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Buoxkennsie ceru Ilerpu (NP-cetn) — s1o pacmupenue cereii Ilerpu B pamkax
roaxo/a “nets-within-nets”, korga uiky B pasMeTKe ceTn CaMu SIBJIAIOTCS CETsI-
vu [lerpu m 00s1a/1a10T aBTOHOMHBIM MOBEIEHUEM, IIPU TOM HMEIOTCS CPEJICTBA
CUHXPOHU3AINN CeTeBbIX duiiek u cucrteMmuoir ceru. Popmaauzm NP-cereit 1mo3-
BOJISIET €CTECTBEHHBIM 0OPa30M MOJEIMPOBATH MHOIOYPOBHEBBIE MYJILTUATEHTHBIE
CHCTEMHBI C IMHAMUYECKO CTPYyKTypoii. B HacTosImee BpeMs He CyIIecTBYeT UHCTPY-
MEHTAJIbHOM TOJJIEPXKKU UMUTAIMOHHOIO MOJEJIMPOBAHUS U aHAJN3A BJIOKEHHBIX
cereit [lerpu. B pabore npesaraercs IpoBOIUTH UMUTAIIMOHHOE MOJIE/IUPOBAHNE U
noctpoenne rpada moctuzkumoctu it NP-cereit mytem mepesoga NP-cereit B pac-
kpartrennbie cetu [lerpu u ucnonbzoBanust uacrpymentapust CPN Tools B kauecTBe
BUPTYAJIbHON MAIUHBI JjIsI UCIIOJIHEHUS U CPEJICTBA ABTOMATUIECKOIO aHAIN3a UC-
xonHbIX NP-cereii.

1. Bsenenue

B nacrosiee Bpems HaO/IIOMaeTCA CMEIEHNE TapaIurMbl BRITUCCHUNR OT TPAUITNOH-
HOl, B KOTOpPOil BBIYUCIUTEIbHAS MOIIHOCTL pabodeil cTaHIUU, cepBepa WU TPYIIIILI
CEePBEPOB SABJIFAETCHd OCHOBHBIM PECypPCOM IIPOU3BOJUMBIX BBIYUC/ICHUN, K HOBBIM CIIOCO-
6aM opraHu3alliy BBIYUCIEHUI — OOJIavHbIe, MOBCEMECTHBIE, KOMMYHAJbHbIE, KPAeBbIe
BbIYUC/IeHUs. B TaKiX BBIYUC/ICHUAX BCE aTPUOYTHI BHIMUC/IEHU, KACAIOTCS JIU OHU TIPO-
rPAMMHOI'O WJIM aIllIapATHOTO O0eCIevYeHns, JIOTUIECKOrO YIIPaBICHU UJIN JIAHHBIX, UC-
MOJTb3YEMBIX BBIYUCIUTEIBHBIX WU (DUUIECKUX PECYPCOB, CTAHOBATCA MAKCUMAJIHLHO
JELeHTPaIN30BaHHBIMU U paCIIPe/Ie/ICHHBIMMU.

!Pa6ora Bumonnena B pamkax mporpamvbl Hayunoro domma HAY BIID B 2012/2013 rr. (mpoekT
11-01-0032) u npu nomaepxke Poccuiickoro douma dbyHnmaMenTaabHbx ucciaegoBanuii (rpantbr 11-01-
00737, 11-07-005549) .
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Hognbie criocobbr opranuzaruy 1 CTPYKTYPUPOBAHUS BBIMUC/IEHUN B IPOTPAMMHBIX 1
ammapaTHbIX CHCTeMaX MPHUBEIN K PaCIpPOCTpaHeHnto MysabTrareHTHbIX cucreM (MAC).
B MAC Bbruncsienne pacipeiesieHo MexK 1y MHOYKECTBOM y3JI0B-areHTOB B3aUMO/ICHCTBY-
IOIUX JIPYT C JPYTOM I JOCTUZKEHUS JIOKAJIBHBIX Tlesleil, a MX COBMeCTHas CKOOP/IU-
HUpOBaHHas paboTa MPUBOJUT K JOCTUXKEHUIO TJIOOAJIBHBIX Tiesiell cucteMbl. B KadecTBe
Har s HbIX puMepoB MAC MOTyT BBICTYIATH OJHOPAHIOBBIE CETU, IPUJI-CUCTEMbI, 00-
JIaYHBlE CEPBUCHI, CHUCTEMBI JIOIIOJHEHHOU PealbHOCTH, OEeCIPOBO/HBIE CAMOOPTaHU3YIO-
muecs cetu u apyrue. [omo0Hbie cucTeMbl BCTpEdaoTes B CAMBIX Pa3HBIX TPUKJIATHBIX
00J1aCTAX, U UX HEelPaBUJIHHOE TIOBE/IEHNEe MOYKET IIPUBECTH K MaTepHaIbHBIM yObITKAM,
yIepOy 370pOBbIO U KadecTBY yKu3Hu Jiojieil. [losromy npobsiembl obecnievdenns Ha 1exK-
HoCTH M KOppekTHOCTH PaboThl MAC sBISIIOTCS BeCbMa aKTYAJIbHBIMU, W JIJIsT TOCTPO-
ennst KoppekTHbIXx MAC HeoOXo[uMo MpUMEHEHHE CTPOTUX MATEMATHICCKUX METOJIOB
MO/IC/TUPOBAHUS W AHAJN3A.

OJHUM U3 YCIENTHBIX U HOIYJISPHBIX (POPMATIU3MOB JIJIsT MOJIETMPOBAHUS PaCIpe-
JIEJICHHBIX U NapaJulesIbHBIX cucTeM sgBjgioTcd cetu llerpu. Opnako Kiraccudueckue ce-
T [lerpm 0061a1a10T cTATUYECKON IIOCKOI CTPYKTYPOil, UTO SIBJIAETCS CYIIEeCTBEHHBIM
HEJIOCTATKOM IIPU MOJIEJTMPOBAHUN MYJIbTHANEHTHBIX CUCTEM. B KadecTBe pereHus 9Toit
npobiaembr P. @anbk [20] npensiokus mojaxos “‘ceru-pHyTpu-cereir” (nets-within-nets),
KOTODBINl aKTUBHO pa3BUBaeTcd B Teopun cereil [lerpu kak criocod MojempoBaHus MO-
OUIbHBIX OOBEKTOB B paciipe/ieJeHHbIX cucreMax [3, 4, 6, 9, 13, 14, 15, 16, 18, 19, 21|.

Broxennste cetn [lerpu (NP-cern) [1| — sro pacmupenune cereit [lerpu, B koTO-
poM buIKHU, 3aaf01Ie MAPKUPOBKY CETH, caMu dBJA0Tca cetamu [lerpu. B orymmaune
oT jpyrux pacmmpenuii cereit [letpu ¢ cereBbiMu dbunkaMu, BIOKEHHbIE ceTH 00J1a1a-
10T aBTOHOMHBIM TIOBEJIEHUEM U B3aMMOJIEHCTBYIOT JPYT C JAPYTOM M C OCHOBHOI CETHIO.
Koopaunanus ak THBHBIX 00bEKTOB Ha pa3HbIX ypoBHAX NP-cern obecrnieunBaercs repe-
XOJIaAMY CHHXPOHU3AIUU (OHOBPEMEHHOe cpabaThbIBAHKUE OJIMHAKOBO MOMEYEHHBIX Iepe-
XOJIOB B CMEXKHBIX yPOBHsIX). Mosenn NP-cereii umeror cjiabocBsa3aHHYIO JIMHAMUIECKY IO
MHOT'OYPOBHEBYIO CTPYKTYPY, UTO ITO3BOJIIET €CTECTBEHHBIM 00Pa30M MOJICIMPOBATH Pac-
IpeJieJIeHHble 1 MHOTOYPOBHEBBIE MYJIbTUAT€HTHBIE CUCTEMBI ¢ MOOMJIBHBIMU areHTaMHu.
B paborax [1, 8, 17| 6bu10 nokazano, kak ¢ nomomnisio NP-cereii MojeupoBaTh Takue
MyJIbTUATNE€HTHBIE CUCTEMBI, KaK, HAIPUMED, OJHOPAHIOBLIE CETEBbIE MPOTOKOJIBI, ITPO-
M3BOJICTBEHHBIE TIPOIECCHI, NHTEIEKTYaJIbHbIe cucteMbl. [Toaromy paszpaborka MeTos10B
aHaJIM3a MOBEJIEHIECKUX CBOWCTB BJIOXKEHHBIX cucTeM llerpu sBisercs BaxkHOM 1po0dJie-
MOil.

Ormerum, uro NP-cetn He aBisitorcss ThIOpUHD TOJTHBIME, HO CTPOro 0oJiee BhIpa3u-
TeJIbHBI, 9eM 0ObIKHOBeHHBIe ceTn [leTpu. Tak, MOCTHKUMOCTD, *KUBOCTH M OI'PAHUIEH-
HOCTb HEPa3PeIUMbl JIJIs JIBYXYPOBHEBBIX BJIOKeHHBIX ceteil [lerpu [1]. B c¢Bsasu ¢ sum
OOJIBIIION MHTEpeC TpPeJCTaB/IsgeT pa3paboTKa METOJOB U TOJXOJOB JIIsT UMHUTAIIMOHHO-
ro MoJjieIMpoBanus u Bepudukamu BiaoxKeHHBbIX cereil [lerpu. Droit Teme mocsdinena
HacTosiIas pabora.

Nmvuranuornroe MoJIeIMPOBAHUE SIBJIIETCS BaXKHBIM HHCTPYMEHTOM BaJUJIAIUNA I10-
crpoeHHoit Mojiestn. VMurannonnoe Moje/impoBaHue 1O3BOJISET JIyUIlle TOHATh IT0BeJIe-
HUe MOJIeN, OOHAPYKUTH SBHBbIE 1eEKThl U y3KHe MeCTa B MOBEJICHUN U3ydaeMOil min
paspabaTbiBaeMoii CHCTEMBI Ha PAHHUX CTaIUAX IPOEKTUPOBaHus. VcroHeHne HECKOThb-
KUX TUIMUYIHBIX CIIEHAPUEB MOBBINIAET HAITY YBEPEHHOCTH B KOPPEKTHOCTU MOJIEIH.
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Jpyrum BakKHEHITMM WHCTPYMEHTOM aHAJIM3a MTOBEJIEHYCCKUX CBOMCTB MOJIE/N SIB-
qsiercsd rpad jgoctuzkuMmoctu. Mmes: rpad JOCTUKUMOCTH MOJEIN, MOYKHO C ITOMOIITHIO
ABTOMaTUYECKOI'O aHaJn3a IPOBEPATH BayKHbIE IMOBEJIEHYECKHE CBOHCTBA — YKUBOCTD,
CIIPaBE/IJIMBOCTD, O€30ITACHOCTD, M OOHAPYKUBATH TaKKe J1e(DEKThI IIOBEICHUS, KaK TYIIU-
K1, aKTUBHBIE OJIOKUPOBKH, JIMBEPreHIINN, HAPYIIEHUS YCIOBUM B3aUMHOI'O UCKJIIOUEHUS
u apyrue. s aHaam3a BceX BO3MOXKHBIX HCIIOJHEHUI MOIEH HEOOXOIUMO IIOCTPOUTD
MOJTHBIN Irpad JOCTHKUMOCTH, YTO BOZMOXKHO JIJIS MOJIeJIell ¢ KOHEYHBIM ITPOCTPAHCTBOM
coctosinmii. /11 cucrem ¢ 66CKOHETHBIM HJTU OY€HDb OOJILIITIM YUCJIOM COCTOSTHII BOZMOXK-
HO TIOCTPOEHHE (pparMeHTOB IPOCTPAHCTBA cocTosguuii. Takue pparMeHThl MOTYT OBITDH
OTrpaHUIeHbI MAKCUMAJIHLHOM TUIYOMHOM UCIIOTHEHUS], MAaKCUMAJIbHBIM BPEMEHEM ITOCTPOe-
HUs pparMeHnTa, IUCJOM JIyT, BIOMPAEMbBIX JI/Isi 00X0/1a B y3J1aX BETBJIEHUS, WA IIPOCTO
00bEeMOM TIAMSATH, JOCTYITHON cucTeMe anajm3a. HecMOTps Ha HEMOJHOTY PE3Y/ILTaTOB,
MOJIy9aeMbIX B CJIydae Mojiejieil ¢ O60JIbIUM Un OeCKOHEYHBIM ITPOCTPAHCTBOM COCTO-
SIHUH, aHaJIn3 TaKuxX (PpParMeHTOB CIIOCOOEH BBISIBUTH OOJILIIOE KOJUIECTBO 1e(EeKTOB
MOJIEJIH.

11t TpaKTHU9IecKoro MpUMeHeH!s JTI000T0 ITOBeIeHIeCKOro hopMaIn3Ma HeoOXomMa,
KOMIIbIOTE€pHas MOJJIEPKKA MEPBUYHBIX HHCTPYMEHTOB aHAJII3a MOJIEIeil — UMUTAINOH-
HOT'O MOJEJIUPOBAHUs U MOCTpoeHus: rpada goctuzkumoctu. HecmoTpst Ha J10CTOMHCTBA
NP-cereit, orcyTcTBHE MHCTPYMEHTAIBLHON TOJIEPYKKU JIIT UMATAIIMOHHOTO MOJIETTUPO-
BaHU« 1 anan3a cBoiicTB NP-ceTeit cnibHO OrpaHndnBaeT BO3MOYKHOCTH UX TTPUMEHEHUS
U IPENSATCTBYET JlaJbHEHIIIeMy pa3BUTUIO U PACIIPOCTPAHEHHUIO 3TOTO (popMasnu3Ma.

B nannoit pabore MbI TOKa3bIBAEM, ITO UMATAIIMOHHOE MOJICTUPOBAHUE U BepupUKa-
1o NP-cereit MOKHO ITPOBOINTD IIYTEM HX TPAHCIISINN B PACKPAIIIEHHBIE ceTH VeHceHa.
Packpartennbie cetu [Terpu (CP-cern) [11] — 970 ki1ace cereit Ilerpu BBICOKOrO ypOBHS,
puMevaTe/IbHbI MUPOKUM CIIEKTPOM npuMeHenuii, a rakxke cucremoit CPN Tools [12],
00€eCTIe NBAIONIEH MOITHYIO NHCTPYMEHTATBHYIO MO/IEPXKKY UMUTAITMOHHOTO MOJIETUPO-
BaHUs U aHAJN3a ITOBEJICHYCCKUX CBOMCTB.

Kiaccuueckne BbicOKOypoBHEBBIE ceTu [leTpm BbIpa3suTe/IbHO SKBUBAJEHTHBI OOBIK-
HoBeHHBIM ceTaM [leTpu, B To BpeMms Kak pacKparennbie cetu llerpu, mpomyckaroriue
CYETHOE YHCJIO PA3JINYHBIX IBETOB (HATYpaJbHbIe 4HCya), MoaHbl 10 Thiopunry. Kop-
TEXKHU HATYPAJbHBIX YHCEJ MOTYT OBITH HCIIOJIB30BAHbBI JII IPEJCTABICHUS Pa3METOK
ceTeBBIX (uIlleK BIOKeHHBbIX cereil [leTpu B packparnenubix cersax Ilerpu. Baxkuo or-
METUTh, 9YTO TAKOE IPEJICTaBICHIE XOPOIIO COXPAaHIeT CTPYKTYPY UCXOIHONU MOJIe/n, 00-
Jlerdast ”HTEPIPETAINIO Pe3yIbTATOB.

B pesynbrare Tpancianum 1mo mcxogHoir NP-ceTn cTpouTcst 1OBeJIeHYeCKH SKBUBA-
senTHas eit nieseBas CP-cers. [lociie 9T0r0 mMuTamOHHOE MOJIETUPOBAHNE WJIH aHAJIN3
npoBojisiTcs Ha Testepoit CP-cetn. Pesynbrarsl TakKoro Moie/IMpOBaHNs WM aHAJI3a, NH-
TepHpeTupytoTcd na ucxomanoit NP-cern.

Pabora umeer ciemyroniyio crpykTypy. Pazmen 2 coiep:KUT OCHOBHBIE NMOHSTHS U
ompeie/IeHnsI, CBI3aHHbIE C PACKPAIEHHBIMA U BJIOKeHHbIME ceTssmu [lerpu. Pazaen 3
IIOCBSIIIEH TPAHC/IANNE BJIOXKEHHBIX cereil Ilerpu B packparmrenabie. OOOCHOBBIBAIOTCS
BO3MOXKHOCTU M I10JIe3HOCTH TpaHcasiuu NP-cereit 8 CP-cetn u mcrob3oBaHust WH-
crpymerTapuss CPN Tools st mMHTAIIMOHHOIO MOAeInpoBaHus u aHaam3a NP-cereii.
ABHO BbIjIeIeHBI TPEOOBAHUS K TPAHC/IAINH, HEOOXOIUMBIE JIJISd ITPOBEJICHUS UMUTAIII-
OHHOT'O MOJIeJIupoBaHus u noctpoerus rpada gocrmkumoct B CPN Tools. Onucan aJ-
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TOPUTM TPAHC/ISIINU, YIOBIETBOPSIONIEH yKa3aHHbIM TpeboBaHusM. Pazmenr 4 nocssieH
peammsaruu TpanciaaTopa NPN2CPN. Kparko onmcan mpumep HCIOJIB30BaHUS TOTO
TPaAHCAITOPA I UMHUTAIMOHHOTO MojennpoBannsa u anagmsa B CPN Tools mpocroro
OJIHOPAHTOBOTO MMPOTOKOJa. Pa3mesr 5 comepKuT 3aK/II0UeHIe U ONICaHne HAllpaBJIeHUS
JIAJIbHERIINX UCCIeOBAHUN U Pa3BUTHA WHCTPYMEHTAILHOI 1ojiiepkku NP-cereii.

OTrmeTuM TakzKe, UTO JAPYroil MOAX0/ K pa3paboTKe MPAKTUIECKU ITPUMEHUMBIX Me-
TOJIOB BepupuKaImm BIOKeHHbIX ceTeil [leTpu MoxkeT OBITH CBs3aH ¢ pa3zpabOTKOil -
(heKTUBHBIX AJTOPUTMOB JIJIsl OTAETbHBIX mojkaaccoB NP-cereii. B paborax |7, 8] 6buio
[TOKa3aHO, YTO MPU HEKOTOPBIX YCJIOBUSX YKUBOCTb M OrpaHmdeHHOCTH NP-ceTn moxker
OBITH yCTaHOBJIEHA KOMIIO3UIIMOHAIBLHO, TO €CTh KaK CJIEJICTBHE COOTBETCTBEHHO YKUBOCTHU
U OUPAHMYEHHOCTU €€ KOMIIOHEHTOB.

2. OcHoBHBIE OIIpeieIeHns

[IpuBenennoe maJiee onpeesienne packpalleHubx cereil [lerpu mouru He ormaaeTcs o
kitaccudeckoro [11]. Bioxkennbie cern IleTpu siBJISIIOTCS PACHIMPEHUEM DPACKPAIIEHHBIX
cereit Ilerpu maj crenuaabHbIM yHUBepcyMOM. [losToMy ompesesienne pacKkparmeHHbIX
cereit [lerpu mapamerpusoBano yuuBepcymom 3uadenuit U. Mbl Takke q00aBisseM MeTKN
Ha Iepexoax, HeoOXOMMbIe JIJTsT PeaJT3aIi CHHXPOHU3AIIH TIEPEXOI0B BO BIIOXKEHHBIX
cetax Ilerpn.

CraygaJjia IpuBeJIeM OIpeIeIeHusI, KOTOPble OYIyT MCIOJIb30BaHbl B OCTaBIIEHCS Ja-
ctu paboTsl. Obo3HATAEM C TTOMOITBI0 N MHOXKECTBO HATYPATbHBIX YUCET, BKIIOYast HOJIb.
st MHOXKeCTBa S MysvmumHoscecmseo m Hal S ectb oTobpaxkenue m : S — N. Muo-
JKECTBO BCEX MYJIBTUMHOMKECTB HaJ S obosHadaercs N°. Mbl ucrmonbsyeM + n — Jyis
orepaliii CJIOXKEeHUsT W BBIYUTAHUS JBYX MYJIBTUMHOMXKECTB, U =, <, >, <, > JIJIsd CpaB-
HEHUsI MYJIBTUMHOYKECTB, KOTOPbIE OIpeJIeJIeHbl eCTeCTBEHHBIM obpazoM. Ilycroe Myiib-
TUMHOXKECTBO 0b03HauaeM depes (), a NpUHaIesKHOCTD 3JIEMEHTA, MYy/JILTUMHOKECTBY —
qepes €.

2.1. Packpamennbie cetu Ilerpn

Onpenenmum packparennbie cetu [lerpu uHa yuusepcymom U.

Kazkiag nosunus packparieHHoi ceTn TUNu3npoBaHa moaMuozkecrsoM U. Jlyru mo-
MeUEHBI BBIPAXKEHUSIMU SI3bIKa Frpr HaJi MHOXKECTBOM IIEPEMEHHBIX Var u MHOXKECTBOM
koHcTanT Con. Nmeercst pukcupoBaHHas nHTepIpeTanueil 7, Takast 9To AJjsl 000l co-
IJ1aCOBAHHOI 110 THIaM onienku v : Var — U snauenue I (e, v) € NV poipaxenus e € Expr
ompejiesieno. MHOXKeCTBO MeTOK 1epexojioB Lab He cojepkutT 7. MeTKoil T moMedaroTcst
CKPBITBIE TIEPEXO/Ibl, TOIjIa Kak MeTkaMu u3 Lab momedarorcss HabJII0IaeMble TePEeXOJIbI
ceTu.

Onpenenenune 1. Packpamennas cerb Had ynusepcymom U — amo  xopmeotc

(P,T,F,v,p,\), 2de
o P uT — nenepecexarowjuecsa KOHENHbIE MHONCECTNGA TIOZUIAN U TIEPEXOJI0B;

e FC(PxT)U(T x P) — mnoocecmeo nyr;
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o v: P — 2V - fynryusa TuIOB HozUIH, omobpasicarowan P 6 nodmmrosicecmea U
e p: F — Erpr — ¢ynrxyus MeToK IyT;
e A\:T — LabU {7} — dpynryus METOK MEPEX0JIOB.

Hna packpamennoii cetu N = (P, T, F,v, p, \) nan yausepcymom U pasmemra N
ectb dynkmus m : P — NY, rakas, aro m(p) € N*® nna p € P. [Tapa (N, m) nasbisa-
eTcd pasMedeHHoil cerwio Ilerpu.

[Iycrs N = (P, T, F, v, p, A) — packpaimennast cerb [lerpu. I[lepexon t € T axmueen B
pasMeTKe m TOTJa U TOJIBKO Torjia, Korga JvVp € P (p,t) € F = m(p) > Z(p(p,t),v).
AxTuBHBIN TIEpexoJ1 ¢ MOXKET cpabomamy, MOPOXKIasi HOBYIO pasmerky m/(p) = m(p) —

Z(p(p,t),v) +Z(p(t,p),v) naga kaxaoro p € P (oboznauaercs m iR m').
PasmeuenHasi packpallleHHas CeTh OIPEJIEJISeT CHUCTEMY IePEeXOJI0B, IIPEJICTABIISIIO-
Y0 HAOJII0IaeMO€ TIOBEJICHHUE CETH.

2.2. Bioxeunnnle cetn Ilerpn

Omnpenemmm gaooicernnvie cemu Ilempu (NP-cemu) Kak pacIIMpeHHbIE PACKPAIICHHBIC
ceru IleTpn Haj CHeNUAIBHBIM YHUBEPCYMOM. DTOT YHUBEPCYM COCTOHT U3 JEMEHTOB
HEKOTOPOI'0 KOHEIHOI'0 MHOKeCTBa S (HA3BIBAEMBIX ATOMAPHBIMU (DHUIIKAMU) U pa3Me-
JeHHbIMHU ceTsiMu [leTpu (HaspiBaeMbIMU ceTeBbIME burikamn). st IPOCTOTEI MBI pac-
CMaTpHBaeM TOJILKO JBYyXypoBHeBble NP-cern, B KOTODBIX ceTeBble (DUINKHU SIBIISTEOTCS
packpaleHHbIMI ceTsiMu [leTpun Ha/i KOHEYHBIM YHUBEPCYMOM.

[IycTs S Oyser KOHETHOE MHOXKECTBO aTOMaPHBIX 00bEeKTOB. [[1s1 packparinennoit cetn
[Terpu N ¢ nmomomisio (N, .S) Mbl 0603HAUNM MHOXKECTBO BCEX Da3MEUeHHBIX CeTel,
nostydaeMbIx n3 N j106aB/eHneM pa3sMeToK HaJ yHHBEPCYMOM .

[Iycts Ny, ..., Ny — packparmennbie cetu llerpn man yaumBepcymom S. Ompemennm
yuausepeyM U(Ny,...,Ng) = S UM(Ny, S) U -+ U M(Ng, S) ¢ MHOKECTBOM THIIOB
Q(Ny, ..., Ng) = {S,M(Ny,S),...,M(Ny, S)}. Takue muoxkecrsa M(N,.S) mbr Gynem

Ha3bIBaTb THUIIaMH.

Onpenenenue 2. [Iycmo Lab — mroorcecmso memox nepexodos, u nycms Ny, ..., Ny —
packpawermvie cemu Ilempu nad yrnusepcymom S, 6 Komopwuix 6ce nepexodv. NOMeweHvl
memramu u3 Lab U {T}. NP-cemv onpedesum xax wopmesc NP = (Ny,..., Ny, SN),
ede Ny, ..., N nasviearomca ssemernmuoimu cemamu, u SN nazvieaemcs cucmemnoli
cemvro. Cucmemnas cemv SN = (Psy,Tsy, Fsny, v, p, A) — 2mo packpawennas cemo
Ilempu nad ynusepcymom U = U(Ny, ..., Ni), ede nosuyuu munusuposanv, Munamu u3
Q = Q(Ny,...,Ni), nepexodu. nomeuenv. memramu ud Lab U {7}, a azwx memor dye
Expr onpedesen, xax nokasano wusce. s xpamrocmu 2080pum, 4mo nO3UUUL Muna
M(N,S) umeem mun N .

Iycmv Con — mmuoorcecmeo Koncmarnm, unmepnpemuposannms wad U u Var — mmo-
24CECMBO NEPEMEHHBLT MUNU3UPosartvr 2-munamu. Tozda evipasicernus asvika Expr
CYMB MYALMUMHOACECTNEA dnemernmos odnozo muna nwad Con U Var ¢ deyma donoa-
HUMEALHOMU 02DAHUMERUAMY 0AA Kadtcdoz2o nepexoda t € Toy:
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1. KomcmanmovL U MHONMCECTNBEHHOE BTONHCIEHUE NEPEMEHHOT HE DONYCKANOMCA 6 Gbi-
PAAHCEHUAL HA BTOOHVT AY2aL nepexodos;

2. xaocdas NEpeMeHHas U3 SuPaANtCeHUl Ha BuTo0HuIT Jdyzar mepexoda t doascHa
BCMPEUAMBCA 6 0OHOM U3 BPAANCEHUT HA BLOOHBIX 0Y2aL IMO20 NEPETOIQ.

B cuny nepBoro orpanudeHus HeJb3sd TPOBEPUTH PABEHCTBO BHYTPEHHUX PA3METOK
ceTeBbIX buriek. Be3 Takoro orpaHmyuenns MOKHO PEAJTHM30BATH IIPOBEPKY Ha HYJIEBYIO
pa3MeTKy ceTeBbIX dutiek u ¢popmasnsm NP-cereit cranoButcest ThiopuHr moabM. Bro-
poe orpaHUYeHre UCKJIo9aeT OeCKOHEeYHOe BETBJIEHUE B CUCTEME IE€PEXOJIOB, ITPECTaB-
Jstronieil nosenenue NP-cern.

Pasmeuennas sjeMeHTHas CceTh HA3BIBAETCs CETEBO (PUIIKOI, a 9JIEMEHT MHOXKECTBa,
S — aTromapHoOil (DUIIKOIA.

Pasmerka NP-cetn mosiHOCTBIO olpejessieTcss pa3MeTKoi ee CUCTeMHO cetu. Pas-
MerKa B NP-cetn orobpazkaer KaxKIyio MO3UIIUI0 CUCTEMHON CceTH B MYJIBTHUMHOXKECTBO
ATOMAPHBIX WJIA CETEBBIX (DUIEK COOTBETCTBYIOIIETO THUIIA.

IToBenerne NP-cetn cocTonT m3 Tpex BUIOB IIAr0B. JAEMEHMHO-ABMOHOMHYIT Wa2 —
9TO cpabaTbhIBaHUE IIepexojia, MOMEYeHHOrO T, B OJIHON W3 CeTeBBbIX (DUINEK TeKyIeit
pa3MeTKH, B COOTBETCTBUM ¢ OOBIYHBIMU ITPABUIAMU CpabaThIBAHUSA JIJIsT pACKPAIIeHHBIX
cereit [Terpu. Takue cpabaTbiBanus U3MEHSIIOT TOJIBKO BHYTPEHHIO Pa3MeTKy OJIHON 13
CETEBBIX (DUIIIEK.

Cucmemmo-asmornommwill wae — 970 cpabaTbIBaHUE IEPexXoa, MTOMEIeHHOTO T, B CU-
CTEMHOI CETHU, B COOTBETCTBHUM C IPABUIIAME CPadaTbIBaAHUs JIJIT PACKPAIIECHHDBIX CETei
Ilerpu, Kak ecim ObI cereBble (PUIIKK OBLIN IIPOCTO PACKpAIIEeHHBIMU (QUITKaMu 0e3
BHYTpPeHHell pa3MeTKd. ABTOHOMHBIA IIar B CUCTEMHON CeTH MOXKET IlepeMelarThb, KO-
[IUPOBATH, T€HEPUPOBATH UJIU YHUUTOXKATH (PUIKHU, 38/1€iCTBOBAHHBIE B 9TOM IIfare, HO
He MOXKET U3MEHUTH UX BHYTPEHHUE PA3METKHU.

Hlae (sepmukasvroti) CuHTPOHU3AUUY — ITO OJHOBPEMEHHOE CpabaThIBAHNE TTEPEXO-
Jla, IIOMEYEHHOI0 MEeTKO# A € Lab, B CHCTEMHOIl ceTH BMecTe cO cpabaTbhIBAHUEM IIe-
PEXOJIOB, MOMEYEHHBIX A, BO BCEX CETEBBIX (DUINKAX 3aJIefiCTBOBAHHBIX (IIOIJIOMIAEMbIX )
cpabaTbIBaHUEM 3TOIO IePeX0/la CUCTEMHON CEeTH.

Taxkum 06pazoM, mar — 3T0 MHOXKECTBO IEPEXOJI0B (OHOIEMEHTHOE MHOYKECTBO B
ciTydae aBTOHOMHOTO mara). Mer o6osragaem M - M’ To, 4TO cpabaThBaHHe TIIara s
npeobpasyer pasmerky M B pasmerky M’. OmnmcanHble Iard eCTeCTBEHHBIM 00pa3oM
onpe/ienisiior nopegerne NP-cetn B Bujie CuCTEMBI 1I€PEXOJIOB.

Heranbroe onucanue NP-cereit moxkuo naiitu B |15, 1|. B manuoii crarbe Mbl paccmar-
puBaeM TUNU3UPOBaHHLIN BapuanT NP-cereil, B KOTOPOM it KazKJI0i TIO3UITIMHU OIIPeJie-
JIEH €€ THUIIL.

3. Tpancagnus BJIoxKeHHBIX ceTeii IleTpu
B pacKpallleHHbIe

B 3aBucuMocTu ot TOTO, KAKOil BUJI aHAJM3a TPeOyeTCs TPOBECTH JIJIs UCXOTHOW MOJIE/IH,
BOBHUKAIOT Pa3/InIHbie TpeOOBAHUS, HAKIaIbIBAEMbIe Ha TpaHcsdIuio. IlepBoe TpedboBa-
HIE CBSI3aHO ¢ HEOOXOIMMOCTBIO ITPOBOINTH UMUTAIMOHHOE MojeupoBanue. [lis umura-
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IIUOHHOI'O MOJICJINPOBAHUS HEOOXOIMMO, UTOOBI I1e/IeBast MOJIE/Ih HA KaXKJIOM IIare BeJia
cebsT Tak Ke, KaK MCXOJHAs MOJEIb. DTO O3HAYAET, 9TO MOJE/b JOJKHA IIpeJiararh
TaKoil »Ke BBIOOD JleficTBUil 1 cpabaThiBaHNe BHIOPAHHOIO JIEHCTBUs JOJI?KHO IIePEBOINTD
IIEJIEBYIO MOJIC/Ib B COCTOSTHUE, MOJI00HOE COCTOSTHUIO MCXOJIHOM MOJIEIN TMOCje cpadaThl-
BaHUs TaKoOro ke JeiicTBus. [Ipu 9ToM moryckaercs, 9To 1eaeBoil Moge i HeoOXO MO
COBEPIIUTH HECKOJIBKO IPOMEXKYTOUHBIX ITAroB, COOTBETCTBYIONINX OJHOMY Iary B HC-
xoHOI Mozenu. OnucanHoe TpebOBaHUE SBJISIETCS IO CyIIECTBY HeOPMAaIbHBIM OIN-
CaHMeM OTHOIEHHS CJa00i OMCuMy/Isaun. 3aMeTUM, ITO OIMCaHHAs JajIee TPAHCISIIIIST
obecrieunBaeT Jraxke 0oJjiee CUJIBHOE OTHOIIEHUE CUJILHON OMCUMYJISIINAN.

Bropoe TpeboBanne BOZHUKAET U3 HEOOXOIUMOCTU CTPOUTD I'pad JTOCTUKUMOCTH JIJIsd
UCXO/THOM MOJIEJTH TIO TIeJIeBOI Mojiesin. [Ij1g Toro 9To0s! 1o rpady JOCTHKUMOCTH TIesIe-
BOIl MOJIe/I MOXKHO OBLJIO aHAJIU3UPOBATH MCXOIHYIO MOJIE/Ib, HEOOXOIUMO yCTAHOBHUTD,
KaKiuM 06pa30M y3JIbI IIOCTPOEHHOTO Tpada JTOCTHAKUMOCTH (COCTOSTHUS TOJTY YeHHO MO-
JIeJIN) COOTHOCATCS ¢ COCTOSTHUSIMU MCXOIHON Mojiesin. Jlajiee Mbl yCTaHOBUM B3aMMOO/I-
HO3HAYHOE COOTBETCTBUE MEXKJIy COCTOSHUAMU MCXO/THONW U TOJIYIEHHOM MOJICIN.

Haxkomner, Tperbe TpeboBanue 00yC/IOBJIEHO aJITOPUTMOM ITOCTPOEHUs rpada J0CTH-
)uMocTr B nHCTpyMenTe (State Space Tool) u3 nactpymenrtapus CPN Tools. st kop-
PEKTHOrO IMOCTpOeHUs rpada JOCTHKUMOCTH HEOOXOIMMO, UTOOBI cpabaTbiBaHue Iepe-
XOJa Tpn JIo0oi 3aaHHoi oreHke B CP-ceTn 0HO3HATHO ONpEIEssIo Caeyolee co-
crosiaue CP-cern [22], r.e. mosyuaemast CP-cerb j1o/kHa OBbITH JIeTEPMUHUPOBAHHON OT-
HOCHTEJILHO cpabaThIBaHus Iepexojia. B dacTHOCTH, 9TO HAKJ/IaIbIBAeT OrpAHUYICHUs Ha,
peaJin3aIio Mepexoi0B BepTukaabHoil cuaxporusaiiuun NP-cetu B mosryuennoit CP-cern,
4TO OYIET PACCMOTPEHO MPU MTOCTPOCHUU TPAHC/ISATIAN.

Taxum obpazoM orpeie/ieHbl ciieryomue TpeboBanns K Tpaucsiuu NP-cereit B CP-
CeTu: 10/1001e MOBEeJIEHUI MCXOTHOM 1 11eJIeBOl MOJIesIN; COOTBETCTBIE COCTOSTHUN NCXO/I-
HOH W Te/IeBO#l MOJIE/IN; COBMECTUMOCTD TIEJIEBBIX MOJIEJICH ¢ aJITOPUTMOM TOCTPOCHUS
rpada moctmkumoct B CPN Tools.

AnaropurMm tpancasnuun NP-cereii B CP-cetnu

Ormumem tpanciasamuio NP-cereit B CP-cern. [lna 3agannoit NP-cetu NPN =
(Ny,..., Ng, SN) ¢ magamnbHoil pasmerkoit My pesynbrarom tpascssamun 6yaer CP-cers
CPN = (P,T, F,v,p, A\, mg), KoTopast yJOBI€TBOPsieT KPUTEPHIM, [IePEUNCTEHHBIM Bbl-
mre.

Hna nannoit NP-ceru NPN = (Ny, ..., Ni, SN), ctpykrypa rpada cooTBEeTCTBYOIIEl
CP-ceru CPN = (P, T¢, Fo,v, p, A, mg) nonobua crpykrype cucremuoii cetu SN. Oj-
HoBpeMeHHO ¢ nocrpoennem CPN ompenessiem oueknuio trp : Pgy — Po U CIOpBHEKITNIO
trrp : TsyU Ty U---UTN, — Te. llepBasg dyHKIms oToOparkaeT MO3UITUU CUCTEMHOM
cetn Ha nozutun nejieBoit CP-cetu CPN, a BTopast 0ToOpaszkaeT mepexo/ibl CUCTEeMHON 1
9JIEMEHTHBIX ceTelt Ha nepexobl CPN.

Tpancaganus cocTOUT U3 CJIELYIONIUX AT IIIAroB.

IITar 1 onpenenster mosuruu CPN. Jns kaxkmaoit mosunun p € Pgy B CHCTEMHOI ceTn
/

SN NP-cetu NPN crpourcst HoBas nosutus p' € P, u 3amaem trp(p) = p'.
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Ecnu nozurus p 8 SN tunusupoBaHa MHOYKECTBOM S aTOMapHBIX 00bEKTOB, TOT/IA
p = trp(p) Takxke tunmsuposana S B CPN.

[Tycrs Teneph p TunmsupoBaHa 3jeMeHTHOR cetbto F B SN. Torma mosunust p’ =
trp(p) 8 CPN Gyjer TuOH3MpOBaHA MHOXKECTBOM BEKTOPOB HATYPAJbHBIX UHCEN
(KOpTeKN HATypaJbHBIX YUCEN), TJe Pa3MepHOCTb BEKTOpa paBHA Pa3MEPHOCTH
pa3MeTOK 3JeMEHTHOU ceTn F, T.e. MOITHOCTA MHOYKECTBa MO3UINMil B .

Torna rpadosas cTpykTypa cereBoit dbutiku orpeiesnsercs turioMm nozuiiuu CPN, B
KOTOPOU pacnoJjiaraercd duika. Pazmerku cereBoit (putiiku Oy 1y T peIcTaB/IgThCs
KaK BEKTOPBbI HaTypaJIbHbIX YUCE/JI B COOTBETCTBUU CO CTaHJAAaPTHBIM BEKTOPHBIM
npejicraBierneM pasmetok cereil [Terpu. C omornpio ¢y, (M) obo3Hataem KOpTexk
HaTypaJbHBIX YUCE/]I, TIPEJICTABIAIONUX pa3MeTKy M.

CPN Tools noiepKuBaeT KOpTexKM, HO UMEET OIPaHUIeHHs Ha Pa3MEPHOCTh BEK-
TopoB. ITo3TOMY /1JIsT IPEACTABICHNS BEKTOPOB HATYPAILHBIX YHCE/T HCIOIb3YIOTCS
criuckn s13pika. CPN ML. Oneparun sat BekTOpamu caooicenue(ms_add), aekcuro-
epagpuneckoe(ms_comp) u nossemenmnoe cpasrerue(ms_comp el) peasn3oBaHbI
kak yukiun Ha g3bike CPN ML, 9Tn dbyHKInn ncnoab3yoTes B BbIPAKEHUIX
Ha Jlyrax Jijist SMyJsnun cpabarbiBanuii nepexonos NP-cern.

ITlar 2 3agaer snemenTHO-aBTOHOMHBIE nepexonnl B CPN. Ina Kaxkaoil nosunun p €
Pgy, TunusupoBaHHOil 3j1eMeHTHON ceThio E = v(p), u jyist KaxKJ0ro nepexoja
t € Ty, moOMeYeHHOr0 T, CTPOUM HOBYIO nepexoi-tiermio ¢ 8 CPN u oupenesnsem
trr(t) = t'. Tlepexon t' mmeer omuy BxogHy®O nyry (trp(p),t’) mommucaHuyto 1e-
PEMEHHOI I COOTBETCTBYIONIErO THIIA IEJIOYMCICHHLIX BEKTOPOB. EauHcTBeHHas
BoIxosiHas ayra (', trp(p)) nonmucana “ms_add x te”, Tae te — 910 pasHOCTH pe-
3yJILTUPYIONIEH U MCXOAHOM pasMeTKH IpH cpabaThIBAHUN Iepexoaa t' B BEKTOPHOM
[IPeJICTaBJICHIH.

Yr0o0bI n30€KaTh HENPABUIbLHBIX CpadaThIBAHUN, HAKJ/IA/LIBAEM YCJIOBUE CPAOATDHI-
BaHUA Ha t JJIs MPOBEPKU aKTUBHOCTH Iepexojga — “ms_comp el x prete”, rie
prete — 9TO HEOOXOAMMOEe TPEYCIOBUE B BEKTOPHOM IIpejicTaBieHnn. Pesyiabrar
IIPUMEHEHNUs] JTAHHOTO Iara MpouuIrocTpupoBan Ha Puc. 1.

ITlar 3 3agaeT SMyJIANUIO CUCTEMHO-aBTOHOMHBIX IepexoJoB. JIIs KaKIoro mepexoa
t € Tsy, momedeHHoro 7, cTponM HOBBI mepexon t' B CPN u 3amaem trp(t) = t.
Hna kaxnoit qyru f = (p,t) wm f = (t,p) B Fsy nobasisgem nopyto ayry f' =
(trp(p),trr(t)) win, coorBercrBenno, f' = (try(t),trp(p)), momedennyio psy(f).
DTOT mar NpomLICTpupoBan Ha Puc. 2.

HTar 4 szajaer smysdanuio rmepexo/ioB cuuxporusanuu. /s kaxkporo nepexoja t € Ty
C METKOW CHHXPOHM3AIMU CTPOUM HOBBIA mepexoji t', KOTOpBIi SMyJupyer Iiari
BepTuKaabHOI cuaxponnsaiuu B NPN. CpabaTbiBanue Hepexojia CUHXPOHU3AINN
COCTOUT U3 OJHOBPEMEHHOI'O ¢pabaThIBAHUs CUCTEMHOIO IIepexo/ia 1 cpabaThIBAHIIT
ePEXOJI0B C TAKOM K€ METKON CHUHXPOHU3AIMM B KarKJOH BOBJICYEHHOU CETEBON
durmke. Takum obpaszom, [lar 4 — sto kombunanus [laros 2 u 3. Beipaxkenus na
JIyrax, OIHUCHIBAIOINe CpabaThIBAHUs MEPEXOI0B B CETEBBIX (DUITKAX, IPUITUCHIBA~
eM K Boixoasmum ayram t' B CPN. JlobasisieM ycaoBus cpabaTbiBaHus aHAJOITIHO
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P3

[ms_le_el [1,0,0,0] x]

t1

Xr
input(x);
output(xr);
action
let

val rs = ms_add(x,[~1,1,1,0]);
in

(rs)

end;

[ms_le_el [0,0,1,1] x]

[3,0,0,2]
g\PO 1°3,0,0,2]
LIST_INT
X Xr

\ 4
t2

input(x);
output(xr);
action
let
val rs = ms_add(x,[1,1,~1,0]);
in
(rs)
end;

Puc. 1. [Ilar Tpancagmun i 3JIeMEHTHO-aBTOHOMHOI'O TIEPeX0/1a

V41

1O

P2 \fl?(:@

P4

€Yol

P

[3,0,0,2]

X ++y

LIST_INT

[1,0,0,1]

(n IDEG0]

LIST_INT

Puc. 2. Illar Tpancadgmus /st CHCTEMHO-aBTOHOMHOI'O IIePexXoia

[Tary 2. Pesynbrar npumenenus [llara 4 nmpoutoctpupoBan Ha Puc. 3. Mbr ne
paccMaTpuBaeM Bce TeXHUYECKUe PelleHus I peajsu3anun Tpancdnuu. OTHAKO
3aMEeTHM, UTO B cJIydae, Korja 60j1ee 0HOro Iepexoia IoMedeHO OJUHAKOBOM MeT-
KOl CHHXPOHU3AIUU B 3JIeMeHTO# cetn N, TO cpabaTbiBaHUe MEPEX0ja CUHXPOHU-
3aIMU C OICHKON v, 3aJIeficTBYIONIEl ceTeByIO UMKy Tumna [N, MOXKeT U3 JTaHHOTO
COCTOSIHUS TI€PEBECTU CUCTEMY B Pa3JIMIHbIE COCTOSHUA B 3aBUCHUMOCTHU OT TOTO,
KaKOil M3 OJIMHAKOBO MTOMEYEHHBIX MIEPEXOJI0B CeTeBOH (UK ObLIT 3a/1eiCTBOBAH
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input(x,y);
output(xr,yr);
action

let

A val rsi1
% val rs2
y2 \i‘/ﬂ in
(rsi,rs2)
°
3 =0

end;
D3 ty Do [ms_le_el [1,0,0,0] x, ms_le_el [1,0] y]
Q/‘ X [3101012]
1°[3,0,0,2
.
/ LIST_INT

ms_add(x,[~1,1,1,0]);
ms_add(y,[~1,1]);

[2,0]

LIST_INT

LIST_INT
m [ms_le_el [0,0,1,1] x, ms_le_el [1,0] y]
\ input(x,y);
output(xr,yr);

action

A
OO
. ty s val rs1 = ms_add(x,[1,1,~1,0]);

val rs2 = ms_add(y,[~1,1]);
in

(rs1,rs2)
end;

Puc. 3. Ilar Tpancagmun i rmepexoia CHHXPOHUBAIINN

B IIare CHHXpoHu3anuu. B cuy orpanumvenus 3, TaKoil 1epexoji He MOXKET ObITb
peaim30BaH C MOMOIIBIO OJTHOTO Tepexoia B Konctpyupyemoit CP-cern. Tlosromy
JIJIsT KarK I0i BO3MOXKHOI KOMOMHAIIMH I1ePeX0I0B CUCTEMHON 1 3JIeMEHTHBIX CeTell,
BOBJIEUEHHBLIX B CpabaTbIBaHUE, CTPOUTCS OTAEIbHBIN ITePEeXO.

ITar 5. Ilycts My — maganbhaas pasmerka B NPN. Ormerum, aro pasmerka NP-cern
NPN ornpejniesiena Kak pa3meTka ee cucremuoit cetn SN. HadanbHyio pa3merky
myg 1teseBoit CP-cetu C'PN noyduM cieayronmM obpasoM. s KaxK o mo3uimm
p € SN, THIM3UpOBaHHON aTOMapHBIM THIIOM, 1ycTh mo(trp(p)) = Moy(p), a mia
HOBUIMH P, TUIA3UPOBAHHON 3J1eMeHTHOM ceTbio, mg(trp(p)) = tra(Mo(p)).

Teopema 1. Ilycmv NPN — pasmevwennas NP-cemwv, u nycmv CPN — pazmeyenran
CP-cemn, noayuennas xKax pesaysomam onucannot eviwe mpancisyuy. Toeda NPN u
CPN bucumyaapmot.

IIycte SN — cucremnas cers B NPN. Ilycts 9(NPN) u MM(CPN) — MuoxecTBa BCEX
nocTmKUMBIX pasMerok st NPN u CPN coorBercrBerno. Onpepennm orHomenne R C
M(NPN) x M(CPN), rakoe uro (M, m) € R Torjia u TOIHKO TOI/IA, KOT/Ia /I KazK oM
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p € SN, THIU3UPOBAHHOI aroMapHbIM THIIOM, Mo (trp(p)) = My(p), n u1a Kaxoi p €

SN, TUIIN3UPOBAHHON 3JIEMEHTHOI CeThIO, Mo (trp = try (M, . To, uTo oTHOIIEHNE
) ) )

R siByisieTcst GuCHMYyJIsIIieit, HATIPAMYIO CJIEJLyeT U3 OIPeJIeJIeHUsT TPAHCIISIIIIH.

4. Peammzamma um anpodamms

(Egs(pipe):

Puc. 4. NP-cerb, Moziesmpyionias mpocToil 0JJHOPAHTOBbIH TPOTOKOJI U3 [§]

Ornmcannast BbIllle TpaHCIANMA Oblla peajn3oBaHa B Buje TpaHciagTropa NPN2CPN
Ha s3bIKe Java. B KadecTBe BxXomHOrO daiiyia TpaHC/IATOp HoJgydaer onucanue NP-
cetu B popmare XML. Pesysibrarom padorsl TpancisaTopa sBjisgerca daiii B popmare
CPN Tools, comep:kammit neneByio CP-cerb. Tak kak mosyuennast CP-cers siBistercs
UCIIOJTHUMOM, TO CTAHOBUTCS BO3MOYKHBIM ITPOBECTH WMHUTAIIMOHHOE MOJIE/IMPOBAHUE C
MTOMOIIBI0 HHCTpyMeHTa Simulation tools minm aHaj m3 TPOU3BOIUTETHHOCTH C TOMOIIHIO
Mexanm3ma Monitors u pyuakiun CPN‘Replications, mo3Bosisiorieit aBToMaTuyecKu mpo-
U3BOJIUTH HECKOJILKO uctosineHuii mnesiesoit CP-ceru. [lombiit rpad moctuzkuMocTn wim
ero HadabHbI pparmernt CP-cetu MoxkeT OBITH MOCTPOEH € TOMOIIBIO MHCTPYMEHTa,
State space tools. Ecim npocrpamctBo cocrostauit CP-cetn HebosbIIOE U yIaeTcst mMOJI-
HOCTBIO TOCTPOUTH T'Pad JTOCTUKUMOCTHU, TO CTAHOBUTCS BO3MOXKHBIM IPUMEHUTH BCE
HHCTPYMEHTHI aHajm3a State space tools — MpoOBEPKY JOCTHKUMOCTHA Pa3METKU, YKUBO-
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© CPN Tools (Version 3.2.2, October 2011) =N N
»Tool box
»Help
= Options
¥ PRS.con [ ms_le_el[0,1,0] %, ms_le_el[0,1] v, ms_le_el[0,1,0,0,0,0,0
Step: 1
Time: 0
» Options
» History
¥ Declarations
» Standard p
»Standard d
» Monitars
MNpnAsCpn

Binder 0
NpnAsCpn

input(x,y,z);
output{xr,yrzrl”
action

0,0,0,1,0,1,0,0,1,0]

Fads, 1.6 ]
5 [

input{xIn); input(xIn); input(=In); nput(xIn); input{xIn); inﬁ\mmﬁ}); X
output(xInr);  output(xInr); output(xInr); | putputixInr); output{xInr) SRR
action action action action action ss

let let | & let

Vel rs = ms_addatr = 1S3 mGae A aesg .06 erer &2 [] pehediss 1091
in in in ™ in 55 c o L

(rs) (rs) (rs) ) (rs) o stats

end; end; . end: . 1 qd; . OEﬁ g.w dintbounds
mpu%“h)’ I:l a g qL‘Jmu\tbounds
)

output(xInr); .
actian s o homemark

let ?U_, P.. o deadmark
val rs = ms_add(xIn,[1,~1,0,0,0,0,1,~1,0,01); 1 BdeadTl
in oliveTl
ofairness

None

Puc. 5. CPN Tools ¢ 3arpyKeHHbIM PE3Y/IbTATOM TPAHC/ISIIIUN

CTH, CIIPABEJINBOCTU U JIPYIUX CBOMCTB, a TakxKke nHcrpymenT ASK-CTL mjsa npoBepku
BBITIOJTHUMOCTH TEMIIOPAJIbHBIX CBOWCTB, BbipakeHHbIX Ha paciupennn CTL jorukuy,
nasbeBaemoit ASK-CTL. Ecian yaaercs mocTpouTh TOJIBKO HAYaIbHBIA (bparMeHT rpada
JIOCTHKUMOCTH, TO HeJIb3sI MIPOBEPUTH TJI0OAIBHBIE CBOWCTBA CUCTEMBI, HO COXPAHSIETCS
BO3MOXKHOCTb OOHAPYKUTDH J1e(PEKThI CUCTEMbI, TTPOSIBJISIONINECT Y2Ke B HATaJ € UCIIOJTHE-
Hug cucrembl. [Ipu oOHapyKeHUM TaKoTo JIeheKTa MOXKHO MOJIYIUTh KaK JOCTUZKUMYIO
pasmetky tesieBoit CP-cetu, Tak u myTh U3 HaYaJbLHON pPa3METKU B JIAHHYIO pa3MeT-
Ky. OJIHAKO JIJIsT MHTEPIIPETAINN [TOJIYIeHHON pa3sMeTKu UJIu Iy Tu Ha ucxo ot NP-cetu
HEOOXOINMMO OCYIIECTBJIATE STOT IIEPEBOJT BPYIHYIO, UCIIOIb3Ys MeTO/, onucanubiii B [11a-
re 5. HecMoTpsi HA TPOCTOTY TAKOTO IIEPEBOJIA, 3TO 3aTPYIHAECT HHTEPIIPETAITIIO JITAHHBIX
nyTeil u siBJSeTCS HeJOCTATKOM TEKYIEel peaim3alinui.

TpaucasaTop ObLT apoOUPOBaH HA HECKOJIHKUX HEDOJIBIINX MOJEIbHBIX IIPUMEpPax.
PaccmorpuMm, B wactaocTn, anamm3 NP-cetn, nzodpaxkennoit Ha Puc. 4, mojenupyroreit
POCTOIl OJJHOPAHTOBBIN TIPOTOKOJ U3 cTaThi [8]. C MOMOIIBI0 TpaHCAAIMN ObLIa MOy~
veHa moBesienveckn skBuBasienTHass CP-cers. Ha Puc. 5 mokazano okao CPN Tools, B
KOTOPOM OTKPBIT ¢pparMenT nojydeHnoit CP-ceru. Ha pucynke BuiHO 60JIBbIIOE KOJIHIE-
CTBO IIEPEXOJI0B, KOTOPbIE MOIYyYalOTCsI B Pe3yJabTrare rmepedopa BCeX BO3MOXKHBIX ITArOB
BEPTUKAJBHON CHUHXPOHU3AIMK JIJIsI KAXKJIOr0 Iepexojia CHHXPOHU3AINN CUCTEMHOI ce-
TH, & TaKXKe MOCTPOEHUS IEPEeX0I0B-TIeTeIbh B KarXK0W TMO3UINN JIJIT BCEX BO3MOXKHBIX
9JIEMEHTHO-aBTOHOMHBIX ITaroB. OIHAKO COOTBETCTBUE MEXKIy MO3UIMAME U pa3MeTKa-
MU TIEJIEBOI U UCXOJIHON CETH yCTaHaBJIMBACTCS JIETKO.
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Bout ipoBejien anaims Mojie/id, COOTBETCTBYIONIEH HAYAIbHON KOH(MUTYPAIIUH TIPOTO-
kousa ¢ 10 kiameraTamu, 10 mocTaBiukaMu JaHHBIX 1 10 ZOCTYIHBIMI KaHaaaMu. AHaIu3
OBLT IPOBeJIeH Ha KoMIibioTepe ¢ mporeccopom AMD Brisbone 2.2 GHz, oneparmonHoii
cucremoit Windows Vista n macrpymerrom CPN Tools 3.4.0. 3aMepbl BBITOJIHSINACH C
nomortpio crapgapraoro nncrpymenta Windows Reliability and Performance Monitor.
I'pad poctukumoctu cogepxkut 13013 y310B u 6611 mOCTpOEH 3a 76 cexkyn. KomOu-
HUPOBaHHAs IIPOBEPKA JKUBOCTHU, MOUCK OMOPHBIX pasmeTok (home markings) m rpa-
HUI[ pa3MeTok ro3unuii 3ansaan 106 cekyni. [IpoBepka cripaBejIMBOCTH BBITIOJIHAIACD
154 MuHYTHI U TTOKa3aja HaJNYne HeCIpaBeINBLIX MIepexoioB. Takzke OBLIO TPOBEPEHO
HECKOJIBKO MOBE/IEHYECKUX CBOMCTB cuCTEMBI, BhipaskeHHBIX Ha s3bike ASK-CTL. Hampu-
Mep, IIPOBEpPKa CYIIECTBOBAHUS IIyTell, B KOTOPBIX HadaJIbHASA pa3MeTKa He BCTPEUAeTCS
(NOT(POS(NOT(EV(NF (‘*’,IsInitial))))), sanana 12 cexynu. B pesyiabrare aHammsa
ObLTM OOHAPYKEHBI HEJIOCTATKU MTOCTPOEHHON MOJIE/IN W JIOCTUTHYTO JIyYIllee TTIOHNMAHHIE
pPabOTBI MOJIEJIUPYEMON CHCTEMBI.

5. 3akJjiroueHue

B »sroit pabore paszpaboraHa TpaHC/ISINUA BJIOXKEHHBIX cereil IleTpu B packpaliieHHbIe
cetn 1 0OOCHOBAHO MIPUMEHEHUE ee JJIsT UMUTAIIMOHHOTO MOJETMPOBAHUS U aAHAIN3a BJIO-
JKeHHBIX ceTeil cpejcrBamu uHctpyMeHTapus CPN Tools.

N nes rpancigmuy Mojiesiei oiHoro hopMaim3Ma B JIPYTOil € 1eJIbI0 UCIIOIb30BATH CY-
IIECTBYIOMIUI NHCTPYMEHTAPHUil B KadeCTBE BUPTYAJbHON MAIIUHbBI JIJIT UMUTAITMOHHOTO
MOJIEJINPOBAHNS U aHAJIM3a UCXOIHBIX Mojeseit ne HoBa. Hampumep, Tor :xe CPN Tools
UCIOJIB3YETCS B KAaUeCTBe BUPTYyaJIbHON Mamuubl st ucnoynenust EPC mogeneit B un-
crpymenTe Prom u B uacrpymente YAWL. YAWL B cBoto odepeib UCIOB3yeTCsT B Ka-
JecTBe Tes1eBoro sa3bika B uacrpyMentre BPMN2YAWL s BPMN mogpesneit [10].

[IpenmoskenHast TpaHcsius peann3opana B Buje nHcrpymenTapus NPN2CPN, ko-
TOPBIN TTO3BOJISET TPOBOJNTH UMUTAIIMOHHOE MOJEINPOBAHUE W AHAJIM3 TTPOU3BOTUTE b
noctu NP-cereit ¢ momombio CPN Tools. B ciayaae NP-cereit ¢ koneunbiM 1 He OYU€HD
OOJIBIITNM TTPOCTPAHCTBOM COCTOSTHUI, KOTJIA Y/IaeTCs MOJTHOCTHIO IIOCTPOUTD rpad J0CTH-
kumoctH, ucrnob3oBanrne NPN2CPN mo3Bosister 1omo/tHITe I5HO TPOBEPUTH UCXOTHY O
cucTeMy Ha OTPaHUYEHHOCTH, & TaKyKe MCIo/Ib30BaTh Bech (pyrkimonaa CPN Tools s
aHaJIM3a MOBEJIEHIECKUX CBONCTB M IPOBEPKU BBIIOJHUMOCTH TEMIIOPAJIbHBIX (DOPMY.I.
B ciayuae cucrem ¢ OosbIiuM uain O€CKOHETHBIM IIPOCTPAHCTBOM COCTOSTHUI TTOI00HDIM
aHaJIN3 MOBEJICHIECKUX CBOWCTB W IPOBEPKA TEMIIOPAJIbHBIX (DOPMY/T BO3MOXKHA TOJIb-
KO Ha HadaJbHOM (bparmente rpada gocrmkumMocTr. OIHAKO Jayke aHa N3 HAYATBHO-
ro pparmeHTa UMeeT MPAKTUIECKYIO IEHHOCTb, T.K. MHOTHE JIe(DEKTHI ITPOSIBISAIOTCS Ha,
HCIIOJTHEHUSAX HeOOJIBINON TyyOuHbl. PaszpaboTaHHbIil 110X0/ YCIIENTHO alrpoOupoBaH Ha,
HEOOJIBIITNX ITPUMEPaX.

OtmeTuM, 9TO B HACTOLAIIEE BPEMs PE3YJILTATHI AHAJIN3a [EJICBO MOJIE/N TPUXO/IUT-
¢ MHTEPIPETUPOBATh Ha MCXOJIHON Mojen “BpyuHylo . B ciaydae maiijennoro jedek-
Ta MOJIb30BATE/h CaM JIOJIZKEH OCYIIEeCTBUTH IEPEBOJ] COCTOSIHUST WU UCTOPUN MCIIOJTHE-
HUs 0OpaTHO, Ha A3bIK NP-cereil. XoTsa Takoil 1mepeBo/i JOCTATOYHO MPOCT, YKa3aHHbIMI
HEJIOCTATOK 3aTPYyIHAET IMPUMEHEHNE TeXHOJIOTUN JIJisi OOIBIINX cucTeM. B najbHeiinem
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[PeIIoIaraeTCa PeaJn30BaTh KOMILIOTEPHYIO HOIIEPKKY UHTEPIPETALMA PE3y/ILTATOB
aHAJIN3a Ha MCXOIHON MoJe . Takzke OOJIBIION MHTEpPEeC MPEJCTaB/IdeT UCIOIL30BAHIE
HoBBIX BosMoxkHOCTeii CPN Tools [2].

Onmcannas B paboTe TPAHC/ISINA MOXKET OBITh PACHIMPEHa Ha MHOIOYPOBHEBBIE BJIO-
»kennble cetu [lerpu. s 5T0ro HeobxouMo peaan3oBaTh BHY TPEHHHE IEePeX0/Ibl (PUIIEK
u3 6oJiee BLICOKUX YPOBHEl Kak repexo/bl-nerin Ha nosuiuax CP-ceru, B KoTopoii MoryT
OKa3aThCd 3TU (PUIIKHU, BOZMOXKHO, BHYTpHU Apyrux ¢uiek. IIpuMenenue Tpanc/isainun B
TAKOM CJIy4ae OCIOKHACTCS KOMOMHATOPHBIM POCTOM HYHC/I IEPEXOI0B-IIeTeIb.
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CPN Tools-Assisted Simulation and Verification
of Nested Petri Nets

Dworzariski L. W., Lomazova 1. A.

Keywords: nested Petri nets, colored Petri nets, simulation, verification, reachability
graph

Nested Petri nets (NP-nets) are an extension of Petri net formalism within the “nets-
within-nets” approach, when tokens in a marking are Petri nets, which have an au-
tonomous behavior and are synchronized with the system net. The formalism of NP-nets
allows modeling multi-level multi-agent systems with dynamic structure in a natural way.
Currently, there is no tool for supporting NP-nets simulation and analysis. The paper
proposes the translation of NP-nets into Colored Petri nets and the use of CPN Tools
as a virtual machine for NP-nets modeling, simulation and automatic verification.
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