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AHOTAIIA

lenicoe P.B. Cuctema po3rizHaBaHHS 00’ €KTIB 1 TOJIOCOBOTO CITOBIIICHHS IS
JA0JEN 3 BaJaMHM 30py Ha OCHOBI HEMPOHHHUX MEPEX Ta MIKPOKOHTPOJIEPIB. —
Kgamidikariitna HaykoBa mpaiisi Ha paBax PyKOIUCY.

Huceprtaitis Ha 3100yTTS HAyKOBOTO CTymeHs jgokTopa ¢iurocodii 3a
cneqianbHicTIO 171 "Enektponika". — HailoHaJbHUI TEXHIYHUN YHIBEPCHUTET
VYkpainu "KuiBcbkuit momitexHiynui iHcTUTYT iMeHi Irops Cikopcekoro", MOH
VYkpainu, Kuis, 2025,

B nucepraniiiniii poOOTI Brepile OTpPUMAHO HACTYIHI HAYKOB1 pe3yJIbTaTH:

1. Bmepuie AOCHIIKEHO MOMXIJIMBOCTI 3aCTOCYBaHHS MIKPOKOHTPOJIEPIB Ta
OJTHOIUIATHUX KOMIT' FOTEPIB y TO€IHAHHI 3 HEHPOHHUMHU MEpeKaMH TSI CTBOPCHHS
CHUCTEM pO3Ii3HABaHHSA OO0’€KTIB 3 TMOMAJIBIINM TOJIOCOBUM CIIOBIIICHHSAM IS
MOKpaIIeHHs Opi€HTAIlli Yy MpOCTOpi, Ta MIABUIIEHHS PiBHS MOOLIBLHOCTI JIFOACH 3
BaJlaMH PO3Y.

2. BukonaHo po3paxyHOK TEXHIYHHUX TMapaMeTpiB, Ta BUKOHAHO MMia0Ip
KOMITOHEHTIB Ha iX OCHOBI /i Bapialiil cucrteMm, M0 0a3yloTbCs HAa PI3HUX
MIKPOKOHTPOJIEPAaX Ta OJTHOTUTATHUX KOMIT FOTE€pax.

3. Bmepime 3anpornoHoBaHO METO/ MOTIEPETHBOT 0OPOOKH TPEHYBATBHUX JTAHUX
JUIS. TIABUINEHHS TOYHOCTI PO3Mi3HAaBaHHS OO0 €KTIB, 110 MalOTh HAJJIUIIKOBY
iH(pOopMarrito, a00 00’ €KTIB 3 PI3HUX KATErOpii, TKi MOKYTh 3HAXOJUTHUCS TIOPYY OJIHH
3 OJJHUM Ha TPEHYBaJbHUX JIAHUX Ta MPH MPAKTHYHOMY BUKOPHCTAHHI.

4. BUKOHAHO HaBYaHHA 1 MEPEBIPKY TOYHOCTI Ta IMIBUAKOCTI PO3Mi3HABaHHS
HeiipoHHux Mepek MobileNet s po3mizHaBaHHS 1M°ATH KaTeropiii 00’€KTiB, a came
"windows", "door", "trees", "traffic lights", "crosswalk" 3 HeoOpoOGieHUMH Ta
3MINIAHUMH TPEHYBaJILHUMHU JaHUMHU.

5. Briepiiie Bu3Hau€HO YMOBY 3aCTOCYBaHHS METOJY MONEPEAHBOT 00pOOKHU ISt
pI3HMX KaTeropiii oO0'€KTIB pO3Mi3HABaHHS, SKa MOJArae y TMOPIBHAHHI IUIOINII
HAJIMIIKOBOI 1H(pOpMaIli 3 KOPUCHOIO IHPOPMALIIO B MEXaX Kaapy.

6. Po3paxoBaHo yac HEOOXIIHMI HA MPOXOJHKEHHS OHOTO IMOBHOTO IHKITY

PO3IMI3HaBaHH-OTOJIOLIEHHS 1HPOpMallii 3 ypaxyBaHHIM OCOOJIMBOCTEN Y KpaiHChKO1



MOBU Ta MOBJIEHHS, 4acy HEOOXIJJHOTO Ha OTrOJIOLICHHSI PI3HUX KOMOIHAIIN CIiB,
IIBUJKOCT1 peakiii JIOJWHU Ha TOJOCOBY iH(oOpMmarlito Ta 4Yacy po3mi3HaBaHHS
00’€KTIB HEPOHHUMHU MEpEKaMHU.

HucepTartiiiina poOoTa MpHUCBSYEHA AOCTIDKEHHIO Ta MPAKTUYHOMY OMHCY
MO>KJIMBOCTI 3aCTOCYBaHHSI CUCTEMHU PO3IMI3HABaHHS 00 €KTIB y PEXUMI PealbHOTO
9acy 3 MOJaJIbIINM TOJIO0COBUM CIIOBIIIEHHSM /IS JIIOJICH 3 BaJlaMU 30Dy .

JucepraiiiitHe OCHIIKEHHS MpEACTaBlICHE B YOTUPHOX PO3JALIAX, B SIKUX
OoOIpyHTOBAHI Ta MPEACTaBIEHI OCHOBHI Pe3yJIbTaTH POOOTH.

VY BCTymHIA 4acTHUHI OOTPYHTOBAHO AaKTyalIbHICTh po0OOTH, C(HOpPMYIIBOBAHO
METy Ta 3ajadl JOCTIPKeHHs, HaBEACHO METOIU JOCIHIKEHHS, IpeIcTaBlieHa
1H(popMalis Ipo HaAyKOBY HOBU3HY, a TAKOK MPAKTUYHE 3HAYEHHS PE3YJIbTATIB.

VY nmepmioMy po3niyii BUKOHAHO OTJIAJ €TamiB MPOIECY pPO3Mi3HABaHHS
300paK€HHs, PO3MVISIHYTO SIK KJIACH4YHI, TaK 1 Cy4acHI METOAU Ta aJrOpPUTMH, 5Kl
3aCTOCOBYIOThCA IiJl 4Yac MONepeaHboi 0OpoOKM 300pa)k€Hb, BUAUICHHS O3HAK,
cerMeHTarii 00’ekTiB Ta TOCT 00poOmi. Po3rmsHyTO apXiTeKTypu CydacHHUX
HEHPOHHUX MEPEXK, a TAKOXK JOCTYITHI HA PUHKY MPHUCTPOT sIKi IPU3HAYCH] IS JTFOIeH
3 BaJlaMU 30Dy .

Y apyromy pos3niii MPeACTaBICHO Pe3yabTaTH aHaI3y JOCTYIHUX CKIATOBUX
CUCTEMHU pO3Mi3HaBaHHs 00’ €KTIB 3 MOJAIBIINM IOJIOCOBUM BUBOJIOM 1H(hOpMAIIii AJis
JIIOJIEW 3 BalaMH 30py. BCTaHOBIIEHO, 1110 ONTUMAaJIbHUMU HEUPOHHUMU MEPEKAMHU JIJIS
PO3rOpTaHHS Ha MPHUCTPOSX 3 OOMEKEHHUMH pecypcamu € kiac mepex MobileNet.
OCHOBHUMU TIepeBaraMu € MOXJIMBICTh CTUCHEHHS PO3MIpiB MOJEINI 0 HEOOX1THOTO,
3aBASKUA KOQIIEHTaM IIMPUHUA MEPEXKI 1 3MiHI pO3Mipy BXIJTHOTO 300paxkeHHs, 0e3
3HAYHUX BTPAT y MIBUJKOCTI 1 TOYHOCTI PO3Mi3HABaHHA. Y SKOCTI MIaTGOPMH IS
HAaBYaHHS Ta EKCIOPTYBaHHS HEWPOHHUX MEpex Tij oOpaHi MIKPOKOHTPOJIEPH,
BpaxoBYyrOUH (DYHKIIIOHA Ta MOCTIHHUE po3BUTOK 0OpaHo miatdopmy Edge Impulse.
VY SIKOCTI CHHTE3aTOopa MOBU ONTHMaIbHUM pimeHHsM € eSpeak NG.

BcranoBneno, 1mo MIKpOKOHTPOJEPH Ta OAHOIUIATHI KOMIT IOTEpU €
ONTHUMAJIbHUM DIIICHHSIM JUIsi CTBOPEHHS HEOOXITHUX cucTteM. BoHu wmaioTh

HeBenukuid GopM (akTop Ta Bary, a TaKOX MalOTh JOCTATHRO TOTYXHOCTI IS
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BUKOHAHHSA 3aJ1ay 3 PO3Mi3HABaHHS 00’€KTIB B PEKUMI peanbHOro yacy. [{ns onucy
Bapiailiii CUCTeM po3Ili3HABaHHS 00 €KTIB 3 MOJAJBIIMM T'OJIOCOBUM BHBOAOM IS
aroniei 3 BajgaMu 30py obpano Taki ruatu sik: ESP32-S3-EYE, Raspberry Pi 5 Ta
NVIDIA Jetson Nano. [lnatu MaroTh pi3HI TEXHIYHI XapaKTEPUCTHKUA 1 MOXKYTh
3a0e3Me4YnTH pI3HUM PIBEHb IIBUJAKOCTI pO3Mi3HABAHHS OO €KTIB, 1 3arajabHy
IPOTYKTUBHICTh CHCTEMH.

Y TperboMy poO3IUTI BHUKOHAHO OIIIHKY 4Yacy HEOOXIAHOrO0 Ha OJWH ITUKJI
IpOLIECY PO3MiI3HABAHHS-OTOJIOMICHHS 1H(pOpMallli BpaxoBYIOYl MIBUAKICTh peaKIii
JIOJMHU HA TOJOCOBY iHGOpMAIIi0, Ta MBUAKICTh MPOXOKEHHS PI3HUX €TalliB
camoro mporecy. BcraHoBieHO wyac, HEOOXIAHMI Ha OrOJIOMIEHHS CIIB Ta iX
KOMOIHAIINA PI3HOI JTOBXWHU 3 BPAaXyBaHHAM OCOOJIMBOCTEH YKpaiHChKOI MOBU Ta
MOBJICHHS. BcTaHOBIIEHO, 110 MiHIMaJIBLHUI Yac HEOOX1JHUM Ha OrOJOIICHHS OJHOIO
CJIOBa CTaHOBUTH 129 Mc, y TOl yac, stk KoMOiHallis Ha3Ba 3 TPHOX JIOBTUX CJIIB MOXKE
3aiiMaTH JIBl CEKyH/IM Ha OTOJIOMIECHHS 3 YPaxXyBaHHIM May3d MK CIIOBAMHU.

BukonaHo po3paxyHOK 1 mi0ip KOMIOHEHTIB JIJIsl BAp1aHTIB CUCTEMH Ha IiaTax
ESP32-S3-EYE , Raspberry Pi 5 ta NVIDIA Jetson Nano. Po3paxoBaHo cBiTioBui
MOTIK SIKHWA Mae 3a0€3MeUnTH HKEPEIo CBITIA, JUIsl HOPMAIBHOTO (hyHKIIIOHYBAaHHS
CUCTEMHU TIPH MOTaHOMY OCBITJIEHHI, Ta 00pano cBiTioaion Cree XP-G3.

Jlist orostommeHHs ingopMmarii oopano auHamiku LD-SP-UM20/8A, 1m0 MaroTh
KOMIIaKTH1 PO3MIpH, CYMICHI 3 00paHUMH TUTaTaMH, 3a0€3MeUyI0Th HEOOX1JHUI PIBEHb
ryuHocTi. Takox, Oyyno oOpaHo 3BykoBui miacuitoBad PAM8403 st migkiItoueHHs
JTUHAMIKIB O CHCTEMH. A Tak0X MOJYJi KaMep JJIA IUIaT, B SKUX BOHA BIACYTHS Y
0a30B1if KOMIUIEKTALII].

Po3paxoBaHo 3arajbHy CHOXHMBaHy IMOTYXKHICTb CHUCTEM Yy  PI3HUX
KOMITIEKTAIlISIX 3 YpaxyBaHHSIM pOOOTH HEHUPOHHHX MEpexk, JDKEpena CBITIa i
nocTiitHOiI po6oTH nuHaMikiB. Ha OCHOBI OTpUMaHO1 CMOXKMBAHOI MOTYXHOCT1 OYJI0
pPO3paxOBaHO €MHICTh JIKEpesa >KUBJICHHS Ta OOpaHO ONTUMAaJIbHI BapiaHTH s
3a0e3Me4YeHHs] aBTOHOMHOI POOOTH CHCTEMH BIPOJIOBXK 3X TOJIMH.

Y derBepTOoMy pO3Iiii MPOBEACHO JOCHIKEHHS TOYHOCTI Ta IIBHAKOCTI

O3Ii3HaBaHHA 5 oOpaHUX KaTeropiii 00’ektiB, a came "windows", "doors", "trees",
M
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"traffic light", "crosswalk", wueiiponanmu mepexxamu MobileNetV1 96x96 0.2,
MobileNetV2 96x96 0.35, MobileNetV2 160x160 0.5 ta MobileNetV2 160x160 1.0
st MikpokoHTpoJiepiB ESP32-S3-EYE, NVIDIA Jetson Nano ta Raspberry P15 6yno
IPOBEICHO JIeKUIbKa EKCIIEPUMEHTIB 3  HEOOpOOJIeHMMH Ta  3MIIIaHUMU
TPEHYBaJIbHIUMH 300paKEHHIMHU.

Jlnst HeoOpoOneHUX TpPEHYBAJIbHUX JaHUX OTPUMAHO CEPEAHI MOKAa3HUKHU
TouHOCTI st Mepexk MobileNetV1 96x96 0.2, MobileNetV2 96x96 0.35 y 63% ta
90%, a nnst mepex MobileNetV2 160x160 0.5 Ta MobileNetV2 160x160 1.0 orpumano
TOYHICTh po3nizHaBaHHs y 100%. [Ipu oMy, MPOTHO30BaHMI YacC pO3MMi3HABAHHS TSI
MmikpokoHTposiepa ESP32-S3-EYE y Bunaaky mozaeneit MobileNetV2 160x160 0.5 Ta
MobileNetV2 160x160 1.0 cranoBuB Ounbiie 10 cekyHa, M0 € HENPUUHATHUM IS
BUKOPHUCTAHHS y CHCTEMaxX PO3Mi3HABAHHS B PEXKUMI PeaIbHOTO Yacy.

Jlis nat NVIDIA Jetson Nano Ta Raspberry Pi 5 cepenniii nporaozoBanuii yac
poO3mi3HaBaHHsA CTaHOBUTH Bixm 3 Mc it moxeneit MobileNetVl 96x96 0.2,
MobileNetV2 96x96 0.35, Ta Big 14 mc 10 33 Mc y Bumaaky mepexxk MobileNetV2
160x160 0.5 Ta MobileNetV2 160x160 1.0.

[Ticns 3wminryBanHs OOpoOJEHMX 1 HEOOPOOJIEHMX TPEHYBATHHUX JTAHUX
OTPMMAHO TPUPICT y TOYHOCTI PO3MI3HABAHHS JUIsl OUTBIIOCTI KaTeropiil, aue ajs
kateropii "windows" oTpumMaHO TOTIPIICHHS TOYHOCTI po3mni3HaBaHHs. [licis
3BOPOTHOi 3aMiHM KOMOIHOBAaHMX TPEHYBAJIbHUX JaHUX y Kareropii "windows" Ha
HEOOpOOJIeHl, OTPUMAaHO NPHUPICT Yy TOYHOCTI PO3MI3HABAHHS JUII MEpPEexi
MobileNetV1 96x96 0.2 no 80 % st matr NVIDIA Jetson Nano ta Raspberry P15 ta
npupict 10 73,3% ans miatu ESP32-S3-EYE. s mepexi MobileNetV2 96x96 0.35
0yJI0O OTpUMaHO TOYHICTh PO3Mi3HABaHHS Y 96,7% i BCiX miart.

TakoX BCTAaHOBJIEHO MIHIMAJIBHMN Ta MAaKCHUMaJbHUN 4Yac HEOOXITHMX Ha
NPOXO/PKEHHST TOBHOTO IIUKIY  PpO3MI3HABAHHS-OTOJIONICHHS  pe3yJbTaTiB 3
ypaxyBaHHSIM 0COOJIMBOCTEN YKpaiHChbKOT MOBHU Ta IIBUAKOCTI Peakilii JIOAUHOIO Ha
cyxoBy iH(popMaliro. MiHIMaJIbHUI Yac CTAaHOBUTH 379 MC y BUITIaJIKy Ha3BH 00’ €EKTY
110 CKJIAJIA€ThCS 3 OJTHOI0 KOPOTKOTO CJI0Ba, Ta 2198 MC y BUTIAaIKy /ISl HA3BH 00’ €EKTY

3 TPbOX JOBTHX CIIIB.



[IpakTHyHe 3HAaUEHHSA OTPUMAHMX B JUCEPTALiiHIN poOOTI pe3yabTaTiB MOXKYTh
OyTH BUKOpPUCTaHI /I TPOEKTYBaHHS Ta CTBOPEHHS aJalnTUBHOI CHUCTEMHU
pO3Mi3HaBaHHsA O0’€KTIB Yy PEXUMI PEaJbHOro 4Yacy 3 MOJAJIbIIMM TOJIO0COBUM
CIOBIIIICHHSI KOPUCTyBaya I JIIOJCH 3 BaJaMu 30py a00 TOBHOKO CIIMOTOIO.
OTpuMaHO MiHIMaJIHHHUH Ta MAKCUMATBHHUH Yac MPOXOKEHHS OJHOTO MIOBHOTO ITUKITY
pO3MI3HaBaHHA-OTOJIOIEHH. MIHIMAIbHUA Yac CTaHOBUTH 379 MC Al KOPOTKOI
Ha3BM 00’ €KTY, 110 CKJIAJA€THCS 3 OJTHOTO CJI0BA, 3 YpaXyBaHHIM 4Yacy peakIlii JI0IMHA
Ha CIIyXOBY iH(popmalio, Ta MakCUMalbHUl yac 2198 mc nns Ha3BU 00’€KTy, IO
CKJIaJIa€ThCS 3 TPbOX JOBTHUX CIIiB, 3 ypaXyBaHHSM Iay3 MK CJIOBAMHU.

BukoHnano po3paxyHOK HEOOXiJHOI CHJIM CBITJIOBOIO TIOTOKYy Ta OOpaHo
ceitmomion Cree XP-G3, mns 3abe3nedeHHS poOOTH CUCTEMH IIiJl 4ac IOTAHOTO
OCBITJICHHS, TaKOX OOpaHO JWHAMIKK Ta TIiJCHJIIOBAaY, PO3PAXOBAHO 3arajibHY
CTMOXXHMBaHY MOTYXKHICTh Bapiamii cuctem s miatr ESP32-S3-EYE |, Raspberry Pi 5
ta NVIDIA Jetson Nano, po3paxoBaHO HEOOXIJHY €MHICTb JKEpESa XKUBJICHHS IS
3a0€e3Me4YeHHs] aBTOHOMHOI POOOTH MPUCTPOIO BIIPOJIOBXK 3 TOJIMH.

KurouoBi cioBa: pos3nizHaBaHHSI 00’€KTIB, momnepenHs oOpoOka 300pakeHb,
HEHpPOHI Mepexi, MIKPOKOHTpOJep, OTHOILIATHHM Komir totep, MobileNet, Edge
Impulse, TpeHyBanbHi gaHi, TrOJ0OCOBE CIIOBIIICHHS, MOBHA MOEIb, TOYHICTH

poO3Mi3HaBaHHs, XMOHE PO3MI3HABAaHHS, AaBTOHOMHICTb.



SUMMARY

The following scientific results were obtained for the first time in the
dissertation:

1. For the first time, the possibilities of using microcontrollers and single-board
computers in combination with neural networks to create object recognition systems
with subsequent voice notification to improve spatial orientation and increase the level
of mobility of people with visual impairments have been investigated.

2. The technical parameters were calculated, and components were selected
based on them for system variations based on different microcontrollers and single-
board computers.

3. A method of preliminary processing of training data in Adobe Photoshop
was proposed for the first time to increase the accuracy of recognizing objects with
similar redundant information or objects from different categories that may be located
close to each other in training data and during practical use.

4. Neural networks were trained and tested for recognition accuracy and speed
for five categories of objects, namely "windows", "door", "trees", "traffic lights",
"crosswalk" with raw and mixed training data.

5. For the first time, the condition for applying the preprocessing method for
different categories of recognition objects has been defined, which consists in
comparing the area of redundant information with useful information within the frame.

6. The time required for a complete recognition-announcement cycle was
calculated, taking into account the peculiarities of the Ukrainian language and speech,
the time needed to announce different word combinations, human reaction speed to
voice information, and the time for object recognition by neural networks.

The dissertation is devoted to the research and practical description of the
possibilities of applying an object recognition system in real-time with subsequent
voice notification for visually impaired people.

The dissertation research is presented in four chapters, which substantiate and

present the main results of the work.



8

The introduction substantiates the relevance of the work, formulates the goal and
objectives of the research, presents the research methods, provides information on
scientific novelty, and the practical significance of the results.

The first chapter reviews the stages of the image recognition process, considers
both classical and modern methods and algorithms used during image preprocessing,
feature extraction, object segmentation, and post-processing. The architectures of
modern neural networks and available devices on the market designed for visually
Impaired people are reviewed.

The second chapter presents the results of the analysis of available components
of the object recognition system with subsequent voice output of information for
visually impaired people. It was established that the optimal neural networks for
deployment on resource-limited devices are the MobileNet class. The main advantages
are the ability to compress model sizes to the required level due to network width
coefficients and changing the input image size without significant losses in recognition
speed and accuracy. The Edge Impulse platform was chosen as the platform for training
and exporting neural networks to selected microcontrollers, considering its
functionality and continuous development. eSpeak NG was chosen as the optimal
speech synthesizer.

It was established that microcontrollers and single-board computers are the
optimal solution for creating the required systems. They have a small form factor and
weight and are powerful enough to perform object recognition tasks in real-time. The
object recognition system variations with subsequent voice output for visually impaired
people were described using boards such as ESP32-S3-EYE, Raspberry Pi 5, and
NVIDIA Jetson Nano. The boards have different technical characteristics and can
provide different levels of object recognition speed and overall system performance.

The third chapter evaluates the time required for one cycle of the recognition-
announcement process, considering human reaction speed to voice information and the
speed of various process stages. The time required to announce words and their
combinations of different lengths, taking into account the peculiarities of the Ukrainian

language and speech, was determined. It was established that the minimum time
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required to announce one word is 129 ms, while a combination of three long words
may take up to two seconds to announce, considering pauses between words.

The components for system variants on ESP32-S3-EYE, Raspberry Pi 5, and
NVIDIA Jetson Nano boards were calculated and selected. The luminous flux that the
light source should provide for normal system operation in low-light conditions was
calculated, and the Cree XP-G3 LED was chosen.

LD-SP-UM20/8A speakers, which have compact sizes, are compatible with the
selected boards and provide the required sound level, were chosen for information
announcement. A PAM8403 audio amplifier was selected to connect the speakers to
the system, as well as camera modules for boards without a built-in camera.

The total power consumption of the systems in different configurations was
calculated, taking into account the operation of neural networks, light sources, and
continuous speaker operation. Based on the obtained power consumption, the battery
capacity was calculated, and optimal options were chosen to ensure the autonomous
operation of the system for 3 hours.

The fourth chapter conducted studies on the accuracy and speed of recognizing
5 selected categories of objects, namely "windows", "doors", "trees", "traffic light",
"crosswalk” by MobileNetV1 96x96 0.2, MobileNetV2 96x96 0.35, MobileNetV2
160x160 0.5, and MobileNetV2 160x160 1.0 neural networks for ESP32-S3-EYE,
NVIDIA Jetson Nano, and Raspberry Pi 5 microcontrollers. Several experiments were
conducted with raw and mixed training images.

For raw training data, the average accuracy indicators for MobileNetVV1 96x96
0.2 and MobileNetV2 96x96 0.35 networks were 63% and 90%, respectively, while
MobileNetV2 160x160 0.5 and MobileNetV2 160x160 1.0 achieved 100% recognition
accuracy. However, the predicted recognition time for the ESP32-S3-EYE
microcontroller with MobileNetVV2 160x160 0.5 and MobileNetV2 160x160 1.0
models exceeded 10 seconds, which is unacceptable for real-time recognition systems.

For NVIDIA Jetson Nano and Raspberry Pi 5 boards, the average predicted
recognition time ranges from 3 ms for MobileNetV1 96x96 0.2 and MobileNetV2



10

96x96 0.35 models, to 14 ms - 33 ms for MobileNetV2 160x160 0.5 and MobileNetV2
160x160 1.0 networks.

After mixing processed and unprocessed training data, an improvement in
recognition accuracy was observed for most categories, but a significant decrease in
recognition accuracy was recorded for the "windows" category. After reverting the
combined training data for the "windows" category to the unprocessed data,
recognition accuracy for the MobileNetV1 96x96 0.2 network increased to 80% for
NVIDIA Jetson Nano and Raspberry Pi 5 boards and to 73.3% for the ESP32-S3-EYE
board. Recognition accuracy for the MobileNetV2 96x96 0.35 network reached 96.7%
for all boards.

Additionally, the minimum and maximum times required to complete a full
recognition-announcement cycle, taking into account the peculiarities of the Ukrainian
language and the human reaction speed to auditory information, were determined. The
minimum time is 379 ms for an object name consisting of one short word, while the
maximum time is 2198 ms for an object name with three long words.

The practical significance of the results obtained in the dissertation can be used
for designing and creating an adaptive real-time object recognition system with
subsequent voice notifications for visually impaired or completely blind individuals.
The results include calculations of the time required for a full recognition-
announcement cycle, as well as the time needed for each of its separate elements,
considering the peculiarities of the Ukrainian language and speech, and the human
reaction speed to auditory information.

The required luminous flux was calculated, and the Cree XP-G3 LED was
selected to ensure system operation in low-light conditions. Speakers and an amplifier
were also selected. The total power consumption of various system configurations for
ESP32-S3-EYE, Raspberry Pi 5, and NVIDIA Jetson Nano boards was calculated, and
the required battery capacity was determined to ensure autonomous operation of the

device for 3 hours.
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BCTYII

AKTyaJbHICTb Ppo00OTH. Y CyyaCHOMY CBITI TEXHOJIOTIi BIJICPAOTh
BUPIIIAJILHY POJIb Y MIJIBHUINECHH] SKOCTI )KUTTSI JTFOIeH 3 00MEKEHUMHU MOKIUBOCTSIMH.
Onniero 3 HaAWOUIBII aKTyaJdbHUX MPOOJIEM € CTBOPEHHS aJalTUBHUX CUCTEM IS
JTIOJIEH 13 BajgaMu 30py, SKi JIO3BOJIAIOTH iM Kpalle OpiEHTYBATHCS y TPOCTOpi Ta
e(EeKTUBHIIIIE B3a€EMOIISITH 3 HABKOJUIITHIM CepeOBHUINEM. 3a JaHUMH BcecBiTHBOT
oprasizailii OXOpOHH 3/10pOB'sl, HA CbOT'O/IH1 Y CBITI MOHAJ | MUIBSAP TIOAEH CTpaxaae
BiJl TIOPYIIEHb 30Dy, 3 SIKUX ToHaA 43 MuUTbiioHM € He3psiunMH. Po3poOka cuctem
po3mi3HaBaHHs O0'€KTIB 13 MOAAJIBIIMM TOJOCOBHM CIOBIIIEHHAM BiJIKPUBA€E HOBI
MOKJIMBOCTI JiJis1 3a0€3MeYeHHsI aBTOHOMHOCTI Ta Oe3neku Takux Jroaei. [loeqnannas
MIKpDOKOHTPOJIEPIB Ta HEHPOHHUX MEPEX JIO3BOJIAE CTBOPIOBATH KOMIIAKTHI,
eHeproe(eKTHUBHI Ta BUCOKOMPOAYKTHUBHI MPUCTPOi i OOpOOKH 300pa’keHb Y
peanbHOMY dYaci. MIKpOKOHTpOJIEpHM Ta OJHOIUIATHI KOMIT IOTEPH, Yy TO€IHAHHI 3
HEBEIUKUMH MOJEISIMU HEHUPOHHUX MeEpexX, 3a0e3NeuyloTh BHUCOKY IIBUAKICTDH
00poOKM JaHUX 1 MIHIMaJbHY 3aTPUMKY MIXK pO3II3HABaHHAM 00'€KTa Ta rOJIOCOBUM
CTIOBIIIICHHSIM.

3HaUYHWKA BHECOK Yy JIOCHIDKEHHS Ta PO3BHUTOK Y QJITOPUTMU 1 CHCTEMH
po3IMi3HaBaHHs 00’ €KTIB 3pOOMIM TaKi iIHO3EMHI Ta BITUM3HSHI BUeHi sk JleBig Mapp,
Tomac Xaywnr, [llumon Yneman, Takoe Kanane, Sn Jlexkyn, Ixeddpi ['iaTon, Anapii
Kapnaros, ®eit-deit Jli, dxo3ed Peamon, Pocc Tipmiik, Kpic Ilinto, Anekc
Kpuzescekuii, Cepxio Eckomano, Jlxomya bemxkio. [Ipore anamiz mparmp, M0
CTOCYETBCS CHCTEM PO3IMi3HABaHHS 00’ €KTIB IS JIIOJEH 3 BajaMu 30py Ta TOBHOIO
CIIMNOTOIO, CBIAYWTH MPO ICHYBaHHS HU3KA HEBUPIIIMHUX MUTaHb, CTOCOBHO
MO>KJIMBOCTI CTBOPEHHSI CHCTEM PO3IMi3HAaBaHHs 00’ €KTIB JJIs JTIOJIEH 3 BaaMH 30py Ta
TIOBHOIO CJTIIOTOIO Ha OCHOBI HEMPOHHUX MEPEX Ta MIKPOKOHTPOJIEPIB, 3 MOATBIITAM
rOJOCOBUM O3BYUYEHHSIM Ha3BU PO3MI3HAHOTO 00’€KTy, a TaKOXX CTOCOBHO 4Yacy
HEOOX1THOTO Ha TPOXOJKEHSI OJTHOTO MOBHOTO ITUKITY PO3MI3HABAHHS-OTOJIOMICHHS 3
ypaxyBaHHSIM 0COOJIMBOCTEN YKPaiHChKOiI MOBH Ta MOBJICHHS.

VY pesynbTaTi NpOBEIEHOr0 aHalli3y BCTAHOBJICHO, 1110 CUCTEMHU PO3Mi3HABAHHS

00’€KTIB y PEKHUMI PEATBHOIO Yacy 3 MOAAJIBIINM IOJIOCOBUM CIIOBIIIEHHSIM MOXYTb
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OyTH CTBOpPEHI Ha OCHOBI CyYaCHUX MIKPOKOHTPOJIEPIB Ta HEMPOHHUX MEPEX, 1
CIIPOMOJKHI TTOKPAIIUTA OPIEHTYBAHHS y MPOCTOPI, MIJABUIIUTH PIBEHb Oe3reKka Ta
MOJICTIIUTHA B3a€EMOJIII0 3 30BHIMIHIM CBITOM ISl JIIOJIeH 3 BajaMu 30py Ta MOBHOIO
CITMOTOIO.

Po3paxoBano Ta mifgiOpaHO KOMIOHEHTH CHCTEMH, a caMme JIKEepesio CBITIa,
JTUHAMIKW, TIJICUIIOBAY I JUHAMIKIB, JIKEPENIO KUBJICHHS Ta Kamepy, IS
KOMIUIEKTalllid, 10 0a3yloThCsl Ha TaKUX MIKPOKOHTPOJEpax Ta OJHOIUIATHUX
koM’ torepax sik ESP32-S3-EYE , Raspberry Pi 5 tTa NVIDIA Jetson Nano, a Takox
yac HeOOX1THUI Ha OTOJIONMICHHS KOMOIHAIIH CITiB Pi3HOT TOBXKHHHU.

VY pesynbTaTi MPOBENECHUX OCHIKEHb Ta €KCIEPUMEHTIB PO3paXxOBaHO yac
HEOOX1JHUM HAa MPOXOJKEHHS OJIHOIO MOBHOTO LHUKIY PO3IMI3HABAHHSA-OIOJOIIECHHS
pe3yJIbTaTIB, 3 ypaxXyBaHHAM OCOOJHMBOCTEH YKpaiHChKOI MOBH Ta MOBIICHHS, Pi3HO1
JOBXKHHM Ta KOMOIHAIIi cJiB, PI3HOYO Yacy pO3Mi3HaBaHHS OO0 €KTIB TaKUMH
Helponumu Mmepexxamu gk MobileNetV1 96x96 0.2, MobileNetV2 96x96 0.35,
MobileNetV2 160x160 0.5 ta HectucHyTa Bepcis MobileNetV2 160x160 1.0, a Takox
IIBUJIKOCT1 peaKIlii JIFOAMHU Ha TOJIOCOBY iH(opMaIrito.

VY pe3ynprari BUKOPUCTAHHS BJIACHOTO METONY TOMEpPeaHbOi 00poOKHu
TPEHYBAJIBHUX JIAHUX METOJOM BUAJICHHS HAJUIMIIKOBOI 1H(GOpMAIli BCTAHOBIICHO,
mo st 00’ €KTIB IUIONIA SKMX 3HAYHO OLIbIa 3a IJIONLY HAJUIMIIKOBOI 1H(pOpMAIlii,
a00 00’€KTIB 3 PI3HUX KaTEropii, 0 MOXKYTh 3HAXOJIUTUCSA HAa TPECHYBAIbHUX JaHUX
OJIMH OUIsI OJTHOTO, 3aMPOMOHOBAHUM METOJ MIABHUIIYE TOUYHICTh PO3MI3HABAHHS IS
kateropiii 00’extiB "door", "trees", "traffic lights", "crosswalk", migsumrye criiikicTb
CUCTEMH, 3MEHIIYIOUM KUTbKICTh XMOHUX po3mi3HaBaHb. [l1si 00’€kTiB 3 Kareropii
"windows", turomia sSIKUX 3HAYHO MEHIIA, TAKHH METOJ MOXKE MPU3BECTH 3HMKCHHS
TOYHOCTI po3Mi3HaBaHHs 00’ €KTiB Kareropii "windows".

OtpuMaHi pe3ynbTaTH JAOCIIHKCHb MOXKYTh OYyTH BHKOPHCTAHI JUISI CTBOPCHS
CUCTEMHU pO3II3HaBaHHA OO0’€KTIB Yy pEXUMI pEIbHOTO 4Yacy 3 TOJIOCOBUM
CHOBIIIICHHSIM JIJIs JIFOJIeH 3 BaJIaMH 30py Ta MOBHOIO CIIIOTO¥O.

Mera i 3aBaaHHs AO0cCJiKeHHsSl. Memow Oucepmayitinoi pobomu €

YIOCKOHAJICHHS CHCTEM PO3I13HAaBAHHS 00’ €KTIB JJIs JIFOAEH 3 BaJlaMH 30PY Ta [IOBHOIO
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CHIMOTOI0 MNUISIXOM 3aCTOCYBaHHS HEHPOHHMX MEpEXK Ha MIKPOKOHTpOJIEpax, Ta
BBEJICHHS TOJIOCOBOTO CIIOBIIIEHHS, @ TAaKOXX PO3PaXyHOK TEXHIYHHMX IapaMeTpiB
OKpPEMHX €JIEMEHTIB CUCTEMH Ta MiJ01p KOMIIOHEHTIB Ha X OCHOBI.

06’ ’exm docniodicenHst — € TIPOIEC PO3Mi3HABaHHS 00'€KTIB Ta Yac HEOOXiTHUI
Ha TOJIOCOBE CIIOBIIICHHS 3 YpaxyBaHHSIM OCOOJMBOCTEH YKpaiHChKOI MOBH Ta
MOBJICHHS, @ TAKOX MIBUJKOCTI PEaAKL1i JIFOAUHU Ha CIyXOBY 1H(OpMAI[iI0O Ha OCHOBI
MIKPOKOHTPOJIEPIB 1 HEHPOHHUX MEPEK.

IIpeomem Oocniodxicenns — HEUPOHI MEPEXi, MIKPOKOHTPOJIEPU Ta OJHOIIATHI
KOMIT'IOTepH, IIaTGOpMU [ HAaBYaHHA HEHPOHMX MEpeX Ta MporpaMHe
3a0e3IeueHHs 1JIs reHepallii MOBH.

JU1st TOCSATHEHHS TIOCTABJIEHOT METH HEOOX1JHO OyJI0 BUPILIUTH TaK1 3aBJAAHHS:

1. IIpoBecTn aHami3 CydaCHUX METOJIIB Ta AITOPUTMIB PO3Mi3HABaHHS 00’ €KTIB,
SIK1 MOKHa 0yJ10 6 3aCTOCYBaTH B CUCTEMax ISl JII0JIeH 3 BaJlaMH 30Dy .

2. IIpoBecTr AOCHTIKEHHS apXiTEKTyp HEHPOHHUX MEpEeX Ta MOXKIMBOCTI ix
3aCTOCYBaHHA B CHCTEMax posmi3HaBaHHS 00’ekTiB. OOrpyHTyBaTH BHUOIp
MIKpPOKOHTpOJIEpiB Ta HelpoHHMX Mepex MobileNet mis pos3miznaBanHs 00'€KTiB,
POBECTH HAYAHHS Ta TECTYBaHHS OOpaHUX MEPEK.

3. Po3pobuTtn kKOMOIHOBaHY aJanTUBHY CHCTEMY pO3IMi3HaBaHHS O00'€KTIB 3
NOJQJIBIIINM TOJIOCOBUM CIIOBIIICHHSM IS JIIOJied 3 BaJaMu 30py Ta TOBHOIO
CJTIMOTOIO.

4. Nocninuty mnatdhopMu AJis TPeHyBaHHS Ta TIEPEeBIpKH HEHPOHHUX MEPEK, Ta
oOrpyHTyBaTH BUOIp muiatopmu.

5. locaiauTy MOKJIMBOCTI 3aCTOCYBAHHS T'OJIOCOBUX T'€HEPATUBHUX MOJENEN B
3anponoHoBaHiil cucremi. OOrpyHTYBaTH BUOIp TOJIO0COBOI F€HEPATUBHOI MOJIENI.

6. [IpoBecTu po3paxyHOK 4acy HEOOXITHO AJIS IPOXOKEHHS OJTHOTO TTOBHOTO
UKy pO3Mi3HaBaHHs 00'€KTy, TEHEPYBAaHHS IMOBIJOMIIEHHS Ta HOTO OTOJOUICHHS.
JlocniguTy BIUIMB 3allpONOHOBAHOIO METO/Y MONEpeaHbOI 00poOKH 300pakeHb Ha

TOYHICTh PO3Ii3HAABHHS O0OpaHMUX KAaTeropiil 00’ €KTIB.



21

7. BukoHatu mig0ip KOMIIOHEHTIB IS 3aIPOMTOHOBAHOT CUCTEMH Ta PO3PAXYHOK
3arajbHOI CIOKMBAHOT MOTY>KHOCTI 1 HA HOTO OCHOBI pO3paxyBaTH €MHICTD JKepena
KUBJICHHS 1)1 3a0€31eYeHHs] aBTOHOMHOI pOOOTH CUCTEMU Ha 2-3 TOANHH.

Metoau aocaigkeHHs. JInsg BHUpINICHHS IIOCTABJICHUX 3aBAaHb I dYac
TEOPETUYHUX JAOCTIIPKeHb OYyJ0 BUKOPUCTAHO MOPIBHSUIBHUMA aHal3 1CHYIOYHUX
METO/IIB PO3Ii3HaBaHHA 00 €KTIB B €JIEKTPOHHUX CHUCTEMaxX Ta CHUCTEMAaX IS JIFOJAEH 3
BaJlaMU 30pY, MOPIBHSUIbHUI aHaAI3 HEUPOHHUX MEPEX JAOCTYIMHUX /I pO3rOpTaHHS
Ha Tmpwiagax 3 OOMEXCHHMH OOYMCITIOBATHPHUMH MOXIUBOCTSIMH, BHUKOHAHO
MOPIBHSHHS TUIATGOPM /U HABYAHHS HEHPOHHUX MEPEK, BUKOPUCTAHO JTOCTYITHI JISI
po0OOTH 3 HEMPOHHUMHU MEpeKaMH MIKPOKOHTPOJIEPU Ta OJHOIIIATHI KOMIT IOTEpH, a
TaKOX MpOorpaMHe 3a0e3MeUeHHs I reHeparlli TeKcTy B MoBy. Ilix yac mpoBeneHHs
EKCIIEPEMEHTAbHUX  JOCIIDKEHh BHKOPHCTAHO METOJ] TMOMEPEIHbOI OOpOOKH
TPEHYBaJIbHUX 300paKE€Hb, MNUITXOM BHJAJICHHS HAJIMIIKOBOI 1H(oOpMaIii B
TPEHYBaJIbHHUX JaHUX 32 JOTIOMOTOI0 MPUKIIAJHUX MPOTPAMHHX MaKeTiB. 3aCTOCOBAHO
METOJI 3MIITyBaHHS OOpOOJeHMX Ta HEOoOpOOJECHUX TPEHYBAIBHUX JaHUX JUIS
MiJBULIEHHS TOYHOCTI PO3Mi3HaBaHHS 300pa)keHb, METOJI TPEHYBaHHS 1 MEPEBIPKU
HEHPOHHUX MEpPEeX Ha 3MINIAHUX Ta HE3MINIAHUX TPEHYBAIbHUX JaHUX Y
nporpamuomy cepenopuiti Edge Impulse. Bukonano po3paxyHok yacy HE0OXiIHOTO
Ha TPOXO/KEHHS OJHOTO IMOBHOTO IHWKIY PO3Mi3HABAHHS-OTOJIOMICHHS, MUIIXOM
pPO3paxyHKy MiHIMaJbHOTO, CEPEAHHOTO Ta MAKCHMAJIBHOTO 4Yacy HEOOXIJHOTO Ha
POXOJIKEHHS KOKHOTO OKPEMOTO €TaIly.

HaykoBa HOBU3HA 0/lep:KaHUX Pe3yJabTaTiB.

B nuceptariii npenctaBieHo Takl HAyKOBI PE3YJIbTATH:

1. Bnepiie 3anpornoHOBaHO KOMOIHOBaHy aJaliTUBHY CUCTEMY MJis JIIOACH 3
BaJaMy 30py Ta IOBHOIO CIIMOTOI0, SKa BIAPIZHAETHCS BiJ ICHYIOYHX pIllIeHb
MOETHAHHSAM PO3ITi3HAaBaHHS 00’ €KTIB 3a JIOMOMOTOI0 HelpoHHUX Mepexx MobileNet
Ha MIKpOKOHTpPOJEpPl Ta (OpMyBaHHSAM IOBIJIOMJIEHHS IPO PO3MIZHAHUI O0’€KT 3a
JIOTIOMOTOI0 T'€HEpaTUBHOI MOJEN1 MOBJEHHS, 3 YpaxyBaHHAM OCOOJMBOCTEM
YKpaiHCHhKOI MOBHM Ta MOBJICHHS, @ TaKOX IIBHUAKOCTI PeakKilii JIIOJUHY Ha FOJOCOBY

1H(popMario.
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2. Briepiiie 3arpornoHOBaHO METO/ MONEpPeIHbOT 00pOOKH TPEHYBaIbHUX JaHHX,
KWW TIOJISITa€ y BUJAJICHHI HAJUIMIIKOBOI 1H(QoOpMarlii 3 300pakeHb Ta 3MIIIyBaHHI
HE0OpoOIeHuX Ta OOpOOJICHMX TPEHYBAJbHUX JAHUX JUIS IMiJABUIIEHHS TOYHOCTI
po3mi3HaBaHHsA KaTeropiii o0'ektiB "door”, "trees", "traffic lights", "crosswalk",
"windows".

3. Briepiie Bu3HaU€HO YMOBY 3aCTOCYBaHHS METOY TIOTIEPEAHBOT 0OPOOKH IS
pI3HUX KaTeropii o00'e€KTiB poO3Mi3HABaHHA, SKa IOJIATa€ Yy TMOPIBHSAHHI TUTOIII
HAJUTUIIIKOBOI 1H(POpMAIlii 3 KOPUCHOIO 1HPOPMAITiI0 B MEXKaX KaJIpy.

Ocobuctuii BHecok 3100yBauya. Pesymnbpraté AOCHipKeHb, IO HaBEACHI Yy
JTUCcepTalliiHIi poOOTI Ta BUHECEH] HA 3aXHUCT, OTPUMaH1 0COOMCTO aBTOPOM abo0 X 3a
HOro akTUMBHOI ydacTi Ta OMyOJiKOBaHI y CHEelladi3oBaHMX (HPaxOBUX BHUIAAHHSIX
Ykpainu.

B pamkax po6otu [1], uio ony6iikoBaHa B CIIBaBTOPCTBI Y (paxoBOMy BUIaHHI
VYkpainu, 3100yBaueM 0CcOOMCTO BUKOHAHO aHalli3 BILUIUBY TineprapameTpiB 00poOKu
300pakeHHsI Ta apXITEKTypHu HeHpoHHOI Mepeki MobileNet Ha 06’eM BUKOpUCTaHUX
pecypciB  MIKPOKOHTPOJIEpA, BHKOHAHO TIOPIBHSHHS pPE3yJbTaTiB TOYHOCTI Ta
MBUAKOCTI pO3Mi3HABaHHA MojeNield HeWpoHHUX Mepex MobileNetV1 Ta
MobileNetV2.

B pamkax po6otu [2], u1o ony0iiKkoBaHa B CIIBaBTOPCTBI Y (paxoBOMy BUAaHHI
VYkpainu, 3100yBadeM 0COOMCTO BUKOHAHO JOCIIPKCHHS MOXKJIMBOCTEH IT1IBUIIICHHS
TOYHOCTI Ta BapiaTUBHOCTI PO3MI3HABaHHS pI3HUX TPyn OO’ €KTIB 31 CXOXKOIO
HAJJTAIITKOBOIO 1H(QOpMAIIi€0 HEUPOHHOIO MEPEKEI0 MicIs MONepeIHboi 00pOoOKH Ta
IpynyBaHHS TPEHYBAJIbHUX 300paK€Hb JUIsl TMOJANBIIOIO BHUKOPUCTAHHS Ha
MIKpOKOHTpoJiepax. IlepeBipeHo BIIMB BUJAJIEHHS 3aiiBoi  iHpopmamii Yy
TPCHYBAIBHUX JaHUX Ha TPAKTUYHI 3HAYCHHS TOYHOCTI PO3MI3HABAHHS PI3HUX
KaTeropiii 00’€KTiB Ha OCHOBI apxiTekTypu MobileNet V2.

B pamkax po6otu [3], onyOJikoBaHiil y criBaBTOPCTBI, 3100yBaueM OCOOUCTO
BUKOHAHO JOCTIIKCHHS MIHIMQJIBHOTO 1 MaKCHUMAJIBHOTO Yacy HEOOXITHOIO IS
BUKOHAHHSI OJHOTO IMOBHOTO IIMKJIY PO3MI3HABAHHS-OTOJOLIEHHSI Ha3BU 00 €KTY 3

ypaxyBaHHSM PI3HOI JOBXKWHHU CJIiB, PI3HOI MIBHAKOCTI PO3Mi3HABaHHS 00 €KTIB, a
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TaKOX (PI3MYHUX OCOOJMBOCTEH JIIOAEH 3 BaJaMu 30pY AJIA CUCTEM PO3IMI3HABAHHS
00’€KTIB y PEXKHUMI peaIbHOr0 4yacy Ha MIKPOKOHTpOJIEpax 3 MOAAJIBIINM TOJI0COBUM
BUBECJICHHSIM.

IIpakTHYHe 3HAYEHHS OJIeP:KAHUX Pe3yJIbTaTiB:

OtpumaHi pe3yJabTaTH MOXYTh OyTH BHKOPHUCTAHI JUIsi CTBOPEHHS CHUCTEM
pO3Mi3HaBaHHs 00’€KTIB 3 MOAAJIBIIMM TOJOCOBUM O3BYUEHHSAM iH(popmalii Ha 0a3i
HEHPOHHUX MEPEX Ta MIKPOKOHTPOJIEPIB VIS JIFOJICH 3 BaJaMH 30Dy .

1. TlpoBeneHe MAOCHIAKEHHS ICHYIOUHMX MOJIEJel HEMPOHHUX MeEpex Ta
JOCTYITHUX MIKPOKOHTPOJEPIB 1 OJHOIUIATHUX KOMIT IOTEPIB JIa€ 3MOTY BU3HAYHUTH
nepenik HeoOXIIHMX MporpamMHO-amapaTHUX 3aco0iB IS MPaKTUYHOI peamizamii
CUCTEMH, SIKI MOXKYTh 3a0€3[1€YUTH BUCOKY TOYHICTh Ta MIBUAKICTH PO3II3HABAHHS.

2. [IpoBeneni po3paxyHKH MapaMeTpiB CKIAIOBUX CUCTEMH Tal0Th MOKIIUBICTh
3M1MCHUTH BUOIp €JEMEHTIB, 110 BIJAMOBIAAIOTH MPOrPaMHO-aapaTHUM BHUMOTaM, a
TakoX cyMicHi 3 iatamu ESP32-S3-EYE, Raspberry Pi 5 ta NVIDIA Jetson Nano.
Jlo ckilamy CcHCTEMH Ha OCHOBI PO3pPaxyHKIB JOIUIBHO BKIIOUWTH JUHAMIKH,
M1JCUITIOBAY JIJIS IMHAMIKIB, JHKEPEJIO CBITJIA Ta KEPETIO KUBJICHHS.

3. Po3paxoBaHO MiHIMaIbHUI Ta MAaKCUMaJbHUN YaC MPOXOHKEHHS OHOTO
MOBHOTO IMKITY PO3IMi3HABAHHI-OTOJIOMICHH. MIHIMAbHUN Yac CTaHOBUTH 379 Mc
JUI KOPOTKOI Ha3BH 00’ €KTY, IO CKIAJAETHCS 3 OJHOTO CIIOBA, 3 YpaxXyBaHHIM Yacy
peaxiii JIIOAMHYU Ha CIIyXOBY 1H(pOpMaIlito, Ta MakKcUMallbHui yac 2198 mc it Ha3BH
00’€KTYy, 1110 CKIAAAETHCS 3 TPHOX JOBTUX CIIIB, 3 YPaXyBaHHSIM Iay3 MIXK CIOBAMH.

4. BcranoBneHo, mo ais kareropiii 06'ektiB "door", "trees", "traffic lights",
"crosswalk" , muoma skux OinbIIa 3a IUIONIY HAIMIIKOBOI iHGoOpMalii B Kaapi
3aCTOCYBaHHS METOAY MONEPEIHbOI 00OPOOKH Aa€ MPUPICT Y TOUHOCTI PO3MI3HABAHHS.
Jlnst kareropii "windows", ne momia camMoro 00'€KTy 3HAYHO MEHIIIA 32 HAJITTUIIIKOBY
1H(pOopMaIliIo B MeXax KaJpy, TAKH METOJ] MOKE€ MPU3BECTHU J0 MOTIPIICHHS TOYHOCTI
poO3Mi3HaBaHHs I 1i€] KaTeropii 00'eKTiB.

5. ExnepeMeHTaapHO BCTAHOBJICHO, IO MICIs TPEHYBaHHS HEHPOHHUX MEPEX
MobileNetV1 96x96 0.2 Ta MobileNetV2 96x96 0.35 na 3mimaHuxX TpeHyBaJIbHHX

nanux y kareropisx “door", "trees", "traffic lights", "crosswalk" Ta ne3mimanux
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TPEHYBAJBHUX JaHWX Yy Kareropii "windows" oTpumaHo npupicT y TOYHOCTI
posmi3HaBaHHs 00’ekTiB. Jlns kateropii “crosswalk” 3 80% mo 100%, mist kareropii
"doors" 3 66.7 % mo 83.3%, misa kareropii “traffic lights" 3 42.9% no 71.4%, Ta 3
71.4% no 85.7 % mns kareropii "trees" mus mepexxi MobileNetV1 96x96 0.2. s
mepexi MobileNetV2 96x96 0.35 y kareropii “traffic lights" orpumano migBuIeHHS
To4HOCTI 3 71.4% 1o 100%.

3B's130Kk po00OTH 3 HAYKOBHUMHM NPOrpaMamMH, IJIAHAMH, TEMaAMH.

Po6oty BukOHaHO Ha Kadeapl aKkyCTUYHUX Ta MYJIbTUMEIIMHUX €IeKTPOHHHUX
cucteM HamionanpHOro  TeXHIYHOTO  yHiBepcuTeTy  Ykpainu "KuiBchkuii
NOMITEeXHIYHUHN 1HCTUTYT iMeHi Iropst Cikopcbkoro" .

HaykoBi 1ocniIKeHHs BUKOHAHO 3/100yBadyeM B pamkax aep:xx0roxerHoi H/IP
Ne  2704-m "T'ene3suc MIHHO-BUOYXOBUX TpaBM 1 po3poOKa MOOUIBHOTO
€JIEKTPOAKYCTUYHOTO amapary Jjs J1arHOCTUKM 1 JIKYBaHHS YIIKOJKEHb CIIyXY
BilicbkoBOCTYk00BIIB" (NeJ[P 0124U00087) mix KepiBHUIITBOM JIOLIEHTa Kadeapu
AKyCTUYHUX Ta MYJIbTUMEHIMHUX ENeKTPOHHUX cucteMm, K.T.H. [lomoBuua I[laBna
BacuiboBuya.

Buxnaneni y nucepraiiii HOB1 TEOpETUYHI Ta MPAKTHYHI PE3YIbTATH JOCIIKEHb
MOXKYTh BHUKOPHUCTOBYBATHCS IIiJl 4ac PO3POOKH Ta TMPOEKTYBAHHS EJIECKTPOHHHX
IPUCTPOIB Ta CHCTEM Ha MIKPOKOHTpOJIEpax, a TAKOXK Y OCBITHbOMY Tpolieci Kadeapu
AKyCTUYHUX Ta MYJbTUMEIIMHUX EJIeKTPOHHUX CHUCTEM 3a cremiaipHicTio 171
Enexrtponika, B ocBiTHIM mporpami “EnexkTpoHHI cUCTeMH MyJbTUME[la Ta 3aco0u
[aTepHeTy peueit” HarioHaJbHOTO TEXHIYHOTO yHIBepcuTeTy Ykpainu “KuiBchbkuid
MOJIITEXHIYHUHM THCTUTYT iMeHi [rops CikopchKoro™.

Amnpobauisi pe3yabTaTtiB qucepraunii. Marepianu auceptaiiiHux JT0CTIIKEHb
00TOBOPIOBAIHCS HA MIKHAPOIHUX KOH(PEPEHITISX:

VII Mixnapoana HaykoBo-mipaktuyHa KoHbepeHuis «SCIENCE AND
TECHNOLOGY: CHALLENGES, PROSPECTS AND INNOVATIONSy», 26-
28.02.2025, Ocaka, fmnoHis.
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IMy6aikaunii. 3a pe3ynpraTaMu 10CIHIHKEHb OMYyOIIKOBAaHO 3 HAYKOBI My OiKarii
3a criemanbHIcTIO 171 EnekTpoHika, rajiy3b 3HaHb EJIEKTpOHIKA Ta TeIeKOMYHIKaIlii,
3 HUX 3 CTaTTI B HAyKOBUX ()axOBUX BUJAHHIX YKpaiHu karteropii b.

Ctpykrypa Ta o0csar aucepranii. PoboTta ckiamaeThcs 31 BCTYyIy, YOTHPHOX
PO3/IJIIB, BUCHOBKIB, TIEpeNiKy JuKkepen nocuiianb. Pobora mictuts 81 pucyHok Ta 7/

TabMuUIh. 3araapHui 00CAT qucepTaniiHoi poOoTH cTaHOBUTH 139 CTOpiHOK.



26

PO3J1JI 1. AHAJII3 METOAIB PO3III3HABAHHSA OB’EKTIB ¥
EJJEKTPOHUX CUCTEMAX TA CUCTEMAX JIUIS JIKOJAEM 3 BAJJAMUA
30PY

1.1 3aranbHa cTPYKTYypa ajJirOpuTMIiB PO3Ni3HABAHHA 00’ €KTIiB

Po3nizHaBaHHs OO’€KTIB — KIIOYOBHM HAmpsSIMOK KOMII IOTEPHOTO 30Dy,
HaIpaBJICHUI HAa aBTOMATH3AL[ll0 IMPOLIECIB OTPUMAHHS, aHajizy Ta PO3YMIHHA
Bi3yanbHO1 iH(popMariii 3 1udpoBux 300pakeHb ab0 BiZICO Y PeKUMI peabHOTO Yacy.
OCHOBHOIO METOIO € CTBOPEHHS CUCTEM, 3IaTHUX 1IEHTU(PIKYBATU ¥ IHTEPIPETYBATU
00'eKTH B 300pa’kKeHHSIX O aHAJOTIi 3 JIOJACHKUM 30poM. Po3mizHaBaHHS 00'€KTIB
CTaJI0 OJIHIEIO 3 KIIFOUOBHUX TEXHOJIOT1HM y 6ararbox cdepax, Takux K poOOTOTEXHIKa,
aBTOHOMHE YIPAaBIIiHHSA Ta KEpyBaHHS, MEIUIIMHA, TPOMHUCIOBE BUPOOHUIITBO - JI€
ABTOHOMHI CHCTEMHU B3a€EMOJIIIOTh 13 HAaBKOJMIIHIM cepenoBumieM. Cucremu
aBTOMUJIOTYBaHHA aBTOMOOWUIIB Ta OE3MUIOTHUX JITAJIbHUX anapariB, BUSABIICHHS
3JI0OSKICHHUX ITyXJIMH Ha PEHI€HIBCHKUX 3HIMKAX, 1HKJIFO3UBHI TEXHOJIOTI IS JIFOACH 3
BaJilaMu 30Dy, 110 JI03BOJISIOTH IM OTpUMYBATH 1H(OPMAITIIO PO HABKOIMIIIHI 00'€KTH
32 JIONOMOTOI0 TOJIOCOBHX MiJIKa30K, MOXYTh OYTH TMPHUKIAJAOM MPAKTUIHOTO
3aCTOCYBaHHSI.

TexHomorii KOMI'FOTEPHOTO 30py MOYAIM pO3BUBATHCA B cepeuHi 20 CTOMITTSI.
Cnouatky 1e Oyiau TpOCTi airopuTMU JUIsi PO3Mi3HABaHHS KpaiB OO0'€KTIB Ha
300paKEeHHSIX, OJJHAK 3 PO3BUTKOM TEXHOJIOT1H 3'SIBUIMCS OLIBII MOTYXHI METOIU HA
OCHOBI IITMOOKOT0 HABYAHHS, 3[aTHI pO3Mi3HABATU 00'€EKTH Y CKIIATHUX YMOBaX.

TumoBa cTpykTypa ajaroputMy po3mi3HaBaHHS 00’ €KTIB CKIAA€ThCA 3 TAKHX
eTarnis:

e [lonepenus o6podka 300paxkeHs (Preprocessing)
e Buninenns o3nak (Feature Extraction)

e Cermenranis 00'ektiB (Object Segmentation)

e [locr-06po6ka (Post-processing)

ITonepennsi o0poOka 300pa:xenb (Preprocessing) — 3acTOCOBY€TbCS st
cTaHaaprtu3arii, yHiikaiii Ta rpymyBaHHS 300paKeHb, IO JO3BOJISIE TOKPAIIATH

AKICTh JAHUX Tepe]] X MOJalbIIon 00poOKOI Ta aHamizoM. MeTolo IbOTO eTaly €
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HiArOTOBKa 300pakeHb ISl ONTHUMAJIbHOI pOOOTH AITOPUTMIB TNIMOOKOTO HABUAHHS
a00 1HIIMX METOJIIB aHai3Yy.
J10 OCHOBHUX METO/IIB ONEPENHBbOI 0OPOOKM HANEXKATh:
» Hopmamizaiis Ta MacmrabyBaHHSI 300paKeHb
« @inpTpanig Ta BUJAJICHHS IIyMYy
* Po0ota 3 KOHTpacToM 300pakeHHs
» KoHBepcis KoJbOpy Y BIATIHKH CIpOTo
Hopmamizariss Tta MmacmraOyBaHHS JaHUX — 1€ JBl KIHOYOBI TEXHIKH
oTnepeIHLOT 00pOOKH 300paKeHb, IO BUKOPHUCTOBYIOTHCS ISl ITIITOTOBKH JTaHUX
nepen 3acTOCYBaHHSAM — aJTOPUTMIB  MalIMHHOTO a00 TrJIMOOKOr0 HaBYaHHS.
Hopmamizaniss mnossirae 'y NpuBEIEH! 3HAa4Y€Hb MIKCeNs 300paK€HHA 1O OJHOIO
nianaszony, Ha npukian [0,1], mo gomoMarae yCyHYyTH BIIMIHHOCTI B SICKPaBOCTI Ta
KOHTPACTHOCTI Pi3HUX 300pakeHb, IKI MOXKYTb OyTH CHPUYMHEHI PI3HUMU BapialisiMu
YMOB OCBITJICHHSI, HAJIAIITYBaHHSAMU KaMepH Ta 1HIIUMH pakropamu. Hopmanizawis
JI03BOJISIE YHUKHYTH IMTOMUJIOK TPU 3MIIITYBaHH1 Pi3HUX TPy 300pakeHb Ta MOKPAIILy€e
poboty amroputmy. [lo OCHOBHHMX METOJIB HOpMaiizailii BigHocaTbcs Min-Max
Scaling ta Z-score standardization. Takos, Jisi BUKOHaHHS HOpMaJIi3amii JaHUX,
MO>KHA BUKOpUCTOBYBaTH 010110TeKH Taki sik PyTorch, abo 616miorexu Scikit-learn na
Python.
Min-Max Scaling — meToa BUKOPHUCTOBYEThCS il TpaHchopmallii 3Ha4YeHb
miKCceniB 300pakeHb y MEBHUM jiama3oH, 3a3Buyadl Big O go 1, mo 03BoJIsIE
PIBHOMIpHO MacmTa0yBaTH TIKCENi, HE3aJeKHO BiJ iX MOYATKOBUX 3HAYCHb.

3aranpHui BUTIISLA GopMyiH HOpMaizallii 3a MmetoioM Min-Max Scaling mae Burisiza

[4]:

X—Xmin

Xnormalized = )

Xmax—Xmin

e X — BUIIQJIKOBE 3HAUCHHS O3HAKH, SIKe Mae OyTH HOpMaji30BaHO. Xmin —
MiHIMaJbHE 3HAYCHHS O3HAKW B HAOOp1 JaHUX, @ Xmax — MaKCHMaJIbHE 3HAYEHHSI

O3HAaKH.
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Meton ocobnuBO e(heKTUBHUN, KOJIU BAXJIHBO 30€pETTH PO3MOMAUT JaHUX Y
BUXIJIHIK (popMi, ajie Mpu 1IbOMY MPUBECTH BC1 3HAYCHHS JI0 €IMHOTO J1alla3oHy, 110
cripoiiye 00poOKy JaHUX JJIsl AITOPUTMIB MAIlIMHHOTO HaBYaHHSI.

Z-score standardization (Crammaprtu3zamis) — mnepeadadae Tpancopmarliro
3Ha4YeHb TaK, 00 cepeaHE 3HAUYCHHS 300paxkeHHs ctayio piBHUM 0, a cTaHAapTHE
BIIXWJIEHHS J1opiBHIOBAIIO 1. [le 0coOMMBO KOpUCHO 711 MOJENEH, 1110 Nepe0avyaroTh
HOPMaJIbHUM PO3IOLI IAHUX, TAKUX SIK JIIHIAHI MOJIEJ Ta OTIOPHI BEKTOPH. 3arajibHun
BUTIISA opMyJIM HOpMaTizarllii 3a MmetozoM Z-score standardization mae Buriisn [4]:

_X-u
Zstandertized - T )

AC U - CCPCOHE 3HAYCHH:, a4 G - CTAHIAPTHC Bi,ZIXI/IJIeHHSI.

Meton 0co011MBO KOPUCHUH M1 4ac pOOOTH 3 aIrOpUTMaMHU, K1 Iepe10avyaroTh
HOPMaJIbHO PO3IOJUICHI JaHl, HaMpUKiIa A Oarato JiHIHHUX Mozenei. Ha BiqMiHy Bif
TEXHIKM MIHIMaJIbHO-MaKCUMAJIbHOIO  MacIITa0yBaHHSA, 3HAYEHHS O3HAK HE
OOMEXYyIOTbCS TEBHUM J1ala30HOM Yy TeXHIill cra”papTu3auii. [lanuii merton
HOpMaJi3ailii B OCHOBHOMY IIPE/ICTABIISE€ O3HAKH 3 TOUKH 30PYy KUIBKOCTI CTaHIaPTHUX
BIJIXWJIEHbB, SK1 JISKATh JAJIEKO BiJl CEPETHBOTO.

MacmtabyBaHHs 3MIHIOE pO3Mipu 300pakeHHs abo #Horo o0'eKTiB, 1100
IOPUBECTU iX 10 MEBHOTO CTaHAAapTHOro po3Mmipy. Lle BaxiuBo uis Mojenew, siki
npuiiMaroTh Ha BXIJ 300paxkeHHs (QikcoBaHOro po3mipy, Takux sk CNN.
MacmtabyBaHHs 103BOJIsIE 3MEHIITYBAaTH a00 301IbLIyBaTH 300pa’keHHS BIAMOBITHO
JI0 BUMOT MOjIeJIl, 30epirarouu Mpu IbOMY CITIBBIIHOIIEHHS CTOpiH. /[0 COHOBHUX
METO/11B MalTadyBaHHs BiIHOCAThCS Resize (3MiHa po3Mmipy), Ta Cropping (00pi3aHHs
300paKeHHs).

Resize (3MiHa po3Mipy) — II€ MPOIIEC 3MIHU PO3MIpIB 300pakeHHs (IIUPUHH 1
BUCOTH), JUISI IPUBEJCHHS 300pa)KEHHS 10 CTAaHAAPTHOTO PO3MIpy, HEOOX1THOTO IS
HAaBYAHHS MOJEJCH MallMHHOTO HaB4yaHHs [4]. 3MiHa pO3MIpy KOXKHOIO MiKCes
3MIMCHIOETHCSL 3a JOMOMOIOK0 1HTepnofsii. HalOinpmn momupeHi Meroau — Ie

OumiHiiHA 1 O1KyO1YHA 1HTEPIOJIALLIS.
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buniHiiiHA 1HTEpHONSALIS — L€ METOA 3MIHM pPO3MIpY 300pakeHb, SKUN
BUKOPHUCTOBYE JIHINHY THTEPHOJISIIIIO Y JIBOX HaIpsMKax (MO IIHUPHHI 1 BUCOTI) IS
BU3HAYEHHS 3HAYEHHS HOBOTO TMIKCEJsl Ha OCHOBI MOro HaMOMMKUYMUX CYCIIHIX
mikceniB. binmiHIAHA 1HTEPHOJSINS PO3pPaxOBYy€ HOBUM IMIKCENb SK 3BAXKEHY CyMy
YOTUPHOX CYCIJAHIX MIKCENIB B OpUTriHAJIbHOMY 300pakeHHi. dopmyna OuLTiHINAHOI
iHTepoAii Mae Burisy [5]:

I'(x"y") = (1 —dx) x (1 —dy) x I(X1,y1) + dx x(1 —dy) x I(X2,y1) + (1 —dx) x dy

 1(X1,y2) +dx > dy x 1(X2,y2),

ae: 1(x1,y1), 1(X2,y1), 1(X1,y2), 1(X2,y2)— 11e 3HaYCHHS CYCITHIX MKCeNiB, X' Ta y'
— HOBI KOOPJMHATH TIKCeNsl B MacmTaboBaHoMy 300paxkeHHi, dx 1 dy — apo6oBi
YaCTHUHHU HOBUX KOOpAWHAT, I'(X',y")— 3HaueHHs HOBOTO IMIKCENs y MaciTabOBaHOMY
300paKeHHI MiCJI IHTEPIOJISILII.

biky6iuHa 1HTEpHOSAIIS BUKOPUCTOBYETHCS U1l 3MIHU PO3MIPY 300pakeHb Ta
NOJIATA€ y BU3HAYEHHI 3HAUYEHHS HOBOTO MIKCENs HAa OCHOBI 16 cycCigHIX MiKcemiB
OpHUTIHAILHOTO 300pakeHHs [6]. BoHa BpaxoBye He Jinilie 3HAYCHHS MIKCEiB, aje i
iXHI TOXIJHI, IO JO3BOJISIE CTBOPUTH OUIBIN TUTABHUN pe3yJbTaT y MOPIBHSHHI 3
OluniHiiTHOO 1HTEpHosAuiet0. Popmyra O1KyOIUHOT IHTEPHOIALIII:

I'(x\y) =22 Xioow &' —x)w(y —v;)(x, y)),

ae I(xi,Yj) — e 3HaYeHHS MiKCeIs B OPUTiHAIBHOMY 300paXKeHHI, Xi 1 yj — IIe
CYC1/IH1 TIIKCEJI1, [0 OTOYYIOTh HOBUH MIKCENb, W — II€ BaroBa (yHKIIis, sika 6a3yeTbes
Ha KyO14HIi QyHKIII].

Barosa ¢ynkmis w(d) [6]:

(1.5|d|® = 2.5|d|*> + 1), akupo |[d| <1
w(d) = { (=0.5|d|® + 2.5|d|? — 4|d| + 2),axkmo 1 < |d| <2,
0, Ko |d| > 2

Barosa ¢yukiis w(d) BU3Haua€e BIJIMB KOKHOTO CYCIJTHBOT'O TIIKCEJSI HA HOBUI
HiKCeJb, BpaXOBYIOUM MOTO BIJICTaHb B1Jl HOBOTO MIKCEJIS.
Cropping — TexHika OOpi3aHHS YaCTHHH 300pakKeHHS IS BHIIJICHHS
'
OCHOBHOro 00'ekTa a00 BHJAJICHHS HEOAKAHUX YaCTUH 300pakeHHs [7].

BuxopuctoByeTbest 1751 GoKycyBaHHS Ha KIFOYOBHUX €JIEMEHTaxX 300pakeHHs abo Asis
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OpUBEACHHS 300pakKeHHs [0 CTaHJApTHOrO pO3MIpy, 30epiraroud MNpU IbOMY

CIIBBIIHOIIIEHHS CTOPiH. DopMysia MOXe OyTH MpeICTaBIeHa y BUTIISII:
I'(x'y") = 1(x0 + X', yo +y),

ne, 1(x,y) — 1e 3HayeHHs MIKCelld B OPUTIHAJIBHOMY 300pa)k€HH1, Xo, Yo —

KOOpJIMHATH TI0OYAaTKOBOi TOYKH oOpizaHHs, X', V'

— HOB1 KOOPAWHATH MICJIS
oOpi3zanHs, ['(x’,y") — 3HaueHHs miKcess y HOBOMY 300pa)ke€HH1 Micist oOpi3aHHs.

OunbTpanis Ta BUJAICHHS IIyMy - [I€ POLIEC YCYHEHHs] HE0aXaHOoro mymy 13
300pakeHHs, IUIIXOM 3aCTOCyBaHHS (DUIbTpa, SKHH PEryJlo€ 3HAYCHHS ITKCEIB
300pakeHHs 3aJeXHO BiA Tumy ¢GuibTpa. BoHM MOXyTh OyTH po3poOieHi s
BUJIAJICHHS TIEBHUX THIIB IIyMy, HAmpuKiIaa mymy [ayca. ¥V 3araqbHOMY BHITaJIKY
BUIUIAIOTH TPH OCHOBHI MeToau GuabTpallii Ta BumaleHHs mymy - Box Filter,
I"ayccoBuii pi1bTp, MEAIAaHHUI PLIBTP.

Box Filter — me oamH i3 HadmpocTimux (GUIBTPIB JUIS 3[IaJKyBaHHS
300pakeHb, 10 BHKOPHCTOBYETHCS JUIsl BUmaneHHs mymy [7]. Box Filter mparroe
IUITXOM 3aMIHU KOXHOTO TIKCETIsl Ha CepeTHE 3HAYSHHS OT0 CYCiIiB y BiKHI PO3MIpY
KheightXKwidth . Y1 TIiKcei BcepeInHi IIbOTO BIKHA MalOTh OJTHAKOBY Bary. To0OTo, s
KOXHOTO MIiKCENsl OOYUCIIOETHCS CEpPEIHE 3HAUYCHHS IHTEHCUBHOCTEH MIKCENiB, L0

3HAXOAATHCS TIOpYY. 3HAYCHHS TIKCENs IICIs 3acToCyBaHHSA (iIbTpa MOKHA

OTpUMaTH 32 POPMYJIOIO:

Kheight Kheight

Z. 2Kheight Z]_ 2Kwidth I(X + i’ y + ])l
[=———=— =——

2 2

1

I'(xy) =

KheightXKwidth

ne I(x,y) — IHTEHCUBHICTb ITIKCEIIs B OpHUTiHATBHOMY 300paxeHHi, KheightX Kwidth
— po3Mip sapa (3a3Buuail KBaapar, Hampukiaa, 3x3 abo 5x5), I'(xyy) —
IHTEHCUBHICTh MIKCEJIsI MICHs 3TIaKyBaHHS.

Box Filter wacro 3actocoByeTbcs siKk TomepedHs: OOpoOKa i YCYHEHHS
BUTIAJKOBOTO IIIyMy TepeJ BUKOHAHHSAM OUTBII CKJIAJHUX OIEpaiii, TaKuX sK
cerMeHrailisi abo posmizHaBaHHs 00'ekTiB. Jlo mepeBar MOXHa BIIHECTH : IPOCTOTY Y
peamizaitii, Ta epeKTHUBHICTh NMPU YCYHEHHI APIOHOTO IIyMy, MPHUKIAT POOOTH OOKC

binpTpy npeacTaBiaeHo Ha pucyHKy 1.1.
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Specimen Image Filtered Image

Choose a Specimen Choose a Filtering Method
‘ DNA Spherulite (POL) v 3x3 Box Averaging v

Noise Level: 25.0 % Neighborhood Size: 3

IIIIIII'IIIIIII W

Image Type Number of Iterations

| Grayscale | Color Q1O

Pucynoxk 1.1 - IIpukmnan podotu 60kc GpineTpy [8]

Jlo HemomiKiB - 3HWKEHHS PI3KOCTI 300pakeHHs, uepe3 piBHOMIpHE
3rJa/)KyBaHHS BCIX IMIKCEINl, BKJIIOYHO 3 KpasMH, [0 MOXKE MPU3BECTH 10 IXHHOTO
PO3MHUBAHHSI.

laycoBuii GinbTp — 1€ MIHIHHUK (DUIBTP, M0 BUKOPUCTOBYETHCS B 00pOOIT
300paXkeHb JUIS 3MEHIICHHS IIYMYy Ta PO3MUTTS 306pakens [7]. Mloro ocHoBHa MeTa
— 3IJIaJIUTH 300pakeHHs, 30epiralouu npu 1boMy Kpai Ta netani. Jlo XxapakTepucTuk
["ayciBchkoro ¢inbTpa BigHOCATSH : ['aycoBy QyHKIIIF0, KOHBOJIOLIIO, Ta TApaMETP G.

laycoBuii ¢inbTp 3acHoBanmii Ha ['aycoBiit QyHkuii, sika Mae Qopmy

J3BOHOMONIOHOT KpUBOi. Y TBOX BUMipax il MOKHA omrcaTH (GOPMYIIOH0:

_x24y?
e 202

G(xy) =

2mo?

ne (X,y) — KOOpJIMHATH MIKCEIIs, a G — CTaHAapTHE BIAXUJICHHS, [0 BU3HAYAE
CTYMiHb PO3MHUTTSL.

dinpTpartist 300pakeHHs BiIOYBa€ThCS MUIIXOM KOHBOMOMIT ["ayccoBoro siapa
3 mikcensaMu 300pakeHHs. KokeH miKcenab HOBOTO 300pakKeHHS OOYHCITIOETHCS SK

3BajkK€HA CyMa MIKCEeJiB HAaBKOJIO HHOTO, /1€ Bark BU3HA4AIOThCs ['aycoBOIO (PyHKITI€TO.
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3HaUYCHHSI G KOHTPOJIIOE CTYIIHb PO3MHTTS: HEBEIUKE G MPU3BOIUTH [0
MEHILIOTO PO3MUTTS, 30epirarouu Ouablie neraneid. Benwke o HpU3BOAUTH 0

CHWJIBHIIIOTO PO3MUTTS, 3 OUIBIIOI BTPATOIO JeTaneil pucyHky 1.2.

Specimen Image Filtered Image

Choose a Specimen Choose a Filtering Method
DNA Spherulite (POL) v ’ ‘ Gaussian Filter v
Noise Level: 25.0 % Neighborhood Size: 3

—l_ I

Image Type Standard Deviation: 2.0 Pixels

Pucynok 1.2 - Tlpuknan podoru ¢pinstpy [ayca [8]

Jlo mepeBar MoOXHa BiTHECTH: €(EKTHBHE 3MEHIIEHHS BHCOKOYaCTOTHOTO
IIyMy, IJIABHE PO3MMBAHHS 300pa)K€HHS, 110 HE BUKJIMKAE apTe(daKTiB, sIKi MOXKYTh
BUHUKATH NPU BUKOPUCTAHHI IHIIUX PLIBTPIB.

Menianuuii GinbTp — 11€ HEMHIWHUN QUIBTP, SKUN MIUPOKO BUKOPUCTOBYETHCS
B 00poO11i 300pakeHb 11 3MEHILICHHS IITyMY, OCOOJIMBO IMIYJBCHOTO (IIIyM «Cljib-
neperby ), MpH 30epeKeHHI KpaiB 1 fAeTaineii 300pakenHs [7].

I'(x,y) = Median (I(x+i,y+]j))

Meniannuii GUIBTp Mpalloe Ha OCHOBI CTATUCTUYHOI (QyHKIIT memianu. [is
KOKHOTO TIKCENs B 300payKeHH] pO3IIIAJAI0ThCS CYCIIHI miKceni, GOpMy€eTbes 3 HUX
Ha0lp, a MOTIM 3aMIHIOEThCS 3HAYEHHS IEHTPAJIBLHOIO TKCEIs Ha MediaHy IbOro
HaOopy. [ns ¢dunpTpanii 300paxkeHHs] 3a3BUYail BUKOPUCTOBYETHCSI KBajapaTHE abo
KpyTJie BiKHO (s1p0) TIEBHOTO po3Mipy (Hampukiam, 3X3, 5x5).

VY mporeci ¢iabTparii BUOMPAEThCS BIKHO HABKOJIO KOXKHOTO IIKCENs, SIKe

BU3HAYAETHCS HOTO cycimamMu. Yci 3HA4YeHHS IIKCETiB Yy BIKHI COPTYIOTBCS 3a
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3poctanHsaM. [licms 4oro 3HauYeHHS MeJiaHM 3aMIHIOE 3HAYCHHS LEHTPaIbHOTO

nikcens. [Ipuknan podotu MenianHoro GUIBTPY IPEACTaBICHO HA PUCYHKY 1.3.

Specimen Image Filtered Image

Choose a Specimen Choose a Filtering Method
|DNA Spherulite (POL) | | | |NxN Median v]
Noise Level: 25.0 % Neighborhood Size: 3

Image Type Number of Iterations

Grayscale | Color Q10

Pucynok 1.3 — [Ipuknax pobotu menianHoro Gputstpy [8]

Jlo mepeBar MOKHa BIJIHECTH 3aXHCT KpaiB Ta BUCOKY CTIHKICTh 10 IIyMY,
0COOJMBO A0 IMIOYJBCHOTO. Jl0 HEOOJIKIB - MOXJIMBE PO3MUTTS JETaled MpH
BEJIMKOMY BIKHI (PUIBTPY, Ta BHILY OOUYMCIIOBAIbHY CKJIAJHICTh, Y MOPIBHAHHI 3
JTHIAHUMU QUIBTpaMHU.

Kopekiis koHTpacTy 300paxeHHs MpU3HAUYCHA JJIsI TOKPAIIEHHS Bi3yaJIbHOTO
CHPHUUHATTS 300pa)KeHHS, Ta MIJABUIIEHHS HOro SKOCTI 1 BUAUMOCTI netaneit. Jlo
OCHOBHHMX METOJIB KOPEKI[li KOHCTPACTY BIJTHOCSTH : JIIHIMHY KOPEKI[iI0, HEeJHIMHY
KOPEKIII0, METOJ TicTOrpaM(BUPIBHIOBAHHS TICTOTPpaMH) Ta METOJ PO3IIMPCHHS
KOHTPACTY.

JIiH1liHa KOPEKIid KOHTPAcTy — L€ IPOCTa Ta €PEeKTUBHA TEXHIKA MOKPALCHHS
KOHTPACTy 300pakeHb I1]] 9ac MOMepeIHbOI 00pOOKH, 110 Oa3y€eThCS Ha 3aCTOCYBaHHI
JIHIMHOTO TIEPETBOPEHHS JO KOKHOTO TIKCEIs 300pakeHHs 1 MOXKe OyTH OIKcaHa
dbopmyoro:

g(1)) = a - f(i.J) + B,
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ne g(i,j)) — HoBe 3HaueHHs mikcens; f(i,j)) — BUXiJHE 3HAYEHHS MIKCEIS; 0L —
Koe(iIieHT KOHTpACTy (3HaueHHs OinbIe 3a 1 301IBIITYIOTh KOHTPACT, MEHIII 3a 1 —

3MEHILYIOTh); [} — 3MIIIEHHS SICKPABOCTI (3M1HA CEPEAHBOTO 3HAUECHHSI TIKCEJIIB).

Original Image After LCE Enhancement

Pucynoxk 1.4 — [puxiaz niHiitHOT KOpekiii KoHTpacty [9]

Heniniiina Kopekiiis - BUKOPUCTOBYE (DYHKIIIT, Takl SIK raMMa-KOPEKIIis, s
3MIHM SICKpAaBOCTI 300pakeHHs. ['‘aMMa-KOpekilisi J03BOJISE€ HaJaIITOBYBATH
SICKpaBICTh y TEBHUX [ialla30HaxX, M0 MOXXE€ OyTH KOPUCHHUM ISl TIABUIICHHS
BUJUMOCTI JIeTajeil B TeMHHUX a0o0 CBITINX oOnactsax. Popmyna sl raMMa-KOpeKii

mae purisia [10]:
T
255

0 = (——)” x 255,

ne | — mouaTkoBe 3Ha4YeHHs sickpaBocTi mikcens (Big 0 mo 255); O — HoBe
3HAYEHHS SCKPAaBOCTI MIKCEJIs MICI KOPEKIii; Y — ramMmma-kKoe(ilieHT, SK1il BU3HAYae
piBeHb KOpEKIlli (3HaueHHs Ouiblie 1 3aTeMHIOIOTH 300pakKeHHSA, MeHme 1 —
OCBITJIIOIOTh); 255 — MakcuUMajbHE 3HAYEHHS SICKPABOCTI B 8-0ITHOMY 300paKeHHI
JUTSL HOpMaJTi3atii.

Lle#i Meron m03BOJSiE KEpyBaTH MIABUIICHHSM a00 3HIKEHHSM KOHTpPAcCTY,
30KpeMa Jis J1y’)K€ TEMHHUX a00 SICKpaBUX 300pakeHb, KOPUTYIOUM BiIOOpaKeHHS
TIHEH 1 ICKPABOCTI OKPEMO.

Jlo mepeBar raMMa-KOpeKIlii MO>KHA BIIHECTH — Te, 10 HEJIIHIMHUN XapakTep
KOPEKIii J03BOJISi€ TOYHINIE HAJaIlITOBYBAaTH KOHTPACT OKpPEMHUX Jlialla3oHiB
SICKpaBOCT1, 30KpeMa TiHeH Ta CBITIuX oOnactel. [lokpamieHHs geTaiei B 3aTeMHEHUX

a00 TEpPeOoCBITIEHUX 4YacTUHAX 300pakeHHs. [0 HemoNiKiB MOXKHAa BIJHECTH
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MOTEHLIHE CIIOTBOPEHHS KOJBOPIB Yepe3 HEKOPEKTHI 3HAUYCHHS raMMa-Ko(ilieHTy,
Ta MOXJIMBY BTpaTy iH(OopMallii y BACOKO KOHTPACTHUX 00JIaCTsIX.

BupiBHiOBaHHS TicTOrpaMd — 1€ METOJl TIJIO0AJbHOIO TMOKPAICHHS
KOHTPACTHOCTI, IKUH MEePEPO3NOILIIs€ IHTEHCUBHICTD MIKCEIIB JAJI TOCATHEHHS MaiiKe
PIBHOMIpPHOI TicTOrpamu, Lo nepeadayae OOYMUCIEHHS KyMYJATUBHOI (yHKIIII
posnoainy (CDF), ricrorpamu 300pakeHHsI Ta BiJOOpa)KEHHSI MOYATKOBUX 3HAYEHB
mikcesniB Ha HOBiI 3HaueHHS Ha ocHOBi CDF [11]. BupiBHIOBaHHS TricTOrpamu
e(EeKTUBHO PO3MOAUISIE HAWOLIBII YacTl 3HAYEHHS 1HTEHCHUBHOCTI, M1JBUIIYIOYH
3arajJbHUN KOHTPACT 300paskeHHs puc.1.5. TexHika 0co0IMBO KOpUCHA JITIsl 300pakeHb
13 MOTaHOIO0 KOHTPACTHICTIO 200 KOJIM BaKJIMBa 1H(OpMAIIis 30cepeHKeHa Y By3bKOMY
nlana3oHl 3HaueHb IHTEHCUBHOCTI.

Kymynsatusna ¢yukmis posnoainy (CDF, Cumulative Distribution Function)

U1 TICTOIPaMHOI KOPEKIIIi KOHTPACTY OOUUCITIOETHCS 3@ HACTYITHOIO (POPMYJIOH0:
CDF (i) = Xj=op (),

ne CDF(1) — xymynsTuBHA QYHKIIIS pO3MOAUTY JJIsl PIBHS IHTEHCUBHOCTI 1; p(j)
— UMOBIPHICTb MOSIBU PIBHS SICKPABOCTI J, sIKa BU3HAYAETHCS K KUIBKICTb MIKCENIB 3
II€10 IHTEHCUBHICTIO, TTO/IIJICHA HA 3arajbHy KUTHKICTh MIKCENIB y 300pakeHH.

Original iamge _Histogram of original iamge

10000

0 100 200 300

Image constructed using Equalized Histogram Equalized Histogram
; 10000

5000

0 100 200 300

Pucynok 1.5 — [puxiag BupiBHIOBaHHS ricTorpamu [12]

Meton posmmpeHHss KoHTpacTy (abo stretching contrast) — me TtexHika

NOKpAIEHHs] KOHTPACTY IIJISXOM MaclITaOyBaHHs P1BHIB ICKPABOCTI 300paKEHHS 1JIs
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OXOIUICHHS BCHOTO Jialla30Hy JTOCTYIMHUX 3HAYEHb IHTCHCUBHOCTI (Hampukiamd, Bix 0
no 255 nmnsa 8-0iTHMX 300pakeHn) puc.l.6. Crepiry BiOyBaeThCsi BU3HAYCHHS
MIHIMYMY Ta MAKCUMYMY 1HTEHCUBHOCTI ( Imin Ta Imax ) B OpUTiHAIEHOMY 300paXKCHHI.
[Ticnst woro kokHe 3HAYEHHS MiKceNs lolg MEPEeTBOPIOETHCA HAa HOBE 3HAYCHHS lnew 3a
JOTIOMOT 010 JIiHiHHOT (hopmyiu [13]:

—_ lotd—Imin
new =7 I X (Imax_new - Imin_new) + Imin_new’
max min

ne lold — BuXigHe 3HaUYeHHS MIKCENS; Imin 1 Imax — BIAMOBIZIHO MiHIMaJbHI Ta
MaKCHUMaJIbHI 1HTEHCHBHOCTI y BHUXITHOMY 300pakeHH1; Iminnew 1 Imax new —
MiHIMaJbHE Ta MaKCUMAaJIbHE 3HAUYCHHS HOBOTO Jiana3ony (Hamnpukiana, 01255 as 8-
O1THOTO 300paKEHHS ).

B pe3ynbrari Bci 3HaYEHHS MIKCEIIB MICHS MEPEeTBOPEHHS OyAyTh pPO3MOIIICH]
110 HOBOMY JIialia30Hy, IO MOKPAIIUTh BUIUMICTh JA€Taeil y 300paKeHHI.

PozmmpenHst KOHTpAcTy J03BOJISIE Kpallle Bi3yalli3yBaTH JieTajil 300paxeHHs,
AK1 MOIJIM OyTH HEMOMITHUMU Yepe3 HU3bKUI KOHTpACT. METOJl TaK0X € MPOCTHM y

peasizaiiii Ta Moke OyTH e(PEKTUBHUM JIJISI ITUPOKOTO KOJIa 300paKeHb.

Low contrast orginal Histogram of low contrast image

N

0.0 0.2 0.4 0.6 0.8 1.0

0.15

Contrast Stretched Histogram of contrast stretched image
& 0.10

0.08

0.06

0.04

0.02

0.00

Pucynok 1.6 — [Ipukian MeToxy po3mmpeHHs KoHTpacTy [13]

Jlo HeoMKIB MOYKHA BIIHECTH MOTEHIIIHE MiBUILCHHS IIyMYy B 300paKeHHI,
0COOJIMBO KOJIM MOYATKOBUH KOHTpAcT OyB HU3BKUM Ta BTpATy JAeTaliell y KpanHiX

o0acTax.



37

KonBepcis konbopy y BIATIHKM CIpOro — 1€ KIJIIOYOBHHM €Tam MmomnepeaHbol
00poOKM 300pakeHb, KN CIPOIIYE aHATI3 Ta 3MEHIITY€E 00CIT JaHUX sl 0OpPOOKH.
Biariaku ciporo 300pakeHHsT HE MICTATHh KOJIPHOI 1H(oOpMmalii, a JIuie piBHI
SICKPABOCTI TIKCEJB, 10 POOUTH 300paKeHHS OJTHOYACHO MPOCTIIINM JJIS aHalli3y Ta
MEHII PECYpCOEMHHM. ICHy€ NeKiibka OCHOBHUX MHIAXOIB 10 KOHBEPCIi KOJIbOPY Y
BIJITIHKH C1pOTO.

Cepenne 3HaueHHs kaHainiB RGB, npu sikoMmy KoXeH MiKcelb BIATIHKY CIpOTro
OOYHUCIIOETHCS SIK CepeHE 3HAUCHHS KOMIIOHEHT KOJbOpPY (Y€pBOHOTrO, 3E€JIEHOTO 1

CHHBOI'0) 1 BUBHAYAETHCS 32 (OPMYJIIOIO:

_ R+G+B

lgray = s

Ane TakMii TiAXiT HE BpPaXOBYyeE, IO JIOJACHKE CHPHAHATTS KOJIBOPY €
HEPIBHOMIPHUM.

3BaxkeHe cepenHe kaHaiaiB RGB. Ockiabku OKO JIOJWHU OUIBII YyTJIMBE IO
3€JICHOTO KOJhOPY, MEHIIE — O YEpBOHOTO, 1 Ie MEHIIe — JIO CHHBLOTO,
BUKOPHCTOBYIOTH 3BKEHE CEPEIIHE IS KPaIloi BiAMOBIAHOCTI CIPUHHATTIO!

lgray= 0,299 x R+ 0.587 x G+ 0.114 x B,

s popmyna BimoOpaxkae JIOJACHKE COPUMHATTS CBITJIa Ta 3a0e3meuye OiabIin
TOYHE BIATBOPEHHS SICKPABOCT1, OCKUIBKU 3€JICHUI KOJIip BHOCUTDH HAHO1IBITNI BKJIA],
a CUHIN — HaWMEHIIUH.

Meton MakcuMaiabHOI I1HTEHCHUBHOCTI. B 1poMy BUNAAKy Ccipuil MIKCENb

OOYHUCITIOETHCS 32 MAKCUMATFHOIO IHTEHCHBHICTIO KOMITIOHEHT KOJIBOPIB:

lgray = max(R,G,B),

9aCTO BHUKOPHUCTOBYETHCS B KOMITHOTCPHOMY 30pi ISl (iabTpariii BaKIUBUX
00'eKTiB Ha 300paXKeHHI.

MeTon cepenHbOro Mo SACKPaBOCTI BUKOPUCTOBYETHCS JIJISi OOUYHMCIICHHS CIPOTO
3HAQYEHHSI Ha OCHOBI SICKPABOCTI MIKCENIB, sIKa MOXK€ OyTH OLIbII PEJICBAHTHOIO IS

crenu(iuHUX 3aCTOCYBaHb, TAKHUX K CyMTyTHUKOBI 300pakKeHHsI a00 MEUYHI 3HIMKH.
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Jlo nmepeBar KOHBEpCii B Cipl BIATIHKA MO>KHA BIJIHECTH: 3MEHIIEHHS pPO3MipIB
NAaHUX, 3HWKEHHS OOYMCIIOBAJIbHUX BHUTpPAT Ta MOJETIICHHS aHali3y 300pakeHb
puc.1.7.

Jlo HemomikiB: BTpaTy iHdopMaIlii, ajpke Tepexijl y BIATIHKU CIpOTO MPU3BOIUTH
0 BTpaTH KOJHOPOBOI 1H(oOpMaIlli, sika MOxe OyTH BaXJIMBOIO ISl JEIKUX
3aCTOCYBaHb (Hampukiaa, s OOpOOKM MEIUYHUX 300pakeHb, 1€ KOJIp MOXKe

BKa3yBaTH Ha MATOJIOTIYHI 3MIHH).

Original Grayscale

Pucynok 1.7 — [Ipukiiag kouBepcii 300paxkeHHs y BiATiHKH ciporo [14]

BuninenHs o3HaK — 1€ KPUTHYHO BAXJIMBHUI €Tam y KOMIT'IOTEPHOMY 30pi Ta
po3IMi3HaBaHHI 00pa3iB, KU MOJSTae B MEPETBOPEHHI 300pakeHHsI B Ha0lp 3HAYCHD
(o3HaK), sKI XapakTepu3yroTb o00'ekT. ILleii mpoiec J03BOJsIE  COPOCTUTH
inenTudikaiio Ta kimacudikaiio 00'ekTiB, 30epiraroun Mpu IbOMY HaWBAKIUBIILY
iHdopmartiro mpo HUX. O3HAKKW MOXYTh BKIIFOYATH: KOHTYPH, TEKCTYpH Ta Kojip. Mo
OCHOBHMX METO/IIB BUIUICHHS KOHTYPIB BIIHOCATHh — METOJI ieTekTopa Kanni, meTon
Cobemns, meto Jlammaca Ta 1€TeKTOp TPaiEHTIB.

Buninenns TexkcTyp — 3ajada, sSKa BKJIIOYAE aHATI3 Ta OMHC CTPYKTYPHUX
XapaKTEPUCTHK 300pakeHb. TeKCTypa BU3SHAUAE, K CBITIIO BiIOMBAETHCS BiJ] TOBEPXHI
00'exTa, 110 MOXe OyTH KOPUCHUM 7151 Kiacuikailii 00'eKTiB, cerMeHTaIlii 300pakeHb
Ta 1HIIKUX 3aCTOCYBaHb.

Jlo MeTo/IB BUIICHHS TEKCTYP BIIHOCSThH - METOJ] CTATUCTUYHUX O3HAK, KU
nependavyae aHali3 CTATUCTUYHUX XapaKTEPUCTUK 300paxkeHHs. BiH Moxke BKItoUaTu

OOYHCIIEHHS TAKUX MapaMeTpiB, SK:
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. [Nicrorpamu - BUBUYEHHS PO3MOUTY SICKPABOCTI MIKCETIB y 300paKeHHI.
INicTorpamMu MOXXyTb IOTOMOTTH BUSIBUTH PI3HOMAHITHI TEKCTYPH.

. Martpuis cniBBigHOIIEHHS. CTBOPIOEThCA MJisi OLIHKM IMPOCTOPOBUX
BITHOCUH MIDX TMIKCEISIMH. MaTpuilsi OOYHCIIOEThCS IUIAXOM aHaji3y sSCKpaBOCTI
CYCIJIHIX TIKCEIB.

OinbTpu ["'abopa € 0AHUM 3 HAMTOMYJISIPHIIIKAX METOAIB JIsl BUIJIEHHS TEKCTYP.
Bonu noeanyroTh B c001 1HPOpMAIIiIO PO YaCcTOTy 1 MPOCTOPOBY JIOKAITI3allifo, 10
poOUTh iX €(EeKTUBHUMHU IJIsi BUSBIEHHS TEKCTYp y 300paxeHHsX. OCHOBHa ines
MOJISITa€ B 3aCTOCYBaHH1 (DUIBTPIB 0 300paKeHHSI HA PI3HUX YaCTOTaX Ta OPIEHTAIIISIX
puc. 1.8.

["aGopoBuii G1IbTp BU3HAUAETHCSA SIK 10OYTOK ["ayccoBoi PyHKIIT 1 KOMIUIEKCHOT
excrioneHTH [15]. OcHoBHa hopmysna s ['abopoBoro GuIBTPY BUTIISIAE HACTYITHUM

YUHOM:

x2+y2

g(x,y;1,0, ¢,6) = le_n e 2xa2 X e

j(z%xxx cos0 +27"><y><sin9 +¢@)
1

ae - (X,y) — KoOpJauHATH MKCEJs; A — JOBXWUHA XBUJII XBHJII; 0 — opieHTallis
bibTpY; @ — daza (ogaTkoBa 3MIIIEHHS); 6 — CTaHAapTHE BiaxuieHHs ['ayccoBoi

byHKIII1, IKe BU3HAYAE MHUPUHY PLIBTPY.

Pucynok 1.8 — Ipuxinaz ¢instpis ['abopa [16]

Jlokanbhi Oinapui natepuu (Local Binary Patterns - LBP) — me mpoctwuii i

edeKTUBHUN METOJA Ml ONMUCY TEKCTyp, IO 0a3yeTbcs Ha MOPIBHSAHHI 3HAYEHb
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mikcenmB 3 ix cycimamu [17]. Anroput™m mpaimroe HACTYITHUM YHHOM: JUISE KOKHOTO
TiKces 300pa)KeHHS] BA3HAYAETHCS, UM € CYClTHI MIKCEJ CBITIIIIMMU 200 TEMHIITUMHU
3a el mikcenb puc.1.9. Pe3ynbTaT nopiBHAHHS NPEACTABISIETHCS Y BUTIISAL O1HAPHOTO

YHCIIa, SIKE J1aJll IEPETBOPIOETHCS HA IECATKOBE.

Threshold Multiply

2]|15]5 0 1 8 16 0 16

5|3]0 1100 32 [ 64 [128 32(0]0

LBP=1+4+16+32=53

Pucynox 1.9 — [Ipukian merony GiHapHuX natepHiB [17]

MeTton MHUPOKO BUKOPUCTOBYETHCS B PO3Mi3HABAHHI OO'€KTIB Ta OOJINYB,
OCKIJIbKU BiH € MMPOCTHUM 1 IIBUJIKUM B OOUUCIICHHI.

I'in0oki HelipoHHI Mepexi

3 MosBOIO TJIIMOOKOTO HABUYaHHS, BUAUIATH O3HAKU IMOYaAId 32 JOTOMOTOIO
3roptkoBux HedpoHHux wepexk (CNN). Taki Mepexi aBTOMAaTUYHO BYATHCA
pO3Mi3HAaBaTU pPi3HI MAaTepPHHU 3 BEIUKUX HAOOPIB JaHUX, IO 3HAYHO IOKPAIy€E
pe3ynbTaTH B 3aJja4axX po3Mi3HABaHHS.

Cermenrauist 00'extiB (Object Segmentation)

CermenTartiis 00'€KTIB — II€ €Tarl, MpH SKOMY 300pakKeHHsI PO3JUIIETHCS HA
KUJIbKa 9acTUH a00 "cerMeHTIB", Jie KOXKEH CErMEHT BIJIIOB1Ia€ OKPEeMOMY 00'€KTy abo
obOmacti. MeToro cerMeHTarlii € TOJIETHICHHS aHami3y 300paKeHHS, METOIOM
BIJTOKpEMJICHHS 00'€KTiB BiJl OHY Ta OJUH BIJ] OJJHOTO, IO MOJETIIYE iX MOAABIITY
11eHTU(IKAIIIO Ta aHaJi3, a TAKOXK MiABUILY€E BUSBJICHHS Ta PO3Mi3HaBaHHA 00'€KTIB y
300paKeHHSIX, OCOOMMBO B CKJIAIHUX CIleHaX, ae Oarato o0'ekTiB abo (HOHOBUX
€JICMEHTIB.

JIo OCHOBHMX METOMAIB CErMeHTH3allli HajeXaTh: IMOPOroBa CErMeHTallisd
(Thresholding), cermenTariis Ha ocHoBi  kimactepu3aiiii  (Clustering-based
Segmentation), cermenTarisi Ha ocHOBI rpadiB (Graph-based Segmentation), meTon
akTuBHUX KOHTYpiB (Active Contours ab6o Snakes), ceMaHTHYHA CETMEHTAIliS

(Semantic Segmentation), macmrabna cermenTaiis (Instance Segmentation).
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IHoporoBa cermenTanisi (Thresholding): Onun 3 HaIpOCTIMKMX MIIXOAIB 10
cermenTaiii. Ilpaitoe Ha OCHOBI BHOOpY TMOPOTY SICKPABOCTI, IMICIS SIKOTO TKCel
NOAUISIIOTHCS HA JBI KaTeropii: Ti, 110 MalOTh 3HAYEHHS BUIIE MOPOTY (HAMpPUKIA,
00'exT), 1 Ti, 0 MAFOTh 3HAYCHHS HIKUYE TIopory ((hoH). OcHoBHa popmymna [7]:

I(xy) = {1,;11(1110 I(x,y) = T,
0,akuo I(x,y) <T

ne I(x,y) — IHTeHCHBHICTh MiKcels B To4Ili (X,y), a T — moporose 3HaYCHHS.

CermenTanisi Ha ocHoBi kiaacrepusanii (Clustering-based Segmentation):
BUKOPUCTOBYE aNTOPUTMHU KjacTepu3allii /uisi TPYMyBaHHs IMKCEIIB HAa OCHOBI iX
noAIOHUX BJIACTUBOCTEM, TaKUX SIK KoJyiip abo iHTeHCHBHIicTh. Hampukmnan, mikceni
OJIHOTO KOJbOPY YM TEKCTYypuU OyIyTh BIJHECEHI JO OJHOTO KJacTepy, a IHII JO
iHmoro. Ile m03Bojsie po3NUIUTH 300pakKeHHS Ha KuUTbKa OOJacTel, sIKi MOXKYTh
BiANOBiaTH pi3HUM oO0'ektaM. OAMH 3 MOMYJSAPHHX alroputMmiB — K-means —
KJactepu3ye mikceni Ha k rpym. @opmyra 111 OHOBJIEHHS IIEHTPIB KJIACTEPiB BUTIISIIAE

Tak [4]:

Cizﬁ

ZXESi X,

ne: Ci — 1eHTp 1-To KjacTepy, Si — MHOXHWHA ITKCEIB, SKI HajJeXaTb JI0
KJIacTepy 1, X — MIKCeNb Y KiacTepi S.

Anroput™m MiHIMI3ye QyHKIIiIO BTpat [7]:

k
2
> -l
i=1 x€S;
ne [Ix—Cill — BigcTanp Mixk mikceneM X Ta ieHTpom knacrepy Ci.

CermenTauisi Ha ocHoBi rpagiB (Graph-based Segmentation): B mromy
METO/11 MIKCEeIIl 300paKeHHsI TPEACTABISIIOTHCA SIK BY3JIU Tpada, a CX0XKICTh MK HUMU
gk Baru pedep rpada. ['padoBuil miaxig 4acTo BUKOPUCTOBYE arOpuT™M MIHKYT, A€
mikcenai — 1e By3iau rpada, a 3B 43KM MDK HMUMH MarTh Baru, 10 BiAMOBIIAIOTH

cx0ocTi mikcenB. OCHOBHA MeTa — MiHIMI3yBaTu QyHKIit0 eHeprii [7]:

E(A) = Cut(A,B) +A ZieA,jeB R(i, )),
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ae A 1 B — cermentu, Cut(A,B) — cyma Bar pedep mixk cermentamu, R(i,j) —
PI3HUIIA MDK TIKCEJISIMU 1 Ta j, A — KoedILIEHT PEryJI0BaHHS MK BHYTPIITHBOIO 1 M1%K
CErMEHTHOIO CHEPTI€I0.

AkTuBHI KOHTYpH (Active Contours ad6o Snakes): MeTOJ BUKOPHCTOBYE
3aMKHYTY KPHUBY, sIKa TTOCTYHOBO Je(pOopMyeThCS, HAOIMKAIOUNUCh IO Kparo 00'€KTa B
300pakeHHI. AJTOPUTM IIyKAa€ MIHIMYM €HEpPreTHYHO1 (yHKIIi, fKa 3aJ€XHUTh BiJ
0co0JMBOCTEM 300pakeHHsI (HApUKIIaa, TPAi€HTIB), 00 oOMexuT Gpopmy o0'ekTa.
AJNTOPUTM TOKa3y€ BHUCOKY €(GEKTUBHICTh JJIsI CKIAQAHUX OO'€KTIB 3 HEPIBHUMHU

mexxamu. @opmyna ereprii s kpuBoi C(s) Buriisanae tak [18]:

Esvate = J, (@|C'()|” + B|C"(9)]” + Eoxe (C(s))) ds,

ne C(s) — KOHTyp, II0 Oomucye 00'eKT, o — KOE(DIIEHT i1 KOHTPOJIIO
PYXKHOCTI (HACKUTHKU JIETKO KOHTYP MOXE PO3TITyBaTucA), B — KOEQIieHT IS
KOHTPOJIFO JKOPCTKOCTI (HACKUIbKM KOHTYp € TiaakuM), Eext(C(S)) — 30BHIimIHSA
EHepris, 0 BPaXOBY€ I'PAIIEHTH 300paKEHHSI.

CemanTnyna cerMeHTamiss (Semantic Segmentation) : Ile Meton, sAxuii
BUKOPUCTOBYE HEHPOHHI Mepexki, 30KkpemMa IHMOOKI 3ropTKOBI HEMPOHHI MeEpexi
(CNN), o0 xmacugikyBaTH KOXEH MKCETh 300paKeHHS SIK YaCTHHY TIEBHOTO 00'€KTa
a00 Kki1acy 00'exTIB (HANPHKIIA, JIOIMHA, aBTOMOO1Ib, aepeBo) [19]. Takuit minxin
J03BOJISIE HE JIMIIE PO3IAUIUTH 300pa)K€HHsSI HA CETMEHTH, aje W JIaTh KOXKHOMY
CErMEHTY MEBHY KaTeropiro.

Buxigna xkapra jyisi KOKHOTO MiKcesst GOPMYETHCS 3a JOTIOMOT'0I0 3TOPTOK:

y = o (W*x+b),
ne W — Baru 3ropTkoBHX (QUIBTPIB, X — BXIJHE 300pakeHHs, b — 3CyB
(bias), * — omepartist 3ropTku, 6 — QYHKINST aKTUBAIll (Hanmpukian, softmax ms
kJacuikarii mKCemB).
@OyHKIIIs BTPAT AJI CETMEHTAIlT YacTO € IEPEXPECHOI0 EHTPOIIIEIO:

=- IiV:1 Zgzl Yic log(yi,c):

ne N — KuIbKicTh mikceniB, C — KUIBKICTh KJIACIB, Yic— ICTHUHHA MITKa JJIs

mikcens i1 Knacy ¢, §; . — WMOBIpHICTb epej0aueHoro Kiuacy Julsd MKCens 1.
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Macmrabna cermentaunisa (Instance Segmentation): Ileit meTon cxoxuil Ha
CEMaHTUYHY CErMEHTAIlll0, ajie 3 JOJATKOBUM KPOKOM BHUIICHHS OKpPEeMHUX 00'€KTIB
oaHoro Kiacy. Hanpukian, skino Ha 300pakeHH1 € KUJIbKa JIF0JIel, METOJ] CerMeHTallii
MOBUHEH 1/IEHTU(DIKYBATH KOXKHY JIOJUHY OKPEMO, a HE TIPOCTO BITHECTH BC1 MIKCEl
710 OJTHOTO Kjacy "moauHa". J{s 1boro BUKOPUCTOBYETHCS, HAIPUKIIA/, apXITEKTypa
Mask R-CNN [20]. Anroput™ CKIaga€eThes 3 JBOX OCHOBHHX YAaCTHH: BUSBICHHS

o0'extiB (Region Proposal Network - RPN) 3 Bukopuctanusm (yHKIIIT BTpar:

L=Lgs + Lbox,
ne Lcs — Brpatn kiacudikamii, Lpox — BTpaTH BU3HAYEHHS MeX 00'ekTa
(perpecist paMKm).
Jlpyra yactuHa - II¢ Macka JOJAaTKOBUM CETMEHTAIlIMHWN OJOK IS

nepen0ayeHHsl MaCKH 00’ €KTa.
Jlo mepeBar cermeHTallii 00'€KTiB MOXHA BITHECTH :
o Mae BHCOKY TOUHICTb 1IeHTU]IKALII] 00'€KTIB, IX MEX Ta POpPM.
o Cermenrarrisi GOKyCy€eTbCS Ha KOHKPETHUX JIJITHKaX 300pa’KeHHS,
10 3MEHIITy€e 00cAT 0OpOOKH 1 MOJIMIITY€E TOUHICTD.
o IligBUIIEHHS TOYHOCTI aHaNI3y CIEHH, OCOOJMBO Yy CKJIAIHUX
yMOBaX, TAaKHX SIK MEPEKPUTTS 00'€KTIB a00 CKJIa/IHI TiHi.
Jlo HemoKIB MOKHA BIJTHECTH :
o CkIagHICTh y BUIAJKY HEPIBHOMIPHOTO OCBITJIEHHS — Y BUNAAKY
SIKIIIO OCBITJICHHSI HEPIBHOMIpHE 200 00'€KTH MAIOTh CX0XK1 TEKCTypHU
a00 KoJIbOopH 3 (OHOM, CErMEHTAIlisI MOKe OyTH HETOYHOIO.
o Bucoka oOuncaroBanbHa CKIAIHICTH: OESIKI METOIHM, OCOOJIMBO Ha
OCHOB1 TJIMOOKMX HEHPOHHHX MEpeX, MOTPeOyIOTh BEITUKHUX
00YHUCITIOBATILHUX PECYPCIB.
o UyTnuBicTh 110 MIyMmy.
IMocT-00poOKa — eram, MO BKJIHOYAE TOJIMIICHHS PE3yibTaTiB 00pPOOKHU
300pakeHb 1 KOPEKI[I0 MOMMIIOK, SIKI MOTJIM BHUHUKHYTH Ha MOMNEPEAHIX CTamisiX.
OcHoBHa MeTa mMOCT-00pOOKM — 3poOUTH pPE3yNbTaTh OUIbII TOYHHMH Ta

BIIMOBIAHUMU BUMoOraMm 3agadvi. Jlo eramiB mocT-oOpOoKHM HajexaTh : (UIbTparlis
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apredakTiB Ta IIyMiB, 3allOBHEHHS MPOMYCKIB Ta KOPEKLiSs KOHTYpPiB, OOYHCICHHS
MeTpHuK 1 puIbTpariss 00’ €KTIB 3a POo3MIpOM, 3IJIa)KyBaHHS Ta YCYHCHHS IIIyMIB, a
TaKOX MEPETBOPEHHS PE3YNIbTATIB y HEOOX1IHUIA (popMmaT.

dinpTparis apredaxTiB 1 IryMiB HEOOX1IHA JJIS TOTO, 00 BUIATUTH "TITyMOBi1"
nikceni abo apiOHI CerMEeHTH, K1 He BIAMOBIAAIOTH 00'€KTaM 1 MOXKYTh 3aJUIIATUCS
micas cerMmeHTauli. (i1 bOro BHUKOPHUCTOBYIOTH MOP(OJIOriyHI omepauii, Takl sK
epo3sis Ta auiataiia. Epo3is - 3MeHIye 00’ €KTH Ha 300pakeHH1, BUAAISIOUN TKCe
1o kpasx. ®opmyna mae Bursia [7]:

A©B={z€E|B, c A},

ne A — BuxinHe 300paxkeHHs, B — cTpykTypHHUii eneMeHT, a B, — Tpancsimis
B Ha Touky z.
Juaraiis - 30UTbIIy€e 00’ €KTH, TOJAK0YH MIKCEN1 MO KpasX:

A®B={z€E|(B,NA+* 0},

ae (B®%); — cTpyKTypHHIt eICMEHT BiI0OpaXeHHMI 1 3CyHYTHH Ha Z.

3amoBHEHHS] TPOIYCKIB Ta KOPEKIis KOHTYpIB HEOOXiJHI Il TOro, I100
JI03aIMIOBHUTH KOHTYPH, K1 MOXKYTh OyTH HEMIOBHUMH Miciia cermeHTarii. [y mporo
BUKOPHCTOBYIOTh METOAM 3allOBHEHHS OTBOPIB (HAMpPHKIAI, METOAM 3aJUBKH) 1
IHTEpHOJALII0 KOHTYpPIB, IO J03BOJISIE 3pOOUTH MEXi OO0'€KTIB OUIBII YITKUMH 1
TOYHHUMH.

Uepe3 Te, mo Jeski 00'€KTM MOXYTh OyTH 3aHaJITO MallUMH ab0 3aHaJTO
BEJIMKUMH JUIs TIOCTaBIEHOI 3a7adi. BUKOpHUCTOBYIOTH METPUKH, SK-OT IUIOINIA,
EPUMETP, KPYTIICTh, A PinbTpaliii HeOaxaHuX 00'€KTIB.

[lix yac 3rnamKyBaHHS Ta YCYHEHHS IIYMiB BUKOPUCTOBYIOTHCS (PUIBTPU IS
3MEHIIEHHS pI3KUX TMEpexo/iB MDK CcerMeHTamMu al0o IIymMamH, Taki SK
cepeaHbo3BakeH1 GIbTPU a00 MeaiaHH] PUIBTPH, U1 3a0e3neUeHHs O1IbIII TIJIABHOTO
BUTJISIY 300paxkeHHs Oe3 BTpaTu jetanei. Ilicms cermeHTanii Ta OYHIIEHHS
300pakeHHsI pe3yJIbTaTh MOXKYTh TOTPEeOyBaTH MEPETBOPEHHS y hopMaT, 3pyIHUH JIsI

HACTYMHHUX KPOKIB.
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1.2 Tpaauuiiini MmeToau po3ni3HaBaHHS 00’ €KTIB

Tpaauiiiini MeToau po3Mi3HaBaHHS O00'€KTIB BUKOPUCTOBYIOThH IMIJAXOIU Ha
OCHOBI 03HAK, 1110 OTPUMYIOTHCS 3 300paKEeHb 32 TOMTOMOTOI0 (hiKCOBAHHX aJITOPUTMIB.
Jlo KIacHYHMX METO/IIB po3Ii3HaBaHHs HajexkaTh. Scale-Invariant Feature Transform
(SIFT), Speeded Up Robust Features (SURF) ta Histogram of Oriented Gradients
(HOG).

Scale-Invariant Feature Transform (SIFT) — 1e anropurm KOMII'FOTEPHOIO
30py, po3poonenuit Jlesimom Jloy y 1999 poiui nmst BUSIBIECHHS Ta ONUCY JIOKAIBHUX
ocobnuBocteit B 300paxenHs1x. OcHoBHa meta SIFT monsirae B ToMy, 1100 BUSIBIATH
KJIFOUOBI TOYKH (OCOOJMBOCTI), SIKI € 1HBapIaHTHUMM JO MaclTabiB, 0OepTaHHS Ta
nesikux 3MiH y ocBiTiaeHH1. OcHoBHI etarmu metoay SIFT ckianaroThes 3 BUSBICHHS Ta
JOoKajizalii KJIYOBUX TOUYOK, OOYHMCIICHHS OpIi€HTAIlli Ha OCHOB1 TPaJi€HTIB
IHTEHCUBHOCTI, OMHCY KJIIOYOBUX TOYOK Ta 3HAXO/KEHHS BIJIIMOBIAHOCTEH MixX
KJIIOYOBHMH TOYKAMH 3 Pi3HHUX 300pakeHsb [7].

BusiBnieHHs KIIOYOBUX TOYOK - BIJOYBa€TbCs 3a JIOMIOMOTOK) METOIY
"Difference of Gaussian" (DoG). KiitouoBi Touku BU3HauarOThCA TaM, jie DoG nocsrae
MakcuMyMa abo MiHIMymy. @opMysia BUKOPUCTOBYE PI3HULIIO TayClaH:

D(x,y,0) = L(x,y,k,0) — L(X,y,0),

ne D(x,y,0) — 1e pi3Huls raycian y macmrabHomy mpoctopi, a L(X,y,0) —
3ropTKa 300paK€HHs 3 TayCCOBUM (PiIHTPOM Ha MacmTadi G.

JI7s KOXKHOI KJIFOYOBOiI TOYKH BU3HAYAETHCS 11 TOYHE MICIIC3HAXOKCHHS Ta
MacmTad, 110 J0onomarae BUIAIMTH ClIaOKlI TOYKH, SIKI MOXYTb OyTH CHOTBOpEHI
mrymoMm. Ilicist 4oro, mjis KOXKHOI KITFOUOBOI TOYKH OOYHMCIIOETHCS OpIEHTAIlS Ha
OCHOBI TPaJIIEHTIB IHTEHCUBHOCTI, 1110 JI03BOJISIE 3POOUTH KJIFOYOB1 TOUKU 00EPTOBUMHU
iHBapiaHTHUMH. ['pajlieHT IHTEHCHMBHOCTI B mikceni (X,y) MOXKHa OOYMCIUTH 32

nornomororo oreparopiB Cobenst ado 1eHTpaIbHUX BIIMIHHOCTEH:

I(X,y)= 1(x+1,y) - I(x-1,y)
ly(x,y)=1(x,y+1) — 1(x,y-1),

e | — 3HadYeHHS IHTEHCUBHOCTI ITKCEIS.
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OpieHTalliss KJIIOYOBOI TOYKM BHU3HAYAETHCS 3a JIONOMOIOK TPAJIEHTIB, ILIO
JI03BOJISIE  OTPUMATU 1HBAplaHTHICTh J0 oOepraHHsA. BoHa po3paxoByeTbes 3a
dbopmyiioro:

0 = atan2(lx,ly)

Onuc KJIIOYOBOi TOYKH CTBOPIOETHCS 3 BEKTOPIB TPAIEHTIB Y OKOJi TOYKH.
3a3Buyail  o0nacTh po30uUBaEeTbcsi Ha CITKy 4X%4, 1 A9  KOXHOI KOMIPKU

H1ApaxoBYIOThCA rpaiieHTH. PopMyia sl ONUCY BULIISIIAE TaK:

Descripor(i,j) = Zx,yeaelli,j \/Ix (x' y)z + Iy (x' }/)2,
ne cellij— xomipka y ciTiii.

BignoBigHicTh MIX KIIOYOBUMU TOYKAMH 3 PI3HUX 300paKEeHb MOXKE

BU3HAYATUCH 3a JOIIOMOTOI0 €BKJIIIMYHO] BIJCTAHI:

d(ab) = VXL (a; — b)?,

7€ a1 b — BEKTOpH OMHCY KIFOUYOBUX TOUYOK.

SIFT mae mmpoke 3acTOCYBaHHS B pPI3HHX Taly3siX, TaKuX sIK 0OpoOka
300paxeHb, KOMIT'IOTEpHE OaueHHs, poOoToTexHika Ta 3D-MojentoBaHHs, 3aBISIKU
CBOIH 37aTHOCTI 0 POOOTH 3 300paKEHHIMH, SIKI MOXYTh OyTH 00€pHEH1, 3MIHEHI B
MaciTadl abo 3a3HaBaTH 3MiH B OCBITJICHHI, ajie YyTJIMBHM 1O 3MiH, TaKuUX SK
3alryMIIeHHs 00 MepeniKoIy Ha 300pakeHHI.

Speeded Up Robust Features (SURF) — 1e BIOCKOHA/ICHUI aaroOpuT™M IS
BUSBIICHHSI T4 OMUCY KIIOUOBUX TOYOK B 300pa)kK€HHSX, IKM OyB pO3pOOJIEHUN SIK
mBuama anprepHatuBa SIFT. SURF BukopmcTtoBye reccnaHoBi MaTpuili Ta
anpOKCUMAIIII0 TayCOBUX (PUIBTPIB AJIs LIBUIIIOTO PO3PAXYHKY, a TAKOXK 1HTErpaJIbHI
300paxeHHs Il TpUCKOpeHHs oOuucienb. OcHoBHI eranu anroputmy SURF:
BUSIBJICHHS KJTFOUYOBHX TOYOK, JIOKAJI3aIlisd KIFOYOBHUX TOUYOK 3a IIKAJIOK, OpiEHTAIlIS
KJIFOYOBUX TOYOK Ta OpMyBaHHS Jeckpurrtopis [21].

Jns BusiBneHHs kK1040BUX TOUOK SURF BUKOPUCTOBYE T€CCHaHOBY MaTPULIO,
OCKUJIbKH BOHA HaJla€ HaJlIMHY 1H(GOpMAIliI0 PO JOKaIbHI 0COOJIMBOCTI.

I'eccianoBa maTpuus B Toull (X,y) AJ1 MacluTady G BU3HAYAETHCS SIK:
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_ [ Lxx(xy,0) Lyy(x,y,0)
H(x,y,o) (ny(x,y,a) Lyy(x,y'0)>’

ne - Lxx(x,y,6), Lyy(X,y,0), Lxy(X,y,0) — Apyri noxiaHi 300pakeHHs M0 OCAX X 1
y MicJId 3T1a)KyBaHHs rayCOBUM (DUIBTPOM 3 MacliTaboM G.

JJist BU3HAYECHHS HAIBHOCTI KIIFOUOBUX TOUYOK BUKOPHUCTOBYETHCS JETECPMIHAHT
I€CCUAaHOBOI MATPHIII:

det(H) = LxxLyy — (O-gl—xy)2

Taka ampokcuMariist 103BOJIS€ MBHUIIIC 3HAXOIUTH IMOTCHINHI KITFOYOBI TOYKH
300paKe€HHS.

1106 3po0OuTH KITIFOUOBI TOUKH 1HBapiaHTHUMU 10 obepTanHs, SURF oGuucitoe
OpIEHTAIlII0 HA OCHOBI HANPSIMKIB T'PAJi€HTIB B OKOJII KIFOUOBOI TOUKHU. [[1s1 11boro
BUKOPHUCTOBYEThCS (ibTp Xaapa. ['paieHTH 00UUCITIOIOTHCS SIK CyMU BIKOH Xaapa B
o0JacTi pajiiyca r, BA3HAY€HOTr0 MaciITadoM KIIFOYOBOI TOUKH.

®dinpTp Xaapa (Haar filter) — 11e mpoctuii GiasTp 11 0OUMCICHHS IPai€HTIB
IHTEHCHBHOCTI B 300pakeHHSIX. DinbTpu Xaapa BUKOPUCTOBYIOTHCS IS BHSIBICHHS
OCOOJIMBOCTEM, TAKUX K KPalOBi, KyTOB1 200 TEKCTYpHI €1€MEHTH 300paKeHb, 1 4aCTO
3aCTOCOBYIOTHCS B METOJIaX PO3Mi3HaBaHHs 0014 abo iHIIMX 00'ekTiB [22].

OinbTp Xaapa Il TOPU3OHTAIBHUX KPAiB JO3BOJISIE BUSBJISATH TOPU30HTANIbHI

3MIHU B IHTEHCUBHOCTI:
Hx(xy) = I(x+1,y) - I(x,y)

Ile nBi mpsMokyTHI o00sacTi, oJHa CcBiTIa (MMO3UTHUBHA), a IHIIA TEMHa
(HeraTMBHA), PO3TAIIOBaHI MOPYY MO TOPU3OHTAII.

OinpTp Xaapa I BEPTUKAIBHUX KpaiB BUKOPHCTOBYETHCS IS BHSBIICHHS
BEPTUKAIBHUX 3MiH.

QinpTp Xaapa s KyTiB a00 JiarOHATBLHUX 3MIH BUKOPHUCTOBYE OUIBII
CKJIQJIHUM 11a0JI0H, SIKUHM CKJIQAEThCS 3 YOTUPHOX 00acTel (AB1 CBITIII Ta JIB1 TEMHI),
PO3TaIlIOBAHUX SIK KBaJpaTH, IO JIO3BOJISIE BUSIBJISITU KyTOBI a00 JlaroHaJibHI 3MIHU
1IHTEHCUBHOCTI.

OpienTalniss KIHOYOBOI TOYKM OOYHMCITIOETHCS 3a JOMOMOTOK HANOUIBII

3HAUYIIOr0 HANPSMKY Ipajll€HTa:
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0 =atan2(X; w; X g7, Xiw; X g¥),

ne: gi* Ta g¥ — TpagieHTH 10 OCSIX X 1y, a Wi — Bard Ha OCHOBI BIJICTaHi JI0
KJIFOYOBO1 TOUKH.

KoxHa K1F090Ba TOYKa OMTUCYETHCS 32 JJOTIOMOTOI0 BEKTOpa IECKPHUITOPA, SIKUI
CKIIQZaeThes 3 1HQOpMaIlii PO IHTEHCUBHICTh Ta HAMPSIMOK T'PAJI€HTIB y MICIEBIN
obacri.

Omnuc KIIF0Y0BOI TOYKH (DOPMYIOTH TAKMM YHHOM - 00J1aCTh HABKOJIO KITFOYOBOI
TOYKHA JIIUThCS Ha miaperionn 4x4. Ilicas dYoro, s KOXKHOTO IMAPETIOHY
OOYHUCHIOIOTBCS CYMHU TpajieHTIB Xaapa 3a HampsMKamMu X 1y (Ta ix aOComroTHI

3HAYCHHS):

V= (0 Xy X Ziyl )

OTpumaHuil BEKTOP IECKPUINITOPA MICTUTH 64 eneMeHTH (U1l CITKU 4x4).

Sk 1B SIFT, BiANOBIIHICT KIIOUYOBUX TOUOK MIXK 300paK€HHSIMH BU3HAYAETHCS
Ha OCHOBI €BKJIIJTMYHOT BIICTaH1 M1 JECKPUIITOPAMH.

ITepeBaru SURF:

1.ITigBuIeHHsT MIBHUIKOCTI - BUKOPHCTAHHS I1HTErPaJbHUX 300paKEeHb Ta
ampoKCHUMaIlisl TAyCCOBHX TOXIAHUX 3HAYHO TMPUCKOPIOE anTopuT™ mopiBHSHO 3 SIFT.

2. SURF € iHBapiaHTHUM A0 MaciITady, HOBOPOTY, 1 YaCTKOBO CTIMKUM JI0 3MIHU
OCBITJICHHS Ta MEPCIEKTUBHUX TpaHC(opMaIrii.

J1o HeZloMMiKIB MOKHA BIIHECTH MEHIY TOUHICTh opiBHSAHO 3 SIFT npu poboTi
31 CKJIAIHUMH 00’ €KTaMU Ta MEHIITY CTIHKICTh JI0 IITyMY 1 3MiH OCBITJICHHS.

Histogram of Oriented Gradients (HOG) — me merox ajsi BUAUICHHS O3HAK
300paxKe€HHs, 110 MOJISATaE Y BUKOPUCTAHHI TPaJi€HTIB IHTECHCUBHOCTI 300paXeHHS JIs
OMHCY JIOKAJIbHUX TEKCTYPHUX O3HAK y BUTJISI TICTOTPAMU HAMPSIMKIB TPaJlI€HTIB.
Bin po306uBae 300pa>keHHs Ha MEHII JUISHKH 1 /U1l KOXKHOI AUISIHKY Oy 1y€ ricTorpamy
HanpsMKiB rpaaieHTiB [23]. HOG mmpoko 3acTOCOBYEThCS B 33/1a4ax PO3Mi3HABAHHS
00'eKTIB, 30KpeMa IIIIOXO/IiB.

J10 OCHOBHUX €TaIliB aJITOPUTMY HAJIEKATh:

e OOuMCIIEHHS TPaJi€HTIB 300paKEHHSI.
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e [loOyaoBa ricTorpaM Opi€HTOBAaHUX TPAIEHTIB JJIS JIOKAJIBHUX JIISHOK
300paKeHHS.

e Hopmanizariis ricrorpam ajist KOXXHOTO OJIOKY.

e DopMyBaHHS BEKTOPA O3HAK HA OCHOBI LIUX TICTOrPaM.

OGuucnenns ropuzoHTanbHUX (Gx) 1 BepTukanbHux (Gy) TpamieHTIB ISt
KOXKHOT'O TIIKCEISl BUKOHYETBCS 3a JormoMorow ¢iasTpiB Cobens abo HUIIXOM
PO3paxyHKy Pi3HUIIb IHTEHCUBHOCTEN MIJK CYCIJIHIMU TIKCEJISIMHU.

dopmynu 715 TPATIEHTIB:

Gx = I(x+1y) — I(x-1,y)
Gy = I(x,y+1) — I(x,y-1),

ne 1(x,y)— iHTeHCuBHICTh mikcens B Toulll (X,y), Gx 1 Gy — KOMIIOHEHTH
IpajJllEHTa B TOPU30HTAIBHOMY Ta BEPTUKAJILHOMY HaIllpsIMKaXx BiAMOBIIHO.
[Ticnst o6UMCIeHHS! TOPU3OHTAIBHUX 1 BEPTUKAIBLHUX TPAJIIEHTIB I KOKHOTO

miKcessi, MO>KHa OOYMCIIUTH BEJIMUUHY IpajJieHTa Ta HOTo OpieHTAIllIo:
i - [z 2
Magnitude = ,/G¢ + G

. . G
Orientation = 0 = tan'l(G—y),
X

ne Magnitude— BenuuuHa rpajgieHTa, a  — Horo HampsIMOK.

[Ticnst 4woro BigOyBaeTbcst MOOyOBa TiCTOTpaM Tpaai€HTIB. 300pakeHHS
JUTUTHCS Ha MaJjll perioHHU, BiJIOMI SIK OJI0KK a00 KIITHUHKU (3BUYANHO PO3MIpOM 8% 8
abo 16x16 mikceniB). [Ins KoXXHOI KIITHUHKH OyIyeTbcs TiCTOrpaMa HampsSMKIB
rpajienTiB. HampsiMku po30uBarOThHCS Ha Jliana3oHu (HapUKIad, Ha 9 O1HIB 3 KPOKOM
y 20 rpanyciB ans aiana3zony Bijg 0° qo 180°). KoxkeH mikcenb KIIITUHKY BHOCUTD CBil
BHECOK JI0 BIATIOBIAHOTO O1HA, TPOTIOPIIIITHO BEIMYWHI TPAJII€HTA.

JIns miABUIEHHSI CTIMKOCTI JO 3MIH OCBITJIGHHS, TICTOTpaMu KJITUHOK
HOpMali3ytoThes. Hopmamizaiisi BUKOHYETbCS Mg OJOKIB, IO CKIJIAJAIOThCS 3
JEKUTbKOX KIITHHOK (Hampukiaa, Omoku 16x16 mikcenmiB, MO MICTATh YOTHPH
KIITUHKY). L{e poOuThes 11 3r1apKyBaHHS JIOKAJIBHUX 3MIH OCBITJICHHS.

®opMyia HopMati3auii OJIoKYy:
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v

Vhorm = —
VivliZ+e?

ITicns wHopmamizarii rictorpaM OJIOKIB BEKTOpU JJISI KOXKHOTO  OJIOKY
00'€eTHYIOTBCS Y JAOBIUM BEKTOpP O3HAK, IIO0 OMHUCY€ Bce 300paxkeHHs. Lleld BekTop
MOJAETHCS Ha BX1J1 MoJieil kiacudikarii (Hanpukiaa, SVM), mo npuiiMae piieHHs
PO HAsIBHICTH 00'€KTa.

ITepeBaru HOG:

1. IuBapiaHTHICTB A0 3MiH OCBITJICHHS: HOpMaJTi3allisl JOIoMarae 3SMEeHIITUTH
BIUIMB JIOKAJIbHUX 3MiH OCBITJICHHS.

2. Criiikicth 10 reomeTpuunux Tpanchopmarii: HOG no6pe mpaittoe st
BUSBJICHHS 00'€KTIB 3 MOJIOHUMU KOHTYpaMH, HaBITh SIKIIO BOHU TPOXHU
3MilieHi a0o oOepHEeH.

Henomnixkn HOG:

1. I 00'eKTiB pi3HUX PO3MIpIB MOTPIOHO 3MIHIOBATU MapamMeTpu OJOKY
a00 BUKOHYBaTH 0arato MaciiTaOHUI aHai3.

2. Bucoki o0uucIroBanbHI BUTPATH.

Tpamgumiiini meroau, sk SIFT, SURF 1 HOG, mawTh Taki mepeBaru: Jierka
IHTEpHpeTallisi Ta MPOCTOTa y CTBOPEHHI Ta BUKOPHUCTAHHI, a TAKOXK J0OpE MPaIFOI0Th
Ha 3aJadax 3 HEBEJIMKOI0 KUIBKICTIO JaHHUX Ta OOMEXEHMMH OOYMCIIOBAILHUMU
pecypcamu.

Ane y TOpIBHSHHI 3 Cy4YaCHHMMM METOJaMH, fKi 0a3yroThCid Ha HEHPOHHHX
Mepexax, BOHU MalOTh HEJOCTATHIO MacIITaOOBaHICTh Ta MEHIITY TOYHICTb.

Metoau Ha OCHOBI HIAaOJOHIB BUKOPUCTOBYIOTHCS JJISl MOIIYKY OO'€KTIB Ha
300paK€HHI IUIIXOM TMOPIBHSHHS HOTO 3 3aJaHUM €TaJIoHOM abo 11a0JI0HOM
(template). Lli MeToan 4acTo 3aCTOCOBYIOTBHCS B 3a/adyax KOMIT'HOTEPHOIO 30py AJIs
BUSIBJICHHS 200 JIoKaumi3allii 00'eKTiB, KOJIU € BIHOMHUH 3pa30K, SIKM MOTPIOHO 3HAUTH
Ha HOBUX 300paxeHHsX. OuH 13 KJIJacMUHMX MiaxoaiB — 1e Template Matching.

Template Matching — ne oqus 3 HaltnpocTimmx MeToaiB. Bin momnsrae B Tomy,
110 BiJOMHI 11a0JI0H 300pa’KeHHS KOB3a€ MO0 BCbOMY 300pa)KeHHIO, 1 B KOJKHIM TO3UIIIT

00YHUCHIOETHCS MOAIOHICTh MK 11a0JIOHOM 1 TOTOYHUM PErioHoM 300pakeHHs. Llei
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METOJI BUKOPHMCTOBYE KUIBKICHI METPUKH JJIsl MNOpPIBHSAHHA. [[ns BHUMIiproBaHHs
0/1I0HOCTI BUKOPHCTOBYIOThCS [24]:
HopmaizoBana kpoc-kopessiis (Normalized Cross-Correlation, NCC):
Yi T HXI(c+iy+j
JETED Gty +)?

ne T(i,j) — mikcem mabnony, a I(x+i,y+j) — mikceni BikHa 300pakeHHS, 3
SKAMH TIOPIBHIOEThCS 1a0yioH. Taka omepalliss HOpMati3ye KpOC-KOpPeJsilito, 1100
KOMITIEHCYBAaTH 3MiHY OCBITJIEHHS 1 MaclITady sSICKPaBOCTI.

CepennboxBanpatuune BinxuieHHs (Mean Squared Error, MSE) Bumiproe
PIHMII0O MDK MIKCEISIMU IHAOJIOHY 1 MIKCEISIMU 300pakKeHHS 1 BU3HAYAETHCS 3a

dbopmyIioro:

MSE(Xy) == %, /(T (i, ) — 1(x + i,y + /)2,

ne N — KUIbKICTh MiKCEeNiB y II1a0JI0HI.
AbcomotrHa pizaung (Sum of Absolute Differences, SAD) obuucmioe cymy

a0COMIOTHUX PI3HUIIb MIXK TTIKCEJISIMU 11a0J0HY Ta 300paKEHHS:

SAD(x,y) :Zi,le(irj) —I(x +i,y+ I

Template Matching mpocra y peanizaiii Ta miaxXoauTh JJIs 3aB/IaHb, J¢ Ma0J0H
YITKO BH3HAYEHMH 1 BIIOMHUM, 1 Ma€ HEIOraHi MOKa3HUKU TOYHOCTI IJIsI 00’ €KTIB 3
HE3MIHUMU PO3MIpaMH, MOJOKEHHSM 1 OpPIEHTAIIIETO.

Jlo HeIoMiKiB MOXHa BiJIHECTH YYTIUBICTH 10 MamTaOyBaHHS Ta OOepTaHHs
00’€kTiB Ha 30pOpakeHHI, YYTIWBICTh JO 3MIHM OCBITJICHHS, a TaKOX BEJHKI
00YHCIICHHSI, 0COOJIMBO JJIsI BETUKHUX 300paK€Hb Ta 11a0JI0HIB.

1.3 Po3nizHaBaHHsA 00’€KTIiB HA OCHOBI INIM00OKOI0 HABYAHHS.

3roprkoBi HeiiponHi Mepe:xxi (CNN) — 11¢ 0JIMH 13 OCHOBHHUX THIIIB ITTHOOKHUX
HEUPOHHUX MEPEXK, CIeliali3oBaHuil st pobotu 13 300pakeHHs Mu. CNN mob6pe
H1IXOSTh JUIs 3a/1a4 KOMIT'FOTEPHOTO 30pY, TAKUX SIK pO3Mi3HaBaHHs 00'€KTIB, 3aB/ISKU
CBOIH 31aTHOCTI aBTOMAaTHUYHO BUJIUIATH KJITFOUOBI O3HAKU 300paKe€Hb, MOXKIMBOCTI J10

INEpCHAaBYaHHA Ta MaI_HTa6YBaHH5[ .



52

3ropTkoBuii 1map — ocHOBHMM OyaiBenbHmii 010k CNN. VYV  HbOMY
BUKOPHUCTOBYIOTHCSI HEBEIIUKI (PLIBTpH (sApa), K1 «IIPOXOIATH» Yepe3 300paKeHHS,
BUKOHYIOUM OIlepalio 3ropTku (kKoHBodrowii). Lle mo3Bosisie Moaeni aBTOMaTUYHO
BUSIBJIATH KJTIIOYOBI O3HAKH, TakKi SIK TPaHUIll, KYTH, TEKCTYpH TOIIO, O€3 Py4IHOTO
BTpy4YaHHsA. TUMoBa CTPYKTypa 3ropTKOBOi HEHPOHHOI MIpexXi MpeicTaBieHa Ha

pucyHky 1.10.

BxiaHui wap

Aanpo

€

3ropTKa

exkadawoduaH egonidol

MpuxoBaxui
wap

BuxigHuit wap

Pucynok 1.10 — TumnoBa cTpyKTypa 3ropTKOBOi HEHpOHHOT Mepexi [26]

[Tporiec 3ropTKu BKITIOYAE:

OinpTpalnio 300paxkeHs - Aapo (3a3Buuail 3x3 abo 5x5) mepeMilryeTbesi 1o
300pakeHHI0 (TIKCeNnb 3a TMIKCeNeM), BUKOHYIOUM ONEpaIlil0 MHOXEHHS €JIEMEHTIB
gapa Ha BIJMOBIJIHI MIKCEIl 300pa)K€HHA, 1 MIJICYMOBYIOYHM iX. B pesynbrari
OTPUMYETBCST «KapTa o3Hak» (feature map), sika MICTUTH 1HGOpPMAIIIO TIPO TIEBHI
0co0MBOCTI (Hampukiiaa, rpanui o0'exti) [7]. Hexait X — BxigHe 300paxkenHs, K
— S7po, 1,) — IHJAEKCH MIKCeiB 300paKeHHs, a m,n— 1HAEKCH E€JIEMEHTIB sjpa.
Omnepariis 3ropTku JUisi OTPUMaHHS 3HAYEHHS Yy MO3MWINT 1,) Ha KapTi O3HaK Y
BUTJIAIATUME TaK:

Y(ij) =Xk LSk X +m, i +n) X K(m,n),

ne X (i+m,j+n) — mikcens 300pakenns, K(m,n) — enemenT sapa po3mipom kxk,
Y (i,J) — BiaNOBIAHMI €JIEMEHT Ha KapTi O3HAK.
Bcranosienns kpoky Ta pamk (Stride Ta Padding) : Stride BusHauae, HaCKiIbKH

CHJIBHO 3CYBA€ThCA SAPO MPH KOXKHOMY Kpoii (3a3Buyaii 1 a6o 2). Padding momae
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pamMKy HaBKOJIO 300paxeHHs, o0 30epertd pO3MIpHICTP KapTH O3HAK MIiCIA
KOHBOJIIOIT1, OCKUIBKH 0€3 HhOTO PO3MIPH 3MEHIITYIOTHCS.

[Ticnst KOKHOTO 3rOPTKOBOIO IIApPy 3aCTOCOBYETHCS aKTHUBAlliHA (DYHKIIIS,
3a3Buuaii ReLU (Rectified Linear Unit) [26]. ReLU BcraHOBIIOE BCi HETraTHBHI
3HAQYCHHS B KapTl O3HAK pPIBHUMU HYJIO, IO JOJA€ HENIHIHHICTh 10 MOJEI,
JOTIOMararoym Mepeki Kpaile BUSIBISATH CKJIaJHI B3a€MO3B'SI3KM MK MIKCEISIMHU.
®opmyna mis ReLU taka:

f(x) = max(0,x),

JIe X — 3HAYCHHS MICIs 3TOPTKU (KOHBOJIIOLIIT).

[Ticns KOHBOJIOMIMHMX MIAPiB  YacTO 3aCTOCOBYETHCS Iap 3HWKCHHS
po3mipHocTi abo pooling-map, Hanpukian, MaxPooling [27]. Bin 3meHinye
IPOCTOPOBI PO3MIPH KApTH O3HAK, 30€piraloyd MpU LbOMY BaXJIMBI O3HAKH.
MaxPooling - Bubupae MmakcuManbHe 3HAYCHHS 3 TPYITH MTIKCEIIIB (HAPUKIIA, 3 OJIOKY
2x2), TaKUM YUHOM 3MEHIIYIOYM PO3MIp KapTH O3HAK, aje 30epiraroyv HanOuIbIl
BaXuBl o3HakW. Hexalt Y — kapta o3HaK micis KOHBOJOMII. Tomi JIsi KOKHOTO
OJIOKY PO3MIPOM PXP:

Yoool(i,j) = max(Y(i.j),Y(i+L1,j),.....Y(i+p-1,j+p-1))

AveragePooling -BukopucTOBY€eThCS pifiiie, 1 Oepe cepeiHe 3HAUCHHS 3 OJIOKY
MMKCENIB, 3aMICTh MAaKCUMAaJIbHOTO.

[Ticns ximpkox mapiB 3ropTku 1 pooling, CNN cTBOproe 6arato «kapt 03HaK»,
KOXHA 3 SIKUX MICTUTh II€BHY 1H(OpMaIito PO Pi3HI acneKTH 300paxkeHHs. Ha pannix
PIBHSIX MeperKa BUJILISE MPOCTI 03HAKH, TaK1 SIK TPAHUIIl Ta KyTH, & Ha TIIMOIINX PIBHIX
BOHA MMOYMHAE PO3II3HABATH OUIBII CKJIQJHI CTPYKTYpH, Taki ik GopMu 1 00'€KTH.

Meperxa nmepeBoANTh OTPUMaHI KapTH O3HAK B OJTHOBUMIPHUN BEKTOp 1 MOJA€
fioro Ha MOBHO3B'SI3HUI map. Buxim K0)XKHOTO HEMpPOHA I[HOTO APy BHU3HAYAETHCS
HACTYITHOIO (POPMYJIOIO:

Z=Y1 w; X x; + b,

€ Wi — Bard HEWUpOHIB, Xij — BXIJHI 3HAYCHHs (€JIEMEHTHU CIUIOIIEHOTO

BekTOpa),b — 3mimenHs (bias).
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Ile sax KIIacCMYHAa HEMPOHHA MEPEkKa, 1€ KOKEH HEMPOH IMOB'SI3aHUN 3 KOKHUM
HACTYNMHUM HehpoHoM. TyT Mepeka BHUKOPHUCTOBYE BCl BHUIUICHI O3HAKH IS
NPUHHATTS PIIICHHS, IO SKOTO KJIacy HaJIeKUTh 300payKEeHHSI.

s xknacudikarii 00'ekTiB 3acTOCOBYIOTh Softmax abo Sigmoid ¢ysKIii B
3ajekHOCTI Bijg Kinbkocti kiaciB [28]. Ili  ¢yHKuii mepeTBOpPIOOTH BUXOIH
MOBHO3B’SI3HOTO IIapy B MMOBIPHOCTI, $IKI BKa3yIOTh, JO SIKOTO KJIacy HAJICKUTh
300pakeHHsl (HAMpUKIaa, aBTOMOOUIb, Kilmka abo cobaka). ®opmyna mis Softmax

BUTIAJAE TAK:

zk

P(y = k|x) =ﬁ

j=1
ne zk — akTtuBaulis k-ro HelipoHa B MOBHO3B's3HOMY Imapi, K — KUIBKICTh
KJIacClB.
OyHkuisg Sigmoid BUKOPUCTOBYETHCS AJI O1HAPHOI Kiach(pikarii:

1
1+e~%

o(z) =

Bona nepetrBoproe Buxia y 3HaueHHs Big 0 1o 1, 110 MoxHa IHTEpIpETyBaTH SIK
WMOBIPHICTh TPUHAJIEIKHOCTI /10 TIEBHOTO KJIACy.

JIo OCHOBHHX TMepeBar 3TOPTKOBHX HEHPOHHUX MEPEK MOXKHA BiJHECTH
aBTOMAaTUYHE BUIUICHHS O3HAK 300pakeHb, CTIMKICTh 0 3CYyBY, MamITaOyBaHHs Ta
obepTaHHs 00’€KTIB Ha 300pa)K€HH1, KOMIAKTHICTh Ta MOXKJIMBICTh 3aCTOCYBaHHS Ha
OPUCTPOAX 3 OOMEKEHUMHU OOYHCIIOBAIBHUMU MOXKJIMBOCTSIMH, BHCOKA TOYHICTD
pO3MM3HaBaHHA, MIATPUMKA BEIMKUX 0a3 gaHuX Ta O10J10TeK, MOXKIHUBICTh
NepeHaBUYaHHS MEPeXK1 il HOBI 3aja4i.

Jlo HenmomnikiB MOKHA BIJIHECTH — BEJIMKI MOTpeOH Yy OOYMCIIOBaIbHHUX
NOTY)KHOCTSIX, y BHUMAJAKY 3aTOCYBaHHS [y)K€ TJIMOOKUX MOJAENEH 3 BEITUKOIO
KUIBKICTIO 1IapiB, HEOOX1IHICTh Y HAaBYAJIbHUX JAHUX Ta MOTEHLIMHI MPOOIeMU MpH
HEMPaBUWIHLHOMY OaJIaHCYBaHHI JIAHUX.

CyuacHi apxiTeKTypu i posmizHaBaHHS 00'ekTiB, Taki sik Faster R-CNN,
YOLO (You Only Look Once) ta SSD (Single Shot Multibox Detector), MobileNet

CTaJIi OCHOBHUMH IHCTPYMEHTAMH Y 3a/iadax BUSBICHHS Ta JoKami3allii 00'€KTiB Ha



55

300pakeHHsIX. KoxkHa 3 IUX apXITEKTyp Ma€ CBOI YHIKaJbHI XapaKT€PUCTUKH, IO
J03BOJISIIOTH JOCSTaT €(EeKTUBHUX 1 TOUHUX PE3YJIbTaTIB.

Faster R-CNN (Region-Based Convolutional Neural Networks).

Faster R-CNN e nominmmenoro Bepciero nonepeanix moaenet R-CNN 1 Fast R-
CNN. Bona BHUKOPHUCTOBYE 1/I€I0 pETiOHAJBLHUX TMPOIO3UIlN, ajie € HabaraTo
IIBU/IIION0 3aB/SIKM CIIPOILEHHIO Ta IHTErpallii KIFOYOBUX KOMIIOHEHTIB. ApXITEKTypa
Faster R-CNN cknagaerbes 3 perynsipaoro CNN (backbone), mepexi npomno3uiii
perioniB (RPN), onepariii ROI Pooling, kiacudikariii Ta perpecii pamox [29].

Cnouatky BxigHe 300pakeHHsT 00poOsseTbes 6a3oBor0o CNN sl OTprUMaHHS
KapTu O3HaK (3a3BUYail BUKOPHCTOBYIOThCS ResNet abo VGG-16) PUC 1.11. [ami
3aCTOCOBYEThCSl Mepeka mpono3uliii perio”iB (RPN), sika reHepye mNMOTEHIIMHI
obmacti (perionn) mias o0'ekTiB. LIl perioHM € Mmpomo3MIlisiMH, SKi BKa3yHOTh Ha
HMOBIpHI 00J1acTl HasiBHOCTI 00'ekTiB. [licis 4oro BHUiIEH]I perioHM Ha KapTi O3HAK
NOJIal0ThCS HA PIBHOMIpHI KBaapaTu uepe3 omnepauiro ROI pooling. Koxxna obmactb
MIPOIO3HUII 00pPOOISETHCS KiIacu(PiKaTOPOM JIJisi BU3HAYEHHS 00'€KTa Ta perpecopomM

AJIA YTOUHCHHA KOOPpAWHAT 00'eKTHOI PaMKH.

classifier

proposals i /
Region Proposal Networ
feature maps

conv layers /

V7 ARSI 4 4

Pucynok 1.11 — TunoBa ctpyktypa R-CNN [29]

o mepeBar Faster R-CNN MoxHa BiJHECTH BHCOKY TOYHICTh 3aBISKH
JBOETAITHOMY MiIXOAY, AKUH CIIOYaTKy BUJILJISIE MOTEHI1HHI 001aCTi, @ MOTIM YTOUHIOE

X Ta THYYKICTb JUIsl BUSIBIIEHHS PI3HOMaHITHUX 00'€KTIB y 300pakeHHI.
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Jlo He#odik MOXXHA BIAHECTHM HIBHAKCTH POOOTY, y TOpPIBHSAHHI 3 I1HIIUMHU
apxitektypamu, Takumu sk YOLO a6o SSD ta MobileNet, ockinmbku 00poOka
BIJIOYBA€ETHCS B JBA €TANM (CIOYATKY MPOIO3HULIii PErioHiB, MOTIM iX Kiacudikalis).

YOLO (You Only Look Once).

YOLO — mne oauH 3 HaWIIBUAIIMX IIJIXOMIB JJIsI BUSBICHHS OO0'€KTIB Yy
peasibHoMy daci [30]. OcHoBHa ijes mojsrae B TOMy, 100 HE JUIMTH 3aBJaHHS Ha
kutbka etamiB (sxk y Faster R-CNN), a ogHOouacHO BUKOHYBAaTH SIK KjacuQiKalliio
00'eKTIB, TaK 1 JIOKaJI3allil0 iXHIX paMOK 3a OAMH Mpoxia yepe3 mepexy. YOLO
po30uBae 300pakeHHs Ha CITKY (HANpUKIad, 7X7) 1 Isl KOKHOI KIIITUHKH Tiepeadadae
MOJIMBICTh HASBHOCTI 00'€KTa Ta BIAMOBIAHI KoopauHatu paMku (bounding box).
KoxHa kiiTMHKa BIANOBIAAae 3a MepegdadyeHHs o00'ekTa, Horo KOOpAWHAT Ta
NMOBIPHOCTEH KJIacy.

Mepeka HaBUa€ThCS BH3HAYaTH HE TIIBKM KJIAacH, allé ¥ perpecyBaTu
KOOpAMHATH paMoK. 3arainbHa BTpata (loss) MICTUTh KiJIbKa CKIIaJIOBUX — IS

MPaBUJILHOCTI KiTacuikaiii, 1J1s1 TOYHOCTI paMOK 1 1T BUSIBJIICHHSI HASIBHOCT1 00'€KTa.

Input Image Extract Features BB

Map “ regression +

of B Confidence
ﬁ;l score -
' e Final
f —~ \ Classification
- and
' ,’ - Detection
J Class
\ Probability
FC layer SXS Grid Map

Pucynok 1.12 — Tumnoa apxitektypa YOLO [30]

Jlo mepeBar MOHa BIIHECTH BUCOKY IIBUAKICTb PO3MI3HABAHHS Ta MOXJIMBICTh
MPAITIOBaTH 3 300paXKCHHAMHU y peXuMi peasibHOMY. OJHAK, TOYHICTH JOKami3arlii
MOke OyTH 0OMex)eHa, OCKUJIBKY CHCcTeMa po30uBae 300pakeHHs Ha (PiKCOBaHY CITKY.

Apxitektypa SSD (Single Shot Multibox Detector).
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SSD —apxitekTypa sl MBHUIKOTO BUSBICHHS 00'€KTIB, KA BHKOPHUCTOBYE
OJIHOCTAMHUHN MIAX1JI, ajie TPH IbOMY JocsArae Ouibioi TouyHocTi, HbK YOLO. SSD
3M1MCHIOE KJIacu(iKallilo Ta JIOKami3aiilo 00'€KTiB y pPi3HUX MaciiTadax OJHOYacCHO
[31].

B ocnoBi SSD nexuth cranaaptHa HeliponHa mepexa (VGG-16 abo ResNet),
sIKa TeHEepY€e KapTH O3HaK g 300paxkeHHs. SSD pobuths nependayeHHs: 00'€KTIB Ha
OCHOBI KUIBKOX IIapiB PI3HUX PO3MIPIB KapT O3HAK, IO JIO3BOJISIE BUSBIATH O0'€KTH
pizaux MacmtadiB puc 1.13. KoxkeH map nporso3ye He TUIbKU Kilacu 00'€KTiB, aye i
KOOPJIMHATU PaMOK.

JIJisi KO’KHOTO PiBHSI KapTH O3HaK BUKOPUCTOBYIOTHCS Tak 3BaHi anchor boxes
(a00 momepenHbO BU3HAYEHI PaMKH), IO BIAMOBIIAIOTH PI3HUM CIiBBIJHOIICHHSIM
ctopin. Koxen Takuii box perpecyerbcst Ha OCHOBI (haKTHYHOI MO3UIIIT 00'€KTa.

SSD nocsrae kpaioro OajgaHCy MDK IIBHAKICTIO 1 TOuHicTIO, HixXX YOLO,
3aBJSIKA BUKOPHCTAHHIO 0araTromiapoBUX KapT O3HAK JJIsi 0OpOOKM 00'€KTIB PI3HOIO
PO3MIpy, a TAKOK MOKE MPAIOBaTH B pealbHOMY 4aci, 30epiratoyi BUCOKY TOYHICTh
BUsiBJIeHHA. SSD, sk 1 1HII OJHOETAamHI MOJEi, MOXKE MaTH TPYJIHOII 3 TOYHUM

BUSBJICHHSIM JyK€ MalluX 00'€KTiB uepe3 MacIITaOHICTh Mepe10avyeHb.

p———
Conv4_3 I

Conv7 = |
Conv8_2

»! Prediction

\

Conv9_2 ) Layers

-
Conv10_2

Conv11_2 |

T ———————

— — — -

1§ J

" Input VGG16 Additional cofivolution layers
image

Pucynox 1.13 - TunoBa mozens Single-Shot MultiBox Detector (SSD), mo
cknangaerses 3 VGG 1 101aTkoBUX MiapiB 3ropTku [31]

MobileNet
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MobileNet — 1ie apxiTekTypa 3ropTroBux HelipoHHUX Mepex (CNN), sika Oyia
po3pobiieHa 11 ePEeKTUBHOTO PO3Ii3HABAHHS 00'€KTIB HA MOOUIBHUX MPUCTPOSX Ta
OPUCTPOSX 3 OOMEKEHUMH OOYHCITIOBAILHUMH MOMJIMBOCTSIMH, TaKUMHU SK
MiKpOKOHTpOJIepH. 1i TonoBHA MepeBara mojsrac B TOMy, 110 BOHA 30epirae GanaHc
M1 TOYHICTIO 1 IPOAYKTUBHICTIO, 3a0€3MeUyI0Ur MEHILII BUMOTH 10 00U CIIIOBATBHUX
pecypciB 1 eneproButpar. OpHa 3 OCHOBHMX 1HHOBaiiii MobileNet nonsirae y
BUKOPHUCTaHHI TNIMOMHHO-CcenapadelbHUX 3TOPTOK 3aMICTh CTAaHAAPTHUX 3rOPTKOBHUX
onepanii [32]. Lle n103BoJsiE 3HAYHO 3MEHIIUTH KUTBKICTh OOYKCIICHD 1 TapaMeTpiB,
10 POOUTH MOJIEIb OUTBIII JIETKOIO Ta MPUIATHOIO ISt MOO1THHUX MPUCTPOIB.

['mubunHoO-cemapabenbHl  3rOpTKH  pO30MBAIOTH  CTAHIAPTHY  3TOPTKOBY
oIepariio Ha JIBa OKPEMHX KPOKHU:

1. Depthwise Convolution: 3acTocoBy€eTbCsI OKpeMHi (PiIbTP IS KOXKHOTO
KaHaJIy BXIJHOTO 300pa)X€HHS, IO JI03BOJISIE OOpOOJISITH TJIIMOMHY OKpEeMO IS
KOXKHOTO KaHaIy.

2. Pointwise Convolution (1x1 Convolution): 3actocoByetbces 3ropTka 1x1
JUTsl KOMOIHYBaHHS pe3yJIbTaTiB 3 KOXKHOT'O KaHaly MiCis MONepeHbO1 oneparti.

Jnis1 3a0e3meueHHs] THYYKOCTI Ta MOXKJIMBOCT] HaJIAIITYBAaHHS MPOTyKTUBHOCTI,
MobileNet BukopucroBye aBa rinepmapamerpu: Width Multiplier (o) mo Bu3Hauvae,
HACKUIBKHM BY3bKOIO a00 MIMPOKOIO Oyne mojenb. Lleit mapameTp 3MeHIye KUIbKICTh
KaHalllB Ha KOXXHOMY IIapi MEpexi, 3MEHIIYIOYH OOYMCIIOBAIbHI BHUMOTH.
Hampuknayn, Ko NMMpWHA MHOKHHKA CTaHOBUTH (.5, TO KUIBKICTh KaHAIIB Ha
KOXKHOMY Iapi Oyjie MOJOBHMHOKO BiJ TTOYATKOBOI KUIBKOCTI. 3HAYEHHS MHOXHHUKA
3MIHIOE€THCS B Aiana3oHi Big 0 7o 1. YUum MeHIe 3HaYeHHs, TUM JIETIIa MOJEIIb, ajlie 1
HUKYa TOYHICTh. Resolution Multiplier (p) - 3MiHIO€ po3mip BXiTHOTO 300pa’KEeHHS.
3MEHIIEHHS PO3UIbHOT 3JaTHOCTI 300pa)KCHHsI 3HU)KYE BUMOTH J0 OOYHCIEHB 1
nam'sTi. MeHIa po3auibHa 37aTHICTh BXIAHUX 300paK€Hb MOXKE MPHU3BECTH 10
HE3HAYHOT'O 3HM)KEHHSI TOYHOCTI, aJie 3HAYHO 3HMKYE OOUMCITIOBAIbHI BUTPATH.

3aranpHa cTpykTypa MobileNet ckmagaerbcss 3 HabOpy TVIMOWHHO-
cenapabebHUX 3TOPTKOBHX IIApiB, K1 3aMIHIOIOTH CTaHAAPTHI 3TOPTKOBI IapH,

3MEHIIYI0Ud OOYHCIIOBAIbHY CKIAAHICTh, HochigoBHiCcTh Depthwise 1 Pointwise
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3TOPTOK, TICHS SKUX T0Aar0Thes omepartii aktuBailii (ReLU) ta Hopmamizamii (Batch
Normalization). HampukiHili BHKOPHUCTOBYIOTBHCS CTaHAAPTHI Imapu Kiacudikarii
(Fully Connected Layers) ans mnepeaOaueHHsi kiaciB o00'ekTiB. TumoBa mepexa
CKIIAJETHCS 3 :

e BxigHoro mapy st o0poOKu 300pakeHHs.

e Cepii 3ropTOK 1O TIMOWHI JIJIs1 BUAUICHHS O3HAK.

e [IlapiB makcumanbHOoro oO0'egHanHs (Max Pooling) nans 3MeHIeHHS

pPO3MIpiB O3HAK.

e DiHAIBLHOTO MOBHO3B'A3HOTO MIAPY IS TIepe10adeHHs KIIaciB.

(/ \\ 3
\ETJ“[/’ 1*1Convolution
//'_\\ .
( Input \5 v , (compression)
_—— 1*1Convolution 1
(compression) Depthw e =
convolution §
Depthwise . ¥ S
convolution I)cplhw!se 1*1 convolution| ¥
convolution (expansion)
, 4 A}
* | % P 3 8
1*1 . 1 lcon\o!utlon Eltwise -
convolution | (expansion)
Stride=1 Stride=2
(a)MobileNet-V1 (b)MobileNet-V2

Pucynox 1.14 - Tunosa ctpykrypa apxitektyp MobileNet-V1
(@), Ta MobileNet-V2 (b) [33]

Jlo mepeBar mepexi MobileNet mosxHa BiTHeCTH BHCOKY MIBUAKICTH T4 TOYHICTh
pO3IMi3HaBaHHs, MIPU BIJIHOCHO HEBEIMKUX OOUYMCIIOBAILHUX MOTpeOax, y MOPIBHAHHI
3 IHIIUMU apxiTekrypamu. [1i1XoauTh Ajig pO3ropTaHHs Ha IPUCTPOSX 3 0OMEKEHUMHU
OOYHCITIOBAIbBHUMU ~ MOMJIMBOCTAMHU. ['Hydki HaJamITyBaHHS MDK TOYHICTIO,
IPOJYKTUBHICTIO Ta PO3MIPOM MOJIENI OTPUMYIOTHCS 3aBJIIKU KOQIIIEHTAM HMIMPUHU
MEpPEX1 Ta MOXKJIMBOCTI 3aJaHHs po3Mipy 300paxeHHs. [Ipu mpomy, mepexka mMoxe
MaTH TPYAHOII 3 TOYHHM PO3MI3HABAHHSAM Y€ MalluX O00'€KTIB 4Yepe3 3MEHIICHY

KUIBKICTh O3HAK.
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1.4 Cucremu po3nizHABaHHSA 00’ €KTIB JJi4 JIK0J€eil 3 BagaMu 30py.

TexHonorii po3mi3HaBaHHs 00'€KTIB CTaIM BAKIUBUMHM JUIS JIIOJEH 3 Bajamu
30py, 3a JaHUMH BcecBITHBOI OpraHizaili OXOpPOHHU 3/10pOB's, HA CbOT'OJIHI y CBITI
noHaa 1 MITBSpA JIIOACH CTpa)xKaae BiJ MOPYIICHb 30Dy, 3 IKUX TOHA 43 MUTbIOHHU €
HEe3pAYUMU. BUKOpUCTaHHS CUCTEM PO3Mi3HaBaHHS 300pakeHb HA OCHOBI HEHPOHHMX
MEpPEX BIJKPUBAE HOBI MOXJIMBOCTI JJIsl MOKPALIEHHS MOXJIMBOCTEM OpieHTalli y
nmpocTopi Ta jpoctyny 1o iHdopmartii. L{i cucremu, 3aaTH1 i1eHTH(DIKYBaTH 00'€KTH B
peanbHOMY 4Yaci Ta HaJaBaTH TOJIOCOBI MiJKa3KW, BUKOHYBAaTH 3YUTYBaHHS TEKCTY,
po3IMiHaBaTH BaaiOTy Ta oonuuus. CucTteMu Ta MOOLUIBHI JoJaTKH Taki sk Seeing Al,
OrCam, Be My Eyes Ta Aipoly Vision BHKOpHUCTOBYIOTh KOM IIOTEPHHM 3ip s
JOTIOMOT'HM OpIEHTALIIT Y IPOCTOP1 HE3PSAUUM JIFOSIM.

Seeing Al — e 6e3KkomTOBHUI MOOUTBHUI 10aTOK Bix Microsoft, cTBopeHuit
JUTS TOTIOMOTH HE3PSYHM 1 JIIOJIIM 3 BaJlaMU 30py OPI€HTYBAaTUCS B HABKOJHUIIHbOMY
cepenosuii [34]. doaarok moctymuuit s i0S, BUKOPUCTOBYE IITYYHUH THTENEKT 1
TEXHOJIOT1i KOMITFOTEPHOT0 30PY /ISl pO3Mi3HABAHHS 00'€KTIB, TEKCTY, 00JINY, BAIIOTH
Ta IHITUX CJIEMEHTIB, 0 MOXYTh OyTH KOPUCHUMH JUIsI KOPHCTYBada B peaJbHOMY
gaci. Jlo o0CHOBHMX MOXKJIMBOCTEH BXOUTh: PO3MI3HABAHHSI KOPOTKOTO TEKCTY, PEKUM
YUTaHHS JOKYMEHTY, PO3Mi3HABaHHS MPOIYKTIB Ta BaJTIOTH, PO3MI3HABAHHS Ta OIMUC
NEesKuX 00’ €KTIB.

OrCam — 11e KOoMIaHisd, Ka CTBOPUJIA MIPUCTPOI SIS JIFOIEH 3 BaJjaMu 30py Ta
cyxy, cepen skux HaumomnyssipHini OrCam MyEye ta OrCam Read. 1li mopraTusHi
IPUCTPOI MPAIIOIOTh HA OCHOBI MITYYHOTO 1HTENEKTY, JO3BOJISIIOYM KOPHCTyBadaM
3UHUTYBATH TEKCT, PO3MI3HABATH O0IHYYS, 1IEHTU(DIKYBATH MPOIYKTH Ta PO3MI3HABATH
kymtopu. [Ipuctpoi OrCam 2 Pro BUKOPUCTOBYIOTh IITYYHHH 1HTEIEKT 1 TEXHOJIOTI]
KOMIT FOTEPHOTO 30Dy, IO IO3BOJISE TM MpaIfoBaTH 0€3 MiAKITIOYEHHS 10 IHTEPHETY —
ycl 1aH1 00pOOIISIOTHCA JTOKAIBHO, 3a0€31e4yI0Ur BUCOKY MTPUBATHICTD Ta IIBUIKICTD
pobotru [35]. OrCam MyEye 2 Pro — 1e HEBEIUKHMH, JCTKHA NPUCTPIH, SKHU
KPIMUTHCS 10 ONPaBU OKYJApiB. BiH Mae kamepy Ta AMHAMIK 1 MOXKE YUTATU TEKCT,
po3mi3HaBaTu o0auYYs, 1eHTU(]IKYBATH MPOIYKTH, PO3Ii3HAaBaTH BaaoTy puc 1.15.

I{ina BapiroeTbes B Mexax Big 4400 no 5000 nonapis CHIA B 3ay1eKHOCTI B1J MOJENI.
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Pucynox 1.15 — 3osnimnii Burisgy OrCam MyEye 2 Pro [35]

OrCam Read — 1e mopraTuBHHIA PUCTPiil y GopMi pydKH, IpU3HAYCHUN IS
JFOJIEH 3 BaJlaMU YUTAHHS, HATPUKIIA, IJIs1 TUCIEKCHUKIB 200 JIF0/IeH 31 CIIa0KHM 30pOM
puc 1.16 [36]. Bin Moxke 34MTyBaTH TEKCT 31 CTOPIHKH a00 €KpaHa, JOIMOMarar4u
KOPUCTYBa4yaM YUTaTH KHUTH, JOKyMEHTH 4u MeHIo. [Ipu npomy OrCam Read mae nBi
PEKUMU YUTAHHS: TIEPIIUHN N1 BUOIPKOBOTO TEKCTY 1 APYyTHil — i moBHoro. [liHa

BapiroeThes B Mexkax Big 1500 mo 2000 gonapis CIIIA B 3ay1e:kHOCTI BiJy MOJAECITI.

Pucynok 1.16 — 3osnimnii urisin OrCam Read [36]

Be My Eyes — 11e 6€3KOIITOBHHUI MOOUTBHUN 10JIATOK, 1110 3’ €IHY€E HE3PSIUNX
abo cmabo3opux JOJEH 13 BOJOHTEPAMHM 3 YChOTO CBITY JUIsl HaJaHHS 30pOBOI
JIONIOMOTH B peXuMi peanbHoro uacy [37]. Iaes mporpamu mossrae B ToMy, 100
KOPHUCTYBaul 3 BaJjaMd 30py MOIJIM LIBUJIKO OTPUMATH JIONOMOTY Yy BHUPIIIECHHI
noOyTOBHX YM IHIIMX Bi3yaJIbHHUX 3a/1a4 3a JOMOMOTroI0 Bifeoa3BiHka. Kopuctysay 3
BaJlaMU 30pYy BIAKPUBAE 10AAaTOK 1 HaTUCKae KHONKY «Ilonpocutu npo nonomory». Le
HAJCWIA€E 3alUT y Mepexy BojoHTepiB. Ilepmmii AOCTynHUN BOJIOHTEpP OTPUMYE
CIIOBIIICHHS 1 MIAKIIOYAEThCSA IO KOPHCTYBada 4yepe3 Bifcoa3BiHOK. Uepe3 kamepy

TeneoHy BOJIOHTEP MOXKE O0aYUTH Te, 1110 MOKa3ye KOPUCTYBay, 1 JoromMaratu Homy
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BUKOHYBAaTHU pi3H1 3aBaaHHs. Be My Eyes npaitoe y nonan 150 kpaiHax 1 marpumye
Ooinpmn Hik 180 MoB. JloJaTOK CTBOPUB 1HKJIIO3WBHY CHIJIBHOTY, SKa JI03BOJISE
HE3PSUYUM JIFIOASIM OYTH HE3JICKHIIIMMH Ta OTPUMYBATH JTOTIOMOTY Y TIOBCSAKIEHHOMY
KUTTI.

Aipoly Vision — 1ie MoOLIbHHI T0AaTOK, CTBOPEHUH I JOITIOMOTH JIFOISIM 13
BaJlaMH 30Dy, 110 BUKOPUCTOBYE IITYYHUN IHTENICKT ISl pO3Mi3HABaHHS 00'€KTIB Ta
KOJBLOPIB y peaJbHOMY Yaci, a BCl OOYMCIICHHS BHKOHYIOTBCS Oe€3locepeaHbo Ha
npuctpoi [38].

Aipoly Vision He BuMarae HaTUCKaHHS KHOIKHU JJIs ineHTH(IKaIi 00’ eKTa —
BIH aBTOMAaTUYHO aHaJli3y€e Bce, IO MOTpaIUIsie B MOJIe 30py KamMepu Ta pO3Mi3Hae
IMIUPOKUIA CHEKTp OO’€KTIB: BIJ MOOYTOBUX HpPEeIAMETIB 1 MeOIIB 10 MPOIYKTIB
XapuyBaHHS Ta 03By4ye Ha3By. Aipoly Vision goctynuuii mis npuctpoiB Ha i0S Ta
Android. Intepdeiic nogaTka po3po0IIeHO Tak, 11100 BiH OYB MaKCUMAJIBHO JOCTYITHUM
JUIsl KOPUCTYBaYiB 3 BaJaMU 30pY, 3 MIATPUMKOI BEIUKHUX IIPU(DTIB, FOJIOCOBUX
KOMaH/I Ta 1HIIKX (PYHKITIH.

[cHylOTh  TakoX  pI3HOMAHITHI  caMOpPOOHI ~ HOCHMMI  MPHUCTPOi, IO
BUKOPUCTOBYIOTh YJIBTPA3BYKOBI CEHCOPH ISl BUSBICHHS TEPEIIKOJ Ta BUIBHOTO
npocropy. Hanpukinan, criemnianbHi pyKaBUYKH, 110 TIEPEIal0OTh TAKTUIIbHI CUTHAIH, 1
BKa3ylOTh Ha HANPsIMOK pyxy. [HpopMalis, oTpuMaHa 3 1aTYUKiB, IEPETBOPIOETHCS HA
BiOpaIlito, 1o J03BOJIIE HE3PSYOMY KOPHUCTYyBadeBl BH3HAYaTH HAABHICTH 00'€KTIB
HaBKoJIO cebe. Po3ymHi okyispu - 1€ OuH 3 HalnomymispHimux (opm ¢dakTopiB
IIPUJIAJIIB JOTIOMOTH IS HE3pSAYnX KOpUCTyBadiB. BoHu 00maqHaH1 naTyukamu, o 3a
JIOTIOMOTO10 BiOpaIlii CHOBIIIAIOTh MPO BIJACTaHb JJ0 00’ €KTY B PEKUMI peaTbHOTO Yacy
[39].

binpmiicte poOiT, sIKI PO3TIAAAIOTh BUKOPUCTAHHS CHUCTEM pO3Mi3HABaHHS
00’€KTIB JJIs JIIOJICH 3 BajlaMu 30py 30CEPE/KCHHI HAa HaBYaHHI HEMPOHUX MEPEX 1
OTPUMMaHHI BHCOKHMX IMOKa3HUKIB TOYHOCTI pO3Mi3HaBaHHS 00’€KTIB, MPU LBOMY HE
BUPINIYIOYHM TMPAKTHYHUX TPOOJIEeM, TaKMX SK YacTOTa OHOBIEHHA iHQopMarii Ta
orojomeHHs iHdopmMmalii 3 ypaxyBaHHSIM TOro, IO CJIOBAa PI3HOI JIOBXKUHU

noTpeOyIOTh PI3HOTO Yacy Ha X OTOJIONICHHSI Ta IHIIUX MPAKTUYHHUX 3a]1a4.
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BucnoBknu 10 po3ainy 1

VY pesynbTari MPOBEACHOIO aHali3y BCTAHOBJIEHO, IO HA JAHUW MOMEHT
ICHYIOTh JICKUIbKA TMIAXOMIB J0 pO3Mi3HAaBaHHA O0’€KTIB Ha 300paxkeHsx. Jlis
CTBOPEHHSI CHUCTEMHU DO3Mi3HaBaHHS 00 ’€KTIB 3 MOJANBIIUM TOJOCOBUM BHBOJIOM
iH(dopMalii 1id Jroel 3 BaaaMu 30py €(EeKTUBHIIIE BUKOPUCTOBYBATH CUCTEMY Ha
OCHOBI 3TOPTKOBUX HEUPOHUX MEPEK.

HeiipoHi Mepesxi MatoTh BUCOKY IIBUJIKICTb 1 TOYHICTh PO3IMi3HABaHHA 00’ €KTIB
Ha 300paKEHHSAX, 3/1aTHI MpaLIOBaTH y PEXUMI peajbHOro dacy, THYYKl Y
HAJAIMITYyBaHHAX Ta JOCUTh CTIMKI JO pi3HUX BHUIIB jAedopMaiiii Ta MIyMiB, Y
MOPIBHSHHI 3 KJIACMYHUMU MeEToJaMU. TakoX, OJHIEI0 3 TOJIOBHHUX IIepeBar €
MO>KJIMBICTH 10 MAIlITa0yBaHHS HEMPOHUX MEPEXK, 110 JO3BOJISIE BUKOPUCTOBYBATH 1X
Ha TPUCTPOAX 3 OOMEKEHHMH TMOTY>KHOCTSIMHU, TaKUMHU SK MIKPOKOHTPOJIEPH Ta
OJIHOIUIaTHI KoMIT'toTepu. HasgBHICTH BIAKpUTHX 0a3 TpEeHYBAJIbHUX 300pakeHb,
MOXJIMBICTh /10 TMEpPEHABYAHHSA, a TAKOX BeJMKAa KUIbKICTh BIIKPUTHX O010J110TEK,
pOOIISATH HEHPOHI MEPEXkK1 OUIBII 3pYYHUMHU Y BUKOPHUCTAHHI.

[cHyIOY1 IPUCTPOT, IO MPU3HAYCHHI JJIs TOJETIICHHS KUTTS JIFOJIeH 3 BaJlaMu
30py 37€01IBIIOTO BMIIOTh UATATH TEKCT, 1 PO3pax0BaHi Ha JIFOJICH, SIK1 MAFOTh TOTaHHH
3ip, ajge abCOJIOTHO HE PO3paxoBaHl Ha JIOJEH K1 HOTro HIKOJIM HE Majiu. [cHyroun
npuCTpoi Ha 0a3l IeTeKTopa BIACTaH1 HE BUPIUIYIOTh IUTAHb, 1 HE BUKOPUCTOBYIOTHCS
Ha TPaKTUlll. TOMy CTBOPEHHS CHCTEMH DPO3MI3HABaHHS 3 MOJAJIBIINM TOJIOCOBUM
OrOJIOUIEHHSIM 1HQoOpMalli € akTyalbHUM 1 HE BHUPIINICHUM 3aBJAaHHSIM Ha

CHOT'OIHIIIHIN JIEHB.
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PO3A1JI 2. AHAJII3 TIPOI'PAMHUX TA AITAPATHUX 3ACOBIB J1JIs1
PO3III3BHABAHHA OB’€EKTIB TA TEHEPYBAHHA I'OJIOCY

2.1 JlocaigkeHHs1 HEHPOHHMX MepeK Pi3HUX KJAcCiB JAJs po3Mi3HABaHHS
00’€KTIB HA PUCTPOSIX 3 00MeEKEHUMH MOKITUBOCTSIMH.

HeiiponHi mepexi cTamyd OJHUM 13 KJIIOUOBUX IHCTPYMEHTIB Yy CHCTEMax
po3Mi3HaBaHHs 00'€KTIB 3aB/SIKM CBOIM 3JaTHOCTI 0OPOOIISITH BEJIMK] OOCATH TaHUX Ta
3HAXOAWTH CKJIAJHI TAaTEepHHU, SKI BaXKO BHUSBUTU TPATUIIAHUMH METOJIAMU
po3ni3HaBaHHsA. CydacHi CUCTEMH Ha OCHOBI HEMPOHHUX MEpEX 3/1aTHI €()EeKTHUBHO
aHaNI3yBaTH BI3yalbHI JaHI y pEXUMI peajbHOTO 4Yacy, BUIULSIIOYM BaXKIIUBI
XapaKTePUCTUKHU 00'€KTIB Ta PO3IMI3HAKOYH 1X 3 BUCOKOIO TOYHICTIO HABITh y BUMAAKaX,
KOJIM 300pa>kKeHHS MICTUTh LLIyMHU, IEPEIIKOAN a00 00'€KTH MarOTh Pi3HI KyTH HaXUy,
po3Mipu uu ocBiTJICHHs. L[ 3MaTHICTE 03BOJISIE HEHPOHUM MEpeKam MepeBepITyBaTH
TpaJMIIiHI aNroOpuTMHU Yy 0aratbOX CKIAJHUX CUTYyallisX, [Kl paHillle BUMaraiu
3HaYHUX JIIOJCHKUX 3yCHIIb g 00poOKH. /[0 OCHOBHHMX mepeBar HEHPOHUX CHCTEM
MO>KHa BIJTHECTH:

. MOXJIMBICTh PO3TOpPTaHHS Ha MpUiIalax 3 OOMEXKEHUMHU pEeCypcami,
TaKUX SIK MIKPOKOHTpPOJIEpHU

. Bucoka ToyHICTh Ta MBUAKICTH PO3Mi3HABaHHS 00’ €KTIB

. MamTaboBaHICTh Ta MOXJIMBICTb J0 NEPEHABYAHHS

3aB/IKM BUKOPUCTAHHIO HEUPOHUX MEPEX, CUCTEMH CTAIOTh 3JaTHUMM OLIbII
IPUPOAHO pearyBaTH Ha CKJIaJH1 3aBJIaHHS, aJIaNTYIOUKCh i 1HIMB1yalbHl MOTPEOU
KOpUCTyBauiB. Y BHUMAJKaX 3 aJaNTUBHUMHU CUCTEMaMHM IS JIIOJAEH 3 BaJaMH 30Dy,
HEHWPOHHI MEpeXki JOMOMararTh MBUAKO 1IeHTH(]IKYBaTH 00’ €KTH Ta MepeaaBaTH II0
1H(opMalIlito y BUTISAII TOJIOCOBUX MiJKA30K, 110 3HAYHO MiJBUIIYE MOOUIBHICTH 1
0e3mneKy He3pAYuX JI0ACeH y MOBCAKICHHOMY KHTTI.

He Bci moxeni HeWMpoHMX Mepex IS pO3IMi3HABAHHA OO0 €KTIB MOXKHA
pPO3TOPHYTH Ha MIKpOKOHTpoJiepax. Ha manuii MoMeHT st poOOTM Ha
MIKpOKOHTPOJIEpPAaX, MIATPUMYIOTBCS 1 JOCTYIHI Taki MOJENl MEpex 5K

MobileNetV1/V2, Tiny-YOLO, EfficientNet-Lite Ta Edge Impulse FOMO.
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MobileNet

MobileNetV1 — me apxitekTypa HEHpOHHOI Mepexi, po3pobieHa s
MOOUTbHUX Ta BOYJIOBaHHUX CHUCTEM, 110 BUKOPHUCTOBYE 3TOPTKM MO riaubuxi. Llei
MIX1/1 3aMIHIOE 3BUYAMHI 3TOPTKU JBOMA OKPEMHUMH OIEpaIisiMi — TITUOMHHOIO Ta
TOYKOBOIO 3ropTkoro. lle 3HMKye KUIBKICTh OOYMCIIEHb 1 KUIBKICTh HapameTpis,
poOIIsiun Mepexy e(PEeKTUBHOIO JJIsSl 3aBJaHb pO3Mi3HaBaHHS 300pa’kKeHb 1 00'€KTIB Ha
IPUCTPOSIX 3 0OMEKEHUMHU PECYPCAMHU.

MobileNetV2 ynockoHaneHna Bepcisi, B sIKy A0JaldH IHBEPTOBAHUI 3aIMILIOK 13
miHiHEHAM  By3bkuMm MiceM [40]. Ileir wMomynp mnpwiiMae sSK BXIiOHI JaHi
HU3BKOPO3MIPHE CTHUCHEHE TMPEACTABICHHS, $KE CIOYaTKy pPO3IIMPIOETHCS 0
BHUCOKOI'O pO3Mipy Ta (PUIBTPYETHCS 3a JOMOMOIOK 3rOPTKU IO INIHOHHI. 3roaoM
00’€KTH TPOCKTYIOTHCA Ha3aJ Yy HU3BKOBUMIPHE TMPEACTABICHHS 3 JIHIHHOIO
3ropTkor. Mojenb TakoX Mae KOMIIpecoBaHi mapu 3 aktuBaiiero ReLU6 s
Kpauioro y3araJlbHEHHs B OoOMexeHux pecypcax. LI BIOCKOHajIeHHsS MiJIBUILYIOThH
TOYHICTh PO3Mi3HABAHHS 00 €KTIB MPH MEHIIMX MOTpedax y MOTY>KHOCTI MPUCTPOIO
JUTS. PO3TOPTaHHSI.

OcHOBHa ifess TojsArae B 3aMiHI IIOBHOT'O 3TOPTKOBOTO  OIlepaTopa
(bakTOpU30BaHOIO BEPCi€l0, sika po30MBa€ 3rOpTKy Ha JABa Ookpemi mapu. [lepmmii
pIBEHb HA3MBAETHCS 3TOPTKOI0 MO MIMOWHI, BIH BUKOHYE JIETKY (UIbTPALii0 IUIIXOM
3aCTOCYBaHHS OJHOTO 3rOPTKOBOTO (ibTpa Ha BXiAHMM KaHaiu. [pyruil map - 1e
3roptka 1x1 , sika Ha3WBAETHCA MOTOYKOBOIO 3TOPTKOIO, 1 BIAMOBITAE 32 CTBOPEHHS
HOBUX (DYHKINM NUIAXOM OOYMCICHHS JIHIMHUX KOMOIHAIM BXITHUX KaHATIB[| puC
2.1. 3ropTku, MO PO3AUIAIOTHCS MO TVIMOWHI, € 3aMIHOI0 CTaHJAPTHUX 3TOPTKOBHUX

I1apiB.

Separable Convolution Block

Pucynok 2.1 — Po3ainapHuit 6510k 3roptku [40]
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Tiny-YOLO

Tiny-YOLO (You Only Look Once) — me cmporiena Bepcis YOLO, mio
MiAXOAWUTH AJSl PO3Mi3HABaHHA y PEaTbHOMY Yaci 3aBASKM HU3bKHM BHUMOTaM 0
00UYHCITIOBATILHUX pecypciB. Mojens po3mizHae 00 €KTH IUISXOM OJHOYACHOTO
00YHUCIEHHS] KOOPAUHAT OOMEXYBaIbHUX PaAMOK 1 IMOBIPHOCTI 00’ €KTa, IO JO3BOJISIE
OpALOBAaTH 31 3HAYHO MEHILIOK 3aTPUMKOIO, OCOOJIMBO HAa MOOUIBHUX HPHUCTPOSX 1
BOYJIOBaHMX CUCTEMAX.

Tiny-YOLO mae MeHIe mapiB Ta 3HMKEHUE po3Mip MOJeli B MOPiBHSIHHI 3
noBHOIO Bepcieto YOLO, mo no3Boiisie €hEeKTUBHO MPAIIOBATA 3 MPUCTPOSIMHU 3
oOMexeHOow mnam’arTio. llompu CBOK KOMIIAKTHICTh, BOHA 3JaTHa BUKOHYBATU
NETEKLII0 Ha BEIMKUX 300paKeHHSAX 3 MPUHUHATHOK TOYHICTIO, IO POOWTH ii
HOMYJISIPHOIO B 3aJjayax pealbHOr0 Yacy, TaKuX SK BIJIGOCIIOCTEPEKEHHS Ta

ABTOHOMHE KEPYBAaHHS TPAHCIIOPTHUMH 3aCO0AMH.

One-Stage Detector

Input T Backhone Neck [ Dense Prediction

Pucynok 2.2 - Ilpuknan 6mokie Tiny-YOLOvV4 [41]

Opniero 3 ocranniit Bepcit € YOLOv4-tiny. Ile kommaktHa Bepcis YOLOV4,
ONTHMi30BaHa JUIS MIBUAIIOT 0OPOOKU 300pakeHb HAa MEHI HOTYKHUX MPUCTPOsX. i
CTPYKTypa CKJIaJla€eThbcsi 3 0a30BUX 3TOPTKOBUX IapiB, SKI BUSBISIOTH Ta
KIacU(iKyIOTh 00’ €KTH B OJJHOMY TIpoxoji [41]. Mojenb BUKOPHCTOBYE JIBI OCHOBHI
JETEKTOPHI TOJIOBKH, 5IK1 00pOOJIIIOTH 0COOIUBOCTI HAa PI3HUX PIBHSX, 1110 103BOJISIE Tif
e(eKTUBHO po3Mi3HaBaTh 00’ekTH pi3HUX po3MmipiB. YOLOv4-tiny mniarpumye
CSPDarknet53 sik 6a30By apXiTEKTypY, III0 3HUXKYE KITBKICTh TAPAMETPIB, 30epiraroun
P IIbOMY BUCOKY TOYHICTD 1 IIBUKICTD.

CSPDarknet53 — 1ie BmockoHasieHa apXiTEeKTypa TITHOOKUX HEMPOHHUX MEPEK,

po3po0biieHa 111 BUJIKOT Ta epeKTUBHOI 00poOKHu 300pakeHb. BoHa moOyoBana Ha
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ocHoBi Darknet53, ane 3 po3mmpenoto ctpykryporo Cross Stage Partial (CSP), sika
pPO3/IiJIsi€ OCHOBHUM OJOK Ha JBI YaCTHUHU: OJHA YacTHHA OOpOOJISIETHCS IIapamu
3rOpTKH, a IHIIA 3aJUIIAEThCS HE3MIHHOW. Lle 3MeHIlye KUIbKICTh mapaMeTpiB 1
nyomoBanas oOuucienb. CSPDarknet53 minTpumye OamaHc MK TOYHICTIO Ta
MIBUJIKICTIO, III0 POOUTH 11 OCOOJIMBO MPUIATHOK JIJIsi PEIbHOTO 4Yacy 3ajad, sk y

YOLOv4-tiny pucynok 2.3 [42].

E CSPDarknet53-Tiny ' : CSPBlock H
'
' ' : Base layer 1
: Inputs | Convolution | Batch Norm, Convolution __ Batch Norm, | | | | v . v i
' 4164163 20820832 Leaky RelLU 104 X104 64 Leaky ReLU ! : Part| Pa;\ ] -
: N Convolution |
' ] 1 i '
+  Batch Norm, Convolution CSPBlock CSPBlock CSPBlock 1 BN Leaky '
| LeakyRelU T 13x13>612 T 13x13>612 1 2626256 " 5262128 "". ' ]
' ' ' Convolution
AU SR SRS PR ———— L ' 1) '
.'""‘1 """""""""""""""""" i """"""""" e BN_Leaky ||
' ] + ]
q - [ Loncay POV I Cocat |
P ] 4

' ' " Convolution 1
o s o ol i o 0 s e o o ) | () '
ke -i ------------------------------- } """""""""" 1 BN _Leaky |,
' : | — < 1
' 1

| YOLO Head YOLO Head ol GOt i
' !

' ' ' Maxpool :
e 2 0 0 0 00,0 0 0 2 20 0 0 O 0 05O O G N B 0 o 0O O ] G e o O IO IS o e e e '

Pucynok 2.3 - Apxitektypa YOLOv4-tiny Network [42]

EfficientNet-Lite

EfficientNet-Lite e nmerkoro Bepcieto EfficientNet, amantoBanoro a1 MOOLTBHUX
Ta BOYJOBaHUX CHUCTEM, 1 BHUKOPHUCTOBYE METOAM MAacCIITaOyBaHHS MOJENI JUIs
OTNITUMAJILHOTO CIiBBIHOIICHHS TOYHOCTI Ta IMIBHAKOAIl. 3aMICTh JI0JlaBaHHS IIapiB
abo ueiponi, EfficientNet-Lite 6anancye rmuOuny, MUpHUHY 1 PO3AUIbHY 31aTHICTh

MOJEINI JJisi JTOCSTHEHHS MaKCUMaldbHOI €(EeKTHMBHOCTI 3a OOMEKEHUX pPEeCypcCiB

pucyHok 2.4 [43].

1. resolution

| eowider s

, a
#channels . . — i

PR , e wider e 1 Z S
—_— {
= | :
deeper

. deeper
f..laysu fl E
r - -+~ higher higher
?} resolution Hx\W H : H‘ resolution e <

(a) baseline (b} width scaling (c) depth scaling (d) resolution scaling (e) compound scaling

Pucynok 2.4 — Ilpukinan pi3HUX BapiaHTIB MalTaOyBaHHs

mozeni EfficientNet-Lite [43]
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3aBasgKH apXiTeKTypi Ha ocHOBI Oidokanbaux mepex (BiFPN), momens moxe
eekTUBHO 00poOJsATH OaraTopiBHEBY 1HGOPMAIIIIO ISl TIOKpAIEHHS Pe3YyJbTaTIiB y
3aayax kiacudikauii ta po3nizHaBanHs 00'exTiB. EfficientNet-Lite 3acTocoByeThCs y
CUCTEMaX, IO MOTPEOYIOTh MIBUKOI OOPOOKH Ta HU3LKOT'O €HEPTOCIIOKUBAHHS, IK-OT
cMapTdonu, po3ymHi kamepu 1 loT-ipuctpoi.

Edge Impulse FOMO — 1e nerka Mozens sl pO3Ii3HABaHHS O0O0'€KTIB,
poO3pobiIeHa CHEI[ialbHO I8 MIKPOKOHTPOJIEPIB 1 MaOMOTYKHUX MPUCTPOiB [44].
Bona 31aTHa npairoBatu Ha miiatgopmax 13 nam’satTio Bchoro g0 20 Kb, o poouts ii
ineanbHO0 st loT-3acTocynkiB. FOMO BukopucToBy€ 00'€KTHE pO3IMi3HABAHHS IS
BIJICTE)KCHHSI JICKIJIbKOX OO0’€KTIB B peaJibHOMY daci. Mojenb po3pobiieHa s
€KOHOMII €Heprii Ta mam'aATi, a TaKoX MIATPUMY€E BHUCOKY IIBUIKOJIIO 3aBISKU
onTuMi3zailii anroputMiB 00pooku 300pakernb. FOMO BUKOPUCTOBYETHCS y 3a/1adax
MOHITOPUHTY  HAaBKOJMIIHBOIO  CEPEJOBUINA,  IHAYCTPIAIbHUX  CHCTEMax
crioctepexkeHHss Ta iHmMX loT-gomarkax, e € OOMEXEeHHS MO OOYMCIIOBAIBLHUM
pecypcam.

ba3zoBa apxiTekTypa HEHpOHHOT MEpEXKi CKIATAETHCS 3 PSATY 3TOPTKOBUX IIAPiB.
FOMO BuKOpPHCTOBYE TaKy caMmMy apXiTeKTypy, aje BiJCIKa€ OCTaHHI IIapu
CTaHAapTHOI Mojem kiacudikaili 300pakeHb 1 3aMiHIOE 1€ Iap KapTolo
WMOBIPHOCTI KJIacy perioHy (Hampukiaj, kapta 4x4 y npukiazi puiie). [loTiM BiH mae
cnieriaabHy QYHKIIIIO BTPATH, siKa 3MYIIIY€E MEPEKY MOBHICTIO 30€piraTu JIOKalbHICTh
Ha OCTaHHbOMY piBHI. Lleil Tpollec CTBOPIOE «TEIIOBY KapTy» pO3TallyBaHHS
00’exTiB. Po3miiibHA 34aTHICTH TEIJIOBOI KApTH BHU3HAYAETHCS THUM, AC Biapi3aeTH

mapu Mepexi. FOMO cywmicHuit 3 0y np-saxoro moaemto MobileNetV?2.

Feature Maps

" Boat (0.04)

[ House (0.05)
O ree f09)
_DOeatioon

Convolution Pooling Convolution Podl

L ully Coa s
/ Output Layer

Replace with single per-region class probability map

Pucynox 2.5 - Ilpuxnan 3aminu mapiB y apxitektypi FOMO [45]
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2.2 JlocaigxkeHHs1 00rpyHTYBaHHSI BUOOPY MiKPOKOHTpOJIepa B cMCTeMax
po3miZHABaHHS 00’ €KTIB.

VY cydacHHMX cHucTeMax pO3Mi3HaBaHHS O0'€KTIB HEHPOHHI MeEpeXl aKTHUBHO
BIIPOBA/KYIOTHCSI HA PiBHI MIKPOKOHTPOJIEPIB, 1110 JTI03BOJISIE CTBOPIOBATH €(hEeKTUBHI
pILIEHHS AJI1 HOCUMUX Ta BOyJOBaHUX cHcTeM. Bubip MiKpoKoHTposiepa i TaKuX
3a1a4 3aJIeKUTh BiJl OOYHCIIOBAILHUX MOTPEeOd HEUPOHHOI Mepexi, MOKINBOCTEH
00poOKM 300pakeHb, MIATPUMKH CYMICHHUX O010yi0TeKk Ta I1iaTdopM, a TaKoX
CHeproCIIOKMBaHHSA Ta BHUMOT [0 TMPOAYKTHBHOCTI, a TakKOoX BapTOCTi
MikpokoHTpoJiepa. [lig vac BuOOpY BaXXIMBO BpaxyBaTH, SK MIKPOKOHTpPOJEP
CIPABJISITUMETHCS 3 TIOCTABICHUMH 3aJauaMM PO3Mi3HABaHHS, IJs 3a0e3neueHHs
ONITUMAIILHOI pOOOTH HEUPOHHOI MEPEXi B PeKUMi peanbHOro yacy [46-49]. Takox,
BapTO BPaxOBYBATH MOXKJIMBICTb I IKIIFOUCHHS TOJATKOBHX JaTUYHUKIB Ta CCHCOPIB, IS
CTBOPEHHS TTOBHOI[IHHOT CHCTEMH 3 TOJIOCOBHUM CIIOBIIIICHHSI.

Ha nanuii MOoMeHT, A 3ajadl po3Mli3HaBaHHSA 00’ €KTIB OCHOBHI JOCTYIHI
JTHIAKK MoJeNel TaKuX BUPOOHUKIB MIKpoKoHTposiepiB sik Espressif, Arduino,
Raspberry, a Takoxx okpeMi creriaiizoBaHi sl poOOTH 3 HEHPOHHUMH MEpeKaMH
onnomnaTHi koM totepH sk Google Coral Dev Board ta NVIDIA Jetson Nano.

Espressif

ESP32 — cepis GaratodyHKIIIOHAIBHUX MIKpPOKOHTpOJIepiB kommnaHi Espressif,
i3 BOymoBanumu miakmoueHdsiM Wi-Fi, Bluetooth, a1 BUKOHaHHS IIHPOKOTO CIIEKPTY
3a7a4 , BKIIOYHO 3 3aJla4aMU PO3Mi3HaBaHHS 00’€KTIB HelpoHnMu mepexamu [50].
ESP32 3paTHuii HamiiiHO (YHKIIOHYBAaTH B MPOMHCIOBUX yMOBaxX 3 Jiama3oHOM
pobounx Ttemmepatyp Bim —40°C go +125°C. 3aBasku pO3MIUPEHUM CXeMaM
kaniopyBanass ESP32 Moxe auHamMiyHO ycyBaTh JA€PEKTH 3O0BHINIHIX CXEM 1
aJanTyBaTHCS IO 3MiH 30BHINIHIX YMOB. Po3pobnenuii mist MOOITBHUX TPUCTPOIB,
NEPEHOCHO1 eNIEKTPOHIKHU Ta noAaTKiB [HTepHeTy peueid, ESP32 3abe3neuye HaHU3bKE
€HEProcroKUBaHHS 3a IONOMOT0OK0 KOMOIHAIIIT KIJIbKOX THITIB BJIACHOTO MPOrPaMHOI0
3abe3neuenns. ESP32 takox Bkitouae B ceOe HaiicyuacHimn QyHKINT, Taki K TOYHE
CHUHXPOHI3aIlis, Pi3HI PEKUMHU KUBJICHHS Ta JUHAMIYHE MAacIITaOyBaHHS IMOTYKHOCTI.

Moske mpaifoBaTH SIK TOBHOI[IHHA aBTOHOMHA cHcTeMa abo SK MiJJIeTINN MPUCTPin
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quist rotoBHOro MCU, 3MeHIlyt0ouM HakJIaJHI BUTPATH CTEKa 3B SI3Ky Ha TOJIOBHOMY
npukiaaHoMy rmpouecopi. ESP32 moxe B3aeMonmisiTH 3 1HIIMMHU CHUCTEMaMH IS
3a0e3neuenns ¢pynkuii Wi-Fi 1 Bluetooth uepes intepdeticu SPI / SDIO a6o 12C /
UART. Jlnsa cucteMm posmi3HaBaHHS 00 €KTIB € MOJYJIb 3 IHTETPOBAHOI KaMepOlo
ESP32-S3-EYE.

ESP32-S3-EYE — e Moaynes po3po0iieHunii 1yist 3aBaHb KOMITFOTEPHOTO 30Dy
Ta poO3Mi3HaBaHHsA Troiocy Ha 0a3l Mikpokontposnepa ESP32-S3. Bin mae 2-
MmeramikcenbHy kamepy, PK-mucmneit 1 mikpodoH, sKi BUKOPUCTOBYIOTHCS MJIs
po3mizHaBaHHs 300pakeHb 1 00poOkW 3ByKy pucyHok 2.6 [51]. ESP32-S3-EYE
nporonye Benukuit oocsr nam’sati 3 8 Mb Octal PSRAM 1 8 Mb dneni-iam’siti. Takosx
NIATpUMY€E Tiepenady 300paxenb yepe3 Wi-Fi 1 HamaromkeHHs: yepe3 nopt Micro-
USB. Ilmara ESP32-S3-EYE ckmanaerscs 3 n1Box yacTuH: ocHOBHOI 1uiatu (ESP32-
S3-EYE-MB), saxa 06’ennye moayibs ESP32-S3-WROOM-1, kamepy, ciot ans SD-
kaptu, nupouil MikpogoHn, USB-nopT 1 QyHKUIO KHONKH; 1 JOAATKOBY ILIATy
(ESP32-S3-EYE-SUB), sxa mictuts PK-mmcmieit. OcHOBHA IutaTta Ta JOINOMIKHA

njiaTa 3’ €HaHl yepe3 KOHTAKTHI pO3’€EMH.

£5P32-S3-EYE_SUB_VL1

Pucynok 2.6 — 3opnimnik Burssa ESP32-S3-EYE [51]

Kamepa OV2640 3 2 minpiioHaMU NIKCEIIIB MA€ KyT Oy 66,5° 1 MaKCUMaJIbHY
po3ainbHy 3aaTHICT 1600x1200, a TakokX MOKJIUBICTb 3MIHUTH PO3/1IbHY 3/1aTHICTh
mig yac po3pooku mporpam. Ha mnaTi € micth (GyHKIIIOHATPHUX KHOTOK, SIKI MOXKHA

Ha3HAuYMTH Ha Oyab-saki GyHkii, kpim kHonku RST. Ha gomatok mo inTerpoBanoi 8
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MB Octal SPI PSRAM, 3anpononosanoi SoC, Moayib Takox mocradaerbes 3 8 Mb
¢uem-nam’ATi, 1o 3a0e3nedye MBUAKUM AOCTYIN 10 AaHUX. TakoX MiATPUMYETHCS
moayiab ESP32-S3-WROOM-1U. udposuii mikpodon 12S MEMS mae SNR 61 1b 1
yytnuBicTh —26 dBFS, npamtoe npu Hanpysi 3,3 B.

Arduino

Arduino — 1e cepiss MIKpOKOHTPOJICPHHX ILIAT 1 €KOCHUCTEMa 3 BIAKPHUTHM
BUXIJHUM KOJOM, po3poOjeHa s CTBOPEHHS EJEKTPOHHUX HpOeKTiB. Arduino
IIPOTIOHYE PI3HI IUIATH, aIallTOBaH1 JO PI3HUX MOTPeO, BiJl MOYATKOBUX MPOEKTIB JI0
CKJIaJIHUX 3acTocyBaHb B [0T, poOOTOTEXHIIll Ta KOMIT FOTEPHOMY 30DY.

Jlnst 3a1a49 3 po3mi3HaBaHHs 00’ €KTIB HaWKpaIllle MiIX0A9Th TaKi IJIaTH KOMITaHi1
sk, Arduino Nicla Vision, Arduino Portenta H7 Ta Arduino Nano 33 BLE Sense Rev2.

Nicla Vision noeanye notyxxuuii npouecop STM32H747AIl6 Dual ARM®
Cortex® M7/M4 IC 3 2-meramikcenbHOW KoibopoBoto CMOS kameporo, sika
nigtpumye TinyML mae kyt ornsgy 80 ©, po3ymMHHEl 6-OCbOBHMM JaT4UK PYXY,
BOynoBaHM MiKpo(OH 1 JaT4uK BiacTaHi, miarpumye MicroPython, a Ttakox
npornonye miakmoueHdst Wi-Fi i Bluetooth® Low Energy puc 2.7 [49]. 2 Mb ¢unem-
nam'siti / 1 Mb O3I1, 16 Mb QSPI Flash mns 36epiranns, pobody Temmneparypy Bif -
20°C mo +70°C, Ta mporiecop STM32H747Al116 Dual Arm® Cortex® M7/M4 IC.

Pucynok 2.7 — 3osuimnii Burisa Nicla Vision [52]
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Portenta H7 monyns 3 nosaepaum npouecopoMm (ARM Cortex-M7 1 Cortex-
M4) 1 migrpumkoro TensorFlow Lite, mo mo3BoJise BUKOHYyBaTh 0a30Bl 3ajaadi 3
posmizHaBanHs 00’ekTiB [53]. [lnaTa 0 JHOYaCHO BUKOHYE KOJI BUCOKOTO PiBHS pa3oM
13 3aBAaHHSIMU B peasibHOMY 4yaci. KOHCTpyKIIisl BKITtOUa€ IBa MPOIECOPH, SIKI MOXKYTh
BUKOHYBaTH 3aBlIaHHs napanenbHo. OcHoBHMM € aosaepHuii STM32H747,
Biuroyaroun Cortex® M7, mo mpairoe Ha yactoti 480 MI'n, 1 Cortex® M4, o
npairoe Ha yactoti 240 MI'n. /IBa simpa B3aeMOAIIOTH 3a JOMOMOIOK MEXaHI3MY
Remote Procedure Call , sikuit 103BoJIsI€ G€3MepelIKOHO BUKIUKATHA (PYHKI[IT IHIIOTO
nporecopa. Hanmpukiasa, Mo)KHa BUKOHYBAaTH CKOMITLIbOBaHUH Koa Arduino pazom i3
kogoM MicroPython 1 matu oOunBa simpa 11 3B’A3KYy OJiHE 3 OJHMM. [HTepdeiic
Bluetooth® nigTtpumye Bluetooth Classic 1 Bluetooth® Low Energy. Takox moxxHa
MIKITIOYUTH cepito pisHUX ApoToBux iHTEep(deiici, Takux sk UART, SPI a6o 12C, sk
yepe3 nesiki 3 poz’eMiB y ctuwiii MKR, Tak 1 4epe3 HOBY mapy mpoMuciioBux 80-
KOHTaKTHHUX po3’eMiB Arduino. [Tapa 80-koHTakTHUX po3’eMiIB 3a0e3Meuye J0JaTKOBI
¢dbynkuii, Bkaroyatoun Ethernet. Mae po6ouy temmeparypy Bin -40 °C mo +85 °C, 8
MB SDRAM ta 16 MB QSPI Flash. Ilina 99 espo.

Pucynox 2.8 — 3oBHinmHii Burisig Portenta H7 [53]

Arduino Nano 33 BLE Sense Rev2 — 1e miara Arduino 3 migTpUMKOIO
MITYYHOTO 1HTENIeKTY Ha 3,3 B y HaliMeHmoMy goctynHoMy dhopm-hakTopi 3 Habopom
natunkiB [54]. Bona nmoOynoBana Ha 06a3i mikpokoHTposiepa nRF52840 Bixg Nordic
Semiconductor, sikuii npaitoe Ha yactoTi 64 MI'n, 3 256 Kb RAM T1a 1 Mb ¢uem-
nam’siti puc 2.9. Arduino Nano 33 BLE Sense ocHaimieHa pisHUMHU CEHCOpaMU IS

BI/IMipIOBaHHH HAaBKOJIMIIHBOTO  CCPCOAOBHIINA, BKIHOYHO 3  AKCCIICPOMCTPOM,
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ripOCKOMOM, MarHiTOMETPOM, 6apOMETPOM, MIKPO(POHOM 1 CEHCOPOM TEMIEpaTypH Ta
Bosiorocti. Bona miarpumye Bluetooth Low Energy i cymicha 3 TensorFlow Lite mis
BUKOPUCTAaHHSI HEHPOHHUX MEPEX, a TAKOXK € MOXKIIMBICTh 3aIlyCKy Ha HIM TOAATKIB

Edge Computing (Al) 3a nonmomororo TinyML. Ilina miatu 38 eBpo.

Pucynoxk 2.9 - 3osnimmnii Burissa Arduino Nano 33 BLE
Sense Rev2 [55]

Raspberry Pi 4 — 1ie moTy>KHUH OJHOIIATHHHA KOMII'IOTEP, PO3POOICHHUM ISt
MPOEKTIB, SKi MOTPEOYIOTH OUIBIIOI TPOMYKTUBHOCTI, HIK TMOMEPEaHI MOJIEi
Raspberry Pi puc 2.10 [56]. Moro npouecop — uotupusiaepuuit ARM Cortex-A72,
o npauroe Ha yactoti 1.5 [T, 3a0e3neuye n10CcTaTHIO OOYMCITIOBANIbHY MOTYKHICTh
Jutst 0araThoX 3ajiay, BKIIOUaloun 00poOKy 300pa)keHb, BiZICO Ta 3alyCK HEMPOHHUX
mepex. B 3anexxnocti Big Bepceii, Raspberry P14 noctynuuii 3 1 I'b, 2 I'b, 4 I'b a6o 8
I'b omepatuBHoi mam'sti LPDDR4, mo mo3Bojsie 3amyckaTH OJHOYAcCHO Oijiblle
nporpam Ta 00poosaTu Oibine naHux. [lnara Takox ocHameHa gpoma mopramu USB
3.0 Ta nBoma nopramu USB 2.0, 1o 703B0oJIsIE TIAKII0YATH PI3HOMAHITHI epugepiiini
IPUCTPOI 3 BHUCOKOIO IIBHAKICTIO TIepenadi gaHuX. [[iOkIodeHHs 10 Mepexi
miATpuMyeThes 3a gonomororo Gigabit Ethernet, a Takox BOygoBanoro Moyt Wi-Fi
(802.11ac) Ta Bluetooth 5.0. XKuBnenns npuctporo 3ade3neuyerbes uepes mopt USB-

C 3 notyxHicTio 5 B/ 3 A.
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Pucynok 2.10 - 3oBHimHil Burisg Raspberry Pi 4 [56]

B ocuogi Raspberry Pi 5 sexutb 64-po3psaHuii YOTUPBOXSICPHUI MPOLIECOp
Arm Cortex-A76, mo npamoe Ha gactoti 2,4 I'T'm, mo 3abe3neuye Bpaxarode 2-3-
KpaTHe 3011bIeHHs npoaykTuBHocTi L{I1 mopiBHsHO 3 Raspberry Pi 4. Lleit mporecop
miarpumyerbes Broadcom BCM2712 SoC 1 HoBuM mpouecopoM. Cucrtema nam'ari
LPDDR4X, nocrymHa B koH@irypamisx 2 I'b, 4 I'b a6o 8 I'b RAM. Ilam'sath
LPDDR4X 3abe3neuye niBUIIeHy eHeproeeKTUBHICTh, a IPOLIECOP TAKOXK BKIIOYAE
creriagbHl KpUOTOrpadiddi PO3MIMPEHHS, M0 TOKpAIlye WOTO MPUIATHICTH s
3aBAaHb Oe3neku Ta mudpyBaHHS.

I'padiuna npoayktuBHicTh Raspberry Pi 5 Oyna 3HauHO MOKpailieHa 3aBIsSKU
rpadiauaomy mporecopy VideoCore VII 800 MI'm, sxuit migrpumye Vulkan 1.2 i
noaBiviHI Buxoau aucties 4Kp60 HDMI. Posmmpeni MOXIUBOCTI BBOAY/BUBOIY
BKIItOYaroTh mojBiHI moptu USB 3.0, monBoeny mnponyckHy 3aatHicTe USB 1
nonaBans miaTpumku PCle 2.0, o 3abesneuye migkaoueHHs 0 nepudepiitHux
MPUCTPOIB 3 BUCOKOIO MIPOIYCKHOIO 3aTHICTIO, TakuX sk SSD, uepe3 nogatkosuit M.2
HAT a6o AI HAT. Kpim Toro, Raspberry Pi 5 mae moaBiiiHi 4OTUPUCMYTOBI MTOPTH
MIPI st BUKOpUCTaHHS A0 JBOX MOJYJIIB KaMepu ab0 JUCILISs, 30BHINTHIA BHUTJIISA

IpeTcaBlieHO Ha pucyHky 2.11 [57].
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Pucynok 2.11 - 3oBHimHi#i Burisag Raspberry Pi 5 [57]

Google Coral Dev Board — 1ie notyxHuii ogHorutatauii koM torep (SBC),
po3po0IeHUl sl TpOorpaM BHUCOKOMIBUAKICHOIO MallMHHOro HaByaHHs (ML),
oco0uBo Ha nepudepii puc 2.12 [58]. LieHTpanbHUM €JIEMEHTOM HOr0 MOXKIUBOCTEH
e cmBoporecop Google Edge TPU, skmii 3abe3nedye IMBUAKUNA BHUCHOBOK 13
MIBUJKICTIO 4 TpuibiioHM omepallid 3a cexkyHay (TOPS) 13 eHeproedeKTUBHICTIO 2
TOPS na Bar. [1nata nigrpumye mozaeni TensorFlow Lite, siki MOXHA CKOMIIbYBAaTH
st epextuBHOi pobotu Ha Edge TPU, mo poOGutk ii JOCTYMHOIO JUIsi CTBOPEHHS
npoToTUNiB nporpam ML 0e3 MacitabHOTo NepenpoeKTyBaHHS MOJIENI.

[Tnata Dev Board ochamena wotuproxsaepaum nporecopom NXP i.MX 8M,
BOyaoBanuM rpadiuaum mporecopom GC7000 Lite, 1 I'b a6o 4 I'b omepaTuBHOI
nam’ati LPDDR4 1 8 I'b nam’siti eMMC, siky MOHa pO3IIUPUTH 3 IOTIOMOT0I0 CIIOTa
MicroSD. Jlnsa migkmtoueHHs BiH Bkitodae Wi-Fi (2x2 MIMO), Bluetooth 4.1, USB
Type-C 1 Gigabit Ethernet. Bin Takox miarpumye ayaio (po3’em 3,5 MM 1 po3’eMu J1st
crepeoanHamikiB), Buxinq HDMI i Bxin ans kamepu uepes posz’em MIPI-CSI2. Coral
Dev Board mpamoe na Mendel Linux, monermenii OC Ha ocHoBi Debian,
ONTHMI30BaHii JUIs 3aIyCKy poOOYnX HaBaHTaxkeHb ML Oe3mocepeIHbO Ha IPUCTPOT,
o 3abesneuyye Oe30raHHy I1HTErpalil0 CTaHAAPTHUX IHCTPYMEHTIB Linux 1
CYMICHICTb 3 ICHYIOUUMHU POOOYHMH MPOIIECAMHU PO3POOKH.

Monynsna koHcTpykiisi Coral Dev Board, sxa Bimokpemitoe System-0n-

Module (SoM) Bix 6a30Boi miaTu, 3a0e3medye MacimTaboBaHE PO3TOPTaHHS Bij
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MPOTOTUITYBAHHS /10 TOTOBUX /10 BUPOOHUIITBA 10/aTKiB. CaM SOM MOKHA BUJATUTH
Ta IHTErPyBaTH B CHelliajibHe 00JiaHaHHS Il OUIBII MIMPOKOro po3ropranHs ML.
[InaTa Tako cyMicHa 3 pi3HUMU NepUPEepIiHUMHU TPUCTPOSMHU, BKIFOYAKOYHN JUCILIET
Ta JIOJATKOBI JaTYMKW, IO poOUTH I HAMIHHOI TUIATGOPMOIO MJisi 3aBlaHb

nepudepiitHoro MalIMHHOTO HABYAHHS B PI3HOMAHITHUX CEPEAOBHILAX.

Pucynok 2.12 - 3oBuimnii Burisg Google Coral Dev Board [58]

NVIDIA Jetson Nano — e KoMITakTHa TIOTY»KHa 00YHCITIOBaIbHA TuTaTGopMa
IITYYHOTO THTEJCKTY, po3pobiicHa cremiaabHo s BOymoBanux noaatkis 11T [596].
NVIDIA Jetson Nano ocnamenuii 128-snepaum rpadpiyaum npouecopom Maxwell,
gotuproxsiepauM mporiecopom ARM Cortex-A57 1 4 I'b mam’sti LPDDR4, mo
3a0e3neyye BHCOKY TMPOMYKTUBHICTh [UIsl TaKWX 3aBJaHb, SK PO3Mi3HABaHHS
300pakeHb, BUSBIEHHS 00 €KTIB 1 O0OpOOKa MOBJIEHHS B YCTAaHOBKAaxX 3 HU3bKHUM
eHeprocnoxkuBaHHsiM puc 2.13. Jetson Nano mae BHCOKY €HEpProe(eKTHUBHICTD,
CHOKMBarO4u jumie 5 BT, mo poOUTh WOro NPHIATHUM JUIS TPOEKTIB IITYYHOTO
THTEJEKTY, IO KUBIIATHCS Bijl OaTapeiiok, 1 s MOPTATUBHUX MTPOCKTIB.

Onnieto 3 kmouoBUX ocobnuBocteit Jetson Nano € miarpumka NVIDIA JetPack
SDK, sxuii Bkiatouae CUDA, cuDNN i1 TensorRT — OCHOBHI 1HCTPYMEHTH Jis
rIMOOKOTO HaBYaHHS Ta KoMl 10TepHOoro 30py. Lleit SDK Hamae po3pobHuKam nocTym
710 PI3HOMaHITHUX MOINEPEAHHO HABYEHUX MOJIEJEH 1 CIIPOIIYE PO3TOPTAHHS BIACHUX
HEHpOHHUX Mepex. [IpucTpiii Mae MMPOKI MOKIMBOCTI MIJKIIOUEHHS, BKIIOYAOUN
Buxoau HDMI 1 DisplayPort, wotupu moptu USB 3.0 1 miarpumky Gigabit Ethernet.

Kpim Toro, Bin Mae noaBiiH1 po3’emu kamepu MIPI CSI, o pobuTs iforo ineanbHuM
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JUISl TIPOEKTIB, SIKI BUMAararOTh BXIJTHOTO BIJ€O 3 BHCOKOI PO3/LIBLHOIO 3JaTHICTIO,

HAIPUKJIaA IS BIICOCTIOCTEPEKEHHS B PEaIbHOMY 4aci Ta pOOOTOTEXHIKH.

Pucynok 2.13 - 3oBuimHi# Burisg NVIDIA Jetson Nano [60]

2.3 Bubip nuargopmu 111 HaBYaHHS i po0OTH 3 HEIIPOHUMHU MepeKaMu.

3 po3BUTKOM TexHoJOri# mTyyHoro intenekry (LLI) 3'sBnserscsa Bce Oublie
MO>KJIMBOCTEH N7 BUKOPUCTAHHS HEUPOHHUX MEPEX y MPHUCTPOSX 3 OOMEKESHUMU
pecypcaMu, TakuxX SK MiKpokoHTposiepu. [lmardopmu st HaBYaHHS HEUPOHHUX
MEpeX Ha MIKPOKOHTpoJiepax 3a0e3neuyroTh e()EeKTUBHI METOJu CTBOPEHHS,
onTUMi3alli Ta pO3ropTaHHd MOJENEHd Ha MaJOMOTYXHUX HpuUcTposix. [lomynsapHi
mwiarpopmu, sk TensorFlow Lite, Edge Impulse, PyTorch Mobile, a Ttakox
cremianizoBani SDK, wanpukman, mis NVIDIA Jetson, 103BOMSIOTH aganTyBaTH
HEHPOHHI MEPEK1 JJ11 BUKOHAHHS 3aB/IaHb PO3Mi3HaBaHHs 00’ €KTiB, 00pOOKHU 3BYKY Ta
aHami3y 300paxeHb Ha MIKPOKOHTPOJIEpax.

Edge Impulse — 1ie moty>xHa matdhopma a1t CTBOPSHHS MOJICNICH MAIIMHHOTO
HaBuyaHHs (ML) 6e3mocepenabo Ha iepudepitHuX MPUCTPOSX, IO POOUTH ii Ty TOBUM
IHCTPYMEHTOM TS 3aBJaHb PO3ITi3HaBaHHS 00’ €KTIB y pealbHuX mporpamax [61]. Ile
0COOJIMBO MIAXOIUTH JIJISl PUCTPOIB 3 OOMEKEHUMHU OOUHCITIOBAIIBHUMH PECYPCAMU,
TaKUX SIK MIKPOKOHTpOJEpU Ta OAHOIUIaTHI Komm toTepu. [HTepderic Edge Impulse
CHpPOILIY€E IMPOILIEC HAaBYAHHS, PO3rOPTAaHHS Ta TECTYBAHHS MOJEJeH Ha pI3HUX
npuctposx, Bkmodaroun ESP32, Arduino Nicla Vision 1 Raspberry Pi, mumsxom

aBTOMaTHu3allii OUTkIIOT YacTUHU KoHBeepa ML, Bij 300py TaHUX 0 OIIHKKA MOJEII.
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JUis BusiBneHHss 00’ektiB Edge Impulse BukopucTOBYye Taki Mopeni, SK
MobileNet Ta FOMO (mBuaiii 00’ekTu, Oabie 00’€KTIB), sIKI ONTUMI30BaH1 s
IPUCTPOIB 13 MAJIOI0 MaM’ATTI0 Ta OOYHUCIIIOBAJIBHOIO MOTYXHICTIO. BebinTepdeiic
Edge Impulse minrpumye iHTEpakTUBHE CEpEIOBUIIE, IO TMOJETIIYE Bi3yalli3allito
pe3ynbTaTiB, HAIAIMTYBAaHHS MapaMeTPiB HABUYAHHS Ta MIBUAKE TCCTYyBaHHS Mojeiei
Ha peanbHuUX npuctposx. [Imarpopma npononye npoctuit cnocid 300py i 00poOKu
JTAHWX 13 CEHCOPIB, IO IMAKIIOUCHI 10 MIKPOKOHTPOJIEPIB, MATPUMYE PI3HOMAHITHI
TUINW JAHUX, BKIIOYAIOUM ayzio, 300pakKeHHs Ta MOKAa3HUKU 3 aKCeJIEepOMETPIB Ta
IHITAX CEHCOPIB, IO OCOOJIMBO BaXKJIWBO JIi HABUAHHS MOJCIICH pO3Mi3HABaHHS
00'eKTIB, aHAJTI3y 3BYKIB 1 pO3Mi3HABAaHHS PYXIB.

Edge Impulse Mae iHcTpyMeHTH 711 TIIATOTOBKU Ta ONTUMI3Allli MOJIENEH, K1
IpaIoTh 0e3mocepeHbo Ha mpuctposix [oT, a Takok aBTOMaTHYHO aganTye MO
st e(peKTUBHOT POOOTH Ha MPUCTPOAX 3 oOMexkeHUMH pecypcamu. [lnardopma
HOiATPUMY€E MOBHHUM LUK OOpOOKHM NaHUX: BIJ IXHBOIO 30MpaHHS Ta OYMILEHHS 10
TPEHYBaHHS MoOJeJNel 1 eKCIOPTYy MOJENl Ta IHTETPYEThCs 3 PI3HUMH arnmapaTHUMU
mathopmamu, BrIrouaroun Arduino, STM32, Nordic Semiconductor, Espressif Ta
iammi. [mardgopma Hagae THydYKl HamamITyBaHHA IS TPUCTPOIO, Ha SIKWW Oyne

3aBaHTaXEHO HEUPOHY MEPEXY JUIsl MOJANBINOI 3a/1a4ul PO3Mi3HaBaHHS PUCYHOK 2.14.
& Configure your target device and application budget

Target device

Latency (B

E— e (B

Pucynoxk 2.14 - Tlpuknaj BikHA HaJaIITyBaHb JIJIsi 0OpaHOTO JIeBaicy
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[Tnatdopma 103BOJIsIE CTBOPIOBATH MOJIEII JIsl aHATI3Y ay/10JlaHUX, TAKUX SIK
pO3IMi3HaBaHHs TOJI0COBUX KOMaH/, JETEKIIis ITyMiB Ta aHajli3 3ByKOBUX curHamiB. Lle
KOPHUCHO JJIs J0JIaTKIB, SIKi pearyrTh Ha 3BYK, HAIPUKIIAM, Y CHCTeMax Oe3neku abo
TOJIOCOBUX TIOMIYHHMKAX. 3aBASKH MIATPUMII JaHUX 13 CEHCOpIB, TaKHX SK
akceinepoMerpu Ta ripockonu, Edge Impulse Moxxe cTBOproBaTH Mol s
pO3MI3HaBaHHS PYXIB 1 XKECTIB.

TensorFlow Lite — e Bepcis TensorFlow, onmTumizoBaHa ajisi MOOLIbHHX
IPUCTPOIB Ta MIKPOKOHTPOJIEPIB.

Bepcia LiteRT mns mikpokoHTposiepiB Hanmucana Ha C++ 17 1 Bumarae 32-
O0iTHOT mIatgopMu, peTEeNbHO MpPOTEeCTOBaHA 3 OaraTbMa MpollecopaMu Ha 0asi
apxitektypu Arm Cortex-M Series 1 OyjJa MOpPTOBaHA Ha I1HINI apXITEKTYpH,
Brirouaroun ESP32. ®peiimBopk moctymnHuii sk 6i0miorexkun Arduino. LiteRT takox
MOKE€ CTBOPIOBATH NPOCKTH ISl CEpPEJOBHIN PO3pOOKH, Takux sk Mbed, mae
BIIKPUTUHN BUXIJTHUM KOJ 1 MOKe OyTH BKJIIOUEHUM /10 Oyab-sikoro npoekty C++ 17.

TensorFlow Lite mo3Bonse xonBepryBatu cranmaptHi TensorFlow moneni y
cneuiaabHui popmar .tflite, onrumizoBanuii 1uist MOOLIBHUX 1 BOYAOBAaHUX MPUCTPOIB
[62]. TnctpymenT TFLite Converter TakoXX MITPUMY€ KBAaHTYBaHHS MOJEJICH, IO
JI03BOJISIE 3MEHIIUTUA PO3MIP MOJIET 1 MPUCKOPUTH 1i poOOTYy, 30KpeMa 3MEHIICHHS
TO4YHOCTI (B 32-0iTHOTO npeacTaBieHHs A0 8-6iTHOro). TensorFlow Lite 3a6e3neuye
HU3BKHUH PIBEHB 3aTPUMKH IPU BUKOHAHHI MOJICJICH, 3aBISKH YOMY BiH MIAXOIUTh IS
JI0JIaTKIB peajbHOr0 Yacy, TAaKUX sIK pOo3Mi3HAaBaHHS 00'€KTIB, 00poOKa 3BYKY Ta aHai3
xecTiB. [Imardopma miarpumye crieriaaizoBaHi anapaTHi MpuCcKoproBadi, Taki sk Edge
TPU Big Google, 1m0 103BoJsi€e BUKOHYBATH CKJIaHI HEUPOHHI MEpPEeXKi IMIBHUIIE Ta 3
MEHIIMM €HEProcroKMBaHHAM Ha mnpucTtposix Ha 0a3zi Google Coral. Kpim Toro,
miATpUMYIOThCS Tpadiddi nmpuckoproBadi Ha Android ta i0S, 1m0 BHKOPHUCTOBYIOTH
NNAPI ta Core ML nns migBumieHHst mpoaykTuBHOCTi. IHtepriperatop TFLite
JI03BOJISE BUKOPHCTOBYBATH MOJIENI O€3MOCepeTHhO0 Ha MPUCTPOI, HE MOTpeOyroun
MIKITIOYEHHST 0 XMapHOTO CepBepa, IO IMiJBUINYE MPUBATHICTh Ta IIBUAKICTH

BUKOHAHHS. {715 Kiacuiikaiii Ta po3mnizHaBaHHsS 00’ €KTiB MIATPUMYIOTHCS MOJCII Ha
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6a3i MobileNet SSD ta YOLO, MobileNet (V1/V2), EfficientNet Lite, Inception Ta
NasNet.

PyTorch Mobile — 1ie Bepcis ¢peiimBopky PyTorch, crierianbHo ajganrtoBaHa
I PO3TOPTaHHS MOJEJel Ha MOOUIBHUX HPUCTPOSAX Ta MPUCTPOSX 3 OOMEKEHUMHU
00UYHCITIOBAILHUMHU MOKJIUBOCTSIMHU, Takux sk Raspberry Pi abo NVIDIA Jetson.
@peiliMBOpK MIATPUMY€E 3MEHILIEHI Bepcil MOMYyJApHUX MOJENEH, SKI MOKHA
ajanTyBaTH I PEAIbHOTO Yacy Ta HHU3bKOI 3aTPUMKH B JOJAaTKax, TaKUX SIK
po3mizHaBaHHsA 00'ekTiB 1 kimacudikais 300paxenb [63]. PyTorch Mobile Bkimouae
THCTPYMEHTH IS OMTHUMI3aIli MOJIENeH, Taki SK KBAHTYBaHHS Ta BHPI3aHHS IIapiB
(pruning), 110 A03BOJISIE€ 3MEHIIIUTH PO3MIP MOJIENICH 1 3HU3UTH MOTPEOH y mam’sTi Ta
eHeprocnoxxuaHHi. PyTorch Mobile serko iHTerpyerscsa 3 0CHOBHUM (ppeliMBOPKOM
PyTorch, mo nmo3Bomnsie ctBoproBaTH 1 TpeHyBaTu Mmonenb y PyTorch 1 3romom
KOHBEpTyBaTH ii y (opmar, mpumatHuil st MoOuIbHOro 3acrocyBaHHs. [Ipoiec
KOHBepTauli miaTpuMmye aBToMatnyHe BuKoHaHHA Ha CPU abo GPU, mo nae
MOXJIMBICTh €()EeKTUBHIIIIC BAKOPUCTOBYBATH anapartHi pecypceu npuctporo. PyTorch
Mobile miaTpumye ocHOBHI MOOUIbHI miaropmu, Taki sk 1OS 1 Android. 3a
nomoMororo crierianbHuXx APl po3poOHMKN MOXYTh IHTETpyBaTH HEHPOHHI MEPEXKi
Oe3rmocepeIHbo y T0JATKH, TO3BOJITIOUN BUKOHYBaTH 3a1a4i 111 6e3 migkimrodeHHs 10
xmapu. PyTorch Mobile miaTpumye pi3Hi Mojem JJisl 3aad BUSABJICHHS 00’ €KTIB,
Briroyaroun SSD, YOLO Ta MobileNet SSD, a Takoxx MobileNet, ResNet,
EfficientNet Ta NasNet.

2.4 Bubip nporpamnoro 3a6e3neyeHHs sl FTeHepallii TEKCTY y MOBY.

J71st 03By4EHHSI PO3MI3HAHOTO 00’ €KTY 1 HaJaHHs iH(QoOpMaIli TI0sIM 3 BaJaMH
30py, HEOOXIJTHUH TEeHepaTop TEKCTy Y MOBY, 3 MIATPUMKOI YKpaiHCHKOI MOBH,
MOJKJIMBICTIO 3aBaHTAKCHHS HA MIKPOKOHTPOJIEP, Ta HU3HKUM CTIOKMBAHHSM T1a MSTI
it poOoTu. Ha nanuit MOMEHT Jist 3aCTOCYBaHHS Ha MIKPOKOHTPOJIEP1 JOCTYIIHI Taki
sk : eSpeak NG, Voxygen TTS, Google TTS.

eSpeak NG (Next Generation) — 11e BiZKpUTHH CHHTE3aTOpP MOBJICHHS, IO
minrpumye monax 100 MoB, BKmIOYarouM ykpainceky [64]. Moro wmosxHa

BUKOPUCTOBYBAaTM Ha MIKPOKOHTpPOJEpax 3 JOCTATHIMU OOYHUCIIOBAIILHUMH
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pecypcamu, Takux sk ESP32 abo Raspberry Pi. eSpeak NG BuxopucroBye ¢gopmy
CUHTE3y, LI0 Ha3UBAEThCS (OPMAHTHUM CHHTE30M, SIKa TE€HEpPYyE CHUHTE30BaHE
MOBJICHHSI 32 JOTIOMOTOI0 TMapaMeTpUYHUX Mojeneld 3ByKiB MoBH. Lle mo3Bosse
CTBOPIOBATM MOBIICHHS JOCUTH TPUPOJHOTO 3BY4YaHHS HABITh Ha NPHUCTPOSX 3
0OMEKEHUMH pecypcaMH, a TaKOX Ma€ BHCOKY IIBHJKICTh TeHepallii MOBJICHHS Ta
HEBEJIMKI BUMOTHU 0 NaM’ATi. BUKOpUCTaHHS KOMaHIHOTO psiika abo 1HTerpais 3
IpPOTrpaMHHUM 3a0€3MEUCHHSIM 3IHCHIOEThCS Yepe3 JOCTYIHI O1010TeKH, Taki sK
eSpeakService.

Voxygen TTS — e komepiriiina miarpopma CHHTE3y MOBJICHHS, 110 POTIOHYE
IHTErpalilo 3 MIKPOKOHTpOJepaMHu JUIsl TeHepallii roiocoBoro Buxony. Llei
CUHTE3aTOp MIATPUMYE YKPAIHChKY MOBY 1 3JaTHUI reHepyBaTH NPUPOIHIIIMI ro10¢
3aBJISKH aJrOpPUTMaM IMOOYI0BH TEKCTy Ha 0asi HelpoHHUX Mepex [65]. Bumoru mo
pecypciB 3aiexaTh BiJI BHOpaHOrO piBHSA SKOCTI, aje Voxygen Moxe OyTu
IHTErpoBaHU y IPUCTPOI Ha Oa3i Mikpomporecopis. [ moctymy mo Voxygen TTS
Ha MIKPOKOHTpOJIepaX MOXKE 3HAJOOMTHCS TIATPUMKA JOJATKOBUX 3OBHIIIHIX
cepBiciB abo 3B’s30K 13 cepBepoMm uepe3 APl nmis 3HIWKEHHS HaBaHTAKEHHS Ha
nporiecop. MOKIMBOCTI JJOKATHHOTO PO3TOPTAHHS OOMEXKEHI.

Google TTS miaTpumye ykpaiHChbKy MOBY 1 qoctynHuii uepe3 APl [66]. Xoua
Google TTS Bumarae miJIKJIFOYEHHSI 10 IHTEPHETY, MO0 MOKHA BUKOPUCTOBYBATH Ha
npuctposix 3 Wi-Fi abo MoOinbHuUM 3B’s13k0M, Hanpukiaa, ESP32 3 moxynem Wi-Fi
ab6o Raspberry Pi. CepBic nmepeTBOpIoe TEKCT Ha YKPAaTHChKIA MOBI Y BHCOKOSIKICHE
MOBJICHHSI, IOCTYITHE JIJIsl TPOCITYXOBYBAaHHS Ha CAMOMY MPHUCTPO].

BucHoBku 10 po3aiay 2

VY pe3ynbTari aHami3y JOCTYHNHUX CKJIAJOBUX CUCTEMU PO3IMi3HABAHHS 00’ €KTIB
3 MOJAIBIIIAM TOJIOCOBUM BUBOAOM 1H(OpMAITIi SIS JIFOICH 3 BaJaMu 30py Ta MIOBHOIO
CITIMOTOIO BCTAHOBJICHO, 110 ONTUMAJILHUM HEHPOHHUMH MEpEeXaMu JIJIsi pO3TOPTaHHS
Ha TPHUCTPOSX 3 OOMEKEHMMH pecypcamu € kiac mepexx MobileNet. OcHoBHuMu
nepeBaraMi € MOMJIMBICTh CTUCHEHHS PO3MIpIB MOJEII JO HEOOXIJHOTO, 3aBISKH
Ko(iIieHTaM IMIMPUHU MEPEXkK1 1 3MiHI pO3MIPY BXITHOTO 300paKeHHS, 0€3 3HAYHHUX

BTpAT y MIBUAKOCTI 1 TOYHOCTI pO3II3HABAHHSA. Y SIKOCTI IUIATQOPMU U1 HABUYAHHS Ta
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€KCIIOPTYBAHHS HEWPOHUX MEpEX MiJ O0OpaHl MIKPOKOHTPOJEPH, BPaxOBYIOUU
dbyHKIIOHA, TOCTIHHUM PO3BUTOK, @ TaKOX 3PYYHICTb Y BHUKOPHCTaHI OOpaHO
miatdopmy Edge Impulse.

VY sgxocTi mporpamMHOro 3a0e3medeHHs sl TOJIOCOBOTO CIOBIIICHHS OOpaHO
eSpeak NG, 3aBasku MOXJIUMBOCTI aBTOHOMHOI po0OTHM 0e3 HeoOX1THOCTI
HIJKITIOYEHHS 10 MEpeXi, MIATPUMIN YKpaiHChKOI MOBH, THYYKUM HaJalITyBaHHSAM
napaMeTpiB reHepallii MOBHU, Ta HEBEJIIMKUX MOTpedax y maM’sTi.

BcraHoBineHo, 110 MIKpPOKOHTPOJEpPH Ta OAHOIUIATHI KOMIT IOTEpU €
ONTHMAJIbHAM DIIICHHSIM JUIsl CTBOPEHHS HEOOXITHUX CcucTeM. BoHM MaioTh
HeBenukuii GopM (akTop Ta Bary, a TaKOX MalOTh JOCTATHBO MOTYXHOCTI IS
BUKOHAHHA 3a7a4 3 PO3Mi3HAaBaHHS 00 €KTIB peXUMI peanbHoro yacy. s omucy
Bapialiii CHUCTeM pPO3Ii3HABaHHSA 00 €KTIB 3 MOJAIBIIMM T'OJIOCOBUM BHBOJOM JIJIS
moniel 3 Bajamu 30py oOpano Taki miatu sk: ESP32-S3-EYE , Raspberry Pi 5 Ta
NVIDIA Jetson Nano. [lnatu MaroTh pi3HI TEXHIYHI XapaKTEPUCTHKU 1 MOXKYTb
3a0e3MeunT pI3HUN PIBEHb MIBHJAKOCTI PO3Mi3HABAHHS OO €KTIB, 1 3arajabHy
NPOAYKTHBHICTh CHCTeMH. BapTo BpaxyBaTu, MO ISl OUTBII MOTYXHUX CHCTEM

HEOOX1THE TIOTYKHIIIE KEPEIIO JKUBJICHHS Ta KOPITYC 13 CHCTEMOIO OXOJIOXKICHHSI.
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PO3/ILJ1 3. CACTEMA PO3II3HABAHHS OB’CKTIB 3
TOJOCOBUMM NITKA3ZKAMM JJI51 JIIOJIEN 3 BATAMM 30PY TA
MOBHOIO CJIMOTOIO

3.1 CTpykTypa Ta NIPUHIMI POOOTH 3aNIPONOHOBAHOI MHOIO CHCTEMHU.

3anpomnoHoBaHa CUCTEMa CKJIAIA€ThCS 3 MIKPOKOHTpOJIepa, a00 OJHOIIIATHOTO
KOMIT 10Tepa, JpKepesa KUBJIEHHS, JKepena CBITJIa, IUHAMIKIB Ta MiJCUIIOBavya IS
auHaMikiB. [H(popMaliis 3 kamepu HaaAXOauTh Ha HelpoHHy Mepexy MobileNet, mo
MOTIEPEIHBO 3aBAHTAXKEHO Ha MIKPOKOHTpPOJIEp, HEHpOHHA Mepexa BHUKOHYE
po3Mi3HaBaHHs 00’ €KTYy Ha 300paxkeHi 3 KaMepH, pe3yJIbTaT PO3Mi3HABAHHS y BUTIISII
Ha3BH 00’€KTYy IEpeaaeThcs Ha reHeparop TekcTy y moBy eSpeak NG, micist goro
(GopMy€eThCS TONOCOBHI CHUTHAN Ta BUKOHYETHCS CIIOBIIEHHS KOPUCTyBaya uepes
JTUHAMIKH TIPO 00 ’€KT SKHM 3HAXOAWTHCS TMOIMEpeay HbOTo. Y3arajabHEHa cXema

IPOXOJIKEHHS MPOLIECY PO3MI3HABAHHSA-OTOJIONICHHS IPECTABJICHA HAa PUCYHKY 3.1.

: —

» Kamepa nepenae
300paKeHHS Ha

* ['eneparo MoBU popmye

HEHpOHHY * HerQHHa MCpEKa BUKOHY€ BIJIMOBITHANA PE3YJIBTAT Ta
MepeiKy po3MI3SHABaHHA 00'ekTy Ha MIPOBOJIUTH CTIOBIIICHHS
300pakeHHi 1 mepenae JIONUHA

pe3yJbTaT Ha I€HEPATOP

N 3,651 0 HHA MOBHU \ .
\_ Y, CrioBillleHHs KOpUCTyBa4ya

Pucynox 3.1 — Y3aranesHeHa cxema poOOTH 3aIpOITOHOBAHOI CHCTEMH

3.2 AxrtyajabHicTh Moau@ikaunii cucrem po3mi3HaABaHHA 00’ €KTiB 1A
JIOeH 3 BaJaMHu 30pY.

CydacHi TeXHOJIOTIi KOMII IOTEPHOTO 30py Ta HEMPOHHUX MEPEX BIIKPHUBAIOTH
HOBI MOMJIMBOCTI JUIsl TMOJIMIIEHHS SKOCTI KUTTS JIOJEH 3 MOPYLIEHHSMHU 30pYy.
Po3pobka cucteM po3mnizHaBaHHS 00'€KTIB JJIs LI€1 KATEropii KOPUCTYBaiB JO3BOJISIE
YaCTKOBO KOMIIEHCYBATH BIJICYyTHICTh 30POBOTO CIPUUHSATTS, MOKPAIITUTH OPIEHTAIIIIO

y TPOCTOPl Ta B3aEMOJII0 3 HABKOJIMIIHIM CepeloBHUIEM. 3a AaHUMU BcecBiTHBOI
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oprasizaiii oxoponu 310poB's (BOO3), y cBiTi 01u3bK0 2,2 MUIbSIp/IA JIIOJEH MaIOTh
npobisieMu 3 30poM. I3 Hux npubiauzHo 43 MIILHOHIB € TTOBHICTIO HE3PSYUMH, TOOTO
MarTh MOBHY BTpaTy 30py. llle 6nu3pko 295 MinbHOHIB JIOJEH CTPaKIalOTh Bij
PI3HOTO CTYIICHSI YaCTKOBOT BTPATH 30Dy, 10 3HAYHO OOMEXKYE TXHIO 3aTHICTh OaUUTH
HABKOJIMIITHE CePEIOBHUIIE, HAaBITh 13 Kopekiieto [67].

3a JOMOMOrol MOOUIBHMX HPHUCTPOIB ab0 NOPTAaTUBHHUX CHUCTEM, SKi
03BYUYyIOTh 1ICHTH(}IKOBaHI O0'€KTH, JIOIU 3 BaJaMU 30py MOXYTh 3HAYHO JIETIIIC
nepeMilaTics B MICbKOMY MPOCTOP1, OPIEHTYBATUCSA Y HE3HAHOMUX NPUMIMICHHSX,
po3mi3HaBaTu o0nMYYsi a00 MPEIMETH, SKI BUKOPHCTOBYIOTHCS Y TOBCSKICHHOMY
KUTTI. Takl CHCTeMH MOXYTh OYTH HaJIAIITOBaHI TIiJI KOHKPETHI IOTpeOHn
KOPHUCTYyBaua, M0 MiABUIIYE iXHIO €(PEKTUBHICTh Ta aJalTUBHICTb. BOHU CHPUSIOTH
CTBOPECHHIO OUIBIN 1HKIIO3UBHOTO CEPEJOBHINA Ta JO3BOJIAIOTH KOPHUCTyBauaM 3
00MEXEHUM 30pOM BECTH HE3AJICIKHIIINMI Ta aKTUBHIIINN CIIOCIO KUTTS.

B 3anexHOCTI BiJ] CTYNEHIO BTPATH 30PY, ICHYIOTh Bl OCHOBHUX I'PYIH JHOJAEH
3 BaJIaMH 30pY, JIFOJIU 3 TIOBHOIO CIIIMOTO0, 200 3 YACTKOBOIO BTPATOIO 30Dy .

JIronu 3 TOBHOIO BTPATOIO 30py HE MAKOTh 3JJaTHOCTI O 30POBOTO CIIPHAHSATTI.
IMm HemoctymHe crnpumitHATTS cBiTna, GopMu a6o KodbOpy. Y IIbOMY BHIAIKY
TaKTUJIbHI, CIYXOBI Ta HIOXOBI BIIUYTTS € OCHOBHHMH CIOCOOaMH B3a€MOJIi 3
HABKOJIMIIHIM cepefoBulIeM. /[ Takux JroJed cCUCTeMH po3Ii3HaBaHHS 00'€KTIB 13
TOJIOCOBHM O3BYYEHHSIM € HAJ3BHYAalHO KOPHUCHUMH, OCKUIBKA BOHH MOXKYTb
OTIEPaTUBHO OTPUMYBATH 1H(GOPMAIII0 MPO MPEAMETH HABKOJIO Ta JIISITH Ha OCHOBI
OTpUMAaOi 3a3aaeriap iHhopmarii.

YactkoBa BTpara 30py (3aTUIIKOBUM 31p): 710 II€T KATETOPil HalekKaTh JIOIH, K1
3/1aTHI YaCTKOBO 0aYUTH CBITJIO, KOJIbOPHU a00 GOpMH, TPOTE IXHE 30POBE CIPUUHSTTS
3HAYHO OOMEKeHe. 3aIMIIKOBHM 31p MOXKE BKIIOYATH OA4eHHS TUIAM a00 PO3ZMHUTHX
CWJIYETIB, IO JO3BOJISE JIMIIE YacCTKOBO OpIEHTYBATUCSA y mpocTopi. BizyanbHi
CUCTEMHU pO3Mi3HABaHHS O0O0'€KTIB 13 JOJATKOBOIO  (PYHKIIEI  IMiJICUIECHHS
KOHTPACTHOCTI 200 KOJBOPY MOXKYTh JIOMTOMOTTH TaKUM JIFOJISIM Kpallle po3Mi3HaBaATU

00'eKTH Ta KOHTYpH. Y 1bOMY BHUNAAKy 3aCTOCYBaHHS KOMOIHOBAaHHUX METO/IIB,
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30KpeMa TroJIOCOBOIO O3BYYEHHS Ta 30POBHUX I1JIKA30K, J03BOJSIE€ iM €(EeKTUBHIIIE
BUKOPUCTOBYBATH HasiBHI MOXJIMBOCTI 30Dy .

[Ipuunnu, yepes skl JIOAU MOXKYTh BTPATUTH 31p € OYHI 3aXBAOPIOBAHHS, TaKl
AK: KaTapakTa, II1aykoMa, MaKyJisipHa JereHepallis,a TakoK CUCTEMH1 3aXBOPIOBaHHS,
Taki sK: AlabeTHYHa pUHOTEpaMis Ta CyJUHHI 3aXBOPIOBaHHS, FEHETUYHI Ta BPOIXKEHHI
3aXBOPIOBAHHS a00 TpaBMH, Ta IHPEKLIIHI 3aXBOPIOBAHHS.

3apa3, opleHTYBaHHS Y IPOCTOPI AJIS JIFOEH 3 TOBHOIO BTPATOIO 30pY 0a3yeThCs
Ha BUKOPHUCTAHHI CIIyXy, TOTUKY, HIOXY, TIaM ’ATi, a TAKOX CIIEeIiaIbHUX IPUCTOCYBaHb
Ta TexHosoriii. CiiyXx € OCHOBHUM JKepesoM iHdopmarli ajis JIoAei 13 MOBHOIO
ciinoToro. BoHn BMIiIOTH cripuiiMaTH 3MIHM BiJUTYHHS BiJl 3BYKiB, III0 JOIIOMAarae
BU3HAYATHU BIACTaHb A0 00’ekTiB. Hampukian, MOXyTh MOMITUTH HAaOIMO>KEHHS 10
CTIHM abo0 TepemKoau dYepe3 3MIHy 3By4aHHS KpOKIB abo IIymMy HaBKOJIO.
Po3nizHaBaHHs 3BYKIB, 110 BUAAIOTh 00'€KTH, HAMPUKIIAJ, IIYPXIT JEPEB, LIYM BOAU
a0o curHamizailii, 103BoJsi€ iM OyyBaTH CBOEPIAHY «KAPTUHY» MPOCTOPY 3a 3ByKAMHU.

OpHMM 3 TOJIOBHUX MPHUCTPOIB, L0 JOTIOMAarae OpIEHTYBATUCS y MPOCTOPL €
TpocTuHa puc 3.2. JIfonuHa BUKOPUCTOBYE TPOCTHUHY SIK TPOJOBKEHHS PYKH IS
BUSIBJICHHSI TIPEAMETIB Tiepen co0or Ta oTpuMaHHs iH(OpMaIi Tpo CTPYKTYpPY
CEpelloBHUINA, MPEAMETH Ha NUIAXY, 3MiHY MOBEpPXHI MiJ HOTamH (acdaibT, Tpasa,

CXOJIY TOILO) Ta PO3TAILYBAaHHS MEX JOPOTH ad0 TPOTyapy.

Pucynok 3.2 — TpocTtuHa aist He3psuux Jitojeit [68]
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TakTunpHa TUIMTKA Ta TAKTUIBHI CXEMH, SIKI MOXYTh OyTH Y JESIKUX
IPOMAJICBKUX MICIIX JOMOMAararoTh O3HAHOMHUTHUCS 31 CTPYKTYpPOIO MPUMIIICHHS,
o0Opatu MapuIpyT Ta HaJAaTH TONIEPEIKEHHS MPo Hebe3neKy. Takox, iCHYI0Th cOOaKH-
MOBOJIMPI, HABUCHI JOMOMAaraTH JIOJWHI OpPIEHTYBATHCS Yy TMPOCTOPl, YHUKATH
TIEPEIIKO/I, CJiTyBaTH IEBHUM MapIIpyTaM.

OauH 3 OCHOBHUX CIOCOOIB NEPEMIIICHHS MOBHICTIO HE3PSYMX JIIOJAEH 1€
3armam’sITOBYBaHHSI MapIIPYTiB 3 SIKUMH JIOBOJAUTHCS 4acTo cTukatuca. Ha mpukian,
J0pora Bif oMy J0 Mara3uHy 4 poOOTH 3amaM’ ITOBY€ETHCS 3a JOMTOMOTOI0 0aratbox
JIeTaJIel, TaKUX K KUIbKICTh KPOKIB, TTOBOPOTIB, OCOOJUBUX TAKTHUJIHHUX O3HAK UM
IpeIMETIB PO3TAIIOBAHUX HA MaplIpyTax, creneiuHuX 3ByKax 4M 3amaxax, a Takox
3a 3MIHOIO MTOBEPXHI IT1]1 HOTAMH.

OcHoBHI Mpo6sIeMHU SIKi BUHUKAIOTH IT1/1 9ac TIEPEeCyBaHHs OB’ s13aHi 31 3MIHOIO
OpIEHTUPIB Y HABKOJUUIHBOMY CEpEJOBHILI, TEXHIYHUMH pPOOOTaMH, uepe3 sKi
3BHYHUN MapHIpyT MOKe OYTH HEJOCTYTHHI, TOTOTHUMHU YMOBaMH, CHIT, Ha MIPUKJIa/
MO3K€ MPUXOBATH crielieidHl OPIEHTUPHU HA MAPIIPYTax 1 T/I.

VY 3aragpHOMYy BUIIAQJIKy CHCTeMa pO3Mi3HaBaHHA 00’ €KTIB 3 TOJIOCOBUMH
miAKa3KaMHu A7 JTF0AeH 3 BaJlaMu 30py a00 MOBHOIO CIIMOTOI0 (PYHKIIOHY€ HACTYTTHUM
YUHOM — Kamepa Tepenae OTpuMaHe 300pa)KeHHS Ha MIKPOKOHTPOJIED Ha SKHM
3aBaHTa)XEHO NEpPEepeHbO HaBUYaHy HA PO3MI3HABAHHS pI3HUX OO0 €KTIB HEUPOHY
Mepexy. Po3mizHaBaHHS 00’€KTIB BiOYBAa€TbCS y PEKHUMI PEATBHOTO 4Yacy, Micis
4Ooro, pe3ysbTaT pPO3IMi3HABaHHS HAAXOJWTh Ha TEHEPAaTOp MOBH, 1 BimOyBaeThCs
CTIOBIIIICHHS JIFOIWHH.

[Ticnst mpoXOMKEHHSI TOBHOTO ITUKITY PO3IMI3HABAHHS-OTOJIONICHHS 1H(OopMaIli,
npoLec NOBTOPrOEThCs. OMH LUK MOXE 3aiMaTH PI3HUI Yac B 3aJIEKHOCTI BIJ] 4acy
HEOOX1THOTO Ha MPOXOKEHHS HOTO PI3HUX €TaITiB.

3.3 Oninka yacy HeoOXiTHOT0O Ha NMPOXO/KEHHSI OJHOI0 MOBHOI0 HMKJIY
PO3Mi3HABAHHA-OI0JIOLICHHA iHpopMauii.

JIist OIiHKM 4acy HEOOXITHOTO JUIsi MPOXODKCHHS IHKIY pO3Mi3HABaHHS-

oroJjiomeHHs iH(opMmarii criepiry HE0OXiTHO BCTAaHOBUTH OCHOBHI CKJIAJOBI IIbOTO
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IPOLIECY, & TAKOXK IX 0COOJIMBOCTI. Y 3arajJbHOMY BHIAJIKy LIEW MPOLIEC CKIIAJAETHCS 3

TaKHUX CKJIaJOBHUX

. PosnizHaBaHHs 00’ €KTY HEUPOHOIO MEPEIKEIO

. [Tepenada po3mnizHaHoi iHPOpMaIlii 10 reHepaTopa MOBU
. ['enepariist 1 OroJIONIEHHS Ha3BU 00’ €KTY

. OtpumanHs 1HOpMAaLi JTOJUHOO 1 peakiis Ha Hel.

KoxxHa cki1asoBa mpolecy 3aJeKUTh BiJl MEBHUX (DAKTOpIB, SAKi BIUIMBAIOTh Ha
9ac MPOXOHKCHHS KOXKHOTO €TaIry.
[IIBuAKICTE Ta TOYHICTH pO3MI3HABAHHA OO0 €KTIB HEHPOHOI MEPEKEIO

3aJI€KUTH BIJ:

. SIKOCTI TpeHYBaJIBbHUX JAAHUX ISl HEUPOHOI MEpexi
. OO6panoi HeHPOHOI Mepexi

. ArnapaTHUX MOXJIMBOCTEN MIKpOKOHTpOIEepa

. SAKoCTi OCBITJIEHHS Ta MOT'OJIHUX YMOB

Yac HeoOX11HMI Ha mepeavy, TeHepalliro 1 OTOJIONMICHHS PE3YJIbTATy 3aJICKUTh

BIJ :
. KinbkocTi OykB 1 CJiB y Ha3B1 00’ €KTy
. [IBuaKOCTI reHepaltii MOBJICHHS
. [Tay3u mixk cioBaMu

B 3anexxHOCTI BiJ KUIBKOCTI OYKB Ta CIiB y Ha3Bl 00’ €kTy Oy/ie 3MiIHIOBATHUCA 1
yac HeoOX1AHUI Ha Horo orosomeHHs. IIBUIKICTh TeHepallii MOBH Ta Yac May3u Mix
CJIOBaMU MapaMeTpy 3MiHHI, 1 MOXKYTh OyTH BKa3aH1 Bpy4HY IIiJl 4aCc HaJAIITyBaHHS
po0OOTH TeHepaTOpa MOBHU.

JI71st po3paxyHKy KUIBKOCTI Yacy HEOOX1THOTO JiJisi OTOJIOIICHHSI Ha3BU 00’ €KTY,
Tpeba pOo3TISTHY TH MOKITUB1 KOMO1HAITIT Ha3B 00’ €KTIB B 3aJIKHOCTI BiJI KIJTBKOCTI CITiB
Ta ix mowxuHu. CepenHiii TeMin MOBIIeHHS B YKpaiHi ckiagae 200 ciiB Ha XBHIUHY,
BKJTIOYAIOYH TIAy3W MiXK CIIOBaMH, OCKIIBKH TMay3Hu € MPUPOJTHOI0 YACTHHOIO MOBHOTO
IOTOKY, CepelHs JOBXKMHA YKpaiHCHKUX CIIB CTaHOBUTH 6-8 cumBoimiB. [lay3u
HEOOX1/TH1 JJIs COPUIHSATTS, IHTOHAIIT Ta pUTMY MOBJICHHS. B cepeiHboMYy, 3aTprMKa

(may3a) Mk cmoBamu ckmamae 100-200 mc [69]. Skmio BUKIIOUATH TAy3d, TO
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MIBUJIKICTH 3By4aHHs Jidiie ciiB (06e3 mpomikkKiB) Oyne Bumoro. Hanpukian, 3aMicTh

200 ciiB Ha XBUWJIMHY (3 may3aMu) 11e MorJio 6 nmopiBHioBaTH 240—260 ci1iB 3a XBUJIIMHY

(0e3 may3).
Mo:xnuBi KoMOiHaIlii Ha3BH 00’ €KTY :
. Ha3ssa 3 ogHoro ciosa
. Hasga 3 1Box cniB
. Ha3zga 3 Tppox 1 OLb111e CITiB

JJist 3py4HOCTI pO3paxyHKIB MIBUAKICTb MOBJIEHHS OyJia mepeBeeHa 3 CiiB Ha
XBWJIMHY J10 CHMBOJIIB Ha CEKYHJy 3 YpaxXyBaHHIM 0COOIMBOCTEN YKPaiHCHKOI MOBH.
HIBuakicte MoBieHHs 200 ci1iB Ha XBUJIMHY O3HAYae, 1110 OJJHE CJIOBO 3aiiMae:

60 cekyH[

200 cxaiB = 0.3 cexynau (6o 300mc)

TpuBaicTh BKIIIOYA€E: Yac BUMOBH cioBa - npubnusHo 200 Mc, yac nay3u Mix

cioBamu - ipuonu3no 100 mc.

[Ipu mBuakocti 200 cimiB Ha XBWIMHY, KIUTBKICTH CIiB Ha CEKyHAYy Oyne

JIOPIBHIOBATHU:

200 cniB

— =~ 3.3
60 cerymn CJI0Ba HA CEKYHY

[Ipu cepenHiii TOBXUHI CIOBa B 7 CUMBOJIB, OTPUMYEMO IIBUJIKICTH OJU3BKO
23,1 cumMBOJIa Ha CEKYHIY.

TpuBaiicTh, 3a sIKy OTOJIOIIY€ETHCS OJMH CUMBOJI, OOUUCITIOETHCS SIK:

1 cekyngza

23,1 cuMBoJia ~ 0.043 cexynau (a6o 43 mc)

OTxe, cepeaHiii Yac HEOOXITHMIA HA OTOJIOIMICHHS OJHOTO CHMBOJIY JOPIBHIOE
43 mc. BpaxoBytroun mro iHpOpMaIlito, po3paxoBaHO Yac HEOOXITHUHM HA OTOJIOIICHHS
CJIIB Pi3HOI JOBKUHU. Y BHUIAJKY KOJHM Ha3Ba 00 €KTY CKIIAJIA€THCS 3 OJIHOTO CJIOBA,
BOHO MOX€ OyTH KOPOTKHUM, CEPEeIHbOCTATUCTUYHUM(CEpEIHIM) abo JOBTHM.
KopotkuMm OyznemMo BBaXKaTH CJIOBO JOBXHHOK y 3-5 CHMBOJIM, CEPENHE 3 JOBXKHHOIO

y 6-8, Ta noBre 3 JNOBXHHOKO Yy 9-12 cumBomiB. YV curyarii Kojiu HazBa 00’ €KTY
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CKJIQJAEThCS 3 JIBOX CJIB - 1I€ MOXKYTh OyTH KOMOIHALli 3 IBOX KOPOTKHX CIIIB (K-K),
KOPOTKOT'O Ta CEPeHbOro (K-C), KOPOTKOrO Ta JOBroro (K-i), ABOX cepeaHix (c-c),
CepeHBOTO Ta JOBroro (c-a), abo ABOX JOBrUX (I1-1).

VY tabmumi 3.1 mpeacraBieHO MiHIMAIBHUN, MAKCUMAJIBHUN Ta CEpeIHIN dyac
HEOOX1THUI Ha OTOJIOIIEHHS Ha3BU 00’ €KTY, 10 CKIAJAETHCS 3 OJJHOTO cioBa. Takox,
IPU PO3PaxyHKY Ha3B, SIK1 CKJIAAAl0ThCA 3 IBOX 1 OLIbIIIE CIIIB, CJI11 BpaXOBYBATH Nay3y
M1 CJIOBaMH, IO B ce€peIHhOMY cTaHOBUTH 200 Mc /sl yKpaiHChbKOT MOBH.

Ta6mums 3.1 - YUac HeoOX1THHUI HA OTOJIOIICHHS OJJHOTO CJIOBA P13HOT JIOBXKUHH.

HasBa 06’ ekty MiHiMaabHUN Yac, MC Makcumanpauii yac, Mc | Cepenniii 9ac, Mc
Kopotka 129 215 172
Cepenns 258 344 301

JloBra 387 516 452

V Ttabaum 3.2 HaBeneHO MIHIMAJIbHUM, MaKCHMaJIbHUMN

Ta CEepelHIM dac

HEOOX1IHMI Ha OrOJIONIEHHS Ha3BU 00 €KTYy , SIKa CKJIAJIa€ThCs 3 JBOX CIIB Ta iX

MO>KJIHMB1 KoMOiHaii. Yac Bka3aHHil 3 BpaxyBaHHM May3u Mix cioBamu y 200 mc.

Tabmums 3.2 - Yac HeoOXiHUN HA OTOJIOIICHHS JIBOX CJiB Pi3HOT JTOBXKHHHU.

KombGiHaris ciiB MinimanpHU# yac, Mc | MakcumanbHuit yac, Mc | CepeaHiii 9ac, MC
K-K 458 630 544
K-C 587 759 673
K-J] 716 931 823
C-C 716 888 802
C-1I 845 1060 953
I-11 974 1232 1103

Takox, Oy70 BUKOHAHO PO3PIXYHOK JIJIs Ha3B, IO SIKI CKJIAIAIOTHCS 3 TPhOX

CIIiB, BpaxoBytouu mnay3u Mixk cioBamu (1o 200 mMc) Ta 9ac Ha 03BYYEHHS KOKHOTO
CJIOBAa 3aJIeKHO B1J HWOro NOBXUHU. Pe3ynpTaTu mnpexacraBieHo y Tabmuui 3.3.
[IBuakiCTh peakilii JOJAUHU Ha TOJIOCOBY 1HGOPMAIID 3a3BUYail CTAaHOBUTH
npubnuzao 200400 minicekyna. e cepenniii uac, 3a Skt MO30K 00pOOIISIE TOI0COBE
MOBIJOMJICHHS Ta pearye Ha HbOro. Peakilisi Ha MpOCTi roJI0COBI KOMaH 1, HAIPUKIIA]l
"cron" abo "iau", Moxke OyTH HIBUIIOK, OCKUIBKM BOHH JIETKO IHTEPIPETYIOTHCS 1
BUMAraroTb MEHIIOTO 00csATy oO0poOku. bigbmn ckiamHi  1HCTPYKIIL MOXYTh

notpedyBaTH OUTbLIE Yacy.
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Tabmuis 3.3 - Yac HEOOX1JHUI HA OTOJIONIEHHS TPHOX CJIIB PI3HOI IOBKUHH.

Kom6inartis ciis Minimanbauii yac, Mc | Makcumanbauii yac, Mc | Cepeasiii yac, Mc
K-K-K 787 1045 916
K-K-C 916 1174 1045
K-K-/J| 1045 1346 1196
K-C-C 1045 1303 1174
K-C-J| 1174 1475 1324
K-JI-J1 1303 1647 1475
C-C-C 1174 1432 1303
C-C-J1 1303 1604 1454
J-1-]1 1561 1948 1755

JItoqu 3 MOBHOIO CHIMOTOI a00 3HAYHWMHU MOPYUIEHHSMU 30py MOXYTh MaTH
JIENI0 BUINY IMIBUIKICTh peakilii Ha TOJOCOBI KOMaHJU MOPIBHAHO 3 TUMHU, XTO Mae
HOpMaJIbHUH 31p. L{e MOsACHIOETHCS TUM, 110 Y JIOAEH 3 BaJJaMu 30py CIYXOBI 3410HOCTI
4acTo OUIBII PO3BHHEHI uUepe3 MIJBHINCHY 3aJIe)KHICTh B CIYXy JUIS OTPUMaHHS
iH(popmanii. Taka amanraris NOKpallye COpUUHATTS 3BYKIB 1 103BOJIS€ OUIBII IIBUAKO
pearyBatu Ha 3BYKOBI CHUTHaIHM. Y JIOJICH 13 BajjaMu 30py MOXKYTh OyTH Kpariii
MOKa3HWKW B PO3PI3HEHHI IMIBUAKUX 3MIH y 3ByKax a0o0 iX HampsMKy, IO MOXeE
IPUCKOPIOBATH PEaKLi0 Ha rojocoBy iH(popmalio. TuM He MEeHIe, pi3HULA B Yaci
peaxiiii Ha 3ByKH 3a3BUYall HE € Jy’Ke 3HAUYHOIO, aJIe BOHA MOKE BIIIrPaBaTU BAKIUBY
pOJIb Yy CHTyallisfX, IO TMOTPeOYIOTh IIBUAKOTO TPHUHHATTS PIlICHb, SK-OT
OpIEHTYBaHHS y TIPOCTOPi a00 YHUKHEHHS TIEPETIKO/I.

CepenHsi MIBUAKICTD PYyXY Y JIFOJIEH 3 BaJlaMU 30py CTaHOBUTH npuoOmm3Ho 0,8—
1,0 meTp 3a cekyHIy, IO TPOXH MEHILE BiJl CEPEIHbOI MIBUAKOCTI PyXy JIOJEH 13
HOpMaJTbHUM 30poM (Omu3bK0 1,4 MeTpa 3a cekyHny). [IpoTe mBUAKICTE pyXy MOXeE
CYTTEBO 3MIHIOBATUCh 3aJICKHO BiJ (aKTOPIB, TaKMX SIK YMOBHU HABKOJIHMIIHBOTO
CEpe/IOBHUILA, PIBEHb 3HAOMCTBA 3 MapLIPYTOM, PIBEHb 3AJIMIIKOBOIO 30pPYy, & TAKOX
JOTIOMDKHI  3aco0W (HampuKiaa, TpocTuHa abo cobaka-moBoaup). Jlomu, ski
KOPHUCTYIOThCSI TPOCTHHOIO, 3a3BHYall pyXarOThCs MOBUIBHINIE, apKe iM MOTPIOHO
CKaHyBaTH MPOCTIp mepes; coO0r0 NIl BU3HAYCHHS MEPEIIKOI. TeMpsiBa 9d CyTIHKH
MOKYTh 3HaYHO YIOBUILHUTHU PYX, 0COOJIMBO IS JTIOJIEH 13 3aTMIITKOBUM 30poM. o
YU CHIT TaK0XX YIOBUIbHIOIOTH IIBUAKICTb, aJ1KE CIIM3bKa MOBEPXHS a00 HAKOMMYECHU I

CHIT YCKJIQJTHIOIOTh TIEPECYBAHHSI, M1IBUIIYIOUN PU3UK 1A IIHHS.
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Otxe, 3aranbHui 4yac (t,) HEOOXITHUMNW HA OJUH TOBHUU IUKI MPOIECY
PO3MI3HABAHHS-OTOJIOLIEHHSI Ha3BH PO3MI3HAHOIO 00’€KTYy MOKHA pO3paxyBaTH 3a
dbopmyiioro:

tu = tp03 + tHa3BI/I + tpeaKuii’

3.4 TlonepenHss o0poOka i rpynnyBaHHSI TPEeHYBAJLHUX JaHHUX [JIA
MiIBUIEHHS] TOYHOCTI PO3Mi3HABAHHS 00’ €KTIB y CKJIAJIHUX CUTYAIlisIX.

VY cydacHUX CHUCTEMax KOMIT'IOTEPHOTO 30py, 110 BUKOPUCTOBYIOTH HEHPOHHI
Mepexi, IKICTh PO3ITi3HaBaHHS 00'€KTIB 3HAYHOIO MIPOIO 3aJICKUTh BiJ TPEHYBAITBHUX
naHux. Oco0IMBO 11€ CTOCYEThCS 00'€KTIB, 1110 MAIOTh CX0XY CTOPOHHIO 1H(POpPMAITit0
Ha 300pakKeHHSX, HAMpPHUKIaa, HeOO, JepeBa uM 1HII (OHOBI CIIEHH, SIKI MOXKYTb
CTBOPIOBATH TOMMJIKOBI po3Ili3HaBaHHS Mojaeio. EdexTuBHa momnepenHs oopoOka
TPEHYBAJIbHUX JIAHUX € KIFOYOBHUM €TaroM, KKl JJO3BOJISIE MIHIMI3yBaTH L1 IPOOIEeMHU
Ta I1IBUIIUTH TOYHICTH PO3Ii3HABAHHS.

[Tonepenus oOpoOka gomoMarae HEWpPOHHIN Mepexi Kpallle 1HTeprnpeTyBaTh
Bi3yasbHI O3HAKH 00'€KTIB, 130JII0I0UH iX Bi (OHY a00 1HIINX HEOAKAHUX EIEMEHTIB.
Jlist 300paxensp, Ae 00'€KTH po3TamioBaHi Ha (DOHI, IO YACTO TMOBTOPIOETHCS, SK-OT
HE0O, BAKJIMBO YHUKHYTH CHUTYyallli, KOJIM MOJEINb MOYMHAE acOLIIOBATU O0'€KT HE 3
floro xapakTepHMMH O3HAaKaMH, a 3 BIAaCTHBOCTAMHU (oHy. Lle Moxke mpusBecTn A0
NOMWIKOBUX Kiacu(ikauiid, Hanmpukiaa, Koiau Bci 00'ekty Ha (¢GoHl Hebda
cuopuiimaroTbed gk "mraxu" ado "mitaku'.

OgHuM 13 OCHOBHUX 3aBJlaHb IIOMEPEIHbOI OOpOOKM € 3a0e3neueHHs
PI3HOMAHITHOCTI JaHUX 1 BHUJAJEHHS T[OTEHIIIHHO 3yMOBJICHUX KOPEJSIIIH.
Buxopucranas MeTomiB, SK-OT HOpMami3amis 300pa)k€Hb, 3MCHIIEHHS IIyMy YH
CerMeHTaIlsl 00'€KTiB, 03BOJISE IIABHUINUTH CTIMKICTH MOJCTI JO0 CTOPOHHBOI
iHpopMmarii. Ile crae 0coOMMBO akTyalbHUM Yy 3aCTOCYBaHHSIX, J€¢ TOYHICTh 1
HAJIMHICTh PO3MI3HABAHHS € KPUTHYHO BAXJIMBUMHU, TK-OT Y CUCTEMaX JIJIsi JJOTIOMOTH
JIOJISIM 3 BaJlaMU 30pYy.

VY Bumaakax, KoJM OJHY HEHpOHY MEpexky HEeOOXIJIHO HAaBUYUTH PO3Ii3HABATH

00’€KTH, SIKI MOXYTh 3HAXOJIUTHUCS HAa TPEHYBAIBHUX 300paKEHHSX MOPYY OJUH 3
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OJTHAM, TIPaBWJIBHHA HAOIp 1 TPYIMyBaHHA TPCHYBAJIBHUX JAaHUX MAa€ IIiIBUIIATH
TOYHICTb PO3ITI3HABAHHS, Ta MIJBUIIUTH CTIMKICTH CUCTEMHU JI0 XUOHHUX PO3ITI3HABAHD.

Takum ynHOM, TIOTIEpeIHA 00pOOKa TPEHYBAIBHUX JAaHUX HE JIUIIE TOKpaIIye
SAKICTh HaBUaHHS HEHUPOHHUX Mepex, aine W (opmye OCHOBU Il CTBOPEHHS
aJanTUBHUX 1 HAAIMHUX CUCTEM PO3Mi3HABaHHS, AK1 34aTHI €(EKTUBHO MPaIIOBaTH B
yMOBaX BHCOKOI MiHJIUBOCTI CE€pPEAOBHILIA.

3.5 Kommiekrauii BapiaHTiB cucreM po3mi3HaBaHHsS 00’€KTiB 3
NMOAAJBIIUM I'0JIOCOBMM CIIOBIIICHHAM JJIA JIO/Iel 3 BaJaMH 30pYy.

3anmponmoHOBaHAa  MHOKO ~ CHCTEMa  CKIIQJA€ThCA 3  MIKPOKOHTpoJiepa
(OHOTIIATHOTO KOMIT I0Tepa), KaMepH, IMHAMIKIB, JKEpea CBITIa i 10JaTKOBOTO
OCBIIIEHHS Y TEMHUU TIepioa 400U, €JIEMEHTIB )KUBJIECHHS, CACTEMHU OXOJIOJKEHHS (17151
OUTBII MOTY)XHUX Bapiaiiii, a TaKoX J0AaTKoBOi mepudepii st GyHKIIIOHYBaHHS
CHUCTEMH Y PI3HUX KOMILJIEKTAIISX.

Kpim Toro, HeoOxiqHO BU3HAYUTHUCS 3 PopM (HaKTOPOM (piHATBHOTO IPUCTPOIO,
a/pke BIH Mae OyTH 3py4YHMH i BUKOPHCTAHHS 1 HOCIHHS, MAaTU ONTHMAJIbHY
€proHOMIKY, 1 HEBEJIMKY Bary, o0 HE CTBOPIOBATH HAJUIMIITKOBE HABAHTA)XKCHHS Ha
KOPHUCTYBaua, a TAKOX 3PYYHUHN KOPITYC 3 €IEMEHTAMU OXOJIO[KEHHSI.

Cucremy ommMcaHo MJii TPbOX PI3HUX BApIiaHTIB  MIKPOKOHTPOJEPIB
(omuomnatHux koM ’toTepiB), a came ESP32-S3-EYE , Raspberry Pi 5 ta NVIDIA
Jetson Nano, 3 mig00poM KOMIUIEKTYIOUUX KOMITOHEHTIB.

SIKmo cucTteMa BHKOPUCTOBYETHCS B YMOBaxX HEIOCTaTHBOTO OCBITJIICHHS,
HEOOX1THO MiIKIIOYMTH JDKEPEIO CBITIIA ISl 3a0€3MEUCHHS HOPMAaJbHOI POOOTH
KaMepH Ta pO3Mi3HABAHHS 00’ €KTIB.

JUis 1bOro MOKHA OOpaTH Takl BapiaHTH Jxkepen ocBitieHHd: LED-monym 3
BUCOKOIO sickpaBicTio, SMD citinomiogn, xkommnaktHi LED-cTpiukun abo okpemi
MOYJII.

JUis BU3HAYE€HHS HEOOXITHOTO JDKEpesa CBITJIA, BapTO BU3HAYUTUCA 3
€(eKTHUBHOIO BIJICTAHHIO OCBITJICHHS, KYTOM PO3CIIOBaHHS, CHJIOIO CBITJIa Ta MOTO
eHeprocrnoxupanHs. s poGoTi y 3anIponoHOBaH1i CUCTEM1 pO3Mi3HaBaHHs 00’ €KTIB,

edexTuBHA BiACTaHb OCBITIICHHA (d) Mae ckimaaatu 2.5 — 3 M, KyT pO3CiIOBaHHS Mae
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ckiaagatu  60-70°, mo0 mMOKpUBAaTH HEOOXIAHY IUIONLy M e(EeKTUBHOTO
po3Mi3HaBaHHs 00’ €KTIB.

[Io6 Bu3HauuTH cuity cBiTia (I) 17 OCBITIEHHS MEBHOT IUIONII, BUKOPUCTAHO

(opmymy [70]:

ne E — ocBitnenicts y mokcax (JiK), Ky moTpiOHO 3a0e3meuntd, | — cuia
CBITJIa B KaHJenax (K1), d — BiJICTaHb BiJ JpKepesa J0 MOBEPXHI OCBITICHHS (M).

[Ipu neBHOMY KyTi po3citoBaHHs (0) CBITJIO pO3NOJUISETHCS B MEXaxX KOHYycCA.
CBITJI0BUH TIOTIK, 110 MOIMIHUPIOETHCS Ha TI01Y (A) OCBITJICHOT MOBEPXHI, OB’ SI3aHUM

13 CHJIOKO CBITJIA:

A=n dz-tanz(g),

ne A — mwioma ocsitienns (M%), d — eeKTHBHA BiACTaHb OCBITIEHHS, O — KyT
PO3CiFOBaHHS.
[Tnomma ocBiTieHHs Oyje TOpiBHIOBATH:

A=r-32-(0.637)%=1-9-0.404=11.46 m2.

BzsBmm ocsitnenicts E = 50 nk, aya xopomroi BUAMMOCTI B yMOBax HHU3BKO1
OCBITJIEHOCTI PO3paxoBaHO CUITY cBiTiaa [:

| = E.d?
| =50-3°=50-9= 450 k.

Otmxke, mis 3a0e3med4eHHS YMOB, HEOOXIAHUX Ui POOOTH CHCTEMH
pO3Mi3HaBaHHS B YMOBax HHU3KbOTO OCBITIICHHS, OOpaHe >KIEpeso CBITIAa Mae
BIJIITOB1IaTH TAaKUM BHMOTaM :

e EdekTuBHA BiICTaHh OCBITICHHS Yy 3M
e Kyrom po3scitoBanns Bix 60-70 °©

e Cwunoro csitia Bix 450 kx

e [lotyxHicTio 10 6 B

e  MOXJIMBICTIO MIAKIIOYEHHS 10 00paHUX MIKPOKOHTPOJIEPIB
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Ceiogion Cree XP-G3 mae HeliTpansuuii 0imuit Komip 3 Temmneparyporo 5000
K, xyT cBitTiHHs 115° 3 MOKJIMBICTIO BCTAHOBJICHHS JIIH3U JUIsl KEPYBAaHHSA KyTOM PHUC
3.2[71].

MakcumanbHa MOTYXHICTH 6 BT, Mmakcumanbamii ctpym — 2000 MA, HanpyTy
2.85-3.6 B, Ta cBiTiioBu#t oTik y 777 nM.

Ceitnonmion Cree XP-G3 € cymicHuMm 3 yciMa Tpboma ImiaTaMu. OCHOBHA
CYMICHICTh JIOCSTA€ThCS 3aBASKHM BUKOPHUCTAHHIO CTAaHJAPTHHX 1HTEepdeiiciB
xuBJieHHs Ta kepyBaHHs (GP1O, PWM a6o npaiisepu uepe3 [2C/SPI). ESP32-S3-EYE
- Moxe kepyBatu cBiTiomiogamu depe3 GPIO a6o PWM. Cree XP-G3 moxnHa
IHTEeTrpyBaTH yepe3 BIAMOBIAHUH IpakiBep a00 depe3 MiAKIIOUYCHHS 10 TPAH3UCTOPHOTO
KacKaay I KepyBaHHSA CTpyMoM. lle Ba)JIMBO, OCKUIBKH CBITJIOAION TPAIIOE€ HA

cTpymi 10 1 A, 1110 MepeBUIIyE€ MOKIIMBOCTI mpsiMoro miakimodeHHs 10 GP1O ESP32-
S3.

§ 3

\\‘ l - /_,
S
Pucynok 3.3 — 3oBHimHil Buris ceitiogiony Cree XP-G3 [71]

Raspberry Pi 5 - 3apmsixku HasiBHOCTI GPIO 1 migTpumiti PWM, Moxe kepyBaTH
cBiTiomionoM uepe3 apaiiBep, ak-oT MOSFET-tpansuctopu. [loTpiGeH 30BHIIIHIM
60K >xuBneHHS 1St miaTpuMkn oty kHOCTI Cree XP-G3. NVIDIA Jetson Nano - mae
niaTpumky GPIO, SPI ta I2C, a takox cywmicHICTG 13 npaiBepamu, sik-oT Adafruit
Blinka. Ile 3a0e3neuye mpocte HanamTyBaHHS CBITJIOMIOAIB 1 ApaiiBepiB Ha OCHOBI
Python, Bkmouatoun Cree XP-G3.

Jl51st BUBOIy TOJ10COBOI 1H(DOpMaIli HeoOxiqHO 00paTtu quHaMiku. BpaxoByrouun
KOMIIAKTHICTh CHUCTEMH, ONTHUMAJIbHUM BapiaHTOM OyAyTb HEBEJIMKI JUHAMIKH,
notyxHicTio 10 10 BT (st 9iTKOTO 3BYKY), a TaKO’)XK BOHHU MarOTh OyTH CYMICHI 3
oOpaHMMHU MIKPOKOHTpoJiepaMH. Takox, I MIAKIIOYCHHS HEOO0IXHO 00patH

1 CUJTIOBAY.
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Ha nmpuxnan, auaamixk LD-SP-UM20/8A LOUDITY Mmae Taki XapakTepuCTUKU
puc 3.4 [72]:

Bapricth Takoro quHaMiky cTaHoBHTH Big 215 10 300 rpuBeHs.

AYX : 100 —20000 I'a

Omip 8 Om

MakcumanbHy MOTYKHICTD : 2 BT
PiBens 3Byky 83 nb

3aranbHUM 30BHIMIHIN giameTp 20 MM
Bucoty 5,8 mm

Pe3onancuy wactory 700 'l

Po6ouy remneparypy — 20...60 °C

Pucynok 3.4 - 3opuimHiit Burisg LD-SP-UM20/8A [72]

ESP32-S3-EYE mns poboty 3 AuHAMIKOM HEOOX1THHIA 30BHINTHIN ITiICHITIOBAY

3BYKY, OCKUIbKA BUXiAHA TOTYXXHICTh ayJIOKOJEeKa HEIOCTaTHS IJsi TMPSIMOTO

nigkarodeHHs. o Raspberry Pi 5 nuHamik MokHa MIIKITFOYUTH Yyepe3 ay1ioBuxia 3.5

MM a0 3a J0MOMOroI0 MiACHIIOBaYa, KO0 NoTpiOHa Outbia notyxHicTb. NVIDIA

Jetson Nano notpiOeH 30BHiIIHIH ayaioiHTepdeiic abo miACHIIOBaY Yepe3 BiJACYTHICTh

BOYZIOBAaHOTO aHAJIOTOBOT'O ay/1I0BUXOTY.

Taxox, 1y1st poO0TH y YMOBaX IiJIBUILIEHOT BOJIOTOCTI 200 /1011y, MOXKHA 00paTu

JMHAMIK 3 3aXKMCTOM BijJ Bojioru, Ha npukian LD-SP-MSI50-53 puc 3.5 [73]. Bin mae

notyxHictb 4 BT, imnenanc 4 Owm, po3mipu 50*18,5 mm, kinac 3axucty IP 67, 1 Takox

cymicHU# 3 0OpaHuMu aTamu. BapTicts Takoro auHamiky Binx 270 1o 350 rpuBeHb.
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Pucynok 3.5 - 3oBnimmnii Bursia LD-SP-MSI50-53 [73]

JIns  MIAKIIOYEHHS JUHAMIKIB JO CHUCTEMHM HEOOXIAHO BUKOPHUCTATH
11 JICHJIFOBAY.

BpaxoByrour TeXHIYHI XapaKTEPUCTHUKKA OOpaHUX TUHAMIKIB 1 CYMICHICTH 3
HEOOX1THUMU TUIaTaMu, 00paHo 3BYKOBHIA TifcwmitoBad D-kimacy PAMS8403 [74]. Sk
nifcuioBad kinacy D 3abe3nedye MiHIMajabHI BTpaTH €HEPrii y MOPIBHSAHHI 3
niacuiroBadyaMu kinacy AB. BOygoBaH1 QpyHKIIT 3aXUCTY BiJl KOPOTKOI'O 3aMUKaHHS Ta
HEeperpiBy JI03BOJIAIOTh YHUKHYTHM IIOIIKO/PKEHb Y pa3l HECIpaBHOCTEH B

H1IKITI0OYEHUX KOMIIOHEHTAX, BUXIAHY MOTYKHICTh 2*3 BT Ta po3mipu 21x18x3.5 Mm.

Pucynok 3.6 — 3oBHimHiK Burs migacuaoaya PAM8403 [74]

Jns GyHKIIOHYBaHHS CHUCTEMHM HEOOXIHO 00paTh KEpeno KUBJICHHS, 3
BpaxyBaHHSIM CIIO)KMBAHHSI €HEPrii MIKPOKOHTPOJIEPOM y PEXHMI PO3Mi3HABAHHS
00’€KTIB y pealbHOMY 4acy, poOOTH TMHAMIKIB Ta MiACUIIOBaYa, a TAaKOXK JKEpena
CBITJIa, 1 MpH IBOMY 3a0€3MEUYUTH ABTOHOMHICTH (YHKIIOHYBAaHHS CHCTEMHU Y
AKTUBHOMY PEXXHMI1 Ha 2-3 FOJNHHU.

Jns cucremu Ha ocHOBI MikpokoHnTpoiepa ESP32-S3-EYE, 3 Bmachoro

Kamepor, kepenom cBitia -  Cree XP-G3, munamikiB LD-SP-UM20/8A Ta
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nigcumoBaya PAMS403 3aranpHy cnokuBaHy mOTYXHICTh (Ps) po3paxoBano
HACTYITHUM YHHOM:

ne, Py — cHoXuBaHa MOTYXKHICTb MIKPOKOHTpOJIEpa Yy pEXHUMI poOOTH
po3mi3HaBaHHs 00’ €KTIB HEUPOHOIO MEpekero, P, — CloKMBaHa MOTYKHICTh JHKepena
cBiTHAa, P; — cHokuBaHa NOTYXHICTh IWHAMIKiB, Py — cHoXuBaHa MOTY>KHICTb
migcumoBada. [loTyXHICTH pO3paxOBaHO NMPHU MAKCUMAIbHUX HABAaHTA)KCHHAX Ha
MIKPOKOHTPOJIEP Yy PEXKUMI pO3Mi3HaBaHHSI 00’€KTIB 3 MOMAJBIIOI TEepeaavyero Ha
reHepaTop MOBH, 1 OCTIMHOIO pOOOTOO AMHAMIKIB Ta MIJCUIKOBAYa, AJs TOro, 00
o0paTu ONTUMAJIBHE JKEPEIIO KUBJICHHS JIsI MAKCUMAJIbHUX HaBAHTAXCHb.

CrnoxuBaHa TOTYXKHICTb KOXXHOTO OKPEMOIro €JIEMEHTa pPO3paxoBaHO 3a
dbopmyiioro:

P=U,

ne U — Hampyra mnpu MakCUMaJlbHOMY HaBaHTaXeHHi, | — cTpyMm mpu
MaKCHUMaJIbHOMY HaBaHTaXEHHI.

Hs ESP32-S3-EYE makcumanbHa TMOTYXKHICTh CTIOKHWBAHHS 3aJICKHUTh BiJ
akTUBOBaHMX (QYyHKIINA 1 mepudepiiHuXx TPUCTpoiB. 3a yMOBH poOOTH Ha
MakcUMalibHi# yacToTi (240 MTI'1), yBimkHeHOTro Wi-Fi, akTHBHOTO pe:KUMY KaMepH,
pO3Mi3HaBaHHs HEHUPOHHOI0 MEPEXKEI O00’€KTIB Ta TeHepalii 3BYyKy, 3arajibHa
CIOKMBaHAa TOTYXHICTh OyJlle JOpIBHIOBATU OOYTKY CyMH CTPYMIB Ta HAmpyTH.
bazose cnioxuBanns ESP32-S3 cranoButh 10 120 MA 1nipu MiKOBUX HaBaHTaXKEHHSIX
i gac nepenadi Wi-Fi abo iHTeHCHBHOTO TIporiecy oOpoOkH, kamepa Ta nepedupis
80-100 MA, reHepallis MOBH B 3aJIe)KHOCTI B pexxumy podotu — 50-100 MA, npu
pobOouiii Hampy3i y 5B. Takum u4uHOM, 3arajbHa CHOXXHBaHA MOTY>XXHICThb
mikpokoHTposepa ESP32-S3-EYE 3 nepedepieto Oyae nopiBHIOBaTH:

Px=5"-(0.120+0.100+0.100) = 1.6 Bt

MakcumanbHa mOTyXHICTh cBiTIomiony Cree XP-G3 cranoButs 6 BT,
MaKCHUMaJIbH MOTYXHICTh AuHaMiKy LD-SP-UM20/8A cranoButs 2 BT, BpaxoByrouu,

10 JWHAMIKIB 2, MakCMMaJlbHa CIIO’)KMBaHa MOTYXHITh Oyne 4 Brt, makcumaibHe
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CIOKMBaHHS NIPpU HOpMajbHOMY HaBaHTaxeHHI PAMS8403 ctanosuts 0.5 Bt. OTxe
3arajibHa CIoKMBaHa MOTYKHICTh (Ps) cuctemu Ha 6a3i MmikpokoHTposiepa ESP32-S3-
EYE 0yne nopiBHioBatu:

P,= 6+4+1,6+0,5 = 12,5 Bt

J11s1 aBTOHOMHOT pOoOOTH CHCTEMH Ha 3 TOAMHH BIJITOBITHO HEOOX1THO JHKEPEIIo
KHUJICHHS 3 EMHICTIO, 1110 3a0e3meunTtsb 32,5 Br*ron cymaproi eneprii (W).

€mHicTh akamysiTopa (A) po3paxoBaHo 3a (PopMyIIoILO:

A =WIN
A= 37.5/5=7.5 A*ron

TakuM 4MHOM , HEOOX1/IHE JIKEPEIIO KUBJIEHHS 3 HANPYrow B 5 B, Ta eMHICTIO
y 7500 MA*roa. OpaHuMm 3 Hallkpamux 1 yHIBEpCalIbHUX pilleHb Oyae oOparu
notyxHuii Power Bank i3 miaTpumkoro mBHAKOTO 3apsypkaHHa. Ha puHKy icHye
O0arato BaplaHTIB IO 3aJ0BOJIBHSAIOTH BHUMOTH 1 MalOTh JOCTaHIO €MHICTh IS
ABTOHOMHOI pOOOTH CUCTEMH Ha 3 TOJUHHU.

Ha npuxnan, YMbB Andowl Q-CD6500 mae emuicts 68000 MA Toa, BUXITHY
Hanpyry 5-12 B, Buxigny cuny ctpymy 1.5-5 A, 4 noptu USB Type A, ta 1 nopt USB
Type C, Bary 210 rpm [75]. Bapricts cranoButs Big 3000 1o 3500 THCSY rprBeHb B

3aJIeKHOCTI Bl Mara3suHy.

Pucynok 3.7 - 3opnimHii Burssx YMB Andowl Q-CD6500 [75]
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Jlist cucteMr Ha OCHOBI OJHOIUTATHOTO KoMiTtotepa Raspberry Pi 5, 3

mxepenoMm cBiTina - Cree XP-G3, nunamikie LD-SP-UM20/8A Ta migcumtoBaya

PAMS8403 cniepiry HeoOXx11HO 0OpaTu KaMepy, aJI’Ke€ Y KOMIUIEKTI 3 CaMOIO IUIATOO 11

HEMac.

Jliis Raspberry Pi 5 ontumansHoro kameporo € Camera Module 3 puc 3.8 [76].

Lle odimiiina kamepa 11 wiei matu. BoHa goctynHa B JIEKIIBKOX BEpCIsX, 30KpemMa

cTaHJapTHa, IMUPokokyTHA, NoIR (6e3 iHdpadepBoHOTrO GUIBTPY IS HIYHOTO

O6auenns), 1 NoIR Wide. OCHOBHI XapaKTE€pUCTHKHU:

Cencop - Sony IMX708, 12 MII, 3agasomiacsitka CMOS.

PosnminpHa 3matHIcTh: 10 46082592 mikceniB.

Bigeo - miarpumka go 1080p mpu 50 kaapax/c.

Kyt ornsiy: 75° (ctanmaptha Bepcis) abo 120° (mupoKoKyTHA BepCis).
ABTO(DOKYC 3 MATPUMKOIO (Pa30BOTO BUSBIICHHS.

HDR-pexxum 3 po3mipom a0 3 MII BuxigHoro 300paxeHHsl.

Ils xamepa cymicHa 3 HOBUM Raspberry Pi Open Source Camera System, 1o

HaJa€e JOCTYM J0 HaJIATyBaHb yepe3 01010Teky libcamera, a TakoX Ma€ MIATPUMKY

Python-6i6miorekn Picamera2 ajist inTerparii y NpoeKTH MalTUiHHOTO HaBYaHHS a0o

POOOTOTEXHIKH.

Pucynok 3.8 - 3osnimmniii Burisan Camera Module 3 - cranmapTamii (;1iBopy4)

1 MUPOKOKYTHUH (TIpaBopy4) [76]

B sxocrti mkepenma xumieHHs Raspberry Pi 5 BupoOHHK pekoMeHIye

3aCTOCOBYBATH JDKEpesia, Kl MOXYTh 3a0e3MeuuTd CTaOUIbHUN CcTpyM 5 A mnpu

Harnpy3si +5 B. Ha npuknan, YMbB Promate Titan-130 20000 mAh 2xUSB-C PD USB-

A QC3.0 moxe 3abe3neunTd BHUXIIHY Hampyry y 5-20 B, BUXigHUH cTpyMm 2-5 A,
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MaKCUMaIIbHY BUXiAHY MOTYXHicTh 130 BT puc 3.9 [77]. Bapricts cranoButs Big 3000

10 4000 TUCSY TPUBEHb.

Pucynoxk 3.9 - 3opnimnii Bursix Promate Titan-130 20000 mAh

[77]

Jlns cuctemMu Ha ocHOB1 ojgHoIUaTHoro kKoM oTepa NVIDIA Jetson Nano, 3

mxepenoM cBiTia - Cree XP-G3, nqunamikamu LD-SP-UM20/8A Ta miacumtoBademM
PAMS8403 Bapto obparm kamepy. NVIDIA Jetson Nano cymicHHI 13 pi3HUMH
KaMmepaMmu, 10 BUKopuctoBytoTh iHTepdeiicu MIPI CSI a6o USB. Jlo Hux Hanexartb
kamepu Raspberry Pi Camera Module V2 i Camera Module 3, e-CAM30_CUNANO,
IMX219. IopiBusipHa Tabmuus mis kamep IMX219 [78], Raspberry Pi Camera
Module V2, Camera Module 3 Ta e-CAM30_CUNANO [79]:

Tabmums 3.4 - Iopisusuus kamep 11t NVIDIA Jetson Nano.

[Tapamerp IMX219 Raspberry Pi Camera e-CAM30_CUNANO

(8 MP) Camera Module | Module 3 (3.4 MP)
V2 (8 MP) (12 MP)

Posninpaa & MP & MP 12 MP 3.4 MP

3JIaTHICTh

Kyt ornsamy ~155° ~62° ~63° ~118°

BomipTaxk 33B 33B 33B 33B

CnoxxuBaHMM 150-200 MmA 250 MA 250 MA 350 MA

CTpyM

SkicTh 3anucy 1080p @ 30fps | 1080p @ 30fps 4K @ 1080p @ 30fps

BiZI€O 60fps

MakcumanbHa 0.66 Bt 0.825 Bt 0.825 Bt 1.155B

CTOXKMBaHA

MOTYXHICTh

Bara 35r 35r 6.3r 6T

BapricTth 40 nonapis 40 nonapis 50 nomnapis 75-80 momapis
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VY sKOCTI DKepena KHUBJICHHS BUPOOHUK PEKOMEHIYE BUKOPHUCTOBYBATH
JpKepena, 110 MOXKYTh 3a0e3neuntu 5 A nipu 5 B, opke, MOXHa 3aCTOCYBaTH OOpaHUil
panime YMbB Promate Titan-130 20000 mAh 2xUSB-C PD USB-A QC3.0.

BucHoBku 10 po3aiay 3

BukoHaHO OIlIHKY yacy HEOX1JIHOTO Ha OJMH LUKJ MPOIeCy PO3Ii3HABaHHS-
orosionieHHs 1H(popmMarllli BpaxoBYOUl HIBUAKICTb PEAKIii JIOJAWUHU Ha TOJOCOBY
iHpopMarito, Ta MBUAKICTP TNPOXOKCHHS PIZHUX €TalllB camMoro IMpoIecy.
BcTranoBneno yac, HeoOXiJHUM Ha OTOJIOMICHHS CJIIB Ta iX KOMO1HAILIM PI3HOT TOBXKUHU
3 BpaxyBaHHSIM OCOOJIMBOCTEW YKpaiHCbKOI MOBM Ta MOBIICHHS. BcTaHoBieHo, 110
MIHIMaJIbHUN Yac HEOOX1JHUI Ha OTOJIOIIEHHS OJTHOTO CJIOBAa CTAHOBUTH 129 Mc, y TO
yac, AK KOMOIHaIis Ha3Ba 3 TPbOX JIOBIUX CJIIB MOXKE 3aliMaTH /Bl CEKyHAH Ha
OTOJIONIEHHS 3 ypaxyBaHsM Iay3Hd MiXK CJIOBaMHU.

BukoHaHO po3paxyHOK 1 mi0ip KOMIOHEHTIB JIJIsl BAp1aHTIB CUCTEMH Ha IJlaTax
ESP32-S3-EYE , Raspberry Pi 5 ta NVIDIA Jetson Nano. Po3paxoBaHo cBiTIoBHit
MOTIK SIKWUWA Mae 3a0€3MeUYUTH JHKEPEso CBITIA, JUIsl HOPMAJIBbHOTO (yKHIIIOHYBaHHS
CHUCTEMH MPHU MOTaHOMY OCBITJIEHHI, Ta 00paHo cBiTioa107 Cree XP-G3.

Jist oronommenHs iHgopMmarii oopano auHamiku LD-SP-UM20/8A, mo MaroTh
KOMITIaKTH1 pO3MIpH, CyMICH1 3 00paHUMH TUTaTaMH, 3a0€3MeUy0Th HEOOX1JHUI PIBEHb
ryyHocTi. Takox, Oyno oOpaHo 3BykoBui miacwioBad PAM8403 st miak/ItoueHHs
JTUHAMIKIB O CUCTEMH. A TaKOXX MOJYJI KaMmep JJIs IUIaT, B SKUX BOHA BIACYTHS y
0a30Biil KOMILIEKTAITI].

Bbyno po3paxoBaHO 3araibHy CIHOXXKHBAaHY TOTYXHICTh CHCTEM Y PI3HUX
KOMIUJIEKTAIlISIX 3 YpaxXyBaHHAM POOOTH HEHPOHUX MEPEXK, JKepena CBITIa 1 MOCTIMHOT
poOoTu nuHaMikiB. Ha 0OCHOB1 OTpHMaHOI CLIOKUBAHOI OTYHOCTI 0YJIO PO3PaX0OBaHO
€EMHICTh JDKEpena JKUBICHHS Ta OOpaHO ONTHUMAaNbHI BapiaHTH IS 3a0e3MeueHHS

aBTOHOMHOI pO6OTI/I CUCTCMHU BIIPOOOBIK 3x T'OAHH.
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PO3/11 4. JOCJALKEHHSI MOKJIMBOCTI BUKOPUCTAHHS
HEMPOHUX MEPEK Y CHCTEMAX PO3MI3HABAHHS OB’EKTIB 3
MOJAJIBIIMM I'OJIOCOBUM BUBOJOM IH®OPMAIII 1151 JIIOJIEM 3
BAJJAMH 30PY

4.1 MeTtoa nonepeaHboi 00po0KH i rpPyNyBaHHS TPEHYBAJIbHHUX JAHHUX IS
NMOKPalleHHs PO3Mi3HABAHHS 00’ €KTIB Y CKJIAAHUX CHUTYaIlisIX.

Onniero 3 HAMOUIBIIM CKJIQJAHUX CUTYallld MiJl Yac po3Mi3HaBaHHS 00’ €KTIB
JUIIAEThCS TpobOiieMa TOB’s3aHAa 3 HAABHICTIO CTOPOHHIX O0’€KTIB SIKI MOXYTh
3HAXOAUTHCS OUId LUILOBOTO 00 €KTY PpO3MiI3HABAHHS, THUM CAMHUM «ILTyTarO4m»
HelpoHy Mepexy. OcoOIMBO y BUMAJKY, KOJIM OJTHY HEUPOHY MEPEKY BUKOPUCTAHO
JUTSL PO3MI3HABAHHA JIEKUIBKOX KaTeropiii 00’€KTiB, SKI MOXYTh 3HAaXOJIUTCA Ha
300pakeHHl pa3oM. Ha mnpukian, y BIKHI MOXe BiIOMBaTHCS BiIOOpaKeHHS
aBTOMOO1UIS, B HACTIIOK YOr0 MOXKHAa OTPUMATH B pe3yibTaTi pO3Mi3HABAaHHS
«aBOTMOOUIbY, X04a OCHOBHUM 00’ €KTOM JIJIsl pO3Mi3HABAHHA Y JAHOMY BUIAIKY Majo
OyTH BIKHO. AHAQJIOTIYHA CHUTyalllsi MOXE TparuisaThcs 3 00’€KTaMU SKI YacTo

TPAIISIOTHCS Y TIOBCSIKACHOMY KHUTT1 BUKJIMKAIOUU XUOH1 pe3yIbTaTh PO3Ii3HABAHHS.

Pucynox 4.1 — [Tpukinang xuOHOro po3ni3HaBaHHS [UILOBOTO 00’ €KT
Yy p p Yy
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[Tonepenust 0OpoOka Ta MpaBUIIbHE TPYITyBaHHS TPEHYBAJIbHUX JaHUX MOXKYTh
MIIBUIIUTH TOYHICTH PO3II3HABAHHSA OO’ €KTIB y CKJIQJAHUX CHUTYaIlisX poOJISTUH
HEHUPOHY MepexKy OLIbII THYUYKOIO Ta CTiiKor0. J{J1s monepeanboi 00poOKu 300pakeHb
O0yno o6pano Adobe Photoshop.

Adobe Photoshop — ue nortyxxHuii nmporpaMHUil MPOAYKT A MpodeciitHol
00poOKkK 300pakeHb, po3poOsieHnii kommanietro Adobe Systems [80]. IIporpama
IIIMPOKO BUKOPUCTOBYEThCS y cdepax rpadiuHoro aumsaiiny, Qororpadii, BeO-
U3aiiHy, a TaKoX y CTBOpeHHI IudpoBux umroctpaniil. [Iporpama Hamae mumpoxkuii
HaO01p IHCTPYMEHTIB IS peJaryBaHHs 1 00pOOKH 300paKeHb.

OCHOBHUY TPHUHIMI MONEPEAHbOI 00POOKH TPEHYBAIBHUX JaHUX IOJSATAE Y
BUJIAQJICHH] BUJAJICH] HAIJUMIIKOBOI 1H(opMarlii abo 3ailBUX 00’ €KTIB 3 300paKe€HHS 3a
JI0TOMOror0  1HCTYyMeHT «['ymka» 3 momambmiuM 3MilTyBaHHS — 00poOIeHUX
TPEHYBaJIbHUX JJAHUX 3 HEOOPOOJICHUMU.

Inctpyment "I'ymka" BUKOPHCTOBYETHCS AJI1 BUJAJIEHHS MIKCEIIB Ha IIapi,
NEPETBOPIOIOYH iX Ha MPO30pi (AJ14 MIapiB 3 TPO30PICTIO) a00 3MIHIOIOYH KOJIip Ha (PoH
(mns ponoBoro mapy). [HcTpymeHT 006paHo 11 TOTO, 100 Kpai JI0BKOJIA OCHOBHUX
00’ €KTIB MICJISI BUIAJICHHS 3aiBUX €JIEMEHTIB OyJIH HE 1IeTbHUMU.

[HCTpyMEHT (YHKIIIOHYE 3a MPUHIMIIOM 3MIHM 3HAYEHHS MIKCEIIB y Mexax
poro nii. Ilpm poOoTI Ha 3BMYaliHOMY IIapl MIKCEIl 3MIHIOIOTHCS Ha MPO30PICTh
(anmba-kanan orpumye 3HaueHHs 0). [Ipu poboti Ha Poni abo mapi 6e3 mpo30pocTi
BUJAJIEH] TIKCENl 3aMiHIOIThCA KoidbopoM (ony. KoxkeH mikcenb micns i
iHCTpyMeHTY "['yMKH" po3paxoByeThCs 3a POPMYIIOL0:

Pnew = Poriginal : (1_(1) + Pbackground *Q,

ne Pnew - pinanbHe 3HAUeHHS MiKCeNs, Poriginal - MTOYaTKOBE 3HAYECHHS TIKCENS,
Pbackground = Kostip Qony (s mapiB 6€3 mpo30pocTi), o - PIBEHb MPO30POCTI, SIKUM
3anexuTh BiJ mapametpiB Opacity Ta Flow.

Henpozopicte (Opacity) BCTaHOBIIOE 1HTEHCHBHICTh BHJJIQJICHHS ITIKCEIIB
(uactkoBe abo moBHe BumaneHHs). [lorik (Flow) Bu3Hauae mBUAKICTHP HAHECEHHS

ebexkty npu HatuckaHHi. fkmo "T'ymka" mpairoe mo mpo3opomy Imiapy, MiKceni
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3MEHIIIYIOTh CBOIO HETIPO30PICTh BABIUi. SIKIIO map HEMpo30puid, KoJtip POHY BIUIUBAE
Ha BUJIAJICHI ITIKCE 13 BpaxyBaHHIM (HOPMYJIH.

JIJisi IpOBEACHHS €KCIIEPUMEHTY CTBOPEHO 5 TPyn TPEHYBAIBHUX JaHUX 13
HazBamu "windows", "door", "trees", "traffic lights", "crosswalk" mus 5 kareropiii
00’exTiB BiAnmoBigHO. OOpaHi KaTeropii 00’€KTIB MOCTIHO 3yCTpIYalOTHCS Y
MOBCSAKACHOMY JKUTTI, X PO3Mi3HABaHHSA HEoOXiAgHe il 3a0e3nedyeHHsl 0e3Me4YHOro
nepecyBaHHs JIIOJIel 3 BajaMu 30py a00 MOBHOIO CIIMOTOIO SK HA BYJMIN, Tak 1 B
JIOMAIIIHIX yMOBaXx.

Koxna rpyma wmictuth 1mo 30 TpeHyBaJbHUX HEOOPOOJCHHX 300pa)keHb.
[TonoBuHy 3 HEOOPOOICHUX TPEHYBAIBHUX JAHUX JIJIs1 KOXKHOT KaTeropii 00’ eKTiB 0yJI0
obponeno y Adobe Photoshop Meromom BuaaneHHs 3ailBOro 3a JOMOMOTOIO
iHcTpyMmenty «['ymka». Ilpukinan HeoOpoOiieHHX Ta 0OpOOJIIEHUX TPEeHYBAIBHHX

300pakeHb MPEJCTaBICHO Ha PUCYHKY 4.2.

v Lige Soal Bean sl |
e I s S o Tiems

Pucynok 4.2 — Ilpukian HeoOpoOieHnx Ta 00pOOIEHUX TPEHYBAIBHUX JaHUX

Jlis TpeHyBaHHSL HEMPOHUX Mepex oOpaHo miatdopmy Edgeimpulse. Ha 6a3i
wi1arGopMH CTBOPEHO NPOEKT Ul HaBUaHHS MoOJEJe HEUpPOHMX Mepex A
nojaneioro 3aBaHTaxkanHs Ha ruiatu ESP32-S3-EYE, Raspberry Pi 5 ta NVIDIA
Jetson Nano. V sikocTi Tarpety A1 3aBaHTaKEHHSI HEHPOHUX MEpeXk CrepIiry 00paHo
ESP32-S3-EYE. V nanamryBaHHSX BKa3aHO JOCTYITHI JJis 3aCTOCYBaHHsI pecypcu
MiKpoKoHTpoJiepa (puc 4.3).

[licns HanmamTyBaHb MEpPEXi Uil BUXITHOTO JEBaicCy, 3aBaHTaxxeHo 1o 30

HEOOPOOJIEHUX TPEHYBAJIbLHUX 300payKeHb I KOKHOI 3 Kareropiii (puc 4.4.), Ta 65
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TECTYBaJIbHUX 300paK€Hb 3pO0JICHHUX ITPU PI3HUX YMOBAX OCBITIEHOCTI, KyTaX HAXUITY

Ta IIOT'OAHUX YMOBAX. ITicnsa 3aBaHTa)KEHHS JaHUX CTBOPCHO ((IMHy.TII)C» .
I Configure your target device and application budget

Target device

Define your target device requirements to inform model optimizations and performance calculations. No device
yet? Use the default settings which you can change at any time.

Target device Espressif ESP-EYE (ESP32 240MHz) v
Processor family ESP32 e
Clock rate @ 240

Custom device name ®

Application budget

Specify the available RAM and ROM for the model's operation, along with the maximum allowed latency for your
specific application. Not sure yet? Start with the defaults and modify them later on.

RAM 4
ROM 4
Latency ® 100

Reset to default settings Cancel m

Pucynox 4.3 - HanamryBanus npoekty nig ESP32-S3-EYE

B Edge Impulse "Immynsc" — me Habip airoputMmiB Ta MOCIHITOBHOCTEH
00poOKHM JaHUX, K1 BUBHAYAIOTh, SIK JaH1 BIJl 1aTUYUKIB (300pakeHHS, 3BYK, PYX TOIIIO)
TpaHchOpMYyIOThCs B TIpuAaTHY (Gopmy aiis HelpoHHOI mepexi. Bin oxorutroe Bci

cTalu Hi)IFOTOBKI/I JaHHUX, H06y210BI/I MO,He.IIi Ta IIPOTrHO3YBAHHAI.

Dataset i & B
Training (150 t % Y =
Apply filters Clear all filters
By label By name or ID

By signature validity

Valid & invalid signatures v

Enabled & disabled samples

Pucynox 4.4 - 3aBaHta)keHi Jyisl TPEHYBaHHS Ta TECTyBaHHS MEPEXK1 TaHHI

IMHYJ'IBC CKJIIaZIa€ThCA 3 TAKUX CKIAAOBUX K. 010K HaJIalITYBaHb BXi,IIHI/IX

TaHUX, Y BUNAAKy 300pakeHb 1e Image data, GyioKy sIKuii BiAMOBima€ 3a HaBYAHHS



106

Mepexi st obpanux kareropit (Transfer Learning), Ta Onoky sikmii TeHepye

OCTAaTOYH1 O3HAKMU 00paHux kareropiit 06’ ekTiB (Output features) pucynok 4.5.

Impulse #1

W Animpulse takes raw data, uses signal processing to extract features, and then uses a learning block to classify new data,

Image data Transfer Learning (Images) e Output features °

Input axes. L Name 5 (Crosswalk. Doors, Traffic_light. Trees, Windows)

b E=A

] image

5 {Crosswalk, Dooes, Traffic_light, Trees, Windows)

Pucynox 4.5 — CTBopeHuit iMIybC 111 00paHUX KaTeropiii 00’ €KTiB

B skocti HamamtyBaHb BXIJHUX IapaMeTpiB 300pakeHb OOpaHO BXIAHUI
po3mip 96 *96 mikceniB 11 nepioro Tecty, ta 160 * 160 mikceniB A pyroro TecTy.
B sxocti Koab0poBOTO MpocTopy s 300pakeHh obopano RGB. Ilicna voro s
oOpaHuX KaTeropiit 300pakeHb 0yJI0 BUAICHO O3HAKH. BizyallbHHIA PO3MOILT O3HAK —
e rpagiyHe MpeICcTaBIeHHS BUAUICHHX O3HAK 3 KOKHOI Tpymnu 300pakeHb. KokHa
KaTeropiss 00’€KTIB Ma€ CBOI XapakTepHI O3HAKU, SKI B TMOJAIBIIOMY OyAyTh
BUKOPUCTOBYBATHUCS JJI1 HAaBYaHHS Mepexi. OTpuMaHuil po3nmoai s HeoOpoOIeHuX

TPEHYBAJIbHHUX JaHUX OOpaHUX 5 KaTEropiil Mpe/ICTaBIeHO Ha PUCYHKY 4.6.

I Feature explorer

Crosswalk
Doors

Traffic_light ®
Tr.ees .‘ ® .. ° '.
Windows ' .. ° [ ] ° °® .. L)
° ® e *°8 =
° ° e LY ®
o ,° ° ® °
e ®° . e o ° ) oy .
%R®e J ee ° ™ e ©® L]
® L 9 ©
ee o & Lo % o ° @
L] ® o o © : . ..
L ® . ]
R L R . .. e @ :.. « $ o
e o % ¢ :.. o) ° ®
o ® 9.0
.‘ o W .. ° [ )

Pucynox 4.6 — OtpuManuii Bi3yaJIbHHI PO3IOALT O3HAK JJIsT HEOOPOOIeHUX

TPEHYBAJIbHHUX JTAHUX
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[IpoananmizyBaBIIM PE3yJNbTATH PO3MOJALITY MOKHA 3pOOUTH BUCHOBOK, LIO Yy
00paHMX KaTeropisix 300pakeHb JOCUTh YaCTUM € SIBUINE MPHUCYTHOCTI JACKUIBKOX
KaTteropiii 00’ €KTiB HA OJTHOMY 300paK€HHI Ta CX03K01 HAJIJIMIIKOBOI 1H(popMaIlii, Ha
NPUKJIaA, CXOKUU 3aIHii (POH, MO0 CTBOPIOE HEPIBHOMIPHHM PO3IMOALI, Ta MOXKE
BUKJIMKATH TOMUJIKH MPU PO3MI3HABAHHI.

[Ticnst BUALIEHHSI 03HAK BUKOHAHO HAJIAIITYBAHHS JJisl TPEHYBaHHSI MEpex1 Ta
obpanoM mozeiab. Ha miatdopmi € moxkiuBicTs oopatu mepexi MobileNet V1 ta V2
3 PO3MIpOM BXOAHOTO 300pakeHHs 96*96 ab6o 160*160 mikceniB Ta pi3HUMH
KoQilieHTaMu MUPUHN Mepexi, a Takox monens EfficientNet B0, mo po3pobiiena
koM 1oHITI. EfficientNet BO Mae 3HauH0 O171b1111 MOTPEOH Y MOTYKHICTI Ta po3paxoBaHa
Ha npuctpoi Linux, Tomy He Oysia oOpaHa A NOAAIBIIUX eKcnepuMeHTIB. CHcok
JOCTYITHHX IS poOOTH 3 300pakeHHsAMU Mojeneit y Edge Impulse mpeacraBneHo Ha
pUCYHKY 4.7.

MobileNetV1 96x96 0.25

A pre-trained multi-layer convolutional network designed to efficiently classify
mages. Uses around 105.9K RAM and 301.6K ROM with default settings and

Edge Impulse Add |

optimizations.

MobileNetV1 96x96 0.2

Uses around 83.1K RAM and 218.3K ROM with default settings and optimizations. Edge Impulse
Works best with 96x96 input size. Supports both RGB and grayscale.

MobileNetV1 96x96 0.1

Uses around 53.2K RAM and 101K ROM with default settings and optimizations. Edge Impulse Add ‘

Works best with 96x36 input size. Supports both RGB and grayscale.

MobileNetV2 96x96 0.35

Uses around 296.8K RAM and 575.2K ROM with default settings and optimizations. Edge Impulse Add ‘

Works best with 96x36 input size. Supports both RGB and grayscale.

MobileNetV2 96x96 0.1

Uses around 270.2K RAM and 212.3K ROM with default settings and optimizations. Edge Impulse Add ‘

Works best with 96x36 input size. Supports both RGB and grayscale.

MobileNetV2 96x96 0.05

Uses around 265.3K RAM and 162.4K ROM with default settings and optimizations. Edge Impulse Add ‘

| works best with 96x96 input size. Supports both RGB and grayscale.

MobileNetV2 160x160 1.0

Uses around 1.3M RAM and 2.6M ROM with default settings and optimizations Edge Impulse Add |

Works best with 160x160 input size. Supports RGB only.

MobileNetV2 160x160 0.75

Uses around 1.3M RAM and 1.7M ROM with default settings and optimizations Edge Impulse Add |

Works best with 160x160 input size. Supports RGB only.

| MobileNetv2 160x160 0.5

| Uses around 700.7K RAM and 982.4K ROM with default settings and optimizations Edge Impulse Add |

Works best with 160x160 input size. Supports RGB only.

MobileNetV2 160x160 0.35

Uses around 683.3K RAM and 658.4K ROM with default settings and optimizations Edge Impulse Add |

Works best with 160x160 input size. Supports RGB only.

EfficientNet BO

Transfer learning model based on efficientnetb0_notop.h5 weights. This is a much Community blocks ‘ Add |
arger model than MobileNet for Linux devices and accelerators.

Pucynox 4.7 — Ciucox OCTymHUX A7t POOOTH 3 300payKEHHSIMH MOJIEIEH y

Edge Impulse
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MobileNet BukopucToBye mapamerp o (ayibda), KU BiIOMHI SIK MHOXHUK
MUPUHU, I onTumizauii moxeni. lledt mapamerp [103BOJsiE 3MEHIIMTH OOCST
HEHPOHHOI MepeXl Ta MIJBUIIMTH IIBUJAKICTH OOYMCIEHb 3a JONOMOTOIO
PIBHOMIPHOTO 3MEHIIIEHHS KITbKOCTI KaHAJIB Y KOXHOMY Iapi. MHOKHUK IIUPUHU O
JI03BOJISIE 3MEHIIUTH KUIBKICTh OOYMCIIOBAJIBHUX ONEpalliil Ta KUIbKICTh MapaMeTpiB
npuOau3Ho B kBaapati (0?). Lleit MeTon 3acTOCOBY€EThCSI 10 OyAb-SIKOI apXiTEKTypH
HEHWPOHHOT Mepexi, 0O CTBOPUTH MEHII 00'eMHY MOJIENIh 3 HOBUM PiBHEM TOYHOCTI,
MIBUAKICTIO Ta pO3MIpoM, Jie o = 1 — e 6a3oBa MobileNet, a a < 1 — cTucHyTI Mozemi
MobileNets.

Jlns HaByaHHS 00paHO JACKIUJIbKA MojieNiel 3 pI3HUMHU KODII[i€HTaMU CTUCHECHHS
Ta BXIAHUM po3MipoM 300paxkeHHs, a came MobileNetV1 96x96 0.2, MobileNetV2
96x96 0.35, MobileNetV2 160x160 0.5 ta HectucuyTa Bepcis MobileNetV2 160x160
1.0.

MobileNetV1l 96x96 0.2 — me mBuaka, MamorabapuTHa MOJETb, SKa
e(eKTUBHO TPAIIOE MPU MIHIMAIBHOMY BUKOPUCTAaHHI PECYPCIiB 3aBISKH HU3BKOMY
3HAUCHHIO MHOXKHMKa mmMpuHu. [licns TpenyBanHsi Mmepexi mig ESP32-S3-EYE
BUKOHAHO TECTyBaHs Ta OyJI0 OTPUMAHO TOYHICTH PO3Mi3HABAHHS ISl KOXKHOT 3 TPYII
00’€KTIB 1 MPEJICTABICHO HA PUCYHKY 4.8.

Last training performance (validation set)

63.3% 0,91

Confusion matrix (validation set)

42.9%

Pucynok 4.8 — Pesynbrat TouHOCTI po3mizHaBaHHs mepexi MobileNetV1

96x96 0.2 s ESP32-S3-EYE

3 OTpUMaHUX Pe3yJIbaTiB MOKHA 3pOOMTH BUHCOBKH, 1110 Y OOpaHMX KaTEropisix
JOCUTh YacTO Ha TPEHYBaJbHUX 300paKEHHSIX HPHUCYTHI OO0 €KTH 3 CYyMIKHHUX

KaTeropisix, 0 CTBOPIOE XMOHI po3mizHaBaHHS Mepexero MobileNetV1 96x96 3
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ko¢imieHToM ctucHeHHa 0.2. HaliBumia TOYHICTH pO3II3HABaHHA y KaTeropii
«crosswalky i ckiagae 80% it 00paHoi Mepexi 3 JAaHHUM HaOOPOM TECTYBAJIbHHX Ta
TPEeHYBAJIBHUX JTaHUX, Ta 42,9 % HaliHwk4a TouHiCcTh [yt koteropii «Trafick_light».
CepenHs TOUHICTh MEPEXKi CTAHOBUTH 63.3%, a TEOPETUYHUHN Yac pO3Mi3HABAHHS MiCIIs
3aBaHTaXEHHS MEPEK1 Ha MIKPOKOHTPOJIEp CTAaHOBUTH 990 MS.

I'padiune npecTaBieHHs pe3yJbTaTiB — 1€ BI3yaJlbHUN PO3MOALIT TECTYBaHHS
MEpeXl Ha yCiX 300paKCHHSAX Y MEpEeki, SK TPEHYBaJbHHUX TaK 1 TECTYBaJIbHUX.
I'padiune mpecraBiieHHS pe3yibTaTIB Ta TEOPETUYHI TMOTpeOHM Yy pecypcax

MIKpOKOHTpOJIEpa MPEJCTAaBICHO HA PUCYHKY 4.9.

Data explorer (full training set) ®

Cros!

XN

On-device performance @ Engine:® | EoN™ com

@ 990 ms.

Y 223.3K

Pucynox 4.9 — I'padiune npeacTaBaeHHs pe3yIbTaTiB PO3M3HABAHHS

[Ticnst oTpuMaHHS pe3yibaTiB BUKOHAHO TIEPEHABYAHHS MEPEKl HA THX CaMUX
TPEHYBAJIbHUX Ta TECTOBUX 300paxkeHHsAX g mojneineil MobileNetV2 96x96 0.35
MobileNetV2 160x160 0.5 Ta MobileNetV2 160x160 1.0 mig mnaty ESP32-S3-EYE.

st MobileNetV2 96x96 0.35 orpumaHo pe3ysIbTaTH 3 CEPEAHBOI TOYHICTIO

90% puc. 4.10. Haitanxkua TouHiCTh po3mizHaBaHHs y kateropii « Trafick_lighty.

Last training performance (validation set)

90.0% 0,35

Confusion matrix (validation set)

Pucynox 4.10 - Pe3ynbraTtu TouHOCTI po3mizHaBaHHs Mepeki MobileNetV?2

96x96 0.35 ms ESP32-S3-EYE
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I'padiune mpencTaBieHHs pe3yJbTaTiB Ta TEOPETUYHI MOTPeOM y pecypcax

Mmepexi MobileNetV2 96x96 0.35 nns ESP32-S3-EYE Binobpakeno Ha pucyHky 4.11.

Data explorer (full training set) @

On-device performance ® Engine:® | EON™ Compiler

@ 1598 ms. Q 334,7K

Pucynok 4.11 — I'padiune npeacTaBieHHs pe3yabTaTiB pO3Ii3HABAHHS MEpEexki

MobileNetVV2 96x96 0.35 nis ESP32-S3-EYE

TeopeTtnuynuii yac po3mizHaBaHHSA CTAaHOBUTH 1598 Mc, 110 € TOCHUTH BETUKUM
3HAYEHHSM JIJIs1 CUCTEMH PO3IMi3HABAHHS y PEXKHUMI PEAIbHOTO Yacy.

JIJ1s TpeHyBaHHS MEpEX 3 BXIIHUM po3MipoM 300paxkenb 160* 160 BcTaHOBIIEHO
BIJNOBIIHI HajamTyBaHHS «IMIynbCy» Ta BUKOHAHO BHJUJICHHS O3HAK, a TaKOX
TpeHyBaHHs Ta TecTyBaHHS Mepexi anst MobileNetV2 160x160 0.5 ta MobileNetV2
160x160 1.0. BizyasnbHe BigoOpaxeHHsI OTpUMaHUX O3HaK i Mepexxi MobileNetV2
160x160 0.5 300pakeHo Ha PUCYHKY 4.12.

Feature explorer

@® Crosswalk
@ Doors
@ Traffic_light
@® Trees ®
® Windows L4 J ®
® ® e ® ®
e %038 " e o°
8;' ® L e ™Y ¢ @ ™Y ®q
oPed o % o ° oo
! ° o se o° e °
o °® o o © ¢ T ; ®
. o0 % o
P ° : ] .. ® ® ® Q‘ ? O, .'.
[ ™ o * = e ® Co 8 e
® 3%, ° ° °* e o
) L ]
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Pucynok 4.12 — BizyanbHuil po3Moi 03HAK 3 BXITHUM PO3MIPOM 300pakeHb

160*160
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[Ticiis mepenaByaHHs Mepesxi OyJ10 BAKOHAHO TeTcyBaHHs Mepexi MobileNetV?2

160x160 0.5 Ta MobileNetV2 160x160 1.

PesynbraT TOouHOCTI po3mizHaBans Mepexi MobileNetvV2 160x160 0.5
MPEJCTABICHO HA PUCYHKY 4.13.

Last training performance (validation set)

ACCURACY LOSS

100.0% 0,00

Confusion matrix (validation set)

Pucynok 4.13 — Pe3ynpTatul TOYHOCTI po3mizHaBanHs Mepexi MobileNetV2

160x160 0.5 nns ESP32-S3-EYE

Otpumano 100% To4HICTH poO3Mi3HABAaHHS 00’€KTIB y BCIX Kareropisax. Aje ,
IpH I[bOMY, TEOPETUYHA IIBHJIKICTh PO3Mi3HABaHHS 00’ €KTIB CTAHOBUTH OJIU3BKO 4.5
CEKYH/I, 0 € AYX€E BEJIMKUM 4acOM JJIsl CUCTEM PO3II3HABAHHS Y PEKHUMI PEATIbHOTO

yacy pucyHok 4.14.

Data explorer (full training set) (&

Crosswalk - correct
@ Doors - comect

@ Traffic_light - correct
@ Trees. comect

@ Windows - cormect

2023-05-25-svitlofory-na-dorogah-belgi...
light

On-device performance (@ Engine: @ | EON™ Compiler =

@ 4451 ms. 0 756,7K o 1,0M

Pucynox 4.14 - BizyansHuit po3no/ii pe3yabTaTiB po3ii3HaBaHHS MEPEKEIO

MobileNetV2 160x160 0.5
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Pesynprat TOWHOCTI po3mizHaBaHs Mepexi MobileNetV2 160x160 1

peACTaBIeHO Ha PUCYHKY 4.15.

Last training performance (validation set)

ACCURACY Dee

......

100.0% 0,00

Confusion matrix (validation set)

e |
=
Pucynok 4.15 - Pe3ynbratu TouHOCTI po3nizHaBaHs Mepexi MobileNetV2

160x160 1 nns ESP32-S3-EYE

Tounicte po3mizHaBaHHs Mae moka3HUK 100%, ame mnporHo3oBaHUM dac
pO3Mi3HaBaHHHS MeepBUIIye 13 CeKyH, 0 € HEMPUITYCTUMUM JIJIs1 BUKOPUCTAHHS y
CUCTEMax pO3Mi3HABAHHS Y PEKUMI peaIbHOTO Yacy.

[IpoananizyBaBIIM OTPUMAHHUIN BI3yaIbHUM PO3MOIIT PE3YJIbTATIB MOXKHA
3pOOMTH BHCHOBOK, II0 YMM MEHILE CTUCHYTa Mepeka Ta YMM OUIBLIMN pO3Mip
BXIJTHOTO 300pakKeHHsS, TUM BHIIA TOYHICTH PO3Mi3HABAHHS, OUIBII PIBHOMIPHHMA
BI3yaJIbHUW PO3MOJUT OTPUMAHUX PE3yNbaTaTiB Ta OUIBIIMN Yac HEOOXITHUN Ha

po3mi3HaBaHHsA puc. 4.16.

Data explorer (full training set) ®

© Crosswalk - correct
@ Doors- correct

@ Traffic_light - correct
@ Trees- correct
L]

o 90 o
Windows - correct e > o 0 % o »
e eocb" 92 ® o’ \o....$ "
® . g g% @ ) @ e o ©
e % bg ) ®O 2] 8 o ® ®
e ® 5 0(9 ) e ®
[ ] e .. ) °® ®
¢ 3% f 2%
[ ]
% o 80 8
e
On-device performance @ Engine:® | EON™ Compiler ~ |

@ 13727 ms. Q 1,5M O 2,6M

Pucynox 4.16 - BizyansHuit po3mo/ii pe3yabTaTiB po3Ii3HaABAaHHS MEPEKEIO

MobileNetV2 160x160 1 qns ESP32-S3-EYE



113

AmHarnoriuHo OyJi0 BUKOHAHO HABUYaHHS Ta TeCTyBaHHS Mepexk MobileNetV1
96x96 0.2, MobileNetVV2 96x96 0.35, MobileNetV2 160x160 0.5 Ta MobileNetV2
160x160 1.0 s Raspberry P15 Ta NVIDIA Jetson Nano Ha TuX camMux He0OpoOIeHUuX
TPEHYBAJIbHHUX 1 TECTOBUX 300payKCHHSX.

s mepexi MobileNetV1 96x96 0.2 nHa 0a3i miaru Raspberry Pi 5 Oymo
OTPMMAHO AaHAJIOTIYHI PEe3yJbTaTH TOYHOCTI PO3IMI3HABAHHS, L0 BIIOOpa)k€Hl Ha

pucyHky 4.17.

Last training performance (validation set)

63.3% W’ 0091

Confusion matrix (validation set)

42.9% 28.6% 28.6%

Pucynox 4.17 - Tounicts po3nizHaBanHg Mepexi MobileNetV1 96x96 0.2 na

0a3i miatu Raspberry Pi 5.

[Tpu boMy, OTpUMaHO TEOPETHUHY IIBUIKICTH PO3Ii3HABAHHHS Yy 3 MC, IO €
Ty>K€ BUCOKHM MOKa3HUKOM LIBUAKOCTI PO3Mi3HaBaHHs pUCYHOK 4.18.

Data explorer (full training set) @

;. C
L] L X ] .
o IO Lo o
. s 2et 2o §
. & o oond w Seo o0yl
b ' o oy
& Ve ®
° ° ° 0.(%% %{ﬁ.
On-device performance (@ Engine: @ | EON™ compiler *

e ' :  © )
@ 3 ms. 0 97,4K o 2233K o

Pucynok 4.18 - BisyanbHuit po3mnoin posmizHaBanHs mepexxi MobileNetV1

96x96 0.2 na 6a3i matu Raspberry Pi 5
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Hns moneni MobileNetV2 96x96 0.35 oTrpumaHO aHAJIOTIYHUN pe3ynbTar
TOYHOCT1 po3mnizHaBaHHs (puc.4.19), ogHaK TeOpeTHYHA MIBUAKICTh PO3IMI3HABAHHS
CTAHOBUTH 5 MC, II[0 € 3HAYHUM MCHIIKM ITIOKa3HUKOM HiX Ha 0a3i rmatu ESP32-S3-

EYE (puc.4.20).

Last training performance (validation set)

90.0% e 0,35

Confusion matrix (validation set)

“ - . o o
0% | o 0% 16.7%
4.3% % 0% 14.3%

- " o “ o

1 0.9 o 8 00 0.23

Pucynok 4.19 - Tounicts po3mnizHaBanus Mepexxi MobileNetV2 96x96 0.35 Ha

0a3i ruatu Raspberry Pi 5.

Data explorer (full training set) @

Crosswalk - correct

@ Doors- ect

® Traffic_light - correct

@ Trees- correct ... o

@ Windows - correct ° .. <)

@ Doors - incorrect R Q 0 ... -

> S & e . o
@ Traffic_light - incorrect ® . @
T 2 e 9 L]
- In
: T ,.S incorrect > @ A ® ] L] ﬂ’
indows - incorrect
Lokt o . S
Wﬂ [o3] L9 . ®
o)
On-device performance ® Engine: @ | EON™ Compiler ~

@ 5 ms. ° 334,7K O 575,6K

Pucynok 4.20 - BizyanbHuil po3nofin pe3yiabTaTiB po3Mi3HaBaHHS MO

MobileNetV2 96x96 0.35 na 6a3i muiatu Raspberry Pi 5

Hns  wmonenmi  MobileNetV2  160x160 0.5 otpumano 100% TOYHICTB

PO3MI3HaBaHHs 3 TEOPETHUYHOIO IIBUJIKICTIO PO3Mi3HaBaHHs y 6 Mc puc.4.21.
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Data explorer (full training sety @

On-device performance @ e:@ | EON™ Compiler +

@ 6 ms. Q 369,7K @ 945,3K

Pucynox 4.21 - BizyanpHuil po3moin pe3yabTaTiB po3Mi3HaBaHHS MOJIEII

MobileNetV2 160x160 0.5 na 6a3i rutatu Raspberry Pi 5

[licns TpeHyBaHHS 1

TecTyBaHHA Mepexi orpumano 100% ToOYHICTH

posmi3HaBaHHA. TeopeTnyHa MBUAKICTh PO3MI3HABAHHS CTAHOBUTH 33 MC, 110 € AYKE
BUCOKHUM MOKa3HUKOM, 1 BIIMIHHO MIAXOJIUTD JJII CUCTEM PO3Mi3HaBaHHS 00’ €KTIB y

pPEXUMI peaslbHOTO Yacy pUCYHOK 4.22.

Data explorer (full training set) @

@
® [
° ® o)
© ® ®_0o
® 900%,%.% =
o \O ® (<] o
¥ o s & " ® e 9| 2@
® o D Y, ©
. @ 7
- ol ° bt °
[¢] 5 (&) ) o
® o 0,%°8 0% ®
2y °O PP~ (=) : [}
® [}

On-device performance @ @ | eoN™ compiter ~

@ 33 ms. o 1.5M @ 2,6M ‘

Pucynok 4.22 - BizyansHuil po3mo/iia pe3yibTaTiB po3Mi3HaBaHHS MOJIET1

MobileNetV2 160x160 1 na 6a3i matu Raspberry Pi 5

Hus mmatu NVIDIA Jetson Nano Oyjio BUKOHAHO aHajOTiyHI HAaBYAaHHS 1

TecTyBaHHs Mmoneicii mepesxk MobileNetV1 96x96 0.2, MobileNetV2 96x96 0.35,
MobileNetV2 160x160 0.5 ta MobileNetV2 160x160 1.0.
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s mogemi MobileNetV1 96x96 0.2 orpumano cepeanto TouHicts y 80%, Ta

TEOPETUYHY IMIBUAKICTh PO3Mi3HABaHHS Y 2 MC pUCyHOK 4.23 Ta 4.24.

Last training performance (validation set)

o 80.0% 9 0,81

Confusion matrix (validation set)

Pucynok 4.23 - Tounicts po3mizaaBanas mepexi MobileNetV1 96x96 0.2 na
0a3i matu NVIDIA Jetson Nano.

Data explorer (full training set) @

Crosswalk - correct
Doors - correct

Traffic_light - correct

Trees - correct

Windows - correct

Crosswalk - incorrect

Doors - incorrect

Traffic_light - incorrect @
Trees - incorrect

windows - incorrect Y o o

([ E X N N N N N NoNe]

On-device performance ® Engine: ® | eon™ compiler ~

INFERENCING TIM PEAK RAM USAG LASH USAG
@ 2ms. 0 226,6K 569,6K

Pucynok 4.24 - BizyanbHuil po3noin pe3yabTaTiB po3Mi3HaBaHHS MOJIEN1

MobileNetVV1 96x96 0.2 ua 6a3i turatu NVIDIA Jetson Nano

s mogeni MobileNetV2 96x96 0.35 orpumano cepenHio TouHicTh 90%, mpu

TEOPETUYHIN IMIBUIAKOCTI po3mi3HaBaHHs 3 Mc puc.4.25.

Last training performance (validation set)

ACCURACY LOSS
90.0% e 0,29

Confusion matrix (validation set)

Pucynok 4.25 - Tounicts po3nizHaBanus Mmepexi MobileNetV2 96x96 0.35 na

0a3i ratu NVIDIA Jetson Nano
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Hns mepexerr MobileNetV2 160x160 0.5 ta MobileNetV2 160x160 1.0
OTPUMAaHO TOYHICTh po3nizHaBaHHs y 100% puc.4.26. Ta MBUAKICT PO3MI3HABAHHS Y

9 Mc Ta 27 Mc BianmoBiAHO pucyHOK 4.27 Ta pucyHOK 4.28.

ACCURACY LOSS
e 100.0% 9 0,00

Confusion matrix (validation set)

Pucynox 4.26 - Tounicts po3mizHaBanHs mepexeit MobileNetV2 160x160 0.5
ta MobileNetV2 160x160 1.0 na 6a3i muatu NVIDIA Jetson Nano

On-device performance @ Engine:® | EON™ Compiler ~

INFERENCING TIME PEAK RAM USAGE FLASH USAGE
@ 9 ms. 0 2,4M 3,2M

Pucynok 2.27 - TeopeTnuHuii yac Ta HEOOX1IH1 PpECypCH ISl MEpex1

MobileNetV2 160x160 0.5 ra 6a31 NVIDIA Jetson Nano

Data explorer (full training set) @

@ Crosswalk - correct
@ Doors - correct L ) . ®

p b ®
@ Traffic_light - correct . " ® ® ®
) @ ® ) ®o_o ®
@ Trees- correct ' ® o © e ® e ® 9 *
' - - e © © o)
® Windows-coret g g : ] ® Py L
v & @ ® .@ . e @ ® @ (o]
e © ® ® © ® ® @
L] @ ® ® -
e 5] ® ] ®
® 5 e o ° e
@ <] e @ ®
L ]
® o o.%"2 o %
o ® ® o o o
e ©o o >
®
®
On-device performance ® Engine: ® | EON™ Compiler ~

 © T Q am O s

Pucynok 4.28 - BizyaneHuii po3moii pe3yiabTaTiB po3Mi3HaBaHHSA MEPEKEI0

MobileNetV2 160x160 1 ta mpoHO30BaHU# Yac po3Mi3HaBaHHS

[Ipu ogHakoBiil TOYHOCTI po3mizHaBaHHsA y Mepexk MobileNetV2 160x160 0.5
ta MobileNetV2 160x160 1.0, Bi3yasbHHI PO3MOILT PE3YNbTATIB OLIBII YITKUHU 1

PIBHOMIpHUW y BHIAJKy HECTHCHYTOI Mepexi. [Ipum 1pomy, mporHo3oBaHUil dYac
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pO3Mi3HaBaHHsA y 27 MC € HEBEJIMKUM 1 BIAMIHHO MIIXOJIUTH ISl 3aCTOCYBaHHS y
CUCTEMaX PO3II3HABAHHS Y PEXKUMI peabHOIo 4acy.

[Ipornoro3aBHuil yac po3mni3HaBaHb i1 00paHUX MEPEX Ta 1T MPEACTABICHO
y Tabmmmi 4.1.

Ta6muis 4.1 — mporuo3oBaHuil 4yac po3ni3HaBaHHS.

[TnaTu/mporao3oBanuit ESP32-S3- Raspberr NVIDIA
gac po3Mi3HaBaHHS IS EYE yPi5 Jetson
Mepex Nano
MobileNetV1 96x96 0.2 990 mc 3 Mc 2 Mc
MobileNetVV2 96x96 0.35 1598 mc 5 Mmc 3 mc
MobileNetV2 160x160 0.5 4451 mc 6 Mc 9 mc
MobileNetV2 160x160 1 13727 mc 33 mc 27 mc

TouHicTh po3mi3HaBaHHA A1 00paHux miaT y mepexxk MobileNetV2 160x160
0.5 ta MobileNetV2 160x160 1.0 B ycix Bunaakax cranoBuina 100%, ane y Bunaaky
Mmepexi MobileNetV2 160x160 6e3 cTuCHEHHS BI3yaJIbHUH PO3MOJIUT Pe3yJIbTaTiB OYB
OUIBII PIBHOMIPHUH Ta YITKHIA.

4.2 IlepeBika TOYHOCTI poO3Mmi3HABAHHSA OOpaHMX KaTeropid micias
3MilLyBaHHSI 00p00JIeHUX | He0OpOoOJIeHNX TPEHYBAJIbLHUX JAHUX.

Y  npyromy ekcnepuMeHTI OyJio 0O0poOJE€HO TMOJOBHHY TPEHYBAIbHUX
300pa)keHb METOJIOM BUAAJICHHS HaIUIIKOBOI iHpopmariii y Photoshop, micis goro
00po6sieH1 1 HeoOpoOIIeH1 300pa)keHHsI OyJIO 3MINIAHO HABIUI 1 BUKOPUCTAHO JIS
TpeHyBaHHs HeliponHuXx Mepesxk MobileNetV1 96x96 0.2, MobileNetV2 96x96 0.35,
MobileNetV2 160x160 0.5 ta MobileNetV2 160x160 1.0 mix mmatu ESP32-S3-EYE,
Raspberry Pi 5 Ta NVIDIA Jetson Nano.

Bizyanbauil po3moin 03HaK A1 00’ €JHAHUX TPEHYBAJIbHUX JTAHUX 300paKEHO
Ha pUCYHKY 4.29.

3 OTPUMAHOrO PO3MOJLTY O3HA MOXHA 3pOOUTH BHUCHOBKHU, IO TEMep, IS
KOKHOI Kareropii 00’€KTiB BHAUICHO OUIBIN 4YITKI 1 OKpeMi TpymH O3HaK, M0 Mae
MIJBULIUTH THYYKICTh MEpeXi, OCOOJMBO [JIsi HEBEIMKUX MEPEeX 3 BEIUKUM

KO(II[1IEHTOM CTUCHEHHSI.
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Feature explorer

Crosswalk_colab
Doors_colab

Traffic_light_colab
Trees_colab ".. ‘:
Windows_colab ® o ﬁ .&
®e
P 4 o' e
.Q’ oy % 0.0...’ ®
o* .. 2 .: ° o,°
ol o®
0. Cg ¢
.. Py
L ]
®
sFey TN 8
% oe%

Pucynox 4.29 - BizyansHuit po3no/ii 03Hak 411 00’ €JHAHUX TPEHYBaJIbHUX

TAHUX

[Ticnst TpenyBanHs 1 TecTyBaHHs Mepexi MobileNetV1 96x96 0.2 3 moegnanumu
00poOneHuMHU 1 HEOOPOOJICHUMHU TPEHYBAIBHUMH 300pa)KeHHAMH, OyJIO OTpPHUMAaHO
CEpEelIHIO TOYHICTh po3mi3HaBaHs y 70%, 1 HOKpallleHHs Pe3ybTaTy y BCIX KaTeropisix
kpim karteropii «Windowsy. Pe3ynbraTé TOYHOCTI poO3Mi3HABaHHS MEpexki Mepexi
MobileNetV1 96x96 0.2 nns muiatu ESP32-S3-EYE 31 3mimanumu TpeHyBalbHUMH
JAHUMU MPEJICTaBICHO Ha pUCYHKY 4.30.

Pe3ynbTaTv TOYHOCTI po3ni3HaBaHHA mepexi MobileNetV1

96x96 0.2 ana nnatn ESP32-S3-EYE 3i 3miwaHumm
TPEHYBaZIbHUMM AAHUMMU

120%
100%

80%

60%

40%

20% I I
0

Crosswalk_colab Doors_colab Traffick_light_colab Trees_colab Windows_colab

X

B HeobpobneHi M 3miwaHi

Pucynok 4.30 - Pe3yabpTatu TouHoCTi po3mnizHaBanHsa Mepexi MobileNetV1

96x96 0.2 nna nnatu ESP32-S3-EYE 31 3mimanumu TpeHyBaqbHUMU JAHUMU
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[IpoanarnizyBaBIIM OTPUMAHUN PE3yIbTAT MOXKHA 3pOOWTH BUCHOBKH, IO JIJIS
KaTeropiit 00’eKTiB, Jie TIoIIa KOPUCHOI iH(opmallii B Mekax Kaapy (Scopucua) OLIbIIA
3a IUIOILY HAIMIIKOBOI iH(GopMAIli (Skammmxosa), METOJ BHIAJICHHS HAIUIIKOBOT
iH(pOopMaIlii 1 TpeHyBaHHS MEpeXi Ha OCHOBI TTOETHAHHS 00pOOJICHNX 1 HEOOPOOIECHUX
nanux 1 go 1 jgaroTh mpHUpICT y TOYHOCTI pO3Mi3HABAHHS OOpaHUX KaTeropi. Y
BUMAJIKy, KOJU IUJIONIA I[IILOBOTO OO’€KTY 3HAYHO MEHINA, 3a IUIONLY CTOPOHBOI
iHopmMmarii, sky OyJ0 BHUIAJNEHO IIiJI Yac eTamy IoNepeaHbOoi OOpPOOKH, MOXKYTh
BUHUKATH XHUOHI pO3Mi3HABAHHS, IK Y BUIIAAKY 3 BikHaMHu. J[J11 aBTOMaTH3a11i mpouecy
y MailOyTHbOMY, TaHy YMOBY MOKHA OMTUCATH Y BUTIIS 3aJI€KHOCTI!

SIKIO Syapmumkosa > Skopuciar TOMEPENHIO OOPOOKY HE BUKOHYBATH;
Y BUNANKY Syapnmmkosa < Skopucuar OMEPETHIO 00POOKY BUKOHYBATH.

BcranoBneno, mo y BUNAAKY, KOJMU Oug CBITIOGOpPY MOXKE BHUCITH 3HAK
MIIIOXITHOTO MEpPEeX0/ly CTHCHYTI BapilaHTU MEPEkKi, MOXKYTb MOTO pO3Mi3HATH SK
OIIIOXITHUM Tepexisl, 1 MOXE€ BUHUKHYTH XHOHE pPO3MI3HABAaHHSA 1 OrOJIOLICHHS

XuOHOTO pe3ynbTary puc.4.31.

u-vinnici-na-vulici-privokzalniy-nezaba...

Pucyaok 4.31 — IIpukiaa XxuOHOTO po3Mi3HABAHHS [UIBOBOTO 00’ €KT
Yy p 1 p Yy

Tomy, mns xareropii «Windows» Oyiio MOBEpHYTO MOBHICTIO HEOOPOOIEHI
TPEHYBAJIbHI JIaHHI 1 BAKOHAHO TIEPEHABYAHHS MEPEXKI.

B pesynbTati Oy0 mokpaiieHo TOYHICTh PO3Ii3HABaHHS MOJIEN, B TOMY YHUCII1
y MOPIBHSHHI 3 HEOOPOOJEHUMHU TECTYBAIbBHUMHM 300paKEHHSIMU VISl BCIX KAaTeropii
okpim kareropii «Windowsy. Lle moB’s3aHO 3 CXOKUMH HaTepHAMHU SIKi iICHYIOTH Y
BI3yaJIbHOMY B110Opa)keH1 BIKOH 1 JIBepei, Ha MPUKJIIAJ, KOJIM 1 BIKHA 1 JBEpPl MAIOTh
MaKCUMaJIbHO HAOJMKEHUU BUIJISIA 1 CTWIb, a TaKOX 3 1HGOPMAIIEI0 SIKa MOXKE
BIIOMBATUCSA 4YM TPOCBIUYBAaTHCS Kpi3b BIKOHHE CKJIO. Pesympratu mist Mojeni

MobileNetV1 96x96 0.2 npencraBieHo Ha pUCYHKY 4.32.



121

Last training performance (validation set)
ACCURACY LOSS
80.0% 0,87

Confusion matrix (validation set)

DOORS_COLAB 0% ck: 0% 0% 16.7%
TRAFFIC GHT_COLAB 0% 0% 0% 28.6%
TREES_COLAB 0% 0% 14.3% 85.7% 0%
NINDOWS 20% 0% 20% 0% 60%
7 =} 0.55

Pucynok 4.32 — Pe3ynbraTu TO4HOCTI po3mizHaBaHHs Mepexi MobileNetV1 96x96
0.2 nnsa matu NVIDIA Jetson Nano 31 3MiltaHUMHU TPeHYBaJTbHUMU JaHUMU, T1CIS

MOBEPHEHHS HEOOPOOJIeHNX JaHuX y KaTeropiro «\Windowsy.

Hns wmomeni MobileNetV2 96x96 0,35 Oymo oTpuMaHO MOKpaIieHHS

pe3yibTaTiB y TMOPIBHSAHHI 3 HEOOPOOJEHHMMH TpEHYBaJIbHUMHU 300pa’KEHHAMHU

puc.4.33.

Last training performance (validation set)

ACCURACY LOSS
96.7% 0,16
Confusion matrix (validation set)
0% . 0% 0% 16.7%

0.9 1.00 1.00

Pucynox 4.33 — Peaynpratu TO4HOCTI po3mizHaBanHs Mepexi MobileNetV2 96x96
0,35 w1t utatut NVIDIA Jetson Nano 31 3miliaHuM# TpeHYBIBHUMU JJAHUMH, TTICIIS

MOBEPHEHHS HEOOPOOJIeHNX JaHuX y KaTeropiro « Windows.

PesynbTaTu  TOYHOCTI poO3Mi3HABaHHS HEOOPOOJEHMX 1 KOMOIHOBaHUX

TpeHyBaJIbHUX 300pakeHb Ha 60a31 twratm NVIDIA Jetson Nano mpeacraBieHo y

tabmumni 4.2.
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B pesynbrari Oyino mokpaiieHo TOYHICTh PO3IMi3HABAHHS MOJIEN, B TOMY YHCIIi
y MOpPIBHSHHI 3 HEOOPOOJEHUMH TECTYBaJIbHUMH 300pa)KEHHSIMHU JJISI BC1 Kareropii
okpim kareropii «Windowsy. Lle moB’s3aHO 3 CXOKUMH NaTepHAMHU SIKi iICHYIOTH Y
Bi3yaJIbHOMY BiJIOOpakeHi BIKOH 1 JIBepel, Ha MPUKJIIAJ, KOJU 1 BIKHA 1 JBEpl MaIOTh
MaKCUMaJIbHO HAOJMXEHUM BUTIISIA 1 CTWIb, a TaKOX 3 1HGOPMAIIEI0 SKa MOXKE

BIJIOMBATUCA YU IIPOCBIUYBATUCA KP13b BIKOHHE CKIIO.

Tabnuust 4.2 — PesynpTaT TOYHOCTI pO3Mi3HABaHHA HEOOpOOIEHUX 1

KOMOIHOBaHUX TpEeHYBaIbHUX 300pakeHb Ha 0a3i ruratu NVIDIA Jetson Nano.

Hazga mepexi/
Kareropii
MobileNetV1

96x96 0.2 80% 66,7% 42,9% 71,4% 60%
HEe0oOpoOIeH]
MobileNetV1

96x96 0.2 100% 83,3% 71,4% 85,7% 60%
KOMO1HOBaHI1
MobileNetV2

96x96 0.35 100% 83,3% 71,4% 100% 100%
He0oOpoOIeH1
MobileNetV2

96x96 0.35 100% 83,3% 100% 100% 100%

KOMOIHOBaHI

Crosswalk Doors | Trafick_light Trees Windows

st moneneit mepexx MobileNetV2 160x160 0.5 ta MobileNetV2 160x160 1.0
Oysio orpumano TouHicTh 100%, 1 mpoHO30BaHMi yac po3mizHaBaHHsA y 15 Ta 31 mc
BIIITOBIIHO.

Ha 6a3i mnatu ESP32-S3-EYE nns mepexi MobileNetV1 96x96 0.2 micis
TPeHyBaHHS Ha KOMOIHOBAaHHMX NaHUX TaKOX OYyJIO OTPMMAHO MPHUPICT Yy TOYHOCTI
posmizHaBanHus. J[is kareropii «Windowsy» Oyio OoTpuMaHO pe3ysibTaT TOYHOCTI Y
40%, 110 € HUKYUM MOKa3HUKOM, HIK OyJIo IpH BCiX HEOOPOOJEHUX TPEeHYBaIbHUX
nanux. B Toii camwuii yac, 1715 BicX 1HIIUX KaTeropii yoJio OTpMaHo IPHUPICT y TOUHOCTI
po3Mi3HaBaHHsA. BcCTaHOBIEHO, IO BeIWKA KUIBKICTH O0O0’€KTIB, $KI MOXYTh
BIIOMBATUCA Y BiAOOpakeH1 BIKOH, a00 MPOCBIYYBATHCS KPi3b BIKOHHE CKJIO, MOXE
CTBOpPIOBAaTH XWOH1 pO3IMi3HABaHHSA, SIKIIO B OJHIA HEUPOHIN Mepexi 3HaXOIAThCA

KaTeropii 00’€KTiB, sIKa MOXKYTh OYTH Y IMX B1IOOPaKEHHSAX Y BIKHAX JJISI HEBEITUKHUX
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MoJIeJIeH Mepek 3 BUCOKMM KodimieHToMm ctucHeHHs, a came MobileNetV1 96x96 0.2

ta MobileNetV2 96x96 0.35 3 po3mipom BxigHOTO 300paxeHHs 96*96 mikcenis.

Last training performance (validation set)

ACCURACY LOSS
76.7% 0.79

Confusion matrix (validation set)

CROSSWALK_COLAB DOORS_COLAB TRAFFIC_LIGHT_COLAB TREES_COLAB WINDOWS
CROSSWALK_COLAB 0% 0% 0% 20%
DOORS_COLAB 0% “ 0% 0% 0%
TRAFFIC_LIGHT_COLAB 0% 0% 143% 14.3%
TREES_COLAB 0% 0% 0% “ 14.3%
WINDOWS 0% 0% 20% 40%
F1 SCORE 0.89 0.86 0.83 0.80 0.40

Pucynok 4.34 - PesynbraTl TOUHOCTI po3mizHaBaHHs Mepexxi MobileNetV1

96x96 0.2 s mmatu ESP32-S3-EYE 31 3mimanuMu TpeHyBaIbHUMU TAHUMHU

On-device performance ® Engine:® | EON™ Compiler ~
INFERENCING TIME PEAK RAM USAGE FLASH USAGE
921 ms. 97,4K 223,3K

Pucvyuoxk 4.35 - [Iporao3oBanuii yac po3mi3HaBaHHS Ta MOTPEOU v mmam’ ATl
Yy p p p y

mepexi MobileNetV1 96x96 0.2 nns ESP32-S3-EYE 31 3MimanuMu TpeHyBaJTbHUMHU

JAaHUMU
Last training performance (validation set)
ACCURACY LOSS
96.7% 0,16
Confusion matrix (validation set)
CROSSWALK_COLAB DOORS_COLAB TRAFFIC_LIGHT_COLAB TREES_COLAB WINDOWS

1.00 091 1.00 1.00 0.91

Pucynok 4.36 - Pesynbratu posnizHaBanHs mepexi MobileNetV2 96x96 0.35

micisi TPEHYBaHHA Ha KOMOiHOBaHUX nanux st ESP32-S3-EYE



124

On-device performance @ Engine:® | EON™ Compiler ~
@ 1506 ms. 0 334,7K W 5756K

PucyHok 4.37 - [Iporao3oBaHuii 4ac po3Iri3HaBaHHA Ta MOTpeOr vy mam’ aTi
Yy p p p y

mepexi MobileNetV2 96x96 0.35 nns ESP32-S3-EYE

s moneneit mepexx MobileNetV2 160x160 0.5 ta MobileNetV2 160x160 1.0
OyJsio otpumano TouHicTh 100%, Ta mporHo3oBanuil yac po3mnizHaBaHHs y 5537 mc Ta
15046 mc BianmoBigHO pucyHOK 4.38 Ta pucyHok 4.39. Takuii 9ac € HEIPUITYCTUMU JIJIS

pO3Mi3HaBaHHs 00’ €KTIB Y PEXKUMI PEabHOTO Yacy.

On-device performance @ Engine: ® | EON™ Compiler ~
@ 5537 ms. 0 756,7K S’ 1.0M

PucyHok 4.38 - [Iporso3zoBanuii 4ac po3Ii3HaBaHHg Ta MOTpeOr vy mam’ aTi
Yy p p p y

Mepexi MobileNetV2 160x160 0.5 st ESP32-S3-EYE

On-device performance ® Engine: ® | EON™ Compiler ~
@ 15046 ms. 1,5M S’ 26M

Pucvyuok 4.39 - [Iporao3oBanuii yac po3Ii3HaBaHHA Ta IIOTPeOr v rmam’ ATl
Yy p p p y

mepexi MobileNetV2 160x160 1 nyis ESP32-S3-EYE

Jlns mmatu Raspberry Pi 5 Oyno oTpumaHO aHaOriyHi 3HAYEHHSI TOYHOCTI
posmizHaBanHs sk 1751 NVIDIA Jetson Nano, nporao3oBanuii yac po3misHaBaHHS JJIs
Mmepex MobileNetV2 160x160 0.35 Ta MobileNetV2 160x160 1, a Takox criokuBaHi

pecypcu 300pakeHo Ha pucyHkax 4.40 ta 4.41 BiAmoBiIHO.

On-device performance ® Engine: ® [ EON™ Compiler ~
O © 7 O ‘o

Pucynok 4.40 - TIporno3oBanuii 4ac po3mizHaBaHHS Ta MOTPeOH y mam’ sITi

mepexi MobileNetV2 160x160 0.5 s Raspberry Pi 5
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On-device performance @ Engine: ® | EON™ Compiler ~

@ 34 ms.

Pucynox 4.41 - [IpornozoBanuii yac po3mi3HaBaHHs Ta MOTpeOU y mam’siTi

mepexi MobileNetV2 160x160 1 mis Raspberry Pi 5

@ 1.5M 2,6M

PesynbraTt TOYHOCTI poO3Mi3HABaHHS HEOOpPOOJEHWX 1 KOMOIHOBaHUX
TpeHyBaJIbHUX 300pakeHb Ha 0a3i miatn ESP32-S3-EYE mpencraBneno y Tabmuin
4.3.

Tabmuus 4.3 - PesynpTaT TOYHOCTI pO3Mi3HABaHHS HEOOpoOIeHUX 1

KOMOIHOBaHUX TpEHYBaJIbHUX 300paxeHs Ha 0a3i muiatu ESP32-S3-EYE

Hazga mepexi/
Kareropii
MobileNetV1

96x96 0.2 80% 66,7% 42,9% 71,4% 60%
HeoOpoOIeH]
MobileNetV1

96x96 0.2 100% 83,3% 71,4% 71,4% 40%

00po0JIeHI
MobileNetV2

96x96 0.35 100% 83,3% 71,4% 100% 100%
HeoOpoOIeH1
MobileNetV2

96x96 0.35 100% 83,3% 100% 100% 100%

00po0bJIeHI

Crosswalk Doors | Trafick light| Trees Windows

Takox mepexxi MobileNetV2 160x160 0.5 Ta MobileNetV2 160x160 1.0 6ymno
IPOTECTOBAHO 3a JOMOMOTOI0 TeledoHa y PEeXHUMi PEalbHOTO 4Yacy y BYJIWYHHX
ymoBax. Ha ocHoBi Tenedony Sumsung Galaxy S21 FE 3 mporecopom Qualcomm
Snapdragon 888, rpadiunum nporecopom Adreno 660 Ta 8 I'6 oneparuBHOT mam’sITi
OTPUMAaHO WIBHUJIKICTh po3mizHaBaHHsA 12-14 mc st moxeni MobileNetV2 160x160
1.0. Ipuknaan pobOTH po3Mi3HABAHHS y PEKMMI pEaIbHOTO 4acy MPEACTaBICHO Ha

pUCYHKY 4.42.
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@ Inferencing... @ Inferencing...

Traffic_light_colab Crosswalk_colab Trees_colab

Time per inference: 12 ms. Time per inference: 13 ms. Time per inference: 13 ms.

@ Inferencing...

@ Inferencing...

Doors_colab Windows

Time per inference: 13 ms.

Time per inference: 14 ms.

Pucynox 4.42 - Pezynbratu posmizaaBanHs mepexi MobileNetV2 160x160 1.0

B PEKUMI PEATLHOTO Yacy

JInsi BUBHAYEHHS MAaKCHUMAJIbHOTO 1 MIHIMAQJIBHOTO 4Yacy MPOXOJKCHHS LUKy
oOpaHo cepenHiil yac posmizHaBaHHsa y 50 mc ans miatr Raspberry Pi 5 ta NVIDIA
Jetson Nano, mana ESP32-S3-EYE npornHo3oBanuii yac po3mi3HaBaHHS ISl MEPEX
MobileNetV2 160x160 cranoButh Ounbmie 10 CexkyHI, MO0 € HENPUUHATHUM IS
BUKOPUCTAHHS Y CUCTEMaX PO3Ii3HABAHHS B PEKUMI PEATHHOTO Yacy.

MiHiMaIpHUM 1 MaKCUMaJIbHHM Yac IMPOXOJKEHHS OJIHOIO TOBHOTO IHKITY
PO3II3HaBAaHH-OTOJIOLIEHHS PE3YJIbTATIB 3 YpaxyBaHHSIM 0COOIMBOCTEN YKpaiHCHKOT
MOBU Ta MIBUIKOCTI peakiii JIOJWHA Ha 3BYKOBY iH(OpMAIliI0 PO3PaxoBaHO 3a

dbopmyioro:
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tu = tpos + Thasen + tpeaxuii’

tuwin = 50 + 129 + 200 = 379 mc
tumaxe = 50 + 1948 + 200 = 2198 mc

TakuM 4uHOM, MiHIMAJIBHUIN Yac HA MPOXOKEHHSI OJTHOTO IHKIY CTAaHOBHTH
379 Mc, MakKCUMAJIBHUI 4ac MPOXOMKEHHSI OAHOTO MOBHOIO LUKy CTAaHOBUTH 2198
MC.

4.3 IlpeacraBJ/ieHHsI 30BHIIHLOT0 BUTJISTY CHCTEMMU.

Jiss  koM(pOpPTHOrO BUKOPUCTaHHS CHUCTEMHU pO3IMI3HABaHHA OO0’€KTIB 3
MOJIANIBIITUM TOJIOCOBUM CIIOBIIICHHSIM HEOOXIHO BpaxyBaTH MOTPEOH JIOAEH SIKi
OyIyTh HEIO KOPUCTYBATHCS . Y SIKOCTI MiCIIS JJIsI KPITUICHHS KaMepy 00paHOo OKYJISpH.
OcHoBHHII KOpmyc Oyae MaTh NPSMOKYTHY (GOpMy 3 OKPYTJIUMH KyTamu, AJis
3pY4YHOCTI HOCIHHA. [abaputu Kopriycy ckiagaTumyTth 15 cm mmpunu, 30 cm
JOBXWHU, Ta 15 cM BHCOTH, JJIi HOPMAJIbHOTO PO3MIIIEHHS YCIX €JIEMEHTIB.
Bcepenuni koprnyc MartMMe BHYTPIIIHI KpiIuleHHS Uit (ikcalii eJeKTpPOHHUX
KOMITOHEHTIB. B sSIKOCTI OCHOBHOTO MaTepiaiy Juisi Komycy o0paHo mosikapOoHaT abo
ABS-mnactuk. IlonikapOoHaT € JerkuM, MIIHUM 1 yAapOoCTIHKUM maTepianiom.ABS-
TUTACTHK 3a0e31medye MIIHICTS 1 JieTkicTh BogHouac. Cruta PC-ABS noennye oOuBi
nepeBaru: BUCOKY YJIapPOCTIUKICTh 1 TEPMOCTIUKICTb.

BenTuiiALiiiHi OTBOPY Ha 3a/iHIM Ta BEpXHii MaHensax. BEeHTUsAuiliHI peiiTKku
3aXMIalTh Big mwiry. 3 000X OOKIB mependadeHi cherianbHl KpIIUIeHHS Tif
peryJibOBaHUN PEMiHb.

Kpumika Ha BepXHiil 4aCTHHI KOPITYyCY 3aCTOCOBYETHCS JUIsSI TOCTYIa BCEPEIUHY
koprycy. s 3a0e3nmedyeHHs 3aXUCTy Ta CTBOPEHHS TEPMETHYHOCTI, HEOOX1THO
J0J1aTH TEPMETUYHI T'YMOBI MPOKJIAJKH.

Jlyist opranizariii BHYTPINTHIX Ta 3BOHINIHIX JPOTIB Mepea0adeHo OTBOPH IS
KaOeJIbHUX KaHATIB.

BucHoBku 10 po3ainy 4

B pesynbrari gocnipkeHHsT TOYHOCTI Ta MIBUKOCTI PO3Mi3HABAHHS 5 00paHuX

Kareropiit 00’exriB, a came "windows", "doors", "trees", "traffic light", "crosswalk",
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Heiiponnumu  Mepexxamu  MobileNetV1l 96x96 0.2, MobileNetV2 96x96 0.35,
MobileNetV2 160x160 0.5 ta MobileNetV2 160x160 1.0 mis MiKpOKOHTPOJEPIB
ESP32-S3-EYE, NVIDIA Jetson Nano Ta Raspberry Pi 5 Oyno npoBeneHo neKijibka
€KCIIEpPUMEHTIB 3 HEOOpOOJIEHUMH Ta 3MIMIAHUMH TPEHYBATHBHUMU 300payKEHHSIMH.

Jsist HeoOpOOJIEHUX TPEHYBAIbHUX AaHUX OYJI0 OTPUMAHO Cepe/lHI OKA3HUKHU
TouHoCTi st Mepexk MobileNetV1 96x96 0.2, MobileNetV2 96x96 0.35 y 63% ta 90
%, a nns mepex MobileNetV2 160x160 0.5 tTa MobileNetV2 160x160 1.0 otpumano
TOYHICTh po3nizHaBaHHs y 100%. IIpu iboMy, MPOrHO30BaHMM Yac pO3Mi3HABAHHS IS
mikpokoHTpoaepa ESP32-S3-EYE y Bunmanky mozeneit MobileNetV2 160x160 0.5 ta
MobileNetV2 160x160 1.0 cranoBuB Ounbiie 10 CekyHI, 110 € HENPUHHATHUM IS
BUKOPHUCTAHHS y CUCTEMaxX PO3Mi3HABAaHHS B PEXKUMI PEAIbHOTO Yacy.

Jlis mat NVIDIA Jetson Nano Ta Raspberry Pi 5 cepenniii mporao3oBanuii uac
pO3Mi3HaBaHHSA CTaHOBUTH Bix 3 Mc s moxeneit MobileNetVl 96x96 0.2,
MobileNetV2 96x96 0.35, Ta Big 14 mc 1o 33 Mc y Bumaaky mepexx MobileNetV2
160x160 0.5 Ta MobileNetV2 160x160 1.0.

[Ticns 3MimryBaHHsI 0OpoOJIeHUX 1 HEOOPOOIEHUX TPEHYBaJbHUX JAaHUX OYJI0

OTPUMaHO MPHPICT Y TOYHOCTI po3Ii3HaBaHHS [Tl KaTeropiit "doors”, "trees", "traffic
light", "crosswalk", nns kareropii "windows" Oyi0 OTpUMaHO MOTiPIIEHHS TOYHOCTI
po3mni3HaBaHHsA. Ilicias 3BOPOTHBOI 3aMiHM KOMOIHOBAaHMX TPEHYBAJIbHHMX AAHUX Yy
kareropii "windows" Ha HeoOpoOneHi, OylI0 OTPUMAHO MPHUPICT y TOYHOICTI
posmiznaBanns st meperxxi MobileNetV1 96x96 0.2 no 80 % mst rutat NVIDIA Jetson
Nano ta Raspberry Pi 5 ta mpupict g0 73,3% nnsa nnatu ESP32-S3-EYE. s mepexi
MobileNetV2 96x96 0.35 O6yso oTpumMaHO TOYHICTH po3Mi3HaBaHHA y 96,7% mis BCix
TuIar.

Takox, OyJI0 BCTAHOBJICHO MiHIMAJIBHUM Ta MAaKCUMAIBHUIN Yac HEOOX1THUX Ha
NPOXOJDKEHHS TIOBHOTO IIMKIIy  PO3MI3HABAaHHSA-OTOJIOMICHHS  pe3yJbTaTiB 3
ypaxyBaHHSIM 0COOJIMBOCTEN YKpaiHChbKOT MOBHU Ta IIBUAKOCTI Peakilii JIOAUHOIO Ha
cyxoBy iH(popMaliro. MiHIMaJIbHUI Yac CTAaHOBUTH 379 MC y BUITIaJIKy Ha3BH 00’ €EKTY

10 CKJIQJAETCS 3 OJJHOTO KOPOTKOTO CJIOBa, Ta 2198 MC y BUIIAIKy JJIsl HA3BU 00’ €EKTY

3 TPbOX JOBTHX CIIIB.
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BUCHOBKH
VY nucepraniiiHii poOOTI MPOBEACHO YJIOCKOHAJICHHS CHUCTEM PO3Ii3HABAHHS
00’€KTIB IIJIsl JIOJIEW 3 BajJaMu 30py Ta MOBHOIO CIIMOTON IUISXOM 3aCTOCYBaHHS
HEHPOHHUX MEpEeX Ha MIKPOKOHTpOJEpax, Ta BBEACHHS I'OJIOCOBOTO CIIOBIIICHHS, a
TAaKOX PO3PaXYHOK TEXHIYHMX MapameTpiB OKPEMUX €JIIEMEHTIB CUCTEMHU Ta MiJ0ip

KOMITOHEHTIB Ha 1X OCHOBI.

[IpoBeneHo mniteparypHi OTJSAM aKTyaJdbHUX JOCHIKEHb B IIH Tay3i,
3alpONIOHOBAHO BJIACHUM BapiaHT CHCTEMHU PO3Mi3HABaHHSA 00’ €KTIB 3 IMOAAJBIINM
rOJIOCOBUM CIOBIIIEHHSIM, IPOBEICHO BIANOBIIHI PO3PaXyHKHM Ta OTPUMAHO Taki

pe3ynbTaTH:

1. TlpoBeneno aHami3 ICHYIOUMX METOJIB Ta QITOPUTMIB SIKI MO>KHA
3aCTOCYBaTH y CUCTEMax pO3Mi3HaBaHHS 00’ €KTIB JJIs JIOJICH 3 BajJlaMU 30py
Ta MOBHOIO CciinoTor. Ha OCHOBI MpoBeNEHOro aHamizy Mg CHCTEMH
po3mi3HaBaHHsA 00’ €KTiB 00paHO METOJM Ha OCHOBI IJTMOOKOTO HAaBUAHHS, a
caMe 3rOpPTKOBI HEHPOHHI Mepexi. 3ropTKOBI HEUpPOHHI Mepexi
CHeliaii3oBaHl MiA 3a7adl 3 pO3Mi3HABaHHSA OO0’€KTIB 1 MOXYTb OyTH
PO3TOPHYTI HA MPUCTPOSIX 3 OOMEKEHUMHU PECYpCaMHU SIK MIKPOKOHTPOJIEPH
Ta OJHOTUIATHI KOMIT FOTEPH.

2. IlpoBeneHO MOCTIIKEHHS apXITEKTYp HEUPOHHUX MEPEXK Ta MOXKIUBOCTI 1X
3aCTOCYBaHHA Y CHCTEMaxX Ha MIKPOKOHTpoJepaXx Ta OJHOIIATHUX
KOMIT FOTE€pax, a TaKOX JOCIHIJKEHHS MIKPOKOHTPOJEPIB Ta OAHOIUIATHUX
KOMIT'IOTEpIB, $KI MIATPUMYIOTh PO3TOpPTaHHSA HEUPOHHUX Mepex. B
pe3yabTaTi aHalizy cepell ICHYIOUHMX apXITeKTyp OOpaHO KJlac Mepex
MobileNet, mo 3mgatHi 3a0e3ne4YnTH BHCOKY TOYHICTH PO3Ii3HABAHHS
00’€KTIB, MOXYTb OYTH PpO3rOpHYTI Ha MPHUCTPOAX 3 OOMEKEHUMU
pecypcaMi 3aBASKHA KOE()IIEHTY IIUPUHU MEPEXKi, Ta 3MIHHOMY BXIJTHOMY
pPO3Mipy 300paKeHHsI, MAIOTh AKTHBHY MIATPUMKY Ta TOCTIHHUI PO3BUTOK, a
TAKOX MIATPUMYIOThCS IUTATPOpMaMM [IJIi HABYAHHS Ta TECTyBaHHS

HEUPOHHUX MEPEXK.



130

3. B pesynprari anHamizy iCHYIOYMX MIKPOKOHTPOJEpPIB Ta OJHOIUIATHUX
KOMIT FOTEPIB, $KI MIATPUMYIOTh MOXKJIMBICTH PO3TOPTaHHS HEWPOHHUX
Mepex, oopaHo ESP32-S3-EYE, Raspberry Pi 5 ta NVIDIA Jetson Nano st
BUKOPUCTAHHA Yy CHCTEMI pO3Mi3HAaBaHHS OO0’€KTIB 3 TOJOCOBUM
cnoBimeHHs M. OOpaHi MIKPOKOHTPOJIEPH Ta OJHOIIATHI KOMII IOTepU
3/IaTHI TPAIfIOBATH 3 HEUPOHHUMHU MEPEKaMH B PEXKUMI PEaTbHOTO Yacy,
MarTh MOXJIMBICTb IMIJKIIOYEHHS IWHAMIKIB, MIATPUMYIOTH IMPOTpaMHE
3a0e3MnedeH s Il TeHepalli TeKCTYy y MOBY, a TaKOXX MalOTh HEBEJHKI
PO3MIpH Ta BUCOKY €HEProe(eKTUBHICTD.

4. Po3po0sieHO ajanTHBHY KOMOIHOBaHY CHUCTEMY pPO3ITi3HABaHHS 00’€KTIB 3
MOJAJIBIINM I'OJIOCOBUM CHOBIIIEHHSM JUIs JIIO/I€H 3 BaJiaMu 30py Ta MOBHOIO
crmnororo. OnucaHo TPUHIMI POOOTH CHUCTEMH, i1i 30BHINIHIA BUTIAI, a
TaKOX HEOOX1JHI MaTepialid Ta CKJIaJ0B1 KOMIIOHEHTH JJIA 11 peasti3aliii.

5. B pe3ynbpTaTi NOpOBENEHOTO JOCHIKEHHS ICHYIOUMX IaTdhopMm s
TpEeHYBaHHsI HEHPOHHUX Mepex oOpano riardopmy Edge Impulse. Jlanna
mwiaTdhopma miATpUMY€e 00paHi MEPEki Ta MIKPOKOHTPOJIEPH, MA€E MOCTIMHUHN
PO3BUTOK, 3pyUHUI I pOOOTH iHTep(DEC Ta MOBHUI UK JIsl HABYAHHS
Ta TECTYBaHHS HEMPOHHUX MEPEK.

6. JlocmimKeHO MOKIUBOCTI 3aCTOCYBAaHHS TOJIOCOBUX T€HEPATUBHUX MOJEIIEH
JUISL  3aIPOTIOHOBAHOI CUCTEMHU. B  pesynbTaTi AOCHIIKEHHS OO0paHo
nporpamue 3abe3neueHns eSpeak NG, mo moxke mpairoBatd B odJaitH
peXuMi, TMIATPUMYE YKpaiHCHKY MOBY, Ma€ BIAKPHUTY JIIICH31I0, a TaKOXK
THYYK] HaJIalITyBaHHS MIBUAKOCTI TeHEpallli MOBU Ta May3u MIXK CIIOBAMH.

/. BukoHaHO po3paxyHOK 4acy ,HEOOX1JHOTO Ha BUKOHAHHS OJJHOTO MOBHOTO
IIUKITy PO3MI3HABAHHSI-OTOJIOMICHHS, Ta Yacy HEOOXiTHOTO Ha OTOJIOMICHHS
Ha3B 00’€KTIB Pi13HOI JIOBXKUHH JJIsI TOJIOCOBOTO CIIOBIIIEHHS MPO 00’ EKTH.
BcranoBneHno, mo 4vac, HEOOXiIHMN Ha OTrOJIOUIEHHS OJHOTO CHUMBOJIY
CTaHOBUTH 43 MC 3 ypaxyBaHHSIM OCOOJMBOCTEH YKpaiHChKOi MOBHU Ta
MOBJICHHS. MIiHIMQJIbHUIM 4Yac OrOJIOIIEHHS Ha3BU CTaHOBUTH 129 mMc,

MakcuMaabHU — 1948 Mc 3 ypaxyBaHHSIM May3 MiX cl10BaMU. MiHIManbHUN
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4ac TMPOXO/PKCHHS TOBHOTO IIMKIY PO3Mi3HABAHHS-OTOJIOMICHHS 3
ypaxyBaHHSIM IIIBUJKOCTI peakilii JIIOAWHW Ha TOJIOCOBY 1H(MOpMAIIiO
CTaHOBUTH 379 Mc, MakcUMaabHUM Yac - 2198 Mc.

B pesynbTaTi 0CTiKEHHS BILTUBY 3allPOTIOHOBAHOT'O METOY MOTEePEAHBOT
00poOKH 300pakeHb BCTAHOBJICHO, IIO JIJIsI KaTeropiil 00’ €KTiB, /e miiolia
KOpUCHOI 1H(OpManii B Mexax Kajapy Oulbllla 3a IUIONLY HaJJIUIIKOBOI
iHpopMamii B Kaapi MeTOJ BHUAAJICHHS HAJUIMINKOBOI 1H(opMarii 1
TPEHYBaHHs MEpEXKi Ha OCHOBI MOEJHAHHS OOpOOJICHHX 1 HeoOpoOJIeHUx
JaHUX y choiBBiAHOMmEHH] 1:1 MaloTh MNPUPICT TOYHOCTI PO3Mi3HABAHHS
oOpanux kateropiit y ounbiie Hixk 10%. Y Bunaaxy, KoM 1ol mijibOBOro
00’€KTy 3HAYHO MEHIIIA, 3a IOy CTOPOHHBOI 1H(OpMaIllii B MeXKax Kaapy,
Ky OyJI0 BUJIaJICHO TI1]] Yac €TaIry monepeaHboi 00poOKH, MOKYTh BUHUKATH
XMOHI pO3Mi3HABAaHHS, K Y BUMAJIKY 3 BIKHAMH.

Bukonano mig0ip KOMIOHEHTIB JJIsI 3alpOMOHOBAHOI CUCTEMU HAa OCHOBI
wiar ESP32-S3-EYE, Raspberry Pi 5 ta NVIDIA Jetson Nano Tta
pPO3paxyHOK 3arajlbHOI CITOXHBAHOI ITOTY>KHOCTI 1 €MHOCTI JpKepesa
KUBJICHHS JIJIs1 3a0€3MeUeHHsI aBTOHOMHOI pOOOTH CUCTEMU Ha 2-3 TOAWHH.
Takox po3paxoBaHO HEOOXIJIHY IHTEHCHBHICTh CBITJIA, Ta Ha 1l OCHOBI SIK
JDKEpENo CBITJIA, JJII HOPMAJIbHOIO (DYHKI[IOHYBaHHS CHCTEMH MpHU
noraHomy ocBiTiieH1 oOpano ceitnomion Cree XP-G3. [lns rojgocoBoro
CHOBIIIEHHS KopucTyBauya oOpaHo nuHamiku LD-SP-UM20/8A. s
MIIKITIOYEeHHS Ta po0oTHM AuHaMikiB oOpaHo miacwmoBad kiacy D -
PAMB8403. SIx mxepesno KUBJICHHS, JIJIs 3a0€3MeUeHHS] aBTOHOMHOI pOOOTH

CUCTEMH MPOTATOM IoHalMeHIe 3 roguH oopano YMbB Promate Titan-130

20000 mAh 2xUSB-C PD USB-A QC3.0.
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