CeteBble mogenu (N-cxembl
B nNpakKTuke mMoaennpoBaHuA O00BbLEeKTOB Y4acTo npuxoaunTtcs

pewaTtb 3apayn, cBfizaHHble ¢ ¢opmMmann3oBaHHbIM OMUCAHUEM U
aHanNM3oM MPUYUHHO-CIIEACTBEHHbIX CBAI3€éM B CJIOXHbIX CUCTeMax,
roe ogHOBpPEeMEeHHO naparnsienibHO NpoTeKaeT HEeCKONbKO MpoueccoB.
CambIM pacnpocTpaHeHHbIM B HacTtosilwee BpeMAa dopMannamMom,
ONMUCbLIBAKOLWUM CTPYKTYPY U B3auMmoaeucTeme napannesibHbIX CUCTEM
u npoueccoB, sABnawTcA cetn [letpu (aHrn. Petri Nets),
npeanoxeHHble K. MeTpwu.

Teopusa ceteun lNeTpu pa3BUBaETCA B HECKOJNIbKUX HanpaBleHUAX:

1. pa3paboTka maTeMaTU4eCKMX OCHOB,

2. CTPYKTYypHasi Teopusi ceten,

3. pasnuyHble NPUNoXeHusa (napannesnibHoe NMporpaMmmMmuvpoBaHue,

AUCKpPeTHble AMHaAMU4YeCKMne CUCTeMbl U T. 4.).
PopmanbHo ceTb eTpu (N-cxema) 3apgaeTcsa YeTBepKou BUAa

N=(B, D, 1,0),

rae B — KkoHe4yHOe MHOXeCcTBO CUMBOJ10B, Ha3biBaemMbIX NMO3INLUNAMU

B ¢@, D — KOHeyHOoe MHOXeCTBO CUMBOJIOB, Ha3biBaeMbIX

nepexogamm, Di@, Bﬂ D 7&@; | — BxogHaa dyHKuma (npsamas

PYHKUNA MHUNOEHTHOCTH) 1:BxD 9{0’1}; O — BbiIxoagHas
O:DxB— {O,l}

dyHKUumMAa (o6paTHaa PYHKUNA MHLNAEHTHOCTH), .

Takum obpasom, BxoaHaa dyHkuusi /| oTobpaxaeT nepexon d; B
MHOXeCTBO BXOAHbIX MO3ULUN bi el (dj), a BbixogHasa ¢pyHKuua O
oTobpaxaetr nepexogq di B MHOXECTBO BbIXOAHbLIX MNO3MLUMN

b. eD(dj). Ons kaxporo nepexoaa dj € D moxHo onpepenutb



MHOXXeCTBO BXOAHbIX No3uuuu nepexoaa /(d) v BbIXOAHLIX MNO3ULUK

nepexopa O(d)) kak
I(dj):{bieB/l(bi,dj)zl}, o
O(d;)={b eB/O(d;,b)=1,

AHanoruyHo, ans Kaxgoro nepexona bi eB BBOOATCA

onpegeneHna MHOXeCTBa BXOAHbLIX nMepexoaoB Mno3vnunm I(b,) n

MHOXeCTBa BbIXOAHbLIX nepexoanoB no3uuuun O(b)):

I(b)={d; eD/1(d;, b)) =1},

O(b)={d, «D/O(b,.d;)=1},
Npachnueckn N-cxema wu3oOpaxaeTrca B Buae A[ABYAOSIbHOrO

OPUEHTUPOBAHHOro MynbTUrpada, npeacraBnsowero  cobou

COBOKYMNHOCTb No3uuun n nepexogoB (puc. 1).

Puc. 1. 'pacdhuyeckoe nsodpaxeHne N-cxembl

Kak BUOHO M3 3TOoro pucyHka, rpacg N-cxembl MmeeT gBa Tvna
Yy350B: NO3ULMU N nepexonbl, usobpaxaembie 0 U 1 COOTBETCTBEHHO.
OpueHTUPOBOYHbIE OYrM COeAMHAIOT NO3MUMM U Nepexoabl, Npu4yem
KaXxgas gyra HanpaBrieHa OT 3fleMeHTa O4HOro MHoXecTBa (mo3uuun
UNu nepexopa) K 3NieMeHTY Apyroro MHoXecTBa (nepexogy WM

no3muumn). Npach N-cxembl sBnAetTca MynbTUrpacom, TakK KakK OH



AonycKaeT cyuleCTBOBaHUE KpaTHbIX Ayr OT OAHOM BepLIUHbI K
Apyrom.

NMpuBepeHHoe npeacrtaBrieHUe N-cxeMbl MOXeET UCMONb30BaTbLCS
TONBLKO ANA OTpPaXeHus CTaTUKU  MogennpyemMom  CUCTEMb
(B3aumocBA3M COOLITUA N YCNOBUMK), HO HEe NO3BONSET OTPa3UTb B
MoAoenn AWHaAMUKY (HYHKUMOHMPOBAHUA MOAENUpyemMou CUCTEMb.

Ona npeAacTaBreHUMs AMHaMUYECKMX CBOWCTB OOBbeKTa BBOAUTCSH
cdbyHKunsa mapkuposku (pasmetkn) M (B — {O,l, 2,3,... }

MapkupoBka M eCcTb NpUCBOEHUE HEKMX abCTPaKTHbIX OOBHEKTOB,
HasblBaeMbIX MeTKamu (duwkamu), nos3vumam N-cxembl, npuyem
KONMMYEeCTBO METOK, COOTBETCTBYHILLEEe KaXAon NO3uULUU, MOXeT
MeHATbCA. [lpu rpadgmyeckom 3apaHMm N-cxembl pa3mMeTka
oTobOpaxaeTtcA nomMeLlueHnem BHYTpM BepPLIUH-NO3ULUNA
COOTBETCTBYHLLEro Yucna Ttoyek (Korga KonmMyecTBO TOYEK BeJIUKO,
CTaBAT Undpbl).

MapkupoBaHHaa (pasmedyeHHas)) N-cxema MoxeT ObITb onucaHa B
Buae natepku N, =<B, D, I, O, |\/|> U SAABNSIETCA COBOKYMHOCTLIO

cetu lNMetpu n mapknposku M.
PyHKUMOHUpoBaHMe N-cxemMbl OTpaxaeTcsa nMyTeM nepexoga oOT

pasmMeTkm K pasmeTke. HauyanbHasi pa3meTka o603HauyaeTcsi Kak
M,:B —>{0,1,2,3,...}. CMeHa pa3MeTOK MpoucXoauT B pesyrbTarte
cpaGaTbiBaHus ogHoro u3 nepexopos O; € D cetn. Heobxoaumbim
ycroBuem cpabaTbiBaHUS nepexopaa d; ABNsAeTCH
b el (dj) {I\/I (Bi)Zl}, rpe M {bi}, - pa3meTka no3uvuumn b,

lNepexoa d;i ANA KOTOpPOro BbINOJIHAETCA YKa3aHHOe YcroBue,



onpeaensieTcs Kak HaxoAasilMUCA B COCTOSHMM T[OTOBHOCTU K
cpabaTbiBaHUIO UMK KaK BO3OYXAeHHbIU nepexon.
CpabaTtbiBaHue nepexoaa usmeHsiet pasmetky cetm M(b) = (M(b4),
M(b,), ..., M(b,))? Ha pa3meTky M/{b) no cnepytoliemy npaBuny:
M'(b) = M(b)-I(d) + O(d})
T. €. nepexon d; usbimaeT No oAHOM MeTKe M3 KaXaon cBoen BXOOHOM
nosvuumMm 1M pobaBrnsieT NO OAHOM MeTKe B KaXAayr U3 BbIXOAHbIX

no3uuum.

Puc. 2. Npumep hpyHKUMOHUpPOBaAHUA pa3MevyeHHOU N-cxeMbl

BaxHou 0CcOGeHHOCTLIO Moaenen npouecca PyHKUMOHUPOBaAHUSA
CUCTEM C ucnosfib3oBaHMeM TUNOBbIX N-cxeM ABNsieTCA MNpPOCTOTa
NOCTPOEHUA MUepapXUYeCKUX KOHCTpykuun wmopgenn. C  opgHom
CTOpPOHbLI, Kaxpaa N-cxema MOXeT paccmaTpuBaTbCA  Kak
MakKpornepexoa UM Makponosvuusa moaenun 6oriee BbICOKOro YpPOBHS.

C p[pyron CTOpOHbLI, nepexod, uMnuM no3vuusa N-cxeMbl, MOXeT



aetanusavpoBaTtbca B ¢dopme oTAenbLHOM noacetu Aana  oonee
yrnyoneHHoro mccnegoBaHus NMpoLeccoB B mMoaerimpyemMon cucreme
S.

TunoBble N-cxeMbl Ha OCHOBE OObIYHbIX pa3MeYeHHbIX ceTeu
MeTpu npurogHbl AnNA onucaHMA B MogenuvpyeMou cucrteme S
coObITUA nponsBONbHOU AnuUTenbHocTU. B 3aTom cny4vae mopenb,
NOCTPOEeHHass C ucnosib3oBaHMeMm Takux N-cxem, oTpaxaeT TOJIbKO
nopsiAoOK HacTynneHuMa coObiTMM B uccneayemou cucteme S. Onsa
OoTpaXXeHUs BPeMeHHbIX napamMeTpoB npouecca (pyHKLMOHUPOBaAHUA
Mogenupyemom cuctembl S Ha 6asze N-cxem ucnonb3yetcs

pacwmpeHue annaparta ceteu lNeTpu: BpemMmeHHble ceTu, E-ceTn.

KombuHupoBaHHble moaenu (A-cxembl

ATOT Nnoaxopn NO3BOMSAET ONUCLIBaTb NoBeAeHNe HernpepbIBHbIX U
AUCKPETHbIX, AeTePMUHNPOBAHHbLIX U CTOXAaCTUYECKUX CUCTEM, T. €. MO
CpaBHEHUIO c pacCMOTPEHHbIMM aBnsaeTcs 0000 EeHHbIM
(yHuBepcanbHbIM) U 6a3npyeTcs Ha MOHATUM arperatTMBHOM CUCTEMBbI
(ot aHrn. aggregate system), npeacraensowen cobon cpopmanbHyHo
cxemy obuiero Buga, Kotopyro oyaem HasbiBaTb A-CXeMOM .

AHanus cyuwecTByHWOLINX CpeacTB MoAerIMpoBaHUA CUCTEM M
3agad, pewaemMbiXx C NOMOWbI MeToda MoaenupoBaHusa Ha IBM,
HeuM30eXXHO npuUBOAUT K BbIBOAY, 4YTO KOMIJIEKCHOE pelleHue
npo6neM, BO3HUKaAWOLWMX B TnMpouecce CO3J4aHMA U MALUMHHOMN
peanusauMuM MogenuM, BO3MOXHO JiUMWb B Ccny4ae, ecnu
Moaenupyrlwme CUCTeMbl WUMET B CBOEM OCHOBe eauHYH
chopmMmanbHy0 MaTeMaTUYECKYHO CXeMy, T. €. A-cxemy.

Takaa cxema [oOMmKHa OAHOBpPEeMEeHHO BbINOJIHATb HEeCKOJIbKO

yHKLUMN:



1. ABNATLCA afAeKBaTHbIM MaTeMaTU4Ye€CKUM ONMUCaHMEM CUCTEMBbI
S;

2. CNYXXUTb OCHOBOM AN NOCTPOEHUA anropMTMoB U Nporpamm
npu MalluMHHOM peanu3auun mogenu M;

3. NO3BONIATL B YNpPOLEHHOM BapuaHTe (ANnA 4YacTHbIX criy4yaeB)

npoBOAUTb aHaNUTU4YeCKne uccnenoBaHus.

NMpu arperatuBHoM noaxoae cHa4vana paetca dQopmManbHoe
onpegerneHne obbekTa moaenMpoBaHUS — arperatTMBHOM CUCTEMbl,
KOTOpas fBNsieTCA MaTeMaTU4YeCKOM CXeMOW, oToOpaxawLlen
CUCTEMHbIN XapaKTep ulyyaemMbiX 06O bLEKTOB.

NMpun arperaTUBHOM OMUCaAHUU CIOXHbLIK OOBLEKT (cucrema)
pa3buBaeTcA Ha KOHEYHOe 4YUCIOo YacTeu (MoacucTeM), CoOXpaHasa Npwu
3TOM CBfi3u, obecneynBaroLme Nx B3aumoaencrteme. Ecnm HekoTopble
M3 MOJNyYeHHbIX MNOACUCTEM OKa3biBalOTCA B CBOK ouepeab eLle
AOCTaTOYHO CNOXHbIMU, TO NpoLecc X pasdbueHus npogoskaeTca Ao
Tex nop, Noka He ob6pa3yrTcA NOACUCTEMbI, KOTOpble B YCNOBMUAX
paccmatpMBaeMou 3ajauvM  MoAeriIMpoBaHUA  MOFYT  CUYMTaTbCA
yAOOHbIMM ANA MaTeMaTU4decKoro onucaHua. B pesynbTate Takow
AEKOMMO3MLMM CNOXHasi cucTtema npeactaBnsieTcas B Buae
MHOrFoypoBHEBOM KOHCTPYKUUU U3 B3aMMOCBA3AHHbLIX 3JIEMEHTOB,
06beANHEeHHbIX B NOACUCTEMbI Pa3fINYHbIX YPOBHEMW.

B kayecTtBe 3anemeHTta A-cxeMbl BbICTyrnaeT arperat, a CBfi3b
MeXAy arperataMm OCYyLLeCTBNsieTCA C MNOMOLWbI onepaTopa
conpsixeHua R. Arperat cam MoXeT paccMaTpmBaTbCs Kak A-cxema, T.
€. MOXeT pa3buBaTbCA Ha 3fIeMeHTbI (arperaTbl) cneayroLero ypoBHSI.

JlioGon arperat xapakTrepusyeTcs creayrwWwmMMu MHOXeCTBaMM:
MOMeHTOB BpemMeHU T, BxogHbiXx X WU BbIXoAHbIX Y CUrHanos,

COCTOSSHUM Z B KaXabll MOMEHT BpeMeHu L. CocTosiHue darperaTta B



MOMEHT BpeMeHUu teT obGo3HavaeTcs Kak z(f)eZ, a BXxoAHble W
BbIXOAHbIe curHanbl — Kak x(tf) eX n y(t) €Y cooTBeTCTBEHHO.

byaemM nonaratb, YTO nepexon arperata u3 cocrtosiHusa z(t;) B
COCTOSIHMEe z(t;)#z (t;) nponcxoauT 3a Manbi UHTEepBan BPeMEeHMU,
T. €. UMeeT MeCTO CKa4ok 0,. [lepexoabl arperata U3 coctosiHuA z (t;) B
z(t;) onpepensalTCA COOCTBEHHbIMM (BHYTPEHHUMMM) napamMeTpamu
camoro arperata h(t) eH n BxoaHbiMu curHanamm x(t) eX.

Ona onucaHuUsi CKaykoB COCTOAHUA O, B OCOOble MOMEHTbI
BpemeHn {5 OyaeMm wucnonb3oBaTb CriydYauMHbin onepatop W,
npeacTaBnAOWMNA cCOOON YacTHbIN cny4van onepaTtopa U, T. e.

z(ts + 0)=W[ts, z(ts)].

B MHoOXecTBe coCTOsiIHUN Z BblAenseTcsA Takoe NMOAMHOXeCTBO
Z", yto ecnu z(ts) mocturaet Z”, To aTo cocTosHMe sBNsieTCH
MOMEHTOM Bblaa4yun BbIXOAHOro  CUrHana, onpeaensaemMoro
onepaTopoMm BbIXO40B

y=Gts, z(ts)].

Takum obpa3om, nop arperatom 0yaemMm NOHMMaTb NHOOOU OOBLEKT,
onpegensieMbin Yynopsgo4YeHHOU COBOKYMHOCTbK) pPaCCMOTPEHHbIX
mHoxecTB T, X, Y, Z, ZV, H u cnyyaiHbix onepatopos V, U, W, G.

NocnepoBaTenbHOCTb BXOAHbLIX CUrHarioB, PacrnoSIOXKEeHHbIX B
nopsigke X noctynneHusa B A-cxemy, Oyaem HasbiBaTb BXOAHbIM
coolOweHnem nnum x - coobweHnem. NMocnegoBaTenibHOCTb BbIXOAHbIX
CUrHanoB, YNOPAAOYEHHYHD OTHOCUTENbHO BpPEeMeHU Bblaauum,
Ha3oBeM BbIXOA4HbIM COOOLLUEHMEM UMK y - COOOLLEeHueM.

CyuwiecTtByeT Knacc OOnblIMX CUCTEM, KOTOpble BBUAY WUX
CJIOXXHOCTU He MOryT ObITb popManmM3oBaHbl B BUAe MaTeMaTU4eCKnNx

CXeM OAMHOYHbLIX arperaTtoB, MO3TOMY MX (hOPMANU3YIOT HEKOTOPOM



KOHCTPyKUMen u3 oTaenbHbIX arperatoB A, N=1 N,, kotopyio

Ha3oBeM arperatTMuBHom cuctemom unm A-cxemou. OnA onucaHusA
HeKoTopon pearbHOW cuctembl S B Buge A-cxembl HeobxoaumMo
MMeTb ONMMCaHue KakK OTAesibHbIX arperatoB A, TaKk U CBA3eU Mexay
HUMMW.

Ona nocTpoeHusi arperata BBOAATCA NpPeanoNioXeHUus o
3aKOHOMepHoCTAX (YHKUMOHMpOBaHUA A-cxeM, B COOTBETCTBUMU
pearibHOU CUCTEMOM:

1) B3aumopgencTteue mexay A-cxemMouM M BHelwlHen cpepoum E, a
TaKkKe Mexay oTAeNibHbIMM  arperatamMm BHYTPU CUCTEeMbl S
ocywiecTBnsieTca nNpu nepepayvye CUrHanoB, MNpuyYeM B3auMHbIe
BIIUAAHUA, UMeloLlMe MeCcTO BHe MexaHM3Ma obMeHa CUrHarnamu, He
YYMTbIBAKOTCH;

2) pnA onucaHuWsa cUrHana AoCTaTOYHO HEKOTOPOro KOHeYHOro
Habopa XxapaKTepUCTUK;

3) anemMmeHTapHble CUrHanbl MFHOBEHHO nepeparTcss B A-cxeme
He3aBMCMMO ApPYr OT Apyra no afieMeHTapHbIM KaHanam;

4) K BXOAHOMY KOHTaKTy nwboro 3nemeHTa A-CXeMbl
nogknyaetca He Oonee 4YeM OAOWH 3fieMEHTApPHbIA  KaHan, K
BbIXOAHOMY KOHTaKTy - Jil000e KOHe4YHOe 4YMCNO 3fIleMeHTapHbIX
KaHanoB Npu yCcrioBUU, YTO KO BXoAy OOAHOro U TOro Xe 3anemMeHTta A-
CxXeMbl HanpaBnsieTcAd He Oonee 4YeM OAMH U3 YNOMSHYTbIX

ANMeMEeHTapPHbIX KaHaJ10B.



Puc. 3. CTpyKkTypa arperaTUBHOM CUCTEMbI

B3aumopgencreue A-cxembl c BHeELUHEen cpenom E
paccmaTpuBaeTcAa Kak OOMeH curHanamm mexay BHelwHen cpepoun E n
anemeHtTamn A-cxembl. B cooTBeTCTBMM C 3TUM BHELWHKOW cpeny E
MOXHO npeactaBuTb B Buae (HBUKTUBHOrO 3fieMeHTa cuctembl A,,
BXO4 KOTOpPOro coaepxut lp BXOAHbIX KOHTAKTOB, a Bbixoga — Jy

BbIXOAHbIX KOHTAKTOB. CUrHan, BbigaBaemMbin A-CXeMOW BO BHELUHIOHO



cpeay E, npuHumaetrca 3nemeHTOM A, Kak BXOAHOWM CUrHan,
COCTOSAWMIA M3 3neMeHTapHbIX curHanoB x:2(t), x2), ... xo”(t)
CurHan, noctynarwowmmn B A-cxemMy U3 BHelHen cpeabl E, aBnaertcs
BbIXOAHbLIM CUrHariom 3nemeHTa A, U COCTOUT U3 3NEeMEeHTapPHbIX
curianos y;2(), y22(1), ..., yi'®(®).

Takum oGpasom, Kaxabin A, (B TOM yucrie n A,) Kak anemeHT A-
CXeMbl B paMKax MPUHATbIX NPeanosioXXeHNM o MexaHusme obmeHa
CUrHanamMmm [AOCTaTOYHO OXapakTepu3oBaTb MHOXECTBOM BXOAHbIX
koHtaktoB X/™, X,™ .., Xn™ kotopoe o6o3Hauum {X/V}, w

MHOXecCTBOM BbIxoAHbix koHTakToB Y:™, Y, ™ ... Y, kotopoe
o6o3sHaumm {X”}, rae N =0, N, . MonyyeHHas napa mHoxecTs {X"},

{X’} ABnsetcA MmaTemaTuueckoli MoZenbi anemMeHTa A,
ucnonb3yeMoro AnsA (popManbHOro OMUCAHUSI COMPSKEHUS] €ro C
NpPo4YnMu aneMmeHTamm A-cxembl U BHeLWWHeU cpeaom E.

Ecnu B A-cxeme K KkoHTakty X{” He nopaknioyeH HUKaKoM
aNieMeHTapHbIil KaHan, To omnepatop R He onpeAeneH Ha 3TOM
koHTakTe X/”. Onepatop R Ha3bIBaeTCA OMEPaTOPOM COMPSKEHUS
anemeHToB (arperatoB) B A-cxemy. COBOKYMHOCTb MHOXecTB {X/™},
X/} n onepatop R o06pa3yloT cXeMy COMPSXKEHUA 3NEMEHTOB B
cuctemy S. OnepaTtop conpsikeHuss R MOXHO 3agaTtb B Buae tabnuubl,
B KOTOPOM Ha MNepeceyeHMM CTPOK C HOMepamMu 3NeMeHTOB
(arperatoB) n n cTtonbUOB C HOMEepaMU KOHTAKTOB i pacrnonararTcs
napbl Yncen k, I, ykasbiBarowime HoMmep anemMeHTa kK 1 HoMep KOHTaKTa
I, c koTopbIM coeanHeH koHTakT X;™.

Takum oOpa3om, wucnonb3oBaHue O0OOOWEHHOW TUMNOBOW
MaTeMaTU4YeCKoW CXeMbl MOAENUPOBaHMUs, T. €. A-CXeMbl, B MPUHLMME

He OTNIMYaeTCA OT pPacCMOTpPEeHHbIX paHee D-, F-, P-, N-, Q-cxem. OAns



YacTHOro cny4yasi, a MMEHHO ANnSA KYyCOYHO-JIMHEUHbIX arperaTtos,
pe3ynbTtatbl MOryT ObITb MONy4YeHbl aHanuMTU4YecKum mMetoaom. B
Oonee CIHOXHbIX Cry4YasaXx, Korga npPUMeHeHUue aHanuTU4YeCcKux
MeToaoB  He3a(h(heKTUBHO UMM HEBO3MOXHO, npuberawT K
UMUTAaLUUOHHOMY  MeToay, npuyYeM npeactaBrieHUe  oObeKTa
MopoenupoBaHmss B Buae A-CXeMbl MOXET SBNATbLCA TeM
coyHOamMeHTOM, Ha KOTOpPOM Ga3upyeTcs NOCTPOEHUe UMUTALUMOHHOM
CACTEMbl MU €eé BHEWHero U1 BHYTPEHHEro MaTemMaTuyecKkoro
obecneyeHns. CtaHpgaptHaa dopma npeacraBneHUst uccriegyemoro
obbekta B Buae A-cxeMbl NMPUBOAUT K YHU(PMKALUUU He TOJIbKO
anropuTMOB  MMUTALMUU, HO U K BO3MOXHOCTU TNPUMEHATb
CTaHOapTHble MeToabl O0OpaboTKM M aHanuM3a pe3ynbTaToB
MoAenupoBaHUA cuctemsbl S.

PaccmoTpeHHbIe npumepsbl MCNONb30BaHUSA TUNOBbIX
matemaTtuyeckmx cxem (F-, D, Q-, N-, A-cxemM) no3BonsarwT
chopmanmsoBaTb AOCTAaTOYHO LWWUPOKUWA Kracc OOnbLUMX CUCTEM, C
KOTOPbIMM MPUXOAUTCA MMEeTb [Oesi0 B NPakKTUKe uccregoBaHuUsa W

NMPOEKTUpOoBaHUA CINNOXHbLIX CUCTEM.



