HAIIIOHAJIbHMH TEXHIYHWUH YHIBEPCUTET YKPATHHU «KUIBCHKUH
HOJITEXHIYHUM IHCTUTYT IMEHI I'OPSI CIKOPCHKOI'O»
MIHICTEPCTBO OCBITU I HAVKW YKPATHU
HALIIOHAJIBHUI TEXHIYHUN YHIBEPCUTET YKPATHU «KUIBCHKUIA
OJIITEXHIYHUM IHCTUTYT IMEHI ITOPS CIKOPCHKOT Oy
MIHICTEPCTBO OCBITU I HAVKHU YKPATHU

Ksamidikamiitna HaykoBa

Ipaus Ha IpaBax pyKOIHCY

Cropo:xuk lennc Bosogumuposun4

VJIK 681.5

JUCEPTALIS

YIOCKOHAJIEHHSI ABTOMATHU30BAHOI CUCTEMHU

JIATHOCTYBAHHSA JOPOKHbBOI'O IIOKPUTTA 3 BUKOPUCTAHHAM

MTYYHOI'O IHTEJIEKTY

151 ABTomaTH3allisi Ta KOMIT FOTEPHO-IHTETPOBaHI TEXHOJIOT1i

15 ABTomaTu3arlis Ta MpuiIago0yIyBaHHS

[TonaeTbest Ha 3100y TTSI HAYKOBOTO CTyIEHs 10kTopa dinocodii

Juceprallisi MICTUTh pe3yJIbTaTH BJIACHUX JOCIHIKeHb. BUKOpUCTaHHS 11eH,

pe3yabTaTIB 1 TEKCTIB IHIIMX aBTOPIB MAIOTh MOCHJIAHHSA Ha BIAMOBIIHE JXKEPENO

/1. B. Ctopoxuk

HayxkoBuii kepiBHuk [IpotacoB Anaromii ['eopriiioBud, JOKTOp MEAAroriyHux Hayk,

podecop

Kuis — 2024



AHOTALIA

Cmopoorcux /]. B. Y 10CKOHaJICHHS] aBTOMAaTU30BaHOI CUCTEMH J11arHOCTYyBaHHS
JOPOKHBOTO TIOKPHUTTSI 3 BUKOPUCTAHHSIM IITYYHOTO 1HTENEeKTy. - KBamidikamiitHa
HayKOBa Mpalls Ha MpaBaX PYKOIHCY.

Hucepranist Ha 3700yTTS HAyKOBOrO CTymeHs JokTopa (irocodii 3a
criemiaypHicTIO 151 “ ABTOMaTH3a1lisl Ta KOMIT FOTEPHO-IHTErPOBaH1 TEXHOJOTIi” -
HamionaneHuii TexHiuyHUl yHiBepcuTeT YKpainun «KUiBCbKUMH MOMITEXHIYHUN

iHcTUTyT iMeHl Iropst Cikopcskoro» MOH VYkpainu, Kuis, 2024.

B nucepranii oTpuMaHi Taki HOB1 HAYKOB1 pe3yJIbTaTH:

l. yIOCKOHaJIEHO  CHCTEMy  aBTOMAaTH30BaHOIO  JIarHOCTYBaHHS  CTaHy
JOPOKHBOTO ~ TOKPUTTS HAa OCHOBI  MYJbTHUMOJAIBHOTO TMIAXOAYy 13
KOMIUJIEKCYBaHHSIM ~ 300pakKeHb  [UISIXOM  BIPOBAXKEHHS  MMiJICUCTEMH
ompaioBaHHsa (00poOKku) 300pakeHb, 3aCTOCYBaHHS METOAY ayrMEHTaIlli
TEIJIOBUX 300pakeHb Ta PO3POoO0JeHO1 MiacucTeMH Kiaacudikaiii aedekTiB
JTOPOKHBOTO TIOKPUTTS,

2. BIepIIIe 3aMpOMOHOBAHO Ta PO3POOIIEHO METOA MYJIbTUCHEKTPAIBHOTO 3TUTTS
300pakeHb 3 aJaNTUBHUM BHU3HAYEHHSM BaroBUX KOE(ILIEHTIB Ha OCHOBI
BEHBIIET MEPETBOPEHHSI, IKUW TOJSATae B PO3KIIAIaHHI MOYATKOBUX 300pakeHb
Ha BeWBJIET KOE(DIIIEHTH Ta BU3HAYEHI 3TOPTKOBOI0 HEUPOHHOK MEPEXKEIO
BaroBUX KOEQIIIE€HTIB, 10 BU3HAYAIOTh YACTKy MOYATKOBOTO 300pa)KCHHS B
PE3yABTYIOUOMY, 1 JI03BOJISIE€ 30UIBIIUTA 1HPOPMATUBHICTH PE3YIBTYIOUOTO
300pakeHHs MPY MIPOBEICHHI 11arHOCTYBAHHS TIOPOKHBOTO TOKPUTTS;

3. BmepIe po3poOIeHO METOJI ayrMEeHTallli TeIUIOBUX 300pakeHb Ha 0a3i 3JIUTTS
300pakeHb I 3aja4 kiacu@ikaliii, sSKWil MoJisrae B MOEIHAHHI BEWBIIET
Koe(iIlieHTIB OTPUMAaHMX 3 TIOYATKOBUX 300pa)k€Hb OJIHOTO 00 €KTy Ta
3BOPOTHOMY TEPETBOPEHHIO /I OTPUMaHHS ayrMEHTOBAHOTO 300pakeHHSA, 1
J03BOJISIE MIJIBUIIATA HWMOBIPHICTh NPaBWIIbHOI Kiacudikauii aedeKTiB mpH
MPOBECHH] 11arHOCTYBaHHS JOPOKHBOT'O MOKPUTTH.

[TpakTH4Ha MIHHICTH AMCEPTALINHOI pOOOTH MOJATAE B TOMY, III0: PO3POOIECHO



AITOPUTMIYHE 1 TIporpaMHe 3a0e3leUeHHs peaizarii IJICHCTEMH OIIPaIlfOBaHHS
300pakeHb IPU aBTOMATU30BAHOMY J1arHOCTYBaHH1 1€(PEKTIB JOPOKHBOTO ITOKPUTTS,
PO3p00JICHO AITOPUTMIYHE 1 TporpamMHe 3a0e3nedeHHs peatizallli MeToy ayrMeHTarlii
o 0a3yeThcsi HA KOMIUIEKCYBaHHI TEIIJIOBUX 300paKeHb; PO3pOOIECHO alTOPUTMIUHE
1 mporpamHe 3a0e3medyeHHs peamizaimii mijgcucteMu Kiacudikaiii aAedeKTiB
JOPOKHBOTO TOKPUTTS; COPMOBAHO HABUaJbHY BUOIPKY PO3MIYEHHMX IS 3a]ad
kiacudikanii map 3HIMKIB Y BHAMMOMY Ta i1H(payepBOHUX CIHEKTpax Je(eKTiB
JOPOKHBOTO TOKPHUTTS; PO3POOJICHO CTPYKTYPHY CXEMY aBTOMATH30BaHOI CHCTEMHU

J1arHOCTYBaHHS JJOPOKXHBOTO MOKPUTTS 31 3TUTTSIM 300paKEHb.

VY aucepraiiifHiii poOOTI OMHMCAHO, IO JTOPOKHBO-TPAHCIIOPTHA CHCTEMA €
OJIHIEI0 3 KJIIOYOBHUX JAHOK KPUTHYHOI 1HGPAcTpyKTypu Oyib-sikoi AepkaBu. B
VYkpaiHi 11eff CeKTOp BiJIrpae 0COOJMBO BAXKIUBY POJIb, aJIKE 3arajibHa MPOTKHICTD
aBTOMOOLILHUX JOPIr ckianae 169,5 Tucsy KiTOMeTpiB.

Yepe3 TOCTIMHWEI BIUIMB TPAHCIIOPTHUX HABAHTAXCHb JTOPOKHE TIOKPHTTSI
3a3Ha€ MPUPOHOTO 3HONIYBAHHA Ta pyWHarlii. [{is miaBuieHHs 0e3neKku Ha Joporax
Ta 3MEHIIEHHS BUTPAT HA MOJANBIINN PEMOHT MPOBOIUTHCS PEryJysipHa 1arHOCTUKA
CTaHy JIOpIir. 3a JaHUMU JOCIIIKEHb, CBO€YACHE BUSABIEHHS AE(EKTIB Ta IPOBEICHHS
PO UIAKTUIHNX PEMOHTHUX POOIT 3/1aTHE CKOPOTUTH BUTPATH HA PEMOHTHI 3aXO/H
OUTBII HIXK YTPUYI.

CraH JOpOKHBOTO MOKPUTTS O€3MOCepeHbO BIUIMBAE HA YACTOTY JAOPOKHBO-
tpancnoptHux npuroa (ATIT). SxicTs Ta mapaMeTpu AOPIT HalEKaTh 10 00'€KTUBHUX
YUHHUKIB, 110 MOXYTh MPU3BOAWTH A0 aBapiiiHux cutyalid. O6'ekTuBHI (hakTopH
NUISITaI0Th KOHTPOJIIO Ta KOPUTYBAHHIO, IO BIJIKPUBAE MOMIMBOCTI JIsl 3HUKEHHS
kinekocti JITII.

OcCKUIbKM aBTOMOOLIBHI JOPOTU € OAHIEI 3 HAWOUIBIIMX 1H(PPACTPYKTYPHUX
CUCTEM, iX JIarHOCTHKA Ta OOCIyIrOBYBaHHS € JIy)K€ PECYPCOEMHHMMH IPOLIECAMH.
Butpatn Ha npoBeneHHs Takux poOIT, BKIIOYAIOUM JIIOJICBKI pecypcu Ta dac,
JOCSITAal0Th 3HAYHUX 00cATIB. OHUM 3 ONTUMAIILHUX MIJISX1B CKOPOUYCHHS X BUTPAT

€ aBTOMAaTH3AaIlis TPOIIECIB MOHITOPUHTY CTaHy MOKPUTTS Ta YXBAJICHHS PIIIICHB 010



HEOOXITHUX PEeMOHTHUX POOIT.

BaxxnuBum Gap'epom 111 MacoBOTO BITPOBAKEHHS aBTOMATU30BAHUX CUCTEM €
BHCOKA BapTICTh OOJaJHAHHS, IO BUKOPUCTOBYETHCS JUIsI TOYHOI J1arHOCTUKHU
nedeKTiB TOPOKHBOTO ToJIoTHA. Hampukitas, 1a3epHi cCkaHepH, SKi 3/1aTHI HaJlaBaTH
BHCOKOTOYHI pe3yJIbTaTH, MalOTh I[IHy B MEXaX COTEHb THCSY JI0NapiB. Y TOW dac,
MEHIII JIOPOTi CEHCOPH, SKI MOKJIMBO BUKOPUCTOBYBATH, TaKi IK KAMEPH BUIMMOTO Ta
1H(payepBOHOI0 CIEKTPIB, HE 3a0€3MEUYIOTh 10CTaTHBOT TOYHOCTI IPH 11€HTU(DIKaIIi
nedeKTiB.

daxiBIi 3a3Ha4yalOTh, M0 3HWKEHHS TOYHOCTI BUSBICHHS Je(deKTIB 3a
JOTIOMOTOI0 KaMep 4YacTO TIOB'SI3aH€ 3 HU3KOK (aKTOPIB, TaKUX SK ONTHYHI
CIIOTBOPEHHS, 3a0pyAHEHHS TTOBEPXHI JOPIr, HASBHICTh TIHEH Ta MOTOAHI YMOBU. Y
0araThboX BUMAJKaX 111 PaKTOPU MPU3BOAATH J0 3HAYHUX 1H(QOPMAIITHUX TIEPEIITKO/I.

HasBH1 HayKOBI1 JOCIIIPKEHHS TPOMTOHYIOTh BUKOPHUCTOBYBATH METOIM 0OPOOKHU
300pakeHb sl BUPIIICHHS i€l nmpoosiemu. OMHAK, MONPU BCl 3yCUJIUIS HAYKOBIIIB,
ICHYIOUl aBTOMAaTH30BaHI CHCTEMH JIarHOCTHKUA CTaHy JOpIr BCE I€ HE JOCSTIIH
HEOOXITHOTO piBHSA €()EKTUBHOCTI, 10 MOTPeOy€e MOAANBUIOr0 BAOCKOHAJIEHHS a0o
PO3pPOOKU HOBUX METOJIUK 1 TEXHOJIOT1i.

Jnst BUpIIEHHST ICHYIOYO1 MPOOJIeMH 3alpOIOHOBAHO BUKOPUCTATU E€IEMEHTHU
HITYYHOT'O 1HTEJIEKTY, a came HelipoMepexeBi TexHoorii. [Ipodiaemy Hectaui oOcsary
Ta PI3HOMAHITHOCTI TAaHUX y HABYAJILHUX BUOIPKAX HEMPOHHUX MEPEK MPOMOHYETHCS
BUPIIIUTH 32 PaxyHOK 3alpPOMOHOBAHOTO METONY ayrMEeHTaIlli 300pakeHb, SKUN
3aCHOBaHMI Ha iX KOMIUIEKCYBaHH1 3 BUKOPUCTAHHSAM BEUBJIET-TIEPETBOPEHHS. MeTo
Ma€ JOJATKOBY TiepeBary — IIJIBUIIEHHS 1H(MOPMATUBHOCTI pPe3yJIbTYIOUUX
300pakeHb, 110 MO3UTUBHO BIUIMBAE HA €PEKTUBHICTh HABYAHHS HEMPOHHUX MEPEK.

Byno nmpoBeneHo MOPIBHSHHS HOBOTO METOJY ayrMEHTallii, po3po0ieHoro Ha
OCHOBI 3JIUTTS 300paK€Hb, 3 THITUMHU HAsIBHUMU MIAXOAaMU JIJIs 3a71a4 Ki1acudikarrii.
VY pesynbTari NpoBeNEeHUX TOCHIIKEHb MIATBEPKEHO, 10 HOBUM METOJl HE JUIIE
MOKpallye TOYHICTh KiacH(ikaiii, aje W JEMOHCTPYE MEHILY aJIrOPUTMIYHY
CKJIQJIHICTh Yy MOPIBHSHHI 3 METO/IOM BUIAJKOBOI 3aMiHU BEHBIET-KOE(IIIIE€HTIB, TaK,

JUTSI peasti3aliii 3alpormoHOBaHOTO METO/Iy MOTPIOHO JIMIIIE IBa BUXITHUX 300pakKeHHS,



TOM1 SIK METOJI BUIIAJIKOBOI 3aMiHM BEHBJIET-KOS(DIIIEHTIB BUMArae IIicTh 300paKeHb.

[IpoGnemy BruUMBY HEIH(GOPMATHBHUX €JIEMEHTIB BHXIJHUX 300pa)KeHb Ha
pe3yibTaT 1arHOCTHKH, TPOMOHYETHCS BHPIIIUTH 3alpONOHOBAHUM METOIOM
KOMILICKCYBaHHS 300paKeHb 3 aJJaiTUBHUM BU3HAUYCHHSIM BaroBUX KOE(III€HTIB, 10
ONTUMAJIBHO MOEIHYE 300pa)KEHHS ABOX CIEKTPIB 3 MIJBUILIEHHSAM 1H(POPMATUBHOCTI
PE3YJIBTYIOUOTr0 300pasKeHHSI.

Po3po6ieno HEHpoHHY Mepexy sl aJalTUBHOTO BU3HAYEHHS Bar y METOAl
KOMIUIEKCYBaHHsS 300pakeHb. Mepexka 3a0e3leuye aBTOMATUYHE OOYMCIICHHSA
BaroBHX KO€(]ILi€HTIB, sIKI BUKOPUCTOBYIOTHCS IS MMiIBUILIEHHS SKOCTI PE3yJbTaTiB.
Byno oOrpyHTOBaHO CTPYKTYpY LIET Mepexi Ta MPOBEACHO aHalli3 11 e(peKTUBHOCTI HA
BaJIiIallIfHUX HAOOpax JaHUX.

[TopiBHSIHHS HOBOTO METOJy KOMIUJIEKCYBAaHHS 3 IHIMUMU MiAXOAaMH MMOKa3aJ0
HOoro BHCOKY €(EeKTHBHICTh y CTBOpPEHHI OUIbI 1H(GOpPMATHUBHUX 300pakeHb. s
OIIHKH 1H()OPMATUBHOCTI BUKOPUCTOBYBABCS METO HA OCHOBI EHTPOIIIi.

byno 3i6paHo Ta 00poOjeHO HaBYAJIbHUN HabOlp JaHUX, 110 BKIKOYAE
300paX€HHSI BHIMMOrO Ta 1H(GPAYEepBOHOIO CHEKTPiB, SKI MICTATh Je(EeKTH
JOPOXKHBOTO MOKPUTTS. Lle Jano MOXKIMBICTh EMIIPUYHO PO3POOUTH MiICUCTEMY IJIS
00poOKH 300pakeHb, OTPUMAHUX 3 KaMep J1abopaTopiil A JIarHOCTUKU JTOPOKHBOTO
MTOKPUTTSI.

3anponoHOBaHO CTPYKTYPHY CXEMYy aBTOMATH30BaHOT CUCTEMU JIIaTHOCTHUKHU Ta
PEMOHTY JIOpIr, IO BUKOPUCTOBYE EIEMEHTH INTYyYHOTO iHTenekry. Lls cuctema
peai3oBy€e MOBHHUM UK BTPYYaHHS, BiJl JIarHOCTUKH /10 PeMOHTY. Tak, Ha OCHOBI
oTpuMaHoi 1H(dopMallii Mpo cTaH npu oOpoOIl 300paxeHb, MiJCUCTEMa MATPUMKH
NPUUHATTS pillieHb HaJa€ PEKOMEHJAIlil 1I0A0 opraHizaiii HeoOXITHOI TEXHOJOTi
peMoHTy. Takox Oy o0rpyHTOBaH1 MPOIIECH MOIEePEIHbOI 00POOKH JaHUX I 000X
CHEKTpIB, IO JO3BOJIAJIO 3HU3UTU 1H(GOpPMAIiiiHI 3aBajd Ta MIJBUILATA TOYHICTh
1arHOCTHUKH.

Byno HaBueHO MoOjJenb JJIs aBTOMATH30BAHOTO BU3HAYEHHS THUINIB Je(EKTIB
TOPOKHBOTO TTOKPUTTS, SIKA TIPOJAEMOHCTPYBaJia 3HAYHO KPaIlly TOUHICTh Y MIOPiBHSHHI

3 ICHYIOYMMH pIIMIEHHSAMU. Y IOCKOHAJEHHS BIiAOYJIOCS 3aBASIKA BIPOBAKEHHIO



3aMpONMOHOBAHUX METOIIB 3JUTTS 300pakeHb Ta MeTOAy ayrmeHTartii. Lle mo3Bommio
MIIBUIIUTH WMOBIPHICTh KOPEKTHOTO BH3HAdYeHHs TuIy Jnedexkry Ha 0,66%,
3a0e3neuyroun OUTbII HAIAHI pe3yJbTaTH HaBITh NpPU OOMEKEHOMY 00Cs31
HaBUAJIbHUX JaHUX. 3alpONOHOBAHUM MIIXiJ TaKOXX 3MEHIINB HEOOX1AHY KUIBKICTh
HaBYAIBHUX 300pakeHb JO 3 THUCSY, IO KBiBaJIGHTHO 13,5 THcAYaM y iCHYHOYHX
pimeHHsix. Taka onTumizallis 3HaYHO CHPOLIYE HAaBYAHHS MOJEl Ta MiABHUINYE ii
e(eKTUBHICTh y 3a7avyax AIarHOCTYBaHHSA CTaHy JOPOKHBOI'O MOKPUTTS. A TaKOX,
Oyn0 00paHO HEHPOHHY MEpeXy JUIsl CerMEHTallli 300pa)keHb, KA J03BOJSIE TOYHO
BH3HAYATH IJIONLY ACPEKTiB, 320€3Meuy0Yl BUCOKY €(PEKTUBHICTh MPH BUKOPUCTAHHI
TEKCTOBHX ITiJIKA30K.

Po3pobneno anroputmu AJis  aBTOMAaTH30BAaHOTO pyxy Jaboparopiii Ta
nigcucteMu o0poOku 300pakeHb. PeamizoBaHo 0OpoOKy 300pakeHb Ta MPHUHHSATTS
piieHs Ha 6a31 XMapHHUX CEPBICIB, III0 CKOPOUYE Yac Ha BIPOBAKEHHS HOBUX BEPCIii
Ta MPUCKOPUJIO Tpouec mMonentoBanHs. [licucreMa MATPUMKN MPUNHSATTS PIlICHb
HaJla€ PEKOMEH/IaIli1 1010 MPOBEACHHS HEOOX1THUX PEMOHTHHUX POOIT, ONITUMIZYIOUH
BUKOPHUCTAHHS PECYPCIB Ta 3a0€3MEeUyI0Ur CBOEYACHE YCYHEHHS BUSBJICHUX JIE(PEKTIB.

3a pe3ynbTaTamMy IMITALIHHOTO MOJENIOBaHHS MIATBEPKEHO Mpale3aaTHICTh
3aMpOMOHOBAHOI CHUCTEMH, sIKa JEMOHCTPYE BHCOKI TOKa3HUKH TOYHOCTI TIpU
BHU3HAYCHHI TUITIB AEPEKTIB TOPOKHHOTO OKPHUTTS Ta PO3PAXYHKY iX TUTOIIII.

KiarouoBi cjoBa: giarHOCTHKA JOPOXKHBOTO TOKPHUTTS, KOMIUJIEKCYBaHHS
300pakeHb, ayrMeHTallis, KpUTepiid SKOCTi, OOpoOKa cuUTHATIB, BEUBIET-
IIePETBOPEHHS, METOJIM HEPYHHIBHOTO KOHTPOJIIO, HEHPOHHI MEPEKH, aBTOMATH3AIIi,
€KCIIepTHA CUCTEeMa, MaTeMaTU4YHA MO/JIEJb, IPUHUHATTS pIlICHb, MAIIMHHE HABYAHHS,

11eHTUdiKaIris.



ANNOTATION

Storozhyk D.V. Improvement of the Automated Road Surface Diagnostics
System Using Artificial Intelligence. - A qualification scientific work as a manuscript.

Dissertation for the degree of Doctor of Philosophy in Specialty 151
“Automation and Computer-Integrated Technologies.” - National Technical University
of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute," Ministry of Education and
Science of Ukraine, Kyiv, 2024.

The dissertation presents the following new scientific results:

1. The automated road surface diagnostics system based on a multimodal approach
with image integration was improved through the implementation of an image
processing subsystem, the use of a thermal image augmentation method, and the
developed subsystem for classifying road surface defects.

2. A method for multispectral image fusion with adaptive determination of
weighting coefficients based on wavelet transformation was proposed and
developed for the first time. The method involves decomposing initial images
into wavelet coefficients and determining the weighting coefficients using a
convolutional neural network. These coefficients define the contribution of the
initial 1mage to the resulting image and allow for an increase in the
informativeness of the resulting image during road surface diagnostics.

3. A thermal image augmentation method based on image fusion for classification
tasks was developed for the first time. This method combines wavelet
coefficients obtained from initial images of the same object and applies inverse
transformation to generate augmented images, which increases the probability
of correct defect classification during road surface diagnostics.

The practical value of the dissertation lies in the following developments:
algorithmic and software tools for implementing an image processing subsystem in
automated road defect diagnostics; algorithmic and software tools for implementing
the augmentation method based on thermal image fusion; algorithmic and software
tools for implementing the subsystem for classifying road surface defects; a labeled

dataset of paired visible and infrared spectrum images of road surface defects for



classification tasks; a structural scheme of the automated road surface diagnostics
system using image fusion.

The dissertation describes that the road transport system is one of the key
components of critical infrastructure in any country. In Ukraine, this sector plays a
particularly important role, with a total length of 169,500 kilometers of roads.

Due to the constant influence of transport loads, road surfaces undergo natural
wear and tear and degradation. To improve road safety and reduce repair costs, regular
diagnostics of road conditions are conducted. Studies show that timely detection of
defects and preventive repair work can reduce repair costs by more than three times.

The condition of road surfaces directly affects the frequency of road traffic
accidents (RTAs). Road quality and parameters are objective factors that can lead to
accidents. These factors can be controlled and adjusted, offering opportunities to
reduce the number of RTAs.

Since roads are one of the largest infrastructural systems, their diagnostics and
maintenance are highly resource-intensive processes. The costs of such work,
including human resources and time, are significant. One optimal way to reduce these
costs 1s to automate the monitoring of road conditions and decision-making regarding
necessary repairs.

A major barrier to the widespread implementation of automated systems is the
high cost of equipment used for accurate diagnostics of road defects. For instance, laser
scanners that provide highly accurate results cost hundreds of thousands of dollars.
Meanwhile, less expensive sensors, such as visible and infrared cameras, do not ensure
sufficient accuracy in defect identification.

Experts note that the reduced accuracy of defect detection using cameras is often
related to factors such as optical distortions, road surface contamination, the presence
of shadows, and weather conditions. In many cases, these factors lead to significant
informational noise.

Existing scientific research suggests using image processing methods to address
this issue. However, despite the efforts of researchers, existing automated road

condition diagnostics systems have not yet achieved the necessary level of efficiency,



requiring further improvement or the development of new methods and technologies.

To address this issue, it is proposed to use elements of artificial intelligence,
specifically neural network technologies. The problem of insufficient volume and
diversity of data in the training sets of neural networks is proposed to be solved by the
developed image augmentation method, which is based on image fusion using wavelet
transformation. This method has an additional advantage—enhancing the
informativeness of the resulting images, which positively impacts the efficiency of
neural network training.

A comparison of the newly developed augmentation method, based on image
fusion, with other existing approaches for classification tasks has been conducted. The
results of the study confirm that the new method not only improves classification
accuracy but also demonstrates lower algorithmic complexity compared to the method
of random wavelet coefficient replacement. Specifically, the proposed method requires
only two initial images, whereas the random coefficient replacement method requires
SIX.

The problem of the impact of non-informative elements of the initial images on
the diagnostic results is proposed to be solved by the developed image fusion method
with adaptive determination of weighting coefficients, which optimally combines
images from two spectra, increasing the informativeness of the resulting image.

A neural network for adaptive weighting in the image fusion method has been
developed. The network provides automatic calculation of weighting coefficients,
which are used to improve the quality of results. The structure of this network has been
substantiated, and its effectiveness has been analyzed using validation data sets.

A comparison of the new fusion method with other approaches demonstrated its
high efficiency in creating more informative images. Entropy-based methods were
used to assess informativeness.

A training dataset, including visible and infrared spectrum images containing
road surface defects, was collected and processed. This enabled the empirical
development of a subsystem for processing images obtained from cameras in road

diagnostics laboratories.



A structural scheme of an automated road diagnostics and repair system using
artificial intelligence was proposed. This system implements a complete intervention
cycle, from diagnostics to repair. Based on the processed image data, the decision-
support subsystem provides recommendations for organizing the necessary repair
technologies. Data preprocessing processes for both spectra were also substantiated,
reducing informational noise and improving diagnostic accuracy.

A model for automated defect type detection was trained, demonstrating
significantly better accuracy compared to existing solutions. Improvements were
achieved through the implementation of the proposed image fusion and augmentation
methods. This approach increased the probability of correct defect type identification
by 0.66%, ensuring more reliable results even with limited training data. The proposed
approach also reduced the required number of training images to 3,000, equivalent to
13,500 in existing solutions. This optimization simplifies model training and increases
its efficiency in road surface diagnostics tasks.

A neural network for image segmentation was chosen, allowing accurate
determination of defect areas and ensuring high efficiency using textual prompts.

Algorithms for automated laboratory movement and image processing
subsystems were developed. Image processing and decision-making were implemented
using cloud services, reducing the time required for new version deployment and
accelerating the modeling process. The decision-support subsystem provides
recommendations for necessary repair work, optimizing resource use and ensuring
timely elimination of detected defects.

Simulation modeling confirmed the operability of the proposed system, which
demonstrates high accuracy in identifying road surface defect types and calculating
their areas.

Keywords: road surface diagnostics, image fusion, augmentation, quality
criterion, signal processing, wavelet transformation, non-destructive testing methods,
neural networks, automation, expert system, mathematical model, decision-making,

machine learning, identification.
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BCTYII

JIOpOXXKHBO-TPaHCIIOPTHA CHCTEMa € OJHHUM 3 OCHOBHHUX O0’€KTIB KPUTHYHOI
iHbpacTpykTypu Oyab-skoi kpainu. [o npukiany B YkpaiHi 11e HaliOUIbIIHNI 00’ €KT
KPUTHYHOI 1HPPACTPYKTYPH 3 TPOTSHKHICTIO 169,5 THC. KIJTOMETPIB.

[Tin BOJIMBOM BEJIMKOTO HABAHTAXKEHHS JIOPOXKHE MOKPUTTS CXHIIBHE JI0 3HOCY
Ta cTapiHHs. 3a/is 3a0e3nedyeHHs 0e3MeKH Ha JI0PO3i, a TAKOXK JIJISl 3HUXKEHHS BUTPAT
IPOBOJUTHCA JIIaTHOCTHKA JOPOKHBOTO TOKPUTTA. BuyacHa miarHocThka Ta
MIPOBEJICHHS] PEMOHTHHUX POOIT 3/1aTHA 3MEHILUTUA BUTPATH OUIbIIEe HIXK BTpU4i [1].

He cnin npumeHIIyBaTH BIUIMB CTaHy JOPOXHBOIO IMOKPUTTS HAa KUIBKICTB
nopoxxubo-TpancnoptHux npurof (UTII). Ilapamerpu i cran aopir € OJHIEWO 3
o0’extuBHuX mnpuuynH BuHukHeHHS JITII. Ha Bigminy Bif cy0’€KTHBHHMX MPUYHH,
00’ €KTUBHI MAAAI0THCS KOHTPOJIIO, IO J03BOJIsI€ 3MeHITyBaTh Kinbkicts JITII [2].

OpHak monpu BEJIMKY €KOHOMIIO KOIITIB MPU PEMOHTI JOPOKHBOTO MOKPUTTS
J1arHOCTHKA 11 HE MPOBOJUTHCS MOBCIOAHO, Ye€pe3 CKIIAHICTh Ta JOBIOTPHUBATICTH
TakuX TMepeBipok. lleit Hemonik Moxe npuOpaTH MOMIMPEHHS aBTOMATHU30BaHUX
METO/I1B 300py Ta 00poOKHU 1HhOpMaITii.

AKTYaJBHICTh TEMH.

JlilarHOCTHKA Ta PEMOHT TaKOT'O BETUKOr0 00'eKkTa IHPPACTPYKTYPHU SIK TIOPOKHE
MOKPUTTS € HAJ[3BUYANHO 3aTpaTHUM. JII0IMHO pecypcu Ta yac HEOOX1THUI Ha 301p Ta
00poOKy MaHWX PO CTaH Ta PEMOHT JOPOKHBOTO MOKPUTTS HaOyBa€ BEIWYE3HHUX
moka3HuKiB. OJHUM 31 cOcO0IB 3MEHIIICHHS BUTPAT Ha JIarHOCTHKY Ta PEMOHT €
aBTOMATHU3AIlisl TPOIECIB aHAI3Y JAaHUX Ta MPUHAHATTS PIIICHHS 100 HEOOX1THOTO
BTPYYaHHS.

BimpuricTe  JOCHIAHUKIB CXOASTHCS B JYMIN, IO TOJOBHOK 3BaJ0l0
BIIPOBA/DKCHHSI TAaKUX aBTOMATHU30BAaHUX CHCTEM TMIOBCIOHO € BeEJMKa IliHa
o0JialHaHHS Ta TOYHICTh BU3HAUYCHHS Je(DEKTHOCTI TOPOKHBOIO MOKPUTTS. Tak, I1iHa
BUCOKOTOYHHUX JIA3€PHUX CKAHEPIB CSra€ JI0 COTEHb TUCSY JI0JapiB, a MEHII JeIeBi
naTyuku (Kamepu 1H(GPAYEepBOHOTO Ta BUAUMOTO CIEKTpa) HE Mal0Th OakaHO1
TOYHOCTI IPU BUSBJICHHI J€(EKTIB.

["'010BHMMYU IPUYMHAMH TIOTAHUX PE3YJIbTATIB B TOYHOCTI BUSBICHHS AC(PEKTIB
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Py BUKOPHUCTaHHI Kamep 1H(GPAUYepBOHOTO Ta BHAUMOIO CIIEKTpa JOCTITHUKA
BBa)XAIOTh HASBHICTh 1H(QOPMATHBHUX 3aBaj, BITHECTH N0 SKHUX MOKHA, OINTHYHI
1Tr0311, 3aCMIYEHICTh JOPOXKHBOT'O TOKPUTTS, HASBHICTh TiHEH, BIUIMB IOTAHHUX
MOTOAHUX YMOB TOIIIO.

Hocnimkennss HaykoBiiB, Takux sk Oliveira H., Correia P., Zalama E.,
HaMaraJmcsi po3B’si3aTH 110 MPOoOJIeMy BUKOPUCTOBYIOUM KJIACUYHI METOIU OOPOKU
300paxkeHb. 3HauHa KUIbKICTh gociiaHukiB (Ouyang A., Luo C., Zhou C., Chen Z.,
Yusof, N. A. M.) ciipsiMOBYyBaJii CBOi JOCHIKEHHS B 01K BUKOPUCTAHHS Cy4YaCHHX
TEXHOJIOT1i Ha 0a31 HeHpoOMEpEeK.

Jlesiki aBTopm, Taki Ak Su Y., Kang S., Chang J., Hsieh S., Bystrov A., Chen,
Cheng, Sindhu Chandra, cnpsimyBanu mgocnmifxkeHHs y OiK moemaHaHHs iH(opmarrii
n00yTOi 3 TaTYMKIB P13HOT MOJTAJIBHOCTI.

OnHak, Xo4ya JaHi JOCTIIHKCHHS HAaOJW3WIM PO3B'S3aHHS ITi€l 3a7a4i, HasBHI
aBTOMAaTU30BaHI CHUCTEMHU JIarHOCTUKM Ta PEMOHTY HE JOCATIM HEOoOXiIHO1
e(DeKTUBHOCTI, a 3HAYUTh, MOTPeOYIOTh a00 iX YJIOCKOHAJICHHS abo PO3pOoOJIECHHS
HOBUX.

3B's130K po00TH 3 HAYKOBMMH NPOrpaMaMHu, IVIAHAMH, TEMaMH

Pobora BianoBigae OCHOBHUM HampsiMKaMm JisibHOCTI  HamioHaneHOTO
TEXHIYHOTO YHIBepcuTeTy YKpainu «KuiBChbKHil MOMITEXHIYHUNA IHCTUTYT iMeH1 [rops
Cikopcbkoro» 1 Mana Oe3rnocepenHiil 3B'SI30K 3 MPOEKTaMU, 10 BUKOHYBAJIUCh Ha
Kadenapi aBTOMaTU3aIlii Ta CHCTEM HEPYHHIBHOTO KOHTpOJ0. ABTOp OyB
CIIIBBUKOHABIIEM 1HIIIATUBHOTO IPOEKTY «ABTOMATH3allisl MPOIEAYp TEIIOBOIO
HEPYWHIBHOTO KOHTPOJIIO 3 BUKOPUCTAHHSAM TEXHOJOTIA IITYYHOTO I1HTEJIEKTY.
HepxxaBuuii peectpaniitauit Homep: 0123U103688, 2023 p.

PesynbTaTn auceprariiitHoi poO0oTH aBTOpa OyJM BOPOBAIKEHI Y BUPOOHUUMI
npoliec HayKoBO BUPOOHNYOi (hipMu «/lilarHOCTUYHI pUiIaan» Ta HaBYAJIbHUM ITpoLiec
Kaeapu «ABTOMaTHU3allll Ta CUCTEM HEPYHHIBHOIO KOHTpoJto» [lpunanoOyniBHOrO

(dakyiabTeTy.

Merta i 3aBJaHHA JOCTIKEeHHS.
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Memoto Oocniddcenns € MIABUIICHHS SIKOCTI Ta 3MEHILEHHS TPYAOMICTKOCTI
JIarHOCTYBaHHS CTaHy JOPOKHBOTO MOKPUTTS ILISIXOM PO3POOKU Ta 3aCTOCYBaHHS
1H(popMaIIITHOTO, METOUYHOTO, AJITOPUTMIYHOTO Ta MPOrPAMHOTO 3a0e3eUeHHS.

JIOCSTHEHHSI TIOCTABJICHOI METH TIepeadadae po3B’si3aHHS TaKWX HACTYITHHX
3ajau:

- IlpoanamizyBaTd CydacHHH CTaH PO3BUTKY METOJIIB aBTOMAaTH30BaHOTO
J1arHOCTYBaHHS CTaHy JOPOKHHOTO TOKPUTTS, BU3HAYUTH OCHOBHI HAIIPSMU
HAyKOBUX JOCHDKEHb Ta X  aKTyaJubHICTh, C(OPMYIIOBAaTH OCHOBHI
npo0sieMu y i ramy3i Ta OOTpyHTYBAaTH METOIM JIJIS X BUPIIICHHS.

- 3i06patu 300pakeHHs AePEKTIB JOPOKHHOTO MOKPUTTS ¥ IBOX CIIEKTPAITBHUX
JianazoHax, po3po0UTH Ta OOTPYHTYBATH MPOIEC OOPOOKH IUX 300paKeHb 3
BUKOPUCTAHHSIM HEUPOHHUX MEPEK.

- Po3pobutu Ta AOCHIIUTH METOA 3IUTTS 300paK€Hb HAa OCHOBI BEHBIET
MEPETBOPEHHS 3 aIANITUBHUM BU3HAUYEHHSIM BaroBUX KOe(illi€eHTIB.

- Po3pobutu Ta AOCHIIUTH METOJI ayrMeHTallll 300pakeHb Ha OCHOBI 3JIUTTS
300paxkeHb JJ1s1 HepoMepeKeBUX Ki1acu(iKaTopiB.

-  YIOCKOHAJIWTH CHCTEMY aBTOMAaTH30BaHOTO JIaTHOCTYBaHHS CTaHy
JTOPOKHBOTO TOKPHUTTSI MIJISTXOM BIPOBAKEHHS IIJICHCTEMH OMPAIFOBAHHS
(06poOKM) 300pakeHb Ta 3aCTOCYBAHHSI METOIIB ayrMEHTAITl.

- Jocnimuti  TMIABUINEHHS  SKOCTI Ta  3MEHIICHHS  TPYJOMICTKOCTI
JTIarHOCTYBaHHS  CTaHy  JIOPOKHBOTO  TOKPUTTS  yJOCKOHAJIEHOI
aBTOMATU30BAaHOI CUCTEMH J1arHOCTYBaHHS CTaHy JIOPOKHBOTO TTOKPUTTSL.

00’°ckmom  Oocnidyicenna € TPOLEC ABTOMATU30BAHOTO  KEpPYBaHHS
JIarHOCTUKOIO TOTOYHOT'O CTaHY JAOPOKHBOTO TOKPUTTSI.

Ilpeomemom d0ocniorycenns € METOU Ta 3aCOOU MM1ABUIIICHHS 1HHOPMATUBHOCTI
300pakeHb J1e(PEeKTIB B MPOIIEC] A1arHOCTYBaHHS CTaHYy JOPOKHBOTO TTOKPUTTSL.

MeToau a0C i IZKeHHS:

- METOAM aHami3dy Iyl oOIpYHTYBAaHHS aKTyaJIbHOCTI, (DOPMYJIIOBAHHS METH
TOCIIKCHHSI, BU3HAYCHHSI OCHOBHUX 337124,

- METOIM aHaji3y 1o 0a3yrThCsS HA Teopii KMOBIPHOCTEH Ta MaTeMaTUIHOL
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CTaTUCTHKU;

- Teopii METO/IIB TETLIOBOTO HEPYHHIBHOTO KOHTPOJIIO;

- MeTojax 00poOKM 300pa’keHb Ta OIPAIIOBAaHHS €KCIIEPUMEHTAIbHUX JIAaHUX;

- MeTojax 3JUTTA (KOMILUIEKCYBaHs ) 300pakeHb;

- MeToJax ayrMeHTaIlii 300pakeHb JUIsl BAKOPUCTaHHS B HEHpOMepeKax.

HaykoBa HOBH3HA OTPMMAHUX Pe3yJbTaTiB:

- YIOCKOHAQJICHO CHCTEMY aBTOMAaTH30BAaHOTO JIarHOCTYBAaHHS CTaHy
JIOPOXKHBOTO TOKPUTTSI HA OCHOBI MYJIbTUMOJAJIBLHOIO MIAXOAy 13
KOMITJIEKCYBAaHHSIM  300pakK€Hb IUISIXOM  BIPOBA/DKEHHS  MiJACHCTEMH
ompaifoBaHHs (00poOKH) 300pakeHb, 3aCTOCYBAaHHS METONY ayrMEHTAIlii
TEIJIOBUX 300pakeHb Ta po3pobiieHol migcucremu kinacudikaitii gedexTin
JTOPOKHBOTO MMOKPUTTHL

- BIEpIIE 3alporOHOBAaHO Ta PO3pOOJIEHO METOA MYJIbTHUCIEKTPATIHLHOTO
3IIUTTS 300paKCHb 3 aJalTHBHUM BHU3HAYEHHSM BaroBUX KOEQIIIEHTIB Ha
OCHOBIi BEHBJICT MEPETBOPCHHS, SKHH IMOJISITa€ B PO3KJIaJIaHHI TTOYaTKOBHX
300pakeHb Ha BEUBJET KOE(ILIEHTH Ta BU3HAYEHI 3TOPTKOBOIO HEHPOHHOIO
MEpEeXEI BaroBUX KOE(DIIIEHTIB, M0 BU3HAYAIOTh YAaCTKy MOYAaTKOBOTO
300pake€HHsI B PE3yJIbTYIOUOMY, 1 J03BOJIsIE€ 30UIBIIUTH 1HGOPMATUBHICTh
PE3YNBTYIOUOT0 300paKeHHs TIPU MPOBEJICHH] 1IarHOCTYBAaHHS JOPOKHBOTO
MOKPUTTS;

- BHepiie po3poOJeHO METOJ ayrMeHTallli TeIUIOBUX 300pakeHb Ha 0asi
3IATTS 300pakeHb I 3a7ad Kiaacudikaiii, sSKdAW IMoJisarae B TMOEIHAHHI
BEUBJIET KOC(IIIEHTIB OTPUMAHUX 3 IOYATKOBUX 300paK€Hb OJHOTO 00’ EKTY
Ta 3BOPOTHOMY TMEPETBOPEHHIO [UJII OTPUMaHHS AyTrMEHTOBAaHOTO
300pak€HHsI, 1 J03BOJISE MIABUIIATHA HMOBIPHICTh TPaBUIIbHOI Ki1acudikalii
nedeKTiB IpH MPOBEACHHI A1arHOCTYBaHHS JOPOKHBOIO MOKPUTTSL.

IIpakTHyHe 3HAYEHHS OTPUMAHUX Pe3yJIbTATIB:

- pO3po0JEHO AJIrOpUTMIYHE 1 TporpaMHe 3a0e3MeueHHs peaizarii
MIJCUCTEMH  OMPAIOBAaHHA  300paK€Hb  TMPH  aBTOMATH30BAHOMY

J1arHOCTYBaHHI e()EeKTIB JOPOKHBOTO MOKPUTTS;
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- po3po0JEHO aNTOPUTMIYHE 1 MporpaMHe 3a0e3medeHHs peaizaiii MeToxy
ayrMeHTallii 1mo 0a3yeTbcs Ha KOMIUIEKCYBaHH1 TETIOBUX 300paKeHb;

- pO3po0JEHO AaJIroOpuTMIYHE 1 TIporpaMHe 3a0e3mledeHHs peanizamii
niacucTeMu Kiacuikaiii 1eeKTiB JOPOKHBOIO MOKPUTTS;

- copmMoBaHO HaBYaJIbHY BHOIPKY PO3MIYEHHMX ISl 3a/1ay Kiacugikalli nap
3HIMKIB Y BUJUMOMY Ta 1H(payepBOHHUX cCHEKTpax JAe(eKTIB JOPOKHBOIO
TTOKPUTTS;

- PO3pOOJIEHO CTPYKTYPHY CXEMY aBTOMATH30BAHOI CUCTEMH J1arHOCTYBaHHS
JOPOKHBOTO MOKPUTTS 31 3JUTTSIM 300pa’KEHb.

Oco0uctuii BHecok 3100yBayva.

JlucepTairisi € 3aBepIICHOI0 HAYKOBOIO Tpareto aBropa. OCHOBHI HAayKOBI if€f,
pe3yibTaTH TEOPETUYHUX Ta EKCHEPUMEHTAIBHUX JOCHIIKEHb pPO3pOOJIeH] 1
chopMyIbOBaH1 aBTOPOM OCOOUCTO.

ABTOpOM OyJI0 3alpONOHOBAHO METOJY KOMIUJIEKCYBaHHS 300paxeHb 3
aJIaITUBHAM BH3HAUYEHHSM Bar. Po3pobieHo apXiTeKTypy MOJelNi AJis aAanTHBHOTO
BU3HAYECHHS Bar NMpu KOMIUIeKCyBaHHI. IIpoBeneHo gociikeHHs €(pEeKTUBHOCTI
3aMpOIOHOBAHOTO METOAY B TMOPIBHSIHHI 3 HASBHUMH aHAJIOTaMHU. 3alpOTIOHOBAHO
METOJ] ayrMeHTalii 300pakeHb AJig 30UIbIIEHHS HaBYalIbHOI BUOIPKM TEIJIOBUX
300pak€Hb TpPH BHUKOPUCTAHHI JUIs HABYaHHS HEHPOHHUX MeEpexX i 3ajad
kinacudikarii. IlpoBenmeHo moCHiKEHHS Ta aHam3 3almpPOIIOHOBAHOTO METOMY
PO3IIMPEHHS HaBYAIbHOI BUOIpKU. PO3p00IIEHO CTPYKTYpHY CXeMy aBTOMAaTH30BaHO1
CUCTEMM [IarHOCTHUKM Ta PEMOHTY JOPOKHBOTO TOKPUTTS 3 BUKOPUCTAHHSIM
€JIEMEHTIB IITYYHOTO IHTEJIeKTy. Po3pobieHo nporiec 06poOKku 300pakeHb B CUCTEMI,
3 EeMIIPUYHUM TMiI00POM apXITEKTypH HEUPOHHOI Mepexki s Kiaacudikarii
300paxkeHb. [IpoBeneHO MOCTIIKEHHS BIUIMBY PO3POOJIECHUX METOAIB 1 MpOIecy
00poOKHM 300pakeHb Ha TOYHICTb BUSIBJIICHHS THUILY JE€(PEKTY HOPOKHBOTO MOKPUTTS
3rOPTKOBOIO HEUPOHHOIO Mepexeto. [IpoBeneHo iMiTalliiiHe MOJETIOBaHHS M1JICUCTEM
0o0poOKM 300pa’keHb Ta MIATPUMKHA MPUHAHATTS pIEHb IS JTOCHIJIKEHHS

e(eKTHUBHOCTI 3aITPOIIOHOBAHOT aBTOMAaTHU30BaHOI CHCTEMHU.

20



Amnpo0auisi pe3yJbTaTiB AUcCepTAaIil.
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pobotax; 6 craredl y mpoBigHUX (DaxOBUX BUJIAHHAX, 3 AKUX 2 — y BHUJAHHAX , 1110
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710 HAyKOMETPUYHO1 0a3u Scopus;

Crpykrypa podotu

JlucepTarrisi cKJIafaeThCs 3 aHOTAIlli, BCTYIy, I'SITW PO3JUTIB, BUCHOBKIB JI0
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KOXXHOTO 3 PO3JITiB, CHUCKY BUKOPUCTAaHUX JDKEPET M0 KOXKHOTO 3 PO3JLIIB.
3aranpHu 00CAT nucepTallli CTaHOBUTH CTOPIHOK 136, y Tomy uuciai ctopiHok 118

OCHOBHOT'O TEKCTY, 43 pPUCYHKHU Ta 6 TaOJIHIIb.
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PO3A1JI 1. O0’eKT Ta METOAU TiarHOCTUKH

1.1. {lopo:xHii ogsir

Jopo:xHiii oasir (puc. 1.1) — omHO- ab0 OaraTomapoBa KOHCTPYKIIS IO
PO3MOUISE HABAHTAKEHHS CIPUYMHEHA aBTOTPAHCIOPTOM Ha IPYHT. 32 HASIBHOCTI
KUIBKOX IIapiB CKIAMAETHCS 3 MOKPHUTTS, OCHOBH Ta IMPHU HEOOXITHOCTI 3 J0JaTKOBOI

OCHOBH. JIOpOXHIH OJST MOAUISIOTh Ha )KOPCTKHUM Ta HEXOPCTKHUi [3].

Puc. 1.1 3aranipHa cxeMa JOPOKHBOTO OASTY: a — JOPOKHE NOKPUTTS, O — JOPOKHS

OCHOBA, B — I'PYHT 3€MJISIHOI'O IIOJIOTHA

Jlopoxxne nokputTs (puc. 1.1, a) — BepxHs yacTuHa Joporu. Marepiain 3 sIKOro
BUTOTOBJISIFOTh TOKPUTTS MAa€ JEKUTbKA XapaKTEPUCTHK, a caMe, 3HOCOCTIHKICTB,
MIIHICTh, TMIOPCTKICTh, CIPOTUB TUIACTUYHUM JAedopMallisiv, 30epiraTd CyIiIbHICTh
IpY 3MiHI TEMIIEpaTyp CIPUIHMHEHUX 3MIHOIO TIOPH POKY.

JlopoxHsi ocHoBa (puc. 1.1, 6) — HeoOXimHUHN 1 3a0€3MeUeHHs] PO3IOILTY
HaBAaHTA)XCHHA Ha TIPYHT 3E€MJITHOTO TIOJOTHA, MO0 MPOTUCTOSITH TPOTHHAM
JOPOKHBOTO OJSTY MPU BEJTMKUX 30BHIITHIX HABAHTAKCHHSIX.

JlonaTkoBa OCHOBA — BHKOHYE Ti caMi (DYHKIIIT IO 1 3BUYaiiHa OCHOBA, OJHAK
TaKOX MOKE€ BHUKOHYBATH Takl (DYHKI[ii: BIJBEIEHHS BOHU 3 BEPXHbOI YACTHHH
3eMJISHOTO TIOJIOTHA, 3MEHIICHHS TIUOMHU TPOMEP3aHHs TPYHTY, 3a0e3meueHHs
mpoi3ay it OyAiBeIbHOT TEXHIKY il yac OyaiBenbHUX poOiT. OnuH map 101aTKOBOI
OCHOBHU 371aT€H BUKOHYBATH JEKUIbKA (DYHKIIIM.

KoHCTpyKLil0 [OpPOKHBOIO OASATY Ta MaTepialid BHU3HAYAIOTh BHUXOASYU 3
TPAHCIOPTHO-EKCIUTyaTalllfHUX BUMOT, IHTEHCUBHOCTI PyXY, CKIJIaay TPaHCIOPTHUX
3ac00iB B MOTOIIi, IPYHTIB, KJIIMAaTUYHUX (HAKTOPIB, BUMOT OE3MEKH Ta KOM(DOPTHOCTI
PyXy.

3aexxHo BiJ] CTYNEHs HaIIMHOCT1 IOPOTH MOJLISAIOTH Ha Kareropii Tad. 1.1:
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Tabnuus 1.1. KoedinienTu HamiifHOCTI pi3HUX KaTETOpiil qopir

Kareropis noporn I-a I-0, 11 I v \%
Koedimient
HagiliHoCcTi 0,97 0,95 0,9 0,85 0,75

1.2. lepexkTH 1OPOKHBOTO NOKPUTTH

Kinacudikariiiro ocHoBHUX Je(eKTiB 300pakeHo Ha puc. 1.2.

Ddedexm

[AOPOXHBLOrO NOKPUTTA

NMignoBepxHesi

s 1VCTOTH 3aNOBHeHI NOBITPA
BuKkpMILyBaHHA
rpeﬁi“‘a

Buboinmn

MpocinaHHa

PyiiHyBaHHA
AedopMmaliifHMX WBIB

PyiiHyBaHHA KpaiB

[IOPOXHBOrO OAIArY

TpiwmHM Nno3goBxHI

BigwapyBaHHA 3aXMCHOTO
Wapy AOPOXHLOIO NOKPUTTH

Mpocigausa mokis

Puc. 1.2 Knacudikarist 1eekTiB 10pOKHEOTO TOKPUTTS
Haii0inpmr 4acTto 3ycCTpivaloThesl Y JOPOKHHOMY TOJIOTHI Taki JedeKTH:

BUOOTHM, TPIIIUHU 3arajbHi MOMEPEYHi, CITKa TPIIIUH, TPIIIMHUA TO3/I0BXKHI, KOCI
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TPIILIKHY.
Bu6oinu — MicieBi MOMIKOKEHHSI BEPXHBOTO APy JAOPOKHBOIO MOKPUTTS Y

(dbopmi BUIMOK 3 BUPA3HUMHU FOCTPUMU Ta HEPIBHUMHU Kpasimu (puc. 1.3).

Puc. 1.3. Buboiau

Tpimunu 3araibHi nonepevyHi — pyiHyBaHHS Y BUTJISLII TONEPEYHUX TPILIHH.

CiTka TpilluH — po3raiy>KeHHs TPILIUHHU, CXOXkKe Ha CITKY (puc. 1.4).

Puc. 1.4. Citka Tpimus

TpimumHu NO3A0B:KHI — pyHHYBaHHS y BWIJISJI TOB3JOBXHHUX TPIIIUH,
BHACJIIOK IHTEHCUBHUX BTOMHHX ITPOIIECIB.

Koci Tpitumau — TpilliiHU SK1 pO3TaIlIOBaHi miJl KyToM (puc. 1.5).
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Puc. 1.5. Koci tpimunau

1.3. ABTOMaTH30BaHi CHCTEMH JiarHOCTUKH IOPOKHHOI0 NOKPUTTSH

ABTOMAaTH30BaHl CHUCTEMH J1arHOCTUKH JIOPOKHBOTO MOKPUTTS (puc. 1.6)
3a3BUYall CKJIaalOThCS 3 MIJCUCTEM 300pYy JaHUX Ul BU3HAUEHHS HAsBHOI'O CTaHY
JOPOKHBOTO TMOKPUTTS, MIACUCTEMH MIATPUMKH NMPUNUHATTS PIIIEHHS Ta MiJICUCTEMU

BUpILIEHHS HECIIpaBHOCTEH [4-5].

| MigcucTema
BUDILUSHHA |— —» [NoposHe NoKpMTTA
| HECMPa3BHOCTER |

il Cl
|

MigcucTema .
NiZTRHUMEM MPHMAHATTA [—] FlinccrEme, 3o
: AaHuX
pLIEHHA

Puc. 1.6. Cxema TUIIOBOT CHCTEMH JIIarHOCTUKHU JI0POKHBOTO MOKPUTTS
[TincucreMa MiarHOCTUKY 3a3BUYAl CKIIAAETHCS 3 MICUCTEM 300py Ta 00poOKH
CUTHAJIIB OTPUMAaHUX 3 AaT4uKiB. J{71s1 300py iHPOpMaIii MOXKYTh OyTH 3aCTOCOBaHI SIK
aBTOMOOWI Tak 1 ApoHH. OOOB’I3KOBUM €JIeMEHTOM € 00poOKa CHUTHAIIB, MIPH SIKIH
BUKOPUCTOBYIOTh, SIK KJACH4YHI METOAM, TakK 1 IITy4YHI HEWpPOHHI Mepexi.
EdexkTuBHICTh TaHUX IMIJICHCTEM MOJYKHA OILIHUTH €KOHOMIYHMMH TIOKa3HWKaMu [5],
TOYHICTIO BUAUICHHS 1H(QOpPMATUBHUX O3HAaK [4], MIBUIKICTIO 300py Ta 0OpoOKH

CUTHATIB, a TaKOX aJanTUBHICTIO METOAIB OOpOOKH, TOOTO 3IaTHICTIO SKICHO
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aHaI3yBaTH HAsSBHI CUTHAIM B PI3HUX YMOBaX OTPUMAHHS IUX JaHUX (PI3HI TaTUYUKH,
Pi3H1 TOTOJTHI YMOBH, Pi3Hi crtocodu 300py iH(popMmarrii).

ExcnieptHa cucremMa — 1€ TN CUCTEMH, IO IMITY€ 3/IaTHICTh €KCIEpTa /0
OPUMHATTS pillieHb B rany3i. BoHa BUKopucTOBye 0a3y 3HaHb, fKa CKJIAJA€ThCS 3
npaBui 1 PaxTiB, 0O OIIHIOBATH CUTYAIlli Ta HaJaBaTH PEKOMEH Iallii ad0 pillIEHHS.

[lincucremMa MIATPUMKU TPUHUHATTA pillIeHb (€KCIepTHAa cucTemMa) pOOUTH
BUCHOBKM U pEKOMEHJaIlli M0A0 HEOOXITHOCTI BTPYYaHHS, 4Yacy B SIKUM JaHe
BTpy4yaHHs Oyzne HEoOXiIHO 3pOOHTH Ta SIKUM camMe THUN BTpydaHHs HeoOXimuui. Lle
CTa€ MOXJIMBUM 3aBJSIKM MEXaHI3My JIOTIYHOIO BUCHOBKY Ta 0a3u 3HaHb, TAKOX
CTalOTh TOMYJSIPHUMH DPIIICHHS Ha 0a31 HEYITKMX HEUPOHHUX Mepex [7] Ta
HEUPOHHUX Mepex g mnporHo3dyBaHHs [8-10]. PimenHss B Takm migcucTeMax
(dbopMy€eThCS HA OCHOBI TAKMX JJAHUX: ICTOPUYHMX JIAHUX II10JI0 BTPYyYaHb (PEMOHTIB),
HOPMaTHUBHO TEXHIYHUX JIOKYMEHTaX, JaHWUX MPO MOTOHI YMOBH Ha JIIJISHII Ta OIIHII
HAsSIBHOT'O CTaHy JOPOKHBOI'O MOKPUTTS OTPUMAHUX MIPU JIIarHOCTHII [6].

Jlana migcucreMa CBOIMH BUCHOBKAMH JIOTIOMAara€ eKCIEpTy BHPIIIUTH
CYNEpPEYHOCT] SIKI BUHUKAIOTh B MPOILEC] NPUIHATTS PIMICHHS MO0 HEOOX1IHOCTI
BTpy4YaHHs. EQEKTHBHICT AAaHOI MIACUCTEMHU HANpsSIMy 3aJ€XKUTh B SKOCTI Ta
TOYHOCTI OTPUMAHUX PEKOMEHJAIllM, SIKI ONTUMI3YIOTh Yac HEOOXITHUN E€KCIEPTOBI
JUTSI TPUAHSTTS PIITICHHS Ta aHATI3y HAsIBHUX JIAHUX.

VY gKoCT1 MiFACUCTEMH BUPIIIIEHHS HECTIPABHOCTEN MOXKYTh BUKOPHUCTOBYBATHCS
PEMOHTHI Opurajm, a TaKo), PEMOHTHI poOOTH, OJHAK, OCTaHHI MalwTh Oararo
TEXHIYHMX OOMEKEHb Ta BUCOKY IiHY. Tak, ICHyIOTh pOOOTH30BaH1 CUCTEMHU 3/1aTHI
pobuTtu pemMoHT BHOOiH [11], HaHeceHHs1 MapKyBaHHs [12] Ta repMeTH3aIlio TPIIUH
[13]. dani poGoTu ocHalieHi BUCOKOTOYHUMH 3D ckaHepamu, 3aBISKU SKUM BOHHU
OyyTh MOJIEb AUISTHKY M 00paxoBYIOTh IMOCIIIOBHICTh CBOIX Jiil.

Cucrema 1HTENEKTYaJIbHOIO MOHITOPUHTY JOPOXXHBOTO MOKpUTTS (puc. 1.7),
AKy MOKa3aHO Ha CXEMIl pHUC., CKIAa€ThCA 3 KUIBKOX KIIFOUOBHUX KOMIIOHEHTIB, IO
3a0e3neuyoTh e(heKTUBHUI 301p Ta aHaJI3 JaHUX MPO cTaH Aopir. OCHOBOI CUCTEMHU
€ obOmamgHaHHs Ui 300py iH(OpMaIi, sKe BKIIOYAE€ PI3SHOMAHITHI CEHCOPH Ta

cymyTHukoBi Hasiramiiiai cuctemu (GNSS, GPS, BDS), mo BcraHoBieHi Ha
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CHeIiajgi30BaHuX TPAHCHOPTHUX 3acobax. [li ceHcopu M03BONSIOTH (DIKCYBATH SIK
1HKEHEPHY, TaK 1 €KOJIOTI4HY 1H(OpMaIlil0 B peKKUMI pealbHOTo 4acy. 310paHi JaHi
NepearThCs 10 CUCTEMU 00pOOKH /1JI IXHBOTO MOJIAJIBIIIOr0 aHaizy [52].

JlaHi, oTpuMaHi 3 CEHCOpIB, OOPOOJSIOTHCA 3a JOMOMOIOK TEXHOJIOT1H
Bi3yauizailii Ta aHanizy 300paxkeHb. lle mo3Bosisie BUSABIATH AehEKTH JOPOKHBOTO
MOKPUTTS, TaKl K TPIIIMHU, HEPIBHOCTI UM SIMH, Ta OLIHIOBATH IXH1i MaclITal 1 BIUIUB
Ha 3arajbHUil cTaH aoporu. Pesynbratu aHamizy (iKCyroTbcs y 0a3l JaHHX, SIKa
MICTUTh AETalbHYy 1H(POpMAIII0 MPO CTaH OKPEeMHX AUISHOK goporu. Lle cTBoproe

YMOBH i1 JOBI'OCTPOKOBOI'O MOHiTOpI/IHFy Ta HAKOIIMYCHHA iCTOpI/I‘-IHI/IX JaHuX IIPO

JOPOXKHIO 1HOPACTPYKTYPY.
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Puc.1.7. Cuctema 1HTE€IEKTYyaTbHOTO MOHITOPUHTY TOPOKHBOT'O MOKPUTTS [52]

[ndopmaris, mo 30epiraerbcss y 0a3zi AaHMX, IHTErPYEThCA y IUIaTGopmy
YIPABIIHHS, KA JO3BOJISIE PO3POOJISATH PILLICHHS JI1 PEMOHTY, @ TAKOK MPOrHO3YBaTH
Ta BIZCTEXKYBATU CTaH NOKpUTTS. [1naTrdopma 00'eAHye€ pi3Hi TUTIM TaHUX 13a0e31euye
KOPUCTYBa4yaM JOCTYI J0 aHATITHYHUX IHCTPYMEHTIB, IO CHOPUSIOTH MIJBULIEHHIO
e(eKTUBHOCTI YIPABIIHHS JOPOXHHOIO MEpEeker0. MOHITOPUHT 3IMCHIOETHCS 5K Y
PEXHUMI pealbHOTO 4Yacy, TaK 1 HAa OCHOBI HAaKOMMYEHUX ICTOPUYHHUX HaHMX, IO
J03BOJIsIE IepeadayaT MaiOyTHI 3MIHU y CTaH1 AOPIT.

OCHOBHMMHU BUKIMKAMHU JUISl 11€1 CUCTEMH € HEOOXIIHICTh CKIATHOTO
IPOrpamMHOro 3a0e3MeUeHHs, JOPOTUX CEHCOpPIB Ta CYNMYTHUKOBHX TEXHOJIOTIMH,
CKJIaJIHICTh 1HTErpallii BEJIMKOT0 00CITy JaHuX 1 morpeda B cTabUIbHOMY JAOCTYIII J0
1HTepHeTY aJis nepenadi iHopmaiii. OkpiM TOTO, cucTeMa 3aJeXUTh BlJ TOYHOCTI

310paHuX JaHUX, TOMY 3001 y poOOTI CEHCOPIB MOXYTh HEraTUBHO BIUIMHYTH Ha

30



pe3yibTaTH MOHITOPUHTY, a TaKOX, HEOOXIIHI 3HA4YHI pecypcu I 30epiraHHS Ta
aHaI3y BEJMKUX MAcHBIB 1H(OpMAIIii, 110 MOKE CIOBLIBHIOBATH POOOTY cucTeMu. |
TOJIOBHUM HENOJIKOM JIaHOi CHCTEMH € BIJACYTHICTh BKJIIOYEHOTO B CHCTEMY
MEXaHi3My BUIIPABJICHHS HECTIPABHOCTEMH, IO BIJOKPEMITIOE TEOPETUYHY T1aTrHOCTUKY
BiJI MPAKTUYHOTO 3aCTOCYBaHHS OTPUMaHOI 1HpOopMaIlii.

VY nuceprarniiiniii po6oti [4] OyJI0 3aMpONOHOBAHO aBTOMAaTU30BaHY CHUCTEMY
JIarHOCTUKHU (MOHITOPUHTY) JAOPOKHBOI'O MOKPUTTA. JlaHa cucTeMa CKIadaeThes 3
nifcucTeM: 300py AaHUX, OOPOOKH NaHWX, MIATPUMKH NPUHHATTS pitneHs. [Ipu 360pi
JaHUX BUKOPUCTOBYBAIUCH Kamepu Buaumoro BunpomineHHs (Nikon D5200, GoPro
Hero 3), nazepni ckanepu (FARO Focus3D 120) ta GPS. V¥V migcucremi o6poOku
JaHUX BiIOyBaIach MonepeHs 00poOKa CUTHAJIB, IHTETPYBAIUCH T€OMTPOCTOPOBI AaH1
JUIsE TIOOYJIOBM Maru TOIIKOJKEHb, 3aBISKH BUKOPUCTAHHS MojeNell TIrmbOoKoro
HaBYaHHS BiI0OyBasach eHTU(DIKAIIS TUITY JTedEeKTiB Ta Ha OCHOBI JIaHKUX 3 JIA3EPHUX
ckaHepiB OyayBasiack 3D Mozenb nomkoakeHHs. [ligcucrema miaTpuMKu MPURHATTS
pIlIECHHS HAa OCHOBI ICTOPUYHUX JaHUX TPO PEMOHTHI poOoTH, Tpadik 1
METEOPOJIOTIYHI YMOBH, BUKOPUCTOBYIOUM aJTOPUTMHU MPOTHO3YBaHHS BU3HAUYAINCH
MPIOPUTETHI 30HM PEMOHTY Ta PEKOMEHJIOBaHi Mii. Pe3ynbratu BUBOIWINCH B
3py4HOMY JIJIsi KopucTyBaua iHTepderici. Taka cucteMa Oararo nepeBar, HalmpUKIa/I,
BHCOKA TOYHICTh BU3HAYCHHSI MPOIIl Ta TTMOWHH MOIIKOHKCHHS 3aBJISKH JIA3EPHUM
CKaHepaM, OJIHAK, 3arajbHUi BIJCOTOK TPABWIBHO BH3HAYEHUX JEe(PEKTIB HE
nepeBunB 87.2%, a TaKOXK, JIa3epHI CKAHEPH € 3HAYHO JIOPOKYUMHU 32 HIII CEHCOPH,

10 BUKOPUCTOBYIOTHCS MPH A1aTHOCTHIII.

1.4. MeToau IIarHOCTHKHU CTAHY AOPOKHBOI0 MOKPHUTTS
Icaye 3 Buam MeromiB miarHOCTHKU (puc. 1.8): eKkcrepTHO-BI3yalbHUM,

Bi3yaJIbHO-IHCTPYMEHTAIBHUN Ta aBTOMAaTU30BaH1 METOIH.
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Buou giarHOCTHKM

ExkcnepTHO-BizyanbHWiA ABToMaTM30BaHi MeTogM
BisyanbHo-iHCTpyMeHTanbHMiA

Puc. 1.8. Buau MeToaiB qiarHOCTUKHA

[lepmi nBa 0a3yroThCS Ha PY4HINH TEPEBIPIl CTaHy TOPONKHBOTO TOKPUTTS
oriepaTopoM (€KCIepTOM), BIAPI3HIIOTHCS BOHU JIMIIE BUKOPUCTAHHSM CIEI1aIbBHUX
BUMIPIOBIBHUX MPUCTPOIB y Apyromy. Ilicis mpoBeneHHS M1arHOCTUKH OIEpaTop
BHOCUTH pe3yJIbTaTH B IIEHTpali3oBaHy 0a3y maHuxX. Ha 06a3i mux pe3ynbTaTiB
OPUMMAEThCS PIMIEHHS MO0 PEMOHTHUX POOIT Ha MpoaHaTI30BaHIA JUISHIILI.

[Ipu aBTOMAaTH30BaHIM J1arHOCTUIII 3a3BUYAl JaH1 OTPUMYIOThCS 3 JATUYUKIB SIK1
po3TamoBaHi Ha OOpTYy XOJOBHX JiabopaTopid, JpoHIB ab0 CyMyTHHKax.
PeectpaTtopamun € mnpuiagu i (pIKCyBaHHA BHAMMOIO Ta 1H(pPayepBOHOIrO
BUIMIPOMIHIOBaHHS, JIa3epHI CKaHEPHU Ta Teopajapu, TOOTO, BHUKOPUCTOBYIOTHCS

KJIACUYH1 METOIU HEPYWUHIBHOTO KOHTPOJIIO.

1.4.1. MeToau 1MCTAHIIHOTO 30HAYBAHHA

Buaume BUNPOMiHIOBaHHSI.

Jlnst  OimbIiocTi  pillieHh  aBTOMATH3allili  JIarHOCTUKH BUKOPHUCTOBYIOTHCS
KJIACHUYHI aJITOPUTMHU pO3Mi3HaBaHHS 00pa3iB. OJHUMH 3 TaKUX aJTOPUTMIB € aHAMTI3
OinapHUX 300paxkens [14, 15]. [Ipuknagom BUKOpUCTaHHS € poboTta [16] me 3aBasku
00po06111 O1IHAPHUX 300paKEHB JOMOTJIMCS TTOBHOTO aBTOMATHYHOT'O BU3HAYEHHS THITY,
CEpHO3HOCTI TPILIUH HE )KOPCTKUX MTOKPUTTIB JOPOKHIX TPOTYapiB.

Yactum po3B'sa3aHHAM 3a]1a4 BUSBJICHHS 1€(PEKTIB JOPOXKHIX TOKPUTTIB € METO/T
BUSIBJICHHSI KpaiB 00’€KTiB Ha 300pakeHHl. OMHUM 3 METOJIIB BHUSBIICHHS KpaiB €
BUKopucTaHHd (uibTpiB ['abopa, aBropu [17] BUKOpHCTaIM HOro Ijsi BUSBICHHS
MO3JIOBXHIX Ta MOMEPEYHUX TPILIUH MOKPUTTS. [HIIa poOOTa TaAKOXK CTABUTH 32 METY

aBTomaTu3alii BusBJIeHHsS TpiuuH [18]. [IponoHyI0Th BUKOPUCTOBYBATH (PUIBTPU
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Kenni (puc. 1.9) ta mBuake neperBopers Xaapa FHT, mo BUKOpUCTOBYIOThCS IS
KpaloBOTO aHali3y 300paxkeHb. B poOOTI BUKOpHCTaHa CTaTUYHA MPOLIEypa aHAII3Y
poOOYMX XapaKTepUCTUK MpuiiMaya JJs TOro, mo0 3HAWTH ONTUMAIbHUN HaOIp
napametpiB. OunbTp KeHHi Takoxk OyB BUKOpUCTaHUM y cTaTTi [19] ne po3risnanuch
300pakeHHsI TPOTyapy B Tpajalisix ciporo. s 3MEHIIEHHs HIyMy BUKOPHUCTAIIA
MeTOA “po3MHBaHHS" 300pakeHHs ['aycoBUM QuUIbTpOM. 3MEHIICHHS IIIyMYy TPUBEIO
710 3IaTHOCT1 BUSBJIATU A€(EKTH MPHU HASIBHOCTI IIyMYy Ta 3HAXOJIUTHU CiIa0OK1 Kpai.
[Ipote, mpu 3acToCcyBaHHI “pO3MHUBAHHS~ BITOYBAETHCS 3TIAIKYBaHHS MEX, SKI €

BHCOKOYAaCTOTHOIO O3HAKOIO.

Puc. 1.9. Pesynbrat poGotu ¢inbrpa Kenni: a — nouaTkoBe 300pakeHHs1, 0 — pe3ysbTar

00poOKH.

JlaHi gaTYMKA JO3BOJISIOTH BHUSBIISTH BHAMMI MOBEPXHEBI Je(PEKTH B yMOBaX
XOpOIIUX TOrOJHUX YMOB, TapHOTO OCBITJEHHS Ta BIJICYTHOCTI 3a0pyJIHEHHS
MOKPUTTS. 3a3BUYail MalOTh BUCOKY PO3UIbHY 3JaTHICTh 1 4YaCTOTY KaJpiB, HEJOPOTi
BIJIHOCHO IHIIIUX MIPUJIAAIB peeCTpartii.

Kiacuuni Metoau, Taki sIK MOpPOroBa CErMeHTallis, BUJLJICHHS KOHTYpIB a0o
BUKOPUCTAaHHS (PUIBTPIB ISl BUAUICHHS TEKCTYp, MAlOTh CYTTEBI OOMEXEHHS B
MOPIBHSAHHI 3 CyYaCHHMMHM METOJIaMH Ha OCHOBI HEMPOHHUX MEPEX y 3aBIaHHSIX
TIarHOCTUKU JOPOKHBOTO TOKPUTTA. BOHHM YacTO BUSABISIOTECS HEIOCTATHBO

TOYHMMH TIPU pOOOTI 31 CKIIATHUMU Ta BapiaTUBHUMHU YMOBaMU 3HOMKH (OCBITJICHHS,
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MOTOJHI YMOBH, TiHi), IO POOUTH iX BUKOPUCTAHHS OOMEXKEHHM B CHCTEMax

I[iaFHOCTI/IKI/I AOPOKHBOI'O IIOKPUTTA.

IndpayepBoHe BUNIPOMiHIOBAHHA

3 MOsBOIO TEIUIOBI3IHMX KaMmep 3 BHCOKOI pO3AUILHOI 3AaTHICTIO Ta
TEPMOYYTIIUBICTIO PO3LIUPUBCS CIEKTP MOKJIMBOIO BUKOPHCTaHHS 1H(PpayepBOHOI
tepmorpadii (IUT), B ToMy 4ucHi AJi1 OLIHKK AOPOKHBOTO MOKpUTTS. OMHAK 5K 1
Oyab-sixka TexHomoris [UT mae HU3Ky He po3B’s3aHUX MpolieM. A came, CKIaJHICTh
aBTOoMaTu3amii o0poOku ¥ anamizy Tepmorpam [20]. Huska QaxTopiB HeraruBHO
BILUTMBAIOTh Ha sKicTh [UT: xonmmBaHHS TeMIiepaTypyu HABKOJIMIIHBOTO CEPEOBUIIA,
HEOJHOPITHICTh KOE(IIi€EHTa BUIIPOMIHIOBAHHS MaTepialy JIOPOKHBOTO TMOKPHUTTS,
HasBHICTH TiHEH BiJ MPUIOPOKHIX 00’ €KTIB, HEJOCTATHS YaCTOTA PO3TOPTKHU Ta 1HIIE
[21, 22].

Buenni Yecwkoi pecryOniku y cBoidd mpaini [23] mociimKyBaau MOXKIUBICTb
BukopuctanHs YT nmis qiarHOCTHKH JOPOKHBOTO TOKPHTTS. AHai3 BHIMMHX Ta
TEIJIOBUX 3HIMKIB [TOKa3aB MOJIMBICTh BUSIBJICHHS 1€()EKTIB HA TepMOTrpami, a TAaKOK,
Jie 10 B JEAKUX BHUMAJKaX 300pakeHHs 1H(PAYEpPBOHOTO CIEKTpa 3HAYHO Kpallle
MIOKa3y€e HasiBHICTD ePeKTIB. Takok OyJ10 BUABIECHO JI€IKl OOMEKEHHS! BUKOPUCTAHHS
TEIUIOBI3IMHUX KaMep: MIBUJKICTh MAalIMHU Mae OyTH MeHmowo 3a 40 KM/T Ta KyT
HaxWIy Kamepu Mae OyTu He MeHine 45°.

ABTtopu pobotu [24] BuKOpucTanu KoedilieHT BUTPOMIHIOBaHHSI ac(aibTHOTO
MOKPUTTS SK OCHOBHUM 1H(MOpMAIiiHUN mapameTp. 3amporOHOBAaHUN METO.
0a3yeTbCsl HA TOMY, IO 31 CTapiHHAM ac(ajabTHOTO MOKPUTTS 3MEHIIYETHCS BMICT
MaCJISTHUCTUX CKJIAJOBUX, IO MPU3BOJUTH JO 30UIBIIEHHS YAaCTKU BaIlHSKY.
BukopucTtoBytoun BUCOKE MOTIMHAHHS BarHsIkoM [Y BUIIpOMIHIOBAHHS Ha JOBXKHHI
xBuii 11,2 MKM, aBTOpU 3MOTJIM BUSIBUTH JIUITHKU 3HOIIEHOCTI.

Hocmimxkenns: Bukopuctanst [YT s BUSBIEHHS TMOPOXHUH M1 JOPOKHIM
MOKPUTTSIM OyJi0 onucano B po6oti [25]. [UT Hamae MOXKIIUBICTh BUSBIATH Ae(EKTH,
AKl 3HAXONATHCSA TIiJl TOBEPXHEI0, MPOTE BOHA HE 3aBXKAM CQPEKTUBHA, KOJIH

BUKOPUCTOBYIOThCS TPAAMIIIIHI MeTOIU OOpOOKM 300pa’keHb, Taki SIK, HAIIPHUKIA,
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noXiaH1 300paxkeHHs. ToMy MpoBeneHO JOCTIIKEHHS 11010 3aCTOCYBaHHS Cy4YaCHUX
meToniB aHamizy [Y-300pakeHp, Takux sk aHami3 koedimieHnta aerepminaii (R2),
tepmorpadis ocHoBHUX komrnoHeHTiB (PCT) 1 repmorpadist po3pikeHuX OCHOBHUX
komroHeHTiB (S-PCT).

st omiHKM €(peKTUBHOCTI IIUX METOMAIB Ta X TOYHOCTI BUSBJIECHHS MOPOKHUH
niJ] JAOPOKHIM TOKPUTTSAM MPOBOJUIN EKCIIEPUMEHT Ha JabopaTopHid Mojei
NpoiKIXKO0I YyacTUHU. [ToBEpXHIO MOAEINI HOPOTH HArpiBajiu MpOTIroM 6 roJuH AJis
IMITalli COHSYHOIO HArpiBy, a IOTIM, MOKA MOJI€Jb OCTUraja, oTpumyBaiu [Y-
300pakeHHs. 30KpeMa, 300pakeHHS (DIKCyBamucsl 3 IHTEepBajJaMHu: 2 XBUJIWHH, 5
XBUIKH, 10 XxBuauH Ta 15 XBUIUH.

Jns Bukopucranns wmetrony PCT Oymno BukopucTaHO TOCHIIOBHICTH [Y-
300pakeHb, 3HATUX Yy MOMEHTH 4acy t = tl, t2, ..., tn. [lepea 3acTocyBaHHAM METOIY
PCT, koxHe iHppauepBoHE 300pa’keHHS IEPETBOPIOBAIIOCS Y BEKTOP Temmneparypu Tt.
PCT € meTonoM NiHINHOT 1EKOMIO3UIII1, SIKMH YyTIMBUHN 10 TyMy Ha 300pakKeHHI1 Ta
BUKUAIB. J{7s 60pOoTHOM 3 HENIHIMHICTIO Ta TPUXOBAHUMH 3MIHHUMHU OyJjia CTBOpEHA
moaudikoBana Bepcia PCT, Bimoma sik Tepmorpadis po3pIIKEHUX OCHOBHHX
koMmnoHeHTiB (S-PCT). Haitznauymioro BigMinHicTio Bigx PCT € Te, 1m0 rosioBHi
KOMIIOHEHTH BHTATYIOTHCS 3a JOIMOMOTOIO 3aBJaHHS ONTHMI3allli, 3aCHOBaHOI Ha
3arajbHIi KUIBKOCTI HEHYJBOBUX €JEMEHTIB Y BEKTOP1 TeMIlepaTypH Ta CyMi BCIX
a0COJIFOTHUX 3HaUYeHb Y BekTopi [26]. S-PCT craB Oinb1n HagiitHuM MeTo10M, 3a PCT,
M0 MiATBEPIMINA PE3yIbTaTH BUSBICHHS TOPOKHUH.

Bueni kopeiicbkoro yHiBepcuTeTy [27] DOCHIAMIM MOXJIUBICTh BHUSBICHHS
NepeB'sHUX OpyCKiB, SKUMH BOHM HaMarajJiich MOJCIIOBATH BHYTPIIIHINA Je(deKT,
[UIIXOM TPUPOJHOTO HArpiBy Ta TEIUIOBI30pa. 3amporOHOBaHUN aBTOpPAMH METO]I
aHadi3y BIJIHOCHOI TMOBEPXHEBOI TEeMIEpaTypHu JJ03BOJIUB BUABIATU Je(PEKTH Ha
rimOuHi 10 30 MM Ta po3Mipamu 20x20 MM.

[IpencraBieni aBTOpU CXOASATHCA B AyMIll, 110 0€3 MOmepeaHboi 0OpOoOKuU
BUSIBUTU IIJMOBEPXHEBl AE(PEKTH IOPOKHBOIO MOKPUTTS BAXKO Ta 1€aTbHOrO
pileHHs n0ci He Mae. B HaBemeHUX AOCHIKEHHSX HE Oylno MpoaHaIi30BaHO

MOXKJIMBICTh BUKOPHUCTAHHS 3a3HAYCHUX METOIB JIi aBTOMATH30BAHOI J1arHOCTHUKH
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JOPOXKHBOTO TONOTHA. [Ipm po3poOIi aBTOMATH30BAaHUX PIlIeHh Oyae BaKKO
CIIPOMOTTHCS POOMTH Xo04a O KidbKa 3HIMKIB OJHIET TUISHKA JJI1 aHATI3y 3MiH
TeMIIepaTypu. A TakoX ICHye IpobJiieMa MpaBUIbHOI Kiacudikaili 1edeKTiB THITY
NOpO’KHMHA Ta BUOOiHA, SIKI MPU HEBEJMKIN PO3AUIBbHIA 3AaTHOCTI HAa TepMOTpami
BUTJIAIAIOTH Maike OTHaKOBO.

Marcello Stimolo [28] mpoBiB I'PYHTOBHMI OTJISi[ MOIIKOIXKEHb, SIKI MOKHA
BUSBUTH 32 fgoromororo [UYT B nopokHbOMy Ta MOCTOBOMY MOKpHUTTi. OcoOnmBa yBara
MPUAUISETHCS BHABICHHIO OyNb0aIIoK y TiApOI30IAniiHuX MeMOpaHax Ta HacTUIax
MocTiB. OHaK BUSBICHO, IO L€ METOJA HE € €(PEeKTUBHUM IMPHU KOHTPOJI AOPIr i3
HassBHUM SIMKOBHM peMoHTOM. [Ipu aHami3i TepMorpam, sima miciiss pEMOHTY BHUTJISIAE
K AePEKT MOKPUTTS Yepe3 11 CXO0XKICTh 3 MOPYIICHHSIM CYIIUIBHOCTI.

CyyacHl TeIUIOBI3iHI KaMepud MalTh TapHy pO3AUIBHY 3JaTHICTh Ta
TepMOUyTIUBICTh. Ha BiMiHY BiJ Kamep BUJAMMOIO CIIEKTPY MEHIIIE 3aJiekaTh BIJ
SIKOCT1 OCBITJICHHS Ta MOTOJAHUX YMOB, ITOBHICTIO BiZICYTHIHM BILJIUB KOPOTKOCTPOKOBUX
TiHEeW (B1J aBTOMOOWIIB Ta MiIoXo/iB). [{aloTh 3Mory aHajizyBaTH TEIUIOBI mpodimi
MOBEPXHi JOPOXKHBOTO MOKPUTTS I IPUUHATTS SIKICHUX PillleHb MO0 PEMOHTY Ta
3aTHICTh BUSBJISITH MIAMNOBEpXHEB1 AedekTu. J[o HEeIOMIKIB JaHOT0 METOAY MOXKHA
BIJIHECTH YYTIUBICTh KaMep JAHOTO TUITY 10 KOJMBAaHb TEMITEPATypH HABKOJIHUIITHHOTO
CEpEeIOBHUIIA, HEOTHOPITHOCTI KoedillieHTa BUTPOMIHIOBAHHS MaTepiaity JOPOKHBOTO

IIOKPHUTTA, HCAOCTATHA 4aCTOTA PO3TOPTKH.

I'eopanapu

TounuM Ta mMONYJNSIPHUM METOAOM KOHTPOJIIO TOPOXKHWUH BBAXKAIOThH
BUKOpPUCTaHHS reopajapiB. ['eopagap BUNPOMIHIOE KOPOTKOXBUJIBOBI IMITYJIbCH B
MIOBEPXHIO Ta PEECTPYE BIAOUTE e€IEKTPOMarHiTHE BUIIPOMIHIOBaHHS, 1110 3a0e3meuye
OTPUMAaHHS 300paXkeHb Oylb-IKOro MmiJ3eMHOro 00'ekta abo po3puBy. Henomnikamu
TaKoOTO MIAXOAY € CKJaJHa IHTEpIpeTalis s HEeMiArOTOBIEHOTO MEPCOHAIY,
MTOMUJIKY CIIPUYMHEH] HEBU3HAYEHUM CKJIAZIOM MaTepially Ta pO3CIIOBaHHSAM CUTHATY
4yepe3 HeOJHOPIAHICTh IPYHTY, BAXKKO MIPOBOJAUTH KOHTPOJIb HA AUISTHKAaX 3 MOCTIHUM

PYXOM Ta BEJHKI 4acoBi BUTpatu [29].
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ABtopu pobotu [30] BuUKOpHCTanM Teopamap i BUSBICHHS HETJIMOOKOTO
pO3IIapyBaHHs y MOKPUTTSAX 13 CYIUIBHOTO apMOBaHOTO OeToHy. B mparii metox OyB
OL[IHEHUH $K TOTEHIIHO TMEepCrNeKTUBHUM, aje OTpUMaHe 300paKeHHS Ba)KKO
IHTEPIPETYBATH, OCKIJILKH BXXKO BIAPI3SHUTH 00JaCTh 3 Ae(eKTOM Bia 6e31eeKTHOI.

[Ipu BUKOpHCTaHHI reopajapa TakoXX BHUSBICHHI MpobiieMu mpu oOpoOIl Ta
iHTepnperauii ganux. i mpobnemi npucesiuena podora [31]. ABTopu npuinum 10
BUCHOBKY, III0 aBTOMarTH3ailisi nmpouecy Oyne BHMaraTd BHUKOPHUCTAHHS
OaraTokaHaJIbHUX  PAIIONOKAIIMHMX CHCTEM Ta OaraTokaHalbHOI OOpOOKHU
reopajiapHuX JaHuX. BoHM MiIKpECHIO0Th, M0 BAKIMBUM aCMEKTOM 3aCTOCYBaHHS
reopazapy y IOCTIKEHHSX JOPOKHIX TMOKPUTTIB € PO3pOOKa 3pyUIHUX MPOTPAMHHUX
CUCTEM ISl IHTeTpallii pe3yJIbTaTiB reopajiapa 3 IHITUMH METOIaMH.

PoGora [32] mnpucBsueHa TIPYHTOBHOMY aHalli3y CTaHy BHUKOPHUCTAHHS
reopajapiB il KOHTPOIIO JOPIT. 3a3HAYAETHCS IO MEPCIEKTUBHUM € HAaNpPsSIMOK
BUKOPUCTAHHS IHIIUX METOAIB KOHTPOJIO pa3oM 3 reopajaapoMm. Takoxk B poOOTI
BUJIUIAIOTH JICK1IJIbKA TOJOBHUX MpoOJieM BUKOPUCTAHHS T€OpajJiapiB: CKJATHICTh
1HTeprnpeTauli pe3yJbTaTiB OOCTEKEHHS; I'PYHT, KU OOCTEXYyeTbCs, MOXKE MaTu
HEB1JIOMI JIIEIEKTPUYHI BJIIACTUBOCTI, SIKI BaXKO BpPaXOBYBAaTH IMiJ Yac IeoJoKallli, 1
HOro HEOJHOPIIHICTh MOXKE MPU3BOJUTU A0 IIYMy Ha 300paXK€HHSX, IO POOHUTH
MpoIleC aHali3y Ta IHTEepHpeTalii OTPUMaHMX JaHUX CKJIQJHUM Ta BHUMAarae
JI0JTAaTKOBHX JTOCIIJIKEHB Ta PO3POOKH aIrOPUTMIB /111 0OpPOOKHU pe3yIbTaTiB.

JlazepHi ckanepu

MeTonu NHUCTaHIIMHOTO 30HAYBAaHHS Ha OCHOBI JIa3€pHHMX CKaHEpiB abo Tak
3BaHux JigapiB (LiIDAR — Light Detection and Ranging), HaOyBarOTh IOMYJISIPHOCTI.

TexHosorii Ha OCHOBI JIIApIB JO3BOJISIIOTH CTBOPIOBAaTH IPOCTOPOBO TOYHI
1idpoBi Moaeni GpizuYHUX 00'EKTIB 3 BUCOKOIO PO3JUIBHOIO 3/IaTHICTIO, K1 B1JIOMI SIK
"xmapu Touok" [33].

B poGoti [34] BukopucraHo TexHoisorii 3D mazepHOro ckaHyBaHHS IS
BUSIBIIEHHS! J€(EKTIB JOPOKHBOIO MOKPUTTS, a caMe, MaJeHbKI BHOOIHHM, BHOOIHU
BEJIMKHUX TLIOII Ta MOBEPXHEBI JATKH.

3D-moneni TOBEpXHI BHKOPUCTANW [JI1 BHU3HAYEHHS HHU3WHHUX [UISHOK,
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CXWJIBHUX JI0 JAPEHaXy Ta MpoO0JeM i3 3aTOTUICHHSIM. TOYHICTh BHUMIPIOBaHb TaKHX
HEPIBHOCTEM Moke mocsaratu 10 2 cM [35].

PozninpHa 3matHicTs BUcoka LIDAR, K 1 TOYHICTh BUMIPIOBAHHS KyTa BHCOKA.
Onnak ioro podoTa CHIBHO MOPYIIYETHCS PH TOTAHUX TOTOJTHUX YMOBaX, TAKUX SIK
JIOIIT 1 TYMaH, BiTep 1 MiCOK Toio. BuMoru 10 po6o4uoro cepeaoBuiiia BUCOKI 1 BAPTICTh

BuCcOKa [36-38].

1.4.2. llITy4Hi HelPOHHI Mepe:Ki

Yepe3 Benuki CTPYKTYpHI Ta TPUPOJIHI BIAMIHHOCTI MDK Jaedextamu
JOPOKHBOTO TOKPUTTS JOLIILHO BUKOPUCTATH METOJIM PO3Mi3HaBaHHS 00pa3iB Ha
OCHOBI HEUPOHHUX MEpeX 5Kl €(h)eKTUBHIIIE 37aTHI PO3MI3HABATH 00 €KTHU CKIAAHOI
dbopmu, BOHU 31aTHI MIJCUIIUTH KJIIACHYH1 METOIM HEPYHUHIBHOTO KOHTPOJIIO.

Tak aBTOopamu po6otu [39] Oyna po3pobieHa cucTeMa KOHTPOIIO TOPOKHBOTO
NoKpUTTsi Ha 0a3i HeWpoHHux Mepexk «Road Atlasy. Illo po3s'sizye 3amaui
Kiacudikaili Ta cerMeHTarlii JopoxHix aedekTiB. CucrteMa po3pobiieHa 3a Cy4acHOIO
apXITEKTyporo web-1oaarkiB, Mae web-iHTepdelic ajid B3aeMonli 3 CHCTEMOIO,
CHUCTEMa Ma€ CBId CepBeEp, 1[0 BUKOHYE BC1 PO3PAXYHKHU, HATUCAHUHN HA MIKpO (pperimM-
BOpKY (micro framework) nns web-nonartkis Flask. CepBep 3a0e3nedye oOMiH JaHUMH
3 iHTepdeiicom Ta O6e3neune 30epiranHs iHGoOpMaIlli B TOKYMEHTO-OpIEHTOBaHIM 0a3i
nanux MongoDB, sika € pizHoBu0M NoSQL 6a3 naHux.

[HIIMM TIPUKIAIOM BUKOPHUCTAHHS TEXHOJOTIA HEMPOHHUX MEpex € poldoTa
[40], ne ayig BUsBIEHHS Ta Kiacudikaiii MOBEPXHEBUX TPILIUH TPOTYapHOI IUIUTKH
BUKOPUCTAJIM apXITEKTypy TIJIHOOKOI 3ropTkoBoi HepoHHOi Mepexi (DCNN).
OnTuyHi 300pak€HHSI aBTOPU UMM HA CErMEHTH Ta 3 OTPUMAHUX 300pa’KeHb
c(hopMyBaJii HaBYaJIbHY BUOIPKY TPIIIMH. ABTOPY OTPUMAJIU MOKAa3HUKU TOYHOCTI Ha
piBHI 99%, omHaK, BOHM HE 3MOTJIM PO3B'SI3yBaTHU MPOOJIEMYy HAsIBHOCTI 00’ €KTIB-
IITyMiB, TaKUX 5K, TIH1, MACJISTHI IUISIMH, BOJISIHI TIJISIMU Ha TTOBEPXHi goporu. HasBHICTH
X 00’ €KTIB Ha 300paXeHH1 3HAYHO YCKIIAAHIOE KiIacu(iKallito Ta 3MEHIITY€E TOYHICTh
DCNN.

Po6Gora [41] BusiBUIA 111€ OJIHY MTEPEIIKOAY 10 BUKOPUCTAHHS HEMPOMEPEKEBUX
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TEXHOJIOT1, a caMme TMoraHe OCBITJICHHS MOKPHUTTS npu ¢inbmyBaHHl. Jlns 3amadi
BUSBJICHHS Je(exTiB TpoTyapiB Oyna BuUKOpuUcTaHa HelpoHHa Mepexa YOLO.
OTpumaHa TOYHICTh BHSBJIEHHS JopiBHIOBana 73,64%. IlBugkicte o00poOku
300pakeHb B 9 pasiB mBULLIE, HIK Yy Mepexi mBuakux oobmnacrerd Faster R-CNN i
TiIbku Ha 70%, HiX y SSD — Mepexi, 1[0 3/[aTHa BUSIBISITH O0'€KTH B PEXKUMI
pealbHOTO Yacy.

VY po6oTi [42] mponoHy€eThCsl EKOHOMIYHO €(DeKTUBHUM NiaxXia Ha ocHOBI Kinect
JUISl TPUBUMIPHOT PEKOHCTPYKLIi MOBEPXHI IOPOKHBOIO MOKPUTTS Ta PO3MI3HABAHHS
TpimuH. Pe3dynbratu Ha piBHI 89.09% TouHOCTI Kiacu@ikarii MOKa3yoTh, IO LEH
MEeTO/ € €(PEKTUBHUM JJisi OTPUMAHHS aHAMITHYHOI iH(OpMAIli TPO BUMIPIOBAHHS
TPIIIMH TOPOKHBOTO TOKPHUTTSL.

PoGora [43] moka3zye pe3ylnbTaTd JOCHIIKEHHS BUKOPUCTAHHS Ja3epHUX
CKaHepiB Juisl Kiacuikaiii TPIIUH $KI BUHUKAIOTh B JOPOXHHOMY ITOKPHTTI.
Jocmiaaukam Baaisocs aocsiarta 99.6% TodHocTi kiaacudikallii B cepeHbOMY.

IIle onna pobota [44] mokasye pe3yiabTatu Kiacudikailii 1eQexTiB J10pOKHBOTO
MOKPUTTS IPU BUKOPHUCTAHHI TaTYMKa MOOUIBHOIO J1a3€pHOr0 CKaHyBaHHA. TOUYHICTb
kiacudikamii TpimuH ckiaana 97.2%. A TOYHICTH CEepellHs TOYHICTh BU3HAYCHHS
IIMPHUHM Ta JOBXUHY TpiluH nepesuimia 81.2% ta 89.7%.

JlocmimKeHHsT TOKa3ylTh M0 TMPHU CHUILHOMY BHUKOPHCTaHHI JaTYMKIB
BUJIMMOTO Ta 1H(GPAYepBOHOTO Jiama3oHiB CHEKTpa MOXKIWBO HAOIU3UTUCSA 1O
pe3ynbTaTiB TOUHOCTI T€OPaaapiB Ta Ja3epHUX CKaHEPIB.

['onoBHUMU 3aBafamMu JJii BUKOPUCTAHHS HEMpOMepekK MpU aBTOMATU30BaHIN
JIAarHOCTHIIl IOPOKHBOTO MOKPUTTSL 3 BUKOPUCTAHHIM IIU(POBUX KaMep € HAsIBHICTb
iH(opMaIiitHUX 3aBaj Ha 300pakeHHI1 MpU peecTpallii iHGOpMaTUBHUX O3HAK CTaHy
TOpOXXHBOTO TPUKPUTTS (puc. 1.10). Takumu 3aBaiamMu € HasIBHICTb 3a0pyAHEHHS Ha
MOBEPXH1, ONTUYHI UJIt031i, HASBHICTh TIHEH, TOTraHE OCBITJCHHS, JOPOXKHS PO3MITKA,

AK1 HECYTh B cOO1 HE 1H(HOPMATUBHUIN XapaKTep MPH A1arHOCTHUIIL.
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IHchopmaUiAHi 03HaKK
npuv giarHocTWLi AOPOXKHBLOrO NOKPUTTA

IHchopmauinHi 3aBagm Oedhextn
3abpyneHHa MNyTtotn
NoBepXeHA Citka TRiWKWH
OnTUYHI inLo3ii BubGoiHm
TiHi 3MileHHA
JopoXHA po3MiTKa BUKpULLIYBAHHA
Tollo Tollo

Puc. 1.10. InpopmaTiBHI 03HAKK MPHU TIarHOCTHUII TOPOKHBOTO MOKPUTTS

1.4.3. Kom0inoBaHi MeTOAU 3 BUKOPHUCTAHHAM MYJIbTHCEHCOPHMX
cucrTem

[Ipu BUKOpHCTAaHHI JBOX YW OUIbIIE JAaTYMKIB JO3BOJISIIOTH OTPUMATH OLIbIIE
1H(popMmarlii mpo craH 00'eKTa 1 KOMIIEHCYBATH HEIOIIKU PI3HUX METOJIIB peecTparlii.
HocnigxenHs [45] npornoHye pillieHHs AJig 3MEHILIEHHS XUOHUX CIpallOBaHb
IpU MOMAJaHHI B MOJIE OIJISAYy IUISIM PO3JIMBY OJIMBH, Ha(TH, TiHI a00 JOPOKHBOI
po3MiTkn — MeToA aBocBiTiIoBOi iHcmekii (DLI dual-light inspection). [amni metoau
4acTO TMOMHJIKOBO CHpuiiMaloTh Taki 00’ekt  3a nedextu. Ilpm  DLI
BUKOPUCTOBYETHCSI JIBa 300paKCHHSI OJTHOTO 00’€KTY 3 PI3HOIO OCBITJIIEHICTIO, CaM
METO/]I CKJIAJIA€ThCS 3 YOTUPHOX €TarliB:
e 3axoruieHHs 300paxeHb 00’ €KTa
e OTtpuMaHHS MO MIKCEIbHOI PI3HUII ABOX 300pakeHb
e [ludposa oOpoOka 300pakeHHS
o Kiracudikartis
ABTOpU TOPIBHSUIM TOYHICTH 3alPONOHOBAHOTO METONY 3 TPAAULIAHUMU 1
BUSIBUWIN 3HAYHE M1JIBUIIICHHS TOYHOCT1 BUSHAYCHHS TPIIUH Ta MACISHUX PO3JIMBIB.
VY pobori [46] aHai3 3aCTOCYBAaHHS ONTHUYHHUX, JIA3EPHUX, YIbTPAa3BYKOBUX Ta
MIKPOXBHJIBOBUX JATYUKIB JJIs Kiaacu]ikarii moBEpXOHb, BUSBUB, 10 BUKOPHUCTAHHS
JTaHUX 3 JCKUIBKOX JATYMKIB 37IaTHO JO3BOJMTH OTPHMATH TOYHININ W BipOTiTHIII

pesynbTaTi. OJIHAK, 11€ 3HAYHO YCKJIAIHIOE aBTOMATH3AIII0 MPOIIECY KOHTPOIIIO.
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Po6Gota [47] npencraBuia MeTOJ CETMEHTAIIil TPINTMH HA OCHOBI 3IMTTS JaHUX
BUJIMMOTO Ta IHPPauyepBOHOTO CIEKTPIB. B mociikeHHI MOPIBHIOBAIKNCH PE3yJIbTaTh
Ha 3 Habopax JAaHUX BUAUMHUX 300paxeHHSX, 1HOPAYEPBOHUX T4 KOMILIEKCOBAHUX.
PesynpTatn mokaszanu, mo Ass 300paKeHb BUIUMHUX Ta 3JIMTUX, TOYHICTH POOOTH
HEHPOHHOI Mepexi Maike OJIHaKOBa, OJHAK 3HAYyHO Kpalia 3a iH(dpavyepBOHI
300paxkeHHs. Y pa3l CXOXKOCTI TPIIIMHUA 3 (POHOM HaWKpaluil pe3ysbTaT MOKazye
35IUTE 300pa’KEeHHS.

Kombinariss BuKopucTaHHS reopagapy Ta iHGpauepBoHOi Tepmorpadii
BU3HAYEHHS XapaKTEPUCTUK TPILIUH Y JOPOKHBOMY ITOKPUTTI OMKHCaHa B poOoTi [48].
3aBISKM OTPUMAHHIO JaHUX 3 1H(PAYEPBOHOTO JaTUMKA CTA€ MOXKIUBUM BHSIBIISATU
MOBEPXHEB1 Ta MiJl MOBEPXHEBI YIIKOKeHHs. OIHAK BaXKJIMBO 3ayBaKHUTH, 1110 TEH
MeToJ He Hajae iH(opMallii mpo riuouHy 1ePeKTiB.

ABTOpH MPONOHYIOTh KOMOIHYBaTH 1€l METOJ 3 JJaHUMHU 3 Teopanapa. JlaHi,
OTpMMaH1 JBOMa pI3HUMU METOJlaMU TiJ] Yac BHUABICHHS TPIIIMH, MOXYTb
B3a€MOJIONOBHIOBATH OAWH OXHOTO. ['eopanap Hamae iHdopmalio mpo riauduHy Ta
po3TanryBaHHs J€(EKTIB IMiJl MOBEPXHEI, TOMAl fAK 1H(ppauepBoHa TepMorpadis
J0TIOMAarae BUSIBUTH Ta KJIacU(PIKyBaTH TPIILIMHU Ha TOBepXHI. L{s1 koMOiHa1is1 MeTOI1B
MO>K€e 3a0€3[1eYUTH OBHY Ta TOYHY 1H(OPMALIII0 PO CTaH JOPOKHBOT'O MOKPUTTH.

B ormsnosiii crarti [49] HaBOASTHCS aKTyalbHI POOOTH 3 TOEIHAHHS JAHUX
reopajapy Ta IHIIMX JATYMKIB I MOHITOPHUHTY CTaHy JOPOKHBOTO TOKPHTTSL.
BukopucranHs pi3HHX METOMIB HEPYHHIBHOTO KOHTPOJIO JO3BOJIIE OTPUMATHU
JIOKJIaJIH1 KapTy CTaHy JOPOKHBOI TTOBEPXHI 32 PI3HUX MMOTOJHUX YMOB Ta OCBITJICHHS.
SIK BUCHOBOK 3a3Ha4a€eThCsl, IO 3acTocyBaHHs pi3HUX MeToaiB HK 10 ogHOrO 00’ €KTY
3BOJIUTH JI0 MIHIMyMy OOMEXEHHSI KOXHOTO OKpPEMOro METONy, a 3arajibHa
1H(pOPMATUBHICTH 3POCTAE.

OpHak npu BUKOPUCTAHHI 0araThbOX METOJIB KOHTPOJIIO POCTE CKIIAJHICTh Ta
KOLITOBHICTh TMPOBEAEHHS TAKUX JOCIIIKEHb, a TAaKOX CIUIbHa OOpoOKa JaHUX
noTpedye OUIBIIMX 3yCWJIb YEpe3 pI3HY MOAAIBHICTh JaHuX. Yepe3 IO MOCTae
MUATaHHS 010 N1ABUIIEHHS 1H()OPMATUBHOCTI KOKHOTO oKpeMoro metoy HK.

ABtopu pobotu [50] mpoBenu aHai3 PoOIT MOB’SI3aHUX 3 MOHITOPUHTOM Ta
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OITIHKOIO MOCTIB Ta UBLIHHOI iIH(PpacTpykTypH 3araiom. Jle HuMu Oy10 BUOKPEMIICHO
3 OCHOBHHMX HampsiMH MailOyTHIX JOCTIHKEHB: po3po0Ka poOOTHU30BaHUX IIAT(OPM,
BUKOPUCTAHHA 0aratboX JaT4YMKIB JUIsi KOHTPOJIIO, pO3pOOKa  ajIropuTMIB
ompailfroBaHHs iHGopMaIlli OTpUMaHo1 BiJl 0€3J114i 1aTUHKIB.

Po6ora [51] npencraBuiia pe3yabTaTH JOCHIKEHHS Kiacudikaiii 1edeKTiB npu
BUKOPHUCTAHHI JBOX JIaTUYMKIB BHJAUMOTO Ta 1H(pauyepBOHOIO CIEKTpiB. 3a
pe3yibTaTaMu JOCIIKEHHS BUSBIICHO IO TaKe MOETHAHHS JaTUYMKIB 34aTHO 3HAYHO
MIIBUIIUTA TOYHICTh Kiacudikarlii AePEeKTiB JTOPOKHBOTO TOKPUTTSA, TaK TpU
OJTHAKOBUX KOH(Iryparisix, TOYHICTh Kiacu]ikamii Mpu BUKOPUCTAHHI TUIBKU
BHJIIMOTO CIIeKTpa ckjiaia 96.57%, npu BUKOpPHUCTaHHI 1H(PAYEpBOHOIO CIIEKTpa
93.83%, a mnpu BHUKOpPHCTaHHI 000X CIHEKTPIB TOMEPEIHbO  IMOETHAHUX
KOMIUJIEKCYBaHHSIM 300pakeHb OTPUMAHO TOYHICTH Ha piBHI 98.34%. ABTopu
HAroJIOMyKTh IO TAaKUW IMAXIJ J1a€ MOXJIWBICTH OUIBII JICIICBUM JaTYUKam
3MaraTtucsi B TOYHOCTI 3 JOPOTUMHU JIa3€pHUMU CKaHepaMu. Takox aBTOPU BIIMITHIIN
BEJIMKY YacTKy B pe3yJIbTaTi apryMEHTaIlil JaHUX MpU HaBYaHHI HEHPOMEPEKEBOTO
KkiacudikaTopa, Tak MPU JOJaBaHHI PO3IIMPEHHS JaHUX TOYHICTH Kiacuikarii
3HAYHO BHUPOCTIA.

Y pobGori [52] aBTOpM TaK caMO BHUBYAJIM BIUIMB BUKOPUCTAHHS JAHUX
iH(paYepBOHOTO Ta BUAMMOTO CHIEKTpa i Kiacudikamii AeeKTiB JTOPOKHBOTO
nokputTs. OHAK B 111K poOOTI iHPPauYepBOHUI CIIEKTP HE OYB MOETHAHUIM 3 BUTTUMUM
y €IMHE 300paKe€HHS, 3aMICTh IIbOTO ABTOPH IMIILIX 1HIIMM IIJISIXOM, BOHH J0JaJIH
iH(dpadyepBoHEe 300paXkeHHs SK e oAuH KaHai 10 RGB Buaumoro nepen nogayero y
HelpoMepexeBUM Kiacudikarop.

Sk BUAHO 3 Mpe/ICTaBICHUX POOIT MoeIHaHHS 1H(POpMaIIii 3 AEKUTBKOX CIIEKTPIB
Ja€ TIO3UTUBHUU BIUIMB HA TOYHICTH ABTOMATM30BAHOI M1arHOCTHKU JOPOKHBOTO
TTOKPUTTS.

Ha ocHOBI ompanbOBaHMX JAHMX MOKHA 3alPONOHYBATH MOPIBHSIIbHY

TaOIMII0 JATYMKIB JUIsl peecTparliii HOBEpXHI JOPOKHBOTO MOKPUTTA Tad. 1.2.
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Ta6mums. 1.2. [TopiBHsIIbHA TaOIHIIS METOIIB 30HTYBaHHS

I'eopagap Jlimap Kamepa TenJioBiziiiHa

Kamepa

Hina Bix $20,000 Bix $50,000 Bix $1,000 Big $5,000

Po3ainnHa Bucoxka Bucoxka Bucoxka Huzbka

30aTHICTh

CkaaanicTb Bucoka Bucoka [TomipHa [TomipHa

00poOKH

YytauBicTh Bucoxka Bucoxka [TomipHa [Tomipua

MOraHuX

MMOroAHUuX ymMmoOB

['eopanapu Ta na3zepHi CKaHEpU MOMPU CBOIO TOYHICTh 1 PO3JUIbHY 3/IaTHICTh B
JECATKH pa3iB JIOPOKUl 3a HUQPPOBI KaMepu, 10 POOUTH HANPSIMU JOCIIJIKEHb
CIpsIMOBaHI Ha TIJBUINEHHS TOYHOCTI aBTOMATHU30BAHOTO JIarHOCTYBAaHHS TIpHU
BUKOPHUCTaHHI
aKTyaJTbHUMHU.

JlocnmipkeHHsT TOKa3ylTh IO TpPH  CHOUIBHOMY BHKOPHUCTAHHI

BUJIUMOTO Ta 1H(PpauyepBOHOIO [Iiala3oHIB CHEKTPpa MOXJIMBO HAOIM3UTHCS 0

MAaTYUKIB BHIAMOIO Ta

iH(payepBOHOTO Jiama3oHIB CIIEKTpa

pe3yibTaTIiB TOUHOCTI Te0pajapiB Ta Ja3epHUX CKaHEPIB.
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BUCHOBKMU 10 PO3JLJIY 1

1. JlopokHE TIOKpUTTS € OJAHUM 3 HAWOUIBIIMX OO0 ’€KTIB KPUTHIHOI
iHppacTpykTypu. CBO€UACHA i TOYHA JIIaTHOCTHUKA 3a00irae HaaAMipHIUM BUTpaTaM Ha
PEMOHT, a TaKoX, 30UIbIIye Oe3neky Ha aopo3i. HaimommupeHimumu nedexramu
JIOPOXKHBOT'O ~ TOKPUTTS € BuOOiHM Ta TpimuHU. HaltneOe3neunimumMu €
HiIOBEPXHEB] MyCTOTHU, 00 B OYyIb-SKHIl YaC BOHM MOXYTh CIPUYMHUTH IMPOBAI
JTOPOKHBOTO TIOKPUTTSL.

2. X)KoJieH 3 HasiBHUX METOJIB PEECTpallii He 37]aT€H MOBHOIO MIPOIO OXOIMUTH BC1
aCTMeKTH JIarHOCTHUKU JIOPOXKHBOTO MOKPUTTSA. MeToaum MaroTh CBOI mepeBaru i
HEJOJTIKH, 10 MPUBOJUTH JI0 TYMKH OJHOYACHOTO BUKOPUCTAHHS IEKUTHKOX JATYHKIB
pPI3HOI MOJATBHOCTI, OJHAK II€ 3HAYHO YCKJIAJHIOE aBTOMATH3aIlil0 OOpPOOKH
OTpUMAaHUX JaHuX. J[OCHiJDKEHHS TOKa3yloTh IO MpPHU CHUILHOMY BHUKOPHCTaHHI
JATYMKIB BUJMMOTO Ta 1H(PpayepBOHOIO Jiana30HIB CIIEKTPa MOXKIMBO HAOIUZUTUCS
710 pe3yJIbTaTiB TOYHOCTI TeopajapiB Ta Ja3epHUX CKaHEPIB.

3. KiacuuHi MeTO/I1 KOMII’ FOTEPHOTO 30PY 3HAYHO BIICTAIOTh B IPOYKTUBHOCTI
I TOYHOCTI PO3B'A3aHHS 3a/Ja4 B MOPIBHSHHI 3 Cy4yaCHUMH METOJaMH Ha 0a3l
HEHPOHHUX MEpeX. 3 BHUKOPUCTAHHSIM HEUPOHHUX MEPEeK B aBTOMATHU30BaHUX
CHUCTEMaXx JIarHOCTHKHU CTaHy JOPOXKHBOTO MOKPHUTTS 3pOciia TOYHICTh Ta MIBHIKOIISA
niarHocTukd. OJHAaK, ICHYIOTh (DAKTOpU IO HEraTHMBHO BIUIMBAKOTh HA TOYHICTbH, a
came, 1H(pOpMAaIIiiiHI 3aBay y BUTISAAI TiHEH, 3a0pyIHEHHS JTOPOKHBOTO MOKPHUTTS,
IIOTAaHOT'0 OCBITJIEHHS, TOIIO.

4. TloenHaHHs METOMAIB JIaTHOCTHKWA 3 HEUPOHHUMHU MEpeKaMu, IO Ja€
MOKJIUBICTh BHKOPHUCTAHHS CY4YaCHHMX METOMIB MAIIMHHOTO HaBYaHHS s
aBTomMaTu3ailii 0OpoOKku Ta onudpyBaHHS JAHUX Ta BUKOPUCTAHHS LUX JAHUX JJIS
CTBOPEHHSI HAJIMHUX MOJENel, 110 HaBYalOThCA. BUKOpUCTaHHA KOMOIHOBaHUX
METO/IIB 31 IITYYHUM 1HTEJICKTOM JI03BOJISIE€ 3BY3UTH MTEBH1 0OMEXKEHHSI, MIIBUIIUTH 1X
e(EeKTUBHICTh Ta MPOBOJAUTU IIarHOCTUKY AOPOKHBOTO MOKPHUTTS, IO MOXKE CTATU
OCHOBOIO I CTBOPEHHS HAJIHHUX CHCTEM aBTOMATH30BAHOI J[IaTHOCTHUKU

JTOPOXKHIMHU TOKPUTTSIMH.
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PO3AIJI 2. TexHoJiorii 1iarHOCTYBAHHS CTAHY JIOPOKHHOT0
NMOKPUTTH B aBTOMATH30BAHMX CHCTEMAX

2.1. KoMimiekcyBaHHs 300paxeHb Ae(eKTIB JOPOKHBOI0 MOKPUTTH

KommiekcyBanus 300pakeHb (3MMTTS 300pakeHb 3 aHria. image fusion) -
MOEIHAHHS JBOX abo Ouibie 300pakeHb OJHOTO 00’€KTY 3 METOI0 30UIbIIEHHS
1H(QOPMATUBHOCTI PE3yJIbTYIOYOrO 300pa)K€HHsI Ta IMIJBUIICHHS MPUIATHOCTI IS
NoANIBIIOI KOMIT IOTepHOI 00poOku. Llel mporiec Takox 371aTeH 3MEHIIUTH BILIWB
pi3HOro poay HIyMiB Ta 3aBaj. [1-3] abo HamucaTu AKOro NoOIYHOro eeKTy.

3asiexxHO BiJl MPpUPOIU 300paKeHb Ta 1JIeH, KOMIUIEKCYBaHHS MOAUISIOTH Ha [4]:

bararopakypcHe 3muttsi 300pakeHb (aHria. multiview image fusion) —
300pa)keHHs OJIHIET MOJAIBHOCTI, HAIIPUKJIAJ, 300paKEHHS OTHOTO J11ana30Hy XBUJIb
€JIEKTPOMArHiTHOT'O CIIEKTPA, alie 3 PI3HUX TOUOK CIOCTEPEKEHHS;

MynetumonansHe 3MuTTS 300pakeHp (aHri. multimodal image fusion) —
MO€EIHAHHS 300pa)KeHb Pi13HOI MPUPOAM, HAIPUKIAJ, BUAUMOIrO Ta 1H(pPadYepBOHOTO
Jara3oHiB CIIEKTPa;

PiznouacoBe 3nutTsi 300pakeHb (aHria. multitemporal image fusion) —
KOMIUIEKCYBaHHS 300pa)KeHb OTPUMAHMX B Pi3HUI Uac;

bararodokycHe 3mutts 300paxkeHb (anria. multifocus image fusion) —
MOETHAHHS 300paXkeHb 3p00JEHUX Ha 00’ €KTUBU 3 PI3HUMH (POKYCHUMHU BIJCTaHSIMU;

KommiekcyBannst 300pakeHb 3 METOI0 3MeHIIeHHs mymiB (anri. fusion for
image restoration);

KowmrmnekcyBanHsi 300pakeHb JUisi 30UTBIIEHHST PO3UTHHOI 3AaTHOCTI (aHTIL
fusion for image restoration).

MeToau KOMITJIEKCYBAaHHS IO THUINAX MOJAUISIOTH Ha Taku karteropii (puc.2.1):
KOMIUICKCYBaHHSI Ha PpIBHI IIKCENIB, KOMIUICKCYBaHHS Ha pIBHI O3HAK,

KOMILICKCYBaHHS Ha PiBHI PillICHb.
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Puc. 2.1. Cxema nporiecy KOMIUIEKCYBaHHS 3aJIC)KHO BiJ] TUITY METOMY.

KomriekcyBanHsi Ha PiBHI MIKCENIB € OJHOYACHO 1 HAWMPOCTIIIMM THUIIOM 1
HaWHaIIMHIIINM, 1110 BUKOHYETHCSA Ha HaHIKYOMY piBHI [5]. Take KoMIIeKCyBaHHS
BIIOYBAETHCS MLUIIXOM [0 MIKCEIBHOTO MEPETBOPEHHS IHTEHCHUBHOCTI MIKCENIB
BX1HUX 300pakeHb B MIKCEIb HOBOTO 300paKEHHS.

KommekcyBanHsi Ha piBHI O3HaK a0o piBHI (QYHKUIA TPYHTYIOTbCS Ha
BUJTyYEHHI Ta NOEHAHH] BIAMOBIIHUX (PYHKI1H 3 BXITHUX 300pakeHb, TOOTO, BUILISIE
00’exTaMu I OTiepallid BxKe MeBH1 XxapakTepHi obnacti. [lo Takux yHkiiit (o3HaK)
MOXXYTbh OyTH BiJIHECEHI: IHTEHCUBHICTb MIKCEIIB, TEKCTYpH, Kpai 300pakeHHs a0o i
00’extu [6, 7]. Hemonikom mporo piBHS € peCypCOBUTPATHI AJITOPUTMH Ta BIICYTHICTD
YHIBEPCAIBHOTO METOJTy CETMEHTAIlli Ta pO3Mi3HABAHHS O3HAK.

HaliMeHIll BHUBYEHOIO TPYIOI € KOMIUIEKCYBaHHS Ha pIBHI pIlIEHb, 110
CIPUYMHEHO aOCTPaKTHICTIO pe3yibTaTy. Pe3ynpTraroM € Bxke HE KOMOIHOBaHE
300pakeHHsl, a Aesikuil 1HHOpMaTUBHUN ONUC peaibHOoi KapTuHU. [Ipu BUKOpHCTaHHI

OO METO/1y 3MEHILYETHCS HAJAMIPHICTD 1 HEBU3HAYEHICTh 1H(OpMaIlii.

2.1.1. MeToau KOMILIEKCYBaHHS 300pa’KeHb

MeToau 37TUTTSI MOMJIMBO BHKOPHUCTOBYBAaTH SIK 1 B TPOCTOPOBIH, Tak i B
gacTOoTHIM o0sacTi. [Ipu mpocTopoBoMy MeTO1 oniepartii mpOBOATHCS HaJl MTIKCEIISIMH,
a MpHY YaCTOTHIN, 300pa’KeHHS PO3KIIaIa€ThCs Ha MacIITaboBaH1 KOe(IlIEHTH BXKE HA

piBHI SIKMX BiAOyBaeTbcs 3mUTTS [8]. YacToTHI MeTonM 37aTHI yCyBaTH IMPOCTOPOBI
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CIIOTBOPCHHSI.

Jlo MpOCTOpPOBUX METOJIB KOMIUIEKCYBaHHS 300pa)K€Hb BITHOCSTH: METOJ
MaKCUMYMY, METOJl MIHIMyMY, MIKPSJIKOBUH METO/I, TPOCTE yCEPETHEHHSI, BUBAKEHE
YCEPEIHCHHS, IIOPOTOBHH  METOJl, CTCIICHEBE TICPETBOPEHHS,  IiJACHIICHHS
BIJIMIHHOCTEH, METOJI MacKH, METOJl BaroBoi (yHKIli, BUIAJICHHS HU3bKOYACTOTHOI
CKJIaJIoBOi [9], mepeTBopeHHsl iHTeHcuBHOCTI-HacudeHocTi (Hue-Intensity-Saturation
(HIS)), neperBopennst bposi (Brovey), ananiz roioBHux kommnoHeHTIB (Principal
Component Analysis (PCA)).

MeTox MakCMMYMY TPYHTYEThCS Ha IMOCHIZIOBHOMY BHOOpPI MaKCUMAaIBHOTO
3HAYCHHS I1HTEHCHUBHOCTI IMMKcens 3 ABOX abo Ourbime 300pakeHb. Pesymprar
KOMILJIEKCYBaHHSI MOKHA TTOOAYUTH HA puC. 2.2., a MATEMAaTUIHO METOJI OTIMCY€EThCS
Bupazom (2.1) [10].

F(x,y) = max{A(x,y), B(x,y)}, 2.1)
Je X Ta Yy KOOpJAWHATH IMIKCeNiB 300pakeHHs, A Ta B mouatkoBi 300paxkenHs, F

pe3yJbTyroue 300pakeHHs.

®oto Tepmorpama Pe3yneTar

Puc. 2.2. Pe3ynbTar KOMIUICKCYBaHHS 300paskeHHS JOPOKHIX e(DEKTiB METOAOM

MaKCUMYMYy.

3a TakuM >K€ OPUHIMIOM I[PALIOE METOA MiHIMyMIB, OJHAK, PE3yJbTaT

dbopMy€eThCS 3 MiHIMAIBHUX 3HAYEHb IHTEHCUBHOCTI [11]:

F(x,y) = min{A(x,y), B(x,y)}, (2.2)
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7€ X Ta y KOOpJAMWHATH IMIKCeNiB 300pakeHHs, A Ta B mouatkoBi 300paxkenHs, F
pe3yIbTyI0ue 300paKeHHS.

Metox 4epe3psi/IKOBOI0 KOMIUIEKCYBaHHS TIOJIATA€ Yy  TOCHIZIOBHOMY
YepryBaHHl psIKIB 300paxeHb. llelt meTom peami3yeTbes NHUISXOM CKJIaJIaHHS
300paxenb F1(X, y) 1 F2(X, y) 3 yepryBaHHsIM HENapHUX 1 MAPHUX PSAAKIB 3 HOMEPOM
N[12]:

F(x,y) = {A(x,y),y € 1,3,5,...,N —1B(x,y)y € 2,46,...,N ,
(2.3)
7€ X Ta y KOOpAMHATH MIKCeNiB 300pakeHHs, A Ta B modarkoBi 300paxenHs, F
pe3yibTyroue 300pakeHHs, N — KITBKICTb PSAJIKIB B MAaTPHUII MIKCEITIB.
MeTon ycepeaHeHHsI OTIICYETHCS BUpa3oM (2.4), pe3ynbTaT SKOro HaBeIeHO Ha

puc. 2.3 [13].

F(x, y) — A(x'Y);B(x'y),

(2.4)

7€ X Ta y KOOpAMHATH TIKCeNiB 300pakeHHs, A Ta B mouarkoBi 300paxenHs, F

pe3yibTyroue 300pakeHHS.

Tepmorpama Pe3yneTar

Puc. 2.3. Pe3ynpraT KOMIUIEKCYBaHHS 300paKeHHS JTOPOXKHIX TEPEKTIB METOIOM
ycepeaHeHHs [13]
[Ipn BMBa:keHOMY ycepeIHeHHi KOXHOMY 300pakK€HHIO HAJar0Th BaroBUM
KoedimieHT. Pe3ynbTaToM KOMIUIEKCYBaHHS € 300paXeHHS 3 IHTEHCUBHICTIO MIKCeIs

PO3paxoBaHOI0 SK CyMa 3BaKCHUX IHTEHCUBHOCTEH IMIKCENIB BXITHHUX 300paKCHb.
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Bupaz mo onucye mro omepamiro (2.5) [14]. TlomymsipauM MeTOIOM IS
aBTOMATUYHOTO BU3HAYEHHS BariB € aHami3 rojoBHuX kommnoneHt (PCA) [15].

F(x,y) = wiA(x,y) + w,B(x, ), (2.5)
7€ X Ta y KOOpAMHATH MIKCeNIB 300pakeHHs, A Ta B mouarkoBi 300paxenHs, F
pe3yIbTyI0Ue 300paKeHHS, Wy Ta W, — BaroBi KOe(iIli€HTH.

MeToa mOpoOroBoro KOMILUIEKCYBaHHsI oOWpae 3 SKOro TiKcens Oyje
dbopmyBaTHCs pe3yabTaT MOPIBHIOYM IHTEHCUBHICTh 3 JIEIKUM MOPOTOBUM PIBHEM
(2.6) [16].

F(x,y) ={A(x,y) <TA(x,y) >T, (2.6)
7€ X Ta y KOOpPJAWHATH TIKCeNiB 300pakeHHs, A Ta B mouarkoBi 300paxenHs, F
pe3ynbTyroue 300paxenHs, T - mopor.

MeToa cTeneHeBOr0 NMepeTBOPEHHsI IPYHTYEThCA Ha BUpasi (2.7), Ae onHe
300pa)keHHs] BUKOPUCTOBYETHCS B SIKOCTI CTETIEHEBOro KoedilienTta s iHmoro [17].
3a3BUuyail  BUKOPUCTOBYETHCS [JIsl OTpPUMaHHSA 300paK€HHA 31 30UIbLIEHUM
KOHTPACTOM.

F(x,y) = A(x,y)tBx»/2%, (2.7)
7€ X Ta y KOOpAMHATH MIKCeNiB 300pakeHHs, A Ta B mouarkoBi 300paxenHs, F
PEe3YJIbTYIOUE 300paKEHHS, N — KOSPIIIEHT JJIs1 PETyJIsLlil CUIN NEPETBOPEHHS.

Metony mnigcuieHHss BigMiHHOcTeill [18] Ha OCHOBI CBOro QJIrOPUTMY
M1JICUIIOE BIIMIHHOCT1 M1 TOYaTKOBUMH 300PaKCHHSIMU.

MeToa Macku niepeadadae BUKOHAHHS TaKOro aaropurmy [19]:

1. Hopmaizaitisi iIHTEHCUBHOCTEH TIKCeIiB 300paxeHb

2. Bu3HaueHHs MOPOroBOro 3Ha4YeHHS K 1IHTEHCHBHOCTI1 MIKCEITIB

3. KommiekcyBaHHs 3T11HO BUpa3y (2.8):
F(x,y) = 2A(x,y)B(x,y) + A(x,y)?(1 — 2B(x,¥)), A(x,y) < T 2A(x,»)(1 -
2B(x,y)) + A, v)(2B(x,y) — 1), A(x,y) = T, (2.8)

e X Ta y KOOpAWHATU TIKCeniB 300pakeHHs, A Ta B mouarkoBi 300pakeHHs, F
pe3yibTyroue 300pakeHHs, T — MoporoBuil KOeMIIEHT 3 MACKH.

MeToa BaroBoi GgyHkIil onucyeTbest Bupazom [20]:

F(x,y) = kA(x,y) + (1 — k)B(x,y), (2.9)
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7€ X Ta y KOOpPAWHATH TIKCeNiB 300pakeHHs, A Ta B mouarkoBi 300paxenHs, F
pe3ynbTyroue 300paxeHHs, k — BaroBuit Koe(irieHT.
KoMmmuiekCcyBaHHsT [UISIXOM ~ BHALIEHHSI HHU3bKOYACTOTHOI  CKJIAJTOBON

POBOJAUTKCSA 3T1IHO BUpa3y [9]:

F(x,y) = g[(l — A(x, y)) + (1 — B(x, y)) +%(A(x, y) + B(x, y))], (2.10)
7€ X Ta y KOOpAMHATH TIKCeNiB 300pakeHHs, A Ta B mouarkoBi 300paxenHs, F
pe3yIbTyIoue 300paKeHHS.

YacTto maHWil METOJ] BUKOPUCTOBYETHCS JJI OTPUMAHHS B PE3yJbTaTi OLIbII
YITKUX KOHTYPIB B 300paKE€HHI.

Meton neperBopeHHsl inTeHcuBHOCTI-HacuueHocTi (Hue-Intensity-Saturation
(HIS)) Texnika 3IUTTS KOJBOPIB MpPH SKIM 300paKeHHS  NEPETBOPIOETHCS HA
MyJIbTHCHEKTpaNbHI KoMnoHeHTH HIS Tta mnanxpomatuuni 300paxennsa [10, 21].
CriekTpanbHa KOMIIOHEHTA CKJIAJIa€ThCsl 3 TPHOX MATpPULlb, IO OJHII Ha KOXKEH KOJIip,
Majoro o0cary Ta MaHXpPOMATHYHY MATPHUII0 BHUCOKOI pO3AUTbHOI 3maTHOCTI. s
3BOPOTHOTO MPOIIECY BUKOPUCTOBYIOTH 3BOPOTHE NIEpeTBOpeHHsI. [laHuii MmeToa Moxe
BUKJIMKATU CIIOTBOPEHHS KOJBOPY NIPU BEJIMKUX BIAMIHHOCTSIX MK 300pa>KEHHSIMH Y
BIJITIHKaX ciporo [22].

KomniekcyBanus 300pakeHh Ha 0a3l  meperBopeHHsi bposi. /[lane
NEPETBOPEHHS € METOJIOM 00’ €HAHHS 300pa)KeHb, 110 37aTHE 3IMBATH 300paXKEHHS
pi3HOi po3auibHOI 37aTHOCTI. [Ipy oMy MeTonl H0OYTOK MAaHXpPOMAaTUYHOrO Ta
MYJIBTUCIIEKTPAIbHUX 3HIMKIB JUIMTHCA CyMy SICKPABOCTEH MYJIbTHUCHEKTPAIBHOTO.
@akTUYHO 1€ € Olepallel0 HopMali3alli CHeKTpadbHUX CMYyr Iepen ix
MEPEeMHOKECHHIM 3 MaHXPOMAaTUYHUM 300pakeHHsAM. [lepeBaramu 1IbOro METOAY €
XOpoIlla Tiepenada KOJbOPY Ta CTaOUThbHICTH pesynbTaTiB [23].  Takwmit Meron
BUKOPHUCTOBYIOTH JUIsl KOMIUIEKCYBaHHS 300paKeHb 3 PI3HUX JaT4YHKIB [24].

AHagi3 ocHoBHUX KOMIOHeHTIB (PCA) nyxe cxoxuil 3 NEpeTBOPEHHS
IHTEHCUBHOCTI-HAaCUYECHOCT1, OJHAK 3JIaTeH BUKOPUCTOBYBATH OYIb-iKy KUIBKICTh
CHEKTpajIbHUX 300pakeHb. [Ipu BUKOpHCTaHHI LILOTO METOAY BHU3HAYAIOTh OJUH 13
TOJIOBHUX KOMIIOHEHTIB, SIKMM MICTHTh 3arajibHy 1H(pOpMalilo Bcix Aiana3oHis. Lle

KOMITOHEHT Ma€ BUCOKY AMCHEPCiio 1 Hajae Outbiie iHGopMallii Ipo maHXpoMaTU4YHe
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300pakeHHs. KOMITOHEHT MaHXPOMAaTUYHOTO 300pa)KeHHS BHCOKOI PO3AUIBHOI
3IaTHOCTI PO3TATYETHCS, MO0 MAaTH Ty K JUCIEPCIIO, M0 ¥ TOJOBHUI KOMIIOHEHT, 1
3aMIHIOE 11€¥ TOJJOBHUIM KOMIOHEHT. [10TIM 3aCTOCOBY€ETHCSI 3BOPOTHE NIEPETBOPEHHS
PCA nyist oTpuMaHHsSI KOMIUIEKCOBAHOTO 300payKeHHSI BUCOKOI PO3AUIHHOT 3aTHOCTI.
Henonikom merony PCA € cnekTpanbHa jaerpajailisi Ta CIOTBOPEHHS KOJIbOPY
[25,26].

Jlo 4YacTOTHUX METONIB KOMIUIEKCYBAaHHS 300pa)K€Hb BIIHOCATH: METOIU
mipamin (Jlammaca Tta [Mayca), nucKkpeTHe BEUBIET-IEPETBOPEHHS, IUCKPETHE
KOCHHYCHE TIEPETBOPEHHSI.

MeTtoa mipamia rpyHTY€ThCS Ha TIEPETBOPEHHI MOYATKOBOTO 300payKEHHS HA
MacuB 300paxkeHb Pi3HOI PO3ALIHLHOI 3MaTHOCTI(PIBHS JUCKPETU3AIII]), IO € OMMUCOM
OIHOKYJIAPHOT 30pOBOi cUCTeMH JtouHU. Ko)kHe HacTynmHe 300paKeHHs] BUXOJIUTD 3
MONEePEHHOTO, aJie 31 3MCHIICHOK PO3UIBHOI 3JIaTHICTIO. J[JI1 KOMILJIEKCyBaHHSI
KOXKEH PIBEHb MIpaMiJid MEpIIOro 300pa)K€HHs 3JIMBAIOTh 3 BIJMOBIAHUM pPIBHEM
nipaMiJid IPyroro 300paK€HHsI, MICJIsl YOro 3 HOBOYTBOPEHOI MipaMiu Te€HEPYEThCS
KOMITJIEKCOBaHE 300paXeHHS 3BOPOTHIM TIEPETBOPEHHSIM.

[Ipu ¢opmyBanHi mipamiga I'ayca KokeH piBeHb Nepel AUCKPETH3ALIEI0
¢ubTpyeThes (uIbTpoM [Mayca (HU3bKOYACTOTHA (LIBTpALisl) IJIs1 YTBOPEHHS OUIBII
TJIAJIKOTO 300paKEeHHS, TUM CaMHM MPUOMPAIOThCS IMmymMu. Yepe3 HEMIHIAHICTH
MIJIBUINCHHS Ta 3HIOKCHHS JUCKPETH3allii, ITCIsl OTPUMAaHHS PE3yJIbTYIOUYOro
300paKeHHS CIIOCTEPIraeThcsl BTpaTa 4dacTUHU 1H(Dopmalli Ta 300pakeHHs Oyje
po3murte [27].

Meron 3nutta mipaminm Jlanmnaca cxoxuii Ha mipaminy ['ayca, omHak, Ha
KOXKHOMY PIBHI, OKpIM HaMMEHIIIOT0, 30€piracTbCs Pi3HUIT PO3MHUTHX 300pa’KeHb.
IIpu mnepeTBOpeHH! 300pa)KEHHS PO3KJIAJAETHCS HA PI3HI YaCTOTHI Jlara3oHH.
O06’enHaHHA BIIOYBAETHCS OKPEMO Ha KOXKHOMY PiBHI, 110 JJA€ MOXJIUBICTh BUAUISTH
JieTal Ha KOHKPETHOMY Jiana3oHi 4acToT [28].

JIuckperHe BeiiBjeT-neperBopenns (Discrete Wavelet Transform (DWT)) e
aJbTEPHATUBOKD KOPOTKOUacoBUM mepeTBopeHHsIM Dyp’e. IlepeBaroro DWT €

3a0e3nedeHHs] OakaHOi PO3UTHHOI 3JJaTHOCTI SIK B TIPOCTOPOBIi, TaK 1 B YaCTOTHUX
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oOnactsx, Ha BiAMIHY Big Dyp’e MO Hae BUCOKY PO3JUIbHY 3AaTHICTH JIMIIE Ha
4acTOTHiH obsacTi. JlucKkpeTHe BEHBIIET-IIEPEeTBOPEHHS PO3KJIa/iae BXITHUIM CUTHAI Ha
MacmTaboBaHi Ta 3CyHYTI (opMH BHXITHOTO BeliBiera. [Ipum KoMIUJIEKCyBaHHI
300pak€HHsI CIOYaTKy po3KianalTh Ha koedimientn DWT, micas doro
BUKOPUCTOBYIOUM JI€SKE TMPAaBWIO 3IMUTTS (HaOpHKiIaA, CepeiaHe 3HA4YeHHS),
pe3yibTyroue 300pakeHHsT  (GOPMYEThCS 3 OTPUMAHUX KOEQIIIEHTIB 3BOPOTHIM
IIEPETBOPEHHSIM [29].

KommnnekcyBanuss Ha ocHoBi DWT (puc. 2.4) MiHIMI3y€e CHEKTpaibHI
CIIOTBOPEHHSI B PE3yJbTYIOUUX 00’ €IHAHUX 300paXCHHSIX 3 MEHIIOK PO3AUTEHOIO
3IaTHICTIO 4Yepe3 Kpalle CHIBBITHOLICHHS CUTHAJ/IIYM MOPIBHAHO 3 MIKCEIbHUMH
Merogamu. ToOTO, MiHIMI3y€e KOJIPHI CIIOTBOPEHHS SKi CIIOCTEPIraloThCsi B
npocTopoBux Metoaax 3MuTTsA [30]. ¥V poborax [11, 31] HaronouryroTh Ha, TOMY IO
DWH 3nHauHo kpartie crpaBiseTbcs 3 KOMIIJIEKCYBAaHHSIM B TIOPIBHSHHI 3 MipaMiJilaMu

Jlannaca Ta I"ayca.

®oTo TepMorpama Pe3yneTar

Puc. 2.4. Pe3ynpTaT KOMIUIEKCYBAaHHS 300paKEeHHS JOPOXKHIX Je(PEKTIB 3 BAKOPHUCTAHHIM

DWT

KomriekcyBaHHS 3 BAKOPUCTAHHSIM JUCKPETHOTO KOCHHYCHOTO TTEPETBOPEHHS
(Discrete Cosine Transform (DCT)) 3nuTTS BUKOHYETHCS Ha PIBHI CHEKTPATBHUX
Koe(ilieHTIB, $KI XapaKTepU3ylTh aMIUIITyAd MPOCTOPOBUX yacTtoT. Jlane
MEPETBOPEHHSI 3aCTOCOBYETHCS JUIsl CTUCHEHHS 300pakeHb, a came, Takux (popmartiB
MPEG, JVT, JPEG [32, 33].

l'omoBHa  3amauya KOMILICKCYBaHHS 300paxeHb e 301JIBIIIEHHS
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1H()OPMATHUBHOCTI, TOMY CTa€ 3a7a4a BUMIPIOBATH 1HQOPMATHBHICTH 300pakeHb. Haii
MOIIUPEHIITN Ta aBTOPUTETHUN KPUTEPIH SKOCTI ISl IIbOTO BBAXKAETHCS CHTPOIIS
[llenona [34, 35].

EnTpomissi 1e Mipa HEBHU3HAUEHOCTI B  TOBIAOMJIEHHI, $Ka  4acTo
BUKOPHUCTOBYETHCS SIK KPUTEPIN AKOCTI 1HHOPMATUBHOCTI 300pakeHb. 11 300pakeHb
iHpopmaTtuBHICTh (eHTpomito IlleHoHa) OTPUMYIOTH Ha OCHOBI  PO3MOJLTY
IHTEHCHUBHOCTEH MIKCEJIB.

Entponis lllenona po3paxoByeThCs 3a GOpMyYIIOL0:

HX) =-Xit1 PO)P(x), (2.10)
ne P(x) - AMOBIpHICTh HaOYyTTs 3HAYEHHS X, BUIIAJIKOBOIO BETMYE3HOIO X. Y KOHTEKCTI1
300pakeHb 1€ 03HAYAE, 110 OLIHIOETHCS HUMOBIPHICTh PI3HUX PIBHIB IHTEHCUBHOCTEH
MIKCEIIB JIs1 00UMCIECHHS SHTPOITII.

binbmuii  piBeHb eHTpoOmii O3Ha4ae 10 300paXEHHS Ma€  OUIbIINy
1H()OPMATUBHICTh, THM CaMHUM BOHO CTa€ OUIbIN HemepeadauyyBaHUM. TOMy HU3bKa
EHTPOIIis BKa3ye€ Ha HasBHICTh BEITMKO1 KUTBKOCTI OJJHAKOBUX €JIEMEHTIB 200 BUCOKOTO

PIBHS TIOBTOPIOBAHOCTI.

2.2. BUKOpHCTAHHS HEHPOHHUX MEPEXK B CHCTEMAaX JAiarHOCTUKH

2.2.1. MoaeJb IITYYHOT0 HEMPOHHA

[Tepury Mojens MITY4HOrO HEMpoHa OyJio 3ampornoHoBaHO B 50-Xx pokax
MUHYJIOTO cTopiuusi Helpobiomorom @Openkom Pozenbimatom, sKy BiH Ha3Ba
nepuentpoH [36] - atuTUBHA HEHPOHHA Mepexa. Y CBOil pOOOTI BUSHUN TPYHTYBABCS
Ha 3HAaHUX OTPUMAHUX MPHU JOCIIHKEHHI 010JI0TIYHUX HEUPOHIB, TOMY HOTO MOJENb
MaJa Taki x ctajiii 00poOku iHpopMarlii: mpuitmManHs iHGoOpMaIlii, arperaiis (3BakeHa
cyma) iHdopmMalii 1 Ko OTpUMaHe 3HAUCHHS BHIIE MOPOTY Iepeaaya Horo HIIUM

HelipoHaM (puc. 2.5).
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BxigHi a3HayeHHs

. Barn
CUrHanie

Cymatop DyHKLiA BuxinoHuia

aKTusaulii CUrHan
X1 ———»(:L
ﬁ\
X - Y
2 S ¢

Xn,—”M

Puc. 2.5. Monens mTy4yHOro HelipoHHa (TIEPIIENTPOH)

v

JUis MaTeMaTU4YHOIO ONUCY MOJENl ITYYHOTO HEWpPOHAa BBOJUTHCS MOHSATTS
napamempié HEHWpPOHHA B TEpeENiK SKUX BXOIATH Gacu Ta smiwenHs (bias). Baru
HeHpoHa HEOOX1H1 111 OTPUMAHHS 3BaXKEHOI CYyMH OTpUMaHOi 1HQopMallii BiJ] IHIIHX
HEHPOHIB, 3MILIEHHS 1€ HEraTUBHE MOPOTOBE 3HAUYCHHS.

[licns BBOAY LMX BH3HAYeHb MaTe€MaTW4yHa MOJENb MEpLENnTpoHa HaOyBae
BUTJISIAY:

f)={1,wxx+b>00, (2.11)
JIe W - MacHB BCIX Bar BXOJ[IB HEMPOHHA, b - 3MillICHHSI.

Ha croroanimHii JeHb Taka MOJIeNIb HEHPOHHA BXKE paxyeThCs 3acTapiiorw. B
nepily yepry uepe3 OIHApHICTh BXOJIB Ta BHUXOMIB HeWpoHa. Yepe3 1o crae
HEMOXKJIMBUM POOUTH MPOrHO3yBaHHs (BUXia 3aBxkau 0 un 1), a TaKOXK 1€ YCKIAIHIOE
MalIMHHE HAaBYaHHS.

Jln1s po3B's3aHHs IUX MpobsieM OyJI0 3alpornoOHOBAHO 1HITY MOJIeTh HEMPOHHA 3

cuemoionorw gyuxyiero akmusayii (puc. 2.6). lllo onucyetnses pyukiiero [37]:

o(z) = — (2.12)

14e-2°

IIe Z — 1le EeKBIBAJIEHT WX + b.
PesynbpTaTom Oynb-sikoi (yHKII akTHUBaIlli Ha3UBAIOTh akmueayito. A Oyab-
AKUW HEUPOH 10 BHUKOPUCTOBYE CHUTMOINHY (YHKIIIO aKTHBAIlli Ha3UBaIOTh

CUSMOIOHUM HEUPOHOM.
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Sx BumHO 3 puc. 2.6 HEBETUKI 3MIHU MTapaMEeTPiB W Ta b BUKITMKAIOTh HEBEITUKI
3MIHM aKTHBAIlii, 110 1 € TOJOBHOIO MEPEeBarolo B MOPIBHSAHHI 3 meprenTponom. [lpu
BEIMKUX 3HAUEHHSIX I10 MOJYJIO0 3HAYCHHSIX Z AaKTUBallid SK 1 B BHIIAOKY 3
neprenTpoHoM Oyae Matu 3HadeHHs 0 a0o 1, 1o MPU3BOIUTH J0 MAJIOTO BILUIMBY 3MiH

Koe(IlLi€HTIB Ha pe3yJIbTaT, TAaKUi e(heKT HA3UBAIOTh HACUUEHHAM HEeUpPOHd.

1.0 ~

0.8 1

sigmoid(x)
=)
=]

o
u
1

0.2 1

0.0 1

T
-10.0 -7.5 =50 -2.5 0.0 2.5 5.0 7.5 10.0

Puc. 2.6. Curmoinna QyHKItis akTuBarii
[Ipuknagom HemHIMHOI (yHKIIT akTuBalii € OJOK JIHIMHOI pekThudikamii
(Rectified Linear Unit, ReLU), sikuii 300paxeno na puc 2.7. Pobora miei ¢pyHkiii
3aCHOBaHa Ha MPUHIUNAX PoOOTH O10JOTIYHOrO HEWPOHA, TaK MOTEHIIaN 3aImyCKy
HEWPOHIB Ma€ JIHIIe MO3UTUBHUNA pexkuM [38]. MarematuuHo nany (yHKIIiIO MOKHA
OIHCATH SIK:
0(z)={a=22>00,z<0, (2.13)

Je Z — IIe eKBiBaJeHT WX + b, a — aKTHBaIIis HEHpOHa.
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10 ~

RelU(x)

T T T T T
-10.0 -75 =50 —=2.5 0.0 2.5 5.0 7.5 10.0
X

Puc. 2.7. ®ynkuis aktuanii ReLU

anpPOKCUMYBATH OyIb-SIKy HeMepepBHY (YHKIIIF0 HEHPOHHUM MOJEISIM 3 ITUM THIIOM
HEUPOHIB. A TaKOX, 3aBASKU CBOiM mpocTiid Gopmi, sk BuaHO 3 (1.3) 11a HemiHiHA
GyHKIIE yTBOpPEHA 3 JABOX JIHIWHUX, JUIsl BU3HAYCHHS HAWKpAIIUX MapaMeTpiB
BUKOPUCTOBYIOTHCSI YaCTKOBI MOXIJHI SIK1 TyKe €PEKTUBHO PaxylOThCs Ha JIHIMHUX

yacTuHaxX QyHKIi aktuBarii [39].

2.2.2. 3ropTKoOBi HelipOHHI Mepexi

3ropTtkoBa Heiiponna mepexa (Convolutional Neural Network, ConvNet,
CNN) - me MateMaTH9Ha MOJIEIb, III0 Ma€ OJUH a00 JEKIIbKa 32copmKosux wapis. 111
apu 103BOJIATH €hEKTHBHO OOPOOIISTH JIaHi 3 MPOCTOPOBOIO CTPYKTYporo [40].

3ropTKOBUIl 1Iap BUKOHYE onepayii 3eopmiku HaJ BXIIHUMH TPOCTOPOBUM
JTaHUMH. {7151 3ropTKU BUKOPUCTOBYIOTHCS HaOIp s0ep, sIKi Ha3uBarOTh ginompamu. 111
GIIBTPU CKIIAAOTHCS 3 Bar, sIKi 3MIHIOIOTBCS B XOJII 00EPHEH020 PO3N0BCIOONCEHHS

nomuaku. 3a3Buyail BAKOPUCTOBYIOThCS sijipa po3mipy 3x3, oqHaK BOHM MOXKYTh MaTH
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PI3HHI pO3MIp KU MOXE BU3HAYATHUCh KOHKpETHO!O 3amaueto. [t RGB-300paxkenn
BUKOPUCTOBYETHCS QiIbTp po3Mipom 3x3x3, mio gae 27 Bar 1 28 mapameTpiB.

VY Xoi mocHiOBHOTO MEpEeMIIleHHs spa 1Mo 300pa)KeHHIO (3J1iBa HA MPaBo,
3BEpPXy BHHU3) BUPAXOBYETHCS Z, IKY MOTIM MOXHA Mepenatd B Oyab-sKy (YHKIIIO
aktuBaiii (puc. 2.8). Pe3ynbTaroM 3ropTku € kapma axmugayii MO MepeaaeTbCsl Ha
HAaCTyHUH I1ap HEHPOHHOI MOJEJII.

OpuriHanbHe 30bpakeHHs AApo 3ropTky 30bpa)KeHHS Nicns 3ropTKK

Puc. 2.8. IIporec 3roptku

3a3Buuail B OJJHOMY 3rOpPTKOBOMY IIapi BUKOPUCTOBYETHCA ACKIIbKA (LIBTPIB.
Ile 0o0ymoOBI€HO MPUHIMIIOM pPOOOTH OI0JOTIYHOIO OKa, JE€ MPOCTI HEUPOHU
peeECTpyIOTh JuIle npocTi GopMu, a mojaibiia oOpoOka MepenaeTbesl CKIagHUM
HelipoHam [41]. Tak 1 B 3ropTKOBId HEHUPOHHIA Mepexl KOXeH (UIbTp 3/aTeH
PEECTPYBAIN JIMIIIE OJHY TPOCTY (GOpMY, HAPUKIIAJ, BEPTUKAIBHY JIHIIO, a IHIIWH,
TOPU30HTAJIBHY.

KinbkicTes (GUTbTpiB B 3rOpTKOBOMY IIapi € cinepnapamempom, TOOTO TaKUM

IMapamMCcTpoOM, IO 3aAA€THCA 663HOCCp€I[HI>O I[OCJIiIIHI/IKOM.

2.2.2.1. Heiiponna mepe:xa AlexNet

I'muboka HEWpoOHHa Mepeka IO CTaja MOMYJSIPHOK BHACIIAOK IEPEMOTH
koHkypci ImageNet Large Scale Visual Recognition Challenge (ILSVRC) y 2012 porti.
[{s Mepeska mpoKIIaia MUISX JIJIs MOJANTBIINX TOCATHEHB IITMOOKOMY HaBYaHHI, a came,
B TakuX cdepax, K po3mi3HaBaHHs 00pa3iB, kiaacudikailis i aBTOHOMHI cuctemu [42].

Ha BigMiHy Big momepenHiX IMAXOAIB, 1€ BHKOPHCTOBYBAJIHCS HETIHMOOKI

MTy4H1 HeWpoHHI Mepexi, AlexNet mMana aexisbka 3ropTKoBUX mmapiB (puc. 2.9),
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HOopMamizanito Ta ¢pyHkiio aktuBaiii ReLU. Mepexka Takok BUKOPHUCTOBYBajia METOT
npor-ayT (dropout) aist 3amo6iraHHs IepeHaBYaHHs, 10 0yJ10 HOBOBBEICHHSIM Ha TOU

gac.

7 7y, N
J&4 256 256

conv3.l  conv3 2 conv3.3 fc6+softmax

192

conv2

Puc. 2.9. Ctpykrypa AlexNet

Crpyktypa AlexNet ckiamaeTbCcsi 3 M’ SITH 3rOPTKOBUX IIAPIB JJIsl BUSBJICHHS
O3HaK Ha 300pakKeHHI Ta TPHOX MOBHO3B’ SI3HUX IIApIB IJIs1 BUKOHAHHS Kiacu(ikariii.
BaroBuii BHecok y pe3yiapTaTh Mepexi BHecna ¢yHkiis aktuaimii ReLU, sxa
MIPUCKOPIOE MPOIIEC HABYAHHS IUIAXOM CIPHUSIHHIO YHUKHEHHS MPOOJIeMU 3HUKAHHS
rpajieHTa. A TakoX JI0 CKJIaay apXiTeKTypH BXOAMTHh max-pooling sl 3MEHIICHHS
PO3Mipy IPOCTOPOBUX XAPAKTEPUCTHUK.

AlexNet crana npopuBOoM Yy CBITI TVIMOOKOrO HaBYaHHS 3aBJSIKM CBOi
apXITEeKTYpl Ta 3[aTHOCTI PO3B'I3yBATH 3aBJaHHA KiIacudikallii 3 BUCOKOIO TOYHICTIO.
OnHak, Ha ChOTOJHI BOHA BBAXKAETHCS MEHIN €()EKTUBHOIO MOPIBHSIHO 3 CYYaCHUMH

apXITEKTypaMu 4epe3 OOMEXKEHICTh Y MOKIMBOCTI MacIlITa0yBaHHs.

2.2.2.2. Heiiponna mepexa VGGNet
Po3pobnena Buenumu 3 Oxcdopacekoro yHiBepcutery B 2014 porti, VGGNet

POJICMOHCTPYBaJIa TMO3UTUBHHUM BIUIUB 30UTBIICHHS IIapiB TIMOOKOI HEHPOHHOI
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MepexXi Ha i1 sIKicTh. [ 0JIOBHOIO OCOOIMBICTIO MEPEXKi € BAKOPUCTAHHS MAHX (PUIHTPIB
JUTSI 3TOPTOK (po3MipoM 3x3) /i BCIX 3rOPTKOBHX IIAPIB, IMI0 SIK BUSIBUIIOCS JO3BOJISIE
BU3HAYaTH OLIBII J€TaIbHI 0COOJMBOCTI Ha 300paskeHHX [43].

Bigpizastounch nomixk mnonepeaHix apxitektyp, VGGNet cnupaerbcs Ha
BUKOPUCTAHHS MPOCTUX 3rOPTOK 1 MOJABOEHI TITMOMHU (DUILTPIB MICISI KOKHOTO LIaApy
sroptku. lle mo3Bosisie Mepexi OyTu TIMOIIO Ta BOAHOYAC OUTBIN €(heKTUBHOKO Y
HaBYaHHI.

['omoBHUM HEMONIKOM MEpeXi € HEeOOXITHICTh B BEIUKHX OOYHCITIOBATHHUX
MOTYXHOCTSAX TpH HABYaHHI 1 NMPOMHCIOBOMY BHKopucTaHHi. lle Moxe cratu
CEpPHO3HOI0 TEPETOHOI0 I BIPOBAHKCHHS II€] apXITEKTypH y CHCTeMax 3
0OMEKEHUMH PEeCypCcami.

B crpykrypi VGGNet (puc. 2.10) koxkeH OJIOK CKIIaJa€ThCA 3 IBOX UM TPHOX
3rOPTKOBUX IIapiB, MICHIS SKUX BUKOHYEThCS max-pooling. Il mo3Bossie mepexi
e(DEeKTUBHO BUSIBJISATH IPOCTOPOBI 3aJICKHOCTI HA PI3HUX PIBHAX aOCTpakKiii.
[ToBHO3B’SI3H1 1IapU BUKOPUCTOBYIOTHCA I IHTErpaiii iHpopMalii 3 monepeaHix

mapiB B HUISX KiIacuQikailii 300paxeHs.

convl

convl

conv3

convd _
convs

feb fe7 fcB
’ I= J = ’

14 % 14 x 512 1x1x4096 1x1x1000

28 x 28 x 512

56 % 56 x 256 oo
L —’—
11¥x 112 x 128
@ convolution+ReLU
tﬂ max pooling

r - ]
7 fully connected+ReLU

224 % 224 x 64

Puc. 2.10. Crpykrypa VGGNet
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2.2.2.3. Heiiponna mepexa ResNet

ResNet Oymo 3anponionoBano o 2015 porti qocmiaaukamMu 3 kKoMiadii Microsoft,
KITFOUOBOIO TMIEPEBArolo ITI€T apXITEKTypH CTajla 3aTHICTh JH0JIaTH TPOOIeMy 3HUKAHHS
IPaai€HTIB, IO € MPOOJIEMOIO B IITMOOKUX Mepexax [44].

['onoBHa HOBAaTOpChHKA 1fiesl, 110 JIKUTh B OCHOBI MEPEXI, 11€ BUKOPUCTAHHS
3QJIMIIKOBUX OJIOKIB (residual blocks). Ili OmokuM MO3BONSAIOTH IepeaBaTH
iH(opMallito OMHUHAIOYM OJUH a0 KiJbKa IIapiB MEPexki, 3a pPaxyHOK IbOTO,
IOCIIIHUKA 3MOIJIA OylyBaTH HaJA3BUYAMHO TJIMOOKI MOJENi, IO CHOpUsE
JOCSITHEHHIO KpalllUX pe3yJbTaTiB Yy 3aBJaHHSAX KOMII'IOTEPHOTO 30py. 3aBIsSKH
3QJIMIITKOBHM 3B'SI3KaM, 110 JO3BOJIAIOTH TIEPEIaBaTH TPAJIEHTH O€3MOCepeIHRO Yepes
mrapu, ResNet MiHIMI3ye pU3HK BTpaTu iH(OpMAIii.

Kpim nepeniuenux nepesar, ResNet g1eMOHCTpye BHUCOKY MPOAYKTHBHICTH Y
0araThbOX 3aBJaHHAX, BKJIIOYAIOYM KiacudikaIliio 300pakeHb, ACTEKIII0 00'€KTIB Ta
CErMEHTAIIIIO.

Crpykrypa ResNet (puc. 2.11) cknamaerbcst 3 MOCIITOBHOCTI 3aUIIKOBUX
0JIOKIB, B KOXHOMY TakoMy OJolll JIeKUIbKa 3rOpTKOBUX MIApiB Ta HENIHIMHUX
aKTHUBaIliil. 3aBepiIaibHUM OJIOKOM € MTOBHO3B'SI3HUH OJIOK 1110 arperye iHdopMmairito 3

MONEPEIHIX MIapiB AJisl PO3B'I3aHHS MOCTABIICHOI 33/1a4l KOMIT'FOTEPHOTO 30DY.

A

.
v
-

128 128 ¥

Puc. 2. 11. Ctpykrypa ResNet
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ResNet BHecna BaromMuii BHECOK B PO3BHUTOK HAaBUAHHS INIMOOKHX HEHPOHHUX
Mepexx. Mepexka JEMOHCTpYye, SK IHHOBAIll B apXiTEKTypl MOXYTh CHPUSITH
MOJOJIAHHI0 OOMEXEHb HasSBHHUX MIAXO/IB, BIJIKPUBAIOUYM HOBI MOJKJIMBOCTI IS
pO3B'sI3aHHS CKJIAJHUX 3a7a4 y cdepl KkoMm'torepHoro 30py.. ResNet 3amummaerbes

NOMYJISIPHOIO apXITEKTYPOIO Y CYYaCHUX JOCIIKEHHAX Ta JJO1aTKax.

2.2.2.4. Heiiponna mepe:xa EfficientNet

EfficientNet — 11 HOBITHS apXITeKTypa TNIMOMHHUX HEHUPOHHUX MEpEexK, sKa
MOEHYE BUCOKY €(PEKTUBHICTH 13 UYJOBOIO TOYHICTIO. P0o3poliieHa AOCTITHUKAMU
Google y 2019 porii, BoHa IIIBUIKO 3aBOIOBajIa MOMYJISIPHICTE cepel ¢haxiBIiB y cdepi
KOMIT'FOTEPHOTO 30pY 3aBISKH YHIKAJIBHOMY MiIXOAY JI0 MAacliTa0yBaHHS MOJENI.
OcnoBna wmeta EfficientNet — crTBOopuTH 30ajlaHCOBaHy apXIiTEKTypy, sKa
MaKCHMaJbHO BUKOPHCTOBYE OOUMCIIOBAIBbHI pecypcH, 3a0e3Meuyroud MpH I[bOMY
BHUCOKY MPOJYKTUBHICTSH [61].

CporosiHi, Kojiu OOCSITM JaHUX 3pPOCTAIOTH 13 BEJIMYE3HOIO IIBHJIKICTIO, a
3aBJIaHHS HEUPOHHUX MEPEXK CTAIOTh JACAaNl CKIQJIHIINIMMU, MOTPIOHI MOACII, 3/1aTHI
edeKTUBHO crpaBisITHCS 3 oOMexkeHHs MU pecypceiB. EfficientNet sikpas 1 € Takoro
apXITEeKTypOIO: BOHA YCIHIIIHO IMO€IHYE HHU3bKY OOYMCIIOBAIBHY CKJIQIHICTh 13
BUCOKOIO TOYHICTIO, IO POOUTH 11 1/€aIbHUM 1HCTPYMEHTOM [UIS 3ajad  Bif
kiacudikarii 300paxeHb 10 po3Mi3HaBaHHS 00’ €KTIB.

EfficientNet BuUpI3HAETBCS 3-TIOMIXK IHIIUX AapPXITEKTyp 3aBASKH CBOEMY
IHHOBaLIMHOMY MIIXOAY /10 MacluTaOyBaHHS MOjeNI, SKUi HazuBaeThcss Compound
Scaling. V kiacnyHux metojax 30UIbLIEHHS MPOAYKTHUBHOCTI HEMPOHHUX MEpEeK
3a3BHYail (HOKyCyBalKCs HA OJHOMY 13 TPbOX HAMPSAMIB:

e 30uIbLIEHHS MMUOUHHA MEpEeXI1, T0Aat04H OUIbIIE MIapiB.
e 30UIbLIECHHS IMPUHM 1IAPIB, JOAH0UU O1IbIlIE HEUPOHIB.
e [ligBuUIIEHHS PO3AUIBHOT 3/JATHOCTI BX1IHUX JIAHUX.
I[li ™mertomu, xoua ¥ TWIABUINYBAJIM TOYHICTh, YacTO MPU3BOAWIH 10

Hee(peKTUBHOIO BUKOpPHUCTaHHS oOuncimoBasibHUX pecypciB. EfficientNet miaxonuts
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710 TIpoOJieMu 1HAKIIE: BOHA MPOMOHYE KOMOIHOBaHE MacIITa0yBaHHS, SIKE BPAXOBY€
BCl TPU aCHEKTH OJHOYACHO. 3aBASIKU LIbOMY BHAETHCS JOCATTH 30aJlaHCOBAHOTO
3pOCTaHHS MOJIEI, SIKE HE MMPU3BOJUTH J0 3aiBOT0 CMIOKUBAHHS PECYPCIB.

[Ile omHUM Ba)XJINBUM aCMEKTOM € BUKOPHCTAHHS aBTOMATH30BAHOTO TOIIYKY
apxitexktyp (Neural Architecture Search, NAS). Lleii meToa momomir po3poOHHKaM
3HalTH OaszoBy apxiTekTypy EfficientNet-B0, sika cTana ocHOBOIO JyIsl BCIX IHIIHX
Bepciit (Bix B1 no B7). 3aBasku NAS Baanocs 3a0e31eyuT ONTUMAIbHY CTPYKTYPY
MOJIeTI1, 3BaXKAI04YX Ha OOMEXEHHSI O0UMCITIOBAIBHOI TOTYKHOCTI.

EfficientNet 3acHoBana Ha 0a30Biif apxiTekTypi MobileNetV2, ane mae HU3KY
BJIOCKOHAJICHb, SKI 3HAYHO MiABHUINYIOTh 11 e(peKTuBHICTb. OCHOBHI CTPYKTYypHI
KOMITOHEHTH (pHC. ) i€l Mepeki BKIIOYArOTh [62]:

1. ImBepcHi pe3uaenTHi 010k (Inverted Residual Blocks). I1i 6;10ku 103BOJISIOTH
3MEHIIMTH OOYMCITIOBAIBHY CKIIAJHICTh, 30€piralodd BHCOKY TOUHICTb. IXHS
poboTa 6a3yeThCsl Ha KOHIICIIT BY3bKHX IIAPIB, IO MEPEIat0Th HAMBAXITUBIIIII
XapaKTEPUCTHKHU JaHUX.

2. Mexanidm Squeeze-and-Excitation (SE). Ileii KOMIOHEHT Ao0Ja€ B MOJIEIb
MEXaHI3M yBaru, sSIKMi JOMOMarae MiABUUIUTH TOYHICTh MPOrHo3iB. SE-010ku
aKIICHTYIOTh yBary MepeXi Ha HaWBaXUIMBIIIMX YaCTUHAX BXITHUX HaHUX,
3MEHIITYIOUM BIUTMB MEHII 3HAYYIIUX CICMEHTIB.

3. 30anmaHcoBaHe MacmrTaOyBaHHS. ['omoBHOO ocobOimBicTio EfficientNet e ii
3MaTHICTh  30UIBIIIYBaTU MPOAYKTUBHICTh  3aBISKH OJIHOYACHOMY
MacmTabyBaHHIO IIUPUHH, TTUOMHU Ta po3AuIbHOI 31aTHOCTI. lle mo3Boise
CTBOPIOBATHU BepCii MoJIeNeH, SIK1 aAaNTYIOThCS 10 KOHKPETHUX BUMOT MPOEKTY,

HC IICPCBAHTAXYIOUYU CUCTCMY.
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Puc. 2. 12. Ctpykrypa EfficientNet [62]

EfficientNet mae Oe3miu mepeBar, siki poONATh ii OHIED 3 HAMKpaIUX

apxiTeKTyp AJi1 poOOTH 3 JAHUMU:

l.

Bucoka TouHicTh. 3aBAsSKM YHIKQIbHOMY HIAXOAY 10 MaclTaOyBaHHS,
EfficientNet mnoka3ye 4ynoBi pe3yjibTaTH Ha BIJOMHX HaboOpax JaHHX.
Hanpuknan, momens EfficientNet-B7 nocsrma Tounocti monam 84% Ha
ImageNet, nepeBepuBIM 6arato MOMyJSIPHUX apXITEKTYp, sK-0T ResNet ta
Inception.

EdextuBne BukopucranHs pecypciB. Ll apxiTekrypa 3abesneuye BHCOKUN
piBEHb MPOIYKTUBHOCTI, BOJHOYAC BUKOPUCTOBYIOUM MEHIIIE 0OYMCITIOBAIBHOL
MOTYKHOCTI. L{e poOuTS i1 11€aIbHO0 JIs 3aCTOCYBaHb Y MOOLIBHUX IPUCTPOSX
1 cepeZIoBHIIAX 13 OOMEKXEHUMHU PECYPCAMHU.

I'ayukicts 1 wmacmrTaboBanicTh. EfficientNet mnpomoHye Mozem pi3HOTO
macmtady — Big EfficientNet-BO no EfficientNet-B7, mo no3Bomisie odupatu
ONTUMAJIBHUM BapiaHT 3aJIEKHO BiJl JOCTYITHUX PECYPCIB 1 3a7a.
ABtoMartuzoBaHe TpoekTyBaHHs. Buxopucranns Neural Architecture Search
CKOPOTHJIO 4ac 1 3yCHJUISI Ha pO3pOOKY, JAO3BOJIMBIIA CTBOPUTH MOJENb, KA

paIoe MakKCUMaIbHO €(heKTUBHO JIS 33/IaHOT0 HAOOpY JTaHUX.

[Tonpu Bci cBoi nepesaru, EfficientNet mae 1 meBHi 0OMeKeHHS:

e Buxkopucranns EfficientNet Bumarae 3HaHp cydacHuUx O010J10TEK ISt

rMOoKoro HaB4yaHHs, Takux gk TensorFlow abo PyTorch. Ile moxe Oytu
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BUKJIMKOM JIJIs1 HOBAYKIB y c(hepi MAIMMHHOTO HAaBYaHHS.
e Xoua EfficientNet € edexTuBHOIO T Yac BHUKOPUCTAHHS, Mpolec il
HaBYaHHSA, 0COOJIMBO JIJIsl BEIMKUX Mojieneil (sk-oT B7), morpedye 3HauHMX
00UYHCITIOBAILHUX PECYPCIB.
o KomOinoBane macmraOyBanHs, Ha sskoMmy Oaszyerbes EfficientNet, mpartoe
no0pe B Mexxax BU3HaueHUX crieHapii. [Ipore s cnenundivyaux 3agad abo
JIy’Ke BEJIMKUX 300pakeHb MOJIEIb MOXKE BUMAraTu J10JaTKOBO1 ONTUMI3AIlii.
EfficientNet — 1e nepenoBa apxiTekTypa, sika BCTAHOBJIIOE HOBI CTaHJIApTU Y
chepi KOMIT'IOTEPHOTO 30py. i yHIKaNbHUH MiAXiA 10 MacmTaOyBaHHS JO3BOJISE
JOCSIT'TA BUCOKOI TOYHOCTI MPH MIHIMAIbHUX OOYMCIIOBAJIbHUX BUTpATax. 3aBIsSKU
CBOIM THYYKOCTI Ta €()EeKTUBHOCTI, LI MOJENIb 3HAXOAUTh IIMPOKE 3aCTOCYBaHHS B
PI3HHX TaTy3siX, BiJl MOOUTBHHUX JOJIATKIB 0 CKJIATHUX HAYKOBHUX JOCIITKECHb.

Xoua peanmizamis EfficientNet Mo)xe BuMaratv 3HaQ4HHUX PECypcCiB 1 3HaHb, ii
nepeBaru 3Ha4HO MEePEeBAXKYIOTH 11l TpyAHOII. BOoHA € 4y10BUM MPHUKIAIOM TOTO, SIK
1HHOBAIlll B JU3aliHI HEUPOHHUX MEPEX MOXKYTh CIPHUATH CTBOPEHHIO MOTYXHHX 1

BOJIHOYAC €()eKTUBHHX PIIIEHD JIJI1 00OpPOOKH BEIMKUX OOCSTIB JaHUX.

2.3. MeToay IITYYHOr0 30L/1bIIEHHS HA0OPA JAHUX JJI51 HCHPOHHMX
MepeK

OpHi€ro 3 BaXIJIMBUX MPOOJIEM MPU po3poO0Ill HEHPOHHOT MEPEkKl € HEOCTATHS
KUIBKICTh JTaHUX [45] Ta HEPIBHOMIPHICTH iX PO3MOJAUTY MK KJIacaMHu y HaBUYaJIbHIM
BuOipii. bpak maHux cyTTe€BO 3MEHINy€e €()EKTUBHICTH POOOTH CHUCTEM INTYYHOI'O
IHTEJIEKTY 1 MOK€ TPHU3BECTH [0 MEpEHABYAHHS, KOJM MOJENb J00pe MpaIfoe 3
HAaBUYAJbHOI BHUOIPKOIO, aje He MoOXe e(pEeKTUBHO O0OpoOJATH HOBI JaHi.
HepiBHOMIpHICTh MK KJlacaMH MOXK€ BHUHHMKATH B TakuX cdepax siK, HapHUKIA],
HepyiHiBHUM kKoHTpoib (HK) Ta miarHocTtuka. Ile moB’s3aHo 3 TUM, 110 B peaIbHUX
yMOBaxX BUPOOHHIITBA 1 EKCIUTyaTalii TEXHIYHHUX 3aco0iB AepeKTH MarepianiB Ta
BHUPOOIB MAIOTh PI3HY MPUPOTY BUHUKHEHHS, P13HI TEOMETPUYHI PO3MIpH Ta popmy, a
TaKOX pi3H1 YaCTOTH MOSBHU [46].

301UTbIIIEHHS HABYAJIbHOI BUOIPKU MOXKIIMBE 332 PaxXyHOK HasiBHOCT1 HEOOX1THUX

JTAHUX Y BUIKPUTUX JpKepesiax iHQopMarlii 4d MIISXOM IPOBEISCHHS J0JIaTKOBUX
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EeMIIPUYHUX JOocCHiKeHb. OmHak 3a3BUYail TMOTPIOHWX HABYAIBHUX BHUOIPOK Y
BIIKPUTOMY JOCTYIIl MPOCTO HE ICHY€E, a OOKET Ta Yac Ha MOMIOHI JOCTIHKEHHS
3aBkau ooMexxeHuit [47]. Llle ogHier0 MOXKIIMBICTIO PO3IIMPEHHST HAOOPY JTaHMX, SIKI
MOJKYTh OyTH BUKOPUCTaHI JIJIs1 HABYAHHS HEHPOHHOT MEPEXKi, € 3aCTOCYBaHHS METOIIB
IITYYHOTO 30UIBIICHHS X KUTbKOCTI. OJTHUM 13 TaKUX METOMAIB € ayrMEHTAIllsl TaHUX
[48,49].

AyrmeHTanis JaHuX — METOAM MiABUIIEHHS €(DeKTUBHOCTI HEHPOHHUX MEPEX
[IUISIXOM IITYYHOTO 301IBIIICHHST HA00PY JTaHMX, 110 BUKOPUCTOBYETHCS JIJIs1 HABYAHHS.
JlaHi METOIU MIMPOKO 3aCTOCOBYIOTHCS B TTMOOKOMY HaBYaHHI, OCOOJIMBO B raiysi
KOMITFOTEPHOTO 30Dy, 1€ BHKOPUCTOBYIOTHCS 3 METOIO IIJIBUINECHHS TOYHOCTI
HEUPOHHUX Mepek. KpiM TOro 3acTocyBaHHS ayrMEHTAIlll Ja€ 3MOTY PO3IIUPUTH
oOMexeHl Ha0opw JaHWX, 30UIBIIMTH PI3HOMAHITHICT, JAaHUX 1 YHUKHYTH
nepeHaBYaHHsS CUCTEM IITYYHOTO 1HTEIEKTY.

Bigomo Tpu HaiOUIbII TOMMPEH] NUSIXM peaizallii ayrMeHTallii: po3mupeHHS
HaOOpy JIaHWX, JIONOBHEHHS JJAHUX Ha JIbOTY, MTOETHAHHS ITOMEPEIHIX TTiIXO/TiB.

Posmmmpennss Habopy nanux. Pe3ynbTaTomM Takoi ayrMeHTallii € CTBOPEHHS
HOBOTO PO3IIMPEHOT0 3reHEPOBAHUMH BUTIAIKOBUMH TIEPETBOPEHHSAMHU HAOOPY TaHUX.
[IpoGnema Takoro miixoAy B TOMY, 1[0 BiH Jla€ UTIO31I0 BEJIIMKOI KUIBKOCTI JAHHUX,
OJIHAK TEHEPYIOUM BEJIIMKWUN HaBUaJIbHUN HAOIp 3 MaJOro HE BIACTHCSA 30UIBIIATH
3IaTHICTh MOJIENI /10 y3arajibHeHHs. Kpim Toro peanizaiiii Takoro miaxomy motpedye
3HAYHO OUTBIINX OOYMCIIIOBAHHX MOTYKHOCTEH.

JlonmoBHEHHS JaHMX Ha JbOTy. Ilpm TakoMy MmiAXoAl JaHi BHITAJKOBO
3aMIHIOIOTBCS Ha 3IE€HEPOBaHI OJHUM 3 METOJIIB ayrMeHaTallii He 30UIbIIYIYH
3araJibHUi  oOcar HaBuyainbHOi BuUOIpkH. ToOTO ayrMeHTOBaHI JlaHi YacTKOBO
3aMIHIOIOTh TTOYATKOBI.

Metoau ayrmeHTaiii JaHUX PO3AUISIOTh HA TPAJUIINHI Ta METOAU «UOPHOT
ckpuHbkn» (GAN — Generative Adversarial Networks). Tpaguuiiini, B cBoro 4epry,
MOAUIAIOTHCS HA TPYIU: METOIM a(hiIHHUX NEPETBOPEHD 300pakeHb (TaKi, sIK HOBOPOT,
MacimTabyBaHHS, 3CyB), KOJbOPOBOi Moaudikartii (TIiABUIIICHHS KOHTPACTHOCTI, 3MiHA

Oamancy O1I0TO, TIABUINEHHS PI3KOCTI  300paKEHHS), JOJABaHHA IIIyMY,
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BUKOPUCTAHHS METOAY BHUIAJAKOBOTO CTHpAHHS Ta 3MIIIyBaHHsS 300pakeHb [47].
AyrMeHTaIio JaHuX, 10 3acHOBaHa Ha BuKopuctaHHi GAN [48,50], 3a3Buyait
BUKOPHUCTOBYIOThH JJISl TEHEpallii HOBUX 300pakeHb, SIK1 Ty»e€ CXO0XKI Ha OPUTIHAJIBHI,
MEPEHECEHHS TEKCTYpH (CTUIIIO) 3 OJHOTO 300pakeHHs Ha iHie [49] Ta 3MilTyBaHHS
300pakenb [51]. Ilupoka HOMEHKJIATypa HasBHUX MPOLEAYp ayrMEHTalll JaHuX
00yMOBJICHA THM, ITI0 3aCTOCYBaHHS KOXXHOTO METOIy MOXE ITO-Pi3HOMY BIUIMBATH Ha
pe3yabTaT B 3aJ€KHOCTI BiJl 3a/1a4l Ta apXITEKTYpH HEHPOHHOI Mepexi [52].

Kpamux pesynbpTaTiB A0CATAOTh NUISXOM MiAOOpPY KOMOIHAIIA METOIB
ayrMeHTalli Jid KOHKPETHOi 3ajadi. AKTyaJdbHUM HaIpsMOM JOCIIJKEHb €
VAOCKOHAJIGHHS aJTOPUTMH aBTOMATHU30BAHOTO TMiA0Opy KOMOIHAIii METO/iB
ayrMeHTarii [53].

VY poboti [54] npencraBiaeHO BCEOIUHHUM OIS METOIIB 30UIBIIICHHS KUTBKOCTI
300pakeHb I IITMOOKOr0o HaBYaHHs. ABTOpU MOJUISIOTH X Ha TpU Kareropii — 0e3
MOJIeJIel, Ha OCHOB1 MOJICJICH Ta HAa OCHOBI TMOJITHUKMA ONTHMI3aIli. ¥ Kareropii 6e3
MOJICJIE BUKOPUCTOBYIOTHCSI METOJIU OOpPOOKM 300pa’keHb, a B METOJII Ha OCHOBI
Mojiejiell BUKOPUCTOBYIOThCS MOJIEN TeHepallii 300pa)eHb, 1110 HaB4daroTbes. [1iaxin,
[0 TPYHTYETHCS Ha TMOJITHUIIl ONTUMI3Allli, CIPSIMOBAHUM Ha MOIIYK ONTHUMAaIbHUX
onepauiii ado ix komOiHamii. Ha Hamry 1yMKy, HallO1LIbII IEPCIIEKTUBHUMHU € METOIN
Ha OCHOBI MOJIeJe Tenepailii 300paxens. Meron «SamplePairingy, o mpomnoHy€eTbest
B [55], 3acHOBaHMIi Ha TTOETHAHHI IBOX BUIIAJKOBO 00paHUX 300pakeHb y HaBUaIbHIN
BUOIPII, IPU YOMY, 111 300paKEHHS MOXYTh HaJIeKaTH JI0 PI3HUX KJIaciB. 3reHepOBaHe
B Takuil crmoci® 300pakeHHs BIHOCATH JI0 KJacy MEpIIoro oOpaHoro 300paKeHHS.
3acTocyBaHHS 1[bOTO METOAY JaJIO 3MOT'Y 3HU3UTH YacCTOTY IMMOMUJIOK MEPIIOro PiBHS
Ha 4,5%. Metoxa «Mixupy, onucanuii B po0oTi [56] - Mae Takuil caMuil TPUHIUI SIK 1
«SamplePairing», ogHaK MPUHAJIEKHICTh 10 KJIaCy BH3HAYAETHCS B 3aJCKHOCTI BiJ
JI0JII  TOYaTKOBUX 300pakeHb Yy pe3yibryrodomy. Taki metonu mgo0pe cebe
3apEKOMEH/IyBaJId 32 MaJuX BUOIPOK, 00 JalOTh 3MOTY 30UIBIIUTH OOCAT HaBYAIbHOI
BuOipku 10 N2, 1e N — KiJIbKICTh €IeMEHTIB o4aTkoBoi Bubipku. HemomikoM Takux
METO/IIB € BHECEHHS JI0JJaTKOBOT MOXUOKH, Yepe3 MaHIMyJISIIil 3 MPUHATICKHICTIO JI0

kiacy. Jlo mpukiamy, aBTopaM JIOBOJAWTHCS BUKIIIOUATH ayTMEHTOBAHI J1aHi 3 BUOIPKU
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Ha OCTaHHIX €M0Xax HaBYaHHS.

ABTOpu poboTH [57] 3anponoHyBav iBa METOU 30UTHIIICHHS JaHUX: OJJUH Ha
ocaoBl DWT, a inmuii Ha nepeTBopeHH1 noctiitHoi 1odpotHocti CQT. Makcumanbny
MPOJYKTUBHICTh TOKa3aB METOJ| 30UIbIIEHHS JaHuX 3acHoBaHWi Ha DWT nuie B
OJIHOMY 3 HaOOpiB JaHUX. AJTOPUTM SIBJISIB COOOI0 BUITAJKOBY 3aMiHy KOE(IIIEHTIB
BEUBJIET TEpPETBOPEHHS Koe(dillieHTaMH OJHOrO 3 II'ATH BHUIIAJIKOBO OOpaHUX
300pakeHb TOrO XK Kjacy. 3ampoIlOHOBaHI METOAM OyJju NEepeBIpeHI Ha YOTUPHOX
Habopax maHux. Pe3ymbraté AOCHiIKEHBb IMOKa3adl HEOOXiTHICTh BUKOPHUCTAHHS
JIOJATKOBUX MiTXO/iB 30UIBIIEHHS JaHUX, Y TOMY YMCJ 3aCHOBAHUX HA TITHOOKOMY

HaB4aHHI, TakuX K GANS, 1 Ha HabaraTo OUIBIIIN KITBKOCTI HA0OOPIB JaHUX.

2.4. MeToau OUIHKHA HEHPOHHUX MOJeJIel

[Ipu po3B'si3aHHi Oynb-IKOI 3a7adl 1HXKEHEp 3aBXKAU Xoue oOpaTu Hailkparie
pimieHHs. YacTo HE ICHYE€ TEOPETMYHOTO UM EMITIPUYHOrO apryMEHTy HajJaaBaTu
mepeBary IEeBHOMY aJTOPUTMY TpHU PO3B'S3aHHI KOHKPETHOI 3amadi. A CydYacHe
PO3yMIHHS MAIIMHHOTO HABYAHHS HE J03BOJISE 3 TMOBHOKO TEBHICTIO 3asBUTH PO
JOMIHYBaHHS Haj IHIMMH. ToMmy IJisi OUIBIIOCTI CKJIAAHMX 3a1ad HEOoOXiTHO
nepeBipsaTH poOOTy MEKUIBKOX KOHKYPYIOUMX MOJENel, 100 BUSIBUTH HaWKparli
pe3yibTaTH.

e y 30-x poxax JlapcoH 3ayBakuB, 1110 MAllIMHHE HaBYaHHSI Ta OI[IHKA MOJIENI
Ha OJHAKOBHMX JIaHMX JIa€ HAJITO oNTUMICTHYHI mporHo3u [58]. A Mosteller 1 Tukey
3ayBaKUJIM 1110 TECTYBaHHS aJITOPUTMIB Ha “HEBIAOMUX’’ MOMY JTaHUX A€ MOXKJIUBICTh
3pOOUTH XOPOUTY OLIHKY MPOJIYKTUBHOCTI [59].

[Ipu BupilIEHH] peadbHUX 3a7a4 3aBXKIH ICHYE JIUILE JIessKka 00MeKeHa KUIbKICTh
JaHUX, TOMYy OyJIO BUpIIIEHO pO30MBAaTH HasBHI /aHi HA JIBl YACTUHU HAaBYaJIbHY Ta
Baijamiiiny (tectoBy) BuOIpKy. HapuanmpbHa BuOIpKa BUKOPHCTOBYETHCA TIPH
HaBUYaHHI, BaJliaIiiiHa JIMIIIE TTPU TIEPEBipIli TOTOBOT MOJETI.

ITi yac HaBYaHHS HEHPOHHOI MOJIETI1 OJTHUM 13 (PaKTOPIB, K1 YMHSATH BIUTMB Ha
TOYHICTh MOJIETI, BUCTYNAa€ BUMAAKOBICTb Yy (OpMyBaHHI IOYATKOBUX Bar Ta

PO3/IIJICHH] JaHUX HA HaBYAJIbHY Ta Bajijaniiny Bubipku [60]. [lepiia BunajakoBicTh
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JOJA€TbCSl  LUISIXOM ~ JKOPCTKOTO — HaJNAIITyBaHHS  alrOpUTMy  TE€HEeparopa
NICEeBJOBUIMAIKOBUX uuced. [lns momonaHHs Jpyroi BUKOPUCTOBYIOTH IPHHIIMII
kpocBamigamii (k-fold Bamimamii), skuii 6a3yeThcsi Ha BHUIIAJIKOBOMY PO30MTI BCiel
BuOipku Ha k uactun (puc. 2.13). IlocnigoBHO KOXXKHA YacTUHA BIJITPAE POJIb
BaJiAaliiiHol BUOIpKH, a 1HII BUCTYNAalOTh B POJi HaBuajgbHOI. ToMy, B pe3yibTaTi
OJIHOTO TakKoro HMKIYy Oyae orpumaHo k Mojenel, Mo Ja€ MOXJIMBICTH IMOJ0JIATH
edekr “macauBoi BHUOIPKM~®, a TaKOX J1a€ 3MOry BUKOPUCTOBYBaTH METOJIU
CTaTHUCTUYHOI 00poOKHM cykymHOcTei. [IoBTOpHI HMUKIM KpocBaimigamii MiABUIIYIOTh
TOYHICTH OIIHKK HEHPOHHOI Mepexi. B pamkax excriepuMeHTy OyJio0 TpOBEIEHO 1o 3
MMOBTOPHUX ITUKIIIB 3 PO3JAUICHHSM JIaHUX Ha 5 9aCTHH, IO B Pe3yIbTaTi TPUHECIIO IO
15 moaeneit 11 KOXKHOI 3 MOPIBHAIBHOT KaTeropii.

waent (0 0 OJO O OJo 0 OJo0OJo 0O
w00 000 0Jo0clooojoo0
w200 0Joocfooclooojooo
- [00OJoocJoocjpodjooo
ws(000J00CJoocjooojooo
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Training Set Validation Set

N4

o —

—

Puc. 2.13. Bizyanizauis npuHIHUIy KpocBaiiganii HeHpoHHUX Mepex. Kpyru
NPEJCTABISAIOTh JaHi, MPSIMOKYTHUKH YaCTHHHU Ha K1 po36uta BuOipka. Ha koxHii iTeparii
3MIHIOEThCS Bajigaliina BUOipka — CHHI IPSIMOKYTHUKU Ta HaBYajbHA BUOIpKa — Ol

IPSIMOKYTHUKH.
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BUCHOBKMU 10 PO3IIJTY 2

1. MeToau KOMILJIEKCYBaHHS 300paKeHb JIONMOMArarTh MOETHATH 300paKeHHS
PI3HHX MOJAIBHOCTEH B €IUHY KapTHHY, IO /1€ MOXIIUBICTH BHUKOPHUCTOBYBATH
HasiBHI METOAM 0OpPOOKH 300pakeHb JJIs 3a]1au JIarHOCTUKU JOPOKHBOTO TMOKPHUTTS.
['onoBHOIO TMepeBaror0 BUKOPUCTAHHS CaMe KOMIUIEKCYBaHHS 300pa)KeHb IS L€l
I, 1 30UIbleHHS 1HGOPMATUBHOCTI  PE3YJbTYIOUOrOo  300pa)KEHHS, IO
OTPUMYETHCS TICIIs BUKOHAHHS OTepariii KOMIIJICKCYBaHHS.

2. Y XOIHOMY METOAl KOMIUIEKCYBaHHS 300pa)keHb HE OYyJI0 BHKOpPHUCTAHO
MEXaHI3M aJalnTUBHOTO BU3HAYEHHS YACTKW OPHUTIHAIBHUX 300paXeHb B
pPe3yNbTYyI0YOMY, IO Aajo © 3MOry MHiABUIIUTH 1H(OOPMATHUBHICTH PE3YJIbTYIOYOTO
300paXeHHS, 3SMEHILYIOYH YaCTKy HE 1H()OPMAaTUBHOTO OPUTIHAIBLHOTO 300paKeHHSI.

3. OCHOBHOIO METPHKOIO /I BHU3HAYCHHS 1H(QPOPMATHUBHOCTI 300paKeHb €
entpomnis [llenona. L{s meTpuka 103B0JIsI€ 3 BACOKOIO TOYHICTH 00'€KTUBHO OILIIHIOBATH
1H(pOpMaTUBHICTh 300paKe€Hb, AIBTEPHATUBOIO O IIIE] METPUKH € ONMHUTYBAHHS, aje
BOHO Ma€ Cy0'€KTHBHY MOXHUOKY 1 BUCOKI BUTPATH 4Yacy.

4.V 3agavyax aBTOMaTH3alli1l 11arHOCTUKHU JOMIHYIOTh METOJIM Ha 0a31 rIMOOKUX
HEWPOHHHUX MEPEXK 3 3rOPTKOBUMU Oiokamu. 1{e 00yMOBIIEHO BHCOKOIO €(DeKTUBHICTIO
orepallii 3ropTku npu oOpoOili Ta aHami31 300pakeHb, 38 PAXyHOK MacoBOi 00pOOKH
MAaKeTy IMIKCEIIB 3aMICTh MONIKCEIbHOI 00POOKH.

5. OcHOBHUM MeTOOM OOpOTHOM 3 MEPEHABYAHHSIM Ta OpakoM JaHUX IS
HaBYaHHS HEHPOHHOI MEpexki, 0 He IMOoTpedye po3pOoOKH HOBOI apXiTEKTYpH, €
ayrMeHTanis jganux. I[li meTroaw 37aTHI CTBOPIOBAaTHM HOBI JaHI 3a PaXyHOK
NIEPETBOPEHHS HASIBHUX, IO JI03BOJISIE 30UIBIINTH PI3HOMAHITTS HABYAJIbHOT BUOIPKH.
JlocmiIKeHHS TTOKa3yIOTh 1110 BUKOPUCTAHHS KOMOIHAIIN PI3HUX METO/IIB ayrMeHTaIlli
nigBuIy€e e(heKTUBHICTh HABYAHHS Ta 3MEHIIY€E MEPEHABUYAHHS HEUPOHHUX MEPEK.
Hapasi 6inbIIicTh ICHYHOUMX METOIB ayrMEHTaIlll po3pOoOsIuCh sl 300pakeHb
BUJIMMOTO CIIEKTPY, TOMY CHEl1aTi30BaHUX METO/IB Mij, HANPUKIIAJ, 1HhpauepBOHUN
CHEKTp 300pa)k€Hb HEBEJIMKAa KUIBKICTh, LIO0 YCKIAAHIOE pPO3pOOKY KOMOIHAIIN

ayrMeHTaIlii, siki 3a0e3neuyoTh HaHOUTBIIHNI ePEeKT 715 TAKHX 300paeHb.
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PO3/1JI 3. Po3poOka Ta oniHKa MeTOAIB ayrMeHTalliil Ta
KOMILIEKCYBAHHS 300Pa’KeHb

3.1. Po3poOka MeToay ayrmeHTauii Ha 0a3i KOMILIEKCYBAHHS
300pa:KkeHb 3 BellBJIEeT epPeTBOPEHHAM

Sk Oyyo moka3aHO B MEPIIOMY Ta JPYroMy po3jliax iCHye mpobdsiiema BUCOKOI
LIHA 300py BHMCOKO SIKICHUX HAOOpiB JaHUX JUIsl HAaBYAHHA HEHUPOHHUX MeEpex. 3
METOIO PO3B'sI3aHHSI TaHO1 MPoOIeMH OYJI0 pO3pO0IEHO METOIUKY ayTMEHTAIlli JaHUX
11 30UTBIICHHS X KUTBKOCTI Ta pi3HOMaHITTS. Ha 11eif yac icHye HeBenMKa KiIbKICTh
METO/IIB ayrMEeHTallii CIeliagbHO pO3pO0IECHUX M1 TETUIOBI31MHUX 3HIMKIB 1, SIK OYJ10
BHUCBITJICHO BHIINE, KOMOIHAIM PI3HUX METOMIB 3JaTHI 3HAYHO IIIJBHIIUTH
e(eKTUBHICTh HaBUaHHA. ToMy, TIPOMOHYETHCS PO3MVISHYTH BUKOPUCTAHHS
KOMIIJIEKCYBaHHsI 300pakeHb Ha 0a31 BEUBJIET MEPETBOPEHHS, SIK OJTHOTO 3 HAKpaIInX
HassBHUX METOJIIB, JIs TpaHcopmaIlli TETUIOBUX 3HIMKIB 3 IIJUTIO peaizailii MeTO/IiB
ayrMeHTallii. 3amporoHOBaHUI METOJi MOKHA BIJIHECTH 1O METOJIB 3MIIIyBaHHS
300pakeHb, OJHAK, Ha BIAMIHY BIiJ OINHWCAHUX BHUIIE MPOUEAYpP 3MIIIyBaHHS
300pakeHb, KOMILJIEKCYBAHHS HE JOIYCKA€ 3MIIIYBAaHHS 300pakeHb PI3HUX 00’ €KTIB
OJIHOI'O KJIaCy Ta 3MIHU IPUPOAHUX O3HAK OJJHOTO 00’ €KTa y 3MIIIAHOMY 300pakKeHHI.
[Tpuknamom Takux 3MiH MOX€E OyTH BUKOPUCTAHHS 300paK€Hb PI3HOI MOJTAIBHOCTI, 3
pizHEM (OKycOM, 300pakKeHHs 3pOOJICHI 3 YaCOBOIO 3aTPMMKOI0. B mpoBeneHux
JOCTIKEHHSAX BUKOPUCTaHI 3MIHU 300pa)K€HHS, sIKI OOYMOBIICHI BJIACTHBICTIO
HArpiToOro TijIa 3MIHIOBATH CBOIO TEMIIEpATypy B Yacl Ta TPEMTIHHSIM PyK orepaTropa
[1]. Onni€ero 3 TOJIOBHUX IEpeBar TAKUX METO/AIB € MOMKJIUBICTh 30araueHHs JaHUX
3aBJIIKU 30UIBIICHHIO iX 1H(POopMaTUBHOCTI [2].

[Ipotiec nepeTBOpeHHs 300pa’KeHHS AJI 3aPONOHOBAHOI0 METO1Y ayrMEeHTallii
CKJIQJIAETHCS 3 HACTYITHUX €TalliB:

1. /IBa 300pakeHHsI OAHOTO 1 TOrO caMoro 00'€KTy, 3 HEBEJIIMKUMU IIPUPOTHUMHU
3MiHaMU, PO3KJIAIal0ThCS HA BEHUBIIET KOS(ILIEHTH:

W, = wavelet(A); Wz = wavelet(B), (3.1)

ne A 1 B - mouaTtkoBi 300paxkeHHs, wavelet - BeliBieT nepeTBopeHHs, W, ta Wy -

OoTpuMaHi BeiBieT KoedilieHTH 300pakeHb.
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2. BUKOHYETbCS 3BOPOTHE BEHBIET TIEPETBOPEHHS Il KOE(DIIieHTIB,

OTPMMAHHUX B PE3YJIbTAT] YCEPEAHECHHS BEHBIIET KOS(IIIEHTIB BX1THUX 300pa’KEHb:

) (W a+Wg)
Faug = lnverséyqyelet (%)9 (3.2)

e INnverseyqvelet - 3BOPOTHE BeWBiET neperBopeHHs, W, ta Wp - BeuBier
KOE(IIEHTH BXITHUX 300paKeHb, Fyy g - PE3YNIBTAT ayTMEHTALIII.

CxeMaTuyHO MpoIleC MePEeTBOPEHHS 300pa’keHHs MTOKa3aHo Ha puc. 3.1.

JoGpaKeHHnR Benenet
1 NepeTeEopeHHA
-
kL
[
AYTMEHTORAHE
KomnnekcysaHHa
o sofipaseHHnA
[
%
JoGpaKeHHnR Benenet
2 NepeTeEopeHHA

Puc. 3.1. [Ipouec ayrmenTariii Ha 6a3i KOMIUIEKCYBaHHS 300pa’keHb 3 BEUBIIET

MIEPETBOPEHHIM

3.2. Oninka MeToay ayrMeHTauil Ha 0a3i KOMILIEKCYBAHHS
300paKkeHb 3 BelBJIET MEPETBOPEHHAM

3.2.1. Onuc JaHuX 11 IPOBEACHHS €KCIIEPUMEHTY

Jlst peanizariii eKCIIepUMEHTY 3 TOCHTIIKEHHS €PEKTUBHOCTI KOMIUICKCYBaHHS
TepMorpamM OO ’€KTIB ISl ayrMeHTaIlli HaBYadbHUX AaHuX Oyno orpumano 400
iH(ppavepBonux (IU) 300pakeHh YOTUPHOX KAaTEropid BiJl TECT-00’€KTIB 3 IMITAIII€I0
nedeKTIB THMY MOPOKHUH Yy (opMi — KpYT, KBaapar, TPUKYTHUK, Ta 0e3 nedexry.
TecToBi 3pa3ku Oyi0 BUTOTOBJIEHO 3 T€TUHAKCY, TJIMOWHA 3aysiTaHHs 1e(PEKTIB Bijl
MOBEpXHI CTaHOBUTH 2 MM. [Ipukianu OTpUMaHUX TepMOTpaM TECTOBHX 3pa3KiB

HaBEJICHO Ha puc. 3.2.
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LA

Puc. 3.2. [lpuknaau TeIIoBUX 300pakeHb PI3HUX KaTEropil: a, b, ¢ — TECTOBI 3pa3Ku 3

iMiTani€ero GopMu AedeKTiB TUILY KPYT, TPUKYTHHUK Ta KBaApaT BIANOBIIHO; d — O6e31edexTHH
TECTOBUH 3pa30K
Koxna kareropis ganux mictuth 100 300pakeHb, siKi OyJIM OTpUMaH1 CepisiMU
3a HACTYMHOIO Ipolieayporo. 3pa3ku HarpiBayiu [Y enekTpoobirpiBaueM, micis 4oro 13
3aTPUMKOIO (IEKUIbKa JIECATKIB CEKYH ) Ta 0€3 mTaTuBa 3a J0MOMOI0I0 TEIJIOBI130pa
poOMIM 3HIMKH, WIO0 OOYMOBWJIO HASIBHICTH HEBEIHKUX BIIMIHHOCTEH MIX

300paKeHHSIMU OJTHIET cepii.

3.2.2. Peasizanisi eKClIEPUMEHTY

ExcriepuMeHT monsiraB 'y TMOPIBHSUIBHOMY aHali3l JEKUIbKOX METOMIB
ayrMeHTallii, a caMe, METOAy Ha OCHOBI JojaBaHHA Iymy, SamplePairing, metony
BUIMAIKOBOI 3aMiHU KoediuieHTiIB DWT ta MeTony KOMILIEKCYBaHHS 300pa)K€Hb Ha
ocaoBi DWT [2]. JInsg KOHTpOJBHOTO 3pa3Kka EKCIEepUMEHT OyB MOBTOpEHUU Oe3
3aCTOCYBaHHS ayrMEHTaIlil.

Sk MeTonMKy aHaji3y OIIHOK TOYHOCTI HEMPOHHUX Mepexk Oyio oOpaHO Kpoc
BaJliJlallif0, Yepe3 HEeBEIWKY KUIbKICTh JaHMX BOHA 3/1aTHA  30UIBIIUTH
pENpPEe3eHTATUBHICTh EKCIIEPUMEHTY.

B skocti apxitekTypu HeHpoHHOI Mepexi obpaHo cTpyktypy AlexNet [3],
MalIMHHE HaBYaHHA TpoxoauTh 30 enox. AlexNet — kj1acuyHa apXiTeKTypa HEMpOHHOI
MEpEexXi JJIsi CUCTEM KOMIT'IOTEPHOTO 30Dy, sKa 3a0e3nedye JOCTaTHIO TOYHICTb IS
PO3B'sI3aHHS MPOCTUX 3a/a4 (HapUKiIaa, BU3HaA4UeHHs popmu 00’ €KTiB). Pazom 3 rium
11 apXITEKTypa Ma€ MOPIBHAHO HEBEIMKY KUIBKICTh apameTpiB (60 MUTBbIHOHIB), 1100
OyTH e(EeKTMBHOI MpU MajuX HABYAIBHUX BUOIpKax, 1 HE MNOTPeOy€e BEIMKHUX

OOYHUCITIOBAILHUX TOTYXXKHOCTEeH. MeTa HaBuaHHS — Kiacu]ikailiss 4YOTUPHOX THUIIIB
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TETJIOBI3IMHUX 300paK€Hb BIJIMOBITHO 10 YOTHUPHOX Kareropii nedektie Ha [Y
3HIMKaX. MeTpHKor sKOCTI Oyio obpaHo TouHicTh knacudikarii (3.3) 300pakeHb
HelpoHHUMH Mepekamu. [lin yac HaBuUaHHS MICHA KOXKHOI €MOXH BiAOyBajach
nepeBipKa TOYHOCTI BapialliiiHoi BUOIpKHU J1sl 30€peKeHHs Bar Mepexki 3 HalKpaloro

TOYHICTIO.

accuracy = %, (3.3)

ne N — 3arajgpHa KUIBKICTh 300pakeHb, Nipyue — 3arajbHa KUIBKICTH TMPaBUIIBHO

KJ1acu(iKOBaHUX 300paxKeHb.

3.2.3. AHaJi3 pe3yJbTaTiB A0CJiIKEeHHA

Pesynbrat ekcrepruMeHTy Ta OIIHKA TOYHOCTI Kiacugikallii HeMpOHHUMU
MepexaMy BajlijaliifHol BHOIPKK B 3aJIC)KHOCTI BiJI METOAy ayrMEHTallii, a came,
noaaBaHHs mymy, SamplePairing, meToay BumaakoBoi 3aminu koedimientiB DWT Ta

METO/ly KOMILJIEKCYBaHHsI 300paxkeHb Ha ocHoBI DWT, HaBezneni Ha puc. 3.3.

90 - BB _‘_

[#2]
(=]

|
(=]
]

[¥,]
o
|

Accuracy of defect classification, %
[=)}
(o]

£
o
'

30 - —

Without augmentation Image fusion Noise Random replacement DWT SamplePairing
Data augmentation methods

Puc. 3.3. KopoOkoBi miarpamu To4HOCTI Kiacudikamii BaxigamiitHol BUOIPKH B 3aJIEKHOCTI

BiJl TUIy ayrMeHTalil HaB4ajdbHOi BUOIpKU. HIKHS Mexka 3aMKHEHOI MPSAMOKYTHOT 00J1acTi
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BIJIMOBI/Ia€ MEPIIOMY KBapTUIIIO, BEPXHS MeXa — TPEThOMY KBapTHIIIO, IICHTpAIbHA JIHIS — MeiaHi.
Sx BUAHO 3 JiarpaM, XapakTep pO3IMOJUTy TOYHOCTI Kiacudikalli TecToBOi
BUOIpKU € HerayccoBuM. Uepe3 HEHOPMaJbHHM po3Moiil BUOIPOK 1 MOTEHIINHY
HAsBHICTh BUKHJIIB, K METOJ| MOPIBHSHHS IUX BHUOIpOK, OyB OOpaHUil KpuUTEpiii
Kruskal-Wallis [4], sikuii € HemapaMeTpUYHUM KPUTEPIEM TMEPEBIPKH TINOTE3H, MPO
PIBHICTh M€Jl1aH JIeK1IIbKOX BUOIpOK. /{7151 iboro kputepiro HyboBotO rinoTe3or HO €
BIJICYTHICTh 3HAYHUX BIAMIHHOCTEH MK CYKYITHOCTSIMH TOYHOCTEH Kiacuikari..

CratucTuka KpUTEpiro BU3HAYAIACh 32 (hOopMyITotO:

12

H=3a

R?
T 30+, (3:4)

ne k — KUIbKICTh Ipyll BUKOPMCTAaHMX MpHU MOPIBHSAHHI, N — 3arajibHUN poO3MIp
CYKYITHOCTI, 1; — pO3Mip CYKYITHOCTI JUId i-i TpynH, R; — 3arajgbHa KUIbKICTh PaHTIB i-i
rpyImu.

s woTuprox ctyneHiB cBooonu (df = 4) 3HaueHHs 11i€i cTaTUCTUKY ckiano H
= 36.17; cratucTU4YHa 3HAUYYUIICTh (Sig.) oTpruMaHa 0113bK0I0 10 0.

OTpumaHuii piBEeHb 3HAYYIIOCTI MEHIIMH 3a TPOMHUCIOBUU CTaHAAPT P-
3HaueHHs Ha piBHI 0,05, Tomy HynboBa rimore3a HO mpo BiACYTHICTh 3HAUHHUX
BiIMIHHOCTE MDX BuOIpkamu BiaxwieHa. OTxe, BIIIMIHHOCTI MDK BUOIpKaMu
3Hauymli. ToOTo, 3aMeKHICTh MK METOJIOM ayrMEHTaIlli Ta TOYHICTIO Kiacudikartii
CTaTHUCTUYHO JIOBEJICHA.

PosrisiHeMo pe3ynabTaT 71 KOKHOI KaTeropii B MOPSAKY 3pOCTaHHS MeiaHu
TOYHOCTI.

ETanonHa BMOipKa HaBuajach Ha JaHUX Oe3 BMKOPHCTaHHs ayrMeHTarii. i
MeIlaHHa TOYHICTh CTAHOBUTEL 56%.

Meton SamplePairing, oTpumaB 3Ha4€HHS TOYHOCTI Ki1acudikallii 3a Me1iaHOr0
56%. Moxemo 3poOMTH BHCHOBOK IO IIEd METOJ Mailke He MOKpPAIIMB TOYHICTh
Kjacuikanii, Xxo4a il MiIHIMAJIbHE 3HaY€HHS 3HaYHO BUIIIE HI)K B €ETAJIOHHOMY BapiaHTi.

Jns merony 3amymiieHHsT MeniaHa ckiana  68.7% Ttounocti. Ileit meton
ayrMeHTaiii OyB oOpaHWW M OTPUMAHHS ETAJIOHHUX IMOKA3HWKIB TOYHOCTI TpHU
BUKOPUCTAHHI CTAaHJAPTHUX METO/IIB ayrMEHTaIlli.

[Ipu BUKOpHCTaHHI KOMILIEKCYBaHHs 300paxkeHb oTpumaHo memiany 71.2%. B
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MOPIBHSHHI 3 METOJOM 3allyMJICHHS MejlaHa TOYHOCTI Bupocma Ha 2.5%, a y
MOPIBHSHHI 3 BUMAAKOM Kiacudikarii 6e3 ayrmenTaitii — Ha 15,2%.

Jns Merony BuIaakoBoi 3amiHu koeditieHTiB DWT orpumano MemiaHHUN
MOKa3HUK TOYHOCTI 77.5%. B 1IboMy BUTIQIKy OTPUMAHO MPHUPICT MEIiaHH TOYHOCTI
Ha 5.3% B MOpPIBHSHHI 3 KOMIUIEKCYBAaHHSM, OJHAK SIKIIO MEPEryiiHyTH pHUC. 2,
no0auyuMo, 110 TOKa3HUKM TOYHOCTI JIBOX Kareropid Maike MOBHICTIO
MIEPETUHAIOTHCS, TOMY JIOIUIHHO MEPEBIPUTH YA € MK HUMHU CTATUCTHUYHO 3HAUYINA
BimMiHHICTB. J[J1s 1bor0o ckopucTaemocs: kputepiem Kruskal-Wallis, ane temep murie
st 1BOX BHOIpok. H-ctaTtucTuka ckimana 2.24, cTaTUCTHYHA 3HAYYMICTH (Sig.) Ha
piBHi 0.14. p-3Hadenns 3Ha4HO OUTbIIE (.05, TOMY HYJTHOBY TIIIOTE3Y MPO BIJACYTHICTH
3HAYHUX BIJMIHHOCTEH MK BHUOIpKaMH HE MOKHA BIIKMHYTHU. OTXKeE, CTATUCTUYHO
3HAYYIIOI BIAMIHHOCTI M’k BUOIPKaMH TOYHOCTEH JIBOX KaTeropiii HeMae.

MeTton KOMIUIEKCYBaHHS 3aBISKH TaKUM CBOIM BJIACTHUBOCTSIM, SIK 37aTHICTh
00’€THyBaTH MYJbTUMOJIAJIbHI JIaHI Ta MOXJIMBICTH MiABUIIEHHS 1H(OPMATUBHOCTI
JUISL pe3yJIbTYIOUMX 300pakeHb [5], a TakoX, 3aBASKM MEHIIN aaropuTMIvYHIN
CKJIQHOCTI B TOPIBHSHHI 3 METOJOM BHIMAJAKOBOI 3aMiHU KOE(QILIEHTIB, MOXKE
BUKOPUCTOBYBAaTUCh B SKOCTI OLIbII €(PEKTUBHOIO IHCTPYMEHTY JUIsl ayrMEHTalli
JAHUX Ta iX 30arayeHHs.

Jlnis O1bI 1€TadbHOTO aHAJI3y MOXKIIMBOCTEH 3aCTOCYBAaHHS KOMIUIEKCYBaHHS
300pakeHbh B SIKOCTI METOJa ayrMEHTaIlli JaHUX JOIIILHO JOCIIIUTH 3aJIeKHICTh
TOYHOCTI Kiacuikamii BiJ KUIBKOCTI ayrMEHTOBAHUX 300paK€Hb B HaBYAIbHIM
BUOIpII. 3 II€I0 METOO OYJIO HABUEHO HEMPOHHI MEPEKI 32 METOAUKOIO KPOCBaJiaITii
JUIs BUOIPOK 31 3MIHHUM BIJICOTKOM ayrMEHTOBAaHHMX 300paxkeHb, mo 30 mepex s
KOXKHOT'O BiIcOTKa. Pe3ynbratu kinacudikaiiii 300paxeHHi B 3aJI€KHOCTI1 Bl KIJTbKOCTI
ayrMEHTOBAaHUX 300pa)k€Hb HABYAJIBLHOI BHOIPKH, IO 3MIHIOBajIach 3 KpokoM 20%,

HaBEJICHO Ha puc. 3.4.
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Puc. 3.4. Kopo6xoBi fiarpamu TOYHOCTI Kiacudikanii BaianiiHoi BUOIPKH B 3aJI€KHOCTI

B1JI KUTBKOCTI ayTMEHTOBaHHUX 300pa)kKeHbh HaBUYAJIbHO1 BUOIPKH.

[Ipu 20% ayrmeHTOBaHMX 300pa)keHb BiJ 3arajbHOi KIIBKOCTI BiJIOYyBAETHCS
PI3KUH picT MeaiaHu, MpUpICT ckiaB 17% B MOpiBHSAHHI 3 BUOIPKOIO 6€3 BUKOPUCTAHHS
ayrMmenTaiii. [loganbin 30UIbIIEHHS HE MPU3BENM JI0 3HAYHOTO POCTY TOYHOCTI.
Haiikpamuii pesynprar oTpuMana BuOipka 3 80% ayrMeHTOBaHHUX 300pakeHb
(npupict 22%).

OTpumaHi pe3yJbTaTH YAaCTKOBO BHPIIIYIOTh HAasgBHUU HEAOJIK  METOIY
KOMIUIEKCYBaHHs, a caMe, Al OTPUMaHHS 3HAYHOTO MPHPOCTY TOYHOCTI HeMa
noTpedu MaTu JeKiIbKa 300pakeHb JJIs1 KOXKHOro 00’€KTy B HaBYalIbHINA BuOipii. B
AesiKkuX 00JacTSIX 3acTOCYBAaHHS, HANpHUKJIaA, NP aBTOMATU30BAHOMY KOHTPOIII

JOPOXKHBOT'O MOKPUTTS, 1€ € JOCUTh PECYPCOBUTPATHHM.

3.3. Po3po0ka MeTOoay KOMIJIEKCYBAHHSI 300Pa’keHb 3 a1alITHBHUM
BH3HAYEHHAM Bar

AHaN3yI04M ICHYIOYl METOJIM KOMIUIEKCYBaHHS Ta OTPUMaH1 JaHl 3 JaTYMKIB
1OoCTae€ THUTAaHHS BiJICYTHOCTI BH3HAYEHHS YACTKH KOXXHOTO 300pakKCHHS B
pe3ynbTyrodoMy. Tak KomM dYacTka 3aBajl Ha BUANMOMY 300pa)XeHHI OibIna
JIOT1YHIIIIE 32 OCHOBY OpaTH TEIUIOBE 300paK€HHsI 1 HaBMakH. Sk moka3aHo B po3/ii 2

ICHYIOTh METOAM SIKI 37aTHI BpaxOBYBaTH BaroBi KOEPIIIEHTH MPHU KOMIUIEKCYBaHHI
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300pakeHb, OJHAK, MPOoOIeMy €(hEeKTHBHOTO BH3HAYCHHSI BaroBUX KOEQIIIEHTIB HE
BUpIIIeHO. TOMy MPOMOHYETHCS PO3MIISTHYTH METOJ KOMIUIEKCYBaHHSI 300paKeHb 3
aJanTABHUM MiAOOpOM BaroBux KoedimieHTIB. SIkuii moenHye B €001 aJanTHBHI
BHU3HAYAHHS Bar BUKOPHUCTOBYIOYHM 3rOPTKOBY HEHPOHHY MEPEKY, IPHUHIIMIT BaroBoi
perymsIii Ta KOMIJIEKCYBaHHS Ha 0a3i BEHBJICT MEPETBOPEHHS.

[lepeBaramMu JaHOTO MiAXONY €:

IHokpameHna 3xaTHicTh 30epe:keHHsl iH(opMauil. 3apONIOHOBAHUN METOJ
BUKOPHUCTOBY€E /JallITUBHE KEPyBaHHS BaraMu Ha OCHOBI BEHBIIET-KOS(IIIE€HTIB, AKeE
JI03BOJISIE ONTUMAJIBHO 30epiratéu BaXKIUBY 1H(OpMAIIiI0 3 000X BXITHUX 300paKEHb.
Hetliponna mMepexa MOKe€ BHU3HAYHUTH, SIKI OCOOJIMBOCTI B KOKHOMY 300pa)KEHHI €
HaWBaXIIMBINIMMU, Ta BIAMOBIAHO KEPYBATH BaroBUMH Koe]ilieHTamMHu, 110 30UTbITy€e
1H(QOPMATHBHICTH 3JTUTOTO 300paKEHHSI.

I'nyukicTh Ta aJanTHBHICTBL. 3aBISKA BUKOPUCTAHHIO HEHPOHHUX MEPEK,
METOJI MOKE€ aJanTyBaTUCS O PI3HUX THUIIB JIaHUX Ta CIEHApiiB 3aCTOCYBAaHHS 0e3
noTpeOu B pyYHOMY HaJIAIITYBaHHI MapaMeTpiB JIJIs KOXKHOTO OKpeMOro BUNaAKy. Lle
poOUTH MeTOA OLIBII THYYKHUM 1 IIKPOKO 3aCTOCOBHUM Y TIOPIBHSIHHI 3 TPaAULIIMHUMHU
METOJaMH, SKi YacTO BUMAararoTh CICHU(pIYHINX HAIAMTYBaHb ISl KO)KHOT'O HOBOTO
THUITY 300pakeHb a00 3MIHU YMOB.

IokpamenHsi AKOCTI 300pa:xkeHHsi. BUKOpPUCTaHHS BEUBJIET-NEPETBOPECHHS
normomMarae e(heKTUBHO BIJOKPEMIIIOBATH KOPUCHY iH(popMaIliro Bif mrymy. Heiiponna
Mepeka MOXKE HAaBUYUTHUCS 1IEHTU(IKYBATH Ta BUKIIOYATH IIIyMOBI KOMIIOHEHTHU TIPH
oOuuciIeHH1 Bar Jyisi KOe(Ili€HTIB, 110 CIIPUSE€ CTBOPEHHIO YUCTINIOTO 1 BUPA3HIIIOTO
3IIUTOTO 300pa’KEHHSL.

IlinTpumka ckaagHux 3ajexnocreil. HeliponHi Mepexi 37aTHI MOJEIIOBaTH
CKJIQJIH1 HEJIIHIMHI 3aJIe)KHOCT1 MK BX1IHUMHU JIaHUMHU, 1[0 € KOPUCHUM MpH 00poOIIi
300pak€Hb 3 BUCOKUM CTYIIEHEM CKJIQJHOCTI Ta Pi3HOMAaHITHICTIO OCOOJIMBOCTEH.

MaTteMaTHYHO TaHWW METOJ MOXKHA OIMCATH TAKUM YHHOM:

1. CnoyaTKky BUKOHYEMO BEUBIIET-IIEPETBOPEHHS 151 KO)KHOT'O 300paKEHHS IKE
MU XO0UE€MO KOMIIJICKCYBaTH:

W, = wavelet(A); Wy = wavelet(B), (3.5)
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ne A 1 B - mouaTkoBi 300paxkeHHs, wavelet - BEWBIET epeTBOPEHHS,
2. Heiiponna mepexxa NN BUKOPHCTOBYETHCS JIJIi BH3HAYCHHS BaroBUX
Koe(IlLI€EHTIB HA OCHOB1 BEMBJIET-KOE(PIIEHTIB:

a, B =NNW,, W;g;0), (3.6)
7e o Ta B € BaroBUMHU KoeilieHTaMu JJIsl KOKHOTO BelBier-koedimienta W, ta Wy
BIJIIOBIJIHO, @ TO3Hayae mapaMeTpy HEUPOHHOI MEpexXi, Kl ONTUMI3yHOThCA IS
MakcuMmi3alii iHpOpMaTUBHOCTI PE3yIbTYHOUOr0 300pakeHHs F.

[{inboBa GyHKIIS JUIsT ONTUMI3AITIT:

O x= argmaxgyH(F), (3.7)
ne H(F) — entpomis Illenona 306paxenns F.

3. 3auTTs 300pakeHb 3A1HCHIOETHCS 3 BUKOPUCTAHHSIM BaroBux Koe()irieHTiB:
F = inverse,,qpeiec (@ Wy + B - Wp), (3.8)
Ie inverse,qpelet - 3BOPOTHE BEUBIJIET NMEPETBOPCHHS, SIKE MEPETBOPIOE BEUBJIECT-
Koe(illieHTH Hazajg y MPOCTOPOBUM JIOMEH it (OpPMYBaHHS Pe3yJbTYHOUOIro

300paxkenss F, W, ta Wy - BeiiBiet koeillleHTH BX1IHUX 300paKEHb.

3.4. Po3poOka HelipOHHOI Mepexi 1JIs BUBHAYEHHS Bar

Yepes Te 110 BXITHUIA CHTHAJI Ma€ MYJIbTUMOATLHUAN XapaKkTep MPOMOHY€EThCS
BUKOPUCTATH MYJIBTHMOJATBHUN MAXIT 3 OKPEeMUMH 3TOPTKOBUMH OJIOKAMH IS
KOYXHOT'O MacHBY BEUBIJIET-KOE(IIIEHTIB 1JIs1 BUBHAUYECHHA 0a30BUX 03HaK. [Ticas uporo
Il O3HAaKU MEpPeAaloThCsl Ha CIHUIBHUN TOBHO3B'A3HUNA MIap JJIsi OOYMCIICHHS
koe(irieHTa, SKUNH BUKOPHUCTOBYETHCA TMPHU KOMIUIEKCYBaHHI 300pak€Hb 3 METOIO
30ubIIeHHs enTporii [lleHHOHA pe3ynbTyI04u0ro 300paskeHHs.

Ax 3roptkoBuii 00k OyJi0 oOpaHO 3TOPTKOBY dYacTuHy Mojeni ResNet,
MOTEepeIHbO HABYEHY Ha BEJIMKUX OO0 ’€Max JaHUX BHUSABISATH 0a30BI O3HAKU 3
300paxkeHHs1. Ll Mepexka Bioma CBO€I €(peKTUBHICTIO Ha HEBEIMKUX 00’ €Max JaHUX
KOILITOM OJIOKIB 3 OOX1JJHHUMH 3B'I3KaMH.

CxeMmy JeTalibHOI CTPYKTypU  3allpONOHOBAHOI HEUpOMEpeKeBOi Mojiei
HaBEJICHO Ha puc 3.5.

Crpyktrypa Mepexi ResNet posrisganack B HONEPEIHbOMY PO3JILIL, TOMY
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BHCBITJIMMO O1JIBIII ICTAIBHO OJIOK ITOBHO3B SI3HUX HEMPOHIB. BiH CKIagaeThes 3 1’ ITH
mapiB, B KO)KHOMY HAacCTYyITHOMY Ha TOJIOBUHY MEHIIIE HEMPOHIB HIXK MOMEPEIHBOMY
JUIS y3araJibHEHHS, KUIbKICTh HEMPOHIB B KOXKHOMY IIIapi BiAMOBIIHO ckajia 1024, 512,
206, 103 ta 1. Jns Bcix mapiB, OKpiM OCTAaHHBOI'O BUKOPHUCTOBYBaJach (YHKIIiS
aktuBaiii ReLU, qis octanHboro 1mapy Oyjia BUKOpUCTaHA CUTMOIAHA (PYHKIIIS IS
rapaHTyBaHHsS BUXIIHOrO cUrHaiy B aiama3odi Big O mo 1. Jlns Bcix mapiB, KpiMm
OCTaHHBOT'0, OyJia 3aCTOCOBaHA MpPOIeAypa MAaKETHOI HOpMai3alli AJig 3MEHIIEHHS
BIUTMBY 3aTyXaHHS TPAIi€EHTIB Ta mporeaypa Dropout, sika BUTIaIKOBO OOHYIISIE AESIKI

BHUXO/JU JJIA SMCHIICHHSA IICPCHABYAHHA Ta 301bIIEHHS y3araJJbHCHHA IIpH HaBYaHHI.

128 © 128

ety
GHY

Puc 3.5. Cxema apxiTeKTypu 3alpOINoHOBaHOI HEHPOHHOT MepeXKi A1l BU3HAYECHHS Bar Mpu

KOMIUIEKCYBaHH1 300paKeHb

3aranpHa KUIBKICTh mMapaMmeTpiB ckiana 24,064,489, a 3aranpbHUl po3Mip
16516.88 MerabaiitiB. Taka apXiTeKkTypa eKCIIEpUMEHTAJIbHO IIOKa3ajga CBOIO
HalOLIbITY €(EeKTUBHICTh. 3TOPTKOBUX IIAPIB AOCTATHHO JJIS1 BUAUIEHHS O3HAK 3 JBOX

Ha0OpIB BeHBIET-KOE()IIIEHTIB, a KUIBKOCTI HEHPOHIB B MOBHO3B’SI3HOMY OJIOII1
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JIOCTaTHHO JIJIsI BUSHAYCHHSI HAWKPAIOTO BaroBoro Koe(iiieHTa Ajist KOMIIJICKCYBaHHS
3aMpOMOHOBAHUM METOJIOM.
Ax ¢pyukiriro BTpart (loss) 6ys10 06paHo JOMOBHEHHS 10 OJIUHUILI HOPMaTi30BaHO

entporii [lleHona 1151 300paXkeHp y BIATIHKAX CIpOro:

loss = 1— H'2 g,256, (3.9)

ne H(F) — enrpomis IlleHona KoMmiuiekcoBaHoro 3o0paxenus, log,256 —
MaKCUMaJIbHO MokJiuBa eHTporis IlleHona ang 300pakeHb y BiATIHKax Ciporo.
Tak camo ekcepuMeHTaIbHO OyJI0 BiAlOpaHO MIBUAKICTh HaB4aHHS (learning
rate) Ha piBHI 0.0001, obGcsar maprii (batch size) npu HaB4aHHI 25 Ta KUIBKICTh €MOX
(epochs) naBuanHs 5. Ilpum IHIIMX KOHQIrypaumisix TrimeprnapaMeTpiB Mepeka He
30irayachk 1 IMBHJIKO IEPEHABYAIACE.
3MmiHy (yHKIIT BTpaT UIsi KOXKHOI €MOXHM I HaBYaJIbHOI Ta BapialiitHOl

BUOIPKH TOKa3aHO Ha puC. 3.6, a Takox 3MiHy eHTporii [llenona na puc. 3.7.

0.1725 1 .
—— HaBYaneHI BTPaTH

BanapgauifHi BTpaTK
0.1720 -

0.1715 -

0.1710 -+

0.1705

BTpaTtu

0.1700 -+

0.1695

0.1690 -

0.1685 -

1 2 3 4 ]
Enoxa

Puc. 3.6. I'padix 3MiHM BTpaT NMpu HaBYaHHI JIsl HABYAIBHOI Ta BapialiifHOi BUOIpKH
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—— EHTpONif HaB4YafbHa
6.650 + EHTponia BaninauiiHa

6.645 -

©.640

6.635 A

EHTponia LWeHoHa

6.630

6.625

6.620 A

1 2 3 4 5
Enoxa

Puc. 3.7. TI'padik 3miau eatpornii [lleHona npu HaBYaHH1 JUIs1 HABYAJIBHOI Ta BapialiiHOi

BUOIpKH

3.4. Oninka MeToay KOMILIEKCYBAHHS 300PaKeHb 3 a1alITUBHUM
BHU3HAYCHHAM Bar

JIns mOpiBHSIHHS pe3yJbTaTiB KOMIUJIEKCYBaHHS OyJIOo peali3oBaHO JEB’SITh
IHIIMX METOJIIB 3 BUKOPUCTAHHSAM MOBH IporpamyBaHHsi Python. 3okpema, e meton
MaKCUMYMIB, METOJ MIJCUJICHHS BIIMIHHOCTEH, YEpe3psAKOBUM METOJ, METO
yCepeaHEeHHsI, TOPOTOBHI METOJ], CTETICHEBHI METOJ, METOJ] BaroBoi (PyHKIIii, METOA
Ha OCHOBI Tipamiau Jlammaca Ta METOI Ha OCHOBI BeWBIET-iepeTBOpeHHs. Bubip 1iux
MeTOMIB OyB OOyMOBIICHUI HEOOXIAHICTIO MOKPUTH OUIBIIICTh ICHYIOUMX HA JTaHHM
Jac MiIX0/iB ISl TOPIBHSHHSL.

[Ipuknang pe3ynabTaTiB KOMIUIEKCYBAaHHS BCiMa LHMMH TOPIBHIOBAIBHUMHU

MeToaaMu 300pakeHo Ha puc. 3.8.
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MeTon MakCUMyMiB _ penHEeHHSs

CTeneHeBMi MeToq

pETBOPEHHA

Puc. 3.8. Pe3ynbpTaT KOMIUIEKCYBaHHS 300pakeHb BCiMa METO[aMHU IO IMTOPiBHIOIOTHCS

Ak kputepiit ais omiHku 1HGOPMATUBHOCTI, O0ysi0 oOpano eHTporito [lleHoHa,
[0 CJIYyrye TMOKa3HUKOM 1H(GOPMATUBHOCTI 300pakeHb. [l  OIlIHIOBaHHS
3aCTOCOBYBajacs OKpeMa BUOipKa TeCTOBUX 300paxkeHb y KinbkocTi 300 mTyK, sKi He
BUKOPUCTOBYBAJIUCS MPU HABUYaHHI HEHPOHHUX MEPEX 3alpPOIIOHOBAHOTO METOIY,
o0 YHUKHYTH Oyab-SIKHX YIEpeHKeHb y pe3yJibTaTax dYepe3 3amaM STOBYBaHHS
MEpPEXKEIO JTaHUX.

Jiist aHam13y OTpMMaHuX BUOIPOK EHTPOITI HA HAsIBHICTh BUKHUJIIB Ta MOMEPEAHIX
BHCHOBKIB 1JICQJIBHO IMAXOIUTh KOpoOKoBa miarpama (auB. puc. 3.9). Sk BumHO 3
JiarpaMu, MpUCYTHI MOKJIMBI BUKU/IU, IO3HAYEHI KPY>KEUKaMH Ha jaiarpami. Tomy s

MOJAJIBIIIOTO aHaNi3y MPONOHYETHCS BHKOPHUCTOBYBATH MEJIaHy Ta CTAaTUCTUYHY
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owiHky 3a MmeroaoMm Kruskal-Wallis.
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MeTogwn KoMnaekCcyBaHHA

Puc. 3.9. KopoOkxoBa miarpama orpuManux BuOipok eHtporrii [lleHoHa mpu KoMIuieKCyBaHH1
PI3HMMH METOJIaMU

TakuM YMHOM, BHUKOPHCTaHHS PI3HMX METOJIB KOMILJICKCYBaHHS Ta
3aCTOCYBaHHS KOPOOKOBOT JiarpaMu JUisl aHaNi3y pe3yJbTaTiB JI03BOJISIE OTPUMATH
OulbII OO'€eKTMBHY KAapTUHY Ta 3a0e3Ieuye JIOCTOBIPHICTH BUCHOBKIB HAa OCHOBI
OTPUMAHUX JTaHHX.

Jlst movaTky HEOOX1THO BIEBHUTUCH B CTATHCTHYHIN 3HAYYIIIOCT] BIIMIHHOCTEH
pPEe3YIbTATIB PI3HUX METOJIB, JJISA IIBOTO CKOPHUCTAEMOCS CTATHCTHYHOKO OI[IHKOIO
Kruskal-Wallis.

s neB’satu ctyneHiB cBoooau (df = 9) 3HauenHs miei cratuctuku ckiano H =
697; craTucTUYHA 3HAYYIIICTH (Sig.) oTpuMana 6:1m3bKo10 110 0.

OTpumaHuil piBEHb 3HAYYIIOCTI MEHIIMH 3a MNPOMHUCIOBHI CTaHAAPT P-
3HaueHHs Ha piBHiI 0,05, Tomy HynboBa rimore3a HO mpo BiACYTHICTH 3HAYHHUX
BiIMIHHOCTE MK BuOIpkamu BiaxwieHa. OTxe, BIIMIHHOCTI MDK BHUOIpKaMu
3Hauymli. ToOTo, 3a1eKHICTh MIXK METOJIOM KOMILUIEKCYBaHHS Ta 3HAYEHHSAM €HTPOIIi
[IleHOHA CTATUCTUYHO JOBEICHA.

Jlam [AOUiTbHO PO3TISHYTH MeElaHW OTPUMAHUX PE3YJIbTAaTiB Ha SKI MEHIIE
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BILUIMBAIOTh MOTCHITIHHI BUKuaH (puc. 3.10).

Sk BUIHO 3 JiarpaMy HaWTIPIIUNA PE3yibTaT MOKa3aB YePe3psAKOBUN METOI 3
eHTpomi€ro Ha piBHI 5.63 OiTiB. MeToa MiJACWICHHS BIIMIHHOCTEH Ta CTEICHEBUM
MOKa3aJld CXO0XI1 pe3ysbTaTH Ha piBHI 6.1 6iTiB. MeToIM MakCUMyMIB, yCepEIHEHHS,
noporoBuii Ta mipamiau Jlamnaca nokasajiu 3Ha4eHHS B OKOJUIIX 6.35 OiTiB, 110 €
JOCUTH HE TIOTAaHUM Pe3yIbTaToM. MeTo/1 Ha OCHOBI BEHMBIIET IEPETBOPEHHS OTPUMaB
Meaiany ouiHku 6.43, mo € 3 HallkpaimuM pesynbTaToM. MeToa BaroBoi (QyHKIIT
3aifHsAB 2 Miciie 3 pe3ynbratoM 6.47 6itiB enrpomnii [llenona. HaiGinbiry eHTpOITifO
OyJ0 OTpMMaHO MPU BUKOPHCTAHHI 3aMpPOINIOHOBAHOTO METOMY KOMILIEKCYBaHHS
300pakeHb 3 AAANTHBHUM ITiJOOPOM BaroBux Koe(imieHTiB, a came, Me/IiaHy Ha piBHI
6.56. lleit moka3znuk € Ha 1.4% OUTBIIMI S APYTHil TIO BEIMYMHI, IO € 3HAYHOIO

PIZHUIICIO JJISI CHTPOITII.
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MeTogwW KoMniaeKcyBaHHA

Puc. 3.10. Menianu orpumanux 3HaueHb eHTporii [IleHoHa 17151 KOKHOTO MPOaHaIi30BaHOT'O

MCTOAY KOMILJICKCYBAaHHA. CuHIM MMO3HAYEHO BaHPOHOHOBaHI/Iﬁ MCTOJ KOMIUICKCYBAHHA

Takum YUHOM 3aIPOIIOHOBAHUN METO]T KOMITJIEKCYBAaHHS MOKa3aB 301IbIICHHS
iH(pOpPMAaTHUBHOCTI OIlIHEHOI mMoKa3HUKoM eHTpomrii IlleHoHa B TIOpIBHAHHI 3

dHaJIoraMu, 1o roBoOpuTh I1po e(i)CKTHBHiCTI) p03p06JIGHOFO MCTOAY KOMIIJICKCYBAHHA.
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BUCHOBKMU 10 PO3I1JTY 3

1. 3amporoHoBaHO Ta PO3pOOJICHO METOJa ayrMeHTallii 300pakeHb Ha 0asi
KOMIUIEKCYBAaHHS 300pa)k€Hb 3 BEWBIJIET NEPETBOPEHHSM. MeToJ Mae J1ONOMOITH
BUPIIIUTA TMPOOJIEeMH TIOB’s3aHI 3 OpakoM 00’eMy Ta PI3HOMAHITHOCTI JaHUX B
HaBYaJIbHIM BHOIpII. 3amporOHOBAaHMM METOJ| TaKOXXK Ma€ MO3UTUBHUN MOOIYHUM
edexT, a came, 30UIbIIECHHS 1H(POPMATHUBHOCTI PE3YJILTYIOUOTO 300pakKeHHS, IO
MO3UTHBHO BIJIMBAE HA MIPOIEC HABUAHHS HEHPOHHUX MEPEK.

2. IlpoBeneHO TOpIBHSHHS 3allPONOHOBAHOIO METOJY AayrMEHTalii 3
MPEACTABICHUMH paHinie MetogaMu. CTaTUCTUYHMM aHajll3 pe3ysbTariB MiATBEPIUB
e(eKTUBHICTh 3alPOIIOHOBAHOTO METOy TMpH 3adadax knacudikamii. HoBuit Meron
ayrMeHTaIlll MiJBUIIY€E€ TOYHICTh Kiacudikaiii 300pakeHb, a TaKOX, MAa€ MEHIIY
AITOPUTMIYHY CKJIQ/IHICTh B IOPIBHSIHHI 3 IHIIUMHU METOJIaMU 3MIIITyBaHHS 300pa’KeHb
Ha 0a31 BEUBJIET MEPETBOPEHHS.

3. 3amporoHOBaHO METOJl KOMIUIEKCYBaHHS 300pa)k€Hb 3 aJalnTUBHUM
BU3HAYECHHSIM Bar, SIKHA TOBUHEH 3MEHIIUTH BIUIUB HE 1HOOPMATUBHUX BXITHHX
300pakeHb Ha 1H(QOPMATUBHICTH pPE3YJIbTYIOUOrO, THM CaMUM IiJIBUIIMBIIN
1H()OPMATUBHICTh PE3YJIbTYHOUOI0 300pa’KEHHS.

4. Po3po0ieHo Ta peaii3oBaHO HEHPOHHY MEPEXKY aJalTHBHOTO BU3HAUEHHS Bar
JUIS 3aIPOTIOHOBAHOTO METOAY KOMIUIEKCYBaHHS 300pakeHb. Ska /ana MOXIMBICTh
aJIalITUBHO BU3HAYaTH BaroBi KOe(IIEHTH A MOJNAIbIIOTO BUKOPUCTAHHS iX B
3aMpONMOHOBAHOMY METOJII KOMIUIEKCyBaHHsS. OOIpyHTOBaHO 1i CTPYKTypy Ta
poaHa i30BaHO e(PEKTUBHICTh Ha BaJidaIliiHIN BUOIPIII.

5. IlpoBeaeHO MOPIBHSAHHS 3alPONOHOBAHOTO METOAY KOMILIEKCYBaHHS 3
IpeICTaBICHUMH paHiiie MetogaMu. CTaTUCTUYHMIA aHajli3 pe3ysbTaTiB MiATBEPIUB
€(EeKTUBHICTh 3alpPONOHOBAHOTO METOJy CTBOPIOBATH pE3YyJbTyHO4Ue 300paKeHHs

O11b1101 1HGOPMATHUBHOCTI, sIKa BUMIpIOBajiack eHtporieto [lleHona.
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PO3/11JI 4. Po3poOka aBTOMATH30BAHOI CHCTEMH JiaTHOCTHKH Ta
PEMOHTY JOPOKHHOI0 MOKPUTTS

4.1. ®opMyBaHHS HABYAJIbHOI BUOIpKH 300paeHb AedeKTiB y
BHIUMOMY Ta iHppavepBOHOMY CHIEKTPAaX

Jlist peanizaiiii HEHPOHHUX MEPEXK 1 OLIHKH €(PEKTUBHOCTI €JIEMEHTIB CUCTEMH,
Oyno 310paHO HaBYAJIbHMM HaOlp NaHUX map 300pakeHb Ne(PEKTIB AOPOKHBOIO
MOKPUTTS Y BUIUMOMY Ta 1HpauepBOHOMY CIIEKTpaXx.

Tax ansa orpuMaHHS BUAMNMHX 300paX€Hb BHUKOPHUCTOBYBAJIOCH JIBI KamMepu
cmaptdponiB Sumsung Galaxy A71 1 Sumsung Galaxy S10+, aBi kamepu
BUKOPUCTOBYBAJIMCh, MO0 TMMOKa3aTH aJalTHBHICTh CHUCTEMH J0 PI3HUX Kamep.
300paxkenns oTpumyBaniochk B popmati RGB 3 posninsHoto 31aTHIcTIO 2312 X 1734
MIKCEJiB.

Jnst oTpuMaHHSA TEIUIOBUX 300pa)kK€Hb BHKOPHUCTOBYBAJach TEIUIOBI3iHA
kamepa Wintact WT3320. fIka mana po3auibHy 3AaTHICTH JerekTopa 320 x 240
niKcesiB Ta TeroBy uyTiuBicTh 0.07°K, ki 103BOISIIM OTpUMYBATH 300paXKeHHS IIpU
TeMIiepaTypi noBitTps Buulii 3a 15°C.

3o00paxkeHHs 30upanuch Juisl Takux kateropi nedexrtiB (puc. 4.1): BuOoiHw,
CITKa TPIMIMH, TPIIMHY 3aralibHI MOMEPEYHI, TPIIIUHA MOB3I0BXKHI1, KOCI TPIIITUHU, O€3
nedexktHa moBepxHs. Takuii BUOIp 00yMOBIICHO HAWYACTIIIO TMOSBOIO CaME TaKHX
ne(dEKTIB TOPOKHBOTO IMTOKPUTTS.

Sx BUIHO 3 MPHKIAAIB, MpU 300pi JaHUX aKIEHT POOMBCSA Ha JePeKTH B
OKOJIMIIAX SIKMX TMPUCYTHI 1HGOpPMAIIAHI IIyMH Yy BUIJISIAlI TIHEH, 3a0pyIHEHHS,
CTOPOHHIX MpEJIMETIB, B MOTaHUX YMoOBaxX OCBITIeHHA. Lle Bce HEoOXigHO IS

UTFOCTpallii HaAiiHOCTI CUCTEMH B yMOBaX MPHUCYTHOCTI TAaKUX 3aBal.
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OnTuyHe 306paxeHHs TennoBe 306paxeHHA OnTuyHe 306paxeHHa TennoBe 306paMeHHA
TpiwmHn .
PG TpiwuHm
3aranbHi ;
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: . 7 BesnedektHal
CiTka TpilLmH| | g 3ned
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MAX:296°C MIN:28.6°C 10:46PM|

Puc. 4.1. [lpuknan 300pakeHb pI3HUX KaTeropiit gedekTiB 310paHoi HaBYAIbHOT BUOIPKHU.

Jist koxkHoro tumy Aedekry O0yino 316pano 500 map 300pakeHb BUIUMOIO Ta

iH(ppadyepBoHOro crekTpiB. TakuM ymHOM 3arayibHHil 00'eM gaHux craHoBuB 6000

300pakeHb, a 3arajJbHUN po3Mmip nmoHaj 12 riraGaiTis.

4.2. Po3po0Ka CTPYKTYPHOI CXeMH ABTOMATH30BAHOI CUCTEMHU
TIATHOCTHUKH TA PEMOHTY IOPOKHBOT0 MOKPUTTS

Ha

OCHOBI TPOPOOJIEHUX JOCHIIKEHb TMPOMOHYEThCS Taka CTPYKTypa

aBTOMATU30BAHOI CUCTEMH J1arHOCTUKHU Ta PEMOHTY JOPOKHBOTO MOKPUTTS 3 IBOMA

MyJIbTUMOJIAILHUMH JaTYUKaMH, a came, [U(GPOBOIO KaMepor Ta 1H(PpauepBOHOIO

KaMeporo, 1 KOMIUIEKCYBaHHIM 300pakeHb(puc. 4.2).
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Puc. 4.2. CtpykrypHa cxemMa aBTOMAaTH30BaHOT CHCTEMH JIarHOCTUKHU Ta PEMOHTY JIOPOKHBOTO

BuwaHauyeHHa nnou
basa paHux [neekTia

T

Excnept

A

TIIOKPUTTS

J{ns 30upaHHs TaHWX MMPO HAsSBHUM CTaH JIOPOKHBOT'O MOKPHUTTS OyJIo 0OpaHO
KaMepu BUIUMOTO Ta iH(pavepBOHOTO BUMpOoMiHIOBaHHA. OOpaHO caMe Taki THIH, SKi
MaloTh BJIACTUBOCTI KOMITEHCYBAaTH BaJy OJHE OJHOTO Ta OJM3BKI 0 CTPYKTypHU
BUXIJTHOTO CUTHaJTy. Tako, Taki JaTYMKH HABITh B Mapi B pa3u JELIEBIII 3a Ja3epHi
CKaHEpH Y TeOopaapH.

OOpani TunM JaT4YMKIB OOJIaJIHAHI HA XOJOBHX JiabopaTopisix, SKi €
PO3MOJIIJIEHO0 TMIJACUCTeMO 300py JaHuUX B cucTeMi. XoJo0Bi1 Jaboparopii
MPEACTABISIIOTh COO0K0 aBTOMOOUIb OcHauleHuil kamepamu, GPS HaBiratopom 1
OOPTOBUM KOMIT'FOTEPOM JISI JIOKATBHOTO 30epiranHs 310paHuX JaHUX 1 aCHHXPOHHOT
nepejayl ix Ha IEHTpaIi30BaHe XMapHE CXOBUIIE HE 00poOieHux nanux. KiabkicTh
XOJIOBUX JiIaboparopiii oOmexeHa muiie OromkeTroM 1 morpeboro. IlepeBaroro
BUKOPUCTAHHS CaM€ TaKOi PO3MOIICHOT CHCTEeMH € IIBUAKICTh 300py JaHUX,
BIJICYTHICTh ~ HEOOXIJHOCTI  MEPEIIKO/PKAaHHIO  BUIBHOTO  PyXy  TPaHCHIOPTY,
YKOMIUICKTYBaHHS JIMIIE HEOOXITHUM OOJaJHAHHSIM Ja€ MOKIHUBICTh 3MEHIIUTH
BapTICTh OJIMHMII TAKO1 J1JabopaTopii.

BukopucTaHHS IICHTPali30BAaHOTO0 XMApPHOTO CXOBHWIINA JIa€ MOXJIMBICTH MaTH

HU3bKO BapTICHE, HIBUAKO MaclITaOOBAaHE PIIIEHHA Jis MPOMDKHOIO 30epiraHHs
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OTPMMAHUX JaHUX Ta 3a0e3Meuye €IUHY BXiTHY TOUKY Ml 0OpOOKH 310paHuX JaHUX.

Iliocucmema 0b6pobku 3006pasxiceHb OMPALbOBYE OTPUMAaHI1 Mapu 300paKeHb
BUJIUMOTO Ta 1H(PAYEPBOHOIO CIEKTPIB MaKeTaMM I 301IbIIeHHS €(EeKTUBHOCTI
00poOkH. ['0JI0BHOIO IIJUTIO ITI€T MIACUCTEMH € MEePeXiJl BiJl 300pa’keHb /10 OMHUCOBUX
XapaKTEPUCTHK, TaKUX SK TUIM JedeKTy Ta 1poro rmioma. L{s mera mocsraerbces
KOIITOM JIBOX OKpPEMHUX MPOLECIB MONMEepeaHbOT OOpOOKH ISl KOXKHOIO CHEKTPY,
OJIOKOM KOMIUIEKCYBaHHS  300pakeHb, HeWpoMmepexkero aid  Kiacugikaiii
(imentudikamiss HasBHOCTI aedexTy 1 Tumy AedeKTy) Ta HEUPOMEPEKEIo IS
cerMeHTanli 300paxkeHp (imeHTudikamis mpouy ngedekry). Oxpemi mpouecu
MOTNIEPETHBOI OOpOOKM HEOOXINHI Yepe3 pi3Hy MNPHUPOAY CUTHATIB, IO MPUKIALTY,
iH(ppadepBoHEe 300pakeHHS 3a3BUYail € OUThIn 3amymiaeHUM. KomruiekcyBaHHS
300pakeHb MpuOUpae HEOOXITHICTh MOAANIBINOI OOPOOKH 300pakeHb OKPEMO, THM
caMUM 3MEHIIYIOYM CKJIQJHICTh TMOJAJBIIOr0 aHalidy, a TaKoX, Mpolec
KOMILUICKCYBaHHSI 30UIbIlIy€e 3arajibHy 1HGOPMATUBHICT, HASBHUX JaHUX, IO
MO3WTHBHO BILJIMBAE HA MOJIAJIBIITY TOYHICTh HEHPOMEPEIK.

OTtpumani o0poOseH1 300pa’KeHHsI Ta OITUCOBI XapaKTEPUCTUKH 30€piratoThCsl B
0a3i MaHMX I TOJAJIBIIOTO TIPOIECY OIIIHKA CTaHy JIOPOKHBOTO TOKPHUTTS Ta
MOTIOBHEHHSI HASBHUX 3HAHb IS IOAAJBIIOT ONTHUMI3AIlil MOJENeH NPUHHSATTS
pilIICHHSI.

Iliocucmema niompumku nputinaimms piuieHb Ha OCHOB1 310paHUX JdaHUX,
ICTOpUYHUX JaHUX IIOAO0 JIarHOCTHKU 1 BTpy4aHb (PEMOHTIB), Ta HOPMATHBHHX
JOKYMEHTIB (IacmopTiB JOPIT, TOIIO) MPOMOHYE KATETOpil0 CTaHy JOPOKHBOTO
MOKPUTTS Ha AUISHII, TEPMIH B IKUH HEOOX1THO 3pOOUTH BTPYyYaHHS, TUIT BTPYUYaHHS
Ta HEOOX1JHI IHCTPYMEHTH JJIsl BUPIIICHHS HECIPaBHOCTEH. YcCe I1e JOCATaEThCA 3a
JIOTIOMOT 010 0a3u 3HaHb 110 MICTUTh B COO1 TPOAYLIHHY MOJICTb IPUHHATTS PIIICHHS,
(¢parMeHT MoJenl A BU3HAYEHHS! KaTeropii HasIBHOTO CTaHy JUISHKH JIOPOXHBOTO
MIOKPUTTS HaBEJIEHO Ha Talj., Ta MEXaHI3My JIOTYHOTO BHUCHOBKY. OTpuMaHi
peKoMeHJalli Ta paHiie 310paHi AaHl B 3py4YHOMY JUIsl KOPHUCTyBada BUBOASTHCS Ha

KOPHCTYBaIbKUI IHTEpeEiiC.
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Tabmums. 4.1. @parMeHT MPOAYLIHHOT MOIEII IPUHHATTS PIllICHb

AKIIO Tun nedexry = 'TpimmHa 3arajbHa
monepeuna”’, TO xapakrep aedexry = miHifHHA i
koedimienT Baromocti Kv=0.08 i koedimieHT
npuBeneHHs 10 Turomti Ks=0.15

AKIIO tun aedexry = "Tpimmna nos3aoxkHa”, TO
xapakTep HeQeKTy = JiHIHHHA 1 KoedimieHT
Baromocti Kv=0.1 i koedimieHT mpUBEOCHHS [0
wiomti Ks=0.1

AKIMO tun nedpexry = "koca tpimmua”, TO
xapaktep nedexty = JiHIHHMH 1 KoedimieHT
Baromocti Kv=0.10 i koediumieHT npHUBEAEHHS O
ot Ks=0.2

AKHIO Tun pedexry = "citka tpimme’, TO
xapaktep Jjgedexkry = IuomanHui i KoedilieHT
Baromocti Kv=0.10

AKHIO tun nedexry = "Buboina”, TO xapaxrep
nedekry = miomagHui i Koedil[ieHT BaromocTi
Kv=0.08

AKIIO nedexTHICTh TOPOXKHBOTO MOKPHUTTS > 50%,
TO piBeHb NePEKTHOCTI = KPUTHIHHA

AKIIO «xateropis noporm = I-II i nmedexrHicTh
IOpOXHBOTO TOKpHTTI = 5-10%, TO piBeHs
nedexrrocti = PiBens 1 (111 1)

AKIIO «xareropis noporn = I-II i medexrHicTh
nopoxkaporo mokpurtss = 10-20%, TO piBeHs
nedexrrocti = PiBens 2 (/11 2)

AKIIO «xateropis noporn = I-II i nmedexrHicTh
nopoxHboro mokpurts > 20%, TO piBeHs
nedexrrocti = PiBens 3 (/11 3)
AKIIO xareropiss moporn = III i nmedexrHicTh
nopoxkHboro mokpurts = 10-15%, TO piBens
nedekrnocti = PiBens 1 (11 1)
SIKIMO xareropis goporu = III i npedexTHicTH
JOPOXKHBOTO TOKpUTT = 15-25%, TO piBeHs
nedexrrocti = PiBens 2 (/11 2)
AKIIO xareropiss moporn = III i nmedexrHicTh
JOpPOXHBOrO mokputtst > 25%, TO piBens
nedexrrocti = Pisens 3 (/11 3)
AKIIO xareropis moporn = IV-V i nedexrtHicTh
JOpokHbOTO MOKpUTTI = 15-20%, TO piBeHs
nedexrrocti = PiBens 1 (11 1)
SAKIIO kareropis moporu = IV-V i medekTHicTh
nopoxkaboro mokpurtst = 20-30%, TO pisens
nedexrrocti = PiBens 2 (/11 2)
AKIIO xateropis moporm = IV-V i medexTHiCTh
nopoxuHbporo mokputts > 30%, TO piBens
nedexrHocti = PiBens 3 (II1 3)

ExcriepT Ha OCHOBI OTPUMaHUX JaHUX 1 PEKOMEHAALINl MpHUilMae OCTaTOYHE

pilIEHHs 1I0JI0 BTPY4YaHHd Ha JUISHLI. Taka apxiTeKTypa CHUCTEMHU JO3BOJISIE

30UIBIIUTH TPOAYKTUBHICT TAKOTO EKCIIEPTA.

Illiocucmema pemonmy IOPOXKHBOTO TIOKPUTTS MICTHTh BCi 3acobu Ta
THCTPYMEHTH JJI1 MPOBEIEHHS peMOHTHUX poOiT. [lim BCiM mHMM pO3yMi€TbCsl BCe

HeoOX1He 00JIaJHAHHS, CIIeIIaliCTh, pOOOTHU30BaHl CUCTEMHU Ta HEOOIHI BUTpATHI

MaTepiay.

4.3. Po3po0Oka miicucreMu OnpanOBaHHs 300paKeHb

4.3.1. Po3poOka npouecy nomnepeanboi 00poOKu 300paskeHb 3

KOMILIEKCYBAHHAM 300pa’KeHb

Sk Bxke Oyi10 CKa3aHO paHilie JIOIIILHO MOMEePEIHbO 3pOOHUTH 0OPOOKY KOKHOTO

KaHally OKpeMO 4epe3 iX pi3Hy IpUpoy.

Tax, ayst 300pakeHHs] BUAMMOTO CIIEKTPY Yepe3 BEIUKY PO3JIUIbHY 37aTHICTb,

SIKICTh 1 TTIOKa3HUKHU OLIIHKU CUTHAJI-IITYM JIOCTaTHHO 3MEHIIUTH PO3AUIbHY 3aTHICTh
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JUIA 3MEHIIEHHS HEOOXITHMX OOYMCIIOBAIBHUX MOTYXHOCTEH ISl TMOAANIbIION
00pOOKH.

Jist iHppauepBOHOTO 300paKEHHS CUTYaIlisl CKIaiHilIe. 300pakeHHsT HU3bKO1
PO3JITLHOI 3IaTHOCTI, YaCTO CHJIBHO 3alllyMJICHE 1 MaJlo KOHTPACTHE, Yepe3 110 BAXKKO
po3i0paTu JieTajbHI €JIEeMEHTH 300pakeHHs. TakoXX 4acTo SK B HAIIOMY BHUMAJKY,
300pak€HHsI MICTUTh MapKyBaHHs Ta 1HII 1HGOPMATUBHI €JIEMEHTH SIK1 HE MOXJIMBO
npuoOpaTy HanaTyBaHHAMH BOyaoBaHoro 13 TemioBi3opa, oHaK i 1HPOPMATHUBHI
MapKyBaHHs HECYTh JiuIie iHQopMarliitne 3a0pyJHEHHS JIJIs1 HAIUX L1IeH.

3anpornoHoBaHu# Tporiec 00poOku 300paxeHo Ha puc. 4.3.

Tennose OBpizaHHA dincTpauia
30BpareHHA IHOMKaTopiB LYy

26.0°C e=(,90

240 = 320 235 x 285 235 = 285

3BinblWweHHA

"3amanboByBaHHA"
KOHTPacTy

Peectpauia aobpaxeHHs ,
BiAHOCHO OMTHYHOTO HOVEETOpE:R

2312 %1734 235 x 285 20D

Puc. 4.3 TIpouec nmonepenapoi 00poOKH TEIIOBUX 300pakeHb
Cnepiry HeoOximHO npuOpaTd He 1HGOPMATUBHI I1HAMKATOPU IS I[HOTO
HaWJIET MM METO0OM € 00OpaHHs 300pa>keHHs 10 po3MipiB 235 x 285 mikceniB.
3MeHIIeHHST MyMy B 1H(QpayepBOHUX 300pAKEHHSX € OJHHUM 13 KPUTHUYHUX
eTamiB MOMNepeaHbOi OOpPOOKH, OCKLJIBKM BOHO TIOKpAIly€ SKICTh Bizyaii3amii Ta

TOYHICTh MOJAJBIIOTO aHaji3y, TOMYy HOro oOpaHO APYrMM €TaroM IOIepeIHbOl
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00poOku. [H(ppayepBoHi 300pakeHHsT YacTO 3alTyMJICHI Y€pe3 BIUIUB 30BHINIHBOTO
CEpelloBUIlla, TEIUIOBI KOJMBAHHS Ta TmapameTpu ceHcopiB. Lleir mym wmoxe
CIIOTBOPIOBATH 1H(OPMAIIiIO, YCKIQJIHIOIYHM BHUSBICHHS O00'€KTIB, CErMEHTAIllI0 Ta
1H1I11 00uuCTIOBaNBHI poriecu. Tomy edeKTUBHI MeTOAU (PUIBTpAILIil € BAXKIMBUMH JJIsI
30epexeHHs1 KOPUCHOI 1HPopMallii Ta MIJBUIIEHHS TOYHOCTI aHaTi3y.

AJllanTUBHUM MeliaHHUM (QUIBTp € OAHMM 13 Halle()eKTUBHIIIMX METOMAIB
3MEHIIEHHS IIyMy B 1H(paYyepBOHUX 300pPAKEHHSX, OCKUIBKM BIH MOXeE
MPUCTOCOBYBATHUCS 70 JIOKAIBHUX OCOOMUBOCTEH 300pakKeHHS, BHUIASIIOUH IITyM,
BKJIIOYAIOYM IMIYJbCHI 3aBajau, 30epiralouu MpH IIbOMY YITKICTh KpaiB 1 aeTaii
o0'exTiB. Ile 0coOMMBO BaXIMBO I 1H(GpPAYepBOHUX 300paKeHb, JI€ 30€pEIKEHHS
IpiOHUX CTPYKTYP € KPUTHYHO BAKIMBUM JUISI OJAIBIIIOTO aHAIi3y Ta iIHTepIpeTaii
naHux. ToMy BUKOPHCTAaHHS aQIalTHBHOIO MEIIaHHOTO (PUIBTpa MiABHIIYE SKICTh
300pakeHb 1, SIK HACIJOK, TOYHICTh aBTOMATHU30BaHUX CUCTEM OOPOOKM Ta aHaJi3y
iH(ppauepBoHuX naHux [1].

MatemaTuyHa dopmanizallisi anropuTMy aJanTUBHOTO MEIIaHHOTO (LIbTpA.

Hexait W;(x,y) — ue BikHO po3mipom SxS 3 meHtpom y mikcem I(x, y).
AJTOPUTM TIpalfoe 32 HACTYITHUMH €TalaMu:

BusnaueHHs ryMy Ha OCHOB1 MEJIIaHHOT'O 3HAYCHHS:

Ay = Inmea = Imins A2 = Imea — Inaxo (4.1)
ne lyeq — MeniaHa BikHA, [p,,- MIHIMAIbHE 3HAYCHHS BIKHA, lp,q,- MaKCHUMaJIbHE
3HAYEHHSI BIKHA.

SAxmo A;>0 1 A,<0, nepeiitu 10 Ppa3u B. [Hakmie 301u1bmmMTH po3Mip BikHA S 1
MOBTOPUTH OOYMCIICHHS.

[TepeBipka mikcest Ha ITyMOBUH BILIUB:

By = 1(%,y) — Imins B2 = I(x,¥) — Inax (4.2)

Axmo B;>0 1 B,<0, 3amumuty mikcens [ (x, y) He3MIHHAM. SIKIIIO Hi, 3aMIHUTH
I1(x,y) Ha L;;04.

IndpauepBoni 300paxkeHHs 3a3BHYail MarOThb OOMEXKEHUN KOHTPACT 4Yepe3
ocoO0nuBOCTI BUNpoMiHIOBaHHS [YU  300pa’keHHs, 110 YCKJIAJHIOE BHUSBICHHS Ta

imeHTudikaiito o0’ekTiB Ha 300pakeHHl. O HE 3 MOXJIMBUX PIIIEHb JJI LBOTO —
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MIIBUIIEHHS KOHTPACTY, IO JOTIOMAarae IMmiaIKpPEeCIUTH BaXKJIMBI JI€Tall, MOKPAITYIOYH
BUJIUMICTh KPUTUYHUX 00 €KTIB Ta CTPYKTYp MJisl 3aBllaHb JIarHOCTUKH KPUTHYHOI
iHppacTpykTypu. 1106 mocArTH 1IHOT0, KOHTPACT BKIIOYEHO B MPOLIEC MONEPEIHbOT
00pOOKH.

OnuH 3 edeKTUBHUX BaplaHTIB — aJalNTUBHE TICTOIPAMHE BHUPIBHIOBAHHS 3
oOMesxeHHsIM KoHTpacty (anri. Contrast-Limited Adaptive Histogram Equalization,
CLAHE). 3a pomomoroto wmerony CLAHE xkoHTpacT 300pakeHHS 3pocTae
MPOIOPLINAHO MpuiiMavy, 30epirarouu JOKalbHI 1eTajl Ta 3ano0iratoum nepecuyeHHIo
CBITMIMX MUISHOK. TakuM YHHOM, MiJBUIICHHS KOHTPAacTy BIAOYBa€ThCS OLIBII
PIBHOMIPHO B PI3HHUX 00JacTsSIX 300paK€HHS, 110 BAXJIMBO Yepe3 Te, mo kaapu [U
300paKeHHS] MAaOTh HEPIBHOMIPHICTH OCBITIIEHOCTI Ta Benukuil mym. OKpiMm TOTO,
Bukopucranua metony CLAHE 3abe3neuye Oiunpin 4iTki Ta iHPopMaTuBHI Kaapu 1Y,
IO MiJBUIIY€E €(PEKTUBHICTh aHaNi3y Ta 00poOKu gaHuX [2].

HactynHuM eramoM Jis  OCTaTOYHOrO BHUJAJEHHS HE 1H(QOpMATUBHUX
IHAMKATOpiB, a came, IHIWKATOpa IOCEPEINHI, MPOMOHYEThCS BHKOPUCTOBYBATH
reHEPATUBHY HEMPOHHY MEpexXy Uil IpruOUpaHHs eneMeHTiB Ha 3HiIMKax LAMA. L4
reHepaTHUBHA IITyYHAa HEWPOHHA Mepeka 3 BETMKOI TOYHICTIO HAa OCHOBI OKOJIHIIb
€JIEMEHTY, KMl HEOOXi1IHO BUIAIMTH, MPOrHOo3ye iHTEeHCUBHICTH RGB mikcens Ha
3amiHy. TakuM 4uHOM 0€3 CUIILHUX CIIOTBOPEHDb 1HGOPMATUBHUX €JIIEMEHTIB BIAJIOCS
no30aBuTcs He 1HOOPMATHUBHOTO, IO BIUIMBAB OW Ha TMOJAIBIIY TOYHICTH
IarHOCTUKH.

OcTtanHiM eTanmoM OOpOOKM  TEMJIOBOTO 300paK€HHS €  peecTparis
(BUpIBHIOBaHHS ) 300paK€HHSI BITHOCHO BUIUMOTO.

[IpocTopoBo-Tpancdopmariiiini Mepexi (Spatial Transformer Networks, STN) €
MOTY>XHUM 1HCTPYMEHTOM IS TOIepeaHboi 00poOku 300pakeHb. Oco0IuBO 1€
CTOCYEThCS BUNIAJIKIB, KOJIM OTPIOHO BHECTU MOMPABKU Ha FT€OMETPUYHI CHOTBOPEHHS
a00 BUPIBHATH 300pakeHHs U1 oAalibioi jeramizaiii. Bukopucranus STN Hagae
MOXJIUBICTh MOJEISM CaMOCTIMHO HABUMTUCA BUKOHYBATH HAOIp MPOCTOPOBHUX
MEepPEeTBOPEHb, TAaKUX SK MAacIITadyBaHHsS, OOEpTaHHsS, 3CyB Ta TEpPCIEKTUBHE

MEPETBOPEHHSI, IO MOKPAIYyE TOYHICTH Ta CTA0LIBHICTh HACTYTHUX €TaIliB OOPOOKH.
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JInst My IbTUMOANTBHOTO 3JUTTS 1BOX 300pakeHh STN 0COOIMBO BaKIUBHIA,
OCKUTBKUA JIO3BOJISIE 3a0€3MEUUTH TOYHE BHUPIBHIOBAHHA 300paK€Hb 3 PIZHHUX
MOJQIBHOCTEH. ABTOMATHYHA KOPEKIlI CIOTBOPEHb HEOOX1THA, OCKUIBKHM HaBITh
BIJIHOCHO HEBEJIMKA HEBIJIMOBIIHICTh MOXE IMPHU3BECTU JI0 BTpatu iHdopmarlii Ta
3HIDKCHHS SIKOCTI KIHIICBOTO pe3yibTaTy, IO € KPUTHYHHM JUISI JOCSTHCHHS
BHCOKOSIKICHOTO 3JIUTTS.

Buxopucranuss STN Mae Beluke mnepeBary, OCKUIBKM HE MHOTpeOye pydyHOI
PO3MITKM KOHTPOJIBHUX TOYOK UM MONEPETHIX 3HAHB PO T€OMETPit0 300pakeHb. Kpim
toro, STN aBTOMAaTWYHO aJaNTYEThCA IO YMOB BXIJIHUX JaHUX, IO 3a0e3reuye
MOOUTBHICTH Ta €PEKTUBHHM MPOIIEC OOPOOKH 300paKeHb y PI3HUX YMOBAX.

Takum umbHoMm, STN gus momepeaHboi  0OpoOKM  300pakeHb Y
MYJIbTUMOJIATLHOMY 3JIUTT1 JOTIOMAara€e BJOCKOHAJIMTH TOYHICTh Ta SKICTh KIHIIEBOTO
pe3ynbTaTy, MO pOOUTh MOro BaXKJIMBUM ITHCTPYMEHTOM Y Cy4YacHId KOMII'IOTEpHIN
Bi31i Ta 00POOIIl 300paKEHB.

3araJibHUM MpoIec MnornepeHboi 00poOKu 300paKeHb JIBOX MOJIAIbHOCTEH 3

KOMILJIEKCYBAHHSIM 300pakeHb 300pakeHo Ha puc. 4.4.

OnTindHe

aobpameHHn 3MEHLLEHHA KomnnekcysaHHa

po3gineHOT 30aTHOCTI 3o0pareHs

bt

v

2312 % 1734
4624 = 3468 —»

2312 = 1734

"3amancoRyEaHHA" PeecTpauia
OBpizaHHa Qinerpayia 3BinebiweHHa iHguKkaTopa B 30BpaKeHHR BigHOCHD
iHawkaTopie . T EHTDI ONTUYHOMD

Tennoee
sobpameHHa
G

Mrge I o4 ae

SRR : e - 2312 % 1734
240 x 320 236 x 285 235 x 285 235 x 285 236 x 285

Puc. 4.4. TIpouec nonepeaHboi 00poOKU 300paXkeHb JBOX MOAATIBHOCTEH 3

KOMIIJICKCYBAHHAM 306pa)KeHB
3aBepiagbHUM €TaroM MONepeIHboi 00pOOKH 300pakeHb € KOMIUIEKCYBaHHS
300pakeHb. BoHO HeoOximHe ayisg 30UIbIIeHHS 1H(QOPMATUBHOCTI PE3yIbTYHOUOTO

300pakeHHsI uepe3 MoeAHaHHs IHPOPMATUBHUX €JIEMEHTIB 300pakeHb JIBOX CIIEKTPIB,
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JUTsl 3a0€3MEeYeHHs] 3MEHIIICHHS HETaTHMBHOTO BIUITMBY 1H(QOpMAIIMHUX MIyMiB (HE
iHQOpPMATUBHUX €JIEMEHTIB Ha 300pakeHH1) Ta 3MEHIIEHHA HEOOXITHHUX
O0OYHUCITIOBAILHUX MOTYKHOCTEW Ha HACTYTHUX €Tarax J1arHOCTUKH.

Ak MeTon KOMIUIEKCYBaHHsS OOpaHO pPO3POOJICHUM METOJ KOMILJIEKCYBaHHS
300pakeHb 3 a/JIaITUBHUM BU3HAUYCHHSIM Bar, KWW MOKa3aB CBOIO €(EKTHBHICTH B
3aayax MIiJBUILIEHHA 1H(OOPMATUBHOCTI B yMOBaxX IMOraHoi 1HGOPMAaTUBHOCTI
MOYaTKOBUX 300paKeHb.

Takum YMHOM, Ma€EMO FOTOBHUH MPOIIEC MOMEPETHBOI 0OPOOKH 300pakeHb JBOX
CHEKTPIB 110 MA€ MiABUIIUTH TOYHICTh BUSABICHHS 1HPOPMAIIITHIX 03HAK 300pa’KeHb

Ha HACTYITHUX €Talrax I[iaFHOCTI/IKI/I.

4.3.2. Ilin0ip Ta HaBYaHHA HeMPOHHOI MepexkKi I Kiaacupikamii
TUIB AedeKTiB

[Tpu BuGOP1 HEHPOHHOT Mepexi Ui KOHKPETHOT 3a/a4l He0O0X1THO KepyBaTucCs
IPaBUIIOM HAMMEHIIIOTO TOCTAaTHLOTO. ToMy 1715 iA00py HAMKpaIIoi apXiTeKTypH s
po3B's3aHHA 3anadi kimacudikaiii 1eQeKTiB JOPOKHBOTO MOKPHUTTS, MPOMOHYETHCS
HaBYaTH MMOCTYIIOBO HaWpe3yJbTaTUBHIII MOJEII I Kiacudikaiii COpTyrouH ix 3a
KUIBKICTIO TTapaMeTpiB, MPU OJJHAKOBUX YMOBaX.

Tak, nis npoBeneHHs ekcriepuMeHTy Oyio oOpaHo 4 mepexi: ResNet (60.2
MiTbiOHIB mapameTpiB), EfficientNet (118.5 minbitoniB mapametpi), VGG (138.4
MUJIBHOHIB MTapaMeTpiB).

Mepexi HaBHaJIMCS 32 OJJHAKOBHX YMOB, a caMe, IIBUJKICTh HaBYaHHS (aHIJL
learning rate) cknana 0.001, po3mip naprii (anri. batch size) - 10, kuTbKICTb €nox - 15,
HaBYaJlbHA Ta BadidaliiHa BHUOIPKM KOMIUICKCOBAaHHMM 300pa)k€eHb BHIMMOIO Ta
TEIJIOBOTO CIIEKTPa — OJTHAKOBI JIJIST KOKHOI MEpexi.

Pesynbratn HaBuanus ResNet mokaszani Ha puc. 4.5
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BTpaTy 3a enoxy ToYHICTb N0 enoxax

—— BrtpaTu TpeHyBanbHol BUOIpKK 0700 — TouHICTb
14 BTpaTu BanigaUiiHoi BUBIpKK
0.675 1
124 0.650
s =
5 Y 0.625
I
£ 10 3
m 7 =}
0,600 -
08 - 0.575 1
0.550 1
0.6 L T T T T T T T 0.525 T T T T T T T
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Enoxa Enoxa

Puc. 4.5. Pe3ynbratn HaBuanHs ResNet: rpadik BTpaT — 311iBa, rpadik TOUHOCTI — CIIpaBa.

Ax BUAHO 3 pe3yJbTaTiB Mmicig 3 €eNoXW HEWpOHHA Mepeka IOYHMHAE
nepeHaByaTuCs (BTpaTH TPEHYBAJIBHOI BHOIPKM 3MEHINYIOTHCS B pa3d IIBUIIIEC 32
BaJliaIiiiHy BUOIPKY) 11€ TOBOPUTH PO MEHIINNA MOTEHIIa]l MPUPOCTY TOYHOCTI MPHU
poIoBXkeH1 HaBuaHHs. [1o rpadiky 3MiH TOYHOCTEH BU3HAYCHHS KJIacy BapiallidiHol
BUOIPKHA BUJIHO SIBHY HECTAOLIBHICTH PE3YJIbTATIB BiJ €MOXH JIO €MOXH, 10 TAKOX
BKa3ye Ha mepeHaBuaHHs. Haiikpama orpumana TouHicTh 1e 79.15% na 13 emoci
HaBYaHHs. Buxonsum 3 1iporo maremMatndHa mMozenb ResNet moraHo miaxoauTs AJis
pO3B's13aHHS 3a1a4l Kiaacudikaiiit 7eeKTiB JOPOKHBOTO TOKPUTTI.

Pesynpratn HaBuanHs (puc. 4.6) Heiipomepexi EfficientNet 3 Takumu x
yMOBaMH, KOH(Irypali€ro rineprnapaMerpiB Ta Ha TUX CAaMUX JaHUX BKa3yIOTh Ha OLIb
MO3UTUBHUI TPOTHO3 MIOJ0 BUKOPUCTAHHS JAHOI apXiTeKTypH s Kiacu]ikarii
nedeKTiB JOPOKHBOTO MOKPUTTS B KOHTYPl CHCTEMH aBTOMATH30BaHOI /11arHOCTHUKU
Ta PEMOHTY JOPOXHBOTO MOKPHUTTSL.

3a 15 emox HaBYaHHS BTPATH BaJIiJIAlIHOT BUOIPKH 3QJIMINAIIMACS MCHIIUMH 32
BTpaTH TPEHYBAJIbHOI BHUOIPKH, MpPU [bOMY 30€piraloyd IUJIJaBHE 3MEHIIEHHS

ITOKa3HHUKa.
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BTpaTi 3a enoxy ToyHicTb Mo enoxax

—— BTpaTw TpeHyBanbHOI BUOIpKK 0.90 1 — To4HICTB
174 BTpaTw BanigalinHol BUGIpKK
0.88 1
1.0 1
£ 0.86 -
2 0.8 1 7
@
" 084+
0.6 1
0.82 1
0.4 4
T T T T T T T OIBO L T T T T T T T
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Enoxa Enoxa

Puc. 4.6. Pesynbratn HaBuanns EfficientNet: rpadik BTpaT — 311Ba, rpadik TouHOCTI —

CIIpaBa.
Hatikpamuii moka3HUK TOYHOCTI BaTiaIliiHOT BUOIpKK OTpuMaHo Ha piBHI 90%

Ha § ermoci HaBYaHHS.
Ockinbku 30UTBIIEHHST MapaMeTpiB Moka3ano cede e(PEeKTUBHO TaKox OyJo

HaBuYeHO OuTbITy Moenb VGG, pe3ynabTaTi HaBYaHHS 300pakeHo Ha puc. 4.7.

BTpaTh 3a eroxy ToyHiCTb MO enoxax
1.2 1
—— BTpaTV TpeHyBanbHol BUGipku 0.78 1 — TouHicTb
11- BTpaTw BanigauiitHoi BnbipKn
' 0.76 1
1.0 0.74
s =
5 097 2072
2 z
@ P
0.8 4 0.70 4
0.7 4 ""‘--N/\ 0.68 1
NN\ /S
0.6 X7 0.66 1
T T T T T T T T T T T T T T
2 4 ] 8 10 12 14 2 4 6 8 10 12 14
Enoxa Enoxa

Puc. 4.7. Pesynbratn HaBuanHs VGG: rpadik BTpat — 3:7iBa, rpadik TOYHOCTI — CIpasa.

[Tpu 1iit apxXiTeKTypi HaBYaIbHOI BUOIPKH CTaJIM MEHIIMMH 32 BaliJaliiiHy Ha
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6 emoci, HalKpalmii MOKa3HUK TOYHOCTI oTpuMaHmii Ha 13 emoci i ckiaB 78%.
Cnuparounch Ha rpadikv 3MiH TOYHOCTEW Ta BTpPAT MOXHA TOBOPUTU TIO MEHIITY
cTablIbHICTh HaBUaHHS Kiaacudikarii aedexTiB B mopiBHaHHI 3 EfficientNet.

OckuIbKM 30UIBIICHHST PO3MIPIB MOJENII HE Jajo OUIBIIOro pe3yibTary
OpOINOHY€EThCsl 3ynuHuUTUCA Ha apxitektypi EfficientNet, sxa mnokasye Ouibiny
CTaOUIbHICTh, HAMKpAIIly TOYHICTh Ta HAHOUIBIIY IPOTUIIIO ITE€pEHABYAHHIO.

[Tincunutu pesynapratu TouHOCTI Mozen EfficientNet MoxnnBo 3aBasku OLIbII
JeTaJTbHOMY M1100PY rineprapaMeTpiB HaBYaHHS 1 J0JJaBaHHIO METO/I1B ayrMEHTaIlii
JUIsl 30UTbLIEHHS 00’ €My JIaHMX, IO AACTh 3MOT'Y HaBYaTH MEPEXY OUIbIIY KUIbKICTh
IIUKITIB 10 TIEpCHABYAHHS.

[Ticns 6araTeox cripo0 HaBYAHHS 3 PI3HUMH KOH(DIrypaiisiMu pe3yasTaty 3 99%
TOYHICTIO Kiacudikamii Tuny aeexTy BIagocs JOCATTH 3aBISKU TaKiid KoH]Irypartii:
KUTBKICTH enoX - 31, mBuakicte HaB4aHHs - 0.001, po3mip mapTii - 4 Ta BUKOPUCTAHHIO
Ha0opy MeToMiB ayrmeHTaiii. Mertoau ayrmeHTaiiii Oyau oOpaHi B OUIBIIOCTI
OJIHAKOBI1 JJIs BCIX KJaciB, a came, 3allpOIIOHOBAHUN METOJ ayrMEHTalllii Ha OCHOBI
KOMILUIEKCYBaHHs 300pakeHs (0.8), 'aycoBe po3mutTs (3 BiporiaHicTio 0.4), ryM ciib
ta niepenp (0.4), BunaakoBe oOpizanHsa kpaiB (0.9), BunajgkoBa 3MiHa KOHTPACTHOCTI
(0.4), Biga3epkasieHHs: ropu3oHTanbHe Ta BepTrKaibHe (0.6), BUNIaJKOBE 3MEHIIIECHHS
po3autbHOi 31aTHOCTI (0.5), BUMIagKOBE BUPI3aHHS MPSAMOKYTHHUKA 3 300pakeHHs (0.2),
Bumnaakose Bunanenus mikcemis (0.2), Bunagkose kopuryBanus HSV (Hue, Saturation,
Value) (0.3), Mixup (0.1). Takox mIg BCiX OKpiM, TpIIIUH ITOB3JIOBXKHHX Ta
MOTIEPEYHUX, Yepe3 B3aleKHICTh I[HUX THUMIB JAePEeKTIB BiJl KyTa IOBOPOTY,
BUKOPHCTOBYBABCS BUIAKOBHI moBopoT Ha 90 rpanxyciB (0.6) Ta Bumaakosa adiHHa
Tpanchopmairis (0.4)

3MiHy BTpaT Ta TOUHOCT1 HAa HABUAJIbHIN Ta BajialliifHiil BUOIpKax MoKa3aHo Ha
puc. 4.8. Sk BuaHO Taka KOHQIryparlisi Aaja HalKpanly CTaOlIbHICTh HaBYaHHS Ta

pEe3yJbTaT MO TOYHOCTI.

109



BTpaTi 3a enoxy

TOYHICTb N0 enoxax

1.000
—— BTpaTw TpeHyBanbHoi BUGIpkK — ToYHICTh
1.2 1 BTpaTi BaigaLliiiHoi BuBipKy 0.975 +
1.0 4 0.950 4
0.925
0.8 1 o
5 G
[ T
E T 0.900 1
o 061 °
0.875 1
0.4 -
0.850 4
0.2 -
—_— 0.825 1

T
10 15 20 25 30
Enoxa

5 10 15 20 25 30
Enoxa

Puc. 4.8. Pesynbratn HaBuanus mozeni EfficientNet Ha dinanbHii koHbIrypaii: rpadik
BTpaT — 3J11Ba, Tpa(ik TOYHOCTI — CIIpaBa.

JInst oliHKK BIUIMBY HAOOpY METOJIIB ayrMeHTaliil OyJjo MpOBEAEHO 1€ OJIHE
MallMHHE HaBuaHHA Oe3 ii BUKOpucTaHHs. Tak, mMepeka HaBuanach 23 enoxu 0e3
NepeHaByYaHHs 1 Jocsria NoKa3HruKa TOYHOCTI Ha piBHI 97.6%.

Jnst kpaioro po3yMmiHHS PO3MOAUTY TOYHOCTEH 3aJIeKHO BIJ TUIY Je]eKTy
Oyno moOymoBaHO MATPHINIO 3aruTyTaHocTi (puc. 4.9), ska mokasye SKUi BiJICOTOK
TECTOBHUX JaHMX OYJIO MPaBWJIbHO YW MOMMIKOBO BH3HAUYMJIA MaTeMaTHYHA MOJEIb.
Sx BunHO 3 giarpamu jguiie 3 Turnu Maiau He 100% TouHICTh TPOTHO3Y TUITY JAehEKTY,
a came, CiTKa TPIIIKH, TPIIIMHU TTOB3IOBXHI Ta TPIIIUHU TToniepeyHi. Tak, mOB310BKHI1
Ta MOTEPEYH1 TPIIIUHA XUOHO BBAYXKAIHUCS CITKOIO TPIIIHH, a CITKA TPIIIIMH MOMIJIKOBO

BHU3Ha4YaJIaCh K KOCa TpiIHI/IHa.
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MaTpuus 3anayTaHocTi
100

99.00 A 0.00 1.00 0.00 0.00

CiTka
TPIiLLMH
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98.00 0.00 0.00 0.00 0.00

TpiwmHn
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leTrHa
Be3 petpekTHa
noBepxHa MOB3A0BMHI
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TPILLMHA

0.00 A A 100.00

- 40

0.00 A A A 100.00

BuboiHKn

-20

3.00

TpilWMHK
rnonepeyHi
3aransHi

1

I I I 1 1
CiTka TpiwvH  Be3 pedekTHa Koci BuboiHun TpilWKWHK
TPilLKUH MoB300BMHI NoBEPXHSA TPiLLUHKA nonepeyHi
3aranbHi

MporHo3yeThCA

Puc. 4.9. MaTpuriis 3armmyTaHocTi

[TopiBHsIHHS €(EKTUBHOCTI HABYEHOI HEWPOHHOI Mepexki B MOPIBHAHHI 3

aHaJioraMy MOKHa 1mooaunTu Ha tad. 4.2.

Tabnuus. 4.2. IopiBHsUIbHA TaOIUISI TOYHOCTEH BU3HAYECHHS THITY E(EKTIB TOPOKHOTO TOKPUTTS

Hassa/Onuc To4HICTH

3anpornoHoBaHa KOHQIrypallisi MOAEi 3 KOMIIEKCYBaHHSAM 300pakeHb 3 99%
a/IaNTHBHUM BU3HAYCHHSM Bar BUIMMOTO Ta iHQpauepBOHOTO CHEKTPIB

AHaJjor 3 BUKOPUCTAHHSAM KOMIIEKCYBaHHIM 300pakeHb BUUMOTO Ta 98.34%
iH(pauepBOHOTO CHEKTPIB [5]

BukopucrtanHs nuiie BUIUMOro cnekrpa [S] 96.57%
BukopucTanHs JIdIe TEerioBoro cnexkrpa [S] 93.83%
Buxopucranns nazepHux ckanepis [6] 99.6%
Bukopucranns 3D nazepHux ckanepis [7] 98%
Buxopuctanns Kinect [8] 89.09%

Sk BUAHO 3 MOPIBHSUIBHOI TaONMIll TOYHICTH 3alpONOHOBAHOI KOHQIrypamii

MOI[GJ'Ii 3 KOMIICKCYBaHHM 306pa>1<eHL 3 aJallTUBHUM BHU3HAYCHHAM Bal' BUAMMOI'O Ta

111



1H(pPaYePBOHOTO CIIEKTPIB MEPEBUIIYE AHAIOTH, OKPIM, METOIy Ha OCHOBI JIA3€PHOTO
CKaHyBaHHSI, OJIHAK, Talll CKAHEPU B pa3u JOPOKYl 32 KaMepH TETJIOBOTO Ta BUAUMOTO

CIIeKTPIB.

4.3.3. O0rpyHTyBaHHSI BUOOPY MO/eJi JJIs cerMeHTaIlil 300paskeHb

Segment Anything Model (SAM) Bigx Meta Al € HOBOIO TmEepeaOBOIO
MaTeMaTHYHOIO MOJICIII0 CEMaHTHYHOI CerMeHTaIlli 300pakeHb, sSka HE IMOTpedye
MOTIEPETHHOT0 HABUAHHS Ha crienu(iuHuX Habopax JaHuX 13 3a3HAYCHUMH 00'€KTaMu
Ta cueHamu. OnHier0 3 ii HAWBUAATHIMIUX OCOOJIMBOCTEM € MIATPUMKA BCIX THIIIB
M1JKa30K: TOYOK, paMOK Y TEKCTOBHMX 3aMMTIB JIJII CErMeHTallii 00'ekTiB. 3a JaHUMHU
Meta Al, monens nemonctpye IoU B mexax Big 0,5 mo 0,8 Ha crangapTHUX Habopax
nanux, Takux sk COCO ta LVIS [3].

Mopenb MpakTHYHO IHTETPYETHCS 3 TAKMMHU TEXHOJOTisIMH, K Lang-Segment
Anything, mo 3a0e3neyye MOMXJIMBICTh BHKOPUCTAHHS TEKCTOBUX 3alMTIB IS
aBTOMATHYHOI cermeHTanii o00'ekTiB. lle 0coO0MMBO KOPUCHO nJig 3aBAaHb, €
HEOOXITHO WIBUAKO 11€HTU(]IKYBaTH O00'€KTM Ha 300pakeHHI 0e€3 Oyab-sSKHX
BI3yaJIbHHUX M1JKa30K a00 CHEI[iaIbHOTO HaBYaHHS.

SAM 3abe3reuye MOKIMBICTB Toaaibioro 30inbmenHs loU 1o 0,9 y cknagaux
CIICHApIsIX 3a JOIMOMOT'00 TEKCTOBUX a00 TOUKOBHUX IIJKA30K, 1110 J03BOJISE JOCATaTH
BHUCOKOT HAJIMHOCTI CerMeHTallli Jjii BU3HAYCHHS MOIKo/KeHb [4]. Ile pobuts ii
e(DEeKTUBHUM IHCTPYMEHTOM JIJII CUCTEM MOHITOPUHTY JOPOKHBOTO CTaHy. Y TaKuX
BUIMAJKaX MOJIETb JIOBeJIa CBOIO €()EKTUBHICTh Y TOUHOMY BHUSBJICHHI MOIIKOJI’KEHb
3aBJISIKU 3/IaTHOCT1 BUSBJISITH A€(EKTH.

TakuMm YMHOM, 3aBASIKM 3/IaTHOCTI MIPALIOBATA 3 MIHIMAJIbHOIO KUIBKICTIO
M1JIKa30K 1 aJanTyBaTUCS 10 PI3HUX THUIIIB 300pakeHb, SAM € ieanbHUM PIIICHHSM
JUTST  aBTOMATH3allii TMpOIecy CerMeHTalii B CKJIaJHUX YMOBaX, TaKUX SK

1HOPACTPYKTYPHUN MOHITOPUHT CTaHy JOPOKHBOTO MOKPHUTTSL.
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4.4. Po3poOka anropurMiB cucTeMH

4.4.1. Po3poOka ajaropurmy pyxy X0a0Boi Jiadoparopii

Ha puc. 4.10 mpeacTaBiieHO alrOpuT™M pyXy X0J0BO1 JabopaTopii, IKuif MICTUTh
cTpaTerito 300py Ta 30epiraHHs 310paHMX JaHUX XOJ0BOIO Jjaboparopiero. Tak,
JIOKaJbHE CXOBUINE 3JaTHE HAKONMMYyBAaTH MAacUB JIaHUX, SIKI 3T0JIOM TaKETHO

BIJIMIPABJISIOTHCS HA IIEHTPATI30BaHEe XMapHE CXOBHUIIIE.

T

Modatok pyxy
xonoeoi naboparopii

!

i=1 k3

!

30ip gaHwux 3 paTikie &

30epemeHHa
HaKOMUYEHUX [aHKX Ha
KMAPHOMY CXORMLLI

KiHeub pyxy xonosoi
nabopartopil

I

Puc. 4.10. Anroput™m pyxy x070B01 1aboparopii
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4.4.1. Po3poOka ajnropurmy miacucreMu 00poOKu 300pakeHb

Po3pobniennii anroputm migcucTeMu oOpoOKH 300pakKeHb HABEJICHUW Ha PHC.

Movatok

OTprmManya napu scbpamets
EWAMMOND Ta iHgpadYepeoHors
CMEKTPIE 3 3M3pHOTO CXOBMLLA

v

MNonepegHAa
ofpobka
3obpakeHs

Y

Benenet
nepeTeopeHHA
306paneHb

v

BuaHaueHHA
BOTOEMX
koedilieHTiR

v

KomnnekcyeaHHA
300pameHb 3
BHEOPHCTAHHAM
BaroBnx KoedilieHTie

4.11.

JbepexeHHA
CXOPMOBAHOTO
o0paxeHHR

Knacudikauia
3obpagweHb

Lle pedekt

BuaHaueHHA
nnowi gedesTy

v

Januc pesyneTatie
e Gasy gaHux

Puc. 4.11. Anroput™m mijicucteMu 00poOKH 300pakeHb
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BUCHOBKMU 10 PO3JIILJTY 4

1. 3i0pano Ta 00poOJIEHO HAaBUAJIHLHUN HAOIp JAHUX 3 Map BUIMMOTO Ta
1H(payepBOHOIO CHEKTPIB 3 AePeKTaMu JOPOKHBOro MOKpUTTs. Lo nano 3mory
NOJANIBIIOT PO3POOKH MMiJICHCTEMHU ONPAIIOBAHHS 300pa’kKeHb OTPUMAHUX 3 KaMep
X0JIOBHUX JIa0OpaTOpIH.

2. Po3po6ieHO CTPYKTYpPHY CXEMY aBTOMATHU30BaHOI CUCTEMU JIIarHOCTUKHU
Ta PEMOHTY JJOPOKHBOTO MOKPHUTTS 3 €IEMEHTAMH IITYYHOTO 1HTEJICKTY.

3. Po3po6eHo Ta o0rpyHTOBAHO MPOIECH TONEPEAHBOT 00POOKH J1J1sT 000X
CHEeKTpiB (BUAMMOro Ta IH(pavyepBOHOr0), MmO JAJ0 3MOTy TpuOpaTh
iHopMariitHi myMu Ta Aeski AedeKTH 300pakKeHb IS MiABUIICHHS TOYHOCTI
MIarHOCTUKU B CUCTEMI.

4. HaBueHo Mojenb JUisi BHU3HAUYEHHS THUIY Je(EKTIB JOPOKHBOIO
NOKPUTTS. 3amporioHOBaHa KOHGIrypalis NokKaszalia MiABUIICHHS OTPUMaHOI
TOYHOCTI BU3HAUYECHHS THUIIB Ae(EKTIB B NOPIBHSAHHI 3 aHAJIOTAMHU.

5. O0pano Ta oOrpyHTOBaHO BHOIp HEWPOHHOI Mepexkl Segment Anything
Model nns cermenTanii, sika HEOOX1/1HA 111 BU3HAYEHHS Itoml 1edekTiB. Taka
MOJIeNIb TIOKa3ye BUCOKY TO4HICTE 90% cermeHTaunli Opu BUKOPHCTaHHI
TEKCTOBUX ITiJIKA30K.

6. Po3po0iiecHO alropuTMH pyXy XOAOBOI jJaboparopii Ta MiICHCTEMH

00poOKHU 300paKeHb.
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PO3AIJI 5. ExciepuMeHTA/IbHA NepeBipKa podoTH
CUCTEMH

5.1. ®opmyBaHHS TeCTOBOI BUOIPKH AJIs1 iMITALIIMHOTO
MO/JEJIOBAHHSA

Jl1st mpoBeIeHH IMITAIITHOTO MOJIETIOBaHHS 31 chopmMoBaHOi B 4 po3imi
tectoBoi BUOIpKU (300 map 300paxkeHsb) Oyino chopmoBaHo 3 HAOOpHU JAHUX, K1
CKJIQJa0Thes 3 ap 300pakeHb BUAMMOIO Ta IHPpauyepBOHOr0 300pakeHb, 00’ €M
KokHOro Habopy 100 map 300pakeHsb 110 CUMYJIIOE ITPOaHaTI30BaHUN TPOMI’KOK
noporu 1omero 100 M*2, netanbHuii onrc HAOOPIB TaHUX HaJaHo B Taba 5.1.

[Ilo6 crpocTUTH MOJIETIOBAHHS BBAXKAEMO W10 TECTOBHI IPOMIKOK

JOPO’KHBOTO MIOKPUTTS HAJICKHUTH JI0 TIEPIIOT KaTeropii JOPOTH.

Ta6mums. 5.1. Onrc HabopiB AAHUX TSI IMITAIIHHOTO MOJICTIOBAHHS CUCTEMU JT1arHOCTUKH

Ta PEMOHTY JIOPOKHBOT'O IMTOKPUTTSI

Ha3zga Onuc
HaGip 3 HuU3BKUM piBHEM 90% mwporo Habopy 1e 0e3
nedeKTiB nedextHa austaka, 10% pi3HOTHUITHI
TPIIIUHA
HaGip 3 cepenHiM MOKa3HUKOM 40%  nHabopy  CKIQaroTh
ne(eKTHOCTI PI3HOTHUIIHI nedekTu, pemrty

oe3nedexTHa TUITHKA

Habip 3 BuUCOKMM piBHEM 10% HnabGopy 0e3 naedekTHa
ne(eKTHOCTI TJISTHKA, 90% CKJIQIalOTh
pi3HOTUIHI AedekTH (OUIbLIICTh 3
SKUX BUOOTHM)

Take po3OUTTS ma€ MEepeBIpUTH MpalEe3aaTHICTh CUCTEMHU Ha OUIBIIOCTI

BUIIAJIKIB 1i BUKOPUCTAHHSI.
5.2. Peanizaunist KoHBeepa 00poOKH 300pakeHb Ta CUCTEMU

NPUIHATTA pillleHb

Jlanl eneMeHTH cuCTeMH OyJI0 peaidi30BaHO MOBOIO MPOrpaMyBaHHS
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Python Ha 0a31 xmapHux cepsiciB komnaHii Amazon (anri. Amazon Web
Services (AWY)).

Jlyist 30epiranHst He CTPYKTYpOBaHUX (paifliiiB HalKpare miaXoauTh CEPBIC
Amazon Simple Storage Service (S3), Hamae nemeBuid crocid 30epiraHHs
MaCMBHMX HE€ CTPYKTypoBaHUX (haljliB Ta Ma€ MiATPUMYBAIbHUN Ta
3aJIOKYMEHTOBAaHUM MporpamMHuil iHTepdeiic s B3aEMO/Ili, 0 MIAXOAUTH IS
30epiraHHs BEJIUKOI KIJTLKOCT1 300pa’keHb TOBEPXH1 JOPOKHBOTO TTOKPUTTSL.

KonBeep 00poOku 300pakeHb peaizoBaHO Ha 0a3l cepBicy Amazon
Lambda, skuii Hamae 3MOry KOpHUCTyBaTHCS 0€3 CEpBEPHUMHU XMapHUMHU
TexHoJorisiMu  (Serverless), Taka XmapHa apxITEKTypa [Ja€ MOXIHUBICTh
OTPUMYBATH JOCTYI O OOYUCIIOBAILHUX MOTYXKHOCTEH JIMIIIE HA Yac 3alyCKy
MPOrpaMu, 1110 3HAYHO CKOPOUY€E BUTPATH HA XMapH1 O0UYHCIICHHSI.

MexaHi3M JIOTTYHOTO BUCHOBKY TaKOX JIOPEUHO peasiizyBaTh Ha Amazon
Lambda.

VYci 6a3u ganux cucremu 1ie PosgreSQL, axuit € HaaliHOIO PEAIiifHO0
0a3010 JTaHWX 3 BIAKPUTUM KoJoM. Llg 0a3za maHux € craHmapToM B po3poOili
IpPOrpamMHOro 3a0e3reyeHHs, A0 TOro X ii BUKOPUCTaHHS Oe3komToBHE. s
po3roptanHsi 0a3 1 JOCTYHNHOCTI A0 JaHUX 3 BCIX MPUCTPOIB, AOLIHHO
ckopucrtarucs Amazon Relational Database Service (Amazon RDS).

Takum 4yuHOM OYJO peani3oBaHO IEHTPaII30BaHl MIACUCTEMU OOpPOOKH
300pakeHb Ta IMIJCHCTEMY NpPUUHATTA pimeHb Ha 0a31 AWS. XwmaphHa
apXxiTeKTypa Jiaja 3MOT'y THYYKO HaJIallTOBYBAaTH OOUYHMCIIIOBATBHI TOTYXKHOCTI Ta

IIIBUJIKO BIPOBAXKYBATHU HOBI BEPCIi MiJICUCTEM.

5.3. AHaJi3 pe3yJbTaTiB iMIiTALIITHOT0 MOJC/JIIOBAHHA
ABTOMATH30BAHOI CHCTEMM J{iaTHOCTHUKH Ta PEMOHTY JI0POKHbLOT0
NMOKPUTTSH

5.3.1. Pe3yJabTaTH iMiTALIHHOT0 MO/IEJIIOBAHHA HA HA0Opi 3
HU3bKHNM piBHeM JedeKTiB

[Ticnst mpoXoKeHHS TaHUX Yepe3 MiICUCTEMY 00poOKH 300pakeHb 0yIii0
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OTPUMAHO PE3yJIbTATH, SIKI MOKa3aHOo B Tab 5.2.

Ta6mums. 5.2. Pe3ynbraty, o OTpUMaHi MicIs TPOXOKEHHS MiJICUCTEMU 00pOOKH

300pakeHb
Tun Peaan Busznau Peauabn Busznau
nedexry Huii % B enuid % B a IJIoIa €Ha ILJI0IIA
HaOopi HaOopi nedexriB, M | nedexriB, m?
bes 90 90 - -
nedexTHa
MOBEPXHS
Koci 2 1 0.13 0.06
TPIIUHA
Tpimma 1 1 0.05 0.04
Y MIOB3I0BXKHI
Tpimma 3 2 0.14 0.09
U TIOTIepeyH1
Citka 4 6 3.2 3.78
TPIIIUH
Cyma 100 100 3.52 3.97

OTpumani pe3yJbTaTd JAEMOHCTPYIOTh HE BIANOBIJIHICTh BU3HAYEHUX Ta
peanbHUX TUIIIB TPILIKH, IO CIOCTEPIrasiocs 1 pu po3poOLil HEHPOHHOI MEPEXKI,
Tak, 2 300pakKeHHS 3 MOMEPEYHUMH Ta KOCUMHU TPIIIUHAMH OyJIM BU3HAUYCHI SIK
ciTka TpimuH. Llel npukiag 1eMOHCTpyE 3HAYHUN BIUIMB MTOXUOKU BU3HAUCHHS
TUIy TPIIIUH Ha KIHIIEBUH pe3yJbTaT, 4epe3 HEBEJMKUN BIJICOTOK BMICTY
nedektiB B Habopi manux. Takum umHOM, Oysio oTpuMmaHo 98% TOYHICTH
BU3HAYEHHS Kjacy nedekTy, yepes Te, 10 THUIl J1e(PEeKTy BUKOPUCTOBYETHCS K
TEKCTOBA MiJKa3Ka A1 cermenTanli. [loxubka BU3HaU€HHS TUITY Je(DEKTY TaKOXK
BILUIMBA€ HA TOUYHICTh BU3HAYEHHSI IUIOINI, OTpUMaHa nmoxuoka cknana 0.41 M2

OT1xe, 3a pe3yiabTaTaMHu MEPEBIPKU TOPOKHBOIO MOKPUTTS ioteto 100
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M? KaTeropii I, BUsIBIEHO TaKl 1ePeKTu:
e Koci tpimuan: 0.06 M?
e Tpimuuu nonepeuni: 0.09 m?
e Citka TpimuH: 3.78 m?
3aranpHa moma 1e(eKTiB CTaHOBUTH 3.93 M2,
PexomeHnarii miacucTeMu MPUHHATTS PIIICHb.
Ockinbku 1oTOYHA Je(eKTHICTh MeHIna 3a 5%, piBeHb He(PEeKTHOCTI He
JI0CsITa€ TIOPOrOBUX 3HAYEHD JJIS TNIAHOBUX PEMOHTHUX POOIT, MPOMOHYETHCS:
1. KpuTuuHicTh Ta HEOOXIIHICTH PEMOHTY:
a. Ilorounwuii cTaH JOPOKHBOTO MOKPUTTS HE € KPUTUUHUM.
b. IlpoBectn mpoduTaKTUYHI 3aX0JW IS 3aMO0IraHHs MOAATBIIOMY
PO3BUTKY J1€(DEKTIB.
2. Tun peMoHTy:
a. JlokanpHUIl NOBEPXHEBH PEMOHT 3 TEPMETHU3ALIEID HAsSBHHUX
TPILIMH.
b. 3acrocyBaHHS  3aXMCHUX  MOKPUTTIB IS ITIBUIICHHS
3HOCOCTIMKOCTI.
3. HeoOxigHa TexHIKa Ta 00aJHAHHA:
a. MamuHu Jj1s OYMINECHHS Ta MiArOTOBKH MTOBEPXHI.
b. OOGnagHaHHS AJ1s TepMeTU3aIlli TPIIUH.
c. HaOip pyuHux iHCTpyMEHTIB JUIsl APIOHUX PEMOHTHUX POOIT.
4. TepmiHU BUKOHAHHS:
a. PexomeHayeTbcsi BUKOHATH POOOTH MPOTATOM HaOmmxumx 12
MicsniB.
5. JlomaTkoBi peKOMEH/IaIIii:
a. IloBTopHa miarHOCTHKa CTaHy MOKPUTTS depe3 12 micsauiB micis

PEMOHTY ISl OLIIHKU HOT0 €(PEeKTUBHOCTI.
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5.3.2. Pe3yabTaTn iMiTAliiHOTO MOJAEJIIOBAHHA HA HA0OPI 3
cepeaHiM piBHeM HAsIBHOCTI J1e()eKTiB

PesynbraTty orpuMani Ha HaObOpP1 3 CEpeIHIM PIBHEM HASIBHOCTI Je(hEKTIiB

[MoKaszaHo B Ta0x 5.3.

Tabnuus. 5.3. Pe3ynbpTaty, 10 OTpUMaHi MiCIIs IPOXOKEHHS MiICUCTEMU 00POOKH

300pakeHb
Tun Peannb Busnau Peanbn Busnau
nedexrty Huil % B eHuit % B a miioma €Ha 1101 A
Ha0opi Ha0opi nedekriB, M* | nedekTiB, M>
bes 60 60 - -
nedexTHa
MOBEPXHS
Bu6oin 10 10 12.05 11.7
u
Koci 10 9 0.61 0.52
TPIITUHA
Tpimua 10 10 0.39 0.36
Y TIOB3I0BXKHI
Tpimuu 5 5 0.22 0.25
U TIOTIepEYH1
Citka 5 6 3.85 4.62
TPIITUH
Cyma 100 100 17.12 17.45

S BUIHO 3 OTPUMAaHUX PE3yJIbTaTIB TOUHICTh BUSHAUCHHS TUITY A€(EKTIB

cknana 99%, Ttak caMo SIK B NOMEPEIHBOMY MPUKIAJI, MOXHUOKY BHOCHUTH HE

IMPpaBUJIBHC BU3HAYCHHA THUITY TplIHI/IHI/I IToxnOka BU3HAYECHHS 3arajbHOI HJIOHIi

cknana 0.38 M2, sik 6aunMo, MoX1OKa MPUCYTHS MPU BUZHAUEHHI IIJIOLLI KOXKHOTO

TUIYy 1€PEKTy, OAHAK, B CyMl BOHA HE I0CATAE KPUTUYHUX 3HAYEHb.
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OTtxe, 3a pe3yJibTaTaMu MEPEBIPKU JOPOKHBOI0O MOKPUTTS toero 100

Mm? kateropii [, BusiBjIeHO Taki nedexTu:

e BubOoinu: 11.7 m?

e Koci tpimumnu: 0.52 m?

e TpinuHu noB3aoBxkHI: 0.36 M>

e Tpimuuu nonepeuni: 0.25 m?

e (irka TpimuH: 4.62 m?

3aranbHa mioma aedextis: 17.45 m2.

PexomeHnanii niicuCTeMu MPUUHATTS PIIICHb.

Ockutbku nedexTHicTh cTaHOBUTH 17.45%, 1ie BianoBigae Pisuio 2 (JI1

2), IPONIOHYETHCS:

1. KputnuHicTh Ta HEOOXIIHICTH PEMOHTY:

a.

Ctran JOpOXHBOTO TOKPHUTTS € HE33aJI0BUILHUM 1 TOTpedye
IJJAHOBOT'O PEMOHTY.
HeoOxigHo 3amo0irtT mojanbIIOMy pPO3BUTKY Je(EKTIB, IO

MOXYTb IPU3BECTHU 1O HOFipIHeHHSI Oe3mneKku PYXYy.

2. Tun peMoHTy:

a.

d.

HeoOxiguuii peMOHT 13 4YacTKOBOK 3aMIHOK) BEPXHBOIO IIapy
HOKPUTTS Ha 1e(PEKTHUX AUITHKAX.

JlatanHst BUOOTH 3 BHKOPHCTAaHHSM Trapsumx ac(harbToOCTOHHHUX
CyMIILIEH.

PemoHT TpimMH TUIIXOM ~ TepMETH3aIli Ta  3allOBHEHHS
CreiaJIbHUMHU MaTepiajlaMH.

priHJIGHHH OCHOBH B MiCIlSIX 3HAaYHHUX ITOIIKOAXCHb.

3. HeoOximHa TexHika Ta 0OJafHAHHS:

a.
b.

C.

MamuHu AJ1 OUMILEHHS Ta MIATOTOBKH MOBEPXHI.
AcdanbToykiagaadi 1Jisi HAHECEHHSI HOBOT'O MOKPUTTS

Kartku (BiOpaitiiiHi Ta cTaTuyH1) AJi yIIUIbHEHHS acPalbTOOETOHY.

d. Camockuau it TpaHCIOPTYBAaHHS MaTepiaiiB.
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e. OOnagHaHHSA U1 repMeTH3aLlii TPIIIHH.

f. Habip pyuyHux iHCTpYMEHTIB JUIsl APIOHUX PEMOHTHUX POOIT.

4. TepmiHnu BUKOHAHHS:

a. PexomeHnayerbcsi BUKOHATH POOOTH TPOTATOM HAMOMMK4InX 3

MicCHALIB.

5. JlomaTkoBi peKOMEH1allii:

a. IloBTopHa [larHOCTHKA CTaHy IMOKPUTTA 4depe3 6 MicAmiB micis

PEMOHTY ISl OLIIHKUA HOr0 €(heKTUBHOCTI.

b. Ilicas 3aBepiieHHsS PEMOHTY MPOBECTH MapKyBaHHS JOPOKHBOTO

MTOKPUTTS Ta BCTAHOBUTHU HEOOX1AH1 TOPOKHI 3HAKU.

5.3.3. Pe3yabTaTn iMiTalliiHOT0 MOJC/IIOBAHHA HA HA0OPI 3
BHCOKHM PiBHEM HASIBHOCTI Je()eKTiB

Pe3ynbratu oTprMani Ha HAOOpP1 3 BUCOKHM PIBHEM HAsIBHOCTI Je(EKTIB

OoKa3aHo B Ta0i 5.4.

Ta6mums. 5.4. Pesynbraty, o OTpUMaHi Micas TPOXO0/KEHHS MICUCTEMH 00pOOKH

300paKeHb
Tun Peann Bu3nau Peanabn Busnau
nedexry Huii % B enuid % B a IJIoIa €Ha ILJI0IIA
HaOopi HaOopi nedexriB, M? | nedexriB, m?
bes 10 10 - -
nedexTHa
MOBEPXHS
Buboiu 50 49 30.6 29.7
51
Koci 10 10 0.62 0.64
TPIUHA
Tpimmna 10 10 0.37 0.33
Y TIOB3I0OBXKHI
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Tpimuu 10 9 0.34 0.3
Y TIOTIEPEYHI

Cirka 10 12 7.2 8.4
TPIIUH
CymMma 100 100 39.14 39.37

Ha npomy HabGopi maHux OauynMo XuOHE BU3HAYCHHS Je(eKTy THUITY
BUOOiIHA, SIK CITKY TPIIIUH, IIle¢ 00YMOBJICHO HAasIBHICTIO BEJTMKOT KIJTBKOCT1 MaTNX
BUOOIH Ha OJTHOMY 300pakeH1. 3arajioM TOYHICTh BUSIBJIICHHS THUIIIB JeEKTIB Ha
Ha0opi 3 BUCOKUM piBHEM JedeKTHOCTI ckiana 98%, a moxubka BU3HAUYCHHS
ot 0.23 m2,

OTxe, 3a pe3yJibTaTaMu MEPEBIPKU JOPOKHBOTO MOKPUTTS 1toiero 100

M? kareropii I, BusBieHo taki nedexru:

e BubGoinu: 29,7 m?

e Koci tpimmnu: 0,64 m?

e Tpimuuu noe3aoBxHI: 0,33 M?

e Tpimuuu nonepeuni: 0,3 m?

e Citka TpimuH: 8,4 M?

3aranbHa mioma aedextis: 39,37 M2

PexomeHarii niicCKCTeMU MPUUHATTS PIIICHb.

Ockinbku nedextHicTs cTanoBUTh 39,37%, 11 Binmosinae Pisuro 3 (11 3),
MIPOTIOHYETHCS:

1. KputnuHicTh Ta HEOOXIIHICTH PEMOHTY:
a. CtaH 1Op0OXKHBOTO MOKPUTTS € HE33I0BUTHLHUM 1 BUMArae HeraitHoro
BTPYYaHHS.
b. Bucoka koHieHTparliss BUOOTH Ta TPIINIUH MOXKE IPU3BECTH 0
aBapiiHUX CHUTYyalllii Ta HEraTMBHO BIUIMBAaE Ha O€3MeKy
JOPOKHBOTO PYXY.

2. Tun peMoHTy:
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KanitanbHuii peMOHT 3 MOBHOIO 3aMIiHOK BEPXHBOTO IIApPYy
MOKPUTTSL.

Perenepariisi O0CHOBH B MICISIX 3HAYHHX ITOIIKOJIKEHbD.

PemoHT TpimMH TUISIXOM ~ TepMETH3aIii Ta  3alOBHEHHS
CreiaJIbHUMU MaTepiaJlaMH.

[ToninmenHs: ApeHa>kHOi CUCTEMU JIJIsl 3aM100ITaHHs] HAKOTIMYEHHIO
BOJIM Ta MOJANBIIOMY PYHHYBaHHIO TOKPUTTSI.

3MilHeHHS Y3014 Ta peMOHT 000YWH JJIsI 3a0€3IeUeHHsI UTICHOCTI

AOPOKHBOTO ITOJIOTHA.

3. HeoOximHa TexHika Ta 00JIaIHAHHSA:

IS

o o o

=H

g.

MaiivHu 11 OYMIIEHHS Ta MiITOTOBKU MOBEPXHI.

['peiinepu Ta Oynpao3epu AJis MIATOTOBKH OCHOBH.
AcdanpToyKaagadi 1T HAHECEHHS HOBOT'O MTOKPHUTTS

Kartku (BiOparriitHi Ta cTaTuyH1) A yIIUTBHEHHS acPallbTOOETOHY.
Camockuau Ji71st TPaHCIIOPTYBaHHS MaTepialliB.

ExckaBaTopu 11 3eMJISTHUX POOIT.

OOGnagHaHHS 7151 TPEHAXKHUX POOIT.

4. TepmiHU BUKOHAHHS:

a.

PexomenayeTbcs po3nodatd poOOTH MPOTATOM 1 Micss.

5. JlomaTkoB1 peKOMEHIallii:

a.

[Ticnst 3aBepIIeHHS] PEMOHTY MPOBECTH MAapKyBaHHS JTOPOXHBOTO
MOKPUTTS Ta BCTAHOBUTHU HEOOX1THI IOPOXKHI 3HAKH.

[ToBTOpHA MiarHOCTHKA CTaHy MOKPUTTSA depe3 6 MICAIIB TCIsI
PEMOHTY IS OLIIHKU HOT0 €(PEeKTUBHOCTI.

[IpoBecTn aHaNi3 MPUYWH IIBUIKOTO 3HOIICHHS TIOMEPEIHBOTO
NOKPUTTSL JUIsl 3amoOiraHHsl TOBTOPEHHIO TaKWX CHUTyallid y

MalOyTHBOMY.

ITo pe3ynbTaTam iMITalITHOTO MO TYJIFOBaHHS ITiICUCTEMU OOPOOKHU TaHUX

1 NIATPUMKH MPUKAHATTS PIIIEHb MOAEIIOBAHHS OTPUMAHO TOYHICTH BUSBIICHHS
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OCHOBHHMX THUMIB J1€(DEKTIB JOPOKHBOIO MOKPUTTS Ha piBHI 98-99%. [loxubdka
BU3HAYCHHS IO Ae(eKTHOI MoBepxH1 He nepeBunmia 1 M? Ha ainsami 100 M2,
Pe3ynbrat roBOpATH MPO 3HAYHWN BIUIMB HA BU3HAYCHHS NEe(PEKTHOI TUIONT
MOBEPXHI JIOPOTH, IO M1arHOCTYEThCSA, TOYHOCTI BU3HAYCHHS THUMY JIE(EKTy.
SIKicTh OTpUMaHUX PEKOMEH 1alliii TOBOPUTH MPO 3MEHIIEHHSI HEOOX1THOTO Yacy
€KCIIepTIB JIJIsi OCTATOYHOTO PIIIECHHS, II0JI0 PEMOHTY JIUISHKA JOpOrH. Takum
YIHOM OyJI0 MIATBEPAKEHO Mpale3aTHICTh 3alIPONOHOBAHOI CUCTEMHU.

[pPYHTYIOUHCH Ha OTPUMAHKUX PE3YJILTaTaX MOJAEIIOBAHHA MOXHA 3pOOUTH
3arajgbHi BHUCHOBKH IOJI0 TMPaIe3/laTHOCTI 3ampolOHOBAHOI CHUCTEMH Ta
MOPIBHATU 1l CHCTEMOIO 3alpOIllOHOBaHOK Yy pobOotri [1] Ta migcucTeMoro
kiacudikaiii 1eexTiB JOPOKHBOTO MOKPUTTS OMUCAHO B poOOTI [2].

["'0710BHOIO BiIIMIHHICTIO BiJ CHUCTeMHU [l] € BUKOpHUCTaHHS KaMep JBOX
CHEeKTpiB 1H(pad4epBOHOTO Ta BHUAMMOIO, a TaKOXX BUKOPUCTaHHS OJIOKY
KOMIIJIEKCYBaHHS JIJIsl 3MEHIIIEHHS BIUTUBY 1H(OpMAIIHUX 3aBaj] 1 3SMEHIIICHHS
CKJIQIHOCT1 MOAIbIN0T 00poOkH. TakuM 4MHOM OYJI0 3aMiHEHO BHKOPUCTAHHS
JIOPOT0 BapTICHOTO JIA3€pHOTO CKaHEpPY Ha OUIBII JCIICBUH TENJIOBIHHMIMA
TIPYUITA/I.

3ampornoHoBaHa B poOOTi [2] migcucTeMa MiICHCTEMU Kiacudikali
ne(deKTiB JOPOKHBOI'O MMOKPUTTS 3 TMONEPEIHIM MYJIbTUCHEKTPAIbHUM
KOMIUIEKCYBAaHHSIM 300pakeHb BUJIMMOTO Ta IHPPAUYEpBOHOIO CIEKTPIB Halya
MOJAJIBIIIOTO PO3BUTKY KOIITOM 3aMiHM METOJNYy KOMIUICKCYBaHHS Ha
3aIIPOIIOHOBAHUN B I poOOTI METOA 3IUTTA 300pakeHb 3 aJalTHBHUM
BU3HAYCHHSIM BaroBUX KOe(QiIliEHTIB Ha OCHOBI BEHBIICT IEPETBOPCHHS, IO Ha
1.4% migBumnye entpomito Illenona(inpopmaTuBHICTE) B TOpPIBHSHHI 3
aHajoraMu, a TaKOX, 3aBJSKH 3alpPOIOHOBAHOMY METOAY apryMeHTallii
HaBYAJIbHUX JJAHUX HA OCHOBI 3JIUTTS 300pakeHb JUIA 3a7ad kiacudikari. Taka
KOHpiryparis aajia 30UIBIIUTH BIPOTITHICTh MPABUIBHOTO BU3HAYEHHS THITY
nedextiB Ha 0.66% (10 99%) Ta 3MEHIIUTH Yac HEOOXIIHWI Ha HaBYaHHS

HelipomepekeBoro kiacudikaropa 4.5 pa3u KOMITOM CKOPOUYEHHS HEOOX1HOTO
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00’eMy HaBYAJIbHUX AaHUX 3 13,5 TucAY A0 3 THCSIY 300paKEHb.

127



BUCHOBKMU 10 PO3JAILJIY 5

1. PeamizoBano Ha 0a31 xMapHHX cepBICIB Amazon KOHBEEpHU OOPOOKH
300paXkeHb Ta MiJCUCTeMY NPUUHATTA pimeHb. 110 103BOINMIO0 CKOPOTUTH Yac
Ha BIPOBA/PKEHHA HOBUX BEpCiii 1 3HAYHO TPUCKOPUIIO MPOBEACHHS
MO/JIETTIOBaHHS.

2. [IpoBeaeHo iMiTalliifHe MOACIIOBAHHS CUCTEMH, 3a PE3yJIbTaTaMU SIKOTO
HiATBEP/HKEHO Mpalle3AaTHICTb 3alIPOIIOHOBAaHO1 cucTeMHu. OTpUMaHO NPaKTUYHI
pe3yabTaTH TOYHOCTI BUSIBIIEHHA TUIY Ae(eKTiB Ha piBHI 98-99% Ta BU3HAYEHO

10 MOXUOKa pO3paxyHKY IO HE MepeBuirye 1m2.
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CnucoK BUKOPUCTAHUX JIKEPeJI 10 Po3aliay 5

[1] Roberts, R. A. (2021). A new approach to Road Pavement Management
Systems by exploiting Data Analytics, Image Analysis, and Deep Learning
(Doctoral dissertation, Doctoral dissertation, University of Palermo).

[2] Chen, C., Chandra, S., Han, Y., & Seo, H. (2021). Deep learning-based
thermal image analysis for pavement defect detection and classification
considering complex pavement conditions. Remote Sensing, 14(1), 106.
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BUCHOBKHA

1. IIpoananizoBaHO cy4acHUI CTaH PO3BUTKY METO/IIB aBTOMATU30BAHOIO
I1arHOCTYBaHHSA CTaHy JOPOXHBOTO OKPUTTS, IO € aKTyaJIbHUM 3aBJAHHIM JJIs
3a0e3nedeHHs O€3MeKnu TOPOKHBOTO PyXy Ta ONMTHMI3aIli BUTPAT HA PEMOHTHI
pobotu. Cepesr OCHOBHUX MPOOJIEM BUJIIJICHO BUCOKY BapTiCTh TOUHUX METOJIB
JIarHOCTYBaHHS Ta 3HAYHUN BIUIMB 1H(QOpMAIINHUX 3aBaj Ha TOYHICTH
pe3yibTaTiB. 3apONOHOBAHO MYJbTUMOJAIBHUM MIJIX1A 13 KOMIUIEKCYBaHHSIM
300pakeHb, KU J103BOJIIE €(PEKTUBHO MPOTHAIATH 1HOOPMAIIHUM 3aBajam,
3HM)KYIOUH XHIM BIUIMB HA TOYHICTh J1arHOCTUKHU, a TAKOXK 3MEHIIY€E CKIAIHICTh
NOJANBIIOT 0OPOOKH JaHUX Y PI3HUX CHEKTPATbHUX J1ana3oHax.

2. Jlnsa mpoenenHs nociikeHb 310paHo 6000 300paxkeHb nedexTiB
JOPOXKHBOTO TOKPUTTSA Yy JBOX CHEKTpaIbHUX dianma3oHax. Po3poOieHo Tta
OOTPYHTOBAHO TIPOIIEC 0OPOOKH ITUX 300paKeHb 3 BUKOPUCTAHHIM HEUPOHHUX
MEpEeX, SKUW TOJIATa€ B JBOX IMapaleIbHUX MPoIlecax MOmepeHboi 00poOKu
300pakeHb 000X CIEKTPAIbHUX Jlana3oHiB, KOMILJIEKCYBaHHS 300pakKeHb €TUHE
Ot iHpopMaTHBHE, Kiacudikamii TUMy aeEeKTy TOPOKHBOTO MOKPHUTTS
HeHWpoMepeKeBUM KJIacu(piKaTOpOM Ta BU3HAYEHHI IUIONI AS(EKTY 3aBISKH
cerMeHTallii Ha 6a31 HEHPOHHOT MEPEXKI.

3. V pe3ynbTaTi TPOBEJEHHS MOCTIIKEHb OyJI0 3amporOHOBAaHO Ta
OOTPYHTOBAHO METOJ] 3IUTTS 300paXeHb 3 aJaNTUBHUM BU3HAYCHHSIM BaroBUX
KOoe(iLi€EHTIB Ha OCHOBI BEUBJET MEpeTBOPEHHA. MeTo/ nojsirae B po3KiagaHH1
MOYAaTKOBUX 300pa)K€Hb Ha BEHBJIET KOEQIIIEHTH Ta BU3HAYEHI 3TOPTKOBOIO
HEUPOHHOID MEPEXKEI0 BaroBUX KOEQIII€HTIB, MO0 BU3HAYAIOTh YaCTKY
MOYAaTKOBOTO 300pa)K€HHS B PE3YyJbTYIOUOMY, 1 JO3BOJIsi€ 3OUIBIIUTH
1H(HOPMATUBHICTH PE3YIBTYIOUOIO 300paskeHHS npu MIPOBEJICHHI
JTIarHOCTYBaHHS  JIOPOKHBOTO  MOKPUTTA. bylno  mochimkeHo  MpupicT
1HOOPMATUBHOCTI TpPU BHUKOPUCTAHHI 3alpOMNOHOBAHOTO METO.Y. 3a

pe3yiibTaTaMUu HOpiBHSIHHfI 3aIlIPpOIIOHOBAHOI0 MCTOOAY 3 HAABHUMH 6y.TIO
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orpuMmano npupict entpomii IlleHona (inHdopmartuBHOCcTl) Ha 1.4%, mo €
OCHOBHOIO OL[IHKOIO SIKOCT1 3JTUTTSL.

4. Y pe3ynbTari TPOBEACHHUX JOCHIKEHb OYyJ0 po3po0JIeHO METON
ayrMeHTallli HaBYaJbHMX JaHUX Ha OCHOBI 3JIHMTTSA 300pakeHb IS 3a7ad
kiacudikarii. MeTos rmojsrae B o€ IHaHHI BEUBJIET KOS(IIIEHTIB OTPUMAHUX 3
MOYAaTKOBUX 300paXkK€Hb OJHOTO 00 ’€KTY Ta 3BOPOTHOMY MEPETBOPEHHIO LIS
OTPUMMAaHHS ayTMEHTOBAHOTO 300pakeHHs. CTaTUCTUYHE MOPIBHSIHHS 3 THIIMMHU
METOJaMHM  3MIIIyBaHHS 300pa)K€Hb BUSBUJIO 3aJEKHICTh HMOBIPHOCTI
MpaBWIbHOI Ki1acudikallli Bil 0OpaHOro METOAY ayrMeHTAIlli 1] Yac HaBYaHHS
HelipoHHOi Mepexi. Haitounpmmii mpupict #MosipHOocTi (10 22%) Oyio
TOCSITHYTO 32 JIOMTOMOTOIO 3allPOTIOHOBAHOTO METOY Ta METOAY BUIAIKOBOI
3aMiHU BeWBIET-KOE(DIII€HTIB, BOMHOYAC CTATHCTHYHO 3HAYYIUX BIIMIHHOCTEH
MK BHUOIpKAaMU OTPUMAHHMX WMOBIPHOCTEH HE BHSIBJICHO. 3ampONOHOBAHHIA
METO]I TIPOJIEMOHCTPYBAB YTPUYl BUIIY MPOAYKTHUBHICTH MOPIBHSHO 3 METOJOM
BUIMAJKOBOI 3aMIiHM BEWBJICT-KOS(DIMIEHTIB, OCKUIbKH I HOro peaizarii
JOCTaTHbO JBOX BHUXIAHUX 300pa)K€Hb, TOMl SIK METOJ BHUIIAJIKOBOI 3aMiHU
BeUBIIET-KOE(DIIIEHTIB MOTPeOy€E MIECTH 300paKECHb.

5. YI0CKOHAIEHO CHCTEMY aBTOMAaTM30BAHOI'O JIarHOCTYBAaHHS CTaHy
JTOPO’KHBOTO TIOKPHUTTSI Ha OCHOBI 3alPOITOHOBAHUX ITiJICHCTEM OIPAIffOBAHHS
(0OpoOKHM) 31 3MUTTAM 300paKEHBb ABOX CIEKTPIB 3 aJallTUBHUM BU3HAUYCHHSIM
BaroBMX KOE(QIIIEHTIB Ta METOMIB AayrMEHTaIlii, M0 Jajo0 IiABUIICHHS
HMOBIPHICTh KOPEKTHOTO BU3HAYCHHS TUITY Je(HEKTY JTOPOKHBOTO MOKPUTTS HA
0.66% Ta ckopoTUTH 00’ €M HaBUATBHUX JAHUX J0 3 TUCSY 300pakeHb (aHAIOT
13,5 tucsu).

6. Y pe3ynbTaTi MPOBEACHUX JOCHIKEHb OYyJIO JTOCATHYTO ITiIBUIICHHS
TOYHOCTI OI[IHKHM CTaHy JOPOKHBOTO TMOKPUTTS MIPU BUKOPUCTAHHI TEIJIOBUX Ta
BuaMMUX Kamep Ha 0.66%, 3aBasku BHCOKiN MMoBipHOCTI (99%) KOpEeKTHOTro
BU3HAYECHHS TUIY JeeKTy Ta moxuOll y BU3HAUYEHH] IO Ae(EKTy — MEHIII

HiX 1 M? Ha AurgHIl mwiomero 100 M2, 11 moKa3HUKHK € KIFOYOBUMH acCleKTaMu
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AKOCTI CHCTE€MH, OCKUIBKM BHMCOKAa TOYHICTh Yy Kiacu(ikamii aedexTiB 1
MIHIMAJIbHI BIAXWJIEGHHS Y PO3paxyHKax IUIONI MiABUIIYIOTh JOBIPY 10
pE3yIbTaTIB IIarHOCTHKHU. 3aBISKH BJOCKOHAJICHHIO aBTOMATH30BaHOT CHCTEMU
JTIarHOCTUKHU OyJI0 TaKOXX 3HIKEHO OOCIT PydHOI HEOOXITHOT s KOPEKIIii
MOXUOKH CUCTEMHU, 1110 I03BOJIUIIO CKOPOTUTH TPYAOMICTKICTh MPOIECY KOPEKIIii

MOXUOKHU TPH OIIHII CTaHy JOPOKHBOT'O MOKPUTTA HA 39%.
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JTOJATKHU

JoaarTok A
Anpeca odicy:
laFHOCTH yHi
p“J‘[ anﬂ M. Kuis, 03061, syn. MNatpioTie, 103
Ten./dakc: (+38044)-239-12-
50
HAYKOBO-BHPOBHHUYA ®IPMA (+38044)-239-12-46
e-mail:support@ndt-ua.com i
www.ndt-ua.com ACTY ISO 8001:20018
Bux. Ne ’5();16’ in«/» 03 2024
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AKT BITPOBAZKEHH$I

pe3yabTATIB HAYKOBUX JOC/TiIKeHb
«BukopucTannst MeToay ayrMenTauii s HaB4aHHSA Hel POHHHX Mepex IpH
3aCTOCYBAHHI IX y TEIIOBOMY HepyiiHIBHOMY KOHTpPO.TI»

Mu, wo mignucamucs HIDKYe, CKIATH el akT mpo Te, LI0 pe3ynbTaTi
HayKoBoi poGOTH 3 BUKOPHCTAaHHS METOLy ayrMeHTalil Ha Gasi KOMITeKcyBaHHS
300paeHp J03BOJINIM PO3POOHTH Ta NIPOTECTYBATH METONMKY OGPOGKM Ta aHAII3y
IHQOPMATHBHUX TapaMeTpiB CHUTHANiB TeMNoBi3opa A1 MOJANBIIOTO  iX
3aCTOCyBaHHs B HEHpPOHHMX MepexkaX. B npoueci nocnmimkens pospobneHo meron
ayrMeHTauUil Ha 0a3si KOMIUIeKCYBaHHs 300pakeHb, SKHIf YCHIIHO MNpOMIIOB
eKCTIEPHMEHTalIbHI JOCTI/KeHHsl Ha cepisfix 3paskiB AedexTiB, W0 miaTBepIMIO
MOXJTHBICTh BUKOPHCTATHCS IIEOTO METOAY B 3a/(a4aX KOHTPOIIO. 3aBISKH EOMY €
MOXIHBICTE 3MEHIIMTH COBiBapTicTh mpolecy aBTOMATHYHOT —Kiacudikauii
JIedeKTiB TeIIOBMM METOIOM Ta ITiABHIMHUTH TOYHICTE KOHTPOJIIO.

HayxoBo-BupoGuuya ¢ipma «[iarnoctnuni [puwnamm» — miareepmkye
FOTOBHICTH IO HAIaroJDKEHHs CIHIBMpall 3 po3pO6HHKAMM Ii€] MeTONMKH IS
TOAANBIIOrO BIPOBAIXKEHHA PE3YJLTATIB LBOT0 JIOCH{PKEHHS Y BUPOGHHYOMY
MPOILIEC] 32 YMOBHU Py IsPHOL MiATPUMKH MPALe3IaTHOCTI BKA3aHOTO METOLY.

I'enepaneHuil 1HpexTop

«HB® « ITATHOCTHUYHI HPI/IJI

mercanap [TABJIINA
)

S»_ 9373 2024 p.

Bukonasui:
Amnaroniii [IPOTACOB

iﬁ&# Henuc CTOPOXHK

«-’/i-» el5 2024 p.
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Jlonaroxk b

VKPATHA
MIHICTEPCTBO OCBITH I HAYKH YKPATHH

HAIIOHAJIbHMI TEXHIYHUM YHIBEPCHTET YKPAIHM
«KUIBCHKWI MOMITEXHIYHMI THCTUTYT
imeni ITOPSI CTIKOPCHLKOT'O»

NMPHJIAAOBYAIBHUI ®AKYALTET

03056, m. Kuis, bepecreiiceknii ap-T, 37; Ten. {+38.044) 204-94-55 ren./dakc (+38 044) 236-10-43
hitp:/pbikpiua  e-mail: pbii@kpi.ua

AL N P

Ha Ne Bill

AKT BIIPOBAKEHNHA
pe3yNbTaTiB HAYKOBHX J0C/iDKeHb acripanTa Ctopoxkuka [lenuca
BosnonuMupoBHua B HaBuaNbHUE nponec kadenpu ABTOMaTH3ALIl Ta CHCTEM
H&]})"ﬂhim O KOHTPOIIO Hpﬁﬂaﬂ{}ﬁyﬂ,ﬁsﬁ(}l“ 0 ty-ﬁ('_yﬂineTy

My, 1o mignHcanycs HHXKYE, CKIIANHU 1l akT Mpo Te, D0 YaCTHHA Pe3YbTaTiB
aueepramiiiol poborn Croposmika [A.B., 4 caMe METOANKA OTIPALFOBAHHA Td aHANISY
TennoBux 300paxcenn, OynM BMpoOBamkKeHi B HABYANLHMH Tpollec y BUTISAMI
naboparopHoi pobGoTH s cTymeHTiE Kadeapum ABroMarHzalii Ta CHCTEM
HepyuHiBHOrO KOHTpOmw0. JlaGoparopua pobGora Ha Ttemy «JlociiKeHHS anrOpHTMIB
OTipaliioBatHA TETUIOBHK 300pakeHb» BHKOHYETBCA B padMikax mucimiviind «OCHOBH
Tenno0aueHHs Ta CHCTEM TEXHIYHOro 30py po0oTiB» Ta NPUCBAYEHA IOCIIiLKEHHIO
ANTOPUTMIB  OTPAIIOBAHHS TEMIOBHX 300pakeHb, OTPUMaHHX 3a JOIOMOTOIO
TETIOBI3IHHHX CHCTEM.

B pofori posMiANAcTECA BHKOpHCTaHHA JyHKuioHamy GibnioTck, saxi
BIAMOBIAAOTL 3a 3UMTYBaHHA 300paXeHb, BM3HAYEHHs iX napamerpis, pobory 3
nikcenamMu obnacri iH'fepecy, a TaKoK PO3IHYTO tpinb'rpauiﬁui MOMUIHBOCTI JUIsl
MNOKpalleHHss Ta Jetamsauii eneMeHTiB 300paxens. OnaHyBaHHs BKa3aHOL
naGoparopiioi pofoTy AomoMarae cTyAEUTAM NaOyTH NPAKTHUNMX HARMHOK peGoTH 3
pe3y/bTaTaMi TEIIOBOrO KOHTPOMIO, @ TAKOX CIIPHAE PO3BUTKY HAOCHIAHULIBKHX
snibHoCTEH.

W) e )
g+ weTHT
Hexan T4 8

IpunanobyaisHoro T'puropiii THMYHKK
3aBimypau Kadenpu \
«ApToMaruzanii Ta cutTep * 2
HepyHHIBHOTO KOHTPOIIO» —  1Opit KHPUUYVYK
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JlonaTtoxk B

®ynkuia Python ans ayrmeHTanii 3anponoHOBaHUM MeETOAOM

import cv2

import numpy as np
import pywt

import random

def wavelet_transform_rgb(ir_img: np.ndarray, vs_img: np.ndarray, fusion=None) -> np.ndarray:
if fusion is None:
fusion = conditional_averaging_rgb
if vs_img.shape[2] != 3 or ir_img.shape[2] = 4:
raise ValueError("MepLe 306paxeHHs noBuHHO MaTn 3 kaHanu (RGB), a apyre 4 kaHanu (RGBA).")
channels =]
foriin range(3):
channel_img1 = vs_img[;, :, i]
channel_img2 = ir_img[;, :, i]
alpha2 = ir_imgl[;, :, 3]

channel_out = _wavelet_channel_Transform_rgb(channel_img1, channel_img2, alpha2, vs_img.shapel[:2], fusion)
channels.append(channel_out)

outlmage = cv2.merge(channels)
return outimage.astype(np.uint8)

def _wavelet_channel_Transform_rgb(channel_img1: np.ndarray,
channel_img2: np.ndarray,
alpha2: np.ndarray,
shape: tuple,
fusion) -> np.ndarray:

cooef1 = pywt.dwt2(channel_img1, 'db5', mode='periodization')
cooef2 = pywt.dwt2(channel_img2, 'db5', mode="periodization')

cA1, (cH1, cV1, cD1) = cooef1
cA2, (cH2, cV2, cD2) = cooef2

cA = fusion(cA1, cA2, alpha2)
cH = fusion(cH1, cH2, alpha2)
cV = fusion(cV1, cV2, alpha2)
¢D = fusion(cD1, cD2, alpha2)

fincoC = cA, (cH, cV, cD)
outlmageC = pywt.idwt2(fincoC, 'db5', mode='periodization')

outimageC = np.multiply(np.divide(outimageC - np.min(outimageC), (np.max(outimageC) - np.min(outimageC))), 255)
outimageC = cv2.resize(outimageC, (shape[1], shape[0]))

# MackyBaHHs pesynbTaTy 3 anbda-kaHanom
outlmageC = np.where(alpha2 > 0, outimageC, channel_img1)
return outimageC

def conditional_averaging_rgb(matrix1: np.ndarray, matrix2: np.ndarray, alpha2: np.ndarray) -> np.ndarray:
alpha2_resized = cv2.resize(alpha2, (matrix1.shape[1], matrix1.shape[0]))
result = np.where(alpha2_resized > 0, (matrix1 + matrix2) / 2, matrix1)
return result
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Honarok I'

®ynkuisa Python ast KOMILUIEKCYBAHHSA 3alIPONIOHOBAHNM METOA0M

import cv2
import numpy as np
import pywt

import random

def wavelet_transform(image, wavelet='db5'):

cA, (cH, cV, cD) = pywt.dwt2(image, wavelet, mode = 'periodization’)
concatenate_coeffs = np.stack((cA, cH, cV, cD), axis=0)
return concatenate_coeffs

def adaptive_image_fusion(ir_img, vs_img, gray_ir_img, gray_vs_img, alpha):
if not alpha:
ir_w = torch.tensor(wavelet_transform(gray_ir_img)).unsqueeze(0)

vs_w = torch.tensor(wavelet_transform(gray_vs_img)).unsqueeze(0)

with torch.no_grad():
alpha = MODEL(ir_w.float(), vs_w.float())
print(alpha)
f_img = imgfusion.adaptive_wavelet_transform(ir_img, vs_img, alpha if alpha else alpha.item())

return f_img

def adaptive_wavelet_transform(ir_img: np.ndarray, vs_img: np.ndarray, alpha: float) -> np.ndarray:
fision = lambda vs_matrix, ir_matrix, image_alpha: _adaptive_conditional_averaging(vs_matrix, ir_matrix, image_alpha, alpha)

return wavelet_transform_rgb(ir_img, vs_img, fision)

def _adaptive_conditional_averaging(vs_matrix: np.ndarray,
ir_matrix: np.ndarray,
image_alpha: np.ndarray,
alpha: float) -> np.ndarray:
image_alpha_resized = cv2.resize(image_alpha, (vs_matrix.shape[1], vs_matrix.shape[0]))
result = np.where(image_alpha_resized > 0, (alpha * ir_matrix + (1-alpha) * vs_matrix), vs_matrix)

return result
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