AHOTALIIA

JlaBpenrok M. C. Moxeni Ta MeTOAu TIMOMHHOTO HAaBUaHHS IS 3a1ad
TeompoCTOPOBOTO aHam3y. — KBamidikariiiiHa HaykoBa mparisi Ha IpaBax pyKOMHCY.

Huceprariist Ha 3400yTTS HAYKOBOTO CTYIEHS JOKTOpa (inmocodii 3 ramysi
3HaHb 11 Marematuka Ta cratucTuka 3a croemianbHicTio 113 Tlpuknagna
MaTemaThka. — HarioHanpHUM TexHIYHMM yHiBepcuTeT Ykpainun «KuiBcekuii

noyiTexHiyHui 1HCcTUTYT iMeHi Iropst Cikopceekoroy, Kuis, 2020.

Po3BuTOK Hayku Ta ii 3acTOCyBaHHA B 0araTbOX MpPaKTUYHUX Taly3sX
0a3yr0ThCS HA BUKOPUCTAHHI MITYYHOTO 1HTENEKTY. OCHOBHUMH HOTO HANPSIMKAMU €
1HXKEHepIsl JaHUX, KOMIT IOTEpHUIN aHali3, HEYiTKa JIOTiKa, MaIlluHHE CIPUNHATTS,
BUJIOOYTOK 3HaHb Ta iHII. METOJO0JOTIYHY OCHOBY METOIB IITYYHOT'O IHTEJIEKTY
CKJIAJal0Th MaTeMaTHU4HI METOJM Ta IHTEJICKTyaJlbHI MOJEINI, SIKI 3HAaXOJATHCS B
MOCTIHHOMY PO3BUTKY. OCOOJMBO aKTUBHO PO3BUBAIOTHCS MAaTeMaTH4HI MOJENl Ta
METO/IM, sIKi 0a3ylOThCS Ha BENHKIA KUIBKOCTI JIaHWX Ta IHKOPIOPYIOTH iX 3a
JOTIOMOT0I0 METOAIB TIIMOMHHOrO HaBuaHHA. Cepel HaWBAXKIMBIIIUX MPaKTUYHUX
3aCTOCYBaHb, B SIKUX AKTMBHO BUKOPUCTOBYIOTHCS METOJM IITYYHOTO I1HTEJIEKTY,
OCHOBaHI Ha TTMOMHHOMY HAaBYAaHHI 3 BHUKOPHUCTAHHSIM BEIUKHUX 00 €MIB JaHUX, €
JOCTIDKEHHSI ~ CEHCMIYHOI ~ aKTMBHOCTI  3€MJll,  €KOJIOTIYHUM  MOHITOPUHT
HABKOJIMIITHROTO CEPEIOBUINA, BHUSBICHHS AHOMAJbHUX JAaHUX B KIOCpHETUUYHIN
Oesrelli, aHaai3 reonpPOCTOPOBUX JaHUX Ta 1HIII.

OmHUM 3 BaXJIMBUX aCHEKTIB, IO 3YMOBHJIM MOJKJIUBICTH TaKOTO PO3BUTKY
MaTeMaTUYHUX METO/IIB TIMOMHHOTO HABYAHHS € MOsIBAa BEJIMKUX 00’ €MIB TOCTYITHUX
JAHUX Ta OOYHCIIIOBAaHUX TOTY)KHOCTEH. B 3B’s3Ky 3 IMM OCTaHHI POKHU IIBUIAKUMHU
TEMIIaMH PO3BUBAETHCS cdepa aHamizy OaraTOBUMIPDHUX 3allyMJICHUX JaHUX
BEJIMKOro 06’emy. PasoM 3 TuM Uit 3amadi aHamizy OaraTOBUMIPHHMX 3allyMJICHUX
JTAHUX BEJMKOro 00’€My BHKOPHCTAHHS METOJMIB TIMOMHHOTO HaBYaHHS B TOMY
BUTJIAI, B SIKOMY BOHM Oynu po3poOjeHi s IHIIMX 3arajibHOBIIOMHUX 3ajad,

HeMmoxauBe. HasiBHI myOumikaiii Ta €KCIIEpUMEHTH 3 BUKOPUCTAHHS TJIIMOWHHOTO
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HaBYaHHS B LI cdepl NPOBOIWINCH JUIIE AN HEBEIUKOTO O00’€My MaHUX 3

PIBHOMIPHUM DPO3MOALIOM Y BX1IHOMY IIPOCTOPI, IO € JIUIIE YACTKOBUM BUIIAJIKOM,
SKAA HEMOXJIMBO TIOUIMPUTH HaA JaHI BEJIMKOro 00’eéMy 3 HE pPIBHOMIpHUM
PO3MOLIOM y BXiJHOMY mpocTopi. He 3Bakaroun Ha BEIUKY CXOXKICTh MAaTeMaTUYHOT
MOCTAaHOBKM 3aJlayl aHaiizy 0araTOBUMIPHUX 3alllyMJICHUX JaHUX Ta MOCTAaHOBOK
3a/lay Uil TPAJuIIAHOTO KOMIT IOTEPHOTO aHalli3y Ta MAIIUHHOTO CIPUMHATTS,
ICHYIOTB 1 TPUHITUIIOB] BIIMIHHOCTI M1 HUMH.

Haii6inpmn 3Ha4H1 Ta yCHIIIHI pe3yJbTaTH B 00JIacTi MITYYHOTO IHTEJICKTY 3
MIMOVHHUM HaBYaHHSAM OyJlM OTpHMaHI B poOOTax 3aKOpJOHHMX aBTOpiB KyHixiko
®ykycimn, Sdua Jlexyna, Momya Benmxno Ta Jxeddpu XMHTOHA, a Takox B
poborax ykpaincekux aBTtopiB O.I. IBaxnenka, M.3. 3rypoBcekoro, I.B. Ceprienka,
H.J1. ITankpatoBoi, O.A. ITaBnoBa, H.M. Kyccynp ta iHmmx. Pazom 3 Tum mporpec
MOTYXKHOCTI OOYMCITIOBAIBHOI TEXHIKA Ta IMOSBA y BUIBHOMY JIOCTYIl BEJIUKOI
KUIBKOCTI ~ 0araTOBUMIpHHMX JaHMX POOUTh AaKTyaJIbHUM 3ajJadyy pO3pOOKH
MaTeMaTHYHUX METOJIB Ta MOJENICH MTYYHOTO 1HTEIEKTY 3 TITUOMHHUM HaBYaAHHSIM
JUIsL aHami3y OaraTOBHUMIPHHMX 3alllyMJICHUX JIaHUX BEJIUMKOro 00’eMy B 3ajadax
reoNnpOCTPOBOTO aHAJI3Y Ta €KOJIOTTYHOTO MOHITOPHUHTY.

Metow mucepTalliifHOro JOCHIPKEHHS € poO3poOKa Ta BIOCKOHAJICHHS
MaTeMaTUYHUX METO/MIB TJIMOMHHOTO HABYaHHS, SKI 0a3ylOThCS Ha 3TOPTKOBUX
ITIMOMHHUX HEHPOHHUX MEpekax Ta BIAPIZHSIOTHCS 1HIIATI3all€0 TOYaTKOBUX Bar
MEpeX TPU BHUKOPUCTAHHI HEMApKOBAaHWUX JaHUX HA OCHOBI PO3PIIKEHOTO
KOJTyBaHHS, 1110 BEJI€ JI0 MIBUIIICHHS TOYHOCTI 3a]1a4 T€OMPOCTOPOBOrO aHATI3Y.

B nuceptariii Briepiie oTprMaHi Taki HOBI HAyKOBI PE3YJIbTATH:

1. Bnepme po3po0iieHO MaTeMaTWyHUi MeTon  yHi(ikamii mogaHHs
0araToBUMIpHUX 3allyMJICHUX T'€OMPOCTOPOBUX JIaHWX, OCHOBAHWHM Ha
PO3PIKEHOMY KOJyBaHHI BXIJHUX HEMapKOBAaHMUX JaHUX, SKUM HaIae
MO>KJIUBICTh TTOOYIOBH €IMHOT MOJIEII KiIacu(ikaiii s BEIUKUX 00’ €MiB
BXIJIHUX JAHUX, 10 JJO3BOJISE OTPUMATH BUIILY TOUHICTh KiIacudiKallii.

2. YI0CKOHAJIeHO METOJ TIMOMHHOTO HaBYaHHS HAa OCHOBI 3TOPTKOBUX

HEUPOHHUX MEPEXK, 1[0 Ha BIAMIHY BiJl ICHYIOUHX, 1HIIIATI3YIOTh TOYaTKOBI
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Barv HC BUIIAAKOBUMHU 3HAYCHHAMU, 4 HABYAOTHCA BUOKPCMITIOBATU O3HAKHU

3 BEJIMKUX OOCSTIB HEMApKOBAHMX YaCOBUX PsAIB OaraTOBUMIPHHUX JaHHUX
Ta 3a0e3MeuyloTh CyTTEBE MIJBUIIEHHS 3arajbHOI TOYHOCTI 3ajad
kiacudikarii.

3. Bnepmie po3pobiieHo MeTon (inbTparlii OTpUMaHUX KapT Kiacudikarii
reoNnpoCTOPOBUX JaHUX JUisl 30UIbLIEHHS I1X TOYHOCTI, HAa OCHOBI
00’€KTHOTO MiJIXOJy, Ha BIIMIHY BIJ] 3araJlbHONPUUHATAX METOIB, IO
0a3yr0ThCsl Ha TIPUHIIMII KOB3HOTO BiKHA, SKUM JTO3BOJISIE 30€perTu Gopmy
00’€KTIB Ha KapTi.

4. OTpumMaM MoAANbIIMHA PO3BUTOK 3alpONOHOBAHI METOAM KiIacH(ikallii
0araToBUMIpHUX 3alIyMJICHUX T€OMPOCTOPOBUX JAHUX IUISIXOM peaizarlii
y BUIJBIII TIOTOKY BHKOHAHHS 3 BUKOPHUCTaHHSAM XMapHOI IuiaTgopMu
Amazon, 1m0 J03BOJIWIO 3MEHIIUTH Yac 0OpoOKu 1HopMaIlii 3a paXyHOK
€(pEKTUBHOTO JIOCTYITy JI0 IJaHUX Ta pO3MapasIeIOBaHHS.

[IpakTyHa LIHHICTH AUCEPTALINHOT pOOOTH MOJIATAE B TOMY, IIO: PO3pOOIICHI

Ta BJIOCKOHAJCHI MaTEeMaTH4YHI METOJU INTYYHOTO IHTENEKTY 3 TJIMOMHHUM
HAaBYAHHSIM JUIA aHalizy OaraTOBUMIPHUX 3allyMJIEHHMX T€OMPOCTOPOBHUX JaHUX
peamizoBaHo y (opMmi MOTOKY BUKOHAaHHA Ha XMapHid tatdopmi Amazon.
3anponoHOBaHI METOIM BUKOPUCTAHO TMPU BUKOHAHHI HAYKOBO-IOCIIIHOI POOOTH
2933-¢ «Mogeni Ta MeToau KiOEpHETHMYHOTO 3aXHMCTy iHGOpPMAIIWHUX CHCTEM Ha
OCHOBI  IHTEJCKTYaJIbHOTO aHali3y JJaHUX 1 MAaIIMHHOrO HaBuyaHHsI»  (No
nepxkpeecrpamii 0116U604874) dizuko-texniunoro iHctutyTy HTYY «KIII imeni
Irops Cikopcbkoro» Ta B pamkax crnuibHoro npoektry MOH-HAHY «Mopeni Ta
METOAM TJIMOWHHOTO HaBYaHHS MJIs 3a7ad TeOoNMpOCTOPOBOTO aHali3y B IHTEpecax
cinbebkoro rocnogapera» (Ne mepskpeectpartii 0117U007234) nns moOyaoBu Kapt
36MHOTO TIOKPUBY Ha OCHOBI ONTHYHHX Ta PaJapHUX TEOMPOCTOPOBUX JIaHUX.
Po3pobneni MarematwuHi METOAM BUKOPUCTAHI TMPU BUKOHAHHI MIKHAPOIHOTO
MPOEKTy €BPONEHCHKOTO KOCMIYHOTO areHTCTBa «JleMOHCTpallisi MOKJIHMBOCTEH
Sentinel-2  mns  motped cinmbebkoro  rocmomapcTBay  (Ne  mepikpeectpartii

0116U001987) ta npoekty «IloOynoBa kapT kiacudikaiii CiIbChbKOrOCIOAapChKIX
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KyJbTYp IJIs1 TepUTOpii YKpaiHM HA OCHOBI 3MUTTS PaJapHUX Ta ONTUYHUX TAHUX)

npu BUKoHaHHI rpanty Google Earth Engine Research Awards kopnoparii Google.
Pesynsratu po6otu BrnpoBamkedni B TOB EOC JJATA AHAJITIKC VYkpaina npu
BUKOHaHHI mporpamu CBiToBoro OaHky 3a (inancoBoi miarpumku €C TF072938
«IlinTpuMKa Mpo30poro ynpasiaiHHS 3eMEJIbHUMU PECypcaMu B YKpaiHi».

VY nuceprariiiniii poOOTI MpoaHadi30BaHO MaTeMaTH4YHI METOAM IITY4YHOTO
1HTeNeKTy A Kiacudikaiii 6araToBUMIpHUX T'€OMPOCTOPOBUX 3AITYMIICHHX JaHHUX
Benukoro o00’emy. IlpuBeneHo 3arajibHy cxeMy Ui TPAgUIIHHOTO TPOLECY
kiacudikamii BizyanpHOi 1H(opmamii. Ilokazano, 1m0 TpaaMIiiHI METOIU
kiacudikaili, ki 0a3ylOThCd Ha MaTEMAaTMYHUX METOAaX MAIlMHHOTO HaBYaHHS
HErIMOOKO1 apXiTeKTypH, MOTPEOYIOTh €KCIEPTHUX 3HAHb JUISI BUIIJICHHS O3HAK 1
TaKUM YMHOM pe3yJbTaT Kiacu@ikaili Ta ii TOYHICTh 3HAYHOIO MIPOIO 3aJIekKaTh BIJ
SKOCT1 BUOKPEMJICHUX €KCIIEpTOM O3HaK. HatoMicTh, METOU TIMOMHHOTO HaBYAHHS
3MIICHIOIOTh ABTOMATHUYHE BUOKPEMIICHHS O3HaK 3 BXIJHUX JIAaHUX Ta MEPEBEPIIYIOThH
B TEpMiHAxX 3arajJibHoi TOYHOCTI TPAAMIIIHHI METOAM MAIIMHHOTO HAaBYaHHS 3
HErNIMOOKOI0  apXITEeKTypOol0 B 3ajladyax aHali3y TeOoNpPOCTOPOBUX JIaHUX —
1aeHTrdIKalii Aopir, OyIUHKIB Ta KiIacu(ikallii TUIIB 36MHOI0 MOKpUBY. JleTanbHO
PO3IJIAHYTI 1CHYIOUI MaTeMaTH4HI METOAM TOCTOOpOOKM Ijisi KapT Kiacudikarlii.
Onucano maTeMaTU4YHI METOAM, SKI BHUKOPUCTOBYIOTHCA [IJIi OINIHKM TOYHOCTI
METO/IIB MAIlTMHHOTO HaBYaHHS.

[Toka3zaHo, 1m0 B TONEPEAHIX ITOCIIDKCHHSIX BCl 3aCTOCYBaHHS METOIB
MaIllMHHOTO HABYaHHS JUIS 3a/1adi kjacudikarlii 0araTOBUMIPHUX JaHUX BEJIUKOTO
00’eMy 31HCHIOBAIKCH JIMILIE 32 YMOBH, IO PO3MOLIT JAHUX Y BXITHOMY MPOCTOPI —
piBHOMIpHUH. [IpoTe ns BenmKkux oOCATIB AaHUX 3a0€3MEUYCHHS TaHOT YMOBH MOXKE
OyTH 311iICHEHE JIMIIE BUKIIOYEHHSIM 3 aHaJli3y BEJIMKOT KUTBKOCTI IOCTYITHUX JaHUX,
Kl HE 3aJ0BOJIBHSIOTH JaHy yMOBY, IO TPHU3BOAUTH JI0 3HUKEHHS TOYHOCTI
BUXIHOT KapTh Kiacudikaiii Ta CyNnepeuyuTh MPUHIIUIY TIUOMHHOTO HABUAHHS —
BUKOPUCTOBYBATH BCI JJOCTYIIHI JIaHI.

Jlis  po3B’s3aHHS  BHILEHABEACHUX NpoOJIeM Yy [aucepTaliiHii poOoTi

3aMpOIOHOBAHO 1€papXIUHy JIEKOMIIO3HUINI0 3aaul Kiacu@ikailii reompocTopoBUX
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0araTOBUMIpHUX 3alllyMJICHUX JTaHUX BEITUKOTO 00’€My Ha OKpemi OUIbII MPOCTi

3amaui: 3amady yHiQIKaii TOMaHHS BXITHWX OaraTOBUMIPHUX JaHUX, 3a/1ady
afganTaiii MeToMiB TJIMOWHHOTO HaBUYaHHS (HEHPOHHHX MEpex) Il PoOOTH 3
YaCOBUMH psAaMHU 0araTOBHUMIPHUX 3aIIyMJICHUX JIaHUX BEJIMKOTO 00’€My Ta 3a/1auy
binbTpanii OTpUMaHUX KapT Kiacudikamiil 1jisg 3MEHIICHHS ITyMy Ha HHUX Ta
30UTBIIEHHS X TOYHOCTI. ONHUCaHO MaTeMaTHU4HY MOCTAHOBKY KOXKHOi 3 3ajiay, 110
pPO3TIIIHYTI B JUCEpPTAIiiHIA po0OOTi, Ta MPOAHATI30BaHO ii BIAMIHHOCTI Bif
ICHYIOUMX MaTeMaTUYHUX MOJIETIEH.

B nucepraniiiniii po60TI OTPUMAHO psii HOBUX HAYKOBHX pE3yJbTaTiB, CEpea
SKUX BIIEpPIe 3alpONOHOBAHO MAaTEMAaTUIHUN METOJ IS 1HTEIEKTyaIbHOI OOPOOKH
reornpocTopoBoi iHpopmailii, a came kiacudikaiii 6araTOBUMIpHHUX 3allyMJICHUX
JAHUX BEJIMKOro o0’emy. 3ampONOHOBaHW METOJ, Ha BIAMIHY B1JI pPO3B’SI3aHHS
3a/1aul kiacudikarii 3a TOMOMOTOI0 BUKOPUCTAHHS METOIB MAIlIMHHOTO HABYAHHS 3
BUMTEJEM, CKJIaJaeTbcd 3 JBOX dacTuH. Ilepmia wyactuHa 0Oa3yeThcsi Ha
aBTOMATHUYHOMY BHUJIJICHHI O3HAK 3 BEJIWYE3HOI KUIBKOCTI HEMAapKOBaHUX JAHUX Ha
OCHOB1 HaBYaHHs 0Oe3 BYMTENS 3a JIONMOMOTOI0 PO3PIKEHOro KoayBaHHs. Jlpyra
YacTUHA CKJIQJAEThCSA 3 JOHABUAHHS TMOBHOI HEHMPOHHOI MEPEXi 3 BHKOPUCTAHHSIM
MapKOBaHUX JAHMX 3a JIONMOMOrOK0 METOJIB HaBYaHHS 3 BuuTeneM. Ha OCHOBI
3aMpOMOHOBAHOTO MIAXOAY pO3p0o0JIeHO MEeTO | YHI(DiKaIlii OJaHHS TE€ONMPOCTOPOBUX
0araToOBUMIPHUX 3alIyMJIEHUX JAHUX BEIMKOTro 00’eMy y BXigHOMY mpoctopi. Lle
JT03BOJIMJIO BUKOPUCTOBYBATU 1H(HOPMAIIIIO 3 YCIX HasBHUX JaHUX, HE 3MEHIIYIOUH 11
iH(popMaTUBHOCTI, 0€3 BUAUICHHS O3HAK €KCIEPTOM 3 JaHUX BEJIIMKOTO 00 €My, IO
MalOTh HEPIBHOMIPHUWA PO3MOAUT Yy BXIJHOMY TMpOCTOpl. 3a pe3ysibTaTaMmu
MPOBEICHOTO JOCTIHKEHHST edeKTUBHOCTI yHi(iKalli MoJaHHsS BXIIHUX JaHUX Ta
1EpApXIYHOro MIAXOAYy A0 Kiacudikalii 0araTOBUMIPDHUX AaHUX BEJIUKOro 00’emy
BCTAHOBJICHO, 10 3ampOINOHOBAaHWUW MiJXiJ BIEpIIE JO3BOJIMB OTPUMYBATH
kiacudikaiiro 0araTOBUMIPDHUX 3allyMJIEHHUX TE€OMPOCTOPOBHUX JaHUX BEJIUKOTO
00’eMy 3a JOCHIPKYBaHUN pIK, MAalO4YM HaBUYaJIbHI JaH1 JIUIIE 3a TOMEepeaHid piK,
3arajbHa TOYHICTH AKOI BuIle 85%.

BaockonasieHo ancaMmOieBUid MeTOH DNIMOMHHOIO HAaBYaHHS HAa OCHOBI
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HEHPOHHUX MEPEX MPsIMOrO TMOIIMPEHHS Ta aHcaMOyieBMid MeTon Kiacudikaiii Ha

OCHOBI OJHOBUMIPHHX 1 JBOBHMIPHHX 3TOPTKOBHX HEHPOHHUX MEpEeX IMUIIXOM
1HIIMam3amii MoYaTKOBUX Bar 3a JIOTMIOMOI'OK) BHOKPEMJIGHHS O3HAK 3 BEJIHUKHUX
0OCSITIB JOCTYIMHUX HEMAapKOBAaHMX YACOBUX PsAIB 0araTOBUMIPHHUX 3allyMJICHHX
JaHUX. 3ampoIrOHOBAHO CHUCTEMHUM MIAXiA JO CTPYKTYpPHOI Ta MapamMeTpuyHOi
imenTudikamii  kiIacudikaTopiB  HETJIMOOKOT  apXiTeKTypu JuIs  Kiacudikarii
0araToBUMIpHUX 3allyMJICHUX JaHUX BEJIMKOTO 00’emy. IIpomemoHcTpoBaHO
niepeBary aHcaMOJII0 HEHPOHHUX MEPEK MPSIMOTO MOIIUPEHHS Hall MeToaamu random
forest ta SVM B 3amaui kimacudikamii 0araTOBUMIpHUX 3allyMJICHUX JTaHUX IS
Teputopii AHrmii, Ta mepeBary Haj BcimMa moctymaummu B Google Earth Engine
Meronamu kiacudikamii s teputopii KuiBcbkoi o6macti. Takox MOpIBHAJIBHUAN
aHani3 e(pEeKTUBHOCTI BUKOPHUCTAHHS 3allPOIMIOHOBAHOTO METOJAY Ta IHIIUX METO/IIB,
mo Oynu HaJaHl HAYKOBHUMH YCTAaHOBaMM 3 PI3HHMX KpaiH, 3acBIIUMB IepeBary
JTAHOTO METOAY JUIsi YOTUPHOX 3 IISITH JOCHIKYBAaHUX TepuTOopi: bpaszwmnii,
AprenTtunu, Pocii Ta Ykpainu. [IpogemoncTpoBaHo, o 3aponoOHOBaHUM MiAX1] HA
OCHOB1 aHCaMOJII0 3rOPTKOBUX HEHPOHHHUX MEPEXK B TEpPMiHAX 3arajbHOI TOYHOCTI
nepeBepmmB random forest Ta ancamO1b OararormapoBux mepcenTpoHiB Ha 5.9% Ta
Ha 1.9%, BiaIMOBIIHO.

Bnepmie po3po0neHo MareMaTHUHUN 00 €KTHHM MeTO A PUIbTpaLlii sl KapTh
kyacudikaili 0araToBUMIpHUX 3alIyMJIEHUX T€OMPOCTOPOBUX AAHUX JJIsI SMEHIIICHHS
HAsBHOTO Ha HIA myMmMy Ta 30UIbIICHHS 3arainbHOi ii ToyHOCTi. JlaHWil MeTon
BIIPI3HSAETHCS BiJ BIAOMHX JO I[bOTO MiAXOMIB, IO 0Oa3yBaJiuCh Ha TOIIYKY
3TOPTKOBOTO TEPETBOPEHHS, 3a PAXyHOK BUKOPHCTAHHS OUIBII  CKIATHOTO
MaTEMaTUYHOTO TIEPETBOPEHHS, IO BPaXOBYE CEMAHTUKY KapTu Kiacudikaiii Ha
OCHOB1 00’€KTHOTO MiIX0y, KOMOIHAIT JIOTTYHUX 1 MOP(OJOTIYHUX Omeparlii, a He
JIUIIIE JIOKAJIbHI O3HAKU. 3aCTOCOBAHO pO3po0JjeHui Meron a0 (imbrpartii KapTH
kiacudikariii 6araToOBUMIpHUX 3alTyMJICHUX JaHUX i Teputopii KuiBchkoi obmacti
3a 2017 pik. 3a oTpuMaHUMHU pe3yJbTaTaMU BCTAHOBJICHO, IO 3alPONOHOBAHUMN
METOJ JO03BOJISIE OTPUMATH 3arajbHy TO4YHICTH Ha (.6% BuUIE TOPIBHIHO 3

3araJIbHONPUUHATUMUA MeToJaMu (PiabTparlii myMmy Ta 103Bojisie 30epertu Ghopmu
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00’€KTIB 1 M&X MDK HUMH. P0o3po0iieHO MareMaTHYHU METOM TOCTOOPOOKH IS

KapTH Kkiacugikamii 0araTOBUMIPHHMX 3alllyMJICHUX TPU HAsABHOCTI BEKTOPHUX
MOJIITOHIB.

Y poboTi oTpuMMAaIH NOJAJbIIMI PO3BUTOK 3alpOIOHOBAHI METOIU
kiacudikaili O0araTOBUMIPHUX 3alllyMJIGHHMX TIE€ONMPOCTOPOBUX JaHUX IUIIXOM
peanizaiii y BUIIISAI MOTOKY BUKOHAHHS 3 BHUKOPUCTAHHAM XMapHOI Iuat(opmu
Amazon. Po3pobieHo Ta peanizoBaHO MTPOLEAYPY MOCTYIMYy IO TOCHTIKYyBaHOT
TepUTOpii Ha KOXXHOMY 3 ailiiB aja eheKTUBHOI poOOTH 3 YACOBUMHU psaaMu
TCOMPOCTPOBUX JTAHUX.

Ha ocHOBI po3po0iieHMX METOJIB Ta MOACICH TIUOMHHOTO HaBYaHHS
MPOBEJEHO TMOOYI0BY KapT Kiacu@ikaiiii THUIIB 3€MHOr0 MMOKPUBY BHCOKOTO
po3pi3HeHHs st Teputopii Ykpainu 3a 2016 — 2018 poku Ta 115t Teputopii AHTIIIT 3a
2016 ta 2017 poku. B pe3ynbrari, 1yt oonacteit YKpaiHu JOCIHIIKEHO 3B S30K MIXK
1HJIEKCOM CTaJOro PO3BUTKY 1 IUIOMICI0O OOpPOOJIIOBATILHUX 3€MENb Ta MIXK CTyIIEHEM
rapMoHizaiii 1 IUionier0 oOpOOTIOBAIBHUX 3€Mellb. BCTaHOBIEHO MOXKIIMBICTD
BUKOPUCTAHHA PO3POOJEHUX METOJIB TJIMOMHHOTO HaBYaHHS JUIs OIIHKK Ta
MOJICJIIOBAHHSI CTYTEHS TapMOHi3aIlii a1 obnactei YkpaiHu.

3a maTepianaMu Juceprailii onyoJikoBaHo 63 podoTtu, 3 sikux 21 — 11e cTaTTi y
KypHajax 1 30ipHUKaX HAyKOBUX Mpallb, 10 BXOASTH JI0 Mepeiky (paxoBUX BHUIIaHb
3arBepxkeHux MOH VYkpainu 3a crnemiaybHICTIO AucepTaunii abo y MNepioguvyHHuX
BUJIAHHAX 1HO3eMHUX JepkaB (3 3 Hux Oe3 cmiBaBTOpiB, a 12 BKIIOYEHI [0
MDKHapoaHO1 HaykoMmeTpuuHoi 6azu SCOPUS), Ta 42 — myOumikaiii y Marepiaiax
koH(pepeniii (y TOMy 4YHCHI, MDKHApOAHHWX), 3arajibHa KUIBKICTh IIUTYBaHb B
SCOPUS - 628, SCOPUS h-index piBauii 11, kiibKicTh IUTYBaHb B google scholar —
1216, Ta google scholar h-index piBuwuii 14.

KarouoBi ciaoBa: maremMaTH4Hl METOJM MAIIMHHOTO HAaBYaHHS, TJIMOMHHE
HABYaHHs, KiIacudikailis, HEHpOHHA Mepexka, PO3pIKEHE KOJYBaHHS, BUALICHHS

O3HAK 3 HEMapKOBaHUX JaHUX, (PiIBTpaIlisl, TEOMPOCTOPOBI JaHi.



SUMMARY

Lavreniuk M. Deep learning models and methods for geospatial analysis
tasks. — Qualifying scientific work, the manuscript.

PhD thesis in the field of knowledge 11 Mathematics and Statistics in specialty
113 Applied mathematics. — National Technical University of Ukraine “Igor Sikorsky
Kyiv Polytechnic Institute”, Kyiv, 2020.

The development of science and its application in many practical fields are
based on the artificial intelligence usage. Data engineering, computer analysis, fuzzy
logic, machine perception, data mining and other are its main areas of interest. The
methodological basis of the artificial intelligence methods are mathematical methods
and intellectual models that are in constant development. Mathematical models and
methods that are based on a large amount of data and incorporate them through deep
learning methods are particularly active develop. Among the most important practical
applications that use artificial intelligence based on deep learning using large
amounts of data are studies of Earth's seismic activity, environmental monitoring,
anomaly detection in cybersecurity, geospatial data analysis, and more.

One of the important aspects that has led to the mathematical deep learning
methods development is the emergence of large volumes of available data and the
computational power. Due to this, the field of big volume of multidimensional noise
data analysis has been rapidly evolving in recent years. However, usage of the deep
learning methods as they were designed for other well-known tasks is impossible for
the task of big volume of multidimensional noise data analysis. Available
publications and experiments on the deep learning usage in this field were conducted
only for a small amount of data with uniform distribution in the input space, which is
only a partial case that cannot be extended to the large volume of data with uneven
distribution in the input space. Despite the great similarity between the mathematical
formulation of the multidimensional noisy data analysis task and the formulation for

traditional computer analysis and machine perception tasks, there are fundamental



differences between them.

The most significant and successful results in the field of artificial intelligence
with deep learning were obtained in the works of foreign authors Kunihiko
Fukushima, Yann LeCun, Yoshua Bengio and Geoffrey Hinton, as well as in the
works of Ukrainian authors O.G. lvakhnenko, M.S. Zgurovsky, I.V. Sergienko,
N.D. Pankratova, O.A. Pavlov, N.M. Kussul and others. However, the progress in
computational resources and the emergence of the free accessed large volumes of
multidimensional data make it actual to develop mathematical methods and models of
artificial intelligence with deep learning to analyze Ilarge volumes of
multidimensional noisy data in geospatial analysis and environmental monitoring.

The aim of the thesis is to develop and improve mathematical methods of deep
learning, which are based on convolutional deep neural networks and differ in the
initialization of the initial weights of networks with unlabeled data utilization based
on sparse coding, which leads to improving accuracy in geospatial analysis tasks.

In the dissertation the following new scientific results were first received:

1. For the first time a mathematical method for unifying multidimensional
noisy geospatial data has been developed based on the sparse input unlabeled data
encoding that provides the possibility to build a single classification model for large
volumes of input data, that allows to obtain higher classification accuracy.

2. Deep learning method based on convolutional neural networks has been
improved, which, unlike the existing ones, not randomly initialize initial weights, but
learn features extraction from the large volumes of unlabeled multidimensional noisy
time series of data and provide significant enhancements of the overall classification
accuracy.

3. For the first time filtration method for obtained classification maps of
geospatial data has been developed for increasing their accuracy, based on object
approach, in contrast to commonly accepted methods based on the sliding window
principle, that allows to save the shape of objects on the map.

4. Proposed methods for noisy multidimensional geospatial data classifying

have had further development through the implementation as a workflow using
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Amazon cloud based platform, which reduced data processing time through efficient

data access and parallelization.

The practical significance of thesis results is the developed and improved
mathematical artificial intelligence methods with deep learning for the
multidimensional noisy geospatial data analysis which are implemented as a
workflow on the Amazon cloud platform. Proposed methods have been used within
the scientific-research work 2933-f "Models and methods for information systems
cybernetic protection based on the intelligent data analysis and machine learning"
(state registration Ne0116U604874) Institute of Physics and Technology of National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute” and in
the framework of the joint project of the Ministry of Education and Science and the
National Academy of Sciences of Ukraine "Deep learning models and methods for
geospatial analysis tasks in the interests of agriculture™ (state registration
Ne0117U007234) for the land cover mapping based on optical and radar geospatial
data. The developed mathematical methods have been used within the international
project of the European Space Agency "Demonstration of the Sentinel-2 possibilities
for the agriculture needs" (state registration Ne0116U001987) and within the project
"Large scale crop mapping in Ukraine using SAR and optical data fusion” within the
Google Earth Engine Research Awards grant from the Google corporation. The
results of the work were implemented in the EOS DATA ANALYTICS Ukraine in
the World Bank program supported by the EU TF072938 "Supporting transparent
land governance in Ukraine™.

In the thesis mathematic artificial intelligence methods for large volume of
geospatial multidimensional noisy data classification have been analyzed. The
general scheme is given for the traditional accepted visual information classification
process. It was shown that traditional mathematical classification methods, which are
based on the shallow architecture machine learning methods, require expert
knowledge for the feature extraction, and thus the result of the classification and its
accuracy highly depend on the quality of the extracted by expert features. Instead of

that mathematical deep learning methods automatically extract features from the
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input data and outperform in the terms of overall accuracy the traditional shallow

architecture machine learning methods in the geospatial data analysis tasks —
identification of roads, houses and land cover mapping. Existing mathematical post-
processing methods for classification maps were considered in details. Mathematical
approaches which used for machine learning methods accuracy assessment were
described.

It is shown that in the previous researches all the applications of machine
learning methods for the large volume of multidimensional data classification task
were carried out only on condition that the data distribution in the input space is
uniform. However, for the large volume of data, the providing of this condition can
only be done by excluding from analysis a large amount of available data that does
not satisfy this condition, which results in decreasing of the output classification map
accuracy and contradicts the deep learning principle — to use all available data.

To solve the aforementioned problems hierarchical decomposition of the large
volume of geospatial multidimensional noisy data classification task on several more
simple tasks is proposed in the thesis: the task of multidimensional input data
representation unification, the task of a deep learning methods (neural networks)
adaptation for working with time series of large volume of multidimensional noisy
data and the task of received classification maps filtration for noise reduction and
increasing their accuracy. The mathematical formulation for each of the tasks
considered in the thesis, and its differences from the existing mathematical models is
analyzed and described.

A number of new scientific results were obtained in the thesis, among which
for the first time the mathematical method is proposed for intelligent geospatial
information processing, namely large volume of multidimensional noisy data
classification. Proposed method, unlike the solution of the classification task by using
the supervised machine learning methods, consists of two parts. The first one is based
on the automatic feature extraction from a huge number of unlabeled data based on
unsupervised learning using a sparse coding. Second one constitutes a complete

neural network fine tuning using labeled data based on the supervised methods. On
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the basis of proposed approach, the method of the input large volume of geospatial

multidimensional noisy data representation unification was developed taking into
account day of the year in which study area sensing was carried out. This allowed to
use the information from all available data, without decreasing its informativity,
without feature extraction from the large volume of data by expert, that has unevenly
distribution in input space. According to the results of the study of the input data
representation unification efficiency and the hierarchical approach to the large
volume of multidimensional data classification, it has been established that the
proposed approach for the first time allowed to obtain a classification of large volume
of multidimensional noisy geospatial data for the investigated year using the training
data for previous year only, the accuracy of which is above 85%.

The ensemble deep learning method based on feedforward neural networks and
the ensemble method for classification based on one-dimensional and two-
dimensional convolutional neural networks have been improved by initializing the
initial weights using feature extraction from the large volume of available unlabeled
multidimensional noisy data time series. A system approach to shallow architectural
classifiers structural and parametric identification is proposed for the large volume of
multidimensional noisy data classification. The advantage of the feedforward neural
networks ensemble has been demonstrated over the random forest and SVM methods
in the multidimensional noisy data classification for the territory of England, and the
advantage over all the methods available for classification in the Google Earth
Engine for the territory of the Kyiv region. Also, a comparative analysis of the
proposed method and other methods, provided by academic institutions from
different countries, effectiveness has shown the advantage of this method for four of
the five study areas: Brazil, Argentina, Russia and Ukraine. It was demonstrated that
the proposed approach based on the ensemble of convolutional neural networks
outperformed in terms of overall accuracy random forest and ensemble of multilayer
perceptron on 5.9% and on 1.9%, respectively.

For the first time a mathematical object method for multidimensional noisy

geospatial data classification map filtration has been developed to reduce the existing
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on it noise and increase its overall accuracy. This method differs from the known

approaches, that were based on the search for convolutional transformation, due to
the use of a more complex mathematical transformation that takes into account the
semantics of the classification map based on the object approach, combination logical
and morphological operations, and not just local features. The developed method for
the multidimensional noisy data classification maps filtration has been applied for the
territory of Kyiv region for 2017. Based on the obtained results, it is established that
the proposed method allows to receive an overall accuracy of 0.6% higher compared
to the generally accepted methods of noise filtering and allows to preserve the shape
of objects and the boundaries between them. The mathematical post-processing
method for the multidimensional noisy data classification map is developed when the
vector polygons are available.

In the thesis proposed methods for noisy multidimensional geospatial data
classifying have had further development through the implementation as a
workflow using Amazon cloud based platform. The procedure for study area access
on each of the files was developed and implemented for effective work with time
series of geospatial data.

High resolution land cover maps for the territory of Ukraine for 2016-2018 and
for the territory of England for 2016 and 2017 years have been constructed based on
the developed deep learning methods and models. As a result, it was investigated the
connection between the sustainable development index and the area of cultivated
land, and between the degree of harmonization and the area of cultivated land for the
Ukraine regions. The possibility of using developed deep learning methods for the
assessment and modeling of the degree of harmonization for the Ukraine regions has
been established.

According to the thesis materials, 63 papers were published, 21 of which were
articles in journals and scientific paper collections included in the list of professional
editions that approved by MES of Ukraine in the specialty of the dissertation or in
foreign countries periodicals (3 of them without co-authors and 12 included in the

international scientific metric database SCOPUS), and 42 - publications in
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conference proceedings (including international ones), the total number of citations in

SCOPUS — 628, SCOPUS h-index equals 11, the number of citations in google
scholar — 1216, and google scholar h-index equals 14.

Key words: mathematical machine learning methods, deep learning,
classification, neural network, sparse coding, feature extraction from unlabeled data,
filtration, geospatial data.
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