropTku HaBeieHa y hopMyIIi:

X = conv.weight * xconv. bias, (2.8)
ne

conv.weight — Bara 3ropTKu;

xconv. bias— 3MileHHs 3TOPTKH.
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[TakeTHa HOpMaJTi3allis HaBeeHa y GOpPMYIIi:

x;j—bn.mean

Vbnuvar+bn.e + bn. '8 (2'9)

X =bn.y*

ne
bn. mean — cepeane 3HaueHHS (BiANOBIAae running mean y BatchNorm2d);
bn.var — e qucnepcis (Biamoimae running var y BatchNorm2d);
bn.y, bn. [ — BignoBigaroTh Ba3i Ta 3cyBy y BatchNorm2d BinmosigHo;
bn. e — encinon (eps y BatchNorm2d).
Ha erami ¢opMyBaHHS BUCHOBKIB MO>KHA BIAMOBITHO KOHCOITyBaTH Conv i

BN, y Toli e yac nmapaMeTpu noTpiOHO MOBTOPHO 31CTABUTH HACTYIMHUM YUHOM:()

bn.yxconv.weight bn.yxconv.bias
== IZ s x + X202 4 b B (2.10)
Vvbn.var+bn.c vbn.var+bn.e

Sk 1 BuIEe BBeAEHI KOe(ileHTH (POPMYIOTh HOBY Bary Ta HOBE 3MIILICHHS
BIJIIIOBIIHO.

3aranpHa apxitektypa YOLO v9 npointoctpoBana Ha pUCYHKY 2.12.
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Hanani po3rissHeMO CKJIaJ0Bl YaCTHHU apXITEKTypH OOpaHOi MOl s

3a0e3neyeHHs] €QEeKTUBHOCTI MOAANBUIOTO PO3POOJIEHHS HOBOI TEXHOJOTIT s

JIOCSITHEHHSI METH JTUCEPTAI[IHHOTO TOCTIKCHHS.

Posrnsnemo map Conv2d (k, s, p, ¢). Ha cxemi map Conv2d (k, s, p, ¢)

BIJINIOBIZIa€ OJTHOMY 3TOPTKOBOMY Iiapy 3 aBoBuMipHuM siipom (2d Convolution

layer), o peanizye omnepartito 3roptku " * ", ne mapamerpu: k — kernel size, 3anae
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po3Mmip sipa 3ropTKU; s — stride, BU3Hauae Kpok 3ropTku; p — padding, Biamosigae
3a 3aIIOBHEHHSI €JIEMEHTIB 11032 OCHOBHOIO MaTpHIIEt0; ¢ — channels, 3aa€ KIJTbKICTh

KaHaJIiB (KapT 03HAK) 3TOPTKH.

Conv
k; s, pc

Conv2d
K Sy C

BatchNorm2d

SiLU

Pucynok 2.13 — Ctpykrypa 610Ky Conv

bnox Conv (k, s, p, ¢) ckinamaerbes 3 TpboX ImapiB (pucyHok 2.13): mrapy
Conv2d (k, s, p, ¢), mapy nopMmamizaii BatchNorm2d Ta mapy akrtusamii SiLU.
[Taketna HopManizauis (Batch Normalization) mae Ha MeT1 3MEHIIMTH BHYTPILIHINA
3CyB KoBapialii (covariate shift) 1 Takum YMHOM IPUCKOPUTU HABYAHHS TIIMOOKUX
HEeHpOHHUX Mepex. Lle mocsiraeTbcst 3a JOMOMOIrO0 KPOKY HOpManizarii, SKui
Gbikcye cepenHlI 3HAYCHHS Ta JAWCHepcii BXigHUX JgaHux ImapiB. IlakeTHa
HOpMaJTi3allisl TaKOX TO3WTHUBHO BIUIMBAE HA MOTIK TPAJIEHTA 4Yepe3 MEPEKY,
3MEHILYIOUH 3aJIEKHICTh TPAJIEHTIB BiJl MaclITady nmapaMeTpiB ado iX MOYATKOBHUX
3HaueHb. Lle 103BoMsi€ BUKOPUCTOBYBATH HA0AraTo BHUII BUIKOCTI HABYaHHS 0€3
pu3uKy auBepreHiii. KpiMm Toro, makeTHa HOpMaii3allis BIOPSAKOBYE MOJENb 1
3MeHIye noTpely y mapax BiaciBy (Dropout layers). 3acTocoBy€eThCs 11ap MaKeTHOT

HOpMaJTi3allii HaCTyITHUM YHHOM 11 MiHi-makeTiB (mini-batches) B:

x; = XMp (2.11)
/af;+€
yi =v% + B = BNyg(x;) (2.12)

ne Y, 5 — 3MIHIOIOTHCS 11T YaC HaBYaHHS.
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Curmoinni muiai omamuuii SILU (Sigmoid Linear Units) e dyHKisMu
aKTUBAIIll JJ11 HEUPOHHUX Mepex (pucyHok 2.14). AktuBaiig SiLU o0uucioeThes
3a TOTIOMOTOF0 CUTMOITHOT (DYHKITIT, TOMHOKEHO1 Ha 11 BXII:

SiLU(x) = xo(x) (2.13)

o Rel U SiLU

Pucynok 2.14 — @ynxkuig aktusauii SiLU B nopiBHsHHI 3 ReLU

bnox RepConvN. Ilpuainumo yBary npoiecy HaB4aHHs (pucyHok 2.15). ITin
yac BUHECEHHS BUCHOBKY BUKOHYEThCS Tepernapamerpusaiis (fuse convs). Y uei
yac convl, conv2 MOBTOPHO MapaMeTPU3yIOTHCS Ta IEPETBOPIOIOTHCS HA OTIEPAIIII0

conv.

Convl

Conv2 Act >

™
Y

Wa
S

BatchNorm2d

Pucynok 2.15 — Ctpykrypa 610Ky RepConvN

bnox RepNBottleneck. Ctpykrypa 6moky RepNBottleneck 300pakena Ha
pUCYHKY 2.16.
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Pucynok 2.16 — Ctpykrypa 610Ky RepNBottleneck

bnox RepNCSP. Ctpykrypa 6110ky RepNCSP 300pakena na pucysky 2.17.

EI—
— RepNBottleneck | ~~~777 RepNBottleneck

\ J

Concat H Conv '—*

Pucynok 2.17 — Ctpykrypa 610Ky RepNCSP

bnox SPPELAN. lle#i monynb TpeACTaBise MiAXiJ 0 arperamii mapis
[IUIIXOM BKJIFOUEHHS MTPOCTOPOBOIO TipaMigainbHoro 06'ennanns (Spatial Pyramid
Pooling SPP) B ctpyktypy ELAN.

ELAN (Efficient layer aggregation network). EdextrBHa Mepexa arperaitii
PIBHIB € CTpATEri€l0 MPOEKTYBAaHHS MEPEXKEBOI CTPYKTYpH, sfKka Oyja BIepIIe
3anponoHoBaHa B cTaTTi «IIpoekTyBaHHS cTpaTerii MpOEKTYBaHHS MEPEXI uepes
anam3 nusixy» [40]. IIpoexkTyBaHHS CTPYKTypH HEHMPOHHOT MEPEXi B OCHOBHOMY
MIOJIITISIETHCSI HA JIBA TUIIN: MPOEKTYBAHHS HAa OCHOBI NIISXY JaHHUX 1 MPOEKTYBAaHHS
Ha OCHOBI rpagieHTHOro nuiaxy. ELAN BUKOHye BiANOBIJHE MPOEKTYBAaHHS Ta
ONTHUMI3allll0 HAa OCHOBI CTpaTerii NPOEKTYBAaHHS TIPAIIEHTHOTO KOHTYpY,
30CEpPe/KYEThCS HA MaKCUMI3allll JKepena IpajieHTa Ta 30araueHH1 rpai€HTHOTO
KoHTypy. HacmpaBmi 1151 cTpareris Bxke Oyna peanizoBana B momnepeaHix ResNet 1

CSPNet. Ctpykrypa CSPNet, ELAN ta GELAN 300paxkeHo Ha pucyHky 2.18.
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Pucynok 2.18 — Ctpykrypa CSPNet, ELAN ta GELAN

bnox SPPELAN nounHa€eThCs 31 3rOPTKOBOTO MIAPY, SIKUM KOPUTYE PO3MIPU
KaHaJly, TICJS YOr0 BHUKOHYEThCSA CEpisl omepariil mpocTopoBoro o0'€qHAaHHS IS
3axOIUICHHS Pi3HOMACIITaOHOT KOHTEKCTHOI iH(opmariii (multi-scale contextual
information). BuxiaHi 1aHi 00'€IHYIOTBCS 1 IPOXOAATH YEPE3 LIE OJIUH 3TOPTKOBUI
map JiJisi KOHCOiAaIli 03HaK, ONTUMIZYIOUH MOXJIMBOCTI MEPEX1 I JETaIbHOTO
BUJTYYCHHSI O3HAK 3 PI3HUX MPOCTOPOBUX 1€papXiH.

Apximexmypa GELAN (General efficient layer aggregation network),
aHoHcoBaHa pa3oMm 3 YOLOV9, o0'ennye rpamientHy edextuBHicTh CSPNet Ta
OpIEHTOBaHy Ha MIBUAKICTh apXxiTekTypy ELAN B enunuii (QpeldMBOpK, SKHii
HNIATPUMYE IUPIIUA CHIEKTP OOUYMCIIOBAILHUX OJOKIB. Taka THYYKICTh J103BOJIsIE
YOLOVY anantyBaTucs A0 pI3HUX OOYHUCITIOBAILHUX CEPEJOBUIN 1 3aBllaHb,
30epirarou BUCOKY TOYHICTD 1 IBUJIKICTb.

bnok RepNCSPELAN4 (pucynok 2.19) siBiisie co0010 BJOCKOHAJIEHY BEPCIIO
CSP-ELAN, sika crnpsMoBaHa Ha TOJAJBINY ONTHUMI3AII0 TPOIECY BUIIICHHS
o3HakK. Lleil KOMIOHEHT po3/iIsi€ BX1/AHI 1aHl 3 TOYaTKOBOI'O 3rOPTKOBOTO HIapy Ha
JIBa MLISIXHM, 00po0sie KoxKeH 3 Hux 4yepe3 cepito RepNCSP 1 3ropTkoBux mapis, a
noTiM o0'eqHye ix Hazaa. Llg gBomwisxoBa cTpareris mosermnrye eGeKTHBHUMN
IpaJlEHTHUN TMOTIK 1 MOBTOPHE BUKOPUCTaHHS (YHKIIH, 3HAYHO MI1JBUIILYIOUH

e¢heKTHBHICTh HABYaHHS MOJENl Ta IIBUIKICTh OTPUMaHHS BHCHOBKIB,
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3a0e3neuyoud TauOuHy O0e3 o0YucaoBabHOTO IITpady, SKUM 3a3BHYal

ACOLII0ETHCSA 3 MABUIIEHOIO CKIAIHICTIO.

ensg L ensop ¥ T e W
I |
i i
A0 | A1 ' Ao | A1 | BO H Ao | A1 | Bo | co
i i
L 1
X T 1
Conv Chunk H RepNCSP+Conv : RepNCSP+Conv ‘ Concat Conv
i i
! Y ! T i T
e ___2 | I | S 1
YactuHa Al YactuHa BO

Pucynok 2.19 — Ctpykrypa 610ky RepNCSPELAN4

bnok CBLinear. Ctpykrypa 610ky CBLinear HaBefieHa Ha pucyHky 2.20.

4" Conv H Split H H H H‘
[}

I
! (N, €O, H, W) (N, C1,H W) (N, Cn, H,W)
I
]

_ AD L

CO+Cl+..+Cn=C

(N, C, H, W)

Pucynok 2.20 — Ctpykrypa 610ky CBLinear

bnox CBFuse. Bxin Bepxuporo piBas CBFuse (pucynok 2.21) — CBLinear.
Koxen Bukink CUFuse € yacTMHOIO BXIJIHOTO TE€H30pa, a HE arperaiicro BChOro

TEH30pa.

— Interpolate

xs[1]
— Interpolate I stack H SUM ’——b

xs[n-2]
— Interpolate '—

xs[n-1]

Pucynox 2.21 — Ctpykrypa 610Ky CBFuse
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2.2.3 KommuiekcHa GpyHKILisi BTpPAT

Oyukuis BTpar YOLO € KOMIIEKCHOIO, uyepe3 OaraToMipHICTh 3aaadyi
po3Mi3HaBaHHA 00’ €KTIB, Ta CKJIAIA€ThCS 3 TPhOX (PYHKIIIM BTpaT JJIs KOXKHOI 31
CKJIaIOBUX Mi/3a/1a4y, KO’KHA 3 SIKUX B CBOIM MPHUPOJI OCHOBaHa Ha (YHKII cymi
KBaJIpaTHYHUX IMOXHOOK (sum-square error, SSE):

LossYolo = Lossconfidence + Losslocalization + Lossclassification,
zie

Lossconfidence - ¢hyHKIlis BTpaT OI[IHKY KIMOBIPHOCTI MPUCYTHOCTI 00’ €KTa
(confidence loss);

Losslocalization - gynkiis Brpat nokamizamii (localization loss);

Lossclassification - dyunkuis BTpat kinacudikaiii (classification loss).

Bmpamu oyinku iimogipnocmi npucymuocmi 06 ’ekma. 3aBISIKA Tapagurmi
YOLO 3 mopiaeHHsAM 300pakeHHS Ha CITKY OJIOKIB-KJIITHHOK, MEpexka IeHepye
BEIIMKUN HAOIp KIITHHOK, SIKI HE MICTATH >KOJHOr0 00'€KTa, TOMY Il KIITHHKH
OTPUMYIOTh HYJIBOBY OIIIHKY JOCTOBipHOCTI. J[Jis OUIBIIOCTI 3ajay, Il MOPOXKHI
KJIITHHKH TIEPEBAXKAOTh HAJl TUMH, 110 MICTATh 00'€KTH, TUM CaMUM IIEPEKPHUBAIOUN
iX BTpaTu Ta rpaaieHt. [{ns BupimeHHs wiei npodiaemu anroput™ Y OLO 3MeHmye
BTpaTU TPOTHO3IB 3 HHU3BKOKO JIOCTOBIPHICTIO, BCTAHOBJIIOIOUU TiNeprapaMmeTp
Anoobj (mapameTp A KEpyBaHHSM MPOIECOM HaBYaHHS ) BCTaHOBMIOEThCS (.5.

[Ilo6 rapanTyBatH, 1m0 (GYHKIS BTpAT JOCTOBIPHOCTI CHJIBHO MEpeBa)Kae

GbyHKIIIST BTpAT KIITUHOK, SKI MICTATH 00'€KT (TOOTO HaBUaHHS (POKYCYEThCS Ha
. .. . obj
KJIITUHKAX, SIKi MICTATH 00'€KT, a HE TIOPOXKHIX), BBEIEHO MacKy 1, i 7.
obj
1% ] _

o= 1, axwo 06 ekm icnye 6 i — Ul KIIMunHyi ma j —

Ul pamKa 8i0N0sioac 3a 1020 BUSBIeHHS

abo

1obj _

ij 0, iHaK1Ie
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AHaJIOT1YHO, 100 3MEHIIMTH BTpaTH JJIi TOPOXKHIX  KJIITHHOK,

noobj
ij

BCTAHOBIIOEThCI Macka 1

1?].00“ = 1, 9KII0 B KJIITHHI HEMAE 06’ €KTa
abo
1?].00“ = (, iHaK11e.
Lle pobuTth BTpaTy AOBIpH HACTYITHOIO:
Lossconfidence = Zfz ZJB 1?jbj(ci - E})Z +
Mnoonj 25 X 100 (¢, — §)? (2.14)
i (S
B — MHOXHHA 00MEXYBAJIbHUX PAMOK OJHIET 3 S2 KIIITHHOK
c; Ta E}— peanpHa Ta IMepeadayeHa OIIHKA HAsBHOCTI 00’€KTa B JaHii
KJIITUHII.

Bmpamu nokanizayii. CyMa KBagpaTHUYHHUX MOXMOOK TaKOX BHPIBHIOE
MOXUOKY y BEJIMKUX 1 MaJTUX 00OMEXYBaJIbHUX PaMKax, [0 TAaKOXK HE € 1/I€AJIbHUM,
OCKIJIbKA HEBEJIMKE BIAXUJIEHHS OUIbII MOMITHE Y MEHIIIN paMmili, HIXK y OUIbLIINA.
{06 BupimmuTu 1110 TIpoOIemMy, YOLO nporHo3ye kBaapaTHU KOPiHb 3 KOOPJIUHAT
BHUCOTH Ta IMAPUHU 3aMiCTh 0€3M0CEepETHHFO BUCOTH Ta ITUPHUHH.

Kpim Toro, ¢ynkiis BTpar mrpadye 3a MOMUIKY JOKaIi3aiii JUIIE s
nepeadauyeHoi 0OMeXyBaIbHOI paMKH, sika Ma€ HaiBuILy loU 3 peanbHOIO pamMKOIO
(3 PO3MITKH) Y KOXKHIM KJIITHUHI CITKH, 1100 30UIBIIWTA BTPATHU JJIi KOOPAMHAT
paMKH 1 O17IbIIIe 30CEPEUTHUCS Ha BUSBIICHHI 00’ €KTa, BCTAHOBIICHO TileprapameTp
Acoord = 5.

Taxum unHOM, QPyHKIIISI BTpAT JIOKaTi3alii Ma€ HACTYITHUNA BUTJISL;

2 bj ~ ~
LOSSconfidence = Zf Z? 1?]' ][(xi - x])z + (yi - y])z] +

HAoora 2y XF 1071 R - \/hif +(fwi —yw)? (2.15)
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Bmpamu  xknacugixayii. Hna ¢ysxuii Brpar knacudikamii  YOLO
BUKOPHCTOBYE CYMYy KBAQJpPaTUYHUX TOXHMOOK JJIg TOPIBHSHHS YMOBHHX
iMoBipHOCTEH pi(c) /U Beix kiaciB. DyHKINS MOMHIKA BpaxOBYBaJia MOMHIJIKY
kiacudikaiii Jdie TOAl, KOJU OO0'€KT NPUCYTHIH y KIITHHII CITKH, TOMY

obj
BHUKOPHCTOBYETHCA MacKa 1i :
2 bi S
Lossclassification = le 1?]' ! Zg (pi(c) - pl(c))z ’ (2-16)

e C — MHOXKHHA BCiX KJIACIB.
2.3 Onuc BJaacHoi TexuoJorii YOLO v9 P

3roptkoBa HelipoHHa Mepexka YOLO v9 € Haiicy4acHIIIOI TEXHOJIOTIE0
BUSBJICHHS OO0'€KTIB 1 BpaxoBye pi3HOMacmITabHy Mpupoay  0O'eKTiB,
BUKOPUCTOBYIOUM TpU IIApW BHUSBJICHHS MaclITady Uil PO3MILIEHHS OO'€KTiB
pizHoro macmtaby. OmgHak 300paxkeHHs, orpumani bnJIA, matorTe mpobiemu 3i
CKJIAAHUM (DOHOM 1 BEIMKOIO YaCTKOIO ApiOHMX 00'exTiB. Lle mpu3BoauTh 10 TOTO,
mo cTpykrypa BusBiaecHHS YOLOVY He BiAmoBiac BHMOTaM BHSBJICHHS B
cueHapisx aepodoto3itoMku 3 briJIA. [I[o0 mom'aKIMTH BUIlE3TraiaHi mpooiemMu, B
uii po0oti BukopucTtoByeTbcst YOLOV9O sk 6a3oBa Moaenb 1 BHKOHYETHCA
ONTHUMI3allisi MOJIEN1 3 TOUKH 30py (YHKIIIT BTpAT Ta MEXaHI3My yBardu.

OcHOBHI 171€1 cTpaTerii MOKpalleHHsI MOJATal0Th Y HACTYITHOMY:

— moaynib WIoU v3 BUKOPHCTOBYETHCA SIK 0OMEXYBau perpeciiHuX BTpaT i
BKJIIOYa€ B ceOc¢ AMHAMIYHMM HEMOHOTOHHHH MEXaHi3M, IO HAJa€ PO3YMHY
CTpPATET1I0 PO3MOLTY I'PaJIEHTHOTO MOCUIICHHS, SIKa 3MEHIIY€E TOSIBY BETUKHUX a00
IIKIJJIMBAX TPAJIIEHTIB BiJl eKCTpeMalbHUX BUOIpOK; Moayiab WIoU v3 Oinbie
dokycyeTbcs Ha BHOIpKax 3BHYAHHOI SIKOCTI, TMM CaMHUM TMOKpAIIYIOYU SK
3IaTHICTh MOJIE1 10 y3arajJbHEHHS, TaK 1 3araJibHy MPOAYKTUBHICTD;

— B OINOPHY MEPEXY BBOJAUTHCS TUHAMIYHUN MEXaHI3M PO3PIHKEHOI yBaru

Moayib BiFormer, skuii 3MeHIIye OOYHCIEHHS Ta CIOXHUBAHHS MaM'sTi,
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3aMOBHIOIOYN OUIBIIICTh HU3bKOPEJIIEBAaHTHUX oOsacTed Ha rpadi O3HAK, a MOTIM
3BepTa€ yBary Ha BHCOKOpEJIEBAaHTHI O3HaKHW; MOoAyib BiFormer mokpaiiye yBary
MOJIeJ 0 KITF0UOBOi iH(opMaIlii y BXiJTHAX O3HAKAX 1 ONTHMI3ye e(EKTUBHICTH
BUSIBJICHHS MOJIENI,

—Ha ocHOBI FasterNet [45] 3ampornoHoBaHo e(heKTUBHU OJI0K 00pOOKH 03HAK
Perception FasterNet Block (PFNB), sikuii BUKOpHCTOBYE MEHIIE OOUYMCICHb Ta
3BEpHEHbB JI0 MaM'sATi mig 9yac podotu; Ha ocHoB1 PFNB 0yino po3po0bieHo nBa HOBI
I1apy BUSIBJICHHS.

3anponoHoBaHa 6araTomaciTabHa Mepexa 3JIUTTS 03HAK POOUTH MOBEPXHEB1
O3HAaKM 1 MIMOOKI O3HAKU TOBHICTIO B3a€MOJIOTIOBHIOIOUMMH, IO €(HEKTUBHO
nokpairye eeKT BUABJICHHS MOJENI Ha ManuXx 00'ekrax. OCTaTOYHy MOKpAIlEeHY
MepexxeBy Mozenb YOLOvV9-P 1 3aranpHuit ¢peiMBOpK MoOeNli IMOKa3aHO Ha
pPUCYHKY 2.22, e sl TIO3HAYEHHS PO3MIpPIB 00'€KTIB BUKOPUCTOBYETHCS PO3MOLT
Ha TUIK 00'€KTIB 32 po3MipoM Ha 300paxkeHH1: Benuki (80% 300paxeHHs), cepe/Hl
(40% 300paxkenHs), mami (20% 300paxenns), X-maini (10% 300paxkenns) Ta XX-
Maii (5% 3o00paxeHHs). Y I0CKOHAJIEHa MOJIeNIb 3MIHIOE TIOYaTKOBE 3-MaciiTaOHe
BUSBJICHHS Ha S5-macimTaOHe, Mo e(PEKTHMBHO MOKpaIlye 3arajibHy ¢(heKTHBHICTH

BHUSIBJICHHST MOJI€JIl, 0COOJIMBO JJIsT MAJIMX 00'€KTIB.
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Pucynok 2.22 — 3aranpHa apXiTeKTypa 3alpONOHOBAaHOI BIOCKOHAJIEHOT Mozeni (3
BUJUICHUMHU CTPYKTYpPHUMU OJIOKaMHu, siKi BOyT0OBaH1 B po3po0JIeHE MTPOrpaMHe

pIILIECHHS)
2.3.1 IToxkpameHnHs pyHKUii BTpat

3amaya BusiBNEeHHS o00'ekTiB miag yac aepodoTosiiomkn 3 bBrJIA

YCKJIQJTHIOETHCS BHUCOKOK YacTKOK JpiOHUX 0O0'€KTiB, TOMY MparMaTU4YHO
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po3pobiieHa (QYHKIlIS BTpaT MOXKE CYTTEBO MOKPAITUTH €(PEKTHUBHICTh BHUSIBJICHHS
MOJIEII.

YOLOVY BuxopucroBye DFL ta CloU myis oGuucneHHst perpeciiHux BTpat
oOMexxyBaibHOI pamku, npote CloU mae Taki Henmomiku: no-mepire, CloU He
BpaxoBye OaslaHC CKJIaaHUX Ta mpoctux Bubipok. [lo-npyre, CloU BukopucroBye
CHIBBITHOILIEHHS CTOPIH SK OJUH 13 MTpadHUX MHOKHUKIB (DYHKIIIT BTPAT, 1 AKILIO
CHIBBIJIHOIIEHHSI CTOPIH pealbHOI Ta MPOTHO30BAHOI PaMKHU OJIHAKOBE, aje
3HAYEHHS HIMPUHU Ta BHUCOTH BIJIPI3HAIOTHCS, IITpapHUN MHOXKHUK HE MOXKE
B1JIOOpa3UTH peajibHy PI3HUII0 MK IUMHU IBOMa pamkamu. [lo-Tpete, obuncnenHs
dbopmynu CloU nependadae BUKOPUCTaHHS 00€pHEHOT TPUTOHOMETPUYHOT (PYHKIIII,
10 30UIbIIIyE MUKIOMATUTYHY ckianHicTh moneni. @opmyna CloU HaBenena y

piBHsHHI 2.17:

wyt

)
(ew)2+(ch)? K9t

L =1-1oU +
CloU et (Ch)z

4 w

+ = (=7 — " ) (2.17)
ne

loU — xoedilieHT nepeTuHy Haja 00'€THaHHIM, KOS(DIIIEHT MEPETUHY PaMKU
nepea0ayeHHs 1 paMKU peanbHOro 00’ €KTa,

p2(b,b9") — eBkmizoBa BiACTaHb MiXXK ILEHTPOITAMHM pEaNbHOI PAMKH i
IIPOrHO30BaHOI;

h Ta w — BucOTa 1 mUpUHA TPOTHO30BAHOT PAMKH;

h9t i w9t — BucoTa i mmpHHA peabHOT PAMKHU;

cp Ta dc,, — BUCOTA 1 MIUPUHA MIHIMAIBHOI OXOIUTIOIOYOT paMKH, YTBOPEHOI

PaMKOIO MPOTHO3Y 1 pEaIbHOIO0 PAMKOIO.

Jlesiki 3 mapameTpiB, 110 BXOJATH 0 PiBHSAHHSA 2.17, MOKa3aHO Ha PUCYHKY

2.23.
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p(h, h¥%)

il wat

- hat

ch } p(w, wet)

Pucynok 2.23 — CxemarnuHa fiarpama rnapaMerpiB (QyHKIIIT BTpaTH

EloU [41] Boockonaimoe CloU, po3risaaouu JOBKUHY Ta MIUPUHY OKPEMO
AK mTpadHi 4WieHH, M0 BiA0OpaKaroTh PI3HUIIIO B IIUPHUHI Ta BUCOTI MK peajbHOIO
Ta MPOTHO30BAHOIO0 PAMKaMH, 1110 € OUIbII OOTPYHTOBAHUM IMOPIBHSHO 31 ITpadhHUM

yineHoMm CloU. ®opmyna nist oouncienns EloU mae Burmisi:

p?(b,p9)  p*(wwIt) + p?(h,h9t)
(ew)?+(cpn)? (ew)? (cn)?

JlexoTpi 3 mapameTpiB, 1110 BXOJATH 10 piBHAHHS (2.18), moka3aHi Ha pUCYHKY

LEIOU == 1 - IOU + (218)

2.23. p?>(w,w9%) Ta p?(h, h9') nos3HayarOTh E€BKIiNOBY BiJICTaHb MO LIMPHHI i
€BKJIIZIOBY BiJICTaHb MO BHUCOTI MIX pPEAJbHOI PAMKOI 1 PaMKOK MPOTHO3Y,
BIJIIIOBIIHO.

SloU [42] Bmepiie BBOAWTH KYT MIDK TPOTHO30BAHOI Ta pPeabHOIO
obmactsamu sk mrpaduuit dakrop. [lo-nepire, BUXOAI9n 3 BEIMYUHA KyTa (SIK Ha
PUCYHKY 2.23, 6 Ta ) M’k IPOTHO30BAHOIO Ta PeajJIbHOI0 00IaCTSIMH, IPOTHO30BaHA
00J1acTh MIBUAKO PYXAEThCSA A0 HAMOIUXKYOI OCI, a MOTIM perpecye A0 peaabHOl
obnacTti. SloU 3meHIIye cTyneHi cBoOOAM perpecii 1 MPUCKOPIOE 301KHICTh MOJIETI.

VY Tol yac SK KUIbKa OCHOBHMX (PyHKLINH BTpaT, MPEACTABICHUX BHILE,
BUKOPUCTOBYIOTh CTaTUYHUI MexaHi3M (okycyBaHHs, WIoU He TUIbKH BpaxoBye

acreKT, MDKIEHTPOBY BIJICTaHb 1 IUIONLy NEPEKPUTTS, aje TaKOXK BBOIUTH
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JTWHAMIYHUN HEMOHOTOHHHUH MexaHi3M ¢okycyBaHHsI. WloU 3acTtocoBye po3yMHY
CTpaTerito PO3MOJIIy Tpal€eHTa MOCUICHHS ISl OIIHKH SKOCT1 SIKIpHOT KOPOOKH.
Astopu Tonr Ta iH. [43] 3anpononyBanu Tpu Bepcii WloU: vl O6yno po3pobiieHo 3
ypaxyBaHHSM MPOTHO30BAaHMX BTpPAaT Ha OCHOBI yBaru, y v2 1 v3 npopanu
koediienTn gokycyBanus. WloUv1 BBoauTh BiACTaHb IK METpUKY yBaru. Komu
o0'ekTHUI ONOK 1 mepenOadyBaHUN OJOK MEPEKPUBAIOTHCS B MEKax IMEBHOTO
JianasoHy, mTpad 3a 3MEHUIEHHS T€OMETPUYHOI METPHUKU JI03BOJIAE MOJENI
OTPUMATH Kpallly 31aTHICTh J0 y3arajbHeHHs. Dopmyna anst po3paxyHKy Ly ou v1

HaBejieHa B piBHAHHAX 2.19 — 2.21:

Lwiov vi = Rwiou X Liou (2.19)
(b =be,)?+(bZ, ~bcy,)?

Ry 1o = exp( B+ ) (2.20)

LIOU = 1 _— IOU (221)

Oynkiis  WIoUv2 3actocoByerbest no WIoUvl msixom mnoOyaoBu
MOHOTOHHOTO Koedimienta pokycyBanus L*IoU, sixkuii eeKTUBHO 3MEHIIYE Bary
OpOCTUX TPUKIAAIB y 3HadeHHI Btpar. OpHak, BpaxoByrouw, 1m0 L*IoU
3MEHIIIYETHCS B MIPY TOTO, SIK Lj,; 3MEHIIYEThCA i 4ac HaBYAHHS MOJEN, 110
MPU3BOIUTL 10 CHOBUTBHEHHS 301KHOCTI, s HOopMamizarii L*IoU BBOguThCS

cepeaHe 3HaueHHs Ly, ;. @opmyna nis o6uucineHs Ly oy ,2 MA€ BUTIIAL:

Lo
Lwiovve = (L;OZ)Y X Lwrouviy > 0 (2.22)

WloUv3 Bu3Hauae BIAXUICHHS § JJI1 BUMIPIOBAHHS SIKOCT1 OIIOPHOTO KaJpy,
Oyye HEMOHOTOHHUM Koe(ilieHT (JOKYCYBaHHSI 7 HA OCHOBI f 1 3aCTOCOBYE 7 JI0
WloUv1. Mane 3HaueHHsA B BKa3y€e Ha BHUCOKY SIKICTh OIOPHOTO Kajapy, 1 Homy
MPUCBOIOETHCSA MEHIINM KOS(DILIEHT MACUIICHHS, 1110 3MEHIIY€E Bary BUCOKOSIKICHUX
OTIOpPHUX KaJpiB y OUIbMIiN QyHKINT BTpaT. Bennke 3HaueHHs f BKa3ye Ha CEPEaHIO
SKICTh aHKEPHOTO OJIOKY, 1 HOMY MPUCBOIOETHCS HEBEITUKHI KOS(IIEHT M ICUIICHHS
rpajleHTa, M0 3MEHUIY€E MIKIAJIUBI TPAIEHTH, Kl TEHEPYIOThCS HU3BKOSKICHUMU

ankepuuMu Onokamu. WIoUv3 BHUKOPHUCTOBYE pPO3YMHY CTPATETiI0 PO3MOALTY
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IPaJIEHTHOTO TMIJICWJICHHS JUIs JUHAMIYHOI ONTHUMI3aIlli Bark BHUCOKOSKICHUX 1
HESKICHUX aHKEepHUX OJIOKIB y BTparTax, IO 3MYIIye MOJACIb (OKYyCYBaTHCS Ha
3pa3Kax CepeaHbOI AKOCTI 1 MOKpaIIye 3arajibHy MPOAYKTUBHICTE Moieli. Dopmyru
WIoUv3 naBeneHo B piBHsAHHX (2.23)-(2.25). § 1 « € TimepnapamMeTpamH, sKi MOYKHA

HAIAIITYBATH I PI3HUX MOZeNeH

Lwiouws =7 X Lyiouvt (2.23)
B

r= (2.24)

g = Lﬁ € [0, +00) (2.25)

[TopiBHIOIOYM KUIbKAa OCHOBHUX (yHKIIM BTpar, OyJ0 BHPIIIEHO
BukopucToByBatd GyHKIII0 WIoUv3 mis oOumcieHHs perpeciiHuX BTpaT B
o0'exTH1i o0macTi. 3 oaHoro 6oky, WloUv3 BpaxoBye neski nepeBaru EloU Ta
SIoU, mo BiAMNOBiAa€ KOHIIEMIIII AU3aiHy ONTUMaIbHOT (YHKIIIT BTpaT. 3 1HIIOTO
ooky, WlIoU v3 BUKOpHCTOBY€E AUHAMIYHMI HEMOHOTOHHUM MEXaHi3M JJIS OI[IHKH
SAKOCT1 aHKEPHUX OJIOKIB, 1110 3MYIITYE MOJIeTb OiIbIe (OKYCyBaTHCS Ha aHKEPHHUX
0JI0Kax 3BUYANWHOT SIKOCTI 1 MOKpAILy€e 3/IaTHICTh MOJIEI JIOKaIi3yBaTH 00'€KTU. Y
3aayl BUsIBIEHHS 0O0'eKTIB miJ 4ac aepodorosiiomku 3 brnJIA Bucoka yacTka
npiOHUX 00'€KTIB 301NIbIIyE CKIaAHICTh BUsABICeHHS, 1 WloU v3 Moxke nuHaAMi4HO
ONTHUMI3yBaTU Bary BTparT JpiOHMX OO0'€KTIB, HI00 MOKpPAaUIUTH €(PEKTUBHICTH

BUSBJICHHS MOJIEI.

2.3.2 E¢exTuBHUI MeXaHi3M yBaru

EdexTtuBHuii MexaHi3M yBaru J03BoOJsie OynyBaTH HaJldHI Ta TMOTYXKHI
MOJIEJIl Ha OCHOB1 JaHUX, 110 POOUTH MOJENl OUIbII THYYKUMHU TIPU PpOOOTI 31
CKJIQHUMU Ta BEJIMKAMHU JaHUMH. MexXaHi3M yBaru mpairoe HACTYITHHUM YHUHOM:
CHOYATKy [X;, X5, X3, ..., X7| OTPUMYETHhCS MUISIXOM KOJYBaHHS TMOCIIJOBHOCTI
BXIIHHMX JaHuX [a;, a,, a3, ..., ar]. [loTiMm MaTpumi 3anutiB Q, knrodiB K Ta 3Ha4EHb

V, OTpUMYIOTECA 3a JOHOMOIOK MAaTpullb HiHilHUX mepersopens WO, WX Ta
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WYV BinnosigHo. OGuHCIIOETECS JOOYTOK Mi 3aIIMTOM 1 BiANOBIZHMM KIIOYEM,

MOTIM HOPMAaJTI3y€EThCS 1 MHOXKUTBCSA Ha MATPUIIO V 17151 OTpUMaHHS 3BayKEHOT CyMHU.
Benuunna dy mo3nauae BUMipHICTh MaTpulll K i /dK BBOAMTHCS IS TOTO, 100

3armo0IrTd 3HUKHEHHIO TpajieHTa pe3ynbrarTy. OOUYMCIEHHS MEXaHi3My yBaru
MO>KHa BUKOHATH 32 (HOPMYJIOI0:

T
Attention (Q,K,V) = softmax (%) |4 (2.26)

OpHak 3BUYAMHHMI MeXaHI3M yBaru Mae€ HEAOJIKH, MOB'A3aHI 3 BHUCOKOIO
OOUYHMCITIOBAILHOIO CKJIAJIHICTIO Ta BEJIMKMM BHUKOPHUCTaHHsAM mam'sti. Mogeni
BUSIBJICHHS], 1110 BAKOPHUCTOBYIOThCS HAa OopTax briJIA, oOmexeH1 B pecypcax, 1 AKII0
BBECTH 3BMYAWHUNA MOYJb yBaru Oe3mocepeqHbO B MOJEIb, BiH 3aiiMe OUIbIILY
YaCTUHY IATHOPMHU 1 3HU3UTH MBUAKICTh 1HGepeHiii Moaeni. 1106 moM’ skt
npoOJieMH 3 KIJIBKICTIO OOYMIICHh Ta HEOOX1THUM 00’€MOM IaM’sTi, JOCIITHUKU
3aMpONOHYBAJIM 3MEHIIUTH CIOKMBAHHS PECYpPCiB, 3aMIHUBIIU TJI00AJIbHI 3aITUTH
PO3PIKEHUMH 3allUTaMM, sIKI (POKYCYIOThCS JIMIIE Ha JEAKUX Mapax KIo4-
3Ha4YeHHs. ICHye 6arato CyMiKHUX pOOIT, 3aCHOBAaHMX Ha IIIH JTOCTITHULBKIN 17ei,
TaKWX 5K JJOKaJIbHA yBara, 1e)OpMOBaHa yBara Ta €KCIlaHCHBHA yBara, ajie BCi BOHU
€ PpYYHHUM CTBOPEHHSIM CTaTUYHMX TIATEPHIB 1 HE3AJIEKHOI B 3MICTY
pospimkeHocti. 11106 BupimmTu 1i npoOiemu, aBtopu Wky Ta iH. [44]
3alpONOHYBAJIM HOBHM MeEXaHI3M JAUHAMIYHOI PO3PIIKEHOI yBaru: JIBOPIBHEBY

MapHIpyTH3yIO4y yBary, Mpoiec poooTH SKOi MOKa3aHO Ha PUCYHKY 2.24.
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Pucynok 2.24 — CtpykTypa Me€XaHi3My JIBOPIBHEBOI MapIIPyTU3YIOUO1 yBaru

Ha pucynky 2.24 BuaHO, mo BXigHa kapra o3Hak x € RF*WXC crouarky
: : HW .
po3duta Ha SXS MIAMHOXKHWH, KOXHa 3 SKHX MICTHUTh ~7z BCKTODIB O3HaK.
[TpoBoauThes 3amiHa Gpopmu X Tak, 110 PE3yJIbTATOM €
2, HW
[ToTiM BEeKTOpH O3HAK JHIAHO TPAaHCHOPMYIOTHCS NIl OTPUMAHHS MaTPHUIIb

Q,KrtaV:

Q=X"Wwe (2.27)
K=X"Wwk (2.28)
V=X"W" (2.29)

BiaxuneHHs yBaru BiJl perioHy 70 perioHy OTPUMYEThCA HIISTXOM NO0YI0BH
opientoBanoro rpada. Llei rpad BUKOPUCTOBYETHCS I 3HAXOKEHHS PETiOHIB,
K1 TOB’si3aH1 3 MOTOYHUM. KOHKpeTHUI mpoliec peanizallii BUTIISAa€ HACTYITHUM

yuHOM: MaTpuii @ Ta V 1 KOXHOTO pErioHy oOpOOJISIFOTHCS IUISIXOM

. 2 . .
ycepeIHeHHs 110 perioHax aias oTpuMaHHs 3HaueHHs Q" Ta K7 € RS™*C ma pisni

periony. Ilotim oOuucmoerbes n00yTok Q" Ta K’ mis OTpUMaHHS MAaTpPHII
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cymikaocti A" € RS xS* gka BUKOPUCTOBYEThCS  JUISI  BHMIipIOBAHHS
M1XKpPETiOHaTBFHOT KOPEJIALIii:
A" = QT (KT (2.30)
Jlani A" o6pizaersesi. HaiiMeHtn peneBanTHI TokeHU B A’ BiJICIIOIOTBCS Ha
HU3bKOJICTAII30BAHOMY PiBHI, a BEpXHiI kK HalOUIBII peneBaHTHHX oOjacteid B A"
3QJIMIIAIOTLCS JUIS OTPUMAaHHS MaTpulli iHjeKciB MapimpyTusanii, I” € NS “rke
I" = topkIndex(A") (2.31)
3ro/IoM Ha BUCOKO/IETAII30BAHOMY PiBHI BUKOPHCTOBYETHCS MEXaHi3M yBaru
Bl TOKEHa 110 TOKeHa. Jlyisi 3amuTiB y [ -My perioHi Ll MexaHI3M yBaru
boKyCyeTbCs JMIIIE HA PErioOHaX MapIIpyTU3allii, 1e 1HACKCYIOThCS I(ri'l), I(Ti'z), s
I(ri'k) 1 30upae Bci TeH3opu K 1 V B 1ux perioHax ais otpuManus K9 1 V9
K9 = gather(K,I") (2.32)
V9 = gather(V,I") (2.33)
Hanpwukinmi anroputMy, otpumani K9 ta V9 o0poOistoTECs 3 MEXaHI3MOM
yBard i JIOJa€ThCs JIOKAIBHUN YICH MOKpaleHHs KoHTekcTy Bia Matpuii V (local
context enhancement term, LCE), 1106 otpumaru Buxignuii tenszop O, popmyna s
OOYMCIIEHHS SIKOTO MOKa3aHa HUXKYE!
0 = Attention(Q,K9,V9) + LCE(V) (2.34)
biok BiFormer po3po0ieHo Ha OCHOBI MeXaHI3My JBOPIBHEBOI

MapUIpyTU3yKOUOl yBaru, siKk IOKa3aHO Ha PUCYHKY 2.25.

Bi-Former Block

| [ | [ Bilevel Routing ( ] %:
L»  DWConv3x3 a(-%—;p{ LN H Ao }—»(—%—L LN —> MLP —>

Pucynok 2.25 — Ctpykrypa 610ky BiFormer

biiok DWConv y 11pomy 610111 To3Ha4Ya€ rMO0KY BIAOKPEMITIOBAHY 3TOPTKY,

sKa MOX€E 3MEHIIUTH KUIbKICTh MapaMeTpiB Ta o0uucienb B mojeni. LN nmo3nauae
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0o0OpoOKy HopMami3aiii mapy, sika MOKE€ MPUCKOPUTH HABYAHHS Ta IMOKPAIIUTH
3JIaTHICTh MOJIeNl A0 y3araibHeHHs. MLP no3nayae GaratomiapoBuii mepcenTpoH,
KU T0AaTKOBO 00pOOIsie Ta HANAIITOBYE Bar MEXaHi3My yBaru, o0 MOCUIUTH
yBary Mojeii 10 pi3HUX o3Hak. CUMBOJI J0/laBaHHS Ha PUCYHKY BKa3ye Ha
3'€THAHHST IBOX BEKTOPIB O3HAK.

VY nucepramiitHomy gociipkeHH1 610k BiFormer BBeneno 1o xpedta mozemi
YOLOVY. 3 opnoro ©Ooky, BiFormer Moxke BpaxoByBaTh OOMEKEHICTh
O0YHCITIOBAILHUX MTOTYKHOCTEH Ta pecypciB mam'siTi amapaTHoi iatdopmu briJIA.
3 iHmoro 60Ky, MeXaHi3M JAMHAMIYHOI YBaru mboro OJIOKY J03BOJISE€ MOKPAITUTH
yBary MoOJedl J0 KPUTUYHO BaxJIMBOi 1HGopmarllii mpo 00'€eKT Ta ONTUMI3YBaTH
e(EeKTUBHICTh BUSBIEHHSA Mojenl. JlJisi MOBHOrO BHUKOPUCTAaHHA €(PEKTHUBHOTO
MEXaHI13My yBaru B 1lbOMYy 010111 BUKOpUCTOBY€EThCS 050K BiFormer mixk 4:Conv Ta

6:Conv  omopHOi  Mepexi  MOJedi, 3aMIHUBIIM  OpPUTIHAIBHUM  OJIOK

RepNCSPELANA4.

2.3.3 bararomacuirabHa Mepeska 00'€AHAaHHS 03HAK

[Torane BUsIBIIEHHS MaJIMX 00'€KTIB € OJIHIEO 3 TPOOJIEM Y 3a/1a4ax BUSBICHHS
00'ekTiB B KOHTEKCTi aepodorosiiomku 3 biJIA. ¥V 0araTteox icHyr0UMX podoTax st
3MEHIIIEHHS YacTOTH TIPOITYCKIB MajauxX OO0'€KTIB JO MOJeNl JIO0Aal0Th IITKald
BUSBIICHHS, 10 € €()eKTUBHUM METOJOM MOKparieHHs. OIHaK TaKui MmiIxia Moxe
YCKJIAJAHIOBATH CTPYKTYPY MOJIEN1 Ta 30UIBIITYBAaTH CIIOKUBAHHS OOUHUCITIOBAIIBHIX
pecypciB i pecypciB [ 30epiranHs nanux. J{Jis BupiieHHs 1i€i mpooiaemMu B poOoTi
3aMpoONOHOBAHO OJIOK 00poOKHM O3Hak, sikuil HazuBaeThbcsi PFNB, Ta po3po0bieHo
OaraToMacmITabHy Mepexy 3JIUTTS O3HaK Ha OCHOBI IbOoro OJ0Ky. TOYHICTBH
BUSIBJICHHSI MajuX OO'€KTIB 3HAYHO MOKPAIIYEThCA MPU 3MEHUIEHHI HaJIMIPHOTO
CTIO’)KMBAaHHS PECYPCIB.

3aBganHs  BusBIeHHS 00'ekTiB  mns  mwiatdopm  bnJIA  oOMmexeHi

00YMCITIOBAIBHUMU PECYPCaMU, TOMY IIYKaIOThCSI MOJEII 3 POCTOI0 CTPYKTYPOIO,
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HU3BKOIO 3aTPUMKOIO 1 BUCOKOIO MPOMYCKHOI 3AaTHICTIO. JlesKi KjacuyH1 JIeTKl
Mepexi, Taki gk MobileNet, ShufeNet 1 GhostNet, BUKOpUCTOBYIOTh TIIHOOKY
3ropTKy ab0 TpPYyMOBY 3TOPTKY MAJS BUIYYEHHS MPOCTOPOBHX O3HAK 300pa’KEHb.
['muboka 3ropTka 3MEHIINY€E BXIJHI PO3MIPH O3HAK IIJISIXOM 3TFOPTKH BXIJTHHUX
300pakeHb, 3STPYIIOBAHMX 32 PO3MIpaMH 03HAK, 3MEHITYIOYH KiJIbKICTh MTapaMeTPiB,
30epiralouu Ipu 1pOMY 1H(OPMAILI0 MPO O3HAKK B OCHOBHOMY HE3MIHHOIO.
['pynoBy 3ropTky MOXHa pO3TJISIAATH K PO3PIIHKEHY (POpMY TpaguIliiHOT 3TOPTKH,
KOJIM BX1/IH1 KaHAJIM 3rOPTYIOTHCS OJIMH 32 OJTHUM, 110 MOKE€ OyTH BUKOPUCTAHO JAJIs
3MEHIIICHHSI TTapaMeTpPiB MOJIENI Ta TOCATHEHHSI METH JIETKUX MOJeNel. bimbIricTh
TaKuX IMOJIETIICHUX MOJIEJICH 30Cepe/PKeHI Ha 3MEHITIICHH1 KIJIBKOCTI OIepalliil Hajl
toukamu (FLOP), 1 gyxe Maino BIAMOBIAHUX POOIT PO3IIIAIal0Th HU3bKY KUIBKICTh
omepanii Hax Toukamu 3a cekyHay (FLOPS) wmopenmi. Onnak, 3MeHIIIEHHS
napameTpiB MOJIEJ1 HE MPU3BOJUTD 10 30UIbIIECHHS MIBUAKOCTI OOYMCIEHb MOJIEI.
Tomy neski poOOTH 3 BUKOPUCTAHHSM TIIMOOKOi ab0 TpyrnoBOi 3rOPTKUA B CIpoOi
CIPOEKTYBATU JIETKI Ta MIBUAKI OJOKH HEMPOHHOT MEPEXKI B JIEAKUX BUMAJKAX HE
IPUCKOPIOIOTH pOOOTY MOJIENI, @ HaBITh MOTIPIIYIOTh 3aTPUMKY.

JIist BX1AHOT O3HaKK po3MipoM A X w X ¢, HeoOxiaHa kuibkicte FLOP npu

BUKOPHUCTAHHI PETYISPHOL 3TOPTKH PO3MIpoM k X k 0OUMCITIOETHCS 32 POPMYIIOH0.
_ 2, 2

FLOPScyp, = h*wxk*xc (2.35)

Snpo rauOOKOI 3ropTKM BUKOHYE OIEpaLil0 KOB3aHHS HaJ MPOCTOPOM

BX1JTHOTO KaHaJly, 00 OTPUMATH XapaKTEPUCTHUKU BUXITHOTO KaHAIY, 1 00YUCITIOE

FLOP nnst rin6Goxo1 3ropTKH:

FLOPSpycony = h*w xk? x ¢ (2.36)
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CTpyKTypHa cxema rnnboKoi 3ropTku CTPYKTypHa Cxema HacTKOBOI 3rOpTKM

input

input

output

i y o

I:{ //C

— P
w A w

:ﬁ : Filter * : Convolution "J Filter * : Convolution

Pucynox 2.26 — Iopisasinass DWConv ta PConv

[TonynspHa riMOWHHA 3rOpTKa, MPOIEC OOYMCICHHS SKOI IOKAa3aHO Ha
PUCYHKY 2.26, eDeKTUBHO 3MEHIITY€ MapaMeTpu MOE1. AJie Ha MPaKTHUIll TTIMOUHHA
3ropTKa MoTpedye J0JATKOBOI TOYKOBOI 3TOPTKH a00 I1HIIMX OOYHMCITIOBAIBHUX
BUTPAT, 1100 KOMIIEHCYBAaTU 3HMKEHHS TOYHOCTI TICIs OMepailii 3rOpTKH, IO
MIPU3BOJUTH JI0 JOJATKOBUX BUTPAT Ha JIOCTYII JO MaM'sTi Ta 301JbIIYy€E 3aTPUMKY.
J171s1 BUMpaBIIeHHS ITUX HEJIOJIIKIB, aBTOpU YeH Ta iH. [45] 3anponoHyBalii 4aCTKOBY
3roptky (PConv). PConv BHKOpPUCTOBY€ 3BUYAilHYy 3TOPTKY [Jisi BHUKOHAHHS
oreparlii 3ropTKu HaJ JCSKUMH HEMEePEPBHUMHU €JIEMEHTaMU BX1JIHOTO KaHaly, a
pemra ejIeMEHTIB OOpOOISIETBCS 3a JIONMOMOTOK) TOTOXKHOTO BigoOpakeHHs,
3aJIMIIIAIOYN KaHal HE3MIHHUM. BHKOHAaEMO OOYHMCICHHS 3TOPTKH IS TIEPIIOTO
MIOCJIIIOBHOTO €JIEMEHTa 3 HOMEPOM KaHally ¢, MiJCTaBUBIIU BX1JIHI €JIEMEHTH, SIK

MOKa3aHo Ha pUCYHKY 2.27, 1 BuBeaemo dhopmyiny st oouncinenns FLOPs PConv:
FLOPSpcony = h*w x k? x ¢} (2.37)

SAkmo c¢p craHoBHTH 1/4 BIA KUIBKOCTI KaHAIB BXIJHUX O3HAK, TO
FLOPSpcony cTaHOBUTH Juie 1/16 Bix 3BUYaitHOi 3ropTku. Lls 3ropTka 3MeHIrye
KUIBKICTh 3BEPHEHbB JIO MaM'siTi, 3SMEHITYIOYH TIPH [IbOMY MapaMeTpH, 1 e(HeKTUBHO
BUTATYE MPOCTOPOBI 0coOMuBoOCTI BXimHOi iH(opMmarii. Aptopu UeH Ta iH. [45]

3anponionyBanu 010k FasterNet na ocHoBi PConv, sikuii siBisie co6010 MOTYIIb, 110
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ckJanaerbes 3 mapy PConv 1 ABOX 3ropToyHuX 1mapiB 1x1, 3'e1HaHUX MOCT1IOBHO,

AK MOKa3aHO Ha PUCYHKY 2.27.

— Ll PConv 3x3 —D{ Conv 1x1 '— BN —D{ Conv 1x1 }—»(—lg—;
RelU

Pucynok 2.27 — Ctpykrypa 610Ky FasterNet (FNB)

CumBOJN J10JaBaHHS Ha PUCYHKY 2.27 BKa3zye Ha 3'€JHAHHS JIBOX BEKTOPIB
o3Hak. HaamipHe BUKOpUCTaHHS 11apiB HOpMaJIi3allii Ta aKTUBAIll MOXKE MTPU3BECTH
JI0 3MEHILEHHSI PI3HOMAHITHOCTI O3HAK, 10 MO>K€ BIUIMHYTH HA MPOAYKTHUBHICTH
mozaeni. Tomy B Onom FasterNet mapu Hopmamizamii Ta  akTHBAIli
BUKOPUCTOBYIOTHCS TIUIBKH MicClg Jpyroro mapy 3roptku. biok FasterNet mae
IIPOCTY CTPYKTYPY 1 HEBEJIMKY KUIBKICTh TapaMeTpiB JJIs LIBUAIIOL pOOOTH.

VY nucepraiiiHoMy JOCIHIKEHH1 TIEPETISTHYTO CTPYKTYpy Osioky FasterNet.
VY upomy OJ0IIl BUKOPUCTOBYETHCS MIap 3ropTku 1x1, 1m0 A03BOJISIE 3MEHIIUTH
KUIBKICTh TTapaMETPIB, MPUIIBUAIIMNTA HABYAHHA Ta MIABUUIUTH 34aTHICTh MOJEN1
JI0 HeJiHIMHOT miaAroHku. OgHak 00J1acTh CHPUHHATIMBOCTI 3TOPTKU 1% 1 € BITHOCHO
HEBEJIMKOIO 1 i HE BHCTadae JJisi HaOyTTs Tio0aibHUX ocoOnmBocTed. Takoxk
BpaxoBaHo, 1m0 0ok FasterNet BUKOPUCTOBYe jHIlle OAHE KOPOTKE 3'€IHAHHS, a
BX1IHI 03HAKM 3TOPTAIOTHCS Yepe3 TPH IapH, 10 MOXKE MPU3BECTH A0 JAETpajalii
MEpeXi Ta 3HUKHEHHS O3HaK y Mipy NOrJauOJIeHHs Mojeni B raubuny. Jlns
BUPIIIIEHHSI  BUINE3a3HAYEHUX TMPOOJIeM Yy JucCepTaIlifiHOMY  JTOCIHIKEHHI
3anporoHoBaHo PFNB Ha ocHoBi 6510ky FasterNet, cTpykTypa sIkOoro rmoka3aHa Ha

pUCYHKY 2.28.

117



R i— PConv 3x3 — PConv 3x3 — > PConv 3x3 —>

Pucynok 2.28 — Ctpykrypa Perception FasterNet Block (PFNB)

[To-nepmie, PConv BUKOPUCTOBYETHCS I 3aMIHU IBOX IIapiB 3TOpTKU 1X1y
omomi FasterNet, mo mokpaniye CHOPUAHSTIUBE II0J€, OJHOYACHO POOJISTIH
BUXIIHUA MOJyJdb WBUAMKUM Ta edektuBHIUM. [lo-mpyre, 3anuikoBa
KOHKaTeHalllsl T0AA€ThCs 10 IBOX OCTAaHHIX IApiB 3rOPTKH B OJI01I1, 1100 30araTuTu
XapaKTEepPUCTUKU BUXIMHOI 1HGOpMAaIli, 3MEHIIUTH BTpaTy Hee(PEeKTUBHUX
XapaKTEPUCTHK 1 ONTUMI3yBaTH €(hEKTUBHICTh BUSIBICHHS MOJIEIII.

binbmiicte cyyacHuX Mojenedl BHSIBICHHS OO0'€KTIB  BHKOPHCTOBYIOTH
3TOPTKOBI HEUPOHHI MEpeXi g BUIYyYEHHS O3HaK 00'ekTiB. 31 301IbIICHHSIM
KUIBKOCTI 3TOPTOK CE€MaHTH4YHa 1H(GOpMalisl BXIIHUX O3HAK MOCTYINOBO CTa€e
0araTIioro, aje IeTaTbHUX 03HAK CTA€ BCE MEHIIIE 1 MEHIIIE, IO € OJTHIEI0 3 TOJIOBHUX
OPUYUH HU3BKOI TOYHOCTI BHSABJIEHHS OaraThbOX MOJENEH BHSBJICHHS MalnxX
00'exTiB. Xoua YOLOVS8 BuUKOpUCTOBY€E OararomaciiTaOHUII METO/1 BUSIBJICHHS, BIH
BCE IIIE HE MOYKE 33JIOBOJIBHUTH MOTPEOU BUSBICHHS B CIIEHAPisX aepodhOTO3HOMKHU
briJIA, 1m0 npu3BOANTH 10 HE33aJOBUIHHOI TOYHOCTI BUSBIICHHS MO JIJIsl MaIHX

00'exTiB. Touku Bxoay 0s0kiB Aetekuli YOLO v8 300paxeHo Ha pUCYHKY 2.29.

118



Prediction of YOLOVS

Pucynoxk 2.29 — Touku Bxoay 6s0kiB gerekiiii YOLO v9

1106 miABUIIUTH TOYHICTH BUSIBIICHHS MaIMX 00'€KTIB 1 BpaXyBaTu OOMEKEH1
pecypcu miatrgopmu, B 1k poOOTI BUKOPUCTOBYEThCS edekTuBHUN PFNB mis
MPOEKTYBAHHS MEPEXKI 3JIUTTS O3HAK. Y AUCEPTAIiHHOMY JOCIIKEHH] JOAaHO JBI
HOBI IIKaJdd BHUSBJICHHS JI0 OPUTIHAIBHUX TphoX IKan BusiBlieHHS YOLOVS i
o0'eqHanu noBepxHeBy iHPopMarito Bl 1 B2, ki € Outbn 6aratumu Ha iHQOpMaLio
npo micre3naxokeHHa. PFNB nogaerses sik 610k 00poOku o3nak Mixk Bl 1 B2
MaricTpajibHOI Mepexi, a opuriHanbHui 610k C2f Mixk B2 1 B3 3amiHroeTscst 1ium
omoxkoM. BrnpoBamkennss PFNB no3Bosisie 3MEHIIMTH CHOXKMBAHHS PECYPCIB,
CIPUYMHEHE PI3HOMACIITAOHUM 3JIUTTSIM O3HaK. Y JIOCKOHAJIEHA MOJIETh JOCATAE
M'ITUMACIITA0HOTO BUSIBJICHHS, SIK MOKa3aHO Ha PUCYHKY 2.30, mo epeKTUBHO

nokpairye e(peKTUBHICTh BUSIBJICHHS MOJIEII.

Prediction of UAV-YOLOVS

Pucynok 2.30 — Touku Bxoay 6s0kiB nerekuii YOLO v9 P
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2.4 ANTOPUTMHU NPENpPOIeCHHTY 300pakeHb

Sk Oyno 3a3HavueHo B po3auti 1.1.3 maHoi poOOTH, Ha SIKICTH 300paskeHHS
BIUIMBae Oarato (hakTopiB, IO MOTECHIIIHHO MOXYTh TMOTIPIIMTH HOTO SIKICTh Ta
pe3yabTaTH MOAANBIIOr0 aHali3y AAaHUX OTPUMAaHMX 3 300pakeHHs, BHACIIIOK
YOT0, pO3Mi3HABAHHS Ha BIJICTeKEHHS 00’ €KTiB moripmuThes. Cepen mux mpoodieM
€ Ti, 1110 3yCTPIYalOThCsl HAWYACTIIIE Ta MOXKYTh OYTH BUPIIIIEHHI aJITOPUTMIYHO, K
3a]a4i:

— BUJAJICHHS IIyMY;

— BUJATICHHS €eKTY POSMUTTS;

— 30UIbIIIEHHS] KOHTPACTHOCTI.

2.4.1 BugajieHHsl IyMYy

Bunanenus mrymy nojsirae y 3MEHIIEHHI ITyMiB Y 300paxkeHHi (y OUTbIIOCTI
BUIIAJIKIB, HEMOXXJIUBO TOBHICTIO IpuOpaTu mym). OCHOBHI JKEpenla IIymMy B
1uppoBUX 300paKEHHIX BUHUKAIOTH 1] Yac 3HOMKH (3amaa KiIbKICTh 310paHux
dboToHiB, TemmepaTypa ceHcopa) ado mij yac nepeaadi (BiJIyHHsI Ta aTMoc(epHi
CIIOTBOpPEHHSI TMpu 0e3apoToBoMy 3B'A3Ky). llpu mnepenmaui 300pakeHHS B
aHAJIOTOBOMY BHWIJISAJI IIyM 3’SBJISETHCS BIJ MIHIMAJbHUX IIEPEIIKOJ B KaHaJi
nepeaaul.

Ilym 3a CBO€IO MNPUPOJOI0 € BHUMAJKOBUM SBHILEM, BIH MOJETIOETHCS
IIUTHHICTIO MMOBIPHOCTI, fKa BiJIOOpa)ka€ pO3MOJAUT IHTEHCHBHOCTI IIymMy. Y
NOJAJIBIIOMY PO3TJSAl PI3HUX MoJielell OylyTh BUKOPHCTOBYBATHCS HACTYIHI
MO3HAYEHHS: Y — 3allyMJIeHE 300pakeHHs, b — IIIyM, X — 300pakeHHs 06€3 IIymy.

BuainisoTe OCHOBHI TUIH IIYMiB, IKI BAKOPUCTOBYIOTHCS Y CLIOCTEPEKEHHSX
3 PI3HUMH YMOBaMH Ta BUMOTaMHU.

Hanpuknan, BIuiB 1mymMy Ha 300paxeHHs (pucyHok 2.31) 1si aquTHBHOTO

rayCiBCbKOTO IIyMy BCE€ 300paK€HHS 3a3HA€ OJIHAKOBOI'O BIUIMBY IIYyMY, IS
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MyaCCOHIBCHKOT'O IIyMYy CBITJIII YaCTUHHW € OUIbII ITYMHUMH, HIXK TEMHI, IS
IMITYJICHOT'O IITyMY 3MIHIOETHCS JIMIIE KiJIbKa MIKCENB, K1 3aMIHIOIOTHCS YOPHUMU

a00 OLITMMU ITKCEISIMHU.

Original image Poisson noise

Salt-and-pepper noise

Pucynox 2.31 — BB pi3HUX BUJIIB IIIyMY Ha 300pakeHHS

JIist mo30aByIeHH BiJl IIIyMY MOKYTh BUKOPUCTOBYBATH MEIaHHHUU (PUIBTP,
AKUU HE € (UIBTPOM 32 BU3HAUEHHSIM, OCKUIBKH BIH HE IOTPUMYETHCS BIIACTUBOCTI
JIHIAHOCTI, 1 HE MIAXOAUThH IiJI BU3HAYEHHS 3TOPTKUA. 3 ICHYIOUMX METOIB
1030aBJIEHHS IIyMY MOKHA BUAUIATA METOAM | V-perymspu3alii.

3agaua oTpuMaHHs 300pakeHHs 0e3 mymMy X, OJIM3BKOTO JI0 CIIOCTEPEKEHHS
Y, IPU3BOAUTH 10 KPUTEPIIO «BIAMOBITHOCTI JAHUXY, SIKUM BUMIPIOE PI3HUIIIO MIXK
y Ta x. KnacuyHum BUOOpOM MJii BHUMIPIOBAHHS L€l PI3HUII € KpUTepld

HaWMEHIIIUX KBaJpaTiB:

E(x,y) =%;; (xij —yij)? (2.38)

YuMm Onmxue 300pakeHHs x 10 Y, TUM MeHie E(x, y). 3amada orpumaru

300paKE€HHS 3 MAJIMMH BapiallisiMU IHTEHCUBHOCTI IPU3BOAUTH J10 MOSIBU KPUTEPIIO

«peryJisipu3allii», sIKUil BUMIPIOE PI3HUII0 MDK CYCIIHIMU MikcensMmu. [Ipoctum
BUOOPOM € MiHIMI3AIlisl «CyMapHOi Bapialii» (total variation):

Mera TV-perynspusatii nosusrae y ToMmy, no0 3HalTH 300paxeHHST X SKe
MIHIMI3YE SIK MiI01p JaHUX, TaK 1 peryaspu3saiiro. MareMaTuyHo, TOTPiOHO NTyKaTH

300paxkeHHs X sike MiHimizye E(x, y) + AR(x), me A — 1ue rimepmapameTp

121



perynsipusaliii, KU BUKOPUCTOBYETHCS [IJISl HANAIITYBAHHS KOMIIPOMICY MIX
nBoMa kputepisimu. Omxe npunuu TV- perynspuzartii:

X=E(xvy)+ AR(x) (2.40)

Ile npu3BoguTH, A0 TpPOOIEMH OOYHMCIIOBAJIBHOI CKJIQJHOCTI, SKa B

IpOrpaMHOMY pIIIEHHI JAMCEpTAIliiiHOi pOOOTH BHUPIUIYETHCS 32 PaXyHOK

BOy/IOBaHMX 010J1I0TEK 3 peai30BaHUMH METOIaMU OTITUMI3aIlii.

2.4.2 BuganeHnus egeKTy pO3MUTTS

Posmutts (blur) € mpobnemoro, sika moB'sizaHa 3 BTpaToro 4iTKoCTi (sharpness)
Ta pi3HOMAHITTS 1HGoOpMaIlii Ha 300pakeHHI. J[aHe sBUIIE 3 SIBISIETHCS 3 PI3HUX
MPUYHH, HIIIHOBAHUX SIK TEXHIYHOIO HEIOCKOHAIICTIO arapaTypu, Tak 1 G13nIHUMHI
BILUIMBAMH I11J1 4aC CTBOPEHHS a00 mepeadi 300pakeHHS.

3aranpHe (HOPMYITIOBaHHS MOJIEII Ma€ BUTIISI:

Ig=K=*I,+N (2.41)
ne

I — po3muTe 300pakeHHs (blurred image),

K — sapo po3mutts (PSF, Point spread function),

I, — 4iTKe MpUXoBaHe 300paKEHHs, TO3HAYAE OTEPAIlit0 3TOPTKH,

N — 10JaTKOBHUI LIIYM.

Po3MutTs Ki1acuikyeThes 3a SOpOM 3TOPTKH, SIKE € IPKEPETIOM PO3ZMUTTS PU
3rOPTKOBIA MO, Ta BJIACHE MNPUPOAOI0 MPUYMHU MPHU SAKIA JaHE PO3MUTTS
yTBOpUJIOCS Ha 300paxkeHH1. HalO1nbp11 monysipHOIO € Kiacu(ikailis Ha HACTYIHI
YOTUPHU OCHOBHI THITH:

— po3MuTTs Bia HeBipHoro ¢okycy (defocus blur, out-of-focus, disk blur)

CIIOCTEPITAETHCS, KOJIM KaMepa HEKOPEKTHO (POKyCyeThCst Ha 00'€KT,
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— po3MuTTs Big 00poOku (Processing Blur) BuHMKae npu 3acTOCyBaHH1 Pi3HUX
METOIIB MPENPOIECUHTY 300pakeHb ISl YHUKHEHHS JIOKAIbHUX Je(PEeKTIB, sKi
MOJKYTh BIUIMHYTH Ha SIKICTb 300pakeHHsI (HanpuKiIa, ['ayciBCbke pO3MHUTTS);

— pOo3MHUTTS BHaAcHiok pyxy (Motion blur), sike AUIMTBCS HA PO3MHUTTS
BHACIJIOK PYXY CLIeHHU (KOJIM BITHOCHO BCI€T CIIEHH 300pakeHHs Kamepa 31HCHIOE
pyX, HalpuKIajg MpH PO3BOPOTI KaMEPH) Ta PO3MHUTTS BHACIIOK PyXy NMEBHHUX
00’€KTiB (KOJIM Ha BITHOCHO HEPYXOMil CIIEHI PO3MUTTIO MiATAI0THCS JIUIIIE PYyXOMI
00’€KTH), Ha IO JOJATKOBO BIUIMBAE XapakTep pyxXy (Harpukiiag HepiBHOMIPHICTD
IIBUIKOCTI 32 Yac 3aTPUMKH KaMepH, HAMPSIMOK PYXY);

— 3mimade po3MuTTs (mixed blur), siApo 3ropTKH SKOTO € 3BAXKEHOIO CYMOIO
SJIep TUIIB PO3MUTTS, 3 SIKOTO BIH CKJIaJa€ThCSI.

J1Jist BUaIeHHS PO3MUTTS Ha 300pa’KeHHI BUKOPUCTOBYIOTH I'PYITA METO/IB:
1)  MeToau BUaIeHHS pO3MUTTS 0€3 BUKOPUCTAHHS HEUPOHHUX MEPEXK.

JI1st 3MeHIIeHHsT HACIiAKIB PO3MUTTS BiJl HEBIPHOTO (POKYCY Ta Bijg 0OpoOKHU
300paKEHHSI MOXHA BUKOPUCTOBYBATH 3TOPTKUA JUISl TMIJIBUIIEHHS YiTKOCTI
300paK€HHSI Ta BUJJIEHHS KOHTYpIB, HAIIPUKIIAL SAPO po3MipoM 3x3. Aje naHuid
METOJI YAaCTKOBO TMPAIIO€ JUIIE JJisi YAaCTUHHU THUIIIB PO3MUTTS, MPH 3aBYACHO
BiJIOMOMY SIJIPY PO3MUTTHI.

Oinbrpauis Beitnepa (Wiener Filtering) € metonom BugaaeHHs: pO3MUTTS Ta
IyMy, SIKAWA 3aCHOBAHUN HA CTATUCTUYHUX MPUHIUIAX JUIS MOKPAIEHHS SKOCTI
300paxeHb.

Anroput™m Richardson-LuUcy € irepaTMBHUM METOJIOM JEKOHBOJIOILIIT,
PO3pOOJICHHI JIJIsI BITHOBJICHHS 300pa)KeHb 1 TOJIOBHUM HEJIOJIIKOM JaHOTO SKOTO €
HOTro MOBUIBHICTB.

3aranom Bci 3a7a4i BUJAJIICGHHS PO3MUTTS AUTATHCS Ha ciimi(blind) Ta Hecmimi
(non-blind), B 3a1eKHOCTI BiJl TOTO YM MOIEPEAHBO BiJOMO XapaKTep PO3MHTTSI.
Bumeonucani MeToiu BUKPUCTOBYIOTH JIJISl HECTIMUX 3a/1a4, TOMY 1110 TOTPEOyIOTh
1H(DOpMaIIito MPo pO3MUTTS Tepes] 00POOKOI0 300paKEHHS.

2) BukopucTaHHs 3rOpTKOBUX HEUPOHHUX MEPEK.
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BpaxoByroun Te, 10 SAPO 3TOPTKM HE € CTAIUM IS KOXKHOI YaCTHHH
300paKeHHSI, METOM 3aCHOBAHI Ha BUKOPHUCTAHHI 3TOPTKOBUX HEUPOHHUX MEpEexK
CIOYATKy BHU3HAYAIOTH SIAPO PO3MHUTTS, a MOTIM, BUKOPUCTOBYIOUH (iIbTPAIIiTO,
BUJIAJISIIOTh PO3MUTTS 3 300pakeHHs. Ha skanb, 1meil miaxia He mpairoe isi BCiX
TUMIB PO3MHUTTA W HE € YyHIBepcaJbHUM pimeHHsM. L0 mpobiemy Bupilrye
BUKOPHCTAHHS 3TOPTKOBUX HEHPOHHUX MEPEXK, K JUIA mepeadadeHHs sapa, TaK 1
JUTSL KIHLIEBOTO BUIAJICHHS PO3MUTT.

3)  T'eneparusHi 3maranbHi Mepexi (Generative Adversarial Networks, GAN).

Ines GAN mnonsirae y BHU3HAY€HHI «TPU» MK JBOMa KOHKYPYIOUUMH
MepeXaMH: TUCKPUMIHATOPOM Ta TeHepaTopoM. ['eHepatop oTpuMye Ha BXiJ IIyM
1 reHepye BUOIpKY. JIMCKpUMIHATOp OTPUMY€E peajbHy Ta 3r€HEpPOBaHY BHOIPKY 1
HAMara€eThcsi iX po3pi3HUTU. MeTol0 reHepaTopa € OOMaHyTH JAUCKPUMIHATOP,
dbopMyrOUM NEPEKOHIIUBI JIJIsi COPUNHATTS 3pa3KH, sIKI HEMOXKJIUBO BIJIPI3HUTH B1JT
COpaBXHIX. 3 TEOPETUYHOI TOYKH 30pYy, TIpa MDK TeHepatropoMm G Ta
JUCKpUMIHATOPOM D € MIHIMaKCHOIO 3a/1a4€lo:

[log(D(x))] — [log(1 — D(%))] (2.42)
ne

P; — po3mnofin naHux,

P4 — po3moin Moeri.

GAN BiOMiI CBO€HO 3/IaTHICTIO TE€HEPYyBaTH BHOIPKH XOPOIIOi SKOCTI
CIOPHUMHATTS, OJHAK, 0230BOi BepCli CTPaXAat0Th Bl 0araTbox mpodiieM, TAKUX K
3HHMKaIoUl TpajiieHTU. JlaHy mpoOsieMy 4acTKOBO BUPIIIY€ BUKOPUCTAHHS BiJICTaHI
Earth-Mover (takox 3Bany Wasserstein-1) qiis mooyaosu WGAN (pucyHok 2.32).
Mepexxa WGAN 3 nomaBaHHSIM J0JATKOBOI PETYJSPHUIlT J03BOJISIE CTaOUIBHO
TpEeHYBaTH MHUPOKUA criekTp apxiTekTyp GAN Mmaibke 0e3 rimeprnapaMeTpUIHOTO

HaJlalllTyBaHHS.
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Po3amure BigHoBneHe
306parKeHHA 306parKeHHA

\ ——y

Jojerauan)

4
: BiactaHb

. Brpara cnpuiiHaTTa + Wasserstain

WGAN Brpata

Pi3ke

306parKeHHA

Pucynok 2.32 — [Tpunnun po6otn WGAN

DeblurGAN. DeblurGAN e npeacraBHHKaMu TIIHOOKOT HEHPOHHOI MEpexi,
AKa € pO3pO0JICHOIO JIJIsl BUAATICHHS PO3MUTTS 3 300paxkeHb Ha OCHOBI miaxoay GAN
3 BHUKOpUCTAaHHAM BijactaHi Bacepisna [46]. ['eHeparnBHa uacTuHa MeEpexi
BIJIMOBIIA€ 32 CTBOPEHHS YITKOTO 300paKEHHSI 3 PO3MHUTOTO.

ApxiTekTypa HelpoHHOI Mepexi reHepatopa DeblurGAN (pucynok 2.28)
CKJIQJIA€THCS 3 JIBOX 3rOPTKOBUX OJIOKIB 31 3MimIeHHAM (.5, MOCI1I0BHOCTI 3 IEB’ SITH
ResBlock (Residual Blocks) 0510kiB Ta 1BOX TpaHCIIOHOBaHUX 3TOPTKOBUX OJIOKIB.

Koxen 610k ResBlock B cBoto uepry ckiiafgaerbes 3 3ropTKOBOTO HIapy, Mapy
Hopmamizaiii (Batch Normalization) Ta ¢ynkmii akrtuBamii ReLU. I[lap
perynspu3zauii Dropout 3 iiMoBipHIcTIO 0.5 3HAXOAUTHCS MICIISI 3TOPTKOBOTO IIAPY
koxHoro ResBlock.

J10J1aTKOBO BUKOPHCTOBYETHCS 3B’ 130K Irio0anbHOro mnpomycky (global skip
connection). 3ropTkoBa HEHpOHHA Mepexa TeHepaTopa 3acTOCOBYE 3aJIMIIKOBY
KOPEKIIito Iz 10 po3MUTOTro 300paxeHHs [z 711 CTBOPEHHS YiTKOTO 300paskeHHs I,

TOOTO:

IS =IR +IB (243)
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Taka cxema poOUTH HaBUaHHS MOJEINI MIBUIIIMM, a OTPUMAHy MOJIENb
ONTUMI30BaHOIO JIJIS 3araJIbHUX BHUITAJIKIB 00POOKH 300pakeHb. Takox 11 Kpaloi
301KHOCTI BUKOPUCTOBYETHCS (DYHKIIISA BTPAT cepelHixX KBaapaTiB moxudok (MSE)
3 nojgaBa”HsAM L1 perymnspusariii mpu HaBYaHHI MOJICII.

DeblurGAN, HaBueHa B mepiIiil iTepallii Ha TPOX PI3HUX HAOOpax JaHUX, B
npyrii — Ha gataceti COCO, mokasayia yCHiliHi pe3yJabTaTH SK 10 BUIAJICHHIO
PO3MUTTS BHACTIOK pyXY (il OCHOBHA MeTa IMPU CTBOPEHHI), TaK 1 MPU PI3HUX BUAX
3MinraHoro po3MuTTs Ha nareceti Kohler. ApxiTekTypa Mepexi reHepaTopa Moaei

DeblurGAN 300paxeHa Ha pucyHKy 2.33.

InstanceNorm
ReLU

Pucynok 2.33 — ApxiTekTypa mepexi reaepatopa mozeni DeblurGAN

[Ipu mpoeKkTyBaHHI apXiTEKTYpHOTO PIllIEHHS MoAei Oyio 0OpaHO MOEINb

DeblurGAN nsisg BupitieHHs 3aga4i BUAaIeHH ePeKTy po3MUTTS (POHY.

2.4.3 30IbIIEHHS] KOHTPACTHOCTI

KoHTpacTHICTh 300pa)ke€HHsI € MIpOI0, SIKa BIJIMOBIJA€ 32 BIJOKPEMIICHHS
OKpEeMHX €JIEMEHTIB 300pakeHHsI Ha (PoHI 1HMUX. Bil KOHTPACTHOCTI 3aJEKUTH 1
1H(OPMATUBHICTh 300pa)KEHHS: TaK 00’ €KTH Ha 300pa’kKeHHI1 3 HU3bKUM KOHTPACTOM
He OyAyTh BUIUISATUCS Bl OTOUYHOYOI CUEHHU. AJle HEe 3aBXK/IU BJAETHCS OTPUMATH
300paxXeHHsI 3 BUCOKOIO KOHTPACTHICTIO, MPUYMHOIO LIbOI'O MOKYTh OyTH HACTYIHI
dakropu:

— HEIOCTATHS OCBITJICHICTb,
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— 3aCIIUICHHS Kajpy,

— TOTaJIbHA TIepeBara MeBHOTO CIEKTPY Ha 300pakeHHI,

— HAsBHICTH (Pi3UUHOTO QIIBTPY.

HaiiBuia KOHTPaCTHICTh JOCSTAETHCS MPHU PO3MOLII KOJIbOPIB Ta TOHIB Ha
300pakeHi, MO PIBHOMIPHO 3aiiMa€e BECh BHAMMHKA CHEKTp. 3amada 301TbIICHHS
KOHTPACTHOCTI MOJISITA€ B 3MiHI I[LOTO PO3TOIIITY Ha 300pakKeHHI.

PosrisineMo y sikocTi 00paHOTro MeTOAy 301IbIIEHHS KOHTPACTHOCTI METOJ
BupiBHIoBaHHA rictorpamu (Histogram Equalization).

Lle#t MeTox miABUIILYE 3arajibHy KOHTPACTHICTh 300pa’keHHSI, 0COOJIUBO KOJIH
BOHO TPEJICTABIIEHO BY3bKUM J[1a11a30HOM 3HA4Y€Hb 1HTEHCUBHOCTI. 3aB/SKH I[bOMY
KOPUTYBaHHIO 1HTEHCHBHOCTI MOJKHA Kpallle PO3MOAUTUTH TOHH Ha TiCTOrpami,
PIBHOMIPHO BHKOPHCTOBYIOYHM BECh Jiama3oH IHTCHCUBHOCTI (pUCYHOK 2.34), 1110
JI03BOJISIE TUISTHKAM 3 HHU3bKOIO JIOKAJIbHOIO KOHTPACTHICTIO OTPUMATH BUIILY

KOHTPAaCTHICTb.

Pucynok 2.34 — Pe3ynbrat MeTOly BUPIBHIOBAHHS T1CTOTpaMU

MeTton € KOpUCHUM 1715 300paxKeHb, /1€ ClieHa 1 00’ €KTH Ha epeAHbOMY TIaH1

€ sckpaBuMu abo TemHuMH. Hemomikom Metony € #WOro HEBHOIPKOBICTH, IO
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XMPIKTEP H3YEThCSI 30UTBIIICHHS KOHTPAcTy ()OHOBOTO IIyMy MPH 3MEHIICHHI
KOPHCHOI 1HPOPMATUBHOCTI.

Aneopumm  eupisniosanns  cicmoepamu. Hexaill BXiHE JHMCKpETHE
300paKCHHS MPEICTaBICHEe OJHUM CipuM KaHajioM {x}, m; — KUIBKICTh IIKCEIIiB
piBHS iHTEHCHBHOCTI M;. Tomi WMOBIPHICTh IHTCHCUBHOCTI P, (i) U TIiKCENIO i
BX1JTHOT'O 300payKEeHHSI:

() =p,(x=i)=n;/n ,0<i <L (2.44)
ne

L — KiTbKICTh MOKJIMBUX P1BHIB IHTEHCUBHOCTI (3a3BHuaid, 256 11t § 6iTHOTO
MPEICTABIICHHS ),

n — 3arajibHa KiUIbKICTh MKCENIB Ha 300pakeHHi, Tomi p, (i) dakTuuHO €
riCTOrpamoro /il IHTEHCUBHOCTI MIKCENsl HOpMOBaHuU# B aianasoni [0, 1].

@ynkiis po3nominy (Cumulative Distribution Function, CDF) mae Burmsia:

cdf, ) =325 () (2.45)

Beenemo ¢yHkimito meperBopeHHss Yy = T(x), O CTBOPEHHS HOBOTO
300pakeHHs Yy 3 piBHOMIpHOIO rictorpamoro. Ockinbku CDF 300pakenns nmiHiiiHe
Ha BChOMY Jl1aia30H1 IHTEHCUBHOCTI, TOJII:

cdf, ) =({+1DK; 0<i<lL; (2.46)
y=T(k) =cdf,(k); 0 < k<L. (2.47)

Tomy mo y HopmamizoBano B [0; I], Tomi BuxigHe 300paxKeHHS Y

MacmTadyeMo 10 PiBHS BX1THOTO 300paKeHHS X

y = ceil(y({x} —{x}) +{x}) = ceil(y(L - 1)) (2.48)

[Ipu npoekTyBaHHI apXITEKTYPHOTO PillIEHHsI MOAENI 0yJI0 0OpaHO aNrOpUTM

BUPIBHIOBAHHS T1CTOTPAMU JUIsl BUPIIICHHS 3a/1a4i 301IbIIIEHHS KOHTPACTHOCTI.
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2.5 Aaroput™m BYTE Track nis BiacreskeHHst 6aratbox 00'€KTiB

BYTE Track e iHHOBaLiiHUM aJIrCOPUTMOM BIJCTEKEHHS O0araThboXx 00’€KTIB
B peaibHOMY 4Yaci. OCHOBHOIO NEPEBarol0 JIaHOTO METOAY € BEJUKa IIBHJIKICTh
poOOTH BITHOCHO I1HIIMX METOJIB MPH BHUCOKIM SKOCTI BIJACTEKEHHs (METpUKa
MOTA, po3min 1.3.4) ta igentudikamii 06’exTiB. Oco0nMBO JaHa IiepeBara
CTOCYETBCSI BIICOPSIIB, €6 00 €KTH YaCTKOBO TEPEKPHBAIOTH OJWUH OJHOTO, IO
3ymoBiIieHo crienudikoro anropurtmy BYTE Track.

JlaHuit anropuTM peanizye KOHIEMIII0 BIJICTeKEHHS Yepe3 po3Mi3HaBaHHS,
OTKe U1l oro (PyHKI[IOHYBaHHSI HEOOX1THUI METOJI JI PO3Ii3HABaHHS 0araTbox
00’exTiB. HaifuacTime 1ys 3amavi po3Mi3HaBaHHS BUKOPHUCTOBYIOTh HATPEHOBAHI
MEpEexXi, K peasi3oByIOTh NPHUHIUI PO3MI3HABAHHS 3a OJWUH MPOXiJ (HAPHUKIALI,
YOLO, SSD), uio 103BOJIsiE MaKCUMaJdbHO pealizyBaTH MOTEHLIAT IIBUIKOII
BYTE Track.

BYTE Track BukopuctoBye ¢pinbTpu Kanmana nns nependadyeHHs NO3UILII
00’€KTy Ha HACTYIHOMY KaJpl BIIEOPSAY 3 ypaxyBaHHSM HOPMAaJbHOTO
BiIXWUJICHHs. J[JI1 KOXKHOTO BIJCTEKYBAHOTO OO0 ’€KTY 3aJa€ThCSA BIATOBITHUN
bueTp Kanmana, mo nepeadadae HOro MiClie3HaXOPKEHHsI Ha HACTYITHOMY KaJpi
Ta OHOBJIIOETHCS BIAMOBITHO JI0 PEATLHOTO MICIIE3HAXOHKEHHSI HA TOTOYHOMY
Kajapi michs ertamy acoramii. s acomiariii 00’€KTiB 3 MONEPEIHBOrO KaaApy 3
00’€KTaMHl Ha MOTOYHOMY BUKOPHCTOBYEThCA MeTpuka loU, 1o 3BoauTh 3amady
acorriarii 10 TUMOBOI 3a/iayl MpPo MpU3HauYeHHs. (s BupilieHHs 1€l 3a1a4l mpo
npu3zHayeHHss B craHgapTHoMmy anroputmi BYTE Track BukopucToByBaBcs
Yropchkuii METOX pO3B'sI3aHHS 3a7a4l ONITHMI3AIli.

Yropchbkuii METOA € aJIrOpuTMOM KOMOIHATOPHOI omTUMIZAIii s
pO3B'sI3aHHS 3a7adi PO TPU3HAYCHHS, IO TOJATAE B IONIYKY ONTHMAIBHOTO
CIIBCTABIICHHS MK €JE€MEHTaMH JBOX MHOXHUH TakK, 00 CyMa Bar IuxX

CHIBCTaBJIEHb Oyla MaKCUMaJbHOIO a00 MIHIMAJIBbHOIO, 3aJIEKHO BiJl KOHKPETHUX
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ymoB 3anaul. s merony BiactexenHs BYTE Track VYropcekuit anroputm
BUKOPHUCTOBYETHCS Ha €Talll acoIfiallii po3i3HaHuX 00’ €KTIB Ha TOTOYHOMY KPOIIi 3

THUMH, 110 OYyJIM BiJICTEKEHHI Ha TIOTIEpeIHIX, a00 BUKOHYE 3a/1a49y iAeHTH (KA1,

2.5.1 Aaroput™m metoay BYTE Track

I'onosHoto ineeto Mmetory BY TE Track € 36epexxeHHs1 00MexXyBaTbHUX PAMOK
3 MaJIOIO OIIHKOIO BIIEBHEHOCT1 00’ €KTIB ISl €TaITy APYyToi acorfialiii Mi>k TOTOYHUM
Ta MOMEPEIHIM KaJpOoM 3a OI[IHKOI CXOXKOCTi, IO J03BOJISIE HE BTpadaTH Il
BIJICT€KYBaHH1 00’ €KTH Y BIACOPsl. 3araJIbHUI alrOpUTM YK€ aIalTUBHUHI 1010
METOMY pO3Mi3HaBaHHS OO0 €KTIB, ajpke MpUAMae Ha BXiJ BXE pe3yJabTaTh
pO3II3HaBaHHSA y BUIIISIAI OOMEKYBaJbHUX PAMOK Ta iX OI[IHKOIO BIIEBHEHOCTI.
[HHOBAIIHICTG ANTOPUTMY TOJIATAE y PO3JAUICHHI O0’€KTIB 3a PIBHEM OILIIHKHU
BIIEBHEHOCT1 Ha 3 TPyIH: 3 HEIOCTATHHOIO, MAJIOI0 Ta BUCOKOIO BIIEBHEHICTIO Ta iX

OKPEMHM OIIpaltOBaAHHSM.

High confidence boxes
{conf > high_threshold)

—L f Current frame
Current frame bounding boxes
D - oredicted b bounding boxes Predicted Boxes
D - redicted Boxes (prev frames) Track 1
(prev frames) Track1
- Track1
Track 1 Track3 rac Track3
Track 2
. Track 2 Track 2 Track 2
Track3 Track 4
C] Filter detection - Track 3 Track 4 e
D box based on - Stage 1 Association . . Track 4 Track®
! Track 4| -_. Teack 9 Stage 2 Association: rac New
hl‘gh—l‘h;esh:nl?d& ==~ Highconf bboxes racl New L comt bbuson e new
low-threshol . kas[:] ._' k1o || Tracks -—» Track 10
O ]
Tracks(_) - Track 6
(] [ ] Low con f boxes racer( ) Track 7 Track s
D I (low_thres < conf< - Lowscore Detection | —| S
=!= high_thres) tacks( ) boxes not used during Track 8 K
[:] - 1 first association step l : :
1
|- ] i K
[ H K Lost Tracks "--l--‘
| Pyt |
l _l Unmatched low conf

Detected Bboxes Background boxes boxes are discarded
From Detector (conf < low_threshold)
are discarded

Pucynok 2.35 — OcnoBa anroputMy BYTE Track

Anroputm Metrony BYTE Track mMokHa po3AUIMTH HAa HACTYIIHI OCHOBHI

eranu (pucyHok 2.35):
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1. PozainienHs BXiIHUX po3Mi3HaHuX 00°€kTiB d € D (sKi mpeacTaBiieH1
OOMEXYBAJILHUMU paMKaMu) Ha rpynu Dy, iDpigp: 3@ OLIHKOK BIEBHEHOCTI,
BMKOPHUCTOBYIOUH 3a/1aHi mapaMeTpu metony treshold,,,, ta tresholdy;gp:

d € Dpjign, Ko conf € [tresholdp;gp, 1]
d € 1,akmo conf € [treshold,,,, tresholdp;qgp)
d — BigkugawThcs, akuo conf € [0,treshold;,,,) (2.49)

2. [lepenbauenns nst BCiX 00’€kTiB, skl BiacTexxyBamucs (t € T) Ha
MOMEepPeIHIX KaJpax, iX IMOJIOKEHHS Ha IMOTOYHOMY Kajpi, BHUKOPHUCTOBYIOUU
¢ipTpu Kanmana.

3. Acomianis po3nizHaHuX 00’€KTiB (d € Dpigp) 3 BUCOKOIO OLIHKOIO
BIIEBHEHOCTI 3 MOMNEPEIHBO BIACTE)KYBAHUMH 00’ €KTamMu. AcoIliallis BiI0yBa€eThCsS
yepe3 YTOpChbKHil alropuTM, BUKOPUCTOBYIOUM METpUKy loU MK po3mi3HaHUM
o0’ektamMu Dp;gp 1 pesyibTaToM Tnependavenns ¢inprpis Kanmana (y Burisi
oOMexyBalbHOI pamku). O0’e€ktH 3 Dpjgp, SKAM HE 3HAWUIUIOCA acoLiallii,
BBa)KaIOThCS HOBUMHU Ta MOMOBHIOIOTh MHOKUHY T (B KiHIII ITE€pallii).

4, Acorrianist po3mnizHanux o0’ektiB (d € Dy,,,) 3 BUCOKOI OIIIHKOIO
BIICBHCHOCTI 3 BIJCTEKYBAaHMMH 00 €KTaMH, SKUM HE 3HAWIUIOCH acolialii Ha
nonepeaHboMy Kpolll. PosmizHani 00’€KTH, SIKMM HE 3HaWIUIOCh acouiarii
BIJIKHMJIAIOTHCS SIK MAJIOMMOBIPHI, a BiicTe)kyBaHH1 00’ektH (t € T) 6e3 acomiariii —
€ BTPauYeHUMHU.

S. Omnognenns ¢inpTpiB Kanmana.

2.5.2 ®iabTp Kanamana

Oinbtp Kanmana (Kalman filter), abo niHiifHO-KBagpaTUYHE OLIIHIOBAHHS
(linear quadratic estimation, LQE), mpencraBmsie co0010 anroputm, sikuit 00pooisie
MOCJTIIOBHOCTI BUMIPIOBaHb, OTPUMAHUX MPOTITOM YacCy, 13 BpaxyBaHHSM IITyMiB Ta

IHIIMX BUIMAJKOBUX BIIXUJIEHb. AJITOPUTM F€HEPYE OLIHKU HEBIIOMUX 3MIHHUX, SIKI
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MOXYTh OyTH IMOTEHIIMHO TOYHIIIMMHU, HIK Ti, IO 0a3ylOThCS BUKIIOYHO Ha
BUMIpIOBaHHAX. 3 (hopManbHOi TOUkH 30py, pinbTp Kanmana pekypcuBHO mpaifoe
3 3allyMJICHUMH BXIIHUMH JAaHUMHU Ta BHJA€ CTATHCTHYHO ONTHUMAJIbHI OIIHKA
0a30BOr0 CTaHy CUCTEMHU.

[lew anropuTm mpanroe sSIK JBOCTATHUAN MPOLIEC:

— Ha eTarn nependadeHHs HaJa€e OMiHKYA 3MIHHUX MTOTOYHOTO CTaHy Pa3oM i3
iXHIMU HEBU3HAYEHOCTSIMU,

— IIpY OTPUMAaHHI CIIOCTEPEKEHHS Bl HACTYITHOTO BUMIPIOBAHHS, K€ 3aBXKIU
MICTUTh TI€BHE BIIXWICHHS, BKJIIOYAIOYM BUIAJKOBUH IIyM, I OIlIHKH
KOPUTYIOTBCS 32 JIOTIOMOTOI0 CEPEIHbOTO 3BAXKEHOTO, Jie Olbllla Bara HaJa€ThCs
O1IBIII TOYHUM OLIIHKAM.

PexypcuBHMIT XapakTep aJlrOpUTMY J03BOJIAE HOMY MpaIOBaTH B PEKUMI
peajbHOr0 4Yacy, BHUKOPHUCTOBYIOUM JIMIIE HAasIBHI BXIAHI JaHl, MONEPEAHBO
pO3paxoBaHU CTaH Ta MATPUII0O HEBU3HAYCHOCTI, O€3 HEOOXIAHOCTI JOAATKOBOI
1H(popmarrii.

bazoBa mozens. OuibTpu KanmaHna, rpyHTYIOUHCh Ha JAMCKPETH30BAHUX Y
yaci JIHIMHUX JUHAMIYHUX CHUCTEMax, BUKOPHUCTOBYIOTb MOJENI y BUIJIAII
JaHIroriB MapkoBa, 10 noOyoBaHl Ha JIHIWHUX orepaTopax i3 3a0pyaHEHHSIM
MOMUJIKaMHU, 1110 MOXYTb BKJIIOYATH TayciB 1myM (pucyHok 2.36). CtaH cucteMu
BUPAKAETHCS BEKTOPOM JIIMCHUX YMCET 1 HA KOKHOMY TaKTi AUCKPETHOTO Yacy /10
CTaHy 3aCTOCOBYEThCA JIIHIMHHMI omeparop s TIeHepalli HOBOrO CTaHy 13
JO/IaBaHHSAM JEsSKOro IyMmy Ta I1H(opMmauli BiJg CHCTeM yOpaBiiHHA (IpH
HasBHOCTI). Hagami iHImmi MHIAHUKA oriepaTop, SKUi KOMOTHOBAHHUM 3 10JJaTKOBUM
IITyMOM, 3aCTOCOBYETBhCS JO CIPABXHBOTO (IIPUXOBAHOTO) CTaHy JJIsi TeHeparlii
CTIOCTEPEKYBAaHUX BUXOJIIB.

st Bukopuctanus (inprpa Kanmana ayis OLIHKK BHYTPIIIHBOTO CTaHY
MpOIECy, BUXOASYU JIMIIE 13 TIOCHIJIOBHOCTI 3alllyMJICHUX CIIOCTEPEKEHb,
HEOOX1THO BIJIITOBITHO 3MOIEIIOBATH MPOIIEC 3a MOJICIIIIO JMHAMIYHOT CHCTEMU JIJIS
butbtpa Kanmana. Ile Britodae 3amanHst MaTpullb Fj, (MojeNb Mepexoay CTaHiB),
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H, (monmenb cnoctepekeHHs), Q) (KoBapiamisi mymy mnporecy), Rj (koBapiaris
IIyMy CIIOCTEpPEKEHHs) Ta 3a MoTpedu Bj (Mojenb yIpaBlliHHS) JJi1 KOXKHOTO

MOMEHTY 4acy k.

Takr= k-1 TakT= k TakTt= k+1
CriocTepesxyBaHe {zfl Ly f;m
., u, u,. '
Hapasane o, R “ (0,R ol OR) |
“ee 2.Q) ‘0.0 0, Q eee
T - 1 | |
KOPHCTYBa4eM [F] [B] :3\\ ,|| ﬂ | F| . @ |E :| ;|/ .
TpuxoBaHe \\\\:’-i"_l_ \'?“/ “1 _ % \\\\\:"‘rj‘”_ \?”_,.-L-'://
{‘f" -1 _Ic_-_E ‘ ,xL- By Iiﬂz_x_m'l?f?}'z

Pucynoxk 2.36 — bazoBa monens auHamiyHoi cuctemu s dinsTpa Kanmana

Monens dineTpy Kanmana mpumnyckae, 1o cripaBXHiil CTaH y MOMEHT 4acy k
BUBOANTHCA 31 cTany B (k — 1):

X = Fkxk_l + Bkuk + Wp (250)

ne

F, — € mMozmemno mepexoqy CTaHy, IO 3aCTOCOBYETBHCS IO MOINEPEAHBOTO
CTaHy Xj_1 ;

B, — € monemno BIJIMBY KepyBaHHS Ha CHCTEMY, IO 3aCTOCOBYETHCS 10
BEKTOpA KepyBaHHS Uy, ;

W,~N(0,Q;) — € 1mymoM Tpolecy, 10, SIK BBAXKAETbCI, Mae
0araTOBUMIPHUN HOPMAJIbHUM PO3MOALT 3 HYJIbOBUM CEpPEIHIM 3HAYEHHSIM 1 3
KoBapiari€ew Q.

Y MomeHT Hacy k crioctepekeHHs (a00 BUMIPIOBAHHS) Zj, CIIPaBKHBOTO
CTaHy X} pOOUTHCS BIAMOBIIHO:

Zp = Hkxk + Vg (251)
e
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Hj, —MoJenb crocTepexxeHHsl, 10 BiA00pakae mpoCTip CIPaBKHbOTO CTAHY Y
CIIOCTEPEKYBAaHUHN TIPOCTIP;

Uy — IIyM CIIOCTEPEIKEHHS, 110, SIK BBAXKAETHCS, € TAYCOBUM OUIAM IITYMOM 3
HYJIbOBUM CEPEIHIM 3HAUCHHSIM 1 3 KoBapialiew Rj,.

[Ipy 1pOMY MOYATKOBUU CTaH 1 BEKTOPH IIyMy HAa KOXXHOMY TaKTi
BBAXKAIOTHCS B3AEMHO HE3AJIC)KHUMH.

3acanvruii areopumm. Oinptp Kanmana € peKypCUBHUM OIIHIOBaYEM, KU
MPUIHATO TUTUTH Ha 2 eTanu: nepeAadadeHHs CTaHy CHCTEMH, BUKOPHUCTOBYIOUH
CTaH CHUCTEMH 3 IMONEPEIHbOrO0 TAKTy Ta YTOYHEHHS, SKUM BHUKOPUCTOBYE
PE3YNBTATH CIOCTEPEKEHHS HA MOTOYHOMY TakTi. CTaH CHCTEMH TPEICTaBICHUN

JABOMA 3MIHHUMH: Xj; — amoCTEPiOpHA OILIHKA CTaHY CHCTEMM B MOMEHT 4acy kK
IpH BiJOMHX CIOCTEPENKEHHAX IO MOMEHTY K BKIIOYHO; Py, — amocrepiopHa
KOoBapialiiiHa MaTPUIls MOMUJIOK, 1110 € MIPOIO OLIIHKA TOYHOCTI OTPUMAHOI OIIHKU
CTaHy.

Eman nepeobauenns npencrapiisie BAPAXyBaHHS alpiOPHOI OI[IHKH CUCTEMU
Xk k-1 Ta KOBapialilo anpiopHoi OMHKK Py _:

Xe—1 = FrXg—1k—1 + Bk (2.52)
Pyik-1 = FkPk—1|k—1FkT + Ok (2.53)

Eman ymounenns nependadae o0’eqHaHHS ampiOpHOi OLIHKH MICIA €TaIy

nepeadayeHHs 3 MOTOYHOIO 1H(POPMAIIIEIO CTIOCTEPEKECHHS:

Vi = 2 — kak|k—1 (2.54)
Sk = HgPrj—1Hf + Ry (2.55)
Ky = Pype—1HE St (2.56)
fiqk = J?k|k—1 — KV (2.57)

Pk|k = - Kka)Pk|k—1 (2.58)

JAc
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Vi — HOBOBBEJICHHSI (BIIXWJICHHS) BUMIPIOBaHHS,

S — KoBapiailisi HOBOBBECHbD (BIIXUJICHHS),

K} — ontumaiibHMiA epeaaBanbauil kKoedimient Kanmana,

Xk kx — OHOBJIEHA (aNOCTEPIOPHA) OLIHKA CTaHy,

Py, — XOBapiallist OHOBJIEHO] (aIIOCTEPIOPHOI) OLIHKHY,

| — oMHUYHA MaTPUIIA.

3acmocysanns npu 3a0aui siocmedxcenns. 3acrocyBanHs ¢inbTpiB Kaamana
JUIS BUPIIIEHHS 3a7a4l BiJICTEXKEHHsS 00’ €KTIB BUMarae criennugikyBaTH 3arajJbHUM
aNropuTM. {7151 CipolieHHsI ONMUCY alrOpUTMY OyJIe PO3TIISIHYTO CHPOIICHY 3a/1a4y
BIJICTEKEHHS B OJTHOBUMipHOMY TipocTopi (puc 2.37). Hexail, ciocTepekeHHs pyxy
00’€KTYy BHUMIPIOEThCSA 3 MEpiojloM B At CeKyHH ¥ 11l BUMIpU € HETOYHUMHU (Y
BUIIAJIKY BIJICTEKEHHS OaratboX 300pakeHb 3a B1ACOPSAOM, IPUUUHOIO HETOYHOCTI
€ TOMWIKAa B BHU3HAYECHHI OOMEXYBaJIbHOI paMKh OO0’€KTy, ¥ BIJMOBIJHO
KOOpAWHATH Horo 1eHTpy). Tak sik 3HaueHus F, H, R, Q — crai, To iX 1HJIEKCH B

MOoAANBIIOMY ONKCI OYAYTh OMYIIEHI.

OnTumanbHa ouiHKa cTaHy

lMporHo3soBaHa

OUiHKa CTaHy
BumiptoBaHHA

Pucynox 2.37 — 3actocyBanus punbtpy Kanmana B 3amadi BiCTEKSHHS

TakuM YMHOM, MOJIOKEHHSI Ta MIBUIKICTH 00 €KTY BUMIPIOETHCS JIHIMHUM

IPOCTOPOM CTaHYy:
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X = [xx] (2.59)
Jie X — IMBUJKICTD (ITOX1AHA MOJIOKEHHS 10 Yacy).

Hexaii 3miHy mBHAKOCTI 00’€KTa OMHCYyE TPUCKOPEHHS aj, IO MAae€
HOPMaJBHHUIA PO3MOALT 13 HYJIbOBUM CEpEIHIM 3HAYCHHSAM, Ta CTaHIApTHUM
BigxuwieHHsIM a,~N(0,0a). Toai nependadyeHHs: CTaHy CUCTEMHU MPEICTABIATAME
y BEKTOPHOMY BH/JI1 KIHETUYHOT'O PIBHSHHS:

Xy = Fxp_1 + Gay. (2.60)

[Ipu:

F=[1At01] (2.61)

G = [Atz

2

At | (2.62)

3 3arajibHOTO anroputmy pineTpy Kanmana:

X = ka—l + Wy (263)
w,~N(0,Q) (2.64)
Q=GGTo2 =[5 2 28 a2 o2 (2.65)

Ha xoxHOMY Kpolli 3IIMCHIOETBCS  3alllyMJIeHE BUMIPIOBAHHS  Zj
CIIPaBXHBOTO TIOJIOKCHHS 00’ekTy. [lpmmyckaroum, M0 IIyM BUMIPIOBaHHS Uy
TaKOXX Ma€ HOPMAJIbHUM PO3MOJIII 13 HYJIbOBUM MATEMaTHYHHM OYIKYBaHHSM Ta

CTaHAaPTHHUM BiI[XI/IJ'ICHHHM oZ , TO:

Zy = Hkxk + Vi (266)
H=[10]" (2.67)
R = E[v,vi] = o2 (2.68)

Etan mepen0OadeHHs Ta OHOBIEHHS CHIBMAAa€ 3 3arajlbHUM ajJTOPHUTMOM
bineTpy Kanimana, onmcanum Buiiie.
[Ipu po3poOsieHH1 BIACHOT MOJIE BUKOPUCTAHO T'OTOBE MPOTPaMHE PIILICHHS

3 peanizainiero GpunbTpa KariMana Ta YTopchkoro anroputmy.
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2.6 BucHoBKH 10 po3aiay 2

B manomy po3zini npoBeneHo IPYHTOBHE JTOCIIIKEHHSI OKPEMHUX aCIEKTIB Ta
aITOPUTMIB BHUOPAHUX METOJIIB MPENPOIECIHTY, BHUSABICHHS, PO3IMi3HABaHHS Ta
BiJICTEXKEHHS 00’ €KTIB.

3okpema, po3risiHyTo anroputMu cimeiictBa YOLO Tta Faster R-CNN, st
SKUX OMUCAHO JIeTalll 1X HABYaHHS Ta HAaBEICHO PE3yJIbTaTh JOCIIIKEHb.

OcHOBHY yBary NpualIeHO MUTaHHIO eBoiouii anroputMy YOLO, mpo €
KJIFOUOBUM JUIsI PO3YMIHHS CTPYKTYpH JAHOTO QJITOPUTMY Ta BHKOPHUCTAHUX
METO/IIB Ta ITiIXO1B OpraHizamii JaHuX.

JleTanbHO PO3IIIAHYTO aNropuT™M posmizHaBaHHS YOLOVS, sk moTo4HMiA
€TaJIOH JUIsl MOJEIel po3Ii3HABaHHS.

JIoMaTKOBO PpO3TISIHYTO alropuT™m posmizHaBaHHa YOLOvVY9 3 iioro
KOMIUIEKCHOIO (DYHKIII€}0 BTpaT Ta TOMNOJIOTIEI0 3arajbHOI MEPEXl 3 OMHCOM
OCHOBHUX OJIOKIB, SIKMH € ITUIKOM JOCTATHIM JUIsl OTO MOJAIIBINOI peaizarlii, o
JI03BOJISIE€ MPAKTUYHO MOOYAYBAaTH MOTO EK3EMIUIAP Yepe3 PO3KPUTE apXiTEKTypHE
pimmenHs. Onuc ckiaaoBux (GyHKIIN BTpaT 3 ii mapaMmeTpamMu HaJa€e po3yMiHHS PO
OLIIHKY po0OTH Mepexl MiJ 4yac ii HaBYaHHA. AJNTOPUTM JO03BOJISIE MPABHIIBHO
IHTEpIpeTyBaTH BUXIAHI JaHI 3 MEPEXl Ta BHUPINIyBaTHU 0a30Bl MHpoOIEeMH
po3mi3HaBaHHs 00’ €KTIB Ha 300paxKeHH.

HaBeneno HasBHI mpoOieMH TOraHoi SKOCTI 300pa)kKeHHS Ta MOKa3aHo
MOXKJIMBICTh 1X BHUpIIIEHHS (IMPEHPOIECHHT 300pa)KeHb) 3ampOorOHOBAaHUMU
METOJaMH.

Pospob6raeno apxitektypy moaeni YOLO v9 P (na 6a3i moneni YOLOVY), sika
3aCHOBaHAa Ha MOJYJIbHOMY MiAXO0/1, A€MOHCTPY€E aJanTUBHICTb JO 3MIHHUX YMOB
MOBEJIIHKY 00'€KTIB B PEKUMI PEaJIbHOrO Yacy, 110 3abe3rnedye cTablaibHy poOoTy
IpOrpamMHOro 3aco0y.

[To 6inBIIOCTI TapaMeTPiB 3aPOMOHOBAHO Ta MO0y I0BAHO METO 1 BUSIBJICHHS,

pO3Ii3HaBaHHA Ta BIJCTEKEHHs 00'€KTy B pexuMi peaibHoro yacy YOLO v9 P,
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KWW BUJIA€ OUTBII TOYHI pe3yJIbTaTH MPH 3aTpaTi MEHIIOI KiJIbKOCTI pecypciB y
nopiBHsHHI 3 YOLO V9, mo 5103Bojisie BUKOPUCTOBYBaTH B CHCTEMax 3
0OMEKEHUMH PECYPCAMH.

TeopeTnuHO OOIPYHTOBAHO TaKi NMPUYMHHU IMOTAHOI SIKOCTI 300paKeHb, SK
IITYM, PO3MHTTS Ta HEAOCTATHS KOHTPACTHICTH Ta POSKPUTO METOIH ISl BUPIIIICHHS
ux npoOiem: menianHui GuneTp Ta TV-perynspusaiis g BHIAJICHHS IIyMY,
¢bineTp uitkocTi Ta Deblur GAN ans BupalieHHS PO3MUTTA Ta BUPIBHIOBAHHS
TiCTOrpaMu AJis MABUIICHHS KOHTPACTHOCTI.

JIJisi oAanblIoro KOHCTPYIOBAHHS MPOTPaMHOTO pIIIEHHS OOpaHO METOJ
BYTE Track pns BiacTekeHHs OaratboxX O0O0’€KTIB B peaJlbHOMY dYaci, IO
CKJIAJAEThCs 3 NependadeHHsl MoJoKeHHsI 00’ekTiB uepe3 ¢uipTpu Kanimana Ta
pPO3IUICHHS 1/IeHTU(]IKOBAaHUX O0’€KTIB 3a PIBHEM BIIEBHEHOCTI, MEPBUHHOI Ta
BTOPHHHOI acoIiarii.

OcCHOBHMMH 3MIHAMH 3alpONOHOBaHOI apxiTekTypu mojeni YOLO v9 P e
nonatkoBi 01oku Detect mogynmto Head, ki BiAmoBiAatoTh 3a BUPIMICHHS 3a/aadl
BUSIBJIEHHS 00'€KTIB Masioro po3mipy; aoaatkosi 6sioku CBLiner, CBFuse, ADown
ta RepNCSPELAN4 monymto Auxiliary ans arperariii mapiB B ctpyktypy ELAN 1
CIpSIMyBaHHSI Ha MOJAJIbIIY ONTHUMI3allil0 MPOIECY BUAUICHHS O3HAK; J0JIaTKOBI
ook PFNB i1 BiFormer monynto BackBone mjist 3meHIieHHss 004uCIIOBaIbHOT
CKJIQJHOCTI Ta TOKpAIEHHs yBaru MOJEINi JI0 KI040oBOi iH(opMaIli y BXITHUX

O3HaKax.
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PO3/IL1I 3. PO3POBJIEHHSI TEXHOJIOI'TI PEAJIIBAIIIL
IMPOI'PAMHOTI'O 3ACOBY PO3II3HABAHHSI TA BIICTEKEHHSI

VY nmaHomy po3AUIl OMKCAaHO Mpollec MiAroTOBKM Habopy manux (dataset),
OOIPYHTYBaHHS CEPEIOBUIIIA T TEXHOJIOTIH PO3POOICHHS MPOTPAMHOTO MPOAYKTY,
TOTOBI MPOTPaMHi MOAYJI1 Ta pe3yabTaTH eKCIIepUMEHTY. J{71s HaBYaHHS HEHPOHHOT
Mepexi po3Ii3HaBaHHs HeOOX1THO 00paT Habip JaHUX, 110 BIAMOBIAAE KPUTEPISAM,
gkl chopMoOBaHI 0 3aBAaHHA AUCEPTALIMHOTO JOCHIIHKEHHS Ta Ma€ SKICHY
nepeBary HaJl IHIIUMH ICHYIOUUMH pOOOTaMHU.

Jlig peamizamii HOpPOrpaMHOrO pIIIEHHS Ta IPOBEIEHHS EKCIIEPUMEHTY
HEOOXITHO 00paTH TEXHOJIOTIi, SKI JO3BOJISIIOTH 3PYYHO peai3yBaTH OIMCaHI
METOJM Ta CEPEeNOBHUIIE, L0 € JOCTATHbO MOTY>KHI JI MPOBEICHHS SKICHOTO
eKkcriepuMeHTy. PeanizoBaHa cucTemMa JUIMTBCA Ha MOJAYJI TPENPOLIECHHTY,
pO3ITi3HaBaHHSA Ta BIJACTEKEHHS, 1110 MICTITh BIMOBIIHUHN (hYHKITIOHAI.

ExcniepumeHT npenacraBisie cOO00 MPOBEIECHHS 3aMipiB BU3HAUEHUX METPHUK

Ta 94aCy BUKOHAHHA IJIs1 CUCTCMHU 3 p13HI/IMI/I MCTOJaMU IMPCHIPOLCCUHTY.

3.1 Orasg icHyrouux Ha0opiB naHux (dataset)

BignoBigHo 10 TOCTaBIEHOTO 3aBJaHHS HAaOlp MaHWX IS peaizaiii Ta
BaJliJIallii CHUCTEMM pO3MI3HABAHHS Ta BIJACTEHKEHHS TMOBUHEH 3aJI0BOJILHATU
HACTYITHUM KPUTEPIsSIM:

— JpKeperoM 300pakeHHs moBuHeH Oytu brJIA 3 BHCOTOIO TONBOTY Ha
MOMEHT 3UOMKH 110 50 M, 0aKaHO POTOPHOTO THUILY;

— Ha 300paXCHHSX TOBUHHI OyTHM OO0 ’€KTH TEXHIKH PI3HUX KiaciB (mpu
MOXJIMBOCTI, JIFOJIA TaKOK MarOTh OyTH) 3 BIAMOBIAHOK PO3MITKOIO JJISI KOXKHOTO
00’€exTa 300paKeHHS;

— 300pakeHHsI 3 PO3MITKOI0 MalOTh CKJIaAaTH Pa3oM TOCIITOBHICTh KaJpiB

BiJleopsiny 3 yacTororo 3miHu kajpiB (FPS, frames per second) >= 10.

139



Habip nanux Kitty 3 po3ainy 2.1 He BiANOBIIAa€ MEpEIYEHUM KPUTEPIsIM JIJIs
peanizalii Ta Bayiiamii CHCTEMH po3mi3HaBaHHs 00'ekTiB 3 briJIA, ane muanyeThes
BUKOPHUCTATH SIK €TaJIOHHUI PEKOMEHI0BaHUI HA01p JaHUX B MOJIENI IIPU TIEPEBIpIl
aJTOPUTMIB BUSIBJICHHS 00'€KTIB.

[lopiBHsIBHY XapakTepucTuky HabopiB manux 3 bnJIA HaBemeno y

tabmusx 3.1 ta 3.2.

Tabmuns 3.1 — IopiBusiibHa Tabnuig HabopiB AaHux 3 briJIA

Ha3Ba Habopy nanux Jlxepeno 300pakeHb Pix
cowcC Aerial 2016
CARPK Drone 2017

DOTA aerial 2018
UAVDT Drone 2018
VisDrone Drone 2018
DroneVehicle Drone 2022
HIT-UAV Drone 2022
RAIVD Drone 2022
TAIVD Drone 2022

SIkmo s mepimmx ABOX KPUTEPIiB ICHYE JTOCTATHBO J1aTACceTiB Y BUILHOMY
noctymi (tadbmuui 3.1 — 3.2), To mia TpeTiil KpUTepii Mmijsarae Juile 18a 3 HUX, a
came: TAIVD «Traffic Aerial Images for Vehicle Detection» 1 RAIVD «Roundabout
Aerial Images for Vehicle Detection.

O6uaBa HAOOpU JaHUX MarOTh MPHUOJIM3HO OJHAKOBY KUIBKICTh KaJpiB Ta
OJIHAKOBE PO3MIMPEHHs Ta Tul 300paxkeHHs. RAIVD wmictuTe kaapu Bigeopsay 3
JIpOHa, 3HATI Ha OB BucOTi, HIXX TAIVD, 1110 IpuBOaUT 10 O1IBIIOI YaCTOTH
00’€KTIB Ha OJJHOMY 300pakeHHI, ajie TAaKOX 1 MPU3BOJIUTH A0 MPOOJIEMHU MaJoro

macmtady o0’ekTiB. Takox y TAIVD e Bigeopsau i3 3MiHOIO IJIaHy 3HOMKH Ta
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KyTOM Bifieokamepu, kojid B RAIVD. KinbKicTh yHIKaIbHUX JIOKAIIH TaKOXK OLTbIA

B TAIVD, nix y RAIVD (12 Ta 8 BiaMOBIIHO).

Ta6muis 3.2 — [lopiBHsuIbHA TabsuIs HAOOpiB AaHuX 3 briJIA

Hasga Tun Kinbkicte | Kinbkicts | Cepenns | Posmmpenus
HaOopy | 300paxkeHb | 300pakeHb | KJIaciB KUTBKICTh
JTAHUX 00’€KTIB
OJTHOTO
KJ1acy
COWC RGB 32.7k 1 32.7k 2048x2048
CARPK RGB 1.448 1 89.8k 1280x720
DOTA RGB 2.806 14 13.4k 12029x5014
UAVDT RGB 80k 3 280.5k 1080x540
VisDrone RGB 10,209 10 54.2k 2000x1500
DroneVenhi RGB+ 31,064 5 88.3k 840x712
cle Infrared
HIT-UAV HIT 2,898 4 5.3k 640x512
RAIVD RGB 15,474 5 62.5k 1920x1080
TAIVD RGB 15,070 2 75.2k 1920x1080

OO6'eqnaTy naHi HAOOPH JAHUX HEMOKIIMBO Y€pe3 YaCTKOBE HECIIBIAIHHS B
kinacudikaiii o0'ektiB. B mareceri RAIVD € kmac «Benocunen», a B TAIVD —
HEMae, aje € KJIac «MOTOIMWKII», SKOTO HEMaE B TMEPIIOMY, TaKOX € PI3HUILS B
PO3MITII KJIacy «aBTOMOOUTEY. OTXKe, He3BaXKarouu Ha OUIbIIY KIJIBKICTh KJIAcCiB B
RAIVD, nns momansinoro mociipkeHHs Oyno oOpaHo HaOip manmmx TAIVD.
OpHi€0 3 OCHOBHUX MPUYMH TAKOTrO BUOOpY € Ollbllla PI3HOMAHITHICTH IJIaHIB
B1ICO3HOMKH.

Onuc nadopy nanux TAIVD. Jlani (pucynok 3.1) 6ymnu 316pani B 2022 porri

y BUIIISIAL Bifeopsaais 3 2 tuniB komepuiiaux briJIA (DJI Mavic Mini 2 Ta Yuneec
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Typhoon H) nns nmonboTiB Ha manii Ta cepeani BiactaHi [47]. O6’ekTaMu 3MOMKH
CTaJIM JUISSHKU JIOPOTH, MEPEXPECTs Ta MEPEXpecTs 3 KPYroBUM PYXOM pazoM 3
TpaHCTIOpTOM Ha HuX. JIokaiist 3iioMku — [cnanis, OIbIIICTD BiACOPSIAiB Oyia 3HATA
Ha okoymuax Maapuny. Kyt HanpsiMKy KaMepu 10 TOPU30HTY KOJUBA€ThCs Bij 45°
10 60°. Ieii miama3oH T03BOJISIE 3aXOTUTIOBATH OOKOBI Ta BEPXHI YaCTUHU 00’ €KTIB,
Ha BiMIHY BiJl TOBHICTIO 3€HITHOTO 3aXOIUICHHS mia KyToMm 90°, komu Oyzae B3siTa
JIUIIIE BEPXHS MPOECKITiS.

Bucota nonsoty briJIA npu 300pi nanux konuBaeThes 3 35 m 10 120 m. o
JTIO3BOJIMIIO OTPUMATH 3HIMKH PI3HUX MAcIITa01B 1 3017IBIIMIIO PI3HOMAHITTS HA00pYy
JTAHUX.

Otpumanni Bizneopsiain Maiu yactoty kaapiB 30 FPS Ta posmupenHs B
1920x1080 mikcemiB. 300pakeHHs 30epexeHi y daitni popmaty .jpg, Ha3Ba SKOTO
CKJIQIa€THCS 3 HA3BU BiJICOPAIY Ta MOPSAKOBOTO HOMEPY KaAPy Y BIACOPSIL.

PosmiTka nanux st 06’ €kTiB Oys10 BUKOHAHO MaHyaibHO aBTopamu TAIVD
y ¢popmati YOLO, gepes itoro yHipikoBaHICTh Ta BUCOKY MOLIUPEHICTH AJI 3a7a4l
po3rmi3HaBaHHs 00'eKTiB. [ KOsKHOTO Kaapy O0ysi0 chopMOBaHO TEKCTOBUH (haidi 3
HA3BOIO BIJMOBIHO /10 Ha3BH 300pakeHHs Kaapy. Koxen psiiok daitny Biamosigae
OJIHOMY 00'eKTy Ha 300pakeHHI ¥ MICTUTh 1H(POpPMALIID MPO HOro Kiac Ta
oOMeXXyBaJlbHY paMKy y (opmarti, 1o HaBeaeHo y hopmymi 3.1.

<ideass><x><y><w><h> (3.1)
ne

Id 1qss — 1meHTU]IKATOp KIacy 00’ekty (0 — as Kiacy «aBToMoOuIby, 1 —
JUTSE «MOTOITHKID),

X,y —3HaU€HHS KOOPAMHATIB LICHTPY 0OMEKYBaJIbHOT paMKH, HOPMali30BaHa
y miamazosi [0.0, 1.0],

W, h — 3HaYeHHS IHUPUHU 1 BUCOTU 0OMEKYBAJIbHOI pAMKH BIAHOCHO IIUPUHU

1 BUCOTH 300paxkeHHs (Takok HOopMmaiizoBanuii B [0.0, 1.0]).
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Pucynox 3.1 — Ilpukiian kaapy Biieopsay 3 300pakeHUMU 0OMEKyBaJTbHUMU

paMKaMu, KOJIip SKHX BiJIITOBIJA€ 3a KJ1ac 00’ €KTY

3.2 ®opmMyBaHHSA BJACHOIO0 1aTACETY

3 orasay Ha Te, 10 MPAKTUYHUM acleKTOM pOoOOTH € BUSIBJICHHS B PEXHUMI
peaNlbHOTO Yacy came BIMCHKOBOI TEXHIKH, a JIaTaceTiB 3 TaKUM MapKyBaHHSAM Y
BIIKPUTHUX JUKepeiaxX HE BHSIBJICHO, Oylo MpHUIHATE pilieHHS Npo (HopMyBaHHs
BJIacHOTO jaaracery. s 1mporo Oyno BUKOpUCTaHO (GOTO Ta Bieo MaTepianu i3
BIIKPUTHX JDKEped, a caMe BIJICOPOJMKIB Ha BiIEO0 XOCTHHTOBIH miatdopmi
Youtube, cou. Mepexi facebook, Ta B meccenmxkepax Telegram, Viber ta
WhatsApp. OcHOBHOIO TPOOJEMOIO CTajla TOTaHa SKICTh BEIMKOI KIUTBKOCTI
POJIMKIB, HASBHICThH IIyMiB. Takok 4acTo B TaKUX Bijieo (IrypyroTh BaTepMapKH,
SKI YacTO TEpPEKPUBAIOTH 00JacTi I1HTEpecy, UM CaMHUM 3HUKYIOUYH SKICTh
MOTEHIIAJIbHOTO JaataceTy. I[lpoTe migbip MarepiaiiB 1 JIMIIE Mepila YacTHHA
CTBOPEHHS 1aTaceTy, 1HIIOK X YaCTUHOIO € PO3MITKa Ta MapKyBaHHS.

Y CBITI IITYYHOTO IHTEJIEKTY Ta MAIIMHHOTO HAaBYaHHS, IO IOCTIHHO
PO3BUBAETHCS, MOMUT HA BUCOKOSKICHI MapKOBaHI JaHi MpPOIOBXKYE 3pOCTAaTH B
reoMeTpuuHiii nporpecii. Byab To HaBuaHHS MoOJelel KOMIT'IOTEPHOTO 30py AJIs

pO3Mi3HaBaHHA O00'€KTIB Ha 300pakeHHSAX ab0 TOHKA HACTpOMKa aJrOPUTMIB
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OTIpaIlfOBaHHS JaHUX MPHUPOJAHOI MOBH JJIS aHANi3y HACTPOiB, MapKOBaHI HAOOPH
JAHUX HEOOXiAH1 I po3pOOJICHHS Ta ONTHUMI3aIll MPOrpaMHOro 3a0e3neyYeHHs
JOJIaTKIB IITYYHOTO 1HTeNekTy. Ha mpoMy Tii miuaTdopmMu AJis aHOTYBaHHS JaHUX,
taki sik Label Studio 1 Roboflow, cranu nonynspaum BUGOpoOM It onTUMI3AIIIT
MpoIIeCy MapKyBaHHS JaHUX.

Hapani mposeneno mnopiBusuibHMI aHamiz Label Studio 1 Roboflow,
BHUCBITJIEHO iXHI OCOOJMBOCTI, (PYHKIIIOHAJIIbHI MOXJIMBOCTI Ta MPHUAATHICTH JIJIs
pI3HUX CIICHapliB BUKOPHUCTaHHS, HI00 JOMOMOTTH MPHUUHATH OOIPYHTOBaHE

pIIIEHHS TPU BUOOP1 IPABUIILHOTO 1HCTPYMEHTY JIJIsl OTPeO B aHOTYBAHHI JIaHUX.

3.2.1 Bubip nmporpamMHoro iHcTpyMeHTapil 1jis (popMyBaHHsA Haldopy

JaHUX

Roboflow e xmapHoro miaThopMoro, IO CHEHiadi3yeThCsl Ha 3aBIaHHIX
KOMIT'FOTEPHOTO 30pY, TaKUX SIK BHUSBICHHS 00'€KTIB, Kiacudikails 300pa’keHb 1
CEerMeHTallisl 300pakeHb. 3aBJIIKU 3pyYHOMY 1HTEpdelcy Ta O€31OBHIN 1HTErpaii
3 MOMYJIIPHUMH (ppEeMBOpPKaMU MAITMHHOTO HaBYaHHSA, TakuMu sk TensorFlow Ta
PyTorch, Roboflow cnpormrye mpoiiec aHOTyBaHHSI Ta MOMNEPEIHBOI OOpPOOKHU
Ha0OPIB TaHUX 300pakeHb JJI1 HAaBUAHHS MOJIeJIel KOMIT FoTepHOTro 30py. Roboflow
MIPOTIOHYE PsI/T THCTPYMEHTIB JUIsl aHOTYBAaHHS, BKJIIFOYAIOYM OOMEXKYBalIbHI PAMKH,
MIOJTITOHY Ta KJTI0YOBI TOYKH, a TAKOK aBTOMaTHU30BaHI METOIU JOTIOBHECHHSI TAaHUX
JUI 30UIBIICHHS PI3HOMAHITHOCTI HAOOpIB JaHMX 1 TMIJIBHMINCHHS HAIIHHOCTI
MOJENEN.

®dyukiii Ta MoxkauBocTi Roboflow (pucyHok 3.2) HamarTh pO3pPOOHHKAM
KOPUCHUX 1HCTPYMEHTIB JIJII CTBOPEHHS aHOTAIlil, aBTOMATH3AIlIEI0 TTONIEPEIHBOT
OoOpoOKM Ta JOMOBHEHHS JAaHMX, OE3IIOBHY IHTErpalil0 3 MOMYJISIPHUMHU

bpeitMBopkaMu Ta TuIaTGopMaMu, CIIBIPAIIO Ta KOHTPOJIb BEPCIi.
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Pucynok 3.2 — Ilpuknan Habopy nanux Roboflow

Label Studio e incTpyMeHTOM /11 MAPKYBaHHS TaHUX 3 BiIKPUTUM BHX1THUM
KOZoM, po3poOnenuii Heartex. 3aBasky NIATPUMII IIHPOKOTO CHEKTPY THIIIB
JIAaHUX, BKJIIOYAIOYU TEKCT, 300pakeHHs, ayaio Ta Bijgeo, Label Studio mpomonye
yHi(ikoBaHy maTGopmy JiJIsi aHOTYBaHHS PI3HOMAHITHUX HAO0OPIB JaHUX Y PI3HUX
rany3sx. Onniero 3 ocobnuBocteit Label Studio € rHyuYKicTh y CTBOPEHH1 BIACHHUX
iHTepdeiciB aHOTAIllH, TPUCTOCOBAHUX JI0 KOHKPETHUX CIIEHAPIiB BUKOPUCTAHHS Ta
BUMOI JIO aHOTallii. 3aBAsKW 3py4YHOMY IHTepdeicy Ta HaJlallTOByBaHUM
KoH(irypaiisiMm mapkyBanHs, Label Studio qae MomuBiCTh sIK (axiBIsIM 3 TaHUX,
TaK 1 HETEXHIYHUM KOpPUCTyBayaM e€(eKTUBHO MApKYyBaTH JIaHi JIJIsl pi3HUX 3aB/laHb
MaITUHHOTO HaBYaHHSI.

KitouoBi ocob6nmBocti Label Studio € mynsTuMoOaaibHy MIATPUMKY, THYUKI
aHoTaIlll, 1HCTPYMEHTH [Jis CIIBIpalli, 1HTErpalil0 3 aKTUBHUM HaBYaHHSM,
macmraboBanicte. Ilig yac momaBanmHa anoramiii Label Studio aBromartmyHO
BIIOPSIKOBYE MapKOBaHI JIaHi, 10 MOJETTIYE BIACTEKESHHS MPOrpecy Ta KepyBaHHS
npoektamu aHoTaui (pucyHok 3.3). Ilmatdopma Takox miATpUMye poOOTYy 3
BEpCISIMH, JO3BOJISIIOYM KOPUCTyBadaM TMEPErysaaTi 1 MOPIBHIOBATH aHOTAIlll B

PI3HHX ITEparlisx.
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Pucynoxk 3.3 — Ilpuknan kaapy Bigeopsay B Label Studio

ITepeBarn Bukopuctanus Label Studio € migBumeHHs e()EKTUBHOCTI,
MOKpaIlleHa SKICTh, EKOHOMIYHa e(eKTUBHICTh, THYYKICTh 1 KacToOMi3allis,
HiATPUMKA CHUTBHOTH, CTEIlianbHi iHTepdeiicu aHoTallil, CriBIpallsd Ta KOMaH/ Ha

poboTa, iHTerpallis 3 aKTHBHUM HaBYaHHSIM, MACIITA00BAHICTh 1 TPOIYKTUBHICTb.

3.2.2 IlopiBHsiiibHMIT aHagi3 Label Studio Ta Roboflow nist anoryBanus

JTAHUX

['myuxicte mpotu cnemiam3arii: Label Studio npononye rayukicts y poOoTi
3 pI3HUMU TUIIAMU JIaHUX 1 3aBJaHHSMU aHOTAlli, 1110 poOUTh HOro NpUIATHUM IS
mUpoKoro crnekTpy 3acrtocyBanb IIII. Roboflow, maBmaku, cmerianizyeTbcsi Ha
3aBJaHHAX KOMIT'IOTEPHOTO 30pY 1 MOKe OyTH OLIbII 0OMEKEHUM y 3aCTOCYBaHHI B
1HIIUX chepax.

Kacromizamis npotu aBromatuzaii: Label Studio Hamae mnpioputer

KacTomi3allli, J03BOJISIOYM KOPUCTyBauaM CTBOPIOBATH 1HAMBIAyalbHI iHTepdelicu

146



aHoTanii 1 poboui mporecu. Roboflow, 3 iHmoro 60ky, poOUTh akIEeHT Ha
aBToMaTH3allii 3 TaKUMU (DYHKIISIMH, SK aBTOMAaTU4YHE JOMOBHEHHS JaHUX 1
KOHBEEPU TOMEPENHbOI OOpPOOKH, MPU3HAYEHI IS BIOPSIKYBAHHS POOOUHX
MPOILIECIB KOMIT'FOTEPHOTO 30Dy .

Binkputuit kog mpotu xmapHux Texnosoriit: Label Studio mae Bimkputhii
BUXITHUN KOJ 1 MOXe OyTH pO3MIIIEHUI Ha BIACHOMY XOCTHHTY, MPOIIOHYIOYH
O1TBIIMI KOHTPOJIb 1 THYUKICTh HAJl pO3TOpPTaHHAM Ta iHGpacTpykTyporo. Roboflow
— XmapHa 1uiatgopMa, MIO MPOIMOHYE 3PYYHICTH 1 MacmTabOBaHICTh, aye
MOTEHI[IITHO 0OMEXYE MOMIIMBOCTI KaCTOMI3AIl1 /Il KOPUCTYBAYiB 3 OCOOJIMBUMU
BUMOTaMHU JI0 PO3TOPTaHHS.

CmiBopanss Ta iHTerpauis: 1 Label Studio, 1 Roboflow mniarpumyrors
CHIBIpAII0 MDK 4YJeHaAaMHU KOMaHIu 3 (YHKIISIMU TPU3HAYCHHS 3aBJaHb,
BIJICTEXKEHHSI MPOrpecy Ta mnepeBipku aHoTtamiil. Kpim Toro, oOuasi miardopmu
MPOIOHYIOThH THTErPalliio 3 MOMYJIIpHUMHU (HPEHMBOPKAMU MAITMHHOTO HaBYaHHS,
110 MOoJIETITy€e Oe3nepediiiHe HaBYaHHS Mojieliel 1 po0oUi MPOIECH PO3rOPTAHHS.

Takum ymnom, Label Studio 1 Roboflow — 1ie moTyxH1 1HCTpyMEHTH st
aHOTYBaHHSI JJAHUX, KOKEH 3 SIKMX MPOMOHYE YHIKAIbHI (PYHKIIIT Ta CHIIbHI CTOPOHH,
MPUCTOCOBAHI J0 PI3HUX CIIEHapiiB BUKOPUCTAHHS Ta BMOJA0OaHb. Y TOW Yac K
Label Studio Bupi3HS€TBCA THYYKICTIO Ta KacTOMI3alli€lo, 3aJ0BOJIbHSIOYN
IIMPOKHUM CIIEKTp THUIIIB JIaHUX 1 3aBJlaHb aHOTyBaHHs, Roboflow cnemianizyerbes
Ha BIOPSAKYBaHHI pOOOYMX TMPOIECIB KOMIT'IOTEPHOrO 30py 3a JOMOMOIOKO
aBTOMATHU30BaHUX 1IHCTPYMEHTIB 1 XMapHO1 1HOPACTPYKTYpH. 3pEIITOI0, BUOIp MIXK
Label Studio 1 Roboflow 3anmexuTh Bii KOHKPETHHUX BHUMOT, IIJIEH MPOEKTY Ta
ynono0aHb IMIOAO KacToMi3allli, aBTOMaTu3alii Ta po3ropraHHs. PerenbHO
OIIIHUBIIIM MOXJIMBOCTI Ta (DYHKIIIT KOXKHOI T1aTdhopMu, OYJI0 MPUNHATE PIIICHHS
BukopuctoByBaTu Label Studio uyepe3 MOXIMBICTH pO3rOpHYTH HOTO JIOKAJIBHO,
TaKUM YMHOM CTBOPEHHM J1aTaceT He 3MOXKE MOTPAIUTH y BIAKPUTHI TOCTYT Yepes
npoOJieMH Ta Bpa3JIMBOCTI XMApHOIO CepeaoBHIa, abo dYepe3 OCOOIMBOCTI

MOJIITUKU HOTO BUKOPUCTAHHS.

147



3.3 OOrpyHTyBaHHSI TEXHOJIOTii Ta cepeloBHINA /JIA PO3POOJIEHHS

NMPOrpamMHOro 3aée3neyeHHst

Bubip TexHosorii Ta cepenoBuiia po3poOeHHs MPOrpPaMHOTo 3a0e3neYeHHS
B 3HAUHIA Mipi 3aJNeXWUTh BiA MOCTaBieHOl 3anaui. Ha nanuit BUOIp Takox
BIUTMBAIOTH (PYHKIIIOHATBHI Ta HE(YHKIIIOHATbHI BUMOTH 0 CUCTEMH MPOTPAMHOTO
NPOAYKTY. Y cdepi MalIMHHOTO HAaBYaHHS 3arajoM Ta JUisl 3a7a4 po3Mi3HaBaHHS Ta
BiJICTEXKEHHS 00’ €KTIB 32 BIICOPSIIOM 30KpeMa HAMOUTBII MOMYJIIPHUMH € HaCTYITHI
MOBH IPOTPaMyBaHHS.

Julia € BITHOCHO HOBOIO BHCOKOPIBHEBOIO MOBOIO IPOrpaMyBaHHs, SKY
HalyacTille BUKOPHCTOBYIOTh JJIsi aHAJI3y YHMCIOBUX JaHMX. (OCHOBHOIO
nepesaroro Julia € Bucoka mBUAKICTh BUKOHAHHS (Maiike ik Ha MOB1 C), OCHOBHUM
HEJI0JIIKOM € HEJJOCTATHSI CIUIBHOTA PO3POOHUKIB, IO IJI1 MOB 3 BIAKPUTHM KOJOM
€ BOXJIMBUM (aKTOPOM.

R € opniero 3 momyiasipHMX MOB JJI 3a/Jad MAIIMHHOIO HaBYaHHS, SKa
Crieliajii3oBaHa JJisi CTaTUCTUYHUX JOCHIIKEHb. Mae MpOoCTUIl CHUHTaKCHUC, aje
HEBENUKY chepy BUKOPUCTAHHS Yepe3 JOBOJII BY3bKY CIEIiai3aIliio.

Hapasi Haii011b111 3pyYHO0 MOBOO MPOrPaMyBaHHsI JIJIsl CTBOPEHHS MOJENEH
HelipoHHHX Mepex € Python yepe3 mpocTuil iHTYITMBHO-3pO3yMUIMN CHUHTAKCHUC,
MPOCTOTY BUKOPHUCTAHHS Ta IIMPOKE MOIIMPEHHS cepell PO3POOHUKIB, SIKY 1 OYyJ0
BUKOPHUCTAHO JUIsi BUKOHAHHS MPAKTUYHOI YacTUHHU AaHoi podotu. Jms Python
po3pobiieHo OaraTto (GppeiMBOPKIB Ta 010MIOTEK 3 BIAKPUTHM KOJOM ISl Pi3HHUX
33/1ad Mo poOOTI 3 JaHWUMH, Bizyajizallii, MaITMHHOIO HaBYaHHS Ta PO3POOKHU
HEHPOHHHUX MEPEXK, a BEJIMKA CIIJILHOTA pO3POOHUKIB 3a0€3M1€UyI0Th CTA0IBHICTh
po0OTH Ta aKTyaJIbHICTb.

Upmy ang ontumizaiii HamMCaHHS BJIACHOTO MPOrPAMHOIO 3a0e3MeyeHHs
BUKOPUCTAHO psj 010mioTeKk Ta (pPEeHMBOPKIB, OCHOBHI 3 SKHUX MPEIACTABICHO

HMXXYC:
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— Pytorch € ppeiimBopkoM 17151 pi3HHUX 3a7a4 MAITMHOTO HAaBYaHHS HA OCHOBI
oi0motekn Torch, sxuii cTaB MOMyJApHHUM IS 3a7ad MPOEKTYBAHHS TIIMOOKHX
HEHPOHHHUX MEpPEXK; repeBaroro Pytorch e peamizaiiis MOAYJiB JUisl CTBOPCHHS U
HaBYaHHS HEHPOHHUX MEPEK, ONTUMI30BaHUX Ha MOBI C Ta miATpUMKa iHTepdeicy
CUDA s Bukopuctanns rpadiunux npouecopis GPU;

— Ultralytics € Momynem mjisi CTBOPEHHsI, HAaBUaHHS Ta PO3TOPTAHHS IS
MoJiesield KOMIT IOTEpHOro 30py, HamucaHui Ha ocHoBi Pytorch; nmanuii momynb
BIJIOMUH 3pyYHOIO peati3ali€ero psaga mepex apxitekrypu YOLO;

— Numpy € wmoayneM i poOOTH 3 OaraTOBUMIPHHMMH MacHBaMU
(Haituacrillie BUKOPUCTOBYBABCS JIJIsl MATPUIIh Ta TEH30PIB);

— OpenCV?2 e 010110TEKOI0 AJ1 omnepaiiid 3 300pa)KEHHsSIM, X YUTaHHS Ta
30epekeHHs, poOoTa 3 BIAEOPSAOM, (PYHKIIOHAN SKOI ONTHMI30OBaHUN Ha MOBI
nporpamyBaHHs C;

— Matplotlib € 6i10mi0TeK010, sSika BHUKOPHUCTOBYBAJach JJi CTBOPEHHS Ta
Bi3yasizali rpadikis.

BupimenHs 3agad KOMIT IOTEPHOTO 30py MOTPEOYIOTH MOCTAaTHHO BEJIMKHUX
O0OYHCITIOBAILHUX PECYpCiB MAIllMHHM, Ha SKIH Oyae pO3TOPHYTO CepeoBHUIIE.
HaBuaHHS KOMIIJIEKCHUX HEMPOHHUX MEPEX Ha JAaTECETI 13 300paKeHb BUMaraTume
IIPOBENICHHS BEJIMKOI KUIbKOCTI oOuucieHsb. [lapamerpu HOyTOyKa [J1si HaBYaHHS

HEHPOHHOI Mepeki HaBeAeHo B Tabmwuii 3.3.

Tabmuus 3.3 — Onuc napametpiB HOyTOyKa /711 HABYaAHHST HEHPOHHOT MEpexi

[TapameTpu Kondiryparris
CPU Intel Core i7-9750H
RAM 32 GB DDR4 2400 MHz
GPU Intel UHD Graphics 630 4 Gb + AMD

Radeon Pro 560 X 4 Gb GDDR5

Onepariiina cuctema (OC) Mac OS
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3.4 Pe3ysibTaTH eKCNIEPUMEHTIB

3.4.1. llopiBHAIBbHI eKCIIEPMMEHTH 3 PyHKIIIMUA BTPAT Pi3HOT0 BUIJISIAY

Jlns nemoHcTpatlii edekty 301IblIeHHsT e(EeKTUBHOCTI POOOTH MOKPAIIEHOT
MOJIeJl TPOBEAEHO IMITallisl MOJETIOBAHHS MOPIBHSUIBHUX EKCIIEPUMEHTIB MIXK
nokpaieHoo ta 0a3oBoro moaensiMu Y OLO v9 nipu HeBennkomy HaOopi JaHUX (Ha
HEBEJIMKINA KUIBKOCTI 300pakeHb) 3 ypaxyBaHHSM JOCTYMHHX OOUYMCIIOBAIbHHUX
HOTY>KHOCTEH JTOCIIITHUKA 3 MOKJIMBICTIO II0JIaJIbIIOT0 MacIITa0yBaHHS.

[Ilo6 mepeBiputu mnepeBary BrpoBamxeHHs WIoU v3, mnposeneno
MO/ICJIFOBAaHHS MOPIBHSUIBHUX €KCIIEPUMEHTIB IIPH HEBEJIMKOMY HAOOpl1 JaHUX Ha
YOLO v9 3 Bukopuctanasm WIoU v3 Ta neskux ocHOBHUX (YHKIIINA BTpart,
30epiraro4u iHIIl YMOBU HaBYaHHS HE3MIHHUMU.

Pe3ynbraTi ekciepuMeHTiB HaBeJeHO B Ta0OuIl 3.4.

Tabmuusg 3.4 — [TopiBHSHHS pe3yJIbTaTiB BUSABICHHS JUIS pI3HUX (PYHKI[IH BTpaT

Mertpuka Tounicts (P), | IloBrora (R), | mAP 0.5, % | mAP 0.5:0.95,
% % %
CloU 50.9 38.2 39.3 23.5
DloU 51.0 38.3 39.5 23.6
GloU 50.3 38.4 39.6 23.6
EloU 49.1 38.0 38.7 23.4
SloU 51.5 38.5 39.4 23.4
WiloU v1 50.1 38.5 39.3 23.3
WiloU v2 50.6 38.4 39.3 23.2
WiloU v3 51.3 38.6 40.0 23.6

ExcnepuMeHTalibHI pe3ynbTaTH MOKa3yIOTh, III0 MOJACNb JOCITac HaWKpaIoi

edekTuBHOCTI BUsBIeHHS npu BukopuctanHi WIoU v3 sk ¢yHkuii perpeciinux
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BTpaT. Kpim Toro, 3HauenHss mAP moneni npu BukopuctanHi WloU v3 Ha 0,7%
BUIIE, HDK Mpu BUKopucTanHi CloU, 1m0 cBiA4UTh Npo e(PEeKTUBHICTh BUKOPUCTAHHS
WIloU va3.

VY tabnumi 3.4 HaBeneHo 3HadYeHHS AP 11 K0XKHOT KaTteropii Ta 3Ha4YCHHS
mAPO.5 nis Beix kareropii s mokpameHnoi moaeni YOLO v9 P ta 3Buuaiinum

YOLO v9.

3.4.2. IlopiBHsiHHA pe3yJbTaTiB Moaugdikosanoro aaropurmy YOLO v9

P 3 6azoBum YOLO v9

Sk BUAHO 3 pe3yJbTaTiB MOPIBHSAHHSA B TaOnmuul 3.5, 3HaueHHs mMAP g
MOKPAIIEHOI MO/IENI Ha HEBEJIMKOMY Ha0Op1 JaHUX MOKpalieHo Ha 7,7%. 3HaueHHs
AP nis Beix kaTeropiii NOKpamyroThCa Pi3HOIO MIporo, a 3HaueHHs: AP 115 Tppox
KaTeropil (TaHK, JIIOAW Ta TPAHCIOPT) MOKpallyroThes Outbin HiX Ha 10%. Lle
CBIAYUTH PO TE, L0 MOKpAIIeHa MOJEIb MOKE €(EeKTUBHO MIJABUILUTU TOYHICTb

BUSIBJICHHS] MAJIUX O0'€KTIB Ta MOKPAIIUTH TPOIYKTUBHICTh BUSBICHHS.

Ta6nuis 3.5 — [lopiBHSIHHS 3aIPONOHOBAHOT BAOCKOHAIEHOT MOIE1 Ta TOUHOCTI

BugBiicHHs YOLO v9 P

Mogenb [T Jvon Ben | Ma Oy BanTta ABTO | m
1 151 ocH IIMH | pro KI1BKa oyc A
0X nes a H P
i1

YOLOVY9 |[42.7 |32.0 124 | 791 440 |36.5 57.0 39.3

YOLOVIP |56.8 |44.9 18.8 |85.8 50.8 |39.0 64.3 47.0

Ha pucynkax 3.4, 3.5 ta 3.6 moka3aHO KpuUBI 3MiHM JESKHUX Ba)KJIUBHUX
OIIIHOYHUX METPUK 3arpornoHoBanoi Hamu mozaeni YOLO v9 P ta YOLO v9 y

npoiieci HaBuaHHA. TpenyBambHa kpuBa YOLO v9 P ta YOLO V9 orinouHoi
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METpPUKHU ycepeaHeHoi TouHocTi mAP HaBenena Ha pucyHky 3.4. TpeHyBaibHa
kpuBa YOLO v9 P ta YOLO Vv9 oriHouHOiI MeTpuKu TOYHOCTI P HaBejeHa Ha
pucysky 3.5. TpenyBanpHa kpuBa YOLO v9 P ta YOLO v9 omiHOYHOT METpHUKHU

MOBHOTH R HaBeneHa Ha pUCYHKY 3.6.

mAPS50

N / —YOLO V9 P
/ —YOLO V9

0 2% 20 75 100 135 180 178 200
KiZIbKiCTb enox

Pucynoxk 3.4 — TpenyBansHa kpuBa YOLO v9 P ta YOLO v9 oninouHO1

METPHUKHU ycepeHeHol moxubku (mAP)

A

v "
N
/_,.l/.,'\/

TouHicTtb (P)
~

- YOLO v9 P
| - YOLO v9

0 2% O 15 100 125 150 17 200

KinbKiCTb enox
Pucynok 3.5 — TpenypansHa kpuBa YOLO v9 P ta YOLO v9 oninouHO1

MeTpuKu TOYHOCTI (P)

152



5 0.40 & T .

m 0.:3s J.'/. o w7

L J

T 030 [/

8 0.3% "'I,

E 0.20 '{

© [

- 051 | ---YOLO VO P

mM
e f -~ YOLO v9
e 0 2§ S 75 100 25 190 178 20

KiIbKICTb enox

Pucynox 3.6 — TpenyBansna kpuBa YOLO v9 P ta YOLO v9 oninounoi

MeTpuku MoBHOTH (R)

3 pucyskiB 3.4, 3.5 ta 3.6 BU1HO, 110 3ampornoHoBaHa mojaens YOLO v9 P
nepesepiye YOLO v9 3a TppoMa MeTpUKaMU BUSIBJICHHSI: TOUHICTIO, TOBHOTOIO Ta
mAPO.5 mpubnuzHo uepe3 15 enox HaBYaHHS BiJ] MMOYATKY, a PO3poOJIeHa MOIEIb
nouynHae crtabimzyBaTucs npubiau3zHo uyepe3 200 ermox HaBuaHHs. [lopiBHSHO 3
YOLO v9, 3anponoHOBaHUM METOJ| IIBUIIIE HABYAETHCS 1 Kpaille BUsiBisie. J[is
OUJIBIII TOYHUX PE3YJIbTATIB IOBUHHO MPOBECTH eKcriepuMeHT B 500 emnox.

Jlns mojaneiioi geMoHcTpanii eEeKTUBHOCTI 3almpONOHOBAHOTO METOY
MOPIBHSHO 3alpOINOHOBaHY MOJENb 3 KigbkoMa pizHuMu Mozaensmu YOLO v8
(YOLO v8n, YOLO v8s, YOLO v8m), YOLO v9) na na6opi ganux TAIVD.
Pe3ynbTaTi ekciepuMeHTy HaBeIeHo B Tabuuili 3.6.

3riHO 3 JAaHUMU TaOIUIl 3.6, MOPIBHSIHO 3 IHIIUMH MOJEIISIMH, TIOKpaIleHa
Mozenb YOLO v9 P Mae HaiiBullll 3HAYEHHS TPHOX OI[IHOYHMX 1HJIEKCIB MOBHOTA
(R), mAPO.5 Ta mAPO0.5:0.95, a epexTUBHICTb BUSBJIEHHS € KPAIOIO, HIXXK Y MOJIEN1

3 OLIBIIIMM PO3MIPOM, HIXK Y HEl caMoi.

153



Ta6mus 3.6 — [MopiBHsiHHS po3po6ieHoi moaeni YOLO v9 P 3 icayrounmu YOLO
v9, YOLO v8n, YOLO v8s, YOLO v8m

Mopnenb To [ToBHO mA mA Posmip | Yac Kinbki
g1 | T1a (R), P0.5 P0.5 | mopemi BUS CTh
CThb % , % 0.9 , MC BJIE napame
(P) 5, % HHS, TpiB,
. % MC 10°

YOLOvV8n | 43.8 33.0 33.3 19.3 6.6 4.2 3.0
YOLOvV8s | 50.9 38.2 293 | 23.5 22.5 7.7 111
YOLO v8m | 56.0 42.5 446 | 271 49.6 16.6 25.9
YOLOV9 | 57.5 44.3 46.5 | 28.7 83.5 25.6 43.7
YOLOVIOP | 544 45.6 470 | 29.2 21.5 195 10.3

3 pe3ynbTaTiB €KCIEPUMEHTY BUIHO, IO 3alPONOHOBAaHA M'iTUMAacIITaOHA
CTPYKTYpa BUSIBJIEHHS MOXK€ MIOKPAIIUTH TOUYHICTh BUSIBJIIEHHS MaJuX 00'ekTiB. Kpim
TOTO, 3alpOBA/PKCHUI HaMHu MexaHi3M yBaru BiFormer, mo mnotpebye wmanoi
OOYHUCITIOBANILHOT MOTY)KHOCTI1, MOKpallye €()EeKTUBHICTb BHSBICHHS MOJEII, HE

CIIO’KUBAIOYH MPU IbOMY HAATO 6arato pecypcis.

3.4.3. [lonaBanus 010Ky BiFormer

JIJisi oTpuMaHHS HAWKpaIioi MPOAYKTHBHOCTI Ta TOJICTIICHHS IMOMABITHX
SKCTICPUMEHTIB 3 abesrii micis goaaBanHs 0oky BiFormer mo moxeni, B iboMy
JOCIIKEHHI ~ OyJaM  MpOBENEHI  HACTYMHI  TMOPIBHMAJIBHI  €KCIIEPUMEHTH.
Bukopucrosysanu YOLO v9 P nicns snpoBamkernus WIoU v3 sik 6a30By MoJienb 1
saminmwm Moayib C2f Ha 610k BiFormer Ha pi3HUX piBHSX MaricTpaibHOI MEpexi,
1 OTpUMAJIH E€KCIIEpUMEHTAIbHI pe3yJIbTaTH, 10 HABE/IeHI B Ta0uIl 3.7.

3nak "+" y Tabmumi 3.7 o3Haudae, mo 610k BiFormer momano mo 6a3oBoi

mozneni. B3-BiFormer Bka3zye na e, ujo moayns C2f mixk mapom B3 1 mapom B4
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3amineHo OsokoMm BiFormer, a B4-BiFormer Bka3ye Ha Te, mo momaynbs C2f Mk
mapom B4 1 mapom B5 3amineno 61okom BiFormer.

3rigHo 3 pe3yJdbTaTaMHd CKCIIEPUMEHTY Ha HEBEIMKOMY HaOOpi JaHuX,
HaBEJACHUMH B Ta0uIli 3.7, Halikpala e)eKTUBHICTh BUSBICHHS JOCATAETHCS, KOJIU
moayis C2f mix mapamu B4 1 B5 6a3oBoi momeni 3amMiHIOETBCS HA MOIYJb
BiFormer. ITopiBasiHO 3 6a30B010 Moaewto, mAPO.5 mokpamyeTsest Ha 0.5%. [lpu
nonaBanHi Oyioky BiFormer monmens Moke Kpalie 30CepeIuTHCS Ha BaKIIMBIH

iHbopMaIlii y BXITHUX XapaKTepUCTHKAX.

Tabmuus 3.7 — ExcriepuMeHTaibHi pe3yibTaty micis BBeneHHs BiFormer 6ioky

Ha pi3HI mapu xpeodta (backbone) mepexi

Mopenb Tounicte | IloBHoTa (R), mAPO.5, % | mAP0.5:0.95,
(P), % % %
Baseline 50.7 38.7 40.0 23.6
+B3-BiFormer 49.7 38.6 39.7 23.5
+B4-BiFormer 50.6 39.2 40.5 24.1
+B3-BiFormer+ 50.3 39.1 40.2 24.0
B4-BiFormer 50.3 39.1 40.2 24.0

3.4.4. ExciepuMeHTH 3 NOPIBHAHHAM BIIPOBA/’KEHHS PI3HUX CTpaTeriu

MOKPALLCHHS
IIpu nopiBuasiHHI ABox MeTonaiB YOLO v9 ta YOLOV9-P 6yno orpumano

pe3ynbTatH, 10 HaBeAeHl B Tabmui 3.8. Excriepument Oyno mpoBeneHo Ha 114

300paXEHHSIX BUXOJSI4YU 3 OOMEKEHbB 10 00UHMCIIIOBAIbHUX MOTYKHOCTEH.
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Ta6mus 3.8 — EkcnepumenTalnbHi pe3yibTrati TexHosorii YOLOv9 ta YOLOvV9-

P Ha HabGopi 300paxkens y KiibkocTi 114

MeTton Kinekicte | Tounicte | IloBrHota | MAPS50, | mAPO0.5:0.95,
0
300paxxeHb (P). % (R), % Yo %
YOLO v9 114 0.0011 0.0795 0.00141 | 0.00436
YOLO VI P 114 0.00101 0.0487 0.0025 |0.000865

Hust  mepeBipkd  €dEKTHUBHOCTI  KOXHOI ~ CTpaTerii  IMOKpalleHHs,
3alpoOINOHOBAHOI B 11l poOOTI, MM MPOBEICHO MOJEIIOBaHHS EKCIEPUMEHTIB 3
MOPIBHSHHSAM Ha 0a30Bid Mojen 3 BUKOpPHUCTaHHSAM Habopy manux TAIVD, 1
pe3yibTaTH €KCIIEPUMEHTIB HaBeIeHO B Tabuii 3.9.

B2-PFNB i1 BI-PFNB y Tta6mumi 3.9 Bka3yloTh Ha BUKOPUCTAHHS IIapiB
BUSIBJICHHS Ha oCcHOBI MojyniB PFNB, ski 00'eqHyt0Th IpiOHI 0COOJIMBOCTI IIapiB
B2 1 BI, BianoBigHo. 3HaK «+» BKa3ye Ha Te, 1110 OyJI10 BUKOPUCTAHO 110 MOKPAIICHY
CTpATETIIO.

JlaH1 eKkcriepuMeHTaNIbHI PE3yNIbTAaTH, 10 HaBEJEH1 B Ta0uIIl 3.8 MOKa3yI0Th,
0 KOXXKHA CTpAaTErisi MOKPAIIEHHS PpI3HOK MIPOK MOKpauia ePeKTUBHICTh
BUSIBJICHHSI, KOJIK 11 Oys0 3actocoBano 10 6a3oBoi moxeni. WloU v3 BBoauTHCS B
0Jiok perpeciiinux BTpaT nporHo3dy. WloU v3 moxpainye 3maTHICTh MOAENL 0
JIOKaJi3alli, BAKOPUCTOBYHOYHM OUIbIII PO3YMHY CTpaTErito po3Moiiiay BUOIpOK, IO
npu3BoauTh A0 nokpamieHHss mAPS0 na 0,7%. BiFormer Oyno BmpoBamkeHO B
MaricTpajibHy MEpexy, 3aMiHMBIIM MoAyidsr C2f B opuriHanbHi Mojeni.
EdextuBuuit mexanism yBaru B BiFormer mnokpaiye yBary A0 KIHO4OBOT
iH(dopmarrii Ha kapTi 00'exTiB, mo 36uIbITye MAPS0 Ha 0,5%. BimHocHO mpocTa
cTpykTypa moayiis BiFormer 3meniye po3mip mozeni Ha 0,4 Mb Ha HeBenukoMy
HaOOp1 JaHUX, a KUIBKICTh mapameTpiB — npuoimsHo Ha 0,2 M (miH). [lo 6a30Boi

Moeni 0yso noaano map aerektyBanHs B2-PFNB, mio 30uibmrye mAP Ha 4,3%.
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Ta6nuis 3.9 — Pe3ynbraTu BUSBICHHS MMICIIS BIPOBAHKEHHS PI3HUX CTpATET1i

MOKPAIIEHHS
W| Bi | B1 | B2 | Toun | IToB | MA | mAP | Po3mip | Yac | Ilap
| | Fo | - - ICTh | HOT P | 0.5:0 | monemni, | BUsABIIE | aMe
o|rm|PF|PF| (P), a | 05, | .95 MB HHA, | TP,
Uler [ NIN| % | (R),| % | % mMc | 10°

% B| B %

3
YOLO 509 1 38.2 393 | 235 | 225 7.7 | 111
VOP | + 50.7 | 38.7 | 400 | 23 22.5 72 |111
+ | + 506 139.2 1405|241 | 221 7.8 [109
+ 4+ |+ 55.8 (428 1448 | 272 | 216 11.2 |10.6
+| + | + | + | 544 1465|470 | 295 | 215 195 | 103

PesynbraTu nokpaimienoro aaroputMy YOLO v9 P na nabopi TAIVD Ta

BJIACHOTO HAOOpy JaHWX HaBejeHo B Tadmuil 3.10.

Tabmuusg 3.10 — Pezynbratu nokpamieHoro anroputmy YOLO v9 P va nHaGopi

TAIVD Tta BiacHoro dataset

Toun | [Toero | MAP | mAPO. | Posmip Yac | Ilapam
icte | Ta(R),| 0.5,% | 5:0.95, | moneni, | BusiBe | eTp,
(P), % % MB HHs, Mmc | 10
%
TAIVD 52.6 | 46.5 46.8 28.9 22.8 22.3 10.3
BnacHuii 544 | 46.5 47.0 29.5 21.5 19.5 10.3
Ha0Ip JaHUX
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JlaH1 ekciepuMeHTalIbHI Pe3yJIbTaTH, 110 HaBeAeH1 B TabuIl 3.9 moka3yroTh,
10 TECTyBAaHHS Ha BJIACHOMY HaOOpi JaHUX OUIBII TOYHI Ta € IMIBUAKUMHU TPHU

OJTHAKOBOI KUIBKOCTI TapaMeTpiB.

3.5 BucHoBkHM 10 po3aiay 3

VY TpethoMy po3.ii B pe3ysbTaTi MPOBEAECHOTO JOCIHIIKEHHS MPOBEICHO
OoOrpyHTOBaHE PO3POOJICHHS TPOTPAMHOTO 3a0e3MeyYeHHs] TpU BpaxyBaHHI
pe3yibTaTiB MOPIBHSAHHA 3 ICHYIOUMMH MPOTPAMHUMH PIIIEHHSIMHU.

[IpoBeneHo orsiy icHyr0UMX HaOopiB naHux (3okpema, Kitti Ta TAIVD) mns
NOJAJIBLIOT arpoOalli aIrOpUTMIB Ta OOTOBOPIOETHCSA MUTAHHS aHOTYBaHHS JTAHUX
Ta (hopMyBaHHs BlacHOTO Habopy manux (dataset, matacet). OTpumani pe3yabTaTh
CTIIOCTEPEKEHb 3 MOOYAOBAHOTO BIIACHOTO HAOOPY MaHWUX MAlOTh IepeBary 3a
po3Mipom mojieni Ha 6 % BigHOocHO Aatacety TAIVD, sikuit Mmoxke OyTu TOpeuyHUM
JUTsl BAKOPUCTAHHS 32 paXyHOK BMillIeHHS 300pakeHb 3 briJIA.

[IpoBeaeHO MOJENIOBaHHS MOPIBHSIBHUX eKkcnepuMeHTiB Ha YOLO v9 Ha
HEBEJIMKOMY Ha0oOpi JTaHWX TMPH BUKOPUCTAHHI PI3HUX BUAIB (YHKIII BTpaT Ta
30epeKeHH1 1HIIMX YMOB HaBYaHHS HE3MIHHUMU. Pe3ynpTaTH MOJETIOBaHHS
NIATBEPAWIIA  BUOIp TNPaBWIBHOI CTparTerii IMIOA0 BUKOPUCTaHHS (PYHKIT
perpeciiinux BrpaT WloU v3 miis moOyaoBaHOi TEXHOJIOTI.

[IpoBeneHo MoIeNIIOBaHHS €KCIIEPUMEHTIB IIPH JI0JaBaHH1 10 0a30BO1 MOJIE1
omokiB getektyBanHs rpynu PFNB. Pesynaptatn MopenmtoBaHHS MOKa3aju
30UTbIIIEHHST TOYHOCTI MAP HaBiTh Ha HeBenukoMmy Habopi pgaHux. Ilpu
OJIHOYacHOMY BHKOpucTaHHI OJiokiB PFNB B moOynoBaHiii TEXHOJIOTIT po3MIp
MOJIEJIi 1 KUTBKICTh TTapaMeTPiB 3MEHIITYETHCS.

3anpornoHoBaHo Ta moOyaoBaHo TexHosorito YOLO v9 P s BupimieHHs
3a/1ayl PoO3Mi3HABAHHS Ta BIJICTEKEHHS 00 €KTIB B PEXUMI PEABHOTO Yacy, IO

Haja€ OUTBIT TOYHI PE3yJbTaTH MPU MEHIIN OO0YHCIIOBAIbHIA CKIAQTHOCTI Y
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nopiBHsHHI 3 YOLO v9 1 103B0JIsI€E BAKOPUCTOBYBATH 1i B 0OMEXEHHUX 3a pecypcaMu

CHCTCMax.
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BUCHOBKHA

CyKynHICTh OTPUMaHUX B JAHCEPTAIITHOMY JOCHIKEHHI pe3yNbTaTiB
BUpIIIYE aKTyaJbHE HAayKOBO-TEXHIYHE 3aBJAaHHS PO3POOJIEHHS TEXHOJOTIT
MIJBUIICHHS TOYHOCTI PO3Mi3HaBaHHS Ta BIJCTE)KYBaHHS OO’€KTIB y pPEXUMI
peaslbHOTO Yacy.

3a3HayeHe HAyKOBE 3aBJaHHS Ma€ ICTOTHE 3HAYEHHS [UJII PO3BUTKY
TEXHOJOT1M TTMOMHHOTO HAaBYaHHS, aJITOPUTMIB Ta METOJIB MOKpAIIEHHS POoOOTH
MpOTpaMHMX pIIlIeHbh MNP BUKOpHUCTaHHI Ha 6opTy briJIA. BpaxoByrouu cTpiMkuit
PO3BUTOK 1H(HOPMAIIHHUX TEXHOJIOT1i, ITOCTIHHE OHOBJIEHHS BXXE 1ICHYIOUHMX PIiIlIEHb
Ta OOMEXEHICTh JOCTyly A0 1H(GOPMALINHUX pecypciB HAyKOBHUX IyOJIIKaIliH,
MO’KHa BU3HAYaTH Pe3yJIbTaTH AOCTII)KEHb TAKUMH, 10 MaIOTh BUCOKY 3HAUYILICTb.

B nucepraniiitHomMy JOCHIIIKEHHI OTPUMAaH1 HACTYITHI OCHOBHI PE3YyJIbTATH:

1. Boepme po3po0iieHO apXITEeKTypHE pillleHHS T0OyAOBHM HEHWPOHHOI
3rOPTKOBOI MEPEeXXi 3ajaul BUSABICHHS, PO3MI3HABAHHS Ta BIJICTC:)KCHHS 00'€KTIB B
pEXHUMI PEATbHOTO Yacy, IO BIJIPI3HIETHCS BIJ ICHYIOUOTO PIIIEHHS TUM, IO
BUKOPHUCTOBYE OUIBIITY KUIBKICTh OJIOKIB pO3Mi3HABAHHS 00'€KTIB PI3HOTO PO3MIPY,
SKE € ONTUMI30BaHE JIs 3a/1a4 KOHKPETHOT MPeIMETHO1 00JIacTi.

2. Bmnepme o0O0IpyHTOBAaHO MOIJIMBICTh BHKOPHCTAHHS B PO3pPOOJICHIM
texHosorii PENB-61oky, sikuii 6a3yeTbes Ha apxiTekTypHOMY pimneHHi Faster-Net,
[0 BUKOPUCTOBYE OaraTroMaciiTabHy Mepexy 00’ € JHaHHS O3HAK JJIsl AEMOHCTpaIlli
MOKPAIICHOI TOYHOCTI PO3Mi3HABAHHS y MOPIBHAHHI 3 6a30BOIO.

3. Bnepiie copmoBanuii BnacHui HaOlp JaHUX IS anpoOariii po3po0ieHoi
TEXHOJIOT1i TMOYMHAIOYM 3 €Taly pO3Mi3HaBaHHS OO'€KTIB Yy BIJIEOMOTOIl, SKUM
BKJIIOYa€ 00'eKTH pi3HOro Macmrady BH3HAU€HOI mpeaMeTHoi oO0jacTi, o
NIATBEPIKYE €PEKTUBHICTH pO3pOOJIEHOT MOIEI.

4. Bnepiiie 3aponoHOBAHO apXITEKTYpy KpocmiaaThOpMHOiI 010J10TEeKH ISt
peayizarii TeXHOJIOTi BUSBIICHHS, PO3Mi3HABAHHS Ta BIJIICTE)KCHHS 00'€KTIB, sIKa €

N'ITUMACIITA0HOI0 CTPYKTYpPOIO 1 MICTUTh MexaHi3M yBaru BiFormer 3 manoro
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OOUYHCITIOBAJILHOIO TIOTYXKHICTIO (3MeHInye po3mip Moaeni Ha 0,4 Mb Ha
HEBEJIMKOMY HaOOp1 JaHUX ), IO TI03BOJISIE€ TOKPAIIUTHA TOYHICTh BUSIBIICHHS MAJIUX
00'€KTIB Ta MOKpaIlye yBary 10 KIH040BO1 iHpopmarlii Ha KapTi 00'eKTIB 1 30UTbIITYyE
mAP50 na 0,5%.

5. Bmepiie mpoBeAeHO MOENIIOBAHHS MOPIBHSUIBHUX EKCIIEPUMEHTIB Ha
YOLO v9 na HeBenukoMmy HaOOpi JAaHMUX, SKI BIAPI3HSIOTHCS BUKOPHUCTAHHSIM
pi3HUX BUAIB (YHKIIIH BTpaT Mpu 30epiraHHi 1HIIMX YMOB HaBYaHHS HE3MIHHUMH,
0 T[OKa3zajlo BHUKOpucTaHHS (yHKIIi perpeciitnux Brpatr WloU V3
Halle(DeKTUBHINIOW i1 ToOyaoBaHOi Mojeni 1 3HadyeHHs mMAP Mopjem mnpu
BukopuctanHi WloU v3 Ha 0,7% Buie, Hixk npu Bukopuctanui CloU.

6. Brnepuie npoBeneHO MOJENIOBAHHS EKCIEPHUMEHTIB NpPH JTOJaBaHHI /10
06a3oBoi Mojeni OnokiB naerektyBaHHs rpynu PFNB, ski o0'eqnyroTs apiOHI
0COOJIMBOCTI MIAPiB HEMPOHHOT 3rOPTKOBOI MEPEX1, IO 30LIBIIYE HA HEBEIUKOMY
HaOopi nanux 3HadueHHsS MAP Ha 4,3% Ta npu iX 0JHOYACHOMY BUKOPHUCTaHHI
PO3Mip MOJIeN 1 KITBKICTh MapaMeTpiB 3MEHIIIYEThCS 3MEHIYeThest Ha 5% (1 MB) i
KiIBKICTh TapaMeTpiB 3MeHIIyeThcst Oinbiue Hix Ha 7,2% (0,8 * 10°).

7. Brepiiie mpoBeIeHO MO/ICTFOBAaHHS EKCIIEPUMEHTIB Ha MOKPAIEeHI MoJiel
YOLO v9 P, saxa BiapizasieTscst Big 6a3oBoi moaeni YOLO v9 dyHkiiero BTpar,
METOJIOM 3TUTTS Ta MOAM(IKOBAHOIO apXITEKTYpOIO OJIOKY pO3Mi3HABAHHS, 10 HA
HEBEJIMKOMY Ha0Opi AaHUX J03BOJIMJIO OTPUMATH MOKpAIEeHHA 3HayeHb mAP Ha
7,7% 1 AP Bix 2,5% no 14,1%.

8. IlpakTMuHEe BHUKOPUCTAHHA PO3POOJIEHOI TEXHOJNOrT MIATBEPIKEHO
excnepuMeHTaabHuM  BrpoBaukeHHsIM B TOB «KAHBOH [HXXMHIPUHI »,
30Kkpema y mpouec po3poOku mnpoekty «FridgeEye», mo mo03Bojsie mpoBOAWTH
po3IMi3HaBaHHA 00'€KTIB Y peajlbHOMY Yacl Ta BUKOPUCTOBYBATH B IHTEJIEKTYaIbHUX
cUCTeMax 3 0OMEXEHUMH PECYPCaMH.

Taxum 4rHOM, yci IOCTaBJIEHI 3aBAAHHS Y JaHOMY HAYKOBOMY JIOCIIJIKEHHI

HOBHICTIO BUKOHAHI.
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