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BBHIUNCJINUTEJIBHBIN AJITOPUTM OIITUMAJIBHOTO
YIIPABJIEHU A OBBbEKTOM C PACIHPEJIEJIEHHBIMUI
IMMAPAMETPAMMU B HEIJIAJTKOM OBJIACTI KOHEYHBIX
COCTOIHUM

M.IO. Jluswuy', A.B. Henawes', 10.3. Ilrewusuesa
lCamapcekuit rocymapersenneiil Texamaeckuit yansepenter, r. Camapa,
Poccutickast Penepariust

[Ipemmoxen 3hPEKTUBHBIN BEIYUCIUTEBHBII AJITOPUTM JJIs PEITeHNsT KPAEBBIX 33,11
OTNITUMAJIBHOTO OBICTPOJIEHCTBYUS ¥ ONTUMAJIBHON TOYHOCTH TIPU MUHUMAKCHOT OIEHKE OT-
KJIOHEHUST PE3YABTUDPYIOIIE TPASKTOPHHE OT 33IAHHOTO KOHEYHOTO COCTOSHUS. 330298 CBO-
JUTCS K HEBBITYKIOH 33/1a9€e HeJIMHEHHOTO MPpOorpaMMupoBanus. 1Ipe1ioxKeHHbIi aaropuT™
VUUTEIBACT HEBBINYKJIBI XapaKTeD MOCTABJICHHON 3a0a9M HEJIMHEHHOrO IIPOTrPaAMMHPOBa-
HEs1, 0OECIIeInBAET MMONCK B 30HE <OBPATOB> U AOCTATOTHO 3(DPEKTUBHO BHIIOJJHSIET ITOHUCK
B YCJIOBUSX TIOBHIEHHON PA3MEPHOCTH 00JIACTH OTIPEIEIEHIS OTITUMI3UPYEMOTO (DYHKITHO-
HaJja, obecrmeunBas TPEOYEMYIO TOYHOCTD PeleHns. 33 CYeT npeoOpas3s0BaHs MHOTOMEPHOH
HEBBIIYKJION 33/1a91 HEJIUHEHHOTO TPOrPAMMUPOBAHUS K 33Ja4€ MUHUMU3IAINANA TJIAIKON
MOHOTOHHO YOBIBAIOIIEH (QYHKIMN OJHOTO MTEPEMEHHOTO AJTOPUTM CYIIECTBEHHO CHUXKAET
BBIYUC/IUTEIBHYIO CJI0XKHOCTE PEIIEHNs KPAEBBIX 337129 ONTUMAJIBLHOTO OBICTPOAEHCTBUS U
OTNITUMAJIBHON TOYHOCTH NPU MUHUMAKCHOH OIEHKE OTKJIOHEHHUS Pe3y/IbTUDPYIONEel Tpaek-
TOpUU OT 33TAHHOTO KOHEYHOTO cOCTOsiHusi. [IpuBesien npumep pereHns TeCTOBOH 3a1a9u
OTNITUMAJILHOTO YIIPABJIEHUS WHAYKIIMOHHBIM HATPEBOM IIHJINHIIDA.

Karouesvie caosa: pacnpedesermole napamempol; Kpaesas 3adava; Kpumeput onmu-
MAABHOCTNAU; TOUCKOBAA NPOUEIYDA; NOKAALHOIT MUHUMYM; 2A00GALHOIT MUHUMYM.

106unero npopeccopa T.B. HYucmaxosol
NOCBAULAECTNCA

CoxkpanieHus

OPII — obbext ¢ pacnpenenennbivu napamerpamu; AMO — anbprepHaHCHBIH MeTO
OITHUMU3ATTAN.

BBeneunne

HpaKTI/IquKaﬂ PE3YJILTAaTUBHOCTL METOA0B U aJI'OPHUTMOB PEHICHUA 3a1a9 OIITHUMaJIb-
HOr'o ylpabJieHHs TEXHOJOI'MYEeCKHMMHU M IIPOU3BOACTBECHHBLIMU IIPDOIIECCAMM OIIPEIe/IAeTCHA
3P PEKTHBHOCTHIO BBIUUCIUTEIBHBIX METOJIOB U COOTBETCTBYIOMIETO POIPAMMHOTO 00ec-
neverust. OmpeaesonuM (pakTOPOM IIPH BEIOOPE BBITUCIUTEIHEHOTO METOIA SIBJISIETCST €10
aJIEKBATHOCTD [TOCTABJIEHHON onmTuMasbHON 3amade. [losromy TpebyroT mOTOJIHUTEIBHOTO
1 MaTeMaTU4YeCKU KOPPEKTHOI'O O6OCHOBaHI/IH IIUPOKO pPacIIpoCTpaHEHHbBIC, OCHOBaHHBLIC
Ha OTPAHUYEHUH OECKOHETHOTO THC/a COOTHOIEHWH, HAPUMED, B PACIIPEIEIEHHOM Me-
TOJEC MOMEHTOB 1 (HHH) AIIIIPOKCUMallK HEIJIaJKOI'O ¥ HEBBIIIYKJIOI'O KPHUTEPHs KadeCTBa
BRIy KJIOH 061acThio [1-8], YucieHHble METOBI TIPUOIMIKEHHOTO PENIeHUs! O TUMABHBIX
3aJ1a4, B 0COOEHHOCTH TpuMeHnTeNbHO K Oeckoneunomepubiv OPIL. Crporuit amasms mo-
Ka3bIBaeT, 9TO IIPHU ITOM 3a49aCTYIO IIPOUCXOJUT IIOJMEHa ITOCTaHOBKK ONTUMAaJBHON 3a-
JIa9 ¥ BMECTO M3HAYAJIBHO MTOCTABIEHHON KPAEBO 3871a1i ¢ (PUKCHPOBAHHBIMU KOHITAME
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ONTUMATHFHON TpaekTopuu (PaKTHIECKN PEITaeTCsl 3a1a9a ¢ MOIBUKHBIM W CBOOOTHBIM
IPaBBIM KOHIIOM OTITUMAIBHON TPAEKTOPUN B COOTBETCTBYIOIIEH 00/1aCTH KOHETHOMEPHOTO
i 6ECKOHETHOMEPHOI'O TPOCTPAHCTBA cocTostHuil, ecyin peus uger o6 OPII [9]. Ocrosuble
3aTPYIHEHUST TIPU PEATU3AINY BhIIucIuTe TbHBIX MeTosoB st OPII c¢Bsizanbr He ToBKO
¢ HEOOXOJMMOCTBI0 UX KOHETHOMEPHOU AIMPOKCUMAIINKA B OOJIBITMHCTBE W3BECTHBIX Me-
TOJIOB, HO U C TIPOOIEMOM aJIeKBATHOCTH YIOOHBIX B BBIUUC/JIUTEIHLHON MPAKTUKE METPUK,
OTIPEIETSIIONTNX HAYAIbHBIE W KOHETHBIE 00JIACTH COOTBETCTBYIONINX OIMTHUMAJBHBIX KPae-
BBIX 3a/1a4, TEXHOJOTUIECKH 0DOCHOBAHHBIM oreHKaM d1ux objacred [10]. Ilorpemuoctu
JIOCTHKEHUsT 3aTAHHON 00/IaCTH OT HEKOPPEKTHOT'O BBIOOPA BBIYUCIUTEIHHOTO METOJIA Pe-
IIEHUs! JIJIsT HEKOTOPBIX ONTUMAJIBHBIX 3asa4 jgocturator 200% [1, 8, 9, 11].

1. IlocTanoBKa 3a1aun

OrpasranMcst 371eCh, JJTsl YIIPOITIEHNsT U3JI0KEHNsT TIPeIaraeMoro IUCJIeHHOTO MeTO-
Jia, OJHOMEpPHOM KpaeBoit 3asadell ontumasabaoro ynpasienust OPII, aTo we Bemer x mo-
Tepe OOIMHOCTH aJrOPUTMAa BBIYUCIUTETRHON mpotieaypsl. CyIecTBeHHO, 9ITO Jaxe Mpu
TeOPeTHIeCKO (PUKCAIMY TTPABOrO KOHIA onTuMabHOM Tpaektopun OPII, morpermaocTu
U3MEPEeHUs, yecedeHrne DEeCKOHETHOMEPHBIX MoOJesetl, TIOrPenTHOCTb TPU IUCIeHHON peaJti-
3AIIUH U T.II. HE TIO3BOJISIFOT MPAKTUIECKHU PEIUTE 3Ty 3aa9y TouHO. [loaromy dparTrudaecku
peraercst 3a/1a9a ¢ MOJBUXKHBIM TIPABBIM KOHIIOM TpaexTopun. OIHAKO, TIPU ITOM H3-32a
HEKOPPEKTHOH MOIMEeHbBI TTOCTAHOBKY 331419 TPOUCKOJUT CYIECTBEHHAST TTOTEPST IO KPUTE-
PHIO ONTUMATHEHOCTH. (P DEKTUBHOCTD PEITeHUsT ONPEIeISIeTCsT Ha ITarne (POPMYIUPOBKH
KPaeBbIX ONTUMAIBLHBIX 38J1a4 U BO MHOI'OM 3aBUCHT OT (hOPMYTUPOBKHA METPUKH OIEHKHU
obJacTH KOHEUHBIX cocTostHui |1, 9.

[Tycrs OPII onuckiBaeTest inHefHBIM OHOMEPHBIM JTH((PEPEHITHATBEHBIM Y PABHEHHEM
mapaboIMIecKOTO THIIA

a0(l, a2e(l, _100(,
el 2000 28 — F(lp), 1€(0,1), p€(0,00) (1)

C KpaeBbIMI/I yC.HOBI/IHMI/II
86(0, 20(1,
O(l, 0) = 6, 209 _ o 2L _ () (2)

Bjeck [,  — oTHOCUTEIEHBIE IPOCTPAHCTBEHHBIH 1 BpeMeHHoH (uncio Pypbe) apryMeHThI,
[' — mapamerp dopmbr ( ' = 1 st s puyaeckoit cucrembr koopausat, ' = 0 st je-
KapToBoit cucrembl koopaunat), F (1, @) u q (@) — 3ajanube (QYHKIMA CBOMX apIyMEHTOB.

PacemorpuM JiBe KpaeBble 3aJ[a9d ONTUMAJBHOIO yropasieHus: obbexrom (1), (2)
¢ TOJBUZKHBIM IPABLIM KOHIIOM TPACKTOPUM B OECKOHEYHOMEDPHON Heryaakoil obmactu

Qo = O, p) : lm[ax] 19 (I, po) —O*(I)] < & p HOMYCTUMBIX PE3YIBTUPYIOIMIUX COCTOSI-
€lo,1
HU JUTST 38JIAHHOU £ — £, WU NPEeJIebHO JOCTHXKHUMOR B 1-M KJacce yIpaBIeHu £ — 55211

MIOTPEITHOCTH B 00J1aCTH

2y = {u () : Unin < u(p) < Unax} (3)
JIOIyCTHUMBIX yIpaBIeHuH u (¢):

— 3aja4a OBICTPOIENCTBUST:

jgp - mln_ %0 ) (4>
u(p) € du 0cg, e=¢,
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— 3312498 MaKCHUMaJIBHON TOYHOCTH:

Jje = min max |0 (I, @o) — O (I)]. (5)
u(p)ety, 1€[0,1]

Buecs ©* (1) — 3azanHoe pesysbrupyiomee pacupeneserne O (I, ¢) = O* () B MomeHT
Y = p oKOHIaHUA nporiecca () < @y < 0.

B kauecrBe momjiexainero OnpeseseHuto yupasieHust U () MOXKHO PacCMaTPUBATH
BPEMEHHYI0 KOMIIOHEHTY v (o) IpaBoit dacTu ypasHeHus: (1) B My/IbTUILIMKATUBHOM (hopme
12]: F(l,¢) = w(l)v(p), UMeOIIyi0 CMBIC MHTEHCUBHOCTH TEIJIONCTOYHHKOB, €CJIH
uHTEpIpeTHpoBaTh 00bekT (1), (2) Kak KpaeByr 3ajady TeILIONPOBOIHOCTH.

BosMOXXHBI U Jipyrue BapUaHThI HASHAYEHUs] YIIPABJISIFOIIETO BO3JIEHCTBUS B 3aJa4e
YIPaBJIEHHs [IPU aHAJU3E COOTBETCTBYIOIIENH TEXHOIOIMYECKON Wi IPOU3BOICTBEHHON CH-
TYaIHH.

DddexTuBHbIM cpejicTBOM pernenust 9Tux 3a7ad sipisiercs AMO [1]. Dror mero
MOJIYYHJI TITUPOKOE PACIPOCTPAHEHNE JJIsi PEIeHs] TPUKJIAJIHBIX 3a7a9 ONTHMAJILHO-
IO YOPaBJIEHUs] PA3JINIHBIMA TEXHOJOIHIECKUMU IIPOIecCaMu, OfHako Hambosee dhdex-
TUBHBIM stBJIsteTcsi ero npumenenue st OPII, K KOTOPBIM OTHOCATCST MTPOTECCH TEILIO-
U MacCOTEPEHOCA TEXHOJOIMUIECKOH Teriodusnku (pasandHble BUJbI HATPEBA, XUMIKO-
TepMudeckast obpaborka, dpuasrparust u T.I.). AMO azexBaTHO yUMTHIBAET HEIIOJIHYIO
YIPaBJILEMOCTb HMPOIECca W HENVIAIKOCTh AIPHOPH 33aHHON o0macTi (lo KOHEUHBIX CO-
crostauit O (I, o) M NMO3BOJISIET ONPEIETUTH ONTUMAJIBHYI) TPAEKTOPHIO, IPUBOJISIIILYTO
BHYTPb 3TOH 00J1aCTH B KJIacce peaausyembix yrupabieHuit. HeoOxomuMbiM yeioBrueM uc-
nosbzoarust AMO siBjistercs: napamerpudeckuit xapaxrep ynpasienus u (). [lapamerpu-
30BaTh yIIpaBJeHUe yIaeTcs TuHo U3 (PU3NIECKUX COOOPayKeHUH, KOrjia B Ka4eCTBe yIIpaB-
JISTFOTIIMX BO3JIEHCTBUN pACCMATPUBAIOT KOHCTPYKTHUBHBIE WM PEXUMHBIE XapaKTepUCTH-
ku (rosmuHa (DYTEPOBKH, JJIMHA €Y U T.IL.), €CTeCTBEHHBIM 00Pa30M IHapaMeTph3ye-
MBble, JIUOO C WCHOJIb30BaHUeM mpuHIMIa MakcuMmyMma [lonrpsirmaa B dopme 10.B. Ero-
posa [13], b0 perennem GeckoHeuHOMEPHOH 1poGiemMbl MoMenTos [14]. Tlapamerpu-
YeCcKUil XapakTep yIpaBJeHUsl O3BOJsieT cBecTu pemienue 3ajgad (4) u (5) K moucky

KOJIMYECTBA, § U YHCJIeHHOro 3HadeHmst A — {Aﬁ”, Aéz), e ,Ag >} mapaMeTpoB yIpaB-

JICHUSI ¥ TPEJIEIBHO JTOCTHXKUMON B KaykKJOM 1-OM ITOJMHOKECTBE YIIPABJICHUH Morper-

HOCTH £ = 5%” = m[aX] ‘@ (l, goéz), A“)) — O (l)‘ PABHOMEPHOTO MPUOIUKEHHAST DPe-
lefo,1

3yJabTHpyIomero mpoduas O (l , wéi), A“)) K 33JJAHHOMY W3 YCJIOBUI YIIOBJIETBOPEHMUSI

IPOUBBOICTBEHHO-TEXHOIOTHIeCcKUM TpebosanusM npoduao O (1). Ilpuuem mocrrxu-
MOe B KayKJOM IapaMeTPHYeCKOM i-M KJACCe YIPaBJICHHs BPEMs OKOHYAHHS IPOIECCa
Yo = gpé” SIBJISIETCsl MUHAMAJILHO BO3MOKHEIM. HenspecrHbie mapamerps: yipasuenus: A
U JIOCTHZKUMAsT B (-M KJIACCe YIPABJIEHUsI TOTPEITHOCTD 5:1)“1
HbIX 3ama4uax (4) u (5), cormacuo nporenype AMO, onpenessioTcest pereHneM CUCTEMbI

TPAHCIEHIEHTHBIX YPaBHEHWN:

B IIOCTaBJICHHBIX OIITHUMAJIb-

6, A0)| = (m1yve PR g (6)

I=l; =1,

re

O el) = oL &) —om W,
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j=1 R (R:i:5<i_1>> e=e,>eW R=i41 : s:sffﬂn),

min min?

mil,r, lj E{lj:[O,ll,.. ,lr, 1],T:R—1, T:R},O§l1<l2<...<lp” ¥ = =£1.

Perterrie niociieioBaTeibHOCTH 3814 MaKCUMAIBHONW TouHOCTH (H) 103BOJISIET CHOP-
MHUPOBaTH PsiJl HEPABEHCTB!

) 2)

el 5 @ o s >0 (7)

min

PH,ZL (7) CIIy2KUT OCHOBOU 1J151 BbI60pa KOJUYECTBA 1 IIapaMeTpoOB YIIPaBJIAIOIINUX BO3IE-
CTBI/IP'I, T.K. BBIABJIAECT MUHUMAJIbHYIO JOCTHUZKHMYIO a6COJHOTHyIO IIOI'PEITHOCTD 55211, 1=
1, 2, ..., X IIDH JOCTUZKEHUN PE3YJIbTUPYIOIIECTO HpO(bI/IJIH B KazKJI0M 1-M KJIaCCe OHTHUMAJIb-

HOT'O YIPaBJIEHUS.

2. BoraucanrenbHbI ajgroputm AMO

OCHOBOM aJTOPUTMA CJIYYKUT TIOCIE0BATETHFHOE PEIIEHIe CHCTEMBI TPAHCIIEHIEHTHBIX
anrebpanueckux ypapaeruit (6) jist onpenesnerus: wieHoB psiga (7). [lpu srom kax bt
YIeH 5551)111 psiza (7) ompejiesisieTcst B XO@ PeIteHnst 3a71a9u (5) myTeM MUHUMU3AINE HeBsl-
30K f; (lj, A<’>,6> . fm (lm,A<’>,5> perenus: cucremb (6):

~ ) ; ) 861, A® )
®<l7 Au))‘l - (_1)%95:.](]' <lj7 A<z>75>; % :fm <lm7 A<Z)75>'

=L 1=l
st aroro BBEsIEM OIEHKY HEBsI30K B (popme mirpaduoit dhyukimm [2:

J <lj, A<z>,€> — Jln’g <lj, A<z>,€> + Jsmall <lj, A<z>,€> , (8)
R

riue Jbz’g <lj; A(z))€> — K[fabs]2; Jsmall <lj; A(z))€> — K\/ fabs; fabs — Z ‘f] <lj7 A(z)’€>‘+
j=1

5 1o (s 20,

Bu onierku B popme (8) chopMyIMpoBaH ¢ 1eJIbH0 CHUKEHUsI BEPOSITHOCTH BO3SHUKHO-
BEHUs! <OBPAros>, Tak KOMIOHeHTa Jyq (15, A“),s) CYIIECTBCHHO YBEJIMIUBACT 3HAYCHUST
J (lj, A“),s), ecu fups > 1 1 yMenbmaer, ecin fus < 1. Kommonenta Jgnqy (lj, A“),s)
neiicrByer Haobopot. Koaddunment macmradbupopanust K obeciequBaer ysendeHune mpu-
pAaIleHus! OIIEHKHU HA OTPE3KE fups € (77;0), 11 CKOPOCTH U3MEHEHUs! OLIEHKH (8) IpUHUMAaeT
MUHHUMAJIbHBIE 3HAYEHHs, YTO MOXKET IPUBOIUTEL K BOSHUKHOBEHUIO OBPArOB B YKA3AHHOM
JIATIa30He.

Ouenxa (8) Beera moJIOKUTEIBHA, B 3aBUCUMOCTH OT OIITUMUZUP YEMOrO [IPOTIECCa MO-
JKeT OBbITh HEBBIILYKJIOH, OJHAKO, ecyiu cucrema (6) umeer pererne, abCoIOTHBI MUHUMYM
Jing = J (I, AW e) = 0. 3azaua noucka napamerpos A% B kax0M i-0M Kilacce ynpas-
JIEHUST CBOJIMTCSE K TIOMCKY KOOPAMHATHI abCOMIOTHOrO MuHUMyMa, Jine = 0 orienku (8), onpe-
JestenHoft B MHOromepHo#t obnacru R = (I; € [0, 1],A® € (0, o0),e), ¢ = dimR{ =
2(i+1) B cayuae pemennst sanaun (5) u Ry = (I; €0, 1],AD € (0, 00)), ¢ =
dimR5 = 2¢ B cydae pertennst 3ayaan (4).

Taxum obpazoM, Jijisi pererust cucreMbl (6) ciiesyer peluTh HeJTMHEHHY HEBBITY K-
Jyro 3aj1ady MaTemaTHueckoro nporpamvuposanus: J (I, AW g) — ggin J (1, A ) B

1, 2

yenosusix (1) — (3). st ynporenust BBesieM 0603HAYEHMSI:
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_ _ . A@ (9)
$1—l1, ey I’R*ZR, TR+1 — Al ) ey $R+i:Ai y TRyi+1 — &,

TOr A
Riy = {xl, ce xm},J (lj, A<i>,€> = J(xl, ce xLZ) =J(X), X= (xl, ce 351,2)'

[Iponeaypa onpesenenust riaobaabHOrO MUHUMYMa (DYHKIMU (8) J0KHA YIOBIE€TBO-
PATH CJIeIy oMM TPeGOBAHUSIM: YIUTHIBATE HEBBITYKJIBI 1 HesmHeiHbIH xapakTep J (X );
obecrieanBaTh TIOUCK B 30HE <OBPAroOB>; JIOCTATOYHO IDPEKTUBHO 00€CTIeTNBATH TOUCK B
YCJIOBHSIX IOBBIIEHHON pasMepHOCTH 0bJacTu onpesesienust R o; BBIIOTHATD CBOM (DyHK-
MM B YCJIOBUSIX OTPAHUYIEHHBIX BBIYUCIUTEIHHBIX PECYPCOB.

WsBecTHBI COBpEMEHHBIE U J0OCTATOUYHO (DheKTUBHBIE aaropuTMbl moucka |1, 15-17]
abCOJTIOTHOTO B 3aMKHYTOW 00/IACTH 9KCTPEMYyMa MHOTOMEPHBIX HeJTHHEHHBIX HEBBITYKJIBIX
Pyuxmmit. Haubosree oy isipHble 13 KOTOPBIX METOIBI CIyIafHOTO TIONCKA, HATPUMED, Me-
TOJT, OTKUTA, TEHETUIECKHE aJITOPUTMbI, HHTEPBAIBLHBIN METO T BeTBel 1 I'DaHUIT U JIPyTHE.
Bce onn xapaxTepusyoTcsi BBICOKOM BBITUCIUTETFHON CIOKHOCTBIO, IPUIEM KOJIMIECTBO
TpebyeMbIX JJIsT IOMCKA BBITHCIUTETHHBIX OePaIiil HAXOUTCs B CTEeHHON 3aBUCUMOCTH
oT pasmeprocTa dimR] 5 061acTH ONPeIeTeHsT OMTUMHAZHPYEMOl (DyHKITIH.

[Homobubix HEemocTaTKOB Juier paspaboranssit B.K. Yuaunanze amropurm W-mpe-
obpazosanust [18|, cyTh KOTOpPOro B IpeobPa3OBAHUM ONTUMHU3UPYEMONH MHOIOMEPHON
dbyukImu (8) B OJHOMEDHYIO HENPEPBIBHYI), MOHOTOHHO yOBIBAIOILYI0 YUCIEHHO 3aJ[aH-
Hyto MeTpuky WV (¢) onrumusupyemMoit (DyHKIMH, HYJIb KOTOPOI coBAJaeT ¢ abCoTFOTHBIM
srerpemyMoM J (X). Beraucimrenbhast cioxuocTs ajgropurma W-npeobpasoBaHusi HeBe-
smka. OCHOBHBIE 3aTPATHI BPEMEHN BBIYUCIEHUN TPOUCXOJISIT HA ITale MOIINOTOBKY JIAH-
HBIX, TTOCKOJIbKY HA HAYAJIBHOM 3Tare aaropurma W-npeobpazoBanust HEOOXOIUMO TTPOU3-
Bectu Bbruncsienue J (X) B S paBHOMEPHO U PEryJISIPHO PACIIPEIEIEHHBIX B IIPOCTPAHCTBE
X € Riy, k=1, 2, ..., S toukax Rf,. Komudectso S Touek X HaNPsiMyrO BIUsET Ha
TOYHOCTH MOMCKA IKCTpeMyMa MerojoM W-mipeobpa3oBaHumsi.

Cpemu Bbrancsiennbix 3uaderntt J (X)) HaXOIMM MUHUMAIBHOE Jyi, U MAKCUMAJIBLHOE
Jmax 3HAUeHns, mocye dero uHTepBas [Jmin; (Jmax — Jmin) 271 mesum ma N paBHBIX da-
creil.

OmpesiesisieM OTEHOYHBIE YPOBHE 110 aPTYMEHTY § TI0 (popMyJie:

o = (Jmax — Jmin)2 ' = (v =D As, A¢=¢g,_1—¢,, v=123... N
[locse yero Beraucunm snavenust W, = &, /S, rue

B S y v 1’ J(Xk)g gI/)
Sy—glgka Te=N0, T(Xe) > .

Beenem dyuxnuio ¥ (¢) B aHAJIUTHIECKOM BHJIE 9€PE3 ATITPOKCHUMAIIUIO 110 MHOXKECTBY
G, 3uadenutt W,, Hanmpumep, MOJTUHOMOM BTOPOI'O TIOPSIIKA!

U (c) = aps? + as + ay, (9)

K0 OUIIEHTHI (g, (v, (ia KOTOPOTO TIOJIYIHM, METOJOM HAMMEHBIINX KBaJIPATOB.
Haxomum vammvensmmit ¢, = J(X,,) xoperb mosuaoMa (9), 67M3KMI 3HAYEHUIO TJI0-
6abHOr0 MUHUMYMA Jins yHKIMN (8).

Ha cnenyromewm 1mare naitnem BexTop X, = {35717173572717---)352,2} € R{ ,, "ieHs
KOTOPOIO HafJIeM IIyTeM IIOJCTAHOBKHU S, B AIIPOKCUMUDPYIOIIHAE MOJUHOMBL X} (§) =
Bi? + Bis + 8L, t =1,2,... c12, BBeJGHHbIE aHAJOTUYHO ToJuHOMY (9).
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[l st cCHMKeHMST TIOTPENTHOCTH OTIpeie/ieHusT X, U MOBBIIeHHsT BEPOSITHOCTH OITPEIe e~
HUsT T00ATBHOTO IKCTpemMyMa Jipy = (0 UCTIOIB3yeM oIy YeHHbIe PEe3yIbTAThl B KATIeCTBe
HAYAIBHBIX YCJIOBUN JIJTsT AJTOPUTMA JIOKAJIHHOTO TTOUCKA.

[Ipu mombope aaropuTMa JIOKAJIBHOTO TTOMCKA PYKOBOACTBYeMCsT TpeboBanusimMu. Ham-
6oee 3(PPEKTUBHBIMU B YCJIOBUSIX 9TUX TPeDOBAHUH MIPEICTABISIIOTCS AJTOPUTMBI TTIPsi-
Moro noucka |15, 16|, u3 KoTopbIX B HAMOOJIBINEH CTEIeHN YIIOBIETBOPsieT TPeHGOBAHUSIM
anmropurm Jx. Hemgrepa u P. Muga [19]. On npencrasisier coboit yiydiieHHbii BapuaHT
AJITOPUTMA CUMILIEKC-MeTO/1a 1 He TpedoBaTesieH K (hopMe CHMILIEKCa, B OTINYIHEe OT KIac-
CHYECKOro ajiropur™a mwin ajropurMma Xyka — Jxusca |1, aro nmossoster cHsATH pobIie-
MY COMIOCTABUMOCTH PA3MEPHOCTEH MepeMEHHBIX. DTOT AJTOPUTM IPEJIaraeT MPOCTYI0 U
rUOKYIO0 CHUCTEMY M3MEHEeHUsT Pa3MepOB CUMILIEKCa, Oe3 mepeciera BCeX 3HAYCHUH TeeBoi
(pyHKIMM, BXOISIMUX B CUMILIEKC W paboTaeT CyIeCTBEHHO ObICTpee KIAaCCHIeCKOro aJ-
TOPUTMA TTOUCKA CUMILIEKC-METOJIOM, 3a CUeT HCIIOb30BAHUST NH(DOPMAITUH TIPEIBIILY TIIX
urepanuii.

[Tapamerprr asropurma: xodhduiment orpaxennss « > 0; Ko3hDOUIMEHT CKaTHSI
5 > 0; xoadpdurment pacrsizkernst v > (; TOIMPENTHOCTD TIOUCKA &,,. JHATeHUsT K0IDHurm-
€HTOB BBIOUPAIOTCST TPON3BOIBHO. OObIaHO TpuHUMAKOT: o« = 1, § = 0,5 v = 2.

B xavecrBe onopHo# Touku ucnonbszyeM X,,. Orbupaem cj o = dimRi2 TOYEK C KOOP-
JIMHATAMI:

_ m mo,.mo .m m
Xy = o Fepa’ oy, 2y, a0, ¢
_ mo,.m mo,.m m
X2 = %1 %2 ‘|‘€@ZL’2 » g 7"'7150172 ) (10)
_ moo,.mo .m m m
XCl,Z 7 {xl 7'x2 7'x3 R PxCLQ + 8%0'1.0172} ”

06pasyroNuMx CHMILIEKC B mpocTpancTse R, aprymentos dynxmum (8). B Toukax (10)
ompejieum snadenust J (X,), 2 = 0,c12 , Xo = X, . Hosnydaem maccus Beprun
cumiuterca Vo [cy o + 1], nue kaxkaplii 91en MaccuBa IpeacTasiser cobolt rouky X,. 3arem
BBITIOJTHUM TOCTIETOBATENBHOCTD JIENCTBUAN:

1. Coprupyem maccus V [ci2 + 1] mo yOemsanmo semmmasr J (V' [2]).

2. U3 Beprun cumiuiekca Beibupaem tpu touxu V [0], V[1],V [c12]. Jast ymenbie-

HUsI BeJIMTYNHEBI JV[O] OIIPEJIEJIUM TIEHTD TsIKECTH BeeX TOYeK, 3a uckirouenueM V [0]: X, =
c1,2

{ZChl,ZL’hQ,ZChg, . ,xhcm}, rie xp = (1/c12)> @, t = 1,¢12, IPH 3TOM CYIIECTBEHHO,
z=1
qro J (X},) HE BBIYHCIISIEM.

3. Orpasum Touxy V [0] orrHOCHTEIbHO X)) ¢ KOI(DDUIIMEHTOM OTPAYKEHUSI (v, TOJIYIUM
Touky Xp ¢ xoopauHaTaMu Tg: — (1 + @) Tpe — axypop, t = 1,2,...,cio.

4. Tlocnenosarensuo cpasuuM 3uadenue J (Xg) ¢ Jy, Jvng, Jvie,)-

da. Ecmr J (Xg) < Jy,,), To pactarusaem cumiuiekc. Ilomygaem nosyto Touky X,
C KOOpIMHATAMA Ter — (14 7) e — yxme, = 1,2,...,c12. Bomn J(Xe) < Jype,,), TO
V' |c12] = Xe. Hepexomum wa mar 8. Ecm J (Xe) > Jyje,,), 10 V [0] = Xp. Hepexonum
Ha mar 8.

4b. Ecm Jye, ,) < J (Xg) < Jypp, 10 V0] = Xp. Ilepexomum na mar 8.

4e. BEemm Jypy < J(Xw) < Jyp), 1o V [0] = Xp. lepexomum Ha mar 5.

4d. Ecim J (Xg) > Jypo), mepexoaum Ha, mmar .

5. CxmuMaeM CHMIUIEKC K ToUke X ¢ KOOPIUHATAMA Tgy = (1 — ) xpe + By, t =

1,2,...,6172.
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6. Ecrm J (X,) < Jyyq, V [0] = X, nmepexoaum Ha mrar 8.

7. Ecimu J (X;) > Jy), TO IPOU3BOIUM CKATHE CHMILIEKCa K Touke V ¢y |, IIpousso-
JIM HIEPECHeT KOOPIMHAT OCTaJbHBIX ToueK V' [2], 2] = Xyie, e + <xV[z]t—xV[ch]t> 271t =
=1,c12, 2= 0,c12— 1.

8. Boruncasiem nmmny pebep cuMiniexca. Eciu xorst 661 01HO pebpo JJIHHHEe 9eM &,
BBIIIOJIHAEM AIrOPUTM ¢ mmara 1, unade X,., = V' [¢1 3] 1 3aBepIaeM MDOUCKOBYIO IIPOLELY-

py.

BosbItoe sHavenue j1j1s1 TOUCKa, JIOKAJBHOTO 9KCTpeMyMa aiaroputMmom Hemrepa — Mu-
Jla IMeeT BBIOOD HadaJbHOM JymuHBI pebpa cuMmiutiekca. C ogHOM CTOPOHBI, pedPO ITOIKHO
OBITH CYIIECTBEHHO MEHBIIE PACCTOSIHUSI MEXK Iy TOYKaMHu X, ¢ JIPYTroH, TOCTATOIHO OOJIb-
UM, JIJ1sd TOro r‘ITO6I)I MHWHOBAaTb MHOZKECTBO MEJKHX JIOKAJIBHBIX 9KCTPEMYMOB, KOTOPLIE
MOTI'YT HaXOIUTBCHA B O6HaCTI/I CIIYyCKa.

3aKJII0UYeHue

[IporecTupyem mpesaraeMyro BBIYUCIUTEIBHYIO TIPOTEIYPY HA U3BECTHON PEITeHHON
3aj1a4e MMpoIecca MHIYKIIMOHHOrO HArpeBa 6ECKOHETHOTO IIUJIMHIPUIECKOro crepxHs [12],
B YCJOBHUSIX

O (1) = 0y = O, = const,
W (&,1) = € (ber™ (1) + bei® (£1)) / (ber (€) ber” (€) + bei (€) bei (€))
E=4, Bi=0,7,0*() = 0*=0,5.

Iapamerpsr yrpasennss A® jurs 970l 3a5a4m TpeacTaBIsIOT OGO JUTHTETHHO-
CTU MHTEPBAJIOB TIOCTOSIHCTBA yIpaBjeHus! U () IPUHUMAIOIEro 3HAYeHUs! U = Upax =

1, Umnin = —Unax Ha 9THX UHTEPBaJIaX.

01 e S
8(1 op)

0,08 —

0,06 /‘\

0,04

0,02 / —

0 =1 =2

p o1 02 _@3 G.«://o.s 06 ©07 08 09 1

-0,02 < /

-0,04 /

-0,06 -/

0,08 [

-0,1

Pezynbrupyioree ontuMaibHOE PACIPEICJICHIE TEMIIEPATYD B TECTOBOMN
sajade JIst ofHO- (i=1) u nByX- (i=2) MHTEPBAIBHOIO yIIPABIECHHUSI
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B pesynbrare mpegmaraemMoll mouCKOBOM POTIEIYPHI TIOJIY I€HBI TTapaMEeTPhI OIITUMATb-
HOT'O 10 TOYHOCTHU YIIPaBJICHUS: Aﬁ” =0, 3475, A<12) =0, 3506, A<22) = 0,0403.

UsBectroe perenue [12] sroit e 3aga4m maer: &ﬁ” = 0, 349, 832) = 0,35, 822) =
0,04.

Taxum 0bpazoM, MOXKHO KOHCTATUPOBATH, UTO MPEJJIOXKEHHBIN aaropuT™ 00J1a1aer
JIOCTATOYHO BBICOKOM TOYHOCTBHIO, OTBedaeT TpeboBaHusiM U obecriednBaeT 3 Oex TuBHBIH
nporiece noncka mapamerpos A omrumansHOro yipassenus. 1pu 9ToM yaam0ch CHUBHTE
BBIUUC/IUTE/IHHYIO CJIOKHOCTE PEITIeHNs TIOCTABICHHON 381891 ONTUMAIBHOTO YIIPAB/ICHHST
Ha 23,7% 1o cpaBHEHMIO ¢ M3BECTHLIM DEIICHHAEM.

Pa6oma ewvimoanena npu dunancosoti noddepoicke Munucmepcmen nayku U 6blCULE20
obpasosanus Poccutickoti @edepayun (npoexmnan wacm zocaadanus Ne 10.3260.2017/4.6).
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COMPUTATIONAL ALGORITHM FOR OPTIMAL CONTROL
OF AN OBJECT WITH DISTRIBUTED PARAMETERS
IN A NONSMOOTH AREA OF FINAL STATES

M.Y. Livshits', A.V. Nenashev', Yu.E. Pleshivtseva'
!Samara State Technical University, Russian Federation
E-mails: usat@samgtu.ru, alexvinenashev@gmail.com, yulia pl@mail.ru

We propose the effective computational algorithm for solving boundary-value problems
of time-optimal and maximum accuracy control with a minimax estimation of the deviation
of the final trajectory from a given state. The problem is reduced to a nonconvex nonlinear
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programming problem. The proposed algorithm takes into account the non-convex nature
of the problem of nonlinear programming, provides a search in the "ravines"zone, performs
a search quite efficiently under conditions of increased dimension of the definition domain
of the optimized functional, and provides the required accuracy of the solution. Due to
the transformation of the multidimensional non-convex nonlinear programming problem
to the problem of minimizing a smooth monotonically decreasing function of one variable,
the algorithm significantly reduces the computational complexity of solving boundary-value
problems of optimal speed and maximum accuracy with a minimax estimate of the deviation
of the final trajectory from a given state. We give an example of the solution of the test
optimal control problem for induction heating of a cylindrical billet.

Keywords: distributed parameters; boundary-value problem; optimality criterion; search
procedure; local minimum; global minimum.
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