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1. YyxprAH, C. YIOBEHKO, B. IIIEPT'IH, JI. HAJIA

METO/I JONOBHEHHS 3D-MOJIEJENA TOYKOBHUX XMAP
3 BUKOPUCTAHHSM I'PA®OBUX HEHPOHHUX MEPEX

[TobynoBa Mopmeneill MOmAHHSA TPUBHMIPHHUX OO’€KTIB Yy BHUIVIAAI IPOCTOPOBOI CYKYITHOCTI CIAOKOCTPYKTYpPOBAaHHX TOYOK
(3D-mopeneii ToukoBHX XMap) HaOyBae MOLIMPEHHS B Pi3HUX cdepax, 30KkpeMa B 3aBIaHHSIX CTBOPEHHS BipTYaJIbHOI peasbHOCTI,
MapIIpyTH3anii aBTOHOMHHX po0oTiB i 3D-pexoncTpykiii. HeoOxinHicTs hopmyBatn Ta 06pobmsaTa naHi 3D-Moperneit xMap TOYOK
€ CYTTEBOIO JUII 3aCTOCYHKIB, IO INOTPEOYIOTh PETENBHOr0 aHalli3y OCOONMBOCTEll HABKOJNMIIHBOI'O CEPEeNOBHUINA, ITOB’SI3aHMX
3 TIOIOJNIAaHHAM TIEPEIIKOJ, BH3HAUEHHSM MapUIPYTiB TPAHCIIOPTHHX 3aco0iB Ta MOIETIOBAHHSAM pPEabHUX CIEH. YTIM, 3 pi3HHX
MIPUYMH TOYKOBI XMapH YacTO MICTATH IpPOMYIIEHI MISIHKH, IO CTBOPIOE 3HAYHI NPOOJIEMH JUIS IOAANBIIOrO OOpOOJIeHHS
iHpopmanii. HemoBHI maHi TOYKOBHX XMap MOXYThb MaTH CEepifo3HI HACIIJIKH, HANpPHUKIAJA, y CHCTEMaxX aBTOHOMHOI HaBiramii,
Jie TIOMWJIKM TTPU3BOAATH 10 3iTKHEHb a00 IHIIMX HeOe3NeuHnX CHUTYyalliid. Po3B’s3aHHs miei mpobieMu € KITIOYOBHM JUISl HaIIHHOTO
00pobienns 3D-gannx. Meror crarTi € po3poOiieHHsT Ta JIOCTIDKEHHS METOAy aBTOMATHYHOTO JOTIOBHEHHS W PEKOHCTPYKINT
TOYKOBHX XMap 3 BUKOPHCTAHHSIM rpadOBUX HEWPOHHHUX Mepex. OCHOBHIMH 3aBAAHHSIMM JIOCJi/ZKeHHSI € aHAJi3 HAsSBHUX ITiIXO/iB
JI0 OOYJOBHM Ta BiJHOBJICHHS TPUBHUMIpHUX Tpad)oBUX Mojeiel, po3poOJieHHs] Ta MpOrpamMHa peasizaiis METOAY aBTOMaTHYHOTO
JOTIOBHEHHSI TOYKOBHX XMap 3 BUKOPHCTaHHSIM Tpad)OBUX HEHPOHHHX MEpEk, a TaKOXK MOJICIIOBAHHS 3alPOIIOHOBAHOTO METOAY
JUIsL 3aBJJaHb JIOMOBHEHHS Ta 3D-peKOHCTpYyKILii Moneneidl TOUYKOBHX XMap. Y poOOoTi PO3INISHYTO 3arajbHy MOJEJb JOIMOBHEHHS
TOYKOBHX XMap i3 3aCTOCYBaHHSIM TrpaoOBHX HEHPOHHUX Mepex, L0 JAIoTh 3MOry KOAyBaTH HemoBHI 3D-moneni XMap TOYOK
i3 BHUKOpHCTAaHHSAM TpadiB Ta IPOrHO3YBAHHSA IIOJIOXKEHHS BiJCYTHIX (parMeHTiB Mozesiell. 3alporoHOBaHE pillIeHHS
JUTsL TOMIOBHEHHSI HeMOBHUX 3D-XxMap TOYOK Mae HAayKOBY HOBH3HY Ta MOEJHYE MOTYXKHICTh TpadoBux HeiponHux mepex (GNN)
3 apxitekryporo mepexi Point Completion Network (PCN). 3anpornoHoBaHHil IMTifXif Crpusie€ SKICHOMY BiJHOBJICHHIO HEMOBHHX
3D-gaHuX y NpaKTUYHOMY 3aCTOCYBaHHI. 3HAuyLIicTh pPOOOTH MiATBEPIUKYIOTH PE3yJIbTAaTH MOJEIIOBAHHS 3aIpPONOHOBAHOTO
METOAy Ul KJIAaCHYHMX JaTaceTiB Ta iX NOPIBHAHHA 3 JEAKMMH HAasBHHUMH HiJXOJaMH 10 pO3B’S3aHHS JOCIIDKYBaHOI
npobnemu. IlepCreKTUBHUM HampsMOM IPOAOBXKEHHsS JOCHI/UKEHb 3 OKpEecIeHOi TeMH € BHMIPOOYBAHHSA PI3HUX apXiTeKTyp
HEHpOHHHX TpadoBHX Mepex, HaJalITYyBaHHS TileprapamMeTpiB, 3acTOCYBaHHs aJbTEPHATUBHUX (YHKIIH BTpaT i OUIbII
MOTYXKHUX OOYMCITIOBAJIBHUX PECYPCiB [UIsl HABUAHHS MOOYT0BaHNX HEHPOMEPEKHUX MOAEIICH.

KurouoBi croBa: ToukoBa xmapa; riMOMHHE HaB4YaHHSA; rpadoBa HEHpPOHHA MepeXka; aBTOMaTHUYHE JIONIOBHEHHS TOYKOBHX
xMap; KomyBaHHs rpagis; 3D-pekoHcTpyKiis rpadOBUX MOZEIEH.

Beryn 30epiranns  gaHux 3D-xMap TOYOK MOXKIIMBE

B pi3HMX cydacHuX (opmarax, sKi MarTh YHIKaJbHI

3acTocyBaHHA TMOJAHHS TPUBHMIDHMX 00’€KTiB  BJACTHBOCTI, aJanTOBaHi Jo  0coOMMBHX — MOTPEO

abo cepenoBuIl y (OpMi HECTPYKTYpOBAaHHMX HaGOpiB 00pobieHHs Ta mpuUKIagHOTO BHKOpucTaHHA. Cepexn
HaO1TBII TTOMIMPEHUX (HOPMATIB MOYKHA BUOKPEMHTH:

— ¢dopmar PLY (Polygon File Format), mo mae
3Mory 30epiraTé TPHBUMIpHI CKaHOBaHi JaHi;

— ¢opmar OBJ (Object File Format), mo

BHUKOPUCTOBYETHCS, 30KpeMa, sl 30epiranas 3D-xmap

TOYOK y TpoCTOpi, Bigomux sK 3D-xmapu TOHYOK,
HaOyBae Jienali OifbIIOro MOMIMPEHHS B TAKHUX Tally3sX,
SIK aBTOHOMHA HaBiramis, poOOTOTEXHiKa, TEXHOJOTii
BipTyasllbHOI Ta JIOMOBHEHOI

peampHOCTI, a TaKOX

TPUBUMipHA PEKOHCTPYKIIiSL.

BignoBimHO 10 yCTaleHMX HAyKOBUX BH3HAYCHb
3D-xmMapa TOYOK € CYKYIHICTIO AaHUX, HI0 MICTUTh
TOYKH, KOOPAWHATH SKHX 33/aHi B TPUBUMIPHIH cucTeMi
Ta SAKi BIATBOPIOIOTH 3O0BHINIHIO TIOBEPXHIO 00 €KTIB
a00 TpOCTOPOBHX cepemoBHIN. Taki maHi 3a3BHYAM
OTPUMYIOTb 38 JIOIIOMOT'OF0 Cy4aCHUX METOIB J1a3epPHOr0
ckanyBaHHi [1] abo cmocobom (oTOrpaMMETPUIHOTO
aHaizy, KO BUMIPIOBAHHS BiJICTaHEH TPaHCPOPMYIOTHCS
B MHOXWHY TOYOK, IO XapakTepH3YIOTh IOBEPXHIO
JOCIIKYBAaHUX 00’ €KTIB.

TOYOK Ta MICTHTH iH(OpPMAIII0 PO TOIOJIOTII0 CITOK
Ta BEPILNH;

— ¢opmat PTS a6o PTX, mo 3acTOCOBYIOTHCS
B T'CONIE3NTHUX MPOTPAMHHX 3aCTOCYHKAX IS 30epiraHHs
Ta 00pOOJICHHS BiJICKAHOBAHWX TPUBUMIPHHUX HAOOPIB TaHNX;

— ¢opmar LAS (LiDAR Aerial Surveying Format),
0 BOPOBAIKYETbCA Ui 30epiraHHs Ta 0OpOoOICHHS
BEJIMKHUX 00CATIB TEOMPOCTOPOBUX JAHUX;

— ¢opmar XYZ, mo 36epirae 3D-xoopaAnHATH XMap
TOYOK Pa3oM 3 JOJATKOBOIO iH(OPMAIIE0 PO iX KOJIip.
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3MaTHICTD 710 TOYHOI'O 3aXOIUICHHS Ta 0OpOOJIEeHHS
naHux TpuBMMipHHX (3D) XMap TOYOK € KPUTHYHO
BaXXJTUBOIO ISl 3aCTOCYHKIB, L0 TIOTPEOYIOTh TIIHOOKOTO
PO3YMiHHS
JUIsL  3aBAaHb

IIPOCTOPOBOTr0 cepeaoBulIia, 30KpeMa

VHUKHEHHSI ~TICPEIIKOM, IUIaHYBaHHS
TPAEKTOpii Ta MOICTIOBAHHS CIICHIYHOT'O TPOCTOPY.
[lpore BHacmigoKk Takux (akTopiB, SK OKIO3ii,
00OMEXEHHS CCHCOPHHUX CHCTEM ab0 HEJONIKH TMPOLEAYp
300py naHux, 3D-XMapw TOYOK YacTO BHU3HAYAIOTHCS
HAsABHICTIO TPOMYIICHUX JIISHOK a00 HEMOBHHM
BIITBOPCHHSAM 00’ €KTIB UM ClieH. 1 HemoBHOTA CYTTEBO
MepelKo/Kae IONAIBIINM eTarnaM OOpOOJIeHHs, sIKi
3aJe)aTh Bil TOYHOL

Ta BHYEPIHOI TPUBHMIipHOI

iHpopMamii, MmO MOXe CHPUYMHUTH TOMMIKHA abo
3HIDKEHHSI €)eKTUBHOCTI B KPUTHYHO BaXKIIMBHX CUCTEMAX.

HernoBHOTa naHMX y XMapax TOYOK Ma€e 0COOJIMBO
cepiio3Hi HacHmiAKM IS 3aCTOCYHKiB, Je Oe3mneka
€ TPIOPUTETOM, HAINpPHKIAJ, Yy CHUCTeMax aBTOHOMHOI
Hapiramii O€3MJIOTHUX TpPaHCIOPTHUX 3acobiB  abo
PpOOOTH30BaHUX OMEpalisx y AMHAMIYHUX CEePEIOBHUIIAX.
BifcyTHICTh YM HETOYHICTh iHQOpMAILT PO MEPEeHIKOAH,
0COOJIMBOCTI penbedy abo iHII eNeMEHTH OTOYEHHS

MOXE CIPUYMHUTH 3ITKHEHHS 4YM HaBiramidHi 300i.

KpiM TOro, HemoBHi XMapu TOYOK YCKIAJHIOKOTh
aIeKBaTHE CIPUMHATTS Ta  MOJICTIOBAHHS  CLICH,
mo  OoOMEeKye  MOXIMBOCTI  TaKMX  TEXHOJIOTIH,

SIK BIpTyajibHa Ta JIOMOBHEHA PEAJIbHICTh 1 TPUBHUMIpHA

PEKOHCTPYKIIisl.
JIOTIOBHEHHSI XMap TOYOK € KIFOYOBUM [UIsl €()eKTHBHOTO

Orxe, PO3pO0IIEHHS METO/IiB
00pobiierHss 3D-JaHUX 1 MaKCUMAaabHOI'O PO3KPUTTS
MIOTEHIIay BiAMOBIJHUX 3aCTOCYHKIB.

Tpaauuiiini  meroau, 30KpeMa  reOMETpUYHI
MiJXOAM YU TEXHIKM PEKOHCTPYKIii MOBEPXOHb, YACTO
BUSIBIISIIOTHCS.  HENOCTATHRO €(EKTUBHMMH B  pasi
HasIBHOCTI CKJIAJTHUX CTPYKTYp OO’€KTIB MOJENIOBaHHS
a6o 3HauyHMX (y BiICOTKaxX) BIACYTHIX JiJITHOK
3D-mopeneii, a TakoX 32 YMOB HEOJHOPIJHOI MIIILHOCTI
XMap TOYOK i mpucyTHocTi mryMmiB. OcTaHHI JOCSTHEHHS
y chepi rHO0KOTr0 HaBYaHHS, 30KpeMa B TE€OMETPHIHOMY
TIMOOKOMY HaBUYaHHI, BiIKPHBAIOTh HOBi IEPCIECKTHBH
UL PO3B’SI3aHHA  OKpecieHoi mpobmemu. [padosi
HeriporHi Mepexi (GNN), mo Hamexarb 0 MOAemnei
TIIMOOKOr0  HABUAHHS, AJanTOBAaHUX JIO  POOOTH
3 HeperyJIApHUMH 1 HEeBKIIIJOBUMH CTPYKTYPaMH JaHHX,
MPOJIEMOHCTPYBAJIH MEPCIIEKTHBHI PE3Y/IbTATH B 3aB/IaHHSIX,
OB ’s3aHMX 13 Kiacu(ikamiero,  KIaCTEPHU3AIi€lo,
CEerMEHTAIlI€I0 Ta TeHepalliero nanux 3D-xmap TOYOK.
JTOCITIJDKEHHL

v LBOMY 3aIpONOHOBAHO

IHHOBAI[ITHAH MiIXiX JO ITOMOBHEHHS XMap TOUYOK, SKHMA

OCHOBaHHMH Ha BHUKOPHCTAaHHI TIpadoBuX HEHpPOHHUX
Mmepexk. Llelt meton mependavdae HEOOXiIHICTh KOTYBaHHS
BXITHOI XMapW TOYOK i3 3acTocyBaHHAIM TpadoBoi
MOJIeNi, TOYKH SIKOI € By3jJaMu, a peOpa BiITBOPIOIOTH
TEOMETPUYHI 3B’SI3KM MIX TOYKaMu. Take rpadose
MOJaHHs  3a0e3meuye  eQeKTWBHE  MOJCITIOBAHHS
HEperyJsIpHOl CTPYKTYpH JaHUX XMaph TOYOK 1 €
OCHOBOIO Ui TOOYZOBM MOJENI KOZepa, WIIo Mae
HABYHMTHUCS BHIUIATH KIIOYOBI O3HAKA Ta (HOpMYBATH
TIO/IaHHSI HA OCHOBI CTPYKTYpH rpada.

YnpoBajpkeHHsT TrpadoBUX Mojeneld aae 3Mory
MIEBHOI0 MIPOI0 BJIOCKOHAJIUTH TEXHOJOTil 00pOOJIeHHs
XMapy TOYOK 13 3aCTOCYBaHHSIM TI'€OMETPUYHOTO
TJIMOOKOT0 HABYAHHS. ABTOMATUYHE JIOTIOBHEHHS BiZICYTHIX
(¢parMeHTIB XMap CHOpus€ MiBUIIEHHIO  Oe3mneKu
(yHKIITOBaHHS KPUTHYHO Ba)KJIMBUX CHUCTEM, IO MalOTh
BUKOPHUCTOBYBATH JIOCTOBipHY 3D-iHpopmarito miono
0COOIMBOCTEN HAaBKOJIMIITHBOI'O CEPEAOBHIIIA.

MeTta cTaTTi — pO3POOJICHHSA Ta IOCHIIKCHHS
METOJly aBTOMATUYHOI'O JIONIOBHEHHS Ta PEKOHCTPYKIIT
TOYKOBHX  XMap 3  BHUKOPUCTaHHSIM  rpadoBHX
HEMPOHHUX MEpPEeK.

3aBaaHHA q0CiAKEHHS

— aHali3 HasBHUX MIIXOMIB [0 aBTOMATHYHOI'O
JIOTIOBHEHHSI XMap TOYOK;

— MOPIBHSIHHS METPUK, 1[0 MOXKYTh OyTH 3aCTOCOBaHI
Jutsl T0OYI0BY rpadiuHUX MoJesIel XMap TOUOK;

— po3pobeHHs METOILy ABTOMATUYHOT'O
JIOTIOBHEHHSI TOYKOBUX XMap 3 BUKOPUCTAHHAM TpadoBHX
HEHUPOHHUX MEPEX;

— MOJIENTIOBaHHS

3aIIPOIIOHOBAHOT'O METOny

JUIs  3aBJaHb  JIOMOBHEHHs Ta  3D-pexoHCTpyKIii

MOJIeNed TOUKOBUX XMap..

AHaJji3 HasiBHUX MiAX0AiB 10 aBTOMaTHYHOI0
JIOTIOBHEHHSI XMap TOYO0K

IToOymoBa Ta HOMOBHEHHS TPUBUMIPHHX MoOeneit
0a3yeTbcss Ha BHUKOPHCTAHHI TPaguiHUX METOMIB
i ™meromiB rThnmOokoro HapuaHHA. J[o TpamumiiHHX
METO/IB HacamIiepel] HaJeXaTb T€OMETPUYHI METOAH
Ta METOJ BUPIBHIOBAHHS.

TpagumifHUMH METOIaMH JOTTOBHEHHS XMap TOYOK
€ METOIM Ha OCHOBI TeOMeTpii XMap i METOIN Ha OCHOBI
BUPIBHIOBaHHA. METOIN, OCHOBaHI Ha TEOMETPHIHOMY
miaxoni [2], BHKOPUCTOBYIOTH T€OMETPUYHI BIACTHBOCTI,
Taki K cuMmerpis ¢opmu Ta ii gucmepcis, oTpuMaHi
3 HagBHOI 0a3u maHWX GOpM, JUIT PEKOHCTPYKIi
IIOBHOIIIHHOI MOZENl Ha OCHOBI YaCTKOBMX BXIIHHX
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nmanux. Jesxi i3 3a3HayeHWX MeTomiB [3—5] nokambHO

3aIIOBHIOIOTH MIPOMYIICHI IUISTHKA BHACIIIIOK
IHTEpIOJIAII TJIAAKUX IMOBEPXOHbh Ha OCHOBI CYCIIHIX
cTpykTyp. Ilpore  Taki  MiAXOMU  BHSBIAIOTHCS

HEJIOCTaTHbO E(EKTUBHUMHU B pa3i, KOIU BXiJHI MOJEIi
MAalOTh 3HAYHI MPOMYIIEHI JUISHKH, OCKUTBKH iM Opakye
CeMaHTHYHOI iH(OpMalii, HampuKiaa, Hpo CTPYKTYpY
4y Tonosorito. BomHovac, 3BaXkaroun Ha CUMETPUYHICTD
(6, 7]
BUSIBJIAITH CUMETPII0 Y BXIJHUX TPUBUMIPHHX MOJIEISX

0araTboX OO0’€KTIB, OKpEMi METOIU 3/1aTHI
1 3allOBHIOBATU BiJICYTHI YaCTHHH, CIUPAIOYMCHh Ha iX
CUMETPUYHY T€OMETPIIO.

Meroau, ocHOBaHI Ha BHpiBHIOBaHHI [8, 9],
BHUKOPHCTOBYIOTh BEJMKOMAcHITaOHI 0a3W JaHUX XMap
TOYOK ISl TIOIIYKY BiANOBITHUX (PparMeHTiB, sKi 3ro0M
3aCTOCOBYIOTHCS JIJISl 3aMIOBHEHHSI MIPOIYIIEHUX JIIISTHOK.
KintouoBuM eranom y nux miaxozpax € gpopMmyBaHHS 06a3u
thopmu
kateropii. Jleski meroau [10] oOuparoTh OKpeMi YaCTUHH

JaHUX, SKa OXOIUTIOE TPHUBUMIPHI oJHi€T

Mozeneil sk 0a3oBi eneMeHTH, Toai sk iHmi [11, 12]
Giryp
JUIsl CTBOPEHHS TakMX 0a3. 3a3HauYeHWil MiaXij J1a€ 3MOry

BUKOPUCTOBYIOTh JieOpMallito  TPUBHMIpPHUX

ycmimHO  jporoBHIOBaTH ~ 3D-momenmi 31 CXOXKOMHO
CTPYKTYpOIO, OJHAaK HOro e()eKTHBHICTh 3HIKYETHCS,
KOJIM BXiJHI Mozell BHXONATH 3a MEXI 3a31ajeriab
BU3HAYEHUX KaTEropii.
Omxe, TpaauuiiHi

TIOKJIaAI0ThCSl Ha T€OMETPUYHI BIIACTHUBOCTI, c(hOpMOBaHi

METOJM 3HAYHOI  MIpOIo
BpY4YHY, IJISl BUBEIEHHS CTPYKTYPH BIJCYTHIX HIUISHOK
Ha OCHOBI 4YacTKoBOi (opMmu. IX pe3ynbTaTHBHICTH
CyTTEBO OOMEXeHa B pasi, KOJIM TPUBHMIpHI MOENi
HE BiJITOBIJAI0Th HOIePEAHbO BCTAQHOBJICHUM
NPUIYIIEHHAM YH 3HAHHAM, IO YCKJIAIHIOE HOCATHEHHS
3aJI0BIJIBHUX PE3YJIbTATIB.

Meronu Mozenen

JIOTIOBHEHHS ~ TPUBHUMIPHHX

3 BUKOPUCTAHHAM rIMO0KOro KOHTPOJIbOBAHOT'O

a00 HEKOHTPOJNBOBAHOTO HABUAHHI Iepen0avdaroTh

HEOOXIIHICTD moOymnoBH cIeliaa30BaHux
HEHPOMEPEKHUX MOZEIEH.

Heiipomepexxuuid Tiaxix A0 BHUPIBHIOBAaHHI XMap
TOYOK, OCHOBAaHHH Ha HAaBYAaHHI HEWPOHHHUX MOJEIIECH,
3ampornoHoBaHMi y poboti [13], me BHKOpUCTaHO

PeKypeHTHI  HEWpOHHI  Mepexi i KOTyBaHHS
JBOBHMIPHHX XMap TOYOK 13 MOJAJIBIIAM JCKOTYBaHHIM
Y KOHTEKCTi PO3B’S3aHHS T€OMETPUYHHX 3a7ad, 30KpeMa
JBOBHMIPHOI 3a7adi KOMiBOsDKEpa. 3alporOHOBAHUI
Y Wi CTaTTi METOM TAaKOXK PO3B’s3YeE MPOOIEMyY TeHepartii

XMap TOYOK 3MIHHOTO pO3MIPY 3 BHUKOPHCTAHHIM

MeXaHi3My yBard, OJHAK BIH HE € aJaNTOBaHHN
no TpuBuMipHOTo (3D) mpocTopy.

VY nocnimkenHi [14] 3anpornoHOBaHO MiIXiMa, SKUH
Oa3yetbcss Ha momaHHI 3D-ciTkm 00’€kTa y BHIIIAMI
HaOopy QparMeHTiB aTiiacy 4acTuH 00’ekra. [lepBUHHI
hopmu KOAYIOThCA  3a

0araTonrapoBoro IMeplenTpoHa B JIATEHTHUH MPOCTip,

(parmeHTiB JIOTIOMOT 010
MICISL YOro TOYKH AEKONYIOTHCS B JIATEHTHE ITOJ@HHS

IIOI0 3aKoloBaHOi (opmu-3pa3Ka, MO Ja€ 3MOry
reHepyBaTh 3D-CITKH 3aMiCTh XMap TOYOK.

VY mpani [15] 3anpornoHOBaHO MOMOBHIOBATH XMapu
TOYOK Ha OCHOBI TPYyH TOYOK, & HE OKPEMHX OJHHHIIb,
0 Ja€ 3MOry KOXKHY MOJENIb IOJaBaTH Y BHUIJIAMI
BOKCEJIbHOI ~ CIiTKH. Y

TPUBUMIpPHOT crarti  [16]

pPO3IIISHYTO ~ BHKOPUCTAHHS  BOKCENBHHX  MEpex
JUTS TOTIOBHEHHST XMap TOYOK CIIOCOOOM TeHepallii Kpais.
Ha mnouaTkoBOMYy erami XMapd TOYOK IHTErpyrThCS
B pETyJspHI BOKCENbHI CITKH, a IIOTIM 3a JIONOMOTOIO
pebep ysiBHOT popMH CTBOPIOIOTHCS LITICHI 00’ €KTH.

VY nocmimkennsx [17, 18] mpoaHanizoBaHO Miaxi,
mo mnependavae 3acTOCYBaHHS OJHOBUMIPHHX 3TOPTOK
0 TOYOK JJIs PO3B’sI3aHHA 3aqad Kiacudikaiii Ta
cerMeHTalii Ha Habopax XMap TOYOK 13 BUKOPUCTAHHSIM
MPOCTOTO Ta 1€PAPXIYHOrO METOMIB. Y 3rajlaHuX CTYMIIsX
croyaTky (GOpMYIOThCS JIOKallbHI Ta TJ100ajbHI O3HAKH,
SAKi pa3oM i3 OOpOOJEHMMH HaHUMU IEePeIaloThCs
JI0 KoAyBaJibHOT Mepexi. Ha nopanpmmx eramax 1i xaHi
TpaHCOPMYIOTBCS B XMapH TOUYOK 13 TpyOHM 1 TOHKHM
BUXOJIOM, Ji¢ TpyOuil BuXin 30epirae muiie KIHOUOBI
TOYKH, IO CHOPUSIOTH (OPMYBAHHIO OLIBII TOYHOTO
pe3yabTaTy Ha HaCTYIHUX eTanax reHepaii.

AmnHanoriyHuil migxig 3acrocoBaHo B poboti [19],
Jie BUKOpUCTaHO KoxyBasnbHUK PCN 1y1st BUOIpKH pi3HUX
MOBEpXOHb. Y T1bOMY pa3i momepenHs iHdopmariis
30UpaeThCcsl TOAIOHO 0 TI00aJbHUX O3HAK 3 Habopy
TIOBEPX OHb. HaBYAETHCS

Mepexa  nekonyBalbHHUKA

BimOWpatn TOTPiOHI TOYKM HAa OCHOBI  aHami3y
y3arajibHEHOr0 BEKTOpa KOIOBAHHUX O3HAK HETOBHOTO
BUXimHOro 00’eKkTa. [I)Is1 MomonmanHs 0OMeXeHb aBTOKOEPa,
TaKUX 5K ITHOPYBAHHS CTPYKTYPH, 3IUTTS Ta YTOUHECHHS,
y gocnimkenHi [20] 3anmpornoHOBaHO MeETOA BUOIpKH
3a KpHUTepieM MiHIManpHOI ImimbHOCTI. Lleft miaxin
BU3HAYA€  BIJHOBIIOBaHY TOYKY 3  HAMMEHIIO
MIUTBHICTIO, IO MiIBUIIYE €(EeKTUBHICTH 0OPOOICHHS.

Y mpami [21]

Ha OCHOBI pC€alIlbHUX MOaHUX 3aCTOCOBAHO 3MarajlbHE

UL 3allOBHEHHA XMap TO4Y0K

HaBYaHHA. Y poOoTi [22] 3ampoIIOHOBaHO BUKOPHCTAHHS
(GAN),
TeHepaTop, 10 € aJaNTaIliifHOI0 Mepexero, TpaHchopMye

TeHEepPAaTUBHOI 3MarajbHOI Mepexi y SIKii
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BXiZHy iH(pOpMAIiI0 B JIaTEHTHE IIONAHHSA TakK, MI00
JMCKPUMIHATOP HE PO3PI3HSB pe3yIbTaTH IEPETBOPEHHS
BiJl pe3yNbTaTiB, OTPUMAHUX 3 HaBYAJbHUX HaOOPiB
nmaHux. ['eHepaTop, BJIacHE, BUKOHYE OCHOBHY ()YHKIIIFO
BiITBOPEHHSI HEOOPOOJEHNX YacCTKOBMX HAOOpIB TOYOK
y 3aBepuieHi Ta HiTiCHI HAOOpH, IO peami3yeThes
BHACJI/IOK YIIOPSIKOBaHOI pPOOOTH Yy JBOX OKpPEMHX
JATEHTHUX TIPOCTOpaX, CQOPMOBAaHMX HA  OCHOBI
BIJICKAHOBAHUX 1 CHHTE30BAHUX JAHUX 00’ €KTIB.

AnbrepHaTHBHUI miaxix, momiOHmii g0  GAN,
pO3TISIHYTO B poOoTi [23], me reHepallisi 3arajibHOi
(dbopMHu XMapH TOYOK 3/1iHCHIOETHCS 3 HETIOBHOT'O HAabopy
TOYOK 13 HEMUHYYHMH 3MIHAMH HasBHHX TOUOK, 8 TAKOXK
3 OMJISIAY HA IIYM 1 TEOMETPHUYHI BTpaTH. Y I[bOMY METO/I
Mepexa 1€papXidyHO OIHIOE BIJCYTHI YaCTHHU XMapu
TOYOK, 3aCTOCOBYIOUM BEIIMKOMACINTa0HY TI'€HEPaTHBHY
Mepexy, o 0a3yeThCsl Ha XapaKTePHUX TOUKaX.

Oxpewmi JIOCITIJPKEHHS CHpsIMOBaHi Ha
BIOCKOHAJICHHsI TPOLIECY JIOMOBHEHHS XMap TOYOK.
Tak, y poOori [24] 3anponoHOBaHO HEHpPOHHI Mepexi
3 apXiTEKTYpOIO KOJlyBaJIbHUK-IEKOIyBAJIbHUK
JUIst Oe3MOCEepeHbOr0 OLIHIOBAaHHS BCi€l XMapHu TOYOK
Ha OCHOBI HeNOBHHMX naHuX. Lleil miaxim peanizoBaHO
apxiTeKTypy, 10

NPOTHO3YBaHHI  BiJICYTHBOI

4yepe3  HACKpI3Hy  HEWpOHHY
30CepeKyeThCd  Ha
reoMeTpii Ta iHTerpamii Bimomoi BXimHOI iH(poOpMarii
3 IepeAdayeHold XMapow TOYOK. MeTon MICTUTh JIBi
HEWpOHHI Mepexi: Ieplia BiJoBiIae 3a MPOrHO3yBaHHS
BIICYTHHOI ~ YacCTHHH, BUTATYIOUM  iH(GOpPMALIIO
3 HENOBHUX MaHHWX, a Jpyra 3a0esneuye o0’ €IHAHHS
Ta YTOYHEHHsI PO3IOALTY TOUOK Y PEe3YIbTYIOUil XxMapi.
Y crarti  [25]

aBTOKOJEpa, 1o

3alPONIOHOBAHO  HEWPOMeEpEeKy

aHai3ye  JATEHTHI  TOJaHHA
Ta GopMye KillbKa 3pa3KiB JOMOBHEHHX 3D-xmap TOYOK.
iHpopMmaliis, 1O

pO3TONITAETECS HA [1BA OKpPEeMi IMOTOKH, a 3allOBHEHHS

Y upomy pasi 00poOIsETHCS,

MIPOTAJIMH PEANi3yeTbCA Yepe3 MapagurMy TillepMepeiK.
poboti [26], €
HEHPOHHHMH MeEpeXaMH, II0 TeHEepPYIThb Barm s

lmepmepexi, $SK 3a3HAYEHO B
LiTHOBOI MEPEeXi, ONTUMI3YI0UH 11 (PYHKITIOHATBHICTb.

T T IX0TU MIPOIIOHYIOTH iTepaTUBHY
TeHepalilo BiACYTHIX YaCTHH XMapH TOYOK CIIOCOOOM
MIOCTYIOBOT'O JO/IaBAaHHS HOBHX €JIEMEHTIB J0 HasBHHX.
Hanpuxman, y mpami [27] 3aBepmieHHS XMap TOYOK
y  3D-mpocTtopi  3OIHCHIOETBCS 32  NIPHHITUIIOM
TeHEepYBaHHA IOYipHIX TOYOK YHACIIZOK IIOCIiJOBHOTO
pO3IIEIIICHHS OaThKiBCBKMX TOYOK i3 BHKOPHCTAHHSIM
omeparopa Snowflake Point Deconvolution (SPD),

3aIIPOIIOHOBAHOI'0 aBTOPAMMU.

Y HuM3ml JOCHIDKEHb OIMCaHI
HA HAIy JyMKY, €

3 TONISAAY YBard J0 TEOMETPHUYHUX OCOOIUBOCTEH

pilleHHs,  sKi,
HaWOIIBII  MEPCIIEKTUBHUMH

i3 3acTocyBaHHSIM rpadoBUX HEHPOHHHUX  MEPEK.
3o0kpeMa B poOoti [28] momano cuHTe3 Mepexi ECG
(Edge-aware Completion Graph) mis 3aBepiieHHs XMap
TOYOK, IO IHTErpye pebpa 3 TpadivdHO 3rOPTKOIO.
Teit X1
TpuBuMipHOI (3D) xmapu TOYOK i3 pi3HOMAcIITAOHHUMHU

cripusie ~ TeHepamii  JleTani3oBaHOl
KpaiioBumu BractuBocTsMH. 1100 3BakaTH Ha JIOKaJbHI
TeOMETPHUYHI JIeTalli B pa3i po3mupeHoi BUOIpKH, aBTOPH
3anpononyBajan Moayis Edge-aware Feature Expansion
(EFE),

Ta BJIOCKOHAJICHHS! BUOIPKH TOYKOBUX O0’€KTIB 3 OIJISILY

AKAi ~ 3a0e3medye  TUIABHE — PO3IIMPEHHS

Ha X JIOKaJIbHI Kpai.
BiamoBiziHO O METH I[Or0 JOCTIKEHHS, Aaii
Oyme pO3mISHYTO Ppo3pobIeHHs

3aBAaHHA METOaY

JoroBHeHHss 3D-XxMap TOUOK i3 BHKOPHMCTAHHSIM

rpadoBUX HEHPOHHUX MEPEK.

MeTpuKH, 110 MOKYTh OyTH 3aCTOCOBaHI
JJ1s1 no0yAoBHU rpagivHux MoaeJsieil XMap TO4oK

Y Mexax aHalily MOXJIUBHX METPUK Ui

OLIIHIOBAHHS BizgcraHi MIX HaOopaMu  JlaHUX

TPUBHMIPDHHX  TOYOK  PO3IJIOA€TBCS  Ipobiema

OLIIHIOBAaHHs SIKOCTI pekoHcTpykuii  3D-mopeneit, 1o

nependavyae IMOPIBHSAHHA OBOX IIOBEPXOHb. TaKuMH

OyTH,
Ha OCHOBI XxMapu 3D-TOYOK, Ta eTaJOHHa MOBEPXHS.

MOXXYTb HANpUKJIajA, MOBEpXHs, mo0ymoBaHa
Bigomi Merpuku B 1bOMY pa3i 0a3yloThcs Ha OLIHIN
0XHOOK BiJICTAHI MiX MOBEPXHAMM. IX CyTHICTH TomnsTae
B OOYMCIIEHHI BiAcTaHi MDK BCiMa TOYKAMU OIHI€l
MOBEpXHI /0 HAMONMKYMX TOYOK IHINOI TOBEPXHI
3 THONANBIIMM Y3arajJbHEHHAM pe3YJbTaTiB Yy BUIIIAAL
CTAaTUCTHYHIX TOKAa3HHKIB. HalmonmpeHimmMy MeTpuKamMu

BOTO THITY € cepemaHbokBanpaTindHa mommika (RMSE)

Ta cepenHs abcoroTHa TTOMUJIKA (MAE).
Jns  3a3HaueHWX METPUK TOYHICTH PEKOHCTPYKIIii
€ YaCTKOI0 TIPaBWIFHO PEKOHCTPYHOBAaHHX TOYOK

y 3arajgbHOMY Ha0Opi pPEKOHCTPYHOBAHUX AAHHX, TOOTO
THX TOYOK, BIJICTAHb BiJ SKHX A0 HAWOIMXKYOI TOYKH
€TaJIOHHOI TOBEPXHI HE TIEPEBUIILYE 3aaHOT0 MOPOTY.
OkpeMi  METpUKH  TIPOAEMOHCTPYBAIH  CBOIO
e(peKTUBHICT, B OI[IHIOBAHHI pPE3YNbTAaTiB CErMEHTAIll,
nependadeHol MOIEIAMA rIIMOOKOro HaBYaHHI.
Ix ocHoBHa imest momsirae B OTHOYaCHOMY BHIMipIOBaHHI
TOYHOCTI Kiacu(ikamii Ta KOPEKTHOCTI JIOKai3arlii.

Hdo Takux METPHK HaIekKaTh TOYHICTH (Precision),
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Biaryk (recall), inmexc mnepetuHy Han 00’ €THAHHIM
(loU, Jaccard Index)
3aCTOCYBaHHS 3a3HAUYCHHX METPUK MOXKE MOTpeOyBaTH

Ta mokasHuk F1. Opgnak

BOKCeJTi3allii BUOIPKH JaHWX, MO JCHIO 3HIXKYE JOBIpY

Merpuka mpocropoBoi Bincrani Xaycaopda (HD)
IHKOJIM BUKOPHCTOBYETHCS JUISl OLIHIOBAHHS PE3yJIbTATiB
Bona nmae OLIIHIOBAaTH

3D-monenmoBaHHs. 3MOry

BiAcTaHb Mix Toukamu P, ta P, rpadoBoi mozmeni

J0 pe3yiabTaTiB omiHoBaHHS. Jladmi po3misaroThes 3 BHKODHCTRHHAM  (YHKIU{i HAHGUIBI  GIM3BKUX
HaKO1IBII TOIMPEHI METPUKH LOTO TUITY. cycizis NN (X P)'

HD(P,, R ) = L NN (X, R, L NN (x, P, 1

( A B)__rrl%i(x_ (X' B)|+§ql%§x_ (X' A)|’ ()

ne NN (x, P)=argrp€|9 [ x=x"]l.

SIko po3riIsgaTH po3MOiiIM MMmoBipHOcTel P,
ta P, mna HaOoOpiB XMap TOYOK, TO BiACTaHb MIX

UMHA XMapaMd MO)KHA BHU3HAYATH SIK JUBEPTEHIIIO
Kynbe6aka — Jleitonepa (KL):

De (PyIIPy) =) P,(x)log P @3]

= P,(x))

ae y — TpocTip BHOIPKHM A1 TOYOK  XMap,
110 MTOPIBHIOIOTHCS.
[Tokazuuk KL mae 3mory, 30KpeMa, OLIHUTH

PI3HUILIIO MK CHHTE30BaHOIO Ta PEaIbHOI BHOIpKaMu B

CD(PA' PB): L

3a NpUMyIEHHM, 1[0 XMapy TOYOK € BUPIBHAHUMHU
IO OCSIX, @ HABKOJIO HUX ICHYE KaHOHIYHA CITKa BOKCEINIB,
JIOIIJIbHO ~ BUKOPHCTOBYBATH METPHKY  PO301XKHOCTI
Ixencena — Illennona (Jensen-Shannon Divergence —
JSD) MiX TpaHUYHUMH PO3MOJLIAMH, BU3HAYCHHUMU
B eBkiinmoBoMy 3D-mpocropi. Lls merpuka nae 3mory
OLIIHUTH, HACKUIBKH XMapH TOYOK A MAaloTh TEHACHIIO
30iratiucss B CepelHbOMY 3 XMapamMd TO4YOK B.
Jiist 1poro miJpaxoBYEMO KUNBKICTh TOYOK, IO JIEXKATh
Yy MeXaxX KOXXHOTO BOKCENs Ui BCiX XMap TOYOK A

Ta, BIANOBiAHO, 1t B, # ominroeMo po36ixkHicTs JSD

MiX OTpUMaHUMH eMipnaHnME posnoainamu (P, Py ).

1 1

JSD(P, IIPy) = D(PAnM)+§D(PB||M), )

e M :%(PA +P;) ta D(]I-) - KL-guBepremuis
MIDX IBOMa po3mofiniamu [29].

Hdns koxHOI XMapu TO4OK B A CHoOYaTKy
3HaxoguMo ii HaiOmmkdoro cycima B B . Tlokpurrs
BUMIPIOETBCS K YacTKa XMap TOUOoK y B, saxi Oymum
bru3bkicTh

3icTaBleHi 3 XMapamMH TOYOK B A,

Moxe Oyru obumcnena 3a gomomororo CD-  abo

nporieci 3D-pekoHCTpYKIil. ABTEPHATHBHUM MOKa3HUKOM,
IO ISl BU3HAUSHHS pi3HULI MK 3D-00’e€KkTamy Takox
BHUKOPUCTOBYE PO3MOAUIN HMOBIpHOCTEH, € BiJICTaHb

Earth-Mover’s Distance (EMD):

EMD(P,, P, )= min {Zzﬂ“p,ﬂ pm@ ©)

[HIMM migxozoM, 110 Oepe A0 yBard reoMerpito, €
oburcrenns: Bincrani dacku (Chamfer distance), sxa
BU3HAUYAETBCS K CEepeHA BIJCTaHb MIX Mapamu
HaAWOMIKYMX CYCi/IiB MIXK IBOMa HA0OpaMHu XMapH TOYOK

P, ta P, BigmosinHo:

—Zn‘4|xi ~NN(x,, F>B)|+izm“|xj ~NN(x;, P ()
) 2m4=

EMD- Bigcrani MiXk TOYKaMU 3 BUKOPHUCTAHHSIM METPUKH
COV-CD a6o COV-EMD:

‘argryTliP? D(X,Y)|X eP,|

COV (P,,P,) = . (6)

[P
ne D moxe 6ytu CD a6o EMD .

Bucokuil Moka3HUK MOKPHUTTS CBIIYUTH IPO TE,
mo Oinbia yactuHa B mogana B mexax A . [lokpurrs
HE BKa3dye Ha Te, HACKUIBKA HOOpe XMaph TOYOK
MICTATBCS B MHOXWHI A TpHUKIaau, mo 30irarotbes,
He 000B’S3KOBO MArOTh OyTH ONMM3BKUMU. {1151 OIiHFOBaHHS
A momo B

TOYHOCTI KO)KHA XMapa TO4YoK B

3iCTaBIAETBCA 3 XMapo0 TOYOK A 3 MiHIMaIBHOIO
Bincraunio (MMD) i BU3Ha4aeThCs CepefHe 3HaUCHHs
BificTaHel y 3ictaBieHHi. Tyr Moxke OyTH BHKOpHCTaHA

Oynmp-sika BiICTaHP MK Ha0OpaMH TOYOK, IO Ja€
merpukn MMD-CD i MMD-EMD :

ZmlnD (X,Y), )

YebPs

MMD ( P, P

|P
ne D simmosigae 3Hauennsm CD a6o EMD .
MMD
BiJl BiJicTaHeH MiXX TOPiBHIOBAaHUMHU Ha0OpaMH TOYOK.

Iloxa3Huk 6C3HOCCpe,Z[HBO 3aJIC)KUTh
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MMD, COV-CD Tta
COV-EMD no0pe kopenmtorTs Mik co0or. Merpuka

3araioM  METpUKHU
JSD BiApI3HAETHCA BiJl HUX THM, IO OIIHIOE MOIi0OHICTH
Mix A i B nume 3a gomoMororo rpaHUYHOI CTaTHCTHKH
i BHMara€e TONEPEAHBO BHPIBHSIHUX JAHUX, ajie
BOIHOYAC € OLIBII 3pyYHOIO JIs o04ucieHb. [Ipore s
MeTpuKa € e)eKTHUBHOIO, KOJIH HEOOXITHO 3MiHCHIOBATH
TIOCTIIOBHICTB MTOPIBHSHE MK 3D-MozensiMu XMap TO4OK.

MeTox aBTOMAaTHYHOI'0 JOTIOBHEHHS TOYKOBHX XMap
3 BUKOPMCTAHHAM rpad)0BUX HeiiPOHHUX Mepesk

CTPYKTYpH TpadoBUX
HeiipoHHnx wmepex (GNN) Tta ix QyHKIIOHaIBHUX

PosristueMo  ocoGuuBOCTI

KOMITOHEHTiB. ['pacoBi Mepexi € MeTonamu TIHOOKOTro
HaBUYaHHS, SKI TpAIOIOTh HAa OCHOBI BHKOPHCTaHHS
rpagis. Lli
00pOoOIIATH HEEBKIIIZIOBI JaHi, Taki K rpadu, 110 MiCTITh

Mepexi [MarTh 3MOTy aHami3yBaTH Ta
By3nu Ta pebpa [30]. CrouaTky Taki Mepexi Oymnu
BIIEpIIIC BUKOPUCTAHI Ha CHOPSIMOBAHHX AlUKIIYHHX
rpadax. Iliznime rpadoi Mozeni Oyau 3acTocoBaHi 110
PEKYypEeHTHUX HEHpPOHHUX MEpeX Ta HEHPOHHUX MEpex
NPSIMOrO  TIOIIUPEHHS, [0 BUMAararmTh iTepauiiHoOro
BU3HAYEHHS MEPEXO0/ly CTaHIB Ha rpadax.

chepi
HEHUPOHHUX MEpEeX, 30KpeMa 3TOPTKOBHUX HEHMPOHHUX
(CNN) [31], mnDpuBemun 10

GNN. Mepexi CNN
3 pi3HOMAacHITAOHUMH MPOCTOPOBMMH O3HaKaMH Ta

OcraHHI  JOCHIKEHHS Y TITUOMHHUX

Mepex PO3IIMPEHHS
MOXJINBOCTEN OIIEPYIOTh
KOMITOHYIOTh iX ISl TOOY/IOBH SIKICHUX 300pakeHb [32].
Ja CNN BrnacTuBe JIOKadbHE 3’ €IHAHHA BUKOPHCTaHHS
JEKIIbKOX MmapiB. Y IUX Mepexax oOpoONsoThes
€BKJIIJIOBI JIaHi JUIsl OIKCY 300payKeHb 1 TEKCTiB, IIO Ja€
3MOT'Y 3aCTOCOBYBaTH rpadoBe momaHHsi. OnHak
y3aranpHeHHs: CNN Ha rpadoBi Mojeni He 3aBXIu
CHpHsi€e BU3HAYCHHIO JIOKANI30BaHUX (UIBTPIB 3rOpTKH
Ta  omepatopiB  O0’€IHAHHS, IO  MEPEIIKOKAE
mommperaro  Mmoaeneii CNN 3 eBKIIOBOI  IIISHKH

JI0 HeeBKIIioBoi (puc. 1).

Puc. 1. [Ipuxnaz 300paxeHHs B €BKIIiIOBOMY IIPOCTOPI
(miBopy4) Ta #foro rpadiyHOro CIpPOIIECHOrO MOIaHHS
B HEEBKJIZIOBOMY IPOCTOPi (IIpaBopyd)

3acTocyBaHHS TE€OMETPUIHOTO MITHOOKOTO HABYAHHS
Ul ToOYyZOBH TpadiyHMX Monenedl B HEEBKIIIJOBOMY
MPOCTOpI € HOBUM HAmpsIMOM JOCHiDKEHb Y cdepi
MaIMHHOTO HaBYaHHA. EdekTuBHMM € HaBYaHHS
rpadiB [33], ne 3miHCHIOETBCS MOIAHHS BEpIINH, pedep
abo miarpadiB TpadiB y BUINSIII BEKTOPIB HEBEIHKOI
PO3MIpHOCTI. AJie TpamulliifHI MiIXOAW 0 MAIIUHHOTO
rpagoBuxX
BUKOPHUCTOBYIOTh (PYHKIIi, SIKI pO3pOOISIFOTECS BPYYHY,

HaBYaHHS Mojernen 371e011b1I0TO
110 3YMOBIIIOE TX HErHYYKICTh 1 BUCOKY OOYHCIIOBaIbHY
BapTicTh. Y poborax [34, 35] po3miIsHYyTO METOx
BOynoByBaHHs TpadiB Ha

3réHEpOBaHUX BUIIAIKOBUX 6J'IyKaHI). OI[HaK Y ObOMY

aBTOMAaTHYHOI'O OCHOBI

METOJi MapaMeTpy He PO3MOALISIOTBCS MIXK BY3JIaMH
KOJyBaJIbHOI YaCTUHM MOJEINi, IO CIPUYMHSE JiHIHHE

3pOCTaHHS OOYMCIIIOBAHUX BUTPAT 31 3POCTaHHAM
KigbkocTi  By3miB.  KpiM  TOro,  BHKOpHCTaHHs
npsiMoro BOYZOBYBaHHA OOMEXye HOro 31aTHICTh

JO0 y3aralbHeHHs (116 O3Hayae, 10 BiH HE MOXe
MPAIFOBATH 3 HOBUMH THIIaMH TpadiB).

PosristHeMo fiesiki  TEpPMIiHOJIOTIYHI  OCOOJIMBOCTI
3acTOCYBaHHs rpa)OBUX MOJEINEH.

I'padu 1mx mMomeneid MOXHA  PO3MOALIHTH
Ha CTPYKTYpOBaHi Ta HecTpyKTypoBaHi. CTpyKTypoBaHi
rpady MarOTh SIBHO BHU3HAYEHY CTPYKTYpY, HAIpUKIA[,
rpadu
MaloTh HESBHY

MoJIeKyaH,  (izuuHi
rpadu,

CTPYKTYpYy, sika Mae OyTd 1oOyqoBaHa Ha OCHOBI

CUCTEMU Ta 3HaHb.

HecrpykrypoBaHi HaBIIAKH,
KOHKPETHOTO 3aBJaHHs, SK-OT rpadu ciiB abo rpadu-
cueHapii s 300paxkenb. Takok rpadu Moxyrs OyTu
opieHTOBaHMMH (i3 3aJlaHUMH HampsMKaMHu pedep Mix
BEpIIMHAMHU) Ta HeopieHToBaHMMU. ['padu, 1m0 MOXKYTH
3MIHIOBATHCS 3 4aCOM, HA3UBAIOTHCS NUHAMIYHHMU, a Ti,
1110 He 3aJIeXKAaTh Bif 4acy, BBAXKAIOTHCS CTATHYHUMH.

MokHa BHOKPEMHTH TPH OCHOBHI THUIH 3aBIaHb,
OB’ SI3aHKX 3 aHaJi30M rpadis:

— 3aBmaHHA Ha  piBHI  BY3ImB  (30Kpema
Knmacudikaris, KJIacTepu3allis Ta perpecis By3iiB);

— 3aBJaHHA Ha piBHI pedep (a came KiIachdikaris
THUIIB pedep Ta MPOrHO3yBaHHS 3B’ SA3KiB Mi’K BEPIIMHAMU
rpada);

— 3aBIaHHSA Ha piBHI rpadiB (30KpeMa Kacuikartis,
perpecis Ta mopiBHIHHS rpadis).

B anroputmax HaBuaHHS MepeX Ha OCHOBI rpadis
MOXJTFIBE BUKOPHCTaHHS TPHOX PI3HUX PEXKUMIB HABUAHHSL:

— KOHTPONBbOBAaHE, INO Haxae IIO3HAYCHY JUIs
HaBYaHHS 1HPOPMAIIIIO;

— HaIiBKOHTPOJbOBaHE HABYAHHS, LIO Mependaydace
HasBHICTh HE3HAYHOI KIJIBKOCTI ITO3HAYEHUX BY3IiB
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1 BETMKOi KUTPKOCTI HEMO3HAYCHUX BY3JIIB JUTS HABUAHHSI
(B OimpmocTi 3amad  KiacHdikarii BepmuH 1 pedep
YIIPOBADKYETHCS IIeH THIT HABYAHHS);

— HEKOHTPOJHOBAHC HABYAHHSA, IO IPOIOHYE
JIUIIE HEMapKOBaHI JaHi JJs HaJAlITyBaHHSA MOZAEII
(me#i TUO HAYaHHA BHUKOPHCTOBYETHCS, 3a3BUYAM,
JUTSA KJIacTepU3allii By3JIiB).

Hns  moOynoBu rpadoBUX HEHPOHHUX MEpex
3aCTOCOBYIOTH TaKi OCHOBHI OOYHUCITIOBATIBHI MOJTYII:
(st

TOIOJIOTTYHOT

— MOAYJIb TOUIUPECHHSA MMOMMPECHHA

XapaKTepUCTUYHOI  Ta iHpopMmarii

MDK BY3JIaMH MeEpexi); y LUX MOIYNISX TOIIUPEHHS

fmm e
1 Sampling
1 Operator

Poaling

Operator

Input ~.. e

GNN GNN

:> — — o —
Layer Layer
Puc. 2. 3aranpna crpykrypa koHBeepa GNN
Posrisinemo  Gunbin  geTanbHO — (DYHKIIOHANBHI

0COOIUBOCTI OKpeMuX KoMItoHeHTiB GNN.

Mooyaw nowupennss B Monensix GNN  peanizye
orepamii 3rOpTKH, OCHOBHA iesi SKAX TIONATaE B
y3araJibHeHHI 3rOpPTOK 3 Pi3HKX IUISHOK Tpada. Y momymi
NOIIMPEHHS BHKOPHCTOBYIOTHCA SIK CIIEKTPajbHI, TaK
i mpocropoBi migxomu. CrekTpanbHi 0a3ylOThCS Ha
00po0IeHHI Tpad)OBUX CUTHAIIB 3 BU3HAYCHHSIM OIEPATOPIB
3TOPTKH B CHEKTpalbHIA AUISHIOI. Y [bhOMY pasi
rpadiuHuii CHTHAN X CIIOYATKY MOJAETHCS B CHEKTPAIBHIN
JIUIISHIIL 32 ToroMororo rpadoBoro nepetBoperts dyp’e,
a TIOTiM 3IHCHIOETHCS OIIEPAIIisi 3TOPTKH.

[IpocTopoBi migxomu TPYHTYIOTBCS Ha peanizarmii
3TOPTOK Ha Tpadi AT HPOCTOPOBO ONHM3BKUX CYCITiB.
Bonn ocHOBaHI Ha TeopeMi 3TOPTKH Ta CHPSMOBaHI Ha

BHUKOPHCTAHHS JIOKAJTi30BaHUX ONEPATOPIB, IO MOXYThH

Oyrm posmapanerneHi Ta MacmraboBaHi. BimmosimgHi
nepeTBOpeHHs (HOPMaIIbHO BU3HAYAIOTHCS SIK
F(x)=U"x, F*(x)=Ux, (8)

olepaTop 3TOPTKM 3aCTOCOBYETHCS JUISl arperyBaHHs
iHoOpMarii Bix CyciIHIX BY3IiB;

— Moaynab BUOIpKHM (U TIPOBEIEHHS ITOIIMPEHHS
Ha Tpadax BEIUKOi PO3MIPHOCTI); e MOIYIb 3a3BHUail
MIOETHYETHCSI 3 MOYJIEM TTONINPEHHS;

— Monyab o0’emHaHHS a0 CyOauCKpeTH3arlii
(BHKOpPHUCTOBYETHCS JUIsI OTPUMAHHS iHQOpMAIi 3 By3IiB
y pa3i HeoOXiHOCTI OlaHHsI BUCOKOPIBHEBUX MiArpadis
abo rpadis).

3aranbHy CTpyKTypy KonBeepa GNN 300paskeHo
Ha puc. 2.

Output

Mode Loss Function
Embedding

Edge I:>

Embedding

Training Setting Task
*  Supervised = MNode-level
= Semi-supervised = Edge-level

- i - Graph-level
Graph Unsupervised raph-level

Embedding

ge U — marpuil BIIAaCHMX BEKTOPIB HOPMAJI30BAHOT'O
nariaciana rpaga
~1/2 -1/2
L=1,-DYAD™"* 9)
ne D — marpuns cremeHiB; A — MaTpHIs CyMIKHOCTI
rpada.

Jlarmacian HopMmaiizoBaHoro rpada € IifCHOIO
CUMETPHUYHOIO JT0aTHOIO HAIIBCKIHYEHHICTIO, TOMY HOTO
MO)KHA PO3KJIACTH Ha MHO)KHHKH Y BUTJIS

L=UAUT, (10)
Ie A — niaroHaibHa MAaTPHIL BIACHUX 3HAYCHB.
3 ooy Ha TEOPEMH 3TOPTKH OMEpalist 3TOPTKU
3MICHIOETBCS TaKUM YMHOM [36]:
g*x=F"(F(g)0F(x))=U(UTgoU x). (11)
®opmyny (11) MOXHA CIPOCTHTH, SKIIO 3aMiCTh
T .
U' g BHKOpUCTOBYBaTH HaBYAJIbHY MAaTPHULIO ,,
g,*x=Ug U"x . (12)

Y mpoMy pasi MOXKYTb OyTH 3aCTOCOBaHI Pi3HI THITH
HaBYAJIBHUX MaTpHUIlb. 30KpeMa B CIIEKTPAJIbHIM Mepexi
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MoXe OyTu
MaTpULs-QiIbTp:

BUKOpUCTaHa ﬂiaFOHaHLHa HaB4aJIbHa

g, =diag(w); weR". (13)

Onnak ¢inetp (13) HE € MPOCTOPOBO JIOKATI30BAHIM,

0 YCKJIAJHIOE HOr0o TIPAKTHYHY peaizariito. Y podoTi [37]
g, AQIpOKCUMYETHCS 3 BHKOPUCTAHHSAM YCIYCHOTO
pO3KJIalaHHA 3a JOIOMOro TmojiHOMiB YeOuimera

T (X) no K" nopsuky:
K pr—
gw*szWka(L) ' (14)

MaKCHUMaJIbHC BJIACHE

3HaueHHs wMartpuii L; W — Bektop koedilieHTiB
Yebumiena.

Y  piBHsHHI (14)  nomimomu  YeOwumiera
BU3HAYAIOTHCS B TAKHH CIOCIO:

T (%) = 2xT, (x), (15)
ne Ty(x)=1T1a T, (x)=x.

VY mpani [38] mokaszano, mo st A, ~2 1 i
JBOX BUIBHMX IapaMeTpiB W, Ta W, MOXHA IIOJAaTH
piBHsiHHS (13) B TAKOMY BUIIISII:

g, * X = WX +w, (L—1, ) x =w,x—w,DY?AD¥*x, (16)
abo (3a yMOBH W =W, =—W, )
gW*XzW(IN ~D*?AD ¥)x. (17)

IIpakTiuHe 3acTOCYyBaHHA MOAYIS IOLIMPEHHS

B Mozenisix GNN 1oB’si3aHe 3 BUKOPUCTaHHSAM iHTerpariii
MexaHizmy yBaru (GAT), mo mae 3Mory o0UMCIIIOBATH
MPUXOBaHI CTAaHW KOXHOTO BY3Jla Ha OCHOBI cTparerii
camoyBaru. Jlo Ttoro x MexaHisMm GAT BUKOpUCTOBYE
nporecy
HaBYaHHs Mepexi, Gpopmyroun K He3anexHUX MaTpHilb

0araToronoBy yBary s HOKpAIEHHS
yBard Ui OOYHMCIICHHS NPUXOBAHHUX CTaHIB, SIKi MOTIM
00’eqHYIOThCS. [HONI MOMITBHO PETyIIOBAaTH KUTBKICTH
mapiB K rpadoBoi HelpoHHOT Mepexi Al MOKPAICHHS
pe3yabTariB. 30UTBIIEHHS KUTBKOCTI MIApiB Ja€ 3MOTY
iH(opMarii

KOKHOMY BY3JIy OTPUMYBAaTH OLIbIIe

Bim cycimHix By3miB. OfHaK eKCHEPUMEHTAIBHO
BCTAHOBIIGHO, IO OiNbIN TIMOOKI MOIEII HE 3aBXKOH
MTOKPAIIYIOTh poOOTY Mepexi, a 3aHaATO TIIMOOKI Mojei
MOXXYTh HaBiTh IpamtoBaty Tipmre. Lle mos’s3aHo0 3 THM,
o0 3aHAATO BENUKA KIJIBKICTh IIapiB TPU3BOIUTH
O TIOMIUPEHHS 3amIymiieHoi iHdopMarii Bim cycimis,
VHACTIIOK  4YOro BHWHWKAaEe  e(eKT  HaAMIpHOTO
3TIIaPKYBaHHS, TOOTO BY3NIM TOYMHAIOTH MaTh CXOXi

IIOJaHHA MiCIIs arperyBaHHs.

EdextuBHMM  mimxomoM sl poO3B’SI3aHHSA
OKpEeCJIeHOI PoOJIeMH € BUKOPUCTaHHS MOJYJIIB BUOIPKH
Ha BenWKHX Tpadax. ICHylOTh Taki OCHOBHI pPi3HOBHAM
MoAyNiB BHOIpkM TpadiB: BuOipKka BepIIUH (BY3JIB),
BUOipKa mapiB Ta BuOipka miarpagis. OgHuM 31 ciocodiB
3MEHIIEHHS! KUIBKOCTI CYCiTHIX BepIIMH € BHOIpKa
CKOpPOYEHOI MHOXMHHM BY3JiB 3 OKOJIB  KOXHOI
Bepiman (omepaitisi GraphSAGE) [39]. V mpomy pasi
obupaeThess (hikcoBaHa OOMEXKEHA KUIBKICTh CYCIJIiB
(o 40 st opHi€T BepUIMHM).

Monyab morrapoBoi BuGipku (omepaitisi FastGCN)
BUKOPHUCTOBYE OOMEXEHUH HaOip BY3IiB Iyl arperarii
B KOXKHOMY IIapi 3 KOHTPOJBOBAHUM KOE(]illi€eHTOM
po3MIUpeHHs. Y bOMY pa3i BaXIIUBI BY3JIH 13 3HAYHOIO
HMOBIpPHICTIO TIOTPAILISAIOTH IO BUOIPKH.

Monyns Bubipku miarpadis (omeparist ClusterGCN)
criocoboM  kyactepu3anii rpadiB 37iiicHIOE BHOIpKY
JeKiTbKox miarpadie rpagoBoi Moaesi Ta MOUIyK OKOIiB
y Mekax o0paHux miarpadis.

VY mepexax GNN a1 GopMyBaHHSA y3araJlbHEHHUX
XapaKTEePUCTUK BUKOPHCTOBYIOTBCS MOAYJL MPSMOTO
00’enHaHHs (CyOqUCKpeTH3allii) Ta MO i€papXiyHOro
00’eaHanHsA. Mopyni npsiMoro o0’eJHaHHs Oe3M0cepeHbO
3aCTOCOBYIOTh T'pad)OBY MOJIENb, YIPOBA/DKYIOUM Pi3Hi
crparerii  BUOOpPY  BY3JIB.

Mopaymi  iepapxiuHOro

00’enHaHHSI  pealli3yloTh  0OaraTOpiBHEBY CTpaTerito

s GNN, 1o gae 3Mory 3axOIUTIOBAaTH JIOKAJbHY
rpada.
s crparerisi mepexbayae peKypCHBHE 3aCTOCYBaHHS

W riobdanbHy iHpoOpMamilo 3 BXIZHOTO
omepaiiii 00’eHaHHS JUIS TOCTYIOBOrO (hOpMYBaHHs
CYKyNMHOCTI miarpadis 3
Ha koxxHOMYy  piBHI  iepapxii i3

1EpapXiYHOI0  CTPYKTYPOIO.

rpaca
BUITY4EHI

BXIJIHOTO

BUIIy4alOThCSL  BKJaneHi BepmHd. Jlami

BEPIINHNA 00’ €THYIOTHCS Ta MEPefaloThCsl Ha HACTYITHHMA
CTPYKTypHUH piBeHb. g
JOCATHEHHS 3a/1aHOi KIJTBKOCTI pIiBHIB 3 OCTaTOYHUM

omepaiiss  TpUBaE 0
MOJAHHSAM BY3IIiB MEPEXKi.

VY cTaTTi 3ampornoHOBaHO METO/I IOTIOBHEHHS XMapH
TOYOK, 1[0 JIA€ 3MOTY BiJIHOBJIFOBATH BIJICYTHI ()parMeHTH
3D-300paxeHs. Merton

BUKOPHCTOBYE  rpadoBi

HEWPOHHI Mepexi rMMOOKOro HaBYaHHA, SKi 00pOOIIIOTH
MPOCTOPOBI  JaHI  BXigHMX TpadiB 3  YaCTKOBO
BUKPHBIIEHOIO CTPYKTYPOIO.

3anponoHOBaHUN MeTOoH Tiepeadavae KOTYBaHHS
XMapy TOYOK abo ii wacTwHHU y ¢opmari rpada, KoKHA
TOYKa SKOTO € BY3JIOM, a pebpa BH3HAUYAIOTHh JIOKANBHI
TEOMETPUYHI 3B’S3KM MK By3nmamu. Take rpadose
TIOJAHHSA € BXiTHOIO iH(opMmatiiero s rpadoBoi Momeri
Kozepa JIOMOBHEHOI rpadoBoi

Mepexi, HalpHKiaz,
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sroptkoBoi  mepexxi (GCN) ab6o GraphSAGE, ska
HABYAETHCSl BUTATYBATH BAXIIMBI O3HAKH Ta MONAHHS
3 rpaa XMapH TOYOK.

Lei minxin opieHTOBaHMH Ha PO3B’S3aHHS TaKHX
3aBJiaHb (JOPMYBaAHHS Ta JOIMOBHEHHS XMap TOUOK:

— 00pobneHHs iH(OpMAILii, 10 HE Ma€ PEryasIpHOL
CITKOBOi CTPYKTYpH (Ha BiAMIHY BiA TpaaumidHAX
3TOPTKOBUX HEHpPOHHHMX Mepex TpadoBi HeHpoHHI
Mepexi e(QEeKTHBHO CHPaBISIIOTHCS 3 HEPErYISIPHUMH
JIAHKMHU, 30KpEMa i 3 BUKPHUBJICHUMH XMapaMH TOUOK);

—  (ikcalyis TeOMEeTpUYHHX 3B’ A3KIB MK BEpIIMHAMHU
rpagoBoi Mozeni (rpadoBe MOTaHHA XMapH TOYOK Jae
3MOTY BUSIBIISITH SIK JIOKQJIbHI T€OMETPUYHI 3B’ S3KH Yepe3
pedpa, Tak i TI00aNbHY CTPYKTYpHY iH(pOpMAIlio uepe3
3arajbHe TpadoBe
TiJIBUIIICHHIO SIKOCTI BiIHOBJIEHHS Bi/ICYTHIX ()parMeHTiB);

MOJAaHHS MOAENI, IO CIpUsE

— wMmacmtaOyBaHHs rpadoBux Moneneidl (Mepexi
GNN 3npatHi 00poOasATH PO3pimKeHi rpad)oBi MOJAHHS
CTPYKTYPH MOJENI, 1110 Aa€ 3MOTy e(heKTUBHO MPAIIOBATH
3 BEJIMKOMACIITAOHIUMH XMapaMH1 TOYOK Pi3HOI IIITBHOCTI);

— 3abe3meueHHd HAAIMHOCTI Ta y3aranbHEHHS
(Mepexxi GNN BHUKOPHCTOBYIOTH 3aKojioBaHe Tpadiune

MOJIaHHsI CTPYKTYpHOI iH(opMaliii, 3akozoBaHoi B rpadi,

mo 3a0e3meyye  MOXJIHMBICTH ~ MOJETI  HABYATHCS

Ha Ha/liHHMUX 3pa3kax Ta y3arajJbHIOBATH ii 3a HasBHOCTI
HETIOBHUX TOYKOBHX JAaHUX).
EdexruBnicTh

3aIIPOITOHOBAHOI'O MeTony

OHiHIOBaTI/IMeTLCﬂ 3a SIKICTIO JOIIOBHCHUX XMap

TOYOK, 10 BHMIPIOETBCS TaKUMH  ITOKa3HHUKAMHU:
BIJICTaHb M)XK TOUKaMH, IIOBHOTA Ta Bi3yaJbHa MEPEBipKa.
PosrnsHemMo  3aranpHUil  OomHMC  IIBOTO  METOAY.
Y nonepenHix AOCTIHKEHHSIX 3 PEKOHCTPYKIIii HETIOBHUX
XMap TOYOK rpadoBi HEWPOHHI Mepexi 3aCTOCOBYBAIINCS
3/1e01TBIIIOTrO VTS 00pOoOJICHHS 3aKOJ0BaHUX
0COOITMBOCTEN MOJIEITI.

Y miii poboTi 3ampoOMOHOBAaHO OE3MOCEepeIHE
BHUKOPHCTAaHHS TpadoBOi CTPYKTYpH TOYKOBHX XMap.
Cunre3 rpadoBoi Mozelni 3/iCHIOETHCS 32 JIOMTOMOTOI0
KNN (K-nearest

neighbors). 3asHaurmo, MmO 1HIN METOAM, 30KpeMa

QITOPUTMY HaHOMWKYMX  CycifiB

noOynoBa rpada 3a palaiycaMH TOYOK, € MEHII
CTablTbHUMH Ta e(DEeKTHBHUMH UYepe3 PU3UK 3aXOIUICHHS
HAJMIPHOI KIJBKOCTI 3B’S3KIB, SIKIIO HE MepeadadyeHo
paniyca. KNN

3aBX/IM IIOBEPTA€ YITKO BU3HAYEHY KUIBKICTH CYCiZiB

ONATKOBOI  ajmamTaiil HaromicTs

JUTS KOXKHOT TOUKH (pHC. 3).

Puc. 3. [ToOynoBa rpada 3a paaiycamu To4ok (mpaBopyd) Ta BianosiaHo ao anrropurmy KNN (s1iBopyd)

Mogens xomepa Mepexi GNN 3maTtHa B mporeci
HABYAHHS YTOYHIOBATU CTPYKTYPY H JIOKaJbHI 3B’SI3KH
B HaBYaJbHUX JaHMUX XMapH TO4oK. HaBueHa Momens
Jla€ 3MOT'y BUKOPUCTOBYBAaTH ()ParMEHTH XMapu TOYOK
SIK BXiHY iH(OpMAIlif0 Ta TEHEPYBAaTH BIICYTHI TOYKH
(morIoBHIOBATH MOJETHh) Ha OCHOBI paHiIlle OTPUMAaHUX
3aKOHOMIPHOCTEH.

ApxiTeKTypa Mepexi, 0 peatizye 3anpOrnOHOBAHUN
Meroj, 6as3yeTscst Ha Mepeki Point Completion Network
(PCN), 3ampononoBaniit y po6ori [17], ne po3risaHyTO
3aBJIaHHS PEKOHCTPYKIii TOUKOBHX XMap (puc. 4).

Mepexxa PCN MicTUTh TpHW OCHOBHI YaCTHHH:
KOAyBaJbHY (KOomyBamsHHK) ENcoder, mro 3miiicHioe
riio0anbHe MOJaHHA BXiTHOI HEMOBHOI TOYKOBOI XMapw;
Mepexy 3arajgpHoro BiarBopenus Mapping Network,
0 TeHepye TpyOy Xmapy TOYOK 3a pe3ylbTaTaMu
JICKO/TyBaTIbHY
(mexomyBanmpauk) Decoder, 1mo yTouHrO€ Ta ImigBHIIyE

r100aJI5HOTO IIOOaHHA, YaCTUHY

pO34imBHY 3AaTHICTE TpyOoi XMaph TOYOK s
OTpHUMaHHS JIOTIOBHEHOI rpadoBoi Mozedi.

B apxitrektypi  3ampomoHoBaHoi  Tpadooi
Mepexxi  30epexeHO  3aranpHy — CTpykTypy  PCN
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3 amanrTamiero i s oOpoOneHHsT  rpadoBUMH Graph Encoder (3amicth cTaHmapTHOTO KOIyBaJlbHHKA)
JAaHUMUA 3a JTOTTOMOT OFO KOIyBaJIbHUKA (puc. 5).
// Encoder H\\
Input Point Global Point Global
P feature feature - feature feature
M N R F S y
b — 5 |- 23 2 — — = 273 v
—— - - ERl ] - o
M| B P | E e | B | i -
-—g—-T 53 s = (e |52
Il ] A a
N J
_/"'/ Decoder [ Tile N
Ground truth Detailed output - L Coarse output \
Yo Yoctait o Yo
o) =
5 ] | co/emp
L }*9 .
" ™ s
'\\__ 2D grid Coarse ground truth S :
Puc. 4. Apxitektypa Mepexi 1onoBHeHHs! To4oK PCN
! 1 }
global feature
EX) X !
T > > > > o —
— £ = £ c elre)
I~ © ] S [S] 23
o Lo Lo o | /2a |
4] @ @ 3 g x
gl e | &g| |8 |58
w L L w =
Puc. 5. CTpykTypa KOAYyBaJbHOI YaCTHHU 3aIPOIIOHOBAHOI MEpexKi
OcHoOBHA pO36IXHICTE MK KomyBadbHHKOM Graph Ha puc. 6 HaBemeHO mpuKIan — Bi3yalbHOI
Encoder i craHmapTHOIO KOMYBAIBHOI YaCTHHOIO inTeprperarii omepariii 3roptku EdgeConv.
B Mepexi PCN nonsirae B Tomy, 1io:
— KpiM 3BHYaliHOr0 HA0OPY TOYOK, KOIYBaJbHUK ® Py
X ~
Graph Encoder mpuiimae Takox 3HA4eHHS IHICKCIB ol 9 /
y noOyoBaHoMY rpadi IuX TOYOK; . ey °
—  3aMICTh OJHOBMMIPHMX OI€pAIlili  3rOPTKH x @ X,
B komyBameHHKy Graph Encoder BHKOHYIOTBCS o
omeparii rpagosoi 3roptku EdgeConv, 3amporonoBani '
B poborti [40]. Puc. 6. Bizyansna inteprperaris onepatii sroprku EdgeConv

Ha BiaMminy Bix omepamiii 3ropTkd B 0a30BHX
koH(pirypamisx GCN B omepamisx TpadoBoi 3TOPTKH Po3pobnena  Heifpomepexka  MICTUTH  KibKa
EdgeConv mo 3BaxkeHoi arperariii JaHWX IIOIO BEPIIHH OCHOBHHX KOMIIOHEHTIB: KomyBamsHuK Graph Encoder,
rpada JONAIOTbCA 3HA4YEeHHSA pebep, AKi 3’ €IHYIOTh Mepeka 3aranpHOro BiarBoperms Mapping Network

1Ii BePIINHU: i nekomyBanbpHuK Decoder.
X' = Zh@(xi ”Xi_xj)l (18) Komysamsuuk ~ Graph Encoder € wio4oBuM
jeNN; €JIEMEHTOM 3alporNoHOBaHOi Momu(ikamii HEeHpOHHOI
ae NN, — mHaiibmwkai cyciqu BeplMHH | MEpeXi, BIAMOBITATbHUM 3a (OPMYBAaHHSA TIJI00ATBHOI

. . ernpe3enTalii BXxigHoro rpada. Lleii KOMIIOHEHT MiCTUTh
h, — Heminilina QyHKIist 3 mapamerpamu © . perp 8 A paga. I
mapu  3roptkd  EdgeConv, 1o  3acTOCOBYIOTBCS
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0 BXiI[HI/IX JaHuX 4 TOCTYIOBOI'O PO3MIMPCHHSA

pELENTUBHOTO IONS Ta  OTPUMaHHS  iH(popMarii
i3 cycigHix BepmmH. Ilinx yac Takoro po3MMpPEHHS
O3HaKW BEpIIMH Ta iHIEKcH TpadoBUX  pedep

MEPEAAOTHCA HA KOXKEH Imap JUIs 3iHCHEHHS omepartii
3TOPTKA Ta OHOBIIEHHA O3HaK BepummH. OHOBIEHI
O03HAKd BEPIIMH BHKOPUCTOBYIOTHCSA Ui TJI00ATBHOI
MaKCUMAaJIBHOI CyOMCKpeTH3allii, mo Gopmye riaodampHe
MmoJaHHsd o00poOsieHoro rpada, 3BaXKAIOUM Ha JIaHi
3 OKpEMHUX HOr0 YacTHH.

I'noGanbue [MOJIaHHS

rpaca
3a jgomomororo Graph Encoder, mo 6epe n0 yBaru

OTPUMYETLCA

SK JIOKaJIbHI O3HAaKW CYCIJIIB KOXHOI BEpUIMHH, TaK
1 3arajgbHy CTPYKTYpy Tpada. AHAJIOTIYHE TMOJAHHS
BHUKOPUCTOBYIOTh 1HIIII KOMIIOHGHTH MEPEXi, 30Kpema
Mapping Network i Decoder, asst reHepyBaHHS TOYKOBOT
XMapH 3 OIJIsIy Ha JOITOBHEHHSI.

3acrocyBannst KkoayBanbHuka Graph  Encoder
i3 mapamu 3koptku  EdgeConvLayer 3abesmeuye
edexTuBHe O0OpOOJIECHHA HECTPYKTYpOBAHHX JaHUX,

NOJAaHUX y BHUIVLAAI rpada, Ta Jae 3MOTY OTPHMYBaTH
HalOUTbII 1H(GOPMATHBHI O3HAKH ISl peaizallii 3aBllaHb
rpadoBOi PEKOHCTPYKIIiT 300paKeHb.

Mapping Network e xoMmoHeHTOM HEHpPOHHOL
Mepexi JId JONOBHEHHS HemoBHMX 3D  ToukoBHX
XMap, L0 BIANOBiJa€ 3a NEPETBOPEHHS TII0OAIBHOTO
nomanHs rpada, orpumanoro 3 Graph Encoder, y rpyoy
ToukOBY xmapy (coarse point cloud). I'py6a ToukoBa
XMapa € TPOMDKHUM TIOJAHHSAM, IO MICTUTh MEHIIY
KUIBKICTh TOYOK TOPIBHSIHO 3 OCTATOYHOIO JOMOBHEHOIO
TOYKOBOIO XMapolo, aje 30epirae 3araibHy CTPYKTYpY
Ta popMy 00’€eKTa.

IMocmimoBHiCTh TOBHO3B’s3HMX ImapiB  Mapping
Network BuKkoHYe JTiHiMHI TTEPETBOPEHHS i3 3aCTOCYBaHHIM
CTaHmapTHUX (YHKIIH aktwBarii (3assuuaii RelU).
I'pyba ToukoBa xmapa, chopmoana Mapping Network,
MICTUTh MEHINY KiUIBKICTh TOYOK, SIKIIO IOPiBHIOBATH
3 OCTATOYHOIO IOIIOBHEHOI0 XMapor, IO Ja€ 3MOry

3MEHIIUTH  OOYMCIIOBANIbHI  BUTPAaTH Ta  BHUMOTH
bi (o) mam’ sITi TS MOAJIBIIIOTO 00pobIeHHS.
BriM, riobanpHa pempeseHTamist Tpada, 3aifiCHEHa

3a JoroMoror komayBainbHuka Graph Encoder, nae
3MOry TpyOili TOYKOBii XMapi 30epiraTi OCHOBHI
CTPYKTYpHI BIACTUBOCTI 00’ €KTAa.

[icns dopmyBaHHS TPyOOi TOYKOBOI XMapwW BOHA
nepemaeTees 10 (iHanpHOTO KOoMmoHeHTa Decoder, o
301JIBIITy€ KUTBKICTh TOYOK JJISI OCTATOYHOTO (POPMYBaHHS
HEHPOHHOIO MEPEXKEI YTOYHEHOI XMapu 3 BHUCOKOIO
Jeramizamiero. 3rOpTKOBI  mapu

oporo  JACKoJcpa

BUKOHYIOTH OIlEpallii 3rOpTKH B3JI0BX O3HAK JJISI KOXKHOL
Oepyun yBarum iH(oOpMaIio
BiJl CyCigHiX TOYOK). [licis KOXXKHOTrO mIapy 3ropTKd B

TOYKH OKpemMo (He
JICKOJIepi 3IICHIOIOTHCS OTepallii MakeTHOI HopMaJTi3artii
Ta aKTHBallil, a TAKO)X OHOBJIOIOTHCS O3HAKH TOYOK
13 30epexeHHsIM iHpOpMaIlii 3 ToMepeaHiX mapiB.
[Ipouec reHeparii yTrOYHEHOI TOYKOBOI XMapu
B wmonyrmi Decoder rpyntyethes Ha wmetomi folding,
3anpornoHoBaHoMy B pociimkeHHi [41]. OcHoBHa ines
OO0 METOJy MOJISITAE Y CTBOPCHHI PETYISPHOI CITKH
omopunx Touok (folding seed) 3
nedopmartiero 3a JIONOMOTO 3TOPTKOBHX IApiB JUIst

NoJAJIbIIOK  Ti

OTPHMAHHS OCTATOYHOI TOYKOBOI XMapu. Takuil mimxin
3a0e3rneuye TeHepalilo TOYOK i3 BHCOKOKI PO3JiIHHOIO
3MIATHICTIO, 30epirarouy BOJAHOYAC TOIMOJIOTIUHI BIACTUBOCTI
00’ekta. Monyne Decoder Bimirpae meHTpanbHY pOib
Y BIJIHOBJICHHI JIeTali30BaHOl Ta MOBHOI TOYKOBOI XMapu
Ha OCHOBI 11 MouaTkoBOi rpy0oi Bepcii. Bukopucranus
3rOPTKOBHMX IapiB y mnoeaHanHi 3 meromom folding
Jae 3MOry e(eKTHBHO YTOYHIOBATH Ta PO3IMIHPIOBATH
Habip To4ok, 30epirarouuM B IIbOMY pa3i I'€OMETPHYHI
0COOIMBOCTI 300payKEeHHS.

Jis HaBuYaHHS Ta OIHIOBAHHS HPOAYKTUBHOCTI
GraphPointCompletionNetwork
JIOLITBHO BUKOpUCTOBYBATH Habip manux ShapeNet [42].
ShapeNet ¢
TPUBUMIPHHX Mojeied 00’€KTiB, L0 OXOIUIIE pi3Hi

HEUPOHHOI  Mepexi

BENIMKOMACIITAaOHUM  PEIO3UTOpieEM
KaTeropii, 30KkpeMa JITaku i aBroMoOiiai. Mozaeni uporo
Ha0Opy TMOJaHi CYKYNHOCTSAMH JAUCKPETHHX TOYOK
y TPUBUMIPHOMY MPOCTOPI, SIKi OMUCYIOTh TEOMETPUUHY
CTPYKTYpY 300pakeHb.

Jns  MozmenmoBaHHA — 3alPOIIOHOBAHOTO — METOHY
Habip manux ShapeNet 6ymo cmeriagbHO MiATOTOBICHO
Ta MOALIEHO Ha JBa CKJIaJHUKH:

— HeMoOBHI Bepcil TOYKOBUX XMap 3 Habopy
ShapeNet, 1o Gysm BXimHO0 iH(pOpPMAITi€rO I HABYAHHS
HEHPOHHOI Mepexi;

— TOYKHW, 1m0 OymM IITy9dHO BWIyYEHI 3
OpUTIHAJBHUX TOYKOBHUX XMap 3 METOI CTBOPEHHS
Ili nmani
OLIIHIOBAaHHS SKOCTI TOAAJBIIOI PEKOHCTPYKIIii TOYKOBUX

HETIOBHHUX  BEpCIH. 3aCTOCOBYIOTBCS  JUIS
XMap.

Hdns  QopMyBaHHS HENOBHHX TOYKOBHX XMap
3 Habopy ShapeNet 6yB pospobieHwmii criemianizoBaHuit
CKPMIIT, IO peati3ye TaKhi aJropUTM:

— 3aBaHTAXCHHSA OPHIIHAJNBHUX TOYKOBUX XMap
13 paiiniB y popmati PLY;

— BHOipKa (ikcoBaHOI KUTBKOCTI TOYOK i3 KOXHOI
XMapH Ji1s yHigikamii po3mipy Bubipkw;
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HCIIOBHUX TOYKOBHUX

— ¢dopmyBaHHS
i3 3acCTOCyBaHHSIM IOy BUXIZHOI XMaph Ha JBi

XMap

YaCTHHU 32 JIOTIOMOTOI0 PO3ZIUIBHOI IUTONIMHHU: TOYKH
3 OJHOr0 OOKY IUIOMIMHH KJIaCU(IKYIOThCS SIK HasBHI,
TOJIi SIK TOYKH 3 1HIIOTO OOKY — SIK BiJICYTHI;

— 30epexeHHs OTPUMAaHUX HEMOBHUX Bepcid
TOYKOBUX XMap i BUIIydeHHX TO4OK Yy popmari PLY.

Jnst  3;ificHEeHHS pO3MUIEHHS TOYKOBOI XMapu
BUKOPHCTOBYETHCSI BUIIA/IKOBO 3T€HEPOBAHA TiHEPILIONINHA
B TPUBUMIPDHOMY  TpPOCTOpi, IO  BU3HAYAETHCA
HOpPMaJbHUM BEKTOpOM Ta 3MimieHHsM. Lle nae 3mory
YiTKO BHM3HAYUTH, 10 KUK OiK IUTONIMHU PO3TallOBaHa
KokHa Todka. KpiMm Toro, Oyio peanizoBaHo (DYHKIIiFO,
110 BUKOHYE PO3MOJI OTPUMAHUX HEMOBHHX TOYKOBHX
XMap Ha TPEHYBaJIbHY Ta BaJlifauiiHy BuOipku. Posmomin
3IHACHIOECTHCS BUIIaIKOBUM YUHOM BiATIOBIIHO
JI0 3aJlaHMX TPOMOpLiH, a pe3ynbTath 30epiraoThes
y BUIVIAI CIHCKIB NUIAXIB 0 BIAMOBIIHUX (aiiiB,
1110 3a0e31euye MOXKIIUBICTh BIITBOPEHHSI EKCIIEPUMEHTY.
Jnst miABMINEHHS BapiaTUBHOCTI HAaBYAIBHOI BHOIpKH
PIIICHHS o0csr

Oylo  TPHHHATO PO3LIMPHUTH

3reHepoBaHoi iH(opmamii. 30kpema s KOXHOTO
00’€KTa CTBOPIOETHCS YOTHPH Pi3HI  TiNEPIUIOLIMHHY,
o Jae

PO3IiICHHSI.

3MOI'y OTpHMaTH pi3Hi BapiaHTH HOro

Takmii migxig cropuse  30UTBILICHHIO
PI3HOMaHITHOCTI HaBYaJbHUX JAaHUX 1 MOKPALICHHIO
y3arajibHIOBaJIbHOI 3JaTHOCTI MOJIEIII.
erarmi

Ha TIOYaTKOBOMY MOICIIFOBaHHA

3alPOIIOHOBAHOTO ~ METONY  JOCHIIKYBAJIHCS — JIUIIE

HAaOOpH JaHWX, [0 HaJeXKaTh JO KIacy JITakKiB.
Ile momomorio perenbHO OMNpAIOBATH BCl HEOOXiIHI
eK3eMIUIIpH Ta chopMyBaTu HaOIp AaHUX, IO MICTHTh
00’exTH emuHOI Kareropii. OTxe, MiJroTOBICHUI HaOIp
ShapeNet pasom 3i cremiani3oBaHMM CKPHIITOM IS
reHepailii HEOBHHUX BepCiil TOUKOBHX XMap 3abe3nedye
epeKkTUBHY MiAroTOBKY iH(opMamii s HaBYaHHS
Ta OI[HIOBAaHHA NPaIEe3qaTHOCTI HEHPOHHOI Mepexi
Graph Point Completion Network.

BUITAIKOBOTO MOALTY TOYKOBUX XMap Ta pO3MapajIetoBaHHs

Bukopucranus

omeparii TeHepamii YMOXJIHMBIIOIOTh PENPE3CHTAaTHBHY
MHOXHWHY BapiaHTiB HEMOBHUX TOYKOBHUX XMap, IO
CIpUsiE MMiIBUIIEHHIO SKOCTI HABYaHHS MOZETII.

PosrnsiHeMo Meron HaBYaHHA — 3alpONOHOBAHOL
rpadoBoi HEHPOHHOI MepeXi ISl 3aBJaHHS PEKOHCTPYKII
3D-momeneit  TOYKOBMX ~xmap. [Ipomec  HaBYaHHS
nepeadavae MOCIiJOBHE BUKOHAHHS TaKUX €TaIliB:

— iHimiami3amis Momem — HEHpOHHOI  Mepexi
(a Takox mapamerpiB onTuMmizaropa, (yHKmii BTpar

1 TUTaHYBaTHHUKA TIBUKOCTI HABYaHHSA);

— 3aBaHTa)KEHH: HAOOPIB HABYAIBHUX 1 BAJITAIIIHHIX
JIAHUX, TIOJITAaHNX y BUIJISA1 TOYKOBUX XMap;

— aHaji3  HasBHMX  pe3yJbTATiB  HaBYaHHS
aHAJIOTiYHOI MozeNi B MHUHYJIOMY (SKIOIO 30epexeHi
pe3yabTaTH  iCHYIOTh,  BiJIOYBAETHCA  BIJAHOBJICHHS
HalKpammx 3Ha4eHb (YHKIIi BTpaT i BiJIOBITHOI enoXu
HaBUaHHS;  3aBAHTAXYIOTbCS  ICTOPUYHI  3HAYEHHS
(yHKIIM BTpaT JUIs HaBYAJIBHOTO W BaliganiiHOro
HAOOpiB  NTaHWX;  BIMHOBIIOETHCS  CTaH  MOJEII,
ONTHMi3aTopa Ta IUIaHyBaJbHUKA HaBYaHHS CIIOCOOOM
3aBaHTAXXCHHsI 30epe)KeHUX Bar).

HaBuanHs  Momeni  3IMCHIOETBCS  MPOTATOM
BU3HAUCHOI KIJIbKOCTI €I0X, KOKHa 3 SIKHX Iependadae
TaKi OCHOBHI €Taru:

— TMpOXija 1Mo HaBYaJbHOMY HaOOpY JAaHUX, 3TiTHO
3 SIKUM BH3HAUYAIOTHCS TpyOl MPOTHO3HM 3 TOJAIIBIIOO
JieTajizalliero;

— o0uuncieHHs

GbyHKii rpyboro

W JeTayli3oBaHOrO IMPOTHO3iB,
¢ yHKLIT BTpAT;
— OOYHCIIEHHS Tpami€eHTIB (HA OCHOBI 3HAYCHHS

BTpaT i
a TaKoX 3arajibHOi

3aranbHOi (YHKIIT BTpaT) 3 HOAAIBIINM OHOBJICHHSIM
Koe(DiliEHTIB MOJIENI Ta ITapaMeTpiB ONTUMI3aTOpa;

— IpOXij no BasijaniiiHoMy HabOpy JaHUX, 3T1THO
3 SKMM (32 aHAJOTI€I0 3 MPOXOAOM II0 HABYAIBHOMY
Ha0Opy /JaHMX) OOYMCIIIOIOThCS IPOTHO3HI 3HAYCHHS
Ta 3Ha4eHHs 3aranbHOl (yHKIIT BTpAT; Ha LLOMY eTari
OHOBJICHHSI Bar He BiJAOYBA€TbCS, OCKIJIBKH METOIO
€ JIMIIIE OLiHIOBAHHS SIKOCTI MOJIEII;

— O0uYMCIIeHHS Ta JIOTYBaHHA HAaBYaJbHUX METPHK
JUISI TIOTOYHOI €TIOXH;

— 30epexeHHsT OTOYHOrO CTaHy HAaBYAHHS depe3
3alaHi  MPOMIKKH 4Yacy (30KpeMa CTaHiB MOJedi,
ONTHMI3aTopa, IUIAHYBAJIBHUKA IIBHIKOCTI HAaBYaHHS,

a TakKoX icTopii 3HaueHb (PyHKIIH BTpaT);

— 30epexeHHA TMPHUKIANIB  PEKOHCTPYHOBAHUX
TOYKOBHX XMap JUIA MOAAJBIIOL Bi3yaui3allii HaB4aHHS,

— Tepemada 30epexeHnX pe3ynbTaTiB
(pexoHCTpyHOBaHMX XMap TOYOK 1  HABYAJIBHHUX
METPHK) [10 BiANOBITHOI 0a3u JaHUX;

— 3aBepICHHA HAaBYAaHHA: TICIHA JOCSATHEHHS

3a/1aHOi KITBKOCTI ermox 30epiraeTbcsi HaWKpamwid cTaH
Mozieni Uil TIOJANBIIOr0 BHKOPHCTAHHA Y 3aBIaHHS
JIOTIOBHEHHSI TOYKOBUX XMap.

Taxwmit miaxing 3abe3medye epeKTUBHE HaIaIlITyBaHHSI
mapaMerpiB rpadoBoi HEHPOHHOI MEpeXKi I JOIIOBHEHHS
TOYKOBHX XMap, JAI0Yd 3MOTY BIICTEKYBaTH JHHAMIKY
30epiraté  MPOMIXHI

HaB4YaHH, pe3yiibTaTn Ta

Bi3yaJi3yBaTH PEKOHCTPYHOBaHI XMapH. BukopucranHs
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IUIAaHYBaJIbHUKA [IBHJKOCTI HAaBYaHHS  (HAIpHUKIAZ,
StepLR) nomaTkoBo mifBHMINye epEKTHBHICTH HaBYAJIHHOTO
IpoIeCy: Ha MOYATKOBHUX €Tallax 3acTOCOBYEThCS Oinbll
BHCOKA IIBHIKICTh HABYAHHS JJIsI IMIBHIKOI ONTHMI3allii
rapameTpiB; Ha MOJAIBIINX eTarax MIBUAKICTh HaBYaHHS

MOCTYIIOBO 3HMIKXYETHCA, IO AA€ 3MOI'y MO}IeJ’Ii TOYHiIIE

HaJIAIITYBaTUCS ~ TOOMM3Y  IVIO0ATBHOTO  ONTHMYMY
Ta YHUKHYTH HeOa)kaHUX KOJIUBAHb.
Takmii MexaHi3M crpuse Kpamiii 30DKHOCTI

Ta JOMOMAara€ YHUKHYTH 3yIHHOK aJlTOPUTMY HaBYaHHS
B JIOKadbHUX onTuMymax. OKpiM I[bOr0, MOXKJIHBICTH
BUKOPHMCTAHHS TOMEPENHIX PpE3YIbTaTiB HABYAILHOTO
Tpotecy
PECYPCiB, OCKIJIBKHA JA€ 3MOTY MPOJOBXHTH HaBYAHHS

3a0e3meuye  €KOHOMII0  OOYHCITFOBAJIBHUX
3 HalKpaIoro MPOMiXKHOTO CTaHy, YHHUKAIOUH HEOOX1THOCTI
NOBTOpIOBATH 3 HYJs. Lle 3HaYHO 3MeHIIye BUTpaTU 4acy

Ta pPecypciB Ha JIOCSITHEHHsI ONTUMaJIbHUX PE3yNbTaTiB.

IIporpamua peani3zamisi 3anponoOHOBAHOI0 METORY

Jdns  mporpamHoi  peamizaiii  3amporOHOBaHOTO
METOly BHKOPHMCTaHO Taki OCHOBHI TexHomorii: Python,
PyTorch ta PyTorch Geometric. 3acrocyBaHHsS IHX
IHCTPYMEHTIB 3yMOBJICHO X €(EeKTHUBHICTIO, THYYKICTIO
chepi
Ta 00pobieHnst inpopmarii. Python — oxHa 3 Ha#GiIBLII

Ta [OMHPSHHSIM Y rJIMOOKOro  HaBYaHHSI
HOMY/IIPHIX MOB IPOrPaMyBaHHsI, aKTHBHO BIIPOBAHKCHA B
HAyKOBHUX OOYHCIICHHSX, aHaNi3l AaHUX Ta 3aBJAHHSX
MAIIMHHOrO HABYAHHS 3aBISKH MMPOCTOMY Ta 3pO3YMLIOMY
CHHTAKCHCY, a TaKOX HAasBHOCTI 3HAYHOI KIIBKOCTI
crienianizoBanux 0i0mioTeK.

PyTorch — ne Bimkpura 6i6mioTeka, sika 3abe3mneuye
THY4KUi — Ta inTepdeiic

IHTYITUBHO  3pO3YyMIJHIA

JUIsi  TOOymoBM U HAaBYaHHS HEHPOHHHX MEpex,

MITPUMYE aBTOMATHYHE AU(EPEHIIIOBaHHS Ta e()eKTHBHO
pecypeu,
GPU T1a TPU. 3aBasgkd MOXIMBOCTI JIHUHAMIYHOTO
rpada  PyTorch

JOCII THUIBKAX

BUKOPUCTOBYE  OOYHCIIOBAJIBHI 30KpemMa

BU3HAYEHHS  OOYHCIIOBAJIBHOTO
€ 3pY4HUM IHCTPYMEHTOM  JUIs
1 eKCIIepIMEHTANFHUX TIIPOEKTIB, a WOro BelHKa
CIIIJIBHOTA KOPHUCTYBA4iB CIIPUSi€ AKTUBHOMY DPO3BHUTKY
Ta mATPUMIIL 0i0TiOTeKH.

PyTorch Geometric — e criemianizoBana 6i6ioTexa
UIE poOOTH 3 TpaoBUMH CTPYKTypaMH B CEpEIOBHIII
PyTorch,  sxa

IHCTpYMEHTIB UIA

MIiCTUTh  Halip  ONTHMi30BaHHUX

3aBaHTXEHHSI,  0OpOOIEHHS
1 TpaHCHmii TpadoBHX MAaHWX Y HEWPOHHI Mepexi,
oo Ja€ 3MOTY peaJi30BYyBaTH Ppi3HI apXiTeKTypu
rpagoBux (GNNs).  PyTorch

HeﬁpOHHHX MCPECIK

Geometric
00poOneHHs1 TpadoBUX

IIUPOKO  3aCTOCOBYETHCSA B

CTPYKTYD,
KOMIT FOTEPHOMY 30pi, MOJICIOBaHHI (Di3MYHUX IPOIIECIB,

3aBJaHHSIX
30kpeMa B 3D

aHaJIi31 coliaybHUX 1 Ol0JIOTIYHUX Mepex. BukopucranHs

3a3HaY€HHX  TEXHOJIOriM  Jomomarae  eeKTHBHO
peani3yBaTH 3alpOIIOHOBAHMK MeETOH, 3a0e3neuyloun
BUCOKY MPOJIYKTHUBHICTh, THYYKICTh Yy HaJNalITyBaHHI
MOJIEIICH Ta MOXKITUBICTh MaCIITAOyBaHHS OOYUCIICHb.
PosrissHEMO 0COOJIMBOCTI  TIPOTpaMHOI  peaizartii
OCHOBHHX KOMITOHEHTIB TpadoBOi Mepexi, 10 JAr0Th 3MOT'Y
BUKOHYBATH OKPEMIi €Tary 3alpolOHOBAHOTO METOY.
OnHMM 3 OCHOBHHX OYIIBENBHUX OJIOKIB KOIYBaJILHOL
YaCTHHA MEpPEeKi Uil PEKOHCTPYKMii HemoBHUX 3D
ToukoBux xMmap € miap EdgeConvLayer, skuii peanisye
omepariro EdgeConv. Ils omeparis, 3anpornoHOBaHa
B po0oTi [1], € JOKaIBHUM MEPETBOPEHHSIM Ha rpadOBUX
MOZENAX, M0 Jla€ 3MOry arperyBatu iHQopmariito
3 CYCIOHIX BEpIIWH JUIsi OHOBJIGHHS O3HAaK MOTOYHOL
Bepumau. [lap EdgeConvLayer npuiimae Ba mapamerpu:
in_channels, 1o BH3Ha4Yae KiABKICTh O3HAK BEPIIHH,
ta out _channels, mo 3amae po3MIpHICTE O3HAK IMiCIIS
3actocyBanHs mapy EdgeConv. ¥V mexax mporo miapy
CTBOPIOETHCsI ek3eMIUIsip Kimacy EdgeConv 3 6i6miorexu

torch_geometric. [{ns HemimifiHoro mneperBopenHs hg

BUKOPUCTOBYEThCSI JIiHIHE BiJTBOPEHHS, peai3oBaHe
3a fgomoMorop miapy nn.Linear, mo 3acTocoByeThC
JIO 03HAK KOXKHOI BEPIIMHHU Ta ii CYCiiB.

forward  nae
peaiizyBatu omnepaitito EdgeConv, 1o Ha OCHOBI BXimHHUX

YIOpoBaKeHHS  METOLy 3MOTy
JaHuX (OpMye HOBHU TEH30p O3HAaK BEPIIMH PO3MIpY
(num_nodes, out_channels), y skoMy KOXHa BepIIHHA
MICTUTh OHOBJICHY 1H(OpMallito, OTpUMaHYy BiJ 1 CycCi/iB.
[Iap EdgeConvLayer e kar049oBEM KOMIIOHEHTOM
KOJYyBaJIbHOI 4acTUHH TpadoBOi HEHPOHHOI Mepexi,
OCKIJIbKH 3a0e3redye arperamiro JIoKalbHOI iH(opmarrii
13 CYCimHIX BEepIIMH i OHOBIIEHHA IX O3HAK 3 ONIATY
Ha  CTpykTypy Tpada. Buxopucranus
nocmimoanx —mapie  EdgeConvLayer  mae

30UTBIIyBaTH PEIENTHBHE IOJ€ H OTPUMYBATH OLIBII

KIJIBKOX
3MOry

BHpa3HI O3HAKW Ui KOXKHOI BEPIIHWHH, IO ITiJBHUIIYE
e(EeKTHBHICTh HABUYAHHS MOJIEITI.

Konysaneuuk Graph Encoder BHKOPHCTOBYETHCS
JUIsl  JIONOBHEHHs HemoBHUX 3D ToYkoBHX  XMap
1 OTpuMaHHS TIOOANBHOTO TOAAHHS BXiTHOTO Tpada.
Moro crpykTypa mepenbadae MOCTiTOBHOCTI  Imapis
EdgeConvLayer,

JaHi, 30UTBIIYIOYN pEIeNnTHBHE II0Jie W arperyrdu

0 TOETamHO OOpPOONAIOTH BXIiHI

iH(pOpMAIIifo i3 CYCiTHIX BEPILIHH.
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Graph Encoder mpuiimae omaun mapamerp blocks,
0 € CIMCKOM IUIHX YHCEN, SKi BH3HAYAIOTh KiJIBKICTh
KaHaliB  (pO3MIipHICTh
EdgeConvLayer.

ITix gac imimiamizarii komyBansurka Graph Encoder

O03HaK) Ha KOXXHOMY DiBHI

30epiraerbes crucok blocks sik atpuOyT Kimacy, a Takox
BUKIHMKAEThCst Metox  build_encoder,
EdgeConvLayer BixmoBigHo
_build_encoder
npuiimae crmcok blocks, me dopmyeTbes ek3eMIuIp
knacy EdgeConvLayer 3
BXIJIHAX 1 BUXITHHX KaHAJIiB, 3a0e3meuyioun e(eKTHBHY

IO CTBOPIOE
MOCNIJIOBHICTh ~ HIApiB

O 3amaHol  apxiTekTypu. Merton

BIAIIOBIZIHOO  KUIBKICTIO
1o0ynoBy rimOoKoi rpadoBoi HEHPOHHOT MepexKi.

Merox forward npusHadenuii st peanizariii Ipoxomy
Kpi3b KOIyBalbHy Mepexy rpada. Bin BHKOpHCTOBYE
TaKi apryMeHTH: BX1IHMI TEH30p 03HAK BEPIINH PO3MIpY;
TEH30p IHAEKCIB pedep po3Mipy; TEH30p, L0 MICTUTh
iH(pOpMaIlif0 PO HAJISKHICTh BEPIIHMH JI0 Pi3HUX TrpadiB
y pa3i 00po0ieHHs makeTiB rpadis. BiamoBiaHo 10 MO0
METOJly BXIJHHUH TEH30p IOCIIJIOBHO MPOXOAMTH Kpi3b
mapu EdgeConvLayer komyBampHuKa. Y IbOMY pasi
MIApH  OHOBIIOIOTH  O3HAKH  BEPIIHMH, 3BAKAIOUH
Ha iHdopmario Bix ix cyciniB. [loriM 3actocoByeThes
orepauist 00’eqHanHs iHdGopMaii 3 ycix BepuuH rpada
i popMyBaHHs T100aJILHOTO MOJAHHS rpada.

[Nopanns BuximHOro rpaga, oTpuMaHe 3a JOIOMOI O
Graph  Encoder, €

i perpe3eHTaTHBHHUM. Hanani e

KOJyBaJIbHUKa KOMITAaKTHUM

HIOIaHHS
BUKOPHCTOBYETHCS JIJIsl TeHepallii JOMOBHEHOI TOYKOBOI
XMapHy IHIIUMH KOMIIOHEHTaMu TpadoBoi HeWpOHHOT
Mepexi, 30KpeMa Mepekero BimTBopenHs Mapping
Network ta mexomysamsamkom Decoder. KomyBansHuk
Graph Encoder 3 wnabopom mmapis EdgeConvLayer
Jae 3MOry e(eKTUBHO OOpOOJIATH HECTPYKTYpOBaHi
naHi rpadoBoi Mojedi, MO pPoOOUTH HOro 3py4yHHM
IHCTpyMEHTOM U1 aHajily Ta o0pobmenHs 3D
TOYKOBHX XMap.

VYV kommonenti Mapping Network, mpusaaueHomy

UL mo0yn0BU rpyounx TOYKOBHX xMap,
BUKOPHUCTOBYIOTBCS  TaKi  apryMeHTH: PO3MIpHICTH
BXIJHOTO JIATEHTHOTO TIOAaHHSA Tpada; KUIBKICTh

MOBHO3B’SI3HMX IMApiB y MeEpexi; KIIbKICTh TOYOK
y rpy0ilf TOYKOBIH XMapi.

Tniriamizartist Mapping Network mepen6auae BUKIHMK
meroxy _build_mappings mmst ctBopeHHs mocItigoBHOCTI
TTOBHO3B SI3HMX MIApPiB Ha OCHOBI 3HAYEHB PO3MIPHOCTI
BXiHOTO ToAaHHSA rpada I KUTPKOCTI ITOBHO3B SI3HHUX
mapis 'y Mepexi. Merox _build_mappings mpariroe
3 TIOCTi/IOBHICTIO TIOBHO3B’SI3HMX INapiB Ta (GyHKIISIMH

ReLU. Ocrauniit
reHepyBaTH KOOPMHATH TOUOK IPyOOT TOUYKOBOI XMApH.

aKTHBaIil i3 1mapiB 1gae 3Mory

I'pyba ToukoBa XMapa, 3reHepoBaHa 3 BUKOPHCTAHHIM
Mapping Network, mae cyrTeBO pelyKoBaHy KilbKiCTbh
TOYOK TTOPIBHSTHO 3 TTOBHOIO TOYKOBOIO XMAapOI0, IO CIIPHSIE
3MEHIICHHIO O0YMCITIOBAILHOI CKIIAJHOCTI IOAAIBLIONO
00poOieHns. BomHouac rmobanekHe TmogaHHA —Tpada,
oTpHMaHe 3rifHo 3 KoxyBanebHHKOM Graph Encoder, nae
3Mory rpy0iii ToukoBiii xmapi 30epiraTm 3arajgbHY
cTpykTypy Ta (opmy 3D-00’exta. ChopmoBana rpyda
TOYKOBa XMapa mepenaethesi 10 Kommonenta Decoder,
1110 30UTBIITYE KUTBKICTH TOUOK /ISt POpMYBaHHSI OCTATOUHOL
Mapping
Network nae 3mory mepeiTit Bif MOYATKOBOTO MOJAHHS

JIOMIOBHEHOI ~ TOYKOBOT ~ xMapu. Omepariist
rpada J0 MPOCTOPOBOrO TOJAAHHS Yy BHIJISAI TOYKOBOI
xMmapu. Lle 3abe3neuye edeKTUBHICTD 1 SKICTh JOMOBHEHHS
TOYKOBUX XMap Ha MOJANbIIMX eranax oOpoOJeHHs
iHpopmarii. ®yHKUii JekoxyBadbHUKA JJIsi HEHPOHHOL
Mepexi pearizye kommoneHT Decoder, o 6e3mocepeaHbo
JONIOBHIOE HerloBHY 3D ToukoBy xmapy. BiH BUKopHcTOBYE
Taki arpuOyTH: CIUCOK KaHaJ iB y KOXHOMY OIolli;
grid_size (3a
ta Macmtab citku grid_scale (za 3amoBuyBanssm 0.05).

po3Mip  CITKH 3aMOBYYBaHHSAM  4)
L1i atpuOyTH iHIIaTi3yIOTHCSA KOHCTPYKTOPOM Kitacy init,
1110 TAKOXK BHKIMKae merox _build_decoder, sikuit ctBoproe
HEOoOXiTHUH CcHHCOK OoKkoBUX MonymiB. KoxkeH 010k
CIMCKY MICTHTh 3rOPTKOBHII LIap, Iap HOpMaJi3alyi Oarya
i aktuBaniiinoi ¢ynkuii ReLU. Ilpouec mnpoxomkeHHs
JIAHKUX KPi3b JEKOMYBAIbHHUK PEATi3YEThCS 3 BUKOPHCTAHHSIM
merony forward, mo mpuiiMae BXigHY TOYKOBY XMapy,
a moriM ¢opMmye QparMeHTH JOMOBHEHOI'O TOJAHHS
TOYKOBOI XMapw, SIKi 3aCTOCOBYIOTBCS UIi OCTATOYHOIO
JIOTOBHEeHHsT HermoBHUX 3D ToukoBux xmap. ToOTo BiH
BIJIMOBiIa€ 3a TIEPETBOPEHHs TPyOOi TOYKOBOI XMapu
Ha OLIBII AeTaIbHY TOUYKOBY XMapy.
[mimiamizamiss TOBHOI  Bepcii  3alpOIOHOBAHOI
rpadosoi mepexxi Graph Point Completion Network,
[0 BHUKOPHUCTOBYETBCS IS [OIOBHECHHS HEMOBHHX
3D rtoukoBmx xmap. KirouoBUMH KOMITOHEHTaMH
miei Mepexi € komyBampHa Mepexka Graph Encoder,
Mmepexa BigrBopenrs Mapping Network i mexomyBansHa
mepexa Decoder.

IHimiamizanis nependadae HEOOXITHICTh HAJAIITYBAHHS
xomronentie  Graph Encoder, Mapping Network,
Decoder Ta  oGumCcIEeHHS folding_seed,

0 HaJaldi BUKOPHUCTOBYETHCS Ui 3TOPTaHHA TPyOoi

TEH30pY

TOYKOBOI XMapHh JO OCTaTOYHOI TOYKOBOI XMapH.

IIporpamamit  xon  imimiami3amii  MmOBHOI  Bepcii

3aIIpOITIOHOBAHOI MEPEXi HaBeJEHO Ha puC. 7.
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class GraphPointCompletionNetwork(nn.Module):

def __init__(self, cfg: dict):
super(GraphPointCompletionNetwork, self).__init_ ()

self.num_dense: int = cfg.get('num_dense', 16384)
self.grid_size: int = cfg.get('grid_size', 4)
self.grid_scale: int = cfg.get(‘'grid_scale’, 0.05)
self.num_coarse = self.num_dense//(self.grid_size**2)
self.encoder = GraphEncoder(**cfg['encoder)

self.mapping_network = MappingNetwork( **cfg ['mapping_network'], num_coarse = self.num_coarse)
self.decoder = Decoder(**cfg ['decoder'], grid_size = self.grid_size, grid_scale = self.grid_scale)

a = (torch.linspace(-self.grid_scale,

self.grid_scale,

steps = self.grid_size, dtype=torch.float).view(1,

self.grid_size).expand(self.grid_size, self.grid_size) .reshape(l, -1))

b = (torch.linspace(-self.grid_scale, self.grid_scale,
1).expand(self.grid_size, self.grid_size).reshape(l, -1))

steps=self.grid_size,

dtype=torch.float).view(self.grid_size,

self.folding_seed = torch.cat([a, b], dim=0).view(1, 2, self.grid_size ** 2) # (1, 2, S)

Puc. 7. [Iporpamumuii kof iHinianizanuii MOBHOI Bepcii 3aIpooOHOBaHOI MepexKi

Omnepanis iHimianizanii 3a0e3neuye HalalTyBaHHS
(bYHKIIOHATBHOCTI Graph
Encoder, Mapping Network i Decoder miast orpuMaHHS
OCTaTOYHOI JOIMOBHEHOI TOYKOBOI XMapu Ha OCHOBI

KJIIFOYOBUX KOMIIOHEHTIB

BXi/IHOT HemoBHOi ToukoBoi xmapu. Jlns dopmyBaHHs
TECTYBAIBHOr0 HA0OPY NaHHX 3 METOI0 HAJalITyBaHHSI
pO3po0JIeHOi  Mepexi  3aCTOCOBYBaTHMEMO  KIIac
GraphShapeNet, sxuit € migkiacom Dataset i micturs
ShapeNet y
Kiac GraphShapeNet npusHauenuii st TeCTyBaHHsI
PEKOHCTPYKIIiT
3 00poOneHHsM HemoBHHX 3D

HaOip JaHux rpadoBOMYy  TIO/IAHHI.

3aBJlaHb 300pakeHb, OB SI3aHUX

TOYKOBHUX XMap
3 BUKOPHUCTAHHSIM IpaOBUX HEHPOHHUX MEPEK.
Knac GraphShapeNet, mo €

¢bynakmioHanpHicTIO Kiacy ShapeNet, momatkoBo Gymye

CyMICHUM 13

3a MetogoM KNN rpad k Haiibmmoxunx cycinis (k =15)

JUIA HAsSBHOI TOYKOBOI XMapH, M0 30epiraeTscs

ground_truth = data.y.to(device)

ground_truth = ground_truth.view(batch_size, -1, 3)
coarse_predicted, dense_predicted = model(data.to(device))
num_coarse_points = coarse_predicted.shape[1]
coarse_predicted = coarse_predicted.view(batch_size,-1, 3)
dense_predicted = dense_predicted.view(batch_size, -1, 3)

B arpudyti 00’ekra Data. [ToBHa ToukoBa XMapa IbOTO
00’€KTa MICTHTh BiJNOBiAHUN aTpudyT Y . Jlo OCHOBHMX

(parMeHTiB KOmy, SKHH peasli3ye 3anpONOHOBAaHHMN
MiIX1Jl, HaJNEXWUTh MEXaHi3M HaBYaHHs MO00YI0BaHOI
Helipomepexi. Lleit mexaHi3m mnependavae pealizallito
TaKUX KPOKIB: iHIladi3alisi AaHUX 13 BHUKOPHCTAHHIM
BIJIMOBITHUX OOYMCIIOBAJIbHUX 3ac00iB; (OpMyBaHHs
(parmeHTiB 3D-mopneneii;

BIITBOPEHb 00po0IIeHHS

HelpoMepexero  TojaHuX  (parMeHTiB  BiITBOPEHb

3D-mopeneii; MOpiBHSAHHS TPpyOMX 1 MOBHHUX BiJTBOPEHB
3D-mopeneit; moenHanHs — BiaTBOopeHb  3D-moneneit
(3a pesynbTaTaMH TIOPIBHSAHHSA B €AUHY JONOBHEHY
Mmozenb). [IporpamMHuii KOI MeXaHI3My HaBUaHHS
rpadoBoi Mepeki HaBeIeHO Ha pHC. 8.

Leit

3aCTOCYBaHHSIM ONTHMi3aTopa Adam.

MeXaHi3M HaBYaHHS ONTHMI3YeEThCS 13

coarse_loss = loss_fn(coarse_predicted, ground_truth[:,:num_coarse_points, :])

dense_loss = loss_fn(dense_predicted, ground_truth)
loss = coarse_loss + loss_multiplier * dense_loss

Puc. 8. [Iporpamuumii Kox MexaHi3My HaB4aHHs TpadOBOT Mepexi
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MopeJl0BaHHS 3aNIPONOHOBAHOI0 METOLY
JUJUISl 3ABJAHB 0NIOBHEHHS
Ta 3D-pexkoHCTpyKILii MoaeIeil TOUKOBHX XMap

MopaenroBaHHs 3aIIpOIIOHOBAHOI'0

PEKOHCTPYKIIi1
Ha TpUKIaai Kiacy o6’ extiB "mitak" (airplane) 3 mabopy

METOIY

3MiHCHIOBaNIOCS ISt XMap  TOYOK
nanux ShapeNet [42]. HapuanHs mMozmeri 3/iHCHIOBAIOCH
npotsirom 340 ernox i3 BUKOPUCTAHHSM TAKHX HAJIAIITYBAHb:

— ontumizarop Adam 3 mapamerpamu |, =0.0001,
weight _ decay = 0.0001, betas=[0.9, 0.999];

— IUIaHYBIBHHMK IIBHIKOCTI HaBuaHHs SteplLR
3 mapameTpamu Step _size =40, gamma=0.8;

— ¢yskuis Brpat Chamfer Loss.

Jna  TpeHyBaHHA
cepenosuine 3 rpadiunum mporecopom Nvidia RTX 3090
Ti (24GB) ta 48 GB RAM. [IlnaHoBaumii uac

OyJlo BHKOPUCTAHO XMapHe

TpeHyBaHHA cTaHOBMB 116 rox, 3arampHuil dac
TpeHyBanHd — 30 rox. Ha puc. 9 HaBeneno
norapuMiyHO  MacmTaboBaHi  3Ha4YeHHs  (QYHKIH

BTpPAT U HABYAJILHOI Ta BaJIialliiiHOT BUOIPOK 3aJIeKHO
BiJl KITBKOCTI €IOX.

PesynbraTi HaBYaHHS MPOJEMOHCTPYBAIM 3HAYCHHS
¢ynkuii Brpat 25.11 Ha HaByasnbHid BuOipui Ta 30.21
Ha BajijauidHii BUOIpui. Pi3HMIS Mik 3HauYEHHSAMH
(GyHKIIT BTpaT Ha HaBYAIBHIN Ta BamigauiidHii BUOIpKax
HE € JyXe BEIMKOI, IO CBIIUUTh NPO BIJCYTHICTh

0 £33
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-0.207
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3HAaYHOT0 NIepeHaBYaHH Mojeli. BinnosigHo 1o rpadika

(puc. 9) MOXHA CTBEpIXKYBaTH, M0, ITOYHHAIOYH
3 200-i enmoxu, HeHpoMepe)kHa Mepexka Jocsriia CBOiX

MOKTMBOCTEH HABYaHHS HAa 3aCTOCOBAHOMY HAOOpi TaHMX.

—— Train log scaled
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6.5
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Puc. 9. Jlorapudmiuno MaciraboBaHi 3HaUCHHS QyHKILiH
BTPAT HABYAJILHOI Ta BaJIiJaliiHOi BUOIPOK

CraOinpHOMY  TIpolleCy  HaBYaHHS  CIpPUSIIO
BHKOpHCTaHHs omTtumizaropa Adam. Kpim  Toro,
3aCTOCYBaHHS IUIaHYBAJbHHKA IIBUIKOCTI HABYaHHS

StepLR nayio 3Mory perynioBaTH IIBWJAKICTh HaBUAHHS

Jus  TOKpaieHHs 30ibxHocti Momeni. Ha pue. 10

HABEICHO MPHUKJIAAN PEKOHCTPYHOBAHMX XMap TOYOK,

BXiD;HI/IX JaHUX Ta €TAJIOHHUX XMap TOYOK.

Puc. 10. Bizyauni3aris BXiJHUX JaHUX (a), BIJHOBICHHX (h)parMeHTiB Mozeni (B) Ta HOBHOI PEKOHCTPYKIIT Mozei (¢)

BimnoBnena 3D-momens  JiTaka  JEMOHCTPYE
3aJI0BUTbHY SIKICTH JIOMTOBHEHHS TOPIBHSHO 3 ITOYATKOBOIO
HEMOBHOI Moxemio. OCHOBHI CTPYKTYpHI €leMEHTH,
30KpeMa KpWiia Ta XBOCTOBA YAaCTHHA, OyIH BiJHOBIICHI.
BomHouac BimHOBIE€Ha MOIENL Ma€ IIEBHI HEIOIIKH
B jeramsix. Hampuknax, OakaHOO € OUIBII BHCOKA
JeTai3allis HeBeNUKUX a0 MpiOHMX eeMeHTIB 00’ €KTa.
Kpim  Toro,

cnpoba BIAHOBUTH MEHII TIOIIMPEHI

MOIeNi JTANbHUX amapatriB (3 BiIOMHX JIaTaceTiB)

IHKOTM ~ TIPU3BOAWIA O HESKICHUX  pPe3yIbTaTiB

noroBHEHHS (puc. 11).

SIKmro mopiBHATH OTpUMaHi pe3yNbTaTH JTOTTOBHEHHS
3 pe3ynmbTaTaMiu JedKux iHmmx pooit [41], [42], MmoxHa
TIOMITATH  BIACYTHICTH HUITKOI Jeramizamii IpiOHMX
€IIEMEHTIB 32 pPIBHMX YMOB HaBUaHHA Ta ()OPMYBaHHS

naHux (puc. 12).
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a 6

Puc. 12. BizyanbHe NOpiBHAHHS OTPUMaHHX PE3yNbTATIB sl MPOIIOHOBAHOI Mepexi (),

mepexi FoldingNet Ta mepexi Point Completion Network

BaxnuBo  HaromocuTd, 10 JAEAKI  CydacHi
moaudikarii mepex (3okpema SnowflakeNet) maroth
3MOry 1HKOJM BiJHOBIIIOBATH O0’€KTH 3 MOMIMIICHOO

neranizanito rpadidHoro nojanHs 06’ exra (puc. 13).

Puc. 13. BigHoBIeHHs MO JliTaka 3a JI0IIOMOr 00
mepexi SnowflakeNet

YTiM, po3poOieHM METoJ € TEepIIMM, IO
MIPU3HAYCHNH 1711 PO3B’sI3aHHS NPOOJIEMH JTOTOBHEHHS
HermoBHMX 3D ToukoBMX xXmap 3 Oe3mocepenHiM
BUKOPUCTaHHAM TrpadoBHX HEHPOHHUX Mepex 0e3
MONepeTHbOro  Oo0poOJIeHHA  IHOIIMMH  3acobamu.
3BakarouM Ha I1e, OTPUMaHI PE3yJIbTaTH MOKHA BBAXKATH
TIEPCTIEKTUBHUMH JUTS TOCSTHEHHS ITOCTAaBICHOI B pOOOTI

MeTH. 3a3HauuMo, 10 Tpad)oBe MOAAHHS TOYKOBOI XMapu

MOXE€  TOKpallUTH  3JaTHICTh  MOJENi  BUSIBISITH

Ta BHMBYATH CTPYKTYPHI 3aJI©KHOCTI MIXK TOYKaMHU
(e moxe OyTH KOPHUCHHUM JJisi 3aBJAHHS JOIIOBHEHHS
HEMOBHUX TOYKOBUX XMap).

3 METOI TOKpalleHHs MOJaNbIINX pPEe3yJIbTaTiB
IOLIJIBHUM €  JOCHI/DKEHHS  MOXJIMBOCTI  1HIIHUX
apxiTEeKTyp KOAYBaJbHUX MEpeXK, sKi gaiu O 3mory
e(eKTUBHIIIIE YaCTKOBO JIOTIOBHUTH

rpadoBoi

3aIPOIIOHOBAHY
apxiTeKTypy mogem. Jlo Toro ik
MEPCIIEKTUBHAM € TMOJIMIICHHS AalrOpPUTMIB TeHeparil
CaMHUX TOYKOBHX XMap (HAmpuKIaj, alrOpHTMIB
nmojiBiiiHOro cnycky [43]) [uis MiJABUINEHHS SIKOCTI
BINTBOPEHOI  CLUEHM W  PEKOHCTPYKIHI  JApiOHHMX
JIETAII30BaHUX KOMITOHEHTIB.

Binbin  00’€KTMBHO OLIHUTH  Y3arajbHIOBAIbHY
3IATHICTh ~ 3alPOMIOHOBAHOTO  METOAY MOXHa 32
pe3yiabTaTaMH MPOBEICHHS JOJATKOBUX EKCIICPHMEHTIB
3 IHIIMMHU KJ1acamM# 00’ €kTiB 1 HabopiB manux. Kpim toro,
BHUKOPHCTaHHS TOTY)XHHUX OOYHCIIIOBATbHUX PECYPCIB
(3okpema GPU 3 OimbmmM oOcsiroM mam’siTi) MOXe
CIPUATH HAaBYaHHIO Olmblr  TIMOOKMX  rpadoBUX
HEHpPOHHUX MOJENeH, 10 MOTCHIIHO MOKe ITOJIIIINTH

SIKICTB onoBHEHHs 3D-Monenelt XMap TOYOK.
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BucHoBku

Y poOoTi 3ampOMOHOBAHO METON 3aCTOCYBaHHSI
rpadOBUX HEWPOHHUX MEPEX IS JIOTIOBHEHHS
3D-Mmozeni XMap TOYOK.

Ilomane pimmeHHs JUIS  BiAHOBJCHHS HEIMOBHHMX
3D TOYKOBHX XMap BH3HAYAETHCS HAYKOBOK HOBU3HOIO
Ta MOEAHYE IOTYXHICTH TpaOBHX  HEHPOHHHX
Mmepex (GNN) 3 apxitekryporo Mmepexi Point Completion
Network (PCN).

3aCTOCYBaHb, TaKMX SIK 3D-peKOHCTpyKis, HaBiraris

Ile € BaxmuBuM 11 0OaraThox

pOoOOTIB TOMIO.

ABTOMAaTUYHE [OTMIOBHCHHS JaHUX XMapH TOYOK
HaJa€ MOTEHIaa TS MiABUIIEHHS Oe3MeKH, HaIiiHOCTI
Ta TPOAYKTHBHOCTI KPUTUYHO BAKJIMBHX CHUCTEM,
IO TOKJIANAIoThCsl Ha JAocToBipHY 3D-iHdopmariiro
PO HABKOJTUIITHE CEPEIOBUIILE.

[lpakTH4yHy 3HAYYLIICTh POOOTH MIiATBEPIKYIOTH
MOJICITIOBAHHS  PO3POOJICHOrO

pe3yapTaTtu METOIy

JUIL  KIIACMYHUX  JIaTaceTiB Ta 1X  TOPIBHSHHA
3 JCIKMMHU HasIBHUMHU Hi}lXOI{aMI/I o pO3B’${3aHH${
JOCITIDKYBAHOT TPOOIEMH.

Pe3ynbTaT  MOZENMIOBAaHHA  NPOAEMOHCTPYBAIH
NPUAHATHI 3HAa4YeHHs (QYHKUIi BTPaT Ha HaBYAJbHI
Ta BaNijgauiiiHii BUOipKax, 10 CBIUUTH PO BIJACYTHICTb

CyTTEBOrO e(heKTy nepeHaBuYaHHS MOJIEII.

Amnaniz rtpadikiB (yHKIIH BTpaT 1 Bi3yaJbHE
OLIIHIOBAHHS PEKOHCTPYHOBAHUX XMap TOYOK ITOKa3ally,
0 MOJENb 3MOIjla BiJHOBUTH BIJCYTHI CTPYKTYpHI
elleMeHTH. BoaHouac —crmocTepiranach HEIOCTaTHBO
SKiCHa JieTanizamis IpiOHUX eeMEHTIB, a TAKOXK HHU3bKa
CIIPOMOXKHICTD  JIOTIOBHEHHS JUISI MEHII IOUIMPEHUX
MojeneH JIiTaKiB.

[NopiBHSHHS 3 iHIIMME POOOTaMH B TalTy3i JOIOBHEHHS
XMap TOYOK BUSIBUWJIO TTOAIIOHI HEJIOMKY 38 aHAJIOTTYHIX YMOB
HaBYaHHS Ta reHepaili nanux. [le BU3HAyae HEOOXiIHICTH
apxitektyp  rpadoBux
HEHPOHHMX MEPEeX 1 METOMIB HABYAaHHA JUIS IiBUIICHHS

MOJAIBIIOTO  BIOCKOHAJICHHS
SIKOCTI BiTHOBJICHHS 3D-Monereit XMap TOUoK.

[Mopanpor  JAOCHIKEHHST JIOUITBHO 30CEPEANTH
Ha aHaji3l MOXJIMBOCTEH IHIIMX apXiTeKTyp rpadoBUX
rineprnapamerpiB

HEHpOHHHUX Mepex, HalallTyBaHHI

1 3acTocyBaHHI
pecypciB
JlonaTkoBi EKCIIEPUMEHTH 3 IHIIUMH Ki1acaMH 00’ €KTIB

OUTbIl TMOTY)KHUX OOYUCITIOBAJIBHUX

Ul HABYAHHA AaHAII30BAHUX  MOJEJIEH.
Ta HaOOpiB JAaHMX TAKOXK MOXYTh JOINOMOITH OiibLI

00’€KTUBHO  OLIHUTH  y3aralbHIOBalbHY  3/aTHICTb
3aIIPOIIOHOBAHOTO METOAY.

3araloM OTpHMaHi pe3yIbTaTH JEMOHCTPYIOTbH
NoTeHIial rpad)oBUX HEHPOHHUX MepexK IUisl epeKTUBHOro
pO3B’SI3aHHS 3aBJAHHSA MONOBHCHHA Ta BiJHOBJICHHS

3D-mopeneii XMap TOHOK.
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METHOD FOR AUGMENTING 3D POINT CLOUD MODELS
USING GRAPH NEURAL NETWORKS

Constructing models representing three-dimensional objects as a set of unstructured points (3D point cloud models) in space is
becoming increasingly widespread across various domains, including autonomous navigation, robotics, virtual/augmented reality, and
3D reconstruction. Accurately capturing and processing 3D point cloud data is critical for applications requiring a comprehensive
understanding of the surrounding environment, such as obstacle avoidance, path planning, and scene modelling. However, due to
various reasons, point clouds often contain missing regions, posing significant challenges for subsequent data processing. Incomplete
point cloud data can have serious consequences, for instance, in autonomous navigation systems, where errors may lead to collisions
or other hazardous situations. Addressing this issue is crucial for the reliable processing of 3D data. This work aims to develop and
investigate a method for automatically completing and reconstructing point clouds using graph neural networks. The study's primary
objectives include analysing existing approaches to constructing and restoring three-dimensional graph models, developing and
implementing a method for automatically completing point clouds using graph neural networks and modelling the proposed method
for tasks related to the completion and 3D reconstruction of point cloud models. In this work, a conceptual model for point cloud
completion was developed using graph neural networks, enabling the efficient encoding of incomplete point clouds as graphs and the
prediction of missing points. The proposed solution for completing incomplete 3D point clouds offers scientific novelty and combines
the power of graph neural networks (GNN) with the Point Completion Network (PCN) architecture. The suggested approach allows
for high-quality restoration of incomplete 3D data, essential for numerous applications, such as 3D reconstruction, robot navigation,
and more. The practical significance of the work’s results is validated by the modelling outcomes of the developed method on
classical datasets and their comparison with existing approaches to solving the studied problem. A promising direction for further
research on this topic includes testing various architectures of graph neural networks, tuning hyperparameters, applying alternative
loss functions, and leveraging more powerful computational resources to train the constructed neural network models.

Keywords: point cloud; deep learning; graph neural network; automatic point cloud completion; graph encoding;
3D reconstruction of graph models.
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