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O01mas xapakTepucTuKa padoThl

O0beKT Hcc/IeI0BaHUs, AKTYAJIBHOCTD M CTPYKTYpPa padoThl

OnHOW W3 3ama4 KOMIBIOTEPHOTO 3pPEHHs SIBISETCS 3ajada WM3BJICUCHHS WHQPOpPMAIMUA O
TPEXMEPHOU CTPYKTYpPE CIEHBI U3 ABYMEPHBIX M300paxkeHuid. C pa3BUTHEM KOMIIBIOTEPHOTO 3PCHUS
MOSIBUJIUCh METOIbI, TIO3BOJISIFOINNE aHATM3UPOBATH FCOMETPUIO TPEXMEPHBIX CIICH BCErO JIMIIb 10
OJTHOMY JTBYMEpHOMY H300pakeHu0. Kiacc n300pakeHuii aHTPOITOTEHHBIX CIICH (TOPOJICKUE CIICHBI,
CHUMKH, CJeJTaHHbIE B TIOMEIICHMSIX) TMPEICTaBIsCT OCOOBIM HWHTEPEC, IMOCKOIBKY QoTorpaduu
AHTPOIIOTEHHBIX CIICH COCTABIISIOT OOJIBIION MPOIECHT JIFOOUTEIbCKUX (ororpaduii, U, KpoMe TOrO,
OHM YaCTO COJEpXkaT OOJBIIOC YUCIIO JIMHHMA, KOTOPBIC SBJSIOTCS MPOCKIUSMH IMapauICIbHBIX B
TPEXMEPHOM CIICHE MPSIMBIX, JICXKAIUX HA OJHOU IUIOCKOCTH (HAIIpUMeEp, TMHUN TPaHMIl OKOH 3/IaHHH,
TPaHWIIBI CTEH 3JaHWH, JOpPOXKHAs pa3MeTKa). AHamM3 TEOMETPHH aHTPOIOTEHHBIX CIIEH
UCTOJNB3YeTCS B CHUCTEMax IIOMCKAa OOBEKTOB M PACIO3HABAaHUS JUIS TOBBIIICHUS TOYHOCTH W
HAJEKHOCTH MX paGoThl '. TaKke aHATH3 TEOMETPHH AHTPOIIOTEHHBIX CIICH 110 OXHOMY IBYMEPHOMY
H300P@KCHHUIO HCIONB3YeTCS Ui OPHCHTALMH B IPOCTPAHCTBE POOOTOB C OXHOM KaMepoil,
IOCTPOCHHH TPEXMEPHBIX KOMITBIOTEPHBIX MOJIENCH 3[aHMii TS CO3IaHNs TPEXMEPHBIX KapT”.

JlaHHasi paboTa MOCBsIleHa pa3padOTKe HOBBIX METOJOB aHajIH3a FEOMETPUU aHTPOIOTCHHBIX
CIICH W TIOCTPOCHHUS UX TPEXMEPHBIX KOMIBIOTEPHBIX MOJEJCH, MPEBOCXOIAIIMX IO TOYHOCTU U
HAJIKHOCTH CYIIECTBYIOIIHE METO/bl. [IOCTpOCHHE TPEXMEPHBIX MOJICNICH aHTPOIOTCHHBIX CIICH B
pelaromiel CTereH:H OCHOBAHO Ha PACMO3HABAHUU CEMEHCTB MapasUIeIbHBIX MPSAMbBIX. [lOmbITKaA
MPUMEHEHHST METOJIOB MAIIMHHOTO OOydYeHHWs Ui JaHHOM 3ajauyd TpuBeida K HEO0OXOAMMOCTH
MOJTyYCHHSI HOBBIX OIIEHOK JUTSI OIMOOK Kiaccu(UKaIuK, YeMy MMOCBSIIEHA MepBast IJiaBa padOTHI.

3a OCHOBY METO/Ia MAIIMHHOTO OOYYEHUs, IPEJIOKEHHOTO B TIEPBOIA IJ1aBe paObOThI, ObLT B3ST
LIHPOKO HCIOIB3YEMblil alropuT™M OyCTHHIra', KOTOPBIA CTPOHT JIMHEHHBIC KOMOHHALMH IIPOCTHIX
Kilaccu()UKaTOPOB M3 HEKOTOPOTO 33aJaHHOTO ceMmelcTBa. M3BeCTHO, YTO MpH HAJIWMYUHM IIymMa B
JTAHHBIX OYCTHHT CKJIOHEH K MepeoOyYeHuIo. B 3a1a4ax KOMITBIOTEPHOTO 3pEHHSI MPOICHT IIIyMOBBIX
O0OBEKTOB KakK MPaBWJIO OBIBAET OCTATOYHO BBICOKMM, YTO HETATUBHO CKa3bIBaeTCSI Ha pabore
Oyctunra. B maHHO#N paboTe pacCMaTpUBAIOTCS IPUYMHBI 3TOTO SIBJICHHS, U BBIBOISTCS HOBBIC OICHKH

00o0mIaromneil cnocoOHOCTH IS JIMHEWHBIX KOMOWHAIUK KIacCH(pUKATOPOB, OOJee TOYHBIE, YeM

"' Hoiem, D., Efros, A.A., Hebert, M..: Putting objects in perspective. // International Journal of Computer Vision, 80,
(2008), pp. 2137 — 2144.

2 Saxena, A., Sun, M., Ng, A.: Learning 3-D Scene Structure from a Single Still Image. // In Proc. of ICCV workshop on
3D representation for Recognition (2007), pp. 1 — 8.

3 Koutsourakis, P. Simon, L. Teboul, O. Tziritas, G. Paragios, N. Single view reconstruction using shape grammars for
urban environments. // In. Proc. IEEE 12th International Conference on Computer Vision (2009), pp. 1795 - 1802

* Freund Y., Schapire R., A decision-theoretic generalization of on-line learning and an application to boosting. // Journal
of Computer and System Sciences, 904 (1995), pp. 23-37.



CYILECTBYIOIIAS OLICHKa". [Ipemmaraercs HOBBIM METOJ TMOCTPOCHHUS JIMHEWHBIX KOMOHWHAIUI
KJIacCU(UKATOPOB, U TOKA3BIBAETCS, YTO MPEI0KEHHBIA METOI MUHUMHU3UPYET MOTYUYEHHBIE OLIEHKH.

Kak Ob110 CKa3aHO BBIIIE, TUHUU, MTApAIUICIbHBIE B PEAIbHOM CIIEHE, TPEIOCTABISAIOT IICHHYIO
uH(pOpMaIIMIO TSI aHadn3a TEOMETPUU AHTPOMOTeHHBIX clieH. OJHAKO CYIIECTBYIOIINE METOBI
IIOMCKA MPSIMBIX JIMHHI, B YaCTHOCTH LIMPOKO HCIIONB3yeMbIi Meron Xaga®, u IpyIIHpoBKH HX B
ceMeiiCTBa MapaiuIeTbHBIX MPSAMBIX' ) He 00/1a7afoT JOCTATOYHON TOYHOCTBI0 M HAZEKHOCTHIO. BO
BTOpPOIl T1aBe pabOTHI MpeajiaraeTcs HOBBIK METOJ TOHMCKAa MPSMBIX JIMHUA Ha KapTe Kpaes
M300paKeHUs, a TaKKe METOJ UX TPYNIUPOBKH B CEMEWCTBAa MapaulebHBIX JTUHUM, 00a merona
OCHOBAHBI Ha HCIIONIb30BAHMH ammapara rpagudecKux Mogelnei. B ormmume ot meroma Xadal’, B
MPEII0)KEHHOM METO/IE€ TOMCKa MpsIMBIX JIMHUNH He TpelyeTrcs pemarbh MNpoOieMy HaxOXACHUS
JIOKAJIbHBIX MAaKCUMYMOB, MO3TOMY METOJ He TpeOyeT HCHOIb30BaHUS TaKUX OBPHUCTHUK, Kak
MoJaBJIeHUE HE-MaKCUMYMOB.

CornacHo mpaBwWiiaM TIEPCIIEKTUBHOW MPOEKIIMH, MPOEKIMH KOIUIaHAPHBIX TMapalieIbHbIX
MPSIMBIX TEPECeKaroTCsl B OJHON TOYKE Ha IJIOCKOCTH M300pa)KeHHs, KOTOpasl Ha3bIBa€TCA TOUKOM
cxoma’. Touka cXoma 3amacT HalpaBJ€HUE NPSIMBIX JUHUHA M COOTBETCTBYIOIIMX IUIOCKOCTEH B
TPEXMEPHOM TPOCTpaHCTBE. Ecnum Ha W300paXE€HUM TMPUCYTCTBYIOT HECKOJIBKO CEMEHCTB
MapajuieNbHbIX JIMHUHM, JeXalluX Ha pa3HbIX IUIOCKOCTAX B TPEXMEPHOM MPOCTPAHCTBE,
COOTBETCTBYIOIIIME MM TOYKH CXOJa JIeKaT Ha OJHOM W TOM ke mpsaMmon. M3oOpakeHus
AQHTPOIIOI€HHBIX CLEH YacTO COAEPKAT HECKOJIBKO CEMENCTB FOPU30OHTANIBHBIX JIMHUM, JIKAUX Ha
pPa3HBIX BEPTHUKAIBHBIX TUIOCKOCTSIX (HAampuUMep, JTUHUU OKOH Jie)KaT Ha CTeHaxX JOMOB). B Takom
ciyyae mpsMasi, KOTOpas COJIEPKUT COOTBETCTBYIOLIME TOYKHM CXOJa, HA3bIBAETCS TOPU3OHTOM.
[Ipoexuuu mnapawieTbHBIX BEPTUKAIBHBIX JMHUWA TEPECEKAIOTCS B TOYKE, KOTOpask HAa3bIBACTCS
3eHUTOM. Bo BTOpol riaBe pabOThI TpeasiaraeTcs HOBBIM METOJ TOMCKa TEOMETPUYECKHUX
MIPUMHUTHUBOB PA3JIMYHbIX YPOBHEH (TMpsSMble TUHUU, TOYKU CXOJa, 36HUT U TOPU30HT) B paMKax OJHOM
BEpOSATHOCTHOM  Mojenu. IIowck OIEHKM MakCHMMyMa amoCTEPUOPHOM  BEpPOSTHOCTH  JUIA
MPEJIOKEHHON BEPOSTHOCTHOM MOJENH OCYHIECTBIISIETCS METOJAMH JUCKPETHOM onThuMu3anuu. B
OT/IHYME OT CYIIECTBYIOIMX METOIOB' °, TJ¢ TeOMETPHYCCKHE NPUMHTHBBI PasIHYHBIX yPOBHEH

O6H3py>I(I/IBaIOTC$I MMoCJICAOBATCIIbHO, B IIPEAJIaracMoOM METOAC OHU 06HaPY)I(I/IBaIOTC$I OIHOBPEMCHHO,

> Schapire, R., Freund, Y., Bartlett, P., and Wee Sun Lee.: Boosting the margin: A new explanation for the effectiveness of
voting methods. / Ann. Statist. Volume 26, Number 5 (1998), 1651-1686.

® Illingworth J., Kittler J. A survey of the hough transform // Computer Vision, Graphics, and Image Processing

Volume 44, Issue 1, October 1988, pp. 87-116.

" Kosecka, J., Zhang, W.: Video Compass. // In Proc. of European Conference on Computer Vision 7 (2002) pp. 476-491

¥ Tardif, J.P.: Non-iterative approach for fast and accurate vanishing point detection. // In: International Conference on
Computer Vision. (2009) pp.1250 — 1257.

? Criminisi A., Reid 1., Zisserman A.: Single view metrology. // International Journal on Computer Vision, Volume 40,
Number 2, (2000) pp. 123-148.



YTO TIO3BOJISIET W30€KaTh PACHPOCTPAHEHUS OMMOOK M JOOMTHCS OoJiee BBHICOKOW TOYHOCTH W
HaJIS)KHOCTH METO/1a.

Kak mpaBuiio, ropofckyio ClEHy MOKHO THPEICTaBUTh YIPOUICHHONH TPEXMEPHOH MOJEIbIOo,
KOTOpasi COCTOMT M3 HECKONBKHX ILIOCKOCTEH, COOTBETCTBYIOIIMX 3€MII¢ M CTEHAM 3IaHHIA
CyIIecTBYIOIHE METOAB! MOCTPOCHMS TAKHX TPEXMEPHBIX MOJCHeH ~ ' pabOTaroT HEIOCTATOYHO
HAJIS)KHO M HE MO3BOJIAIOT MOJyYaTh MOJIENN NIPUEMIIEMOTO BU3YalIbHOTO KadecTBa. B TpeThell riaBe
paboThl TpeaaraeTcsi ajlropuTM aBTOMATHYECKOTO IOCTPOCHUS TPEXMEPHBIX MOJENEH I0 OJHOU
¢dororpaduu anTponoreHHoi crensl. [IpennoKeHHBI METOI OCHOBAH HA paclo3HaBaHUM 00pa3oB U
WCTIOJNB3YET aJTrOPUTM MAIIMHHOTO OOYYeHHs, TPEAJIOKCHHBIM B TepBoil TiaBe pabotel. Ilomck
ONTHMAJIGHBIX MAapaMeTPOB TPEXMEPHOW MOJENN CBOAUTCA K OIEHKE MaKCHMyMa aloCTepHOPHOMN
BEPOSTHOCTH B IPa(HUUecKoil MOJEITH YCIOBHOTO CIIy4aiiHOrO MO~ H OCYIIECTBISETCS METONAMH
JTUCKpeTHOM onTuMuzanui. OpueHTalus BEPTHUKAIBHBIX IIJIOCKOCTEH MOJAETH OINpenessieTcss Ha
OCHOBE aHalIM3a MPSAMBIX JUHUA W TOYEK cXoxaa. [IpetoskeHHBI METOa IO3BOJISET IONyYaTh
TpeXMEpHBIC MOJIENT AHTPOIOT€HHBIX CIEH OoJiee BBICOKO BH3YaJbHOTO KadecTBA IO CPAaBHEHUIO C

1011
CyHICCTBYIOIIMMHU METOJaMHA .

Heab nuccepTanmoOHHON padoThI

Llenpto paboTHl sBiIsIETCA pa3pabOTKa alrOpuTMOB MAIIMHHOTO OOydYeHHs, O00JIaJaloIInX
BBICOKOM CIIOCOOHOCTBIO K OOOOIIEHHIO; pa3paboTKa aJIrOPUTMOB TE€OMETPHUYECKOTO aHaJIN3a
AHTPOTIOTEHHBIX CIIEH 0 OJHOMY H300paXE€HHIO; a TakKe pa3padoTKa aJropuTMa aBTOMATHUECKOTO
MOCTPOEHUSI TPEXMEPHBIX MOJIENICH aHTPONOT€HHBIX CIIEH 110 OTHOMY N300paXKEeHHIO.

OcHOBHBIE 331241 PaOOTHI:

o Pa3pabotka anroputma mMamuHHOTO 00ydeHus (machine learning), 6onee ycroitunBoro
K IIyMYy B JJAHHBIX, YE€M CYLIECTBYIOLIHE METOIBI.

J Pa3paboTka MeTO0B OOHApy’)KEHUSI TEOMETPHUYECKHX MPUMHTHBOB Ha M300paKEHUSIX
AHTPOTIOTEHHBIX CIIEH, KaK TO MPSIMbIE JIMHUH, TOUYKU CXO/a, 3CHUT M JINHHS TOPU30HTA, O0JIee TOYHOTO
U HaJIEXHOT0, YEM CYLIECTBYIOLINE METO/IBL.

. Pa3paboTka anroputma MOCTPOCHUS TPEXMEPHBIX MOJEICH aHTPOIOTEHHBIX CIIEH IO
oJHOH (hoTorpaduu, MO3BOISIOMIETO MOIYyYaTh MOJETH O0Jiee BEICOKOTO BU3YaJIbHOTO KAadeCcTBa, 4YeM

CymECTBYHOIHUE METOBbI.

' Hoiem, D., Efros, A.A., Hebert, M.: Automatic photo pop-up. // ACM Trans. Graph. 24 (2005) pp. 577-584

i Saxena, A., Chung, S., Ng, A.: Depth Reconstruction from a Single Still Image. // International Journal on Computer
Vision (2007), Volume 76, Number 1, 53-69

12 Laferty, J., McCallum, A., Pereira, F.: Conditional random fields: Probabilistic models for segmenting and labeling
sequence data. / In: Proc. 18th International Conf. on Machine Learning, (2001) pp.282-289
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Hay4ynasi HoBH3Ha padoThI

B nuccepraunoHHoil paboTe mNpeanoXkeH HOBBIM alropuT™M OyCTHHIa, OCHOBAHHBIA Ha
WCTIOJB30BAHUU OILIGHOK YCJIOBHBIX BEPOATHOCTEH NPUHAAIECKHOCTH KiaccaM Ui OOBEKTOB U3
oOyuaromiedl BbIOOpkH. Pa3paOoTaHHBIM alropuTM HUMEIOT TAKYIO K€ BBIUMCIMTEIBHYIO CIIOKHOCTD,
KaKk U CTaHAApPTHBIM anroputM OycTuHra. B pabore mosyyeHsl HOBBIE OLEHKH CIIOCOOHOCTH K
0000IIEHUIO I JIMHEHHBIX KOMOMHAUUH KiIacCU(UKATOPOB, HE 3aBUCSILME OT YUCIA MPOCTHIX
KJ1accu(hUKaToOpoB B JMHEHHONW KOMOMHAIMH. /loka3aHO, 4TO MPEATIOKEHHBI METOJ MUHUMH3UPYET
9TH OLIEHKH.

Taxke B paboTe mpencraBieHa HOBas HOBas BEPOSTHOCTHas (hOpMyJIMpOBKa Ul IOHMCKa
HECKOJIbKUX OOBEKTOB Ha H300paKeHMAX, B OTJIMYME OT mIpeoOpa3oBaHus Xada, He TpeOyromas
MOUCKA JIOKAJBHBIX MAaKCUMYMOB M TNPUMEHEHUs NOocToOpaboTku. Takke mHpeasioskeH MeTox Jis
pelIeHust 3a/1a4i T€OMETPHUECKOTO MapCHHTa N300paKeHHs, KOTOPBI OJTHOBPEMEHHO OCYIIECTBIISIET
IIOMCK T€OMETPUYECKHX NPHMHUTHUBOB DPa3HBIX ypOBHEH. B omMume OT CymecTBYyIOIMX METOAOB
MIOUCKAa T€OMETPUYECKUX NMPHUMHUTHBOB, PaOOTAIOUINX O MPUHIMITY «CHU3Y BBEPX», MPEI0KEHHBIN
METOJ1 OCYILECTBIISIET NOUCK IPUMHUTHUBOB Pa3HOI'O YPOBHS B paMKax OJHON BEPOSITHOCTHOW MOJEIH ,
YTO MO3BOJIAET N30€KaTh PACIIPOCTPAHEHHUS OIINOOK.

Taxxke B paboTe mpemIokeH HOBBIM METOJI MOCTPOCHUSI TPEXMEPHBIX MOJEIECH TOPOJICKHX
cueH. B ominmume OT CyIIEeCTBYIOIIMX METONOB, B IPEUIOKEHHOM METOJAE 3ajada IOCTPOCHUs
TpexXMepHOH Mojenu (OopMyJIHpYeTCss Kak 3ajada IMOATOHKU IapaMeTpoB TpexMepHO mojenu. B
paboTe mpenIoKeHa IOoIIaroBas cxeMa IOMCKa MapaMeTpoB METOJOM MAaKCUMyMa arnoCTepUOPHOI
BEPOSATHOCTH, OCHOBAHHAs HAa METOAAX NUCKPETHOM ONTHMM3ALMHU, YTO MO3BOJIAET NOOUThCS Oonee

BBICOKOM CKOpPOCTH pa6OTBI CHUCTCMBI 110 CPAaBHCHUIO C CYIIECCTBYIOIIUMHA MCTOAAMU.

IIpakTU4yeckasi 3HAYMMOCTH

Pe3ynbpTaThl HSKCIIEPUMEHTOB Ha pealbHBIX 3aJjadyax paclo3HaBaHHUA OOpPa30B MOKa3aldH, UYTO
OpCAJIOKCHHBIC aJITOPHUTMbIL 6yCTI/IHFa C BCPOATHOCTHBIMU BXOJaMH, ITO3BOJIAAIOT MOBLICUTHE TOYHOCTDH
KJlaccu(hUKanum, 1Mo CPABHEHHUIO C CYIIECTBYIOIMMH METOJaMH OYCTHHTA.

[IpennoxeHHble METOABl TOUCKA MPSMBIX JHUHUH U TEOMETPUUYECKOrO0 MapCHUHTa ObUIH
MPOTECTUPOBAHBI HA CTaHAAPTHOM Habope M300pa’keHUH, a Takxke 0a3e M300pakeHUid, COOpPaHHBIX
aBTOPOM pabOTHl. DKCHEPUMEHTAIbHOE CPABHEHHE METOJOB, NPEAJIOKEHHBIX BO BTOpPOW TIJaBe, C
CYLLIECTBYIOIIMMHU aHAJIOraMH [TOKA3aJI0 MPEUMYIIECTBO MPEI0KEHHBIX METOI0B.

Ha ocHoBe pa3zpaboTaHHBIX METOJIOB OyCTHHTA CO3/IaHa CHCTEMa aBTOMATHYECKON TPEXMEpPHOM
PEKOHCTPYKIIMU TOPOACKHUX CIeH Mo oxHO# Qororpaduu. [JanHas cucrema Obuta pa3zpaboTaHa Mo
3aKa3y KOpIopamuu Samsung B X0JIe¢ COBMECTHOTO MpoekTa jJabopatopun KomnbrorepHoit I'paduxu u

Mynetumenua MIY um  Samsung Advanced Institute of Technology. Merox TtpexmepHoii
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PEKOHCTPYKIIMH, JISKAIIUNA B OCHOBE CUCTEMBI, 3armarenToBan B Poccun [14, 15], CIHA [16] u FOxHoii

Kopee [17].

JIMYHBIN BKJIAJA aBTOPA

ABTOpOM pa3paboTaHbl MeTOJ OOydYeHHs IO NpeLeJeHTaM C BEPOSTHOCTHBIMHM BXOJaMH Ha
OCHOBE OyCTHHTIa, a TaKXke MOJTYyUYeHO ero TeopeTHieckoe 000CHOBaHHE. ABTOPOM ObLTH pa3paboTaHb
n pCajin30BaHbl MCTOAbI ITOHUCKA MPIAMBIX JIMHUHI Ha H306pa)K€HHHX U TCOMCTPUUYCCKOI'0O IMapCHUHTIa
n3o0paxenuil. [lox pykoBoICTBOM aBTOpa M MpPH HENOCPEACTBEHHOM Yy4acTUM aBTopa pa3zpaboTaHa
CHUCTEMa TPEXMEPHOW PEKOHCTPYKIIMU TOPOJCKHUX CIIEH Mo onxHON ¢dortorpadun, B KOTOPOM

IIPUMCHCHEL pa3pa6OTaHHBIC MCTOABI 6y0TI/IHFa C BCPOATHOCTHBIMU BXOAAMHU.

Pe3y.]'leaTI>I H MMOJI0KCHU N, BBIHOCUMbIC HA 3AIIIUTY
Ha 3amuty BBIHOCATCS CIIEAYIOIINE OCHOBHBIE PE3YJIBTAThI U MOJIOKEHU:

1. HoBerii anroput™M mamuHHOTO 00yd4eHus (machine learning). HoBble yTOYHEHHBIE OICHKH
o0o0mraromeil  CroCcOOHOCTH MJIsl JIMHEHHBIX KOMOHWHAITMN KiIacCU(UKATOPOB U JOKA3aHO, UYTO
MIPEUI0KEHHBIN aJITOPUTM MUHUMH3UPYET 3TH OLIEHKU.

2. HoBbIif MeTOA TreoMeTPUYECKOro MapCHHTa H300paXKeHUH, MO3BOJSIOMNN  HAXOAUTh
re€OMETPUUECKUE IPUMUTHUBBI Pa3HbIX YPOBHEH (IMKCENM KpaeB, NMPsIMbIE JIMHUU, TOUKU CXOJ1a, 36HUT
Y TOPU30HT) B paMKax €AMHON BEPOSATHOCTHON MOJIEH, BBIBOJ B KOTOPOU OCYIIECTBIISIETCS METOAAMMU
JTUCKPETHON ONTHUMU3ALINH.

3. HoBslif MeTO1 aBTOMaTHYECKOTO OCTPOCHUSI TPEXMEPHBIX MOJENE aHTPOIOTeHHBIX CIIEH IO

oJlHOM poTorpaduu Ha OCHOBE MAIIIMHHOTO O0YYEHHS U TUCKPETHOW ONMTHMH3AITIH.

AnpobGanust padoThI

Pe3ynbTaThl paboThl JOKITABIBATUCH U OOCYKIAIUCH HA!

o HaydHOM cemuHape 6th Annual Watson Workshop “Emerging Leaders in Multimedia
and Signal Processing”, B uccnenoBarenbckom nentpe IBM, CIIA, Xotops;

. HaygyHoM cemuHape VASC - The Vision and Autonomous Systems Center B
yausepcutere Kapueru-Memnon, CIHA, ITurrcOypr, 2010;

. HaygyHoM cemuHape Joint Institutes Workshop INRIA - Microsoft Joint Center,
®panuust, Opcs;

J HAYYHOM CEMHHApe MO KOMIBIOTEPHOH Tpaduke n MyJIbTUMEINA IO PYKOBOACTBOM K.

. M. 1., o1, }O. M. Basikosckoro (¢-t BMK MI'Y), Poccusi, Mocksa, 2009;



o Hay4yHOM ceMuHape otaena MuremnexryanpHpix cucreM BLl PAH nox pyxoBoacTem uil.
kopp. PAH, n. ¢.-m. H., mpo¢. K. B. Pynakosa, Poccus, Mocksa, 2009;

o HayyHoM cemuHape kadenpst ACBK BMK MI'Y non pykosoacteom JI. H. Koponesa,
Poccus, Mocksa, 2009;

o MexayHapoaHoi koHpepenmuu «European Conference on Computer Visiony,
Upaknuon, I'penust, 2010;

o MexayHapoaHoi koHpepenmuu «Computer Vision And Pattern Recognition», Can
®panmucko, CILIA, 2010;

o 14-oii Bcepoccuiickoit Kondepenmmu «Marematnueckue Metoasl PacnosnaBanus
O6pazos», Cy3nans, 2009;

o MexIyHapoaHoil koHdepeHmmn «Machine Learning and Data Mining in Pattern
Recognitiony, Jlewnmur, I'epmanmns, 2009;

o MexayHaponaHoi koH(pepenmmn «European Conference on Computer Visiony,
Mapcens, @panius, 2008;

o 18-0if MexIyHApOIHON KOH(EPEHIIMU MO KOMITBIOTEPHOW Tpaduke M MAIIMHHOMY
3pennto «Graphicon-2008y», Mocksa, Poccus, 2008;

o 7-o1t MEXTyHApOIHOU KoH(pepeHIn «HTennekTyanu3amnms 00paboTku
uHpopmauun», Anymra, Ykpausa, 2008;

o ro0uneitnon 50-oi HayuHOU KoHbepernunu MOTU, doaronpyausiit, Poccus, 2007;

o 13-0it Bcepoccuiickoit koH(pepeHuuu «Maremarndeckue Metoasl PacrioznaBaHust
O6pa3oB», 3eneHoropcuii parioH, [lancuonar I'enmoc, 2007;

o 17-0of MeXIyHapoaHON KOH(EPEHIIMU MO KOMITBIOTEPHOW Tpaduke M MAIIMHHOMY
3penuto «Graphicon-2007», Mocksa, Poccust, 2007,

o MexayHapoaHoil koHdepeHuuun «European Conference on Machine Learningy,

Bapuaga, [Tonsma, 2007;

HMy6ankanuu

Bcero aBTopom amccepranuu omyOJMKOBaHO 25 Hay4HbIX paboT, U3 HUX 12 mo pesyibTaram
JUCCepTalK, BKJIIOYasl 2 CTaThbM B PELIEH3MPYEMbIX HAy4HbIX KypHajoB u3 cnucka BAK [1,2], 6
cTareil B COOpHUKAX MEXKIYHAPOIHBIX HAYIHBIX KoH(Depenmwmii [3, 3, 6, 7, 9, 13], 1 craThio B cOOpHUKE
BCEpOCCUHCKONW HaydyHOW KoHGpepeHIMr [5] w 3 Te3ucHble MyOaMKanmuu B COOPHUKAX TPYIIOB
MEeXAYHApOAHBIX M Bcepoccuiickux koHpepenumit [8, 10, 11]. ABTop AmMccepTalMOHHOW PadOTHI

sBigercs coaBTopoM 4 nareHToB B Poccun, CHIA u FOxuoi# Kopee.



O0bem auccepranuu
Jluccepranysi COCTOMT W3 BBEICHHUS, TpeX IJIaB, 3aKIIOYEHMs, CIUCKA JIUTEpPaTypbl U
npunoxenus. Conepkanue paboThl U30keHO Ha 155 cTpanunax. Ciucok JIuTepaTypsl BKIodaeT 122

HauMeHoBaHUs. B pabote conepxutcs 33 pucyHka u 6 TaOJIHII.

Conep:xkanue padoThl

Bo BBeleHUH (QOpMYITUPYIOTCS LENH U 3a/la4ll TUCCEPTAllMU, TOKA3bIBACTCS AKTYalbHOCTH,
Hay4Hasi HOBU3HA U MIpaKTUUYECKasi 3HAYUMOCTh pa0oThl. ONUCHIBACTCA CTPYKTYpa TUCCEPTAIUH.

B mepBoii _rjgaBe paccMmaTpuBaroTCs 3amada  kiaccubukanuu. [IpoBoawTcs  aHanmum3

COBPEMEHHBIX TOUYEK 3pEeHHsI Ha MpobiieMy mepeoOydeHHs Mpu MOCTPOCHHH KiaccudukaTopa IO
oOydaromieii BeIOOpKe. B uacTHOCTH, paccMaTpHUBAIOTCS CYHIECTBYIOIIME TEOPUH, OOBSICHSIOIINE
XOPOIIYI0 CIOCOOHOCTh K 000O0meHuto OyctuHra. [lepmmaraercs HOBBIM anropuTM OycTHHTA C
BEPOSITHOCTHBIMU BXOJaMu. BBIBOASTCS TeopeTndeckue BEpXHUE OLEKU IJI JTMHEHHBIX KOMOMHAIIMMA
MPOCTHIX KJIACCHU(PUKATOPOB M JIOKA3BIBAETCS, YTO IMPEAJIOKEHHBI aIrOpUTM MUHUMU3UPYIOT
IIOJIy4eHHblEe oOUEeHKU. llpuBoauTcs onucaHue ©  pe3yJbTaTbl AKCHEPUMEHTOB, B KOTOPBIX
MIPEUIOKEHHBIN aJlTOPUTM CPAaBHUBAETCS CO CTAHAAPTHBIM METOJIOM OYCTHHTA.

B nepBoM pa3sjene r1iaBel paccMaTpuBaeTcs 3afada Kiaccudukanmuu U mpoOiema
nepeooyueHusl.

Bonpiryio momynspHOCTh TPUOOPEN MOAX0J K OOYUYEHUIO MO TpeleeHTaM, OCHOBAaHHBIA Ha
MIOCTPOEHUH MOJIEJIM BOCCTaHABIMBAEMOW 3aBUCUMOCTHM B BHJE IapaMETPUUYECKOro CcemeicTBa
aNropuTMOB. B pamkax JaHHOTO MOJAX0JIa C MOMOIIBIO0 YUCICHHON ONTUMHU3AIMU TOAOUPAIOTCS TaKue
3HAYEHUS MapaMeTpOB MOJIEIH, MPU KOTOPBIX aITOPUTM JIOMYyCKaeT HaUMEHbIIEe YHCIO OIIUOOK Ha
3aJaHHON oO0ydJaromieil BBIOOpKE TMpeneneHToB. JIpyruMu cioBamMM, OCYILECTBIISIETCS ITOATOHKA
MOJIEJIM TIOJ] BBIOOPKY. DTOT METO/]I MOIY4YMJI Ha3BaHWE MUHUMU3AIMH SMIIUPHUECKOTO PHCKA.

[Ipu ucnonb30BaHUM TAKOTO MOAXO0/AA HA MPAKTUKE UCCIIEA0BATENN CTOJIKHYJIUCH C TIPOoOIeMOit
nepeoOydenusi. Yem OoJibliie y anropuTMa CBOOOJHBIX MTapaMEeTPOB, TEM MEHBIIIETO YKCIIa OMTHOOK Ha
00y4eHHUU MOXKHO MOOUTHCSA MyTéM onTuMusanuu. OJHAKO MO Mepe HapacTaHUs CIIOKHOCTH MOJENU
«ONTUMAJIbHBIE» aJTOPUTMbI HAUMHAIOT CIIMITKOM XOPOIIO MOICTPANBATHCS MO KOHKPETHBIC TaHHBIE,
yJIaBluBas HE TOJIbKO 4YEepThl BOCCTAHABIMBAEMOW 3aBUCUMOCTH, HO M OHIMOKM H3MEpEHUS
oOyuyaromieil BEIOOPKH, U MOTPEIIHOCTh caMoil Mozienu. B pesynbpTraTte yXyzmaercss KadecTBO paboThl
aNropuTMa BHE 00yyaroliei BHIOOPKH, WM, HHBIMU CIIOBAMH, €T0 CIIOCOOHOCTH K 0000IIEHUIO.

Jlnist KOHTPOJIS Ha/l epeoOydeHueM, KaKk MpaBuiIo, UCTIOJIB3YIOTCS TaKHE METOJIbI KaK TECTOBast
BBIOOpKA WM CKOJIB3SIIINUM KOHTPoab. Ha Puc. 1(a) mo ropu3oHTaTIbHON OCH OTJIOKEHO YHCIIO CIA0BIX

KJ1acCU(UKATOPOB B KOMITIO3UIIMH, TOCTPOCHHOM CTaHIapTHBIM MeToioM OycTuHra. Ilo BepTukanbHoi



OCH OTJOXEHa JOJ OIMOOYHO KIACCH(PHUIMPOBAHHBIX O00BEKTOB. KpacHbIM TmOKa3aHa OIS
OmMMUOOYHO KJIACCU(DHUIIMPOBAHHBIX OOBEKTOB B oOOydYaromield BbIOOPKE, CHHUM IIOKa3aHa IO
OIIMOOYHO KJIACCU(PHUIIMPOBAHHBIX OOBEKTOB B TECTOBOW BBIOOpKE. BHIIHO, YTO TpU MCIOJIH30BAHUU
CTaHJApTHOTO OYyCTHMHra, B TO BpeMs Kak OIIMOKa OOYy4YeHHMsS CHH)KAETCS, TECTOBas OIIMOKa
BO3pacTaer.

026
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Pucynok 1 (a) — 3aBUCHMMOCTPh OIIMOKH Ha TECTOBOH W OOydYaromieil BBHIOOpKAaX B 3aBHCHMOCTH OT YHCIA TPOCTHIX
KJIacCH(HUKATOPOB B KOMIIO3MIMH A cTaHmapTHoro Meroia AdaBoost; (a) — 3aBHCHMOCTH OIIMOKHM Ha TECTOBOH M
o0yyaromei BBIOOpKax B 3aBUCHMOCTH OT YMCIIA MPOCTHIX KIACCU(PHUKATOPOB B KOMIIO3ULIUH AJISI IIPEIUIOKEHHOTO METO/a
OyCTHHTa C BEPOSTHOCTHBIMH BXOJIaMH.

Meton Oyctunra, mnpemioxeHHslid @peringom u [lanupom sBisieTcss pasHOBUIHOCTHIO
B3BEIICHHOTO TOJIOCOBaHMS KiaccuukaropoB. OCHOBHAS ek METO/Ia COCTOUT B TOM, YTO 0a30BBIC
QJITOPUTMBI CTPOSTCS MOCJIE0BATENIBHO, U MIPOLIECC YBEINYECHUS PAINYUNA MEXKy HUIMU yIIPaBIAETCS
JeTEpPMUHUPOBAHHBIM 00pa3oM. A UMEHHO, I KaXJ0ro 0a30BOro aJlrOpUTMa, HAYMHAs CO BTOPOTO,
Beca 00yJaromux 0ObEKTOB MEPECYUTHIBAIOTCA TaK, YTOOBI OH TOUHEE HACTPAUBAJICS HA TEX 00BEKTaX,
Ha KOTOPBIX Yalle BCEro OMIMOAIMCh BCE MPEIBIAYIINE MPOCThIE KiIaccupUKaTopbl. Beca mpocThix
KJIaCCU()UKATOPOB B KOMIIO3ULIUHU BBIYUCIISIFOTCS UCXO/S U3 YACIIA JOMYIIEHHBIX UIMH OLIHNOOK.

Ha nanHBIi MOMEHT Hawilyuliee oObsSCHEHHE XOpolleld ooOIaroniei crnocooHocTu OycTUHra
maer Teopus oTcTymoB (margin theory)’, KoTOpas NpeIOCTAaBNSET BEPXHIOI OLEHKY OLIHOKH
KJlaccu()UKaMK, HE 3aBUCSIIYIO OT YUCIIa CIa0bIX KITacCU(PUKATOPOB.

Onpeneanue 1. Omcmynom nyis oObekTa (X,)) OTHOCUTENBHO Kiaccudukaropa f(x)
Ha3bIBACTCS BEIMYUHA )f(X).

OcHOBHasi TeopeMa M3 TEOPHHM OTCTYINOB TJACHUT, YTO OIIMOKa KiaccH(UKaUK 000
KOMIIO3HUIIMM TPOCTBIX THUIOTE3, NPEACTaBIAIOMEH co00i JIMHEHHYI0 KOMOWHAIIMIO MPOCTHIX

knaccudukaropoB u3 7, riae Bce KOA(GUIMECHTHI TIOJIOXKHUTEIBHBI U UX CYyMMa paBHa 1, orpaHnyeHa

13 Schapire, R., Freund, Y., Bartlett, P., and Wee Sun Lee.: Boosting the margin: A new explanation for the effectiveness of
voting methods. In Machine Learning: Proceedings of the Fourteenth International Conference (1997)
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CBEpXY CYMMOH 3HAuY€HHs AMITMPHUYECKOW (PYHKIMU paclpeseleHus OTCTYNOB Ha OO0ydaromei
BBIOOpPKE M JIOMIOJIHUTEIILHOTO YWICHA, KOTOPBIA 3aBUCUT OT Yuciia 0OBEKTOB B OOy4YaroIieil BEIOOpKE,
qrciia MPOCTHIX THIIOTE3 B CEMEHCTBE, M IBYX 3a/IaHHBIX KOHCTAHT.

Teopema (Illanup u ap.). Ilycmo P - pacnpedenenue nao X <Y . ITycmo S - svibopka uz ™

00veKmos, 8blOPaHHLIX Hezasucumo us pacnpedenenuss P . I[Ipeononodxcum, umo 3a0am KOHeYHblll

Habop cradwvix knaccuguxamopos H | npunumarowux snavenus u3 uHmepeaﬂa[_l’+1]. Ilycmv maxoice

sadana xoncmanma °>0. Toz0a ¢ eeposmnocmvio ne memee =9 ona ewibpannoii ciyuaiinbim

feC

obpazom evibopku S, 6ce pynryuu yoosnemesopsiom credyiowemy nepagencmey ons ecex 9>0

Plyf )< 0] B[y (1)< 0]+ e(m| H1.0.6) e,

1 (logmlog|H|

8(m,|H|,6,5):0 T 02

1/2
+ log(l/é')]
m

CTouT OTMETUTH, YTO JOIOJHUTEIBHBIN YIEH B 3TOH OIICHKE HE 3aBHCHT OT YHCIIA MPOCTHIX
TUIIOTE3 B JIMHEWHOW KOMOWHANWMU W WX KodpduiueHtoB. B cimydae dukcupoBaHHON 00ydUaromiei
BBIOOPKH JaHHBIA YJI€H MPEACTaBIsIET coO0M KOHCTaHTy. Takum oOpa3oM, 3a cUeT BBIOOpA MPOCTHIX
TUIOTE3 B KOMIO3UIMK U MOA00pa uX Ko3(h(HUIMEHTOB MOKHO MUHUMH3UPOBAThH MEPBOE ClaraeMoe.
Cliefyromas TeopeMa moKassiBaeT, 4to anroput™ AdaBoost'® MuHHMM3HpYeT ero mpu yBelHucHHH
YHUCJIa UTEpaLHil.

Teopema (Illamup u ap.) Ilycmsv memoo obyuenus AdaBoost ceenepupoean npocmoie

aunomesvl ¢ owubramu Ha obyyaroueri suibopke °>>°r . Toz0a ons 11060209, umeem
T
Py =0]<2" Y& a-e)™
=1

Takum 0Opa3omM, TEOPHsI OTCTYIIOB JaeT 0OOCHOBAHHE XOPOULICH CITIOCOOHOCTH K 0OOOIICHHIO
s OycTMHra, HECMOTps Ha BBICOKYIO pa3MepHOCTh BamHuka-UepBoHEHKHCAa KOMIIO3ULIMU
KJ1acCU(PUKATOPOB, KOTOPYIO CTpOUT OycTuHr. OpHAaKO JaHHas TeOpUs HE JaeT OOBSCHEHHUs
nepeoOyueHuio 0yCTHHra, KOTOPOE MPOUCXOUT Ha MPAKTHKE.

Jlonroe Bpemsi OYCTHHT CUUTAJICS YCTOMYUBBIM K mepeoOyueHnto. OMHaKO MO3qHEE MHOTUMH
UCCIIEZIOBAaTENIMU OBLIO MPOAEMOHCTPUPOBAHO, YTO METOAbI OyCTHHIa KpailHe 4yBCTBUTEIbHBI K
uryMy B oOyuaromiei BeiOopke. D¢ ekt nepeoOyyeHus MpOosBISIETCS B pOCTE€ TECTOBOW OLIMOKH C
YBEJIMYEHUEM YHUCJIa POCTHIX KJIacCH(UKATOPOB B KOMIO3HIINH, TIOCTPOCHHONW OycTHHrOM. J[aHHBIN
sbdexT HaOMOmaeTCsT Oake MpPH HCIOJIB30BAHMU TPOCTHIX KIACCH(UKATOPOB KOHCTAHTHOU
pa3MepHocTi Bamnuka-UepBoHEHKHCA, HampuMep MOPOroBbIX TMpaBwi. Ha JgaHHBIE MOMEHT HE

CyHICCTBYCT UCTKOTI'O 00BACHEHHS IPHUYNH TaKOT'O ITOBEACHUA 6yCTI/IHFa.

' Freund Y., Schapire R., A decision-theoretic generalization of on-line learning and an application to boosting Journal of Computer and
System Sciences, no. 55. 1997
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CTouT OTMETHTb, YTO CKIIOHHOCTh OYCTHHTa K MEePeOOyUYeHHUS HE TOJBKO YXYIIIaeT KauyeCTBO
paboThl CHCTEM pAcTO3HaBaHUS, HO M 3aTPYAHIET MPOIECC pa3pabOTKH MPOrpaMMHOTO MPOAYKTa,
MOCKONIbKY JJII TOT0, 4YTOOBI M30exkaTh mepeoOydeHus, TpeOyeTcs MPOBOIUTH JIOMOJHUTEIbHBIC
SKCIEPUMEHTBI.

B TO BpeMsi Kak TEOpHsi OTCTYIIOB JaeT OOBSICHEHUE XOPOIIeH CIOCOOHOCTH K OOOOIICHHIO
OycTHHTa, OHa HE PAaCKpbIBAET MPUYMH MepeoOyUdeHuss OyCTHHTa, KOTOPOE MPOUCXOJIUT Ha MPAKTHKE.
CymiecTByeT ps METOAOB, HANpaBIEHHBIX Ha ycTpaHeHue 3(]dexra mnepeoOydeHus OyCTUHTA,
OCHOBAaHHBIX Ha HJESIX, 3aMMCTBOBAHHBIX M3 CTATUCTUYECKHX METOJIOB YCTONYHMBOrO OILCHHWBAHMUS, a
Tak)Ke HAOTIONCHUX 32 CIEMU(UICCKUM TIOBEICHUEM aJITOPUTMA OyCTHHTA MPU HATMYIUH ITyMOBBIX
00BbeKTOB B oOydaroIiei BeiOOpke. B xonme mpoBeneHHOTO 0030pa OBLIO BBISBICHO, YTO HU OJUH U3
CYIIECTBYIOIIMUX Ha JaHHBI MOMEHT METOJOB MOJHOCTBIO HE PelIaeT MpoOIeMbl Mepeo0yUeHus As
OycTuHra.

Bo BTOpoM pa3jesie TJIaBBl BBIBOASTCS HOBBIC OIICHKH OOOONIAOIICH CIIOCOOHOCTH JUIS
JUHEHHBIX KOMOWHAIMKA KIacCU(PUKATOPOB, KOTOPHIE TMPHUMEHHMBI B Clydae, €CIM H3BECTHBI
HEKOTOpBIE OIIEHKH BEPOSTHOCTH TMPUHAMICIKHOCTH KaKJIOMY U3 KIACCOB Ui BCEX OOBEKTOB
oOydaromieii BBIOOpKH. JIOTIOMHUTENBHBI YIEH B MPEAJOKEHHBIX OIEHKAX MEHbBIIE, YeM
JIOTIOJIHUTENBHBIN wieH B oueHke [lanupa.

Onpenenenue 1. bydem nasvieamev 3a0auy OUHAPHOU KiACCUDUKAYUU 8 CMAMUCTIUYECKOU
NOCMAaHo8Ke 3a0ayell ¢ NepeKpblearoUMUC KIACCAMU, eCU CYWecmayem MHONCECHBE0 HeH)e6ol
Mepvl, 01 KOMOpo2o 0be  MemKU KIACCO8  UMEmM  NOJONCUMENbHYI0 — 8ePOSMHOCHb!

e [p(+1 )3 p(=1]x) > O] >0 . Ecu MHOJHCECMBO, HA KOMOPOM obe anocmepuopHsvle 6€poOAmMHOCmu

P*[p(H'x)Xp(_”xbO]:O, Oydem 2080pumb, YmMo KIACCul He

NONOJANCUMETIbHBL, UMeem Mepy HYlb
nepeKpulearomcsl.

Jlii 3a51a4 ¢ epeKphIBAIOLUMUCS KJ1acCaMU BBeJIeM 0003HAUEHHUS:

P () = max (P(+1] x), P(-1| x))
Prin (X) = min (P(+1] x), P(-1] x))

B nepBbix paborax, NOCBAIIEHHBIX OYyCTHUHTY, paccMaTpuBalach IIOCTAHOBKA 3ajjauu
KJ1accu(UKaluU B paMKax KOHIENTyanbHOro o0yueHus. ABtopsl anropurma AdaBoost ormeuanu, uyto
JUIs CITydas epeKphiBaronxcs kiaaccoB “AdaBoost He sBsieTCs ONTUMAIBHBIM METOJJOM O0yUeHUs .
Cnenyer OTMETUTb, UTO [ HOPUKIATHBIX  3aJad  pacHo3HaBaHMs oOpa3oB  ciiydai
HENEePEKPHIBAIOIINXCS KJIACCOB BCTpEYAaeTCss KpailHe pPeaKo, MOCKOIbKY HpPEJCTaBICHHE pPealbHbIX
00BEKTOB B BUJI€ BEKTOPOB MPU3HAKOB KaK MPaBWIO HecoBeplIeHHO. OCHOBHAs ujaes NaHHON paboThI
3aKJII0YaeTcss B TOM, YTOOBI CBECTH 33Jady C [EPEeKphIBAIOIIMMUCS KilaccaMH K 3ajade

KOHLENTYaJbHOro 00y4eHusl (WK, APYTUMHU CIOBaMH, 3ajjaue ¢ HEMEPEKPhIBAIOIIUMHUCS KJIACCAMU).
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Onpenenenue 2. byoem nazvieams 08¢ 3a0ayu OUHAPHOU Klaccugurayuu IK6UBAIEHMHbIMU,
eCiu MHOICECMBA UX peuleHUtl COBNA0aom.

B pabote 1n0ka3aHO YTBEpXKJCHHUE O TOM, 4YTO JUIS JHOOOH 3adadyd B CTATHCTUYECCKOMN
MIOCTaHOBKE (B TOM 4HCIIE, TSI 3a/1a4 C TMEPEKPHIBAIOIUMUCS KJIAaCCaMU) CYIIECTBYET KBHUBAJICHTHAS
el 3a/1aya KOHIENTYyaJIbHOTO 00YUYCHHUS.

Teopema 1. /15 110601 Ounaprou 3a0auu Kiaccu@ukayuu ¢ nepekpbléaouuMucs Kiaccamu,

P(X xY)

3a0anHOlU pacnpeoeneHuem cywecmeyem 9K6UBANEHMHAsA ell 3a0aua Kiaccugukayuu c

P(X) é(x): X Y

HenepeKpul8alowuUMUCs KIACCamMuy, 3a0aHHAsl pacnpeoeieHuem u yenesou ynkyueti

, eo0e

P(x) = ( Py (X) = P (x)) P(x)/ (1-2B)

’

é(x) =arg maxy(P(y | x))

Ilpuuem 013 1106020 NPOU36OIBLHOCO Klaccugpukamopa f 6epHo credyrouee coOmHOUleHUe

Plyf () 20]< B+(1-28)xPleco f (X)SO], 20e B — owubka batiecoéckozo knaccuguxamopa Ha

pacnpedenenuu TE*Y)

JlanHas Teopema JaeT croco0 CBECTH 3aJady C MEpEeKPHIBAIOIIMMHUCS KJIACCAMHU K 3ajade C
HeTIepPEeKPBIBAIOIIMMHCS KiIaccaMd. JlaHHBIM pe3ysbTaT HCIHONB30BaH B paboTe sl BBIBOJA HOBBIX
BEPXHUX OLIEHOK OMIMOKH KJIaCCU(PHUKALNH JUI1 KOMIO3UIIMHA MPOCTHIX THITOTES.

[IpeamnonoxuM, 4TO 3aJaH KOHEYHBIH HAOOp ciaObIX KiaccudukatopoB /7. 3a MHOKECTBO
C 0603HaUMM MHOYKECTBO BCEX JIMHEHHBIX KOMOMHALMI MPOCTBIX TUNoTe3 U3 1, rae Ko3huIreHTs
JTMHEHHOW KOMOMHAIMH TIOJIOKUTEIBHBI M UX CyMMa paBHa 1.

[Ipeanonoxum, 4to S - BHIOOpKA M3 7' 0OBEKTOB, BHIOPAHHBIX HE3aBHCHMO M3 HEKOTOPOTO

m

Pl ] =52 ey Es (o)) =5 20 2(ey).

pacnpenenenus Hax X xY . O0o3HauuUM 3a u

E (7(x,))

CumBosioM OyaeM 0003Ha4yaTh YCJIOBHOE MATOXXUAAHUE BEITMYMHBI 25 o ¥ npu

rkcHpoBarHon ¥, 1o ecrp B (2062))= POH0% 2D+ p-1 0% 2=

OCHOBHBIMHU TEOPETHUYECKUMHU PE3yJIbTaTaMH pabOTHI SBISIOTCS CIEAYIOUINE TEOPEMBI.

Teopema 2. ITycmv P - pacnpedenenue nao X <Y . IIpeononoscum, umo 3a0an KomeuHwlil

~1,+1]

Habop cnabuix knaccuguxamopos H | npunumarowux snavenus uz unmepeaﬂa[ . Ilycms maxorce

sadana xoncmanma °>0. Ilycmv S - evibopka uz ™ 06beKmos, 6bIOPAHHBIX HE3ABUCUMO U3

P(X xY)

pacnpedeﬂeHu}Z u 0Nl Kaxncoo2o 00beKma uU36eCcmmubl anocmepuoprble 6€POAMHOCNU

npunaonexcnocmu kiaccam. Tozda ¢ eeposmuocmvlo He Menee =0 0na 6biOpanHHOll CyUAUHbIM

feC

obpazom evibopku S, éce Qynxyuu yoosnemeopsiom ciedyouemy Hepasencmay ons ecex ¢ >0
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D max(x ~ Fmin x) ~
Pl (x)<0] < B+(1-2B)x E, [%Iwm +E(m| 1 1,0.5)

1]

20e B - owubra baiiecosckoeo knaccugpuxamopa na pacnpedeneruu PXXT).

A 1 m
B=Y pa(x) E(m|H1,0,6)=&(m,|H1,0,5)~28, L]
" ' M y3 Teopemuwl [llanupa.

’

Teopema 3. [lycme P - pacnpedenenue nao XxY . [Ipeononoswcum, umo 3a0aH KOHeuHblil

[—1,+1]‘

Habop crabwix kiaccuguxkamopos H | npunumarowux snavenus uz unmepsana Ilycmv maxkorce

sadana xoncmanma ©>90, 0>0  ITyemp uzeecmmuvl oyenku anocmepuopmnvix eeposimmocmeii Ons

. p._(x,)— x)<a,i=1,..,m
00bekmos u3z odyyarowel 8vl00pKU, YO081emeopsauue YCio8uio: | Pr (5 = P ()| < @11 =1, .

Tocoa sepHa credyowas 8epxuss OYeHKa oumud Ky Kiaccuguxayuu no ooyuaroujeli 8b10opKe:

P[yf(x)<0]£

D Prnax _ﬁmin 2a 5
B+(1—2B)><ES (WI[EV}]_(XK‘%,B(Q)]J-Fm-i'8(m,| H |,0—ﬂ(6¥),5)

)

[>T

1]
Nk
B
E.
=

F(m| H 1.0.5) = &(m.| ,0,8) 28 | 7] .
20e m  pepemcs u3 Teopemwt 0, ' ,

Sl

aB@ HenpepvieHo 3aeucum om & .

B TperbeM pa3zgene mnpennara€Tcs HOBBIM METOJ NOCTPOCHUS JMHEWHBIX KOMITO3HMIUN
KJIAaCCU(UKATOPOB HA OCHOBE OYyCTHHTa, KOTOPBIM TIOJydYaeT Ha BXOJ OIICHKH BEPOSTHOCTEH
MPUHAUISKHOCTH KJlaccaM I BCeX OOBEKTOB oOydaromie BbIOOpPKU. JlokaspIBaeTcs, dTO
MPENIOKEHHBIA METOJ, MUHUMH3UPYET OIEHKH 00oOIamieii criocoOHOCTH, BBIBEICHHBIE BO BTOPOM
paszene TIaBbl. 3aTeM MPHUBOMATCS PE3yJIbTaThl IKCIEPUMEHTOB HA HEKOJBKUX OTKPBITHIX HaOOpax
JAHHBIX, B KOTOPBIX MPEITI0KEHHBIA METO/I CPABHUBAETCS CO CTAHIAPTHBIM METOJIOM OYyCTHHTA.

B pabote mpemiokeH WTEpaTUBHBIA aJTOPUTM, Ha BXOJ KOTOPOMY TOJaeTcs OoOydaromias
BBIOOpKA M 3HAYCHHMS OLICHOK YCIIOBHBIX BEPOATHOCTEH MPHHAIICKHOCTEH Kiaccam jisi 0ObEKTOB M3
oOydenus. Cnemys JTOTUKE TEOPUU OTCTYIOB, MPEAJOKEHHBIH aNrOPUTM MHUHHUMHU3HPYET BEPXHIOIO
olleHKy ommuOku knaccudukanuu u3 Teopembr 3 (B cioydae, KOTJa W3BECTHBI TOYHBIC 3HAYCHUS
anoCTEPUOPHBIX BepoATHOCTEN) win TeopeMbl 4 (€ciu MCHOIB3YIOTCS OLIGHKHU ISl allOCTEPUOPHBIX
BEPOSITHOCTEH).

Teopema 4 [lycmb npednodicenHvlll AN2OpUmMM NOCMPOUL NPOCMmble KIACCUPUKAMOPbI C

836€ULeHHbIMU odHcUdaeMviMu owubKamu Ha MPEeHUpOBOUHOU gblbOpKe by

g =" D)p(y=h(x)]|x
! Zi:‘ Dp(y#h ()] ) Toz0a ons 06020 9 evinonnsemes nepasencmeo:

(ﬁmax(x)_ﬁmin(x)) r - +
Es[ =Y ][Ey(yf‘(x))ze] SZTHJQ‘ g(l—gtl 9)

t=1
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B pabote mcmonp3yercs aaropuTM OLEHHBAHUS YCIOBHBIX BEPOSATHOCTEH MPUHAIJICKHOCTH
KaX/I0My U3 KJIacCOB JUIsl 0OOBEKTOB U3 00yyaroliel BbBIOOPKH, HA OCHOBE MHOTOKPAaTHOI'O IIPUMEHEHHUS
metona ®puamana’’. s 5TOro 06ydaromas BEIOOPKA HECKOTBKO Pa3 CIydaifHbIM 06pa3oM AeTHTCS
Ha J1B€ paBHbIe yacTu. Ha mepBoil yacTu CTaHZApTHBHIM METOJIOM OYCTHHTa CTPOMTCS KOMIO3HMLIUS
KJ1accu(hUKaTOPOB, HA BTOPOI YaCTH BBIYMCIISIIOTCS BBIXOZBI TIOCTPOCHHOW KoMmno3unuu. K BeIxogam
KOMIIO3ULIMU TpUMeHseTcss npeoOpazoBanne Ppuamana. B pesynbraTe [Uisi Kakaoro oObeKTa
MOJTy4yaeTcsl HECKOJIBKO 3HAUYE€HUI BEPOSATHOCTHBIX BBIXOJ0B OycTuHra. MIx cpennee apupmeTnyeckoe
IIPUHUMAETCS 34 OLEHKY YCIOBHOW BEPOSTHOCTH NPUHAMJIECKHOCTH NepBoMy kiaccy. IlomyueHHble
OLICHKM YCJIOBHOM BEpOSTHOCTM TIOJAIOTCS Ha BXOJA IMPENJOKEHHOMY METOAy OycTuHra c

BCPOATHOCTHBIMH BXOJaMHU.

Tadanua 1 Pe3yabTaThl IKCIEPHUMEHTOB HA HECKOJIBLKHX HaGopax JaHHBIX U3 penozutopust UCI

Problem AdaBoost, | ODDboost, | AdaBoost, | ODDboost, | AdaBoost, ODDboost,
1 urep. 1 urep. 100 utep. | 100 utep. | 500 urep. 500 wurep.
austra 13.2+0.5 13.2+0.5 14.2+0.2 12.1+0.1 16.0+0.1 13.1+0.1
australian 15.0+0.5 15.0+0.5 14.5+0.2 13.0+0.1 17.4+0.1 13.0+0.1
breast-cancer | 8.5+0.3 7.5+£0.3 4.5+0.1 4.240.0 5.4+0.0 4.4+0.1
checker9 47.0+£0.4 46.0+£0.4 28.8+0.4 27.5+0.2 29.5+0.4 27.0+£0.2
german 39.0+0.3 38.0+0.3 23.7+0.2 26.6+0.2 25.7+0.3 25.0+0.1
madelon 37.5+0.3 37.6+0.3 40.1+0.5 38.7+0.2 41.5+0.3 38.0+0.1
magic04 26.4+0.2 26.4+0.2 17.0+0.5 17.6+0.2 17.94+0.1 16.4+0.1
page blocks 6.3+0.1 6.4+0.1 3.4+0.2 3.6+0.1 3.3+0.1 2.940.1
pima-indians- | 26.3+0.3 25.2+0.3 25.5+0.5 24.2+0.2 26.2+0.1 24.7+0.2
diabetes
T 31.9+0.3 31.8+0.3 15.0+0.2 14.14+0.1 16.2+0.2 14.6+0.0
vote 4.4+0.2 4.4+0.2 3.7+0.2 4.3+0.2 4.6+0.2 4.3+0.2
XOR 54.0+0.3 57.0£0.3 46.2+0.4 47.4+0.3 46.8+0.4 49.0+0.3
Total : 2 1 6 12 1 14

B tabnune 1 mpuBedeHbl pe3ylnbTaThl SKCIEPUMEHTOB Ha AaHHbIX u3 penosutopus UCI, B
KOTOPBIX MPEUIOKEHHBIN METO/1 OyCTHHTa ¢ BeposATHOCTHBIMH Bxojamu (ODDboost) cpaBHUBaeTcst co
cragmapTaeiM  MetogoM AdaBoost. B mocnenHeli cTpoke MOBeIeHA CTAaTHUCTHKA, 33 KaKIBIN
HaWJydIIuid pe3yibTaT METOJ MoydaeT 2 Oajura, 3a KaKJ0€ BTOPOE MECTO METOJ mosrydaeT 1 Gasr.
Bunno, 9T0 B OONBIIMHCTBE CIydyaeB MCIOIB30BaHUE METOAa OYyCTHHTa C BEPOATHOCTHBIMHU BXOJAMHU
MO3BOJISIET J0OUThCS Oojiee BBICOKOM TOYHOCTH KiacCHU(UKALWU, YeM TpU HCIOJIb30BaHUU
crangaptHoro Meroaa AdaBoost.

Bo _BTOpoOii _1jaBe nmnpenjiaraeTcsi HOBBIM METOJ TOMCKA TPSMBIX, HCIOJIb3YIOINNA

BEPOSTHOCTHYIO MOJIEJb, CXOXKYIO C TOM, UTO HCIoNb3yeTcs B MeToje Xada. Takke BO BTOpO IiiaBe

npeajaracTcs HOBBLIH MCTOI IMMOUCKA TOYCK CXOJa, JTUHUU I'OPU30HTA U 3CHUTA HA 1/1306pa>1<eH1/1;1x.

15 Friedman, J., Hastie, T., & Tibshirani, R.: Additive Logistic Regression: a Statistical View of Boosting. The Annals of Statistics, 28,
2, (2000) 337-407
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B nepBom pa3zgesne onuchIBaeTCS HOBBIM METOJ Ui MOMCKA HPSIMBIX Ha HM300pa’kEHUsX,
KOTOPBI HMMEET BEPOSTHOCTHOE OOOCHOBaHWME W TOXO0X Ha mpeoOpaszoBanue Xada. OpHako, B
ornuuMe OT mpeoOpa3oBanus Xada mpeaTaraeMplii METOJ OCYIIECTBISIET TMOUCK HECKOJIBKUX
00BEKTOB MOCPEACTBOM BBIBOJ]a B BEPOSITHOCTHOM MoJenn (MUHUMH3ALUU dHeprun). BeposTHocTHas
MpUpoOa MPEAJIOKEHHOTO METOJa O3HA4aeT, 4TO MpPEAoKEHHash MOJEIb MOXET OBITh JIETKO
UHTETPUpPOBaHA C JAPYI'MMH  BEpPOATHOCTHBIMH  MOJENSMH, HalmpuMmep C  [NI0OAJbHBIMU
TeOMETPUUECKUMHU OTPAaHHYCHUSMHU.

[IpeobpazoBanne Xada ocHOBaHO Ha TOM (hakTe, YTO IJIOTHOCTH BEpPOSITHOCTEH (Toioca)
MOXXHO JIETKO ONPEENIUTh WJIM HACTPOUTh MPU IOMOIIM MAIIMHHOIO OOyuYeHHs Ha OCHOBAHHUHU
M3BECTHOTO Habopa JaHHBIX. OAHAKO, BMECTO TOTO, YTOOBI OOBEIUHUTH FOJI0Ca KOPPEKTHBIM C TOUKH
3peHusi BEpOSITHOCTHOM MoJenu crocoOom, mpeobpazoBanue Xada mpocTto cymmupyer ronoca. B
IpeuIaraeMoi cxeme rojoca 0ObeAMHSAIOTCS B BEPOATHOCTHON MOJEIH, TIPU 3TOM PELICHUEM 3a]laun
SBJIIETCS HAa3HAUEHHME 3HAYEHUM NEpPEeMEHHbIX 10 NPUHLHUIY MaKCUMyMa aroCTEepUOPHON
BEPOSITHOCTH.

MaxkcuMu3anusi anocTepUOPHON BEPOSTHOCTH B JAHHOW 3a/aye JKBUBAJICHTHA PEHICHUIO
3aJaud O pasMELIeHUH npeanpuatuii. M3BecTHo, 4To 3Ta 3ama4a sBisgercs B oOmem ciaydae NP-
TPYAHOMH, OTHAKO M3BECTHO, YTO B TEPMHUHAX (haKTOpa ANMPOKCUMAIINN ONITUMAIEHBIM AIITOPUTMOM €€
pelieHust SBIACTCS TMPOCTOW JKATHBIA anropuTM. JKaaHbIA aarOpuTM HAYMHAET CBOIO paboTy ¢
KOH(UTYypaly, B KOTOPOM BCE T'MIIOTE3bl CYMTAIOTCS HEAKTHBHBIMH, a BCE T'OJOCYIOIIHE AJIEMEHTHI
npuHaexkar ¢GoHy. 3aTeM, Ha KaKJOM IIare alropuTM BKIIOYAET OJHY M3 TUIIOTE3, OJHOBPEMEHHO
MEPEKITIoYas 4acTh TOJOCYIOIMX AJIEMEHTOB Ha BKJIIOUEHHYIO THUIOTE3y (TOJOCYIOUIMHM 3IIEMEHT
MIEPEKIII0YAETCSl Ha TUIIOTE3Y TOJBKO B TOM ClIydae, €ClId 3TO MEPEKIIOYEHUE YBEIMUMBAET 3HAUCHHE
anocTepruoOpHON BepoATHOCTH). Ha KakJoM 11are ajaroputMa rMroTes3a JJis BKIIOYEHUs BbIOMpaeTcs
TakuM 00pa3oM, 4TOOBI 00€CTIeYNTh MAKCUMAIIbHBIN MIPUPOCT alOCTEPUOPHOI BEPOSTHOCTH.

DKCIIepUMEHTHI Ha CTaHJApTHOM Ha0Ope JaHHBIX, OMHUCAHHBIE B padoTe, MOKa3bIBAIOT Oojee
BBICOKYIO TOYHOCTh IpEJIaraéMoOro METOAA IO CPaBHEHUIO ¢ 0a30BBIM METO/IOM IPeoOpa3OBaHUS
Xada ¢ mocienyromuM TOUCKOM JIOKaNbHBIX MakKCUMyMOB Xad-KapTbl W TOJaBJICHUA He-
MakCUMyMOB B cCiy4ae, KOrjJa Ha H300pa)X€HHH MPHCYTCTBYIOT HECKOJIbKO OOBEKTOB HHTEpeca.
PesynbraTel pabOTHl HPESIOKEHHOTO alropuTMa CpPaBHHUBAIUCH C pe3yjibTaTaMH IpeoOpa3oBaHUs
Xada c mocrneymlmMM —MojaBieHHMEM He-MakcuMyMoB. Kpuble Otkiuk-TodHOCTH — Juis
MPEIJI0KEHHOTO METO/Ia U KJIACCUYECKOro Mpeodpa3oBanus Xada ¢ mocieayomuM Mo1aBIeHueM He-

MaKCHMMYMOB ITIOKa3aHbI Ha PUCYHKE HHUXKC.
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1 T T T T 200

=== YUCNo He-MaHX3TTeHCKUX NMMHWKA (NpeanoXkeHHbIA MeToA)

== =HYUCNO HE-MAHX3TTEHCKNX NMMHMIA (MeToa Xadha +
nogaeneHe He-MakcHMMyMOoB)
= TouyHocTb (NpeAnoXeHHbINW MeTOA)

/14150

0.8

= TouHocTb (MeToa Xacha + nogaBneHne He-MaKCUMYMOE) 7

100

50

PucyHoxk 2. Pe3ynpTaThl 5KCIIEPUMEHTOB T10 ITOMCKY MPSAMBIX JTHHAN Ha Habope m3o0paxenuii «opx», u. I1o
BEPTHUKABIHON OCH OTJIOKEHA XapaKTePUCTUKA TOYHOCTb, TI0 TOPU3OHTAIBHOM OCH OTJIOKEHA XapaKTEPUCTUKA OTKIIHK.

BumgHo, 9TO TpeMIOKEHHBIH MeToN paboTaeT JIydile KIACCHYECKOTO MeToAa 10 00ouM
I1I0Ka3aTC/IsIM TOYHOCTH U OTKJIMKA.

Bo BTOpOM pa3sjnene paccMaTpuBaeTcs 3ajada F€OMETPUYECKOrO MapCHHra AJis aHaln3a
TeOMETPHH TOPOJCKHX CIeH Mo oaHoi dororpaduu. [log reomeTpuyeckuM MapcUHIOM HMEETCS B
BHJly TPOLIECC, KOT/Ia TEOMETPUUYECKUE AIIEMEHTHI Ha Pa3HbIX YPOBHSX, TAKKEe KaKk U MX TPYNIUPOBKA
BHYTPH OJIHOTO YPOBHSI OOHApYXUBAIOTCS SIBHO WU OJHOBPEMEHHO B IIPOIIECCE ONTUMH3AIIUU.
OTmeTHM, 4YTO TEPMHUH MApPCHHT 3/€Ch HUCIHOJB3YyEeTCsl IMOCKOJbKY T€OMETPUYECKHE MPUMHUTHUBBI
Pa3IUYHBIX YPOBHEH OOHAPYKUBAIOTCSI OAHOBPEMEHHO C X TPYNIHPOBKOM BHYTPH OJHOTO YPOBHSI.

HpennaraeMas{ BCPOATHOCTHAA MOJCJIb BKIIOYACT IMUKCCIIM KpacB, NPSAMBIC JIMHUKU, 3CHUT,
TOPU30HTAJIBHBIE TOYKH CXOJa, @ TAaKK€ IPYNIMPOBKY MHUKCEIEH KpaeB B IPSAMBIC JIMHUM, a IPSIMBIX
JUHUN B CEMEICTBA MapajUICIbHBIX JUHUWA. B OTIWYHE OT CyIIECTBYIONIUX METOIOB, OOJIBITMHCTBO
KOTOPBIX UCIONB3YIOT CXEMY PEIICHHUs 3a/1a4ll CHU3Y-BBEPX, B MPENI0KEHHOM METO/IE TTOUCK MPSAMBIX
JWHUHN, OOHAapyXXEHHE TOYEeK CXOJa U BBICOKOYPOBHEBBIH aHaJIM3 TeOMETpHH (TIOMCK 3EHUTA WU

TOPU30HTA) UHTETPUPOBAHBI B €JUHYIO MOJIEIb.
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3eHAT

naHKA
ropu3oHTa

TOYKa cXolaa

Pucynoxk 3. Touku cxo/1a, 3€HUT U TOPU3OHT.

P o
O603HauuM NUKCEIN KpaeB 3a p = { pi}i:l’ rJe KaKAbIH p, COOTBETCTBYET MO3ULMU IHUKCEIs
Ha TUIOCKOCTH u300paxkeHus. JIMHUM, TPUCYTCTBYIOIIUME Ha W300pakeHHH, O0O3HAYAIOTCS dYepes

L o
l:{li},»zl- O06o03HauUMM dYepe3 z TOJIOKEHHE 3eHUTa (TOYKY CXOAa JUIsi CEMEHCTBAa BEPTHUKAIBLHBIX

nunuif). Yepes h = {hl}lH

- 0003HAaYUM TOYKHU CX0Ja, COOTBETCTBYIOIIUME TI'OPU3OHTAJIBHBIM JIMHUAM.

Takum o6pasoM, Touku A, h,,...,h,, TOIKHBI JIeKaTh HEAATIEKO OT OAHOW NPsAMOH (3TO ycloBHe OyaeM

Ha3bIBaTh JaJICC OrpaHUYCHUCM Ha FOpI/I3OHT).
061ua51 SHEPTUs, TAKUM 06pa30M, OIPEACIIACTCH 110 (bopMyJIe:
P L
Etotal (l,h,Z | p) = ZEedge (pz | l) + ZE/ine (Zz | h’Z) + Z Ehorizon (hi’hj | Z) + Eprior(l’h)
i=1 i=1 1<i<j<H

rne £, (Lh)y=4, [1[+4, |h| - wTpad 3a noGasneHne GONBIIOTO KOJMYECTBA JMHUK (COTIACHO

prior
MPUHIUITY MUHUMAaJbHOU JUTMHBI onucanus) |l|= L u 3a moOaBieHune OOJBIIOTO KOJMYECTBA TOUEK
cxoma |h|=H, takuMm 00pa3oM MPEANOYTCHHE OTHACTCS OoJiee MPOCTHIM OIMHUCAHUSM CIICHBI.

KoncranTer 4

line

n ﬂ,vp SABJIAOTCS ITApaMETpaMHu aJIrTOpUTMaA.

DHeprust Kpaes 3a/1aeTcsl CIEIyIOIUM 00pa3oM:

Eedge (p | l) = min(ebg9min edist d (pﬂli )) >

rae d o003HaYaeT eBKIMA0BO PACCTOSHUE HA MJIOCKOCTH M300payKEHUS MKy TTUKCEIIeM Kpast
ist

¥ NpAMOW JMHMEH, 6, - KOHCTaHTa, KOTOpas COOTBETCTBYET MNpaBAonoxodbuto ¢oua, u 6,

KOHCTAHTa, KOTOpPasa OTBCHACT 3a pa36poc MUKceen BOKpYT O,I[HOfI JIMHHU.

Ynen OHCPTHUU IJI NPAMBIX JIMHUH 3a4aCTCA CJICAYIOIIUM BBIPAKCHUCM!

Eline (l | h’ Z) = min (Ubg ’ mln 77dixt ’ ¢(l’ Z)zj
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rne ¢ ob6osHauaer paccrosiHue Ha ['ayccoBoil chepe Mexay Hpoekiued JUHUM [ U TpOeKIren

COOTBETCTBYIOIICH TOYKM cXoxa (A, Wiu z). 177, - KOHCTaHTa, COOTBETCTBYIOLIAs IPaBAONOI00UI0
JII/IHI/II>'I, KOTOPBIC HE MABJIAIOTCI HH BCPTHUKAJIbHBIMH, HHW TOPHU30HTAJIBHBIMHU, Udist - KOHCTaHTa,

XapaKTepu3yroIias pa3opoc JIMHUN B paMKaX OJHOH TPYIIITEI TApaJICIbHBIX JTMHHM.
CoryiacHO OrpaHMYEHMIO Ha TOPU30HT, ONMHMCAHHOMY BBIIIE, BCE TOYKH CXO0J/1a, KPOME OIHOM,
JeXaT pAOOM C OAHOM MPSMOM Ha IIIOCKOCTH u300paskeHus. [[is Toro, 4roObl rapaHTUPOBATH

BBINOJIHEHHE TOTO YCJIOBMS, B SHEPTHIO BBOIUTCS €1le OJUH YJIEH:
Eppion (U, R 2) = K, % tg(p(u -h, L(z)) ,
e ¢ - MOAYTb yIa MEKIy BEKTOPOM /; —h, u mepnenmmkymipom K L(z), a K, - KOHCTaHTa,

rapaMmeTp ajJropuT™a.
OO6miast »Heprus, TakuM O0Opa3oM, OOBEAMHSIET BMECTE KOMIIOHEHTHI H300paKeHUs He-
MaHXeTTEeHCKOH CLEHBbI Ha Pa3HbIX YPOBHSX, U TEOMETPUUYECKUN MAPCUHT CLIEHBl HA OCHOBE aHaIN3a
JUHUN TPOUCXOUT MOCPEACTBOM MUHUMU3ALMH SHEPTUH.
B mannoii pabote ucnonb3yeTcs AUCKPETHAS alllIPOKCUMAIIUS OOIIei SHEPTUU, KOTOPYIO JIeT4Ye
MUHUMU3UPOBaTh. [lJi 3TOro Ha repBOM 3Tare padoThl AITOPUTMA CTAHJAPTHBIMU METOAAMH HIIETCS

3aBCOMO OoJIbIIIEEe YKCIIO JIMHUHA U TOYEK cxonda. Ilocie BLI60pa KaHAUAaTOB MHUHHUMMU3allHuA MOJTHOM

OHCPIrur CBOJUTCA K MHUHHUMMH3AIIUU SHCPIUH, 3aBHCHHl€fI oT 6I/IHapHLIX NEPCMCHHBIX X = {xi}i:lwx .

y:{ yl.}H M z. 3HauCHHE JMCKPETHON (YHKUMH OHEPIHHM BBIYHCIACTCS Kak 3HAYCHHC

.....

HEenpephIBHOW (DYHKIMM SHEPTUM Ha COOTBETCTBYIOLIEM MOJMHOXKECTBE KaHAMJIATOB B JIMHUHM U B
TOUYKH CXOJIa.

dakrop-rpad, COOTBETCTBYIOIIMN TOyUYUBIICHCS SHEPTUU MTOKA3aH HA PUCYHKE BHU3Y.

P-hr}ra':mr

KaHauaatol B
TOUYKM Cx04a

Eh ne

KaHauaarsl
B IMHUM

Erd_qf

[PaHKYHbIE
NUKCENn

Pucynoxk 4. I'papuaeckast Mozienb, COOTBETCTBYIOIIAS JUCKPETHOM SHEPTHH.
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HOCKO.HBKy MEPECMCHHBIC p ABJIAIOTCA HaGHIOI[aeMLIMI/I, MOXHO IIOGI/ITLCH 3HA4YUTCIIBHOT'O

BBIMTPHIIIIA B CKOPOCTH pabOTHl aJrOpUTMa 3a CYET CyMMHUpOBaHHA (pakTopoB E

wige» KOTOPBIC

COCUHCHBI C OMHUMH U TEMHU XKC (I/IJ'II/I BJ'IO)KGHHI)IMI/I) MHO>KEeCTBAMH JIMHUH. HOCKOJ’IBKy YJICHBI Eedge

IPECTABIAIOT cO00M OOJIBIIMHCTBO YJIEHOB JHEPrUM, 3TOT TPIOK 3HAYUTEJIBHO COKPAILAET YHCIIO
YJIEHOB SHEPIUU B MOJEIU. DTOT (DAaKT MO3BOJISIET UCIOJIB30BaTh MPOCTOW METOJ ONTUMHU3ALUH, IPU
3TOM BpeMsl paboThl aIrOpUTMa COCTABJISIET BCEIO HECKOJBKO CEKyHJ Ha oAHy ¢ororpaduro. bomnee
MOJIPOOHO, TOJIOKEHUE 3EHHUTa ONpejesseTcs nepedopoM BCEro MHOXECTBAa KaHIUIATOB (OOBIYHO,
Takux KaHnuaatoB He Oosee 10). IIpu GUKCHPOBAaHHOM TOJOKEHWH 3€HUTA Z, MOXKHO MPOBECTH

OIITUMMU3ALINIO I1IO 6I/IHapHI)IM NEPEMCHHBIM X W Y, UCIIOJIB3YyA MCTOA MMOBTOPHBIX YCIOBHBIX MO CO

CIIy4aifHBIM MOPSAKOM 00X0/1a BEPILIKH.

B skcnepuMeHTax, OMMCaHHBIX B paboTe, MPeUI0KEHHBIH METOJ] T€OMETPUYECKOr0 MapcuHra
CpPaBHMBAJICS C CYIIECTBYIOIIMMM METOJAMM IIOMCKa TOYEK CXOJa Ha CTaHJapTHOM Halope
m306paxennii «Mopk» n HaGope «EBpasumiickue ropoga», MOATOTOBICHHBIM aBTOPOM paGoThL Bo
BpeMsl pa3METKH HM300pakKeHHMH ISl KaXIOM TOYKM cXoJa ObUIO OTMEUEHO HECKOJIbKO Haubolee
OTJIMYUTEIbHBIX JIUHUI. DTO NO3BOJIAET OLIEHUTh TOPU3OHT U 3€HUT C XOPOLLIEH TOYHOCTBIO.

B kauecTBe MHTETpaIbHON XapaKTEPUCTUKU KauecTBa pabOThl METO/1a UCIOIb30BaTh BEIUUUHY
OTKJIOHEHHSI TOPU30HTA OT UCTHUHHOIO MOJIOKEHUsA. YTOObl OLEHUTHh KauecTBO pabOThI METOIOB Ha
BCeM Habope JaHHBIX, MCIOJB30Bajach dMIUpHUUEcKas (PyHKIHS pacrlpefeleHuss Mepbl OIMIMOKH Ha
BCeM Habope u300paxkeHui. DMnupuyeckas GyHKIMS pacupeaencHus n300paxxeHa Ha rpadukax, rie
[0 TOPU3OHTAIBHOM OCH OTJIO)KEHA BEIMYMHA OLIMOKM T, a IO BEPTHUKAIBHOW OCH — J0JIA

H306pa)KeHPII>i, AJIsL KOTOPBIX omnOKa MCHBIIC, YEM T.
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Pucynok 5. Pe3ynbraThl cpaBHEHHsT pabOTHI MPEIIOKEHHOTO METO/Ia C CYIIECTBYONMMU MeTomamu Korerka u
ap. u Tapaud. [To ropu3oHTANBEHOM OCH OTJIOKEHA ONIMOKA B OMPEACICHAN MOJO0XKECHUS TOPU30HTA, 10 BEPTHKAILHOW OCH
OTJIOXKEHA IO U300pakeHui B 0a3e, OmmOKa Ha KOTOPBIX MEHBIIIE TOpora.
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Kak BUJIHO M3 PC3YyJIbTaToOB, HpeI[J'IO)KeHHI)If/i METOA AacT Jy4dlmrue pe3yJIbTaTbl, YCM
CYIIECTBYIOIIME METOIbI Kak Ha 0a3e n3o0pakenuii Mopk, Tak u Ha Habope n300paxxeHui, CoOOpaHHOM
aBTOPOM pabOoTBHI.

B Tperbeil rjiaBe pacCMaTpUBAaeTCs NMIPUMEHEHUE MPEIJIOKECHHBIX aITOPUTMOB IS PEILCHUS

3aJa4d aBTOMATHUYECKOTO TOCTPOCHHS TPEXMEPHBIX MOJIEJICH AHTPOIOTEHHBIX CLEH IO OIHOMY
n300paxeHuto. ONUChIBAETCS MOCTAHOBKA 3aJjaul TPEXMEPHON PEKOHCTPYKLMHU, IMPOBOAUTCS aHAIU3
METOJIOB TPEXMEpPHOH PEKOHCTPYKIMHM MO OAHOMY u3o0paxeHuto. IlpuBoautcs omnucanue
MPEUIOKEHHOT'0 METOJ]a PEKOHCTPYKIIMHU, UCIIONIb3YEIIEero alrOpUTMbl OYCTHHTAa C BEPOSITHOCTHBIMU
BXOJIAMH.

3agaya TPEXMEPHOM PEKOHCTPYKUIHUHU COCTOUT B MOCTPOCHUHU TPEXMEPHOM MOJENW CIEHBI Ha
OCHOBaHMU OAHON unu Oonee dotorpadum, Takum oOpazoMm, oHA sBIseTCcsl oOpaTHOM 3amayeil. B
pabote paccMaTpuBaeTcs 3ajaya TPEXMEPHOH PEKOHCTPYKLUMHU MO OJAHOMY H300pakEHUIO, TO €CTb
OTHOW TIEPCHEKTHBHOM mpoekuuu. Takas 3amada (opManrbHO HMeEeT OECKOHEYHOE MHOMKECTBO
pelieHui, OJTHaKO IS CIEH, OOMalaroIuX PETyIsIpHOM CTPYKTYypod (Hampumep, TOPOJCKUX CIICH),
HAJIO)KEHUE JIOTMOJHUTENIbHBIX OTPaHUYEHUI Ha TEOMETPUIO CLIEHbl U HCIOJIb30BAHHUE CEMAHTUKU
CIICHBI ITO3BOJISIET Pa3peLINTh HEOAHO3HAYHOCTh IIPU BOCCTAHOBJICHUU I'€OMETPUH CILICHBI.

B nmwmccepranmonHoi paboTe paccMaTpuBaeTcs 3ajada aBTOMATHUECKOW TpeXMEpHOH
PEKOHCTPYKIUM TOPOJCKOW CLEHBI MO OJHOMY H300paxkeHuto. Llenplo sBIseTcs aBTOMaTHYECKOE
[IOCTPOEHHE BU3YaJbHO KAYECTBEHHBIX TPEXMEPHBIX MOJEIEH CLIEHBI 10 0OHOW (oTorpaduu, npuyeM

CYHICCTBCHHBIM Tpe6OBaHI/IeM K aJITOPUTMY ABJIACTCA €0 BBIYHUCIUTCIIbHAA Sq)(l)eKTI/IBHOCTB.

TINOCKCTIA CTEH 3AGH —_

= MnockocTs 3amma

(a) (b) (c)

Pucynok 6 (a) — CTpyKTypa TpeXMEPHON MOJICIH, UCIIOJIb3yeMast Il TPEXMEPHOH PEKOHCTPYKIIUHU Topoackux cieH; (b) —
BXOJIHOE M300paxkeHue; (C) — CreHepUPOBaHHBIH BUI.

Bo MHorumx cymecTtByrommx padoTax B 00JacTH TPEXMEPHOH PEKOHCTPYKIMH IO OJHOMY
I/I306pa)KeHI/IIO ACHTAIINCH CHUJIBHBIC MNPCAINOJIOKCHUA O TI'COMCTPUU CICHEI. B OpeaIO’KCHHOM B
JFICCEePTAMOHHON paboTe mMeTone (PUKCHpYeTCsl CTPYKTypa TPEXMEPHOW MOJETH, KOTOopas 3aJaeTcs
(bUKCUpPOBaHHBIM HAOOPOM TMapaMeTpoB, M TaKUM OOpa30oM 3ajada CBOJUTCS K HaXOXKJICHUIO

ONTUMAJIbHBIX TTAapaMETPOB TpCXMepHOﬁ MOJACIHN AJId 3aJaHHOI'O I/1306pa)KeHI/I$[. TpeXMepHaﬂ MOACIIb
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CLIEHBI COCTOUT U3 TUIOCKOCTH 3€MJIM M BEPTUKAJIbHBIX MJIOCKOCTEN, IPUUEM IPaHULIa MEKIY CTEHaMU
U 3eMJied TpenacTaBiieHa JjoMmaHou nuHHEH (cMm. Puc. 2). Ilocrmennee orpaHuYeHHe IMO3BOJISET
YMEHBIINUTh YHCIO MapaMeTpOB MOJENH, HE CHIKAas NPU 3TOM BU3YaJbHOE KadeCTBO MOJeENeH
TOPOJICKHX CIIEH.

B pabote npesuiaraercsi JBYXATaIlHBINA aJrOPUTM MOMCKA IMapaMeTpOB MOJEIH, TO €CTh 3aJada
IIOCTPOCHHS TPEXMEPHOM MOJENH CLEHBI ACIUTCSA Ha JBE MOoA3aJaud. PemeHne kaxxaon u3 noa3anad
CBOJUTCA K HAXOXACHHUIO OLEHKM MaKCHMyMa aloCTEPUOPHOM BEPOSTHOCTU MJI YCIOBHOIO
CJIy4alfHOTO TI0JI, UMEIOLIET0 CTPYKTYpy rpada-menouku. brarogaps mpoctore cTpyKTypsl rpados
JOCTHTaeTcs 0ojiee BBICOKAs! BBIYMCIUTEIbHAS d(P(PEKTUBHOCTD MPEII0KEHHOTO METO]a TPEXMEPHOU
[I0 CPaBHEHMIO C CYLIECTBYIOIIMMHU MeToAaMu. OpHeHTalus BEpTHKAJIbHBIX IUIOCKOCTEH B palote
OIpEACIIAETCS TOCPEACTBOM HAXOKIEHUS TOYEK CXOJa JJI OTPE3KOB FOPU3OHTAIBHBIX MPAMBIX. Jlis
HACTPOWKH YCIIOBHOT'O CIYYaiHOTO MOJIsl UCIIOJIb3YETCsl METO/ KyCOUHOW HACTPOMKH, AJIs1 3TOro Oblia
co3zaHa 6a3za MpuMepoB N300paKEHUH, UTsI KOTOPBIX ITapaMeTphl MOJIENH OBbLIH 3a/1aHbl BpyyHYyto. Ha
9TOM Ha0Ope pa3MEUeHHBIX HW300paXCHWl  HAaCTPaWBaeTCsl HECKOJIbKO  KIACCU(PHUKATOPOB,
BEPOATHOCTHBIE BBIXOJbl KOTOPBIX HCIOJB3YIOTCS IIPU BBIYMCIEHUU IOTEHIUAIOB YCIOBHOIO
ciyvyanHoro nosis. IIpenyiokeHHbI METO aBTOMATUYECKOW TPEXMEPHOU PEKOHCTPYKLUU FOPOACKUX
CIIeH M0 OAHOM (oTorpadmu peannzoBaH B BHJIE NPOTPAMMHONM CHUCTeMBbl. MeTOJ 3alaTeHTOBaH B
Poccun [14, 15], CILIA [16] u IOxno# Kopee [17].

B 3ak/1104eHUM ONUCHIBAIOTCSI OCHOBHBIE PE3yIbTaThl paOOTHI.

OcHoBHBIE Pe3yJbTAThl Pad0ThI

Pe3ynbraThl, MoTyuYeHHbBIE B HACTOSIICH AUCCEPTAIMOHHON pabOTE, COCTOSIT B CIICAYIOIICM:

1. Pazpabotanbl anropuTmbl OyCTHHra C BEPOSATHOCTHBIMH BXOJAMH, TO3BOJISIOIIME B
psne 3aja4 MOJy4YHTh OOJiee BBICOKYHO TOYHOCTH KIACCH(HKALWHU, YeM CYLICCTBYIOIIME METOJIbI
OyctuHra.  Jlns TMpeIOKEHHBIX METOJOB OYCTHHTA BIEpPBHIC TIONYYCHBI BEPXHHE OIECHKH
CIOCOOHOCTH K OOOOIICHHIO, a TAaKXKe JOKA3aHO, YTO MPEAJIOKCHHbIC METOIAbl MHHUMHU3UPYIOT JTH
OIICHKHU, UTO CIIYKUT TCOPCTHUIYCCKUM 06OCHOBaHI/I€M MPEAJIOKCHHBIX aJITOPUTMOB.

2. Pazpaborana HOBas BEpOATHOCTHAs MOJEIb JJIsI TIOUCKA MHOTHX OOBEKTOB (B
YaCTHOCTH, NPSMBIX JHHHK). PazpaboTraH MeTOJ]] T€OMETPHUUECKOTo MapCHHTa aHTPOIIOTEHHBIX CIICH,
MO3BOJISIONINN HAXOIUTh B PaMKax €IUHON BEPOSTHOCTHOW MOJCIU TMPSIMbIC JIMHUH, TOYKH CXOa,
3CHUT U JIMHUIO TOPU30OHTA.

3. Pa3paboTtan MeToll aBTOMAaTHUECKON TPEXMEPHOI PEKOHCTPYKIIUHM TOPOJICKUX CIICH 110
omHOW (oTorpadmu ¢ TPUMEHEHHEM TMPEIUIOKEHHBIX METOAOB OOYYEHHUsS 10 TIpeIelIeHTaM,
MO3BOJISIIONIMKA  aBTOMAaTHYECKH CTPOMTh TPEXMEPHBIE MOJEIH TOPOJICKHX CIEH, OoO0Janaromme

BBICOKUM BU3YaAJIbHBIM KauC€CTBOM. Meton pcain30BaH B BUIC HpOFpaMMHOﬁ CHUCTCMBI.
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