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METASBPUCTUYECKHUE METOAbI OIITUMHU3AIIUN
B 3AJAYAX OHEHKHA ITAPAMETPOB ITUHAMHNYECKHUX CUCTEM
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Pabota Beimmonnena npu noanaepxkke POOU, rpant Ne 16-07-00419 A

PaccMoTpeHO TpHMEHEHHE METa’BPUCTHYCCKHX METOJOB YCIIOBHOHN TIIO0ATbHON ONTHMHU3AIUH: «OOJBIIOTO
B3pBIBa — OOJIBIIIOTO CIKATHS», «(PEeHEepPBEPKOBY, «B3pPhIBAa TPAHAT» B 33JjauaX OIICHKH MapaMETPOB TUHAMUYCCKUX MOJCIICH,
onuchIBaeMbIX nuddepeHnuanpHo-aareopandyeckuMu ypaBHeHusAME. OTICHKa TapaMeTPOB MPOU3BOIUTCS MO PE3yJibTaTaM
HAOJIFO/ICHUH 33 MOBEJCHUEM MaTeMaTU4YecKoil Mojaenu. VX 3HaueHHs HaXOIATCS B PEe3ybTaTe MUHHUMH3AIUN KPUTCPUS,
ONUCBHIBAIOIIET0 CYMMapHOE KBaJIpaTUYECKOE OTKJIOHEHHE 3HAYEHUM KOOpAMHAT BEKTOPAa COCTOSHUS OT MOJYyYEHHBIX MPU
M3MEPEHUSAX TOYHBIX 3HAUCHUM B pas3iinyHble MOMEHTHI BpeMeHU. Ha 3HaueHus mapaMeTpoB HaJIOKEHbI OrpaHUYECHUS Ta-
pamnenenuneqHoro tuna. [Ipumensiemble Ui pelieHus 3aJa4d ONTUMHU3ALUN METa3BPUCTUIECKUE METO/IbI TIOUCKA YCIIOB-
HOTO TJI00ANBEHOTO SKCTPEMyMa He TapaHTUPYIOT HAXOXICHUS pe3ylbTaTa, HO MO3BOJIIIOT MOMYYaTh PEIICHHE JOCTATOYHO
XOpOILEro KayecTna 3a npuemiemoe Bpems. OnucaHa CTpaTerusi IpUMEHEHUs] METa3BPUCTHUECKUX METOIOB. [l perenus
cucteM quddepeHnnaTbHO-aIreOpandecKnX ypaBHEHHH HAPSAY ¢ SBHBIMHA METOJIaMH YIOOHO MPUMEHSTH HEsSBHBIE METO-
IIBI PETICHUS CUCTEM OOBIKHOBEHHBIX Au((epeHIINANBHBIX ypaBHeHUHA. [IpuBeIeHBI 1Ba IpUMepa peIIeHIs 3a1a9X OIICHH-
BaHMs NAapaMETPOB, OTJIMYAIOIIMECS BUJIOM MaTeMaTHUecKOW Mozenu. B mepBoii 3amade nuHeilHas MaTeMaTH4ecKas Mo-
JleJIb OMKCHIBAET U3MEHEHHE MMapaMEeTPOB XMMHUYECKOIO Ipoliecca, a BO BTOPOIl HEJIMHEWHAsl MOJIEb ONMMCHIBAET MPOLECC
XUITHUK-)KEPTBA, XapaKTepU3YIOIINI W3MEHEHUE MOMyISUUN U3 BYX BUAOB. JlJId Ka)K10il M3 pacCMOTPEHHBIX MOJENei
MPUBEJICHBI PE3YJbTaThl PACUCTOB BCEMH TPEMsI METOJAaMH ONTHMHU3AIIUH, JaHbI PEKOMEHIAIMK M0 BBEIOOPY MapaMeTpoB
MeTO0B. [lonydyeHHBIE YHCICHHBIC PE3yJabTaThl MPOJSMOHCTPHPOBATH 3(PPEKTUBHOCTh MPEIOKECHHOTO IMOIXO0/a.
Haiinennpie mpuOIMKCHHBIC 3HAYCHUS OICHUBACMBIX MApaMETPOB HE3HAUYMTENLHO OTIHYAOTCS OT JYYIINX H3BECTHBIX
peIIeHNH, TTOTydeHHBIX APYTUMH crioco0amu. J[JIsl yTOUHEHHS MONyYeHHBIX Pe3yJIbTaTOB PEKOMEHIYETCS IPUMEHSTh TH-
OpWIHBIC ANTOPUTMBI, COYETAIONIHE KJIACCHIECKHE METOIbI ONTUMHU3AINH HYJIEBOTO, TIEPBOTO U BTOPOTO MOPSIKOB H IBPH-
CTUYECKHE MPOLETYPHI.

KnaioueBble cioBa: METa’BpUCTHUECKHE METOABI YCIOBHOM ONTHMHU3ANNH, THHAMHUYECKHE CHCTEMBI, OLICHKA Ia-
paMeTpoB.

BBEJIEHUE

Bo MHOTMX MpUKIAJHBIX 3a/1a4ax MMPH MOCTPOCHUH MAaTeMaTHYeCKOW MOJIETH BO3HUKAET IpO-
6sema BbIOOpa MapaMeTpoB, KOTOPBIE 3apaHee HeU3BECTHBI. Eciau AOCTYIHBI HaOIIOIEHHS 32 COCTOS-
HUEM CHCTEMBI, TO TPOOJIeMy HaXOKICHHsI HEM3BECTHBIX IMapaMeTPOB MOXKHO paccMaTpUBaTh KakK 3a-
Jady ONTHMH3aluu. B pe3ynbraTe MOTYyT OBITH MOJIyueHB! OLIEHKM 3HAaYEHUI mapameTpoB, B 0oOIIeM
ClTydae OTJIMYAIOIIUECS OT TOUYHBIX BEJTMUWH.

B nanHOl craThe paccmaTpuBaeTcsi MpobOsieMa OLIEHKH MMapaMeTpoB B Kiacce JUHAMUYECKHX
mozenet [1]. CokHOCTh TaKMX 3aJlad 3aKI0YaeTcs B TOM, YTO ONTHUMM3Mpyemasl 1eneBast (yHKIus
3aBUCHUT OT perieHus nudepeHnuanpHo-anreOpanyeckx ypaBHeHuit moaenu. Kak npasuio, Ha 10-
yCTUMOE MHOXECTBO 3HAUEHHUH IMMapaMeTpOB HAJIOKEHBI OTPAHUYCHUS, TIOATOMY TpeOyeTcs: HalTh
pelleHne 3ajaun yCIoBHOM onTuMu3anuu. Ilpeanaraercs nCnoiab30BaTh METa3BPUCTUYECKHE METOIbI
YCJIIOBHOU TJI0O0AIbHOW ONTHUMM3AIMU: «OOJIBIIOTO B3pPhIBA — OOJBIIOTO CXKATHA», «(heHepBEPKOBY,
«B3pbIBa rpaHary» [2-5].

IHOCTAHOBKA 3AJIAYA

PaccmarpuBaercss Mosienb HEJIMHEHHON HEMpepbIBHON TUHAMUYECKON CHCTEMBI, ONHUChIBaeMast
muddepeHIMaTbHO-aNTre0panyecKuMU ypaBHEHUSIMU
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f(%,x,ejzo, X(ty) =X, @

rae Xe€R" — BekTop COCTOSHHMS CHCTEMBI, X, — 3aJaHHOE Ha4albHOE COCTOsHHE, te[ty,t,]

3aJIaHHBIA [POMEXKYTOK BpPEMEHH (YHKIMOHMpOBaHHs cucteMbl, €@ R? — Bextop Hews-
BECTHBIX MTApaMETPOB MOJIENH, MOJUIekKAIIUA BBIOOpY, ® — MHOXECTBO BO3MOXKHBIX 3HAUCHUU
apaMeTpoB.

Ha mnpomexyrke Bpemenn tel[ty,t;] samagum MomeHThl Habmoxeud t, p=1,..,r:

t.t,, ..., t,. Ilpennonaraercs, 4To B 3TM MOMEHTHI U3BECTHA MH(OPMALUS 00 HKCIEPUMEHTAIBHO IIO-
JIly4EHHBIX pe3ynbTarax Habmonenus moxenu: z(t,), p=1,...,r.

[Tpu u3BecTHOM BekTope O mapamerpoB monenu pemenue X(t,0) cucremsr ypaBuenwii (1)
TO3BOJISCT HAWTH OLCHKY Z(t,,0) = X(t,,0), u=1,...,T.

Tpebyercst Haiitn Takod BekTop 0* € ®, urobbl ouenku Z(t,,0)=x(t,0),u=1,....r Obum
MaKCUMaJIbHO OJIM3KH K 3a/[aHHBIM pe3ynbraraMm Habmonenus z(t,), p=1,...,T.

Chopmynupyem 3a1a4y yCIOBHOM ONTHUMH3AIIH:
— 1eneBast QyHKIIHS:

S 3[26.0-2)] =33 [x.0-2,)] —min. @

p=1 i=1 p=1 i=l

— OI'paHUYCHHA
f (%,X,G] =0, X(t,))=x,, 0€0.

s pemienust cucteM quddepeHaIbHO-aIre0pandeckux ypaBHEHU Hapsay ¢ sSIBHBIMH Me-
TOJaMU YAOOHO NPUMEHATh HESIBHbIE METO/bI pelieHus nuddepeHnuanbHbX ypaBHeHHM [6]. Ilo-
CKOJIbKY MHOXXECTBO O, Kak MpaBWIIO, 337aeTcs MapajljieseueHbIMU OTPaHUUEHUSIMH, ISl perie-

HUSl MOCTABJIEHHOW 3aJaud yCJIOBHOW ONTHUMH3ALMU IpPEIaraeTcs MPUMEHSATh METa’BPUCTUUYECKUE
AJITOPUTMBI IOUCKA dKcTpeMyMa [7]. OHM HEe rapaHTHPYIOT HAaXOXKICHMS pe3ysbTara, HO IO3BOJISIOT
NOJIy4aTh PElICHHE JOCTaTOYHO XOPOIIEro KadecTBa 3a mnpuemiemoe BpeMs. Cpenu MHOXKECTBA Me-
Ta’BPUCTHUYECKUX AJITOPUTMOB BBIOPAHBI CIEIYIONINE METOABI: «OOJIBIIOrO B3pbIBA — OOJIBILIOTO CXKa-
THsI», «(eriepBepKOBY, «B3pbIBa rpaHa™ [2-5].

CTPATEI'MM METADBPUCTUYECKUX METOA0OB OITUMHU3ALIUN

MeTtoa «00JbIIOT0 B3pbIBa — 0OJBIIOTO cxkaTHs». Vcmonb3yeT B cBoell paboTe TeopHro
SBOJIIOIIMMA BCEJIEHHOM, COTJIACHO KOTOPOHM CHadajia CBEPIIMJICS OOJIBIION B3PBIB, CBSI3aHHBIA C pac-
MpeIe]ICHUeM YacTHIl U SHEPTUU B MPOCTPAHCTBE, a 3aTEM MPOU30MAET OONBIIOe CxKATHE, KOT/Ia BCe
YaCTHUIIBI COXMYTCSI B OJIHY, PACIIOJIOKEHHYIO B IIEHTPE MacC BCEICHHOM.

B paccmarpuBaeMoM MeTo/e Ha KaXKJIOM WUTepald K HEKOTOpOMY HaOOpy uacTHll (BCEJeH-
HOM) MOCTIEAOBATEIbHO TPUMEHSIOTCS mporeaypsl ((a3bl) «OOJBIIOTO B3phIBA» MU «OOJBIIOTO
ckartus». Kaxknmas urepanus MeToAa OCYIIECTBISECT MEPEX0J OT OIHOTO COCTOSHHUS BCEICHHOU
K IPyTOMY.

Ha ¢a3ze Gonbmioro B3pbIBa YacTHIIBI pa30pachiBalOTCS MO BCEMY MPOCTPAHCTBY CIydalHBIM
o0pa3oM. HTEHCHBHOCTh Ka)KJIOTO B3pbIBA OMpEIEIseTCs MapaMeTpaMu HOPMAlIbHOTO 3aKOHa pac-
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npeeNeHus U MaaeT ¢ POCTOM YHMCIIa UTepaluid. 3aTeM CieayeT Mpouecc OOJBIIOro CXKaTHs, KOTO-
pBI SKBUBAJICHTEH BHIOOPY B3BEIIEHHOTO CPEJHEro pelieHUs U3 TeKyuled momynsuuu. bonee mo-
IpoOHOE omHcaHue AaHo B [4].

OcHoBuble mapameTpbl: NP —4Kclio yacTull B MOMYJSLUU; 0 —apaMeTp, OrpaHuYUBAIOIIHIA
00JIaCTh MOMCKA; [} —IMapaMeTp BIUSHHA «LEHTPa Maccy» M Hauydllero pemenus; Iter . — makcu-
MaJIbHOE YHUCIIO UTEPALIUH.

Meton «deiiepBepkoB». Bo Bpems ¢eliepBepka (camora) 007JaK0 CBETAIIUXCS OCKOJIKOB Oy-
JIET 3amlojHATh OKPECTHOCTh B30pBaBILErocs 3apsaa. B 3amauax momcka sKcTpeMyMa ATOT Mpoliecce
ACCOLIMUPYETCS C MPOLETypOi TOKAIBHOTO IIOUCKA.

Kaxxnipiit 3a1m camiora onpeensieT nepexo/ OT OJHOM UTepaluu norucka K Ipyroi (0T 0JIHOTO
MOKOJICHUS perieHuit K apyromy). CHavana ajsi peaausaiuu nepBoro 3aina onpenenstorces NP touek
(pelieHnii) B MHOXKECTBE JIOIIYCTUMBIX PELLICHUH, Ha3bIBaEMble «I10NyJsALueNR». B 3TUX Toukax mpouc-
XOJIUT B3PbIB, TEHEPUPYIOIINNA OIIPEIEIEHHOE KOJIMUECTBO OCKOJIKOB, Pa3JIETAlOIINXCA OT TOYEK B3pbI-
Ba B OKPECTHOCTHU HEKOTOPOTO pajuyca.

Cpenu penieHuid, COOTBETCTBYIOIIMX TOYKAaM B3PbIBA M IOJTYYEHHBIM OCKOJIKaM, BBIOMpPACTCS
HAWIyYIlIee 110 BETHUMHE 11eJIeBOM (PYHKIIHH.

OcTtanpHble pelleHus: BHIOMPAIOTCS M3 OCTABIIMXCS CIy4ailHBIM OOpa3oM C BEPOSITHOCTHIO,
OTpeeNIIeMOl pacCTOSIHUEM JI0 APYrux TouyeKk (4em Oosbllle CyMMapHOE pacCTOSIHHE, TeM
0oJbIIIe BEpOSTHOCTH BhIOOpA). [lomydyeHHble penieHus onpenessitoT Touku HoBoro 3anma. [Iponexypa
MOKCKa 3aKaHYMBAETCA MPU JOCTHKEHHM 33aJaHHOTO 4Kcia utepanuii. bonee monpoOGHoe ommcanue
JlaHo B [5].

OcHoBHble napameTpsl: Iter,  —MakcumanbHoe yucno urepauuit; NP — ducio 3apsnos Ha
KOKIOW HUTepaluu; M — M[apameTp, KOHTPOJIUPYIOUIMI YHUCIO OCKOJKOB; o, [ — MapaMmerpsl
(0<a < f<1), orpaHNyMBaKOLINE YHCIA OCKOJIKOB CHU3Y M CBEpXy; A, ., — MaKCHMalbHas aMILIU-

TyJa B3pbIBa.

Metoa «B3pbiBa rpanaT». B MeToze peann3yroTcsi IpoLEcCchl B3pbIBa, B PE3yJIbTaTe KOTOPBIX
IpaHaThl pa3jIeTalOTCAd Ha IpanHenad. Ha30BeM MHOXKECTBO TIpaHaT «IOMYJALMENH». 3aBeplIECHUE
B3pbIBa BCEX IpaHaT OMpeJeNsieT Mepexo ] OT OAHOTO MOKOJIEHUs pelieHui Kk npyromy. Kaxnas mpan-
Hellb IOBpeXIaeT 00BbEKT B mpenenax paguyca R,. IlomoxeHue, rae npousonuio Haubonbliee NOBpe-

XKJIeHUe (3HaueHue 1eNIeBOM (YyHKIMHW MUHUMAJIBHOE), CUYMTAETCS ONTUMAJIbHBIM HA JIaHHOW HTepa-
UU. DTOT MpoIecC MPEACTaBIsAET cOO0HM JTOKaTbHbBIN MOUCK HAWIYYLIEro MOJIOKEHUS NIl TPaHaThl.
OnHUM M3 BaKHBIX MOMEHTOB AJITOPUTMA SIBISETCS pealn3alisl CTPaTeTuu «pajnyc TEppUTOpUU
areHToB». JTO O3HAYaeT, YTO areHT (37ech 3TO I'paHaThl) HE MO3BOJISAET APYTUM areHTaM MOJOUTH

ommxe OIIPEACIICHHOTI'O paCCTOSAHUS Rt' bonbmoe 3HaueHne Rt IMMO3BOJIACT I'paHaTaM paBHOMCPHO HC-

CIIeI0BaTh MHOXKECTBO JOMYCTUMBIX pemieHnid. HeOonbioe 3HaueHne R, mosBoisieT rpaHatam Gonee
THIATENTFHO MCCIEI0BAaTh MHOXKECTBA JIOMYCTUMBIX pelieHuil. [ onpeaeneHuss To4eK HOBOTO B3pPhIBA
(HOBOTO MOKOJIEHUS PEIIeHNI) BEIOMpAETCsl HAWIydllee MOJI0KEHNE CPeIU BCeX IpaHaT U IIparHenen
no BenuuuHe 1eneBoi gynkuuu. [Iporecc mpekpaiaercs mo AOCTHKEHUH 33JaHHOTO YUCIa UTepa-
nui. bonee moapoOHOe onucanue naxHo B [2, 3].

OcHosuble napamerpsl: N — yncno rpaxar; N, — YMCIO LIpanHenei; Ry — xoadpduuu-

€HT yMeHbllleHUs paauyca R;; P, — mapamerp Ui HaxoXIeHUs Beca My, (mapamerp Mggy

OIpesieNiIeT HalpaBJIEHUE B3pbIBA); [Prs (BEPOATHOCTh TEPPUTOPUAIBLHOIO IMOMUCKA) — OMNpEAEIseT
BEPOSITHOCTh, C KOTOPOW TOBPEKACHHBIM OOBEKT OT MIPAMHENIH TOSBISIETCS BHYTPH paamyca

B3pbIBa I'PAHATHI; mmax — MakCHUMaJIbHOC 3HA4YCHHUEC IMapamMerpa m (napaMeTp M BIMACT HA paguyc

B3pLIBa); mmin — MMHHUMAJIBHOC 3HAYCHUC mHapaMeTpa M; Itel’max — MakKCuMaJbHOC YHCIIO

uTepanuin.
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INTPUMEPBI PEHIEHUSA 3ATAY

Ipumep 1. Dror mpumep mnpuBeneH B [1], a Gomee moapoOHO omucan B [8]. Marema-
THYECKasi MOJICIb OINKUCHIBACT HEOOPATHMYK0 DPEaKIHMI0 MEepBOro MOpsaKa, B KOTOPOil H3Mepsi-

I0TCSl KOHLIEHTpauuu X,, X, KOMIOHEHT, a 0,,0, — ko3¢ ¢dumuenTsr ckopocreil peaknuu COOTBET-

CTBEHHO.
[eneBas GpyHkIws (2) UMEET CIEAYIOMIUN BU:

ii[xi t.0-z)] - min, (4)

=l i=1

/i€ OTpaHUYEHUs OMHUCHIBAIOTCS CUCTeMON nudepeHnanbHbIX YpaBHEHUN

d
d_)il:_ 1 X1 Xl(o):]"

dx
d_t2 =6,x —0,%,, % (0)=0,

B KOTOpOil MHOXKeCTBO ® 3a1aHO MapasuienenuneansiMu orpanmdeHusavu Buga 0<60, <10, 0<0, <10.
Pe3ynbraTsl HAOIIOIEHUH 32 BEKTOPOM COCTOSTHHSI CUCTEMBI ITPEICTABIICHBI B TA0M. 1.

Taoauua 1
Table 1
PesynbTarsl HaOIIOAEHMS 32 BEKTOPOM COCTOSIHUN CUCTEMBI
Observation results over state vector
u 1 2 3 4 5 6 7 8 9 10
t 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

i

z(t,) | 0,606 0,368 0,223 0,135 0,082 0,05 0,03 0,018 0,011 0,007
z,(t,) | 0,373 0,564 0,647 0,669 0,656 0,624 0,583 0,539 0,494 0,451

B [1] npuBeneHo HauydIiee U3BECTHOE PEIICHHE BMECTE CO 3HAYCHUSIMU ITapaMeTPOB: 3HAYE-
Hue neneBoil Qynkuum 1,18582-10°; 0% =(5,0035;1, OOOO)T. B Tabn. 2—4 npuBeneHbl Pe3yabTaThI

PEIICHHUA ITOU 3aJa4du BI)I6paHHBIMI/I MCTA3BPHUCTUYCCKUMHU METOJaAMHU.

Taoauna 2
Table 2
Pe3ynbratel pemenus. MeTo «00abII0T0 B3pbIBA — OOJIBIIOTO CHKATHSI
Solution results. "Great explosion-great compression™ method
Iter., | NP | « B 3HaueHue 1eNeBoi QyHKIUHI 0, 0,

300 200 | 0,1 | 09 1,18584701E-06 5,0035 1,0000
500 200 | 0,1 | 09 1,18585237E-06 5,0035 1,0000
500 200 [ 09 | 04 1,18586127E-06 5,0035 1,0000
100 200 | 0,1 | 0,6 1,18586540E-06 5,0035 1,0000
500 200 | 0,1 | 0,1 1,18587912E-06 5,0035 1,0000
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[Tponomxenue TabIUIIBI 2

500 100 | 0,1 | 04 1,18587933E-06 5,0035 1,0000
500 200 | 0,1 | 0,4 1,18588507E-06 5,0035 1,0000
500 200 | 0,1 | 0,6 1,18589145E-06 5,0035 1,0000
Taoauna 3
Table 3

Pesynbrathl pemmenus. Metoa «deiiepBepKkoB»
Solution results. "Fireworks" method

Iter,,, | NP | o | P M| A | e et 0, | o,
500 50 0,1 0,9 40 20 1,55706172E-06 5,0001 1,0000
300 200 0,1 0,9 10 50 1,59918024E-06 5,0019 | 0,9992
500 100 0,1 0,9 10 20 1,61633791E-06 5,0069 0,9997
300 100 0,1 0,9 40 50 1,93453500E-06 5,0038 | 0,9989
500 100 0,1 0,9 40 50 2,01638443E-06 5,0045 | 0,9988
300 200 0,1 0,9 40 50 2,47895752E-06 4,9979 1,0006
500 200 0,1 0,9 40 20 3,34370768E-06 5,0071 0,9983
500 200 0,1 0,9 10 20 3,44248966E-06 5,0058 | 0,9981

Taoauna 4
Table 4

Pesynbratel pemenns. Meron «B3pbiBa rpaHaT
Computation results. "Grenade explosion™ method

Ite r-mamx N g N q er pts mmin mmax I:)sin 3Haq§)};ii§;fle]30n el 9 2
100 1 50 | 100 | 0,8 0,1 0,9 5 1,18584556E—-06 5,0035 | 1,0000
100 1 50 | 100 | 0,8 0,1 0,9 10 1,18585151E-06 5,0035 | 1,0000
500 1 50 | 100 | 0,8 0,1 0,9 5 1,18585765E-06 5,0035 | 1,0000
300 1 50 | 100 | 0,8 0,1 0,9 5 1,18585886E—-06 5,0035 | 1,0000
500 1 50 | 100 | 0,8 0,1 0,9 10 1,18586354E-06 5,0035 | 1,0000
300 1 50 | 100 | 0,8 0,1 0,9 10 1,18587290E-06 5,0035 | 1,0000
100 1 30 | 100 | 0,8 0,1 0,9 10 1,18597200E-06 5,0035 | 1,0000
100 1 30 | 100 | 0,8 0,1 0,9 5 1,18650504E-06 5,0035 | 1,0000

IIpumep 2. DtoT npumep npuseeH B [1], a 6onee moapoOGHO onvcaH B [9]. Moaens onuckiBa-
€T U3MEHEHMSI MOMYJISIUHN IBYX OMOJOTMYECKUX BUJOB: «XHUIIHHMKaA» U «oKepTBb». [Ipennonaraercs,
YTO JIBa BUJA )KMBYT U30JMPOBAHHO OT BHEIIHEW Cpelbl, B3aUMOJEHCTBYIOT TOJIBKO JIPYT C APYIOM, a
UX YUCIIEHHOCTb IPUHUMAET HENMPEPHIBHOE MHOXKECTBO 3HAUEHUH.

LeneBass ¢ynkuus wumeer Bux (4). Moxenb cuCTeMbl NPECTAaBICHA  CIEIYIOIIUM
obpazom:

d
=% (1-%), %(0)=12

dx
d_t2 =60,%,(x-1), x,(0)=11,

rac Xl’ X2 — YHUCJIICHHOCTH NOMYJISIOHUUN <GKECPTB» U «XHUIIHUKOB), 91, 92 - KOB(b(l)I/IHI/IeHTI)I CMCPTHOCTH
H pocCTa HOHy.TIS[HI/Iﬁ CGKEPTB» U «XHUIIHUKOB» (B OTOM IPHUMEPEC OHU IMPECAIIOJararoTCA paBHbBIMU IJIA
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KaXI0M W3 momynsuuil), MHOXKeCTBO ® 3aJaHO NapajuleJeNUIeAHbIMU OTPAHUYCHUSAMHU BHJA
0<0,<10, 0<0, <10.
Pe3ynbTaTsl HAOIIOAEHHH 32 BEKTOPOM COCTOSIHUSL CUCTEMBI IIPEACTABIICHbI B TA0I. 5.

Tadoauma 5
Table 5
Pe3y.]'II>TaTI>I Ha6J’IIOI[eHI/IH 3a BEKTOPOM COCTOSIHHUA CUCTEMBI
Observation results over a system condition vector

H 1 2 3 4 5 6 7 8 9 10
t, 1 2 3 4 5 6 7 8 9 10
Zl(tu) 0,799 0,8731 | 1,2487 | 1,0362 | 0,7483 | 1,0024 | 1,2816 | 0,8944 | 0,7852 | 1,1527
Zz(tu) 1,0758 | 0,8711 | 0,9393 | 1,1468 | 1,0027 | 0,8577 | 1,0274 | 1,1369 | 0,9325 | 0,9074

B [1] npencraBneno iydrinee U3BECTHOE PEIICHUE M 3HAUYCHUSI TTapaMETPOB: 3HAUCHUE 1IEJIEBOU
bymxmn 1,24924-10°7; 0% =(3,2434;0,9209)" .

B 1abin1. 68 mpuBeneHbI pe3yabTaThl PEHICHUs STON 3aa4i BEIOPAHHBIMHA METa’BPUCTHYECKH-
MU METOAAMH.

Taoauna 6
Table 6
PesynbTatrsl pemenus. MeToa «00JIbIIOro B3pbIBa — OOJIBILIOIO CHKATHS
Solution results. "Big explosion-big compression” method
Iter . | NP | « B 3HayeHue [eneBoil QYHKIUHI 0, 0,
100 200 [ 09 | 04 1,24923846E-03 3,2436 0,9208
100 200 | 06 | 04 1,24926842E-03 3,2447 0,9205
100 200 | 06 | 06 1,24927945E-03 3,2448 0,9204
100 100 | 0,6 | 0,6 1,24931420E-03 3,2451 0,9203
100 200 [ 09 | 06 1,24934779E-03 3,2426 0,9211
100 100 | 09 | 06 1,24939701E-03 3,2403 0,9219
100 50 06 | 0,6 1,25202922E-03 3,2348 0,9239
100 100 | 09 | 04 1,25233261E-03 3,2359 0,9236
Taoauna 7
Table 7
Pesynbratsl pemenus. Metoa «deiiepBepkoB»
Solution results. "Fireworks" method
lter,, | NP | o | P M| A | CHeemeneroi | g |,
100 100 01 0,9 10 20 1,26045557E-03 3,2530 | 0,9171
100 200 01 0,9 40 20 1,31993525E-03 3,1906 | 0,9389
100 100 01 0,9 40 50 1,35434290E-03 3,3313 | 0,8941
100 200 01 0,9 40 50 1,36867361E-03 3,3418 | 0,8918
100 100 0,1 0,9 40 20 1,62254854E-03 3,2207 | 0,9331
100 50 01 0,9 40 20 1,64780434E-03 3,1360 | 0,9504
100 200 01 0,9 10 50 1,99384165E-03 3,3717 | 0,8893
100 50 01 0,9 40 50 2,31004297E-03 3,1183 | 0,9689
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Tabaumna 8
Table 8
Pesynbrarel pacuéra. MeTon «B3pbIBa rpaHar
Computation results. "Grenade explosion™ method

ter, | Ng | Ny | Ry | P | Muin | Muax | Pin 3HaueHue neneBoi QyHKIMHI 0, 0,

100 1 50 | 100 | 0,8 | 0,1 0,9 10 1,24923428E-03 3,2436 | 0,9209
100 1 50 | 100 | 0,8 | 0,1 0,9 5 1,24923905E-03 3,2434 | 0,9209
100 1 30 | 100 | 0,8 | 0,1 0,9 10 1,24925578E-03 3,2429 | 0,9210
100 1 30 | 100 | 0,8 | 0,1 0,9 5 1,24929621E-03 3,2457 | 0,9202
100 1 50 | 10 08| 0,1 0,9 10 1,25190838E-03 3,2437 | 0,9213
100 1 30 | 10 08| 01 0,9 5 1,25677850E-03 3,2280 | 0,9250
100 1 30 | 100 | 04| 01 0,9 5 1,26036431E-03 3,2634 | 0,9155
100 1 50 | 100 | 04 | 0,1 0,9 5 1,26684251E-03 3,2744 | 0,9122

OBCYXIAEHMUE INOJYYEHHbBIX PE3YJIbTATOB U 3AK/IIOYEHUE

3azaya OLEHKU IapaMeTpOB HEJIMHEWHBIX HEMPEPHIBHBIX JUHAMUUYECKUX CHCTEM pelIeHa Tpe-
MS METa’BPUCTUYECKMMM METOJIaMH YCJIOBHOM riobayibHONM onTuMmu3auuu. IlomydeHHble perieHus
HE3HAYUTENIbHO OTJIMYAIOTCS OT JIYYLIEro U3BECTHOIO pemeHus. ClieayeT npoaoJKUTh UCCIEJOBAHNE
META’BPUCTUYECKUX AJITOPUTMOB C LEJBIO YIydllleHHs pe3yiapraTa. OIHO M3 BO3MOXKHBIX HaIlpaBlie-
HUM UCCIIEJOBAHUN 3aKJII0YaeTCsl B KOMOMHUPOBAHUM KJIACCUYECKUX U METa’BPUCTUUYECKUX METO/0B
ONTUMU3ALMH, T. €. CO3AaHUU THOPUIHBIX AJTOPUTMOB.
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METAHEURISTIC OPTIMIZATION METHODS
FOR PARAMETERS ESTIMATION OF DYNAMIC SYSTEMS

Andrei V. Panteleev?, Alexander U. Kryuchkov!
IMoscow Aviation Institute (National Research University), Moscow, Russia

ABSTRACT

The article considers the usage of metaheuristic methods of constrained global optimization: “Big Bang -
Big Crunch”, “Fireworks Algorithm”, “Grenade Explosion Method” in parameters of dynamic systems estimation,
described with algebraic-differential equations. Parameters estimation is based upon the observation results from
mathematical model behavior. Their values are derived after criterion minimization, which describes the total squared
error of state vector coordinates from the deduced ones with precise values observation at different periods of time. Paral-
lelepiped type restriction is imposed on the parameters values. Used for solving problems, metaheuristic methods
of constrained global extremum don’t guarantee the result, but allow to get a solution of a rather good quality in accepta-
ble amount of time. The algorithm of using metaheuristic methods is given. Alongside with the obvious methods
for solving algebraic-differential equation systems, it is convenient to use implicit methods for solving ordinary differen-
tial equation systems. Two ways of solving the problem of parameters evaluation are given, those parameters
differ in their mathematical model. In the first example, a linear mathematical model describes the chemical action
parameters change, and in the second one, a nonlinear mathematical model describes predator-prey dynamics, which
characterize the changes in both kinds’ population. For each of the observed examples there are calculation results from
all the three methods of optimization, there are also some recommendations for how to choose methods parameters.
The obtained numerical results have demonstrated the efficiency of the proposed approach. The deduced parameters ap-
proximate points slightly differ from the best known solutions, which were deduced differently. To refine the results one
should apply hybrid schemes that combine classical methods of optimization of zero, first and second orders and heuristic
procedures.

Key words: metaheuristic methods of constrained optimization, dynamic systems, parameters estimation.
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