DOl 10.17587/issn.1684-6427 ISSN 2619-1253 (Online) ISSN 1684-6427 (Print)
TEOPETUYECKUN N MPUKNAOHOW HAYYHO-TEXHUYECKUN XXYPHAN

BrPABSEHVE




N\

d
N

N

N
7 0
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«GRASPING OF UNKNOWN OBJECTS WITH AN AUTONOMOUS MANIPULATOR:
STATE OF THE ART, PROBLEMS AND PROSPECTS»
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Fig. 2. Representation of a static scene: a — a point cloud constructed based on RGBD image [ 16];
b — TSDF representation of a scene as a voxel grid with a scalar value of the distance to the nearest surface [13]

Fig. 3. Unknown objects segmentation: a — segmentation without taking into account overlapping parts
of objects [21]; b — amodal instance segmentation [23]

b)
Fig. S. Classification of approaches by the presence of a target:
a — the scene is perceived as a whole [ 12]; b — the target object is selected [6]

Fig. 6. Grasp detection method — synthesis
of a set of grasps with subsequent
evaluation [14]
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CUCTEMHbIVW AHANWU3, YNIPABNEHUE

N OBPABOTKA NHO®OPMALIUU

YK 681.5.015 DOI:10.17587/mau.24.507-518

A. P. Tanayk, o-p TexH. Hayk, npod., gaiduk_2003@mail.ru,
®rAOY BO HOxHbIV dhefeparnbHbii YHUBEPCUTET, . TaraHpor

CuHTte3 ANCKPEeTHbIX U FM6pM.D,HbIX HeNMMHEeNHbIX CUCTEM ynpaBHEHMH*

Ilpednaecaemcs HOBbLE MemOd cuHmMe3a OUCKPEeMHbIX U cUOPUOHBIX cUCmeM YNpasaeHus HeAuHeUHbiMU obsekmamu ¢ dugge-
penyupyemovimu Heauneunocmsamu. Iosviwarowuecs mpeboganus K Ka1ecmey npoyeccos YNpasieHus u wupokKoe pacnpocmpa-
HeHue cpedcme GblMUCAUMENbHOU MEeXHUKU 00YCA0BAUBAIOM WUPOKUE B03MOICHOCIMU CUHME3d U Pearu3ayuu yugpoesix cucmem
ynpaeaenus. O0Hako 044 peuienus 3moi 3a0a4u Heobxodumsl ducKkpemHolie Modenau 06seKmos ynpaeieHus. B cayuae aunetinbix
00BeKmo6 makue moodeau co30aromcs Ha 0CHoOge Z-npeobpaszosanus, popmya Jiarepa usu Tacmuna. B cayyae neauneiinvix 06sek-
moe 3mu npeodpa308anus HeNPUMEHUMbL, HOIMOMY K HACMOAWEMY 8peMeHl pa3padomano 604buoe YUca0 RPUOAUNCCHHBIX Me-
modoe duckpemuszayuu. Hauboavwee pacnpocmpanenue umerom npeobpaszosanus Jiiisepa u Pynee—Kymmul, Ho onu npueodam
K ¥006.1emeopumensHuiM pe3yabmamam Aullb npu 04eHb Malblx nepuodax ouckpemusayuu. B cayuae cucmem asmomamuueckoeo
YRpaeaenus 3mo mpebyem npumMeHeHus Uu@posvix cpeocme aemomMamu3auiu ¢ O4eHb blCOKUM Obicmpodeiicmauem, Ymo 4acmo
9KOHOMUYeCKU Heyenecoobpaszno. Memodsl duckpemusayuu ¢ 60AbWUM NePUOOOM Haule 6ce20 pazpadbamuleéaiucy Ha 6ase pas-
A0JCeHUs 8 psA0bl npasbiX yacmell Ou@pepeHyualbHbiX ypasueHull, npeobpazoeannuix no Jiiaepy. 3decy 603HUKaem, 60-nepeabix,
npobaema evl00pa HeOOX0OUMO20 HUCAA HACHO8 PAOA, NOOACHCAUUX YOCDICAHUI), A 80-8MOPLIX, YICE NPU MPEembeM—Huemeepmom
nopsoke o6seKkma pacuemHusle COOMHOUEHUS OKA3bIBAIOMCSL YPE3GbIYALIHO CAONCHBIMU.

IIpedaaeaemviii HudNCe Memod omauuaemcs mem, 4mo OUCKPemMu3upyomcs He YpagHeHUs HeAUuHeUHbIX 006eKmos 6 gopme
Kowu, a coomeemcmeyrwuue keazuaunetinvie mooeau. Ilpu smom ucnoavzyemcs moou@uUUUPOSaHHbLlE Memoo mpaneyui, npu-
YeM yeavlo QUCKpemu3ayuu Aeasemcs He Haubonee MOYHAS ANNPOKCUMAUUS UCXOOHbIX HENPepbleHbIX YPaGHeHUl obsekma,
a ycmouvueocmsv 3aMKHYMOU HeAUHEUHOU CUCMmeMbl YRPAGACHUS NPU 00CMAamo4HO 00AbUuiOM nepuode JuckKkpemuzayuu. dma
cucmema cunme3upyemcs ¢ NpUMeHeHuemM an2e0pauiecko20 NOAUHOMUANbHO-MAMPUYHO20 Memo0a CUHMe3a HeAUHeHbIX Cl-
cmem ynpaeienus. B pesysomame obpasyemces eubpuonas neauHelinas cucmema ¢ 00CMamoyHo RPOCMbviMU aieedpauveckumu
pacuemuwvimu gvipaxcenuamu. Ilpedroscennviii N00xo0 no3eoasem co30agams cucmemvl ynpasieHus HeAUHeUHbIMU Henpepvlg-
HbIMU 00BeKMamu ¢ NPUMEHeHUeM 00bIYHbIX GbIYUCAUMENbHbIX CPeOCE A8MOMAMU3AYUU.

Karueevie caosa: Heaunelinviii 06sekm, ougpgepernyupyemas HeAUHEUHOCMb, JUCKpemu3ayus, MoOu@dUUUPOBaAHHbI Me-
mod mpaneyutl, K8a3UAUHEUHAS MOOeAb, OUCKDEMHAS K8A3UAUHEUHAS MOOeab, al2ebpautecKui ROAUHOMUANbHO-MAMPUHHBLU

Memod, HegblpoNCOeHHOCMb N0 YNpaeAeHulo, cubpudHas cucmema ynpasienus

Bsenenue

INoBeIatonnecss TpebOBaHUS K Ka4eCTBY ITPO-
LIECCOB YIIPABJIEHUSI U IIMPOKOE PACIpOCTpaHEHUE
BBIYMCIUTEIBHBIX CPEICTB aBTOMAaTH3alluM 00-
YCJIOBJIMBAIOT pa3pabOTKy METOMOB CHUHTE3a IIHC-
KPETHBIX CHCTEM YIIpaBJIeHUS HEIMHEHMHBIMU O0b-
eKTaMyd. MaTeMaTuyeCKUMU MOAEISIMM HeJIMHeM-
HBIX 00BEKTOB Yallle BCETro SIBJISIIOTCS HEIIPEePhIBHBIS
HelMuHelHble AauddepeHlalbHble  YpaBHEHUS
B (popme Ko, B ciyyae cuHTe3a TMHEMHBIX TUC-
KPETHBIX CUCTEM YIpaBJIeHUS IIPUMEHSIETCS KJac-
cudecKuit Meton JuHeapuzauuu. C 3TOi LEIbIO TN~
Heapu30BaHHBIE YpaBHEHUSI 00BEKTa IOABEPraloTCs
Z-TIpe00pa30BaHUIO, UTO IIPUBOAUT K IIOJTYUYECHUIO

*WccnenoBaHue BBITTOJHEHO MPU MOAAEPXKKe MepeloBOil UH-
xeHepHoit wkonbl KOxHoro denepanbHoro ynusepcurera "UH-
XKeHepus kubepruiatdopm”.

JUCKpeTHOM TuHeiHoM Moaenu [1—3]. OgHako 3ToT
MOAXOM, HE TTO3BOJISIET YYECTh BCE OCOOEHHOCTHU He-
JIMHEWHBIX OOBEKTOB U OOECIEYUTh MOBBIIIEHHBIE
TpeboBaHUS K Mpoleccam yrpasieHus. [loaromy
yalle BCEro AMCKPETHbIE HEJMHEWHBIE CHCTEMBbI
yIpaBieHUs SBISIOTCS TUOPUAHBIMM, T. €. OHM
CHHTE3UPYIOTCS KaK HEeIMpepbhiBHbIC, a TOJIYYEeHHOE
HeMpepbIBHOE YIIpaBJeHUE peaiu3yeTcsl ¢ MpuMe-
HeHVeM LMQPPOBBIX MPOLECCOPOB KaK AUCKPETHOE
[3—5]. Ho aToT nmonxoa TpeOyeT mpuMeHeHus -
POBBIX D3JIEMEHTOB C OYE€Hb BBICOKMM OBICTpPOIEi-
CTBMEM M3-3a MaJIOTO TMepHoAa TUCKPEeTU3ALIU Y.

C uespio MoNIyYuTh HUGPOBBIE CUCTEMBI YIIPaB-
JIEHUS HEJVMHEMHBIMU OOBbeKTaMu C OOJBIIUM
MepUoOAOM AMCKPETU3ALMM OCYIIECTBISCTCS AUC-
KpeTu3aluusi  HEMOCPEeACTBEHHO  HEJIMHEHHBIX
ypaBHeHU 00beKTOB [6—13]. 11 3TOro oOBLIYHO
HCMOJIb3YeTCS METOn Diinepa, MO3BOJSIOIINNA Tie-
peliTu ot auddepeHInalbHbIX YpaBHEHU K pa3-
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HOCTHBIM [2, 5, 6]. OmHaKO AONYCTUMBIN MEePUOL
JUCKPEeTH3allii B 3TOM CJiyyae TaKXe OKa3bIBa-
eTcsl oueHb MaJbIM. HeckoabKo OOJNBIINIA TTEPHUOI
MO3BOJIAET MOAYyYUTh cxema PyHre—Kyrrtw [7, §].
bonee 3pPeKTUBHBIM SIBIISICTCSI COBMECTHOE IIPU-
MEHeHHe MeToma Jiijepa u psaoB Teitnmopa, Ile-
ano—boakepa (Peano—Baker) u op. [9—13]. B pa-
o6ortax [9—11] mpupalleHne pelieHnsT HeTUHEeIHON
cuctembl Ha mepuone 1 pasmaraetcsd B psan Tei-
Jlopa, U COXPAHSIIOTCS JBa €ro 4jeHa, mepexoaHas
MaTpulia, COOTBETCTBYIOIIAs BTOPOMY UJIEHY psiia
Teiinopa, pasnaraercs B psn Ileano—bakepa. Yuc-
JIO yIepXUBaeMbIX YJEHOB 3TOTO psifia OINMpeaessi-
eTcsl TpeOyeMOil TOUHOCTBIO COOTBETCTBUSI MEXKIY
pelIeHUSIMUA OTUCKPETHOM M HEIIPEPHIBHOM CHCTEM.
Ha nmpumepe nepeBepHyTOoro masgtuuka [11], Touka
OITOPEI KOTOPOTO IIOABEPracTCsl TapMOHMYSCKOMY
BO3CMCTBUIO BIOJb BEPTUKAJIBHOM OCH, TTOKA3aHO,
YTO 3TOT IPHEM O3BOJISIET YBEJIMIUTD IIEPUOI JHC-
kpetu3auuu ¢ 7= 0,001 no 7= 0,005 ipu yaepxa-
HUU Tpex 4iaeHoB psaa [leano—bakepa.

bonee cylecTBeHHbIE pe3yJbTaThl JOCTUTAIOTCS
MIpUMEHEHNEM K ITUCKPETHOI CUCTeME, MOJTyYeHHOM
MeTomoM Diijiepa, pa3ioxeHUsT B psa Teiopa 1o
CTEIIEHSIM ITIeprofa TUCKPETU3AlNU, TP 3TOM KO-
3G GUIIMEHTHI PsIa OMPENeIISIIOTCS C IMPUMEHEHUEM
ckookm JIm [12, 13]. B ciyyae HeIuHEHHON cHCTe-
MBI TIEPBOTO MOpPsIIKa TpaUK1 U3MEHEHHUS ¢ TIepe-
MEHHOI COCTOSTHMSI MPU MITU YieHax psaa Teiiaopa
MPaKTUYSCKH COBMAAAIOT C TpapMKOM HEIIPEPhIBHOM
cuctembl kKak ipu 7= 0,1 ¢, Tak u ipu 7= 0,3 c [12].
OcobeHHO 3((GHEKTUBHBIM 3TOT MOAXOM OKAa3bIBAETCS
B CJTyJae HeJIMHEMHBIX CUCTEM C 3aITa3dbIBAaHNEM KaK
10 YIpPaBJICHMIO, TaK U 1o cocTostHUIO [13]. OmHako
TIOAXOIbI, MCTIOJIB3YIOIINE psiabl Teimopa, IPUBOMST
K OYEHB CJIOXKHBIM PacYeTHBIM COOTHOIIeHMUsIM. Ha-
TIPUMEP, BBIBOM, BRIPAXKECHUI JJIsI YSTBEPTOT'O U IISITO-
IO YJICHOB Psiia aBTOPBI paOboTHI [12] 13-3a OOJIBIIOroO
00beMa BbIHYXKACHBI ObLIM MEPEHECTU B MPUJIOXKE-
Hue. [Ipy BBICOKOM MOpsiAKe OOBEKTOB YIIPABICHUS
3TO TPUBOIUT K CJIOXHBIM PACUYCTHBIM COOTHOIIIE-
HUSM U HEOOXOOMMOCTU MHPUMEHEHUST OBICTPOACH-
CTBYIOLIMX, MHOI'OIPOLIECCOPHBIX KOHTPOJLICPOB,
OoJiee TOPOrux, ¢ OOJBIIMM 3HEPronoTpedIeHuEM 1
rabapUTHBIMU pa3MepaMu.

B npanHoO#t paboTe mnpeayiaraeTcs MOABEpPraThb
IUCKPETU3allM He YpaBHEHUS HEJIUMHEINHOTO 00b-
eKTa YHOpaBJCHUSI, a YpPaBHEHUSI €ro KBa3WJIH-
Heitnot momenu (KJIM) [14, 15] ¢ nmpumeHeHHEM
MOOU(UIIUPOBAHHOIO MeToma Tpameuuii. Ilpe-
MMYIIECTBO 3TOTO TMOAXOJa 3aKjiouaeTrcsl B OoJiee
MMPOCTBIX AHAJIMTUYECKUX COOTHOIIEHUSX OIS
omnpezAesieHrs] TapaMeTPOB AUCKPETHOW Moaeau

HEIIPEePBIBHOIO 00BEKTA IIPU JOCTATOYHO OOJIHIIIOM
nepuone AUcKperuzanuu. Hawmbosiee CyliecTBeH-
HBIM OTrpaHMUYEHUEM IIpeliaracMoro MeToia IWC-
KpeTu3aluuu sBJsieTcsl TpeboBaHue auddepeHLn-
PYEMOCTH HEIMHEHHOCTE 00BEKTOB YIIPaBACHUSL.

KBasuiauneiiHaa qucKpeTusanus
HeJIMHEHHBIX 00HEKTOB

Kaxk nokazano B paborax [14, 15], ecniu HelMHeR-
HOCTH 00BEKTOB, aD(MHHBIX I10 YIIPABJICHUIO 1 BO3-
MYIICHUSIM, SIBIISIIOTCS muddepeHIpyeMbIMHU, TO
nx auddepeHnagbHble YPAaBHEHNS B OTKJIOHEHU-
sIX, 3arKrcaHHble B ¢popMe Kolim, MOXXHO coBepiiieH-
HO TOYHO IMPEACTaBUTh KBa3UJIMHEITHON MOJIEIbIO

X = Ax)x +b(x)u+h(x)f, y=c"(x)x, (€))

II€ X — N-MEPHBIA BEKTOpP MEPEMEHHBIX COCTO-
SIHUSA X;; U, f U y — YIPpaBIEHUE, BOZMYILECHUE U
BBIXOAHAas yIIpaBiseMasi mepeMeHHas1; A(x) u b(x),
h(x), c(x) — dyHKUMOHANbHBIE (nXn)-MepHas
MaTpulla W M-MEPHbIe BEKTOPbI, BJEMEHTHI KO-
TOPbIX — U3BECTHbIE HEJWHEHHBIC CKaJspHBIC
¢dyHkuuu unm yucaa. bysem mpeamnonaraTh, 4TO
MEPEMEHHBIE COCTOSHMS OO0BEKTa M BBIXOZHAS
MepeMeHHasi U3MEePSIIOTCS.

MeTonbsl MOCTPOEHUST KBa3WJIMHEHHON MoJe-
nu (1) mo ypaBHeHUsIM 00beKTOB B ¢opme Koiu
¢ anddepeHINPYEeMBIMIA HEJIMHEHHOCTIMU MOXK-
HO HaiiTu B pabortax [15, 16]. B coorBeTcTBUM
C OTUMU METOAAMM 3JIEMEHTHI MaTPUILIBI M BEKTO-
pPOB 3TOI MOJEIN ONPEACASIIOTCS MyTEM MHTETPU-
pOBaHUS YaCTHBIX IMMPOMU3BOAHBIX HEJIMHEMHOCTEN
00BEeKTa MO BCIIOMOTaTeJILHOM ITepEeMEHHOM B TTpe-
nenax ot 0 mo 1. IloaToMy Ipu orpaHMYEeHHOM IO
HOpPM€ BEKTOPE X BCE OHU, B YACTHOCTU DJIEMEHThI
MaTpuibl A(x) = [a;(x)], ABJIAIOTCA OTpaHUYEHHbI-
MU QYHKUMAMU MIEPEMEHHBIX COCTOSHUSA X;, T. €.

|a; ()| < G 4(x) <0,V x < Qy, |Ix]| < M < oo,

2
iLj=12,...,n @

3nech |*| u ||*]]| — Momynb ckansipHOi M HOpMa
BEKTOPHOM BEJMYMH; ); — HEKOTOpasi OKPECTHOCTh
Toyku x = ( Takasi, yTo MpU BCeX X < (; BHINIOTHS-
I0TCS1 HEPaBEHCTBA (2);  4(X) — MOJOXUTEIBHO OIpe-
JiesieHHas, orpaHuyeHHast hpyHKius; M — yucro.

B nanHo#i pabore mpemnaraeTrcsi MeTOA KBa-
3UJIMHEUHOU NUCKPETU3ALUU YPABHECHUW HEJIU-
HEWHBIX 00BEKTOB YIIPABJICHUS, TTPEACTABICHHBIX
KBasuJnHelHoi moaenbo (1), (2). BToT MeTon
3aKJIloyaeTcss B JUCKPETU3ALUU C HEKOTOPhIM
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nepuonom 7 peuieHust x(t, x,, U, f) IEPBOTO ypaB-
Henus (1). O4eBUIHO, KaXAOMY M3 ITMUCKPETHBIX
MOMEHTOB BpeMeHu #, = kT, k=0, 1, 2, ..., cooT-
BETCTBYET AUCKPETHOE 3HaUeHue x;, = x(kT) pelie-
Hus x(f) = x(t, xy, u, f) 3T0r0 ypaBHeHus. TouHoe
3HauYeHue x4 = x((k + 1)7) TeopeTuyecKn MOXeT
OBITH HalieHo 110 (hopMyIIe

(k+)T
Xepp =X+ [ X[x@),u@), f(O)]dt, ()
kT

raoe mpousBomHas x[x(7),u(t), f(t)] onpenensercs
MmpaBoil yacThlo mepBoro ypaBHeHus (1). OmHako
TOYHOE MHTErpMpoOBaHME IPOU3BOJBHBIX HEIU-
HEHHBIX (YHKIMN MOpakKTUYECKHM HEBO3MOXHO,
Jaxe ¢ mpuMeHeHueM coBpeMeHHBbIX DBM. [loa-
TOMY Ha TPakKTHKE OOBIYHO MPUMEHSIOTCS pas-
JUYHbIE (QOPMYJIbI TIPUOIUKEHHOTO MHTETPUPO-
BaHUsA AuddepeHInalIbHbIX YpaBHeHU [17].

Meton KBa3uJIMHEWHONW AUCKPETU3ALUU TPe-
ycMaTpuBaeT NMpUMEHEeHUEe MOAU(PUIIMPOBAHHOTO
MeTo[a Tpamnelnii, KOTOPbIiA €CTECTBEHHO MPUBO-
IOUT K TPUOJIMKEHHBIM 3HAYEHUSIM X, KOTOpbIE
HECKOJIBKO OTJIMYAIOTCS OT Xj4(. [loaTOMy, nMmes
B BUJY NMPUMEHEHHUE YyKa3aHHOTO MeToaa, (hopMy-
ny (3) 3amuiieM B ClIeAYIOLIeM BHIE:

(k+1)T

Xpa =%+ [ X[X(@),u(), f(1))dt,
kT

)

rae x[x(t),u(t), f(t)] — cpeaHee 3HaYUEHUE CKOPO-
CTM U3MEHEHHUS BEKTOpa X(f) Ha WHTepBale
[T, (k + 1)T], onpenensieMoe BbIpaxXKeHUEM

X(t) = 0,5[X(Xg g, fi) + X(Rors g1 Sren)]
ne
X(1) = 0,5[ A3y + by + hy fie + AKyeir -
= AX i + A X + ot + i fra + )
+ by = by + hy fi — i Sl

3I[€Cb OJIdd KPpaTKOCTU BBCACHBI 0003HAYEHMU

Ay = A%y ), by =b(%y), by = (X)), [, = f(kT).

HobGaBneHHble  pasHOCTU  ApX;. — A Xii1
bty = byuy, hify = hyfy, OYCBUIHO, HE U3MEHSI-
I0T 3HaYeHUs X(f), HO MO3BOJSIOT NPENCTABUTH
BbIpaxkeHue (5) CAeayloluM o0pa3oM:

x(t) =0, S|A X, + Ay X,y + 2bguy + 20 fi ]+ e(X, ), (6)
rIe
e(X) = 0,5[(Ag g — Ap) Xy +

+ gy — bty + My frean — i fiel-

[ToncraBnsist BepaxkeHue (6) B paBeHCTBO (4) u
BBITIOJTHSISI UHTETPUPOBAaHUE, TTOTYyYUM

Xy = X +0,5T [AGxp )Xy + A(Xy )X ] +

+ Th(X)uy, + Th(Z,) f, + Te(3,). ™

Kak BugHO u3 cooTHolueHus (6), BeJIMYMHA
T'e(X;) 3aBUCUT OT Pa3HOCTHU 3HAYECHUN X;,| U
X, BeKTopa AUCKpeTHON mozaenu (7), mpuyem,
ecau npu f; = 0 Bektop X, — 0, TO U BeIMYMHA
Te(x,) —> 0, moaTOMy Aajee OHa HE YYUTBIBAETCS.
[Tpu aTOM U3 cooTHo1eHus (7) caemyeT HeJTuHeN-
HOE€ Pa3HOCTHOE YpaBHEHUE

[£ - 0,5TA%,) Xy =

= [E +0,5TAX)1%, + Th(%)uy + Th(%,) [, ®)

OTMeTuM, 4TO B MOJYYEHUU BbIpaxeHuiut (5)—
(8) 3akirouaeTcs MpemJIOKEeHHAsT 31eCh MOIU(PU-
Kalus MEeToaa Tpareuuni.

JInsg  KpaTKOCTWM 3amuceidi B BBIpaXXeHUU
L(x,,T)=[E —-0,5TA(x; )] 3aMeHUM X, Ha X U O-
KaxkeM, YTO B YCIIOBUSIX (2) CYyILIECTBYIOT 3HaUeHUS 7,
mpu Kotopbix Marpuna L(x, T) = [E — 0,5TA(x)]
nMeeT 00paTHYIo.

Jlemma 1. Eciu matpuiia A(x), IBASSCh CUCTEM-
HOM MaTpulIel KBa3MJINHEWHON Moenn X = A(x)x,
YIOBIIETBOPSIET YCJIOBHUIO (2), TO CYIIECTBYeT KOHEU-
Hoe T > 0 Takoe, uro Mmarpuua L(x) = [E — 0,5T A(x)]
MpU BCeX X < ), UMeeT OOPaTHYI0 MAaTPUILY.

Hokazameavcmeo. I1pexae BCero OTMETUM, UYTO
ecta n = 1, T. e. A(x) = a(x), To 3HaueHue 7, Ipu
KOTOPOM BBITIOJTHSIETCST YCIIOBUE TEOPEMBI, MOXXHO
OIpeneNuTh BhipaxeHuem T =2y/ max |la(x)|, rme

0 <y <1 3mecp xcQ,, €Q,, a Q; — 1OA-
06Js1acTpb Q;, BO BCEX TOUKaX KOTOPOM, KPOME TOY-
ku x = 0, pynkuus a(x) # 0; moatomy nanee oyaem
CUUTATh, UTO n >1.

B ycnoBusix neMMbl 1 (nxXn)-MepHast MaTpuiia
A(x) = [a;(x)] ynoBieTBOpSIET YCIOBUSM (2), TIOITO-
My IIpHM Bcex i = 1, 2, ..., n CYLIECTBYIOT U SIBJISIOT-
cd OrpaHMYeHHBIMU BeJdMYUHBI [18, c. 190—192]
R,(x) = irplaxn R, (x), a Takxke

Ry = 3 Jay (o) =
e
= |a; ()] + K 41(x) < nC 4(x) < o0,

Ky= 3 |ay)

J=1j#i

)

BOnemenTsl Matpullbl L(x, T) = [E — 0,5TA(x)] =
= [lj(x, T)] 1 COOTBETCTBYIOLIKE €Wl BEIUYUHBI
R, (x) onpenensrorcs BoIpakeHUSIMHU
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L T) 1-0,5Ta;(x), j=1i,

(X, =

v ~0,5T a;(x),

Ry ;(x,T)=1-0,5Ta;(x)|+0,5T K 4,;(x).

i# J; (10)

Jns moka3aresibCTBa JIEMMBbI UCTOJIb3YIOTCS BbI-
paxenus 2.2.3 u3 xkuuru [18, c. 193], B KoTOpbIX
burypupytor Benuuunbl P; (x,T) u k;(x,T), oTHO-
camuecs: Kk Marpuue L(x,T). C yuyetrom (9) u (10)
STH BEJIMYMHBI OMIPEICIISTIOTCST BEIPAXKCHUSIMU:

PL,f(x’ T) = O,STKA,I(X),
. 11
k(o) = min [}1,067)] - Py Ce T, (1)
[Monoxum T = 2y/R,(x) u HaiiieM OLEHKH
BEJIMYUHBI k;(x,T) B 3aBUCMMOCTU OT 3HAUYECHUU

a;(x) u K, (x). C yuyerom Boipaxenuii (9)—(11)
MOy YUM:

1=yB; —vBi3, a;(x) >0, K;(x)#0,
1-v8;,-0, a;(x)>0, K,,;(x)=0,
kp(x,T)=41-0-vB;, a;(x)=0, K,;(x)=0, (12)
L+vBy —vBiss @;(x) <0, K, ;(x) =0,
1+yB;, -0, a;(x)<0, K,;(x)=0,
raue
_ |aii(x)| .
Bil - RA(X) < 15 (13)
B,y = |a,-,-(x)| _ 1, |aii(x)| =a(x),
2T < Lap(o)] = a(x);
K 4 (x) <
o= ——"<;
B13 RA(X) y
By = KA,i(x) _ L, KA,i(x) = ]?A(X), (14
UK <L K0 # K ()

a(x) = max |a; (x)|, K 4(x) = max K 4 ;(x).
i=l,...n i=l,...n ’

OTMeTuM, 4YTO CJIyyaii OTHOBPEMEHHOIO BbI-
MOJTHEHU ST yeioBui a;(x) = 0 u K (x) = 0 mipu Bcex
i=1, 2, .., n 30ecb HEe pacCMaTpUBaeTCs, TaK KakK
B OTOM CJy4dae 3J€MEHTBhI CUCTEMbI He OymyT B3au-
MOCBs13aHbl. OTHAKO B OTHCIBHBIX i-X CTPOKaX Ma-
TpULIBI A(X) 5TH YCJIOBUSI MOT'YT BBINOJHSTHCS. B co-
oTHoleHuH (12) 3Tu caydyau onyueHbl, TaK KaK npu
atoM |/;; (x, T)| =1, aP (xT)=0,1e k@xT)=1

BeauuuHbI By v =1, 2, 3, 4, B COOTBETCTBUU
¢ BeipaxeHusamu (13), (14) He Gonblue 1, mosaTOMY
corjlacHO cooTHolueHuo (12) Hanbosee BEpOSITHO
BBITOJIHEHUE ycnoBuA k;(x,7) = 0 nipu a;(x) < 0,
K, (%) # 0. Onnako u3 Bbipaxenwuii (13) u (14) ce-
IYET, YTO B 3TOM Cliyyae

|aii(x)| - K, ;(x) .
B — B, = : ielln]. (15)
il i3 ; gr[llaxn](|aw(x)| + KA,v(x))
Orciona crenyer, 4to |B;; — B; < 1 mpu Bcex

i e [1, n]. Takum obpasom, ecu y < 1 u T=2y/R 4(x),
to Matpuna L(x,T) = [E — 0,5TA(x)] ynoBieTBO-
pset ycnoBuo k;(x,T) = 0. CnenoBareynbHoO, B CO-
OTBETCTBUU C HepaBeHcTBOM 2.2.3 [18, c. 193]
detL(x,T) # 0, 4TO COOTBETCTBYET YTBEPXICHUIO
JnemMmel 1. Jlemma noka3saHua.

3HaueHue nepuoaa guckperuzauuu 7' = 2y/R 4(x)
MPUHSTO JWIIbL IJIS JOKa3aTeJIbCTBa €ro Cylle-
CTBOBaHUSI B oOuieM ciaydae. Ha mpaktuke no-
nyctumoe 3HaueHue 7T, onpenensemoe KJIM koH-
KpPETHOro 00beKTa, KaK IIPaBUJIO OKa3bIBAeTCSI
noctatouyHo OonbmiuMm. Hanpumep, KJIM mnapo-
reHeparopa [19] mpu HEKOTOPBIX YCIOBHUSIX MOXKET
OBIThH IIpeICTaBlIeHa B BUAC

a;; ap 0 0
X=|ay a,; 0,007 |x+|0]u, (16)
0 0 -0,0067 1

rae a; = 0587W1 - 0’093 apn= 0’87\|IZ’ a) = _07087“]1,
ay = 05087W27 Tn = 354673a
0, ecim x; =0, nHaue,
Vi =

=1.-1 0,5
X1 (Yr[ - xl) )
0, ecnu x, =0, nHave,
Va=19_ 0,5
Xy (v +X =) 7.

B sToM cnydae monmycTuMble 3HaueHus 1 orpa-
HUYCHBI 3HaueHWeM 2,28, T. €. MOXHO IIPUHSITH
3HaYeHUS T 3HAYUTENBHO OOJBIINE TeX Af, 4TO
WCTIONB3YIOTCA MpPU peleHun auddepeHnanb-
HBIX YpaBHeHUU Ha [[BM ¢ ucnonb3oBaHUEM CO-
oTtHoweHui Pynre—KytTer 1 ap. [17].

ITycts T BBIOpaHO TaKUM, 4TO

det[E - 0,5TA(%,)] # 0,

Torga u3 BeIpaxkeHus (8) u BToporo ypaBHeHus (1)
CIeAyIOT ypaBHEHUS

X = Ag (X)X + by (X uy + hy (%) fys

17
Vi = (%)%, )

raoe
Ay (X)) =[E -0, STA(fck)]‘l[E +0,5TA(x,)];  (18)
by(%;) = E - 0,5TA(%,)] " Th(%,); (19)

hy(%0) = [E = 0,5TAG )T Th(Z,).

510

MexaTpoHuKa, aBToMaTH3amusd, ynpasienae, Tom 24, Ne 10, 2023



PasnoctHoe ypaBHeHMe (17) sIBIsETCS pe3yiib-
TaTOM KBa3WJIMHEMHOW AMCKpeTU3aluu ypaBHe-
HUI HEMpepbIBHOTO 00bekTa ¢ auddepeHupye-
MBIMHA HeJuHeHHoCTIMU. DakTUyecKu, MeTOom
KBa3UJIMHENHON OMCKpETu3aluy JaeT JAUCKPET-
Hyl0 KBasuiauHeirHyio wmoxaenb (JAKJIM) Henu-
HEHHBIX 00BEKTOB, KOTOPYIO MOXHO paccMaTpu-
BaTh KaK MPUOIMXKEHHYIO MOJEIb HEJIMHEMHBIX
00BEeKTOB ¢ IudpGepeHIUPYEeMbBIMU HEIUHEHHO-
ctamu. PeuieHus 3Toif Momesnu OTAMYAIOTCS OT
peuteHunii TouHoi moaenu (1) Ha Bennuuny 7'e(X; ),
cTpemsulytocs K Hymo npu f, =0 n x;, — 0.

ITo ¢popme Momens (17) aHaIOTMYHA HETIPEPHIB-
HOWM KBa3WJIMHEHHOU moxpenu [15], 4To mo3BoaseT
aJre0panvyecKkuM  TMOJMHOMMAJIbHO-MATPUYHBIM
(ATIM) meTomom [20] cMHTE3UPOBATh TUCKPETHYIO
CHUCTEMY YIIPaBJICHUS C YCTOMYMBBIM TMOJOXEHUEM
paBHOBecusl, B KoTopoit X, — 0 npu g, = g(kT) =0
n f;, = 0. OyeBUAHO, B TaKOM CUCTEME C POCTOM Kk
JAKJIM OynmeT CTaHOBUTBLCS Bce 0oJjiee TOUHBIM
MPUOJMKEHVEM  HEJIWHEHHOTO  HeMmpepbIBHOIO
o0bekTa. CriegoBaTeIbHO, MOXHO MPEATONOXUTD,
YTO MUCKPETHOE YyNpaBjeHUE, CTaOMJIM3UpPYIOIIee
nonoxeHue paBHoBecus HKJIM, OymeT ctabuau-
3UpOBaTh M IIOJIOXKEHVE DPaBHOBECHSI TMOPUIHOMN
CHUCTEMbl YMpaBJIeHWSI HENpPEpPbIBHBIM HEJIWHEN-
HbIM 00BEKTOM, aHAJIOTUYHO TOMY, KaK Kjaccuye-
CKOe yTpaBjeHMe, CMHTEe3WPOBAHHOE MO JIMHEH-
HBIM ypPaBHEHMSIM IEePBOro NMpuOIUXKeHMsI, CTaOu-
JU3UPYET UM COOTBETCTBYIOLIYI0 HEJMHEHHYIO
cucremy. [lokaxem 3Ty BO3MOXHOCTb.

Cucrema ynpapjeHHs AJs TUCKPETHOMR
KBa3WJMHEHHON MoaeIn

Crnenys [20], onpenenum JUCKpeTHOE yIIpaBJie-
Hue a1y moaenu (17) BeIpakKeHUEeM
up = ko(X)81 — k" (X)X, (20)
rne k(%) =k (%) ky(Xg) ... K, (X)) kg(X) m
k;(X,) — &yHKUMOHAIBHBIE KO3(POULIMEHTHI,
nojaJjiexaliue omnpeneneHuto; g, = gkT), gt) —
3ajaoiiee BosneiicTBue. [yt BbIBOAA pacyeTHBIX
COOTHOIIEHU# noacTaBUM BbipaxeHue (20) B nep-
Boe cooTHoueHue (17). B pe3ynbrare moaydyum

X1 = DX) X + by (X )k o (X)) 8k + hy (Xi) [ o
Vi = ¢ (%)%,

rac

D(x;) = Ag(%;) = bg (X )k (Xp). 22

Bocnonb3oBasiiuchk  popmynoit  (I1.25)
c. 233], xapakTepuCTUICCKUI TTOJTMHOM

21,

D(z,x,) =det[zE — D(x})]
Marpuubl D(X;) NpeacTaBUM B BUJE
D(z,%;) = Ay(z, %) +

+ k" (X )adjlzE — Ay (%) by (Xy)
WIn

D(z.5%,) = Ag(z, %) + lekiozkw,-(z, %) (23
Ay@ i) = detlsE - AyF)]= 2"+ % o, (F)’s (24)
Jj=0

Vi(z, %) =ejadjlzE — A (%) 1b, (%) =

n-1 ,
=2 Vi,j(ffk)lj, ()
j=0
rae e; — i-ii cTonbel eTMHUYHON (nXn)-MEepHOI
Mmatpuusl E, i =1, n. Kax u B HeIIpepbIBHOM CJTy-
yae [20], montuHoM D(z,X;) B BelpaxeHuu (23) 3a-
MEHSsIeTCSI ToJIMHOMOM D*(Z), KOpHU KOTOPOTO Be-
IIECTBEHHBIC, HEOTPUIATEJIbHBIC, Pa3IMIHEIE U
MEHBbIIE eANHUIIHL, T. €.

n
D*(z) = H(z —o))=7"+85 2" .+ 8]z + 8. (26)

i=1

3mech

0<o;<l-my,

o; o} |>vnizgic=[l nl, Q7

v, Ny — TOJOXWTEJIbHBIe Yucha, ny <1. Ywuc-
JICHHBbIE 3HAYCHUsI KOPHEW Z; = o, BBIOMpArOTCS
HUCXOIs U3 TPeOYyeMOro ObICTPOACHCTBUS CUHTE3M-
pyeMoOil CUCTeMBl yIpaBlieHHUsA. 3aMEHHUB B COOT-
HoweHuu (23) monauHoM D(z,X;) TOIMHOMOM
D*(z) m mepeHecst monuHOM A,(Z,X;) B JIeBYIO
yacTh paBeHCTBA (23), MOJYyUYMM BBIpaKeHUS

R(z, %) = ilki(mlf,-(z, ) (28)

R(z,%;) = D"(z2) - Ay(z,%;) = (29)
= Pt ()" 4 P2 (B2 4 po(Rp),

rae p;(X;) =3; —a,;(X;). Berpaxenue (28) sBisiet-
csl TIOJIMHOMHUAIbHBIM YPaBHEHNEM OTHOCHUTEIBHO
HEU3BECTHBIX (PYHKILMOHAJIBHBIX KO3(hdulireH-
TOB k;(X;). IlpupaBHuBasg KO3(Q@ULUEHTH MPU
ONIMHAKOBBIX CTENEHSIX Z B JIEBOM 1 MPaBOil YacTU
9TOr0 paBEHCTBA C YYETOM COOTHOLUeHU# (25) u
(29), moayYyuM CHUCTEMY aJireOpanyecKuX ypaBHe-
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Huit [15, 21]. B BekTOpHO-MaTpuuHO (hopMe 3Ta
CHCTEMA UMEET BU

G(X k(X)) = d(Xy), (30)
rIe
Y10 V20 V0
G| Mo v,
v n— v n— vn n—
Ln-1 Von-1 -1 31)
ky Po
k = k‘z L d= 91
kn Pr-1

B Beipaxenusx (31) apryMeHT X, MaTpULbl U
BceX (PYHKIMIA OMYIIeH IJIs1 KPaTKOCTHU 3aIHCH.

OtmeTuM, uto pemieHue cuctemsl (30), (31) cy-
IIECTBYET MPHU TeX Xe YCIOBUSX, UTO M B clydyae
MMOCTOSIHHBIX KO3(P(DUIIMEHTOB, T.€. MaTpuia
G(X;) moykHa GbITh KBaIPATHOM, a €€ ONpeaesu-
tenp detG(x;) # 0. IlepBoe yciaoBue BBINOTHSET-
S TIO TIOCTPOCHUIO 3TOUM MATPUIILI, a BTOPOE BbI-
MoJTHsIeTCsT, ecu Momenb (17) ynoBiieTBOpSIET yC-
JIOBUIO YIIPABJISIEMOCTH

detU(%,)| =
= |detlb, (%) Ay (F)by (%) . A (F)bg (5] >

>Cy >0, X < Qp, (32)

rae Cy — HEKOTOPOE He OYEHb MAJIOe YUCIO; Qf —
OKPECTHOCTb TOYKU X; =0, B KOTOPOW BBIIIOJIHS-
eTcsl HepaBeHCTBO (32).
bynem npenrojiaraTh, YTO NEPUOI JUCKPETU3a-
nuu T BeIOpaH TaKKWM, YTO HEIYCTOU SIBJISETCS
3aMKHYyTast 061actb Q; = (Qy N Q) € R", B KO-
TOpOI BBITIOJHSIOTCS ycioBus (2) u (32). B atom
ciayyae pewieHue cuctemsl (30) naeT BekTop k(X )
u3 ynpasiaeHus (20), mpu KOTOpoM MaTpulia
D(x,) (22) 3amkHyTO# cuctemsl (21) umeeT cob-
CTBEHHbIE YMCJIa, paBHbIE KOPHSM IIOJMHOMA
D*(z) (26), T. e. MOCTOSIHHBIE TIPU BCEX X, < Q.
PaccmoTtpum coorseTcTByolLyto (21) npu g, =0 u
Ji =0 CBOOOIHYIO TUCKPETHYIO CUCTEMY
Xpe1 = DX )X, X < Qugs (33)
rae X, = X(kT,X,) — HEKOTOpPO€ pelIeHUE CUCTE-
MBI (33), HaYMHaloLIEeCs B TOUKE Xy < Q.
Teopema 1. Eciiu coGCcTBeHHBIE YKMClia MaTpU-
usl D(X;) npu Bcex X, < Qp, YIOBIETBOPSIOT
ycaoBUsM (27), TO OJIOXEHUE paBHOBecUs X, =0

cuctembl (33) IBIsIETCS AaCUMIOTOTUYECKU YCTOM-
YHMBBIM B OOJILIIOM, T. €.

llm )Zk = O, Vfck c Q@ S QUd (34)

k — o
3nech Qg — OKPECTHOCTb TOYKM X, =0 mpo-
cTpaHcTBa R”, BHELIHSS TpaHMLIA KOTOPOIi ompe-
AeJISIeTCsl pelleHUeM ypaBHEHM S

C-0(x%,) =0, (35)

rie Cu O(X;) — (nXn)-MepHbIE MaTPUILIbI U3 BbI-
paxeHuii (37) u (39), npuBeIeHHBIX HUXKE.

Hokazameavcmeo meopemsut 1. IlpencraBum cu-
creMy (33) caenylomuM oOpa3oM:

Xpo1 = [D(0) + Y(Xp) 1%, (36)

rae Y(X;) — Marpuua, onpenessieMasi BIPaXXeHUEM
Y(x,) = D(x;) — D(0). OueBunHo, npu X, — 0 ma-
tpuua Y(x,) — 0. Ilo nocrpoenuto marpuiisl D(X;)
€€ COOCTBEHHBbIC 4YHCJIa SBJSIOTCS ITOCTOSSHHBIMU
IpU BCeX X; < Qg € Qpy; U MO MOAYJIIO MEHbIUE
€IMHUIIbI, TO3TOMY COOCTBEHHbIE YHMCJIa MaTpPUIIbI
D(0) mo Momyiro TaKkKe MEHBIIE eTUHUIIEL

Paccmorpum  dyHkumio V(X;) = X;AX;, TrIe
A — cUMMeTpUYHAs MaTpUIla, SIBISIOIIASICS pe-
IIEHUEM YpaBHEHUS

D™ (0)AD(0) - A = —C. 37)

3neck C — cMMMeTpUYHAa MOJOXUTEIIHLHO OIpe-
JeneHHast Mmatpuiia. Beipaxkenue (37) siBasieTcst auc-
KPETHBIM YpaBHeHUEM JIAIyHOBa, MO3TOMY B CUJTY
M3BECTHOI TeopeMbl JIsimyHoBa MaTpuuia A SIBJsieT-
Csl MOJIOXKUTENBHO ompeaeaeHHoi [22, p. 131].

Ha tpaektopusx cucteMsl (36) UM, 4TO TO XK€
camoe, (33) pasHocth AV(X,) =V (X)) -V (X,)
¢ yuetoM (37) ompeneasieTcsa BhIpaxkKeHUEM

AV()NCk) = —f;C)NCk + )NC,:G)()NCk))NCk, (38)

e
O(Xy) = [2Y" (X )AD(0) + YT (X, )AY(X,)]. (39)

IMpu X, - 0 marpuusl Y(X,) > 0 u 6(x;) —> 0,
a matpuna [C —O(x)] —» C. Tak kak C gBisieTcs
MOJIOXKUTEJLHO ONPEACJICHHOM MAaTPULIEH, TO IIPHU
BCEX X, TAaKUX YTO X;CX; > |X;O(X;)X,|, cormac-
HO (38), (39) pasHocTh AV(X,) dyHkuun Jlsamy-
HoBa V' (X,) Ha TpaekTopusax cuctemsl (33) gaBis-
eTCS OTpULIATEIbHO onpeaeacHHou. ClieqoBaTeb-
HO, IIOJIOXKEHME paBHOBECHUSI O3TOM CHUCTEMBbI B
YCJIOBUSIX TEOPEMBI 1 SIBIISICTCSI aCUMIITOTUYECKU
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YCTOMYUBBIM B OOJIBIIIOM, T. €. BBITIOJHSIETCS yC-
noBue (34). Jokazamenbcmeo 0KOHYEHO.

Jns OUEeHKM TOYHOCTM (PYHKIIMOHUPOBAHUS
MHOTUX YCTOMUMBBIX CHUCTEM YIIpaBiIeHUS OOJb-
1110€ 3HAYeHWe MMEeeT Pa3HOCTh MEXAY 3aAaloluM
BO3ACWCTBUEM U BBIXOMHOMN YIIPAaBJISIEMOW IEepe-
MEHHOI B ycTaHOBUBILIEMCS pexxume. B ciayyae quc-
KpPeTHBIX CMCTEM, B YacTHOCTH Tuma (21), xapakrtep
M3MEHEHUSI 3TOW Pa3HOCTHU OIpeAessieTCs] MaTpu-
uet D°(x,) =[E - D(x;)]. Cnenyrouieii semmoi
YCTAaHABIMBAIOTCS  YCJIOBUSI  HEBBIPOXJIEHHOCTHU
3TOM MaTPULIBL.

Jlemma 2. Eciu coOCTBeHHBIE Yrcia HEKOTOPOI
Matpulel D(X,) npu Bcex X; < Qg YAOBJIETBOPSI-
10T ycioBUsM (27), To marpuua D°(X,) = [E — D(Xx;)]
ABJISIETCSl HEBBIPOXAEHHOH, T. €. detD°(x;) =0
TaKXe IPU BCeX X; € Qgq.

Jlokazameavcmeo aemmor 2. I1o ycnoBusiM nem-
MBI COOCTBEHHBIE YUCHA Z; = ¢; MaTpuIbl D(X;)
IIpU BCeX X, < Qp, SBISIOTCS PA3JIMYHBIMU, I0-
3TOMY CYIIECTBYIOT HEBBIPOXIEHHBIE MaTpHUIIbI
S(Xy), S‘l()”ck), TaKue 4TO S‘l(fck)S(fck) =F n
SN &, )D(%,)S(X,) = diag{c] o ... ob} [18, c. 84].
CrenoBaTebHO,

STUE)LE - D(X)1S (%) =

(40)
=diag{l-o] 1-0; ... 1 -c,}.

Mo ycmoBusim (27) n. <1, 0<o;<l-ng,
i = [1, n], noeatomy u3 (40) ciaeayer paBEHCTBO
det D°(x;) # 0. Jlemma 2 doka3zana.

Ecnu cBobomHas cucteMa (33) — ycToitumBasi, To
CYLIECTBYIOT BO3aeicTBUs g, = gyl(k) u f;, = fl(k),
C IOCTaTOYHO MAJIBIMU 3HAYEHUSIMU g, fy, TaKue
4TO B IMCKpPETHOM cucteme (21) mpu k, = k,, BO3-
HUKAeT YCTAaHOBMBIIMICA peXHUM, B KOTOPOM
X, =X, C TpeHeOPeXMMO Majoil OIIM6KOiA .
O6o3Haunm X°, y° M 8, YCTAaHOBMBLIMECS 3Haye-
HUST TIEPEMEHHBIX Xy, J; W PA3HOCTH 8, 4 =& ~Vq k
npu f, = 0. Ecnu g, = gyl(k) u f;, = 0, To Uz (21)
B YCTAHOBUBIIEMCS PEXUME CIICIyeT PABEHCTBO

[E - D(X*)]X" = by (X")ky ¢(X7)8&0- @1

B cuny ychaoBuit smeMMBbl 2 MaTpula
D°(x°) =[F - D(x°)] umeer oOpaTHYI, MO3TOMY
u3 (41) ¢ yueToMm BTOpOro paBeHcTBa (21) u popmy-
JIBI 1711 oOpaTtHOM MaTpulsl [21, c. 41] BEIBonuM

g & EDRdID" )1 (kg (¥

ITockoneky X° =limx, npu kK — oo, TO U3 pa-
BeHCTBa (42) BhITEKAeT YCJIOBUE 00eCIeYeHsT HEHY-
JIEBOTO 3HAYEHU S YIIPaBIsIEMOI BEIUYMHBI J° IUC-
KpPETHOI HeJIMHeWHOoU cucteMbl (21), T. e. ycioBue
HEBBIPOX IeHHOCTH 1o yrpapiaeHuo AKJIM (17):

va(X;) =" (%) [adj D" (X)) 1b, (%) # 0,

. (43)
vxk (@ Q@ S QUd'

Ecnu ycinoBue (43) BBINOJHSACTCSI, TO U3 paBeH-
cTtBa (42) cienyeT BhIpaxeHue st KoadduuureHTa
kg g(X;) 13 (20), Ipu KOTOPOM CTaTH4ecKast OLIMO-
Ka 8, = gy — Yy AMCKPETHON HETMHEHHOMN CUCTEMBI
(21) o 3amarouieMy BO3NEUCTBUIO g, = gol(k) Oynet
paBHA HYJIIO:

Ka g (X) = det D*(X,)/v4 (%) (44)

Cootnomenus (20), (24)—((31) u (44) npu BbI-
MOJHEHW U YCJIOBUIA yrpaBiaseMocTu (32) 1 HEBbI-
POXJIEHHOCTH TI0 yIIpaBJeHUIO (43) ABISIOTCS ajl-
TOPUTMUYECKON 0a30il METOJAa CUHTE3a TUCKPET-
HBbIX HEJIWHEWHBbIX cucTeM ympaBiaeHus (21), (22)
00beKTaMu, 3aJaHHBIMM JUCKPETHBIMU YpaB-
HeHusgMmu tuna (17). BTo MoryT ObITH KakK ypas-
HEHUS €CTeCTBEHHBIX MMCKPETHBIX HEIMHENHBIX
00BEKTOB YMpaBJieHUSsI, TAK U YpaBHEHU S, MOJIY-
YeHHbIE B pe3yjbTaTe AUCKpPEeTU3aluu HeJUHek-
HBIX HETIPEPBIBHBIX OOBEKTOB.

Hanee paccMOTpUM MPUMEHEHHE TOJYyYEHHO-
ro 1O TPUBEICHHBIM BbIIlIE COOTHOILICHUSIM TpHU
X, = X; JUCKPETHOIO YNpPaBJICHUSA U u(xp)
K KJIM (1) HEKOTOpOro HeJIMHEHHOTO HEeIlpepPhIB-
HOTO OOBEKTA.

I'uOpuanas cucrema

Ecau B paBeHcTBe (20) BEKTOp X; 3aMEHUTH Ha
x;, = x(kT), a k, Ha k., TO TIOJTyYUM JUCKPETHOE
yIpaBjeHUe HEMPEPbIBHBIM 00BEKTOM, TIPEACTaAB-
seHHbiM KJIM (1):

ur,k :kr,g(xk)gk _kT(xk)xka k :03 1’ 25 EEER) (45)

r1e BEKTOP k(X;) MO-MPEXHEMY OMPENENISIETCS Bbl-
paxenusimu (18), (19) u (24)—(31), B KOTOPBIX BEK-
TOp X, 3aMeHeH Ha x; = x(kT). 3amensasa B (1)
YIIpaBJICHUE U HA U, , U3 (45), PUIEM K 3aMKHYTON

go- (42) CUCTEME, KOTOpasi OIMUChIBACTCA YPaBHCHUAMU
det D°(x°
X = A(x)x = b)k™ (x)x; + b(X)k, 4 (x;) gy +h(x) [, 46)
B sToM pexume 1ipu f, = 0 u k — o BenmunHa £(X;) B BbI-
paxeHuu (7) CTpeMHUTCA K li-lymo, T. e. &(%,) = 0. ¢ kT <t<(k+DT,y=c"(x)x,
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roe npu t = kT
A(xy ) = b(x )k (xi) = Di(xy), k=0, 1, 2, ... (47)

U SIBISETCSI, O4eBUAHO, rudpumHoit [3—5]. Ilpu
9TOM 3HaueHHUe Nepuoaa AUCKpeTudauuu T MoOXeT
OBITh 3HAUUTEILHO OOJBIIMM IO CPaBHEHUIO CO
3HAUYCHUSIMU, KOTOPbIC MPUHUMAIOTCS IIPU MOJC-
JIMPOBAaHUM HEJIMHEMHBIX CUCTEM, CHHTE3MPOBaH-
HBIX KaK HenpepsIBHEIC [1, 2, 22].
[MpumenuTtenbHO K cucteme (46) ycioBue obec-
MeYeHUs] HEHYJIEBOTO 3HAYEHUSI YIIpaBJIsIeMOU Ie-
peMeHHol y = y(f), T. €. yCJIOBUE HEBBIPOXJIEHHO-
CTH IO YIIPaBJICHUIO HEIPEPHIBHOIO HEJIMHEIHOTO
o0bekTa, npeacraBiaeHHoro KJIM (1), umeer Bug

¥r(x) = ¢T(x) D7 (x)b(x) = 0,

(43)
Vx c Q@ S QUd

[Ipu BeinoOaHEHUU ycioBus (48) koadduireHT
k. o(x;) B (45) omperenseTcst BbIpaXeHUEM
ki g (X)) ==1/7:(x). 49)
[NonyyeHHBIE Pe3yJbTaThl COCTABISIOT TEOPETU-
YyecKylo 0a3y MeToJa KBa3MJIMHEWHON TUCKpEeTU3a-
LIMK HEJIMHEMHBIX 00BEKTOB U METOJA CUHTE3a AVC-
KPETHBIX 3aKOHOB YIIpaBJIeHUS KaK JUCKPETHLIMU
HEeJIMHEUHBIMU OOBEKTAaMU, TaK M HEIPEePbIBHLIMU
HEeJIMHEWMHBIMUA OOBEKTaMU, KOTOPHIE MOTYT OBITh
MpeaCcTaBJeHbl KBa3UJIMHEWMHBIMU MOACISIMMU.
OTMEeTUM, YTO B Clly4yae JIMHEUHBIX OTHOMEp-
HBIX CHCTEM C IIOCTOSIHHBIMM IIapaMeTpaMu YC-
JIOBUSI HEBBIPOXIEHHOCTHU I10 yrnpaBiieHuo (43) u
(48) OOBIYHO BBIIMOJHSIIOTCS aBTOMAaTUYECKM, TakK
KakK B IIPOTMBHOM cJIy4yae KaHaj "3agaloliee BO3-
JIefiCTBUE—BBIXONI"' TaKUX cucTeM, (paKTUYECKH,
OyIneT pa3oOMKHYTBHIM (M O4eBUIHBIM). B ciyudae
K€ HEJIMHEMHBIX CUCTEM 3TH YCJIOBUS 3aBUCSAT OT
nepeMeHHBIX cocTossHUSA KJIM unu JIKJIM u Mo-
I'YT KaK BBIIIOJHATBLCS, TAaK U HE BBIIIOJIHSITHCS.
Hampumep, B TeopuM HEIMHEHHBIX CHUCTEM
O4eHb 4YAacTO paccMaTpUBaeTCs TECTOBBIA 00b-
eKT "TIepeBepHYTHI1 MasSITHUK Ha TeJexXKe', TIe
yIIpaBJIICHUEM SIBIISIETCA MEpPEMEILICHHME TEIeXKU
[22]. TTpu 3TOM 3agaHHOE 3HAYEHME yIJIa OTKJIO-
HEHUS MasTHMKA OT BEepTUKAJIM, KaK IIPaBUJIO,
MPUHUMAETCS paBHBIM HYJ0. OOLIYHO aBTOPHI HE
OOBSACHSIIOT MPUYMHY 3TOr0, HO Ha caMOM Jelie
3TO CBSI3aHO C TEM, UTO MaTeMaTHYECKUE MOACIU
3TOro o0beKTa He YIOBJIETBOPSIOT YCIOBUIO (48),
T. €. HyJIeBO€ 3HAaueHHE yIJIa OTKJIOHCHUS MasT-
HUKa OT BEPTUKAJIM — 3TO HE 3aJaHHOE IOJIOXKE-

HYe MasiTHUKA, a yCTAHOBUBILIEECS 3HAYEHUE 3TOU
BEJMYUHBI, O0YCIOBJIECHHOE YCTOMUYMBOCTBIO ITO-
JIOXEHUSI PaBHOBECHUS CUCTEMBbI; O00ECIEYUTh Ke
HEHYJeBOe 3HAaUeHUe yIJia OTKJIOHEHUS MasiTHUKA
MpU MOAEJSIX TUIIA UCMOJIb3yeMoil B pabore [22]
HEBO3MOXHO MO yKa3aHHOW BblIllle MPUYUHE.

MeToau4yecKuii npumep

B xayectBe mnpumepa IpUMEHEHHUS MeTonda
KBa3WJIMHEUHOM  OUCKPETU3ALMU  CUHTE3UPY-
€M CHayaJla AJUCKPETHYIO HEJIUHEUHYIO CUCTEMY
ynpasiaeHus JIKJIM, cooTBeTcTByIOlIEH MPOCTO-
MY HEJMHEMHOMY MOIEJIbHOMY OOBEKTY BTOPOTO
MopsiaKa, ypaBHEHNSI KOTOPOrO UMEIOT BUI:

. X = X2~ xjarctg(2x,), (50)
Xy = Xysinx, +2u,y = 0,5x,
a 3aTeM TMOpMAHYIO CUCTEMY YMOpPaBJICHUS 3TUM
K€ OOBEKTOM.
Ilepexonsi K pelieHUIo, MpeXae BCEro 3amu-
meM HenpepbiBHY0 KJIM 3agaHHOro o0bekTa
(50) B Bugme (1), rme /= 0:

- 2 1
A(%) :{ arctg(2x,) ‘ }
0 sin x,

b(x) = B}, c(x) = {065}.

OrpaHM4YeHHOCTb DJIEMEHTOB @;(X) CUCTEMHOMN
MmaTtpuubl A(x) (51) saBasieTcss O4EBUIHOM, T. €. Cy-
mectByeT AKJIM (17) npu f= 0 1 HEKOTOpPOM IIe-
puone T.

3amensist B (31) x; Ha X;, JIETKO YCTAaHOBUTb,
YTO 3HAYCHUE IepUoaa TUCKPETU3ALUU, TOMYCTU-
Moe no ycinosuto det[E —0,5TA(x,)] # 0, B naH-
HOM cllyyae orpaHu4eHo 3HaueHuem 7,,,, = 0,649 c.
ITpumem T = 0,4 ¢ 1 1JIg KpaTKOCTU BBeAeM 000-
3HaYeHUS: @ = arctg(2X;), Si=sinx,,. [lo dop-
myaam (18) u (19) ¢ yyerom (51) HailgeM MaTpUILy
u BekTop auckpetHoit JAKJIM (17) oonekTa (50):

6D

oy an(F)  ap(Xy)
Ad(xk)_{ 0 a22(£k):|’
b1 (%) 62
-\ | bar
Pa(%) = |:bd2(5€k )} ’

raea;(X;) = (1-0,28i)(1-0,2¢)/A;;

ay(X;) =0,4/A;;

Ay, (%) = (1+0,20)(1+0,2Si)/A,

v by (%) =0,4/A1; byp(X,) =(2+0,40)/Ap;
A; =1+0,20)(1-0,28Si).
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ITo dopmyne (32) npu n = 2 umeeM

- 1
U =—X
(xk) AZL
0,43+0,29-0,2Si—0,04¢Si)

2(1+0,2S1)(1+0,2)?

0.4,
24, (1+0,2¢)

Tax xak |arctg(2X))|<m/2, a |sinx,| < I, To
|detU(Xkﬂ=l—L6/A%‘>(L643,T.e.npn T=04c
yciaoBue (32) BBINOJHSETCS, W 3aJadya CHHTe3a
YCTOMUYMBON IOUCKPETHOM CUCTEMBI YIIPaBJICHUS
anst AKJIM (17), (52) numeeT pelueHue.

W3-3a HeIMHEHOro xapakTepa 3J€MEHTOB Ma-
TpUulibl U BeKkTopa (52) pelleHue AaHHON 3amadyu
CHHTE€3a BO3MOXHO TOJbKO B YMCJICHHOU (opMme.
B cBa3u ¢ 3TUM gajiee NpOMEXYTOUHbBIE BhIpaxKe-
HUS MPUBOISATCI C KCIIOJb30BAHUEM IPUHSITHIX
0003HaYEHU I 271IEMEHTOB MaTpuLlbl A,(X;) 1 BEK-
topa b,(x;). Ilpexne Bcero mo dopmynam (24),
(25) HaxoASTCS TTOJIMHOMBI

Ha sToMm 3aBepiiiaercsi onpeeaeHue yrpapieHUs
Uy, 1o (20) i AKJIM (17), (52). C yuyeTom BBesIeH-
HBIX 0003HAYEHU A 3TO YIIpaBJIieHUe UMEET BUJT

Ug = kd,g(jzk)gk — k(X)X — k(X4 )Xo, (58)

Hccnedosarnue duckpemuoii cucmemot. PazHOCT-
HO€ ypaBHEHVE 3aMKHYTOW IMCKPETHON CHUCTEMbI
(17) ipu f;, = 0, (52), (57), (58) nerko Monenupyercs
B MATLAB. Ilpu aToM BeIuMCIeHUS Bcex Koaghhu-
LIUEHTOB, a Takxe Marpuubl U(X;)(32) n Benuuu-
HBI v,(X;) OCYLIECTBISIOTCS Ha KaxXX/IOM NEepUoe
T = 0,4 c. PacyeTbl BBINOJHSIMCH TIPU PA3IMIHBIX
3HAUYEHU X KOpHeW mosmHoMa D*(Z) m pasauuHbIX
HaYaJIbHBIX YCIOBUAX X,. B Tabn. 1 mug npumepa
NpUBENCHbl 3HAYEHUsT BeKTopa X; =[X;; Xy l,
YIPABJIEHUST Uy W BBIXOIHOW BEJIUYUHBI Y, TIPU
& = 0 m xopHsix z; =0,2 u z; =0,3 monuHOMa
D*(z) (26). I1pu TOM Xe HaYaJTbHOM YCJIOBUU, TEX XKe
KOPHSIX %[, 2, U &g = 1(k) nmepeMeHHbIE COCTOSIHUS,
yIpaBjieHWe W BbIXOAHAs BEJIMYMHA ITUCKPETHOM
HEJTMHEWHON CUCTeMbI TPMHUMAIOT 3HAUYEHU S, TIPY-

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i
A(2,%,) = 22 + 0y (F)z + 0 (X 53) |
a(2, %) =2 1K)z + 0 (X), 53) i BEICHHBIE B Ta6I. 2.
Vi(z, %) = vy (X)2 +vip(Xg ) (54) |
~ - =~ | Ta6bnuna 1
Vo (2, Xy ) = v (X)) Z + oo (Xg)s ! Table 1
~ ~ ~ |
rIe al(xk) =—q, 1(xk) - a22(xk); ! Ilepemennbie cucremsl npu g, = 0
ogo()’ék) = a”()fk)azz()zk); : System variables with g, = 0
~ ~ ~ ~ ~ . |
Vio(Xx) = a12(X4 )by (%) — a2y (X )bygy (X4 ) ! X &1
- <N, - o ~ N, | k Ug i Ya .k
V(X)) = by (X)5 va(Xg) = —a11(X)bgr (%) !
~ b ~ | 0 [1,0000 0,8000] —0,709 0,5000
Vo1 (Xp) = bgp (X)) |
B nannom ciydae n = 2, moatomy 110 (26) pop- | ! [0.6721 —0,5883] 0,0395 0,3361
MupyeTcsi nmoauHoM D*(z) =z +8;z+8; ¢ pas- | 2 [0.2945 —0.3996] 0,0639 0,1473
* * * * |
JIMYHBIMH KOPHAMM 2] =G| M 3 =G), YIOBJET- | 3 [0,1252 —0,2232] 0,0508 0,0626
BOPSIIOLIMMHU YCJIOBHUIO (27), a 3aTeM IO BbIpaxe- | 4 [0,0506 —0,1071] 0,0298 0,0253
HUI (29) ¢ yueToM (53) HAaXOOMTCSI Pa3HOCTD ! 5 [0,0189 —0,0442] 0,0137 0,0095
|
- - - i 6 [0,0066 —0,0163] 0,0053 0,0033
R(z,%x,)=p,(X)z+po(X,), 55) ’ - ’
(@ Xe) = Pr(X)z +po(Xi) ©3) ! 7 | 10,0022 —0,0056] 0,0019 0,001
~ * ~ ~ * ~ |
roe P](Xk) = 8] - 0Ll(xk)a Po(xk) = 6O - 0LO('xk)‘ Ha : Tabauma 2
oCHOBe KO3(pduireHToB noanHoMoB (54) u (55) ! Table 2
bopmupyetcst cucrema (30): | Tlepemennsie cucTembl npu g, = 1
I . . _
[Vlo(xk) V20(xk)i||:kl (xk):| _ {Po(xk )} 56 | System variables with g = 1
- - o= o (56)
V(%) v (Xp) | kp(Xe) p1(Xx) : k i Ugy Vax
|
Pemienne cucremel (56) naet 3HaueHns koapdu- ! 0 [1,0000 0,8000] 0,7553 0,5000
LUMEHTOB Kk((X;) W ky(X;), TOACTaBUB KOTODBIE | 1 [1,2321 2,8317] —0,2147 0,6161
B hopmyiny (22) ¢ ydyerom (52), TOTYyIUM MaTpUILy i 2 [1,6610 2,7422] —0,2297 0,8305
D(Xy), a sarem marpuny D°(X) = E-D(Xy). 1 [ 3 [1,8525 2,7066] ~0,2415 0,9263
B maHHOM ciy4yae ycno;g;: 1\(/;B) — HEBBIPOXJIEHHO- i 4 [1.9383 2.6774] 0.2464 0.9692
;;ISMHOHS;H(II))?)BJEHHT%% Haxon;Tizliﬁg(}lﬁigl’eEg_ i > [1,9896 2,6563] 0291 0.9948
y PMY : 6 [1,9958 2,6535] —0,2494 0,9979
|
kd,g (xk) = det D"(xk )/Yd(xk)- 37) | 7 [1,9983 2,6524] —0,2495 0,9992
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Ha ocHoBe MOy4YeHHBIX JaHHBIX MOXHO 3aKJTIO-
YHUTh, YTO JUCKPETHOE HEJIMHEWHOE yrpaBieHue (58)
obecrieunBaeT cucteMe ynpasieHus JIKJIM (17), (52)
YCTOMUYMBOE B OOJIBIIIOM TIOJIOXKEHMEe paBHOBecusl. Ee
cTaThyecKasl OlIMOKa 1O 3aJafolleMy BO3ICHCTBUIO
MMeeT TIPaKTUYECKH HYJICBOE 3HaYCHME.

Hccaedosarnue eubpuonoii cucmemot. C 3TOM 1ie-
JIbIO, BBLITIOJIHSS YKa3aHHbIE BEHIIIE 3aMEHBI, TpU-
IIeM K yIIpaBJeHHIO (45) B mJaHHOM cjiydae BHOa

Up = kr,g(xk)gk — k(X)X — ky (X )Xo, (59)

B mpouecce momenupoBaHus ypaBHeHUS (50)
ObLIY MPOMHTErPUPOBAHBI IPU U = Uy (59) DyHK-
nueit oded5 MATLAB. KosbowuumeHT £ ,(x)
ObIT BBIYMCIEH MO BhipaxkeHusm (48), (49), a ko-
apdpuumenTs k(x;), ky(x;) — MO COOTHOLIEHUSM
(52), (32), (54)—(56) c 3ameHoOlt X; Ha X;, HAUXHAs
¢ t =0, yepes kaxanie 0,4 c. PesynpraTel Mmogean-
poBaHusi rubpuaHoit cuctembl (50), (59) npm
Tex xe KopHsix z; =0,2, z; =0,3 ¥ HavaJdbHBIX
YCIOBHSIX TIpencTaBieHbl Ha puc. 1—3. Ha puc. 1, a
u puc. 1, 6 mpuBeneHbl rpaduKu U3MEHEHUS TIe-
peMeHHbIX cocTosiHus Tipu g = 0 u g = 1(¢),
COOTBETCTBEHHO.

I'paduku Ha puc. 1, a, puc. 2, a cBuae-
TEJBCTBYIOT 00 YCTOMUYMBOCTHU TIOJIOXECHUS
paBHOBECHSI TMOPUIHONW CUCTEMBI TIPU T0O-
BOJIBHO OOJIBIIIOM TEpHOIE YIpaBJICHUSI.

puc. 2, 6 ciemyeT, YTO HECMOTps Ha He-
JIMHEIHOCTb CHCTEMbI MOXHO O0eCHeuYuThb

2 4 [ 8 10 12 "o 2 4 & 8 10 12

Puc. 1. T'padukn nepeMeHHbIX COCTOAHHUS:
a—npug=0;6—npug= 109

Fig. 1. Graphs of the state variables:

a — with g = 0; 6 — with g = 1(7)

L] 2 4 & & 10 12 L] 2 4 [ 8 10 12
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Puc. 2. I'paduku BBIXOAHO# MepeMeHHOI:
a—npug=0; 6 —npug= 109

Fig. 2. Graphs of the output variable:

a — with g = 0; 6 — with g = 1(¥)

Puc. 3. I'padukn ynpasjieHusi ruOPUTHOH CHCTEMBI:
a—npug=0; 6 —npu g= 1)

Fig. 3. Control graphs of the hybrid system:

a — with g = 0; 6 — with g = 1(¢)

MpakTUUYeCKW HYyJeBOe 3HauyeHue OIInb-
KM TI0 3ajaloiiemMy BospaericTtBuio. Ilpasna,
U 31ech omubKa He sIBJsieTcss poOacTHOM
K TlapamMeTpaM CHUCTEMBbI.

Ha puc. 3 npuBeneHbl rpaduky u3MeHe-
HUS yIIpaBJIeHUs TUOPUIHON CUCTEMBI.

CpaBHuBasi rpaduku Ha puc. 1, puc. 2 u
Ha puc. 3, JIerko yoeauThCsl B TOM, UTO CUHTE-
3UpOBaHHAs CUCTEeMa SIBJISICTCSl THOPUIHOM.

Kaxk BumHO 13 Ta6a. 1, 2 1 IpUBEIeHHBIX
rpadukoB, MoBeleHUE TMOPUIHOM U COOT-
BETCTBYIOLLEH NTUCKPETHON CUCTEM IPU ONM-
HAKOBBIX HAYaJIbHBIX YCJIOBUSIX M BHELIHMX
BO3ICUCTBUSIX COBMANAIOT JIUIIb B YCTaHO-
BUBIIMXCS pexxuMax. [lepexomHble mpoliec-
Cbl 00U X CUCTEM 3aTyXalolllre, HO UX Xapak-
Tep CYILIECTBEHHO pasiuuaercd. Hampumep,
B PpPAacCMOTPEHHOM TpuUMeEpe AWCKpeTHas
crUcTeMa MMEET JUTMTEJIbHOCTD TMePEeXOIHOTO
npoiecca okojio 1,6 ¢, a rubpuaHass — Mo-
psaaka 4 c. Ilo Bceldi BUAMMOCTHU, DTH pas-
JU4Yust oOyCIOBJEHBI TEM, YTO 00€ CHUCTEMbI
SBJISIIOTCS HEJIMHEWHBIMM, CBOMCTBA MeEpe-
XOJHBIX MPOLECCOB KOTOPHIX, KAK U3BECTHO,
CYyHIECTBEHHO 3aBMUCSIT OT HauyaJbHBIX YC-
JIOBUI, MHTEHCUBHOCTU BHEILIHUX BO3IEW-
CTBMM, a TakxXe OT XapaKTepa MPOLECCOB,
MPOTEKAIOIIMX B CAMUX CUCTEMaX.

I
|
|
I
|
I
I
|
|
! AHajorn4Ho, u3 rpa¢ukoB Ha puc. I, 0,
|
|
I
|
|
I
|
|

3akaoyenue

[MpennoxeHHBIT B pabOTe METOA KBa3u-
JIMHEMHOW MUCKPETU3allMU HEIPEePhIBHBIX
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00BeKTOB ¢ IupGepeHIUPYEeMbBIMA HETUHEHHO-
CTSIMM TIO3BOJISIET MOJYYUTH OUCKPETHYIO KBa3u-
JIMHEMHYI0 MOJENIb UCXOAHOTO HEJIMHEITHOTO 00h-
ekta. IIpy »>TOoM mepuod AUCKPETU3ALUMU MOXKET
ObITh 3HAUMUTEIbHO OOJIbIIE TOrO Mepuoaa, KOTo-
Pl JOIyCKaeTCsl IpU HCIIOJb30BaHUU (POpMYII
Oinepa mnn PyHre—KyTttel. KBasmamHeiHBIC
MOJICJIA IIPUBOASAT K HOBOMY CBOMCTBY HEJIMHEU-
HBIX OOBEKTOB. OHU MOTYT OBITh HEBBIPOXAECHHbI-
MU WU BBIPOXIEHHBIMMU I10 yIIpaBieHuio. Ompe-
JEJISIETCS 9TO CBOMCTBO HEMPEPHIBHOTO HEJIMHEN-
HOro 00BbEKTa MO €ro KBa3WJMHENHON Momeau u
OTpaxkaeT HaJWYMe CBS3M BBIXOMHOU BEJIWYMHBI
00beKTa C ympaBJICHHEM, IIpUYeM, €CJIM paccMma-
TPUBAeTCS CUHTE3 HEMNPEPHIBHON HEJIMHENHOM
CHCTEeMBI YIIpaBJICHMS, TO MCIOJb3YETCS OOBIU-
Hasl KBasuJaMHelHas Moaeiab. Eciu ke cTaBUTCH
3aJaya CHHTe3a THMOPHMIHONM CHCTEMBI YIIpaBJie-
HUS )il HENPEepbIBHOI'O HEJIMHEMHOro oObeKTa,
TO HCITOJIb3YeTCS COOTBETCTBYIONIAST OTMCKpPETHAS
KBa3uiMHelHass Moaeiab. Eciau Xe AaucKpeTHas
cHrcTeMa yIIpaBJeHUs IS 3aJaHHOIO TUCKPETHO-
ro HeJIMHEHHOro ob0beKTa cuHTe3upyercss AIIM
METOIOM, TO OIIEHKA €ro HEBBIPOXICHHOCTHU IIO
yIIpaBJA€HUIO IIPOBOAMTCSI HEMOCPEACTBEHHO IIO
3aJJaHHBIM YpaBHEHUSIM OOBEKTa.

Ecnu nuckpeTHast KBa3uJMHEHAsI MOJE/b He-
JIMHEMHOIO OO0BEKTa YIAOBJIETBOPSET YCIOBUSIM
YIOPaBJISIEMOCTH M HEBBIPOXIEHHOCTH IIO YIIPaB-
JIeHU10, TO ¢ mpuMeHeHueM AIIM MeToma MOXHO
CHMHTE3MpPOBaTh THOPUIHYIO CUCTEMY yIIpaBICHMS
C HYJIEBOI OIIMOKOM I10 3aJaI01IeMy BO3AEHCTBUIO.
Ecnu xe n Bo3MmyllleHUE MMeeT IMMOCTOSIHHYIO J0-
CTaTOYHO MaJyl0 MHTEHCUBHOCTb, TO THOPUIHYIO
CHCTEeMY MOXHO CHHTE3MpPOBaTh C HEKOTOPOI
OLIMOKOIN MO Bo3MylIeHUI0. O0JacTh NPUTIKE-
HUS TIOJOXEHUSI PAaBHOBECHSI CUHTE3WMPOBAHHOM
NpeaIoKeHHBIM METOAOM THMOPUIHOU CHCTEMBI
omnpenensieTcss 00JacTbl0 TMPOCTPAHCTBA COCTOSI-
HUSI HEJIWHEWMHOro 00beKTa, B KOTOPOM BBIMOJ-
HSIOTCSI YCJIOBUSI YIIPABJISIEMOCTH €0 JUCKPETHOM
KBa3UJIMHENHON MOMIEIN.

IIpenmoxXeHHBIN MOOXOM ITO3BOJISIET CUHTE3M-
poBaTh acTaTMyeckue, MHBapUaHTHBIE U OITU-
MaJIbHbIe TUOPUIHBIE CUCTEMBI YNpaBJICHUS He-
JIMHEMHBIMU OOBEKTaMHU IIpU pa3pabOTKe COOT-
BETCTBYIOIIUX METOMIOB.
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Abstract

In this article the new method of discrete control systems design for nonlinear plants with differentiable nonlinearities is sug-
gested. The increasing demands on the quality of control processes and the widespread use of computer technology provide ample
opportunities for the design and implementation of digital control systems. However, discrete models of control plants are needed to
solve this problem. In the case of linear plants, such models are created on the basis of z-transformation, Euler or Tustin formulas.
In the case of nonlinear plants, these transformations are not applicable, so a large number of approximate discretization methods
have been developed to date. Euler and Runge-Kutt transformations are used for these purposes most often, but they lead to satis-
factory results only with very small period of discretization. In the case of automatic control systems, this requires the use of digital
automation tools with very high speed, which is often economically impractical. Methods of discretization with a long period were
most often developed on the basis of decomposition into series of the right-hand sides of the differential equations, transformed on
Euler. Here, firstly, the problem of selecting the number of the series members, which to be retained arises, and secondly, already
in the third or fourth order of the plant, the calculating ratios turn out to be extremely complex. The discretization method sug-
gested below differs in that it is not the equations of nonlinear plants in the Cauchy form that are discretized, but the corresponding
quasilinear model. In this case, a modified trapezoid method is used, and the discretization purpose is not the most accurate ap-
proximation of the original equations of the plant, but the stability of a closed nonlinear control system with rather big period. This
system is designed using the algebraic polynomial-matrix method for designing of the nonlinear control systems. As a result, a hybrid
nonlinear system with fairly simple algebraic calculation expressions is formed. The suggested approach makes it possible to create
the control systems for nonlinear controlled plants using conventional computational automation tools.

Keywords: nonlinear plant, differentiable nonlinearity, discretization, modified trapezoid method, quasilinear model,

discrete quasilinear model, algebraic polynomial-matrix method, nondegeneracy in control, hybrid control system
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HaunoHanbHbIN nccnegoBaTenbCkNin TOMCKUIA MOMNTEXHUYECKUA YHUBEPCUTET

CuHTE3 cucTem ynpaBrieHM MakcuMaribHom po6acTHOM cTeneHu
YCTOMYNBOCTU HA OCHOBE BEPLUMHHbLIX KPUTUYECKUX KOPHEBbLIX Anarpamm*

Paccmampueaemces xapaxmepucmuueckuii NOAUHOM CUCIEMbl ABMOMAMUYECK020 YNPABACHUS C UHMEPBANbHO-Heonpede-
AEHHbIMU napamempamu, NPUeoeHHblll K UHMeP8aabHOMY 6UQY (ROAUHOM C UHMePB8ANbHbIMU K0dpduyuenmamu). B odun u3
K03 Puyuenmos 6xodum nacmpaugaemviii napamemp, Komopuiii 004%%ceH obecnevusams MaKCUMyM MUHUMAAbHOU CMeneHlU
ycmou4ugocmu nOAUHOMA NPU HAUxXyouiem COYemaHuu e20 UHMepP8anbHbiX Kodpguuyuenmos. i onpedesenus 3HaveHus
2Moe0 napamempa npedaazaemcs peuiums MaKCUMUHHYI0 3a0a4y HA 0CHO8e Kpumepus MAKCUMAAbHOU POOACMHOU cmeneHuU
yemoiuivueocmu. Ilpu smom yenecoobpasnHo ucnonab3oeames coUCME0 YHUMOOAAbHOCMU CMeEeNeHU YCMOUYUgocmu NOAUHOMA
no eco Ko3gpuyuenmam, a makjice ceoUcCmMEo GepuiUH MHO202PAHHUKA KO03@Puyuenmos onpedeaams podaAcmHY0 cmeneHs
yemouvusocmu noaunoma. Pewenue nocmasaennoli 3a0avu Ha ocHoge yKa3anHo20 Kpumepus npedycmampugaem aHaiu3 éep-
WUHHBIX KpUMuveckux Kopregoix ouazpamm. OHu 6 omauuue om 00bIYHbIX KPUMUYECKUX KOPHEBbIX Ouazpamm npedcmagisaiom
c0601i pacnoaodceHtvlie Ha 00HOU 6ePMUKAAbHOU NPAMOU NOAIOCA, KOMOpPble ABAANMCA 00paA3aMU PA3HbIX 8EPUIUH MHO202DAH-
Huka Kodgppuyuenmos. Jas noayuenus makux ouazpamm ciedyem cpedu eepulun MHO202PAHHUKA @blOPAMb 8Ce 803MOICHbIE
npoobpa3zel kpumuyeckux noarocog. Coeaamos 3mo 03MOICHO HA OCHOGE POPMUPOBAHUS U peuleHUs OBOUHbIX UHMEPBANbHbIX
Y2A08bIX HEPAGEHCME U Y2A08bIX YPAGHEHUU meopuu KopHego2o 2odozpaga. Ilpu smom ycaosuem 6bi60pa yKaA3aHHbIX 6ePUIUH
sA6as1emcs onpedeneHue KpUmuvecKkumu noacam pobacmHuol cmenenuy ycmouvyueocmu noAuHoOMA.

U3 noayuerHvix 045 Kaxcdoeo Kpumuueckoeo noawCa Habopos eepuluH-KaHoudamoe Ha pooacmuyo cmeneHs yCmou4ugo-
CMu cocmagasaomes npogepounbie napul. /lis ecex npoeepouHviX NAp GepuiuH Kaxncool Kpumu4eckou KOpHe8ou duazpammbl
Gopmupyromes coomeemcmeayoujue napsl BePUUHHbIX XAPAKMePUCMULeCKUX NOAUHOMO8. [l Kaxcdol u3 Hux cocmasasiemcs
cucmema vemolpex ypagHeHull NPUPAGHUBAHUEM K HYAI0 GeUleCMEEHHbIX U MHUMbIX Yacmell noauHomos. B pezyrbmame ee
peweHus Haxodumces obujasn 044 napvl NOAUHOMOE CMeneHb YCMOoU4Uu8oCmu U cOoOmeemcmayujee 3Ha4eHue Hacmpaueaemoo
napamempa. U3 peuwienuil cucmem ypasHeHui 045 6cex nNap NOAUHOMOS 8blOUpaemcs 3HaAYeHue MAKCUMAAbHOU pPoOacmHuoi
cmeneHu yCmou4ueocmu UHmMep8anbHoe0 NOAUHOMA U obecnevusaroujee ee 3Ha4eHue HacCMpaueaemozo0 napamempa.

IIpueodumcs uucao6oil npumep cunmesa cucmemsb. MAKCUMAAbHOU pOOACMHOU cmeneHy ycmou1ugocmu.

Karoueevte caosa: uHmepea/zbHo—Heonpe(?e/teHHble napamempusl, MHmepBa/lebllj xapalcmepucmultecxuzi NOAUHOM, 6ePULUH~-
Hble Kpumu4ecKkue KopHeegble 0uaepaMMbt, Kpumuu4ecKue nojaroca, yeiasl 8bix00a gemaell KOpHee6020 20002pad)a, uUHnmepeaibHble

yeanoesvle HepaseeHcmed, npoeepoUHbsle 6epULURbl, MAKCUMANAbHAA poﬁacmna}z Cmenens ycmoﬁwueocmu

ITocTanoBka 3amauu

IIpn cuHTE3e CUCTEM aBTOMATUYECKOrO yIIpaB-
neHus (CAY) ¢ nepeMeHHBIMM HapaMeTpaMU Hau-
Oosee 11eiecoo0Opa3HbBIM SBJISIETCS KPUTEPU MaK-
cuMaJibHOI cterieHu ycroitunBoctu CAY [1, 2]. Ero
MIPUMEHEHUE TO3BOJISIET HAWTH TaKue 3HAYeHMS
mapaMeTpoB PETyisAToOpa, MPU KOTOPBLIX 0O0JacTh
Jokanuzauuu mnojocoB CAY ynaneHbl OT MHUMOK
OCH Ha MaKCMMAaJIbHO BO3MOXHOE pacCTOSTHHE.

Hng craunonapHoit CAY n-ro nopsinka ¢ k ma-
paMeTpaMu peryjstopa MakKCHMMaJibHas CTEIeHb
YCTOMUMBOCTU  OMNpPEACHsAeTCS KPUTUYECKUMU
MOJIIOCAMHU OIHOM M3 BO3MOXHBLIX KPUTHUYECKUX
kopHeBbix muarpamm (KKJI) cucremsr [3]. Oue-
BuAHO, yTo KK/l MOXHO MCIIOIB30BaTh JJIS Mapa-
METPUYECKOTO CUHTE3a PEeryasaTopoB MaKCUMallb-

*PaboTra BbITIOJIHEHA TIpU (PUHAHCOBOM Tmonaepxke Poccuii-
ckoro Hay4yHoro ¢oHaa (mpoekt Ne 23-29-00737).

HOI CTeNeHU yCTOMYMBOCTHU cTalimoHapHoit CAY.
B yacTHOCTHM, 3TO BO3MOXHO Ha OCHOBE METO.a,
MIPeAIOKEHHOTO B padoTe [4].

OnHako peanbHble CAY, Kak mpaBuJio, HeCTa-
LIMOHApHbIEC, U MX TapaMeTPbl MOTYT U3MEHSThCS
Mo 3apaHee HEeM3BECTHBIM 3aKOHAM BHYTPU U3-
BECTHBIX MHTepBajioB. [Ipu HekoTOpoM coueTa-
HUM 3HAYEHU I TaKMX UMHTEPBAJbHBIX MApaMEeTPOB
CAY Oyaet paboTaTh B HAMXYIIIEM PEXUME C MU-
HUMaJbHO (po0OacCTHOI) CTEMeHbIO YCTOWYUBO-
CTH, KOTOpYIO KeJaTeJIbHO MaKCUMU3UPOBATh
nmapamMeTpamMu perynsrtopa. Takas 3agaya penieHa
B paboTtax [5, 6] n1g CAY ¢ mHTepBaJbHBIM Xa-
paktepuctrudeckuM nonaumHomoM (MXII), xoad-
(uuMeHTsl KOTOpOro 3ajaHbl CBOMMU WHTEpBa-
Jamu. B ocHOBy MmeToma ee pelieHUsT TMOJOXKEHBI
JOCTaTOYHbIE YCJIOBMSI, B KOTOPBIX MOKa3aTesb
ycToMuMBOCTU (MpaBasi TpaHula objgacTh pac-
MOJIOXEHUS TIOJIOCOB) OIpeaeasieTcs Ipeaeib-
HbIMU 3HAYEHUSIMU KO3(PPUIMEHTOB MOJMHOMA.
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OmHaKo TOCTAaTOYHOCTb 3TUX YCJIOBUM MO3BOJISET
noJyyaTh HACTpOWKHU peryisTopa, obecrnedynBa-
IOIIME TOJBKO KBa3MMaKCHMAaJIbHYI0 pOOACTHYIO
creneHpb ycroitunBoctn MUXTI.

[Ipennaraemblii METOJ pellIEHWST paccMaTprBae-
MOM 3aJa4M, 00eCeYnBaIOIIMMI ITOTyYEHNE NUMEH-
HO MaKCHMMaJbHOM pOOACTHON CTEINEeHU YCTOMYM-
Boctu XTI, ocHOBaH Ha ee BaXKHOM CBOICTBe [7]:
MUHUMAaJbHBIC 3HAYCHUS CTEIICHU YCTOMYMBOCTU
Ha uHTepBajax KoadgouurueHtoB MXII HaxonsaTcsa
B KpalfHUX TOUKaxX MHTepBaJioB. IHbBIMU ClIOBaMH,
CTETIeHb YCTOMYMBOCTHM 00JIafaeT CBOMCTBOM YHU-
MOJAJIBHOCTH TIpU WM3MEHEHUHM KO3(PPUIINEHTOB
MXII. ITpu stom UXII nmeeT poOaCTHYIO CTENEHb
YCTOMYMBOCTU B OAHOI M3 BEPILIMH MHOIOrpaHHU-
ka P, xoadduuuentos UXII [8].

Hcnonb3oBaHue 3TOro CBOMCTBA [J1SI MAKCUMMU-
3alMu pobacTHOU cTteneHu ycroiumBoctn MXII
¢ nomoubio KKJI nmpeanosaraet BEpIIMHHYIO MO-
mupukannio KK crammonapHbeix cuctem. OHa
TIO3BOJIMT HAWTHU Cpeam BepIIMH P, MpooOpa3bl
kputudeckux tmoitocoB KKJII, ompenenstonux
pobacTHylo cterneHb yctoiiunBoctu MXII. B pa-
06ote [9] ycTaHOBJIEHO, UTO TaKUEe BEPIIMHBI BXO-
JST B OoMpeAeieHHOEe YMCI0 BEPIIMH-KaHAUIATOB,
B KOTOPBIX BO3MOXHa podacTHasl CTeNeHb yCTOM-
yuBOCTU. s moiaydyeHHs Habopa BeplIMH-KaH-
IUIAaTOB HEOOXOAMMO COCTaBUTb U PEIIUTh WH-
TepBaJIbHBIE YTJIOBBIE HepaBeHCTBA [9].

TakuM 00pa3oM, MOCTABAEHHYIO 3a4a4y MOXHO
paccMaTpuBaTh KaK MaKCMMMHHYIO, TaK KakK IJIs
€€ pelIeHUs NperlaraeTcs HaiTu y P, BEPLUMHBI-
KaHAUAAThl, B KOTOPBIX CTEMEHb YCTOMUYMBOCTH 1|
MOXET ObITh MUHUMAJILHOM, 1 MaKCUMU3UPOBATh
€e B 9THUX BepIIMHAaX. 3aMeTUM, YTO HCIIOJIb30-
BaHME BepIIMH-KaHAWAATOB IIpU PELISHUS TaKOM
3agayn Hambosee >PpdexTnBHO mid CAY HHU3KO-
ro mnopsiaka (TpeTbero, 4eTBEPTOro), IOCKOIBKY
B 9TOM CJIy4yae MX YHCJIO 3HAYMTEJbHO MEHBIIE
OOLLEro yucia BepiuuH Py.

BepmunHble KPUTHYECKHE
KOpPHEBbIE€ AUATPAMMBI JJIs

Ccd TOCTOSSHHBIMM 3HauYeHUsIMM KO3GhGUIIMEHTOB
XapaKTEePUCTUYECKUX TMOJIUMHOMOB a;. [Ins Haxox-
JeHUs TpooOpa3oB Kputuuyeckux mojwocoB CAY
¢ UXII ncnonb3yemM yKa3zaHHOE BBIIIE CBONCTBO
YHUMOJAJIBHOCTU (DYHKILIMI m(g;) HA WHTEpBajIax
a;, KOTJa KaxJaasi U3 HUX MMEET CBOW M1odasb-
HbIA MakCcMMyM. OuYeBUIHO, YTO €CJIU MapaMeTp
peryasTopa k BXOOUT B OOWH U3 KO3(PPUIIMEHTOB
XTI, To yHUMOOAJIbHBIMU SBISIOTCA U QYHKIIUNA
n(k). PaccMoTpuM nokazaHHbIe Ha PUC. 3 TPUMEPDI
3aBucumMocTeit n(k) mist AByx BepivH V, u V.

13 puc. 3 BugHo, uto B V, npu k = k; UXII
MMEET MAaKCUMYM CTEMEHU YCTOMYMBOCTU 1),
a B V, npu k = k, ero 3HaueHue paBHO m,. [Ipu
3TOM MaKCHUMaJIbHasl CTeNeHb YCTOMUYMBOCTHU Cpasy
IS IBYX BEPILIMH OIpeaesseTcss TOYKOM mepece-
yeHus1 rpadukoB Npu k = k, u paBHa n,. Ha KK]|
B 3TOM clly4yae Tpeajaraercs oroopaxarb CTeleHb
YCTOMUYMBOCTH 1), @ TAKXKE yKa3blBaTb HOMEPA Bep-
IUH-TIPOOOPA30B KPUTUUYECKHUX MOJIOCOB. B nanb-
HelileM Oyaem HasbiBaTh Takue KK/l BeplIMHHBI-
MM, TaK Kak OHU MPEACTaBisieT coOOi COOTBET-
CTBYIOIIIEE PACIIOJIOXKEHUE KPUTUYECKUX TOJIIOCOB
C yKazaHWeM IS KaXXJIO0ro M3 HUX BO3MOXKHBIX

By

Puc. 1. KK/ aasa CAY Tperbero mopsjaka:
a — KK/1; 6 — KKI2

Fig. 1. CRD for ACS of the third order:

a — CRDI; 6 — CRD2

512

CHCTEM HHM3KOro mopsaiaka

CormacHo pabore [3] cranu-
oHapHble CAY TpeTbero u yert-
BEPTOro IIOPSIKOB MMEIOT CO-
oTtBeTCcTBeHHO ABEe U Tpu KKJI,
NoKa3aHHbIe Ha puc. 1 1 puc. 2.

Kpurunueckue monaioca Ipu-
BeaeHHbIX KKJI ompenensior-

ANAN
L]

L J
o

3

L

N

L

=

BN
]

L

=]

A

Puc. 2. KK/l naa CAY yeTBepToro mopsjaka:
a — KKA1; 6 — KKA2; 6 — KK/3

Fig. 2. CRD for ACS of the fourth order:

a — CRDI; 6 — CRD2; ¢ —CRD3
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Puc. 3. 3asucumoctn crenenu ycroirunsoctu CAY ot napamertpa k
B BepmuHax Vi u V,

Fig. 3. Dependences of the ACS stability degree on the parameter k
at the vertices V; and V,

' /] V) 4 !
L . Alm 7 51(V1) 4Im !
L s1(7) /1 V. I
L / sAV2) l
7 / i
i A A7) .. o

Ly " Ll
LA Mo 0 Re / TIO(V) 0 Rel
| s3( |
i ; 53(71) )// ’ i
n e :
| |
l a) 0) l

Puc. 4. Bepmmansie KK/I:

a — C TpEMA KPUTUYECCKHUMMU ITOJTIOCAMU; 6—c YETbIPbMA KPpU-
TUYECKMUMU ITOJIIOCAaMU

Fig. 4. Vertex CRDs:
a — with three critical poles; 6 — with four critical poles

BepLUMH-TIpooOpa3zoB P,. Takoe mnpencrabieHue
nH(PoOpMallMM TMOKa3aHO Ha puc. 4 Ha IpuMepax
KK c tpems (puc. 4, a) u yeToipbMs (puc. 4, 6)
KPUTUUYECKMMU TOJI0CAaMU Ha OIHON BEPTUKAIb-
HOW TIPSIMONA TSl ABYX BepLIUH V| u V5.

Hnst Toro 4toObl KPpUTHYECKUE IOJII0Ca B BEp-
mwnHHBIX KKJI onpenensiin MUHUMANbHYIO CTe-
MeHb YCTOMYMBOCTHU (YTOOBI MPU U3MEHEHUH 4; TIO-
JII0ca He MOTJIM ABUIaTbCs K MHUMOI OCH), HEOO-
XOAVMMO HAJIOXMTh OrpaHMUYEHUS Ha YIJIbl BBIXOAA
BETBEil KOPHEBBIX rogorpadoB M3 3TUX IOJIOCOB
Npu u3MeHeHuu a;. [IpeacTaBuM 3TH OrpaHUYEHMU S
B BUIE IBOMHBIX MHTEPBAJbHBIX YIJIOBBIX Hepa-
BeHCTB (AMYH) u yrinoBeix ypaBHeHUI. s 3TOrO
B COOTBETCTBUM C paboToii [9] 3amamum B XKelae-
MOM JAMana3oHe yriabl Q; BbIX0Ja U3 KaXJ0ro Kpu-
TUYECKOTO T0JII0CA BeTBEl MHTEPBaJbHOTO KOPHE-
BOro rogorpada npu u3MeHeHUM Kod3(PPUIeHTOB
a; UXII. OueBUIHO, YTO €CJIU CTENEHD YCTONYMUBO-
CTH OIpelessiecT KOMILJIEKCHO-COMPSKEHHBIM 1310—

s

< —.
2

T
JIIOC, TO JOJKHO BoINMOAHATHCS MY H 5 <0,

Eciu xe mosoc BeleCTBEHHBIN, TO TPeOYyeTCs BbI-
MOJIHEHUE paBeHCTBa (Q; = T.

[Mpoeaem BepuimHHyl0 Moaudukauuo KKJI
Ha puc. 1 u puc. 2. Y3 puc. 1 sugHo, yto KK/I1
AMEET ABa KOMIUIEKCHO-COMPSKEHHBIX W OIWH
BEIIECTBEHHBI  KPUTWYECKUU  momtoc. Jliag
nojca §; Ha OCHOBe paboTel [9] ompenensem

0 = {g;n}i -7 u noaydaem MUY H:

E<[E;n}i—n+nri<3—n, (1)
2 12 2

rae | — WHIAEKC M3MEHSIOIIErocsl MHTEPBAJIbHOTO
koadppunmenta MXII. [dxsg BemecTBEeHHOro II0-
moca s, Ha KK/ nng Bcex kKoadhduLmeHTOB a;
JIOI>KHBI BBITIOTHSTHCS CEAYIOIIME PAaBEHCTBA:

0, +nr =nk +1), k =0,1,2,3,...., Q)

rae O, = m;.

Ilepeiinem k paccmotrpennio KKJI2, mmeromeit
JIBa KPAaTHBIX BELIECTBEHHBIX KPUTUUCCKUX ITOJTIO-
ca. TpeboBanue K yrnam Q; 05 Moakoca §; UMeeT
TOT Xe Bun. I momtoca s, HEOOXOAUMO, YTOOBI

©)

3anumem JIMWMYH u yrioBble ypaBHEHUS AJs
tpex KK/ CAY uerBepToro nopsiaka (CM. puc. 2):

ni +nr; =2nk,k =0,1,2,3,...

— g s; KKAL:
£<[E;n}‘—3—n+nri <3—ﬁ;
2 L2 2 2
— s s, KK:
3<B;n_i——+nri <37n;
— g s; KKA2:
g<[%;n}i—_0;g}—n+nn <37n;
— nasa s, KK/2:
i+ 7 =n(2k +1),k =0,1,2,3,...;
— s s; KKA3:
i+ 7 =n(2k +1),k=0,1,2,3,...;
— i s, KK/3:

ni +nr; =2nk,k =0,1,2,3,....

Pemenusimu JIMYH m yriaoBeIX ypaBHEHUI 11
MXII TpeTbero u 4eTBEPTOro MOPSIIKOB SIBIASIETCS
Takoi BeIOop #; = 0 unu r; = 1, uyto ecnu r; = 0, TO
YIroJ BbIXOAa BETBM KOPHEBOIO rogorpada u3 Kpu-
TUYECKOTO TOJII0CA IIPU U3MEHEHUH @; U3 COOTBET-
CTBYIOLLUEH BEPLUMHBI HE MEHSETCs, a eclu r; = 1,
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TO yroj usMmensietcd Ha 180°. Tlpu aTom 3HayeHMe
r; = 0 COOTBETCTBYET MaKCHUMaJbHOMY 3HAYEHUIO
ko3dduuneHTa a;, a r; = 1 — ero MMHMMAaJbHO-
My 3HaueHM10. TakuM 00pa3oM, 3HAYEHUS 7; AAIOT
KOOPAMHATHI BEPIIMH-KAHIUAATOB HA MUHUMAJIb-
HyI0 (pobacTHYW) cTereHb ycToiumBoctu. I[lpu
3TOM 3aMETHUM, 4YTO €CJIM 7; MOXET OBITb paBeH
kak 0, Tak u 1, To mpenen a; cienyet OpaTb U MU-
HUMaJIbHBIM, 1 MaKCUMaJbHbIM. Takke OTMETUM,
YTO COIJIacHO pabore [9] B KoopamHaTax MCKOMBIX
BEPIIMH HE MOXET ObITh OJMHAKOBBIX IPEIETIOB

y TpeX psSAoOM CTOSAIINX KOI(DDUIIUEHTOB.
O6o3HaYMM BEPINMHBI-KaHAUIATBl V0, Tae
m — HoMep KK/I, p — HOMEp KpUTUYECKOTO TI0-
moca KKJI, § — HOMep BeplimHBI B Habope, U
cBegeM pesysibTathl pemieHuit IMYH u yrioBbeix

ypaBHeHUIi B Tad. 1.
Ta6bnuna 1
Tablel
Koopmma'n.l BCPIHIHH-KAHAUIATOB

Coordinates of candidate vertices

n KK s KoopanHaThl BepIIMH-KaHAUIATOB

3 KK | 5 Vlll(%,ﬂ,@,a),Vllz(%vﬂaa’aj)’
Vis(ag, ay,a3,a3)
5 Vii(ag,ay,ay,a3)
KKI2 | st | Vi, a,a5,a3)
5 Vii(ay,ay,ay,a3)

| - | P
4| KKAL | sy Vi (ag, ay,a5,a3,a4),V15(a9, 01,05, a3, a,),

— = =
Vis(ag, a1, 0,43, a4)

S 1. — 1.~ —
2 Vai(ag, ay,ay,a3,a4),V5(ay, a1, a5, a3, a4),

L —— = —
Vis(ag, ay,a;,a3,a4)

KKI2 | s Vi(ag,ay,ay.a5,a4) Va9, 0,05, 03, ,).
Vl%(%aaa@,ﬁ,a),Vl%(%,ﬂ,aj,a,ai),
Vis(ag, a1, az,a3,4),Vi5(ag, 81,03, 85,04),
Vﬁ@ﬂ&@@),Vlé(%,@,@,a,ai)
5 szl(@’a’ﬁ’a»ﬂ)
KKJI3 | s m%(@,a’ﬂ’a’%)
52 Vii(ag,ay,ay,a3,a,)

Makcumu3anusi po0éacTHOMH CTeneHH
YCTOHYHBOCTH HA OCHOBE NMPOBEPOYHBIX MAap
BEePHIMH-KAHIAIATOB

CornachHo T1a6n. 1 B kaxaoir KKJI nmpoobpa3za-
MU JIBYX KPUTUYECKUX ITOJIOCOB MOTYT OBITH He-
CKOJIBKO BEPIIMH-KaHAUJIATOB U3 IBYX COOTBET-

Puc. 5. I'padpuyeckoe onpenesieHne MaKCUMyMa poOACTHO# cTe-
MeHH YCTOHYMBOCTH
Fig. 5. Graphical definition of the maximum robust stability degree

CTBYIOIIMX UM HabopoB. [Ipu 3ToM Kazkmoi mape
BEpIIMH M3 3TUX HAOOPOB COOTBETCTBYIOT IBa
rpaduka yHuMonaabHbIX GyHK1UM 1(k), mepece-
YyeHHe KOTOPBIX AaeT OOILIYIO Al 3THUX BEpIIUH
CTEINEHb YCTOMYMUBOCTU My U OOECTEeUUBAIOLLNIA €€
mapameTrp peryiastopa k. Tak Kak cTeneHb YCTOM-
yupoctu MXI1 MuHuManbHa B BepluuiMHax Py, TO
€CJIM IIpU HaliIECHHOM 3HAaUY€HUU K CTEIIEHU YCTOM-
YUBOCTHU BO Bcex Apyrux BepiinHax KKJI 6oiblie
No> TO Mg SBJISIETCSI MAKCUMYMOM POOAacTHOM cTe-
neHu ycroinuuBoctu UXII (puc. 5).

Takum o0pa3oMm, MPOBOAUTHL MaKCUMMU3AINIO
poOaCTHOI CTENeHU YCTOMYMBOCTH ITpeAsiaraeTcs
[0 BCEM BO3MOXHBLIM IlapaM BeplIMH-KaHIWIa-
ToB Kaxaon BepmnmHHoit KKJI. bygem Ha3biBaTh
B JaJbHEMIIIeM TaKue Maphbl IIPOBEPOYHBIMU.

Hnsa npuMeHeHUS U3JI0XEHHOIro  IIoaxona
K UXII TpeTbero m 4eTBepTOro IMOpsIKOB COCTAB-
JieHa Ta0j. 2, rae niist Bo3mMoxHBIX KK/ onpenese-
HEI BCe IIPOBEPOYHBbIE ITaphl BepIIMH-KaHINAATOB.

Tabnuma 2
Table 2

IIpoBepounbie Napbl BepMIMH-KAHIHAATOB

Test pairs of candidate vertices

n KK [TpoBepouHbBIE Mapbl BEpIIMH-KaHIMIaTOB
p p p Y
30| KKAV | 0l v (7 ). V7))
KKA2 | w2,vd)
4 | KKAL | v, 7LV, 7LV,
Vh V30, (W, V), (Vh, Viy),
V5.V, V5. V5), (V5. V35)
KKA2 | 03, v3),(V3.V3), (V3. V5), (V5. V3),
VAV, V. VE), V3 VR, VE V)
KKI3 | 3.v3)
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BBeneM B pacCcMOTpEeHUE BEPIIMHHBIE ITOJIU-
HOMBI, KO3(DOUIIMEHTH KOTOPBIX OMpeAeasioTcs
KOOpAWHATaMU BepIIMH-KaHauaatoB. Ilo aHa-
JIOTUA C BEpIIMHAMU OOO3HAYMM TaKue TTOJIU-
HOMBI D;”q(s, k). Jlng peanu3auuu M3JI0XKEHHOTO
BBIIIE TTOAXOAA K PEIIEHUI0O MAKCUMUHHOM 3a1a4u
npeanaraetcsl cpopMupoBaTh BEPIIMHHBIE MOJIM-
HOMBI AJIS KaXOOW MPOBEPOYHOU Maphl BEPIIWH
u3 1abs. 2. JIag nmoucka y mapbl BEPIIMHHBIX MO-
JIMHOMOB PABHBIX CTETIEHEN YCTOMYMBOCTH CleJa-
€M B OJHOM M3 HHUX IIOJACTAHOBKY § = —n + jB,
a B IpyroM s = —n — jB, e 1 — MaKCUMU3UPY-
eMas cteneHb yctoiuuBocTu. [locie pazneneHus
TMOJIYYEHHBIX TIOJJMHOMOB Ha BEIIECTBEHHBIE U
MHUMBIE YaCTU U IPUPABHUBAHUS UX K HYJIIO CO-
CTaBUM CHUCTEMY YETBHIPEX YPABHEHUU C YETHIPb-
Ms HEM3BECTHBIMU. HUHWCJIO TaKMX CUCTEM pPaBHO
YUCJIY TPOBEPOUYHBIX Map BEPIIMH-KAHAWAATOB
Ut KoHKpeTHo! BepmimHHOM KKJI. Tak, Hampu-
mep, mig UXII tperwero mopsaka ¢ KKJI1 6ygem
WMETh TPU CUCTEMBI YpaBHEHUIA:

Re D, (n, By, k) = 0;
Im D}, (n,B;,k) = 0;
Re Dy (n,B, k) = 0;
Im Dy, (n, B, k) = 0;
Re Dj;(n,B, k) = 0;
Im Dj;(n, B, k) = 0;

! @
Re DZl(na BZ? k) = 0:
Im D211(n9 B2:k) = Oa
Re D113(1”I, Bls k) = O’
llel3(T]: B]a k) = O,
Re Dzll(n9B2a k) = Oa
Im D), (n,B,, k) = 0.
3aMeTUM, YTO BTOpasl CUCTeMa COOTBETCTBYET
u KK2.
IIpu HaligeHHBIX OIS KaXJO0W ITPOBEPOUYHOM

mapbl BeplIMH 3HAYCHUSIX kK HAXOASITCS CTEIEeHU
YCTOMYMBOCTU B OCTaJbHBIX BepLIMHAX-KaHOU-
natax KKJI. Tak, nasg nepBoil mapbl 3TO BeplIu-
HBI Vllz(ao,ﬂ,az,ﬁ), V113(a0,ﬂ,a2,a3), LISl BTO-
poit — V\(ag,a;,a5,a3), Vis(ay,a1,0,05), mns
TpeThel Vlll(ao,ﬂ:a_za%), Vllz(ao,ﬂ,az,ai).
Ecnu nnst Kakoli-Inbo MpOBEpOYHON Maphl Bep-
mnH-KanauaatroB KKJI creneHb ycTOMYMBOCTHU
B OCTaJbHBIX IIPOBEPOYHBIX BEPIIMHAX OKAXETCs
OoJblue M), TO 3HaYEHUE 1, OyIeT MAKCUMYyMOM
pobacTtHoit creneHu yctoitunBoctu MXII.

IIpumep

Ilycte ans cucteMbl 3-TO MoOpsiiKa ¢ OOHUM
HacTpauBaeMbIM MapaMeTpoM k 3amaH UXII

[a5]s® + [ay]s* + [a]s + [ag],

rie [as] = [0,03; 0,04], [ay] = [0,9; L1I, [a)] =
= [80k; 1004], [ay] = [250; 350]. Onpenenum 3Ha-
yeHue k, odecrieunBaloiee MaKCMMyM poOacTHOM
CTEeIleHU YycToiumBocTU 3amaHHoro MXII. [Ias
pellleHMs 3aJauyd pacCMOTPUM JBE BEPIIMHHLIC
KK]I, npencraBieHHbie B Ta0a. 1. 3amuiineM mjs
HUX BCE BO3MOXHBbIE ITaphl BEPIIMHHBIX ITOJMHO-
MOB B COOTBETCTBUM C IIPOBEPOYHLIMU IMapaMu
BepIINH-KaHIUAATOB U3 Ta0J. 2:

1 — 23 2 —
D;(s) = a3s” + a,s” +a;s + ay,
D1 (s) = azs° + a,s? + a;s + ay;

218) = a3 2 1 0

DL (s) = a_3s3 +a,s* + a;s + ay,
2

®)

D} (s) = a5’ +a,s” + a8+ ag;

DL(s) = ass® + ays? + a;s + ag,

D} (s) = a5’ +ﬂs2 +a;s + ay.

Ha ocHoBaHuu (5) cocTaBUM CHUCTEMbI ypaBHE-
Huil (4). Ux pemueHus1 cBeaeM B TaOJ. 3, rae Mpu-
BeIeM TaKXXe 3HAaYeHMS CTENEeHU YCTOMYMBOCTHU
B OCTaJIbHBIX BepIIMHAX-KaHAWAATaX.

AHanu3 JaHHBIX Ta0JI. 3 TO3BOJISET 3aKJIIOUUTD,
YTO MAaKCMMyM pOOaCTHOU CTEeNEeHU YCTOMYMBO-
cTH paBeH 5,846 u gocturaercsa npu k = 0,468.

s TIpoBepKM IIOCTPOEH MHOIOIIapaMeTpu-
YyeCKMi WHTepBaJbHBIA KOpPHEBOH romorpad
(puc. 6), aBagOUIAicCI OTOOpPaXXeHUEM Ha KOM-
IJIEKCHYIO TJIOCKOCTh KOPHE MHOrOrpaHHuKa Py
IIpY CUHTE3UPOBAaHHOM MapaMeTpe k.

Tabnuua 3
Table 3

Pe3yJ'l]>TaTl)l MaKCHMHU3AIUHU poﬁacTﬂoﬁ CTCNECHHU ycTOﬁ'lP[BOCTP[

Test pairs of candidate vertices

Tposepo- 3HaueHne | 3HAUYCHUE 3navenus n
HBbIE Mapbl X X ! !
BepIINH "o Vi Via Vi3
) 0,468 5,846
UARZD) 0,29 6,00
(ANZY 0,41 6,81
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Puc. 6. MuoronapameTpuyeckuii MHTepBaJIbHbIA KOPHEBOi roxorpag:

a— upu k= 0,568; 6 — nipu k = 0,468; ¢ — nipu k = 0,368
Fig. 6. Multi-parameter interval root locus of ICP:
a— at k=0,568; 6 — at k = 0,468; ¢ — at k = 0,368

N3 puc. 6, a BUIHO, 4TO KpaiiHUE MpaBbIe TOY-
KU objacTeil JloKajJu3aluyd BCEX TPeX IOJIOCOB
MUXII nexar Ha OmHONM BEPTUKAJILHOW IPSIMOM,
Mpoxosiiieit yepe3 Touky (—5,846; j0). [Ipu stom
npooOpa3oM MpaBoil TI'paHMIBLI BElIECTBEHHOIO
OTpe3Ka ToJIIoca SIBJSIeTCS BepllnHa Vzll, a KOM-
MJIEKCHO-COMPSIKEHHbBIE TOJIIoca SBJSIIOTCS OTO-
6paxeHueM BepinHbl V.

3akiaoyenue

B nanHoit paboTe MakcmMu3alusl poOACTHOU
CTETNEHU YCTOMYMBOCTU CHUCTEMbI TTPOBOJUTCS Ha
OCHOBE €€ XapaKTepUCTUYECKOIr'o ITOJIMHOMA, KO-
3 PULINEHTH KOTOPOro MOTYT U3MEHSTHCS BHY-
TPU 3aJaHHBIX WHTEPBAJIOB HE3aBUCHUMO APYT OT
apyra. JIasi yMeHbIIeHUsI BI3BAHHOTO 3TUM J0-
MylIeHWeM KOHCepBaTu3Ma W YCUJIeHUS pobacT-
HBIX HAacTPOEK peryjsiTopa XejJaTeJlbHO IepeiTu
OT MHTEpPBaJbHOrO TUMNA KO3(PGIUIIMEHTOB MOIU-
HoMa K 0osiee peajJibHOMY apuHHOMY TUITy. [Ipun
9TOM CJIelyeT YYMTBIBaTh, UTO Mpu aduHHON
HeornpeaeJeHHOCT KOo3(p(prIIMeHTOB MUHUMAJIb-
Hasl CTeNeHb YCTOMYMBOCTU MOJIMHOMA MOXKET
OBITh KaK B BepLIMHAX, TAK U Ha pedOpax MHOIro-
TpaHHMKA WHTEPBAJbHBIX MapaMeTPOB CHUCTEMBI.
[ToaToMy KpuTHYECKHME MOJIOCAa HAa KPUTUYECKOMN
KOpHEBOW sauarpamMme OyayT oOTOOpaXkeHUsIMU
BEpLIMH MHOIOIrpaHHHMKA MapaMeTpPOB MJIM TOUEK
ero pebdep. B cBsA3u ¢ 3TUM HaJibHEHIIME HCCIIe-
JOBaHMS II0 MaKCUMM3AlMKU poOACTHOU CTeNeHU
YCTOMYMBOCTU JOJKHBI OBITh CBSI3aHBI C HAXOX-
JeHVeM Y MHOTOTpaHHMKAa WHTEePBaJbHBIX Mapa-
METPOB MPooOPa30B KPUTUUECKUX ITOMI0COB. Oc-
HOBOI1 JJISI 3TOI0 MOXET CIYXUTh pa3paboTaHHas

B pabote [10] MeTomMKa MOCTPOCHUSI BEPIIMHHO-
pebepHOro MapuipyTa, odpa3 KOTOPOro oInpeaessi-
€T poOaCTHYIO CTEIIEHb YCTOMYMBOCTUA CUCTEMHBI.
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Abstract

The article solves the problem of operative selection of the redundant onboard equipment complex components configu-
ration of the suitable in the current operating conditionas in the interests of ensuring high fault tolerance of the complex, as
well as achieving other operational and technical characteristics. The basis of the redundancy management system of the
complex consists of configuration supervisors — as program subjects according to the number of its competitive configura-
tions of heterogeneous and nonuniform equipment worked out in advance. The choice of the preferred configuration is pro-
posed to be carried out by performing multi-level arbitration, which includes two phases of paired arbitration of computers
and paired arbitration of configuration. It is proposed to include the means of both types of arbitration in each configuration
supervisor, which ensures its self-sufficiency when participating in a competitive selection. The second part of the article
is devoted to the computer’s arbitration for the implementation of redundancy management functions. The approach is ap-
plicable to a computing environment with many comparable computing devices and contains 2 phases. In the first phase, a
preliminary selection of a competing pair of computers — as applicants for the implementation of redundancy management
functions in them is carried out. In the break between the phases, the pair computers implement the procedures for pair
arbitration of configurations given in the first part of the article. In the second phase, the final choice of the o.-computer
is made, in which the supervisor who won the arbitration will be implemented. In order to achieve the maximum possible
centralization of selection procedures and, as a consequence, the exclusion of "bottlenecks" in terms of reliability of places,
additionally proposed: the organization of secure data exchange between computers based on distributed registry techno-
logy; the procedure of paired arbitration of computers, consisting in mutual cross-validation of dominant supervisors of a
pre-allocated pair by comparing preference matrices, including information parcels of arbitration objects. A methodological
example that demonstrates the features of the system functioning in the conditions of computers degradation is given. The
proposed approach can be used to solve the problems of reconfiguration control of heterogeneous computing facilities of
technical objects on-board equipment complexes.

Keywords: linear interval system, critical root diagrams, candidate vertices, test vertices, controller parameters, maxi-

mum robust stability degree
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MeToa nocTpoeHus BUpTyanbHbIX A4aTYUNKOB
AnS 3aMeHbl OTKa3aBLUMX (hn3nyecknx gaTymkoB™

Paccmampusaemes 3a0a4a noCmpoeHUs @UPMYAAbHbIX 0AMHUUKO8 045 HEeAUHEUHbIX OUHAMUMECKUX CUCMeM ¢ He2Aa0Kumu
HeAUHeUHOCMAMU, ORUCHIBACMBIX MOOCASIMU C HENDEPbIGHBIM 8DEMEHEeM, 8 UeAsaX 3aMeHbl OMKA3a8UWUX usuueckux 0amuukos.
OcHosHOe Ha3HaueHUe GUPMYANbHLIX 0AMYUKOE — HAX0JCOeHUe OUeHKU Heu3mepaemMblX )a308blX nepemMeHHblX paccmampu-
eaemol cucmembl 045 NOAYYEHUs OONOAHUMENbHOU UHDOPMAYUU O cucmeMme 6 Ueasx dQPPeKkmueHoeo ynpasieHus ew u pea-
AU3AUUY npoyecca GYHKYUOHANbHO20 duaeHocmupoganus. Kpome moeo, eupmyansvhbie damuuku mocym Obims UCHOAb3068AHbL
045 3aMeHbl OMKA3a8wux Guauveckux damuuxos. Memodvl nocmpoerus upmyaibHuiX 0aMUUK08, NPeOHA3HAUEeHHbIX 045
peuwieHus dSmoi 3a0a4u, oOMAUMAMCcs Om CMAaHOAPMHOU NPOYedypsl mem, 4mo UHGOPMAUUs 0 NOKA3AHUSLX OMKA3A8Ue20
Qusuneckoeo damuuxka He 00ANCHA UCNOAB308AMbBCSA NPU CUHME3e BUPMYANbHO20 0AMUUKA, 3AMEHsOue20 0mKa3asuull gu-
3uyeckui damyuk. [lpednosaecaemcs, umo 04 peuwleHuss NOCMABACHHOU 3a0a4u cucmema OCHaAWeHa cpedcmeamu OUaeHoCmu-
POBAHUSA, NO3BOALOUUMU 6 ONPeOeNCHHbI MOMEHM 8pPeMeHU 3aQUKCcUposams 0mKa3 KaKo20-iubo @uzuuecko2o damuuxa.
s kancdoeo makoeo damuuka cmpoumcs C80l UPMYanbHblil 0amUUK, 8blpabamvléarOUULl OYeHKY, 3aMEeHAUYI0 NOKA3AHUS
omka3zaguieeo damuuka. Jlna pewenus 3a0auu UcnoAb3yemcs A02UK0-0UHAMU4eCcKUull N00xX00, XapaKkmepHolli mem, 4Ymo OH He
eapanmupyem 00CMUNCEHUS ONMUMANBHO20 PeUleHUs 3a0a4u 6 CMbICAe PA3MEPHOCMU NOAYHAeMbIX 6 pPe3yibmame peuleHus
damuukoe, HO onepupyem MoOAbKO AUHEUHLIMU Memooamu daxce 045 cucmem ¢ Heduggepenyupyemvimu HeAuHeUHOCMAMU.
Jloeuko-odunamuueckuii nodxod peaarusyemcs 8 HeCK0Abko 3manog. Ha nepeom u3 Hux uz cucmemvl yoarsemcs HeAuHell-
HbLU YAeH U cmpoumcs AUHeUHas mMoodeab, dasee npoeepsiemcs 603MONCHOCMb 3AMEHbl OMKA3A8Uuie20 PU3ULECK020 dam1uKa
BUPMYANbHIM U 803MOJICHOCHb 66€0€HUs 8 SMY MOJeab npeodpa308anHol Heaunelnol cocmasasouel. Ha nocaednem sma-
ne obecneuugaemcs ycmouyueocms damuyuka. Bupmyanvnoii damuux moxcem 6vimv peaiu308aH 6 00HOU U3 KAHOHUYECKUX
Gpopm — udeHMupuKayUoOHHOU UlU HCOPOaHOo8oU. JlocmOUHCMEoM UOeHMUPUKAUUOHHOU KAHOHUUECKOU (hopmbl A645emcs
pecyaspHas npoyedypa nocmpoeHus 0amuuka Ha ee 0CHo8e, 00CHMOUHCMBO HCOPOAHOB0U POPpMbL — G03MONICHOCHb NOAYHEHUS.
bosee npocmoeo pewernus. Ilpusedenv coomuouleHus, N0360AA0UUE NOCMPOUMb BUPMYANbHBIT 0AMYUK KAK 68 UdeHmu@uka-
YUOHHOU, MAK U HCOPOAHO80U Popmax.

Karwwueevie caoea: ounamuueckue cucmemol, HenpepbléHble Moae/tu, Heenaokue He/lLlHelZHOCmu, ¢L{3L{'1€CKLI€ aamuulcu,

euUpMyanbHble 0AM4UKU, KAHOHUYECKUE opMbL

Bsenenue

ClOXHBIE COBpEMEHHBIE CUCTEMBbI, KaK IIpaBU-
JIO, CHAOXeHBI OOJIBIINM YUCIIOM (PU3UUECKUX IOaT-
YUKOM IS U3MEPEHUSI X XapaKTepUCTUK. B psime
CJIy4aeB MCIIOJIb3YIOTCS M TaK Ha3bIBaeMble BUPTY-
aJIbHbIC TAaTYMKU, IIPEICTaBISIONINE COOO BEIYKC-
JINTEJIbHOE YCTPOMCTBO, KOTOPhIE Ha OCHOBE ITOKa-
3aHUM MMEIoIIUXCS (U3NUYECKUX NATYMKOB BbIpa-
0aThIBAIOT OLICHKY HEU3MEPSAEMBIX XapaKTEPUCTUK
paccMaTpyUBaeMOil CUCTEMbI M, TeM CaMbIM, JIAIOT
0 Hell IOMOJHUTENbHYI0 nHopMalnoo. Kpome ato-
ro, BUPTYyaJbHbIe JaTYMKKM MOI'YT MCIIOJIb30BaThCS
IJIST 3aMEHBI OTKAa3aBIINX (PM3NYECKUX JaTYMKOB.

[IpoGaeme moCcTpoeHUSI U IPUMEHEHUSI BUPTY-
aJIbHBIX NAaTYMKOB ITOCBSIIEHA OOIIMpHAsl JIUTEe-
parypa, Hanpumep [1—10], neTanbHas mpoueaypa

*WccnenoBaHue BBITIONHEHO 3a cueT rpaHTa Poccuiickoro Ha-
yuHoro donaa Ne 23-29-00191, https://rscf.ru/project/23-29-00191/.

MOCTPOEHUS TAKUX NJaTYNKOB B JUHEHHBIX CUCTE-
Max omnucaHa B pabote [1]. MeTombsl moCTpoeHUS
BUPTYaJbHBIX JaTYMKOB, MpPeAHAa3HAYEHHBIX IS
3aMEeHbl OTKa3aBIIMX (PU3NYECKUX AATIYMKOB, 3a-
METHO OTJIMYAIOTCSI OT CTAHIAPTHOM ITPOLEIYPHI.
Pa3paboTke Takoil mpoueaypsl A5 CUCTEM, OIU-
CAaHHBIX HEJVWHEWHBIMM JTUHAMUUYECKUMHU MOJIE-
JIIMU, TIOCBAIIEHA HacTosAIIas padorTa.

s pelmueHus MOCTaBJEHHON 3aJa4yy Mpeaja-
raeTcs WMCHOJb30BaTh TaK Ha3bIBA€MBIN JIOTMKO-
auHamudeckuii (JIJ1) moaxon, KoTopslit ObLI TIpHU-
MEHEH KakK IJIS pelIeHUs 3aJadyd TUarHOCTUPO-
BaHM4 [11], Tak W 1JId aHanIW3a HAOIIOAAEMOCTH
W yIPaBISIEeMOCTU HeAWHeHHBIX cuctem [12]. JIJI
MOAXOM XapaKTEpeH TEM, UTO OH HE TapaHTUPY-
€T JOCTUXEHHUS ONTUMAJbHOIO PEIICHMUS 3aJadyu
B CMBICJIE Pa3MEPHOCTHY MOJYyYaeMbIX B pe3yjbTa-
T€ pEeIIEHUS TaTYMKOB, HO OMEPUPYET TOJIBKO JTH-
HEMHBIMU METOJAMM AaxKe IJISI CUCTEM C Heaud-
(hepeHLIPpYyEMBIMU HEJTMHEMHOCTSIMMU.
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OcHOBHBIE MOJIEJIH

PaccMoTpuM cTallMOHApHYK CHUCTEMY, OIIU-
CAaHHYIO HEJIMHEMHOM MOIEIbIO
x(t) = Fx(¢) + Gu(t) + CP(x(2),u(t)); ()

y(1) = Hx(1),

e x() € R", u(f) € R™ u y(1) € R’ — BekTOpHI CO-
CTOSIHUS, yIpaBjeHus u Boixoga; F, Gu H — ma-
TPULIBI COOTBETCTBYIOIIMX pa3dmepoB; C — MaTpu-
na pasmepa nXp. HenuneliHbiil yieH W(x(f), u(r))
UMeeT BUI

@1 (A x(1),u(t))
W(x(),u(?)) = ,
¢, (A,x(1),u(t))
|

Ay, ..., A, — MATPULIBI-CTPOKH; @y, ..., ¢, — HE-
JIMHelHbIe (BO3MOXHO, HeauddepeHIupyeMble)
¢yHKUUU. YTOUHUM, YTO MaTpulia H ONUCHIBAeT
MoKa3aHMUs UMEIoIINXCS (PU3NUECKUX TaTYNKOB.

Bbynem monaratb, 4yto cuctema (1) ocHalleHa
CpeAcTBAaMM OMArHOCTUPOBAHMS, ITO3BOJISIIOLIN-
MU BBISIBUTb OTKa3aBIIUK (PU3MYECKUN TATUUK,
KOTOphIE B HEKOTOPBIiI MOMEHT BpeMeHU 3a(uK-
cUpoBaIu OTKa3 j-ro garuumka. CkazaHHOE O3Ha-
YaeT, YTo MepeMeHHast y(f) Tenepb MOCTaBIseT UC-
KaXXEHHYI0 MH(pOpPMalLMI0 O CUCTEME, M3-3a Yero
TpeOyeTcsl MOCTPOUTDh BUPTYaJIbHBIMA JaTUMK, Olle-
HUBAIOLINI IEPEMEHHYIO

() = H;x(1),

rae H; — j-s1 ctpoka matpuiisl H.

Peurenue paccmMarpuBaeMoil 3aJadyu COCTOUT
B MOCTPOCHUM HEJIMHEHHOro (PyHKLMOHAJbHOIO
HaOmromaTensi, OLEHUBAIOIIEro IepeMeHHylo Z(7)
U, TaKMM 00Opa3oM, BBHIMOJHAIOLIEr0 (QYHKIIMIO
BUPTYaJILHOTO JAaTUYMKa. YpaBHEHUS, OMMUCHIBAIO-
1IMe MCKOMBII Hab1oAaTe b, UMEIOT BUJ

X« (1) = Fx« (1) + Joy(t) + Guu(t) +
+ Ce¥ (x4 (), y(1),u(t)) + Kr(z);
yi(t) = Hixi(2);
2(1) = H x«(t) + Qo (1);
r(t) = Reyo (1) — y«(2),

rae x«(f) RK — BekTOp COCTOSTHMST HAGTIOTATEIIS;
k — ero pasMmepHoCTb; Fi, J+, G+, Cs, R«, He, G

z’
0, K — wmarpuupl, noujexaliude OINpeleIeHUIo;

C:\¥(x+, y, u) — HEMHEWHasI coCTaBJSsIONIAS;

@

Yo(#) = Hyx(1),

Marpuua H, nonydyena n3 H ypaneHueMm j-ii cTpo-
k. OTMETUM, 4TO TiepeMeHHas y«(f) B cucreme (2)
Heobxonuma aisi QOpMUPOBAHUS HEBA3KM F(f), UC-
MOJIb3YEMOM B LIEMMU OOpATHOW CBS3U JJIST obecrie-
yeHusl ycTouMBoCcTU Habmwonarens. [lepemeHHast
y(f) B IEpBOM YpaBHEHUM B CBOEH j-11 MO3UIIUU CO-
JEPXKUT HE TOoKaszaHMs OTKasaBlIero (puanvecko-
ro JaTyMKa, a MepeMeHHYIO Z(f), JalolIyIo OLIEHKY
3TUX NMOKA3aHUN.

3ameuanue 1. OcobeHHOCTH MOmenn (2) B OT-
JIMYMEe OT CTAaHJAPTHOW COCTOMT B TOM, 4TO AJs
(dopMupoBaHusl TiepeMeHHON Z(f) U HEBSI3KU F(f)
nHpopMaLMs O TMOKa3aHMUSIX OTKaszaBllero ¢u-
3MYECKOro JaTyrMKa He JOJIKHA MCIOJIb30BaThCs,
YTO OTPAXEHO B CTPYKType Marpuubl H,.

HaG6nromarens (2) mpenmosaraet, 9To0 MaTPUIILI
F. n H. peanuzoBaHbl B MACHTU(UKAIITMOHHON
KaHoHu4deckoit popme (MKD):

0 1 0 « 0
0 0 1 ~ 0
F=|0 0 0 « 0f
cee e ) (3)
00 0 ~ 0

H.=(1 0 0 - 0).

M3BecTHO [13], uTO 1151 TOCTPOEHU S HabJoIa-
TeJIsI TaKKe MCMOJIb3yeTCs KOopAaHOBa KAaHOHMYE-
ckag ¢opma (KKD), korma marpuua Fi. uieTcd
B BUJIE

A 0 0
0 A .0

F*: . :2 .. : (4)
0 0 oy

IIpennonaraeTcs, 4To BCE COOCTBEHHBIC YUCa
M - Ay B MaTpuue (4) OTpULATENbHBI, T. €. Ma-
Tpunia F. ycToiiuMBa IO MOCTPOEHUIO; TOTIA Ha-
Ooxromarens (2) yIpolmaeTcs, IMMOCKOJIBKY HeBsI3Ka
r(f) Tenepb HEe HYXHa:

X*(t) = F*.X*(t) + J*y(t) + G*u(t) +
+ GV (x:(2), y(2),u(?));
(1) = H x:(1) + Qyy ().

®)

3ameuanue 2. HanmoMHUM, UYTO YCTOHYMBOCTH
HaOmogaTens (5) obecriedrBaeTCsl BLIOOPOM OTPU-
LIaTeIbHBIX COOCTBEHHBIX uMcel. Kcmonb3oBaHue
B IIEpBOM ypaBHeHUHM (5) BekTopa y(f), comepxaille-
ro nepeMeHHy1o z(f), mpuBeaeT K o0pa3oBaHUIO 00-
paTHOM CBSA3M, YTO MOXET HAPYILIUTh YCTOMYUBOCTD,
B CBSI3U C YeM HEOOXOAUM JOMOTHUTEIbHBII aHAIN3.
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B cootBercTBUM c JIJ moaxomoM pelleHue 3a-
naun Ha ocHoBe MK® ocylecTBisieTcs B TpU 3Ta-
na. Ha nmepBoM atamne u3 cuctemsl (1) ymansiercs
HEJIMHEWHBIN YJICH U CTPOUTCH JIMHEUHAS MOJIEIb:

X*(t) = F*.X*(t) + J*y(t) + G*u(t);

Hanee mpoBepsieTcss BO3MOXHOCTDb OLIEHKM IIe-
peMeHHoI z(f) Ha OCHOBE COOTHOIIEHMS

(6)

(1) = H x:(2) + Qyy (1) )

1 BO3MOXHOCTb BBEAECHUS B HE€ HEJIMHEWHOM CO-
crapaswoomeit Ca¥«(x«, y, u). Ha mocienHem sTame
uieTcss MaTpula K, obecrneynBapouias yCTOMYM-
BOCTh Habmwogarensi. PaccMoTpuM 3TH 3Tamnbl 60-
Jiee JeTaJIbHO.

ITocTpoenue Moaean HA ocHoBe TKD

Hnsi monaydeHUs1 pelleHUs MpearoaraeTcs,
4TO BEKTOPHI X(f) U x«(f) CBSI3aHbI MaTpulieii ®:

X« (1) = ©x(1).

M3BeCcTHO, YTO MaTpHUlIbl, ONKUCHIBAIOIINE MO-
neb (6), VIOBIETBOPSIOT CIEAYIONIUM ypaBHEHU-
awm [10, 11]:

R*HO:H*(D,(DF:F*(D"FJ*H,G*:(DG (8)

PemieHne 3amayyM Ha MEPBOM BTale OCYIIECT-
BJsieTCs Ha ocHoBe ypaBHeHusd [10, 11]

(R —J+

~Jo )V =0, (©)

rac

H,F*

yk _ HF*!

k=12, ...
H
YpaBHenune (9) mMmeer HeTpUBHAJIBHOE pEIIe-
HUE, eciiu

rank(V®) < Ik - 1. (10)
Hns moctpoenus: monenu us (10) onpenensiercs
MUHUMaJIbHOE k, HauvHasg ¢ kK = 1, u uz (9) —
cTpoka (R« —Jy —J), 3aTEM Ha OCHOBE COOT-
HOLUEHU A1 cTpoK ®; u J; maTpul @ u J:

R*HO = (D17 (D[F = (D[-Jrl +J*1~H,
i=Lk-1,®,F=J,H,
noaydyeHHbIX U3 (3) u (8), ctpoutcs marpuua O,
Ha 4eM 3aKaHYMBAaeTCs IEePBbIA 3Tall.
g peanusanuu BTOPOTO 3Tama IpPeacTaBUM

cooTHolueHue (7) ¢ yueTom paBeHCTBa (1) = Hx(f)
B BUJIE

H ;x(t) = H ,®x(1) + QH(x(1),

OTKyHa cjlenyeT ypaBHEHUE

H;=H,®+0H, = (H, Q)(;’O], 1)

KOTOPOC MMCECT PCHICHUC, CCIIN

® (¥
rank(H ] =rank| H,
0 H.

J

BoinmonHenue ycinoBusa (12) o3HayaeT, YTO Ma-
Tpulia H; MOXeT ObITh BbIpaXeHa 4epe3 MaTpuily

12)

(@ Hy)", W mocTpoeHHas JWHEWHasT MOIeNIb
OyzeT OlleHMBATh 3aIaHHYI0 KOMIIOHEHTY z = H;x;
marpulibl H, n Q onpenensiorcs u3 ajaredopaunye-
ckoro ypaBHeHus (11). Ecau (12) He BbINOJIHSET-
cs, HY>XHO HaliTW Ipyroe pelleHue ypaBHeHUs (9)
MpU TpeXHel U YBEJIMUYEHHON pa3MepHOCTH K.

Ecin C. = ®C = 0, nckoMmast MozeJIb JIMHEHa;
U1 mpeoOpa3oBaHUsl €€ B HaOJIoAaTeNb MCXOAs
U3 TpeboOBaHUI K BMAY IEPEXOJHOTO Ipoliecca
3a/1a10TCSA COOCTBEHHBIE YUCTA A, ..., Ay, W DJI€-
MEHTBI MaTPUIIBI 00OpaTHOM CBSI3U K ONMpEeaesIoT-
Cs M3 U3BECTHHIX cooTHoeHui [10]:

K =—(Aj+hy+..+2y);
Ky =hhy + Az +.co+ A hpsenns
K, = (=D xny. 2.
IMpumem G« = ®G, Ha YeM 3aKaHUYMBACTCS MPO-

Leaypa IIOCTPOCHUS JIMHEMHOIO BUPTYaJbHOIO
matuyuka. Cayuait C« # 0 paccMaTpuBaeTCcs HUXKE.

Pemenne monenn Ha ocuose XKKOD

Ilo anamormm ¢ UKD pemenue 3amaumd Ha
ocHoBe XKK® ocymectBisieTcs B ABa 3Tama. Ha
MepBOM 3Talle CTPOUTCS JMHEHHAST MOACIb:

Xe(?) = Fox« (1) + J.y(2) + Geu(?). (13)

Hanee mpoBepsieTcst BO3MOXKHOCTb OLIEHKH TIepe-
MEHHOM Z(f) Ha OCHOBE 3TOH MOIEIU U BO3MOX-
HOCTb BBEIEHUS B Hee HEJIMHEMHOI COCTaBJISIOLLEH
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Ci¥(x+, y, u). YcTOYMBOCTDb HaOMIOMATENST 0becte-
YyKMBaeTCsl KAHOHMYECKOM (popMoit MaTpuubl F.

Takxe mo anamorum ¢ MK® maTpuisl, onu-
ceIBarome Moaeib (13), yIOBICTBOPSIIOT YpaBHE-
HUSIM

(DF:F*(DJFJ*H, G* :(DG

C yuetom XKK® (4) nepBoe ypaBHEHHE MOXET
OBITh MPEACTABJICHO B BUIE kK HE3aBUCUMBIX YpaB-
HEHUM:

®1F = 7\'1@1 +J*1H’ l = l,k,
KOTOPBLIC MOXHO MPUBECTU K BUAY

o

rae [, — eTMHUYHAs MaTpULa.

3anaBasi KOHKpeTHbIe 3HaueHus A; < 0, U3 ypas-
HeHus (14) ciaegyeT HaATM MUHUMAJbHOE YKCIO
CTPOK Marpuubl @ (a TakxXe CTPOK Js;), KOTOpbIE
YAOBJIETBOPSIOT ycsioBuio (12), 1 onpeaeauTb MaT-
puiel H, m Qu3 anredpanyeckoro ypapaenus (11) u
G. — u3 cooTHoueHusa (8). B mpenmonoxeHuu,
yto C. = ®C = 0, mocTpoeHue HabOmomaTeass Ha
5ToM 3akaHuuBaetcs. Cnyvait C. = 0 paccMaTpu-
BaeTCs HUXe.

3ameuanue 3. Marpuupl R« 1 H+« B cuHTe3¢ Ha-
OsromaTesns mpeajiaracMblM METOAOM HE yYacTBYIOT,
MOCKOJIbKY B IIEPBOM METOME OHU MCIIOJb30BAIUCh
JJ1S1 BBeEHUS 0OpaTHOM CBS3U B LieJIsIX obecreue-
HUSI YCTOMYMBOCTU HaOMIOAATeNsi, KOTopas B JIU-
HEMHOM cjyyae MpsIMO cleayeT M3 KOpAaHOBOM
¢opmbl Mmatpuubl F.. OTCyTCTBUE HEOOXOOAUMMOCTH
OLICHMBATh MEPEMEHHYIO y«(f) TO3BOJISIET B psle
cJy4yaeB YMEHBLIUTh Pa3MEPHOCTh HaOJI0aaTes.

Henuneiinbiii cayvai

IIpenmnonaraercsa, uto C: = 0. B 3TOoM ciyyae
COOTHOLIEHUST (8) MOTOJHSIOTCSI paBEeHCTBAMU

C:=oCmu
A’:A*(CDJ.
H

Marpuia A’ cOCTOUT U3 TeX CTPOK MATPULIBI A,
HOMEDA ji, jy, .., J; KOTOPBIX COBMAAAIOT C HOMEpPaMU
HeHYJieBbIX cTONO1OB npousBeaeHus ®C. CooTHO-
wieHue (15) cripaBeaIMBO TOTAA, KOT/AA BbITIOTHSIET-
Cs1 PAaHTOBOE PABEHCTBO

(15)

Hns npoBepkKH BO3MOXHOCTHU MpeoOpa3oBaHU S
MMOCTPOEHHOW JIMHEMHOU MOIIEJIU B HEJIWHEUHYIO
paccuntbeiBaetcst Mmatpuna C. = OC, onpeaensoT-
¢4 HOMeEpa jy, jo, ..., j; HEHYJIEBBIX €€ CTOJIOLIOB U IO
OIMCAaHHOMY BBIIIIE IIPABUITY CTPOUTCS MaTpuiia A'.
Hanee mipoBepsieTcst ycinoBue (16) m mpu ero BbI-
MOJIHEHU UM CTPOUTCS HeJIMHENHHAas COCTaBSIOLIAS:

¢jl (A*jl ();j J s U)

lP”‘(-X:”‘ﬁy,l’[): 5
X
(I)jd (A*jd [y )’ u)

rme MaTPUIBI-CTPOKHU A s A jpsee

JISIIOTCS U3 JIMHEMHBIX YPAaBHECHUI

)

Ecnu ycnoBue (16) He BbITIONHSIETCS, HYX-
HO HAWTWM Apyroe pelleHue ypaBHeHusa (9) mpu
MpeXHEe WKW YBEIMYEHHOM pa3sMepHOCTH k (mjs
NK®-peanusauun) Uid HAUTU Opyroe pelicHue
ypaBHeHust (14) (mnss KKD-peanuzaumm). Ha
9TOM 3aKaHUMBAETCS IIPOLeAypa IOCTPOSHUS He-
JINHEWHOM MOJIEJH.

AHanu3 yCTOMYMBOCTU U €€ obecreueHue (mpu
HEOOXOOUMOCTH) IJIsI HEIMHEHHOro HaOMoaaTes
MOXET OBITh ITPOBENEHO METOAAMHM, OIMMCAHHBIMU
B pabotax [13—15].

. A*jd onpene-

J=JisJa-

IIpumep

PaccmoTpum cuctemy yrpaBaeHMsI

X1 (1) = u (1)/9, _blm;
%5(1) = (1)) 95 + by, (1) = (1) -
= by\Jx, (1) — x3(2);

X5(f) = b2\/x2(t) - x3(1) —b3\/x3(t) - 933
n1(t) = x,(1);  ya(t) = x5(2).

VYpaBHeHusa (17) omuchIBaIOT TaK Ha3bIBAEMYIO
TPEXTaHKOBYIO cucteMy (puc. 1), cocTosiiyio U3
TpeX pe3epByapoB, COCOIUHEHHBIX MEXIY Cco0o0il
Tpybamu. ZKMIKOCTb MOCTYIAeT B MEPBBI 1 BTOPOM
TaHKM M BBUIMBAETCS U3 TPEThEro TaHKA. YPOBHU
>KMIKOCTH B TaHKax 0003HaueHBbI X|(7), X,(f) U x3(9);
MPENNOaaraeTcs, 4to x;(f) = x,(¢) > x;(f) npu Bcex
120;9, 9,9, b, by u b3 — K0O3OPULUEHTHI, 3HA-
YeHUSI KOTOPBIX OMNPEIESIOTCS TeOMETPUYCCKUMU

a17)

()
DY) pasMepaMu cucTeMbl. JIIsl MPOCTOTHI MpPUMEM
rank(HJ =rank| H |. (16) 9 =9, =1,9,=0,b =bh=by= L.
Al
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UL

Puc. 1. TpexTankoBas cucrema
Fig. 1. Tree-tank system

[Ipennonaraercs, 4To OTKa3aja TEpPBbINA JaTYUK,
U3MEPSIIOLINI TIEPEMEHHYIO X,(f), TTOSTOMY MPUMEM
H,= (0 1 0) u nocTpOMM COOTBETCTBYIOIIUI BUP-
TyaslbHbIN Jatauk ¢ Hy = (0 0 1), y,(®) = y,(?). Ilo-
cKonbKy ypaBHeHUs (17) comepKaT TOJIbKO HEeJTMHEeM-
HbIe WieHbl, 111 Hux F = 0, u pelleHune 3a1a41 Omu-
CaHHBIM METOMOM HEBO3MOXHO. I ycTpaHEeHUS
3TOrO HemocTaTka, cormacHo JIJI momxomy, moGaBum
B MIEPBOE YpaBHEHUE (POPMATTBHBIN YJieH —(x; — X,) +
+ (X, — X,), TIEPBbIA JMEMEHT KOTOPOTO0 OTHECEM
K JIMHEWMHOM YacTh, BTOPOM — K HETMHEUHON. AHa-
JIOTUYHO BO BTOPOE ypaBHEHME JOOABUM BbIpaXkeHUE
Xp — Xy — (6 — X3) — (X — Xy — (X ~ X3)), BTpeThe —
() = x3 — x3) — (X, — X3 — x3). B pe3ynsrare noayyum
CJIEAYIOIIEE OIUCAHUE CUCTEMBI;

-1 1 0 10
F=|1 =2 1[G=|0 1;H:(g (1) (1)]
0 1 -2 00
1 00 ~JAx + Ax
C=[-1 1 0[;¥(xu)=|—Ax+Ax|;
0 -1 1 —\/@+A3x
A =0 -1 0);4,=0 1 -1); 4, =0 0 1).

HerpynHo mpoBeputh, uto UKD He maeT pe-
LIEHUs MOCTaBJAEHHOM 3aJa4yM, TOCKOJIbKY HE BbI-
noaHseTcsa yciaosue (12), MosTOMy MCHOJb3yeM
XKKO®. Ypasuenue (14) nppHUMaET BUI

-1-%; 1 0
1 -2-; 1
(@, -J)| O 1 -2-%; |=0.
0 0 1
0 1 0
[Mpumem A; = —1 u nonyyum @, = (1 0 0),

Jiy =0 1). Cxy = —2 nonyvaem @, = (1 —1 0),
Jiy = (—1 1), uTo maer
G. - 1 0 C. - 1 0 0
1 -1 2

| 0)5 j]:1:j2:2'

[Tposepka ycioBus (12) mokaspiBaeT, YTO OHO
BBITIOTHSIETCS, pelieHue ypaBHeHus (11) ummeer
Bupg H, = (1 —1), 0= 0, T. €. 2= X+ = Xy

JInneiiHast MOJeIb OTTMCHIBACTCSI ypAaBHEHUSIMU

Xuy (1) = =21 (£) + 2(0) + Uy (£) = =Xy (F) + 11 (2);
Xy (1) = =2Xup (1) + 2(2) — Yo (1) + uy (1) — uy () =
= =3Xep (1) + X (1) = Yo (O) + 1y (1) — uy (7).

IMposepka ycmoBust (16) TokasbpIBacT, YTO OHO
BBITIOJIHSIETCSI, pelieHrue ypaBHeHus (15) umeeT Bua

Ay=(0 10 0),4,=(1 -1 -1 0).

Henuneitnasa
BbIpaKeHUEM

cocraBidroniasds OIIMCBIBACTCA

C¥ (x4, p,u) =
g+ %o )
[—2(—\/5 +Xip) = (—\/m X = Xag = JQ)] )
—\JXsy + Xiy ]

B [—Z,Ix*z FXe] = Xsg — Yy —Xe +3Xsy + 1y

HobaBnsas ee K JTUMHEHHON MoAeau U Mpeodpa-
3ys, B pe3yjabTare Mojydaem

Xy (1) = =Xy (1) + 1y (1)
X*2(t) = —2 X*z(t) +
11 () = 20y (0) = 35 (1) + 1y (1) =~y (0);
Z(t) = X*l(t) - X*z(t)

(18)

Ha puc. 2 mpexncraBieHbl pe3yJbTaTbl MOJE-
JupoBaHus cuctembl (17) u HaOmomatens (18) c
u(r) = 0,5, u,(r) = 0,2 1 HaYaJTbHBIMU COCTOSIHU-
amu x(0) =G 3 D" x(0) =1 4)". Herpyauo
BUJETh, UTO NEPEMEHHAS Z(f) CXOAUTCH K X5 (7).

Puc. 2. I'padukn dynkuuii x,(7) u z(7)
Fig. 2. Graphs of the functions x,(7) and z(7)
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3akJoueHue

B cratbe AnsT TEXHWYECKUX CHUCTEM, OITMCHI-
BaeMbIX HEJIMHEWHBLIMU MOMACISAMU, IIPEIIOXKEH
METOI TMOCTPOEHMUSI BUPTYaJbHBIX JaTUMKOB,
npeaHa3HauYeHHBIX IJISI 3aMEeHBl OTKa3aBIIUX (hU-
3MYeCKUX JaTyukoB. Ha ocHOBe nIBYyX KaHOHMYE-
ckux popM — MAeHTU(PUKALMOHHON U XXOpAaHO-
BOIl — MOJIy4eHBl COOTHOIICHUS, TO3BOJISIONINE
MOCTPOUTH BUPTYAJIbHBIN HATUMK MUHUMAaJIbHON
Pa3MEpHOCTH, 3aMEHSIOLIMI OTKA3aBIINI JaTYUK
¥ WUCIIOJB3YIOIINI MOKa3aHUS UCIIPaBHBIX (PpU3U-
yecKuX AaTYukoB. CUHTE3UpPOBAaHHBIC BUPTYallb-
HBIC JaTYMKHU JAaI0T BO3MOXHOCTH CHUCTEME IIPO-
JNOJIKUTh BBHIMOJHEHME pellacMOi 3amauyu Jaxke
MIpU OTKa3ax ee GU3NIEeCKMX TaTIYNKOB.
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The paper considers the problem of virtual sensor design for nonlinear dynamic systems with non-smooth nonlinearities
described by continuous-time models for faulty physical sensor replacement. The main purpose of virtual sensors is generating
the estimates of the unmeasured components of the considered system to provide additional information for effective control
and fault diagnosis. Besides, virtual sensors can be used for faulty physical sensor replacement. The methods of virtual sensor
design for solving this problem differ from standard procedure since information from faulty physical sensor does not use to
design the virtual sensor replacing this sensor. It is assumed that to solve the problem, the system is equipped by diagnostic
system allowing detecting faulty sensor. For every such a sensor, the virtual sensor generating estimate replacing the faulty sen-
sor is designed. To solve the problem, so-called logic-dynamic approach is used which does not guarantee optimal solution but
uses only methods of linear algebra to solve the problem for systems with non-smooth nonlinearities. This approach contains
three steps. Initially, the nonlinear term is removed from system and linear model is designed. Then, a possibility to estimate
the faulty sensor and to insert in the model the transformed nonlinear term is checked. Finally, stability of sensor is provided.
The virtual sensor can be designed in identification canonical form or Jordan canonical form. The advantage of the first form
is a standard procedure of the virtual sensor design while Jordan form allows obtaining simpler solution. The relations allowing
designing the virtual sensor as in identification canonical as Jordan canonical form are derived.

Keywords: dynamic systems, continuous time models, non-smooth nonlinearities, physical sensors, virtual sensors,

canonical forms
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Grasping of Unknown Objects with an Autonomous Manipulator:
State of the Art, Problems and Prospects

Abstract

To fulfill the practical needs of modern robotics, it is necessary to develop approaches for grasping unknown objects, since in the real world
the robot faces a large variety of them. Approaches that imply the availability of complete information about the objects of the working area
(3D model, weight and size characteristics) are not practical and can only be used in controlled conditions, such as working on a conveyor with
standard details. Therefore, the scientific community and a number of industries are interested in research methods that increase the robot’s
ability to adapt to new, unfamiliar conditions. This article presents main problems and research directions in the field of visual scene perception
and grasping unknown objects by a manipulative robot. We discuss the differences in existing approaches according to various criteria, as well
as advantages and disadvantages of existing solutions. The article may be useful to get acquainted with the subject area.

Keywords: unknown objects grasping, collision avoidance, manipulative robot, machine learning, grasping objects of static scene,
unknown objects perception
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3axBaT HEU3BECTHbIX O0OBLEKTOB C NOMOLLbLI aBTOHOMHOIO MaHUNnynsaTopa.
coBpeMeHHOe COCTOosiHune, npo6neMb| N nepcneKkTmBbl

Jlas evlnoaneHus npaKkmu4ecKux 3a0a4, CMoswux neped co8pemeHHou pobomomexHuKoi, mpedyemcs pazpabomxa nooxodos
K 3axeamy He3HAKOMbIX 005eKm0o8, NOCKOAbKY 8 YCAOBUAX PeANbHO20 MUpa pobom cmaikueaemcs ¢ 60AbWUM UX pa3H006pasuem.
Ilodxodst, nodpasymegaiowjue Hasuuue noaHolu un@opmayuu 06 obsexmax pabouei obaacmu (3D-modeas, maccoeabapumuoie
xapakmepucmuku), He NPAKMUYHbL U MOCYM OblMb UCNOAb308AHBI MOABKO 8 KOHMPOAUPYEMbIX YCA0BUAX, MAKUX KAK paboma Ha
Koueeliepe ¢ munogvimu demanamu. Illosmomy Hayunoe coobusecmeo u psao ompacaeil NPOMbIUAEHHOCMU 3AUHMEPECcO8AaHbl @ UC-
€1€008aHUU Mem0008, NOBLIUAIOWUX CROCOOHOCMb POOOMAa A0AnMuUPO8amsvCsa K HOGbIM, HE3HAKOMbIM YCA0GUSM.

B dannoui cmamve npugooumcsi no06OPKa OCHOBHbIX HANPAGAEHUU @ 3a0a4ax 6U3YaabHO20 AHAAU3A CUEeHbl U 3aX8ama Heus-
BeCMHbIX 006€KM06 MAHUNYAAUYUOHHBIM pobomom. Paccmompenvl omauuus cywecmeyowux nooxo008 no pazAuvHuiM Kpumepusm,
npeumyuecmea u Hedocmamiu umerowuxcs peuwienuii. Cmamovs Modcem Gbime NOAE3HA 0451 03HAKOMACHUS ¢ NPeOMemHOU 004acmbio.

Karouesoie caoea: 3axeam nesnakomoix 00sekmos, uzbeeanue cmoiKHO6eHUN, MAHURYAAYUOHHbLI poOOM, MAUWUHHOe 00-
yuenue, 3axeam 006eKmMo6 CMamu4eckoll Clerbsl, 60CNPUAMUE HE3HAKOMbIX 006eKmoe

Introduction robots. There are a large number of works devoted

to this problem in the scientific literature, but the
problem of grasping unknown objects in heavily

Grasping various objects is an integral part of
applied tasks for industrial and service manipulative
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cluttered scenes with a success
rate close to 100 % has not been
solved yet.

The task of grasping objects of

The task of grasping unknown
objects in a static scene

unknown shape by a manipulative

v

Y ¢

robot can be considered in the
form of several subtasks (Fig. 1):

Scene perception

Finding the target position of Manipulative robot
the gripper motion planning

the task of perceiving the scene,
implying receiving data from the
onboard sensor subsystem, pro-

- Processing of sensor data
- Building a scene representation
- Segmentation of object instances

- Synthesis of a sample of
potential grasps

- Evaluation of the sample
according to quality criteria
and selection

Planning robot motion to a
grasping configuration with
collision avoidance

>

cessing and analyzing this data; !
the task of synthesizing the op-
timal grasping configuration and
the task of planning movement to the grasping con-
figuration with collision avoidance.

The main difficulties in the grasping task are
such aspects as: clutteriness of the scene, compli-
cating perception due to overlaps between objects;
imperfection of the onboard sensor subsystem, lea-
ding to noisy and distorted measurements; the pre-
sence of objects of unknown shape on the scene;
the need of grasping in real time, imposing a strict
limitation of search algorithms.

The ability of the manipulative robot to grasp
objects regardless of their visual and physical pro-
perties, such as shape, color, texture, as well as in
conditions of severe clutter and changing lighting
opens up wide opportunities for such applied tasks
as cleaning [1], sorting [2, 3], working in warehous-
es [4] and emergency rescue operations [5].

The task of perceiving a static scene

Obtaining scene representation. At the stage of
scene perception, a generalized representation of
the working environment of the manipulative robot
is formed, which will then serve as the basis for
the methods of grasp synthesis. Usually, an RGBD-
camera or a depth-camera is used at this stage. The
use of an RGBD image is preferable to the use of an
RGB image, since it contains more information and
serves as a source of features allocated by the neural
network model. In existing studies, different tactics
are used to obtain initial data:

e obtaining an RGBD image or a depth image from
one camera position (Fig. 2, a, see the second side
of the cover). In this case, the camera position is
fixed on the end link of the robot [6, 7] or above
the stage [8—12]. Approaches involving a fixed
camera position are applicable in controlled envi-
ronments and have the advantage that the robot
does not spend time moving the camera over the
scene to scan before grasping the object;

Fig. 1. Decomposition of the problem of capturing unknown objects of a static scene

* merging of individual RGBD or depth images into
a single point cloud of the scene. In this case, the
manipulative robot moves the camera in several
positions, set, for example, by spherical coordi-
nates, while taking pictures of the scene [13];

e continuous integration of RGBD or depth im-
ages into a point cloud while following the scan-
ning trajectory [13, 14].

In [14], point cloud building strategies are classified
into an active — movement of a wrist-mounted camera
along a complex trajectory with a constant direction
to the center of the scene, and a passive — merging
of images from two cameras with known positions
mounted on the robot body. Thus, moving along the
scanning trajectory allows to get significantly more
information, while with a passive strategy, part of the
scene is not perceived. Exploratory movements of the
robot in order to obtain depth images from different
camera positions, for building a more detailed point
cloud, may not be possible if the robot works in a
limited space, since cluttered scenes significantly limit
the robot’s working area [15].

The possibility of using depth images in grasp
synthesis methods is also due to the fact that a
training sample with realistic images can be ob-
tained by means of virtual modeling. At the same
time, a neural network model trained on an artifi-
cially created training set can be applied in the real
world without additional model changes [7, 13]. In
addition to point clouds, during the operation of
the grasp synthesis method, a representation of the
scene in the form of a voxel grid can be used to eval-
uate the collision of the gripper with scene objects
[6] and a truncated signed distance field (TSDF)
representation as input data of a neural network [13]
(Fig. 2, b, see the second side of the cover).

In the template library-based approach [17], a
convex hull consisting of polygons is constructed
around an object previously segmented on the plane
of the table. Vectors of normals to the centers of
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polygons of the resulting shell are used to create a
discrete sample of potential positions of the gripper.
A similar approach can be found in [18], where a
limiting 3D bounding box is used, the selection of
points in the faces of which allows to get a set of
potential positions of the gripper. Thus, the repre-
sentation of scene objects in the form of polygonal
surfaces is applicable.

Scene segmentation. An important role for the
application of grasp synthesis methods in practice is
played by their ability to segment a set of objects of a
complex static scene into separate instances. Classi-
cal computer vision algorithms such as morphological
operations, Canny boundary detector, superpixel ex-
traction [19], watershed algorithm, etc. are applicable
only as an intermediate stage of image processing,
since they can lead to over-segmentation [8] and are
able to provide information about object instances
only in the simplest or controlled cases. Therefore,
the most qualitative solution to the problem of seg-
mentation of unfamiliar objects is performed using
neural network technologies [20—24].

Segmentation of scene instances avoids the situ-
ation when the robot cannot determine the bounda-
ries of objects and grasps two objects simultaneously
[14]. At the same time, such a disadvantage is insig-
nificant if the applied task is to remove all objects
from the scene. It is worth noting that in unde-
manding tasks, many grasp generation methods re-
sort to selecting a flat surface using the RANSAC
model parameter estimation algorithm and thus
obtain information about point clouds of loosely
spaced objects or a single scene object [15].

Existing methods for image segmentation based
on machine learning show good results. In [20], the
modified architecture of the Mask R-CNN neural
network is investigated for segmentation of objects
without defining their category. Authors of
[21] explore segmentation using a feature &
map obtaining via neural network. Clus-
ters of points with the same features are
considered as one object, and thus segmen-

of objects invisible on the frame (Fig. 3, b, see the
second side of the cover).

The neural network architecture PointNet [24]
and its improved version PointNet++ [25] allow
to extract features directly from three-dimensional
data, such as point clouds. This architecture was
originally developed for use in classification and
segmentation tasks, so it is being used in recent
studies to extract the properties of the original point
cloud and generate a set of potential grasps.

Types of static scenes. A number of studies consid-
ers two types of cluttered scenes that affect the dis-
tribution of potential grasps. In the works [6, 9, 13],
cluttered scenes with a random arrangement of objects
and scenes consisting of objects arranged in order are
considered (Fig. 4).

A feature of scenes with randomly arranged ob-
jects is the random position and orientation of all
objects. An example of such scenes in the real world
can be a blockage, a set of unsorted objects. In this
kind of scenes, the potential poses of the gripper
are oriented mostly vertically. Cluttered scenes with
an ordered arrangement of objects contain objects
stably located on the surface. An example of such
a scene is a set of tightly arranged objects on a
shelf. In this kind of scene, the potential poses of
the gripper can be distributed both vertically and
horizontally. In scenes with an ordered arrangement
of objects, an unintentional collision of a gripper
with an object leads to much more noticeable con-
sequences than in random scenes: an object stan-
ding vertically can fall, touch other objects, greatly
changing the scene. In applied tasks, this may be
extremely undesirable [6]. Thus, an important role
in evaluating the effectiveness of the method is as-
sociated with its verification on both types of scenes
reflecting real-world conditions.

tation of instances of unknown objects is
carried out (Fig. 3, a, see the second side
of the cover). An approach presented in
[22] uses a two-stage process with two au-
toencoders for regression and refinement
of segments of unknown objects. In [23]
the authors use the hierarchical structure
of the neural network to perform segmen-
tation of the scene and receive informa- |
tion not only about visible segments, but
also about the expected segments of parts

Fig. 4. Static scenes [13]:
a — with arandom objects arrangement; b — with an ordered objects arrangement
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Table 1

Comparison of approaches to scene perception in existing studies

Parameter Realization

Sensor type RGBD-camera Depth-camera
[617SIOILI0N11[14][16] [12]013][17]

Sensor location Fixed statically Fixed on the robot link
[81[91[10][11][12][16][17] [61171[13][14]

Scene representation One-position image Merging images from multiple positions

obtaining strategy [6]171(81[9110][11][12][16][17] [13][14]

Scene representation Point cloud Voxelized TSDF N-channel image Polygonal

[61171181[91[12][14][16] [6] [13] [10][11] [17]
Segmentation method Classical methods of image processing Clustering Neural networks
(if applied) 8] [71116][17] [6]191[10]

Summarizing the analysis of existing approaches
to the perception of the scene, we can group them
into Table 1.

Manipulative robot motion planning task

The task of grasping in number of studies is con-
sidered as the task of synthesizing such a position of
the gripper that would allow the manipulative robot
to reliably grasp the object, avoiding collisions with
other objects of the scene [6, 7, 9, 13, 15, 26]. Thus,
the grasping-based task of cleaning the workspace
from objects [10] implies the sequential removal of
objects from the workspace, simulating the applied
tasks of analyzing the blockage and cleaning the
room. The scientific literature presents many ap-
proaches that solve this problem, which differ in the
complexity of implementation; the necessary equip-
ment for scene perception and data processing;
computational complexity. They will be discussed
in more detail.

Formalized description of the position and orien-
tation of the gripper. A formalized description of the
position and orientation of the gripper plays an im-
portant role for the effectiveness of the grasp synthe-
sis methods. Usually, when synthesizing the grasping
configurations of a manipulative robot, 2 ways of
representing the pose of the gripper are considered,
differing in the number of degrees of freedom:

1) representation of a pose with 3 degrees of
freedom [11, 27—29]. In this case, the pose of the
gripper is described by 3 independent parameters
relative to the image plane: (x, y, 0), where (x, y) are
the coordinates of the center of the gripper device
in the image, 0 is the angle of rotation of the grip-

per relative to the horizontal axis. The magnitude
and direction of the longitudinal displacement of
the gripper is determined from the coordinates of
the grasping center point in the image and the nor-
mal vector to the surface at this point [11]. The use
of such a representation greatly limits the variety of
grasps considered by those whose approach direc-
tion is perpendicular to the image plane. As a result,
grasping an object may be kinematically impossible;

2) pose representation with 6 degrees of freedom
[6, 7, 9]. In this case, the pose of the gripper is de-
fined by 6 independent parameters: (x, y, z, o, B, 7),
where (o, B, y) are 3 Euler angles and (x, y, 2)
are 3 projections of the translation vector. The ad-
vantage in such approaches is the ability to grasp
objects from any side. The disadvantage is the fact
that position regression in three-dimensional Eu-
clidean space is more complicated than regression
in two-dimensional space [9];

3) apart from the above mentioned parametri-
zation methods extended approach is used for the
case of a multifingered grippers. Depending on the
complexity of the gripper kinematics, a bigger num-
ber of parameters is required to describe its pose
and orientation [26]. Nonetheless many researchers
simplify the pose estimation task and reduce the
optimization problem to 3 or 6 parameters.

In [9], the authors rely on the observation that
in most cases one of the contact points of a paral-
lel gripper with an object lies on the visible part of
the surface. This observation allowed them to use
the dimension of the representation of the gripper
equal to 4 in order to optimize regression. Thus, the
learning process of the neural network was facili-
tated and, moreover, the accuracy of estimating the
position of the gripper increased.
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Target object awareness for the grasping algo-
rithm. In addition to the grasp representation, the
existing approaches for the presence of the target
object of manipulation can be classified into the
following:

1) approaches using only an array of source data
without selection of a target object [12—14]. Accor-
ding to these approaches, collision avoidance grasps
are synthesized for the entire scene as a whole,
without dividing it into separate objects. This can
lead to the grasping of two objects at the same time,
since there is no functional for their differentiation
(Fig. 5, a, see the second side of the cover). This
type of approach can be used in applied tasks that
do not require the grasping of the target object. The
advantage of these methods is a simplified interpre-
tation of the grasping task and less complexity due
to skipping the segmentation step;

2) target oriented approaches — in this group
of approaches, there is a matching between syn-
thesized grasps and specific target objects [6, 7, 30]
(Fig. 5, b, see the second side of the cover). Target
oriented approaches have an advantage over ap-
proaches without specifying a target object, since
they are more applicable in practical usage.

Grasp planning based on pattern matching. Ap-
proaches involving the use of known objects present
in the robot’s workspace, such as [31, 32], are not
always compatible with the requirement to work in
uncontrolled working environments. However, due
to the availability of this information, broad gener-
alizing abilities are not required from the percep-
tion system, as a result of which such approaches
benefit in speed and quality of grasping. In the real
world, a manipulative robot can encounter a large
number of objects of different categories and with
different physical parameters, such as shape, weight
and texture, so one way to generalize information is
to use a template library.

In [17], the authors present an algorithm for
grasping unknown objects based on matching with
a template library. The authors rely on the hypothe-
sis that objects similar in shape can be grasped in a
same way. Initially, the database with templates is
filled by kinesthetic training of the robot on some
training sample. The templates selected using the
descriptor developed by the authors are then com-
pared with the data from the depth camera during
the robot’s operation and, in case of successful mat-
ching, grasps from the library are used. During the
operation of the algorithm, the library increases its
efficiency due to feedback. During the experimental
evaluation of the algorithm, it showed from 62 to

87 % success rate of grasps. The calculation of the
ranked list of grasps for the on-board computer of
the robot PR2 took from 5 to 30 seconds. The ad-
vantage of the algorithm is the use of descriptors to
generalize templates to different objects.

The category of approaches involving object
models includes methods related to the use of a
family of superquadrics. So, in [16], the selected
and processed point cloud of the object is approxi-
mated and replaced by a superquadric in order to
then search for the position of the gripper. The ad-
vantage of superquadrics is the possibility of defi-
ning them by 11 parameters and the simplicity of
obtaining a point cloud of a superquadric. In order
to ensure the reliability of the grasp, the criteria of
the distance to the centroid of the superquadric and
the curvature of the contact areas are used.

In addition to explicitly specifying models of
workspace objects, there are studies aimed at recon-
structing the shape of an incomplete point cloud. In
this way, in [33], the shape of an object is recon-
structed using a random forest model along a part
of the surface. However, since the reconstruction
process is computationally expensive, the most ef-
fective approaches use machine learning to output
grasps in one pass of a network, in the hidden space
of which possible grasps are mapped to an incom-
plete cloud of object points.

Grasp planning using machine learning. The
most advanced results in the grasping task are
achieved by using machine learning [6, 7, 9, 10—13,
27, 28, 34], because neural networks are a powerful
tool for extracting features from input data. Most
training-based approaches use an artificially created
sample of training data and are thus transferred to
real-world conditions without changes. When using
machine learning in the task of grasping unknown
objects, 3 types of approaches are used:

e reinforcement learning, where the robot inter-
acts with the environment, receiving responses
[35, 36]. The disadvantage of this approach is
the impossibility of its fast deployment in a new
environment;

e supervised learning with an annotated training
data [6, 7, 13]. To create a training data, most
methods of grasp synthesis involve modeling
complexes;

e forming of a motion plan based on maximizing
the objective function. This approach can use
evolutionary algorithms [37], decision trees [38].
Approaches based on reinforcement learning

[35, 36] consider the grasping task as learning a

sequence of actions, as a result of which the target
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object will be grasped. To do this, it may be nec-

essary to remove or move the blocking object, so

2 possible actions are considered in the process of

completing the task:

* grasping — positioning the gripper near the tar-
get object in order to grasp it;

e pushing — shifting of an object in order to pro-
vide free space near another object.

Methods generating an initial sample of grasps
based on the assessment of surface normals do not
cope with objects containing thin parts and incom-
plete point clouds [14]. Neural network approaches
are devoid of this disadvantage usually. However, in [9]
it is noted that in existing approaches using com-
plex algorithms consisting of several stages, there
are disadvantages, expressed in the presence of se-
veral potential points of failure and in a relatively
long execution time, which does not allow working
in real time. Thus, such software-algorithmic com-
plexes that use the smallest number of components
are more preferable. So, in [9], a regression of a set
of 4 parameters describing the pose of the grip-
per is carried out based on a cloud of scene points
obtained using an RGBD-camera. To do this, the
authors train a neural network with the PointNet++
architecture. The set of potential grasping configu-
rations generated by the neural network is analyzed,
and grasps with a high score are selected. The ad-
vantage of the method is that it does not require
precise segmentation of the target object, uses a re-
duced dimension of the output space and has a high
speed compared to other methods.

In practical applications robots often encounter
scenes consisting of several objects, so there is a
need to take into account possible undesirable col-
lisions. So, in [7], an autoencoder based on Point-
Net generates a set of grasps for an isolated object.

The authors solve the problem of collision avoi-
dance by evaluating grasps taking into account the
point cloud of the scene using a second autoenco-
der and using an algorithm for iterative refinement
of grasps. Iterative adjustment of the found grasps
plays an important role, since in some cases only a
small change in its position or orientation is neces-
sary to ensure the success of the grasp. Algorithms
that work with scenes containing several objects are
more applicable in practice [11], but at the same
time they need to avoid collisions.

In a special group, it is worth highlighting the
methods of grasp detection [6, 7, 13, 14, 30]. In this
group of approaches, the task of finding the target
poses of the gripper is considered similarly to the
problem of detection in computer vision. Most grasp
detection algorithms use some method to generate
potential grasps based on the scene representation
obtained at the perception stage. This generation of
a variety of grasps facilitates the search for kinemat-
ically feasible and high-quality grasps. Usually the
grasp detection algorithm consists of 2 main stages:
generating a sample of grasps; evaluating the gene-
rated grasps and selecting the optimal ones accor-
ding to one or more criteria (Fig. 6, see the second
side of the cover).

Summarizing the analysis of existing approaches
for grasping unknown objects, they can be grouped
into Table 2.

Motion planning with collision avoidance. Mo-
tion planning of a manipulative robot with obstacle
avoidance is crucial for ensuring the safe, efficient
and long-term operation of robotic systems. It is
also essential to avoid collisions with the surroun-
ding environment for maximization of grasping
success rate. There are several algorithms available
for this task, including:

Table 2

Existing approaches for grasping unknown objects

Parameter

Selection of target object Yes

Realization

No Single object

[61171191110][11][16] [30][31][35]

[81112][13][36] (171 [26]1271128][2911371138]

The method for finding Analytical

Neural networks

Templates library | Decision trees | Genetic algorithm

gripper pose [81[16][26][31]

(611711911101 [11][12][13][27][28]
[29] [30][35] [36]

[17] 138] [37]

Auxiliary actions Yes

No

[10][35][36]

[6I171I811[11][12][13][16][17][26][27][28][30][31][37][38]

Collision avoidance Yes

No

[61171181[91[101[11][12][13][26][35][36][38]

[16][1711271128][291[30][31][37]
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 artificial potential field algorithm (APF) — the
algorithm assigns attractive forces toward the
goal and repulsive forces from obstacles [39];

e rapidly exploring random tree (RRT) — where
the basic idea is exploring high-dimension space
in the form of the tree [40];

» genetic algorithm (GA) — the algorithm is able
to achieve target position without collisions and
singularity with specific objective functions [41].
It should also be noted that employing these

techniques requires either extensive equipment of

the manipulator with obstacle sensors, or applica-
tion of environment mapping algorithms, based on
video analysis.

Assessment of grasp synthesis algorithms

Algorithm efficiency criteria. Evaluating of effec-
tiveness of methods for the grasp synthesis plays impor-
tant role since it allows to judge how reliable potential
grasps are and how they are distributed. To evaluate
the performance of the method for the grasp synthesis,
various metrics can be used, including those based on
heuristics, but the most common are the following:

e success rate — the percentage of successful
grasps from the total number of grasps deter-
mined experimentally. In the case of grasping
unknown objects, this metric reflects the gene-
ralizing abilities of the system, as well as the
reliability of the generated grasps [7, 13];

e coverage — the proportion of coincidence of
synthesized grasps with ground truth grasps. The
high value of this metric reflects the fact that the
synthesized grasps are distributed in the same
way as the grasps of the training data, which,
usually, are arranged so that the object can be
grasped in different ways. Such a need arises in
highly cluttered scenes, where several alternative
ways of accessing the object are required [7, 13];

e recall at high precision — a metric introduced in
[14] that evaluates coverage at a certain threshold
value of the acceptability of the grasp classifier.
This metric can be used in grasp detection me-
thods, where a set of grasps is first synthesized,
which is then evaluated using a classifier;

e planning time — the time between getting a view
of the scene and getting a list of feasible grasps [13].
It is worth noting that the key feature of recall at

high precision is that it evaluates the grasp detec-

tion system as a whole — simultaneously reflecting
both the quality of the grasp synthesis subsystem
and the accuracy of the classifier.

Quality criteria for evaluating synthesized po-
tential gripper poses. For the selection of execu-
table grasps, their ranking is required in accor-
dance with robustness. The paper [42] provides
methods for calculating criteria that determine
the qualitative indicator of potential grasp. The
authors identify several groups of analytical crite-
ria based on:

e algebraic properties of the grasping matrix —
the analysis of the grasping matrix, that is, the
matrix connecting the contact forces acting on
the object from the gripper with the general ef-
fect of fingers on the object, allows to assess the
possibility of this grasping configuration to resist
external disturbances;

e geometric properties of the grasp — when calcu-
lating these criteria, the geometric relationships
between the contact points are taken into ac-
count. Thus, the degree of stability of the grasp is
reflected, i.e. its ability to resist contact slippage;

» contact forces limitations — this set of criteria
reflects the ability of the grasp to resist distur-
bing influences, taking into account the limita-
tions of the forces applied to the object of ma-
nipulation by the gripper fingers;

e gripper configuration — this set of criteria is
calculated based on the Jacobi grasping matrix,
i.e. the matrix linking the gripper space and the
manipulation object space. Thus, the degree of
closeness of the gripper to the singular configu-
ration is estimated.

The paper notes that the grasp assessment should
be carried out in accordance with several criteria
included in the overall assessment with weighting
coefficients.

The ability of the grasp to resist disturbances and
immobilize the object is determined by the proper-
ties of form closure and force closure [43]. The
property of form closure is provided by the arrange-
ment of contact areas in such a way as to restrict
the movement of the object in space. The force clo-
sure reflects the ability of the forces applied to the
object of manipulation by the fingers of the gripper
to resist slipping and movement of the object. In
the study [14], the search for antipodal frictionless
graspsl, is carried out, since with a non-zero coef-
ficient of friction they are grips closed in force.

lAntipodal frictionless grasp is a grasp in which the vectors
of the normal to the contact points are directed opposite to the
direction of movement of the corresponding griper fingers and are
colinear [44].

MexaTpoHnKa, aBTOMaTH3ausd, ynpasienue, Tom 24, Ne 10, 2023

539



Conclusion

It can be concluded that the problem of grasping
arbitrary objects by a manipulative robot is rele-
vant and is currently widely discussed in the scien-
tific community. Of great interest are the methods
of detecting potential gripper poses and synthesis
of grasping movements presented in recent studies,
which allow for reliable grasp of an arbitrary object
with obstacle avoidance. These methods are mainly
based on the use of machine learning. However, to
date, a sufficiently universal and reliable method has
not been developed yet, the effectiveness of which
would be comparable to the grasps performed by a
person.

The most applicable and universal method in
practice seems to be one that would provide a short
solution output time, separation of the initial repre-
sentation of a static scene into object instances with
matching grasps to each object, as well as collision
avoidance. Despite the fact that usually in recent
works one of the possible strategies for constructing
a point cloud is used, the possibility of using both
passive and active point cloud construction strat-
egy, depending on the limitations of the workspace,
would be an advantage.
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MHTepaKTMBHbLIN YeTBEpPOHOIrMn poboT Knacca ¢genuaos
c 6110KOM HEMPOHHOWU OOpaboTKn*

Paccmampusaemces akmyanvnasn 3adaua pazpabomiu OUOHUYECKUX pOOOMO8, 8 YACMHOCMU POOOMOE HA Yemblpex HO2aXx.
Ilpeumywecmeamu maxozo Kaacca pobomoe s64A5emcs CHOCOOHOCMb K Neped8UICeHUI0 N0 HePOGHOU MeCMHOCMU, OCYUech -
8/€HUI0 PA36e0bl6amMeNbHOl, CNACAmMeAbHOU U OpYy2oll ONACHOU pabombl, NPU BbINOAHEHUU KOMOPOU OHU MO2AU Obl 3aMeHUMb
yenoseka. Ilpuseden 0630p cywecmeyouux Hauboree U38eCMHbIX U QYHKUUOHAAbHbIX OUOHUUECKUX POOOMOE HA 4emblpex
HO2ax, ONUCAHbL UX CUAbHbIE U cAa0ble CMOPOHbL, 0CO0eHHOCMU 08UMNCeHUs U npumeHerus. Boidesena ocnosnas npobaemamu-
Ka 6 pazpabomike makux ycmpoucme u cucmem ynpaseieHus umu. B kauecmee o6sexma OUOHUKU uccaedyemcs peaiu3ayus
cucmembl YNPAGACHUS CKEACMHbIMU CIMPYKMYPAMU CeMelicmea MAeKOnUmanuux Kouwauvu (uiu geaudst). Ilpueooumcs umn-
gopmayus 0 npoeedeHHOl HAYHHO-UCCAe008aMENbCKOL pabome U ONbIMHO-KOHCMPYKMOPCKOU pa3pabomike uHmepaKmugHo20
buoHuueckoeo poboma Kaacca geaudos. Paccmompenvr ocobennocmu annapamuoll U npoepammHol peaiuzayuu poboma, npu-
6edenbl cxemamuuHble U pedibHble U300padceHus KoHcmpykuyuu. [n1aenoi omauuumensrol 0co0eHHOCMbIO pa3pabomanHo20
poboma s6asemcs Haluvue CReyuaibHol ONepayuoHHOU NamMamu 045 MeICypoeHeso20 e3aumodeticmeus. IlodpobHo oceewa-
emcsi npumMeHenue MUKPOKOMNbIOMeEPHO20 Yyecmpolicmea ¢ 610KoM HelUpoHHOU 00pabomku 045 peuleHus 3a0a4u MexHU4ecKo2o
spenus. [lpusodamces pezysomamol mecmupo8anHus MAUWUHHO20 3DeHUs ¢ NpuMeHeHuem HelponHou cemu Yolo3 e pexcume
nomokoeo2o eudeo. CpedHsiss MOYHOCMb PACNO3HAGAHUS OMKPLIMO20 AUYA 6 pe3yibmame NPo8edeHHbIX Mecmo8 cOCMaguld
95 %. Ilpu paszauunbix cmeneHsx OKKAO3UuU cpeduss oyenka cocmasuia 80 %, maxyice Oblau 6bl6AeHbL 8APUAHMbBL OKKAH)-
3UU, NPU KOMOPbIX HEUPOHHAS Cemb He CMO21a PACRO3HAmMb auya. Jeaaemcs aKkuenm HA mMom, Ymo paspabomaHusli pooom
6 ceoem cocmase umeem annapamHy0 CoOCmMAagAsOuWy0 U3 6100dcemHol u 00CMyYnHOU 4eMeHMHOU 6a3bl U, MaKum 00pa3om,
npedaazaem 6Oonee deuwiegyro asvmepHamugy Oonee dopoeum pobomam O0AHHO20 KAACCA, COXPAHASL NPU IMOM O0AbUUHCMBO
@dyrkyui. B 3akaouenuu cmamou 06cyncoaromces npeumyuecmea u Hedocmameu npedaazaemozo poooma u 603MOHCHOCMb €20
NPUMEHEHUs 8 HCUZHEOeAMEeAbHOCMU YeA08eKd, 8 MOM HUCAe NPU PeUleHUs PA3IUYHbIX NPAKMUYeCKUX 3adau.

Karoueewvie caosa: poﬁom, 6L40HL{IC£1, annapambdas peaausauus, npoepamMmHas peaiusayusil, MUKPOKOHmpoarep, MUKPO-

Komnosromep, 610K HellpOHHOU 06paboOmKu, mexHuuecKoe 3peHue, HelipoHHAs cemb

Beenenune

Cl0XHOCTb UM pa3HooOpa3ue pPoOOOTOTEXHUYE-
CKMX CHUCTEM 3aMeTHO pacTeT rnociaenHue 10—15 ner.
DTOMY CITOCOOCTBYET PSIJI UBMEHEHU I B TEXHOJIOTH-
SIX: POCT NPOU3BOIMTEIILHOCTA BBIYMCIUTEIBHBIX
CHUCTEM, Pa3BUTHE BO3MOXKHOCTEN MCKYCCTBEHHOTO
WHTEJJIEKTa, aKTUBHOE (pMHaHCUpPOBaHWE OTPACIU
Ha TOCYIapCTBEHHOM M YaCTHOM YPOBHSIX, CO3/a-
HHE TIPOTPECCUBHBIX ITPOIYKTOB M, KaK CJIEICTBIE,
NpUBJIeYeHNEe BHUMaHUSI MCCIIeAoBaTeNIel K JaH-
Ho#t orpaciau. TakuMm o6Gpa3oM, ¢ pOCTOM aBTOMa-
TU3aIlM BO3HUKAET ITOTPEOHOCTL B OoJiee TEXHO-
JIOTUYIHBIX poOOTaxX, B TOM YMCJIe C BOSMOXHOCTBIO
CBOOOIHO mMepeMelaThcsl B OKpYy:Kalolleil cpene.
OmHUM M3 pelieHn SIBIISTIOTCST pOOOTHI Ha HOTax,
KOTOpBIE MOTYT TTepeMeIaThCs 110 CIIOKHBIM JIaH/I-
mwadTaMm, HanpuMep, IO HEPOBHOM, T'PSA3HON MU
3aCHEXXEHHOII MECTHOCTU, C OTHOCHUTEBbHOM JIer-
KOCTBIO TT0 CPaBHEHWIO C KOJIECHBIMU POOOTaMU.

*WccnenoBaHue BBINMOJTHEHO MpU (UHAHCOBOM ToOAAEpkKKe
PH® B pamkax HayuyHoro npoekrta Ne 23-19-00664.

Takye TUIOBI MECTHOCTU IIPEACTaBISIOT 3HAYM-
TEJIbHBIN MHTEpeC A1 pOOOTOTEXHUKM, IIOCKOJIbKY
K HUM OTHOCSITCSI 3a0pOIICHHBIC 3MaHUsI, HEM3Be-
JaHHbIE TELEephl MU CTPOUTEIbHbIC MJIOIIAAKA —
MeCTa, KOTOpbIe OBIJIO OBl IPEeNNOYTUTEIbHEE HC-
cJIeIoBaTh MJIM ITpopadaThiBaTh poOOTaAMU BMECTO
moaeit [1, 2]. Xopolllo M3BeCTHbIE BUACOPOJIUKU
¢ poootamu Boston Dynamics (puc. 1) [3] BbI3bIBa-
I0T IIMPOKUI MHTEPEC OOIIECTBEHHOCTH B LIEJIOM
1 UCCIIEAOBATEILCKOM CPeIbl B YaCTHOCTHU 1 CTAHO-
BSITCS "BUPYCHBIMU' — caMoe€ TIOIYJISIPHOE BUJEO,
nosiBuBIIeecs B ceTu uHTepHET B 2008 T., K HacTO-
SIIIEMY MOMEHTY IMOCMOTpenIr 6oiee 9 MUJIIMOHOB
pa3. Ha Bugeo po6ot BigDog npeonoieBaeT Clox-
HBIA IIPUPONHBIN TaHAIIa(dT B HEHACTHYIO TIOTOAY,
a TaKXe BbIAEPKMBAET TOJYOK HOIOl COMpPOBOX-
Jaroiero ero 4deaoBeka. ITomumo poOOTOB-cobaK
Boston Dynamics pa3pabateiBana ais Ilenrarona
po6oToB cepun LS3 B KauecTBe CUCTEMBI TTOJICPK-
KM OTpsila Ha Horax. B To Bpems, Kak cpemHuUit
COJIIAT MJIM MOPCKOI MEXOTHHEL MOI IepEeHOCUTH
rmoutu 66 Kr, pobota LS3 miaHupoBaiu Harpykath
maccoit B 180 kxr. Eire omHa n3BecTHast pa3padboTka
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Puc. 1. DBomonus podoros ot Boston Dynamics [3]
Fig. 1. Evolution of Boston Dynamics robots [3]

Boston Dynamics — 0sicTpoHoruii pooot Cheetah,
KOTOPBI Ha GEroBOI TOPOXKE pa3BMBaJl CKOPOCTh
1o 47 xm/u4 [4].

B 2019 r. Boston Dynamics o0®bsiBuia 0 crap-
T€ CepMITHOrO MPOMU3BOACTBA poboTa-cobaku Spot
[5]. PoboT MoxeT paboTaTh U B Xapy, U B XOJIO[I
(Inama3oH BO3MOXHBIX Temneparyp — oT —20 1o
+45 °C), moxeT HecTu A0 14 Kr u 6eratb Co CKO-
pocThio 1,6 M/c, OH BOTIOCTOMKMIA M OCHAIIIEH Ka-
MepaMu, obecrieynMBaloIIMMU eMy 0630p Ha 360°.
Bpems aBToHOMHOIT paboThl pobota — 90 MuUH.

HecMoTpss Ha OOBEKTHUBHBIM CKAuOK B pas-
BUTHUM POOOTOB Ha HOrax U IPOTrpPeCcCUBHBIE pe-
LIeHUS, CYLIECTBYIOT M IOKa HepelleHHBIe IIPO-
onembl. Hampumep, Spot He mpucmnocoOjieH ms
B3aUMOACUCTBUS C JIIOABMU, OH Cj1ado pearupy-
€T Ha CUTHAJIBI U3 (PU3NIECKOTO MUpa — MOJIENIb
Mupa po0OTa COCTOUT M3 IIPEISITCTBUI, TOUYEK
OITOpHBI U 3apaHee 3aIporpaMMUPOBAHHBIX MapIil-
pyToB [6].

CTouT OTMETHUTH, 4TO elie B 50-X romax mpo-
1IUIOrO CTOJIETUS Ha 0a3e MHCTUTyTa aBTOMAaTH-
ku u tenemexanuku AH CCCP 6ana paspabora-
Ha KuOepHeTudyeckas "deperaxa', KoTopass Morja
BUIETb M CJIbIIIATh, caMa IPUHMMAJa PeIIeHUS
1 obOyyajach — MOYTHU KaK XXMBOE CYIIECTBO. DTO
OBLJT OOWH U3 MEPBBIX POOOTOB, pa3padaTbIBaeMBbIX
B CCCP, KOTOpHII1 MOT HE IIPOCTO BHIIOJIHSITH IIPO-
rpaMMy B COOTBETCTBUU C 3aJaHHBIM aJITOPUTMOM,
HO ¥ JSHCTBOBATh B 3aBUCUMOCTH OT OKPYKaIOIIeH
0OCTAaHOBKHU M Pa3IMYHBIX YCIOBUM [7].

B mepBylo ouepenb ucciegoBaHUS, HaIpaB-
JICHHBbIE Ha pa3paOdOTKy MHTEPAKTUBHBLIX UYETBE-
POHOIMX POOOTOB, HAIIEJEHBI Ha CO3MaHHUE U OT-
paboOTKy MaTeMaTU4YECKMX MOJIeJIel ¥ aJITOPUTMOB
TMOBEIECHM ST YeTBEPOHOTMX XKMBOTHBIX B pealbHBIX
YCJIOBMSIX OKpPYXKaIIeil cpeabl 1 Ha MPOBEACHUE
HayudyHBIX B3KCIIEpMMEHTOB Ha 0a3e pa3paboTaH-
HBIX IIPOTOTUIIOB.

Bo BTOpy1o ouepenb pa3paboTKa dKCIEPUMEH-
TaJIbHBIX TIPOTOTUIIOB JAaHHOro Kjacca po0o-
TOB IMO3BOJISIET MOJydyaTh 0a30Bble TEXHOJOTUU
B BUJE NPUHUMIIHUAJBHBIX 3JIEKTPUUYECKUX CXEM,
LIeJIEBBIX MPEAJIOXKEHUI B BUJE 3JEMEHTHBIX CO-
CTABJIIOIINX, MaTeMaTHMYEeCKUX MoJelell M HuX
peanu3auuii B BUAE YHUKaAJbHBIX aJTOPUTMOB,
pa3paboTaHHBIX MPOrpaMMHBIX MOAYJeH A
JaJbHEHINEH UX KOMMEPLHMAIU3ALUU C BEIBOAOM
B IIPOMBIIIIJIEHHBIW TU3AIH.

Cozganue poOOTOB Ha HOTax SIBIISIETCS OOHUM
W3 CcaMbIX TMEPEeAOBBLIX HAIpaBJICHUN Hay4YHBIX
HUCCIeNOBAaHUN B COBPEMEHHOM MMHpe. YKa3aH-
HBIA TUN POOOTOB TpedyeT pa3pabOTKMU CJIOXK-
HOM CMCTEMBI YIIpaBJIEHUS IJI MepeaBUXKEHUS
U yaepxXaHus paBHoBecus. IIpoTroTunsl paccma-
TPUBAIOTCS JIJS1 IPUMEHEHUS B MeIULIMHE, MpPO-
W3BOACTBE, BHITIOJIHEHHUS 3aJay B OMACHOM Cpene,
a TaK>Ke IJIS TTOMOIIM JIIOASIM C OTPaHUYEHHBIMU
BO3MOXHOCTSIMMU.

HNurepakTuBHBIA podoT-denny

B kauecTBe 00beKTa OMOHUKM HCCIEAYETCS pe-
alu3alysl CHUCTeMbl yIpaBJEHUS] CKeJeTHbIMU
CTPYKTYpaMM CEMEICTBa MJIEKONUTAIOIIMX KOIa-
ybM, WU ¢enuabl. OcoObIli MHTEpeC MpeACTaBseT
MOIIEIMPOBAHUE MX CIIOCOOHOCTEM K J0OBIBAaHUIO
JKMBOTHOM THUIIM TMyTeM IMOAKPaIbIBAHUS, TMOIKA-
payJavBaHuUs M IIpeciienoBaHus. B ciaydae omacHo-
CTU WJIU TIpeCc/ieOBaHMS KOIIaYbd MOTYT Pa3BUBATh
ckopocTh a0 80 kM/4. Denuabl oTanyarOTCs Oosee
CJIOXKHOM MOJIEJIbIO TTOBEICH M Sl, YeM OCTaJIbHbIC YeT-
BepoHorve. C TOYKM 3peHUs] aHATOMUM Pa3BUTUE
KOIIIAYbUX HAaXOAUTCS Ha BBHICOKOM YpPOBHE, y HUX
MOXHO BBIJICJUTH Pa3idyHble MO 3HAYMMOCTH OT-
JIeJIbl: CKeJIeT KaK OMOpHasi KOHCTPYKIIMSI, CBI3KM,
obecrneunBaloNie COCAUHEHUE KOCTEil, M CKEJeT-
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Puc. 2. CkeJyier ¢eanna Kak 0CHOBA JJisi OMOHHYECKOTO CHHTE3a
Fig. 2. The felid skeleton as a basis of bionic synthesis

HBI€ MBIIILIbI, IPUBOASIIIUE B IBUXKECHUE KOCTHBIC
peluaru. B ckenere ¢enmma ocoOyi pojb UTpaioT
TIO3BOHOYHWK, TEPEeIHUE U 3aJHUE KOHEYHOCTH,
KOTOpBIE SIBJISIIOTCS HECYLIMMU U OIIOPHBIMU, T. €.
BAXHECUIIMMU IS TIEPEABUKECHUS BJIEMEHTaAMU
KOCTHOI CHCTEMbI XXUBOTHOTO (puc. 2).
IT0o3BOHOYHMK KOIIKW BKJIIOYAET B CEOS IIEH-
HbIA, TIpPYAHON, MNOSICHUYHBIN, KPECTLOBBIA U
XxBocTOBOM oTaenbl. lleliHBII oOTHENA, BBHITOJ-
HAIOIWMWN BaXHYIO (PYHKLIWIO NOAAECPXKU U TIO0-
BOPOTOB T'OJIOBbI B CTOPOHBI U BHU3—BBEPX, CO-
CTOUT U3 CeMU IO3BOHKOB. I'pymHOiIl oTmen
cocTouT u3 13 MO3BOHKOB M 12 map pebep,
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~ -7 g
| IIn - N !
I0CHA .
: dananru 3anscTee :

Oco0eHHOCTH annapaTHO# peaju3anun podoTa

|

|

l

| Ilo anamorum c¢ Nibble Cat anmmapaTHas ap-
i XUTEKTypa poboTa-deanga Mo COCTaBy XECTKHX
| OpraHoB OpraHM30BaHa IO MPUHIIUITY ABYXYPOB-
i HEBOIl apXMTeKTyphl ymnpaBiieHUus (puc. 4). Ilep-
! BBIA MPOrpaMMHO-aNmNapaTHLI ypoBeHb (OpraH
i yIIpaBJECHMUS IIEPBOrO YPOBHS) peaau3yeT HU3KO-
| YPOBHEBYIO JIOTMKY YNPABJICHUS MCIOIHUTEb-
| HBIMW YCTPOWCTBaMM (IO aHAJOTMU C HEPBHOM
| cucremoii) [9]. Bropoil ypoBeHb peaau3yeT WH-

BOCEMb M3 KOTOPLIX CKPCIIJICHDbI FPYZ[HOP)I

KocThlo. O000IIEHHO KOCTH B CKeJieTe pa3-

JeNsoTes Mo (opMe Ha YEThbIPpe OCHOBHBIX
THMa (KECTKME OpraHbl). KOPOTKHE, TJIO-
cKue (Jlormarka, pedpa, KOCTU Ta3a, KOCTHU
yeperna), CMellIaHHbIe (I03BOHOK), IJMHHbIE

TpyOuarbie KOCTU (KOCTH KOHEYHOCTEM).
Ha puc. 2 nokazanbl 58 06a30BbIX KOCT-
HBIX 3JIEMEHTOB, KOTOpble B KOHEUYHOM

WTOTe IOJXKHEI IOMIJIeXAaTh OMOHMYECKOMY
cuHTe3y. C nmomoiubio 3D-npuHTEpa CUHTE-
3upoBaHo Topsaka 30 % HecylMX U Onop-
HBIX 3JIEMEHTOB poboTa (puc. 3, CM. TPEThIO
CTOPOHY 00JIOXKM). baukaiiuuii aHaaor
JaHHOro KJjacca po6ota — 310 Nibble Cat,
pa3paboTaHHBIN KoMITaHuel Petoi [8].

Fig. 4.
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OO0mas snekTpruueckas cxema podoora Sphinx
General wiring scheme of the Sphinx robot
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Tepdeiic B3aMMOIEHCTBUS CEPBUCOB MPUKJIAIHO-
ro Ha3HA4YeHUS C TMOACUCTEMON TMEePBOro ypPOBHSI.
CepBuCHI MPUKJIaJHOTO Ha3HAYEHU T oOecIieuynBa-
0T BBICOKOYPOBHEBYIO JIOTMKY, OTBEYAIOIIylO0 3a
MoJieb noBeAeHus pobora. [Ipu 3ToM petatoTces
TakMe 3aJa4u, Kak peajusanus MallmHHOIO 3pe-
HUS, TPUHATHE PEIICHUH, IO3UIIMOHUPOBAHUE
B MPOCTPAHCTBE, TPAHCISLUS YIJIOBBIX CIICHApU-
€B Ha TIepBHIl YPOBEHb, OpPTaHMU3ALMS MOJIb30Ba-
TEeJIBCKOTO MHTEep(eiica u T. I.

HMcnomHuTeNbHBIMA YCTPOMCTBAMM B paccMma-
TPUBAEMOI CUCTEMe SIBJISTFOTCSI CEpBOIIPHUBOIBI (M-
Hamuyeckue sneMeHTsl) Mapku MG90S: M, ..., M,;.
Ilo aHanornm ¢ XMBOTHBIM MUPOM CEPBOITPUBOIEI
M, ..., M} UCTIOJTHAIOT POJIb CBSI30K, KOTOPBIE CBS-
3BIBAIOT KOCTH MEXIY CO00i M OOBIYHO HAXOMSITCS
B cycTaBax (MecTax, IJie BCTPEYaloTCs IBE KOCTH).

YnpaBieHue CepBONPUBOIAMM OCYILECTBIISET-
Cd CUCTEMOI IEepPBOro YPOBHSI C MOMOIIBIO MOAY-
7 (mpaiiBepa) IIMPOTHO-UMITYJIbCHOM MOAYISILIUU
(IIUM), ©6asupytouieiicas Ha Mukpocxeme PCA
9685. Moxaynp IIIMM nipencraBisier coboii 16-ka-
HanbHbIN 12-6uTHBIN IHWUM c untepdeiicom 12C,
yepe3 KOTOPBIil OCYIIECTBISIETCS yIIpaBiIeHUE cep-
BornpuBogaMu. KOHTaKThbl yImpaBieHUS MOIYJIeM
SCL u SDA conpsikeHbl C COOTBETCTBYIOLIMMU
(puznMyeckMMu KOHTaKTaMM YIpaBiasIeMOro mopra
D (BeiBoabsl PD0 1 PDI1) mukpoxkonTtpoJsuiepa (MK)
Ha 6ase mukpocxeMbl ATMEGA 2560 PRO.

Bribop nanHoro MK o0ycioBieH Halu4yueM
amnmapaTHBIX PECypcoB — IaMSITU IIpOrpamMM U
OIEpaTUBHOM MaMATH, HEOOXOAMMBIX MJISI IIOJI-
HOMYHKIIMOHAJIbHOTO 3amycka cyurHocteir ROS
(Robot Operating System). Hanpumep, B aHajiore
Nibble Cat ucnons3yercsa uunn ATMEGA328P, an-
mapaTHBIX BO3MOXHOCTEM KOTOPOro HEAOCTAaTOY-
HO JIJISI MOJTHOLIEHHOTO (bYyHKIIMOHUPOBAHUS CYIII-
Hocteir ROS.

B kauectBe munnp-niaarel ¢ MK BbeIOpaH Ba-
puaHT Arduino MEGA 2560 PRO mini. ITnatel
PCA 9685 u Arduino MEGA 2560 PRO mini o6Ge-
CIIEYMBAIOT HEOOXOOMMYIO0 KOMIAKTHOCTb [IJISI
pa3MelleHusI UX B KopIiyce podoTa, Mo aHAaJOTUK
C XVBOTHBIM — B OPIOIIMHHOM U T'PYAHOM IIPO-
cTpaHCTBe (puc. 5).

Hecmotpst HA TO, YTO B MUPOBOM pOOOTOTEX-
HUYECKON MpakTUKe TPaIUIIMOHHO BBIOMpPAIOTCS
MUKpoKoMmnbloTepbl Raspberry Pi, B pa3spaba-
ThIBAEMOM pPOOOTE 3a ammapaTHYI IOAIEPXKKY
BTOPOTO YPOBHS OTBEYAeT OAHOIMJIATHBIII MUKPO-
koHTposnep — Khadas VIM 3 PRO Ha 6a3e npo-
neccopa Amlogic A311D c 610koM HelipoHHOI 00-
pabotku NPU npoussogutensHocTtbio 5.0 TOPS.

MGY0S Micro servo

Arduino MEGA 2560 PRO mini

Adafruit PCA9G85 Batapeiinkiii oteek 2x 18650

Puc. 5. Pazmenienne 0CHOBHBIX 3JIEMEHTOB YIPABJIECHHSA H UCTOJI-
HEHHs MepBOro ypoBHs B Kopmyce pooora Sphinx

Fig. 5. Placement of the main controls and first level execution in
the Sphinx robot body

B nepBy1o ouepeab BeIOOP OO0YCIOBJIEH LIEHOBOW U
PBIHOUHOI JOCTYITHOCTBIO JAHHOTO KJacca OJHO-
IJIaTHBIX MUKpoKoMIIbioTepoB ¢ NPU. Broprim
KPUTEPUEM SIBJISIIOCh HAJIWYWE MOMACPXKKU H3-
BECTHBIX OIEPallMOHHBIX CUCTEM U IMIPOTPAMMHBIX
OMOIMOTEK, CTAaBIIMX MHWUPOBBLIM CTaHIAPTOM —
ROS, OpenCV, Tensorflow, Pylorch u 1. n. ®u-
3uyeckasi KOMMYHUKALMs MMUKPOKOMIIbIOTEepa
Khadas VIM 3 PRO c¢ nnaroit Arduino MEGA
2560 PRO mini ocyuiecTtBiasieTcss MO KaHajaM
UART (coenunenuss GPIO 15, 16 ¢ PEO u PE1).

OTka3s ot Raspberry Pi 00yciioBieH OTCyTCTBU-
eM nomaepxku 610ka NPU B mMukpompoieccope
Broadcom BCM2711. be3 BHEIIHUX JOTIOJTHUTEIb-
HBIX YCKOPUTEJIE HeHPOHHBIX ceTell Mpu BEIOOpE
Raspberry Pi He oGoiituck. Tak, Hanmpumep, mas
pemienus Inference-3amau Ha Raspberry Pi mpume-
HSAIOTCA YCKOPUTENIN MCKYCCTBEHHOI'O MHTEJLICK-
ta Neural compute stick ot Intel.

Oco0eHHOCTH MPOrpaMMHOI pean3anuu podooTa

Kaxk yxe oTMeueHO BbIIIIe, TJIaBHOI OTIMUNTEIb-
HOIl OCOOEHHOCTBIO pa3padOTaHHOIo podoTa IIo
CPaBHEHUIO C aHAJIOTOM SIBJISIETCS HaJIM4YUe CYII-
HocTelt ROS 1151 MEXXypOBHEBOTO B3aMMOICHCTBUSL.
Takum obpa3oM, yIpasisioliye MPOTOKOJIbI U caMa
MporpaMMHasi peajiM3alusl CyLIECTBEHHO OTIMYa-
I0TCSl OT TOM, KOTOpasl peaJiM30BaHa B aHaJIore.

Ha puc. 6 mokazaHa opraHuzalusl CTPYKTY-
pol, uctionb3ytonieii ROS g cBsI3u, roe KaxKabli
y3e1 — 3TO CYIIHOCTb, KOTOpasl OCYILIECTBISET
MyOJMKAIWI0 U MOAMKUCKY Ha COOOIICHUS MEXIY
noacucreMaMu. B HacTosiell paboTte 3TO B3au-
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Bropoii yposeus pobota Tepewit ypopene poboTa (Ha
(a MukpokoMmRIOTePS) — o __ MHKDOKOHTPORTERE)
i Mactep ROS T

Toanueni:

Tloamuermi:
TeKYge
COCTOSHAR
CEPBONPHEOR0E,

TTyGankoupa:
TeRyUEe
COCTAHHA

TlyGnneauus:
YETAHORKA YTAOR

HUBBIE COUTONHIA
YEROR AN

fset_servo_states

Arcay[N], N — xon-zo

p

feurrend_serve slales
| Array[N], N - xou-eo

k. | | A
Metcawep

Merenmep ciieHaphen CEPROMIROTOR
MotoDriver

Tpurnagroii yposess dmanteckoe vetpolictao
" e (PCA 9685)

Puc. 6. Ilporpammuasi moneab pooora Sphinx. BzaumoneiicTBue
MeXKJy YNpaBJSiOIMMHA ¥ HCHOJHUTEJIbHBIMH OPraHamMu podorta
Ha maargopme ROS B cocTase cBs3eil Mex1y y3iamMu u3aareei
H NOANUCYNKOB

Fig. 6. The software model of the Sphinx robot. Interaction be-
tween control and actuators of the robot on the ROS platform, as
part of the links between publisher and subscriber nodes

MOJEUCTBUE MEXIY MUKPOKOMIIBIOTEPOM, KOTO-
pBI ympaBiisieT poOOTOM, 1 MUKPOKOHTPOJLIEP-
HBIM YCTPOMCTBOM Ha II€PBOM YPOBHE. Y3JbI 00-
1IAIOTCS 4Yyepe3 KaHajbl, Ha3blBa€Mble TONMKaMU
(teMaMu), U B HUX K€ MYyOJUKYIOTCS COOOILIECHMSI.

IIpuknagHoi ypoBeHb (POPMUPYET CLIEHAPUHU I10-
BeleHMsI poOOTa B 3aBUCMMOCTU OT CUTyalllH, B KO-
TOpoil HaxomuTcsd poOoT. CleHapuy MPEACTaBISIOT
c000Ii1 IToCIe10BaTEIbHOCTD YIJIOB, KOTOPhIE COO0IIa-
IOTCSI MEHEIXepYy CEpBONpPUBOAOB. Pa3paboTaHHbIC
CLIEHapyUM IIOCPEICTBOM IIPUMKJIaIHOro MHTepdeiica
3arpyXkarTcsl B MEHEIXep CleHapueB. MeHemxep
CLIEHapyeB MepeaaeT CLeHApUU MEHEIXKepy YIIpaBie-
HUSI CEepBOIIPUBOIAMMY Yepe3 KOMMYHMKAIIMIOHHbIE
KaHajbl (TUNUKK), IpenoctaBisieMmbie ROS.

C no3uuuu IEepBOrO YPOBHS Mpeaiaraercs
nporpaMMHasi MOAedb YIIpaBJIeHUS CEPBONPUBO-
pamu [10] Ha ocHOBe crnelLMaau3MpOBaHHON MPO-
rpamMMmHou o6ubanoreku MotoDriver [11], koTopas
peanu3yeT UACI0 IPyIIIOBOro YIpaBJCHUS IBUTa-
TEeJISIMHM IIOCTOSIHHOTO TOKa.

WMaes rpynmnoBOro ynpaBJIeHUSI CEpBOIIPUBOAA-
MU 3aKJjrydaeTcs B IpeacTaBIeHUU (pU3UUECKOM
CBSI3M Pa3IMYHBIX TUIOB CEPBOIPUBOAOB U THU-
OB IpaMBEPOB B BUAE €AUHOMN OTHOPOMHOM IIPO-
rpaMMHOI abCTpaKIIUU:

rae m; — OOBEKTHO-OPUEHTUPOBAHHASI MOIEIb
[-TO  CEpBOIIPMBONA B HEKOTOPOM MHOXECTBE;
M — MOIITHOCTh MHOXECTBA.

CepBonpuBOAbl OOBENUHSAIOTCS B MHOXECTBA,
KOTOPBIE MPEACTABISIOT COOON KOHTEUHEPHI:

Lohy Lo

KaxpoMy u3 nBurateseil mpucBauBaeTCsl YHU-
KaJbHBIM 4MCI0BOM uaeHTUduKaTop. BozmoxkeH
MUHMMAaJbHBIA BapuaHT, COCTOSIIIMN M3 OIHOIO
CEepBOINPMBOJA M OIHOTO MHOXECTBa (KOJJIEK-
uuu). B 3aBUCMMOCTM OT ammapaTHBIX BO3MOX-
HocTtelt MK co3matoTcss mporpaMMHBIE OOBEKTHI
KJjlacca: my, m,, ..., My i MHOXeCTBa Ha UX OCHOBE.

Kaxnapiii abCTpakTHBIM CEpBOMPUBOL TIpead-
CTaBJg€T COOOM HE3aBUCUMBIA IMPOrpaMMHBIN
OO0BEKT yHpaBJICHUS, KOTOPBIA MOXET OBITh 00BE-
JUHEH B T'PYIITY, BHE 3aBUCUMOCTH OT TOrO, C Ka-
KUM ApaiiBepoM OH CBSI3aH (DU3UUYECKU.

Anpom pa3zpaboTaHHON OMOIUOTEKHU SIBISIOTCS
JIBa MpOrpaMMHBIX Kj1acca — Motor 1 MotoDriver.
I[IporpaMmMmHBIil KJlacc Motor oTBevyaeT 3a CO3-
JaHue TPOrpaMMHBIX aOCTpakUUil (HU3UUYECKUX
CEPBONPUBOJOB U peaJu3yeT HU3KOYPOBHEBbBIC
(GyHKUMM ynpaBiieHUs ApaliBepaMu ABUTraTesei.
Knacc MotoDriver oCylIecTBASET yMpaBJICHUE
obbekTaMu KJjacca Motor, npenocTaBisis BbICO-
KOYPOBHEBbIE METOAbl MPOrPaMMUPOBAHUS IS
IPYMIOBOIO yIpaBJeHUS ABUTATEISIMU.

INoacucTeMa TEXHMYECKOTO 3peHHs PodoTa

AanTUBHOE B3aMMOMAEHCTBHE YEJIOBEKA U PO-
00oTa — OT 4YeJ0BEUYECKOI0 HaMEpeHHS IO IBH-
KEHHUSI C HCIIOJb30BAaHMEM ITapaMeTPU30BaHHBIX
IWHAMHWYECKMX CHUCTEeM — B COBPEMEHHOM MUpE
CJIOKHO IIPENCTaBUTh 0€3 IPUMEHEHUS IIOACH-
CTeM TexHu4Yeckoro 3peHwus. Mcxoms u3 amma-
pPaTHO-BBIYMCIUTEIBHBIX BO3MOXHOCTEl poOoTa
MOXHO OCHACTHTbh €ro CHUCTEMOH TEeXHHUYECKOTrO
3peHUsI C MIPUMEHEHNEM MCKYCCTBEHHBIX HEMPOH-
HBIX ceTeil. Hampumep, nms pemieHus mnpoOiie-
MBI ¢ HEyMEeHHEeM poOOTOB BM3YyaJbHO OLICHMBATH
OKpy:Kalolllee IIpOCTpaHCTBO KommaHus Boston
Dynamics pemuia npuodpecTy onivH U3 cTapTa-
noB kommanun Kinema Systems, crienmaamsmupy-
IoLIelicsa B cpepe TIIyOMHHOTO MaIlllMHHOTO 00y4e-
HUS U 00BEMHOIO 3pEHUSI.

Kak yxe OblJ10 cKa3aHO BbIllIE, LIEHTPAJIbHbIM

My, My, ey Mplys AMp i1 Mp iy ey My oo IIPOLIECCOPOM MUKPOKOMITbIoTepoB cepun Khadas
Mg 15 Mt 25 s MY VIM3/ VIM3L seasietcs Amlogic A311D-NON
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(NON — MapkupoBKa Ha 4MIie, 0003HAYamOIIasd,
yro HII ochHamen 6i1okom NPU). BDTo maer Bo3-
MOXHOCTh paboratb ¢ PpeiimBopkom TIM-VX
(Tensor Interface Module), mo3BoisgIOIINM pa3-
pabaTbiBaTh MOJb30BATEIbCKHUE TPOTPAMMBI C J10-
crynoM K 610ky NPU. TIM-VX — 5T0 Momyib
WHTErpalu MpOorpaMMHOr0 oOecredyeHus, Tpe-
moctaBisieMblit VeriSilicon miast oOiieryeHust pas-
BepThIBAHMWSI HEWPOHHBIX CETel Ha YCKOPUTESIX
MalmuHHoOro oOyueHus Verisilicon. OH ciayXuT
CEepBEPHON TPMBSI3KOM [JISI Cpel BBITIOJTHEHUS,
takux Kak Android NN, Tensorflow-Lite, MLIR,
TVM wu ap. bazoBast BO3MOXHOCTb TEXHOJIOTUU
TIM-VX 3akiiouyaeTcsl B MOCTPOCHUU BBIYMCIU-
TeJbHBIX TI'padoB C 3aIeiiCTBOBAHUEM TEH30POB
MO TeM Xe MPUHIMIIAM, KaK 3TO peanusyeTcs
B PyTorch, u Tensorflow.

bnaropapst mnongepxke TexHogorun TIM-VX
st MukpornpoueccopoB Amlogic A311D-NON ro-
SIBUJIACh BO3MOXHOCTbH pa3pabaTbiBaThb COOCTBEH-
HBIE BBICOKOYPOBHEBBIE OMONMMoTekn Kiaacca DNN.

C ocenu 2023 r. MUKPOKOMIIBIOTEPHI CEPUU
Khadas VIM3/VIM3L oduumnanbHo MoaaepXu-
BalOT 3amycK IOMYJSPHBIX MOjeJeil HeHPOHHBIX
ceteit HemocpeactBeHHO Ha NPU ¢ momollbio
ouobanorekn OpenCV (st 3TOro MPOEKThl HEOO-
XOAMMO 3aryckarb ¢ 69kaHa0M TIM-VX).

CymecTByeT cnocod BBICOKOYPOBHEBOIT pabo-
Tbl ¢ 0710kOM NPU, KOTOpBIIi MOXHO peaju3o-
BaTb C MOMOILIBIO CHELUAJIU3ZUPOBAHHON OUOIU-
OTEKM MO0JIb30BaTEIbCKOTO UHTepdelica mporpam-
mupoBanuss — KSNN (Khadas Software Neural
Network). Briopannoe API mocraTouHO XOpoOIIO
JOKYMEHTUPOBAHO M MMEETCSI MHOXECTBO TMpH-
MEpOB 10 €€ MCITOJb30BaHMIO Ha g3bike Python.

O0e BBICOKOYPOBHEBBIE OMOJIMOTEKM MOMACP-
kuBaloT BeIBOg (Inference) mpegBapuTeIbHO 00y-
YeHHBIX Mopeeii riryookoro ooyueHust (DNN) u3
nontyasspHbeix OpeitMmBopKoB: caffe, darknet, keras,
onnx, pytorch u tensorflow.

Ha puc. 7 mokazaHa nmoacuctemMa TEXHUYECKOTO
3peHust podora Sphinx. PabGora moacucremMsl oc-
HOBaHa Ha OIMMWCAHHBIX BBILIE TEXHOJOTHUSX, TAE
Ha HuXHeMm ypoBHe DpeiimBopk TIM-VX BbI-
CTynaeT B KauyeCTBE CBS3YIOLIErO 3BeHA MEXIY
NPU u 6ubnuorekamu 6oJiee BbICOKOTO YPOBHSI
OpenCV u KSNN.

B cxeme (puc. 7) B KauecTBE CEpBEPHOI YacTHU
B (poHoBom pexume (backend) BbicTrymaer TIM-
VX (Tensorflow Improved Model for Vision with
OpenVX), B kxortopeii umHTerpupyercss OpenCV
DNN, mno3Bosgoliunii 3alycKaTb KBaHTOBAaHHbBIE
momenu DL B 6J0Ke HEHpPOHHOW 0OOpabOTKM —

NPU. Ha BepxHeM ypOBHE pealiu3yeTcs HeToCpeI-
CTBEHHO MOJIb30BaTEIbCKOE IIPUIIOKEHNE, B KOTO-
POM MMEIOTCSI BCE€ aJITOPUTMHEI IJIST PELIeHU S TIPH-
KJIaOHBIX 3aga4 pobora Sphinx. B cBoio ouepens,
MOJCUCTEMA IIPUKJIATHOTO YPOBHSI poboTa — 3TO
CBSI3ylOlllee 3BEHO MEXY MEHEIKEPOM ClieHapueB
U noab3oBaTeabckuM DNN-1nipuioxeHuem.
IIpoBepka paboTocmocobHOcT O10Ka NPU
OLICHMBAJIOCh Ha IIpeIMET BPEMEHM pean3alliu
BeiBoma (Inference) Momenm MCKYCCTBEHHOM He-
ponnoit cetn (MHC) Yolo 3 B pexkrMe MOTOKOBOTO
Buaeo ¢ Kamepol. Beioop Bepcum MHC 6b1n1 00-
YCJIOBJIEH HEOOXOAMMOCTbIO, C OJHOM CTOPOHBI,
obecrneynBaTh TpeOyeMoOe KadecTBO M, C IpPyroi
CTOPOHBI, MMETh HEBBICOKYIO BBIUMCIUTEIHHYIO
CJIOXXHOCTh IJISI MUCIIOJIb30BAaHUS MMEIOLINXCS BBI-
YHUCIUTEBHBIX pecypcoB. TecTupoBaHUE OCYILECT-
BJISIJIOCH TI0 CXeMe, ITOKa3aHHOoM Ha puc. 8 [12—15].
M3 BuaeonoToka npoBOAMTCSI BHIOOpKaA KaJIpOB,
Kaaphl pa30oMBaIOTCI Ha o0JIacTH (OrpaHUYMBAIO-
IIMe PaMKU WU PppeiiMbl), Jajiee ¢ IOMOIIBIO ajl-
ropuTMa pacrlo3HaBaHMS JUIL YOlo 3 BEIIIOJIHSIET-
cs1 IpoliecC pacmo3HaBaHUS (OOHApYXKEHUE JIULIA).
PesynbraTel pabOTHl HEHPOHHOM CETU YIIaKOBBI-
BAaIOTCSI B MaTPUIy BEKTOPOB C BEPOSITHOCTHBIMU
MpU3HaKaMu, MOcJie 3TOro OCYIEeCTBISIETCS KJlac-
cuduUKaus ¢ BEIBOIOM Pe3yJbTaTOB UICTUHHOCTH.
OOHapyzkeHue aWna cetbio Yolo 3 ocyuecT-
BJISIETCSI CJIENYIOIIMM 00pa30oM: BCIIOMOTATEIbHBI-
MU QYHKIUAMHU pa30UBaeTCs BXOIHOE N300pake-

KHADAS VIM3(L)

| |
| |
| |
| TIM-VX Backend | |
: (OpenCV/ESHN ROS :
: Moy |USB3.0 DNN Tlprnamodi |} 1 :
| KaMepbl NPHACKEHHE YPOBCHB poﬁm’n B I
| MoLIoBaTEN |
| R .
! | NPU Menensep !
: CLHEHApHER :
| |
| |

Puc. 7. Cxema peaiu3anuu TeXHHYECKOro 3peHus pooora Sphinx
Fig. 7. Scheme of the Sphinx robot vision implementation
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Juckprnm-
HAHTHBI
AHATIH?

BriGopxa
KaJpOB
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Puc. 8. Cxema TecTHPOBAHHWSA MO OOHAPYKEHHIO JHIA YeJIOBEKA
C MpUMEHeHUeM HEeHPOHHOM ceTH

Fig. 8. Schematic of human face detection testing using a neural
network
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HUE Ha HEOOJIbIINE TYEWKU pasMepoM NXN; Heul-
POHHASI CeTh C ONWMHOYHOM IPSIMOI CBSI3BIO SIBHO
MPOTHO3UPYET BEPOSATHOCTHU KJIACCOB Y CMEIIECHM
OTPAaHWYMBAIOLIEN paMKU; IS KaXIOU SYECUKU
MPOTHO3UPYIOTCS IaHHBEIE O MECTOIOJOXCHUN
OrpaHMUYMBAIONICH paMKHN W BBIYMCIISIOTCS KOOp-
JUHATBl 00bEKTa Ha MOJIHOM M300paxenuu [16].

Matpuiia BEKTOPOB COIEPXKUT pe3yabTaThI IIPsI-
MOTO Tpoxojaa 4yepe3 HelpoHHYI ceTb Yolo 3, u,
CJIeOBATEIbHO, BBIXOAOM CETHU SIBJISICTCSI BEKTOP
pasmepa M (4MCI0 KJIACCOB OOJBIIMX ABOMYHBIX
00BEKTOB), Ilie TEepBbIe YEThIPE BJIEMEHTA B KaK-
JIOM KJIacce MPeACTaBAsSIOT LHEHTP MO0 X, LIEHTP T0
¥, @ TaKXXe IMAPUHY U BHICOTY CBSI3aHHOM OrpaHu-
yuBalomell paMku. [ISTBI 2i1eMeHT mpeacTaBiis-
eT JIOBEpHe MJIN YBEPEHHOCTh B TOM, UYTO COOTBET-
CTBYIOIIMI OrpaHWUYMBAIOIINN IIPSIMOYTOJIBLHUK
JNEUCTBUTEIILHO COACPXKUT B cede 00beKT. OcTalb-
HBIE 3JIEMEHTHI MaTPUIIBI — 3TO JOCTOBEPHOCTD,
CBsI3aHHAs ¢ KaXIbIM U3 KJIACCOB.

B TecTupoBaHMM NPUMEHSJICS MOIYJIb KaMephl
OGO02B10, ycTtaHOBIEHHBIA B IIa3HULY poOOTa
(puc. 9, cM. TpeTbl0 CTOPOHY 000X KM). CHavaia
TecTupoBanachk ouoaunoreka OpenCV Bepcuu 4.7
¢ 0oksH0oM TIM-VX, a 3atrem ou6amoreka KSNN.

B kauyecTBe CpeICTB TECTUPOBAHUS MOACH-
CTEMBbl TEXHMYECKOTO 3peHUsS poboTa s ABYX
OUOAMOTEK OBbUIM BbIOpAHBI COOTBETCTBYIOLIUE
MporpaMMHBI€ peajM3allMy, MO3BOJISIONINE 00e-
cneyuTh padoty ¢ 6JokomM NPU cetu Yolo 3. g
TECTUPOBaHUS ceTu Yolo 3 ¢ momolbio 61UOIKO-
Teku OpenCV Obly1a BbIOpaHa TUIIOBAsI Mporpam-
Ma, HalucaHHas Ha s3bike C++, comepxkailascs
B (aitne detect-camera.cpp perno3utopusi GitHuB
[17]. Onsa tectupoBaHus cetu Yolo 3 ¢ 6ubauoTte-
koit KSNN 0rb1y1a BeIOpaHa nporpaMMHasi peaiu-
3alus Ha sa3bike Python 3, conmepxkainasicst B ¢aii-
ne flask-face.py [18].

PesyabraThl TECTUPOBAHUS MOKA3bIBAIOT BHICO-
KM€ OLIEHKM IJISI HEIIPUKPBLITOrO JIMIA B pexXUMe
peaJbHOIO BpeMEHHU. YCpedHEHHBIe IIoKa3aTe-
JIX TOYHOCTHU AJISI 00erXx OMONIMOTEK COCTaBIISIOT
95 %. Takxe BBICOKME pe3yJbTaThl 3(PPeKTUB-
HOCTU OBLJIM AOCTUTHYTHI B ClIydasiX, €CIU TIO-
JioBa OblJla HaKJOHEHa BJE€BO WJIM BipaBo. [lpu
Pa3JIMYHBIX CTEIEHSIX OKKJIIO3MU CPEIHSs OLEH-
ka coctaBaseT 80 %. Tem He MeHee, B HEKOTO-
pBIX BUIEOKalIpax HEMpPOHHasI CeTh HE CIIOCOOHA
pacrnio3HaTth JuLo vyenoBeka (puc. 10, kanp 4, cMm.
TPeThbIO CTOPOHY 00JI0KKM). CpeaHee BpeMsl pea-
Ju3auuu BeiBoga (Inference) momenun HelpoOHHOM
cetu Yolo 3 nyg 6udnunoreku OpenCV cocTaBiser
36 Mc (mopsiaika 27 KaapoB B CEKYHIY), a Ajsl Ou-

onmorekn KSNN — 100 mc (mopsiaka 10 kagpos
B CEKYHLY).

Pasznuiia B mokasarene Inference B maHHOM Te-
CTMPOBAaHUM YKa3bIBae€T Ha pa3HUIy TUIIOB JaH-
HBIX B MOJIEJISX, 3aIlyCKaeMbIX OMOJIMOTEKaMMU.
KBaHTOBaHUMEe TUIIOB HJaHHBIX A Moaeau Yolo 3
B ciaydae ¢ OpenCV coorBerctByeT INTS (uemo-
yuciaeHHbI 0aiT), a a1 KSNN cooTBeTcTBYyeT
FLOAT32 (BeiwuecTBeHHbIN TUT, 4 OaiiTa).

CpenHsisa TOYHOCTh paclo3HaBaHUS OTKPBITO-
ro auua — 95 % (puc. 10, kagp 1, cM. TpeThio
CTOPOHY 00JI0KKM). IIpu pa3auMyHBIX CTENeHSX
OKKJIIO3MU CpedHss olieHKa cocrtaBisger 80 %
(puc. 10, kaapel 2 U 3, CM. TPEThIO CTOPOHY 00-
Jnoxku). UMeroTcs BapuaHThl OKKJIIO3UHU, IIPU KO-
TOPBLIX HEMpOHHAasl ceThb He BUAUT Juua (puc. 10,
Kaap 4, CM. TPETbIO CTOPOHY OOJIOXKKH).

3akiaoyenue

AKTyaJlbHOCTh pPaboOThl 0O0yCJIOBJIEHA HEO0-
XOOMMOCTBIO Pa3BUTUSI HOBBIX KOHCTPYKIIUH
POOOTOTEXHMYECKUX CUCTEM, B TOM 4ucie Ouo-
MopdHBEIX. B paspaboTaHHBINI poOOT BHEIPEHEI
COBpPEMEHHBIE METOAbI ajanTalyMu U MacliTabu-
pOBaHUS NPUKJIATHBIX CEPBUCOB 3a CUET MUCIIOJIb-
30BaHUS OINEPALIMOHHON CHUCTEMBI IJid POOOTOB
ROS (Robot Operating System), KoTopast gaeT
BO3MOXHOCTb OBICTPO pa3pabOTKM U TECTUPO-
BaHMS. SphinX OCHOBBIBA€TCSI Ha OTKPBITHIX CH-
CTEeMHBIX apXUTEKTypaX M UCHOJb3yeT U3BECTHLIC
MHCTPYMEHTApUU B CBOEH pean3aiui.

Hanuuue O6soka HelpoHHOI 0O0pabOOTKM Ha
0OpTY MO3BOJISIET POOOTY CHSATH BRIYUCIUTEIbHBIC
OrpaHUYECHUS, KOrma JAeJ0 JOXOAUT OO0 MPOM3BO-
IUTEIbHOCTA, HEOOXOMMMOM [Ji BBIIOJIHEHUS
3aja4y, HalpuMep, TeXHU4YecKoro 3peHus. Pobdot
Sphinx cocTouT 13 OIOAXKETHON U TOCTYIHOM 3Je-
MEHTHOM 0a3bl U, TAKUM 00pa3oM, Ipeaiaraet 60-
Jiee IellleBYI0 aJIbTepHATUBY 0oJjiee JOPOruM pooo-
TaM, COXpaHss IMPU 3TOM OOJBIIMHCTBO (PYHKLIMIA
TaHHoro kjacca. Takum obpa3zom, Sphinx mo3Bo-
JISIeT UCIIOJIb30BaTh 00Jiee arpecCUBHBIE CIIOCOOBI
TECTUPOBAHUS AJTOPUTMOB IJIg POOOTOB U MX
CHUCTEM YIIpaBJIEHMsI, TIOCKOJbKY 3aTpaThl Ha pe-
MOHT 3HAUUTEJIbLHO HUXE, YeM Yy OoJjice JOPOTrux
aHaJyioroB. [JJocTymHas u Or0aXeTHas 3JeMEHTHas
0a3za poboTa JaeT BO3MOXKXHOCTL OCYIIECTBISTH
TUpAXXUpPOBAaHWE W TIPOBOAUTH MCCIIEIOBAHMS
C HECKOJIbKMMU po0OTaMU, HarpuMmep, B 00JacTu
KOJIJTAOOpPaTUBHON pOOOTOTEXHUKA WU TPYIIIIO-
Boro ympapiaeHus [19, 20]. OueBuaHO, 4TO Sphinx
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MOXET OBITh IIOJIE3eH M ISl 00pa30BaTeIbHBIX
meneii. CTymeHTB CMOTYT B3aMMOACHCTBOBATH
¢ poOOTOM B paMKaXx IIPOEKTHBIX UCCICHOBAaHUN 1
NPUBHOCUTH O0Jice HOBbIE U CBEXHUE UAEH MO ero
YAYYIIEHUIO.

Sphinx HyXpgaeTcsl B HONOJIHUTEIBHBIX YIyd-
LIEHUSIX B CBOEM TEKYIIEM COCTOSTHMM, TAKUX KaK
OIOMETPHUSI U KOHTPOJIb CaMOOaIaHCUPOBKH, I10-
CKOJIbKY B HACTOSIIee BpeMsi B HEM OTCYTCTBY-
T 3TH PyHKuun. OgHaKo, eCId B OymyIleM 3TU
yAy4IIeHusT OymyT peaan3oBaHbI, TO Sphinx Mo-
JKeT CTaTh BIIOJHE MOMYISIPHBIM MaJICHBKHM YeT-
BEPOHOTUM POOOTOM.
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The authors consider the urgent task of developing bionic robots, in particular robots on four legs. Their advantages are
the ability to move on uneven terrain, to perform reconnaissance, rescue and other dangerous work, where they could re-
place humans. A review of the existing best-known and most functional bionic four-legged robots is given, with descriptions
of their strengths and weaknesses, as well as peculiarities of their movement and use. The main problems in the development of
such devices and their control systems are highlighted. The article provides information on the research and development of an
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interactive bionic robot of the felid class, whose skeletal structure control implementation is deeply explored. The features of
hardware and software implementation of the robot are considered, and schematic and real images of the construction are
presented. The application of a microcomputer device with a neural processing unit to solve the problem of machine vision
is highlighted. The results of testing machine vision using the Yolo3 neural network in streaming video mode are presented.
The average accuracy of the open face recognition as a result of the tests was 95 %. For different degrees of occlusion,
the average score was 80 %, and occlusion variants in which the neural network was unable to recognize faces were also
identified. The article concludes with a discussion of the advantages and disadvantages of the proposed robot and the pos-
sibility of its application in human life, including the solution of various practical tasks.

Keywords: robot, bionics, hardware implementation, software implementation, microcontroller, microcomputer, neural

processing unit, technical vision, neural network
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A. 1. OxoTHukog®>

, 3aM. Ha4dalnbHMKa ,[lenapTameHTa — Ha4. oTaena cTpaTtern4eckoro pas3Butug,

a.ohotnikov@vniias.ru,
M. B. KprHeHKO1, Hayu. coTp., poliakova.marianna@mail.ru,
T MockoBCKuit TeXHUYECKWMil YHUBEPCUTET CBA3N U MHopmaTukmn (MTYCW),
CeBepo-KaBkaskuii unman, Poccus, r. PoctoB-Ha-[loHy,
2}10HC|<0|7| rocyaapCTBEHHbIN TEXHUYECKUIA yHUBEPCUTET, . PocToB-Ha-[OHY,
3 Hay4Ho-uccnegoBaTenbCKUin N MPOEKTHO-KOHCTPYKTOPCKUA MHCTUTYT MHOpMaTM3aumm,
aBTOMaTM3auMn 1 CBA3N Ha xenesHogopoxHoMm TpaHcnopTe (AO "HUNAC"), Mockea

MeToa KOMNJNieKCnpoBaHUA AaHHbLIX ANIEKTPOHHbLIX KapPT U CNYTHUKOBbIX
Msmepean?l AnA BbICOKOTOYHOIoO NO3NLUMOHUNPOBaHNA NOABUNXHDBIX 00bLeKTOoB

Paccmompen noswili nodxo0 k 0bpabomke cnymHUKOBbIX HAGULAYUOHHBIX U3MEPeHUL 045 8bICOKOMOYH020 NO3UUUOHUPOBA -
HUs NOOBUINCHBIX 00BeKMO08, 08UNCYUUXCS NO 3ApaHee U36eCMHbIM (npoepammusim) mpaekmopuam. Cywecmeyoujue memoost
obpabomku CRYMHUKOBOU UHGOpMAUUU, UCHOAbIYIOWUE Memod HAUMEHbUWUX K8AOpamoe uau e20 pasiuyHsle Moouguka-
yuu, obecneuusarom mpebyemyo mouHOCMbs NOZUYUOHUPOBAHUS 8 OCHOBHOM MOAbKO 045 CMAUUOHAPHbIX 008eKmos. Bmecme
¢ mem, 0A51 OUEHKU COCMOAHUSA 8bICOKOOUHAMUYHBIX 00BEKMO08, C YYemom 3aUYMACHUs CNYMHUKOBbIX U3MEPeHUl, 8ecbMd
ahpexkmusHbiM 645€MCA NPUMEHEHUE COBPDEMEHHbIX MEM0008 MeopUull Cmoxacmu4eckoi puibmpayuu, y4umol8arOuux U He-
PABHOMEPHOCMb 08UNCCHUS MPAHCNOPMHO20 006eKma, U owmubku npu oopabomke uzmepenuli. B ocnoey paccmampueaemozo
n00X00a NOAONCEHO UCNOAb308AHUEC YKAZAHHBIX MemM0J08 HeAUHelHOoU cmoxacmuyeckol guavmpayuu. Ilosviuenue mouHocmu
NO3ULUOHUPOBAHUS NODBUICHO20 00B6eKma npediazaemcs 00CMuUYs 3a cHem npUMeHeHus 31eKmpoHHbiX Kapm. Hcnoav3oeanue
Uupposoli modeau nymu obecneuugaem 603MONCHOCMb ANNPOKCUMAUUU C 3A0AHHOU MOYHOCMbIO ANPUOPHOL (NPOPAMMHOU)
mpaexmopuu noo08UICHO20 00BeKma HAOOPOM MPACKMOPHbIX UHMEPEAaL08-0pmodpomul. JanHbie uHmMepeassl nO36045H0M
YCMaHO8UMb AHAAUMUYECKYIO 3A6UCUMOCMb OM HABUSAUUOHHBIX NAPAMEMPO8, Ymo obecneuusaem GbiCOKYH MOYHOCHb NO-
BUUUOHUPOBAHUS U CYUeCMBeHHOe COKpaujeHue ebluuciumenbiulx 3ampam. Komnaekcuposanue ungopmayuu 31eKmpoHHbIX
Kapm u aneopummos Cmoxacmu4eckou Guibmpayuu 041 OUHAMUYECKOU 00paboOmKu CRYMHUKOGbIX UMEPeHU N0360AUN0
De3K0 COKPpamums @bl4UCAUMENbHBIE 3AMPAMbL NPU OUEHKEe MeKYUWUX KOOpOUHam nodeulcHo20 00sexma npu 00H08PeMEHHOM
CYUeCmE8eHHOM HOBbIUEHUU MOYHOCMU NO3UUUOHUPOBAHUSL NO CPAGHEHUID ¢ MPAOUYUOHHBIMU Memodamu 06pabomKu cnymHu-
K08bIX CO00WeHUl. Dhpexmusrnocms npedrodcerHo20 Memooa nPOULLCMPUPOBAHA YUCACHHBIM NPUMEPOM.

Karouegoie caosa: npocmparncmeenHvie KOOpOUHamMovl HOOBUICHO20 006eKma, opmoopomuiecKkas mpaekmopus, 0oOnaepos-

cKue uamepenus, uzmepeHus nceedodaisbHoCmu, HeAuneuHas guismpayus

BBenenue

Ha cerogHsmmHUiI AeHb OMHUM M3 OCHOBHBIX
MmyTeil pelieHus 3aJa4i BBICOKOTOYHOI'O TTO3ULINO-
HUPOBAHUS TOABUXKHBIX OOBEKTOB SBIISIETCS MC-
MOJIb30BAHME CITYTHHMKOBBIX M3MCPEHHU — TICEB-
JONAJIbHOCTU U TICEBIOCKOPOCTU OOBEKTa, IMOJIY-
YEHHBIX OT CIIyTHUKOBBIX HABUTALIMOHHBIX CUCTEM
(CHC) [1—7]. Ho HecMOTpsl Ha MOCTOSIHHOE CO-
BEPIICHCTBOBAHMWE CPEIACTB CITYTHMKOBON HaBU-
raiuy O0eCHeYrTh JaxXe CyOMETPOBYIO TOYHOCTH
ornpeaeaeHus koopauHat ¢ nomousio CHC B yc-

JIOBUSIX TOPHOro penbeda, IMpu BBHICOKOM ypPOBHE
aTrMoc(epHBIX TTOMEX, TP MHOTOKPATHBIX OTpa-
XEHUSIX B YCJIOBHUSIX TOPOACKON 3aCTPOMKHU U IIp.
MPU HEM30€XKHBIX NHCTPYMEHTAJIbHBIX MOTrPEIIHO-
CTSIX TIepemaTyrMKa CIyTHHKAa M IMpPUeMHUKA O0b-
eKTa B HacTosllee BpeMsl OKa3bIBaeTCs BeChbMa
npob6seMatndHo [6—9]. JlaHHOe OOCTOSITeBCTBO
MIPUBOIUT K HEOOXOMMMOCTH pPa3pabOTKM HOBBIX
METOIO0B OO0pabOTKM CHYTHUKOBBIX W3MEPEHUI,
CYILIECTBEHHO ITPEBOCXOMSIINX IO TOYHOCTU Tpa-
IUIAOHHEBIE alTopuTMbl. Ha Tekymmii MOMEHT
MoJapJisirollee OOJBIIMHCTBO BCEX METOIOB 00pa-
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OOTKM CITYTHMKOBON MH(MOpPMALMK MOCTPOEHO Ha
WUCTIOJIb30BAHUM MJM METOJa HauMEHBIIMX KBa-
nparoB (MHK), unu ero monudukamnuii [6, 7, 9].
[TomoOHBIE TIOAXOABI OOECIEUMBAIOT TPEOYEMYIO
TOYHOCTb TTO3UIIMOHUPOBAHWS B OCHOBHOM s
CTallMOHAPHBIX OOBEKTOB M OKa3bIBAIOTCSI HEpe.-
KO Hed3(hGhEeKTUBHBI AJIs MOABUXKHBIX, OCOOCHHO
BBICOKOIMHAMUYHBIX, 00beKTOB. OmXHOW W3 Tpu-
YUH 93TOro SBJASETCS MNPUHLMIKUAIbHAS HEBO3-
MOXHOCTb y4YeTa B JaHHBIX METOHaX TUHAMMWKU
IBUXeHUST ob0bekTa. B To Xe Bpems, IJs1 OLEHKU
nmapaMeTpoOB COCTOSIHMST CTOXaCTUYECKUX TUHAMU-
YeCKMX 0OBEKTOB IO 3alIYMJICHHBIM U3MEPEHUSIM,
K KJIacCy KOTOPBIX U OTHOCSITCSI CyTHUKOBBIE 13-
MepeHHus, pa3paboTaH OOIIMPHBIN KJacC METOAOB
HEeJIMHENHON CTOXacTU4YeCcKOoW (uiIbTpaluu, y4u-
THIBAIOIIMX KaK XapaKTepHYIO JTMHAMUKY O0BbEKTa,
TaK ¥ HaJIMYKME TIOMEX B UBMEPEHMSIX, U TIPU DTOM
3HAYUTEIBbHO TIPEBOCXOASAIIMNX 1O 3(hGHEKTUBHO-
ctu MHK [10—17]. B cBsi3u ¢ 3TuM AJ1s MOBBILIE-
HHUS TOYHOCTU TO3MILMOHUPOBAHUS ITOABMXKHBIX
00BEKTOB MPEACTABJISIET CYIIECTBEHHBI MHTEPEC
000011IeHe METOJOB HEeJIWHEWHOW (GuIbTpauuu
Ha 00pabOTKYy CMYTHUKOBBIX HABUTALIMOHHBIX CO-
o6weHni. OCHOBHOW TPYAHOCTBIO 31€Ch ABJISAECT-
cs ¢opMUPOBaHUE 10 CITYTHUKOBBIM U3MEPEHUSIM
ypaBHEHUS JBUXEHUSI 00beKTa, MHBAPUAHTHOTO
K €ro BUIY Y YCIOBUSIM (PYHKIIMOHVMPOBAHMS.

I[Tomumo ctoxacTuueckoir 0OpabOTKU CIYyTHU-
KOBBIX U3MEPEHUI IPpYTUM BecbMa 3P PEeKTUBHBIM
MyTeM TMOBBILIEHUSI TOYHOCTU TMMO3ULIMOHUPOBA-
HUs1 oObeKTa SIBJSIETCS MCIIOJb30BaHUE WHMOP-
Maluu, COAECPXKALICHCA B U3BECTHOW TPACKTOPUU
oobekTa. Illupokoe mpuMeHeHUE 3TEKTPOHHBIX
KapT obOecrneymBaeT BO3MOXHOCTh ammpoKcuma-
LUU C 3aJaHHOW TOYHOCTBIO 3apaHee M3BECTHOM
(mporpaMMHOIi) TpaekTopuu oObeKTa HAOOPOM
TPAeKTOPHBIX MHTEPBAJOB-OPTOAPOMUIA, TMO3BO-
JISTIOIIMX MCTOJb30BaTh aHAJUTUYECKUE 3aBUCH-
MOCTHU HABUTALIMOHHBIX TapaMeTPOB, KOTOPHIC
00ecrneuynBalOT BBICOKYIO TOYHOCTb MO3UIIMOHU-
pOBaHM S Ha TPAEKTOPUU MPU OJHOBPEMEHHOM CO-
KpalleHUW BBIYMCIUTENBHBIX 3aTpat [3, 18—20].
IlomoOHast ammpokcuManus TpaeKTopuu (pas-
OueHue Ha MHTEepBaJibl) OKa3blBaeTCs OCOOEHHO
3 peKTUBHOM AJIsI TAKUX BUIOB TPAaHCIIOPTa, KakK
aBTOMOOMJIbHBIN, XEJIE3HOJOPOXHBIN, TpakKgaH-
ckas aBuauusg u ap. Ho HecMOTps Ha momoOHEbIe
MperMMyIllecTBa MCMOJb30BAHUSI TAKOW ammpokK-
cCUMalUU IJ1s1 0ObEKTOB CaMOI0 Pas3jiMyHOro Ha-
3HAUYeHUsT pabOTHI MO ee TPUMEHEHUIO TP 00-
paboTKe CMyTHUKOBBIX M3MEPEHUU MPaKTUUYECKU
OTCYTCTBYIOT.

ITocTanoBka 3azaun

B cooTBeTcTBUM ¢ BBILICU3IOXEHHBIM IIPEI-
CTaBJISICT 3HAYMTEIbHBINA MPaKTUUYECKUI U Teope-
THUYECKUI NMHTepeC AaJibHelllee pa3BUTHE METOIOB
00pabOTKM CHYTHUKOBBIX HABUTALUOHHBIX W3-
MEpEeHUII Ha OCHOBE MCITOJIb30BaHMS, BO-TICPBBIX,
ypaBHEHMI IBUXKEHUSI 00beKTa, COOPMUPOBAHHBIX
MO CIIYTHUKOBBIM M3MEPEHUSIM U MHBAPUAHTHBIX
K BUAY 00BEKTA U YCIOBUSIM €ro (GyHKIIMOHUPOBA-
HUS, BO-BTOPBIX, METONOB HEJIMHEWHON (DUIBTpa-
LMY, YYUTHIBAIOIIUX OVUHAMUKY IBUXEHUS OOb-
€KTa, U, B TPETbUX, BO3MOXHOCTU BBICOKOTOYHOM
anIpoKCUMaliM TpaeKTOpuu oObeKTa HabOpOM
WHTEPBAJIOB-OPTOAPOMUIA IT0 JAHHBIM 3JCKTPOH-
HbIX KapT. Kak mmokazaHo HUXe, KOMILJIEKCUPO-
BaHHUE BBIIICIIEPEUYNCICHHBIX METOIOB II03BOJISCT
CYLIECTBEHHO COKpPaTUTh BBIYMCIUTEIbHbIC 3a-
TpaThl IIpU paauKaJbHOM MOBBIIICHUU TOYHOCTU
MO3UIIMOHUPOBAHUS TOABUXHBIX O0BEKTOB — 0
CaHTUMETPOBOTO AMana3oHa, YTO SBIISETCS OCO-
OCHHO aKTyaJIbHBIM B CUCTEMaX aBTOMAaTHUYECKOIO
yIIpaBJICHUS MNOABUXHBIMUA 00bEKTaMMU.

HaHHylo 3agayy OymeM peliaTh ClAeIyIoUM 00-
pa3oM: cHayana chopMHUpyeM YpaBHEHUSI, OIUCHI-
BalOIlIMe OWHAMUKY WM3MEHEHWs HABUTALIMOHHBIX
MapaMeTpoOB MOABUKHOIO O0OBbEKTa M MX Habmoma-
Tesist Ha ocHoBe u3mepeHuit CHC. [lanee TpaHcdop-
MUpPYeM TOJyUYCHHBIC YPAaBHEHMS IJIsl TPACKTOPHOIO
y4acTKa, MOJYYEHHOrO MpM Pa30MEHUM HCXOMHOM
M3BECTHOI TPAGKTOPUM 1 MPEACTABIISIIOLIETO COOOM
OPTOIPOMUIO (KpaTYalIlIylo TPACKTOPUIO MEXIY KO-
opAMHaTaMM HadyaJjia ¥ KoHIla yyactka). [Tocie aroro,
WCITONIb3Ys YPaBHEHUST 00bEKTa U ero HabJIomaTes
Ha OPTOAPOMMU, MOCTPOUM AJITOPUTM HEIMHEHHOM
(unbrpanuy, obecreyMBalOIIMil UCKOMYIO CTOXa-
CTUYECKYIO OLCHKY HABMIALIMOHHBIX I1apaMeTPOB
00BbEKTa 10 CIYTHUKOBBIM M3MEPEHUSIM.

®opMupoBaHUe YPaBHEHHI HABUTANMOHHBIX
napamMeTpoB 00bEKTa C HCNOJIb30BAHHEM
CIYTHUKOBBIX H3MepeHHid

st mocTpoeHUs1 ypaBHEHUI, ONMMCHIBAIOIIMX
JIUHAMUKY HAaBUTALIMOHHBIX IIapaMETPOB OOBEK-
Ta, pACCMOTPUM CHayajia MOJAEJIU CUTHAJIOB KOJI0-
BbIX U JOILIEPOBCKMX M3MEPEHUIl B ¢opMe, Opu-
€HTUPOBAHHOI Ha BO3MOXHOCTbh MX MCIIOJb30Ba-
HUSI B MOpouLeaype OHaHHOro cuHrte3a. Ilpu sToMm
MpeamnojaaraéM, YTo 4acToTa CheMa CIYTHUKOBBIX
cooOlIeHni (mocTurarouiasi Ha JaHHBIM MOMEHT
100 I'u, HanpuMep, A HABUTALMOHHBIX MTPUEM-
HUuKoB Javad, Trimble n np.) TO3BOJIIET CUUTATH
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CIIYyTHUKOBBIE HABUTALIMOHHBICE M3MEPEHUST He-
npepbiBHBIMU. B cTaHgapTHOM pexume Monelb
CTOXaCTUYECKOTro MH(GOPMAILIMOHHOIO CUTHaA Zp
KOMOBBIX M3MEpeHU# (TICEeBAOAATBLHOCTH) MOXET
OBITH ITpencTaBieHa Kak [6, 7]

Zp=E -8+, -2+ -0 + Wy, (1)

rae &, M, (. — WU3BECTHbIE KOOPAMHATHI CIIyTHUKA
B reoueHTpuyeckoil cucteMe KoopauHat (I'CK); &,
1, { — ompenenseMble KoopauHathl 00bekTa B I'CK;
Wi — nomexa u3MepeHus NCeBAONATbHOCTH.

[Ipu sTOM MHPOPMALMOHHAS MOACIb IICEBAO-
CKOpPOCTM (CHUTHaja OOIIEPOBCKUX H3MEPEHUIA)
Z onuchiBaeTcs cieayolum obpasom [6, 7]:

ZV = [(éc _F:»)(Vgc _Vg) +
+ (nc - n)(Vnc - Vn) + (Cc - C)(Vgc - Vg)] x

JIBUXEHUST OOBEKTa 110 MHTEpBATy TpPaceKTOPUU
(yuacTky), SIBISIOLIEMYCS KpaTyauIleil TpaeKTopu-
el MexXy KoopArMHaTaMM Havyajia M KOHIIa yJacTKa,
T. €. opmodpomueli. AIITIPOKCUMAIINS TIOOOOHBIMU
WHTEpBaJlaMy W3BECTHBIX TPACKTOPUM JBUXKECHMUS
MO3ULIMOHUPYEMBIX OOBEKTOB (ABTOCTpa, Keje3-
HBIX JOPOT, MPOrPaMMHBIX TPAaeKTOPHUIA JieTaTesb-
HBIX afrapaToB M Mp.) MPU HATWUYUHN 3JTEKTPOHHBIX
KapT SIBJSIETCS AOCTAaTOYHO IPOCTOH, OMHOKPATHO
peliaeMoil, BBIUMCIUTEIbHOM 3aaaueit [21].

Panee B pabotax [3, 18] ObLI0 MOKa3aHO HaJM-
yye Ha OPTOAPOMMHU AaHAJUTUYECKOW 3aBUCHMMO-
CTM MEXIY NMPOCTPAaHCTBEHHBIMM KOOpAMHATaAMU
00BbeKTa, UMEIOLIEH CIeNYIONIUA BUI;

& = (cos Py)Pn — (sin Py)aga; —n*;
C=s(in Py)Pn + (cos Py)ara, -n?,

2

)

X (Y& -8+ -+ -0+ Wy, @) | tre 1+ P? =y, JT - a;;
+

rne Ve, Ve,V — mpoekuuu Bek-
TOpa CKOPOCTU CHYTHHMKAa Ha OCH €180 — &oly
[CK; Ve, V.V, — npoekunn Bek- p_ \/(&12 +C1) (85 +63) .
TOpa CKOPOCTHM OOBEKTAa Ha OCH = 5 5 )
I'CK; W, — nmomexu DOTIJIEPOBCKUX 2110 -+ 2”‘ >=2 Mo G160 +E150
U3MEPEHUH. Fe=mo I —Mi \/(7'2 -no)(r* -np) \/(512 +C)(EG+E5)

YuuThiBasi paBHOMOIIHOCTD pa3-
AMIHEK  CIYGRRHEX  QAKTOPOB | p oo no&iyr? —nied + €3 —nigort —mdyed e}

(atMmocdepHBIE BO3MYIIEHUS, OCO-
OEHHOCTU TOPOACKOM 3aCTPOMKH,

MGy —maG + €2 ol —mi s + &

MHCTPYMEHTAJIbHbIE TIOTPEIIHOCTU
anmnaparypel CHC u mnp.), BAUSIIONIMX Ha XapakTep
TMOMeX KOMOBBIX M JOMJIEPOBCKUX M3MEpEeHM, Oy-
JeM ToJiaraTh Jajee MOMeXW OOIUIEpoBckux W u
KOHOBbIX Wy M3MepeHU UEHTPUPOBAHHBIMU Oe-
JabiMu rayccoBckumu 1rymamu (BI'I) ¢ uzBecTHBI-
MM UHTEHCUBHOCTSMU Dy U Dp, COOTBETCTBEHHO.

YpaBHeHue (2), 3amMcaHHOE€ OTHOCHUTEIBHO
BeKTOpa KoopauHaT oobekTa [ m ], TpaHCchOp-
mupyeTcsd K AuddepeHIraibHOMY YpaBHEHUIO,
MpeAcTaBICHHOMY HUXe:

[(ac - E.))Vgc + (nc - T])Vnc + (C.ac - C)Vgc] -
2 2 2
~JE -8 (e -+ (G -0 (Zy - W) =
:| ic —ﬁﬂc | Cc —C||§Tl ClT

Ho nanHoro ypaBHeHUSs, TOCTPOEHHOIO 10 J10-
HJICpOBCKl/IM I/ISMCpCHI/IﬂM TOJIbBKO OIHOI'O CHYT—
HUKa, O4J1d ONpeacICHUA TpEX KOOpAMHAT 06’LCKTa
0OKa3bIBACTCd HEAOCTATOYHO.

Z[JIH BO3MOXHOCTH COKpalll€HM A YNCJia IEPEMEH-
HbIX B JAHHOM YPaBHCHHUU HUMKE HNCIIOIb3YyEM (I)aKT

Q)

&> Mo» Gy — KOOPIMHATHI HAYATbHOI TOYKU OPTO-
IPOMUYECKOTO ydyacTKa TpaeKTopuu; &, ny, & —
KOOPAWHATHI KOHEYHOM TOUYKU OPTOAPOMUYECKO-
ro ydyacTKa TPaeKTOpHMU; ¥ — Paanuyc 3eMJIu.
BoipaxkeHue miist mapametrpa P MOXHO TIpe-
CTaBUTh TaKXe B 0oJiee KOMITAKTHOU (opme:

€160 — &G

p= 2 2 ’
"\/Tlo +Mi —2nmg cos e

rIe ¢ — yroJ MeXAy BeKTOpaMU, IIPOBEICHHBIMU
n3 HavaJia 'CK B HayaibHYIO ¥ KOHEUHYIO TOYKU
JIBUXEHUS, COOTBETCTBEHHO.

[IpuBeneHHBIE COOTHOLICHUS C MCIOJb30Ba-
HUEeM omnepauuu audoepeHINpPoOBaHUS BbIpa-
KeHU# (4) MO3BOJSIOT TaKXe OIPEeAEeIUTh CBS3b
npoekuuit ckopoctu oobekra B I'CK:

V. = ((cos By) P + (sin Py)ay(ya —n? )‘ln)Vn;

&)
Ve, = ((sin By)) P - (cos Py)a, (ya, —ﬂz)fln)Vn-
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CoBMecTHOE MCITOJIb30BaHUe BhIpaxkeHui (4), (5) mo3posisieT nMpeodpa3oBaTh ypaBHEHME KOOPAMHAT
obbekTa (3) A5 cyyasi OpTOAPOMUHM CIEAYIONIMM 00pa3oMm:

[(& — (cos Py)Pn + (sin Py)agyJa; —n?)Ve, +(n, — )

Vie + (G, = (sin Py)Pn = (cos Py)agya; —n* )V, ] -

-(Zy - WV)\/(gc —(cos Py) Py + (sin Py)agJa; —n)? + (. =) + (G, — (sin Py) P — (cos Py)agya, -n2)? =
= (&, — (cos By) Py + (sin Py)agJa, —n*)((cos By) P + (sin Py)ay(Ja, —n*) ')V, +(n, =)V, +
+ (&, — (sin Py)Pn - (cos PyagyJa, —n?) ((sin Py)P - (cos Pyag(Ja, —n2) ')V, .

IIpuBOaS TIepeMeHHbIE C YYETOM IBUKEHMUS I10

MOBEPXHOCTH 3eMutit (T. e. &2 +n%+¢% =r), 1o-

JAYYUM:
Gor + iM + 4\ _112 -
-(Zy _WV)\/®lt +@yM+03\a - =
® _ .
- P? -1 +%(\/a1 -n*) ',

rae M= Vna écVﬁc + chnc + CCVQC =dos»
E_,CPCOSPO + T]c + CCPSIHPO = XOI’
~(Ve Pcos Py +V, . + V. PsinB) = q,,;
ay(Ve.sin Py —V,.cos Py) = q,,,
2 2.2 .2
=&+ +C+77,
®,, =-2[¢,PcosPy+n, +(.Psin Fy],
O3, =2ay[E.sin Py -, cos P)] —
(GyHKLUU.
B ¢opMe JlaHxXeBeHa JaHHOE CTOXaCTUYECKOE
ypaBHEHHUE, ONMCHIBalONIee TMHAMWUKY HaBUTAIl-
OHHBIX TMapaMeTpOB OO0BEKTa, IBUXYIIETOCS IO

OpTOAPOMUM, M1 MCITIOJIB3YIOIICC M3MECPCHUA TOJIb-
KO OJHOIro CiyTHuUKa, UMECT BU]

Qo + 1M+ 4N _112 B
® _
Yo +(ad - P? —1)n+i<\/al 1)

ZV\/®1t+®2m+®3r\/a1 —n?
X0t+(ao—P2 Dm+ 3’(\/al )

\/®1t+®2m+®3z\/‘11 -’
Yor + (@5 = P* =1+ 3’ (a; -n*)"'n

nJIn

= (xor + (aoz

BPCMCHHBLIC

f]:

+

n=F,(n,0)+ Fo,(n, )Wy, (6)

rie
F (n t) qo: +41m+42z\/ 2
'r' b
o + (a5 — P? =Dn+ 3’(\/ n?)'n
ZV\/®1: +0O,m+ ®3t\/al -’
o+ @k~ P T+ 3f<\/ W)
Fyn (no1)= \/®1z +0,M+04a; -’

2 —.
xor +(af = P? =D+ 2 (Jay —n?) '

Peitenue ypaBHeHUs1 (6) OTHOCUTENIHLHO MeEpe-
MEHHOM m C OJHOBPEMEHHBIM HCHOJb30BaHUEM
BbIpaxkeHU (4) MO3BOJISIET MOJHOCTHIO PELIUTh
3aJa4y MNO3WLMOHMUpOBaHUS o0bekTa. Ho mmMes
B BUAY CTOXaCTMYECKMIA XapaKTep JAHHOIO ypaB-
HEeHMUSs, JajbHeillllee pelieHue 3a0a49m MO3ULMOH -
poBaHUS OyIdeM OCYILUECTBJSATH C IIPUBJICYCHUEM
CTOXaCTUYECKMX METOMOB OLCHKU KOOPAMHATHI 7,
HCIOJIb3YS XOPOIIO pa3paboTaHHBIN armapaT Teo-
pUU HEJIWHEHHOUW CTOXacTUYecKOW UIbTpaliin
[10—13]. Ha cerogHS1mIHMIA IeHb Cpealu METOIOB
HEJIMHENMHON (UAbBTpallMM OOHMUM H3 HauboJjee
3(POEKTUBHBIX MO KPUTEPUIO "TOYHOCTb—BBIYMC-
JINTEJIbHBIE 3aTpaThbl’ SIBISIETCS paclIMpPEHHBIN
(Henuneinbt) punsrp Kanmana [12, 13]. Ho nna
€ro HUCIOJIb30BaHUS MIOMUMO HAJIUYUS YpaBHEHUS
o0bekTa (6) HeoOXOOMMO ellle MMETh ypaBHEHUE
ero HaOmogarens. JIas IOCTpoeHMs TaKOro Ha-
OmopaTens MpojaeIaeM CleAylollue IMOCTPOCHHUS.

Cunre3 uHdopMaIHOHHO MOIEH HAO0AATENA
HABHTAIHOHHBIX MAPAMETPOB 00bEKTA

Bri6epeM B KaueCcTBe CUTHaJIa HAOMIOAEHUS Ha-
BUTAlIMOHHOTO TlapaMmeTpa 1 (MpOCTPaHCTBEHHOM
KOOPAWHATBI) CUTHAJ M3MEPEHUS ICEeBAOAATBHO-
ctu. B aToM ciyuyae, onupasich Ha BbIpaXkKeHUE IS
n3MepeHunit nceBaoaanbHOCTU (1) M COOTHOIIEHUS
@), (5), npu ABUXKEHUHU O OPTOAPOMUM TIOTyYaEM:
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ZRorr = \/(& (COS P())P‘I] + (Sll’l PO QOW)Z

-1 +(C, - (sin Py Py —(cos By)agya, -

+WR:H( , )+WR7

(7)

rae Wy — momexu KOIOBBIX U3MEPEHUIA.

Beonst 0603HaueHUs O, ©,, ®; IPUBEACHHBIE
HUXe, (PYHKIMOHAJIbHYIO 3aBUCUMOCTb (DYHK-
My HabmoaeHus1 H(n, ) OT HaBUTallMOHHBIX I1a-
paMeTpOB MOXHO IPHUBECTU K JHOCTATOUYHO IIPO-
CTOMY BUAY:

U N R Y e
-2[¢.PcosPy+n, +( . Psin BIn+ —>

— + 2ay[&, sin Py — £, cos PylJa, —n? =
= \/®1 +OM+O3ya; -1,

2 2 2 2.
rae O, =&, +n; +C, +r";

0, =-2[§.Pcos By +n, + (. Psin Fy];
03 = 2ay[&,sin By - (. cos Py] —
MU3BECTHBIE PYHKIIMU BPEMEHMU.

CoBMeCTHOE UCIOJIb30BaHWE YpaBHEHUsS Ha-
omoneHust (7) m ypaBHeHUsI o0bekTa (6) MO3BO-
JISIeT MOCTPOUTh pacuimpeHHbIi GunsTp Kanma-
Ha, 00ecneynBarolInii CyOONTUMAIbHYIO OLIEHKY
MPOCTPAHCTBEHHOI KOOPAMHATHI N:

n=F,@0+ K@) Zgow — HR,D);
KGy1) = R0 2HOD poi.
on
oF (n, t) ®)

R(A,1) = 2R({,1)

2
~ OH(,t _
+ FE(n.0Dy —[Rm, r)%] Dy
n

rme mn — TeKyllas OLEHKa KOOPAWHATHI ),
R(n,t) — amocTepuopHasi KOBapHWalMOHHAast
bynkums; = M(ng), Ry=M{(ng-n)’}.

B cBolo ouepenb, HCIOJNb30BaHUE TEKYIIEH
OLIEHKUW 1 KOOPIWHATHI M, IOJyYEeHHOW MPU WH-
TeTpUPOBAHUU ypaBHEHU (8), COBMECTHO C COOT-
HOLIEHUSIMU (4) TI03BOJISIET ITOJHOCTBHIO PELIUTH
MOCTaBJICHHYIO 3a7a4y MO3ULIMOHMUPOBAHUS MOMI-
BUKHBIX OOBEKTOB MO 3alllyMJIGHHBIM CITYTHUKO-
BBIM U3MepeHusM. B cuiy Toro, uto ypaBHeHMe (6)
OdHOMEpHOE, pa3MepHOCTb ¢uabTpa (8) paBHa 2,
B TO BpeMs KakK B ciIydae (pUIbTpalluy TPeX KOop-

IWHATHBIX ITapaMeTpoB, T. €. 0e3 yJyeTa JBUKCHUSI
M0 OPTOAPOMUMU, Pa3MepHOCTh puibTpa Kanmana
OynmeT paBHa 12 — BBIMTPBILI B BBIYUCIUTEIBLHBIX
3aTparax OYEBUJICH.

Hnst oueHKH 3¢ (HEKTUBHOCTHU MPEATOKEHHOTO
aJITOPUTMa PAaCCMOTPUM CJICAYIONIUI TIPUMeED.

MeTtoauvyeckuii mpumep

becnunoTtHsbiii TpaHncnopTHbii 00beKT (BTO),
AMEIINN B KA4eCTBE HABUTAIIMOHHOUN CHUCTEMBI
CHC, nBurancs BAOJb MECTHOTO MEpUJMAHA W3
Touku ¢ gojaroror 30° m mmporoii 45° (T. e. § =
=2 253 549 M, ny = 4 507 098 M, ¢, = 3 903 261 m)
B TOuKy c nosnrotoil 30° u muporont 47° (§ =
=2 173 875 M, m; = 4 660 125 M, ; = 3 765 152 m).

Ha BcemM wuHTepBasie ABUXKEHUs  TMHAMMKA
npoekuun ckopoctu bTO V, = =1 Ha ocb  'CK
orpeaensyiach ¢ y4eToOM ,Z[I/IHaMI/IKI/I rOPU3OHTAJb-
HOI COCTaBJSIONICH ero CKOPOCTU B eeoepaghuye-
ckou CK

V. =20 + 5sin0,02¢ (m+c ")

cJIenyIoIuM 00pa3oMm:

2
n="v. 1—(Hj :
r

B nmpouecce momenupoBaHusi nBuxeHusi bTO
W3MEHEHNe BO BpPEMEHU €ro MCTUHHOW KOOpAu-
HaThl 1 OIpPEIeIsJIOCh MHTeTPUPOBAHUEM YpaB-
HeHUs (9) meTogoM PyHre—KyTThl 4-r0 nopsiaka
¢ marom At = 0,01 ¢ Ha BpeMEHHOM HHTepBaJe
t € [0;1000] ¢, koopauHaThl &, { BEIYUCISIIUCH T10
COOTHOIIEHUSIM (4).

MopenupoBaHye HaBUTallMOHHBIX TapaMEeTPOB
CNYTHUKA, HEOOXONMMBIX AJs1 (opMUPOBAHUS
MOZEJIEM KOIOBBIX W IOTJIEPOBCKUX W3MEPEHUM,
OCYIIECTBJISIIOCh TYTEeM WHTErPUPOBAHUST ypaB-
HEHUI IBUKEHUS CIyTHUKA (CKopocTeit Ve, Vi,
V.. v koopouHar &, n,, ¢, B 'CK), npuBeneHHbIX
B pabore [6], Mmetogom PyHre—KyTThl 4-ro mno-
psiiKa IpU CIASAYIOIIMX HadyalbHbBIX YCIOBUSIX:

©)

£ =21,85-108 M, n,g = 4,9:10% m, £y = 4,3-10% M

= 1410 m-c”, ¥, =39-105m-c7,

V., =—1810 m-c™

V‘ch

OueHky 53@Q@EeKTUBHOCTU  MNPEaJIOKEHHOro
MoaxoAa MPOBOIMIIM IIYTeM OLICHMBAaHUS HaBUTIa-
HMOHHBIX TTapaMeTpoB bTO paciimpeHHBIM QUIb-
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tpom Kanmana (8), peann3oBaHHBIM C HCHOJIb-
3oBaHueM MeToga PyHre—KyTTel 4-ro mopsaka
¢ mraroM 0,01 ¢ 1 HayaJabHOM OIMMOKOI OIIEHKU
koopauHatel n 15 M. Onenka Tpaektopuu BTO
paccMmarpuBaiach 1Jist A1ByX BapmanTto CHC:

— CHC cpenHero xjacca TOYHOCTH, IJISI KO-
TOPOIl B KauecTBe MoaeaupyemMoro iyma Wy, uc-
MoJIb30BaJIcd lLieHTpupoBaHHBIM BI'TI ¢ Tunny-
HOW [U1s1 JaHHOTO Kutacca aucrepeueii (0,1 m-c )2,
B KauecTBe W — nentpupoBaHHbii bI'LI ¢ nuc-
nepcueit (5 M)%;

: — CHC Huzkoro kJjiacca TOY4HOCTH, i1 KOTO-
| poil mcroib3oBajcs LeHTpupoBaHHbIi BII W),
| ¢ mucmepcueit (0,3 M-c')? M LEHTPUPOBAHHBIIL
i BbI'lll Wy c nucnepcueit (15 M)>.

! I'paduk ommnbdky omeHku kKoopauHatel n BTO
! msg CHC cpenneil TO4HOCTH TIPUBENEH Ha puc. 1.
! AHanu3 IMHAMUKU OLIMOOK MOKa3bIBAET, UYTO yXKe
| Ha HaYaJIbHOM BPEMEHHOM MHTEpPBaJe, HE MPEBbI-
i watomeM 10 ¢, omu6Ka OLEHKM KOOPAMHATHI M
i MMeeT SIPKO BBIPAXXEHHYIO TEHACHIIMIO K PEe3KO-
| MY YMEHBILICHUIO 10 2 m. Jlanee omnbKa rjiaBHO

|

5 — tl c

T T T T T T T 1

100 200 300 400 500 GO0 700 00 200 1000
ettt ettt e ettt e et et e e e e e e, e, e, e, e, e e, e, e, e e, e, e e, e e e e, e e e e o o — — — — — — — — — — — — — — — — — — — — — — — —— — J
Puc. 1. Omuoka onenkn koopaunatel | Aass CHC cpenneii Tounoctn
Fig. 1. Error in estimating the coordinates n for the SNS of average accuracy
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Fig. 2. Fragment of the coordinate n estimation error in the time interval from 300 to 500 seconds
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Puc. 3. Omudka onenku koopaunatel n 1 CHC Hu3koii ToyHOCTH

Fig. 3. Coordinate n estimation error for low-precision SNS
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YMEHBIIIAETCSI M Ha BCEM MHTEpBaje MOJAEINPOBa-
HUA He mpesbiiaeT 0,7 M, YTO TPOULIIOCTPUPO-
BaHO Ha puC. 2, TAe MoKa3aH (parMeHT M3MeHe-
HHUS OLIMOKM OLIEHKM M Ha MHTEepBajie BpEMEHU OT
300 mo 500 ¢ (Ha 3TOM MHTEpBaJie OIINOKA OLICHKU
n He npeBbicua gaxe 0,6 m).

Ha puc. 3 moka3aHn rpadmk ommoKy OIeHKH KO-
opanuHathel 1 BTO nisg CHC Hu3Koil TouHOCTH. Xa-
pakTep M3MEHEHHUSI OLIMOKM 3/1eCh MO-TIpeXHeMY
JEMOHCTPHUPYET BBICOKYIO CTEIEeHb CXOAMMOCTU U
YCTOMYMBOCTU Tipouecca (UabTpalluu, XOTs ypo-
BEHb OIIMOOK B YCTAHOBMBILIEMCSI PEKMME BO3POC
1o 3..4 m. IIpu aTOM cienyeT OTMETUTh, YTO IJIS
00bekToB, ucnoab3ywinx CHC HU3KOI TOYHO-
CTH, ITOoA00HAsI TOYHOCTh ITO3UIIMOHUPOBAHUS CY-
LIECTBEHHO MpPEBHILIAET TPEOyeMYyIo.

3ak.oueHue

Pe3roMupyst BEIIIEU3JIOKEHHOE, B KQ4eCTBE OC-
HOBHBIX OCOOEHHOCTEl pPacCMOTPEHHOI'O IIOIXO-
Ja, ONpenesoIMX ero IperuMyllecTBa Mo cpas-
HEHUIO C TPAAULIMOHHBIMY METOAAMU, MOKHO OT-
METUTb CJEeNYIOLIHE:

— TMOBBILIEHUE TOYHOCTU IO3UIIMOHUPOBAHUS
MOIBMKHOTO OOBEKTa 3a CYET ydeTa OUHAMHKU
€ro JBUXCHUSI;

— BO3MOXHOCTH WCIIOJIb30BaHUSI TOJBKO OII-
HOTO CIYyTHUKA IJIS1 pellieHUs 3aJadyd IO3ULUO-
HHUPOBAHMS, YTO ITO3BOJISIET MOBBICUTH YCTOMYM-
BOCTh pelIeHMs] HaBUTAlIMOHHON 3aJa4yd B CIy-
yae derpajalidyd CIIYTHUKOBOIl TpYyIIIMPOBKHU,
a B IITaTHOM pexume (IIpM OJHOBPEMEHHOM
(PYHKIIMOHMPOBAHMUU HECKOJBKMX CIYTHUKOB) 3a
cueT (popmMupoBaHusl O0aHKa (UIABTPOB Buiaa (&)
CYILIECTBEHHO YBEJIMUYUTH TOYHOCTH MO3UIIMOHU-
pOBaHUSI;

— MUHHUMAJbHYIO Pa3MEPHOCTh HAaBUTAI[MOH-
Horo ¢uabTpa, 0OECIeUuBaIOIlyl0, B CBOIO OYe-
pelb, MHUHMMAJIbHBIM OO0OBEM BBIUMCIUTEIbHBIX
3aTpar Mpu ero peaausalnu,

— BBICOKYIO CXOAUMOCTh U YCTOMUMBOCTH IIPO-
ecca ¢GUIBTPALUU.

IlonyyeHHBIE pe3yJabTaThl YHUCIEHHOIO 9KC-
MepuMeHTa B COBOKYNHOCTM C OTMEYEHHBIMU
BBIIIEC MPEUMYIIECTBEHHBIMU OCOOCHHOCTSIMU
MPEeIIOKEHHOr0 METOoJa IO3BOJISIOT CAeJaTh Bbl-
BOJ O BO3MOXHOCTH €ro 3(¢GeKTUBHOrO TNpak-
TUYECKOr0 IIPUMEHEHUST [JISI TIO3WIIMOHUPOBa-
HUS HOIBUXXHBIX O0BEKTOB IIPU PACCMOTPEHHOM
BBIIIIE KOMIIJIEKCMPOBAHUM B3JICKTPOHHBIX KapT U
CITYyTHUKOBBIX HaBUTALIMOHHBIX U3MEPEHUIA.
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A new approach to the processing of satellite navigation measurements for high-precision positioning of moving objects
moving along a priori (program) trajectories is considered. Existing methods of processing satellite information using the
least squares method or its various modifications provide the required positioning accuracy mainly only for stationary
objects. At the same time, to assess the state of highly dynamic objects, taking into account the noise of satellite measure-
ments, it is very effective to use modern methods of stochastic filtering theory, taking into account both the unevenness of
the movement of a transport object and errors in the processing of measurements. The considered approach is based on the
use of these methods of nonlinear stochastic filtering. It is proposed to increase the accuracy of positioning a moving object
using electronic maps. The use of a digital path model makes it possible to approximate with a given accuracy the a priori
(program) trajectory of a moving object with a set of trajectory intervals — orthodromies. These intervals allow you to
establish an analytical dependence on the navigation parameters, which ensures high positioning accuracy and a significant
reduction in computational costs. The integration of information from electronic maps and stochastic filtering algorithms for
dynamic processing of satellite measurements made it possible to significantly reduce computational costs when estimating
the current coordinates of a moving object and at the same time significantly improve positioning accuracy compared to
traditional methods of processing satellite messages.

Keywords: spatial coordinates of a vehicle, orthodromic trajectory (Great circle), Doppler measurements, pseudo-range

measurements, non-linear filtering
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Puc. 3. O6umii iy podora-desmyia (Sphinx) B cocraBe cHTe3UpOBaHHBIX Ha 3D-IpHHTEPE 3KECTKHX OpraHoB
Fig 3. View of the felid robot (Sphinx) as a part of the rigid organs synthesized on the 3D-printer

Detection Res:
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Puc. 9. TecrupoBanue HoJACHCTEMbI TEXHHUYECKOT'0 3peHusi pobora Sphinx Ha 6a3e HefiponHoii cetn Yolo 3
B OJioke HelipoHHo#H obpaborku NPU c¢ npumenennem oudimoreku OpenCV
Fig 9 Testing the Sphinx robot vision subsystem based on the Yolo 3
neural network m the NPU neural processing unit using the OpenCV library

Puc. 10. TecrupoBanHe HOICHCTEMbI
TeXHHYECKOro 3peHust podora Sphinx
Ha 6a3e HeliponHoit cet Yolo 3 B OJioke
HeHpoHHol odpaborkn NPU

¢ npumeHeHreM outsmoreku KSNN

Fig 10. Testing the Sphinx robot vision
based on the Yolo 3 neural network in
the NPU neural processing unit using

the KSNN library
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