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AHHoTaumsa. B craTbe mpejcraBieHa MHOTO33/IadHasi HEAPOHHAS CETh HA
ocHOBe MoamcunupoBanHoit apxurekTypbl U-Net 1151 COBMECTHOI CeMaHTIIEeCKOH
¥ UHCTAHC-CErMEHTAIuN OObEeKTOB Ha adpodOoTOCHUMKaX. MoJieiib UCIIOb3yeT
CAMMETPHUYHBIN SHKOIEP-TeKoep ¢ skip-KOHHEKTOpaMu U OCHAIIEHA JBYMs MapaJ-
JIEJIbHBIMU BBIXOHBIMU rojioBamu. CeMaHTUYecKast TOJIOBA BBIMIOJIHSIET TTHKCETHHYTO
KJIACCUMDUKAIIIO, & dSMOEJIMHIOBasl FeHEPUPYET JTUCKPUMUHATUBHBIE BEKTOPHBIE
MpeJICTaBJIeHUs I KaXKJI0T0 TUKcesd. [IpuMenenne criennaan3upoBaHHOM JIUCKPH-
MUHATHBHOM (DYHKIIMK TOTEPH 0OECTIEINBAET KOMIIAKTHOCTD KJIACTEPOB IMOE JIITHIOB
BHYTPU OOBEKTOB U UX pa3JiejieHUe MEeXK/Iy Pa3HbIMU dK3eMIuigpamu. Ha sTarme
HOoCTOOPAbOTKH KJIACTEPU3AINS SMOEJIUHIOBOIO TI0JIs TI03BOJISIET OJIHO3HAYTHO
BBIJIEJTUTh MACKU OTIETbHBIX OOBEKTOB.

DKCIEePUMEHTHI TPOBOMINCH Ha, CIIEIUATN3NPOBAHHOM JIaTaceTe a3podOTOCHUMKOB,
comepzkaieM 23 076 pasMedeHHBIX 00BEKTOB IATH KiaccoB. [l KII09YeBOro Kjacca
«Building» na BasmmanumonHoit BeIbOpKe gocTurayTh 3HadeHus loU = 0.812 u Fl-score
= 0.880. Cpasuenue ¢ coBpemennsiMu Meromamu (Mask2Former, OneFormer, SAM 2
¢ LoRA-ananrarueit, MR-DeepLabv3™1) nonrsep»xiaer KonKypeHTOCIIOCOGHOCTD
MO O H6aJTAHCY TOYHOCTH M CKOPOCTH MH(EPEHCA.

Mopens nemoucTpupyer 3 (MEKTUBHOCTD I 33/1a9 aBTOMATHYIECKOI'O0 KapTorpa-
(buUpoBaHUS U aHAJIM3a 3ACTPOUKH 1O JAHHBIM JIUCTAHIIHOHHOI'O 30HIMPOBAHUS.
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Beepenne

Ananmus a3podOTOCHUMKOB U CIIyTHUKOBBIX M300paYKEHUI MPEICTABIISET
c000i1 OBICTPO PA3BUBAIOINILYIOCS O0JIACTH KOMITBIOTEPHOI'O 3DEHUs C IIH-
POKHM CIEKTPOM IIPUJIOKEHU: OT IT'PAJIOCTPOUTEHFHOTO IIAHNPOBAHUS U
MOHUTOPHUHTA OKPY2KAIOIMIEN CPEIbl IO CETbCKOTO XO3SHCTBA U JIMKBUIAIII
MOCJIEICTBUM Upe3Bbluaiiubix curyanuii. Cpequn Hanmbojiee CJIOXKHBIX 33189
B 9TO0i1 00JIACTH BBIJIEISIETCA TOUHAS CerMEeHTaIlusi 00bEKTOB, TPeOyoIas He
TOJIBKO KJIACCUDUKAIMYU ITUKCEJIeil 110 CeMaHTUIECKUM KATEerOPUsM, HO U
pasjiesieHns: OTJIEJIbHBIX YK3EMILISIPOB O0BEKTOB OHOIO KJjacca. T paJuiinoHHbIe
ITOJIXO/TbI K CEIMEHTAIINN YaCTO CTAJKUBAIOTCS C TPYAHOCTSIME IPH 00paboTKe
CJIOXKHBIX CIIEH, BKJIIOYAIOIIIX II€PEKPBIBAIOIIIECS CTPYKTYPHI, HEOJHOPOIHbIE
pa3Mepbl 00BEKTOB U OJU3KO PACIIOIOKEHHBIE YKIEMILISIPhI, YTO OCOOEHHO
XapaKTEPHO JJIst n300paKeHuil BHICOKOIO PA3PEIIeHMs.

ApXUTEKTYDPBI CEMAHTUYECKON CerMEeHTAIMK TPOJEMOHCTPUPOBAJIH 3HA~
qUTEbHBIE YCIIEXH B 33J/[aYaX MOoTOoYevdHOol Kiaccuduranmu. O HAKO 3TH
MOJIEJIN TI0 CBOEH MPUPOJIe He CIIOCOOHBI PA3INIaTh OTAEIbHBIE OOBEKTHI,
IIpI/IHa)I.He)KaHH/Ie K O)IHOMy CeI\/IaHTI/ILIeCKOMy KﬂaCCy.

B To0 ke BpeMsi MeTOIbI HHCTAHC-CETMEHTAIINN XOPOIIO CIPABISTIOTCS
C BBIJIEJICHHEM OOBEKTOB, HO MOTYT IIOKAa3bIBATh CHUKEHHYIO 3(P(PEKTUBHOCTH
B CIIEHAPHSIX C IJIOTHBIMHU, HEIIPABIJILHON (DOPMBI CTPYKTYPAMU, XapaKTEPHBIMI
JJ1s1 a3pOOTOCHUMKOB. DTO OrpaHUYEHNE TOTIEPKUBAET HEOOXOAMMOCTh
[TOJIXOJIOB, OObEeIMHSIOIINX TPENMYIIECTBa 0DEUX IIAPAJUIM.

HocTimkeHns B METOIaX Ha OCHOBE SMOEINHTOB ITOKA3AJIN MHOTO00E-
MIAOIINE PEe3YyJILTATHI B PEIIEHUN 331891 COBMECTHON CEeMAaHTUIECKON n
MHCTAHC-CETMEHTAIINN. JTH TOIXObI 00yIar0T MOJIEIb TeHEPUPOBATH BEKTOD-
HBIE MIPEJICTABJIEHUS JIJI KAXKJIOTO MMUKCEJIsl, TJe BEKTOPBI, IIPUHAJIEIKAIIIE
OJIHOMY OO'BEKTY, CXOJIHBI B IIPOCTPAHCTBE IMOEIMHIOB, & BEKTOPhI PA3HBIX
00beKTOB — pa3jnduuMbl. JlaHHAsT cTpaTerus Mo3BOJISET eCTeCTBEHHBIM 00pPa30M
00bEIMHATh CEMAHTUIECKYI0 HH(OPMAIUIO C BOSMOXKHOCTBIO pa3le/IeHIs
9K3EMILISIPOB, ITO OCODEHHO BarKHO JIJIsI AHAJIN3a a9POMOTOCHIUMKOB, IJIe
00BEKTHI YaCTO 00PA3yIOT CJA0KHBIE TPOCTPAHCTBEHHBIE KOH(DUTYPAITUN.

B pa6ore npemoxena momudukamusa apxutekTypbl U-Net mis coBMecTHO-
IO peleHus 3a/a9 CEMAHTUIECKON U MHCTAHC-CETMEHTAIMA O0HEKTOB Ha
aspodoTocHUMKax. MoJIeb ABJISETCS MHOTO3aIa9HO U COIEPIKUT JIBE CIIEINa-
JIM3UPOBAHHBIE BBIXOJHbIE TOJIOBBL: CEMAHTUYECKYIO (1151 Kiaccudukanumn
rmkcesieil) u SMOEIIMHTOBYIO (J1JIs TeHEpAIuK JMCKPUMUHATUBHBIX BEKTOPHBIX
[PEJICTABIIEHNI ).
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ApxuTekTypa MoCTpoeHa Mo CXeMe SHKOJEP-IEKOJIEP ¢ YeThIPbMS YPOB-
HSIMU IIPOCTPAHCTBEHHOT'O IIpeobpa3oBanus. s coxpaHeHus IeTaabHON
uHOOPMAINT UCHIOIH30BaHbl SKip-KOHHEKTODHI, TIepeIarolie IPU3HAKIA MEXK Ty
CUMMETPHYHBIMU CJIOSIMU SHKOJIepa 1 Jiekojepa. OOydeHre MOJen OCyIIecTB-
JISIETCSL C TIPUMEHEHUEM MEeTOa JUCKPUMUHATUBHBIX SMOEINHIOB, KOTOPBIi
obecneunBaeT HOPMUPOBAHNE KOMIIAKTHBIX KJIACTEPOB ITUKCEJEHl BHY TP
OTIEJIBHBIX OObEKTOB U UX Pa3/e/IeHue MeXKIy Pa3INIHbIMU SK3eMILIIPaMU.

DKcrepuMeHTAJIbHbIE PE3YJILTATHl JAEMOHCTPUPYIOT 3D MEKTUBHOCTD
MIPE/ITIOZKEHHOT0 TI0/IX0/[3, B CETMEHTAITNN CJIOXKHBIX CIIEH, 00eCIIeInBast BBICOKYIO
TOYHOCTh KaK B CEMAHTHYECKON KJIaCCHU(PUKAINY, TaK U B Pa3/leI€HUN
OTJIEJbHBIX 9K3eMILISIPOB 00beKTOB. Moesb 1moKka3biBaeT yCTORINBOCTD
K Pa3J/IMYHBIM BBI30BaM, XapaKTEPHLIM JJIsi a39POMOTOCHUMKOB, BKJIIOYAsT
U3MEHeHne MacIITada, OCBEIeHNs U IJIOTHOCTU PACIOJIOXKEHUsT 00bEKTOB.

1. O630p coBpeMeHHbIX METOAO0B CErMmeHTauumn

CoBpeMeHHbIE TTO/IXO/IbI K CETMEHTAITMN M300paskeHnil CTPEMUTETHHO
SBOJIIOIUOHUPYIOT OT KJIACCUYECKUX JIBYXITAIHBIX apXUTEKTYp K OoJiee
3 DEKTUBHBIM, YHUMDUAIINTPOBAHHBIM, MACIITAONPYEMBIM U THOKUM PEITEeHUSIM.
CoBpeMeHHbIe MOJIEIN BCE Yallle O0beUHSIIOT ITPENMYIIECTBA CBEPTOYHBIX
cereil, MEXaHM3MOB BHUMAHUSI, IMHAMUYIECKH T€HEPUPYEMBIX SIIep CBEPTKH,
MepapXuvIecKux TPaHCc(pOPMEPOB U KOHTEKCTHOI'O OOYYEHHUsI, YTO [103BOJISET
JIOCTUTATh PEKOPJHBIX PEe3y/IbTATOB OHOBPEMEHHO B CEMAHTUIECKOI, MHCTAHC
U TAHOPAMUYECKON CErMEHTAIMK [IPU MEHBIITNX BBIUYUCIUTE/bHBIX 3aTpaTax.

KutrogyeBast posib B pa3BuTuu MaHopaMUYIECKOl CETMEHTAIINHU [TO-IIPEKHEMY
npunayiexkut Panoptic-DeepLab [1] — ofHO#t 13 caMbIX IIUTHPYEMBIX U
BJIMATENHHBIX aPXUTEKTYD ITOr0 Hampasienus. Momesnb Hacesyer MOITHbII
Atrous Spatial Pyramid Pooling (ASPP) sukozep u3 cemeitcrsa DeepLab [2],
HO [00aBJISeT JBe MIUHUMAJIMCTUYIHBIE, ITOJTHOCTHIO MAPAJLIEbHBIE TOTOBDI:
KJIACCUIECKYIO CEMAaHTUYECKYIO it KaTeropuii «stuffy u menTponayto rososy,
[PEJICKA3BIBAIOIILY IO TEILUIOBYIO KapTy IEeHTPOB 00bekToB («things») u BekTOphI
CMeIIeHns JJIst KayKJI0ro MUKCesisd. ['pyIIIpOBKa B 9K3eMIISAPBI IPOUCKXOIUT
npoctbiM rojiocoBanueM 6e3 NMS [3], uro genaer mMeron 9pe3BblYaiiHO
6brcTpbiM (710 50 u 6osee FPS na GPU V100) u jierko uHTErpupyeMbIM
B peaJibHbIe CUCTEMBI.

Pepoutornonnslit otkas ot asyxsrantoii cxembl Mask R-CNN [4] mpo-
M30IIEN ¢ HMOosSBJIEHNEM ceMeiicTBa MeTo/10B 6e3 3ampocos. CondlInst [5] n
SOLOV2 [6] npeioKiin IPUHIAI «CErMEHTAIHSI TI0 MECTOTIOJIOKEHIIO» —
BMeCTO Bbljesienus peruonos unrepeca (ROI) cerb mHanpsamyio remepupyer
MacKi OO'bEKTOB, OIHUPAsiCh TOJBKO Ha KoopauHarhl. B CondInst st kazkioro
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IIPE/IIIOJIAraeMOI0 IEHTPa O0bEeKTa IIPEJCKA3BIBAIOTCS BECA U CMEICHUSI
HEOOJIBIIIONO CBEPTOYHOrO (DUIBTPA, KOTOPBIN 3aTeM IIPUMEHsETC K 00Ieit
KapTe [IPU3HAKOB IIUPaMUIbl YPOBHEN, (DOPMUDYSI MACKY IIPOU3BOJIBLHOMI
dopubr. SOLOV2 pazsuBaer 3Ty uiero Jajbiie: n300paxKenne pa3dbuBaercs Ha
PEryIApHYyIO CeTKy SXS, U I KaxKJIOU A9IeflKH CETb OJIHOBPEMEHHO BBIIAET
BEPOSITHOCTD KJIACCA M KOMIIAKTHOE PO MAcK (0OBIYHO 256-KaHAIBHOE).

QunabHasS MACKA, MOy IAETC OOBITHOM CBEPTKOH 9TOTO s/1pa ¢ TI00ATbHOI
KapToil IIpu3HaKoB. BJlarogapst mMoJIHOMY YCTPAHEHUIO Ollepalliii BhlpABHIBAHUS
PEruoHOB W HEMAaKCUMAJIbHOTO IIOJIABJIEHUsI 00a MeTo/a ODeCIIednuBaiOT
yCKOpeHre B 2—3 pa3a [IpU COXPAHEHUU WJIU JIayKe ITOBBIIIEHNN KAaUeCTBa:
SOLOvV2, nanpumep, nocruraer Average Precision (AP) pasnom 39,7 na
unabope COCO [7] nupu ckopoctu okosio 20 KaJpoB B CEKYHILY.

Kuaccuueckas apxurekrypa U-Net [8] mo cux 1op ocraéres sTajgoHoM
B MEJMIMHCKON W CIIyTHHKOBOI CEIMEHTAIINH, TJ/I¢ pellaiolnee 3HAYCHUe
HMEET TOYHOE BOCCTAHOBJECHHE TPAHUIl 00beKToB. Eé passuTme mugr cpady mo
HECKOJIbKAM HAIIPABJICHHAM:

U-Net*™™ [9] BBOAUT BIOMKEHHbIE ITOTHBIE TIPOITYCKATONIHE CBA3H I TTyOOKHi
KOHTPOJIb Ha BCEX YPOBHSAX JEKOJEPa, UTO CYIIECTBEHHO COKPAIIAET
CEMAHTHUIECKU Pa3pbIB MEXK Iy MPU3HAKAMHU PA3HBIX MAaCIITaboB;

U-Net 37 [10] ucnosn3yer MOJHOCBA3HbIE COSIUHEHUS, G/1Ar0Iapst KOTOPBIM
KaXKJIbIit CJI0#t JeKkoaepa moydaeT HH(OPMAITUIO CO BCEeX pa3perre-
HUil HKOJIepa U 3P DEeKTUBHO 00beUHIET HU3KOYPOBHEBBIE JIETAJIN
¢ I06aJIbHBIM KOHTEKCTOM;

Attention U-Net [11] u muorouncsenusie ero nociegosarenan (AG-U-Net,
FocusNet, MultiResUNet u gpyrue [12]) BcTpanBaroT B IPOIYCKAOIITE
CBsI3U MsrKue reiitbl BuuMmanus (soft attention gates), koropbie aBroma-
TUYIECKU MTOJABJIISIOT HEPEJEBAHTHDBIN (DOH M YCHUIINBAIOT 3HAYNMBIE
PAHUIBI OPraHOB U MATOJIOTHUIA.

Cpel caMbIX IOCJIEIHUX JIOCTUKeHuil — apxuTekTypa nnFormer [13],
3aMEHHIONAs 0ObIYHbIE CBEPTKU HA MHTEPIIOJUPOBAHHBIE CBEPTOUYHBIE OJIOKH U
MHOTOCJIONHOe BHUMaHMe, a Tak:ke MedFormer [14], koropsrit maTerpupyer
TpaHCchOPMEPHBIE MOJLY/IM B IPOILYCKAOIINE CBA3U U JEMOHCTPUPYET IIPUPOCT
o mMerpuke Dice 10 4-6% Ha CI0XKHBIX MYJIbTUMOJAJILHBIX MEIUITUHCKIX
Habopax JaHHBIX KOMITBIOTEPHON W MAarHUTHO-PE30HAHCHON TOMOrpadum.
B pesysbrare coBpementbie BapuanTel U-Net obecrieanBaroT 3aMeTHO OoJtee
BBICOKYIO TOYHOCTh KOHTYPOB U JIyUIIYI0 0OODIIAIONIYIO CIIOCOOHOCTD aKe IMPU
HeO0IBITOM 00bEMe PA3MEYEeHHBIX MEIUIIMHCKAX JTAHHDBIX.

MaskFormer [15] n Mask2Former nepedopMymnposanm 3a1ady cerMenTa-
MU KaK [peJICKa3aHne MHOXKECTBA OUHAPHBIX MACOK € COOTBETCTBYIOIIUMU
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UM KJIACCAMH, IOJJHOCTHIO OTKa3aBIINUCh OT TPAJUIIMOHHON ITOIUKCETBHOMN
kyaccudUKalmu B M0JIb3y 00ydeHus ¢ BeHrepckuM conocrasjienueM (bipartite
matching loss). BmecTo npucBoeHMsT METKU KAaXKJIOMY MHKCEIO MOJIEIh
OTHOBPEMEHHO T'eHepUPYeT (PUKCUPOBAHHOE YUCJIO 3aIIPOCOB, KaK IbIil 13
KOTODBIX BBIIAET MACKY U BEPOATHOCTH KJaccoB (BkJiodas «0» — MycToi Kiacc),
[OCJIE 9€r0 ONTUMAJILHOE COOTBETCTBHE MEKJTy TPEICKA3AHHBIMU W UCTHHHBIMA
00'bEKTAMU HAXOJUTCS C MOMOIIBI0 BEHI€PCKOTO AJIrOpuTMa. Takas mapajurma
ycTpaHsieT mpo0JIeMbl JIyOJIUPOBAHUS U MIPOITyCKA OO0bEKTOB, 3HAYNTEIHHO
YIIPOIIAET apXUTEKTYPY U MOBBIIAET KAYeCTBO, OCOOEHHO B MAHOPAMUIECKO
CEerMEeHTAIUN.

Ora TeHAeHINA K YHUMUKAIINNA OCOOEHHO SIPKO IIPOSIBJISIETCH B BUJIEO-
cermenTanuu. Hanbosee mokasaresbHbIM mpuMepoM ciayzxkut DVIS [16], B
KOTOPOM aBTOPBI MPEJJIAraloT MOJHOCTHIO JIEKOMIIO3NPOBaHHbBIN KOHBeliep u3
TPEX HE3aBUCHUMBIX, HO CKOODIMHIUPOBAHHBIX MOJLYJIE:

(1) ITokaapoBast TaHoTTHYECKast cerMmeHTaIust Ha 6a3ze Mask2Former ¢
MOIIHBIM BU3yaabHbIM 3HKOJepoM DINOv2 [17], obecrieunBarommast
BBICOKOKAYEeCTBEHHbIE HAYAIbHBIE MACKU U SMOEIINHIYA OOBEKTOB.

(2) JIérkuit onmaiitn-TpeKep, KOTOPBIN CBA3BIBAET IKIEMILISIPBI MEXKLY
KaJIpaMU UCKJIIOYUTEJIHHO 10 MEHTPOUJAM U KOCUHYCHOMY CXOJICTBY
9MOEJJTUTHTOB, He TPEOysl CJIOKHBIX IBPUCTUK UM PEKYPPEHTHBIX OJIOKOB.

(3) Odduaiin-momynb padMHUPOBAHUS BPEMEHHOM COIJIACOBAHHOCTH, PeaJin-
30BaHHBIN Ha TPaAdOBBIX HEHPOHHBIX CETAX W YCTPAHSIONIMI OMHOKT
CJIUSHUS U PA3PBbIBa TPACKTOPUIA.

Buarogapst takoit apxurektype DVIS ycranaBimBaer HOBbIH ypOBEHb KadecTBa
u peasusyer jyamuil pesyasrar Ha KITTI-MOTS [18] npu ckopoctu csbrmte 30
KaJPOB B CEKYH/LY, UTO JleIaeT e€é 0COOEHHO IEHHOMN JIJIsi CHCTEM aBTOHOMHOTO
BOXK/IEHUSI, BUJICOHAOJIIOJIEHHS U JPYTUX [IPUJIOXKEHUI PEAIbHOTO BPEMEHH.

Mogens OneFormer [19] nocrasusia Touky B ujee yHubUKAIMA. DTO
e/IMHAsl APXUTEKTYPa ¢ OAHUM HabopoMm mapamerpoB. OHa permraer Tpu
3a/1a9u cerMeHTanuu (IIaHOITUYeCKY0, HHCTAHCHYIO U CEMaHTUYIECKYIO),
B 3aBHCHMOCTH OT IIPOCTOTO TEKCTOBOIO 3aIpoca (Hanpumep, «panoptics ). [Ipu
stom OneFormer mpeBOCXOMT y3KOCHENUATU3UPOBAHHBIE MOIEU Ha 2-5% 1o
merpuke mAP na Bcex ocuoBubix naracerax: COCO [7], Cityscapes [20] n
ADE20K [21].

B ocuoe apxurekrypsbl Jexur Swin-L Transformer [22]—3amadno-
He3aBuCUMBIH (task-agnostic) skerpakTop MpU3HAKOB B mape ¢ Tpancdopmep-
HBIM JIEKOJIEPOM, HCIOJIB3YIONIM MEXaHI3M MAaCKUPOBAHHOIO KPOCC-BHUMAHUA
(masked cross-attention). Biaromapst 9Toit KoMOMHAIIMN, MOJEH JIEIKO
AJIAIITHPYETCs] K HOBBIM OOJIACTSM U 3a/a9aM.
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B Memumnunckoit cermeHTanmm pa3suTtue apxuTekTyp cemeiictBa U-Net
BCE uare uier depes rubpuausaiyio ¢ rpadcdopmepamu. TransUNet [23]
u ero npsimbie npogokenus (UNETR'T, Swin-UNet, MISSFormer) [24]
00'beIMHSIIOT CBEPTOYHBIN SHKOJED, OTBEYAIOIII 38 U3BJI€UEHNE JIOKAJIBHBIX
TEKCTYPHBIX IPU3HAKOB, ¢ TPAHC(OPMEPHBIM MOJLyJIeM, KOTOPBIN obecriednBaeT
JAJIbBHOIEHCTBYIONINH NT00AILHBINT KOHTEKCT. KitoueBast MHHOBAIIMS — Kac-
Ka/[HOE BOCCTAHOBJIEHNE Pa3PEIIeHns C UCIOJIb30BaHNEM J1e(DOPMUPYEMOTO
MepeKpECTHOrO BHUMAHUS, OJlarogapsa 9emMy ceThb 3PPEKTUBHO BOCCO3IAET
TOHKHE CTPYKTYPBI (COCYIbl, MUKPOCKOIIMYECKHUE OIYXOJIM, HEPBHBIE BOJIOKHA).
Ha cranmapraeix MeaunuHckux Habopax ganubix Synapse, ACDC u BTCV [13]
TaKue TUOPUIHBIE MOJIEN MPEBOCXOAAT IUCTO CBEPTOYHBIE AHAJOTH Ha 3—7%
o Merpuke Dice m 0CODEHHO CHJIBHO BBIUTPBIBAIOT B YCJIOBUSIX KpaiiHe
OrPAaHUYEHHOIO0 00bEMA pa3MEUYEHHBIX N300paKeHMUIA.

OTnebHBIM U OBICTPO PACTYIIUM HAIPABJIEHUEM CTAJIA MOJHOCTHIO
6e3Ha[BOpHAs yHUBEPCaJbHas cerMenTanus. U2Seg [25] u Gimuskue emy
paboThI JOKA3AJIN, ITO BHICOKOKAIECTBEHHBIE TTAHOPAMUYIECKIE PA3METKH
MOXKHO IIOJIy9aTh aBTOMATUIECKU, HE Npuderasi K py9HON aHHOTAITUN —
MAaCKH 9K3EMILISPOB U3BJIEKAIOTCS C MIOMOIIBIO CAaMOODYYAIOIIIXCS METOI0B
tuna MaskCut u FreeMask [26], cemanTH1IeCKHE TPYIIIBI— B PE3yJIbTATE
JUCTWIANAN 3HAHUN n3 60sibimmx npesobydenubix mogeseil CLIP u DINOv2,
mocJie 4ero 06a THUNA METOK O0beIUHSIOTCA B COIJIACOBAHHYIO ITAHOPAMUYIECKYIO
pa3MeTKy U UCHOJIB3YIOTCS /It OOyIeHUsI €IMHON CErMEHTAIIOHHON CEeTH.
B pesyabrare U2Seg memoncrpupyer 52,1 PQ na na6ope COCO-panoptic [27]
u 61,3 mIoU ma Cityscapes 6e3 equnOil pyIHOIT METKHU, OTKPBIBas PeaIbHbII
IIyTh K CETMEHTAINU PEJIKUX MATOJOTHUI, HOBBIX MOJIAJBHOCTEN U JIFOOBIX
JIOMEHOB, TJIe pa3MeTKa TPAJUIIMOHHO HEJOCTYITHA, WJIM CJUITKOM JIOPOTA.

B pedepencuoit Bumeo-o0bEKTHON CETMEHTAIUNA C TPOU3BOJILHBIMUA
upomiramu Jaupyer LoSh [28], koropsiii adbdexkTuBHO 06beuHsIeT [JIMHHbIE
1 KOPOTKWE TE€KCTOBBIE OIMCAHUS C BU3YAJIbHBIMU IPU3HAKAMHI B €JIMHOM
tpancdopmepe, obecrieunBas npupoct 4-7% mo merpuke J&F ma maracerax
Ref-YouTube-VOS u Ref-DAVIS [29] 6e3 9BpUCTHIECKOTO TPEKHHTa, MEK LY
Kagpamu. Emgé 6ojiee pajuKaJibHbBIE IIAMK B CTOPOHY ITOJTHOM yHUMDUKAIIT
nemorcrpupyer K-Net [30] ¢ utepaTuBHO yTOUHSIEMBIMA 00yJaeMBbIMA SJPAME
cBéprku u ocobenno SegGPT [31] — mogens, criocobHas permaTh TPOU3BOIBHYIO
3aJlauy CEerMEHTAIIMN 0 OJHOMY-/BYM TIpEMepaM «u300parkeHne-Macka» (in-
context learning), BKJro9Yasi MEAUIMHCKUE CHUMKH, CIIyTHUKOBBIE H300pazKeHMUs
7 Jayke MPOM3BOJIbHDBIE XYT0KECTBEHHBIE CTUIN, 0e3 KaKOro-Ir00 J000yIeHNsI.

B 2025 romy Oblna mpejiodkeHa Creruajn3upoBanHast MOIUMUKAIIAST
DeepLabv3™ nos nassanuem MR-DeepLabv3™ [32], opuentuposannas
VMEHHO Ha TOYHYIO CEMAHTHYECKYIO CEIMEHTAINIO 3aHUNl B M300parkKeHUAX
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JUCTAHIIMOHHOTO 30HIMPOBAHUSI BBICOKOTO pa3pernienus. Mojienb penraer
TUNUYHBIE TPOOJIEMBI TAKUX JAHHBIX: HEIIOJHbIE KOHTYDPBI 3/IaHAN, PA3MBIThIE
TPAHUITBI U MPOIYCKU MEJKUX IMOCTPOeK. JIJIst 3TOro B apXUTEKTyPy BBEJIEHBI
aJIAITUBHBIE MHOTOIIKAJILHbIE CBEPTOUHBIE syipa (3X 3, 5x 5, 7X7), yiaydmaroiye
3aXBaT MHOIOYPOBHEBBIX IIPU3HAKOB M ONTHMI3NPOBAHHASA (DYHKINS IOTEPD,
PeaTu3yIoIasl MOBBIMIEHHYIO YCTOWYIUBOCTD K ITyMYy. XapaKTepu3yeTcs BHICOKOIT
KOMIIAKTHOCTBIO U CKOPOCTBIO HH(MEPEHCA, UTO JIETAET €€ 0OCOOEHHO HOIXOAINEH
JUISE 337129 C OIPAHUYEHHBIMU BBIYUCIUTEIbHBIMUA PECYPCAMHU.

2. AkTtyanbHocCTb U npobnema

CoBpeMeHHbIE MEeTOJIbl MAIIUHHOIO 3PEHUs, IPEeTHASHATEHHDBIE JIJIst
pellleHnsl 3a/1a4 CErMEHTAIINN, B OOJIBIIIUHCTBE CJIyYaeB OIMUPAIOTCH Ha
CJIOXKHBIE APXUTEKTYPhI, TAKUE KaK TPaHC(HOPMEPHbBIE MOJIE/N, KOTOPLIE
JIEMOHCTPUPYIOT BBICOKYIO 3(D(DEKTUBHOCTD HA YHUBEPCAJBHBIX JATACETAX
obmero Hasnadenus (Hanpumep, COCO [7], Cityscapes [20], ADE20K [21]).
DT Momem pa3paboTaHbl s 00pabOTKH Pa3HOOOPA3HBLIX JAHHBIX C ITHPOKHIM
CIEKTPOM OOBEKTOB, CIIEH U YCJIOBUMA, UTO JIETAET UX yHUBEPCATBLHBIMH, HO
O;LHOBpeI\'IeHHO pecprOel\/IKI/IMI/I n I/I36bITOLIHbHV[I/I JLJI5A y3KOCHeL[I/IaJ'H/ISI/IpOBaHHbIX
PUJIO2KEHUN.

OHaKO B psijie IIPeIMETHBIX 00J1acTell, TAKUX KaK MEIUIIMHCKAS JIH-
ArHOCTHKA, JuCmahyuonroe 3onduposarue 3eman (aspodomocrumru u
CRYMHUKOBbIE U300PAIICEHUA) A TIPOMBIIIJICHHAs] HHCIIEKIUs, YACTO UC-
[TOJIB3YIOTCS YHUKAJIbHBIE CIIEIUAJIM3UPOBAHHBIE JATACETHI C XapaKTEPHBIMUI
0CODEHHOCTSIMU: BBICOKOII BApUATUBHOCTHIO (pOPM OO'BEKTOB, HU3KOU KOH-
TPACTHOCTHIO I'PAHUIL, MAJIBIM KOJTUIECTBOM IK3EMILISIPOB Ha M300payKeHnn
U OI'PAHUYEHHBIM OOBEMOM pa3MedeHHbIX JaHHBIX. J[JjIs TakKuX JiaraceTros
YHUBEPCAJIBHOCTD HE SIBJISIETCS] IPUOPUTETOM, IMOCKOJIBKY KJTFOUEBBIMU TPE-
OOBAHUSAMH CTAHOBATCA apPXUTEKTYPHBIE OCOOEHHOCTH, ODECIIEINBATOIINE
3 PEKTUBHYIO CErMEHTAINI0 — OT YCTOWYMBOCTH K IIyMaM U J1epOpMAaIisaM 10
O6bICTPOro 0byUeHUst Ha HEOOIBIIUX BHIOOPKAx. B TO ke BpeMsi, onncaHHbIe
BBIIIIE YHUBEPCAJBHBIE TTOIXO/IbI MTOKA3BIBAIOT OIPAHUIEHHYIO 3(DHEKTUBHOCTD
Ha CIICIIUaJIM3UPOBAHHBIX /TaTaceTax II0 CJICAYIOIIUM IIpUYIUHaM:

emexmopro-opuenmuposartvie memoodus, (Hanp., Panoptic-DeepLab [1]),
OCHOBaHHBIE Ha IIPEICKA3aHUU I'€OMETPUYIECKUX IIEHTPOB U CMEIIEHUI,
JIEMOHCTPUPYIOT CHUKEHHE TOYHOCTH HA 00BHEKTAX C HEKAHOHIYIECKOI,
HEBBIYKJION WU CUJILHO J1eOPMUPOBAHHOMN (HOPMOIL, XapaKTepPHON /1ist
MHOTUX TPUKJIAIHBIX 00J1acTel.

Memodu npamozo npedckasanus macox (maunp., Condlnst [5], SOLOv2
[6]), xoTb 1 Gostee TuOKME K hOpME, YACTO HEe UMEIOT SBHOTO, OTJAEIBHOIO
BBIXOJIA, [T CEMAHTHUKH, YTO 3aTPYJAHSACT MX IPEMEHEHUE B 3a/1a9aX, TJe
TpebyeTcs YETKOE pas3jie/ieHue Ha CeMAHTUIECKUE PEIMOHDI.
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Kanaccuveckue cemu cemarnmuseckot ceemernmayuy, (U-Net [8] u ero
momudukanun [9-11]) He COCOGHBI PA3IMIATH IKIEMILISPHI BHY TPH
OJIHOTO KJIACCA.

Boavwurnemeo cospemermbir pewenutl BaIUIUPYIOTCS HA JaTacerax o0-
IEro HA3HAYEHUs!, 1 UX aPXUTEKTYPBl MOTYT ObITb HEOITHMAJBHBI JJIsI
JIAHHBIX C UHBIMU CTATUCTHYECKMMU U BU3YaJIbHBIMU CBOMCTBAMU.

3. Uenb n 3agaumn nccneposanHus

IIpoBeiéHHBIN BBINIE aHAJN3 BBIABISIET CYIIECCTBYIONUI PAa3PbIB MEXK-
JIy MOIIHBIMHU, HO PECYyPCOEMKHUMHU yHUBEPCAJIbHBIMU apXUTEKTypaMUu U
oTpeOHOCTSIMU B 9(pDEKTUBHBIX, HHTEPIPETUPYEMBIX PEIIEHUSIX JJIs CIIeI[ra-
JIN3UPOBAHHBIX IIPUKJIAIHBIX 00JacTeil.

Ilespio uccmenoBanmii sIBJIAETCA Pa3spabOTKa MOJIEIN IS PEITeHus
3a/1a4d COBMEIIEHHON CEMaHTHUYECKOIl U MHCTaHC-CeTMEHTaIl, KOTopas,
COXpaHsAs KOHKYDPEHTOCIIOCOOHOE Ka4eCTBO Ha CIENUAJIN3UPOBAHHOM JATACETe
a3p0OTOCHUMKOB, XapaKTEePU30BAJIACH ObI CJIEYIOIMIMMI CBONCTBAMMT:

Apzumexmypras npocmoma u npodpaswnocms. OTKas oT u30bITOYHON
CJIOYKHOCTHU B TIOJIb3y MOHATHON M JIETKO MOIAMUIUPYEMOIl CTPYKTYPHI.

Buuucaumenvrasn spdexmusrnocms. OnruMusaims GaiaHca MexKIy TOY-
HOCTBIO M 3aTpaTaMi Ha WHMEpeHC, BKI0Yast CKOPOCTb PabOThI 1 00bhEM
TOTPEOITEMOTt TTAMSITH.

Adanmuerocms x danHvM Ueae60T npedmemHoti obaacmu. Bo3MoKHOCTD
3¢ bekTuBHOTO 00y UeHNS HA CHEIMAJN3NPOBAHHBIX JATaCeTaX OTPAHU-
YEHHOTO pasMepa ¢ XapaKTEPHBIM PacIpee/IeHueM 00bEKTOB.

Hnmepnpemupyemocmsd pesysomama. Obecriedenne MOHATHOTO U 00bsIC-
HUMOTO TIporiecca (hopMUPOBAHUS UTOTOBBIX CEIMEHTAIIMOHHBIX MACOK.
Sama4m ucciae 0BaHNI:

CHpoeKTHpOBaTh APXUTEKTYPY MOIEIH.
CdopmupoBarh COCTABHYI0 (DYHKIIUO MIOTEPD.
OprannzoBaTh KoHBeliep nHpepeHca.

s

IIpoBecTn cpaBHUTETHLHYIO SKCIEPUMEHTAIBHYIO ONMEHKY MPEJIOZKEHHOTO
MEeTOMA.

[ens n 3amaum paboThl ABJISIOTCS JJOTHIECKAM TPOJIOKEHNEM HCCIIEI0BaA-
HUI, Pe3yJIbTaThl KOTOPBIX IpHBeeHb B [33] u [34].

4. ApxutekTypa mogenu

Mogens My npencrasisier coboit U-Net apxuTekTypy, COCTOSIITYIO 13
JBYX OCHOBHBIX KOMIIOHEHTOB: 3HKO/epa F u mekozgepa D, coeuHEHHBIX
skip-KoHHEKTOpaMU, KaK IMOKA3aHO Ha PUCYHKE 1.



Input,
HW.3]

Down1,
[H12,W/2,64]

Down4,
[H/16.W/16,512]

[H/8,W/8,256]
[H/4,W/4,128]

Bottineck,
[H/16,W/16,1024]

[H/8.W/8,512]

[H/4,W/4,256]

Pucynok 1. Apxurekrypa mMomenn

[H/2,W/2,128]
Upa4,
[H.W.64]

Emb Head,
[HW,32]

Sem Head,
H.W.61

FOJHUTTAINE XITHENLYHUNUINONUT WAMHVEOETIOLION O OLMALIO UANTV.LHANJIH)

LVT
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ApxurekTypa BKIIOYaET JBe IapaJijiesbHble BbIXOAHbIE I0J0Bbl Heem 1 Hemp
JIJTs PEITIeHUs] 33/1a9 CEMAHTUIeCKOW U MHCTAHC-CerMEHTAIInN, (DOPMUPYIOIIHIE
KapThl Ygem U Yemb COOTBETCTBEHHO.

PopMaIbHO 3TO MOYKHO OIHMCATDH CJIEAYIOMUMY yPABHEHUSIMU:

Yiem = Heem(D(E(X))) € RFTXWXCrem
Yo = Hemn(D(E(X))) € RV pre

X  — BxojHOe n3obpazkeHue,

Yeem — KapTa CeMaHTHYECKHUX BEPOSITHOCTEIA,

Yemp — 1oJie d-MEpHBIX SMOEIIMHIOB,

Csem — 9HCIIO CEMAHTHYECKUX KJIACCOB B garaceTe Dgpec,

FE  — dyuknus sHKO/IEPA,

D — dyukuus aexozepa,

H w W — BbicoTa n mupuHa BEIXOJHBIX KaPT IPU3HAKOB (BbICOTA U IIMPUHA
n300parkeHns ),

d  — pa3MepHOCTH BEKTOPHOI'O MPOCTPAHCTBA IMOE IUNHTOB.

Moyess peasnsyer ABYXIOJIOBYIO apXUTEKTYDY, i€ SHKOJEP-/IEKOIED CO
skip-KOHHEKTOpPAMU PEIIAET JBE MAPAJIICIHHBIE 38 IaA9N:

Cemanmuyeckas 204066 (Hgep ) peliaer 3ajady MUKCEIbHON Kiaccuduka-
1uH, npeobpasys MPU3HAKH JeKoaepa B KapTy Yeem € RIXWXCoem 1o
KazKIBIH IIMKCEJIb XapaKTePU3YeTCsl PACIpeIeeHneM BepOATHOCTEH 1o
Csem CEMAHTUYECKUM KJiaccaM (HALPUMEp, «I0M», «bacceiln ).

Imbeddunzosasn 20406a (Hemp) pernaer 3ajiady METPHIECKOTO 00y IeHNUs],
dbopmupys d-mepubiit BekTop-3M6eumHT Yoy € REXW XA 11 xazxioro
INUKCeJId. DTU 3MOeIIUHTH SABJIAIOTCS JUCKPAMAHAHTHBIMU: BEKTOPLI
[HKCeJIeil, TIPUHAJIIEKAIINX OJJHOMY OOBeKTY (9K3eMIUISPY ), CXOISTCS
B €IMHYI0 KOMIAKTHYIO 06JacTh B d-MEPHOM IIPOCTPAHCTBE, a BEKTOPHI
OT Pa3HBIX 00BEKTOB — OTAAJIAIOTCH IPYT OT JAPYTa.

Takum 06pa3omM, MOJIeJIb OTHOBPEMEHHO MIPEICKA3BIBAET UTO N300PAZKEHO
(ceMaHTHKA) ¥ TJle NPOXOJSAT IPAHUIIBI MEXKJLY OTJIEJIbHBIME O0EKTAMH OJIHOTO
ksacca (ambeunrn). Ha srane nocro6paborku Kiacrepusarus IMOeI[MHIOB
[TO3BOJISIET OJTHO3HAYHO BBIJEUTH MACKHU KAXKJIOTO IK3EMILISAPA.

Jlpukenne nHAGOPMAIIUN Y€pPe3 MOJIE/Ih IIPEJCTaBJIsieT OO0 CJre Iy ronuit
IIOTOK:

RHXW><3

Iymo cotcamus (anxodep): Bxomnoe nsobpazkenne X € nocJie-

JoBaTeIbHO TpoxoauT depe3 4 61oka Down. Ha xaxkioM ypoBmHe:
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« [IpocrpancrBennoe paspeienue ymenbinaercs B 2 pasa (or H x W
o H/16 x W/16).

+ [iiy6buna npusnakos ysejaudusBaercsa (0T 3 10 512 kanaJios).

o CoxpaHAIOTCS TPU3HAKHI IjIsI SKip-KOHHEKTOPOB.

Bymuvirounoe 2opaviuuko Bottleneck: Ha MurmMaaIbHOM pasperneHun
(H/16 x W/16) npoucxomur Hanbosiee IiIy6OKOE U3BJECUICHIE IPH3HAKOB
€ MaKCHMAJIbHBIM KOJImuecTBoM KaHasoB (1024). 9Tor ypoBeHb COIEpKUT
HanboJiee aDCTPAKTHOE CEMAHTUIECKOE TIPeCTaBIeHNe N300parKeHNs.

Iymv soccmanosaenus (dexodep): IpusHaky mMoceI0BATEIBHO TPOXO-
gt depe3 4 6soka Up ¢ ucnosp3oBanueM skip-koraekTopos. Ha xaxkaom
YPOBHE:

« [IpocTpancTBEeHHOE pa3pelieHre yBeJnInBaeTcs B 2 pasa.

« [1ybuna mpu3HAKOB YMEHBITIAETCS.

» K BBICOKOYpPOBHEBBIM IIPU3HAKAM J00ABIIAIOTCH HU3KOYPOBHEBBIE
JeTaJd U3 SHKOJIEPA.

Pasdesenue na dsa nomoxa: Ha BeIXOIE J€KOIEPa MMOTOK Pa3eIsaeTcst Ha
JIBE TTapaJlIeJIbHbIE TOJIOBBIL:

« CeMaHTHYECKUIT TTIOTOK: ITPEOOPA3YETCsl B BEPOSTHOCTHOE PACIIPEJIE-
JIEHUE TI0 KJIACCAM.

o DMO€IIMHTOBBII TOTOK: MIPeobpa3yeTcst B METPUIECKOe TPOCTPAH-
CTBO JJIsI KJIACTEPU3AIUN.

ApxurekTypa MOJieJIH, IPUBEJIEHHAsI Ha PUCYHKE 1, COOTBETCTBYET
moudunmpoanuoit U-Net-mmogo0Ho CTPYKTYPe U COCTOUT U3 IHKOJIEPA,
OYTHLJIOYHOI'O IOPJIBIIIKA U JIEKOJIEPA, 3aBEPIIAIONIETOC IBYMS BBIXOIHBIMUI
TOJIOBAMU.

Qukouep (6s0ku Downl-Downd) Ha KayKIOM YyPOBHE COJIEPXKUT JIBA
CBEPTOYHLIX HOAOJIOKA Buaa Conv2d™! + BatchNorm2d*™? - ReLU™3, 3a
KOTOPBIMHU CJIeJIyeT Ollepallisi IPOCTPAHCTBEHHOI'O IIOHUKEHUS Pa3PellleHus
MaxPool2d"*. KosmdecTBo KaHAJIOB VJIBAUBAETCS OT YPOBHS K YPOBHIO: OT 3
(Bxomnoe RGB-uzobpaxenue) 10 64 (Downl), 3arem 128 (Down2), 256 (Down3)
u 512 (Down4). Beibop 512 KaHAJIOB B KauecTBe MaKCUMAaJIbHON EMKOCTH
9HKO/Iepa 0DOCHOBAH SMIIMPUIECKUM IIOMCKOM ONTUMAJIHHOTO DAJIAHCA MEXK Ly
BBIPA3UTEJIBHON CIIOCOOHOCTBHIO MOJIEIN M BBIYUCIUTEBHON CIIO2KHOCTBIO.
DKCIEPUMEHTAJIBHO YCTAHOBJIEHO, UTO JIaHHAs KOHMUTYparus obecrieanBaeT
JOCTATOYHYIO Pa3MEPHOCTH IIPU3HAKOBOI'O IIPOCTPAHCTBA JJIsl KJlacTepU3alluu
00bEKTOB IPU COXPaHeHNHN 3DHEKTUBHON paOOTHI CBEPTOUHBIX CJIOEB.

1 https://pytorch.org/docs/stable/generated/torch.nn.Conv2d.html
2 https://pytorch.org/docs/stable/generated/torch.nn.BatchNorm2d.html
3 https://pytorch.org/docs/stable/generated/torch.nn.ReLU.html

4https ://pytorch.org/docs/stable/generated/torch.nn.MaxPool2d.html


https://pytorch.org/docs/stable/generated/torch.nn.Conv2d.html
https://pytorch.org/docs/stable/generated/torch.nn.BatchNorm2d.html
https://pytorch.org/docs/stable/generated/torch.nn.ReLU.html
https://pytorch.org/docs/stable/generated/torch.nn.MaxPool2d.html
https://pytorch.org/docs/stable/generated/torch.nn.Conv2d.html
https://pytorch.org/docs/stable/generated/torch.nn.BatchNorm2d.html
https://pytorch.org/docs/stable/generated/torch.nn.ReLU.html
https://pytorch.org/docs/stable/generated/torch.nn.MaxPool2d.html
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Byrbuiounoe ropabinko (610k Bottleneck) cocTOUT U3 JBYX TAKHUX Ke
CBEPTOYHBIX MOJIOJIOKOB, HO Oe3 moHmKaoIeil cBéprku. OHO pacmmpsier
KOJIMYECTBO KaHAJIOB ¢ 512 1o 1024.

Hexomep (610ku Upl-Up4) HAYMHAETCH C OLEPAIUU AICIMILITHTA C
nomonibio ConvTranspose2d™®, mocjie KOTOPOIi BBLITOJIHAETCSI Ollepallis
konkarenanuu (Concat) ¢ COOTBETCTBYIOIIUM NPU3HAKOBLIM TEH30POM U3
CUMMETPUIHOTO OJIOKA SHKOJEPA. 3aTeM CJIEIYIOT JBa CBEPTOYHBIX II0/0JI0KA
Conv2d - BatchNorm2d - ReLU. KommuecTBO KaHAJIOB MMOCIEI0OBATETIHHO
yMeHbImaercs: ot 1024 mo 512 (Upl), 256 (Up2), 128 (Up3) u 64 (Up4).

Ha Broixome Momenpb pasmensercs Ha JBe HE3ABUCUMBIE BBIXOJHBIE TOJIOBBIL:

Emb Head: omun cBéprounsblii cjioit Conv2d, mpeobpasytomuii 64 KaHaa
B TeH30D Yemp (BEKTOPHBIE BCTPAUBAHMS );

Sem Head: ommu cBéprounbiii ciioit Conv2d, dbopmMupytormmii TeH30p Y gem
(cemanTHUECKAS CEIMEHTAINS ).

Jl1s obectiedennst yCTOMIUBOCTH K MEPEOOYIEHNIO apXUTEKTYPa BKIIOIAET
CJIe/IYIOIIHE SJIEMEHTHL:

Mnozoyposresas Dropout-pezyaspusayus. Ilociie Kaxkao0ro cBEPTOTHOTO
6si0ka Conv2d - BatchNorm2d - ReLU B sHKOjepe M JeKojepe A00aBjIeH
Dropout™® cnoii ¢ BepoarnocTrio p = 0.3. McKrodenne cocTaBsgioT
HepBbIii GJIOK HKOzEepa (J1JIs COXpaHEeHUs] HU3KOYPOBHEBBIX [PU3HAKOB) 1
II0CJIe/THUE CJION IIepe]] BBIXOJHBIMU I'OJIOBAMU.

Kanaavuui Dropout 6 Bottleneck. B cioe Bottleneck (1024 kanasa)
npuMenéH Dropout2d™’ ¢ p = 0.5, KOTOPBIH 3aHYJIAET HEsble KAHAbI
PU3HAKOB. ITO Gostee 3(hDEKTUBHO /Uit CBEPTOYHBIX CETel, 9eM I0Toued-
Hblit Dropout, Tak KakK IPEIOTBPAINAET KOA/AITAIMIO IIPOCTPAHCTBEHHO
KOPPEJINPOBAHHBIX IPU3HAKOB.

Skip-xonHexmopwv, pearudosanvs ¢ Kouxkamenauueti Concat™® u nocae-
74 poL p Y
dyrowets ce€pmioti 1 X1 st yMEHbIIIEHUST PA3MEPHOCTH, YTO CHUXKAET
PHUCK pacIpoCTpaHeHusd IIyMa U3 HKOJepa B JIEKOJED.

Hopmuposanue npusnaros. Bo Bcex CBEPTOYHBIX CJIOSIX UCIIOJIb3YETCS
Batch Normalization (BatchNorm2d **°) ¢ napamerpamu momentum = 0.1
u eps = 107°, uTo obecneunBaeT CTAGMILHOE OOYTEeHHEe IPH MAaJIbIX
pa3mepax baTda.

Shttps: //pytorch.org/docs/stable/generated/torch.nn.ConvIranspose2d.html
6 https://docs.pytorch.org/docs/stable/generated/torch.nn.Dropout.html

7 https://docs.pytorch.org/docs/stable/generated/torch.nn.Dropout2d.html

8 https://docs.pytorch.org/docs/stable/generated/torch.concat.html

9 https://docs.pytorch.org/docs/stable/generated/torch.nn.BatchNorm2d.html


https://pytorch.org/docs/stable/generated/torch.nn.ConvTranspose2d.html
https://docs.pytorch.org/docs/stable/generated/torch.nn.Dropout.html
https://docs.pytorch.org/docs/stable/generated/torch.nn.Dropout2d.html
https://docs.pytorch.org/docs/stable/generated/torch.concat.html
https://docs.pytorch.org/docs/stable/generated/torch.nn.BatchNorm2d.html
https://pytorch.org/docs/stable/generated/torch.nn.ConvTranspose2d.html
https://docs.pytorch.org/docs/stable/generated/torch.nn.Dropout.html
https://docs.pytorch.org/docs/stable/generated/torch.nn.Dropout2d.html
https://docs.pytorch.org/docs/stable/generated/torch.concat.html
https://docs.pytorch.org/docs/stable/generated/torch.nn.BatchNorm2d.html
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Bribop mapameTpoB peryssipusaliiii OCHOBAH Ha IPEIBAPUTEIHHBIX
9KCIIEpUMEHTaX:

Tlomoveunwili Dropout p = 0.3. DTOT ypoBeHH 00ECIEUNBAECT ONTUMAJILHBII
GaJlaHC MeXKJIy COXpaHeHreM MH(pOPMAIUU U peryispusanueii. Menbrime
sHavenus: (p < 0.2) maror HemocrarodHslii a3ddekr, Gosbine (p >
0.4) upuBoIgT K HeJ060PY TOYHOCTU HA BAJUIAIMOHHON BBIOGODKE.
IToroueunsrit Dropout nmpuMeHsieTCsi B CBEPTOYHBIX HJIOKAX IHKOJIEPA U
JIEKOJIEPA.

Kanasvrnti Dropout p = 0.5 B Bottleneck. Bricokasi BEpOSITHOCTD
obycoBiieHa TeM, 9To B cyioe Bottleneck mpejcTaBieHbl Hanboee
abCTpaKTHBIE M BHICOKOYPOBHEBbIE TPU3HAKN, KOTOPBIE OCOOEHHO CKJIOHHBI
K 1epeoOydennto. Dropout2d 3aHyJsseT Iejble KaHAJIbI, YTO OoJiee
3(pDEeKTUBHO JJIsi CBEPTOYHBIX CETel, 9eM MOTOYeUHbIi Dropout, Tak Kak
[IPeI0TBPAIIAET KOAIAIITAINIO IPOCTPAHCTBEHHO KOPPEJINPOBAHHBIX
[IPU3HAKOB B IIPEJIesIaX OJIHOTO KAHAJIA.

Buwibop 4 yposneti aprumexmypov,. DKCIEPUMEHTAIBHO YCTAHOBJIEHO, YTO
yBeJmdeHne TyIyOuHbL 0 D YPOBHEI IIPU UCIIOIH30BAHAN KOMOMHUPOBAH-
ot Dropout-peryssipuzamnuu IpuBOIUT K YPE3MEPHOMY YCJIOXKHEHIIO
Mogiesu 6e3 3HaYMMOoro npupocTa Tounoctu Ha Bamugamua (+0.8% mloU
[P yBeJIMUeHNN KosnmuecTBa napamerpos Ha 40%). Ymenbierune jio 3
YPOBHEl yXy/IIaeT KA4eCTBO CETMEHTAINN MEJKUX 00beKTOB (—4.2%
mloU), nockosbKy HepocTaToUHAs [IyOUHA CETU HE MO3BOJISET U3BJIEKATDH
MepapxXuvecKre MPU3HAKA HEOOXOIUMOM CJI0KHOCTH.

Wcnonp3oBanne skip-KOHHEKTOPOB ¢ KOHKaTeHaIMe, BMecTo attention
gates, self-attention mim residual-cszeit B nekoaepe [11], obbsicasercs
0COOEHHOCTSIMU 33/1a91 CEIMEHTAINN 3/IaHUN Ha a3pOdOTOCHUMKAX BBHICOKOTO
pas3pernieHus.

Bo-nepswir, Takue skip-KOHHEKTOPBI IIOJTHOCTHIO COXPAHSIOT MEJIKUE
JIeTAJIN BBICOKOI'O Pa3peIlIeHHs] U3 PAHHUX CJIOEB 9HKOJEpa. ITO OUeHD
BAXKHO JIJI TOYHOT'O BBIJEJEHUS TPAHUI 3[AHUN, CIOXKHBIX KPBIII, TEHEI,
KapHU30B, DAJIKOHOB 1 TPYD — BCETO TOTO, UTO JIETKO TEPSIETCS IIPU YMEHBIIEHUN
paspernenus B 9HKojepe. KonkaTeHarus 1aéT JIeKoJepy Bce Mpu3Haku 6e3
smmHed bubTpaun, 9To ofeceunBaeT JTydinee KauecTso rpanui (Ha 4-7%).

Bo-emopviz, MexaHU3M OYeHDb IIPOCTOH U MOYTH HE YyBEJIHMIUBAET IHCIIO
napameTpoB 1 BelamcieHus. Attention gates (kak B Attention U-Net) no6as-
JIAIOT JIOMOJIHATEbHBIE OTIEPAIMN, YTO TMOBBIMAET HArpy3Ky Ha 15-30% un
yBesmauBaer Bpems uadepenca na 20-40 mc myis uzobpaxkenuns 512x512. s
00paboTKM OOIBLIIX 00BLEMOB a3pOPOTOCHEMKH B peaJbHOM BPEMEHU TaKO
JIOIIOJTHUTEIBHBIN PACX0/ PECYPCOB OOBIYHO HE OIPABIAH.
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B-mpemvuz, Ha a3podOTOCHUMKAX C BBICOKOH IIJIOTHOCTBHIO 3JaHUN U
CUJIBbHBIMYU BapUAIUAMU TEKCTYD (Kpbiu, achasibT, TEHH, JePEeBbs) IPOCTHIE
KOHKATEHAITMOHHBIE SKip-KOHHEKTOPHI paboTatoT crabmibHee. Mexannambl
BHUMAaHUSI HHOTJA CJIUIIKOM CHJIBHO ITOJIABJISIOT MMOJIe3HbIe TPU3HAKU (hOHA
WM COCEJHUX O0bEKTOB, U3-3a Yero MacKd 3J[aHUil MOIYT (DparMeHTHPOBAThCS
A MEJIKUE TTIOCTPOMKH TE€PSIThCSI.

B urore mmenno kiaccudeckne skip-KOHHEKTOPHI 00ECTIEINBAIOT XOPOIITee
Ka4eCTBO I'PAHUIL IIPU MAKCHUMAJIbHON CKOPOCTU ¥ IIPOCTOTE PeajIi3aliy JIJIst
Halllel IPUKJIAIHON 3a/1a49u.

5. ®opmuposaHue yHKUUM NoTepb

Jlist oOydaerHust MOMIe M TIPEJJIOZKEHA CIIEINATM3NPOBAHHAS HePAPXAIECKasT
JUCKPUMHUHATHBHASA (PYHKIMA MOTEPD, KOTOpasd 3PpPEKTUBHO PeIraeT 3aJan
WHCTAHC-CETMEHTAINY Ha a’POMOTOCHIMKAX, YIUTHIBAS UX CIEINPUICCKIE
0CODEHHOCTH:

(1) ‘ctotal = Esemantic + A Cinstancea rae
Liote] — TONMHAA DYHKINA OTEPD [JIs ONTHMU3AINAN TAPAMETPOB MOJIEJIN;

L semantic — KOMIIOHEHTA, JIJIST CEMAHTUIECKOH KIaCCU(DUKAIIN;

Linstance — KOMIIOHEHTa st 00y9IeHUs dMOEIIMHIOB, OTBEYaomasn 3a hop-
MUPOBAHNE NUCKPUMUHATUBHBIX ITPU3HAKOB JJIsI MHCTAHC-CErMEHTAIIAN;

A = 0.5 — ckaysgpHbBIi KO3(MOUIHEHT, OMPEIEISAIONINI OTHOCHTETBLHBIM
BKJIaJ[ [IOT€Ph MHCTAHC-CEIMEHTAINN B OOIILY0 (PYHKIUIO IOTEPh.

KommonedT Lingtance COCTOUT U3 JIBYX B3aUMOJIOIOJJHSIIONINX TEPMOB,
pean3yIonmuX INCKPUMAHATHBHYIO (PYHKITAIO TTOTEPD:

Einstance = Lvar + Edista rae
Lyar (variance loss) — mepm, obecneqnBaomuii KOMIIAKTHOCTD KJIACTEPOB
9MOEIIMHTOB BHYTPH KarKJI0TO O0HEKTA;

Laist (distance loss) — repm, peanusyomuii pasjiesienue KJIacTepos pas-
HBIX O0HEKTOB.

Tepm Ly, 0becrieunBaeT KOMIIAKTHOCTD KJIACTEPOB SMOEIIMHIOB BHY TPU
KakK/10r0 00bekTa. JIJIst KarXKI0ro 9K3eMILIIpa k BBIUUCISIETCS IEHTP MacC
9MOE/ZINHTOB Cf, TTOCTE Fero MTPadyOTCcs SMOE/INHIT THKCETe, PACCTOSTHIE
OT KOTOPBIX JI0 IIEHTPA MIPEBBIMIAET MOPOT (yayr. BBIYUCIISETCS CIIEYOITAM
obpazom:

Lo~ 1y (*) 2
L'VM:K§N]€§maX(O,Hei —ck||2—6vm), e
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K — obuee kosmuectBo uctunHbiX (ground truth) o6bekToB B n3z06pake-
HUY;

Nj  — gucjio nuKcese, IpuHaIeXkammux oobekry k;

k . .
ez(» ) e R d-MepHBIIl BEKTOP IMO€INHTa i-I'0 HKCeJist 00beKTa k, mMoJry-
YEeHHBIN Ha BBIXOZE MOJIENu Kak Y emb|', %, J];

cp =+ SN e™  nentp mace (cpespee 3nauenne) sMGeIHHIOB At

k= N, 2ui=1%; OeHTp beL aa .
06beKTa k, BBIYUCIIEMbIH BO BpeMsl IIPSAMOTO TIPOX0/1a;

I - []2 — Lo-nopma (eBKINIOBO paccTostHue);

Opar — TIOPOTOBOE 3HAYEHUE Pajuyca (TUIEpIapaMeTp), BHYTPU KOTOPOTo
IMOEIINHTHE HE MITPadyIOTCT;

max(0, ) — bynxuus Hinge Loss™ ' (Tak:ke m3BecTHast Kak max-margin
loss), akTUBEpYIOIAst MITPad TOMLKO JIJIs TUKCeJIel, yIaJIéHHBIX OT

1eHTpa 0oJiee, 9eM Ha Oyay-

Kaxk 661710 0TMeUYeHO BhiIe, TepM L qist 00ecreunBaeT pas/ie/ieHnue KacTepoB
pasHbIX 00beKTOB. JIjIst KaxK 101t mapbl 00BEKTOB ¢ U j BBHITUC/ISIETCS PACCTOSTHUE
MeKJIy HX IeHTpaMu ||c; — Cj|2, MOC/Ie 4ero HAK/IaIbIBaeTCs mTpad, e 1o
PacCTOsIHIEe MEHBIIE TOPOTa O gjst:

2 KX 2
Laist = m Z Z maX<0;5dist - ch - CjHZ) ) rmue

i=1 j=i+1
C;,Cj — IIEHTPBLI MacC SMOEIMHTOB OOBEKTOB ¢ M j COOTBETCTBEHHO;

Odist — TUIIEPIAPAMETP, 380NN MUHAMAJIBHO YKEJIAeMOE €BKJIMJIOBO
PACCTOSHIE MEXK/y IEHTPAMHU PA3HBIX OObEKTOB;

ﬁ — HOPMUPYIOIIHUI MHOXKHUTEJb, 0OECIIeYNBAIONIHIl yCpeJHeHHE 110
BCEM YHUKAJbHBIM TapaM o0bekToB B nzobpakennn (K (K — 1)/2 naps).
JI1s1 ceMaHTUIECKOI CerMeHTaIluN UCIIOJIL3yeTcsl CTaHIapTHasT (DyHKIIUST

KPOCC-3HTPOINH C BO3MOYKHOCTBIO B3BEINIMBAHUSA KJIACCOB:

N C
1 . )
Lsemantic = _N Z Z We - G(LC) : IOg(U (Y(Z7C)))7 rae

i=1 c=1
N = H x W — ofriee KoJimuecTBO TUKCeJel B M300payKeHuH;
C  — oblee KOJIMYECTBO CEMAHTUIECKHUX KJIACCOB (BKJoYas (HoH);

w. € R — Becopoit koaddurment mis Kiaacca ¢, BBIYUCTSIEMBIH 1T KOMITEH-
canmm ucHaIaHca KIACCOB B maracere (9acTo Kak obpaTHAs 9acToTe
KJ1acca);

10 https://torchmetrics.readthedocs.io/en/v0.8.0/classification/hinge_loss.html
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G(9) € {0,1} — Gunapubrii mamukarop (one-hot encoding ™)

JIE2KHOCTH TUKCENS ¢ K KJIaccy C;

IIPUHAJI-

Y9 € R — cemanrmueckuit 2ozum (3HAYEHIE HEIOCPE/ICTBEHHO HA BBIXOJE
CJI09 TIepe]| TpuMeHeRneM (DYHKIMH AKTHBAIIAN) IS TUKCEJIs M KJIacca
¢, coorBercTByIOMuit 37eMeHTy Y sem[C, 1, )5

o(+) — dbyuknus, npeobpasyIomas JOrUTEl B BEPOSTHOCTHOE PACIIPE/ICICHHE
0 KJIaccaM JJIsl KayKJ0ro MUKCeJIs.

Kitrouesbie runiepriapaMerpbl (byHKIINN OTEPh HACTPAMBAIOTCS HA BAJIUIA-
NUOHHOM Habope:

Oygr KOHTDPOJIUPYET KOMIIAKTHOCTD KJIACTEPOB. MeHbIne 3HAYEHNS CO3/IAI0T
6oJiee IIOTHBIE KJIACTEPHI, HO MOT'YT IIPUBECTHU K mepeodyderuto. Om-
TUMHU3UPYeTCcs NI OajlaHca MKy TOYHOCTBIO IPaHUI] O0bEKTOB U
YCTOMYMBOCTBIO K IITyMYy.

O dist OUPEIEISET MAHUMAJILHOE PACCTOSHIE MEXK Ty 0ObeKTaMu. Bosbmme
3HAYEHUS] yBEJIMYUBAIOT PA3JIEJIMMOCTh, HO MOI'YT 3aTPYIHUTH 00yJYeHue
[IPY IJIOTHOM PACIIOJIOYKEHNN 00beKTOB. BBIOOD 3HAaUeHMsT 00YCIOBICH
TUIIMYHBIM PaCIIPeJIeJIeHNeM PACCTOSTHUI MEXK Iy 00bEKTAMU B IIEJIEBOM
Jaracere a3podOTOCHUMKOB.

A — OGasaHcupyomuii KoM UIIHEHT MeXKTy CEMAHTUIECKONH W WHCTAHC-
cerMeHTaIeil. DMIMPUYECKH YCTAHOBJIEHHOE 3HaUeHUe, 00eCcIeInBaroIee
CXOJIMMOCTH 00EMX KOMIIOHEHT.

Beca xaaccos w, BBMUCAAIOTCS 0OPATHO TPOMOPIIMOHATIBHO YaCTOTE KJIAC-
COB B TPEHUPOBOYHOM JaTaceTe Jijisi KOMIIEHCAIUN JIcOaIaHCca, Xa-
PAKTEPHOro ijist a3POdOTOCHUMKOB (Hapumep, rpeobajanue GoHa
«Background» ). Kornkpernee, w, = ]g%{i‘, rae Niotal — OOIIEe YHCIIO
mukceseit, a N, — 91Cc0 MUKceel Kaacca C.

Komxkpernbie 3nadeHns runepnapaMerpoB dyay = 0.5, dgqise = 2.0, A =0.5u
d = 32 ObLIM BBIOPAHBI TI0 UTOraM IKCIIEPUMEHTa HA aHAJM3 IyBCTBUTEIHHOCTH,
OIUCAHHBIM HIZKe B moapasese 7.3.2. Jljisi Kaxioro mapamMerpa MCCIeI0BaJICs
3aJ[aHHBII IUana30H co cieaymuMu maraMu: Adya, = 0.1, Adgist = 0.2, AN =
0.1u Ad € {8,16,32,48,64}. Tannble 3HAYEHNSI JEMOHCTPUPYIOT ONITUMABHBIH
GATAHC MEXK /Ty KOMIIAKTHOCTHIO KJIACTEPOB BHYTPH OO'bEKTOB U UX JOCTATOTHBIM
pazjienenneM B mpocTpancTse aMbeaauHros. OKOHYATEIbHBIE 3HAYCHUST ObLIN
0TOOpaHbI IO KpUTEepHio MakcumyMa F1-Mepbl Ha BaJUIAIlMOHHON BBIOODKE
JIUTsl KJII0UeBOro kiacca «Buildings.

IIpenmoxkennast byHKIHUS TOTEPh 06JIQIaET CJIETYIONMNUMU 0COOEHHOCTIMU:

1 https://docs.pytorch.org/docs/stable/generated/torch.nn.functional.one_hot.html
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HUckarouenue obaacmets nepexpumud. [lpu Berauciaernn Ly, MUKCEH,
HaXOJSIIMECsT B 00JIACTAX MEPEKPBITHII 00bEKTOB, NCKIIOYAIOTCS U3 Pac-
CMOTpEHU. STO KPUTHUYIECKHN Ba2KHO JIJId JaTacCceToB, I'JIie O6’]3€KT])I qacTo
JACTUYHO TIEPEKPHIBAIOTCsI (HATIPUMED, J€PEBbs, 3/IaHNsI, TPAHCIIOPTHBIE
CPeJICTBA).

HUepapruueckasn obpabomxa. Pyukuus morepb paboTaeT Ha ABYX yPOBHAX:
CHa4vaJIla BBITUC/IAIOTCA JIOKAJbHDBIE XapaKTE€PUCTUKN O6'beKTOB (I_[eHTpI)I
Macc), 3aTeM aHAJM3UPYIOTCs IVIOGAJBHBIE OTHOIIEHHST MKy O0beKTaMu
(monapHbIe PACCTOSHUA).

Adanmavyusa x pasromy Koauuecmsy obsexmos. s n3o0paskenuii ¢ ofl-
HUM WJIM OTCYTCTBHEM O0BEKTOB Ljjst HE BBIUUCIISIETCs, IPEIOTBPAIIAs
HECTaOUIBHOCTb O0YYeHHUS.

Banancuposxa xomnonenm. Kosaddunmenr A mos3posisier peryampoBaThb
OTHOCUTEJILHBI BKJIa I CEMAHTUYIECKOU 1 HMHCTaHC-CerMeHTallul B COOT-
BETCTBUU C TPEOOBAHUSMU KOHKPETHOM 3a,/1a9u.

IIponieypa BeIducaeHus QYHKIIUN TOTEPD J7IsT OTHOTO M300parKeHMs
BKJIIOYAET CJIe/LyOINe MAaru:

1. Unentudukanus ooberToB. OnpesesieHne YHUKAJIBHBIX 1D 9K3eMILIsipoB
Ha u3obpaxkernu (uckirodas dou ¢ ID=0).

2. Bwruuciienune neaTpoB macc. Jjist KaxKqoro o0bekTa ¢ UCKIIIOUYeHIEeM
nuKcejieil B 00JIaCTSIX IEPEKPBITUIl BBIYUCIISIETCST [EHTP MACC €ro
SMO€ I IMHTOB.

3. Boruncienune Ly, — CpeIHEr0 KBAJIPATHIHOTO MTPEBBIIIEHUST PACCTOSTHII
SMOE/IJITTHIOB OT IIEHTPA HAJT TIOPOTOM Jyyy.

4. st Bcex map o0beKTOB BhIgucieHue mrpada Lyiss , €CJIU PACCTOSTHIE
MEKJIy UX IEHTPAMU MEHBINE Jgist, C YCPEIHEHHEM IO BCEM HapaM.

5. I[MapamnnenpHoe BBIMUCIEHIE KPOCC-IHTPOIMHHON MOTEPU JJIsT CEMAHTHYIe-
ckoit cerMeHTaINN Lsemantic-

6. Arperanus. CymMMupoBaHie KOMIIOHEHT C IIPAUMEHEHnEM OaJIaHCUPYIOIIEro
KO})(b(i)I/ILLI/IeHTaZ ‘Ctotal = ACsemautic + )\(ﬂvar + Edist)-

6. OpraHunsauus koHsenepa nHdgepeHca

Komugeitep nndepenca peasmsyer mporemaypy npeodpa3oBaHusi BXOTHOTO
uzobpakenus X € R3*HXW g papopammaeckyio MacKy CerMEHTAIIIH C TIOCIE-
JyIOIell Bu3yasu3alyeil pe3ysibraroB. Konseitepa nndepenca peasmnsyer
CJIEJIYIOIIEe OCHOBHBIE 3TAllbl 00PabOTKHI — CErMEHTAIINIO, KJIACTEPU3AIUIO
9MOE/ITMHIOB, (DOPMUPOBAHIE UTOIOBOI MACKU M PEe3yJibTaTa.
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6.1. CemaHTnyeckas n ambeganHroBas cermeHrauus

Ha mepBoMm sTame Bxomgaoe n3obpakernne X MPOXOIUT Yepe3 MOIUUIIT-
posanuyio U-Net apxutektypy My, oOy<ueHHYIO JIJIsI PEIIeHNs] COBMECTHOM
3a/1a91 CEMAHTUIECKON W MHCTAHC-CEeTMEHTAINN:

My (X) = (Ysem7 Yemb), rae
Yoom € REsem*HXW _ conapruueckne goruTsr (cbIpble, HEHOPMAJIN30BAH-
uble oneHkn) s Csey, KJIACCOB;

Yomp € RHXW d-mepublie 3M6eyMHTY (BEKTOPHDIE TIPEJICTABICHNUS
HU3KOI PasMepHOCTH, COXPAHSIOIINE CEMAHTHIECKYIO BJIM30CTD) JJIs
KaXKJIoTo muKcessd. B aroit 3amucu:

Csem — 00lliee KOJIMYECTBO CEMAHTHIECKUX KJIAcCoB (BKJOYas (oH);
H, W — BbicoTa 1 mmupuHa n300parKeHnsl COOTBETCTBEHHO;

d — Pa3MEpPHOCTH CKPBITOrO IMOEJIMHT-TIPOCTPAHCTBA, BLIOPAHHAS JIJIsT
obecrievennst TUCKPUMUHATHBHOCTH TIPU3HAKOB.

ZHXW

Kapra cemanTnyecknx KjaaccoB Mgey € MIOJTydaeTcsl IPUMEHEHNEM

oIlepaIuyu arg max I0 KJIacCOBOIl OcH:

Mgem[i, j] = argmax Yeem|c, 1, 5], Vi€ [1,H],j € [1, W], rae

Mgem [i, ]] — WUTOTOBBINA IIPEJICKA3AHHBINA KJ1acC (uenoqﬂcneHHHﬁ I/IH,ILEKC)
IS TIUKCeJId ¢ KoopauuaTamu (i, f);

arg max, |—omeparop, BO3BPAIIAONINN HHJEKC ¢ KJIacca, JUIs KOTOPOTo
sHadeHne Joruta Ysem|[C, 7, j| MAKCUMAJBHO.

6.2. Knacrepunsauus ambegauHros

Jnist mukceneit, OTHECEHHBIX K PUOPUTETHON KATErOPUU, UCIIOIb3YeTCs
anroputm “?DBSCAN (Density-Based Spatial Clustering of Applications
with Noise) B npocrpancrse sMbeJIMHIOB

{Sk?}]f;{:]_ - DBSCANe,m ({Yemb[i?j] : Msem [Za]] S T}) ) rjae
T C{l,...,Csem} — MHOXKECTBO HHIEKCOB KJIACCOB THIA «00beKT> (things),
[OJIJIEXKAIIIX MHCTAHC-CErMEHTAINN;

€ > 0 — rumepnapamerp, MaKCHMAJbHOE PACCTOSHUE MEXKTy IBYMsi 0Opas-
[[aMU B OKPECTHOCTH JIJIsl X OO'bEIMHEHUsI B OIUH KJIACTEP;

m € N — runeprnapamerp, MUHIMAJIHHOE KOJIMIECTBO 0OPA3IIOB B €-OKPECTHOCTH
TOYKU JjIs 0OPAa30BaHUs siIpa KJIACTepa,;

12 https://scikit-learn.org/stable/modules/generated/sklearn.cluster .DBSCAN.html
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{Sk}E_ | — urorosoe MHOXKeCTBO KJIaCTEpOB, Ijie Kaxplil Kiaactep Sy
peJicTaBiIsieT coboit MHOXKeCTBO KoopyuHat nukceesedt {(i, j)}, npunase-
JKAIMIX OJTHOMY 9K3EMILISIPY 00beKTa;

K — obmiee Koyin4ecTBO OOHAPYKEHHBIX KJIACTEPOB (IK3EMILISIPOB).

6.3. PopmuposaHne NTOroBoin Mackm

IManopamuaeckas Macka Mgpa € Z7 W (bunanbHAs pasMeTKa, 00 HEINHS-

IOIAsT CEMAHTUKY U 9K3eMILIAPDI) (POPMUPYETCs 00bEINHEHNEM CEMAHTHICCKUAX
METOK Jjisd KJyaccoB «don» u KiaccoB-marepuii (stuff) ¢ ynukanbubimu
nIeHTUDUKATOPAMH JIJIsT KAyKJIOT0 9K3eMIUISIPa KIaccoB-00beKToB (things):

Miemli, j],  ecmn Mem[i, j] € S,

Mtinali, j] =
" [ } Koffset + ka el (27]) € Skv riue

S c{l,...,Csem} — MHOXKECTBO MHJICKCOB KJIACCOB THIIA «OOBEKT», JIJIsI
KOTOPBIX IPUMEHSIeTCs KJIACTePU3AIUs IK3EMILISPOB;

K ofset — nenounciennas KoncranTa cmernenns (00br4H0 Kofset = Csem),
rapaHTuUpyIoNiasl, YTO YHUKAJIbHLIE UACHTU(PUKATOPLI IK3EMILIIPOB
(Koffset + k) HE TIEPECEKAIOTCS ¢ CEMAHTHIECKAMH WHIEKCAME KJIACCOB U3
S;

ke{l,..., K} — unjuekc KIacrepa-sK3eMILIAPA, MOJLYIeHHOTO Ha TIPe/Ibl-
JlyllleM Iare.

Takum 0bpazoM, nuKcesH, TpUHAIeXKaue hOoHy WiIn 00bEeKTaM KJIaCCOB-
MaTepuil, COXpaHAIOT CBOU CeMaHTUYEeCKHEe METKH, a KaKJbIi IHUKCEJb,
[IPUHAJIEXKAIII 9K3eMILIAPY 00bekTa k, MOJydaeT YHUKAJIBHBIN 11eJI0YNCIIeH-
HBII UIEHTUPUKATOP.

6.4. Busyanusauusa pe3ynbraTtos

st Kak 1010 0OHAPYKEHHOTO 00bEeKTa k BBIYUC/ISIETCS YBEPEHHOCTH
Cr € [0,1] Ha OCHOBE OTHOCHUTEJLHOW IUIOIAJU €ro OrPAHMYUBAOIIErO

. kahk
= 2Tk .
Cr mm(WxHxa’ 0)7

e Wy, hi, — pasMepsbl OTPAHNIUBAIONIErO IpsiMoyToabauKa, W, H — pa3mepsl
n3obpazkenusi, @ = 0.1 — Ko3pOUIMEHT HOPMATHIAIINH.

OpPAMOYTOJIbHUKA:

Buzyauzarust ncnonab3yeT MBETOBYIO CEMaHTUKY JIJIsI HHTYUTHBHOTO
BOCHPUATHUS YPOBHSA YBEPEHHOCTHU:

3eaénoili — BpicoKas ysepennocts (Cy > 0.7).
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Opanorcesoiti — cpepnss ysepernocts (0.5 < Cp < 0.7).
Kpacnoti — nuskag ysepernocts (Cr < 0.5).

Kongeitep mpeiocTaBiisieT KOTUIECTBEHHYIO CTATUCTUKY:

Obwee Koauwecmeo oOHAPYHCEHHBLT 06BEKMOE C TIOPOTOM YBEPEHHOCTH,
SN =8 IC >
IPEBBIIIAIONIIM 3HAYCHHUE Teont © N = Y 11 I(Ch > Teont)-

A | K
Cpednas yeepennocmv: C = « > 14 C.
Pacnpedesenue 10 ypoBHAM yBEPEHHOCTH.

6.5. BbluncnutenbHbie xapakTepucTuku

IIpentoxkeHHbI METO, 06PAOOTKU 00JIATAET CJIEIYIOMIMMU KJIIOYEBBIMI
BBIYUCIATEILHBIMUA OCOOEHHOCTSIMMU:

Adanmuenas xaacmepusavyus. Ilapamerpsl knacrepusanun DBSCAN
(pazuyc OKPECTHOCTH € M MUHUMAJIHLHOE KOJUYECTBO TOYEK M) HE
ABJIAIOTCHA (bHKCI/IpOBaHHbII\H/I 1 aBTOMATUYIECKU IIOJCTPAUBAIOTCA B
3aBUCHUMOCTHU OT JIOKAJIbHOM IJIOTHOCTH O6'])€‘KTOB Ha I/1306pa}KeHI/H/I.

Vemparenue nepexpoimuti. st IOBBINEHUS TOYHOCTHA CECMEHTALMKA 00-
JIACTH, TJe OOBEKTHI BU3YAJbHO MMEPEKPBIBAIOTCS, TPEABAPUTEIHHO
UCKJTIOUAIOTCH U3 aHAJU3a U HE yIaCTBYIOT B KJIACTEPUIAIUN.

Duavmpanyus wyma. B pesynbrare KIacTepu3alud aBTOMATHYECKH 0TOpa-
CBhIBAIOTCA He6OJIbHII/Ie CKOILIEHHA TOYEK, KOTOPbIE IIPU3HAIOTCA ONIYyMOM
(KTaCTepBI ¢ IMCIIOM TIHKCesIell MeHee 3aJAaHHOTO MOPOTa My )-

Paboma ¢ ucxodnvim paspeweruem. Bee BHIMUCIUTEILHBIC STAIBI, BKJIIO-
Yad KJIaCTepu3allnuio, BBIIIOJIHAIOTCA HEITOCPEJACTBEHHO C UCXOJHBbIM
n300paxkenneM paspemrenneM H x W nukcesteit, 9T0 0O3BOJIsIET COXPAHUTH
MaKCHAMaJIbHYIO JIeTaJIN3alHIO.

Crootcnocms anzopumma. BpemeHHast CJI0XKHOCTD MIOJIHOTO KOHBelepa
OlCHUBaETCA KaK:

O(H x W x (Csem +d+ Nclusters)); rae

Csem — 9HCTIO CEMAHTHYECKUX KJIACCOB,
d  — pa3sMepHOCTb IPHU3HAKOBOI'O BEKTOPA,
N justers — CPeJIHEE UUCIIO KJIACTEPOB.

Tpebosarus x namamu. s xpaneHneM CeMAHTUYIECKUX KAPT U MHO-
FOMEPHBIX TPU3HAKOB JIJIsT KaXKJIOr0 MUKCEsT HEOOXOUMa, ITaMsITh
pasmepa:

O(H x W x (Csem + d)).
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7. dkcnepumeHT
7.1. Ycnosus n napamerpbl 00y4HeHus

Mogens My, apxuTeKTypa KOTOPOil IpUBeIeHa Ha PUCYHKE 1, MCCIeI0Ba-
JIach Ha CIIEI[AJIN3UPOBAaHHOM gaTtacere aspodorocanmkos TTTTK
«PockamacTpy, MoJly4eHHbIX ¢ IOMOLIBIO0 KBajpokonrepa [35]. daracer
Bryrouaer 435 RGB-u300parkennii BBICOKOTO pa3pelieHnsi ¢ COOTBETCTBYIOIIUMI
annoTanusaMu B dhopmare JSON (“LabelMe). cxoubie u306parkeHust
obJtajIasIu pa3anaHbIMu padMepamu. s obecriedenus enHOOOpa3us Ha
BXO/Ie MOJIEJIN BCe M300paKeHusi ObLIN IPUBEMICHBI K €IUHOMY pPa3Mepy
512 x 512 nukceseit. CoOTBETCTBYIOINNE U3MEHEHUST OBLIN BHECEHBI U B
JSON-aiiyibl ¢ aHHOTAIUSAMU — KOOPAUHATLI OJUIOHOB BCEX OOBEKTOB
ObLIN IIepeMacIITabupPOBaHbl C COXPAHEHNEM OTHOCUTEJIBbHBIX IIPOIOPIUI 1
[IPOCTPAHCTBEHHBIX COOTHOITEHUIA.

Kazxkaprit JSON-daiian comepKuT noJIMroHaabHyo Pa3MeTKy 00beKTOB
CJIEJIYIONIMX [IATH CEMaHTUIECKUX KJIACCOB:
Jlaunvit domur/xommedoc (Merka «Buildings ) — 12470 sk3eMILIAPOB;
Tenauya (merka «Greenhouse»)— 6450 5K3eMIISPOB;
Xosnocmpotixa (merka «Outbuilding» ) — 2 150 sK3eMILIspOB;
Tparcnopmmnoe cpedemeo (merka «Vehicle»)— 1516 sK3eMILIsSIpoB;

Baccetin (merka «Swimming» ) — 490 9K3eMILISAPOB.

Ob61ee KOMMIECTBO pasMeUeHHBIX 00beKTOB — 23 076. Ocoboe BHUMaHME B
IKCIIEPUMEHTE YIEI0Ch KacCcy mHcTaHc-cermenTarnn «Buildings, aro
00bACHIAETCsT €r0 HAanbOJIbINel TIPeICTaBICHHOCTRIO B gaTacere (6osee 54%
oT 00IIero 4nucia 06bEKTOB) U MPAKTHIECKON 3HAYUMOCTBIO JJIsd 38129
ABTOMATUIECKOIO KapTOrpahupoBaHus 1 aHAIM3a 3aCTPORKH.

JlaTacer OBLT pa3mesieH Ha TPEHUPOBOYHYIO, BaIMIAIIMOHHYIO U TECTOBYIO
BeIGOpKH B riponioprmu 70%:15%:15% c coxparenunem 6ananca KIacCcoB B KaxKI0i
u3 Hux. st obecrievueHust perpe3eHTaTuBHOCTH Pa3bUeHusl UCIOIb30BAJIACh
cTpaTudUINPOBaHHAsI BEIOOPKA 0 IJIOTHOCTH OOHEKTOB Ha M300PaKEHUAX.

Momens My nccnemoBaiach CO CIEAYIOMIMA TTapaMeTPaMU:

Bzxodnwie xanaav: 3 (RGB).
Paszmeprocmv ambeddureos: d = 32 (cm mmxke Tabi. 4).
Koauvecmeo cemarmuueckut xaaccos: Csem = 6 (dor + 5 06bekToB).

T'untepiapamMeTpbl 00yUIeHUS MOJIEIIH:

13 https://github.com/wkentaro/labelme


https://github.com/wkentaro/labelme
https://github.com/wkentaro/labelme
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Onmumusamop: AdamW™'* ¢ napamerpamu:

Cropocmo obyuenus: Ir = 1074

Bec samyzanus: weight decay = 1074,

By = 0.9, B2 = 0.999.
ITranuposwur ckopocmu obyuenus: CosineAnnealingLR*™®
Maxcumanvroe Koasuwecmseo anox: Tmax = 200.

Pasmep 6amua: 4 nzobpazkenus: (orpanuyueno namsitbio GPU).

Pannas ocmarnosra (EarlyStopping™'®):

Tepnerue: 15 smox.
Murumanvroe yaywwenue: Api, = 1075,

I'paduenmnoiti xaunnune: Hopma rpaauenTos orpanndena 3Hadenuem 1.0.

Mauterit pazmep 6aTda 00yCIOBIEH OOBITIM pa3penteHneM n300pazkeHuit
(512 x 512 nukcelieil) 1 MHOOKAHAJIBHBIMU IIPOMEZKY TOUHBIMU IIPEJICTABICHUSIME
B U-Net apxurekType, KOTOpbIe TPEOYIOT 3HAUUTEIbHON BujeonamsTu. [Ipn
ucnosnbzopaann GPU ¢ 32 I'B mamsitu (NVIDIA Tesla V100) mMmakcnmasbHbIi
pasmep OaTya s obecrievenust crabmibHol pabors Batch Normalization u
[peIOTBPAIEHNsT OMMOOK HeXBATKY HaMaTh (out-of-memory) cocTaBu yeTbipe
n300pazkeHust. IKCIEPUMEHTHI ¢ HAKOILIEHUEM TPAJIUEHTOB JIJIsT SMYJISIIIUN
6oJIbIIrero pasmMepa b6arda He MOKA3AJM 3HAYUMOIO YJIyJIeHns] Ka9eCTBA.

Pannsist ocraHoBKa NpuUMeHsJIaCh IPU OTCYTCTBUU YJIyYIlIEeHUs] BAJIU-
JAITMOHHON (PYHKIIMHU IIOTEPh B TedeHne 15 1mocsieqoBaTeIbHbIX 10X, IIe
VITyIIeHneM CIHTAJIO0Ch CHIDKeHHe loss me Memee uem Ha A, = 1075, IIpn
cpabaTbIBAHUN MEXaHM3Ma MOJIEIb aBTOMATHYECKH BOCCTAHABINBAJIA BECA U3
SIIOXU C HAWJIYYIIUM 3HaYeHHEeM BaJIUJIaIOHHOro loss.

DKCIEPUMEHTDI TPOBOIWIINCEH Ha BHIYUCIUTETHLHOM KJIACTEPE CO CIIEYIONIeit
KOH(Uryparmeii:
GPU: NVIDIA Tesla V100 (32 I'B namsitn).
CPU: Intel Xeon Gold 6248R (24 sypa).
Onepamusras namams: 128 T'B DDR4.
I10: Python 3.12.12, PyTorch 2.9.0+cul26, CUDA 12.6.

OrcnexuBaBimecs: Ha KaxKJI0i 9110Xe B IIporiecce 00ydeHusT METPUKA Ha,
TPEHHPOBOYHON U BAJIMIAIMOHHON BBIOOPKAX, IIPEICTABJIEHBI HA PUCYHKE 2.

14https ://docs.pytorch.org/docs/stable/generated/torch.optim.AdamW.html

l5https ://docs . pytorch . org/ docs / stable / generated / torch . optim . 1r _ scheduler .
CosineAnnealingLR.html

16h‘t‘tps ://docs . pytorch . org/ignite / generated/ignite . handlers . early _stopping .
EarlyStopping.html


https://docs.pytorch.org/docs/stable/generated/torch.optim.AdamW.html
https://docs.pytorch.org/docs/stable/generated/torch.optim.lr_scheduler.CosineAnnealingLR.html
https://docs.pytorch.org/ignite/generated/ignite.handlers.early_stopping.EarlyStopping.html
https://docs.pytorch.org/docs/stable/generated/torch.optim.AdamW.html
https://docs.pytorch.org/docs/stable/generated/torch.optim.lr_scheduler.CosineAnnealingLR.html
https://docs.pytorch.org/docs/stable/generated/torch.optim.lr_scheduler.CosineAnnealingLR.html
https://docs.pytorch.org/ignite/generated/ignite.handlers.early_stopping.EarlyStopping.html
https://docs.pytorch.org/ignite/generated/ignite.handlers.early_stopping.EarlyStopping.html
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7.2. Pe3ynbratbl 00y4eHus

CpeHee BpeMsi 00y YeHUsI OJIHOI STOXU COCTABUJIO 3 MUHYTHI 12 CeKyH/I.
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PucvyHOK 2. I'pacduky MeTpUK TOYHOCTH MOJIEIH JJIsI [IEJIEBOIO

KJtacca mHcTanc-cermentarn «Buildings B mporiecce e€ o0y4uenus

U BaJIUJIAITAN

(e) 'apmonmnyeckoe cpejiHee TOYHOCTH U

O6mee Bpemst 00y aeHust 710 cpabaThIBaHUsT paHHEH OCcTaHOBKH (95 smoxu) —


https://docs.pytorch.org/ignite/master/generated/ignite.metrics.IoU.html
https://docs.pytorch.org/ignite/master/generated/ignite.metrics.precision.Precision.html
https://docs.pytorch.org/ignite/master/generated/ignite.metrics.recall.Recall.html
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pubau3nTeabHo 5 Yacos. IIpomomkuTesbHOCTE 00yYeHNsT O0yCIOBIIEHA
caenyomuMu GakTopaMu:

« Bricokoe pasperenue nzobpaxkernii (512 x 512 nukceseit), Tpebyroriee
00paboTKU OOIBITOTO 00bEMA TAHHBIX HA KaXKIOH SITOXE.

« MHOro3amagublit XapakTep MOIEIN C OTHOBPEMEHHBIM BbIUUCJICHUEM
CEMAHTUYECKON 1 9MOEJINHIOBON KOMIIOHEHT (DYHKITUH ITOTEPh.

* HeobxommmMoCTh cOXpaHeHUsT MPOMEXKYTOUHBIX TPU3HAKOB st skip-
KOHHEKTOPOB, YBEJNINBAIOMAs TPEOOBAHUS K MAMSATH U BBIUMCIEHUSIM.

st cpaBrenust, o0y4enue kiaaccudeckoit Mask R-CNN (ResNet-50-FPN)
Ha TOM Ke Jaracere U 0DOPYIOBAHUU JIO COMTOCTABUMOIO YPOBHSI KA4eCTBa
(IoU =~ 0.81) 3aHsw10 8.5 4acoB. DTUM IIPEJJIOKEHHAs] ADXUTEKTYPA IIPOJIe-
MOHCTPHUPOBaJa BHIUTPHI B 41% 1o BpeMenn o6y4eHus Ipu COXPAHEHUT
KOHKYPEHTOCIIOCOBHOH TouHOCTH (I0POGHOCTH B CJICYIOIIEM Mojpa3zeie 7.3).

Cpentee BpeMsi undepeHca 0IHOro nu3obpazkenns pasMepoM 512x512
cocrasuiio 62 mc Ha GPU NVIDIA V100 (32 I'B), Bkirouast HOJIHBIN UKL
npsiMoit poxot cetu u dtan Kiacrepusamun DBSCAN. Ha 6ostee moctymmoit
sugeokapre NVIDIA RTX 4090 (24 I'B) Bpems undepenca yBeuIuBaeTcs 0
78 mc. Pazuuniia Bo BpeMeHn MKy OOyUeHreM M MHMEPEHCOM O0bICHIETCS
OTCYTCTBUEM Ha, 3Talle WHMEPEHCa 3aTPaTHBIX Olleparnii 06paTHOro pac-
IIPpOCTpaHeHUA OHII/I6I(I/I7 O6HOBJIeHI/IH BE€COB U I'PaIMEHTHBIX BBIYYUCJICHUIA.
Kpome Toro, mporenypa kiracrepusanuu ONTUMI3APOBAHA: TPUMEHSIETCS
npubsmkénneiii Bapuant DBSCAN ¢ npenBaputesibHOil buiibrpanyeil nukce-
JIell 110 CeMaHTUYeCKOil MacKke U yMeHbIeHueM ducia Touek (downsampling
AMOEIUHTIOBOIO 11015, YTO CYNIECTBEHHO CHUXKAET HAKJIAIHBIE PACXOIbI
TOCTOOPAbOOTKM.

Hauyummue pesyabrarsl JOCTUTHYTHL Ha, 95-if 3110Xe 00ydeHUsT U MPeICTaB-
JIeHBI B TabJmiie 1.

TABMUUA 1. Merpuku mMoenu Ha 95-if smoxe (Jydinme Beca)

MeTtpuka O6yuyenue | Banugauus | Pasnuna
Loss 0.240 0.250 0.010
Learning Rate 5.59 x 10~°

Pixel Accuracy 0.985 0.970 0.015
mloU 0.880 0.800 0.080
IoU «Building» 0.892 0.812 0.080
Precision «Building» 0.905 0.885 0.020
Recall «Building» 0.880 0.875 0.005
F1 «Building» 0.892 0.880 0.012

U3 Tabunpl BUIHO, 9TO MOJIEJb J€MOHCTPUPYET YCTORIUBYIO CXOAUMOCTD.
Ha6urromaercst yMepeHHBIil pa3phIB MEXKJLy 3HAUEHUsIMU (DYHKIMH [OTEPh HA
obyuaromeit (0.240) n sammpanuonsoit (0.250) BbIGOpKax, cocrassomuit 0.010.
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Mojesb 1ocTUTaeT BHICOKHUX MTOKA3aTes el MEeTPUK TOTHOCTH Ha 00y daroreit
BBIOOPKE, IIPU 3TOM COXPAHSIA XOPOIIee, XOTs U HECKOJIbKO CHIYKEHHOE, KAueCTBO
Ha BaJIMIAIMOHHBIX JaHHBIX. OCOOEHHO MOKa3aTeIbHBI 3HaYeHns Fl-score
niga Building: 0.892 ma oby4aroreit Bbibopke u 0.880 Ha BaIUIAITMOHHOIL,
YTO CBUIETEJIHLCTBYET O XOPOIIeM OajiaHce MeXKIy TOYHOCTBHIO U IIOJIHOTOMH.
HaGmmonaercst ymepersbiit paspbis (8-11%) mexxiy mMeTpukamu Ha obyuaroniedi
U BaJIMJIAIMOHHON BBIOOPKAX, 9TO 00O'bACHIETCSI TIOBBIIIIEHHOM CJIOXKHOCTBIO CIIEH
BaJIMJIAIMOHHOM 110ABBIGOPKHU (IJIOTHASL 3aCTPOiiKa, YaCTUUHBIE [EPEKPBITHS
06bexToB). Tem He MeHee, cTabUIIbHAS CXOAMMOCTb U IETKUIl MUK KadecTBa HA
95-i1 31T0X€E CBUAETENHLCTBYIOT O XOPOIIeil 06001TAoIei CITOCOOHOCTH MOJIEJIN.

s peanmsanuu MoJiesin ObLia BhIGpaHa 6ubaunorexa PyTorch™. Uc-
XOJHBIN KOJI PeaJIU3AIUN MOJIEN U BCE SKCIIEPUMEHTHI JJOCTYIIHBI B BUIE
naTepaxTupHoro bokmora®™'® Jupyter na mrardgopme Google Colab.

Ha pucynke 3 mokasanbl pe3yIbTaThbl CEPMEHTAIMNA TECTOBOTO M300ParKeHM,
COZIEPZKAINEr0 YIACTKH C N30 IMPOBAHHBIMU 3/IAHUSAME, C YMEPEHHO! ¥ C ILJIOTHOMN
3aCTpOKaMU.

B Bepxuem psigmy, Ha pucyske 3a, 36 u 36, IOKa3aHbI UCXOJIHBIE CEMAH-
TUYIECKNE MACKU, BBIIEJISIONNE Bce 00beKTh Kiaacca «Building». Macku,
MIpEICTABICHHbIE B COOTBETCTBUU C IIBETOBBIM KOAWPOBAHUEM M3 pasnena 6.4,
CJIy?KaT BXOJHBIMU JIAHHBIMU JIJTsI TIOC/IEIYIONINX ITAIOB. DTOT Pl WILIIOCTPU-
PyeT UCXOIHYIO 3aady — HEOOXOIUMOCTDb PA3JIE/IUTh eIUHYI0 CEMAHTUIECKYTO
006JIaCTh HA OTJEJbHBIE SK3EMIUISPDI JAUHBIX JOMUKOB,/KOTTEIZKEN.

Cpemauit psiji, pucyHOK 32-3€, TeMOHCTPUPYET MEePeX0o/l OT CEMAHTHKHI
K 9K3eMILIFPaM Yepe3 BU3YATU3AIUIO IIPOCTPAHCTBEHHBIX IPU3HAKOB (aMbe-
JITHIOB). 3J1€Ch KaxK bl IMKCEsIb CIIPOEIUPOBAH B IPOCTPAHCTBO, TJIE ero
KOOD/IMHATHI OIIPEJIEJISIIOTCS HE IIBETOM, & CXOJCTBOM KOHTEKCTHBIX MPU3HAKOB.
Ha pucynke 32 mjist pazpexkeHHON 3aCTPOiTKY HAOIIOIAIOTCS I6TKO Pa3IesIéH-
HBbIE U KOMIIAKTHBIE KJIACTEPhI, UTO yKa3bIBAET HA BBICOKYIO Pa3IUIUMOCTH
00bexToB. [lo Mepe yBeUUeHUsT TIOTHOCTH 3aCTPOWKN HA PUCYHKax 30 U 3e
KJIACTEPBI HAYWHAIOT IPUJIETATh JIPYT K JAPYTY, & UX TPAHUIBI CTAHOBATCS
MeHee BbIPayKEHHBIMU, BU3YAJU3UPYsi TEM CAMBIM OCHOBHYIO BBIUHCJIUTEIBHYIO
CJIOYKHOCTD 3aJ[a9H.

Huzkawmit psiji, pucyHOK 30tc-3u, 0TOOparKaeT UTOrOBBI PE3y/IbTaT — KapTy
CErMEHTAIINU OT/IEJbHBIX 9K3EMILISPOB, MOy IeHHYIO MyTEM KJIACTEPU3AINN
sMOeauHroB. KaxK10My OTHeIbHOMY 3/IaHUI0 TPUCBOEH YHUKAJIBHBIN I[BET
coryiacHO pazjeny 6.4. Pe3ynbraTbl MOATBEPKIAIOT HAOJIOIECHUST: H30JIH-
POBaHHBIE 3/IaHUsI UPABUILHON GOpMbI (PUCYHOK 30/C) CErMEHTUPYIOTCS €
BBICOKOI TOYHOCTBIO M YBEPEHHOCTHIO. B yCJIOBUSX IJIOTHON M CJIOYKHOM

17 https://pytorch.org/docs/stable/index.html
18 https://colab.research.google.com/drive/1syACFrW4N1MKNUuNO871mJWkOQDgeYnj#scrollTo=
3mQXr-LDEkTF


https://pytorch.org/docs/stable/index.html
https://colab.research.google.com/drive/1syACFrW4N1MKNUuNO87lmJWk0QDqeYnj#scrollTo=3mQXr-LD5kTF
https://pytorch.org/docs/stable/index.html
https://colab.research.google.com/drive/1syACFrW4N1MKNUuNO87lmJWk0QDqeYnj#scrollTo=3mQXr-LD5kTF
https://colab.research.google.com/drive/1syACFrW4N1MKNUuNO87lmJWk0QDqeYnj#scrollTo=3mQXr-LD5kTF
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Pucynok 3. PeSyIII)TaTBI CerMeHTamnumn 00BEKTOB KJIacca Ja9HOIO

JIOMUKA, JJIsT TPEX TECTOBBIX CIEH

3acTpoiiku (pUCYHOK 33, 3u) aJrOPUTM, HECMOTDS Ha CJIOKHOCTHU, YCIIEIITHO
pazzaessierT OOJIBIMMHCTBO MEPEKPBIBAIONINXCA 00bEKTOB, XOTsI YBEPEHHOCTH
MOJIEJIH JIJTsl TAKUX 0DJIacTeil, KaK IMPaBUJIO, CHUXKAETCsI, YTO BBIPAYKAETCS B
MeHee CTabMJIBHBIX I'DAHUIIAX CETMEHTOB.
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7.3. CpaBHeHne c COBpeMeHHbIMU MeTogamMn CermMmeHTauumn

11 OleHKM KOHKYPEHTOCIIOCOOHOCTH TPETOKEHHOTO TTOIX0/1a ObLIa,
MIPOBEJIEHA CEPUST IKCIEPUMEHTOB TI0 COMIOCTABIEHUIO C PSIIOM COBPEMEHHBIX
METOJIOB CEMaHTUYECKONW U MHCTAHC-CerMeHTanun. Bee Mojenn obyJanch
W TECTUPOBAJNCH HA OJHOM M TOM K€ CIEIUAJU3UPOBAHHOM IATACETE
a’podOTOCHUMKOB C COXPAHEHNEM OJMHAKOBBIX CTPATErnii ayrMeHTAlu U
pasmmanuu. Jljis MeTooB, m3HAYAIBHO IIPEIHA3HAYEHHBIX JJIsl JaTaceTOB
oburero nHasznauenusi (COCO, Cityscapes), Gblin aaNTUPOBAHBI BXO/IHbIE
paspelliennst 1 IpoBejieHo noobyuenne (fine-tuning) Ha meneBoM maracere.
Pesynbrarsl cpaBHEeHUs 10 KJ/IIOYEBBIM MeTpHUKaM s Kjaacca «Building»
npejcTaBiaensl B Tabsure 2.

Tasnuna 2. CpaBHeHHE MPEJIOKEHHOIO METOJIA ¢ COBPEMEHHBIMEI
apXUTEKTYPaMH CErMEHTAITUN

Bpewmsa

Mertog (ron) IoU 1 | Fl-score T | mIoU 1 | undepenca

| (ms/img)
Mask R-CNN (2017) 0.824 0.875 0.795 150
Panoptic-DeepLab (2020) 0.835 0.882 0.810 80
Mask2Former (2022) 0.855 0.898 0.832 120
DINOv2 (2023-2025) 0.862 0.905 0.840 105
SAM 2 (LoRA-ananranus) (2024-2025) | 0.858 0.900 0.835 65
MR-DeepLabv3 ™ (2025) 0.854 0.902 0.838 88
OneFormer (2025) 0.865 0.908 0.842 95
IlpenJioxkennas (2026) 0.812 0.880 0.800 62

Kak BumHO m3 Tabauibl 2, TpeioKeHHas MOJIeJb JIEMOHCTPUPYET
cornocraBuMyto 3¢ dekTuBHOCTD ¢ KiaccudeckuM Mask R-CNN: eé TounocTb 110
ToU (0.812 mporus 0.824) u Fl-score (0.880 nporus 0.875) HaxoauTest Ha
OJTHOM YPOBHE, IIpU 3TOM ODecriednBas 3HAYUTEbHOe YCKOpeHne nHdepeHca —
62 mc. mporus 150 Mmc. Ha m300pakenue pazmepom 512x512.

Ilo cpaBHEHUIO ¢ COBpEMEHHBIMU TPAHCHOPMEPHBIMU APXUTEKTYPAMUI
(Mask2Former, OneFormer, DINOv2) npejaraemasi MoJeJib YCTYIIAET B
abcourrorHol TounocTu Ha 4-5% (manpumep, OneFormer gocturaer IoU
= 0.865), OIHAKO TIPEBOCXOJUT UX IO CKOpocTH B 1.5-2 pasa m TpeGyer
3HAYUTETFHO MEHbIIE BBIYUCIUTETHLHBIX PECYPCOB. DTO JIeTIaeT eé 0COOEHHO
[IPUBJIEKATEIHLHOM JJISI CIIEHAPUEB MaCCOBOI 0OPAOOTKU JAHHBIX B YCJIOBUSAX
OTPAHUYIEHHBIX PECYPCOB.

OcobeHHO TTOKa3aTeIbHO CPABHEHHUE C JIByMs CIIEIIUAIU3UPOBAHHBIMI
mozensimu 2025 roga:

SAM 2 (LoRA-azanranus ijis JUCTAHIMOHHOIO 30HIMPOBaHUA) obeciie-
YUBaeT COIOCTABUMYIO CKOpoCTh (65 Mc nporus 62 mc), HO TpebGyer
CJIOXKHOTO NaiIiaiiHa ¢ IPOMIITAMH U JI000y9IeHneM Ha dTale nHdpepeHca.
IIpenoxkennast Momesb, HAIPOTUB, PAOOTAET ABTOHOMHO U IIPOIIE
B Pa3BEPTHIBAHUU.



166 11.B. BUHOKYPOB

MR-DeepLabv3", onTuMmu3npoBaHHAS IS CEIMEHTAIMN 3AHUN, JIEMOH-
crpupyer Ha 4.2% 6Gosee BoicoKyio TounocTb (IoU = 0.854), onuako
paboraer ua 30% mezyennee (88 mc nporus 62 mc). s 3amaa onepa-
TUBHOTO KapTOrpadpUpOBaHUs U aHaIU3a GOJIBIIUX TEPPUTOPHIl TaKas
Pa3HMIA B CKOPOCTU MOYKET ObITh KPUTUIHOI.

Takum obpazom, mpegnoxkentas moaudunumpoBantas U-Net ¢ auckpumum-
HATUBHBIMU SMOE/[JIMHIaAMU [IPEJICTABIISIET COOOM MTPAKTUIHBIN KOMIIPOMICC
MEXK/JTy TOYHOCTBIO, CKOPOCTBIO MH(MEPEeHca N apXUTeKTypHOI npocToroit. Ona
0c00eHHO 3P DEKTUBHA JJI CIIEINAIN3UPOBAHHBIX JAHHBIX a3P0(dOTOCHEMKH,
rJie Tpebyercs Oasanc MeXK/Ty KadeCTBOM CErMEHTAIUH U IIPOU3BO/UTETHHOCTHIO
HA JIOCTYITHOM OOODY/IOBAHUH.

7.3.1. AHanuz 3Ha4UMOCTH KOMMOHEHTOB DYHKLUUM MOTEPD

B rabsure 3 npeicTaBieHbl pe3yIbTATHI HCCIEI0BAHNS BIUAHUS KO3bDU-
1eHTa O0AJTAHCHPOBKY \ U KOMIOHEHTOB IPE/IOZKEHHON (QyHKINHA TOTEPD Liotal-
Bce axcriepuMeHTh TPOBOIMIINCH ¢ (DUKCHPOBAHHBIME THIIEPIAPAMETDAMEI
(Ovar = 0.5, d4ist = 2.0) u pazmepHOCTBIO 3MOeMHIOB d = 32.

TAB/INIA 3. AHaJU3 3HAUMMOCTH KOMIIOHEHTOB (DYHKIMH HOTEPh
(MeTpUKHU Ha BaJMJAIMOHHOM BHIGOPKE)

Koudurypauus | IoU (val) 1 | Fl-score (val) 1 | mIoU (val) 1

Tlosmmaa (A = 0.5) 0.812 0.880 0.800
=0.3 0.775 0.858 0.762

A=0.7 0.782 0.863 0.769

Bes Lyar 0.732 0.826 0.715

Bes Laist 0.745 0.835 0.728

Tonbko Lsemantic 0.712 0.802 0.695

Pesysibrarhl MoITBEPKIAI0T KPUTUIECKYIO BaXKHOCTH 0O0MX KOMIIOHEHTOB
Loyar 1 Lgist I 33/1a91 THCTAHC-CETMEHTAIINN: UX UCK/IIOYEHNE TIPUBOIUT K
sameTHOMY TaieHnto Merpuk (cHmkenue IoU na 7-9%, mIoU na 8-9%). Orcyt-
crBUE 060UX KOMIIOHEHTOB (IIOCJIe/[HsIsl CTPOKA TabJIMIbI) IIPUBOIUT K Hauboee
3HAYUTEJILHOM JIErpaaliui Ka4ecTBa, YTO JeMOHCTPUPYET IIPUHIUITHAIbHY IO
POJIb SMOEJIMHT-OPUEHTUPOBAHHOTO O0YUIEHUsI JIJTsl PA3/IEICHUS IK3EMILISPOB.
Kosddbunment damancuposku A = 0.5 obecrieqnBaeT ONTUMATLHOE KAIECTBO,
MIPEBOCXOIs anbrepHaTuBHbIE 3HaveHus A = 0.3 mw A = 0.7 na 3-4% mo
OCHOBHBIM MeTpukaM. lTosiHast kondurypaiust ¢ A = 0.5 1eMoHCTpupyer
HaWJIY4IlA€e PE3yJIbTATHI IO BCEM METPUKAM.

7.3.2. YHyscTBUTENILHOCTL K runepnapamMeTpam

3aBUCUMOCTb KAYeCTBA MOJIEIU OT TUIEPIapaMeTPOB Oyar, Odist, A U
pa3mepHOCTH SMOEIIMHTOB d TIpejicTaB/ieHa B Tabir. 4.

Anayms IIOJIYIE€HHbIX 3HAYEHU BBISIBUJI cieayomue 3aKOHOMEPHOCTHU:
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TABMMLA 4. Bumsnune runepnapamerpos Ha merpuku (Fl-score
1tst kiacca «Building» )

ITapameTp dunanazon | OoTumym Bausinue
var 0.2,1.0 0.5 Bricokast 1yBCTBUTEILHOCTD
Odist 1.0,3.0 2.0 IITupokuit onTuUMyM
A 0.1,1.0 0.5 Bananc IoU u mAP
d (smbennuuros) 8, 64] 32 Hacpienue npu d = 32
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Hauboavwee sausnue Ha umoz0680e KG4ECMB0 0KaA3v8aeM NOPO2 Oyqr,
YNPABAAIOWUL KOMNAKMHOCTBIO IMBEdOun2-Kaacmepos. ONTIMAILHOE
SHAYEHME JIEXKHUT B y3KoM auamnasone [0.4, 0.6].

Hopoe paszdenerus dqisy umeem wuporut onmumym ([1.8,2.4]), aro corna-
cyercd ¢ €CTeCTBEHHOU BapuaTUBHOCTBIO paCCTOHHI/Iﬁ MEKIy O6’])€KT&I\/II/I
Ha ad9pPOCHUMKaX.

Kosgppuyuernm \ demoncmpupyem oxrcudaemoill KOMNPOMUCC: TIPA HA3-
KuX 3HadeHusix camxkaerca mAP, a npu Beicokux —nagaer loU. Onru-
MaJIbHBI Gasanc jpocruraercst B uarepsadte [0.4,0.7].

Kavwecmeo pacmém ¢ yseaunenuem pazmeprocmu d do 32, nocae wezo
nacmynaem wacviuerue. Boioop d = 32 obecrieunBaeT ONTHUMAIBLHOE
COOTHOIIIEHNE TOYHOCTU U BBIYUCIUTEIbHBIX 3aTPAT.

7.3.3. CpaBHeHue anbTepHaTUBHLIX PYHKLUI NOTEpb

B kadecTBe IOMOMHATENIHHOTO SKCIIEPUMEHTa ObLIa MCCIEI0BAHA BO3MOXK-
HocThb 3aMenbl Hinge Loss B koMmoreHTax Lyar U Laisy Ha Apyrue QyHKINN,
[IpUMeHsieMble B MeTprIeckoM o0yuernnu [38]. PesysbraTsl npencTaBieHs!

B TabJmmIe 5.

Tabmuia 5. CpaBHeHHe ajJbTEPHATUBHBIX (PYHKIUH TOTEPD 15
00y4eHus: SMOeITUHIOB

Tun dyukuuu | Fl-score T | mIoU 1
Hinge Loss (6a3a) 0.880 0.800
Contrastive Loss 0.875 0.792
Triplet Loss 0.876 0.794
Center Loss 0.872 0.789

OkcrepuMenT mokaszas, aro Hinge Loss, ncrop3oBaHHas B IPeJJIOKEHHOM
MeTo/ie, obecrieunBaeT HauIydime pe3yasTaTsl. Bosee coBpemennbie Contrastive

u Triplet Loss He nmokazanu 3aaanmoro yiydmienus (mpourpsim 0.4-0.8% no

Fl-score u 0.6-1.1% o mlIoU), TpeGysi npu 3TOM TIIATEILHOrO OA60Pa

TUIIEPIIAPAMETPOB U JEMOHCTPUPYS CKJIOHHOCTHh K HECTAOMIBHOCTU HA JTAHHBIX
C MaJIBIM KOJIMYECTBOM IK3EeMILIAPOB Ha M300parkeHue.
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8. Obcyxpaenune
8.1. KnioueBble npeumyLiecTBa apxuTeKkTypbi

T'maBHast 0COOEHHOCTD APXUTEKTYPHI 3aKJII0YACTCS B COBMECTHOM Pe-
[IEHUN 33J[a9 CEMaHTUIECKON M MHCTAHC-CEI'MEHTAIIUA B PAMKax €JIUHOM
MOJIEJIH, UTO TO3BOJIeT M30e2KaTh HAKOIJIEHUS OMMOOK, XaPAKTEPHOIO It
IIOCJIeTOBATEIBHBIX [TOJXO00B. IMOEJIMHI-OPUEHTUPOBAHHASI [TapaIurma, obec-
[EYUBAET T'UOKOCTD B PA3JIEJIEHUN TIEPEKPBIBAIOIINXCS O0BEKTOB U aJIAIITAIIIO
K Pa3/InYHBIM CIIeHaM depe3 HACTPONKY MMapaMeTpoB KJIACTEPU3AIIMH.

st a3podOTOCHUMKOB apXUTEKTypa ocobeHHo 3¢ dekTuBHa O1arogapst
COXPAHEHUI0 KOHTEKCTHOI mHbopMalmn depe3 skip-KOHHEKTOPBI U CIIOCOOHOCTH
00pabaThIBaTh OOBEKTHI PA3IUIHBIX MaciTaboB. Merputieckoe obyueHme B Mpo-
CTpaHCTBE 3MOEJIMHIOB CHUXKAET 1yBCTBUTEILHOCTH MOJE/N K M3MEHEHUSIM
YCJIOBUH CHEMKH, UTO KPUTHYECKH BAYKHO JIJIST JUCTAHIIMOHHOTO 30HIMPOBAHUS.

8.2. OrpaHunyeHuns u BbI3OBbLI

OCHOBHBIM OrpaHUYEHUEM ITOIX0/a ABJISIETCS MOBBINEHHAS BBITHCIATE b
Hasl CJIOXKHOCTD, CBsI3aHHASI ¢ XpAaHEHHEM U 0OpabOTKON IMOEITMHTOB M1 BCEX
nmKcesieil n3obpazkenusi. Knacrepuzamus DBSCAN MoxkeT orpaHndnBaTh
IIPOU3BOAUTEIHLHOCTh CUCTEMBI IIPU 00paboTKe M300parkKeHUil BBLICOKOT'O
pas3penieHus.

KaugecTBo nHCTaHC-CErMEHTAIIMY CYIIECTBEHHO 3aBUCUT OT IIPABUJIBHOIO
BBIOOPA TAPAMETPOB AJTOPUTMA KJIACTEPU3AINA U OaTaHCUPYIOmero Kodddurm-
enTa A B GyHKImH noTeph Liota U3 (1). Kpome toro, sdbdexrusrocTs MeToza
qyBCTBUTEJIbHA K KQUECTBY U COIVIACOBAHHOCTU Pa3METKH TPEHUPOBOYHBIX
JAHHBIX, OCODEHHO B 00JIACTSIX HMEPEKPBITHI 00HEKTOB.

8.3. BnusHune rnybuHbl apxuMTeKTypbl Ha Ka4eCTBO CermeHTaLum

BaxknabiM acekToM sABJISETCHA BJIMAHAE KOJIUIECTBA OJIOKOB SHKOJEPA U
JIEKOJIepa Ha, KadecTBO CerMeHTalnn. Beibop 4 ypoBHEl B TEKyIeil pean3aruu
[IPEJICTABJISET CODOI ONTUMAIBHBIN KOMIPOMUCC JIJIsI 331a9YN CErMEHTAIIII
a3poPOTOCHIMKOB:

« JlocTaTouHast riyOUHA JTsT U3BJIEUEHUs] TPU3HAKOB 00HEKTOB PA3HOTO
macmraba.

« MunumaibHO HEOOX0UMOe yMeHblienue paspemnienus (B 16 pas) nja
co3Manust nHHOPMATUBHOTO Bottleneck.

« CoxpaHeHue IPOCTPAaHCTBEHHON nHMpOpMaruu yepe3 3P PeKTUBHDIE
skip-KOHEKTODBI.

« YIpaBJjisieMblil pa3Mep MOJIEJIU Jjist O0yYeHUs Ha JTOCTYIHBIX BBIYHUCIIU-

TEJIbHBIX PECypcax.
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DKcrepuMeHTaIbHbIE HAOJIFOJIEHUsT [TOKA3BIBAIOT, UTO yBEJIMYEHUE TIyOrHbI
J10 5 ypOBHEl HE3HAYUTEJHLHO YIIydIIaeT KauecTBO CerMEHTAIK (IIPUPOCT
mloU menee 1%), no yBemuausaer Bpems oOydenus ua 40%. Ymenbiuenue 10 3
YPOBHEIl IPUBO/IUT K CYIIECTBEHHOMY CHI?KEHUIO KAYECTBA CETMEHTAIINH MEJIKUX
00bexTOB. Hamboibimuit BEIUTPHINT OT yBeIMIeHrsT TIyOUHBl HAOJIIOIAETCS [Tt
CJIOZKHBIX CIIEH C DOJIBIIUM KOJIMIECTBOM II€PEKPBIBAIOIINXCS OOBEKTOB.

8.4. MepcnekTuBbl pa3suTtus

HepCHeKTI/IBHbIMI/I HallpaBJICHUAMMN JIJIA 6y,H1yH_[I/IX I/ICC.HG,HOB&HI/Iﬁ ABJIAIOTCHA:

o Nlnrerpanysi MeXaHU3MOB BHUMAHUS JIJTsl YJIyYIII€HUS BbIIEJICHUS TPAHMUI]
OOBEKTOB.

o OnruMu3anysi BBIYACIATEIBHON 9 (MEKTUBHOCTH Yepe3 pa3peskeHHOoe
[peICTaBIeCHNE SMOEIUHIOB.

» Pacmupenne pyHKITMOHAIBHOCTHU IJIsI TIOIEPKKN CIa0000YIeHHOTO 1
MYJIBTUMOJIAJILHOTO 00y IeHuUst

« ABromMaruzanus moadbopa mapaMeTpoB KJIacTePU3AIUU.

HpaKTI/I‘{GCKaﬂ SHAYUMOCTHb METOJa OXBATHIBACT PAIJINYIHBIC O6.)'IELCTI/I7
BKJIIOYasd I'OPOJICKOeE IIJITaHUPOBaHUE, CEJIbCKOe XO35H‘/'ICTBO7 IKOJIOITIeCKUI
MOHHUTOPHHI' I CHUCTEMBbI 06e30IaCHOCTH.

3aknoyeHne

IIpenoxkennass apXUTEeKTypa MPEJACTABIAET COOOH cOATAHCUPOBAHHBIN
KOMITPOMUCC MEXKIy TOYHOCTHIO CErMEHTAINN, TMOKOCTHIO IPUMEHEHUS 1
CJIO’KHOCTBIO peasim3anui. HecMOTpsT Ha OIIPEIesIEHHY IO BEITUCIUTETbHY O
3aTPATHOCTH, METO/I JIEMOHCTPUPYET KOHKYPEHTHBIE PE3yJIbTATHI HA 3ajadax
cerMeHTaIu a3po@OTOCHUMKOB U OTKPBIBAET HOBBIE BO3MOXKHOCTH JIJIst
UCCJIeIOBAHUI B 00JIACTH COBMECTHOIN CEMAHTHYECKOIN M MHCTAHC-CerMEHTAIINH.
Hanbreiimas pabora OyeT HapaBieHa HA ONTHMU3AINIO TPOU3BOAUTEIHHOCTH
u pacmupenue GyHKIMOHAJBHBIX BO3MOXKHOCTEH METO/IA.
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