OcHOoBHble noaxoAdbl K NMOCTPOEHUID Moaenew

CUCTeEM

Hanbonblune 3atpyaHeHUsa n Hamboriee cepbe3Hble OLINOKU npu
MoaerMmpoBaHMM BO3HUKAKOT MpU nepexope OT coaepXaTesibHOro K
cdopmanbHoOMy onucaHuio 00BLeKToB nccnenoBaHus, yTo
00bsICHAETCA yYacTUeM B 3TOM TBOPYECKOM MNpoLecce KOJNNeKTUBOB
pasHbIX crneuyuanbHOCTEU: chneuuvarimctoB B O0Ofactu cucrtewm,
(3aka3umkoB), n crneuuanucToB B obnactu MaLIUHHOro
MopenupoBaHua (ucnonHutenen). A¢pchpeKTUBHbIM CcpeacTtBoM AnA
HaxoXAaeHus B3aMMOMNOHNMaHUA Mexay 3TUMKN rpynnamu
crneuuanucToB AABNSIETCA A3blK MaTeMaTU4YECKUX CXeM, NO3BONSAIOL NN
BO rfaBy yrrna nocraBuTb BONpoc o6 agekBaTHOCTU nepexopga oT
coaepXxaTeribHOro onnucaHusi CUCTeMbl K ee MaTeMaTU4eCKoOMn cxeme, a
NMAWb 3aTeM pewatb BOMPOC O KOHKPETHOM MeToAde MnoslyvyeHus

pe3ynbTaToB C Ucnonb3oBaHmem IBM.

UcxogHon wuHcpopmaumen npuv MNOCTPOEHUU MaTeMaTU4YeCKUX
Mogenen npoueccoB (hYHKLMOHUPOBAHUA CUCTEM CrlyXaT AaHHble O
HasHa4YeHMM U ycroBusaX paboTbl uccneayemMon (NMPoeKTUpyemomn)
cuctembl S. 3ta wuHpopmauma onpegensieT OCHOBHYH Lenb
MogenuMpoBaHMA cCcUCTeMbl S “ no3BonsieT ccgopMynmMpoBaTb
TpeboBaHUA K pa3pabartbiBaemMon mMartematnyeckon wmogenu M.
NMpuyem ypoBeHb abcTparMpoBaHUa 3aBUCUT OT Kpyra Tex BOMNpPOCOB,
Ha KOoTopble uccnepoBaTesflb CUCTEMbl XO4YeT MOoflyYnTb OTBET C
NOMOWbLID MoOAEeNIu, U B KaKOMU-TO CTerneHu onpepensiet BbIOOp

MaTeMaTU4YeCKOM CXeMbl.



BBegeHne nNOHATUA «MaTeMaTvyeckass cxema» NoO3BoOsNAeT
paccmaTpMBaTb MaTeMaTUKy He KaK MeTo[ pacyeTa, a Kak meton
MbILUNEHNS, KaK cpeacTtBo (hopmMmyrniMpoBaHUsA MOHATUN, YTO SBNAETCA
Hanbonee BaXHbIM MpU nepexoae oT CNOBECHOro ONMCaHUA CUCTEMBbI
K doopmanbHOMY npeactaBrneHuto npouecca ee pyHKLMOHMPOBaAHUA B
Buae HEKOTOpOM MaTemMaTuyeckonm mMoaenum (aHannMTU4yecKkom wunu
UMUTaALUOHHOMWN).

NMpu nonb3oBaHMM MaTeMaTU4YeCKOM CXeMOu wuccrnegoBaTens
cucTeMbl S B nepByl0 oyepeaAb AO/MKEH MHTepecoBaTb Bonpoc 06
afeKBaTHOCTU OTOOpaXeHUsi B BuUAE KOHKPETHbIX CXeM pearibHbIX
npoueccoB B UccreayemMom cMctemMe, a He BO3MOXHOCTb MOJyYeHus
oTBeTa (pe3ynbTaTa peweHus) Ha KOHKPEeTHbIN BOMnpoc
nccnenoBaHus.

Hanpumep, npeacraBneHne npouecca (PyHKUMOHUPOBAHUSA
UH(OPMaALMOHHO-BbIYUCTIUTENTIBbHOW CUCTEMBbI KOJJIEKTUBHOIO
nonb3oBaHMA B BuAe CeTM CXEeM MaccoBOro obcnyXxuBaHua p[aet
BO3MOXHOCTb XOpOLWIO onucaTtb Mnpouecchbl, npoucxopsiime B
CUCTEMe, HO TMpU CrIOXHbIX 3aKoOHax pacrnpegerieHUs BXOoASLMX
NOTOKOB U NOTOKOB O0GCNyXMBaHUA He AaeT BO3MOXHOCTU MOSyYeHuUs
pe3ynbTaToB B SBHOM Buze.

MaTemaTnyecKyro cxemMy MOXHO onpefennTb KakK 3BEeHO Mnpu
nepexoae OoT coaepXxaTenbHOro K oopmManbLHOMY ONMCaHUIO NpoLecca
(pYyHKUMOHMPOBAHNA CUCTEMbl C Y4YeTOM BO3AEUCTBUA BHeELIHEWn
cpeAbl, T. €. UMeeT MeCTO Lieno4ka

«onucatenbHass Mopgenb — MaTemaTtuMyeckas cxema —
MaTemaTunyeckas (aHanuTnyeckass unum (M) UMMTaLMOHHas1) Mmoaersiby.

Kaxgass KOHKpeTHasti cuctema S Xxapaktepusyetca HabGopom

CBOMUCTB, nona KOTOPbIMUA MOHUMAKTCA BeJIMYUHDLI, OTpaxakwlijune



noBegeHue wMogenupyemMoro obbekta (peanbHOM CUCTEMbI) U
yuuTbiBalowme ycnosusa ee pyHKLUMOHNPOBaAHUS BO B3aUMOOENCTBUMN
C BHeluHen cpepnoun (cuctemowu) E. NMpn nocTtpoeHUMU mMaTteMmaTU4YeCKoOmn
MoAenn CUCTeMbl HeobXxoaMMo pewnTb BONpPoC OO0 ee NOrHoTe.
NonHoTa mMogenu perynupyeTtcad B OCHOBHOM BbIOOPOM rpaHuubl
«cuctema S — cpeaa E». Takke pomkHa ObiTb pelleHa 3apava
ynpoLweHnsas Mohenu, KoTopasi MNoMoraeT BblAeSfIuTb OCHOBHbIE
CBOMUCTBa CUCTEMbI, OTOpPOCMB BTOpoOCTeneHHble. [puyem oTHeceHue
CBOUCTB CUCTEMbl K OCHOBHbIM UM BTOPOCTENEHHbIM CYLUeCTBEHHO
3aBUCUT OT LeNnu MoaenupoBaHUA CUCTEeMbl (Hanpumep, aHanus
BEpPOSATHOCTHO-BPEMEHHbIX XapaKTepucTuK npouecca

(byHKLI,VIOHVIpOBaHI/IFI CUCTeMbl, CUHTE3 CTPYKTYPbI CUCTEMbBI U T. ,EI,.).

Mopenb oObeKkta MoaenupoBaHUA, T. €. CUCTEeMbl S, MOXHO
npeacTaBuTb B BUAE MHOXECTBa BeNIMYMH, ONUCbIBaKOLWMUX Npouecc
pyHKUMOHMPOBaAHUA pearnibHOW CUCTEMbl U OOpasyrLluX B ooLem
cny4ae crnegyrolwue nogMHoOXecTBa:

COBOKYMHOCTb 8X00HbLIX 803delicmeuti Ha CUCTeMy

xeX,i=1 n,;

COBOKYMHOCTb 803delicmeuli aHewHelU cpeobl

v,eV, =1 n,;
COBOKYNMHOCTb GHYMpPeHHuUx (cobcmeeHHbIX) napamMempos

CUCTeMbl

h eH, k=1 n,;
COBOKYNHOCTb 8bIX00HLIX XapaKkmepucmuK CACTEMbI

y,€Y,j=1n,.



Mpu 3TOM B NepevyncneHHbIX NOAMHOXeCTBaX MOXHO BbIAeNUTb
ynpaBnsieMblie U HeynpaBnsiemblie nepemeHHble. B obwem cny4ae

Xy Vis By 3, ABNAIOTCA aneMeHTamu HenepecekarLmxcs

NOOMHOXECTB WU cogepXaT KaK [OeTepMUHUPOBAHHbIe, TaK M
CTOXacTU4YeCKue cocTtaBnsoLme.

Mpu MogenupoBaHMM cUCTEMbl S BXOAHble BO3AeUCTBUA,
BO34eNCTBUA BHellHel cpedbl E 1 BHYTPeHHMe napamMeTpbl CUCTEMbI
SIBNAIOTCS HE3aBUCUMbIMU NEepeMeHHbIMU, KOTOpble B BEKTOPHOM

(*)OpMe MMerT COOTBETCTBEHHO BUA
%(8)=(x(t), % (£), i (2). )
5(6)=(w(2), vy (£)s v (), );
h(t)=(h(t), hy(2), b (2), );

d BbIXOAHbIe XadpPaKTepUCTukmn CUCTeMbl SHABNAKOTCA 3aBUCUMbIMU

nepeMeHHbIMU n B BEKTOPHOM dopme umeroT BUA

f(t):(yl(f), Yo (1), vy (7). )

NMpouecc PYHKLUMOHUPOBAHMA CUCTEMbl S oOnNUCbIBaeTcsi BO
BpeMeHun onepatopomMm F;, KOTOpbIN B oOwem cny4ae npeoodpasyeTr
He3aBMCMMble TMNepeMeHHble B 3aBUCUMble B COOTBETCTBMU C
COOTHOLUEHUAMMN BMAaa

(1) =Fy(%, ¥, &, ). (41)

COBOKYNHOCTb 3aBUCMMOCTEM  BbIXOAHbIX  XapaKTepUCTUK

cCUcTeMbl OT BpemMeHu yj(t) ana Bcex BUAOB jzl,—nY Ha3blBaeTcs

ebIx00HOU mpaekmopuel y(t). 3aBucumocTb (4.1) HasbiBaeTcs

3aKOHOM (pYyHKUMOHUPOBaAHMUA CcUCTeMbl S M obo3Hauvaetca F.. B

obwem cny4yae 3aKOH (PYHKLMOHMPOBaAHUSA cUCTeMbl Fs MoXeT ObIT



3apaH B Buae QyHKUMM, dyHKUMOHanNa, FoOrMyYecKux YCrnoBUMU, B
anropuTtMm4yeckon U TabnuyHou copmax mnu B BUOE CrIOBECHOro
npasusia COOTBETCTBUA.

BecbMa BaXHbIM ANns ONMCaHMA U UCCreOoBaHUA CUCTEMbl S
ABNAETCA NOHATUE asi2opumma PYHKUUOHUpoeaHusi As, Noa KOTOPbIM

NMOHUMaAeTCA MeTond NoJiy4YeHUA BbIXOAOHbIX XapaKTepUCTukK C y4etTom

BXOAHbIX BO34eWUCTBUM ?c(t), BO31eMCTBMN BHELWIHen cpeabl V(t) n

COOCTBEHHbIX NapaMeTPoOB CUCTEMbI /i (t) OuyeBnAHO, YTO OOAUH U TOT

e 3aKOH (pyHKLUMOHUpoBaHUA Fs cuctembl S MoXeT ObITb peanM3oBaH
pas3nu4yHbIMM cnocobamu, T. €. C NMOMOLLID MHOXECTBa Pa3fIMYHbIX
anropntmoB PYHKLMOHUPOBaAHUA A,.

CooTHoweHua (4.1) saABNAKTCA MaTeMaTU4eCKUM OfNUCaHuem
noBeaeHUs ob6bLeKkTa (cuctembl) MOAEeNMPOBaAHUA BO BpeMeHu t, T. e.
oTpaxarwT ero AMHamuyeckue cBouctBa. [MoaTomMy maTtemaTu4yeckue
MoAernv Takoro BMaa NpPUHATO Ha3biBaTb JuHaMu4ecKuMu MooesisiMu
(cucrtemamm).

Ana cmamu4eckux Modesieu MaTemMaTuyeckaa wmogenb (4.1)
npeacraBnsaeT cobon otobpaxeHne mexay ABYMSI NOAMHOXeCTBaMM
CcBOMCTB mMopaenupyemoro oobekta Y un {X, V, H}, 4To B BEKTOpHOM

chopme MoxeT ObITb 3aNNCaHO KakK
y=/(% 7, k). @4.2)
CooTtHoweHua (4.1) n (4.2) moryt ObITb 3agaHbl Pa3fIMYHbIMMU

cnocob6amu: aHanuTnyecku (¢ nomowbr dopmyn), rpaduyecku,

TabnMuyHo U T. A.



Takne COOTHOWEHUSI B psge CrnydYyaeB MOryT 6GbiTb MOMyuYeHbl
yepes CBOMCTBA CUCTEMbl S B KOHKpPETHble MOMEHTbl BpPEMEHM,
Ha3blBaeMble COCTOAHUAMMU/

CocTosiHMe cUCTeMbl S XapaKTepu3yeTcsi BeKTopaMu

Z'=(zl', Zyy ey ), Z"z(zf, Zyy eerZpy ),
rae  z,=z(t'), z, =2z,(¢'), ...z, =z, (¢'), B MomeHT ' €(1,T),
z/=z(1"), z3=2,(¢"), ..zi =z, (¢"), B moment 1" (1,,T).

Ecnu paccmaTtpusaTth npouecc (hyHKUMOHUPOBAHUS CUCTEMbI S
Kak nocnefoBaTefibHYO CMEHY COCTOSIHUM Z4(T), zo(t), ..., Zk(f), TO OHM
MOryT ObITb MHTEPNPEeTMPOBaHbl KaK KOOpPAUHaTbI TOYKU B k-MepHOM
¢bazoBOM npocTpaHCTBe, MPUYEM KaXaou peanusaumMm mnpouecca
6yaeTr CcOOTBETCTBOBaTL  HeKkoTopass paszoBass  TpaeKToOpWMSI.

COBOKYNHOCTb BCEeX BO3MOXHbIX 3Ha4Ye€eHMU COCTOSIHUM {Z}

Ha3bIlBaeTCsl MPOCTPAHCTBOM COCTOSAHMM OOBLEeKTa MmogenupoBaHus Z,
npuyem zx € Z.
COCTOSIHMSI cUCTEMbl S B MOMEHT BpeMeHU )<t <T NONHOCTLIO

onpegenAaAroTcA Ha4vaJibHbIMU ycnoBussMmu

70 :(zlo, zg, ...,z,?, ), BXOAHbIMU BO34EeNCTBUAMMU 5é(t), BHYTPEHHUMMU

napameTpamu E(t) N BO3AEMCTBUSAIMU BHELIHeN cpeabl V (), KoTopble

MMernuM MecTO 3a MNMPOMEeXYTOK BpemeHu t* - tp, ¢ nomowbio ABYX

BEKTOPHbIX YpaBHEHUN

2()=@(2°, %, ¥, h, t); (43)

y(t)=F(Z, t). (4.4)



MepBoe ypaBHEHME MO Ha4YanbHOMY COCTOSIHUIO Z' W

—_

He3aBUCUMMbIM NMepemMeHHbIM 55, \_5, h onpeagensdeTr BeKTop-(byHKLIMI-O

Z(t) , a BTOpoe MO MONYYEHHOMY 3HaYeHMIO COCTOsHMI Z(f) -

3aBUCMMbIMUN NepemMeHHbleé Ha BbiXoAeé CUCTeMbl f(f) Takum

obpa3oM, uenoyka ypaBHEHUW OOBLEKTA «BXO4 — COCTOSIHUSI —

BbIXOoA» NO3BOJIAET onpeaesimtb XapaktTepnuctmukm CUCtemMmbl
z(t):F[cD(EO, z 7.k, t)} (4.5)

B oOwem cnyyae BpemMa B MoAenun CUCTEMblI S MoOXeT
paccmatpuBaTbCA Ha WUWHTepBane wmogenupoBaHua (0, T) Kak
HenpepbiBHOE, TaK U AOUCKPETHOe, T. €. KBaHTOBaHHOE Ha OTpPEe3KU
ANUHON At BpeMeHHbIX eANHMUL KaXAabln.

Takmum oOpa3om, noa mMamemamu4yeckou Modesibl0 OOBbEeKTa

(peanbHOM  cucTemMbl) MOHMMAKT  KOHEYHOe  MOAMHOXeCTBO

—

nepemMeHHbIX {fc(t)ﬁ(t)h(z‘)} BMecTe C MaTemMaTU4YeCKUMMU CBS3SAMMU

MexX/y HUMM 1 XapakTepucTukamu (7 )to.

Ecnn matemaTuyeckoe onucaHue ob6bekTa MoaenuMpoBaHUS He
COOEPXKUT INIEMEHTOB CNTy4YaHOCTU WUSIM OHU He YYUTbIBAKOTCSH, T. €.

ecqin MOXHO CHMTaTb, 4HYTO B JITOM Cliydae CTOXacCcTu4veckKkue

BO34ENCTBUA BHELLHeW cpenpbl \7(1,‘) M CTOXAacTU4YeCKue BHYTPEHHue

—

napameTpbl  /(f)  OTCYTCTBYWOT, TO MoAenb  Ha3biBaeTcs

AETepMMHMpOBaHHOﬁ B TOM CMbicCrie, 4yTo XapakKTepuctuku
OAOHO3HA4YHO onpegendarwTCcaA AOeTepMUHUPOBAHHLIMU BXOAHbLIMUA

BO34eNCTBUAMM

y(t)=f(%, 1) (4.6)



OueBugHoO, 4YTO AgeTepMmuHUpoBaHHasa Mmoaesb ABJAETCA YaCTHbIM

ciiydyaeM CToxXactum YeCKoOM moaernu.

NMpuBepeHHble MaTeMaTU4YeCKue COOTHOLUEHUA npeacTaBnsAloT
cobon MaremaTuvyeckme cxembl oOLlero Buga U NO3BONAKT onucaThb
LULMPOKUM KITacC CUCTEM.

OpgHako B nNpakTuke MoaenupoBaHUA OOBLEKTOB B obnactu
CUCTEMOTEXHUKM U CUCTEMHOIrO aHann3a Ha nepBoOHa4aribHbIX 3Tanax
uccriegoBaHUA CUCTEMbl pauuoHarnbHee WUCNoSib3oBaTb TUNOBLIE
MaTemaTtmyeckue cxembl: andpdepeHunanbHblie YypaBHEHUS, KOHEYHble
U BEpPOSITHOCTHbIe aBTOMaTbl, CACTEMbl MacCOBOro o6GCnyXuBaHus,
cetulMetpunr. A.

He obnapas TakouM cTeneHb OOLHOCTU, KaK pPacCMOTpPEHHble
Moaernv, TUNOBble MaTeMaTU4YecKue cCxemMbl UMEKT npeumyLiecTBa
NPOCTOTblI W HArnAgHOCTU, HO TMpPU CYLIEeCTBEHHOM CYXEeHUMU
BO3MOXHOCTEM nMNpuMeHeHuUA. B KayecTBe p[AeTepMUHUPOBAHHLIX
Moaerneu, Korga npuv uccnegoBaHUM crnyvyaMHble akTopbl He
YYMTbIBaAOTCA, ANSA npeacTtaBrieHUA cucteM, (PyHKLMOHMPYHOLWUX B
HenpepbIBHOM BpeMeHU, wucnonb3yrwTca aAuddepeHUnanbHble,
MHTerpanbHble, UHTerpo-guccepeHUmanHbie U gpyrue ypaBHeHuUs, a
Ana npeacraBneHnst cucteMm, (QPYHKUMOHUPYHOLWMUX B A[UCKPETHOM
BpPeMeHU,— KOHe4YHble aBTOMaTbl U KOHEYHO-PA3HOCTHbIE CXEMbI.

B kayecTtBe cToOXxacTU4eCKux mogeneu (Npu yyete cny4vamHbIX
c¢dakTopoB) AnNA npeacTaBrieHUA CUCTEM C AUCKPETHbIM BpEeMeHeM
UCNOJIb3YIOTCA BEPOATHOCTHbIE aBTOMaThbl, a ANIA npeacTaBrieHUs
CUCTEMblI C HenpepbIBHbIM BpPeMEeHEeM — CUCTEeMbl MaccoBOro

obGcnyXXuBaHua U T. 4.



MNepeuncneHHble TUNOBbLIe MaTemMaTunyeckue CXeMbl,
ecTeCTBEeHHO, He MOryT npeTeHaoBaTb HA BO3MOXHOCTb ONMMCaHUA Ha
ux ©Oase Bcex npoueccoB, npoucxoaswmx B  OonbLlUKX
UHOPMaLMOHHO-YNPaBAAKOLWMUX CUCTEMAX.

Ona Taknx cuctem B psage criydyaeB Oornee nepcrnekTUBHbIM
ABNAETCA NPUMEeHeHMe arperaTuBHbIX MOAEeNeun.

ArperatuBHble Moaesniu (CUCTEeMbl) NO3BOJIAOT ONUCaTb LUMPOKUN
Kpyr OOBLEeKTOB wuccrnegoBaHUA C OTOOpaXeHuem CUCTEeMHOro
Xapakrtepa 3Tux oO0bekToB. MUMeHHO npu arperaTUBHOM OMNUCaHUMU
CNOXHbIKM OOBLEeKT (cuctema) pacusfieHAeTcA Ha KOHEe4YHOe 4MuChno
yacten (nogcucrtem), coxpaHsia npuM 3TOM CBA3U, obecneuyuBaroLime
B3aumMoaeucTBue 4YacTeu.

Takum oOpa3om, NMpPU MNOCTPOEHMN MaTeMaTUYEeCKMX Mozaenewu
npoueccoB  (PYHKUMOHUPOBAHMS CUCTEM  MOXHO  BblOeNnuUTb

cnepyroline OCHOBHbIe NoAXoAbl: HenpepbiBHO-AeTEPMUHUPOBAHHbIN

(Hanpumep, anddepeHumnanbHble ypaBHeHUsR); ANCKPETHO-
AeTepMUHUPOBaHHbIN (koHeYHble aBTOMaTbl); ANCKpPETHO-
CTOXaCTUYECKUMN (BepoOATHOCTHbIE aBTOMaThbl); HenpepbIBHO-
CTOXaCTUYECKUMN (cuctembl MaccoBOro ob6cnyXxuBaHus);

0000LWEeHHbIU, NN YHUBEpPCanbHbIN (arperaTUBHbIE CUCTEMbI).



