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AnHoTammsi.  OOCyXJalOTCS  NPUHIMIBL  OpraHM3auul ©W  (QYHKIHOHHUPOBAHUS
MHCTPYMEHTAIBHOM Cpexsl Ul HIPOrPaMMHON  pealu3alid  MOJENeH, MeTOJOB U
NPWIOKEHUH TEOpUH IUIAaHUpOBaHWS IBWeHMs. Cpena NpenocTaBiseT Pa3BUTHIH Habop
TOTOBBIX K HCIIOJIb30BAHUIO IPOIPAMMHBIX KOMIIOHEHTOB JUIsl aBTOMaTHYECKOTO IIOCTPOCHHS
OeCKOH(DIMKTHBIX ~TPAeKTOPUH [uIA poOOTa, TMEPEeMEeN[aeMoro B CTaTHYECKOM H
JMHAMHYECKOM TPEXMEPHOM OKpykeHuH. OpraHu3anus cpeasl B BHAE OOBEKTHO-
OPDHMEHTHPOBAaHHOTO  Kapkaca  oOecledyuMBaeT  pasBUTHE, aJaNTaldi0 W rudkoe
KOHOQUTYpUpOBaHHE pa3padOTaHHBIX MPOTPAMMHBIX KOMIIOHEHTOB B COCTaBE IEJEBBIX
npuiIokeHHui. brnarogaps BelaeneHHBIM HHTEpdeiicaM pa3HOro YpOBHS U MPEIyCMOTPEHHBIM
TOYKaM pAaCIIMPEeHUs cpela JMAOIYCKAaeT MHTErPalMi0 CO CTOPOHHHUMHM IPUKIAJHBIMA
CHCTEeMaMH.
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1. BeedeHue

TTog mmaHuUpoOBaHWEM MABMKCHHS OOBIYHO TMOHMMAETCS IMOUCK OECKOH(DIMKTHOTO
MyTH JAJs TIEPeMEIIeHUs] TBEPJOro Tella WM KHHEMaTUYeCKOW KOHCTPYKIMH B
MIPOCTPAHCTBEHHO-TPEXMEPHOU CIICHE. Hckombrit yTh CTpOUTCS B
KOH(MUTYpAIIMOHHOM TPOCTPAaHCTBE OOBEKTa C YYETOM €ro cTerneHed cBOOOAB U

! padora noauepxana POOU (rpaurt 16-07-00606)
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MPECTABISIET COO0I HEMPEPHIBHYIO KPUBYIO, KOTOPask COEANHSIET €r0 HaYaIbHOE U
KOHEYHOE IIOJIOKCHUS, HMCKIIOYAET CTOJKHOBCHMS C TMPEISATCTBUSIMH CLEHBI H
YIOBIIETBOPSIET BCEM YCTAaHOBICHHBIM KHHEMAaTHIECKUM M JHHAMHYCCKAM
orpannycHusM [1, 2].

3ajaud TIaHUPOBAHWSA [BIDKCHHS BO3HHKAIOT B PAa3HOOOPA3HBIX IPEIMETHBIX
o0nacTsaX, TakMX KaK MAaIOIMHOCTPOEHHE, POOOTOTEXHWKA, TI'eOMH(POPMATHKA,
TPaHCIIOPT, CTPOMTENBCTBO, M  4YacTO CBS3aHBl C  aBTOMaTU3amMeH U
MHTEJUIEKTyalnn3aueil Tpon3BOJICTBEHHBIX NpoleccoB. [IoBHIIEHHBII HHTEpeC K
JAaHHBIM 3a7a4aM OOYCJIOBJIEH TaKX€ W Pa3BUTUEM COBPEMEHHBIX TEXHOJIOTHH
MaTeMaTHYeCKOT0 MOJICIUPOBAHMs, KOMIIBIOTEPHOH TpaduKH, BUPTYaNbHOH H
JIOTIOJIHEHHOW ~ PEaNbHOCTH, JAOIYCKAIOUIMX  KOHCTPYKTHBHOE  KOMIUIEKCHOE
NPUMEHEHHE B COCTABE 1IEJIEBBIX MIPUKIIAHBIX CUCTEM.

K nomoOHBIM cucTeMaM ciieayeT OTHECTH CHUCTEMbl aBTOMAaTH3UPOBAHHOTO
npoekTupoBanusi, mnpousBoactea u umkenepun (CAD/CAM/CAE), kortopsie
MOTYYHIIN HIMPOKOE pacrpocTpaHeHue Gnaronaps BO3MOXKHOCTSIM
MaTeMaTHYECKOTO MOJEIMPOBAHUS TEXHOJOTHYECKH CIOXHBIX MPOIYKTOB H
npoueccoB. OyHKINOHAN TaHHBIX CHCTEM OXBAaThIBAET MHOTHE MAaTeMaTHYECKHE H
WHKCHEPHBIC ~ TUCHUIUIMHBI, CpPEeOd KOTOPBIX BaXXHOE MECTO 3aHHMAIOT
TE€OMETPUYECKOE MOJICITUPOBAHNE U TUIAHUPOBAHNE BIKCHHS.

Hanpumep, cuctemsl BH3YyaJbHOTO MOAEIMPOBAHUS HMHAYCTPUAIBHBIX IPOEKTOB,
takue kak Synchro Professional, Autodesk Navisworks, Trimble Vico, Rib iTWO,
Bentley ConstructSim, peanusyior (yHKUHM HaBUTallMd B  TPEXMEPHOM
MPOCTPAaHCTBE M BPEMEHM, a TAKXKCE OIPEACICHHUS KOJUIM3MHA B JTUHAMHYECKHX
creHax. brarogapst TaHHBIM QYHKIMSAM yAaeTcs MIPOMOASIUPOBATH XO MPOCKTHBIX
paboT, BBIABUTH MPOOJIEMBI X KOOPAMHAIIMK B YCIOBUSX OTPAaHHYEHHBIX paboumx
MMPOCTPAHCTB U KECTKUX BPEMEHHBIX CPOKOB U, TEM CaMbIM, CHU3UTH MPOCKTHBIC
PUCKU W 3aTparhl. He menee BaXHBIMU SIBJISIIOTCS (byHKI_[I/II/I MOJECIMPOBAHUA
Croco0OB JOCTaBKM MaTepHajioB U 00OpyIOBaHHMA K MECTy HCIOJIb30BaHUS
MOCPEACTBOM PA3JIMYHBIX I'PY30IIOABEMHBIX MEXAHU3MOB, a TAKKE MOJACITINUPOBAHUC
MPOLIECCOB MOHTa)Xka W COOPKU MPOEKTHBIX KOHCTPYKUMW. Peanmuzanust JaHHBIX
(yHKIMIA CcBA3aHA € pemIeHWeM 3ajad IUIAHWPOBAHUS ABMKEHHUS B CIOXHOM
JUHAMHYECKOM OKPYXCHHH, COCTOSIIEM M3 COTEH ThIcAd OOBEKTOB C
COOCTBEHHBIMH I€OMETPHYSCKUMHU MOZCISIME U TIOBeZeHHEeM [3, 4].

JlpyruMu WHTEpECHBIMH NPWIOKECHUSIMH TEOPHH IUIAHWPOBAHUS  JABHKEHUS
SBJISIFOTCS 33124 aBTOMAaTHYECKONH COOPKM WM pa300pKH MalIMHOCTPOUTEIBHBIX
M3/IEINI C LEeNbI0 BepU(pHUKAINN TEXHOJOTMYECKUX HPOLECCOB M MPEIOCTABICHHS
MHTEPAKTUBHBIX WHCTPYKIMH IO IIPOM3BOJCTBY MW OKcIulyarauund. He wmenee
aKTyaJbHBIMU SIBJISIFOTCSL 3aJa4dl YIIPaBJIEHHS MaHUITYJSILHOHHBIMH poOoTamHu, B
KOTOPBIX  TpeOyeTcst  TOCTPOWTH  COTJIAaCOBAaHHBIE  TPAaCKTOPHH  3BCHHEB
MAaHHMITYJIATOPOB.

BoctpeboBaHHBIME B TIOCIIETHHE TO/BI SIBIISIOTCSI CPEACTBA HABUTALIMHA MOOHMIIBHBIX
pO6OTOB, B YaCTHOCTHU, KOJICCHBIX TPAHCHOPTHBIX MEXAHU3MOB C HEOOJIBIINM
YHCJIOM CTEICHEH CBO6OJ]LI W HETOJIOHOMHBIMHU CBs3IMHU. KojecHble MeXaHH3MBbI
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YIOOBJIICTBOPSIIOT ~ CHEIUANBHBIM ~ I'€OMETPUYECKUM  OTPAaHUYCHUSM, KOTOpbIE
NPUBOIAT K TPAEKTOPHUAM IBIKEHUS BIOJb KpHUBHIX JIproGuHca [5], Punca-Illenmna
[6], bankkoma-Meticona [7]. B HEKOTOPBIX MOCTAHOBKAX TPeOYETCS MPOKIIAIBIBAT
OTHOCHUTEJIFHO TPOTSDKCHHBIE TPAaeKTOPHH B IICEBIOTPEXMEPHOM OKpPYKESHHH
(2.5D), xapakTepHOM, Hampumep, Ui TPAHCIOPTHBIX W  apPXHUTEKTYPHO-
CTPOUTENBHBIX Mozened. HopManust 0 MOENUpyeMOM OKPYKEHUH MOXKET OBITh
3apaHee M3BECTHA, JIMOO IMOCTyNMarb C CEHCOPOB POOOTa B PEXHME DPEaIbHOTO
BpeMeHH. B mocnenHeM ciydae BO3HHMKAaeT HEOOXOAMMOCTH IIE€PMaHEHTHOTO
neperiaHupOBaHusl ABMKEHHUS 00BbEKTa B X0/Ie ero nepemerienus [8, 9].
ConepkaTenbHbIe MPUMEPHI IUIAHUPOBAHUS ABMKCHUSI TPEJIOCTABISIOT CHCTEMBI
PEATNCTUYHON KOMITBIOTEPHOH aHMMAllMH HETOJIOHOMHBIX CHCTEM CO CJIOKHBIMH
KHHEMaTHYeCKUMH OrpaHuueHusMU. C INOMONIbI0 MOAOOHBIX CHCTEM YCIIEIIHO
peliaroTcs 3aJayd aHWMAIMM YellOBEYeCKUX MepcoHakel, BOCTpeOOBaHHbIC,
HanpuMep, B KOMIBIOTCPHBIX WrpaX M KHHOMHAYCTPHH, B TOM YHCIE, C
NPUMCHCHHEM  TEXHOJOTMH  BHPTYaJbHOW M JONOJHEHHOH  peasbHOCTH.
BoccosnaHue peatncTUYHON MOJAENH IBIDKCHHS, YYUTHIBAIOIIECH TeOMeTpHYECKHe,
KUHEMaTH4YecKue W AndQepeHnuanbHple  OrpaHHYCHHs,  IpeIcTaBIseTCs
HEBO3MOXKHBIM 0€3 HCIOJIb30BaHUS COOTBETCTBYIOIIIX MPOTPAMMHBIX CPEJICTB.
Ilepeuncnennsie BEIME 3aJayll IDIAHWPOBAHUS NBIKeHUs sBistorcs PSPACE-
TPYIHBIMH, U TO3TOMY WX pELICHHE B HWHIYCTPUAIbHO 3HAUYMMBIX IIOCTAHOBKAX
BBICOKOM DPa3MEpPHOCTH IIPEACTABISCT CEPhe3HYI0 BBIYHCIHUTEIBHYIO HPOOIEeMY.
Pa3paboTka HEOOXOAMMOro MaTeMaTHYeCKOr0 W MPOrpaMMHOTO OOECHEeYEeHUs C
caMoro Havaja KpaifHe CJ0)KHa, TpeOyeT HIMPOKHX KOMIIETEHIIMH M CEepbe3HBIX
pecypcoB. Mcronb3oBaHHe K€ CYHIECTBYIOIIMX IPOrPaMMHBIX CPEICTB, Kak
KOMMEpPYECKUX, TaK M C OTKPBITBIM MCXOJIHBIM KOJOM COIPSIKEHO C pSIOM
NPUHLMIHAIBHBIX OrpaHudYeHnii u mpobneM. K umciy Hamboliee 3HAYMMBIX
HEJIOCTATKOB CII/IyeT OTHECTH:

— CHElMAaNN3alMI0 CPEJICTB U HEBO3MOXHOCTh MX HCIIOJIB30BAHMUS Uil PELICHUS
3aja4y oOuIero BHUJa, HAaNpHUMep, 3a/ad IJI00albHOTO IJIAHUPOBAaHHS IBHXKCHUS B
CJIOKHOM JIMHAMHUYECKOM OKPY>KEHHH,;

— OrpaHUYeHHbIe MHCTPYMEHTAJIbHBIE BO3MOXKHOCTH JUIS Pa3BUTHS IPOrPAMMHBIX
CPEICTB U pealu3allid HOBBIX MOJENEH, METONOB U IIPUIIOKEHUN TEOpUU
TUIAHUPOBAHUS ABHKCHUS;

— OTCYTICTBME BHPTyaJHM3alMM JaHHBIX, NPUBOASAIIEE K H3OBITOUHOMY
NPE/ICTABICHUIO MOJIETH OKPY)XEHHsT M OBICTPOMY HCUEPIaHHIO OIEepPaTUBHOI
HaMsTH, HEOOXOIMMOM JJIs1 OCHOBHBIX BBIYHMCIICHHH;

— HaJIM4YKMe 3aBUCHMOCTEH OT KOMIOHEHTOB TPEThUX CTOPOH, YAaCTO MPUBOJSIIIUX K
HEOTPEICICHHOCTH W HEJI0CTOBEPHOCTH PE3YJbTAaTOB, a TAaKXKE MOPOXKAAIOIINX
JIOTIOJTHUTENbHBIE TPYAHOCTH IPH KOHPHUTYPHUPOBAHUH LENEBBIX PHII0KEHHUH.
[osicHuM  yka3aHHbIE HEJOCTaTKH HA MNpPUMEpPe MNOMYJISPHBIX OHONHOTEK
ianupoBanust apmwkenns Motion Planning Kit (MPK) [10], OpenRave [11] u Open
Motion Planning Library (OMPL) [12].
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OyHKINN JaHHBIX OMOIHMOTEK, INIaBHBIM 00pa3oM, NMpEIHA3HAYCHBI AJISI PELICHUS
3aja4d JIOKAJIBHOTO IIAHUPOBAaHWSA ABMKEHHUSI W MOJEIHUPOBAHHS HETOJOHOMHBIX
MEXaHHYECKHX CHUCTEM B PEXHME peambHOTO BpeMeHH. MX MaTemMaTndecKui
apceHal B OCHOBHOM 0a3MpyeTcs Ha COMIUIMHT METO/AAX, KOTOPBIE AEMOHCTPUPYIOT
BBICOKYIO 3 (EKTUBHOCTh B MPWIOKEHHUAX YIPABICHUS IPOMBIIIJICHHBIMH
poGoTtamu. OHAaKO JaHHBIE METOJBI HECOCTOSITENBHBI B CIy4asX, Korjaa Tpedyercs
ONPEICTINTh NPOTSDKCHHBIE  OECKOH(UIMKTHBIE TPAacKTOPUHM B  TPEXMEPHOM
OKPYXEHHH CO CJIOKHOHW TOHOJIOTHEW W TUHAMHYECKHM IoBeneHueM. [lomoOHbIe
3a/laud BO3HHUKAIOT, B YACTHOCTH, NIPHU BU3YaJIbHOM MOJAEIUPOBAHUH APXUTEKTYPHO-
CTPOHTENBHBIX MPOCKTOB U TPEOYIOT A(PEeKTHBHBIE CPENCTBA JJIS PEIICHUS 3ajad
IUTAaHWPOBAHUS ABWKEHUS B TI00ANBHBIX TUHAMHYECKHX MOCTaHOBKax. IIpu sTom
apXHUTEKTypa ONOIMOTEK W OCOOEHHOCTH OPTaHM3aIMU MIPUKIATHBIX IPOrPaMMHBIX
uaTepdeiicoB (API) mpenmATCTBYIOT peanusanii B UX COCTABE HOBBIX METOIOB H
QITOPUTMOB IUIAHWPOBAHUS MABIIKEHHUS MJISl DPEIICHWS WHBIX KJIacCOB 3afad.
[IpenycMoTpeHHble B OMOIMOTEKaX BO3MOXXHOCTH MOJU(DUKAIMK JIOKATBHBIX
ANTOPUTMOB KaYECTBEHHO HE MEHSIOT CUTYAIHIO.

Jpyrum HemocTaTKOM OMOIHOTEK SBIISIOTCS CIIOCOOBI OpPraHM3aIMy MPOTPAMMHBIX
uHTep(EHCOB AOCTya K JaHHBIM OKPYKCHHS, KOTOpPBIE 3a9acTyI0 MPENSITCTBYIOT
ux unterpaiuu B nenesbic CAD/CAM/CAE cucrtemsl. JlaHHBIE CHCTEMBI OOBIYHO
ONEpUPYIOT MacIITaOHBIMH CIEHAMH, COCTOSIIMMHU U3 COTEH ThICSY M MUJUIMOHOB
O0BEKTOB C  HMHIUBUAYAJbHBIMH  TCOMETPUYECKUMH M  TUHAMHUYECKUMHU
XapaKkTepUCTUKAMU, W TO03TOMY opraHu3zanus 3()(EeKTHBHOrO JOCTyNa K HHUM
npuodperaeT KIOYEBOE 3HaueHHE. B IMOJOOHBIX CHCTEMax HCIIOJIB3YeTCs CBOE
BHYTpPEHHEE MPEACTAaBICHUE TPEXMEpPHBIX MOJeneil, KOTOpoe MAUKTYeTCsl HX
(yHKIMOHANOM ® TpuKIagHOW crenudukoi. Hampumep, tpexmepusie CAD
CHCTEMBI OAJICP)KUBAIOT PA0OTy C AaHATMTHIECKUMH T€OMETPHUECKUMH KPUBBIMU U
MOBEPXHOCTSIMU, TPAaHUYHBIM M TBEPJOTEJHFHBIM TpeICTaBICHHIMH Tell. CHCTeMBl
BU3yaJlbHOTO  MOJENMPOBAHUS INPOEKTOB OPHUEHTHPOBAaHBI Ha paboTy ¢
YIPOIIEHHBIMHU TTOJIMTOHAJIBHBIMA MOJEIISIMH, TpeIHa3HAYeHHBIMH JJIsI OBICTPOid
pacTepu3alyy CLEH M JOKaJlu3aluu NpocTpaHcTBeHHbIX Komusuid. CAM u PLM
CHUCTeMBl B OOJIBIIEH CTENEHH OMNEPUPYIOT KHHEMATHYECKHMU MOCISMH,
MpeIHa3HaYeHHBIMHU JJI MOAETIHPOBAHUS TEXHONIOTHIECKUX OIepaIui.

B cuny ykasaHHBIX NpUYMH MHTEp(ENC AOCTyHa K JaHHBIM OKPYXKEHHUS JOJDKECH
YUNTBIBATh AJbTEPHATHBHBIC MPEACTABICHUS TPEXMEPHBIX MoJeneil, a TaKxke
JIOITyCKaTh BO3MOXHOCTh HETOCPECTBEHHOI'O HCIIOJB30BaHUS (YHKIMH IENEBBIX
CHCTEM TIpH ONpEAETICHUN CTOJKHOBEHHH M aHAJIN3€ COTVIACOBAHHOCTH OOBEKTHBIX
KoHurypanuii. JlaHHele TpeOOBaHUS MPUBOAIT K HEOOXOMAUMOCTH HUMETh TOUYKH
pacmmpeHus: mporpammHoin cpenbl (hotspots), KoTopsie Obl MO3BOJIUIN HACTPOUTD,
CKOHOUTYpHpOBaTh WM JI0padOTaTh COOTBETCTBYIOIIME KOMIIOHEHTHI ISt
HOJJIEP>)KKY allbTEPHATHBHBIX MOJIETIEH M peau3ainy ONepanui ¢ HUMH.

B camom nene, jkecTkasi TpuBsS3Kka WHTepdeiica K KOHKPETHOW MOJEeNU IIeNIeBOM
CHCTEMBI, BO-TIEPBBIX, TpeOyeT HamucaHus OOJBIIOr0 00beMa aJaNTHPYIOLIETO
KOJla, a, BO-BTOPHIX, NIPUBOJUT K HEPAIIMOHAIEHOMY PAacX0/I0BAHUIO OIEPATUBHOM
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mamsatda. C Jpyrol CTOPOHBI, IMOJHAs HE3aBUCHMOCTH OT TEOMETPUYECKOH H
KMHEMATHYEeCKOI Mozenel Takke IOpOXXKIaeT TPYIHOCTH IIPH HHTETPAlid B
IeNneByl0 cucteMmy. Hampumep, mnpu wucmonb3oBaHmn Oubmmorekn OMPL,
peanu3yome COMIUTHHT METOBI, Ha Pa3paboTIMKa JIOKUTCS OTBETCTBEHHOCTH 3a
NPE/IOCTABIICHUE  PEJICBAHTHBIX METPHUK MHOTOMEPHBIX  KOH(HIYpallMOHHBIX
MPOCTPAHCTB, B KOTOPBIX pEIIAIOTCS IOJNb30BaTelbckue 3amaud. Kpome Toro,
pa3paboTYNKOM JOJDKHBI OBITH pEaM30BaHbl U MPeNOCTaBiICHBl d((HEKTHBHbBIE
CpeicTBa  ONpeneieHUs  CTOJIKHOBEHHMM M aHanmM3a  COTJIAaCOBAaHHOCTHU
KOH(UTypauuii, 4To TaK¥Ke SBISIETCS CEPbE3HOW MPOOIEMON C y4eTOM BBICOKOM
pa3sMEepHOCTH TUIIOBHIX 3a1a4.

Hakonen, 3aBUCUMOCTb OT KOMIIOHEHTOB TPETbUX CTOPOH U MX CHIIBHOE
3allelUIEHHe M0 JaHHBIM M YIOPaBICHHUIO TaKXkKe SBISETCS HEAOCTaTKOM
CYIIECTBYIOIINX OMONMHOTEK TUTaHUpoBaHWsA MABWKeHHA. C OIHON CTOPOHBL,
WCTIONB30BAaHUE [ETaJbHO CIEHU(HUIMPOBAHHBIX W TIIATEIFHO OTIAKEHHBIX
CTOPOHHHUX KOMITOHEHTOB SIBIIIETCSI XOPOIICH MPAKTHKON MpPH CO3TaHUH CIIOXKHBIX
MpOTpaMMHBIX cucteM. OJHAKO OHA OTpaBABIBaCT ce0s, €CIIU TOJIHKO KOMIIOHCHTHI
peanu3yoT He3aBHCHMBIC (YHKIWH, ONEPUPYIOMIHE C EAWHBIM MpPEACTABICHUEM
JNAHHBIX. B TIPOTHBHOM ciydae BO3HHKAaeT HEOOXOOMMOCTh WX IIEPMAaHEHTHOM
KOHBEpTAllMU U corjlacoBaHus. Kpome Toro, ncnosip30BaHHEe KOMIIOHEHTOB Pa3HbBIX
BEPCUH YacTO TOPOXKAAeT KOH(IMKTBL, KOTOpBIE 3aTPYAHSIOT  COOpKY,
TECTHPOBaHUE U JaJbHEHIIee COIPOBOXKACHHUE 1IEJIEBbIX CHCTEM.

Hanpumep, nactpymenTansHas cpena Movelt, Bxonsamas B cocta ROS, moctpoena
Ha OCHOBE Cpa3y BCEX YMOMSHYTHIX OMOJIMOTEK MJIaHUpOBaHUs JIBMKeHUs. [Ipuuem
OMPL  mpemmaraercss B KauecTBE OCHOBHOIO  CpEACTBA  IOCTPOCHHUS
OeckoH(IMKTHBIX TpaekTopui, OpenRave HCMONB3yeTcss Kak CPEACTBO PEIICHUs
oOpaTtHOl KmHemarndeckoil 3amaun, a MPK mnpumensercas mis OvicTporo
pa3pelIeHns] OJMHOYHBIX 3alIPOCOB HAa OCHOBE JBYXHAIPABICHHBIX MAapIIPyTHBIX
ceTeil ¢ OTJIOKEHHBIM ONPEEIIEHUEM CTOJKHOBEHUHM Ha ocHoBe SBL anropurtma.
O4YeBHIHO, YTO CHUCTEMATHUYECKOE IMOCTPOCHHE MPHUJIOKECHUH IUTaHHUPOBAHUS
JIBIDKCHUS C TIOMOIIBIO MAaHHOM WHCTPYMEHTANBbHOH cpembl MpoOJIeMaTHIHO, a
MOJTYYCHHBIC PE3YIIbTaThl MOTYT OBITh HEJJOCTOBEPHBIMH.

MHoOXecTBEHHBIE 3aBHCUMOCTH cpefbl oT sapa ROS, OuOImoTekw ompeneneHus
cronkHoBeHnit FCL, a Take FLANN, MongoDB wu boost co3garor
JIOTIOTHUTEIBHEIC TPYAHOCTH TIPH €€ TPAKTHYECKOM HUCTIOTb30BaHUH.

2. HazHayeHue u obwas opeaHu3ayusi cpeobl

Pa3paboTaHHas HWHCTpyMEHTallbHAas cpelna IpelHa3HAYeHa JUIS POTPAMMHOM
peanu3anuu MoJIeNiei, METOJJOB U TPWIOKESHUH TEOPHH IUTAHUPOBAHHS JBHKCHUSL.
Cpena mnpemoctaBisieT pa3BUTHIA HA0OP TOTOBBIX K HUCIOJIB30BAHUIO MTPOTPaMMHBIX
KOMIIOHCHTOB JIJIsl aBTOMAaTHYECKOTO TIOCTPOCHUSI OSCKOH(IIUKTHBIX TPACKTOPUI B
CTaTHYECKOM M JUHAMHYECKOM TPEXMEPHOM OKPYXEHHH I poOO0Ta, NMEIOIIETO
MIPOM3BOJIFHOE YHCIIO CTENEeHEH CBOOOIBI M (PYHKIMOHUPYIOIIETO KaK Ha OCHOBE
anpUOPHBIX 3HAHWW O CIIeHe, TaK M B HEWU3BECTHOM OKPYXEHHU B PEXKHME
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peansHOoro BpemenH. Cpena peanu3yercsi HE TOJIBKO Kak CIeNHaIH3UPOBAaHHAS
OnbnnoTeka IS pEelIeHHs THIOBBIX 3alay IUIAHUPOBAHMS IBI)KCHHS, HO M Kak
OnbIMoTEeKa MPOrpaMMHBIX KOMIIOHEHTOB JUISl IIOCTPOCHUS NPHIIOKSHUH B Pa3HBIX
HpeIMeTHBIX obyacTsax. VIMEHHO NaHHas BO3MOXKHOCTh NPHHIMIHAIBHO OTINYACT
ee OT YHOMSHYTBIX BbIle perieHud. [Ipu 3ToM nexnapupyeMas yHUBEPCaIbHOCTD
cpenbl  He  mpemsaTcTBYyeT  dddexkTuBHOCTH  pa3pabaThIBaEMBIX  LIEJNEBBIX
MPWIOKECHUH, MTOCKOJIBKY npeaycMaTpuBaeT BO3MOXKHOCTH ruOKoro
KOH(UTYpUPOBaHHS IMPOTPAMMHBIX KOMIIOHEHTOB, WX pPAa3BUTHS, aJaNTalud |
HACTPOWKHU C y4eTOM CrelM(UKHU PelIaeMbIX IIPUKIIaTHBIX 33/1a4.

Cpena cipoeKTHpOBaHA U peajn30BaHa B BUIC KapKaca (apXUTEKTYpHOTO IabiioHa)
Ha OCHOBE TEXHOJOIWH OOBEKTHO-OPHEHTUPOBAHHOTO M  KOMIIOHEHTHO-
OPHEHTHPOBAaHHOTO  NpOrpaMMHpoBaHus.  JlaHHBIE  TEXHOJNOTMH  LIMPOKO
NPUMEHSIOTCS NIPU CO3JAHUM CIIOXKHBIX HPOTPAMMHBEIX CHCTEM C Pa3BHBAacMBIM
(YHKIMOHAIOM U MPHU pa3paboTKe cepuid IPOrpaMMHBIX MPHITOKeHHH. Oxumaercs,
4ro OJjarogaps KapKkacHOW OpraHM3aliH Cpela MO3BOJNUT CYIIECTBEHHO COKPATUTh
CPOKH H 3aTpaThbl Ha CO3J[aHHE NIPUIIOKESHUH 1 IPH ITOM O0OECIICUUT MX HAJCKHOCTD
1 3p(eKTHBHOCTb, HEOOXOAMMBIC IJIsl PEIICHUS NPAKTUYECKUX BBIYUCIHTEIEHO
CIOXKHBIX 3amad. Cpema MPOrpaMMHO peall3oBaHa Ha s3blke Cu++, HMO3TOMY B
JabHEHIIEeM €€ KOMIIOHEHTHl ONMCBIBAIOTCS B TEPMHHAX aOCTPAaKTHBIX U
KOHKPETHBIX KJIaCCOB.

[IpoexTHpoBaHMIO KapKaca MPENIIECTBOBAJIM  HCCIEIOBATeNIbCKUE  PadoTH,
CBsI3aHHBIC C CHUCTEMAaTH3alMedl W KOHIENTyalu3aluuei 3ajad U METOJO0B TEOPUH
IUIAHUPOBAHUsI JIBIKCHHUsI. B paHee omyOIMKOBaHHBIX aBTOpaMu padorax [2, 13]
OBUT POBE/ICH aHAIIM3 COBPEMEHHBIX METOJIOB IUIAHUPOBAHHUS IBIIKEHUS, KOTOPBIH
MO3BOJIMJI BBIJICNIUTh OCHOBHBIE ITIOCTAHOBKHM 33/1a4, KJIIOYEBBIE IOAXOJBI K HX
PELICHUIO, MEPCHEeKTUBHbIE ceMeiicTBa MeTOJ0B M 3((EeKTHBHBIE ANTOPUTMBL. B
JlanbHEMIIeM MbI BBIJIEIISIEM JIBE OCHOBHBIE TIOCTAHOBKH 33/1a4 U CBSI3aHHBIE C HUMH
BBIYMCIIMTEIIbHBIE CTPATeTrHH, & UMEHHO: JIOKAJIbHOE U III00aJbHOE IIaHUPOBAHHE
JBHKCHHSL.

I'moGanbHOE INIAHMPOBaHUE MPEAIONAracT alpHOPHOE 3HAHUE O MOJCIHPYEMOM
OKPY)KCHHUH W IOAPa3yMeBaeT NpEIBAPHUTEIBbHBI aHAIN3 TPEXMEPHOW CLEHBI C
HOCIICAYIONIMM pPa3pellicHHeM MHOXKECTBEHHBIX 3alpOCOB MOMCKa NyTH. JlaHHas
NOCTAaHOBKA  pEaNM3yeTcsl  MOCPEIACTBOM  IPEIABAPUTEIBEHOTO  ITOCTPOCHHUS
MapupyTHOro rpada, OTpPaKalooIlero TOMOJOTHIO MOJCIHPYEMOH  CLICHBL
MapuipyTHBIil ~ TONMOJOTHMYECKUH Tpad) arperupyeT MHOXECTBO JIOKaJIbHBIX
MapIIpyToB B paboueM MpPOCTPAaHCTBE CLEHbI, OLEHKA HX CTOMMOCTH, a TaK¥Ke
JIOTIOJTHUTENBHYI0 MHPOPMAIIHIO, KOTOpasi MOXKET OBITh IMOJIE3HA Uil Pa3pelieHus
HOCIEAYIONIMX 3alpOCOB Ha OCHOBE O3BPHCTHYECKHX IpaBwi. [JobambHOE
IUIAHUPOBAHHWE HA OCHOBE MAapUIPYTHBIX CETeil mpearnosaraeT ObICTPBIA MOHCK
MEepPCIEKTUBHBIX ~ MapIIPYTOB  JBIDKCHHS, KOTOpPbIE 3aTeéM MOTYT  ObITh
npoBepu(UIMPOBAHbl U NPU HEOOXOJUMOCTH CKOPPEKTHPOBAHBI C IOMOIIBIO
ITOPUTMOB JIOKAJILHOTO TUIAHUPOBAHUSI.
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JlokanpHOE IUIAHMPOBAaHWE IOJpa3yMEBaeT paspelieHHe ONMHOYHBIX 3alpOCOB
Movricka OECKOH(IMKTHBIX TPACKTOPHH JJIT KOHKPETHOTO OOBEKTa (TBEPIOTO Tena
WM KHHEMaTHYeCKOW CHCTEMBI), YUYHTBIBas €ro KOHKPETHOE TIe€OMETPHYECKOe
NpEICTaBlICHHE, a TaKXKe HaJIOXKEHHbIC KHHEeMAaTHYeCKHe M JAWHAMHYCCKHE
orpanndeHust. [y mporpaMMHOMN peanu3aliy CPeCTB JOKAIBHOTO INIAHUPOBAHUS
ObUTO BBIOPAHO CEMEHCTBO COMIUIMHI METOJOB, 3apEKOMEHJOBABINUX CeOsl MpH
pELICHUH 33/1a4 B CJIOKHBIX MHOT'OMEPHBIX KOH()UTypallMOHHBIX IPOCTPAHCTBAX.
Jlns pemieHns: MHUPOKUX KIIacCOB 3a/1a4 B JIOKAJbHOW M II0OAbHOM MOCTaHOBKE C
UCIIONIb30BAaHUEM  aJbTEPHATUBHBIX METOJOB M alrOPUTMOB OBbUT IPOBEJCH
OOBEKTHBIH aHaJIN3 TEOPHUH IJIAaHUPOBaHUS JBIKEHUS. OH TO03BOJMI BBIICIUTD €€
KJIIOYEBbIe a0CTPaKIMU, UX B3aUMOCBSI3H, U TEM CaMbIM, ONPEIEIUTh HEOOXOANMBIi
COCTaB, CTPYKTypy ¥ BO3MOXXHBIE TOYKH pacIIMpeHHsi cpensl. B ee oOmieit
CTPYKTYpe YAOOHO BBIAEIUTE TPYIIBI KJIACCOB I MPEICTABICHUS MOACIUPYEMOTO
TpexMmepHOro okpyxenus (maker WorkSpace), st perieHnss BCIOMOTaTeNlbHBIX
3a]a4 B KOHPUTYPAHOHHBIX POCTpaHCTBax 00bekToB (maker ConfigurationSpace)
U Juis paboTsI ¢ rpadamu u mapupyTHeiME ceTsimu (maket DiscreteSpace).

Knaccer makera WorkSpace ompexaenstor uHTepdelcsl aocTyma K oObeKTam
MOJCIIUPYEMOT0 OKPYIKEHHMS, KOTOPOE BKIIFOYAeT B ceOsl M MepeMeIlacMblii 0OBEKT
U HaJOXKCHHBIE Ha HEro KHHETHYECKHE OrpaHHYeHHs. B 3ToM ke makere
pealu3yeTcss THOACHCTEMa KJIacCOB IS ONpENCNICHUS  CTOJNKHOBEHHH ¢
UCIIOJIB30BAaHUEM CTPYKTYpP MPOCTPaHCTBEHHO-BPEMEHHOI nHaekcauuu. [locmennue
NPUMEHSIOTCSL JUIS OBICTPOW JIOKaJM3alUH CTOJIKHOBEHHH M YCKOpEHHs DPabOTHI
OCHOBHBIX anroputMoB. [lockosbky Hekotopeie CAD/CAM/CAE cucteMbl HMEROT
COOCTBEHHBIE  CpEICTBA  ONpPEICICHUS  CTOJKHOBEHUH,  ONEpPHUPYIOIIUE
HEMOCPEJICTBEHHO C BHYTPEHHHUM MPE/ICTABICHUEM JAHHBIX OKPYXXCHUS, KJIacChl
MaKera ONpENelsioT enuHble uHTepdeiichl ans (GOpMUpPOBaHHMS M HWCIIOTHEHUS
COOTBETCTBYIOIINX 3ampocoB. bmaromaps uHTepdeiicam pa3pabOTUMKM IIEIEBBIX
NPWIOKEHUH MOTYT INpPEAOCTABUTH albTEPHATUBHBIC peEAM3allMd  CPEJICTB
OIIpeNIeNICHHs CTOJIKHOBCHHUI.

[Taker ConfigurationSpace cocTaBistOT KIacchl, MpeAHA3HAYCHHBIC JUIS PEUICHHS
33724 B KOHQHIYPaLMOHHBIX TMPOCTPAHCTBaX OOBEKTOB. JlaHHBIE KiIacchl
NO3BOJIIOT  337aTh MHOXXECTBO JONMYCTHMBIX KOHQUTypauuid mias oObekTa
IUIAHUPOBAHUs, CPOPMHUPOBATh U HCIOJHHTH 3alPOCHl ITOMCKA OCCKOH(IMKTHBIX
TpaekTopuil aBrkeHus. CrielManbHble KIIAcChl peliaTeNed pealM3yroT pa3indHble
CeMEWCTBAa COMIUIMHI METOAOB [UIS IUIAHUPOBAHUS [BIDKCHHS B JIOKaJbHOM
MOCTaHOBKE.

INaker knaccoB DiscreteSpace npenHasHadeH Ui NpeACTaBICHHS rpadoB H
peuieHust 3anady moucka myTed B HuX. OOOOIIEHHBIE peaaM3aly KJIAcCOB
MO3BOJISIFOT MCHOJIB30BaTh UX B KauecTBE 0a30BBIX MPU CIHELUANM3aLUK rpadoB B
BUJie OBICTPOPACTYIUX JEPEBHEB M MAPIIPYTHBIX CETe. 3aMETHM, YTO HOCIIEIHIE
MOTYT CTPOUTHCSI Kak B TPEXMEPHOM IPOCTPAHCTBE OKPYKEHHUS, TaK U B
KOH(QUTypallMOHHOM ~ MIPOCTPAHCTBE OOBEKTa IUIAHUPOBAHUS. TeM  caMbIM,
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obecrieunBaeTcss BO3MOXKHOCTh ~ MHOTOIIEJIEBOTO  HCIIOJIb30BaHHs  rpadoBbIX
CTPYKTYp JaHHBIX M aJITOPUTMOB TIOMCKA 0€3 HEOOXOIUMOCTH TyOJIMPOBAHUS KOJA.
[MakeTl HWCMONB3YIOT €AWHBIA HA0Op BCIIOMOTATEIbHBIX THIIOB JIAHHBIX,
NpefHa3HAYeHHBIX B OCHOBHOM JUisi PabOThl C MPUMHTHUBAMHU KOMITBIOTEPHOM
rpad UKy ¥ peann3alii BEeKTOPHO-MATPHUYHBIX ONepaluii.

Hakonen, cpema Bkio4aeT B ce0s MOACHCTEMY KIACCOB JUIS TJI00aNbHOTrO
IUIAaHUPOBaHUsT JABWXKeHus. [loacucrema peanu3yeT OOLIYI0 BBIYHCIUTEIbHYIO
CTpaTeruio, 3aKNIOYAIOIIYIOCS B  IOCIEAOBATENBHON  PEAYKIMH  HCXOJHOM
BBIYHCIIUTEIBHO CJOXXKHOW 3a/laud  IUIAHUPOBAHHS [BIDKCHHS K THUIIOBBIM,
OTHOCUTEIILHO TPOCTBIM 3ajadyaM Toucka B rpadax. Hamm mnpensimymrue
Uccie0BaHus oKa3aiu 3 ()EeKTHBHOCTD U NMEPCIEKTUBHOCTh MOAOOHOH CTpaTeruu
[3, 13, 14]. IlpumeuaTenbHO, YTO YHOMSHYTHIE BBIIIE COMIUTHHT METOJBI,
MapIIPyTHBIC CETH M AITOPUTMBI TCOpPHU TpadoB SBIAIOTCS 3JIEMCHTAMH JIaHHOW
o01wei cTpareruu, a ee mMporpaMMHasi peay3anus 0a3upyeTcs Ha COTJIACOBAaHHOM
UCIIONIb30BAaHUU Pabouero, KOHPUIypalMOHHOTO U AMCKPETHOTO IPEeICTaBJICHHH,
MOJJICP)KUBACMBIX COOTBETCTBYIOIIUMH KJIaCCaMU CpeAbl. [Ipy H3MEHEHUsX B
MOJICTIUPYEMOM  OKPY)KEHHH,  JaHHbIE  MPEACTABICHUS  WHKPEMEHTAIbHO
OOHOBIIIIOTCS C BO3MOXXHOCTBIO OTEPATHBHOTO Pa3pelICHUS] TOCICIYIONINX
3ampocoB  Mapuipytu3auuu.  [logcuctema  rio0aabHOTO  [UIAHUPOBAHUS
BCTPAMBACTCs B LUKI Pa0OTHI IEJICBOM CUCTEMBI U, paboTas B (OHOBOM PEXKHME,
(dopmupyeT U 00pabaThIBacT OuYEpe/b 3AMPOCOB, CBS3aHHBIX C HW3MCHEHHSIMHU B
MO/JICTIUPYEMOM OKPYKEHUH.

Knaccel cpempl TeCHO CBsI3aHbl APYr C JPYrOM U COCTaBISIIOT —CAMHBIN
HHCTPYMEHTapuil Ui OpOTrpaMMHOW  pealu3alii  MPUIOKEHUH  TeOpUH
IUTAHUPOBAHUS JBMKCHUs. [IpeyCMOTPEHHBIC TOYKH pACIIUPEHHS B BHUJE
aOCTpPaKTHBIX KJIACCOB TO3BOJLIIOT aJ[aliTUPOBATh CYNIECTBYIOIUE KOMIIOHEHTBI U
peann3oBaTh HOBBIE C Y4ETOM CHElM(UKU NPUKIAJHBIX 3aad U BO3MOXKHOCTEH
npuMeHeHus 3QPEKTUBHBIX METOJIOB M AJITOPUTMOB.

3. Makem knaccoe WorkSpace

Paccmorpum  Gostee  moapoGHO opranm3anuio makera kiaaccoB  WorkSpace.
MogenupyemMoe TpeXMEpHOE OKpY)XEHHE IpEICTaBiIseT Co00i MHOXECTBO
Pa3sHOPOIHBIX TeOMETpUYeCKHX 00bekToB. C KaxabIM OOBEKTOM  CBSI3aH
VHHUKAIbHBIA WACHTH()HUKATOP, TeoMeTpuyeckas MOJCIb M JIOKaJbHAas CHCTEMa
KOOPJMHAT, ONPEACIIIOIAs ero IMOJI0KEHHE B OKpYKeHUH. [Ipeamonaraercs, 9ro ¢
KaXIIbIM 00BEKTOM MOXKET OBITh aCCOLMHPOBAHA albTCPHATUBHAS FEOMETPUYCCKAs
MOJIeJTb, IPUMEHAEMas, HapUMep, Ui OBICTPOI JIOKATH3aIlMU CTOJIKHOBCHHUN FITU
pacTepu3alliil CICHBL. B nampHedmem paccMmarpuBaeTcs IBa BHUIA OOBEKTOB:
MPOCTBIE TBEpABIE Tella ¥ KHHEMAaTHYCCKHUE CHUCTEMBI B3aMMOCBSI3aHHBIX
TBEPJIOTEIIEHBIX 3BCHBEB.
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3amerum, urto B CAD/CAM/CAE npuIOKEHUSX YacTO MCIOJIB3YIOTCS, TaK
Ha3bIBaeMBbIC, CIIOXKHBIE WM COCTaBHBIE OOBEKTHI, KOTOPHIE HPENCTAaBIAIOTCS
KOMIIO3MLIMEH JOYEpHUX OOBEKTOB M OPTaHU30BaHBl B CaMOCTOSTEIBHYIO
uepapxuto. CioxHBIe OOBEKTBI MOTYT, HampuUMep, OIpPEAeNATb  CJIOH,
COOTBETCTBYIOIIHE ITOITAXKHOMY IUIAHY 3IaHUS WM COCTaBYy €ro KOHCTPYKTHBHBIX
9JIEMEHTOB. B  MaIIMHOCTPOMTENBHBIX OTPACIIX CIOXKHBIE OOBEKTBl YacTo
UCTIONB3YIOTCS Ul ompenesieHnst cOopok netaned. s oOcyxnmaeMbix 3amad
TUTAaHUPOBAHUS IBM)KCHUSI KOMIIO3UIIMOHHAS CTPYKTYpa 00BEKTOB HE BasKHA U Jiajiee
BO BHUMaHWe He MpuHUMaeTcs. [locimenHee He WCKIIOYAET, YTO OOBEKTHI
OKPYXEHHsI MOI'YT UMETh CII0)KHOE T€OMETPHIECKOE TIPEJICTaBICHHE.

[ockonbKy cpena mpeaHasHayeHa Uil pa3paOdOTKH NPHIOKEHHH IUIaHWPOBAaHUS
JIBIDKCHUS, B KOTOPBIX MOXET HCIIOJIb30BaThCsl CBOE COOCTBEHHOE IPEACTaBIICHUE
JaHHBIX OKpY)KeHus, Kimaccel makera \WorkSpace ompenesistoT JHIIb OO
untepdeiic nocryma k HuM. OTBETCTBEHHOCTh 3a peanu3aluio uHTepdeiica
LEJIMKOM JIOKUTCS Ha pa3paborTunka mnpmioxeHus. VHrepdeiic mo3Bomser
n30eKaTh NPUBS3KM K TNPHKIAAHBIM THIAM IAaHHBIX, NPU 3TOM IPEIOCTABIIA
HeoOXoauMbIe 00IIue MEeTOIbl 00X0/1a 0OBEKTOB, TOMYYCHUS UX WHIUBUIYAIbHBIX
TEOMETPUYCCKHX M MOBEICHYECKHX MOJEJeH, a TakkKe TEKyLIero COCTOSHHS.
OO6cynuM BOTIPOCH! OpraHU3aluy HHTEpdeiica Ooee moapoOHO.

3.1 docTyn K 06 beKTaM OKpYXeHUA
Abcrpaktabie kiaaccsl IWorkSpace u IWorkSpaceObject onpenensitor unTepdeiic
JOCTyIa K MOJETHPYEMOMY OKPYKEHHIO.
Unrepdeiic IWorkSpace Bkitouaer B cedsi ClieyroIINe BUPTYaTbHbBIE METOIbI:
e getModellingBounds()-> aabb_t
BO3BPAIACT TPAHHUIIBI MOJIETHPyeMOoro okpyxenust B Buge AABB (AXis
Aligned Bounding Box) napasuie/icume/a. BosBpainaembiit
napajUleNieliine]] MOXKeT OXBaThlBaTh KaK BCIO CLEHY, TaK M JIIOOYH ee
1010071aCTh, BHYTPH KOTOPOH HEOOXOAUMO MOCTPOUTH MaPLIPYTHYIO CETb.
e createObjectlterator()-> abstract_iterator<IWorkSpaceObject>
CO3[]aeT MWTEeparop MJsl OJHOHANPABIEHHOTO 00X0Aa pa3sHOPOJHBIX
reoMeTpuueckux 00bekToB ¢ 06mum uarepdeiicom IWorkSpaceObject.
e getObject( uid_t objectID )-> IWorkSpaceObiject
MPEOCTaBIIAET JOCTYl K OOBEKTy OKPYXEHHA [0 3aJaHHOMY
UACHTHUPHUKATOPY.
e getCurrentState( uid_t objectID )-> IState
MPEIOCTaBIsIET JOCTYI K TEKYIIEMY COCTOSIHUIO OOBEKTa 10 3aJaHHOMY
UICHTH(DHUKATODY.

e resolveState( uid_t objectlD, IState objectState, resolve_state callback_t
resolveStateCallback )-> bool
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O0BEKT C 3aJaHHBIM HISCHTU(PHUKATOPOM YCTAHABIMBACT B MOJIOKEHHUE,
COOTBETCTBYIOIIEE MPUIIMCAHHOMY COCTOSIHUIO B KOH(HI'YPALMOHHOM
npocTpaHcTBe. B KadecTBe MOCIHETHEro MapaMeTpa METOAa BBICTYMaeT
3agaHHas (QYHKIHUS TPUMEHEHHUs PACCYUTAHHBIX TpaHcdopmanuit K
UHIUBHIyalbHBIM oObekTam resolve state callback t( uid_t bodylD,
mat4_t bodyTransform ). B cmoydae 3amaHuss B KauecTBe OOBEKTa
KWUHEMaTH4YeCKOW CHCTEeMbl METOJ| pealM3yeT peUIeHHe MpsSMOn
KHHEMaTH4YeCKO 3a/1auu.
Abctpaktabiii kmace  IWorkSpaceObject omnpenensier cnenyromumii unTepdeiic
JIOCTYNa K MHANBUIYaJIbHOMY OOBEKTY OKPYKEHHUS:
e getID()->uid_t
MOJYYHUTh YHUKANBHBIA UACHTH(PHUKATOp 00BEKTa
e createCollisionShape()->1CollisionShape
CO3[aTh AIBTEPHATHBHYIO TIEOMETPHUYECKYI0O MOJelb OO0BbeKTa Uis
OTpe/IeICHUsI CTOJKHOBEHHIMA
e createStateSpace( aabb_t modellingBounds )->1StateSpace
c(hOopMHUPOBATH MHOKECTBO JIOMYCTUMBIX KOH(PUTypaIuii 00beKTa
Wnrepdeiic  mpenycMmarpuBaeT — JABE  KJIIOYEBble  (QYHKIHMH, a  HMMEHHO:
KOHCTPYUPOBAaHUE  JIbTEPHATHBHOW  TIE€OMETPHYECKOW  Mojaenn  OoOBbeKTa,
npeaHa3HaYeHHOM, Ipexae Bcero, st 3 (HEeKTHBHOTO ONpeIeNICHHs] CTOJKHOBEHUH,
a Takke (OPMUPOBaHHWE MHOXKECTBA JOMYCTUMBIX KOH(QUrypauuii oObekTa s
aHaJKM3a ero COINIACOBAHHBIX COCTOSIHUH M OSCKOH(DIMKTHBIX MEPEXOJ0B MENKITY
HUMHU.
Crnennanshbie kiaccol IRigidBodyObject u IKinematicSystemObject paciupsitor
6a3oBbiit uatepdeiic IWorkSpaceObject, onpenensist oneparyu st TBEPAOTEIbHBIX
O00BEKTOB M KHHEMAaTHYECKHX CHCTeM. B psje ciydaeB HEOOXOIMMO pa3invaTh
MOJTHUIIBI CKOHCTPYHUPYeMbIX 00bekToB Ha 6asoBom ypoBHe IWorkSpaceObject,
no3TOMy B HHTepdeiice MPeayCMOTPEHbl COOTBETCTBYIOIIHE METOMBI IS
MOJTyYSHHUS TIOITUIIOB OOBEKTOB U MPUBEACHHS K HUM OOBEKTHBIX CCBUIOK.
Ab6crpakTabiii kiace 1KinematicSystemObject ciayxuT anst qoctyna K BHyTpeHHER
CTPYKTYpEe KHHEMAaTHYECKOHW CHCTEMbI, TMPEIOCTABISII METOJbl  MOJYYEHHS
OT/EJIbHBIX TBEPAOTEIbHBIX 3BEHHEB U KUHEMATHYECKUX COUJICHEHU:
e getNumberOfBodies()-> int
MOJYYHUTh YNCIIO 3BEHHEB
e getBody( kuid_t bodyID )-> IKSBody
HaWTH 3BEHO 110 UACHTU(DHUKATOPY
e createBodylterator()-> abstract_iterator<IKSBody>
CO3J1aTh UTEPATOP I 00X0/Ia 3BEHHEB
e getNumberOfLinks()-> int
MOJYYUTh YUCIIO COUTICHEHHUI
e getLink( kuid_t linkID )-> IKSLink
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HaWTH COYJICHCHHE IT0 I/IﬂeHTI/I(I)I/IKaTopy
e createLinklterator()-> abstract_iterator<IKSLink>

CO31aTh UTCpaTOp IJId o6xozxa COWJIEHEHUH
HpI/IBeI[eHHLIe METOABI IIO3BOJIAKOT BBIIIOJIHUTH 06XOZ[ 3BEHBEB W COYJICHECHHH
KMHEMAaTHYECKON CHUCTEMBI U NOJIYYUTDh HeO6X0)II/IMI)II7I JO0CTyIl K UX IMapaMeTpam.
Takas Oopranu3zanus Kjiacca nmpecjaeayeT cpa3dy HCCKOJIbBKO ueneﬁ. Bo-nemex, Mmory
OBITh 3aJaHbl ILCJICBBIC IIOJIOKCHHA 3BCHBCB CHCTCMBI, HeOﬁXOI[I/IMI)Ie 1A
(hopMupOBaHKS 3aPOCOB TUTAHUPOBAHUS IBHWKEHHSA. BO-BTOPHIX, yHpommaercs H
yHIpHUIHpYeTCS npoueaypa (hopmupoBanus MHOJKECTB JIOIyCTUMBIX
KOH(I)I/IpraLII/Iﬁ JUIA CJIIOXKHBIX KHHEMAaTHYCCKHUX CUCTCM. B-TpeTI;I/IX, CTaHOBHUTCS
BO3MO>XXHBIM HUACHTUPHUIUPOBATH KOH(UTypaIiH, NPHUBOISAIIHAE K
CaMOIIEpeceUeHIsIM  KHHEMAaTHYeCKHX  CHCTEeM. B-uerBepThlX, Onaromaps
BbIJICJICHHBIM a6CTpaKI_[I/ISIM 3B€HA U COYIEHEHHUs O00eCHEeYUBAETCA BO3MOYKHOCTH
pasBUTUA Cpeabl B HanpaBJICHUU MOAACPIKKHN CpC€acCTB (1)1/131/1‘-1601(01“0
MOICJIMPOBaHUA.

Puc. 2. Ilpumepor mooeneii manunynayuonnvix po6omog: IRB7600 « IRB14000
Fig. 2. Example manipulation robot models: IRB7600 « IRB14000.
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3BEHO KMHEMATHYECKOH CHCTEMBbI MPENOCTABICHO B CPeie aOCTPAaKTHBIM KJIACCOM
IKSBody. OH 103BOJSIET MOJYYHTH OCHOBHBIE ITapaMETPhl 3BEHA, TaKHE Kak
JIOKaJIbHAsl CHCTeMa KOOPAMHAT, Macca, [IEHTP MacC U MaTpHIa TeH30pa HHEPIUH.
Kpome Toro, oH mpemocTaBisieT BO3MOXHOCTh 00XO/1a TOYEK COUICHEHHS 3BEHA,
NpeJICTaBlAeHHbIX a0cTpakTHhiM Kiaccom IKSMarker. Touka counenenust (Wiu
MapKep) SIBISCTCS YHUKAIBHO HICHTUPHUIUPYEMBIM 00BEKTOM, aTPHOYTOM KOTOPOi
SIBIISICTCSI JIOKAJIbHAsI CUCTEMa KOOP/IMHAT, 3a/laHHas B Oa3uce 3BeHA.
Unrepdeiic kiracca IKSBody onpenensier ciieyronye BUPTyaabHbIE METOIbIL:
e getID()->uid_t
MOJYYUTh YHUKAIbHBIA HICHTUPHUKATOP
e getFrame()-> frame_t
HOJTYYHUTD JIOKATBHYIO CHCTEMY KOOPIHHAT
e getMass()-> float
IMOJYYHUTb 3HAUCHHUEC MACChI TCJia
o getCenterOfMass()-> vec3_t
MOJYYUTh KOOPJMHATHI [ICHTPA MAacC
e getlnertiaTensor()-> mat3 t
MIOJIYYUTh MaTPUILly TEH30pa HHEPLIUU
e createCollisionShape()-> ICollisionShape
MOCTPOUTD aJbTEPHATHBHYIO TEOMETPUUCCKYIO MOIEITh
e getMarkerCount()-> int
MOJYYUTh YUCIIO TOYEK COUTICHEHHUS
e getMarker( uid_t markerID )-> IKSMarker
HAWTH TOYKY COWICHEHUSI 110 UICHTUPHUKATOPY
e createMarkerlterator()-> abstract_iterator<IKSMarker>
CO3J1aTh UTEPATOP JUIsA 00X0/Ia TOUEK COUJICHEHHUS
Jl1st mpencTaBieHUs] KHHEMATHUECKHUX CBSI3eH MCTIONB3YeTCs aOCTPaKTHBIN Kiacce
IKSLink, gepe3 unTEpdEiic KOTOPOrO MOKHO MOTYYHTH JOCTYI K 3BCHBSIM H
TOYKaM COYJICHEHHUS KHHEMATHYECKOM rapbl. O}IHa N3 TOUCK COYJICHCHUS
paccMarpuBaeTcs B kKauecTBe Bemyiueii (Master), a npyras — Benomoii (Slave).
Nurepdeiic IKSLiNK Brirouaer B cebst clieayromnuii Habop METOIOB:
o getID()-> uid_t
MOJYYHUTh YHUKAIBHBIA UACHTH(GHUKATOP
e getMasterBodyID()-> uid_t
MOJYYUTh UICHTU(PHUKATODP BEAYIIETO 3BEHA
e getMasterBodyMarkerID()-> uid_t
TMOJIYYHUTh I/I}ICHTI/I(i)I/IKaTOp TOYKH COWICHCHHWA C BEAYIIUM 3BCHOM
e getSlaveBodyID()-> uid_t
MOJIYYUTh UACHTU(HHUKATOP BEIOMOTO 3BEHA
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e getSlaveBodyMarkerID()-> uid_t
TOJTYYHUTh I/I,Z[eHTI/I(i)I/IKaT Op TOYKH COWICHECHHUS C BEAOMBIM 3B€EHOM
e getConstraint()-> IKSConstraint

IMOJIYYUTh OTpaHUYCHUSL KUHEMATHYECKOM CBA3H

Hassanwue knacca / Yucno
CTeNeHer cBOOOABI

Hassanue knacca / Yucno
CTEINEeHER CBOOOIBI

Hassanwue kinacca / Yucio
CTelneHer cBOOOIbI

RevoluteJoint 1

PrismaticJoint 1

CylindricalJoint 2

InPlaneJoint 2

PlanarJoint 3

UniversalJoint 3

3

4

TelescopingJoint 4

Puc. 3. HeKomopbte Klaccovl KUHemamu4ecKkux ozpanuqeﬁmi
Fig. 3. Some classes of kinematic constraints.

CorjacoBaHHOE OTHOCHUTEJIBHOE IIOJIOXKCHHE 3BEHBEB KHHEMAaTHUECKOM mapsbl

OIpPCALIIACTCA  HAJOXKCHHBIMU aﬂrerqueCKHMH OIrpaHUYCHUAMU.

Jnsa  ux

NOJIy4eHHsT MOXKHO BOCIIOJIb30BaThCs BHUpPTyalbHeIM Merogom getConstraint(),
BO3BpAILAIONIMM CChUTKY Ha o0bekT Tuma IKSConstraint. JlanHblit aGcTpakTHBIH
KJacC TpexycMaTpuBaeT METO[bl, He0OXOIMMBbIE JUIS ONpENeNICHUsS MHOXKECTBa
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JOIYCTUMBIX KOH(UIYypanuid KHHEMAaTHYeCKOH Iaphl, a TaKke I INPOBEPKH
KOH(HI'Ypalliy HA COTIACOBAaHHOCTh C HAJIOXKCHHBIMH OTrpaHnueHusMU. Ha ocHOBe
OTpaHWYCHUH, IIOJNyYCHHBIX JUIi OTACJBHBIX KHHEMATHYECKHX Iap, MOXKHO
chopMHpOBaTH ~ MHOXKECTBO  IONYCTHMBIX  KOHurypammid  1ms  Bcei
KHHEMaTH4ecKoi cucreMbl. JlaHHas (yHKIUS €CTECTBEHHBIM 00pa3oM peanu3yeTcs
Ha ypoBHe 0a3oBoro kimacca |KinematicSystemObject.

B cocrtaB cpempl BKIIOYEHBI KOHKPETHBIE KIIACCHI OTpaHMYEHMH, CIy)Kallue I
3aaHKs OJBUKHBIX COSANHEHHUH C PA3IMYHBIM KOJMYECTBOM CTEIEHEH CBOOOIBI
Pa3IMYHBIMA KOMOHMHALMSIMH TOCTYMATENFHOTO M BPAIUATEIBHOTO JBHKCHHUS.
JaHHbIe KITACChl peanu3yroTcs Kak HaciaeAHuku OazoBoro kimacca IKSConstraint
(puc. 3).

3.2 lModcucmema Ans onpedesieHUsi CMOJIKHO8eHUU

CollisionDetector
}

< <interface>>
ICollisionTestlHandler

< <interface>>
ISpaceindexinterface

=

<<interface>>
ISpacelndexStructure

<<interface>>
ICollisionShape

< <interface>> <<interface>>
ISimpleCollisionShape ICompoundCollisionShape|
~ v
’
M = " -
-[ BoxCollisionShape ] \ ConvexHullDecomposition

~

\l AY
F{ SphereCollisionShape ] ‘[ KSCollisionShape

‘l CylinderCollisionShape
\
ConvexHullCollisionShape

\

* TBoundingVolume !

! TCompoundShape |
! _TSubShapeRef !
< <interface> >

BVH

=

e

-

- -

< <interfaces >
BVHSplitStrategy

TBoundingVolume — aabb t  §TBoundingVolume — oobb_f
yn

L}
AABVHMidpointSplitStrategy - < ap ~ —{OOBVHMidpointSplitStrateg
N
AABVHMediansSplitstrategy | 1 v ~ - OOBVHMedianSplitStrategy
’oa
.
AASAHSplitStrategy > DOSAHSplitStrategy

Puc. 4. Juacpamma xnaccos noocucmemvt onpeoeneHust CmoaKHOGeHULL
Fig. 4. Collision detection subsystem class diagram.
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Ioacuctema s OMpeACNCHUsS] CTOJIKHOBEHMI peann3yeTcs Kak 4acTh CPeabl U
OpEACTaBICHA KJIaccaMd Uil  3aJaHusl TCOMETPHMYCCKHX  MOJENeH  THIa
ICollisionShape, kaccamu mpeaCTaBICHHS OKPYKEHUS KaK KOMITO3UINH 00BEKTOB
U ux reoMerpuueckux wmomeneii — StandardWorkSpace u CollisionSpace
COOTBETCTBCHHO, a TaKkKe KIIACCOM pealn3aldd METOJOB  OMpPEACICHHUS
cronkaoBenus CollisionDetector.

K umcmy TmepBEIX OTHOCUTCS YK€ YINOMHHAeMBIM aOCTPaKTHBIA — KIlacc
reomerpuueckux wmoxeneit ICollisionShape, a Taxke Hacmemyemble OT Hero
KOHKpETHBbIC ~ KJacchl — reoMerpuueckux  npumutuBoB  BoxCollisionShape,
SphereCollisionShape,  CylinderCollisionShape, = kmacc ~ MHOrOrpaHHHUKOB
PolyhedronCollisionShape,  kmaccel  mpejicTaBieHHs — MOJMIOHAIBHBIX U

TPUAHTYJIUPOBAHHBIX CETOK PolygonMeshCollisionShape "
TriangleMeshCollisionShape, kmacc BBIMYKIBIX TOJHTOHATBHBIX — 000JIOYEK
ConvexHullCollisionShape. Oo6cyaum BOTPOCHI OpraHu3aiiu "

(I)yHKI_II/IOHI/IPOBaHI/IH MNOACUCTEMBI OTIPEACIICHUSA CTOJIKHOBEHHI OoJiee HOI[pO6HO.

3.2.1 l'eomeTpuyeckune moaenu

Ab6crpaxrasrii kinace 1CollisionShape npennasnaden uis onpeaeneHus uaTepdeiica
JOCTYIIA K albTePHATHBHOMY T€OMETPHUYECKOMY HPEACTABICHHIO 00BEKTa, KOTOPOE
CICAYeT HCIOIb30BaTh I OBICTPOTO OIPENCICHUs] CTOJKHOBEHHI B XOJe
HCIIOJIHEHHUsT  3aPOCOB  IUIAHHUPOBAHMS OBIDKCHUS. 3aMETHM, 4YTO aHHOE
IpEACTaBICHHE HE O0SA3aHO COBMANAaTh C OPUTHHAIBHON reoMeTpueil 00BeKTa.
[ToCKONIbKY HMICHTU(DUKAINAS CTONKHOBCHHUM SIBISIETCS BBIYHCIHUTEIBHO 3aTPATHOM
omepariel, a METOIbl IUIAHUPOBAHHS JBIKCHHS HCIONB3YIOT €¢ B KauecTBe
6a30BOii, B psZe CIydYaeB I[eIeCOO00Pa3HO YIPOCTHUTH TEOMETPHUYECKYIO MOJICIb
obbekra. Hampumep, oHa MOXeET OBITh 3aMEHECHA TMOJHTOHANBHBIM TPAHUYHBIM
OpEJCTaBICHHEM C  MEHBIIMM  YHCIOM  TpaHed  WIM  [PUMHTHBHBIMH
OTPaHUYMBAIONIMME 00BEMaMH, [Tl KOTOPHIX U3BECTHBI 3P PEKTHBHbIEC aITOPUTMBI
HepeceyueHHsI.

Nurepgeiic xmacca ICollisionShape mpeacraBien clieayronMMH BUPTYATbHBIMH
METOaMH:

e getObjectID()->uid_t
MOJy4uTh UaeHTH(HKaTop ucxoauoro oobexra (IWorkSpaceObject)
e getBoundingBox()->aabb _t
Noy4uTh orpannunBaronii AABB napamenenunen
e setTransform(uid_t bodylD, mat4_t bodyTransform)
NPUMEHUTH TPAHCPOPMALMIO K OOBEKTY € 3alaHHBIM HJICHTU(PHUKATOPOM
e getMargin()->float
MOJYYUTh  OLEHKY  TOYHOCTH  TEOMETPHUYECKOr0  IMPEJCTaBIICHHS

(MuHUMaNBHAs TOyOMHAa TIPOHMKHOBEHHS, MIPU KOTOPOW  CIexyer
UICHTH(OUIUPOBATH MTepeceueHrne 00BEKTOB)
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Puc. 5. Anomepnamusnvie 2ceomempuyeckue MoOenu COCMABHLIX MPEXMEPHBIX 0ObEKNO8:
OOBB-0epeso, AABB-0epeso, dexomnozuyuonnoe npedcmasnenue einykiblmu 0060104Kamu
Fig. 5. Alternative geometry models of compound 3D object: OOBB-tree, AABB-tree, convex

hull decomposition.
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IlockonbKy OOBEKT OKPYKCHHS W €ro TIeOMETPHYCCKHE MPeCTaBICHHS
B3aMMOCBSI3aHbl, TIpH OOHAPYXEHUH TMEepPEeCCUeHNH MOTrYyT OBITh  YKa3aHbI
KOH(IIMKTYIOIIHE OOBEKTHI, @ TAK)KE YTOUHEH XapaKTep UX MepeceucHHIA.

Cpena mpegoctaBisieT Habop TOTOBBIX K MCIOJIB30BAHUIO KIIACCOB TEOMETPHIECKUX
MoJelell, KOTOpble MOTYT OBITh BBIOpaHBI pa3pabOTYMKOM B  KadecTBE
AIIbTEPHATHBHBIX TPEICTABICHUH OOBEKTOB OKpYXEHHs. BO BHHMaHHEe MOTYT
NPHHUMATBCS. OCOOCHHOCTH IIEJICBOTO TIPHIIOKCHHUS, CIIOCOOBI TPEACTABICHUS
TPEXMEpPHBIX JAHHBIX, TpeOyeMas TOUYHOCTh JIOKAIH3al[MH CTOJNKHOBCHHM, a TaKKe
HUMEIOIIMECS BHIYUCIUTENbHbBIE PECYPCHL.

Kitaccel reoMeTpuuecKnX MOJENeH OpraHM30BaHbl B BHAC CIMHON HEpapXuH,
Hacnexyemoii ot 6asoBoro kinacca ICollisionShape. AGcTpakTHbIe KITacChl MPOCTHIX
u cocraBubix Mogeneir 1SimpleCollisionShape u 1CompoundCollisionShape
SIBIISIOTCS CICIHATU3ANUSIMEI 6a30BOTO M YTOUHSIOT €r0 METOJBL.

[IpocThie MOJETM TPEACTABICHBI KOHKPETHBIMH KIACCAMH T'€OMETPHYCCKUX
npumutuoB BoxCollisionShape, SphereCollisionShape, CylinderCollisionShape,
KJIaccaMu MHOT'OTPaHHHKOB PolyhedronCollisionShape,
ConvexHullCollisionShape u xmaccamu cerok TriangleMeshCollisionShape,
PolygonMeshCollisionShape. Kak mnpaBuigo, B KauecTBe ajbTEPHATHBHBIX
TEOMETPUYECKHX TPEICTABICHUM UCITONB3YIOTCS MOJNTOHAIBHBIE CETKH. | paHamu
TaKMX CETOK OOBIYHO SBIIIOTCS TPEYTONBHUKH, YETHIPEXYTOJIBHUKHA HITH JIPyTHE
NPOCTBIE MHOTOYTOJNILHHUKH, IS KOTOPBIX OIEpaliid B3aUMHOTO TIepecedeHus B
NPOCTPAHCTBE PEATM3YIOTCS OTHOCHTENIBHO IIPOCTO. Peannsanuy YHOMSHYTHIX
KJIACCOB MHOTOTPaHHHKOB ¥ TOJIMTOHATBLHBIX CETOK PacCUMTaHbl Ha Ooiiee oOmmit
CIydail M JIONMyCKAaloT 3aJaHue TpaHe B BHUIE HEBBIMYKJIBIX MHOTOYTOJBHHKOB H
MHOTOYTOJILHUKOB C JIBIPKaMH.

CocraBHble reomMeTpuieckre Mojenu npejacrtasiensl knaccamu KSCollisionShape
u ConvexHullDecomposition. IlepBsiii pealu3yeT COCTABHYI) I€OMETPHYECKYIO
MOJIeNIb  KMHEMAaTHYeCKOW  KOHCTPYKIMH, BTOPOH —  JCKOMITO3HUIIMOHHOE
Npe/CTaBIeHIE POU3BOJIBHOTO MHOTOTPAHHHKA HA OCHOBE BBIIYKIIBIX 000JI0UEK
[15].

FeomeTpuyeckas MOJENb BCEr0 OKPYKCHHUS PEATM3yeTCss KOHKPETHBIM KITaccoM
CollisionSpace. JlanHblii Kiacc MO3BOJISET BBIMOJHUTH 00XOJ MOJETIENH BCEX
00OBEKTOB, a TAK)KE CHHXPOHH30BATh MX C TEKYIIAM MPEACTABICHUEM OKPYKCHHUSI
KaK pe3yJbTaT Peakiliy Ha MPOUCXOMISAIINE B HEM COOBITHSI.

OO6HoBJIEHHs TeoMeTpruecKux Mojeel B kimacce CollisionSpace peamusyrores ¢
MIOMOIIBIO CIEYIOMIMX METOIOB:

e rebuild()
BBINOJIHSET ITOJIHOE OOHOBJIEHHE MO)ICJIefl JJIs1 BCEX 00BEKTOB OKPYKCHU
e rebuildObject( uid_t objectID )
OOHOBIISIET MOJCJIb 3a1aHHOI'O o0beKTa
e updateObjectState( uid_t objectID )
YCTaHaBJIUBACT MOJCIIb 00BEKTA B 3aJaHHOC ITOJIOKCHUEC
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e removeObject( uid_t objectID )
yAanseT 3aJaHHBIA 00BEKT

3.2.2 OnpepeneHne CTONIKHOBEHUN

OrmnpezeneHne CTONKHOBCHUH B CIIOKHOM MAcIITAOHOM OKPY)KCHHH MPEACTABIISACT
coboil  cepre3Hyl0 IpoOieMy. BbMHCIUTENbHAS — CIIOKHOCTH — ONPEACICHUS
CTOJIKHOBEHHH MOXET OBITh CYIIECTBEHHO YMCHBIICHA IPU HCIOIb30BaHHU
NPOCTPAHCTBEHHBIX MHAEKCOB. OCHOBHOE Ha3HAaYeHHWE WHICKCOB — JIOKAJIM3AIHs
NOTECHIMAJBHBIX CTOJKHOBEHHH 3a OTHOCHTENBHO HeOOJNbIIOe BpeMs Ha, Tak
Ha3pIBaeMoOW, MmMUPOKOH (aze. BrIABICHHBIE BO3MOXKHBIE CTOJKHOBEHHUS 3aTEM
AQHATM3UPYIOTCS. C MCHOJIb30BAaHUEM TOYHBIX M  BBIYHCIHUTENIBHO  CIIOXKHBIX
aNrOpuTMOB Ha y3Koil dasze. Tem campIM, MHUHHMH3HUPYIOTCS 3aTpaThl Ha
OMNpeNeNICHHEe CTOJNKHOBEHHH 3a CYET [ClIeBBIX HETAaTUBHBIX TECTOB Ha
nepeceyeHus, a TOYHBIC aJrOPUTMBI MPUMEHSIOTCS H30UPATENBHO TOJNBKO IS
BBISIBIICHHBIX MMap 00BEKTOB, HOMYCKAIOIINX IEPECCUCHHUSI.

Hdnst peamusai MOJO0OHOW CTpaTerWd TMOICHCTEMa MOAJCPKHUBACT JBa BHIA
OpPOCTPAHCTBEHHBIX  WHIACKCOB.  [IepBBIil  HCMONB3yeT  MPOCTPAHCTBEHHYIO
JICKOMIIO3HUIIHIO BCETO MOJCITHPYEMOTO OKPYKEHHS Ha OCHOBE PETyJISIPHBIX CETOK U
MO3BOJISICT BBIACIUTH MOTCHIUATIBHO NEPECEKAIONIHECS TPYINBI 00BEKTOB, KOTOPBIC
NPHHAUIKAT OJHUM IPOCTPAHCTBEHHBIM sueiikam [16]. JIpyroii Bua MHIEKCOB —
uepapxum orpaHuumBaroimux oovemoB (BVH) (puc. 5), xortopsie cTpositcs
WHIMBUIYAIbHO JUIA KaXIOH TeOMETPUYSCKOH MOJETH OOBEKTa M IO3BOJIIOT
BBIICIUTE MAapbl OOBEKTOB, DIEMEHTHl KOTOPHIX JOMYCKAIOT IepeceucHus. B
KayecTBE OrpaHHMYMBAIOMHUX 00beMOB 00brgHO npumensior AABB u OOBB
napawienenunens [17,18]. PaccMoTpum Bompochl peanu3alid ¥ HPHUMEHEHHS
WHJIEKCOB 0oJiee IO pOoOHO.

WHaekcsl NPOCTPAHCTBEHHOW —JEKOMIIO3UIMHM  CTPOSITCS  JUIL MOJENU  BCEro
okpyxenust CollisionSpace u peanusyrorcs wiaccamu ¢ ob0ummM uHTepdeiicom
ISpacelndexStructure. Jlauubiii uHTepdeEiic omnpenesseT METOABl MOCTPOCHHS,
HHKPEMEHTAIFHOTO OOHOBJICHUS W MIPUMEHEHHST MHIEKCA TPH MOUCKE ONIKaMIINX
coce/iel M JIOKAIM3AlMH CTOJKHOBEHHH HE3aBHCHMO OT aJIrOPUTMHYECKHX U
POTPAMMHBIX 0COOEHHOCTEH ero peanmsanuu. [loBemeHne HHIEKCA IETIETUPYETCS
cootBercTBytomeMy o0wsekty CollisionSpace, koTopslii mommep uUBacT €ro B
COCTOSIHHH COTJIACOBAHHOM C TEOMETPHYECKONM MOJENbI0 OKpYyKeHus.. Ilpu
M3MEHEHHSAX OKPY)KCHHS MHACKC aBTOMATHYCCKHU TIEPECTPABACTCS.

3anpock! MOMCKa CTONKHOBEHHUH BBIHECEHBI B OT/ICIBbHBIA aOCTpaKTHBIN HHTEpdeiic
ISpacelndexSearchlnterface, KOTOPBI HACJIEAYIOT oba KJacca
ISpacelndexStructure u CollisionSpace. 3anpocbl NpeacTaBiICHbI CIEAYHOIINMA
BUPTYaIbHBIMH METOJJAMHU:

e intersectionTest( ICollisionShape object, function<bool(ICollisionShape
neighbour)> callback )-> bool

yCTaHaBIMBaeT (pakT mepecedeHust 3aJaHHOTO 0OBEKTa C OKPYKEHHEM
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e clearanceTest( ICollisionShape object, function<float(ICollisionShape
neighbour)> callback ) -> float
OCYIIECTBIIIET MOWCK KpaTYalIIero pacCTOSHUS MeEXIy 3aTaHHBIM
00BEKTOM H OKpPYKECHHEM
Meron intersectionTest ocymiecTBIsIeT MOKCK OOBEKTOB, KOTOPHIE MOTEHIIHAIBHO
TIEpECceKaroTCa C 3aJaHHBIM. Pe3yibTaThl MOMCKa BO3BpAIIAIOTCS depe3 (yHKIHIO
00paTHOTO BBI30Ba, B KOTOPOH BBIMTOIHAETCA TOYHOE NIEpeceueHe TeOMETPHIECKUX
Mojeneil. DTO TO3BOJIIET BBI3BIBAIOIIEMY KOIY MIPEpBaTh OIEPALHI0 IIPH
OoOHapy>XeHHH TIEPBOTO MEpecedeHUs] M TOBBICUTH I(PPEKTHBHOCTH HCIOTHEHHUS
3ampocoB. AHaNOTHYHBIM 00pasoM Mertoj clearanceTest mpuHHUMaeT B KauecTBe
BXOJIHOTO TMapaMeTpa (QYHKIHMIO TOYHOTO OIpEIETCHUS pPAcCTOSHUS MEXIy
00BbekTaMu. [IpoOMEKyTOUHBIC PE3YJBTATHl HCHOJB3YIOTCSA JUIS TUHAMHYCCKOTO
YMCHBIIICHUS pajiiyca MOUCKA U UCKJIFOUCHHS BBI30BOB BBIUHCIUTEIBHO CIOXKHOM
omepanuu Uil OOBEKTOB, DACIOJIOKCHHBIX Ha 3HAYMTENLHOM YIAJICHUU OT
3aJaHHOT'0 U HC BJIIMAOIIUX Ha KOHEYHBIN pe3yiibTar.
Pa3paboTurky mnpenocTaBisieTcs BO3MOXKHOCTh HCIIOJIb30BaTh ajbTEPHATHBHBIE
pcajim3aigu  MPOCTPAHCTBEHHBIX HWHACKCOB, OCHOBAaHHBIX Ha OKTOACPEBLAX
(OcTree), oxromepeBbsix ¢ penakcanueit rpanui; (LooseOcTree) [19] wu
COPTHUPOBAHHBIX CIHCKaX orpaHuyuBaroinx oovemoB (SeepAndPrune) [20]. Ipu
HEOOXOMUMOCTH  pa3pabOTYMK MOXKET pealii30BaTh COOCTBEHHBIE METOIBI
MPOCTPAHCTBECHHOH JIOKAIN3AIINH O0OBbEKTOB M ONPEACICHAS CTOKHOBSHHUH C YIECTOM
0COOEHHOCTEH pemaeMbIX IPUKIIaIHBIX 3a1a4.
3a peammzamuio y3Kod (a3l ONpeNeNIeHHs CTOJIKHOBEHHH OTBEYaeT KIIacc
CollisionDetector. O obecrneynBaeT perucTparuio 00pabOTIYMKOB CTOJKHOBEHHM
U Ka)XKIOW Taphl TEOMETPUYECKAX MOJENeH, MCIIONB3YEeMBIX B IPEICTaBICHUH
00bekToB okpyxenus u umeronmx tun CollisionShape. Ucnons3oBanue asst 3Toro
XOMI-Ta0NUIBI C KJIIOYOM B BHIE MApbl HIACHTUPHUKATOPOB TCOMETPHUUICCKUX
MoJIeJiell MO3BOJISIET YCKOPHUTh MOUCK U NMPUMEHEeHHe 00pabOTYMKOB MPH aHAIIU3E
OKPYXEHHS, COCTOSIIIIETO W3 PA3HOTUMHBIX 00bekTOoB. Camm 00paboTuuku
HacienayroT obmuit uarepdeiic 1CollisionTestHandler:
e getKey()-> unique_pair<type_index,type_index>
MOJYYHTh YHUKANBHBIA KITF0Y 00padoTInKa
o intersect( ICollisionShape firstObject, ICollisionShape secondObject ) ->
bool
BBIIIOJTHUTH MTPOBEPKY Mapbl 0OBEKTOB HA IIEPECCUCHHE
o distance( ICollisionShape firstObject, 1CollisionShape secondObject ) ->
float
HAWTH pacCTOSTHHUE MEXIy O0BEKTaMHU
O6o6mennast  peammsamust ~ CollisionDetector — mosBonser  pa3paboTduky
MOAACPKMUBATH B IIOACUCTEME OIIPCACIICHUA CTOJKHOBEHUH cOOCTBEHHBIE
TCOMETPHUUCCKUE MOJCIN U PETUCTPUPOBATE IJII HUX COOTBETCTBYIOIIUEC (pyHKHI/II/I
TIepeceUeHrsl W OIpEICIICHUs] PacCTOSHUS. Peanmm3anus DaHHBIX (QYHKIWA Ui
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ONPC/IEICHHBIX THIIOB I'€OMETPHYCCKUX OOBCKTOB HMMEET CBOM OCOOEHHOCTH.
Hanpumep, Kiacchl MHOTOTPAHHHKOB, INOJUTOHANBHBIX W TPEYTOJBHBIX CETOK
HOMHMO  BHYTPEHHETO  MPEACTABICHHS  arperupyloT  BCIOMOTATENbHBII
[POCTPAHCTBEHHBI HMHACKC B BHJAC HEPApXHU OTPAHHYMBAIOIIMX OOBEKTOB,
peamusyemoii mrabiaonHbiM Kiaccom TBoundingVolumeHierarchy. Uepapxuu
OrPaHUYMBAIONINX 0OBEMOB CTPOSTCS SAUHOXKABI IPH KOHCTPYHPOBAHHH OOBEKTOB.
Ilpu u3MEHEHHH TMONOXKEHHS OOBEKTOB HET HEOOXOMUMOCTH IepecTpanBaTh
HepapXUH 3aHOBO, MOCKOJIBKY MPHU JIOKAJIU3AINHN CTONKHOBEHHH COOTBETCTBYIOIINC
TpaHCHOPMALMK MOTYT MPUMEHATHCS HEMOCPEACTBEHHO K OrPaHHYUBAIOIINM
obvemam. st TepecedeHMs BBIMYKIBIX MHOTOIPAaHHHKOB, @ TaKXKe€ OICHKH
BO3MOJKHOM TIJIyOMHBI NPOHHKHOBEHMSI IPHUMEHSCTCS AJITOPUTM PAaCLIMPEHHBIX
nosuronoB [21], sBnsrommiics pasBUTHEM W3BECTHOTO amroputMa [ 'mibepra-
Jlxoucona-Kepru [22].

3.3 Mogenupyemoe OKpyXeHue

Konkpernsiii kinacc StandardWorkSpace mnpemocraBisier THIIOBYIO pealiH3aildio
MO/ICTIUPYEMOT0 OKPYKEHHUsI C UCTIOIH30BAHHEM TaKUX 00BEKTOB KaKk TBEPJOE TEJO,
cBoOoaHO mBmkymieecss B mpoctpanctBe (FreeFlyingObject), mammna Ipto0ounca
[5] (DubinsCar) u Punca-Illenma [6] (ReedsSheppCar), kunemaTwueckas Lelb
(KinematicChain). HWcmonp3yemass B kmacce StandardWorkSpace ¢abprika
00BEKTOB MO3BOJISET Pa3pabOTUUKY J00ABIIATH peaIU3al[ii HOBBIX TUIIOB OOBEKTOB
MU, TeM CaMbIM, pACIIUPSITh BO3MOXKHBIC TIOCTAHOBKH 3a]a4 [UIAHHPOBAHUSI
nBkeHus. [IOCKONMBbKY KJIacC TPEACTABICHHS MOJICITUPYEMOTO OKpPYXEHHS
Hacmenyercsi ot |IWorkSpace, Bce peamusyembie cpemoil (GYHKIWH, BKIHOYAs
METO/Ibl [UIAHUPOBAHUS JIBHKCHUs, DPACIPOCTPAHSAIOTCS M HA HOBBIC THIIBI
00BEKTOB.

4. NMakem knaccoe DiscreteSpace

B ocHOBe 0OJBLIMHCTBA METOMIOB IJIAHUPOBAHUS JIBHXKEHHS JIGKHUT UACS PELYKLIUH
HCXOHOW BBIYUCIUTEIBHO CJIOKHOW 3aJa4yM K 3ajade MoMcKa Mapuipyra B rpade,
pa3pernMoii H3BECTHBIMH aIrOpUTMaMu JIeHKCTphbl Win A* 3a mpueMiieMoe BpeMst
[2,23]. Bepiuunam rpada craBsaTcs B COOTBETCTBHE TOUKU B PabO4eM MPOCTPAHCTBE
OKPY)XEHUsI WM B KOH(UIYypalMOHHOM IPOCTpaHCTBe OOBeKkTa, a pebpam —
OeCKOH(MIIMKTHBIE MEPEeXoIbl MEXIY TOYKaMH. JJeMeHTaM rpada MOryT ObITh
NPUITHACAHBIl JOTIOJIHUTEJIFHBIE AHHBIE O CTOMMOCTH IEPEX0JI0B, PACCTOSHHUAX JI0
NPEeNITCTBUHA  OKPYXKEeHHs, 00 YCHNEIIHbIX MM HEYCHEIIHbIX IpeleeHTax
nepeMelieHHs HEKOTOPbIX 00BEKTOB U T.II.
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Fig. 6. DiscreteSpace class diagram.
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OCHOBHBIM Ha3Ha4YCHHEM TMakKera KiaccoB DiscreteSpace smisiercst 3amaHue
yCIIOBUH M penieHue 3amad Teopun rpaduu. OO00mEHHbIe peann3alii KIaccoB
MO3BOJISIIOT MCHOJIB30BaTh UX B KayecTBe 0a30BBIX MPH CHELHaIn3aliu rpaoB B
BU/ie OBICTPOpACTYIIMX JEpeBbEB W  MapUIPYTHbIX cereil. Tem cambIM
00eCTeYnBaeTCs BO3MOXKHOCTH MHOTOICJICBOTO  HUCIOJIb30BAHHS IaKeTa JUis
npejcTaBicHUs rpadoB ¥ MPOrpaMMHON pealu3aluy aarOpUTMOB MOUCKA MyTeH B
HUX. B yacTHOCTH, cpefia MPenoCTaBIsIeT TOTOBBIC K UCIIOJIB30BAHUIO KJIACCHI JUIS
MPEJICTABJICHUS TAKMX MAaTEMAaTHICCKUX OOBEKTOB KaK JIEPEBO, JIEC U MapIIPyTHAS
ceThb. OOCYIUM HX peau3alliy B BUJIC IA0IOHHBIX KJIACCOB 0ojee MoApoOHO.

4.1 OepeBbs

JepeBrs mpencTaBiieHs! Ma0IOHHEIM KilaccoM 1ree<TData> c¢ mapamerpuzyemMbIM
TunoM y3nos. Kitace peanusyer 6a3oBbIe onepanuy, HEOOXOAUMBIE IS TIOCTPOESHUS
¥ MOI(HKAIIN 1€PEBBEB:
e createNode( Node parent )->Node
cOo37aTh HOBBIH y3€e1 JepeBa
e deleteNode( Node node )
yAAJIUTh y3e1 JepeBa
e moveNode( Node node, Node newParent )
MIepEeHeCTU BETBb JiepeBa
e rotateTo( Node node )
Pa3BEpHYTH AEPEBO OTHOCHUTEINIFHO y3i1a node
e randomNode()->Node
BBIOpaTh CIIy4aiHbIil y3en JepeBa
IIpuBeneHHBIE oOmepanMy yHaJIeHUS Y3JIOB M IepeHOoca BETBEH HEOOXOAMMBI, B
YACTHOCTH, JUIS TIOCTPOSHHUS ONTUMAJBHBIX yTeit RRT* anropurmom [24].
B npyrux cmywasx, Hampumep, npu peannzaiun RRT u RRT-connect anroputmos
[25,26], onepammu TpaHchOpMaIMK HE TPEOYIOTCS M CTPYKTypa MpPEACTABICHHUSI
JepeBa  MOXKET OBITh  CYIIECTBEHHO  YIPONIEHa 3a CYeT  XPaHCHHS
OJTHOHATIPABJICHHBIX ACCOLMAIMHA Y3J7I0B Ha POXUTENICH M MCKIIOYEHHUS OOpaTHBIX
accormanuii. [lomoOHBIH KOMITAaKTHBIH CIIOCOO TPEINCTAaBICHHS JepeBa C
HeoOXonnMbIM ~ HabopoM  0a30BBIX  omepanmuid  peaym3yeTcs B Kiacce
SimpleTree<TData>.

4.2 Jlec pepeBbLEB

Jis peanm3any HEKOTOPBIX AITOPHUTMOB COMIUIMPOBAHUS TPEOYIOTCS ONEpaIiuu
HaJl MHOXKECTBOM JiepeBbeB. I 3THX meJel B cpelie MPeayCMOTPEH IIaOJIOHHBIH
KJ1acc Forest<TData>, arperupyrommi KOJUTCKITHIO YHUKaJIHHO
UACHTUQHUINPYEMBIX IepeBbeB kiacca ForestTree<TData>. Ilocnennuii spnseTcs
HaCJIETHUKOM PacCMOTPEHHOTO BhIlIe Kinacca Tree<TData>. Knacc mpencraBnenust
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Jeca peanmsyer crenU(UUIECKHe Olepalud pasbHeHHs M CIHSHHS JICPEBbCB,
HEOOXOAMMbIE, B YaCTHOCTH [ pEalH3allid AIrOPUTMOB C OTJIOKEHHON
Bepudukarnueit pedep [27]. UnTepdeiic kmacca BKIFOYAET CIICMYOIHE METOIBL

e findTree( uid_t treelD )-> ForestTree
HAWTH IEPEBO 10 YHUKAIEHOMY HIACHTH(DUKATOPY

e createTree()-> ForestTree
CO31aTh ACPEBO

e deleteTree( ForestTree tree )
YIQIUTh AEPEBO

e insertEdge( ForestTree sourceTree, Node sourceNode, ForestTree
targetTree, Node targetNode )
BBITIOJIHUTH CIUSTHHE JepeBbeB SourceTree u targetTree myrem coszmanus
pebpa, Beaymiero u3 y3na sourceNode B y3en targetNode

o deleteEdge( ForestTree sourceTree, Node node )

BBIMIOJIHUTh pa3OuMeHHe JepeBa SOUrceTree myrteM ynaneHus pedpa,
Beaylee B y3en node

4.3 MaplpyTHble ceTu

Jis  TmOCTpoeHMs MapLIpYTHBIX ceTell mpenHa3HaueH IIaOJIOHHBIN  Kiacc
TRoadmap<TVertexData, TEdgeData>, arperupyiomuii KOJUIEKIUH BEPUIMH U
pebep cootBercTByMOMmMX KiaccoB TRoadmap::Vertex u TRoadmap::Edge. B
Ka4eCTBEC MapaMeTpOB mabJjoHa BBICTYIAIOT IIOJIb30BATCIbLCKHUEC THUIIBI JIaHHBIX,
KOTOPBIC UCIIOJIB3YIOTCA JId NPCACTABICHUA anI/I6YTOB, NPUITMCAHHBIX BEPIIMHAM
u pebpam. Jlanueiii ximacc TRoadmap peanusyeT OCHOBHbIE —OIEpAallHH,
HEOOXOTUMBIE TSI TOCTPOCHHS U MOAH(DUKAIINN MapIIPYTHBIX CETEH:
e createVertexlterator()-> iterator<IRoadmapVertex>
CO34aThb UTCpaATOp JIA 06x0;[a BEpUINH
e createEdgelterator()-> iterator<IRoadmapEdge>
co37aTh UTEpaTop it 06xona pedep
e createVertex()-> Vertex
CO3/1aTh BEPIINHY
e createEdge( Vertex firstVertex,Vertex secondVertex )-> Edge
co3zath pedpo
o deleteVertex( Vertex vertex )
YIQIUTh BEPIIMHY
e deleteEdge( Edge edge )
yAaIuTh pedpo
e updateEdgeCost( Edge edge, 1Cost cost )
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YCTaHOBHUTH BeC pedpa
e createPath()->TRoadmapPath<Vertex>
€03/aTh IyTh

o clear()
OYHCTHUTB CTPYKTYPY

[IlabnoHHBIEe KJAcChl MapIIPYTHBIX CETEH M 3JIEMEHTOB CeTH HAaCIeAylTCs OT
coOoTBeTCTByIOIMXCs ~ abcTpakTHeix  KinaccoB IRoadmap, IRoadmapVertex,
IRoadmapEdge. B koneuHOM cueTe, 3T0 00eCIIeYnBaCT BO3MOXKHOCTD 0000IICHHOM
peanu3alyi aarOpuTMOB IUIAHUPOBAHMS [BIDKCHHS HAa YpPOBHE abOCTPaKTHBIX
KJIaCCOB HE3aBUCHMO OT CIIOCOOOB HPEACTABICHHS ceTeil 1 0COOEHHOCTEH HOCTYma
K UX arpudyram.

4.4 NcuncneHue CTOMMOCTM

B 3ajmayax mnoucka ONTHUMaJbHBIX IyTedl OOBIYHO pedpaM MapUIpYTHOH ceTH
MPUIUCHIBAIOT Beca MM CTOMMOCTH MEPEeX0J0B MEXAY CMEXHBIMM BepIIMHAMU. B
3aBHCUMOCTH OT IPUKIAJHOW IOCTAHOBKM CTOMMOCTh IIEPEXOJ0B MOXKET
OTIPEZICTATh pa3Hble KPUTEPHUHX MONCKA. B OONBIIMHCTBE CiiydaeB pemiaercs 3aaada
MOMCKAa HaWmKpaTdaimero mapmpyra B pabodeM NPOCTPAHCTBE, a CTOUMOCTB
MEepexoZoB — JUIMHA MapIipyTa MEXIy TOYKaMH pabodero MpoCTpaHCTBa,
COOTBETCTBYIOLIUMH BEPIIMHAM CETH.

B npyrux cmydasx pemaroTcs 3aJadd MapIIpyTH3alUd C Y4€TOM HHBIX, B TOM
YHClie MHOXECTBEHHBIX KpuTepueB. Hampumep, B pabote [28] craBurcs 3amava
MapIIpyTU3alud 00BbEKTa, B KOTOPOH MPEANIOYTEHHE OTNAETCS MOCTYHATSILHOMY
JBIKCHHIO W MHHHMHU3HMPYETCS BpallaTelbHas cocTaBisiomas. B paborte [29]
paccMmarpuBaeTcsl 3a7ada IMoMcKa 0e30MacHBIX MaplIpyToB, Hanboliee yaaleHHBIX
OT NPEMSATCTBUNA OKPYKEHUSL.

Jns yaudukanum crnocoOOB 3aaHusi KpUTEPUEB ITOMCKA B CPEAe MPETyCMOTPEHbI
COOTBETCTBYIOIINE KIIACCHI ANl NPEACTaBICHUS M HMCUYUCIEHHUS CTOUMOCTEM.
[peamnornaraercs, 4T0 CTOMMOCTH MpEACTaBUMBbI abcTpakTHBIM Kiaccom |Cost, a
abcrpaktHeiil Ki1ace 1CostSpace omnpepensier cUrHaTypsl onepanuii HaJl HUMU:

e null()->ICost
MOJYYHUTh HYJIEBOC 3HAYCHUC CTOUMOCTH
e equal(ICost a, ICost b)->bool
OIepaTop paBCHCTBA
e less(ICost a, ICost b)->bool
OIIepaTop CPaBHEHUS
e add(ICost a, ICost b)->1Cost
OIepaTop CIOKEHUA

Cpenoit nomyckaercst 3aJjaHie yCJIOBHH MHOTOKPHUTEPHAILHOTO MOWCKA, IO3TOMY
abctpakthHele kmaccel 1Cost u  1CostSpace yTOYHSAIOTCS COOTBETCTBYIOIIMMHU
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KjgaccaMu s omepauui  Hany ckanspHeivu - Beamdubamu - (ISimpleCost  u
ISimpleCostSpace) wu  BekrtopusiMu  BenmumbHamu  (ICompoundCost u
ICompoundCostSpace). Ilepsas mapa KiIaccoB peanusyeTcss B BHIEC IMabGIOHOB
TSimpleCost<TValue> wu  TSimpleCostSpace<TValue>, mapamerpusyeMsix
KOHKPETHBIM THUIIOM CKaJ’IHpHOﬁ HepeMeHHOﬁ. BTOpaﬂ rnapa peajin3yceTcda B BUIC
1a0JIOHHBIX KOpTexein TCompoundCost<TValues...> u
TCompoundCostSpace<TValues...>. Tlpu stom B kiacce TCompoundCostSpace
MpeayCMOTpEeHa BO3MOXKHOCTD 3a/IaHNA 6I/IHapHOFO OTHOIICHUA TOMHUHHUPOBAHUSA T10
HapeTo nin CneﬁTepy. Z[aHHLIe OTHOIICHUA PCATMUIYIOTCA COOTBCTCTBYIOIIUMU
wraccamu ParetoDominanceRelation u SlaterDominanceRelation ¢ o6mim
uaTepdeiicom IDominanceRelation.

4.5 MapwpyTtusartopbl

AJITOPUTMBI TIOUCKA ITyTeH PEANU3YIOTCS B KOHKPETHBIX KIIACCaX, HACIEAYEMBIX OT
abctpaktHoro knacca IRoadmapPlanner u momy4arommx JOCTYN K 3aJaHHOM
MapuipyTHOi cetm 4epe3 ero accoumanuto Tuma IRoadmap. Iloumck
ocymectBisiercs ¢ momompio Meroaa findPath( IRoadmapVertex initialVertex,
IRoadmapVertex goalVertex, IRoadmapPath path )-> bool.

Jnst peanu3anyuy 3BPUCTHYECKUX ATOPUTMOB NpeJHA3HAYCH a0CTPaKTHBIA Kiacc
IHeuristicRoadmapPlanner, kotopsiii siBisieTcs crienuain3aiueil 6a30Boro Kiacca
IRoadmapPlanner u gononuutensHo arperupyer obdbekt tuma |CostSpace mms
3aJJaHus] HSBPUCTUYECKON (PYHKIIMHU TPUOPUTU3AIINHI BEPIIHH.

Cpena mpeaocTaBiseT peali3aldil HECKONBKHUX MOMYJISPHBIX aJrOPUTMOB MOUCKA
nyTel, KOTOpble MPEICTaBICHbl KOHKpeTHbIMH Kiaccamu Dijkstra (amropurm
Hetikctpsr [23]), AStar (anroputm A* [23]), LPAStar (anroputm LPA* [30]) u
DStarLight (axroputm D*-light [31]). Tem caMbimM pa3paboTIHKy MPEIOCTABIACTCS
BO3MOXHOCTh BBIOOpa alrOpPUTMa MapIIPyTHU3ALNH, HAHOOJEe MOMXOIIIETO TS
peliaeMbiX TPHUKIAAHBIX 3a7ad W TNPUMEHSIEMBIX METOJIOB IUIAHUPOBAHUS
JIBYDKEHUSL.

Jnsi TnaHupoOBaHWS B JAWHAMHYECKHX MAapIIPyTHBIX CeTsx kiacc TRoadmap
peanu3yeT MexXaHU3M omoBelleHus Habmonareneii Tuna IRoadmapObserver. Cam
MEXaHU3M OMOBEUICHUS Pean3yeTcss B KOHKPETHBIX KIACCax MapIlpyTH3aTOPOB,
HacrmenyeMbix oT 0OazoBoro |RoadmapPlanner, kotopsiii B CBOIO oOdYepens
Hacienayercss oOT wuHTepdeiica Habmogarens IRoadmapObserver.  Tanubrii
uHTepdeiic omnpepenseT CIEAYION[Me METOIbl pEeakIud Ha H3MEHEHHUs B
MapUIpyTHOU CETH:

e onAfterVertexAdded( Vertex vertex )
no0aBiieHa HOBas BEPIIUHA

e onBeforeVertexRemoved( Vertex vertex )
BEpIIMHA OyJeT yaaieHa

e onAfterEdgeAdded( Edge edge )
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no0aBIeHO HOBOE pedpo

e onBeforeEdgeRemoved( Edge edge )
pedpo OyneT yaaneHo

e onAfterEdgeCostChanged( Edge edge )
W3MEHUIICS Bec pebpa

e onBeforeClear()
CTPYKTypa OyzeT ounIicHa

JlaHHBIE METO/IbI PEANTN3YIOTCS] B KOHKPETHBIX KJIACCaX MapIIPyTU3ATOPOB C YIETOM

xapakTepa m3MmeHenuil. Hampumep, B anmropurmax LPA* u D*-light B kauectse
peakIny Ha M3MEHEHHE Beca peOpa OOHOBISIETCS MPHOPUTETHASL OYePe (b BEPILIHH.

5. lMNakem knaccoe StateSpace

Iox cocrosHMeM mwin KoH(QUrypalmed oObeKTa IOHUMAaeTcs HaOop 3HAYCHUI
NapaMeTPoB, OJHO3HAYHO ONPENCISIOIINX IOJOKEHHE BCEX TOUYCK  ero
TEOMETPUYCCKOH MOJENH B TPEXMEPHOM MPOCTPAHCTBE OKPYKeHHUA. OOBIYHO
UCIIONB3YeTCsl MUHUMAIIBHBIA Ha0Op MapaMeTpoB, COOTBETCTBYIOIIUHA KOJIUYECTBY
cTeneHeil cBo0O bl 00BEKTa U ONPEACISAIONINN KOHPUTYPAIIOHHOE MPOCTPAHCTBO
oObekTa. 3ajaya IUIAHUPOBAHUS MYTH (QOpMYNIUpYyeTcsl Kak 3afada MOCTPOSHHS
0ecKOH(IMKTHOI HENpephIBHON TPAEKTOPUU B KOH(PUTYPAIIOHHOM HPOCTPAHCTBE
00beKTa, KOTOpas COCOUHSET 3aJaHHYI0 Iapy TOYEK, COOTBETCTBYIOLIMX €ro
HavyallbHOMY U KOHEYHOMY COCTOSIHUIO.

KoHpurypanumoHHoe TpPOCTPAHCTBO, AOIYCTUMOE  COCTOSIHUE, TpaeKTOpus,
reHeparop KOHGUIypaluid, IUIAHUPOBIIMK M BepUPHUKATOP TpaeKTOpuil —
KJIIOYEBbIE MaTeMaTHuecKre aOCTPaKIMHU, KOTOPbIE MOJI0XKEHBI B OCHOBY CPEJICTB
IUIAHUPOBAHUSI JBIDKEHUSI B COCTaBe OOBEKTHO-OPHEHTHPOBAHHOW  CpEbl.
IogoOHble  aOCTpaKkUMM IPEACTABICHBl COOTBETCTBYIOLIMMH  KJIAacCaMH |
unrepdeiicamu  IStateSpace,  IState,  ISampler,  IProbabilisticPlanner,
TSteeringMethod<TState>. OO6cyauM 0COOEHHOCTH UX peanu3alu  Ooliee
mopoOHO.
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5.1 KoHehucypauyuoHHbIe npocmpaHcmea

Boigenenne — aOCTpakumii  KOH(GHIYPalMOHHOIO  IPOCTPAHCTBA W TOYKH
MPOCTPAHCTBA U HMX MpPEJCTaBICHHE B CPele COOTBETCTBYIOIIMME uHTepdeiicamu
IStateSpace u |State 00yCIIOBJICHBI HEOOXOIMMOCTBIO MOIACPIKATh
aNbTEepHATHBHBIE CIIOCOOBI 3aMaHusl 0000IIEHHBIX KoopauHaT o0bekTa. Hampumep,
TBEpPAOE TEJ0, CBOOOAHO JABMKYIICECS B TPEXMEPHOM IPOCTPAHCTBE, UMEET LIECTh
cTeneHeil CBOOOMBI, COOTBETCTBYIONIMX IOCTYMATENbHOMY M BpAIATEIbHOMY
JBIOKeHUI0. bonee clioxHbIe 00BEKTHI MOTYT UMETh OOJIbIIICE KOJMYECTBO CTCIICHEH
cBoOONBI. Hampumep, cOCTOSHUE MaHHUMYJSIMOHHOTO POOOTa MOXKET 3a]aBaThCs
MHOTOMEPHBIM BEKTOPOM, 3JIEMEHTHI KOTOPOTO OMPENCIISIOT YTJbl MOBOPOTA BCEX
€ro TMOJBWXHBIX IIApHHUPOB. [IpM 3TOM BaXXHO OOCCICYHUTH BO3MOYKHOCTH
0000IIICHHOW pean3aluyl aIrOPUTMOB IJIAHUPOBAHUS JBWXKCHUS U, B YACTHOCTHU
MOMYJISIPHBIX COMILUIHHT aJITOPUTMOB, 0€3 KaKOH-IMOO KOHKPETH3AIMK SBHBIX WIIH
HESBHBIX CHOCOOOB 3amaHuWs OOOOIIEHHBIX KoopawHAaT oOBekTa. HWHTepdeiic
IStateSpace ompenenser HeOOXOAUMBIN IS 3TOTO HAOOp METOMIOB!

e getSpaceDimension()->integer
BO3BpAIacT Pa3MEPHOCTh KOH(PUTYPAIIMOHHOTO MIPOCTPAHCTBA
o distance( IState first, IState second )->real
BO3BpAIL[aeT 3HAYCHUE PACCTOSIHUS MEXAY KOHPHUTYpaIUIMHU
e interpolate( IState start, IState end, real time )->IState
BO3BpAIIACT HMHTCPIOJHMPOBAHHYKO TOYKY IIO SaI[aHHOﬁ HaYaJabHOH M
HeneBoit koupurypanuu u napamerpy time € [0; 1]
e isFree(IState state)->bool
BepUGHUIUPYET 33JaHHYI0 KOH(PHUTYPAIHIO
o isFree(IState state)->(bool,float)
BepudUIMpyeT 3aJaHHYI0 KOHQHUIYypalMi0O M BO3BpAllaeT 3HAYCHHE
paccTostHUS 10 ONMKAHUIIero MPensTCTBUS
e getSteeringMethod()->1SteeringMethod
MPEJOCTABIIET JOCTYII K Bepu(UKaTopy myTeit
e getCostEvaluator()->1CostEvaluator
MNpeAOCTABIIACT AOCTYIl K BBIMUCIUTEIIFO CTOUMOCTH ABUKCHU S
e createUniformSampler()->1Sampler
CO3/1aeT TeHepaTrop KOH(QUTYpaIMii, pPaBHOMEPHO paclpe/eieHHBIX B
3a/TaHHOM 00JIaCTH

BOHpOCBI MPUMEHCHUA NAHHBIX METOAOB IIPpU pE€aIM3allui COMIUIMHI aJITOPUTMOB
MOIPOGHO OOCYKTAIOTCS B CIEAYIOMINX pasjenax. B qaHHOM pasjerne 0CTaHOBUMCS
Ha Crenuanu3anusax 6a3oBoro kiacca IStateSpace, B yacTHOocTH, Ha aOCTPAKTHBIX
kiaccax  ISimpleStateSpace u  ICompoundStateSpace, cinyxamux s
OmpejieJieHUsl MPOCTBIX W COCTaBHBIX KOH(purypauuit. B  omimume ot
ISimpleStateSpace, xmacc ICompoundStateSpace mpeamosnaraer — 3agaHue

214



Kazakos K.A., CemenoB B.A. O0bEKTHO-OpHEHTHPOBAHHAS Cpe/ia Ul pa3padOoTKH NPHIIOKEHUH TNIAaHUPOBAHUS
nemwxennst. Tpyast UCIT PAH, tom 29, Beim. 5, 2017 r., ctp. 185-238

KOH(HI'YPalMOHHOTO IIPOCTPAHCTBA COCTABHOI'O OOBEKTA KaK NPSIMOIo JAEKapToBa
NPOU3BEICHHS  IPOCTPAHCTB  COOTBETCTBYIOIIMX  YacTeH. Brigenenue
NEePEYHCICHHBIX a0CTpakuuil MMo3BOJseT YHH(GULIUPOBATH OCHOBHBIC OIEpallHU
aHanM3a KOHQUrypanmuid, a TakkKe YIOPOCTHTh NPOLEAYypy HX 0OpaTHOro
npeoOpa3oBaHus B paboyee TpeXMEPHOE NPOCTPAHCTBO.

ICompoundStateSpace KOHKPETHU3UPYETCS KJIaccaMH, OTIpEIeIIAFOIIMH
KOH(QHI'YpalMOHHOE IPOCTPAHCTBO KaK IPOW3BEICHUE (HKCHPOBAHHOTO U
MEPEMEHHOTO yucia OIIePaHIOB: TPairStateSpace<TSpacel, TSpace2>,
TTupleStateSpace<TStateSpace...>, VectorStateSpace.

Hampumep, KOHGUrypallMOHHOE MOPOCTPAHCTBO TBEPAOTO Tena, CBOOOJHOE
JBWKCHHE KOTOPOTO B TPEXMEPHOM MPOCTPAHCTBE OMpenesieTcss Tpymmoit
npeobpasopanuii  SE(3) = R3 X SO(3), Moxer ObITh 3aJaHO  cleayroleii
crermanu3aiein  mabiona SE3Space=TPairStateSpace<R3Space,SO3Space>.
Koudurypannontsle OpOCTpaHCTBA KOJNECHBIX MexaHm3moB DubinsSpace wu
ReedsSheppSpace moryr ObiTh OmpeeieHbl MyTeM HACIEMOBaHMSA OT Kiacca
SE2Space=TPairStateSpace<R2Space,SO2Space>, COOTBETCTBYIOLIETO TIPYIIIe
npeo6pasopanuii SE(2) = R? x SO(2).

Hakonen, kmacc VectorStateSpace mno3BosiseT 3azaBaTh KOH(UTYpalMOHHbBIE
MpOCTpaHCTBA JUHAMHUYECKH B XOA€ BbBINIOJHCHUA MPOTpaMMbl, IOCKOJIbKY
MOJJIEp)KUBAaCT  HEOJHOPOAHYIO  KOJUIEKLMIO oOwbekroB Tuma  |StateSpace
NepeMeHHOro pazMepa. B yacTHocTH, naHHAs BO3MOXKHOCTH TI0JIe3Ha TIpH padoTe C
KUHEMAaTHYCCKUMH CHCTEMaMH, OIMCaHHWE KOTOPBIX XpaHUTCS B (ainax wim
(bopMupyeTcst HeOCPEICTBEHHO B XOJIE TT0JIb30BATEILCKON CECCHH.

Jns onpeneneHuss KOHKPETHBIX KJIACCOB KOH(HUIYPalMOHHBIX IPOCTPAHCTB CO
CTPOTMM KOHTPOJIEM COOTBETCTBHS THUIIOB M THOKOH HAcTpOiKoil moBeneHHs
npegHa3HaYeH 1a0JIOHHBIH KJ1acc
TStateSpaceDefinition<T State, T StateSpacelnterface>. ITapamerp mabnona TState
COOTBETCTBYET  KOHKpPETHOMY  Kiaccy KoHdurypanuum tuma  IState, a

TStateSpacelnterface  —  wunaTepdeiicy  mpocroro WIA  COCTAaBHOTO
KOH(HUTYPaIIHOHHOTO MPOCTPAHCTBA ISimpleStateSpace 17001
ICompoundStateSpace.

JaHHBI KJlacc TpeaycMaTpHBaeT arperanuio  KIIOYEBBIX —aJTOPUTMHUYECKHX
KOMIIOHCHTOB, HEOOXOAMMBIX IUIS peam3alnd MeToAoB mHTepdeiica |StateSpace.
[TockonbKy aNrOPUTMUYECKHE KOMIIOHEHTHI OJJHOTO HA3HAYEHHUS IPE/CTaBIICHBI
e/IMHOI Wepapxuell KllaccoB, B KJacCe BO3MOYKHA HACTPOMKA allbTePHATHBHBIX
aJTOPUTMOB  COOTBETCTBYIOLIMX THUNOB. B 1aHHONW  MpOeKTHON  cxeme
JIeTIETUPOBAHMsSL OTIEPAL[MK OTIPEICTICHUSI PACCTOSHHUS MEXAY KOHGUTypaluus MU U
MHTEPIOSALINA TOYECK BBIIOJHSIIOTCS YCTAHOBICHHBIMH OOBEKTaMH  KIIACCOB
TMetric<TState> u Tlnterpolator<TState>. Bepudukarms JTHHEHHBIX CETMEHTOB
NyTH peanu3yercs Ha3HaueHHbIM O0BEKTOM Kiacca TSteeringMethod<TState>.
OmeHka CTOMMOCTH IIepexoja MeXAy KOHQUIYpauus MU  JIeJIeTUPYETCs
COOTBETCTBYIOIIEMY 00BekTy Kiacca TCostEvaluator<TState>, a reHepanus
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KOHQUTYpalii ¢ paBHOMEPHBIM  pampeaelieHueM — OO0BEKTy  Kjacca
TSamplerFactory<TState>.

5.2 NeHepaTopbl KOHMUrypaumm

lenepanns koH(UTrypanmii sBIAETCA KIIOYEBBIM JJIEMEHTOM BCEX COMIUIHMHT
METOJIOB IUIAHMPOBAHMSA ABIKECHUSI M HMMEET CBOM ocoOeHHOCTH. Hampumep, B
pabote [32] mokasaHO, UTO HAWBHBIA METOM, OCHOBAHHBIN Ha CIy4aifHOM BBIOOpE
KOOPJWHAT, COOTBETCTBYIOLINX JHIEPOBBIM yIiIaM, HE 00ECIEUNBACT PABHOMEPHOE
pacnpezeneHue KoHpurypanuid B mpocrtpanctBe SO(3) M HpeiokeH MeToJ Ha
OCHOBE €JMHUYHBIX KBATEPHHOHOB.

[eHepaTopsl B cpefie TIpeACTaBiIeHbl abcTpakTHBIM Kitaccom ISampler, B koropom
ONpeZieJIeH  BUPTYAIbHBIH  METOJ MOJY4YeHHS O4YepenHOH KOH(Urypauuu
generateState()->IState. Merox  momyckaeT — anbTCPHATHUBHBIC — PEATH3ALIHU
TE€HEPATOPOB MCEBAOCTYUYANHBIX YHCEN, KBA3UCIYyYalHBIX MOCIEA0BATENbHOCTEN U
peryisIpHBIX ceToK [1] B HacemyeMbIX KOHKPETHBIX Kilaccax.

Cpena npenoctaBisieT Ha0Op KIacCoOB Uil IOCTPOSHHSI BEIOOPOK C PaBHOMEPHBIM
pacnpeseneHreM s KaKAOTO KOHKPETHOro Kiacca KOH(UIypalmoOHHOTO
MPOCTpaHCTBAa. B YacTHOCTH, MOCTYIHBI T€HEpAaTOp ICEBAOCIYYaMHBIX YHCEIN
UniformRandomGenerator,  reHepatopsl  mociemoBaTeNbHOCTEH  XOJNTOHA
HaltonGenerator u ReverseHaltonGenerator, TCHEPaTOPBI Cobost
SobolGenerator u  Hugeppaiitepa  NiederretierGenerator. Ha  stane
KOHCTPYHUPOBAHUsI ~ TEHEPaTOpOB  YCTAHABIMBAIOTCS  TPAHMIBI  0OIACTH
COMIUTUPOBAHMS.

B peanmzamusax reHepaTopoB INMPEAYCMOTPEHBI BO3MOXKHOCTH 3a/IaHMs 3BPUCTHK
COMIUTMPOBAHMS, MO3BOJLIOMMX (OPMHUPOBATH BHIOOPKH IPEUMYIIECTBEHHO H3
JONMYCTUMBIX ~ KOH(QUrypanuii, HWMEIOINX MEepPCIeKTHBY  CTaTb  TOYKAMHU
KOHCTPYUPYEMBIX HyTeH M CHIKAIOIIMX BBIYHUCIUTEIBHBIE PAacXoAbl Ha IOHCK
NOAOOHBIX TOYEK B PAaBHOMEPHO paclpelelieHHbIX BbIOOpKax. st 3Tmx wenert
ucrons3yercsi  abctpaktHeiii  kimacc  IProxySampler,  kotopsiit  sBissich
HacmemHUKOM ISampler, mpemocTaBiseTr METON MONYYEHHS TEHEPHPYEMBIX
koH(purypauuii. B nporecce 0T60pa nepcreKTHBHLIX KOHPHUTYPAIUA UCTIONB3yETCs
BCIIOMOTaTeJIbHBIH ~ I'€HEpaTop  MCXOIHBIX  KOHWrypauuid, Hampumep, C
pPaBHOMEpPHBIM pacmpesielicHneM, mnoatomy kiacc IProxySampler arperupyer
TpeOyeMbIii utst 3Toro oobekT Thma |Sampler.

A6ctpaktaeiii kimace IProxySampler crermanusupyercss KOHKPETHBIMH KIIacCaMu
RejectionSampler u ProjectionSampler, peanusyromuMy JBe OCHOBHbBIE CTPATEMH
IBPUCTHYECKOTO  COMIUIMPOBAHUS  KOHQHUTypamuid:  TyTeM  OTKJIOHCHHS
HEMEpCIEeKTUBHBIX TOYEK HA OCHOBE 3aJaHHOIO YCJIOBUS MIM IyTeM UX
HoCJIeTyoIeH TpaHC(hOpMaIHH.
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Puc. 9. Pezynomam pabomel eenepamopa moyex 8 KOHQhu2ypayuoHHOM NPOCMPAHCMee
CEMU3BEHHO20 po6oma
Fig. 9. Example of 6DOF robot configuration space sampling.
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IMepBbIil TOIXOM MCIOIB3YETCS Ui TCHEPALMU TOYEK BJIOJIb TPAHMI] [PEISITCTBHI
[33-35] u s orcedeHmss Touek 1Mo obiactu Buaumoctu [36]. Kiacc
RejectionSampler wucnoms3yer ykaszatens Ha QYHKIHIO C  CHTHATYpOi
acceptStateRule( IState state )-> bool ms poBepky COOTBETCTBHS KOH(PUTYpAITHH
3aJaHHOMY YCIOBHIO M IIOPOTOBOEC 3HAYCHHE, OIPEACIIONIee MaKCHMAalIbHOS
KOJINYECTBO TPEANPUHAMAEMBIX MOIBITOK F€HEPAIMH HAIUICKAIIEH KOHPUTYPAIIUHL.
AwnanorngHsiM o0pa3oM, kmacc ProjectionSampler wucmoms3yer ykasarenb Ha
¢yukumro ¢ curHarypoir  transformStateRule(IState  state)->State  mns
TpanchopMauy KOHPUTYpaluy B COOTBETCTBUH C 3a[aHHBIM HPaBHIOM. J[aHHBIH
KJTacC MOYKET HCIOJB30BaThCS IS MOCTPOCHHS TOYEK, Hauboiee yHaleHHBIX OT
npersitctBuii  [37], WM Uit TOCTPOEHHs MNPOEKIMH Ha IMOAIPOCTPAHCTBO
KOH(UTYpaLHii, YIOBICTBOPSIIONINX KHHEMATHUECKUM orpanndenusm [38,39].

5.3 Bepudcumkatopbl nyteun

AbctpakTHbiii kiacc TSteeringMethod<TState> onpenenser eaunbiii uaTEpdEiic
BepH(DUKATOPOB  MMyTeH, TNpEeIHA3HAYCHHBIX IS MPOBEPKH  BO3MOMKHOCTH
0eCKOH(IMKTHOTO  TEepexoAa MeXIy TMapod To4YeK KOH(QUTYypanuOHHOTO
NPOCTpaHCTBa W BepHUKauu pebep MapupyTHOI cetn. MHTepdeic conepxur
CIIe YOI HAaOOP BUPTYaTbHBIX METOJIOB!

o verifyMotion( IStateSpace cspace, IState start, IState end )-> bool

yCTaHaBiIMBaeT (aKT BO3MOXHOCTH OECKOH(IIMKTHOIO Mepexoja H3
KoH(urypanuu Start B koupurypanuto end

o verifyMotion( IStateSpace cspace, IState start, IState end )—>
(bool,IState)
BO3BpallaeT MOCJIEIHIO OeCKOH(QINKTHYI0O TOYKY TpHU TEpexoae u3
KoH(uTypanuu Start B koupuryparnuto end

o verifyMotion (IStateSpace cspace, IState start, IState end )->

(bool,IState[])

BO3Bpall[aeéT MacCUB OECKOH(JIMKTHBIX TOYEK IpU Mepexole U3

KoH(urypanuu Start B koupurypanuto end
B cocraB cpezapl BriIoueH koHKpeTHbiid kinace DiscreteSteeringMethod, koropsrit
Hacienyer untepdeiic TSteeringMethod u peanusyer mpouenypy BepudHUKaiiuu
MyTeM JUCKPETHU3alMH OTpe3Ka C COIYTCTBYIOIIEH MPOBEPKOW MPOMENKYTOUHBIX
Touek Ha ctonmkHoBeHus (puc. 10). Illar muckpeTH3anuu OmMpeaenseTcs 3HaueHHEM
MOTPENIHOCTH, KOTOpPOE  YCTaHABIMBAETCS B  KadyeCcTBE Iapamerpa  IpH
KOHCTPYHUPOBAHUHM  JK3EMIUISIPOB  KOH(QUTYpalMOHHOTO  IMPOCTPAaHCTBA  THIA
IStateSpace. 3HaueHue MOrPEITHOCTH COOTBETCTBYET PACCTOSHUIO MEXTy TOUKAMH,
oTpezIeIsIeMOMY 33/IaHHOM METPHKOI KOH(PUTYpalMOHHOTO NMPOCTPAHCTBA C YUETOM
rabapHuTOB TPEXMEPHOTO OOBEKTA.
Beigenenue abctpaktHoro kinacca TSteeringMethod obecrieunBaeT BO3MOXHOCTB
peanmmzaru  Gosee 3(P(EKTUBHBIX CIIOCOOOB BepHPHKALMU INyTEH C Y4eToM
0COOCHHOCTEH MPUKIATHBIX 33aaa4. Hampumep, B ciiydae MpOCTHIX TBEPAOTEIbHBIX
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O00BEKTOB TOBBICUTH AP (HEKTUBHOCTh BEpUPHUKAIMH ITyTEH MOXKHO C MOMOIIBIO
TEXHUKH IIPOTSHKEK OIPAaHMYMBAIONIMX BBITYKIBIX O0OJIOYEK WM aJTOPHTMOB
HEMpepsIBHOTO ompenenenus croikaoBernit (Continuous Collision Detection)
[40,41].

Puc. 10. Bepuuxayus nymu 05 pazniusnslx MoOeeil O8UINCEHUsL
Fig. 10. Path verification for different types of motion.

5.4 Bbluncnurenb CTOMMOCTHU nepexonos

AJITOPUTMBI TNIAHUPOBAHUSI ABHKSHUS, HAl[CJICHHBIC HA TIOUCK ONTHMAJbHBIX ITyTei
B Ipoliecce uX rnoctpoeHus, B yactHoctd, TRRT [29], RRT* [24] u TRRT* [42],
TpeOyroT 3amaHust (QYHKIMHM JUIS OLEHKH KadecTBa peuieHui. it Tux meseit
cinyxur abcrpaktHeiii  kimacc  TStateCostEvaluator<TState>, wHacnemyrouii
nHTepdeiic  crommoctHoro mpoctpanctBa |CostSpace u  jomosHHTENHHO
ompenensironnii BUpTyaneHbiii Metox evaluate( IState from, IState to )-> 1Cost.
JlaHHBI MeTOX BBICTyIAaeT B pONM (YHKIUHM CTOMMOCTH IIepexola MexIy

219



Kazakov K.A., Semenov V.A. Object-oriented framework for motion planning in complex dynamic environments.
Trudy ISP RAN/Proc. ISP RAS, vol. 29, issue 5, 2017, pp. 185-238

3aTaHHBIMH KOH(DHUTYpaIusIMu U PealTu3yeTcss B KOHKPETHBIX HACIETyEMBIX KiIaccax
BBIYMCHHTENICH. TeM cambIM, Cpellod AOIMyCKaeTcsl MOJAJNEPKKA albTePHATHBHBIX
KPUTEPHEB ONITUMAIIEHOCTH.

Jis moncka ONTHMANbHBIX ITyT€H MO KPUTEPUSAM MIMHBI W yOAIEHHOCTH OT
NPEMSATCTBUHA  peaJin30BaHBl W BKIIOYEHBI B COCTaB  Cpedbl  KJIACCHI
DistanceStateCostEvaluator u ClearanceStateCostEvaluator. [ns 3amaHus
KPUTEPHUEB, ONpEACISIeMbIX  IIONB30BATENEM, MOXET OBITh  HCIOJH30BAH
BCIIOMOTaTEJIbHBIN a0CTpaKTHBIN 11a0IOHHBIH KJ1acc
TStateCostEvaluator<TStateSpace, TCostSpace>, CHCHHANU3AUsI  KOTOPOTrO
BBIMOJTHACTCS B PE3yJbTAaTe 3aJaHUs KOHKPETHBIX KJIACCOB KOH(PUTYpPAIIMOHHOTO W
CTOMMOCTHOT'O MTPOCTPAHCTB.

6. lModcucmema s10KanIbHO20 NMJIaHUPOBaHUs O8UXKEHUSs

6.1 3anpochl nnaHupoBaHUA ABUXKEHUSA

AJITOPUTMBI ~ JIOKAJGHOTO IUIAHUPOBAHWS JBIKCHHS B KOH(UTYpaLlMOHHOM
NPOCTPaHCTBE OOBEKTa peajM3ylOTCS HAa OCHOBe abCTpakTHOTO — Kiacca
IProbabilisticPlanner, xoropslit mpenocrasiser BHelHHI uHTEp(deiic 3ampocoB
ianupoBanus B Buze findPath( IState initialState, 1State goalState, 1Path path )->
PlanningResult. BxonHbMu mmapamMeTpaMy METOa SBIAIOTCS HadyalIbHAS M LeJIeBast
KOH(HTypanuu 00BEeKTa, a BO3BpaLlaeMble pe3yJIbTaThl — CChUIKA Ha MOCTPOCHHBIN
nyTh Tuna IPath u sHauenne nmepeuncmumoro tuma PlanningResult, orpaxaromee
cTaTyc BbINOJNHEHUs 3anpoca mianupoBanusi: SUCCESS — nmyTh ycnemHo HaiizieH,
FAILURE — 6eckoHduukTHBIN yTh He cymectByeT, PROBABLY_FAILURE — nyTth
He Haigen, [INVALID_INPUT — HeBepHO 3ajaHbl BXOJIHbIE JaHHEIE,
INTERNAL_ERROR — BHyTpeHHsIs1 OIIMOKa IPOrPaMMBl.

Haiinennble myTH mpencTaBisiFoTCs abmoHHBIM KiaccoM TPath<TStateSpace>,
HacnenyromuM uHTepdeiic IPath u mapamerpusyeMbIM KOHKPETHBIM —THIIOM
KOH(UTypallMOHHOTO MPOCTPAaHCTBA, B KOTOPOM OHHU crpostcs. Kaxkaplid myTh
MpeCTaBIsIeT coboit YHOPSA0OYEHHYIO KOJUIEKITUIO 0eCKOH(IIUKTHBIX
koHurypanumii. I[lpm 3TOM mNOApasyMeBaeTcs, YTO CErMEHTBl IyTeH MExIy
COCEJIHUMH KOH(UTYpALHAMH, TIOCTPOCHHBIE B COOTBETCTBUH C NPEIONPEICICHHON
UHTEPIOIALUOHHON QYHKIMEH, TakKe HEKOH(INKTHBI.

[NockonpKy 3anpochl TUNIAHUPOBAHUS IBMXKEHUS. 00BEKTa MOTYT OBITh OJMHOYHBIMU
¥ MHOXXECTBEHHBIMH, Kbl manupoBiiuk tuma |IProbabilisticPlanner xpanut
CCBUIKY Ha KOH(UTYypallMOHHOE MPOCTPAHCTBO O0BEKTA, B KOTOPOM Pa3pelIaloTCs
MOAO0OHBIE 3aIPOCH M JUIl KOTOPOTO MOXKET OBITh YK€ Pa3BEPHYTHI A€PEBbs IIOMCKA
WIM MapupyTHas ceTb. JlaHHas CCbUIKA peaju3yeTcs COOTBETCTBYHOLICH
accoluanueil Kjacca U ycTaHaBIMBAESTCs MPU KOHCTPYUPOBAHUH TIIAHUPOBIIHKOB.
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OOl11ast anropuTMU4ECcKasi cCXxema paspelleHuns 3anpoca IaHUPOBAHUS Peallu3yeTcs
HermocpencTBeHHo B kiacce IProbabilisticPlanner, B kotopoM mpoBoamTCs
KOHTPOJbh BXOJHBIX IaHHBIX, NpenoOpaboTka, HEOOXOoIuMas, Hampumep, s
peanu3aly alrOpuTMOB HA OCHOBE BEPOSITHOCTHBIX MApIIPYTHBIX CETeH, cam
HNOMCK ¥ MOCTOOpabOTKa HaWAeHHBIX myTedl i1 ux ontummzauuu. Camu
ATOPUTMBI  PEANTM3YIOTCSI B HACIEAYEeMbIX WM AacCOLMHUPYEMBIX Kiaccax. B
JacTHOCTH, Ha ocHOBe kiacca IProbabilisticPlanner peamusyercs o6cysxmaemoe
HIDKE CEMEWCTBO COMIUTHHT AITOPUTMOB C Da3iIWYHBIMUA 3IBPHCTHYCCKUMH
CTPATErUsAMH TOHCKA.

6.2 lNpocTpaHCTBEHHbIEe MHAEKCHI

OnHolt w3 0a30BBIX ONEpalMid, MCHONB3YEMBIX IPHU pPEATU3aLUN  COMILIHHT
ITOPUTMOB, SIBJISICTCS TIOMCK OJIVDKAMIIMX cocesieil B MPeACTaBICHUH ITOMCKOBOTO
JepeBa.  Jlns  TOBBIIGHHS — MPOU3BOIMTENBLHOCTH  OOBIYHO — HCIOJB3YIOT
MPOCTPAHCTBCHHBIC HMHICKCHI, KOTOPBIE CTPOSATCS HAa MHOXKECTBE TOYEK,
MOJYYCHHBIX B PE3yJIbTAaTe COMIIMPOBAHMS KOH(PUTYPAITHOHHOTO IPOCTPAHCTBA.
Cpena MpenoCTaBIsAeT HECKONBKO TOTOBBIX K  HCIIOJIB30BAaHMIO  KJIACCOB,
peanu3yrimx HeoOXOJUMbIe HHICKCHBbIE CTPYKTyphl, a umenHo: KDTree (kD-
nepeBo [43]), GNAT (Geometric Near-neighbor Access Tree [44,45] ) u VPTree
(Vantage Point Tree [46]). ITockonbky 3arpaThl Ha MOCTPOCHHE HHICKCOB H
WCIIOJIHEHUE 3alPOCOB MOTYT CYIIECTBEHHO BapbHUPOBAThCS B 3aBHCHMOCTH OT
pa3sMEpHOCTH  TPOCTPAHCTBA,  XapakTepa  paclpelneieHHs  JOIyCTUMBIX
KOH(QUTypauuii ¥ anropurMa COMIUIMPOBAHMS, OPraHM3alMs KIJIACCOB HMHIEKCOB
IpeaycMaTpuBaeT BO3MOXHOCTh MOJMEHbI aJbTePHATUBHBIX peanu3anuid. C 3Toi
LEeNbI0  KOHKPETHBIE pEealM3allid  KJIacCOB HHAEKCOB  YHACJIEJOBAaHBI  OT
abctpaktHoro kmacca INearestNeighbourSearchStructure u ero 6asoBoro
uHTepdeiica INearestNeighbourSearchinterface<TStateHandler>,
OTIpEIeNAIONIET0 3aPOCH OMCKa OMKainX coceiei B M3BECTHBIX MMOCTAaHOBKAX!
e nnSearch(lIState state) -> TStateHandler
MOWCK ONKalIet TOUKu
o KkNNSearch(IState state, integer K) -> TStateHandler[]
norck K Ommkaimmx Togex
o rNNSearch(IState state, float R) -> TStateHandler[]
IIOMCK TOYEK, HaXoAA1uxcs B paauyce R or 3aganHoOi Touku
ITockonpKy peanm3anys MPOCTPAHCTBEHHBIX HWHIEKCOB IIPEAINoJaracT 3aJaHue
METpPHUKH, 0a30BBIA KIacC MHIEKCOB OIPEENIIeT COOTBETCTBYIOIIYIO ACCOIHAIINIO
Ha KOH(urypannonHoe rnpoctpanctso tuna IStateSpace ¢ neo6xoanumoit pynkuumei
OTIpeJIeTIeHUsI PAcCTOSHHUS MEXIYy 3aaHHBIMM TouykaMmu. [lapamerp mabioHa
StateHandler umeer THO BepLIMHBI MOMCKOBOIO JAEPeBa WM MapIIPYTHOW CETH,
CBSI3aHHOH C COOTBETCTBYIOIIEH TOYKOH KOH(PUTYpaIIMOHHOTO IPOCTPAHCTBA.
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Fig. 12. kD-trees and u vp-trees built on PRM and RRT-connect vertex set.
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Jns ynoGcTBa peanuzali pa3jiMuHBIX AJITOPUTMOB IUIAHUPOBAHUS ABHXKEHHS B
cocTaB  cpeibl  BKIIOYEHbI mabnoHHble  kiacchl  StateTree<TNodeData>,
StateForest<TNodeData> u StateRoadmap<TVertexData, TEdgeData>, xotopsie,
SBIISISICH CIICLIMAIN3AIIMSIME COOTBETCTBYIOMMX 0a30BBIX KilaccoB Tree, Forest u
Roadmap, HacrmenyroT HeoOxoaumbie omepanuu pabotel ¢ rpadamu. [Tomumo
3TOTO, JTaHHBIE KJIacChl peaau3yroT HacJIelyeMbIi uHTepdeiic
INearestNeighbourSearchlnterface, memerupysi BbIONHEHHE OMEpalMii MOUCKA
OmmKalMx cocefeldl arperupyeMoMy MNpPOCTPAHCTBEHHOMY MHJAEKCY THIIA
INearestNeighbourSearchStructure. Muaekc 0OOHOBISiCTCSI aBTOMATHYECKH MPU
IOOaBIICHUH, YHAJCHHH, MOIU(HUKAIINH DSJCMEHTOB IIOMCKOBBIX JI€PEBBEEB H
MapILPYTHBIX CETEH.

6.3 CeMenCTBO NOKarnbHbIX NIaHUPOBLUNKOB NyTEN

PaccMOTpeHHBIE BBINIE KIACCHI CPEZbl CIyKAaT yAOOHBIM HHCTPYMEHTAPHUEM IS
peai3aliy IOy SIPHBIX AITOPUTMOB IUIAHUPOBAHUS JBH)KCHHS, OCHOBAaHHBIX Ha
NOMCKOBBIX JICPEBBAX M BEPOSTHOCTHBIX MAapLIPYTHBIX ceTsAX. OO0OLmeHHbIe
A0JOHHbIE peaNM3aliy II03BOJITIOT OTHOCHUTENBHO IIPOCTO KOH(UTYpHUPOBAThH
uHTepdeiicel M Kimacchl cpembl sl pa3pabOTKH NPHIOKSHUH W HACTPOHKH
AITOPUTMOB C YYETOM IUIOTHOCTH HOKPBITHS B OKPECTHOCTH BepluuH [47],
KOJIMYECTBA YCIEIIHBIX W HEYCHEWIHBIX MOMBITOK pacnpoctpaneHus [48],
JMHAMHYECKOW O00NacTH COMIHpOBaHUs [26], cyMMapHOHW CTOMMOCTH MyTH U3
KOpH# fepesa [24] u 1.1

Cpena mpenocTaBiiieT pa3BUTOE CEMEHCTBO JIOKAJIbHBIX IJIAHHUPOBIIMKOB IMYTEH,
pearTn30BaHHbIX B BHUJIC COOTBETCTBYIOIINX KJTaCCOB-HACIICTHUKOB
IProbabilisticPlanner. Knaccet RRT u EST peanusyror aJropurMbel Ha OCHOBE
norckoBeIxX jepeBbeB Rapidly Exploring Random Trees u Expansive-Spaces Trees
COOTBETCTBEHHO. AJITOPUTMEI ¢ OHJIaH-ONTHMHU3aIMed nepeBbeB Transition-based
RRT u RRT* peamuzoBanbl B kimaccax TRRT u RRTStar. Anropurmuueckue
BEpCHH, AaJalTHPOBAHHBIC Ui JBYHAIPAaBICHHOIO IIOMCKA, IPEICTABIICHBI
kimaccamu RRTConnect, SBL u BTRRT. Knace IPP peamusyer nuddy3noHHBIH
AITOPUTM C OTJIOKeHHOW mnpoBepkoil Ha cronkHoBenus (Iterative Diffuse Path
Planner). HakoHen, anropuTMbl Ha OCHOBE BEpPOSTHOCTHBIX MAapLIPYTHBIX CETeH,
OpPHCHTHPOBaHHBIE Ha  OOpa0OTKy  MHOXXECTBEHHBIX  3alpOCOB  ITOMCKA,
npezacraBieHs knaccamu PRM u LazyPRM.

6.4 OnTumunsauma nyten

CoryuaifHBIH XapakTep HMOMCKA JOIYCTUMBIX KOH(QUIypaluii 1 TUCKPETHBIH COCO0
HNOCTPOCHUS MyTeH COMIUIMHT aNrOpUTMaMU KpallHE HEraTUBHO BIMSAIOT Ha
Ka4eCcTBO MTOJTy4aeMbIX PpeIeHuiA. EcrecTBeHHBIMH TpeOOBaHUAMY,
NPEIbABISEMBIME K HAWIEHHBIM IIyTAM, SIBISIOTCS WX MHHUMAaJbHAs JIHHA,
TJIAAKOCTh, HAMOOJbIIEe yNaleHHe OT MPEMITCTBUH OKPYXXCHHS U T.II. B cBs3M C
3THM TOCTOOpabOTKa HAWICHHBIX ITyTEH SIBIISETCS BAYKHBIM ATAIMIOM YIYYIICHHUS HX
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KauecTBa, KOTOPBIA MPEAyCMAaTPUBACTCS KIIACCOM JIOKABHBIX IUIAHUPOBIIHKOB
IProbabilisticPlanner.

C 5To# 1eNBI0 HA 3aKIIOYMTEIBHOM 3Talle BBITOJHEHHUS 3alpoca IUIAaHUPOBAHHUS
BeI3bIBaeTCa Meron oOptimize( IStateSpace cspace, IPath path )-> IPath B
HasHAYCHHOM omnTuMm3arope Tyreit Tuma IPathOptimizer. [launubrii meton
BBI3BIBAETCS aBTOMATHYECKH MPH YCIICITHOM BBITIOJHEHHUH MPEABIIYIINX 3TAIOB H,
B YaCTHOCTH, TIPH HAJIWYHH XOTS ObI OJHOTO HalJICHHOTO GECKOH(M)INKTHOTO MYTH.
OntuMmu3alys MyTH BBIIOIHACTCS C TOMOLIBIO AJITOPUTMOB  CIJIa)KHBAHHS,
YKOpauMBaHHUs M TMOCTpOeHHs perpakta [28], peannsyeMbIXx COOTBETCTBYHOLIUMH
kiaccamu PathSmoothing, PathShortening u PathRetractor — nacnenuukamu
IPathOptimizer.

7. Modcucmema 21106a51bHO20 N/IaHUPOBaHUsI O8UXKEHUS

PaccMoTpeHHBIE BBINIE HPOrpaMMHBIE CPEICTBAa Cpelbl O00ECIeUMBAIOT 3aJaHue
YCIIOBUM U pELICHUS 3a7au IJIAaHUPOBAHUS JBUXKCHHS B JIOKAIBHOM CTaTMYECKOH
MOCTaHOBKe. BMecTe ¢ TeM, Ha NpPaKTUKE BO3ZHHKAET HEOOXOAWMOCTH DEIICHHS
Oonee CIOXKHBIX 3a/a4, CBSA3aHHBIX C IIOCTPOCHHEM TIIyTeH B CI0XKHOM
JUHAMHUYEeCKOM OKpyxkeHnu. C 53TOM Lenpl0 B COCTaB Cpedbl BKIHOYEHBI
COOTBETCTBYIOIIME  CPEICTBA,  COCTABILIIONINE  IOACHUCTEMY  IJI00AIBHOTO
IUIAHWPOBAHUS ¥ pealM3ylollye  OOIIyl0  BBIYMCIUTENBHYIO  CTPaTeTHIo,
NPe/IOKEHHYIO U anpoOUpOBaHHYIO aBTOpamMu panee [13,49].

Crpaterust mojpa3zyMeBaeT IOCTPOSHHE €AWHON MapIIpyTHOH CeTH B padouem
TPEXMEPHOM TIPOCTPAHCTBE OKPYXKEHHUS, KOTOpas 3aTeéM HCHOIb3yeTCsl st
NPUHATHS pEUIeHNH O Hamboliee TMEepCIeKTUBHEIX MapmpyTax. OToOpaHHbBIE
MapIIpyThl BEpUOUIHUPYIOTCS U IPH HEOOXOIMMOCTH KOPPEKTHPYIOTCS JIOKAIBHBIM
TUTAHUPOBIIUKOM C y4ETOM T'€OMETPHUH KOHKPETHOTO OOBEKTa W HAJIOKCHHBIX Ha
HEro KHHeMaTW4eckux orpaHmueHuil. IlpencraBienne ceTtw OOHOBISETCA
CHHXPOHHO C COOBITHSIMH, IPOUCXO/SIIIMMH B JWHAMUYECKOM OKpYxKeHUH. st
MOCTPOCHHUS CETH MOT'YT IIPUMEHSATHCS METOABI IPOCTPAHCTBEHHON [EKOMIIO3ULIH,
JuarpaMMbl BOpOHOTo Wid IUIaHbI OKPY’KEHUS, [IOCTPOEHHBIE BPYUHYIO.

[MpuHOunbl opraHu3auuu H (YHKIMOHUPOBAHUS IOACHUCTEMbI O00ECIIEUHBAIOT
BO3MOXXHOCTb THOKOro KOH(HUIYPUPOBAaHUS TJ00AJbHOTO IUIAHUPOBUIMKA U3
KOMIIOHEHTOB, PEaTU3yIOUINX albTepaTHBHBIE CIIOCOOBI MOCTPOEHUS CIy4JalHBIX
JIepeBbEB U MapUIPYTHBIX CETeil, a Tak)Ke OCYIIECTBISIONIMX MX BepUpHUKALUI0 U
KOPPEKIMIO PACCMOTPEHHBIMU BBIIIE aITOPUTMaMHU JIOKAJIbHOTO TNIAHUPOBAHUS.
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Fig. 13. Global planning subsystem class diagram
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7.1 Tno6GanbHbIA NIAHUPOBLUUK
I'moGanpHBIA IIAHUPOBIIVK BEITIONHSAET B OCHOBHBIC (WYHKIHMH: (OPMHPOBAHHUE
€IMHOW MapHIPYTHOH CETH Ha OCHOBE MPOCTPAHCTBEHHOTO aHAIN3a TPEXMEPHOTO
OKpY)XKEHHSI W pa3pelIeHHe 3alpOoCOB IUIAHHUPOBAHUS IBIDKEHHUS C ITOMOIIBIO
pa3BepHYTOH ceTH. OQQPEKTHBHOE HWCIOTHCHHE MHOXECTBEHHBIX 3alpOCOB
MpeIoiaraeT MOAMEPKKY COTIIACOBAHHOTO MPEACTABICHUS CETH Ha MPOTSDKECHUH
BCell TOJB30BATEILCKOM CECCHU. DTO K€ OTHOCHTCS W K CBS3aHHBIM C HeEH
BCIIOMOTATCIbHBIM JaHHBIM, B YaCTHOCTH, aJbTCPHATUBHOMY T'€OMETPUYCCKOMY
MPEJICTABJICHUID OKPYXCHHUS H TPOCTPAHCTBCHHBIM HWHJACKCAM. B  ciydae
JUHAMHUYECKOTO OKPYXXEGHHS CEeTh M BCIOMOTaTCIbHBIC JAHHBIC JOJDKHBI
OOHOBIISITBCS ~ CHHXPOHHO  C  TPOUCXOMASANIMMHU  COOBITHAMH,  HPHYEM
WHKPEMCHTAJBHEIM 00pa3oM. [lockonbKy mOMOOHBIE OOHOBICHUS —SIBISIOTCS
BBIYUCITUTEIIHFHO 3aTPATHBIMH OTIEPAIUSIMU, OHH BBIMOIHIIOTCS B (QOHOBOM PEKIME.
3a peanu3alMi0 TMEPEYMCIICHHBIX (QYHKIMA B  Ccpele OTBEYaeT  KJacc
manuposinukos |1GlobalPlanner. OcranoBumest Gosee moapoOHO HA MEXaHHU3ME
COOOIIEHNH, C IOMOILNBI0 KOTOPOTO IPOHUCXOMAT OOHOBJIEHHS B MOACUCTEME
rII00aTBHOTO TTAHUPOBAHHUS.
CooOl1eHNs TUMU3UPYIOTCS M MPEACTABISIIOTCS CIEAYIOIINM HAaOOpOM KIIaccoB,
HacieayeMbix oT aberpaktHoro IGlobalPlannerRequest:
e RequestAddObject
CO3/1aH HOBBIH OOBEKT
e RequestRemoveObject
00BEKT yajeH
¢ RequestUpdateObiject
W3MEHHIIIOCH TIPEICTAaBICHUE 00BEKTa
e RequestObjectStateChanged
M3MEHHUIIOCh COCTOSIHUE 00bEKTa
e RequestFullUpdate
TpeOyeTcs MOoTHOEe OOHOBJICHNE BCEX HACUUTHIBAEMBIX JTAHHBIX
OOHOBIJIEHUE BCTIOMOTATENbHBIX JaHHBIX Pealln3yeTcs KilaccaMd 00pa0OTINKOB KaK
peaknys Ha TONy4eHHbIe cooOmeHus. JlaHHBIE KJIAacChl HACIEAYIOT OT
abcrpaxtroro IPathPlannerUpdateReceiver crienyromiue metopr:
e getUniqueName()->string
BO3BpalIacT YHUKAITEHOE UM 00paboTInKa
e dependsOn( string receiverName )-> bool
yCTaHOBIUBAET (DAKT 3aBUCHMOCTH OT JPYroro oopadOTYHMKa ¢ 3aJaHHBIM
NUMCHEM
o fullUpdate()
BBITIOJTHSET MOJTHOE OOHOBIICHUE
e smartUpdate( IPathPlannerRequest request )
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BBIMOJIHACT HHKPEMCHTAJIbHOC OOHOBJICHHE B 3aBUCHMOCTH OT THIIA
CoO00IIEeHNS

OO6paboTunK COOOIICHWI aBTOMATHYECKH PETHUCTPHUPYETCS B  IHCIETYEpE
coobmieHnit mpu KOHCTpyHpoBaHUH. CoOOIIeHHS TONalaloT B O4Yepenpb JUCTIeTIepa
1 3aTE€M PacChUIAIOTCS BCEM 3apeTHCTPHPOBAHHBIM 00Pa0OTYHKAM.

Jus mopmepxku (GYHKIHMHA TII00AIBHOTO IUTAHUPOBAHHSA B IIEIEBOM IPHIOKCHHH
HEOOXOIMMO pa3padoTaTh KIIACC IOJIB30BATEIBCKONH CECCHU C MpeHonpeaeICHHBIM
urrepdeiicom IGlobalPlannerSession u crienyronmmMu BHPTYyalsHBIMH METOIaMH
KOH(QHUTYPHPOBAHUS TOACUCTEMBI INIAHUPOBAHUS
e getConfig()->GlobalPlannerConfig
BO3BpAIAET HACTPOMKHU NOJCUCTEMBI IUTAHUPOBAHUS
e getWorkSpace()->IWorkSpace
IIPEAOCTABIAET JOCTYII K OKPYKEHHUIO
e getCollisionDetector()->CollisionDetector
BO3BpAIIACT aHAJINU3ATOP CTOJIKHOBEHUH
e getSpacelndexFactory()->ISpacelndexStructureFactory
MPEIOCTABIICT JOCTYII K (pabpHKe MPOCTPAaHCTBEHHBIX HHACKCOB
e getLocalPlannerFactory()->1ProbabilisticPlannerFactory
MPEJOCTABIIACT TOCTYI K (habpHKe JOKAIbHBIX TUIAHHPOBIUKOB
e getGlobalPlannerFactory()->1GlobalPlannerFactory
MPEJOCTABIIACT TOCTYI K (habpHKe I00aNTbHBIX MIAHUPOBIIHMKOB
e OnSessionStart()->bool
BBIITOJIHACT H606XOI[I/IMLIG HeﬁCTBHﬂ IpH CTapTe CECCUU
e OnSessionStop()
BBIITOJIHACT HGO6X0}II/IMBIC JZ[CI>'ICTBH$I IpH 3aBCPIICHUN CECCUN
L{eneBoMy MpPHUIIOKEHUIO MTPU 3TOM JIOCTYTIHBI CIEIYIOLUIME METO/IbI, OIIpeIesieMble
IGlobalPlannerSession:
e Start()->bool
Ha4YMHAcT CECCCHUIO
e Stop()
3aBepuIacT CECCUro
e getSessionID()->uid_t
BO3BpAIIA€T YHUKAIBHBIA HACHTH(PHUKATOP CECCHUI
e getPathPlannerQuerylnterface( uid_t objectID )->
PathPlannerQuerylinterfaceHandler
MpeIoCTaBIsIeT HHTep(delc MorcKa My TH JIJIS 3aJJaHHOTO 00BeKTa
e processRequest( IGlobalPlannerRequest request )
YBEAOMIIACT O COOLITHAX B JAUHAMHUYCCKOM OKPYKCHUHN
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IpocneanM MOCIETOBATEIBHOCTS BBI30BOB METOJOB B XOZA€ PAGOTHI MOACHCTEMBI
r106aIbHOTO ITaHUPOBAHKS. 3aIlyCK MOACHCTEMBI HHULMUPYETCs: MeTogoM Start(),
KOTOPHI BBIMONHACT BEPU(PUKALMIO HACTPOEK C MOCICAYIOIIMM CO3TaHHEM
manuposiuka tuna IGlobalPlanner. Jlannas omepaitiss BBITOJHSAETCS IMyTEM
obpamieHHsT K COOTBETCTBYMoIIei (abprke, IOCTYymHOH B pe3ynbTaTe BhI30BA
merona ceccuu getGlobalPlannerFactory().

Ilpn  KOHCTPYHPOBaHMHM TJIOOANBHBI  IUIAHMPOBIIMK  CO3MACT  IHCIICTYEP
COOOIICHUH, UHUIIMUPYET CO3JAHUE U PETUCTPAIMI0 00pabovMKOB coobmieHuil. B
CaMOM TUIAaHUPOBIIUKE Pa3BOPAUYUBACTCS KIIII TCOMETPHICCKUX MOJeNel 00BhEKTOB
okpyxenust CollisionSpaceCache u k31 06pabOTYHUKOB 3alPOCOB TMOHCKA IYTH
ObjectQuerylnterfaceCache.

Ha cnenyromem mare BoibiBacTes meton fullUpdate() mucneruepa coobuenuit,
KOTOPBI  BBIMOJHACT TMPHHYAUTEIbHOC OOHOBJICHHE BCEX HACYHTHIBAEMBIX
BCIIOMOTATEJbHBIX JaHHBIX, MOCIIE Yero HHUIMUpyeTcst coobitue OnSessionStart(),
YBEIOMIISIOIIEE TPHIOKCHHE 00 YCIEITHOM 3aITyCKEe CECCHH.

VBeoMIIeHHE MOJICUCTEMbI 00 H3MEHEHHAX B OKPYKEHHH OCYIICCTBISIETCS ITyTeM
BbI30Ba MeToza processRequest( IGlobalPlannerRequest request ), mpuaumaromiee
B KauyecTBe MapaMerpa COOTBETCTBYIOIIEC THIM3HPOBAHHOE COOOIICHHUE.
Coo0leHUsT MOMEIIAOTC B OYEpEeAb IMCICTYCpPa M YIPABICHHE BO3BPAILACTCS
OCHOBHOMY MOTOKY MpOrpaMMHOro mpuioxenus. OO6pabotka cooOueHui
HPOKCXOAUT B (POHOBOM DPEKMME B COOTBETCTBHU C MOPSIKOM HX IIOCTYIUICHHS.
Hucnerdep Geper u3 odepenn IEpBOE MOCTYIMBIICE COOOLICHHES M YBEOOMIIET O
HEM BCEX 3aperMCTPUPOBAHHBIX OOPabOTYMKOB C yYETOM 3aBHCHMOCTEH. Jlist
Kaxaoro obpabotumka BbeI3biBacTcs meron SmartUpdate( IPathPlannerRequest
request ), mociie 4ero cooOIIeHNEe YHUUTOKAETCS.

s WCIOJHEHHsT 3alpoCOB IUIAHHPOBAHHS JBIDKEHHS [PEIHA3HAYCH KIIAcC
GlobalPlannerObjectQuerylnterface, Buemnuii uatepdeiic KOTOporo npeacTaBieH
enuHcteeHHsiM MetomoM findPath( IState initialState, I1State goalState, I1Path path
)-> PlanningResult. lanmbrit kmacc arperupyer KOHQUTYPaIMOHHOE TPOCTPAHCTBO
tuma IStateSpace u nmokampHbli mnanupoBmuk tuma |ProbabilisticPlanner s
pelIeHHs] COOTBETCTBYIOIIMX 3a1ay IUIAHUPOBAHUS C IMPHIMCAHHBIM OOBEKTOM
OKpykeHHsI. VHCTAaHIIMUPOBAaHKWE KIIACCA OCYIIECTBISCTCS B PE3yJbTaTe BhI30BA
merona ceccuu getPathPlannerQuerylinterface( uid_t objectlD ) ¢ yka3anHbM
uneHrudukaropom o0bekra. MHCTAaHIUMpPOBAHUE BieYeT 3a COOON BBIMOIHEHME
CIEAyIOIUX AeHCTBUHA. Bo-mepBBIX, OCYHIECTBISIETCS. MOMCK OOBEKTa 110
YHUKaJbHOMY HAeHTHU(uKaTopy mocpeactBoM metona IWorkSpace::findObject().
Hnst Hal/ICHHOTO o0ObeKTa BBI3BIBACTCS METO
IWorkSpaceObject: :createStateSpace() u KOHCTPYHPYETCS 9K3EMILLIP
KOH(QHUTypanMOHHOTO TpocTpaHcTBa. Jlamee mO 3agaHHOW AacconWanuy Ha
TEOMETPUYECKYI0O MOJIENb OKPYKCHHSI, HAXOMANIYIOCS B K3IIe TJI00aIBHOTO
[UIAHUPOBINUKA,  (OPMHUPYIOTCS ~ TCOMETPHYECKHE  OTPaHHYCHHUs  Kiacca
GeometricConstraint. Janee, MyTeM BBI30BA MeTona CeCCHn
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getLocalPlannerFactory() cozaercst JIOKaTbHBIH TUTAHUPOBIIIHK,
aCCOLMMUPOBAHHBII ¢ KOHQUTYPALIMOHHBIM IIPOCTPAHCTBOM OOBEKTA.

IlocTpoeHne myTH OCYIIECTBISETCA CcleayrommM obpasoMm. I[lo oOkoHYaHUH
00paboTKN BceX cOOOMmeHUH ouyepenp Aucnerdepa Omokupyercs. [lamee crpostes
OTpaHMYMBAIONINE ITAPAJUICJICTIUIICABl TeOMETPUUECKOH Moaend o0beKkTa B
HaYalbHOM M KOHEYHOM IIOJIOKEHHAX, KOTOpble MepenalTcs II00aabHOMY
IUIAHUPOBILYKY JUIS TOUCKA NIPEABAPUTEIILHOTO MapIIpyTa.

Bepudukaumsts ¥ KOpPpeKIMs ~ MapLIpyTa  OCYLIECTBISICTCS  JIOKAJIbHBIM
IUIAHUPOBIIMKOM,  KOTOPBIA  BBINOJNHSACT  IIOCTPOCHHE  PE3yJbTHPYIOLIETO
0EeCKOH(QIMKTHOTO TYTH B  KOH(QUIYpallMOHHOM  MpPOCTPAaHCTBE OOBEKTa.
[IpenBaputenbHO  OTOOpaHHBI MapIPYT IO3BOJISIET OTPaHUYUTH  00JIACTh
COMIUIMPOBAaHMS W  TEHEPUpOBaTh  KOHQUIYpallMM C  paclpeiesieHHeM,
obecrieynBaOIMM 0o0Jiee BHICOKYIO IIOTHOCTh B TPYAHOIIPEOJOIUMBIX 00NacTIx
okpyxeHus. J{Jst 9THX Lieneil reHepaTop rayccoBa paclpeelieHus] IPUMEHSIETCS B
OKPECTHOCTSIX KIIOYEBBIX TOYEK MapuipyTra. Paamyc OKpEecTHOCTH M KOJIMYECTBO
UCIIBITAHHH ONMPEACIISIOTCS, UCXOI U3 OLIEHOK PACCTOSHHS 10 MPETSTCTBUH.

7.2 TlocTpoeHne MapLUpPYTHOWU ceTu

YHOMSHYTYI0 BBIIIE BBIYHCIUTEIBHYIO CTPATErdio INIOOAJbHOTO IIAHUPOBAHUS
peanuzyetr kiacc TopologicalPlanner, sBusiomuiics HacaeIHHKOM —Kiacca
IGlobalPlanner u wucnonp3yromuiics MO-yMONTYaHUIO MPH OTCYTCTBHU JAPYTHX
QIBPTEPHATHBHBIX  peaym3anuid.  CrpaTerns  OCHOBaHAa  HAa  W3BJICUCHUH
NPOCTPAaHCTBEHHOH, METPHYECKOH ¥  TOMOJIOTHYECKOH  WH(pOpMamuu  u3
TE€OMETPUYECKOTO TPENCTABICHHUS OKPY)KCHHS, TIOCTPOCHUH MAapIIPyTHOH CETH B
HEM ¥ COTTIACOBAHHOM HCIOJIb30BAHUH CETH MpH Noucke myTei [3,13,14].
Peanuzanns CTpaTerun oJipa3yMeBaeT (opMupoBanue CTPYKTYpBI
MPOCTPAaHCTBEHHO! 3aII0JIHEHHOCTH BCETO 00beMa OKPY)KEHHS B BHJIE OKTOAEPEBA C
NPUIACAHHBIMU OKTaHTaM CTAaTyCaMH HAaIllOJHEHHOCTH. JlaHHAs CTPYKTypa MOJKET
paccMarpuBaThCsi B KadeCTBE YIPOLIEHHOTO TI'€OMETPHUYECKOTrO MpeICTaBIICHUs
okpyxenus. OKTOJEpPEBO JOINOJHIETCS METpUYecKod HuHpOopMaluei myrem
NPUIKACHIBAHUSL CBOOOJHBIM OKTAaHTaM 3HAYEHUIl PacCTOSHHUN OT WX LEHTPOB JIO
npenatcTBuid. Metpuueckas HWH(OpPMALUS HCIOJB3yeTCs sl KIacTepH3aluu
CBOOOJHBIX OKTaHTOB B BHJE CBI3HBIX oOmacTeil mpocTtpancTBa. I[locnemnue
uieHTUGHUIUpYIOTCs Kak "30HB" M "mepexonbl" TakMM 00pa3oM, UYTO 30HBI
3aHMMAlOT OCHOBHBIE CBOOOJHBIE OOJACTH M COCOUHSIOTCS JpPyr C JAPYroM
nepexozamMu. B pe3ysipraTe BoccTaHABINMBAETCS TOIOJIOTHSI CBOOOIHBIX oOsacTel 1
(opmupyeTcst equHAs MapIIpyTHas CeTh OKpPYXEHUs B BHUie Tpada, BEpIIUHEI
KOTOPOTO COOTBETCTBYIOT 30HaM, a pebpa — mepexomamM Mexay HuMH. s
NPUHATUS PEelIeHuH O Haubojee INEepCHEeKTHBHBIX MapIIpyTax 3JIEMEHTHl CeTH
cHa0xaroTcsi MHpOpManMell O KOOpAMHATaX LEHTPOB BBIAEIECHHBIX 00JacTeH,
PacCTOSTHUU 10 OJIIDKANUIIEro MPesTCTBUS U AJIMHAX TEPEX00B MEXIy CMEXHBIMU
30HaMHU.
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Jns mporpaMMHOW peanu3aiii BBIYUCIUTENIBHOM CTPATETHH HMCIOJIb3YEeTCs JBa
BCIIOMOTraTesbHbIX Kiacca: SpaceOcTree, npeaHazHa4eHHbBIH Uit (OPMUPOBAHUS
CTPYKTYpPBI IPOCTPAHCTBEHHON 3aronHeHHOCTH,  SpaceTopology, ucmons3yemsbrii
JUTS IPEICTABICHUS OITMCAHHON CIIeTINATN3UPOBAaHHON CETH.

Kiace SpaceOcTree moanepuBaeT IpeacTaBIeHNE OKTOACPEBa 3aIIOTHEHHOCTH H
WHKPEMEHTAJIBbHO OOHOBIIET €r0 IMpH W3MCEHEHHUSX, CBI3AHHBIX C M0OaBICHUEM,
ymajgeHneM W MoanpuKammer — oOBeKTOB  OKpykeHus.  OmHOBpEMEHHO
MEPECUUTHIBAEMbBIC 3HAUCHUS PACCTOSIHUN IO MPEMSATCTBHI MO3BOJISIOT BBIICIHUTH
CBOOONHBIC O00JACTH TyTeM OOBCIUHCHUS CMEKHBIX CBOOOJHBIX OKTAaHTOB H
UICHTU(HKAIIMKA WX B BHUJC 30H U MEPEXOJ0B, MPEICTABUMBIX KJaccaMu Space u
Gate coorBeTcTBeHHO. MapHIpyThl, COCAUHSIONINE IICHTPHI WHIUACHTHBIX 30H U
MIEPEX0JI0B, BBIICICHBI B OTJCIBHBIN Kitacc Route.

30HbI, MEPEX0bl U MapIIPYThl arperupyroTcs kiaccom SpaceTopology, kotopsiit
obecrieyMBaeT WX NOAJEPKKY B JOMOJHEHHWE K TpadoBOMY INPEICTABICHHUIO
MmapmipyTHoii  cetn  kiacca  TopologicalGraph. TIlocmemnumii  HaciexyeT
paccMoTpeHHbIH Bbile madaoH TRoadmap ¢ Hauiexaiei crienuanu3amnuei THIoB
BEPIIHNH U pedep Kak KIACCOB 30H, MEPEX0I0B H MapUIPYTOB.

Jlyist cornlacoBaHHOTO OOHOBJICHHUS DJIEMCHTOB MAapIIPYTHON CETH MPH U3MEHEHHSIX
B OKpPYKCHUH HCTIOTB3YIOTCS KJIaCCHI 00paboTINKOB cooOmeHnit
SpaceOcTreeCache u SpaceTopologyCache. anHble Kiacchl 00ECIIEYHBAIOT
3¢ (exTHBHOE WHKpPEMEHTaIhbHOE OOHOBJICHHE COOTBETCTBYIOIINX MPOU3BOIHBIX
JAHHBIX B pe3yNbTaTe 00paOOTKH THITH3UPOBAHHBIX COOOIICHUH.

3aknroyeHue

Takum 00pa3oMm, paccCMOTPEHBI NPHUHIMIIBI OPraHM3aluud ¥ (QYHKIMOHUPOBAHUS
pa3paboTaHHONW WMHCTPYMEHTAJbHOW Cpensl sl HPOrpaMMHOH  peanu3aliiu
MoJielield, METOJOB W NPWIOKEHWH TEOpHH IIIaHUpoBaHWsA JBIKeHMs. Cpena
NPE/IOCTaBIIsIET PA3BUTHIH HA0OP TOTOBBIX K HCIIOJNB30BAHHIO HPOIPAMMHBIX
KOMIIOHEHTOB I aBTOMATHYECKOTO IOCTPOEHHsS OECKOH(MIMKTHBIX TpPaeKTOpHUi
g poboTa, TepeMeniaeMoro B CTaTH4eCKOM M JAWHAMHYECKOM TPEXMEPHOM
OKPY>KECHUU.

Opranuzanus cpeasl B BUJAE 00BEKTHO-OPHEHTHPOBAHHOTO Kapkaca oOecrednBaeT
pa3BuTHe, ajanTauuMio U ruOkoe  KOHGUrypHpoBaHHE  pa3paboOTaHHBIX
MPOTPAMMHBIX KOMIIOHEHTOB B COCTaBe IIEJIeBBIX NpuiIokeHuil. braromaps
BBIJICICHHBIM HHTepdeiicaM pa3HOTO YpPOBHA M NPEAYCMOTPEHHBIM TOYKaM
paclMpeHus cpela JOOIyCKaeT MHTETPaldi0 €O CTOPOHHUMHU MPUKIAIHBIMU
CHCTEMaMH.

Oxupaercs, 9To pa3paboTaHHAsS MHCTPYMEHTAJIBHAS CPela, a TAaKkXKe CBSI3aHHBIA C
Heit METOA TIOCTPOCHHUA IICJIEBBIX l'lpI/IJ'IO)KeHI/If/'I r7100aIbHOTO TIJTAaHUPOBAHU A
JBMOKCHUS TMO3BOJIAT CYHICCTBEHHO COKPATUTHL CPOKU W 3aTpPaThI. B HaHLHeﬁmeM
IUIAaHUPYETCSl anpoOMpoOBaTh Cpely B XOAE pPAa3BUTHA CHUCTEMBl BH3YalbHOTO
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MOJICIIUPOBAHUA W TIIAHWPOBAHUS HMHIYCTPHAIBHBIX MPOEKTOB € (YHKIMSIMHA
MIPOCTPAHCTBEHHO-BPEMEHHOM BepH(PHUKALINH.
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Abstract. In this paper, we discuss principles of the organization and functioning of the
software framework intended for development of models, methods and applications of
motion planning theory. Developed within an object-oriented paradigm the framework
includes a wide variety of ready-to-use components that provide the functionality required for
automatic search for collision-free trajectories for robots moving in both static and dynamic
complex 3D environments. The proposed software design provides extensibility, adaptation
and flexible configuration of the developed program components as a part of target
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applications. The developed architecture provides ability to integrate with third-party systems
via interfaces of different level and extension points.
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