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BBEJAEHUE

TpeGoBanusi K  TNPOSKTHPOBAHMIO WM  OKCIUTyaTallMM  CIIOXKHBIX
YIOPABISIEMBIX O0BEKTOB M MPOILIECCOB C TEYCHUEM BPEMEHH MOBBIIIAIOTCSA. B
CBSA3M C OTHUM BO3HHUKAET HEOOXOAMMOCTh B pa3pabOTKE HOBBIX U B
MOAU(UKAIIMM  M3BECTHBIX  MAaTEMaTHMYECKHMX  MOJEJeH  JAUHAMUYECKUX
MPOIIECCOB,  OMHUCHIBAEMBIX  CHCTEMaMH  MHOTOMEPHBIX  HEIMHEHHBIX
muddepeHunabHBIX ypaBHeHUU. [lpu 3TOM mosBIsSE€TCS MNOTPEOHOCTH B
pacIIMpeHUH TOHUMAHUS 1eJIe yIpaBICHUS, B PA3BUTHH TEOPUH HEITMHEHHBIX
YOPaBISEMbIX JUHAMUYECKHX CHCTEM, B ydeTe (aKTOpPOB, CBSI3aHHBIX C
napamMeTpUueCKUMHU U TIOCTOSIHHO JIEUCTBYIOIIMMHU BO3MYIIICHUSIMH, a TaKXKeE CO
CTPYKTYPHBIMU HEOMpEIEICHHOCTIMU. Pa3BuTHe 1M(POBBHIX TEXHOJIOTHUH,
UCKYCCTBEHHOTO HWHTEJUIEKTa, KOMIBIOTEPHON TEXHUKH, MPOTPAMMHOTO
oOecrieueHUsT COYETaeTCsl C pa3BUTUEM MaTEMaTUYeCKOro ammapara, C
pa3pabOTKON HOBBIX, HAIpPaBIECHHBIX Ha MPAKTHYECKOE HCITOIH30BAHUE
KauyeCTBCHHBIX U MPHUOIIKCHHO-aHATUTHYCCKAX METOJOB HCCIICIOBAHMS
HETMHEHHBIX YIPaBISIEMBIX JIUHAMUYECKHX CHCTEM. B KOHEYHOM cdeTe
yKa3aHHBIE METOJBI MOTYT CIYKHUTh IEIsIM OOECIeUeHUs] ONTHUMAIbHBIX
YCJIOBHM pabOThl U TOBBIMICHUS] O€30MACHOCTH (PYHKIIMOHUPOBAHUS CIIOKHBIX
CUCTEM, a TIOCTPOEHHUE AITOPUTMOB UCCIIEIOBAHUS UX YCTOMYMBOCTH MO3BOJISET
IIPOBOJIUTH AHAJIW3 BIUSHUS PA3IMUYHBIX MPOCKTHBIX MapaMETPOB Ha KAaYECTBO
(GYyHKIMOHUPOBAHUS TOTO WJIM MHOTO CJIOXKHOTO JWHAMHYECKOTO OOBEKTa WU
npotiiecca.

Kak wu3BecTHO, BaXHBIM MAaTEMATHYECKHM aIlllapaTOM  OIMCAHUS
IIPOIIECCOB JAWHAMUKH W YIIPaBICHUS NTUHAMHUYCCKUMH CUCTEMaMH SIBIISIOTCS
pa3IMYHBIC THUITBI HEJIMHEWHBIX CHCTEM OOBIKHOBEHHBIX IH(hepeHITnaTIbHbIX
ypaBHEHUHN, BKIIIOYasi MHOTOCBSI3HBIE CUCTEMBI M CUCTEMBI C MEPEKITIOUCHHUSIMU.
[TpobnemMbl co3nanrs HOBBIX d()PPEKTUBHBIX METOIOB aHAN3a TAKUX CHCTEM BO
MHOTOM TIPEIONPENCIISIOT Pa3BUTHE METOJOB HCCICIOBAHUS JUHAMUYECKUX
cucteMm ympasicHus [9, 125, 132]. B OosbimmMHCTBE 3a7ad TEXHHYECKOTO
XapakTepa CTPYKTypa YIPaBIsSEMbIX TUHAMHYECKUX CHCTEM M €€ IapaMeTphI
U3BECTHBI C HEKOTOpPOH MorpemHocTeio. CrenoBaTenbHO, HEOOXOIUMBIM
TpeOOBaHMEM K HEJIWHEHHBIM YMPABISIEMBIM JHHAMHUYCCKUM CHCTEMaM
SBJISICTCS. UX YCTOWYMBOCTH (B TOM WM WHOM CMBICII€) MO OTHOIICHHUIO K
CTPYKTYPHBIM ¥  BHENIHUM BO3MYIICHUSIM. MaremaTudeckas Teopus
YCTOWMYHMBOCTH JUHAMUYECKUX CUCTEM, cO3aHHas B 90-X rogax mpouuioro BeKa
BeUKUM pycckuM ydeHbiM A.M. JlsmyHoBeiM [109], 3aHuMaer ocoboe mecTo
CpeIr METOI0B KaueCTBEHHOT'O MCCIICIOBAHUS TMHAMHUYECKUX CUCTEM.

Pa3BuTHe KiaacCHYeCKOW TEOPUH YCTOMYMBOCTH TUHAMHYECKHX CHCTEM
npeactaBicHo B Tpynax E.A. bapoammna [23], H.H. Kpacosckoro [95],
B.U. BoporiukoBa wu B.B. Pymsuanesa [39], B.J. Topsuenko [46],
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E.A. I'pe6enukoBa u FO.A. Ps6oga [48], b.I1. JlemugoBuua [51], H.I1. Epyruna
[72], B.W. 3y6oBa [76a,0], .I'. Mankuna [112a,0], FO.H. Mepenkona [127a-B],
Jleonosa I'.A. [104], B.B. Hempinikoro u B.B. Crenanosa [134], H.I'. YetaeBa
[177], A.A. lllectrakoBa [178], . bupkroda [28], JI. Uezapu [173], H. Pyma,
I1. AGerca u M. Jlanya [153] 1 apyrux y4eHbIX.

OmauM 13 A(PGEeKTUBHBIX METOJOB HCCIECAOBAaHUS YCTOMYMBOCTH U
IPYTUX  KAdeCTBEHHBIX  CBOMCTB  JWUHAMHYECKHX  CHCTEM  SBIISICTCS
KJIACCUYECKHUI U 0000111eHHbIN MeTo bl pyHKIui JIamyHoBa [51, 641, 76, 1148,
116a, 134, 127a,6, 178, 179, 220]. Meton ¢yuknuit JlsmyHoBa momMydu
3HAYNUTEILHOE Pa3BUTHE B MHOTOYMCIEHHBIX pabdotax [39, 51, 64nm, 92, 134,
178]. B Hacrosimiee Bpemst 00001IeHHBINM BTOPOi MeToa JIsyHOBa cTajl OJTHUM
U3 BAXKHEHIIUX METOJIOB KA4YECTBEHHOTO HCCIEIOBAHUSA YCTOMYMBOCTH
IBIDKCHUS TUHAMUYECKUX yIpaBIsIeMbIX CHCTEM [9, 41a, 6, 64u, 70, 101, 116a,
178, 185].

[Ipn w3ydeHWH yHpaBIIEMBIX JUHAMHYECKHX CHCTEM aKTyaJbHOMN
ABJISICTCS TIpoOJjieMa MOJEIMPOBAHKS CHUCTEM C HEMOJHON WHMOpMaIeH.
VYKka3zaHHBIE CHCTEMBI BCTPEUAIOTCS B CIIydasx, KOTJa YMPaBISIEMBIH OOBEKT
(WM  mOpolecc) JOCTaTOYHO CJOXKEH JUIA TOJY4YeHUS €ro TOYHOTO
MaTeMaTHYECKOTrO ONMUCaHMSA (MaTeMaTHYeCKOWM MOJCNIH), YTO OOYCIIOBIICHO
MHOTooOpazueM (Qusndeckux dS(PGEeKToB, HECTAIMOHAPHOCTHIO OOBEKTA,
HaJUIUEM  HEKOHTPOJIHMPYEMBIX  TOCTOSHHO  HM3MCHSIOMIMXCS  BHENTHUX
BO3JICUCTBUN WU JePUIIMTOM anpuopHOd HWHGOPMAIIMU O TOBEACHHUU
CUCTEMBI. B CBSI3M C TEPEYHUCICHHBIMA OOCTOSTEIBCTBAMU IPHUMCHCHHE
AHATUTUYECKUX  METOJOB [UUII  MOJEIHMPOBAaHUS CHCTEM C  HETOJHOMN
uHdopmanueid MO0  CONPSHKEHO C  OONIBIIMMHU  BBIYHUCIUTEIBHBIMU
TPYIHOCTSIMH, TUOO HE TMPEACTABISICTCS BO3MOKHBIM.

Bompochl, cBs3aHHBIE C aITOPUTMHYECKUM KOHCTPYHPOBAHHEM U
M3Y4YEHUEM yCTOWYMBOCTU CHUCTEM C HETOJHON MH(pOpMAIHEH, paCCMOTPEHBI B
[13a—8, 14, 15, 34, 57, 108, 116a, 1278, 139, 147, 177, 191, 198, 201, 212] u B
paboTax Apyrux MccieaoBaTeiei.

OgauM W3 aKTyaldbHBIX TIOJXOJOB K IIOCTPOCHHIO YIIPABIISIEMBIX
JTUHAMUYECKUX CHUCTEM C HEMOJHOW HMH(pOpMAaIMel SBISETCS CUHTE3 MOJeel
JTUHAMUYECKUX CHUCTEM C JIOTMYECKUM peryisitopoM [65a, 100, 195-198, 217,
226]. 3HaHUSA O B3aMMOJCHCTBUH JIOTHYECKOIO peryisropa ¢ OOBEKTOM
(mporeccoM) yMpaBiCHUS MPEACTABISIOTCS B (opMe NpaBuUil BHAA: eciu
(ucxomHas curtyarus), mo (OTBeTHas peakuus). Yacts eciu (MpeANOCHUIKUA WU
YCJIOBHS) O3HAYACT COMPSHKCHUE JIOTHUCCKHUX ONEpaIuid, a 9acTh mo (peIIcHue,
BBIBOJ, 3aKJIIOUYEHHE) TIPEJICTaBIIIET COOOW yKa3aHWE JIMHTBHCTHYECKOM
BEJIMYMHBI IS BBIXOJHOTO BO3ACHCTBUS (YIPABIISAIONIETO BO3JCHCTBUS Ha
00BEKT YIPaBIICHHUS ) JOTHYECKOTO PEryJIATopa.



[Ipu pemienny 3amad ympaBJICHWs] CUCTEMaMH HAa OCHOBE JIOTHYECKUX
PEryJIITOPOB BO3HUKAET MPOOIEMa UCCIECIOBAHUSI YCTOMUUBOCTH 3TUX CUCTEM.
B psae npombllieHHBIX HOpMAaTHBOB B Poccum u 3a pyOexom 3a0kKeHO
TpeOboBaHHEe OO€CleUeHUs YCTOMYMBOCTH CHUCTEMBbI  YINpaBlICHUS. ITO
TpeOOBaHUE pacCMATPUBAETCS KaK HEOOXOAMMOE YCJIOBHE JIJISi UCIIOJIb30BaHUS
CUCTEMBI ympaBiieHus. Vmeercs MHOro TPUKIAAHBIX 3a4ad, ISl KOTOPBIX
IIPOBEPKA YCTOWYMBOCTHU YIIPABIISIEMOM CHUCTEMBl OLICHUBACTCS Kak 3ajaya
nepeirelr BaxkHocTy [113, 120]. K atuM 3amayamM OTHOCATCS yNpaBiisieMbIC
CHUCTEMBI, BJIHUSIONIME Ha OE30MacHOCTh JIIoJied (cTaOmiau3aius MoJieTa
caMoJjieTa, TIOJOXKEHUs paKeThl TMpPU 3amycke U T.L.), YyOpaBJsieMbie
JOPOTOCTOSIIINE OOBEKTHI U CIOXKHBIE TEXHUYECKUE TIPOLIECCHI, MMOBEPKEHHBIE
noTepe  ycroMumBOCTH. IlogoOHOro pojsa HOpPMATHBBI — OOECTICUCHUS
YCTOMYMBOCTH JIOJDKHBI COOJIONAThCS HE3aBUCHMMO OT THIA PETyJIsITOopa.
Bompocam  ycTOWYMBOCTH  JWHAMHYECKUX  CHUCTEM C  JIOTUYECKHUMU
peryisitopaMu HocBsileHbl padotsl [3, 8a,0, 25, 52, 71, 139, 145, 193, 227,
229, 233]. MeTtoasl U pe3ysibTaThl HACTOAIIEH PabOThl OCHOBAHBI Ha UJIESIX U
METOJIaX TEOPUU YIPABJICHUS U TEOPUU AUHAMHUYECKUX cucteM [34, 47, 57, 96,
108, 139, 152]. HecmoTps Ha TO, YTO JHUTEpATypa MO TEOPUU TUHAMHYECKUX
CUCTEM C JIOTHYECKUMH PETyISITOpaMyd BechbMa OOIIMPHA, BOIMPOCHI
YCTOMYMBOCTH M CTAaOWJIM3AIlMU YyKa3aHHBIX CHUCTEM TPEOyIOT naibHEHIen
pa3paboTKH.

CoBpEeMEHHBIM TMOJXOJIOM K HW3YYEHUIO JIUHAMUYECKHX CHCTEM C
JOTUYECKHMHU  PETYJISATOPAMH  SIBJSETCA  «IEPeXOol K  HHTCINIEKTHOMY
ynpasieHuio» [34]. Mcnonap30BaHWe HMHTE/UICKTHBIX CHUCTEM BeleT K Oosee
BBICOKOUM CTEMEeHW aBTOMATH3alUH IS CIOXKHBIX, TJI0X0 CTPYKTYpHUPOBAHHBIX
MPOIIECCOB M B PsJie CIy4aeB COKpalllaeT BpeMsl pa3pabOTKU TEXHUYECKUX
cucteM. MHTeIeKTHOE yIpaBiIeHHUE OKa3bIBACTCA MOJIE3HBIM B CIIydasiX, KOraa
TEXHOJIOTHYECKHUE TIPOIIECCHI SBIISIIOTCSA CIUIITKOM CIOKHBIMH JIJISl TIPOBEACHUS
MOJCIUPOBAHUS M aHaju3a C TIOMOIIBIO OOIMIENPUHATHIX (KJIACCUYECKHX)
KOJIMYECTBEHHBIX MeToa0B [154] wim Korga JOCTYNHBIE HUCTOYHUKH
uH(pOpMaMK UHTEPHPETUPYIOTCS HETOUHO WM HeompezaeneHHo [2, 8, 13a, 34,
47, 50, 57, 139, 199, 228].

JIist ¥cciemoBaHWS yCTOMYMBOCTH M JAPYTMX KAadeCTBEHHBIX CBOMWCTB
TUHAMAYECKNX CHCTEM C JIOTHYECKHMH pPEryjsTopaMHd HWMEeT MECTO
WCITOJTIh30BAaHNE TAKUX AIbTEPHATUBHBIX MTOIXO/I0B, KaK:

1) momxonm, Oasupyroumics Ha  HWACHTH(QUKAIMK  MapaMeTPOB
(MOJIeTMPOBaHUE C TIOMOINBIO JIMHTBUCTUYCCKUX TPABUJI) C MCIOJIB30BAHUEM
BXOJTHBIX-BBIXOHBIX JAHHBIX,

2) monxod Ha OcCHOBE AuddepeHIHATbHBIX MOJIENeH, OMUCHIBAIOIINX
HEJIMHENHBIE IPOLIECCHI.



VYkazanabple oaXoa6l paccmaTpuBaymch B [1, 31, 57, 131, 139, 165] u B
Ipyrux padorax.

[lepBblit TOAXO0J, OA3UPYIONIUNCS HA 3HAHUSIX AKCIEPTOB, UCMHOJIb3YETCS
IUIS. MOJETTUPOBAHUS YIPABISEMBIX CHUCTEM, KOTOPHIE HEBO3MOXHO WJIM OYEHB
3aTPYAHUTENBHO  TPEACTaBUTh  AHAIUTUYECKUMHU WMWiK (DUINYECKUMHU
MOJIeNIAIMH. 3HAHUS 00 HCCIeayeMOM OOBEKTE, MOJYy4YEHHBIE OT JKCIEPTOB,
3amuChIBalOTCA B (opMe TpaBWwil BUJA ecau ... mo. YKa3aHHBIM MOJIXO0J]
ABJISCTCS YAaCTHBIM CIIydaeéM KOTHUTHUBHOTO TOAXO/A, HANpPaBICHHOIO Ha
pa3paboOTKy (popMalIbHBIX MOJENEH W METOJIOB HCCIIEIOBAHUSL CUCTEM C
HEMOJHOW MuH(pOpMalue, MOAAECPKUBAOIINX HHTEIUIEKTYaJbHbI MPOIECC
pemieHus: mpoOJieM ¢ TOMONIBI0 Yy4yeTa B OTUX MOJCISIX M METoJax
KOTHUTHBHBIX BO3MOXHOCTEH (BOCHPUSATHSA, NPEACTABICHHS, ITO3HAHUA,
NOHUMaHUsA, OOBICHEHHWs) CyOBeKTa  yIpaBlIEHUS  MPU  PEIICHUH
YIIPABJICHYECKUX 33/1a4.

Bropoil moaxox 3akiro4aeTrcss B IIOCTPOCHUM MOJEIM YIIPaBIISIEMOU
CUCTEMbl NMPU HAIUYUHU XOTsI Obl MPUOJIMKEHHOM MaTEeMaTU4YeCKOW MOJIENH,
3aaHHON B BuAe Aud@epeHIManbHbIX WM Pa3HOCTHBIX ypaBHeHH. C
MOMOIIbIO YHUBEPCAIBHOM aNMPOKCUMAILIMM HUCXOJHAs MOJIENIb MPUBOJUTCA K
Buny wmoxaenn Takaru—Cymxeno (TC-monenu). Cnenyer OTMETUTH, YTO
IIAPOKHMIA KJIACC HEIUHEHHBIX cucTeM mpezactaBisiercs TC-moxensamu [64m,
1166, 118, 1216, 131, 188, 213, 225, 231], KoTOpBIC CTPOSATCS HA OCHOBE
OPEACTABIICHHUS] MPaBOM YACTH YpPABHEHUS JUHAMUKH CHCTEMBI B BUJIE
BBIMTYKJIOW KoMOuHanuu ypaBHeHuil. Koaddunuentsl, omnpenensonme
YKa3aHHYIO BBINYKJIYI0 KOMOWHAIIUIO, SIBJISIIOTCSI BECOBBIMU (PYHKIUSIMU
(ba30BBIX MMEPEMEHHBIX CUCTEMbI U MIPUHUMAIOT 3HAYeHUs B uHTepBaje ot 0 1o
1, 4TO MO3BOJIAET YCTAHOBUTH COOTBETCTBUE MCXOJHOW HEJITUHEMHOW CUCTEMBI
Habopy mpaBui, KOTOPHI U onpeaenser TC-moaens.

Baxnoit ocobennocteio TC-monerneil saBiIsieTcs HaIU4YUE ‘“UETKOro”
BBIBOJIA M3 HEYETKHUX NPEArnocbuUioK. [loaTOMy mpencraBiieHHME CUCTEM NpPHU
TaKOM TOJXOJIE SIBJSCTCS] HEYETKUM TOJIBKO MO (opMe U aHAIU3 ITUX CUCTEM
JOMYCKAeT HCMOJIb30BAHUE METOJO0B KIIACCUYECKOW TEOPUHM YCTOUYMBOCTH.
Pesynbrarel 00 ycroituuBoctu TC-monenedt (opmynupyroTcs OOBIYHO B
TEPMUHAX JIMHEHHBIX MaTpuuHbIXx HepaBeHcTB (JIMH), mnomyuaembix c¢
MPUMEHEHUEM TpsAMOro meroja JlsmyHoBa. B mociennue nBa necsAaTWICTHS
MOJYYEHO MHOTO PE3yJIbTATOB B HAIIPABJIEHUH uccienoBanus TC-Moaenei, 9ro
CBA3aHO C PACIIMPEHHEM BO3MOXKHOCTEH WCIOIb30BaHUSI A()PEKTUBHBIX
yuclieHHbIX MeTonoB pemeHus JIMH w ¢ BO3MOXHOCTAMU peann3anuu
COOTBETCTBYIOIIUX AJTOPUTMOB C MOMOIIBIO MPHUKIATHBIX BBIYUCIUTEIbHBIX
naketoB [22, 129]. OrmerumM, uto B [129] npuBeacHbBI OCHOBHBIC IOJIOKECHHUS
teopun JIMH, mnoka3zan mnepexox ot TeopeMbl JlsimyHOBa K  YCIIOBHIO
yctoitunBoctu B (popme JIMH, a Takke mnpuBeaeHbl NpUMEPhl MPUKIATHBIX
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3a7a4, pelieHus KOTOphIX IpesactaBieHsl B (popme JIMH. [lnsg HaxoxaeHus
YUCJIEHHOro pemeHus cucreMsl JIMH ncnonb3oBaHa BBIUMCIUTENBHAS CPEAa
Matlab.

O030p HEKOTOPHIX PE3YJbTATOB IO MCCIEIOBAHUIO YCTONYMBOCTH
TC-moneneit ¢ 3ama3apiBanveM mnpuBeneH B [67]. B atoii pabote ¢ ydetom
npeacrasiaeHus B Buae TC-Momenu ucciegoBaHa YCTOMYMBOCTh HEJIMHEHWHBIX
CUCTEM KACKaJHOM CTPYKTYpbl C 3ama3/blBAHUEM, a HMEHHO, IOJYYEHBI
YCJIOBHS TJIOOANBbHOM aCUMIITOTHYECKOM ycToiunBocT B TepmuHax JIMH
OTHOCHUTEJILHO KOHEYHOTO YHCJIa MATPUIl, a TAaKXKE pPacCMOTpPEHA 3ajaya
CTAOMJIM3aIlMK  YIPABISIEMONM HEJIMHEHHOW CHUCTEMbl C 3amna3/IbIBAHUEM,
pelIEHHE KOTOPOM TMPEMIOKEHO HA OCHOBE TIOJYYEHHBIX  YCIIOBUU
YCTOMYUBOCTH.

B [640] paccMOTpeHBI COBpPEMEHHBIE METOJbl AHAIN3a YCTOMYHBOCTHU
OTVHAMHAYECKUX CHUCTEM MHTEJUIEKTHOTO YIPABIICHUS, BBINOJIHEH KAY€CTBEHHBIN
aHAJIN3 CHEHHUAIBHBIX KJIACCOB CHUCTEM HHTEIUJIEKTYaJbHOTO YIIPABJICHUS, a
MMEHHO JaHbl JOCTAaTOYHbIE YCIOBUS YycToWuuBocTh B Buae JIMH mus
JNECKPUNTOPHBIX CHUCTEM, OTHOCSIIMXCA K Kiaccy o0o0meHHbix TC-cuctem.
[IpennoxxeH 0030p OCHOBHBIX HANpaBICHUNM pa3pabOTKHM HHTEIUICKTYaIbHBIX
TPAHCIIOPTHBIX CUCTEM.

OtMmeTuM, 4TO Oa3uWpyromuecss Ha MPaBHIIaX JIOTHYECKOTO BBIBOJA U
JOTHYECKUX  peryidaropax  [C-mMofenu  HaxoAsST  NPUIOKEHUS B
IIPOMBIIIJICHHOCTH, B €CTECTBO3HAHWH, B MHKCHEPHOU NPAKTUKE. Y Ka3aHHBIE
MOJEIA  TPUMEHSIOTCS B 3aJayax  yYOpaBJICHUS  MEXAaHUYECKUMU
TPAHCIOPTHBIMH  CPEJICTBAMH, YINPABICHUS TOABEMHBIMA W MOCTOBBIMU
KpaHamu, ymOpaBieHus poOoTaMmu-maHumyldsaropamu. K mnpumepy, MHOTHE
yIpaBisieMble OOBEKTHI YNPABJICHUS B CUJy CBOCU JMHAMUKHU TPECTABIISIOT
co0ol pa3nuYHbIC BUIBI MasSTHUKOBBIX YCTAHOBOK (a4 B HEKOTOPBIX CIydasiX W
WX KOMOHWHAIIUIO), COONIOJCHUE YCTOMYMBOCTH [JIi KOTOPBIX SIBIIACTCS
o0si3aTeNbHBIM TpeOOBaHMEM UX OJKCIUTyaTanuu. JIMHAMUYeCKHe MOJEIH
MEPEBEPHYTOr0 MASITHUKA UCIIOJIb3YETCS B 3a/1a4aX YNPaBICHUSI TEXHUYECKUMU
CpeACTBaMM C THUPOCKONMUYECKUM YCTPOWCTBOM, B POOOTOTEXHUKE, B
PaKETOCTPOCHUU.  MHOTO3BEHHBIE  IEPEBEPHYTHIE  MAATHUKUA  CIIyXKar
YOPOIICHHBIMU TPUMEPAMHU IIAararonmx poboToB, OyKCHpa, TOJKAIOLIETO
Oapxu. B HacTosimee Bpemsi pacIIMpWICS KJIacC PeabHBIX OOBEKTOB
YIIPABJICHHUS, UMEIOIIMX AHAJIOTHYHYI0 MAaTEeMaTHYECKYl0 Moaenb. K Tomy ke,
MEPEBEPHYTHIA MASITHUK MCIIOJNB3YETCSI B TEOPHM YIPABICHHUS B KauyeCTBE
AKCHEPUMEHTAIIBHON  IUIOMIAJAKU I  TECTUPOBAHUSL  pa3pabdaThbiBaEMbIX
QITOPUTMOB ~ CTAOWJIM3AIlMM W METOJOB  HCCJIEJOBAHMS  yCTOMYMBOCTU
TMHAMUAYECKHUX YIPABJISEMBIX CUCTEM.

B cBs3u ¢ MHOrooOpasuem 3aJleiCTBOBAHHBIX (u3HMYeCKuX 3P(HEKTOB,
HECTAlMOHAPHOCTHIO 00BbEKTa u HaJIMYUEM HEKOHTPOJIUPYEMBIX



BO3MYIIAIOIINAX BO3JACHUCTBUM MPOLECCHI, MNPOTEKAOIIME B MASTHUKOBBIX
CUCTEMaX, B pALE CIy4acB SABISIOTCA CIOXKHBIMM JUI TIOJNY4YEHUS HX
aZIEKBaTHOI'0 MATEMAaTUYECKOTO ONMMCAHUs C TOMOIIBIO KIIACCUYECKUX METOJIOB
monmenupoBanus [13a, 57]. B rtakux cayyasx, 3GQGEKTHBHBIM IS
MOJEIUPOBAHUS YKa3aHHBIX CHCTEM SIBJISIETCS NMPUMEHEHHE COBPEMEHHBIX
MOJIXO0/I0B, 0a3UPYIOUIMXCS HA MpaBUiiaX JIOTUYECKOTO BBIBOJA M JIOTUYECKOM
PEryJsTOpe, CHHTE3UPYEMOM JJIsl CTAOMIIN3AMU CUCTEMBI.

HecMmoTpst Ha ”HTEHCUBHBIE UCCIENOBAHNS IPUMEHEHHUSI TIEPEUNCICHHBIX
BBIIE AJIBTEPHATUBHBIX MOJAXOAOB JUIA MOJEIUPOBAHUSA  yIPAaBISEMBIX
MasATHUKOBBIX CHCTEM BCE €Ill€ OCTAIOTCS HEPEUIEHHBIMU MHOTHE MPOOJIEMBI,
CBSA3aHHBIE C Pa3pabOTKOW METOJOJIOTMH CHHTE3a MOJENe M aHaiu3a ux
ycTtoiunBocTu. Kak mokazaHo B MoHorpaduu, Uil H3YyUYCHHUS MOJIENICH
YOPaBISEMBIX  MASTHUKOBBIX CHCTEM C JIOTHYECKHMMH  PEryJsITOpaMu
1esecooOpa3HbIM  SIBJISIETCS. MPUMEHEHUe anroputMma JloycoHa penieHus
JMHEWHBIX ¥ KBAa3WIMHEHHBIX quddepeHmansHbeix ypasHerunii [12, 135, 216].

Momnorpadus npeacTapieHa MAThIO TJIaBaMU U CIUCKOM JIUTEPaTypPhI.

B rmmaBe 1 «0030p MeTog0B MOACJMPOBAHMA M aHAJIM3a
YCTOMYMBOCTH  YNpPaBJSEMbIX JUHAMUYECKHX CHCTEM» IIPUBEJICHA
KiIaccuukanus CHUCTeM yIpaBlIeHUs W TpeAcTaBieH o0030p  3amad
MOJICIIMPOBAHNs U METOJIOB TEOPUM CHUCTEM HHTEIJIEKTHOTO yIIpaBiieHU:A. [laH
KpaTKUil aHajgu3 METOJOB M3Y4YEHHUS YCTOMYMBOCTH YKa3aHHBIX CHCTEM.
OxapakTepu3oBaHbl KOMOWHHUPOBAHHBIE METOJbl aHAIM3a YCTOMYMBOCTH HA
OCHOBE Pa3BUTHUS METOJIOB JIsAmyHOBa: CieKTpalibHO-OM(]YpPKALIMOHHBIA METO/,
METOJ JAUBEPreHTHbIX (PYyHKUUNA JIdmyHOBa, KOMOMHUPOBAHHBI METOJ
¢ynkuumii JisnmyHnoBa ¢ ucnosb3zoBanueM cBoiictB JIHM. PaccmoTpen npunnmn
CBEJIEHUs 3a7a4l 00 YCTOMYMBOCTH pelieHnit 1uddhepeHnanbHbIX BKIIOUYECHUM
K 3amade 00 YCTOWYMBOCTH pelieHWH HedeTkux AuddepeHnnanbHbIX
ypaBHeHuid. IIpemcraBiena oOmmasi xapakTepUCTHKA W CTPYKTypa Mojemnein
JUHAMUYECKUX CUCTEM C JIOTMYECKMMM DPETYIATOPAMH, ONPEACIICHBI METOIBI
aHajgu3a YCTOMYMBOCTM YKAa3aHHbIX cucTeM. llokazaHo, 4TO Mg HM3ydeHUs
YCTOMYMBOCTHA MOJEIIEN yIPaBISEMbIX CUCTEM NEPCIEKTUBHBIM HAIPABICHUEM
ABJISIETCSl TpUMeHeHue Meroja (yHkiuil JIssmyHoBa B COYETaHUM C APYTUMU
meroaamMu.  DG(EKTUBHOCTh  MPEMAJIOKEHHBIX  METOAOB  OMpEAeIeTCs
ocnabnenueM TpeOoBaHui K (QyHKIUsAM JISmyHOBa M paclIMpeHHEM Kiacca
WCIIOJIb3YEMBIX BCIIOMOTATeNbHBIX (GyHKIMA. s mocTpoeHus (QyHKIUN
HMCIOJIL30BaH IOAX0/], OCHOBAaHHLIN Ha cBoMicTBax JIHM.

B rnaBe 2 «KorHuruBHOEe MOJEJIMPOBAHME U HMCKYCCTBECHHBIU
HHTEJUIEKT B MCCJICIOBAHMH IMHAMMYECKHUX CUCTEM» ITPEICTAaBICHbBl YPOBHH
MOJEIUPOBAHUS CUCTEM M IOKa3aHa UX B3aUMOCBS3b. PacCMOTpEHBI MOHATHUSA
KOTHUTHBHOT'O MOJIXO0Ja K MOJEIMPOBAHUIO CHCTEM, KOTHUTUBHOW MOJENH
(kapThl), JaHa KpaTKas XapaKTepUCTHKA TUIIOB KOTHUTUBHBIX KapT. I[IpuBenen
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0030p pe3yJbTaTOB IO MNPUMEHEHUIO KOTHUTUBHOTO MOJICIUPOBAHUS U
HWCKYCCTBEHHOTO HWHTEJUIEKTA [JI1 HWCCIEAOBAHUS JAUHAMUYECKHAX CHCTEM B
pPa3IMUHBIX O0JIACTSIX HAYKHM W TEXHUKHU. B 4acTHOCTH, MPUBEJEHBI MPUMEPHI
BHEJIPEHHS] METOJIOB UCKYCCTBEHHOTO MHTEIUIEKTA U KOTHUTUBHBIX TEXHOJIOTUI
B mpouecc 3D-mpoTOTUNUPOBAHUS, a TaKXKE H3YYEHbl BO3MOXXHOCTH HX
NPUMEHEHUS I CO3JaHUsI ABTOMATU3UPOBAHHBIX WHTEIJIEKTYAJBHBIX CHCTEM
o0yueHus.

B rnaBe 3 «Iloaxoa k u3y4yeHUI0 HeJMHENHHBIX THHAMUYECKHX CHCTEM
Ha OCHOBe mocrpoenuss wmoaeiaein Takarm-CyakeHo» paccMOTpeHa
dbopmanuzaius HEIUMHEWHBIX JHUHAMUYECKMX CHUCTEM C  JIOTUYECKUMU
perynsitopamu ¢ nomoibio 1C-moxeneii. [IpuBeneHo omucanue mporeayphbl
noctpoeHuss TC-Momeneli W anmpoKCHMAIMd ¢ €€ TOMOINbI0 HEIMHEHHOU
MOJICNId JUHAMUYECKOM CHUCTeMBbl (C ymOpaBieHHEM H 0€3), MOSICHEHO, YTO
TC-Monenb SBIAETCS YHUBEPCAIBHBIM alllPOKCUMATOPOM B TOM CMBICIIE, YTO C
€€ MOMOIIbI0 MOTYT OBITh ANMPOKCUMUPOBAHBI TIAJIKUE HEIMHEHHBIE CUCTEMBI.
JIist mocTpoeHusl CTaOMIM3UPYIOLIETO JJOTUYECKOr0 PEryaTopa UCIOJIb30BaHa
Opoleaypa MapajuleIbHO pAaCIpPENCICHHON KOMIIEHCAMA W ONPEACIICHBI
ycioBus ycroiuuBoctu TC-monenu, npeoOpazoBanHsie k Buay JIHM. B stoi
K€ TJIaB€ PACCMOTPEH METOJ aHAJIN3a ACHUMIITOTHYECKOM YCTOWYHMBOCTH
HEJIMHEMHBIX  MIPOLECCOB,  YIPABISAEMBIX JIOTUYECKUMHU  PETYJIATOPAMMU.
Y CTOMYMBOCTB 3TOTO THUIIA YIIPABISAEMBIX CUCTEM U3yY€HA B TEPMHHAX METOJA
bynkumit JlsmyHnoBa. J[aHbl 1OCTATOYHBIC YCIOBHUS YCTOMYMBOCTH U Ha HUX
OCHOBE pa3paboTaH aJIrOpUTM aHaIU3a YCTOMYMBOCTU CUCTEM C JIOTUYECKUMU
perynstopamu. Kpome Toro, B TJIaBe MNOPEAJIONKEH TMOAXOJ K CHHTE3Y
yIpaBieHUs] JUHAMUYECKOW CUCTEMBI C MEPEeKIIOUYeHUEM, 0a3upyrOIUiCs Ha
MpEACTABICHUN UCXOJAHOW cuctembl Mojnenbto [C-moxaenpto. [lomydeHs
YCJIOBHSI YCTOWYMBOCTHU B BUAe MoaudummpoBanasix JIMH.

B rmaBe 4 «IloctpoeHue M™Moaededl M AaHAJU3 YCTOWYHBOCTH
MasiTHUKOBBIX CHCTEM HMHTEJJIEKTHOTO YNPAaBJICHUSD» OXapaKTEepU30BaHA
u3zydyaemas B paboTe MOJEb YNPaBIIeMOd MasgTHUKOBON CHCTEMbI — MOJENb
MEPEBEPHYTOr0  MAasSTHHKA, TMEPEUUCICHbl OO0JAaCTH TMPAKTUUYECKOTO €€
MpUMEHEHUs, 0003HAYEHBI MPOOJIEMbI, BOZHUKAIOUINE MPU U3YYCHUU CHUCTEM
MasITHUKOBOTO  THWIA,  MOPEIJIOKEHbl  aJbTEPHATHUBHBIE  MOAXOAbI K
MOJICIMPOBAHUID W MW3YYCHUIO YCTOMYMBOCTH MOJEIU MEPEBEPHYTOTO
MasTHuka. Cunre3upoBana [C-Mozenp TMEPEBEPHYTOTO MAasTHHKA U
MpUBECHb e¢ MoAu(UKAIMK, OCHOBAaHHBIE HA PEAYyKIHMH YHCIa TPaBUI
TC-momenn, a TakkKe Ha TMNPOSKTUPOBAHWHM YIPABIAEMOW CHCTEMBI C
nepeKIoueHueM. Penykius yucia npaBuiia MOJAEIU TO3BOJIMJIA MPEACTABUTH
yCJIOBUSI YCTOMUYMUBOCTH, TipesacTaBieHHbie JIMH, B Oonee KOMIakTHOM BHJIE
U1 TIPOBEJCHUSI BBIYMCIUTEIBHBIX MPOUEAYpP C MNOMOUIIBIO MPUKIIATIHBIX
MaKeTOB. BBIMOJIHEHO MOCTPOEHHE AJITOPUTMA CTAOWIIM3AIlMU TIEPEBEPHYTOTO
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MaATHHKa C MOMOMIbIO (PyHKUMU JIAMyHOBA M JIOTMYECKOTO PEryJsITOpa.
IIpoBeneH KayeCTBEHHBIM aHAIW3 M IIOJYYEHBI YCIOBUS ACUMITOTUYECKOU
YCTOMYHMBOCTH U PAaBHOMEPHOM YCTOMYMBOCTH HAa OCHOBE KOMOMHHPOBAHHOTO
MeToJa, Oa3upyroulerocss Ha  COBMECTHOM  HCIIOJIb30BaHUM  CBOWCTB
TUBEPreHIIMU TI0Js  cKopocTte ®  ¢yHkiuid JlamynoBa. Pa3zpaboransl
AITOPUTMBI UCCIIEIOBAHUS YCTOMYMBOCTU MOJCIH IIEPEBEPHYTOIO MAsITHUKA C
JIOTUYECKUAM PETYISATOPOM.

B rmmaBe 5 «KoMnbloTepHOe MoOJeIHPOBaHHE YIHPaBJsAEeMBbIX
MasiTHUKOBBIX CHCTEM» JIaHO OINMCAHME YHCICHHOro airopurMa JloycoHa
pElIeHUs] CUCTEM JIMHEMHBIX M KBAa3WIMHEHHBIX JudepeHInanbHbIX
YPaBHEHUH, HUCIIOIB3YEMOIO I IPOBEACHUSA KAa4EeCTBEHHOI'O MCCIIENOBAHUS
CUHTE3UPOBAHHBIX TC-monenen IIEPEBEPHYTOIO MasTHUKa
(MomudunupoBanHoit TC-Monenu nepeBepHyTOro MasiTHUKA, IPEICTaBICHHON
IByMsl TpaBwiamH, a Takke [C-monmenu ¢ mepekiatoueHuem). Ha ocHoBe
YKa3aHHOTO aJropuTMa pa3padOTaH KOMIUIEKC KOMIBIOTEPHBIX MHPOrpaMm B
nakere Matlab. C momMoripio JaHHOTO TakeTa MOJyYeHbl YHCICHHBIC PEIICHHUS
JIMH, omnpenensrommx KOHKPETHOE 3aJaHHUE IIOJO0KUTEIBHO OIPEIEIICHHON
MaTpulpl (QyHKUMH JIdmyHOBa W MaTpul] KO3()(PHUIMEHTOB YCWICHHS, HpPU
KoTopeiXx 11 TC-Mozenell mepeBepHYTOro MasiTHUKA MOXHO IOCTPOUTH
CTaOMITU3UPYIOIIHIA JIOTUYECKUI peryiaTop. N3yuena OAHAMUKa
CUHTE3UPOBAaHHBIX Mojenen. IlokaszaHa COIIaCOBaHHOCTh AHAIMTHUYECKUX U
YUCJICHHBIX  PE3YyJbTATOB  MOJECIMPOBAHMS  pPACCMATPUBAEMBIX  CUCTEM
MasATHUKOBOro Tuma. I[IpencraBneHsl pe3ysibTaThl MPOrPaMMHON peaau3aluu
aNropuTMa CTabMIIN3auu yIpaBIsIeMO MasTHUKOBOM cucTeMBbI B cpene Visual
Studio na seike C#. IIpoBeAcHO TECTUPOBAaHWE KOTHHTHUBHOM MOJEIN
NEPEBEPHYTOr0 MAsITHUKA C MHTEJUIEKTHBIM YIIPABJICHUEM C MOMOIIBIO MMAKETA
Fuzzy Logic Toolbox kommnbroTepHoii cpeast Matlab.

Takxum oOGpa3om, B MOHOTpauu pacCMOTPEHBI BOIIPOCHI MOJEIUPOBAHUS
M aHaIA3a YCTOMYMBOCTH JMHAMHUYECKHMX CHUCTEM Ha OCHOBE METOJIOB
UHTEJUIEKTHOrO ynpasiieHuss u cBouctB JIMH. Jlano passutue wmerona
¢ynkumii JlsimyHoBa MCCleNOBaHUS YCTOWYMBOIMOAOOHBIX CBOWMCTB CHCTEM C
JIOTUYECKUMU peryisitopamu. [lpemioxkenbl ycioBHs CTaOMIM3aLMKM CUCTEM
MHTEJVIEKTHOTO YIPaBIECHUsA, MPeACTaBiIeHHBIX [|C-MoAensIMu, U MPUBEICHBI
ux Monupuxanuu. PaccMOTpeHbl MPUIIOKEHUS K HCCIEIOBAHUIO JTUHAMUKH
YOPaBIEMbIX MaSTHUKOBBIX CHCTEM B YCJIOBHUSX HEMOJHON HH(pOpMaluu Ha
npuMepe MOAu(UKAUMKA MOJEIM MEPEBEPHYTOro MasiTHUKA. M3ydeHo
IIPUMEHEHNE KOTHUTUBHOIO IIOJXOJAa K MOJEIHPOBAHUIO  YIIPABIIEMBIX
cucteM. IlpuBeneH 0030p pe3yJlbTaTOB MO MPUMEHEHHUIO KOTHHUTHUBHOTO
MOJEIUPOBAaHUS W  MCKYCCTBEHHOTO HMHTEJUIEKTAa JUISI  HCCIIEIOBaHUSA
JUHAMUYECKUX CUCTEM B PA3JIMYHBIX 00JACTIX HAYKH U TEXHUKHU.
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Hayunble uHTEpechl aBTOPOB MOHOTpaduu CYIIECTBEHHO CBSI3aHbI C
HayYHbIMU HHTEpEcCaMHd U BIUSHHEM JIMYHOCTU Tmpodeccopa AJiekcaHapa
Annpeeuya lllectakoBa — KpymHOTO CIEIMAINCTa B 00JacTH KaueCTBEHHOU
Teopur U PepeHInanbHbIX YPaBHEHUH, TEOPUU YCTOMYMBOCTU ABUKEHUS U
MaTeMaTUYECKOTr0 MOJIETIMPOBAHMS, TAJTAHTIMBOIO YYEHOTO, B TEUEHUE MHOTHUX
JIET TOTOBUBILETO HAYYHO-IIEIArOrMYECKUE KaJIpbl 11 YHUBEPCUTETOB Poccun
[http://e-heritage.ru/ras/view/person/history.html?id=47401527]. B 2020 .
Hay4yHas oOuiecTBeHHOCTh Poccun ormetrmna 100-1eTue co JHS pOXKICHUS
A.A. IllecrakoBa KOH(DEpEHIMAMU U IOOWICHHBIMU  MYyOIUKAIUSMH,
CBSI3aHHBIMM C HaYYHBIM HACIIECIUEM YUEHOTO.

B uactHoctH, B cBoeli monorpaduu [178] A.A. IllecrakoB pa3Bui
0000IIEeHHBI TpsAMON MeToa JIamyHOBa HEYETKMX CHCTEM M CHCTEM C
3ama3JplBaHUEM, a B psijie padOT M3ydusl CBOMCTBA YCTOMYMBOCTH MOJENEH
TUHAMUKHA TPAHCIOPTa HA OCHOBE HEYETKOrO YINPABJICHUSA. AHAIN3 YKa3aHHBIX
CHUCTEM NPEABOCXUTUII MO PAAY HAMPABICHHWN HCCIEIOBaHUS IO CHUCTEMAM
WHTEJUIEKTHOTO YIIPABJICHUS.

B nHacTosimeit MoHorpaduu npecTaBieH psij pe3yibTaToOB, MOTYyUYSHHBIX
ABTOPCKUM KOJUJIEKTUBOM 32 MPEAbIIYIIEE MATHIETHE, a TAKXKE MPOBEJIEH 0030p
paboT OTEYECTBEHHBIX U 3apyOCKHBIX HCCIEIOBATENCH MO MOACIUPOBAHUIO U
aHAJIN3y YCTOWYMBOCTU PANAa KIIACCOB JWHAMHUYECKUX cucrtemM. Hekoropsie

pe3yabTaThl ONMyOJIMKOBAaHBI B paboTax aBTOpoB [58a-B, 60, 64a-m, 65a-e, 66,
68a-0, 77a-e, 78, 79a-6, 80, 114a-x, 116a-B].
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I'nmaBa 1.

OBb30P METOAOB MOJAEJINMPOBAHUSA U AHAJIU3A
YCTONYUBOCTHU YHPABJIAEMbBIX IUHAMUYECKUX CUCTEM

1.1. Knaccudukauus cucTeM ynpaBJieHUsI 1 HEKOTOPbIe 3a1aUM UX
MO/1eJIMPOBAHMS U aHAJIN3A

CornacHo omnpeneneHuto, npemiokeHHomy A.M.JIEToBeIM, Teopus
YIOPABJICHUS «ECTh COBOKYITHOCTH METOJIOB, MO3BOJSIONIUX BBIPAOOTaTh U
000CHOBaTh pelIeHue, KOTOpOe MPUHUMAETCS I JIOCTHKEHHUS 3apaHee
MIOCTABJICHHOM 1IEJIH, B YCIOBUAX Kak-JIMOO omnpeneicHHo# cutyanun»[105]. B
YaCTHOCTH, TEOPUSI aBTOMATUYECKOTO YIPABJIEHUS «ECTh HayKa O METOJIax OI-
pelesieHrs 3aKOHOB VYIPABJICHUS KAaKUMU-IMOO OOBEKTaMH, JOMYCKAIOIIUX
peann3alrio C MOMOLIBI0 TEXHUYECKUX CPEACTB aBTOMATUKI).

[Ton perynupoBaHueM OOBIYHO MTOHUMAETCS MOJJEpKaHUE MOCTOSIHCTBA,
WU CTaOWIU3alusl, yIpaBIseMOl BEJIMYMHBI TIPU 33JJaHHOM BXOJHOM CHUTHAJIC.
Bbonee mupoko 3amaya o crabuau3aiuy MOHUMAaeTCs Kak 3a1ada o popMupoBa-
HUWA PEryJUpYIOLIET0 BO3JCUCTBUSA, KOTOPOE HAa OCHOBE JIOCTYITHOM
uHdopmanuu  o0ecreymBaeT  YCTOMYMBOE  OCYIIECTBJICHHE  3aJaHHOTO
IBWOKEHUA. TepMHUH XK€ «yINpaBleHHWE» SBIsETCA Oojiee OOLMM TOHSITHEM,
MPUMEHSIEMBIM U JIJIs IPYTUX pa3HOOOpa3HBIX 3aj1a4 yIpaBIeHUsI, HO YacTO MO/
3a/1a4ueil yrpaBJieHUs] IOHUMAIOT 3a7a4y OTBICKAHMS CHUJI, KOTOPhIE MEPEBOJIST
00BEKT YIPaBJICHUS U3 OJHOTO 3aJaHHOT'O COCTOSIHUS B Apyroe. B u3BecTHOM
CMBICIIE JyalbHOM K HeW sBIseTCs 3ajJaya HaONIoJeHus, T.e. 3ajaya
ompeneNeHusT TEKYIIMX KOOPAMHAT OOBEKTa MO JOCTYHMHBIM HaOJIIOICHHUIO
BEJIMYMHAM.

3HaHUWE OJHOTO JIMIIb MPOrPAMMHOTO YIPAaBICHUS U JIaKE€ €ro TOYHas
peanu3anus 0OObIYHO HE 00€CIeUnBAIOT JOCTHXKEHUS LIETU YIPABJICHUS, TaK KaK
cucTeM aBToMarnyeckoro ynpasicHus (CAY) ¢ mporpaMMHBIM YIIpaBICHHEM,
KaK pa30OMKHYTas CUCTEMa, He 00eCleYrMBaeT KOMIICHCAIIUM JACHCTBYIOIIUX Ha
00BbeKT Bo3MyIatoMX Bo3aeicTBUi. [loaToMy OoJiee mojiHOE peleHre 3a1aun
YIPaBJICHUS CBSI3IBACTCS C IPUMEHEHUEM MO3ULIMOHHOTO yIIPaBICHUS.

OcHoBHble TTpo0OsiemMbl co3nanus CAY B Hauane XIX B. mepeMecTUINCh B
MaTeMaTUYECKUE HAyKH, KOTOpbIE IO MPOIIECTBUM OJHOTO BEKa OKa3ald
rIyOOKO€ BIIMSIHUE HA TEOPUIO U MPAKTUKY yIpaBieHus. Kiiaccuueckue Tpysl
A. Ilyankape [146], A.M. JlsnynoBa [109], H.E. Xyxkosckoro [73] u np.
COCTaBWJIM 0a3y TEOPUHM YIpPABJICHUS, B KOTOPOM IMpeodJiaaronield sBiseTcs
KoHuenius auddepeHunanbHbiX ypaBHeHUi. [IpeoOpazoBanust Dypee u
Jlanmaca, a Takxke Teopus (PYHKIHMH KOMIUIEKCHOro mepeMeHHoro Korm
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cocTaBwiIM  0a3y  YacTOTHBIX  METOAOB  TEOPUHM  ABTOMATHUYECKOIO
pEeryJaupoBaHHusl.

B 0630pe C.H.BacunbeBa [34] BbIIeneHbl IIECTb YPOBHEW CHUCTEM
yIpaBjieHUs: 1) cUCTeMbl  MPOrpaMMHOIO  yIpaBieHUs  (Pa3OMKHYTbIC
CHUCTEMBI); 2) CUCTEMBI ¢ 0OpAaTHOM CBSI3bIO (3aMKHYTBIE CUCTEMBI); 3) CUCTEMBI
UACHTU(UKAIMOHHOTO yMpaBieHus; 4) CUCTEeMbl aJalTUBHOTO YIPABJICHUS
(cucTeMbl C CaMOHACTPOUMKOM); 5) cucTeMbl UHTEIJIEKTHOTO ynpasieHus (CUY
0e3 menemonaranus);6) HHTEUIEKTyalbHbIe cucTeMbl ymnpasineHus (UCY ¢
1eJIernoIaraHueM).

Kaxxap1il Ki1acc cucTeM yIpaBieHUs BKIIOYAET BCE MPEAbIAYIINE C TOUKU
3pEHHST 0XBaTa UX BO3MOXKHOCTEW ympasieHus. K oqHOMY U3 ypOBHEN HHTEII-
JIEKTYAJIbHOTO YIPABJIEHUS OTHOCHUTCS U HEYETKOE YIIPABIICHUE.

Paznmuuaror 06bekT ympasieHus (OY) u ycrpoiictBo ympasierus (YVY).
B OV peanusyercss HEKOTOPBIA MPoOIECC, HYXIAIONIMNUCS B OPraHM30BaHHBIX
BO3JICUCTBUSIX (pEIICHUSX, YNPABICHUSIX) CO CTOPOHBI YVY IJIsl JOCTHXEHUS
uenen ympasieHus. B Tteopum aBromarmyeckoro ympariieHus OY u YV B
COBOKYMHOCTH Ha3biBatoTcsi CAY, nim ynpasiasieMOd CUCTEMOM.

Paznuyaror cucCTeMbl MPOrPAMMHOIO  yIpaBiieHHs  (Pa3OMKHYTHIE
CUCTEMBI) U CUCTEMbI YIIPaBJICHUS MO TMPHUHIIUITY OOpaTHON CBSI3U (3aMKHYTHIC
cuctembl). CHCTEMBI BTOPOrO THUINA  HA3bIBAIOT TAKXKE CUCTEMaMU
MO3UIIMOHHOTO ynpasieHus. [locTpoeHne 3aKOHOB MO3UIIMOHHOTO YIIPABJICHUS
Ha3bIBAIOT CHUHTE30M  ympaBisieMod (perynupyemoil) cucremsl. [lpu
MPOTPAaMMHOM YTIPABJICHUU YHIPABJISIONINE BO3JCUCTBUS SABISIOTCS (yHKIIUEH
BPEMEHHU, a NP MO3UIIUOHHOM — TakKe (PyHKIIMEH KOOPUHATHI, UJIA TEKYIIETO
COCTOSIHUSI CUCTEMBI.

O030p 3amay U METOJOB TEOPUU MHTEJUIEKTHBIX W MHTEIUIEKTYaJbHbIX
CUCTEM YIIpaBJIEHUs U UX PA3HOBUAHOCTEW mpenctasiieH B [34]. Kak usBectHo,
TEPMUHOJIOTHUS CUHTEJUIEKTHOE yIIPaBICHUEY SABJISIETCS IUPOKO
ynotpebisemoil. OIHaKO OTCYTCTBYET €IWHOMAYIIME B BOIPOCE OIpeAeTeCHUs
ATOrO TMOHSATHUS W B BBIOOPE THUIIOBOM CTPYKTYpbl COOTBETCTBYIOIIUX —
MHTEVIEKTHBIX — CHUCTEM YyIpaBjeHus. MHTeIeKTHOEe yHnpaBiieHHE HOJIKHO
o0nagaTh CBOMCTBAMU: a) UMETh CIIOCOOHOCTh BOCIPUHUMATh MH(POPMALIHIO O
mporeccax, BO3MYIICHUSAX U YCIOBUSIX (YHKIIMOHUPOBAHUS, BBIBOJIUTH
3aKIIOYeHUsT U 00ydaThCsi; 0) MOJHEE HCIONIb30BaTh JOCTYITHOE 3HaHWUE 00
o0bekTe W cpene, 4dYTOObI OO€cmeunTh HAACKHOE YIpaBIECHUE C
MpPEAONPECTICHHBIM KpUTepreM (HampuMmep, HCIOJIb30BaTh WHOOPMAIUIO O
KEJTaeMol TpaekTopud, (yHKIIMOHAIE KadyecTBAa YIPABJICHUS, IIEJICBOM
MHOKECTBE); B) YIIPaBJISITh B TBOPUECKOW (MHTEIUICKTYyaJIbHOM) MaHepe
(mMo100HO YEIOBEKY), MPOTHO3UPYS U3MEHEHUS B OOBEKTE U Cpejie, COXpaHsis,
HampuMmep, MmyTeM peKkoH(Urypauuu padoToCOCOOHOCTh AaXKe MPU OOJBIINX
U3MEHEHHUSX, COTJIACOBBIBAS U, MOXKET OBITh, TIEpeCMaTpUBas 1IEJIU U KPUTEPUU
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KauecTBa YNPABICHUS; I) YyIy4yllaTb C TEUYEHHEM BPEMEHU CIIOCOOHOCTH
YOPaBJISATh 0OBEKTOM MYyTEM aKKyMYJHUPOBAHUS 3KCIEPUMEHTAIBHOTO 3HAHUS,
T.€. IyTEM OOYUYEHHUS Ha OIBITE.

Jlnst oueHKH S()PEKTUBHOCTH CHUCTEM HWHTEJUIEKTHOTO yIpPaBJICHUS
BXHOE 3HAYECHHUE HMMEET YMEHHE HU3MEpPATh YPOBEHb HHTEIIEKTYaJlbHOCTH
aBTOMATHUYECKUX u YeJIOBEKO-MaIIMHHBIX CUCTEM. YpoBeHb
MHTEJUIEKTYaJIbHOCTH (YPOBEHb MHTEIJIEKTa) HEKOTOPOTO areHTa ONpeAesieTCs
a) CHOCOOHOCTBIO areHTa UCIOJIb30BaTh CTapble 3HAHUSI B HOBBIX, MOXKET OBbITh,
3apaHee HEU3BECTHBIX MPOOJEMHBIX CUTyalusx; O) IUPOTOH NPOOIEMHBIX
oOJacTel, rJie OLIEHUBAEMbII areHT IPUEMJIEM KaK aKTUBHBIN peraTenb 3a1a4.

CpoiicTBa a) 1 0) MOTYT BKJIIOYaTh CIIOCOOHOCTh IJIAHUPOBATH JIEUCTBUS
U caMoo0Oy4aThcs. BaXHOCTh TpeOOBaHUS aBTOHOMHOCTH (DYHKIIMOHHPOBAHUS
areHTa Wid — B W3BECTHOW Mepe, MPOTUBOIOJIOKHOTO CBOMCTBA — yMEHUS
B3aUMOJICHCTBOBATh C JPYTMMH areHTaMud JUisi COBMECTHOTO PpEIICHUS
npoOJeMbl  YNpaBlI€HUsA, PAaBHO Kak W  TpeOOBaHUS  HOPMAIbHOTO
(GYHKITMOHUPOBAHUS B YCJIOBUSX MPOTUBOACHCTBUS JAPYTUX areHTOB, 3aBUCUT
OT NMPOOJIEMHON 00JIACTH.

Pa3znnuaroT 1Ba rjaaBHbBIX KJIacca CUCTEM MHTEJUIEKTHOTO YIPABJICHHUS:

1) kmacc, B KOTOpoM cucTeMa mpsmMo (0e3 ydvacTuss deloBeKa)
OCYHIECTBIIAECT GYHKIMOHUPOBAHUE, T.€. IOJHOCTHIO 3aMEIIACT TPaJAULIMOHHBIE
QITOPUTMBI yTIpaBlieHUs] (WM HUCIONB3YET B COYETAHHH C HHTEIUICKTHBIMU
KOMITOHEHTaMH YIIpaBJICHUS);

2) K1acc, B KOTOPOM CHCTEMOW peallu3yeTcs YeIOBEKO-MalluHHOE
yIOpaBJICHUE, T.€. C y4acTueM 4esoBeka. CUCTEMbl HHTEIJIEKTHOTO YIPABICHUS
yKa3aHHBIX KJIACCOB MOTYT UMEHOBAThCS KaK aBTOMAaTHYECKUE U YEJIOBEKO-Ma-
IIMHHBIE CUCTEMbI MHTEIJIEKTHOTO YIIPaBICHHUSI.

Tak xak cBoWcTBa a) W ©O) TPYOHO OICHUTH KOJWYECTBEHHO,
11eJ1ecoo0pa3Ho JaTh KaUeCTBEHHYIO IIKATy BO3pACTaHUS MOTEHIINANIA PEIICHUs
3a/1a4 B CUCTEMAaX aBTOMATUYECKOTO (M aBTOMaTU3UPOBAHHOIO) YIIPABIICHHUSI.

J.A.TlocnenoBbiM [145] mana craeayromas KiaccupUKAIMS CHCTEM
yIpaBJIEHUS IO 00beMY HEOOXO0IMMOM HH(OPMALIUK O BHEILIHEM MHUpE.

1. ITpocteie cucrembl ynpasieHus: (F-cucrtemsl), cocTosiine U3 CUCTEM
IPOrpaMMHOTO YIPABJICHUS U CUCTEM C OOPATHOM CBS3bIO.

2. Cuctemnl ¢ apanrtanmeit (F-A-cucTeMbl), COCTOSIIIIUE W3 CHCTEM
UJCHTU(DUKAITMOHHOTO YIPABJICHHS U CUCTEM aJalTUBHOTO YIIPABICHUS.

3. Mogenbabie cuctembl ympabienus: (F-M-cuctemsr), cocrosmue wu3
CUCTEM MHTEJUIEKTHOTO yIPaBJICHUS.

4. CeMUOTUYECKHE CHUCTEMBbI YIpaBlieHUs! (S-CUCTEMBbI), COCTOSIIUE W3
MHTEJUIEKTYaJIbHBIX CUCTEM YIPABJICHHUS.

H.H. Moucees [130] paznuuaet Tpy ypoBHS YIIPaBIICHUS:

— BYY — BepxHuii ypoBeHb yIIpaBiICHUs: LIEJIETI0IaraHuE;
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— CVYYVY — cpeanuii ypoBEeHb YIPABJICHUS: MOUCK CHOCO0a JOCTUKEHUS
MIOCTaBJICHHOM Ha BEPXHEM YPOBHE 1IEJIH;

—HVYY — HmwxHHI ypOBEHb YINpaBIICHUs: peaju3alus BbHIOPAaHHOIO Ha
CpeIHEM YPOBHE crioco0a JOCTHKEHHS TOCTABICHHON LIETH.

B [34] ormedeHO, 4TO B HACTOSIIEE BPEMsI CHCTEMbI HWHTEIJIEKTHOTO
YOPaBJIEHUSI C HETPUBHAIBHBIM BEPXHHUM YPOBHEM YIIPABJICHUS CYLIECTBYET
TOJIBKO B BU/JIE YEJIOBEKO-MAIIMHHBIX CUCTEM.

CootBerctBue kiaccudukanuii  C.H. BacunbeBa, [[.A.IlocnenoBa wu
H.H. MouceeBa npeacrasieHo Ha puc. 1.1.

Kak ormeueno C.H. BacunbeBbim [34], mpobiieMa anmapaTHO-aITOPUTMHE-
yeckoro odecneueHus CYVY u, B ocooeHHoctn, BYY saBiseTcs BBEI30BOM I
CIEIUATUCTOB B 00JIACTH MHTEJVIEKTHOTO YIIPABJICHHUSI.

Ha cTbIKE COBpEMEHHOM TEOPUM YIOPABICHUS U HCKYCCTBEHHOIO
MHTEIJIEKTAa MHTEHCUBHO Pa3BUBAETCSI MHTEIIEKTHOE YIPABJICHUE.

Bo3moxHO, paccmaTpuBaTh MHTEJUIEKTHOE ymnpasieHue (IV) He Toibko
KaK MOTpaHUYHyIO0 o0nactb Teopun ynpaiaeHuss (I) M HCKyCCTBEHHOTO
untemiekra (II), Ho u kak norpaHuuHyro obsacte Teopuu ynpasieHus (I),
uckyccrBeHHoro uHteiwiekta (II) m mccnenoBanms omeparuii (II1) (puc. 1.2).
B3auMHOe BiusHHE yKa3aHHBIX TpeX Oa30BBIX 00JIACTEM HCCIEIOBAaHUM U
pa3paboTok aeranbHO paccMoTpeHo B [34]. OTtmeTrum, 4TO B MOHOTrpaduu
b. JIro [108] moka3aHbl BO3MOXKHOCTh 1 MEPCIIEKTUBBI coueTanus oomactei I, 11,
1.

Buemnuit Mup (cpena

M3mepurensHbie (yHKLMOHMPOBAHNS UcnonaurenbHbie
.~ 4_ o <
ycTpoiicTBa CHCTeMBI) ycTpoiicTBa <
6. HTenmnekTyanbHOe yIpaBlIeHne
S CreTeMbl (c nenenonaranueM, GOPMHUPOBAHHEM 1
O B MOHATHH ¥ OTHOIIEHUH B pa3BHBaEMOit
H y MOJIENTH MUPA)
E v F-M Cucremsr 5. MHTennexTHOE yIpaBiIeHue -
P C
v 4. AmanTUBHOE yIIpaBJIeHUE H
A F-A Cucremsr
H Y 3. UneHTruuUKaNOHHOE yIIpaBICHHE [T
y 2. [To3umrioHHOE yIpaBieHNne
O y F Cucremsr
1. IIporpaMmHO€ yrpaBicHHE

Puc. 1.1
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7

Puc.1.2

B o6iacTv HHTEINIEKTHOTO YNIPABJIEHUS CUJIBHO HHTEHCUBHO Pa3BUBAETCS
MPUMEHEHHUE MPOAYKIIMOHHBIX CUCTEM B (hOpME HEUYETKUX U JIPYyTHX MPaBu, a
TaKX€ UCKYCCTBEHHBIX HEUPOHHBIX CETEU.

Teopus ynpasieHUs: B CBOEM Pa3BUTHH IIPOLLJIA PSAJ BAXKHBIX 3TAIOB:

a) OT  KJACCHUYECKHMX  3aJa4  aBTOMATHUYECKOrO  PEryJMpOBaAHMUS,
UCCJIEIOBABIINXCSI B OCHOBHOM C LI€JIbIO OTBICKAHUS CHOCOOOB CTaOMIIM3ALMU
CTallUOHAPHBIX JBIKCHUN Ha 0ECKOHEYHOM MHTEPBAJE BPEMEHH, — K 3ajlauam
TEOPUH ONTUMAIIBHOTO YIPABJICHUSA, YK€ HE CBOJMBIIMXCS K KJIACCHYECKUM
BApHAIIMOHHBIM 3aJayaM, U Jajie€ — K NPUHIUNY Makcumyma [loHTpsiruHa,
METOY JTUHAMUAYECKOTO IPOrPaMMUPOBAHUS bennMana, TEOpUU
AHAJIIUTUYECKOTO KOHCTPYUPOBAHUS ONTHUMAaJIbHBIX pPErynsTOPOB,
MCIIOJIH30BaHUIO CBSI3U (DyHKITMI JIsSTTyHOBA C IPUPOON ONITUMAIIBHBIX CUCTEM,
MOCTPOCHUIO TEOPUHM ONTHUMAIBHOW CTAOMIM3AIMM M YHCICHHBIX METOOB
ONITUMAJIBHOTO yrpaBieHus [55, 143];

0) OT YaCTOTHBIX METOJIOB aHajM3a 3aMKHYTBIX CHCTEM — K MeETOjaM
MPOCTPAHCTBA COCTOSIHUM M IIMPOKOMY HCIOJb30BaHUIO (PyHIAMEHTAIBHBIX
MOHSATUMN U KPUTEPHUEB YIPABIIEMOCTH U HAOIIOJaEMOCTH;

B) OT 3aJad WACHTU(GUKAITMOHHOTO YIPaBICHUS HETOYHO 3aJaHHBIM
00BEKTOM C OJHOBPEMEHHBIM IMOMCKOM BCEW HemocTaromeld mHpopManuu o
HEM, OT METOJOB WACHTH(PUKAIMK U (UIbTpAlUd, O00ECTICUNBAIOIINX
noydeHue Hemoctaromed uHpopmammu B popme PmiptpoB Kammana wu
Bunepa, or TeopuM CaMOHACTpPauMBAIOLIUXCA CHUCTEM — K COBPEMEHHBIM
NOCTAHOBKAaM 3aJa4 aJalTUBHOTO yIIPaBJICHHUS;

r) OT 3aja4y B BHUJE OOBIKHOBEHHBIX IU(P(DEpeHIINATbHBIX YPaBHCHUN K
3a7a4yaM YNOpPaBJICHUS CUCTEMaMH C 3ala3[blBAHUEM W PACHPEACICHHBIMU
CHUCTEMaMHU;

1) OT 3a/1a4 CO CKAJIIPHBIM KPUTEPUEM KaueCTBa YMPABJICHUS U CUCTEM C
(UKCUPOBAHHOM, OJHOKOHTYPHOMU CXEMOM YIIPABJICHUSA - K
MHOTOKPUTEPUAIIBHBIM 3a7jadyaM HMEPaApXUUYECKOr0 M JACHECHTPAIM30BAHHOTO
yIPaBJICHUS, CUCTEMaM KOOPJAMWHATHO-TIAPAMETPUUECKOTO U CTPYKTYPHOTO
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yOpaBjieHUs, 3aJadaM YNpPABICHHUS CIOKHBIMU TEXHUYECKHMH CHCTEMaMu B
YCIOBHSIX HEOINPEJEICHHOCTH, (PA30BbIX M CMEIIAHHBIX OrPAaHUYECHUH,
CTOXaCTUYHOCTH, KOONEPALIMH WA IPOTUBOACUCTBUS MOACUCTEM.

Ecnu ynpasnsemast cucrema (yHKIIMOHMPYET B YCIOBHUSIX alpUOPHON
HEONPEJIEIEHHOCTH, TO IIPU CHUHTE3€ €€ ULl JOCTHKEHHs 3aJaHHOM ILIeNu
yOpaBlI€HUs  CIEAyeT  CHU3UTh  CTENEHb  3TOW  MH(POPMALMOHHON
HeolpeaeaeHHoCTU. [pyrumu cioBamMu, HEOOXOIUMO OOBEKT YINpPaBJICHUS
COOTBETCTBEHHO aJanTUPOBATh K YCIIOBHSIM, npu KOTOPBIX
HEJICTEPMUHUPOBAHHBIE  BO3MYIIEHUA  (HaYaJbHbIE,  BHEIIHUE  WJIHU
napaMeTpUYEeCKue) YK€ HE CMOryT YNPaBIIEMOM CHCTEME IOMEIIATh
o0ecrevynTh BHIITOJIHEHUE TOCTABIIEHHOM 1€/ yIpaBICHUSI.

3ajady aJanTUBHOIO CUHTE3a B YHPABISIEMBIX TUHAMHYECKUX CHUCTEMAaxX
BO3HHMKJIM B Pa3HBIX ITIOCTAHOBKAX KAaK €CTECTBEHHAs PEaKIUs Ha IOSBIICHHE
rHOKMX AaBTOMAaTU3MPOBAHHBIX KOMILJIEKCOB U  CIOXKHBIX TEXHUYECKUX
YCTPOMCTB, Il pabOThl KOTOPBIX HEAOCTATOYHO NMPUMEHEHMS] OJIHUX TOJIBKO
KECTKUX MporpamMm ympasiieHus. [J1aBHOM OCOOEHHOCTBIO —aJaNnTHUBHOM
CUCTEMBbI 3aKJIIOYAETCs B TOM, YTO IO XOAYy PadOThl OOBEKTHI YNPAaBICHUS
CHOCOOHBI MOJHOCTBIO HMJACHTUPUUUPOBaTH ce0s (CBOM mapameTpbl MU
COCTOSIHUSI) M CTaBUTH Iepe] COoOOM HOBBIE LENEBBIE YCIOBUS, MPU ITOM
KOHTPOJIb ¥ BMELIATEIbCTBO B YIIPABJIECHUE CBOJATCS K MUHUMYMY.

Hauyunas npumepHo ¢ 80-X roloB IpOLLIOro CTOJETHS, UIEU, KOTOPHIE
TPaJMLMOHHO OTHOCHJIMCH K 00JIACTH UCKYCCTBEHHOI'O MHTEIIEKTa, HAUUHAIOT
UCIIOJIb30BAaThCA B TEOPUM M TMpakTUKe yrnpasieHus. CoOOTBETCTBYIONIME
pa3pabOTKH, BKJIOYAEMbIE B COCTaB CHUCTEM YIPABICHMS, HA3bIBAIOTCS
MHTEJVIEKTHBIMU KOMITIOHEHTAMU CUCTEM YIIPaBICHUSI.

B kauyecTBe mNepBOro THIAa MHTEIJIEKTHBIX KOMIIOHEHT MJII CHCTEM
YOPaBJIECHUS SBISIOTCS HCKYCCTBEHHBIE HEUpPOHHBIE ceTH. OHU NPUMEHHMBI
IUIsL PELICHMs KJjlacca 3ajad, I/I€ MCIOJIb3YIOTCS HE YpaBHEHUS IWHAMHKU U
JaXe HE CTOJBKO NpaBWia, KAaK B TPAJAWLIHMOHHBIX JKCIEPTHBIX CHUCTEMAX,
CKOJbKO oOmbIT. HelpoHHBIE ceTM Ha CThIKE C 3aJayaMy  yHpPaBJICHUS
UCIIOJIB3YIOTCA B pa3HbIX  00JacTsX: B pOOOTOTEXHUKE,  YHPABICHUU
TEXHOJIOTHYECKUMU poLIeCCaMH, TEJIEKOMMYHUKAIUSX, cUCTEMaxX
MCKYCCTBEHHOT'O 3pEHHSI, a9POKOCMOCE.

K gpyromy Tumy HWHTEJIEKTHBIX KOMIIOHEHT CHCTEM YIPABJICHUS
OTHOCATCSI ~ 3BOJIOLIMOHHBIE  QJITOPUTMBI, KOTOpPBIE IOHUMAKOTCA  Kak
TF€HETUYECKNE aJITOPUTMBI CO CIIELMAIBHBIMUA CTPYKTYPaMH JTAHHBIX.

WMHTENIEeKTHPIMU KOMITOHEHTAMH CUCTEM YNPABICHHS Ui pealn3aluu
BBICOKOMHTEIIEKTYANbHBIX (YHKIMN SBJISIOTCS MHTEIEKTHBIE KOMIIOHEHTBI
TPEThEro THUIA — CUCTEMbI, OCHOBAHHBbIE Ha 3HAHUSAX. 3HAHUS MOTYT OBITh
IIPEICTABJICHBI B JIOTHUECKOM $I3BbIKE, U UX 00pabOTKa C MOMOIIbIO JIOTHYECKUX
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CPEICTB TIO3BOJISIET TIOJIy4aTh HEKOTOpPHIE MPEATNOYTEHUS HAa MHOXKECTBE
JOTYCTUMBIX YIIPABICHUH C IIETBI0 BRIOOPA OJTHOTO U3 HHX.

BaxxHo oTMeTHTBH, 4YTO B OOIIEM cllydae CHCTEMbI, OCHOBAHHBIC Ha
3HaHUAX, OIEPUPYIOT C OoJsiee IUPOKOH HHPOPMAIUEH — JIOTHUUYECKHUMH,
00BEKTHO-OPUEHTUPOBAHHBIMU W JPYTUMH MOJEJSIMH, OCHOBAaHHBIMU Ha
3HAHUSX DKCIEPTOB. BMecTe ¢ TeM CUCTEMbI, OCHOBAaHHbIC HA 3HAHUAX, MOTYT
WCITOJTh30BaTh M TPAIWIMOHHBIE aJITOPUTMBI, 0a3UPYIOMIHECs Ha ypaBHEHHUSIX
JTUHAMUKH.

K cucremam, OCHOBaHHBIM Ha 3HAHMSIX, OTHOCSITCSI CIEAYIOIIUE KIacChl
CUCTEM: a) CHCTEMbI, OCHOBAHHbIC Ha MpaBHJIax; 0) CHCTEMbI, OCHOBAHHbIE Ha
aBTOMAaTUYECKOM JIOKa3aTeNbCTBE TEOPEM; B) CUCTEMbI, OCHOBAHHBIC Ha
aBTOMATUYECKOM TUIIOTE3UPOBAHUH, T.€. HA MIOPOKICHUH TUIIOTE3; T) CUCTEMBI,
OCHOBaHHBIC HA PACCYXICHHSIX IO aHAJOTUU; 1) 00BEKTHO-OPUEHTUPOBAHHBIE
WHTEJVIEKTHBIE CUCTEMBI.

BaxxHO OTMETHUTh, YTO WCIOJB30BAaHWE WHTEIJICKTHBIX KOMITOHEHT
IPUBOJANT K HOBBIM TEXHOJIOTHSM, PACHIMPSIONIAM TOTCHIHA YIPABICHUS
JUHAMHAYECKMMH cucTeMamu [2, 16, 18, 34, 63a,0, 108].

Ha puc. 1.3 npeacraBieHbl COOTBETCTBYIOLIME OOJIACTH UCCIEIOBAHUMN C
yuetoM ux mnepecedeHuit [34]. Tak, ympaBieHue Ha OCHOBE 3HAHUU oOpasyer
pasziesl MHTEUIEKTHOTO YMIPABJICHHUS W BKIIOYACT, HANpUMEp, YIpaBicHUE Ha
OCHOBE MpaBWJ (B YACTHOCTH, HEUETKUX MpPaBUJ) U YMPaBICHHE HA OCHOBE
JIOTUYECKUX MOJICIIEH.

VYnpasnenue VYnpasnenue
Ha OCHOBE MPaBUJI Ha OCHOBE
JIOTHYECKUX MoJiesei

CHucTeMEl,
OCHOBaHHbIE
Ha 3HAHUIX

(CO3)

Teopus
yIIpaBICHUS

VYnpasnenue Ynpasnenue
HeueTkoe ynpasienne HA OCHOBE R ] m—
(Ha OCHOBE HEYETKHX SHAHM ABTOMATHYECKOLO
TIPABHIT) JI0Ka3aTelIbcTBa
TEOpPEM
Puc. 1.3
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PaccMOoTpuM Jf1anee WHTEIUIEKTHOE YIIPABJIECHHME HAa OCHOBE HEUYETKHX
npaBui. Pa3paboTka cHCTEM MHTEIUIEKTHOTO YIPABJIEHHSA, OCHOBAHHBIX Ha
npaBujiax, MpeanonaraerT BbIOOP NEPEMEHHBIX COCTOSHHMS U BbIXOJA, B
TEPMUHAX KOTOPBIX U (POPMYIUPYIOTCS MpaBmwia. B MpOCTBIX cilydasix 3TOT
BBIOOP MOKHO peaju30BaTh B COOTBETCTBUU C MO3UIIMOHHBIM YIPABICHUEM I10
MOJIOKEHUIO M CKOPOCTH OOBEKTa YMpPAaBJICHUS, & UMEHHO B COOTBETCTBUU C
MIPUHLIUIIAMHA IPONOPLMOHAIBHOTO (I1) 151 IPONOPLIMOHAIBHO-
mupdepenunansaoro (I1/]) ynpasnenus. Pazymeercs, MOTYT MCIIOIb30BaTHCS
aHAJIOTU U JPYTUX TUMOBBIX CIOCO00B (hOPMUPOBAHUS YIPABJICHUS, HAIPUMED,
MPONOPLUUOHATBHO-UHTETPATIbHOTO (I11) WIH PONOPLUUOHAIBHO-
uHTerpanbHo-audgepennmansaoro (IMMJ) ympaBnenus. g HeTWHEHMHBIX
CUCTEM YIpaBJIEHUs CTIOCOOBI (POPMHUPOBAHUS YIPABICHHUS MOTYT MOJTy4YaThCs
1 0oJiee CIOKHBIMH.

Ha puc. 1.4 npencrasieHa CTpyKTypHasl CX€Ma YIPaBIsSE€MON CHCTEMBI.
Lens peryndaropa — yJaepKUBaTh AJid JHOOOT0 MOMEHTa BPEMEHH JOCTAaTOYHO
OJIM3KUM 3HAYEHHE CUTHAJIa ) (Ha BBIXOJE OOBEKTa yIpaBJi€HUs) K 3HAYCHUIO
BXOJIHOIO CHUTHala Yex. Pasmuuaror [-perynsaropsi, II/[-perymsaropsr, WNJI-
perynstopsl U [TWAJ[-perynaropsl, npuyeM 3TH PETYISATOPbl MOTYT OBITh Kak
YeTKUMHU, Tak M HedyeTkuMHu (normueckumu). Ilokazarenu omubku e,
UCIIOJIb3yEMbIE B TIOCBUIKAX IPABWJI, AHAJOTMYHBIX ympasieHuto ¢ [IN/]-
PEryJIsSITOPOM, OOBIYHO BBIOMPAIOTCSA M3 YUCIA CIAEAYIOIIUX TPeX MOKa3aTelsei:
ommuoKa e; ”3MEHEHHEe OIMOKH, 0003HaYaemMoe Ae WM € ; cymMMa omuooK o e.

[TokazaTenu ynpaBieHHs] ¥ Ha BBIXOJIE€ YCTPOICTBA yIpaBlieHHUs, T.€. Ha
BXOJIE B IIPOLECC, HCHOJb3yE€Mble B 3aKIIOYEHUSX MPaBWI, OOBIYHO
BbIOMpAIOTCA U3 YHCIA CIEAYIOLIMX: M3MEHEHHUE YIpaBieHHs, 0003HaYaeMoe
AU unu u ; ynpaBJICHUE U.

B HeKoTOphIX cily4asix, KOrja JOCTYIHBI 3HaHUS HE TOJBKO B (opme
nokasareneil omumoku e (e,Ae,0¢), HO W, HampuUMep, IOKA3aTEIH BBIXOJIA Y
Ipolriecca, TO B OCBUIKH MPAaBWJI MOTYT BKJIFOUATHCSI CBOMCTBA IEPEMEHHON ) 1
IAPYruX MoKa3arejae BbIXOa.

YerpoiicTBo l f
yy
e ynpaeBneHmI YY) y OBLexT y
L_.®7 Perynsarop > yIpaBJiICHUS >
r (OY)
Puc. 1.4.

Ecnu B mpaBuiax HMMEHAa CBOWCTB pPACCMATPUBATH KaK IPEIUKATHBIC
CHUMBOJIBI, TO BO3MOXKHA (popManm3ainus 3TUX TPaBUJI B MPEAUKATHOU (hopme ¢
BBIXOJIOM Ha METOJAbl O0OpaOOTKM 3HAaHUN B JyXe aBTOMATUYECKOTO
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J0Ka3aTejibcTBa TEOPEM WM JIOTMYECKOTO IporpammupoBaHus. Takoe
CHUMBOJIBHOE TIPEJCTABIICHUE TMPABUI SBISETCS JOCTATOUYHBIM JUIsl aHAIM3a
YCTOWYHMBOCTH  CHUCTE€MbI  ympaBieHus [643]. OCHOBHBIMH  3aJayaMHu,
perraeMbIMHU TIPU CO3JAaHUU CUCTEMBI MHTEUIEKTHOTO YIPaBJICHUSI C HEUETKOU
JIOTHKOM, SIBJIICTCSI COMOCTABJICHUE OMMCAHWM COCTOSHUM 00BEKTa yIpaBICHUS
C YCIIOBUSIMH HCTHHHOCTH MPOAYKIIMOHHBIX TMpaBWJI, a TakKe OIpe/esieHHE
cTpaTteruu (mopsiaKa) UCIOJIb30BaHUS TTPABUIL.

Hcropruecku HEUETKOE YHNPABICHHE HCIOIb30BAJOCh BHAYalle B
KOHTEKCTe cTaTudeckux mpaBun [34, 126]. IlozgHee ObUIM CO3/IaHBI
aJlaniTUBHBIE HEYETKHUE PEryJsTopbl JIMOO B HEABHOM ¢dopme, B KOTOPHIX
UCIOJIb30BaJIach IPOMEKYTOUHAS MOJIEIb npoiiecca LTSI
«IepenpOEKTUPOBAHUY (CUHTE3a) PEryIATopa B peajibHOM BpeMeHH (puc. 1.5),
160 B OoJiee MPUBBIYHON (hopMme MPSMOHN ajamnTaldy, Korja Mo pe3yiabTaTam
HaOmoAeHUsT (YHKIIMOHUPOBAHUS KOHTYpa YMPABICHHUS MOIAUPUIUPYETCS
npsiMo 0aza mpasuia (puc. 1.6). B oOmem cinydae, moclieHUE PEryiasiTOpbI
UMEHYIOTCS CaMOOPTraHU3YIOIUMUCS, OCHOBAHHBIMU Ha HEUETKOM JIOTHKE.

v

CHHTE3 UACHTU(DHUKAIIHS
perynstopa HEYETKOM MOJEIN

A 4

HeueTkwmit
(moruueckuii)
PErynaTop
A

—»
YCTaHOBKQ

IMpo1ecc

BBIXOJT

Puc. 1.5
[Ipumep crucTemMbl HHTEIUIEKTHOTO YIIPABICHUS JJIsI MPOBOJKU TPY30BOTO
CyJIHa MEXIy OCTpOoBaMH O3 BMEIIATeIbCTBA YeJOoBeka ommcaH B [34].
Bxomamu B mporecc sSBIAsSIOTCA # (CKOpOCTh) W O(Yyroj MOBOpOTa pyiis),
BbIXoJgaMu — Kypc cyaHaV (OTHOCHTENBHO oceil (PMKCUPOBAHHOU CHCTEMBI
KOOpJWHAT) M TMOJIOKEHUE B IUIOCKOCTH (X, y). CTpyKTypa CHCTEMBI
yIpaBJeHUs SBIIACTCS JBYXYPOBHEBOM.

HU3MEHEHHE
> TIpaBuI

l BBIXOJI

+
yCTaHOBKa O]_HI/I6K3 =
HCYCTKHUH nporecc _ >

(;orugeckuii)
— peryiarop

IToka3zaTenb
KayecTBa

Puc. 1.6
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Paccmorpum  Bompoc 00 3(PGEKTUBHOCTM NPUMEHEHHUSI HEUYETKOTO
ynpaBieHus. VMETCSs MHOIOYMCIEHHBIE KOMMEPYECKHE MPHIIOKEHUS
HEYETKOI'O0 yIpaBJ€HUS B TEXHUKE U MPOMBIIIJIEHHOCTH. BMecre c Tewm,
UMEIOTCA ABE KPAaHHE MO3UIUU B OLEHKE MOJE3HOCTH HEYETKOTO YIPAaBJICHUS.
C oaHOUN CTOPOHBI, MHOTME CTOPOHHHMKH 3TOW TEXHOJOTHH IMPOBO3IJIALIAIOT,
YTO HEUYETKOE  YyIpaBlieHHe OyJeT  PEeBOJIOLHMOHU3UPOBATH  TEXHUKY
yOpaBjieHUs, OO€IIaeT NpPOpPhIBEI U OyAeT CHOCOOHO PEIIUTh CJIOKHBIE
TEXHUYECKHE MpoOJeMbl C MOMONIbIO Maibix 3arpar. C Ipyroil CTOPOHBI,
MHOTME MPEJICTABUTENI YIPABJICHIIEB BCE €€ SBISIOTCA aKTUBHBIMU
CTOPOHHUKAaMM TOTO B3IJIAJIA, UTO «BCE, YTO MOXKET OBITh C/IETAHO B HEUETKOM
YIOPABJICHUH, MOXXET OBITh CHECNAHO TAKXKE U TPAJULHUOHHBIMU CpPEICTBAMHU
TEOpUM YIPABICHUS», W MPOTHO3UPYIOT B Onmxkaiiem OyaylieM croaj
HEYETKOTO YIPABJICHUS KaK HAIIPABJICHUS TEOPUH U MPUIIOKECHHIA.

Crnenyer OTMETHTb, 4YTO HEUYETKHUE PEryJsATOpbl SBISAIOTCS OoJjee
poOacTHBIMU, YeM O0O0bIuHbIE. PazpaboTaHbl NMpUIIOKEHUS, IJ€ HCIOJb30BAaHUE
HEYETKOT'O YIpPAaBJIEHUS — B YUCTOM BHJI€ WJIA B KOMOMHALIMM, HAapUMEp, C
[T1]I-yripaBiieHEM — 00ECIIEUUIIO BHICOKYIO POOACTHOCTh CUCTEM YITPaBJICHHUS.
OnHO#l M3 BaXKHBIX 3ajJlay SIBJISIETCS BBISICHEHUE THUIIOB TEXHUYECKHUX CHUCTEM
YOpaBJIE€HUS, I KOTOPBIX HEYETKOE YIPaBICHUE BEAET K YJIYUYIICHHUIO
poOaCTHOCTH U YCTOMUMBOCTH, U KaK IMPOEKTHBIC PELICHUS BIUSIOT Ha 3TH
cBoicTBa. JlJI1 HEUYETKMX CHCTEM YIIPABICHUS IIOJYYEH pPsJ KPUTEPUEB
YCTOMYHMBOCTH. Takue KpUTEpUH IIOJIY4YEHbl HAa OCHOBE IIPSAMOIO METOJa
JIanyHoBa u cBovicts JIMH.

B ananutunueckom 0030pe [34] oTMEUEHBI 3HAYUMOCTh M TEPCIIEKTUBBI
Pa3BUTHUSl TEOPUU MHTEJUIEKTHOTO YIpaBIEHUS: «Apeal MPUMEHEHHUs CPEACTB
UCKYCCTBEHHOT'O MHTEJUJIEKTA K 3a/1auaM BCEX YPOBHEW YMpaBIICHUS MOCTOSHHO
pacmupsiercsi. OTHOcUTENbHBIE HEyAauud MNOOyIWiIM K OoJee TOHKUM H
rITyOOKUM HCCIEAOBAHUIM U CHELHAIN3AINH JIOTHYECKOI0 U IPYTUX MOIX00B
K TeM WIM HWHBIM KjaccaM 3ajady. Ha moBecTke AHS CO31aHHME IOJHOCTBHIO
ABTOMAaTUYECKUX CUCTEM MHTEJJIEKTHOrO ympasieHus. JJocTmxkeHus: B oonactu
aBTOMAaTU3allMd  JIOTUYECKOTO0  BBIBOJA,  HMHAYKTUBHOTO  JIOTMYECKOTO
IpOrpaMMHUPOBaHUs, TOPOXKICHUS TUIIOTE3, PACTIO3HABAHMS 00PA30B U JIp. yKe
BBI3BAIM B JKU3Hb P aMOMIIMO3HBIX IMPOEKTOB, B TOM YHCIE, HalpuMEp,
IIPOEKT CO3AaHMUs MOJHOCTHIO aBTOMAaTHYECKHX MNUIOTOB. Bmecte ¢ Tem, He
JOJKHO OBITh HEONMPABAAHHOTO O00OOIIEHHSA B OLIEHKE OYyAYUIMX MEepPCIEKTHB
MCIOJIb30BAHMSI MHTEJNIEKTHOTO yINPaBIEHUs, KaK 3TO y>Ke ObUIO B MPOIILJIOM B
HCKYCCTBEHHOM HHTeIJIeKTe. TpeOyroTCcsl HOBbIEC UJIEU U PEIICHHUS, B TOM YUCIE
Pa3BUBAIOIINE U UHTETPUPYIOIINE MEPCIICKTUBHBIC U YK€ CETrOJHS MOJIE3HbIC
MeToabl. [IpunoxeHus: U 3KCriepuMEHTaIbHbIE UCCIEAOBAHUS JOJIKHBI IOMOYb
CaKLICHTHUPOBATh W/WIIM CKOPPEKTUPOBATh HAIpaBJIEHUS! Iporpecca B 00JacTu
MHTEJVIEKTHOTO YIPABIICHUS.
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Crnenyer mNOMYEPKHYTh, 4YTO BAXHOM M AaKTyaJbHOM 3aJadeil B
UCCIICIOBAHUM CHUCTEM HHTEIUIEKTHOTO YMpaBJICHUSA SBIAETCS  3ajada
YCTOMYUBOCTH, pellaeMasi ¢ MOMOIIbI0 OOOOIIEHUSI M3BECTHBIX WU CO3JaHUS
HOBBIX METOJIOB TEOPUU YCTOWYMBOCTH. OTY BAXHOCTh W AaKTyaJIbHOCTH
MOATBEPKJIAIOT PabOThl OTEUECTBEHHBIX U 3apyOeKHBIX HCCIEI0BaTENCH,
BBIILIC/IINE B MOcieaHee aecsaruiaetue [57, 64a,u, 72, 114r, 116a, 1276, 139,
141, 143, 144, 218, 224].

CylIecTBYIOT CIEAYIOIIUME aIrOPUTMbl HEYETKOW JIOTUKH, Ha 0aze
KOTOPBIX MPOUCXOJUT KOHCTPYUPOBAHUE JIOTUYECKUX PETYIATOPOB: aJrOPUTM
Mampanu, anroputMm Ilykamorto, anroputm Takarn—CymKeHO, aaropuTMm
JlapceHa, yNpOIIEHHBIM aJrOPUTM HEUYETKOTO BbIBOAA. lIpeumylnectBa u
HEJIOCTATKM YKa3aHHBIX aJlrOpUTMOB omnucanbl B [96]. OOmmil J0oTHMYECKUid
BBIBOJ] OCYIIECTBIIICTCS CICAYIONIMMH YeThIpbMs 3Tanamiu |96, 152].

1. Heuemxocms (BBeneHue HeueTkocTH, (asubukamus, fuzzification).
OYHKIMU TOPUHAJICKHOCTH, OIpEJCICHHbIE Ha BXOJHBIX MEPEMEHHBIX,
OPUMEHSIOTCS K HMX (DAKTUUECKUM 3HAYCHUSM JUIsl OINPENEJICHUS CTEINeHU
UCTUHHOCTH KaXKJIOM MPEANOChUIKUA KaX0T0 MpaBuia.

2. Jlocuueckuut  evicoo. HailineHHOE 3HAUYEHWE  WCTUHHOCTU  JJIS
OPEANOCHUIOK KaXJOro TMpaBuia IMPUMEHSETCS K 3aKIIOYEHUSM KaXI0ro
npaBuia. OTO IPUBOJUT K OJTHOMY HEUYETKOMY MOJMHOKECTBY, KOTOpoe Oyaer
Ha3HAYCHO KAXKJOW NEPEMEHHOW BBIBOJA IS KAXKAOro Ipasuiia. B kauectse
IpaBUJI JIOTHYECKOTO BBIBOJA OOBIYHO HCHOJB3YIOTCS TOJBKO OMNEpaldyd min
(MuaumyMm) unu prod (yMHOXeHue). B jorudeckoM BBIBOJIE MHUHHMYyMa
byHKIMS ~ TPUHAJICKHOCTH  BBIBOJA  «OTCEKAeTcs» MO  BBICOTE,
COOTBETCTBYIOIIEH  BBIUMCICHHOW  CTENEHUM HUCTUHHOCTH  MPEANOCHUIKU
npaBuwia. B JIOTHYEeCKOM BBIBOJE YMHOXKEHUS (QYHKIMS MPUHAIICKHOCTH
BBIBOJA MACIITAOUPYyEeTCS TPH TOMOIIM HAWIACHHOW CTEMEHHM HCTHHHOCTH
MPEANOCHUIKY MpaBuUia.

3. Komnoszuyus. Bce HedeTKHe MOJIMHOMKECTBA, HA3HAUYCHHBIC K KaXKIION
MEepEMEHHON BbIBOJIAa (BO BCEX NpaBWIIax), OOBEAUHAIOTCS BMECTE, YTOOBI
dbopMUpOBaTh OJIHO HEUETKOE IMOJMHOXECTBO JJIsI KaXKJIOW NepeMEHHOU
BbIBOJIA. [Ipu mog00HOM O00BEIMHEHUU OOBIYHO MCITOIB3YIOTCS ONEpalii max
(MakcumyM) uid sum  (cymma). Ilpy  KoMmo3umuum  MakcHUMyMa
KOMOMHUPOBAHHBIA BBIBOJ HEYETKOTO MOJAMHOKECTBA KOHCTPYUPYETCS Kak
MOTOYEUHBIM MAKCUMyM IO BCEM HEYETKHUM HoAMHOXecTBaM. [lpu
KOMMO3UIIMKM CYMMbl KOMOWHHUPOBAHHBIN BBIBOJI HEYETKOIO IOJMHOXKECTBA
KOHCTPYHUPYETCS KaK MOTOYEUYHAs] CyMMa [0 BCEM HEUETKUM IMOJIMHOKECTBAM,
Ha3HAYEHHBIM MTEPEMEHHOMN BBIBOJIA MPAaBUIAMU JIOTHYECKOTO BHIBOIA.

4. [lpuseoenue xk uemxocmu (nedaszsudukanus, defuzzification). Dtor
ATaIl UCIIOJIB3YETCsl JIsl Mpeo0pa3oBaHus HEYETKOr0 Habopa BHIBOJIOB B YETKOE
yucio. CyniecTBYIOT pa3IuyHbIe CIIOCOOBI MPUBEACHUS K YETKOCTH.
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1.2. MeToabl aHAJN3a YCTOWYHUBOCTH CUCTEM MHTEJJIEKTHOTO
ynpaBJieHHsl U UX Pa3BUTHE

OnHOM M3 KIFOYEBBIX 33]1a4 MPU MPOEKTHPOBAHUN CHUCTEM YIIPABICHUS C
0OpaTHOM CBSI3bIO SBJISETCS 00OECIIeUYeHUE YCTOMYMBOCTH YKa3aHHBIX cucTeM. B
IIMPOKOM CMBICJIE TOJ YCTOMYMBOCTBIO 3aMKHYTOW CHCTEMBI YIIPABICHUS
MMOHUMAETCSI CBOMCTBO OrPaHUYEHHOCTH BEKTOpPA COCTOSIHUSI CHUCTEMBI MpHU
YCIOBUHU, UYTO 3HAYEHUSI BXOJHBIX BEJIWYMH MpPUHAJICKAT 3aJaHHOMY
MOJIMHOKECTBY BCEBO3MOXKHBIX 3HAUCHUI 3TUX BEIUYHUH.

JI1s1 UCTIOTHEHUS MPOMBIIIJIEHHBIX HOPMATUBOB SIBJISIETCSI 00s3aTEIbHBIM
TpeOOBaHUE OOECIeUeHUs] YCTOMYMBOCTH 3aMKHYTOM HEYETKOW CHCTEMBI
yhOpaBieHusi. IT0 TpeboBaHWE paccMaTpPUBAETCA KaK HEOOXOAMMOE YCIOBHE
JUI WCIIOJIb30BAHUS HEUYETKOW CHCTeMbl ympasicHus [222]. [lns MHOrMX
KJIaCCOB  NPUKJIAIHBIX CHUCTEM  MPOBEPKA YCTOWYMBOCTH YIPABISIEMOU
CHUCTEMBbI OIICHMBAETCS Kak 3ajada nepmeiineid BaxHOCTH. K 3TUM cucremam
OTHOCSATCSI yIpaBJsieMble CHUCTEMbI, BIMSIOLIME Ha O€30MacHOCTh JIIOAEH
(craOunu3anys MoJieTa camolieTa MW T.1.), YIPaBJISIOLIME JTOPOTOCTOSIINE
OOBEKTBl M CJOKHBIE TEXHMYECKHUE TMPOIECCHI, IOJIBEPKEHHBIE MOTEpe
YCTOMYUBOCTH, C PA3JIMYHBIMU TUIIAMU PETYJISATOPOB. Onepaiuu, peaanu3yembie
JIOTUYECKUMHU PETyJsATOpaMHu, B OOIIEM ClIydyae MOXKHO paccMaTpuBaTh Kak
CJIOKHBIE HEIIMHEWHBIC MpeoOpa3oBaHUsl BXOJHBIX CHUTHAJIOB B BBIXOJHBIC
CUTHAJIBI.

Pa3paboTtaHo J0CTaTOYHO MHOTO METOJOB aHajgu3a YCTOMYMBOCTHU
yOpaBiseMbIX JHUHEHWHBIX cucTeM. (OJIHAKO WCCIEAOBAHUE YCTOWYUBOCTU
HEJIMHEWHBIX CUCTEM U B HACTOSIIEE BPEMS OCTACTCS BAXKHOM U AKTyaJlbHOM
3agayed. TpyIHOCTH MCCIEN0BAHUSA YCTOWYHUBOCTU JIOTUYECKUX PETYJISTOPOB
CYy)KaloT 0O0JlacTh MX MPAKTHUYECKUX NPWIOKEHUH. B 3TOM HampaBieHun
BEIyTCS UHTCHCUBHBIE UCCIIEOBAHUS TI0 MTPEOIOJICHUIO OTpaHUYCHUIN 001acTH
MPAKTUYECKUX NPUIOKEHUN.

B xpyr meTonoB aHalin3a YCTOMYMBOCTH YMNPABISEMBIX CUCTEM BXOJST
CIEAYIOLINE METOIBI.

1. Meton nokazareneii JIsimyHnoBa (nepBoiii MmeTo JIsimyHOBA).

2. Meroa ¢pyukuuii JIsimyHoBa (BTopoit meron JIsmyHosa).

3. Meron oudypkarmii (MeTo1 pOOACTHOCTH CUCTEMBI).

4. Meton aHalln3a  YCTOWYHMBOCTH B.M. Ilonosa (kpuTepuii
B.M. Ilomnoga).

5. Kpyrosoii meton ananusa ycroitunBoctu (kputepuit f.3. L{pinkuHa).

6. MeTton aHanM3a yCTOMYMBOCTU HAa OCHOBE CBOWCTB BEKTOPHBIX IOJIEH
COCTOSIHUM.

7. MeToJ1 KOHYCHOCTH.

8. MeTtoipl, 6a3upyromKecs: Ha MOHSITHU BXO/-BBIXOIHOM YCTOMYHUBOCTH.
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9. Metonpl, 6a3upyronuecs Ha MOHITHH THIEPYCTOWYUBOCTH B CMBICIIE
B.M. Ilonosa.

10. OBpucTHYECKHE METOBI aHATTN3a YCTOMUYNBOCTH CUCTEMBI.

11. Meton aHanM3a YCTOMYMBOCTH C MCIIOJb30BAHUEM KOMIIBIOTEPHOM
MOJEIN CUCTEMBL.

12. OBpuctuyeckuiit Mmetos1 Banra aHanusa yCTOWYMBOCTH CUCTEMBI.

13. Meton Takarn—CymkeHo aHaJIi3a yCTOMYNBOCTH CHCTEMBI.

14. Meron HeuweTkux (QyHKumid JlsmyHoBa aHanu3a G-yCTOMYHMBOCTH
aBTOHOMHBIX quddeperimanbabix cucteM (A.A. llecrakos, FO.H. MepenkoB).

15. Meroxg aHanmuM3a YCTOMYMBOCTH CHUCTEM HA OCHOBE HEYETKUX
HEaBTOHOMHBIX muddepeHITnaIbHBIX ypaBHEHUM (A.A. lllecTakos,
FO.H. MepeHkoB).

16. Meroapl, Oazupyromuecss Ha HOHATHAX uHAEKca A.lIlyaHkape u
JUBEPIreHIIMU BEKTOPHOTO TOJIS.

Ha ocHOBe OLIEHKM CTENEHU TOJIE3HOCTH METOJa UCCIEeI0BAHUS
OCYLIECTBIISIETCSA BBIOOP TOrO0 WM HMHOTO Meroda. [l OleHKH cTeneHu
MOJIE3HOCTHU METOJIOB MCCIIEOBAHUSA CIIEIYET YUUTHIBATD:

a) BOBMOYKHOCTh TOJIYYEHHUSI CTPOrOro J0Ka3aTeNbCTBA TOTO WJIM HWHOTO
TUIIA YCTOMYMBOCTH CUCTEMBI;

0) xapakTep TPYJIHOCTEH, MPEOA0JIEeBAECMbIX IIPU aHAIU3E TOTO WU UHOTO
TUIA YCTOMYHUBOCTH CUCTEMBI;

B) IPOCTOTY NMOHUMAaHUS CYLIHOCTH METOJAa aHajiu3a TOTO0 WJIM HHOTO
TUIA YCTONYUBOCTH;

I') CTENEeHb OOIIHOCTH METO/Ia aHAIN3a YCTOMYUBOCTH;

1) BO3BMOKHOCTh KOMITBIOTEPHOW MOJAEPKKUA OINEpaluii, CBSI3aHHBIX C
aHAJIM30M YCTOMYHUBOCTU CUCTEMbBI TOT'O WJIM MHOTO THIIA.

[IpuBeneM KpaTKyr XapaKTepUCTUKY KaKIoro mMeroaa. Meroa QpyHKIUN
JIanmyHoBa u Metox mokasarener JIsmyHoBa I UCCIAEA0BAHUs yCTOMYMUBOCTHU
HEJIMHEHHBIX CUCTEM JIal0T BO3MOKHOCTH OOOCHOBAThH CTPOr0€ JI0KA3aTENBCTBO.
Onnaxo meton ¢yHkiuM JIsmyHOBa UMEET CIEAYIONINE HETOCTATKHU:

— JI1  aHaliM3a YCTOMYMBOCTU TpeOyeTcs HaWTthu camy (DYyHKIUIO
JIsmyHoBa. M3BecTHO, YTO HET OONIETO AJIrOpUTMa HAXOXKACHHUS (YHKIIHMA
JIsmyHoBa. PazpaboTka KOMITBIOTEPHOM MPOTPAMMBI JUTsI HAXOXKACHUS ()YHKITHH
JIsimyHOBa, TaKXe MPEJCTABIISIET ONPEICIICHHbIE TPYIHOCTH;

— ¢ynkmus  JlsmyHOBa J1aeT BO3MOXKHOCTH OIEHUTH yCTOWYHUBOCTH
CUCTEMBI NJIi TE€X CEKTOPOB 00JIACTH €€ PEXKUMOB, KOTOpbIE JIeKAaT BOIU3U
COCTOSIHMSI pAaBHOBECHS CHCTEMbI, HO OHa He MOXeT 3(PPeKTUBHO
UCIIOJIb30BAaThCA BHE CEKTOPA, MPUMBIKAIOIIETO K TOYKE PABHOBECHS CUCTEMBI.
Oynkuua JlamyHoBa nomkHa ObITh HenpepbliBHO auddepenuupyema. [1o stoi
npuunHe QyHKIuMs JIsmyHoBa Obla BRIOpaHa B TEOPUH HEYETKOTO YIPABIICHHUS
KBaJpaTuaHON (Popmoii, 9TOOBI 0TOOpakaTh 0OOOIIEHHYIO SHEPTHIO CHCTEMBI.
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VY cTONYMBOCTH B 3TOM cllydae OyJieM Ha3bIBaTh KBAIPATUYHON yCTOWYHUBOCTHIO
cuctemsl [203, 208, 234].

Pa3pabotan psin BapuantoB Meroja (GyHKuMi JlsmyHoBa st aHanusa
YCTOMYMBOCTU HeueTkux cucteM. OIuMH U3 BapuaHTOB u3loxkeH B [139] u
COCTOUT B CIEAYIOIIEM: PACCMATPHUBAETCS YIPOIIEHHAs MOJIENb HEYETKOTO
peryJysaTopa, NpUBEICHHAs K MOJWIMHEWHOMY BHIY, W NPEANOJAraeTcs, 4TO
0o05acTh paboyux pEKUMOB PETYISATOPA COCTOUT W3 HEKOTOPOTrO YHUCIIA
napajuieJIenuIe 0B, OCU KOTOPbIX MapajuielibHbl. OQHAKO pacCMOTPEHHBIE B
METO/E YIPOILIECHHS CYKalOT 001aCTh €r0 BO3MOKHBIX MPUIIOKEHHIA.

Hpyroii BapuanT wMetona (QyHkuuid JlsmyHOoBa TIpemsiOKEH s
UCCIIEOBAHNSI G-yCTOMYMBOCTH HEYETKUX AWHAMHYECKHUX CHCTEM Ha OCHOBE
peAyKIuu K aOCTPaKTHBIM SBOJIOIMOHHBIM YPaBHEHUSAM C MPUMEHEHUEM
HeueTkux QyHkuuid JlsmynoBa (A.A.lllecrakoB u ero mocnegoBatenu [176,
64a, 127a]).

Meron Oudypkauuii H3y4eHUST YCTOMUMBOCTH HEYETKOW CHUCTEMBbI
OIIPENENSAECT PACCTOSIHUE M3YYaEMOM HEYETKOM CHUCTEMBI OT COCTOSIHUSA
HEYCTOWYMBOCTU U AHAIM3UPYET YCIOBHUS MOTEPU YCTOMUMBOCTU M CIOCOOBI
CTaOMIIM3AIMM CHUCTEMBbl B OKPECTHOCTH TOYEK HEYCTONYMBOTO PaBHOBECHS.
CraOunu3anusi  CHCTEMbl  OCYHIECTBIACTCS  TMpU  MOMOIIM  mojdopa
XapaKTEePUCTUK peryiisatopa. OAHAKO aBTOMAaTH3alUsl UCIOJIb30BaHUS METOJa
oudypkanmii odenp TpyaHa. B [139] paspaboran BapmaHT MeTona
oudypkaruit, 3¢pEeKTUBHBI B clly4ae, KOTJa MOJIEIb CHUCTEMbl SIBJISIETCS
JOCTAaTOYHO MPOCTOW. B ciydyae NByMepHOTrO HpPOCTPAHCTBA COCTOSIHUM 3TOT
METOJT 0CO0EHHO 3(PGHEKTUBEH W €ro BO3MOXKHO HCIMOJIb30BaTh B MHKCHEPHBIX
pacuerax.

MeTtoapl, 6azupyronecs Ha TEOPUH BXOJ-BBIXOJHOW YCTOMYMBOCTH, HE
rapaHTUPYIOT HYJIEBOro 3HaueHus ommOku cuctemsl [139]. B atux meromax
UCIOJIb30BaHA ClIeAyIolass TeopeMa O MallbIX 3HaYyeHUsX Kod(pduimeHTa
YCWJICHMS: CHUCTEMa YIpaBIEHUS C OOpaTHOM CBS3bIO0 YCTOWUYMBA, €CIH
npousBeeHne KOA(D(PUIMEHTOB YCWIEHHUS 3JIEMEHTOB CHCTEMbl MEHbIIIE
€UHULIBI.

AHanmuTUYecKoe ompeaeneHne Kod(PQGUIMEHTOB YCUJICHUS 3JIEMEHTOB
3aMKHYTOM CHCTEMBI B OOIIIEM clTydae SBJISICTCS TPYAHOU 3aaadeit. ITa 3amaada
OTHOCUTEIBHO MPOCTa TOJBKO IS CJIy4aeB JIMHEHMHBIX CTallMOHAPHBIX
OOBEKTOB, YMOPaBISEMbIX MPU TOMOIINM CTATHYECKUX PETYIATOPOB 0O€3
TUCTEpE3UCA.

OCHOBBIBasICh HA MaKCUMAaJIbHBIX 3HAUYCHUSIX KOA((PUIIMEHTOB YCUIICHHS,
TeopemMa KO3(P(UIHUEHTOB YCUJICHHUS JaeT KOHCEpBAaTUBHbBIC PE3YJIbTATHI,
oOecrieurBasi 1Jii CHUCTEMbl HaJIMYME HEKOTOPOTO 3amaca YCTONYMBOCTH,
KOTOPBI HE 00s3arenbHO siBasieTcs OonbmuM. KoaddumuenTsr ycuieHus
o0BbeKTa ® peryasiTopa He 00s3aHbl OBITh COBMECTHO MaKCHMaJbHBIMHU.
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IIosTOMy B HEKOTOpPBIX CiIy4dasXx INPUMEHEHHE pPacCMaTPUBAEMOIO METOAA
MCCJIE0BaHUsl HE MO3BOJUT OLUEHUTh YCTOMYMBOCTh CHCTEMBI (Jla’ke B CIIydae
€€ HECOMHEHHOU YCTOMYUBOCTH).

OBpUCTUYECKUE METO/bI HE JAIOT CTPOroro 00OCHOBAHHUS YCTONYMBOCTH
CHUCTEMBI, a 00ECIeUnBaOT BO3MOXKHOCTh IPOBEPKH €€ PabdoTOCIOCOOHOCTH
VIS ciay4dasl, KOrJa TOYHO M3BECTEH BHJ BO3MYLIAOIIMX M BXOJHBIX
BO3/JICUCTBUI HA CUCTEMY, BUJl HAYAJIbHBIX YCIOBUM U T.JI.

OyeHp BaKEH METOJ aHAIM3a YCTOWYHMBOCTH C HCIOJb30BAHUEM
KOMIBIOTEPHOM MOJENM CUCTEMBI, TaK KaK IIPX €ro IOMOIIM, BO3MOXHO,
M3y4aTh OYEHb CIOKHBIE MHOTOMEPHBIE CUCTEMBI, BHE 3aBUCHUMOCTH OT YMCIA
curHaioB. OAHAKO 3TOT METOJl HMMEET HKCIEPUMEHTAIBHBIN XapakTep H
NOATBEPKIAAET YCTOWYHMBOCTh CHCTEMBI MPHUMEHUTEIBHO K KOHKPETHBIM
YCIOBUSAM.

MeTtoa KOHyCcHOCTH 0a3upyeTcsi Ha OCHOBE TEOPEMBI O MaJIbIX 3HAUEHUSAX
kod(pdunmenta ycwienus. HepgoctaTku 3TOro MeToja Takue Ke, Kak U
HEJJOCTATKU METOJA BXOA-BbIXOJIHOW YCTOMYMUBOCTH CUCTEMBI.

ComocraBneHue METOAOB M3YYEHHS YCTOWYHMBOCTH  YIIPABISIEMBIX
HEYETKUX CUCTEM IMPHUBOJUT K BBIBOAY, 4TO B ciiyyae SISO-cucrem (cucrem c
OJHHM BXOJIOM M OJTHUM BBIXOJOM) MOXHO HCHO0Jib30BaTh MeToa B.M. Ilonosa
U KpyroBoi Mmeron, a B ciaydae MIMO-cucteM (cucteM C HECKOJIbKUMU
BXOJaMU W HECKOJBKHMMHU BBIXOJAMH) MOXHO UCIOJb30BaTh TEOPHUIO
TUIIEPYCTOMYUBOCTH.

B.M.TlonoBeiM OblIa CcO3/1aHa TEOPUSI TUIEPYCTOMUUBOCTH, KOTOpas
CIY)KWJIa JUIsl aHaJIn3a BCEX BO3MOXHBIX CHCTEM, YAOBJIETBOPSIOMINX
OonbiioMy  yuciay TpeOoBaHui. [lpensiTcTBUs, cO37aBaeMble  3TUMU
TpeOOBaHUSIMU, OBUIM B JaJIbHEWILIEM YCTPAaHEHbl, M 3TO IO3BOJIMIIO
WCHOJIb30BaTh TEOPUIO JUIS aHaIM3a YCTOMYMBOCTH IMIMPOKOro KJiacca
HEHPOHEUYETKUX CHCTEM YyIpaBiieHHus. MeTonbl, co3/laHHble Ha 0a3e Teopuu
TUNEPYCTONYMBOCTH,  SABISIOTCA  A(PGEKTUBHBIMH  METOJaMU  aHaJIN3a
yCcTOMUMBOCTU. JlaHHBIE MeToJ oOecrneunBaeT pPEryIsipHYI0 MPOBEPKY
YCTOMYMBOCTA W TMOJJAETCS AaBTOMATH3alUH C IOMOIIBK KOMIIBIOTEPA.
I'unepycToM4nMBOCTDG NIPEACTABISAET CBOUCTBO CUCTEMBI, COCTOSIIEE B TOM, UTO
BEKTOP COCTOSIHUSI CUCTEMBI YAOBJIETBOPSET YCIOBUIO OrPAaHUYEHHOCTH, €CIIU
3HAQYEHUs BXOJHBIX BEIMYMH NPUHALICKAT HEKOTOPOMY  3aJaHHOMY
MMOJIMHOKECTBY BCEX BO3MOXKHBIX 3HAUCHUN 3TUX BEJIUYHH.

Haubomnee mpoctoii 3amauedt sBhsercs (HOPMyIHpPOBKA  YCIOBUH
TUNIEPYCTOMYMBOCTA JUIsl JMHEWHBIX cucteM. Ha puc.1l.7 mnpencraBiena
CTPYKTypHasi CX€Ma HEUYETKOM CHCTEMBbI YIIPABICHUS C AUCIETYEPCKUM
YOPABJISIIOUIUM  PETYJISATOPOM JIsi 0OECHEedYeHHUs] YCTOMYMBOCTH CHUCTEMBI.
AHQJIOTUYHBIE CXEMbI BO3MOXHBI W JUISi HEKOTOPBIX KJIACCOB HEJIMHEWHBIX
CUCTEM.
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x(0)
X=Ax+Bu |
y=Cx+Du

U —»

Puc.1.7

Meron wuccienoBaHUsS TUIEPYCTOMYMBOCTH  IO3BOJSIET MPOBEPSATH
YCTOMYMBOCTh CHCTEM CO MHOTMMH TOYKaMH PABHOBECHSA U OLICHUBATH YCTOM-
YUBOCTh HE TOJBKO BOJIM3U 3TUX TOUYEK, HO U IJI00AJIbHO, BKJIIOYAsl CEKTOPHI, HE
MPUMBIKAIONIUE K TOYKAaM PaBHOBECHS. JTHU CBOMCTBAa METOJla 0OECIEeUnBaIOT
emy 3¢ GekTUBHOCTH Hcronb3oBanus [120].

KpyroBoii Meron wuccieqoBaHHs YCTOMYMBOCTU (HA3bIBAEMBIA TaKkKe
npu3zHakoMm L[pIlIKkMHA) MpUMEHSIETCS TIaBHBIM OOpa3oM K TEeM CHCTEeMaM
SISO-tumna, koTopsie BOZMOXXHO PEAYLIUPOBATH K CTAHIAPTHOMY BUIY, TPUYEM
JIMHEWHAs! 4aCTh CUCTEMBI SIBJISIETCS PAIMOHATIBLHOMU (MOPSAIOK YUCIUTENS BBIIIE
MOpsiKa 3HAMEHATEJIs) U SBJISIETCS ACUMITOTUYECKH YCTOMUYMBOM: BCE TOJIOCA
pacmoJIOKEHbl B JIEBOM TMOJIYINIOCKOCTM W HAa MHHUMOM OCH IIOJIFOCA HE
pasMemiatorcs) [116a]. Uto kacaercs HEIMHEHHOW YacTH CHCTEMBI, TO €€
XapaKTEPUCTUKA COCTOUT M3 TMPAMOJMHEUHBIX CETMEHTOB M MPEACTABIISIET
co0o0l cTaTUYECKOE OJTHO3HAYHOE COOTHOIIICHHE.

KpyroBoil mMeron aHanusa yCTOMYMBOCTHM CHCTEMBI JA€T BO3MOXKHOCTH
CHENaTh BBIBOJABl OTHOCHUTEIBHO YCTOMYMBOCTHM CHCTEMBI ITyTEM aHajn3a
MPUHAJIEKHOCTH HEJIUHEWMHOM XapaKTEPUCTHKH CEMEUCTBY XapaKTEPUCTUK
OTPAHUYCHHBIMU MPSIMBIMU JINHUSMU, POXOAIINMHU Y€pPE3 HAYAJIO0 KOOPINHAT.

Cucrema ynpaBieHUsI CTaHAAPTHOIO BUJA C JIMHEWHOM W HEJIWHEHMHOU
YacTsIMU, YAOBJIETBOPSIONIAS NEPECUUCICHHBIM PAHEE YCIOBUSIM, SBISETCS
00aJTbHO U ACUMIITOTUYECKH YCTOWYMBOM, €CJIM KPyr C IIEHTPOM Ha

. . o4 - 104
JNEUCTBUTEIILHOW OCH B TOYKE a:—g(k11+k21) U paanycom r:E(kll—kzl)
MPUHAIECKUT LETUKOM O00JIACTH, MPUMBIKAIOIIEH K JIEBOM YacTH YaCTOTHOU
XapaKTepUCTUKU (nuarpamma HaiikBucTa JTUHEHHOM 4YacTH CHUCTEMbI), HE
conpukacasich ¢ Hel. UToObl yNpOCTUTh KPYTrOBOW METOJ, MPUHUMAETCS, YTO
ki>0wuk:>0.

Ecnu pasMepHOCTh BXOJIHOTO BEKTOpPA U paBHA Pa3MEPHOCTH BBIXOJHOIO
BEKTOpa Y, a CHUCTeMa SBJISIETCS] TIOJIHOCTHIO YIIPaBJIsieMON M HAOJII0MaeMOM, TO
u3ydyaemas cuctemMa OyneT aOCOJIIOTHO YCTOWYMBOHM, ecimm s Bcex U(t),
YAOBJIETBOPSIOIINX HEPABCHCTBY
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t
(j)uT(t)y(t)dtSBS vt>0, Bo>0 (1.1)

BBIIIOJIHEHO HEPABEHCTBO
[x®]<Bo+BaxO), (12)
rne o ¥ 1 — MOJIOKUTENBHEIC IOCTOSIHHBIC U ||o|| — eBKIMIOBA HOpPMA.
Omnpenesenne 1.1. Cucrtema, ynosuerBopsitomas (1.1) u (1.2),
Ha3bIBAECTCS AOCOAIOMHO YCMOUYUBOU, €CIU AJIsI BCEX BBIXOJIHBIX BEKTOPOB CO
cBorictBoM (1.1) cripaBensiuBo HepaBeHCTBO (1.2) U peiebHOE COOTHOIICHUE

lim x(t) =0, (1.3)

>+

TO CUCTEMA HA3bIBACTCSA ACUMNMOMUYECKU AOCOIIOMHO YCIMOUYUBOU.

Ou4eBHIHO, YTO YBEIMYEHUE 3HAUYCHUI MEPEMEHHBIX COCTOSHHS BEAET K
YBEIIMYECHHUIO SHEPrUM CUCTEMBbL. ECIM 3TO BO3pacTaHWE SHEPrUM 3aBUCUT
TOJIBKO OT YHEPTHH, MOCTYNAIOIIEH ¢ BXOJHBIM CUTHAJIOM, & B KOHEYHOM UTOTE
OT MOTEHIUAIBHOW YHEPTUU CUCTEMBI, ONPEIENIEMON Ha4YadIbHBIMH YCIOBUSIMH
X(0), To cucreMy MOXHO CUMTAaThb AaOCOJIOTHO ycToiunMBOil. IloaTomy
aOCOJIIOTHO YCTOMYMBAsi CHUCTEMa HE COAEPKUT BHYTPEHHHX MCTOYHUKOB
sHepruu. Cien0BaTelbHO, BO3PACTAHUE aMILIUTY Il IEPEMEHHBIX COCTOSIHUS X,
MOPOXKJIAaEMOE€ BXOJHBIM CHTHAJIIOM U, 3aBUCHUT OT SHEPIUH, MOCTYIMAIOUIEH C
BXOAHBIM cuUrHajioM. [lo3TOMy 3Ha4Y€HUS MEPEMEHHBIX COCTOSHUS HE MOTYT
CTPEMUTHCS K OECKOHEYHOCTH MPU OTPAHUYCHHBIX YPOBHIX BXOJHOTO CHUTHAJA.
Ecnu cocrosinne cucrembl yaoBieTBopsier (1.3), To cucteMa aCUMIOTOTHYECKU
a0CcoMoTHO ycroWuuBa. OrpaHu4eHuss Ha BEKTOPbl X MU TPUBOIAT K
OTpaHUYCHUSIM Ha BEKTOp Y, B cuily 3aBucumocTu Y = CX + Du.

OtmeruMm, uto gis cucrteM MIMO-Tuna uWMEIOTCS HEKOTOPBIE
Pa3HOBUIHOCTA KPYTrOBOT'O METOJIa, OJHAKO HUX HCIOJb30BaHUE HE JaeT
CYILIECTBEHHBIX PE3YJbTATOB.

PaccmorpuM  ycioBus (BO BpEMEHHOW 00JIACTH  CYIIECTBOBAHMA)
aOCOIOTHON YCTOWYMBOCTH HEMPEPHIBHOW HEIMHEHHON CUCTEMBI YIPaBIICHHUS,
BKJIFOYAIOLIEH CTAlMOHAPHYK) HEJNIUHEWHYI0 4acTh. lIpeamonoxum, drto
ypaBHEHUs ISl JIMHEHHOTO OJIOKa CUCTEMBI B €€ IMPOCTPAHCTBE COCTOSHUI
UMEIOT BU/]I

X(t)= AX(t)+ Bu(t), y(t)=Cx(t)+Dou(t). (1.4

Cucrtema ynpasieHusi cranaaptHoro Buaa (1.4) OyaeT acMMOTOTHYECKH
a0COJIFOTHO YCTOMYMBOM, €CJIU BBITIOJIHEHO CIEAYIOIIEE YCIOBUE.

Ai1. BekTopbl U U Y UMEIOT OJIHY U Ty K€ pa3MEpHOCTb, U, KpOME TOTO,
ypaBHenus (1.5), HazpiBaeMble ypaBHeHUsiMU KanmMana—SkyOoBuYa, TOKHBI
UMETh peIlICHHEe, BKIIOYAIONIee MOJIOKUTEILHO OIpe/elieHHy0 MaTpuiy P,
HEKOTOPYIO peryJisipHyto Marpuily L u HekoTopyto marpuity V:
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ATP+PA=—LL", Cc-B"P=VTLT,
Dy +Dg=V'V.

Kak mpaBuno, ypaBaeHus (1.5) nias mepBUYHONW CHUCTEMBI PEIICHHUS HE
HUMEIOT, U TpeOyeTcsl BBOAUTH (PUKTUBHBIE CTEIIEHU CBOOOBI B BUje Matpuil K,

D, (rii), (1/ri).
Ecnm nuHeliHast 9acTh CHCTEMBI OITUCHIBACTCS YPABHEHUSMH COCTOSHUS
Xe1=AD+ Huy,  y=Cx+ Doy, (1.6)
TO MaTrpuily nepenaTouHbiXx (yHKUuA G(Z) MOXKHO BBIYMCINTH C ITOMOIIBIO
COOTHOIIICHUS

(1.5)

G(z)=C(zl —-®) *H + Dy (1.7)

ITepen HUCClIeIOBaHUEM a0COJIFIOTHOM ~ yCTOMYHMBOCTH CHUCTEMBI
HEOOXO0IMMO MPOBEPUTH BHITIOJIHEHUE CIETYIOIINX TPeOOBaHUI.

Az. Marpuna nepenatounsix GyHkimid G(z) moymkHa ObITh KBaPAaTHOM.

Asz. JluneiHbIi OJOK JMOJDKEH OBITh TOJHOCTBIO YMPABISIEMBIM U
HAO0JII01aEMBIM.

As. Tlomocel BceX KOMIIOHEHTHBIX IiepenaTouHbix ¢yHkiud Gij(2),
cocrapisomux Marpuiy G(z), MOJDKHBI HAXOIUTHCS BHYTPH €IUHUYHOTO
Kpyra (KOMIIOHEHTHbIE TIEPEIATOYHbIE (PYHKIIUU JTOJKHBI ObITh YCTOMUYHUBBIMH).

As. lna kaxaor w3 mepemarounbix (Gynkuuid Gij(z), cocTaBisromIMX
MaTpuIly nepenaTouHbix yHkuuid G(Z), mopsaoK ee YHCIUTENS JTOJDKSH ObITh
HE BBIIIE, YeM MOPSIA0K 3HAMEHATEIIA.

Ae. [IpeoOpazoBanue Vk = F(Yk) JODKHO OCYIIECTBISTh OJHO3HAYHOE
otoOpaxxeHue Y Ha V. HenmuHeliHbIe 3JIEMEHTHI HE YOBJICTBOPSIOT JTaHHOMY
YCIIOBUIO, TaK KaK OHU PeaIn3yl0T MHOTO3HAYHOE OTOOpaKeHHE.

A7. IIpeobpazoBanue Vk = F(yk) 1omkHO ObITh TakuM, uto F(0) = 0.

Ag. JIunetinbnii 0ok  G(Z) paccmarpuBaeMoOil JTUCKPETHOH CHCTEMBI
SIBJISICTCS] CTPOTO MOJOKUTETHHBIM BEIIECTBEHHBIM.

Ao. Henunueiinbiii 6510k F(Yk) yI0BIETBOPSAET HEPABSHCTBY

Y okY =By Yk >0 (1.8)

losacnenus xk ycnosusam Azr—Aa.

1. Ins OpoBEpKU YCTOMYMBOCTH COBOKYIMHOCTH TOJIFOCOB B YCJIOBUM Ag
MOKHO NPUMEHUTHh NPOUEAYPY IKCHEPTHBIX HCHBITAHWM. B aHamuTuyeckom
BHUJIC YCJIOBUS, MOJYYaEMbIE TAaKUM IIyTE€M, BBIPAXKAIOTCA OTHOCUTEIBHO
npocro. Ecnam 3HameHaTtenp BTOPOM CTENEHW Ui  PAacCMATPUBAEMOU
nepeaaTouyHoN (yHKIIMH PUPABHSITH HYJTIO:

f(z)=ayz’+a,z+ag=0, (1.9)
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rie a, > 0, To BeimonHenue yciaopwii (1.9) o3Hauaer, uto Bce Hynmu GyHkiuu f(z)
MPUHAIC)KAT BHYTPEHHOCTH €AMHUYHOTO KpyTa:

f1)>0, f(-1)>0, \ao\<a2, (1.10)

Ecnu  3HameHarens  TpeTbed  CTENEHM  JUIA  paccMaTpyuBaeMOMU
nepeAaToyHor (yHKIMH PUPABHSTH HYJIIO:

f(z)=azz®+a,2°+a;z+ay=0, (1.11)

rae az >0, TO BBINIOJIHEHUE YCIOBUI
f)>0, f(-1)>0, |ag<as, ‘a%—a%‘ >|aga, ~ayay| (1.12)

o3HavaeT, yTto Bce Hynmu ¢GyHKiuu f(Z) nexat BHYTPH EIMHUYHOTO Kpyra.
Ananu3 ycroiunBocTH KopHeH f(Z) MOXHO TakkKe BBINOJHHTH C ITOMOIIBIO
ycnoBust ['ypeuma. IloncranoBka z=1+Ww/1-w mpeoOpa3yeT BHYTPEHHOCTB
€IUHUYHOIO0 Kpyra B KOMIUIEKCHOM IUIOCKOCTH B IPAaBYHK MOJTYIJIOCKOCTh
wiockoctr W. Tora B3auMOCBS3b MEXKIY NMEPBUYHON U BTOPUYHOU (popMamu
UMEET BUJ;

G"(2)=(1+G(2)K) "G(2); F(yk) =k = v~ Ky = F (i) ~ Kyx-

2. Ecnu nauvanbHble TpeOoBaHus Ai1—A7 JUisl TUCKPETHOTO JIMHEWHOTO
0JI0Ka BBITMIOJHEHBI, TO CIEAYET MEPEXOJUTh K MPOBEPKE OCHOBHBIX YCIOBHIA
a0COJIFOTHOM ~ yCTOMYMBOCTA JUIsl JIMHEMHOW W HEIMHEHHOW  dYacTel
COOTBETCTBEHHO.

3. VcnoBusi As, Ag SIBIAIOTCS JOCTAaTOUYHBIMHU YCIIOBUSIM aOCOJIFOTHOM
yCTOMYMBOCTU, @ UMEHHO: JMCKPETHAas CHUCTEMa YIPABJICHUS CTaHIAPTHOIO
BUJIa, a TAKXKE DKBUBAJICHTHAsI € BTOPUYHASI CUCTEMa OyJyT aCUMITOTHUYECKU
a0COJIIOTHO YCTOMYMBBIMHU MPY BBHITIOTHEHUH YCITOBUN Asg, Au.

4. Ecnu nmpuMeHeHHe yciaoBHs Ag K JauHeiHOMY 050Ky G(Z) mosBossier
KJ1acCU(PUIUPOBATh ITOT OJIOK KaK MOJIOKUTEIHHBIN BEIIIECTBEHHBIN, TO TaHHAS
cUCTEeMa CTaHJAPTHOTO BUA SIBJIETCS HOPMAJIbHO YCTOMYMBOM.

OtrmeruMm, uro Matpuma G(zZ) OyaeT CTporo  IMoJOXKHUTEIbHON
BEILIECTBEHHOMN, €CJIU BBIMIOJHEHBI YCIOBUS:

a) TOJIIOCHI Bcex mepenatodynbix (ynkuui Gij(z) nexar BHyTpH
€MHUYHOTO KPyra B KOMIUIEKCHOM TJIOCKOCTH MEPEMEHHON Z;

0) maTpuIiia

H(jo)=2(G(e1) +67 (e71%)) (1.13)

SBJISICTCSL TIOJIOKUTEJIBHO OMNPEACICHHOW U SPMHUTOBOM Uil BCEX 3HAYCHUU
®> 0.

OTMeTHM TaK»Xe, 4YTO OCHOBHOE YCJIOBHE [JIi HEJIMHEHHOro OJoKa
JUCKPETHOW CHCTEMBbI YIIpaBJICHHs 3allMChIBAacTCs B BHje HepaBeHcTBa (1.8).
C mpakTUYEeCKOM TOUYKH 3peHus HepaBeHCTBO (1.8) sBisieTcss MaaompuroJHbIM
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JUI. UCCIIE0BaHUs HeauHeHoro Osoka. IloaTomy mis aHanu3a 3TOro Ojo0Ka
MPUMEHSIETCA JIPYTO€ HEPABEHCTBO

UT(yKZO vk>0 (1.14)

Opnako pe3ynbTaThl, TMOJydYeHHble ¢ mnoMmomisio (1.14), cyxaror
MOJIy4yaeMyl0 o00JacTb B CpPaBHEHMHM C pe3yJbTaTaMH, KOTOPBIE MOYXKHO
MOJIYYHTh ¢ TToMoIIbio (1.8).

CToUT OTMETUTh, YTO BBINIEYKA3aHHBIM CIHUCOK METOJIOB HW3YUYCHHUS
YCTOWYUBOCTH HEUYETKUX CHCTEM MHTEHCHUBHO TOINOJHSAETCS  HOBBIMHU
METOJaMH, TIPUYEM OJHUMH M3 HamOosiee 3(H(PEKTUBHBIX SBISIOTCS METOJbI,
OCHOBaHHBIC Ha pa3BUTUU MeTOAOB JlamyHoBa. Tak, B pabGortax [58B, 64a,0,
117, 139, 174] pa3BUThl HOBbIE METOJIbI UCCIICIOBAHUS YCTOMUUBOCTH CUCTEM
WHTEJVICKTHOTO YIIPaBJEHUs, a WMEHHO: CIEKTpalbHO-0nu(dypKalMOHHbBIN
METOJ, METO/I JTUBEPreHTHBIX (GyHKIUK JIssmyHOBa, KOMOMHUPOBAHHBIH METOJ
dbynkiuit JlamyHoBa ¢ ucnosibzoBanueM cBoiicTB JIMH. VYkazaHHble METObI
OCHOBAaHbI Ha Pa3BUTHUH MEPBOTO U BTOPOro MeToA0B JIsmyHoBa.

CrnexTpanbHO-OM(PYpKAIMOHHBIA METOJT 3aKJIF0YaeTCd B COBMECTHOM
UCIOJIb30BaHUU KkpuTepusi JlsamyHoBa M OuQypKallMOHHON KapTHUHBI TOJIS
cocTtossHMK cucteMbl. Ha ocHoBe pasButoro B pabortax [64e, 114e, 116a]
CHEKTPAIbHO-OU(PYPKAIIMOHHOTO METOJa HaWACHBI YCJIOBHUS YCTOMYHMBOCTH
COCTOSIHMII pPAaBHOBECUSI CHUCTEM HWHTEIUIEKTHOrO yIpaBieHusa. OmnpeneneHo
NOHSTHE «3alac yCTOMYMBOCTH» M pa3padOTaH alrOpUTM HAXOXKICHHS 3armaca
YCTOMYMBOCTH JIJI1 MHOTOMEPHBIX YIIPABJISIEMbIX CUCTEM.

Meron ~ AuBepreHTHbIX  (QYHKIMH  3aKjIl04aeTcss B COBMECTHOM
UCIIONb30BaHUM (DYyHKIUK JIamyHOBa W JUBEPreHTHBIX (DYHKIUN MO
ckopocteir. B paborax [580,8, 640,3, 116a, 194] Ha ocHOBe MeTOIa
IUBEPreHTHhIX  (pyHkui  JlsmyHOBa  JaHBl  YCIOBUS  PaBHOMEPHOM
YCTOMYUBOCTH COCTOSIHMI PAaBHOBECHS MHOTOMEPHBIX CHCTEM HHTEJIEKTHOIO
yIpaBJICHHUS.

KoMmOunupoBanubii Meron QyHkuuil JlssmyHoBa € HCMOJIB30BAHUEM
cBoiictBe JIHM 6a3upyercss Ha COBMECTHOM HCIOJIb30BAaHUU MPSIMOTO METOAA
JIsmynoBa u texuuku JIHM. B pabortax [64a,r.ex, 1160] Ha ocHOBe
YKa3aHHOTO METOJa TOJIYYEHbl YCJIOBUS YCTOMYMBOCTH JIUCKPETHBIX U
HETPEPHIBHBIX YIPABISIEMBIX CUCTEM C CUHTIITOH-BBIXOIOM.

B [64B] mpoBeneH aHAIW3 YCTOWYHMBOCTH YIPABISIEMBIX CHCTEM C
JIOTUYECKUMU PETYISTOPAMH Ha OCHOBE CBOMCTB BEKTOPHBIX MOJIEH COCTOSIHUSI.
PaccMoTpeHbl OTHOMEDPHBIN, IBYMEPHBIM UM N-MepHbIN ciaydau. Kpome Toro, ¢
MOMOIIIbIO TIOHSTUN KaueCTBEHHOM TEOPUH BBEJICHO M M3YYECHO TMOHSTHE «3arac
YCTOMYMBOCTUY JJISI UCCIEAYEMbIX cucTeM. Pa3paboTaH aaroputM HaXOXKJIEHUs
3armaca yCTOMYMBOCTH N-MEPHBIX CHUCTEM C JIOTHUECKUMHU PEryJisasTopamMu jis
ciydasi N>2.
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Metoapl, OCHOBaHHbIE HA UCIOJb30BaHUM cBoUCTB JIMH, paccMoTpeHsl
B [17, 59, 6581, 67, 70, 771, 114n1,e, 116a,6, 117, 121a, 124, 141, 192, 200,
221, 229].

B [114x, 127a, 177, 209, 211, 212, 215] pa3BUT CUCTEMHBIA MOAXOJ K
UCCIIEIOBAHUIO0 YCTOWYMBOCTU M YHPABIIEMOCTH CUCTEM, & UMEHHO OIMCAHO
MOHAITHE KJIIOUEBOM MATEMaTHMUYE€CKOM CHUCTEMBI, ITO3BOJISIONIEE C €AUHOM TOUYKHU
3pEHHsI paccMaTpUBaTh CBOWCTBA YCTOMYMBOCTH M YIIPABIIIEMOCTH CHUCTEM,
ONKCHIBAEMBIX  OOBIKHOBEHHBIMU  JU(PPEpPEHUHATBHBIMU  YpPaBHEHUSIMU,
mupdepeHMaNbHbIMA  YPABHEHUSAMH C 3ala3JbIBAHUEM, CTOXaCTUYECKUMU
i depeHIMaNbHBIMA  YPABHEHUSAMH, JU(PPEpEHINATBHBIMU  BKIFOUEHUSIMH,
HedeTKUMHU  auddepeHMalbHbIMA  ypaBHEHUsIMU. Bce  u3ydaemble B
MOHOTpaUu CHUCTEMBI SIBIISIOTCS YaCTHBIMU CIy4YasMH KJIIOYEBON CHCTEMBI.
YcraHoBlIeHA CBSI3b MEXIY CBOWCTBAMU YCTOMYMBOCTH CTOXAaCTHYECKOTO
YPaBHEHUS U COOTBETCTBYIOLETO €My HEYETKOTO YPABHEHUS.

O06o6men nmpunHiun ceegaenus IllectakoBa—MepenkoBa [178] 3amaun 00
YCTOMYMBOCTA pelIeHU aud@epeHanbHpiX BKIIOYEHUH K 3agade o0
YCTOMYMBOCTUA pEUIEHUN HeueTKuX auddepeHuuanbHeiX ypaBHeHuidl. Kpome
TOTO, C IOMOLIbI0 MeTojga (GyHKUM JlamyHOBa TOJNy4YEHBI  YCJIOBUS
YCTOMYMBOCTH 3aMKHYTOI'O MHOKECTBA B EBKJIMIOBOM IIPOCTPAHCTBE IS
¢ depeHIINaIbHOTO BKJIIOYEHHS, a TaKXKe JJIi HEaBTOHOMHOI'O HEYETKOIro
mudpepeHInaIbHOTO YPaBHEHHUS.

B 3akmroueHne OTMETHM, YTO PACCMOTPEHHBIE METOIBI IEMOHCTPUPYIOT
3¢ (PEeKTUBHOCTh MPUMEHEHUS NEPBOTO M BTOPOro MeETOJ0B JlsmyHoBa B
COYETaHUU C APYTHUMH METOJAMHU [JIsl aHajlv3a YCTOMYHMBOCTH YIPaBJISEMbIX
CUCTEM, a Takxe 3(P(HEKTUBHOCTh MCIOJIb30BaHUSI CO3/IaHHBIX HA OCHOBE 3TUX
METOJ0B KPUTEPUEB YCTOMYMBOCTH M KOHCTPYKTHMBHBIX AJTOPUTMOB aHAJIA3a
YCTOMYUBOCTH YIIPABIISIEMBIX CUCTEM.

1.3. IlpuHIUI cBeleHUs 3a1a4i 00 YCTOMYHBOCTH pelleHui
auddepeHunAIbHBIX BKJIYEHHUI K 3aa4e 00 YCTOMYNBOCTH peleHnii
HeyeTKUX 1M depeHIHATbHBIX YPABHCHU

B nacrosiiem pasznene npeacraBieHO 000OIIEHHE MPUHIIUIA CBEICHUS
[IlecrakoBa-MepenkoBa [64k]  3amaun 00  YCTOWYHMBOCTH  pCUICHHIA
mudpepeHIaTbHBIX  BKIIOYEHUH K 3amade 00 yCTOWYMBOCTH PEIICHHM
HeueTknx AuddepeHnnanbHbIX ypaBHeHUM Ha ciaydaid auddepeHnmarbHbIX
BKJIIOUEHHUN OOIIero BUAA. YKa3aHHBIM MPUHIIUIT MPEANOaracT, YTO HEUYETKOE
ypaBHeHHE i1 Kaxaoro o-ypoBus, o€(0, 1], 3amaercs COOTBETCTBYIOIIMM
muddepeHIMaAIbHBIM BKIIOUCHHEM. MHOXXECTBO BCEX JBI)KCHUN BKIHOUYCHUS
NOPOXKAAET MHOIO3HAYHOE OTOOpa)K€HHWE, COOTBETCTBYIOIIEE O.-YPOBHIO
byHKIMMA,  ABISIIOMICHCS  pEIIeHHeM  HE4YeTKoro  AuddepeHnnarTbHOro

32



ypaBHeHusd. [lpunaumn  cBemenust  IllecrakoBa-MepeHKOBa — ITO3BOJISET
MEPEXOJUTh OT CBOMCTB YCTOWYMBOCTH JU(DPEpeHIINATHLHOTO BKIFOYCHHS
C IOMOIIBIO KJIIOUEBOU CUCTEMBI K CBOMCTBaM YCTOMYHUBOCTHU
COOTBETCTBYIOIIETO HEUETKOI0 ypaBHeHus [178].
PaccmoTpum HeaBTOHOMHOE AU PepeHITaTbHOE BKIIOUCHUE
dx/dteF(t, x) (1.15)
C JIOKajpHO pgomyctuMor mpaBoi dacTeio F:RxD—R" rme D — ortkpsiToe
MHOJKECTBO M3 ¢BKIMaoBa mnpoctpanctBa R" um mycte B(M, r)={xeD:
e(x,M) < r} — r-okpectHocTh MHOKEcTBa M,e(X, M) — paccTosiHAe OT TOYKH X JI0
mHOoxecTBa M. Paccmorpum BepxHioro D+V(t, X) ::=sup DVu(t, X) 1 HUXHIOIO
D_Vo::= IinfDV,(t, X) mpousBogubie o-ypoBHs, ac(0,1], a Taxke GyHKIUH
JIsnynosa V: B(M, r)—R.
Ipennoxenue 1.1. Eciu ona neompuyamenvHol HenpepvigHou yHKyuu
Ws: [0, r]—=R swinonnsemcs nepasencmeo
D:V(t, X) < —wz(e(x, M)), V(t,x)€[s, 0)xB(M, r), (1.16)
mo 0nst 10bo2co osudxicenusi ¢ [S, ®]—>B(M, N\B(M, ry), 0< 1, <1 sbinoansiemcs
Hepagencmeo

2oe v .= inf{ws(p): ri<p<r}. B uacmunocmu, npu évinoinenuu HepaseHcmsa
D:V(t,x) <0 V(t,x)e[s,©)xB(M,r) (1.18)

@yuxyusa V(t, ¢(t)) ne sospacmaem npu te[s, ).

JokazatenbcTBo. I[lycTh cHavama BwIMONHSACTCS HepaBeHcTBO (1.18).
[Tycte  @:[S, ®)—>B(M,r) — Hemnpomopkaemoe nBkeHue u (,to, pe(s, o),
q<to<p. 3adpuxcupyem £>0. Beuny HepaBenctna (1.18) mis te[q, p] Haliaercs
uatepsan l.::=(t,b:)e€[q, p+1] Takou, uro V(t, ¢(t)) —V(r, @(7)) <e(t—7) s
aro6oro tel.. MuoxectBo Bcex uHTEpBaioB |, t€[(,p] oOpasyer OTKpBITOE
MOKPBITHE OTpe3ka [lo,P], W3 KOTOPOTr0O MOXKHO BBIAEIUTh KOHEYHOE
noanokpeitie uHTepBaamu U={ly, ..., In}, rae toeli n xaxaplii npeabIyImii
uHTepBal li comepKuUT NEeBBIM KOHEIl Mocieayomero. Beinenum u3 nHTepBaia
MHOxecTtBa U, cogepxkarniero uucio to, orpesok [to,t1], u3 craemyroiiero
UHTEpBaJIa — OTpe30K [l1,t2] W, HakoHen, OTpe3oK |[t,P] U3 HEKOTOPOro
cienyromero uHTepBajga MHokecTBa U. Torma mo mOCTpOCHHIO OTPE3KOB
nonyuaeM V(tirg, @(tis1)) — V(ti, (1)) < g(tiv1 —ti) mpu 0<i<K, tis1::=p. CknagsiBas
ot HepaBeHcTBa, moyurM  V(p, ¢(p)) —V(to, o(to)) <e(p—to) wu BBHUIY
npousBodibHOCTH €>(0 1 uncen to, P OTCIOAA ClieayeT HeBo3pacTaHue (PyHKIHH
V(t, o(t)). Ilyctp Temeps BbImONHsETCA Oosiee oOmiee HepaBeHCTBO (1.16) u

mycte W(t) =] tto ws(e(p(t),M))dt. Tak kak W3 — HeOTpHMIATEJIbHAs He-
npepsiBHas ¢yHKus, To W — Bo3pacraromas guddepeHnupyemas Ha OTpe3Ke
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[0,r] dyskmusa. [Mostomy mus dymxmum V(E) = V(t, o(t)) + W(t) BBuxy (1.16)
uMeeM

v+(t) = DV-(t, (1)) + ws(p(e(t), M)) <0,
u no nokazanHomy Qynkmus V(L ¢(t)) + W(t) e Bo3pacraer. Ilostomy mpu
OTpaHUYECHUSX Ha (¢ U3 YCIOBUU K HepaBeHCTBY (1.17) momyyaem

V(L o(t)) +W(t) —V(p, ¢(p)) —W(p) <0,

TO €CTb

V(t, (1) ~V(p, 0(p)) < 'y ws(e(o(1), M))dr < ~y(t-p)
u (1.17) Taxxe nokazano. [Ipennoxenue 10Ka3aHo.

Jlanee B 3TOM pasznene OyIyT pacCMOTPEHbl pa3IUYHBbIE THIIbI
YCTOMYMBOCTU JJIsl 3aMKHYTOro MHOkectBa McD oTHOcHUTENnbHO BKIIFOUEHUS
(1.15) u 3amkuyTOro Muoxkecrea M < P(D) otHocutensHo ypaBHeHus (1.20).

Omnpenenenue 1.2. OtHocutenbHOo BiItoueHus (1.15) 3amkHyTOE
MHO)kecTBO McD Ha3zbiBaeTcs:

YCmMou4ugvim, €CIu

Vto>s, Ve>0 15::=98(g, 10) >0, Vyed, e(y(t), M)<d =
Domy o [to, ), e(y(t), M) < eVt>to;

llonoosicumenvro npumseusarowum, €Ciu

Vio>s,Vh::= h(to)>0,vn>0,3T ::= T(to, h,n) >s,

Vyed, e(y(to), M) <h =Domy > [to, ), e(y(t), M) < n npu t>T;
ACUMNMOMUYECKY YCMOUYUBHIM, €CITA OHO YCTOMYHMBO U TOJIOKUTEIIBHO
IPUTATHBAIOIICE.
Ecin MoXHO BeIOpaTh B YCJIOBHSX BbIie yucia O,n, T He 3aBucSIMMH
oT fo, TO COOTBETCTBYIOIIIEE CBOWCTBO HA3BIBACTCS PABHOMEPHBIM.

HNmeet MecTo crienyroiiasi Teopema.

Teopema 1.1. Ecau onsa 3amxnymozo muoxcecmea McD cywecmeyem
Qyuxyus Jlanynosa N omnocumenvno exmouenus (1.15), ons komopoti eepro
nepasercmeo (1.18), mo mnoscecmeo M pasnomepno ycmouuuso 6 Manom
omuocumenvho smoco  exkmouenus. Eciu eepno nepasencmeo (1.16), eoe

Qyuxyus  Wi: B(M, 1) >R nenpepviena u nonosicumensna ene M, mo

MHOdcecmeo M pasnomepno  acuMNmMOMUYECKU YCMOUYUBO 6  MAJLOM
omuocumenvho exatouenus (1.15).

JoxazarensctBo. Ilycth t0>S m €>0 3amanbl. Tak kak W,(0)=0, mo
HenpepeiBHOCTH HaiaeTcs O:0(g)>0 Takoe, uto W,(8)<wi(e). us aroboro
nerkeHns @ed(to, X) mpu e(op(to), M)<d mpenronoxumM cymectBoBanue t1>to
takoro, 4to e(¢(t), M)<e npu to<t<t: u e(¢(t1), M)=¢. BBuny Hepasencrna (1.18)
UMeeM

Wi (g) =wy(e(o(te), M)) <V(t1, o(t1)) < V(to, o(to))< Wa(e(p(to), M)) <w;(e).
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[TomydeHo TpoTHUBOpeuYWe, TMOITOMY i Bcex te[to, c0)mDom vy,
e(p(t), M))<e u no onpenenenuto (1.16) mMHOXecTBO M paBHOMEpHO MO to
yctounBo B ManoMm. Ilycte BbeimonHeHo HepaBeHcTBO (1.16).  Jlus
JI0Ka3aTEJIbCTBA PABHOMEPHOU 110 to aCUMIITOTUYECKOW YCTOWYMBOCTH B MajoOM
JOCTAaTOYHO TOKa3aTh, 4TO Mpu h=r

vn>0, 3T(M)>0, Vie=s, Voed, ¢:[to, ®) — B(M, h),
o(t)eB(M,n), Vi2to+T(n). (1.19)

[Tycte >0, to>s yxe BbIOpanbl. Tak kak u3 (1.16) caemyer (1.18), To
MHOXECTBO M yCTOHYMBO B MajioM W modToMy 30::=0(e) mpu €::=mn. Ilycth
v :=min{ws(p):0<p<r} u mycts T(n) ::=[wa(r) —wi(d)]/y. Ilycth pe® — mpo-
M3BOJILHOE HEIMPOJI0KaeMOe BIIPABO JBHKCHHE, OIpejaelieHHoe Ha [to, ), u
tot7(m)<w. Ecimm s Hekoroporo ti<to+7(n) Bbemomnsercs e(p(t), M)<S,
BBHIY ycToiuuBocTH B MajaoM @(t)eB(M, B) Vixto+T(n)>t: u (1.19) nokazano.
B npotusHoM ciiyuae e(q(t), M)>6 npu Beex t<to+7(n), mosTomy

V(t, (1)) —V(to, 9(to)) < —y(t-to) <—=yT(n) = wi(r) —w2(3) =
V(t, o(t)) < wy(d), t::=to+T (M)
u nostomy @(to+7(n))eB(M,d), a 3HAUUT, BBUAY YCTOWYMBOCTH B MajoM
o(t)eB(M,n), Vt2totT(n) u (1.19) nmokazano u B 3TOM ciydae. Teopema
J0Ka3aHa.

Onpenenenne 1.3. Ilyctb J — mpomexyrok u3 R u F:J—> P(R") —
Heuetkas Gynkuusa. s dyukuun Fo-osuocenuem, rae ae(0, 1], Ha3piBaeTcs
abcommoTHO HemnpepbiBHasS GyHKIws ¢ @ J— B, mns xotoporr @(t)eFq(t)Vield.
Yepes Su 0003HAYMM MHOXKECTBO OL-IBIKEHUM U 4epe3 S — 00bEeIMHEHHNE BCEeX
So mpu oe(0,1]. MHOXECTBO HBMKECHHUH S Ha3BIBACTCA NOPONCOAIOUUM
pynryuro F: J— P(B), ecin Vted, Va.e(0, 1], {o(t)| p€Su} = Fa(t).

Onpenenenne 1.4, dynkmus  X:J — P(R") HaswsiBaeTcs peutenuem
HEYeTKOro AudPpepeHIInaIbHOTO YPaBHEHUS

dX/dt=F(t, X), (1.20)
eciu nipu KaxaoM teJ Bemonnsercs paeactso dX(t)/dt=F (t, X (t)).
JuddepennraibHOe BKIIOYEHNE
do/dt € Fo(t, ¢), (1.21)
rae o€ (0, 1], HaszpBaeTcst coomsememsyrowum ypasaenuto (1.20).

Teopema 1.2. Ilycmo Y — neuemxoe muoocecmso, Yo — O-ypo8eHb 3mo2o
muoocecmsa, P(R") — coeokynnocmos e6cex neuemkux noomHodcecms u3
eskaudosa npocmparncmea R", D — omkpeimoe munoocecmso uz R". Heuemkas
@ynxyus X:J— P(R") npu sed sensemces pewenuem 3a0auu Kowu X(S) =Y ons
HeasmonomHno2o ouggepenyuanvroco ypasvenus dX/Idt=F(t, X) moeoa u
MONILKO M020d, K020d OHA ONPeOeNsemcs HeuemKUM MHONCECMBOM PeueHUll S
max, umo Yo={@(S)| peSu} u raoccooe osudcenue ¢eSa aensiemes peuwenuem
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oughgpepenyuanvroco  exmouenus  doldt € Fo(t, @), coe Fuo:RxD— R
onpedensmes yenosuem Fo(t, ) = F(t, @)a.

HokazarensctBo. Eciim X: J>P(R") sBusercs pemennem 3amaun Ko
s auddepenuuanbHoro  ypaBHenus (1.20), To 1o  ompeAeneHUo
npousBoaHoi dX/dt kaxmoe a-nBmwkenue ¢: J—>R" pynknmm X ymosneTBopser
BKItoueHuo (2.21), onpenesaeHo npu t=S u ynoBiaeTBopseT yciaoBHio ¢(S)e€ Y.
Ooparno, ecmm  X:J—>P(R") omnpenensercs MHOXECTBOM JBWKCHHHA S,
YAOBJIETBOPSIONIMM BKItoUeHHIO (1.21) 1 uMeromuM HadajabHbIC YCI0BUS U3 Y
npu kaxaoMm o€ (0, 1], To mo onpeaeneHnIo MPOU3BOAHON HEYCTKOW (PYHKIHH
BoeinoHseTcs paBenctBo dX(t)/dt=F(t, X (t)) npu xaxmgom teJ u BbITOIHIETCS
YCIIOBHE X (5) =Y, T03TOMy X Oyzaer pemenuem ypaBHenus (1.20). Teopema 1.2
JI0Ka3aHa.

Omnpenenenue 1.5. OrtHocutenbHo ypaBHeHus (1.20) 3amkHyTOE
MHoxecTBO McP(D) Ha3biBaeTcs:

YCMOUYUBbIM, €CITU

Vto>s, Ve>0, 35 ::= 8(g, to), VBeP(X), e(B,M)<d=
Dom J(to, B) o [to, ), e(J (t; to, B), M)) < eVt>to;

HONOACUMENILHO NPUMSALUBAIOUWUM , €CITU

Vto>s,3h::=h(to) >0,vn >0,37::= T(to, h,m) > to, VBeP(X), e(B,M) <5 =
Dom J (to, B) o [to, ), e(J (t; to, B), M) <n mpu t > T;

ACUMNMOMUYECKU YCMOUYUBLIM, €CTTU OHO YCTOWYMBO U TIOJOXKUTEIBHO
MPUTATUBAIOIIIECE;

YCMOUYUBbIM 8 MAIOM, €CIH

Vto>s, Ve>0, 35 ::= 8(g, o) >0, VBeP(X), e(B,M)<d=
e(J (t; to, B), M) <eVteDomJ (to, B);

HONOIHCUMENILHO NPUMALUBAIOUUM 8 MATIOM, €CITN

Vte>s, 3Jh:i=h(t)>0, WVn>0, 3T:=T(to,h,n)>t, VBeP(X),
e(B,M)<h=e(J (t; to, B), M) <n mpu teDom J (w, B)N[T, 0);

ACUMNMOMUYECKU YCMOUYUBLIM 8 MAJIOM, €CIIA OHO YCTOMUYKMBO B MaJloM
Y TIOJIOKUTEIHHO MPUTATHUBAIOIIEE B MAJIOM.

Ecmu B ycnoBusix Bbimie uncia o, h, T MoxHO BeIOpaTh HE 3aBUCSITAMU
ot fo, TO COOTBETCTBYIOIIEE CBOWCTBO HA3bIBACTCS PABHOMEPHBIM.

Onpenenenne 1.6. ITycts ae(0,1]. OtHocurenbHo ypaBHenus (1.20)
3aMKHyTOe MHOkecTBO MCP(D) Ha3biBaeTcs:

OL-YCMOUYUBbIM, €CITU

Vo >S5, Ve>0, 38 ::=3(g, to, o) >0, VBcX, e(B,M,)<é=
Dom Ja(to, B) o [to, ), e(Ju(t; to, B), My)) < eVixto;

HONOACUMENILHO O-NPUMASUBAIOUWUM, €CITU
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Vto>s,3h::=h(w,a)>0,vNn>0,37::=T(to,h,n, o) >to,VBcX, e(B,M.)<h=
Dom Ja(to, B) o [to, 0), e(Ju(t; to, B), Mo) <n mpu t>T;

OL-ACUMIMOMUYECKY YCMOUYUBbIM, €CIIA OHO O-YCTOMYMBO U TIOJIOXKH-
TEIBHO O-TIPUTSITUBAIOIIEE;

OL-YCMOUYUBLIM 8 MAIOM, €CIIN

Vio>s, Ve>0, 38 ::= 8(g, to, ) >0, VBcX, e(B,M,)<é=
e(Ju(t; to, B), My) <eVte Dom Ju(to, B);

NOJIOACUMENbHO OL-NPUMALUBAIOWUM 8 MATOM, €CITU

Vto>s, 3Jh:i=h(to,a)>0, WVn>0, 3IT:=T(to,h,n,a)>t, VBcX,
e(B, M) <h= e(Ju(t; to, B), Mo) <n mpu teDom Ju(to, B)N[T, 0);

OL-ACUMNMOMUYECKU YCMOUYUBLIM 6 MAJIOM, €CIIM OHO O.-yCTOMYMBO B
MaJiOM U MOJIOKUTEIBHO OL-TIPUTATHBAIOIIEE B MAJIOM.

Eciu B ycnoBusx Beire yuciia 6,n, T MOKHO BBIOpaTh HE 3aBUCAIIAMU
OT to ¥ O, TO COOTBETCTBYIOIIEE CBOMCTBO HA3bIBACTCSI PABHOMEPHBIM 110 to 1 o
COOTBETCTBEHHO.

Ipennoxenune 1.2. Ilycmv ac(0,1]. Eciu onsa ri:=r(a) u neompuya-
menvHoU HenpepvieHotl pyuryuu Waq:[0, =R evinornsemes nepasencmeo

D+Va(t, X)< —W3u(p(X, M)), V(t,X) €[S, 0)xB(M, r), (1.22)
mo s 06020 a-osudxcenus @[S, ®]->B(M, N\B(M, r1), 0<ri<rypasnenus
(1.20) 6vinoamnsiemes nepasencmeo

V(t, o(1)) —V(p, 9(p)) < v(t-p), V1, pels, ©)

npu vy .= Inf{wau(p): r1 < p <r}. B uacmnocmu, npu evinonnenuu nepasencmea
D+Vao(t, X) <0, V(t, X) €[S, ©0)xB(M, r) (1.23)
@ynuxyus V(t, o(t)) ne 6o3pacmaem npu te[s, o).

JlokazaTenbcTBO. Tak Kak peub UJIET O ABUKEHUSIX TU(PdHEepeHIINaTbHOTO
BimoueHuss (1.15), To yTBepxkaeHuss npemsioxkeHuss 1.2 HeNocpeACTBEHHO
CIEeAYIOT U3 npeayioxenus 1.1.

HNmeeT mecTo cieayromas TeopemMa.

Teopema 1.3. Eciu ons 3amxuymozo muosxcecmea McP(D) cywecmeyem
@yukyus Jlanynosa N omnocumenvno ypasuenus (1.20), ons xomopoi npu
ae(0,1] sepro (1.23), mo mnoocecmeo M pasnomepno o-ycmotuueo 6 ma-
oM omHocumenvio 5mozo ypasuenus. Eciu eepno (1.22), 20e pyukyus
W34:(0, r)>R nenpepvisna u nonosxcumenvna, mo muoscecmseo M pasHomepHo
OL-ACUMNIMOMUYECKU YCMOUYU8o 6 maiom omuocumenvho ypasnenus (1.20).

JlokazarenbcTBo. 3adukcupyem o.€(0, 1]. Torma u3 ycinoBuii TeopeMsl 1.2
BBITEKAET BBINOJIHEHUE ycioBuil TeopeMbl 1.1. B camom nene, u3z teopemsr 1.1
ClIeZlyeT OTHOCUTENIbHO BKitoueHus (1.21) paBHOMepHas mo to yCTOWYMBOCTH B

MasioM MHoxecTBa M. (pu BeimonHeHuu ycnoBus (1.23)) u paBHoMepHas 110 to
aCUMITOTHYECKAs YCTOWYMBOCTH B MaJloM MHOXecTBa My (IIpH BBINOJIHEHUN
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ycnous (1.22)). CrenoBatensHo, BBy Tipor3BoibHOCTH o€ (0, 1] mmeeT mecTo
COOTBETCTBEHHO paBHOMEpHass IO fo O-yCTOMYMBOCTH B  MaJIOM W
O-aCUMIITOTUYECKass YCTOMYMBOCTb B MayioM MHOxectBa M. Teopema 1.3
JI0Ka3aHa.

PaccMoTpeHHBINT B HACTOAIIEM pas3zefie MPUHIUI CBEACHHS 3aqaduud 00
YCTOMYMBOCTH pelieHnd  audpepeHnranbHbIX BKIIOYCHUH K 3agade 00
YCTOMYMBOCTH pelieHUN HeYeTKuX NuddepeHIMabHBIX YpaBHEHUH OCHOBAH Ha
MOHSTHUN KJIFOYEBOM CHUCTEMBbI M SBIISETCS OOOOIIEHWEM MPHUHIIMIIA CBEACHUS
[lecrakoBa—MepenkoBa [178] Ha ciyuait auddepeHIaIbHbIX BKIIOUEHHMA

obmero Buja. [IpuHuun cBeleHUs KUCMONB30BAaH W pa3BUT B [64a,k,0,m, 114k,
119].

1.4. JInuHeliHble MATPUYHBIE HEPABEHCTBA U UX CBA3b
C TeopHeH YCTOMYUBOCTH

B Hacrosimem pasjiene pacCMOTPEHbl OCHOBHBIE MOJIOKEHUS TEOPUU
JUHEeUHBIX MaTpu4HbIX HepaBeHCTB (JIMH). IIpuBenens! oOmias u crangapTHas
dopmel JIMH ¢ ydyetom ux B3aumocBsizu. [IpencraBieHa B3auMOCBSI3b IPSIMOTO
meroja JlsmyHnoBa (Merona GyHkuuit JIssmyHOBa) ¢ YCIOBUSIMU YCTOMYMBOCTH B
Buge Habopa JIMH. B pazgene ucmonb3oBaHbl TEpMUHBI U 00O3HAYCHMS,
npuHsAThie B [129].

Onpenenenne 1.7. Jlunetinoim mampuunvim nepaserncmeom (JIMH) 6
ooweti ¢opme, OTHOCUTEIHLHO HEU3BECTHOM MaTpuilbl X Ha3bIBaeTCA
HEPABEHCTBO

|
L(X)=D"X +X"D+Y (E] Xk +F' XE)+Q <0, (1.24)
i=1
e QeS", DeR™, E, eR™, FE eR"™ X eR™ X eR"™, i=12,..,l.
[Tpenmonaraercsi, yro Marpunia L(X) 3mech oTpuIlAaTeNbHO OIpeaeicHa |
CUMMCTPHYHA.
Onpenenenue 1.8. Jluneunvim  mMampuuuviM  HEpaABEeHCMBOM 8
cmanoapmuotl ¢popme, OTHOCUTEIBHO HEM3BECTHBIX CKAISIPOB X1, X2, ..., Xn
Ha3bIBACTCs HCPABCHCTBO

AX)=A + XA +XA +...+X A <0,
rie A €S",x eR,i=12,..,n.
Paccmotpum npusenenue JIMH B o61eit popme k JIMH B cranmaptHoit

dopme. [l atoro monoxum B (1.24) I=1, BBenem Rjj, i=1,2,....m, j]=1,2,..., n —
6azuc B R™". Jlnis aToro 6a3uca CymecTBYIOT Xij TAaKUeE, 4TO
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xR

ij?

M=

X=3

i=l]

D'X+X'D=3x3x,(D'R, +RID),

i=1 j=1

E'XF+F'X'D=33x,(E'R,F+FRIE).

i=1 j=1

1

—
Il

O6o3HaUMM:
QIJ +RTD+ETR F+F' RTR
BreIm1oJTHUM MOACTAaHOBKH U B pe3yJ15TaTe CIIOKCHUS HonquM:
D'X+X'D+E"XF +F'XE = ZZXUQIJ
i=1 j=1
Janee, 3amumem JIMH B ctannaptHoit hopme:

LOG) =Q+2 2 x,Q;.

C nmomompro meroaa JIMH mpu pemieHMM KOHKPETHBIX 3aJad 4acTo
MOJY4arOTCS. HEJMHENHBIC, OTHOCUTEIBHO HEW3BECTHBIX MAaTpHIl, MATPUYHBIC
HepaBeHCTBA. UTOOBI MPUMEHUTH amnmapar BBIMYKIOW ONTUMHU3ALUU IS UX
pelieHus, HEPaBEHCTBA HEOOXOIUMO MPUBECTU K JIMHEHHOMY BHJIY COIJIACHO
onpenencausM 1.7 u 1.8.

PaccmoTpuM cHauanma TepBBIA  CMOCOO, CBOJSIIUKHCA K  3aMEHE
nepeMeHHou. [1yCcTh 3a1aHO MaTpUYHOE HEPABEHCTBO

A'P+PA+K'B'P+PBK <0, (1.25)
rie AecR™ u BeR™ — wusectnwie marpuimpr, a PeS™ n KeR™"

Heu3BecTHbIe MaTpuilel. C 1enbpio mpuBeneHus HepaBeHncTBa (1.25) k oOmiei
dopme JIMH Buga (1.24) MOXHO YMHOXKHTh €r0 CJI€Ba U cpasa Ha X=P™:

XA" + AX + XK'B'" + BKX <0,

Jajee BBEJIEM 3aMEHY

W =KX,
H, HAKOHCH, IIOJYYHNM HCPABCHCTBO
XA" + AX +W'B" + BW <0. (1.26)

Herpyano Buupetrh, uto HepaBeHCTBO (1.26) sBnsieTcs JMHEHHBIM MO
OTHOIIICHUIO K HOBBIM HeM3BeCTHBIM MaTpuiiaM X u W,
PaccmoTpum BTOpO# crioco6, coctosiuid B cienyromeM. Ilycts 3amgaHo
MaTPUYHOE HEPABEHCTBO:
AP+ PA" + PK'B" + BKP <0, (1.27)

rie AeR™ u BeR™ — wm3BectHpie marpumpl, a PeS™ um KeR™"
Heu3BecTHbIe MaTpuilbl. C Ienpio mpuBeaeHus HepaBeHcTBa (1.27) k oOmiei
dopme JIMH Buna (1.24) BBenem 3ameny
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K=—tgp+,
2

B PE3YJIbTATE KOTOPOU MOTYUUM
AP +PA" —BB' <0. (1.28)

Herpynno Bumetb, uto HepaBeHCTBO (1.28) sBnsercs IWHEWHBIM 110
OTHOIIICHUIO K HEU3BEeCTHOU maTpuiie P.

Jlemma pomonaenus o lypy[129] cocrout B cneayromem. Ilycts A —
0JI0YHasi CUMMETpUYHAs MaTpUIla BUJA:

Sy (An Auj_
AZl AZZ

Eciu A1r 1 A2; — HECUHTYJISIpHBIE MaTpHIlbl, TO nonoiaHenuem no Llypy nms
matpuil Air 1 A2 sBisttotcst MATpHIb Sch(A11) 1 Sch(A22), Takue, 4T

Sch (Au) - Azz - A21A1_11A12’
Sch (Azz) = Au - Alez_zlsz

(A AN (A 0 ) _(Su(A) O
- AZl AZZ - O Sch(All) - O %2 .

Torna A<0<S,(A;)<0,A, <0<=S,(A,)<0,A, <0 VJIH
A>05S,(A,)>0,A,>0&S,(A,)>0,A, >0,

B nemme nononnenus no llypy cuMBosl = 0003Ha4aeT KOHIPYIHTHOCTD
[129] cuMMeTprUUYHBIX MaTPULL:
X=Ty,
X" Ax =y TT ATy,
A=TTAT,
rae T — HEeBBIPOXKICHHAS MaTPUIIA ITePexo/ia K HOBOMY Oa3ucy.

PaccmotpuMm nanee crenuuky nepexoga oT BToporo merojna JlsmyHoBa
(metoma ¢yHkumii JIsmyHOBa) K YCIOBUIO YCTOMYMBOCTH CHUCTEMBI B BHJIEC
Habopa JIMH.

Crtporoe onpezelieHUe MOHATUS YCTOMYMBOCTH JBUKEHHUS ObLJIO BIIEPBbHIE
naHo A. M. JIsnyHOBBIM B €ro 3HaMeHUTON aucceptanuu «O01mas 3anaya 00
YCTOMYMBOCTU JBUXKEHUA», onyonrkoBaHHoi B 1892 r. [109]. IlpennoxxeHHsie
B 2TOW paboTe MEeTOJbl MCCICAOBAHUSA 3aJa4 YCTOWYMBOCTH OKA3aJUCh

YpEe3BbIUYANHO IUIOJOTBOPHBIMU, UAEU 3TOM pabOThl B 3HAUUTEIIBHOW CTENEHU

MPEAONIPENECIHIA OCHOBHBIE PE3YyJIbTAThl COBPEMEHHOW TEOPHUM YNPABIICHHUS
[21, 50, 57, 94, 112, 113, 139, 155, 184, 185].
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B ocnoBe wmetoma JIMH nns  pemeHuss 3amad  cTaOuiau3aIiuu
JTUHAMHAYECKUX CUCTEM JICKUT OCHOBHAsI Teopema Meroda PpyHkiuit JlsamyHoBa.
[IpuBeneM OCHOBHBIE TIOJIOKEHUS TEOPUM YCTOMYMBOCTH JlsimyHOoBa U
OJAPOOHO MOKaXKEM MEPEXO0] OT TeopeMbl JISIyHOBA K YCIOBUIO YCTOMYUBOCTH
B (hopme JIMH.

PaccMoTprM IHHAMHUYECKYH0 CHCTEMY, OIPEACISIEMYI0 CEMENCTBOM
mupepeHIaIbHBIX YpaBHEHUI

dx -
— =f(x,x,.,x), (i=12,..,n),
dt |(X1 2 n) ( )
WU B BEKTOPHOU (hopme
dx
- (X) (1.29)

IIpennonaraercs, uyto cuctema (1.29) umeer HyJEBOE MOJIOKEHUE PABHOBECHS
X =0.

[Iycte B HekoTopoil okpectHocth U Havanma koopAwHAT 3ajaHa
HenpepbiBHO auddepennnpyemas QyHKIUS:

V(X)=V (X, X0, X ), 1=12,..,n,

npudem V(X) > 0 mia Bcex XxeU, a B Havane koopauHat V(0)=0. ITonnas
npou3BoaHas V(X) o BpeMeHu t ©uMeeT BUI:

dv oV dx, +6V dx, +".+5_den
dt  ox dt ox, dt ox, dt
WM, B BHJIC CKAJIIPHOTO MMPOU3BEIACHUS IBYX BEKTOPOB
dv dx
e (gradV, dt) =(gradV, f(x)),
KOTOpOE Ha3bIBaeTCs mpou3BoaHoM V(X) B crity cuctemsl (1.29).
[TpowmntocTpupyem ciryyaii, Korjaa

d_V<O
dt

B okpecTHocTH U 11 Hekotoporo cemericTBa ¢pynkumii (1.29), n=2. CornacHo
puc.1.8, s dynkuum Jlsmynosa V(x1, x2) umeer mecto Xi(t) —0 u Xo(t) — 0
npu t — oo.
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"4 X2

# grad V
P T /
xx) A i
e ,7 grad V A< | ©
\ i / 1/ ™ P\
v \
WX
\, / / 7~ \ \ dt
\ 4 / ax | ) _ X,
R S dt \
//\'\ 0_ 5 // V.4 wd v \‘\ ) \0/ , /
( <o e /7 x2 B /
Rz (P,/-—,/_/ @>90°| , 4
CEN MRS % AN /
d_x T A . —
dt ¥
grad V

Puc. 1.8

Onpenenenne 1.9. @Dynkuus V(X), sBIAOmAsACTd  HEMPEPHIBHO
auddepeHmpyeMoli B HEKOTOpo# okpectHoct U Hayala KOOpAMHAT,

dx

Has3bIBaeTCS (pyHKyuel JIanyHoéa aBTOHOMHON CHCTEMBI i f(x), ecnmm
BBITIOJIHEHBI YCIIOBUSL:

1) V(X) > 0,0na Vx € U \{0};

2)V(0)=0;

3) dd_\t/ <0,01aVxeU.

PaccmoTpum  yClnoBUST aCUMNOTOTHUYECKOM YCTOMYMBOCTHU IOJIOKEHUS
pPaBHOBECHSI.

Teopema 1.4. Ecau 6 nexomopoti oxpecmuocmu U Hynesoco peuieHus
X'=0 asmonomnoii cucmemor (1.29) cywecmeyem ¢ynxyus Jlanynoea V(X) u

dV (x)
dt

yemouuusvim no Jlanynosy.
PaccMOTpyM JTMHENHYIO YIIPABIIEMYIO CUCTEMY BUA!
X(t) = AX(t) + Bu(t),

y(t) = Cx(1),
rae teR — menpepriBHOE Bpems, X € R" — BekTop coctostHus, U € R™ — BekTop
Bxona, yeRP — BekTop BhIXOma, A € R™ — wmarpuma cucremsl, B € R™™ —
Marpuna Bxoma, CeRP" — marpuna BeIxoma mo cocrosHuio. HamomuuM, 49TO
A (A),i=1,...,n — Habop coOCTBEHHBIX 3HAYCHHUI MATPHULIBI A.

*
<O, mo noJodHCeHUue pasHosecus X =0 sensemcs acuMnmMomu4ecKu

(1.30)

ChopmynupyeM TeopeMy 00 YCTOMUMBOCTH JIMHEHHOM CHUCTEMBI
CIICAYIOIUM 00pa3oM:
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Teopema 1.5. ITonoxcenue pasnosecus X =0 cucmemwt (1.30) sensemesn.:
acumnmomuuecku ycmouuugvim no Jlanynosy, eciu Re(A (A)) <0;

Hetimpanvho ycmouuusvim no Jlanynosy, eciu Re(A (A)) <0,

neycmouuuevim no Jlanynosy, ecau Re(4i (A))>0.

Byaem cuurtath, 4TO cCHCTEMa YCTOWUYMBA, paBHO KaK MaTpHIAa CUCTEMBI A
yCTOWYMBA, €CJIH TOJIOKCHHE €€ PaBHOBECHUS ACUMITOTHYECKH YCTOHYHMBO IO
JIsmynoBy. Chopmynupyem teopemy merona (pyHkuuit JlsimyHoBa (Teopema
1.4) B 6osiee y100HOM BHJIE:

Teopema 1.6. Ilycmo V(X) — 6o3mooicnasn ¢yukyus Jlanynosa. Cucmema
(1.30) ycmotiuusa mozoa u monvko mozoa, kozoa cywecmsyem V (X) makas,

umo:
V(x) >0,
V(x)<0.
[IpuMeHuTEenbHO K JWHEWHBIM cucTteMaM GyHKIUS JlsmyHoBa dacto
3a/1aeTcs B BUJE KBaAPAaTUIHON (HOPMBI
V (x) = X" P,
rie PeS". Cucrema (1.30) ycroiiumBa TOTIa ¥ TOJIBKO TOTJA, KOTrJa

CYIIIECTBYET MaTpuIla P Takasi, 4To:
V(x) = x"Px >0,
V(X)=X"Px+ X Px<0.
[Toncraus B (1.31) Beipaxkenus u3 (1.30) npu u(t)=0, momyunm
X"Px >0,
X" ATPX + X" PAX < 0.
C ygetoM Toro, uto X' PX >0 <> P >0 s Bcex X, momyunm cuctemy JIMH
P>0,
ATP+PA<0.
Teopema JlsmyHoBa B TepmMunax JIMH OyaeT BBIMISACTH CIETYIOITUM
o0pazom.
Teopema 1.7. Mampuya A cucmemsr (1.30) ycmotiuusa mozoa u moavko
moeoa, koeoa A P € S" maxas, umo
P>0,
ATP+PA<0.
YcioBus aCUMITOTUYECKON YCTOMYMBOCTH € y4e€TOM Kputepus ['ypBuna
s paccmarpuBaemor  cuctembl  (1.30) MOXHO TpeACTaBUTH B BHUJC
CIEIYIOIINX YTBEPKIACHUM.
Mpennoxenne 1.3. Cucmema (1.30) sensemcs ycmotiuusoii moeda u

monvko mozoa, koeoa Re(4 (A)) <0,1=12,...,n.

(1.31)
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Ipennoxenne 1.4. Mampuya AER™" sensiemcsa ycmouiuuson moeoa u
moavko moeoa, koeoa Re(A (A)) <0,1=12,...,n.

CaenyeTr oTMEeTHTb, uTO B [129] manbl 0000menus npepioxenni 1.3, 1.4
U paccMOTpeHa 3aj1adya D-ycroiunBocTH (YCTOMYMBOCTH MO 00JIACTH), & TAKKE
npuBeeHa 00o0mmeHHas Teopema Jlsmynosa B tepmudax JIMH. B pasznene 3.1
HACTOSIIe MOHOTrpaduu MOKa3aHO MPUMEHEHUE YCIOBHM Teopembl 1.7 s
UCCJICIOBAHUSI ~ YCTOMYMBOCTH  HEJIMHEHHBIX  JMHAMHYECKHUX  CHUCTEM,
onuceiBaeMbIX TC-Mo1eNsIMHU.

1.5. Moaenu TMHAMHYECKHX CHCTEM € JIOTHYECKUMHU PeryasiTopamMu u
METO/Ibl AHAJIN3a YCTOMYHBOCTH

[TocTpoenuto u aHanu3y Mojele TMHAMUYECKUX CUCTEM C JIOTUYECKUMU
pEryJsiTOpaMH  TOCBAIIEHBI  pabOThl  OTEYECTBEHHBIX U  3apyOEeKHBIX
uccinenosareneii: A.H. ABepkuna u W.3. Bateipmuna [2], P.A. Anwuesa,
D.I'. 3axapoBa u C.B. Vibesuosa [8], B.A. I'opromkuna [44a,60], B.I. I'ocreBa
[47], H.IL. Ilemenxkosa [50], H.AA. Erynosa u K.A. Ilynkosa [72], . KypaBaku
u ap. [99], B.B. Kpyrmosa, M.H. lnm u P.1O. T'onynosa [96], JI.A. Tlocnienosa
[145], C.B. VupsHoBa, O.}O. Taromkunoir u E.B. Konbenko [166],
A.A. YckoBa [167], A. Ilerara [139], A.Il. Pormreiina [151], T. Takaxu u
M. Cymxeno [228], K. Tanaku u X.0. Banra [231] u npyrux uccieaoBaresici.
B [116a] paccmoTpenbl BONMpPOCH MOAECIUPOBAHUS U AHAIM3a YCTOWYMBOCTH
TUHAMAYECKUX CHUCTEM MHTEIIJIEKTHOTO YIIPaBICHUS.

Monen AMHAMHYECKUX CUCTEM C JIOTHYECKUMHU PETyJIATOpPaMH HMEIOT
ceoto cnenuduky. Ha puc. 1.9 mnpencraBieHa CTpykTypHas cxema
JMHAMHYECKOW CUCTEMBI C JIOTHYECKUM PETYIISTOPOM.

Ha4YaJIbHBIC

. ycnoust X(0)
JIOTHYECKHI PEryisTop

HMCXOHBII u: MEXaHU3M =
BXOJI = 1 JTOTHYECKOTO [ 5 BBIXOI
d g BBIBO/A = u(t) mpo1iecc y(t)
= .
— |2 t T % =g(x) + f (YuO)F—>
= basa Q
2] <
_g HEUETKUX —%
NpaBuiI it 1
— x — nepeMEHHbBIC
COCTOSTHUS
(Xo, X1, ..., Xn)
Puc. 1.9
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OnHuM 13 COCOOOB MOCTPOEHMS JIOTUYECKOTO PEryJsiTopa SBISETCS
PUMCHCHHME anrapara HeueTKo# jgoruku [25, 74, 91, 136, 139, 196, 199, 240].
Jlorndeckue  peryydaropbl, paccMaTpuBaemMble B  HacTosimed  pabore,
IPEACTABIICHBl CICAYIOIIMMHA KOMIIOHEHTaMU: ©Oasza mpaBwmi, ¢a33udukaims,
nporeaypa BblpaboTku pemeHus, gedazzudpukanms [139]. Ilpouenypy
nepeBoia TEKYIINX (YUCIOBBIX) 3HAYEHUN BXOJHBIX MEPEMEHHBIX JTOTUYECKOTO
peryiasiTopa B JIMHIBUCTUYECKHE BEIUYMHBI HAa3bIBAOT ¢hazsuguxayue.
[Tonydyaemoe skcriepTHOE 3HAHUE 00 OOBEKTE BBIPAXKAETCA KAK COBOKYIHOCTD
JUHTBUCTUYECKUX MPABUJI BUJIA

eciu (x = A) — ucxonHas cutyanus, mo (y = B) — OTBeTHas peakius,
r1€ y — YIOpaBisieMbld CUTHAJI, X — Ha0Op CHUTHAJIOB, BOCIPUHUMAEMBIX
sKcrepToM, OykBl A W B — JMHIBUCTHYECKHE OILIEHKH, HalpuMep
«MEMJICHHBIN», «OBICTPHII.

Yacte ecnu (IPEANOCHUIKM WJIM YCJIOBHUS) O3HAYaeT COMPSIKEHUE
JOTUYECKUX oOmepanuid, a 4YacTb mo (peuieHue, BbIBOJ, 3aKJIIOUYCHUE)
MpeACTaBIsIeT COOOM yKa3aHUE JIMHTBUCTUYECKOW BEIMYUHBI JIJII BBIXOJHOIO
BO3JICMCTBUS JIOTMYECKOr0 peryistopa. [Iporecc mocTpoeHus: mpaBuiia HOCUT
Ha3BaHUE JI02UYECKO20 6bl800A U TIOApa3JIesaeTCs Ha JiBa 3Tamna: 0000IeHue u
3akimroueHue. llocine BbIYMCIEHHS BCEX MPaBWI MOJYy4YaeTCs 3HAYCHHUE
BBIXOJIHOM TEPEMEHHOM B BHJIE CTCNEHEW IPUHAJIIC)KHOCTH €€ TEPMOB.
[lepexon oT cTeneHel MPUHANIEKHOCTH K 3HAYCHHUIO BBIXOJAHOM (pu3nueckon
BEJIMYMHBI HAa3bIBACTCS deaszzughuxayueti, B pe3ybTaTe KOTOPOU JTOTUUECKHIMA
BBIBO/I ITPE0Opa3yeTCs B YETKOE YUCIIO.

OTMeTuM psifi KOHCTPYKTHBHBIX JIOCTOMHCTB MOJEJICH IUHAMUYECKUX
CHCTEM C JIOTUYECKUMHU perynisatopamu [2, 116a, 231]:

1) ecTecTBEeHHOCTh TPEOOBAHUM B TOM CMBICIIE, YTO OMMCAHUE YCIOBUN U
METOJa PEIICHHWs 3aJadyd  OCYIIECTBIISIETCS Ha  S3bIKe, OJIM3KOM K
€CTECTBEHHOMY;

2) yHUBEpPCAJIbHOCTh TPEeOOBAaHMM B TOM CMBIC]IEC, YTO HEITWHEWHbIE
yOpaBiseMble CUCTEMbl C YYETOM psija OrpaHUYEHUNM MOXKET ObITh
anmpokcuMupoBana T C-moensbio.

Bmecte ¢ TeM i ykazaHHBIX MOJEIEH XapaKTepHbI U OIpeeeHHbIE
HEJIOCTAaTKH, CBA3aHHBIC C TEM, YTO MCXOJHBIM HAOOP MOCTYJIUPYEMBIX MPaBUII
MOXET OKa3aThbCsl HETIOJHBIM, a TAKXKE C TEM, YTO THUI U MapaMeTpbl (yHKIIHMA
MIPUHAJIEKHOCTH, OMKUCHIBAIOIIUX BXOJIHBIE U BHIXOJHBIE IEPEMEHHBIE MOJIEIH,
BBIOMPAIOTCSl CyOBEKTUBHO.

Kak wm3Bectno [156, 167, 231], wucnomp3yroTcs [Ba IOAXoda K
MOCTPOCHUIO MOJIEJICH TUHAMUYECKUX CUCTEM C JIOTUYECKUMU PETYIIATOPAMH:

1) mnonxon, Oasupyroumicss Ha UIASHTUPUKAIMA [apaMETPOB C
UCIIOJIb30BaHUEM BXOJHBIX-BBIXOAHBIX JIAHHBIX (MOJICTUPOBAHUE C TTOMOIIBIO
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JUHTBUCTUYCCKUX IIPAaBHJI, OCHOBAHHBIX Ha 3HAHUSAX OJKCIEPTOB, YACTHBIM
CJIy4ail KOTHUTUBHOTO TIOJIX0/1a);

2) TOAXOJ HAa OCHOBE W3BECTHBIX AUBPEpeHIIUATBHBIX MOJIEIIEH,
OTIMCHIBAIOITUX HEJIMHEHHBIC MPOIIECCHI, U UX aIMPOKCUMAIIIH.

YkazaHHbIe TOAXObI paccMaTpuBaiuch B [57, 131, 139, 165] u B npyrux

paboTax.
[lepBbiii moaxon, Oa3zupyroluMicd Ha WICHTU(DUKALUM [apaMeTpoB U
HCHOJIB3YIOLIUN KOTHUTHBHYIO TEXHOJIOTHIO, IIPUMEHSIETCS 1A

MOJICTTUPOBAHUS YIIPABIISIEMBIX CHUCTEM, KOTOpPbIE€ HEBO3MOXHO WJIM OYEHb
3aTPYJHUTEIIBHO  MPEJICTABUTh  AHAIUTHUYECKUMHU  W/WIU  (DU3UUECKUMHU
MOJICNIAMH. 3HAHUS 00 HCCIeAyeMOM OOBEKTE, TMOJyYeHHBIE OT JKCIIEPTOB,
3aMKUChIBAIOTCA B JOpPME TMHTBUCTUYECKUX BBICKA3bIBAHUM BUAA €CU ... MO.

Bropoil moaxox 3akiro4aeTrcss B NOCTPOSHUM MOJIENIH  YIPaBISIEMOU
CHUCTEMBbl Ha OCHOBE M3BECTHOU nuddepeHnmanpHo mMonenu. B mocnennee
NECATWIICTHE 11 MOJICTMPOBAHUS HEJIMHEHWHBIX YHOPABISIEMBIX CHUCTEM
ucnois3yoT TC-monens. B psge pabor [44a, 155, 188, 190, 213, 225, 230,
231, 235-237] TC-monenb HCHOIB3YyETCS JUIA ANIPOKCHMAIIMKM TJIaJIKOU
HEJIMHEMHOW MOJIENIA TPU PSAE COOTBETCTBYIONIMX OrpaHudeHuid. OgHUM H3
OCHOBHBIX METOJIOB MCCIEAOBAHUSI YCTOMYMBOCTHU U cTabuiu3anuu 1 C-monenu
aBisieTcst Meto GyHkuuil JIsimyHoBa, cBoAsIIMIiCS K aHanu3y cBorcTB JIHM, k
KOTOPBIM TPUMEHHUMBbI METO/bI YACIEHHOTO PEIICHUSI.

st onmucanust TC-monenu ucnonb3yrores npasuia [ ciegyromiero Buaa
[230]:

ITi: ecnu x1 ectb Min m ... 1 Xn ectb Mii, mo p(X) = a.x,

rae x'=(x1x2, ..xn) — BeKTOp cocTossHusA, Mij — 3HaYEHUs TEPMOB, I — YHCIIO
npasui, a, € R™,i=1,2,...,T.

Kaxngomy IIPABHITY I; COOTBETCTBYET byHKIUSA hi(X)
Bupah (x) = Jf[lM ; (X;). penmonaraercs, 4to hj HOPMHUPOBAHBI: ghi (x) =1.

B pasgene 3.2 Oyaer JaHO TIONIArOBOE ONMHUCAHWE TMPOLETYPbI
anMpOKCUMAIINK HEMMHEHHBIX Mozenei TC-monensamu.

BaxupiM  TpeOOBaHHMEM, TPEIBABISEMbIM K  IPOEKTUPOBAHUIO
TEXHUYECKUX CHUCTEM, SIBISETCS MOCTPOCHUE MATEMATHYECKUX MOJEIEH C
y4€TOM YCTOMYMBOCTH (B TOM WJIM MHOM CMBICJIE) MO OTHOIIEHUIO K BHEIIHUM
U CTPYKTYPHBIM BO3JeWCTBUSIM. Pa3paboTka alropuTMoOB HCCIIETOBAHUS
YCTOMYMBOCTH MPENOCTABIIET BO3MOXHOCTh IPOBEICHHS AHANIN3a BIIWSHUSA
pa3IMYHbIX TPOEKTHBIX TMapaMeTpOB Ha KauecTBO (PYHKIIMOHUPOBAHMS
CJIOKHOTO TEXHUYECKOTO 0OBEKTA.

Haubonee 3(pQpexTuBHBIM U YHHUBEpPCAIbHBIM METOJAOM HCCIIECIOBAHUS
YCTOMYMBOCTA W JPYIMX KA4ECTBEHHBIX CBOWCTB MOJEJIEW JUHAMUYECKHX
CUCTEM SIBJISIETCSl KJIACCMUECKUU U 00001IeHHbI MeTobl (yHKIMN JlsmyHoBa
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[44, 46, 51, 64a,3, 68a,0, 70, 72, 101, 105, 1146, 127a-B, 149, 153, 178, 234].
Meroa ¢ynkuumii JIsmyHoBa MOMy4yusa pa3BUTHE B MHOTOYMCIEHHBIX paboTax
[39, 50, 6506, 7606, 112a,0, 115, 178]. B Hactosmiee BpemMss MeTOa (PYHKIIHIA
JIsmyHOBa cTall OJIHMM HM3 BaXKHEUIIMX METOJIOB KAUECTBEHHOTO MCCIEI0BAHUS
MOJIeJIeH yIIpaBIISIEMbIX TUHAMUYECKUX cucTeM [61, 68a,0, 114a, 116a, 178]. B
[178] ¢ momorisio 00001IeHHBIX (ByHKINK JIAmyHOBa MOJyYeHbl HEOOXO0IUMBIC
Y JIOCTaTOYHBIE YCJIOBUSI YCTOMYMBOCTH MOJICNICH TUHAMUUECKUX YIIPABISIEMBbIX
cucteM. B [64r, 116a, 205] pa3BUTBI METOJABl aHAIM3a YCTOWYMBOCTH H
YIPaBIIEMOCTH AUHAMHYECKUX CHUCTEM, 3ajaBacMbiX aAuddepeHInaaIbHbIMU
YpaBHEHUSMH Pa3IudHBIX TUMOB. B [64a] man 0030p M3BECTHBIX PE3yIbTATOB
0 TMIPUMEHEHHUIO Pa3pbIBHBIX (PYHKIMM JISTyHOBAa K MU3yYEHHUIO YCTOMYMBOCTH
yIPaBJISIEMbIX CUCTEM.

[IpeumymectBo metona ¢yHKuuM JlamyHoBa mpu MOJETUPOBaAHUU
YIPaBIAEMbIX JUHAMHYECKHX CHUCTEM 3aKJIIOYAETCS B TOM, YTO YKAa3aHHbIU
METO/1 TIO3BOJISIET TPeo0pa3oBaTh yCIOBUS YCTOMYMBOCTH B 33]a4y, pEIIAEMYIO
¢ ucnosb3zoBanueMm JIMH, koTopble MOryT OBITH UHCIEHHO PEAJM30BAHBI C
TIOMOIIBIO MTAKETOB MpHKIATHBIX mporpamm [129]. Kak uzBectHo [112a, 178],
HeJOCTaTKOM MeTona (yHKiui JIsmyHOBa SBJISIETCS OTCYTCTBHUE OOIIETO
npuema B mocTpoenuu pynkiuu JIsmyHoBa.

[lepCIEKTUBHBIM HAIPaBJICHUEM B HM3YYCHUU YCTOMYMBOCTH MOJIEIIEH
JTUHAMUYECKHX CHUCTEM C JIOTUYECKHMH PETYISATOPAMU SIBJISIETCS MPUMEHEHUE
MeToaa pyHKIui JIsmyHoBa B cOYeTaHUU ¢ IPYyTruMu Metojamu |64, 122, 123,
188, 192, 224, 235, 236]. B pabotax [65r, 70, 141, 224, 228, 231] nns monenei
yIpaBIsIeMbIX CUCTEM, Oa3uPYIOIIMUXCS Ha MpaBuiaxX JOTHUYECKOTO BBIBOJA U
JIOTUYECKOM PETYJISITOpE, pa3padoTaH psJl METOJOB U aJrOPUTMOB aHaIM3a
yCTOMUMBOCTU ¢ Tnomoibto ¢GyHkumid JlsnynoBa wu texuuku JIMH.
Mopaudukaruu metona Qynkiuii JismyHoBa Takke 3GPEKTUBHO UCTIOIB3YIOTCS
IUISl aHAJIN3a YCTOMYMBOCTA MOJIEJEH YIPABISIEMBIX CUCTEM C NMEPEKII0YEHUEM
(TMOpPUAHBIX CHCTEM), OTHOCAIIMXCS K KJIacCy HEMPEPHIBHO-IUCKPETHBIX
cucrtem [61, 184, 236]. Knaccudukaius noaxo0B K aHAIU3Y YyCTOMYMBOCTH
MOJIeJIeH YIIPaBIISIEMbIX CUCTEM U CUHTE3Yy JJOTMUECKOTO PETYJISATOpa Ha OCHOBE
moaudukauii Mmetoaa ¢pyHnkiuii Jismynosa gana [70].

Jlns uccnenoBaHMs KAaue€CTBEHHBIX CBOWMCTB MOJENEH JAUHAMHYECKUX
CUCTEM C JIOTUYECKUMH PETYISTOpaMU MPUMEHSIOT WHIECKCHO-IUBEPTEHTHbBIN
METOJI, KOTOpbI€ MO3BOJIAIOT CYAUTh O CBOWCTBaX COCTOSIHUM PaBHOBECHS,
MEPUOUYECKUX JBUKEHUIN U MPEICIbHBIX IMKJIOB Ha OCHOBE aHaJIN3a CBOMCTB
LENOYUCIEeHHOTO uHAeKkca IlyaHkape W JUBEPreHIMu TMOJsi CKOPOCTEM.
VYkazaHHbIE METOJbI MOJYUYUIU Pa3BUTHE B pabOTaX OTEUECTBEHHBIX YUEHBIX
[58B, 680, 180]. B pabdore [58B] pa3paboTaH KOMOMHHUpPOBAHHBI METOA Ha
OCHOBE COYETaHUS WHJACKCHO-TIUBEPTCHTHOTO METOJla C METOJA0M (DYHKIIUN
JIsiiyHOBa, YTO TMO3BOJIMJIO M3YYUTh KAa4eCTBEHHBIE CBOWMCTBA CHUCTEM C
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JOTUYECKUMHU  perynsitopamMu.  OJPGHEKTUBHOCTh  YKa3aHHBIX  METOJIOB
ompenensercs ocnabneHueM TpeboBaHuMN K  QyHKuMsIM JlsmyHoBa M
pacuIMpeHrueM Kilacca U3y4aeMbIX MaTEeMaTHYECKUX MOJICIICH.

Bormpocsl yCTOMYUBOCTH MOJIENIEN TMHAMAYECKUX CUCTEM C JIOTUHYECKUMU
peryjasiTopaMM Ha  OCHOBE pa3BuUTHs Meroja ¢yHkumi JlsmyHoBa
paccMmaTtpuBanuch B padotax M. AGnenpmaneka, H. ['omea m M. Xamxunm
[188], b. Kocko [213], T. Takaru u M. Cymxkeno [228], K. Tanaka u O.X.
Banra [231], K. Tanaka, T. Xopu u H.O. Banra [229], B.U. AdanaceeBoii [16],
B.A. T'opromkuna [44a,0], FO.H. Mepenkona [127a-B], A.A. IllecrakoBa [178]
u gapyrux wucciuenosareneri. B [640] paccMOTpeHBl METOABI aHAIN3a
YCTOMYMBOCTU TUHAMUYECKUX CUCTEM MHTEIJIEKTHOTO YIIPaBICHUS.

B [44a, 116a, 188, 197, 230, 231] uccneqoBana yCTOMUYUBOCTh MO/IeEH
YOPaBISIEMbIX JAUHAMUYECKUX CHUCTEM C MOMOIIbI0 (GyHKumi JlsmyHOBa ¢
yUeTOM TMPHUBEACHUS H3ydaeMbIx Mojeied Kk Buay 1C-momeneir. B [70]
U3JI0KEH 0030p OCHOBHBIX METOJOB aHaju3a YCTOMUYMBOCTU U CTAOWUIIM3AIUU
HEJIMHEHHBIX CHUCTEM OOBIKHOBEHHBIX AU((epeHINalbHBIX YpaBHEHUW Ha
OCHOBE HCIOJIb30BaHUSI HENpephIBHBIX [C-monenel U oxapakTepu30BaHbI
BO3MO>KHBIC HAIPABJICHUS Pa3BUTHS U3BECTHBIX pPe3yJbTaToB. B paboTax [64Mm,
118, 223] cunTe3 U cTabuau3aius yrnpaBisieMblX CUCTEM U3YUYEHBI C TIOMOIIBIO
noauHoMuaNnbHbIX TC-Momeneit. B [162] pa3spaboTana cxema MOCTpPOCHUS
ympasisgemoil  Heuetkoil TC-moaenu, anmpoKCUMUPYIOLIEH JIHUHAMUKY
ceMeiicTBa cUCTeM JiopeHiieBa tuma. B [64m, 119] uccnenoBanue ycTOHUMBOCTH
HEKOTOPBIX KJIACCOB MOJEJIECH MPOBEAECHO C WCIOJIB30BAHUEM MPUHITUIIA
penykuuu. B [65€] mpemsioxkeH MOAX0J K CHUHTE3Y YIPABICHUS CHUCTEMBI C
nepeKIFoYeHneM, 0a3UPYIONIUICI HAa UCIIOJIb30BAHUH JIOTHYECKOTO PEryJisiTopa
U TPEJICTABICHUU HUCXOAHOW cuctembl [C-MOM€NblO, MOJYYEHBI YCIOBUS
ycTounBocT B Buae moauduiupoBanusix JIMH. Ob6mumpuas Oubnuorpadus
AHTJIOS3BIYHBIX PA0OT MO YCTOMYMBOCTH M CTaOWIM3aMu AUCKpeTHhIX [C-
MOJIEJIEW, OTHOCSAWAACS K TIOCIEOHUM TpeM JecsatuiernsM XX BEKa,
npeactaBieHa B [202], a cchuUikM Ha pabOThl POCCHUUCKHUX aBTOPOB IO
UCCJIEIOBAHUIO IMHAMUYECKUX MOJIEIEH C JIOTHYECKUMU PETYJISITOpaMU MOKHO
HaiitTu B [34, 47, 59, 96, 116a, 1278, 167, 206]. OOmieit uaceli OOJBITUHCTBA
UCCIEIOBAHUM MO YCTOMYMBOCTH W crabwim3auuu [ C-monenu sBisieTcs
UCIIONTh30BaHne MeToAa (pyHkiuii JIsmyHOBa M CBeJEHUE pEeIIeHUs BOIpoca 00
ycroitunBoctH k JIMH.

[Toctpoenne JIMH, HeoOxommmbix s aHaimuza | C-mogmenei
MPOBOAUTCA  HAa  OCHOBE  JIOCTAaTOYHBIX  YCJIOBUW  yCTOMYMBOCTHU
(acumnTornueckoil ycroumBoctd). Bua JIMH 3aBuCHT Kak OT CTPYKTYpHI
npuMeHsieMol (yHKuu JIamyHoOBa, Tak W OT OTPaHUYCHMM, HAKJIAbIBAEMbIX
Ha 3Ty ¢yHKIU0. OCHOBHOU TPYAHOCTBIO MPHU MPUMEHEHUU MeTOJIa (DYHKIIUMA
JIsiyHOBa K KOHKPETHBIM 3ajJjadaM yCTOWYMBOCTU SBJISIETCS IOCTPOEHUE
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dbynkiuu JlsmyHOBa, YJIOBIETBOPSIONIEH TEM WM MHBIM YCIOBUSM. B »Tol
CUTYyallMd UMEIOT OOJIBIIIOE 3HAYEHUE BO3MOXKHOCTHU OCJIa0iIeHus TpeOOBaHUMN K
¢yHkuusm JlgamyHosa.

Hecmotpst Ha GoibION WHTEpec HCcieAoBaTeleH K JaHHOW OO0JacTH,
Pa3BUTUE CHUCTEMATHUYECKUX METOJ0B aHAIM3a YCTOMUYMBOCTH JTUHAMUYECKHX
MOJIEJICH C JIOTHYECKUMHU PETYJIATOPAMH OCTACTCS TPEOYIONMIUM JaIbHEHIIIETro
M3YUYCHHS] HAIPaBICHUEM B MOJICIUPOBAHUU YIPABISAEMBIX JTUHAMUYECKHUX
CHUCTEM.
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I'naBa 2.

KOIHUTUBHOE MOJIEJIMPOBAHUE Y UCKYCCTBEHHbBIN
HUHTEJJIEKT B UCCJIEAOBAHUU TUHAMHNYECKUX CUCTEM

2.1. YPOBHI/I MOJCJIUPOBAHNA TUHAMUYECCKUX CUCTEM N UX B3aUMOCBA3b

[Ipy HaOmONEHWM 3a YyOPaBISIEMBIM OOBEKTOM-OPUTHMHAIIOM WJIU
IIPOIIECCOM  HCclieioBaTeNb (POpMHUpPYET HEKUH MBICICHHBIM 00pa3 00BEKTa,
ero ujcaIbHyI0 MOJEIb, KOTOPYIO B HAyYHOM JUTEpaType NMPUHITO HA3bIBATh
KoeHumueHou (MBICICHHOM, crnocoOcTByonel mno3Hanuio) [19]. B xone
dbopMupoBaHMs TaKOW MOJEIM HCCIENOBaTelb, KaK IMPaBUIO, CTPEMUTCS
OTBETUTh Ha KOHKPETHBIE BOIPOCHI, IMOATOMY OT OECKOHEYHO CIIOKHOTO
YCTPOMCTBa OOBEKTA OTCEKACTCS BCE HEHYXKHOE C 1EJbI0 MOJyYEHUS
JOCTaTOYHO KOMIIAKTHOTO OIHCAHUAI.

[IpeacTtaBieHne KOTHUTHUBHOM MOJIEIM HAa €CTECTBEHHOM  S3BIKE
HA3BIBAETCS cooepaicamenbHoll Mooenvio. KOTHUTUBHBIC MOJIeNIH CyObEKTHBHBI,
Tak Kak (OPMHUPYIOTCS YMO3PUTEIBHO Ha OCHOBE BCEX €ro MPEIbIAYIINUX
3HaHUKW U ombITa uccienosarend. lIpencraBieHre 0 KOTHUTUBHOM MOJEU
MOHO TTOJIYYUTh TOJIBKO C MMOMOIIBIO ONKMCAaHUS €€ B 3HaKoBou dopme. Henb3s
yTBEP)K/IaTh, YTO KOTHUTHBHBIC M COJEp)KAaTEeIbHBIC MOJICIH SKBHUBAJICHTHBI,
MIOCKOJIBKY TIEPBBIE MOTYT COJAEPKaTh AJIEMEHTBI, KOTOPhIE HCCIIEI0BATEIb HE
CMOJXKET WM HE XoueT chopMyIupoBaTh. B To ke Bpems, eciu coaepkarenbHast
MozAenb copMynHpoBaHa KEM-TO JPYTUM WM  SBISIETCS TPOTYKTOM
KOJUICKTUBHOTO TBOPYECTBA, TO €€ HHTEpIIpPETallvs, ypOBEHb MOHHMAaHUS,
CTETIIEHb JJOBEPHS MOTYT CYIICCTBEHHO U3MEHATHCS B 3aBUCUMOCTH OT TOTO HIIH
WHOTO HMHTEpIpeTaTopa. B ecTeCTBEHHOHAYYHBIX HCCIICIOBAHUSAX M B TEXHUKE
COJICP)KATEJIbHYI0 MOJIeSIb YacTO Ha3bIBAIOT TEXHUYECKOW IMOCTAaHOBKOM
npOOJIEMBI.

C yyerom 1ened W (YHKIIMOHAIBHBIX MPU3HAKOB COJIEPIKATEIbHbBIE
MOJENU  TOAPA3NCISIIOTCA  HAa  OMUCATeNbHbIE, OOBSCHUTEIBHBIE U
nporuoctuueckue [93]. Onucamenvuoti mooenu COOTBETCTBYET BO3MOKHOE
omucanue o0bekTa. OOvsacHUmMeNbHAL MOOelb TTIO3BOJISIET OTBETUTH HAa BOIPOC,
no4yeMy TPOUCXOIAT Kakue-a1u0o mporecchl. CoriacHO CBOEMY Ha3BaHUIO,
npocHOCMUYecKas mMooelb JNOJMKHA OMUCHIBATh Oyyllee MOBEJAEeHUE OOBEKTa.
MOXHO 3aMETUTh, YTO MPOTHOCTUYECKAsT MOJIETh HE 0053aTeIbHO BKIIFOYAET B
ce0s1 00BSICHUTEIIBHYIO.

Konyenmyanvnoii  moodenvto TPUHITO HA3bIBaTh  COJIEPKATEIBHYIO
MOAeNb, TpH  (HOPMYIHPOBKE KOTOPOM  HWCHOIB3YIOTCS  TOHSATHS U
MPEACTABICHUS TPEAMETHBIX 00JacTel 3HaHWS, CBS3AHHBIX C WM3YyYCHHEM
00bEKTa MOJICTTUPOBAHUSL.
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B Oonee mIHUPOKOM CMBICIE TOJ KOHYENMYAIbHOU MOOeIbl0 TTOHHUMAIOT
COZIEpKATENbHYI0 MOJIENb, OA3UPYIOIIYIOCS Ha ONPEACICHHON KOHIENIUU WIH
TOYKE 3pEeHHs. BBIIENsAoT TpU BHAA KOHLENTYaJIbHBIX MOJEJNEH: JIOTHUKO-
CEMaHTUYECKHE, CTPYKTYPHO-(PYHKIIMOHAIBHBIE U IPUYUHHO-CIICICTBEHHBIE.

Jloeuko-cemanmuyeckasn (102UKO-TUHBUCTIUYECKAs) MOO€eNb SIBIAETCS
onmucaHueM OOBEKTa B TEPMUHAX M OMNPEACIICHUSIX COOTBETCTBYIOLIUX
MIPEAMETHBIX 00JacTeil 3HAHUMW, BKIIOYAIOMIMM BCE HW3BECTHBIE JIOTHUECKHU
HEMIPOTUBOPEUYMBBIC YTBEPKIAEHUS M (akThl. AHaIM3 TakUX MoJenel
OCYLIECTBIISIETCA CPEICTBAMM JIOTUKU C MPUBIICYEHUEM 3HAHUMN, HAKOIUICHHBIX
B COOTBETCTBYIOLIUX MPEIMETHBIX 00JIACTSX.

[Ipu mocTpoeHun cmpykmypHo-@yHKYUOHANbHOU MOOelu 0OBEKT OOBITHO
paccMaTpuBaeTCs Kak II€JIOCTHAsg CHUCTEMa, KOTOPYIO pacujeHSIOT Ha
OTZEJBHBIE BJEMEHThl WM MOJACUCTEMBl. YacTM CHCTEMBI CBS3BIBAIOTCS
CTPYKTYPHBIMU OTHOILLICHHSIMU, OMUCHIBAIOIIUMHU TOAYUHEHHOCTbD, JJOTHYECKYIO
U BPEMEHHYIO MOCIEAOBATENbHOCTh PEIICHUS OTIAENbHBIX 3aaad. [us
IPEICTABICHUS TOJ0OHBIX MOAENIEH YIOOHBI PA3IMYHOrO POJa CXEMbI, KapThl U
JIUarpaMMbl.

llpuuunno-cnedocmeennasn mooenb 4acTo UCIONb3YETCs 1Sl O0OBSICHEHUS U
IPOTHO3UPOBAHUA TMOBeACHHUS 00bekTa. J[aHHBIE MOJETU OPHUEHTHUPOBAHBI B
OCHOBHOM Ha clieqyroniee: 1) BbISIBJICHUE TIJIaBHBIX B3aUMOCBA3EH MEXIY
COCTAaBHBIMHU JJIEMEHTAMH H3y4aeMOro oOBEKTa; 2) OINpeAeseHUEe TOro, Kak
U3MEHEHUE OJHUX (AKTOPOB BIMSIET HA COCTOSIHUE KOMIIOHEHTOB MOJEIH;
3) moHMMaHHE TOTO, KaK B LEJIOM OyJeT (PyHKIMOHUPOBATh MOJENb, U OyAeT
JU OHA aJIeKBaTHO ONHCHIBaTh JAMHAMUKY HWHTEPECYIOLIUX HCCIIEeI0BaTEeNs
napameTpoB.

Dopmanvras Mmooenb ABISETCS MPEIACTAaBICHUEM KOHUENTYalbHOU
MOJIETM C TMOMOIIBI0O OJHOTO WM HECKOJNBbKUX (POpPMaNIbHBIX —S3BIKOB
(HampuMep, S3bIKOB MAaTEMAaTHYECKUX TEOPUM, YHUBEPCAIBHOTO S3bIKa
MoaenupoBanus (UML) unu anropuTMUYECKHX SI3bIKOB).

B ryMaHuTapHbBIX HayKax MPOIECC MOAECIMPOBAHUS BO MHOTHX CIy4asx
3aKaHYMBAETCS CO3/IaHHEM KOHUENTYalbHON MoJienu 00BbEKTa.

B ecrecTBEeHHOHAy4HBIX HCCIEAOBaHUSAX, KaK MpaBUJIO, YJaeTcs
NOoCTpOUTh  (GopMalibHyt0  MoAenb. Takum  00pa3oM, KOTHUTHBHBIE,
coJiepkareiabHble U (hOpMalibHbIe MOJAETH COCTABIISIIOT TPU B3aMMOCBSI3aHHBIX
YpOBHS MojenupoBaHus. llepeuncieHHble BbIlIE Pa3HOBUIHOCTH MOJEIEH
HEJb3sl pacCMaTpUBaTh U30JIUPOBAHHO OJHY OT JIpYyroil. «B3anMOOTHOIIEHUS»
MOJIEJIe MEXTy COOO0M TToKa3aHbl Ha puc. 2.1,

B3auMoBnusiHUEe YpOBHEH MOJEIMPOBAHMS CBA3aHO CO CBOMCTBOM
noteHuanbHocT  Mojened. Co3gaHue J000KW MOJEIM  CONPSDKEHO  C
NOSIBJICHUEM HOBBIX 3HAaHUW 00 wHccienyeMoM OOBEKTe, YTO BeIeT K
NEPEOLICHKE U YTOUYHEHUIO KOHIIETIUN U B3TJISI0B HA 0OBEKT MOJEIUPOBAHMUS.
JlaHHO€ OOCTOSITENBCTBO MPHUBOJUT, B CBOK OYEpEllb, K MEPECMOTPY
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COOTBETCTBYIOIIUX COJEPKATEJIbHBIX M KOTHUTUBHBIX MOJENEH, o0ecreunBast
CIMPAJILHOE Pa3BUTHE BCEX YPOBHEN MOJIEIMPOBAHUS UCCIIEyEMOIO OOBEKTA.

( PEAJIbHOCTD >

- KorHuTHBEHAS MOJEL

! !
CoaepxartenbHas MOJEIb
r

OnucatensHas ObnacHHTENLHAA INpenckazaTensHas

KoxuentyanbHas Moaens

Joruko- CTpyKTYpHO- [MpHuKkHD-
CEMaHTHYECKAA q:yﬂl:UHDHH.ITI:HM CAeACcTBEHHAR

o

MaremaTHueckan HudopmaunonHas

Puc. 2.1

3HaueHHe CoJAepKAaTEeIbHBIX U (OPMANBHBIX MOJENEH s Tporecca
MO3HaHMs 0oJiee WJIM MEHEe OCO3HAETCS HCCIEOBATEsIMU, B TO BpeMs Kak
pOJIb KOTHUTHUBHBIX MOJIEJEH YacTO HEIOOIECHUBAETCI. OJTO CBSI3aHO C
CyOBbEKTUBHOCTBHIO TAaKHUX MOJICJIEM W CKPBITOCTHIO MpOIecca MBIIIICHUS.
OnHako CyIIeCTBYIOT OOBEKThI U MPOIECCHI, ISl KOTOPBIX POJIb KOTHUTHUBHBIX
Mozeneil ocobeHHo Benuka. Hampumep, onepatop Wiu JUI0, TPUHUMAIOIIEE
pEIIeHUs, OCYIIECTBISECT yMpaBieHUE OOBEKTOM WM MPOIECCOM TJIaBHBIM
o0pa3oM Ha OCHOBaHWUU COOCTBEHHBIX KOTHHUTHUBHBIX Mojened. Bemwka posb
JAHHOTO TUINA MOJIEJIed W B COIMAJIbHBIX Haykax. B Hacrosiee Bpems
W3YUYEHHEM CBOMCTB M OCOOCHHOCTEM KOTHHTHUBHBIX MOJEJICH 3aHUMAaeTCs
KO2HUMOI02USL.

B mnocnegnee Bpemsi B Poccun u 3a pyOeXoM HameTHIach TEHJCHIIMS
AKTUBHOTO TMPUMEHEHHS KOTHUTHBHOTO TIIOJXO/Ja K HCCIEJOBAHUIO U
MOJICTTUPOBAHUIO CJIOXKHBIX YIPABIAEMbIX CHCTEM, B YaCTHOCTH, CUCTEM C
HenoHoW uHbopmarueit. KoeHumusHbili n00X00 K MOJICTUPOBAHUIO — TMTOIXO/,
HalpaBJIEHHBIN Ha pa3paboTKy (GOpMaNTbHBIX MOJAENEH W  METOIOB
HCCIICIOBAaHUS CHUCTEM C HEMOJHOM uHQOpMarmend, MoAAepKHUBAIOIINX
MHTEJUICKTYJIbHBIM MPOIIECC PEIIeHUs MPOoOJIeM C IMOMOIIbI0 ydeTa B ITHUX
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MOAENISIX W MEeToJaX  KOTHUTHUBHBIX  BO3MOYKHOCTEH  (BOCHpPHSATHS,
MIPEACTABJICHUS, MMO3HAHUS, TTOHUMaHUs, OOBACHEHHs) CYObEKTa YIpPaBIICHUS
IIPY PELIEHUHN YIIPABICHUYECKUX 3a1a4 [1].

CrnoxHble yIpaBisieMble CHCTEMbI BCTPEUAIOTCS B CIy4asX, KOrja 00beKT
yhOpaBieHus (WM TMPOIIECC) TOCTATOUYHO CIIOXKEH JJIS MOJyYEeHHs] €ro TOYHOTO
MaTEMaTUYeCKOro  OMUCAaHWsA BBHAY MHOrooOpasus  3aJeiCTBOBAaHHBIX
buznyecKux a2 dekToB, HECTAllMOHAPHOCTHU 00BbEeKTAa, HaJIAYHS
HEKOHTPOJIUPYEMBIX BO3MYyIIaOmuUX Bo3aekcTBui [130]. Otmerum, 4TO
OTCYTCTBHE JOCTATOYHBIX 3HAHUM O CUCTEME HE SBIISIETCS €IMHCTBEHHOMN
HEONPENENECHHOCTbI0,  OOYCJIOBJIEHHOM  CYOBEKTMBHBIMU  IPUYUHAMMU.
Hemnonnora uHbopmaiuu BbIpakaeTcss TaKXKEe B HEONMPENCICHHOCTH Ieei
pa3BUTHUSl CUCTEMBI W KpPUTEpPHEB BbIOOpa yrpaBieH4YecKoro pemieHus. Kax
PaBUJIO, HEYJOBJIETBOPEHHOCTh TEKYIIMM COCTOSIHUEM CHCTEMBI OCO3HAETCS
CyOBEKTOM YIIpaBJICHMS, €ro MpPEACTaBICHUS O MPUYMHAX M BO3MOXKHBIX
cnoco0ax M3MEHEHUSl CUTyalldd B CHCTEME pPa3MbIThl, HEYETKH W
OpOTUBOPEUYUBBI. DopManu3alisi HEYETKUX MPEICTAaBIEHUA — OJHA U3
OCHOBHBIX 3aJlay, KOTOPYIO HEO0OXOJUMO pEeUIUTh Mpu pa3paboTke Hu
UCCJIEIOBAHUM MOJIEIell cUcTeM ¢ HenoJiHoM uHpopmarment [2, 31]. OtmeTum,
yTo  CyOBEKTy  YIpaBi€HHMs  MPUXOJIUTCS  MAHUIYJIUPOBATH  TOJIBKO
KaueCTBEHHOU MH(pOpMAIIMEH B BUI€ MHTYUTUBHBIX MMOHATUHN, IPEATIONOKECHUH,
MBICIIATh U IPUHUMATh PELICHUS B KOJIMYECTBEHHBIX XaPAKTEPUCTHKAX €EMY HE
cBOMcTBEHHO. CTpPYKTypbl 3HaHHUS B MBIIUICHUH CYOBbEKTa YIpaBIICHUS,
OKa3bIBAIOTCA BAXXHEHIIMMHU JJIEMEHTAMU CHUTyaldd, HEYCTPaHUMBIMHU U3
MOJIeNId TPUHATUA pelieHuil. Takum o0pa3oM, MOAETUPOBAHUE H3ydaeMOi
CUCTEMbI U MPUHATUE YIPABICHUYECKUX PEIICHHM, 3aBUCUMBIX OT MOJIYyYEHHOU
MOJIEJIN, CIIEAYET PACCMATPUBATH KaK CIIOKHBIA WHTEJUIEKTYaJIbHBIA IPOLIECC
paspelieHus Npo0sieM, HECBOJIMMBIN HCKIIOUUTEIBHO K PALMOHAIBHOMY
BbI0OpY [107]. s moaaepKKu 3TOTO mpolecca TpeOyrTCs HOBbIE MOAXObI K
pa3paboTke (QopMalBHBIX MOJCIECH, METOJO0B pEIICHUS MpoOIeM W
dbopmMupoBaHUS 11€JIEH PAa3BUTUSI CUCTEM C HEMOJHOW MH(popMaluend, 0COOCHHO
Ha paHHMUX ATalax NOATrOTOBKU YIPABICHUYECKUX PEIICHUN.

[Tonyuyenue nocroBepHO MHGOPMAIUU U €€ OBICTPHIN aHAIMU3 SBISIOTCS
BOXHEUIIUMHU MPEANOCHUIKaMH 3(P(HEKTUBHOTO MOACIUPOBAHUS HUCCIETYyEMOM
cucTeMbl. BrepBble KOTHUTHBHBIM NOAXOA JJis TPOBEACHUS AHAJIN3A,
MOJIETUPOBAHUS CUCTEM C HEMOJHOW MHpOpManuend U MPUHATUS PEHICHUS
CyOBEKTOM yIpaBieHUs, ObLI MPEIJIOKEH aMEPUKAHCKUM HccieqoBaTenem P.
AKCenbpoI0M, TEPMUH KOTHUTUBHOE MOJIETUPOBAHNE OBbLIT BBEJICH TICUXOJIOTOM
D.Tonmenom B 1948 r. oT nat. cognitio — 3HaHUE, O3HAHUE; CTPYKTYypHU3aIus,
cocrodiias B (OPMUPOBAHUM M YTOUHEHUH TUMOTE3bl O (DYHKIIMOHHUPOBAHUU
o0beKTa. 3aMETUM, UYTO KOTHUTUBHBIN aHalM3 M3HA4YaJIbHO C(HOPMUPOBAIICA B
paMKax COLMAaIbHON MCUXO0JIOTHH, @ UMEHHO — KOTHUTHUBU3MA, 3aHUMAIOIIETrOCs
W3YYEHUEM IMIPOIIECCOB BOCHPUATUS W TNo3HaHUA. [IpuMeHeHune pa3paboTOk
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COI[MAJIbHOM TICUXOJIOTMHA B TEOPUM YIPaBICHUS MPUBEIO K (HOPMUPOBAHUIO
0cOo00il oOTpaciau 3HAHUM — KOTHUTOJIOTMHM, KOHUEHTPUPYIOILIEWCS Ha
UCCIICIOBAHUM TIPOOJIeM yIpaBlieHHsT W NOpuHATHS penieHuil. CeroaHs
KOTHUTHBHBIA TOJXOJ pPa3BUBAECTCS B HAIPABICHUU COBEPIICHCTBOBAHUS
anmapara  aHajgM3a WM MOJEIHMPOBAHUS  CIaOOCTPYKTYypHUPOBAHHBIX
OTUHAMUYECKHX CHUCTEM. TE€OopeTHYEeCKHE TOCTUKEHUS KOTHUTHBHOIO IMOJX0Ja
SIBJISIFOTCSL OCHOBOM JIJIs1 CO3/ITaHMsI KOMITBIOTEPHBIX CPEJl, OPUCHTUPOBAHHBIX Ha
pelIeHrne MPUKIAIHBIX 3a/1ad B TEOPUHM MOJICTUPOBAHUS YIIPABIISIEMBIX CUCTEM,
B YaCTHOCTH CHCTEM C HemosHoi nHpopMmarueit [98, 111].

B pamkax KOrHUTHBHOTO MOJX0/a K MOJCIUPOBAHUIO CUCTEM OCHOBHOE
BHUMAHHUE YJENAeTCs IpolleccaM TMpeJCTaBlIeHUs, XpaHEeHHs, 00paboTKH,
WHTEPIPETALNN U CO3JAaHUsSI HOBBIX 3HaHUW. l[eIpi0 KOTHUTUBHOIO MOAXOJ1a
ABJISICTCSI TOHUMAaHKE TOTO, KaKUM 00pa3oM paciirdpoBbiBaeTcs: nHGOpMAITUs
O JIEUCTBUTEIBHOCTH U OPTaHU3YETCs Uil MPOBEJCHUSI CPABHEHUSI, IPUHSITUS
pelieHrusT W MHOTHX 3aJlad IIeJICHANPaBJICHHOTO IMOBEJACHUs. BaXHbIMU
BOIPOCAMU KOTHUTHBHOI'O TIOAXOJa SIBIISIOTCSA: IMOHUMaHUE ECTECTBEHHOTO
S3bIKa W HCIOJIb30BAaHUE OTUX 3HAHUW i1 KOMIIBIOTEPHOTO IEPEBOJIA;
COBpPEMEHHbIE MpOOJEMbl KOMIBIOTEpU3AIMU  OOIIECTBA; pa3BUTUE U
UCIIOJIB30BAaHUE  TEOPUM  HMCKYCCTBEHHOIO  MHTEIUIEKTA;  peaau3ainus
KOMITBIOTEPHOM TMapaurMbl: CUMBOJIbHBIE MPEICTaBICHUS] UHPOPMALMK U UX
00paboTKa C TOMOIIBIO ATOPUTMHUUECKUX JIOTHKOKOMOWHATOPHBIX MPOLIETYP.

BaxHou 3a1aduei B paMKax KOTHUTUBHOTO MMOJIX0/a SIBJIIETCA U3YUYCHUE U
UCIIOJIb30BaHUE MEXAHU3MOB, KOTOpPbIC MPUMEHSET YEJOBEK MPH pPEIICHUU
OpPOCTBIX IS Hero 3ajaad (y3HaBaHUE, TMPUHATHE OBICTPHIX pPEIICHUN,
BOCIIPOM3BEJICHUE U T.J.), IOCPEICTBOM MO/JIEIEH MBICIUTENBHBIX MPOLECCOB U
MIOHATUMHOW CUCTEMBI YeJIOBEKa. B kauecTBe MEXaHU3MOB PELICHUs 3a1a4yu
MOYHO BBIJICTIUTh CIEAYIOIINE HATPABICHHUS:

1) co3maHue «yMpOIIECHHBIX MOCIICHY;

2) BO3MOXXHOCTh TPUMEHCHHUS aHalu3a «yIPOIICHHBIX MOJCIe» B
uHTeIeKTyalbHbIX TexHosorusx (C.H. Bacunbe [34], B.K. ®unn [171] u
Jp.).

Ilon  koecnumuenviv  Mmolenuposanuem  TOHUMAKOT  HCCIEHOBAaHUE
(GYHKIMOHUPOBAHUS W Pa3BUTHS CHUCTEM C HEMOJHOW HWH(pOpMammen
IIOCPEJICTBOM IOCTPOCHHUS UX MOJICIH Ha OCHOBE KOIHUTHBHOHN moxenu [1]. B
o01eM cirydae «KOTHHUTHBHAS MOJIeTThb OCHOBaHa Ha (OpMaTH3alliy MPUINHHO-
CICJCTBEHHBIX CBSI3€M, KOTOpPhIE MMEIT MECTO MeXay (dakTopamu,
XapaKTEePU3YIOMMUMUA  HUCCICAYEMYK)  CUCTEMY» [83].  Pe3yabpTarom
dbopmanuzanuu  SABISETCS NPEACTaBICHUE CHUCTEMbl B BHAEC MPUUYUHHO-
CJIEICTBEHHOM ceTH, Ha3biBaeMoi KorHuTUBHOU kapToil (KK) u umeronieit Bua:

G=<E,W>,
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rne E ={ey,e5,...,e,} — MHOXECTBO (aKTOpoB (HA3bIBAEMBIX TaKkKe
koHientamu), W — OuHapHOE OTHOIIIEHHWE Ha MHOXeCTBe E, koTtopoe 3amaer
Ha0Op CBsA3EH MEXIY €ro »>JeMEHTaMHU. JJEMEHTBl € U €j CUUTATCA
cBs3aHHbIMU OoTHOIIeHHeM W (oOo3nauactcs, (€i, €) EW wm eiWej), eciu
U3MEHEHUE 3HAa4YeHUs KOHIeNnTa €i (MPUYMHBI) MPUBOJUT K H3MEHEHHUIO
3HauYeHMUsI KOHIenTa €j (cieactBusi). B COOTBETCTBUM C TEPMHUHOJIOTHEH
KOTHUTUBHOTO MOJICTUPOBAHUS, B 3TOM ClIy4ae TOBOPAT, YTO KOHLENT €j
OKa3bIBa€T BIIMSHHE Ha KOHUENT €j. Ilpu sToM ecnu yBenuyeHUE 3HAYCHUS
MEPEMEHHON COCTOSIHHMS KOHIENTA-TIPUYUHBI TPUBOJUT K YBEIMYCHUIO
3HAYCHUS IEPEMEHHON COCTOSIHUS KOHIIENTa-CIAEACTBUS, TO BIUSHUE CUUTACTCS
MOJIOKUTENBHBIM  (KyCUJICHUE)»), €CIM K€ 3HAuYeHUE YMEHbIIAeTca —
OoTpUIlaTEIbHBIM («TOpMOXKeHHE»). Tem cambiM, oTHomeHne W MOXHO
NPEACTaBUTh B BHUJEC OOBEAMHEHHUS ABYX HEMEPECEKaIOUXCs MOJAMHOXKECTB
MHOXECTBa TMOJOXUTEIbHBIX W MHOXECTBA OTPHUIATEIbHBIX CBs3eil. Camu
KOHIIENTHI MPU 3TOM MOTYT 3aJaBaTh KaK OTHOCHUTEIIbHbIE (KAa4€CTBEHHBIC)
MOKa3aTely, TaKue Kak MOMYyJISIPHOCTh, COIMalIbHAs HaNPsHDKEHHOCTh, TaK U
a0COJIFOTHBIE, U3BMEPUMBIE BEJIMYMHBI — YUCJICHHOCTh HACEJICHUSI, CTOUMOCTb U
T.11. [99].

KoruutuBHass  kapTta  OTpakaeT CyOBEKTUBHBIC  IPEJICTABICHUS
(MHIMBUAYaIbHBIE WM KOJUICKTUBHBIC) HCCIEIYEeMON MPOOJIEMbl, CUTYAIIHH,
CBA3aHHON C (YHKIMOHMPOBAHUEM M PA3BUTUEM CHCTEM C HEMOJHON
unpopmanmend. Baxxubimu kommnonentamu KK sBisitorcst 6asucHbie (hakTophl,
MEXJly KOTOPHIMH U YCTAaHaBJIMBAIOTCA MPUYUHHO-CIECICTBEHHbIC CBS3H.
bazucnvie paxmopwvt — 3TO (PakTOphl, ONPENCTAIONINE U OTPAHUYUBAIOIINE
HaOI0/1aeMbI€ SIBJICHHUS, U MPOIIECCHI B CUCTEME M OKpYXKarolleh ee cpeie, U
UHTEPIPETUPOBAHHBIE CYOBEKTOM YMNpPaBJICHUS KaK CYIIECTBEHHbBIC, KIIFOUEBbHIC
napaMeTpbl, MNPU3HAKU OTUX SBJICHUN U mpoiieccoB. M3HavanbHO, mOpH
CTAaHOBJICHMM  KOTHUTHUBHOTO  TMOAXOJa HWMeEIOo MecTo  (opmaiabHOe
npeacrasienne KK B Bume opuentupoBanHoro rpada (3HakoBoro rpada),
BEpIIMHAM KOTOPOTO COMOCTaBJICHBI (aKTOPhI, a peOpam — 3Haku (+ uiam —). B
nociennee Bpems Bee yamie KK npeacrasisiercs B Bune 83geuieHno20 epagha, B
KOTOPOM BEpIIIMHAM COIOCTABISIOTCS (HaKTOphI, a pedpam — Beca B TOW WIIU
uHoM 1mkane. OpueHTUPOBaHHBIN I'pad), Y KOTOPOTO OINpeIesieHbl Beca ero Jyr,
Ha3bIBaCTCS (PYHKIIMOHATILHBIM.

B 3aBucuMMOCTM OT 3HauY€HHUN, KOTOpPhIE MOXKET MPUHUMATH Peopo
opueHTupoBanHoro rpada, KK noapazaensitor Ha TpaauimoHHbie (IPOCTHIE) U
Ha HedeTkue KorHutuBHble KapThl (HKK). HKK wim wunaue HeudeTkas
koruutuBHas mozaenb (Fuzzy Cognitive Maps — FCM) siBnsieTcss pe3yiabTaTomM
0o0beIMHEHHUS IBYX HAyUYHbIX HampaBieHul — HeueTkol noruku (“fuzzy logic”),
co3nanHoit B 60-x romax mpodeccopom Jlordu 3ane [74, 240], u cucteMHou
auHamukn (“system dynamics”) [204]. IToustue FCM s MoaenupoBaHHMs
MPUYMHHBIX B3aMMOCBSI3€H, BBISABICHHBIX MEXIY KOHIIENTAMH HEKOTOPOU
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obmactu, 010 BBeAeHO B 1986 1. b. Kocko [213]. AHamn3 KOTHHUTHUBHOM
MOJIEJIHU MO3BOJISIET OBICTPO MOJYYUTh UHGOPMALIUIO O MTOBEICHUU CUCTEMBI 0€3
HaJU4Msl €€ MaTeMaTHYeCKOW MOJENH, a B HEKOTOPHIX Ciydasx MPOBECTH
YUCJIEHHBIE SKCIIEPUMEHTHI. B OTIIMUKE OT MPOCThIX KOTHUTUBHBIX KapT, FCM
IPEACTABISAIOT COO0ON HEUETKUU OPMEHTHPOBAHHBIN T'pad ¢ 0OpaTHOU CBSA3BIO,
y3Jbl KOTOPOTO SIBJISIOTCS HEUETKMMHU MHOXXecTBaMu. HampaBnenubie peOpa
rpaga HE TOJBKO OTPAXKAIOT NPUYMHHO-CIEJACTBEHHBIE CBS3M MEXIY
KOHIIETITAMH, HO U OIPEACISAIOT CTENCHb BIUSHUS (BEC) CBSI3BIBACMBIX
koHlenToB. IIpocteie FCM, wim TpaauUMOHHBIE KOTHUTHUBHBIE KapThI,
colepkaT CBSI3M, KOTOpPhIE MOTYT NpPHHUMAaTh OJHO M3 TPEX 3HAYCHUU U3
MHOXxecTBa {—1, 0, 1}.

OTe4ecTBEHHBIMU  HCCIEAOBATEISIMU  TPEMAJIONKEH  HOBBIM  THI
KOTHUTUBHBIX KapT — 00600wenuvie newemxue xoenumushvle kapmol (OHKK)
[169]. Onm mpencTaBisoT co0OM HEYCTKYIO MPHUMHHO-CICICTBEHHYIO CETh
Buga G = (E,W), rne E ={ey, €2, . . ., €p} — MHOKecTBO KOHIIENTOB, {W(€i, € )} —
MHOJKECTBO CBs3ell Mexay HumH. Kaxnpiii konmument e, | = 1, . . ., P
XapaKTEepHU3yeTCsl TEPM-MHOXKECTBOM JIMHTBUCTHYECKOH mepemenHoit Ti= {Tit,
Ti2, . . ., Tritj}, r7Ie Mj— YUCJIO TUIIOBBIX COCTOSHHMMN KOHIENTa. J{Jig onucanus

KOKJIOTO  TepMa [k  CTPOUTCA  TEPM-MHOXKECTBO C  (yHKIHEH
NPUHAIEKHOCTH Ly (X). CBsi31 MEXTy TUIIOBBIMH COCTOSTHUSMH Ka)KJIOH IMaphbl

koHrentoB B OHKK 3amaroTcs HEYETKMMU NEPEMEHHBIMH, OIMUCHIBAEMBIMU
COOTBETCTBYIOITUMH HEYETKUMHU MHOXKECTBaMHU.

PasnoBugnocts OHKK omnpenensiercs BbeiOpanHoi (opmoit yHKIMi
MPUHAJJICAKHOCTHU (TPEyToJbHas, TpaneluuialibHas, TayccoBa U Jp.), ClIoco0oM
HEYETKOIro Jiornyeckoro BeiBoaa (mo Mampamu, Ilykamoro, Jlapceny),
nponenypsl aeddazudukaniui ¥ HEKOTOPHIMH JPYTMMH TapaMeTpaMH H
ceoricteamu. Otmerum, uyto B [131] mpoBemeHo wmccienoBaHue H JaH
CPaBHUTENbHBIN aHAIW3 PA3JIUYHBIX TUIIOB HEUETKUX JIOTMYECKHX BBIBOJIOB
(aNIrOpUTMOB), AaNIIIPOKCUMHUPYIOLIUX 33JaHHYIO CUCTEMY.

2.2. IlpoexTUpOBaHUE U HCCJIeJ0BAHHE KOTHUTHBHBIX MO/leJieil Ha OCHOBE
HCKYCCTBEHHOI'0 MHTEJUIEKTA

AKTyaJbHOCTh CO3J[aHUS M MCIOJIb30BaHUs MCKYCCTBEHHOI'O MHTCIICKTA
CBsI3aHA CO CJIOKHOCTBIO MTPOOJIEM, KOTOPBIC MMPUXOAUTCS PEIIaTh B HACTOSIIICES
Bpemsas. K TakuM mpoOiemMaM MOXHO OTHECTH OCBOCHHE KOCMOCA,
IPOTHO3UPOBAHUE IPUPOJHBIX KATAKIM3MOB M aHTPOIOI'C€HHOI'O BO3JCHCTBHUS
Ha OKPYKAIOIIyI0 Cpeay, CO3JaHHE CIIOKHEHIINX WHXCHEPHBIX IPOCKTOB,
WCIIOJIb30BAHHE COBPEMEHHOW TEXHUKH B KOPaOJICCTPOCHHH, PAKETOCTPOCHUH,
pobotorexnuke [63a,0, 158-161].
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Ha coBpeMeHHOM »3Tane pa3BuUTUS OOIIECTBa BaXKHBIMH SIBISIOTCS
npoOneMbl  3(P(HEKTUBHOIO HMHPOPMALMOHHOIO O0ECHEYeHUs] IPOLIECCOB
VIOpaBJICHUS W TPUHATHUS PEIICHUM B Pa3IUYHBIX cepax YeI0BEUECKOM
NEATENBHOCTH (TEXHUYECKOM, YKOHOMUYECKOM, COIUAIBHOM, AKOJIOTHYECKOH,
obpazoBarenbHOM M Apyrux). Mcronas3yembie MHOOPMAIIMOHHBIE TEXHOJOTHH
BO MHOIOM ONPENENSIOT CTerneHb HHGOpMaTU3alMK OOIecTBa, a TaKXKe
YPOBEHb HMHTEJUIEKTYaJbHOCTH O0a3UpYIOMMXCS Ha HUX HWH(POPMAIMOHHBIX
CUCTEM.

B Hacrosiiee BpeMs CO3[Aal0TCS YCOBEPUICHCTBOBAHHBIE IMPOTPAMMBI,
MaKCUMaJIbHO HANOMHUHAIOIIME MO CBOEMY JCHCTBUIO MBICIUTEIbHbBIC
npoiiecchl yesnoBeka. OHM 3HAYUTENBHO YIPOCTHIIM pabOTy Y€JIOBEKA U UTPAIOT
OOJIBIIYIO POJIb B COBPEMEHHOMN HayKe U TEXHUKE.

Tepmun ummennexm  (intelligence) mnpouCXOoaUT OT  JIATMHCKOTO
intellectus, 4To O3Ha4YaeT yMm, paccyaoK, pa3yM; MBICIUTEIbHbIE CIIOCOOHOCTH
yenoBeka. MckyccrBenHwli uHTewiekt (M) — sto pasgen uHpopmatukw,
3aHUMAIOIIUNCS BOMPOCAMU HMMUTAIIMM MBIILUICHUS YeJIOBEKa C TOMOIIbIO
KOMITbIOTEPA.

CambiMU TIEPBBIMU HHTEIUICKTYaJIbHBIMU 3aJlauaMH, KOTOpPbIC CTaju
pematbes pu nomoid DBM, ObUTH JoTMYecKre Urphbl (LIAIIKH, ITaXMAaThl),
JI0OKa3aTeIbCTBO TEOpEeM, a TakkKe KUOEpHETUYECKHEe UIPYIIKA THUMA
«nexkTpoHHon Mbpim» Kiiona IlleHHOHa, KOTOpas ynpaBisUIach CIOXKHOU
PEJIEMTHON CXEMOM.

B [1580] mpexacraiensl moaxoasl k pazpadorke MU, B pamkax nepBoro
oAX0/1a OOBEKTOM MCCIICIOBAHUMN SIBJISIIOTCSI CTPYKTYPa M MEXaHU3MbI PAOOTHI
MO3ra 4ejI0BeKa, a KOHEUHasl 11eJ1b 3aKJIF0YAeTCs B PACKPBITUU TallH MBIIUICHUS.
HeoOxonuMbIMU 3TarmamMu  UCCIEIOBAaHUN B STOM HANpPaBJICHUU SIBISIOTCS
MOCTPOCHHE MOJENed Ha OCHOBE TNCUXO(PU3MOJIOTUYECKUX  JAHHBIX,
MPOBEJICHUE OSKCIEPUMEHTOB C HUMHM, BBIJIBUKEHHUE HOBBIX THIIOTE3
OTHOCHUTEJIBHO MEXaHHU3MOB WHTEJJIEKTYJIbHOM NEATEIbHOCTH,
COBEPILIEHCTBOBAHUE MOJECIIEH U T. A.

Bropoit moaxon B KadecTBE OOBEKTa MCCIEJOBAHMUS pPaccMaTpUBAaET
MCKYCCTBEHHBIM WHTEJJICKT, T.C. U3y4aercs MOJICJIUPOBAHUE
WHTEJUICKTYAJIbHOM JIEATEIbHOCTH C TIOMOIIBIO BBIYMCIUTEIbHBIX MAIIWH.
[{enpto pabOT B 3TOM HAMpPaBJICHUU SIBJISETCS CO3JaHUE AITOPUTMHUYECKOrO U
MPOTPAaMMHOTO  O00ECIIEUEHUS] BBIYMCIUTEIBHBIX MAIIWH, [O3BOJISIONIETO
pelaTh UHTEIUICKTyalbHbIE 33/1a4d HE XYXKE YEIOBEKa.

Tpetuii moaxoj OpPHEHTUPOBAH HA CO3JaHUE CMENIAHHBIX YEJIOBEKO-
MAIllMHHBIX HMHTEJUICKTYaJIbHBIX CHUCTEM W Ha CUMOHMO3 BO3MOXHOCTEH
€CTEeCTBEHHOI'0 M MCKYCCTBEHHOTO MHTEJUICKTa. BaxkHelmumu npobdiemaMu B
ATUX UCCJIEAOBAHUSX SBJISIETCS ONTUMAIBHOE pacrpeiesieHne PyHKIMNT MexXIy
€CTeCTBEHHBIM U MCKYCCTBEHHBIM HWHTEIJICKTOM M OpraHu3alus Jauajiora
MEXK/]1y YEJIOBEKOM U MAIIUHOM.
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HHTenneKTyalbHple  NHAaKeThl NPUKIAAHBIX  [POrPAMM  HO3BOJIIOT
aHAJIOTUYHO 3KCIEPTHBIM CUCTEMaM IpPEABAPUTENBHO CO3/1aBaTh 0a3y 3HAHMIA,
BKJTFOYAIONIYI0 COBOKYITHOCTb 3HAHUM U3 TOW WJIM MHOW OOJIACTU ESTEIbHOCTU
YeJIOBEKa, a 3aTeM pellaTh IPAKTUYECKHE 3aJadyd C IPUBICYECHUEM 3THX
3HaHUM. VHTEIIEeKTyalpHbIX IMAKEThl NMPUKIAJHBIX NPOrPaMM B OTJIMYHME OT
OKCIEPTHBIX CHUCTEM  TO3BOJIAIOT WHTErpUpOBaThb 3HAHHUA U3 Ciado
(opMaliu3yeMbIX MPEAMETHBIX OOJacTed, B KOTOPBIX CJIOKHO ONpPEAEIUTH
BXOAHBIE M BBIXOJHBIC IIAPAMETPHI 3aJa4yd, a TakKe€ HEBO3MOXKHO
chopMuUpOBaTh YETKUM alropuT™M ee pemieHus. Kpome Toro, 3kcrepTHbIE
CUCTEMBbl HE (POPMHUPYIOT QITOPUTM pELIEHUS 3aJadyd KaKk B Cly4ae C
UHTEJUICKTYAJIbHBIMA MAKEThl IPUKIIAJHBIX IPOrPaMM, a JAl0T PEKOMEHIANU
I0JIb30BATE/II0 Ha OCHOBAHUU ero 3ampoca [158a].

WHTemekTyalbHble  TAKeThl MPUKIAIHBIX IPOrpPaMM MPUMEHSIOTCS
TAaKXK€ TIpU pacrno3HaBaHMUM OOpa3oB, aJANTHUBHOM HPOrpPaMMHUPOBAHUM,
00pabOTKEe JIaHHBIX HA E€CTECTBEHHOM $f3bIKE€, B OOYYaIOIIUXCS CEeTAX
(HetipoceTsx) [1580].

VMCKyCCTBEHHBII  MHTEIUIEKT TECHO CBA3aH C  TEOPETUYECKOU
UH(OPMATUKON, OTKyJa 3auMCTBOBaHbl MHOTHE Mojaenu u wMeroasl WU,
HalpUMep, UCIIOJIb30BAaHUE JIOTUYECKUX CPENCTB AJIA MPeoOpa30BaHMs 3HAHUIA.
Kpome toro, MW Tecno cBsizan ¢ kuOepHeTHKOW. Marematudeckas W
NpPUKIAJHAs JTUHTBUCTHKA, HEHPOKUOEpPHETHKAa M TOMEOCTaTHKa TECHEeHIINM
00pa3oM CBsI3aHbl C Pa3BUTHEM HCKYCCTBEHHOTO MHTEJUIeKTa. PaboThl B ATOM
00JIacTH CBSI3aHbl C Pa3BUTHEM CHUCTEM MporpamMmupoBaHusi. OCHOBHAs 1IENb
pabot B obsmactu MM cocTouT B CTpEMIIEHMHM HUCCJEAO0BATeNls MPOHUKHYTH B
TallHbl TBOPYECKOMN AEATENBHOCTH JIIOAEH U B PACKPBITUM HUX CIIOCOOHOCTEN K
OBJIAJICHUIO 3HAHMUSIMU, HAaBbIKAMU W yMeHUsMH. JlIs 3TOoro HeoOXoaumo
pPacKpbITh Takue TIIIyOMHHbIE MEXaHWU3Mbl, C TOMOUIbIO KOTOPBIX YEJIOBEK
CHOCOOEH HayYUThCS MPAKTUYECKU JT0OOMY BUIY JAEATEIbHOCTH.

B [233] mnpusenenst wuHctpymentel MKW (Al Tools), xoropsie
1e1eco00pa3Ho NPUMEHSITh IPU MPOBEJECHUU KOTHUTHBHOTO MOJEIUPOBAHUS.
K HMM OTHOCATCA: HEHUPOHHBIE CETH, DSBOJIOUMOHHBIE  AJITOPHUTMBI,
IPOAYLHPOBAHUE 3HAHUU, 00BEKTHO-OPUEHTUPOBAHHbBIE A3BIKU
nporpaMmMmupoBaHus, jorudeckue Mmoaenn MU, o0bekTHO-Tornueckue Mojienu,
MHOTOAreHTHBIE apXUTEeKTypbl. B Tabn. 2.1 mpeacTaBieHBI XapaKTEPUCTUKU
BBIIIENIEPEUNCICHHBIX UHCTPYMEHTOB C YKa3aHUEM TUIIMYHBIX [TPEUMYIIECTB U
HEJOCTAaTKOB,  KOTOpbIE  HEOOXOAMMO  YYMTHIBaTh MpPU  pa3pabdoOTKe
WHTEJUIEKTYaJIbHBIX TAKETOB MPUKJIAIHBIX IPOIPAMM.

Baxxno ormeruts [158a], uto pa3paboTka MHTEIEKTYaJbHBIX MaKEeTOB
MPUKIIATHBIX IpOrpaMm IpUBEIIA K BO3HUKHOBEHHIO HOBOT'O
MEXIVMCUUIUIMHAPDHOTO HANpaBJI€HUS B HMCKYCCTBEHHOM MHTEJUIEKTE —
KOMIIBFOTEPHOTO KOTHUTHUBHOI'O MOJEIIMPOBAHUS, KOTOPOE HANPABJIEHO Ha
CO3/1aHHE CaMOOOYYAIOIIUXCS TPOrpaMM (ITPOrpaMM MpUOOPETAIONINX 3HAHMS).
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VYKka3zaHHBI BHUJ TIPOTpaMM HCIOJB3YeTCS B 3ajadax MOJEITUPOBAHUS
POOOTOTEXHUUECKUX CUCTEM.

Ta6a. 2.1. UHCcTPpyMeHTHI HCKYCCTBeHHOTO HHTes1ekTa (Al Tools)

Al Tools

Tunuynele NpeuMyIecTsa

Tunuunesle HEIOCTATKU

Heitponnsie cetn

1. ITpumeHUMOCTH B
MHOTO()aKTOPHBIX MpodIeMax
C HEJOCTATOYHOU
(hopManu3yeMoCTbI0 CTPYKTYP
2. BbICOKUI ypOBEHB
napajulesIiu3Ma U CKOpOCTH

3. Bo3MO)XHOCTb 00y4YeHUs

1. Tpebyetcs nadopmanus s
o0ydeHUs: pernpe3eHTaTUBHBIN
Ha0Op MPUMEPOB «BXOJI—BBIXO]1»
(«ckopee ri1a3, 4eM MO3I»)

2. MennenHnoe o0ydeHue

epecMoTp

I OBOJIIOLIMOHHBIE 1. Bbicokuil ypoBeHb 1. ITpuknannas 3pPeKTUBHOCTD

AJITOPUTMBI napasuieiu3mMa u CKOpOCTH 3apaHee HeU3BECTHA
2. B Oosnbueii crenenu
camMoOpraHu3alus JIeMEHTOB,
9YeM KOHCTPYKTHUBHBIN TIPOIIECC

I [Iponyuuposanue | 1. CmocoGHOCTH K 1. TpyaHOCTH B peanu3aiuu
3HaHUI MPEACTABICHUIO ONTUCATENBHO- | OOJbIINX 0a3 3HAHUH,

KOHCTPYKTUBHBIX 3HAHUW U K | HEJOCTATOYHAs CTPYKTYpHU3aIus
IIEPECMOTPY 2. TpyaHocTu IpOBEpKU

2. EcTecTBEHHOCTB IIPaBHII KOPPEKTHOCTH

ecnu ..., mo ...

IV | O6bekTHO- 1. Xopomas CTpyKTypu3anus 1. CnoxxHOCTB
OpHEHTUpPOBaHHbBIE | 2. BrIcOKas cCKOpoCTh pOTpaMMHUPOBaHUS (OTKa3 OT
(cemaHTHYeCKHE uneanos Al)
uenu, GpIuMbI 1 2. HenocraTouHnast MOIITHOCTh
T.J.) IpeCTaBICHUS

\Y Jlornueckue 1. Bricokast MOIIIHOCTh 1. HenocraTo4Hasi CKOpOCTb,
monemn NN MIPEICTABIICHHS TPaJUIIMOHHBIE TPHIIOKCHHS

2. KoppekTtHOoCTh are aBTOHOMHBIE

3. BbIcokast clio’KHOCTb 2. TpanuuMoOHHO TUIOXast

aBTOHOMHBIX 3a/1a4 COBMECTHUMOCTb C IBPUCTHKON
3. HepaspemumocTs «0oratoii»
noruku (rich logic)
4. HenoctaTouHOCTb
«eMHUYHON JIOTHKH (Single
logic)

VI OOBeKTHO- 1. Coueranue NpeuMyIIeCTB 1. HegocraTky 10ru4eckux
JIOTHYECKUE 00BEKTHO-OPUEHTHPOBAHHBIX | MOJIENIEH
moaenu U1 U JIOTUYECKUX MoJeaei 2. CH0XHOCTD

IPOrpaMMHUPOBAHUS

VIl | MHoroareHTHbIE 1. domyckator 1. KoppekTHOCTB 1

aApXHUTEKTYPHI CaMOOPTaHU3AIIIO 1 3¢ GEKTUBHOCTD TEHCTBHS

(mporiecca) TpedyroT
pa3pabOTKH MOAXOISIICH
TECOPHH
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[TpuBenem kpaTkuii 0030p pe3yJabTATOB UCCIEIOBAHUS MO MPUMEHEHUIO
KOTHUTHBHOTO  MOJICIMPOBAaHUS UM  HMCKYCCTBEHHOIO  HMHTEIUIEKTAa K
WCCJICIOBAHUIO JIMHAMUYECKUX CHCTEM B pPa3JIMYHBIX O0JAacTSIX HAyKd H
TEXHUKH.

B [148] paccMOTpeHO KOTHUTHBHOE MOJCIMPOBAHUE HA IIPUMEPE MOICIN
cormyma. KorHuTuBHAs CTPYKTypU3aIUsl HAUMHACTCA C ONpeesieHus] OOBEKTOB
(XapakTepu3yeMbIX KaK KOJUYECTBEHHO, TaK W KAaueCTBEHHO, BepOaIbHO)
M3y4aeMou C OMpeAeNIEHHOM ENbI0 CUCTEMbl U YCTAaHOBIIEHUE CBSI3EH MEXIY
HUMU. DTH JEHCTBUS OCYIIECTBISIOTCS C MOMOIIBIO SKCIIEPTOB MyTEM cOopa H
00pabOTKM  CTaTUCTUYECKOM HWH(POpMalMyd, HAa OCHOBAaHUHM HW3YYCHUS
JUTEPATYPHBIX JaHHbIX. OHHM Oa3upyroTCsi Ha TEOPETUYECKUX 3HAHUSAX B
COOTBETCTBYIOIIEH MPEIMETHON 00JIACTH.

B pe3ynbrare KOTHUTHUBHOW CTPYKTYpU3allMU IMPOUCXOIUT pa3padoTKa
(dbopMallbHOTO OMHMCAHUSl 3HAHUM, KOTOPOE MOXKHO HArJIsAHO HW300pa3uTh
KOTHUTUBHOM MOJIENbI0 (B BHUAE CXeMbl, rpada, MaTpulbl, TaOIHIbl WIH
TekcTta). Pa3paboTka KOTHUTHBHOM MoOjeNId — Haubojiee TBOPYECKHN U
cnabodopmanuzyeMblii  dTanm B JEATENBHOCTH HCcieAoBaTesss (TpyIbl
JKCNepToB) OobIION cucTteMbl. YacTuuHo (opmanu3anus BO3MOXKHA IPHU
00paboTKe YHMCIICHHBIX JIaHHBIX B BUJE CTATHUCTHYECKON HHGOpPMAIUU MyTEeM
UCIOJIb30BaHUS CPEACTB UHTEIUIEKTYaJIbHOTO aHAIN3a JaHHBIX.

Hcrounnkamu nHGOpManuu sl ONpeeNIeHUs «KaueCTBEHHBIX» BEPILIUH
MOTYT CIIy>)KUTb TEOPETUUECKUE CBEJICHUS B U3y4yaeMOil peIMeTHOM o0nacTu u
COTJIACOBAHHBIE pEIIEHUS TPYyNIbl JKCIepToB. B mocneanem ciydae
pa3pabaTbhIBaeTCs «KOJUICKTUBHAS KOTHUTHBHAS KapTay.

Cnenyer oO0OpaTuTh BHUMaHUE Ha HEOOXOJAUMOCTh «IIPABUIHLHOTOY
HazBanus BepmmHbl KK, Tak kak HeymayHo mogoOpaHHBIE Ha3BaHUSA
(KOHIIETITBI) UCKaXXAIOT Pe3yJibTaThl UCCIEIOBAHUS U MOTYT JJaBaTh OTBETHI HE
Ha T€ BOIPOCHI, HA KOTOPbIE JKETATEIBHO OBLIIO ObI MOJIYYUTh OTBETHI.

HUtorom mporecca uaeHTU(UKALMK CIOKHOM CUCTEMBI Ha MEPBOM 3Talle
uccienoBanus  sBisercss KK, Koropas MoOXeT paccMarpuBaTbCs — Kak
«HayanbHas» WK «cTaproBas». CraproBas KM MoxeT ocTaThCsi HEM3MEHHOM,
a MOXeT ObIThb W3MEHEHAa B pe3yjbTare JEATeIbHOCTH DJKCIEpTa,
OCYIIECTBIISIONIETO KOTHUTUBHOE MOJICIIUPOBAHUE C YYETOM TOTO WJIM MHOTO
JTana KOTHUTHUBHOrO MojenupoBaHus. Ha puc. 2.2 mpeacraBieHbl 3Taribl
KOTHUTHUBHOTO MOJICIMPOBAHMSL.
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B [37] paccMOTpeH BapWaHT KOTHUTHMBHOM peaav3aluu 3KCIEPTHOU
MpeHa3HAYEHHONW Ui TapaMeTPUUYecKoro CHHTEe3a
yIpaBieHUs] MOJBUXKHBIMUA OOBEKTaMU Ha 0a3e ONTHUMHU3AIMOHHOIO IMOJIX0ja.
[lenTpanpbHOE BHHMaHUE YIEISAETCS BOMpPOCAM pacupeneneHus (yHKIIHMA
MEX]ly BBIYMCIUTEIBHOW YacCThI0 CHUCTEMbl M HKCHEPTOM, a TaKXKE JABYM
BapuaHTaM ajroputMa oOpaboTku WH(OOpPMAIMU, MOJIYyIaeMON OT JKCIepTa B

CHUCTEMBI,

Puc. 2.2

COOTBETCTBHUU C €0 CUCTEMOM NpCAINIOYTCHUM.

JluHaMyKa MOJBMXXHBIX OOBEKTOB JIOCTATOYHO YacTO MpPEICTaBIsAETCA
HEJIMHEHHBIMU CHCTEMaMU OOBIKHOBEHHBIX AU((PepeHIIMaTbHBIX YpaBHEHUM

[37]:

x = F,(t,V,0) + Fo4(t, V, m,xp.fff) + £, (),

I'IC BECKTOPLI
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x={V,w,x,} € E2V ={V,VV} € Ew={w,w,w,} €E?
PEACTABIICHHBIE CBOMMHU MPOEKIUSAMH B CBSI3aHHOW CHCTEME KOOPJMHAT,
COOTBETCTBEHHO OIPEIECISAIOT COCTOSHUE, JUHEWHBIE W YIJIOBBIE CKOPOCTHU
00BEKTa, a BEKTOp X, € E ® _ ero mepememnieHusl ¥ yriel IOBOpoTa. BekTop

6 € E™ mpeacTtaBiseT yHpaBIAIONIME BO3JCHUCTBUS Ha OOBEKT, JIBHKCHHUE
KOTOPOI'0 MPOUCXOAUT IIOJ] BIUSHUEM CUJI U MOMEHTOB Fj,, Fj,4, UMEIOLINX
WHEPIIMOHHYIO TMPUPOJy U ONpPEAEIsieMbIX B3aUMOJICMCTBUEM KopIyca C
BHEIIIHEH Cpeloil COOTBETCTBEHHO, a TaKXe 0CO00 BBIJEICHHBIX BHEHIHUX
BO3MYIIAOIIMX BO3ACHCTBUIIf,, (t).

B [37] paccMoTpeHa MareMmarmdecKkas MOJENb JBI)KCHHUS CyJHA B
TOPU30HTAJIBLHOM  IJIOCKOCTH, OINKChIBa€Masi CUCTEMOW  OOBIKHOBEHHBIX
mudpepeHnaIbHBIX YpaBHEHUH BUIA

x=F(t,x,§8),
rne X = (X1,%3,%3,%4)7 — BeKTOp COCTOSHHUSA, X; — JHHEiHas CKOPOCTb
OOKOBOTO JBMKEHUS, X5 — YIJIOBAasi CKOPOCTh JABMIXKEHHUS MO KypCY, X3 — Yol
Kypca, x; — OOKOBOe cMemeHHe cyaHa. Bektop & = (83,8, 85,8,)7
ONpEeAeNsIET yIpaBlidolmue Bo3aeucTBus. (CucrtemMa 3aaHa Ha OTPE3Ke
t €[ty,t;], THE t; W t; — MOMEHTHl Hayalla W OKOHYaHHUS MaHEBpa

COOTBETCTBEHHO.

B [37] Taxke paccMOTpEHBI BONPOCHI MPAKTUYCCKOTO MPUMCHCHHUS
ONTHUMU3AIMOHHOTO TOoAX0Aa K (OPMHUPOBAHUIO KOMITBIOTEPHOM IOICPIKKH
HAyYHO-UCCIICOBATEIIbCKUX U MPOEKTHO-KOHCTPYKTOPCKUX PabOT, CBSI3aHHBIX
C CHCTEMaMH YTPABJICHUS TMOJABMKHBIMH OO0OBEKTaMH. Tak KaKk COBpPEMEHHBIS
CHUCTEMBI YIPABIICHHUsI TIPEICTABISAIOT COOOH MHOTOIICNIEBBIC aIapaTHO-
MPOTpaMMHBIE KOMIUIEKCHI, TO K JUHAMHUYECKOMY KA4eCTBY O3THUX CHCTEM
MPEABSIBISIOTCS pa3sHOOOpa3Hble TpeOOBaHUS, OMpEAeTIsieMble YCIOBUIMU
YCTOMYMBOCTH U 0€30MMACHOCTH IKCILTyaTallUH.

Opnum u3 HambOosee >(PHEeKTUBHBIX MyTEH YIOBICTBOPECHHS YKa3aHHBIX
TpeOOBaHUI CITYKUT IPUMEHEHNE ONTUMHU3AIIMOHHOTO TI0JIX0/1a Ha BCEX dTarax
MOJICIMPOBAHUS, HWCCICIOBAHUA H TPAKTHYSCKONW peaNm3allid CHCTEM
yIOpaBJICHHUS JBWKEHUEM. B curyanmm, korga Qopmanusanus TpeOOBaHUN K
TUHAMAYECKOMY  KadeCcTBY  3aTpyJHEHa, BO3HHUKAeT IOTPEOHOCTh B
WCITOJIb30BAaHUHM MHEHUN DKCIIepTa C OIEHKON KadecTBa Ha 0a3e ero CHCTEMBI
npennoureHuid. B [37] naHbl npeasioxKeHus MO MOCTPOCHUIO COOTBETCTBYFOIIUX
OKCTIEPTHBIX CHCTEM, Oa3UpYIOIMXCS HAa CHOCIUAIBHO OPTaHN30BAHHOM
B3aMMOJICCTBUU BXOJIAIIMX B HUX BBIUYUCIUTEIHHBIX CPEJICTB C DKCIIEPTOM B
xoJie uasnora. Llenbro Takoro B3auMoAeCTBHSI CITYKUT d(Q(HEKTHBHOE PEIICHHE
HESIBHO TTOCTABJICHHOW ONTHMH3AIMOHHOW 3aJa4M, CIyXKalled oOecreueHuto
KEJITaeMbIX CBOMCTB (hOpMHUPYEMOro pelieHus. B oCHOBe cxeM, pean3yeMbIx
MpeayiaraeMbIMH  CUCTEMaMH, JIeKAT WACH KOTHUTHUBHBIX TEXHOJOTHMH,
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ompenensomux 3pPEeKTUBHOE CcoUYeTaHHE OCOOCHHOCTEM dYeI0BEUYECKOro
MO3HAHUS ¥ BO3MOKHOCTEW BBIYMCIIUTEIBHBIX CPEJCTB.

B [90a] npemyiokeHa cucTeMa MHBAPUAHTOB M IIPUHLIMIIOB IOCTPOCHUS
CJIOXKHBIX 3HAHWUM, OTHOCSAILIUXCS K PEIICHUIO PA3IMYHBIX MPOo(hecCHOHATBHBIX
3a/1a4 MOJICIIMPYEMOM IIpeaAMeTHON obnacTu. MHTerpaius 3HaHui peaan3oBaHa
Ha OCHOBE MEPAPXUUYECKUX CTPYKTYp dhopMaiin3mMa abCTPAKTHOTO IMTPOCTPAHCTBRA
3HAHWM B COOTBETCTBHUM C MPEACTABICHUSIMUA O CTPYKTypax 3HAHUMU,
0o0eCreYnBaIOIIUX peaau3alui0 KOTHUTUBHBIX 1ened. [lns  onucanus
MPOLIECCOB KOHCTPYMPOBAHMS CIJIOKHBIX 3HAHUWA NPEIJIOKEHBI IPABUIIA
CUHTE3a.

Koenumuenyro cmpyxkmypy obaacmu 3HaHuti MOXHO paccMaTpHUBaTh Kak
KOMIIOHEHT CBSI3HOTO CEMaHTUYECKOTO TMpeJCTaBlIeHUus (QopMann30BaHHOM
MOJIEJIM, COTJIaCOBAaHHOM ¢ cojepaHueM 3Toi obsmactu. OH UCTIONB3YyeTCs IS
peanu3anuu MpoIEeCcCOB pelnieHus MpodecCHoHaNbHBIX 3anad. YacTsaMu Takou
CTPYKTYPbI SIBJISIFOTCA CJIOKHBIE 3HAHUSA, CUHTE3UPYEMBIC IO OIMPEICICHHBIM
npaBujiaM M3 DJJIEMEHTApPHBIX W TMPOCTHIX 3HAHUW, W3BJICKAEMBIX U3
pa3HOOOpa3HbIX UICTOYHUKOB 3HaHUH B paccMaTrpuBaeMoi obiactu. [locnennue
COCTaBIIAIOT  0a3y  3HAHUM, COCTABISIEMBIX U3  OMIUPUYECKUX U
(hopMalIi30BaHHBIX JIAHHBIX C MTOMOIIBIO ONEpAIii, MOACIUPYIOUIUX MPOLIECC
aHanu3a COJAEp)KaHWs OTIeNbHbIX oOnacteil. I[locTraHoBKkM 3amad  Takxke
3a4a0TCA € TOMOIIBK)  HMEPAPXUYECKUX  CEMAHTHYECKUX  CTPYKTYP,
BKJIFOYAIOIIUX HEOINPECICHHBIC JJEMEHThI, 3HAYeHHE KOTOPBIX TpedyeTcs
HaTu. [[ns  cocraBiieHHs] CIOKHBIX 3HAaHUM MpUMEHsieTcss  (opmar
KoHpurypanuit  dopmanuzmMa  aOCTPaKTHOTO  NPOCTPAHCTBA  3HAHUM,
MPEACTABISIEMbIX HArpy>KCHHbIMU OMHApHBIMU JepeBbsiMU. KoHCTpyupoBaHue
CIHOXHBIX 3HAHHMM OCYIIECTBISECTCA C HCHOJIb30BAHUEM TMPABWJI CHUHTE3A,
dbopMaTU3YIOMINX CXEMbl MOCIEAOBATEIHPHOTO COCTABICHUS W3 MPOCTBIX U
AJEMEHTAPHBIX 3HaHWUW. CucTeMa >XU3HEHHBIX IHUKIOB HHTEIUICKTYalbHbIX
CHUCTEM, CBSI3aHHBIX C CHHTE30M KOTHUTUBHBIX CTPYKTYP, BKIFOUAET NPOLECCHI,
MOJICJIUPYIOUIME AaHAJIU3 COJEpKaHusl OO0JacTH 3HAHUU, NPEACTABIISIEMOTO
CUCTEMOM TIPOCTBIX COOTHOILIEHUM, TIOCTAHOBKY KOTHHUTUBHBIX LIEJIEH,
KOHCTPYUPOBAHUE KOTHUTHUBHBIX CTPYKTYp, a4 TaKkXKe IPUMEHECHUE TaKUX
CTPYKTYp, 0O€eCleunBaroIiee J0CTUKEHUE LIeTIeH.

[Ipumenenue MeronoB u anroputMoB MU pacmmpsier BO3MOXKHOCTH
CHUCTEM TUIAHUPOBAHUS B KOHTEKCTE (QopMamu3amuy SKCIEPTHBIX MpaBul,
MO3BOJISIFOIIUX YYUTHIBATh CIEHUPUKY TEXHOJIOTMUECKUX U MPOU3BOJCTBEHHBIX
npoueccoB. VMCKyCCTBEHHBIM WHTEIUICKT ITO3BOJWI CYIIECTBEHHO YIYYIIUThH
CUCTEMY ONEPaTUBHOIO IUIAHUPOBAHUS, TEM CaMbIM COKpPaTUB BpeMs
MOJIYy4YEHUS ONTUMAJIBHBIX WA MPUEMIIEMBIX MPOU3BOIACTBEHHBIX PACITUCAHUM.
[Ipu mosiBjIeHUU CIy4alHBIX COOBITHM, BIUSIONIMX Ha MPOIECC MPOU3BOICTBA,
MO3BOJIMJI OBICTPO pearupoBaTh Ha HM3MEHEHHWE W BHECEHHWE KOPPEKTUB B
HUCXOJIHBIC JlaHHbIE. BO3MOXHO Takke KOMOWHHPOBAHHWE METOJAOB U
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QITOPUTMOB HMCKYCCTBEHHOIO IUIAHUPOBAHUS NpU peain3auuu (yHKIUN
IJIAHUPOBAHUS B CUCTEMAX YIPABJICHUS TPOU3BOIACTBOM.

B [90a] paccMmoTpeHbl BONpOCH CO3AaHUS  (POPMAIbHBIX OCHOB,
CBSA3aHHBIX C TMOCTPOCHUEM U HCIIOJIb30BAHWEM MHTEIIEKTYaJbHBIX CHCTEM.
OxapaxkTepru30BaHbl YHUPUIIUPOBAHHBIE HHCTPYMEHTHI, UHTETPUPYIOIINE OTIBIT
peanu3aldd  MOPOXKJAIOIIMX  MPUHIMIIOB, OCHOBAaHHBIX Ha  3HAHUSX
MPUKJIAJHBIX CHUCTEM C KCIOJIb30BAaHUEM AaOCTPAKTHBIX WHBAPUAHTOB U
KOHCTPYKTOB COBPEMEHHOUN mMaTeMaTtuku. KoHCTpyHpoBaHUE CIOKHBIX 3HAHUU
MPEACTaBICHO KaK 4YacTh [MPOLECCOB B HHTEIUIEKTyalbHBIX CHUCTEMAX,
MOJICTTUPYEMBIX  CHEIUAJbHBIMM  THUIAMH  TEOPETUKO-MHOXECTBEHHBIX,
TOTIOJIOTUYECKUX, CTPYKTYPUPYIOIIMX U aJalTHPYIOIIUX OTOOpaKeHUH.
Paccmotpennas B [90a]  kimaccudukaiuss — OCHOBaHa  Ha  cllabo
(dbopMali30BaHHBIX MHBAPUAHTAX KOTHUTHUBHOW 1eTM W (DYHIaMEHTAIbHBIX
KOHCTpPYKTax ¢opmann3mMa aOCTPAKTHOTO MPOCTPAHCTBA 3HAHUM, MOJENIX
MPOIIECCOB MBIIIJICHUS B KOTHUTHUBHBIX 3aJladyaX MCKYCCTBEHHOTO MHTEJUICKTA.
CuHTEe3 CII0KHBIX 3HAHUW pean3yeTcsl IOCTPOCHUEM CBSI3HBIX CEMAaHTHUYECKUX
IPEICTABICHUM, BISIOMIMXCS PEIICHUSIMU PO ecCUOHANIbHBIX 3a7a4. OCHOBY
npoliecca CHUHTE3a COCTaBJISIOT onepanuu (GOopMUpOBaHUS U MpeoOpa3zoBaHUs
CepHil OTHOPOIHBIX (PparMEeHTOB 3HAHUH.

[lTonsarune kormumtuBHOW T1IenM B [900] cBszaHO c (Qopmanuzanueit
00BEKTOB, paccMaTPUBAEMbIX KaK TMPEICTABICHUS OTAEIbHBIX 3a/lad B
IPOU3BOJIBHBIX 00JIACTAX MPOPECCUOHAIBHOU NEATENbHOCTU. KocHumusHviMu
yensamuy HA3bIBAIOTCS CYUIHOCTH, MpEACTaBIseMble YHUPUIIUPOBAHHBIMU
OMUCAHUSIMU  CTPYKTYPHBIX M CEMAHTHYECKUX CBOWCTB TMPEJICTABICHUMN
CIOKHBIX 3HAHUW B Takux o0nacTax. MX CcOCTaBisIOT KOHKPETHBIE U
HeonpeleEHHbBIE CTPYKTYPHbIE 00BbEKThI, 0003HaUYaEMble UMEHAMU CYIIHOCTEU
MOAENIU O00JacTH 3HAaHWW W CHUMBOJIAMH HEW3BECTHBIX. KoMOuHamusMu
CYIIHOCTEN KOHKPETU3UPYIOTCA HCXOJHBIE JaHHbIE KOTHUTHUBHBIX LIEJICH, a
HEM3BECTHBIE 0003HAYAIOT CTPYKTYPHI, COCTABIISIIONIME peaTu3aliy e,
NOJIy4aeMble C MOMOILBIO CHEHUATIbHBIX MPOUEayp OOpabOTKH COAEPKHUMOTO
mozeneld obnacted 3HaHuil. I[lporiecchl MOCTpoeHHs] (PParMEHTOB CIOKHBIX
3HAHUW 11 KOTHUTUBHBIX II€JIeM M caMu Takue (GparMeHThl HAa3bIBAIOTCS
peanuzauusmu uenei. CoaepkarenbHas KilacCUPUKALMS KOTHUTUBHBIX LieNen
CBs3aHa C WACHTHU(UKAIIMEH TPAKTUYECKH 3HAYMMBIX THIIOB TaKHX IIEJICH.
[loctpoeHne  yHUBepcallbHOW  KJaccU(pUKAMU  LEJIed  CBA3AHO  C
MOJEJIIMPOBAHUEM MPOLECCOB MBIILJICHUS.

KoHCcTpyupoBaHuEe CIOXKHBIX 3HAHUW SIBISETCS 4YacThblO IPOIECCOB B
WHTEJUICKTYAJIbHBIX ~ CHUCTEMaX, MOJACIUPYEMbIX CHEHHUAIbHBIMU  THUIIAMH
TEOPETUKO-MHOXKECTBEHHBIX,  TOIMOJIOTUYECKUX,  CTPYKTYPUPYIOIIUX  H
aganTupyromux otobopaxenuii. B [900] paccmoTpena knaccudukarus
(dopMalIM30BaHHBIX ONEpPALMi, MOACIHUPYIOLIMX pa3JIMYHbIE OIepaluuyd Haj
3HaHUSAMU. Takas KiaccupuKamus OCHOBaHAa Ha ciabo (HopMaTM30BaHHBIX
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WHBapUaHTaX KOTHUTUBHOW 1enu ¢ (yHIAMEHTaIbHBIX KOHCTPYKTax
(opmasiu3mMa aOCTPAKTHOTO MPOCTPAHCTBA 3HAHWUM, MOJEISAX MPOLIECCOB
MBIIIUICHUS B KOTHUTHMBHBIX 3aJadaXx HCKYCCTBEHHOTO HHTeiUiekTa. CuHTE3
CIOXKHBIX 3HAHUM pEANTN3yeTCss TMOCTPOCHUEM CBSI3HBIX CEMAHTHYECKHUX
IIPEACTABICHUM, SBISIOMIMXCS PEIICHUsIMU MPpodecCuoHaNbHbIX 3a7a4. OCHOBY
npoliecca CUHTE3a COCTABJISIOT omnepanuu (GOopMUPOBaHUS U MpeoOpa3zoBaHUs
cepuil OAHOPOJHBIX (parMeHTOB 3HaHuil. Krnaccudukanus KOTHUTHBHBIX
Hejaeil  MO3BOJSIET  ONpPENENuTh  Kiacchl  Moppu3MoB  (opMamu3MoB
MIPEJICTABJICHUSI 3HAHWUW, KOMIIO3UIUSIMHU KOTOPBIX MOACIUPYIOTCS OINEpaluu
NOCTUXEHUsT Tenedd. [lpuMep cUCTEMBbl KJIAaCCOB KOTHUTHUBHBIX IENEH W

peaNnu3yIoluX TaKkue e KOTHUTUBHBIX Mop(du3zMoB npuseneH [900] Ha puc.
2.3.

KorHuTuBHas uenb

71 N\

MpuMeHeHKe MoHHManue Cures Ouenueanme RHanus JanomuHanme

Pacwupennte | | Ounotpauna | | Wwterpauns | | Pacwennewme | | Agantauua | | Pasnomenme | | Censbisanme | | ambikanve || Qaxtopusauma

[

KomnoHosKa [lexomnosuyua 060bwexve

Ceneuna Tpanchopmaus

Mpoexuua
(Tpaccuposanme)

KoruutueHas
onepauua

Puc. 2.3
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[IpuBenennas Ha puc. 2.3 cucTema SBIAETCS Pa3BUTHEM CUCTEMBbI
KJIACCOB  omepanuii s oOmiero ciaydas ¢opmaiu3mMa aOCTPaKTHOTO
npocTtpaHcTBa 3HaHuM [900]. CucTeMa KJ1acCOB omnepaiuii JOMOJIHEHA CBA3SIMHU
KJIACCOB OMepanuil U 1eleid. DTy CTPYKTYpy OOpasyloT BEpXHssl HepapXus
KOTHUTHBHBIX LEJENW, OCHOBaHHAs Ha OTHOILICHWM arperupoBaHus LEJEH, a
TAaK)K€ HWKHSS Mepapxusi KJIacCoB OIEpalnii, OCHOBAaHHAs HA OTHOLIEHUU
BJIOKEHUS KJIaccoB. Bucsuue s1eMEHThI BEpXHEH HepapXuu COOTBETCTBYIOT
KJIaccaM 3JIEMEHTapHBIX KOTHUTHUBHBIX IEJEH, U3 KOTOPHIX KOHCTPYUPYIOTCS
CIOXHbIC 1Ieu. Bucsuuve 531€MEHTHl HIKHEH HEepapXUuM COOTBETCTBYIOT
KJIaccaM 3JIEMEHTapHbIX oONepalnuii, KOMOUHAIMSAMH 3JIEMEHTOB KOTOPBIX
peanu3yroTcsa 3JeMEHTapHble Henr. CBA3U KIacCoB, NPUHAIEKAIIUX Pa3HBIM
UepapxusM, yTOUYHAIOT CEMENCTBA KIJIACCOB Omepaluii, KOMOMHAIIMU KOTOPBIX
ONPEACIISIIOT MPOLECCHl PEATU3AIMU OTAECIbHBIX KOTHUTUBHBIX LIEJIEH.

[IpakTHueckOo€ TPUMEHEHUE PACCMOTPEHHBIX HEpPAPXUM OIEepaluid U
eIl CBSI3aHO C CO3JJaHUEM CHUCTEMbl KOHCTPYUPOBaHUS ()parMEHTOB 3HAHUI B
dbopmare koHUTypaluii aOCTPaKTHBIX MPOCTPAHCTB 3HAHUN, SIBIISIOIIUXCS
peanu3anusaMi KOTHUTUBHBIX II€JIEM pa3HbIX TUNOB. Takas cucrema OCHOBaHa
Ha pa3BUBAEMBIX CHCTEMax KIAaccoB c¢iab0 (OpMalM30BaHHBIX LEIEH MU
MHOTOOOpa3uil  TOYHBIX  OMEpalMii  pa3HbBIX  TUIOB, PEATUIYIOIIUX
CYLIECTBEHHBIE  3Tallbl NPOLECCOB CUHTE3a MNPEACTABICHUNW  3HAHUMU,
COCTaBIIIOIIMX  peaiu3allid  KOTHUTUBHBIX 1eneil. OHa  Mo3BOJSET
MOJICIUPOBATh MPOIECCHl pEHIeHUsT MPO(ECCUOHANBHBIX 3a/lad C TOMOIIBIO
yOpaBiIsieMOro Tpoiecca KOHCTPYUPOBAHUS TMOAXOIAIIMX KOMOWHAIIMM
Mopdu3mMoB. [Ipu 3TOM BO3MOXKHBI HECKOJIBKO BAapHAHTOB B3aUMOJCHCTBUS
omepaluii: Mocie0BaTeIbHOEe (KOMIIO3UIUS), HE3aBUCUMOE (TapajuiesIbHOE),
KOHBEHepHOe, Korja 00e omepaldd HCIOJHSIOTCS OJHOBPEMEHHO, TaK 4YTO
HAaYaJIbHBIM JIAHHBIM OJHOW OTEPAIMH SIBJISETCS MOCTENEHHO (OPMHUPYEMOE
3HAYEHUE PE3YJIbTaTa BBIIIOJIHEHUS IPYTOW ONEepalyu.

B [138] mpuBemeHO oOmMMCaHWUE CUCTEMBI YIPABICHHS ITPOU3BOIACTBOM
(MES-cuctembl), paccMOTpeHbl OCHOBHBIC (YHKIHMH M ONPEACICHO, YTO
opraHmu3anusi Jr000ro TMPOU3BOJACTBA HAYMHAETCS C €ro IUIAHUPOBAHUS
(omepaTuBHOrO, KajleHgapHoro). B ocHoBe (QyHKIMI MIIaHUPOBAHUS
MIPOU3BOJICTBA JICKAT PA3TUYHOTO POJIa METOAbI U AJITOPUTMBI UCKYCCTBEHHOTO
WHTE/UIeKTa. PaccMoTpensl Hambojiee pacnpoCTpaHEHHBIE METOABI U
anroput™Mbl UM nig ocyniecTBiIeHHUs] TJIAHUPOBAHUS MPOU3BOJCTBA: METO/I
TaOyMPOBAHHOTO TIOWCKA, AJITOPUTM MYPAaBBUHBIX KOJOHHM, 3BOJIIOIMOHHBIC
AJITOPUTMBI, HCUPOHHBIE CETH.

[IpuBeneHHBIE pe3yJbTaThl IMO3BOJISIIOT 3aKIIOUUTH, YTO HAMpaBJICHUE,
CBSI3aHHOE C IMOCTPOCHUEM U MCCJIEOBAHUEM KOTHUTUBHBIX MOJIENICH B paMKax
paspabotku WM, HaxoauT MHUPOKOE TPUMEHEHHE B POOOTOTEXHUKE,
KOpaOJIECTPOCHUHU, TMPOMBIIIJIEHHOM IIPOM3BOJCTBE M JPYyTruX OO0JIaCTsIX.
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[TogpoOHOE omucaHue MPOTPAaMMHOM pean3ali KOTHUTUBHOTO MOJX0/Aa K
MOJICTTUPOBAHUIO YIIPABIISIEMOM CUCTEMBI OyIET TaHO B pa3jene 5.4 riaBbl S.

2.3. OdaacTn INPUMECHCHUSA HCKYCCTBCHHOI'0 MHTE/VIEKTA U KOTHUTHBHBIX
TEeXHOJIOTHii B 3ajlavdax MoacJIUPOBaAHUA TUMHAMUYECCKUX CUCTEM

B pasmene paccMmarpuBarOTCs  OCHOBHBIE — HANPABICHUS  TEOPUU
MHTEJUIEKTHOTO YIIPABJICHUSI U KOTHUTUBHBIX TEXHOJIOTHH, a TaKK€ HEKOTOPbIE
MaTeMaTUYEeCKUE  METOAbl  WCCIEAOBaHUS U aHAUM3  YCTOMYMBOCTH
IUHAMUAYECKHX CcHCTeM uHTeiekTHoro ynpasinenus (ACHUY), npuBenens
HEKOTOpBIE MPUKIAJAHBIE 3a/1a4d, CBA3AHHBIE C KOTHUTHUBHBIMH MOJEISIMU,
0003Ha4YEHbI IEPCIEKTUBBI MPUMEHEHHS] KOTHUTUBHBIX TEXHOJIOTHH.

Teopus U 1 KOTHUTUBHBIE TEXHOJIOTUHM B HACTOSIIEE BPEMs CBA3aHBI C
TaKUMHU KJIHOYEBBIMU HAIIPABIICHUSIMU, KaK:

1) unrtennexryanpHOe yrpasienue (Intellectual control);

2) unTeiektHoe ynpasienue (Intelligent control);

3) KOTHUTHBHOE MOJICJTUPOBAHHUE;

4) ynpasnenue cetbio (Network control);

5) ocHOBaHHOE Ha MOJEISAX NpOrHO3upyroliee yrpasinenue (Model-
based predictive control);

6) mozaenu, ocHoBaHHbIC Ha 3HaHUAX (Knowledge-based models;

7) coop u aHanu3 naHHbIX (Data mining);

8) KOTHUTHBHbBIC BBIYUCIICHHUS;

9) MHOTOAreHTHBIC APXUTEKTYPHI;

10) TeXHOJIOTUY KOTHUTHBHOT'O MTPABUTEIIHCTBA.

Teopus ynpaBieHuss U €€ METOJbl JEMOHCTPUPYIOT YETKHE TEHJICHLIUH K
JalbHeNIell KOHBEPreHInH (COMMKEHUIO0) C TEXHOJIOTUSIMH HCKYCCTBEHHOIO
untemiekra (Al techniques) [137, 171, 232]. Cnenyer Takke OTMETHUTh, YTO B
Hactosimiee BpemMsa B P® peanusyrorcs sTanbl FOCyHApCTBEHHOW CTPATETHU
pa3BuUTUs LUPPOBOM HKOHOMUKH. K KIIOYEBBIM TMO3UIUSAM OTHECEHBI
dyHnamMeHTanbHas ~ Hayka, HccienoBarenbckas — uHppactpyktypa, IT-
UHYCTpHUS, OT€UECTBEHHbIC MEPEOBbIE pa3padOTKU, HU(POBBIE TEXHOJIOTUU
[75]. HckyccTBeHHBIM WHTEJUICKT, TEXHOJIOTHH yIPaBJICHUS
WHTEJUIEKTYyaJIbHBIMH  YCTPONMCTBAMH, CYNEPKOMIIBIOTEPHBIE W aJAUTUBHBIE
TE€XHOJIOTMM MHOTMMH UCCJIEI0BATENIIMHU BBIIEISIOTCS B KAYECTBE OCHOBHBIX C
Y4ETOM YPOBHS pa3BUTUS CKBO3HBIX LHUPPOBbIX TexHOoJMoruil. CoznaHue
TEXHOJIOTMII  CONPOBOXIAETCS IMOCTPOCHUEM H  aHAJIM30M  aJEKBaTHBIX
MaTEeMaTUYeCKUX  MoJeNiel, KOTOpble  O0ECHeYMBAIOT  TEOPETUYECKHE
UCCJIEIOBAHUS  U3y4yaeMoro o0ObekTa. IIHHOBallMOHHBIE OTEYECTBEHHBIC
pa3paboTKK MPOrpaMMHO-aIapPaTHBIX CPEJCTB ¢ MpuMeHeHnem meroaos MU u
KOTHUTUBHBIX TEXHOJIOTUN 00€CTeunBatoT Cpeay JUIsl MOJIECIMPOBAHUS.
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AJITOPUTMBI YIIPABJICHUS, UACHTU(PUKAIIMU U MOJCIUPOBAHUS JOJKHBI
ONUpaThbCs HA 3HAHUS, CO3JIaHHbIE U OOHOBJISIEMbIE HAa OCHOBE IIpollecca
aHaJiu3a JaHHBIX B (OpME  BBIABICHHBIX  3aKOHOMepHOcTed  [36].
AnropuTMu3aius mnepexoja OT HaOMIOJCHUS K MPOTHO3MPOBAHUIO JOJDKHA
OCYILIECTBJISITHCS B HAIPABJICHUAX, YKAa3aHHBIX Ha pucC. 2.4.

[ sMEOmHpHYecKoe
NPOrHO3HPOBAHHE
(EP-emperical
prediction)

e ™
| pacmo3HoOBaHHe
c6op U aHanUs faHHbIX _ ) o6pasos

(DM-data mining) (PR-pafct'ern
recognition)

Anroputmusayusa

nepexoga
KOTHUTUBHbIE amminoe )
BbIYMUCNIEHUSA 1
oby4yeHue
(CC-cognitive ' WHTEN/IeKTyabHbI .
computations) aHanus gaHHbIX (ML-machine
learning)
(IAD-intelligent analysis of \
data) |
- /
Puc. 2.4

KOrHUTHBHBIE  TEXHOJNOTMM  aKTyaJbHbl JUISl  PAa3BUTUS  CHCTEM
LEJICHANPABICHHOTO TMOBEACHUS, YUYUTHIBAIOIIUX OCOOEHHOCTH YIPAaBIICHUS
00BEKTOM B OBICTpOMEHSIIOLIEHCA BHEIIHeW cpene. [IpumepoM Takux cuctem
SABJISIFOTCSL:

— MHTEJUIEKTYyaJIbHbIe 00YyYalolue CUCTEMBbI;

— HMHTEJUICKTYaJIbHbIE MOAYJIA OPraHU3alMOHHO-TEXHUYECKUX CUCTEM,;
— B€0-CUCTEMBI TPETHETO U YETBEPTOIO MOKOJEHU;

— aBTOHOMHBIE OOBEKTHI PA3TMYHOIO HA3HAYECHUSI.

Oco0EHHOCTh KOTHUTHBHBIX MOJIEJNEH COCTOMT B BO3MOXKHOCTHU pELIaTh
3aJlayd Ha OCHOBE MHTEJUIEKTYalbHbIX TexHosoruil. [IpuBneuenue NN na 06aze
KOTHUTHBHBIX TEXHOJIOTHH MO3BOJISIET OpraHu3oBaTh 3(Q(PEeKTUBHYIO paboTy C
OTPOMHBIMU MaCCHBaMH HECTPYKTYpPUPOBaHHOU HHpopMaIuu (cM. puc.2.5).
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obnayHble

TexHonormm

XpaHeHue,
pacnpeneeHne

bonblwue

MacCCuBbl
AdHHbIX

KOrHUTUBHbDLIE
BblYUC/N1EHUA

3¢ peKTUBHBIH
aHAJIU3 U N0JIe3HOoe
HCIOIb30BaHHE

Puc. 2.5

KOrHuTuBHbBIE BBIUMCIEHUS JIMIIb YACTUYHO MOBTOPSAIOT OCOOEHHOCTHU
pabOThl YEJIOBEUYECKOI0 MO3ra — TJIaBHBIM 00pa3oM B 00J1acTH 00pabOTKU U
CTPYKTypHU3aluu nocrynatomeid uHpopmanuu. [loMuMo 3TOr0 KOrHUTHBHBIE
TEXHOJIOTUM HCHOJB3YIOT MNPHUHIMMBI TJyOOKOro MAIIMHHOIO OO0yYeHUs,
COTIOCTABJICHMS PA3IUYHbIX JAHHBIX M MPaBUJI, IPUMEHEHUSI COOCTBEHHOTO U
CTOPOHHETO OIbITa, Pa3padOTKM HOBBIX MpPaBWJI M aJITOPUTMOB pPAOOTHI €
JAHHBIMHU HENOCPEJICTBEHHO B IPOLECCE TPOBEACHUS BBIYMCIICHHIN.

KomMnonentamu KorHuTuBHOW W T-MHGpacTpyKTyphl SBISIIOTCA MOAYJIU
NU; cucrembl XpaHeHus; mnporpamMmmHoe obOecnedenue; APl (untepdeiic
MNPUKIATHOTO  MPOTPAaMMUPOBAHHUS);  CEPBUCHI; T'HOpUIIHBIE  OOJIaYyHBIE
m1aTGOpPMBbI ¢ KOTHUTHBHBIMH pabo4yrMu Harpy3kamu [189].

KoruutuBHasi BIYMCIUTENbHASI CUCTEMa J0KHA 00J1a1aTh Ype3BbIUaiiHO
BBICOKOW MPOM3BOAUTEIHHOCTHIO. UTOOBI TakWe BBIYMCIICHUS UMEIH JICHCTBU-
TEJIbHYI0 IPAKTUYECKYI0 I[€HHOCTb, PE3YJbTAaThl JIOJKHBI  MOSBISITHCS
MOJHUEHOCHO. VIMEHHO 1O 3TOM NpPUYMHE BCE KOMIIOHEHTBI KOTHUTHMBHOU
UT-undpactpykTypbl  JODKHBI ~ OBITh ~ MakCUMaldbHO  OBICTPBIMH U
rapaHTUPOBATh MUHUMAJIbHBIC 33A€PKKH MPU Mepeade TaHHbIX MEXIY COOOM.

UT-undpactpyktypa mjis KOTHUTHUBHBIX BBIUYMCIECHUN CTPOUTCA Ha
cepBepax TPAH3AKLUMOHHOM AHAJIWTHUKW, C [PUBJICYCHHUEM aIIAPATHBIX
YCKOpUTEJICH M CaMbIX COBPEMEHHBIX CHUCTEM XpPAaHEHUS NaHHBIX Ha (uiem-
TEXHOJIOTUSIX.

Hcronb30BaHUE OTKPBITBIX APXUTEKTYP M OTKPBITBIX 3KOCUCTEM IS
KOTHUTHBHBIX  BBIUMCIEHUI  0OEcneyuMBacT  BO3MOXKHOCTb  OBICTPOTO
OOHOBJIEHMSI TIPU TOCTOSSHHO BBICOKOM YPOBHE KOHKYPEHTOCIIOCOOHOCTH.
Crrucok npUeMIIEMBIX OTKPBITBIX 9KOCUCTEM, B 3aBUCHUMOCTH OT MOTpeOHOCTEN
npeanpuatus, MoxeT BkIo4aTh Blockchain, Docker, Linux, OpenPower u

IpyTHE.
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[IpumepoMm BHeIpeHUs KOTHUTUBHBIX TEXHOJIOTMM B LU(POBYIO
HPKOHOMHKY SIBJISIETCSI YHUBEpcajbHasi KOrHUTUBHas cuctema — IBM WaTCon,
KoTopas pazpaboTaHa Jyisi MaclITabUpoBaHUs MO Jit00oil dopMar u pa3mep
COBPEMEHHOTO Ou3Heca, aJanTUpOBaHa K  OOJAYHBIM  TEXHOJIOTHSM,
UHTETPUPYETCS C OTKPBITBIMH HKOCUCTEMAMM U (IIeHI-CUCTEMaMH XpPaHEHUS
naHHbIX. [lakeT cepBUCOB MO3BOJIAET OBICTPO CO3[aBaTh COOCTBEHHYIO
KOTHUTHBHYIO  OOJauHO-OpUEHTHpOBaHHyr0  cuctemy  WaTCon  Ha
NpEeANpUIATHSIX, PadOTAIOIIMX B pa3aWyHbIX oOnactax. Hanpumep, ananus
HECTPYKTYPUPOBAHHBIX MEIUIMHCKUX JAHHBIX MAI[MEHTa C MPEJOCTABICHUEM
PEKOMEHTAIUM.

B kauecTBe mNEpCHEKTUBHBIX HAIPABICHUNW CIEIYeT OTMETHUTh, YTO
KOTHUTHUBHBIE BBIUMCICHHUS B OyIyIleM MO3BOJSAT MPUHUMATh MIHOBEHHBIE
pellieHHs B pealbHOM BpPEMEHU C Y4Y€TOM MHOTOIUIaHOBOW HH(OpMaIuu o
JTOPOKHOM OOCTAaHOBKE M OCOOCHHOCTSIX MOBEACHHUS BOAMUTENCH, MOTydyaeMon
OJIHOBPEMEHHO W3 MHOXKECTBAa MCTOYHUKOB. IIprMeHEeHMe KOTHUTHUBHBIX
TEXHOJIOTHI CTaHeT akTyalbHbIM B cedicMonoruu. CelicMomnorus Oyaymiero
OyIeT TOJHOCTBhIO 3aBsi3aHa Ha  OOpadOTKYy  OrpPOMHBIX  MAacCHBOB
HECTPYKTYpPUPOBAHHOMN uH(pOpMaIUu. [TosiBuTCS BO3MOKHOCTb
IPOrHO3UPOBATh MOTEHUUANbHBIN yHIepO OT OypeHHs] OYepeIHBIX CKBAXUH U
CZeJIaTh IIar BIEPE] B 337a4€ POrHO3UPOBAHUS 3€MIICTPSCEHUN.

Henb3st HE OTMETUTH TakKe, YTO Ha CErONHAIIHWNA JI€Hb KOIHUTHUBHBIE
CUCTEMBbl BOCTpeOOBaHbl Ha pa3HbIX YPOBHSX 00pa30BaTEIbHOrO MpoIlecca
(IOLIKOJIbHBIN, HaYaJIbHBIM, CpeaHui, BwIcMi). B pasnene 2.4 Hacrosien
MoHorpaduu  OyZeT  pacCMOTpPEHbl  NPUMEPHl  BHEAPEHHS  METOOB
UCKYCCTBEHHOTO MHTEJJIEKTA M KOTHUTHUBHBIX TEXHOJOTWM B mpouecc 3D-
OPOTOTUIIMPOBAHUS, a TaKKE H3yUYEeHbl BO3MOXHOCTU HMX HPUMEHEHHUS IS
CO3/1aHMSI aBTOMATU3UPOBAHHBIX UHTEIJIEKTYyaJIbHBIX CUCTEM OOyUEHHUS.

Cnengyer 0co60 BbACIUTh d(PPEKTUBHOCTH MPUMEHEHUS KOTHUTHBHBIX
TEXHOJIOTM B HCCIEJOBAaHUAX JHUHAMUYECKHX CHCTEM HMHTEILIEKTHOTO
ynpasnenus (JCUY). K kmaccy JICHUY oTHOCSTCS ynpaBisieMble CUCTEMBI,
OCHOBaHHbIE HA 3HAHMSX U JIOTUYECKUX PEryJIATOpax, a TAKKE UCIOJIb3YIOIIHE
ypaBHEHUsI JMHAMUKM Ha 0a3e OOBIKHOBEHHBIX AU depeHIralIbHbIX
ypaBHEHUHN U ypaBHEHUSI TMHAMUKU C YYETOM IIYMOB Ha 0a3e CTOXaCTHYECKUX
mudepeHInaTbHBIX YPAaBHCHHI.

[lepeuriciiuM HEKOTOpPbIE MAaTEMaTUYECKUE METOJbl HCCIECIOBAHUS U
aHaym3a ycrounBoctu JJCUY:

1. MeTtonasl yyera CTaTUCTUYECKHUX HEONPEICIICHHOCTEN U
HeompeneneHHocTel  «3ane» mnpu  3aJaHUM  KOTHUTUBHBIX — MOJIEJEH,
BKJIIOYAIOIIUX B  CBOE  ONHUCAaHWE  CTOXAaCTUYECKHUE UM  HEYETKHE
muddepeHraibHbIe ypaBHEHUS.

2. MeTonbl aHanmu3a yCTOWYMBOCTH Ha OCHOBE OOOOIIEHHBIX (DYHKIIMA
JIAmyHOBa K HA OCHOBE CBOWCTB BEKTOPHBIX MOJIEM COCTOSHUMU.
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3. Meroast Takaru-CypKeHO TOCTPOEHHS W CTAOMIM3alUA MOJEIeH
WHTEIJIEKTHOTO YIPAaBJICHUS, YHUBEpCaJbHAs allpOKCUMAalUs HEIUHEUHOU
MOJEJIM HA0OPOM JIMHENHBIX YPAaBHEHUM C JIOTUYECKUMU PETYIISITOPAMH.

4. Metonpl, Oasupyromuecs Ha TMOHATUSIX MHACKCA COCTOSIHUS
PABHOBECHS M TUBEPIEHIIUA BEKTOPHOTO MOJIS.

5. MeTopl aHan3a UMITYJIbCHBIX MOJEJIEH U MOJICJIEH C 3aIa3 bIBAHUEM.

6. MeToasl TOCTPOCHUS W aHAINM3a MASTHUKOBBIX HHTEIUICKTYaJIbHBIX
JTUHAMUYECKUX CUCTEM.

1. OBPUCTUYECKUE METOIbI ro0anbHOU MapaMmeTpUIECKOn
ONTUMHU3AIIUH.

8. Meroabpl MHTEIEKTHOTO YIPABICHUS TEXHUYECKUX CHCTEM C
NEPEKITIOYEHUSIMU.

9. Meroasl HEWPOHHBIX CETEH, HSBOJIOIMOHHOTO MOJICTUPOBAHUS,
QITOPUTM MYpPaBbUHBIX KOJOHUW M JAPYrue€ METOAbl NpPU PEUICHUH 33]1a4
ONTUMHU3AIIUH.

PasBuTHe nepBBIX CEMU METOJOB JdaHo B [64H,0, 159, 178]. B [157] nano
pa3BUTHE METOJA WHTEJUIEKTHOTO YINPABICHUS TEXHUYECKUX CHCTEM C
NEPEeKIIOYEHUAMHU.  BBINOMHEH  aHanM3  TEXHUYECKUX  BO3MOXKHOCTEU
OTEUECTBEHHOT0 MpOoTrpaMMHO-ammapaTtHoi miatdopmel «mpopyc 801-PCx»
Ul pELICHWST  HAy4YHO-UCCIEAOBATEIbCKUX  33Jay,  CBSA3AHHBIX  C
MaTeMaTUYECKUM MOJICIIMPOBAHUEM HEIMHEWHBIX YIPABISIEMBIX CHUCTEM C
nepexaoueHusaMu. [lpencraBieHbl 0COOEHHOCTH pPa3pabOTKH U Pe3yJIbTaThI
BHEJIpEHUs1 pad04YnX MOAYJIEH MPOrpaMMHOr0 KOMIUIEKCA B paMKax yKa3aHHOMN
mwiargopmbl.  Pa3paboTaHo anropurMuueckoe oOecriedyeHue Ha OCHOBE
UCKYCCTBEHHBIX HEUPOHHBIX ceTel ¢ 00yueHneM. C moMoIbio pa3padOTaHHOTO
OporpaMMHOIO  0O€ecleueHusl peuieHbl 3aJauyd  MAIIUHHOTO  O0y4YeHHUs
HEUpOCETEeH Ui IIOMCKAa MapaMeTpoOB IWHAMHYECKUX MOJEIIEH C YYETOM
TpeOOBaHMI BhICOKOMApaLIeTsHOTO 00yueHus. ChopMmyarupoBaHbl TpeOOBaHMUS
K pACIIMPEHUI0O U COBEPIICHCTBOBAHUIO BO3MOXKHOCTEM MPOrpaMMHOM
uHpactpykrypsl 1miathopmbl «npopyc 801-PCy» mpuMeHUTENBHO K POy
HAy4YHO-UCCJIEI0BATENIbCKUX 3314 U K HAYKOEMKHM TE€XHOJIOTUSIM, CBA3aHHBIM
C IPUMEHEHUEM KOTHUTUBHOTO MOJICITUPOBAHUSI.

B [66] paccMOTpeHBI HEKOTOpBIC acleKThl pa3pabOTKU M pealin3aluu
BBICOKOTMAPAIIIEIBHBIX aITOPUTMOB 00YUEHUSI JJIs1 HEUPOHHBIX CETEN B 3a/1a4ax
MOCTPOEHUS  ONTUMAJbHBIX  TPAGKTOPUM  TEXHUYECKHUX  CHCTEM  C
nepeximtoueHusiMu. B [140] pa3pabotan airoputM ¢ HCIOJIH30BAHUEM
VMCKYCCTBEHHBIX HEMPOHHBIX CETEU U JIOTUUECKHUX PETYJISTOPOB, O3BOJISIONIUN
BBITIOJTHUTh TIOMCK ONTUMAJbHBIX MMapaMeTPOB JIBMKEHUS JUHAMHUYECKHUX
CUCTEM, MOJIeIUpyeMbIX AU PepeHITaTbHBIMU BKIFOUCHUSIMHU.

B [163] npennoxxkeHa Moau(pUKaMyu METOJa MyPaBbUHBIX KOJIOHUM IS
pa3paboTKu IPOrpaMMHOTO oOecrieueHus perieHus 3a/a4
MHOTOKPUTEPUAIIBHOTO YIPABJIEHUS MOCTaBKaAMU.
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2.4. Ilpuioxkenus k cucteMaMm 3D-nipoToTunupoBaHmsi
U K aBTOMaTHU3HPOBAHHBIM HHTEVIEKTYAJIbHBIM CHCTEMAaM 00y4eHHsI

B Hacrosmem pasznene NpUBEAEHBI MPUMEPHI BHEIPEHUS METOIO0B
MCKYCCTBEHHOTO HWHTEIUIEKTA M KOTHUTHUBHBIX TEXHOJOTWM B mpouecc 3D-
OPOTOTHUIUPOBAHUS, @ TAKKE HM3YYEHbl BO3MOXKHOCTHM HMX TNPUMEHEHHUS IS
CO37aHUsl aBTOMATU3UPOBAHHBIX MHTEJUIEKTYAIbHBIX CUCTEM O0YUYEHUS.

HckyccTBEeHHBIM WUHTEJUICKT, TEXHOJIOTHH yIPABJICHUS
MHTEJUICKTYyaJIbHBIMH  YCTPOWCTBAMH, CYNEPKOMIIBIOTEPHBIE M aJIIUTHBHbBIC
texHosnorun (AT) MHOTUMH HCCIEIOBATENSIMU BBIJIEISIOTCS B KA4eCTBE
OCHOBHBIX C YYE€TOM YpPOBHS Pa3BUTHUA CKBO3HBIX ITU(POBBIX TEXHOJIOTHI.
BaxxHo oTMeTuTh, UTO pa3palOTKa TEXHOJOTHH MOKHA OBITh MOJKpErieHa
aJCKBaTHBIMM  MaTEMaTHYECKUMH  MOJENSIMHU, KOTOpbIE  OO0ECreYnuBaroT
TEOPETUUECKUE HCCIEIOBAaHUS O0BEKTa, MIPU KOTOPBIX HEMOCPEICTBEHHO
U3y4aeTcsi He caM OOBEKT, a €ro MoOjelb, MPEJCTABIAIONIAs B pPE3yJbTare
UCCleloBaHus MHGOPMALMI0O O caMOM MojaenupyemMoMm oObekte. Cpena s
MOJICJIMPOBAHUSA 00ECIEeUnBACTCS TNEPENOBBIMU pa3padOTKaMu IPOTrpaMMHO-
anmnapaTHbIX CpPEACTB MOJIETUPOBAHUS CUCTEM C NPUMEHEHUEM METOOB
UCKYCCTBEHHOIO HWHTEJJIEKTa M KOTHUTHBHBIX TEXHoJoruid. B wyacTHOCTH,
OPUMEHEHUE METOJIOB TEOPUHM HEYETKUX MHOXKECTB, TEOPUHM aJalTHUBHOIO
VIOpaBJICHHUS W TMOAXO0Jla K ONUCAHHI0 JUHAMUYECKHMX CHCTEM Ha OCHOBE
TC-mopeneit paccmotpeHo B padorax [230, 231, 64H,0].

Cnegyer OTMETUTh 3HAYMMOCTh NMPUMEHEHHUS! KOTHUTHUBHBIX TEXHOJIOTHIA
NPY MPOCKTHPOBAHUYU CIIOKHBIX CUCTEM C HenoiiHoW uHpopmanumeii [156]. Kak
ye Obu1o oT™MeueHo B pasneinie 2.1, KK sBisitoTcsi OCHOBHBIM KOMILIEKCHBIM
MHCTPYMEHTApUEM KOTHUTHUBHOIO mojxoja. OHM TO3BOJSIOT MOJEIUPOBAThH
3HAHUA HKCIEPTa U MPEJCTABIISITh UX B BUJIE€ MAIIMHHBIX BBIBOJOB, 3a4aCTYIO B
(dopMe JOrMYecKuX MpaBWwil BHUAA ecau..., mo. Vicnmonp3oBaHue ammapara
B3BEIICHHBIX 3HAKOBBIX MU (DYHKIIMOHAIBHBIX 3HAKOBBIX TpadoB ISl TAKOU
TEXHOJIOTMM  MOJEIUPOBAHMS  MO3BOJISIET 00padarbiBaTh J@HHBIE  Kak
KaueCTBEHHOI0, TaK M KOJMYECTBEHHOro tumna. OTMETUM, YTO HpH
KOTHUTUBHOM  MOJIETUPOBAaHUU  CO3/AIOTCSl  KOHIENThl W OTHOIIEHUS,
XapaKTEepU3yIolle NPEeIMETHYI0 00JaCTh U CBA3BIBAIOLIMECS MEXAY cOOO0MH, a
TaK)K€ ONPEAEISIIOTCS U BBIIESAIOTCS CTPATETMYECKUE LENN U CUHTE3UPYIOTCS
CTpaTernd MO UX JOCTHKEHHIO. lMeeT MecTO MOHATHE YNPaBIIIEMOTO
KOTHUTUBHOIO Tpoliecca sl UCHOJIb30BaHUs €r0 MpH MOAAECPKKE U MPUHATUN
CTPATErMYECKUX YIPABICHYECKUX pelIeHUl. TeXHONOorus KOTHUTUBHOIO
MOJICJIMPOBAHUSA 3aKJIIOYAETCs B HUCCIEAOBAaHUU TNPOOJIEMbl C HEYETKUMHU
(dakTopaMu M B3aMMOCBSI3SIMHU, MPEABUIACHUU W3MEHEHUW BHEIIHEH cpeibl, a
TAaK)K€ HCIIOJIb30BAaHUM OOBEKTUBHO CJIOKMBILIMECS TEHJICHUUHM Pa3BUTHUSA
CUTyalluM B CBOUX UHTepecax. lIpumepbl HCHOIB30BaHUS KOTHUTHUBHOM
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TEXHOJIOTUH JUIsl UCCIIEIOBAHUS CUCTEM C HETIOTHOW MH(OpMaIieil mpuBeaeHbI
B pabotax [128, 77¢].

[Monxon x pa3pabotke AT C y4eToM BHEIPEHUS HCKYCCTBEHHOTO
MHTEJUIEKTAa U KOTHUTHUBHBIX TEXHOJOTHH B Ipouecc 3D-npoTroTunupoBanus B
HACTOsIIeEe BpeMsI OOYCJIOBJIEH MCIOJIb30BAaHUEM M Pa3BUTUEM TEXHOJIOTHI
OBICTPOTO MPOTOTUIIMPOBAHUSI B PA3IMYHBIX 00JacTsax npuMeHeHus [/8]. B
YaCTHOCTH, TaKOW TMOAXO0J BaxkeH mnpu pa3pabotke AT, cBsa3aHHBIX C
dopMupoBaHHEM W CO3JaHMEM  U3JENUS  TpU  HEOOXOJUMOCTHU
MIPOrpaMMHUPYEMOr0 YIIPaBICHUS PACXOAHBIM (CTPOUTEIBHBIM) MAaTEpUAIOM B
cpeae  3D-uncTtpymenTta. Takoro BHIa TEXHOJOTMH TaKXe Ha3bIBAIOT
TEXHOJIOTUSAMU OBbICTpOro mnpotoTunupoBanus uiaum RP-texnonorusimu (Rapid
Prototyping).

CTpyKTypHBIE KOMIOHEHTHI LU(poBOH 3D-TEXHOJOTMHM KOTHUTHUBHOIO
MIPOrpaMMHUPOBAHUS TIPOCTPAHCTBEHHBIX OOBEKTOB MPUBEACHBI Ha pHUC. 2.0.
[Toapo6HOE onucanre KOMIIOHEHTOB LHU(PPOBOM 3D-TEXHOJOTUH KOTHUTUBHOTO
POrpaMMHUPOBAHUSI IPEICTABICHO B [7].

3D-ckaHep

KOTHUTUBHOE
nporpamuMpoBaHme

=

Undposoi obpas npoekTa

Undposas konua nsaenns
3D MHCTpYMeHTa

3D-npuHTEp

Puc. 2.6

Kaxxplii KOMIIOHEHT UMEET COOCTBEHHYIO TEXHOJIOTUYECKYIO CIeIU(PUKyY
WHCTPYMEHTa, OOOpYyJOBaHUA M MOporpaMMHoro pemieHus. I[IpoGiaema
MCTIOJIb30BaHMS KOTHUTHBHOTO IPOrpaMMHUPOBAHUS COCTOUT B
npodeccrnoHanbHON cnerupuke CUCTEMHOTO UHTETPUPOBAHHOIO
B3aUMOJECUCTBUASI COBMECTHUMOCTH TMPOTPAMMHBIX MPOAYKTOB s 3D-
CKaHMPOBaHMsI, 0OBEKTHOTO KOTHUTHUBHOTO MPOTPAMMHUPOBAHUS (TBOPUYECKHIMA
MPOIIECC) U pean3alliy CJIOKHBIX TPOCTPAHCTBEHHBIX (opM Ha 3D-mipuHTEpE,
YUHUTBIBAIOUIEH OCOOCHHOCTH TEXHOJIOTMU MpoToTUnHUpoBaHud. KadecTBo u
CKOpocTh co3faHusi uudposoro obpasza mpoekra (LIOII), Tpebyer 3HaHus He
TOJIBKO TPUJIOKEHUM U BO3MOKHOcTeM 3D-ckaHepa, mnporpamm 3D-
MOJEIMPOBaHUSI, BOBMOKHOCTEH 3D-pUHTEPOB, HO U TBOPUYECKON CHIEIU(DUKU
obnacTell 3HAHWUW MPOEKTHPYEMOTO 00BeKTa. IMEHHO 3THM W ompemenseTcs
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CYIIHOCTh KOTHUTHUBHOU MPOTPaMMHUPYEMOU TEeXHOJOTHHU [6]. AKTyaapbHOCTH
KOTHUTUBHBIX TMPOrPAMMHUPYEMBIX TEXHOJOTHI CBsizaHAa C A()PEKTUBHBIM
TUPAXUPOBAHUE M PACHPOCTPAHEHHEM LUQPPOBBIX KOMUWA HU3ACIUNA IO
TEJICKOMMYHUKAIIMOHHBIM CETSIM. [lOABICHUA CIIO)KHOM MNPOCTPAHCTBEHHOM
dopmbel  nmdposoit komuu wuznenus (IIKM) ocHoBaHO Ha KOTHUTHUBHOM
NPOCKTUPOBAHMM MakKeTa M CO3JAaHUM IU@pPOBOro o00Opaza MPOEKTa.
3aKIouuTeNbHbIE ATanbl 3D-TEXHOJOTHH: KOTHUTHBHOE NPOrpaMMHUpPOBAHUE,
agantauus [{OII (mudpoas o6paboTka 00ObeKTa) AJIsl IEpeaauu, TPAHCIISIUH,
smyssitnu LKW o Tpedyemytro TexHosoruto 3D-nipuHTepa.

OtMetum, uto BaxkHou coctasipiromierd LOIl sBnsiroTcs mporpamMmHbie
MaKeThl, MO3BOJSIONIME MOJIETUPOBaTh LU(PPOBBIE 00pa3bl MPOEKTOB MU
Co3/71aBaTh MPOCTPAHCTBEHHbIE OOBEKTHI, KOTOPHIE HA CETOMHSIIHUN JI€Hb
J0CTaTOYHO pa3HooOpa3Hbl. K Haubosiee mNOMyJSPHBIM CJEAyeT OTHECTH:
Rhinoceros 3D, Nevercenter Silo, ZBrush, Lightwave 3D, 3design CAD,
CATIA u SolidWorks (Dassault Systemes), KOMIIAC, Maxon Cinema 4D. U3
JOCTYIHBIX OECIUIAaTHBIX MPOTrPaMMHBIX OOECNEeYeHUN CJleAyeT Ha3BaTh:
Blender (co3manue 3D-moaenu ¢ MOCHEAYyIOIMIEW  KOMIBIOTEPHOU
Buzyanuzanuei), SALOME, FreeCAD. /Ins nposenenust 3D-monenupoBanus
UCIIOJIB3YIOT TaK)K€ U KOMMEpUecKue makeTsl koMmrnanuu AutoDesk (Hampumep,
3D-Studio Max, Maya). Takum o00pa3oMm, OCHOBHOW mpobGaemoit 3D-
TEXHOJIOTMM  KOTHUTUBHOTO  TMPOTPAMMHPOBAHHS  SIBISIETCA  Ipoljema
coBMectTuMocTu paspematrornieit cnocoonoctu LOII, IIKM u texnomorum 3D-
MPOTOTUITUPOBAHUS.

[IpumepoM BHeIpeHUsT METOJOB MCKYCCTBEHHOI'O HMHTEIUIEKTa U
KOTHUTHBHBIX TEXHOJOTUM B mponecc 3D-mpoTOTUNUPOBAHUS —SBISETCS
npombinuieHHas cucremMa 3D-mewatm — 3D Systems Sinterstation HiQ+HS.
Kiacc uncnonb3yeMbIx MaTepuanoB OTHOCUTCA K TPaHYJIMPOBAHHOMY KJIacCy
(TEpMOIIIACTUK, 3JIACTOMEPHI, METAJUIbl, KOMIIO3UTHI) W MPUCIIOCOOJIEH K
TeXHOJOTHsIM ObicTporo mpousBonctBa. 3D Systems Sinterstation HiQ+HS
O0aszupyercss Ha SLS-TexHomormm u TpenHazHaueHa Il MPOM3BOJICTBA
JOJITOBEUHBIX IJIACTUKOBBIX W METAUIMYECKUX 3amdacTed, MHOTOIPaHHBIX
WHCTPYMEHTOB, JUTEUHBIX Mojenel Ha ocHoBe (aitnoB B popmare 3D CAD.
[IpeuMy1ieCTBOM CHUCTEMBI SBJISIETCS. TO, YTO HCKIIOYAIOTCA MPOLECCHI
00pa0O0TKH, NUITM(POBKH, JTUThSI WU APYTU€ BTOPUUHBIE TPOLIECCHI C SKOHOMUEH
cpeactB W BpemMeHu. OHa aBTOMATHYECKHU MPOU3BOAUT (PYHKIIMOHAJIbHBIC
94acTH, JINTCHHBIC MOJIETN M MHOTOTpaHHble HHCTpyMeHTHI 3 3D CAD daiinos.
B cucreme ucnosb3yroTcs YNpOUIEHHbIE HACTPOMKM MOJATOTOBKM MEYATH U
caMoro nmpolecca Tne4yaTd, OHa yAoOHa W TOHATHA [JIs HAYMHAIOUIUX
noJib3oBateneil. Kpome Toro, cucteme mpucyliia noBblIEHHAs aBTOMAaTU3aLIUs
IPOLIECCOB, MPU 3TOM HET HEOOXOAMMOCTH B JJIMTENbHOM 00yueHuu. K
OpPEeUMYIeCTBAaM CHUCTEMbl OTHOCSTCS TakyKe: CHIDKEHHass CTOMMOCTD
JKCIUTyaTallMd; YMEHBIIEHHUE OTXOJOB M  BO3MOXKHOCTh  IIOBTOPHOIO
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HCIIOJIb30BaHUs OTPAOOTaHHBIX MATEPUAJIOB; CIIOKHBIE 3aIT9aCTH U MPOTOTHUIIBI
U3 TOJIMAMUJA, CTEKJIOBOJIOKHHUCTOIO HEMJIOHA; BO3MOXXHOCTBH IPOU3BOJACTBA
CIOKHBIX  HMHCTPYMEHTOB, 3am4acT€d M  NIPOTOTHUIOB;  BO3MOXHOCTH
BOCIIPOU3BOAUTH CI0KHBIE Y30pbl HA TUTEUHBIX MOJIETISAX.

B cucreme 3D Systems Sinterstation HiQ+HS MakcumanbHbIM
br3udecKkuM 00bEMOM TIeUaTH SBISETCS CIEAYIOMMi 0o0beM: mupuHa 381 Mm
(mmpuHa), JUTUHA 330 MM, BBICOTA 457 MM (XYZ2).
B ucnonszyemoit SLS-TexHOIOTHY BBIMIOJIHAETCS aBTOMAaTUYeCKas KaaTuOpoBKa
Ha OCHOBE «CJIOM 3a cimoem». bnaronmaps eil oOecreyuBaercs MNOIYYEHUE
BBICOKOKQYECTBEHHBIX JETAIIEN C MPAaBUJIbHBIMU W TOYHBIMHU MEXAHUYECKUMU
ceorictBaMu. [lIpomecc ymnpaBieHus Te€4aTblO  SBIAETCS MPOCTBIM B
MPUMEHEHUH, C BBICOKON MOBTOPSEMOCTBIO OINEpAlMil OT ACTANIHU K JI€TAIH, OT
npolecca K Mpoleccy, MpU 3TOM HET HEOOXOJUMOCTH B JJIUTEIHHOM
CHeIuaIbHOM OOYYeHHH, MPU STOM MPOU3BOIATCS 3aMYacTd, KOTOPHIE HE
HY’)KHO TOBTOpHO oOpabaTeiBaTh. PupmeHHas SLS-cucrema ynpaBieHUs
CBsi3aHA C  MHTEIUIEKTYyaJbHOW  CUCTEMOM  TEPMOPETYJIUPOBAHUS IS
nojajepxkanuss paboyero CocTOsAHMS M KadecTBa 3amyacted. Juamazon
TeMIlepaTyp BO BpeMms pabotsl 16-27°C, nnana3zoH TeMneparyp Mpu yCTaHOBKE
18-24°C, TtepmoyctoitunBocth =+ 2°C. VHTemnekTyalbHas TEXHOJOTHUS
TEPMOPETYJIUPOBAHUS JJIA TOJAJEpKaHUsT PabOuero COCTOSHMS W KadyecTBa
3amuacteid B cuctemy HiQ SLS TouyHO KOHTpOIUPYET YPOBEHB TEMIIEPATYPHI BO
BpeMsI BCETO rpouecca IIEYaTH. NuTennexkryanbHas cucrema
TEPMOPETYJIMPOBaHU OOECIEUnBAET YIydllIeHHEe MepepaboTKu MaTepuasoB
OTXOJHBIX MaTEpUaJIOB, KOTOPbIE MNOAXOIAT ISl MCIOJIb30BAaHUS CUCTEMOU
Sinterstation HiQ (B wactHoctu, Mmarepuansl DuraForm® PA, DuraForm GF u
LaserForm™ A6), 4TO MPUBOJIUT K CHUYKEHUIO OTIEPAIIMOHHBIX 3aTpar.

[MudpoBbie  3D-TexHONOTMHM ¥  KOTHUTHBHOE MPOTPAMMHUPOBAHUE
OTKPBIBAOT YHHUKAJIBHBIE BO3MOXHOCTH BOCIPOU3BEACHUS  CIIOKHEMIINX
MPOCTPAHCTBEHHBIX  (HOpM, OOBEKTOB H  HMHXXEHEPHBIX  KOHCTPYKIIUH,
MeXaHU3MOB. Peanu3zanuss 53TUX BO3MOXHOCTEM cCBsizaHa C HUGPOBOH
TEXHOJIOTHEN YIpaBieHUs MaTepuajJbHbIMU YacTHI[AMU B OOBEMHOM cpene
uHCTpyMeHTOB  3D-texHonoruun. B  0o0BeMHON cpeie  HHCTPYMEHTOB
OCYILECTBJISICTCSI TEXHOJOTMYECKUH TMPOLECC, OMNPENCAIONIMNA  CBOWCTBA
BOCIPOU3BOJUMOT0 00beKTa. TeXHONOrusi KOTHUTUBHOTO MPOTrpaMMHUPOBAHUS
ABJISACTCS VHHOBAIIMOHHBIM IIPOLIECCOM (G poBOro TBOPYECTBA,
MIPOMBILIJIEHHOTO M XYJO0’KECTBEHHOI'O MPOM3BOJCTBA B paMmKax LU(pOBOI
nporpaMMupyeMon TexHosoru. C y4eTom 3Toro, B IepcreKkTuBe cuctemol 3D-
neyaTd  MOTYT  pacCMaTpuBaThCs  KaK  JJIEMEHT  KPYMHOMAacIITaOHOM
yOpaBiIsIeMON CHCTEMBbI (HampuMep, B MPOMBIIIJICHHOCTH WM TEXHUKE, C
NPUMEHEHUEM TEXHOJOTHM MAIIMHHOTO OOydYeHHMs ISl  ONTHUMHU3AIUU
napameTpoB U Jip.). MHTemekTyanu3aius mo3BoJMT ONTUMU3UPOBATH padoTy
3@ CYET KOHTPOJII BCEX OJTAlOB aJIJUTUBHOTO MPOU3BOJACTBA: BBISBICHUE
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HEUCIIpaBHOM JAeTanud (PJEMEHTa) B XOJi€ KOMIIBIOTEPHON JIHMarHOCTHKH,
3D-ckanupoBaHue, BBIOOp  AIAUTUBHOM  TeXHOJOrMHM  (MarepHala),
MIPEJIBAPUTEIILHBIC PACUeThl ISl CO3JaHUsI MOJENIM; UTOroBasi HacTpoiika 3D-
MIPUHTEPA, MOJTy4YEHUE HOBOM NEeTAIN (a71eMeHTa). Co3nanue
MHTEJUICKTYaJIbHBIX KOMIIOHEHT KPYMHOMACIITaOHBIX CHCTEM CBSI3aHO C
pa3pabOTKON  MPOrpaMMHBIX  MHTEIUIEKTyaldbHBIX  IJIATGOPM  HOBOTO
MOKOJICHHUS.

B HacTtosiiee BpeMsi aKTyaJllbHbIM HalpaBJICHUEM, CBSI3aHHBIM C
MPUMEHEHUEM KOTHUTUBHBIX TexHOJoruil u MM B pellleHuM CHOXHBIX 3aaad
YIpaBJICHUS TTO3HABATEIBLHON JIEATEIIbHOCTBIO O0yYaeMbIX, SIBJIICTCS CO3/IaHUE
ABTOMATU3WPOBAHHBIX HMHTEILICKTYalIbHBIX cucTeM oOyueHus (AMCO) [60].
VYKa3zaHHbIE CHCTEMBbI HANPABJIEHBI HA MOBBIIICHUE YPOBHS CAMOOPTaHU3ALUU U
caM000y4eHHsI O0yYarOIINXCsl MPYU HEMPEPHIBHOM CHUKEHUU CTEMEHU y4acTHUs
npenonaBarensd. [lortennuan npumeHenus MU k cdepe mepemaum maccuBa
3HAHUW TMOKOJICHUIO IIKOJILHUKOB U CTYJEHTOB MPEACTABISETCS HEOOBIUAHO
MUPOKUM. MakcumanbHble OXujgaHusg oT 3¢dekra npumeHenus WU B
00pa30BaTEIbHOM MPOIIECCE CBSI3aHbI C CO3JIaHUEM U BHEJIPEHUEM:

— WHHOBAIIMOHHBIX METOJ0B O0YUYCHUS;

— HOBBIX (opM reHepanuu 3HAHUNU (MHTEIJIEKTyaJbHbIE JKCIEPTHHIC
cucteMbl Ha ocHOBe BigData);

— HOBBIX KaHAJIOB KOMMYHUKAllUM 3HAaHMM Ha OCHOBE nporpamm ¢ UM B
JIMAJIOTOBBIX CUCTEMAX;

— HOBBIX (pOpM noauu MHPOPMALIUU C AKIIEHTOM Ha BU3YaJIU3alIMIO;

— HOBBIX (OPM KOHTPOJISI YCBOCHHUS YUYEOHBIX MAaTEpPUAIOB C YUETOM
WHJMBUAYAIBHBIX OCOOCHHOCTEH CYOBEKTOB 00pa30BaTEIbHOTO IIpoIlecca
(IIKOJILHUKOB U CTYICHTOB).

B kadectBe npumepa UCMOIb30BAHUS TPUHIIMITUAIBLHO HOBOTO MOJIX0/a B
o0y4eHUU MOXKHO MpUBECTH BHenpenue Opuranckon MU -mumardopmsr Century
Tech B oOpa3oBaTenbHBIX opranu3anusx dramaHackoro pernona benbrum.
JlanHas mwiatgopma UCHONIb3yeT 00y4aroniue METOAUKU U PEIICHUs], a TaKXKe
npuUMEHsieT 0a30Bble MPUHIMUINBI  HEUPODU3UOIOTUM JJIsI  ONpPEACIICHUS
HAKJIOHHOCTEH, YpOBHSI 3HAHUM M BBIHOCIMBOCTH IIKOJBHUKOB U CTYICHTOB,
TeMNa W TOAXOJSIIEr0 BPEMEHHM [jisi OOy4YeHHUs, CKOPOCTH IepeMEIICHUS
uHpopManum U3 KPATKOBPEMEHHOW B  JIOJITOBPEMEHHYIO  ITaMSTh.
[lepeuncnenHasi aHaIUTUKA BIOCJIEACTBUU BKJIIOYAETCS B  AJTOPUTMBI
MamuHHOro 00ydeHus. Ilpenmonaraercsa, uro MM momoxer aganTUpoBaTh
3aHATHUS IO MHIAUBUAYATbHBIE OCOOEHHOCTH KaXKI0TO YUCHHKA.

B nactosimiee Bpems B Poccuu mOAXOIUT K 3aBEPIICHUIO TEPBBIM 3Tal
peanu3alud HalMOHANIbHOrO TmpoekTa «OOpa3zoBaHue», TIyoOanbHas LEJb
KOTOPOTO — CO3/laHh€ €AUHON o0pa3oBarelbHOM IIaTGOPMBI, Jarolen
BO3MOXXHOCTh KaXKJIOMY IIKOJBHUKY TOJIy4aTh Ka4yeCTBEHHOE OOpa3oBaHUE, B
TOM YHUCJI€ C HMCIOJIb30BAHUEM AJIAITUBHOTO OOYYEHUS] U WHIMBUIYaTbHBIX
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0o0pa3oBaTeNbHBIX TpaeKkTOpuil. B KkauecTBe mpumepa 1o ucnosibzoBanuio MU B
00pa3oBaHUK MOXKHO IPHUBECTU pOCCHMcCKuU crtaptan Parla, ucmonb3yromniuii
MPUJIOKEHUE JUIS M3YUYEHHUs] aHTJIMMCKOro s3blka. B OCHOBE MNPUIIOKEHUS
HaxXOJIUTCA TMporpaMma, KoTopas oOOy4yaeTcsi BMECTe€ C YUYEHHKOM W
ajanTUpyeTcs IMOJ €ro 3aJadyd U Mporpecc. YKe Ha dTane PerucTpaluud B
NPWIOKEHUU TMpOTrpaMMa MOXET aHaJU3MpOBaTh JIaHHBIE U3 COLICETeH W
npejjiarath  MHAWBUAYAJbHYIO MporpaMMmy OOYy4Y€HHs, OCHOBAHHYIO Ha
MHTEpecax KOHKpeTHOro uenoBeka. IlapannensHo BHeapenuto WU B
oOpazoBaHue  BejaeTcs  pa3paboTka  Moaenu  eAuHo  uudpoBoi
oOpazoBarenbHOM cpenpl. IlpuMepoM aBTOMaTH3anuMu 00pa30BATEIBLHOTO
nporiecca MOXHO Ha3BaTh padoty MOIII (MockoBckas DnektponHas Llkoa).
B mxonax psiga pocCHMCKUX PErMOHOB MPUMEHSIETCS Takash COBpPEMEHHas
oOpasoBarenbHas cpefia, Kak «MoOuIbHas HIEKTPOHHAS IIIKOJIay.

B poccuiickoii cucteme 00pa3oBaHUS €Ie UMEET MECTO HEJIOCTAaTOYHBIN
ONBIT BHEAPCHUS WHTEIUICKTYAJbHBIX ITU(POBBIX TEXHOJOTUH B CHUCTEMY
0o0y4YeHHUs MPEIMETHBIM OOJIACTSIM 3HAHMM, a TaKXK€ HEJIOCTaTOUYHBIM YPOBEHb
c(hopMUPOBAHHOCTU 0a30BBIX KOMIIETEHIIMM B COOTBETCTBUU C TPEOOBAHUSIMU
u(ppoBOIl SKOHOMHMKHK B YCIOBHSIX 00miero odpaszoBanusi. Oco0oe BHUMAaHHE
CIEAYeT YIEIUTh HCHOJIb30BaHUIO MHHOBAMOHHBIX MKT-uHCTpymMEHTOB mpwu
CO3JIaHMH W peanu3anuu oTKpbiTol 1 ruoko AMCO Ha ocHOBE THOPUIHOCTH
merogoB  WUW  [24, 160]. MeTtoasl  HMHTCIUIGKTHOTO  yIPaBJICHUA,
HpeJCTaBIAIONINE cOO00H MHTerpaluio Meto0B I u reopun ynpasienus [34],
3¢ (PexTUBHBI IPU PEIICHUH 3aJ1ay YIpaBJIEHUS MPOLEeccOM OOy4YEeHUs B TpUALE
«Teaaror — KOMIbIOTEP — 00yJaromuics». 3a/laud UHTEJUIEKTHOTO YIIPaBICHUS
0o0pa3oBaTebHBIMM  MpolleccaMu  TpeOyIT THOPUAHOTO  MoaXoJa ¢
NPUMEHEHUEM  MaTeMaTHYECKOr0 U KOMIBIOTEPHOTO  MOJCIUPOBAHUS.
MaremaTuyeckue METOIbl IOJKHBI TPUMEHSITHCS JJIsl pa3paO0TKU COAEpKaHUS
U HEepapXuid 3HAHUU W TPOUENYyp, HHCTPYMEHTAIbHO-METOANYECKOTO
o0OecrieueHrUsT UHTEPAKTUBHOM HWHTEIUICKTYalbHONW OOydYaromieil M OLEHOYHOM
NEATeIbHOCTH B  WH(POPMAIMOHHBIX CpelaX, B KOTOPBIX MOTYT OBITh
UHTETPUPOBAHbl  (DYHKIIMM  JIKCHEPTHBIX  CHUCTEM, HEUETKOHW  JIOTHKH,
UCKYCCTBEHHBIX HEUPOHHBIX CETEM W TeHETUUYECKUX anroputmoB. Cremyer
OTMETUTh, UYTO MPU MPOCKTUPOBAHUU THOPUIHBIX UHTEIUICKTYabHBIX Cpell U
miatdopm 1udpoBoit Tpanchopmanuu oOpa3oBaHUS CYIIECTBEHHOE 3HAYCHUE
MMEET HE TOJIbKO 3HAHUE O NPUOPUTETHBIX CTPATErusix M METOJax UX
M3YUYEHHS, HO ¥ 3HAHHE ABPUCTUYECKHU MIPUMEHSIEMbIX MPUHIUIIOB U MOJIXO/I0B,
obecrieynBarOMX 00J€€ KOHKPETHbIE U YTOUHSIONIUE TEXHOJIOTUYECKUE
pelieHus.

Kak yxe ObLIO OTMEUEHO BO BBEJICHMHM HACTOsIIEH MoHorpaduu, BO
MHOTHX 3a7a4aXx MOJEIUPOBAHUSI CTPYKTypa IMHAMUYECKUX CHUCTEM M €€
napaMeTpbl U3BECTHBI C HEKOTOPOM MOTPeIIHOCThI0. [103TOMYy, HEOOX0IUMBIM
TpeOOBAaHHEM K JIMHAMUYECKUM CUCTEMAaM SIBJISIETCSI UX YCTOWYHUBOCTH (B TOM
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WIM WHOM CMBICIE) 1O OTHOWICHUIO K CTPYKTYPHBIM U BHELIHUM
BO3MYLIECHUSAM. B YacTHOCTH, MOCTPOEHUE QJITOPUTMOB HCCIIEIOBaHUS
YCTOMYHUBOCTH MO3BOJISIET MPOBOAUTH aHAJIN3 BIUSHUS PA3INUHBIX TAPAMETPOB
Ha pEeXUMBbl (DYHKIIMOHUPOBAHUS CIOXKHBIX cucTeM. OTMETUM, YTO TEOpUU
YCTOMYMBOCTH W CTAaOWJIM3AIMU JUHAMUYECKHUX CHCTEM TMOCBSAIIEHBI PabOThI
[29-32] w [pyrux OTCYECTBEHHBIX M 3apyOeKHBIX YyUYeHBIX. Bompochl
YCTOMYMBOCTH CHCTEM HHTEIUIEKTHOTO YNPABJIEHUS PAaCCMOTPEHBI B [64H,
116a] u B npyrux padorax.

OpnnuM u3 3¢ (PEKTUBHBIX MTOAXOAO0B K MOJIETUPOBAHUIO CIIOKHBIX CUCTEM
MHTEJUIEKTHOTO  yOpaBJ€HUS  SBIISETCS  NOAXOA, OasupyroollMiics Ha
anmpoKCMMAallUM ~ UCXOJHOM  MojJenu  cooTBeTcTBytomed  TC-mopenbio.
[TocTpoeHre NPOTHOZUPYIOMIMX W YIPABISIONIMX JOTHYECKUX KOMITIOHEHTOB
IMHAMHYECKUX CHUCTEM CBSI3aHO C pa3pabOTKON aJrOpUTMOB HCKYCCTBEHHOIO
uHTeIsIeKTa. B nanHoMm HanpaBieHUH 3()(PEKTUBHBIM SIBISIETCSI MCIIOJIb30BAHUE
MCKYCCTBECHHBIX HCHPOHHBIX CETEH M METOJIOB MallMHHOTO oOyuenus. B [110]
JaHa cTporas (opManu3aiusi OCHOBHBIX TEPMHUHOB. M3yueHUI0O HEHPOHHBIX
ceTel nocesieHbl padotsl [43, 66, 96] u qpyrue paboTHI.

B nmnocnenHee necsaTwiieThe MHTEpPEC K amnmapaTy HMCKYCCTBEHHBIX
HEHPOHHBIX CETE€ B KOHTEKCTE KOJWUYECTBEHHOIO M KAadyeCTBEHHOIO
yYBEJIMUYEHHUSI MpPaKTUKU €ro INnpuMeHeHuss B cdepe oOpa3oBaHUS 3HAYUMO
ycunwics. B aHIVIOA3BIYHBIX  CTpaHax BONPOCHl IEPCOHAIM3ALUU U
aBTOMaTH3alMyl OOYy4YEeHMs] C MPUMEHEHHE TEXHUYECKUX U MPOrPaMMHBIX
CpelCTB, padoTa KOTOPBIX OCHOBaHAa Ha HEMPOCETEBBIX ATOPUTMAX, YKE 1aBHO
ycnemHo pematorca. K yuciay Takux NporpaMMHBIX HPOTYKTOB OTHOCSTCS:
GeekieLab, CTl — Content Technologies Inc, Mika, Microsoft Presentation
Translator, Thinkster Math, Brainly, Cram101 u np. MHorue ore4ecTBeHHBIC
UCCJIEA0BATENId  3aHUMAJIUCh BOINPOCOM IMPHUMEHEHUS HWHTEIUIEKTYaIbHBIX
KOMIIBIOTEPHBIX CHUCTEM B O0Opa30BaHUM, OCHOBAHHBIX HAa HEUPOCETEBBIX
TEXHOJIOTUAX. lIpruMEHEeHne HEWpOCEeTEBbIX TEXHOJOTHM B  aJalNTUBHOM
TECTUPOBAHUU 1O HHPopMaTHKe paccMoTpeHo B [45]. B [49] npencraBieHo
MPOCKTUPOBAHUE HEHPOCETEBOM KOMIBIOTEPHOU oOyuaromieit cuctemsl. B [56]
KOMITbIOTEPHBIE HEUPOCETEBbIE TEXHOJIOTHH PACCMOTPEHBI B KAUECTBE CPENICTBA
UHIUBUYAIU3UPOBAHHOTO  OOydeHus. [lepCneKTHBHBIM  HampaBlIEHUEM
ABJISIETCSl MCIOJB30BAaHUE allapaTra HCKYCCTBEHHBIX HEHUPOHHBIX CETEd s
MHCTPYMEHTAIbHO-METOIUYECKOTO 00ecreueHnsi 00pa30BaTeIbHOTO MpoIecca.
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I'naBa 3.

NOAXO0/ K U3YUEHUIO HEJIMHEMHBIX
JUHAMHMNYECKHUX CUCTEM HA OCHOBE IOCTPOEHUS
MOJIEJIEV TAKAT'U-CYJIKEHO

3.1. Ilmnamudeckne TC-Moae/Ju M HX CTA0OMIN3 AU

B psame 3amau  ympaBieHWS HW3ydaeMble HCJIMHECHHBIC — SIBICHUS
OMHUCHIBaIOTCA ¢ mnomombio TC-Momenelt, Oa3upyrOIIMXCs Ha IpaBUiIax
JIOTUYECKOT'0 BBIBOJIA M HEUETKUX PEryJIsITopax. YKa3zaHHBbIC MOJEIU HaXOJST
MHOTOYHCIICHHBIC MPUJIOXKEHUSI B MPOMBINIICHHOCTH, B €CTECTBO3HAHWHM U B
UHXeHepHOU mpakTuke. [C-monmenu 3>(PGEeKTUBHO NPUMEHSIIOTCA B 3ajadax
yIOPaBJICHUS MEXaHWYECKMMHU TPAHCIIOPTHBIMH CpPEJICTBAMH, B 3ajadax
yIOPABJICHUS TOABEMHBIMH W MOCTOBBIMH KpaHaMH, a TakXe poOoTaMu-
Manunyistopamu [34, 47, 48, 59, 116a, 228, 230, 231].

OtMerum, uto B [131] mpoBeneHO uccae0BaHUE U JaH CPaBHUTEIbHBIN
AHAIM3 PA3JIMYHBIX THUIIOB Mojenen: Moaenab Mamaanu, mojnens lLlykamoro,
TC-monenb, Moaenb JlapceHa, anmpOKCUMUPYIOMKUX 33JIaHHYI0 HETMHEHHYIO
cuctemy. [lokazano, yto Hanbosnee >(pPEKTUBHBIM, C TOUYKUA 3PEHUS PEIICHUS
3aJ1a4 OLIEHUBAHUS HEIUHEHMHON JUHAMHYECKON MOAEiH, aBigeTcsa | C-Moaenb.
B [155, 188, 213] paccMOTpeHBI BOMPOCH O METOJaX NPUOIKEHUS U
HAaWIy4dlieM W ONTHMAaJbHOM  COOTHOIICHWH  MEXKIYy  TOYHOCTBHIO
anmpokcuMaluuu M kKonuuectBoMm mpaBui TC-moxaenu. Mcnonb3oBanue TC-
MOJIeJIeH TPUBOIUT K albTEPHATHUBHOMY IMOJIXOAY B ONHCAHWHM HEIMHEHHBIX
CHUCTEM, KOTOPBIM HAXOAUT NMPHUIOKECHUS B MH)KCHEpHOU npakTuke [3, 186, 187,
210].

Kak m3BectHo [228, 23], TC-momenp 3amaercs ClIeayrOIMMHU IpaBUaaMu
JBYX BUIOB JIJIsI JUHAMHUYECKON YaCTH U BBIXOJIa COOTBETCTBEHHO:

ITi: ecau 2:(t) ecte Miy m ... u z)(t) ects M),

mox(t)=Ax@t)+B.u(t), i=12,...,r; (3.1)

ITi: ecau 21(t) ecte Miy m ... m z)(t) ects M),

mo y(t) =C,x(t),
rae X(t), u(t), y(t), z(t) — da3oBbIii, BXOIHOM, BBIXOJHOH BEKTOPHI M BEKTOP
mapamMeTpoB cootBeTcTBeHHO. Yepes M obGo3Hawaercs HeweTkas (QyHKIHS,
OTBeuarlIlas i-My HpaBWily U J-My mapaMeTpy. B obmiem ciaydae ¢pyHKIum Z;
MOTYT OBITh (PYHKIMSIMH (Ha30BBIX IEPEMECHHBIX, BHEIIHHX BO3MYIICHUN H
BpPEMEHU.

B TC-mopenmu mpuMeHsieMble MpaBUjia SBISIOTCS HEYETKHMH TOJBKO B
4acTH eciu, TOrJa Kak B 4YacTH mo CoAepKarcsd (PYHKIMOHAIBHBIC
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3aBucuMocTd. Kaxxaomy i-my npaBwmity I1i cooTBeTcTBYroT (hyHKIMU Wi(Z(t)) m
hi(z(t)) Buna
! i Wi(z(t))
w, (z())=1IM(z, 1), h,(z0)=+" =,
- xw,(z(1))
rie I — gyucio npaBwui. [Ipeamnonaraercs, uro W; > 0, a hj HOpMHUPOBaHHI.
Oo6o3naunM uepes Z(t) BekTop ¢ xommnoneHtamu Zi(t), ..., Zp(t). IIpemmo-
JaraeTcs, 4TO MCXOJHBIC TIEPEMECHHBIC HE SABIAIOTCS (DYHKIUSIMH OT BXOJISIIUX
nepemenHslx  U(t). Kaxmoe  mocimepyromiee — JIMHEHHOE — yYpaBHEHHE,
npencrasieHHoe B Buae Aix(t) + Biu(t), HaspIBaeTcs mojcucTeMoit. BekTopsr
x(t) m y(t) mpencTaBUMBI B BUJIC
2w, ((OXAX(®) + B x(0)}
X(t) = = : , (3.2)
S w (2(0)

> w, (2(t))C,X(t)
y(t) =" -
> w, (2(t))

r r

Tak xax Wi @) >0, rme wi(z(1)>0, =12 ..,r , TO > h(z() >0,
i=1 i=1

rae hi (z(t)) 20, 1=12..r.

Kak wu3BectHo [231], 111 MOCTPOEHUSI JIOTUYECKUX PETYJIATOPOB,
crtabunusupymnux cucremy (3.1), ucnosb3dyercs mpoieaypa mnapaiebHO
pacnpenenennoi komneHcanuu (I1PK). IIpouneaypa [1PK 3akmtouaercs B TOM,
YTO Ka)XJO€ IMPAaBWIO PETYJATOPA CTPOUTCS U3 COOTBETCTBYIOLIETO IPAaBHIIA
TS-mopenu. Ilpu 3TOM JOTHYECKUN PETYISITOP HMCHOIB3YET TE€ KE HEUETKHE
MHOECTBA, YTO U MOJENIb B MCXOIHBIX YacTSIX, U B pacdyeT Oepercs TOJIbKO
JokaabHas 3QPEKTUBHOCTH KaXIOTO MPaBHIIA.

Perynstop 3amaercst paBEeHCTBOM BUJ1A

sw, ZO{AX®) +BXO}
ut)=-=-"—" =3 h, (Z()FX(), (3.3)
5w, (2(1))

i=12,...,r.
rae Fi — koadduirenTs! ycuneHus.
[Tpu orcyrctBum U(t) cuctema (3.2) umeer BU/

X(t) = 2 h ZO)AX() (3.4)
i=1

JlocTaTo4yHbIE YCIOBUS ACUMOTOTUYECKOW YCTOMYMBOCTH B 1I€JIOM CHUCTE-
MBI (2.4) naroTcs cleayromiei TeopemMoil.
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Teopema 3.1 [231]. Cocmosnue pasnosecus cucmemor (3.4)
ACUMNMOMUYECKU — YCMOUYUBO 6  YeloM, eclu cyujecmsyem  oowas
NOJIOJCUMENbHO  onpedeinennas mampuya P maxas, umo ewvinonnswomces
HepaseHcmaa

A'PA -P<0,i=1,2,...r
mo ecmv obwas mampuya P dondcna cywecmeosamo 015 6cex NOOCUCHEM.
[Toncrasisis (3.3) B (3.2), moaydum CUCTEMY BUAA

X(®) = £ 3, (z(t)Hh, ZOHA —BF Ix(V). (35)

YpaBuenue (3.5) 3anuiiieM B BUC

X(t) =ihmz(t»hi(z(t»enx(t)+

(3.6)
+ZZZ h (z(D)h; (Z(t)){ }X(t)

i=li<j
rne Gij=A—BFj.

JlocTaTouHbI€ YCIOBHSI ACUMIITOTUYECKOW YCTOMYMBOCTH B LIEJIOM CHUCTE-
MbI (3.6) 1aroTcs CICAyIONEH TEOPEMON.

Teopema 3.2 [231]. Cocmosnue pasnosecuss cucmemot (3.6)
ACUMNMOMUYEeCKU  YCMOUYUBO 6  YeloM, eclu  cyujecmsyem  oowast
NOJIOJNCUMENILHO Onpedelennas mampuya P maxas, umo ewvinoanswomces
HepaseHcmaa

G, PG, —-P<0,
G, +G, ' G, +G, ..
% p% —P<0, i<}, himnhj=d.

Ecnu yucno r mpaBuil eciu...mo BEIUKO, TO HAXOXIEHUE OOLIeH
Matpullbl P, ynoBieTBopsitoleld  YCIOBHSIM  TeOpeMbl 3.2,  SBISETCA
3aTpyaHUTENbHBIM. B pabore [231] mnpuBeneHbl YCIOBUS YCTOMYHMBOCTH,
ocnabstonye yciaoBusi Teopembl 3.2. OcnaOieHHbIe YCIOBUS YCTONYHMBOCTHU
JAOTCS CIEAYIOIIEH TEOPEMOI.

Teopema 3.3 [231l]. Ilycmb uucno npasun, 6bINOIHUMBIX Ol 6cCex I,
Mmenvute unu pasro s, 20e 1<s<r. CocmosHue pasHogecus CuUCmeMbl
ynpaenenusi (3.6) acumnmomuuecku ycmouyugo 8 yeiom, eciu Cywecmeyem
00was nonoxcumenvHo onpeodeieHHas mampuya P u obwas nonosxcumenvho
nosayonpedenennas mampuya Q maxkue, Ymo 8bINOJHAIOMCSA HEPABEHCMEA

G, PG, —P+(s-1)Q<0,

G, +G,\ (G, +G, .
(#J P[%]—P—QSO,I<J,hiﬁhj-‘ﬁ@,

20e s> 1.
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3agava MOCTPOEHUS YNPABJICHUS 3aKII0YAETCS B TOM, UTOOBI ONIPEACIUTh
ko3¢ dummentol Fj(j =1, 2, ..., ), YIOBJIECTBOPSIONIME YCIOBUIM TeopeM 3.1 u
3.2, ¢ o0mieil A MOJICUTEM TMOJIOXKUTENIBHO OIpeaeneHHol MaTpulei P. Eciu

Takue Koddduumentsl [ cymectBytor, To cucTema (3.2) Ha3bIBaeTCA

crabunuzupyemoit. [Iorck MONOKUTENBHO OMNpEEICHHON MaTpullbl P nonroe
BpPEMS CUMTAJICS CIOKHBIM TporieccoM. B [231] mpuBomuTcs mporeaypa
MOCTpOEHUs 00IIe marpuilibl P 1Ji1 HEYETKHX CHUCTEM BTOPOTO MOPSIKa.
[TokazaHo, 4TO 3ajady HaXOXIACHUS OOIeH MaTpuibl P MOXHO peIIUTh
YUCJICHHO, T.€. YCJIOBUS YCTOWYMBOCTH B Teopemax 3.1 n3.2 MOKHO BBIpa3UTh B
Bune JIMH.

Kak m3BectHo [129], JIMH MOXxHO NpeACTaBUTh B CICAYIOIIEM BHIC:

F(X)=F, +1xF >0,

rae X' = (X
M 3a/1aHbl.
HetpyaHo noka3arh, 4TO yCJIOBHUSI YCTOMUMBOCTH B TeopeMe 3.1 MOKHO
COIIOCTAaBUTh CO CBOMCTBaMU COOTBeTCTBYrOIMX JIMH: mis 3agaHHbIX MaTpuil
Aie R™ i=1, ..., r, HeoOXoauMO HaliTh Matpuity P, ynosieTBopsornyto JIMH
P>0, AAPA —P<0,i=1,2,... 1,
WU YCTAaHOBUTH, UTO TaKOM MaTpulibl P He CyIecTBYeT.
3agaya TMOCTPOEHHUS JIOTMYECKOTO PEryJsaTopa, CTaOMIM3UPYIOIIETO
CUCTEMY yIpaBJiieHUs, GOPMYJIHUPYETCS C YY4E€TOM TEOpeMbl 3.2 CIeayHOLIUM
obpazom:

T x 1—
. X,y ooy X, ) ¥ cuMMeTpuueckue MaTpunsl F =F' e R™,1=0, ...,

X(A-BF) X(A-BF)X-X<0,
XKA—BiFjJrAJ.—BjFiJT

2
xxl(p’ -BF, +A -B,F

(3.7)

2
[lpy M, =F. X, X>0 umeem F =M X". IloacraBusisa mocieaHee
BBIpOKEHHE B HEpaBeHCTBA (3.7), TOIyIruM
X ~(A-BM,) X (A -BM,)>0,
:
N AX-BM;+AX-B;M, y
2
oy AX-BM;+AX-B;M, X 50
2
Ycnous (3.8) npeacraBumsl B Buje JIMH

jX—X <0.

(3.8)
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X T _MTB’
XA 1 1 > O
AX -BM, X !

X

T
(AX+&X—an—&Mq
2

X

AX+AX-BM,-BM,Y
2
3amaya MOCTPOEHUSI JIOTMYECKOTO PETYJsTOpa, CTAaOMIM3UPYIOIIETO

cuctemy ynpasieHus (3.2), ceoguTcs K cieayroniei 3anayde: Haitu X > 0 u M;,
I =1,...,I, yIOBICTBOPSIOIINE YCIOBHUIM

X XA —M B/
>0,
A X —BM, X
AX+AX-BM. —-B M,
X ! J i j j i
2
AX+AX-BM —B M, >0,
! J ! J j i X
2
1 <], himnhj=J,

e X =P7, M, =F X . CoorBercTBeHHo marpuna P u crabuimsupyromast
oOpaTHasi CBsI3b 3a/1al0TCS CIAEAYIOIUM 00pazoM:
P=X" F=MX"

[locTpoeHne yYCTOWYMBBIX JIOTHYECKUX PETYJATOPOB C  IMOMOIIBIO
moaudunupoBanubix JIMH B cimydae orpaHudeHwil mo BXoAaM M BBIXOAaM
YIpaBJICHHS, & TAKXE MPU BBINOJHEHUU YCIOBUS HE3aBUCHUMOTO HAYaJbHOTO
COCTOSIHHS paccMOTpeHo B [231] u B npyrux paborax.

3.2. YHuBepca/ibHasl annpoOKCUMAalKsl YIPaBJIAeMbIX CHCTEM
TC-moxeaamu

Kak u3BecTHO, OONBIIMHCTBO Pa3pabOTaHHBIX METOJ0B U AJITOPUTMOB
IIOCTPOCHHUSI YNPABICHUM PACCUMTAHbl HA JIMHEHHBIE CUCTEMBI, OJHAKO A3THU
METOJbI B psA€ CIydaeB MOTYT OBITh MOAU(MUIMPOBAHBI ISl H3yUEHUS
HEJIMHEHHBIX CUCTEM, YTO OKa3bIBAETCS YAOOHBIM IPU PELICHUU MPAKTUYECKUX
3alad  BBHUJY TPYAHOINPHMEHHMMOCTH WM HEIOCTaTOYHOCTH HEIMHEHHOU
Teopur. IMEHHO MO3TOMY pa3IMYHbIE METOAbI CBEICHUS HEIMHEIHOM 3aauM K
JUHEHHON TMOJYy4YaloT UIMPOKOE pPaclHpOoCTpaHEHHWE B COBPEMEHHOM TEOpUU
yIpPABJICHHUS.

B psine 3amau ynpaBieHUs HU3ydaeMble HEJIMHEHHBIE CHUCTEMBI YJ00HO
OMHUCHIBATH ¢ oMotIbio TC-Mozenei, mpuueM HeYeTKHEe MHOKECTBA U MpaBUIIa
HEYETKOI'O0 BBIBOJA 3[€Ch HCIOJB3YIOTCS JJI ONUCAaHUs IJI00AIbHOM
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HEJIMHEHHON CUCTEMBI B TEPMHUHAX MHO>KECTBA JIOKAJIbHBIX JINHEWUHBIX CHUCTEM,
[NIaJKO CBSI3aHHBIX MEXIYy CO0OM TOCpEeNCTBOM (YHKUMA HEYETKOMN
npuHaanexxHoctu [225, 231]. Takum oOpa3om, B pe3yibTare pPEIyKIUU K
TC-Monenu ucxoHas HEJIMHEWHAas MOJIEb MPEACTABIAETCA (BO3MOXKHO, JIHILb
B HEKOTOPOH 00JIaCTH) B BHUJIC BBHIMYKJIOW KOMOMHAIIMM HECKOIbKUX JTUHEHHBIX
CUCTEM. YHMBEPCAJbHOCTh MOJAX0Ja Ha ocHOBe TC-mojeneil 3akitoyaeTcsi B
TOM, YTO Jr00as riaakas (QyHKUMs (TIpeacTaBisiiolas, HANpUMEp, MPaBYIO
yacTh AU(P(HEepEeHIUATBHOTO YPABHEHUA ) MOKET ObITh Ha BBIITYKIIOM MHOXECTBE
c JIF0OOW CTEMeHbI0 TOYHOCTH TPHUOJMIKEHA yKa3aHHOW KomOuWHarmen [228,
231]. Takum oOpa3oMm, wucnoiab3oBanue [|C-mozeneld MNPUBOAUT K
QIbTEPHATUBHOMY IIOJIXOJly B ONMCAaHUM HEJIMHEHHBIX CHUCTEM, KOTOPBIN
HaXOAUT  MHOTOYHUCIICHHbIE  TNPUJIOKEHUS B  IPOMBIIUIEHHOCTH, B
€CTECTBO3HAHUM, B MH)KEHEPHOU MTPAKTHKE.

TC-Monensp sBNsETCS YHUBEPCAIBHBIM alIIPOKCUMATOPOM B TOM CMBICIIE,
4yTO JI00as TJajikasi HEeJMHEWHasl ynpasisieMas MOJIENb NMPU PAJle MPUHITHIX
OrpaHMYEHUN MOXKET OBbITh aNMpPOKCUMHUpPOBaHa ¢ momolibio TC-monenu.
Cxema yHUBepCalIbHOM anmpoKCUMaIMKY NpejicTapieHa Ha puc. 3.1.

VHHBepCcaIbHAA AMNPOKCHMANHA Mojenbio Takara-Cyrxeno

MoxoaHan dyHKELMA Mogens Takaru-Cyaseno

R >R - o(x) = E h(x)a,x

Puc. 3.1

Kak wm3BectHo [231], mpaBuma TC-Moienu MOXHO TMPEACTAaBUTh B
CJICIYIOIIEM BUJIE:
I1i: ecnu X1 ectb M1 1 ... U X ecTb MY,
moy=ax, i=1,..,T,
rne X =(X,X,,...X.) — BekTop cocTosHus, M| — HedeTKoe MHOKECTBO,
I — 9ucio mpaBwil, Y = a X — iuHedHas pyHknus, a, € R™".
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Kaxmomy i-my mpaBwiry IIi coorBerctByer ¢yHkius hi(X) Buma

h, (X):f[M;(XJ.). Ilpennonaraercs, uto h; HOpMupomanel, T.e. h (X)=1 u
j=1

r
> h.(X) =1. C noMoIIbIo [EHTPOUIHOTO METO I, HCIIOJIB3yEMOT0 B MPOLEAYPE
i=1

nedaz3upurkannm, MOXHO MPEJICTAaBUTh MOJICNIb B BU/JIC
r
Y =p(x) = $h (x)ax.
BBenem psin o0o3HaueHmii: R"— nelcTBUTENBHOE 7-MEPHOE BEKTOPHOE
npoctpadcTBo; C" — MHOXKECTBO 7-MEPHBIX (PYHKIMI ¢ HENPEPBIBHBIMUA M-MU

IPOU3BOIHBIMH B 3aIaHHOM 00JslacTH; 3amuch X, 00O3HAYaeT i-10 KOOPIUHATY
BEKTOpa X; || — crammapTHas BEKTOpHas HIM MaTpuU4yHas HOpMa; 3aIluch

Z iLio-in 0003HaYaeT CYMMHPOBAHUC I10 BCEM BO3MOXHBIM

KOMOMHALUAM |, J, ...] .

[Iycts HenuneitHas ¢ynkuus f(X):R" — R, omnpenenenHas B
KoMIakTHoOU obact D — R", ynoBieTBopsieT cieayonym yCaoBUsM:

1) f(0)=0;

2) f eC?, 1.e. bynkuus f mpoussoansie of /ox u 0° f / Ox* HenpepbIBHBI,
a clIeZIoBaTeNbHO, OIrpaHUYeHbI B 0bsactu D.

Jlnst anmpokcumarmu pyakimn f(X) Heooxomumo moctpouts TC-mozmens
B ¢o(X) =X/, h (X)a x u crenars omuoOKy annpokcumanuu e(x) = f(x) —@(x) u
ee Ipou3BoAHYI0 Oe/OX mocrarouno manoi ms Beex X €D,

[Tpouenypsl nocrpoenus TC-moaenu v anmpoKCUMALUU C €€ TTOMOIIbIO
MO>KHO OIHCATh C TOMOUIBIO CIETYIOIINX [IaroB.

Ilae 1. B obnactu D, = {x x| <&, }, IZIe €0 — 3alaHHOE ITOJIOXKUTEIBHOE
4KCII0, BBIOpaTh a, = of /ox|, .

lae 2. Onpenenuts NPOEKTUBHBIA ONEPATOpP P|,, JCUCTBYIOIIWN W3R"B
nojmpocTpaHcTBo R" / X pasmepHocTH n—1, o npaBuiy:

(¥, %)
x|

B obmacru D\ D, BbiOpars X , . paBHBIMA (],&, ],&,..., j,€)*, THe

Pl,y=y- X.

€ — IIOJIO)KUTEIILHOE YUCIIO, a . — Lenble yncia. [IocTpouTs TMHEHHYI0 MOJEIIb
a . Kak pelIcHUE JIMHEWHBIX YPABHEHUUN BUIA

Jilz - dn
ajljZ“'jn lejz---jn - f (Xj1j2"'jn ) !

a_ Pl =9 p
i1j2..jn Xjti2 - in Xj1iz - in
Xjgi2 - jn
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Jist QUKCHPOBAHHBIX 3HAYECHHUM X = TPHBEIACHHBIC BBINIC YPaBHEHHsI
Jidz - dn

NPEJICTABJISAIOT COOOW 7 JIMHEHHBIX YPAaBHCHUH C DICMEHTaMH a,, . B

KayecTBe IMepeMeHHbIX. [lepBoe ypaBHeHHe oO3HadaeT, uro f m ¢ umeror
OJIMHAKOBbIC 3HAYEHHUs B TOUKe X, . . BTopoe ypaBHeHue o3Hayaer, 4to a
1J2---Jn

j1j2..jn

copmazaer ¢ of /oxB moanpocrpanctee R" /X, . pasmepHocTH n—1. OTH

1 2"'jn
YPaBHEHUS BCErJa pa3pelIvMMBbl, IMOCKOJIBKY X U P He 3aBUCAT ApYr OT Apyra,

T.€. MATPULBI |\X. P, BCErJia 00paTUMBI.

2 dn i1i2 - in

Illae 3. BeiOpath npaBuia Buja

II:: ecnux, npumepHo paBHo 0 ... m X npumepHo pasHo O,
mo ¢(X) = a, X,
I1jj,..j,: ecau X, IPUMEPHO PAaBHO j. & ... U X IPUMEPHO PaBHO | &,
mo (D(X) = a‘jlj2...an'

[lae 4. 3armucats ¢(X) B Bume @(x)=h,a x+ ¥ h

Ilae 5. Pa3nenuts obaacts D\ D, Ha o6sacTu
D ={x|xeD, je<x(] +1eVi}.

j1j2. jn

a. ., .
itjz.n  Jlj2..jn

llae 6. IpencraButh omrOKy anmpokcumarnmu e(X) Mmexay f (x) u ¢(X).

Ilaz 7. Ouenuts pasHocTh O0&/OX  Mexay — NPOM3BOIHBIMH
of oxuopl ox.

Ilae 8. B obmactu D,c uCHOIB30BaHMEM CBOWCTB psaaoB Teinopa
HOJIy4dM, 9TO OmuOKKH e(X) u 0e/OX Moryr GbITh CKOJIb YrOAHO MajbIMH 32
CYET YMCHBIIICHUS €, .

CnpaBeqmmBo  crnedyromiee yrBepxkaeHue [231]: mobas  rmamkas
HenuHenHas ¢pyukmus f(X):R" — R,ompeneneHHas B KOMIIAKTHOW 00acTv u
ynosierBopsitoass  yenosusm  f(0) =0  uf eC?, MOXET  OBITh
anmpoOKCMMUPOBAaHA C JIIOOOM CTEMEHBIO TOYHOCTH BMECTE CO CBOEH
MPOM3BOJAHON mocpencTBoM JuHEHHBIX [C-moneneir. Ha ocHoBaHMM 3TOTO
YTBEPKACHUS MOXKHO TIOKa3aTh, 4YTO TJIaJiIKas HEJIWHEWHas ympaBisieMas
moaenb X= f(X)+b(x)u Moxer OBITH aNMmPOKCUMUPOBAHA C TOMOIIIBIO
nepexoga k TC-monmenu, comepxamed X =37, h (X)(A (X)+ Bu(t)). Cxema
anIPOKCUMAIIMHA MOJICITH YIIpaBIsieMOl THHAMHYECKOW CHCTEMBI ITPUBEICHA Ha
puc. 3.2.
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AI]I][IDREHHHHIIH MOJe/IH }'I][IHB.]IHEHDEI CHCTeMBI

X=f(x)+b(x)u - .i'={L]fl{.t'](rl{-\'}+5.H}

ry

Puc. 3.2

B aTOM citydae i-e mpaBHiIo UMEeT CISTYIONIHIA BU/T;:

ITi: ecaux, (t) ectb M|, ..., X (t) ectb M, u, (t) ectb N, ...,
u_(t) ectb N,
mox=3,h ()(A () + Bu(), i=12,...r, (3.9)

raie M|, N — meuerkme mmuoxectBa,X(t) = (X, (t), X, (t),...,X, (t)) — BexkTOp
cocrostaus, U(t)” = (u, (t),u,(t),...,u (t)) — Bxomsmmii BEKTOp, I — YHUCIO
npaBWia, W KaxaoMy I-My mpaBwiny Ili  coorBercTByeT — (DyHKIIUS

h, (x,u) =TT (x, (O)TT N (u, (1)).

[IpeumymiecTBa Mmoax0/1a, OCHOBAaHHOTO Ha TNpuUMeHeHHH | C-momenei
JUTSL arMmpOKCUMAITUH HETMHEHHBIX CHCTEM, 3aKTI0YAI0TCS B CIICIYIONICM:

1) BO3MOXXEH aHanu3 KadeCTBEHHBIX CBOWCTB M3y4YaeMbIX MoOJENeH He
TOJIBKO B JIOKQJIBHOM, HO U B TJI00QJIbHOM CMBICIIE;

2) BO3MOXHa peaykuus 0a3pl mpaBwi 0e3 MmoTepu HHPOPMAIMH O
MOJICIIH;

3) ycnoBUsS yCTOWYMBOCTH TPEICTABIISIOTCSA B JIOCTATOYHO KOMITAKTHOM
BUJIE, YIOOHOM JIJIsl BEIYMCIIUTEIBLHBIX IMPOIETY].

OTtMeTM, 9TO MOAPOOHOE OMHCAaHWE MPHUMEpPa peau3aluy MOIX0/Ia K
IOCTPOSHHUIO  MOJIEIM  TEPEeBEPHYTOTO  MAasTHHKA,  CBSA3aHHOTO  C
anmpoKCUMalMe UCXOMHOW audQepeHnanbHOM MOAETH €  TOMOIIBIO
TC-monenun, OyaeT naHo B pasaene 4.2 riaBbi 4.

3.3. AHAJIN3 aCHUMNTOTUYECKOH YCTOIYMBOCTH HA OCHOBE NPAMOIO
Metoaa JIsnyHoBa ¢ npuMeHenuemM pynkuuii Hembiukoro-JlaCainis

B HacTosimieM paszenie acMMITOTHYECKass ycToWduBoCTh | C-Monenei

M3ydeHa C MOMOIIBI0 MPSMOro Meroja JIamyHoBa ¢ mpuMeHEeHHeM (DYHKITHHA
Hempmikoro—JlaCamnms  [134, 178]. JlaHBl  AgOCTaTOYHBIE  YCIOBHUSA
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ACUMIITOTUYECKOW YCTOMYMBOCTA W HA OCHOBE 3TUX YCIOBUM NPEIJIOKEH
AJITOPUTM aHAJIM3a YCTOMYUBOCTH.

YcioBusg ~ aCUMIITOTUYECKOM  YCTOMYMBOCTH, PAaCCMOTPEHHBIE B
HACTOSILEM pa3/elie, MPUMEHUMBI K YIIPABISIEMBIM IPOLIECCAaM, ISl KOTOPBIX
npousBoAHas (ynkuuu JlamynoBa Ttuna Hewsiukoro—JlaCamns sBisercs
HEOTpHUIaTeNIbHO onpenenaeHHor. [Toaromy Meron GpyHkumit JIsmyHOBa MOXKHO
MPUMEHSTH K YIPABICHUIO ISl IIUPOKOTO KJIACCA HEIIMHEWHBIX JUHAMAYECKHUX
cucteM. Kpome TOro, acCUMNTOTHYECKass YCTOMYMBOCTh 3aMKHYTOM CHUCTEMBI
ONpEeNENseTCs YCTOMYMBOCTBIO B KaXIOW AEHCTBYyIOLIEH OO0JacTH MpaBuil.
Hcnonb30BaHWEe OMUCAHHOIO TNOAXOJA K  aHAIM3Yy ACUMIOTOTUYECKOU
YCTOMYMBOCTU JejaeT J00aBjICHWE HOBBIX MPABUJ HECIOXKHOU MPOLEITYPOH,
MOCKOJIBKY i1 aHaiu3a TeopeMbl OO0 AacCUMITOTHYECKON YCTONYHMBOCTH
HEO0OXOAMMO BBIMIOJTHEHUE TOJIBKO OJTHOTO YCIOBUS.

[Iycte E — yHuBepcaibHOE€ MHOXKECTBO. PaccMOTpUM HETWHEWHYIO
CUCTEMY N-TO TOpSAJKAa C OJHUM BXOJOM, OIKHCBHIBAEMYIO YpPAaBHEHUAMU
IPOCTPAHCTBA COCTOSAHUM yIPABIAEMOTr0 IPOLECCA CAEAYIOLIErO BUAA

x = f (x)+b(xX)u, X(to) = Xo, (3.10)
rae XeE, X= (X1, X2, ..., Xn) — BexTop cocrosuus; b(X) = (b1(X), b 2(X), ..., bn(X))",
f(x) = (fi(x), f2(%), ..., fa(X))~ dyHKIUM, onmCBHIBaIOIIME IMHAMUKY IpOIECcCa,
f,b: D > R" — mokajapbHO JAUMIIIMIEBEI 0TOOpakeHus u3 odmactu D < R"B R";
U — yOpaBJIsIOIIMI CUTHAJI TPUMEHUTENBHO K BXOMy mpolecca; t — nepeMeHHas
BpemeHH; X(fo) — HavyaaIbHOE COCTOSIHME B MOMEHT BPeMEHH lo.

Jliis onuceiBaemor cuctemsl (3.9) i-e mpaBuiio 0a3bl MpaBU KIMEET BHI:

I1i: ecniu X1 ectb E'1 11 ecu X2 ectb E'2 1 ... 11 Xn ecTb X,

mo u=ui(x),i=1,...,d, (3.11)
rae d — uncmo mpasuin, E'1, E', ..., E'' — HeueTkre MHOKECTBA, OMUCHIBAIOIIKEC
JMHTBACTHYECKHAE TEPMBI BXOMHBIX MEPEMEHHBIX Xk, K=1,....n, u=ui(X) —

YIPABJISIONIMNA CUTHA MpaBWiIa 1. Ui MOXET pacCMaTpPUBAaThCS KaK (PYHKIIHS
BEKTOPa COCTOSIHMS X.
Jns xaxxknoro npasuia Il paccmorpum GyHKITHIO BUA:
ai(X) = A(u'2(X), p2(X2)... p'n(Xn))[0,1] (3.12)
vxeE, 1=1,...,d.

Byaem mpenamnonarath, 4to Ajis J006oro X € E cymectByer cpeam Bcex
mpaBuj, 1o KpaiHedr Mepe, omno aic(0,1], 1=1,...,d. VYopasicHue U
sBisieTcss (QyHKIHMEW OT oi W Ui, Mcrmombp3ys B3BEIICHHYIO CyMMY MeEToja
nedaz3upuxkannm, NoJIyIuM
d
Zaiui

i=1
U=————

d
. (3.13)
i=1
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Ecmun mms moboro Bxoma XoeE dymkmus ai(Xo), COOTBETCTBYyrOIIAs
npasuiy I, 1 =1, ..., d, paBHa HyJII0, TO HEYETKOE | Ha3bIBACTCSA HEAKTHBHBIM
NpaBWJIOM JJIsi BXOJa Xo, B TPOTHBHOM CiIy4ae Ha3bIBACTCS AKTHBHBIM
npaBmwiioM. OTMETHM, 4TO JIJIst X = Xo HEAKTUBHOE IMPABUJIO HE OyIeT OKa3bIBaTh
BIMSHUS Ha BBIXOJ peryisaropa U(Xo). CrnemoBatenbHo, dopmyny (3.13) ¢
Y4eTOM PACCMOTPCHMSI TOJBKO AKTHBHBIX TIPaBHJI MOXKHO 3allMcaTh B
CJIETYIOIIEM BHJIC:

> @ (X )u. (x,)
u(x,) = """ (3.14)
X a(X)
AxTuBHas o0sacTh npaBmia [ onpenensercs B BUAE MHOXKECTBA
A ={xeE:q (x)=0}i=1,...,d. (3.15)

B naneHeitmem s ucciegoBaHusi yctowumBocTtu | C-cuctem Oynem
ucroias3oBaTth  Teopembl  Hembinkoro—JlaCamist 00  acUMOTOTHYECKOU
YCTOMYHBOCTH B 1ejiom [134, 178].

[IpenBaputenbHO TPUBEAEM MOHATHE YCTOMYMBOCTH UM TEOPEMY
Hewmpbinkoro—JlaCanis AJist MHOTOMEPHOU YNPABISIEMONU CUCTEMBI.

PaccmoTpum ynpaBisieMyr0 JUHAMUYECKYIO CUCTEMY, IBU)KEHUE KOTOPOU
OTIMCHIBAETCS] HEJITMHEUHBIM YPAaBHEHUEM

2 =F(z, v, t), z(to) = zo,t > to, (3.16)
rae Z € R" — BekTop cocrosuusi, V€ R" — Bekrop ymparnenus, F(-) € R" —
HenpepbiBHO nuddepeHnupyemas BeKTOp-QyHKIUs, ONpeAeIeHHas: BMECTE CO
CBOMMM YaCTHBIMU TTpou3BOHbIMU F;, Fy, FB HeKoTOpoii obnactu G Rn*k+L
Cuuraercsa, uro obnacte G comepXUT Hadajao KOOPAWHAT U B HEH BEKTOP-
Gyukuus F(-)yaoBaeTBOpsAET YCIOBHSM CYIICCTBOBAHUS M €IMHCTBEHHOCTH
PELICHUN.

O0603HauNM vepe3

Zp(t) = zp(Vp, Zpo, 1, t0) (3.17)
onno u3 pemeHuit cucremsl (3.10), mopoxxkmaemoe 3agaHHBIM TPOTPAMMHBIM
ynpasjieHueM VpeU, ¢ HadalbHBIMH JaHHBIMH Zpo = Zp(to), to. DTO permieHue
OTUCHIBACT HEBO3MYIIICHHOE pOTrpaMMHOE JIBIDKCHUE CUCTEMBI:
2,(t) = F(zp(t), vp(t), t). Bce npyrue nBmwkenusi cucrembl (3.16) HaspiBaroTcs
BO3MYIIICHHBIMU JIBUKEHUSMH; OHU COOTBETCTBYIOT PAa3UYHBIM OTKJIIOHECHUSIM
x(t) = z(t)-zp(t), u(t) = v(t) — vp(t) u ynoBaeTBOPSIOT cCUCTEME

x(t) = f(x, u, t) = F(x + zp(t),

U+vp(t), 1) — F(zp(1), ve(1), 1), (3.18)
rae  x(to) =xo=20—Zpo. YpaBHenwe (3.18) HocuT Ha3BaHWE YypaBHCHHS
BO3MYIIIEHHOTO JIBH>KCHUSI.
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O6nacts  ompexaenenus  Bektop-¢pyHkimu  f(-) e R"  3amamum

IPOU3BEICHUEM TPEX MHOXKECTB

SrxUxli={(x,u,t):||x]||<r, ueU, te I}, (3.19)

rae Sr — N-MEpHBI OTKPBITHIM IMap paguyca I ¢ UEHTpoM B Touke x = 0,
It = [to, »), U — MHOECTBO JAOMyCTUMBIX YIpaBIICHUH, ||x|| — eBkIMmIOBA HOpMA
BekTopa x € R". OrMmeruMm, 4YTO 3aMeHa NEPEMEHHONW Z Ha TEPEeMECHHYIO X
COOTBETCTBYET 3aMCHE 3aJlauyd HCCICAOBAHMS HEBO3MYIICHHOIO JIBHIKCHUS
(3.17) cucremsl (3.16) Ha 3amauy HCCIeOBaHHS CBOMCTB permreHus x =0
ypaBHEHHUS BO3MYIIEHHOTO IBMXEHUS (3.18), Tak Kak MMEEeT MECTO PaBEHCTBO
f(0,0,1) =0.

Hesosmyiennoe asmwkenue (3.17) cucremsl (3.16) (umu pemrenne x = 0
cucteMbl (3.18)) Ha3pIBaeTCS YCTOWYHMBBIM T110 JISMYHOBY OTHOCHTEIBHO
MEePEeMEHHBIX X1, X2, ..., Xn, ecIUVe>0 wu Vioe It cymecrByer 4Yucio
d = d(g, to) > 0 Takoe, 4TO AT BCEX BO3MYIICHHBIX JBM)KCHHI cucTeMbl (3.18),
YIIOBIICTBOPSIIOIINX ~ YCIOBHIO  |jxo|| < & (mcxomsimux w3 mmiapa  xo € Ss),
BBITTOJTHACTCS HepaBeHCTBO ||x(t, xo, 1o)|| < e(x € Ss5), Vtel. B mporuBHOM
CJIy4ae HEeBO3MYIICHHOE JBMKEHUE HA3bIBACTCSI HEYCTOMUNBBIM.

Hepo3mymiennoe gaswkenue (3.18) cuctembr (3.16) HaswiBaeTcs
ACHUMIITOTHYECKH YCTOWYUBBIM, eciu: 1) OHO ycToW4MBO Mo JIAsmyHOBY
2) Vtoe It cymectByer A(to) < d(g, to) Takoe, 4TO a1 BCEX BO3MYIICHHBIX
nemkenuii (3.18), ymosunerBopsronmx ycinoBuio ||xo|| < A(to) BeImOIHSETCS
npeaenbHoe paBeHCTBO liMiq |[x(t, xo, to|| = 0. B 3TOM city4ae OTKpHITHIN map
Sa(to) Ha3bIBaCTCS 0OIACTHIO IPUTIKCHHUS.

Ecnu Be160p uncia & > 0 B onpeeieHn yCTOMYMBOCTH HE 3aBUCHT OT 1o,
TO HEBO3MYIIEHHOE JBrkeHHe cucteMbl (3.16) Ha3pIBaeTCsA yCTOWYMBBHIM
PaBHOMEPHO 110 BpeMeHH {o.

HeBo3myrienHoe JIBUKCHHC CUCTEMBI (3.16) Ha3bIBACTCS
ACUMITOTUYECKA YCTOWUYMBBIM PAaBHOMEPHO 10 BpeMeHU lo M HavaJbHBIM
BO3MYIICHHUSIM X0, €CIIM OHO aCHUMITOTHYECKH ycToH4dnBo MVo >0 (o <A)
CYIIECTBYET t«(c) TaKoe, 4TO JUIS BCEX BO3MYIICHHBIX BMxkeHHH (3.16),
HAYMHAIOMIMXCS B OO0JIACTH TPUTSHKEHUS ||xo|| < A, muVtoe It mo wucreyenun
BpeMeHHU t > to +1t.(c) BeIMONHSIETCs HepaBeHCTBO ||x(t, xo, to)|| < ©.

HeBo3myienHoe apmxeHue cuctemsl (3.16), yI0BIETBOPSIONIEE OJHOMY
U3 TPUBCIACHHBIX BBINIC ONPEICICHUN, HAa3bIBACTCSA  ACHMIITOTHYCCKH
YCTOMYMBBIM B II€JIOM (B TOM YHCIIE PABHOMEPHO IO Xo, fo), eciau 00JacThiO
NPUTSOKEHUS ABIseTcs Bee nmpoctpancTBo R" (S = R").

Teopema Hewmsbinkoro—JlaCamns mnpuMeHuTeabHO K cucteme (3.16)
dopmyaupyercs cieayronmm odopasom [134, 178].

Teopema 3.4. Hesosmywennoe osudicenue x =0 asmonommnou cucmemvl
x = f(X) acumnmomuuecxu ycmouuuso 6 yenom, eciu 6 oonacmu (3.19) npu
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r=o cywecmgyem nonoxcumenrvHo onpeoenennas @yuxkyus V(x) >0,
NPOU3BOOHAST KOMOPOU NO BPeMeHU 8 CUNY YPAGHEeHUsl CUCMeMbl SA6I1emcs

snaxoompuyamenvrot @ynkyuer V(X)<0, u muHoocecmso, Ha Komopom

V(x)= 0, He codeporcum yenvix 803MyUjeHHbIX 08udceHUli cucmemul, kpome x = 0.

Bbonee obmue HEOOXOUMBIE U JTOCTATOYHBIC YCIIOBUS aCUMIITOTHYECKON
YCTOWYMBOCTH B  II€JIOM, PAaBHOMEPHOW 10  HadaJdbHBIM  JAHHBIM,
bopMYyIHPYIOTCS CIAETYIOMUM 00pa3oMm.

Teopema 3.5. Hesoszmywennoe osucenue (3.17) cucmemwr (3.16) acumn-
MOMu4ecKu yCmouuueo 8 yeiom pasHomepHo no xo, to mozoa u monvko moeoa,
Kko20a 6 obnacmu Sw, lv cywecmseyem gyukyus V(x,t) co credyrowumu
ceoticmeamu 6 smotu oonacmu.: 1) ynxyus V(x, t) sensemcs nonoscumensho
onpedenennou; 2) gyuxyus V(x,t) donyckaem 6eckoneuno manviii GvlCuiUll
npeoen; 3) ¢pynxyus V(x, 1) donyckaem beckoneuno 6orvbwioN HU3WIUL Npeder,
4) yacmuwie npoussoousie ON(x, t)/oxi, 1=1, ...,n, oV(x, 1)/0t nenpepvienvr u
PABHOMEPHO O02paHuyeHbl NOo 6pemMeHu t 6 00U 3aMKHYmMoU obaacmu

Si(r < ), lt; 5) npoussoonas \/(X,'[), BbIUUCTEHHAS 8 CUTY VPABHEHUSL CUCTEMbl
(2.16), se1semes ompuyamenvro onpedenennol GyHKyuel.

[lepelineM K M3y4eHUIO YCTOMUYMBOCTH cucteM Buja (3.18) ¢ HeueTkumu
perynsaTopamu. Paccmorpum Qyrkimio Jlsnynosa V: R" — R, V(X) = X"PX, rae
PeR™" — monoxuTenpHO ompeaeiicHHas MaTpuiia. PaccMaTpuBas TpaeKTOpHH,
COOTBeTCTBYIOIIME ypaBHeHUIO (3.18), momyunm, uTo V MMeeT HenpepbIBHbIC
YJaCTHBIE MIPOU3BOIHBIC, IPUUYEM

V (X) = X" Px+ x"Px= (f(x) + b(x)u(x))Px +
+ X"P(f(x) + b(x)u(x)) = Ga(x) + Ga(x)u(x), (3.20)
e
G1(x) = f(x)"Px + X"Pf(x), G2(x) = b(x)"Px + X"Pb(x). (3.21)
B nanbHeiiem OyaemM UCIOIb30BaTh CBOMCTBA CIIEIYIOMIMX MHOYXKECTB:
G,={x € E| G2(x)= 0}, G, = {x € E|G2(x) > 0},
G, = {x €E |G2(x) < 0}. (3.22)

CnpaBemyiiBa clieayromas

Teopema 3.6. I[Iycmo 3a0ana cucmema (3.18), o komopoii X =0 € R"
Aensiemcss cocmosnuem pasnosecus. Ilycmv  cywecmeyem nono#CUMeENbHO
onpedenennas neozpanuvennas @yukyus V: R"—> R, V(X) =xPx, P € R™"
Y0081emBOpsAoOuas C8OUCMEAM.

1) Gi(x) <0 Vxe G,

2) Ui(x) <—G1(X)/ G2(X) o012 xe A NG, u ui(X) >—Gi(X) / Go(X) onx
xe ANG,,i=1 ..4d,

3) wmmuoocecmeo {x € E|V(X) =0} me coodepacum pewenuii, Kpome
mpusuanvrozo, X(t) =0o0x2t>0.
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Toeoa samxmymas cucmema (3.18) acummmomuuecku ycmotiuuea 8
yenom 6 Hauanie Koopouram.

JokazatenbctBo. M3 ompenenenns V cinemyer, uro V(0) =0, V(x)>0
Vx#0 u V(X) =X PXx — oo ipu ||X|| = o0. Janee ¢ nomomisio (3.16) mokaxkem,
YTO MPOU3BOJHAS IO BPEMEHUV SBIIAECTCS OTPULIATENILHO IMOIYONPEIeIECHHOM.
[Iycte Xo € E — mnpou3BONBbHBIA BEKTOp HayalbHOrO COCTOSIHUS. Torna
BO3MOYKHBI CJIETYIOIIME TPH CIIydasi.

Cnyuati 1: Gi(Xo) crporo mosoxkurenbHo. M3 ycnoBust 2) Teopemsl 3.6

creayer, uto Ui(Xo) < _Gi%) . Torma
G (X ) d
> o, (X,)u (X,) [G(x)] a; (X,)u, (X,) 6.(x)
u(X)_Ila;tO = _ 21/
) ) e.00)
CnenoBateiabHO,
V (X,)= Gi(Xo) + Gz2(Xo)u(Xo) < Gi(Xo) + G2(X0)[ G, EX ;j
Takum o6pazom, Ui(Xo) < — g:gz; u V(x)<0.
Cnyuait 2. Gi1(Xo) cTporo orpunatesbao. M3 yemosus 2) Teopemsr 3.6
creayer, 9To Ui(Xo) > — % Torga
G (X ) d
> a (X, )u, () (G(x)j o (X)ui(X,) G.(x)
u(X)_ulaod — _ 0.
i:1%-¢0 @i (XO) [ 1Za:¢oa (X ) GZ(XO)
CnenoBateiabHO,
V (X,)= Gi(Xo) + Ga(Xo)u(Xo) < G1(Xo) + Gz(Xo)[ G, EX ;]
G, (x,)

Takum o6pazoMm, Ui(Xo) > — u V(x,)<0.

G, (x,)
Cryuaii 3: %o € G,. B atom ciiydae ¢ momorisio ycinosus 1) Teopemsr 3.6
pesynbraT npuMeT Bua Gi(Xo) < 0. CnenoBarenbHoO,
\/(XO): Gi(xo) + G2(Xo)u(Xo0) = G1(Xo0) < 0.
CoryiacHO paCCMOTPEHHBIM BBIIIE TPEM CITy4asiM, TIOTYIUM
V(X)<0 VvxeE.
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Takum oOpa3oMm, mpou3BOAHAs MO BpeMeHU QyHKIUU JlamyHoBa
V SBISETCS OTPULATENBHO MOTYONPE/IETEHHO.

[To Teopeme Hewmpitikoro—JlaCamns, cocTossHMEe paBHOBECHS TII00ATBHO
aCMMIITOTUYECKH YCTOMYMBO. Teopema 3.6 nokasaHa.

VYcnoBust 1) m 2) teopembl 3.6 o3HauaroT, 4ro (QyHKuus V sBisercs
OTPULIATENILHO TMOJYONPEACICHHOM B aKTHMBHOM 00JIACTHM KaXKJ0ro mpaBuia.
CornacHo ycnoButo 3) MHOkeCTBO {0} sBisieTcs HauOOIBIITUM WHBApPUAHTHBIM
MHOkecTBOM B {X € E: V(X) =0}. C mnomomipio TeopeMbl HeMbIKOro—

JlaCannst rapaHTUpyeTCsi, 4YTO HEYEeTKas JIOTMUYecKass CHUCTEeMa yIpaBJeHUS,
omuceiBaeMas (3.18)—(3.21), rinobanbHO aCHMITOTHYECKH YCTOWYHBA B 1IEJIOM B
Hayajie KOOpJUHaT.

AJITOpUTM aHaIM3a YCTOMYMBOCTH, Oa3upyloluiicss Ha Teopeme 3.6 u
obecrieynBaONMid  YCTOMYMBOCTh  KJacca CHUCTEM C  JIOTUYECKUMHU
PEryJIsiTOpaMH, COCTOUT U3 CIEAYIOIINUX IIaroB.

lllaz 1. Onpenenuth Bo3MOkHbIE pyHKIIMK JIsimyHoBa Trna Hembllikoro—
JlaCamnst V (T. €. onpeaesuTh MOJI0XKHUTEIBHO ONpeAcicHHY 0 MaTpuity P).

Hlaz 2. TIpoBeputs, 4To MHOKECTBO {X € E: V(X) =0} He comepxur

TPAEKTOPHUI COCTOSHUS, KPOME TPUBHAIBHOTO.
Llae 3. Onpenenuts muoxectsa Gi(x), Gz2(x), G,, G,, G,.

Llaz 4. Ecmu G1(X) <0 VX € G;, To mepeiiTu K mary 5, B IPOTHBHOM
cily4ae nepeuTu k mary 1.

Llaz 5. Insa xaxnaoro npasuia ynpasiieHus Ili onpenenuts Takoe Ui, 4TO
G, (X G, (x,)

PaccMoTpenHbIi crioco0 uccneoBaHus aCUMITOTHYECKOW YCTOHYMBOCTH
TC-cucteM ¢ MOMOIIBIO NPSIMOTO MeToja JIsmyHoBa ¢ mpuMeHeHueM (yHKIUN
Hewmpbinkoro—JlaCamist MOKeT ObITh UCIOJB30BAH JIJI U3YUYEHUS] YCTOMYUBOCTH
psiZia KJIIACCOB yIPABJISEMbIX TEXHUUECKUX CUCTEM.

OTMeTuM, 4YTO TNPUMEHEHHE BBIIICIPUBEIECHHOIO aJropuTMa s
MOCTPOCHUSI AITOPUTMAa CTAOWMJIM3AMK MOJEIM TEPEBEPHYTOTO0 MAasTHHUKA
OyzeTr paccMoTpeHo B paszene 4.3 TiaBbl 4,

ui(x) < — msixe A NG uui > — maxe A NG, ,i=1,...,d.

3.4. MoaeupoBaHue yNpaBJ/isieMoii CHCTEMBI C MePeKJIIYeHUEM

Kak u3BectHO [61], MHOTHE TEXHOJIOTHYECKHUE TTPOIIECCHI HANOO0JIee TOUHO
OTNMCBHIBAIOTCA MATEMATUYECKUM MOJICJISIMUA, COYETAIOIIUMHU HENPEPHIBHOE U
IUCKPETHOE  BpeMsi, TaK  HAa3blBAEMbIMH,  HENPEPBIBHO-AUCKPETHBIMU
CUCTEMaMH. YKa3aHHbIE CHCTEMbI MPEACTABISAIOT  COOOW  CIIOXKHBIC
MHOTOCBSI3HBIE CHUCTEMBI, COCTOSIINE U3 OTIACIBbHBIX YIIPABISEMBIX MTOJCUCTEM,
00BbEIMHEHHBIX B €IMHYI0 CHUCTEMY IMOCPEIACTBOM BHYTPUCHUCTEMHBIX CBSA3ECH.

Hx CYIICCTBCHHBIM IIPCUMYIICCTBOM ABJIICTCA OJHOBPCMCHHOC PCIICHUC PAaA
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JIOKAJIbHBIX 33]1a4 U CHUXKEHHUE UX CII0KHOCTH, MOBBIIICHUE HAJIKHOCTH PadoT
B nenoMm. IIpobrmema  pa3paboTKu  yHOpaBiSIOMIMX — BO3JICUCTBUIA,
00eCleYnBAIONIUX  CTAOWMIU3AIMI0  JBMIXKEHHN  HEMPEpPhIBHO-IUCKPETHBIX
CUCTEM, SIBJISIETCS TMPEIMETOM MHOTOYHMCICHHBIX HcCcienoBaHui [26, 35, 61,
239].

OgHuM ©3 COBPEMEHHBIX TOJXOJOB K pEHICHUI0 3aJayd CHUHTEe3a
yIpaBJIeHUs] 00BEKTAMU B YCJIOBUSIX HEOINPEICTICHHOCTH SIBJISICTCSI IPUMEHEHUE
CUCTEM YTPABJICHUS C MEPEKIIOUCHUEM (TUOPUIHBIX CUCTEM), OTHOCSAIIUXCS K
KJIACCy HEMPEPBIBHO-TUCKPETHBIX cucTeM [35]. Maremarnueckue MoOJEIH
CHUCTEM YINPABJICHUSA C TMEPEKIIOUYCHUEM MPEJCTABISIOT COOOW MOJIENHU, B
KOTOPBIX HEMpephIBHAA JTWHAMHKA, TOpOXKAacMasi B KaXKIAbli MOMEHT BPEMEHHU
OJIHOM U3 alpuOPHO 3aIaHHOTO HAO0Opa HEMPEPBIBHBIX CUCTEM, MIEPEMEKAETCS C
JTUCKPETHBIMU OTEpalUsIMH, TMOJAIOIIMMHA KOMAaHAbl JIMOO HAa MTHOBEHHOE
NEPEeKIIOYEeHNe C OJHOM CHCTEMbl Ha JApPYryr0, JU00 Ha MTHOBEHHYIO
NEPECTPONKY C 3aJIaHHBIX TEKYUIUX KOOPJWHAT Ha JPYrue KOOPAMHATHI, JTUOO
HAa TO W Jpyroe ogHoBpeMeHHO [164]. OTMerum, 4TO yKa3aHHBIE CHUCTEMBbI
4acTo BCTPEUAIOTCS B MIPUKIIATHBIX 3a/1avax aBUACTPOCHUS,
ABTOMOOUJIECTPOEHUSI,  DJICKTPOIHEPTeTUKU, oOOecrneueHuss 0e30MacHOCTU
nBIKEeHUs. VccnenoBaHue CUCTEM C MEPEKITIOUYEHUEM U PEIICHUE PA3TUYHBIX
3a/lay yOpaBJICHUS JJIS HUX TO3BOJIAECT 3HAYUTENIBHO PACIIUpPITh 00JaCTh MX
npakThyeckoro  npuMmenenus. B [164]  paccmartpuBaroTcs  3amadf
JTOCTHKMUMOCTH, BEpUPUKAIIMKI U CUHTE3a YIPABICHUN N1 THOPUIHBIX CUCTEM.
CucTeMbl ¢ EPEKITIOYCHUEM MOTYT OBbITh MPEACTABIEHBI C MOMOIIbI KYCOYHO-
JIMHEWUHOU arnmnpoKCUMaluu CIIOKHOM HeJMHENHOUN CHUCTEMBI
muddepeHnranbabIX ypaBHeHU. B [69] mpemnoxkeHbl KaueCTBEHHO HOBBIE
QITOPUTMbI U CUCTEMBI aJJalITUBHOTO YIPABJICHUS C IEPEMEHHOMN CTPYKTYpOH ¢
WCIIOJIb30BAHUEM TIAPHBIX W HEJIMHEWHO AePOpMUPYEMBIX MOBEPXHOCTEH
MEPEKITFOYEHUS.

[Ipy  OpOEKTUPOBAHMM  YIOPABIAEMBIX CUCTEM  yIOPaBICHUS  C
NEPEKITIOYEHNEM BaKHOM COCTaBIISIIOUIEH SIBISIETCS COOJIOJICHUE YCIIOBUS
yCTOMYMBOrO HX (YHKIHMOHHPOBaHUS. DP(PEKTUBHBIM CPEACTBOM aHaIM3a
YCTOMYMBOCTU M CHUHTE3a YNPABJICHUU JJISI TUOPUAHBIX CHUCTEM SIBIISIOTCS
paznmuuHble Moaudukanuu merona (yHkiuit JlsmyHOBa, MpencTaBiICHHBIE B
paborax [4, 10]. B [106] moka3areanCTBO CTAOMIM3AIMM MHOI'OCBSI3HOM
YIOPaBIAEMONl CHUCTEMBbl C TOMOIIBI KYCOYHO-IIOCTOSSHHOTO YyIpaBJCHUS
MPOBEACHO HA OCHOBE METOJa BEKTOpHBIX (GyHKImA JlsmyHoBa. Bompocsr
YCTOWYMBOCTH PEIICHUN W CyIIeCTBOBaHUS oOmmied ¢yHkumid JlsmyHOBa s
OT/ICJIbHBIX KJIACCOB HEMPEPHIBHO TUCKPETHBIX CUCTEM paccMOTpeHbI B [238]. B
[65r] mis HenpepbIBHBIX M AMCKPETHBIX CHUCTEM YIIPABJICHHS C CHHIJITOH-
BBIXOJIOM PAaCCMOTPEHBI YCJIOBUS YCTOMYMBOCTU U pa3paOOTaHbl aJITOPUTMBbI
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cTtabunuzaiuu, Oa3upyroluecss Ha UCHoib3oBaHuMU (yHKuu JlsimyHoBa u
csoiicts JIMH.

B MHOTrOCBSI3HBIX cUCTEMax JUisl YHpPaBJIEHUS HENPEPBIBHBIM OOBEKTOM
4acTo UCIoJIb3yeTcs nudpoBoi perynarop. st dopMupoBaHus yrupaBieHUs: U
cTadWIM3alMyu JTUHAMHUYECKUX CHCTEM B YCIOBUAX HEONPEIEICHHOCTH
11eJeco00pa3Ho MPUMEHSTh Joruueckuii peryistop. B [59] oxapakrepuzoBana
00JIaCTh HCIOJIB30BAHUS JIOTUYECKUX PETYJIATOPOB, PACCMOTPEHBI BOMIPOCHI
MOJEJIMPOBAaHUST M CTAOWUIIM3ALMN JAUHAMUYECKUX CUCTEM C JIOTUYECKHUMU
peryiasTopamM, JaHO  pa3BUTHE METOJOB  JIdmyHOBa  umccieIOBaHUS
YCTOMYHUBONOJOOHBIX CBOMCTB YKa3aHHBIX CUCTEM.

PaccmoTpuM moaxon K MOAEIMPOBAHUIO YMPABISIEMOW CHCTEMBI C
NepeKIoueHneM, 0a3uPYIOIIMIICS Ha UCIIOJIb30BAHUHU JIOTHYECKOTO PEryJsaTopa
U MPEJCTaBICHUU UCXOIHOM cucteMbl T C-Moenblo.

[lepexntouarenpHasi cucTeMa MPEACTaBIsIET COOOH MHOTOCBSI3HYIO
YIOPABISIEMYIO CHUCTEMY, ONMKChIBaeMylo Au(depeHInanbHbIMI YPAaBHEHUSIMU
Buja [106]

LO=AXO+BUO+ YA, i-LT, (322

j=L, j#i
rae X, € R™ — pekrop cocrosuus, Ai, Ajj— IIOCTOSHHBIE MATPHIIBI Pa3MEPHOCTH
COOTBETCTBEHHO N; xNn; H N; xN;, Bi— marpuna-cronden pasmepHocTH Ni, I' —
YHUCJIO MOACUCTEM MOJENTU. YTpaBieHUe Ui 3aBUCUT OT JTUCKPETHBIX MOMEHTOB
BPEMEHHU U TIPEJCTABIISIET COOON KYyCOUYHO-TIOCTOSSHHYIO (DYHKITUIO Ha KaXKJIOM
IpOMEXYyTKE BpemeHU. B ciyuae, korja ynpaBiieHHE BO3JIEUCTBYET TOJBKO Ha
MOJICUCTEMBI
x, (1) =Ax (t)+bu (t), i=12,..r, (3.23)

UcXogHoM cucTeMmbl (3.22), T.e. 3aBHCHUT TOJBKO OT €€ COCTOSHHUS B
OTIPE/ICIICHHBIT MOMEHT BPEMEHH, TO OHO BBIOMpaeTcs Kak U; = K; X, , e Ki —
KO3 PUIIMEHTHI YCUJIEHUS PETYISATOPA.

Bynem cuutath, 4TO paccMarpuBaemas cucrema (3.22) uMeeT MoJ0KEHNE
paBHOBECHs, M CHCTeMa OTcueTa BhIOpaHa TakK, YTO OHO COOTBETCTBYET
HyJIeBoMY penieHnto ypaBHeHus (3.22). Kpome Toro, cumraem, 4To cuUcTEMa
(3.22) paccmarpuBaercs B HekoTopoi obmactu D < R", comepikarmneii Hauano
KOOpAWHAT (3aJaHuEe yKa3aHHOW 00JacTh MOXET OBITh OOYCIIOBIICHO,
HampuMep, (U3HYECKUM  CMBICIIOM TEpPEeMEHHBIX  cocTosiHus). [lycTh
z(t) = (z,(t), ..., z,(t)) — BEKTOpPHAs BEJIMYMHA, 3HAYCHUS KOTOPOW B TEKYIIHHN
MOMEHT BpeMeHH 3aBUCAT OT X(t) U OMHMCHIBAIOTCS HEYSTKUM MHOKECTBOM Mi;.
Ha muoxectBe Mijj onipenenum HenpephIBHBIE (yHKITHH
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wi(z(t))= lj M;; (Zj (t))’ h (z(t)) = M

ZWi (Z(t))
i=1
rae Mij(z;(t) — crenens npunagnexnocTH >nementa Zj(t) Kk MHOXecTBY Mij.

[Mpenmonoxum, uro wi(t)>0, i=1, 2, ..., r, 51 Zr:wi(t)>0 vt. U3

i=1
OpeanoyiokeHui caeayet, uro hi(t) >0, tnei=1,2,...,r,u Zr:hi (t)=1 vt.
i=1
Paccmorpum  ypaBHenue (3.9), koropoe ompeaenser TS-Momaenb
yIpaBiageMon  cucrtembl. Ha ~ ocHOBE  mpuHIMIIA  YHUBEPCAJIbHOU
anmMpOKCUMAIIMH, OMMCAHHOTO B pazjelie 3.2 HACTOSIIEH TJIaBbl, U C YYETOM
cyliecTBoBaHus GyHKIMEA npuHaiexkHocty hi(t) , momens (3.23) MoxkeT ObITh
npencrasieHa monensio (3.9), 1.e. ypaBHeHus (3.23) u (3.9) 5KBUBaJICHTHBI.
s TS-monenu (3.23) i-e mpaBwmiio, coorBercTBylomiee ¢pynkuuu hi(t), umeer
Buy (3.1).
[TpaBwuna ynpasnenus g Moaenu (3.23) ¢ yuerom (3.3) 3anunryTcs B BUJIE
ITi: ecru za(t) ecte Miz m ... m z(t) ects M,
mou(t)=Fx(t), i=1,2,...,T,
rae Fi— marpuiia ko3pGunmreHToB yCUIeHU JTOKAIbHON 0OpaTHON CBSI3HU.
Oo6muit TIPK-perynsarop mnpencraBisier coOOW coudeTaHuE OTIEIbHBIX
JUHEHHBIX PEryJIATOPOB U 337aCTCS B BUJIE

u(t) = z h F x. (3.24)

Ha ocHOBe BbIIENPUBEACHHBIX PACCYXKJICHUW M  HCIOJIb30BaHUS
¢ynkumii JIssmyHOBa W3y4uMM BOINPOC O CTA0MIM3aLMU MEPEKIHYaTEIbHOM
cucteMbl. B kadectBe (QyHkumu JlsnmyHoBa paccMoTpuM (YHKIMIO BHUAA

V (X) =X'PX , rne P — ONIOKNTENBHO ONpPEIEICHHAs MaTPHILA.

Tepema 3.7 [231]. TC-mooenv (3.23) cmabunruzupyema nocpeocmeom
cocmosinus [IPK-pezynamopa (3.24), eciu cywecmsyrom mampuyst Q>0, M, i

=1,2,....,r, u T, maxue, 4mo BbLINOIHAIOMCA HEPABEHCMEA
A(A"+AT,Q)+M B +BM, +MB! +BM, <T,, -
i<j, hnh =z (3.29)

u ona kaxcooeo 1<i<j<r cywecmeyem cumMmempuuHdas nNxn mampuya
T
Tij :T.J. maxas, ymo

T = A: . A: <0, (3.26)
T, ... T,

20e T,=QT,Q, Q=P, M, =KQu A(A" +A],Q)=(4 +A)Q" +Q(A" +A]).
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C yderoM ycioBuid Teopembl 3.7 marpuila Kod(PQHUIIMEHTOB YCHICHHS
perymnsaropa (3.24) Oyner 3amaBaThes cooTHolIeHHeM K, =M,Q7, a QyHkius
JIsmyHoBa nMeeT BUA V = X' Q7'X.

Jnga  omnpeneneHuss yciuoBUM CuHTE3a ympasiieHus B Buuae JIMH,
IpeIBapUTENILHO PACCMOTPUM JIMHEWHYIO MOJIETh, 3aBUCSIIIYIO OT IMapaMeTpa ,
Y ONKCHIBAEMYI0 YPAaBHEHUSIMU BHJIA

X(t) = A(p)x(t) + B(p)u(v),
y(t) = C(p)x(t),

roe X(t), y(t) u u(t) oBosHauarOT BEeKTOp COCTOSHHS, pa3Mep CHCTEMBI U
BEKTOP BXO0JIa COOTBETCTBEHHO. [TapamMeTpoM p MOKHO MHTEPIIPETHPOBAThH KaK
M3MEpPUMOC BHEIIIHEE BO3MYIIICHHUE MJIM 3HAYCHUE HEKOTOPOU KOHCTAHTHI.

3ametum, uto yactb mo TC-monenu (3.9) umeer Bun (3.27). 3aBucamui
OT MapamMeTpa JUHAMHYECKUN PEryJIsTOp MPEACTaBIsIECT COOON 3aBUCSIIYIO OT
napaMerpa JIMHEHHYI0 CUCTEMY BHJIA

X(t) = A(p)x(t) + B(p) y (1),
u(t) = C(p)x(t) + Dy(t).
Omnpenenss pacuIMpeHHY0 MaTpHIly cucTeMsl (3.28)
A(p) = (A( p)+B(p)D(p)C(p) B(p)C(p)J
B(p)C(p) A(p) )’

MOJYy4YUM, UYTO JUHAMUYECKHAE YPABHEHHUS 3aMKHYTOW CHCTEMBI, OMUCHIBAIOTCS
ypaBHEHUEM

(3.27)

(3.28)

x(t) = A(p)x(t).

Cuctema (3.27) kBagpaTH4HO craOunusupyema [22] mocpeacTBOM
3aBUCSAIIETO OT TapameTpa JWHEWHOTO Peryasaropa pa3MEpHOCTH S TOTAa U
TOJIBKO TOTJa, KOT/a CYIIECTBYIOT 3aBHCSIIMN OT TMapameTpa peryisarop
pPa3sMEpPHOCTH S U TOJIOKHUTEIBHO onpeencHHas marpuna P >0 takue, uto

PA(p)+ A" (p)P <0. (3.29)

Ecnu 3adukcupoBath 3HaueHue p, 7o yciosue (3.29) Oynet npeacTaBiIsaTh
co0oif JOCTaTOYHOE YCJIOBHE IS CYIISCTBOBAHUS MHOXKECTBA JIMHCHHBIX, HE
saBucAmmx oT Bpemenn peryisropusix marpun A(p), B(p), C(p) u D(p),
KOTOPBIC CTAOMIM3UPYIOT cucteMy (3.28) mpu KOHKPETHOM 3HAYCHUH P.

W ckoMBIii peryisTop HE BXOIWUT JUHEHHO B ycioBue (3.29), mo3atomy
MaTpUYHBIC HEpaBEHCTBAa HeoOxoaumMo MoauduimpoBate. B [231] omumcan
croco0 npeoOpa3oBaHus, KOTOPBIN NPUBOAUT K MHOECTBY
MOJU(PHUIIIPOBAHHBIX HEPABEHCTB, SBISIOIINXCS JIMHEHHBIMH OTHOCHUTEIHHO
HEU3BECTHBIX JIAHHBIX, TIPUYEM YKa3aHHasd MOAU(UKAIUSA  IT03BOJISET
npeoOpa30BaHME 10 P BHITIOJHUTH IIOTOYCYHO.
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CHayana pa3o0beM NOCTOSHHBEIE Marpunbl P u P! mHa J1Be

Pll P12 1 Qll Q12
cocTapisgmomue P = n P = , a TaKXe OIpeaeIuM

Pl-g P22 Q]-.I—Z Q22
Q P
marpunpsl 1, = lTl u 1, =PIl = 1T1 , Tne | — enuHMYHAsS MaTpwHIa.
Q]_Z 0 0 P12

Ycnosue (3.29) OyaeT UMETh MECTO TOT/Ia U TOJIBKO TOTJa, KOTaa
I PA(p)IT, + IT] AT (p)PII, <O.
[TosrydeHHOE HEPABEHCTBO MEPEIHILEM B BH/IE
IL,A(p)IT, + IT] A" (p)I1, <O0.
3anmumeM B HamuWxX O0O3HAYCHHUSAX JICBYID YacTh  IOCIEIHETO
HEPaBEHCTBA, MOJIYYUM

( 0 jLA(pH B(p)D(p)C(p) B(p)C(p)j[Qn l] _E(p)
Py Py B(p)C(p) A(p) AQ. O
OHpGI[GJ'H/IM HOBBIC IICPCMCHHBIC

A" = Py (A(p) + B(p)D(P)C(P))Q:; + P,B(P)C(P)Qy; +

+PB(P)C(P)Q/; + P, A(P)QYL,
B" = P,B(p)D(p) + P,B(p),
C* =D(p)C(P)Q;; +C(P)QL,
D" = D(p).
Marpuriia E(p) ¢ yueToM BBEICHHBIX 0003HAYCHHH 3aMUIICTCS B BUJC

() - (A( P)Q,; +B(P)C'(p) A(p)+ B(p)D*(p)C(p)J
A" (p) P.,A(p)+B"(p)C(p) |
1 TOT/Ia YCIIOBHE YCTOMUYMBOCTH MOKET OBITh 3aIMMCAaHO KaK
E(p)+E"(p)<0 (3.30)

BMecTe ¢ orpannuenreM P >0, D10 mocnennee ycaoBue BBITOIHIETCS TOrIA

1 TOJIBKO Toraa, korna 17, PIT, >0 unn

oy, 23 2
I:)Zl.l P].Z QlZ 0 I I:)11

T
rac PllQll + P12Q12 =1.

HpGJIHOJ'IO}KI/IM TCHCpB, qTO CHCTCMA, 3aBHUCIAIIAsA OT HapaMeTpa p,
OIIMCaHa TS'MOI[GJ'IBIO C UCIIOJIB30BaHUEM I MOACJIIBbHBIX HpaBI/IJ'II

A(p) B(p)) < A B
(C(p) Oj—;hi(p)[ci 0],
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1.

rae h(p) ynosnersopser yenosuo hi(p)=0 u > h(p)
i=1

Marpuuy E(p) nepenuienm B Buze
E(p) — (Ell Ele
EZl E22

r r

E,= Z hi (p)hj (p)((A| +B; D(p)Cj)Qll + BiC(p)Q1T2,

i=1 j=1
r

rae

r

E,, = Z’,Zhi(p)hj(p)(A +B,D(p)C,),

E, =2, 2 hi(P)h; (P)(PL(A +BD(P)C;)Q;, + P,B(P)C:Qy +

i=1 j=1

+ F)1lBi C(p)QIZ + PlZA( p)Q]TZ)’
Ey = izhi (P)h; (P)(P.(A +B,D(p)C;) +P,B(p)C)).

i=1 j=1

C ydeTroM TOro, 4YTO JAWMHAMUYECKas MapauieibHO paclpeieieHHas

KOMIICHCAIIMS JTOTYCKaeT KBaJpaTU4yHyro mapamerpuzanuio [231], TC-monensb
(3.23) npeacraBuM B BUC

=2 h(p)h;(p)A'x+> hB'y. (3.31)
i=1 j=1 i=1
st TIPK-perynsropa (3.24) Beioepem cieayrouryto Gopmy
u=> hC'x+Dy. (3.32)
i=1
C yuerom (3.31), (3.32) ucnoan3yem cieayroomnue 0003HaYCHHUS
A(p) = 2.2 hi (P)h; (P)AY, (3.33)
i=1 j=1
B(p)=> hB, (3.34)
i=1
C(p)=> hC, (3.35)
i=1
D(p) =D, (3.36)

i _ 1A iy Qi i i i N
rae A" :E(A‘+AJ ), B'=B',C'=C', D' =D. Beagem Takxke 0003HaAUCHHS

—* 1 * * = * U * —— o
A :E(Aij+Aji), B, =B,,C, =C,, D =D. VYcaoBue ycroiunBoctu (3.11)

MNepermumcTCA B BUC
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—Zzh (Ph, (P(E; +EJ) +(E; +E})) <O0.

i=1l j=1
Teopema 3.8. Cucmema ynpasnenus, onucvieaemas TC-modenvio (3.23),

cmabunuzupyema nocpeocmeom IIPK-pecynamopa, onpeoensemozo
pasencmsamu (3.33)—(3.36), eciu evinoamnsiomest yciosust
T, .. T,
T=| : .1 |<0, (3.37)
T1r T
E)+(ED)T +E"+(E") S+ (ENT+EL+EDT .
11 11 112 21 <Tij \v/l < J, (338)
(E )T +EJ +(ED)T +EJ +(E ) +EL +(E)
20e

E+(ED)" +EL+(ED)T = AQL+QuA +AJQ + QA +
+B,C; +(B,C;)" +B,C/ +(Bj(_3i’")T
+(E )T +EL+(EX)T =A+A +BD'C,; +B,D'C, +2(A))’
» t (E ) + E2J|2 + (Ezﬂz) = A PlTl +P11AiT + Aj I:)1T1 + I:)11'A‘jT +
+ Bi C, +B,C, +(B/C;)" +(B;C))".
Ha ocnoBanum teopemsr 3.8 mapamerpsl (3.33)—(3.36) ITPK-perynstopa

NEPENULIYTCSA B BUIE

e IR DI B o
AT =§P121(2Aij —P,B Can_PlzBJ Cinl_PllBiC"QlT2 B

i A (3.39)
- PllBjCinTZ - Pll(Ai + Bi DCj )Q11 11(A + B DC )Qll)QlZ J
B' = P,*(B," - P,,B,D),
C'=(C/ -DCQ,)Qy7 .
D=D,
rne Py, P,, Q) u Q, yIOBIETBOPSAIOT MATPUYHOMY PABEHCTBY

PllQll + PlelzT =1

[IpyuMeHEeHNE MPEIIOKEHHOTO B HACTOSIIEM pa3leie IMoaxoaa K
MOJICJIMPOBAHUIO YIPABIISIEMOM CHUCTEMBI C TMEPEKIIOYECHUEM Ha MOPUMEPE
MasTHUKOBOM CUCTEeMbI OyET 1aHO B paszjeie 4.2 riassl 4,
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I'naBa 4.

MNOCTPOEHUE MOJEJIEA U AHAJIU3 YCTOMYUBOCTHU
MAATHUKOBBIX CUCTEM HMHTEJ/UVIEKTHOI'O YIIPABJIEHUA

4.1. OcHOBHBIE ACTIEKThI HCCJIICeA0BAaHNA MASSTHUKOBBIX CUCTEM

N3yuenne wmonenel yNnpaBisg€MbIX MAasTHUKOBBIX CHCTEM SBIISIETCS
aKTyaJbHbIM HaNpaBJICHUEM B TEOPUM JUHAMUYECKHX CHCTEM. PasinuHble
TUIIBI MOJEJIE MAasATHUKOBBIX CUCTEM (MOJENb MPOCTOr0 MAasTHHUKA, MOJEINb
NEPEBEPHYTOr0 MASTHUKA, MOJIENIb CBA3AHHBIX MAsATHUKOB U Jp.) U3YYEHHI B
pabotax [20, 46, 57, 77a,n, 99, 147, 168, 172, 176, 207, 236]. V3yueHue
JTUHAMUAYECKOW YCTOWYUBOCTH (PU3MUYECKOTO MAaSTHHKA MPU TapPMOHUYECKOU
BUOpaIuu TOYKH €ro mojiBeca U3j0KeHo B pabore akamemuka I1.JI. Kamuisr
[85]. B [175] akamemumk B.H. UYenomeli omwucal BIUSHHE IUHAMUYCCKHUX
(akTOpOB, OOBACHSIOUINX «I1APATOKChl MEXAHUKH, BbI3bIBAEMbIE BUOPALIUSIMU.
B [42] paccmoTpeHbl — auHamudeckue — (akToOpbl,  OOECIEUMBAIOIINE
YCTOMYMBOCTh MAasiITHUKOBBIX CHUCTEM, Ha MpuMmepe MasTHuka Kanuiel u
masitTHuka Yenomes. B pabote [181] paccMoTpeHBI BOIMPOCH TWHAMHYECKOM
YCTOMYUBOCTH HEYCTOMYMBBIX COCTOSIHUWA PAa3IUYHBIX THIOB MAsTHUKOBBIX
CUCTEM, OTMEUEHBI IPOOJIEMBI U ITyTH UX PEIICHUS.

[Ipy u3ydyeHuu Mojenel ympaBisIEMbIX MasSTHUKOBBIX CHCTEM 0c000€
BHUMAHHUE VYJAENSIEeTCS HW3YyUYCHHUIO JIMHAMUYECKON MOJENH MEepPEeBEPHYTOro
MasTHUKa. [lpu wuccnenoBaHMM YCTOMYMBOCTHM COCTOSIHUSI PaBHOBECHUS
NEPEeBEPHYTOr0 MasiTHUKA BO3HUKAET psii MpPOOJieM, Ha KOTOpbIE BIEPBbIE
ykazan B 1925 r. b. Ban-nep-Ilons [181]. B 1950 r. I1.JI. Kanuia ¢ momoiisto
MEeTO/la TMPHUOJIMKEHHOTO PELIEHUs Jajld ONHCAaHWE U HSKCHEPUMEHTAJIbHO
POJIEMOHCTPUPOBAN 3(P(PEeKT nmepeBepHyTOro MasTHUKAa (MasTHUKa Kamuiibr)
[85].

B nacrosiiiee BpeMsi Bo3pacTaronnii UHTepec K mpodieMe yCTOMYUBOCTH
MOJIEJIA MEPEBEPHYTOr0 MasTHUKA OOBACHSETCS 3HAUYUTEIbHBIM PacIIMPEHUEM
KJlacca peajbHbIX YINPaBIAEMbIX OOBEKTOB M IPOILIECCOB, HMMEIOIINUX
aHAJIOTMYHYI0 MAaTeMAaTHYECKYI0 MOJENb. B KocMHUYECKO OTpaciu ¢ MO3UILIUU
NIEPEBEPHYTOr0 MAasTHHKAa MOXHO paccMaTpUBaTh MOJEIb PAKEThl Ha CTApTE
(puc. 4.1) unu coHEUHBIE OaTapen UCKYCCTBEHHBIX CITyTHUKOB. CBOE0Opa3HOM
UHTEpIpeTanueil o0bEKTa «KapeTKa-TIepeBepHYTHIH MAsTHUK» B JHEPIETHKE
CILY’KUTb MOJIEJIb YIIPABJIECHUSI CKOPOCTBIO PEAKIINU B SIIEPHOM PEAKTOPE.

C mnoMmoupl0 MOJAENIH MEPEeBEPHYTOrO0 MASATHUKA MOXHO OIHUCATh
JUHAMUKY COCTaBHBIX YacTE€H CJIOKHBIX YIPABISEMbIX TEXHHUUYECKUX CHUCTEM,
HampuMep, TMOJICUCTEMbl 3BEHBEB POOOTOB-MAHUMYJSATOPOB, IIArarolIUX
poboToB (puc. 4.2) u Ipyrux MHOTOCBSI3HBIX YIpaBlgeMbIX cucteM (Oykcupa,
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TOJIKAIOIIEr0 Oap’kH, JIOKOMOTHBA-TOJIKA4Ya, AaBTONOE3[Ja C HECKOJbKUMHU
npuuenaMu). Mojenb nepeBepHyTOro MasiTHUKAa KCIOIb3YIOT B OMOMEXaHUKE
IIPU U3YYEHUU JBUTATEIBHBIX JCUCTBUM YEIOBEKA.

"

n
-
o
T
0
H

Puc. 4.2

[lepeBepHyThIi ~ MAasATHMK  SIBISI€TCS  YOPOUICHHBIM  NPUMEPOM
HEYCTOMUYMBBIX TEXHUYECKHX OOBEKTOB C THUPOCKONMHYECKUM YCTPOMCTBOM:
ANEKTPUUECKUX CaMOOaIaHCUPYIOIIUXCSl caMoKaToB — Segway U Enicycle (puc.
4.3), KOTOpbIe, SBISAIOTCS KOMMIAKTHBIM  TPAHCHOPTHBIM  CPEICTBOM,
MO3BOJISIIOIIUM PEIINTh MPOOJieMy MPOOOK M KOJIOTUYECKON OOCTaHOBKU B
ropoje.

OTMeTHM, 4YTO TMEPEeBEPHYTHIM MASTHUK SBJISUICA  LIEHTPAJIbHBIM
AJIEMEHTOM B KOHCTPYKLIMH PaHHUX celcMorpadoB u3-3a UX MPUPOTHOM
HECTaOMIIBHOCTH B Pe3yJIbTaTe PeakiiK Ha Jitoboe Hapyiienue [182].

Puc. 4.3

B paborax [20, 40, 87, 150, 172, 182, 201, 236] mMoaenp nepeBepHyTOIrO
MasTHHKA HCIIOJIb3YCTCS B Ka4eCTBE STajOHA JIJIi TCCTUPOBAHHS aJITOPHTMOB
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CTa0MIM3allMM U UCCJIEJOBAaHMUS YCTOMYMBOCTH MOJCIIEH  yHpaBisieMbIX
JTUHAMUYECKUX CUCTEM.

B paGorax B.P. AuapueBckux, I1.IO. I'yzenko u A.JI. ®pankosa [11],
IO.H. bBakaesa [20], A.B. bamammguna wu C.}O. Topogenxoro [21],
A.A. Konecnukoa [87], C.®. HuxonaeBa m E.JI. TonmkoBa [135], B.T.
®denocora [168], A.M. dopmansckoro [172], C.A. Pemmvuna u @.JI.
Yepuoyceko [150], @. JI. Uepnoycbko, JI.JI. Axynenko, b.H. Cokonopa [176],
P. Hopdpa u P. bumona [57] u apyrux wuccienoBareyieid MOIYYEH P
TEOPETUUYECKUX U MPAKTUUYECKUX PE3YJIbTATOB MO MOACIUPOBAHUIO U U3YUCHUIO
YCTOMYMBOCTU TIEPEBEPHYTOTO MAATHHUKA HA OCHOBE HCIoOJb3oBaHus [1M/]-
perynsitopa. OIHAKO OCTAIOTCS BOMPOCHI, KOTOPHIE Maj0 U3YyYE€HbI U TPEOYIOT
JOTIOJIHUTENBHBIX UCCIIEI0BAHUM.

B OonpmmHCTBE CiydaeB M3y4Y€HHE YCTOWYMBOCTH U pa3padoTKa
QITOPUTMOB CTAOMIIM3AIMU MOJENEH YNPaBIAEMbIX MASATHUKOBBIX CHCTEM
0asupyercs Ha JIMHEHHBIX MOJICTISIX NMEPEBEPHYTOTO MasiTHUKA, MOJYYEHHBIX Ha
OCHOBE U3BECTHBIX HEJIMHEUHBIX MOJEJECH C MOMOIIbIO METO/Ia JTMHEAPU3AI[UH.
YKa3aHHBIA KIACCUYECKUM MOAX0/ B PEAJTIbHOM CUTYAL[MU HE BCErJa MO3BOJISIET
MOJYYUTh JKEJIaeMble CBOMCTBA Mojeau. KommeHcanuss HEIMHEHHOCTEN U
ujcanu3anus MOJEIH YacTO MPUBOJAT K BO3HHMKHOBEHUIO HEYCTOMYMBOU
BHYTPEHHEN TUHAMUKH, BCIEJCTBUE YETO YMPABISEMbIM OOBEKT WJIU MPOIIECC
OKa3bIBACTCSI HEYCTOMYMBHIM B peaibHbIX ycinoBusx. B [207] Ha ocHOBe
JIMHEAPU30BAaHHOM MOJIEJIM MEPEBEPHYTOTO MASATHUKA ITOJIYYEH JUHEUHBIN I10
KOOpAMHATAM  COCTOSIHMSI ~ aJICOPUTM  YIpaBiieHUs, oOecreYnuBarONIuni
YCTOMYMBOCTh MASTHUKOBOTO MEXaHM3Ma TOJIBKO TMPU MajbIX yIjiax
OTKJIOHEHHUsI OT mojioxkeHus paBHoBecus. B [40] mokazaHo, 4TO HMCMOIB30BAHUE
METOJI0OB ONTUMAJIBHOTO YIPABJICHUS W KYCOUHO-JTMHEWMHOUN amnmpoKCUMAaIlUuu
HEJIMHEMHOW MOJIEJIM MAasTHUKA TO3BOJISIFOT HAUTU pELICHUE 3aJaud  JJis
OONBIIUX HadaJdbHBIX BO3MyIleHWHA. OFHAKO B O3TOM CiIy4ae CIOXKHO
00ecreunTh YCTOMYMBOCTh PEUICHUS CHCTEMBl B CBSI3U C OOJBIIUM 0O0BEMOM
BbruucieHuid. B [11] u3ydena 3amaua ctaOuiv3anuy MepeBepHyTOro MasiTHUKA
C OJHOBPEMEHHOW cTabuiu3aluedl MOJABUKHOM MIaTGOpPMbI, K KOTOPOM
MpUKpEIUIeHa OCh MasiTHUKA. OnucaHue padoThl pEryisropa MOJYy4YeHO Ha
ocHOBe quddepeHInaTbHON MOACITH U aITOPUTMA CKOPOCTHOTO TPaIUCHTA.

B [181] paccmoTpen Bompoc 00 yCTOWMYMBOCTH MOJENH MEPEBEPHYTOTO
MasiTHUKA C TOJBUXXHOMW TOYKOW OMOpPHI C MOMOUIbK0 KOMOWHAIIMM METOJa
BEKTOpa CKOpoCcTH W MeToja ¢yHKumi JlsmyHOBa Ha OCHOBE HEJIWHEHHOUN
MOJIETU BUJIA:

a(t) - %sin o(t) + %S‘(t) cos(t) +m, (t) =0,
m,d (t) + k,d(t) =ku, (4.1)
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J+m,L?

,J — MOMEHT uHepuuu
m,L

rae L' — sddexTuBHas ajiuHA MasTHUKA, L' =

OTHOCHUTENIbHO LIEHTpa TKECTU, L — paccrosgHue Mexay OChl0 U LEHTPOM
TsDKeCTH, Kt — Koaddumument Tpenus, Ko — koadpdumumeHnt nepenauu, U —
YIIPABIIAIOIIUN KpYTSLIUN MOMEHT. IIpucyrcTBue B cUcTEME
MaJIOMHEPLIMOHHBIX (PUIBTPOB OLEHKHU MPOU3BOJIHBIX U «OBICTPOTO» ajarrepa,
pEaNu3yIOUIEr0 CUTHAIBHYK) HACTPOMKY, TMPHUBEIO K BO3HHUKHOBEHUIO
Pa3HOTEMIIOBBIX TIPOLIECCOB M TMO3BOJIMJIO CTaOMJIM3UPOBATh TMOJIOKEHUE
MasATHUKA MPH Yriax OTKIOHEHUS OT BEPTHKAIBHOTO TOJIOKEHHS TOJIBKO B
auanazoHe +7/3. Kpome TOro, BO3HUKIM TPYAHOCTH B COIIACOBAHHUU
perymisTopa, agantepa u GuiIbTPOB OLIEHKU IPOU3BOAHBIX.

B [166] uccrnenoBanune yCTOMYMBOCTH MOJIEIH MEPEBEPHYTOrO0 MAsITHUKA
IPOBOJUTCA C MOMOIIbIO JUHEAPU3aLHUU MOJIETH, KOTOpas KOMIIEHCUPYETCS
BHEJ[pEHUEM B  YIPABISEMYIO  CHUCTEMY  JIOTMYECKOTO  PEryJaTopa.
PaccmarpuBaeTcsi KOMOMHUPOBAHHOE MCHOJIb30BaHUE JJOTUYECKOTO PETYISITOpa
u IIU-perynsaropa. IlpuBenem KpaTkoe OINKMCAHUE PE3YyJIbTATOB JaHHOIO
noaxoja.

YpaBHeHUE ABWKEHHS NepeBepHyTOoro mastHuka (4.1) mox nelictBueM
YIPaBJISIONICH CHIIBI 4 3aITUCAaHO B 9KBUBaJICHTHOM (hopme [166]

(M +m)d +ml cos pp = —Dd + ml¢* sin ¢ —Gu. (4.2)

B mopenu (4.2) mpuHATO JOOMYCTHUMOE OrpaHMYEHUE HA aMIUITUTYIy
YIIPABJISFOIIEH CHITBI \u\ <012,

AHanu3 yCIOBUUA YCTOWYMBOCTU JBHWKECHUS IEPEBEPHYTOTO MAasTHUKA
MOJIydeH C TOMOIIBI0 JIMHEAapu3aluu ypaBHeHud wogenn (4.2) ¢
HCIIOJIb30BAHUEM BEKTOpa cocTosHUi x = (d,@,d, )", rne d — nepemenienne

TEJIC)KKN, () — Yrojll OTKIOHEHUs MasTHUKA OT BepTtukaim. [lomyueHo
ypaBHEHHUE BU]IA

%= Ax+ Bu, (4.3)
rae
0O 0 1 0
0O 0 0 1 0
A == ’ B = '
0 a32 a33 a34 b3
0 a, 4, 4, b4

a, :_mzlzgﬁil; A, :_D(O-+m|2)ﬂily
a,=cmlpg™; a,=(M-+mmlgs™,
a,,=Dmig™; a,=—-(M+m)cs™, b, =vIGS™; b,=—(c+ml*)p™,

B=c(M +m)+Mml*,
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HccnenoBanne yCTOWYMBOCTH JWHEapu3oBaHHOW wmoxaenu (4.3) ¢
JIOTUYECKUM  PETYJISATOPOM, OIHMCHIBAEMBIM JIMHEHHBIM KO3 PUIIMEHTOM
ycuneHus B nenu obparnoit ceszu H = [Ohy, Ohz], cBoguTcs k uccienoBanuto
MOJIMHOMA BHJIA:

3 2
d[d*(Q. +Quh.)d" +(Q.+ Q.0 )d +Q,]=0, (4.4)
rae Quu = 8y — & le = b4’ Q21 =a,a,, —&,, —a,,a,;, sz = b4’
Q31 =—8,,8;, +a;,4,,
N3 (4.4) cnenyet, 9TO HEOOXOIUMBIM YCIOBUEM YCTOMUHUBOCTH SIBJISICTCS
HaJIM4YKUE OTPUIATEIHLHOTO 3HaUY€HUs CBOOOJHOTO YJieHa
Dm’l*g — D(o+ml*)(M + m)ml g
Q31 = ﬁZ
YTO O3HAYaeT HAJIWYUE y3KUX TpaHul] 00JIACTH YCTOWYMBOCTH JIOTHUYECKOTO

peryinsaropa B JaHHOM cuTyanmuu. JlIss Mojaenn  KOMOWMHHUPOBAHHOM
YIIPABISIEMON MASTHUKOBOM CUCTEMbI AaHAJIOTUYHBIA TOJIMHOM UMEET BUJI

42[d°(Qu + Qun, )d? + (Q, + kb )d +Q,, + 2l | g (45)

B KOTOPBIY, IOMUMO IIaPaMETPOB JIOTUYECKOT'0 PETYIIATOPA, BXOIAT MAPAMETPHI
[IN-perynsTopa. ['paHuilpl yCTOMYMBOCTH MOJIETH KOMOMHUPOBAHHON CUCTEMBI
B obOmactu mapametpoB (hz, h1) mms momunoma (4.5) sBistorcs Goee
IIMPOKMMH IO CPABHEHMIO C T'PAHULIAMU YCTOMYMBOCTH MOJEIH YIIPABISEMOU
CUCTEMBI C JIOTUYECKUM PETYIATOPOM.

AHanoruyHbI  pe3yiabTaT O KOMOHMHHMPOBAHHOM  MCHOJIb30BaHUU
JIOTUYECKOT0 PETYNSITOpa U JTUHEUHOM OOpATHOW CBSI3M MOKHO MOJYYUTH MpHU
WCCIICIOBAHUN  YCTOMYMBOCTH  IIEPEBEPHYTOrO0  MAATHUKA,  KOTOPBIU
IIEPEBOJIUTCS B BEPTHUKAIBHOE COCTOSHUE W3 YCTOMYMBOIO IIOJIOKEHMS IIpU
OTPaHMYECHUM HA JONYCTUMBIM X0 Kapetku. Ilpm d>TOM mepeBox w3
YCTOMYMBOIO TIOJIOKEHUS B BEPTHKAIBHOE HEYCTOMYMBOE MOJIOKEHUE
OCYILECTBJISETCS JIOTUYECKUM PETYJISITOPOM, a YAEpKaHWE B YCTOMYMBOM
BEPTUKAJIBHOM  TIOJIOKEHWH  MAasTHUKA  OCYUIECTBIIAETCS  OpPTraHU3aLUEN
JUHENHON 00paTHO CBSI3M Ha TPAJULUOHHBIX MOJIEISAX PEryJsaTopa.

B [139, 145] paccMoTpeH 1oaxoa K TOCTPOSHUIO MOJIENICH YIPaBIIeMbIX
cucTeM, Oa3upyloluicd Ha JOTMKO-JTMHIBUCTUYECKOM OINHCAHMM  UX
noBeneHusA. [[ns moxenupoBaHus YNPABISEMOW CHUCTEMBI JOCTATOYHO UMETH
TOJIBKO KAYECTBEHHOE OIMCAHME €€ IOBEACHUS B BHUJE IPABWI, 3aJaHHBIX
JUHTBUCTUYECKUMHU TE€pEeMEHHbIMU. Ha mpakTWke ONMCaHHBIA TOJIXOA
OTPAaHMYMBACTCA CIIy4YasMH HECJOXKHBIX OOBEKTOB, [JIsi KOTOPBIX YMCIIO
YOPaBISAIONIMX BEJIWYMH HE MPEBBIAECT JABYX. I[IprUMEHeHHE yKa3aHHOTO
noJaXo/Ja K MOJACIMPOBAHUIO NEPEBEPHYTOr0 MasiTHMKa JaHo B padotax [.H.
Jlebenea [102], A.Il. Pormreiina u J[.M. KarempumkoBa [151]. B [151]
IIPOEKTUPOBAHNE OCHOBAaHO HA TOCTPOCHUHM 3aBUCUMOCTH YIPaBISIOLIETO
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BO3JICUCTBUS U, BbIPA0ATHIBAEMOr0 JIOTMYECKUM pPEryJIAiTOPOM, OT yrjia
OTKJIOHEHMS X1 IEPEBEPHYTOr0 MAasiTHUKA U OT €ro YIJIOBOW CKOpPOCTH X2. basza
MIpaBUJI JIOTHYECKOTO PETYISTOpa MpeAcTaBieHa 25 npaBuiaMu BUJA:

I11: eciu x1= Ob u x2 = Ob, mo u = obO,
rae Ob, obO — oTpuiarensHast 6oJbliasi U OY€Hb OOJBINAs OTpHUIATEIbHAS —
3HA4YE€HUs (T€PMBbl) TUHIBUCTHYECKUX MTEPEMEHHBIX.

B [102] mnst MonenupoBaHUs YHPaBISEMOTO MEPEBEPHYTOrO MasTHUKA
UCIIOJIb30BAHO YETHIPE JIMHTBUCTHUYECKUX IEPEMEHHBIX: YIOJI OTKIOHEHUS,
CKOPOCTb BpalleHMs], OIIMOKa MOJIOKEHUS U yIpaBiidioniee BozaencTeue. s
NEPBOM M YETBEPTOM NMEPEMEHHBIX BBEJACHO IO CEMb TEPMOB, a JJI OCTAIbHBIX
o MATh. ba3a mpaBui JOTMYECKOTO PETYJISTOpA MpeAcTaBieHa 15 npaBunamu
BUJIA eC/iU ...MO.

OtmetruM, uyto B [99] paccMOTpeHO TIPUMEHEHHE JIOTHYECKOTO
peryisaropa sl MOJETUPOBAHHMS MAaTeMaTHYECKOro MasTHUKA NEPEMEHHOU
mHbl.  [IpenyiokeH KpuTepui KadecTBa yIpaBlIeHUs, Oa3UpYIOIIUICI Ha
OpPUHIMIIAX TEPMOAUMHAMUKU HeoOpaTUMbIX mporeccoB. C  MOMOIIBIO
YKa3aHHOTO KpUTEpHUsi pa3padOTaHbl pa3IMYHbIE BapuaHThl 0a3 3HaAHUM,
NO3BOJISIIOIIMX KA4eCTBEHHO OCYILECTBIIATH YHPABICHUE HEYCTOMYHUBBIM
00BEKTOM B YCJIOBHSX HeompeaeneHHoCTH. [locTpoeHne ycToMdnBoil Moenu
MasgTHUKA TEPEMEHHOW UIMHBI BBINOJHEHO HAa OCHOBE  HW3BECTHBIX
mudepeHInalbHBIX ~ ypaBHEHUH, OMKCHIBAIOIIUX €Tr0  JBIWKEHHUE MO
NEUCTBUEM YITPABIISIOLINX CHUJL.

[loctpoeHnne Mopaenu NEPEeBEPHYTOr0 MaATHHKA C  JIOTUYECKUM
PEryJIATOPOM Ha OCHOBE M3BECTHOM MOJENM, 3aJaHHOM B BHUJE HEJIMHEWHBIX
muddepeHnalbHbIX ypaBHEHUW, naHo B [57, 231, 236]. PaccmarpuBaercs
MaTeMaThueckast Mojenb Buja [231]:

X, (t) = X, (1),
%.(t) = g sin(x, (t)) —amlx,” (t) sin(2x, (t)) / 2 — acos(x, (t))u(t)
i 41/3—aml cos’ (x(t))

rae xi(t) — yroa OTKIOHEHHMS MasTHHUKA OT BepTukanmu, Xo(f) — yrioas
CKOpOCTh, t — Bpems; U(t) — ympaBistomas cuia, MpuioKeHHas K kaperke; | —
JUTMHA CTEPIXKHS MasTHUKA, M — Macca mMasatHuka, M — macca kapetrku. g = 9,8
M/c® — rpaBUTALMOHHAS TIOCTOSHHAA, a =1/(m+ M).

, (4.6)

C moMolblO amnmnpoKCUMalliM, OMUCAHHOW B paszaene 3.2, UcxXomHas
moneib (4.6) mpuBoautcs k TC-monmenu Bunaa (3.9). AHamu3 yCTOWYMBOCTH
MOET OBbITh BBINOJHEH ¢ MOMOIIb0 PyHkiuit JisnyHnoa u coiicts JIMH. B
[57] monens (4.6) nononnena 16 npaBunamu Buaa ecau ... mo. B [231] monenb
¢ 16 mpaBmmamum pemynupoBaHa K Bumy [C-momenu, mTpeACcTaBICHHOM
YEeThIPbMS MPAaBUJIAMU BUJIA!

IT1: ecau xa(t) B okpectrocTH 0, mo X(t)=AX(t)+Bu(t).
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ITo: ecnu Xi(t) B oxpecTHOCTH * 77/ 2(‘X1‘ <r/ 2),
mo X(t)=Ax(t)+Bu(t). (4.7)
I1s: ecru Xi(t) B oxpectHoCcTH * 77/ 2(]Xl‘ > 7/ 2),
mo X(t) = AX(t)+Byu(t).
I14: ecnu X1(t) B okpecTHOCTH T, MO X(t) = A4X(t) +B,u (t),
rie Ai, Bi — MaTpuilsl mapamMeTpoB MasTHuKa, 1 =1, 2, 3, 4.
Pe3ynbTaThl ynciaeHHoro aHanuza Mojenu (4.7) pabotsl [231] mokazanu
3(PEeKTUBHOCTh CHUHTE3UPOBAHHOW MOJIEIM IO CPABHEHHUIO C KIIACCUYECKOU

MOJEJIbIO, a TAKXKe ¢ MOAEINbIO paboThl [57], mpencraBieHHon 16 npasunamu. B
[231] moka3zaHo TakXke, YTO YCTOWYMBOCTh MojenH (4.7) 1 GyHKIIMOHUPOBAHUE

T
Joruueckoro perymsropa U(f) He mMeeT MecTo mpu > < ‘xl (t)‘ < r. Takxe B

pabote [231] ycnoBusi ycroWuuBocTu mojaenu (4.7) mpeactaBieHbl B BHUJE
rpomo3akoro Habopa JIMH, 4To Ha mnpakTHUKe 3aTpyAHSET IOCTPOCHUE
peryistopa.

OtmetuM, uto B [213] paccMoTpeHa amnmpoKCHUMAaIvs HETUHEHHON
MOJIeNIA, OIMMCHIBAIOIIECH IWHAMHKY TEPEBEPHYTOTO MAasiTHUKA, C MOMOIIbIO
MHoOrouwieHa Tewnopa uyerBeproro mnopsaka. Ilokazano mnpeumMyiecTBo
YKa3aHHOTO  TOJXO0Ja TI0 CPaBHEHHUIO C METOJOM JIMHEapu3alluu
mudpepeHIMAbHBIX YPaBHEHUN TICPEBEPHYTOIO MAasTHUKA B OKPECTHOCTH
TIOJIOKCHUST PAaBHOBECHHI.

W3yuenne wmomeneld yNpaBiIsSeMbIX MAasSTHUKOBBIX CHCTEM SIBIISICTCS
aKTyaJIbHBIM TIPH MOJCIUPOBAHUU TOIBEMHO-TPAHCIIOPTHBIX MEXaHU3MOB. B
YaCTHOCTH, TOPTAJIbHBIA KpaH — OTO MpPUMEpP ABYXMACCOBOM CHUCTEMBI
MasATHHUKOBOTO THIIA, COCTOSIIEH U3 TEICKKN U THOKON MOABECKH C TPYy30M |32,
77r, 80, 97]. [opTanbHbBI KpaH UCIOJIB3YETCS MPU PO3JIMBE KUIKOTO METaslia
Ha METAJTyPruYeCcKUX KOMOMHATAX, MPU MEPEMEIIEHUN TPy30B (KOHTEHHEPOB)
B XOJI€ 3arpy3KH/pasrpy3KH CYJIOB Ha OTKPBITHIX MOPTOBBIX YYacTKax, IPH
BBITIOJITHCHHH BHYTPHUIIEXOBBIX PabOT 1O MepeMelieHrI0 rabapuTHOTO I'py3a B
CTECHEHHBIX YCIIOBHUSX, NMPU 3arpy3Ke-pasrpy3ke OMAaCHBIX MaTepHaIOB Ha
SIepHBIX ycTaHoBKax [32, 97, 142]. Bonpocsl MoaenupoBaHus MOPTATLHOTO
KpaHa ¥ U3yYCHUSI YCTOMYMBOCTHU C MOMOoIIb0 [T /[-perynsitopoB nusydyaiuces B
padotax JI.B. bamammuua m C.}O. T'opomenkoro [22], J.E. BboptskoBa u
A.H. Opnosa [32], A.Il. Ky3uenoBa u A.B. Mapkosa [97], M./I. Tlomocuna
[142] n npyrux ucciempoBaTeei.

AHanmu3 paboT TO MOJCIMPOBAHUIO W HW3YYEHHUIO YCTOWYMBOCTH
YOPABISIEMBIX ~ MAasSTHUKOBBIX CHCTEM OTEUYECTBEHHBIX M  3apyOEIKHBIX
UCClieoBaTeNiel, TPOBEJCHHBIM B  HACTOAIIEM  pasjielie, IOKa3bIBaeT
MPEUMYIIECTBO TOIX0/I0B, 0Aa3UPYIOMINXCS Ha MPaBWIaX JOTHIECKOTO BBIBOJIA

N JIOTHYCCKHUX PCryjsiropax, HaJl KIIACCHYCCKUMH MCTOAaMH MOACIIMPOBAHMA.
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Hexknaccuueckas o6oOmaromas (popmanuzaius MasTHUKOBONW CHUCTEMBbI,
omuchiBaeMoil ypaBHeHusMu (4.6), cBs3aHa ¢ mocTpoeHueMm | C-momenu.
[lepexox oT onucaHuss MOAEIA MASTHUKOBOM CHUCTEMBbI, 3aJaBacMoOro ¢
noMoIisio (4.6), k mocTpoeHuto coorBeTcTBYMOMIEH TC-Moaenu, 6a3upyercs Ha
NPEICTABJICHUM YCIOBUM ycTronuuBoctd B Buue JIMH. VYsenuuenue
KOJIM4ecTBa uucia npasui B TC-Moaenu, ¢ OQHOM CTOPOHBI, O3BOMISIET OoJiee
TOYHO OIMUCATh MPOIIECCHI, MPOUCXOANINE B MAasITHUKOBOM CHUCTEME, C YUETOM
IIOCTOSIHHO M3MEHSIOLIMXCSA BHEIHUX Bo3xeucTBud. C Apyrom CTOpPOHBI,
0OJIBIIIOE KOJMYECTBO 4YHWCIA MPaBWI 3aTPYyJHSET MNPOLEAypy TMOTydeHUs
YCJIOBUM YCTOMYMBOCTU U MPOBEACHUS YUCICHHOTO aHAJIN3a CUHTE3UPOBAHHOU
MOJENM JlaX€ C T[OMOIIbIO BBIYMUCIUTENBHBIX MakeToB. [ C-Momensb
nepeBepHyTOoro mastHuka (4.7) tpeOyeT naabHEWIIer nopabOTKH, CBS3aHHOMU
HE TOJIBKO C YMEHBILIEHHEM 4YHCJa MpaBWJl, HO U C PACIIMPEHUEM HHTEpBaJa
YCTOMYMBOCTH NEPEBEPHYTOTO MASITHUKA.

HecmoTpst Ha TO, 4TO CYIIECTBYIOT METOJIbl aHAIM3a YCTOMYMBOCTHU
MOJIeIell TMHAMUYECKUX CHUCTEM C JIOTMYECKUMHU PETyIsTOpaMu, KOTOpPHIC
MOTYT OBITh NMPUMEHUMBI K HCCIIECIOBAHUIO MOJIENICd MAasTHUKOBBIX CHUCTEM,
U3YUYCHHUE UX YCTOWYUBOCTH OCTAETCS MaJOM3YYEHHBIM HarpapiieHueM. O 1HUM
U3 TEPCHEKTHBHBIX HANpaBICHUM B PpEIIEHUHM HTOM 3aJayd  SBISIETCA
npuMeHeHrne Meroaa GyHKuui JIsSmyHOBa B COYETaHUM C APYTMMH METOJAMH.
OcoOblii uHTEpeC NpEACTaBiIsSCT AUBEpreHTHuI Meton [58B, 116a],
MPUMEHEHUE KOTOPOTO K HCCIEIOBAHUIO MOJIENIEd MAasATHUKOBBIX CUCTEM C
JIOTUYECKUMU PETYJISITOpaMU €Ill€ He ObUIO M3Y4YeHO. J[MBEpreHTHBIE YCIOBUS
MOTYT TMOCIYKUTh OCHOBOW Il pPa3pabOTKH aJTOPUTMOB HCCIICIOBAHUS
YCTOMYMBOCTHA YKAa3aHHBIX MOJEJEW W HCIIOJNb30BAThCA B NAJBHEHILIEM IS
CO3/IaHUSI KOMITBIOTEPHBIX MPOTPAMM.

[Ipy KOMIBIOTEPHOM MOJEIUPOBAHUM YIPABISAEMbIX MAITHUKOBBIX
CUCTEM BO3HUKAET Psifi TPYAHOCTEH, CBA3AHHBIX C HAJMYMEM KBa3WUJIMHEWHBIX
mubdepennmanbapix  ypaBHenuin [170, 173]. Psam wW3BECTHBIX YHCICHHBIX
MetonoB (Meron Pynre—KyrrThl, meronq Apamca W Jp.) HE MO3BOJSET
BBITIOJTHUTD JUIsl YKa3aHHBIX MOJEJCH aJIeKBaTHBIC YMCICHHBIE SKCIEPUMEHTHI
[38, 53-55, 89]. D10 00yCIIOBICHO OrpaHUYCHHOW 00JACTHIO YCTOWYHUBOCTH
pelIeHnu, TOJIydEHHbIX TPATUIMOHHBIMM YHUCJICHHBIMH  METOJaMH, U
OBICTPOTON MPOTEKAHMs MPOIIECCOB B ympaBisieMbix cuctemax [20]. B pabote
B.B. lukycapa, M. Kombku, A. @urypsl [54] u3noxkeHbl OCHOBHBIE ACTIEKThI
MPUMEHEHUS YHUCJIEHHBIX METOJIOB ISl HAaXOXICHUS PEHICHUN KECTKUX
muddepeHnmanbHbpIX  ypaBHeHU. B [53] mokazaHO TpUMEHEHHE METOJI0B
TEOPUU YyMIpPaBJICHUSI MPU YUCICHHOM PEIICHUU MKECTKUX CTOXACTUYECKHUX
ypaBHeHUW. [l  pemieHus  CUCTEM  JIMHEWHBIX W KBA3WJIMHEMHBIX
muddepeHIMAIBHBIX yPAaBHEHUHN II€JI€COO0Pa3HbIM  SIBISETCS MPUMEHEHUE
anroput™ma  Jloycona [216], mpeoOpasyromero HUCXOAHYK  CHUCTEMY
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mudpepeHINAbHBIX YpPaBHEHUNW B CHCTEMY, ISl HAXOXJICHUS pElICHUU
KOTOPOH MOXHO OyJeT HCMOJb30BaTh YHUCICHHBIM MeToa PyHre—KyTThl.
VYKkaza"Hbpll anroput™M ucnons3oBaics panee C.®P. HukomaeBeim un E.JL
TOHKOBBIM JIJIs1 MCCIEAOBAHUS MOJICTICH yIIPaBIsIEMbIX MAaSTHUKOBBIX CUCTEM C
[T ]I-perynstopamu [135]. Jlis uccnenoBanus Mojiesield MasTHUKOBBIX CUCTEM
C JIOTHYECKUMHU PETYJISITOpaMH alropuT™ JIoycoHa paHee He TPUMEHSIICS.

4.2. TC-Moaeb nepeBepHYTOro MasiTHUKA U ee MOAU(PUKALMH

B HacrosiieM pasznene pacCMOTPEH  albTEPHATUBHBIM TMOAXON K
MOCTPOCHUIO  MOJICJIM  MEPEBEpPHYTOrO0  MasTHUKA,  CBA3AHHBIM  C
anmpokcumanuet ¢ momomipto  [C-momenu  Buaa (3.9). BeinonHeHa
MoauduKamus CUHTEe3UpoBaHHOW [C-mMoAenM TMEepeBEpHYTOTO MAasTHHUKA
(uMcio mpaBuWJl B MOJIESIM YMEHBIIECHO ¢ IecTHaauatu 10 AByx). Iloctpoen
CTAOMJIU3UPYIOIIUHN JTOTUUYECKUM perysiTop u onpeaeneHa GyHkius JismyHoBa.
OcymectiieH cunTe3 TC-Mo1eM MasiTHUKOBOM CUCTEMBI C TIEPEKITIOUCHUEM.

Kak ormeuanocs B paszmene 3.2 rnaBel 3, [C-Momenb sBisieTcs
YHUBEPCAIBHBIM alIIPOKCUMATOPOM B TOM CMBICIIE, YTO IJIajKasi HEJIUMHEIHas
yrpaBisgemMas MOJACHb MPH PAAE TPUHATHIX OrPAaHUYECHUM MOXKET OBITh
anmpokcumMupoBana ¢ mnomombio |C-momenu. TC-mozens omuchIBaeTCs
HEYETKMMHU TIPaBWJIAMH HMMIUIMKAIIMA, KOTOPhIE TPEACTABIAIOT CcoOoM
JIOKAJIbHBIE JIMHEWHBIE OTHOIIEHHSI «BXOJ-BBIXOJ» HEJIMHEHHOU CHCTEMBI.
[IpumeHsieMble TpaBuia SBISIOTCS HEYETKUMHU B YacTU €CJIM, B YacTH TO
coaepxkarcs auddepeHianbHble  YpaBHEHUS, OIKUCHIBAIOIIUE JUHAMHUKY
npoliecca.

Junamudeckas TC-monens ynpasisiemoi cuctembl uMmeet Bu [230]:

ITi: ecnuz, (t) ectb Miz 1 ... n zp(t) ectb Mip,

X(t) = AX(t) + Bu(t),
mo
yt)=Cx({), i=L2, ...,

roe X(t) € R"- Bextop cocrosHms, U(t) € R"™ — Bextop Bxoma, Y(t) e R* —

(4.8)

sektop Beixoga, A € R™, B € R™, C. e R*™, r — uncno npasun monenw,
z(t) = (z,(t), ...,z (t)) — BekTOp M3BECTHBIX NEPEMEHHBIX MOCHIIOK, KOTOPBIE
MOTYT OBITh (YHKIMSMH BHELIHUX BO3MYIIEHHH WIM BpeMeHH, (a3soBbIX
IIEPEMEHHBIX, U KOTOPBIE XapPaKTEPHU3YIOTCS JIMHIBHCTUYECKOM IMEpEMEHHOM
«BenmuunHay, M,— 3HaueHHe TNEpPEeMEHHON «BENMYMHAY», BBHIOMpaeMoe H3
MHOXeCTBA TepMHUHOB Tj. COOTBETCTBHE MEXIY MHOXKECTBOM TEPMHUHOB Tj U
3HaueHUsIMHU z,(t) Xapakrepusyercs crenenbio M, (z,(t)) npumenumoctn M,
K z,(t). Ilpemmonaraercs, YTO WCXOAHBIC MEPEMEHHBIE HE SBISIOTCS

(GYHKIIUSAMHU OT BXOASIIUX repeMeHHbIX U(t).
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Kaxnoe mocnepytouiee JTMHEWHOE YPABHEHHE, MPEICTABICHHOE B BHJIC
x=Ax()+Bu(t), B KOHCEKBEHTHOM u4actu mnpasuiaa IIi HaspiBaeTCH

nojpcucremon. Kaxmomy mnpaBuny Ili COOTBETCTBYET YpOBE€Hb HCTHHHOCTH
w,(z(t)) = Jf[lMij (zj (t)). Bekroper x(t) u y(t) ypaBHenwuii (4.8) npeacrtaBuMbl B

BHE
>w, (ZA))(AxX() +Bu() |
X(t) = = r( =y h (zZ@®)NAX®) +Bu(t), (4.9
w, (2(t)
>w, (z(t))Cx(t)
y(t) == — = 3 h, (2(t))C,x(t), (4.10)
Sw(z(t) -
w, (z(t))

roe h =17
e hEO= L ao)

Sw,(2(t) > 0, Sh(z(t) =1
Tak Kak <= TO 1
{WI(Z(t)) >0, 1i=12,..,r, {hl(z(t)) >0, 1=12,..,r.
Bocnonb3yeMcs ~ BBIIIEW3IOXKEHHBIM 111 cuHTe3a | C-Mozaenu
NEPEBEPHYTOr0 MagTHUKA HA OCHOBE U3BECTHOU NudepeHnanbHON MOAEIH.
[lepeBepHyTHI MASITHUK Ha KapeTKE MpeICTaBlIeH Ha puc. 4.4.
y

A

X1

u(t)

d(0)
Puc. 4.4

[IpuHsATHI cneayromne 0003HAYEHUS: X1 — YTOJI OTKJIOHEHHS] MasgTHUKA OT
BepTukanu, U(t) — cuma, mpuioKeHHas K Telexkke, | — umMHA CcTepikHS,
YAEPKUBAIOIIET0 MasTHUK, M — macca MasiTHUKa, M — macca kapetku, d(t)—
nepeMenenre kKapeTku § = 9,8 M/c? — rpaBUTaLMOHHAs MOCTOSHHAS, t — BpeMs.
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KapeTrka momkHa IBUTAThCS TaKUM 00pa3oM, 4TOObI MasTHUK BCETJia 3aHUMAJ
BEPTUKAIHLHOE TTOJI0KEHHUE.
VYpaBHEeHUs, ONKCHIBAIOIINE TMOBEICHUE MEPEBEPHYTOr0 MASTHUKA MOJ
JICHCTBUEM YITpaBJISIONICH criibl, uMetoT Buj [231]:
X, (t) = X, (1),
g sin(x, (t)) —amix,” (t) sin(2x, (t))/ 2 — acos(x, (t))u(t)

X, (t) = ,(4.11
() 4113 —aml cos® (x, (t)) (4.11)
TJI€ X2 — YIJI0Basi CKOPOCTh, a =1/(m+ M).
YpaBHeHuE 4.11) MO>KHO MPEJICTAaBUTh B BUJIC
aml
.0 =2.0[ 0.0 -5 2,060 - 22,000 |
1

raez, () = 2o(t) = sin(x1(t)),  z3(t) = x2(t)sin(2xa(t)),

41/3—aml cos®(x, (1))
z4(t) = cos(x1(t)).

3ametum, uto mnpu Xi(t) paBHOM, -—T/2 wiaM w2, MaATHUK HE

crabumusupyem. [lpeanonoxum, uro Xi(t)E[-—m/2 +e, ©/2 -€], Tae €— maioe
T T

MOJIOKUTEIFHOE YHUCIIO TaKOe, YTO 3HAYCHUE —§+5 OMM3K0O K —— U

T T
3HAYECHUE 5—8 OJIM3KO K PE CunresupoBath TC-Moz€lb NEPEBEPHYTOIO

MasiTHUKa MOYKHO C MOMOIIBIO COOTBETCTBYIOINUX 3aMeH BenmuuuH zi1(t)—za(t).

[Ipumensis ~ METOJ  CEKTOPHOM  HEIMHEWMHOCTH [229], MOJTY4YUM
(t) ! min z, (t) 1 q
max z, (t) = =dq,, =———=0,, rue
0 (® 41 /3 —aml g’ q u® Al/3—aml

S = cos(7z/2 — &). Torna zi(t) MOXKHO 3amucarh B BUIE
2
7, (t) = %Ei (z(0)ai, (4.12)

rac E (z,(t)) = Zl(t)—_qz, E,(z,(t)) = 9.-z0 (YHKIMM TPUHAIJIEKHOCTH,
obnamaromue cBoiictBoM  E1(z1(t)) + E2(z1(t)) = 1.

Bemnunnnr z2(t), z3(t), zs(t) ¢ ¢yHkmusamu npunammexHoctu Li, Gi, Hi
COOTBETCTBEHHO MPECTABUM B aHAJOTMYHOM BH/IC:

2,(t) = sin(x, ) = (E.L, (2, @b, ©). (4.13)
2,(t) = x, (Vsin2x, (1) = £G, (z,®)c, (4.14)
2,(t) = cos(x, (t)) = T H, (z,(©)d,. (4.15)
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rae ¢ynkuuu npunHaiexHoctd Li, Gi, Hi onpeneneHsl cCOOTBETCTBYIOIIMM
o0pazom.

Hcxons w3 obOmero Buga moxaenu (4.8), 6a3oBbix ypaBHeHuid (4.11) u
cootHomenuii (4.12)—(4.15), TC-monenp mnepeBepHYTOr0 MasTHHKA MOYKHO
3armcarh B BUJIE
()-8

X2 (t) i=1 j=lk=11

M

E,(z,(O)L; (z, ()G, (z,(t)H, (z,(1)) x

1

0 1
X, (1) 0 B
i g-qb, —aTmlqic [X (t)j (—a-q.d.]u(t) -

=33 3YE (2, ML, (z, )G, (z,()H, (z, (t))(AJk.X(t) + B.,k.U(t))

i=1 j=1k=11=1

OO0beTMHUB CyMMUPOBAHUE, MOTYyUYUM

X(t) = Xh, 2O)(A () + B u()), (4.16)
* 0 q 0 .
rne A=A, = QQibj —%qick B =By _( aqidlj’ i, j, k,left 2},

r = 142(k—1)+4(j-1)+ 8(i — 1), hr(z(t)) = Ei(za(t))Lj(z2(t)) Gk(za(t))Hi(za(t)).
Cornacno ypaBHeHuto (4.16), momydnm, 4To B 6a3e MpaBuil, COCTOSIICH
u3 16 mpaBui1, cogepkaTcs MpaBUiia CIEAYIOIIEro BUAA:

Ili: ecau Z ('[) ectp [ nz (t) ectb Hn 23('[) ectb [ u Z, (t)eCTB b,

mo X(t ) Ax(t)+B; u(t)
Il6: ecru 7 (t) €CTh HHZ (t
t

)
I17: ecnu Z (t) ectp [1 nz (t) ectb He H n Z3(t)e(:TI) Ou z, (t)eCTB b,
mo X(t)=Ax(t)+Bu(t).
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I1s: eciu Zl(t) ectb [1uz (t) ectb He H u Zs(t)eCTB Omu z, (t) ectb M,

mo X(t)=AX(t)+Bgu(t).

ITo: ecru Zl(t) ectb O nz ( ) ectb Hu Z3(t)eCTB ITu 2, (t)ecn, b,
mox(t)= Ax(t)+ Bu(t).
IT10: ecu Z t) ectb O nZz, (t) ectb Hu Zs(t)eCTb ITu z, (t)eCTB M,
x(t)+ Bou(t).
t) ectb O uz,(t) ects Hu z;(t)ects O u z,(t)ects B,
mo %(t)= Ax(t)+Bu(t).
Il12: eciuz ('[) ctb O nz (t) ectb H n 23(t)eCTB Omu z, (t)eCTL M,
A X(t)+ Bu(t).
ctb O nz (t) ectb HE H u Z3(t)eCTB ITu z, (t)eCTB b,
AX(t)+BLu(t).
ctb Ouz ( ) ectb He H n Zs(t)eCTL ITu z, (t)eCTL M,

moxt)

Al

I111: ecnu Z (
mo X(t
(t) e

t

N—"

)
I113: ecru Z
)

mo X(t

I14: eciuz (t

N—"

mo %(t)=A,x(t)+Bu(t).
Ilis: ecu Z (t) ctb Ouz (t) ectb HE H n Z3(t)ecn> Omu z, (t)eCTL b,
mo X(t)=Ax(t)+Bu(t).

Ii6: ecu Z (t) ctb O nZ ( ) ectb HE H 1 Z3(t)eCTI> Owu z, (t)ecn; M,
mo X(t)=AX (t)+ Bsu(t ).

B npuBeeHHBIX TTpaBUIaX MCIOJb30BaHbI CIEIYIONME JIMHIBUCTUUECKUE
3Ha4YCHUs BXOISIMMX nepemMeHHbIx: [ — nonoxurensHas, O — oTpuiaTeabHas,
H — nynesas, M — mainasi, b — 6osbiiasi.

AnHaim3 yctoitumBoctu mnonydeHHot TC-monenu (4.16) okxasbiBaeTcs
3aTPYJHUTEIBHBIM B CBS3W C OOJBIIMM YHCJIOM TIpaBWI Mojaenu. Jlus
YIIPOILICHUSI MCCIIEIOBAaHUS YCTOMYMBOCTH MPUMEHUM OXapaKTEPH30BAHHYIO B
paszgene 3.2 yHUBEPCAIBbHYIO allPOKCUMAIINIO. Y Ka3aHHBIM NPUEM IIPUBEIET K
PEIYyKIMK YKClIa TpaBUiI MOJEIM K MEHbIIEMY HX 4YHUCIy 0€3 IoTepu
WH(POPMATUBHOCTH M COOTBETCTBEHHO K YMEHBIIECHHIO Habopa yCIOBUM
ycroruuBocta [221].

N3BectHo [4406, 70, 155, 188, 218, 231], uro mia nNOCTPOCHUS
JIOTUYECKUX peryJsiToOpoB UCIIOJIB3YETCS METO/I napajieIbHON
pacnpenenennon komnencanuu (ITPK). Ykazanubiit MeTos SBIsS€TCS KIHOUYEBOM
TEXHOJIOTHEH, OOCCIEeUnBAIOMICH 3aJaHHYI0 TOYHOCTh BOCIHPOHU3BEACHUS
JIMHAMHYECKHX 3ajaBaeMbIXx BozaehcTBui. Merton IIPK 3akmrouaeTcss B TOM,
YTO KaXJ0€ IMPABUJIO PETYJATOpa CTPOUTCS M3 COOTBETCTBYIOIIEIO IMpaBUiIa
TC-monenun. OOpasyromuiicss OOIIMI JIOTUYECKUN PEryisiTop MpeACcTaBiIseT
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coOoil KOMOMHAIMIO JIMHEHHBIX perynaropoB. Ilpu »3TomM Joruueckuid
PETYISTOP UCTIONB3YET TE )K€ HEUETKHE MHOXECTBA, YTO U MOJICNIb B HCXO/IHBIX
4acTsiX, U B pacyeT Oepercss TOJbKO JIOKajdbHas 3()PEKTUBHOCTH KaxIOro
npaBwia. B [44a, 188, 218, 231] maercs moapoOHOE OMUCAHUE H3YyUYCHUS
MoOJIeNiel YIPaBISIEMbIX TUHAMHUYECKUX CHCTEM C JIOTHUYECKUMHU PETYIISTOPAMU
yKa3aHHBIM METOJIOM.

[TpuBenem mpeaBapuTeNbHBIE PACCYKICHUSA, HEOOXOAUMBIE I CHHTE3a
JIOTUYECKOTO  peryjigropa M IOJAYYEHUs  YCIOBUM  YCTOMYHUBOCTH
MOAN(ULUPOBAHHON MOJIEIIH.

Jis monmenu (4.8), (4.9) normueckmit [TPK-perymsarop omnucwiBaeTcs
cieayrommmM oopasom [231]:

2w ZOFXO
u(t) =—- ——Sh (2()Fx(0) (4.17)
Sw(zp)

rae Fi — marpuna kosddumumentos yceunenus. Cornacuo (4.8), (4.9) u (4.17),
TpeOyeTcs HalTH COOTBETCTBYIOIIME 3HaueHuss Fi, oOecneunBaronme
YCTOMYMBOCTh COCTOSIHUSI paBHOBECHsI ypaBHEeHUs (4.9).

Jist ypaBHeHust Buza x(t) = f(x(t),u(t)) ¢bynkuus JlsmyHoBa UMeeT BUJ
V(x(t)) = x" (t)Px(t), v (0) = 0, 7 YIOBJIETBOPSET YCIIOBUSIM:
V(x(t))>0Wwx(t) =0, um V(x(t))<0Wvx(t)=0 [l112a, 153]. HaxoxneHue
¢ynknuu  JlamyHoBa  3aKiIoU4aeTcs B OTHICKAHUM  COOTBETCTBYIOUICH

MOJIOKUTENBHO ONPEICIEHHON MaTpulbl P.
[Toacrasnss (4.17) B (4.9), momyyum ypaBHEHUE BUIA

X(t) = £ £h EO)h, (2®)(A -B,F, (1) (4.18)
VYpasuenue (4.18) zanuiem B Buje
X(t) = Zh, (2(E)h, (2())G,x(t) +
+ 25 2, (2(O)h, (20)] ——— x(0),
rae Gij = Ai _BiFj’ Gii = Ai _BiFi'
JlocTaTo4HbIE yCIOBUSI aCUMIITOTHYECKONW YCTOWYMBOCTH OTPEIEISIFOTCS
CJIEIYIOLLIEN TEOPEMOMU.
Teopema 4.1 [231]. CocrosHue paBHOBecus ypaBHeHus (4.19)

YCTOWYMBO, €CIIM CYIIECTBYeT oOOmas JId TOACHCTEM IIOJIOKUTEIBHO
omnpejiesieHHass MaTpulla P Takas, 4TO BBITIOJHSIOTCS HEPABEHCTBA

GIPG, - P <0,

G +G.\ (G +G.
(%} p(%j_pgo,kj, hi n hj = &.
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Ecnu yucno r mpaBuil BEJNMKO, TO HaxOXIeHHE oOmiel marpuisl P,
YIOBJIETBOPSIONIEH ycioBUsIM TeopeMbl 4.1, siBisieTcsl 3aTpydHUTENbHbIM. B
[231] nmoka3aHo, 4TO 3ama4y HAXOXKICHHUS OOIIeH MaTpHIbl P MOXXHO pelIuTh
YUCJICHHO, T.C. YCJIOBHUSA yCTOMYMBOCTU B Teopeme 4.1 MOXHO MpeICTaBUTH B
Bujae JIMH. OtmeTum, uto B [129] npuBeeHbl OCHOBHBIE MOJIOKEHUS TEOPUU
JIMH, mnoka3zaH mepexon OT TeopeMbl JIAmyHOBa K YCJIOBHUIO YCTOMYHMBOCTH B
¢opme JIMH. B [65r] Ha ocHoBe cBoiictB JIMH pa3pabGotanbl anropuTMmbl
CTa0MIIM3aIlUU YIIPABIISIEMbIX CUCTEM.

3amaua moctpoenuss  [IPK-perymsaropa nms  ypaBuenus  (4.9)

bopmyiupyercs crneayoomuM obpasom. Haiitu X >0 m M, i=1,2,...,1,
yIOBJICTBOPSIOININE YCIOBUSIM
X XA' —=M'B/
>0,
AX -BM, X
X AX+AX-BM,-B M,
2 >0
AX +AX-BM,—BM, y ’
2
i<j, hinhj=J,

rae X =P, M, = F X . B atom ciydae obparHas cBsi3b Fi u obmiast matpuna P
umeror Bug P=X7, F =M X", a ¢yukuus JlanyHoBa 3amaercsi B BHUJIE
V(x(t)) = x(t)X "x(t). Ommaxo naxe mnpu wucronssoBannun JIMH u mpu
YBEITMYCHUU YMCIIa MPABUII I' 3aTPYIHIETCS TTOMCK OOIIeH I BCEX MOJCUCTEM
MOJIOKUTEIILHO OmpeneneHHon matpuibl P. B stom cinydae 3¢ dexkTuBHBIM
SBJISICTCSl TIOJYYCHHE YCJIOBHM YCTOMYMBOCTH C HCIIONB30BaHUEM (DYHKIUU

JlanyHOBa CIIEAYIOLIETO BUAA.
OyHKLIMSA BUIA

V(x(®)==h ()X ©PXE), (4.20)

rae Pi — TMOJOXUTENBHO ONpEIeICHHAss MaTpullia, omnpeaeiseT (QYHKIIHIO
JIsimynoBa s ypaBHeHust (4.9), ecim mpousBogHas o BpemeHH oT V(x(t))
Bcera orpunareibHa npu X(t) = 0 [221].
PaccmoTpum crenyromme ycioBus.
Yeaosue 4.1. [Ipoussoonas no epemenu @yukyuu h (z(t)) oepanuuena
ceepxy, m.e.
hz®)<g.i=1,2 .1, (4.21)
20e ¢ — 3a0aHHble NOJIoJICUMeNbHble NOCMOSIHHbIE.
Ycaosue 4.2. Jlokanvnvie kéaopamuunsie pynxyuu Jlanynoea X' (t)Pi X(t),

1=1,2, .., I, yoosiemeopsiom COOMHOUWEHUIM NPONOPYUOHATbHOCIIU MAK,
ymo Pj= aijPi, 1,)J =1, ..., re0e aijzluaij>0npu | #j, u cij=1npu 1=].
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Teopema 4.2 [188]. IIycmwb evinonnenvt ycnosus 4.1 u 4.2. Toeda ons
ypasnenusi  (4.18)  moocno  nocmpoums  IIPK-pecynsmop (4.17), ecau

cywecmsyrom Kodgppuyuenmol @y, ij, 1, J, p=1,2, ..., 1, nonodxcumenvro
onpeoenennvie mampuywl P1, Po, ..., Pru mampuywr F1, Fo, ..., Fr maxue, umo
Pi>0, 1=12,..r, (4.22)
24P, +G}P+PG,)<0, i,j=1,2,....r (4.23)
G, +G_ Y\ G, +G,
QJ%;JJ R+P{—£§—ij<0 (4.24)

vi,j, ke{l,2,..r}, j<Kk,
rae Gk = Aj— BjFk u Gjj = Aj— BjF;.

Teopema 4.2 nonydyeHa npu Hamuuuu ycinoBuil (4.21), mostomy
BO3HUKAET HEOOXOJAMMOCTh BBIOOpA MOCTOSHHBIX ¢ B 3TUX YycioBusx. s
noctpoenuss I[IPK-perynstopa Oyaem wHcmoib3oBaTh  ycioBus — (4.21),
npeoOpazoBannbie Kk Buay JIMH, u ycnoBus (4.22)—(4.24) teopemsl 4.2. U3
TeopeMbl 4.1 1 TeopeMsbl 4.2 BBITEKAET CHPABEIIUBOCTD CIECAYIOIIEH TEOPEMBI.

Teopema 4.3 [188]. Ilycmv uzeecmuvr x(0) u z(0). Ycnoeus (4.21)
BLINOJIHAIOMCS, eClU CYWECMBYIOM NONONCUMENbHO ONpeoeieHHble Mampuybl

P1, P2, ..., Pr umampuyer F1, Fo, ..., Fr, yooeremeopsiowue coomnowenusm
1 (0
* o 12,
x(0) P

¢p P| Wij; .-
: >0 Wi, j,pe{l, 2,...,r}, Vi,
Wijpl ¢p I
20e Wijpe = & o (Ai — Bi F).

[Ipu noctpoenun I[IPK-perynsaropa mnpenmnonaraercs oOmnpeacicHue

JOKaJbHBIX Kod(pdunmentoB ycwieHus Fi mist ypaBHenus (4.18). 3amaaum
X, =P", F=MX" X =X, mai,j=12, ., rroeaijzlunaij>0

opu 1#], oij=1 mpu 1=j. Cyuetom ¢p>0 u oij mpu 1I,j,p=1,2,..,T1,
MOJIYYHM CJICIYIOIINE YCJIOBUS ycToMYMBOCTH Mojienu (4.8) Ha 6aze JIMH:

X >0, i=12..,r; (4.25)
i¢po + XiAE—aij M TJ.BTJ.+ AX -a,BM <0, i=1,2,...,r; (4.26)
p=1
XA —a M'B' + X AT —a.MTB’ +
i ] ik k k |Ak ij j k (427)
+AX —a,BM, + AX —a,B M, <0,
JUTSL KaXKIBIX 3aJaHHbIX |, |, Ke{l, 2, ..., r} Takux, uro j <K;
1 x"(0) :
>0, 1=12..r, (4.28)
x(0) X

116



(¢pxi W””'Jzo vi, j,poe{l 2, ..., r}, Vi, (4.29)
Wi, ¢,
rae Wiipe = € oo (Ai Xi — aiij Bi M)).

CdopmynupoBannbie  ycinoBus (4.25)—(4.29) B panbHelmeMm OyayT
WCTIOJIH30BAHBI JIJIS TIOTYYCHUS YCIOBUH YCTORYMBOCTH Mozeiu (4.16).

PaccmorpuM  mpoueaypy MoAM(HUKAIMKM  MOJETH  IMEPEBEPHYTOTO
MasiTHUKA (4.16) Ha OCHOBE BBIIIE MPHUBEACHHBIX paccyxacHuil. [Tpumenum
METOJI anmpokcuManuu K ypaBHeHusMm (4.11). Ilpu xi(t), Gim3kom K HyIio,

mozenb (4.11) mpumer BuA
X, (1) = x, (1),

% (t) = 2o () —au® (4.30)
4
——aml
3
IIpu Xi(t), 6;M3KOM K + 77/2, HenMHElHbIe ypaBHeHUS (4.11) 3anumryTces
B BUJIC
X, (t) = X, (1),
x, (1) = 29407 ~aut) (4.31)
4 )
3 aml g

3amerum, uyto wmoxaenu (4.30) u (4.31) saBuAOTCA JIMHEHHBIMU.
AnnpokcuMariusi  HEJIUHEWHBIX ujieHoB wmojaenu (4.11)  parnmoHanbHO
BBIOpaHHBIMU JIMHEHHbIMU wieHamu ¢ yderoM (4.30) u (4.31) mosBoJser
penyLHUpoBaTh YMCIIO paBmi B T C-Moenu nepeBepHyToro Mastauka (4.16) mo
aByx (r=2). C yderoMm BbIlIeCKazaHHOro, MoauduuupoBanHas TC-moenb
MepeBEPHYTOro MassTHUKA (4.16) npumeT BUL:
I11: ecru X1(t) B oxkpectHOCTH 0,
mo x(t) = A x(t) + B,u(t). (4.32)
Il: ecu Xa(t) B okpectnoctn +7/2(|x | < 7/2),
mo x(t) = A x(t) + B,u(t),

rae
0 1 0 1 0
ST NI N
41/3 —aml 7(41/3—amlg?) 41/3—aml
0
B, =| ap , B = cos(;z/Z—g), & — MaJIO€ IOJIOKUTEIILHOE YHCIIO
41/3 —aml g?

TaKO€, 4YTO Pa3HOCTb 77/2 — & OJIN3Ka K /2.

®dyukiuyn npuHauiekHoctd hy u hy s npasun 1 u 2 monenu (4.32)
TNpeJicTaBlIeHbl Ha puc. 4.5.
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MpaBuno 2

T

MpaBuno 1

-90 0 90 (deg)
Puc. 4.5

Wcnonp3oBanne ¢yHkiuii h1 m h2 TpeyrompHOro BHIa 0O0YCIOBICHO
TUIIOM HEOIPEICICHHOCTH B YacTu ecau npaBwi 1C-monenu (4.32) [191]. B
[103] mnpuBeaena xknaccupukanus QGYHKIMA TPUHAIISKHOCTH W JlaHa
KOHKpETH3alusl UX IPUMEHEHUS IS 3aJaHUsI HEONPEAEIEHHOCTEN Pa3IndHOro
Tumna. MeTobl MOCTpOCHUS yKa3zaHHBIX (pyHKIMi npuBeaens B [183]. B [131]
JaH CPAaBHUTENbHBIM aHAINW3 PA3NMYHBIX TUHOB (PYHKUHUWA MPUHAIEKHOCTH.
[IpeumymiecTBO (PyHKUMNA NPUHAIEKHOCTEH TPEYroJbHOTO THUIA TEpen
ApyruMu BUAaMH (YHKIUI TPUHAAJIEKHOCTEH OOYCIOBJIEHO MPOCTOTOM HX
BBIUMCIIUTENbHON peanu3alui, U TEeM, YTO OHHU IO3BOJSIOT CPOpPMHUPOBATH
MOJIEIM  CHUCTEMbI,  OOJaJarolIMe  XOPOLIMMHU  aNHpPOKCUMHUPYIOIIMMHU
cBoiicTBamu. Takum o00pa3oMm, BbIOOp THNA (GYHKIUNA TPUHAIICKHOCTU
CYILLIECTBEHHO YIIPOILAET COOTBETCTBYIOIINE AHAIUTUYECKHE W YHCICHHBIE
pacyeTsl B KOHTEKCTE PelaeMou 3aauu.

Jns wmonpenu (4.32) IIPK-perynstop omnpenensierca Takxe AByMs
paBUJIaMu CJIEAYIOIIETo BUIA:

I11: eciu X1(t) B okpecTHOCTH 0,
mo u(t) = —Fx(t).

I1,: ecnu Xi(t) B oxkpecTHOCTH + 77/ ZQXJ </ 2),
mo u(t) = —F,x(t).

Oynkiusa JlsmyHoBa, ompenensiemas ypaBHeHueMm (4.20), nns momenu
(4.32) zanmmercs B Bume V (X(t)) = hl(Xl('[))XT ('[)PlX('[)+h2(Xl(t))XT (P, x(t),
rne  Pi, P2-—mnonoxurensHo omnpeneneHHbie wmaTtpuubl. Ilpu  3TOoM
IPEeAnoaaraéM, 4To BbIIOJHSIOTCS CIAEAYIOIIHNE YCIOBUS:

1) hx®)<4 u
MOCTOSIHHBIC,

2) nokanbHble KBagpaTnanble Gynkuuu Jlamynosa X'(H)Px(t) u XT(t)P2x(t)
yJIOBIIETBOPSIOT COOTHOMIEHUSM TTPOMOPIIMOHANBHOCTH: P1 = a21P2, P2 = au12Py,
rae o1 >0, a2 > 0.

h, (Xl(t))‘ <@, Tne ¢, ¢ — TOJOKHUTCIbHbIC
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Torma mo Teopeme 4.2 nmma moxaenu (4.32) mepeBEpHYTOTO MasTHHKA
MOkHO noctpouts [TPK-perynsatop, eciau cymecTByroT KO3GGULMEHTHL @, @,,

Ol12, 021, TIOJIOKHUTENIBHO oOmpeaenceHHble Matpulel Pi1, P2 u marpuner Fi, F2
TaKUe, YTO

¢P. +¢,P, +(G1Tlpl + PlGll)+(GT P+PG )< 0, (4.33)

22" 2 2 22

Glz +GZl Pl 4 Pl(Glz +Gle+
2 2

4 GlZ + GZl P2 + P2 GlZ + GZl < O,
2 2

rine Giz = A1 — BiF2 u Gu1 = A1 — BiFy, Ga1 = A2 — BaoFy, G2 = A2 — BaF.
VYenous (4.33) u (4.34) sBasitoTcst KOHKpeTu3auuei ycnopuit (4.21) u
(3.22)—(3.24) oy monenu (3.32) ¢ yncIOM mpaBui I = 2.
Bamamum X, =P*, X=P%, F=MX", F,=M,X}, X

1% 27%2

(4.34)

o, X

17 127 2

X, =a,X,. YcnoBus ycroiuuBoctu (4.25)—(4.29) mis mMonuduuupoBaHHON

mogenu (4.32) nepeBepHyTOro MasTHHKa c ydetoM ¢ >0, ¢, >0 u

K03 purmeHToB o1 > 0, a1z > 0 Ha 6aze JIMH npumyT Bua:
X1>0, X2>0; (4.35)

¢1X1 +¢2X2 + XlAzT _alezTBzT +A2X1 _aiszMz <O’ (436)
¢1X1 +¢2X2 + X2A1T _alelTBlT +A1x2 _a21BlMl <0 (4_37)
XlAzT _alezTBzT +X1A; _alezTBzT +

(4.38)
+ Ale _alZBZMZ + A‘zx1 _alZBZMZ < 0;
XA —a M'B"+X A" —a, M'B' +
2 Al 21 1 1 2 Al 21 1 1 (4.39)
+ A1X2 _a21BlMl + A1X2 _a21Bl Ml < O’
1 x'(0) 50, 1 x"(0) 50 (4.40)
x(0) X, x(0) X,
¢1Xl Wl.lz-llj 2 O’ (¢2 X 2 WZ-;.ll 2 O’ ¢2 X 2 W2-212 2 O’
W].le ¢l I Wlel ¢2 I W2112 ¢2 I
¢1X1 W112—12 > 0 ¢lxl Wl-IZ—Zl > O ¢2 x 2 WZ-;.Z]. > O (4 41)
W1212 ¢l I - ’ W1221 ¢l I - ’ W2121 ¢2 I - ’ .
¢1Xl Wl-IZ-ZZ > O ¢2 X 2 WZ-E.ZZ) > O
W1222 ¢l| W2122 ¢2 I
rae Woi=E11(AiX1—0u2BiM2),  Woa111=€11(AoXo—021BoM1),  Wa112=E12(AxX2 —
—021B2My), Wi212=E12(A1X1—a12B1M2), W1221=€ 21(A1X1 — at12B1M>),
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W2121=E21 (A2Xo—0121B2M1), W1220=E22(A1X1—0112B1M>), W2122 = & 22(A2X2 -
a21B2My).

YcnoBus ycroitunBoctr (4.35)—(4.41) nnsa moaenu (4.32) nepeBepHYTOrO
MasTHUKA SIBIIAIOTCS KOHKpeTw3aruew ycioBudd (4.25)—(4.29) nns dwucna
npaBui I =2. Ecom nns pa3nuuHbIX HadaidbHBIX yciioBui X(0) cymiecTBYIOT
MOJIOKUTENBHO OmpeiesieHHbie MaTpullbl P1, P2 u matpunsl Fi1, F2, moctosiHHbIC
# >0, ¢, >0, 021>0, a12>0 u xodpdunumentsr &1, 12, &, &22, TO nIA
mozenu (4.32) MOKHO MOCTpOuTh cooTBeTcTBYIOUI [IPK-perymnstop B Buze
u(t) = —h (x () Fx@t) —h,(x,®))F,x(t), rtme hi wun hy - o¢yskuun
npHHAIICKHOCTH 111 rpaBui 11 u [12 cooTtBeTcTBeHHO, hithy=1.

[TocTpoeHne MoUDUIIMPOBAHHONW MOICIIH YIIPABISIEMOIO IIEPEBEPHYTOTO
MasTHHKAa Ha OCHOBE YHHBEPCAJILHOHM AaIllPOKCHMAIlMH W MeToaa (yHKIIHH
JIsariyHOBa TIO3BOJIMJIO YIIPOCTUTH €€ KAYCCTBEHHBIM aHAIW3 M IOJIYYUTh
YCIIOBHSI YCTOMYMBOCTH B 00JIee KOMITAKTHOM BHJE, YAO0OHOM JIJIsl TIPOBEICHHUSI
BBIYHCIIUTEILHBIX TIPOIEAYP B HWHTETPUPOBAHHBIX CpElax C TOMOIIBIO
PUKJIATHBIX TTAKETOB.

PaccMoTpuM mpuMep MOJETMPOBAHHUS YIPABIAEMBIX MasTHUKOBBIX
CHUCTEM C TEePEKIIFOYEHHEM Ha OCHOBE MOJXO0/a, ONHCAHHWE KOTOPOro JaHO
pasnene 3.4 TiaBbI 3.

[Ipeanonoxum, yto B cucteme (4.6) MMeeT MeCTO MepeKIoYeHHue, a
UMEHHO, nepexoa B mojaenu (4.7) ¢ 0JIHOW MOJACUCTEMBI Ha JIPYTYIO C YYETOM
HAaYaJIBHBIX YCIIOBUH OCYIIECTBISICTCS C TIOMOIIBIO (DYHKITUI MPUHAIIICKHOCTH

hi. B cnyuae semomuenns yenosus Y=Cx=( 0)X, torma TC-momems

MasITHUKOBOM CHCTEMBI C MEPEKIIOUECHUEM C y4eTOM IpaBuil moxaenu (4.7) u
(4.31), (4.32) npumer BUJT

2 2 r r . _
)'czzzm(y)hj(y)A”x+ZhiB'y,U=Zhi(y)C'x+Dy. (4.42)
i=1 j=1 i=1 i=1

VYpaBaenus (4.42) sBistorcss 00o00meHueM ypaBHeHui (4.32) Ha
ruOpuHbi  cnydail. Ha ocHoBanum teopembl 3.8, moiaydymm, 4TO IS
obOecrieuenust ycinoBuii ycronumBoctu (3.37), (3.38) mis moxmenu (4.42)
napaMetpsl ynpasienus (3.39) I[TPK-perymistopa OyayT uMeTh BU/

~ 1 — ~ =1 <
AT = E Plz1 (2A11 - P1281C1Q11 - PlzBl ClQll - PllBllelTZ -

- P118151Q1T2 - P11(A1 + Bl 6C1)Q11 - P11(A1 + Bj 6Ci )Qll)Ql_Zl’
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A = % P} (2A, - P,B'C,Q, - P,B?C,Q, - P,B,C,Q/, -
~P,B,C,Ql, - P, (A +B,DC,)Q,, — P, (A, + B,DC,)Q,,)Q;%,
A% = % P} (2A,, - P,B'C,Q,,-P,B""C,Q,, - P,,B,C,Q/, -
~P,B,C,Q], - P,(A, +B,DC,)Q,, - P,(A, + B,DC,)Q,,)Q;%,

é’l = P;L;l(gl* - P11816)1 §2 = P1;1(§2* o I:)llB2 6)’
61 = (61* - ISClQll)Ql_ZT’ C?= (c_:z* - DClel)Ql_ZT '
D=D’"

Pe3ynbTarel KOMIBIOTEPHOIO MOJEIUPOBAHHUS Ipoliecca CTaOMIN3aluu
HEPEBEPHYTOIO MasiTHUKA, OIHCHIBAEMOTO MOIU(PUIIMPOBAHHBIMU
ypaBHeHusiMH (4.32) u (4.42),0ynyT npecTaBieHbl B pa3aeie 5.2 riassl 5.

Pe3ynbTaThl HacTOsIIEro paszziesia HU3JI0XKEeHbl B padorax [99, 65e, 81,
121a, 122].

4.3. AIropuT™M cTadMIN3aAIUN

[TocTpoeHue anropuTMOB CTAOUIM3AIMN MOJENICH YIPaBIsSEMbIX CUCTEM
C JIOTHYECKMMM pETyJIAaTOpaMd Ha OCHOBE YCIOBUM YCTONYHBOCTH,
NPEJICTABJICHHBIX B JIOCTATOYHO KOMITAKTHOM BHJIE, SIBJISICTCSI BAXKHOU 3ajadeii
aHanmM3a YyKa3aHHBIX cucteM [65r, 219, 224]. Paccmorpum mocTpocHHE
QIrOpUTMa CTAOMIIM3AIMK TIEPEBEPHYTOr0 MAasTHUKA C TMOMOIIbIO (DYHKIIUU
JIsmmynoBa wu Jjormdyeckoro [C-perynsitopa, JJjisi 3TOTO  BOCHOJIb3YEMCS
pe3yibTaramu pasuena 3.3.

Mopnens mepeBepHyTOro MasiTHuka (4.6) 3anummeM B TepMHHAX
nepeMeHHbIX cocrosaus Bua (3.10):

X = f(x)+b(X)u, (4.43)

e x=(x, x,)) —  Bexrop cocrommms, f(x)=(x, gsin(x)/I),
b(x) = (O =1/((m+ M)l 2))T . [lepeMenHbBIC X1 K X2 OTIPEICTUM COOTHOIIICHUSAMHU
x1 € [-80, 80], x2 € [-30, 30].

[locTpoeHre JIOTMYECKOTO PEryJiiTopa HAaYMHAETCS C  IPOLEAYpPbI
dazzudpukarmu [65a]. Ha puc.4.6 u pwuc.4.7 npencraBicHbl (QyHKIMH
NPUHAIICKHOCTH, COOTBETCTBYIOIINE JIMHTBUCTUYECKIM TEPMaM TIEPEMEHHBIX X1

U X2 COOTBETCTBEHHO. JIMHTBHCTHYECKHME TEpPMbl HMEIOT  3HAYEHUS:
nosoxkurenbHbii (I1), Hyns (H) u otpunarensusiii (O).

121



S OTpI/IHaTeJIBHHﬁ

— HYVYJIEeBOU
05
= TI0JIOKUTEIbHBIN

-80 40 0 40 80

Puc. 4.6
1
—— OTpULIATE/ILHBIN
—— HYJIEBOU
05 o
=— [10JIOKUTEJILHBIN
0
-30 15 0 15 30
Puc. 4.7

B nporierype BbIBOIA JTOTHUECKOTO PETYIIATOPA UCTIOIB3YIOTCS OIEPaTOPhI
MIN u MAX [64a], ¢ moMoIipio KOTOPBIX QopMupyercs 0a3a MpaBui,
npeACTaBIeHHBIX B Ta0. 4.1.

Taba. 4.1
ba3za npaBua
IIpaBuio | AHTeneneHT KoHcekBeHT
Z1 Z2 u
1 11 11 Uq
2 @) @) u-
3 11 @) Us
4 O 11 Ug
5 11 H Us
6 O H Us
7 H 11 u-
8 H O Us
9 H H Ug

B nepBom cronbie Tabia. 4.1 ykazaHpl HOMEpa MpaBWJ, BO BTOPOM U
TPEThEM CTOJOIAX JaHbl 3HAYCHHsI IEPEMEHHBIX X1d X2 B aHTEICHJICHTE
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KaXJ0T0 W3 JIEBATU TNPaBWI, B TPEThEM CTOJIOLE NPUBEICHBI 3HAUYCHUS
ynpaBieHus: U B KOHCEKBEHTE Kakoro npaswia. B crpykrype TC-perymnstopa
ucnosb3yercs aedaszsudukanms  METOJOM B3BEHICHHOW cyMMmbl [114r].
CyMMUPOBaHHEM BBIYUCISIOTCA MNapaMETPbl—-KOHCEKBEHThI Ui B JIEBATH
paBUJIaX yIPaBIICHHUS.

[IpuBeneM  nmamee  KOHKpPETH3AIMIO  allTOpUTMA  CTAOMJIM3alUH,
Oasupyrolierocs Ha TeopeMe 3.6, i aHaliv3a YCTOMYMBOCTU U CTa0WIU3aIuu
MOJIETIM TIepEeBEpHYTOro MasdTHUKa. l[Ipolieaypa CBOAMTCS K HaXOXJICHUIO
3HaYeHUH Ui, U1 KOTOphIX Mojaenb (4.43) MOXHO CTaOMIM3HPOBATH
TC-perymnsiTopom.

AJTOpUTM CTaOWITU3AIMH TTEPEBEPHYTOTO MasITHUKA UMEET BU/I.

Illaz 1. PaccmoTpeTh BO3MOXKHYIO (GyHKIMIO JIsTyHOBa M yOEIUTHCS, YTO
OHA SIBJISIETCS MOJIOKUTENBHO OMPEAECTIEHHOM.

Juts paccmarpuBaemoro ciydas (ymkums supa V(x)=xTPx = xi1?+x22,

10

rne P = ,orpenenser ¢(yHkuuio JISmyHOBa U SABIAETCS TOJIOKUTEIBHO

01

onpenenenHoi. Ecm  ||x|| > o, 10 V(X) —> 00, BBINOJHACTCI  yCIOBHE
V(x) >0Vx=0.
lllaz2. Haiitu npousBojgHyr (yHkiuu JlsmyHOBa M MOKa3aTh, YTO

MHOkecTBO {X € E: V(X) =0} He comepKuT TpaeKTOpuii COCTOSHHS KpoMe

TPUBUAIBHOTO.
A MMEHHO, B JAHHOM ciyJae MMEEM, 4TO
. g . 1 .
V(x)=2x|x +=sin(x,)————u |, puyeM V(0)=0.
() [ sin(,) (m+M)|2] p ©
B mpenmonoxxeHun, 4YTO CYMIECTBYET TpackTopus, st kotopoi x2(f) =0 u
: 1
x1(t) # 0, BemonHeHo coorHomenue X, (t) = gSln(x1 (1) ———u() =0,
| (m+ M)I

KOTOpoe oO3HauaeT, 4ro x2(t) He sBasgercs mnocrosHHoi. ClemoBaTesIbHO,
tpackropust x(1)=0 sBIsSETCS TOJIOKUTEIBHOM TPACKTOPUEH COCTOSIHUS, ISt

xoropoii V (x) = 0. Takum o6pasom, MuokecTBO {x € E:V (x) = 0} He coneput
TPACKTOPUI MOJEIM YIPABISEMOM CHCTEMBI, KPOME TPMBHAIBHONW TPAEKTOPHU
x(t)=0 ms t>0.

Ilaz 3. Onpenemuts MHONecTBa Gi(X), Ga(X), G,, G,, G, cnenyrommm
obpazom:

- 9 oo 2N
Gl(x)—sz(ler | Sln(xl)), G,(x) = (M MI? :

G, ={(x1,0) € X: x1 € [-1, 1]}, 6; = {(x1, x2) € X: x2>0},
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G, ={(x1, x2) € X: x2<0}, — gl (x; =1(m+M)(x,I + gsin(x,)).

2

Ilaz 4. Ecrm x € G, , 10 x2 = 0u G1(x) =0.

Illaz 5. Peanu3oBaTh TMpaBwWia, CoOCTaBistonme Oazy mpaBuin [C-
peryisTopa, ¢ y4eTOM CBOMCTB, BBEJCHHBIX JJI1 MHOXKECTB B IIIare 3.

[Tomygeno, uro mist monenu (4.43) 6a3a mpaBWiI JOTUYECKOTO PETYJISITOPA
OyJIeT mpeCcTaBJICHA JACBATHIO MMPAaBUIAMH CIICAYIOIIETO BH/IA:

I1: x1 ectb I1, x2 ects I1. Umeem A = (0, 80] x (0,30],A NG, =T u
G, (x)
G, (x)
+g sin(x1)).  Beidepem  dynkmmio  ui(x)=1(m+M)(x1l+g),  xotopas
yIOBJIETBOPSIET YCIOBUIO 2) TEOpPEMBI 3.6.

II2: x1 ectb O, x2 ectb O. Umeem Az =[-80, 0) x [-30, 0),A NG, =
G, (x) _
G, (x)
=l(m+M)(x:l +g sin(x1)).  Beibepem  dynkimmro  Ux(x)=I(m+M)(xl-
g), YJIOBJIETBOPSIOIIYIO YCIIOBHIO 2) TeopeMbl 3.6.

Il x1 ects II, x2 ects O. MHmeem Asz= (0, 80]x(-30, 0],
A NG, =u A, NG, =(0,80]x(-30,0]. Takum oOpasom, Us(x)<— glix; =

,(x

=l(m+M)(xcl+gsin(x1)). Beibepem  ¢dyHkmo  U3(x)=—x1,  KoTopas
YAOBJIETBOPSIET YCIOBHUIO 2) TEOpPEMBI 3.6.

I1s: x1 ectp O, x2 ecth I1. Umeem Asz=[-80, 0) x (0, 30],A,nG;=D n

] G, (x)
A, NG, =[-80,0)x(0,30]. Takum oGpazom, Ua(x) > _G—(x) = I(m+M)(x11+
2

+g sin(x1)). Beidepem ¢dyHKImro Us(x) = —x1, yIOBICTBOPSIONIYIO YCIOBHUIO 2)
Teopembl 3.6.

I1s: x1 ecth I1, x2 ecth H. Umeem As= (0, 80]x(-5, 5). Torna Bo3MOXKHBI
CIICYIOIIUE JIBA CITyYas:

a) max e A NG, =(0,80] x [0,5) umeem

A NG, =(0,80]x(0,30]. Taxkum oGpazom, Ui(x)> —

= I (m+M) (x1l+

=[-0,0)x[-30,0) u A NG, =C. Takum oOpasom, U (x)<—

Us(x) > —m = =l(m+M)(x1l+g sin(x1));

6)max e AL NG, =(0,80] x(-5, 0]
umeeM Us(x) < _Gl_(x): =I(m+M)(x.l+g sin(x1)).

G, (x)
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JUisi  BBINOJTHEHUS! YKa3aHHBIX YCJIOBMM a) W 0) BblOEpeM (PYyHKIMIO
Us(x) = I (m+M)(x11+g sin(x1)).

ITe: x1 ectb O, x2 ectb H. Mmeem As=[-80, 0)x(-5, 5). Bo3moxHbI
CJICTYIOIINC CITyYaH:

a) mx € A, NG, =[-80, 0) x[0,5) numeem

Us(x) > —2—8 = =1(m+M)(x:l+g sin(x));
o) max € A, NG, =[-80, 0) x(-5, 0] umeem
Us(x) < —gz—ixx; = =I(m+M)(x11+g sin(x1)).

J171s1 BBINOJTHEHUS YKa3aHHBIX YCIIOBHUH a) ¥ 0) BeIOepeM (YHKIIHEO Us(x) =
=1 (m+M)(x1l+g sin(x1)).

I17: x1 ectb H, x2 ects I1. UmMeem A7 = (10, 10)x(0, 30],A, NG, = u
A "G,=(-10,10)x(0,30].
G, (x)

Uz(x)=1(m+M)(x1l+g). Dynkums Uz(x) yIOBIECTBOPSACT YCIOBHIO 2)
Teopemsl 3.6.
IIs: x1ectb H, x2 ectb O. Umeem Ag= (-10, 10)x[-30, 0], A, NG, =
(%)
G, (x)
=1(m+M)(x11+g sin(x1)). Tlomoxkum Us(x)=I1(Mm+M)(x1l-g). Dyukmus
Ug(x) yIOBIIETBOPSIET YCIOBHIO 2) TeOpeMbI 3.6.

ITo: x1 ecth H, x2 ectb H. Mmeem Ag¢=(-10, 10)x(-5, 5). Bo3moxHBI
CIEYIOIIUE CITyYau:

Takum oOpazom, U7(x)> — =I(m+M)(x1l+g sin(x1)). ITonoxum

=(-10,10)x(-30,0] 1 A NG,=J. Takum o6pazom, Us(x)<-

a) mm xe A NG, =(-10, 10) x (-5, 0) ummeem Ug(x) < — G, (%) =
G, (x)
=l(m+M)(x11+g sin(x1));
6) mm xeA NG, =(-10, 10) x (0, 5) wumeem Ug(x) > —gl—EX;:

=l (m+M)(x11+g sin(x1)).
JI71s1 BBITIOJTHEH M YKA3aHHbIX yCII0BHH a) U 6) monoxum Us(x) =1 (m+M)(x11+
+g sin(x1)).
[To Teopeme 3.6 MasTHUKOBas CHCTEMa, MOJEIUpyeMas ypaBHEHHEM
(4.43), ¢ mnocrpoeHHbIM TC-perynsTopoM, SBISETCS ACHMITOTHYCCKU
YCTOMYHMBOM B 1I€JIOM B HAYaJIe KOOP/IMHAT.
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OTMeTHM, 4YTO ONHMCAHHYI HPOIEAYPY HCCIEAOBAHHUS  MOJCIH
IIEPEBEPHYTOr0 MAasTHUKA C JIOTHYECKMM PEryISsTOPOM, MOKHO NMPUMCHSITH B
ClTydasix, Korja:

1) cucteMa UWMEET COCTOSHHE pPAaBHOBECHS, OTJIMYHOC OT Hadaja
KOOP/IMHAT,

2) 6a3a npaBui TC-perynsaropa He ABISETCSA MOJHOM.

[peanoxeHHbI#H AITOPUTM MOJKET OBIThH MO IU(DUITUPOBaAH
IPUMEHUTEIIHO U K JPYTHMM MOJCISAM YIPaBIAEMBIX MAsSTHHKOBBIX CHCTEM C
JOTHYECKUMHU PEryJIATOpaMH, B YaCTHOCTH, K MOJEIH JBYX3BEHHOIO
IIEPEBEPHYTOr0 MasTHUKA.

PesynbTathl pa3jiena npeactaBicHsl B padote [658, 206].

4.4. UccnenoBaHue yCTOMYMBOCTH MO/Ie/IH NEPEBEPHYTOr0 MATHUKA C
oMol b0 GyHKuMM JIAmyHoBa ¥ CBOMCTB AMBEPreHIUU MOJIA CKOPOCTEHl

B nmaHHOM paznene NpoAOKEHO H3YyYEHHE YCTOMYMBOCTH MOJEIU
nepeBepHyToro MmastHuka (4.43). IlpoBeneH KayeCTBEHHBIM aHaU3 W
IIOJIy4YE€Hbl YCJIOBUS ACHUMIITOTUYECKOM YCTOMYMBOCTA U PAaBHOMEPHOMN
YCTOMYMBOCTH HAa OCHOBE KOMOWMHHUPOBAHHOIO METO/a, Oa3upyromierocs Ha
COBMECTHOM HCIOJIb30BAHWM CBOMCTB JUBEPre€HIMU TOJIA CKOPOCTEH W
dbynkumii JlsmyHnosa. PazpaboTaHbl aaropuTMBbI UCCIEIOBAHUS yCTOMYHUBOCTU
MOJEJIN NIEPEBEPHYTOT0 MASTHHUKA C JIOTUYECKUM PETYISATOPOM.

[TpuBenem TeopeTudecKkue CBEIEHUS, KOTOpble OyayT UCIOJIb30BaHbI IS
uccnenoanuss  moaenu  (4.43). PaccmMoTpuM  HEIMHEWHYHO  MOJIEIb,
onuchiBaeMyo audepeHmaibHbIM ypaBHeHHEM [68a]

X=5(x,h), XxeR", h e HcRX (4.44)
KoTOpoe ompesenieHo Ha MHOxecTBe B(p) x H, rme B(p) ={x e R [x|<p},

p>0.

[Ipeanonaraercsi, uro ¢yakuus S(X,h)  yIOBIETBOpPSET YCIOBHIO
JIuniuina OTHOCHUTEIBHO X = (X1, X2, ..., Xn) I Kaxkgoro h e Hc RK T.e.
AL =1L(h)>0: ‘S(xl, h) —s(x?, h)‘g L‘x1 — xz\v xt, x2eB(p), m pewenus
X(t, Xo, h) ypaBuenus (3.44) HempepbIBHO 3aBHUCAT KaK OT HAvajJbHOM TOYKH
Xo = X(0, Xo, h), Tax u ot mapametpa h = {hy, ho, ..., he} mma k > 1.

Pemienne X =0 Ha3piBacTCA PABHOMEPHO YCTOMYMBBIM OTHOCHUTEIIBHO
mHOKkecTBa HcCRY ecom Ve> 0 3I8§=8() |Xo | <0 cuenyer
| X(t, Xo, h) | <gVteR" VheH, npuuem uncio d 3aBUCUT OT €, HO HE 3aBUCUT
oT BbIOOpa Touku h € H.

Byner nmeTs MecTo cienyromas Teopema.
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Teopema 4.4 [68a]. Eciu mpusuanvnoe cocmosinue pagHogecusiX =0
ypasnenusi  (4.44)  acumnmomuuecku  ycmouuugo  Ons  Kadwcoozoh,
npunaonexcawezo Komnaxmuomy MmHoxcecmsy HcCRX mo cocmosnue
pasnosecuss X =0 ypasnenus (4.44) pasnHomepno ycmouuueo OmMHOCUMENbHO
mHodcecmea H.

Ecim Z — acuMOToOTHYECKH YCTOMYMBOE COCTOSIHUE PaBHOBECHUS
auddepenmanbHoro ypaBHenus Buaa X = s(X) u V(X) — dynkius JlsmyHoBa,

JUIs1 KOTOPO#t BeIoOJHsIeTCs yeinosue —V >V, o, >0,a, >0, To cymectByer

MHOXUTENb Ditepa 6(x), it kotoporo nuBeprenims div(o(x)s(X)) seisercs
OTPULIATENILHO ONpeAesieHHON. MHuoowcumenem uiepa Ha3bIBaeTCA JI00AS
nosioxutTenbHas B okpecTtHOCTH (0,0) dyHKIMSA, paBHAss HYJIO JUIIb B TOYKE
x=0. Oynkuuio JlamyHoBa, oOnmafaronlyr0 YKa3aHHBIM CBOMCTBOM, HAa30BEM
TUBEpPreHTHON QyHKIMen JIsmyHoBa A1 COCTOSTHUS paBHOBECHS Z.

N3yuenne monenu (4.44) npu CcIOENaHHBIX MPEANOIOKEHUIX MOMKHO
CBECTHU K U3yUYECHHIO MOJIENIH BUAA

x=s(x,u), xeR",Uue UcCR, (4.45)

rae MHoxecTBO U sBisieTcss KOMIAKTHBIM, U — CKajsipHas MepeMeHHas
ynpasistomero BozaerctBus, npudem U=F(X) u F(0)=0, F(X) — HenuHeiHas
(yHKLHSI ONMUCHIBAET pabOTy JIOTMYECKOTO peryiaropa. Pesynbrar aeicTBus
F(X) cooTBETCTBYET ynpaBistonieMy BO3ACHCTBUIO HA OOBEKT YIPABIICHHSI.

HIMEroT MECTO CIIEAYIOLIUE TEOPEMBI.

Teopema 4.5 [180, 58B]. Ilycms divs(x,u) <0 6 oxpecmnocmu

cocmosinuss  pasnosecuss X= (X1, ..., Xn) =0 mooemu (4.45) u cywecmsyem
ousepeenmuas @yukyus Jlanynosea 6 cuny ykazamHou modenu. Tozoa
cocmosinue pasnosecust X= 0 mooenu (4.43) acumnmomuuecku ycmouuugo 0
kaosicooeo U € U.

Teopema 4.6 [180, 528]. Ilycmo div[c(X) s(x,u)]<0 & oxpecmnocmu
cocmosinuss - pasnosecuss X = (X1, ..., Xn) =0  mooeru (4.45), 20e o(X) —
MHOdCUmens Jinepa, u nycmos cywecmeyem ousepeeHmuas Qyuxkyus Jlanynosa
6 cuny mooemu (4.45). Tozcoa cocmosnue pasnosecusi X= (X1, ..., Xn)=0
acumnmomudecku ycmouuugo o kadxcoocou € U.

Teopema 4.7 [180, 52B]. Eciu cocmosnue pasnosecus X = 0 mooenu (4.45)
ACUMRMOMUYEeCcKU — yCmouuuso  Os  Kaxcooeo U,  NpuHaoiedcaueo
komnaxkmuomy muodcecmsy U C R, mo cocmosnue pasnosecuss X =0 moodenu
(4.45) pasrnomepno ycmotiuuso omuocumenvho muoxcecmsa U.

Ha ocHoBe BeimenpuBeAcHHBIX TeopeM 4.4 — 4.7 u ¢ yuetom (4.44), (4.45)
YCJIOBHS YCTOWYUBOCTH Mojenu (4.43) mepeBepHYTOr0 MassTHUKA UMEIOT BHUI.

1. Ilycmv Ons paccmampusaemoil mooenu NepeeepHymoz0 MAasMHUKA
(4.43) 6 oxkpecmnocmu cocmosinust pasnosecust X1 = X2 =0 evinonneno yciosue
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B 1 OF(x) <0
(m+M)I?  ox,
u cywecmseyem ousepeenmuas @yukyus Jlanynoea 6 cuny mooenu. Tozoa
COCMosiHUe PABHOBeCUsl ACUMNIMOMUYECKU YCmMouyugo no Jlanynosy 01
Kaxcoozo U € U,

2. Ecau ewvinonnsaromes ycnosus 1 ons xascooeo U, npunaoiexicaue2o
Komnakmuomy muodcecmsy U C R, mo cocmosnue pasnosecus Xi=Xo=0
PABHOMEPHO YCMOUYUUBO OMHOCUMENbHO MHOodcecmaa U.

3. Ilycmv 0nsa paccmampusaemoti MoOenu nepesepHymo20 MAsmHUKA
(4.43) 6 okpecmuocmu cocmosius pagHOBeCUsL BbINOIHEHO VCI0BUE

0o oc g . B _ B 1 oF(x)
B X oo (i) = S PO ol S D) <0

20e o(X) — muoocumenv Jilnepa, u cywecmeyem OUBePeeHMHAL DYHKYUL
Janynosa 6 cuny mooenu (4.43). Tocoa cocmosmue pasnosecus X1=X2 =0

ACUMPNMOMUYECKU YCMOU4U8o 0s Kaxcoozo U € U.

4. Ecnu ewvinonusiomces ycaosusi 4 ona kasxcoozo U, npunaliedcaujeco
komnaxkmuomy muodxcecmgy U C R, mo cocmosinue paenosecuss X1= X2 =0
PABHOMEPHO YCMOUYUUBO OMHOCUMENbHO MHOodcecmaa U.

[TomydyenHnble  pe3yibTaThl TMOCTYXKWJIM OCHOBOM Juis  pa3paboTku
QITOPUTMOB HCCJIEIOBaHUS ycTOW4YMBOCTH Mojenu (4.43) mnepeBepHyTOro
MasTHHKAa B OKPECTHOCTH COCTOSIHUS paBHOBecus X =0. Anroputm
MCCJIE0OBaHMUS yCTOMYMBOCTA UMEET BUI:

llaz 1. C yuerom 0a3pl TpaBWJ JOTUYECKOTO PETYJSATOpA 3amucaTh
uccieayemyro mozens (4.43) B popme (4.45).

Illaz 2. Beraucnuts auBepreniuto div s(x,u).

Illae 3. Ecin — L -aF(X)
(m+M)I?  ox,

B CHJIy YKa3aHHOH MOJENH, TO cocTosiHue paBHoBecus X=0 momemu (3.51)
ACUMIITOTUYECKA YCTOMYMBO [UIsi Kaxnaoro U € U, B NpOTUBHOM cilydae
nepeuT K mary 1.

B cnyuae, korga nepexon k mary 1 He TpeOyeTcsi, [enaeTcs BbIBOJ O TOM,
YTO COCTOSIHME paBHOBecHs X =(0 paBHOMEPHO YCTOMYMBO OTHOCHUTEIHHO
MHOxecTBa U.

ANTOpUTM UCCIENOBaHUS ycToM4YMBOCTU Mojenu (4.43) mepeBepHyTOro
MasiTHUKa B OKPECTHOCTHM COCTOSIHMSI paBHOBecuss X = (0, OCHOBaHHbIA Ha
BBIYUCJICHUU JUBEPreHIIMUM OT NPOU3BEACHUS (PYHKUIHMH, OIMUCHIBAIOIIEH
MOBEJICHUE CUCTEMBbI, HA MHOXKUTEb Diepa 6(X) umeeT Bu [660]:

Hlaz 1. C yyerom 0a3bl MNpaBWJI JIOTHYECKOTO PEryJsiTopa 3alucarhb
uccieayemyro mozeis (4.43) B popme (4.45).

Illaz 2. Beraucnuts auBeprenimto div [o(X) s(x,u)].

<0 u cymectByer (pyHkus JlsmyHoBa
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Ilaz 3. Ecm div [o(X) s(x,u)]<0 u cymecTByeT nuBepreHTHas (pyHKIIHS
JIsmyHOBa B CHJIy yKa3aHHOW MOJENH, TO COCTOSIHME paBHOBecus X = 0 Monenu
(4.43) acHMNTOTHUYECKH YCTOMUYMBO I KaKAoro U € U, B IpOTUBHOM cllydyae
NepenTH K mary 1.

B ciyudae, korga nepexon k mary 1 He TpeOyeTcsi, Ha OCHOBaHUU TEOPEM
00 yCTOMYMBOCTU MOXHO CJ/I€JIaTh BBIBOJ O TOM, YTO, COCTOSIHUE PaBHOBECHS
X = 0 paBHOMEPHO YCTOMYMBO OTHOCUTEJIBHO MHOXecTBa U.

Takum  o0pazoM, B paszfene H3ydeHa YCTOMYMBOCTH  MOJIENU
nepeBepHyToro MmastHuka (4.43). BbInojHEH Ka4yeCTBCHHBIM aHAIU3 W
MOJIYYEHbl  YCJIOBUA  ACUMIITOTHYECKOM  YCTOMYMBOCTH  HA  OCHOBE
KOMOMHHUPOBAHHOTO METO/a, 0a3UpPYIOIIETOCs HA COBMECTHOM HCIOJIb30BAHUU
CBOMCTB JUBEpPreHIMU MO ckopocTed u ¢yHkumil JlamyHoBa. PaspaboTansl
JITOPUTMbI UCCIIEIOBAHUSI YCTOMYMBOCTH MOJEIN NIEPEBEPHYTOI0 MasiTHUKA C
JIOTUYECKUM PETYJISITOPOM.

[TonydeHHbie pe3yabTaThl MOTYT OBITh MCIIOJIB30BAHbI JIJIsi UCCIIEAOBAHUS
YCTOMYMBOCTH MOJIETIEH YNPABISEMbIX MAaSTHUKOBBIX CHUCTEM MPH MOCTOSHHO
NEUCTBYIOIIMX BO3MYIICHUSX, a TakKe€ MPU MOJEIUPOBAHUM YKa3aHHBIX
CUCTEM Ha OCHOBE JKCHEPTHBIX NpaBuil. lIpemsioxkeHHble aITrOPUTMBbI
UCCIIEIOBAHUS YCTOMYUBOCTH MIEPEBEPHYTOIO MasTHUKA MOTYT
UCIIOJB30BaThCS B JAJbHEUINIEM [JI1 pealu3alid B BHUJIE KOMIIBIOTEPHBIX
IPOTPaMM.

PesynbTathl pa3aena npeacraBicHsl B [6571, 770].
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I'naBa 5.

KOMIIBIOTEPHOE MOJAEJIMPOBAHUE YIIPABJISAEMbBIX
MAATHUKOBBIX CUCTEM

5.1. Onucanue aaroputma JloycoHa ajis ucciae0BaHus yCTOHYMBOCTH
Mojeieli ynpaBJisieMbIX MASITHUKOBBIX CHCTEM

JIist mpoBeIeHMsT YUCIICHHOTO aHanu3a MoaudumupoBanHon TC-moaenn
(4.32) mepeBepHyTOTrO MasSTHHKA pasnena 4.2 riaaBel 4 HEOOXOAMMO TPUBECTH
o00CHOBaHME TTPUMEHEHUS anropuTMma JIoycoHa peleHrs CUCTEM JIMHEHHBIX U
KBa3WJIMHEHHBIX qudepeHIuanbHbIX ypaBHeHui [216].

Kakx wu3Bectno [38, 84, 149, 173], nnd HaxXOXJACHUS pPEIICHUN
OOBIKHOBEHHBIX mudepeHIanIbHbBIX ypaBHEHUH, OMUCHIBAIOIINX
JTUHAMUAYECKHE CHUCTEMBI, HCIIONB3YIOTCS HU3BECTHBIE YHCJICHHBIC METOJIbI
pa3Horo mopsiika To9HOCTH (MeToabl PyHre—KyTThI, MeTOn Anamca u Ap.) Win
ux MoauduKanuu Ha ciaydaid paspbiBHOW mpaBoi uactu [48, 89, 170]. [ns
HaXOXKJEHUS PEIICHWs JKeCTKUX AuddepeHInanbHbIX YpaBHEHUH, KOT/Ia
TPaJAWIIMOHHBIC  YHCJICHHBIE METOAbl HE TMPUMEHHUMBI, pa3paboTaHbI
CIelIMaJIbHBIC YMCIICHHBIE METOIbI, M3y4YeHHBIC B padoTax [53-55]. B [12] nana
KJaccu(uKanus ¥ pacCMOTPEHBI BOMPOCHI O TPUMEHEHUH YHCIIEHHBIX METOOB
B 3aBUCHMMOCTH OT BuAa auddepeHnuanbHbiX ypaBHeHUN. [lisi mpoBeneHus
YUCJICHHOTO MHTETPUPOBaHUS T PepeHITNANbHBIX YpaBHEHU, OTTMCHIBAIOIITNX
TUHAMUKY YTOPABISIEMBIX CHUCTEM, TPHUMEHEHUE TPATUIMOHHBIX METOOB
OKa3bIBaeTcsi HEeIDPEKTUBHBIM. DTO OOYCIOBJIEHO OrpaHUYEHHOU 00JIACThHIO
YCTOMYMBOCTH  PEIICHWM, IMOJIYYEHHBIX TPAIUIIMOHHBIMM  YHUCICHHBIMHU
MEeTOAaMu, U OBICTPOTOM MPOTEKAHHUS MPOIIECCOB B yMPABISIEMBIX cUCTeMax. B
ATOM Cliydae IeJIeCOO0pa3HbIM SBISETCS MPUMEHEHUE YHCICHHBIX METOJIOB C
HEOrPaHWYCHHOM 00JIaCThI0 YCTOWYMBOCTH perieHui [12].

Meton JloycoHa sIBIsIeTCA OJHOILIATOBOW MPOLEAYPOH M HCHOJIB3YETCS
JUTSI HaXOXKJCHHWS pemieHnus 3amadud Koo g KBa3WJIMHEWHOW CHCTEMBI,
3alaHHOM B 00111eM Bu/c [216]

y'=f(xy), (5.1)
WJIU B BUJIC

y' = Ay+u(xy), (5.2)
rae A=(a; ), aj=const.

Ha kax1ioM 4aCTUYHOM CerMeHTe X, < X< X_ + h, JUINHa KOTOPOTO paBHa
mary HWHTerpupoBaHus h, wucxomHas cucreMa ypaBHEHHH Y =g(X,y) ¢

TIOMOII[BIO 3aMEHBI UCKOMOM pyHKIHH Y(X) 10 hopmyIie

y(x) =e* “z(x), (5.3)
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rne A° — HeKoTopas IIOCTOSHHas MaTpuIla, NpeoOpazyeTcs B CHUCTEMY
YpaBHCHHI OTHOCHUTEIHLHO HOBOM HeM3BeCTHOM (pyHKIHH Z(X):
z'(x) =G(x,2). (5.4)

Matpuna Sxkobu ECHCTGMH (3.5) nu marpuna SAxkodu Z—g IIPaBOW 4acCTH
y

g(X, y) HCXOTHOM CHCTEMBI CBSI3aHBI MEXKTy COOOM COOTHOIIIEHUEM

oG a0 o | L (ex) A°
“~ _—e (x=xp)A _g_ A e(x Xp) A - (55)
oz
N og of
Jns  HenuHeuHON cuctembl (5.2) COOTHOILIEHHMEM —=-—, JUJIA
o oy
N a9 ou
KBa3WJIMHEHHON CUCTEMBI (5.3) COOTHOLIEHUEM — = A+5.

[IpeoOpazoBanue (5.3) MO3BOISET YMEHBIIUTh XapaKTEPUCTUUYECKUE
KOpHH MaTpuIilbl Skoou Y 110 CPABHEHUIO C XapaKTEPUCTUUCCKUMU KOPHIMHU
Z

MaTpuilpl SIKOOM HCXOAHOM CHCTEMBI, YTO NPHUBOAUT K YMEHBIICHHUIO
KOHCTaHThl Jlumnmuna cucrtemsl (5.4) MO0 CpaBHEHUIO ¢ KOHCTaHTOW Jlummuia
ucxoaHot cucremnl (5.1) wim (5.2). IlpuBeneHHble BhINIE MpeoOpa3oBaHUs
ABTOMATUYECKU  BBIMOJHSAIOTCA MPOTrpaMMOM, TPEJCTABICHHOM B  BHJIEC
pacumiipenust it Matlab, mocie d4ero mnosiydeHHass CHUCTEMa MOXKET OBITh
pelieHa TpaaulMOHHBIMU METOJIJaMHU YHUCIICHHOTO MHTETPUPOBAHUS. AJITOPUTM
Jloycona pemaer cucteMy MetrogoM PyHre—KyTThl uerBepTOoro mnopsiaka
TOYHOCTH, IPUYEM OJHOBPEMEHHO C MHTETPUPOBAHUEM MPUBOIUTCA 0OpaTHOE
npeodpasoBanre ot (yHKiuu Z(X) kK yHkiuuu Y(X). OTMETHM, YTO METO.
JloycoHa nmnOpWMEHMM UM B  CIOy4dasX, KOIJla HEJIUHEUHYK) CHCTEMY
mudpepeHaIbHbIX yYpaBHEHUI MOYHO JOCTAaTOYHO OJIM3KO
armnpoOKCUMUPOBATh JMHEMHBIMA CHUCTEMAaMHM C IIOCTOSSHHOM MATpULEN Ha
UCClIeyeMbIX ooacTsx [12].

5.2. Yucaennblii anaau3 TC-moesieil mepeBepHyTOro MasiTHMKA

B naHHOM paszgene BBIIOJIHEHA BEpU(PUKALMSA CHUHTE3UPOBAHHOM
TC-monenu mnepeBepHyToro masitHuka (4.32) ¢ TMOMOIIBK KOMIUIEKCA
nporpamMMm, peaju30BaHHOTO B KOMIbIOTEpHOU cpene Matlab. Kommneke
Iporpamm, peajin30BaHHbIN B KOMIIbIOTEPHOU cpene Matlab, conepxut Mmoaynu
JUTSl BBOJIA JTAHHBIX, JJIS BBIBOJAA PE3YJIbTATOB, AJiA IrpaduuecKo WLTIOCTPALUU
pe3yibTaTOB, MOAYJb OCHOBHOM IpOrpaMMbl, OOBEIUHAIOMIEH padoTy ABYX
npaBun monenu (4.32), a Takxke ABE MOINPOTpaMMBI M MOJYJIb-CIIPABKU, B
KOTOPOM J1a€TCsl OTMCAHUE UCIIOJIb3YEeMbIX 0003HAUCHUH.
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Haxoxnenune pemennii auddepeHnuanpbHeix ypaBHeHHN TC-Momenu
MEPEBEPHYTOr0 MasiTHUKA, OCYLIECTBIISIETCS ¢ MOMOIIbIO anroputMa Jloycona,
onycaHue M OOOCHOBAHHME MPUMEHEHHSI KOTOPOr0 K HCCIEJOBAHUIO
YOPABJISIEMBIX MAasTHUKOBBIX CHUCTEM JIaHO B pasjenie 5.1 HacTosmieil TiiaBbl.
Anroputm JloycoHa CBOAUTCA K MPeoOpa3oBaHUIO HCXOJHOM CHCTEMBI
muddepeHINAIBPHBIX YpaBHEHUM B cucteMy AudPepeHIINaIbHBIX YpaBHEHUM
OTHOCUTEILHO HOBOW HEM3BECTHOM (YHKIMU C TOMOIIBIO CIEIUaIbHON
3aMEHbl, TOCJE€ Yero IMOJy4YeHHas CUCTEMa MOXET ObITh pelieHa
TPaJAUIIMOHHBIMH METOJIaMH YHCJIEHHOIO HMHTErpupoBaHus [790]. Anroputm
Jloycona pemaer ee merogoM Pynre—KyTTel, mpu 3TOM OZHOBPEMEHHO C
pElICHUEM MPOU3BOAUTCS 00paTHOE MpeoOpa3oBaHHE OT HOBOM BBEICHHOMN
GyHKIMM K UCXOMHON (PyHKUIUU. DPPEKTUBHOCTH HUCIOIB3YEMOTO aJITOPUTMA
IUISl KCCIIEIOBAHUS YIPaBIsEMbIX MaATHUKOBBIX cucteM ¢ [IW]]-perynaropamu
onucana C.®. Huxomaessim u E.JI. TonkoBeiM B pabote [135]. Anroputm
JloycoHa, npejacTaBieHHbIA B BUE paciuupenus s Matlab, ucnonssyer ase
NOANPOrpaMMbl: right.m — BBIYMCISIET 3HAYeHUE (YHKIMU B IMPaBOM 4YacTH
ypaBHenus (4.32), rightj.m — Berumcisger marpuily SIkoOM mpaBod YacTH
ypaBHeHus (4.32).

[Ipu mpoBenaeHUM YHUCICHHOTO aHanmu3a mojnaenu (4.32) HUCIOoIb30BaHbBI
ClIeAyIONMe 3HaYeHHs mapameTpoB M =2 kr, M =8 kr, 2 | = 1 M, 119 KOTOPBIX
YCTOMYMBOE BEPTUKAIBHOE MOJIOKEHUE MasiTHUKA JOCTHraercs mpu oz = 1,3,
o1 = Loz, ¢1=¢2=m/1,5. TlocTpoeHrne CTaOMIM3UPYIOMIETO JIOTHYECKOTO
pEryJISITOpa BBIMOJHAETCS C y4eTOM 3HaueHuid marpuil P1, P2, F1, F2, koTopbie
BBIYHCIISIOTCSA JUISl KaXJOTO HAYalbHOTO YCIOBUA. 3HA4YeHUS (YHKIUH
npuHaaexkHocTH hi, h2 ompenenstorcs ¢ moMoOIIbIO pemakTopa (YHKIUN
npuHaayiexxHoctd Membership Function Editor makera Fuzzy Logic Toolbox
cpeanl Matlab.

UucneHHoe MOAEIMPOBAHMUE IMpollecca CTAOWIM3AIMU TIEPEBEPHYTOIO
MasTHHKA, onuchiBaeMoro 1C-mozaenbio (4.32) mpu KOHKPETHBIX HAaYaIbHBIX
YCIOBUSX MPEJCTaBICHO Ha puc. 5.1-5.3.

Mpouecc ctTabunmaauun npm x=(pi/6, 0)

X- 86KMOP COCMOAHUA

JIIJIIHIIIXIIIF-T.
*

Py
Ped




X- 86KMOp COCMOAHUA

X- 86KMOP COCMOAHUA

CUCTEMBI
peanu3aldd KOMIBIOTEPHOIO MOJEIMPOBAHUS HCIOJIb30BAHBI
3HAYCHUS TTapaMeTpoB MasTHUKAa m = 2 kr, M = 8 xr, 2| = 1 m. I'paduku yria
OTKJIOHEHHSI M YIJIOBOM CKOPOCTH, IMOJyYEHHBbIE HAa pUC. 5.4 11 HAYaJIbHOTO
ycnosus x(0) = (n/3 0)', nmokassiBaroT >()(EKTUBHOCTE CHHTE3MPOBAHHOTO
YIPaBJICHUS.

Mpouecc ctabunmaaunn npu x=(pi/4, 0)
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Mpouecc ctabunmnsaunm npu x=(-pi/4, 0)
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t, c
Puc. 5.3

['paduk, npencraBiaeHHbIN HA pUC. 5.3, ONMUCHIBAET JUHAMUKY MasTHHUKA,
OTKJIOHEHHOT'O BJIEBO OTHOCUTEIHLHO BEPTUKAIIH.
Ha pucynke 5.4 mpeacTaBieH NpoOIECC CTAOMIM3aMH MasTHUKOBOU
Cc mepexiroueHueM, omuckiBaemMoil TC-momenpio (4.42).
cleayroume
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X- 86KMOpP COCMOAHUA

MNpouecc ctabunmaaumnm npu x=(pi/3, 0)
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['paduku nemMoHCTpUpPYIOT 3(PPEKTUBHOCTh MPUMEHEHUS MOCTPOCHHOTO
JIOTUYECKOTO PEryjsiTopa TpH JOCTATOYHO OOJBIINX YTiaX OTKIOHCHHS
MasTHUKA. OTMETUM 3HAauY€HUE pe3yJbTaTa YHWCICHHOTO MOJCIUPOBAHMUS,
NPEACTABICHHOT0 Ha puc. 9.5. CHHTE3 MOJENN MNEPEBEPHYTOrO MAasTHHKA
(4.32) ocymectBisuics nipu Xi(t)e[ —n/2 + ¢, n/2 —€]. Ha rpaduke puc. 5.5
BUJIHO, YTO JIOTHYECKHUH peryisaTop monenu (4.32) craOuian3upyeT MasTHUK,
UMEIONINK YTOJI OTKJIOHEHUs, paBHbIN 7/2. B [166] mokazaHo, 4To mpu yriax
OTKJIOHCHHUs, Onmu3kux kK /2, omuoro I[IW]I-perymsrtopa mo crabwinM3anuu
HEJ0CTaTOYHO, HEOOXOIUMO HCIIONb30BaTh B JOMOJTHEHUH K HEMY PETYISTOP
o noabeMy. B HamieMm ciiyyae JIOTUYECKUH PEryisaTOp, HNOCTPOEHHBIM s
monenu (4.32), He TOJBKO YCIEUIHO CIPAaBWJICS C MOCTAaBICHHOW Mepea HUM
3a/layedt, HO U PACUIUPHII JUATNa30H M3MEHEHUS yIiia OTKJIOHEHUS MasTHHKA.
OtMmeruMm, yTo B pabote [231] mokazaHo, 4TO yCTOWYUBOCTH Mozenu (4.7) u
(YHKIIMOHUpPOBAHHUE JIOTHYECKOTO peryisrtopa U(t) He wWMeeT MecTo NpHu

T <|n @<

MopenbHble pacdeThl MOKa3alu, YTO JJIA KaXJO0TO HAYalIbHOTO YCJIOBHS
CYIIECTBYIOT MOJIOKUTENIBHO ONpeiesieHHble MaTpulbl P1, P2 u matpuns! F1, F2
KO3 PUITMEHTOB yCHUIICHUs, TMPU KOTOPBIX myig | C-mMomenu mepeBepHyTOro
MasiTHUKA MOKHO MTOCTPOUTH CTAOUITU3UPYIOIIUN JTOTUYECKHUIN PEryIaTop.

[IpuBeneM 3HauYeHUS yKa3aHHBIX MaTPHI] I HEKOTOPHIX HaYaIbHBIX
YCIJIOBUH.

Juist x(0)=(n/6 0)" momyuero
P (57 7603 23. 2068) P (58.1998 17.5082) 20
*(23.2068 10.3697 )°  ° (17.5082 6.1428 ’
F =(-630.7446 —164.6591), F, =10°(—1.2393 —0.2958).
Juist x(0)=(n/4 0)" momyuero
(32 0668 13. 1229j (39 1987 11. 4436]
P, = >0, P, = >0,

13.1229 6.4541 11.4436 4.1936
F =(-530.6214 —127.4777), F, =10°(—1.0859 —0.2427).

Ha pwuc. 5.6 mpeacraBinen rpaduk ympaBieHUs, BBIPAOATHIBAEMOTO
JIOTUYECKUM PETYISATOPOM MOJEIN MasTHUKOBOW CHCTEMBI C TIEPEKITIOYCHUEM
(4.42). Ha pwuc. 5.7-5.8 nmud KOHKPETHBIX HAYaJIbHBIX YCIOBHM JlaHa
rpaduueckas peanuzaiusa ynpasieHus monenu (4.32). Ckadok Ha rpadukax,
MpEACTaBICHHBIX Ha pucC. 9.6-5.8, 00ycrnoBIeH OCOOCHHOCTBHIO YHUCIEHHOTO
metoaa Pyare—Kyrtel. Ha puc. 5.8 nmpuBenen rpaduk ynpaBiieHUs] MassTHUKOM,
OTKJIOHSIFOIIIETOCS BJIEBO OT BEPTHKAJIW, a MUMEHHO JIJIi HAYaJbHBIX YCIIOBHM

x(0) = (-n/4 0)".
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C mnomomipro anroput™ma JloycoHa u  pa3pabOTaHHOrO KOMILIEKCA
[IporpaMM IPOBEJCHO KAaYE€CTBEHHOE HCCJIEAOBAaHUE PEIICHUN CUCTEMBI
auddepeHIMaIbHBIX YpaBHEHUN MOJienu nepeBepHyToro mastauka (4.32). Ha
puc. 5.9-5.13 npencraBiensl (pazoBbie TPACKTOPUH MOJEIU JJII KOHKPETHBIX
HayaJdbHBIX YyclIoBUH. M3 rpadukoB BHUIHO, YTO TPH t —> oo TPACKTOPHUH
OpUOIMKAIOTCST K TOYke paBHOBecuss x =0 W ONpEACNSIOT COCTOSIHUE
paBHOBECUS YCTOMYUBBIN y3€Il.

P azoBas TpaekTopusa npu x=(pi/3, 0)
O T T T T T T

X, ,pad/c
2
A
(4]
]
1

X; ., pao

Puc. 5.9

P azoBas TpaekTopus npu x=(pi/2, 0)
O T T T T T T T

X, pad/c

n
n

_45 C r r r r
o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Xq pad

Puc. 5.10.
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Puc. 5.11.

P azoBas TpaekTopus npmu x=(-pi/4, 0)

T T 13 13 13 T T

r r r r r r r

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1
X; pad

Puc. 5.12

P azoBas TpaekTopus npu x=(pi/6, 0)

-0.2

-0.8 -

13 T T T T T

X; . pad

Puc. 5.13.
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Pe3ynbTaThl KOMIBIOTEPHOTO MOJEIUPOBAHUS IMOKAa3bIBAIOT, 4YTO IMPHU
3aIaHHBIX HAYAJIbHBIX YCIOBUAX MOXHO TNOCTPOUTH JIOTUYECKHUN PETyisiTop,
CTAaOMITU3UPYIOIIHNH ITEPEBEPHYTHIM MAasTHHUK, ONKUCHIBAEMBIH MOACIBIO (4.32).

Takum oOpa3oM, B HaACTOSIIEM paszjelie M3yuyeHa IWHaAMHKa MOJeiei
YOPABISIEMBIX MASTHUKOBBIX CHCTEM C JIOTUYECKHMMHU pEryliaropaMud Ha
npumMepe TC-Monenu nepeBepHyToro mastHuka (4.32) u (4.42) ¢ momoIIbIo
MPOTPAMMHOI0 KOMILIEKCa, pa3padOTaHHOTO Ha OCHOBE asiroputMa JloycoHa.

[IpenmyiiecTBa MpOrpaMMHOTO KOMILJIEKCA 3aKJIFOYAIOTCS B CJICIYIOIIEM.

1. Komrmuiekc mporpaMM ¢ y4eTOM yHUBEpCaibHOU ammpokcumaruu 1C-
MOJICTIBIO TO3BOJISIET HKCCIIEIOBATh IIMPOKUN KIIACC MOJIENICH YIpPaBIIIEeMbIX
JUHAMUAYECKUX CHUCTEM HE TOJIbKO B OKPECTHOCTH MOJIOKEHHSI PaBHOBECHS, HO
U B TJIO0QJIBHOM CMBICTIE.

2.1lpu pa3paboTke KOMIUIEKCA MporpamMM JUisi H3Y4YCHHUS JTUHAMUKHU
MOJEJNEN YyNpaBiIs€MbIX MAasTHUKOBBIX CHUCTEM MPEIJIOKEHO HCIOIb30BATh
anroput™ JloycoHa pelieHus CUCTEM JIMHEMHBIX W KBa3WJIMHEWHBIX
mudepeHInaIbHBIX YPABHEHUIA.

3.B mpomecce co3maHus W NPUMEHEHUsS] KOMIUIEKCa IOKa3aHa
COTJIACOBAHHOCTh AHAJUTUYECKUX M YHUCJICHHBIX pPE3YyJbTaTOB Ha IpPUMEpE
MOJEIUPOBAHUS IEPEBEPHYTOTO MASITHUKA.

Pe3yinbraThl pa3iena onyOiIMKoBaHbI B paboTtax [65¢e, 790].

5.3. [IporpammHuas peaju3zanus aJropurMa cTaduaIn3amumn
NepeBepHYTOr0 MasITHUKA

[IpuBeneM pe3ysbTarhl MporpaMMHON peasinzanuu B cpeae Visual Studio
Ha si3pike C# CHMHTE3MPOBAHHOTO AITOPUTMA CTAOWIM3AIMH TIEPEBEPHYTOrO
MasTHHKA, TIOJIY4YeHHOTO B pa3zene 4.3 HAaCTOSIIEH T1aBhbI.

3aBepuIaronIuM dTarnoM pa3paboTKHU JIOOOT0 anropuTMa CTaOWIn3aIuu
ABJISIETCSL €ro ampoOanusa. B cimydasix, korga peajgbHbIEe MCHBITAHUS MPOIEcca
cTabuUIu3aliy yOpaBIIIeMONW CHUCTEMBI 3aTPYAHEHBI W3-3a (DMHAHCOBBIX WIIH
(¢uU3NYECKUX MPENSATCTBUNA WM MOTYT JaTh HEMNpPEeICKa3yeMbIil pe3yJbTar,
1es1ecoo0pa3HbIM  SIBIISIETCS  BBINIOJIHEHHWE  KOMITBIOTEPHON — peanu3aiuu
uccneayemoro anroputma [33]. [1aBHO# coCTaBIIsIONMIEH KOMITBIOTEPHOTO
AKCTICPUMEHTA SIBJISICTCS MPaBUJIBHBIA BBIOOP S3bIKa MPOTPAMMHUPOBAHHUS.
HaunGomnee »ddexTuBHBIM 1711 BBINOJHEHHWS KOMIBIOTEPHON pean3ariu
QITOPUTMOB  CTa0WJIM3allMA  YMOPABSIEMBIX  CHUCTEM C  JIOTUYECKUMH
pPETyIsATOpaMH  SIBISIETCA  WCIOJIB30BaHUE  MPOOIEMHO-OPHUEHTUPOBAHHBIX
S3BIKOB  MTPOTPAMMHPOBAHUSI, CTPYKTYPhI J@HHBIX KOTOPBIX OTpakaroT
CTPYKTYpy HEKOTOpo# mpenMeTHOl oOnactu. Kak mpaBmiio, Takue S3BIKH
SBIISIIOTCSI  IOCTATOYHO TMPOCTBHIMHU, TIOCKOJBKY OHHM HE MPEANOoJararmT
MCIIOJIb30BaHUs BHE JJaHHOM oOyactu [88].
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C# (OpOU3HOCUTCS «CHU IIApm») — OOBEKTHO-OPUEHTUPOBAHHBINA SI3BIK
IIpOrpaMMHUpOBaHUs, KOTOPbIA ObUT pa3zpadoran B 1998—2001 rr. rpynmoi
MHXEHEPOB IOJI pyKOBOJACTBOM AHzepca XeincOepra B koMnanuu Microsoft
KaK s3BIK pa3paboTku mpuioxkeHud it miatrdopmbel  Microsoft. NET
Framework. C# orHocHuTcs K s3bpikaM ¢ C-OJOOHBIM CHHTAKCHUCOM, €ro
cuHTakcuc Hambosee Omm3ok Kk CH++ u Java. B HacrodmieM wuccieIOBaHUH
UCIIONBb30BaH mMakeT pa3padbotunka Visual Studio kommanuii Microsoft —
JuHEHKa MPOAYKTOB KoMIaHuu Microsoft, BKIIOYAIOMUX HHTETPUPOBAHHYIO
cpeny  pa3pabOTKM  MpOrpaMMHOrO  oOecriedeHuss W P JAPYTux
UHCTPYMEHTANBbHBIX  cpeactB  [133].  JlaHHBIE TPOAYKTHI  TO3BOJISIOT
pa3pabaThiBaTh KaK KOHCOJBHBIE TMPHUJIOXKEHUS, TaK U MPUIIOKEHHUS C
rpadguueckum wuHTepdeiricom. Visual Studio Bkirouaer B cebs penakTop
HUCXOJHOTO Koaa ¢ moanepkkoi TtexHojoruu IntelliSense (TexHosorus
aBTofomnoiaHeHuss Microsoft) ¥ BO3MOXXHOCTBIO TpOCTEHIEero pedakTopuHTa
Koja. BcCTpoeHHBIH OTIaTUuK MOXKET paboTaTh KaK OTIATYHK YpPOBHS
UCXOJTHOTO KOJla, TaK M KaK OTIAJMYUMK MAIIMHHOTO YpoBHA. OcTajabHBIC
BCTpamBaeMble HMHCTPYMEHTHI BKJIIOYAIOT B ce0s pemakrop Gopm i
YOPOIIEHUsT Cco37aHus Tpadudeckoro uHTEpdelica NPUIOKEHUS, IU3aiHep
KJIACCOB U JU3alHEp CXEMbI 0a3bl JaHHBIX.

[Iporpamma, peanusyromas ajirOpuT™M CTaOWUIU3AIMU  YIpaBIsIeMOn
MasTHUKOBOHN cucteMbl (4.43), Ha s3pike C# mpeacTaBieHa CICAYIOIMIUMHU
Moysmu [82]:

1) monynb OOBSBICHUS TEPEMEHHBIX (ONMUCaHWEe UM 0003HAUYECHHE
BXOJISIIIAX BEJTNYWH);

2) MOAIyJib HWHUIMAIU3AIMU (BBIMOJHICTCS TMOCTPOCHUE «OKHA», B
KOTOpOM OyayT OTpaX€Hbl KOHKPETHBIC YHCIIOBBIE 3HAYEHUS BXOIAIINX
BEJIMYMH U Pe3yJIbTaThl KOMIIBIOTEPHOTO MOJICTTUPOBAHUS B BUJI€ IPadUKOB);

3) BcmoMorarenbHBId MOAYJh (ONMHWCAaHME KOMAHA JUIsl TOCTPOCHHS
rpaduka, I3MEHEHHS 1IBETa W TOJIIMHBI JIMHUM, 0003HAYCHUST KOOPAMHATHBIX
ocel U T.11.);

4) wMonpynb, coAep)KaluMi oOnucaHve ©0a3bl MNpPaBWI JIOTMYECKOTO
perymusTopa;

5) OCHOBHOM MOJYJb, PEATM3YIOIIUN YHUCICHHOE PEUICHUE CUCTEMBbI
(3.43) ¢ yueToM HaYaJIbHBIX JAHHBIX.
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Ha puc. 5.14 npuBeaeHn ¢pparMeHT JucTuHra mporpamMmmsl B CH(Moyb 4),
B KOTOPOM ISl ONUCaHUsi ©0a3bl TMpaBWI JIOTHYECKOTO  PErylisitopa
UCIONb30BaHbl KoMaH sl if (ecnn), else (MHaue), && (u).

[e|Penduum | ¥ Pendd i, Pendum

(08 x1¢L4) 8 (2082 ¢0.52) |
botl = 8; topl = 1.4;
bot2 = 8; top2 = 0.52;
u=1*(mP+nT)* (x1*1+6);
Jelseif (x13=-14 8 %1 <=0) 8 (2 3= -0.52 8 x2 ¢=0)) |
botl = -1.4; topl = §;
bot? = -8.52; top2 = 8;
u=1*(mP+nT)* (x1*1-6);
Jelse if ((xL> B8 a1 ¢=1.4) & (23 -0.52 88 x2 <= 0)) |
botl = 8; topl = 1.4;
bot? = -8.52; top2 = 8;
u=-xl;
}else if ((xl3=-1.4 88 x1 < 8) 88 (x2 > @ &8 %2 ¢= 0.52)) {
botl = -1.4; topl = §;
bot2 = B; top2 = 0.52;
U= -xl;
}else if ((x1> 088 %1 ¢= 1.4) 8% (x2 > -0.00 88 x2 < 0.89)) |
botl = 8; topl = 1.4;
bot2 = -8.89; top2 = .69;

Puc. 5.14

OneHka HayalbHBIX YCJIOBUM IPOBEIEHA C YYETOM COIOCTaBIICHHUS
JUHIBUCTUYECKUX TEPMOB pEAJbHBIM 3HAYEHUSM BXOJSALIUMX BEJIMYHH.
3ameTuM, uTO 0a3za MpaBUJl JOTHYECKOTO PEryisTopa MpEACTaBICHA ACBSTHIO
IpaBUJIaMU, OAPOOHOE ONKCaHUE KOTOPBIX AaHO B pazzeine 4.3 rnassbl 4.

[Ipu mnpoBeneHWH KOMIIBIOTEPHOTO MOJECIUPOBAHUS cucTeMbl (4.43)
UCIIOJIb30BaHbI CIIEIYIOLIME 3HAUYCHUS MapaMeTpoB MadgTHuka M = 2 xr, M = 8
kr, 2 = 1 ™. Jlnd BBINOJHEHHUS BBIYMCIUTEIBHBIX PACUCTOB 3HAUCHUS
BXOJSLIMX BEJIMYMH X1 M X2 3allMCHIBAIOTCA B paJuaHax M paJuaH/Cek
cooTBeTcTBeHHO. Ha puc. 5.15 mpeacrasieHsl rpadku yria OTKIOHCHHS TIPH
yenoBusx x1=—8° u x1=8° coorBercrBeHHo. M3 rpadukoB BHIHO, UTO
TPAeKTOPUU NPUOIIIKAIOTCS K TOUKe paBHOBecHs x=0.
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a5 Pendulum o=l Pendulum

0 0,14 -
-0,02 - s 0,12+ %
Y
-0,04 - 2 0,1~ Y
:
'.
-0,06 - g

-0,08 - v

%1 - yron aTKNoHEHHaA
N

%1 - yron oTKNoHeHKA
-

Puc. 5.15

Pe3ynbraThl  KOMIBIOTEPHOTO  MOJICIIMPOBAaHUSA  CUCTeMbl  (4.43),
NOJYYEHHbIE M Il  JIPyTMX  HAYaldbHbIX  YCJIOBUM, MOJTBEPXKIAIOT
3¢ (PEKTUBHOCTh MPUMEHEHHSI CHHTE3UPOBAHHOTO JIOTHUYECKOTO PETYJISITOPA.

[IpennoxeHHslii B pazaene 4.3 aJropuT™M CTaOWIM3ALMU YIPABISIEMON
MasSTHUKOBOW CHUCTEMBI MOXET ObITh MOJU(PUIIUPOBAH K APYTUM MOJEISIM
yOPaBIsSIEMbIX MAasSTHUKOBBIX CHUCTEM C JIOTUYECKHUMHU pEryJISITOpaMH, B
YaCTHOCTH, K MOJCIM JIBYX3BEHHOTO IEPEBEPHYTOr0 MAasTHUKA, a TaKkKe
WCIONB30BAaH JUIsl CHUHTE3a JIOTMYECKHX PEryJIsTOPOB B MHOTOCBS3HBIX
CUCTEMAax YMPaBJICHUS CIIOKHBIMH TUHAMHUYECKUMU OOBEKTAMHU.

5.4. IlpuMeHeHNe KOTHUTHBHOIO MOAX0/1a K MO/IeJITUPOBAHMIO
yInpasBJjisieMOil MAATHUKOBOM CHCTEMbI

[IpoBeneHne KOTHUTHBHOTO aHAJM3a W MOJICIUPOBAHUS CHCTEM C
HETMOJTHOW WH(OpPMAIEH SBIISICTCS KpaiHE CIIOXKHOM 3amadei, Uil PEeIIeHHs
KOTOPOW  TPHUBJICKAIOTCS  TPUKIAJAHBIE  KOMIIBIOTEPHBIE  CHCTEMBI.
KomneroTepnas cpema Matlab oObenunaser 6onee 40 makeToB MPHUKIATHBIX
WHXXCHEPHBIX M MaTEMaTHYeCKHUX IIporpaMM | sBISeTCS A()PEKTHUBHBIM
HHCTPYMEHTOM I MOJEIMpOBaHMs ymnpasisseMbix cuctem [96, 103, 183]. B
pabore [98] pmaHo omucaHue pa3pabOTAHHBIX POCCHHCKUM  yUCHBIMH
KOMITBIOTEPHBIX CHUCTEM MOJCIUPOBAHUS KOTHHTHBHBIX KapT C yYeTOM HX
Pa3HOBHIHOCTEU. 3aMeTHM, YTO HE MeHee d(PPEKTUBHBIM MHCTPYMEHTOM JIJIst
MOJCIMPOBAHUSI CUCTEM C HEMOJIHOW MH(pOopMaImeid B KOMIIBIOTEPHOU cpefie
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Matlab sernsercs maker Fuzzy Logic Toolbox [183]. B [128] paccmotpeHno
MPUMEHECHHE HEYETKO-KOTHUTHUBHOTO IOAXOJa B 3agade yOpaBiCHUS
npoueccoB BblIaBkM FESI Ha OCHOBE UCHOJB30BaHUS BBINICYKA3aHHOTO
MaKera.

Paccmorpum  nmpumenenue maketa Fuzzy Logic Toolbox s
IPOCKTUPOBAHUSI MAITHUKOBON CHUCTEMBI C JIOTUYECKUM peryisitopoM. Padora
B OTOM IIaKeTe OMNpPEACNAeTCS CIASAYIONIMMH J3TallaMu: MOJIeTUPOBaHUE,
HCCJIEIOBAHUEM U BU3YyaJM3alluel B pexKUMeE peaibHOro BpeMmeHnu. [laker Fuzzy
Logic Toolbox mpencrasnen BcrpoennbiMu GUI-mMomynsmu (anrn. Graphical
User  Interface, GUI),  xoTopeie = cO3Mal0T  TOHATHHHYIO  Cpeny,
00€ecCIeurBaroIly0 JErKOe MPOJBIKEHHE MO BCEM JTalaM MPOEKTHUPOBAHMUS
CUCTEMBI C JIOTHYECKUM peryisitopoM. [IpuBegemM KpaTKyro XapaKTEPUCTHKY
kaxaoro GUI-momyns [96]:

e Fuzzy Inference System Editor (FIS) — pemakrop oOmMX CBOWMCTB
CUCTEMBI C JIOTHYECKUM PETYJIATOPOM, C TOMOIIBI0 KOTOPOTO MOYHO
YCTAaHOBUTH YKCIIO BXOJOB M BBIXOJOB CHCTEMBI, BBIOpaTh THUIl CHUCTEMBI
(Cymxeno, Mammanu), meron nedazzuukainuu, peamn3anuio JOTUYECKHX
omnepauui Wiy BIMOJHUTH niepexo1 K apyrum GUI-monmymsim;

e Membership Function Editor — pexaktop QyHKIIUH NMpUHAIICKHOCTH,
KOTOPBIN BBIBOJUT Ha HKpaH rpaduku GyHKIUA MPUHAIICKHOCTH BXOJHBIX U
BBIXOJHBIX TepeMeHHbIX. [lo3BoJisieT BHIOPATh KOJWYECTBO TEPMOB IS
JMHTBUCTUYECKON OIEHKH BXOJIHBIX M BBIXOJHBIX IEPEMEHHBIX, & TAKXKE 3a7aTh
THUII ¥ TTapaMeTphl QYHKITUU TPUHAIICKHOCTH KaXKI0TO TEPMa;

e Rule Editor — penaktop ©6a3pl 3HAHWI TO3BOJSCT 3ajaBaTh |
pedaKkTUpPOBaTh MpaBWIa B JMHTBUCTUYECKOM, JIOTUYECKOM M HWHIACKCHOM
dopmare. PegaktupoBaHue npaBuil OCYIIECTBISETCS BHIOOPOM HEOOXOJAUMOTO
COYCTaHMsI TEPMOB M3 MEHIO;

e Rule Viewer — Opay3ep JOrHYECKOrO BBIBOJA., KOTOPBIH
BU3YJIM3UPYET BBIMOJHEHUE JIOTHYECKOTO BBIBOJA MO KaXIOMY MpaBHIY,
TIOJTy9YCHHUE Pe3yJIbTHPYIOMIETO TPEM-MHOXKECTBA U ero aeda33u(uKaimro;

e Surface Viewer — Opay3ep TOBEPXHOCTH  «BXOJIbI-BBIXO»
yopasiasieMoir  cuctemMbl. CTpour TpaduKH  3aBUCUMOCTH  BBIXOJHOU
MePEMEHHOM OT JIFOOBIX JIBYX BXOJIHBIX TIEPEMECHHBIX.

JImst  TIOCTpOEHWsT YCTOMYMBOM MOJENM TIEPEBEPHYTOr0 MAasTHHKA
BOCIIOJIB3yEeMCS SKCTICPTHBIMU 3HAHUSMH O TTOBEJICHUN 00BEKTA, N3JI0KECHHBIMU
B pabore [151]. IlpoekTupoBaHWe MOJEIW OCHOBAHO Ha IMOCTPOCHUU
3aBUCUMOCTH YIIPABIISAIONIETO BO3ACHCTBUS #, BHIPAOATHIBAEMOTO JIOTHUYECCKUM
PETYISATOPOM, OT yTIJla OTKJIOHEHHS X1 MAasSTHHUKAa OT BEPTHKAIH M OT €ro
YTJIOBOW CKOPOCTH X2. JJis ommcanusi BXOAHBIX MEPEMEHHBIX X1 U X2 BBEICHBI
cieaymoume TepMmbl: oTpunarenbHas Oosbmas (OB), orpuuarensHas (O),
nyneBas (H), mnonoxurenbHas (II), mnonoxurensHas Oosbimas (I1B).
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[lepemeHHas BbIXOJ1a 4 ONTUCHIBACTCS TEPMAMU: OYEHB OOJIbIIIAsl OTPUIATEIbHAS
(0bO), Oonpmas orpunarensHas (bO), orpunarenvhas (O), nyneBas (H),
nonoxutenbHas (I1), Oonpmas mnonoxurenbHass (bII), oudens Oomblnas
nonoxurenbHass (obIl). 3aBUCMMOCTH MEPEMEHHOM BBIXOJA OT 3HAYEHUU
BXOJISIIIIUX MEPEMEHHBIX OMHUCHIBACTCS JIUHTBUCTUYECKUMH TipaBuiamu Ili, roe
iI=1, ..., 25, Buga [151]:
I11: ecau x1=0OBb u x2=0b, mo u=o0b0O.
3aBUCUMOCTbH IEPEMEHHOM BBIXOJA OT 3HAYCHUM BXOJAIINX EPEMEHHBIX
MpEJICTaBJICHO B TaO. 5.1.
Taba. 5.1.
3aBHCHMOCTD NEPeMEHHON BbIX0/1a U
OT 3HAYEHMIT BXOASIINX NePeMEHHBIX X1 H X2

Yron VrioBast CKOPOCTH (x2)
OTKJIOHEHHUS (X1) OB 0 H I BII
Ob obO obO BO O H
0] obO BO 0 H I1
H bO O H I1 BIIT
I1 @) H IT BIT obIl
BIT BI1 obII obIl

C nomorpio MeToaa GyHkIu JISmyHOBA BBIOJHUM CHHTE3 YCTOMUYMBOMN
MOJIEJIM TIEPEBEPHYTOr0 MasATHUKA. [Ipenmonaraercs, 4YTro O NOBEAECHUU
IIEPEBEPHYTOr0  MAsTHUKA MW3BECTHA JIMIIb  CJIEAYIOIIAs  alnpuopHas
uHpopmanus:

— COCTOSIHUS MOJIEJIM ONPENEIAOTCA TIEPEMEHHBIMU X1 U X2;

— X2 TPONOPUMOHAIBHO YIPABICHHWIO U, T.€. €Ciau U BO3pacraer
(yObIBaer), To X, Bo3pactaer (yObIBaerT).

YnpaBneHue u 3aBUCHT OT X1 U X2, T.€. u = u(x1, x2). B kauecTBe QpyHKIHMH
JIsmyHnoBa paccMoTpuM QyHKIHUIO V (X, X,) :%(xf + x§) [Tockoabky V (0, 0)=0 u

V (X, X2) >0, To mus Toro, 4toObl V (X1, X2) Oblma ¢yHkueid JlsmyHoBa,
HEO0OXO0JIUMO 00ECIIEUUTh BHITTOJTHUMOCTD YCIOBUS
oV (X, X,)
11722 _ D VI .
———= = XX XX, = XX, + XX, <0,
HNmerot mecto Tpu citydas:
1. Ecnu x1 ¥ X2 UMEIOT IPOTUBOIOJIOKHbBIE 3HAKHU, TO X1X2<0 W 3agaHHOE
yCJIOBHE OyAET BBIMOJIHATHCS MPU X, %, =0.
2.Ecmu x1 W Xx2 TIONIOXKHUTENbHBI, TO 3aJaHHOE YCJIOBHUE Oyaer

BBINOJIHATBCS IIPU X, = —X, .
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3. Ecint x1 11 X2 oTpuLaTeNnbHbl, TO 3a1aHHOE YCJIOBUE OYAET BBITOJHATHCS
IpHu X, > — X, .

Hcnonb3ys  BBILIEOPUBENCHHBIE  PACCYyXIEHUA U AlPUOPHYIO
MH(OPMALMIO O TOM, YTO X2 IPOMOPLUHUOHAIBHO U, MOJIYYUM PENYLIUPOBAHHYIO
0azy mOpaBWi  JIOTHYECKOTO  PEryjsiTopa, COCTOALIYI0 U3  YEThIpEX
JIMHTBUCTUYECKHUX MTPABUIL:

IIi: echu x1 =11 m x2= O, mo u = H.

[2: ecriux1= O u x2 =11, mo u = H. (5.6)
I13: ecnu x1 =11 n x2 =11, mo u = BII.

I14: ecau x1= Ou x2= O, mo U = BO.

[IpoBenem MOIIaroBOe IPOEKTUPOBAHUE U TECTUPOBAHUE
CUHTE3MPOBAHHOW MOJIEM [EPEBEPHYTOr0 MasTHUKAa (5.6), HUCHOJb3Yys

GUIl-monynun mnakera Fuzzy Logic Toolbox. Ha ocnoBe FIS-penakropa
npeAcTaBuM o0Iyr0 HHGOpPMaIUI0 00 YIpaBiIsIeMON CHUCTEME: KOJIMYECTBO
BXOJIHBIX ITEPEMEHHBIX, IEPEMEHHAs BbIX0/1a, aroput™M Mamaanu (puc. 5.16).

C mnomompio Moxynss Rule Editor chopmupyem  dyHKImu
NPUHAAJICKHOCTH 1Jisi mepeMeHHbIX. Ha puc. 5.17 mpencraBieH BuJ OKHa
penakrtopa (QYHKIMNA TNPUHAIICKHOCTH, B YaCTHOCTH IS  BXOJAIIEH
nepeMeHHoM — yrojl oTkJoHeHus: BBeneHwl Tepmbl (Ob, O, H, II, TIb) u
ompeeneH BUl (GyHKITUU TPUHAIJICKHOCTH (TPEYTOJbHBIN BHUT). AHAJTOTUYHBIC
JEHCTBUS POBEJICHBI 1JIs1 IEPEMEHHBIX X2 U U.

FIS Editor: Untitled = | B | B Membership Function Editor: Untitied el o) ]

File Edit View

File Edit View

FIS Variables Membership function piots  Piot points:
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‘ FIS Name: Untitied

FIS Type:

And method

min

Current Variable

\\
.
i x N
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input variable “yron"

Current Variable

Current Membership Function (cick on MF to select)

Or method Name yron Name yron =

max
Type input

[-88 88]

-
Implication = Type nput -

Range Params
Aggregation

mas -88 88)

2 £33 23

Defuzzification centroid

| Help Close | | Display Range (-85 85] I Help Close | |

Renamed FIS to "Untitled” |

Puc. 5.16

Ready |

Puc. 5.17

dopmupoBanre 0a3bl TPaBHUJ JIOTHYECKOTO peryisitopa mojaenu (5.6)
npoBesieHo ¢ nomolibio Moayss Rule Editor u mpeacraBneno Ha puc. 5.18.
Busyanmu3aiys JOTHYECKOro BBIBOJA OCYIIECTBIISICTCS C ITOMOIIBIO MOIYJISA
Rule Viewer. Yka3zaHHBI MOIyNIh HILTIOCTPUPYET JUIS KaXKIOTO IIPaBHIIA XOJI
JIOTHYECKOT'0 BBIBOJIa, HAXOXKICHUE PE3yJIbTUPYIOIIET0 HEUYCTKOTO MHOXKECTBA
u mporecc nedaszzudukanuy, T.e. MO3BOJSICT YBHJACTh UYHCIIOBBIC 3HAYCHUS
BXOJISIIUX NMEPEMEHHBIX U MepeMeHHON Bbixoja (puc. 5.19). Takum obpazom, ¢
MIOMOIIIBIO TTOCTPOCHHOM MOJCIM W OKHa IMpocMoTpa mpaBuia Rule Viewer
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MOXKHO peIlaTh 3aaavy
TpeOOBAIOCh HAUTH.

WHTEPIOJSALNY, T.€. 3aJady, pElIeHHEe KOTOpOll u

Rule Editor: Untitied [E=EER B Rule Viewer: Untitied ERIE =)
File Edit View Options File Edit View Options
[1.1f (yron is M) and (ym.ycxop. is O) then (ynpasn.cuna is H) (1) B DD DAt on ] ynpaen.cana = -20
2. If (yron is O) and (yrn_ycxop. is ) then (ynpaen.cuna is H) (1)
3. 1f {yron is M) and (ym.ycxop. is M) then (ynpaen.cuna is 6M) (1) 1 | ‘ ] I |
4. If (yron is O) and (yrm.ycxop. & O) then (ynpasn.cuna is BO) (1)
3 EA U | | |
o ] | A
" and Then
yron is ym.ycxop. is ynpasn.cuna is . ‘ N
O - ETE - |A_I
mf2 mf2 mf2 F 88 88 =30 30
mfé4 mfé4 00B
e o M = o 30 30
not not not
[ Connection Weight
o WUt (1207 . ||n.| points: Hnaw ot ht | do l
© and —| 1 [ Deleterue |  Addrule | Changeruie | =<| == ‘ — = T P T
e | | — — l Renamed FIS to "Untitied™ ‘ | Help Close I
Puc. 5.18 Puc. 5.19
PCByJIBTaT 0T06pa>KeHI/ISI BXOOOB B BBIXO/[ CUHTC3UPOBAHHOI'O

JIOTUYECKOTO PETyJIITOpa MOXKHO TIPEACTABUTh B BHUJAE IOJWIMHEUHOU
THIIEPTIIOBEPXHOCTH ¢ TMOMOIb0  Moayis View-Surface (puc. 5.20).
[TonyyeHHass MOBEPXHOCTh XapakTepu3yeT (YHKIIMOHHUPOBAHUE JIOTMUYECKOTO
peryJaTopa Ui BO3MOXKHBIX 3HAYCHUU JIMHTBUCTUYECKUX IIEPEMECHHBIX.

=
i
it
§

B

Puc. 5.20

OTMeTHM JOCTOMHCTBA MOJICTUPOBAHMS YIIPABISIEMONM MasTHUKOBOM
CHUCTEMBI, MPEJICTABICHHON B BHUJIC JIMHTBUCTUYECKOTO ONMHMCAHUS, C TIOMOIIBIO
naketa Fuzzy Logic Toolbox:

— I TIPOCKTHPOBAHMS YIIPABIAEMON CHCTEMbI HET HEOOXOJMMOCTH B
Hamnany auddepeHnaaTbHON MOICIN, ONMUCHIBAIONICH TUHAMUKY U3y4aeMOTO
mporiecca, yrpaBjieHHe OCYIIECTBISICTCS ¢ MOMOIIBIO TPAaBWII BUIA eClU ... MO,

— JIOTUYECKHE PETYISATOPHI, OTHOCSIIMECS K KiIaccy OOy4aeMbiX,
COXPAHSIOT BBEICOKYIO Pa00OTOCTIOCOOHOCTh B YCIOBHSIX TTOMEX U MOTPEITHOCTEH
M3MEPEHHs, B OTIWYHAE OT JMHEHHBIX PETYISTOPOB, W JIOCTATOYHO OBICTPO
HACTPaMBAIOTCSl HA M3MEHSIIONINECS BHEIIHWE BO3ICHCTBHUS, Majbie BapHaIllu
HEYCTKUX MHOECTB, OIIPEICIISIONINX BRIOOP COCTaBa M BHJIa TEPM, OKA3bIBAIOT

ciaboe BIMSHHE Ha MMOKa3aTeJIM KaueCcTBa CUCT CMBI,
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— MOJEIUPOBAHUE YIIPABJISAEMBIX CUCTEM C JIOTHYECKUMHU PETYJISITOPAMHU
Ha OCHOBE OJOKCIEPTHBIX JaHHBIX COKpallaeT BpeMs UX pa3padOTKH,
XapaKTEepU3yeTCsd MPOCTOTOM BBINOJHEHHS. OJKCIEPTHBIE 3HAHUSA JIETKO
BHEJAPUTHh B CUCTEMbI C MOMOIIBIO JOTUYECKUX PErYISTOPOB, UTO MO3BOJISIET
OBICTPO  CO37]aBaTh MPOTOTHUIIBI W3JECIUMN, MPOIECCOB, MEXaHU3MOB C
MOHATHBIMU JJ1s UEJIOBEKA aJITOPUTMaMU (PYHKIITMOHUPOBAHUSI;

— CHCT€Ma TECTHUPOBAaHMS NPABWI MO3BOJSIET B PEATbHOM BPEMEHHU
W3MEHATh 3HAYCHHE BXOMSIIMX TEPEMEHHBIX U TOJY4YUTh 3HAYCHUS
MEPEMEHHBIX BBIXO/IA.

B 3axirouyeHHMM OTMETHM, YTO MCIOJb3yEMBIA MOAXOJ K IMOCTPOCHUIO
KOTHUTHBHBIX MOJIEJICH CHCTEM C HEMOJHOW uHOOpMaIMel MO3BOJISET
peanu3oBath d(PPEKTUBHOE YNMPaBICHUE TAKUMU CHCTEMaMu 0e3 MOCTPOCHUS
TOYHOM MareMatuueckor wmoxaenu. Haraganocte HKK, Bo3moxHOCTH
IPOBEJCHUS] YUCJAECHHOTO MOJCTUPOBAHUS, a TakkKe KOMOMHHpPOBAHUE
AKCIEPTHOTO W QJalNTUBHOTO  TMOAXOJOB IS  IOCTPOEHUS  0asbl
JUHTBUCTUYECKUX TpaBui aenaroT o6oOmenHsie HKK ynoOHbIM cpencTBoM
OMMCAaHUSI CUCTEM C HETOJTHOW HH(pOpMAaLIHEi.

Psn pe3ynbTaToOB HACTOSILIETO pa3jeia onyoaukoBaH B [778].
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3AKJIIOYEHHUE

B MoHorpagum paccMOTpeHbl BOINPOCHI MOJECIUPOBAHUS U aHAINM3a
YCTOMYMBOCTH JTMHAMUYECKUX CHUCTEM Ha OCHOBE METOJIOB HMHTEJUIEKTHOIO
VIIPABJICHUSA M CBOWCTB JIMHEMHBIX MAaTPUYHBIX HEPABEHCTB. B mepBoM riase
npuBeeH 0030p METOAOB MOJCIMPOBAHMUS W aHAIM3a YCTOWYMBOCTH
yOpaBIs€MbIX JAUHAMHYECKUX CUCTEM. [lepCreKTHBHBIM HaIpaBICHUEM IS
U3YYEHHUS]  yCTOMYMBOCTH  MOJEJIEH  YNPABISEMBIX  CHUCTEM  SIBIISIETCSA
npuMeHeHrue MeTona GyHKIui JIamyHoBa B COUYETaHUM C JPYTUMHU METOJIaMH.
OPGDEeKTUBHOCT, MPEUIOKEHHBIX METOJIOB  ONpPEACNsieTCs — OciabieHueM
TpeOboBaHUM K (QyHKIUSM JIAmyHOBa M paclIMpEeHHEM KJlacca UCIOJIb3yEeMBbIX
BCIIOMOTaTeNbHbIX (PyHKIMHA. Bo BTOpOil riaBe mpuBeAeH 0030p pe3ysbTaToB
[0 TNPUMEHEHUIO KOTHUTHMBHOTO MOJECIUPOBAHUSA U  MCKYCCTBEHHOI'O
MHTEJICKTA JIJISl UCCIIEIOBAHUS TUHAMUYECKUX CUCTEM B Pa3IMYHBIX 00JacTIX
HAayKu M TEXHUKU. B TpeTbel TIJlaBe pacCMOTPEH MNOAXOA K H3YUYEHHIO
HEJIMHEMHBIX TUHAMUYECKUX CUCTEM Ha OCHOBE MOCTPOEHUS mMozenen Takaru—
Cymxeno. PaccMoTpena gpopManuzanusi HETMHEWHBIX JUHAMUYECKUX CUCTEM C
JIOTUYECKUMU peryisitopamu ¢ nomoiinbio TC-moaeneit. [Ipeayioxken moaxon K
CUHTE3y  YIPABICHUS JUHAMHYECKOM CHUCTEMBI C  TMEPEKIIOUYECHUEM,
0a3upyIOIIMIICS Ha TMPEJICTABICHUM MCXOJHOW cucTeMbl wmojaenbto [C-
mMojenblo. [lodydeHbl yclaoBHST YCTOWYMBOCTH B BHAEC MOAMGUIIMPOBAHHBIX
JIMH. B ugetBepToii riaBe noctpoeHa T C-Mofens NepeBEepHyTOro MasiTHUKA U
MpUBEIEHBI €€ MOAu(UKAIMKA, OCHOBAaHHBIE HAa PEAyKIUMU umcia mpaBui [C-
MOJENM, a TaKXe Ha MNPOECKTUPOBAHMM  YINPABISEMOW CHUCTEMBI C
nepeKiIroueHueM. Penyknuus ducna npaBuia MOJEIW MO3BOJIMIIA NPEICTABUTH
yCJIOBUSI YCTOMUYUBOCTH, TipejcTaBiieHHbie JIMH, B 0ojiee KOMIakTHOM BUJIE
U1 TIPOBEJCHUS BBIYMCIUTEIBHBIX MPOUEAYpP C MNOMOUIBIO MPUKJIIATIHBIX
nmakeroB. l3ydeHa aaekBaTHOCTp IOCTPOCHHOM MoAenu. B msaTou riiaBe
MPOBEACHO KOMIBIOTEPHOE MOJECIUPOBAHUE YIIPABISEMBIX MAasSTHHUKOBBIX
cucteM. C OMOIIbIO pa3padOTaHHOTO KOMITJIEKCA KOMITBIOTEPHBIX MPOTPaMM B
nakere Matlab monydensr umcnenuele pemenus JIMH, onpenensronmx
KOHKPETHOE 3aJlaHh€ TMOJOKUTEIbHO OMNpEeAeIeHHON MaTpuilbl (DYHKIUU
JIsmyHoBa u MaTpull Ko3(QQPUUIHUEHTOB YyCHIIEHMs, TpU KOTOphix ansa [C-
Mojiesieldl TEPEBEPHYTOr0 MAasTHUKA MOXHO MOCTPOUTH CTaOMIIM3UPYIOIIMIA
Jorudeckuii peryisatop. IlokazaHa COrJIaCOBAHHOCTh AHAIMTHUYECKHX H
YUCJICHHBIX  PE3yJbTATOB  MOJAECIMPOBAHUSA  PACCMATPUBAEMBIX  CHCTEM
MAasTHUKOBOTO Tuna. IIpoBeaeHO TecTUpOBaHWE KOTHUTUBHOM MOJIEIH
MEPEBEPHYTOr0 MASITHUKA C MHTEJUICKTHBIM YIIPABJICHUEM C ITOMOIIBIO MAKETa
Fuzzy Logic Toolbox xommbroTepHoii cpenbl Matlab.

HccnenoBaHue yCTOMYMBOCTM — INEPEBEPHYTOrO  MAsiTHUKA  SIBIISIETCS
KJIACCUYECKOM 3a7aueil B TMHAMUKE U TEOPUU yIPABJICHUS. Y Ka3aHHBIA OOBEKT
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MAasITHUKOBOTO THIIA HAXOJWT IIMPOKOE NPUMEHEHHE B HAYKE W TEXHHUKE B
Hacrosuee Bpems. M3ydyeHne MasTHUKOBBIX CUCTEM SIBJIAETCS MEPCIEKTUBHBIM
HaIlpaBJICHUEM  HCCIIENOBaHUsA.  MoJenp  MEpEeBEPHYTOr0  MasATHUKA
UCIIOJIB3YEeTCS B CHUCTEMax paKeTHOrO yIpaBieHUs, B POOOTOTEXHUKE, B
yIpaBJIeHUM U cTabmiIm3anuu cTpoutelbHbiMU Kpanamu [20, 21, 40, 150, 151,
176, 182]. [lepeBepHyThIi MasTHHK MOKHO pacCMaTpUBAaTh B KA4eCTBE dTAJIOHA
IUIsl TeCTUpPOBaHUs anroputMoB ynpasienus (ITM/[-perynsatopoB, HEMPOHHBIX
CeTEW, HEYETKOTO YIPABICHUS, TEHETHYECKUX  aJrOPUTMOB, TEOPHUH
MalIMHHOTO 00y4eHus u T.1.). Monenu, paccMoTpeHHble B [214], MoryT ObITh
armpoKCUMUPOBaHBI ¢ nmomotiso TC-moaenen. s uccnenoBanus yKa3aHHbBIX
MOJENEN TAaKKE BO3MOKHO PUMEHEHHE METOI0B MHTEIUIEKTHOTO YIIPABJIEHUS.

CyuiecTByromue pa3anyHble Bapyuallii [IEPEBEPHYTOTO MasiTHUKA UMEIOT
pasnooOpasubie npunoxenus. B [201] mano o6oOmieHne mastHrka Kamuipbl,
TOYKa IOJBECA KOTOPOIO JBMXKETCSI B BEPTUKAIBHOW M TOPU3OHTAJIBHOU
IJIOCKOCTAX. DBpINONHEH aHanu3 yCTOMYMBOCTH 10 JIANMYyHOBY JBHKEHUS
U3y4aeMOil ~ MasTHUKOBOW  CHUCTE€MBI,  IOJBEPKEHHON  BO30YKIEHHUIO
NEPUOANYECKUX JBWKYIIMX CHJI M CTOXACTUYECKMX JBWKYIIMX CHIIL.
[IpoBeeHO YUCIEHHOE HCCIEHOBAaHUE CIIyYaWHOTO ABUXKEHUS OOOOIIEHHOTO
MagTHUKA Kanuupel IpyH CTOXaCTMYECKMX JBMWXKYyIIMX cuiax. Ilokasano
CYLIECTBOBAHUE YCTOWYMBOTO KBA3UIIEPUOAUYECKOIO IBWKEHHUSA IS 3TOIO
MasTHUKA. VIMuTanus ABUKEHUS MasATHUKA MOXET OBITh HCIIOJNIb30BaHA IS
aHaJIN3a YCTOWYUBOCTH 3/IaHUM U KOHCTPYKLIUU BO BPEMS 3EMIIETPSICCHUS.

B kadecTBe TMEPCHIEKTUBBI PA3BUTUA HEWPOCETOBOTO IMOAXOAA K
MOJEIUPOBAHNIO HEIIMHEMHBIX CHCTEM CIIEAYET BBIAECIUTh: HUCIOJIb30BAaHUE
PEKKYPEHTHBIX HEHWPOHHBIX CETeM C EAUHUYHOU 3aJEPKKOU, XPaHALIUX
uH(bOpMAILMIO O TMPONUIBIX peaTu3alMsaX MNePeKITIOYEeHUN; HCIO0JIb30BaHUE
HelpoceTell TiyOOKOro 0oOyd4eHMs; MCIOJb30BaHME HEWpOCceTel sl Moucka
K03((PUIIMEHTOB MaTpHll, BXOJIAIIUX B MPABble YAaCTU YPAaBHEHUU IBUKEHUS.
Kpome TOro, nepcieKTUBHBIM HAIIPaBICHUEM HCCIICIOBAHUN SIBIIACTCS CHHTE3
U pean3alisi HOBbIX TUIIOB HeMpoceTel ¢ KacKaaHbIM O0y4YEeHHEM.

BaxxHO OTMETUTH, YTO B paMKax pPa3BUTUS KOTHUTHUBHBIX TEXHOJOTHA
Opeanojaraercss  MNPUMEHEHHE  METOJOB  MANIMHHOTO  O0y4YeHus ¢
noakperiennem [157]. [Ins 3amad MHTEINIEKTYyalbHOTO YIPAaBJIEHUS BaXEH
0OMEH JTaHHBIMU C BHEIIHEW CpE/IOM U MOJIyYEHHE HOBBIX 3HAHUU HA KaXKJIOM
sTane (PyHKIMOHUPOBAHMSI HCKYCCTBEHHBIX HEHPOHHBIX CETel ¢ y4yeToMm
BO3MOKHOCTEH 00Y4YEHUS C TOAKPEIICHUEM.

[IepCrIeKTUBHBIM SIBJISIETCS NPOBEICHUE HCCIEHOBAHUM B CIEAYIOLIMX
HampaBjieHUsAX: 1) Bo3MokHOocTH Takera Python3 B pamkax mporpaMMHO-
anmapatHo 1atgopmel  «Iap0pyc 801-PCy» mis mcciaegoBaHuUsl CHUCTEM
WUHTEIJIEKTHOTO YIIPaBJICHUS C UCIIOJIb30BAaHUEM KOTHUTHUBHOT'O
MOJICJIMPOBAaHUA M HeHpocere ¢ o0O0yueHueM; 2) aHaIU3 MOJENEH C
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HECTallMOHAPHBIMU BO3MYIICHUSIMU CHCIUATBHOTO BHAA;, 3) HCCIEIOBaHUE
HEJIMHEWHBIX MoOJiesied 0osiee  BBICOKOW pasmepHocTH; 4) pa3paboTka
QITOPUTMOB OO0ydYeHUSI HEHUpPOCETeH ¢ YyYEeTOM BBICOKOMAPALICIBHOTO M
KacKaJIHOTO OOyYeHHs, a TaKkke OOydeHHs ¢ MOJKPEIUICHHEM; 5) pa3pabdoTka
MOAKITI0YaeMbIX OMOJMOTEK BCIOMOTAaTeNbHBIX omepanuii Ha si3bike C/C++ ¢
y4ETOM OCOOCHHOCTEM apXUTEKTYphI e2Kk.
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