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Annsoramus: ll30eranme CTOJKHOBEHWH  SIBJISIETCS  BAYKHEHITUM  KOMIIOHEHTOM
JIEIEHTPATH30BAHHOM MHOIO-areHTHO CHCTeMbl  HABWIAIUHU. BomabmmacTBO
CYIIECTBYOIIUX MHOTO-ar€HTHBIX METO/IOB N30€raHus CTOJKHOBEHU OO0 HE YIUTHIBAIOT
KAHEMATHYIECKUX OTPAHWYEHWI, JTUO0 aJANTUPOBAHBI JIUIIb K OMPEJIEIEHHBIM MOIEISIM
nBUKeHnsA. B pamkax 3Toif paboTbl MpemiaraeTcs HOBBIH IMOAXOd, K W30eranuio
CTOJIKHOBEHUH, TO3BOJSIONMI HAXOAUTH OE30MACHBIE yIpaBieHusa s addUHHBIX
IUHAMUYECKUX cucreMm. [Ipemraraemsbiii mOIX0d OCHOBAH HA CTOXACTHYECKOM METOJE
MPPI wu suHeliHbIX OrpaHuveHusx, mojaydenabix asiropurmom ORCA. Pesynbprarb
9KCIEPUMEHTATBHOIO CPABHEHUS MPEJJIAraeMOro TMOAX0Ja ¢ COBPEMEHHBIMU METOIAMU
u30eraHusi CTOJKHOBEHWI MMOKA3BIBAIOT, YTO BO MHOTUX CJIy9asX OH MTPEBOCXOIUT
CYHIECTBYIOIIUE AHAJOTM € TOYKMA 3PEHHs CKOPOCTH JIOCTUXKEHUsI [ejell IPyNioi
areHToB.

1. BBenenue

MHoro-areHTHasl HaBHTAIlsl — CJIOXKHAS 3a7a49a, BO3HHUKAIONIAS B PA3JIUIHBIX
obJracTdX, TAKUX KaK MOOMIbHAs POOOTOTEXHUKA, pa3paboTKa BUACOUTD U MOAEINPOBAHIE
[IOBeIeHH TOJIIBL. B cIydae, eciu yecToianBas CBsI3b MeZK Iy areHTaMI He TapaHTHPOBAaHA,
TO Takasg 3aJada MOXKeT OBITb pelleHa TOJbKO [AeIeHTPATN30BAHHBIM CIIOCOOOM.
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Baxkneimmmm — acmekToM — IeNeHTPAJIM30BAHHBIX  HABUTAIIMOHHBIX CHCTEM  SABJISETCS
KOMIIOHEHT n30eraHusl CTOJIKHOBEHHI ¢ JAPYTHMH areHTaMH IIpH JBUMKEHHU K LEJeBOM
no3uiuu. besomacHoe JBHYKEHWE K TIeJH JOCTUTAETCs MyTeM HTEepaTUBHOIO BHIOOPA
YIPaBISIOMAX BO3AeHcTBUil KaxKapiM areHToM. OJIHOBPEMEHHO, BayKHO YUYUTHIBATH
KaK MOXKHO 0oJble (akTOpoB, BKIOYAd KUHEMATHYECKAE OPAHUYCHHS AareHTa.
OaHAKO CYIIECTBYIONIHE MeTOABl GO IOJHOCTHIO MIHOPHUPYIOT TaKue OrpPaHHYeHUS
(mampumep, [1]), aubo dokycupyorcss Ha KOHKPETHBIX JHHAMHYECKHX MOJIEJSIX
(mampumep, [2]).

B sroii pabore mnpecraBisieTcss aaropuTM u3beranusi CTOJKHOBEHUH, pa3paboTaHHbIi
JUIS ITAPOKOro Kjaacca adOUHHBIX HeJUHEHHBIX cucTeM. AJITOPUTM OCHOBAH Ha IOIXOJE
Model Predictive Path Integral [3] w BrIO9aeT B cebst MIe0 HAXOXKICHUS MAPAMETPOB
pacipeeneHns CeMIJIMPOBaHKUA YIPABJIEHUH, HPH KOTOPBIX BEPOSATHOCTH TOrO, 9YTO
9JIEMEHTHI VIPABJIEHUs] OKaKyTCst Oe30MaCHBIMHU, MPEBHIIIAET 3apaHee OIpeje/eHHbIH
HOPOT.

Pe3yabrarhl SKCIEPUMEHTAIBLHONO TECTUPOBAHUS IOATBEPKIAIOT 3(M(EKTUBHOCTD
HAIIEro MeToJa. BaykKHO OTMeTHTb, YTO IIPEIJAraeMblii HAMH IIOAXOJ IHIPEBOCXOIUT
CYIIECTBYIONHE COBPEMEHHBIe MeTO/bl MpeaoTBpaiienusi crojaknosernii (ORCA [2] n

B-UAVC [4]).

2. IlpenjoxkeHHBIIT TOAXO

[Ipennaraembiii moaxoa ocHOBaH Ha uiaesax aaroputma Model Predictive Path Integral
(MPPI) |3]. DToT aaroputm 6611 pa3paboTaH i PEIIeHns 33 IaTH TIOUCKA ONTHMAIBHOTO
yupaBjaeHus st HeauHeitHbix cucrem. Agroputm MPPI 6eper cxemy meromos MPC.
OcuoBaoe oraumune or MPC 3akjii09aercs B TOM, YTO YIPABJIEHHE CTPOUTCI C
UCIIO/Ib30BAHUEM CTOXAaCTHIECKOr0 MeToja ontuMusanuu. Ha KarXkKjaoM BPEMEHHOM IIare
MPPI cozpaer Habop yHpaBIMOIMHUX IIOCICIOBATHE/IHLHOCTEH MYyTeM CeMILIHPOBAHMSI
13 HOPMAJBHOI'O pAacIpeeseHHs ¢ HapamMerpamMu [, >. l[locie dero momaydaer HaOOp
COOTBETCTBYIOIIUX TPAEKTOPHUl, UCMOIb3ys 3aaHHYI0 MOJEb TUHAMUIECKONW CUCTEMBI.
Kaxkmgast TpaekTopusi OIEHWBAETCS C WCIOJIH30BAHUEM HEKOTOPOil (DYHKIHH OIEHKH
KayecTBa, W Ha OCHOBE IOIYYEHHBIX 3HAUEHWI CTPOUTCS HUTOTOBOE YIIPABJISIONIEEe
Bo3zeiicrBue. Takum oOpa3oM, ajaropuTM IIO3BOJIIET HAXOAWTL YIIPABIEHHS /s
HeJTMHEHHBIX JHHAMHUYECKHX CHCTEM W HCIOJIb30BaTh HeJIHHeiiHble (DYHKIMH OIEHKI
KadecTsa 3.

Jlng moucka 0e30macHBIX yIPABAEHUN MpEeIIaraeTcs J00aBUTH y4YeT OrDAHWYEHUId,
KOTOpBIe OYIyT TapaHTHpPOBATh 0O€30MacHOCTh ABMKeHWA. JIIsd HAXOXKIEHHS TaKUX
orpanmdenuii 66171 BeIOpan anropur™ Optimal Reciprocal Collision Avoidance (ORCA) [1].
OH OoCHOBaH Ha HJiee HAXOXKJCHUS JTUHEHHBIX OrpaHUYEHUN B 00JIaCTH CKOPOCTEIA.

Jamee, HaM HEOOXOIUMO CO3/1ATh TAKYIO MOCJIEI0BATETLHOCTh, KOTOPasa Obl, ¢ OHOM
CTOPOHBI, MPOJABUTAAa Obl areHTa B CTOPOHY IEJIeBOH MO3WINW, & C JIPYTOil CTOPOHBI,
VIOBIETBOPSLIA HaHIeHHBIM OrpaHHYeHHsSM Oe30MacHOCTH. PaccMoTpuM  mompobHee
npegaraeMblii MeTo[ ydeTa JIMHEHHBIX orpaHndeHuil. IlycTs maHa muckperHass Momelb
JIBH2KEHHUs areHTa B HesmHeiiHo# addunnoit popme:

(1) Xer1 = F(x¢) + G(x¢)ue

rae xg € R™ — cocrosinme arenta B MOMEHT BpeMeHH f, Uy = (Upyt, Uz, ... Upmyt) € R™
yIpasjsolniee Bo3jeiictBue B MomeHT Bpemenu ¢, ' : R" — R" u G : R —
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R™ pyHKIUH, KOTOPBIE ONPEAeISIIOT MOJE/]b JBUKEHUsS areHTa. KOMIOHEHTHI BEKTOPa
YIIPaBJIEHUSA MOTYT OBITh OIPAHUYCHBL: Uk min < Ukt < Uk maz-

JLng Toro, 9To6BI yUecTh JIMHEeHbIE OrpaHTYeHU 110 TPEIOTBPAIIEHUIO CTOJIKHOBEHU T
B IPOIIECCe CEMILTHPOBAHUS, HEOOX0UMO HAliTH HOBBIE apaMeTphl pacupeeaenuns ', >
OIM3KHe K MCXOTHBIM fi, 2. [Ipm 9TOM, HOBbIE mapaMeTphbl JOJKHBI TAPAHTHPOBATH, UTO
BEPOSTHOCTD BBIINOJHEHHSA JIMHEHHOTO OrpaHuueHns ObLIa BBIIIE OIPEIeIeHHOI0 3HAYCHUS
a (@ < 1). Dra 3amaga MoxkeT OBITH ONpejeseHa Kak 3ajada ontuMusanuu. Ilrak,
1eJIeBYI0 (DYHKIMIO 331891 ONMTUMUBAIMT MOYKHO C(DOPMYJIMPOBATDH B CJEAYIONIEM BHUJIE:

2) 1" = pll + [|diag(¥) — diag(Z)||x
o2 >0, k=1,..m

rjae i, — 3aJaHHBIe IIapaMeTpPbl paclpeje/eHus BEKTOpa He3aBHCUMBIX CJIyYalHBIX
sBesmun u ~ N(u, X); 1,3 — nckombie mapamerpor pacnpenenenus. diag(A) — 3ro
BEKTOP, MOCTPOEHHBIH M3 5JEMEHTOB IVIABHON AMaroHaan HEKOTOpOH marpuibl A (T.e.
JI7IST MATPHUIBI KOBapUAIMH Y. 9TOT BEKTOp Oyaer comep:karh 3uadenns diag(X') =
(o, 0, ..., 02).

Jlasee HeOOXOMMMO y4YeCTh OIpAaHHYEHH, [OJIYYEHHBIE AJTOPUTMOM H30eraHus
cronkuosenuit ORCA. Tlycts N; — 910 MHOXKeCTBO cocejieii HEKOTOPOro arenra i (T.e.
MHO’KECTBO areHTOB, HaOJIOJaeMbIX areHToM 7). 3aJaJuM JIHHEeiiHoe OrpaHuYeHue,
IOJIy9eHHOE areHTOM { JJid u30eraHdmsa CTOJKHOBeHHil ¢ arentoMm j € N; B dopwme
HepaBeHCTBa. Takum 00pa3oM, BEKTOpP CKOPOCTH v = (v, v,) YJIOBJIETBODSIET TOMY

OI'PaHUYICHUIO, €CJIM UCTUHHO CJIe/IYyIoIee:
(3) aj'vx+bj'vy+6j<0

C apyroit ctopoHsl, v' = (v, v,) Ui 38 JAHHOIO COCTOSIHUSL T U YIPABJICHHST Uj MOZKET
OBITH BBIYUCJEH C HCIOJb30BaHueM Mojeau u3 ypasuenus (1). ITockoabKy cocrosiHue
&} BKJIIOYAET MO3UIHIO are’Ta (P, P, ), BEKTOP CKOPOCTH MOKET OBITH MEePeNncaH TaKHM
00pa30M, 9TOObI JINHEITHO 3aBUCETDH OT YIPABICHU U;.

(4) U‘;’,vt = Fl + lelutvl + + lem ut7m - pl‘,t
Uy = Fy+Goqupn + . + Gogm Uy — Dy
/I /o
HyCTb aj = {(ale,l -+ bjGQJ), ey (ajGLm -+ bjGQ,m)} nu bj = —(Cj -+ Clj(Fl — th) -+
bjTFg — pyt)). Torma mepasectno (3) MoxkeT OBITH HEpEHHCAHO B cjemyiomeil gopme:
a3 U¢ < b;

CeMIupyst yUpaB/IsOIINe IIOCIEOBATEIBHOCTH, YIPABACHHE Wy = {Ut1, ..., Utm )
MOYKET PpaCCMATPUBATBCA KAaK BEKTOD C HE3aBHCHMO HOPMAJIBHO pacCIpeIe/eHHbIMU
KOMIIOHEHTAMU. 3aTeM, HCIOJIb3YsI TEOPUIO BEPOSITHOCTHBIX OrpaHndIeHnil (cM. Teopemy 4.9
B pazzene 4.3 u3 [5]), yenosne Pr{ajuy < U} > o BhImoHAETCA TOTJA M TOJTBKO TOT/A,

KOIJIa agTu’ + <I>_1(a),/aj’-TE’aJ’. < b, rme p,Y — maremartudeckoe oxugaHue U
KOBAPUAIMOHHAS MATPHUIA CJIYIAlHOTO BeKTOpa Uy, P(-) — KyMmynsTuBHAasg OYHKIHS
CTAHJAPTHOTO HOPMAJILHOTO DACHpeIeJeHus, a « — TpeOyeMblil TOBePHTENbHBIH
YPOBEHDL. AHaJIOFI/ILIHO BO3MOXKHO YYUTBHIBATH OI'paHUY€HUA Ha AOIMYCTUMbIE YIIPaBJICHHUA
(uk,min g Ukt g uk,max):

TOF,ZLa, 3a/ada OUTUMU3aAIUN AJigd BbIYUCJICHHUA HOBBIX IIapaME€TpOB pacClipeAe/IHuLd
CeMIUTHPOBAHHUSI YIPABIAIONINX BO3ICHCTBIIT MOKeT OBITE 3anucana B ceayolei popme:
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argmin - ||p" — ply + ||diag(¥) — diag(X)]|:

Y

(5) s.t. agT p 4 @7 ) Jaxralt < b, Ve N

o, =20, k=1,...m

Taxum obpazoMm, pemast IOCTABAECHHYIO ONTHMUA3AINOHHYIO 33124y, MOKHO MOJIYIUTh
HOBbBIE IIapaMeTpbl I paclpeeseHus CeMIIMPOBAHHBIX VIIPaBJIeHHH, Tak dYTO C
3a/IAHHON BEPOSTHOCTBHIO (v BLIOPAHHBIE 3JIEMEHTHI YIIpaBJeHHsS OY/IYT YyJ/IOBJIETBOPITH
OTpaHUYIEHUSM OE30IMaCHOCTH.

3. IKcrnepuMeHTaJbHAd OIEHKA

[Ipenmoxkenubiit moaxoa ObLT peaan30BaH € WCHOJIb30BaHueM si3bika C++ u ero
3D dEKTUBHOCTD OBLIA OlEHeHA B CEPUU KCIIEPUMEHTOB B CUMYJIANUU. B skcmepumeHTax
UCTIOJIb30BAIACH CJEIYIONas MOJIeIb IBYXKOJIECHOTO poOOTa ¢ HE3aBHCHMBIM ITPUBOIOM.
Pobor moaenupoBajica Kak Kpyr pajguyca r = 0.3 . [Togpobuee Mojenb IBUKeHUS podoTa
onucana B [2|. Cuenapuii sKCnepuMeHTa CTPOMJICS CJAELYIONIM 00pa3oM. B Hava bHBIT
MOMEHT BpeMeHu HabOp U3 N areHTOB PACIIOJIOXKEH Ha PABHOM PACCTOAHUU JIPYD OT
npyra B Kpyre amamerpoM 12 m. Ileab kKaykaoro arenTa — mepeMecTUTbCS Ha TO3UIUIO
Ha MPOTHUBOMOJIOKHON cTOpOHEe Kpyra. KosmdecTBO pobOTOB B 33/ JaHUIX BApPhUPOBAJIOCH
or 2 o 15. Bamyck 3ajaHusi CAUTAJICSA YCHEITHBIM, eCJIM BCe areHThl JOCTUTHAIN Heseit
6e3 cronkHOBeHmit 3a 3amanbiail auvuT B 1000 1maro cumyssmuu. 3amyck KaykI0To
3a/laHus ¢ HEKOTOPbIM (DUKCUPOBAHHBIM KOJIMYECTBOM poo0oTOB 1opropsiics 10 pa3. B
JIOTIOJIHEHYE K TIPeJIOKeHHOMY MeToy (o6o3HaduuM ero kak MPPI), B skcrepuMenTax Tax
JKe yYaBCTBOBAJIH aJrOpuTMBI penorsparenus croaknosennit ORCA [2| u B-UAVC [4],
aJIANITUPOBAHHBIE K PACCMATPUBAEMON MOJIEN JBUKEHUA.

OCHOBHBIM TTOKA3aTeI€M, H3MEPEHHBIMHU B XOJI€ IKCIEPUMEHTA, ObII0 CHMYJISTIHOHHOE
BPEMsl, 3a KOTOPOE BCE areHThl jocrurasu csoux neseil (makespan). Pesyiabrarsi
9KCIIEPUMEHTa MPHUBEIeHBl Ha PUCYHKe 1.

Makespan (Circle Scenario)
m= ORCA-DD * o
B-UAVC * o
#== MPPI-ORCA * 0

w » @
3 3 3
3 3 3

Makespan, time steps

N
S
3

PN T
2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of agents

(a) Makespan (b) ORCA (c) B-UAVC (d) MPPI

Puc. 1: (a) Cpexnmee 3madenuwe BeIHYIHHBI makespan W ee CTAHIAPTHOE OTKJIOHEHUE
JJIsT CDABHUBAEMbIX AJTOPHUTMOB B 3aBHCHMOCTH OT 4HcJIa poboroB B cienapuu. (b)—(d)
NamocTpanus TpaekTopuii, moaydeHHbrx s 3aaanug ¢ 10 poboramu. Brepxy mokasana
BU3yasmu3anus Tpaekropuii. Huke mnpuseseH rpaduk n3MeHeHHs cpejHeil CKOPOCTH ¢
TeYeHWeM BpeMeHW (CHHsisl JIMHUsI) W CPelHeii CKOpOCTH BCeX pPOGOTOB 3a BCE BpeMs
MOJIE/TUPOBaHUs (KpacHAs JINHUS)
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B pamkax SKCIepEMEHTa BCe AJTOPUTMBI YCIEIIHO CIPABUJINCH € IOCTABJIEHHOR
3ajia4eit Bo Beex ciaydasx. Cpeanee 3nadenne makespan u CTaHIaAPTHOE OTKJIOHEHHE JIJIs
KayKJIOr0 4HCJIa areHTOB MOKa3aHbl Ha pucyHke 1 (a). MoKHO BHIeTb, MpeIosKeHHbIT
AJITOPUTM B CpejiHeM 00eCIedmBaeT JIydIlne PeIeHus, 9eM JABa Apyrux noaxonaa. M xors
pesyabTarel MPPI 1 ORCA gacTuuno mepekphiBaioT ApYT ApyTa, OTHAKO PA3PHIB MEXKIY
HUMH PACTeT C YBeJIUIeHHeM KOJIUIeCTBa areHTOB. B To »Ke BpeMsl pe3yJIbTaThl aJIfOPUTMa
B-UAVC 3zamerno xyxke, ueM y MPPI u ORCA.

[Ipu feraabHOM pPaCCMOTPEHHH TPACKTOPHil (MTIOCTpAIs TPAeKTOPHIl B 3aaHUK
¢ 10 aremramu mpusegena ua pucynke 1 (b—d)) Buamo, aro amroputm ORCA maxogur
HE3HAYUTEIbHO Oo0Jiee ILIaBHbIE TPAGKTOPHH, HO B HEKOTOPBIX CIyYasgX OHH KMEIOT
DOJIBIIYIO IIPOAOIKUTENIBHOCTD, 8 CPEIHAs] CKOPOCTh JBU:KEHHS HUKe. B To ke Bpems
MPPI, O6maromaps cBoeii CcTOXacTHYECKONl mpupoje, jaer Oosiee (IyKTYHPYIOIILHE
TPAEKTOPUH, HO MNPOJIOJKHUTETLHOCTh ero permernit menbmre. Ajgroputm B-UAVC
reHepupyeT KOJIe0/TI0Iuecs: TPAEKTOPUU € BBICOKON CTOUMOCTBIO.

4. 3akJgoO4deHue

B pabore paccmarpuBaeTcs 3a1ada JIeeHTPAIU30BAHHOIO U30eTaHnsl CTOJIKHOBEHMIMA
B MHOI'O-al'€HTHBIX CHCTeMaX H M[pejjaraercs MeTo ] pellleHns, OCHOBAaHHBIA Ha
CTOXaCTUYIECKOM TIOAXOJ€ K TOHCKY OIITUMaJIbHBIX praBJIeHI/IfI 141 y‘{I/ITbIBaIOH_[I/HU/I
KHHEMAaTUTYECKHE OI'paHUMYE€HUd HIUPOKOIro KJiaCcCa AWMHAMHYECKHUX CHUCTEM. B paMKaXx
paborbl OBLIO IPOBEJEHO IKCIEPUMEHTAJbHOE CpPaBHEHUE IPEJJIOKEHHOI'O II0JIX0/1a C
CYIIECTBYIOIUMHI METOJaMH H30eraHusi CTOJKHOBeHUs. Pe3yabraTubl MOKA3aJId, YTO
HIPEJJIO?KEHHBIH METOI YCIIEIIHO CIIPaBJsIeTcs ¢ 3aiadeil 6€30IMacHoro JOCTUKEeHUS IeJIei
I'PYNIOI areHTOB U MO3BOJSIET HAXOJAUTH Oosiee 3(PPEKTUBHBIE PEIICHUTS, 10 CPABHEHUIO
C ApyruMu MeToJaMu

B Oyuyuieit njianupyercs BKJIIOYUTH ydeT HETOYHOCTH B MH(OPMAIMU O COCTOSTHUU
are’Ta W ero coceieil, a TaK 2Ke HeTOYHOCTH MIPHU BBINOJHEHUN YITPABJISIONIAX BO3NEHCTBUA.
Kpome Toro, BarKHbLIM HalpaBJeHHEM AAJbHEHINUX HCCIAeJIOBAHUN SBASETCS WCIBITAHHE
NpeJIJIOKEHHOT0 MeTo/1a B H0Jiee MPOJBUHYTHIX CHMYJIATOPAX M Ha PeaJbHBIX PoOOTax.

UccienoBanne BBIIOJHEHO 3a cYeT TrpaHTa MHUHHCTEPCTBO HayKH U BBICIIETO
obpasoBanug Poccuiickoit @emeparun Ne075-15-2020-799.
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