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BBegeHue

IMonsiTHE BaIUIALMH

B mnoBcenHeBHOW >XWM3HM SIBHO (IIpU MCIIOJNB30BAHUM KOMIIBIOTEPOB HU
WHTEpHETA) WJIA  HEIBHO  (MPU  KCIHOJIB30BAHUM  TEJIEBU30POB,
MUKPOBOJHOBBIX ~ II€4€l, MOOWJIBHBIX  TEJIEPOHOB, aBTOMOOMIIEH,
OOIECTBEHHOTO TPAaHCHOpPTa © T.J.) BCE 4Yalle WCIOJIb3YIOTCS
uHpopMarmonusie TexHonorud. B 1995 r. 6b110 mogcuuTaHO, YTO YEIOBEK
B JIEHb B3aUMOJICHCTBYET C 25 ycTpoiicTBamH, 0oOpaOaThIBarOIIMMU
uHpopMmanmto. M3BectHo Takke, uro 20 % croumocTu pazpabOTKu
aBTOMOOWJICH, MOE37J0B M CAaMOJETOB MPUXOIATCS Ha KOMITBIOTEPHBIC
KOMIIOHEHThI.  BBuay  BbICOKOIl ~ MHTerpanuu  MHGOPMAITMOHHBIX
TEXHOJIOTMH BO BCEX MPWIOKEHUAX MPUXOIUTCS BCE OOJBIIE MOJIaraThCs
Ha HaJEKHOCTh IPOTPAMMHBIX M almapaTHbIX CpelacTB. ECTECTBEHHO
noJiaraTh, YTO HE JOJDKHO OBITh CHTyaluid, Korga Telae(oH HEUucHpaBeH
WIM KOTJla BUJIEOMarHuTO(QOH HENPEICKa3yeMO U HEBEPHO pearupyeT Ha
KOMaH/Ibl, IOCBUIAEMBbIE C IyJIbTA YIPaBIEHUA. TeM He MEHee, 3TU OLIMOKHU
B ONPEIEICHHOM CMBICIE Majlo3HayuMbl. OJIHaKO OIIMOKH B CHCTEMAX,
KPUTHYHBIX B OTHOILIEHUU O€30IIaCHOCTH, TAKUX KakK, HallpUMep, aTOMHbBIE
ANEKTPOCTAHLIMUA WM CUCTEMBbI YINPABICHUSA [OJETaMHU, HEIPHEMIIEMBI.
OcHoBHas mpoOiema s TaKUX CHCTEM COCTOMT B TOM, 4YTO OBICTPO
BO3pacTaeT UX CIOXKHOCTb U, KaK CJIEJICTBUE, YNCIO BO3MOKHBIX OIINOOK.

Jaxe ecnu OTBIEYLCA OT aCIEKTOB 0€30MacHOCTH, OIMOKH BCE PAaBHO
MOTYT OBITh OYE€Hb JOPOTUMHU, OCOOEHHO €CIM OHHM TMPOSIBISIOTCS B
mpoiiecce padoThl CHCTEMBI — TIOCIE TOTO, Kak MPOAYKT BBHIMYIIEH Ha
pBIHOK.  V3BECTHO HECKOJIBKO  BIEYATJISIIOIIUX MNPUMEPOB  TaKUX
HEraTUBHBIX MociiencTBui. Hampumep, ommbka B KOMaHI€ ACICHUS YHCE
C IaBarolnei 3amsToit B mporeccope Intel Pentium mpuumunma ymiep6
oxoJio 500 mMumnonoB nosuiapoB. KpymHerit yiiep0 OblT MPUYMHEH TaKkKe
KpYIIeHHEM pakeTsl Ariane-5, koTopoe, BeposSTHO, IPOU3OIILIO BCIEACTBUEC
OIIMOKU B MPOTPaMMeE YIIPABJICHHS MOJIETOM.

[loaromy eamudayus cucmem (TIIpomecC TMPOBEPKH KOPPEKTHOCTH
cnenuuKanuii, IW3aiiHAa W TNPOAYKTa) — OTO JICATEIBHOCTh BCE
BO3pacTaolleil BaXKHOCTH. Banunanus sBisiercs ciocoOoM MoAIepKUBaTh
KOHTPOJIb KA4€CTBA CUCTEM.

OcoOyl0 BaXHOCTb HMEET OOecleuyeHUue KauecTBa MPOrpPaMMHOIO
oOecrieueHusl, TaKk KakK B COBPEMEHHBIX CHCTEMaX C €ro IOMOIIbIO
peanu3yeTrcsi OCHOBHas (YyHKIHMOHATBHOCTh. (CoOBpeMEHHas MpaKTHKa
NpOrpaMMHUPOBAHUSI  TMOKAa3bIBAa€T, YTO CHUCTEMBbI TPOBEPSIOTCS B
3HAYUTEILHON CTENEHU JIIOJIbMU (DKCIIEPTHBIN aHaIU3) U JUHAMHYECKUM
tectupoBanreM. llomaepkka STUX TMPOLECCOB JaXE OTHOCUTEIBHO
MPOCTBIMU UHCTPYMEHTAMHU, HE TOBOPS YKE O METOJax M MHCTPYMEHTax ¢
CEphE3HOM MaTeMaTUUecKol ©0a30i, B HAcTosIIee BpeMsl HEIO0CTATOYHA.
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BBuny Bo3pactaHusi pa3MepOB U CIOXKHOCTU CUCTEM, CTAHOBUTCSI BaXKHBIM
o0ecrnieueHre mpolecca BaTUAAINNA CUCTEM C UCTOIb30BaHUEM METO/IO0B U
WHCTPYMEHTOB,  KOTOpbIE  OOJEr4aroT  asmomMamu4ecKuii  aHaJIu3
KOPPEKTHOCTH, TaK Kak, HallpUMEp, pyyHas eepuuxayus modxcem Ovimb
HACMOIBLKO dHce OuUbOYHaA, KAK U cama npocpamma.

MeTOIl])I BaJInaanum CHCTEM

BaxuenmmMu MeTogaMH BallIALMU  SABJISIIOTCA SKCIIEPTHBIM  aHAIIN3,
TECTUPOBAHHUE, CUMYJALMS, ¢dopMaiabHas BepudUKalMUs U IPOBEpPKa
Mojienieid. OCTaHOBUMCS Ha JIBYX W3 HUX.

TectupoBanne — 3PQEKTUBHBIN MyTh MNPOBEPKH TOTO, YTO 3aJaHHAs
peanuzayusi CUCTEMBbI corjiacyerca ¢ alcTpakTHol crnenudukarueit. [lo
CBOEU IPUPOJIE TECTUPOBAHUE MOXKET OBITH HCIOJIb30BAHO TOJBKO IOCIIE
peanu3anuy IpoTOTUIIA CUCTEMBI.

q)OpMaJIBHaH BepI/I(l)HKa]_II/IH, KaK IIPOTHBOIIOJIOKHOCTE TCCTHUPOBAHMHIO,
OCHOBAaHa Ha MaTCMATHYCCKOM JOKA3aTCIbCTBC KOPPCKTHOCTHU IIPOIrpaMM.

O0a 3TuX MeToAa MOTYT MOJACPKUBATHCSI U YaCTUYHO MOJIEPKUBAIOTCS
uHCTpyMeHTamMu. Hanpumep, B 0651aCTH TECTUPOBAHUS BO3PACTAET HHTEPEC
K pa3paboTKe aJIrOPUTMOB U MIPOrPaMM Il aBTOMATHUECKON reHepaluu u
BbIOOpa TECTOB MO (OopMalibHOM crneuupukanuu cucteMbl. OCHOBOM
dopManbHON BepuUKaLMK SABISIOTCSA MPOTrpamMMbl /ISl aBTOMATHYECKOTO
JIOKA3aTeyIbCTBA TEOPEM M IPOBEPKHU JIOKA3ATENbCTB, OJHAKO JaXe HX
UCITI0JIb30BaHUE OOBIYHO TPeOYET BHICOKOW KBATH(PUKALIMH IT0JIb30BaTEIEH.

IIpoBepka moaeseit

B kHure paccmartpuBaeTcs Ipyroi METON BaUIALUKN — NPOGepKa Mooeell
(model checking). Dto aBTOMAaTH3MPOBAHHBIH METOA, KOTOPBIA IS
3aITAaHHOM MOJIENTM TIOBEJICHUSI CUCTEMbI ¢ KOHEUHBIM YUCJIOM COCTOSIHUM U
JIOTUYECKOTO CBOMCTBa, 3allMCAHHOTO B MOJAXOMASIIEM JIOTHYECKOM
dbopmanuzme  (0OBIYMHO B TEMIIOPAJIBHOW  JIOTHKE),  MPOBEPSET
CIIPaBEUIMBOCTh 3TOr0 CBOWMCTBA B JTaHHOM Mojnenu. [IpoBepka moneneit
MOXET MPUMEHSTHCS I Bepu(UKALIUK KaK alapaTyphbl, TaK U MPOTPaMM.
YcenemHocT  psAna  MNPOEKTOB C  HMCHOJIB30BAHMEM  3TOTO  METOoAA
Bepu(dUKalUK yBeIMUMBaET MHTEpeC K Hemy. Hanpumep, kopnioparnus Intel
OTKpBLJIa HECKOJIbKO HCCJIEIOBATEIbCKUX JiabopaTopuil BepuduUKaluu
HOBBIX MHKpOCXeM. WHTEpPECHBI acleKT MPOBEPKH MOJEIIEM COCTOUT B
TOM, YTO OHA TOJJICPKUBACT YacmuyHyr0 BEPUPUKAIMIO: JJII CUCTEMBI
MOXET OBITh MPOBEpPEHAa YaCTHYHAs crenudukanys Tpu PacCMOTPEHUU
TOJIBKO HEKOTOPOTO TIOJIMHOKECTBA BCEX TPEOOBAHUM.

IIpeamer paccMOTpeHUS KHUTH

KHura mnocssiieHa KOHUEHIUSAM, QITOPUTMAM W HHCTPYMEHTaM IS
IIPOBEPKU MOJIEIIEN ITPOTPAMM.



Wneu npoBepku Mojeneil UMEIOT TaKOW MaTeMaTHYeCKui (PyHIaMEHT Kak
JIOTHKa, TEOPHsI aBTOMATOB, CTPYKTYPbI IaHHBIX, AJITCOPUTMBI Ha rpadax.

Kuura umeer cieayrouyto cTpykrypy. llepBas rnaBa mocpsiieHa oOunmm
BOIIPOCAM  BaJMJAlMKM  MPOTrpaMMHBIX  cucteM. PaccmarpuBaercs
MOCTAHOBKA 3aJa4M BaJIWJAIMU U ONPEAENSIeTCS pOJib BaIUJAINU B
MPOU3BOJCTBE  MPOTpaMMHOTO  oOecrnieueHHs. Takke  BBIIETSIOTCS
pa3liMuHble BUILl BalMJAlUM, TPUBOASTCA OCHOBHBIE TIOHATHUS U
OMPEICTICHUS 1JISl KaXKJI0TO U3 HUX.

Bo Bropoil TiIaBe H3NararOTCd TEOPETHUYECKHE BOIPOCHI IPOBEPKHU
Mojiesieil, BBOASATCS (POpMaM3Mbl Pa3IUYHBIX MEeMNOPAIbHBIX JOSUK U
OMKCHIBAIOTCS AITOPUTMBI TIPOBEPKH MoOJENEeH Ml  CrelupUKaIni,
BBIPAKCHHBIX B 3TUX TEMIIOPAJIBHBIX JIOTHMKAX. BBIAEHSAIOTCA JBa THUIIA
mozene — modenu Kpunke w cemu I[lempu. Taxxe mpencTaBieHbI
HEKOTOPbIE MaTEMATHYECKUE PE3YJbTAThl, CBA3AHHBIE CO CBOWCTBAMU
paccMaTpUBaeMbIX MOJIEIIEH.

OnuceIBatOTCS TP TUITA IPOBEPKU MOJENEH: ISl TMHEWHOW U BETBALIEHCS
TEMIIOPAJIBHBIX JIOTHK, & TAaK)Xe U1 TEMIIOPAJIbHOM JIOTMKU PEAIBbHOIO
BpeMeHu. [lepBbie 1Ba U3 HUX MO3BOJISIOT OTPA3UTh (PYHKIIMOHAIBHBIE WU
KAUYEeCTBEHHBIE AaCIEKTbl CUCTEMBI, a TPETUH — IPOBOJUTH TaKXKE W
HEKOTOPBIN KOJTUYECTBEHHBIA AHAIIN3.

B Tperbell riaBe AEMOHCTPUPYIOTCSA aITOPUTMBI IPOBEPKU MOJECIEU Ha
IIpUMEpPax KOHKPETHBIX HMHCTPYMEHTAIbHBIX cpelactB. lIpuBopsrcs
KpaTKOE€ OIIMCAaHUE CUHTAKCHUCA OTUX HMHCTPYMEHTAJIBHBIX CpPEICTB W
IIPUMEPBl  peAN3alMd  KOMMYHUKAIMOHHBIX alrOPUTMOB. Tam ke
IIPUBEICHBI PE3YJIbTAThI IIPOBEPKU MOJEIIECH ITUX AJITOPUTMOB.

W3n0xeHne o0IUX BOMPOCOB BATUIANNU, MAaTEMAaTUICCKOTO armapara u
IPUMEPOB BepUPHUKAIIMK MOJEIEH B MEPBBIX TPeX TJlaBax CIEAyeT Kypcy
nekuui I1. Karoena [1].

YerBeprass TJlaBa KHUIM IIOCBSIIEHA IPOBEPKE MOJENEN IPOrpamMm,
IOCTPOEHHBIX HA OCHOBE aBTOMaTtHOro moaxoxa [2]. OcHoBHOM
OCOOCHHOCTBIO TaKUX MPOTpaMM SBJISIETCS TO, YTO MOJENIb IOBEACHUS
IPOrpamMMBbl, MPEACTABICHHAS B BUJIE CUCHEMbL YAPAGTAIOUWUX KOHEUHbIX
asmomamos, M0 KOTOPOW Te€HEpHUpPYeTCs KO, CTPOUTCS pPa3zpaboTUYMKOM
yK€ Ha dTane MPOEKTHUPOBAHUS, a HE MO TOTOBOM IporpaMMme, Kak 3TO
npejuiaraeTcs AenaTh Ipu TPAAUIIMOHHOM MPUMEHEHUH METOja MPOBEPKU
mozeneit. Ilpu 3ToM mporpaMmbl CTAHOBSTCSI B OJHMH PAl C APYTUMU
WH)XEHEPHBIMU pa3pad0TKaMH (HaIpuMep, caMoJIeTaMUd U aBTOMOOUJISIMHU),
JJIs KOTOPBIX CHadasla CO3/Ial0TCA MOJENH, a B JaJIbHEUIIIEM Ha UX OCHOBE
W3rOTaBIMBAIOTCS U3/IEIINA, a HE HA000POT.



ABTOMAaTHBIN MTOXO]] TO3BOJISIET OTAEIUTh YIPABIAOLIUE (KAUECTBEHHBIE)
COCTOSIHMSI TPOrpaMMbl OT €€ BBIUMCIUTEIbHBIX (KOJIMYECTBEHHBIX)
COCTOSIHUWA. OTO II03BOJIIET PE3KO YMEHBIIUTH Pa3MEpP MCIOJIb3YEMBIX
MOJieJel W TOBBICUTH 3(PPEKTUBHOCTb HMX IOCTPOCHUS M IPOBEPKH.
OCHOBHBIM JOCTOMHCTBOM BE€pU(PHUKALIMU aBTOMATHBIX IIPOIPaMM SIBJISIETCS
BO3MOKHOCTh 3¢ (HEeKTUBHOTO npeoOpa3oBaHus cnenupuKanuu
nporpaMMbl B (popmar, MOAXOAAIINN ISl aITOPUTMUYECKON MPOBEPKH, U
BO3MO>KHOCTb aBTOMAaTHYECKOIO OOpaTHOro IIpeoOpa3oBaHUs pe3ysbTaTa
npu OOHapyKeHHWH OMMOKM. B KHUre NpUBOIATCA HECKOJIBKO METOJO0B
IpsIMOTO TIPeoOpa3oBaHus, MPEeIHA3ZHAYCHHBIX JIJIsI paOOThI ¢ PA3IUYHBIMU
JOTHYECKUMH  (OpMaau3MaMH,  OMHUCBHIBAIOTCS  HWHCTPYMEHTAJIbHBIC
CpEICTBa MPOBEPKU MOJENIEH Ui aBTOMAaTHBIX MPOTrpaMM U MPHUBOIATCS
IIPUMEPBI HMCIOJIB30BAHMS 3TUX CPEACTB JUIsi KOHKPETHBIX ABTOMATHBIX
MoJeJIeld. ABTOMAaTHbIE POTPAMMBI, B OTJIMYHUE OT TPATAULHUOHHBIX, MOTYT
OBbITh Ha3BaHBI IPOrPaMMaMU, OPUEHTUPOBAHHBIMU Ha BEpUUKAIIHIO.

ConepxaHue 4YeTBEpTOM TIJIaBbl OCHOBAHO Ha pe3yjbpTaTax paboT Mo
rOCy/lapCTBEHHOMY KOHTpakTy «Pa3paboTka TeXHOJOruM BepuUKALUU
YIOPABJSIIONIMX IPOrPaAMM CO CJIOKHBIM IIOBEJIECHHMEM, ITOCTPOEHHBIX Ha
OCHOBE  aBTOMATHOIO  MOAXOAa», BBHINOJHABIIEMYCS B  paMKax
denepanbHON 11eeBOM mporpamMmbl «MccnenoBanuss U pa3pabOTKU 110
IPUOPUTETHBIM  HANpaBJICHUSAM Ppa3BUTUS  HAYYHO-TEXHOJOTMYECKOTO
komruiekca Poccnn Ha 2007-2012 roms» o meponpusatuio «lIposenenne
pOOJIEMHO-OPUEHTUPOBAHHBIX TOUCKOBBIX HCCIEAOBAHUN M CO3JaHHE
HAyYHO-TEXHUUYECKOTO 3aJIeJ1a [0 NEPCIEKTUBHBIM TEXHOJOTUAM B 00JIaCTH
MH(POPMAIIMOHHO-TEIEKOMMYHHUKAITMOHHBIX CUCTEM. PaGotel
BbINOJHUIMCh B CaHkT-IleTepOyprckoM rocyaapCTBEHHOM YHUBEPCUTETE
nH(OPMAITMOHHBIX TeXHONIOTHH, Mexanuku u ontuku (CII6I'Y UTMO).

ConeprkaHue KHUTY TIOJITBEPKIACT M3BECTHOE TMOJIOKEHHUE MPOTPaMMHOM
WHXEHEPHUH: «TO, 4TO HEe crenuduimpoBaHo GopMalibHO, HE MOXKET OBIThH
MPOBEPEHO, a TO, YTO HE MOXET OBbITh MPOBEPEHO, HE MOXKET OBIThH
0€301IMO00YHOY.

ABtopbl  Omaromapusl  B. H. Bacunmbesy wu  B.T.IlapdenoBy 3a
MHOTOJICTHIOIO MOJIJICPKKY U TTOMOIITb.

[ naBa 1. Banngauua cuctem

1.1. 3apgayn Banugaunm cUCTEM

BBeaeHnue 1 MoTUBALUSA

Cucremsl, KOTOpBIC, TAK UM MHAYE, CBSA3aHBI C 00pabOTKOM MH(DOpMAaIUH,
BCE dYallle MPEIOCTaBISIOT IMOJH30BATENSIM KPUTHUYECKUE cepBUCHL. OHH
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UCIIOJIB3YIOTCSL B PA3JMYHBIX OOCTOSATENHCTBAX, KOI/Ia HEUCIIPABHOCTH B
nporpaMme MOXKET TPUBECTH K MNaryOHbIM mocienactBusMm. OOpaboTka
uH(OpMAIUU UTPAET 3HAUUTEIbHYIO POJIb B CUCTEMAX YIIPaBJICHUS TAKUMU
O00BEKTaMH KaK, HampUMEp, aTOMHBIE AJIEKTPOCTAHLIUUA WM XUMUYECKHE
peakTophl, e OWMOKU KpaifHe omacHbl. Jpyrum pacnpocTpaHEHHBIM
MPUMEPOM CUCTEM, KPUTUUHBIX K O€30MaCHOCTH, SIBIISIFOTCS M3Iy4arolue
YCTPOMCTBA B MEJIULIVHE.

OT0 nOpuMeEpbl MPOrPaAMMHBIX CHUCTEM, JUIsl KOTOPBIX HAJIEKHOCTb
(KOppeKTHOCTh ~ paboThl)  KpailHE  BaxkHAa. BBHIy  pacmmpeHwus
(YHKIIMOHATBPHOCTH KPUTHUYECKUX TPUIOKEHUM, CIpaBEAJIMBO CKa3aTh,
4TO  HAOedXHCHOCmb  06pabomku  ungopmayuu  A61Aemcs  KIo4esbim
gaxmopom 6 npoyecce pazpadomky MmaxKux cucmem.

Kak obecrnieunBaeTcsi HaJEKHOCTh MPOTPAMMHBIX cHCTeM? OOBIYHO
pa3paboTka HayMHAETCS C aHalu3a TpeOOBaHUM 3aKa3uuka, a IOCIe
MIPOXOKJICHUS HECKOJIbKUX (ha3 pa3pabOTKU B KOHIIE MpoIlecca MOIydaeTcs
nporotun. [Iporecc BBIACHEHHS TOTO, YTO pa3pabOTaHHBIA MPOTOTHI
YIOBIETBOPSIET  TPeOOBaHUSM, Ha3bIBACTCS  gaauoayueli  CUCMEM.
CxeMaTu4ecKy CTpaTerus BaIMAaUu u3oopaxena Ha puc. 1.1 [1].

Bammnanus |

Vi [Iponecc

TpeboBanus paspaboTku Pesynbrar

Puc. 1.1. CxemaTnueckoe n300pakeHHe aroCcTepUOPHON BaTUAAIUN CUCTEM

KakoBa o0mias mpakTWKa pemieHds BONpoca, KOTIa TPOBOIUTH
Banuanuio? SICHO, 4TO MPOBEpPKA HA OLIMOKH TOJILKO B KOHIIE pa3pabOTKU
HEeIlpuemieMa: eciy ollnOKa HaiieHa, TpedyeTcs MHOTO YCUITMI JIJIsl TOTO,
9TOOBI €€ WCIPaBHUTh, TAK KaK BECh MPOIECC pa3pabOTKH JIOJDKHA OBITh
MPOWICH BHOBB, JUII TOTO YTOOBI YBHJETh, TJ€¢ W KaK OIMMOKa Morja
BO3HUKHYTh. [log00HBIE omepanuu OOBIYHO SIBJISIOTCS 3aTPAaTHBIMHU.
CnenoBaTenbHO, 11€J€CO00pa3HO TPOBOJIUTH BAIUJAIMIO HAa JETYy — B
mpoiiecce pa3pabOTKH CHUCTEMBI, TaK KaK 3TO 3HAYUTEIIbHO YMEHBIIAET
CTOMMOCTh pa3paboTku. CXeMaTHUeCKH TaKOW MpoIriecC M300pa)keH Ha
puc. 1.2.

Bamupanus

VA ApxutexTypa Apxutextypa ApxutexTypa
TpeGoBauus Nel Ne 2 Y Ne k Pesynbrar

IIponecc pazpaborku

Puc. 1.2. Cxematnueckoe n300pakeHNE BATHIANNH CUCTEM «HA JIETY»



Ha npaktuke nmsi Toro, 4ytoObl yOEIUThCSA, YTO KOHEUHBIM pe3ysbTaT
BBIIIOJIHAET TO, YTO MPEANUCAHO, IPUMEHSIIOTCS IBA METOJIA: 9KCHEPMHbIL
ananuz 1 mecmuposanue. ViccienoBanus B 001acTu pa3pabOTKH IpOrpaMm
MOKa3bIBatoT, 4T0 80% BCEX MPOEKTOB MCIOIL3YIOT IKCIIEPTHBIN aHaIu3 —
MOJIHOCTBIO PYYHYIO JE€ATEIbHOCTh, B KOTOPOW MPOTOTHII WU €r0 4acTh
UCCJIeNYyeTCsl KOMaHAO0M CHEelHaMCTOB, KOTOpPbhle HE ObLIM BOBJICYECHBI B
npolecc pa3padOTKH ATOM KOMIOHEHTBI CUCTEMBI. TeCTUPOBAHHE SIBISIETCS
BOKHBIM METOJOM BJIMAALMU JIJIS MPOBEPKU KOPPEKTHOCTH MOJYYEHHBIX
peanuzauuii. OJHAKO OOBIYHO TECThl TEHEPUPYIOTCS BPYUYHYIO, U
WHCTPYMEHTAJILHOM MOJJEPIKKE YACISIETCS MajI0 BHUMAaHUS.

Banupanust cucteM — 3TO BaKHBIN 1IAar B UX pa3paboTKe: B OOJIBIIMHCTBE
IPOEKTOB OOJbIlIE BPEMEHM W YCHIMN YXOOUT Ha BaJUJALMI0, YEM Ha
pa3paboTky. Omubku MoryT ObITh O4Y€Hb JoporuMu. Hampumep, ommbka B
JICHBEPCKOW CHCTEME yNpaBleHUs OaraxxoM 3ajeprajia OTKPhITUE HOBOTO
a’poropTa Ha AeBATh Mecsles (ymepd — 1,1 MuuIMoHa 10/1apoB 3a JIEHD).

Banuaauus cucTeM Kak 4acTh Impouecca pa3padoTku

NHTepBbl0 CO  CHEIUANIMCTAMH  psiia  KOMIIAHUW, 3aHUMAIOLIUXCS
pa3paboTKOW MPOrpaMMHOI0 OO€CleueHus, B OYEpEeJHON pa3 IoKa3alo,
YTO BaJUAAIMS CUCTEM JOJDKHA MHTETPUPOBATHCSA B MPOIECC Pa3pabOTKH
Ha paHHMX oTamax [1,3,4]. DTo chopaBe;IMBO, B TOM 4YHUCIE, M C
YKOHOMUYECKOM TOYKH 3pPEHHS, OJHAKO B HACTOSIIEE BpPEMS OOIBIIYIO
4acTh OMMOOK HAXOJAT B MPOIECCE TECTHUPOBAHMS, KOT/Ia MpOTpaMMHbBIC
MOJIyJIU YK€ CKOMIIOHOBAHbI U UCCIIEYETCS BCSI CUCTEMA.

dopmajibHbIE METOAbI

Jlnst oOecrieueHHnsT KadyecTBa CIIOXKHBIX MPOrPAMMHBIX CHCTEM TpeOyeTcs
UCIIOJIB30BaTh  COBPEMEHHBIC METOABI M  HHCTPYMEHTBI, KOTOPBIC
MOJIICPYKUBAIOT MpoIiece Bajauaanuu. [IpuMeHsieMble B HACTOSIIEE BpeMs
METO/Ibl BaJIMIAIMH SBIISIOTCS Y3KOCICIIUAIM3UPOBAHHBIMUA U 0a3UPYIOTCS
Ha cHenuuKanusaX, CHOPMYIMPOBAHHBIX HA ECTCCTBCHHOM  SI3BIKE.
[TooToMy B JaHHOW KHHIE€ PacCMAaTPUBAIOTCSA MOJIXOJbI K BaJMJIAIUH,
Oasupyromuecs Ha gopmanvuvix memooax. IIpu HCIOIB30BaHUHM TaKHX
METOJIOB MPOCKTUPOBAHUE CHCTEM JOJDKHO OBITh ONMPEICICHO B TEPMUHAX
TOYHBIX M HEIBYCMBICICHHBIX CIEIU(PUKALNNNA, KOTOPhIC MPEI0CTABIISIOT
0a3y I CUCTEeMAaTHIECKOTo aHajw3a. [lepeurciiuM OCHOBHBIE TIOIXOIBI K
BaJIUIALINN:

Q  CUMYTAYUS,
Q mecmuposaHue,
o gopmanvrasn eepuguxayus;

o nposepka mooenet (sepupurayus Ha Mooensx).
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B panpheiimem OyayT KpaTKO pacCMOTPEHBI TpU NEPBBIX MOAXO01a, a
OCHOBHOM TEMOM, KaK OTMEYaJI0Ch BBIIIIE, SBJISAETCSA IPOBEPKA MOCIIEH.

PeakTuBHBIE CHCTEMBI

B naHHOI KHUT'€ OCHOBHOE BHUMAHUE YIEISETCS BaTUAALMHU PEeaKMUGHbIX
cucmem. PeaktuBHbBIe cHcTeMbl [5] XapakTepusyrTCs HENpPEPBHIBHBIM
B3aUMOJICHCTBUEM C OKpYyKeHHeM. OHM MPUHUMAIOT 3HAYEHUSI BXOJOB U3
CBOETO OKPYXKEHHS U, OOBIYHO C MaJeHbKOW 3aJIep>KKOW, pearrpyroT Ha
HUX. TUNWYHBIMKM TIpUMEpaMH CHCTEM J3TOr0 Kjacca SBISIIOTCA
ONEPAILIMOHHBIE  CHCTEMBI,  CHCTEMBbI  YIPABICHHS  CaMOJIETAMH,
aBTOMOOWJISIMA M TEXHOJIOTHYECKHUMU TPOIECCaMU, KOMMYHHUKAIIMOHHBIC
NpoTOKOJIBL U T.A. Hampumep, cuctemMa YHOpaBICHUS XUMHUYECKUM
MPOIIECCOM PETYJISIPHO MPUHUMAET YIPABISAIONIUME CUTHAJbI, TaKHE Kak
TeMIlepaTypa U JaBJICHHUE, B Pa3IMYHBIX TOUKax mpouecca. Ha ocHoBanumn
TOM uWHGOPMAIMK MporpaMMa MOKET TMPUHATH PEIICHUE BKIIOYHUTH
HarpeBaTelIbHbI 3JIEMEHT, BBIKIIOUWTH HAacoc M T. . Eciaum Bo3HHMKIA
omacHasi CHUTyalusl, HaNpuUMEp, AAaBJICHUE B PE3E€pByape BBIXOAUT 3a
OINpEJEICHHbIE MPEAEIIbI, YINPABIAIOMIAs MPOrpaMMa JIOJKHA BBITOJIHHUTD
onpeneneHHble JedcTBUs. OOBIYHO TMOJOOHBIE PEAKTUBHBIE CHUCTEMBI
JOCTATOYHO CIIOKHBI.

Kak oTMeuanoch BbIlllE, KOPPEKTHOCTh PEAKTHUBHBIX CHCTEM HUMEET
pematoniee 3HadueHue. JJ11  TOCTpOEHHS KOPPEKTHO paboTaroien
PEaKTUBHOM CHCTEMbI TpeOyeTcsi 4YeTKass METOJO0JIOTHS, B KOTOPOM
BBIICJISIFOTCS ciienytonue (hasbl.

o Ha ocHoBe wucuepmnbIBalIEero aHajiu3a TPeOOBaHUN MOMKHA OBITH
chopMupoBaHa UX crieUpUKaIs.

o KonnenryaabHOe TPOSKTUPOBAHKUE TO3BOJISIET MOJYYUTh AOCTPAKTHYIO
crienuQuKaIuoo MTpoekTa. ITa cneruduKanus MOXeT ObITh MPOBEpEeHa
Ha HEMPOTUBOPEYMBOCTh M €€ COOTBETCTBUE TpeOOoBaHMSAM. JlaHHBIN
MpolecC  BaMJAUUMU  MOXET ObIThb moaiepkaH  (opmanbHOU
BepuduUKaIuen, CUMyNSINEd W TMPOBEPKONM MoOJeNIed — TaKuMU
MpoIecCaMy, B KOTOPBIX MOJIEh aOCTPaKTHOM crienu(uKay npoeKTa
(HampuMep,  CHUCTeMa  KOHCYHBIX ~ ABTOMATOB)  MOJXET  OBITh
MCYEPIIBIBAIOIINM 00pa3oM MpOBEpEHa.

o Korma 3acioyxxuBaromasi 1oBepusi crieru@uKaius nojydeHa, IepexosT
K TOCTPOCHHUIO CHCTEMBI, KOTOpas peaqu3yeT abCTpaKTHYIO
cneuudukaruio. Ilpu >TOM TecTUpoBaHUE SBISETCS IMOJE3HBIM
METOJIOM TIPOBEPKH peaau3alldi Ha COOTBETCTBUE OPUTHHAILHBIM
TpeOOBAHUSIM.
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1.2. Cumynaums

Cumynayus Oa3upyeTcss Ha MOJENHU, KOTOpas OINKMCHIBAET BO3MOXKHOE
MOBEJAECHUE CHCTEMBI. JTa MOJIEIb B ONPEIACICHHOM CMBICIIE HCIIOIHUMA,
MIPU ATOM MPOTrPaAaMMHBIA HHCTPYMEHT (Ha3bIBAEMBIU CUM)ISAMOPOM) MOKET
ONpENENUTh MOBEACHUE CHUCTEMbl MO OTHOUIEHHWIO K HEKOTOPHIM
cueHapusiM. TakuMm CcrmocoOOM TOJIb30BaTeNb IMOJIy4aeT OIpeaeIeHHOe
MMOHMMAHHUE TOTO, KaK CUCTEMa pearnupyer Ha cTuMyibl. CeHapUu MOTYT
OBITh TPEIOCTaBJICHBI TOJL30BATENIEM WJIM HWHCTPYMEHTOM, TaKUM Kak,
HarpuMep, TeHepaTop, KOTOPbI  CTPOUT  CIOydyaWHbIE  CIEHApHH.
Cumynsiius, B OCHOBHOM T0JIe3HA JUIsl OBICTPOi, IEPBOHAYAILHOM OIEHKU
KadecTBa MpoekTa. OHa B MEHBIIEH CTENEHU MOIXOINUT JJIs IOMCKA TOHKHUX
OIMOOK, TaK KaK CUMYJIMPOBATHh BCE BO3MOYKHBIC CIICHAPUU HEMPAKTUYHO
(1 9acTO HEBO3MOKHO).

1.3. TectpoBaHue

Kak ormedanoch BbIlIE, MUPOKO HCHOJIB3YEMBIM TPAJAUIIMOHHBIM IMyTEM
BAIUJAIIMA KOPPEKTHOCTH TPOCKTa SIBISIETCSl mecmuposanue [6]. B
TECTUPOBAHUU CHUCTEMa WHCMOJB3yeTCsi B TOM BHUJE, B KaKOM OHa
peanu3oBaHa (IIporpamma, yCTpOHCTBO Wiau ux koMmOuHamus). Ha ee Bxon
MOAAIOTCSl ONPEACIICHHBIE 3HAYEHUS BXOJHBIX JaHHBIX, Ha3bIBAEMBIX
mecmamu, U UCCIeayeTcs peakuusi cucteMbl. Ilocne storo nposepsiercs,
JEUCTBUTEILHO JIU PEAKIIMSI CUCTEMBI COOTBETCTBYET TPeOYyEeMOMY BBIXOIY.
[IpyHUMOBI TECTUPOBAHMS TOYTH TaKUE K€, KaK W y cumysuuu. Mx
BAXHOE pPa3JIMuU€ COCTOUT B TOM, YTO TECTUPOBAHUE MPOBOAUTCS Ha
JEeUCTBYIOIIEH peaTnu3aiii CUCTEMbl, & CUMYJISILIUS — Ha MOJIENIA CUCTEMBI.

TectupoBaHnre — 3TO METOJA BAIUAAIMHU, MIHUPOKO HCMOJb3YEMbIM Ha
MpPaKTUKe, HO TOYTHU BCETJa BBIMOJHAEMBIM Ha 0a3e HEPOPMAIbHBIX U
IBPUCTHUYECKUX METOMOB. Tak Kak TecTHpoBaHHWE Oasupyercs Ha
PaCCMOTPEHUHU TOJIBKO HEOOJIBIIIOTO MOAMHOKECTBA BO3MOYKHBIX MIPUMEPOB
MOBEJICHUSI CUCTEMbI, OHO HUKOT/Ia HE MOXKET OBITh MONHBIM. J. JleiikcTpa
OTMETHJI, YTO TECTUPOBAHUE MOKET MOKa3aTh TOJbKO HAIMYUE OIINOOK, HO
HE UX OTCYTCTBHE.

TecTupoBaHnue, 0HAKO, MOXET JOMOJHATh POpMaIbHYIO0 BepUPUKAIUIO U
IIPOBEPKY MOJIEJIEH, KOTOPHIE BBIMTOJHSAIOTCS HA MAaTEMaTUYECKOW MOJENH
CUCTEMBI, a HE Ha peajbHOM chcTeMe. Tak KaKk TECTUPOBAHUE MTPUMEHSIETCS
K pealin3aliiy, OHO MOJIE3HO, TJIaBHBIM 00pa3oM, B CIAEAYIOIIUX CIydasax:

O KOTrJa KOPPECKTHYIO MOJICIIb CUCTEMBI CIIOKHO IIOCTPOMTD,

0 KOrja 4aCTH CHUCTEMBI HE MOTYT OBITh (DOPMAIBHO MPOMOICITUPOBAHBI
(manpumep, GU3HMYECKUE YCTPOMCTBA);

0 KOTIJa MOJIeJib MpOIpUeTapHa.
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OOBIYHO, TECTUPOBAHUE — JOMUHHUPYIOIIUNA METOJ Banuaauuu cucreM. OH
COCTOMT B NPUMEHEHHHM K pealu3allid psja TECTOB, KOTOpPhIE OOBIYHO
MOJIyHalOT 3BPUCTHUECKH. B mociemHee Bpemsi, OJHAKO, BO3pacTaeT
UHTEpEC K TMPUMEHEHHIO (QOpPMaJbHBIX METOJOB B TECTUPOBAHUM.
Hampumep, B 001acTU KOMMYHUKAIIMOHHBIX IPOTOKOJIOB 3TOT THI
UCCJIEOBAHUM TpHUBEI K TPOEKTY MEXKIYHApOJHOrO0  CTaHIapTa
«DopmalibHbIe METOJI B TECTUPOBAHWUM NPUTOAHOCTH» [/]. B Hem
MpolIecC TECTUPOBAHUS Pa3esIeH Ha HECKOJBKO (ha3:

1. I'enepayuss mecmos. AOGCTpaKTHBIE ONMKMCAHMS TECTOB CHUCTEMATHYECKU
TEHEPUPYIOTCSA HAa OCHOBE TOYHOIO M HEIBYCMBICICHHOIO 3aJaHus
TpeOyeMbIX CBOMCTB B CTICIIU(HUKAIIHH.

2. Bvibop mecmos. BwiOupaeTcs MHOXECTBO 00pa3ioB aOCTpPaKTHBIX
OTMCAHUM TECTOB.

3. Peanusayus mecmos. AOcTpakTHbIE OMHUCaHUS TECTOB
TpaHCPOPMUPYIOTCS B UCTIOTHUMBIC TECTHI.

4. Ucnonnenue mecmos. VICTIONTHUMBIE  TECThl  NMPUMEHSIOTCS K
TECTUPYEMOW peaiv3allid MYTEeM BBITIOJIHEHUS MX Ha TECTUPYIOIIEH
cucteMe. PaccmaTtpuBaroTcs M NPOTOKOJUPYIOTCS  PE3yJbTaThl
WCTIOJTHEHUS.

5. Tecmosuviul aHanus3. 3anpoTOKOJIMPOBAHHBIE pEe3yIbTaThI
AHAIN3UPYIOTCS C LEJIbI0 ONPEACNICHUs, YIOBIETBOPAIOT JU OHHU
0KHUJIAEMBIM PE3yJIbTaTaM.

Paznuunbie ¢a3bl TECTUPOBAHUS MOTYT MEPECEKATHCS U HA IPAKTUKE YaCTO
NIEPECEKAOTCS, 0COOEHHO MOCIIETHHE.

TecTupoBaHre — 3TO METOJA, KOTOPBIM MOXET OBbITh MPUMEHEH KaK K
IpOTOTUNAM, B (JOpME CHUCTEMATHUYECKOW CUMYJISAINU, TaK U K KOHEYHBIM
npoayktaM. M3BecTHbI ABa 0a30BbIX MOJXOJA: mecmupoganue 0enozo
AWUKa, KOTJ1a BHYTPEHHSISI CTPYKTypa pean3alii MOKET HaOJII0AaThCs U
WHOTJIa YaCTUYHO YIPABIATHCS (CTUMYJIMPOBATHCS), U MeCmMuposanue
yepnoeo suyuxa [8]. Bo BTOpoM ciydae MOKET ObITh MPOBEPEHA TOJILKO
KOMMYHHKALIUS MEXJIY TECTUPYEMOM CHUCTEMOM U OKPYKEHUEM, a
BHYTPEHHSASI CTPYKTypa <«SIIIMKa» IMOJHOCTBIO CKpbITa OT TecTepa. B
MIPAKTUYECKUX OOCTOSITENIbCTBAX TECTUPOBAHUE HAXOMUTCS TAC-TO MEXIY
STUMHU JIByMSI KPaWHUMH CIIy4asiMA U MHOTIA HA3bIBACTCS mMecmuposanuem
cepozo AawuKa.

Hepe‘-II/ICJ'II/IM OCHOBHBIC BHJIbI TCCTOB.

1. Monyneabie Tecthl (Unit tests). Tect muieTcs Ha Kiacc, OTACTbHBIHN
MEeTOa ATOro kiacca u T.7J. OOBIYHO MPOBEPSETCS OJWH CICHApUU
MCIIOJb30BaHUA Kjlacca, METOAa WK HHOTO MOIYJIS.
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2. OyHKIHMOHAJIBHBIC TECThI. TECTHpyeTCs HE DJJIEeMEHT Koja, a
(GYHKIIMOHATBHOCTh. Takue TECTHI MO3BOJISIOT BBISBIATH CTPYKTYpPHBIS
OIIINOKH.

3. HpI/ICMOLIHLIG TCCTHI. HpOBCpHGTCfI, 4qTo IMmporpamMma acjiact UMCHHO TO,
YTO XOTCJI 3aKa34HK.

4. Crpecc-tectbl. Tectupyercsi pabOTOCHOCOOHOCTH MPOTrpaMMbl MO
CUJIBHOM Harpy3Komu.

5. Tectsr «Ha mypaka» (monkey test). [Iporpamme monaroTcs cirydaitHbie
BXOJIHBIE JITAaHHBIC, U TPOBEPSIOTCS ee paboTOCHOCOOHOCTh HAa TAaKHX
JaHHBIX W OTKa30yCTOWYMBOCTh. Takke TMpoBepseTcs HaIUdne
ysi3BUMocTel. Takue TecThl OCOOCHHO BaXKHBI JJISI  CEPBEPHBIX
IIPUIIOKEHUM.

6. [TapamnensHbie TecThl. [IpoBepsieTcsi, uTo HOBasg BepcUsi pabOTaeT Tak
e, KaK crapasi.

7. Perpeccuonnsie Tecthl. [lunryrcs mocne coobmienust o0 ommobke. Tect
TIOBTOPSIET CIIEHAPHIA, TIPH KOTOPOM IPOM30IILIA OIINOKA.

Pa3pa6orka yepe3 TecrupoBanue (Test-driven development)

OnHO¥ M3 TEXHOJIOTUH Pa3pabOTKU MPOrPaMMHOI0 00CCIICUCHHUS SIBJIICTCS
paspabomka uepez mecmuposanue (test-driven development — TDD) [9].
OtMetum, yto TDD He sBISIETCS TEXHOJOTHUEU mecmupoganusi. ITOT
IPOIIECC COCTOMT M3 KOPOTKHUX MTEpAInii pa3pabOTKU MPOrpaMMBbl, Kaxaas
U3 KOTOPBIX COCTOUT U3 CIICAYIOIINX ATAIOB:

1. Hanwucaunwue tecra.

2. Kommwmsimust Tecta. TecT He JOMMKEH KOMIMIMPOBAThCs. Ecmu TecT
KOMIIMJIMPYETCSI, TO 3TO O3HAYAET, UTO CO3JaHA CYIIHOCTb, KOTOPAs yXKE
IIPUCYTCTBYET.

3. YcTrpaneHue ommMOKA KOMITUIISIUH.
3anyck Tecta. TecT He TODKEH IIPOXOIUTh.

5. Hanucanme xopa. Ilumercss MakCUMalIbHO TTPOCTOM KOJ, KaKOW TOJIBKO
BO3MOKEH.

6. IIporon Tecta. Ha 9TOT pa3 Tect noimkeH ObITh MPOIJICH.
7. Pedakropunr (ecnu Tpedyercs).

BTopoii m Tperud 3Tambl BBIIOJHSIOTCS TOJBKO MHPU CO3JAHUM HOBBIX
MOJyJIEW WJIA KJIACCOB.

Korma mporpamMma HCHONB3yeT 0OOpYHAOBaHME, JOCTYIl K KOTOPOMY
3aTPyAHEH, IPUMEHSIOTCS MoK-00bexkmbl win moxku [9] (mocks). Moku —
9TO aBTOMATHYECKH CTE€HEPHPOBAHHBIC 3arilylIKH. TakKe MOKH MOTYT
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UCTIOJIB30BAThHCS IS TporpamMmupoBanus cBepxy BHu3 [10]. [lns coznanus
MOK-OOBCKTOB CYIIECTBYIOT cHeluaibHbie (peiimBopku  (RhinoMock,
NMock, JMock u ap.).

CpoiicTBa pa3pabOTKu Yepe3 TECTUPOBAHUE!

0 MOAXOJ 3acTaBisIeT pa3padarblBaTh NPOrpaMMy C TOYKH 3pPEHHS
10JIb30BAaTES;

O OH 3aCTaBJIICT IMHMCATh KJIACCHI, HE3aBUCHUMBIC APYT OT Apyra,
0 TCECThI ABJIAIOTCA TAKXKC U HOKYMGHTaHHeﬁ K KOy,

o TpeOyeTcs MHOTO BPEMEHH JUJIsl TOTO, YTOOBI OCBOMTH ATOT MOAXOJ] Ha
IIPaKTHUKE.

1.4. dopmarnbHas Bepudunkayma

JIOTIONHAIOIKMM  METOJIOM K CHUMYJSILIMM U TECTUPOBAHUIO SIBISIETCA
CTPOTO€ 00KA3amenbCmeo TOT0, UTO cucTeMa paboTaeT KOppeKTHo. Takas
MaTeMaTHuecKas JEMOHCTPAlUs KOPPEKTHOCTH CHUCTEMBl HAa3bIBACTCA
Gopmanvrou eepugpuxayuen [11]. bazoBas uaes COCTOUT B TOM, YTOOBI
HOCTPOUTh  (OpMabHYI0 (MaTEMaTHYECKYI0) MOJIElIb HCCIeayeMOn
CUCTEMBI, KOTOpas OTpaxaeT (CrneuupuuupyeT) BO3MOXKHOE IOBEICHHE
cucrembl. [Ipu 3TOM TpebOOBaHMS KOPPEKTHOCTH 3alMCBIBAIOTCS B BHJIE
dbopmanbHON cneyuguxayuu mpeboaruli, KOTOpas OTPaXKaeT >KETaeMoe
noBegeHue cuctemMbl. Ha 0aze »3TuX JABYyX chneuMpuKanuid MOXKHO
dopManIbHBIM  JTOKA3aTeIbCTBOM  IPOBEPUTH,  JCHCTBUTENBHO  JIU
BO3MOXKHOE IIOBEJCHHME Coryacyercss ¢ kenaeMmbiM. [lockonbky HMeeT
MECTO BepU(HUKalMsi B MaTeMaThudeckor Qopme, NpeacTaBiIeHHE O
COIJIACOBAaHHOCTU MOKET OBITh TOYHBIM, W BepU(UKALHUS COCTOUT B
JI0Ka3aTeNbCTBE KOPPEKTHOCTU MO OTHOILIEHUIO K 3TOMY (popMallbHOMY
MIPEICTaBICHUIO.

st popManbHOI BepupuKauu TpeOyroTCs:

o Mogenb cucTeMbl, OOBIYHO COJEpXaliasi MHOXECTBO COCTOSTHUM,
KOTOphIE  XpaHAT HWHGOpPMALUI0 O  3HAYCHUSIX  TEPEMEHHBIX,
MPOrpaMMHBIX CYETYMKAX WU T.I., U OTHOIIEHHUE MEPEXOAO0B, KOTOPOE
ONMCHIBAET, KaK CUCTEMA NIEPEXOAUT U3 OAHOTO COCTOSIHUA B APYTO€.

o Meron crnemuduKkanuu A BbIpaXeHHs TpeOoBaHUM B (popmanbHOM
BU/IE.

0 MHOXECTBO MNpaBWI JOKAa3aTeJIbCTBA, IMO3BOJSIIOIIMX ONPEIEIUTH,
yIIOBJIETBOPSIET JIU MOJEIb C(HOPMYIMPOBAHHBIM TPEOOBAHUSIM.

Jlmst Toro 4ToObI 0oJiee KOHKPETHO IIOHATh, YTO HMEETCS B BUAY,
pPacCMOTPUM CTOCO00, C TOMOIIBI0O KOTOPOTO MOTYT OBITH (OPMAIBLHO
BepU(DUIIMPOBAHBI TIOCIIE0BATEIbHBIC TTPOTPAMMBI.
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Bepuduxauus nocieaoBaTe/ibHbIX AJITOPUTMOB

OTOT TOJIXOJ MOXET OBbITh HCIOJIB30BAaH Ui JI0Ka3aTelbCTBA
KOPPEKTHOCTH MOCIIEIOBATESIBHBIX aaropuTMoB [1, 12], Takux kak ObicTpas
COPTUPOBKA WJIM BBIYUCIICHHE HAWOOJBIIEr0 OOIIero AeauTens ABYX
uenbix uncen. Kpatko omwmiieM, kak oH paboraer. OH HayuMHAETCsA C
dbopManmzay HKEIaeMOro TOBEACHUS C UCIOJIb30BaHUEM TIpel- U
MOCTYCJIOBUH Ha OCHOBE (hOpPMYJI JIOTUKH MNpeaukaToB. CHHTAKCUC 3THX
(bopMyIT MOKHO OIPENEIUTh, HATPUMED, CICAYIOLUIUM 00pa3oM:

p=pl=e|(pve)
31eck p — 6a30Boe MpeIoKeHHe (HAIPUMED, «X PABHO 2»), CHMBOJ «—» —
OTPHUIIAHUE, & CHMBOJ «\V» — JU3BIOHKIUS. J[pyrue JOrHvecKkue CBSI3KU
MOTYT OBITH OIPEICICHBI CICAYIOUMM 00pa3oM: ¢ Ay = —(—@ vV —y),
true = ¢ v —p, false = —true u ¢ —> = —¢ v w. JIA9 TPOCTOTHI OMYCTHM
KBaHTOPHI CYIIICCTBOBAHUS U BCCOOLTHOCTH.

IIpeodycnogue ONMCHIBAET MHOKECTBO HUCCIIEAYEMBIX CTAPTOBBIX COCTOSIHUN
(IOmyCTUMBIX 3HAYEHHUM BXOJIOB), & NOCHYCIO8UE — MHOKECTBO KEITAEMbBIX
(buHaTBHBIX cOCTOSTHUM (TpeOyeMbIX 3HaueHud BbIX0j0B). Korma mpea- u
MOCTYyCHIOBUSL  ()OpPMAJIM30BaHbl, AJITOPUTM KOAUPYETCS B HEKOTOPOM
aOCTpaKTHOM TICEBJIOKOAE, W MO IaraMm JOKa3bIBaeTcs, 4YTO OH
YAOBJIETBOPSET Criel(pUKAIUH.

JIyis moCTpOoeHusl OKa3aTeNbCTB HCIOIB3YETCA (PopMatvbHas cucmema —
MHO>KECTBO Hpasuil 6v1600a. T TpaBUia OOBIYHO COOTBETCTBYIOT
MOCTPOCHUIO TIporpamMMbl (anroputMma). OHHM 3aMUCHIBAIOTCS CIICTYFOIITIM
obOpazom:

{0} S{v}.

31ech ¢ — IpeAyCIIOBUE, S — MPOTPaMMHBIN OIIEPaTOp, a ¥ — MOCTYCIOBHE.
Tpoiika {p} S {w} usBectHa kak mpotixa Xoapa [13] v Ha3BaHA B YeCThb
OJIHOTO W3 THOHEPOB B obOmactu GopMaIbHOW  BepUPUKAIIH
KOMIBIOTePHBIX TporpamMM. CyIIECTBYIOT JBE HMHTEPIPETAIMH TPOCK
Xoapa B 3aBHCHMOCTH OT TOT'O, YaCTHYHAS WJIM TOTaJbHass KOPPEKTHOCTH
paccMaTpUBaeTCH.

o ®Dopmyna {¢} S {y} Ha3bIBacTCA YacmuuHO KOPPEKMHOIU, €CIN KaKI0C
ocmanasnueaoujeecs: BBIYACICHUE S, CTApTyIOIee B COCTOSIHUH, B
KOTOPOM BBINOJNHSAETCS ¢, (DUHUIIMPYET B COCTOSHUH, B KOTOPOM
BBITTOJTHSACTCS .

o @opmyna {p} S {y} Ha3BIBacTCA MomanbHO KOPPEeKMHOU, €CIIA KaKI0e
BBIYKCIICHUE S, CTAPTYIOIIEEe B COCTOSHUU, B KOTOPOM BBITTOJTHSIETCS ¢,
ocmanaenueaemcsi W QUHHIIAPYET B COCTOSHHUHM, B KOTOPOM
BBITTOJTHSIETCS .

16



Takum o6pa30M, B CiIy4dac YaCTUYHOU KOPPCKTHOCTHU HEC ACJIACTCA HUKAKHUX
HpC,ZIHOJIO}KCHI/Iﬁ OTHOCHUTCIIBHO BBIUMCIICHUI S, KOTOPBIC HC
OCTaHaBJIMBArOTCs, a 3aBHCAlOT. B IlaJII)HeI\/JIHII/IX 00BICHEHUAX
pacCMaTpuBaACTCA YaCTHIHAA KOPPCKTHOCTD, CCJIN HE CKA3aHO O6paTHOG.

OcHoBHas uzes nogaxoaa Xoapa — J0Ka3blBaTh KOPPEKTHOCTh MPOrpaMM Ha
CUHTAaKCUYECKOM YPOBHE, UCIIOJb3Ysl JIUIIb TPOWKHA OIMPEICICHHON BBIIIEC
(hOpMBL. JleTepMUHHUpPOBaHHBIE MOCJIEIOBATEIbHBIE POrpaMMBbI
KOHCTPYUPYIOTCS IO CHEAYIONIEH TPAMMATHUKE:

Su=skip|x:=E]|S;S|if Bthen Selse S fi|while Bdo S od.

3neck SKip — oTcyTcTBHE onepanyu, X := E — nmpucBanBanue BoipakeHus E
nepeMeHHoM X (mpeamnonaraercs, 94To X U E umeror oguHakoBeiid Tam), S; S
— KoMmno3uuus oneparopoB. [locneanue nBa — anpTepHAaTUBA U UTEpaLus,
COOTBETCTBEHHO (B — OyneBo BeIpakeHue).

[IpaBuna BbIBOAA JODKHBI YUTATHCA CIEAYIOIIMM 0Opa3oM: €clid BcCe
YCIIOBHUSI, PACIIOJIOKEHHBIE BBIIIE YEpPThl, BEPHBI, TOT/IAa CIIEJICTBUE IO/
4yepToi Toke BepHO. J[is mpaBuil ¢ yciaoBUEeM IrUE 3amUCHIBAETCS TOIBKO
CJe/ICTBHE. DTH TpaBUjia BBIBOJIA HA3BIBAIOTCH axkcuomamu. DopmanbHas
cUCTEeMa [UJIsl  IOCJENOBATENbHBIX JETEPMUHUPOBAHHBIX MPOrPaMM
n3o0OpaxeHa B Tabu. 1.1.

Tabnuua 1.1. ®dopmanbHas cuctema AnNa  4YaCTUYHOW  KOPPEKTHOCTU
nocrnegoBaTesibHbIX MporpaMm

Axcuoma s skip {p}skip{e |
Axcuoma 151 MpUCBauBaHUS {(P[X =k] } x:=k {(0 }

lotsix} {x}S. v}
1@}S:S, v}

lpAB}S iy}, {pA-B}S,{y |

HOCH@I{OB&TGJ’IBH&H KOMIIO3HUIIHA

Awrepratiea {plif BthenS, else S, fi{y }
151 lorB}S{p}
TP {p}while B do S od{pA—B}
Cnencrsue o= {9 |Sly'} v =y
{piSiv}

[IpaBuio BeIBOAA Jyis oneparopa SKip, KOTOPbIit HUYEro He JIeIaeT, BIIOJHE
0XXHMJAeMO: TIPU JTFOOBIX YCJIOBHUSIX, €CIIM ¢ BEPHO IMEpEei OMepaTopoM, TO
OHO BEPHO U TOCIIE HETO.

B coorBercTBMM ¢ aKCHOMOW Uil IIPUCBaWBaHWS, HAYUHAKOT C
MOCTYCJIOBHS ¢ M OMPEACISAIOT MPeayciaoBre MoacTaHoBKoM ¢[X :=K]. Drta
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MOJICTAHOBKAa O3HaudaeT GopMyily @, B KOTOPOM BO BCEX BXOXKICHUSIX X
3ameHeHo Ha K. Hammpumep,

{k? aetro u k = y} x := k {x* werno u x = y}.

Ecnu nponiece nokas3aTenbCTBa HAYMHASTCS ¢ aHAJIN3a IIOCTYCII0BUSA, TO €ro
OOBIYHO TPUMEHSIOT MOCJIEAOBATEIbHO K YacTAM IPOrpaMMbl TaKUM
o0pa3oM, 4YTO B KOHLE MOYHO J0Ka3aThb IIPENyCIOBHE Uil BCEU
IIPOTrPaMMBL.

[IpaBWiIO0 MOCIENOBATENBHON KOMIIO3ULMU HMCIIOIB3YET MPOMEXYTOUHBIN
INpeauKaT ), KOTOpPbIM XapakTepu3yeT (QHUHAIBHOE COCTOSIHHE S; HU
CTapTOBOE COCTOSTHUE ).

[IpaBuno ampTepHATHUBBI HMCHOJB3YeT OyJIeBO BhIpakeHHEe B, 3HaueHUe
KOTOPOTO OTPEIEIAET, YTO MMEHHO UCTIOTHACTCS: S1 W S,.

[IpaBuno nns wurepauuu TpedyeT mnosicHeHus. OHO ompenensier, 4ro
npeauKkar ¢ BbIodHsIeTCs mociae okonudanwss While B do Sod, ecnm
COpPABEAJIUBOCTh ¢ MOXKET OBbITh MNOJJEp)KaHa B TEUEHUE KaXKIOro
UCTIOJIHEHUS Tena LuKiIa S. OTo OOBICHSET, MOYEMYy ¢ Ha3bIBaeTcs
uneapuanmom. OIHa U3 OCHOBHBIX TPYAHOCTEH B JI0Ka3aTEIbCTBE
NPaBUIBHOCTH MPOrpaMM C TIOMOLIBIO PpPacCMaTPpUBAEMOIO IMOJIX0Ja
COCTOMT B HaXOXJCHHHM NOIXOIAIIMX WHBAPUAHTOB. B uacTHOCTH, 3TO
YCIIOKHSIET aBTOMATU3ALIMIO TAKUX J10KA3aTEIbCTB.

Bce paccMmoTpeHHble TTpaBUiia OpUEHTUPOBAHBI HA TAKOW CHUHTAKCHC, YTO
KaXJ0M CHUHTAKCUYECKON KOHCTPYKLIMU COOTBETCTBYET NPABWIO BBIBOJA.
DTO oTiIMYaeTcsi OT MpaBHIIA CIEJACTBHS, KOTOPOE YCTaHABIUBAET CBS3b
MeXIy BepuduKauen mporpamMm 1 JIOTUKOM.

[IpaBuno cneacTBUS TMO3BOJSET YCWJIMBATH MPEAYCIOBUS U OCHAOIATH
noctycnoBusi. [Ipu 3ToM 0HO O0sier4aeT MPUMEHEHHE OCTaJIbHBIX MPaBHUIL.
B uwacTtHOCTH, 3TO MpPaBWIO IO3BOJSAET 3aMEHATH IPEA- U IOCTYCIOBUS
DKBUBAJICHTHBIMU. T€M HE MEHee, CIIeNYEeT OTMETUTh, YTO JOKA3aTEIbCTBO
UMIUTMKAIUNA BUAA @ = @' B 00IIEM Cilyuae Hepa3pelnmo.

Tenepb 00CYyIUM TOTaIbHYIO KOPPEKTHOCTh. CHUCTEMBI JOKA3aTEIbCTB B
Taba. 1.1 HegoCcTaTOYHO IS IOKA3aTeJILCTBA TOTO, UTO IOCJIE0BaTEIbLHAS

porpamma OCTaHaBJIMBAETCHI. EnuncrBeHHas CUHTaKCUYECKast
KOHCTPYKIUSI,  KOTOpass ~ MOXET BeCTH K  3aBucaronuMm  (He
OCTAHABJIMBAIOLIUMCSI)  BBIYMCIECHMSIM, — 23TO0  urepauusa.  Jnd

JI0Ka3aTeIbCTBAa HAJIWYKSA OCTAaHOBA MOYKHO YCWJINTH IPABUIIO BBIBOJA JJIA
UTEpaliU CICTYIOIUM 00pa3oM:
{go/\B}S{gp}, {(o/\B/\n= N }S{n< N }, p=>n=>0
{¢ }while B do S od{pA—B }

18



3nech BcriomorareabHas nepemenHas N He BXoauT B ¢, B, n uiu S. Cmbicn
ATOTO MpaBHIIa 3aKIIOYAETCS B TOM, UTO N SBIISIETCSI CTAPTOBBIM 3HAYECHUEM
N, U Ha KaXJOW HWTEpallMM 3HAYCHHE N YMEHBIIAETCA, HO OCTAETCA
HEOTPUUATEIbHBIM. JTa KOHCTPYKIMS B TOYHOCTH JIMKBUIUPYET
OECKOHEYHbIE BHIYHMCIICHHUS], TAK KaK N HE MOKET YMEHbIIIAThCSI OECKOHEUHO
yacto 0e3 HapymieHust ycioBuss N > 0. IlepemeHHass N Ha3bIBaeTcs
8apUAHmMo.

q)OpMaJIbHaﬂ Bepm[)mcauml nmapauieJJbHbIX CUCTEM

[Mycte pmas omepatopoB S; u S, KoHCTpykuus S ||S; o0Oo3nauaer
napaieIbHYI0  KOMIIO3HMIIMIO 3TUX  omepaTopoB. (OCHOBHBIM ISt
npuMeHeHuss (GopMaTbHON BepU(HUKAIMKA K TMapajiyIeIbHBIM MPOrpaMMaM
SBJIIETCSI CIIEYIOIIee MPAaBUIIO BHIBOJIA:

lo}Siy ) o' }S: v}
{ore' 1S IS{w Ay}

DT0 NpaBUIIO MO3BOJISET BEpUBUIIUPOBATH APAILJICIbHBIE CHCTEMBI TEM K
MyTeM, YTO W IIOCJIEIOBaTEIbHBIC, pacCMaTpPUBas YacTH IMPOTPAMM IIO
OTIIEJILHOCTH. BBHUIy B3aUMOJECUCTBUS MEXKIY S U S; XOTs OBl 3a CyeT
JIOCTyTa K pa3/iefiieMbIM MEPEMEHHBIM WM OOMEHAa COOOIICHHUSIMH, ITO
MPaBUJIO, K COXKAJICHUIO, B OOIIEM ciiydyae HEBepHO. MHOro ycuinuid ObLIO
NPUJIOKEHO K IOJyYEHHIO MpaBHJI BBIBOJA OmUcaHHOW (opmbr [14].
Cy1iecTByeT HECKOJIBKO MPUYHH, TOYEMY JOCTHYb 3TOTO HEMPOCTO.

BBeagenne mapamienusma IO CYWIECTBY MPUBOJUT K  BBEACHUIO
HedemepMunuzmMa. DTO O3HAYAET, 4YTO JUIsl MapajUleNIbHBIX IPOrpamw,
KOTOpPbIE  B3aUMOJEWCTBYIOT IMYTEM  MHCIOJb30BaHUS  PA3AEIIEMBIX
NEPEMEHHBIX, IMOBEJECHUE HAa BXOJIE-BBIXOJI€ CYIIECTBEHHO 3aBUCUT OT
NopsJiKa, B KOTOPOM K 3THUM OOIIMM MNEPEMEHHBIM MOJIY4YEH JIOCTYII.

Hampumep, ecmm S; — 310 X=X+ 2, S; — 910 X=X+ 1;X:=Xx+1 u S3 —
910 X := 0, 3HaUeHue X mocie BhIMoNHEHUs Sy || S3 MoxeT ObITh 0 win 2, a
3HAYCHUE X TIOCJIE BBIMOJIHEHUS S; || S3 MoxeT ObiTh 0, 1 witu 2. Paznuunbie
3HAYEHUs Ul X 3aBUCST OT MOpPSAKA BBITOJHEHUS ONEPAaTOpoB B S; U S3
wm S, u S3. bomee TOro, HeECMOTpsS Ha TO, YTO BXOIHOE-BBIXOJIHOE
noBeAeHUE S; W S, maeHTHYHO (yBeNMWUYEGHHWE X HA 2), HET HHUKaKOH
rapaHTHH, YTO 3TO OyJET BEpHO B MapaljieIbHOM KOHTEKCTE.

[TapannenpHble MPOIECCHl MOTEHUUAIBHO MOTYT B3aUMOJEHCTBOBATH B
1100011 MOMEHT UX HUCTIOJIHEHUS, a HE TOJIbKO B Haudaje BeluucieHus. Eciu
TpeOyeTcs chaenaTb BBIBOJ O TOM, KakK MapajljiesibHble MpOrpaMMbl
B3aMMOJICUCTBYIOT, HEJOCTATOYHO 3HATh CBOMCTBA HX CTapTOBBIX H
¢buHanpHBIX cocTosiHUM. HeoOxogumo Takxke ymeTh (opMUpOBaThH
CYXJCHHS O TOM, UTO MPOUCXOJIUT 80 6peMs BbIUUCIIEHU. Takum o6pazom,
CBOMCTBA JIOJDKHBI CChUIATHCA HE TOJIBKO HAa CTApTOBbIE U (DHUHAIBHbBIE
COCTOSIHUS, HO M HA CAMH BBIYMCIICHUSL.
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OcHoBHast mpoOieMa  KIACCHMYECKOro MOAXoAa K  BepuuKanuu
NapajuIeTbHBIX W PEAKTUBHBIX CHUCTEM COCTOMT B TOM, KaKk OOBSCHEHO
BEIIIE, YTO BepUUKANKMSI TOJHOCTBIO (OKycHpyeTcss Ha wujiee, Kak
nporpaMMa BBIYHCISIET (PYHKIMIO OT BXOIOB K BbIxoaaM. IIpu stom
3aJjaHbl HEKOTOpbIE JOMYCTUMBbIE BXOABl U BBIPAOATHIBAIOTCS HEKOTOPHIE
JKeJlaeMble BBIXObI. {151 mapayienbHbIX CUCTEM BBIYHCICHHE OOBIYHO HE
3aBepIIaeTCsI, M KOPPEKTHOCTh 3aBUCHT OT TIIOBEIEHUS CUCTEMBI BO
BPEMEHH, a HE TOJbKO OT KOHEYHOTO pe3yJbTaTa BBIYUCICHHUA (eciu
TOJILKO OHO B0oOOIIIEe 3aBepinaercs). [1obanbHble CBOIMCTBA MapayieNbHbIX
OporpaMM 4YacTO HE MOTrYT ObITh CHOPMYJIMPOBaHBI B TEPMHUHAX
OTHOIIIEHUH MEXy BXOJIaMU U BBIXOJIaMHU.

bouin  cpenmaHbl  pa3nWyHBIE  TOMBITKM  O0OOIIUTH  KJIACCHYECKYIO
dopMynbHYIO Bepu(UKaIMIO Ha MapaieNbHble MporpaMMbl. Bauay
B3aMMOJCHCTBHUSI MEXIY KOMIIOHEHTaMHU TIIpaBuUja BbIBOAA OOBIYHO
JIOBOJIBHO CJIOXKHBI, U TOJHas pa3paboTka (PopMaIbHON CHUCTEMBI IS
NapajuleIbHBIX CHCTEM, KOTOpBIE MOTYT B3aUMOJEWCTBOBaTh IIyTEM
UCIOJIb30BaHUS Pa3Je/IIeMbIX IEPEMEHHBIX WM MyTeM (CUHXPOHHOTO WU
ACMHXPOHHOI0) oOMeHa CcooOIeHus MU, 3aTpyaHsaercs. l[lostomy s
pEeabHBIX CHUCTEM JO0Ka3aTeJIbCTBA B TAKOM CTUJIE OOBIYHO CTAHOBSTCS
OueHb OonbIIMMU U CIOXHBIMU. Ilpu »3TOM Tpelyerca ydecThb
B3aMMOJIEUCTBHUE C MOJIb30BATENIEM U YIPaBJICHUE OT HEro (B YaCTHOCTH, B
dopMe TmouCKka MNOAXOASIIMX HHBapuaHToB). Kak pesynpTaT, Takue
J0Ka3aTeNbCTBA OYEHb TI'POMO3JKHM, HEYCTOMYMBBI K OLIMOKaMm, W
OpPraHMU30BaTh WX B MOHSATHON (hOpPME 3aTPyTHUTENBHO.

TemmnopanabHas JIOrUKa

Kak ObBUIO OTMEUEHO BBINIE, KOPPEKTHOCTh PEAKTUBHBIX CHCTEM
paccMaTpUBaeTCs NPUMEHHUTEIBHO K TMOBEACHUID CHCTEM B TEUCHHUE
BPEMEHH, a HE TOJBKO K B3aMMOOTHOIIEHUSIM MEXAY BXOJAaMHU U BBIXOJdaMU
(mpen- ¥ TMOCTYCJIOBUSAMM) BBIYUCIEHUS, TaK KaK OOBIYHO BBIYUCIICHUS
PEAKTUBHBIX CHUCTEM HE 3aBepmiarTcs. PaccMmoTpum, Hamnpumep,
KOMMYHHKAIIMOHHBIA TPOTOKOJ MEXIy AByMs arecHTamMu (OTIPaBUTENIEM U
MOJTydaTesieM), KOTOpbIE COCAMHEHBI JIBYCTOPOHHMM KaHajioM CBs3u. B
3TOM CJIy4ae CBOMCTBO

«ecnu mporecc P nocsutaer cooOlieHne, OH He TOLUIET CIeayoIee
COOOIIEHHE JI0 TEX MOP, MOKA HE TPUMET MOATBEPKIACHUS

HE MOXKET OBITh CPOPMYIUPOBAHO B TEPMHUHAX TIPEI- U TOCTYCIOBHUH.

Jlnst Toro 4ToOBI 00JeTYuTh (POopMaTbHYIO CHENU(PHUKAINI0 TOI00HBIX
CBOMCTB, MPOIO3UIIMOHAIbHAS JIOTMKAa JOJ/DKHAa OBITH  paclIdpeHa
oriepaTopaMu, KOTOPBIE CCHUIAIOTCS HA MOBEACHNUE CHCTEMBI BO BPEMEHH.

U (until) u G (globally) — aTo npuMeps! oriepaTopoB, KOTOPBIE OTHOCITCS K
IIOCIICAOBATEIBHOCTAM COCTOSIHHI (TaKMM Kak, HAIpUMEpP, BBIYMCICHUS).
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Ilpu stom ¢ Uy o3HAaYaeT, 4TO CBOWCTBO ¢ BBIMOJHICTCS BO BCEX
COCTOSIHUSIX JIO T€X IOp, MOKa He OyIET TOCTUTHYTO COCTOSIHHE, B KOTOPOM
BeIMOJIHsICTCS ¥, a G ¢ o03Ha4aeT, 4TO BCEr/a, BO BCEX OYIYIIMX
COCTOSIHUSIX ~ BBINIOJIHSACTCS . MCmonb3ys 3TH  ONEpaTopbl, MOXKHO
(dopMan30BaTh OINMCAHHOE BBINIE CBOWCTBO MPOTOKOJIA, HAIpUMeED,
CJIETYIOITUM 00pa3oM:

G [sndp(m) — —sndp(nxt(m)) U rcvp(ack)].

WNuaye roBopsi, eciau cooOIieHMe M mociaHo mporeccoM P, To 3ToT
npoliecc He Mepeaact cieayromiee coodmeHne Nxt(m), moka He MOIYYHUT
MOATBEPKICHUE.

Jloruku, paclIMpeHHbIC OIlepaTopaMH, KOTOPhIC IO3BOJIAIOT BBIpaXKaTh
CBOMCTBA O BBIUMCICHHAX (B YaCTHOCTH, KOTOpPbIE MOTYT BBIpakaThb
CBOMCTBA O B3aMMHOM IIOPSAKE MEXAY COOBITHSIMH), Ha3bIBAIOTCS
MeMNOPALIbHLIMU JI02UKAMY. DTU JJOTUKU B UHPopMaTUKy BBel A. [Tnyaiu
[15, 16]. TemmopaibHBIe JOTHKA — 3TO IIUPOKO HCIOJB3YEMBIH METO.
ceuuuKaMu s BBIPAXKEHUS] CBOWCTB BBIYUCIECHUNW PEAKTUBHBIX
CHUCTEM Ha JIOBOJIbHO BBICOKOM YPOBHE a0CTpaKIIUH.

Takum ke cmocoOoM, Kak W B BepuU(UKAIUM TOCJIEI0BATEIBHBIX
MporpaMm, MOKHO MOCTPOUTH MTpaBUJia BHIBOJIA JIJIsi TEMIIOPALHOM JIOTUKHU
(1 peakTHBHBIX CHCTEM) M JIOKA3bIBaTh KOPPEKTHOCTh 3TUX CHUCTEM TEM
e TIOJIXOJIOM, KaK ObUIO MOKa3aHO JJIS IMOCJEI0BAaTEIbHBIX MPOrpamMM C
UCIIOJIb30BAaHUWEM  mpeaukaroB. Hegocratku Meroma  BepuduUKaIUU
JIOKA3aTeNIbCTB, KOTOPHIN TpeOyeT OOJIBIIOrO YeJIOBEYECKOTO TPY/a, TAKUE
e, KakK Uil TPOBEPKU MApaUIeNbHBIX CHUCTEM: JOKa3aTeIbCTBA
I'POMO3JIKHUE, TPYAOEMKHE 51 TpeOyIoT BBICOKOTO YPOBHS
MOJIb30BATENBCKOTO YIIPABIICHHUS.

B naHHOW KHUTE paccmaTpuBaeTcsi Ipyrol TUn Meroaa (opMaibHON
Bepu(UKaUU, KOTOpbIM Oa3upyeTcs Ha TEMIIOPAJIbHOM JIOTHMKE, HO,
BOOOIIE TOBOPsI, TPEOYET MEHBILErO BOBJICUEHUS MOJIb30BATENS B MPOLIECC
Bepupukanuu. OH Ha3bIBAETCS NPOBEPKOU MOOeel.

1.5. lNpoBepka mogenen

OcHOBHas uaess METOJa, KOTOPBIHA Ha3bIBaeTCs nposepkoil mooeneti (model
checking) [1,17,18], coctouT B 3amycke aJrOPUTMOB, HCIOJIHIEMBIX
KOMIIBIOTEPOM, JIJIS IPOBEPKU KOPPEKTHOCTH CHCTEM.

[Ipn wWcronb30BaHWM 3TOrO MOJAXOJA IOJIB30BATENIb BBOAUT OIMCAHUE
MOJIENIA CHUCTEMBI (BO3MOXKHOE TIOBEJICHWE) W OMHCAaHUE CHerubuKaum
TpeboBaHMi (KelaeMOe MOBEJCHUE), a BEPU(PHUKALUIO MPOBOJUT MAIlIMHA.
Ecnu ommbOka HaliieHa, MHCTPYMEHTaJbHOE CpPencTBO (BepupuKaTop)
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IIPEIOCTABIISAET KOHTPIIpUMED, NOKa3bIBAOLIMI npu KaKMX
oOcToATENbCTBAX OIIMOKa MOXET ObITh oOOHapyxkeHa. KoHTpripumep
npejacTaBiIsieT co0OM  ClieHapuii, B KOTOpPOM MOJENb BelIeT cels
HEeXeNaTelbHbIM 00pa3oM. OH CBHUJETENBCTBYET O TOM, 4YTO MOJEJb
HEBEpPHA M JIOJDKHA OBITh MCIIpaBieHA . DTO MO3BOJACT IOIb30BATEIIO
OOHApY)XUTh OIIMOKY M UCHPABUTH CIEUU(DUKAIMIO MOAETH TEpel TeM,
KaK MPOJOJKUTh Bepudukanuo. Eciu HU oHOM omMOKH HE HalIeHO, TO
BepHUpUKaAIK MOXKET ObITh 3aKOHYEHA WJIM MOJIb30BATENh MOKET YTOUYHHUTD
Mojzieib (MPUHSB BO BHUMAaHHE OOJIbIIE MPOCKTHBIX PEIICHWH, TaK YTO
MOJIEJIb CTAHOBUTCS 00Jiee KOHKPETHOM M PEATMCTHYHOM) M MOBTOPUTH
nporecc Bepudukanuu. Cxema MpoBEpKU Mojaeliel mpuBeaeHa Ha puc. 1.3.

IIposepsiemas
poBep TpeboBanus
cucreMa
MOOenuposanue Gopmanuzayus
Mopens cucTeMsl Crneunduxanus TpedoBaHUH

(Bo3MOXKHOE MOBE/ICHHE) (:xemaeMoe moBeeHHUE)

npoeepums

UBMEHUMb
oanee

Bepuduxarop

KonTpnpumep

VAyuuums

Puc. 1.3. IIpoBepka monenei

AJTOPUTMBI IPOBEPKH MOjIeNIel OOBIYHO 0a3UPYIOTCS Ha Ucuepnuléaouem
0030pe MHOJMICeCmea 6cex COCMOAHUL MOJEIH CHUCTEMBI: ISl KaXKIOTO
COCTOSIHHSI CHCTEMBI TIPOBEPSIETCS, «BEIET JIU OHO Ce0s KOPPEKTHO» —
YAOBJIETBOPSET JU TpeOyeMoMy CBOMCTBY. B camoii mpoctoii ¢popme 3TOT
METOJlT M3BECTEH Kak aHanuz oJdocmudcumocmu. Hampumep, mycTh

B HexkoTopeix ciydasx dopmanbHas cruerudukanus TpeOOBaHM MOXKET OBITh
HEBEpHa, B TOM CMBICJE, YTO BEpU(PHUKATOP MPOBEPSET HEUYTO, UYTO MOJb30BaTEIbh HE
XO0TeN MpoBepsATh. B 3TOM ciydyae moip30BaTeNb, BEPOSATHO, AOMYCTUI OIMIMOKY B
dbopmanmzanuu TpedOBaHUN.
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TpeOyeTCsl BBIACHUTH, MOKET JIM CUCTEMA MONACTh B COCTOSIHUE, B KOTOPOM
BBIUUCIICHUEC HE MOXKET MPOJO/DKAThCS (Tak Has3biBaeMas O10kupoexa). B
ATOM CJy4dae JOCTaTOYHO OIPEAEIUTh BCE AOCTHKUMBIE COCTOSIHUS W
BBIICHUTH, CYIIECTBYET JIM JIOCTHUKHMOE COCTOSIHUE, B KOTOPOM
BBIYKCIICHUE OJOKUPYETCsA. AHANU3 JOCTURKUMOCTH MPUMEHHM TOJBKO K
JI0Ka3aTEIbCTBY OTCYTCTBUS OJIOKHUPOBOK 51 JI0KA3aTEIIbCTBY
VHBAapUAHTHBIX CBOWMCTB, KOTOPBIE BBINOJHSAOTCS B TEYEHHE BCETO
BBIYUCJIEHUS. DTOT0 HEAOCTATOYHO, HAIPUMEP, NI KOMMYHUKAIIMOHHBIX
MMPOTOKOJIOB, JJISi KOTOPBIX OJHUM W3 BaXHBIX CBOWCTB SIBIISIETCA
CIIEIyIOLIEE: €CIIA COOOIIEHHE ITOCIAHO, TO OHO O00f3aTeNbHO KOTJa-
HUOYTb OyAeT moiydeHo. Takue TUIBI CBOMCTB HE MMOKPBHIBAIOTCS OOBIYHOM
MIPOBEPKON JOCTUKUMOCTH.

[IpOoTOKOJIBI MOJAETUPYIOTCA MHOKECTBAMH KOHEYHBIX aBTOMATOB, KOTOPBIE
B3aUMOJICHCTBYIOT IyTeM AaCHHXPOHHOrO oOMeHa coobOmeHusmMu [19].
HaunHass co cTapTOBOrOo COCTOSIHHUSI CHCTEMBI, KOTOPOE BBIPAKAETCA B
TEPMUHAX COCTOSHMM B3aMMOJICUCTBYIOIUX AaBTOMAaToB U Oydepos
COOOILIEHUH, OIpPENEsIOTCS BCE COCTOSHUS CHUCTEMBI, KOTOpPbIE MOLYT
ObITh JOCTUTHYTHl IyTeM oOMeHa cooOueHusiMu. IIpoBepka mopenei
MOKET pacCMaTPUBATBCS KaK MPEEMHHUK 3TUX PAaHHUX METOAO0B 0030pa
BCEX COCTOSIHUM mJi1 MpoTOKOJOB. OHA TMO3BOJIIET MPOBEPATH OoJiee
LHIMPOKUN KJIACC CBOMCTB M YIIPABIIET MHOXKECTBAMHU COCTOSIHHM TOpas3ao
addexTrBHEE, YEM PAaHHUE METO/IbI.

MeToabl IpoBepKU MojaesIei

M3BecTHBI ABa MOAXOJa B MPOBEPKE MOJIEICH, KOTOPHIE pa3InyaroTcs B
OTHOIIEHWM TOTO, KaK OIHCHIBACTCA JKEJIaeMO€ TIOBEJICHUE —
cneruukaus TpeOOBaHMIA:

a Jloeuueckuti unu pazHopoowusiii nooxoo. B 3ToOM ciydae jkelaemoe
TIOBEJICHUE CUCTEMBI OIMCHIBACTCS TMyTeM (HOPMYITHMPOBKA MHOXKECTBA
CBOWCTB B MOJXOMSAIICH JIOTMKE (TEMIIOPAJIbHOW WM MOJAIbHOK).
Cucrema OOBIYHO MOJCIIMPYETCS KaK KOHEYHBIM aBTOMAT, B KOTOPOM
COCTOSHUS OTP@XKAIOT 3HAYCHHSI TICPEMEHHBIX U  YIPABISIONINE
MO3UIMH, a TIEPEXO0JIbl YKA3hIBAIOT, KaK CHCTEMa MOYXET U3MEHSAThH OHO
cocrosiHue Ha apyroe. CUcTeMa CUMTACTCS] KOPPEKTHOM 1O OTHOIICHUIO
K TpeOOBaHMSM, €CIIM 3aJaHHOEC MHOXECTBO HAYadbHBIX COCTOSHHUMN
BBIMOJIHSET 9TH TPEOOBAHUSI.

a [llogedenueckuti unu 0OHOPOOHBII NOOX00. B 3TOM ciyuae u xejiaemoe,
U BO3MO’KHOE MOBEJCHHE 3aJal0TCsI B OJHOM M TOM K€ HOTaluu
(aBTOMaTOM), U B KauyeCTBE KPUTEPHUS KOPPEKTHOCTH HCHOJIb3YHOTCA
OTHOILIEHUSI ASKBUBAJICHTHOCTH (WM mpeanopsanku). OTHOLIEHUS
HKBUBAJICHTHOCTH OOBIYHO (PUKCHUPYIOT TPEACTABICHUS BHJA «BEACT
ce0s Tak K€ Kak», TOTJla KaK OTHOIICHHS MpEeArnopsaka 0003HAYAIOT
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NpeACTaBlIeHUs] BHUAA «BEAET ce0s KaKk MHHUMYM TaK XK€ Kak».
ITocKONIbKY CYIIECTBYIOT pa3Hble B3IVISABI OTHOCUTEIBHO TOTO, YTO
O3HayaeT sl JIBYX MPOIIECCOB «BECTH ce0s OJMHAKOBOY» (MM «BECTU
KaK MHHHMYM TaK K€ Kak»), TO ONpeAcicHbl pa3IudHbIC
npeACTaBieHus] 00 ASKBUBAJICHTHOCTSAX M mpeanopsakax. OmaHUM U3
HauOoJee W3BECTHBIX MPEACTABICHUM HKBUBAJICHTHOCTU SIBISIECTCS
JIBOMHOE MOJEIUPOBAHUE, B KOTOPOM JIBa aBTOMATa MOJICTUPYIOT APYT
Jpyra, €Clii OJUH aBTOMAaT MOXET CUMYJIUPOBATH KAXbIM IIar Ipyroro
aBTOMata M HaoOopoT. YacTo BCTpedarouuMcs MpeAcTaBICHUEM
MPEANOpsiiKa SIBISETCA BKIIOUEHHUE S3BIKOB. ABTOMAT A BKJIIOYAETCS B
aBToMar B, eciu Bce cnoBa, gomyckaeMbie A, TOMyCKalOTCA Takxke u B.
CucteMa cuyMTaeTCs KOPPEKTHOM, €CJIM JKEJaeMOe€ M BO3MOYKHOE
MOBEJICHUE OJKBUBAJCHTHBI (MW YIOPSIJAOUYCHBI) II0 OTHOIICHHUIO K
UCCIIEyeMOM SKBUBAJICHTHOCTHU (WJIH TIPEATIOPSIIKY ).

HecMoTtpst Ha TO, 4TO 00a 3TUX MOJX0Ja KOHIIENTYaJIbHO Pa3IUYHbI, CBS3b
MEXIy HUMHU MOXET ObITh YCTAHOBJIEHA cClieyronuM oOpa3om. Jloruka
WHIYIUPYET OTHOIICHHE YKBUBAJICHTHOCTU HA CUCTEMAX TAK: JIBE€ CUCTEMBbI
SKBUBAJICHTHBI, €CIIM U TOJIbKO €CIM OHHM YJOBJIETBOPSIOT OJIMHAKOBBIM
dbopmynam.  HUcnonb3yss ATy  KOHUEMIMIO, MOXHO  YCTaHOBUTH
B3aMMOOTHOIICHUSI MEXK]y JIOTUKOM M OTHOIIEHUSMH JKBUBaJEHTHOCTH.
Hampumep, n3BecTHO, YTO JBa aBTOMAaTa MOJEIUPYIOT IPYT JApyra, €Ciu
OHU YNIOBJETBOPSIOT OMWHAKOBBIM Qopmynam soruku CTL, mmpoxo
MCMOJIB3YEMOW B IMpoLecce MNpOoBEpKH Moaene. CBi3b MEXAY IBYMs
MOAXO0JaMU TETEPh SICHA: €CIU JBE MOJIEIN YJIOBJIECTBOPSIOT OJHUM U TEM
)K€ CBOMCTBaM (9TO TIPOBEPSAETCS C MCIOJIB30BAaHUEM JIOTUYECKOTO
MO/AX0/1a), TO OHU TIOBEJACHYECKHM OHKBHBAJICHTHBI (PTO MOXKET OBITh
MIPOBEPEHO C HCIMOJIb30BAHUEM TOBEIEHYECKOro Tmoaxoaa). OOparHbIit
nyTh 00Jiee MHTEPECEH, TaK Kak B 00IEM Ciydae HETPAKTHYHO MPOBEPSITH
BCE CBOWCTBA B OIPENEICHHON JIOTUKE, HO MPOBEPKA SKBUBAJIICHTHOCTEW,
TaKMX Kak JBOWHOE MOJIETUPOBAHHE, MOXKET OBbITh IMpojesiaHa
b HexTUBHO.

B nanHOW KHHMre Wcmosib3yercs joruueckuii moaxon [20]. Tak kak 1o
CYIIECTBY 3/1€Ch MPOBEPSIETCS, YTO OMUCAHUE CUCTEMBI SBJISETCS MOAEIBIO
dbopmyI1 TEMIIOPATBLHOM JTOTUKH, 3TOT JIOTHUYECKUN TOIXO0/ TEPBOHAYAIILHO
Y Ha3bIBAJICS TIPOBEPKON MOJIEIIEH.

HcuepnbiBatonuii  0030p MHOXECTBa COCTOSIHMM  TapaHTHUPOBAHHO
3aBEpIIACTCS BBULY KOHEYHOCTU MOJCIIH.

JlocTouHCTBAa IPOBEPKHU MOAeIeH

o DOTo 0bwuii no0xo0 C TPUTIOKECHUSIMH K BepUPUKAIUK armapaTyphl,
nporpaMM, KOMMYHHUKAIIMOHHBIX  IPOTOKOJIOB,  MYJIbTHAr¢HTHBIX
CUCTEM, BCTPAMBACMbBIX CHCTEM U T. .
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]

]

[Tonxon mommep:KUBaeT yacmuunylo BEPUPHUKAIUIO: TPOCKT MOXKET
ObITh  BepUPHUIMPOBAH 1O  YACTUYHOH  CHCHHPHUKAIMK  TPU
PAacCCMOTPEHUHU TOJBKO TOJMHOKECTBA BceX TpeOoBaHUU. ITO
obecrieunBaeT BBICOKYIO 3(D(PEKTUBHOCTH IMOAX0/A, TaK KaK MOXHO
OTPAaHWYUTH BATUAAIMIO MPOBEPKON HamOoJee BaKHBIX CBOWCTB,
UTHOPUPYS TPOBEPKY MEHEE BAXKHBIX, 3aTO BBIYUCIHTEIHLHO OoJiee
JOpOTHX TPeOOBAHUM.

BcTpanBanne mnpoBEpKM MOJAENEW B INPOLECC IPOCKTHUPOBAHHS HE
TpeOyer OoJbllle BpPEMEHH, YeM CHUMYJSLUUS M TECTHUPOBAHUE.
B HEKOTOpBIX CilydasX UCIOJIb30BAaHUE MPOBEPKHU MOJENIEH TPUBOAUT K
YMEHBUIEHUIO BpeMeHM pa3paboTku. Kpome Toro, Omaromaps
UCIIOJIb30BAHUIO  COOTBETCTBYIOIIMX  METONOB, NPOrpaMMbl IS
OPOBEpPKU MoOAeled MOryT paboTaTh € JOCTaTOYHO OOJIBIIMMU
IPOCTPAHCTBAMHU COCTOSIHHM.

[Iporpammsbl J1si IPOBEPKU MOJIENIeH MOTEHIIMAIBHO MOTYT pe2yispHO
UCNONIb308aMbCs CHEIUATUCTAMU MO pa3paboTKe CHCTEM C TOM ke
JIETKOCTBIO, C KaKOW MPUMEHSIOTCS, HAlpUMEp, KOMITUJISITOPHI, TaK Kak
IpoBepKa MojieNiell He TpeOyeT BBHICOKON CTENEHU B3aUMOJCUCTBUS C
MOJIb30BaTENIEM.

Haoeorcnvtit - mamemamuueckuti  ¢oynoamenm:  MOJEIHMPOBAHUE,
CEMaHTHKa, JIOTHKA W TEOpUS AaBTOMATOB, CTPYKTYpHl TaHHBIX,
aIropuTMbI Ha Tpadax.

OrpanuyeHusi NPOBEPKH MOJeJIeH

['1aBHBIE OrpaHUYEHMS IPOBEPKHU MOJIENICH:

a

OHa mnpuMeHHMa B OCHOBHOM K YHPABIANWUM NPUNOHCEHUSAM, B
KOTOPBIX KOMIIOHEHTHI B3aUMOJICUCTBYIOT MEKAy cobOoii. OHa MEHbIIIE
MOAXOMUT K MPHIOKEHUSIM OOpaOOTKM MaHHBIX, TaK KaK B TaKUX
NPUIOKCHHUSAX  OOBIYHO  BBOJATCS  OCCKOHEYHBIE  MPOCTPAHCTBA
COCTOSIHHUH.

[Ipn wucnonb30BaHUM TPOBEPKH MOJElel BepUDUIUPYETCS TOJIBKO
MoOellb CUCTEMBI, a He caMma cucTeMa. Tot dakT, 9To Moaenb o0nagacT
OTpeeICHHBIMA CBOWCTBAaMHM, HE TapaHTHUPYeT, 4TO (UHAIbHAS
peanuzauusa Oyner oOjagaTh TEMH K€ CBOWCTBaMH (ISl MPOBEPKU
(UHATBHBIX peau3aiii TPEOYIOTCS TOMOJHUTEIBLHBIC METObI, TaKHUe
KaK CHCTeMaTH4eckoe TecTupoBaHue). Ilpomie roBops, mrobas
BaJUAAIMSA C HCIIOJNB30BAHUEM TPOBEPKH MOJICICH HACTOJIBKO JKE
XOpOIIIa, KaKk ¥ MOJICITb CUCTEMBI.

Haxoxaenue moaxomsmield abCTpakiuu (TaKoi KaK MOJENIb CHCTEMBbI
MOAXO/SIINE  CBOWCTBA B TEMIIOPAJIBHOW  JIOTHKE)  Tpedyer
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COOTBETCTByWOIIEH  KBamnpukammu  (OJHAKO  MEHBIICH,  YeM
JI0Ka3aTeabHass BepuuKaIms).

o Kak u BcsSkuil HHCTPYMEHT, IPOTPaMMBbI Ui IPOBEPKUA MOJAETICH MOTYT
ObITh HEHaJSKHBIMU. OJJHAKO, OCKOJIBKY OCHOBY IIPOBEPKU MOJENIEH
COCTaBJIAIOT CTAaHJAPTHBIE M XOPOIIO W3BECTHBIE AQITOPUTMBI, B
o0eCreYeHnr HaJeKHOCTH TaKUX MpOrpaMM OOBIYHO HE BO3HUKAET
OopIKX mpodieM. B HEKOTOpBIX cllydasx KOPPEKTHOCTh Hambolee
CIIO)KHBIX YacTed NporpaMM NpPOBEpKH MoJENel yxkKe JoKa3zaHa C
UCIOJIb30BAHUEM NIPOTrPAMM aBTOMATHUYECKOTO JJOKA3aTeIbCTBA TEOPEM.

o IlpoBepka mojeneil He MO3BOJISIET MPOBepsITh 0000meHus [21]. Ecim,
HaTpuMep, TPOTOKON BepU(UIIMPOBAH ISl OJHOTO, JBYX U Tpex
MpPOIIECCOB C HCIOJB30BAHMEM IPOBEPKU MOJEJICH, 3TO HE JMJaer
HUKAKOTO pe3ysbTaTa M JOPYyroro 4Ymcjia MpOIEcCOB — MpPOBEpKa
MoOJIeNiel TPaKTUYHA TOJIBKO JUIS YacTHBIX ciaydaeB. [IpoBepka moneneit
MOYET, OJHAKO, IOMOYb CHOPMYIHPOBATH TEOPEMBI C IPON3BOJILHBIMU
napaMeTpam#, KOTOpBIE BIIOCIEICTBUM MOTYT OBITh JIOKa3aHBl C
UCIIONIb30BaHUEM (popMaIbHON BepUpHUKAIIHH.

Jloctnyb abCONIOTHO TrapaHTUPOBAHHOM KOPPEKTHOCTU CHUCTEM PEAJIbHOTO
pa3Mepa HEBO3MOXHO. HecMoTps Ha yKa3aHHbIE OIPAHMYEHHUSA, MOKHO
CKa3aTh, 4YTO MPOBEpPKAa MOJEJIEH CYyIIECTBEHHO TOBBIIIAET YPOBEHb
JIOBEPHS K CUCTEMAM.

[TockonbKy B TpPOBEpPKE MOJIENCH OCHOBHAs WSS COCTOMT B ONHCAHHU
MOBCJICHUS CHUCTEMbl KOHECYHBIMH aBTOMAaTaMH, IIPH OMNpPEICICHHBIX
YCIOBUSIX YHCIIO COCTOSHHMM MOJXKET BBIMTH 3a TIpEIeibl pa3MepoB
JOCTYITHOW MaMSTH. JTO, B YaCTHOCTH, MOXKET OBITh JUIsl TapaJUICIbHBIX H
pacrpeicIeHHbIX CHUCTEM, y KOTOPBIX MHOTO CHUCTEMHBIX COCTOSIHHH —
pa3Mep MHOXECTBA COCTOSHHUH TaKWX CHUCTEM B XYIIIEM CiIydae
MIPOTIOPITUOHANICH  TPOU3BEICHUIO Pa3MEpPOB  MHOXECTB  COCTOSIHUI
WH/IMBUIYQIBHBIX KOMITOHEHT. [Ipo0iemMa upe3MepHOTo YBEITUICHHS YHCTIa
COCTOSIHUH Ha3bIBacTCs npobiemou komounamopnozo e3pwiea [17]. Kak
OyaeT moka3aHO HIDKE, MCIOJIb30BaHWE aBTOMATHOTO MPOTPAMMHUPOBAHUS
[2] mo3BodsieT B3MISAHYTH HAa YKa3aHHYIO MPOOJIEMy C JpYyrod TOYKH
3pCHUSI.

1.6. ABTOMaTUYECKOE [JOKa3aTeNbCTBO TEOPEM

Aemomamuueckoe 00Ka3amenbcmeo meopem MOXKET ObIThb AP(HEKTUBHO
HCIIOJIB30BaHO B 00JIACTSIX, TJI€ JOCTYIHBI MaTeMaTUueckue abCTpakiuu
3amay. Jlyig ciydast Baduaamvy CUCTEM W crienu(uKanus, U peaan3arus
CUCTEMBI pacCMaTPUBAIOTCS Kak (HOpPMYJIbI, HAPUMED, @ U Y/, 3aITUCAHHBIC
B OIpeNeNeHHOM Jioruke. Ilpm 3TOM mpoBepka TOro, 4ro pean3anus
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YIOBJIETBOPSIET crienudUKAIMU, CBOAUTCS K MPOBEpPKE (QOPMYINBI ¥ —> ¢.
OT0 03HauaeT, uTo JI000Ee TOBEICHUE PEeaTn3alliy, yIOBICTBOPSIIOIIEE I,
SIBJIIETCSI BO3MOKHBIM TIOBEJICHUEM CIECIU(PUKAIIMA CUCTEMBI, U TIOITOMY
YIOBJETBOPSET ¢@. 3aMeTUM, YTO cheuu(ukanus CUCTEMBI MOXKET
MO3BOJIATh W JIpyroe TIOBEelIEHHEe, KOoTopoe He peanusyercs. s
JI0Ka3aTeNbCTBA ¥ —> @ HCIONB3YIOTCS MPOTpaMMbl  aBTOMATHYECKOTO
JI0Ka3aTelIbCTBa TEOPEM.

Ilposepxa oOokazamenbcmeé — 9STO 0051aCTh, TECHO CBS3aHHAs C
J0Ka3aTeNnbCcTBOM TeopeM. [lonp3oBaTenb MOKET NepeaTh J0Ka3aTeIbCTBO
TEOPEMBI MMPOTPaMMe JIJIsi POBEPKH JT0Ka3aTenbCTB. [I[porpamMmma oTBeuaer,
BEPHO JIM 3TO J0Ka3aTeNbCTBO. [IporpaMMbl MpOBEpPKH JOKa3aTENIbCTB
BEITIOJTHAIOT 0oJiee MPOCTYIO 3a/ady, 9eM IPOrpaMMbl aBTOMATHYECKOTO
JoKa3aTenbcTBa TeopeM. IloaTomy oHM MoryT paboTtath ¢ Oosee
CJIOKHBIMH JTOKa3aTeIIbCTBAMHU.

Jlsisg Toro 4ToObl YMEHBIINTh 00BbEM IMOKCKA MPHU JA0KA3ATEILCTBE TEOPEM,
MMEET CMBICII OCYILECTBIIATh B3aUMOJIEHCTBUE C MOJb30BATEIEM, KOTOPBIN
MOJKET OBITh XOPOILIO OCBEJOMJIEH O HAWJIy4dlled CTpaTeruyd MOCTPOEHUs
nokazatenbcTBa. OOBIYHO TaKW€ WHTEPAKTUBHBIE CHCTEMbI IOMOTAlOT B
IIOMCKE J10KA3aTeJIbCTBA 3a CYET COXPAHEHMs CIIMCKA IECUCTBUM, KOTOpbIE
JOJKHBI OBITh TNPOJIENaHbl, U MPEIOCTABICHUS MOJICKAa30K, KAaK €Ille He
JIOKa3aHHbIE TEOPEMbl MOTYT ObITh JT0Ka3zaHbl. bojee Toro, xaxiaplil mar
JoKa3aTenbcTBa  Bepudunupyercss cucremoil. Kak mpaBuio, s
JI0KA3aTeNIbCTBA JIOJKHO OBITh CAEIAHO MHOT'O MEJIKMX II1aroB, U TpeOyeTcs
BBICOKMI YpOBEHb B3aUMOJEUCTBHS C Mojib3oBareiaeM. OOBIUHO JHOIU
IPOMYCKAIOT  HEOONbLIME  YacTH  JOKAa3aTelbCTB  («TPUBUAIBHOY,
«aHAJIOTMYHOY), TOT/Ia KaK MporpaMma TpeOyeT sIBHOIO MPUCYTCTBUS ITUX
yacteid. [Ipomecc Bepudukanuu ¢  HCHOJB30BAHHEM  IPOTrpaMMm
aBTOMAaTUYECKOIO JOKa3aTeIbCTBA TEOPEM SABISAETCA MEIJICHHBIM U
TpyaoeMkum. Kpome Toro, ucnospzyemple HHCTPYMEHTBI 0OBIYHO TPEOYIOT
JIOBOJILHO BBICOKOM KBaJM(hUKAIIMH TOJIB30BATEIICH.

Jloruka, wucnonp3yemas mporpaMMaMH —JI0Ka3aTelIbCTBA TEOPEM W
nporpaMMaMu MPOBEPKH JI0KA3aTEIbCTB, OOBIYHO SIBISETCS BapUaHTOM
JOTUKU TIPEAMKATOB MEPBOro Iopsaka. B 3Tol Jjoruke umeercs
HEOTPAaHUYEHHOE MHOXECTBO MEPEMEHHBIX, MHOKECTBA (DYHKIIMOHAIbHBIX
U TIPEUKATHBIX CUMBOJIOB 3aJJaHHOW apHocmu. APHOCTb O3HAYAET YUCIIO
apryMeHTOB (DYHKIIMOHAJIHOTO WJIM MPEJUKATHOIO CUMBOJIA. Tepm — 3TO
nepeMeHHass wian ctpoka Buma f(t;, ..., t,), rme f — dyHKIMOHAIBHBIMA
CUMBOJI apHOCTU N U tj — Tepmbl. Koncmanmusl MOTYT OBITh PACCMOTPEHBI
kak pynkuuu apaoctu 0. [lpeouxam wmeer dopmy P(ty, ..., t,), toe P —
NpeIUKaTHBIM CUMBOJI apHOCTH N, a tj — Tepmbl. [Ipednodicenus B JOTUKE
NEepBOro TMOpsAAKAa — OTO MPEIUKaThl, JOrMYEeCKHe KOMOMHAIUU
OpeUIOKEHUH WM TPeUIoKEeHHs, CHaOXeHHble KBaHTU(UKaLMen
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CYLIECTBOBAHMSI WUJU  BCeOOWHOCTH. B  munusuposannoii  nocuxe
CYILIECTBYET TAKXKE MHOKECTBO THUIIOB, M Ka)Jas MEPEMEHHAS] UMEET THII
(kak TIporpaMMHas IEepeMeHHas x wuMeeT TN 1int). Kaxmeni
(GyHKUIHMOHATIBHBIA CUMBOJ MMEET MHOXKECTBO TUIIOB apryMEHTOB U THII
pe3yJibTara, a KaKIbli NPEAUKATHBIA CHMBOJI MMEET MHOYKECTBO THIIOB
apryMEHTOB, OJIHAKO HE€ MMeeT Tuna pesyinbrara. [lo 3Toil mpuunHE B
TaKOW JIOTUKE KBAaHTU(DHUKAIIUN TAK)KE TUITU3HPOBAHEI.

ANTOpUTMUYECKHE KOMIIOHEHTHI MPOrPaMM J0Ka3aTelIbCTBa TEOPEM — 3TO
METO/Ibl MPUMEHEHHMSI MTPABUJI BBIBOJA U MOJIYUEHUS CIECACTBUNA. BaxxHbIMU
MOJIXO/IAMH, UCIOJIb3YEMbIMUA TAaKHUMH MPOrpaMMaMH JJI 3TOTO, SIBJISFOTCS
€CTECTBEHHasl JeIyKUus (HAmpuMep, U3 HCTUHHOCTH @1 U @2 MOXKHO
C/eJIaTh 3aKI0YEHUE 00 UCTUHHOCTH (1 A (2), PE3OIOLUSA U YHU(PUKALIHS
(mpouenypa, KOTOpasl HCIOJIB3YETCS AJIi CONOCTAaBJICHUS JBYX TEPMOB
JIpYyr C IPYroMm IIyTe€M IIPEAOCTaBIIEHUS BCEX IOJCTaHOBOK IEPEMEHHBIX,
IIPU KOTOPBIX TEPMBI COBIAAIOT). B oTiiMune oT TpauLIMOHHON MPOBEPKHU
MOJIEJIEH, JOKA3aTEeIbCTBO TEOPEM MOXKET paboTaTh HEMOCPENCTBEHHO C
OECKOHEYHBIMA MHOKECTBAMHU COCTOSIHUM M TPOBEPATH CIPABEIMBOCTD
CBOMCTB C IPOU3BOJIbHBIMU 3HAYEHUSMH [1apaMETPOB.

DOTH METOAsl HEMOCTATOYHBI IS TIOMCKA JOKAa3aTelbCTBA 3aJaHHOU
TEOPEMBI, €CITH JI0Ka3aTeIbCTBO CYIIECTBYET. IHCTpYMEHT HOKEH UMETh
CTpaTeruto, KOTOpas TOBOPHUT, KaK HCKaTh JoKa3aTelnbCcTBO. JlaHHas
CTpaTerusi MOXKET MpeajiaraTh MCIOJIb30BaTh IpaBUjia BBIBOJIA C KOHIIA,
HAaYMHAs C TPEIJIOKEHUs, KOTopoe Tpedyercs mokazath. CTpareruw,
KOTOpblE  JIIOJM  TPUMEHSIOT IS TOMCKa  JIOKa3aTesbCTB,
Hedopmanmu3oBanbl. CTpaTeruu, KOTOPBIE MCHIOJIB3YIOTCS MPOTpaMMaMH
JIOKa3aTelIbCTBa TeOpeM, Oa3UPYIOTCS Ha aNropuTMax 00Xoja B MIUPUHY U
B TUIyOUHY.

HakoHerr, mporpaMMbl aBTOMaTHYECKOTO JTOKA3aTEIbCTBA TEOPEM HE OUCHB
MOJIC3HBI ~ HA  TpaKTHKe:  TpobiemMa  J0Ka3aTelibcTBA  TEOPEM
OKCIIOHEHITNATBLHO CJIOKHA — TIPEIJIOKCHHE JUIMHBI N MOXKET HMMETh
JTIOKA3aTelIbCTBO JKCIMOHEHITMANBHOTO pasMepa oT N. I[lowck Takoro
JTIOKa3aTelIbcTBa TPEOyeT BPEMEHU SKCIMOHEHITMATHHOTO OT €ro JJIMHBI.
[Tootomy B o00mem cioydae JOKa3aTelbCTBO  TEOPEM  JBAXKIBI
HKCIIOHEHITUATBLHO 10 OTHOIICHUIO K JUTHHE JIOKa3bIBAEMOTO TIPEIIOKECHHMS.
JI1si MHTEpaKTUBHBIX MPOTpPaMM JI0OKA3aTEIbCTBA TEOPEM ATa CIOKHOCTh
3HAYUTEITHLHO YMEHBINACTCS.

[lepeuncnuM paznuuusi MEXIy J0Ka3aTEIbCTBOM TEOPEM M MPOBEPKOMU
MOJIEJIEH:

o [IpoBepka Mojeneli MOJTHOCTHIO aBTOMAaTHUYECKasi U ObICTpast.

o IlpoBepka wMogmenmeldi MokeT OBITh MNpPHMEHEHAa K YacTHUYHBIM
peanm3anusaM. [loaToMy OHa MOXET NPEAOCTABIISTh MOJIE3HYIO
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I/IH(bOpMaHI/II-O OTHOCHUTCJIbHO KOPPEKTHOCTU CHUCTEM OAXKEC B ClIydac,
CCJIM CUCTCMaA HC IIOJIHOCTBIO OIIPCACIICHA.

o IIporpamMmbl IpoBEpKHU MOJIEeH UMEIOT APYKECTBEHHBINM MHTEpderic u
JIETKO HCIOJB3YIOTCS, B TO BpEMs KakK HCIOJIb30BAHHE MPOrpamMm
IIPOBEPKH JI0KA3aTEIbCTB TPEOYET JOCTATOYHO BHICOKOM KBaIU(PHUKALIUU
MOJIb30BaTENCH JIsl TOr0, YTOOBI HAMPABJISITH U COMPOBOXKIATH MPOIIECC
Bepudukanuu. B yacTHOCTH, 3aTpyTHUTEIHEHO MO3HAKOMHUTE KOTO-JIH00
C JIOTUYECKHUM SI3BIKOM MPOTPAMMBI J10KA3aTEIbCTBA TEOPEM, KOTOPBIM
O0OBIYHO SIBJIIETCS BBIPA3UTEIIbHAS JIOTUKA BHICOKOIO MOPSIKA.

o IlpoBepky Mojenel 1elecoo0pa3HO MPUMEHSATH K YIPaBISIIOUIUM
MPUJIOKEHUSIM, HAIpPUMEp, PEAKTUBHBIM cucTeMaM. Jloka3aTenbCTBO
TEOpEeM MPUMEHHMO [iJIsi paboThl ¢ OECKOHEYHBIMH MHO>KECTBAMHU
COCTOSIHUM, M TO3TOMY OHO MOXET HCMOJb30BaThCS ISl MPUIOKEHUI
00pabOTKH JIaHHBIX.

o B ClIydac YCIICHIHOCTH JOKa3aTCJIbCTBO TCOpPEM HacCT (HO‘ITI/I)
MaKCHUMAaJIbHBIN YPOBCHDb TOYHOCTHU N HAJACKHOCTHU NOKA3aTCIILCTBA.

a HpOBepKa MOIIGHGP'I IMO3BOJIACT I'CHCPHUPOBATL KOHTPIIPUMCEPEI, KOTOPEIC
MOTI'YT UCITIOJIB30BATHCA AJIS IIOMOIIU B OTIIAAKC.

o Ilpu ucnonb3oBaHMM TPOBEPKH MOJEIEH, NMPOEKT IPOBEPACTCS IS
(UKCUPOBAHHOIO (M KOHEYHOT'0) MHOXKECTBA MapaMeTpoB. [IpumeHenue
IIPOTPAMM  JIOKA3aTENIbCTBA TEOPEM BO3MOXKHO U1 IPOU3BOJIBHBIX
3HAYEHHI TapaMeTPOB.

[IpoBepka Mmopneneld HE paccMaTPUBACTCS KaK <«JIYYIIMH» MOAXOA IO
CPaBHEHHUIO C JIOKa3aTeJIbCTBOM TEOPEM. DTHU METOJIBI AOMOIHSIOT APYT
Ipyra, TaKk Kak KaxAbld M3 HHUX O00JIajaeT  ONpeJeIeHHbIMU
JIOCTOMHCTBaMH. J[enaroTcst OMBITKH UHTETPalK 3TUX METOJOB AJIsl TOTO,
YTOOBI MOTYYUTh AP HEKT 0T 00bETMHEHUS TOCTOMHCTB 00OHX MOAXO0B.

[ naBa 2. MatemaTtuyecknun annapat
Bepudunkauunum moagenemn

2.1. MogenupoBaHue cucTeMsl

Kak cnenyer w3 Ha3BaHus, MeTOA BepuUKAIUU MOJeleld paboTaeT He
HaIpsAMYIO ¢ TIPOIPaMMOM, a C €€ MOJIebI0. B 3TOM pasnerne onucaHo, Kak
CTPOUTH TAKYIO0 MOJIEINb.

CHavayia 111 CUCTEMBI coO3/aeTcsi crnenudukanus — Habop CBOMCTB,
KOTOPBIM OHa JIOJDKHA YyIOBJIETBOPATH. [lockoabky B Mertome mMmodel
checking cnerudukaius mpoBepseTcss Ha MOJEIH, HEOOXOAUMO, YTOOBI B
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MOJENN TMpPOSBISUINCH BCE CBOWMCTBA, KOTOpPbIE NPUCYTCTBYIOT B
cnenudukanuu. B To ke Bpemsi, He UMeeT CMbIcia J00aBIsATh B MOJIEIb T€
JIeTal CHUCTEMbI, KOTOpbIE HE BIJIMSIOT Ha BBINOJHEHUE TpeOyeMbIX
cBoiicTB. Hampumep, ecnu B cieniMpuKauu CUCTEMbI YIIpaBiICHUS JTUPTOM
yKa3aHo, YTO JBEpH JHU(TA JOHKHBI OCTABATHCS 3aKPBHITHIMH BO BpPEMs
JBUKECHHSI, TO BO BpeMs BepHU(UKALIMU 3TOTO CBOMCTBA HE BaXKHO, C KaKOi
CKOPOCTBIO IBIKETCS JIU(PT, TIABHOE — UTO OH JBMXKETCS.

B pamkax maHHOW KHWTHM HamOOJBIINN HMHTEPEC MPEICTaBISET 3amadya
Bepu(UKanuu peakTuBHBIX cucteM [17]. Takue cuCTEMBI HEb3s
MOJICJIMPOBaTh B TEPMHHAX BXOJa-BbIXOJA, TaK KaKk HUX padoTa MOXKET
IPOAOKATHCA OECKOHEYHO JIOJITO, M TIOSTOMY JUIsl HUX BepupHUIMpYyeTCs
HOBEeHUEe BO BpeMeHH. JlJi1 3TOro BBOAMTCA MOHATHE COCMOSHUSA
CUCTEMBI, MOJ KOTOPbIM B OOIIEM cllyyae IOHHMAEeTCsi €€ MIHOBEHHOE
onucaHue ¢ (PUKCUPOBAHHBIMU 3HAYEHHUSIMH BCEX MEPEMEHHBIX CHCTEMBI.
PaboTy peakTuBHOIl cHUCTEMBI MPU 3TOM MOXHO HpPEICTaBUTh B BUJE
NIEPEXO0B MEXY COCTOSIHUSMM.

dopmanibHO pabOTy CHCTEMBI MOKHO TIPEICTaBUTh B BUAE Mooeau Kpunke
[17] — rpada mepexomoB, B KOTOPOM Uil KaXKJOTO COCTOSTHHS WU3BECTCH
Ha0Op MPEeANKATOB, BHIMOJHSIOIIUXCSA B 3TOM cocTOosiHUM. [IyTh B Monenu
Kpurike cOOTBETCTBYET CLEHAPHUIO PAOOTHI pEAKTUBHOM cucTeMbl. Onuiiem
Mozenb Kpunke ¢popmanbHo.

CHagarna BBeIEM TMIOHSTHE MHOXECTBO AMOMAPHBIX  NPeOdloNCeHUU
(snemenmapnvix 6vickazviganuil) — MPENJIOKCHUN, BHYTPEHHSS CTPYKTYpa
KOTOPBIX HE MOXKET U3MEHATHCSA. ATOMapHBIC MPEATIOKEHHUS — ITO Oa30BBIC
MPEJIOKEHHSI, KOTOPbIE MOTYT OBITh cleinaHbl. MHOXXECTBO aTOMapHBIX
npemsioxkennii obo3navyaercsi AP. Tlpumepamu aToMapHBIX MPEAJIOKCHHM
SBJISTFOTCSL TIPEIIOKEHUST «X O60mbIne 0» WM «X paBHO 1» JjIsi HEKOTOpPOH
IepeMeHHou X. Jlpyrumu npuMepamu TaKuxX NPEAJIOKEHUN SBISIOTCS
«MIeT JMOXIb» WU «B Mara3uHe HeT ToKymnarenei». B mnpunmmmne,
aTOMapHbIE MPEJIOKEHUs OMPENETIOTCS HaJl MHOKECTBOM TEPEMEHHBIX
X, Y, ..., koucraut 0, 1, 2, ..., yHkuit max, gcd, ... ¥ npeaukaToB X = 2,
xmod 2 =0, ...; monyckarTcs npeioxeHus Buaa max(X, y) <3 wim X =Y.
He O0ynem TouHo omnpeaensth MHOXkecTBO AP, a mpocto moctynupyem ero
CYIIIECTBOBAHHE.

3ameTuM, YTO BBIOOP MHOKECTBA aTOMapHBIX mpejuioxeHuid AP Baxew,
TaKk Kak OH (UKCHUpyeT O0a30BbI€ CBOWCTBA, KOTOPhIE MOTYT OBIThH
chopMynMpoOBaHbl g HCCieayeMoi cucteMbl. I[loaTomy Qukcaius
MHOKECTBAa aTOMAapHBIX MPEAJIO)KEHUN MOXKET ObITh Ha3BaHa nepeou
cmynenvto abcmpakyuu. Eciu KTO-TO pelIUT, HAIpUMEp, HE MO3BOJIUTH
MHOXeCTBY AP cchliaTbCsi Ha HEKOTOpBIE MEPEMEHHBIE CUCTEMBI, TO HH
OJTHO CBOMCTBO, CChUIAIOLIEeCs] Ha ATH IEPEMEHHbIE, HE MOXET ObITh
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chOpMyYIMPOBAHO, U, KaK CIEACTBUE, HU OJAHO TaKOE CBOMCTBO HE MOXET
OBITH TPOBEPEHO.

Mooenvio Kpunke (cmpyxkmypoti Kpunke) Haa MHOKECTBOM aTOMAapHBIX
npemioxeHuit AP Ha3biBaeTcs Tpotika (S, R, Label), rae

0 S — HEeMyCTOE MHOXXECTBO COCMOSHULL;

o RcSxS — momanvnoe ommnowenue nepexodog Ha S, KOTOpOE
COTIOCTABJISICT MJIEMEHTY S € S €r0 BO3MOKHBIX IOTOMKOB;
: AP
o Label: S— 2™ comocraBnser KaxaoMy COCTOSHHIO S € S aTOMapHbIC

npemioxenus Label(s), koropbie BepHBI B S.

Otnoirenne R c S x S HaspIBaercd momaibHbIM, €CJIIM OHO CTaBUT B
COOTBCTCTBHC KaXXKIAOMY COCTOAHHIO S € S kak MHUHHUMYM OIHOI'O IIOTOMKaA
(Vs e S:3s' €S:(s,s') € R).

Wuorna eme tpedyror, utodnl 1iisi mMoaenu Kpumke Obul 3aman HaOOp
HAYAIbHBIX COCMOAHUL So C S.

Ilymv B wmonmenu Kpumke w#3 COCTOSAHHS Sy — OTO OecKOHeuHas
HOCJICIOBATEBHOCTh COCTOSTHUM 7 = SpS1S; ..., Takas uTo it BceX 1>0
BoInoaHseTcs R(S;, Si+1).

HpeHCTaBJIeHI/Iﬂ MEePBOro nmopsiaika

Onuniem, Kak MOKHO MPEJICTaBUTh MOJENb Kpunke npu nomMouiy JO0TUKH
MPEIUKATOB MEPBOTO MOPSAIKA.

I[Myctb V={Vvi, Vs, ...,Va} — DOTO MHOXECTBO BCEX IMEPEMECHHBIX
paccmarpuBaemoii cucteMbl. [lockoiapky model checking me pabGotaet ¢
CUCTEMaMH C OECKOHCUHBIM YHCJIOM COCTOSIHHM, IPEINOIOXKAM, YTO
IICPEMEHHbIE CHCTEMbI MPHHUMAIOT 3HAYEHUS H3 HEKOCT0 KOHEYHOTO
MHOKecTBa D.

Oyenkou nnst V HazoBeM (PYHKITMIO, KOTOpas KakJI0W mepemMeHHou V u3 V
comocTaBiisieT 3HaueHue u3 MHoxkectBa D. CocrosiHue cucteMsl
OIMKCHIBAECTCS MTHOBEHHBIMU 3HAYEHUSIMU BCEX €€ MEPEMEHHBIX, U TTI0ITOMY
cocTostHUE sBIIIeTCS TpocTto oreHkor SV — D. CocrosHue MOXXKHO
onucarh B BUAE (GOPMYIIbl, KOTOpas MPUHUMAET HCTUHHOE 3HaYeHWE, KOT/1a
3HAYCHHUS ITEPEMEHHBIX COOTBETCTBYIOT 3TOMY COCTOSIHHIO.

Hampumep, mnycte V={vi, Vo, v}, D={1,2,3} wu cocrosuue S
cooTBeTcTBYET O1eHke (V1 = 1, Vo = 2, v3 = 3). Toraa 3To COCTOSIHHE MOYKHO
onucath B Buje ciaeayrorieid popmyibl: (Vi =1) A (V2 =2) A (V3 = 3). Tlpu
IIOMOIIM OTIepaTopa AU3BIOHKIIMU MOKHO COCAMHUTH HECKOJIBKO (OpMYII
IS COCTOSIHAN M IOJIy4UTh (OPMYITy, OIHCHIBAIOIIYIO0 HAOOp COCTOSIHUIA:
takas (opMmyna OyaeT NpUHUMATh HCTHHHOE 3HAYCHHE TOJBKO B TOM
clyyae, €CIM 3HA4YEeHHS IEPEMEHHBIX COOTBETCTBYIOT OIHOMY M3
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BBIOpAaHHBIX COCTOSIHMI. Takum 00pa3oMm, HaOOp HAYAJIbHBIX COCTOSIHHIA
MOJKET OBITh OIUCaH B BUC (HOpMYJIbl IepBOTo mopsaka So(Vy, Va, ..., Vn).

OmnwuireM Teneppb mepexoabl B Buae Gopmys mepBoro nopsiaka. Jms atoro
TIOHATOOUTCS JIOTIOJTHUTETHHOE MHO>KECTBO TIEPEMEHHBIX
V'={V, V), ...,V,}. BymeM HasbiBaTh mepeMeHHBIE V — I€PEMEHHBIMH
TEKYIIET0 COCTOSIHHUS, a TMEepeMEHHbIe V' — MEePEeMEHHBIMHU CIEIYIOIIEro
cocrosinud. llepexogom HazoBem mnapy oueHok V u V'. Torma MoxHO
Hanucath ¢opmyny neporo mopsaka R(V, V'), koropas mnpuUHHMaeT
UCTUHHBIC 3HAYCHHWs TOTJa M TOJNBKO Torjaa, korga omenku V u V'
COOTBETCTBYIOT CYIIECTBYIOIIEMY NIEPEX0Iy B CHCTEME.

ATOMapHBIe  BBICKa3bIBaHHSI O CHCTEME MOXKHO 3aJaBaTh  Kak
BBICKAa3bIBAHUS ~ OTHOCHUTEJIBHO  3HAUCHHH  IMEPEMEHHBIX  CHCTEMBI.
Bricka3biBanue V = d HICTUHHO B COCTOSTHHHM S cUCTeMBI, eciu S(V) = d.

Tenepp MOXHO omnucatb Mojenb Kpumnke B Buae QoOpMyn JIOTHKH
IIPEAUKATOB IIEPBOTO MOPSAAKA.

1. MHoOXecTBO coCTOsSiHUM Mojenu Kpurnke — MHOXKECTBO BCEX OILICHOK
Hax V.

2. MHOXECTBO HAYaJIbHBIX COCTOSHUN Mojenmn Kpumke — MHOXECTBO
TaKuxX OIECHOK S: V — D, 11 KoTophIX GopmyJia epBoro mopsiaka Sy(s)
NPUHUMAET UICTUHHOE 3HAUYCHUE.

3. OTHolIeHUE TMepexoJ 0B 3afaeTcs cheayrmuMm obpasom. Ilepexon
MEX]ly OLIEHKaMH S; M S, CYIIECTBYET TOrJa U TOJIbKO TOr/Aa, KOorja
dopmyna nepBoro mopsiaka R(S;, S;) MpUHMMAET MCTUHHOE 3HAYCHUE.
s Toro 4rtoObl 00CCIEYNTH TOTAIBHOCTH OTHOIICHUS, IS BCEX
COCTOSIHUM Sy, W3 KOTOPBIX HET HHU OJIHOTO Iepexoja B JApyroe
COCTOSTHHE, BBEJIEM IIEPEX0JI B caMo 3TO cocTosiHue: R(Sy, Sk) = true.

4. Label: S — 2" onmpenensiercs Tak, uro6s! Label(S) mpuHagiexam Bee
aTOMapHbIe  MPEIJIOKCHUS, BBIMOJHSAIONIMECS B  COCTOSHUH .
Hanpumep, ecimm  S(v) =dy, TO aToMapHOEe  BBICKa3bIBAaHHE
(vk = dy) € Label(s).

PaccmoTpum mpumep noctpoenust monaenu Kpumke Ha ocHOBe (Gopmyin
JIOTUKU TPEUKATOB TIEPBOr0O MOPSIKA, KOTOPBIA MpUBeAeH B KHure [17].
[lycth B cuUCTeMe HMMEIOTCS (B TMEPEMEHHbIE X W Y, NPUHHUMAIOIIHNE
sHavyenus u3 MHoxectsa D = {0, 1}, u mycTh mepexo B cUCTEME 3a1aeTCs
dopmysoit X :=x+Yy(mod 2). B HayalibHOM COCTOSIHMM 3HA4Y€HUS 3THX
TICPEMEHHBIX PABHBI SINHHUIIC.

Torna dhopmyna s HAYAIBHOTO COCTOSIHUS IPUHUMAET BUI:

S, y) =(x=1) A (y=1),

a hopmyIia Jj1sl Iepexo/I0B:
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ROy, X', y') = (X = x+y (mod 2)) A (y' =y).
[Tpu 3ToM Mozaenb Kpurnke onuchiBaeTcst CleayromuMu GopMyIamMu:
1. S={0,1} x {0, 1};
2. So={(1, D},
3. R={((0,0),(0,0)); ((0,1), (1, 1)); ((1, 0), (1, 0)); (1, 1), (0, 1)) };
4

. L((0,0)) ={x=0,y =0},
L((0, 1)) ={x=0,y =1},
L((1,0)) ={x=1,y =0},
L((1, 1)) ={x=1,y=1}.

CreneHb JAeTaJu3aluU NEePexXoa0B

[Tpu nmoctpoennn monenu Kpurke Gosiblioe BHUMaHHUE CIEAYeT YAENATb
CTENEHU JeTannu3anuu nepexonos. Ilepexoasr B Moxenu Kpumnke nOJDKHBI
MOJEIINPOBATh amoMmapHvie TIEpexXolbl HCXOAHOW cuctembl. Henp3s
JOMyCKaTh CUTyallMil, KOrJa B HCXOJHOM cHUCTeME HaOJ01aauch
IIPOMEKYTOUHBIE COCTOSIHHUSI BHYTPU OJHOTO Mepexoaa u3 moaenu Kpunke.
B TakoMm ciydae MOXET OKa3zaTbCs, 4YTO Mpu Bepupuxanuu OyaeT
npomyiieHa omulKa, KOTopas MPOSBISIETCS Kak pa3 B OJHOM M3 TaKUX
MPOITYLIEHHBIX COCTOSIHHM.

B T0 e BpeMs Henb3sl IOMyCKaTh CUTYallud, Koraa B Mojaenu Kpurke ecth
COCTOSIHUS, KOTOPBIE peajbHO HE HaOMIoAaloTCs B BepUUIMPYEMO
cucteme. B aToM cirydae MOXeT oKazaThbCsl, YTO MpU BepudUKaIUu OyIyT
HaWJIEHBI pEaTbHO HE CYIIECTBYIONINE OIIHOKH.

Jlns mosicHeHust mpuBeneM mnpumep u3 kuHuru [17]. PaccmatpuBaetcs
CUCTEMA C JIByMs NIEPEMEHHBIMHU X, Y U ABYMS NEPEX0JIaMU ¢ U 5, KOTOpBIE
MOTYT BBITIOJIHATHCS APaAJUIENBHO!

a. X:I=X+Yy,
p yi=y+X
B nawanpHOM coctosiHuM X =1 Ay =2. PaccmoTpum Oosiee JeTaabHYIO

peanu3alyio IMepexoaoB o WU [, B KOTOPOH MCIOJIB3YIOTCS KOMaHJIbI
acceMOJepa:

ao. load Ry, X Lo: load Ry, y
0. add Ry, Yy ,31: add Ry, X
a,. store Ry, X o store Ry, y

Ecnu B mporpamme BBINIOJIHSAETCS CHayaia Mepexo] a, a 3aTeM nepexon f,
TO Mporpamma MomnajgaeT B cocTosiHue X =3 AY=15. Eciu mnepexonbl
BBITNIOJIHSIOTCS B 00OpaTHOM MOPSAKE, TO MPOrpaMMa MonaaaeT B COCTOSIHUE
X=4 Ay =3. Ecnu e nepexo/ibl COBMEUIAIOTCS B CIEAYIOLIEM MOPSAKE:

33



0o, Po, a1, P1, 02, P2, , TO B pe3yJbTaTe MporpaMma IMOMNajaeT B COCTOSHHE
X=3Ay=3.

[Tycth coctosiHue X =3 AY =3 sBISETCS OUIMOOYHBIM NJIi CUCTEMBI, U
TpeOyeTcss MPOBEPUTH, MOKET JIM CHCTEMa OKa3aThCS B 3TOM COCTOSHUH.
JlommycTuM Takke, 4TO CHCTEMa pealin30BaHa TakK, YTO MEPEXoAbl o U ff
BBITIOJIHAIOTCSL aTOMApHO. B 3TOM ciydae cucTteMa HE MOXKET OKAa3aThbCs B
omuO0YHOM cocTOsiHUU. OHAKO €Ccli OCTPOUTh Mojienb Kpurike ¢ 6onee
JeTAIbHBIMH TIEpEX0AaMH, TO B Tpolecce Bepudukanuu OyneT HaiijeHa
OIIMOKa, KOTOPOM HE CYIIECTBYET B UCXOJIHOM MpOrpaMme.

[Tycth Temepp, mporpaMmMa peaju30BaHa JCTaIbHO, M BO3MOKHO
BEITIOJTHEHUE TIOCIIEIOBATEILHOCTH o, Po, 01, P1, 02, f2. Torma mporpamma
HEBEpHA, MOCKOJIBKY MOKET MOMNacTh B OMUOOYHOE cocTossHre. OmaHaKo
€CJIM MOCTPOUTh MOACIb KpHuIke ¢ UCIoIb30BaHUEM JIMIIB ITEPEXOA0B . U
S, TO BepupUKALMSI NOKAXKET, YTO MpOorpaMMa BepHAa, HO 3TO OyAeT
HEIPaBUJIBLHBIM PE3YIbTaTOM.

2.2. [lpoBepka moaeneun
Ons rMIMHENHON TeMnopasibHOM NOTUKK

Peaxmuesnvie cucmembvl XapaKTepU3yHTCs HenpepbleHbIM
gzaumooeticmeuem ¢ OKpykeHHMeM. OHHM pearupyrT Ha CTUMYJIBI,
IIOChUIAEMBIE  W3BHE.  HempepsIBHBIM ~ XapakTep  B3aWMMOJEUCTBUSA
PEaKTUBHBIX CUCTEM  OTIMYAeT HMX OT TPAOAULHMOHHOIO  BHUZAA
NOCJIEIOBATEIbHBIX CHUCTEM, KOTOPBIE paccMaTpUBalOTCA OOBIYHO Kak
(GyHKUIHMH, KOTOpbIEe MpeoOpazyroT BXoAbl B BbIXOAbL. llocnme momyuenus
BXOZla TIOCJIENOBATENIbHAS CHUCTEMA TI'€HEPUPYET BBIXOZ, BIIOCICACTBUU
3aBEpLIAsACH ITOCJIE KOHEYHOI0 YHCJIa BBIYMCIUTEIBHBIX aroB. biaronaps
TpaHcopMalii BXOJOB B BBIXOAbl 3TOT THUII CUCTEM HWHOIZA TaKke
Ha3bIBAIOT mpancpopmupyrowumu cucmemamy. CBONCTBA TaKUX CHCTEM
OTHOCSITCSI K BBIXOJ]aM, CT€HEPUPOBAHHBIM IO BXOAaM, U (GOPMYIUPYIOTCS
B TEPMMHAX MpPEI- U IOCTYCIOBUM.

Bo MHoOrux ciywasix peakTUBHbIE CUCTEMBbI HE 3aBepiiatorcs. [loatomy
CBOMCTBA CUCTEM 3TOI0 KJjlacca OOBIYHO OTHOCATCS K B3aUMHOMY MOPSAKY
COOBITUH B CHUCTEME — IMOBEACHHUIO CHCTEMbl B TEUEHUE BPEMEHHU.
TpeOGoBaHus, KOTOpbIE pa3pabOTYMKU HANATAIOT HA PEAKTHUBHBIE CUCTEMBI,
pa3ouBarOTCs Ha JBa TUTIA!

o CaoiicTBa He3onacHocmu (yTBEPKIAIOIINAE, YTO HEUTO TJI0X0E HUKOTAA
He cinyuutes). CucrteMa yJioBIETBOPSIET TAKOMY CBOMCTBY, €CJIA OHA HE
JIEMOHCTPHUPYET 3alPEICHHOE TOBEICHUE.

o CaoiicTBa orcugyuecmu (yTBEpKAAIOIIME, YTO HEYTO XOpOLIee Korja-
6o ciayuutcs). Jias Toro 4toObl yIOBIETBOPSATH TAaKOMY CBOWCTBY,
cUCTEMa JI0JKHA JEMOHCTPUPOBATH KETAEMOE MTOBEJICHHUE.
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HecMoTpst Ha HepopMaIbHOCTh, 3Ta Kiaccu(UKalus JOBOJBHO TOJIE3HA:
JIBa TUIA CBOMCTB MOYTH AUIBIOHKTHBI, U OOJBIIMHCTBO CBOMCTB MOXET
ObITh OMMCaHO KOMOMHAIIMEW CBOMCTB O€30MACHOCTH W KUBYYECTH.
BriocneAacTBUUM HEKOTOpbHIE aBTOPBI PACHIMPWINA ATy KIacCUPUKAIIUIO
JPYTUMU CBONCTBAMHU.

J{nst TOro 4TOOBI TOYHO OMUCHIBATH ATU THUIIBI CBOMCTB, OBLIM OMPEACIICHBI
normyeckue (opmanm3mbel. Hambosiee MHUPOKO M3BECTHBIMU SIBIISIOTCS
MeMnopanbhvle 102UKU, KOTOPhIC ONUCHIBAIOT crienudukanyu cucteM [15].
TemmopanbHblE  JIOTUKH  TOIICPKHUBAIOT  (OPMYJIUPOBKY  CBOWMCTB
MOBEJICHUS CUCTEM BO BpeMeHHU. CyIIECTBYIOT pa3IMuHbIe MHTEPIPETAIIUN
TEMIOPAJIbHONW JIOTMKA B 3aBUCUMOCTH OT TOr0, KaK pPaccMaTpUBarOTCS
BPEMEHHBIE U3MEHEHUS CUCTEM.

1. Jluneunas TemnopaiabHas JIOTHKA MO3BOJSIET (GOPMYIHPOBATH CBOMCTBA
UCIIOJTHUMBIX BBIYHCIUTEIIBHBIX MOCIEA0BATEIBHOCTEN CUCTEMBI.

2. Bemeﬂmaﬂc;l TCMIIOpAJIbHAA JIOTHKA ITO3BOJIACT II0JIB30BATCIIIO ITHCATDH
(1)OpMy.]'II>I, KOTOPBIC BKJIIOYAIOT HCKOTOPYIO 3aBUCUMOCTL OT BI)I60pOB,
COBCPIIACMBIX B CHCTCMC B IIPOLCCCC BBIIIOJHCHUA. Ona 1mo3BoJIsIeT
Q)OpMYHI/IpOBaTB CBOMCTBA O BO3MOKHBIX IMOCJIICAOBATCIIbHOCTAX
BBIIIOJIHCHUA, KOTOPBLIC CTAPTYIOT B HEKOTOPOM COCTOAHHHU.

M3noxeHne TeOPETHYECKUX BOIPOCOB U IPUMEPOB MPOBEPKH MOJCIICH IS
TEMIIOPAIBHBIX JIOTUK OCHOBAaHO Ha Kypce neknuii I1. KaToena [1].

2.2.1. CuHTakcuc LTL

Crnenyroiiee ompenefieHne yCTaHABIMBAET MHOXKECTBO 0a30BBIX (OpMYyII,
KOTOpPbIE MOTYT OBITh BBIPAXKEHBI B TMPOMO3UIIMOHAIBHON JTMHEHHOM
temnopanbHoi joruke (LTL — linear temporal logic).

[Tycts AP — MHOkECTBO aTOMapHbIX npeoxxeHui. Toraa:
1. p sBasercs popmynoit 1is Becex p € AP.

2. Ecmu ¢ — popmyna, To —¢ — hopmyna.

3. Eciou ¢ u w — hbopmyiiel, TO ¢ V w — hopmya.

4. Ecnu ¢ — popmyina, To X ¢ — hopmyrna.

5. Ecmu ¢ u w — dhopmysl, To ¢ U w — hopmyrna.

MHuoxxecTBO (popmyJs1, TOCTPOECHHBIX B COOTBETCTBUU C STUMHU IpaBUJIAMH,
HasbIBaeTcs gopmynamu LTL.

3amMeTHM, 4TO MHOXECTBO (DOpMyJI, TIOJYICHHBIX HA OCHOBE MEPBBIX TPEX
MYHKTOB, OMpEIEsieT MHOXKECTBO BceX (OpMyJ MPOIMO3UIIMOHATBEHOM
jgoruku. [Ipomo3unmoHanpHass JIOTHKA SBISAETCS, TaKUM 00pas3om,
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coOcTBeHHbIM ToAMHOXecTBOM LTL. TemmnopaibHeIMH oOllepaTopaMu
sBistoTes Toibko X (neXt) u U (Until).

Cunrakcuc LTL moxer ObITh 3amaH W B HoTamuu bokyca-Haypa. [[ns
p € AP MHoxecTBO LTL-popmyn onpenensercs cieayrommm oopa3om:

p:=p|l=p|(eve)|Xe|(pUop).

JIs TOrMYecKuX OIepaTopoB A (KOHBIOHKIHS), —> (MMIUITMKALUA) U <>
(?KBUBAJICHIIUSI) CIPABEIUBBI COOTHOIIICHUS:

¢ AY==(=9 v ),
P >Y="0 VY,
poy=(p->v) Ay - 9)
dopmyna true paBHa ¢ v —p, a false — sro —true. Temnopanvmuvie

onepamopvr G (Globally, «Bcerma») u F (Future, «xorma-HHOYIb»)
OTPEACTISIOTCS CIIEAYIOIUM 00pa3oM:

Fo=true U g,
Tak kak true BepHO BO Bcex cocTosHUMSIX, ¢opmyra F¢e B
I[Cf/iCTBI/ITCJ’IBHOCTI/I O3HA4YacT, 4YTO ¢ BBIIIOJHACTCA B KaKOW-TO MOMEHT B
oynymem. IlpeamomoxuM, dYTO HET MOMEHTa B OyAylleMm, Korja
BBINIOJIHAETCST —¢. Torma ¢ BBINOJIHSAETCS BCE BpeMsA. ODTO OOBICHSET

onpenenenne G ¢. B nmureparype F mHorna o6o3nauaercs kak ¢, a G kak
1. B maHHO# KHUTE UCTIOJIb3yeTCs TpaauinonHas Hotanus F u G.

Htak, MOKHO yTBEepXJaTh, 4To (hopmyisa 6€3 TeMIopaabHOTO OmepaTropa
(X, F, G, U) Ha «BepXHEM YPOBHE» OTHOCHUTCS K TEKYIIEMY COCTOSHHIO,
dopmyna X ¢ — k criexyromiemMy cocTosanio, G ¢ — KO BceM OyayImum
cocrosiHusaM, F ¢ — k HEeKoTOopoMmy Oynymiemy coctosiHuto, a U — Ko BceM
OyAyIIMM COCTOSIHUSIM JI0 T€X TOP, ITOKa OMpeAeIEHHOE YCIOBUE HE CTaHET
BEPHBIM.

Jlis  yMeHBbIIEHHS YuclIa CKOOOK TPHOPUTET Ha TEMIOPATbHBIX
orepaTropax BBOJUTCS cieayromuMm obpa3zom. Kak o0ObUHO, YHapHBIE
orepaluy UMErT 0oJiee BHICOKUMM MPUOPUTET, yeM OuHapHbie. Hampumep,
numercss —¢ U Fy Bmecto (—¢) U (F w). Temnopanshbiii oneparop U
uMeeT OoJsiee BBICOKMN NPUOPUTET MO CPABHEHHIO C A, V H —>, a
UMIUTHKAIMST — UMeeT 00jiee HU3KUI MPUOPUTET MO CPABHEHHUIO C A H V.
Hanpuwmep,

(=) = ) U (X 9) A (Fw))
MOJKET OBITh 3aITUCAHO CJIEIYIOIIUM 00pazoM:

(=9 > y)UXopAFy).
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Ipumep. Ilycts AP = {x = 1, X < 2, X > 3} — MHOXECTBO aTOMapHbIX
npemioxenuit. [Ipumepamu LTL-popmyn sBiastores X(X =1), —(x <2),
X<2 v x=1 (x<2)U(x>3), F(x<2) u G(x=1). Bropas u Tperbs
dopMysa Takke SABSIFOTCS MPOIMO3UIMOHAIBHBIMU (hopMmynamu. [Ipumep

LTL-dbopMynel C  BIIOXEHHBIMH  TEMIIOpaJIbHBIMU  OIlepaTOpaMHu:
G[(x<2) U (x>3)].

2.2.2. CemaHTnka LTL

[TpuBenenHoe BhINIE OnpeaesieHne naet crnocod mocrpoenus LTL-bopmy,
HO HE JaeT uHTepnpeTanuuii 3tuMm omneparopam. PopmansHo LTL
UHTEPIIPETUPYETCS HA TOCIIEI0BATENBHOCTAX cOCcTOAHUN. UHTYnTHBHO X ¢
O3HAuaeT, YTO ¢ BEPHO B CIEAYIOIIEM COCTOSIHUU, F ¢ — 4TO ¢ cTaHOBUTCA
BEPHBIM BIIOCJICACTBUM (Ceiiyac WJIM B KAaKOW-TO MOMEHT B OyayIuem).
OpHako, 4YTO MpU OBTOM IOHUMAETCA II0J CJIOBAMH «COCTOSIHUEY,
«CIEAYIOUIee COCTOSTHUE», «KAKOH-TO MOMEHT B Oyayuiem»? [lis Toro
YTOOBI HEJIBYCMBICIICHHO OINPEIEIUTh 3TU MOHATHS, 3a/1aeTcs (popmanbHas
MHTEpHpeTalrs, OObIYHO Ha3blBaeMasi CEMaHTUKOU. DOpMabHBIM CMBICH
CBOMCTB B TEMIIOPAJILHOM JIOTUKE ONPENEIAETCA B TEPMUHAX MOOenU.

LTL-mo0en» — 310 Tpoiika M = (S, R, Label), B xoTopoii:
o S — HemycToe KOHEYHOE MHOXKECTBO COCMOSHULL

o R:S — S comocraBnseTr 35IeMEHTY S € S €IMHCTBEHHBIN CIIEAYIOIINHA 3a
HUM 351eMeHT R(S);

o Label: S — 2" comocraBmser kaxaoMy COCTOSHHIO S € S aTOMapHEIE
npeiokenus Label(s), koropeie BepHBI B S.

s cocrositHust S € S cocrosiHue R(S) — eIMHCTBEHHOE COCTOSHUE,
cienytomiee 3a S. BaxxHoii xapakrepuctukoil GyHKIMH R sSBIsSETCS TO, UTO
OHa paboTaeT Kak reHepaTop OECKOHEUYHBIX MOcieaoBaTebHocTel S, R(S),
R(R(s)), R(R(R(S))), ... IlocnenoBaTenbHOCTH COCTOSIHHUM JUISI CEMAHTHKHU
LTL saBisitoTCS KpaeyrojibHbIM KaMHEM. MOXHO C TeM K€ YCIEeXOM
ompenenuth LTL-momens kak crpykrypy (S, o, Label), tme o -
OeckoHeYHas MOCIe0BaTeILHOCTh cocTossHM, a S u Label onpexnenensr,
KaK 3TO CJ/ICJIaHO BBIIIIC.

®dyukums Label ykaspiBaer, kakve aroMapHbIe PEIIOKEHUS BEPHBI IS
3aganHoro coctosaus M. Eciou mis cocrosaus S umeem Label(s) = &, To
5TO 03HAYAET, YTO HU OJHO AaTOMapHOE NPEIJIOKEHHE HE BEPHO B
cocrosauu  S. CocrosHME S, B KOTOPOM HPEMJIOXKEHHE P BEPHO
(p € Label(s)), uHorna Ha3bIBacTCS P-COCTOSIHUEM.

Ipumep. Ilycts AP = {x=0, x=1, x#0} — MHOXECTBO aTOMapHBIX
npemioxeHuit, S = {Sp, ..., S3} — MHOXECTBO COCTOSIHHM, R(S;) = Sj.+1 s
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0<i1<3 u R(S3) =s3 — o¢yukuus cuemoBanus u Label(sy) = {x+# 0},
Label(s;) = Label(s;) = {x=0}, Label(sz) = {x=1, x#0} — dysxuus,
COIIOCTABJIAOIAsT aTOMAapHbIC MPEIOKEHUS COCTOSTHUAM. B Momemun M =
(S, R, Label) aromaproe npemioxenne «X = 0» BEpHO B COCTOSIHHSX Sy U Sy,
«X # 0» BEpHO B Sg | S3, @ «X = 1» BEpPHO TOJBKO B COCTOSIHUH S3.

3aMeTuM, 4TO aTOMapHOE MPEII0KEHHE MOXKET JTUOO BBIMOIHITHCS, TUOO
HE BBIMOJNHATBCA B J0OOOM cocTosHun Mojenun M. JlanpHeitmas
MHTepIpeTanus He naercsa. Hanpumep, eciam «X = 1» BEPHO B COCTOSHMH S,
ATO HE O3HAYAET, YTO «X # 0» TakKe BEPHO B 3TOM COCTOSHUH. T€XHUYECKU
3TO clieyeT u3 Toro ¢akra, 4TO HA TMOMETKHA COCTOSIHMM aTOMapHBIMU
npetoxkeHusmu Label e HaknmanpiBaeTcs HUKaKUX OrpaHUYCHUN.

Cwmbicn ¢opMyn B JIOTHKE OIpEAeNsieTcss B TEPMHUHAX OMHOULCHUS.
svinoaHsaemocmu (0003HAYaEMOTO |=) MexIy Mojaensio M, ogHuM U3 ee
COCTOSIHUY S U popmyIioit ¢.

(M, s, 9) € |= obo3HavyaeTcs B HMHGUKCHON HOTamuu: M, s |= . Unes
3aKJII0YaeTcs B TOM, uTto M, S |= ¢ TOTJIa U TOJBKO TOTJA, KOT/Ia ¢ BEPHO B
coctostHuu S monenu M. Korma monens M sicHa U3 KOHTEKCTa, Oynem
OITyCKaTh MOJIEb U TIHCATh S |= @ BMecTO M, S |= 0.

Cemantuka LTL ompenensercs cienyromum oOpaszom. Ilycts p € AP —
atromapHoe npemioxenue, M = (S, R, Label) — LTL-moznens, S € Su ¢, v —
LTL-popmynsl. OTHOIIEHHE BBINOJIHAEMOCTH |= 3a1a€TCsI  TaKUM
crocoooMm:

sk=p < p e Label(s);

sl=-0 e -GFo);

sE=@vy) o6E)vEEw:

si=X¢  oRE 0

skE=(@Uy) ©3j20:RI(S) =y A (V0<k<j:Rs) F=0).
3nech R%(s) = s u R"(s) = R(R"(S)) mmst mo6oro n > 0.
Ecmu R(S) =S', To cocrosiHue S' Ha3bIBaeTCs npsimvimM nomomxom S. Ecnu
R"(s)=s" mma n>1, To cocrosHue S' HaspIBaeTcs nomomkom S. Ecim
M, s |= @, TO TOBOpAT, 4To Mojnaedb M ynosierBopsier dopmylie ¢ B

coctostHuu S. MHave roBops, opMysa ¢ BBITIOJHSIETCS B COCTOSHUHM S
mozenu M.

dopmainibHass MHTEPIIPETAIMs OCTANIBHBIX CBs30K true, false, A, >, G u F
MOXET OBITh TMOJy4YeHa Temepb W3 ONpENeTCHUN HEemOoCPEACTBEHHOM
noactaHoBkoil. CBsizka true BepHa BO BCEX COCTOSIHHSIX: TaK Kak
true = p v —p, BBIMOIHUMOCTH trUe B COCTOSIHUM S CBOJIUTCA K (hopmyrie
p € Label(s) v p ¢ Label(s), koropas siBisieTcss BEpHBIM MPEATOKEHUEM
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JUIs1 Bcex coctosiHuit S. Takum obpazom, M, S |= true mIst Bcex COCTOSHUMI
S. B xauecTBe mpuMepa pacCMOTPUM CEMaHTHKY F ¢:

S|=Fg0

< { no onpenencuuio F }

sk=true U g
< { cemantuka U }

3j>0: RI(s) =9 A (VO <k < j: R¥(S) =true)

< { BBIUHMCIICHUS }

3j>0:R(s) =0
CJ'ICI[OBaTeJ'IBHO, F ¢ BCPHO B COCTOSAHHUH S, €CJIM U TOJIBKO €CJIKh €CTb

HEKOTOpbIM (HE 00sA3aTENbHO MPSMOW) MOTOMOK COCTOSIHUS S WM CaMo
COCTOSIHHE S, B KOTOPOM ¢ BEPHO.

Hcnonb3ys 3T0T pe3ynbrat Juist F, monydum cemantuky 1 G ¢:

S|=G(o

< { no onpenencauio G }

<> { UCIOJIb3yeM MPEBITYIIHNI BBIBOT }

—~(3j=0:R(s) =—0)

< { ceMaHTHKa — }

-3j20: =R E=0)

<> { UCUMCIIEHHUE NTPEAUKATOB }

Vj>0:R\(s) =0
Taxum o6pazom, dopmyna G ¢ BepHa B S, €CIIM U TOJBKO €CIH BO BCEX
NOTOMKaXx S, BKJII0Yasi caMo S, BepHa (popmyia ¢.

IMpumep. Ecou popmyna ¢ U w BepHa B cocTtosiuuu S, To F y Toxke BepHO B
3ToM coctosauu. CremoBareibHO, Koraa yTBepxaaercs ¢ Uy, HESIBHO
MOJpa3yMeBaeTCs, 4To B OyAyIlIeM CYIIECTBYET KaKOe-TO COCTOSHHE, B
KOTOpPOM BBINIOJIHSCTC . bosee cmabbiii BapuaHT omeparopa Until,
ormeparop Weak until (unless) W yrBepkaaer, 49TO ¢ BBIIOIHIETCS
HETPEPHIBHO MO0 0 MOMEHTA, KOTJa BIEPBbIE OYACT BBIOIHITHCS
1100 B TedeHHe Bcel mocienoBareiabHocTd. Oneparop W onpenernsercs
CJIEAYIOIIUM 00pa3oMm:

eWy=Gov(pUy).
Omnepatop U MoxxHO BeIpa3uTh uepe3 W 1BOWCTBEHHBIM CIIOCOOOM:
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pUy=Fyn(pWy).
Ipumep. Ilycte M 3agaercs MOCHEIOBATEIBLHOCTBIO — COCTOSHHIA,
n300pakeHHOH B mepBoM psxy puc. 2.1. CocrosHusS 0003HAYAOTCS
BepiHaMu, a GyHknus R — crpenkamu (cTpenka wjaer u3 S B S', €ClIM |
Tosbko eciii R(S) = §'). Tak kak R — ToTayibHas (BCIOAY OIpeaeiicHHas)
(GYHKIHSA, Y KKIOTO COCTOSIHHS €CTh POBHO OJIHA UCXOJSAIIAs CTPEIIKA.
[Tometku Label yka3zaHbl 1101 COCTOSHUSMH.

v O

{} {q

Fp ‘
Gp O
qup ()

Puc. 2.1. [Tpumeps! uarepnperanuu LTL-hopmyn

O
O
O
@

U

-
-
~~
©
o)
-

{q

©¢ O o

©¢ O o
®¢ O o
OO

B HWKHHX psgax mMoka3zaHa BBIMOTHUMOCTH Tpex dopmyn: Fp, Gp u
q U p. CocTosiHrE OTMEUEHO YE€PHBIM IIBETOM, €ciii (hopMyJia BEpHa B 3TOM
COCTOSIHUH, M OCJIBIM — B IPOTUBHOM cirydae. @opmyna F p BepHa BO Bcex
COCTOSIHUSX, KpoMme mociieqHero. Hu oHO P-cocTosSHUE HE MOXKET OBITh
nocturuyTo u3 nocienuero. ®opmyna G p HeBepHa BO BCEX COCTOSHMUSIX,
TaK KaK HET HU OJIHOTO COCTOSIHUS, IOTOMKAMU KOTOPOTO OBLIN OBl TOJBKO
p-coctosinusi. I3 Bcex (-COCTOSIHMM (€IMHCTBEHHOE) P-COCTOSHUE MOYKET
OBITh JOCTUTHYTO 3a HyJlb uiau Oosiee maroB. CrenoBaresbHO, BO BCEX
ATUX COCTOSIHUSX BBITTONMHsIETCS dhopmyna q U p.

IIpumep. Ilycte M 3amaercs TOCIENOBATEIBHOCTBIO  COCTOSIHUIMA,
M300paKeHHOW Ha puc. 2.2, Tne p, q, I, S, t — aToMapHbIe MPEAJIOKESHUS.
Paccmotpum  dopmyny X[r — (qU S)], koTopyroo 3amuiieM B BHJE
X[=rv(qQUs)]. Ins Bcex COCTOSHHI, NPSIMOH MOTOMOK KOTOPBIX HE
ylnoBjieTBopsieT I, (opMmyna BepHa BBUAY IMEPBOrO JAU3BIOHKTA. ITO
OPUMEHUMO KO BTOPOMY COCTOSIHHIO. B Tperbem cocrtosiHuu ¢opmyina
HEBEpPHA, TaK KaK I' BBIMIOJIHSETCS B €ro MOTOMKE, a ( u S — HeT. Hakoner, B
NEPBOM U YETBEPTOM COCTOSIHUAX (DOopMyJia BepHa, Tak Kak B UX MPSIMOM
MOTOMKE BEpPHO (, a B CIEAYIOIIEM COCTOSHUU BEPHO S, U mo3ToMy ( U S
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BEpHO B uXx npsiMmom notomke. CrnpasenuBocts popmyn G p, Ft, GFr u
dopmynel X[r — (q U s)] ykazana B psaax Hibke Moaeand M.

f>

M O 2,

{p.q, t} {p.ar} {p.s} {p,r}

Gp ‘

i

Ft o

C
C

GFr ‘

|

X[r — (q U 9)] ‘

Puc. 2.2. [lpyrue npumeps! uarepnperanuu LTL-popmyn

Onurmiem Tenepb HEKOTOPBIE YaCTO MUCTIOIb3YEeMbIE TTPEITIOKEHHS () TOTUKH
LTL u npuBeseM HX CIOBECHYIO MHTEPIPETAIUIO0, Takyto 4To M, S |= .
CeMaHTHKa TOCJEAHETO BBIPAKECHUS: ¢ BBINOIHICTCS B COCTOSIHUHM S
moxenu M.

1. ¢ > F y: ecniu BHavase (TO €cTh B S) ¢, TO KOTAa-HUOYIb V.

2. Glp > Fy]: ecnmu ¢, TO Korma-HuOyab y (I BCeX IOTOMKOB S,
BKJTIOYAst CaMo S).

3. GF ¢: ¢ BbInONIHSIETCSI OECKOHEUHO YacTo.
4. FG ¢: HaunHas ¢ KAKOTr0-TO MOMEHTA, ¢ BBITIOJTHSAETCS BCEr/ia.
IIpoBepka MojeJieii, BBINOJIHUMOCTD U TABTOJOTHYHOCTH

B nmnepBoit rnaBe Obulo AaHO HedopMalbHOE OINpeaeieHrue 3aJauu
npoBepku Mmojeneil. Tak kak ¢GopMallbHbIH MEXaHHM3M YK€ pa3paldoTaH,
TeNnepb MOXHO JaTh OOJiee TOYHYIO XapaKTepu3aluio 3Toi 3amaun. OHa
MOET OBITh (POPMATTLHO OTIPEIEIICHA CIEAYIOIINM 00pa3oMm:
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naHa (koHeuHas) mojiesib M, coctosiHue S
u hopMmyna ¢, BepHo i M, s |= @?
3agady IpoOBEpPKU MOJEICH HE clieyeT MyTaTh ¢ OoJsiee TPaaullMOHHOU
3aa4el BBIIOJIHUMOCTH B JIOTHKE.

3aoaua evinornumocmu MOXET ObITh CHOPMYIUPOBAHA TAK:

JIaHO CBOMCTBO ¢, CYIIECTBYET JI1 Mojels M
U COCTOsIHUE S, B KOTOpoM M, S |= @?

[Ipu >TOM OTMETHM, YTO €CJIU JIJIsl TPOBEPKHU Mojieliel 3a1anbl Moaesb M u
COCTOSIHHE S, TO B 3aJaue BBITOJHUMOCTH 3TO He Tak. [ma LTL 3agaua
BBINIOJIHUMOCTHU pazpemmnma. [loaromy u Oosee mpocras 3ajada MpOBEPKU
monenent miust LTL Takke paspemmma. BbIMOTHUMOCTh OTHOCHUTCS K
BaJUJAIMM CUCTEM C UCIOJIb30BaHUEM (opmanbHOW Bepudukauuu. B
KauecTBE NpPHUMEpPAa PACCMOTPUM  CIHECHU(PUKALMIO CHCTEMBI H €€
peanu3zanuioo, Kotopsle cpopmynupoBanbl B Buae LTL-dbopmyn ¢ u w.
[IpoBepka TOro, 4TO peajn3anus YIOBIETBOPSET crenuuKaIluy, Ternepb
CBOIUTCS K IIpoBepke Qopmynsl  — ¢. Ilyrem omnpenenenus
BBIMIOJTHUMOCTH 3TOM (OPMYJIbI MOXHO IPOBEPUTH, CYIIECTBYET JIU
MOJEJb, Uil KOTOPOW BBINOJHSETCS YKa3aHHOE cooTHoueHue. Ecau
(dopMyJia HEBBIIIOJIHUMA, TO TaKOM MOJIENIU HE CYIIECTBYET. DTO O3HAYaeT,
YTO COOTHOILEHUE MEX]y CHEelU(pUKAUEH U peann3auneil He MOXKeT ObITh
BBITIOJTHEHO HU B KAaKOW MOJEIH.

CxonmHast 3ajgava, YacTO BCTpEYArOIIasicsi B JIATEpaType — 3aodaud
masmoo2U4HOCMU.

JTAHO CBOMCTBO @, BepHO Ji1 M, S |= ®
Ut Becex mouenert M u coctostHmit S?

OTnnure 3Toi 3a7a4d OT 33Ja4M BBIMOJTHUMOCTH COCTOUT B TOM, YTO IS
pelieHus] 3aJa4l TaBTOJOTUYHOCTH HEOOXOJMMO MPOBEPUTH, BEPHO JIH,
yro M, S |= @ I 6cex cyllecTByomMX Moxaeneil M u coctosHuii S, a He
ONpEeNeNsITh CYUIECTBOBaHME OJHOM (wim Oosyee) Takol mapel M u S.
CrnenoBaTenbHO, 3a7a4ya TaBTOJOTMYHOCTU AJI (POPMYJIBI @ COBHALAET C
OTPHUIIAHUEM 3a]1a4H BBITTOJTHUMOCTHU AJI1 (HOPMYIIBI —¢.

2.2.3. AkcuomaTtumsaums

TaBronormunocte  LTL-popmynsr  MoxkeT  ObITh  BBIBEIEHA  C
UCIIOJIb30BAHUEM CEMAaHTHUKH, KaK OIKMCAHO BbIIE. ITO OOBIYHO
rpoMoO3JKas 3ajaya, Tak KaK MPUXOAMUTCA paccykaatb o (opMaabHOU
CEeMaHTHUKe, KOTOpas ompejaeneHa B TepmMuHax mozenu M. B kauectBe
npuMepa norpoodyem BeiBecTH, 9To @ U =y v [p A X(p U y)].
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WuTynTtuBHO »3Ta @Qopmyna BepHA: €cld B TEKYIIEM COCTOSIHUU
BBITOJIHSAETCS |, TO BhIMONHsETCS U ¢ U y (A1 IpoU3BOJIBHOM @), TaK Kak
W MOXET OBITh JOCTUTHYTO uepe3 myTh aiuHbl 0. B mpoTtuBHOM ciiyuae,
€CJIM ¢ BBIIIOJIHAETCS B TEKYILEM COCTOSIHUH, & B CIEIYIOLIEM COCTOSIHUM
BbinosiHAeTcs @ U w, 10 ¢ U i BBINONHSAETCA B TEKYLIEM COCTOSIHUU. B
pe3ynbTaTe MOJy4aeM CIEAYIOMNN BBIBO:

sE=y v IpAX(e Uyl
< { CeMaHTHKa V U A }
SEY)vEEe)AsEX(@Uy)
< { cemantuka X }
SEVVEE) ARG EeUY
< { cemantuka U }
SEVVvEE)ABIZ0:RRE) =y A
A V0 <k <j:RYR(s)) =]
& { Beruncienus ¢ uctonbzoBarneM R"7(s) = R"(R(s)) }
(s |=t,u) v [3j=0:RI*(s) |=1///\
AVO<k<j RN =g AsE=0)]
& { BBIMHCIICHHS ¢ HCIonb30BaHneM RY(S) =s }
SEwWVEIZ0R () EyAvVO<k<j+1:RYs) =gl
& { BeruncieHus ¢ ucronb3oBanneM R%(S) = s }
[3j=0:Rs) =y A VO<k<j Rs) =9l v
v[3j=0: R (s) =y A VO <k <+ 1:Rs) =]
< { BbIUMCIICHUS }
[3j>0:RI(s) =w A VO<k<j:Rs) F=¢]
< { cemantuka U }

S|=(0Uz//.

Kak MOXXHO BHUIETh W3 ATUX BBIUMCICHUN, MaHUNYJIALUS (QOpMyIaMu
TpyloeMKa U HeHanexHa. bonee »ddexTuBHBI MyTh MPOBEPSITH
NpaBUIBHOCTh (OPMYJ — 3TO MCHOJB30BaTh MX CHHTAKCHC BMECTO HUX
CEMaHTUKH. Maes cOCTOMT B ONpEAEICHMH MHOECTBAa IPaBUJI BBIBOJA,
KOTOpble TMO3BOJISIIOT TnepenuchbiBath LTL-hopmynsl B cemaHTHUecKu
skBuBajeHTHbIC LTL-(popMynbl Ha CHHTAKCHYECKOM YPOBHE.

Ecnu, nanpumep, ¢ =y — 3TO mpaBuio (akcuoma), TO S|=g0 TOra |
TOJILKO TOrja, Korma S w s Bcex mojened M U cocTosiHUM .
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CemaHTHUYECKAs! 5KBUBAJIEHTHOCTh 03HAYAET, UTO JJISI BCEX COCTOSIHHUM BCEX
MOJIeJI€l 3TH MpaBuja BBINOJHAIOTCS. MHOXECTBO IpaBWil BBIBOAA,
MOJIYYEHHBIX TAKUM 00pa30M, Ha3bIBAIOT AKCUOMAMUIAYUEL.

B »TOM pa3zzmene mpuBOAATCA HECKOJIBKO YIOOHBIX 0a30BBIX MPaBUIL.
[IpaBuna, mepedncieHHbIE HUXKE, CTPYIIITUPOBAHBI, M KAKIOW TPyMIEe JaHO
uMs. C HUCTIONb30BaHUEM TPABIIT HIEMITOTEHTHOCTH U TIOTJIOMICHHS, JTI00ast
HemycTas nocienoBarensHocTh F u G Moxker ObITh cokpariena ao F, G,
FG nmu GF. CpaBemuBOCTh 3THX MPaBUIT BBIBOAA MOKET OBITh JT0OKa3aHa
¥ TIyTE€M UCTIOJIb30BaHUSI CEMAaHTHUECKON HHTEPIPETAIINH, KaK OBIJIO BUTHO
paHee I TIEPBOTO 3aKOHA pacIIUpeHus. PasHWIla B TOM, YTO OTH
TPOMO3JIKHE JOKa3aTeNbCTBA TPeOyeTcss MPOBECTH TOJIBKO OMHAXKIBI, a
MoCJie ATOTO TMpaBHJIa MOTYT HMPHUMEHATHCS MOBCEMECTHO. OTMETHM, UYTO
CIpaBeUIMBOCTh,  TpaBwi pacmmpeHuss mi1 F wuw G cruemyer
HEIMOCPEICTBEHHO M3 CIIPaBEUIMBOCTH TpaBuia pacmupeHus mit U mo
omnpenenenuto oneparopos F u G.

AKCHOMaTHYECKOE TIPABWJIO HA3BIBAETCS KOPPEKMHbIM, €CIH  OHO
BhITIONTHsIETCS. DopManbHO, akcoMa ¢ = \ Ha3bIBAECTCS KOPPEKTHOM, €Ciu
U TOJIBKO €CJU J1Jisl Bcex mojenedt M u coctosiaumii S B M:

M, s |= ¢ TOTJIa U TOJIBKO Toraa, korjma M, S |= v.

IIpaBuia NBOVICTBEHHOCTH:

—(fUg)=—-gW—(fvg),
—(fWg)=—-gU—(fvQg).
HpaBHna NACMIIOTCHTHOCTU.
GG p=Gg;
FFo=F g,
pU(@Uy)=p Uy,
(pUy)Uy=9Uy.
IIpaBuia nornomeHus:
FGF ¢ = GF ¢;
GFG ¢ =FG ¢.
IIpaBui0 KOMMYTUPOBAHUSA:
X(p Uw)=(Xgp) U (Xy).
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[IpaBuna pacmpeHus:
pUy=yvprXeUy);
e Wy=yvipaXipWy;
Fo=¢v XFg;
Gop=¢pAXGo.

[IpumeHeHrne KOPPEKTHBIX aKCHMOM K 3aJlaHHOM (opMylie O3HaudaeT, 4YTo
CIPaBEMJIMBOCTh (POPMYINIBI HE U3MEHSETCS: aKCUOMbl HE HW3MEHSIOT
ceMaHTUKy (¢opmyinbl. Ecinu it 100X CeMaHTUYECKH SKBUBAJICHTHBIX ()
U/ 3Ty SKBUBAJIEHTHOCTh BO3MOXXHO BBIBECTH, HCIOJb3Yys aKCHOMBI, TO
aKCHOMATHU3alMI0 Ha3bIBAIOT nosxou. IlpuBeaeHHas akcuomMaTH3auus IS
LTL siBisieTcst KOPPEKTHOM | moJiHOM [22].

2.2.4. PacwmpeHua LTL

Cmpoeass u Hnecmpoeasa uumepnpemayuu. G ¢ 03HA4YaeT, 4YTO @
BBITIOJTHSIETCSI BO BCEX COCTOSIHUSIX, BKJIIOYAs TEKyIlee. DTO Ha3bIBACTCS
Hecmpoeoli WHTEpHpeTaluei, Tak Kak (opMmylia Takke CChbUIaeTcs Ha
TEKyllee COCTOsSIHME. B oTnumume OT Hee, cmpozas WHTEpIpeTanus He
CChUTaeTCs Ha Tekymee coctossHue. Ctporas wunHTeprperamus G,

oGosHayaemas G, ompexemsercst kak G ¢ = XG ¢. Cregoarensro, G ¢
O3HAYACT, YTO ¢ BBITIOJHSACTCS ISl BCEX COCTOSHUN-TTIOTOMKOB, HE TOBOPS
HUYETO O TEKYIIEM COCTOSHUU. AHAJIOTWYHO, cTporue Bapuantel F u U
ompenemsiorest kKak F o =XF ¢ u Uy = X(p U y). (Ormernm, uro most X
HET CMBICJIA pa3InyaTh CTPOTYI0 W HECTPOTYIO HMHTEPIIPETAIuH). OTH
OTIpEJICICHNs] TIOKa3bIBAIOT, YTO CTpOTas HHTEPIPETAIUus MOMXKET OBITh
oTpejieicHa B TepPMUHAX HECTPOTOM MHTEpIpeTai. B oOpaTHyI0 CTOpOHY
UMEEM:

Gop=opn éqo;
Fop=¢pv Iigo;
pUyp=yvipn(@Uy)

[lepBbie 1Ba paBEHCTBA CIEAYIOT U3 JAHHBIX BBIIIE OMPEACIICHUI GucF.
Tperbe paBEeHCTBO IOJATBEPXKAACTCS  IPABUJIOM  PACIHIMPEHUS U3
npeapiayiero pasaena: ecau noiactaButh U w=X(p U yw) B TpeThe
PaBEHCTBO, TO MOJy4YuM TpaBwio pacimmpenus misi U. HecMmorps Ha ToO,
YTO  WHOTJA  WCIOJB3YyeTCS ~ CTporas  WHTepmperanus,  Ooiee
pacrpocTpaHeHa HecTporasi, KOTopasi U pacCMaTpUBaeTCsl B 9TON KHUTE.

Onepamopyul npeowecmsosarus. Bee omepaTopbl cChUTAIOTCS Ha Oyayiee,
BKJIIOUasl TeKyllee cocTosiHue. Kak ciencTBue, 3TU OnepaTopbl U3BECTHHI
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KaKk onepamopwl 60yoywezo. WNnHorma LTL pacmmpsierca onepamopamu
npeouwiecmeoganusi. ITO  MOXKET ObITh IOJE3HO B  HEKOTOPBIX
PUIIO’KEHUAX, TaK KaK MHOTJAa CBOMCTBA JIETYE BBHIPAKAIOTCA B TEPMHUHAX
OpoLUIOro, 4eM B TepMmuHax Oynymiero. Hampumep, G ¢ («Bcerma B
IPOILIIOM») 03Ha4yaeT (B HECTPOTOW WHTEPIPETAIMH), YTO ¢ BBITOIHICTCS
ceifuac 1 B JIFOOOM COCTOSIHUM paHee. F ¢ («xorma-HuOyIb B MPOIIOMY) —
@ BBINOJIHACTCA B TEKYIIEM COCTOSHMM WM B HEKOTOPOM COCTOSIHUU
paHee, a X ¢ 03HAYaeT, YTO ¢ BBIIOJHAETCS B MPEABIAYIIEM COCTOSHUM,
€ClIi TaKOe COCTOsIHME cyliecTByeT. Kak u /s onepatopoB Oyaymiero, amis
OIIEpaTOpPOB MPEIIIECTBOBAHUS MOTYT OBITh JaHbl CTpoOrasi U HeCTporas
UHTEPIIPETALINH. OcHOBHass ~ NpUYMHA  BBEACHUS  OMEpPaTOPOB
OpPEIIIECTBOBAHNSA COCTOMT B YIPOLIEHUU 3aMUCH  CHEUU(PUKAIMIH.
[Ipu 3TOM OTMETHM, YTO BbIpasuTenbHas cuia LTL He yBenuuuBaeTcs npu
J100ABIICHIH ONEPATOPOB MpelIecTBOBanms” [23].

2.2.5. Cneundukaumsa ceoncts B LTL

Jnst Toro 4robbl chopmynupoBaTh HUACIO O TOM, KakK BBIpaXaTh
HedopMabHbIE CBOMCTBA B TMHEHHON TEMIIOPAIBLHOM JIOTUKE, PACCMOTPUM
nBa npuMepa. B mepBoM u3 HUX mombITaeMcsi chOpMyIUpPOBaTh CBONCTBA
MPOCTON KOMMYHHMKAIIMOHHOM CHUCTEMBI, a BO BTOPOM — OOpaTuMCs K
dbopmanibHON crnieruduKay TpeOOBaHUN K MPOTOKOJIY BBIOOpa Juaepa
B pacnpe/ieIeHHON cucTteMe, B KOTOPOM MpPOIECChl MOTYT HAYMHATHCS
B ITPOU3BOJIbHBIC MOMEHTHI BPEMEHH.

KoMMyHUKAIIMOHHBIH KaHAJI

PaccMoTpuM oHOHAMpPABIEHHBIN KaHAT MEXAY ABYMs COOOMIAIOIIUMHUCS
nporeccamu: otnpaButenieM (S) u  momyuarenaem (R). OrmpaButenb
cHaOXXeH BBIXOAHBIM Oydepom (S.out), a momydarens — BXogHbIM. O0a
Oydepa UMEIOT HEOTPAHNMYCHHYIO €MKOCTh. ECi S TIOCBIIaeT COOOIICHHE
m k R, To oH momemniaeT cooOIIeHNe B CBOM BBIXOJHOM Oydep S.out.
Beixonnoit Oydep S.out wu BxomHoW Oydep R.in coemuHEHbI
OJTHOHATIPABJICHHBIM KaHajoM. [loydarens mpuHUMAET COOOIICHHS TyTEM
yaalleHus WX U3 CBOEro BxojaHoro Oydepa R.in. Cuurtaem, 4Tto BCe
COOOIICHHS OJMHAKOBO HWIACHTHU(UIIMPOBAHBI, @ MHOXECTBO aTOMapHBIX
npeioxkenuit AP = {m e S.out, m € R.in}, rme m o6o3HayaeT cooOIICHHE.
[Tpr 3TOM HESBHO MpEANoJaraeTcsi, YTO BCE CBOWCTBA (hOPMYIUPYIOTCS
s Joboro  coobmieHns M (mpeamosaraeTcs — yHHUBEpCadbHas
KBaHTU(HUKAIMS M0 M). DTO Jaeiaercss A yaoO0CTBa M HE TOBIHUSCT Ha

2 o o
Ecimn B xadecTBe 0a30BOM ceMaHTHYECKOM uacu B3dTa JUCKPETHAA MOJCIIb, KaK B
JAaHHOM pas3aciic.
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pPa3penIMMOCTh 3aJ1a4d BBITIOJJHUMOCTH, €CJIH MPEIOJIONKUTh, YTO YHUCIIO
coobmienuit koneuno. Kpome toro, Oyznem cuutath, 4to Oydepsr S.out u
R.in BeayT ce0s HOPMAIBHO — HE IIOPTAT» W HE TEPSIIOT COOOIICHHS,
1 cOOOIIIEHHE HE MOXKET HaXoauThes B Oydepe GeckoHeuHo nosro. Cxema
B3aMMOJICHCTBUS OTIIPABUTENIS U TOJTydaTells IpUBe/icHa Ha puc. 2.3.

OtmpaButens S Kanan IMomyuatens R

Puc. 2.3. BzaumopeiicTBrue OTIpaBUTEINS U MOTyYaTENst

dopmann3yeM cieayromme HepopMalbHbIe TpeOOBaHMUS K KaHAIy C
nmomoso LTL:

o «CooOleHne He MOXKET ObITh B 000ux Oydepax oqHOBPEMEHHOY:
G —(m e S.out A m € R.in).

o «Kanan He Tepsier coobmenus». Eciau kaHan He TepsieT COOOIIeHUs, TO
ATO O3HA4yaeT, YTO COOOIIEHMs, TOMEIIEHHbIE B S.out, B KOHEYHOM
cyeTe OyJIyT AOCTaBJIEHBI B R. in:

G(m € S.out - F(m € R.in)).

OTMeTHM, 4TO €CJIM YHUKAJbHOCTb COOOIICHUN HE MOJIpa3yMeBaeTcs,
TO 3TOr0 CBOMCTBA HEIOCTATOYHO, TaK KaK €CJIH, HApUMEP, MEePEIaHbI
JIBE KOMMMU M U TOJBKO MOCIEAHAS U3 HUX IMOJIYy4Y€Ha, TO TaKas CUTyalus
YAOBJIETBOPSiIa Obl 3TOMY CBOWMCTBY. YHUKaJIbHOCTh COOOIIEHHUI — 3TO
MPEANOChUIKA Crielnu(pUKaIuy TPEOOBAHUM B TEMIIOPAIbLHON JTOTUKE JIJIs
CUCTEM, [EPEIAOIINX COOOIIICHHSI. Ecmn MpeaIoararh
CIIPAaBEJIMBOCTh MPEIBIAYIIEr0 CBOWCTBA, TO 3KBUBAJIECHTHO MOYKHO
3aIncarh:

G(m e S.out > XF(m € R.in)),

TaK KaKk M He MOXeET ObITh B S.out U R. 1n OJTHOBPEMEHHO.

o «Kanan coxpanser mopsiiok». DTO O3Ha4yaeT, 4To ecjau M, a 3ateM mM'
nepenaHno OTIPaBUTENIEM B €ro BhIXOAHOU Oydep S.out, To M Oyaer
MPUHSATO MOJy4yaTeneM nepea m':

G[m € S.out A —m' € S.out A F(m' € S.out) —»

— F(m € R.in A—m" € R.in A F(M' € R.in))].

OTMeTHM, 4TO B MPEIINOCHUIKE KOHBIOHKT —M' € S.0ut TpelyeTcs st
TOTO, YTOOBI cielU(pUIUPOBaTh, YTO M' OTIPaBIIEHO B S. out mocie m.
F(m' € S.out) camo mo cebe He wuckIrO4aeT, 4to M' B Oydepe
OTIIpaBUTEI, KOTAa M B S. out.

o Kanan He reHepupyeT COOOIICHHS CIIOHTAaHHO. JTO O3HAYaeT, 4TO
mo0oe M B R.in A0MKHO OBITH 3apaHee MOCIAHO OTIpPaBUTETEM S.
C ucnosib30BaHUEM OTepaTopa MPEIIIeCTBOBAHUS F ATO MOXET OBITh
y100HO (hOpMaTU30BaHO CIEAYIOIMINM 00pa3oMm:
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G[(m € R.in) > E(m e S.out)].

IIpn oTcyTCTBHM ONEPAaTOPOB NPEALIECTBOBAHKS MOXKHO MCIOJIB30BATH
onepatop U:

G[—=(m € R.in)U(m e S.out)].

JInnammn4yeckuii BLIOOP auaepa

B coBpeMeHHBIX paclpefeieHHBIX CHCTeMaX HEKOTOphle (QYHKIUH (WiH
CEPBUCHI) MPEAOCTABIIAIOTCS BBIJCICHHBIMU MpOIECCaMU B cucTeMe. Pedb
MOXET HWIATA O TMPUCBOEHUHM aJpeca W PErucTpauvu, KOOPAWUHALIMHU
3alpoOCOB B paclpe/ielieHHOW 0a3e JaHHbBIX, PACIPECICHUH BPEMEHHU,
OOHOBJICHUU MapKepa TOciie €ro MOTepr B KOJBIIEBOW CETH C MapKEPHBIM
JIOCTYTIOM, OaJlaHCUpPOBKE 3arpy3ku U T. 1. OOBIYHO MHOTHE MPOIIECCHI
B CUCTEME MOTEHIMAIBLHO MOTYT 3TO JAenaTh. OJHAKO I COBMECTUMOCTHU
B JIt0OOM MOMEHT BPEMEHH TOJILKO OJTHOMY IMPOIECCY B JEHCTBUTEIHLHOCTH
paspemiaeTcsl NpeJoCTaBIsATh PYyHKIMIO. Takum 00pa3oMm, OJUH MHpPOLECC,
HA3bIBAEMBIN «IHAEPOM», JOJKEH ObITh BHIOpAH IS MOJJIEPKKH JaHHOU
¢dbyukiuu. MHOrga 10CTaTOYHO BHIOpATh MPOU3BOJIBHBIN MPOIIECC, HO IS
apyrux  GyHKOMA  BaXXHO  BBIOpAaTh  NpoOlLECC C  HAWIYUYIIUMHU
BO3MOXXHOCTSIMU BBITIOJIHEHUSI JaHHOW (yHKUMH. J[aHHBIM npumep Oyner
abCcTparupoBaThCcsi OT MHJMBHUAYATbHBIX BO3MOKHOCTEH U MCIIOJIH30BAThH
paHxupoBaHue Ha 0a3e UIAECHTU(UKATOPOB MPOIECCOB. TakuMm 00OpazoM,
ujes COCTOMT B TOM, YTO Mpoliecc ¢ 00jiee BBICOKUM HJCHTUPUKATOPOM
VMMEET JIy4YIllINEe BO3MOXKHOCTH.

[TpenmoyiokuM, 4TO0 MMEeTCs KOHCYHOE YHUCIIO MPOIECCOB, COCAMHCHHBIX
HEKOTOPHIMA KOMMYHUKAIIMOHHBIMU cpelcTBaMi. KOMMYHHUKAITUS MEXITY
IpoleccaMi aCHHXPOHHA, KaK B MpeabLayIieM mpumepe. CXeMaTHuHO 3TO
MU300pakeHo Ha puc. 2.4.

Pl P2 """ PN

KOMMYHI/IKaHI/IOHHaH CCTh

Puc. 2.4. KoMMyHHKaIus MEXIy ITpoLieccaMu

Kaxaplii mporiecc UMeeT YHUKAIbHBIN UACHTU(UKATOP, U MPEANoIaracTcs
CYIIIECTBOBAHHWE JIMHEWHOTO TOPSJAKa HAa JTHX HUJASHTU(UKATOpAX.
[Ipomecchl BenyT ceOsi AMHAMUYECKH B TOM CMBICIIE, YTO OHM B Hadaje
HEAKTUBHBI (HE y4aCTBYIOT B BEIOOPE) M MOTYT CTaTh aKTUBHBIMU (TIPUHSITH
y4acTue B BHIOOpPE) B IMPOU3BOJILHBIC MOMEHTHI BpEMEHH. [[J11 TOro 4TOOBI
CUCTEMA YIOBJIETBOpSJIA HEKOTOPOMY CBOUCMEY npozpeccd, CUUTAETCH,
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YTO TMPOLIECC HE MOXKET ObITh HEAKTUBHBIM HEOTPAHMUYEHHO JOJT0 —
KQ)K/IbIM IPOLIECC CTAHOBUTCS aKTUBHBIM B KaKOM-TO MOMEHT. Kak TOIbKO
npolecc NpUHUMAET yyacTHe B BbIOOpax, OH IPOAOJDKAET 3TO JAeiaTh U
0ojiee HE CTAHOBUTCSI HEAKTUBHBIM. JIJIs 3aJaHHOTO MHOKECTBA aKTUBHBIX
MPOLIECCOB JOJDKEH ObITh BbIOpaH muaep. Eciam HeakTHBHBIN mpoliecc
CTAaHOBUTCSI aKTUBHBIM, TO BBIIIOJIHSETCA HOBBIM BBIOOD, €CIIM 3TOT MPOLIECC
uMmeeT 0oJiee BEICOKUN MACHTU(PHUKATOD, YEM TEKYLIUI JTUep.

PaccmoTprM MHOKECTBO aTOMapHBIX MPEII0KEHUM:
AP = {leader;, active;, i <j |1 <i, j <N},

rae leader; o3nawaer, 4ro mpormecc | sBIsSeTCS Juaepom, active; — dro
nporecc | akTuBeH, a 1<) — 4To wuAcHTHU(HUKATOpP | MCHBIIE, YeM
uacHTHGUKATOP | (B IMHEHHOM IMOpsIKe UACHTH(UKATOPOB). Mcmonbp3yeM
| ¥ ] B Ka4yecTBe HIACHTU(UKATOPOB MpolieccoB, a uepe3 N 00o3HaUUM
YKCIIO TPOIIECCOB. ByeM cUMTaTh, YTO HEAKTUBHBIN MPOIECC HE ABISCTCS
JUJICPOM.

B pganpHedmmx (QoOpMyIMpOBKax MCHOJIb3YEM YHUBEPCAIbHYIO H
IK3UCTCHIIMATBHYIO KBAaHTH(PHUKAIIUIO 1O MHOXXECTBY HIACHTH(DHUKATOPOB.
Ctporo roBopsi, KBaHTOpbI He siBisieTcs yacThio LTL. Tak xak B JaHHOM
cllydae paccMaTpUBaeTCs KOHEYHOE YHCIIO IPOIECCOB, YHUBEPCAIbHAS
kBantudukamus Vi: P(i) (tone P — HekoTopoe mpeioskeHne o mporeccax)
MoxeT ObiTh pactmpera 10 P(1) A ... AP(N). Tak ke Moxer OBbITH
pacmpeno 3i: P(i). Kantudukaius B JaHHOM Cilydae MOXET OBITh
paccMOTpeHa Kak COKpaIleHHE:

o «Bcerma uMeercss pOBHO OJIMH JIUJIEP»:

G[3i: leader; A (V] # i: —leader;)]

Tak kak B JaHHOM cllydae paboTaeM ¢ JUHAMHUYECKOW CHCTEMOM, B
KOTOpPOM BC€ MpOIECcChl MOTYT ObITh IEPBOHAYAIBHO HEAKTUBHBI
(cnmemoBaTenbHO, HET M JMIEpa), TO 3TO CBOKMCTBO, BOOOIIE TOBOPA,
HEeBepHO. Takke B pacHopenesieHHOM CUCTEME C aCHHXPOHHOU
KOMMYHHUKAILIMEN TMEPEKIIOYEHUE OT OJHOIO JuJepa K JIPyroMmy C
TPYZAOM MOKET OBITh CJEIAaHO aTOMapHbIM, W YyAOOHO pa3pelIuTh
BPEMEHHOE OTCYTCTBHE JIHJIepa. B kauecTBe NMEepBOU IMOIMBITKA MOYKHO
U3MEHUTD MPUBEJACHHYIO BBIIIIE bopmyny Ha
GF[3i: leader; A (V] # i: —leader;)], xoTopas pa3pemaer BpeMEHHOE
OTCYTCTBHE JIMAEPA, HO PA3PEIIACT TAKKE HA BPEMSI UMETh HECKOJIBKHUX
IUIepoB  OgHOBpeMeHHO. (C  TOYKM 3pEeHUS JIOTMYHOCTH  3TO
HexenarenpHo. [loaToMy paccMOTpuM clieAyroue 1Ba CBOMCTBA.

Qa «Bcerna HMCCTCA MAKCUMYM OAWH JIUACP:
Glleader; — Vj #i: —leader;]
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o «B cBoe Bpemss Oyner noctarouHo muaepoB». (D10 TpeboBaHUE
n30eraeT KOHCTPYKIMU MPOTOKOJIa BbIOOpA JUEpa, KOTOPBIM HUKOTA
He BbIOMpaeT nuaepa. Takod MPOTOKON yAOBIETBOPSET MPEAbIIYIIEMY
TpeOOBaHHUIO, HO OH HE YKeJIaTeJIeH):

GF[3i: leader;]

DTO CBOMCTBO HE O3HAYAET, 4TO OyJIeT OECKOHEYHO MHOIO JIUAECPOB.
OHo yTBep KJaeT JIUIIb TO, 4YTO OyJeT OECKOHEYHO MHOT'O COCTOSIHUH, B
KOTOPBIX JIUJEP CYIIECTBYET.

o «B mpucyrctBMM < akTMBHOTO Tpolecca ¢ 0Oojee  BBICOKHM
UACHTU(PUKATOPOM JIUJEP B KAKOH-TO MOMEHT YCTYIIUT»:
GI[Vi, j: ((leader; A i <] A —leader; A active;) — F —leader;)].
N3 coobpaxenuit >pPEeKTUBHOCTH HEXKENATENbHO, YTOOBI JUACD B
KAKOH-TO MOMEHT YCTyNaJl B MPHUCYTCTBUM HEAKTUBHOIO Mpolecca,
KOTOPBI MOXET Yy4acTBOBaTh B BBIOOpax B KaKOW-TO HEU3BECTHBIN
MOMEHT B OyaymieMm. [loaTomy TpeOyercsi, 4ToObI | ObLT AKTHBHBIM
MIPOLIECCOM.

o «HoBblil qunep Oyaer Jgydlne OpeablIylero». ITo cBOMCTBO Tpelyer,
9TOOBl ~ MOCJIEOBAaTENbHOCTh  JIMJIEPOB ~ MMEJa  BO3PACTAIOIINE
UCHTU(UKATOPBHIL:

G[Vi, j: (leader; A —X leader; A XF leader;) — i <j].
OtMmeTuM, 4TO 3TO TpeOOBaHME MPEIOJIAraeT, YTO MPOLECC, KOTOPBIN
YCTYIHI OJIUH pa3, 00JIbILIE HE CTAHET JIUAECPOM.

Jlpyrue mpumepsl CreluUKanui TEMIIOPAIbHBIX CBOMCTB MPHBEICHBI B
paborte [24].

2.2.6. NpoBepka mogenen gna LTL

3agaya TPOBEPKUM MOAENEH ISl JIMHEMHOW TEMIOPAIbHOM JIOTUKHU
dbopmynupyeTcs B TepMuHax mojeneit Kpurnke.

Kaxnpii myts B Mogenu Kpunke, HauyMHAIOMMHCS C COCTOSIHUS Sp,
npenacrasisger cobort LTL-moxens. 3amaya npoBepku LTL-popmynsr mis
Mozaenu Kpurmke cocTouT B TOM, YTOOBI ONPEACINTh, HA 8CeX U NYMsX
eblnoaHsIemes Oannas popmyna (WM, 4TO TO KE CaAMOE, CYUeCmayiont
nYymu, Ha KOMOpwuIX popmyna He 8bINOIHAECMC ).

Haunem ¢ HepopMabHOTO OMHCAHUS AJITOPUTMA BEpUPUKANUN MOJEIICH
[22]. Tlo 3amannoit ¢opmyiae f u momenum Kpunke M moctponm
pasmeuennyio LTL-mabauyy T nas dopmyiel f. Dta Tabauia npeacrapiser
coboit momenp Kpumke ¢ (UKCHPOBAHHBIM MHOXXECTBOM HAUYAIbHbIX
COCMOsSIHULL, COCTOSIIIIYEO W3 6cex TYTeH, KOTOPBIC YIOBJICTBOPSIOT
dopmyite f. [TocTpoeHne TaOIHIIBI MPOUCXOUT CICAYIOMUM 00pa3oM.
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IIpuBenenue popmyJibl K pasaejeHHON HOPpMaJIbHOU opme

WNuorna dopmyny ans ynodcTBa BHavajie MPUBOIAT K (pOpME C TECHBIMU
OTpULIAHUAMH  (KOTOpbIE  CTOSIT  TOJBKO  TEped  aTOMapHBIMU
peAIOKEHUSIMU ). [[71s1 3TOro MpUMEHSIOT CIEAYIONIHe MPaBUia;

—|(f VAN g) = —|f Vv —|g,

f>g=—-fvg;
—Xf=X-f;
—Ff=G —f;
-G f=Ff;

—(fUg)=—gW(fvg)
—(fWg)=—-gU—(fvg).
Ipumep.
beuto: —(f A (F g v X(h W r))).
Crano: —f v G =g A X(=r U (=h A —r)).

OTMmeTuM, 4TO ATOT MPOIECC HE SBISAETCS O0S3aTEIBHBIM — W3JIaraeMBbIi
HIDKE aliTOpUTM paboTaeT u 1yt GopmyJ1 00IIero BUaa.

[Tocme »Toro nexkommo3upyem (HOpMyiry, BBOIS HOBYI aTOMapHYIO
NIEPEMEHHYIO Pj IS KaKIO0W ee BHyTpeHHeH moadopmyisl fi, y koropoii
MOCTIETHSISI oTieparysi (C caMbIM HU3KHM MPUOPUTETOM) — TEMIIOpATbHAS, U
nobarysiss B (GopMyny HOBbIH KOHBIOHKT G(p;j — f). DTOT KOHBIOHKT
CBHJICTEIILCTBYET O TOM, YTO BCEriaa, Korma BepHo Pi, Gopmyna fi Toxe
BepHa. DTO O3Ha4aeT, 4To mnepeMeHHas P; «komupyer» fi. B camoii ke
dopmyiie moadopmyisl fi 3aMEHUM COOTBETCTBYIOIIMMH UM aTOMapHBIMU
IePEMEHHBIMHU ;.

IHpumep.
beuto: —f v G =g A X(=r U (=h A —r)).

Crano: G(p1 > G —g) A G(p2 = (—=r U (=h A —r))) A G(ps = X p2) A
(=fVvpLAp3).

3meck 100aBJICHBI TPH aTOMApHBIX MEPEMEHHBIX: OJIHA IS MOA(POPMYJIBI
G —g, omHa — mua moadopmynsr (—fr U (=h A —r)) u omHa — mms
noadopmynbl X(—r U (=h A —=r)). Tlocie sroro Bce Takue moadopMyJibl

OB 3aMEHEHBI Ha COOTBETCTBYIOIIUE aTOMapHbIE mepeMeHHble. CMBICT
(bOpMYIIBI TIPU ITOM HE U3MEHUIICS.
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Ha nmanHoMm »tame paccmarpuBaeMmasi Qopmyiia MPEACTaBIsSEeT COOOU
KOHBIOHKIIMIO OMHOW (GOpMyINbI, HE COJEpKallel TeMIOpaIbHBIX
orepaTopoB, ¢ Heckonbkumu (opmynamu Buga G(pi—> T), rme T —
MPUMEHEHUE HEKOTOPOTO TEMITOPATLHOTO OTepaTopa K OJHOMY WU JIBYM
omepaHjaM, M O3TH ONEPAaHIBl HE COAEPKAT IPYTHUX TEMIIOPATHHBIX
omepatopoB. Temepr  TpeOyercsi W30aBUTBCS  OT  KOHBIOHKIUHN
OTIPENETICHHOTO BU/IA.

1. Uzbasmsemcss ot G(pi—> Gfj). s Kaxaoro Takoro KOHBIOHKTa
BBEJIEM HOBYIO aTOMAapHYIO TIEPEMEHHYIO [ M 3aMEHUM 3TOT KOHBIOHKT
Takoi popMyIIOif:

G(p, — ri) A G(ri —> f,) A G(ri - X ri).
CMBICTT IEPEMEHHOM ] COCTOMT B TOM, YTO OHA JIaeT «o0emanuey, uto f
OyJzleT BEpHO BCer/ia.

2. Nsbasnsemcs ot G(p; — (ff W gj)). g KaKaoro Takoro KOHBIOHKTA
BBEJIEM HOBYIO aTOMApHYIO TIEPEMEHHYIO [ M 3aMEHUM 3TOT KOHBIOHKT
Takoil hopmyJIo:

G(pi = gi v fi A1) A G(ri = X(Gi v fi A 7).

[lepemennas r; nmaer Takoe oOeliaHue: eciiu {j «cedyacy elie He
BBITTOJIHACTCS, TO, BO-TIEPBBIX, Ceifuac BhIMoHsAeTCs fi, a BO-BTOPBIX, TO
e caMOe TapaHTUPYETCs Ha CJIEAYIONIEM IIare.

3. Uzbasnsemcs ot G(p; — (U Q). Dror s3Tanm  oriaudaercs OT
NPEIBIIYIIEro TOJBKO TEM, YTO CBOWCTBO (; KOTJIa-HHOYIb
rapaHTHPOBAHHO HACTYNUT. J[JI1 KaKI0ro TaKoro KOHBIOHKTA BBEJIEM
HOBYIO aTOMapHYIO TIEpEeMEHHYI0 [ M 3aMEHHM OJTOT KOHBIOHKT
dbopmyoii:

G(pi — Gi v finr) AG(ri— X(gi v fi A1) A G(pi > F i)

dopmyna oTiHMYaeTCs OT MPEABIAYHNIEH TOJIBKO J100aBICHUEM
koubtoHkTa G(P; — F gi). Ha caexyromem mare 3ToT KOHBIOHKT OyeT
JTUKBUIMPOBAH.

4. UzoaBnsemcs ot G(p; — F fi). Jlnsa kakaoro Takoro KOHbIOHKTA BBEIEM
HOBYIO aTOMapHYIO MEPEMEHHYIO I M1 3aMEHUM 3TOT KOHBIOHKT TaKOH
dbopmyoii:

G(p| —> (—|f| - ri)) A G(ri —> X(—|fi —> ri)) A GF —r;.
CMBICIT TIEPEeMEHHOM I} COCTOUT B CIICAYIOIIEM: OHA BepHa, eciu f; ere
HE HaAcTynwio (mocje akTUBaluu Pj), NpudeM KOHBIOHKT GF —r;
«obemraeTy, 4To Tocie Jr00oi akTuBanuu P; oHa () Korma-HUOyIb
CTaHET HEBEpPHA M, COOTBETCTBEHHO, f; cTaHeT BepHa.

Hpumep.
beuto: G(p; > G —Q).
Crano: G(p; = 1)) A G(r; > —g) A G(r; > Xry).
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beuio: G(p, = (—r U (=h A —r))).

Craso: G(p, > (=hA=rv—=rary)) A G(r > X(=hA=rv-rar)) A

bsuto: G(p, = F(=h A —r)).
Crano:
G(p2 —> (—|(—|h VAN —|I’) —> I’3)) VAN G(I’3 —> X(—|(—|h VAN —|I’) —> I’3)) VAN GF —|I’3.

[Toce BBIMOMHEHUS BCEX OTUX ONEpalii BBIHECEM 3a CKOOKY BCe
oneparopbl G U MpPoONO3UIIMOHANBbHBIE MOAPOPMYIIBI (MX MOXKHO TaKXKe
ynpoctuts). Ucxoanas dopmymna nmpu 3ToM IpHUOOPETET BUI:

PAGAA(L 2> XS)A ... A(h2>XS)AFt AL AFT,

rne P, 9, ry, ..., S, ...,S, t,....,tn — TIPONO3UIMOHAILHBIC
noAGOopMYyJibl, HE COIEPIKAIIUE TEMIOPAIIBHBIX OMIEPATOPOB.

CMmbICIT MOTy4YeHHOU (QopMysibl Takou: Gopmyiia P «JICHUCTBYET TOJBKO B
CTapTOBBI MOMEHT BpeMeHN», hopmylia ( «AeHCTBYET Bceraay, GopMyibl
ri u S (mpu i oT 1 10 N) ONpeneNsAoT YCIOBUE HA CICAYIONIUH Mmar B JIF000i
nosunuu Mozenu Kpunke, a dopmysnsl tj (mpu j ot 1 1o M), Ha3bIBacMBble
VCA0BUAMU CAPABEOAUBOCU, TOJDKHBI OBITh JIOCTHOKMMBI M3 JII0OOOTO
cocTostHus Moaenu Kpumke.

IHpumep.
Beiie Obi1a pacemotpena gpopmyna —(f A (F g v X(h W r))).

[Tocyie BBINMOJNHEHHSI BCEX OINKMCAHHBIX OIEpallMii OHA IIPEBpPALIACTCS B
CIEAYIOLIYIO:

(= fvprAaps) AG(

Pro )AL= =g AE—>rAh>rAr)) A

AL > Xr) A (> X(=rah->r))A

Az > X(hvr—r))A(ps—> Xp)AFar).
IHocTpoenue TadULbI

Hanee nns dopmyn p, g, I, ..., M, S1, ..., Sq U 1y, ..., ty, Tabnuma ctpoutes
cieayromum obpazom. Ilycte AP — MHOXECTBO BCE€X aTOMapHBIX
MPEeIOKEHU MoaydeHHOW Gopmynibl. Toraa ajis HUX UMEETCSl BCETO 21API
BAapUAHTOB 3HaUYCHUU (IBOMYHBIX HAOOpOB). [locTporm no oHOI BepIirHe
Ha KaXKIblii BOBMOKHBII IBOMYHBIM Ha0Op U OMETUM 3Ty BEPIIMHY TEMU
aTOMAapHBIMU TPEJIOKEHUSIMHU, KOTOpblE B 3TOM HAa0OpEe WCTUHHBI.
Hanpumep, mist AP ={a, b, c} B BepmuHe, COOTBETCTBYIOIIEH HAOOPY
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{a,b,c} = {1,0,1}, akTuBHBI aTOMapHbIC MNPEIIOKECHHI A& U C, a
npeaoxenue b He akTUBHO.

Cpeau 3THX BEPIIMH OCTaBUM TOJBKO T€, Y KOTOPBIX COOTBETCTBYFOIIHM
JBOWYHBIA HAOOp ymoBieTBopsieT (opmysne ( (memaer ee 3HAYCHHUE
UCTUHHBIM). OcCTalbHBIC BEPIIMHBI yAQJIAM, TaK Kak (] JOJDKHA
BBINIOJHATECS Beerma. Jlamee, s JrOOBIX JBOMYHBIX HA0OpPOB X U Y
no0aBysieM pedpo U3 «BEPIIUHBI» X B «BEPIIUHY» Y, €CIIM U TOJILKO €CIIH
st mo6oro | ot 1 1o N BemoaHsercs uMmimmukanus Fi(X) — Si(y). Oto
pedpo COOTBETCTBYET yCIOBHIO (3 — X S1) A ... A (Fy > X Sp) B 03HaUaer,
9TO JUIS JFO00TO | «eClii ceidyac BBHITIOJIHEHO [j, TO Ha CIICAYIOIIEeM Ilare
OyZeT BBIIIOJHEHO Sj».

Jlanee, OTMETUM B KayeCTBE CTApTOBBIX COCTOSIHMH (MX MOXET OBITh
HECKOJIBKO) T€, Yy KOTOPBIX COOTBETCTBYIOUIMH JBOWYHBIA HAOOP
yIOBJIETBOPSET (popmyie P. ITO COOTBETCTBYET YCIOBUIO, UTO (hopmyia P
BEpHA «B MOMEHT BpeMeHH 0.

[Tocnemuuii 3Tam HA3bIBAETCA «UHUCTKOW TaONHIBD» H  SIBISCTCS
HeoOs3aTenbHbIM. OH mpeaHa3HaueH it Oosiee dPQPeKTUBHON PabOTHI C
Mozenblo. Ha aTom sTane obOecrieuuM TpeOOBaHUE, COCTOSIIEE B TOM, YTO
BCE MyTHU B Tpade JOIKHBI OBITh 0ECKOHEYHBIMH U YTO OTOBCIOAY JTOJKHBI
OBITH IIyTH B BEpIIUHBI, B KOTOPHIX BBIMONHSAIOTCS (opmyinsl tj (J oT 1 1o
m). Jlemaercst 3T0 «peKypCUBHBIMY YIAJICHUEM W3 MOJCIIU BCEX BEPIIHH, Yy
KOTOPBIX HET HUA OJTHOTO IMMOTOMKA, U BCEX TAKUX BEPIIWH, U3 KOTOPBIX IS
KaKoro-T0 | HET MyTH HH B OJHY BEpPIIWHY, B KOTOPOW BBITIOJIHIETCS
dopmyna t;. Ilpome rosops, B TaOnMUE CIEAyeT OCTABUTh TOJBKO T€
COCTOSIHUSI, U3 KOTOPBIX CYIIECTBYET XOTs Obl OJWH OCCKOHEUHBIH MYTh,
YIOBIIETBOPSIONIMN YCIOBHUSAM CIIPABEUIMBOCTH (3TO 3HAYUT, YTO BCE {;
BBITIOJIHAIOTCS. HA TakOM TyTH OECKOHEYHO 4YacTo). AJTOPHUTM,
MO3BOJIAIOUIMN TIpojiesiaTh 3TO 3(P(EeKTUBHO (paboTarouuii 3a JTUHEUHOE
BpeMsi OT pa3Mepa Taliuilbpl), OyAeT 0OCyX AaThCs B KOHTEKCTE MOMCKa
CIIpaBEJIUBBIX MyTeH B pa3. 2.4.

[Tocne Bcex ATUX AEHUCTBUI ClieAyeT OCTaBUTh B TaOJUIE TOJIBKO T€
BEPIIHHBI, KOTOPHIE TOCTUKUMBI U3 HAYAIbHBIX, & OCTAIbHBIC — YAATUTh.

[Tony4yenHast TabiuIla €CTECTBEHHBIM 00pa30M OTPa)KaeT CMBICI (POPMYIIHI,
a e¢ OCCKOHEUHBIC MMYTH yIOBJICTBOPSIOT ABYM CBOMCTBAM:

1. Ilyctb ¢ — HekoTopbll abcmpaxmusiti nyTh (LTL-mo0ens, unaue
rOBOPsI, MOCJEI0BATEIbHOCTh JABOUYHBIX HAOOPOB, COOTBETCTBYIOIIMX
aTOMapHBIM TpeasiokeHusm). Ecnu paccmatpuBaemasi hopMynia BepHa
Ui TYTH 0, TO B TaOJWIle MPUCYTCTBYET OSK3EMIUISp 3TOTO IyTH,
CTApPTYIOUIUH B HAUALHOM COCMOSHUU.

2. Ilyctb 0 — nyTh 68 nocmpoennou mabauye (CTapTYIOUUN B HAYATbHOM
cocmosiHu), TAKO! YTO KaxJasl poro3ulnoHanbHas Gopmyna tj (pu j
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oT 1 710 M) CTaHOBUTCS BEPHOW Ha MyTH ¢ OCCKOHEYHO 4acTo. Torma
paccMaTpuBaeMas (popmyiia BepHa Ha TIyTH o.

B mepBOM CBOWCTBE TrapaHTUPYETCS HNPUCYTCTBUE IYTH O B MOJIEIH.
JleficTBUTENBHO, Ha 3TOM IyTH (opmyna BeinonHsercs. [loatomy tj mms |
oT 1 10 M CTaHOBATCA BEPHBIMU OECKOHEUHO YacTO, U Kax/aas BEpIIHHA
3TOTO ITyTH YJIOBIIETBOPSET ABYM YCIOBHSIM:

0 W3 HEE CTAPTYET HEKOTOPBIA OECKOHEYHBIH MyTh;

O I JI'00OTO | U3 HEe MOKHO JJOOPAThCS 110 JTF000H BEpIIMHBI, B KOTOPOIt
BepHa (opmyia t;.

OpHako 3Ty BEpIIMHY MOKHO OBLUIO PEKYPCHUBHO YIAIUTh TOJIBKO B TOM
cilydae, eclid Kakoe-TO U3 ATUX YCJIoBHUi HapymiaeTcs. CiieJoBaTeNbHO, 3Ty
BEPIIMHY HE YJAIWIU, U OHA IPUCYTCTBYET B MOJIETIM HA peaslh3alliu MyTH
0. U3 conepxanusi GopMyJibl aBTOMaTHUECKHU CIIEAYET, UTO HA pearuzayuu
3TOTO ITyTH B MOJIENHM KaXJas MpoIo3uinoHanbHas Gopmyna tj (mpu j ot 1
JI0 M) CTAaHOBUTCS BEpHOI OECKOHEUHO 4acTo.

[Tpu nocTpoeHnM TabIULBI IPOLECC €€ «UUCTKU» MOKET MIPUBECTU K TOMY,
YTO U3 Hee OyAYyT MCKIIIOUEHBI BCE CTAPTOBBIE COCTOSIHUA (a 3HAYUT, U BCE
OCTaJIbHBIE, TaK KaK B MOJIEJIM JOJDKHBI OBITh OCTaBIIEHBI TOJIBKO T€
COCTOSIHUSA, KOTOpbIE JOCTHKMMBI W3 HayalbHbIX), U MOJEIb CTaHET
NycTOM. DTO O3HAYaeT, 4TO paccMarpuBaemas (opMylsia HEBBITOJIHUMA —
HET TaKOTo MyTH, Ha KOTOPOM OHAa CTAHOBHUTCSI HCTHHHOM.

Bo BTOpOoM cBOiiCTBE (KOTOpOE yTBEp)KIaeT MOYTH TO K€ camoe, HO B
oOpaTHyI0O CTOpPOHY) ycioBue Ha tj cymecrBeHHo. Ilycts mocrpoeHHas
MoJenb He mycTa. Toraa qedcTBUTENBHO, U3 KaXKI0W BEPIIMHBI MOJETH (TI0
MOCTPOEHUI0) MOKHO JIOCTHYb BCEX BEPIIHMH, KOTOPHIE COOTBETCTBYIOT
(popmynam tj. CrnenoBarenbHO, U3 KaXIOW BEPIIMHBL Cyujecmeyem nymo,
Ha KOMOPOM 6ce POpMYbl tj 6bINOIHAIOMCA DECKOHeYHO Yacmo. DTOT IIyTh
CTPOMTCS  CcleayroummM  oOpa3oM.  Baauvame — moOupaemcs — u3
paccMaTpuBaeMOM BEPIIMHBI B BEPIIMHY, JJISI KOTOPOM BepHO t;, moTOM
n3 ty Bt,, u T. 1. no t,,. 13 t, cHOBA B 11, M TaKk ;O OECKOHEYHOCTH.

Bce u35105KeHHOE MOXHO IPOJIENaTh, TaK Kak Jro0oe 1j JOCTHKUMO U3
moboit BepimmHbl. Ho, xpome nymu, na xomopom ece tj cmanoeamcs
BEPHLIMU OECKOHEYHO 4acmo, mam Mocym Ovimb u opyeue nymu, OJisl
Komopulx 3mo ycnogue HesepHo. 1loaToMy ycnoBue Ha tj yka3zaHO SBHO.
Tem HE MeHee, KaxAbli MyTh B MOJEIH, O€3YCIOBHO, Yy/IOBIETBOPSET

dbopmye:
PAGOA(rL > XS)A ... A(ry—> Xsp),

KOTOpaH OTJINYaACTCA OT HCXO}IHOP’I TEM, 4TO B HEN UCKJIIOYMIHN Tp€6OBaHI/I$I
Ha tj.
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O6paTI/IM BHUMAHHC, 4YTO YKAa3aHHBLIC [IBa CBOMCTBA BBIIIOJIHSIOTCS JJIA
HyTGﬁ " B TOM CJIydac, €CJIN «9YUCTKa Ta6J'IPIIII>I» HC IIPOU3BOINIIACH.

IIpumep. PaccmaTpuBaem dopmyiy:
XA =y A G(
XVY)A(XAY > X(XAY A=) A
AXAYA=Z—>X(=XAYVa(YVI))A
A VvZ) > XXAYA=ZV=aYAZ))A
AXAZDOXXAZD)DAEYAZDX(YAZ) A
AF=(Xv ) AF(=(XAY) A2Z)).

Nmeercs 3 aromMapHBIX TPEmJIOKEHHS: X, Y, Z. OT0 maeT 8 cocTosHUi
(puc. 2.5).

[TockonbKy Bcerna JAobkKHa OBITH BepHa Gopmyria X VY, HCKIOYaeM
COCTOSIHUSA, B KOTOpPHIX OHa HeBepHa. Ha puc. 2.6 oHM 0003HAYEHBI
MYHKTUPOM.

OO
& O

Puc. 2.5. CocTrostHUASA TaOIAIIBI

& O 0 O
&)
& O

Puc. 2.6. AKTHBHBIE COCTOSHUS TAOJIUIIBI

56



Teneps cBoiictBO G((ry = X S1) A ... A (I = X Sp)) bopMuUpPyET TIEPeXO b
(MyHKTHPHBIMHU CTPEIIKaMH Ha pHC. 2.7 0003HAYCHBI TIEPEXOIbI, Y KOTOPHIX
XOTst ObI OIMH M3 KOHIIOB HAXOAUTCS B YIAICHHOM COCTOSIHUH).

)
-

Puc. 2.7. [lepexobl TaOIUIIBI

CrapToBble COCTOSIHUSL — 3TO T€, B KOTOPBIX BepHa (opmyina X A —Y.
O003HaYMM X YKUPHBIMH cTpenkamu (puc. 2.8).

Puc. 2.8. CtapToBbIE COCTOSIHHSI TaOJIUIIBI

Kaxnas w3 moapopmyn F —(Xvz) m F(—=(XAY)AzZ) 3amaer kiacc
COCTOSIHUM, yIOBJIETBOPSIIOIIUX TAKOMY YCJIOBHUIO: M3 Ka)KJOTO COCTOSHUS
pPE3YNBTUPYIOLIEH MOJAEIN €CTh IIyTh B HEKOTOPOE COCTOSHHUE 3TOrOo
kiacca. O003HaUMM KJIacChl HoMepamu (puc. 2.9).
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[Tokakxem, 4TO MOTYYMUIIOCH Ha TEKyIIeM dTare (yoepem M3 WILTIOCTPaIuu
BCE «IYHKTHpHBIe» aetanu). B kmacce F —(X v Z) Temeps OyaeT TONBKO
OJTHO COCTOsIHUE, a B Kitacce F(—(X A Y) A Z) — nBa (puc. 2.10).

Puc. 2.10. Tabnuna nocne nocTpoeHus

Tenepb BBIMOJHUM «YHCTKY TaOJHWIBD». 3aMETUM, YTO W3 COCTOSHUSA
(X,Y,2) memb3s moOpatrbes no kiacca 1. ITosromy Ha puc. 2.10 oHO
3a4epKHYTO. Y gamM ero u3 mojenu (puc. 2.11).

Teneps 3aMeTHM, 4TO W3 COCTOSHUA (X, Z) HET mepexoaoB. IlosTomy Ha
puc. 2.11 oHO 3auepkHyTO (€CTh €lle OJHa MPUYMHA, MO KOTOPOHMl ero
CIeyeT yAaluTh: W3 HEro Henb3si jo0paThcsi B kiacc 1). Jpyrwe
COCTOSIHMSI OCTalOTCA, TaK KaK M3 HUX BCErJa MOKHO HayaTh OECKOHEUYHBIN
nyTh U A00paThecs Kak 110 kiacca 1, Tak u 10 kinacca 2. Mojaenb, KoTopas
MOJIy4aeTCsl B pe3yJibTaTe, BHITIISIUT, Kak MOKa3aHo Ha puc. 2.12.
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Puc. 2.11. Tabnuua B mpouecce YucTKu

' )‘ ‘/XD
A

Puc. 2.12. Tabnuia nociie YUCTKU

IIpumep. PaccmarpuBaem dopmyny G(z; — (—z, W z3)).
[TepeBoauM ee B HOpMaJIbHYIO (popMy:

G((zs > zz3v =2 AT) A (r— X(z3 v =22 A Y))).
[Tomyuaetcs Tabnuia, n3oopaxeHHas Ha puc. 2.13.

Bce cocrosiHus TaOnMIBI SIBISIIOTCA CTApTOBBIMH, M HET COCTOSTHUH,
KOTOpBIE TpeOyeTCs Mocemarh 0ECKOHEYHO 9acT0. MHOXKECTBO COCTOSTHUM
pasziesicHo Ha Tpu Oyioka u3 2, 4 m 6 COCTOSHUM, COOTBETCTBEHHO, U
uMeeTcs eme OAHO cocrosiHue. Kaknmprii OOk TpencTaBiseT coOoi
noyiHbIl Tpad (6Hympu Kaxaoro OJOKa W3 JIFOOOTO COCTOSIHHS €CTh
nepexo B Jr000e, BKIoYas MeTiao B ceOs). CTpenku Ha PUCYHKE MEXKITY
OJIOKaMH O3HAYalOT, YTO W3 KAXKIAOTO COCTOSIHHSI OJIOKa, U3 KOTOPOTO
UCXOJUT CTPEJIKA, €CTh MEPEX0 B KKI0EC COCTOSHHE OJIOKA, B KOTOPBIH
oHa BxomWT. Ecim wmMmeercs cTpenka MeXAy OJOKOM W BEPXHHM
COCTOSSHHEM, TO OJTO O3HA4YaeT, 4YTO BCE COCTOSHHUS JTOro OJIoKa
COOTBETCTBYIOIIUM 00Pa30M CBSI3aHBI C BEPXHUM COCTOSHHUEM.
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Puc. 2.13. Ta6muua ans dopmynst G(z1 — (—z2 W z3))

Takum 00pa3oM, B HATMIUH BCE TIEPEXOIBI:

Q MexcOy COCMOAHUAMU JIEBOTO U CPEIHETO OJIOKOB;

Q MedHcoy COCMOAHUAMU CPETHETO U TTPABOTO OJIOKOB;
Q U3 cocmosiHuil IEBOTO OJI0Ka 8 COCMOsAHUS TIPABOTO;
O MedicOy BEPXHUM COCTOSTHUEM M CPETHUM OJIOKOM;

Q U3 cocmosiHuu 1eBOro 0J0Ka B BEpXHEE COCTOSHUE,

O U3 BEPXHETO COCTOSIHUS 8 COCMOsIHUA TIPABOTO OJIOKA.

Hukakux qpyrux mepexooB HET (B YaCTHOCTH, HET MEepPeXo/1a U3 BEPXHETO
COCTOSIHUSA B c€051).

IIpoBepka moaeeit

Yepes L,(M) o603naunm MHOXECTBO (OecKOHEUHBIX) myTed monmenu M.
OHo Ha3zbIBaeTCs s3vikom mooenu. Tabnvia, cOOTBETCTBYMOMIas Ghopmyie
@, obo3Havaerca T, MIMes Takol KIIOYEBOM PE3yNbTAT, KAK MOCTPOCHHUE
Ta0JHI], MOKHO OMNHCaTh 0a30BYIO0 cxeMy MpoBepku Mopenen mms LTL-
dbopmyiL.

HauBHbiii meTon mnpoBepku, BeimojHsercs Jm LTL-popmyna ¢ aus
3a7aHHOM Moaenu M, cocTouT B ciexyromeM: NOcTpouM Tabmuuy T, s
Gopmynsl ¢, a mocie storo mpoepuMm, BepHo s L,(M) < L,(T,).
Jlomyckaroiue BBIUYUCICHUS CUCTEMBI M COOTBETCTBYIOT BO3MOKHOMY
MOBEJICHUIO MOJIEJIH, B TO BpeMs KaK JOIMYCKAIOIINE BHIYUCICHUS TAOJIHIIBI
T, COOTBETCTBYIOT JKEJIaeMOMy IOBEIEHHIO Mojenu. Ecim moboe
BO3MOXKHOE HOBefeHue sBisercs xerxaeMbM (ecmn L,(M) c L,(T,)), To
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MOXXHO 3aKJIIOYUTh, YTO MOJEIb YIOBIEeTBOpseT dopmyie ¢. JlaHHBIN
MOAXOA KakeTcss mpuemiemMbiM. OgHAKO 3amada MPOBEPKU BKIIFOUCHHS
s3pik0B st mojenedt Kpunke PSPACE-monHa OTHOCHUTEIBHO CBOMX
BXOJHBIX JJAHHBIX. ITO 3aTPYAHSICT MPOBEPKY MOJIEIEH TAKUM METOJIOM.

3amerum, uto L,(M) cL,(T,) & (L,(M) N L,(=T,)=9), rne =T, (310
JOTOJHEHHe T,) — Takas MOJAENb, MHOXKECTBOM IyTel KOTOPOH SIBIISETCS
JonoyHeHue MHokectBa mnyteil T, OpHako, HauwIydmuid W3BECTHBIN
alrOPUTM HMOCTPOEHHS — 1, 0 Tabmuue T, KBaJApaTUIHO YKCIIOHECHIUAJICH:
ecnu T, COOEPKHUT N COCTOSHHUH, TO —I, COAEPKUT ¢ cocrosmumit s
HEKOTOPOW KOHCTaHTHI C > 1. DTO 03HAYAET, UTO Pe3yNbTUPYIOIIAs MOCIb
OYCHb BEJIHMKA.

Hcnone3ys CBOKWCTBO, COCTOSAIIEE B TOM, YTO JOMOJHAIOMAS MOJEIb I T,
SKBUBaJleHTHa Mozenu i orpunanus ¢ (L,(—T,) = L,(T-,)), momyunm
cnenyromuii 6onee 3hdexTuBHBIN MeToa npoBepku moxenei LTL. Ero
ujesi COCTOUT B TOM, YTOOBI MOCTPOUTH TaONHIy [JIsi OTPUILIAHUS
’KenaeMoro csoicTBa ¢. Takum oOpasom, Tabmuma T_, Mozenupyer
HEXETaTeIbHBIC BBIYUCICHUS CHCTEMBI, KOTOPYIO TpeOyeTcs IPOBEPHUTb.
Eciu M conepxut onpeneneHHbld JOMYCKAIOUIUI MyTh, KOTOPBIMA TaKxXe
SABJIAETCS AOIyCKAIOMIUM IIyTeM T_,, TO 3TO IPUMEP BBIYUCIIEHUS, KOTOPOE
HapyIIaeT CBOMCTBO @. B 3TOM ciyyae MOXKHO cieiaTh BBIBOJ O TOM, UTO ¢
He sgABiseTcss cBoiicTBoM Mozaenu M. Ecim ke Her Takoro o06miero
BBIYKCIICHUS, TO ¢ BBITIOJHSIETCS. OJTO OOBSICHSIET TOCJIEIHUNA IIIar
CIEIYIOIETO METOJA: TOCTPOUTh Tadmumy T, uid (GOpMyJsl ¢ W IOCKE
3TOro IpoBepuTs, BepHo 1 L,(M) N L,(T_,) = <.

J1J1s IpOBEPKU MTOCIIEHETO PABEHCTBA CTPOUTCS ICKAPTOBO IMPOM3BEIACHHE
mozeneit M u T_,. Ilycts Mogens M nmeer Bux (S, R, S, Label), a monens
T_, mpexactaBmser coboil uerBepky (Sp, Rp, Sop, Labelp), rae Spp —
MHO’KECTBO CTApPTOBBIX COCTOSHHM, KOTOPBIX MOKET OBITH HECKOJBKO.
Torma MOJICJIb-TIPOU3BEICHUE M'=(S', R", S¢', Label") CTPOUTCS
CIICAYIOIINM 00pa3oMm:

S'={(s,sp)|s €S, sp € Sp u Labelp(sp) N AP = Label(q)};
R'={((s,50). (5 Sp)) | (5,8") € R, (50, Sp) € Ro} M (S' % S');
SIO = {(So, S()D) | So € So, Sop € SOD} N S";

Label’ (s, sp) = Labelp(sp).

Ompenenum  yclaoBUsL CIIPABEUIMBOCTH tj 1 JaHHOW CHCTEMBI M
MIPOBEPUM, CYIIECTBYET Ji B Mojieii M' GeCKOHEUHBIN MyTh, CTAPTYIOIIHMA
U3  HayaJlbHOTO  COCTOSIHUSL M YJOBJETBOPSIONIMI  YCIOBHSM
cnpaBeNIMBOCTA  (3(PEKTUBHBIA aNrOpUTM, pEIIAIIMK 3Ty 3aaady,
obcyxmaercs B pas3n. 2.4). Ecim Takoit myte cymiectByeT, To B M
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CYLIECTBYET MyTh, YJOBIETBOPAKOMMUNA —¢@. OTOT IMyTh SBISIETCA
KOHTPIIPUMEPOM 7151 POPMYIIBI (.

BpeMmeHHasi cokHOCTB gaHHoro amropurMa O(S| x 2¥). Ormernm, uro
3amaya mpoBepku moxenent st LTL seasercs PSPACE-nonmHoM — nist ee
pemieHusi TpeOyercs pa3Mep MaMaTH KaK MHUHHUMYM MOJWHOMHAIBHBIN
OTHOCHUTEIILHO pa3Mepa BXOIHBIX TaHHBIX [25].

2.2.7. Bepndoukauma LTL npm nomowm asTomaTtoB broxum

[Tpu mpoBepke LTL-cBONCTB MOTYT MCIOJIB30BATHCSA Pa3IMUHBIE CIIOCOOBI
npencrasienus LTL-popmynsl B Buze rpada nepexonoB. OAMH U3 TaKUX
crioco00B ObLT PaCCMOTPEH B MpENbIAYIIEeM pasjeine. Emie oauH, moxoxui
CHoc00, UCOJB3YET TaK Ha3bIBaEMbIe asmomamyl broxu.

[Iyctb AP — MHOXECTBO aTOMapHBIX MpeanoxeHu. 0600wenHbIM
AP

aemomamom  broxu Han andaButom 2 Ha3bIBa€TCAd 4YETBEpKa

A =(Q, go, 9, F), B koTOpOIi

o Q — KOHEYHOE MHOXKECTBO COCMOAHUU;

a (o — HauanbHoe COCMOsIHUe;

o &< Q x2* x Q- momanvroe omnowenue nepexooos,
o Fc 29— COBOKYMHOCTb 0ONYCKAIOUWUX MHOMKECTB.

Onumewm anroput™m ['eprta, Ilemema, Bapau w Bommepa [16, 17] s
noctpoeHusi aBromata brooxu mno LTL-dpopmyne. Bemem HOBbIN
temrnopaneHbli  onepatop R (Release), «kotopelii  ompenensercs
CJIEAYIOIINM 00pa3oMm:

¢ Ry ==(=p U-p).
Jl51s Hero BepHO, HapuMep, aHATIOTUYHOE MOHCOECmB0 PACULUDEHUSL

o Ry=yn(pvXpRy)).
Jlnst pabotsl anroputma tpedyercs, utoosl LTL-popmyna Obuta npuBeneHa

B He2AMuBHy10 HOPMAlbHYI0 (opMy — OTPHUIIAHHUE JOJKHO MPUMEHSITHCS
TOJIBKO K aTOMapHBIM ITPEIJIOKEHUSIM.

Onumem meron npuBeneHus LTL-bopmynbsl kK HEraTHBHOW HOPMaIbHOU
dbopme.

1. 3amenum Bce moadopmyisl Buga F ¢ na true U ¢.

2. 3amenum Bce noadopmysiel Buaa G ¢ Ha false R ¢.

3. Ucnonw3yss OyneBbl TOXIECTBA, OCTaBUM B (OpMYyJE TOJIBKO TpH
JIOTUYECKHE OMEPALUU: —, V, A.
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4. Vcnonw3ys Toxaectsa LTL

« (e Uy)=—p Ry,

- (¢Ry)=—pU—-yn

» =X p=X—p,
IOTpyKaeM OTPHIIAHUS BHYTPb TEMIIOPAIBHBIX OIIEPATOPOB.
Jlist anropuT™Ma MOTPEOYIOTCS CISAYIONINE CTPYKTYPHI TaHHBIX
o Formula — LTL-dbopmyina;
o Node — BepmHa rpada mepexomaoB aBromara broxw.

Jlst anroputMa HEBa)XKHO, B KAaKOM BHUE OyAyT MpeACTaBICHBI (OPMYIIHI,
MIO3TOMY OTHIIIEM TOJIbKO cTpykTypy Node (muctunr 2.1):

Nuctuur 2.1. Ctpyktypa Node

struct Node

{
list<Node> incoming;
list<Formula> old;
list<Formula> new;
list<Formula> next;
}s
3mech INCOMING — CHOHCOK BEPIIMH-TIPEANICCTBEHHUKOB (BEpIIMH, U3
KOTOPBIX HWJET Jyra B TEKyIIyl BepmuHy). B momsax old, new u next
coJiep KaTcsi CHUCKU TTOAPOPMYIT UCXOTHON (hOPMYJIBI.

Oyukmus  CreateAutomaton  (iauctunr 2.2) cTpouT Trpad mepexoon
aBToMaTa broxu o ¢opmysie f.

HaumHaem cTpoWTh aBTOMAT C BEPILIMHHKI INit, U3 KOTOPOH €CTh Mepexo B
BepmuHy N. Bepmuna init Oynet HavyaabHBIM COCTOSIHUEM MOCTPOSHHOTO
aBTOMATa.

NMnctunr 2.2. dyHkumna CreateAutomaton
list<Node> CreateAutomaton (Formula f)

{

Node init;

Node n;

n.incoming = {init};
n.old = J;

n.new = {f};

n.next = J;

return Expand(n, );

}

JloGaBiieHHEe HOBOW BEPIIMHBI BBIMOJIHACTCS PEKYPCUBHON (DyHKIHEH
Expand (muctuar 2.3). Expand B 3aBUCHMOCTH OT CaMOrO BHEIIHETO
ormeparopa TeKymied dwactu (opmynbl JMOO PpacHIEIUISET TEKYIIYIO
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BCpIIMHY Ha JABC, h1%(e0) 3ameniaet ee. Ilocie PaCICINICHUA UM 3aMCIICHUA
TCKYIlaA BCPIIUHA YAAIACTCA.

NucTtunr 2.3. dyHkuma Expand

list<Node> Expand (Node currentNode, list<Node> nodes)
{

if (currentNode.new == )
{
if (3 Node r € nodes: r.old == currentNode.old
&& r.next == currentNode.next)
{
r.incoming = r.incoming U currentNode.incoming;

return nodes;

}

else

{

Node newNode;

newNode.incoming = {currentNode};
newNode.old = newNode.next = ;
newNode.new = currentNode.next;

Expand (newNode, nodes U {currentNode})

}

else // currentNode.new He IOycCT.

{
BreibpaTer Formula n m3 currentNode.new;
currentNode.new = currentNode.new \ {n};
if (n € currentNode.old) Expand(currentNode, nodes);
else

{

if (n == false or !n € currentNode.old)
return nodes;

if (n € AP or !n € AP or n == true)

// 3ameneHune BEPUIMHEL.

{

node newNode;

newNode.incoming = currentNode.incoming;
newNode.old = currentNode.old U {n};
newNode.new = currentNode.new;
newNode.next = currentNode.next;

Expand (newNode, nodes)
}
if (n mmeer BUD f v Qg)
// PacuenjeHmye Ha OBE BEPIMHH.

{
node newNodel, newNode?2;
newNodel.incoming = currentNode.incoming;
newNodel.old = currentNode.old U {n};

newNodel .new = currentNode.new U {f};
newNodel .next = currentNode.next;
newNodeZ2.incoming = currentNode.incoming;
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newNode2.0ld = currentNode.old U {n};

newNode2.new = currentNode.new U {g};
newNode? .next = currentNode.next;
Expand (newNode2, Expand(newNodel, nodes));

}

if (n mmeer Bun £ U g)
// £fU g ® gvVv (EAX (£UqQg)).
// PacumenjeHmMe Ha OBE BEPIIMHEL.

{

node newNodel, newNode2;

newNodel.incoming = currentNode.incoming;
newNodel.old = currentNode.old U {n};
newNodel .new = currentNode.new U {f};
newNodel.next = currentNode.next U {f U g};

newNode2.incoming = currentNode.incoming;
newNode2.o0ld = currentNode.old U {n};
newNodeZ.new = currentNode.new U {g};
newNodeZ.next = currentNode.next;
Expand (newNode2, expand(newNodel, nodes));
if (n mvmeer B £ R Qq)
// fRg ® gnaAn (EVvX (ERGQg)).
// PacmenjeHve Ha IBE BEPUMHH.

{

node newNodel, newNode2;
newNodel.incoming = currentNode.incoming;
newNodel.old = currentNode.old U {n};
newNodel.new = currentNode.new U {f, g},
newNodel .next = currentNode.next;
newNode2.incoming = currentNode.incoming;
newNode2.0ld = currentNode.old U {n};
newNodeZ.new = currentNode.new U {g};
newNodeZ.next = currentNode.next U {f R g};
Expand (newNode2, expand (newNodel, nodes));

}

if (n mmeer BUO £ A g)

// 3Bawmemenue BepumHb currentNode BepumHor newNode.

{
node newNode;
newNode.incoming = currentNode.incoming;
newNode.old = currentNode.old U {n};
newNode.new = currentNode.new U {f, g};
newNode.next = currentNode.next;
Expand (newNode, nodes);

}

if (n mmvmeer Bung X f)
// Bamemenwe BepumHbe currentNode BepmmuHoM newNode.

{
node newNode;
newNode.incoming = currentNode.incoming;
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newNode.old = currentNode.old U {n};
newNode.new = currentNode.new;

newNode.next = currentNode.next U {f};
Expand (newNode, nodes);

}

[Ipu moMoIu MOCTPOCHHOTO MHOKECTBa NOUES mocTpormM aBToMaT broxw.

MHOeCTBO cocTOsiHMM Q BKIIIOYaeT B ce0s MOCTPOCHHOE MHOKECTBO
BepirH Nodes u BepiuHy iNit. HauaneHoe cocTostHue (y — BepiuHa init.

Jlnst cocrosHuii I, ' € Q W MHOXECTBa aTOMAapHBIX TPEIJIOKECHUN o
nepexon (r,a,r') cymecTtByer Torga W TOJbBKO TOrJa, Korna
r e r'.incCOMING ¥ « COOTBETCTBYET BCEM ITO3UTHUBHBIM W HETaTUBHBIM
aTOMapHBIM BbICKa3bIBaHUSIM 13 I'.01d.

Jns xaxmoit Gopmyisl Buga ¢ Uy CTPOUTCS JOIMyCKArOIee MHOXKECTBO
(amemenT coBokymHOCTH F), comepikaliee Bce COCTOSIHUS I, IS KOTOPBIX
w € r.oldwm ¢ U y ¢ r.old.

IIpuMmep. PaccMOTpuM 1iepBBIE HECKOJIBKO IIArOB AJTOPUTMA  JUIA
dopmyst F((p R q) — r). [lpuseaem hopMyiy K HEraTHBHON HOPMAaIbHOMN
dbopwme:

F(pRqg)—>r)=trueU((pRqg)—r)=

=trueU (—(pRq)vr)=trueU ((—p U —=q) v r).

Takum  oOpa3zom, Ha BXOJ  alropurMmy  mnogaetrcs  ¢opmyia
f=true U ((wp U —q) v r). Co3gaem Bepmuny init m Bepmmnay Nn. Ilocie
3TOT0 CO3JaJMM JUIsl BEPIIMHBI N mycThie crincku 0ld u next u crimcok new,
coaepxkanmii popmyay f. Jlamee co3maem mycroit crcok NOJES, B KOTOPOM
OyAyT XpaHUTBCS BEPIIUHBI MMOCTPOCHHOTO Tpada MEpexoJIOB aBTOMATa
broxu.

BanyctuMm dynkiuio Expand u usenedem dopmyny f u3 crmmcka n.new.
®opmyna f umeer Bug a U b. Tlostomy paciienuMm BepiivHy N Ha JBE
BEPIIUHBIL: Ny 1 Ny (Tabm. 2.1).

Tabnuua 2.1. PaclienneHne BepLUMHbI N HA BEPLUUHBI N1 U Ny

n N no
incoming init init init
old %) f f
next %) f %)
new f true (=pU—-q)vr
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Hanee mpumensem Qynkuuio Expand cHauama x BepuimHe Np, a TOCie
ATOTO K IOCTPOCHHOMY 3TOM e (PYHKIMEH CIIUCKY U BepLIUHE N,.

[Tpu u3BIICUEHHH U3 CIIMCKa Ni.NEW (GopMyItbl true BepirHa Ny 3aMeIacTcs
BEPILKHO# N3 (Tadi. 2.2).

Tabnuua 2.2. 3amelLeHne BEPLUMHBI Ny BEPLLMHOM N3

N N3
incoming init init
old f {f, true}
next f f
new true %

Crucok New BepmMHBI N3 MycT. Tak Kak cnucok NOdes myct u He
COAECPKUT BEPUIMHY I, Yy KOTOPOM C TEKyUIEH BEPIIMHOM COBIAJIAIOT
cuucku Old m next, mo6aeisseM B crnmcok Nodes BepmuHy N3. Co3maeM
HOBYIO BepIInHY Ny (Tadm. 2.3):

Ta6bnuua 2.3. BepwunHa ny

N4
incoming init
old %)
next %)
new f

JanpHelie UTepaiy BBITOJHIIOTCS TEM K€ CIIOCOOOM.
IIpoBepka Mojeseil ¢ HCMOJIBL30BaAHUEM ABTOMATOB broxu

[Iycts nanbl Mmoaens Kpunke n LTL-popmyna, BeimoIHEHHME KOTOPOW Ha
MoJieaH TpedyeTcs mpoBepuTh. OOIIas uaes aNropuTMa CleIyromas:

o W3 orpumanust LTL-popMynbl CTpOUTCS IKBUBAJICHTHBIA € aBTOMAT
broxu.

o Mogens Kpunke Takxke npeoOpa3yeTcsi B aBToMaT broxu.

o Crpoutcs TpeTtud aBToMar bBIOXM Kak IepecedyeHUE NEPBBIX BYX.
Taxoit aBromar OyzaeT AomycKaTh MyTH UCXOAHON MOJENH, KOTOphIE HE
ynosietBopsitoT LTL-popmyne cnenudukammm.

o Ecim A3bIK, AOIyCKaeMbli IOCTPOCHHBIM aBTOMATOM-IIEPECEYEHUEM,
nycT, To Bepudukauus ycnemHa. Eciu HeT, TO myTh, AOMyCKaeMbIH
ABTOMATOM-TIEPECEUCHUEM, SIBJISIETCS KOHTPIIPUMEPOM.
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CHauana ctpoutcsi aBTomMaTr bioxu, cOOTBETCTBYIOUMN BepupULIUpPyEeMOid
LTL-dpopmyne. Hamomamm, uTo 0H co0o0ii mpencraBisieT. ABTomaT broxu —
3TO KOHEYHBIN aBTOMAT HaJ O€CKOHEUHbIMH ciioBamu. [lepexoapl aBTomaTa
broxu momeueHbl mpeaukatamMu W3 HUcxoaHou ¢opmyasl LTL. ABTromar
paboTtaeT cieayromuM obpazoM. Ha kaxgom mare oH Oeper odyepeaHoi
HAOOp 3HAYEHUN NPEIUKATOB U3 TMOCIEAOBATEIBHOCTH, OTpa)Karomien
UCTOPUIO paboThl mporpamMmbl. Vcmonb3ys 5T 3HayeHuUs, aBTOMAT
BBIUMCIISIET METKH Ha MEpPexXoJax M3 TEKYIIETO COCTOSHUS. AKTHUBHBIMU
HA3bIBAIOTCS T€ IMEPEXO/bl, METKM KOTOPBHIX OBLTM BBHIYMCIEHBI Kak (rue.
Ecnu aKTUBHBIX nepexooB OoJbIIIe OJIHOTO, aBTOMAaT
HEJICTEPMUHUPOBAHHO BBIOMpaeT OAMH H3 HUX. Takum oOpa3om,
MOCIEIOBATEIbHOCT 3HAUYCHUN MPEAUKATOB OMpEACNsAeT BO3MOXKHBIC
HaOOPBI IEPEX0I0B B aBTOMare broxu.

[Tpumep aBTOoMara broxu, momydenHoro u3 ¢opmynsl LTL, nzobpaxen Ha
puc. 2.14. ®opmymna «GF p» unTaeTcst Kak «Bceraa KOTaa-HuOYIb P» WU
«p OyIeT BHIMOJIHATHCS OECKOHEUHO YacTOoM.

()"0
True P

Puc. 2.14. Asromat broxu anst orpunanust popmyist «GF p»

B aBTomare broxu umeercst Habop goryckarommx coctostauil. Ha puc. 2.14
TaKO€ COCTOSIHUE OTMEUYEHO JBOWHBIM Kpyrom. Ecim misi HEKOTOpOHU
MOCJEAOBAaTEIbHOCTH  3HAYEHHMM  MpPEIUKAaTOB  BO3MOXKHA  Takas
MIOCJIEA0BATENBHOCTh TMEPEXON0B B aBTOMaTe brOoXu, 4TO Iomyckaromue
COCTOSIHUS TOCEMIAI0TCS OECKOHEYHO YacTo, TO TOBOPST, YTO aBTOMAT
JOMYCKAET 3Ty MOCJIEN0BATENBHOCTh 3HAYEHUN IPEAUKATOB.

®opmyna LTL u aBromatr broxu, MOCTpOCHHBIN M3 HEE, SKBUBAJIICHTHBI B
TOM CMBICII€, YTO €CIIM HEKOTOPbIA MyTh (MCTOpPHUS PabOThl MPOrpaMMbl)
yaoBIeTBOpsieT ((opmyse, TO OH JOMyCKaercd aBTOMAaroM broxu.
U naobopot, mr00asg  MOCIENOBATENbHOCTh  3HAYEHUH  MpPEAUKaTOB,
Jormyckaemasi aBTomMmaToM broxu, ynoBieTBopsieT ucxoanou dopmyse LTL.

[TockonbKy 3amadya BepudukaTopa — HAWTH KOHTpOpHUMEp, aBToMaT broxu
CTpouTcs mjia oTpuiianusi ucxomnou ¢opmynsl LTL. Takum oGpazom,
aBTromMaT broxm momyckaer Jo0Oble TIOCIENOBATEIBHOCTA 3HAYCHHM
MIPEIUKATOB, KOTOPBIE HE YIOBICTBOPSIOT TPEOOBAHUSIM.

JIy1st osICHEHUsT pacCCMOTPUM aBTOMAT, M300pakeHHbIN Ha puc 2.14. Ecnu
CYILIECTBYET MOMEHT BPEMEHH, TIOCJI€ KOTOPOTO P HU pa3y HE BHIOJIHUTCS,
TO aBTOMaT B 3TOT MOMEHT IMepeiJieT B JOMYCKAaIIIee COCTOSHUE WU

68



OCTaHETCsl TaM HaBcerja. Takum oOpa3om, OyleT MoydeH AOMYCKAIOIIUM
nyTb. ABToMar broxu Ha puc. 2.14 HeaeTepMUHUPOBAH: BO3MOXHBI J1Ba
nepexoja M3 HEAOIMYCKAIOIIEro COCTOSIHUS MpHU HeBbIoMHeHUH P. Kpome
TOTO, YaCTO aBTOMAT CTPOUTCS HEMOJHBIM: HAlpUMEpP, €ClM aBTOMAaT Ha
puc. 2.14 HaXoauTCs B JOMYCKAIOUIEM COCTOSHUU U BBITIOJHEHO P, TO HE
CYLIECTBYET aKTHUBHOIO Iiepexoja. B 3ToM ciydae cuMTaercs, 4ro
BBIUUCJIEHWE HE Jomyckaercs. JIeHCTBUTENbHO, MpPH BBIIIOJIHEHUU P
HapYIIUTCS NPENOI0KEHUE O TOM, YTO, HAUYMHAs C BHIOPAHHOTO MOMEHTA
BPEMEHHU, P HE BBINIOJHUTCSA HU pasy.

Cnenytommit  stan s Bepudukaumu  LTL-popmyast — 370
npeoOpazoBanne mojenu Kpunke B aBromar broxu. Ilpumep monenwm
Kpunke u aBTomMaTa, moJiy4eHHOTO U3 Hee, n300pakeH Ha puc. 2.15,

HpI/I IIOCTPOCHHUH aBTOMATa HW3 MOJICIIH KpI/IHKC BMECTO COCTOSIHUM
npcanKaTaM IMoOMCHYarOTCA IICPCXOAbI. 210 ACIaCTCA JOCTATOYHO IIPOCTO:
,Z[O63BJ'I}ICTCH OJHO Ha4YaJIbHOC COCTOAHHC, HN3 KOTOPOro CO34ar0TCA

R 7

p.q So S1

A

a §)

Puc. 2.15. Ilpumep mogemu Kpurnke (a) u ee mpeoOpazoBanus B aBTomart (0)

Nepexo/ibl B HaudallbHbIE COCTOSAHUSI MCXOAHOM Mojenu Kpunke. 3atem
KaXbIi MEPEX0]I MOMEYAETCS TEMU MPEANKATAMU, KOTOPBIE BBIMOJIHSIIOTCS
B KOHEYHOM COCTOSIHMM Iepexoja B ucxogHou moxaenu Kpunke. Taxkum
o0pa3oM, TIpeArKaThl TMEPEHOCATCS W3 COCTOSIHUM Ha mepexoibl. ABTOMAT
broxu, monydeHHbI B pe3yJsibTaTe, SIBJISAETCS Pa3HOBUIHOCTHIO aBTOMATa
Mypa [17]: MeTKH Ha TIepexoJiax 3aBUCST TOJIHKO OT KOHEUHOT'O COCTOSIHUS
nepexo/a.
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JIro60i1 myTh B MOCTPOEHHOM aBTOMATE SIBJSIETCS OJHUM K3 BO3MOXKHBIX
cueHapueB pabotel mozaenu Kpumke. [loaToMy Bce cocTosiHus aBTOMara
MOMEYAIOTCSl Kak JOIycKawolue. B pe3ynbrare MOCTPOCHHBIA aBTOMAT
JOMYCKaeT JI00YI0 MOCIeI0BATEIbHOCTh MPEANKATOB, COOTBETCTBYIOMIIYIO
BO3MOXKHOMY CIIEHapui0 paboThl BepuduimpyeMoit moxaenu. B 1o xe
BpeMsi Jr00as JomycKaemasi aBTOMAaTOM IOCIENOBATENbHOCTh SBIISETCS
OJIHAM U3 CLIEHapUeB padOThI MOJIEIH.

[locne moctpoenuss aBroMara no Moxenu Kpunke m aBromara broxw,
CO3J1a€TCsl ABTOMAT-TIEPECEUECHUE, KOTOPBIM, IO ONMPEAECICHUIO, AOIYCKAET
TOJBKO T€ IOCJIENOBATENBHOCTH IPEIUKATOB, KOTOPBIE IOMYCKAIOTCA H
apTomatoM broxu, m wmoxensto Kpunke. IloctpoeHHOe mnepeceueHune
aBTOMATOB TaKXe sABJsIETCS aBToMaroM broxu. Ilpu atom ecim st Hero
CYILLIECTBYET JOIYCKAOIINUMI IyTh, TO TAKOU IyTh:

O SABJISIETCS OJJHUM M3 BO3MOKHBIX CIICHApUEB PaOOTHI MOJIEIIH;
o Hapymaet Bepudunmpyemyto LTL-popmyny cnenuduxanuu.

Takum 00pa3oM, eciii A0Ka3aTh, UYTO HE CYIIECTBYET JIOMYCKAIOIIErO MyTH
B IIOCTPOEHHOM IIE€PECEYEHUH aBTOMATOB, TO OyJET 10Ka3aHO, YTO MOJEJb
yaoBieTBopsieT crneuudukanuu. C apyroil CTOpOHBI, €ciu OyleT HaijieH
JOMYCKAIOIUN MyTh, TO OH OYIET HK3EMIUIIPOM CIEHAapUsi padOThI
MOJENY, Hapymarouero cnenupukanuio. Jpyrumu cinoBamu, OyAeT
IIPENBSBICH KOHTPIIPUMED.

Tenepsr MoKakem, 4TO CTPYKTypa MyTH, JOIMyCKaeMoro aBTomaroM broxw,
uMmeeT Bua aff”, e o — HEKOTOphId mpedurc, a f — cyddukc,
MOPOKTAEMBIA TMPOXOJOM aBTOMaTa broxw TO MWKy, COAepIKaIieMy
nomyckaroriee cocrosinue. CTpykTypa myTH n3oopaxxeHa Ha puc. 2.16.

Puc. 2.16. Ctpyktypa qonyckaemMoro nmyTy B aBtomare broxu

IlycTh P — myTh, momyckaeMbii aBToMaTtoM broxu. I10CKOIbKYy MHOXKECTBO
COCTOSIHUI aBTOMATa SIBJSIETCS KOHEUHBIM, HaijeTcs cypduxc p' mytu p,
TaKOH YTO BCAKOE COCTOSIHHE B HEM BCTpeUaeTcss OECKOHEYHOE YHCIIO Pas.
DTO 03HayaeT, 4To JI00€ COCTOSIHME 3TOro cyddukca JOCTHKUMO W3
mo6oro Apyroro cocrosinusg cyddukca. CrenoBareabHO, COCTOSHUSA U3 P’
BXOJST B COCTaB HEKOTOPOHl CHJIBHO CBSI3HOM KOMIIOHEHTHI rpada,
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onuckiBaroniero aproMar broxu. [IpuyueMm, Tak Kak OJHO U3 JOIMMYCKAIOIINX
COCTOSIHUMA Takke BXOAUT B CyPduKC P', CUIBHO CBSI3HAs KOMIIOHEHTa
COJIEP>KUT JIOMYCKAIOIEEe COCTOSHHE.

OO6patHo, ecnu B rpade aBToMaTa broxu cymiecTByeT JOCTUKUMAsT CUITBHO
CBs3HAs KOMIIOHEHTA, COJAeprKalias JOMyCKaoIIee COCTOSHHUE, TO MOXKHO
HOCTPOUTH JOMyCKalomui myts. OH OyaeT UMEeTh CTPYKTYpY aff”, T1e o —
npedrKC, KOTOPBIH BEACT K CHJIBHO CBSI3HOW KOMIIOHEHTE, a f/ — ITUKI B
3TOW KOMIIOHEHTE, COJIEPKAIIMI TOMYCKAIOIEe COCTOSHHUE.

Takum 00pa3om, MpoBepKa MyCTOTHI SA3bIKa aBToMara bioxu paBHOCHIIbHA
MOWCKY OECKOHEYHOT'O IYyTH, CTapTYIOMIET0 B HAYAJIBHOM COCTOSIHUHM H
YIIOBJICTBOPSIONIETO CICIUATIBHOMY YCI08UIO CAPABEOIUBOCU. B HEM
OECKOHEYHO YacTO JOHKHO BCTPEUYaThCsl Kakoe-TH00 M3 JOIMyCKAaIOUINX
coctosiHuid. COOTBETCTBYIOIINE AJITOPUTMbI OCHOBAaHBI Ha MOUCKE CHUIILHO
CBS3HOM KOMIIOHEHTHI, JOCTIKAMOW W3 HAYaJbHOTO COCTOSHUS W
coJieprKalllel JoMmycKarolee COCTOsIHME, U OYIyT OMucaHbl B pas. 2.4.

IIpumeHeHHne HA MPaAKTUKeE

Ha mpakTtuke B HEKOTOpPHIX BepUUKATOpax SIBHO HE CTPOSTCS MOEIb
Kpunke, aBromat moaenu Kpunke u ero nepeceuenue ¢ apromaroM broxu.
Bepudukarop momaydaer Ha BXOA NporpaMMy, HANHCAHHYIO Ha €ro
BXOJHOM sI3bIK€. OTO TMO3BOJISIET €My BBLICHATH B  IPOrpaMme
3JIEMEHTapHBIE JCHCTBHSI, ITOCKOIBKY B CEMAHTHKE €T0 SI3bIKa OMPE/IEIICHO,
KaKue JeHCTBUS COBEPIIAIOTCS aTOMApHO, KaK OTKAThIBATh 3TH JEUCTBUA,
BO3BpaIlasi CHCTEMY B MIPEIbIIYIIee COCTOSHNE, KaK BRIYUCIATH COCTOSIHUS
OOBEKTOB  (IEpEeMEHHBIX) M  Kakue  OMNepaTtopbl  MOPOXKAAOT
HEJICTEPMUHUPOBAHHOCTh. TakuM  00pa3oM, BepUPUKATOP  MOXKET
yIPaBISATh HUCIIOJHEHHWEM IMPOTPAMMEBI: COBEPIIATH dJEMEHTApHBIC IIarH,
OTMEHSATh 3JIEMEHTApHbIE Iaru (OTKATHIBATHCS), BBIYUCIATH TJI00aIbHOE
COCTOsIHUE cUcTeMBI. Bee 3To HeoOXxoaumo 17151 pabOThl TAKMX aIrOPUTMOB,
KaK JTBOMHOW 00XO0/1 B TITyOHHY.

Takne BO3MOKHOCTH TIO3BOJIIIOT  BEpPH(PHUKATOPY H30€KATh SBHOTO
MIOCTPOCHMS TepeceueHusl aBTomaTa Mojaenu Kpunke ¢ aBromaroMm broxw,
paboTas 1o CJIEYIOIIEH cXeMe.

o Bepudukarop paboraer ¢ mnporpaMmoii uW ¢ aBTOMaroM broxwu,
MOCTPOCHHBIM 110 OTPUIIAHUIO TEMIIOPATBLHON (POPMYIIEL.

o ['moGanpHOE cocTosiHME BEepUDUIIUPYEMOUW CHCTEMBI CKIIAJIBIBACTCS W3
I00aJbHOTO COCTOSIHUS TPOTPaMMbl W COCTOSIHUS, B KOTOPOM
HaxoauTcsa aBToMat broxwu.

o Kaxzaplil smeMeHTapHbId IIar COBEpHIAETCS B JBa XO4a: cHayasia
NPOUCXOAUT BJEMEHTApHbIA Mepexon B mporpamme. Ilocine s3toro
BBIYUCIISIIOTCS. HEOOXOJUMBIE TPEAUKATHl U COBEPIINACTCS MEPexXoi B
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aBTomare broxu. Eciim B aBTomMare broxy HEBO3MOKHO BBIIIOJHUTH HUA
OJMH TIEPEeXO0Jl, TO MPOUCXOJMUT OTKAT: B JAaHHOW BETBH HMCTOPUHU HE
YAAJI0Ch HAUTU KOHTPIIPUMED.

o Eciu B HEKOTOPOM COCTOSIHMM BO3MOKEH 0oJiee YeEM OJIMH INEpPEXo] B
nporpaMMe WiM B aBTomare broxu, TO Bepu(puUKaTop 3alOMHHAET
TEKYILlee COCTOSIHHE BEPUPUIUPYEMONU CHUCTEMBI U HAOOp BO3MOKHBIX
nepexonoB. IIpu oTkaTe B TaKO€ COCTOSIHHE HMCIOJHEHUE MPOrPAMMBbI
OyZeT 3alylleHO CHOBAa BIEpPE], HO YXKE IO JAPYTUM BO3MOXHBIM
nepexogam. Ecim ke Bce BO3MOXHBIE IE€pEXOJbl paHee Obuln
IPOMEHBI — BEpU(UKATOP OTKATBHIBAET II100AJIBHOE COCTOSIHUE JalbllIe
Hazan. Takum 00pazoM, B KaXJI0M CUTyallMd HEACTEPMUHUPOBAHHOCTU
Oyayr mnepeOuparbcs  BCE  BO3MOXHBIE  BapuUaHTbl  pabOTHI
BEpU(DHULIPYEMOI CHCTEMBI.

a C‘-II/ITaeTCH, qTo BCpI/I(l)I/II_[I/IpyeMaH CHUCTCMa IIOIlajJla B OOITYCKAromicc
COCTOAHHE, KOIraa aBTOMaAT broxu HaxoauTCa B JOIIYCKArOIICM
COCTOSHHH.

Takass cxema JCHCTBUN TMO3BOJIAET pabOTaTh MO AITOPUTMY TOUCKA
CIIpaBEIJIUBBIX MyTeH 0€3 SBHOIO TMOCTPOCHUSI TEpecedYeHusi aBTOMara
mojenu Kpurnke ¢ aBromarom broxu.

2.3. [lpoBepka moaeneun
Ons BeTBALLENCHA TEeMNOParibHOM NOrMKN

A.Tlnysnmu  BBEN TeMIOpajdbHYH JIOTUKY B  HWHGOPMATHKY IS
ciennUKalud ¥ BepUPUKAIMK pEakTHUBHBIX cucteMm [15]. Beime Obut
PacCMOTPEH OJIMH BaXKHBIA MPEJICTaBUTENb TEMIOpabHOU jJoruku — LTL.
DTa JIOTMKa Ha3bIBAETCA JUHEUHOU, TaK KakK IpPU €€ HCIOJIb30BaHUU
KaueCTBEHHOE MPE/ICTABICHUE O BPEMEHU CUUTACTCS JIMHEHHBIM: B KaKJIbIH
MOMEHT BpPEMEHU CYIIECTBYET TOJBKO OJHO COCTOSIHUE-TIOTOMOK, a
MO3TOMY TOJIBKO OJTHO Oymyriee. @opMabHO TOBOPS, OTO CICAYET U3 TOTO
dakta, 4YTO  WHTEpmperanus  (HOPMYJT  TEMMOPAIbHOW  JIOTHKH,
WCITOJIB3YFOIIasi OTHOIIIEHNE BBITOTHAEMOCTH |=, ompeseneHa B TePMUHAX
MOJICJIA, B KOTOPOH COCTOSIHME S HMMEET POBHO OJIHOro moTomka R(S).
Takum o00Opa3oM, IS KaXIOTO COCTOSHHUS S MOJENh IOPOXKIACT
YHHKAQJIbHYI0 OCCKOHEUHYIO IOCJICI0BATCIbHOCTL cocTossHui S, R(S),
R(R(S)), ... ITocimemoBaTenbsHOCTh COCTOSIHUI MPEACTABIISIET BBIYUCIICHUE.
Tak kak ceMaHTHWKa JIMHEWHOW TEMITOPAbHON JIOTHMKUA Oa3upyercss Ha
TaKUX «IOPOXKIAONINX TIOCIEIOBATEILHOCTY MOJEIAX, TEMIIOPAIbHBIC
onepatopsl X, U, F u G dakTudyeckn onmuchIBarOT MOPSI0K COOBITHH BAOJb
00H020 BPEMEHHOTO IyTH (OTHOTO BBIYUCICHHS CHCTEMBI).
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B nauvane 80-x romoB mnsa uened crnenuduKandu U BepupHUKAIUU OBLI
MPEUIOKEH APYroMl TUI TEMIOPAIbHON JIOTUKH, KOTOPBIM OazupyeTcs He
Ha JIMHEHHOM, a Ha BETBAILIEMCS IPEJCTABICHUN O BPEMEHHU. JTa JIOTHKA
dbopmanapHO OazupyeTcs Ha MOJEIAX, B KOTOPBIX B KaXIbIi MOMEHT MOKET
OBITh HECKOJIBKO pa3JIMYHBIX BO3MOXHBIX Oynymux. BBumy Takoro
BETBSIIETOCS TPEACTABICHUS O BPEMEHH, MAHHBIN KJIACC TEMITOPATBHBIX
JIOTUK HA3bIBACTCS 6eMBAUUMUCS MeMNOPalbHbiMu Jocukamu. CTporo
TOBOPSI, BETBJIICHUE CBOAUTCS K TOMY (DaKTy, 4TO y COCTOSIHUSI MOYKET OBITh
HECKOJIBKO Pa3JIMYHBIX JIOIMYCTUMBIX TOTOMKOB. CiienoBarenbHo, R(S) —
3TO (HEMYCTOE) MHOKECTBO COCTOSIHUM, a HE OJIHO COCTOsIHUE, Kak B LTL.
[IpencraBiieHre O CEMAHTUKE BETBSIIEHCSA TEMIIOPAIBHOW JIOTUKHU, TAKAM
oOpaszom, 0a3upyercs Ha depede COCTOSHUN BMECTO IMOCIE0BATEILHOCTH.
Kaxaplii myTh B TakOM JiepeBe JOJKEH MPEJCTABIATH OJHO BO3MOXKHOE
BbIuKCeHue. JlepeBo camo 10 ceOe MpeCTaBIsIeT BCE BO3MOXKHBIC
BBIUHCJIEHUs. boiee TOYHO, JepeBO, IOABEIIEHHOEC B COCTOSHUHU S,
MPEACTaBIsICT BCE BO3MOXXHBIE OECKOHEUHBIC BBIYMCIICHUS, KOTOPHIC
CTapTYIOT B COCTOSIHUH S.

TemnopasibHble omepaTtopbl B  BETBSILEHCS TEMIOPAJIbHON JIOTHKE
MO3BOJIAIOT BBIPAXKATh CBOWMCTBA (BCEX WJIM HEKOTOPHIX) BBIYUCICHUN B
cucteme. Hampumep, cBoiictBo EF ¢ o0o3Hauaer, 4TtO cyuniecTByer
BBIUMCJICHHE, BIOJb KOTOpOoro BeimonHseTcs F ¢. CyTh 3TOro CBOiiCTBa
COCTOMUT B TOM, 4YTO CYIIECTBYeT KaK MHHHMYM OJIHO BO3MOXHOE
BBIUMCJICHHE, B KOTOPOM, B KOHEYHOM CYETEe, JOCTUTACTCS COCTOSHHE,
BBITIOJTHSIONICE (. DTO, OAHAKO, HE MCKIIOYAET TOro (pakra, 4To MOTYT
CYLIECTBOBATh BBIYMCIICHUS, 111 KOTOPBIX 3TO CBOMCTBO HE BBIMOJIHACTCS —
BBIUMCJICHHS, B KOTOPBIX HUKOrJa He BblmosHsAeTcs ¢. CpoiictBo AF ¢,
HampuMep, OTJIMYAaeTcss OT 3TOr0  3K3UCTEHIMAJBbHOTO  CBOWCTBA
BBIUMCICHUM TeM, 4YTO OHO TpedyeT, uYTOObl BCE BBIYUCICHUSA
yIIOBJIETBOPSUIM CBOMCTBY F ¢.

CymiecTBOBaHME [BYX THUIOB TEMIOPAIBHOW JIOTUKM — JIMHEHMHON U
BETBAIICHCS — IPUBEJIO K PAa3BUTHIO JIBYX «IIKOJ» IPOBEPKU MOJECIEH.
HecMoTpsi Ha TOCTOMHCTBA U HENOCTATKU KaXKJIOW U3 HUX, UMEIOTCS JBE
MPUYMHBI, KOTOPBIE OIPABABIBAIOT PACCMOTPEHUE B JIAHHOM KHHUIE
MPOBEPKU MOJICJIEN KakK Uil JIMHEMHOW, TakK UIi W BETBIIICUCS
TEMIIOPAIbHOU JIOTUKH:

o Belpasumenvnas  cuia ~ MHOTHMX  JIMHEWHBIX W BETBAIIMXCS
TEMIOPAJIbHBIX JIOTMK HECpaBHHMA. JTO O3HAYaeT, 4YTO HEKOTOPHIC
CBOWCTBA, BBIPAa3UMbIC B JIMHEMHOW TEMIIOPAJIBHOM JIOTUKE, HE MOTYT
OBITH BBIPKCHBI B ONPEICTICHHOMN BETBAIICHCS TEMIIOPAIILHOMN JIOTHKE U
Ha000POT.

o TpaaurnoHHble Memoobl, UCTIONb3yeMble T 3G (HEKTUBHON TIPOBEPKH
MOJIEJIEU JJISl TMHEWHON TEMIOPAIIBHOM JIOTUKH, CUIIBHO OTJINYAKOTCS OT
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MCTOAO0B, IIPUMCHACMBIX IJIA BGTB)IH.IGﬁCH TCMHOp&HBHOfI JIOTUKHU. DTO
IIpuBOAUT, B TOM YHCIIC, M K COBCPHICHHO pPa3JIMYHBIM OICHKAM
CJIOKHOCTH.

B nanHoM paznene paccMaTpuBaeTcsl IpOBEPKa MOJENIEH ISl gemeauyelics
memnopanvnou noeuxu CTL (Computational Tree Logic). Baxuo, uro oHa
MOKET OBITh pacCMOTpEHa Kak BeTBamuiics anamor LTL, ams xkoToporo
BO3MOKHA 3¢ (HeKTUBHAS TPOBEPKA MOJAECIIECH.

Pasnen m3maraercst Ha ocHOBe Kypca [1] u comepxut npumeps! u3 [4, 26].

2.3.1. CuHTakcuc CTL

CuHTaKCHUC BETBSIICHCS TEMIOPaJIbHOM JIOTUKA (JIOTUKH JICPEBHEB
BBIUKCJICHHI) OIpeaeaseTCs CIEAyIOMMM 00pa3oM. DJIeMEHTapHBIMU
BeipakeHHs MU B CTL SBISIOTCS amomaphvie npeonodicenus, Kak U B
onpeneneanu LTL. byaem ompenensate cuntakcuc CTL B HOTammwm

bakyca-Haypa (p mpuHamie:KUT MHOXKECTBY aTOMApHBIX IPEIIOKCHUN
AP):

p:=p|—e|(pve)|[EX9o[E[pUg]|Alp U g].
Hcnonps3ytoTcst TeMIOpaIbHBIE ONIEPATOPHI CIEAYIONIETO BUAA!
o EX (B cnenyroniuit MOMEHT JJ1si HEKOTOPOTO MYTH);

o E (m1s HekoToporo myTH);
o A (s Bcex myTei);
o U (o tex mop).

3neck X u U — nuHeHbIEe TEMIIOpaJIbHbIE ONEpPaTophbl, KOTOPbIE BHIPAKAIOT
CBOICTBAa Ha (PUKCHPOBAHHOM ITYTH, B TO BpeMs KaK JK3UCTCHIIMAIbHBIN
KBaHTHU(UKATOp TyTH E BBIpakaeT CBOWCTBO HAa HEKOTOPOM TIyTH, a
YHHUBEpCaJbHBIA KBaHTU(UKATOp TyTH A — CBOICTBO Ha BCEX MYTSX.
KBantudukatoper mytu E u A MOryT OBITh HCHOJIB30BaHBI TOJBKO B
koMOuHanuu ¢ X win U. Otmerum, uto oneparop AX HedJeMEHTapeH U
OTIpE/IETISICTCS HIKE.

Bynessr oneparopsr true, false, A, - u <> onpeaensiorcs kak o0bruHO. 13
paBeHcTBa F ¢ = true U ¢ cieayroT ABa COKpallleHus:

EF ¢ = E[true U ¢];
AF ¢ = Aftrue U ¢].
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EF ¢ mpousHocHUTCS Kak «¢ BBINOJHIETCS MOTEHUMANbHO», a AF ¢ — Kak
«p HemszOexkHo». Tak kxak Geo=—-F—-¢p u Ap=—-E—-¢p, 10
JIOTIONTHUTETBHO :

EG ¢ = -AF —¢;

AG ¢ = —EF —g;

AX ¢ = -EX —¢.
Hanpumep, cipaBensiuso:

—A(F —p)
S{Ap=-E—9p}

——E —~(F =)
< { G ¢ =—(F —¢); BoruncneHus }

EG o.
EG ¢ npousHocutrcs «moTeHIuanbHo Beeraa ¢», AG ¢ — «06e3yciIoBHO ¢y,
a AX ¢ — «u1d Bcex MyTell B CIEAYIOLUNA MOMEHT (.

Mpumep. Ilycte AP = {x=1, Xx<2, x>3} — MHOXECTBO aTOMapHBIX
IIPEITOKEHUM.

o Ilpumepamu CTL-popmyn seistorcs: EX (x=1), AX(x=1),
X<2vx=1E[X<2)U X>3)]uAF (x<2).

o Beipaxenune E[x =1 A AX (X > 3)] ue sBasercs CTL-dpopmynoit, tak
kak X =1 A AX (x> 3) ne sBisercs X- unu U-popmyioit. Beipaxenue
EF[G(x=1)] TaKXKe HE SIBIISIETCS CTL-dopmyroii.
EG[x =1 A AX (X > 3)] — ato, oxnako, mpaBwibHO moctpoeHHas CTL-
dopmyna. Taxke EF[EG (x=1)] u EF[AG (x =1)] — 3T0 npaBuiIbHO
noctpoenHbie CTL-hopmyb.

Cunrakcuc CTL tpebyer, yTOOBI TUHEHHBIM TEMIIOPATBLHBIM OIEPATOPaAM
X, F, G u U HemenneHHo npeanecTBOBAIM KBaHTU(UKATOPHI ITyTH E mn
A. Ecnu 310 orpanudeHue OnycTUTh, TO MOJIy4YUTCs O0siee BbIpa3uTeIbHas
BETBSIIIAsACS TeMmopanbHas Joruka CTL

Jlornka CTL™ mosBomser kBantudukaTopam E u A mpeamecTBoBaTh
6ot LTL-mondopmyne. Ona conmepxkut, Hampumep, E[p A AX (] u
A[Fp AEGq] — dopmynsl, KOTOpble HE SBIAIOTCS CHHTAKCHYCCKHUMHU
tepmamu CTL. Jloruka CTL™ MoxeT GbITh paccCMOTpEHa KaK BETBSIIMIACS

3 PaBencTBo A @ = —~E —¢ Bemonasercs Tonpko s takux CTL-hopmyn ¢, B KOTOPBIX
CHSAT BHEITHHHA SK3UCTCHIMAIBHBIA WIH YHHBEPCATBHBIH KBAaHTU(UKATOP MYTH. ITO
NI03BOJISIET, HAIIPUMeEp, nepenucaTb CTpoky E[—-F —¢] B popmyny —AF —p.
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ananor joruku LTL, Tak kak kaxmas moadopmyna LTL moxer ObITh
ucrnoas3oBana B CTL-popmyne. Tounsle B3aumooTHomeHus mexay LTL,
CTL u CTL" 6ymyr paccmotpensl Hmke. Hecmotpst Ha To, uro CTL He
o6nagaer BeIpasuTensHol cuioit CTL', paccMoTpeHne GONBIIOrO 9HCIIa
IpPUMEPOB TOKa3ajlo, YTO OHAa YacTO JOCTaTOYHO BBIpa3UTENIbHA MJIs
bopMYyJIMPOBKHY OOJIBIIMHCTBA TPEOYEMBIX CBOMCTB.

2.3.2. CemaHTnka CTL

Kak ObUJIO OTMEYEHO B COOTBETCTBYIOIIEM paslielie, HHTEpIpeTaIus
JUHEWHOU TeMropaibHOo# oruku LTL onpenensercs B TepMUHAX MOJCIH
M = (S, R, Label), rme S — mHOXecTBO cocrostamii, Label — Ha3znHauenue
aTOMApHBIX MPEJJIOKEHUNH COCTOSIHUSAM, a R — ToTanbHas (QyHKIuS,
KOTOpass KaXJAOMYy 3aJaHHOMY COCTOSHMIO CTaBUT B COOTBETCTBHE
CIMHCTBCHHOE COCTOSHHE-TIOTOMOK. Tak kak motoMok R(S) cocTosHus S
TOJILKO OJUH, Mozelb M mnopoxgaeT UIsi KaXJIOro COCTOSHHUSA S
nocienaoBareabHocTh  coctostHmic S, R(S), R(R(s)), ... Dt
MOCJIEIOBATEILHOCTH TPEJCTABISIOT BBIYUCIUTENbHBIC IyTH, KOTOPbIE
HayMHaIoTCA B S, a Tak Kak LTL-popmyna oOpamjaercss Kk oIHOMY IIyTH,
WHTEPITPETALNs LTL ompeaeieHa B TEpPMHHAX TaKUX
IIOCJIEIOBATEIBbHOCTEM.

BetBsimasicss TemmnopaibHasi JIOTHMKA, OJTHAKO, oOpaliaercss He K OJHOMY
BBIYHCIIUTEILHOMY TMYTH, @ K HEKOTOPBHIM (MJIM BCEM) BBIYMCIUTEIHHBIM
nyTsiM. OHOM MOCIe0BaTeIbHOCTH, TAKUM 00pa3oM, HEIOCTATOYHO JIJIst
TOTO, YTOOBI 3TO TpomojaenupoBath. C IIENbI0 aJEKBATHO MPEACTABUTH
MOMEHTHI, B KOTOPBIX BO3MOYHO BETBJICHHUE, MOHSITHE
MOCJIEIOBATEIHLHOCTH ObLIO 3aMEHEHO TOHITHEM Odepega. COOTBETCTBEHHO,
CTL-mo0env — Mmopaenb, mopoxaaromias aepeBo. @opmansrao, CTL-mMoaemb
aBisieTcs mooenvio Kpunke, Tak kak Cayn Kpurike ucnoiab30Bajl CXOIHBIC
CTPYKTYpPBI C IEIBI0 JIaTh CEMAaHTUKY MOJANbHOW JIOTUKE, THUITY JIOTHUKH,
KOTOPBIA TECHO CBSI3aH C TEMIIOPATBHOM JIOTHKOH [27].

OtmeTuM, 4TO eauMHCTBeHHOe paznuuue ¢ LTL-moxmensto B Tom, yto R
TENEePb — MOMAIbHOE OMHOUIeHUe BMECTO TOTAIBHON (DYHKIIHH.

Mpumep. Ilycte AP = {x=0, x=1, x#0} — MHOXeCTBO aToMapHBIX
npemioxeHuit, S = {So, ..., S3} — MHOKECTBO COCTOSIHHI C TTIOMETKAMM

Label(sy) = {x # 0},
Label(s;) = Label(s,) = {x = 0},
Label(s3) = {x =1, x # 0},
a OTHOILIEHHE nepexoqoB R ciexyroniee:
R = {(So, S1), (S1, S2), (S1, S3), (S3, S3), (S2s S3), (S3, S2)}-
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Paccmorpum  CTL-momenr M = (S, R, Label). Ona wusoOpakena Ha
puc. 2.17 (a). 31ech coCTOSHUS N300pakeHbI BEPIIMHAMHU, a OTHOILICHHE R
0003HAYCHO CTpPEJIKaMH: CTpeJiKa M3 S B S' MPUCYTCTBYET, €CIIM U TOJBKO
eciu (S, S') € R. [Tometku Label(S) ykazausl psijioM ¢ COCTOSIHHEM S.

Ilepen ommcaHHEM CEMaHTHKH BBEIEM HECKOJIBKO BCIIOMOIaTEIbHBIX
nousituid. [Tycte M = (S, R, Label) — CTL-momens.

HamnomHuM, 4TO nyms — 3T0 OECKOHEYHAs IOCIIEN0BATEIBHOCTE COCTOSHUM
S0S1Sy ..., Takas uto (S, Si+1) € R mms Becex i > 0.

Ilycts ¢ 0603HauaeT myThb (U3 coctosHUi). s 1 > 0 uepes ofi] 0603HaUMM
(i + 1)-i1 snemenT o, a yepes ¢' — cyPuxc nymu ¢, HAIUHAIOIMIACS C 3TOTO
sneMenTa. Hanpumep, eciu 0 = toty 1, ..., T0 o[i] = ti (roe ti — cocrosHme), a
0'I =titivatio...

MHoOXecTBO TMyTeil, HaYMHAIOUIUXCS C CcOCTOsHUS S Moaenu M,
ompezaensercs caeayromum oopazom: Py () = {o € S” | o[0] = s}.

Hnsa o060t CTL-momenm M = (S, R, Label) u coctosiHus S € S umeercs
0eCKOHEUHOE BBIYMCIMTEIBHOE ICPEBO C KOPHEM, ITOMEUYCHHBIM S, TAKHM
gto (S', S") — myra B nepeBe, eciu 1 ToiibKo eciu (S', ") € R. CocrosiHue S,
s kotoporo P € Label(s), nnorna HaswiBaeTcsi p-coctosiHueM. [lyTh o
HA3bIBAETCS P-IIYTEM, €CIIH OH COCTOUT TOJIBKO U3 P-COCTOSIHUM.

So

v

S1

o T
S3
Y T
S S3
VAN
S3 So S3
a 0

Puc. 2.17. Tlpumep CTL-monenu (a)
U mpeHKC OJHOTO U3 €€ BBIYUCIUTEIBHBIX JepeBbeB (0)

Ipumep. Paccmorpum CTL-momens Ha puc. 2.17 (a). Koneunsiit npedukc
OECKOHEYHOT'O BBIYMCIIMTEILHOTO JIEPEBa, IMOBEIICHHOTO B COCTOSIHUH Sp,

uzo0paxken Ha pwuc.2.17 (0). Ilpumepamu myTeil SBIASIOTCA SpS; S, Sg) ,

SpS1(S283)” M S0S1(S3S2) S;. MHOKeCTBO Pyi(S3), Hampumep, MOKHO
* + w

onucaTh TakuM ciocoooM: {(S3S2) S, (S5 S2)“}-
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Cemantuka CTL omnpenensiercss B TEpMUHAX OMHOULEHUST BbINOIHAEMOCHIU
(o603HaYaEMOTO |=) MeXIy Mozenbio M, ogHUM U3 ee COCTOSIHUM S U
dbopmynoit ¢. Kak u panee, 3amumem M, S |=go BMecto (M, S, @) € |=
[Ipu sToM mmeem M, S |=go TOTJa W TOJIbKO TOT/a, KOrjJa ¢ BEPHO B
cocrostauu S mojenn M. Kak u panee, OyneM omyckaTh M, korma Moaenb
SICHA U3 KOHTEKCTA.

[Tycts p € AP — aTomapHoe npemtoxkenue, a tpoiika M = (S, R, Label) —
CTL-monens, S € S u ¢, w — CTL-bopmynsl. OTHOLIIEHUE BBINOIHIEMOCTH
|= OTIPEACTSAETCS CICAYIOMUM 00Pa30M:

skE=p < p e Label(s);
s = & —(sE=9);
sE=@vy) e©G6E)VeEwW;
sE=EXg S do e PM(S):0[1]|=¢;
sSE=E[pUy]l ©30ePu():3j20:djllE=wA
A (V0 <k <j: olk] = 0));
sE=Alp Uyl o VoePu(s): 3j>0:djlE=wa
A (V0 <k < j: o[k] = 9)).
HNHTepripeTanii aTOMapHbBIX NPEMIOKEHUN, OTPULAHHAS U KOHBIOHKIUU

CTaHdapPTHBI.

EX ¢ BepHO B COCTOSIHUM S, €CJIM U TOJBKO €CJIU CYIIECTBYET MYTh O,
HAYMHAIOUIMICA C COCTOSIHUA S, TAKOM YTO B CIEAYIOLIEM COCTOSIHUU 3TOTO
1yTH o[ 1 | BEITOTHSAETCSI CBOMCTBO (.

AJp U w] BepHO B COCTOSHUH S, €CIM U TOJBKO €CIM KaXIBId IyTh,
HAYMHAIONMIUHCA B S, UMEET B Hadalle KOHEUHBIH TpeduKc (BO3MOXKHO,
COCTOSIIIUK TOJBKO W3 S), TAKOH YTO \ BBINOJHACTCS B IOCICIHEM
COCTOSIHUM JTOTO TpedHuKca M ¢ BBIMOJHAETCS BO BCEX COCTOSHHUSIX
npedukca mepen S.

E[p U w] BepHO B COCTOSSHMM S, €CJTM M TOJIBKO €CJIM CYIIECTBYET IyTh,
HAYMHAIOITUICS B S, KOTOPBIA YIOBIETBOPSAET CBOUCTBY ¢ U .

Wurtepnperauus temnopanbHbix onepatopoB AX ¢, EF ¢, EG ¢, AF ¢ u
AG ¢ Moxer ObITh BBIBEJI€HAa C HCIIOJIB30BAHMEM YKA3aHHOTO BBILIE
onpeneneHus. YToObl 3TO MPOMILTIOCTPUPOBATh, BhIBEAEM (HOPMAIbHYIO
cemaHTuKy EG ¢.

SE=EG ¢

< { mo onpenencauio EG }
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< { no onpenencauio AF }
s = —A[true U —¢]

< { cemanTuka — }

—(s = Altrue U —¢])
< { cemantuka Afp U y] }

—[Vo € Pu(s): 3j=0: o jl|=—0 A (YO <k <]: o[k] =true))]
<{s |= true mys Bcex COCTOSIHMIMA S }

—[Vo € Pu(s): (3j=0: ol j] =—0)]

<> { ceMaHTUKa —; BIYUCIICHUS }

3o € Py (s): =(3 ] > 0: —(o[j] = 0))

<> { BBIUHCIICHUA |

do € Py (s): (V] >0:0]]] |= Q).
CnenoBatenbHo, EG ¢ BepHO B COCTOSHHH S, €CIIM M TOJIBKO €CIIH

CYIIECTBYET HEKOTOPBIM MyTh, HAUMHAIOWIMICA B S, TAKOM YTO B KaXJIOM
COCTOSIHUM 3TOI'0 IIyTH BBITIOJIHIETCS CBOMCTBO .

Takxe MOXKHO BBIBCCTH, 4YTO AG @ BCPHO B COCTOSIHUM S, €CJIIM MU TOJIBKO
cClIn AJI1 BCCX COCTOSIHMM Ha JI1000M IIyTH, HAYMHAIOIIEMCSI B S,
BBINIOJIHSIETCSI CBOMCTBO Q.

[Tpu sTtom EF ¢ BepHO B coCcTOSIHMM S, €CIIM U TOJIBKO €CJIH ¢ B KOHEUHOM
CUETE BBIMIOJHIETCS BAOJb HEKOTOPOTO MyTH, cTapTyromero B S, a AF ¢
BEPHO, €CJIM U TOJIBKO €CJIM 3TO CBOMCTBO BBINOJHSIETCS U1l BCEX MYTEH,
CTapTYIOLIUX B S.

IIpumep. Paccmorpum CTL-monens M, n3zobpaxkennyto Ha puc. 2.18. Ha
ITOM PHUCYHKE TOKa3aHa CIPaBEIIUBOCTh HECKOJBKHX (OPMYI IJIs BCEX
coctostHuit M. CocTosiHHE OTMEYEHO YEepHBIM IIBETOM, eciiu (hopmyiia
BEPHA JIJISl HETO, ¥ OCJIBIM B IPOTHBHOM city4ae. [Tpu sTom:

o ®opmyna EX p BepHa 115 BceX COCTOSAHMI, TaK KaK Yy BCEX COCTOSTHUN
€CTh IPSAMOU IIOTOMOK, YAOBJIETBOPSIOIIUH P.

o AXpP HeBepHa B COCTOSHHMHM Sy, TaK Kak BO3MOXHBIA IIyThb,
HAuYMHAIONIUHCS B Sp, MAET MPSIMO B COCTOSIHHE Sy, B KOTOPOM P HE
BBIMOJIHSAETCS. Tak Kak OCTaJbHbIE COCTOSHUS MMEIOT TOJILKO TMPSMBIX
MMOTOMKOB, B KOTOpPBIX [P BbINONHSETCS, AX P BEpHO B OCTAJIbHBIX
COCTOSIHUSIX.

o s Bcex cocTosHUM, KpOME Sp, CYIIECTBYET BBIUMCICHUE (HApPUMED,
w
S0S1S3), A KOTOporo P riobansHo BepHo. CrnemoBarenbHo, EG p
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BEPHO B JTHX COCTOsSHUAX. BBuay Ttoro, uro p ¢ Label(s;), myts,
HAYMHAIOIIMNCS B Sy, U1 KOTOPOTO P TI100aIbHO BEPHO, OTCYTCTBYET.

o AG p BEepHO TOIBKO B COCTOSIHHM S3, TaK KaK €r0 €IUHCTBEHHBIN MyTh
w
S, BCErja IPOXOJUT YepPe3 COCTOSHMSA, B KOTOPBIX P BhIOIHsAeTCA. [

BCEX OCTAJIBHBIX COCTOSIHUN CYIIECTBYET ITyTh, COACPIKAIINI COCTOSTHHAE
S,, KOTOpoe He ynoBieTBopsieT P. CrneaoBaTenbHO, ISl STUX COCTOSHUN
AG p HEBepHO.

So S1 S3

M {r} {p. a} {r}
S2
{d}
EXp AXp
EGp AGp
EF (EG p) AlpUd]

ElpUCpAA[-pUdD]

Puc. 2.18. IIpumep unrepnperanuu Heckonbkux CTL-popmyn Ha moaenu

o EF(EG p) BepHO [u1sl BCEX COCTOSTHMIA, TaK KaK M3 KaXJIOTO M3 HUX B
KOHEYHOM CUETE€ MOXET OBITh JIOCTUTHYTO COCTOSIHME Sp, S; WJIM S3, U3
KOTOPOr0 HA4YMHAETCS HEKOTOPOE BBIYMCIIEHHE, BIOJb KOTOPOTO P
rJ100aJbHO BEPHO.

o A[pUQ(Q] HeBepHO B COCTOSHHUHM S3, TaKk Kak €ro €IMHCTBEHHOE
w
BBIYMCIICHHE S; HHKOIJA HE JOCTUraeT COCTOSHHUS, B KOTOPOM

BBINIOJTHSIETCS (. [[J1s1 BCEX OCTANIbHBIX COCTOSIHUM 3TO, OJTHAKO, BEPHO, U
BJI00ABOK CBOMCTBO P BEpHO Iepe] TeM, KaK CTAHOBHUTCS BEPHBIM (.
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o Haxkonen, popmyna E[p U (—p A A[—p U q])] HeBepHa B S3, MOCKOJIbKY
U3 S3 HE MOXKET OBITh JOCTUTHYTO (-cocTostHue. J[isl coCTOSTHUM Sp U Sg
CBOMCTBO BEpPHO, TaK KaK COCTOSIHUE S; MOXET OBITh JIOCTUTHYTO W3
3THX COCTOSIHHW Yepe3 P-IyTh, —P BEPHO B Sp, U BCE BO3MOXKHBIC
CTapTyIOIIHE B S; MYTH yIOBIETBOPSIOT Gopmyine —p U g, moromy 4To
S, — (Q-cocrossaue. Hampumep, B cocTossHMH Syp TyTh (SoS2S1)”
ynosieTBopsieT cBoicTBY P U (—p A A[—p U q]), Tak kak p € Label(sy),
p ¢ Label(s;) nu q € Label(s;). [us cocrosiHus S; CBOWCTBO BEpHO,
MOCKOJIbKY P HEBEpHO B Sp, W JUIA BCEX IyTeH, HAUMHAIONIUXCS B Sy,
Onmmxaifiiee cocTosiHUE — 3TO (-cocTosiHue. Takum 00pa3oM, CBOMCTBO
—p A A(—p U q) nocturaercs gyepe3 myTh JIAHBI ().

2.3.3. HekoTtopble akcnombl CTL

B pasnmene o nuHEWHOW TEMIOpaIbHOM JIOTMKE OBUIO MOKAa3aHO, YTO
aKCUOMBbI MOTYT OBITH TIOJIE3HBIMU JJISI TOTO, YTOOBI JOKa3bIBaTh
HKBUBAJIEHTHOCTh MEXIy (OopMyJlaMU: 4YAaCTO BMECTO JI0KA3aTEIbCTBA
HSKBUBAJICHTHOCTH C HCIOJb30BAHUEM CEMAHTHUYECKUX OIpeaeIeHUN
JIOCTATOYHO MPUMEHSTh AaKCUOMBI, KOTOpBIE OINpEAEICHbl B TEPMHHAX
cuHTakcuca (GopMys. OTO 00JIer4aeTr J0Ka3aTelbCTBO SKBUBAJIEHTHOCTH
dbopmyn. BaxnHoil akcuomoil mis mnpoBepku LTL-moneneir sBisieTcs
paBuJiIo pacimpenus oneparopa U:

o Uy=yv(pAXpUy).

[Tpu moxcTaHoBKE ATOTO TpaBuiia B onpeaeneHus F u G momydum:
G =9 AXGy;
Fo=¢v XFo.

st norukn CTL cymecTBYrOT aHaJOTHYHBIC aKCHOMBI. YYHTBIBAs, YTO
KX TUHEHHBIN TemmopaibHblii onepatop U, F wimm G momkeH ObITH
NpEeABapeH IK3UCTEHIMANbHBIM WM YHUBEPCAIBHBIM KBaHTU(DHUKATOPOM,
MOJTy4yaeM aKCHOMBI, TIepedrciIeHHbIC B Ta0I. 2.4.

Ta6bnuua 2.4. Akcnombl pacwmpenus gna CTL

EG ¢ = o ANEXEGg

AG ¢ = o AAXAG ¢

EF ¢ = v EXEF¢

AF ¢ = o v AXAF ¢
Elp U y] = y v (9o A EX(E[p U y]))
Alp Uyl = v (9o A AX(Alp U y]))
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VY Bcex aTuX akcuoM 0a30Basi Ues COCTOUT B BEIPAXKCHHUH CIIPABEIITUBOCTH
(bOpMYIIBI IPEUTOKEHUEM O TEKYIIIEM COCTOSHUU (TJIe HET HEOOXOUMOCTH
B HCIOJb30BAHMHM TEMIIOPAJIBHBIX OIEPATOPOB) U IMPECIIOKCHHEM O
MPSIMBIX TTOTOMKAX 3TOTO COCTOSIHUA (¢ ucmojib3oBaHueM EX wmum AX B
3aBUCUMOCTH OT TOTO, C OK3HCTCHIHMAJIbHBIM WJIH YHUBEPCAIbHBIM
kBaHTU(UKaTOpOM paccMaTpuBaetrcs (opmyna). Hampumep, dopmyna
EG ¢ BepHa B cOCTOSIHMM S, €ClTU @ BepHA B S (IIPEIIOKCHHUE O TEKYIIEM
COCTOSSHUM) W (¢ BBITIONHSACTCA IS BCEX COCTOSHHM BIOJb IIyTH,
HAYMHAIOMIETOCS C TMPSMOTO TOTOMKAa S (MPEeIOKEHHUE O IMOTOMKAX
coctosiuii). IlepBbie dYeThIpe aKCMOMBI MOTYT OBITh BBIBEICHBI U3
MOCJICTHUX JIBYX.

Hanpuwmep, nas AF ¢ nonyunm:
AF ¢
< { no onpenencauio AF }
Aftrue U ¢]
< { akcuoma miisa Alp U y] }
o v (true A AX[A(true U ¢)])
< { HCUHUCIICHUE TIPeIUKaTOB; onpeaeiacHue AF }
o v AX[AF ¢].
Mcnonb3yst 3TOT pe3yibTat, BRIBOJUM NpaBmiIo pacimuperus 1 EG ¢:
EG ¢
< { no onpenencuuio EG }
—AF —¢
< { pe3yabTar NpeabIayIero BEIBOAA §
—(—¢p v AX[AF —¢])
<> { UCUHCIIEHHUE NTPEAUKATOB }
¢ A —-AX[AF —¢]
< { no onpenencanio AX }
¢ A EX(=[AF —¢])
< { mo onpenencauio EG }
o A EX[EG ¢].

AHanoruyHbie MpeoOpa3oBaHUsi MOTYT OBITH MPOJIETAHBI JIJIST TOTO, YTOOBI
nosryunTh akcuombl 1 EF u AG. Kak oTMedeHo BbIIIe, 2JIeMEHTapHBIMU
aKCHOMaMH SIBJISIFOTCS JIBE TTOCJICIHUE aKCHOMBI pacimuperus. OHU MOTYT
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OBITh JIOKa3aHbl C wucnoab3oBaHueM cemaHtuku CTL, wu 93T
JI0OKa3aTelIbCTBA OYCHb TOXOXKHM Ha JIOKA3aTeJIbCTBO 3aKOHA PACIIUPCHUS
st ortepatopa U morukm LTL, u3105k€HHOE B COOTBETCTBYIOIIEM pa3jieiie.

2.3.4. CpaBHeHuWe BblpasuTenbHol cunbl CTL, CTL u LTL

g Toro 4toObl Jydille MPeICTaBUTh B3aMMOOTHOIIeHHs Mexay LTL,
CTL u CTL’, omumem cuurakcuc CTL ™ ¥ BBIIOJHHM anbTepHATHBHYIO
xapaxtepmsarmio cuatakcuca CTL u LTL B Tepmumax CTL . Cuemaem
3TO, SIBHO pasiinyasi (hopmyivl COCMOSIHUL — CBOMCTBA, BBHIIOJHSIIONIUECS B
COCTOSIHUSIX, U hOpMY/bl Nymu — CBOMCTBA, KOTOPBIC BBINOIHIIOTCS IS
IIyTEH.

Tax kak CTL u CTL™ MHTepIpeTHpyIOTCS Ha BETBSIINXCSA MOIEISX, TOTAA
kak LTL uHTeprpeTupyeTcsi Ha MOCIEA0BATEILHOCTAX, CPABHCHUE MEXKIY
TUMHU TpeMs JIOTUKaMu He MpsMoinHeiHoe. CpaBHEHHE ympoulaeTcs,
€CJIM HEMHOT0 NToMeHsATh onpenenenue LTL, Tak uro ee cemantuka OyaeT
OmnpeAeieHa B TEPMUHAX BETBALIEKHCS Monaenu. Hecmorps Ha TO, 4TO
CYILIECTBYIOT pa3juyHble crnocoObl mHTepnperanuu LTL Ha BeTBAIIUXCA
CTPYKTypax (Hampumep, JOJIKHO ¢ BBINOIHATHCA B hopmyiie X ¢ Uil Bcex
NOTOMKOB WM  JJIi HEKOTOPOro MOTOMKAa TEKYIIEro COCTOSHUA?),
Haubosee MpOCTOM, HO, B TO € BpeMs, OOIIMHA MOAXOJ COCTOMT B TOM,
4yTOOBI cunTaTh, 4To LTL-popMyna ¢ BhIMOIHSETCS HA 6cex MyTIX. JTO
IPUBOMT K CIIeayromeMy paccmorpennio LTL B tepmunax CTL .

®opmynbl cocrosiHuit LTL onpenenenst kak ¢ ::= A S, tne f — dopmyna
nytd. DOopMysbl MyTH OMNPEICICHBl COTJIACHO CIEAYIONIEMY MPaBUITy
(3mecw p € AP):

Br=p|=p1BVA)IXE|(BUL).
B pesyasrate CTL, CTL" u LTL Temeps HHTEpIPETHPYIOTCS B TEPMHUHAX
OJIHOM MOJIeNH, U dTa o0IIas ceMaHTUYecKas 0aza JaeT BO3MOXKHOCTD JJIS

cpaBHeHus. Tabi. 2.5 cyMMHUpYyeT CUHTAaKCHC TPEX PACCMOTPEHHBIX THUIIOB
4
JIOTHKH.

Ta6nuuya 2.5. CuHtakeuc LTL, CTL n CTL*

dbopmysl cocTostHUSL @ = A S

LTL
(opmyiter myTH Br=p|BIBVAIXEI(BUP

% 371ech BBIOpaH aNbTEPHATHBHBIN MyTh TS ONpexeaeHus cunrakcuca CTL, koTopsiit
ynpoinaeTr cpaBHeHue. Cienyer uMeTh B BULY, UYTO —E —p paBHsieTcs A g 11 GopMyIibl
IOyTH p.
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dopmynsl coctosauas ¢ =p |- |(p v @) |ES
dbopmyIIBl Ty TH Li==f|Xep|(pUop)

CTL

~  (bopmyusl cocTosHus @ =P | =g | (p Vv @) |Ep
(opmysel myTH Bi=p|BIBVAIXBI(BUP)

CTL

*
Jnsa CTL ucnons3yroTcs Te e cokpaiieHnus, uyto u jjis LTL, u emte ogHO
JTonoJIHUTeNbHOE: A f = —E —p.

Wnrepnperamms CTL™ wunrynmtuBHO sicHa wu3 wmmuTtepnperanun  CTL.
Ompenenum popmanshyio cemantuky CTL . ITycts p € AP — aTomaproe
npemioxenue, M = (S, R, Label) — CTL-mooenv (mooenv Kpunke), s € S —
COCTOSTHUE MOJIeNH, o € Py (S) — myTh, ¢ 1y — HOPMYIIBI COCTOSTHUS, L U 5
— ¢opmynsl TyTd. BBememM ABa  OmHOWleHUS  BLINOIHAEMOCU,
CHpPaBEUIMBOCTh KOTOpBIX OyaemM o0o3Hauate Tak: M, S |=5tate ¢ u
M, o |=Path a.

Kak u paHece, 6YII€M OIIYCKaTb MOJICJIb M B Clydac, KOI'Ja OHa
IMoApasyMEBACTCA KOHTCKCTOM.

OTHOIICHHE |=State 3a71aeTCsl CIEAYIONTIM 00pa3oM:
S |=State p < p € Label(s);
S |=State - < (s |=State 9);
S |=State (pvy) (s |=State @)V (s |=State W);
s F=stae E B < Jdo e Pu(s): (o |=path B).
AHAaJIOTUYHO 3a7aJIMM OTHOIIICHHE |=pach
o |=Path ® < 0[0] |=State ®,
o |=Path —p < —(o |=Path p);
o |=Path (avp) (o |=Path a) Vv (o |=Path B);
o |=Path Xp =N |=Path b
o |=path (@Up) <3Fj=0: o |=path/)’ A(VO<k<j: b |=path a).

]

1 k
31ech 07, 0° U ¢ — COOTBETCTBYIOIIHE cyghghurcol nymu o.

N3 paccMmoTpenus cuHTakcuca cienyer, uto CTL — 3T0 mOJIMHOKeCTBO
CTL™: Bce CTL-hopmynsr mnpumamtexar CTL’, HO oOpaTHOe He
BBITNIOJIHAETCS (CMHTaKCcM4ecku). BHauane mposicHUM, Kak CpaBHHUBAeTCS
BbIpa3uTEIbHAS CUJIa ABYX TEMMOPalIbHBIX JOTUK. OfHa JOTUKa SIBISETCS
Oosee BBIPA3UTENBHOM, YeM Jpyras, €Cid OHa IO3BOJSET BBIPAXKATh
TEPMbI, KOTOpblE HE MOTYT OBITh BBIP@XEHbI B JApPYyroil. IToOT
CHHTaKCHYeCKHil KpuTepuii mpumensiercs k CTL B cpasnenmu ¢ CTL™:
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nepBasi CHHTAKCUYECKU SBISIETCS ITOAMHOXKECTBOM BTOpoil. Takon
KpUTEpUl B OOIIEM cily4ae CIMIIKOM MNOpocT. bonee TOYHO, OH HeE
UCKJIIOYaeT TOro ¢akra, 4YTo ISl HEKOTOpOoH (OpMyIsl ¢ B OTHOU
TEeMITOpaIbHOH JIoTHKe L cymecTByer skBuBaneHTHas popmyna y (koTopas
CHHTAaKCUYECKH OTJIHYaeTcs OT ¢) B TemmnopainbHoW Jnoruke L'. Tlonm
DKBUBAJICHTHOCTBIO 31€Ch IIOAPA3yMEBACTCS CIEAYIOIIEE.

DopMyJIbl ¢ U Y HA3BIBAIOTCS IKBUBALEHMHBLIMU, €CITA U TOJIBKO €CIH JIJIs
Bcex mozesieit M u coCcTOAHME S BBIIOJIHIETCS

M, s |= ¢ TOTJIa U TOJBKO TOraa, korna M, S |= w.

Tenepb MOKHO q)OpMaJ'II)HO onpeaAcCiinTb, 4YTO 3HAYUT MOJIA [OBYX
TEMIIOPAJIbHBIX JIOTHUK OBITH BbIPA3HUTCIIbHO SKBUBAJICHTHBIMU.

Temnopanbubie noruku L u L' guipazumenvro sxeueanenmuwl, ecnu s
K0 hopmysbl ¢ € L cymectByer skBuBaneHTHas e gopmyna v € L'
(Takast uTo st Bcex moaeacii M u cocrostaumii S: M, S |= p<=>M,s |= W) 1
JUIsl Kakzon Qopmyinbl w € L' cymecTByeT skBuBalieHTHast el popmyna
¢ € L (takas uro mis Bcex Mojmened M um cocrosHuii S: M, S |=go =

M, S|=l//).

Ecnu nepBoe u3 3THX YCIOBUI BEPHO, & BTOPOE HET, TO Joruka L (ctporo)
MeHee sblpazumeibha, yeM L.

Puc. 2.19 oTpaxkaeT B3aMMOOTHOIIECHUS MEXKIy TpEeMs JIOTHUKaMH,
pacCMOTPEHHBIMH B JaHHOM pasneiie. M3 3Toro pucyHka cleayer, uTo
CTL" Gomnee BBIpasuTeNbHa, yem obe joruku LTL m CTL, Torna kak LTL u
CTL necpaBHUMEI. I KaXA0W W3 JIOTHK MPUBEICHBI PUMEPHI (HOpMYI,
BBIJICJISIIOIINX YaCTU 00J1acTel, KOTOPHIM OHU MPUHAJJIEHKAT.

LTL

A[F(p ~ X p)] v AG(EF q)

A[F(p A X'p)] AG(EF q)
AlpUd]
Puc. 2.19. Bzaumootnomenus mexay LTL, CTL u CTL"
CymecrByer ¢opmyna B LTL, o dopmyna B CTL orcyrcrByer.
Hanpuwmep, A[FG p] u A[F(p A X p)] — 310 LTL-popmynbl, 11 KOTOPBIX
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HeT SkBUBaJICHTHBIX (hopmyn B CTL [4, 28]. Apyroit npumep GpopMyisl U3
LTL, nyia koTopoil HeT 3kBUBaNeHTHON hopmyibl B CTL:
A[GF p - Fq].

B cootBercTBUM ¢ 3TOM (POpPMYJIO, €ciM P BBIMOJHSACTCS OECKOHEYHO
4acTo, TO ( KOI/a-HUOYJb CTAHET BEPHO. OJTO HHTEPECHOE CBOMICTBO,
KOTOpOE€ TOSBIIETCS 4YacTO B JIOKA3aTEIBCTBE KOPPEKTHOCTU CHUCTEM.
Hanpumep, TunmmyHOE CBOMCTBO KOMMYHHMKAalIMOHHOTO IIPOTOKOJIA HAJ
HEHAJEKHbIM KaHAJIOM CBs3M (opMynupyercs cieayromuM o0pa3oM:
«ecau CcooOUIEHHE MOChLIAeTCd OECKOHEUYHO YacTo, OHO Korja-HUOynb
JOCTHUTHET IOJIy4aTelIs.

Hoxkaxem, uto it LTL-popmyn A[FG a] u A[F(a A X @)] He cymecTByeT
sxBuBaieHTHBIX CTL-dopmyn. Paccmorpum momenn Kpunke M, u M,
KOTOpPBIEC ONPENENSIOTCS HHAYKTHBHO, HadWHas ¢ Mmogeneit My u My
(puc. 2.20), TakuM 00pa3oM, Kak 3TO MMoKa3zaHo Ha puc. 2.21.

Mo Mo

{a} {a}

Puc. 2.20. basossie Mojen Mo u My

Mn M

{3 {a} {a}

Puc. 2.21. anykTtuBHOE mocTpoeHue mozeneit M, u M'n msn>0

Ha puc. 2.22 Te xe Moaenu n300pakeHbl JPYTHUM CIIOCOOOM.

n

N
4 A

¢ {a} ¢ {a} ¢ {a}
IS I S M O T
iy {a} { iy {a}

>0
/U

e
D

‘w
“

Puc. 2.22. Mogen Myu M}, s n >0
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Yepes Sp OyzmeM 0003HAa4YaTh CTapTOBLIE COCTOSHMs Moxened M, u M), a
4yepe3 S; — COOTBETCTBEHHO WX TIPSMbIC MOTOMKH. byaem TOBOPHTH, UTO
dbopmyna ¢ He paznmruaet moaenu M' u M", ecniu

o ycnoBue M', Sy |= (¢ BBITIOJIHSAETCS UJIU HE BBIMOJHSIETCS OHOBPEMEHHO
c yciouem M", sg |= ®;

a ycuosue M', S; |= ¢ BBITIOJIHSIETCS] WJIM HE BBINOJIHAETCS OAHOBPEMEHHO
¢ ycnoBueM M", s; |= .

W3 mocrpoenus moxeneii M, u M), cienyer, uro M, So |= A[FG a] u
M, So |= A[F(a A X @)] st Bcex N >0, B To Bpems kak M, So £ A[FG a]
u M, so EA[F(a A Xa)]. OTo MOXKHO J0Ka3aTh CIEIYIOIIAM 0OOPa3oM.

Jlriobass  momens M, comepKUT OCCKOHEYHBIH MyTh, KOTOPOMY
COOTBETCTBYIOT CJIEIYIOLINE TIOMETKH

do>{a}>0->{a}>I—> ...

¥ Ha KoTopoM He BeINOJHSIOTCS Gopmysel FG a u F(a A X a). C apyroii
CTOpPOHBI, TaK Kak B MojAeisiX M, HET BO3MOXHOCTH OCCKOHEYHO YaCTO
MOMaaaTh B —a-COCTOSHUE, KXKIIbIN MyTh UMEET CIACAYIOIIUNA BUI:

g—{a} ... - ({a})”,

¥ Ha HeM BhImosHstoTcs popmynel FG a u F(a A X a). Takum obpazom,
dopmysel FG a u F(a A X @) pasimuuaror mogenn M, u M,

Onpenenum memnopanvuyio eayouny CTL-popmynsl ¢ (oOo3HawaeTcs
yepes ||p||) kak MakcuManbHYHO BIIOKEHHOCTh TEMIIOPAIBHBIX OMEPaTOPOB
B ¢. Hanpumep, ||@a A b|| =0 u ||[E[(a > b A =C)U((EX @) A E[b U c])]|| = 2.

Hcnonp3ys MHAYKIMIO TIO N, MOXKHO J0Ka3aTb, 4TO Moaenb M, u mozensb
M), HeBO3MOKHO pa3nmnunTh Hukakoi CTL-dopmymoii TemmopansHO
riyOuHbI He Ooubie N. DTo o3HauaeT, uyTo Vo € CTL, ||¢|| < n: My, So |= 7
eciM M TOJBKO eciu My, So |=g0 (M aHaJOTUYHOE YTBEPKICHHE IS S
BMECTO Sp). DTO YTBEpP)KIEHUE CIIEyeT U3 TpeX (PaKTOB, MPOBEPSEMBIX
HEIMOCPEICTBEHHO:

1. HOns mo0bix M, N> 0 mo0ast hopmysia ¢ TeMropaiabHOU TiyouHsl 0 He
pasnnyaer HuKakue mogend My, u M.

2. Ecnu uu hopmyina ¢, Hu popMyia y He pasiaudaroT mojaend M, u M}, To
Takue POPMYIIBI, KaK —¢@ B ¢ A Y/, TOXKE HE PA3IMIArOT 3TH MOJICIIH.

3. Eciu Hu dopmyna ¢, Hu dopmyna y He pasnmmyaror moxend M, M,
Mps1 1 My, To Takue ¢opmyisl, kak EX ¢, AX ¢, E[pUw] un
Al U y], ne paznmuyaror mogean Mpsy 1 My ;.
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[Tocmequmii 1mar Joka3aTeNbCTBA COCTOMT B ciedyromeM. [lyctb
cymectByer CTL-popmyna ¢, skBuBaieHtHas dopmyne A[FG a] (wim,
cootBeTcTBeHHO, A[F(a A X @)]). C ogHoli cTopoHsl, U3 M, S |= A[FG a]
u M}, so - A[FG a] (mis Beex N) crenyer, uto My, So F=¢ 1 Mj,), So .
C mpyroii cTopoHsl, M3 TOro, 4ro mojxenu M, u Mj, HEBO3MOXKHO
pasauunth CTL-dopmynoii TemmopaibHO#i TayOuHbl He Ooiee |[|¢],
CIIEyeT, YTO ¢ UMEET OJJHO M TO YK€ UCTUHHOCTHOE 3HAYCHUE HA MOJCIIAX
My, 1 Mj,. DTO IPUBOAUT K IPOTHBOPEUHIO.

CymecrByer ¢opmyna B CTL, Ho ¢popmyna B LTL orcyrcrByer.
®opmyna AG EF p —ato CTL-dopmyna, 11st KOTOpOil HET SKBUBAJICHTHOU
dbopmynsl B LTL. 3T0 CBOMCTBO MCIOIB3YETCS HA MPAKTUKE, TaK KaK OHO
BBIpaXaeT TOT (haKT, YTO MOKHO H00paThcsl IO COCTOSHHS, B KOTOPOM
BEPHO P, HE3aBUCHMO OT TEKYLIEro cOoCTosHUA. Ecnum p xapakrepusyer
COCTOSIHME, B KOTOPOM MCIPABIISIETCS ONpPEIEIeHHAas OolnoKa, To popMyiia
BBIPAXKAET, YTO BCErJa MOYKHO BOCCTAHOBUTBLCS IIOCJE OIpEAeICHHON
omnbku. JlokazarenscTtBo TOro, uto st AG EF p Her skBuBalieHTHOM
dbopmysl B LTL, cocTouT B ciemyromiem.

[Tycts ¢ — 310 LTL-popmymna, mist kotopoit A ¢ skBuBanentHo AG EF p.
Paccmotpum monens M Ha puc. 2.23 (a). Tak xak M, S |=AG EF p,
oTcrojia cienyet, uto M, S |= A ¢. Ilycts M' — moamonens M, nokazanHas
Ha puc. 2.23 (0). [lyru, crapryromue u3 S B M', BXOIAT B MHOXKECTBO
nyTel, HaunHaronuxcs ¢ S B M. CrnepoBarensHo, M', S |=Ago. Onnaako
npu 3ToM cBoictBo M, S |= AG EF p He BmImosmHsAeTCSA, Tak Kak
HHUKOT/Ia HE CTAHOBUTCS BEPHBIM BJIOJIb ¢IMHCTBEHHOT'O MyTH S”.

AHQJIOTHYHBIN (paKT MOXKHO JOKa3zaTh JJisa ciydas, korna LTL-popmyssl
KBaHTU(UIIUPYIOTCS HE TI0 BCEM IyTSIM, a IO HEKOTopomy myTH. [1ycts ¢ —
ato LTL-popmyna, mns xotopoit E ¢ oxBuBasentno AG EF p.
Paccmotpum mozaens M. U3 M, S |= AG EF p cienyetr M, s |= E ¢. [lycts
M" — naamonens M, moka3annas Ha puc. 2.23 (B). Ilytu, crapryromue u3 S
B M, BXomiT B MHOXECTBO IIyTeHd, HauWHarommxcs ¢ S B M".
CnenoBarenbno, M", s |= E ¢. Ho npu 3TOM He BBITIOJHSIETCS CBONCTBO
M", s |=AG EF p, Tak xak p HUKOrJa HE CTAHOBHUTCS BEPHBIM BJIOJb
CIMHCTBEHHOTO myTH (S™)”, CTApTYIOIIEro B COCTOSHHUU S, TOCTHKAMOM
u3 S.

S s' S S S

S
{r} {~p} {-r}
{-r} {-r} {p}
6

a B

Puc. 2.23. Monens M, mogmonens M' u sagmozens M"
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B3anmoorHomenusi mexkny CTL um LTL. Mexny LTL u CTL
BBIMOJIHSACTCS CJICIYIOIee B3aUMOOTHOIEHUE [26]: IS TpOM3BOJILHOM
CTL -popmynsl ¢ oksuBanentHas LTL-dopmyma (ecim TOIbKO OHa
cyiiecTByer) AomkHa uMeTh dhopmy A f(p), roe f(p) — ato dopmyna ¢, B
KOTOpPOW ymalieHl BCe KBaHTU(UKATOpHl TyTH. Hampumep, s
¢ = EF EG p > AF q nonygaem f(p) = FG p — F . Takum obpazom, ¢ —
Beremsiornast popmyina it CTL, ecnu A f(p) eit He sxBuBanenTHa. Ecin
paccMmaTpuBaTh Takyro uHTepnperanuioo LTL, B koTopoit dopmysbl
KBaHTU(DHUIUPYIOTCS HE TIO BCEM ITYTSIM, a TI0 HEKOTOPOMY ITyTH, TO OTCIO/Ia
CIICAYeT aHAJIOTHYHOEe yTBepxkaeHue: ecau 11t CTL -hopmymst ¢
CyllIecTBYyeT »JKBUBaJieHTHass ek LTL-popmyna, To cymiecTByeT u
skBuBasieHTHas LTL-popmyna Buaa E f(p).

B kaudecTBe mocieqHero mpuMepa pasinyus B BBIPAZUTENIBHOCTH MEXKIY
LTL, CTL u CTL pacemorpum LTL-popmyny GF p — «GECKOHEHHO 4acTo
BepHO pP». HeTpyaHo Buzaerb, 4YTO mpeABapeHHE 3TOH  (HOPMYJIBI
9K3UCTEHIIMATBHBIM WJIM YHUBEPCAIBHBIM KBaHTU(DUKATOPOM ITyTH BEACT K
CTL™-¢popmyne: AGFp u EGFp — sto CTL -dopmynst. ®Popmyna
AG F p »skBuBanentHa ¢opmyne AG AFp (mis moboir momenn M
CIIPaBETUBOCTh 3TUX (HOPMYNT paBHOCHIIBHA), W MOATOMY ISt (POPMYJIBI
AG F p cymectByer skBuBasienTHas CTL-dpopmyna, tak kxak dopmyna
AG AFp — sto CTL-popmyna. Jns dopmynst EG F p, omnako, He
cymecTByeT 3kBuBasieHTHON CTL-hopmyrsl.

2.3.5. Cneuundukaums ceoncts B CTL

Jns mutrocTparuu croco6a, ¢ moMoIiso kotroporo B CTL 3anuceiBaroTes
CBOMCTBA, PAacCMOTPUM JBYXIPOIIECCHYI0 MpPOrpaMMy B3aHMMHOI'O
uckmouenus. Kaxnprit nporiecc (P; wmm P;) MoxeT ObITh B OJHOM M3
CIIEYIONTUX TpeX COoCTOsSHUM: Kputudeckas cekmus (C), cexius 3ampoca
(T) u mexpurnueckas cexus (N). [Iporecc HaunHACTCS B HEKPUTUIECKOM
CEKIIMM W YKa3bIBACT, YTO XOYET BOUTH B KPUTHUUCCKYIO CEKITHIO, ITyTEM
BXO/JIa B CEKIMIO 3ampoca. OH 0CTaeTCsl B CEKIIUH 3ampoca J0 TeX Mmop, MoKa
HE TOJYYHUT AOCTYN K KPUTUYECKOW CEKIMU. M3 KpUTHYECKON CEKLHMHU
MPOIECC MEePEXOANT B HEKPUTHUYECKYIO cekiuio. CocrosiHMe mporecca Pj
obo3navaercs Pi.S mns 1=1,2. IlepeuncinuM HEKOTOpbIE TpeOyeMble
cBoiicTBa U ux GopmanbHyto cnernudukammio B CTL.

1. «Ob6a mporecca HE MOTYT HAXOIUTHCA B KPUTUYECKOM CEKIUU
OJTHOBPEMEHHOY:
AG[—(P1.s =C A P,s=0C)].

2. «lIpomecc, KOTOpPBI XOYET MOMACTh B KPUTHYECKYIO CEKIIMIO, KOTJa-
HUOYIb CMOXKET C/ACNIATh TOY:
AG[P..s=T - AF(P.s = C)].
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3. ((HpOLICCCBI AOJDKHBI CTPOro 4epc€aoBaTbCd B IIOJIYYCHHHM JOCTyIIa K
KpI/ITI/I‘{CCKOI?I CCKIIUM»:
AG[P1.s=C > A(P1.s=CU (P1.s #C AA(P1.s#CUP,s=0)))].

2.3.6. Ycnosus cnpaseanunesoctn B CTL

Jlyis TOro 4toOBl OMEPUPOBATH VCIOBUAMU CHPABEONUBOCMU HA MOICIIAX
Kpunke, 3amauy mnpoepku CTL-Momeneil IOMONHIIOT MHOXECTBOM
orpanuuenuii cmpaBeymBoctn F = {f;, ..., f}. Orpanuucaue
CIpPaBeUIMBOCTH — OTO TPOMO3HUIMOHANBHAS (OpMyJia, 3aJaroras
HEKOTOpPOE IMOJMHOXKECTBO COCTOSHUH MOJeNH, JHOO 56HO 3a0aHHOe
MOJIMHOXKECTBO €€ cocTosiHui. Hampumep, s anroputma B3aMMHOTO
UCKIIIOUCHUSI OTpaHUYCHHE CIPABEAJIUBOCTU MOXKET OBITh TaKHUM:
«rporiecc 1 He HaXOUTCS B CBOEH KPUTUYECKON CeKIUm». CMBICT TaKoro
YCIIOBUSI COCTOMT B TOM, YTO B BBIYHCIICHUU JIOJDKHO OBITH OECKOHEUYHO
MHOTO COCTOSIHMHM, B KOTOPBIX Ipoiiecc | He HAXOJUTCA B KPUTUUECKOMN
cexuu. OCHOBHOM COCOO pPacCMOTPEHMSI TAKUX YCIIOBUM COCTOUT B TOM,
4yTOOBI MHTEpHpEeTUPOBaTh KBaHTUPUKaTOphl B CTL-hopmynax He Ha Bcex
BO3MOXHBIX ITyTSIX, HA KOTOPBIX OHU ONEPUPYIOT (3TOT BapUAHT — BApPUAHT
o0bryHOM cemanTuku CTL — paccMarpuBajCs B MPEAbIIYIIUX pa3jienax).
BwmecTo aToro cneayer paccMaTpuBaTh TOJIBKO CAPAGeOdauable BHIYMCICHUS
— T€, KOTOPBIC yIOBJICTBOPAIOT YKa3aHHBIM OTpaHndeHusM fy, ..., fy.

Jlnst 3amaHHOTO MHOXeCTBa F Oyaem roBOpHTh, YTO MyTh 0 =S¢S1S;...
B Mozenu M sBisercst F-cipaBemuBeIM, eciu 11 jroooro fj € F B mytn o
€CTh OECKOHEYHO MHOT'O COCTOSTHHH, JJIs1 KOTOPBIX BBIIOIHSACTCS i

Eciu lim(o) 0003HayaeT MHOXKECTBO COCTOSIHHI Mojesu M, depe3 KoTopbie
NyTh 0 TMPOXOIWT OCCKOHEYHO 4YacTo, a f; 3agaroTcs MOAMHOMKECTBaMHU
cocTosiHuit Mmogenu M, To myTh ¢ F-cripaBeuinB, eciu:

lim(o) N f; # D s Beex .

Omnpenenum cunaTakcuc Fair CTL-dpopmyn — dopMmyn ¢ yclaoBHUAMH
CTIPaBETUBOCTH:

p:=pl—e|(pve) | EXep[E[pUg]|AlpUg]|
|EF X9 |Erlp U] [Ac[p U g].
3mece F — HEKOTOpblE MHOXECTBA OTIPAaHWYCHHWHA CITPABEITUBOCTH.
CnpaBeymBas cemantuka mqig CTL 3agaeTcs modtw Tak e, Kak W
Kiaaccuueckas. Yepes P,\j (S) obo3HauMM MHOXKECTBO IyTe moaenu M,
CTapTYIOIIMX B COCTOSIHHMHM S U sSBIIsTIouxcs F-cipasepmuseivMu. [Ipu sTOM
P,; (s) < Pm(s). WuTepriperanmst CIPaBEIJTMBBIX CTL-dbopmymn
OTIPENICIISACTCS B TEPMUHAX OMHOUICHUS. BbINOJHAEMOCMU, KaK W PaHee:
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M, s |= @ €CIIM U TOJIBKO €CJIM CIIpaBeAsiuBas (popmysa ¢ BBIMOIHIETCS B
cocTostHuM S Mojenu M:

SEEErX9 o 3doeP,(s): ol =0

sE=ErlpUy]l o 30eP(s):@j>0:oljl=w A
A (YO <k <] olk] = 0));

sE=EA[pUy] o voe PJ(S)Z @iz0:oljlF=w A
A (Y0 <k <j: ofK] = 0)).

BripaxxeHust 111 NPONO3UIHOHAIBHOM JIOTUKM W KJIACCHYECKOW JIOTUKHU
CTL wuaeHTHYHBI ceMaHTUKE, BBEACHHOW panee. sl crpaBeIIUBBIX
TEMITIOPAIBHBIX ~ OMEPaTOPOB OTIWYHE COCTOMT B TOM, YTO OHH
KBAaHTUPHUIIUPYIOTCS TI0  CApABeoaubiM, a HE TI0 6cem IIyTAM.
BripasutensHas cuia crnpaBemuBoi jgoruku CTL crporo Gombine, yeM y
kinaccuaeckorr CTL, u oHa comepXuTCs B CTL. ChopaBemyiBasi JIOTHMKa
CTL, kak u kmaccuyeckas, HecpaBuuMma ¢ LTL.

IMpumep. Paccmorpum CTL-momens M Ha puc. 2.24. Ilycts TpeOyetcs
MIPOBEPUTH CBOMCTBO M,SOI=AG[p—>AF gq]. OHOo HeBepHO, Tak Kak
CYIIECTBYET IMyTh SoS1 (S2S4)”, HUKOTAA HE MOMAJAIONIHA B (-COCTOSHHE.
[IpyunHa, MO KOTOPOM STOM CBOWCTBO HE BBINOJHAECTCA, COCTOUT B
HAJIMYAA HEICTCPMUHAPOBAHHOTO BBIOOpAa B COCTOSHHUH S, MEXIY
nepexogamMu B S3 W B S4. IlodToMy eciaum  Bcerma MTHOPHUPOBATH
BO3MOYKHOCTh TIEpeXoJa B Sz, TO MOXHO TIOJYYUTH BBIYUCIICHHE, IS
koToporo gopmyna G[p — AF ] He BbITIOTHSIETCS:

M, so EAG[p — AF q].

{a}
S3
So S1 So
O—0
{r} {r} {r}
Sa
{r}

Puc. 2.24. Tlpumep CTL-moxenu M iy hopMyIT cCripaBeTHBOCTH

[IpeoOpazyem wucxomuyro CTL-bopmyny B cnpasedaugyro myTem
ompenenenus ycnosuit F = {f}, f,}, rme fy ={s3}, a f, = {S4}. [IpoBepum
tenieps cnpaBeuByio  hopmyny AG[p — Ar Fq] na momenu. Bosee
TOYHO, paccMOTpuM ycioBue M, Sy |= AG[p —» Ar F q]. TIpousBosbHbIit
F-cnpaBeMBBIN MTyTh, CTAPTYIONIUH B Sg, 00s13aH MPOXOIUTH OECKOHEUHO
9acTo uepe3 HekoTopoe cocrosiHuue w3 f; m Hexoropoe coctosiHue u3 fo.
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CrnenoBaTebHO, COCTOSIHUSL S3 M S4 JOJDKHBI JOCTUTAThCA OECKOHEYHO
yacto. Cpenud TakuxX CIpaBeUIMBBIX IMyTEH HCKIIOYAIOTCS IyTH BHUAA
SoS1(S2S4)”, Tak Kak Ha TaKOM IIyTH HHUKOTJA He BCTpeuaercs S3. Orcroma
cienyert, uyto ¢opmyina M, So |= AG[p — A F q] Beimonusercs.

2.3.7. MpoBepka moaenen ans CTL n CTL

N3BectHbie 2 dekTrBHBIE anropuTMbl Bepudukanuu CTL 6a3upyroTcs Ha
UCIIONIb30BAaHUU TaK Ha3bIBAEMON  meopuu  HenoOBUICHOU  MOUKU
COBMECTHO C CYIIECTBEHHBIM YMEHBIICHHEM pa3Mmepa Mojenu. Takoe
yYMEHbIIIEHUE, KaK MPaBUJIO, TPOUCXOIUT 3a CUET MPUMEHEHHS TEXHOJIOTUU
YNOPAOOYEHHbIX 080UYHBIX paspewaowux ouazpamm. C Ipyroi CTOPOHBI,
OpU  WCIOJB30BAHUM TMPOTPAMMHPOBAHUS C  SIBHBIM  BBIJCICHHUEM
COCTOSIHUM (aBTOMATHOTO IPOrpaMMHUPOBAHHS ), CYILLIECTBEHHOE
YMEHBIIIEHHE MOJEIN OOBIYHO HEBO3MOXKHO M HEIEIEecO00pa3Ho, TaK Kak
paccMaTpuBalOTCS  TOJIBKO  YNPABISIOUIME  COCTOSHUSA,  KOTOPBIX
OTHOCHUTEJILHO HEMHOT0, U TP UCII0JIb30BaHUU 3()(PEKTUBHBIX aJITOPUTMOB
BBIMTPBILI 10 BpEMEHHU OOBIYHO HE3aMETEH.

[lox nokanvHou 3adavei e6epuguxayuu OOBIYHO TOHHUMAETCS BOIPOC:
BBISICHUTB JUTsl TaHHBIX M, S 1 ¢, cripaBeimuBo Jiu M, S |= .

[Tpu noctpoenun anroput™ma ero aBTopsl Kiapk u Omepcon hopMyaupyror
enobanvuylo 3aoavy eepugpuxayuu: s JaHHBIX M U @ TOCTpOUTH
MHO>ECTBO BCE€X S, JJISI KOTOpPHIX M, S |= ¢. Korma yucno cocTosiHuUiA
HEBEJIMKO, 3TO MHOECTBO MOHO CTPOUTH B SIBHOM Buje. OnuiieM uiero
WX QJITOPUTMA Ha MceBAoKoAe (JIMCTHHT 2.4).

NncTtuHr 2.4. Anroput™Mm «MHAYKUMA NO nogdopmMyram»

set<State> Sat (Formula o)
{

if (¢ == true) return S;

if (p == false) return J;

if (¢ € AP) return {s | ¢ € Label(s)};

if (¢ == —01) return S \ Sat (¢1);

if (¢ == (p1 VvV @2)) return Sat (g;) U Sat(e2);

if (¢ == EX o1) return {s € S | d(s,s’) € R:
s’ € Sat(e:1)};

if (¢ == E[¢1 U ¢2]) return Satgy (1, ©2);

if (¢ == Alp1 U ¢2]) return Satay (@1, ©2);

// sat(e) = {s | M,s = o}

Kak crnenyer wu3 paccMOTpeHHMsT TEKCTa MPOrpaMMbl, MHOYXECTBO
COCTOSIHUM, BBIMOJHSIOMUX (DOpMyTy @, CTPOUTCA HHAYKIHEH TI0
MIOCTPOCHHUIO (.
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s moadopmyn Buga E[e; U ¢o] 1 Alpr U @] MHOKECTBO BBITTOJIHSIOIINX
COCTOSIHUH TIOJTy4aeTCs ¢ UCTIOJIh30BAaHUEM METOJIOB HEIOIBIKHOW TOUKH.
[Tpu sToM Mopaenp Kpumke KoaupyeTcst B YIOPSIOYCHHYIO OWHApPHYIO
pa3pelaIyo 11arpaMmy.

YnopsaoueHnsie bunaphule pazpewarowue ouazpammsl (OBDD — Ordered
Binary Decision Diagram) [29] — »3To MomrHas TeXHHKa CXKaTHUSI
oOpabaThIBa€MbIX JaHHBIX, KOTOpas MO3BOJIAET BBIMOJIHATH MAaHUTYJSIIUN
HaJ OOBEKTaMH TMpPsSMO B CXKATOM BHUJE, MHHYS PAacClaKoOBKY,
npeobpazoBaHne u O00paTHyIO ymakoBKy. OHa COCTOMT B TOM, 4YTO
oOpabaThiBaeMbIii OOBEKT HESABHO KOAUPYETCS B HEMPEPHIBHBIN OUTOBBII
IOTOK M3 2" OUT, KOTOPBIA OTOM HHTEPIPETHPYETC KaK OyneBa (QyHKIHs
N mnepemeHHbIX. MMeHHO s 3TOM (GYHKUMM U CTPOUTCS KOPHEBOM
HaMpaBJCHHBIM  alMKIWYeCKUd  rpad,  MPEACTaBIAIOMUNA  coOOi
paspemarontyro  auarpamMmy. [lepBoHauanbHO 3TOT Tpad  MOXKET
HPE/ICTABIIATh COOOM MOJHOE JBOMYHOE JEPEBO BBICOTHI N, YpPOBEHbH |
KOTOPOT'O COOTBETCTBYET I-ii MEpEMEHHOMN, a KaKAbIH MyTh OT KOPHS K
JUCTY B HEM COOTBETCTBYET OIPEACIECHHOMY JABOMYHOMY HaOOpy H
3HAUYCHUIO (PYHKIMH Ha 3TOM Habope (ocHogHoe ceolicmeo). JIiis MHOTUX
OUTOBBIX CTPOK, HCIIOJIB3YEMbIX Ha IMPAaKTHUKE, TaKOe TMPEJCTaBICHNE
CHJIBHO M30BITOYHO, TaK KaK B MOJIHOM JIEPEBE Ja’Ke YMCIIO BEPIINH PABHO
2" — umcny, paBHOMY JUIMHE OUTOBOro ob6pasza. OmHako, IpeoGpasys
(penyuupysi) »TOoT rpad W HE yTpauuBas MPU 3TOM €ro OCHOBHOIO
CBOMCTBa, MOXHO JIOOMTBCS OYE€Hb HSPPEKTHUBHOIO MPEICTABICHUS
(ckaThIX) maHHBIX. Han pazpemaronmm 1uarpaMMaMi MOKHO BBITIONTHSTh
noruueckue omneparmu [30, 31]. Teopernueckne BOMPOCHI JABOWYHBIX
pa3peniamimx AMarpaMmm moApoOHO U3I0KEHBI B MOHOTpaduu [32].

Takum o0Opa3oM, MHOTHE 3aJaud MOTYT pematbes mnpsmo Ha ROBDD
(Reduced OBDD), 6e3 cocraBieHus] TaOJWI] HMCTHHHOCTH © 0€3
npenacTaBieHus rpadoB B SIBHOM BHAE. B 9acTHOCTH, K TakuM 3ajadam
OTHOCHTCS 3a7ada MpoBepku Mozeneit [33, 34], mIst KOTOPOH TEXHOJIOTHUS
ROBDD ycmemHo mpUMEHSETCsA, TaK KaKk OHa IO3BOJISIET paboTarh C
BeCbMa OOJIBIIMMHU IPOCTPAHCTBAMU COCTOSTHUIA.

Bo3zBpammasce k TpaauIiimoHHBIM MPOTpaMMaM, OTMETHM, YTO, HECMOTPS Ha
TO, YTO JaHHBIC WCCJICAOBAHMS WHTEPECHBI W MHOTOOOCIIAIOIIH,
cyiecTByeT 3 (HEKTUBHBIN U TBEPIO YCTOSBIIUNCS METOJ], OCHOBAHHBIN Ha
JIpyroi mapagurme, KOTopas SIBISIETCS KOHIIEITyaJlbHO Oojiee MPOCTOM.
OrtoT Metoa Gasupyercs Ha nepedopMyTUpOBKe cuHTakcuca si3bika CTL.
AJITOpUTM, KOTOpBIM OyJeT ommcaH najee, padoraet s Bcex Fair CTL-
dbopMy1 ¥ JOMOJHEH TakuM OOpa3oM, YTO MO3BOJISIET CTPOUTH
MOATBEPIKIAIONINE CIIECHAPUH JIJIS TPOBEPSIEMBIX (OPMYI.
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B mpenpimymem pasmene ObUIO JaHO OMpENeTIeHUE CHHTAKCHCA S3bIKA
Fair CTL u BBeICHBI HECKOJIBKO JOIOJHUTEIBHBIX TEMIIOPaIbHBIX
oneparuii B HeM. Ceilyac HEKOTOpBIE M3 ITUX Olepaluil npeodpaszyemM B
0a30BbIC — BBIPA3UM TEMIIOPAIbHYIO YacTh CHHTakcuca s3bika Fair CTL
yepes onepauuu EX, EU, Er G:
9:=pl=gl(eve) | EXo|ElpUg]|EFGg.

3nech p € AP — atomapHoe npeasiokeHue, a F — MHOXKECTBO oepanuueruti
cnpagednueocmu. VICMOIB3YIOTCS CIIEAYIOIINE COKPAIICHUS:

o AX @ =-EX —¢;

0 AeX g =—-Ee X —g;

o ErX ¢ =EX(p A EEG true),

o EG ¢ =EzG ¢;

o0 Alp Uyl ==(E[-y U—=(p v w)]vEG ),

0 Arlp Uyl ==(Er[-w U=(p v y)]vE:G —p);
0 Erlp Uyl =E[p U (y A E-G true)],

a TAKKC KIIAaCCUYICCKUC COKPAIICHNA IJIA FugG.

AJTOpUTM, KOTOPBIM ONMCHIBAETCS Jaaiee, Haciuenyer uuaer Kiapka wu
OMepcoHa [35]: MHOXECTBO BBINOJHSIOUUX COCTOSHUN CTPOUTCS Jis
Kaxaod mnoadopMysibl BXOAHOW (opMynbl (IUIsT KaXXJOTO COCTOSIHUS
CO3/IaeTCsl CIIMCOK BBITIOJIHEHHBIX B HeM monadopmyn). Beugy uzmeneHus
Habopa ©0a30BbIXx mpaBui s3bika CTL, mceBmokosa, 3amMcaHHBIN B
auctunre 2.4, mpeBpaliaeTcs B TeKCT JUCTUHTA 2.5.

NnctuHr 2.5. NHAYKUMS No NOCTPOEHUIO POPMYIIbI

set<State> Sat (Formula o)
{

if (¢ == true) return S;

if (¢ == false) return J;

if (¢ € AP) return {s | ¢ € Label(s)};

if (¢ == —p1) return S \ Sat (¢i1);

if (¢ == (¢1 VvV 92)) return Sat(¢i) U Sat(e@:2);

if (¢ == EX o1) return {s € S | d(s,s’) € R:
s’ € Sat(e:1)};

if (¢ == E[p1 U ¢5]) return Satgy (@1, ¢2);

if (¢ == Er G ¢1) return Satgs (g1, F);

// Sat(e) = {s | M,s = ¢}

}

Kparko omnumem anroputm. byaem cuutaTh mis yaoOCTBa, 4YTO JiA
MCXOOHOM Monenn Kpurike nmocrtpoena CMMMETpUYHASL €M MOJIENb — TaAKOU
*e Tpad, B KOTOPOM Bce pedpa 3aMeHEHbI Ha 0OpaTHEIE.
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1. MOXHO CUMTaTh, YTO BBIIOJHSIOUIME MHOXXECTBA JJII ATOMAapHbIX
MPEJIOKEHUI COMIepKaTCsl B MCXOAHBIX TaHHBIX (MH(pOopMarms 00 3TUX
MHOXECTBaX yKa3aHa B caMoi Mojenu Kpurke).

2. Eciy U3BECTHO BBINOIHSIOIIEE MHOKECTBO 1Ji1 (POPMYJIBI ¢, TO MOXKHO
MOCTPOUTD €T0 U JIJIs1 POPMYITBI —.

3. AHaJOTHYHO, €CJIM U3BECTHBI BBHITIOIHSIOIINE MHOXKECTBA JIJISL @ U ¥, TO
IIOCTPOUM UX U IS @ V V.

4, Cz[enaeM «OJIMH Har Ha3aa» OT BBIIOJHAIOIICIO MHOXCECTBA A @ —
IMTOJTYYHUM BBIIIOJTHAOIICC MHOKCCTBO OJIA EX Q.

5. g mOCTpOeHHUs BBINOJHSIONETO MHOXecTBa (opmyiasl E[p U ]
BHayaje OTMEYaEM B KA4YE€CTBE BBIMOJIHSIONIMX BCE BEPIUUHBI, B
KOTOPBIX coOiroAaercs Gpopmyia iy, a HOTOM IIOCTPOUM OT HUX JIEPEBbS
«OOpaTHBIX MYTEW» 60016 mex 6epuiiH, 6 KOMOPbLIX GbINOJIHEeHd
¢opmyna @. Ans 3TOoro mpuroaMtcs cUMMeTpuuHbli rpad. Ilpumep
npuBeCeH Ha puc. 2.25.

So S1 S2 S3

Mo OO0 0O

{r} {p} {a} {
Munumanusanus Bropas urepanus
IlepBas urepauus Tpetbs utepanus

Puc. 2.25. TIpumep ureparuBHoro Beraucierus Satey(p, q)

6. OcTtanoch TOJIBKO HAYYUTHCS CTPOUTH BBIMOJHSIONIEE MHOXKECTBO LIS
EFG¢p. DOrtra Qopmyna o3Hadaer, 4YTO B MOJEIH CYIIECTBYET
Ccnpaeeonusvlii 1yThb, BCE COCTOSHUS KOTOPOTO  YIOBJIETBOPSIOT
dbopmysie ¢. DTO TOCTPOCHHE BBIMOIHACTCS CIEAYIOUIUM O00pa3oM.
Bnauane wuckmoyaem u3 rpada BEpIIMHBI, KOTOPbIE HE BBIMOJHSIOT
dopmyny ¢ (tak kak B Hux ¢opmyna ErG ¢ Ttem Oomee He
BEITIONIHSAECTCS). B ocTtaBmiemcss rpade Ha BCeX IMYTSAX BBIMOTHACTCS
dbopmyna G ¢, U MOITOMY OCTAJIOCh TOJBKO MPOBEPUTH, M3 KAKHUX
COCTOSHMA B HEM CYIIECTBYET XOTS OBl OAWMH OECKOHCYHBIN
CIpaBeUIUBBINA MyTh (UITH, YTO TO K€ CAMOE, IIOCTPOUTDH BBHITIOIHSIOIICE
MHOXeCTBO Juis ¢opmynbl Ep G true). Anroput™m, pemaromui 3Ty
3a/ladyy, OCHOBaH Ha TOWCKE KOMIIOHEHT CHJIbHOW CBSI3HOCTH MOJCIN
Kpunke u paboraer 3a OMIMHEITHOE BpeMs OTHOCHTEILHO pPa3MEpOB
Mojenu Kpurike W MHOXKECTBa OrpaHUYEHHI cOpaBeIMBOCTU F:
O(|F| x (IS| + |R])). Ecniu orpannuenuii cnpaseamuBoctu Het (F = &), TO
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BpeMsi paOoThl JMHEHHO oT pasmepa moaenu — O(|S|+ |R|). Dror
aJTOPUTM 00CYKJ1aeTcs B pas. 2.4.

Tpynoemkocts wutorosoro aimroputma coctaBiasger O(|g| % (|S| +|R|)) nu
pacteT OWJIMHEHHO OTHOCHTEIBHO Pa3MepOB (OPMYJIbI U MOJIEIIH.

Tenepp ocTanoch TOJBKO JONOJHUTH 3TOT AITOPUTM  METOJAMHU
npedocmasgienus noomeepiHcoeHuti UCTUHHOCTH (GOpMylT B  MOJECISX.
WNupiMu cioBaMu, TpeOyeTCsl MOCTPOUTH CIOCOO TEeHEepaluu CIEHapHUeEB.
Urak, TpeOyercs nokaszamv, 4TO B JAHHOM COCTOSHUM S Mmozaenu M
BBITIOJTHSETCS (MU HE BBIMOTHAETCS) hopMyIa ¢.

1. Jlna nokazatensctBa EX ¢ npeabsBuM BepimHy B moaenu Kpurke, B
KOTOPYIO U3 BEPIIUHBI S CYIIECTBYET MEPEX0]] U KOTOPask BBHIOIHSET (.
Takas BepmmHa 00s3aTeIbHO CYIIECTBYET, HWHA4Y€ Ha JdTame
BepuuUKaImu He 00HAPYKUI0Ch Obl, uTo popmyia EX ¢ BepHa.

2. JlokazatensctBo  Gopmyn E[pUw] wu EGge  BemodHSETCSA
PEKYPPEHTHBIM CIIOCOOOM € HCIOJIb30BAaHUEM MPEABIAYIIETO MYyHKTA.
Boimonnum  paznoxeHue  3THX  (QOpMyJd  COIJIaCHO  akCHOMaM
pacumpenusi. Torma pans  pokasatenbctBa E[p U w] mocraTouno
HOCTPOUTH IYTh B rpade, MpUMEHsIs 1Iar 3a [aroM MpeAbLAYIINA TyHKT
K PEKyppPEHTHOMY DPa3Jj0XKEHHUIO 3TOH (OpMyIbl 0 TE€X TMOp, MOKa HE
MOTIa/IeM B BEPILIMHY, BBITIOTHSIOUIYIO Y.

Jna moxazarensctBa EG ¢ crmemaem 1o ke camoe, MOKa HE MOMaieM B
BEpUIMHY, B KOTOpOM yxe Obuiu. IlyTh B 3TOM ciydyae, HauumHas ¢
HEKOTOPOTO COCTOSTHWSI, CTAHOBUTCSI ITepuoandeckum (puc. 2.26).

Sg —=> Sg

et ™

S7 S10

/ \

Se S11

1 )

S5 S12

I\ /

Sa S16 S13

/\ ~ e

515 @—— S14

Puc. 2.26. beCKOHEUHBIN «P-TTyTh)»
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3. Jna nokazarensctBa EF G ¢ TpeOyeTcs npeabsaBuTh MyTh, BEAYIIUN U3
TEKyIIeH BEPIIUHBI B Cnpasednusyio KOMIOHEHTY CHJIHHOW CBA3HOCTU
(To ecTh Takyrw, KOTOpas COJCPKUT COCTOSHHE, YIAOBJICTBOPSIOIICE
cBoiictBy fj, st mro6oro fi € F), Takoit 4To BO BCeX €ro COCTOSHHSX
BBIMNOJIHSETCSI CBOMCTBO ¢. Ero MOXXHO HAaWTH OAHUM W3 AJITOPUTMOB,
OMHCaHHBIX B pa3a. 2.4. [IyTe mpu 3TOM UMeEeT Takylo ke GopMy, KaKk U
B ciay4dae ¢opmyisl EG ¢.

Ha »TOoM Wu3J0XEHHWE anropuTMa 3aBepIICHO. AHAJIN3 IMOCTPOCHHOTO
anroput™Ma (GOpPMHUPOBAHUS CIICHAPUEB, a TakKe ceMaHTHKU si3bika CTL
M03BOJIIET CHOPMYIIUPOBATH CICIYIOIIEE YTBEPIKICHHE:

o Ecormu B wmomenu Kpumke cymiectByeT  OECKOHEUYHBIM — MYTh,
BeImoNHsAONMM  3amannyto  CTL-popMmyny  wuinum  sIBISIOUIUACS
KOHTPIPUMEPOM K HEH, TO CYIIECTBYeT U MyTb «B p-hopme»
(aHAJIOrMYHO, BHIMOJIHSIOIINNA UK ONPOBEPTAIOIINMA €€), IPEICTaBUMbIN
B BUJI€ OOBEIUHECHUS IPEIUUKINUYECKON» U «IIUKIUYECKOI» dacTei

(puc. 2.26).

I[OKEB&TCJ'IBCTBO 9TOTO (1)aKTa ABJICTC KOHCTPYKTHBHBIM H LCIIMKOM
OImMUpacTCdad Ha MPHUMCHCHUC OIIMCAHHOI'O ajiropuT™ma. I[OCT&TO‘IHO TOJIBKO
3aMCTUTb, YTO aJITOpUTM BCCraa 3aBCPIIACTCA, BblJaBas CHCHapHﬁ,
KOTOpLII;'I H€06XOIII/IMO O6HaHaGT CBOMCTBOM IICPUOAUIHOCTH.

IIpoBepka MoaeJeii 1J15 JJOTUKH CTL"

3amaua mposepkn CTL -dopmymbl Ha Momenn Kpurike mMeeT Takyko xe
ACUMIITOTHYECKYIO CII0KHOCTh, KaK M aHAJIOTMYHASA 3ajadya JJid JIOTUKH
LTL. OHa BBIIOJHAETCS MOATAMHO /I TOA(QOPMYII, UMEIONTUX CTPYKTYPY
dbopmynsl LTL. Onuiiem 3Ty KOHCTPYKIIHIO TTOAPOOHEE.

IIycts 3amambl momenb Kpurmke M u CTL -gopmyma ¢. TpeGyercs
OTIPEJICTNTh MHOXKECTBO COCTOSHUH MOJAENH, ISl KOTOPBIX (opMmyiia
BEITIONTHSAETCSI. PaccMoTpum Bee mondopmyitel GopMyItbl ¢, UMEIONINE BUT
Ap wm Ep, rne f — LTL-popmyna, koTopas HE COHAEPKUT
KBaHTU(UKATOPOB MyTH. 3alyCTUM aiaroputm nposepku LTL-bopmyn nus
dbopmyl f unu —ff, COOTBETCTBEHHO, U TOJYYHUM B PE3yJIbTaTe MHOXKECTBO
COCTOSIHUWA MOJENH, Ha KOTOPBIX BBIMIOJHAIOTCA paccMaTpUBAEMBbIC
dbopmyna A umum E . Tlomerum Bce 3Tu coctosiHus B mojenn M
nanaeiMu Tiondopmynamu. Ilocne sToro OyaeM WHTEPHPETHUPOBATH ATH
noagopMysibl  KaKk TPOIMO3UIMOHATIBHBIE TIEpeMEeHHbIC. MOXHO Jaxe
3aMEHUTh X HOBBIMH aTOMAapHBIMU TMPEAJIOKEHUSIMHU, TIOCKOJIbKY TENeph
JUTSL KaXKJIOTO COCTOSIHUSI MOJICJIM M3BECTHO, KaKHE M3 HOBBIX aTOMapHBIX
NpEeIOKEHN B HeM coOmomatorcsa. [lpu aTom B umcxomHoi dopmyrie
YUCJIO KBAaHTU(DHKATOPOB MyTH YMEHBINAETCS KaK MUHUMYM Ha €IUHUILY.
Jlanpiie 5TOT TpOIeCcC CIAeAyeT MOBTOPUTH C JIPYyrUMH TMOAGOpMYyIaMu
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dbopMynbl @, BHEUIHUMH IO OTHOIICHHIO K YKe oOpaboTaHHBIM, U
00paboTaTh MX AHAIOTUYHBIM O0pa3oM /O TEX IOp, MOKa, B KOHEYHOM
cyeTe, He OyneT oopadoTaHa ucxoaHas Gopmyna ¢.

[Tpu stom mis mozenu M OydeT TMOMYyYEeHO MHOXKECTBO COCTOSIHHWM, B
KOTOPBIX coOmroaeTcs popmyra ¢.

3amevanus o 1yiuHe (OPMYJIbI

BcnomuuM, uYto mnpoBepka Mozened ans LTL  BeimonHsieTcs  3a
HKCIIOHEHIIMAILHOE BPEMsI OTHOCUTENIBHO pazMepa dhopmyisl. HecMoTps Ha
TO, YTO pa3HUI]A BO BPEMEHHOH CIOKHOCTU MO OTHOIICHUIO K JJIUHE
(GbopMyIbl BBITJISIIAT CEPHbE3HOM, 37ECh CIEAYeT CHAeNaTh HECKOJbKO
3ameyanuii. @opmynsl B LTL Hukorma He OBbIBAIOT JIMHHEE, U, KakK
MpaBujIo, OBIBAIOT KOpOdYe, YeM 3KBHBaJIeHTHBIC dopmyisl B CTL. D10
cienyeT w3 TOoro ¢akra, 4yto s (GOpMyJd, KOTOPbIE MOTYT OBITh
nepeBenaeHsl n3 CTL B LTL, skBuBasentHas LTL-dhopmyna momygaercs
NyTeM YJaJeHusi BCEX KBAaHTU(UKATOPOB IMyTH, U MO3TOMY OHAa OOBIYHO
noyiyyaercsi kopoue. bonee Toro, mna kaxaol monenu M cymiecTByeT
LTL-bopmyna ¢, takas uyto mobas CTL-popmyna, skBuBaneHTHas E ¢
(mmu A @) — ecim takas popmyna cymectByer B CTL — numeer Ooitee yem
MOJIMHOMHUAIBHYIO JUIMHY IO OTHOIIEHUIO K aymHe LTL-popmynsl (mubo
€€ Helb3d MOCTPOUTH 3a IMOJUHOMHUAIBHOE BpEMsSI IPU YCIOBHH, YTO
P #NP). DTo HarfmsgHO WUIIOCTPUPYETCS aJanTUPOBAHHBIM MPUMEPOM
[36], mpuBOIMMBIM HIKE.

s tpeboBanusi, KOTopoe MOXeT ObITh crienuduumpoano u B CTL, u B
LTL, kpatyaiiuas Bo3mMoxkHas (popmynupoBka B LTL Hukorna He ObiBaeT
muaHee CTL-dopmyibl, U, 00ee TOro, MOXXET ObITh YKCIOHEHIIMAIBHO
kopoue. Takum oOpasom, goctouHCTBO TipoBepkun wmogmeneit CTL,
COCTOsIIIIEE B TOM, YTO OHA JIMHEWHA MO0 OTHOUICHHIO K JJIMHE (POpMYIIbl,
yMeHbIaeTcsi (WM Jake TMOJHOCTBIO YCTpaHseTcs) TeM (akTom, 4YTO
3aJlaHHOE€ CBOWMCTBO TpeOyeT (Topa3no) Oosee JIMHHONW (HOPMYITHUPOBKU B
CTL 1o cpaBuennto ¢ LTL.

Ipumep. Paccmorpum 3agayy 1OMCKa TaMUIbTOHOBA IIyTH B
MIPOU3BOJIBHOM CBsI3HOM Tpade, ucmoib3yst tepmunbl LTL u CTL. Ilycts
sagan rpap G =(V,E), rme V — mHOXecTtBO BepmuH, a ECV xV —
MHOXkecTBO pedep. [Tycts V = {vy, ..., V,}. [aMHIBTOHOB IyTh — 3TO MyThH B
rpade, KOTOpbI MPOXOAUT Yepe3 KaxAYyI0 BEPIIUHY POBHO OJMH pa3 (3Ta
3aJlaya aHaJIOTMYHA 3a/ay€ KOMMHUBOSIKEpPA, B KOTOPOM CTOMMOCTH
MPOX0/1a MO KoMy peOpy oJuHaKOBa ISl BCeX pedep).

Brauane onumem 3anauy ramuiibToHoBa myTH B LTL. Mcnonezyem metof,
KOTOpBIH cocToUT B paccmorpenuu rpada G B Bume moxenu Kpurke,
KoTopas crpoutcs u3 G ciemyromumM oopa3om.

98



[TomMeTM KaXAyl0 BepiidHy Vi BV  YHHKQJIbHBIM aTOMapHBIM
npemioxenuem pPj, To ectb Label(v;) = {pi}. Kpome Toro, BBemeM HOBYIO
(TepMHHAIBHYIO) BepInHy W, Takyio uto W ¢ V ¢ Label(w) = {q}, rne q —
aTOMapHOE MpPEJIOKEHHE, OTIMYHOE OT Bcex Pi. Craemaem BepiimHy W
IPSIMBIM TTOTOMKOM KaXKI0To y3ia Vi (mo6aBum pedpa (Vi, W) B rpad), a
Takke camor ceds — (pedbpo (W, w) toxke mobaBum B Tpad). Puc. 2.27
0TOOpaKkaeT 3Ty KOHCTPYKIIUIO JIJIsl CBA3HOTO Tpada ¢ 4 BepIinHaMu.

Vi Vo

V3 V4

Puc. 2.27. KonupoBanue 3a1aqi raMIWJIbTOHOBA ITyTH B MOJIETIU

JI1st naHHOW CTPYKTYpPhl CBOMCTBO CYIIECTBOBAaHUSI TaMUJILTOHOBA MYTH B
rpade MoxeT 6bITh chopmyimposaro B LTL ciemyrommm 06pazom’:

E[(Vi: Fpi) A X" q],

rme X'q=Xq u X" q=X(X"q). Ota ¢dopMyTa BepHA B KaKIOM
COCTOSIHUM, W3 KOTOPOTO HAYMHAETCA IyTh, KOTOPBIM YIOBJIETBOPSET
KOKJOMY aTOMapHOMY TMPEJIOKEHUI0 OJIMH pa3. ITO COOTBETCTBYET
OJHOKPAaTHOMY  IIOCEHICHUIO KaXAOro cocTtostHus V. JKenaembid
OECKOHEYHBIN JOMYCTUMBIN MyTh JOJDKEH MMeTh cyhdukc Buma W”, Tak
KaK B MPOTUBHOM CJIy4ae€ OH MOCETUT OJTHO WJIU 00Jiee COCTOSIHUN OO0JbIIe
oHOTO paza. OTMETHM, YTO JJIMHA BBIIICONMCAHHOW (POPMYIIBI JIMHEWHA
M0 OTHOIICHHIO K YUCITy BEpIINH B Tpade.

dopmynupoBKka 3agaun raMuiabToHOBa myTd B CTL cyiiecTByeT U MOXKET
ObITh TIONydeHa creayromuM obpazoM. Haunem c¢ moctpoenuss CTL-
dopmysbtl g(py, ..., Pn), KOTOpas BBIMOIHICTCS, €CIM M TOJBKO €CIIH
CYIIIECTBYET MyTh U3 TEKYIIErO COCTOSIHUS, POXO AN Yepe3 COCTOSHUSA,
JUTSI KOTOPBIX P1 ... Pp CTAHOBSTCSI BEPHBIMU B €CTECTBEHHOM TOPSIIKE:

g(ps, ..., pn) = P2 A EX(p2 A EX(... AEXPp)...).

> Ctporo roBopsi, 3T0 HE SIBJISIETCS MpaBWIbHO NocTpoeHHoM LTL-popmymoii, Tak kak
kBaHTUHUKaTOp TyTH E He sBnsercs wacteio LTL. Onnako, mist E ¢, rne ¢ He
COJIEP’KUT HUKAKUX KBAaHTHU(HHUKATOPOB NyTH (KaK B ATOM IPUMEPE), MOKHO B3AThb
HKBUBAJIEHTHOE CBOMCTBO —A —¢, KOTOPOE MOXET OBITh NMPOBEPEHO MYTEM MPOBEPKU
cBoiicTBa A —¢, 3aMCAaHHOTO MPABMIBHO MOocTpoeHHOH LT L-hopmymnoii.
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Beuny BerBsmelics wunteprperaunn CTL  dopMynupoBka cBoiCTBa
ramMmunbToHOBOCTH Trpada B CTL Tpedyer SIBHOTO MEPEUMCICHHUS BCEX
BO3MOXXHBIX TaMHUJIBTOHOBBIX MmyTeil. Ilycte P sBiIsieTcss MHOXECTBOM
nepecTaHoBok MHOXkecTBa {1, ..., n}. Toraa nomy4yum:

30 € P: g(Poqay, ---» Pom))-

[Tocne sBHOTO MepedrcieHHs] BCEX BO3MOXKHBIX MEPECTAHOBOK IMOIYYUM
dbopMyIy SKCIIOHEHIIMATBFHOW JJIMHBI IO OTHOIICHUIO K YUCIY BEPIIMH B
rpade. Ecam Ob1  cymectBoBama skBuBajeHTHas CTL-dpopmyna
MOJIMHOMUATFHON JUIMHBI M €€ MOKHO ObLTO Obl HAWTH TMOJUHOMHUATIBHBIM
anroputMoM, TOo NP-momHas 3amaya ramMuibTOHOBA MyTH OblLia OBl
paspemiumMa 3a MOJMHOMHUAIBHOE BpeMsS BBHJY IOJIMHOMHAIBHOCTH
anroputMa npoBepku CTL-monenel, a 3TO BO3MOXKHO JMILIb B CIy4yae
P = NP. D10 03HauaeT, 4TO 3a NOJIMHOMHUAIBHOE BPEMS HEJb3s IOCTPOUTH
CTL-dopmyiy, ONMUCHIBAIOIIYIO CBOMCTBO TaMUIBLTOHOBOCTU rpada (mpu
ycioBun P # NP).

2.4. Tlonck cnpaBennuBbIX NyTeEN

B nanHoM pasjerne paccMaTpuBaeTCs 3ajiava MOMCKa CIPaBEIJIUBBIX ITyTeH
B rpade nepexoaoB obmiero Buja. ['pad mepexonoB MOXKET MPEICTABIATH
cobori moxarpad mooenu Kpunke, pazmedeHHor LTL-mabiuyst wnnu
asmomama broxu. MoOXHO ckazaTb, 4YTO Tpad HMEET CTPYKTYpY,
UJCHTUYHYIO OJHOM M3 MEPEUMCICHHBIX, C OJJHUM OTIUYUEM: OMHOULEHUE
nepexo0os 8 Hem He 0053aHO0 OblMb MOMANbHLIM — MOTYT CYIIECTBOBATH
COCTOSIHUS 0€3 MOTOMKOB.

[IycTh 1aHO cocTostHUE S B Irpade U MHOKECTBO YCIOBUM CIPaBEITUBOCTH
F. TpeGyercs ompenenuTb, cylmecTByeT Ju B rpade Xors Obl OJIUH
OECKOHEYHbIH MYyTh, CTAPTYIOIIUA B COCTOSIHUM S U YJIOBJIETBOPSIOLIMMA
BCEM YCIIOBHSAM CIPABEIIMBOCTH (3TO 3HAYUT, YTO BCE YCIIOBHS
COOJTIOJIAI0TCSI HA OTOM MYTH OECKOHEYHO YacTo).

JlanHasi 3amada WMEET SKBUBAJICHTHYIO (OPMYJIUPOBKY: OIPEIACIIUTS,
BBITIOJHACTCS JIM B 3aJaHHOM coctosHuu S rpada Fair CTL-popmyna
Er G true. Dta 3amaua siBisieTCs NPUHIUMITHAIIBHON I IPOBEPKU MOJIETIEH,
kak aia crpaBeyiuBbeix CTL-popmyn, Tak u aist LTL-dopmya.

B cnysae F=( »T10 3amaua cBOOUTCS K TOUCKY IPOU3BOJIBHOTO
OECKOHEYHOTO MyTH, a B ciaydae F#J — K MOUCKY MpPOU3BOIHHOTO
CTpaBeIMBOTO MyTH, TaK KaK JIF00O0H CIIpaBeTUBLIN MMyTh OECKOHEYEH.
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WNuorga 3amauy cTaBAT B IIMPOKOM CMBICHE: TpeOyeTcs OmpeaeiauTh
MHOKECTBO BCEX COCTOSIHMI rpada, U3 KOTOPBIX CTApTyeT OECKOHEUHbIN
CIIPaBEIJIUBBIN ITYTh.

Jlyis y3KOW TOCTAaHOBKHU 3a7add OOJbIEe TOIXOIUT aNTOPUTM O0BOUHO20
00x00a 6 2nyouHy, a I MHAPOKOH — aITOPUTM, OCHOBAHHBIA Ha NOUCKe
8cex KOMNOHEHM CUTIbHOU C8A3HOCMU 2pada.

2.4.1. [1BonHoM obxof B rrybuHy

OnvMH U3 MOMyJSPHBIX METOJNOB NPOBEPKHU clieUU(UKALNN, 33aJaHHBIX B
Buae Gopmyn temnopansHoi Joruku LTL, — 3To mpuMenenue anropurma
0801IHO20 00x00a 6 enybuny [17]. JlaHHBIA aNTOPUTM TpEAHA3HAYCH IS
MOMCKa JOMyCKAaIoIUX TyTed B asmomame bioxu w ucmonb3yercs BO
MHOTHX BepudukaTopax, B ToM uymcie B Bepudukaropax SPIN u Bogor.

B sToM anroputMme depeayrotces ABa noucka B riyouny (DFS — Depth-First
Search). IlepBblif W3 HUX MOXET 3allyCKaThb BTOPOW, a BTOPOM, B CBOIO
ouepeslb, MOXKET JMOO0 3aBEpIIUTh pabOTy BCEro alropuTrMa, JHOO
nepeaarh ympasieHue oOpaTHo B mepBbii DFS. B aTtom cimydae mepBbrit
MOUCK B TIIyOMHY IpooibkaeT cBoro pabory. Kaxnmeni DFS mcmonb3yer
CBOM (h1ar Juisi TOMETKH MOCEUIEHHBIX COCTOSTHHM.

[lepBbIii OMCK B TIyOWMHY 3amycKaeT BTOPOM B TOT MOMEHT, KOTrJa OH
rOTOB K OTKaTy M3 JOMYCKAIOWIErOo COCTOSIHWS. Eciu BTOpOW TOWCK B
riyOMHY B IIpoliecce 00X0/1a MONaaaeT B COCTOSHUE, HAXOASIIEECs B CTEKE
MEPBOTO, TO JOMYCKAIINUN MyTh MOJIy4YeH. Eciin 3TOro He mpoOUCXOAUT, TO
mocJie 3aBeplieHus 00XxoJa BTOPOM TOWCK B TIyOMHY BO3BpaliacT
YIIPaBJICHUE B NIEPBBIN.

dopMaIbHO AITOPUTM NPOBEPKU HA MYCTOTY s3bIKa aBTOMara broxu c
oMo aBoitHoro DFS omumceiBaeTcss 1ICEBIOKOAOM W3 JIMCTHHTA 2.6
[17]. B anroputme wHcHoNb3yeTcs KOMaHIa terminate s
MpPEKpaIleHUs] BBIMOJHEHUS] BCEW MporpaMMbl M BO3BpaTa 3HAYCHUSI.
B otnuuune ot kiaaccuueckoro orneparopa return, oHa OCBOOOXKIa€T BECh
CTEK BBI30BOB, & HE TOJIBKO BBIXOAUT U3 TEKYIIEH (QyHKIINH.

NucTtunr 2.6. Anroputm gsorHoro obxoaa B rnyouny
emptiness ()

{
foreach (gg € Qo)
dfsl (go) 7
terminate false;
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dfsl (q)
{

nomMeT™uThb g omarom flagl;

foreach (g’ | cywmecTtByeT nepexonm m3 g B q’)
if (g’ He nomeueHa o¢sarom flagl)
dfsl(gq");
if (accept(q))
dfs2 (q) ;
}
dfs2 (q)

{
noMeTuThb g osaroMm ¢narom flag2;
foreach (g’ | cywmecTtByeT nepexonm m3 g B q’)
{
if (g’ nomeuena djarom flagl)
terminate true;
else if (g’ He nomeueHa omarom flag?2)
dfs2(q’);

}

Anroput™m Bo3Bpamiaer true, eciu ObUT HAWACH JOMYCKAIOIUN IMyTh, U
false — B mpoTuBHOM citydae. Ecnu anropuTm BepHyJ 3HadeHue true, To
MOKHO BOCCTAHOBHUTH JIONMYCKAIOMIMKA ITyTh: B cTeke mepBoro DFS
XPaHUTCS IMYTh M3 HAYAIBHOTO COCTOSHUS B HEKOTOPOE JIOMYCKAIOIIce
COCTOSIHHE (1. DTOT IyTh OyAeT UCKOMBIM TTpeuKcoM a. [Ipu 3TOM B cTeke
BTOpOoro DFS XpaHUTCS MyTh M3 COCTOSHUS (]; B HEKOTOPOE COCTOSHUE (>,
colepikaiieecs B CTeKe TepBoro. Tlorma, JOCTPOUMB OTOT IYTh
COCTOSIHUSIMH, HAaXOJSIIMUMHUCS B CTeke mepBoro DFS Beiie coctosHus 0,
MOJlydUM THUKI Oy — (2 = (;, TPOXOMSIIUNA dYepe3 JIOMyCKaroIiee
cocTosiHue (; — 3TO UCKOMBbIN cydhduke f. Takum oOpazom, OyaeT morydeH
JIONYCKAIOIIUH My Th aff”.

Jloka3aTeIbCTBO KOPPEKTHOCTH AJITOPUTMA

JlokaxkeM KOpPpPEKTHOCTh mMpuBeAeHHOro anroput™ma [17]. TpeOyercs
JI0Ka3aTh, 4YTO aJTOPUTM JBOMHOTO TOWMCKa B TIOyOWHY HaXOJUT
MOCJIEIOBATEIBHOCTD, JOIMYCKAEMYI0 aBTOMAaTOM broXH, TOrga W TOJBKO
TOr'/1a, KOTJla OHA CYIIECTBYET.

Ecnu anroput™ BepHyn 3HaueHue true, To B creke nepsoro DFS Haxoautcs
KOPPEKTHBIA NyTh B aBTOMAare bIOXM M3 HAYAIBHOTO COCTOSIHHUS S B
Jonyckaroniee cocrosiue (p. B creke Broporo DFS naxomutcs myTts u3
COCTOSIHUS (, B COCTOSIHHME (;, KOTOpOE€ NPUHAJIEKUT IIYTH U3 S B (s
Apyrumu cioBamu, COCTOSIHUE (, JOCTMKMMO M3 COCTOSHMSA (;. Torma
VMCKOMBIN KOHTPIIPUMEDP, IOIyCKaeMblii aBTOMAaTroM broxu, mpencraBiisieT
co0oii OECKOHEYHBIN TMyTh BUAa 0f”, TIA€ 0. — ITO MOCIIEAOBATEIHLHOCTh
S — (1, a f — 9TO MOCIEIOBATEIBHOCTh (1 — (2 — (1. DTO U300pakeHO Ha
puc. 2.28.
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DFSZ{

Puc. 2.28. CtpykTypa KOHTpIIpUMEPA, TOTYIEHHOTO
aJITOPUTMOM JBOHHOTO 00X0/1a B IIIyOHHY

JlokackeM Tereph oOpaTHOE: €CIM aJIropuT™M BepHyJ 3HaueHue false, To
JOIYCKAKOWIEro NyTH JEHCTBUTEIBHO HE CyliecTByeT. [Ipenmonoxum, 4ro
3T0 He Tak. IlycTh cyliecTByeT WIUKI, COAEpKAIMKA JOMYCKAIOIIHe
COCTOSIHUA U TOCTUKUMBIN U3 HaYaJIbHOTO COCTOSIHUSA, a (| — JOIyCKAIOIIee
cocrosinue 3toro nukia. [lockonbky nepseiii DFS 00xonuT Bce cocTossHUS
aBTOMaTa, TO CYIECTBYET LIar, Ha KOTOPOM OH OTKaTbIBaeTcs u3 (. B atoT
MOMEHT 3amycKaeTcsi BTOpoil 00xoa B rayOuHy. Ilockoibky (] JEXKHAT B
LUKJIE, CYIIECTBYET MyTh UM HECKOJIBKO MyTEil U3 ( B OJHO U3 COCTOSHHUIA,
Haxoasmmxcs B creke nepsoro DFS. Kak MuHuMyMm, cyliecTByeT myTh B
3TO camo (. Toraa BO3MOXHBI JBa BApUaHTA!

1. CymecTByeT nyTh U3 ( B HEKOTOPOE COCTOSIHUE, COJEpIKaIlleecs B CTEKe
nepBoro DFS, Bce cOCTOSIHHSI KOTOpPOTO emie He ObUIM TMOMEYECHBI
BTOpbiM DFS. Torma mo anroputmy Bropoit DFS Haiiner 3T0oT myTh, H,
CJIEI0BATEIbHO, HANIET KOHTPIIPUMED. DTO NPOTUBOPEUUT CACITAHHOMY
MIPEANOIIOKEHHUIO O TOM, YTO AJITOPUTM HE MOKET HAllTH KOHTPIPHUMED.

2. Ha mo0om myTu U3 ( B COCTOSIHUS, COJIEp)KAlllUecs B CTEKE MEPBOTO
DFS, nexut cocrosinue I, nomeueHHoe panee BTopbiM DFS. Tlokaxem,
YTO TaKasi CUTyallusi HE MOXET BO3HUKHYTb.

IlycTh 510 He Tak. Toraa CymecTByrOT TOIyCKAOLIME COCTOSHMS, KOTOPBIE
BXOJSIT B LIMKJIBI, HO BTOopoi DFS, Oynyun 3amylieHHbIM U3 HUX, HUKOTa
He cMokeT HaiTu muki. [lycTh cpenu Takux cocrosiuuit BTopoit DFS Ob11
IIEPBBIM 3amlyIlleH Ui cocTtossHusA (. [anmee, mycts I — 3T0 mepBoe
COCTOsIHUE, TocenieHHoe BTopbIM DFS, cpenu Tex, KoTopshle:
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0O BXOJAT B IUKIJI, IPOXOJAIINN yepes (;
o ObuiM momMeveHsl paHee BTopbiM DFS.

Haxkowner, mycTs (' — qoIycKaromiee COCTOsTHUE, U3 KOTOPOTro OBLT 3aITyIieH
BTOpOM 00X0J] B IIIyOHHY, KOTOPBIN MmoMeTui coctosinue I. CoctosiHug g, I
1 (' cxeMaThu4ecKy n300pakeHbl Ha puc. 2.29.

Puc. 2.29. Cocrostaus q, ' u r. Jlomyckaromue COCTOSIHHS H300PaKEHBI
nBOMHBIMU Kpyramu. COCTOSTHUS, TOMEUYEHHbIE BTOPHIM DFS — skupHON OKPYKHOCTBIO

Ha JAHHOM 3TallC J0Ka3aTCJIbCTBA BO3MOXHBI IBA BaApHaHTaA.

1. Coctosinue Q' JOCTMXKUMO U3 cocTostHMS (. Torga CymiecTByeT IUKI
g —>r—>q—q. Eciu 06b1 3TOT Uk ObU1 OOHAapy)XEH paHee Npu
3anycke Broporo DFS u3 (', To anroput™m Obul OBl YK€ OCTaHOBJIEH.
CrnenoBaTenbHO, OH HE ObLT OOHapyxkeH. OJHAKO 3TO MPOTHUBOPEUUT
MPEMOJIOKEHUIO O TOM, YTO COCTOSIHHE (] — TIEPBOE M3 COCTOSIHWMA, U3
KOTOpBIX BTOpoMy DFS He ynaeTcst HaliTH CyIIeCTBYIOMINN ITUKIL.

2. CocrosiHue (' HETOCTHKUMO U3 cocTosiHUA (. CocTosiHME (' HE JIGKUT B
IIMKJIe, WHaYe OyJIeT MOJYyYeHO TO K€ MPOTUBOPEYHE, YTO U B MYHKTE 1.
CrenaeM BaXHOE 3aMeUYaHHUE: €CJIM HEKas BEPIIMHA HE BXOJIWT B UK,
TO OTKAaT W3 HEe MPOUCXOIUT JHIIh TOTJa, KOTJa BCE BEPIIWHEI,
TOCTIDKMMBIE M3 Hee, OblIM OOOWIEeHbI M OTKAaThl M3 HHUX OBLIH
npousBeneHbl. Kak BuaHO Ha puc. 2.29, q noctuxumo u3 ('. Mcnons3ys
ATO YTBEpXKACHHE, MOIy4yuM, 4To TiepBbiii DFS momken ObuLT caemathb
OTKaT W3 (' JIMIIb MOCIE TOro, KaKk OH caenan oTkaT u3 (. OgHako B
TaKOM CJIy4ae, Mo OMHCAHUIO aJropuTMa IBOWHOTO 00X0/1a B IIyOUHY,
u Bropoii DFS nomxen Ob1 ObITH 3amyIieH U3 (| paHblie, yeM u3 (', a
ATO TPOTUBOPEUUT TMPEAINOJIOKEHUIO O TMOPSAKE 3ayCKOB BTOPOTO
00xo0/a B ITyOuHY.

Takum oOpa3oM, OKa3bIBACTCS, YTO HEBO3MOJXKHA CHUTyaIlUs, B KOTOPOM
CYIIECTBYIOIIUN UKII C TOMYCKAIONUMU COCTOSIHUSIMU HE ObLIT 00HApPYKEeH
aJITOPUTMOM JIBOMHOT'O 00X0/1a B TITyOUHY.
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2.4.2. [lonCK CUNBbHO CBA3HbIX KOMMOHEHT

PaccmarpuBaercss 3ajaya TOWCKAa CHPaBEAJIMBBIX MyTEH B IIMPOKOM
cmbiciae. [lan pa3medenHslii rpad G W MHOXKECTBO OTrpaHUYCHUU
cupaBeqBocTu F. TpeOyeTcst onmpeneianTb MHOXKECTBO BCEX COCTOSIHHUIA
rpada, U3 KOTOPBIX CTapTyeT OECKOHEUHBIN CIpaBEATUBBIN My Th.

910 IIOCTPOCHMEC BBITIOJIHACTCS B TPH OTalla.

1. HaxomuMm y rpada KOMIIOHEHTHI CHUJIBHOW CBS3HOCTU. Y UYUTHIBAEM IPHU
ATOM, YTO €CJIM KOMIIOHEHTa COCTOUT JIMIIb U3 OJHOM BepIIMHBI 0e3
METJIM, TO OHA HE CYUTAECTCS KOMIIOHEHTOM CHJIBHOW CBSI3HOCTH
(MckIIIOUeHUEM SBISIETCA Cllydail, KOrja Ha JaHHOW BepIIMHE €CTh
NeTisl) — OTHOIIEHHWE CUJIbHOM CBA3HOCTH OyAeM CUHUTaTh B 0OIIeM
cirydae uppedaeKCUBHBIM.

2. Te W3 KOMITOHEHT CHJIBHOH CBSI3HOCTH, KOTOpBIC I KaXJA0TO
OrPaHUYECHHUS CIPABEIJIMBOCTU COJIEPKAT COCTOSHUE, B KOTOPOM 3TO
OTPaHUYCHHE BBITIOJHICTCS, HA30BEM CHPABEOIUBLIMU KOMNOHEHMAMU.

3. Crpoum B rpade AepeBbs OOpaTHBIX MyTeW, HAYMHAS OT BCEX BEPIIUNH
CNpageonusbix KOMNOHEHM, TIOIyTHO MAapKupys BCE IOCEUICHHbIE
BEPILMHBI KaK BBIIOJHSIOIIUE HCKOMOE CBOMCTBO (CaMU CIPaBEIIUBbIE
KOMITOHEHTbI MApPKUPYEM C CaMOT0 Havasa).

JIJ1st IorcKa CUIIBHO CBSI3HBIX KOMIIOHEHT MPUMEHSIEM alroputMm TapbsHa
[37, 38]. 'maBHas ujes anropuTMa COCTOMT B 3allycKe 00X0/a B TIIyOHHY
Ha paccMmarpuBaeMoM rpade. [l storo Oynem MNONAEPKUBATH CTEK
noucka S. CHJIBHO CBS3HBIC KOMITOHEHTHI (DOPMHUPYIOT HEIPEPHIBHBIC
YYaCTKM 3TOTO CTeKa. BepunHy CHIBHO CBSI3HOW KOMIIOHEHTHI,
pacIoJIOKeHHYI0 Haubosiee TIyOOKO B CTeke, OyJeM Ha3bIBaTh KOpHeM
3TOM KOMITOHEHTHI.

OcHOBHasl 3ajaya 3aKJIOYaeTCs B ONPEIECICHUM TOTO, KOrJa BEpIIMHA
rpada sSBISETCS KOPHEM CBOEW KOMITIOHEHTHI CHJIBHOM CBSI3HOCTH. [l ee
pelieHus KXY BEpUIMHY VvV CHaOguM  IepeMEeHHOM-HHIEKCOM
v.1ndex, KOTOpas HyMepyeT BEPLIMHBI I10CIEI0BATEIBHO B MOPSAKE UX
IPOCMOTpPa MOUCKOM B ITyOUHY.

Kpome Toro, comocraBuM 3TOW BEpIIMHE 3HAYEHHUE V.lowest, KOTOpoe
Ha  KaXIOM  PEKYPCMBHOM  BBI30BE  YIOBJIETBOPSET  YCIOBHIO,
WHBApUaHTHOMY Ha IPOTSLKEHUU BCETO ajrOpUTMA:

v.lowest = Min v'.ilndex
no Bcem v',
B KOTOpPEE OBLI
HaMIeH NyTbh U3 V

OTcroma cieayer, YTo BEpIIMHA V SBIIIETCA KOPHEM CHJIBHO CBS3HOU
KOMITOHEHTHI Tpada Torga W TOJMBKO TOT/A, KOTMA mociie ee oOpaboTKu
BBITIOJIHACTCS PABEHCTBO v.lowest = v.index. AIroputMm padoTaer
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TakuM 00pa3oM, YTO BCEr/a, Korjaa Tpedyercs 3HaueHue v.lowest, OHO
y>K€ BBIUYUCIIECHO.

[Tocne 0O0paboTKM Bcex MOTOMKOB BEPIIMHBI vV B KOHIIE CTeKa S HAXOAATCA
BCC BEPIIMHBI, TNPUHAUICKAIINE €€ CHIBHO CBS3HOW KOMIIOHEHTE, B
HopsiIKe X 00X0J]a TIOMCKOM B TIIyOWHY, HAYWHAsI C CAMOW BEpPIIMHEI V.
[ToaTOMY CIIEAYIOIIMM IIAroM SIBIISICTCS yIAJICHHE BCEX 3TUX BEpIIHH,
BKJTIOYAsl V, U3 CTEKa C BEIBOJIOM ATOH CHIILHO CBSI3HOW KOMITOHEHTEI.

AJNTOPUTM IIPE/ICTaBIICH B TUCTUHTE 2.7,

Nnctunr 2.7. Anroputm TapbsiHa NomMcka CUbHO CBA3HbIX KOMMOHEHT rpada
Ha Bxome tpad G = (V, E)

void computeSCC ()
{

// CueTumk HOMEepa BepumMHH B DFS

index = 0;
// TlyCcTOM CTeK BeplmrH
S = J;

foreach (v € V) do
// 3anyctum DFS Ha Bcex eme He 00pabOoTaHHEIX BeplMHAaXx
if (v.index He omnpeneseHo)
visit(v);

void visit (v)
{

// YCTaHOBMM HOMEP mJjisg V

v.1lndex = index;
v.lowest = index;
index = index + 1;
S.push (v) ;

// PaccMOTpuUM MNOTOMKOB V

foreach ((v, v') € E) do
// Eciau BepumHa v' He [ocemajiachb
if (v'.index He omnpenesieHO)

{

visit(v');
v.lowest = min(v.lowest, v'.lowest);
}
else // IoBaBnaTe V' B OepeBO He clenyer
v.lowest = min(v.lowest, v'.index);
// Eciv v - KOpeHb CMJILHO CBS3HOM KOMIIOHEHTH
if (v.lowest == v.index)

{

print "CunbpHO cCBs3Hasd KOMIIOHeHTa:";
repeat
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v' = S.pop;
print v';

until (v' == v);

}

AnroputM paboTaeT 3a JWHEWHOE Bpems OT pasMepa rpada. Otcroma
CIIEyET, YTO 3ajadya ONPEIEICHUS MHOXKECTBA COCTOSHHA MOJEIH, W3
KOTOPBIX CYIIECTBYIOT OECKOHEUYHBIE CIpPABEUIMBbIC IIyTH, peLIaeTcs
ormcanHbM MetosoM 3a Bpems O(|F| x |M|), OunmHeliHOe OTHOCHTEIBHO
pa3zMepa mozenu M u pa3mepa MHOKECTBA OTPAHUYEHHUM CIPaBEIMBOCTH.
Ecnu orpannueHuil crnpaBeUIMBOCTH HET, TO alIrOpuUTM paboTaeT 3a
JMHENHOE BpEeMsI OT pa3Mepa MOJIEIH.

2.5. lNpoBepka mogerneu
ansi TemnopanbHOU NOrnKKU peanbHOro BPpEMEHM

Cucrembl, KpUTHYHbIEC KO BPeMeHH

Taxkue TemmopanbHbie Joruku, kak LTL wm CTL, mpemnasnadeHsl s
crieniupuKaIuyu CBOMCTB, KOTOphIe (POKYCHPYIOTCS Ha BPEMEHHOM TOPSIIKE
COOBITUM. DTOT BPEMEHHON MOPSJIOK SBJISIETCS KaUY€CTBEHHBIM MOHSTHEM,
TaK KaK HE BKJIIOYAET OINHUCAHWE KOJMYECTBEHHBIX BPEMEHHBIX CBOMCTB.
Hanpumep, mycth npeasioxkeHue P COOTBETCTBYET HACTYIJICHUIO COOBITHUS
A, a mpenyioxkeHue ( COOTBETCTBYET HACTyIUIeHUI0 coObiTust B. Torma LTL-
dopmyna G[p — F (] cooTBeTcTByeT TOMYy, 4TO 3a COOBITHEM A Bcermaa
PaHO WJIM MO3AHO OyJeT clieoBaTh cCoOObITHE B, HO OHAa HUYEro HE TOBOPUT
0 TOM, HaCKOJIbKO JJTMHHBIN OyJIeT MepHUo] MKy HACTYIUICHUEM COOBITHI
A u B. DT0 OTCYTCTBYIOIIEE KOJIMUYECTBEHHOE MPEJICTABICHUE O BPEMEHHU
CYIIECTBEHHO IS CHeUU(PUKAIUN cucmem, KpUmuyHoviXx ko eépemeHnu. B
COOTBETCTBHHU C OOIICTIPUHATHIM OMPEACIICHUEM, CUCHEMbl, KPUMUYHbIE KO
6peMeHU — ITO TaKUe CHUCTEMbI, B KOTOPBIX KOPPEKTHOCTb 3aBUCHUT HE
TOJIBKO OT JIOTUYECKOTO Pe3ysibTaTa BIUUCICHUS, HO TaAKXKE U OT BPEMEHH,
3a KOTOpPOE pe3yJbTaThl Moy4yeHbl. CHUCTEMbl, KPUTUYHBIE KO BPEMEHH,
JIOJDKHBI  yJIOBJICTBOPSITH HE TOJBKO TPEOOBaHUAM (PYyHKIIMOHAIBHOM
KOPPEKTHOCTH, HO W TPEOOBaHUSM CBOCBPEMCHHOCTH. TaKue CHCTEMBI
OOBIYHO XapaKTEPU3YIOTCSI KOJIMYECTBEHHBIMU BPEMEHHBIMU CBOMCTBaMH,
OTHOCSIIIIUMUCS K HACTYTUJICHUIO COOBITHH.

[Ipumep cucrembl, KPpUTUYHOW KO BPEMEHH, — OTO KEJIE3HOIOPOKHBIN
nepeesa: eciu oOHapyKeHO MPUOJIMKEHHE Toe3/1a, Tiepee3] T0KEH ObITh
3aKpBHIT B TEUEHWE OMPENEICHHOTO BPEMEHU C IETbI0 OJOKUPOBKHU
aBTOMOOMJILHOTO M TMEMIEXOAHOTO Tpaduka IMepes TeM, Kak I0e3]
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JOCTUTHET nepeesna. KoMMyHHKaMOHHbIE NPOTOKOJIBI — APYrol mpUMep
CUCTEMBI, KPUTUYHON KO BPEMEHH: IOCIIE TMepeqadyu JAHHBIX MOBTOpPHAs
nepeaaya JI0JKHA OBITh 3alyIleHa, €Clu MOATBEPKICHUE HE MOJIYYEHO B
TEUEHHUE OMPEJICTICHHOTO BpeMEHHU. TpeTuil mpumMep CUCTEMBI, KPUTHYHON
KO BpPEMEHHM — 3TO ammapar JIy4eBOW Tepamuu, Ojarogaps KOTOPOMY
NAIMEHTHI MOJIYYaloT BBICOKYIO 03y PaJHallMi B TEUEHHE OTPAHUYECHHOTO
nepuoaa BpemMeHu. Jlaxe HeOONbIIOE MPEBBIIICHHE ITOTO MEPUOJIa OITACHO
Y MOKET MIPUBECTU K CMEPTHU MALMEHTA.

KonuuectBeHHasi BpeMeHHasi MH(OpMaIus CYIIECTBEHHA HE TOJIBKO IS
CUCTEM, KPUTHUYHBIX KO BpPEMEHHU, HO TaKXe SBIISIETCS HEOOXOIUMOMN
COCTaBHOM 4YaCThI0O B 3ajayaX aHalu3a M CHelnu(pUKalUd acleKTOB
MPOU3BOAUTEIIBHOCTA CUCTEM. THUIIMYHOE MPEIIIOAKEHHUE, OTHOCIIIEECS K
IIPOU3BOAUTEIIBHOCTH, TAKOE KAaK «BBIIIOJHEHUE 3aJaHHsl MPOUCXOIUT B
teueHue 30 CEKyHI», MOXKET OBITh CHOPMYJIHUPOBAHO, TOJBKO €CIIH
MMEETCS BO3MOKHOCTD U3MeEpPAMb MPOLLIEIIEE BPEMSL.

KoauyecTBeHHOE 3aJaHUEC BPEMECHH B TCMHOpaJIbHOﬁ JIOTUKE

B »sTtomM pasgene  paccMaTpUBAacTCs  pPaCUIMPEHHE — BETBSILECUCS
TEMIIOPAJILHON JIOTUKU KOJIMYECTBEHHBIMU IIPEACTABICHUAMU O BPEMEHH.
Beimie ObUIO TOKa3aHO, YTO JMHEHHAs M BETBALIASACA TEMIIOpAJIbHAS
JIOTUKA HHTEPIPETUPYIOTCS B TEPMHUHAX MOJEIEH, A€ IVIABHYKO pPOJIb
Urpaer noHsATHue coctosHus. Hanbomnee BaxxHOE M3MEHEHUE MPHU MEPEXOE
K KOJIMYECTBEHHBIM BPEMEHHBIM XAPAKTEPUCTUKAM SABIISIETCS BO3ZMOXKHOCTD
U3MEpATh BpeMsa. MOKHO CHpOCUTh, KaKUM OOpa3oM MOHSTHE BPEMEHH
BKJIFOYAETCS B MOJENb, Oa3upyIOIIyIOCd Ha COCTOSIHMSIX, M KAaKOBBI
B3aMMOOTHOIIEHUSI MEXKIY COCTOSAHUSIMH MU BpeMmeHeM. [Ipm BkiItoueHHH
BPEMEHHBIX XapaKTEPUCTUK B MOJIENb JOJDKHBI OBITh PacCMOTPEHBI
HECKOJIbKO aCIIEKTOB:

O KakoBa HOTAIUI BPEMEHHBIX CCBLIOK (abcomoTHas I
OTHOCHUTEIIbHAs)?

0 KakoBa CEMaHTHMKa BpEMEHHOW oOnacTu  (AMCKpEeTHas  WiIH
HeTpepbIBHAS)?

Br100p BpeMeHHOH 00/1aCcTH

OmuuM W3 HambOoJiee BAXKHBIX AaCIMEKTOB SBISETCS BBIOOP CEMaHTHUKU
BpeMeHHON obnactu. Tak Kak B TPHUPOAEC BpeMsi MMEET HEMPEPHIBHYIO
CTPYKTYpY, HamOoJiee €CTECTBEHHBIM BBIOOPOM SIBIISICTCS HEMPEPHIBHAS
BpeMEHHas 00JacTh, Takas KaK BEIECTBEHHbIE 4ucia. Hampumep, mms
CUHXPOHHBIX CHCTEM, B KOTOPBIX KOMIIOHEHTBHI BBIMOJHSIOTCS B
MOIIIArOBOM PEXHUME, MPEANOYTUTEbHA JUCKPETHAS BPEeMEHHAsi 001acTh.
N3BECTHBIM MPUMEPOM AUCKPETHOM TEMIOPAIbHOM JIOTUKH SIBIIAECTCS
RTTL (Real-Time Temporal Logic). i CHHXpOHHBIX CHCTEM
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AJIbTCPHATUBHO MOKHO pacCMaTpuBaThb HCIIOJIB30BAHHUEC OOBIYHOM
TGMHOpaJII)HOI?I JOTUKH, B KOTOpOﬁ L OTpaXCHUSA  NTUCKPCTHBIX
BPEMCHHLIX XAPAKTCPUCTUK HCIIOJIB3YCTCA OIICPATOp CICIOBAHMA. KpaTKO
OIIMIICM, KaK 3TO pa60TaeT.

bazoBas uaest COCTOUT B TOM, YTO BHIYMCICHHE MOKET OBITh MPEJICTABICHO
KAaK ITOCJEAOBATEIBbHOCTh COCTOSIHMM, B KOTOPOM KaXXIbIM NEPEXON M3
OJTHOTO COCTOSIHHSI B CIIEAYIOIIEE PacCMAaTPUBACTCS KaK €AMHCTBEHHBIM
TaKT HEKOTOPBIX BBIYMCIHTENBHBIX 4YacoB. IIpu atom X ¢ BepHO, ecnu
Yepe3 ONMH TAaKT 4acoB BhImonmHsieTcss ¢. Ilycts X — oto cepus u3 K
MOCJICTIOBATEIHHBIX OIEPATOPOB CIICIOBAHUS, OTPEACICHHAs 10 TIpaBUjIaM
Xp=¢p u X*'9=X(Xg) mm k>0. Torma, Hanpumep, TpeGoBanue
TOTO, YTOOBI MaKCUMaJIbHas 3a/iepKKa MexXay coObiTeM A u coOwiTrem B
Obls1a MEHbIe 32 BPEMEHHBIX €IMHHI], MOXXET OBITh CHENU(UIIMPOBAHO
kak G[p —» X% q], rue X<kgo — 3TO COKpAIllEHHE [ KOHEYHOU
IU3BIOHKIHH X OV ...V X<t ¢, a P ¥ ( 0O3HA4YAIOT HACTYIUICHUE COOBITHI
A u B, coorBercrBerHo. [Ipu 5TOM OTMETHM, 4TO BBeneHHe X -omeparopa
JienaeT 3a/a4y BBIMOJTHUMOCTH JUIsi BPEMEHHON JTMHEHHON TeMIOpabHON
norukun EXPSPACE-tpynHo#i. Eciam He OorpaHMuMBaThCs CHUHXPOHHBIMU
CUCTEMaMH, TO CIEAYyeT PacCMOTPETh BEIIECTBEHHO3HAUYHYIO BPEMEHHYIO
o0nmacT. JTO TMO3BOJSET 0OoJiee  aKKypaTHO  CHEHU(PUIIUPOBATH
HECHUHXPOHHBIE CUCTEMBI.

IIpoBepka moaeseit A5 BpeMmenHou jgoruku CTL

BBeneHrne BpeMeHH B TEMIOPAIBHYIO JIOTHKY JOJDKHO BBITIOJHATHCS TaK,
YTOOBl COXPAaHWUTh Pa3pElIMMOCTh 3aJauyd NPOBEpKH Mojenei. byaem
KOHIICHTPUPOBaThCS Ha TeMmmnopaibHoi Joruke Timed CTL (Gonee
kopotko, TCTL) [39], nns xotopoidl 3agada TPOBEPKU MOJCIeH
paszpemuma. DTO 8emsAuascs MeMNOPAIbHAS T0SUKA PEAbHO20 8PEeMEH,
KOTOpass TOJACPKUBAET OTHOCUTENbHBIE BpPEMEHHBIE CCBUIKA |

UHTEPIPETUPYETCS B TEPMHUHAX HEIPEPHIBHON BpeMeHHOH obmact (R* —
HEOTpPHIATEIbHBIC BEIICCTBEHHBIC YUCIIA).

bazoBas wumes Timed CTL cocTOMT B HCIOJB30BaHHMM BPEMEHHBIX
OFPaHMYCHUM B KA4YeCTBE IapaMETPOB OOBIYHBIX  TEMITOPATBHBIX
oneparopo CTL. B Timed CTL moxHO, Hanpumep, cneruduInpoBaTh
MPEIOKEHUE «MaKCUMaJbHasl 3a/IepyKKa MEXTy coObITHEM A U COOBITHEM
B Menbire 32 BpemeHHbIX equauI Gopmysion AG[p — AF.s; q], rae, kak
U paHee, npeanoxeHue P () COOTBETCTBYET HACTYIUICHHIO coObITHs A (B).
Jloruka Timed CTL — sto BemiectBeHHO3HauHOe pactmpenne CTL, mis
KOTOPOTO CYIIECTBYIOT alTOPUTMBI TPOBEPKH MOJENEH W HEKOTOphIe
WHCTPYMCHTAJILHBIC CPEIICTBA.

OcHOBHasI CIIO)HOCTh ITPOBEPKU MOJIENEH, B KOTOPHIX BpeMEHHasi 001acThb
HENPEPBIBHA, COCTOUT B TOM, 4YTO IIPOBEpsieMasi MOJAEIb UMEET HECKOHEUHO
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MHO20 COCTOSIHUM — JJIs1 K&KJOTO 3HAYE€HUSI BPEMEHHU CUCTEMA MOKET OBITh
B OINPEJECIEHHOM COCTOSIHUM, @ MHOKECTBO 3THUX 3HAUEHUH OECKOHEUHO.
Kaxercs, 4To 310 Hepaspemnmas 3a1a4a. QakTUYECKH, IIaBHBIM BOIIPOC B
IIPOBEPKE MOJENEH I TEMIIOPAJbHOM JIOTUKM pEaJbHOIO BPEMEHU
COCTOUT B TOM, KAK CHPAGIAMbCA C OECKOHEUHbIM MHONCECEOM
cocmosnuti. Tak Kak pereHus! JaHHOM KII0YEeBOW MPOOIeMbl JOCTATOYHO
IIOXOKHA Yy JIMHEWHOW W BETBALIEHCS TEMIIOPAIBHBIX JIOTMK, PACCMOTPUM
omuH cirydaid — Timed CTL.

OcHOBHasi uzes BBIIOJHEHHUS NPOBEPKHM MOJEIEH I HENpPEephIBHOU
BPEMEHHON 00JIaCTH COCTOUT B TOM, YTOOBI pPEan30BaTh IUCKPETHU3AILUIO
3TOM 00JaCTH MO 3aMpoCy — B 3aBUCUMOCTH OT CBOMCTBA, KOTOPOE JTOJIKHO
OBITh JOKA3aHO U MOJIENTU CUCTEMBI.

B kadectBe cnenu@uKkanuoHHOro (opmain3ma Al CUCTEM pealbHOIO
BPEMEHH BBOJUTCS TMOHATHE 6PEMEeHHO20 a8momamd, PACIIUPEeHUs
KOHEYHOI'0 aBTOMaTa, B KOTOPOM ISl U3MEPEHHsI BPEMEHHU UCIOJIB3YIOTCS
yacel. BpeMeHHBIE aBTOMAThl HCIOJB30BAJIUCH Ul  cHenupUKaluu
Pa3IMYHBIX TUIIOB CUCTEM, KPUTHUHBIX KO BPEMEHU U O€30IaCHOCTH, B TOM
quciie 11 KOMMYHUKAIIMOHHBIX MPOTOKOJIOB. {11 BpEMEHHBIX aBTOMAaTOB
pa3pab0OTaHO HECKOJIbKO HHCTPYMEHTOB MPOBEPKU Mojesie. OCHOBHOM
3a/layell JaHHOrO pasjenia sBISIeTCs pa3paboTKa aJropuTMa MPOBEPKHU
Mojeseil, KoTopbelii ompeaenser ucTtuHHOCTE |CTL-dopmynsr 1o
OTHOUIEHUIO K BPEMEHHOMY aBTOMaTy. Teopus W NpuUMepbl BPEMEHHBIX
aBTOMATOB OIKCAHBI B COOTBETCTBUM C KypCcoM JeKimid [1].

2.5.1. BpeMeHHble aBTOMATHI

BpemenHble aBTOMAThl HCHOJB3YIOTCA ISl MOJEJIMPOBAHMS KOHEYHBIX
CUCTEM pEaJbHOIO0 BpeMeHH. BpemeHHOW aBTOMAaT — 3TO (PaKTHUECKH
KOHEUYHBIN aBTOMAT, CHA0KEHHBIN KOHEYHBIM MHOECTBOM
BELIECTBEHHO3HAYHBIX YaCOBbIX NepeMeHHbIX WU, 00Jee KOPOTKO, YacoB.
Yacel HCTIOJIB3YIOTCA JI1 U3MEPEHUSI BDEMEHHBIX XAPAKTEPUCTHK.

Yacel — 3TO IepeMEHHas, IPUHAMAROIIast 3Ha4eHNsI B R*.

B nmanHOM pazmene B KadecTBE YacOB HCHOJB3YIOTCS OYKBBI X, Y W Z.
CocrosiHrEe BpEMEHHOTO aBTOMAaTa COCTOUT U3 TEKYIIEH no3uyuu aBroMmara
M TEKYIIMX 3HAYCHHH BCEX YACOBBIX MEPEMEHHBIX . Uackl MOTYT OBITh
WHULIMAIU3UPOBaHbl (B HYyJb), KOTrJa cuctema Jnenaer nepexon. llocne
WHULMAIN3alU OHU HAYMHAIOT CKPBITO YBEIUYUBATH CBOE 3HaUeHue. Bee
Yyachkl UAYT C OJUHAKOBOM CKOPOCTHIO. 3HAYEHHE YacoB, TAKUM 00pa3om,

6 v
OTMeTHM CO3HATENIHHO BBCACHHOC PA3JIMYUC MCIKIY no3uyueu U CoOCmosaHuem.
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0003HaYaeT BpEMs, MMpomcamee ¢ MOMCHTAa UX MHUIHWAJIU3al1HN. YcnoBus
Ha 3HAYCHHA YaCOB HCIIOJB3YIOTCA B KAYCCTBC AKTHBUPYIOIIHUX YCHOBI/Iﬁ
MEePCXOoJ0B: IICPCXOJ AKTHBCH W MOKCT OBITH Hpoﬁzer, TOJIBKO €CJIN
9aCOBOC OI'pPaHUYCHHC BLIIIOJIHCHO, B IIPOTHUBHOM CJIy4dac IICPCXO[]
6HOKI/IpOBaH. I[J'IH OIrpaHUYCHUA BPCMCHHU, KOTOPOC MOKCT OBITH
INPpOBCACHO B IIO3WMIHH, HCIIOJIB3YIOTCA HWHBAPUAHTBI Ha  4Yacax.
AKTI/IBI/IPYIOH_[I/Ie YCIIOBUSI 1 MHBAPUAHTLI SABJIAIOTCA OIPaHUYCHUAMMA IJIA
qacCoOB.

Jlist MaokecTBa C gacoB (rre X, Y € C) MHOKECTBO YACOBbIX 0O2pAHUYEHUL
Haja C o6o3nauvaercs W(C) u onpeaensercs CieayolM 00pa3oM:

a=X~C|X-y~c|=al|(an a).
Bneck CeN u ~ e{<,<}.

B 1maHHOM paszgenie UCHONB3YHOTCS TaKHE COKpAIEHUs, KaK X > C s
—(X<C)m X=C it X<C A X>C u T. 1. Jlomyckaercst TakxKe CI0XESHHE
KOHCTaHT B 4YacOBBIX OrpaHWueHusx, Hampumep, X<C+d mi1s d eN.
CrhoxxeHue »e YacoBBIX IEPEMEHHBIX, KaK B OrpaHUYEHUH X +Y < 3,
crenano Obl MPOBEpKYy Mojeneil HepazpemuMoil. Takxke ecnu Obl C MOTJIO
ObITh JEHCTBUTENBHBIM YHCIOM, TO MpPOBEpKa MOJAENEH JUisi BPEMEHHON
TEMIOpPAIbHOM JIOTMKH, KOTOpas HHTEPIPETUPYETCs, KaK B TEKYLIEM
cilly4ae, Ha IUIOTHOW BpPEMEHHOM o00sacTd, cTajia Obl Hepa3perIuMoil.
CrnepoBarenbHO, TpeOyerca, 4YTOObl C OBUIO HATypaJIbHBIM YHCIIOM.
Pa3pemmMocTp He 3aTparuBaeTcs, €clii OrpaHUYEeHHE CMATYUTH TaK, YTO C
MOTJIO ObI OBITh palMOHANBHBIM YUCIOM. B 3TOM ciyyae painuoHajdbHbIE
yucia B Kaxaod (opmyse MOryT ObITh IpeoOpa3oBaHbl B HATypaJIbHbIE
IIPY TIOJIXOIAIIEM MacIITaAOUPOBAHUU (3TO OYAET MOKa3aHO HIIKE).

Bpemennoii asmomam — 310 Habop (L, lg, E, Label, C, clocks, guard, inv),

rae

o L — HemycToe KOHEYHOE MHOXKECTBO nO3uyuii ¢ HavaJIbHOM MO3MIIMEH
IO S L,

o E — mHO)ecTBO pedep, kaxaoe U3 KoTopeix (Oyaem gaiee 0003HA4YaATh
ero e) cuaOxeHo mnomerkamu Src(e) wu dest(e), yka3bIBarOIIMMH,
COOTBETCTBEHHO, M3 KAKOTO COCTOSIHUS HCXOJUT JaHHOE pedpo U B
KaKO€ COCTOSIHME OHO BXOJUT (TakKuM OOpa3oM, OJIHY M Ty € mapy
COCTOSTHUM MOXET COSAUHSATh CKOJIbKO YTOJHO pedep);

o Label: L — 2" — GYHKITUS, KOTOpasi COMOCTABJISICT Ka)IOH IMO3UITUH
| € L muoxxectBo Label(l) atomapHbIX mpeaioKeHHii;

o C — xoHeYyHOE MHOXKECTBO 4acCoB,

o clocks: E — 2° — dyHKIms, KOTOpas COMOCTABISET KAKIOMY pebpy
e € E mHoxecTBO yacos clocks(e);
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o guard: E - ¥(C) — dynkuus, koTopas moMeyaeT Kaxjaoe peopo € € E
yacoBbIM orpanndenremM guard(e) manx C;

o inv:L—> Y(C) — dynknusa, xoTopas CONOCTaBISACT KaXKJIOH ITO3UIIUU
UHBaApUanm.

®dyukuusa Label urpaer Ty sxe poib, uto u B mogensx aus CTL u LTL, u
COIOCTABJISICT MO3UIMA MHOXKECTBO aTOMAPHBIX MPEIJIONKCHUN, KOTOPHIC
BEPHBI B 3TO# mo3uiuu. Kak Oymer mokasaHo HWKe, 3Ta (PYHKIUS BakHa
TOJIBKO JUIS OINpPEJIEICHUS BBIMOJHAECMOCTH aTOMAapHBIX MNPEIIOKEHUI B
cemantuke TCTL. [lns pebpa e wmuoxectBo clocks(e) o6o3nauaer
MHOYKECTBO YacOB, KOTOPBIC TOJUKHBI OBITH COpOIICHBI MPH IPOXOJE .
®dynknusa guard(e) — akTuBUpYIoOIIEe YCIOBHE, KOTOPOE ONpEIeIsIeT, KOra
e MoxeT ObITh mpoiaeHo. st mosuruu | ycnosue inv(l) orpannunBaer
BpEMsI, KOTOPOE MOKET OBITh IPOBEACHO B 3TOU MO3HIIUH.

[Ipu oToOpakeHWW BPEMEHHBIX aBTOMATOB OyJIeM MPHACPKUBATHCS
CIeyIoNMX coriamenuid. Bepmmbbl 0003HauYalOT MO3UIMH, a pedpa
0003HavarTCA CTpeinKkaMu. VHBapuaHTHI yKa3aHBI PSAIOM C TO3HUIIHSIMH,
€CIIU TOJIBKO OHHM HE PaBHHI trUe (9TO 03HAYAEeT, YTO UMEETCS yCIOBHE Ha
3a7epkKy). CTpenku CHaOXEHbI TOMETKAMH, KOTOPBIE COCTOSAT W3
(HeoOsI3aTeNIbHOT0)  YacoOBOrO  OrpaHuWyeHus U (HEOoOs3aTEIHLHOIO)
MHOXECTBA YacoOB, KOTOpBIE JOOKHBI OBITh cOpomeHbl. [lomeTkun
paszieneHsl MpsMOil ropu3oHTaNbHOM TuHUEH. Ecnu yacoBoe orpannyeHue
paBHO true W eciii HET YacoB, KOTOPBIE JOJDKHBI OBITH COPOIIEHBI, TO
MoMeTKa Ha CTpenke omyckaercs. Jlagee dacto Oyaem OmMycKath
Mapkupytoiee otHomeHue Label, Tak kak OHO WrpaeT pojb TOJIBKO MPHU
OOCYXXJICHUM aJrOpUTMa MPOBEPKU MOJENIC M HE BAXKHO JJII OCTAbHBIX
BBOJIUMBIX KOHIICTIITHH.

Ipumep. Puc. 2.30 (a) oToOpakaeT MPOCTOH BPEMEHHOM aBTOMAT C
OJHUMH YacaMu X M OHOM mo3unuei | ¢ meraessiM nmepexogom. IletneBoi
Iepexoa MOXKeT OBITh MPOMAEH, €CIIM Yachl X HMEIOT 3HAuCHHE Kak
MuHUMYM 2. [Ipy IpPOXO0KIACHHHM 3TOr0 IMEPEXoaa Yachl X OOHYIISIOTCS.
[TepBonavansuo vackl X umeroT 3HadeHre 0. Ha puc. 2.30 (0) mpuBenen
OprMep 3aIycka 3TOr0 BPEMEHHOIO aBTOMAara, B KOTOPOM OTOOpasKeHBI
3HAYEHHS YacoB X. B Kaablii MOMEHT, Koraa 4ackl cOpaceiBatorcst B 0,
aBTOMAT MepexoauT u3 mo3uimu | B Hee »xe. BBumy wHBapuaHnrta true B
no3unuu |, BpeMs MOKET HATH HEOrPpaHHUYEHHO [OJAr0 B IIpoIecce
npeObIBaHus B .

HeOounbiioe W3MeHeHHe BpeMeHHOro aBromara Ha puc. 2.30 (a) myrem
BBEJICHHUS MHBapHaHTa X < 3 B MO3UIUH | IPUBOIUT K TOMY, YTO Yachl X
OompIlie HE MOTYT WATH Brepen O0e3 orpaHudeHuil. TolbKO mpu X > 2
(axTHUBHpYyIOIIeEe OTpaHWYeHue) W X <3 (MHBapUAHT) UCXOJsiIIee pedpo
MOYKET U JOJDKHO OBITh MPOHACHO. DTO 0ToOpaxkeHo Ha puc. 2.30 (B) u ().
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3ametum, 4to Jpyrod oddekt HaOIomaeTcss  NpU  YCUIICHHUH
aKTUBHpYIolIero orpannuenus Ha puc. 2.30 (a) mo ycnoBus 2 <X < 3, ecnu
COXpaHATh MHBapHaHT true B mo3ummu |. B aToM ciydae ucxopsiiee pedpo
MOXKET OBITh TPOHACHO TONBKO Korma 2 <X<3 (kKak B MpeIbIayIIeM
CIIEHapHH), HO OHO HE 0053aHO OBIThH MIPOMACHO — OHO MOYKET OBITH ITPOCTO
MIPOUTHOPUPOBAHO, €CIIA Pa3pPEHINTh OXHUIaHue 0e3 TMePex0a0B, HAXOIICh
B no3utuu |. Oto mpomntrocTpupoBano Ha puc. 2.30 () u (e).

3Ha4YCHUE X

44

X>2

o 3 IS S S
0 2 4 6 8  Bpems
a 0
3HAUEHHE X
4 4
3 4 -
X>2
{3 2————— - —— = ———— e — —
X<3
0 2 4 6 8  Bpems
B T
3HAaUEHHE X
4 4
3 4 -
2<x<3
{3 2+ = — — — — — —
0 2 8  Bpems
A €

Puc. 2.30. BpemeHHo#i aBTOMAT ¢ OJJHUMH YacaMH M ITPUMEP €ro 3BOIOINN

Baxno TO, YTO PA3JIMYHBIC YaCbl MOTI'YT CTAPTOBATH B PA3JIMIYHBIC MOMCHTHIL
BpPEMCHH U, CJICAOBATCIIBHO, HCT HUKaKON HIKHEH I'paHUIbI HA PA3HUILY UX
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3HaUYEHUN. DTO HEBO3MOXKHO, HAIIPUMEDP, B MOJIENI IUCKPETHOTO BPEMEHH,
KOI'/Ia pa3HUIla MEXIY ABYMs NapalieIbHBIMU YacaMU SIBJISIETCS KpAaTHOM
OJIHOM eauHUIE BpeMeHu. Haiuume MHOTMX YacoB  IO3BOJIAET
MOJICIMPOBaTh MHOTHE TapaJlieibHbIE 3aJ€PKKU. DTO WILIIOCTPUPYETCS
CJIEIYIOLTUM TTPUMEPOM.

Ipumep. Puc. 2.31 (a) oTroOpakaeT BpeMEHHOM aBTOMAT C ABYMS YacamH X
u Y. [lepBoHayanbHO U T€ U APYrHe Yachl HAYMHAIOT OTCYET CO 3HaYeHus 0
710 TeX MOp, TOKa HEe IPOKIYT JBE BPEMEHHbIX eAuHMIbl. HaunHas ¢ 3Toro
MOMEHTa, o0a peOpa aKTUBHBI M MOTYT OBITh HEIETEPMHHHUPOBAHHO
npoiaensl. B pesynbrate nub0 dackl X, 10O Yachl Y OOHYNSIOTCS, B TO
BpeMsl KaK OCTaBIIMECS 4Yachl MpOAODKaroT MATH. [Ipum 3Tom pasHuia
MEX/ly 3HAuU€HHUSIMU 4YacoB X U Y MOXeT ObIThb Npou3BOJibHOU. [Ipumep
ABOJIIOLIMM 3TOT0 BPEMEHHOTI'0 aBTOMaTa n3o0paxeH Ha puc. 2.31 (0).

3HAYCHUS --= = 4achl X
4acoB
qacel Y
X Z 2 477 . P a
o 7
I A
y Z 2 Y 2
v} Ve . e /
0 2 4 6 8 Bpems
a 0

Puc. 2.31. BpemeHHo# aBTOMAT ¢ ABYMS YacaMM U IPUMEDP €ro 3BOJIIOLUU

IHpumep. Puc. 2.32 noka3piBacT BpEMEHHOM aBTOMAT C JBYMsI ITO3UIUSMH,
Ha3biBacMbIMH Off 1 ON, 1 AByMs yacamu X U Y. Yachl MHUIMAIHU3UPYIOTCS B
0 1pu BXOXJICHUH B CTApPTOBYIO rmo3utiuto Off.

Bpemennoii aBromaT Ha puc.2.32 MOAEIUpYEeT NEPEKII0YaTelNb.
[lepexmtouaTenb MOXET OBITH BKJIIOYEH B JI0O00H MOMEHT BPEMEHH,
MPOUCXOMSIINN KaK MUHUMYM Y€pe3 JIB€ BPEMEHHBIX €UHUIIBI HAUYUHAs C
MOMEHTA TIOCIIETHETO TIEPEKITIOUEHUS, JaKe €CIIM OH BCe elnle BKiIrodeH. OH
BBIKJTIOUAETCS aBTOMATHYECKA POBHO Yepe3 9 BPEMEHHBIX CIMHMII ITOCIC
MOCJICIHETO MOMEHTA, KOIJa OH ObUI MepekiarodeH u3 mo3uiuu Off B on.
Yacbl X WCHONB3YIOTCS sl OTCISKHBAHHS 3aJCPKKHA C TOCIETHETO
MOMEHTa BpPEMEHM, KOrJa OH OblI MepekitoueH. Pebpa, oTMeueHHbIE
JaCOBBIM OTPAaHMYCHHUEM X > 2, MOJCIHPYIOT MEPEXOJbl MO BKIIFOUYCHHIO.
Yacbl Y HCHONB3YIOTCS MJII TOTO, YTOOBI OTCIEKHUBATH 3aJCPKKY C
MOCJICIHET0O MOMEHTA, KOI'/Ia aBTOMAT ObLI MepekitoueH u3 no3unuu Off B
ON, ¥ KOHTPOJIHUPYIOT BHIKIIIOUCHHUE.
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y=9
x}

Puc. 2.32. [Ipumep BpeMEHHOTO aBTOMATa: MepPeKIoYaTe b

B mpuBeneHHBIX MpuMepax ObUIO MOKa3aHO, KaK Yachl SBOIOIMOHUPYIOT.
3HaueHus 4acoB (OPMaIbHO ONPEAEIISAIOTCS YACOBLIMU OYEHKAMU.

Yacoseas oyenxa V s MHOKecTBa 4acoB C — s1o ¢yuknus V: C > R™,
KOTOpas MpUCBanBaeT KaxapIM 9acaM X € C ux Tekyinee 3HaucHHUE V(X).

[Tycts V(C) o6o03HayaeT MHOXECTBO BCEX 4YacOBBIX OIcHOK Hanm C.
Cocmosnuem BpeMeHHoro aBToMata A HaswiBaeTcs mapa (I, V), tme | —
no3unus A, a V — olleHKa HaJi MHOkecTBOM yacoB C aBTomara A.

IIpumep. Paccmorpum BpemeHHOW aBToMar Ha puc. 2.32. Hekoropsie
COCTOsIHUS 3TOro aBToMata — 310 mapsl (Off, V) ¢ v(x) = v(y) =0, (off, v') ¢
VI(X) =4 u v'(y) =13, u (on,Vv") ¢ v'(X) =4 u v"(y) = 3. OrmeTumM, 4TO
TIOCJICTHEE COCTOSTHUE HETOCTHIKIMO.

[Tycts V — "acoBas oreHka Haj MHOXecTBoM dacoB C. YacoBasi oleHKa
V + t 03HayaeT, 4To BCE YAChl YBEJIWYEHBI HA { MO0 OTHOLICHUIO K YaCOBOU
omenke V. Ona ompenensercs kak (V+t)(X) =v(X) +t a1 Bcex vacoB
X € C. YacoBas oreHka [X]v, o3Hauaromas OLEHKY V CO COPOIICHHBIMU
yacaMmH X, ONpeessieTcsl CAeAYOIUM 00pa3oM:

CJv(y), ecmmy=x

(X]V))=1",

JIns BIOKCHHBIX BXOJKICHHH OIepaly COpachIBaHUS HCIOIB3YIOTCS
craHmapTHbeie cokparienus. Hanpumep, [X]([y]v) 3anmuceiBaetcs mpocto Kak
[X, ylv.

IIpumep. PaccMoTprM YacoBBIE OLEHKH V M V' U3 MPEABIIYIIETO IPUMeEpa.
Onenka V+9 omnpeaenena kak (V+9)(X)=(v+9)(y)=9. B uacosoii
ouenke [X](V+9) ugacer X mmeror 3Hauenue 0, a gacer Y — 9. Ilpu sTom
yacoBas orieHka V' pasusiercs [X](v + 9) + 4.

ecnu y = X.

Teneps MOKHO (OPMATILHO ONPEACIIUTh, YTO O3HAYAET YTBEPKIACHHUE, UTO
4acoOBOE OIPAaHMYCHHUE BEPHO MJIM HET. ITO MOXKET OBITh CIASIaHO TEM IKE
MyTeM, YTO M XapaKTepusalusi CEMaHTUKH TEMIOpPaJbHOW JIOTHKUH —
ONPENICICHUEM OMHOUleHUsl 8blnoHsAemMocmuy. B 3TOM cilydae OTHOUIEHUE
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BBITIOJTHSIEMOCTH |= — 3TO OTHOIIICHHE MEXy YaCOBBIMU OIICHKAMU (Ha[
MHOkecTBOM YacoB C) u yacoBbiMU orpanndenusmu (Hag C).

I x,y € C;v e V(O); a, f € Y(C) umeem:
vEx~c & V(X) ~ C;
VEXx-y~c v -v(y)~c;
V= o oVt
VE(erpf) o VE)AVED.

JIns oTpunaHuMsT W KOHBIOHKIWU TIpaBWJIa HICHTUYHBI IPaBUIaM
IPOTIO3UIIMOHATBHOM JIOTHKH. J[JIsi MPOBEpKH, BBHIMOIHIECTCS JH X ~ C B V,
TpeOyeTcss mpoBepuTh, BepHO JH V(X) ~ C. AHAJOTHYHO TPAKTYHOTCS
WHTEPBAJIBI MEX/Ty YACAMH.

Ipumep. PaccmoTpuM dacoBbie omeHku V, V+9 u [X](v+9) wus
OpEIBIAYIIEr0 MpUMeEpa M NPEANOI0XKHM, YTO TpPeOYyeTCs MPOBEPHUTH
cupaBeyIMBOCTE  dopMmynr o :=X<5 wu f:=(X-y=0). Bsuny
v(X) =v(y) =0 umeem V |=oc u v |=ﬂ. Jlanee, V+9 Fa, Tak kak
V+9)(x)=9>5,uv+9 |=ﬁ, tak Kak (V+ 9)(X) = (v + 9)(y) =9. Tak xe
MOYKHO TIPOBEPHUTH, 4TO [X](V + 9) |= aun [X](v+9) EB.

2.5.2. CemaHTUKa BPEMEHHbIX aBTOMAaTOB

WuTepripetaniiss BPEMEHHBIX aBTOMATOB OINPEACIAETCS B TEPMHUHAX
OCCKOHEUHOM CHCTEMBI IepexoaoB (S, —>), rae S — 3TO MHOXKECTBO

COCTOSIHHH (I1ap, COCTOSIINX M3 MO3MIMH W YaCOBOM OIIEHKH), a —> —
OTHOIIIEHHE TIEPEXOJ0B, KOTOPOEC OIMPEAEIsieT, KaK OMHH COCTOSHHS
cMeHstorcss  apyrumu.  CymecTBYeT JBa  BO3MOXKHBIX — ITOBEICHUS,
peann3yeMbIX BPEMEHHBIM aBTOMATOM: IEPEX0/ [0 pedpy B aBTOMATE WIIH
OXKHIaHUE B OJHOM cOCTOssHUH. O0a MOBEIEHUS MPEICTABISAIOTCS OIHUM

OTHOHICHHUEM IICPEXOI0B —>.

Cucmema nepexodos, acCOIMUPOBAaHHAs ¢ aBTOMaToM A M Ha3bIBacMas
M(A), onpenensiercs kak (S, So, —> ), TJe:

a S={(I,v) e LxV(O) |V =inv(D};

o So=(lo, Vo), tme Vo(X) =0 ms Bcex X € C (So Ha3bIBACTCSI HAYAIbHLIM
COCMOSIHUEM BPEMEHHO20 A8MoMama),

0O OTHOLIEHHME IepexogoB —> < Sx R xS ompenensercs 1o
IIpaBHJIaM:
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1) (I, v) —=> (I', [clocks(e)]v), eciu () (S318% {01113(5 yCIIOBUS
BBITIOJIHAKOTCA
(@) e € E, src(e) =1, dest(e) = I
(b) v = guard(e) u
(c) ([clocks(e)]v) |= inv(l');

d
2) (I,v) —— (I, v + d) ais nomaoxkuTebHOro BellecTBeHHOro d, eciu
CIIC/TYFOIIEE YCIOBUE BBITIOTHACTCS:

vd' <d:v+d [=inv(l).

MHOXecTBO COCTOsIHUI — 3T0 MHOXecTBO Tap (I, V), rae | — mosunms A, a v
— ygacoBas oneHka Hajg C (MHOXeCTBOM dYacoB A), Takhx 4YTO V HeE
HapymaeT wHBapuaHT |. OTMETHM, 9TO 3TO MHOXKECTBO MOKET BKIIFOYATh
HEJOCTH)KUMBIE  COCTOSIHUSA  (CTpOroe  ONpEIENIEHuE JIOCTHKUMOCTU
npuBeneHo Hmke). Jg  mepexonga, KOTOPBIH  COOTBETCTBYeT ()
IPOXOXJICHHIO pebpa € BO BpeMEHHOM aBTomare, V JoibkHO (D)
YIOBJIETBOPSITH YaCOBOMY OTpPaHUYEHHIO € (B MPOTHUBHOM Ciy4yae pedpo
3a0JIOKMpPOBaHO) U (C) HOBasi 4acoBas OIEHKA, MOJIy4YeHHas MyTeM cOpoca
BCEX YacOB, COMNOCTABIIEHHBIX peOpy € B V, yIOBIETBOPSIET WHBAPUAHTY
neneBod no3unuu |' (B mporuBHOM ciydae B |' HaXOAUThCS 3ampemnieHo).
OxujgaHve B TMO3UIMU (BTOpOE TMPaBWIO) B TEYEHHUE HEHYJIEBOTO
IPOMEXYTKa BpPEMEHU pa3pelieHO, €CIM WHBAPUAHT COXPAHSAETCA C
Te4yeHueM BpeMeHU. OTMETUM, YTO HEJOCTATOYHO MOTPeOOBaTh TOJIBKO
v+d |= inv(l), Tak kak 3TO MOXKET HAPYIIUTh WHBAPUAHT JJIT HEKOTOPOTO
d'<d. Hampumep, msa inv(l) = x<2) v (x>4) u cocrosaust (I, V) ¢
V(X) = 1.5 He JOKHO OBITH PA3PEIICHO OXHIAHKE B TCUCHUE 3 BPEMEHHBIX
CIIMHUII. HeCMOTPsI Ha TO, YTO PE3yIbTHPYIOIIas OlleHKa V + 3 |= inv(l),
HEKOTOpBbIE MPOMEXKYTOUHBIE OLEHKU (Hampumep, V +2) Hapymawor
4acOBOE OTPaHUYECHUE.

CocrosiHME S BPEMEHHOTO aBTOMaTa A Ha3bIBACTCS OOCHMUNCUMBIM, €CIIU
Sp — S, Iie Sp HaYaJIbHOE COCTOSIHUE aBTOMarta A, a OTHOILIEHUE ——>
— 3T0 pedIEKCUBHOE U TPAH3UTUBHOE 3aMbIKAHUE OTHOIICHUS ——> .
Ilymem Ha3pIBaeTCsl OECKOHEUHAS TOCJIEIOBATEIHHOCTh Sgdg Sy 81 S Ay ...
COCTOSIHUM, 4YEpeAyIOUIUXCS C MapKepaMud M[epexoJoB, TaKUX YTO
aQ; .

S; — > Sj4+q A Bcex 1> 0.

OTtmeTuM, 4TO Mapkepbl MOTYT OBITh JHMOO O — B Cllyd4ae mepexoja o
peOpy BO  BpeMEHHOM  aBToMare, JiMOO  (MOJOXKHUTEIHHBIMU)
BEILIECTBEHHBIMU YHCJIAMH — B CITy4ae Mepexo/ia rno 3aaepxkke. MHOXKECTBO

MyTed, HAYMHAIOUIUXCS C 3aJaHHOTO COCTOSHMS, OMpPEAeNsieTCs Kak U
npexe.
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Toszuyus nymu — 31o napa (i, d), takas uro d <a;. MHOXXECTBO MO3UIINH
nytd Buja (I, d) xapakTepu3yeT MHOKECTBO COCTOSTHHIMA, BXOISAIIMX B MYTh
0 TIPU TIPOXOKJACHUU OT COCTOSIHUS Sj K MOTOMKY Sj+1. CocTostHuE Sj OyeM
npeactapiaate mapoi (I, vi). Ilycte Po0S(o) o0Oo3HawaeTr MHOMKECTBO
no3unii mytu o. Jns ygooctBa mycth o(i, d) ompexnenser cocTosHHE
(i, vi + d). JluHelHbId MOPSIOK HA TMO3MIMAX MYTH ONPEACIACTCS
CJIeTYIOITUM 00pa3oM:

(i,d)< (], d"),ectmu Tompko ecmu i < jv (iI=jad<d").

CaenosatenbHo, o3utus myty (i, d) mpeamecTtByer mo3utuu mytH (|, d'),
ecnu |j mocemaercs nepex |} B ¢ unn eciiy 3TU NMO3UIMYU ITYyTH YKa3bIBAIOT
Ha OJTHY MO3UIMIo B aBTomare U d Menbe d'.

C uenplo0 «M3MEPEHUS» BPEMEHH, KOTOPOE MPOXOJIUT B TEUCHUE MYTH,
BBEJIEM CJIEAYIONIYIO BEJIMUUHY.

) &

Jlist mytH 0 =Sg > S > ... W HaTypaJlbHOTO N BpeMs,
MpoIIE/IIee ¢ Sy Mo Sp, 0003Havaercst A(o, N) U onpeaesieTcs: Kak

n-1

[Tyts ¢ Ha3bIBaeTCs pacxodswumcs, ecau limg_,, A(o, n) = co. MHOXeCTBO

pacxoisuIuxcsl IMyTed, HAYMHAIOMIMXCA C COCTOSHHS S, 00O3HayaeTcs
0 ~

Py (8). IIpumepoM cxodsaujecocs myTH ABISETCS MyTh, KOTOPBIN MOCEIAET

OECKOHEYHOE YHCIIO COCTOSHUN B OTPAaHUYCHHBIA MPOMEKYTOK BPEMEHH.

Hanpumep, nmyThb

o1 72 >3
So > S > S > S3...

SBIISICTCS  CXOJSIIMMCS, TaK KaK OCCKOHCYHOE YHCIIO COCTOSHUM
mocemiaeTcss B Te4eHUE OrpaHUYEHHOro MHTepBaia [, 1]. Tak kak Takue

IIyTH HC ABJIAIOTCA pPCaAIIMCTUIHBIMU, 0OBIYHO pacCMaTpuBarOT
pacxoéﬂmuem asmomameal.

BpemeHHOl aBTOMAT Ha3bIBAETCS PACXO0OAWUMCH, €CIIA U3 KaXAO0ro €ro
00CMUNCUMO20 COCTOSIHUS CTAPTYEeT HEKOTOPBIN paCXOIAIIUNCS YTh.

3

_ a 7
[Iyte 0= > S —> ... Ha3bIBACTCS 3CHOHOBbLIM', €CIIH OH

ABIACTCA CXOAAINMMCA MU COACPIKUT 6€CKOH6‘IHO MHOI'O IICpEX0oa0B IIO
pedpy.

7 .

HasBanue naHo B 4ecTb anopuu 3enona «AXuiiec U yepenaxay, pacCMaTpUBarOLICH
CUTYaIINIO, B KOTOPON OMHUCHIBAETCS OECKOHEYHOE YHCIIO JEHCTBUM, BBIMOTHEHHBIX 3a
KOHEYHOE BpPEMSL.
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BpemenHoli aBTOMAT Ha3bIBACTCS HE3€HOHOBbIM, €CIIA JIFOOOW TYTh,
CTapTYIOLUN U3 JTHOO0T0 0OCMUMCUMO20 COCTOSTHUSL B 3TOM aBTOMaTte, He
ABJISIETCS 3€HOHOBBIM.

MoXXHO JaTh HKBUBAJCHTHOE OMpEIEICHUE: BPEMEHHOW aBTOMAT
HA3bIBACTCS HE3eHOHOBbIM, €CIIH JIIOOOU MyTh, CTAPTYIOLIUNA U3 HAYAILHO20
COCMOsAHUS FTOTO ABTOMATA, HE SIBJIIETCS 36 HOHOBBIM.

AnropuTmMuYeckas IMpPOBEpPKAa YCJIOBHS HE3EHOHOBOCTH BPEMEHHOIO
aBTOMaTa JIOCTaTOYHO TpyJaHA. BMecTo 3TOro OOBIYHO paccMaTpUBaIOT
JIOCTAaTOYHBIE YCIIOBUSA, KOTOPBIE JIETKO MPOBEPUTH MYTEM CTATHYECKOIO
aHanu3a BpeMeHHOro asromata. Cremyroliee JOCTATOYHOE YCIOBHE
OCHOBBIBAE€TCS HA MHTYULHUU, UYTO BpPEMEHHOW aBTOMAT SBIISETCS
HE3€HOHOBBIM, €CJIM Ha JII00OM IUKJIE, COCTABICHHOM M3 MO3ULUNA 3TOTrO
aBTOMAaTa, BpeMs POJBUTAETCS KaK MUHUMYM Ha €MHUILY. DTO O3BOJISET
copMyITHpPOBATH CICIYIOUIYIO Teopemy [4].

Teopema. Ilycts A — BpeMeHHOI aBTOMAT ¢ MHOXKeCTBOM 4dacoB C, Takoi
YTO JIJIsl TF0OOT0 MPOCTOTO IKMKIa B A

LN

lo > |, —=2

> ... —2 | rme ly =1,
CyIIeCTBYIOT 9achl X € C u MHACKCHI 1, | oT 1 710 N, Takue 4TO:
o X e clocks(ej) u

o g Bcex 4acoBbIX omeHoK 7 € V(C), Takux 4TO 7 |= guard(e;)) u
[clocks(e;)]n |= inv(l;), BeImonHsIEeTCS 7 |= X>1.

Torna aBromar A HE3EHOHOB.

Noka3ateabcTBo. Ilycte A — Bpemennoit aBtomar Hamg C,
yIIOBJIETBOPSIONINI YKa3aHHBIM TPEOOBAHHSIM, U T — MYyTh, COJEPKAIIHIA
OECKOHEYHO MHOT0 nepexonoB nmo pedpy. Tak xak aBTomar A comepx uT
JIUIIH KOHEYHOE YKCIIO TIO3UIUH, Yepe3 KaKyr-TO U3 dTUX MO3UIIUNA MYTh 7T
npoitner OeckoHeyHOe yHciao pa3. O0o3HauMM 3Ty mo3unuio uepes .
CrnenoBaTenbHO, HAUMHASI ¢ HEKOTOPOTO MOMEHTA, IMyTh 7T pa3OUBaeTCs Ha
IIUKJTBI, KOTOPBIE COCAMHSIOTCS APYT C IPYroM B MO3uiuu |. DTu nuKIbl, B
CBOIO O4Yepe/ib, pa30MBaIOTCA Ha MIPOCTHIC IUKIIBI (IIUKJIBI, HE COAEpIKAIINe
JIBYX OJMHAKOBBIX BepIIHH). [Ipr 3TOM MpOCThIe ITUKIIBI HE 00sI3aHbI HIITH
CTPOTO ZIpYT 3a IPYroM; OHH, HAllpUMEp, MOTYT pa3OuBaTh APYyTr Apyra Ha
yacTu. Tak Wiu WHA4Ye, YUCIIO MPOCTHIX ITUKIOB B aBTOMaTe A KOHEYHO, U
MO3TOMY Kakoh-To ®3 HuxX (00o3HaumMm ero lp—> 1l — ... > 1, =1y
00s3aTEIHPHO MPUCYTCTBYET B MyTHU 7 OECKOHEUHOE Yuciio pas. s aToro
HPOCTOTO IMKJIA, COTJIACHO YCIIOBHIO TEOPEMBI, CYIIECTBYIOT HHIICKCHI 1, | U
qacel X, yJIOBJICTBOPSIONIME JBYM ONHCAHHBIM  OTPAaHUYCHUSM.
[Mpenmnomnoxum, 9to i = N (3TO HE YMEHBIIAET OOITHOCTH, TaK KaK MO3HIIUU
B LIMKJIE MOTYT OBITH COOTBETCTBYIOIINM 00pa3oM MEPEHyMEPOBaHbI BBUILY
TOTO, YTO IIMKJ BCTpeuYaeTcs B MyTH 7 OECKOHEYHO uacTo). Paccmorpum
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dparMeHT IyTH B CHCTEME IEPEX0J0B aBTOMara A, KOTOPBIA CTapTyeT U
3aBepiiaeTcs B mo3uiu ly:

(o, 70) -+ (i1, 75-2) ——> (l;, ) --. (hoy 7).

W13 ycnoBust cieayet, uyto Ha nepexone |, 1 — |, = |y 0OHynst0TCS wack! X u
gyro nepexof lj_3 — |; Bo3moxeH, Tompko eciau 7j1(X) >1 (B mpoTtuBHOM
ciaydae npu #j-1(X) <1 Hapymaercs 100 aKTHBHPYIOIIEE YCIOBHE, JIHOO
uHBapuaHT no3umuu lj). Ortcioma ciegyer, YTO MPOXOJd IHKIA
lo > ... > I, =1y 3aHMMaeT KaKk MUHUMYM OJHY BPEMCHHYIO CIUHHILY.
Takxum 00pa3om, yTh 7 SIBIISICTCS PACXOASIIAMCS, M aBTOMAT A HE3CHOHOB.

IIpumep. BHOBB paccMOTpUM NepeKItoUaTeNb U3 MPEABIAYIIEro MpruMepa
(puc. 2.32). [IpuBenem npumep npedukca myTH B IEpeKITroyaTene:

o = (0ff, vo) ——> (off, vi) ——> (on, v;) —— (on, v3) ——>
(on, v)) —— (on, vs) —— (on, vg) ——> (on, v;) ——> (off, vg) ...

c VoX)=Vvo(y)=0, vi=Vvo+3, Vo=[XVY]vi, Va=Vo+4, Vv4=][X]vs
Vs=Vs+1, Vg=Vs+2, V;=Vg+2 u Vg=|[X]v;. DT dYacoBble OIICHKH
00BeIMHAIOTCS B Ta0. 2.6.

Tabnuua 2.6. YacoBble OLEeHKN

Vo Vi Vo V3 V4 Vs Ve V7 Vg

X 0 3 0 4 0 1 3 5 0
y 0 3 0 4 4 5 7 9 9

Iepexon  (off, v;) ——> (0N, V,), Hampumep, BO3MOXKEH, IOCKOJIBKY
(@) cymecrByer pebpo e u3 off Bon, (b)v; LX >2, tak Kak Vi(X) =3,
u (C) v, F=inv(on). TUNMYHBIMU TO3UIUAMU TyTH o ABJsiroTcs mapsl (0, 3),
(1,0), (2,4), (3,0), (4,1), (5,2), (6, 2), (7, 0), coorBercTBeHHO. [Ipn 3TOM
BeInoHsAeTcss, Hampumep, (1, 0)<(5,2). Kpome Ttoro, A(g,3)=7 wu
A(o, 7) = 12.

Jpyrasi BO3MOKHasi 3BOJIIOIUS TEPEKIIIOYaTeasi COCTOMT B TOM, YTOOBI
OCTaBaThCsl OECKOHEYHO A0NTro B To3uiuu Off, BBIMONHSAS OECKOHEYHO
MHOT'O TIEPEXO0JI0B MO 3a/epkke. HecMoTps Ha TO, YTO B KAKOKH-TO MOMEHT
BpEMEHH, Hampumep, npu V(X) > 2, peOpo B MO3UIMIO ON aKTHBHO, OHO
MOJKET MOCTOSIHHO MTHOPHPOBATHCS. AHAIOTMYHO, MTEPEKII0YATEeNTh MOXKET
OCTaBaThCS HEOTPAHMUYEHHO JOJT0 B To3umuu ON. Takoe moBeacHUE
cBsizaHo TeM, uto INV(0ff) = inv(on) = true. Eciiu u3MeHUTH MepeKrouaTellh
tak, 4ro Inv(off) cramer y <9, a inv(on) ocraHercs paBHBIM (rue,
YIIOMSIHYTBIA BBIIIE MYTh 0 CTAHOBUTCS HEAONMYCTUMBIM (TaK Kak W3
coctosinus (Off, Vg) HeT mepexo1oB), XOTs ONMMCAHHBIN B TaOIHIIE TPEPUKC
3TOTO ITyTH BCE €Il JTOITYCTHM.
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2.5.3. CuHtakcuc TCTL

ITyctb A — BpemeHHod aBromar, AP — MHOXECTBO aTOMAapHBIX
npeiokeHuit 1 D — HelmycToe MHOXECTBO 4acoOB, KOTOPBIC OTJIUYHBI OT
JacoB aBToMara A (CnD=0). Ze D wHOrma Ha3sbIBaeTCs
Gopmynvuvimu yacamu. I1oCKONBKY Yachkl 0Opa3ylOT 4acTh CHHTAKCHCA
JIOTHKH, TakKas JIOTMKa HWHOT/Ia HAa3bIBACTCS TEMIIOPAJIBbHON JIOTHKOHW C
SIBHBIMH YacaMH.

O peAP, zeD u ae¥Y(CuD) wmuaoxectBo TCTL-dbopmyin
OTIPEMIETSETCS CIEAYIOIUM 00Pa30oM:

p=plal-el(pve)lzing[Elp U] |Alp Ug].

OTmeTuM, 4TO 0 — 3TO YaCOBOE OrpaHuuYeHue Hajl GOPMYIbHBIMHU YacaMH U
yacamu aBroMara. OHO JIOMyCKaeT, HarpuMmep, cpaBHEHUE (HOPMYIbHBIX
JacoB W YacoB aBToMmaTa. byneBwl omeparmm true, false, A, > u ©
OINPENCNIAIOTCA CTaHAapTHBIM o0Opa3oM. Yacel Z B dopmysie Zin g
Ha3BbIBAIOTCS  uKkcupyrowum uoeHmugukamopom W  OTPAHUYUBAIOT
dbopMysbHBIC Yachkl Z B ¢. VIHTYyWTHBHAs HMHTEpIpeTans TakoBa: Z in ¢
BBITIOJIHAETCSI B COCTOSIHUM S, €CJIM () BBITIOJIHSIETCSI B TOM K€ COCTOSIHUU C
OJIHUM OTJIMYMEM: 4Yachl Z B HeM mnpuHuMaroT 3HaueHue 0. Hampumep,
zin (z = 0) sByIsIeTCS BEPHBIM NPEITIOKEHUEM, TOTAa Kak Z In (2 > 1) — Her.
Hcnonb3oBanue pukcUpyromero uaeHTuduKaropa mojie3Ho B KOMOMHAIUN
¢ until-koHCTpYKIMSMH U1 TOrO, YTOOBI CHEIM(PHUIIMPOBATH THITUYHBIC
TpeOoBaHUS CBOeBpeMeHHOCTH. (OOBIYHO HET 3aWHTEPECOBAHHOCTH B
dbopmynax, B KOTOpbIX PopMysIbHBIE Yachl U3 D sSBIAIOTCS CBOOOAHBIMHU, &
HE CBSI3aHHBIMU KaKUMH-TUOO0 (PUKCUPYIONIUMU UaeHTU(dUKaTopamu. J{ms
MPOCTOTHl B JalbHEHIIEM W3JI0KEHUU OyaeM IMpearnoararb, 4To BCE
TCTL-bopmynsl  SIBASIIOTCS  3aMKHYTBIMH. OJTO O3HAadaeT, dYTO BCE
(GopMyJbHBIE Yachl B HUX CBSI3aHbI (DUKCUPYIOIIUMH HACHTU(PUKATOPAMH.
Hanpumep, Takue ¢Gopmynbl, kKak X<2 u ZIin (z—Yy =4) HEIOMyCTUMBI,
ecimd X,y — dopmynsHbie dackl (X,y € D). ®opmynsr xin (X<2) u
zin(yin(z—y=4)), onHako, SBISIOTCS JOIMTYCTUMBIMHU.

Tak xe, kak u migs CTL, GaszoBwie omeparopsl TCTL sBmstorcs until-
bopmynamu C AK3UCTECHIUATHHBIMU u YHHUBEPCATbHBIMU
kBaHTU(puKaTopamu Han myTsmu. @opmynst EF, EG u 1. 1. aBusorcs
NpOM3BOAHBIMU OT 3TUX UNtil-popmyn, kak u panee. OTMETHM, YTO B
TCTL nmer Bpemennbix BapuantoB EX u AX. Ilpuunna storo Oyzaer sicHa
IPU PacCMOTPEHUU CEMAHTHKH JIOTUKU. [IpuBs3Ka oneparopoB HICHTHYHA
ciyyaro CTL.

[Ipu  umcnonb3oBaHWM  (UKCUPYIOMIETO  HICHTU(HKATOpa  TaKue
temnopanbsHbie oneparopel CTL, xak E[p U y], EF ¢ u 1. 1. MOTyT OBITH
CHAa0»XCHbI YaCOBBIM OTPAaHUYCHHUEM JIAKOHHYHBIM criocoOomM. Hampumep,

dbopmyna
Alp U<z y]
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03Ha4acT, 4YTO BIOJIb JIF000r0 IIyTH, HAYUMHAOMMETroca ¢ TEKYUICTro
COCTOAHUA, CBOMCTBO ¢ HCIIPCPBIBHO BBIIMOJHACTCA OO0 TCEX IIOp, IIOKA B
TeueHue 7 BPCMCHHBIX CIWHHI] HC CTAHCT BCPHBIM V. DTO MOXKET OBITh
OIIPCACICHO KaK

ZinAflp U (w A 2<T)].

Amnanoruuno, ¢popmyna EF.s ¢ o3Hauaer, 94TO BIAOJIH HEKOTOPOTO IIYTH,
HAYMHAIOILIETOCs C TEKYIIEr0 COCTOSHUS, CBOMCTBO ¢ CTAHOBUTCS BEPHBIM
B TEUYEHHE S BpPEMEHHBIX €IUHUIl, MU OHAa ONpeaensieTcs Kak
ZInEF(z<5 A ¢), rne EF onpeneneno, kak panee. 'oBops unaue, EF.. ¢
O3HAUYaeT, YTO (-COCTOSTHUE JOCTHKUMO B T€UCHHE C BPEMEHHBIX €IHHHII.
JIBoiicTBeHHOE BbIpaxeHne AF . ¢ BBIMONHIETCS, €CIM BCE BBIYUCICHHUS
BEIYT K (¢-COCTOSTHUIO B T€UEHHE C BPEMEHHBIX €IMHUII.

Ipumep. IlycTh MHOXKECTBO aToMapHbBIX mpemioxennit AP pasao {b =1,
b <2,b>23}. [Ipumepamu TCTL-popmyn seistores E[(b < 2)U<,1(b > 3)],
AF.(b<2) u EF4[EFs(b=1)]. ®opmyna AX,(b=1) He sBasercs
TCTL-dbopmymoii, Tak Kak B JIOTUKE HET omeparopa cienoBanus. Gopmyia
AF_ (b <2) ne sBusercs nonyctumoir TCTL-dopmynon, Tak kak 7 ¢ N .
[To sroii xe mnpuunHe AF-;3[AG.ys(b<2)] Takke He AOMycKaeTCs.
OpHako TP HWCIOIB30BAHWM TOIXOJAIICTO MAacCIITaOMPOBAHUS dTa

dbopmyna mMoxker ObITh TpeoOpa3oBaHa B momyctumyro TCTL-dbopmymy
AF=5[AG< (b < 2)].

OTMeTuM, YTO  HEBO3MOXHO  3alucaTb  BPEMEHHOE  CBOICTBO
OTPAaHUYEHHOT0 OTKJIMKA, TAKOE KaK «CYIIECTBYET HEKOTOPOE HEW3BECTHOE
BpeMsl , TaKoe YTO €CJIU ¢ BBINOJIHSIETCS, TO B TEYEHNUE BpEMEHU t CBOMCTBO
w BoIMoNHsAeTCs». Hampuwmep, 3t zin (AG[(b=1) > AF(z<t A b>3)]).
Takue kBaHTH(UKAMU TIO BPEMEHU JENAalOT TMPOBEPKY Mojemen
HEpa3peIInMON.

2.5.4. CemaHTunka TCTL

BcnoMHanM, 4TO MHTEpHpeTanus TEeMIOPaIbHOW JIOTHMKU ONMpPEnesseTcs B
tepMuHax wmoxenu. s LTL Takas mopens cOCTOMT U3 (HEMYCTOTO)
MHOXECTBA S COCTOSIHMM, TOTanbHOM (yHKIMU cieqoBaHus R Ha
cocTOSIHMSIX ¥ npucBamBanums Label aromapHbIX — mpemIOKeHHI
cocrosusaMm. Jns CTL ¢ynxuus R mnpeBpaimaercs B OTHOIICHHE H
MpUHUMAETCsl BO BHUMaHMe BeTBsimasics npupojaa. s TCTL Bmo6aBok
JIOJDKHO OBITh BBEJICHO TMPEJACTABICHHE O peailbHOM BpeMeHH. bazoBas
uaes COCTOMT B TOM, YTOOBI paccMaTpHUBATh COCMOsSIHUE — TIO3UIUI0 U
yacoBYyI0 o1eHKy. [lo3unus onpenenser, Kakhue aToMapHbIe MPEIJIOKEHUS
BEPHBI (C TOMOIIBI0 MapKupyomiero otHomenus Label), a yacosas onenka
UCIIOJIB3YETCsl AJIsl ONPEICNICHUS CITPABEITIMBOCTH YaCOBBIX OIPAaHUYECHUN B
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paccmarpuBaeMoii (opmyie. Tak Kak YacOBble OIPAaHMYCHHUS MOTYT
cojiepkaTh, MOMHMO YacOB M3 aBTOMaTa, (OPMYJbHBIE dYachl, IS
OMPEEICHHUS CIIPABEITMBOCTH MPEIIOKEHHUN 00 3TUX Yacax HCIOJIb3YeTCs
JIONIOJTHATENIbHAS YacoBasi OIleHKa. TakuM o00pa3oMm, CIpaBeIMBOCTh
onpezaensiercst At coctossuust S = (I, V) u hopMysibHON YacOBOM OLIEHKH W.
Bynem 0603HauaTh yepe3 VU W OIICHKY, KOTOpas /sl 4acOB U3 aBTOMATa X
paBHa V(X) ¥ 17151 OPMYJIBHBIX 4acoB Z paBHa W(Z).

Cemantuka TCTL  ompenensiercss  OTHOIIEHHEM  BBIMOJIHSEMOCTH
(o003HaYaEMBbIM |=), KOTOpPOE CBSI3aHO C CHCTEMOM mepexoioB M,
cocrosiHeM (TIO3WIMEH W YacOoBOW OIIGHKOW HaJ YacaMd aBTOMAaTa),
4acOBOM OIEHKOH Haj (OPMYIbHBIMH YacaMH, BCTPCUAIONIUMUCS B ¢, U
camoii ¢opmyinoni ¢. bymnem 3amuceiBath (M, (S, W), ) € |= TaKUM
obpazom: M, (s, w) |= ¢. Beipaxxenue M, (s, w) |= ¢ BEpPHO, €CIIA U TOJBKO
eciu (hopMyIia ¢ BBIMOJIHAETCS B COCTOSIHUM S Mojenu M Han popmynbHOM
yacoBoi oreHkodM W. Bynem omyckats monmens M B ciydasx, Koria oHa
SICHA U3 KOHTEKCTA.

Cocrosinue S = (I, V) ynoBieTBopsieT ¢, eciu «pacIIMPEHHOE» COCTOSIHUE
(S, W) ymoBneTBoOpsieT ¢, Tie W — JacoBasi OIleHKa, Takas 4to W(z) = 0 mus
BceX (hOpMYIBHBIX YaCOB Z.
[lycte p € AP — atomapHoe mnpemioxenue, a € P(Cu D) — uacoBoe
orpanuuenne Hax CuU D, M=(S, ——>) — OeckoHeuHas cHUCTeMa
nepexonos, S = (I, v) € S,w € V(D) u ¢, w — TCTL-popmynbl. OTHOIICHHE
BBITOJTHIEMOCTH |= OTIPE/IETISICTCS CIEAYIOIUM 00pPa3oM:
s,wE=p < p e Label();
s, W=« SVUWEQ
S,W|=—|(0 <:>_'(S’W|=¢)’
sWE@vy) ©6wWE)vEWEY);
sWEzing  os [dwi=g;
sWEE[pUyl < 30eP.(s): 3, d) € Pos(o):
(a(i, d), w+ A(o, 1) + d |= w A (V(],d)< (i, d):
o(j,d'), W+ A, ) +d' =g v y));
sWEAlpUyl < VoeP, (s): (i, d) € Pos(o):
(o(i, d), w+ A(o, 1) + d |= w A (V(],d)< (i, d):
o(j,d'), W+ A, ) +d' =g v ).
JI71s1 aToMapHBIX TPEIOKEHUM, OTPUIAHUN W JU3BIOHKIIMN CEMAHTHKA
OIlpeJieNiecHa TaKuM ke 00pa3oM, Kak M paHee. YacoBoe OrpaHHYCHHE o

BEepHO B (S, W), €cii BCe 3HA4YCHHMS 9acoB B V (OICHKE U3 S) U B W
yIOBJIETBOPSIOT o. Dopmyita Z in ¢ BepHa B (S, W), eciti ¢ BepHO B (S, W'),
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rae W' mosrydaercs u3 W nmyteM oonyiaeHus Z. @opmyna E[¢ U w] BepHa B
(S, W), eciu CymIeCTBYeT pPacXOIAIIMHACA MyThb 0, HAYMHAIOUIUKHCS C
COCTOSIHUSI S, KOTOPBIH YIOBJIETBOPSIET ¥ B HEKOTOPOW IMO3UIUU MYTH U
YIOBJICTBOPSIET ¢ V ¥ BO BCEX MPEBIAYIIUX MO3UIMAX myTu. Dopmyra
Alp U w] BepHa B (S, W), eciIl 6ce pacXOMSIIUEcs IyTH, CTapTYIOIIAE B
COCTOSIHHH S, YIOBJIETBOPSIIOT TAKOMY K€ YCIIOBHIO.

Cnengyer oOpaTWTh BHMMaHHE Ha TO, YTO B 3TOM MOCJEAHEM acIeKTe
aoruka TCTL npunyunuanono omauvaemcs OT HETaUMHUPOBAHHBIX
TEMIIOPAIbHBIX JIOTUK. [IpuymHa Takoil TPAKTOBKHM COCTOMT B TOM, YTO
gacoBble orpannueHus B TCTL ompenenstor HE OJHO, a cpasy IHeENbIH
KJIACC COCTOSIHUM (HI>Ke OyAeT MOKa3aHo, YTO 3T COCTOSIHUS HEOTIMYUMBI
Ipyr oT napyra). Hampumep, paccMoTpuM BpeMEHHOM aBTOMAaT Ha
puc. 2.30 (a). 3amumem gus  Hero  [CTL-cBoiicTBO  Sp, W |=
E[(x<1)U (x>1)]. Ilpu HeOorpaHWYCHHOM OXHUIAHHH B CTapPTOBOM
MO3UIIMH CBOWCTBO X > 1 00s3aTeNbHO HACTYMHT, a IO HEro Bceraa Oyaer
BEIMOJMHATBCST X < 1. [loaTOMy HWHTYyHWIIMS TOJCKAa3bIBAET, YTO JTaHHAS
dopMyna AomKHA OBITH BEpHA B HAYAIBHOM COCTOSHHHM. TeM He MeHee,
eci Obl CEMaHTUYECKas MHTEpIpeTanus 3Toil GopMynbl ObUIa TaKoM Xe,
KaK B HETaMHUPOBAHHOM Cllydae, TO BO3HHUKJIA ObI CIIEAYIONIasi CUTYaIlUs:
Ha IIyTH MPUCYTCTBYIOT cocTostHus S Buaa (I, X*), wis kotopeix X™ > 1, HO y

J1000T0 TAKOTO COCTOSTHUS 00s3aTEIbHO UMEIOTCS MPEAIISCTBEHHUKH, IS
KOTOpbIX (hopmyna X <1 He BBIMOIHACTCSA. TakKuMU TpeanIeCTBEHHUKAMHU
oyayr mo0ble cocrosaus Buma (I, X), rme 1<x<Xx'. HWcruHHOCTH

paccmaTpuBaeMoii (popmynbl Memiaer TOT (haKT, YTO BEUIECTBEHHBIN
WHTEPBAJ HE COJAEP>KUT CBOKO HWKHIOKO I'PaHb. DTO O3HAYAET, YTO €CIIH B
ornpeeneHuu ceManTuku Gopmyisl E[p U w] 3ameHuTs ycinoBue ¢ v i Ha
@, TIOJYYUB TEM CaMbIM MHTEPHPETALNIO, aHAJIOTUYHYIO KIACCHYECKOM, TO
CBOMCTBO Sg, W |= E[(x<1)U(x>1)] ama yka3aHHOTO BPEMEHHOIO
aBTOMaTa BBINOJNHATHCS He Oyner. Takas crneuuduka BbI3Baja Obl
HeynoOcTBa npu padoTe ¢ TEMNOPATBLHBIMU (POPMYIJIAMH, U TO3TOMY IS
dbopmyiel Buaa E[¢p U ] BeiOpana apyras ceMaHTHKa, KOTOpas yYUThIBACT
OCOOEHHOCTH BEIIECTBEHHBIX MHTEPBAJIOB, U B KOTOPOW Takas ¢dopmyra,
kak E[(x<1) U (x> 1)], BeimosHseTcss. DTa ceMaHTHKa s (HOpMya ¢
YaCOBBIMHM OTPAaHUYCHHUSIMHU OKa3bIBAETCS OOJiee yNayHOU, B OTIUYHE OT
HETAaMUPOBAHHBIX JIOTHK, B KOTOPHIX OHA SKBHUBAJIEHTHA KJIACCHUYECKOU
cemantuke. JleiictButensHo, Ha LTL-moodenax wmaccuueckue Gopmyiibl
nytd [a U f] u [(a v f) U ] skBUBajeHTHBI (P 3TOM BTOpas M3 HUX B
TaiMUPOBAHHOM CJIy4ae COOTBETCTBYET TOM MHTYUIIMHU, KOTOpas BIIOKEHA
B cemantuky TCTL-popmyn E[p U w] u Alp U y]). dns npunsaroii
CEMaHTKH TaWMUPOBAHHBIX (GOpMyNlT Ha BpPEMEHHBIX aBTOMAaTax
9KBUBAJICHTHBIMHU SIBIIIOTCSI, COOTBETCTBEHHO, maphl Gopmyn E[p U w] u

El(e v y) Uyl Alp U yluAlle v v) U yl.
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PaccmotpuMm Temepr B KadecTBe mnpumepa dopmyny E[p U, w] u
cocrostHue S B M. DTa opmyna o3HaYaET, UTO CYMIECTBYET PACXOISIIUNACS
nyTh (HAYMHAIOUIMICS B S), KOTOPBIH HMMEET Ha4YaJIbHBIA TpeduKc,
IPOJIJICBAIOIINICS MeHee 12 eMHUI] BpEMEHH, TaKOW YTO | BBIMOJHACTCS
B KOHIIC mpeduKca H ¢ BBIIOJHACTCS BO BCEX MPOMEKYTOYHBIX
cocrostHIsX. Popmyna Afp U<, ] TpeOyer, 4ToOBI 3TO CBOWCTBO OBLIO
BEPHBIM JIJIS BCEX PACXOSAIINXCS IMyTeH, HAYNHAIOIIMXCS C COCTOSIHHS S.

Pacmupenune BoipazutenbHocTH CTL acnmekramm peasbHOTO BpPEMEHHU
TpeOyeT OmpeAeNieHHbIX 3aTpaT. BCcmoMHMM, 4TO 3a7a4a BBITIOJIHUMOCTH
JUISE HEKOTOPOM JIOTUKUA COCTOUT B CIEIYIOIIEM: CYIIECTBYET U Mojaens M
(s 9TOM JNOTMKM), Takas uro M |= @ nnsa 3amaHHon hopmynsl ¢? Jlns
LTL u CTL BemmomHUMOCTS paspemmnma, Ho 11t TCTL oka3bsiBaeTcs, 4TO
3aJlaya BBIMIOJHUMOCTH CUTbHO Hepazpewiuma. B NedCTBUTENbHOCTH, IS
OONBIIMHCTBA JIOTUK PEAJbHOIO0 BPEMEHU 3a7adya  BBIMOJIHUMOCTH
Hepa3pelrmMa: TOJbKO O4YeHb ciabasg apudmeTnika HajJ JUCKPETHOU
BPEMEHHON 00JIaCThI0O MOKET TIPUBECTH K JIOTHKE, IJs KOTOPOM
BBITOJIHUMOCTH paspermnma [40].

Eme onno paziauume ¢ HETaHMUPOBAaHHBIMH BapHaHTaMH COCTOUT B
pPaCHIMPEHUU JIOTHMKU OIEepaToOpaMu Hpeoulecmeosanusi — ONEepaTOPaMU,
KOTOpBIC CCBHUIAIOTCSA Ha mpornioe BMecto Oymymero (kak F, U u G).
[Ipumepamu ormepaTopoB MPEAIIECTBOBaHUS SABIAIOTCA X (ABONCTBEHHBIM
k X) u U (mBotictBernsiii k U). U3BecTHO, uTo pacmmperne CTL u LTL
orepaTopaMy TMPEAIICCTBOBAHUS HE TMOBBIIIAET HMX BBIPA3UTEIBLHOCTH.
['maBHas mpuyMHA PacCMOTPEHHUS TaKUX OIEpPaTOPOB ISl ATUX JIOTHK
COCTOUT B YBEITHWYECHUHU YyA00CTBa Crielu(UKAIUU — HEKOTOpPHIE CBOMCTBA
aerde ¢GOpMyIMpPOBaTh, KOT/Ia BKIIIOYEHBI OINEPATOPHI MPEAIIeCTBOBAHUS
(mpu >TOM (POpMYJNBI TOJNYHAOTCS 3HAuuWTenbHO Kopoue). Jms TCTL,
oJlHaKo, 3T0 He Tak: pacmupenne [CTL omeparopamu mpeaiecTBOBaHUS
yBEIMYMBACT €€ BbIpazutenbHoCcTh [41]. IlpoBepka mogmeneit nias Takoi
JIOTUKH, OJHAKO, BCE €111 BO3MOXKHA, U €€ CI0KHOCTh B XY/IIIEM CIy4dae He
YBEITMYHUBACTCSI.

2.5.5. Cneyundumkaumna spemeHHbIx ceoncts B TCTL

B »stom pasmene OymyT paccMOTpeHBI HEKOTOPHIE PaCIpOCTPAHCHHBIS
BpEMEHHbIE TpeOOBaHUS /I CHUCTEM, KPUTHYHBIX KO BPEMEHH, W OTHU
cBoiicTBa OynyT popmansHo cieruduimpoBanbl B TCTL.

1. TpeGoBaHue MAKCUMATbHOLL 3A0epIAHCKU: cnenuUuImpyeT
MaKCHUMAaJIbHYIO 3aJIEP>KKY MEXAY HACTYIJICHUEM COOBITHUS M PEeaKIHEH.
Hanpumep, 3a kaxx10i nepenayeil COOOIIEHUs CIEyeT OTBET B TEUCHUE
5 enuHULl BpeMeHu. PopMabHO:

125



AG[send(m) - AFs receive(ry)],

rjie mpeAarnojaraeTcs, 94To0 M W Iy yHUKaabHB, H 4dro Send(m) wu
receive(ry,) BBIIOJIHSIIOTCS, €CIM M IOCIAHO, U, COOTBETCTBEHHO, €CIIH
I'm TIOJIYYCHO, ¥ HE BBITIOJTHSIOTCS B IPOTUBHOM ClTydae.

2. TpeboBanune mounocmu: CENUDUIUPYET TOUYHYIO 3aICPKKY MEKITY
CO6BITI/I$1MI/I. HaHpHMep, CymeCTBYCT BBIYHMCICHHUC, B TCUHCHUC KOTOPOTO
3aICPKKa MCKIAY Hepenaqeﬁ m u IMOJIYYCHHUCM OTBCTAa COCTABJIACT
poBHO 11 enunun Bpemenu. opmaibHoO:

EG[send(m) — AF-; receive(ry,)].

3. TpeboBanue nepuoouunocmu: cienu(PUIUPYET YCIOBHE, YTO COOBITHE
HacTylaeT B TEYEHUE OmpeaesieHHoro mnepuoga. Hampumep,
pPacCMOTPUM MaIlIMHY, KOTOpas JAENaeT OTBEPCTUS Ha JBHKYILEMCS
pEMHE, KOTOpBIM MepeMelaeTcss ¢ NOCTOSHHOM CKOpOCThIO. st Toro
4TOOBI O0OECIEUUTh PABHOE PACCTOSHUE MEXIY MOCIEI0BATEIbHBIMU
OTBEPCTUSIMU Ha PEMHE, OT MalIMHbI TpeOyeTcsl AelaTh OTBEPCTHUS C
NEPUOJOM, HAIlpUMeEpP, B 25 BPEMEHHBIX €IMHHUI. JTO IEPUOAMYECKOE
MOBEJIEHUE MOYKHO MOMBITATHCS CHELUPUIMPOBATH POPMYJIION
AG [AF=25 pUtbOX],

Tl aTOMapHOe TpeiokeHrne PUtboX BBIMONHSETCS, €CIM MalluHa
JIEaeT OTBEPCTUE HA PEMHE, U HE BBINIOIHAETCS B IPOTUBHOM CIIy4ae.
Takas dbopMyIMpOBKa, OJIHAKO, IIPEANKCHIBAET JeaTh
NOMOJHUTENbHBIE ~ OTBEPCTUS ~ HA  pPEMHE  MEXAYy  JByMs
MOCJIEIOBATEIbHBIMA  CO3JAHUSIMU ~ OTBEPCTUH, HWHTEpPBAT MEXAY
KOTOpBIMM 25 eauHuLl BpeMeHM. Hampumep, mammHa, KoOTOpas
YOBJIETBOPSIET ~ BBILIEYKAa3aHHOW (OPMYITUPOBKE, MAODKHA JeiaTh
OTBEPCTHUSI HA pEMHE HE TOJILKO B MOMEHTHI BpeMenu 25, 50, 75, ..., HO
¥, Hampumep, B MOMEHThl BpemeHu 35, 60, 85, ... Ilostomy Ooisee
TOo4Hast POPMYIUPOBKA TPEOOBAHUS MEPUOJUIHOCTH TAKOBA:
AG[putbox — A[—putbox U-,s putbox]].

D10 TpeboBaHue crnerudUIMPYeT 3aJCpK Ky B 25 €AUHUI] BPEMEHHU
MEXIy TMOCIEAOBATEIbHBIMU CO3JIaHUSMH OTBEPCTUA M BAOOABOK
Tpebyer, 4TOOBI TAKKe COOBITHS HE CIYYaTHCh B IPOMEKYTKAX".

4. TpeboBaHUE MUHUMATLHOU 3A0EPHCKU: CTIEIUPUIUPYET MUHUMAIbHYIO
3aIep KKy Mexay coobiTusimMu. Hanmpumep, a1 Toro ytoObl yOeIuThCA B
0€30MacHOCTH KEJIE3HOJOPOKHON CHCTEMBbI, 3aJep>KKa MEXIY IBYMs
noe3JgaMH Ha Tmepee3sie JODKHAa ObITh ciaenaHa Kak MUHUMYM 180

8
MoxxHo MMOUHTCPECOBATHCA, IOUCMY TaKasd KOHCTPYKIHA HC HCIHOJIB3YCTCA JIA

TpeOOBaHUS TOYHOCTU. OITO cienyer u3 Toro ¢akra, 4YTO [y YHHKAJIbHO.
CnenoBatenbHO, receive(rm) MOXKET BBIMOJTHATBCS MaKCUMyM OIHOKPATHO. OITO
HEBEpHO JUIs mpexukara PutboX, Tak Kak coO3IaHWE OTBEPCTHH Ha pEMHE
IIPEII0JIaraeTcsl MOBTOPSIOLUIMMCS IPOLIECCOM.
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enuHull BpeMeHu. [lycth taC — aromapHOe NpEANIOKEHUE, KOTOPOE
BBITIOJIHSIETCS, KOTJIAa TIOe3]] Ha mepeesfe. TpedoBaHHE MUHHMAIbHOW
3aIePIKKHA MOXKET ObITh CPOPMYTHPOBAHO CIEAYIOIINM 00pa3oM:
AG[tac —» A[—tac U g tac]].

[Tpuunna UCIIOJIb30BaHUs until-xkoucTpyKIIHH aHaJIOTUYHA
PEIBIAYIIEMY CIYYaro ISl IEPHOTUIHOCTH.

5. TpebGoBanue unmepsanrvrou 3adepoicku: CreUPUIMPYET YCIOBHUE Ha
COOBITHE, KOTOpPOE JOJDKHO HACTYNHUTh B TEUYEHHUE OIPEICICHHOTO
UHTEpBaia Mociie Ipyroro coowitus. [Ipennonoxum, HampuMep, 4To ¢
HENbI0 YJIYYIIEHUS MPOIYCKHOW CIHOCOOHOCTH JKENE3HOJOPOKHOU
CUCTEMBbI TpeOyeTcsi, 4YTOOBbl MOe3/la HAXOAWINCh Ha PACCTOSHUU
MaKCUMyM B 900 BPEMEHHBIX €IUHHLI. besomacHocTh
KEJIE3HOJOPOKHOM CHUCTEMBbI JOJKHA OBITh coxpaHeHa. PopMaibHO,
MOXHO JIETKO PpAaCHIUPHUTh MpEeAbIaylee TpeOOBaHWE MHHUMATbHOU
3a/IePKKU:

AGJ[tac — (A[—tac U5 tac] A A[—tac U< gq tac])].

B kxadecTBe anbTepHATUBBI MOKHO 3aIHCATh:

AG [taC —> A[—|taC U:lgg(AFS 720 taC)]]

Orta ¢opmyna cnenupuIUpyeT ycIoBHE, YTO TOCIE TOTO KakK TOEe3.
OKa3bIBaeTCA Ha 1mepee3ne, mnpoxoaut 180 enwHUIl BpeMEHU
(TpeboBaHue 0Oe30MacHOCTH) Mepes TeM, Kak NpUOyIeT CleIyIolIni
Moe3q, TMPHUYEeM CICAYIONMHA T1Ooe31 TNpUOBIBa€T B  TCUCHHE
720 + 180 =900 BpemeHHbIX eauHHUI] (TpeOOBaHME MPOITYCKHOMN
CIIOCOOHOCTH).

2.5.6. OKBMBaANEeHTHOCTb YaCcoOBbIX OLIEHOK

OTHOLIEHNE BBINOJIHIEMOCTH |= s TCTL ompeneneHo HEe B TepMUHAX
BPEMEHHBIX aBTOMATOB, @ B TEPMHHAX OECKOHEYHBIX CHUCTEM IMEPEXOOB.
3agava MpoOBEPKU MOJAENEH JyIsi BPEMEHHBIX aBTOMATOB MOXKET JIETKO ObITh
ompenenena B tepmuHax M(A) — cucremsl mnepexonoB Hax A. Ilycts
So = (lo, Vo) — Hauanvrnoe cocmosimue M(A). 3nech |y — HayanbHAs MO3UIUS
A, 1 Vo — 9acoBas OIICHKa, KOTOpasi MPHCBAMBACT HYJIEBOE 3HAYCHHE BCEM
gacam u3 A. Temepb MOXXHO (HOpMaTU30BaTh YTBEPXKIECHHUE O TOM, UYTO
BPEMEHHOW aBTOMAT yaoBieTBopseT 3ananHoi TCTL-dbopmye.

st TCTL-popmyibl ¢ u BpemeHHOTO aBToMarta A Oyaem mucatb A |= ®,
ecmi U Todbko ecimm  M(A), (So, Wo) |= @, toe Wo(y)=0 nmas Bcex
(bOpMyITHHBIX YacoB Y.

PaccmaTpuBaemasi 3ajaya MPOBEPKH MOJEJEH COCTOMT B OMNPENEIICHUH,
YIOBIIETBOPSIET JIM 3aJlaHHBI BpeMeHHON aBToMar A HekoTopoit TCTL-
dbopmyne ¢. bazoit st mpoBepKH MOJENN aBTOMara A SIBISIETCS CHCTEMa
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nepexogoB M(A). I'maBuas mpobsema, 0JHAKO, B TOM, YTO MPOCTPAHCTBO
coctosiuuii M(A) — muaokectBo L x V(C) — sBnsiercss 6eckoneunvim! D10
MPOUJUTIOCTPUPOBAHO Ha puc. 2.33 (Hampumep, NIl BpEMEHHOTO aBToMaTa
C OJHOM MO3UIIMEH, HHBAPHAHT B KOTOPOM paBeH true).

Puc. 2.33. IIpumep 6ecKOHEUHOW CUCTEMBI IEPEXOI0B

Kakum o6paszom MOxHO 3¢ (EKTHUBHO TPOBEPSTh, BEpHA JH 3a/JaHHAs
dopmyna st M(A), eciu TpeOyeTcst paccMaTprBaTh OCCKOHEYHOE YHCIIO
COCTOSIHUM?

N3 paccMOTpeHHsl OTMCAaHHBIX BBINIE BPEMEHHBIX aBTOMATOB CIIEAYET, YTO
YHICII0 COCTOSSHUW BPEMEHHOro aBToMara OeckoHeuHo. KioueBas wupes,
KOTOpasi ympoIlaeT NPOBEPKY MOJENe BpPEMEHHBIX aBTOMAaToOB (U
NOJOOHBIX CTPYKTYp), COCTOMT B TOM, 4YTOOBI BBECTH IOIXOJSIIEE
OTHOILIIEHWE SKBUBAJICHTHOCTH (X) Ha YacOBBIX OLIEHKAaX, TaKO€ 4YTO
00ecneunBalOTCs: KOppeKmHocms (SKBUBAJICHTHBIE YacOBBIE OLEHKU
YIOBIETBOPSIOT ofauHakoBbIM [ CTL-popmynam) u xouneunocms (4UCIIO
KJIACCOB SKBUBAJICHTHOCTH HAJ & KOHEYHO).

CBOMCTBO KOHEYHOCTH IO3BOJIIET 3aMEHHTh OECKOHEYHOE MHOXKECTBO
YaCOBBIX OIICHOK KOHEYHBIM MHOXECTBOM (MHOXecTBamu). BmobaBok
CBOMCTBO KOPPEKTHOCTU TapaHTUPYET, 4TO sl Mojaenud M 3Tu yacoBble
olleHKU yaoBieTBopsitoT TeM ke [CTL-dopmymnam. Takum obpazom, He
cymectByer 1CTL-bopmynbl, koTopas pa3nuyaeT OECKOHEUHYIO U
HKBUBAJICHTHYIO €l KOHEUHYIO YaCOBYIO OlleHKY. DopMalibHO, TS TF000T0
BPEMEHHOT0 aBTOMaTa A 3TO MPUBOJUT K CIAEAYIOIIEMY COOTHOIICHUIO:

M(A), (1, v), W) = ¢ eci 1 Tomsro ecim M(A), (I, V'), w') =
UVUW=RV UW,

KmtoueBoe HaOmiofeHne, KOTOpPOE NPHUBOIUT K ONPEACIECHUIO 3TOTO
OTHOIIEHUSI IKBUBAJICHTHOCTH, COCTOUT B TOM, YTO TYTH BPEMEHHOIO
aBToMaTa A, HAYMHAIOIIUECS B COCTOSHHUSAX, KOTOPHIE COTJIACYHOTCS B
IEJIBIX YaCTSAX 3HAYCHHWM BCEX YacOB M B MOPSJKE IPOOHBIX YACTEH BCEX
JacoB, OYCHb MTOX0KH. B 4aCTHOCTH, MOCKOJILKY BPEMEHHBIC OTPaHUUICHUS
B TCTL-dopmynax cchUIalOTCS TOJBKO Ha HaTypaldbHbIE YHCIA, HE
cymectByeT [CTL-popmynbl, KoTOpas pa3iauyaeT ITH  «IIOYTHU
OJIMHAKOBBIe» MyTH. [ pyOO TOBOps, IBE YaCOBHIX OIICHKU SKBUBAJICHTHBI,
€CIM OHHM YAOBJICTBOPSIOT JBYM BBINICYIIOMSHYTBHIM OTPAHHUYCHUSIM.
Kpome Toro, ecmu moka3areiab 4YacoB TMPEBBIIIAET MaKCUMAIbHYIO
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KOHCTAaHTy, C KOTOpOﬁ OH CpPAaBHUBACTCA, TO €TI0 TOYHAA BCJIIMYMHA HC
HMEET 3HaueHHUs. ITO Ha6J'IIOI[CHI/I€ IIO3BOJICT CACTIATh YHCIO KJIaCCOB
9KBUBAJICHTHOCTH, ITIOJTYYCHHBIX TaAKNUM o6pa30M, HEC TOJIBKO CHCTHBIM, HO U
KOHCYHBIM.

Tor ¢akr, dYTO YHCIO KJIACCOB DJKBHBAJICHTHOCTH KOHEYHO |
skBUBajeHTHbIe [CTL-Monenu BpeMEHHBIX aBTOMATOB YJOBJIETBOPSIOT
OJIMHAKOBBIM (pOpMyJIaM, HABOJUT HAa MBICIHL O TOM, YTO TIPOBEPKa
MojieNiel Ao KHA BBIMOIHATHCS Ha 0aze 3Tux kiaccoB. KoHeuHas momerns,
KOTOpasi TMOJydaeTcss W3 BPEMEHHOro aBTomaTa A, Ha3bIBaeTCs €ro
pecuonuvim asmomamom. COOTBETCTBEHHO, KJ1acChl KBUBAJICHTHOCTH HAJl
X~ Ha3bIBalOTCI pecuoHamu. lIpoBepka MOJIeTM BPEMEHHOIO aBTOMATA,
TaKUM 00pa3oM, CBOJWUTCS K TPOBEPKE MOJENCH CBSI3aHHOTO C HHUM
KOHEYHOTO PErMOHHOTO aBTOMara. JTa CBOJIHAs 3ajlaya MOXET OBITh
pelieHa TeM K€ MyTeM, Kak ObLIO MOKa3aHo paHee JJisi MPOBEPKU MOJIEIIeH
BeTBslIelcss TemmopanbHou Jsiormku CTL — mnyrem wurepaTuBHOMN
MapKHUPOBKH COCTOSIHMM moAdopMyiIamMu MpOBEpPsSEMOro cBoicTBa (OyaeT
paccMoTpeno mno3aHee). [losTomy, Tpybo TOBOps, HMposepka Mmoodenu
spemennoco asmomama omuocumenvro TCTL-gpopmynsvt sxeusanrenmua
nposepke Mmooenu e2o0 pe2uoHHo2o asmomama omuocumenvro CTL-
gopmynol.

[ToxBens uror, U3M0KUM MeToA mpoBepku moaenen aus TCTL-popmyssr
@ Hag BpeMeHHbIM aBToMaToM A. O003HAYMM KJAcC SKBUBAJCHTHOCTH
JacoBOHM OIICHKM V HaJ OTHomeHHeM =~ yepe3 [V]. Kak Oyaer ykaszaHo
HUKE, PETUOHHBIM aBTOMAT 3aBUCUT TaKXK€ OT YACOBBIX OTPAHMYCHUN B
npoBepsieMor popmyJsie, HO YUeT 3TON 3aBUCUMOCTH C IEIbI0 YIIPOIICHUS
3]1€Ch OITYyCKAaEeTCH.

B nanbheiiiiem 0ynem o6osnadars (I, [V]) gepes [S] s s = (I, v). Kpome
Toro, Oyaem mucath [S, W] kak cokpamenue mis (I, [vu w]), rme w —
yacoBas OIleHKa Haja (GopMyiabHbIMH dYacamMu. Tawke miast S=(l,V) wu
s'=(I',v') Oymem wmcronp3oBaTh 3amuch S, W=S', W', moapa3symeBasi Imoj
3THM OJHOBpPEMEHHOE BbIMONHEeHHWe paBeHcTBa |=1" u ycioBus
VUW~RV UW,

bazoBeiii cioco6 mpoBepku TCTL-moneneld ajis BpEeMEHHOIO aBTOMAaTa
COCTOUT B CIEAYIOIIEM:

1. Omnpenenuth KIacchl 3KBUBAJIEHTHOCTHU (PETHOHBI) HAJl OTHOILICHUEM .
2. Tloctpouthk peruonusiii aBToMaT R(A).

3. Ilpumenuts nporenypy nposepku moneneid CTL k R(A).

4. A |= ¢ €CIIN ¥ TOJBKO eCiIH [So, Wo] € Sat™(p).
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B crnenyromem pasgene OyaeT pacCMOTPEHO TOCTPOSHUE PETHOHHOTO
aBTomara R(A). Haunem ¢ oOcyxaeHuUst B AeTANIIX HACH PaCCMOTPEHHOIO
BBIIIIC OTHOIICHHS ~. Tak Kak Wjes SKBHUBAICHTHOCTH WMEET KITFOYEBYIO
BAXHOCTh JUIA OTOr0 TMOAXOAa, €€ ompeaeneHue OyAeT MOsICHEHO
IPUMEPAMH.

Jlanmee mpu 3alyCH 9aCOBBIX OLEHOK HCIIOJIB3YETCS CIEAYIOIIas HOTAIHS.
Js gacoBoii oreHku V: C —R" u gacos X € C mycts V(X) = [X] + {X}, rme
[X] — »TO Henas yacTh 3HaUEHUs YacoB U {X} — npoOHas yacTh. Hampumep,
s V(X) = 2.134 umeem [X] =2 u {X} = 0.134. [TocTpocHHE OTHOIICHHS =
Ha YacOBBIX OIICHKAX HCXOAMT W3 4YeThIpeX HAOJIOJACHUH, KOTOpPBIC
NOCJICIOBATEIbHO ~ BEAYT K  YJIYUYIICHHIO  TOPEACTaBICHHS 00
9KBUBAJICHTHOCTH. [lycTh V M V' — JIBe YacOBBIX OIICHKH, OIPEICICHHBIC
HaJT MHOXeCTBOM yacoB C.

IlepBoe HadawaeHue. PaccMorpuM BpeMeHHON aBTOMAT, U300pa’KeHHBIN
Ha puc.2.34, u caenywomue cocrosaus aromara: (lo, V) u (lp, V') ¢
v(X) =3.2 u V'(X) =3.7. B oboux cocrosHusX pedpo u3 mo3uuuu lg B I
aKTUBHO B JIIO0OOM MOMEHT BpEMEHH, MPEBOCXOSIIMA WM PaBHBIA 2.
JpoOHubie yactu V(X) u V'(X) HE BIHMSIOT HAa €ro aKTUBHOCTh. AHAJOTHYHO,
ecim V(X) = 1.2 u V'(X) = 1.7, TO peOpo OJOKHUPOBAHO JJIsi 00CHUX YACOBBIX
OIICHOK W JPOOHBIE YAaCTU CHOBAa HecyllecTBeHHBI. [lockonbky, BOOOIIE
TOBOpS, YacCOBBIE OrpaHUYEHUS] UMEIOT BUI X ~C, e C € N, M0xHO
CUMTATh, UTO TOJBKO LEJIbIE€ YACTU YaCOB UMEIOT 3HAYEHHUE. DTO IPUBOIUT
K IIEPBOMY MPEJIOKEHUIO 00 IKBUBAJICHTHOCTH YaCOB:

o V=V, tonbko eciu [V(X)] = [V'(X)] ans Bcex X € C. *)

DTa J0CTAaTOYHO MOpPOCTasi UJes MPUBOJUT K CUETHOMY (HO BCE elle
OCCKOHEUYHOMY) YHCIy KJIAaCCOB OKBUBAJICHTHOCTH, HO 3TO CIIHUIIKOM
rpyooe genenue. I[lpuumHa COCTOMT B TOM, UTO OTO JIeJICHUE

OTOXJECTBJISIET YacCOBBIE OIICHKHU, KOTOpBHIE pPa3IUYUMbl B TEpPMHUHAX
TCTL-dbopmy.

X>2
ogliB0
{3

Puc. 2.34. YacoBble OIEHKH, COTIIACYIONINECS B IIEIBIX YACTAX, SKBHBAICHTHBI

Bropoe HaGawaenue. PaccmorpuM BpeMeHHOW aBTOMAar Ha puc. 2.35 u
cienyromue ero coctostHus: S = (lo, V) m s' = (lg, V') ¢ v(x) = 0.4, v'(x) = 0.2
u V(y)=v'(y)=0.3. B COOTBETCTBUM ¢ pacCCMOTPEHHBIM BBIIIIC
NPeUIOKEHUEM, MOKHO UMeTh V =~ V', Tak Kak [V(X)] = [V'(X)] =0 u To xe
camoe jyist 4acoB Y. OHAKO M3 COCTOSIHUS S MOXKHO JOCTHYb MO3MIUH |,
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TOT/Ia KaK 3TO HEBO3MOXHO IS COCTOSHHUS S'. DTO MOXHO OOBSICHUTH
cieayromum obpazoM. PaccMotpuMm coctosiHue S depe3 0.6 eauHHUIIBI
BpemeHu. Ero wyacoBas omenka V+ 0.6 osnagaer (V+0.6)(X)=1 u
(v+0.6)(y) = 0.9. B aroii uacoBoii orieHKe pedpo, kKoTopoe Beaet u3 lg B |y,
aKTUBHO. Eciam Tmocine mnpoxoxjaeHuss 3Toro pedpa B mosurmu |y
nocjenoBaTeabHo moaokaarh 0.1 eIUHHIBI BPEMEHU, TO peOdpo, KOTOpoe
Beaer B mnosunuio |, cranmer aktuBHBIM. Jlns S' He cCylmecTByeT
AHAJIOTHYHOTO clieHapus. YTOOBI MOMAacTh U3 COCTOSIHUS S' B MO3HUIHIO |,
MOKa3aHMs 4acOB X JOUKHBI ObITH yBeIHW4eHbI Ha 0.8 eIMHHUIBI BPEMCHH.
Onnako tereps V'(Y) = 1.1 u pebpo B |, OyaeT mocTosSTHHO OJOKHPOBAHO.
Baxknoe pasznuurie Mexay V u V' coctouT B ToM, 4to {V(X)} > {v(y)}, HO
{V'(X)}<{v'(y)}. D10 nUpHUBOAUT K CICAYIOIIEMY pPaCIIUPECHHUIO
npeioxenus (*):

o {v(X)} <{v(y)} ecimu u Toapko eciu {V'(X)} <{Vv'(y)}
s Beex X, Y € C. (**)

PGBYHBTI/IPYI-OHIEUI 9KBUBAJICHTHOCTb CHOBA IIPUBOJIHUT K CUCTHOMY YHUCIIY
KJIaCCOB 3KBHBAJICHTHOCTH, HO BCC CIIIC CIMIIIKOM rpy6a51.

% x=1 /I\ y:l |
0 w 2

Puc. 2.35. Tlopsimok ApoOHBIX YacTel 4acOBBIX OIICHOK B PAa3JIMYHBIX Yacax BaKeH

Tperbe nHadmoaenune. PaccMoTpyM BpeMeHHOUM aBTOMaT Ha puc. 2.36 u
cneayromue coctossHus: S=(lo, V) u $'=(lp,v') ¢ v(x) =0 u Vv'(x) =0.1.
B cootBercTBUM C mpemnioxeHusmMu (*) u (**) umeem V= V', onHako, B
COCTOSIHUSIX S M S' BBINOJNHAIOTCS pasHble Qopmynsl. Hampumep,
S,W|=EF=1 p, Ho S',W FEF_1p, e p — aToMapHOe MpeIOKEHHE,
KOTOpPOE BEpHO TOJIbKO B mo3ummu |;. ['maBHOE pasmuune Mexay V u V'
COCTOMT B TOM, YTO 4Yachl X B S B TOYHOCTH paBHbl 0, Torma kak B
COCTOSIHMH S' OHHU yxe mpouy depe3 0. DTo mpUBOIUT K paCHIMPEHUIO
npeioxkenuit (*) u (**) cnenyromum ycioBueMm:

o {v(X)} =0 ecam u Tompko eciu {V'(X)} = 0 mst Bcex X € C. (***)

PesynbTHpyromas 3KBHBAJICHTHOCTh OOJIBIIIE HE SBJSCTCS  CIHMIIKOM
rpy0oii, HO Bce emie BeAeT K OECKOHEUHOMY, a HE KOHEUYHOMY YHCITY
KJIACCOB SKBUBAJICHTHOCTH.

Puc. 2.36. LlenouyncineHHbie 3HAaYCHHS YacoOB
JTOJDKHBI OBITH B COOTBETCTBUU JPYT C IPYTrOM
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YerBepToe HaOmonenue. Ilycth C, — MakcuManbHas KOHCTaHTa, C
KOTOPOM 4achl X CPaBHUBAIOTCS B YACOBOM OTPAaHMYEHUH BHUAA X ~ C WUJIU
X—Yy~C B paccMaTpuBaeMOM BpPEMEHHOM aBTOMAare. JTO YacoBOE
OTpaHUYCHHE TIOSABIISIETCS B AaKTUBHUPYIOUIEM YCIOBUHU, CBS3aHHOM C
pebpoM, unum B uHBapuaHrte. I[lOCKONBKY Cy SIBISIETCS HauOOJbIIEH
KOHCTaHTOH, C KOTOpOH X CpaBHMBAETCs, OTCIOA CIEIYET, YTO €CJH
V(X) > Cy, TO akTHUecKoe 3HaUCHHE X HecylnecTBeHHO. Camoro (hakrta, 4To
V(X) > Cy, OCTATOYHO /IS ONpPEICIICHUS aKTHBHOCTH BceX pedep BO
BPEMEHHOM aBTOMATE.

B xomMOWHamuu ¢ Tpemsl BBINICYKa3aHHBIMU YCIOBUSMH ITO HAOJIOACHHE
NPUBOJUT K KOHEYHOMY HYHCIY KJIacCOB JKBUBAICHTHOCTH. s
OIIPEIEIICHUs] 3TUX KIACCOB BaXXHBI IIENIbIE YaCTH YAacCOB BIUIOTH JIO
ornpeaeneHHon rpanunbl ((*) 1 yeTBepTOe HAOIIOACHHE) TUTFOC TOPSAIOK MX
JIpoOHBIX yacTer (**) u (akT, paBHBI IPOOHBIC YACTH HYJIIO WU HET (***),
[Mocnennue aBa yclIoOBHS Teleph TAKXKE BaXKHBI, TOJBKO B TOM clydae,
KOTJa 4achl HE IMpEBBINAIOT UX rpanuiyy. Hampumep, ecnmu V(Y) >cC,, TO
PaBEHCTBO JAPOOHOI YacTH Y HYJIO HE MTPAeT POJIH, TaK KaK 3HAYCHHE Y B
JT000M citydae 0oJblie He OyIeT MPOBEPEHO.

B kxoHeyHOM cyeTe, NPUXOAUM K CIEAYIOIIEMY OIPEACICHUIO
HKBUBAJICHTHOCTH YaCOB.

[Tycts A — BpeMeHHOW aBTOMAaT ¢ MHOXkecTBoM dacoB C u v, V' € V(C).
Torma V= V', eclii ¥ TOJTBKO €CIM OJHOBPEMEHHO BBITIOJHSIOTCS YETHIPE
YCIIOBUSL:

1. [v(X)] = [V'(X)] mmm v(X) > ¢, 1 V'(X) > ¢, 1t Becex X € C.

2. {v(x)}<{v(y)}, eciu m Tompko ecaum {V'(X)}<{Vv'(y)} mas Bcex
X,y € C, takux uro V(X) < ¢, u V(Yy) < C,.

3. {v(x)}=0, ecmu u Tompko ecmu {V'(X)} =0 mus Bcex X € C npu
V(X) < Cy.

4. Jlns mro6oi moadopMyibl Bua X —Y ~ C B YAaCOBBIX OIMPAHMYEHHUAX U
moboro ~~ € {<,<} wHepaBeHctBo V(X) —V(Yy) ~~C BepHO, eCiIu W
ToabKo ecin V'(X) — V'(y) ~~ C.

OTo ompenerecHUe MOXKET ObITh M3MEHEHO HEMOCPEIICTBEHHBIM 00pa3oM,
yTOOBI OTHOIICHUE ~ OBUIO ONpPEACICHO Ha MHOXKecTBe yacoB C', Takom
yto Cc C'. Oro oxBarur ciydad, korma B C' Takke BKIIIOYCHBI
dbopmyIbHBIE Yachkl (IOMUMO 4acoB aBToMata). /s ¢hopMynbHBIX 4acoB Z
B paccMaTpUBaEMOM CBOWCTBE ¢ 3HAUYCHHE C, — HaMOOJIbIIIass KOHCTAHTA, C
KOTOpPOH Z CpaBHUBAETCS B YaCOBOM OTPaHUYEHUU BUIA Z ~ C Wik Z — Y ~ C,
comepxkamemcsi B opmyne  ¢. Hanpumep, s dopmynsl
ZiInAF[(pAz<3)v(qQAz>4)A(z—x>D5)] 3HaueHue C, paBHO 5.
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IIpumep. Paccmorpum BpemenHoii aBtomar Ha puc. 2.30 (a). OH umeer
MHOKECTBO YacoB {X} ¢ Cy=2, TaKk KaKk EIMHCTBCHHOE YacOBOE
orpaHudeHue X > 2. byieM mocTerneHHo CTPOUTh PETHOHBI ATOrO aBTOMATa
IyTeM PAacCMOTPEHHS KaXKIOTO YCIOBHS B ONPEICIICHHN OTHOIICHUS ~ TI0
oTAenbHOCTU. YacoBble OIEHKU V ¥ V' SKBUBAICHTHBI, eciu V(X) u V'(X)
NPUHAISKAT OJHOMY W TOMY K€ KIAcCy OJKBUBAJICHTHOCTH Ha
BEIIECTBEHHOH MOYNPsIMOi (B 00IIeM ciydae /Ui N 9acoB 3TO MPUBOIMT

K PacCMOTPEHHIO N-MepHOro mpoctpanctBa Hag R). Jlast ymobcrsa
0003HauMM uepe3 [X ~ C] cokpamienue {X|X~ C} A HATYypaabHOTO C U
orepary CpaBHEHHS ~.

1. Tpe6oBanue Toro, uro [V(X)] =[V'(X)], mpuBOIMT K CieAYyIOIEMY
pa3OMeHUI0 BEIIECTBEHHOW MOTYIPSIMON:
[0<x<1],[1<x<2],[2<x<3],[3<x<4],...

2. Tak kak Cy =2, I JAHHOTO aBTOMAaTa HE CIEAYeT JejaTh Pa3IHdaHsI
Mexay omeHkamu V(X) =3 u V'(X) =27. Takum o00pa3om, KIacchl
SKBHUBAJEHTHOCTH, KOTOPBIE MOJYYalOTCA IPU PACCMOTPEHHH IMIEPBOTO

Tp€6OBaHI/ISI B OIIPpCACICHUN OTHOIICHUA =, TAKOBBI:
[O<x<1],[1<x<2],[x=2]u[x>2].

3. B cootBeTcTBMM €O BTOPHIM M YETBEPTHIM TpPEOOBAHHSIMH, TMOPSIOK
4acoB U UX JPOOHBIX YacTeil 10JKeH ObITh coxpaHeH. B nanHoM ciydae
3TO TpeOOBAHWE TPUBUAIBHO BBINOJIHSAETCS, TaK KaK UMEIOTCS TOJIBKO
o1HU Yachl. Cres0BaTenbHO, IPU PACCMOTPEHUH JAHHOTO TpeOOBaHUS
HOBBIE KJIACCHI DKBUBAJICHTHOCTH HE BBOJATCS.

4. Ycnorue, uro {V(X)} =0 ecau u Tonpko ecau {V'(X)} =0 mpu v(X) < ¢,
NPUBOIUT K pa3dueHuto, Hampumep, kiacca [0 <X < 1] Ha Kiaccel
[x=0]u [0 <X < 1]. AHamorn4yHo pa3duBaercs kiacc [1 <X < 2]. Kiacc
[Xx > 2] manee pazbuBaTh He TpeOyeTcs, Tak Kak JJjs 3TOro Kiacca
HapymaeTcst yeinoBue V(X) < Cy. B kadecTBe pesynbprara mosydaeM Jyis
MPOCTOr0 BPEMEHHOTO aBTOMAaTa 6 KJIacCOB 3KBHUBAJICHTHOCTH:

[x=0],[0<x<1],[x=1],[1<x<2],[x=2]u[x>2].

ITIpumep. Paccmorpum mHOXectBO yacoB C={X,y} ¢ ¢x=2uc,=1, u
MyCTh YaCOBBIC OTPAaHUYCHHS HE coziepkar moadopMysr Buga X — Y ~ C WiIu
y—Xx~cC. Ha puc.2.37 oToOpakeHO TOCIIEOBATEIHHOE TOCTPOCHUE
PETHOHOB TIyTEM PACCMOTPEHHS KaXKJOTO0 YCIOBHS B OIPEACIICHUN
OTHONIIEHUS =~ TI0O OTACJIBHOCTH. PHUCYHOK oOToOpakaeT pa3oueHue
nByMepHoOro kBajgpanta R xR™. YacoBsle OIECHKH V U V' 9KBUBAJIEHTHBI,
ecnn BemiecTBeHHO3HauHbIe mapel (V(X), V(Y)) u (V'(X), V'(Y)) sBistorcs
AJIEMEHTaMH OJIHOTO M TOTO K€ KJIacCa SKBUBAJIECHTHOCTH B JIBYMEPHOM
MIPOCTPAHCTBE.

1. Tpebosanue Toro, uro [V(X)] = [V'(X)] ans Bcex vacoB u3 C, mpuBOIUT,
Hampumep, K kimaccam skBuBasieHTHOCTH [(0<x<1), (0<y<1)] u
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[(L<x<2),0<y<1)]ur A Ycnosue, uro V(X) >Cy u V'(X) > Cy
I BeeX 4yacoB m3 C, MPHBOIUT K KJIACCy SKBHBAJICHTHOCTH [(X > 2),
(y>1)]. D10 o3Hayaer, 4To AJA JHOOOH YACOBOW OICHKH V, IS
koTopoit V(X) > 2 u V(Yy) > 1, TouHbIC 3HAYCHHUS X ¥ Y HECYIIIeCTBEHHEI. B
pe3ynbTaTe MOTYUYAIOTCS CICTYIONTNE KIACChl SKBUBAJICHTHOCTH:

[(O<x<1),(0<y<1)], [(1<x<2),(0<y<1)],

[(0<x<1),(y=1)], [(1<x<2),(y=1)],
[(0<x<1),(y>1)] [(1<x<2),(y>1)],
[(x=2), (0<y<1)], [(x>2), (0<y<1)],
[(x=2), (y=1)], [(x>2), (y=1)],
[(x=2), (y>1)], [(x>2), (y>1)].

Otu 12 k1accoB oToOpaxeHsl Ha puc. 2.37 (a).

. Paccmotpum  kmace  skBuBaseHTHOcTH [(0<Xx<1), (0<y<1)],
KOTOPBIA OBLT TIOMY4YeH Ha MpeAbIaylieM Imare. Tak Kak IOpSIOK
JIPOOHBIX YacTe YacoB ceHWYac CTAaHOBHTCS BaKHBIM, AOTOT KJacc
SKBHBAJICHTHOCTH pa3dmBaeTcs Ha kiaccel [(0<x<1), (0<y<1),
(x<y)l, [(0<x<1), (O<y<l1), x=y)] n [(0=<x<1), (O<y<]),
(X >y)]. AHanmorudHoe paccyxjaeHue mpuMeHUMO K kiaccy [(1 < x < 2),
(0 <y <1)]. dpyrue kiaccel 6ojiee He pazdouBaroTcs. Hampumep, kiace
[(0<x<1), (y=1)] He nomkeH pa30MBaThCs, TaK KaK IOPSIOK Ha
IpOOHBIX dYacTSX 4YacoB X W Y B JAaHHOM Kiacce (DUKCHPOBaH,
{v(x)} >{v(y)}. Kmacc [(1 £x<2), (y>1)] He pa3buBaeTcs, TaK Kak
A7 9TOro Kiacca Hapymaercss ycioBue V(X)<cC, u V(Yy)<c,.
Puc. 2.37 (0) mokaspIBaeT pe3yabTHPYIONIUE KIACChI SKBUBAJICHTHOCTH.

. Hakonen, nmpumMeHUM TPETUN KPUTEPUN B OINPEIEIICHUU OTHOLICHUS ~.
B xauectBe mnpummepa paccmotpuM kiace [(0<x<1), (0<y<1),
(X =Y)], KOTOpBI OBUI MOJIyYeH Ha MPEABIAYIIEM Iare. ITOT KJacce
tenepb pasouBaercs Ha [(X=0), (y=0)] u [(0<x<1), (O<y<1l),
(x=y)]. Puc.2.37 (B) mnokassiBacT 28 pe3yJbTUPYIOMUX KJIACCOB
SKBUBAJICHTHOCTH: 6 YIJIOBBIX TOYEK, 14 OTKPBITHIX NPSIMOJIMHEHHBIX
YYaCTKOB M 8 OTKPBITBIX 00J1acTeH (PETHOHOB).

. IlockonbKy, COrIIaCHO yCIIOBHUIO, MOAGOPMYI BUAA X —Y ~ C B YaCOBBIX
OTrpaHUYECHUSX HET, OOJIbIIE PETUOHBI HE Pa30MBAIOTCS.

y y
1 & 1 > l¢ B %
0 1 2 X 0 1 2 X 0 1 2 X
a 0 B

Puc. 2.37. Pasouenme R xR" B coorsercTum ¢ ~ st ¢y =2 mcy =1
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2.5.7. PermoHHble aBTOMaThI

Kmaccel 3KBUBaJIGHTHOCTH HaJd OTHOILICHHUCM ~= MABJIAIOTCA 0azon JJIA
IIPOBCPKHU MOI[CJ'IGﬁ BPCMCHHBIX daBTOMATOB. KOM6I/IHaHI/I$I TAaKOI'0 KJj1acca 1
IMO3UIH HA3BIBACTCA pEeCUOHOM.

Pecuon r — 3o napa (I, [V]) ¢ mosunmeti | € L u onenkoii v e V(C).

Tak Kak CylIECTBYET TOJbKO KOHEYHOE YHCIO KIJIACCOB 3KBHUBAJIEHTHOCTH
HaJ| OTHOIIEHHEM =~ W JII0OOM BPEMEHHOW aBTOMAT COJEPXKHUT JIUIIb
KOHEYHOE YHCIO TO3UIUH, YHCIO PETMOHOB KOHEYHO. Crenyromuii
pE3yNbTAT YTBEPKAAET, YTO COCTOSHUS, TPUHAIIEKAIINE OJHOMY U TOMY
K€ PEruoHy, YIOBIETBOPSIOT oauHakoBbiM [CTL-popmymnam. 3to
BaYKHBII pe3yJbTaT JJI IPOBEPKU MOJIENIEH PEaIbHOIO BPEMEHHU.

Teopema [39]. Ilycth S,8' € S u W, W' € V(D) takoBbI, uTo S, W~ S', W'
Torna mnsa mo6oit TCTL-hopmynsr ¢ umeem: M(A), (s, w) |= @, eCliid 1
tosbko eciu M(A), (s, w') |= Q.

B cootBercTBUM ¢ 3TUM pe3yJabTaTOM He TpeOyeTcs pazaudarh
HKBUBAJICHTHBIE COCTOSIHUSL S M S, TaK KaK UX HE MOXET pa3Iu4UTh
Hukakas 1CTL-dbopmyma. DTo maer KpuTepwili KOPPEKTHOCTH TIpU
UCTIONb30BaHUU  KJIACCOB  DKBMBAJCHTHOCTH HAJ  OTHOLICHHEM =
(perroHOB), B KauecTBe 0a3bl s MPOBEPKH MojIenei. Mcrmonb3yst pernoHbl
B Kau€CTBE COCTOSIHUN, MOKHO MOCTPOUTHh KOHEUHBIM Tpad, Ha3bIBa€MBbIH
pecuoHHbIM asmomamom. IToT Tpad UMeeT CTpyKTypy moaenu Kpunke u
COCTOUT M3 OOCMUNICUMBIX PETUOHOB-COCTOSIHUM U MEPEXOI0B MEXKAY
pernoHamu. JlaHHbIE MEpPEXOAbl COOTBETCTBYIOT JIMOO MPOXOXKIECHUIO
BpeMeHH, 00 pedpam B IEPBOHAYATILHOM BPEMEHHOM aBTOMATE.

Bnauane paccMOTpUM NOCTPOEHHE PErMOHHOTO aBTOMAaTa Ha MpUMEpE.
Mexny permoHamMu MOTYT OBITh JBa THIIA MEPEXOJ0B. ITO JHOO
MPOTEKaHUE BPEMEHH, JIMOO Mepexoabl B pacCMaTPUBAEMOM BPEMEHHOM
apromare. lIporekanue BpemeHu OyaeM 0003HAYaTh CIUIONIHBIMU
CTpEJIKaMH, a TEepPeXoJbl BO BPEMEHHOM AaBTOMAT€ — IYHKTUPHBIMU
CTpEJIKaMH.

IIpumep. PaccMoTpuM BpeMEHHON aBTOMAT C €IUHCTBEHHBIM peOpOM Ha
puc. 2.30 (a). MakcumasapHass KOHCTaHTa, C KOTOPOH CpaBHUBAETCS X, —
aT0 2. [loaTomMy Cy = 2. PernonHsIit aBTOMat nu3o0pakeH Ha puc. 2.38.

Tak kak CymiecTByeT TOJbKO OJHA MO3UIHUS, KaX bl JOCTHKUMBIN PETHOH
BPEMEHHOTO aBTOMaTa Haxoautcs B mo3uimu |. Pernonuwiii aBTOMAT
COJICP>KUT JBa Mepex0/ia, COOTBETCTBYIOLIUX peOpy BPEMEHHOTO aBTOMATA.
Onu o0a BenyT B cTapToBblil peruod A. Ilynktupnsie nepexoasl u3 E u F B
A o6o3nauator pebpa. Kmaccbl, B KOTOpBIX CYHIECTBYET BO3MOXKHOCTb
XKIaTh B TEUYCHHE JIOOOTO KOJIMYECTBA BpPEMEHH 0€3 OrpaHuyYeHUH,
OCTaBasCh B TEKYIIEM KJIacCe, HA3bIBAIOTCA HEOSPAHUUEHHBIMU KIACCAMU.
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B arom npumMepe TOIBKO OJMH HEOTPaHUUYEHHBIN Kilacc — F, OH cHaOXeH
CIUIOLIHBIM METJIEBBIM MepexoioM. B knacce F yacel X MOryT Bo3pacTaTh
0e3 orpaHU4EeHH (IIPU ITOM MOXKHO OCTAaBaThCA B TOM XK€ KJIACCE).

Puc. 2.38. Peruonuslii aBToMar Jisi IpOCTOr0 BPEMEHHOTO aBTOMaTa

[Ipeanonoxxum Tenepn, 4To TPeOyETCs: MPOBEPUTH MOJIETh HaJl BPEMEHHBIM
aBTomaTtoM Ha puc. 2.30 (a) mans TCTL-popmyssl, KOTOpass COIACPKHUT
CIMHCTBEHHBIC (POPMYIIBHBIC Yachl Z ¢ C, = 2 (Yachl Z HE CPAaBHUBAIOTCS B
dbopmysie ¢ KOHCTaHTOM, OobIeH 2), mpyuyeM B Hel HeT nmoadopmyI Buaa
X—Z~C U Z—X~C. Pervonneiii aBTOMaT Hanx {X,Z} HU300paKe€H Ha
puc. 2.39.

Puc. 2.39. PernonHslif aBTOMaT NpoCcTOro BpeMEHHOTO aBTOMaTa
Ut POPMYITBHBIX YacOB Z € C; = 2

OtmeTuM, 4YTO ATO (PAKTUYECKH TPEABIAYIINNA PETHUOHHBIM aBTOMAT,
pacHIMpeHHbI cBoel «komueil»: permoHamMu ¢ G mo L. Drta komms
BBOJUTCS I OorpaHudeHust Z>2. OTMETUM Takxke, 4To (HOpPMYJIbHBIC
4ackl Z HUKOT/Ia He cOpackiBatoTcs. s GopMyIbHBIX YaCOB TaK U JIOJHKHO
OBITh, TaK KaK B PETHOHHOM aBTOMATE HET CMBICIIA OOHYIATH (hOPMYJIbHBIC
Yachl C TEX MOP, KAaK OHU BBEJICHHI.
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[Tycte I, r' — naBa pa3nuuHbIX peruoHa (r#r'). Pernon I' Ha3biBaeTcs
nomomkom 3adepxcku 1 peruona I (o6o3nagaercs ' = delsucc(r)), ecim

wit Beex [S,W]=r cymectyer Takoe deR', uro s —4—> ' u
rr=[s'w+d]=[s+d,w+d], mpuuem mns Bcex 0<d'<d cocrosHue c
gacoBol orenkoin (S+ d',w+d') Haxomarcs nub0 B perwone r, mubo B
peruoxe I'.

3neck mis S = (I, V) coctosiame S + d o6o3nagaer (I, v + d). ['oBops mHauye,
[s', W] — moTomoxk 3amepxkku [S, W], eciu jrobast orneHKa B [S, W] yepes
HEKOTOpOE BpeMs TEPEXOJUT B OICHKY U3 [S', W'] 03 BO3MOKHOCTH
HMOKHUHYTh PErdoHbl [S, W] u [S', W'] B Kkakoii-To Oojiee paHHHH MOMEHT
BpeMeHd. OTMETHUM, YTO JUISI KaKJIOTO PETHOHa CYIIECTBYET MaKCHMYyM
OJIMH TIOTOMOK 3aJICPXKKH. DTO HE JOHKHO YIUBJIATH YMTATEINSA, TaK Kak
MOTOMKH 3aJICP)KKH COOTBETCTBYIOT MPOJBM)KCHHUIO BPEMEHH, a BpeMs C
HEOOXOMMOCTBIO T€UYET JCTCPMUHUPOBAHHO.

Ipumep. PaccMoTpuM KiTacchl SKBHBAJICHTHOCTH BPEMEHHOTO aBTOMAaTta
Ha puc. 2.30 (a). Peruonsl, coaeprxariiie 4achbl X M JOMOJHUTEIbHBIC YaChl Z
(puc. 2.39), mHpeACTAaBISIIOT  YacTH  JBYMEPHOTO  BEIIECTBEHHOIO
IIPOCTPAaHCTBA. BpeMeHHBIE MepexoJbl COOTBETCTBYIOT BOCXOISIIEMY
JIBMOKCHUIO BJIOJIb JMArOHaJIbHOM mpsiMod X =z. Hampumep, [x =z =1] —
3TO MoTOMOK 3aepxku [(0 < x < 1), (X =2)], a peruoH [(1 <X <2), (X=2)]
UMeEeT MOTOMKa 3ajiepkku [X =2z = 2]. Kimace [(X = 1), (z > 2)] He sBisgercs
notromMkoM 3aaepxkku [(0<x<1),(z=2)] (HEmZOCTHKUMOTO pPETHOHa,
KOTOPBII HEe M300pa)eH), TaK KaK CYIIECTBYET HEKOTOPOE BEUICCTBEHHOE
3HayeHne ' Takoe, 4TO B MPOMEKYyTKe, cmycTs ' eaMHHUI] BpEMEHH,
nocturaetcs peruon [(0 < x < 1), (z > 2)].

PervoH r Ha3bIBACTCS HEOSPAHUUEHHBIM PeSUOHOM, €CITU JJI BCEX YacOBBIX
OLICHOK V, TakuX 4To I' = [V], umeem V(X) > C, m1st Bcex X € C.,

B HeorpaHM4eHHOM perMoHe BCE Yachl MPEBBHICHIN MAaKCHUMAIbHYIO
KOHCTaHTy, C KOTOPOM OHU CPaBHUBAIOTCS, M, CIIEIOBATEIHHO, BCE YaCHI
MOTYT BO3pacTaTh 0e3 orpannyeHuii. Ha puc. 2.38 u 2.39 HeorpannueHHbie
pPErvoHbI CHAOKEHBI CTUIONTHBIMHU METIAEBBIMU MEPEXOIAMH.

Pervonneiii aBTOMAr TEMmepb COCTOMT W3 MHOXKECTBA COCTOSIHUU
(pETHOHOB), CTAPTOBOI'O COCTOSIHUSI M JIBYX OTHOIICHHUM MEPEXOJI0B: OJIHO
COOTBETCTBYET MEpexoaM MO 3aJepKKe M OJHO COOTBETCTBYET pedpam
paccMaTprBaeMOro BPEMEHHOIO aBTOMATa.

Jns BpemeHHOro aBToMara A U MHOKECTBA 4acoBbIX orpannueHuit W (Haz
C u Hax hopMynbHBIMU YacamMu U3 D) pecuonnviii asmomam R(A, V) — 310
cucrema nepexooB (R, ro, —), rae
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o R=S/~ ={[s,w]|seS,weV(D)}

a o= [So, Wo];

a Ir— rl, €CJIM U TOJIbKO €CJIN
1) 3s, s, w: (r=[s, W] Ar'=[s, W] AS ——> ') wim
2) I — HEOTpaHWUYCHHBIN PErHOH U I = I'' WiH
3) r#r' ur' =delsucc(r).

OTMeTHM, 4YTO W3 3TOT0 OMNPENENICHUs CIIEAYyeT, YTO HEOTPaHUYCHHBIC
PETHOHBI SIBISIOTCS €UHCTBEHHBIMU PErMOHAMU, KOTOPbIE UMEIOT METIIIO,
MIPECTABIIAIONTYI0 COOO0M MEepexo I Mo 3a7epiKKe.

Kak ObUTO yKa3aHO BBIIIE, B CHCTEME IEPEXOOB YUHUTHIBAIOTCS TOJBKO
PETHOHBI-COCTOSIHUSI, OCTHKUMBIEC M3 HadaabHOro. TakuM oOpaszom, s
PErHOHHOTO aBTOMAaTa BMECTO MHOKECTBA PETHOHOB R ¥, COOTBETCTBEHHO,
tpoiiku (R, ro, ) paccMaTpuBacTCs TOJBKO €ro  IOJMHOXECTBO
R={reR|rp>r}, rme = - 570 pedIEKCUBHOE TPAaH3UTHBHOE

3aMbIKaHHhe oOTHoIleHus —>. Kak CICACTBHC, PACCMATPHUBACTCA TpOﬁKa
(R', o, —))

IIpumep. /[ TOro 9TOOBI MPOMILTIOCTPUPOBATH TOCTPOCHUE PETHOHHOTO
aBTOMAara, HEMHOT'O W3MEHHMM aBTOMAT i mepekirouareis (puc. 2.40).
Jlsi meMOHCTpaIii MHBApUAHTOB TIO3UIMS ON cHaO)kKeHa WHBApHUAHTOM
y <3. UtoOnl crnenaTh PETMOHHBIM aBTOMAT HE CJMIIKOM OOJIBIIUM, Ha
nepexogax, KOTOPbIe W3MEHSIOT TO3UIMI0, PACIOJIOXKEHBl JPyTrHe
aAKTUBHPYIOIIUE YCIOBHs. B 4acTHOCTH, KOHCTAHTHI C/I€JIaHbl MEHBIIIE, YEM
OHM OBUTH B UCXOJTHOM TIE€pEKIIoUaTee.

x>1

{x vy}

o #
3

y=3

x}

Puc. 2.40. BpCMCHHOﬁ aBTOMaAT JIs1 BUJOU3MCHCHHOI'O IICPCKIIOYATCIIA

Pernonnsiit aBromar R(A, V), rie A — BUIOM3MCHEHHBIN TIEPEKITFOYATENb,
n300pakeH Ha puc. 2.41. MHOXeCTBO 4acOBBIX OTPaHUYCHUN CIIEAYIOIIEE:
Y={x>1, x>2, y=3, y<3} — 3T0 MHOXXECTBO BCEX AKTHBHPYIOIINX
orpaHUYeHH W MHBapUaHTOB B A. {1 mpocToThl HUKakue (HOPMYIbHBIC
yackl He paccmarpuBatorca. KMmeem, nHampumep, D — E, Ttak kak
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cymectByer mepexox u3 cocrosaus S = (Off, v), rome v(x) =v(y)>1, B
cocrosuue S'=(on,Vv'), rtme V'(X)=Vv'(y)=0 u D=][s], E=[s"].
CymectByer nepexon mo 3aiaepxkke D — D, tak kak perumon [V], rae
v(X) =v(y) > 1, sBmsercs HeorpaHWYEHHBIM. BBIBOJ OCHOBaH Ha TOM

daxre, uto B mo3unuu Off Bpemss mMoxker Bo3pactarh 0e3 OrpaHWYCHUN:
inv(off) = true.

Puc. 2.41. PernoHHBII aBTOMAT JUTS TIepeKITtodarens Ha puc. 2.40
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2.5.8. [poBepka moaeneun ons perMoHHbIX aBToMaToB

[Tpu 3amanHOM pernonHoMm aBTomare R(A, W) mis BpemMeHHOTO aBToMaTa A
u TCTL-bopmynbl ¢ ¢ yacoBbiMu orpannueHusmMu ¥ B A u ¢ anroputm
MIPOBEPKH MOJIENICH CTPOUTCS TaK Ke, Kak W B HeTaiimupoBanHom CTL.
OnunieM KpaTKoO HJICH0 MApKUPOBKHU. ba3zoBas waes mpoBEpKH MOJENeH
COCTOMT B TOM, YTOOBI noMemumb KaXJO€ COCTOSHUE (PETMOH) B
pPETMOHHOM aBTOMare NoAGOpMyJIaMU @, KOTOPbIE BEPHBI B 3TOM
COCTOSIHUU. DTa MapKUpyIolas Mpoleaypa BBIOJHIETCS UTEPATUBHO,
HAayMHasi C TIOMETKH COCTOSHUW mnoAdopMylamMu ¢ 21yOuHbl HOJb —
aTOMapHbIMU TpeUIoKeHUsMU (Bkarodas true w  false), koropwie
BCTpevaroTes B ¢. B (I +1)-ii wWrepauuu MapKUpPYIOIIETO alropuTMa
paccmarpuBaroTcsi moAGOpPMyJNibI  TAyOMHBI 1+ 1 W COOTBETCTBEHHO
MapKUpyrTCsi cocTosiHuA. C 3TOW LENbI0 MCHOJIB3YIOTCS IIOMETKH, YXKE
IPUCBOCHHBIC COCTOSHUAM, JIUIS IOAGOpMYIT ¢ TiIyOuHsl HEe Oomee 1 (1> 1).
Mapkupyromuii  aaroputM 3aBeplIaeTCs PACCMOTPEHUEM MOAPOPMYJIbI
MaKCUMAaJIbHOU TTyOUHBI — caMOi (hOPMYJIBI @. AJNITOPUTM MPEACTABICH B
aucTtunre 2.8.

NucTunnr 2.8. NceBaokog 0OCHOBHOMoO anropmMtma nposepkn mogenen TCTL

set<Region> Sat®(Formula )
{

if (¢ == true) return S/=;
if (¢ == false) return J;
if (¢ € AP) return {[s,wl. | ¢ € Label(s)};
if (¢ == ) return {[s,wl. | (s=(1,Vv)) A
((v U w) |= o) };
if (¢ == —1) return (S/~) \ Sat®(e:);
if (¢ == (p1 V 92)) return Sat®(p1) U Sat®(e,);
if (¢ == z in @) return {[s,w]x |
(s, [z]w) e Sat® (1) };
if (¢ == E[e1 U 02]) return Satg, (¢:1, ©¢2);
if (¢ == Algy U @,]) return Sat,, (g1, ©2);
// sat®(e) = {[s,wl | M, (s,w) |= o}

}

3amava mpoBepku Mojenen A |= @ Wi, skBuBasieHTHO, M(A), (So, Wo) |= 7,
Terepb Oy/eT pelieHa, eCiii PacCMOTPETh MAPKUPOBKY

M(A), (so, Wo) |= @, eCIIH ¥ TOJIBKO eCI [So, Wo] € Sat (¢)

(KOPPEKTHOCTh JAHHOTO YTBEPXKICHUS CIIEyeT W3 NPUBEICHHOW HUXKE
TEOPEMBI).

Bhruncienne Sat~(¢) BBITOIHACTCS MyTeM PacCMOTPEHHS CHHTAKCUIECKO#H
CTpyKTypbl ¢@. Crny4aum TpOMO3UIIMOHANBHBIX (opmyn (true, false,
OTpUIIAHUE, JU3BIOHKIUSA ¥ aTOMapHbIe TMPEIJI0KEHUS) HIACHTHYHBI
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takoBeiM B CTL. [l 9acoBoro orpaHmueHmst o pe3yiabrar Sat-(a)
SIBJISICTCS. MHOYKECTBOM PETMOHOB [S, W], TakuX 4To W U V (4acoBasi OIICHKA
JUIS 9acOB aBTOMATa M3 S) YJIOBICTBOPSIOT 0. PervoH [S, W] mpuHaIeKUT
MHOKeCTBY Sat™(zin ¢), ecinm [s, W] ymosmerBopster ¢, rme W'(z) =0
(popmyabHbIe Yackl cTapTyroT B 3HaueHuu 0) u W'(X) = w(X) mis X # Z.

Jis  until-popmyn  onpexaenstorcs BcroMorareibHble (yHKIUU. OHH
npeacrasiieHsl B muctuaTax 2.9 u 2.10.

NucTunr 2.9. MNpoeepka mogenen ans gopmynel E[g U ] Hag permoHamm

set<Region> Sat;JFormula Q)
{
set<Region> Q, Q’;
Q = sat®(y);
Q" = O;
while (Q # Q')
{
Q" = 0Q;
Q QU ({s | Is'€Q: s —> s’} N SatR(e));

}

return Q;
// saty (¢, ¥) = {[s,wl. | s,w =Elp U y]}
}

Nuctuur 2.10. MNMposepka mogenen ans coopmynel A[@ U w] Hag permoHamu

set<Region> SatzﬂFormula o)

{
set<Region> Q, Q';

Q0 = sat®(y);
Q" = J;
while (Q # Q)
{

Q" = Q;

O =0QU ({s | (I3s"€Q: s —> s') A

(Vs’: eciim s —»> s’', 1o s’ € Q)} M SatR(@));

}
return Q;
// Saty, (e, %) = {[s,wl. | s,w |=Alp U ¢]}

}

R .
Kon nnsa dynkuum Sat., WiaeHTHYeH HeTaiMHpOBaHHOMY ciydaro. Jlis

R
Sat,, cymecTByer HeOONBIIOE, XOT M CYHNIECTBEHHOE, OTIMYHE OT

HeTaiimupoBanHoro aiaroputMma s Alp U y]. Tlo amamormm ¢ CTL
UTepalus cosiepskaia Obl CISAYIONINI OnepaTop:

Q:=QuU ({s|Vs:ecums—s, 105 e Q} N Sat?(p)).

KoppekTHOCTh 3TOro omeparopa, OJIHAKO, MpEAIojaraeT, 4To KaxI0e
COCTOSIHUE S UMEET HEKOTOPOI'0 MOTOMKA HaJl —>. ITO B IEUCTBUTEILHOCTH
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BepHo ju1s1 CTL, tak kak B CTL-Moaenu Kax10e COCTOSTHUE UMEET XOTS Obl
OJTHOTO TMOTOMKA. B pernOoHHBIX aBTOMaTax MOTYT CYIIIECTBOBATh PETUOHHI,
KOTOpBIC HE UMEIOT HU OJIHOTO MCXOJSIINIEro Mepexoa — HU Iepexojia o
3aJiep)KKe, HU Tepexoja, KOTOPBI COOTBETCTBYET peOpy BO BPEMEHHOM
aBTomMaTe. 3HAUMUT, CIEAyeT NPHUACPKUBATHCS APYroro moAXoAa H
pacumpsaTh Q TeMH permoHamH, IJIs KOTOPBIX BCE MPSMBIC ITOTOMKH
conepkatcs B Q ¥ KOTOpbIe UMEIOT XOTs ObI 0JTMH mepexoa B Q. OTo maer
kox B ymctunre 2.10. [IpoBepsATh OTIAENBHO, YTO JAaHHBIM MEPEexXo] BEACT
uMeHHO B Q, HeoOs3aTelbHO — JIOCTATOYHO MPOBEPHUTH, YTO M3 PETHOHA
ecTh XOoTs Obl onMH mepexoi (Jroboii). [IpuMmep permoHHOro aBTOMara,
KOTOPBIA CONEPKUT PErnoH 0e3 KaKuxX-IMOO MOTOMKOB, M300pa)KeH Ha
puc. 2.42. IToromkoB He umeeT peruoH C: 3a7epKa B HEM HEBO3MOXKHA B
CHITy HaJIMYWs WHBapHUaHTa B MO3UIUH |, 1 HET HU oHOTO pedpa, KOTOpoe
OBLIO OBl AKTUBHO JIJIs1 4aCOBOM O1leHKH X = 1.

A B C
| | |
‘ x=0 0<x<1 x=1
x<1
\ / \ /
AN s N /

Puc. 2.42. PernoHHBIN aBTOMAT C pETHOHOM 0€3 ITOTOMKOB

Ipumep. Paccmotpum perunonsbiii aBTOoMatr (puc. 2.41) W3MEHEHHOTO
NEPEKITIOUaTeNs ¥ MPEATOI0KIM, YTO MO3UIKs ON MOMEYEeHa aTOMAPHBIM
npeioxkeHueM (, a mosunus Off — atomapHbIM npemoxenuem p. Ternepb
MOKHO YO€IUTHhCSI B TOM, YTO HEBO3MOXKHO MOMACTh B MO3UIMIO ON U3
no3unuu Off MeHee YeM 3a 0JTHy BPEMEHHYIO €HMHHUILY:

M(A)’ (SOv WO) I;'é E[p U<1 q]!

TaK KaK He CYIIECTBYET MyTH B PETHOHHOM aBTOMAaTe, KOTOPHBIH CTapTyeT B
A (pervoH, COOTBETCTBYIOIINM [So, Wo]), ¥ BeeT B HEKOTOPHIH peruoH ¢ E
no Q, TIe mepekroYaTeh BKIIOYCH, TPHYEM MEHEE YeM 3a OJIHY IUHUILY
BpeMeHU. DOpManbHO 3TO MOXKHO OOBSICHUTH CJIEAYIOIIKUM O00pa3oMm.
®opmyna E[p U« q] cokpamaer zIiNE[pU(Q A z<1)]. Cnabmum
PETMOHHBIN aBTOMAT (POPMYJIBHBIMU YacaMH Z, KOTOpbIE COpoIieHbl B A 1
MIPOJIOJDKAIOT YBEIIMUMBATHCS 10 OeCKOHEUHOCTH. CaMblii paHHUI MOMEHT,
KOT/Ia €r0 MOKHO BKJIFOUHTH (CENaTh (| BRIMOTHEHHBIM) MOXKET OBITH MPHU
npoxoxaeHun nepexoga u3 C B E. OmHako mOTOM 3HAYCHHE YacoB Z
CTAaHOBUTCS PaBHBIM 1, M TOSTOMY CBOWCTBO HE BBHITIOJIHSACTCS.

BcnoMHUM, 4TO BpEeMEHHON aBTOMAaT HA3bIBACTCS HE3EHOHOBbIM, €CIH
1000 MyTh, CTAPTYIOMIUNA U3 JHOOOT0 0OCMUNCUMO20 COCTOSTHUSL B 3TOM
aBTOMAaTe, SBISACTCS PACXOMSAIIMMCA WM COACPKHUT KOHEUHOE YMCIIO
nepexo/ioB Mo pedpy. CBONWCTBO HE3EHOHOBOCTH SIBJISIETCS HEOOXOIUMBIM
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YCIIOBUEM ISl PACCMOTPEHHBIX BBIIIE MPOLEAYP MPOBEPKU MOJEEH, KaK
BBITEKAET U3 CIEIYIONIETO pe3ybTaTa.

Teopema [42]. Jlig He3eHOHOBa BPEeMEHHOro aBTomara (S, W) € Sat(p),
ecITH 1 TONBKO eci [S, W] € Sat¥(p).

Takum  o0pa3oM, KOPPEKTHOCTb QJIrOpUTMa MPOBEPKU  MOJEiei
rapaHTUpPOBAHA, TOJBKO €CIM pacCMaTpPUBAEMbIil BPEMEHHON aBTOMAT
SBJISIETCS] HE3€HOHOBBIM.

BcrioMHHMM Takke, 4TO BPEMEHHOW aBTOMAT HA3BIBACTCS PACXOO0SUUMCH,
€CIIU M3 KaXKIOTO €ro JOCTH)KUMOTO COCTOSIHHS UCXOJIUT XOTS Obl OJUH
pacxonsmmics myTh (CyIIeCcTBYeT MyTh, B KOTOPOM BpEMs pacTeT [0
OECKOHEYHOCTH).

st Toro 4TOOBI MPOBEPHUTD, BHITIOJHSIETCS JIM YCIOBUE PACXOJIUMOCTH ISl
aBToMara A, HaJ0 BBISICHUTH, U3 KaXJIOrO JU JOCTHKHUMOTO COCTOSIHUS
M(A) BpeMst MO’KET UCTEYb POBHO Ha OJHY CJIHHHILY.

Teopema. ABTomaT A sBIsieTCS pacXOIAUIUMCS, €CIU U TOJBKO €Clv IS

HI’O6OFO €ro JOCTHXKXKHUMOT'O COCTOAHUA seS BBITIOJIHACTCA
M(A), s = EF.; true.

B konTekcrte PCTHUOHHLIX ABTOMATOB MOJKHO A4Th CICAYIOIIYIO MHTYHUIIHUIO
JJI1 CBOMCTB BPCMCHHOI'O aBTOMAaTa:

o He3eHOHOBOCTP BPEMEHHOrO0 aBTOMAaTa O3HAYaeT OTCYTCTBUE B
PErMOHHOM aBTOMATE IIMKJIA, COCTOSIIETO M3 MyHKTUPHBIX pedbep. DTu
pebpa COOTBETCTBYIOT MEpexoJaM BPEeMEHHOIo aBToMara. B yactHocTH,
ATO 03HAYAET OTCYTCTBUE MYHKTUPHBIX METEIIb.

o PacxogumocTh BpeMEHHOTO aBTOMAaTa O3HAYAaeT, YTO W3 KaXKJIOTO
COCTOSIHHSI PETMOHHOTO aBTOMaTa CTapTyeT HEKOTOPhIM IyTh, B
KOTOPOM CIUIOINIHbIE pedpa (Tepexoabl Mo 3aJepiKKE) BCTPEHAIOTCS
OECKOHEUHO 4acTo.

o Ecaum wW3BECTHO, 4YTO BpPEMEHHOW AaBTOMAaT HE3€HOHOB, TO €ro
PacXoJUMOCTh O3HAYaeT, YTO W3 KaXKIOrO COCTOSHHMSI PETHOHHOTO
aBTOMaTa MCXOJUT XOTsI Obl OAHO pedpo (3TO 3HAYUT, YTO OTHOIICHUE
—> SIBIISIETCS TOTAIBHBIM).

Hanpumep, aBTOMar, u3o0paxeHHbIH Ha puc.2.42, He SBISETCS HHU
HE3CHOHOBBIM, HU PACXOAIINMCS.

[Ipy mpoBepke Mojele i HE3EHOHOBBIX aBTOMAaTOB HEYJI0OCTB,
CBSI3aHHBIX C PacXOJUMOCTBhIO, MOXHO u30exarh. J[Ji1 3TOro HYKHO
PEKYPCUBHO yNAIUTh U3 PETMOHHOTO ABTOMATA T€ JOCTUKUMBIE PETHUOHBI,
U3 KOTOPBIX HE UCXOJIUT HU OJHOTO pedpa. CBOWCTBO HE3EHOHOBOCTH MPHU
OTOM COXPaHHUTCS, M, KpPOME TOro, TMOJY4YEHHBIM aBTOMAT OyIeT
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pacxonsamuMcs (32 UCKIIIOUEHUEM Ciydasi, IpU KOTOpPOM OYyIyT yAalieHbI
BCE€ PETMOHBI, BKJIIOYAasi CTapTOBBIN, M aBTOMAT CTaHET MyCThiM). Jls
pacxoJsierocs apromarta Koj i GyHKUIUA SatiU MO>XHO YIPOCTHUTH 3a
CUET OTKa3a OT MPOBEPKHU U3IUIITHUX YCIOBUM.

Pazmep moaenu

AJTOPUTM TIPOBEPKH Mojejei pa3medaeT perdoHHbid aBToMaT R(A, V)
JUISS BPEMEHHOTO aBTOMaTra A W MHOXKECTBAa YacOBBIX orpaHndcHuid ‘P.
Yucno cocrosuuii B R(A, W) paBHO umciay peruoHoB aBTomara A 1o
otHomieHHt0 K W. YHUCIIO perrmoHOB MPOMOPIHOHATHHO TPOU3BEICHUIO
YHUCa MO3UIMK B A M 9MClIa KJIACCOB PKBUBAJICHTHOCTH HAJ[ OTHOIICHUEM
~. O1rieHuM Ternephb YUCII0 PETHOHOB, COOTBETCTBYIOIIMX OJHON MO3HUIINH.

ITyctb C — MHOXecTBO 4YacoB aBroMata A u (GOpMyJIbHBIX 4YacoB. JIis
IIPOCTOTHI IIOKa 6y,[[€M CUHUTAaThb, 4YTO 4YaCOBLIC OI'PAHHYCHHA HC COLACPIKAT
HOI[(I)OpMy.TI BHUIa X — y ~ C. TOFI[a 9UCJIO0 PCTHOHOB OI'paHU4YCHO CHH3Y H
CBEPXY CIICAYIOIINMH BhIpaKeHUsIMH [4]:
. -1
IC|t [ 1c, < |Regions| < 2°*|c]t [ [(2¢,+2).
xeC xeC
Huxuasa u BCPXHAA OLCHKHU OIIPCACIIAIOTCA IIYTCM PAaCCMOTPCHHA TAKOI'O
MMpCaACTaBJICHUA MHOXCCTBa PCIrHOHOB, qTo CymcCTBYCT B3aHMMHO

OJHO3HAYHOC COOTBCTCTBHUC MCXKAY IIPCACTABICHUAMU PCTUOHOB U CaAMUMH
PCTrUOHAMM. 910 MpCaACTaBJICHUC JaCT BO3MOKHOCTb BBIBCCTH OLICHKH.

[Tycts C — mHOKecTBO wacoB u 7 € V(C). Kaxaplit perdoH I' MOXKeT OBbITh
npeactasieH Ttpoikoit (P, z, D), rnme P — uHAeKCUpoBaHHOE YacaMu
CEMENCTBO MHTEPBAJIOB, T — MEpPECTaHOBKAa MHOecTBa yacoB U D < C —
’TO MHOXECTBO uYacoB, mnpuyem Tpoiika (P, n, D) ynoBneTrBopsieT
CJICITYIOITUM YCIIOBHUSIM:

a P =(P)xecc — 210 cemeiictBo moaMuoxecTs R Buja
PX € {{0}! (01 1)1 {1}1 (11 2)3 (RS (CX_ 11 CX)! {CX}1 (CX1 +OO) }1
Takux 410 7(X) € Py mmsa Bcex yacoB X € C M BCEX YaCOBBIX OICHOK
ner.

o Ilycte Cgpen — MHOKECTBO 4acoB X € C, Takux uto Py — OTKpBITBII
HUHTEPBAJ, TO €CTh
Copen ={X € C|Pxe{(0,1),(1,2),....(cx—1,¢), (Cx, +) } }.
Tornma w = (X, ..., Xx) — nepectaHoBKa Copen = {X1, ..., Xk}, TaKas 4TO JUIS
KQKIOTO # € I 9achl YHOPSAOYCHBI B COOTBETCTBHHM C WX JPOOHBIMU
4acTsAMH (3TO 03HauaeT, uto u3 i < j cienyet {n(X)} < {n(x))}).

o D < Copen conepxut Bce yachl U3 Copen, TAKHE YTO M BCEX YACOBBIX
OIICHOK # € I apoOHas dYacTh 4yacoB X; € D coBmamaeTr ¢ npoOHOM
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YacThIO X MPEAIISCTBEHHUKA Xj_ B IIEpecTaHOBKe 7: U3 X; € D cnenyer
{n(i0)} = {n(i)}-
DTO ABASETCS B3aUMHO OJHO3HAYHBIM COOTBETCTBUEM MEXKIY PETHOHAMU H
tpoiikamu (P, 7, D).

VYkazanHas BCPXHAS OLCHKA JIA 4YMClia PCTHMOHOB IIOJY4YacTCA 3a CHUCT
KOM6I/IHaT0pHOFO H&6JHOI[CHI/I$I, COCTOALICTO B TOM, YTO CYIICCTBYIOT

QO POBHO H(ZCX +2) pasnn4HbIX cemeiicTs P,
xeC

o MakcUMyM |Copen|! < |C|! pasnuunbIx nepecTaHoBoK MHOXKECTBA Copen U

o makcumym 21PN 1T <€l pasnpupBIx BapmanToB  BBIGOpA
muoxkectBa D < C\ {X;}.

VYkazaHHass HWXKHsS OICHKA ITOJIy9aeTCs, KOTJa BCE Yachl NMPHHUMAIOT
3HAYCHUS B OIPAaHUYCHHOM OTKPBITOM HWHTEpPBAJC W HMEIOT TIOMApPHO
pasiuuHbie IpoOHBIe YacTH. B atom ciiyaae D= u P, € { (0, 1), (1, 2),

o (e=1,0) )
U3 rtoro, uro cymecrByer poBHO |, _. Cx Bo3MoxHoCTeit st P 1 poBHO

|C|! mepecTaHOBOK, ClleTyeT HUMKHSS OLCHKA.

ITycts ¢ =max{c,| X € C}. BepxHIOI0 OIICHKY /IS yA00CTBA MOKHO
caenaTh 0oJiee rpy0oii:

IRegions| < 2'°I"*|C|1 (2¢ + 2)°!.

Tenepb paccmMoTpum OoJiee OOIIMI Cydaid, KOrja 4YaCOBbIE OrpaHUYCHUS
MOTYT cojiepkaTb noadgopMmyiasl Buga X—Y~C. OmnpenenuMm TpPOUKH
(P, 7, D) Tak e, Kak ¥ paHee, HO C OJJHUM OTJIMYUEM: Tenepb Py Moxker
MMETH BHUJI JIIOOOr0 U3 MHOKECTB

{0}, (0, 1), {1}, (1, 2), ..., (2c -1, 2¢), {2c}, (2c, +x).

Torma MHOXECTBO TaKMX TPOEK MOKHO CIOPBEKTHBHO OTOOpa3WTh Ha
MHO>KECTBO BCEX PETMOHOB, OTKYJa CIIEyeT BEPXHsS OLEHKA JUIsl OOIIEero
ciyydast:

IRegions| < 2'°I"* |C|! (4c + 2)°!.
Takum o6paszom, npoBepka mozeneit ais TCTL:
1) nuHEHa OTHOCUTENILHO JJIMHBI (POPMYIIBI @,
2) SKCIOHEHIIMAIbHA OTHOCHUTEIBHO YHCIIa YacoB B A U ¢;

3) SKCIOHCHIMAIbHA  OTHOCHTEIBHO  MAKCHMAaJbHBIX  KOHCTAHT,
C KOTOPBIMH Yachbl CPABHUBAIOTCS B A U .
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Hwxnsis onenka cioxHoctu npoBepku TCTL-mMoneneit s 3agaHHOTO
BpeMeHHOro aBromata — 310 PSPACE-monnora [39]. TTosTomy Tpebyercs
aMsTh pa3Mepa Kak MUHUMYM ITOJIMHOMHAJIEHOTO OTHOCUTEIBHO pa3Mepa
IPOBEPSIEMON CUCTEMBI.

2.6. Cetun lNeTpu

Kparko npuBeneM OCHOBHBIE TNOHATHSA Teopun cerer [letpu, koTopsie
TpeOyroTcst Asisi (OpMYIHPOBKH pE3yNbTaToOB 3TOro pasaena. Mmeu, Ha
KOTOpBIX OaszmpyroTcst cetu Iletpu, omucansl B pabore [43]. B manHOM
pasielie UCIOJIb3yeTCsl TEPMUHOJIOTHS U3 padot [44, 45].

Cemw N — 370 Tpotika (S, T, W), rae

0 S — KOHEYHOE MHOXKECTBO HO3ULULL,

o T — KOHEYHOE MHOXKECTBO 1epexo0os,
o Su T IU3BIOHKTHEIL,

o W: (SxT)u(TxS) - {0,1,2,3,...} — MyTbTUMHOKECTBO dye. OHO
ompenenseT Oyrd W CTaBUT B COOTBETCTBHE KaXIOW Jyre
HEOTPUIIATEIILHOE 1IEJI0C YUCIIO — KPAMHOCMb Oyeu; HA OfHA Tyra He
MOJKET COCTUHSATH JBE MO3UIIUH WK JBa MIEPEX0/Ia.

Pasmemxkoui CETU N=(5T,W) Ha3bIBaETCS O0TOOpa)KeHHE
M:S—>{0,1,2,3,...}. Pasmetka M axmusupyem mnepexon t, ecmu mms
000 mo3unuu S 3Hadenue M(S) Oombine 6o paBuo W(S, t). Ecim
nepexo t akTuBeH B pazMeTke M, TO OH MOXET OBITH 3anyujeH U €ro
3alycK MPHUBOJUT K cieayromieil pazmerke M', koTopas ompezaeneHa aJis
KQKIOUM TIO3UITUH S CICAYIONUM 00pa3oM:

M'(s) = M(s) — W(s, t) + W(t, 9),

TO €CTh U3 KaXJOM BXOJHOW MO3UIMU Nepexoa t yaanseTcs mo Mapkepy
JUISL KaXI0M BXOAHOM AYTH, U B KAKIYIO BBIXOJHYIO MO3UIHKIO Tlepexona t
n00aBIISIeTCS IO MapKepy IS KaXKI0W BBIXOJHOM AYTH. DTO 0003HAYAECTCS

t 1 1
tak: M —— M'. Hanpumep, Ha puc. 2.43 uzobpaxkensl pazmetku M u M',

aKTyaJbHBIE 10 U Tocie BhinonHeHus nepexoza t. [lozunumum 0603HaueHbI
Kpyramu, epexo — BEpTUKaJIbHOU YePTOU, a pa3METKAa — MapKEepaMHU.

@

Puc. 2.43. [Ipumep pazMeTok ceteit
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Cemvio Ilempu nazpiBaetcs napa (N, M), rne N — cetb, a Mg — pazmertka
CeTH N, Ha3bIBacMast HAYAbHOU. [TocnmenoBaTeIbHOCTH

t t t
My — M, L. "> M, — Komneunas nocredosamenbHOCmb
3anyckos, kotopas Bener u3z My B M,. OnHa 3amnuchiBaeTCsl CIIEAYIOIIUM

obpazom: Mg — by M,. IMocnenosarensHOCTE M) LI M, LI
— OecKOHeuHas nociedo8amenbHocms 3anyckod. IlociedosamenvHocmo
3aNycKO8 MAKCUMAIbHA, SCIIH OHA OCCKOHEYHA WIIM BEIET K pa3MeTKe,
KOTOpass HE aKTUBHpPYeT HHU OJMH mnepexona. Pasmerka M cerm N

oocmuscuma, ecmi Mg —=—> M i1 HEKOTOpPOH  KOHEYHOM
NocneA0BaTeNbHOCTH 0. Ipagh) Oocmuswcumocmu cemu Ilempu — 3TO
MapKUPOBaHHBIA Tpad, BEpIIMHAMU KOTOPOTO SIBISIOTCS JOCTHKUMbBIC
pazmetku. s aByx moctmxuMbix pasmetok M u M' rpad noctuxxkumoctu
conepkut pebpo u3 M B M', momedeHHoe mepexoaoM t, eciii U TOJBKO

ectu M —— M.

Mapkuposannas cems — 310 niarepka (S, T, W, Z, I), rae (S, T, W) — cets, a
| — Mapkupyromas QyHKIUs, KOTOpas COMOCTABIISIECT KAKIOMY MEPEXOTy
OykBy ormnpeneneHHoro aiadasuta 2. Jta GyHKIUS HE o0s3aHa OBITh
UHBEKTUBHOU. ['pad AOCTHIKUMOCTH MapKUPOBAHHOW CETU OIPEHEISIETCS
TaK kK€, KaK U B OOBIYHBIX CETSIX. EAMHCTBEHHOE OTJIMYHE COCTOUT B TOM,

yto ecm M —— M', To cootBercTBytomee pebpo u3 M B M
nomedeHo I(t).

Nuorna «oObrunbiey cetu [leTpu HA3BIBAIOT  HeMAPKUPOBAHHBIMU.
HemapkupoBannsie cetu Ilerpu Moryr paccMaTpuBaTbCs Kak 4YacCTHBIN
Clydyall MapKupoBaHHbIX cerel lletpu, B KOTOpPBIX Mapkupyromas
GbyHKIUS MHbeKTHBHA. B MapkupoBaHHBIX ceTsax [letpu ¢pyHkmo | MOXHO
pacIIMPUTh HA TMOCIEIOBATEILHOCTH MEPEXOAOB TAK, UTO KaXJIOW TAKOU
MOCJIEAOBATEILHOCTH ATa (QyHKIHUS OyAET CONOCTaBIATh CTPOKY B
andasure X o npasuny l(o10,) = 1(o1)l(02).

f . .
s cetu Ietpu (N, Mg) u pazmetrku M cetu N (Ha3piBaeMoil ghunanvhoti
. . f
Pasmemxotl) ONpesIeM A3bIK 3TOW CETH M0 OTHOIIEHUIO K M~ kak

L(N, Mo, M) ={s| My —Z—> MT}
U MHOJCECME0 nymeli CETH KaK
T(N, Mg) = {0 | My —— M 11 HekoTOpOIi pazmerku M}

(MHOTJIa WCIOJB3YIOTCS TEPMUHBI «S3BIK» M «TEPMUHAIBHBIA  SI3BIK)»
BMECTO «MHOKECTBA MyTEN» U «SI3bIKAY).

Hns wmapkupoBanaoit cetu Iletpu (N, Mg), tne N=(5,T,W, X, ) u
pa3sMeTKu M' cern N 5361k 9TOM ceT 1o oTHOMEHHIO K M OIpEaEIACTCS
KaK
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L(N, Mo, M" = {I(6) | Mg —Z— M}
¥ MHOJICECMB0 nymeli CETU OIIPENEIISIETCS KaK
T(N, Mo) ={l(¢) | My —=— M s HexoTopoii pasmetku M}.

Bpemennasa cemwv I[lempu — 310 cerb lleTtpm, K mepexomam KOTOpOH
IPUCOEINHEHbl BpEMEHHbIE HHTEpBaibl. POpManbHO, BPEMEHHas CETb
[Terpu — ato HaGop (S, T, W, My, Is), rne S — mHOXecTBO mo3unmii, T —
MHOKECTBO mepexoqoB, W — MylIbTUMHOXKECTBO Iyr, My — HauanbHas

pasmerka, a pyakmusa IS: T— Q' x (Q" U {o}) comocrasisger Kaxaomy

nepexony t mHTEpBan, Ha3bIBaeMbld unmepeanom 3anycka t. JIns moboro
nepexoa t ieBblit aeMeHT KopTexka IS(t) He mpeBOCXOIUT MpaBbIid.

s pasmetkn M o6o3naumm yepe3 En(M) MHOXXeCTBO BCeX NEpEXOJIOB,
akTuBHBIX B M. Xapakrtepuszauus cocTossHUM BpeMeHHOH cetu I[lerpu
CONOCTABIIICT KaXJIoMy mepexoxy t Mouenu uacer I W3MEPEHHUS
BPEMEHHU, MPOLIEANIEr0 ¢ MOCIECAHEr0 MOMEHTa, Korja t crajd akTUBEH.
Cocmosinuem BpeMeHHoW cetn Iletpu HaspBaetcs mapa (M, V), rnie M —

pasMeTka, a V — ¢yHKIms orenkd gacos V: En(M) —»R™. Korma mepexon t
CTaHOBUTCSI aKTHBHBIM, €TI0 Yachl MHUIMAIU3UPYIOTCS B HOJIb. 3HAYCHUC
3TUX YaCOB CUHXPOHHO YBEJIIMYHUBACTCS CO BPEMEHEM JI0 TeX Iop, Mmoka t He
Oyner 3amylleH wid He Oyaer OJIOKMpOBaH IyTeM 3allycka Apyroro
nepexona. [lepexox t MokeT OBITH 3allylIeH, €CIM 3HAYCHHE €r0 YacoB
NPUHAIISKUT CTaThdeckoMy uHTepBaiy 3amycka IS(t) = [tnin(t), tmax(t)]. On
JIOJDKCH OBITh 3amylieH HEeMEIJICHHO, 03 JOMOJHUTEIBHON 3aepiKKH,
KOI'JIa 9aChl TOCTHUTAIOT trax(t).

CemanTtka BpeMeHHBIX ceTeil Iletpu Moker OBITH ompeneneHa c

UCronb30BanneM cocrostunii.  Ilycte d e R —  HeoTpumarensHoe
nercTBuTenbHoe umcio, te€ T — mepexon, S U S — JABa COCTOSHUS

. d '
BpeMeHHoU cetu llerpu. bynem mucate S —> S, €ClIM U TOJIBKO €CJIH
COCTOSIHME S' JOCTHXKMMO M3 COCTOSHHSA S crmycTs O eIWHUI] BPEMCHH.

Takke GyaeM mucath S ——> S', €CIM M TONBKO €CITH COCTOSHHE S'
JOCTHXKUMO W3 COCTOSTHUS S HEMEJICHHO ITyTeM 3aIrycka nepexona t.

Cucmema nepexooog BpeMeHHOU cetr [leTpu ompeneneHa Kak CTPyKTypa
(S, ——, So), rme So — Hauanvroe cocmosnue (napa (Mg, V), toe V=0) u
S={s|So —> S} — 3TO MHOXKECTBO JOCMUMNCUMbIX COCTOSHHI (371€Ch

—> — pe(dIeKCUBHOE U TPAaH3UTHUBHOE 3aMblkaHHEe —> ). MHOXECTBO
JOCTHXKUMBIX COCTOSIHMM BpemeHHoM cetu Ilerpu, BooOmie roops,
OECKOHEYHO U He TOIXOAMT ISl mepeuncieHus. B atom ciydae TpeOyroTcs
a0CTPaKIIMK COCTOSTHUH.

OcHoBHas 3ajava Juist 3a7aHHOM cetu [leTpu m GopMynbl TeMIoOpaIbHOM
JOTUKU  (OpMYyIUPYETCS CIEAYIOUIMM 00pa3oM: BBIIIOJIHAET JIM CETh
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naHHyro  (opmyny? DOTo 3agadya nposepku Mmoodenei. JIMHEHHBIC
TEMIIOpaIbHBIE JIOTUKU IS ceTeil [leTpru 0OBIYHO MHTEpHpPETHUPYIOTCS Ha
MHO>KECTBE MaKCUMAJIbHBIX TIOCIIEIOBATEIBHOCTEH 3aImycKoB. BeTBsmmecs
TEMIIOpaIbHBIC JIOTUKH HHTEPIPETUPYIOTCS Ha rpade TOCTHKUMOCTH.

Pe3ynbpTaThl OTHOCUTENIBHO BETBSIINXCS TEMIIOPATIBHBIX JIOTUK B OCHOBHOM
otpuuarenabHeie [44]. 3amaya npoBepku Mozeneu mia cereit Iletpu s
OMHOM M3 caMbIX CHaObIX  BETBSIIUXCS  TEMIOPAIbHBIX  JIOTHK
Hepaspemmma. B 3Toif  jormke 0a30BbIe MPEAMKATHI  (aTOMapHBIC
npeUIoKeHus) uMeroT Gopmy ge(s, C), rae S — Mmo3umus cetH, a C —
HEOTpUIIATeNIbHAS Tenass KoHcTaHTa. [Ipenmkar ge(s, C) uuTaercs Kak
«YUCJIO MAapKEepOB B pa3MeTKe B MO3MUIMH S Ooiblne aub0 paBHO C». OH
BBINOJIHSACTCS B pasMeTrke M, xorga M(S) > c. OneparopaMu 3TO# JIOTUKH
SBJISIIOTCS. CTaHIapTHBIe OyneBbl cBsa3ku, EX («Existential neXt») u EF
(«Existential Futurey»). Jloctmxumasi pa3MeTKa YAOBJICTBOPSET CBONCTBY
EX ¢, ecnu oHa akTUBUpYeET nepexo t Takoil, 4To pa3MeTKa, JOCTUTHYTas
nyteMm 3amycka t, yaosnerBopsieT ¢. Pasmerka ynosnerBopsier EF ¢, ecnu
OHAa aKTUBUPYET MOCIEN0BATEIHLHOCTh 3allyCKOB 0, TaKyl0 YTO Pa3METKa,
JIOCTUTHYTAas IyTeM UCTIOJIHEHUS g, YAOBIECTBOPSET ¢.

Takue BeTBsmuecs TemmopanbHble yorukud, kak CTL m CTL, Gomee
BBIPA3UTEIbHBI, YeM BBINICONMCAHHAS JIOTHKA, TOJTOMY pE3yJbTaThl O
HEPa3pEIIMMOCTH TIEPEHOCATCS M Ha HUX.

Jluneiinble TeMIOpaibHbIC JOTUKHU 115 ceteil [leTpu uccnenoBanbl Oosee
riyooko. Jljis TOro 4toObl COCTaBUTH OOBEIUHSAIONIYIO CTPYKTYpy H
paccMOTpeTh B HEHM pe3ynbTaThl, 100aBUM elle ABa 0a30BBIX MpeauKaTa K
npeaukataM ge(S, C) U MOCTPOMM TEMIOPAIbHYIO JIOTHMKY Ha MX OCHOBE.
[IpenukaTel Tenepb HMHTEPHPETHPYIOTCS HA pPa3METKax MaKCUMallbHOM
MOCJEA0BaTEIbHOCTH 3aIyCKOB. bynem TOBOPUTb, 4TO
MOCJIEIOBATEIHLHOCTh 3aMyCKOB YAOBIETBOPSET (opMyse TeMIOpPaIbHOM
JIOTUKH, €CITM €€ HauyajbHas pa3MeTKa YAOBJIECTBOpSET 3Tou (dopmyre.
U, nakonern, cetrb [letpu ymoBimerBopsieT dopmyre, eciu XOTs Obl OfHA
MaKCHUMaJIbHasi MOCIEN0BATEIbHOCTh 3alyCKOB YAOBJIETBOPSET €il (WiH,
YTO PaBHOCUJIBHO, €CIIM HE Ka)KJas MaKCHUMaJlbHas IMOCJIEA0BATEIbHOCTh
3aIyCKOB YAOBJIETBOPSIET €€ OTpUllaHuI0). HoBbIE MpeauKaThl ClieytoIHe:

a first(t), rme t — mepexon ceru. JlaHHBIM TpPEIUKAT BBIMOJHICTCS B
pasmeTke M, eciu t — 3TO mepexo1, HEMOCPEACTBEHHO Cieayonuii 3a M
B TI0CJIEIOBATEIBHOCTH 3aITyCKOB.

o en(t), rme t — mepexox ceru. OH BhINOHSACTCS B pasmetke M, eciu M
akTusupyer t.

S [Mpenukar en(t) Moxer OBITH OMpEC/iCH KaK KOHBIOHKIUS TpeaukatoB ge(s, W(s, t))
JUTS BCEX BXOHBIX MOo3uIni. OH BKJIIOUEH B 0A30BBIC MPEIUKATHI I YA00CTBA.
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3ajmaya MpPOBEpPKU MOJEIEH JUisl JOTUKM C OSTUMU TpeMs Oa30BbIMU
npeauKaTaMd U TEMIOpallbHBIM  omeparopoM  F  (pasmerka
MOCJIEOBATEIBLHOCTH 3aITyCKOB yAOBIETBOpseT F ¢, ecnu kakasg-to Oosee
MO3/THSISL pa3MeTKa YJIOBJIETBOPAET @) HEpa3pema.

3amaya MpoBEpKU MOJENeH, OaHaKo, paspemmnMma JUIsl HEKOTOPbIX
¢bparMeHTOB:

o ®parMeHT, B KOTOPOM OTPHIIAHUS TIPUMEHSFOTCS TOJIBKO K TMPEIUKATAM.
Orot ¢pparmeHT conepkut dopmyiy F first(t), kotopas coorBercTByeT
TOMy, 4TO t KOrjga-HUOyIb HACTyIaeT, HO HE COACPKUT (HOPMYJIbI
GF first(t), rne G = —F —, koTopas ompenenaseT To, 4ro t BcTpeuaercs
OeCKOHEUHO YacTo. 3ajgada MPOBEPKU MOJEICH Ui 3TOro (parmMeHTa
MOXET OBbITh MOJMHOMHUAIBHO CBEIEHA K 3ajade JOCTHIKUMOCTH
pa3metku cetH lletpu.

o @parmMeHT, B KOTOPOM pa3peiieH TOJIbKO cocTaBHOU omepatop GF, u
OTPHUIIAHMS TMPUMEHSIOTCSA TOJBKO K NpeaukaraM. IToT (parMeHT
conepxut dopmyny GF first(t), Ho He comepxkut, Hanpumep, HopMyITy
GF first(t) > GF first(t') (mocie 3aMeHBl HMMIUTMKAIMM 10 €€
OTpPENEICHUIO TIEpEe]l OINEepaTOpoOM TMOSBISIETCS OTpHUIlaHue). 3aaaya
MPOBEpPKM  Mojened  Juisi  3Toro  (parMeHTta  CBOOUTCS K
AKCIIOHEHITUATLHOMY YHCITy 3K3EMIUTAPOB 33a/1aud JOCTIKAMOCTH. JIJis
dbopmyn, umeromux hopmy GF ¢, rne ¢ — 310 OyneBa KoMOMHAIUS
0a30BBIX TMPEIUKATOB, CYIIECTBYET JIYYIIWHA pe3ysibTar: 3ajada
MIPOBEPKU MOJIETICH MOKET OBITh TMOJIMHOMHAILHO CBEJACHA K 3ajade
JTOCTHKUMOCTH.

[naBa 3. O630p BepndmnkaTtopoB
3.1. SPIN

SPIN [46] — »T0 BepudUKaTOp, KOTOPBIA IOMJIEPKUBACT TPOBEPKY
Mozened W pa3pabOTKy  CHCTEM  ACHHXPOHHBIX  MPOLECCOB.
B Bepudukarope SPIN mporeccsl MOTYT B3aMMOJICHCTBOBATH MEKITY
co0O0M cIeayoIUMHI CIIOCOOaMU:

0 C MOMOIIbIO MPUMHUTUBOB Fendezvous [46];

0 HCIOJb3Ysl ACHHXPOHHBIX Tepeaad COOOIIeHH depe3 Oypepru3oBaHHbIC
KaHaJIbI;

o yepe3 ollue NepeMeHHbIE;
0 KOMOWMHHMPOBAHHBIM CIIOCOOOM.

Kpome cobOctBeHHO BepuduKanuu, WHCTPYMEHTAJIBHOE  CPEICTBO
MOAJEPKUBACT €IIE€ U PEKUMbl MHTEPAKTUBHOM U CIYYAMHOW SMYJISALIUU.
[Ipu sTOM 3amyckaercs WHTEpHpeTratop Moaenu. HeaerepmMuHupoBaHHbBIE
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nepexoAbl B pEXKUME  HMHTEPAKTHUBHOM  HAMYJSLMM  BbIOMpAIOTCS
MOJIb30BATEJIEM, a B PEXKUME CIy4alHOW OSMYJSIHUM BbIOUpAIOTCS
CIIy4auHOo.

SPIN pomyckaeT cUMyJSLHIO CHeUGUKAIIUA, HAMMCAaHHOW Ha S3BIKE
PROMELA (PROtocol Meta-Language) u BepuUKaHiO HEKOTOPBIX
TUTIIOB CBOWCTB, Hampumep, mnpoBepky wmojeneit LTL-popmyn (6e3
orepatopa ciemoBaHuss X) U BepUPHUKALUIO CBONCTB COCTOSHHUHU,
HEJIOCTIKAMOTO KOJa u T. .

Hamomuum, uro LTL-popMyily ¢ MOKHO MHTEPIPETUPOBATH IABOAKO: A ¢
6o E ¢ B Tepmunax CTL . SPIN unrepnperupyet ux kak A ¢.

O6mass crpykrypa wuHcTpymenta SPIN  mpuBegena wa pwuc. 3.1
Anroputmsbl, kotopble ucnosibdyer SPIN mpu nposepke LTL-popmyn Ha
Mojensax, 6azupyrorcs Ha kouBeptanuu LTL-hbopmynsl B asmomam broxu.

LTL-mapcep T'eneparop OnTUMH3HPOBAHHBIH HWcnonnumast
>,
U TPAHCIISATOP BepU(DHKATOPOB BepudukaTop "] Bepuduxamms «ua rery»
2

A
HWnrepoeiic | .| Promela- MuTepaxkTuBHas L Koumpnpumepoi

>

XSPIN napcep CHMYJISLIHS

Coobmenus 00
ommOKax CHHTaKcuca

Puc. 3.1. CrpykTypa cumyIisiiiuy 1 BepupuKaIuu ¢ ucroyibzopaaueM SPIN

Tunuynelii criocod paboTel ¢ HHCTpYMEHTAIbHBIM cpenctBoM SPIN —
HayaTh CO Crenu@UKauyu BBICOKOYPOBHEBOW Mojenu aiaroputma. [lpu
9TOM OOBIYHO HWCIONB3YIOT Trpaduueckyro oOomouky Xspin. Ilocie
UCIIPABJICHUS CHUHTAKCUYECKUX OIMMOOK BBITIOJHSIOT WHTEPAKTUBHYIO
IMYJISIIUIO A0 TeX MOp, MOKa HE HACTYIMaeT YBEPEHHOCTh, UYTO MOEIb
BeZeT ceds, Kak mmaHupoBajiock. [locie storo Ha Tpethem miare SPIN
UCTIONB3YETCSl A TOTO, YTOOBI CTEeHEPHUPOBATh ONTUMHU3UPOBAHHYIO
porpaMmy TIPOBEPKH CHEIU(pUKAIIMH BBICOKOTO ypoBHs. I[lomydeHHas
nporpaMMa KOMIOWJIMPYETCS C BO3MOXHOCTBIO BBIOOpa BO BpeMs
KOMITUJISIIIUMA  aliITOPUTMOB TIPOBEPKH, KOTOpPbIE OYIyT HCIOJIb30BaThCS.
Ecnu oOHapyxuBarOTCs Kakue-HUOYIb KOHTPHPUMEPHI K TPeOOBaHUSIM
KOPPEKTHOCTH, TO OHHM MOTYT OBITh BO3BpAIlCHbl B HHTEPAKTHBHBIN
OIMYJIATOP M PACCMOTPEHBI TOAPOOHO MJIE TOTO, YTOOBI MOYKHO OBLIO
YCTaHOBUTH M YCTPAHUTh UX MPUUHHY.

Cuurakcuc si3pika PROMELA manomuuaer cuntakcuc sa3bika C. Moaenb
Ha si3pike PROMELA cocTouT u3 clie1yrommx 3J€MEHTOB:

0 O0OBsIBICHUS THUIIOB JaHHBIX

0 oOBsABJICHUS KaHAJIOB nepeaadyun nCpeMEHHBIX
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0 O0OBsBICHUS EPEMEHHBIX;
0 O0OBSBICHUS U ONPEIEIICHUS IPOLIECCOB;
o Impomecca init.

[TonsiTHe «mporiecc» B JAaHHOM CIIy4ae OTHaJICHHO MOKHO paccMaTpUBATh
KaK TPOIEAYPY, BHIMOTHAEMYIO B OTIEIHHOM MoToKe. IIpuBenem mpumep
00BsBJICHHS U OmpeeeHus nponecca (uctunr 3.1):

Nuctunr 3.1. O6bABNEHNE 1 onpeaeneHne npouecca

proctype proc(int a; int b)

{
byte b; /* snokajbHasa nepemeHHasa */
/* mejyo mpouecca */

}
[Iponiecchl MOTYT UMETH ITapaMEeTPhl U JOKaJIbHbIE ITepeMeHHble. [Iponece

MOKET OBITh 3allyllleH B HECKOJbKHUX D3K3EMIUIIpax, €CIu i HEero
UCIONB3yeTCsl  MoAM(UKaTOp active. 3amyckaroTcs DPOLECCHl C
MOMOILBIO MOJU(UKATOpaA run.

SI3eik PROMELA umeer ceMb 0a30BbIX TUIIOB JTaHHBIX:
a bit;

o bool,

o pid;

o Dbyte;

o short;

o int

o unsigned.

bit u bool 3aHuMarOT oMH OUT U MOTYT XpaHUTh, COOTBETCTBEHHO, YHCIIO
u3 mHoxectBa {0; 1} wim norudyeckoe 3HaueHue. OTMETHM, 4YTO B
PROMELA true skBuBasienTHO enuHuile, a false skBuBayieHTHO HY:IIO.
WMHpIMH  CIOBaMH, BBIP@KEHHE X == 1 OSKBUBAJICHTHO BBIPAKCHUIO
X == true.

Tun pid ucmonb3yeTcst It HACHTU(DUKAIIUH TPOIIECCOB.

Tun byte sxBuBanenten unsigned char u3 si3eika C, 3aHUMaeT oMH OalT U
MO3BOJISIET XPAHUTh YUCIIO U3 MHOXKecTBa {0; ..., 255}.

Tun unsigned mo3BossieT 3a1aTh pa3Mep IepeMeHHoM B Outax. Hanpumep,
unsigned x : 5 = 25;

O3HA4acT, YTO NECPEMEHHAas X 3aHUMACT IIITh OUT M UMeEET 3HaUeHue 25.
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A3k PROMELA nonnepxruBaeT MacCUBBI IEPEMEHHBIX, a TAK)KE MACCUBBI
KaHaJoB, HapUMep:

int x[40] = 5;

3neck 00bsiBIeH MaccuB U3 40 3JIEMEHTOB, M BCE 3JEMEHTHI MaccuBa
IPOMHULIMAIIN3UPOBAHBI YUCIIOM 5. B ciydae OTCYTCTBUS MHULIMAIM3ATOPA
AJIIEMEHTHl HHULHAIA3UPYTCS HYJIEM.

Teno nmponecca COCTOUT U3 MOCIEAOBATEILHOCTH onepaTopoB. OnepaTopsl
MOTYT OBITh AKMUBHbIMU TUO0 OIOKUPOBAHHBIMU. AKMUBHDIL OTIEPATOP —
TO  OmepaTop, KOTOPbIH MOXKET OBbITh BBINIOJIHEH HEMEIJICHHO.
brokuposanmnwiii  onepatop — omeparop, KOTOpPbIA HE MOXET ObITh
BBITIOJTHEH B JIaHHBIM MOMEHT. Takoill omepaTop OJOKUPYET BBIIIOJTHEHHUE
mpoiiecca J0 TeX IMop, MoKa OH He CTaHeT akTUBHBIM. Hanpumep, onepaTtop

x < 7

MOKET OBITh AKTHBEH TOI/IAa M TOJBKO TOT/AA, KOTAA X MEHBIIE CEMH.
B npoTuBHOM cilydae OH OCTAHABJIMBAET BBIIIOJIHEHHE IIpolecca O TeX
1op, MOKa yclIOBUME HE BbINOJHUTCA. HekoTopele omepaTopsl (HampuMmep,
oIepaTop MPUCBaUBaHMs) aKTUBHBI BCET/A.

SA3pik PROMELA comepXuT Takyke omepaTtopbl BETBICHHS W IIUKIIA,
CHUHTAKCUC KOTOpPBIX (JIMCTHUHT 3.2) OCHOBaH Ha OXPAaHHBIX KOMaHAax
Jevikctpsl [47].

Nnctuur 3.2. OnepaTopbl BETBNEHUSA U LMKNA

if do
guardl -> Sl guardl -> Sl
:: guard2 -> S2 :: guard2 -> S2

else -> Sk
fi od

else —-> Sk

[Tosicaum paboty omeparopa if. Eciam ycnoBue guard; HCTHUHHO, TO
BBITIOJIHAETCS IeUCTBUE S;. ECIIM OTHOBPEMEHHO BBINOJIHAKOTCA HECKOIBKO
YCIIOBUH, TO MPOUCXOIUT HEAECTEPMUHUPOBAHHBIA BHIOOP OJHOTO M3 HUX.
Ecaim Bce yciioBHS  JIOKHBI, TO  BBINOJHAETCA  JAEUCTBHE Sy,
coorBercTByOIIEee else. KoHcTpyknusa else MOXKET OTCYTCTBOBATb.
Torma B ciydae, eciaum BC€ YCIOBHUS JIOXKHBI, BBIIOJIHEHHME IIpolecca
OJOKUpyeTCsl 10 TeX TMOop, MOKa XOTd Obl OAHO M3 HUX HE HAuHEeT
BBIITOJTHATHCS.
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Omneparop do umeeT Takyr xe hopmy, kak oneparop if, ¢ emnHCTBEHHOU
pasHuiei, uyro if 3amenserca Ha do, a fi Ha od. Ormerum, 4YTO
oreparop d0 — 3TO B MPUHIIMIIEC BCera OCCKOHEYHBIN MUK, TaK KaK €CII
BCE OXpaHHbIE KOMAH]IbI OJIOKMPOBAHBI, TO OH *KJET JI0 TE€X MOp, MOKa OAHA
U3 HUX HE CTaHET aKTUBHOW. BrimoiHeHne oneparopa do, Takum oOpa3om,
MOJKET OBITh MPEKPAIICHO C MMOMOIIBIO OrlepaTopa goto Ui break.

SAzeik  PROMELA mo3BosisieT omnpenensTh KaHalbl TEpeaadyd JIaHHBIX.
[Iporeccbl MOTYT OBITH COEIMHEHBI Yepe3 OJHOHAMPABJICHHBIM KaHal
MPOU3BOJILHONW (HO KOHEUHOM) eMmkocTtH. Kanamel eMkxoctu 0 Takke
paspemeHsl  (mpumutuB  rendezvous B Tepmmuax  SPIN).  Kanamber
cnenuUIMPYyOTCS TakK JKe, KaK U 0ObIYHBIC IepeMeHHble. Hampumep,

chan ¢ = [b] of byte

ompenensaeT KaHal, Ha3bIBa€MbIN C, eMKOCTbIO 5 0aiiT. KaHan MoxeT ObITh
paccMoTpeHn kak Oydep B Buae ouepenud. Iloceuika cooOmieHus
0003HayaeTcss BOCKIUIATEIbHBIM  3HAKOM, TMpPUEM  COOOIICHUS —
BOIIPOCHUTEILHEIM 3HAKOM. [lycTh C HWMEET MOJIOKHUTEIBHYIO EMKOCTb.
Torma komanga c!2 axkTHBHA, €CIM C HE IMOJHOCThIO 3aHAT. Ee
UCIIOJTHEHHE TMoMeIaeT d3jaeMeHT 2 B Kouen Oydepa. Komanga c?x
aKTUBHA, ecniu ¢ He mycT. OHa yaanser ronoBy Oydepa ¢ U NprUCBauBaeT
ee 3HaueHue nepeMeHHod x. Ecnu c He OydepuszoBaHa, TO €CTb HUMEET
pasmep 0, To c! (M Cc?) akTUBHA, €ClM MMeeTcs KomaHaa c? (u c!,
COOTBETCTBEHHO), KOTOpasi MOKET OBITh BBHITIOJIHEHA B TO XK€ BpeMs (U
TUIIBI TIAPAaMETPOB COOTBETCTBYIOT JPYr JPYry). OTa BO3MOXKHOCTH
noJiesHa JUIsi MOJCIIMPOBAHUS CHHXPOHHBIX KOMMYHHKAIUA MEXIY
POLIECCaMH.

IIpoTokoa BbIOOpa TUaEpPa

PaccmoTrpum wucnosnp3oBaHue BepuduKaTOpa Ha MPUMEpPE MPOTOKOJIA
BbIOOpa nuzepa [1, 48]. [Tycts umeercst N mpormieccoB (N > 2) B KombIeBOM
TOTIOJIOTHH, COCTMHEHHBIX HEOTPaHWYCHHBIMU KaHanmaMmu. [Iporiecc moxer
MOChUIATh COOOIIEHHUS TOJBKO MO YacoBoi cTpeske. I[lepBoHavaibHO
KaXJIbI TIPOIleCC MMEET YHHUKAIbHBIA wuaeHTU(dUKaTop Ident, xoTopsrii
HIDKE TIPEIoiaraeTcsi HaTypalbHbIM uncioM. Llems mpoTokoma BeiOOpa
Jauzepa B MOJIYyYEHUH YBEPEHHOCTH, YTO POBHO OJUH MPOILIECC CTAHOBUTCS
aunepoM. Takke 3aJaHO JIONOJHUTENbHOE YCJIOBHME: MpoIecc ¢
HAWBBICIIIUM  UJCHTU(PUKATOPOM JOJKEH OBITh BBIOpaH JIHACPOM.
OOBbsCHEHHUE 3aKIII0YAETCS B TOM, YTO UJEHTU(PHUKATOP MpoLecca OTpakaeT
€ro BO3MOXXHOCTH, M KeJIaTelIbHO, YTOOBI MPOIIECC C MaKCUMaIbHBIMU
BO3MOXKHOCTSIMH BBIMTpajl BBIOOpHL. B mpoTokosie kaxaplil mpoiecc B
KOJIBIIC BBIMOJTHSIET CICAYIOIYIO 33134y (JTUCTUHT 3.3):

154



NMncTtunr 3.3. MNpoTokon Bbibopa nuaepa

active:

d = ident;

while (true)

{
send (d) ;
receive (e) ;
if (e == d) stop; // Ipouecc d gBJgeTCH JIUOSPOM
send (e) ;
receive (f) ;
if e >= max(d, f)
{

d = e;

}

else break;

relay:
while (true)

{

receive (d);
send (d)
}

N3 paccMOTpeHHs MOPOTOKOJA CIEAYEeT, YTO TNEPBOHAYAIBHO KaXKJbIH
npoiiecc akTuBeH (active). B TeueHwe TOro BpeMEHHM, MOKA OH aKTHBEH,
IPOLIECC OTBEYAET 3a ONPEJEICHHOE IMPOLIECCHOE YHUCIO (COXpaHEHHOE B
nepeMeHHol d). DTO 3HAYEHHWE MOXKET HU3MEHATHCS B XOJ¢ pPabOThI
npoTokoiia. Korja nporiecc onpeaesisieT, YTo OH HE HECET UJICHTU(UKATOP
TEKYIIETo JIujepa, OH HaUMHAeT ycTynaTh. Eciu nporecc ycrymnaer (relay),
OH Mepe/aeT COOOIIEHUsI CJeBa HAMpaBO MPO3payHbIM CIOCOOOM — 0e3
IPOCMOTpPA WM MOAU(PUKAIIMH UX COJIEPKUMOTO.

Kaxaplii akTHBHBIN TpOIECC IMOChLIIACT CBOIO mepeMeHHyr0o d cBoeMy
cocelly M0 4acOBOM CTPEJIKE U MOTOM JKJIET J0 T€X MOpP, MOKA HE MOJIYYUT
3HaueHue (€) OT CBOEro OJMKAMIIero akTUBHOTO cocela MPOTUB YaCOBOM
crpenku. Ecnu mporecc mosydaeT cBoe coOCTBeHHOe 3HaueHue d, oH
3aKITI0YAeT, YTO OCTAJICS €AMHCTBEHHBIN aKTUBHBIN MpoIecc U 4To 310 d B
JEUCTBUTENLHOCTH  SABJISIETCS MJICHTU(PHUKATOPOM HOBOTO JHUAEpa, U
npekpamiaer padory. (OTmeTum, 9TO Tpollecc caM Mo cebe He o0s3aH
CTAHOBUTHCSI HOBBIM Jiuziepom!) B cirydae eciiu mpuHATO Apyroe 3Ha4YCHUE
(e # d), mpouecc ket Broporo coodmenus (f), conepxarero 3nauenue d,
KOTOpPO€ HECeT BTOPOM OJMKAMIIMK aKTUBHBIA COCEN MPOTUB YaCOBOMU
cTpenku. Ecnu 3HaueHne OirKaliiero akTHBHOTO COCe/la MPOTHB YaCOBOM
cTpeiku HambOombinee cpeau €, f m d, To mporecc oOHOBIIET CBOE
JokanbHOe 3Hadenue (d:=e€). B mpoTHMBHOM ciyd4ae OH HayWHACT
ycTynatb. Takum 00pa3om, u3 J000T0 MHOXECTBAa aKTHUBHBIX cocelei
OJIMH OYyJIeT yCTyNaTh B KAKJIOM PayHJIE.
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Jng  Toro urtoObl MOPOMJUIIOCTPUPOBATH, Kak paboOTaeT MpOTOKOI,
paccCMOTpUM TpUMEp €ro 3amycka s YeThlpeX MPOIECCOB C
uaeHtudukaropamu 1 — 4, xak mokazaHo Ha puc. 3.2. 31ech IPOIECCHI
0003HAYaI0TCs BEPUIMHAMM, & KOMMYHHUKAI[MOHHBIE KAaHAJIBI — CTPEJIKaAMH.
ConmepxuMO€e KaHajla yKa3aHO B METKE BO3JIE CTPEIKH, TOYKA C 3aISTON
UCIIOJIB3YETCS JUIsl pa3felieHusl pa3inyHbIX coobueHnid. Kaxnas BepiirHa
NIOMEYCHA TPOWKOMU, copepiKalleid 3HaYCHHS JIOKaJIbHBIX TIepeMeHHbIX d, e
u f. Uepnas BepmmHa 0003HayYaeT, 4TO MPOIECC YCTYMAET, B MPOTHBHOM
cllydae OH aKTHBEH.

2,-) 2,-7) (24.)
4 2 2,4
(4.--) (3B-) (4,-7) @) (4,--) (3.-17)
(L) (L) Yoany
) (2,4, 24 (4,4,1) . (4,4,1)
(4,1,-) @ (3,-) (4.1,) (3,2, (4,1,3) (3,2,4)
3 3 2
1) 1.3,) (1,3,-)
(4,4,1) (4,4,1) (4,3,1)
4
(4,1,3) @ (3,2,4) (4,1,3) (4,2,4) (3,1,3) (3,2,4)
3 4 4
(3,3,2) (33,2 (3.4.2)
(4,3,4)

(4,1,3) (3,2,4)

%

(4,4,3)

Puc. 3.2. [Ipumep 3amycka npoTokoJsia BEIOOpa Jiuiepa

MopeanpoBaHue npoToKoJia Bbioopa Jaujaepa Ha s3pike PROMELA

Cnemudukanuss Ha s3eike PROMELA cocrout w3 Tpex dyacrtei
(muctunr 3.4):  ompeneneHus TIOOATBHBIX  TEPEMEHHBIX, OINHUCAHUS
MOBEJICHUS MPOIEecca B KOJIbIIE U MHUIIMAIM3AUOHHON CEKIIMH, B KOTOPOU
nporeccel crapTytoT. lloBeneHueckass 4acTh IMpolecca pProcess B
JEeWCTBUTEIBLHOCTH MOTy4YaeTCs MPSMbIM IIEPEBOJIOM ONKMCAHUs MPOTOKOIIA,
MPUBEICHHOTO BbIlIe. B mpoTokon m00aBiieHbl JiIBa KOMMEHTapHs,
BBIBOJIAIIUXCS HA DKpaH JJisl yrpolneHus: cumyisanuu. [Iporecc coenuuen
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CO CBOMM COCEIOM MPOTUB YAaCOBOM CTPENIKM Yepe3 KaHal in, U depes
KaHaJI Out — CO CBOMM COCEJOM I10 YaCOBOM CTpEJIKE.

NucTunr 3.4. MNpoTtokon Bbibopa nuaepa Ha sa3bike PROMELA

proctype process (chan in, out; byte ident)

{
byte 4, e, £;

printf ("%d\n", ident);

activ:
d = ident;
do :: true ->
out!d;
in?e;
if :: (e == d) ->
printf ("%d asnsgercsa sumepom\n", d);
goto stop
else -> skip
fi;
outle;
in?f;
if :: (e >=d) && (e >= f) -> d = e
else -> goto relay
fi
od;
relay:
end:
do :: in?d -> out!d
od;
stop:
skip

}

[Tporecc MokeT OBITH B OJHOM M3 TPEX COCTOSHMU: activ («active» He
UCIIOJIB3YETCs, TaK Kak d3TO 3ape3epBUPOBAHHOE CIY)KEOHOE CIIOBO B
PROMELA), relay u stop. [Iporecc MOXKeT JOCTHYbL COCTOSTHUS Stop,
TOJIBKO €CIIM OH pacrno3Han HoBoro iuuaepa. IIpomecc, KOTOpbI He
pacro3Hayl Jiujepa, 3aBeplIUTCs B COCTOsIHUM relay. Bo wuzbexanue
reHepalyy HEBEPHOI'O 3aBEPIIAKOIIETO COCTOSIHUSA (COCTOSHUS, KOTOPOE HE
ABJISIETCA KOHIIOM Tejla NporpaMMbl M KOTOPOE€ HE MOMEYEHO METKOM
«end:») MOMETUM COCTOsIHME relay Kak 3aBepiuatoniee. Eciu neiTatbes
Bepu(UIIMPOBaTh BbIIEyKa3aHHyo crernudukanuio Ha PROMELA 6e3
aToM MeTkH end :, To SPIN Hamren Ob1 HEBEpHOE 3aBEpIAIONICe COCTOSHHE
Y BbIJ]aJ OLIKOKY.

OTMeTHM, 4TO, HaPUMEP, ONEPATOP 1n7?e BBHIMNOJHUM, TOJIBKO €CJIM KaHall
in #e myct. Ecnu kaHan myct, To onepaTop OJOKHPOBaH, U BBHITIOJTHCHHE
npolecca NPUOCTAHOBIICHO JI0 TEX MOpP, MTOKa OH HE CTAHET BBITOJTHUMBIM.
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CrnenoBaTenbHO, 1n?e JNOMMKHO YWTATHCS CIEIYIOIIMM O0pa3oM: KAaTh,
IOKa COOOIIEHHWE HE MOMNajgeT B KaHal in, M 3aTeéM I[OMECTUTh €ro
3HAYECHUE B IIEPEMEHHYIO €.

Cnemuduranuss Ha PROMELA naunnaeTrcs ¢ ompeaeneHus: riodaibHBIX
nepeMeHHbIX (JIucTHHT 3.5):

NucTtunr 3.5. MMobankbHble NnepeMeHHble cneumdukaunmn Ha a3bike PROMELA

#define N 5 /* uucyo npoueccos */
#define I 3 /* mpouecc ¢ HauMMEHbLUIMM MOSHTHUOMKaATOpPOM */
#define L 10 /* pasmep Bydepa (>= 2*N) */

/* N KaHaJIOB €MKOCTbI L KaxIwli */

chan g[N] = [L] of { byte };
Koncrtanta I wuCHOJb3yeTCsl TOJBKO C 1I€JIbI0 HHHIManu3anuu. OHa
OmpeNeNaeT MpolecC, KOTOpbId OyAeT 00JiajaTh HAUMEHBIIINM 3HAYCHUEM
ident. EMKOCTh L COCAMHSIONIMX KaHAJIOB JOJKHA ObITh KAaK MUHUMYM
2N, Tak KakK KaJbId TPOIECC MOCHIJIAeT MAKCHMyM JIBa COOOIINCHUS B
KaXJIOoM payHjae BbIOOpoB. Tak kak cooOlieHHs B TPOTOKOJE BbIOOpa
Jujepa HECYT TOJIbKO OJuH mapameTp (uaeHTudukatop mpolecca), TO
Ka”Hayel ¢ g [0] mo g [N—1] MOryr coleparh dJIEMEHTHI THIIA byte.

s Toro 4ToOBI CO3/1aTh TOIOJIOTHIO KOJIbIIAa M 3alyCTUTh JK3EMILISPHI
IIPOLIECCOB B KOJIBIIE, MCIOJIB3YETCA KOHCTPYKIMA 1init. Ora d4acts
PROMELA-cnenndukaiuy UMeeT CIeIyoIni Bu (JUCTHHT 3.6):

NucTuar 3.6. 3anyck ak3eMnnapoB NpoLeccos

init {
byte 1i;
atomic {
i =1;
do :: 1 <= N -—>
run process (gl[i-1], gl[i%N], (N+I-i)S%N+1);
i = 1i+1
i > N -> break
od

}

3nech $N obo3Hayaer octarok mo moxyito N. Ilporecc 3amyckaercst ¢

ONpPEIEICHHBIMU (bakTHYeCKUMU napaMeTpaMu onepaTopoM
run process (). [lepBpi mapamerp mpouecca — 3TO BXOASAUIMNA KaHAI,
BTOPOW MapaMeTp — BBIXOIIIMM KaHAJI, a TPETUW MapaMerp — €ro

uneHtuukarop. CymecTBylOT, KOHEYHO, pa3jIUYHbIE MEXaHU3MBI
MIPUCBOCHUS UJECHTU(PUKATOPOB MpoIeccam, 37eCh MPOCTO BHIOPAH OJIUH U3
cambIXx mOpocTeix. IIpenmonaraercs, OAHAKO, YTO KaXIbli MPOIECC
MoJlydyaeT YHHUKaJIbHBIA  uAeHTU(HUKATOpP. OTO HEOOXOauMO s
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KoppekTHOcTH anroputMa. C 1enpl0 00ecrneyuTh BCEM MpoleccaM
BO3MOXKHOCTh CTapTOBaTh OJHOBPEMEHHO, BOCTIOJIB3YeMCSI KOHCTPYKIIHEH
atomic. OHa 3amuIIaeT 3aImyCcKl MPOIECCOB OT TOTO, YTOOBI UCIIOTHITh
TEJIO TpoIlecca, MOKa APYTUE MPOIIECCHI ellle He CO3IaHbl.

OTtmeTuM, 4TO 371€Ch (UKCHUPOBAHO OJHO HMHAWBHIYAJIbHOE IMPHCBOCHUE
uaeHTU(UKATOpoB  mpoueccam. Pe3ynbTaThl, KOTOpbIE  MOJTYYEHBI
CUMYJISIIUEN M BepU(pUKalued, BEpHbl TOJBKO JUIsI 3TOrO MPUCBOCHUS.
C nenpio yBenWYeHHs] HaJCKHOCTU MPOTOKOJA JIOJDKHBI OBITh TIPOBEPEHBI
npyrue ((hakTuYecKu, Bce BO3MOXKHBIE) PUCBOECHUS. [[pyras BO3SMOKHOCTb
COCTOHT B TOM, 4TOOBI Hamucath pparment Ha si3pike PROMELA, xoTopsIii
IpHUCBAMBAET MPOLIECCaM UIEHTU(UKATOPHI CITy4aiHoO.

PROMELA-cnenndukamnus, mnoiydyeHHass TaKUM CIIOCOOOM, MOXET OBbITh
Tereps Bepuduimponana. [Ipu 3Tom He OyAeT HEAOCTUKUMOTO KOJa WU
0510kupOBOK. JIJisi TOrO 4TOOBI YIYYIIUTh TOHUMAaHHE TOTO, KaK paboTaer
MPOTOKOJ, MOKET OBITh BBIMOJHEHA (CiIydaifHas, ympaBisgeMas WA
WHTEPAKTHUBHAS ) CUMYJISITHA.

IIpoBepka mojaeJieii nus cnenudukanuu Ha s3pike PROMELA

CaMoe BaKHOE CBOMCTBO, KOTOPBIM JOJDKEH 00JIagaTh MPOTOKOJ BhIOOpa
Jauzepa, COCTOUT B TOM, YTO OH HE JOJDKEH IO3BOJIATH O0Jiee 4YeM OTHOMY
MPOLIECCY CTAHOBUTHCS JHAEPOM. DTO BbIpaxkaeTcs B L TL kak

G —[#leaders > 2],
Uik, DKBUBAJICHTHO,
G[#leaders < 1].

D10 cBoicTBO mpoBepsieTcss uHCTpymMeHToM SPIN cremyromum obpazom.
Omnpenensiercs ¢popmyna [ ]p, rae [ ] coorBeTcTByeT G, a p onpeaensercs
TaK:

#define p (nr leaders <= 1)

3pece nr leaders — BcIOMOraTelnbHas IJ00anbHas NEPEMEHHas B
cnerupukarmun Ha PROMELA, kotopasi OTCIIeKHMBAaeT YWCJIO JIUJEPOB
B cucreMe. PROMELA-cnenmukanus Ha JaHHOM JTane JOJDKHA OBITh
pacimpeHa ciaeayonmm oopasoM (Jiuctunr 3.7):

Jlnctuur 3.7. Hoeas cneundukauma PROMELA
byte nr leaders = 0;

proctype process (chan in, out; byte ident)
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do :: true ->

out!d;

in?e;

if :: (e == d) ->
printf ("%d sBngercsa sumepom\n", d);
nr leaders = nr leaders + 1;
goto stop

else -> skip
fi;

CpoiictBo [] p kouBeptupyercs cpenactBom SPIN B pazweuennviil
asmomam broxu. SPIN mognepxuBaer naBa cmocoba koHBeprtaruu LTL-
dbopmysl B aBToMaT broxu. [lepBbiii crioco0 (ycTapeBIiuii) mpeamnoaaraet
3amyc KoMaHabl spin  —-f  "formula 1tl", KkoTopas CTPOHT
KOHCTPYKIIMIO NEver claim, sBisiomyrocs onucaHueM aBTomara broxu Ha
s3pike PROMELA. TloctpoeHHYI0 KOHCTPYKIIUIO TpeOyercs N00aBUTH B
Moaenb Ha si3pike PROMELA.

ABtomat, momydeHHblii Bepudukatopom SPIN, mmeer crmemyrommuii BuA
(;mactuar 3.8):

JlnctuHr 3.8. ABTomat Broxu

/*
* BBenmeHHas oQopMmyJsa: [] p
* Hwmxe ycJyoBue claim cooTBeTCcTBYyeT
* OTPUMLAHUI MCXOOHOM Qopmysiel ! ([] p)
* (bopmMmanmsayKlleMy HapylleHMe CBOMCTBA)
*/
never { /* ! ([] p) */
TO init:
if
: (1) -> goto TO init
(! ((p))) —-> goto accept_all
fi;
accept all:
skip

}

Hanomuum, yTo aBTOMaT brOXM COOTBETCTBYET OTPULIAHUIO ITPOBEPAEMOM
Gopmynst — A_, e ¢ coorBercTByeT G[#leaders < 1]. Eciu 3T0 cBOliCTBO
coxpaHeHo B ¢aiine propertyl, To SPIN aBTOMaTnuecku mpoBEpUT €ro,
ecnu 100aBUTh B KoHell (wiu Havano) crnenudpuxkanun PROMELA
UHCTPYKIIHIO:

#include "propertyl"

BTtopoii coco0 3akitouaercst B ToM, uto B crienudukaruio Ha PROMELA
00aBIISIETCSI HHCTPYKLIMS

1tl name { formula }
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rae name — Ha3BaHue Gopmynsl, a formula — cama ¢popmyna. B oTimuune
OT TepBoro cmoco0a, JaHHBIH CHOCOO IMO3BOJSET JT00ABUTH HECKOJIBKO
dbopmyn B cnenudukanuto. Ilpu Takom crocodbe SPIN cam crtpour
orpurianue LTL-bopmybl.

N3 PROMELA-cnenudukamuu monenu SPIN renepupyet koa Ha s3bike C

A

JIs1 IporpamMMBbl Pan, KoTopasi U MpeCcTaBisieT coooi Bepudukarop. s

ATOr0 UCIOJIB3YETCA KOMaHa spin —-a model.pml, rae model .pml
— aitn, comepxkammii Moxaenb. [lomydeHHyro mporpammy TpeOyeTcs
CKOMITMJIMPOBATh MW 3alyCTHTh. 3a OJHMH 3allyCK pPan mOpOBOIUT
Bepudukanuio ogHod LTL-popmynbsl, KOTOpPYO MOXKHO BBIOpaTh Npu
IIOMOIIY OIIMK KOMaHIHOM CTPOKH. BakHble OnumyM KOMAaHIHOW CTPOKHU
IIporpaMMsl pan:

]

]

]

]

—a — MOUCK JIOMYCKAIOIINX [IUKIIOB,;
-1 — mouck HanboJee KOPOTKOTO KOHTPIPUMEDPA;

-N name — wucnonb3oBaTth npu Bepuduxamuu LTL-popmyny c
UMEHEM name;

—-r — pacimudpoBKa KOHTPIIpUMEPA.

Ecnu pesynbrar BepuuKanuu OTpHULATENIbHBIA (TO €CTh, MOJENb HE
YIOBIETBOpSieT  cneuu@uKanuu), TO  BEepUPUKATOP  COXpaHIET

K

oHTprpumMep B (aitne model .pml . trail. PacmudpoBbiBaeTcs OH IpU

oMo KoMaHJel spin —t model.pml wmm pan —-r —N name, rue
model .pml — daiin ¢ Moaenbio, a name — uMs L TL-dopmyb.

Pesynbrar Bepudukanum CBOMCTBA MOJIOKHUTEIbHBIA (JTucTUHT 3.9).

NucTuur 3.9. PesynbTaT Bepudmkaumm NnpoTokona Beibopa nuaepa

Full state space search for:

never-claim +

assertion violations + (if within scope of claim)
cycle checks - (disabled by —-DSAFETY)

invalid endstates - (disabled by never-claim)

State-vector 140 byte, depth reached 155, errors: O
16585 states, stored
44589 states, matched
061174 transitions (= stored+matched)
18 atomic steps
hash conflicts: 1766 (resolved)
(max size 2719 states)

Stats on memory usage (in Megabytes) :
2.388 equivalent memory usage for states

(stored* (State-vector + overhead))
2.046 actual memory usage for states (compression: 85.65%)
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State-vector as stored = 119 byte + 4 byte overhead
2.097 memory used for hash-table (-wl9)

0.200 memory used for DFS stack (-m10000)

4.448 total actual memory usage

O TMONOXUTEIBHOM pe3yJIbTaTe CBUJETEIbCTBYET TEKCT errors: 0.
Jlaxke nns 3TOro HEOOJBIIOrO0 MPOTOKOJAa ¢ S5 mporeccamu  (TUTIOC
COCIMHSIONINE UX KaHAJIbl) MHOKECTBO COCTOSIHUM YK€ JIOBOJLHO BEJHUKO.
[Toatomy SPIN mpemoctaBiser ompeaeieHHbIE MEXaHW3MBI JUIsl TOTO,
4YTOOBI C/eNIaTh MHOKECTBO COCTOSTHUN MEHbIIIE. DTO OCYIIECTBISIETCS WU
32 CUeT XPAaHEHUs UX KOMMAKTHBIM CIIOCOOOM (MCHOJIb3YS PEayKIUIO
YACTUYHBIX MOPSAJIKOB), WJIM MYTeM MPUMEHEHUS XCIIUPOBAHUS (KOTOpPOE
n30eraeT MpOCMOTPa BCErO0 MHOKECTBA COCTOSIHMIA), WM KOMOHWHAIIUEH
3THX CHOCOOOB.

DddexT npuMeHeHUs PeAYKIIMHU YaCTUUYHBIX MOPSAJIKOB K PACCMOTPEHHOMY
MIPUMEPY COCTOUT B TOM, UTO COXPaHAIOTCS ToJIbKO 3189 cocrosHuii u
5014 mnepexomoB Bmecto 16585 cocrostHuii u 61172 nepexomoB, Mo
CPaBHEHHMIO CO CIy4yaeM, KOTJla PEAYKIMS YacCTUYHBIX TMOPSIKOB HE
MIPHUMEHSIIACH.

TakuMm ke myTeM MOTYT ObITh BEpU(PHUIMPOBAHBI CIEAYIOLINE CBOWCTBA:
JUAep BCErja B KOHEYHOM cueTe OyleT BbhIOpaH; BHIOPAaHHBIM JUAECPOM
OyzeT npouecc ¢ HauOONbIIUM UAECHTU(UKATOPOM; €CIIH MPOLIECC BHIOPAH
JUIEPOM, TO OH OCTaHETCS JIMIEPOM HaBCEI/1A.

[TokaxkeM, 4YTO NPOUCXOIUT, KOTrAa MPOBEPSETCS HEBEPHOE CBOMCTBO:
npoBepuM Gl#leaders = 1]. OHo HapymaeTcsi B COCTOSHHH, KOTZa BCE
AK3EMIUISPHI MPOLECCOB CO3/IA0TCS, TaK KaK Cpelr HUX HeT juaepa. Ecnu
sarmyctuth Bepudukatop SPIN, To momyunm ommbKy, U creHepupyercs
KOHTPHpHUMEpP, KOTOPbIA coXxpaHutcs B (paitnt. [{ns aHanm3a ommoOKu MOKET
ObITh  3allyllleHa YyhpaBiseMas CUMYJsiLus, Oasupyromascs Ha
MOCTPOEHHOM KOHTprpuMepe. KpaTuaiiiiasg Tpacca, KoTopas BeIeT K
omuOKe, MOXKET ObITh CTEHEPUPOBAHA 10 3aIPOCY.

Bepudukauus ¢ MCnoab30BaHUEM YTBEPKICHUH

AnbTEepHATUBHBIM, a 4acTo U Ooiiee 3(PphEKTUBHBIM NyTeM BepudUKAIUH,
SBJISIIOTCSL TaK Ha3bIBaeMbIe ymeepoicoenus (assertions). YTepxkacHUe —
ATO KOHCTPYKIIHSI, apTyMEHTOM KOTOPOW SIBISETCS OYyJIEBO BBIpaKCHHE.
Ero ucnonnenue He umeeT mobounbix dddexron. Ecnu cnenuduxanus Ha
s3pike PROMELA conepxut yrBepxaenne, To SPIN mpoepsiet, ects nu
BBEIYKCIICHHE, TIPH KOTOPOM YTBEpIKICHUE HapymiaeTcs. B sTtom ciydae
oToOpa)kaeTcs OImoKa.

PaccMoTpum mpumMep uCHonb30BaHUs yTBEpkAeHUU. [Ipenmnonoxum, 4ro
TpeOyeTCcs MPOBEPUTh, IECUCTBUTEIBLHO JIM YHUCJIO JUIACPOB BCErja He
MPEBBINIAET OJHOTO0. ITO MOXKET OBITh MPOBEPEHO IyTeM J00aBJICHUS
YTBEPKICHUSA
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assert (nr leaders <= 1)

HerocpeAcTBeHHO B koja crnenudukanuu PROMELA B MomeHT, Korna
MpOIIeCC OMpeNeNsieT, 4YTO OH BBIMTPAT BBIOOPHI W  yBEITUYHBACT
nepeMeHHyr0 nr leaders. Tak moayyaerca Telmo — Impoliecca
(muctuar 3.10):

NMucTunir 3.10. Cneuudpmkaums, ncnonb3yowasn yTBEPKaeHUS
byte nr leaders = 0;

proctype process (chan in, out; byte ident)

activ:
d = ident;
do :: true ->
out!d;
in?e;
if :: (e == d) ->
printf ("%d asnsgercsa sgumepom\n", d);
nr leaders = nr leaders + 1;
assert (nr leaders <= 1);
goto stop
else -> skip
fi;

Bepuduxkarus stoii cnenupukarmu PROMELA He Bo3Bparmiaer ommbOoK 1
UCIIOJIB3YET TaKOE K€ YHMCIIO COCTOSHUM U MEPEX00B, KaKk U Bepu(pUKaIus
cootBercTBytomieit LTL-hopmynsr G[#leaders < 1].

3.2. SMV

WuctpymentansHoe cpeacteo SMV  (Symbolic Model Verifier) [49]
MOJICP)KUBAET BEPUDHUKAIINIO KOOMEPUPYIOMIMX IPOIECCOB, KOTOPHIC
B3aMMOJICHCTBYIOT Yepe3 pa3/ielieHHbIE TIEPEeMEHHbIE. DTO CPEICTBO OBLIO
NMEepPBOHAYAILHO  pa3pabOTaHO Ui  aBTOMATUYECKOW  BepuUKAIIU
CHHXPOHHBIX anmapartHeiXx cxeM. OHO Takke ObUIO OYeHBb TOJIC3HO IS
Bepu(UKAIMM  KOMMYHHUKAIITMOHHBIX  TIPOTOKOJIOB.  Takke  OHO
MPUMEHSIIOCH K OOJIBIITUM MTPOTPAMMHBIM CHCTEMaM, HallpUMep, B aBUAITUU
[50]. TIIpomeccbr B SMV MOryT HCHOJHATBCS CHHXPOHHBIM WM
ACHHXPOHHBIM CIOCOOOM. DTOT BepU(UKATOP MOMICPKUBACT IMPOBEPKY
moxener mst CTL-dbopmyn. Tlokaxem Ha mpumepax, Kak CUCTEMBI MOTYT
ObITh crienuUIUPOBAHB U BEepUDUIIMPOBAHBI C HUCMOJb30oBaHUEM SMV.
Omnucanne SMV u npuMepbl U371aratloTcss B COOTBETCTBUH ¢ Kypcom [1].
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Crnenudukanus Ha BXOIHOM si3bIke SMV cOCTOUT M3 OMUCaHUN MPOIECCOB,
ONMHUCaHuM (JIOKANBHBIX U TI00ANBHBIX) IEPEMEHHBIX, OMMUCAHUN (popMyrn U
cneruukamuii  GopMysa, KOTOpPbIE JOKHBI OBITh BEepUDUIIMPOBAHBI.
['maBHBIA MOAYNbh Ha3biBaeTcs main, kak u B s3bike C. [moGanbpHas
cTpykrypa cnenudukanun SMV npuBenena B muctunre 3.11.

Nuctuur 3.11. Ctpyktypa cneundukauum SMV

MODULE main
VAR omnpenesieHMSa IIePeMeHHEX
ASSIGN npmcBambBaHMa ITJIOOAJIBHEIM [IepeMeHHBIM

/* HeobsaszaTesbHO */
DEFINITION omnpenejieHue BepuOMUMPYEeMOT'O CBOMCTBA

SPEC Bepuduumpyemasa CTL-crneumdpmraumsa
MODULE /* nmomMmomysb 1 */

MODULE /* momMonyJb 2 */

OCHOBHBIE KOMITOHEHTBI CHGIII/I(i)I/IKaI_[I/II/I CUCTCM IIPpU HCIIOJIB30BAHHUHA SMV
CICAYIOIIHC:

a Tunst Oanuwix. EMAHCTBEHHBIE THUIIBI TAHHBIX, TIpeaocTaBisseMbie SMV —
ATO OTpaHUYCHHBIC ICIIOYMCIICHHBIC MOANANa30Hbl U CUMBOJUYCCKUC
MePEUYUCIINMBIE THIIBI.

o Onucanusa u uruyuanuzayuu npoyeccos. Ilporiecc, Ha3bIBaeMbId P,
OTIpEICIISIETCS CIASAYIOITUM 00pa3oM:

MODULE P (dopmaJjibHEIE apaMeTphl)

VAR JIOKAaJIbHEIE I[I€PEeMEeHHEBE

ASSIGN cTapTOBEE IMNPUCBOEHMA I[IepPEMEHHEM

ASSIGN npmucBOeHMA I[NepPeMeHHEM, BEHIIOJIHAKIMECS Ha Iepexonmax

OTa KOHCTPYKLHMSI OINUCHIBAET MOAYJb, TaKKE€ Ha3bIBa€MbI P, s
KOTOPOTO JABYMS CIIOCOOAMU MOKET OBITh OMPEICIICH SK3EMILISIP:

1) sk3emuIsAp mpoiecca Pasync OyaeT UCIONHATHCS B aCHHXPOHHOM
pexume:
VAR Pasync: process P (nnapamMeTpr)

2) 9K3eMIUIIp mpolecca Psync OyAeT HCHOJIHATHCS B CHHXPOHHOM
peXuMe:
VAR Psync: P (nmapamMeTpsr)

P&SHI/IH& MCXKY AaCMHXPOHHBIM U CHHXPOHHLIM PECKUMOM O6CY)I<I[8,CTC$[
HMXKE.
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a [lpucsausanus nepemennvix. B SMV mponecc paccmarpuBaercs Kak
KOHEYHBIM aBTOMAT U ONPEAEIACTCS IyTEM IEPEUUCIICHUs I KaXKI0M
(JlokanpbHOM MW TJIOOANBHOM) TMEPEMEHHOM HA4yajJbHOIO 3HAYEHUS
(3HayeHU! B HA4yaJbHOM COCTOSIHUM) W 3HA4YEHUs, KOTOpoe Oyaer
IIPUCBOCHO TIEPEMEHHOM B ciueaywomeM cocrosHuu. llocnennee
3HaUY€HHE OOBIYHO 3aBUCHUT OT TEKYIIMX 3HAYCHHH TEepEMEHHBIX.
Hampumep, next (x) := x+y+2 TmpUCBaMBAET IMEPEMEHHOU X
3HaQYeHUE X+y+2 B CIEAYIOWIEM COCTOSHUU. JUIsI mepeMEeHHOM X
IIpUCBaMBaHUE 1nit (x) := 3 O3HA4Yaer, 4YTO X IEPBOHAYAIBHO
npuHUMaeT 3HadeHue paBHoe 3. IlpucBamBanme next (x) := 0
Ha3Ha4yaeT MepeMeHHON x 3HaueHne 0 B CIEQYyIOMIEM COCTOSHHH.
[IpucBavBanuss MOTyT OBITb HEAETEPMUHHUPOBAaHHBIMHU. Hampumep,
oreparop next(x) := {0, 1} o3Ha4aer, 4YTO CIEAYIOLIEE
3HaueHne x paBHo O wmm 1. [lpucBauBaHMs Takke MOTYT OBITh
ycioBHbIMU. Hanpumep, npucsanBanue

b = 0: 2;
b 1: {7, 12}
esac;

Ha3HA4yaeT TMEepPeMEeHHON x 3HadeHne 2, ecou b paBHo 0 u
(HEeaeTepMUHUPOBAHHO) 3HaueHue / win 12, ecou b paBuo 1. Eciu x —
IIEepEeMEHHAs B DK3EMILISIpE mpoliecca Q, TO MUMIETCA Q . X.
[IpucBanBanus TIIOOAIBHBIM TMEPEMEHHBIM Pa3pEIICHbI, TOJBKO €CIIN
ATU TEPEMEHHBIE BCTPEUAIOTCS B Ka4eCTBE MapaMEeTPOB B DK3EMIULIPE
mporiecca.

0 CuHxpouHvlli U ACUHXPOHHBIU pedicumMbl. B CHHXpPOHHOM pEXHUME BCE
MPUCBaBaHUS MEPEMEHHBIM BBITIOIHSIOTCS 3a OJWH HEACIMMBIN IIIar.
NHTYUTUBHO 3TO O3HAYAET, UTO CYIIECTBYIOT OJHH TJI00AbHBIE Yachl U
B TEUCHHE KAXKJIOIO0 MX TaKTa KaXAbli MOMYJIb BBIMIOJHSET IIar.
B nmo0oii 3amaHHBIi MOMEHT BpPEMEHH TpolecC JIMOO BBITIOIHSETCS,
nu6o0 He BbIMONHsETCS. [IprcBanBaHue 3HAUYCHHIO next MepeMEeHHOU
IPOUCXOJUT TOJIBKO B TOM CITydae, KOrja Impolecc BhINOJHsIeTC. Ecin
IPOLIECC HE BBIMOJIHAETCS, TO 3HAYEHUE MEPEMEHHOM Ha CIIEIYIOLIEM
[1are OCTaeTCs HEM3MEHECHHBIM.

B acuHXpOHHOM peXHME HOBOE 3HAYEHHUE MPUCBAUBACTCS TOJBKO
MIEPEMEHHBIM «AKTUBHOrO» Tmpouecca. CrieaoBaTelbHO, B TEUYCHUE
KaXXJIOTO THKA TJI00ATbHBIX YaCOB OJMH MPOIIECC HEAETEPMUHUPOBAHHO
BBHIOMpAETCS IS BBIOJHEHHWS, W OJWH IIIar JTOr0 Ipoliiecca
BBITIOJTHSIETCS (B TO BpeMsl KaK OCTaJibHbI€, HEBBIOPAHHBIC IPOIIECCHI
COXpaHSIIOT CBO€ cocCTOsiHME). CHUHXpOHHAas KOMIIO3UIUA IMOJIE3Ha,
HaIpuMep, IJis MOACIMPOBAHUS CUHXPOHHBIX alapaTHbIX CXEM, TOT/a
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KaK AaCHUHXPOHHAsA  KOMIIO3UMIIMA  IIOJIC3HA  UJIA  MOACIMPOBAHUA
KOMMYHHKAIIMOHHBIX IIPOTOKOJIOB HWJIM ACHHXPOHHLIX AaIlllapaTHBIX
CHCTCM.

a Cneyuguxayuss CTL-gpopmyn. na cnenubukanuu CTL-popmyn SMV
UCIIOJIb3YEeT CUMBOJIBI & — JUISl KOHBIOHKIIUH, | — JJIs IU3BIOHKIUH, —>
— I UMIUTMKAd u ! — i oTpumanws. [Iporpamma mpoBepku
mozeneir SMV mpoBepsieT, 4TO BCe BO3MOXKHBIC HAYaIbHBIC COCTOSHUS
yIIOBJIETBOPSIOT CHICIIM(PHKAITIH.

AJIFOpI/ITM B3aUMHOI'0 HCRJIIOYCHUSA

Anroput™v  B3auMHOro wuckmoueHuss Iletepcona wu  @Dumepa [1]
UCTIONB3YETCSl JIByMsI TPOIIECCAMH, KOTOPbIC B3aMMOJCHCTBYIOT depe3
paszensieMble TepeMeHHbIe. TpeOyeTcs JHMIIUTh MPOIECCHl BO3MOKHOCTH
OBITh OJJHOBPEMEHHO B KpuTHUYecKol cekimu. Kaxprit pomecc i (1 =1, 2)
UMEET JIOKalIbHbIEC MepeMeHHbIe {j U Yj, KOTOpble MOT'YT OBITh IPOYHUTAHBI
JIPYTUM TPOIIECCOM, HO MOI'YT OBITh 3alKMCaHbl TOJBKO IPOIECCOM I. DTH
IIepeMEHHbIC TPUHUMAIOT OJHO M3 3HaueHui { L, false, true}. OmepaTop —
HE ompeenieH Ui 3HaueHus |, a 3HadueHus false u true on mHBepTHpYET.
DTO 03HAYaeT, YTO B BBIPAKEHUH —Y, =Y; Ipeanojaractcs, 49ro Yi # L.
HavanbHbie 3HaYCHUA TNEPEMEHHBIX TAaKOBBL: Y1, Yo, t1, =1, 1, 1, 1.
[Tpouecc 1 ommcan B muctuare 3.12.

NMnctunr 3.12. MNMpouecc 1

starty:

t, ;= if y, = false then false else true fi
yi:=14

ify, # Lthent, =y, fi

Y1 = t;

loop while y; =y,
critical section 1; y,, t;:= 1, L
goto start;

[Tpornecc 2 onmcan B muctunre 3.13.

NMnctunr 3.13. MNpouecc 2

start,:

t, := if y; = true then false else true fi
Yo = t2

if Y1 1 then t, .= —Y2 fi

Yo = t2

loop while (—y2) =1
critical section 2; y,, t, ;= 1, 1
goto start,
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ba3oBbIii MeTOj alropuTMa COCTOMT B TOM, UYTO KOrja oba mporecca
COPEBHYIOTCSI 3a BXOJ B KPUTHYECKYI0 CEKIMIO, TapaHTUPOBAHHO
BbIMOJIHAETCS Y1 #1L u Y, # 1. CnemoBarenbHO, yCJIOBHUS JIsI BXoAa B
KPUTHUYECKYIO CEKIIMI0 HHUKOTJA HE OYyIyT BBIIOJTHEHBI OJHOBPEMEHHO.
OTMeTHM Takke, YTO 3TH JiBa IIpoliecca HE CHMMETPHUYHBI.

MOI[eJIl/IpOBaHI/Ie aJqropurMa B3auMHOIo HCKJIIOYCHUS B SMV

[lepeBox omumcanHoro anaroputma B crnerudukanmio SMV BBITONTHICTCS
HEIMOCPEJICTBEHHO. JBa »K3eMIUIsipa Mpolecca CO3AAlTCA CIEAYIOIMNUM
oOpazom:

VAR prcl : process P(tl,t2,vyl,vy2);

prc2 : process Q(tl,t2,yl,vy2);

[ToBeneHveckass dYacTh IEpBOTO TIpollecca W3 MPEABIAYIICH CEKIHH
npuBefeHa Hike. [IpucBoMM KakJIoMy OMEpaTtopy B allOPUTME METKY,
HayuHas ¢ 11. DT METKU UCTOJIB3YIOTCA JJIsi TOTO, YTOOBbl YCTAaHOBUTH
CJIEIYIOUTUHN ONepaTop MOCJe BHIMOIHEHUSI COOTBETCTBYIOIIETO ONEpaTopa.
Onu SBISIIOTCA aHANOTOM cdeTuynka WHCTpyKiuid. Kom SMV mist apyroro
mpoliecca aHaJIOTUYEH U 3/1eCh He MpUBoAUTCs. KoMMeHTapun HaunHAIOTCS
CO 3HAKOB —— M 3aKaHYMBAIOTCS BO3BPATOM KapeTKH (JcTUHT 3.14).

NMnctunr 3.14. Mogene npouecca P
MODULE P (tl,t2,vyl,vy2)

VAR label : {11,12,13,14,15,16,17};
—-— JIOKaJIbHasa nepeMeHHas label
ASSIGN init (label) := 11;
—-— CTaAapTOBOE IPUCBOEHUE
ASSIGN —— IPUCBOEHME LOJIa IIepexOonoB
next (label) :=
case
label = 11 12,
label = 12 : 135
label = 13 : 14;
label = 14 : 15,
label = 15 & yl = y2 : 15; —-- loop
label = 15 & !'(yl = y2) : 16;
label = 16 : 17;
label = 17 : 11; -- goto start
esac;
next (tl) :=
case
label = 11 & y2 = false : false;
label = 11 & !(y2 = false) : true;
label = 13 & y2 = bottom H o
label = 13 & !(y2 = bottom) : y2;
label = 16 : bottom;
1 : tl;

—-— B TIPOTUBHOM CJly4dae
—-— He mBMeHATH tl
esac;
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next (yl) :=

case
label = 12 | label = 14 : t1;
label = 16 : bottom;
1 :vl;
-— B IIPOTMBHOM CJlydae
-— He M3MeHATb Yyl
esac;

OtMetnMm, 4TO MeTKa prcl.l6 COOTBETCTBYET KPUTHYECKON CEKUIUU
mpouecca 1 ¥, CHMMETPUYHO, METKA PrC2.m6 — KPUTHUYECKOM CEKIUU
nporecca 2.

IIpoBepka Moaenei niasa cnenupukanuu SMV

VYkaxem ABa TJIaBHBIX CBOﬁCTBa, KOTOPBIMHU OOJIZKCH O6HaﬂaTB AITropuTM
B3aMMHOI'O HCKJITOYCHMH .

Ilepsoe W3 HUX COCTOUT B TOM, YTO B OJTHO U TO K€ BPEMS B KPUTHUUECKOU
CEKIIUM JIOJDKEH OBITh MAKCUMYM OJIMH Ipoiiecc. ITo BbipaxkaeTcs B CTL
CJIEAYIOIINM 00pa3oMm:

AG —(prcl.label =16 A prc2.label = m6).

B SMV 370 cBOMCTBO onpenenseTcs Tak:
DEFINE MUTEX := AG ! (prcl.label = 16 & prc2.label = mb6)

3necb MUTEX — makpoc. PesynpraT BepuduUKalMU € HCHOJIb30BaHUEM
SPEC MUTEX NOJIOKUTEJIbHBIN:

specification MUTEX is true

resources used:

user time: 1.68333 s, system time: 0.533333 s

BDD nodes allocated: 12093

Bytes allocated: 1048576

BDD nodes representing transition relation: 568 + 1
reachable states: 157 (277.29462) out of 3969
(2711.9546)

Bpemenno npournopupyem cooOienus, kacarouuecs BDD. Bepudukarop
SMV wucnonszyer BDD (nBomuHbBIC pa3periaroniiue auarpaMMsbl) IS TOTO,
4TOOBl MPEJCTABJISATH W XPAHUTh MHOXXECTBO COCTOSIHUM KOMITAKTHBIM
o0pa3oM C IeJbI0 PACHIMPEHUS] BO3MOXKHOCTEH MPOTrpaMMbl MPOBEPKU
MoOJenen.

Bmopoe cBOWCTBO airoputMa B3aUMHOIO HUCKIKOYEHUS — OMCYmcmeue
207100aHUs1. DTO O3HAYAET, YTO HE MOXKET ObITh CUTYaIlMH, KOTJIa TIPOIIECC,
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KOTOPBIM XO4YET BOMTU B KPUTHUYECKYIO CEKLHIO, HUKOTJIa HE CMOXKET 3TO
CHeNaTh:
NST := AG ((prcl.label in {11, 12, 13, 14, 15} ->
AF prcl.label = 16) &

(prc2.label in {ml, m2, m3, m4, mS} ->
AF prc2.label = m6))

AnpTepHaTuBHAs (GOPMYINPOBKA 3TOTO CBOWCTRA:

AG AF
AG AF

! (prcl.label in {11, 12, 13, 14, 15}) &
! (prc2.label in {ml, m2, m3, m4, m5})

N3 stoit dhopmylnbl ClieayeT, 4To U3 JI00O0r0 COCTOSHUS B BBIYHCICHUU
BJIOJIb JIIOOOTO TyTH MeTka mpouecca 1 (u 2) korma-HuOyas Oyner
OTJIMYATHCS OT METOK ¢ 11 mo 15 (1 ¢ m1 mo m5). OTcrona cienyer, 4To
npoueccsl 1 u 2 perysisipHo HaXOAATCS B KPUTUUECKON CEKIINH.

[TpoBepka cBoiicTBa NST ¢ ucnosibzoanueM SMV Bo3BparaeT onmoky:

-— specification NST is false
-- as demonstrated by the following execution sequence
-— loop starts here -

state 1.1:

NST = 0

MUTEX = 1

tl = bottom

t2 = bottom

yl = bottom

y2 = bottom

prcl.label = 11

prc2.label = ml

state 1.2:
[executing process prc2]

state 1.3:

[executing process prc2]
t2 = true

prc2.label = m2

state 1.4:

[executing process prc2]
y2 = true

prc2.label = m3

state 1.5:

[executing process prc2]
prc2.label = m4
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state 1.6:
[executing process prc?2]
prc2.label = mb

state 1.7:
[executing process prc2]
prc2.label = m6

state 1.8:

[executing process prc2]
t2 = bottom

y2 = bottom

prc2.label = m7
state 1.9:
prc2.label = ml

KoHnTpripumep omnucan Kak 1MocieoBaTeIbHOCTh U3MEHEHUH MTEPEMEHHBIX.
Ecnu nepemenHass He oOo3HaueHa, TO €€ 3HAYCHHE HE H3MEHMJIOCH.
KonTpripumep, KOTOpbINi CreHeprpoBaia MporpaMMma MpPOBEPKU MOJENEH,
YKa3bIBA€T, YTO CYIIECTBYET IIMKI, B KOTOPOM PIrcC2 MHOTOKPATHO
[OJy4yaeT JOCTYNl K KPUTHYECKOM CEKIMM, Torja Kak mpouecc prcl
OCTaeTCs JKJATh MOCTOSIHHO. DTO HE JOJDKHO YAMBIATH YUTATENS, TaK Kak
cucreMa SMV  Moxer B TEYEHHME KaXAOro Ilara HCIOJHEHUS
HEJETEpPMUHUPOBAHHO BBIOMpATh IMpoLecC, KOTOpbIA Oyner Janee
BBINOJHATHCS. [Ipu MOCTOSHHOM BBIOOPE OAHOIO M TOTO K€ Mpollecca
OyAeT Moay4YeHO MOBEICHUE, TPOMILTIOCTPUPOBAHHOE BBIIIE. 3/1€CH MOKHO
CKa3aTb, YTO ATOT pe3yJbTaT HE OCOOCHHO MHTEPECEH, TaK KakK JaHHas
HECTpaBeJINBasl AMCIIETYCPU3alds TPOILECCOB HeXenaTenbHa. [ oBops
WHAYe, XOTeIOCh Obl MMETh MEXaHHW3M JUCTETUYEpH3aIh, B KOTOPOM
aKTUBHBIE MPOLECCHl (MpOLECChl, KOTOpPhIE MOTYT CHeNaTh IEpexo)
BBIOMPAIOTCS cnpasednugvim 00pazom. Huxe 0ObSICHIETCS, KaK 3TO MOXKET
OBITh CIIEIaHO.

IIpoBepka ycjoBuii cipaBeJIMBOCTH C MCIOJIb30BaHUEM SMV

SMV  mpenocraBiser BO3MOXKHOCTB i crHelUPHUKALMM  mpebosanuil
cnpasediusocmiu ¢ TIOMOIIBIO CIICAYIONMIETO YTBEPKACHUS (TS KaXKI0To
npoiiecca):

FATRNESS f

3necy £ — nmpousBosbHass CTL-popmyna. MHTeprperaius 3Toil KOMaHIbI
COCTOUT B TOM, 4TO BEpHUPHUKATOP, MPOBEPSIS KAKyIO-THO0 crienudukaimio
(koTOpast MOKeT oTinuyaThcsi oT f), OyJaeT UrHOpPUpPOBATH JHOOOW MYTh,
BIOJIb KoTOporo f He BcTpewyaeTcss OecKOHeuHO dYacTo. Takue myTu
Ha3bIBAIOTCS HECNPAgeOnIu8biMU OTHOCUTENBLHO cBoicTBa . Mcnonb3ys 3Ty
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KOHCTPYKITUIO, YCTAHOBUM CIIPABEIMBOCTH ISl TIPOIECCOB CIEAYIOIINM
nyteM. B Bepudukatope SMV Kaxawplii mporecc MMEET CHeIUaIbHYIo
MEepeMEHHYI0 running, KOTOpas TMpUHUMAaET 3HaveHwWe {rue, ecimm u
TOJIBKO €CJIM TIPOIeCC B JIAaHHBI MOMEHT HCToJHseTca. Ecnu mo6aBuTh
FAIRNESS running Kk mnpeasiaymed cnemudbukanuun SMV  mis
MpOrpaMMbl B3aUMHOTO HWCKIIIOUCHHUS, PE3yNbTaT padOTHl BepuduKaTopa
MOKaXET, YTO HaJIM4YUE€ TOJOJaHUs TENepb HEBO3MOXKHO (TaK KaK OHO
HeclpaBeJIuBO). TakuMm oOpa3om, [Jsi JAaHHOTO MpUMEpa MOJYYEHO
CBOMCTBO omcymcmesusi 2onooanus. CrenoBaTelbHO, MOXHO 3aKIIOYUTH,
YTO TIOI  OTPAHWYCHUEM CIPABEIIUBOCTH (YCIOBUEM, YTO Ka)KIbIi
IpolLIeCC HUCIOJHSAETCS OECKOHEYHO 4YacTo) alrOpUTM  B3aUMHOTO
WCKITFOUCHUS HE BEJIET K TOJIOJaHUIO.

PaccMoTpum enie oauH npuMep UCIob30BaHUsA KOHCTPpYKIMU FATRNESS.
Jnsg 3TOro HEMHOTrO0 M3MEHHM AJIITOPUTM B3aWUMHOTO HWCKJIIOYEHUS,
pa3penIuB MpoIeccy OCTaBaThCS B KPUTUUYECKON CEKIMK 00JIee TUTEIIbHOE
Bpems. BcnoMHHMM, 4TO MeTKa prcl.l6 COOTBETCTBYET TOMY, YTO
npouecc 1 HaYMHAET CBOKO KPUTHUYECKYIO CEKIMI0. M3MeHss koA MOmyJs
MODULE P, nmoiy4uMm:

ASSIGN

next (label)
case

.........

[Ipouecc 1 Tenmepp MOXKET HAXOAMTHCA B CBOEM KPUTHUYECKOW CEKIIMU
OCCKOHEUHO J0JIT0, OJIOKMpYs Mpollecc 2 OT KaKoro-imbo Iporpecca.
OtmetuM, yTOo nobaBieHne FAIRNESS running K BbllI€yKa3aHHOU
cnenuuUKaMu HE TOMOTaeT: Mmpolecc 2 Tenepb OyAeT Ha3HA4YeH Ha
WCITOJTHEHHE, HO, TaK KaK OH OJOKHPOBaH, CBOMCTBO npozpecca I HETO
BBITIOTHATBCS He Oyaer. s Toro 4toObl m30ekaTh 3TOTO, J100AaBUM
OTpPaHUYCHHE CIPABEIITUBOCTH:

FATRNESS ! (prcl.label = 16)

DTOT onepaTop 03HAYAET, YTO MPU ONMPEIEICHUH BBITIOJIHIEMOCTH (HOpMYJ
gorukun CTL kBantudukaropel nytu A u E pamxupyrorcs 1o
CIpaBEeJINBLIM  IYTAM  OTHOCHUTEJILHO '(prcl.label = 16).
Hpyrumu cioBamu, 3amycku, i KOTOpbIX ! (prcl.label = 16) He
CTAaHOBUTCSL BEPHBIM OECKOHEYHO YacTo, HE paccMaTpUBarOTCsI. ITO
oOecrieynBaeT TO, YTO mpouecc | He ocTaercs B CBOEH KPUTHUECKOU
CEKLUH HEOTPAHUYEHHO JOJITO.
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[ naBa 4. Bepudukaunsa aBToMaTHbIX NporpamMm

4.1. ABTOMaTHbIE NporpaMmmel

B  orom  pasmene  ONMCHIBACTCS — TEXHOJOTHS  A68MOMAMHOZO
NpocSpAMMUpOBaHUsl, TaK KaK aBTOMATHBIE IMPOrpaMMbl, Kak Oyjaer
MIOKa3aHO HWXKE, MOTYT BEPHPHUIMPOBATHCS C TOMOINBIO IPOBEPKH
MoJiesIeH mpoire ¥ 3hGeKTUBHEE, YeM MPOrpamMMbl APYTruX KiaccoB [2, 51].

B paccmatpuBaeMOM TMOAXOJE€ K MPOTPAMMHUPOBAHUIO BBIIEIISAIOTCSA
WMCTOYHUKU BXOJHBIX BO3JECHCTBUI M aBTOMATHU3UPOBAHHBIE OOBEKTHI
YOPaBJICHUS, KaXIbIA M3 KOTOPBIX COJEPKUT CHCTEMY YIPaBICHUS
(cucteMy B3aUMOJICHCTBYIOIIMX KOHEYHBIX AaBTOMAaTOB) U  OOBEKT
ynpapiaeHusi. OOBEKT YNpaBICHUS pealnu3yeT BBIXOIHBIE BO3JCHCTBUS,
UHUIMUPYEMbIE CHCTEMOM yNpaBieHUs, a Takke (POpMHpPYET BXOJHBIE
BO3JICHCTBHSI, PEANM3YIOIIME OOpPAaTHYIO CBSA3b OOBEKTA YIPABICHUS C
CUCTEMOU ympaBieHHus. BxomHble BO3IEHCTBUS (POPMUPYIOTCS TaAKKE
BHEIIIHEH cpenoi (I0JIb30BaTENIEM WM CMEXHBIMU cUCTeMamu). BxoaHbie
BO3JICUCTBUSI MOTYT OBITh JBYX BHJIOB: COOBITHA, JACHCTBYIOIIHNE
KPaTKOBPEMEHHO, M BXOJHBIE IEPEMEHHBIE, BBOJAMMBIEC ITyTEM OIpPOCa.
Bxoanble  BO3ACHCTBUSA  11€1€COO0pAa3HO  pEaU30BBIBATH B BUJE
NEPEMEHHBIX, UCMOJb3Ysl COOBITHUS JIMIIb MPU HEOOXOIUMOCTH COKPATUTh
BpEMsl peaklMM CUCTEMBI. [Ipy 3TOM OJHO M TO K€ BXOAHOE BO3JIEUCTBHUE
MOET OBITh OJHOBPEMEHHO M cOoObITUEM ((PPOHT BO3NEHCTBUA), U
BXOJIHOM TIepeMEeHHOU (MOTEHIMAN BO3ACUCTBUs). ['PyIIbl BXOJHBIX U
BBIXO/HBIX BO3JEHCTBHUII B 00IEM Cllyyae CBSI3BIBAIOTCSA C COCTOSIHUSMH,
BBIJICTISIEMBIMH B Ka)KJIOM aBTOMATE.

Ha puc.4.1 wu3oOpaxkeHa cxemMa aBTOMATH3WPOBAHHOTO OOBEKTa
ynpasieHus. Ilapaduema asmomamuoco npocpamMmuposanusi COCTOUT B
NPEJCTaBICHUN TPOTPAaMM KaK CHUCTEM a8MOMamusupoO8aAHHbIX 0O0bEKMOs
Ynpaegienus.

X1, €
Cucrema z Ob6bekT X2
ynpaBneHus ynpaBneHus

Puc. 4.1. Cxema aBTOMaTU3MPOBAHHOTO OOBEKTA YIPABICHUS

Tunrmuaoil MaTeMaTHUYECKOW MOJIENBIO BBIUMCIMMOCTH SBJISIETCS MaIllWHA
Trropunra (puc. 4.2). Ha Heil MOXHO pealn3oBaTh JIOOOW aaTOpPUTM.
HecmoTps Ha 3TO, Ha MPAKTUKE Takas peaau3alus — OYEHb TPYAOEMKHIA
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nporiecc. B aBromMarHoM mnoaxoae OOBEIMHEHBI TE€ AacHeKThl JTaHHOM
MaTeMaTUYECKOW MOJENIU, KOTOpbIe TMOJAXOMAT JUIl IPAKTHYECKOIO
IPOTrpaMMHUPOBAHUS.

ba3oBbiM IIOHATHUCM ABTOMATHOTI'O MMporpaMMHupOBaHUA SABIIACTCAA
cocmosiHue. Bce COCTOSIHMS B aBTOMaTax JOJIDKHBI OBITH BBIACIICHBI ABHO.

KoHeuHbIn YA X
aBTomaTt

KoHeuHbIn
asTomaT

a 0

Puc. 4.2. Mammna TrropuHra: Kiiaccuieckoe (a)
1 MoaudurpoBaHHoe (0) H300paXKeHUs

BxonHble BO3IEUCTBUS pAaCCMATPUBAIOTCA KaK CpPEICTBA IS U3MEHEHUS
COCTOSIHUNA. BBIXOJHBIE BO3IEUCTBHUS aBTOMAThl MOTYT (DOPMHUPOBAThH Kak
B COCTOSIHUSIX, TAK U HA NIEPEXO0JAX MEKY COCTOSHUSMMU.

ABTOMATHl JIeTISITCS HA JiBa TUMA: aOCTpakTHbIE M CTPYKTYpPHBIC.
B aOcTpakTHbIX ~aBTOMaTax BXOJHBIE U  BBIXOJHBIC BO3JEHCTBUS
bopMHpYIOTCS TIOCIIEIOBATENBHO, @ B CTPYKTYPHBIX — «HapaijICIbHOY.
B aBTOMaTHOM  IPOrpaMMHUpPOBAaHUM  INPUMEHSIIOTCA  CTPYKTYPHBIE
aBTOMATHI.

CocTostHUST TaKKe OBIBAIOT JBYX THIIOB: ynpasisiowjue (aBTOMATHBIC) W
sbluucaumenvtovle (HEABTOMATHBIC). YTIPABIAIONIUE COCTOSHUS OTPakaroT
KaueCTBCHHBIC OCOOCHHOCTH TIIOBEJICHUS CHUCTEMBI, a BBIYUCIIMTEIIbHBIC
COCTOSIHUS — KOJTMYCCTBCHHBIC.

B mammne TrropuHra ymnpasisitoniee yCTpPOMCTBO ¢ HEOOJBIIUM YHUCIOM
COCTOSIHUM, TIpEACTaBisitollee CcoOOM KOHEUHBIM aBTOMAT, MOXKET
yIpaBisATh OECKOHEYHBIM YHCJIOM COCTOSIHUI Ha JeHte. B aBTOMaTtHOM
[IPOrPaMMHUPOBAHUM OCHOBHOC BHUMAaHHUE YAEIACTCSA  YIPaBIIAIOLIUM
COCTOSIHUSIM. TaKue COCTOSIHMS BBIACISIIOTCS WU INEPEYUCIAIOTCS  SBHO.
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B nanpHelieM npu UCIOJIb30BAHUUA TEPMHUHA «COCTOSHUE» IOHUMAETCS
ynpaeasdioujee COCTOSHUE.

B kadectBe [OKyMEHTa, OINpEAENSIONero UWHTEeppeic aBTOMATOB B
aBTOMAaTHOM  NOPOTrpaMMHUpPOBAHMM, KAK W TpPU  aBTOMAaTHU3aLUU
TEXHOJIOTUYECKUX IMPOLECCOB, UCIOIb3YyETCs cxema cBsizeil. [IpumeHnenue
TOM CXEMbl IMO3BOJSET HCIOJNb30BaTh B Trpadax IMepexogoB U
B PEAUIM3YIONIMX HX IMPOrpaMMax KOPOTKHE CHMBOJIbBHBIE O0O3HAaYEHUS,
a HEe JJIMHHBIC CMBICIOBBIC MACHTU(PHUKATOPHI, KaK 3TO JEIaeTCs OOBIYHO.
CrnoBa B rpadax mnepexosoB HCIOJIb3YIOTCS TOJBKO B KaueCTBE HAa3BaHUU
IPOHYMEPOBAaHHBIX COCTOSIHHI. Hcnonb3zoBanue CUMBOJIBHBIX
0003HaUYECHUN TIO3BOJISIET MPECTABIATh Ipadbl Mepexo 0B aBTOMATOB Tak,
YTO BEChbMa CJOXKHBIE Tpadbl MEPEXOJOB UYEIOBEK MOMKET «CXBATUTHY
onHuM B3rsiioM. Ilpu 3TOM yka3zaHHble Tpadbl MOTYT H300paKaThCS
BECbMa KOMIIAKTHO M YMEILATHCS HAa OJHOM SKpaHE KOMIIBIOTEPA.

OTMGTI/IM, qTO0 IJIA O6’I)GKTHO-OpI/I€HTI/IpOBaHHI)IX ImporpaMm 395Ta CXCMa
MOJKCT pCalIn30BbIBATHCA IIHanaMMOﬁ KJIaCCOB.

[loBenenue cucreM B paMKax aBTOMATHOTO IPOrPaMMHUPOBAHMS
dbopmanuzyercs OObIYHO B BUjAE rpadoB IMEPEXOJ0B, TaK KaK B TaKOU
dbopme OHO TpeACTaBIseTCS MJisd YeloBeka HauOosee HarisaHo. ['padsi
MEPEXOJ0B OTPAKAIOT CBSI3U MEXKIY COCTOSHHUSMH, a TAKXKE «IIPUBSI3KY»
BBEIXOJTHBIX BO3JCHCTBHUH W JPYrUX aBTOMATOB K COCTOSHHUSM W/WIIH
nepexonam. Jlyru u metiu rpadoB MEPEexoa0B MOMEUYAIOTCS JTOTHYECKIUMHU
dbopmynamMu, B KOTOPBIX B OOIIEM CIIy4ae MOTYT COACPKATHCS CHMBOJIBI
COOBITHI U TIPEIUKATHI, POBEPSIONINE 3HAUYCHUS BXOIHBIX TIEPEMEHHBIX U
HOMEpPA COCTOSHUW JPYruX aBTOMATOB, 4YTO OOECIEeYUBACT TMPOCTOE
B3aMMOJICHCTBIE aBTOMATOB B TMPOIEIYPHBIX MporpamMmax. BepimHb
rpadoB Mepexo0B MOTYT cojepkaTh meriau. lleTnn, Ha KOTOpBIX HE
BBITIOJIHSFOTCS] BBIXOJTHBIE BO3JCHCTBUS, MOTYT YMaT4HBATHCA.

B aBTOMaTHOM NmporpaMMHUpPOBAHUU MIPUHATO CIEAYIOIIEE COTJIAIIeHUE 00
o003HavYeHUsIX B aBToMaTax. MIMsi aBTOMaTa HaUMHAETCSl C CUMBOJIA A, UMs
COOBITHSI — C cMMBOJIa € (OT aHrJUMHCKOro cioBa event — coObiTue), uMs
BXOJIHOM TEPEMEHHOM — C CHMBOJIa X, HUMS MEPEMEHHOW COCTOSHUS
aBTOMaTa — C CHUMBOJIa Y WIM S, a UMS BBIXOJHOTO BO3JICUCTBUSI — C
CUMBOJIa 7z, Kak ykazaHo Ha pwuc.4.1wu4.2(0). Ilocme kaxmoro wu3s
YKa3aHHBIX CHMBOJIOB CIIETyE€T HOMEP COOTBETCTBYIOILIETO aBTOMATa WJIH
BO3JICHCTBUS.

[IpuBeneM mpuMep aBTOMATHOTO OMHCAHHS YIPABISIOMIUX TPOTPaMM B
Bujie rpada nmepexooB oHoro apromara (puc. 4.3).

DTOT aBTOMAT YIpaBIsAeT JABepbMH JU(Ta. PaboTta HayMHAETCS TIpU
3aKpBITHIX ABepsx B coctosianu Closed (3axpovimut). [Ipy HaxkaTHH KHOTIKA
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Omxpuims  (coObiTHE e11) 3amycKaeTcss MEXaHH3M OTKPBITUSL JBepei
(01.z1), u aBTOMaT mepexoauT B cocrostare Opening (Omkpwisaromesi).
[Tpu mosydeHun cooOueHUsT 00 OTKPBHITUU (€2) aBTOMAaT MEPEXOAWUT B
cocrossune Opened (Omxpwimer). Ilporecc 3akpbITHS —TPOHUCXOAUT
ananornyHo. [Ipu 3ToM el2 — HaxaThe KHONKH 3akpvimb, Ol .z2 —
3allyCK ME€XaHu3Ma 3aKkpbITHs aBeped. Ecimu kakoe-mmbo mnpensTcTBue

< Error
- o
ed[loz.x1] ed[oz.x1]f02.21
- 4 Closed M elifolzl 4 Opening g2 - % Opened
-
edfol.z1
&2 4 Closing e12jol.22
R - . vy

Puc. 4.3. I'pad mepexo10B aBTOMATA, YIIPABJISIONIETO IBEPHMHE JTU(TA

MeIlIaeT ABEPSM 3aKPBIThCS, TO MPOUCXOIUT COOBITHE €3, U JIBEpU CHOBA
OTKPBIBAIOTCS 3a CYET Mepexoja aBromara B coctosiHue Opening. Taxoke
IIPH OTKPBITHH JBEpell BO3MOXKHO BO3HUKHOBEHHUE OIMIMOKH (COOBITHE €4),
4YTO MEPEeBOAUT aBTOMAT B cocrosinue Error (Ommobka). [lpu stom ecnu
BKJIIOUEH MEXaHU3M oOIoBelieHuss (02 .x1), TO MPOMCXOJUT 3BOHOK B
aBapuiiHytro cinyx0y (02.z1). Cocrosaue Error cosmano nmns
JEMOHCTpAllMA BO3MOXKHOCTEH Bepudukaropa. [loaTomy, isi TPOCTOTHI,
B HETO MOJKHO ITOTACTh TOJIbKO U3 cocTossHus Opening.

B o0miem ciyuae B anroputMax ympaBlIeHUS aBTOMAThl paCCMAaTPUBAIOTCS
HE M30JIMPOBAHHO, & KAK COCTAaBHBIE YACTHU B3aWUMOCBSI3aHHOM CUCTEMBI —
CHUCTEMBI B3aUMOJICMCTBYIOIINX aBTOMATOB.

N3BecTHBl TpHW crocoba B3aMMOJCHCTBUS aBTOMATOB MEXAY COOOM
B IIPOLIEAYPHBIX IPOTPAMMaX.

1. BrnoXeHHOCTb: OAMH AaBTOMAT BIJIOXKEH B OJHO WM HECKOJIbKO
COCTOSIHUM JPYroro.

2. BEI3BIBAEMOCTB: OJWH aBTOMAT BBI3BIBACTCA APYTUM aBTOMATOM.
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3. BBaHMOHCﬁCTBHG 10 HOMECpaM COCTOSIHUU: OJWMH aBTOMAT IIPOBECPICT,
B KaKOM COCTOAHUH HAXOIUTCA ﬂpyroﬁ aBTOMar.

BnoxeHHOCTh MOXET paccMaTpUBaThCsl KaK BbI3bIBAEMOCTh C JIIOOBIM
COOBITHEM, MOCTYNAIOLUIMM B COCTOSIHME, B KOTOPOE pPaccMaTpUBacMbIi
aBTOMAaT BIJIOXKEH. YuCIO0 aBTOMATOB, BIIOKEHHBIX B COCTOSIHUE, HE
orpaHu4eHo. I myOrHa BIIO)KEHHOCTH TAaK)K€ HE OTpaHUYEHA.

BiiokeHHbIEe aBTOMAThl MOCJIENOBATENBHO 3allyCKaloTCid C Iepeaadye
«TEKYILEro» COOBITHA B COOTBETCTBUU C IYTEM B CXEME B3aMMOJIECHCTBUS
aBTOMATOB, OIPEAEIIAEMbIM UX COCTOSIHUSMH B MOMEHT 3aI1yCKa T'OJIOBHOTO
aBToMara. [Ipu 3ToM mocIen0BaTENbHOCTD 3aIlyCKa U 3aBepIICHUS PaOOThHI
aBTOMATOB HAaIIOMHHAET aJITOPUTM IIOMCKA B TIIyOUHY.

BrI3pIBacMBbIe aBTOMAThl 3aIllyCKAIOTCS W3 BBIXOJHBIX BO3JCHCTBHH C
nepeaaveii  COOTBETCTBYIOIIMX —«BHYTPEHHUX» coObITHH. Ilpm 3TOoM
aBTOMAaThl MOTYT 3aIlyCKaThCs OJHOKPATHO C Iepefadyeil KaKoro-Jmbo
COOBITHSI MJIM MHOTOKpaTHO (B IHMKJE) C Iepedavyeid OJHOIO M TOTO JKe
COOBITHS.

B O6T>€KTHO-OpI/IeHTI/IpOBaHHBIX dABTOMATHBIX ImporpamMmax
B3aPIMO,Z[CI>'ICTBPI€ I10 HOMCPaM COCTOSIHUM HE HCIIOJIB3YCTCA.

Cucremy aBTOMAaTOB MOXXHO TPEJICTaBUTh KaK €IMHBIA aBTOMAT C
NIOMOIIBIO  npsmozo npouszsedenuss [52]. CocTosHUSIMH —asmomama-
npouszgedenusi C nByx aBToMaToB A u B sBmstoTcs mapbl cOCTOSIHHIA
aBTomatoB A u B. Takum oOpasom, uncio cocrossHuil aBTomara C paBHO
MPOU3BEACHUIO YKCIIa COCTOSIHUM aBToMaToB A 1 B.

Jns mocTpoeHHsT TEpPEeXOoJ0B B asmomame-npou3sedeHuu Tpedyercs
MPOCIEANTh «HapaieabHy0» padboTy aBToMatoB A u B. Kaxnpiit u3 3tux
aBTOMAaTOB B 3aBUCHMOCTH OT BXOJHBIX JCHCTBUIN COBEPIIACT MEPEXOIbI.
[Tpu »TOM €ecnu OMH U3 aBTOMATOB TMPH MOJIYYEHUH HEKOTOPOTO BXOIHOTO
BO3JICHCTBUSI HE MOXKET INEpPEeHTH HU B KaKOoe cocTosiHue, TO aBTomar C
TaK)X€ HE CMOXKET MEPEeUTH HU B OJTHO COCTOSIHHE.

4.2. O630p CyLleCTBYHOLNX peLleHnI

B mnHavane wucciemoBaHmii B pamkax pabOT MO TOCYAapCTBEHHOMY
KOHTpakTy 1o TeMme «Bepudukanus aBTOMaTHBIX mporpammy» [53]
TPOBOIUIICS TTATEHTHBIN MOUCK [54].

TeMbl, IO KOTOPBIM MPOBOAMIICS TTOUCK:
0 NOPOBEpPKa MOJEIIEH;

Q TCMIIOpAJIbHAA JIOTHUKA,
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O MNpEeAOTBpAIEHUE OUIMOOK C MOMOUIBI0 TECTHUPOBAHUS WM OTJIAJKU
IPOrpaMMHOTO MPOIYKTa.

[To pe3ynpTaTam aHamM3a COCTABIEH KpaTKuii 0030p pa3paboToK,
BKJTFOUAIONTUI ITUTAThl C CAWTOB MCTOYHUKOB, MEPEBEACHHBIC HA PYCCKHUI
s3bIK. OCHOBHBIE pa3pabOTKH nepeyucieHsl B Tad. 4.1.

Tabnuua 4.1. Kpatkoe onvcaHne OCHOBHbIX pa3paboTok

Ha3BaHue

HasHa4yeHue, KpaTKoe onncaHune

Bogor

BrimonHseT npoBepky MojAeNH sl COOCTBEHHOTO SI3bIKA
BIR. Tlogaepxka OOJIBIIMHCTBA OCHOBHBIX CIIOCOOOB
paboThl ¢ MHOTONMOTOYHOCTHIO. S3bik BIR ymoGen s
UCIIOJIb30BaHUsI 00bEKTHO-OPUEHTUPOBAHHON Tapa UMbl
nporpammupoBanusi. Mmeer rpaduueckyro 000J0UKy Ha
ocHoBe Eclipse™,

Cadena

[IporpaMma OpHEHTHpPOBaHA Ha MOJCIUPOBAHUE U
Bepudukammto CMM-cucrem (CORBA  Component
Model), EJB (Enterprise Java Beans). I'padbuyeckwuii
uHTEepdeiic peaar3oBaH Kak miarkH 1 Eclipse™,

CADP
(Construction
and Analysis of

CADP — wHalop WHCTPYMEHTOB M pa3paOOTKH
nmpotokoioB. OH  TpemyiaraeT  IMHAPOKUNA  CHEKTP
(GYHKIMOHATBHBIX BO3MOXHOCTEH: OT WHTEPAKTUBHOMN

Distributed CUMYJISIIIUU JI0 CaMBIX TMOCJICIHUX TEXHUK (POopMabHOMN

Processes) BepuuKamm. Oo6ecrieunBaeT 3 PeKTHBHYIO
KOMITUJISILIMIO, CUMYJIALINIO, OPMaIbHYI0 BEPUPUKALIMIO
M TECTHPOBAHWE ONKCAHUM, 3allMCAHHBIX Ha S3bIKE
LOTOS (Language of Temporal Ordering Specifications,
ISO standard 8807). Habop MHCTpYMEHTOB, BKJIIOYACT B
cebs EVALUATOR (mporpammy [uisi TIpOBEACHUS
Bepudukanuu Ha snery) u XTL (eXecutable Temporal
Language) —  s3bIK, pEANM3YIONUH  pa3UYHBIC
temropasbubie noruku. Hampumep, HML, CTL, ACTL u
LTAC.

CBMC DTOT MPOIYKT BBITOJIHSAET MPOBEPKY MOJICIH JJIS SI3BIKOB

(A Bounded ANSI C u C++. OH mo3BojsieT BepuBHUIUPOBATH BBIXO/T

Model Checker | 3a rpanuisl MaccMBOB, 0€30MAaCHOCTh yKa3aTeleH,

for C/C++ UCKJIFOUCHHUSI W TOJIb30BATCIbCKUE  YTBEPXKICHUS

programs) (assertions).  TlommepxuBaeTr  Hambojiee  Ba)KHbBIC
3JIEMEHTBI ANSI C: MHOT'OMEpHBIE MAaCCHBBI,
apupMeTUKy yKazaTene, IpoOHyl0 apuMeTuKy c
(bUKCUpPOBAHHOMN TOYKOH U T. II.

GEAR (A game | I'paduueckas cpena, KOTOpast MO3BOJIIET CTPOUTH MOJICITH

based model Y TIPOBOJIMTH WX BepU(UKAIUIO, UCToyb3ys joruky CTL
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checkingtool |u  u-Berumcienms. Mmeercss MHOrO — BU3YaJdbHOTO
capable of MaTepuajga,  IpeJHA3HAYCHHOrO I OOydYeHHS.
CTL, modal &- | Corpynanuaer ¢ mpoekrom  Specification  patterns,
calculus and KOTOPBIH IPEICTaBISICT co0oii OpraHH3aI[HI0
specification PENO3UTOPHUSI PA3IMYHBIX TPEOOBAHUI KOPPEKTHOCTH.
patterns)
Java Bepudunupyer ucnonnsemsiii Java Oait-xoa. Moxket
Pathfinder HaXOAWTh IIyTH BBINOJIHEHHS, KOTOpPBIE BEAYT K
HEe0oOpaOOTaHHBIM HCKIIOYEHUSIM, OJIOKUPOBKAM MU T. II.
IIpoBepsier mporpammbl g0 10000 cTpok Koja.
[Mpumensiercss B NASA Ames Research Center.
LTSA [Ipoaykr IpeaHa3HAYEeH JUISL Bepu(UKaun
(Labelled pacmpe/IeNIeHHbIX W TapauleJbHBIX chUcTeM (concurrent
Transition systems). Oum 3amarorcs ¢ momomipio LTS (Labelled
System Transition System) u FSP (Finite State Processes).
Analyser) TpeGoBaHusT KOPPEKTHOCTH 3aAIOTCS B BUIC KOHEYHBIX
aBTOMAaToOB (B OoJyiee paHHUX BEPCUS IMOIICPKUBATUCH
¢opmynsl LTL). CymecTBytoT miuaruHsl, HanpuMmep, s
BepuduKauu Be6-cepBUCOB U rpaduyeckuii uHTepderc.
MOPS (Model | Bepudukarop Mojaened, H3BICYCHHBIX U3  KOja
Checking mporpamMMm, HamucaHHbIX Ha s3bike C. TpeOGomanus
Programs for | koppeKTHOCTH 3amalOTCS B CICHUAIBHOM BHUJIC H
Security COOTBETCTBYIOT  YTBEP)KACHUSM TaK  HAa3bIBAEMOTO
Properties) «3alUTHOTO POrPaMMHUPOBAHHUS (defensive
programming). CoaepXWT TOTOByH0 0a3y  TakKuXx

YTBEPXKJICHUN, IUIAHUPYETCS HaMucaHue rpadudecKoro
[10JIb30BATEILCKOT0 UHTEpPeiica.

NuSMV Oro oOHOBieHHas Bepcus Bepudukaropa SMV -
(A New CHUMBOJIbHOTO Bepudukaropa moseneir (Symbolic Model
Symbolic Checker). On BbImoONHSET BepUPHUKAINIO, KOMOUHHUPYSI
Model BDD (Binary Decision Diagrams) u nmpoBepky Mo7eiei,
Checker) ocHoBanHyro Ha SAT (SAT-based model checking).
[lognepxuBaeMble  crocoObl  3amaHus  TpeOoBaHUU
koppektHoctu: CTL, LTL.
ORIS (Uses CucreMa Jyisi TIOCTPOCHHMS, MOJICIMPOBAHMS, aHAIU3a U
a CTL-like BaJIMIAIlMH BPpeMEeHHBIX ceTeil [letpu. BeimomHseT Takxke

temporal logic
with real-time
bounds, action
and state
based)

Bepudukauio B ¢hopme mpoBepku mojenu. Mcmoms3zyer
BU3YaJIbHYIO HHTEPIPETAINIO TEMIOPATBHBIX (hOpMyI.
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SMV (Symbolic
Model
Checker)

BoimonHsieT  CUMBOJBHYIO  BepU(UKAIMIO  CHCTEM,
3alaHHBIX B BHJIE€ MEPAPXUYECKUX AaBTOMATOB, MJIA
KOTOpPBIX ~ TpeOOBaHUS  KOPPEKTHOCTH  3aJAOTCS
temnopanbHoit jorukoit CTL. VYtBepkmaercs, dYTO
CUCTEMBI MOXHO 3a/1aBaTh KakK JCTAJIU3UPOBAHHO, TaK U
abctpaktHo. Mcmonb3yer mpeoOpa3oBaHHE aBTOMATOB B
Mojienb Kpurnke.

SPIN

Boimonnsier  Bepudukanuioo  MoAeau  JJA  S3bIKa
PROMELA. Dtor s3bIK  TOMIEPKHUBAET  TOJBKO
JTUCKPETHBIE THIBI JAHHBIX, & TakkKe (QYHKIUU PabOTHI C
MHOT'OITOTOYHOCTBI0. Micrionb3yer moruky LTL.

UPPAAL
(Uppaal Model
Checker)

Cpena myist MojenupoBaHuss M BepUUKAIMA CUCTEM
peampbHOTO BpeMeHH. MCMmoiap3yeT CeTH BpPEMEHHBIX
aBTOMATOB, pacuIMpeHHbIe TUTIAMU JTaHHBIX
(orpaHWYEHHbIE 1I€JIbIE, MACCHUBBI U T.TI.). SI3BIKH
MonenupoBanuss — Timed Automata. TpeGoBanus
KOPPEKTHOCTH 3a7ar0Tcs B moabsi3bike TCTL.

VIS
(Verification
Interacting
with Synthesis)

Beinonuser  BepupUKALMIO ~ MOJAENIH,  HUCIOIb3YS
MepapXMyecKue KOHEUHbIE aBTOMaThl M sA3bIK Verilog.
[IpoBepsiemble  YTBEPKACHUS 3aJal0TCS C  ITOMOIIBIO
noruku CTL.

dSPIN

Pacimmpenune wunctpymenta SPIN. IloszBomsier Ooinee
adpdpekTuBHO  BepuULIMPOBATH  paclpeieieHHbIe U
napajijieibHble  CHUCTEMBL. JTO  HWHCTPYMEHTAJIbHOE
CPEICTBO pacimpsieT BO3MOXHOCTH HHCTpymeHTa SPIN.
Peanusyer HeEKOTOpbIE HOBBIE BO3MOXXHOCTH TOMHMO
aNTOPUTMOB HCCIICOBAaHUS TPOCTPAHCTBA COCTOSHUN U
COKpAIIICHHs] Yucja COCTOSIHHMM, mpuMmeHsieMbix B SPIN:
yKa3aTeau, JAUHAMUYECKOE BBIJICJIICHHE/OCBOOOXKICHHE
naMsaTd, peKypcuBHble  (YHKIMM, yKa3aTeld  Ha
dyHKUHIO, cOOpIIMK Mycopa, CUMMETPHUYHOE
cokpamieHue. JlocTaToYHO MOIIHBIM BXOJHOM  SI3BIK
(pacmupenue si3pika PROMELA).

DBRover

MoHuTOop BpeMeHH HcIojHeHHs (runtime monitor) ms
TEMIOPaJIbHBIX MPAaBUJ, HAITMCAHHBIX Ha si3blkax LTL wu
MTL. Dto aBTOMaTHMueckas, ynajaeHHas U rpaduyeckas
Bepcuss  mHCTpyMeHta  TemporalRover.  Coxmepxut
pElaKTOp TEMIOpalbHbIX  (QOpMyJ, TeHepaTop U
KOMITUJISITOP KOJIa, CUMYJISITOP. SI3BIKM MOJAETUPOBAHUS:
Ada, C, C++, Java, VHDL u Verilog. ITognepxuBaembie
A3bIKK 3a7laHus TpeboBaHuil koppekTHocTn: LTL, MTL
(Metric Temporal Logic) u T. 1.
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Reactis Tester | Mogenupyer U TECTUPYET pPEaKTUBHBIE CUCTEMBI. SI3BIKH
moaenaupoBanus: Simulink/Stateflow.

Temporal Brinonnser npoBepky TpeboBaHUM, cHOpMYyITUPOBAHHBIX
Rover Ha s3bike LTL corpanmuenusiMu peasibHOrO BpEMEHU
(with realtime constraints). ['eHepupyeT HCHOIHSIEMBIiA
Koja i cnenuduKanui, 3amucaHHBIX B BUIE
KOMMeHTapueB. [lognepxuBaer BamuIalnuil CBOWCTB
BUJIA «IIOCJI€ BO3HUKHOBEHHS COOBITUSI € 3HauyeHUe
NEPEMEHHOM X B S MPOIIEHTAX CIIy4aeB HE U3MEHSETCS, U
ee cpeaHee 3HaueHue ooubiine 100 B TeueHHUe 0JJHOTO yaca
WIK 10 TOTO MOMEHTa, KOorja coObiThue el Tpou30MIerT
nBaxaeD». Bxomuble sa3piku: Ada, C, C++, Java, VHDL,
Verilog. [TonnepxuBaeMbie CIIOCOOBI 3aIaHusd
TpeboBanuit koppektnoctu: LTL, MTL (Metric Temporal
Logic) u T.m. CymecTByeT Takxke mpoekt StateRover,
KOTOpPBI OCHOBBIBAETCS HA OSTOM HMHCTPYMEHTE, HO
aBisieTcsi 0ojiee HOBHIM M MOIIHBIM. StateRover umeer
OoJiee MMPOKKHE BO3MOYKHOCTH 10 CpaBHEHHIO ¢ Temporal
Rover u omepupyer ¢ mnoamHoxkecTBoM si3bika UML.
MoxeT reHepupoBaTh koja Ha s3bikax Java, C, C++,
Nwmeet MOITHYIO rpaduyecKyo 000J104KY,
peanu30BaHHYO0 Kak Tuiarus s Eclipse™,

4.3. Cpeactea 1 06bekTbl Bepudurkaumm

[Ipn wucmonb30BaHMM AaBTOMATHOTO MOJXOJa B MPOTPAMME BBIACIACTCS
YIOPABJISIONIAs CUCTEMa, MCTOYHMKU COOBITMM W OOBEKTHI YIpaBICHUS.
OcHoBHasi JoTMKa pabOThI MPOTPaMMBI (€€ TOBEJACHHE) MOJCIUPYETCS B
YIOPABJISIIONIEH CHUCTEME, TOT/a KaK OOBEKTHl YMPAaBIICHUS U UCTOUYHUKHU
COOBITHI ee MpakTUyecku He cojepkar. C OAHOW CTOPOHBI, MO ATOU
MOJIEJI TeHEPHUPYeTCs KOJ (BPYYHYIO MM aBTOMAaTHYECKH), a C APYroi —
3Ta MOJIEJIb MOXET MCTOIB30BATHCS AJIA Bepu(UKAINU, U €€, B OTIIMYUE OT
TPAIUIIMOHHOTO TOAX0/Aa, HET HEOOXOAMMOCTH CTPOUTH MO MPOTpamMe.
Takum oOpa3oM, B aBTOMAaTHOHW Mporpamme cpasy BbiaemnsieTcss (pparMeHt
IPOrPaMMBbI, COOTBETCTBYIOIIUI MOJICNIN TOBECHHS, KOTOPBIA OTJECICH OT
OCTaJbHOW 4YacTh mOporpamMmbel. B mporpammax, IOCTPOEHHBIX
TPaJAMIIMOHHBIX MTyTEM, MOJICJIb TIOBEICHUS alIPUOPH OTCYTCTBYET, U €€ JIJIst
Bepudukauu TpedyeTcs CHelualbHO CTPOUTh, YTO OOBIYHO BEChMa
TpyaoeMko. IIpu 3ToM BOIpOC O KOPPEKTHOCTH MOCTPOCHHBIX MOJENen
YaCTO OCTAeTCS OTKPHITHIM. B HEKOTOPBIX HCCIEAOBAHUSIX BHUMAHUE
COCpEIOTauyMBaeTCsl Ha MPOBEPKe Mojelel st quarpamm cocrosiunii UML
[55]. OcHoBHBIE mMpOOJIEMBbI, C KOTOPBIMH YacTO CTAJIKUBAIOTCSA IMPH
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pelIeHnn NMOoA0OHBIX 3a7ad, CBA3aHbl C TEM, YTO B MOJEJIM B SIBHOM BUJE
paccMaTpuBalOTCA Kak COCTOSIHUSA, TaK M BCIIOMOIaTeIbHBIC NIEPEMEHHBIC.
[Ipu 5TOM CMELIMBAIOTCSA YNPABISAIOIIME W BBIYUCIUTEIbHBIE ACIEKTHI
IpOrpaMMbl, MO3TOMY pabOTaThb C MOJEIbI0 Ha INPAKTUKE CTAaHOBUTCA
3aTPYJHUTENBHO. {7151 aBTOMATHBIX MPOTrpaMM MOJENb OOBIYHO COAEPIKUT
OTHOCHTENFHO HEMHOTO YIPABIAIOIMIUX COCTOSHUMA, U TOITOMY OHHU
OOBIYHO MOTYT OBITh BepUPHUIMPOBaHB 0e3 TMOoCTpoeHus Ooiee
a0CTPaKTHBIX MOJICIICH.

Takum 006pa3oM, aBTOMAaTHBIE MPOTPAMMbI B 3HAYUTEIBHON MEpEe MOMXKHO
Bepu(ULIIMPOBATH  aBTOMAaTW4YeckW. [l  Takux  OporpaMm  HET
HEOOXOJMMOCTH CTPOUTh MOJETh s Bepu(UKALMA U BPYUHYIO
BO3BPAILATHCA U3 MOJENH B MPOTpaMMy MPU HAXOKIEHUU KOHTPIpUMEpA.
Oto sBaseTcss OONBIIMM WX [PEUMYIIECTBOM [0 CPAaBHEHUIO C
porpaMMaMu, MOCTPOEHHBIMU TPAJAULMOHHBIM MyTeM. D(P(HEKTUBHOCTH
Bepu(pukanuu yacto oOpaTHa >(P(HEKTUBHOCTH MporpamM, KOTOpbIE
BEpUPUIMPYIOTCS. ABTOMATHbIE NPOTpaMMbl OOBIYHO HE SIBISAIOTCA
3¢(EeKTUBHBIMU B TpPAJULIUOHHOM IIOHUMAaHUM, OJIHAKO, Kak Oyner
[IOKa3aHO HUXE, OHM BECbMa IPOCTO BEPUPHUIHUPYIOTCS C MOMOLIBIO
poBepkHU Mojeneit. [103ToMy BO3MOXKHO, YTO CO BPEMEHEM B TEXHUYECKUX
3aJJaHUSIX Ha CO3JaHHE OTBETCTBEHHBIX CHUCTEM, KOTOpbIE HEOOXOIUMO
BEpUPUIIMPOBATh, OYJET 3alHUCaHO, YTO MPOTPaMMbl ISl HUX CIEIyeT
IIPOEKTUPOBATH HAa OCHOBE aBTOMATHOIO MOJAXOJA. YK€ CErOJHs 3TOT
NOJAXOJ ISl HEKOTOPBIX KJIACCOB TaKUX CHCTEM ITOCTOSIHHO HPHUMEHSIETCS

[56, 57].

N3BeCTHO, 4YTO €CIM CXEMbl HE KOHTPOJENPUTOJHBI, TO HUX HEIb3s
MPOBEPUTH, U 3TO, HAIPUMEP, MPU MPOEKTUPOBAHUU MHUKPOIPOLIECCOPOB,
noHMMaroT Bce. [lodToOMy  BO3MOXKHOCTH TMPOBEACHUS  KOHTPOJIS
3aKJIa/IbIBa€TCA B CXEMY TPHU €€ MPOEKTUpPOBaHUU. B mporpammupoBanuu
CUTyallMsl CKJIQJIbIBACTCA WHAYe: MPOrpaMMa MUIIETCS MO OMpeIeICHHBIM
3aKOHaM, OOBIYHO JalieKuM OT oOecreueHuss BO3MOXXHOCTU €€
Bepudukaruu. Ilpu >TOM Ha MNpakTUKE, OaKE €CJIU H3BECTHO, YTO
nporpamMmy Hajao OyJeT Bepu(puIUpOBaTh, MOJIXOJ0B K €€ CO3JaHUI0 HE
U3MEHAIOT, U MOATOMY BepU(DUKaLMS yIPABISIONINX ACTIEKTOB MOBEACHUS
POrpamMMbl OOBIYHO TPYIOEMKA.

[IpoBepka Mozenen MOCJIE CBOETO TMOSBICHUS Haydalla MPUMEHATHCS Kak
HanOoJsiee MPaKTUYHBIA METOJ U3 U3BECTHBIX, HO U 3]I€Ch UMEET MECTO HE
BIIOJIHE €CTECTBEHHAs] CUTyalus: HE M3BECTHO HHM OJHOM 00JacTH
TEXHUKH,, B TOM YHUCJIE U JJIsI CEpUNHON MPOIAYKIIUH, B KOTOPOU CHayaida
00BEKT peaausyercs, a 3aTeM JIsl Hero pa3zpadaTbiBaeTcs Mojeb. OOBIYHO
NpU  CO3JaHUM TMPAKTUYECKH JII0OOro olpaslla TEXHUKH BCE B HEM
CIIPOCKTUPOBAHO 3apaHee. TpyaHO TpeAcTaBUTH cede, YTOOBbl KTO-TO B
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IMPOMBIINIJICHHOCTH H3TrOTOBUJI aBTOMO6I/IJ'II>, CaMoOJIET WM IIOABOJHYIO
JOIKY, a IMOTOM Ha4dall CO34aBaTb MOJICIIM M BBIIIYCKATb YCPTCIKH. Ho B
IIporpaMMHpOBaHUN IIPH HCIIOJIB30BAHHUN IIPOBCPKU MOI[e.Heﬁ O0OBIYHO
HMCHHO TaK MW IIOCTYIIAKOT: CHa4adlla CO344CTCA IIporpamMma, a IIOTOM
CTPpOUTCA €€ MOICIIb. B aBtomaTrHOM IMporpaMMHUpOBaHNN CHUTyaAllUA
IIPOTUBOIIOJOKHAA U 0oJiee ecTeCTBEHHAS.

JUis aBTOMaTHBIX MPOrpamMM CYIIECTBYET METOJ CO3JaHUSl TaKuX
nporpamM B 1ienioM [58]. [ToaToMy, BO-TiepBBIX, aBTOMATHBIC MPOTPAMMBI
MOKHO IPOEKTUPOBATh, 4, BO-BTOPBIX, MOKHO CO3AaBaTh IPOrpaMMbl B
TOM € MOCJIEeI0BaTEIbHOCTH, KaK U Jpyrue oOpa3lbl TEXHUKH: CHAayaia
pa3pabaThiBaeTCs MOJAEIb MOBEACHHUS, IO KOTOPOil (popMabHO, a YaCTO U
aBTOMATUYECKH, OHA peau3yeTcsd, a MapajulelIbHO C pealu3anued 1o
Mozenu npoBoautca Bepudukauud. [Ipu oOHapyXKeHUM OLIMOKA MOJENb
KOPPEKTUPYETCS, U BHOBb MapaJUIEIbHO OCYIIECTBIISIIOTCA peaau3alus U
Bepu(ukanus. B HacTosiee Bpems BexyTcs pabOThl MO BEpUPUKALMH
aBTOMATHBIX MpOrpaMM B I1eJOM (BKIO4Yasgs (YHKIHM  BXOJHBIX
BO3JICHCTBUI M 00BEKTOB ymnpasiieHus) [59] m cosmanuio (Gopmain3zmMoB
JUTS 3aITUCH TPeOOBAHUH Ha sI3bIKaX, OMM3KUX K ecTecTBeHHOMY [60].

OTMeTHM, 4YTO U3JIaraéMble B KHHUT€ MOJXOJbl K MPOBEpPKE Mojelen
aBTOMATHBIX MIPOTrpaMM OCOOEHHO aKTyaJibHbI ISl BCTPAUBAEMBIX CHCTEM,
JUUISL KOTOPBIX XapaKTEPHO MCIOIB30BaHUE OKOJIO 98% mporeccopoB u Bcex
MUKPOKOHTPOJIJIEPOB, BBITYCKAEMBIX B MHUPE €XETOJHO. 3HAYUTEIHHYIO
JIOJTF0 M3 HUX COCTABJISIOT 8-pas3psiiHbIE YCTPOMCTBA, MPOTPAMMUPYEMbIC
KOMaH/JaMH U3 OJHOTO-ABYX 4ejoBek [61, 62].

B pamkax paboT 1O TroCyJlapCTBEHHOMY KOHTPAaKTy IO TeMe
«Bepudukamnus aBromatHeix nporpamm» B CIIOI'Y UTMO paszpaborano
HECKOJIbKO BEpU(HUKATOPOB aBTOMATHBIX mporpamm [63-67]. Co3naHHbIe
BEpU(PUKATOPHI UCTOIB3YIOT pa3Hble MOAXOAbl, HO €CTh OOIIUE BOIPOCHI,
KOTOpBIE PelaIiCh MPU CO3/IaHUU KaXkI0r0 BepuPUKaTopa.

[lepBbIil U3 HUX — UCOIB30BATh CYIIECTBYIONIUN BepU(UKATOP MIPOTpamM,
WIM  pealu30BBIBATh  QITOPUTM  Bepudukamuu  3aHoBO?  BriOop
CYIIIECTBYIOIIETO BepU(HUKATOpa OMpeneNsieT TeMIOPAIbHYI0 JIOTHUKY, C
MOMOIIIBI0  KOTOPOM MOXHO (OpMyIUpoBaTh CBOWCTBA aBTOMATHOM
cuctemsbl. [Ipu aToM oTMEeTHM, YTO HamboJee W3BECTHHIE BEpU(PHUKATOPHI,
Harmpumep SPIN, paGortator numb ¢ OgHOW  Pa3HOBUIHOCTHIO
TEMIIOPAJIbHOW  JIOTUKU. [IpM  uWCHONB30BaHMKM  CYLIECTBYIOLIETO
Bepu(dUKaTOpa BOZHUKAET HEOOXOAMMOCTh B pa3pab0TKe aBTOMATHIECKOTO
npeoOpa3oBareisi aBTOMATHOW  MpPOTrpaMMbl  BO  BXOJHOW  SI3BIK
Bepu(dukaTopa, UYTO, B OTIMYHME OT HEABTOMATHBIX MPOTPaMM,
OCYIIECTBUMO C HEOOJIBIIIMMH TPY103aTPATAMHU.
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Bropoii Bompoc, pemaembiii KakIbIM BepU(PHUKATOPOM — BBIIECICHUE
AJIEMEHTAPHBIX COCTOSHUII aBTOMATHOM MPOTPAaMMbl  WIIHA, JPYTUMH
CJIOBaMH, MpeoOpa3oBaHUE UCXOJHOM mporpaMmbl B mojenb Kpunke. Bo
BpeMsi pabOThl aBTOMATHOM MpPOrpamMMbl aBTOMAThl MEPEXOJAT U3 OJIHUX
COCTOSIHUU B Jpyrue, 00padaThIBalOTCSI COOBITHS, BHI3BIBAIOTCS BBIXOHBIC
BO3JICICTBUS, YNpABJICHUE Iepenaercss ApyruMm apromartaMm. l[lpu sToM
MEepexo/l aBTOMaTa M3 OJHOTO COCTOSIHUA B JIPYrO€ MOKHO CUWTATh
aTOMapHBIM JIEUCTBHEM, @ MOXHO IpPH HEOOXOJAMMOCTU pa3OUTh €ro Ha
HECKOJIBKO AJIEMEHTAPHBIX JCHCTBUM, TAKUX KaK BBIYMCICHUE YCIOBHS Ha
MEPEXO0/I€, BBI30B KAXKJIOTO BBIXOJHOTO BO3JCHCTBHUS, BBI30B BIIOKEHHOIO
aBToMarta u T. . Pa3nuunbie BepudukaTopsl MOTYT pa3OMBaTh MEPEXOIbI
Ha DJIEMEHTAPHBIE COCTOSHUSA [TO-PA3HOMY.

Crmenyer 3amMeTWUTh, 4YTO IIPU  HCIIOJIB30BAaHUU  CYLIECTBYIOLIETO
Bepu(UKATOpa BBIACIECHUE 3JIEMEHTAPHBIX COCTOSIHUM MPOUCXOIUT Ha
JTane TPAHCIALMHA aBTOMATHOM CUCTEMBI BO BXOJIHOM S3bIK BEpHU(PUKATOPA.
Ha BxonHOM si3bIKe BepU(PHUKATOpa MPOrPaMMUPYIOTCS BCE DJIEMEHTAPHBIE
COCTOSIHUS U NIEPEXO/bI MEKTY HUMH.

Tpernii Bompoc, KOTOPbIA pemarT BEpUPUKATOPHl  aBTOMATHBIX
nporpamMMm, — O3TO 3aJaHue Habopa TMPEIUKATOB, KOTOPHIE MOTYT
UCITIOJI30BAThCS B TEMIIOPAIbHBIX (popMmynax. YeM mmpe 3TOT Habop, TeEM
0oJiee TOYHBIE CBOMCTBA aBTOMATHOM CHCTEMbI MOYKHO BEPHU(PULIUPOBATH.
[IpuBeneM npuMepbl MPEAUKATOB: «aBTOMAT A HaXOAUTCS B COCTOSTHUU
S1y», «mpouzonuio coObITue €1», «OblI0 BRI3BAHO AciicTBHE Z1» U T. 1.

W, HakoHel, 4YeTBEpPThI BOMPOC, KOTOPHIA pEIMIAlOT BepU(UKATOPHI
aBTOMATHBIX MPOTPaMM, — OTO HWHTEPIpEeTanus oT4eTa 00 OmuOKe H
npeoOpa3oBaHue €ro B TEPMUHBI UCXOJHOW aBTOMATHOM nporpammel. [Ipu
WCIIOJIb30BAaHUU  CYIIECTBYIOMIUX BEepU(PUKATOPOB OTUET 00 Ommodke
BBIJIACTCS B TEPMHUHAX MOJEIH, COPMYIMPOBAHHON Ha BXOJHOM S3bIKE
Bepudukaropa. Jlanee Tpedbyercs mpeoOpa3oBaTh 3TOT OTYET B TEPMHUHBI
UCXOJTHOM aBTOMATHOW MPOrpaMMbl U OTOOPA3UTh €ro IMOJIb30BATEIIO
BepudukaTopa. ITO IS  ABTOMATHBIX TPOrpaMM, B  OTIWYHE
TPaJAUIIMOHHBIX, 3()(PEKTUBHO BHITIOIHACTCS aBTOMATUYECKON TIPOLIETypOH.

CnocoObl  mpeoOpa3oBaHUsl aBTOMAaTHOM MOJACIM B Mojelb Kpumke
UCCJIEMYIOTCS JTIOCTATOYHO JAaBHO. BOJIBIIMHCTBO W3 HHUX CTaBHT IICJIBIO
MOCTPOUTH MOJIENIb TaK, YTO TEMIOpaIbHbIC (DOPMYIIBI MOTIH OBl OMHCATh
ee TMOBEJEHUE IIEIMKOM. Takoe TMOCTPOCHHE OBIBACT COMPSDKEHO CO
CIIEYIOIMMU IpoOIieMaMu:

Q TPYAHOCTHU C BBIIIOJHCHUCM KOMIIO3HUIIMHU aBTOMATOB;

Q HCOAHO3HAYHOCTH IICPCHOCA CBOMCTB MOACIN B I/ICXO,[[HHﬁ aBTOMaAr.
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Hanpumep, MOTYyT BO3HUKHYTh HEOJHO3HAUYHOCTH TPH HWHTEPIIPETAIUU
CTL-dpopmyn Ha aBTroMatax Mypa [68]. B cimeayromux pasgenax OyayT
pPacCMOTPEHBI ~ TEXHHWKH, KOTOpbIE  IO3BOJSIIOT  yCTPaHUTh  JTH
HEOJTHO3HAYHOCTH ITyTEM BBIJEICHUS Kjacca Hanboyiee BaXKHBIX CBOWCTB,
JUIS KOTOPBIX aBTOMAThl (B TOM 4YHCJIE CMEIIAHHBIE) MOTYT OBITh
npeoOpazoBaHbl B Mozelb Kpumke 6€3 1ByCMBICIEHHOCTEH.

Pabotsl o Bepudukauu aBToMaTHeIX nporpamm, kpome CII6I'Y UTMO,
MPOBOJASATCS TaKkkKe M B SIpOCIAaBCKOM TOCYIapCTBEHHOM YHHBEPCUTETE
um. I1. I'. Jlemunosa [69—73].

Huxe OynyT paccMOTpeHbI CYHIECTBYIOIIME BepU(pUKATOPHI aBTOMATHBIX
nporpaMM W HMHCTPYMEHTAJIbHBIE CpPEICTBA, HX peanusytouue. s
JEMOHCTpauu paboThl BepU(PHUKATOPOB OyJEM HCHOJIb30BaTh MNpPUMEP
ABTOMATHOM CHCTEMBbI, MOJICTHpYIOIIei Oankomar [74].

4.3.1. Mopenb baHkomaTa

bankoMar — 310 yCTpOHCTBO, aBTOMATU3UPYIOLLEE OINIEPALlMU 110 BbIIAYE U
NepeBOy JEHEr, XpaHAIIMXCcis B OaHKe, JUIy, KOTOPOMY OHH
npuHajuiexkar. WaeHtudukanus Kakaoro KIMEHTa MPOUCXOAUT NpU
NOMOIIM HMEIOIIEHCS Y HEro KapThl OaHKa M COOTBETCTBYIOILEIO KapTe
CEKpEeTHOTO PiN-KoAa. baHKOMaT OCyIIECTBISIET CIEAYIONINE OTIEPALIUH:

0 HICHTUDUIHPYET KINCHTA,;

0 TMO3BOJISET MMOCMOTPETH JOCTYITHBIC CPEJICTBA;
O II03BOJISET CHUMAThH JIEHBIH;

O CBA3BIBAeTCI ¢ OAHKOM.

Mogens OaHkOMaTa COCTOMT M3 JByX aBromaroB. ABtomar AClient
yIpaBisieT TOIB30BaTENbCKUM HHTepdeiicom, a astomar AServer
MIPOBOJIMT OTEpaIK CO CYETaMU M CBs3bIBaeTcsa ¢ 6ankom. Kpome Toro, B
cucreMe paboOTalT CIACAYIONIME MCTOYHUKH COOBITUH H  OOBEKTHI
ynpaBieHus. VICTOUHUKH TOPOXKAAIOT CIAEAYIONINE COOBITHUS:

o HardwareEventProvider — cucreMHbIe COOBITHS, TEHEPHUPYEMBIC
000pyI0BaHUEM;

o HumanEventProvider — coObITHs, HHULIMHPYEMBIC TI0JIb30BATCIIEM;

o ServerEventProvider — oTBeThI Ha 3ampOCHI, MOCTYMAOIINE OT CEPBEPA;
o ClientEventProvider — 3anpocsl, mocTymaroliue Ha cepBep.

o OOBeKTHl yrpaBiICHUS:

o FormPainter — obecrieunBaeT BU3yalnu3aiuio padoThL;

o ServerQuery — oTpaBIIsSIeT 3aIPOCHl Ha CEPBEP;
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o ServerReply — oTBeuaeT Ha KIIMEHTCKHUE 3aMPOCHI.

Monens OaHkOMara TIIOCTPOCHA TMPU IOMOIIM HHCTPYMEHTAIHHOTO
cpenctBa UniMod, paspaGorannoro B CII6I'Y UTMO [58, 75, 76]. Ha
puc. 4.4 wuzobOpakeHa cxeMa CBs3eM Mojienu OaHKOMaTa, Ha KOTOpOM
NpUBEACHB O0003HAYCHHMS] W HAa3BaHUSA HCIOJIB3YEMBIX COOBITUHA U
BBIXO/HBIX BO3JICHCTBU.

T, «eventproviders ?@ «statermachines E] «controlledobject
pl : client.HardwareEventPraovider A, onfigManager ol : client.FormPainter
#F E6: String = "e6" {KapTa scTaeneqa)
#F E7: String = "e?" {K.apTa sbiTawenal @ z20: vaid B nodeHne)
#F ES: String = "e8" {Yex g3AT} @ z1: vaoid {NpreeTcTEME}
#F E9: String = "e9" {leHbrv BolAaHEI @ z2: void {Beog pin kogal
ol @ 24 void {M naeHoe meH}
@ 26 void {Beieoa GanaHca Ha akpaH}
@ 271 void {NeyaTe HanaHca Ha Heke}
@ 28 void {Beog cvmMmbl}:
fis «eventproviders @ z10: void {Bblaaqa aeHer}
pZ2 : client.HumanEventPravider @ 211 void {Mevatats 1 qext
@F EO: String = "e0" {Haxanm seiknmoqnTe} @ z12: void {MevaTk 4eka no onepauwm}
@F E1: String = "e1" {Hasanm kronky 1} @ 213: void {BosspaT KapTeI}
%F E2: String = "e2" {Hamanm kHonky 2%
%F E3: String = "e3" {Hamanm kHonky 3¢
3F E4: String = "e4" {Hamanm kHonky 4+
E] «controlledobject:
0Z : client.ServerQuery
oz
fin «eventproviders @ 23t void {AETOpMzaLHA Ha cepEepet
p3 : client, ServerEventProvider @ 25 void {3anpoc Sanancal
#F E10; String = "e10" {pin Koa BepHEIR} @ 29 void {3anpoc cHATHA AsHer}
$F E11: String = "e11" {pin K0A He BEpHEI}
$F E12: String = "e12" {Monyuen Gananck
$F E13: String = "e13" {CHATHE ABHEr NpOWNO ¥ A&4HO}
$F E14: String = "e14" {HeT 3anpaumHEasmoN CyMmel:
$F E15: String = "e15" {Owwmfika npk pafioTe © cepeepom;
§i, «eventproviders
p4 : callserver, ClientEventProvider i@ #statemachines [E] «controlledobject:
F E21: String = "e21" {AETORHZALMAY A1 ...onfigManager 03 callserver, ServerReply
#F E22: String = "e22" {3anpoc BanaHcal
F E23: String = "e23" {3anpoc cHATHA AeHer: ol @ 20t void {4TeHmHe sanpacat
@F E24: String = "e24" {0OTEET roTos} @ z1: void {AETOpMEHPOBATEY
@ 22: void {BepHyTe SanaHch
@ 23 void {CHATE AeHEMM}
@ z4: void {OTBETHTE KNHEHTY}

Puc. 4.4. Cxema cBs3eli aBTOMATOB, HICTOYHHKOB COOBITHI
1 00BEKTOB YIIPaBIICHUS B MO/IeTTH OaHKOMaTa

Ha puc. 4.5 npusezen rpad nmepexomos aBromara AClient.

Ha puc.4.6 npuBegen rpad mepexomoB aBromata  AServer,
00pabaThIBAIOIIETO 3aMIPOCHI Ha CEpPBEp.
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4.3.2. Bepnduumnpyemole ceonctea baHkomaTta

JIJ1st IPOCTOTHI KaKIBIM BEPUPUKATOPOM OyIyT TMPOBEPSITHCS CIIECITYIONTUE
JIBa CBOMCTBA aBTOMAaTHOM CUCTEMEBI OaHKOMATA.

o e ™ o A
Z2, Beog pin koaa 3. ABTOpKzaLKHA " 4, [N3EHOE MEHHD 0
ed elld
a2 include [&Server
\enter fol.z2 r)—w \enter /o223 \enker fol.z4 .
1 ell ez |e3 o4
.
el fol.z0 eb 1
P ———
1. BrTaeeTe KapT';-'\' 5. 3anpoc BanaHca |

&, Beoa CymmMbl

g1g| incude faServer

enter fol .21 - enter o225 -
‘ I elz ~—venker Jol,z3

.- 6, BelBDA Ha 3kpaH |e4
e7 r + 9, 3anpoc AeHer
i 13, BozBpaT KapThl 0
ed
enter [ol.26 g14| include [AServer
g3 ~—venter foz,.z9
7. MeqaTte Heka 1 I el3
&g
\enker Jol.z13 W 10, Bblaaqa asHer
- -

\enter [ol.27 '

enter fol.z10
=]

11, MNedaTaTe 4ek

:

ez

enker fol.z11
3

12, MNevaTe 4eka 2

i

e

\enker jol.z12 /
Puc. 4.5. Asromar AClient

[lepBoe m3 Hux (Oymem obo3HayaTh ero 3HakoMm X): «llomp3oBarens He
MOJKET MOJIyUYHUTh JICHBIM, €CJIM OH HE BBEJ IPAaBHIBHBIA PIN-KOma». DTO
CBOMCTBO JIOJDKHO BBITIOJNHATBECS B paccMaTpuBaeMOM OaHKOMAaTe, H
MO3TOMY BepH(]HKAIMSI ITOTO0 CBOMCTBA JIOJDKHA 3aKOHYUTHCS YCITCITHO.
[Tepedopmynupyem cBoicTBO: «He MoOkeT ObITh, YTOOBI MOJIH30BATETh HE
BBOJIMJI MPaBUIIBHBINA PIN-KOA 0 TOTO, KaK MOJyYni AeHbIm». ClioBecHas
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GbOopMyIMpOBKAa CBOWCTBA HANPSIMYI TEPEBOAMWTCS B TEMIIOPATHHYIO
jgoruky LTL:

—(—=[88e0em npasunvnwbiti PIN-x00] U [6b10a0ym denveul).

! AETOPHIALHA
224
ezl \enter fod.zl )
YTeHHe 3anpoca ' BanaHc ' OTEET KNHEHTY N
. B2z e2d C
\enter o320 £23 \enker 03,22 enter fod.z4

eZq

[ CHATHE AEHEr

\enter fod.z3 )
Puc. 4.6. Asromar AServer

Kak mokazano Ha puc. 4.5, BeIJ1aua JIeHET MPOUCXoauT aericteueM 01.z10.
[TockonbKy OIMH ®3 BEpUPUKATOPOB HE IO3BOJISIET IPOBEPATH
BBIIIOJTHEHUE BBIXOJHBIX BO3JCHCTBHH, 3aMeTHM, 4To JneictBue 01.z10
BBI3BIBAETCS TOJIBKO B cOCTOSHUHU «I 0. Bvioaua oeneey asromara AClient, u
OyZeM WCTONB30BaTh ATO COCTOSHHE KaK TOKa3aTeldb BBIJAYM JICHET.
[IpaBuiabHO BBeIEHHBIN PiN-kox xapaktepusyercsi coobitueM €10. Takum
oOpazom, dhopmyra Jijist BepuduKaIuu IpUHUMAET BUI:

—(—e10 U (AClient in «10. Beioaua oenee»))

B nmoruke CTL 3710 cBolicTBO (hopmynupyercss moxoxum obpazom. Ilpu
ATOM JIUIIIb JOOABIISAETCS KBAHTOP «CYIIECTBYET myTh» (E):

—E[—e10 U (AClient in «10. Boroaua oenee»)].

Btopoe Bepuduiupyemoe cpoiictBo (0ynem 0003HauaTh €ro 3HaKOM ():
«ITonp30Barenb 005A3aTENbHO MOTYYUT JEHBIU». ITO CBOMCTBO HE JOJIKHO
BBITIOJIHATBCS JUIsl OaHKOMara, U BepUPUKATOPHI JOKHBI OTOOPA3UTH
KOHTpIIpUMeEp Ui 3Toro cBoicTBa. CrnoBecHas (OpMyIHpPOBKa CBOWMCTBA
HaIPSAMYIO IEPEBOUTCS B TEMIOPAIbHYIO JIOTHKY LTL:

Flebr0adym oenveu).

Kak oOcyxpaajioch BbIllI€, Bblada JCHET MPOUCXOAUT TOJHKO B OJTHOM
COCTOSIHUH, TTIO3TOMY (popMyJia IPUHUMAET CJICTYIOIINMN BU/I;

F(AClient in «10. Bvioaua deneey).
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Jlna nmpeoOpazoBanust 310t ¢opmynsl B joruky CTL TpeOyercs mumib
J100aBUTh KBAHTOD «JIJIs1 BCeX myTei» (A):

AF(AClient in «10. Beioaua oenezy).

4.4. NHCTpYMEHTbI, UCNonb3ayoLne
rotToBble BepudukaTopsl

4.4.1. Converter

OO01ree onucanue

Converter [77-79] wucmonb3yeT CyMISCTBYIOUIMA W, TOXalyd, CaMbli
u3BecTHbIN Bepudurarop — SPIN [46, 80]. Dto cpeacTBo mpeaHazHAUYCHO
st Bepudukanuu Gopmyn B TemrnopanbHol joruke LTL. Monens s
poBepku ¢ ucnonb3oBanneM SPIN 3amuchiBaeTCs Ha BXOJHOM SI3BIKE
Promela.

HNuctpymenTansHoe cpenctBo Converter pemaer craHAapTHBIE AJS CiTydast
UCIIOJIb30BAaHUsl CYIIECTBYIOIIETO BEpHU(PUKATOpPA 3adaud: KOHBEPTALIMS
aBTOMAaTHOM CHCTEMBbI B sI3bIk Promela, ompenenenuwe mnpeaukatoB s
(bopMyaMpOBaHMs CBOWMCTB, MPeoOpa30BaHUE KOHTPOPHUMEpPA B TEPMHUHBI
UCXOOHON cuctembl. Hipke moapoOHO ommcaHo, KakuM o0pa3oM 3TH
3aJjaud aBTOMaTHUUYECKU pelatoTcs B Bepudukarope Converter.

Bbigesenne arToMapHbIX COCTOSTHU A

Mogens Ha s3pike Promela, monydenHnas B pesyibTare mpeoOpa3oBaHUs
UCXOJTHOM aBTOMATHOM CHCTEMBI, COJIEPKHUT CIEIYIOUIUe MEepeMEHHBIC, B
KOTOPBIX XPAHUTCS COCTOSTHUE MOJIEIIH:

o int lastEvent; — mepeMeHHas, cojaepiKailas HOMEp IOCIICIHErO
00paboTaHHOTO COOBITHS;

o int stateAl; — Takagd MNEPEMEHHAs CO3MacTCA I Ka)XI0ro
aBTOMAara U XpaHUT HOMEP TEKYLIETO COCTOSIHUSA aBTOMaTa Al.

[TockonmbKy B TMOCTPOSHHOW Mojenu Ha s3bike Promela nmpyrux
IIEPEMEHHBIX HET, JJIEMEHTAPHOE COCTOSHHE MOJEIN ONPEAEISIETCS
HAa0OpPOM 3HAYEHUH ITUX MEPEMEHHBIX.

Jlpyrumu  cioBaMH, B JAHHOM IIOAXOAC JJICMEHTapHOE COCTOSHUE
aBTOMATHOM CHCTEMBI — 3TO HA0Op TEKYIIUX COCTOSHUN BCEX aBTOMATOB, a
TaKXke mocliienee oopadboranHoe coowiTe. [lepexopl He pa3aeasoTCs Ha
IIEMTOYKH DJIEMEHTAPHBIX COOBITHH.

B wmomenun Ha s3pike Promela myis kaxmgoro aBTomara  BbLACISCTCS
byHKIIHSI, KOTOpasi HeIETEPMUHUPOBAHHO BBIOUPAET MEPEXO] U3 TEKYIIETO
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COCTOSIHUS aBTOMara M B 3aBUCUMOCTH OT BBIOPAHHOTO TIEpexoja
OOHOBJISIET 3HAYEHUS TIEPEMEHHBIX StateAl n lastEvent.

Bepuduuupyemsie cBoiicTBa

PaccmarpuBaemblii BepudukaTop mpoBepsieT (OopMysibl B TEMIIOPaIbHOU
noruke LTL. IToxnep:xuBaroTcs TONBKO Ba TUIA MPEUKATOB:

o lastEvent = el — BBIIOJHIETCA, KOrJa IIOCIEIHES 06pa6OTaHHO€
coOnITHE €1

o stateAil = 1 — BBIIOJHAETCS, KOTJAAa HOMEP TEKYIIEr0 COCTOSHMUS
aBTOoMara Al B MojenH Ha si3bike Promela paBen 1. 3ameTnuM, 4TO 3TO
HE SBIIETCS MMEHEM COOTBETCTBYIOIIETO COCTOSIHUSL B HMCXOJIHOM
aBTOMATHOW CHUCTEME, U MOITOMY I10JIb30BATEII0 HYKHO HAWTH HOMED
HHTECPECYIOLICIO COCTOSTHUSI B npeoOpa30BaHHOM MOJICTIN
CaMOCTOSITCJIbHO.

IIpeoOpa3oBanue KOHTpIpUMepa

B ciydae ecnmm Bepudukatop SPIN HaxomuT ommoOKy B MOJICITH, HMEETCS
BO3MOYKHOCTb «BOCIIPOM3BECTH» KOHTPIPUMEDP HA MOJEIH. DTO O3HAYAET,
gro SPIN Oyzmer BBIMOMHATH MOJIENb Ha si3bike Promela xak Hacrosryto
IporpaMMy Ha sI3bIKE, TTOX0KEM Ha sI3bIK ImporpammupoBanus C.

Bepudukarop Converter ucnoib3yer 3Ty BO3MOXHOCTh. llpu kaxkaom
Nepexo/ie U3 OJTHOTO COCTOSIHHSI aBTOMaTa B JIPYroe MporpaMMa Ha SI3bIKE
Promela BeBomuT cooOlmICHHE O TEpeXoAe€ M TEKYIIUX COCTOSHUSAX
aBTomMaToB. Takum oOpa3om, korga Bepudukarop SPIN BocmpousBogut
OLIMOKY, B CTaHJAPTHBIM BBIBOJ MEUYATAIOTCS ATH COOOLICHUS, MO3BOJISASA
IIOJIB30BATENI0 YBUAETh IEPEXOAbl B HMCXOJHOW ABTOMATHOW CHUCTEME.
[Tpumep BBIBOJIA KOHTPIIPUMEpA TIPeicTaBleH B TUCTUHTE 4.1.

JNnctuur 4.1. BeiBoa KOHTpRpuMepa sepudmkatopom Converter

State Test 1 : init

Going to state Test 2 : sO
Event = e2

State Test 2 : sO

Going to state Test 33 : sl-1
Event = e3

State Test 33 : sl-1

Onucanne HHCTPYMEHTAJILHOTO CPeACTBA

Bepuduxarop Converter pabGotaer ¢ aBTOMaTHBIMH IPOTpPaMMaMH,
CO3/IaHHBIMHM TIPH TIOMOIIM HHCTpyMEHTajabHoro cpeactsa UniMod. Dto
CPEICTBO, KaK OTMEYAJIOCh BBINIE, TO3BOJSET BHU3YAJIBHO CO3/1aBaTh
aBTOMATHBIC MPOTPaMMBI, a TaKXKe 3alyckarh uX. [Ipm 3TOM aBTOMaTHas
nporpamma uzoopaxaercs Ha UML-nuarpammax, a 00beKThl YIIPABJICHUS U
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HUCTOYHUKH COOBITHH MNPOrpaMMHUPYIOTCS Ha S3bIKE MPOTrpaMMHPOBAHUS
Java.

Wuctpymentanshoe cpeactso UniMod mo3BosisieT coxpaHsaTh aBTOMATHYIO
nporpamMmmy B ¢opmare XML. daitn B ykazanHoM dopmaTe moaacTcs Ha
Bx0J1 Bepudukaropa Converter.

JuctpubytuB mnporpammbl Converter mocraBisieTcs ¢ HEOOXOIUMBIMH
oubimorekamu u Bepudukaropom SPIN. EnuHcTBeHHOE, uTO Tpedyercs —
YCTAaHOBUTh KOMIIWJIATOP JCC M mponucaTh ero B nepemenHoil PATH nns
TOTO, 4TOOBI MOXXHO OBLIO BBI3BATH MPOTpaMMy (CC Oe3 yKa3zaHWs ee
pacrniosioxkeHusi B (aiiyioBoil cucrteme kommbiotepa. [Iporpamma mosker
3aITyCKaThCsl TOJIBKO B OMEPAIMOHHBIX cucTeMax tumna Windows.

Jlns 3amycka Bepudukanuu TpeOyeTcsl BBIIOJHUTh BCETO OHY KOMaH/Y:

run.cmd <XML-¢ann cucTeMe> <@anjl ¢ OTUeTOM>
<LTL-dopmyra>

31ech:

o XML-darin cucTeMbl — BepupUUUpyeMas aBTOMaTHas Iporpamma,
coxpaHenHas ¢ momonipio UniMod B popmare XML,

o tdarnm ¢ orueroMm — wuMsA ¢aiiga, B KOTOpbId OyaeT 3amucad
pe3ynbTaT BEpU(PUKALINH;

o LTL-¢opmysia — Bepuduupyemas dbopmyna, HarpumMmep:
«! (<>{lastEvent == el})n».

st 3anucu GopMyI1 UCTIOJIB3YIOTCS CIICTYIONINE ONEePATOPhI:
o [] —Globally (Bcerma);

o <> - Future (korma-uHuOyas B Oyayiiem);

o U-—Until (mo Tex mop moka);

o V-—3amuch p V goaKkBUBaJIEHTHA ! (!'p U !q);
o ! —oTpulaHue;

o && — Joruueckoe /M,

a | | —aoruueckoe MJ/IM,

0 -—> — UMIUIMKaLus;

o <-> — 5KBUBAJICHTHOCTb.

Bepuduxanusa mogesu 0aHKoMaTa

Bepuduxarop Converter padoraer ¢ wmoxemsimu UniMod. Tlostomy
JOTIOJTHUTENBHBIX TMPeoOpa3oBaHUil Mojenn OaHKomara He TpeOyeTcs.
Heo6xonumo muiie UCIoNb30BaTh Tpaduueckuit uHTEpdeEiic cpeacTBa
UniMod st renepaniun XML-onrcanust aBTOMAaTHOM MPOrpaMMBl.
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Bepudunupyem cBorictBo X 6ankomara. Bepudukatop Converter cozmaer
UACHTU(DUKATOPBI JUIsI BCEX COCTOSIHMM aBTOMATOB, M TpeOyeTrcs, YTOOBI
Bepuduipyemas Gopmyia HCHOIb30BaNA 3TH HICHTU(PUKATOPHI BMECTO
UCXOIHBIX HMEH cocTosiHUA. [locKoNbKy 3apaHee HEM3BECTHO, KaKOu
uaeHtudukarop Oyaer HazHaueH anst coctosiHus «10. Beidaua oeneey», To
MPUXOJIUTCS CHauaja 3amyCTUTh BEPUPHUKAITIIO «BXOJIOCTYION:

run.cmd Bankomat.xml report.txt ""

3necb Bankomat.xml — Qailn, co3gaHHBIA WHCTPYMEHTAJIbHBIM
cpeactBom UniMod wu conepxamuii omrcaHue aBTOMATHOW CHCTEMBI
OaHKoOMaTa.

B pesynbraTe BbINONHEHUS KOMaHIbI co3gaeTcs (aitnm model.ltl, B
Hayajie KOTOPOTO MOXXHO HAaWTH COOTBETCTBUE MEXKIY UJICHTU(PUKATOpAMU
COCTOSIHMM M UX UMEHaMU (JIUCTHHT 4.2).

NncTtuur 4.2. Pe3ynbTaT BepudmKaumm «BXOSIOCTYO»

#define STATE 10 10 /*8. BeOm CyMMmel*/
#define STATE 11 11 /*10. Bunmaua nexHer*/
#define STATE 12 12 /*9. 3ampoc zmeHer*/

Takum o00pa3oM, yAaloCh BBISICHUTb, YTO HCKOMOE COCTOSIHUE€ HMEET
uneHtugukarop «11». Toraa Bepudunupyemas popmysa OIPUHUMAET BU:

!'(!'{lastEvent == €10} U {stateAClient == 11}).

Ha Bxom Bepudukaropa Converter momaercss HE BepHPHUITUPYEMOE
CBOMCTBO, a ero orpuiianue. [loaToMy 3amycTuTh BEepUOHUKAIIMIO STOTO
CBOMCTBA MOXHO CJIEAYIOIIEH KOMaHIOM:

run.cmd Bankomat.xml report.txt " (!{lastEvent ==
el0} U {stateAClient == 11})"

B pesympTraTe B KOHCOJIb BBIBOJUTCS HEKOTOpas CIyXeOHas W
HECYIICCTBECHHAs Ha JaHHBIH MOMEHT MH(popmarus. Pe3yabTaT XpaHUTCs B
daiine report. txt (uctunr 4.3).

NuctuHr 4.3. Pe3ynbTaT Bepudmkaumm cBoncTea = 6aHkomaTa

Converter v. 0.50

warning: for p.o. reduction to be valid the never claim
must be stutter-invariant

(never claims generated from LTL formulae are stutter-
invariant)

(Spin Version 4.2.8 - 6 January 2007)
+ Partial Order Reduction

Full statespace search for:

never claim +
assertion violations+ (if within scope of claim)
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acceptance cycles + (fairness disabled)
invalid end states - (disabled by never claim)

State-vector 32 byte, depth reached 139, errors: O
129 states, stored
8 states, matched
137 transitions (= stored+matched)
0 atomic steps
hash conflicts: 0 (resolved)

Baxknas mHpopmanus coaepX HUTCs B 3allUCH «errors: 0» — omHuOoK
BepU(UKaUKU HE HailieHO. Pe3ynbpTaT BepupuKauy 0KUIAEMBbIiA.
Bepudunmpyem Teneps BTopoe cBoicTBO (£2):

run.cmd Bankomat.xml report.txt
"(!<>{stateAClient == 11})"

B pesynbraTe daitn report.txt COACPKUT CIEAYIONIYIO MHPOPMAIUIO
(MpUBEIEHBI TOJIBKO BaXKHbIC CTPOKHU (aiina, TucTuHr 4.4).

NuctuHr 4.4. Pe3ynbTaT Bepudmkaumm ceonctea Q 6aHkomarta

State-vector 28 byte, depth reached 33, errors: 1

Never claim moves to line 267
[ (! ((stateAClient==11)))]
State AClient 1 : sl
Going to state AClient 13 : 1. BcTaBbTe KaptTy
State AClient 13 : 1. BcTaBbTe KapTy
Going to state AClient 6 : s2
Event = e0
State AClient 6 : s2
spin: trail ends after 34 steps

B otuere comepxutcsi KOHTpIpuMep Ji7isi Bepuduimpyemoro cBorictea. OH
JIOCTAaTOYHO JIETKO YWTaeTcd M He Tpedyer mpeoOpa3zoBaHUM IS
noHUMaHus. bankoMar HaumHaeT pabOTy B HAYaJbHOM COCTOSHUU S1,
nepexoauT B coctosinue «1. Bcmasvme kapmyy, 3aTeM HaXUMAIOT KHOIKY
Buikatouums, Bo3HUKaeT coObiTHe €0, W aBTOMAT TMOMAaaeT B KOHEYHOE
COCTOSTHUE.

DTOT KOHTPIPHMEDP COOTBETCTBYET CIEAYIONmEeH CHUTyanuu. baHkomat
HAaYMHAeT paboTy B CBOEM Ha4yaJdbHOM COCTOSIHMHM, BKJIIOYACTCS W
nmpemsiaraeT BCTaBUTH KapTy. [loip3oBarenh HaXMMaeT Ha KHOMKY
Buoikarouums (cobwrtue €0), u 6aHKOMAT BBIKIOYaeTcs. [lomaB B KOHEUHOE
cocTosiHME S2, aBTOMar OaHKoMaTta TaM U ocrtaerca. llpm sTom
MOJIB30BATE)Ib HUKOTJIA HE TOJIYYHUT JieHer. TakuM o0pa3oM, HaWJCHHBIHA
KOHTPIPUMED SBJISIETCSI JICUCTBUTEIILHO OMPOBEPraeT BepuUIupyeMoe
CBOWCTBO.
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4.4.2. Unimod.Verifier

Oo0mee onucanue

Bepuduxarop UniMod.Verifier [77, 81, 82] ucnonb3yeT cymiecTBYIOMIHA
Bepudukatop Bogor [83]. Cxema BepudpuKaud B ONHUCHIBACMOM
BepUPUKATOpE OTIMYACTCS OT CTaHAAPTHOM CXEMBI, HCIOJIb3YEMOM,
Harnpumep, Bepudukaropom Converter,

Bxonnoit s3p1k Bepudukatopa Bogor, xoropsiii HazbiBaeTcs BIR, moxer
OBITh pacHIMPEH HOBBIMHU, CJIOXHBIMH THIIAMH JIaHHBIX, KOTOPBIC
NPEJCTaBISIIOT COO0M  KIIacChl, WMEIOIIHWE BHYTPEHHHE COCTOSHHUS.
VY kjacca MOXKHO BBI3BIBATh JIEHCTBHUS, KOTOPHIE MOTYT HW3MCHHTH
BHYTPEHHEE COCTOSHUE, WM 3alpaliMBaTh 3HAYEHUS TEX WJIA WHBIX
BHYTPCHHHUX TNEpPEeMEHHBIX. [Ipy ompeneneHHbpIX OrpaHWMYEHUSIX Ha HOBBIM
Kimacc cpeactBo Bogor wmoker BepudunupoBath MOAETH, KOTOPHIE
UCTIONB3YIOT OOBEKTHI HOBOTO KJIacca.

B03MOKHOCTB paciIMpuTh BXOTHOH SI3bIK IMTO3BOJIIET aOCTPAarupoBaThCs OT
JUITHUX JeTaJIel ONMUCAaHUs BEpUDUIIMPYEMON MOACIH, YTO TCOPETHICCKU
IMPUBOJAUT K MEHBIIEMY YHCIY OJJICMEHTAPHBIX COCTOSHHM MOJCIH, a
CJIeIOBATEIbHO, U K 00Jiee MPOCTON U OBICTPOM BepUPHUKAIIUU.

B Bepuduxarope UniMod.Verifier Obul peann3oBaH HOBBIA Kjacc,
coJepKaluii B cebe onucaHre aBTOMaTHOW CUCTEMBI B IIEJIOM. DTOT Kilacc
BBITIOJIHSAET JIMIIb OJJHO JIEHCTBUE «SteP»: 00padboTaTh 0OUEPETHOE COOBITHE.
[Tpu BbI30BE 3TOro JAEWCTBUA KJIACC HEIETEPMHUHHUPOBAHHO BBIOUpAET
COOBITHE M OTAAET €ro Ha 00padOTKy aBTOMATHOM IMporpamme. biaronaps
UCIIOJIb30BaHUIO HOBOTO KJIacca, OMMCAaHUE MOJENM Ha BXOIHOM SI3BIKE
BepupukaTopa Bogor cBenoch K TpUBHAIILHOMY OECKOHEYHOMY LUKIY U3
OJTHOTO COCTOSIHMA. B 3TOM cocTosiHHM y OO0BEKTa HOBOTO Kiacca
BBI3bIBACTCS JieiicTBUE Step.

OCHOBHOE JOCTOMHCTBO TaKOrO IOAXOJA COCTOMT B TOM, YTO ONMCAHUE
nporpaMMbl Ha BXOJHOM S3bIKE BepU(UKATOpa CTajJ0 TPUBUAIBHBIM U
OJIMHAKOBBIM JUIsl JIFOOOW aBTOMAaTHOM mporpamMmbl. Jlormka paboThI
MOJIEJIA U XPAHEHUE COCTOSTHUM aBTOMATOB PEAU3yETCs IMPOrPAMMHO U
OIMH pa3 JJs BCEX aBTOMATHBIX cHUCTeM. HeT HeoOXoauMocTH
IT€HEpUPOBATh HOBBIE MPOMEXKYTOUYHBIE BXOJHBIE HAHHBIC ISl KaXIOU
BepU(DUIIMPYEMOI aBTOMATHON TTPOTPAMMEBI.

Kpome Toro, B Bepudukarope UniMod.Verifier mpumensieTcst ere 0IHO
OpurMHaibHOE pemieHne. B gpyrux Bepudukatopax (Hampumep, B
Converter) wucnoab3yercs pa3Has peaiu3alus aBTOMAaTOB B pabouei
nporpamMmme u npu Bepudukaruu. B Bepudukarope Converter aromartHast
nporpaMMa 3amyckaeTcsi W paboTaeT MpH TMOMOIIM HHTEpIpeTaTropa
UHCTpyMeHTabHOTO cpeacrBa UniMod. Opnako mpu  BepudHUKaIMu
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HPOBEPSETCS KOPPEKTHOCTh aBTOMATHOM MPOrpaMMbl, peaii30BaHHON Ha
s3pike Promela. Ilpu 3TOM HeT rapaHThi, 4TO JIOTHKA paObOThl ABTOMATHON
POTPaMMBI peanr3oBaHa OJTMHAKOBO B UHTEPIPETATOpe
UHCTpyMeHTabHOTro cpenctBa UniMod u Ha si3eike Promela. B ciyuae ke
ucnois3oBanus UniMod.Verifier MmoskHO ckasath, uTo mporpamma Bogor
BEepU(UIIMPYET aBTOMATHYIO CHCTEMY HANpPSIMyI0 B WHCTPYMEHTAJILHOM
cpeactBe UniMod. Cxema B3ammoneiictBusi Bepudukaropa Bogor u
UHCTpyMeHTabHOTO  cpenctBa  UniMod B pamkax  Bepudukaropa
UniMod.Verifier uzo6paxena Ha puc. 4.7.

4 N
Bogor JlonoiHeHust UniMod
Anroputm p| Pacumpenne Hononnenne o| HHuTepnperarop
Bepndonkam/m W BXOJAHOTI'O sAA3BIKA K HHTEpHIPETATOPY P aBTOMATHBIX
BIR UniMod IPOrpamMMm
UniMod.Verifier
E J

ABTOMATHAas

nporpamMma

Puc. 4.7. Cxema B3auMoeiicTBus KOMITOHEHT Bepudukaropa UniMod.Verifier

BbiesieHne aToMapHbBIX COCTOSIHU M

JIrobo#t  kmacc, pacmupsiromuii  s36lk - BIR,  momken  Bo3Bpamath
BepuPUKATOPY YUCIO WIM HAOOp YMCEN, KOIUPYIOUIUX €ro TeKyllee
COCTOSIHUE. ABTOMATHOE pacCUIUPEHHE, ONpENeTIEHHOE B BEpHU(PHUKATOPE
UniMod.Verifier, 3amporpaMmMupoBaHO BO3BpallaTh HA00p TEKYIIUX
COCTOSIHUM aBTOMATOB B KAayeCTBE COCTOSIHUSI BCEM AaBTOMATHOU
POTrPaMMBl.

Takum o6pa3om, B JaHHOM BepuHUKaTOpe HE MPOUZBOIUTCS APOOJICHUS
MepPEeX00B AaBTOMATOB Ha JIEMEHTAPHbBIE COCTOSIHUS.

Bepu¢puuupyembie cBoiicTBa

Bepuduxarop Bogor, a cinemoarensro, u UniMod.Verifier, no3sossier

BepU(ULIMPOBATH CBOMCTBA, CHOPMYIMPOBAHHBIE B TEMIIOPAIBLHOM JIOTHKE
LTL.

B kauectBe npenMkaTOoB aBTOMarHOe pacupenue s3bika  BIR
MPEeOCTaBISICT Cleaytonue PyHKINU:

o wasEvent(e) — Bo3Bpamiaer 3HaucHHe TrUE, €ClIM B IMOCJICAHEM IIare
ObUTO BBIOpaHO IJIsi 00pabOTKHM coObITHE €, W 3HadyeHue False — B
MPOTHBHOM CITy4ae;
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o wasinState(sm,s) — Bo3BpamaeT 3HaueHHe TrUE, eciau Iepen
MOCJICIHUM IIarOM aBTOMAT SM HAXOAUJICSA B COCTOSIHUH S;

o isInState(sm, S) — Bo3Bpailiaer 3Ha4ueHue True, eclii Mociie COBEPIICHHUS
MIOCJICIHETO [1ara aBTOMAT SM HaXOIUTCS B COCTOSIHUH S;

o cameToState(sSm,S) — Bo3BpamaeT 3HadeHWEe [rUE, eClIk IoCIe
COBEPIIICHUS TOCJICTHETO Iara aBToMar SM W3MEHWJI CBOE COCTOSIHUC
Ha S. To e, uro (isInState(sm, s) && !'waslInState(sm, s));

o cameToFinalState() — Bo3Bpamaer 3HaueHHWe True, eciM IOCIe
COBEpILICHHUS I1ara TOJIOBHOH aBTOMAT MOJCIH TIepeiie] B CBOE
KOHEYHOE COCTOSHHE. DTO O3HAYaeT, 4YTO aBTOMAaTHas MporpaMma
3aBepiunia padory;

o wasAction(z) — Bo3Bpariaer 3Ha4eHHue TrUE, eci B XOJ€ BBIOTHECHUS
mara ObUIO BHI3BAHO BBIXOJHOE BO3JIEUCTBUE Z;

o wasFirstAction(z) — Bos3BpamaeT 3Ha4YeHHE TrUe, eclid B XOJe
BBITTOJIHEHHUSI 1ara MePBbIM BbI3BAaHHBIM JICHCTBHEM OBLIO Z;

o wasLastAction(z) — BosBpamiaeT 3HaueHuWe True, ecidm B XOJe
BBITTOJIHEHHUSI 11ara MOCJICAHUM BbI3BaHHBIM JICHCTBHEM OBLIO Z;

o getActionindex(z) — Bo3BpalaeT HOMEp JICHCTBHS B CIIMCKE JICHCTBHH,
BBI3BAHHBIX B XOJI€ BBINOJIHEHUS MOCIEIHEro Iara. JTOT MpPeauKar
MpeAHa3HayeH [JIsi TOro, 4roObl (HOPMYIUPOBAaTh YTBEPIKICHHS,
3a/1al0lIMe TOPSIOK BbI30BA JIEUCTBHM OOBEKTOB YIpaBIEHUS B
ABTOMATHOW MPOTrPaMME;

o wasTrue(g) — Bo3Bpalaer 3HaYeHUE TrUe, eciau B XOJC BBIMOJHCHUS
MOCJICTHETO IlIara OJUH M3 MEPEX00B ObLI OTMEYEH YCIOBHEM {, K €T0

3HaueHue ObUIO0  ompeaeneHo kak  True. Ilpumep  ycmoBus:
g =!ol.x1l && 01.x2;

o wasFalse(g) — Bo3Bpamaer 3HaueHnue True, €Ciii B XOJ[€ BBIITOJHEHUS
MOCJICTHETO IIara Ha OJHOM M3 MEPEXO0JI0B BCTPETUIIOCH YCIOBUE {, U
ero 3HaueHue ObLIO onpeeseHo kak False.

IIpeoOpa3oBaHue KOHTpIpUMepa

[Tockonbky  BepudukaTtop paboTaeT HAmpsAMyld) C  aBTOMATHOM
[IPOIPaMMOM, KOHTPIIPUMEP Cpa3y BBIPAXKEH B TEPMUHAX HCXOJHOMU
IpOrpaMMBbl U €ro npeodpa3oBaHue HE TPeOyeTCs.

Onucanne HHCTPYMEHTAJBLHOIO CPeACTBA

Onumiem, Kak BepU(PUUMPOBATH aBTOMATHBIE MPOTPaMMbI MPHU TOMOIIH
cpeactBa UniMod.Verifier.

ChHavasia HeoO0Xoaumo copMyaupoBaTh IPOBEpsieMOe TpeOOBaHUE.
dopmyna 3amuceiBacTcs B (aiiin  Unimod.bir, xoTopblit kpome Hee
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collepkuT uHpopmaluioo o Bepubuuupyemod wmonenu. s 3anucu
(bopMyIIbl KCTIONB3YIOTCA CIAEAYIOINE ONEPATOPHI:

o LTL.always — (G) Bcerna;

o LTL.eventually — (F) xorna-au0yap;

o LTL.next — (X) B caeayroIiui MOMEHT BO BPEMCHH;
o LTL.until — (U) no Tex mop, noka;

o LTL.weakUntil — (W) mo Tex mop, 1moka, Wi BCET/a;
o LTL.release — (R) ocBoGoxaenue: p R q =—(—p U —q);
o LTL.negation — otpunanue;

o LTL.equivalence — 5kBUBaJI€HTHOCTB;

o LTL.implication — uMrrKanus;

o LTL.conjunction — 7,

o LTL.disjunction — ZJIH.

dopmyia 3anuceiBaercs B darin Unimod.bir B Buae ¢pynkuun. [Moscaum Ha
npumepe dpopmat 3Tor GyHKIHU (TucTHHT 4.5).

NucTtunr 4.5. dyHkuma, onuckiBarowas dopmyny LTL

fun NoPinNoMoney () returns boolean =
LTL.temporalProperty (
Property.createObservableDictionary (
Property.createObservableKey ("correct pin",
AutomataModel .wasEvent (model, "elO")),
Property.createObservableKey ("give money",
AutomataModel.wasAction (model, "o0l.z1l0"))

),

LTL.weakUntil (
LTL.negation (LTL.prop ("give money")),
LTL.prop ("correct pin")

) ;

Ora ¢QyHkuus BelpakaeT TemmnopaibHylo Qopmyny !01.z10 W elO.
B Hagyane omnucanuss GyHKIUM OOBSIBISIOTCS MNpeaukaTsl. Hampumep,
"correct_pin" — ums npenukara, a AutomataModel.wasEvent(model, "e10")
— ero 3HaueHue. TakoW TpeauKaT BEpeH TOTJa, KOTJa IMOCIeaHee
obpaboTtanHoe cobbiTre Ob1TO €10.

[locne oOBsABICHUS TIPEAMKATOB 3amMUCHIBacTCs cama (opmyna ¢
WCITOJIb30BAHUEM ATUX MPEANKATOB B BHJIC BIIOKCHHBIX BHI30BOB (DYHKITUH.

Tenepr BbI3BIBaCTCS BepUPUKATOP. ITO BBIMOIHICTCS CIEIYIONIEH
KOMaHIOM:
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verifier.cmd Bankomat.xml NoPinNoMoney

3necek Bankomat.xml — (ain, Cco3IaHHBIA WHCTPYMEHTAIbHBIM
cpeactBom UniMod wu conepxamuii omricaHue aBTOMATHOW CHCTEMBI
O0ankomata, NoPinNoMoney — wuMa QyHKOUH [Js BepuUKaluu,
orrcanHoi B aiine Unimod.bir.

B pesynpTaTe BBI30Ba 3TOW KOMaHMIBI B XOJE Mpoliecca BepuPUKAINHA B
CTaHJApTHBIN TOTOK BBIBOJA OyJET HamedaTaHa Ciy>keOHast HHpOpMaIHs.
[Tocne oxoHuaHus BepudUKAIUM BbIBEACTCS JMOO cooliieHne o006
YCICIIHOM 3aBEPINCHUH, JIMOO KOHTprpuMmep. KoHTprmpuMmep omuchIBacT
I10 IIaraM COCTOSIHHS aBTOMATOB.

Bepudukanus Mmoaesn 0aHKoMAaTAa

Taxke kak u Bepuduxarop Converter, sBepuduxarop UniMod.Verifier
paboraer ¢ XML-onucanuem aBTOMAaTHOW MPOrpaMMbl, CTEHEPUPOBAHHOMN
WHCTPYMEHTAIBLHBIM cpeacTBoM UniMod.

Bepudumupyem mepBoe cBoiictBo (X). s Toro droObl 3ammcarthb
bopmyny, He TpeOyerca AOMOIHUTENbHAs MHPOpManus — IS €€ 3alKCH
MOYHO MCIIOJIb30BATh MMEHA MCXOJHOW aBTOMATHOM mporpaMmsbl. OgHaKo
Takas 3amuch  (QOPMYJIBI  JOCTaTOYHO TpoMosaka. CBoiicTBO X
3anuceiBaeTcst B (aiie Unimod.bir B Buzme dyHKIMH, NpUBEIEHHOW B
auctunre 4.6.

JIucTuHr 4.6. 3anucb ceoncTea x 6aHkomaTta ans UniMod.Verifier

fun NoPinNoMoney () returns boolean =
LTL.temporalProperty (
Property.createObservableDictionary (

Property.createObservableKey ("correct pin",
AutomataModel .wasEvent (model, "elOQO")),

Property.createObservableKey ("give money",
AutomataModel.isInState (model, "/AClient",
"10. Brimaua peHer"))

) s

LTL.negation (
LTL.until (
LTL.negation(LTL.prop ("correct pin")),
LTL.prop ("give money")

) ;
B ¢yHKIMM cHavyaa 0OBSBISIOTCS MPEIUKaThl COrrect_pin u give_money,
NEPBBIM U3 KOTOPBIX O3HAYAET, 4TO Mpousouuio coositue €10, a BTopoii —
yro  kopHeBoi  aBromar  AClient  HaxomuTcs B COCTOSHHH
«10. Bvioaua Oenes». 3areM 3amuCBIBACTCS TEMIIOpaJibHast (GopMyna C
UCIIOIb30BaHKEM 3TuX npeaukaTos: !(1<correct_pin> U <give_money>).
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WucTpykuus 1ia BepupuKaluy 3TOro CBOMCTBA:

verifier.cmd Bankomat.connectivity NoPinNoMoney

B pesynbTare B KOHCOJb BBIBOJMTCS CJCHyrOIas HHpOpMaIus
(;muctuHr 4.7).

INucTtuHr 4.7. PesynbTaT BepudmkaLmm cBOMCTBa = 6aHKomaTa

(W) Unknown option
edu.ksu.cis.projects.bogor.module.Isearcher.maxErrors

Transitions: 1, States: 1, Matched States: 0, Max
Depth: 1, Errors found: 0, Used Memory: 2MB

Transitions: 63, States: 41, Matched States: 22, Max
Depth: 14, Errors found: 0, Used Memory: 1MB

Total memory before search: 708a688 bytes (0,68 Mb)

Total memory after search: 1al34a712 bytes (1,08 Mb)

Total search time: 688 ms (0:0:0)

States count: 41

Matched states count: 22

Max depth: 14

Done!

Verification successful!

B nocnennei ctpoke HaNMcaHo, 4TO Bepu(UKaIUs 3aBepIIniIach yCIEIIHO,
KaK ¥ O’KUJANOCh.

Bepudunupyem tenepp BTOpoe cBoiicTBO (). 3ammmiem ero B (aiin
Unimod.bir B Bune ¢pyukuuu (uctusr 4.8).

JlucTuHr 4.8. 3anuck ceoncTea Q baHkomaTa ana UniMod.Verifier

fun AlwaysMoney () returns boolean =
LTL.temporalProperty (
Property.createObservableDictionary (
Property.createObservableKey ("give money",
AutomataModel.isInState (model, "/AClient",
"10. Brimaua peHer"))

)
LTL.eventually (LTL.prop ("give money"))
) ;
3amyckaeM mpoliecc BepuduKaIiu, BEIBOAS pe3ybTaT B (aitn verifier.out:

verifier.cmd Bankomat.connectivity AlwaysMoney
> verifier.out

[Tocie BoImonHEHUs 3TOW KoMaHAbl B (haiiie verifier.out okaspiBaeTcs

cienytomass uHpopmanus (B aucTuHre 4.9 NpuBENEHBl TOJIBKO Ba)KHBIE
CTPOKH).

INucTtuHr 4.9. PesynbTaT Bepudmkaumm ceorctea Q 6aHkomata

Generating error trace 0...
Done!
1 traces were found.
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Replaying the trace with least states (#0).

Replaying trace by key: 0

Stack of transitions leading to the error:

Model [ step [0] event [null] guards [null] transitions

[null] actions [null] states [null] ] fsaState
[badSaccept init]

Model [ step [0] event [] guards [] transitions [] actions
[] states [(/AClient:9. 3ampoc mener/AServer) - (Top);
(/AClient:5. Bampoc BamaHca/AServer) - (Top); (/AClient:3.
ABTOopuszauusa/AServer) - (Top) ; (/AClient) - (Top) ] ]
fsaState [badSaccept init]

Model [ step [1] event [*] guards [] transitions [sl#1.
BcraBbTe kapTy#*#true] actions [ol.zl] states [(/AClient:9.
Banpoc neHer/AServer) - (Top) » (/AClient:5. 3anpoc
Bamnaunca/AServer) - (Top); (/AClient:3. ABTopuszauua/AServer)
- (Top); (/AClient) - (1. BcraBbTe kaptTy)] ] fsaState
[bad$accept init]

Model [ step [2] event [e6] guards [true->true] transitions
[1. BcTaBbTe  KapTy#2. Beon pin-xoma#eb#true] actions
[01.z2] states [(/AClient:9. 3anpoc meHer/AServer) - (Top);
(/AClient:5. Bampoc Bamanca/AServer) - (Top); (/AClient:3.
ApTopusauusa/AServer) - (Top); (/AClient) - (2. BeBom pin-
xoma)] ] fsaState [badSaccept init]

Model [ step [3] event [e2] guards [true->true] transitions
[2. Beon pin-kxoma#l3. BosBpaTr KapTH#el#true] actions
[01.2z13] states [(/AClient:9. Z3Banpoc gneHer/AServer) -
(Top) ; (/AClient:5. Bampoc BajaHca/AServer) - (Top) ;
(/AClient:3. ABTopusauma/AServer) - (Top); (/AClient) -
(13. BoszepaT kaptTe)] ] fsaState [badSaccept init]

Model [ step [4] event [e7] guards [true->true] transitions
[13. BoszsBpaT kapTe#l. BcraBbTe kapry#e#true] actions
[0l.z1] states [(/AClient:9. 3amnpoc meHer/AServer) - (Top):;
(/AClient:5. Bampoc Bamanca/AServer) - (Top); (/AClient:3.
ABTopuszsauusa/AServer) - (Top); (/AClient) - (1. BcTaBbTe
kapTy)] ] fsaState [badSaccept init]

Done!

@ais  CONEpKUT KOHTpOpuUMEp. B KaxkIolW CTpOKE KOHTpIpUmepa
MPUBOAUTCS BCS BO3MOXKHas MH(pOpMaInus: HOMep Imara, oOpaboTaHHOE
COOBITHE, BBIMIOJHEHHBIC TEPEXOAbl M TEKYIIHME COCTOSHUS KaXIO0ro
aBTOMara.

HaiineHHblld  KOHTPIIPUMEP COOTBETCTBYET  CJIECAYIOIIEH  CHUTYAIUU.
bankomaT HaumHaeT pabOTy, TOJOBHOM aBTOMAT MOMAJAET B COCTOSIHUE
«1. Bcmasbme xapmy». Kapta BctaBnsgercs (coObiTre €6), TOJIOBHOM
aBTOMAT IOMAaJIaeT B COCTOSIHHE «2. Bsoo pin-koday. Jlanee mojabn30BaTelb
HaXUMaeT Ha KHONKy Ommena, aBTOMAaT TIONAJaeT B COCTOSTHUE
«13. Bozépam xapmul», W, KOTrAa MOJIb30BaTeNlb 3a0pan KapTy (coObITHe
e7), TOJIOBHOH  aBTOMaT  BHOBb  IMOMaJaeT B  COCTOSIHHUE
«1. Bcmasvme xapmy».
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[lonydyeHHbIld pe3ynbTaT SBISETCS KOHTPOPUMEPOM, TaK Kak OH
MpPECTaBIIACT COOOM TaKOM IMKJI, YTO aBTOMaTHas Mmporpamma O0aHkomara
IIPY HEOTPAHUYEHHOM IMPOXOKICHUH O STOMY ITUKITY HUKOTJIa HE BBIJACT
M0JIb30BATEINIO JICHBTU.

4.4.3. FSM Verifier

OO01ree onucanue

FSM Verifier [65, 77] ocnoBbiBaeTcs Ha Bepudukarope NUSMV, kotopslit
Bepu(UIIMpPYEeT MOJIENH, onucaHHble Ha s3bike SMV. Cxema paboThl
BepUpUKATOpa COCTOUT M3 CTAHAAPTHBIX JIJISl TAKOTO MOIXO0/1a IIIaroB.

1. TIpeoOpa3zoBaTh aBTOMATHYIO CUCTEMY B MOJIENb Ha si3bike SMV.

2. Ilpeobpa3zoBaTh TpeOoOBaHUS K cucTeMe B (HOpPMYIbI TeMIOpaIbHOU
JIOTHKH.

3amycTtuth Bepuduxarop NUSMV.

[IpeoOpa3zoBaTh KOHTPOPHUMEP K MOJEIH B KOHTPIPUMEP K HCXOAHOU
CUCTEME aBTOMATOB.

Ota cxema uzobpaxena Ha puc. 4.8.

TpeGoBanus
JUTSL CHCTEMBI aBTOMATOB

v v

CucreMa aBTOMaToOB

4 IIpeobpazosanue cucmemvl ) /Hpeoépaweanue mpebosanuil
N aemomamOf 6 Mooeb ) \ 8 Gopmynvl ACiTL 071 Mooenu )
Mopens Ha s361Ke SMV | | TpebGoBaHus A1 MOIETH

tb( Bepugurxamop NuUSMV )J

| KonTpnpumep x monenun |

v

C Ilpeobpazosanue konmpnpumepa >

| KonTprpumep k cucteme aBTOMaToB |

Puc. 4.8. Cxema pabots! Bepudukaropa FSM Verifier

Onurmem CUCTEMY aBTOMATOB, KOTOpast BepuUIIUPYETCS
paccMaTpUBaEeMbIM CpPEJICTBOM. 3aJlaH Ha0Op KOHEUHBIX aBTOMAaTOB C
HECKOJBKMMH BBIXOJHBIMH BO3JCUCTBUSIMA Ha peOpax M BBIXOJIHBIMU
BO3JICHCTBUSIMU TIPU BXOJI€ B COCTOSIHUA. J[JIs1 Ka)XXI0ro aBTOMAaTa 3a/1aeTCs
Ha0Op COOBITUH, KOTOpPhIE OH MOXET oOpabaThiBaTh. s Kaxa0ro
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COOBITHS 3a4acTCs, IMOCTYIIACT OHO OT HCTOYHHKA COOBITHI WU TOJBKO OT
aBTOMarta.

Kaxapiii mepexoa MOXKET COJep)KaTh COOBITHE, TNPH KOTOPOM OH
aKTUBHPYETCS, W JIOTOJHUTEIBHOE YCIOBHE, HEOOXOAMMOE I €ro
aKTUBAIlMM. YCIIOBUE TMPEACTABISICT COOOM JIOTHMYECKYH (OpMYyIy,
COJICPIKaIIyl0 B Ka4yeCTBE IPEIAMKATOB BXOJHBIC TEepeMeHHBbIC (X1, X2) H
BeIpakeHHs BUAA A; in Sj (BepHO, eciy aBTOMAT A; HAXOAUTCSA B COCTOSHUU
Sj). BxomHple mnepeMeHHbIE BO3BpALAIOT TOJBKO OyJIEBBI 3HAYCHUSL.
[Tepexom Takke MOXKET COJEPKATh IOCIEIOBATEILHOCTh BBIXOJIHBIX
BO3JeHcTBUI BHAa 0.Zi() 1 koMaHay Buaa A;.ej() At nepenadn ynpaBieHUS
JIPYTHM aBTOMaTaM.

Bbigesenne arToMapHbIX COCTOSTHU A

FSM Verifier B aBTOoMaTax Bepu(UIIMPYEMO MPOrpaMMbl BBIJCIISCT,
MIOMUMO OCHOBHBIX COCTOSTHUH, MHOXECTBO MPOMEXYTOUYHBIX COCTOSIHHIM,
B KOTOpbIE aBTOMAT IOMAJaeT BO BpeMsl Mepexojia U3 OJIHOTO COCTOSHUS
B apyroe. [IpomexyTouHoe cocTossHHE (UKCUPYETCS KaXKIbli pas, Korja
aBTOMAT BBITMOJHSET OJIHO U3 CICAYIONIUX JICUCTBUI:

O BBI3BIBAET BBIXOJHOE BO3JIEUCTBUE;
O BBI3BIBACT IPYTOM aBTOMAT.

Ha puc. 4.9 npuBeneH npumep BBIICICHUS MPOMEKYTOUHBIX COCTOSHHUN
JUISL OTHOTO TIEPEXO0.a.

0
sl
( sl ) el[x1 & x2]
\ 4
el[x1l & x2]
A2.el, z1
\ 4
( s2 )
a 0

Puc. 4.9. Boiaenenue npoMeKyTOUHBIX COCTOSIHUNA Ha Mepexo/Ie.
Ucxonnpiit mepexos (a), mpeoOdpa3zoBaHHbIN niepexos (0)

Bepudguuupyemsbie cBoiicTBa

FSM Verifier mo3Bonser BepuU(pHUIMPOBATH TEMIOPAIbHBIE (HOPMYJIBI C
UCTIOIb30BAHUEM CJICTYIOIINX MTPEIUKATOB.
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a  aBToOMar Ak HaxoauTcCsa B COCTOSHHUHN Sj;
0  BBIIIOJIHHUJIIOCH BBIXOAHOC BOSI[CﬁCTBHG Zj,
Q IIpoHn30LIIO COOBITHE €;.

Bepudukarop NUSMV, a caemoBarensHo, u FSM Verifier, mosposser
BepU(UIIMPOBATH CBOUCTBA, CHOPMYIMPOBAHHBIC B TEMIOPAIBHOM JTOTHKE

CTL. B dbopmynax BO3MOXHO HCIIOJI30BAaHUE CIACAYIOMHUX TEMITOPATBHBIX
orepatopoB: AF f, AG f, A[f U g].

Kpome Toro, B hopmysiax MOKHO MCIIOJIb30BaTh CTAHIAPTHBIC JIOTHUCCKHUE
ONEPATOPHI.

IIpeoOpa3oBanne KOHTpIpUMeEpa

Otuer 00 ommOKe BepU(pUKALMH, BO3BpAIAEMbId BEepUPUKATOPOM
NuSMV, coaep>XUT KOHTPHOpPUMEP B TEPMHHAX IOCTPOCHHON MOJEIU
aBTOMaTHOW cuctembl. KOHTpIpuMep COACPKUT TMOCIEN0BATEIHLHOCTD
DJIEMEHTApHBIX  COCTOSIHUM, TOpUBOAAIIMX K  ommoOke. Kaxmoe
DJIIEMEHTapPHOE COCTOSTHUE OJHO3HAYHO OINpEACNsieT COCTOSHHUE WU
nepexoj B MCXOJHOW aBToOMaTHOW mporpamme. [losTomy He cocTaBiseT
TpyJda mpeoOpa3oBaThb KOHTPIPUMEP B TEPMHUHBI HCXOJHON CHCTEMBI
aBTOMAaToB. Peanmsanms storo mpeobpasoBanus B merome FSM Verifier
noJipoOHee u3naraeTcs B padore [65].

Onucanue HHCTPYMEHTAJIBHOIO CPeACTBA
JuctprOyTUB MHCTPYMEHTAIILHOTO CPEICTBA COAEPKUT JBa (haiina:

o verifierjar — mporpamma, npeoOpasyromasi CHCTEMY aBTOMAaTOB B
MoJenb Ha sa3bike SMV;

o counterexample.jar — mnporpamma, mpeoOpasyiomas KOHTPIPUMED,
BbTaHHBIA Bepudukatopom NUSMV, B KOHTpmpumep sl CUCTEMbI
aBTOMATOB.

Kpome Toro, misi paGoThl MHCTPYMEHTAILHOTO CPEICTBA HEOOXOIUMBI
CHEAYIOLINE TPOTPAMMBI:

o Bepudukarop NUSMV;
o Java Runtime Environment.

Bce mepeuncieHHbIe MporpaMMbl MOTYT paboTaTh B ONEPAIMOHHBIX
cucrteMax tuama Windows u Linux.

FSM Verifier npuHrMaeT Ha BXOJ aBTOMATHYIO CHUCTEMY, 3allMCaHHYIO B
dbopmate XML. Crpykrypa BXogHoro ¢aiina Obuia paspaboTaHa
cnenpanbHo g FSM Verifier w  He momumepkuBaeTcs — apyrumMu
nporpammamMu. CTpyKTypy BXOAHOTO (haiiiaa MOXKHO HAalWTH B pabote [77].
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dopmyna s BepuduUKalMu 3anuchiBacTcss B TOT ke XML-daiin B
IpOCTOM BH/E (IpuMep 3amucu (GOopMyIIbl IpuBeeH B uctunre 4.10).

Nuctunr 4.10. 3anuck opmyrnbl B Bepudukatope FSM Verifier

<specification>
<string>AG (AO.sl -&gt; AF Al.sl)</string>
</specification>

I[J'ISI BepI/I(I)I/IKaHI/II/I CICAYCT BLIIIOJIHUTH TPU KOMAHbI:

0 U3 aBTOMAaTHOM CHUCTEMBI ¥ (pOpMYJIbL, 3alMcaHHbIX B (aiin inputfile.fsm,
co3/laeTcsl MOJCIh aBTOMATHOM cucTeMbl Ha si3pike SMV B (paiine
Input.smv:

java —jar fsmverifier.jar inputfile.fsm > input.smv
o BbI3bIBaeTcs Bepudurarop NUSMV:

NuSMV input.smv > verifier.out

O KOHTpIpUMEp npeodpa3dyeTcss B TEPMHUHBI HMCXOJHOM aBTOMAaTHOM
CHUCTEMBI:

java —Jjar counterexample.jar verifier.out inputfile.fsm

B pesynbprare nporpaMmmMa BBIBOJIUT B CTaHAAPTHBIN BBIBOJ KOHTPIPUMED B
HTML-dpopmate B Buae Tabmuupbl. B kaxaol cTpoke TaOmMIbl yKa3zaHa
cieayromias nHpopMarus:

0 HOMEp IIara;

0 UM aKTMBHOT'O aBTOMATa;

o oOpabaTeiBaeMO€E COOBITHE;

0 HMMEHaA COCTOSHUI BCEX aBTOMATOB;
0O BBIIOJIHIEMOE ACHCTBUE,

0O 3HAYCHHUE BXOJHBIX BO3JCHCTBUIL.
Bepudukanus Mmoaean 0aHkoMaTa

ABToMarHas cuctema BepuduiupyemMoro OaHKOMAra pealn3oBaHa IpH
MIOMOIIM WHCTpyMEHTaabHOro cpeactea UniMod u  aBromMaTHuecku
coxpansiercss B crneuuraibHoM ¢Gopmare XML, koTopbiii oTiauyaercs OT
dbopmata, mpuHMMaeMoro Ha BxojJ Bepuduxaropom FSM Verifier. s
NOJUICP)KKK  3TOro  ¢opMara  HUCHOJIB3YeTCS  QJTOPUTM, KOTOPBIH
KOHBEPTHUPYET MOJICIb MHCTPyMEHTabHOTO cpenctBa UniMod B mMonenb
Bepuduxaropa FSM Verifier.

B wuHcTpymMeHTampHOM —cpeactBe  UniMod umeercs  BO3MOXKHOCTB
NPUCBOCHUS JIOOBIX HMEH COCTOSHHUSM aBTomMaToB. OjHaKo Impu
ucronb3oBannu Bepudukaropa FSM Verifier BO3HUKAIOT CI0KHOCTH, €CITH
UMEHA COCTOSHHUH CojepKaT MpoOeNbl U APYrue CHeIHUaIbHbIC CHMBOJIBI.
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[TosTOMy MpH KOHBEPTALMU aBTOMAaTHOM cuctembl u3 Gopmara UniMod B
dopmar FSM Verifier uCXOIHBIM COCTOSHHUSM IPHCBAMBAIOTCS HOBBIC
unaeHtudukatopel. Kpome TOro, H3MEHSIOTCS HWMEHa HEKOTOPBIX
CTHCIIMATILHBIX COOBITUN M BCEX BBIXOJHBIX BO3JCUCTBUI: 3TO HEOOXOAMMO
11 padboThl Bepudukatopa FSM Verifier ¢ aBTomaTHOI CHCTEMOIA.

B pesymbrare  koHBeprammm ~ coctossHue — aBromara  AClient
«10. Bvidaua oenee» nomyunno uaentudukarop S11, mostomy mpemukar
AClient in «10. Bvioaua Oenee» npuammaet Bun AClient.s1l. Taxxe B
Bepudurarope FSM Verifier mpu 3anmcn mpeaukaTa TEKyIIETO COOBITHS
TpeOyeTcs 3amuchiBaTh, KaKMUM aBTOMAaToM OHO oOpabaTeiBaeTcs. Ha
puc. 4.5, 4.6 BugHO, 9TO coOBITHE €10 0OpabaThIBACTCS TOIHKO aBTOMATOM
AClient. TToatromy mnpenukatr €10 mpunumaer Bua AClient.el0. 3anwch
BepUPHUIIIPYEMOTO CBOMCTBA X MpuBeeHa B TucTtunre 4.11.

JNnctunr 4.11. 3anuck ceBoncTBa X baHkomMaTa

<specification>
<string>!E[!AClient.el0 U AClient.sll]</string>
</specification>

Hanee, cnenys noxkymeHtanuu FSM Verifier, BbIOIHAEM CIEIYIOIIYIO
KOMaH/y:

java —Jjar verifyer.jar Bankomat.fsm

3nmecr Bankomat.fsm — (aiin, cremepupoBaHHBIE B  pe3yibTaTe
KOHBEPTALlMM aBTOMATHON cucteMbl M3 Qopmata UniMod B dopmar
FSM Verifier. Dror (aiia, MOMHMO aBTOMATHOH MOJCIH, COICPIKUT
poBepseMyI0 crieruduKannoo. B pesynbraTe HCIOJHEHUS KOMAHIbI B
Karanore BepudukaTopa cosnaercsa ¢daia OUt.Smv — BeIXOAHOM dalm s
Bepupuxaropa NUSMV.

Crnenyromum nerictBuem 3amyckaercs Bepuduxatop NUSMV:
NuSMV out.smv

B pesymbrare ero BBIMOJHEHHS B KOHCOJIb BBIBOAUTCA  TEKCT,
MIpECTaBICHHBINA B IUCTHHTE 4.12.

Nnctuur 4.12. Pe3ynbTaT Bepudmkaumm cBoncTea = baHkomaTta
C:\Verifiers\FSM Verifier>NuSMV out.smv

***% This is NuSMV 2.4.3 (compiled on Tue May 22 14:08:54
UTC 2007)

*** For more information on NuSMV see
<http://nusmv.irst.itc.it>

*** or email to <nusmv-users@irst.itc.it>.

*** Please report bugs to <nusmv@irst.itc.it>.

*** This version of NuSMV is linked to the MiniSat SAT
solver.
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* k% See
http://www.cs.chalmers.se/Cs/Research/FormalMethods/MiniSat
*** Copyright I 2003-2005, Niklas Een, Niklas Sorensson

-— specification !'E [ !'AClient.el0 U AClient.sll ] is
true

B mocieanelt cTpoke BhIBOJIa YKa3aHO, YTO crienuduKaIys Obljia YCIEIIHO
npoBepeHa. Kak u 0xuanoch, mojib30BaTellb HE MOXKET MOJIYYUTh JICHBIU
JI0 TOT0, KaK BBEJCT MPaBUIIbHBIN PIN-KO/I.

Bepudunupyem teneps cBoiicTBO ) OaHKOMAara. 3almch 3TOTO CBOMCTBA
s Bepugukaropa FSM Verifier npusenena B nuctunre 4.13.

JNInctuHr 4.13. 3anunck cBoncTBa Q baHkomaTa
<specification>
<string>AF AClient.sll</string>
</specification>

['enepupyem BxoaHoM daitn qis Bepudukaropa NUSMV:

java —Jjar verifyer.jar Bankomat.fsm

3anyckaem Bepudukarop NUSMV:
NuSMV out.smv

Pe3ynbTaT BBINIOJTHEHUS ATOM KOMAaHJbl MpEJCTaBieH B JucTUHTE 4.14
(mpuBeEeHa TOBKO BayKHAs HaYabHasl YacTh).

JNnctuur 4.14. PesynbTaT Bepudmkaumm cBonctea Q baHkomarta

C:\Verifiers\FSM Verifier>NuSMV out.smv

*** This is NuSMV 2.4.3 (compiled on Tue May 22
14:08:54 UTC 2007)

*** For more information on NuSMV see
<http://nusmv.irst.itc.it>

***% or email to <nusmv-users@irst.itc.it>.

*** Please report bugs to <nusmv@irst.itc.it>.

*** This version of NuSMV is linked to the MiniSat SAT
solver.

* % % See
http://www.cs.chalmers.se/Cs/Research/FormalMethods/Min
iSat

*** Copyright I 2003-2005, Niklas Een, Niklas Sorensson

-— specification AF AClient.sll 1is false
-—- as demonstrated by the following execution sequence
Trace Description: CTL Counterexample
Trace Type: Counterexample
-> State: 1.1 <-
AClient.State = 0
AServer.State = 0
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Active = 0
Event = 0
AClient.s9 = 0

Bepudukarop NUSMV namien koHTpripumep s cBoiicTBa. COXpaHUM €ro
BBIBO/JI B (paiii:

NuSMV out.smv > verifier.out

Tenepr mpeoOpazyem KOHTPIPHUMEP B TEPMHUHBI MCXOIHOW aBTOMATHOMN
CHCTEMBI ¢ oMonIbio Bepudukatopa FSM Verifier:

java —Jjar counterexample.jar verifier.out Bankomat.fsm

B pesynbrare B mamke Bepudukatopa co3gaercs ¢aitn out.html. Ecim
OTKPBITh €r0 B Opaysepe, TO 0TOOpa3uTCs KOHTPHpHUMEDP, W300paKeHHBIN
B Ta0I. 4.2.

Tabnuua 4.2. KoHTpnpumep onga ceonctea Q 6aHkomaTa, creHepupoOBaHHbIN

nporpammon FSM Verifier

Step | Active | Event AClient | AServer | Action
AClient | — sl sl —

2 AClient | eAlways | sl sl 0l.z1

3 AClient | — s13 sl —

4 AClient | e6 s13 sl 0l1.z2

5 AClient | — s9 sl —

6 AClient | e2 s9 sl 01.z13

7 AClient | — s7 sl —

8 AClient | e7 s7 sl 0l.z1

9 AClient | — s13 sl —

Jlst Toro 4ToOBI pa3o0paThCsi B 3TOM KOHTpIpUMEpE, TpeOyeTcsl cHavalia
ONPENENUTh COOTBETCTBHE MEXAY WMMEHAMU COCTOSIHUM HMCXOJHOM
UniMod-mMoznenu OaHkomara M HMEHAMH, HCIOJIb3YEMBIMH B MOJCIIH,
ckoHBepTHpoBanHoi s FSM Verifier. B  nmanHomM mnpumepe OHO
cienyroniee (COOTBETCTBUE MPUBOJIUTCS JIMIIb JIJII  HHTEPECYIONTUX
coctosinuii apromara AClient):

o S1 - maganbHOE cocTosiHne 6bankomara B UniMod-monenu;
o S13 — «l. Bcmasvme kapmyy;
o S9 - «2. Beoo pin-xooay;

a S7— «l3. Bozepam kapmoly.
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DTOT KOHTpPOPHUMEDP COOTBETCTBYET cCleaylolei cutryanuu. baHkomat
HayMHAeT paboTy B HayajgbHOM cocTosiHMM. [lonb3oBarens BCTaBiISET
KapTy (coObiTHE €6), 3aTeM HaXKUMaeT Ha KHONIKY Ommena (coObITHE €2),
KapTa Bo3Bpaiaercs (coObITHe €7), OaHKOMAT BO3BpAIlaeTCs B IMPEKHEE
coctosinue (S1). Jlanee Bce MOBTOPSIETCS: MOJB30BATEIb BCTABIIACT KapTy U
CHOBa HaXUMAaeT KHONKY Ommena. ITO MOKET MPOJI0JKATECI OECKOHEYHO
noyro, © OaHKOMAT HHUKOT/IAa HE IOMAJET B COCTOSHHUE BBIAAYM JICHET.
JlericTBUTENBHO, KaK BUJTHO Ha puc. 4.5, COCTOSIHUSA
«1. Bcmasvme xapmy», «2. Bsoo pin-kooa» wu  «13. Bozepam kapmul»
00pa3yIoT ITUKIL.

BriBO KOHTpnpumepa 3aBeplIacTcss TOTAA, KOTAa TMOSBISIETCS YXKe
MOCeIIeHHoe cocTosHue. JlelcTBUTENbHO, marn 3 U 9 KOHTprpumepa
MOKA3bIBAIOT SKBHUBAJICHTHOE COCTOSIHUE aBTOMATHOW CHUCTEMBI. Takum
oOpazom, mara ot 4-ro a0 9-ro o6pa3yroT HUKI, a mark ¢ 1-ro nmo 3-i
MOKA3bIBAIOT MYTh CUCTEMBI M3 CTAPTOBOTO COCTOSIHUS JI0 3TOr0 IHUKIIA.
Jpyrumu  ciioBamMH, CIEAYIOMUNA OECKOHEUHBIH CIleHapuii paboThI
OaHkomaTa HapymaeT BepuPHUIMpyeMOe CBOWCTBO (IO  IIaram
KOHTpIpUMepa):

123456789 456789 456789 4...

4.5. ABTOHOMHbIE BepupukaTopsl
4.5.1. CTL Verifier

Oo0mee onucanue

WucrpymentansHoe cpeactBo CTL Verifier [63, 77, 84] ne wucnomb3yer
JIpYyruX Bepu(UKATOPOB, W B OTOM CPEACTBE pEalnM30BaH aJITOPUTM
Bepudukauu hopmyn remmnopaibHoit Joruku CTL.

B orom BepudukaTope HET HEOOXOJAMMOCTH  IIPeoOpa3OBBIBATH
aBTOMATHYIO IPOrpaMMy BO BXOJIHOM SI3BIK JIpyroro Bepudukaropa. Tem
HE MeEHee, e¢ TpeOyeTcs mpeoOpa3oBhIBaTh BO BHYTPEHHIOIO MOJICIb
Kpurike, BepudumupyemMyr0 WHCTPYMEHTAIbHBIM CpPEICTBOM. Pesymbrar
Bepu(UKAIIMU TaKkKe OyIeT BhIpAKEH B TEPMHUHAX COCTOSHUH MOJIEIH
Kpurike. TlosToMy B MaHHOM MeETOAC TNPUCYTCTBYET TNpeoOpa3oBaHUE
KOHTPIPHUMEpA.

BrolaeneHne aTOMapHbIX COCTOSHUH

Jns wmomenu  Kpunke M= (S, R, Label) Oymem paccmarpuBath
Mapkupytomiee otHomrenne Label kak mommuoxkectBo Label < S x AP,
Bwmecto R(S, t) 6yaem nucath S —> t.
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PaCCMOTpI/IM nporpamMmy, MOACIIb KOTOpOfI 3a4acTCA CHUCTEMOU dABTOMATOB,
B33PIMO,Z[CI>'ICTBYIOHIHX II0 BJIOKCHHOCTH. H€O6XOI[I/IMO Hp@O6p&30BaTI) Ty
MOZACIIb B CANHYIO MOJCIIb KpI/Il'[Ke, OCJINKOM OIIMCBHIBAIOIIYIO ITOBCIACHUC
,HaHHOﬁ CHCTCMBEI.

[Ipexne Bcero, yisi MHOXKECTBA aBTOMATOB BBITIOJHSAETCS TOMOJIOTHYECKAS
COPTHPOBKA IO OTHOIICHUIO BIIO)KEHHOCTH. DTO OTHOIICHHE HE JOJIKHO
colaepkaTh I[MKJIOB, WHaye IMIOJy4eHHas MoJenb OylneT HMEeTb
OeckoHeuHbld pa3mep. Mogens Kpumnke cTpouTcs WHAYKTUBHO JUIS
KaXIOro aBTOMara CHUCTEMBbI, MPUYEM aBTOMAaThl 0OpaldaThIBAIOTCS B
HopsZKe, KOTOPBIA ObLT C(HOPMUPOBAH TOMOJOTUYECKOW COPTHUPOBKOM.
Taxoit mops0K 03HAYaET, YTO MPU 0OPaOOTKE BHEIIHUX aBTOMATOB OyAyT
y)ke 00paboTaHbl BJIOKEHHbIE B HHUX aBTOMAaThl (IIsI HUX Oyner
HOJIFOTOBJIEHA Moieb Kpurke).

MeTtoa moJiHOTO rpada nepexoaon

MeTton, onvcaHHBI B 3TOM pasjelie, sBIseTCS HauOojiee BhIPa3UTEIbHBIM
B TOM CMBICJIE, YTO C €r0 MOMOIIBI0 MOXHO BepU(HUIIUPOBATH CBOMCTBA,
OXBATBIBAIOIIME BCE KAYECTBEHHBIC AaCIEKThl IIOBEACHHS aBTOMAaTHBIX
nporpamMm. OH MO3BOJISIET pabOTaTh ¢ aBTOMaTaMH, B KOTOPBIX B OOIIEM
Clydae IIepeXOJbl MOTYT BBIINOJHATHCS IapajuleNibHO. bynem 1oka
Mpearnojaratb 3TOT OOIIHMA CITyda.

B nanHOM MeToe MHOKecTBO AP ompenensercs cieayromuM o0pa3om:
AP = {Yl, Ys, } U {el, €y, } U {Xl, X, } Y {Zl, Zy, } U
v {InState, InEvent, InAction} « Names.

3neck {Y1, Yy, ...} — MHOXECTBO HAaUMEHOBAaHUM MJII BCEX COCTOSTHUU
aBTOMATOB, {€1, €y, ...} — YKa3aHHOE MHOXECTBO JJI1 COOBITUH, {X1, Xo, ...}
— YKa3aHHO€ MHOXXECTBO JUIsI BXOJHBIX BO3JIEWUCTBUM, {Z1, Zp, ...} —
YKa3aHHO€ MHOXECTBO JJIsl BBIXOJAHBIX BO3/AeicTBUL. Names — MHOKECTBO
HaMEHOBaHMK camux asTomaroB, a InState, InEvent u InAction —
YOPaBISIONIME aTOMapHbIE MPEJIOKEHUS, MpeIHa3HAYCHHbIE ISl TOrO,
yTOOBI OBUIO YAOOHO pa3fivuyaTh BEPIIMHBI, OCTPOCHHBIE U3 COCTOSHMUIA,
COOBITHI U BBIXOIHBIX BO3AECHCTBUH.

Mogens Kpumnke Oyaem CTpOUTh MO 4acTsIM: BHaYajiae MOCTPOUM T€ YacTH,
KOTOpPbIE COOTBETCTBYIOT COCTOSIHUSIM aBTOMara (HEoOXoauMo OyaeT
00paboTaTh BBIXOJHBIC BO3ICHCTBUS W aBTOMAThI, BJIIOKCHHBIE B JTU
cocrosinug). [lorom pobGaBum B Mojaenbs uHpopmaluio o nepexonax. Ha
MIEPBOM IIIar€ TOJOKHUM MHOXECTBO S PaBHBIM MHOXECTBY COCTOSTHHIA
UCXOJHOTO aBTOMAaTa U JJI KaKIOro COCTOSIHUS S 10OABUM B OTHOIICHHE
Label nBe mometku: (S, S) u (S, InState).
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[locne »TOro Uisi KaXIOTO COCTOSIHUSL S BBINOJHSEM CIIEIYIOUIYIO
onepanyoo. IIycTb S COOEpKHUT BBIXOAHBIE BO3IEHCTBUS Zg[], ..., Zs[u],
KOTOpbIE BBIMOJIHSIIOTCA MpU BXoJie B cocTostHue S. JloGaBuM B Mojiens U
cocTostHUM {ry, ..., Iy} U U mepexodoB Fp — Iy, ..., I3 — Ty, Iy —S.
B otnomenue Label nobasum nomerku (I, Zg), (N, INAction) mms Becex K
or 1 mo u. Jlamee, mpu moOaBieHUU pedep B MOMACIb HA CICTYIOITUX
JTamax, Kaxjaoe pedpo, KOTOpoe UIET B COCTOsSHHE S, OyaeMm
TIepPEHANPABIIATh B COCTOSHUE [5.

[Tpumep Takoro npeoOpazoBaHus MPOUILTIOCTpUpoBaH Ha puc. 4.10.

Y
Zy, 23, Zp, Y,
InAction InAction e InAction InState
21,22 ooy Zn

0

Puc. 4.10. CocrostHre ¢ BBIXOIHBIMH BO3IEHCTBUIMU
1o peodpazoBanus (a) u mocne (0)

N/

3Ty OIICpalMi0 HA30BCM pPA3ACIICHUCM BBIXOIHBIX IICPCMCHHBLIX H
COCTOSIHHUH. TGHCpB ciIeayeT OTACINTL COCTOSIHUS OT BJIOKCHHBIX B HHUX
aBTOMAToOB.

[Tycth B cocTosinue Y BHEIIHErO aBTOMAara BIIOKEHBI aBTOMAThl Ay, Ay o,
oy Ayy (mms HUX Momenu Kpurmke yke MOCTPOEHBI MO WHIAYKTUBHOMY
npeanosoxkenuo). B monenu Kpunke ans BHemHero aBromara (KOTopas
elle CTPOUTCS) YXKE TPUCYTCTBYET BEpIIMHA, COOTBETCTBYIOIIAsS
cocrosinuto Y. Jlist kaxxmoro u3 aBromaToB Ay 1, Ayo, ..., Ayy 100aBUM €ro
moznenb Kpunke k crposiericss monenu Kpunke BHemHero apromara. [lon
n00aBJIEHUEM TOHMMAETCS TO, YTO HEOOXOAMMO CKOMHUPOBAaTH BO
BHEIIHIOKO Mozeib Kpurke Bce COCTOSIHUS, MEPEXOAbl U TOMETKHU
BHyTpeHHeW Monemn Kpunke. [l Kakaoro cCOCTOSHHST BHYTPEHHEU
monenu Kpumke co3gaauM yHUKaIbHOE, COOTBETCTBYIOIIEE TOJBKO €MY,
cocTosiHie BHeHer moaenu Kpurike. Bo BHelIHee OTHOLIEHUE NTEPEX0/I0B
—  100aBUM  TEPEXOJbl MEXKAY TEMH COCTOSHUAMH, KOTOPBIC
COOTBETCTBOBAJIIM BCEM IIEPEXOJAM MEKIY COCTOSHMSMU BHYTPEHHEU
MO/JIeNIA. AHAJOTMYHO MOCTYITUM M ¢ MapKUPYIOIUM oTHoIIeHnem Label.

[Tocne Toro, kak BHyTpeHHHE Mojenu Kpurke OyayT CKOMUPOBAaHBI BO
BHEIITHIOIO, JI00aBUM B 3Ty MOJICNIb TaK)Ke V MEPEX00B: IS KaK10To 1 oT 1
1m0 V— 1 no6aBUM B OTHOIIEHHWE —> TIEPEXOJ M3 TEPMUHAIHHOU BEPIIIMHBI
moaenu Kpumnke st aBromata Ay B CTapTOBYIO BepiuHy moaenu Kpurke
Ui aBToMaTa Ay jr; U OJIMH TIEPEX0]] U3 TEPMUHAIBHON BEPIIUHBI MOJCIH
Kpurnike ans aBtomara Ay, B BEpIIMHY, COOTBETCTBYIOIIYIO COCTOSIHUIO Y.
Ecmn nmo storo B BepmmHy Y Benw Kakue-niuOo pedOpa, TO BCE OHH
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IIEPEHAIIPABIIIIOTCS B CTAPTOBYIO BepIIMHY Moaenu Kpunke s aBromara
AY 1.

[Ipumep Takoro mpeoOpa3oBaHus npuBeseH Ha puc. 4.11.

Av1 Ay Avy
] Av1 Av1 | Ay Ay . Avy Avy Y
Start Finish Start Finish Start Finish InState

Puc. 4.11. O6paboTka aBTOMATOB, BJIOKEHHBIX B COCTOSTHHE

OOpaTtuM BHUMaHUE, YTO B COCTOSHUSI aBTOMara A MOTYT OBITh BJIOKECHBI
pa3lIMuHbIE «KOMHW» OJHOTO W TOro e aBTomarta B. B 3ToMm ciyuae mns
KOXJIOW KOMMU co3Jaercss cBOosi Mojenb Kpumke (Bce 3TH  Mojenu
U30MOP(HBI JPYr APYTY) W TEpeHanpaBicHue pedep BBIMOIHSAETCS IS
Hee. Pasmep momyuenHoit monenu Kpurike (ducio ee cocrosiHuil) Oyner
OTPAaHUYEH CBEPXY IMPOM3BEICHUEM pa3sMepoB wmoxenerd Kpunke pis
Ka)XJIOTO aBTOMAaTa B OTJIEIbHOCTH (0€3 yueTa BIOKCHHBIX ).

[TpuBenem npumep pabOThI FTOrO AITOPUTMA ISl CHCTEMBI, IMYJIUPYIOLIEH
paboty Oankomara. Cucrema cocTtouT W3 JByX aBromatoB AClient u
AServer, npuuem aBtoMat AServer BioxkeH B aBromar AClient. Cxema
CBSI3€M JJI1 COOTBETCTBYIOUIEH aBTOMAaTHOM MOJENM H300pakeHa Ha
puc. 4.4, a rpadper mnepexomoB asromatoB AServer u AClient -
COOTBETCTBEHHO Ha puc. 4.5 u 4.6.

s aToit cuctemsl MoJiens Kpunke umeet 6oubinoi pazmep. [loaTomy ona
otoOpaxkeHa Ha puc. 4.12 B ynpouieHHOM BHUJE: BO BHEIIHHM aBTOMAT
MOJACTABJICHbl KOMHWU BHYTPEHHETO aBTOMaTa MMEHHO B TE€X MECTaXx, IJe
MPOUCXOJIUT BXOJ B Hero. Bepummubl Mojenu Kpumnke npeacraBieHbl HE
OTJIEJIbHBIMU OJIOKaMH, a CTPOKaMHU TEKCTa, MPU 3TOM BHJIHBI OCOOEHHOCTH
00pabOTKH BJIOYKEHHBIX aBTOMATOB.

Ha nanHoMm sTame 3akoHueHa 00paboTka cocTosiHuM aBTomarta. [loaTomy
nepenieM K OMUCaHUI0 TOro, Kak 00padaThIBAIOTCS IEPEXO/IbI.

PaccMmoTpum Habop U3 Bcex OyJieBbIX MEPEMEHHBIX B UCXOAHOM aBTOMATE,
COCTOSIIIUA W3 COOBITUM W BBIXOAHBIX BO3JACHCTBUU. I Kaxgoro
COCTOSIHMSL P ¥ Ka)KJIOM JBOMYHOM IIOCIIENOBATEIBHOCTH, KOTOPYIO MOKHO
IPUCBOUTH MEPEMEHHBIM 3TOr0 HAabOpa, ONpENeNUM CLEHAPHH, KOTOPbIH
JOJDKEH IPOU30MTH B 3TOM COCTOSHUU IIPU YCJIIOBUM, YTO 3HAYCHHUEM
HaOopa craja JaHHas IMOCIea0BaTeNbHOCTh. CLEeHapuil 3TOT MOXKHO
OIMcaTh Ha €CTECTBEHHOM f3bIKE ClleAyIoIMM oOpa3oM. B cocrosHum p
NPOU3OLUIM COOBITHA €jf1), ..., €. IIpM DTOM BXOIHBIE BO3JECHCTBHA
Xj[as ---» Xjif (M TOJIBKO OHM) OKa3anMch MCTHMHHBIMH. Ilocie sToro Owum
BBI3BAHBI BBIXOJHBIE BO3ICHUCTBHA Zifi), ..., Zku], M aBTOMAT Iiepenies B
cocrossHue (. /Jnsa kaxmoro Ttakoro cueHapus I cozmagum U+ 1
JIONOJHUTENBHOE COCTOsIHUE {le, Iy, ..., Iy}, U+ 2 mepexoma: p — I,
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re—>ry, 1 —r, ..., FL1—>Tr, ryb—>(J, a B otHoiienne Label noGasum
noMeTku (I, €ifix), (Fe Xjjix) (Fey INEVENL), (Fiex, Zigerp),  (Nix, INAction) mms
Bcex i"or1m0S,j orl notuk” or1 go u.

AsTopuzaUMA

AServer

21 enter fo3.z1

Urenve sanpoca Banarc OTBET KiHeHTY
ez2 e24
Aserver AServer Aserver

enter foz.23
enter fo3.20 823 enter Jo3.22 enter fo3.24

B24
CHATHE AEHE"

Aerver

enter [o3.23

2. Beoa pin koaa 3. ABTOpHzAUMA 4. Tnashoe merta

e
Adlient Aclient AClignt

enter jol 22 enter Jol.z4

el fol.20 et

1. BrasbTe KapTy 5. 3anpoc Bananca ABTOpHIAUHA

Adient Aclient Agerver

enker fol.21 enter [o3.21 ezt
elz
. ©. BeiBos Ha 3kpaH OTBET KnHeHTY BanaHc YTenns sanpota
824 822
= Adlent Aserver Aserver Aserver

13. Bo3BpaT KapTul
4 enter Jo2.25
entar jol.z6 enter Jo3.z4 enter fo3.z2 823 A enter [03.20
Adclient = - —
7. Mevatts wera | CrinThe acter
8
\gnter jol 213 aclent AServer
&, Beoa, cymael
enter fol.27 enter jo3.23 aclient
2
enter jol.28
et
ABTOpMB AU
AServer
624
enter jo3.21 821
& &2 el4
12. Mevare yera 2 11. Mevarate 4er 10. Beiaaqa acter 9. 3anpac aeHer OTBET KnHEHTY Banarc Urethe 3anpoca
e} 9 el3 =24 22
Aclient — Aclient — Aclient — aclient M  Aserver AServer AServer
enter jo2.29
enter jol 212 enter jol 211 enter fol.210 erter fo3.24 enter fo3.22 €23 A enter fo3.20
24
CraThe asner
AServer

enter jo3.23

Puc. 4.12. CrenepupoBaHHbIi Tpad mepexo 0B i MOJeTH OaHKOMaTa

Ecnu tpebyercss mOCTpOUTh MOJENb AJI aBTOMATa, B KOTOPOM Ha KaXKIOM
I1are He MPOUCXOAUT O0JIee OAHOTO COOBITHS, TO BBIIIOJIHUM TOT K€ CaMbIi
QITOPUTM, HO C OJHUM OTJIMYHMEM: BMECTO BCEX BO3MOKHBIX JBOMYHBIX
Ha0OpoB OyJeM mepedupaTh TOJBKO T€ U3 HUX, B KOTOPHIX HMCTHHHA HE
Oosnee yeMm ofHa nepeMeHHas €;. Takum oOpa3oM, JaHHBIA nepedop OyAeT
HKBUBAJIEHTEH Mepedopy JBOUYHBIX HAOOpPOB, KOTOpPHIE MOTYT OBITh
MPUCBOEHBI BXOAHBIM BO3ACHCTBUSAM, U TaKOW MepeOop BBIMOIHIETCS IJIs
KaXa0ro coObiTus. [IpM 3TOM YHCIO COCTOSHUM TOJYYEHHOW MOJeNu
OrpaHU4YE€HO CHU3Y YUCIOM

(UMCJIO _COCTOAHUM B _MCXOOHOM aBToMaTe + 1) x
X T«_H/ICJ'[O_,JIB OMHHI:IX_HS.@OPOB,

ZHMCﬂO_HepeMeHHbIX

a YHUCII0 COOTBETCTBYIOLIUX JIBOMYHBIX HAOOPOB PaBHO
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KouBepranus aBromata B Mojaenb Kpumke Ha OCHOBE A3TOro MeToja
NPOJICMOHCTPUPOBaHA Ha mpuMepe aBromara ATrig, sMyIupyromero

padoty RS-tpurrepa [85] (puc. 4.13, 4.14).

InEvent,

T

RS InEvent,

S
N J
p

T

InEvent > InState, InEvent,

< Y=0 RS

~ 4 N\

R

Puc. 4.14. Mopnens Kpunike s aBromara ATrig

B KauecTBe npuMepa MOKHO MPOBEPUTH CTL-cBoiicTBO
—(SVvR) > EXEX (Y =1), yrBepxnaaromiee, 4Tro ecid 00a BXOIHBIX
BO3JICHCTBHS OTCYTCTBYIOT, TO, IPEOAOJIEB MEPEXO, Ha CIACAYIOIIEM Iare
MO>KHO OKa3aThCS B COCTOSIHUU 1. DTO CBOWCTBO BBIMOJIHSIETCS BO BCEX
COCTOSIHUSX, 32 HCKIIFOUCHHEM TeX, KOTOPbIE HUYEM HE TTOMEYCHBI, KPOME
«ciyxeoHoro cimoBa» InEvent.

B xoH1e paboThl anropuTMa JUisl KaK10H BHEIIHEW BEPIIMHBI MOTYy4YEHHON
Mojzienu (BHEUIHEH OyneM HasblBaTh JIIOOYIO BEpIIMHY, 33 MCKIOUYEHHEM
TeX, KOTOPbIE OBLIM CKOMMPOBAHBI MPU 00paOOTKE BJIOKEHHBIX aBTOMATOB)
no6aBum B otHomieHue Label momerky c¢ aromapHbIM TpemoKeHHEM
(3IeMEHTOM ~ MHOXECTBA Names), COOTBETCTBYIOIINM UMEHHU
oOpabaTeiBaeMOro aBTOMara (TOro, AJii KOTOPOIO CTPOMUTCS MOJEIb U
KOTOpPOMY 3Ta BEpLIMHA NPUHAMIEKHUT). DTH JEUCTBHS NPEIHA3HAUECHBI
I TOTO, 4TOObl B (OpMyJIaX TEMIOPAJbHOM JIOTUKH MOXHO OBLIO
paznuyaTh, KaKol HMMEHHO W3 aBTOMAaTOB CHCTEMbl BBINIOJHIETCS Ha
JTAHHOM YYacTKe MyTH.

Metoa penyunpoBaHHOro rpada nepexonon

B nanHom meTtojie MHOkecTBO AP omnpenenseTcs COOTHOIIEHUEM:
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AP = {Yl, Ys, } U {el, €y, } U {Xl, X, } Y {!Xl, IX,, } )
U {z1, 2o, ...} W {InState, InEvent, InAction} .« Names.

Haumnaaem, kak W B MeToJe TOJHOro Tpada MepexoioB, C TOTO, YTO
IIPUCBOMM TEPEMEHHONW S MHOXKECTBO COCTOSHUM MCXOIHOTO aBTOMAaTra W
JUIA KaXJOro cOCTOsHMS S no0aBuMm B oTHomieHue Label nee momerku:
(s,s) u (s, InState). ITocime 3TOoro, Kak M paHee, BBIIOJHHUM pa3fciiCHHE
BBIXO/IHBIX TIEPEMEHHBIX M COCTOsSHUU. [locie 3TOro oTmeIMM COCTOSHUS
OT BJIOKEHHBIX B HUX aBTOMATOB.

[lepeiinem K omHMCaHUIO TOTO, KAK 00pa0aThIBAIOTCS MEPEXOIBI.
PaccMOTpuM MHOXECTBO CJICIYIOIIMX CUMBOJIOB:
{X1, IX1; X2, WXo; Xa, IX3; ...}

MoXHO CKa3aTh, YTO 3TO MHOKECTBO BCEX JIUTEPAJIOB, COCTABICHHBIX U3
BXOAHBIX MepeMeHHbIX. ClenyeT pa3inyaTh CMBICI 3HAKOB «—» U «!».
[lepBblii W3 HHUX O3HA4YaeT BBINOJHEHUE ONEpPAlMU  JIOTUYECKOIO
OTpHUIIAHUS, & BTOPOH UHTEPHPETUPYETCI KAaK CUMBOJI (4aCTh CTPOKH «!Xj»).

Torga mis Kaxxaoro pe6pa I ICXOOHOT'O0 aBTOMATa, KOTOPOEC BCIACT U3
COCTOSIHHA P B COCTOSIHUE (] C MMOMETKOM

g & hj[l] & hj[g] & hj[g] &...& hj[m] / Zif1}, ---» Zi[n]

(3aecw Ny = Xjgx, 00 N = X% — 9T0 3HAUMT, uTO hjfj») MO0 BXOIHAS
nepeMeHHasi, 100 ee OTpullaHue), 100aBUM B Mojedb N+ 1 cocrosiHue
{re, 1, ..., I} un + 2 nepexona:

p% re, re_) rl, rl_) r2’ ceey rn_l_) rn, rn_)q.

B ortnomenue Label noGaBum mometku (I, €j), (re, INEvent), (ry, Zipg),
(re, InAction) mts Bcex K ot 1 10 N, a TakXke MOMETKH

(re, hi[l]); (re, hi[z]), cees (Fey hi[m])-
[Tpumep Takoro npeoOpazoBaHus mpuBeeH Ha puc. 4.15.

Y=1 Y=2
€& X & X4 & X5/ 24, 25, ..., Zn, q

InS;{tite, InEvent InActlon InActlon InActlon InState,
X2, 'x4 IXs

Puc. 4.15. Ilepexon Mex1y COCTOSHUAMHU
JI0 TIpeoOpa3oBaHus 1O METOY peayKIuu (a) u mocie Hero (0)
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N3 PUCYHKA BUJHO, YTO IJIA TEX COCTOHHHﬁ, KOTOpPhbIC ObLIH IMOCTPOCHBI U3
CO6BITHﬁ, B MHOKCCTBO AaTOMApPHBIX HpGI[J'IO)KCHI/Iﬁ OBLIN I[O6&BJ'ICHLI
BXOOHBIC TIICPCMCHHBIC B TOM BHIAC, B KOTOPOM OHH 3aIlMCAaHblI Ha
Iepexogax aBTomMara (BMCCTC C OTpULAHHUAMU, CCJIM OHU I/IMGI-OTCSI).

B KkoHIle pabOThI aaroputMa TaK *e, Kak U B MPEAbILIYIIeM METOIE, Ui
BHEIIHUX BEPIIMH TOJIYYCHHOW Mojenu no0aBuM B oTHomreHue Label
IOMETKY C aTOMapHbIM MPEUIOKCHUEM, COOTBETCTBYIOIIMM HWMEHHU
oOpabaTpIBaeMOro aBTOMATa.

AJTOpUTM  TIOCTpOEHWsS  Moenun  Kpumke  JaHHBIM — METOJIOM
JEMOHCTPUPYETCS Ha MPUMEPE aBTOMATa, YIPABJISIOMIETO ABEpbMH JTudTa
(puc. 4.3). Ha pwuc.4.16 mnokazana wmojenb Kpumke, MOCTpOCHHAs C
MOMOIIIBIO PEYKIUHU Tpada mepexo10B Mo 3TOMY aBTOMATY.

InEvent,
ed
l02.x1

InState, InAction
Error 02.z1

InEvent,
e4,
02.x1

InEvent, InAction
ell o0l.z1

InState,
Opening

InState,
Opened

InAction,
ol.z1

v

InState,
Closed

InState,
Closing

InAction, InEvent,
01.z2 el2

Puc. 4.16. Penykius rpada nepexo1oB sl aBTOMATa, YIPaBIISIOLIEro 1BepbMHU IudTa

Emie ogun npumep noctpoenus Mmoaenu Kpurke paccMOTpEHHBIM METOJIOM
JIeMOHCTpUpyeTcst Ha aBToMare ARemote, sMynupyromeM yHUBEPCAIbHbBIN
UH(paKpacHbIi MmynbT 11 ObiToBOW TexHUKHW [86]. Ero cxema cBsizeit u
rpad nepexo10B n3oopakensl Ha puc. 4.17 u 4.18.

Ha puc.4.19 nokazana wmozens Kpurke, mocTpoeHHass ¢ IOMOIBIO
penykuuu Tpada mepexomoB mno aBromary ARemote. BepiiuHsl,
MOCTPOCHHBIE U3 COCTOSHUM, 0003HAYEHBI CEPBIM IIBETOM.

Ecou mepexonbl Kakux-TMOO aBTOMATOB 3aBUCAT, IOMHMO BXOIHBIX
BO3JECUCTBUM, OT COCTOSIHUM JIPYTUX aBTOMATOB, TO 3TH NEPEXOAbI CIAEAYET
n00aBiATh B MOjieNb KpHIike TOJIBKO B TOM CIlIydae, €CIv BBIMOIHICTCS
yYKa3aHHas BbIIIE 3aBUCUMOCTh Ha COCTOSIHHMSI BHEIIHUX aBTOMATOB. JTa
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MpOBEpKa JOJI’KHA BBITIOJHITHCS MPU 00pabOTKE aBTOMATOB, BIIOKEHHBIX B
cocrossuue. Hampumep, ecim aBromar A2 BIOXEH B Al M B HEM
HEKOTOPBIN Mepexo]i cpabaThIBaeT, TOJBKO €Clid aBToMaT A1l HaXOJIUTCA B
COCTOSIHUM 3, TO 3TOT MEPEXOJ] CIEAYET KOMUPOBaTh W3 BHYTPEHHEHN
MOJINId BO BHEHIHIOIO TOJBKO MpPU 00pabOTKE COCTOSIHUS 3 BHELIHEH
mozaenu. [lpum oOpaboTke IpPyrux COCTOSHUNM BHEIIHEW MOJIENH 3TOT
Mepexo/l CIEAYET NEPEHAIPABIIATh B COCTOSIHUE, U3 KOTOPOTO OH UCXOJIUT.
[Ipu 3TOM B TaKOM COCTOSIHMM OyA€T 00Opa30BBIBATHCS METIIS.

ARemote
B "
200 |-co0BuTs 0 Havane paGore hash_load(),
message()
207 | Mocnare curvan hash_send(key)
YCTaHOBHTS TaliMep ANS NEPEXOAa B PEXUM SHEPrO-
Hauano paGors COOBLTS "OXNMAaHME KOMAHAbI...”
start() e0 202 . message(),
006LLMTH: "BbiGepuTe packnanky”; ;
handleEvents(), keypressed() Hawara inavnwa el 203 Teuop AN 88008 HOMODS set_timer()
N . i Ci
handleEvents(), time_is_up() OTCAET TaMEDD e2 204 [HerTE PACCIAAE pad = key
MonyyeH curHan faHHbIX Coo6uyTh: "Bpems oxwaaHus BbiGopa
handleEvents(), receive_signal(&signal) O BHeuHero e3 205 [oHees Aerene message()
MonysieH cATHan okoHuaHMs CoobuuTs: "OxuaaeTCs KNaBuwa ANS 3anuow’; message()
handleEvents(), receive_signal(&signal), STOP_SIGNAL {orereuero e4 206 e set timer()’
707 |-CooBums: "Bpeun oxuaann vaxatus weresto” message()
3ANOMHMTL KNABULLY HA3HAYEHMS; COOBLMTL: Key_for_bind
— Haxara knasuwa <Reset> "0 curHan”; 6Gydep ans curHanos /_tor_| s
key == KEY_RESET x0 208 message()
YCTaHOBUTH TaiMep ANs curHana; set_timer()
—_ Haxara knasuwa 3anvcu ecnv Gydep curHanos 3anonHeH, coobunTL 06 aTom | il
key == KEY_RECORD x1 209 message(), full()
== Haxara knasyilua cmenb! CoxpaHmTe curHan 8o BHyTpeHHem 6ycepe buf[len++] =
key == KEY_SET_PAD x2 z10 _signal
Accoumwpogam nocneaoBaTenbHOCTL CUTHANOB hash bind()
len == MAX SIGNALS. full Bychep curvanos sanonmen ¢ knaewweit CO0BLMTH 06 yCrewHoM npuewme AakHbix _| )
e _SIGNALS, full() x3 z11 message
212 Co0BLIMTE: "Bpems OXMAAHWS CUTHaNa MCTekno"
message()
213 CooBuwTe: "Bydbep curHanos
214 TaiiMep Ans BbIBOAA set_timer()
9
Puc. 4.17. Cxema cBs3eit aBTomata ARemote
0. HauanbHoe cocTosHne
el & x0 & x1 & 7x2 e0 el & x0 & 7x1 & 7x2
200 200 201
( l A 4
2. Pexvm aHeprocbepexeHns 1. PaBouuit pexum 4. Pexuvm 3anucu
< €2 el & %0 & X1 & X2
» >
el
202 206
7'y
el & x0 & 7x1 & x2 &2 el & x0 & 7x1 & 7x2
el & x0 & x1 & "x2 208
z04
ed4|el &xl A
‘ 3. Beibop packnagkv 6. CoobLLeHure Ha akpaHe < z11 5. OxupaHue curHana
e2
e2 d = 712
205 e3 & 7x3
z03 z14 < 383 209 710
z13

Puc. 4.18. I'pad nepexonos aBTomata ARemote
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ARemote, ARemote, ARemote,
InEvent, e0 InAction, z00 |< InEvent, el,

X0, x1, Ix2
ARemote,
InState, Y =0

ARemote, ARemote,
InAction, z01 InEvent, el,
X0, X1, Ix2
ARemote,

\ 4 &
ARemote, ARemote,_\ ARemote,
InAction, z02 p» InState, Y =1 InEvent, el,
InAction, z04

b

A

L
X0, Ix1, x2

ARemote,
InEvent, e2

ARemote,
InEvent, el,
X0, x1, Ix2

v v

ARemote, ARemote, ARemote, ARemote,
‘ InEvent, e2 ‘ InEvent, el InState, Y =2 InAction, z06

1 v

ARemote ARemote, ARemote, ARemote, ARemote,
InEvent, e2 InState, Y =4 InEvent, el,
X0, X1, Ix2

InState, Y =6 InAction, z07
ARemote,
InEvent, el,
x1

ARemote, ARemote,
InEvent, e4 InState, Y =5

ARemote, ARemote,
InAction, z12 H InEvent, e2

4

ARemote,
InEvent, el
X0, Ix1, Ix2

A

ARemote,
InAction, z08

S

ARemote,
InAction, z11

ARemote,
InAction, z14

T

ARemote,
InAction, z09

4

ARemote,

=

InAction, z10
ARemote, ARemote, ARemote,
InAction, z05 InAction, z13 |<—| InEvent, e3, 'y
x3
A
ARemote, ARemote,
InEvent, e2 InEvent, e3,
X3
A
ARemote, W ( ARemote,
InState, Y = 3 |« InAction, z03

Puc. 4.19. Penykmus rpada nepexomoB st asromara ARemote

[Tpumep nmoctpoenus moaenu Kpurike mo cucrteme B3anMOACHCTBYIOIIUX
aBTomaToB TmpuBefeH Ha puc.4.20wu 4.21. Bepumnsl monenu Kpurke
MPOHYMEPOBAaHbI B MOPSAKE, B KOTOPOM OHHU T€HEPUPYIOTCS OMHCAHHBIM
anroput™MoM. IlyHkTupamMu 0003HAaY€HBI TIEPEXOJIbl, KOTOpPHIC IMpHU
KOIMMUPOBAHUU OBUIM 3aMEHEHBI TETISIMU — B JICUCTBUTEIBHOCTU D3THUX
nepexonoB B Mojenu Her. CepbIM IIBETOM OTMEYEHBI CTapTOBas U
TepMUHAJIbHAST BEPUITUHBI.

PasMep mnonyuuBmieidics Mojaend B METOJE peAylUpoBaHHOTO rpada
[IEPEXOI0B JIMHEEH 10 OTHOLLIEHUIO K pa3Mepy aBTOMara.

IIpoBepka CTL-¢gopmy.ibl

Pasbepem moctpoenne w  umHTepnperanuto  CTL-dopmyn  mus
pPEAYLIMPOBAHHBIX MOJEIIEH.
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CTL-cemanTuka B 3TOM MeTOoAe OyIeT HEMHOTO OTJIMYaThCA OT
OOIICTIPUHATON: TmTepeA TeM, Kak BBINONHATh Bepuduxamuo CTL-
(dopMyIibl, €€ CleqyeT NMPUBECTH K OIPENEICHHOMY («KAHOHUYECKOMY»)
BuJy. BHauane B Hell HEOOXOAMMO YJIalUTh BCE MApPHbIE OTPULIAHUSA
(myrem 3amensl moadopmyn Buga ——f Ha f). [locme sToro Bce BxomHBIE
BO3JICHCTBHSI, KOTOPBIE PUCYTCTBYIOT B (popMmyIie O0€3 OTpHUIlaHus, CICTyET
IpeIBapUTh ABYMS OTPHULIAHUSAMU: OJHO M3 HUX CHHTAKCHYECKOE, JPyroe
JIOTHYECKOE (3TO 3HAYUT, YTO HEOOXOAMMO 3aMEHUTH JIUTEPANIbl BUJA Xj HA
dbopmynsr —!Xj). Tompko mocne 3TUX MomuduKanuii pe3yIbTUPYIONIYIO

Al

Al.Y1 Al.Y2

e !

call A2 call A2
A2

A2.Y1 A2.Y2

e & AL.Y2 & Ix

call A3 call A3
A3

A3.Y1 A3.Y2

e&x&ALY1&A2Y1

Puc. 4.20. Cuctema aBTOMaTOB, B3aUMOJICHCTBYIOIIUX 1O BJIOKEHHOCTH,
C YCIIOBUSIMHM Ha COCTOSTHUSI BHEIIIHUX aBTOMAaTOB

> (N (N [N

1 3 2 4 9 5 7
A3, InState, » A3, InEvent, P A3, InState, »| A2, InState, — — -} A2, InEvent, — — -} A3, InState, [— — - A3, InEvent,
A3.Y1 e x A3.Y2 A2.Y1 e, I A3.Y1 e x
I
" " o
12 13 11 21 10 8 6
A3, InState, K — — A3, InEvent, & — — A3, InState, Al, InEvent, Al, InState, | A2, InState, & A3, InState,
A3.Y2 e, x A3.Y1 e ALY1 A2.Y2 A3.Y2
14 19 Q /17\ 16 18 20
A2, InState, » A2, InEvent, » A3, InState, — — - A3, InEvent, — — -{ A3, InState, » A2, InState, » Al InState, D
A2.Y1 e, !x A3.Y1 e x A3.Y2 A2.Y2 ALY2

Puc. 4.21. Mogens Kpunke ans paccMaTpuBaeMoil CHCTeMbI
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dbopMyIly MOXHO BepU(HUIIMPOBATH METOJAMH, MpPETHA3HAYCHHBIMH JJIs
s3pika CTL. [lpuunmnHa Takoro oOpallieHus ¢ JUTepaJiaMd COCTOUT B
cienyromeM: TpeOyeTcss oOecneuuTb, 4TOOBI J00as CcChUIKa Ha
HECYIIECTBCHHYIO IIepeMeHHYI0, KoTopas ymnomsHyta B CTL-dbopmye,
JaBaja WCTHHHBIA pe3yibTaT (HECYIIECTBEHHBIMH TIEPEMEHHBIMH Ha
JTAHHOM TIEPEXO0JI¢ HAa3bIBAIOTCS TE€ BXOJHBIC TEPEMEHHBIE HCXOIHOTO
aBTOMAaTa, 3HAYCHUE KOTOPBIX HE TIPOBEPSETCS HAa TOM MEPEX0/Ie).

Paccmotpum mpumep s monenu Oankomata. [Iposepum CTL-popmymy:
el4 —» —E[—03.z20 U y10]. Ona o3HavaeT: eciu Mpou30IIo coobiThe €14,
TO HEBO3MOXXHO Tomacth B coctosiHue 10, Munys Bepuuny 03.z0. Dta
dbopmyra BepHa BO BCeX BeplIMHaX Mojenu. Bee myTtu U3 BepiivHbl €14 B
cocrostHre 10 nBa)abl «IIPOXOAST» uepe3 aBTomaT AServer: B mepBblid pa3
— IIOIaB B COCTOSIHME 3, a BTOPOM — IONAB B COCTOSIHME 9 aBTOMAaTa
AClient. [Tpumep Takoro myTH, KOTOPBIN HE IPOXOIUT JBAKIBI Yepe3 OJTHO
COCTOSIHUE€ OJHOTO M TOr0 K€ OHK3EMIUISIpa aBTOMAaTra, BBIJEIEH Ha
puc. 4.22. Bepmmna el4, sBasiomascs HAYaJIbHOW I JAHHOTO ITyTH,
BBIJICJICHA HA PUCYHKE KUPHBIM MPSAMOYTOJIbHUKOM.

AsTopuzaUMA

AServer

21 enter fo3.z1

Urenve sanpoca OTBET KiHeHTY

AServer AServer AServer

enter 02,23
enter jo3.20 enter fo3.24

Aerver

2. Beoa pin koaa 3. ABTOPH3ALMA 4. TN3BHOE MEHD
et ell et
aclient aclient " Aclisnt

enter jol 22 enter Jol.z4

1. BrasbTe KapTy

Adient Aclient Agerver

gnterjolal

13. BosBpaT KapTul

= Adlent ‘ Aserver ‘ Aserver Aserver

AClient

\gnker jol 213 aclient AServer

enter jol.28

—_— &4

AServer

eld

10. Beiaaua Aeter 9. 3anpoc Aeter OTEET KNMeHTy Urenwe 3anpoca
el3
‘ AcClient ‘ Alient: ‘ Aclient | AClient AServer AServer AServer

enter jo2.29
enter fol.210 enter o324 €23 A snber f03.20

CHATHE AsHer

AServer

enter jo3.23

Puc. 4.22. ITpumep nytu B Mozenu Kpumnke st 6ankomaTa
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Takum o0pazoM, B MeTOJe peayKuuu Tpada TMepexoiaoB Oblia
Bunon3Menena cemantuka CTL. PaccMoTpennast cxema mpeoOpa3oBbeIBajia
UCXOAHYIO (OpMYITy, TOCTPOCHHYIO 17151 HOBOM ceManTuku CTL, B HOBYIO
dbopmyiny, MIsI KOTOpOW MNpPUMEHUMA OOIICHPHUHSATAsS CEMaHTHKa S3bIKa
CTL. Ucnonb30oBaHUE TaKON CXEMBbI MOJIXOAUT JII MHOTHUX (DOPMYIL.

[Tyte B momenu Kpumke mist 6aHkomara, oToOpakeHHbIH Ha puc. 4.22,
MOJKHO TIOKa3aTb H B TEPMHUHAX MCXOJHOM CHCTEMBI aBTOMAaTOB
(puc. 4.23, 4.24). CraproBast BepirHa €14 BbiieIeHa IPIMOYTOJIBHUKOM.

JIOTIOTHATEIbHBIE METOIBl BBIICICHHUS aTOMAapHBIX COCTOSHHUM OIUCAHBI
Taxke B padorax [77, 84, 87].

-~

o o T R
2. Beoa pin koaa 3. ABTOpH3aLHA 4. NaeHOE MEeHHD

ed ell

include faServer
enter fol,z2 J \enter o2, 23 J \enter fol.z4

e

b

]
1. BcTaeeTe k:.fu:m;1

8. Beoa CyMMBI

enter fol.25
D

er 9, Janpoc AeHer

\enter fol.zl v

13, Bosepat KapTel

eld| |include [AServer

~—venker o229
l el3

\enter fol.z13 Y, 10. BelaaHa AsHer

\enter fol.z10 !

Puc. 4.23. Yyacrok mytu B aBTomare AClient

219



! AETOPHIALHA

e2d
ezl \enter fod.zl )

o oy - Ty

YTeHHe 3anpoca OTEET KNHEHTY N
\enter fo3,z0 ) \enter o324

a

o 4 - Ty

YTeHHe sanpoca OTEET KAMEHTY

23

\enter o320 ! henker Jo3.z4 '
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[ CHATHE AEHEM

\enter jo3.z3 )
0

Puc. 4.24. Yyactok nmytu B aBToMate AServer
IIPH TIEPBOM MTPOXOKACHHUH (2) U TIpU BTOpOM (0)

Bepuduuupyemsie cBoiicTBa

B kauectBe mnpenukartoB s Bepudukatopa CTL Verifier moxHO
UCIIOJIb30BaTh CIICAYIOIINE YCIOBHU:

0 OIpeeeHHBI aBTOMAT HAXOUTCS B ONMPEICTICHHOM COCTOSHUH,
o oOpabaTeIBaeTcs OINpeeeHHOe COOBITUE;

0 HWCTHHHA WJIY JIOXKHA OTIPECIICHHAs BXOHAS TIepeMEHHas;

0 BBI3BIBACTCS OINPEACIICHHOE BEIXOHOE BO3/ICHCTBUE.

Huctpyment CTL Verifier mo3sonsier Bepuduimpoarb GopMyIibl JIOTUKA
CTL, ucnonp3yromue TOIbKO CIEAYIONINE TEMIOPAIbHBIE OIepaTophl: EX,
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EG, EU. Nlpyrue temmnopaibHble omepaTopsl joruku CTL moryt ObITH
BBIPQXEHBI YEPE3 ITH 10 CIEAYIOIIUM IIPABUIIAM:

o AX g = !EX !q;

o EF g =1 EU g;

o AF g = !'EG !g;

o AG g = !EF !g = ! (1 EU qg);

o £ AU g = ! ((lg EU ! (£ ] 9)) [l EG !lg).

IIpeodpa3oBanne KOHTpPIpUMeEpa

[Tocne MopenupoBaHuss W  Bepudukanuu TpeOyeTcs o00OpaboTaTh
pe3yNbTaThl MPOBEPKH Mojenu. [IporpaMMbl, HamHMCaHHBIE C TTOMOIIBIO
TPaJAMIIMOHHBIX METOJIOB, HUMEIOT JOCTaTOYHO CJIOXKHBIE MOJEIH, U
MPOBOJIUTH aHAIMN3 MyTel npsMo Ha Mojienu Kpunke HeappekTuBHO.

[lpy WHTEPAKTUBHOM MOJCIMPOBAHUN COBMECTHO C HWCIOJHCHHUEM U
BU3yanm3aleil apromara [58, 75, 76] mporecc mpencraBicHHUS IMTyTeH B
mojenu Kpurike myTssMu B aBTOMaTe MOKHO aBTOMAaTH3UPOBATh.

[locne Ttoro kak orpaborana nporpamma-BepupukaTop, TpeOyeTcs
ONPEIENHUTH BBIIIOJIHUMOCTh (POPMYJI, KOTOpbIE 00pa3yroT creuupuKanuio,
Ha 3a/laHHBIX ydYacTkax aBToMara. Cpeau 3THUX YYacTKOB MOTYT OBITh
COCTOSIHHSI, COOBITHS M BBIXOJIHBIC BO3ICHCTBHSL.

Cuenapuit it mo6oi noadopmMyiibl crienudUKauy MpeIcTaBiIsIeT co0oi
nyTb B Mojenu Kpumnke, WUTIOCTPUPYIOMUNA CIPABEIJIMBOCTh WM
OIIMOOYHOCTh JAHHOW MOAQGOPMYINBI. 3agada COCTOMT B TOM, YTOOBI
CIIEHapHi, TMpeJCTaBICHHBIM mporpaMmon st monenu Kpurke, Obut
MIPE/ICTABIICH B UCXOIHOM aBTOMATE.

Jlns onycaHHOrO B JAHHOM pasjiesie METO/1a OIepalius epeHoca myTeu u3
Mojzienmu Kpumke B aBTOMAT BBINIOJHAECTCA OAHO3HAYHO. J[EMCTBUTEIBHO,
COCTOSIHUSI MOJIENIH, COJEp’Kalllue aTOMapHOE MpeljioxeHue Y = ... WU
BCIIOMOTATEJIbHOE aTOMapHoe TmpemiokeHue InState, omHO3HAYHO
npeoOpa3yroTcs B COOTBETCTBYIOIIME UM COCTOsIHUS aBTomata. IlyTh
MEXy JIFOOBIMH JBYMSI COCEIHUMHU COCTOSIHUSIMU BCETJa TPEACTaBIseT
co0Ool «3MEUKY» M3 COOBITHSI M BBIXOJIHBIX BO3jAeHcTBH. JIro0as u3 3TUX
MPOMEKYTOUHBIX BEPIIMH OJJHO3HAYHO OMPEEIISICT TO TJIABHOE COCTOSHUE
aBTOMaTa, M3 KOTOPOTO J3Ta «3MeWka» wucxoauT. W3 aTomMapHbBIX
MPEJIOKEHUM, KOTOPBIMM MOMEYEHBI COCTOSIHUS «3MEWKH», OJTHO3HAYHO
BOCCTAHABIIMBAIOTCS  COOBITHS. 3HAYEHHS CYIICCTBEHHBIX  BXOJHBIX
MEPEMEHHBIX (T€X, KOTOpbIE 3alKdCaHbl Ha TMEpPEeX0J€) U CHHUCOK
HECYIIECTBEHHBIX OMNpEAENsieTCd OTTyAa K€ (B METOAE PEayKIIHH).
[TocnenoBaTenbHBIM MPOXOOM IO MOJTYYEHHOMY ITyTH BOCCTAaHABIIMBAECTCS
uH(pOpMaIs O BBHITOJIHUMOCTH JINTEPAJIOB, COOTBETCTBYIOIIUX BBIXOIHBIM
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BOBHCﬁCTBHHM, OUCPCAHOCTH OTHUX JIMTCPAJIOB M O TOM, KaK IIOIIaCTb B
JaHHOC COCTOAHUC.

Onucanue HHCTPYMEHTAJIBHOIO CPeACTBA

CTL Verifier npuHrMaeT Ha BXOJ CHCTEMy aBTOMATOB, OIKMCAHHYIO B
TEKCTOBOM ¢opMmaTe. ITOT (opmMar HOCTATOYHO MPOCTOW, OIHAKO
pa3paboTaH creuuasbHO ISl ATOr0 BepU(HUKATOpa U HE HCIOIb3yeTCs
JIPYTUMU MPOTPAMMaMH.

Bo BxonHoM (haiine, KpoMe ONMUCaHHsA CHUCTEMbl aBTOMATOB, NMPUBOJUTCS
Takke ¢opmyna ans Bepupukaumu. OHa 3amUCBIBAETCS MHAYKLHEH I10
MOCTPOCHHUI0. DTO 3HAYMT, YTO BCE €€ MOAPOPMYIbI TOXKE JODKHBI OBITH
3anucanbl. Hanpumep, popmyna «EG !e;» 3anucbiBaeTcs, Kak yKa3aHO B
muctunre 4.15.

Nuctunr 4.15. 3anuck opmynel EG le;

[Properties]
fl = el
f2 = Ifl
f3 = SEG f2

BepI/I(bI/IKaIII/IH IMPOUCXOIUT IIYTCM 3aIlyCKa O,Z[HOﬁ KOMaH/BbI:

CTLVerif.exe <BxomHOU Odani>
[ <BRIXOOHOIM OQara> [<BHIXOOHAS [anka>] ]

[Mporpamma CTL Verifier B Hactosmiee BpeMs paOoTaeT TOJBKO B
oreparroHHbIX cucTemax Tuma \Windows.

B pe3ynbTaTe Bepu(puKalMKi BBIBOJUTCS CEeAYIOMas HH(popManus:
O CHHUCOK MPEIUKATOB, UCIIOJIB3YEMBIX B TOCTPOCHHOU Moenu Kpumke;

o Mozenb Kpunke, nonydyeHHas B pe3ysbraTe NpeoOpa3oBaHMs UCXOAHON
ABTOMATHOW CUCTEMBI. Bce aneMeHTapHbIe COCTOSHUS TPOHYMEPOBAHBI,
ONPENEIICHBl MEpPEeXOAbl MEXAY HHMHM U CIHCKM IPEIUKATOB,
BBIITOJTHAIOIIMXCS B KAJKJIOM COCTOSIHUY,

O Ui Kaxa0u (GopMyJibl CIIMCOK HOMEPOB COCTOsiHUM Mojaenu Kpurnke, B
KOTOPBIX OHa BbIMOJHSIETCA. Eciu (popMyna Ha «BEpXHEM YPOBHE»
COAEPKUT TEMIOPAIbHBIA ONEPATOPp M  JOKA3bIBACTCA LMKIOM
COCTOSIHMM, TO BBIBOAUTCS LIETMIOYKA COCTOSIHUW, KOTOpas MPUBOIJUT K

BBITIOJIHEHHIO hopmyitbl. [Ipumep:
13435(338395109 11089192 15 85 86 20 82 83);

0O ©eClM yKa3aHa BBIXOJIHAS TMankKa, TO IS KaXJ0W BepuHUIMPyeMOi
dbopmynbl co3maercs (aia ¢ KOHTPIPUMEPOM B TEPMHUHAX HCXOJIHOM
ABTOMATHOW CUCTEMBI.

Bepupuxauus mogesun 0aHKomMaTa
Amnanornyno Bepuduraropy FSM Verifier, sepuduxarop CTL Verifier
NpUHUMAET Ha BXOJ MOJeib B (hopmare, oTIiMuHOM OT popmarta UniMod.

222



[Mostomy nmns  Bepudukaropa CTL Verifier Ttaxke HeoOxomumo
npeoOpaszoBars ucxoaHylo UniMod-monens Oankomara B TIOIXOSIIHIA
dopmar. s mommepkku (opmara UniMod peannzoBaH aaropuTM,
KOTOPBII KOHBEPTUPYET MOJIeTh HHCTPYMEHTANBHOTO cpencta UniMod B
monens Bepudukaropa CTL Verifier. B mnpomecce konBepramuu
MIPOM3BOISATCS HEKOTOpPhIE M3MEHEHUS B aBTOMATHOM CHCTEME, TaKue Kak
U3MCHEHHE UMEH COCTOSHUM, COCIMHCHHIE BCEX TEPMUHAIBHBIX COCTOSIHUN
aBTOMAaTa B OJIHO TEPMUHAIBHOE COCTOSIHHE U T. JI.

B pesynbraTe KOHBEpTallud MoOjeAM OaHKOMaTa OBLI co3maH aiin
Bankomat.dat. Cocrosaune asromara AClient «10. Beioaua oenea»
nonmyunio ums S10. Cekuusi ¢ BepUPHUIMPYyeMbIM CBOHCTBOM X (haiiia
Bankomat.dat npuBenena B auctunre 4.16.

Nuctuur 4.16. 3anuck ceoncTBa £ baHkoMaTa 1 ero noadgopmyn

[Properties]

; ! (!'el0 EU s10)
fl1 = el0

f2 = 'fl

f3 = s10

f4 = £2 SEU £3
f5 = ' f4

3anyckaem BepupuUKaTop:

CTLVerif.exe Bankomat.dat out.txt out

Bepuduxatop cozmaer daiin out.txt ¢ uadopmanueit o moxenu Kpurmxke.
Kpome Toro, co3naercs mamka out, conepskamas ¢aier f1, 2, 3, f4 u 15.
Kaxxapiii ¢aiis COEepKUT OTYET O COCTOSHHUSX aBTOMATHON CHCTEMBI, B
KOTOPBIX BBITIOJHAIOTCS COOTBETCTBYIOIINE (popmyibl. Cpazy oOpaTumcs K
daiiny 5. Ero conepxanue orpakeHo B ucTUHTE 4.17 (MIpUBEACHBI JIHIIb
nepBbie 4 cTpoku u3 82).

Nnctuur 4.17. Pe3ynbTaT Bepudmkaumm ceonctea Z 6aHkomaTta

S 1: AClient InState sO0
28: AClient InAction ol.zl
29: AClient InState sl2
30: AClient InAction ol.z7

[TepBas ke cTpoka cooOmaer o TOoM, 4To WHTepecyromas (opmyna f5
BBITIOJIHACTCS B HauvajabHOM coctostHuu SO rojmoBHoro aBtomara AClient
moxenu Oankomata. Cocrossuue SO mpeoOpasoBaHHOM B (dopmar
Bepudukaropa CTL Verifier Momean COOTBETCTBYyeT  HadyalbHOMY
COCTOSIHUIO S1 HMCXOAHOHM aBTOMaTHOM cucteMbl B (opmare UniMod.
Takum  o0pa3oMm, HavadbHOE  COCTOSHHE  YKa3aHHOW  CHCTEMBI
yIOBIETBOpsieT Bepuduimpyemoit ¢opmyne. M3 storo cremyer, uTo
UCXO/HAsi aBTOMATHAs cHcTeMa OaHKoMaTa yJIOBJICTBOPSET TOMY CBOMCTRBY,
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YTO TOJb30BaTENb HE MOJYYUT JEHbIU JO TEX IOp, MOKAa HE BBEAET
NPaBUJIBHBIN PIN-KOI.

Bepuduiupyem teneps coiictBo Q. [Tockonbky CTL Verifier ne padotaer
c omeparopoM AF, TpeOyercs mpeoOpa3oBaTh (GopMyiry, HCIOJIb3YS
npaBuia npeobpazoBanusi  ¢opmyn CTL: AF s1l0 = !EG !sl0.
B pesynbraTe Bepuduimpyemoe cBoiicTBo (Jinctunr 4.18) 3amuceiBacTcs B
daiin Bankomat.dat.

Nnctuur 4.18. Ceoncteo Q 6aHkomaTa 1 ero noagopmynbl

[Properties]

; AF s10 = ! EG !s10
f1 = s10

f2 = 1fl

f3 = SEG f2

f4 = 1£3

3amyckaem BepuduUKaTop:
CTLVerif.exe Bankomat.dat out.txt out

B pesynbrare dopmyne f4 ymoBiaeTBOpsrOT nHIIb 3 COCTOSHUS, CPEIH
KOTOPBIX HET Ha4aJIbHOTO (JTUCTHHT 4.19).

Nuctuhr 4.19. PesynbTaT Bepudmkaumm ceonctea Q baHkomarta

4: AClient InAction 01.z10
5: AClient InState sl10
106: AClient el3 InEvent

Ecnu HavanmpHOE COCTOSHHME HE YNIOBJIETBOPSIET 3TOM (hopmyse, TO OHO
YIOBIIETBOPSIET €€ OTpHUIlaHUI0. TakuMm 00pazoM, eciiu Bepu(UIIUPOBATH
OTpHUIIAHWE PpACCMAaTPUBAEMOI0 CBOMCTBA, TO BEPUPUKATOP JOHKEH
MPUBECTU JIOKA3aTEIbCTBO ITOTO OTPHUIIAHUA — NyTh B Mojnenu Kpurmke.
B nanHOM ciydae oTpuiianue BepupuiupoBaiochk popmyoi f3. Tlostomy
Cpa3y MOXKHO YBUJIETh pe3yibTaThl. B muctunre 4.20 npuBeeH nepBoii u3
113 xouTprpumepoB st popmyisr 3.

Nunctunr 4.20. KoHTpnpumep ans ceonctea Q 6aHkomaTa
[1]
S 1: AClient InState sO
89: * AClient InEvent
28: AClient InAction ol.zl
29: AClient InState sl2
108: AClient e0 InEvent
109: AClient InAction 01.z0
Cycle:
% 80: AClient InState s5

B nuctunre 4.20 oTpakeH OECKOHEYHBIM MyTh C HAYaJOM B CTapTOBOM
COCTOSIHUHA W ITUKIIOM. DTO W €CTh KOHTPIpPUMEpP ISl BepUUIIUPYEMOM
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dbopMyIbl, OH JOJKEH MOKAa3bIBaTh OECKOHEYHBI IMyTh B aBTOMAaTHOMN
CHCTEME, KOTOPBI HE MPOXOAMT Yepe3 COCTOSTHUE «Bwuidaua oeneen. s
TOrO YTOOBI pa3o0paThCsi B 3TOM KOHTPIPHUMEPE, CIEAYET MPOBECTH
COOTBETCTBHE MEXJAy WMEHAMHU COCTOSIHMA B  BepupHIMpyeMOi
aBTOMATHOM CHCTeMe W B HcXomHoi cucteme (B dopmare UniMod).
PesynwTaT npencraBneH B auctunare 4.21.

NucTtunr 4.21. MNpeobpasoBaHHbIV KOHTPNPUMEP A5 CBOMCTBa Q 6aHkoMaTa

S 1: AClient InState sl
89: * AClient InEvent
28: AClient InAction ol.zl
29: AClient InState "1. BcrTaBbTe kapTy"
108: AClient e0 InEvent
109: AClient InAction 01.z0
Cycle:
% 80: AClient InState s2

OTOT KOHTPOPUMEP COOTBETCTBYET CIEAYIONMIEW CHUTyanuud. baHkomar
HAayMHaeT paboTy B CBOEM HAYaJlbHOM COCTOSIHUHM, BKIIIOYAeTCAd U
npeajaracT BCTaBUTH KapTy. Jlanee HakumaeTrcss KHOIKA Buikaouumo
(cooniTre €0), u OGaHKOMAT BEIKIIOYaeTCs. [lomaB B KOHEYHOE COCTOSIHHE
S2, oH Tam ocTaeTcsi. TakuM 00pa3oMm, MOJIb30BATEIh HUKOT/IA HE MOTYYUT
JICHET.

4.5.2. Automata Verificator
Oo0mee onucanue

Bepudukarop aBromarHeix cumcrem Automata Verificator [88] wHe
UCIIOJIb3YyeT KakKuUX-THMOO CYIIECTBYIOIIMX BepudpukaropoB. B Hem
pealin30BaH aJrOpUTM JABOWHOTO TIOMCKAa B INIyOMHY, MO3BOJISIOIINN
POBEPATH (POPMYJIbI, ONMCAHHBIE ¢ TIOMOIIbIO aBTOMaTa brloxu, a 3HAYUT,
u (hopMyJIbl TeMIopaiibHoM joruku LTL.

Oco0OeHHOCThIO BepuduUKaTOpa SBISETCS TO, YTO AITOPUTM BEPUPUKAIINH
peann3oBaH C BO3MOXXHOCTBHIO MHOTOIIOTOYHOTO WCIOJHEHHs. Takum
oOpa3oMm, Kkak ObUIO TOKa3aHO B pabore [88], mpu peanuzanuu Ha
MHOTOSIJICPHBIX TPOIECCOpPax alTOPUTM JaeT JIydIllhe pe3yJbTaThl IO
CPAaBHEHUIO C OJTHOMTOTOYHBIM BapHAHTOM.

Automata Verificator pa6oraeT ¢ aBTOMaTHBIMH MOJCIISIMH, OIHMCAHHBIMHU
IpY TIOMOIIM HHCTPpYMEHTaIbHOTO cpencTBa UniMod.

BrolaeneHne aTOMapHbIX COCTOSHUH

B paccmarpuBaeMoM BepupUKaTOpe aTOMapHOE COCTOSHHE OIPEIeIsieTcs
HAa0OpOM TEKYIIUX COCTOSIHUH aBTOMAaTOB, BXOMSAIIMX B aBTOMATHYIO
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CUCTEMY. CJIC,Z[OB&TCJIBHO, I[pO6J'I€HI/IC INNEpEXoJ0B Ha DJBIJICMCHTAPHLBIC
COCTOAHUA HC IIPOU3BOJUTCA.

Bepuduuupyemsie cBoiicTBa

Crucok mpeauKaToB, TOIJCpKUBaeMbIXx Bepudukatopom Automata
Verificator, moxox Ha TpeIWKaThl, HCIOJIb3yeMbIC IS BepUpHKATOPA
UniMod.Verifier. [ToguepxuBaroTCsl CISAYIONTUE MPEIUKATHL:

o wasEvent;

o isInState;

o waslinState;

o cameToFinalState;
o wasAction;

o wasFirstAction.

CMBICIT TEPEUUCIICHHBIX MPEIUKATOB TaKOW XKe, Kak B Bepudukartope
UniMod.Verifier. Y1o06HO TO, 9TO B KauecTBE apryMEHTOB IPEIUKATOB
MO>KHO MCHOJb30BaTh MMEHA COCTOSHUM, COOBITHI M JEHUCTBHI MCXOJIHOMN
aBTOMATHOM CUCTEMBI, JJaXe €CJIU 3T UMEHA COJIepKaT NpoOesbl U Apyrue
crelyaabHbIe CHMBOJIBI.

Kpome Ttoro, B Bepuduxarope Automata Verificator moxxHo m0cTaTOYHO
IPOCTO CO37aBaTh HOBBIC MpeauKarhl. Jls 3TOro ciemyer paspaboTath
KJacc Ha sA3blke Java, B KOTOPOM CO3/1aTh METOJA C aHHOTaluen
«@Predicate». Hampumep, MOXHO CO31aTh IIPEIUKAT, IO3BOJISIOIINI
BepU(UIINPOBATH CBOMCTBA TUIA «IEHCTBUE 01.Z; BBIMOJHACTCS Yepe3 OTHO
ocJye€ 01.Zo».

B ¢opmynax ucnonsizyercs TemnopanbHas goruka LTL.,
IIpeoOpa3oBaHue KOHTpHIpUMepa

B paccmarpuBaecmMoMm  BepudukaTope HE  HUCMOJB3YIOTCS  JAPYTHE
Bepu(UKATOpPHI, U aNrOpuT™M BepudukKanuu paboTaeT HANPIMYIO C
aBTOMAaTHOMW cHUCTeMOM. [lo3TOMy KOHTpOpuMEp Cpa3y BBIPaXKEH B
TEPMUHAX HCXOJHOW aBTOMATHOM CHUCTEMBI M HET HEOOXOJAMMOCTU €ro
peoOpa3oBLIBATH.

Onucanne HHCTPYMEHTAJILHOTO CPeACTBA

Bepudurarop Automata Verificator usHauanbHo ObLT pa3paboTaH B BHUjE
Java-kiaccoB M He TNPEJCTaBJICH B BUJIE TOTOBOM OUOIMOTEKH, KOTOPYIO
MOXHO ObLJIO OBbI 3amycKaTh U3 KOMaHAHOU cTpoku. [ToaToMy ObLT co31aH
KJIacC, MO3BOJISIIONIIMM 3aMycKaTh BepU(UKALMIO U3 KOMaHIHOW CTPOKH, U
coOpana  OubimuoTeka CO  BCeMM  KjaccamMu  Bepudukaropa
Automata Verificator.
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PaccmaTtpuBaemblii BepuuKaTop NPUHUMAET HA BXOJ AaBTOMAaTHBIC
cuctembl B ¢opmatre XML, creHepupoBaHHblE TpPU  TOMOIIU
UHCTpyMeHTanmpHOTO cpeacrea UniMod. ®opmar 3amycka mporecca
BepUpUKAIUU CICAYIOITUN:

java —Jjar verifier.jar A.xml Al "F(wasEvent(p.el))"
31ech

O java — KoMmaHJa 3amycka Java-maiuHbl (JoJDKHA OBITh YCTaHOBJICHA
nporpamma Java Runtime Environment ve Hmxe 6-ii Bepcun);

o Axml — myTe K aiiiy ¢ omucaHreM aBTOMATHON CHCTEMBI B (hopMaTe
UniMod,;

o Al — Ha3BaHHE KOPHEBOTO aBTOMaTa,

o F(wasEvent(p.el)) — Bepudunmpyemas ¢opmyna (B JaHHOM IpUMepe
OHa O3HAYaeT CJeNyIollee: «KOTJa-HUOYAb MPOM30UIeT coObiThe €1,
TeHEPUPYEMOE UCTOUHHKOM COOBITUI P»).

B pesynpTaTe paboThl Takol KOMaHABl CHadajga B KOHCOJb BBIBOAMTCSA
aBromaT broxu, crenepupoBaHHbIil 110 popmyne LTL, a 3arem pesynbrar
BepuuKkauuu. B ciyuae ynauHoil Bepu(HUKalUu BBIBOIUTCS COOOIIEHHE
«Verification successfuly. BeiBog Bepudukatopa mias ciaydas, Korjaa
Hal/IeH KOHTPIIPUMED, IPUBEJICH B JINCTUHTE 4.22.

NMnctunr 4.22. BoiBoa KoHTpripumepa Bepudmkatopom Automata Verificator
LTL: F(isInState (AClient, AClient["10. Bronmaua peHer"]))
initial O
BuchiNode O

2> [!isInState (AClient, 10. Bwulmaua neHer)] O
Accept set 0 [0]

DFS 2 stack:

2 ["<"13. Boszsepar kapTtu", "s1">", 0, 0]2>["<"1.
BcraBbTe kaptry", "s1">", 0, 0]

DFS 1 stack:

2>["<"sl", "sl1">", 0, 0]=2["<"1l. BcraBbTe kapTy",
"s1">", 0, 0]

2 ["<"2. Beonm pin-koma", "sl1">", 0, 0]=2>["<"3.
ABTopm=zauma", "sl1">", 0, 0]

2 ["<"4. T'smaBHoe MeHK", "sl1">", 0, 0]=2>["<"13. BosBpar
kapTe", "sl1">", 0, 0]

ABToMar Broxu BBIBOAMTCS Kak HAOOP COCTOSIHMIA, a TaKKE yKa3bIBAIOTCS
ero HauyaibHoe coctosHue (initial) u HaGOpBI MOMYCKAIOIIMX COCTOSHUM
(Accept set). B ganHOM mnpuMepe aBTOMAT BIOXH COCTOMT W3 OJHOTO

coctostHuss 1ox HomepoM 0. OHO ke sBIsSETCS HadyalbHBIM U
JTOTTYCKAFOIITUM.

Jlanee 3amuchiBaeTCs KOHTPIPUMEpP B BHUAE HAOOpa COCTOSHUI B CTEKe
rmaBHoro ooxoxa B ryouny (DFS 1) u BnoxenHoro o0xoja B IIyOHHY
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(DFS2). B wurore KOHTpIpHUMEp TMOIy4YaeTcs IIYyTEM MPOHAOIKEHHUS
nocinenoBarenbHocTt DFS 1 mocimemoBarensHocThi0O DFS 2. Omnako
CIIeIyeT IIPEIBAPUTEIIHLHO OITyCTHUTh IepBOC COCTOSIHHE
nocienoBatenbHocT DFS 2, TOCKOJNBKY OHO TOBTOPSET TMOCTEAHEES
cocTossHHE nocienoBarensHoctd DFS 1.

Kaxnoe cocrosiHne aBTOMaTHOM CUCTEMBI B KOHTPHPHUMEPE 3alIUCHIBACTCS
BHYTPH KBaJpaTHbIX CKOOOK. B HHX coxepkarcs cienyroumue TpU
KOMIIOHEHTBI:

1. HaGOp TEKYIMIUX COCTOSIHUI aBTOMATOB aBTOMATHON CHCTEMBI,
2. HOMEp TEeKYIIEro COCTOSTHUS aBToMara bioxu;

3. MHOKECTBO JIOMYCKAIOIINUX COCTOSIHUI aBTomMaTa broxu.
Bepudukanus Mmoaesn 0aHKoMAaTa

Bepuduxarop Automata Verificator paboraer ¢ aBTOMaTHBIMU CHCTEMaMU
B ¢opmare UniMod. IlosToMy AOMOJHHUTEIBHBIX IPeoOpa3oBaHUI
MCXOJTHOM aBTOMAaTHOW CHCTEMbI OaHKOMAaTa He TpeOyeTcs.

Bepudunupyem cBoiicTBo X. YTBepKaeHHE, 4TO IPOU301LI0 coobiTHe €10,
3aIMChIBACTCS CICIYIOMIM 00pa3oMm:

wasEvent(p3.e10)

3nmech P3 — UCTOYHUK COOBITHH, TeHepupyromwmii coobitie €10 (puc. 4.5).
VTBepkaenue, uro abromar AClient HaxomuTcs B COCTOSHHHU
«10. Bvloaua Oenesy, 3aUCHIBACTCS CIICTYIOITIM 00pa3oM:

isInState(AClient, AClient[\"10. Boioaua oenea\"])

[IpuBeneHHass HM)KE KOMaHJia BBIMOJHSIET BEepUPUKAIMIO CBOMCTBA X
OaHKoMmarTa:

java —Jjar verifier.jar Bankomat.xml AClient
"1U (!wasEvent (p3.e10), isInState(AClient, AClient[\"10.
Bupmaua mener\"]))"

Pe?;y.HBTaT BBIITOJIHCHWA KOMaH/Ibl IIPUBCICH B JIUCTUHIC 4.23.

NMnctunr 4.23. PesynbTat Bepudmkaumm cBoONCTBa =
LTL: !U(!wasEvent (p3.el10), isInState (AClient,
AClient["10. Brmaua peHer"]))
initial 1
BuchiNode 0
> [true] O
BuchiNode 1
-2 [!wasEvent (e10)] 1
2> [isInState (AClient, 10. Bulmaua neHer)] O
Accept set 0 [0]

Verification successful
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Kak BugHO, Bepudukaiys 3aBepiieHa yCnemnrHo.

Bepudunupyem cBoiictro Q.

java —Jjar verifier.jar Bankomat.xml AClient
"F(isInState (AClient, AClient[\"10. Bromaua me”er\"]))"

PesynbpTaT n300pakeH B muctunre 4.22.

B xome Bepudukanuu cpoiictBa ) ObUT HaljeH KoHTprnpumep. CHauana
cienyet yntath crek DFS 1, a 3atem crek DFS 2. Bo Bcex mpuBeneHHBIX
INI00ANBHBIX COCTOSHUSIX ~aBTOMATHOW CHUCTEMBl HW3MEHSETCA JIHUIIb
coctosinue apromara AClient.

B cootBercTBHE ¢ KOHTprpuMepoM, apromar AClient naunnaer paboty B
CBOEM Ha4yaJbHOM COCTOSSHUM S1, 3aTeM mepexoauT B COCTOSIHHUE
«1. Bcmasvme xapmy», TOCJIE 3TOTO B COCTOSHUE «2. Bsoo pin-koda», W,
HaKOHEI, B COCTOSIHUE «3. Agmopuzayus». ABTOpPH3AIUS TPOXOIUT
YCHEIIHO, U aBTOMAT MEPEXOJUT B cocTosgHue «4. [ nagnoe menio». B 310T
MOMEHT TOJIb30BaTellb HAXKMMAET Ha KHONKY OmMmeHa, Tak KaK aBTOMAaT
nepexoguT B cocrosiHue  «13. Boszepam xapmer».  Ilocme  3Toro
npoaopkaercs urteHue crteka DFS 2, koTopoe 3aBepiiaeT KOHTpIIpUMED C
IEPEXO0JIOM B YK€ MOCEIIEHHOE cocTossHue «1. Bcmasbme kapmy».

Haiinennsiii  Bepuduxaropom  Automata Verificator — koHTpnpumep
SBJISICTCS KOPPEKTHBIM, HO OTJIMYACTCS OT KOHTPIPHUMEPOB, HaWMICHHBIX
JPYTUMU BepUPUKATOPAMH.

3aknyeHumne

OcHoBHas mpoOjeMa B Pa3BUTHM NPOrPAMMHBIX CHUCTEM COCTOUT B TOM,
YTO TMPOBEpPKa MPABUIBLHOCTH pEaTu3yeMON NPOrpaMMHOM CHCTEMBI
Yype3BbIUaHO ciokHa. [Ipu pa3paboTke TakoW CUCTEMbl O0OBIYHO OCHOBHOE
BpEMsI YXOJUT HE CTOJIbKO HA HANMCAHWE KOJA, CKOJBKO Ha €ro aHaln3 U
ornanky. CyllecTByeT MHOIO METOAOB INPOBEPKH  IPABUIBHOCTH
IporpamMM, U OHM COOTBETCTBYIOT pPa3JIMYHbIM HX Kiaccam. B naHHON
KHUIE€ pacCMaTpHBAJICS KJIacC CHCTEM, KPUTHUYHBIX B OTHOLICHUU
0e30MacHOCTH, TpPU NPOBEPKE MNPABUIBLHOCTU KOTOPBIX HEJOMYCTHUMO
NpPUMEHEHUE HEMOIHON UHIYKUUU. [{axe eciau yOenuTbesi B KOpPPEKTHOCTH
OCHOBHBIX CLIEHapueB paldOThl CHUCTEMBI, 3TOrO BCE pPaBHO OyIeT
HEJOCTAaTOYHO JJisi TMPU3HAHUS CHUCTEMbl HAJIEKHOM, TaKk Kak caMble
rIyOMHHBIE W TPYAHO OOHApy)XMBaeMble OIIMOKM B HEW MOTYT OBITh
nomyuieHsl Ha (asze mnpoektupoBaHus. IloaToMy KHUTa MOCBAIIEHA
METO/JaM TMPOBEPKH, KOTOPbIE TapaHTUPYIOT KOPPEKTHOCTh JIFOOOTO
MOBEJICHUS CUCTEMBI (MJIM €€ MOJICIIN ).

229



Tem He MeHee, IS TOTO YTOOBI IMOYYUTh CTOMPOIICHTHOE TOKA3aTeIhCTBO
MPAaBUJILHOCTH MPOTPaMMBI, HEOOXOIMMO 3aTpaTUTh KOJOCCAIbHBIC
yeunusi. Meton ¢popmanvrou eepugukayuy He TPUMEHUTh K OOJBIINM H
CIIO)KHBIM TIporpamMMaM. CrenuanucTsl B pa3paboTKe MPOrpaMMHOTO
oOecriedeHHss U ero Bepu(UKAIMU PACCKA3bIBAIOT, YTO OHHU 3aKaHYHBAIIH
paboty ¢ 15-cTpaHMYHBIM OTYETOM O TOM, UTO IMporpaMma Ha
HOJICTpaHUIIBl paboTaia koppektHo [89]. IlosToMy cieayeT coOroaaTh
ONpeNeNeHHBId  OallaHC ~ MEeXAy  OXHIAaeMOW  JOCTOBEPHOCTHIO
JI0Ka3aTeNbCTBA U TEM, HACKOJIBKO YA0OHO U 3((HEKTUBHO OHO MOXKET OBIThH
TIOJTyYEHO.

HaubGonee sddextuBHO 3TOT OanmaHc cOOMIOMAECTCS B METONE NPOBEPKU
mooeneu (model checking), kortopsri cymectByer okoio 30 ner. Ero
HOMYJISIPHOCTh OOYCIIOBJIMBAETCS, C OJHOW CTOPOHBI, BBICOKOW CTENEHBIO
aBTOMATH3AIlMA  JIOKA3aTelIbCTBA  KOPPEKTHOCTH HW  HEOOJBIION
BOBJICYEHHOCTBIO pa3paboTyHKa B MpoLEecC Bepu(pUKalU, a ¢ APYrod —
BO3MOXKHOCTBIO SIBHO YyKa3aTh Ha OIIMOKY B Cllydae, KOTJa pa3padoT4uK
UMEET JIeJI0 C OMMMOOYHBIM MPOTOTHUIIOM. AKTYaJIbHOCTh MCCIICIOBAHU B
00acT TPOBEPKU MOJEIEH MOATBEPKAACTCS TAKXKE U MPHUCYKICHHEM B
2007 r. mnpemun TpIOpMHra OCHOBOIIOJOKHHUKAM JTOr0 IOAXOJa —
Onmynny Knapky, Amneny Omepcony u [[xo3zedy Cudaxucy. IIpoepka
MoOJeNied HMMEeT TOpa3UTeNIbHbIE JOCTIKEHHUS, TPEkKIE BCEro, B
Bepu(UKAIMU aIlmapaTHRIX cpeAcTB. Hampumep, M3BECTHO, U4TO MPOBEpKa
Mojiesiell Hamnuia Obl omMOKy B mporeccopax Pentium | u mokaszana Obl
BEpHOCTH ee ucnpasienus kopropanuei Intel [90]. C rex nop Intel — ogna
U3 HauboJiee CHUCTEMAaTUYECKH TMPUMEHSIONIMX OTy  TEXHOJIOTHIO
KOPIOpALUH.

OcHoBHas mpobiieMa, KOTOpasi BOSHUKAET MPH HCIOJIb30BAHUN MPOBEPKU
MoOJeJel — 3TO KOMOUHAMOPHWBIL 63pbl@ B TIPOCTPAHCTBE COCTOSHUU
mojnenu. IlepBble anropuTMbl MPOBEPKHM MOAETEH MOrIM padoTaTh C
grcioM coctosauii opsiaka 40 000 [89]. Co BpemeHeM pa3Mepbl CUCTEM
NepexooB, JOMyCKaMUX PPEeKTUBHYIO BepUDUKAIUIO, CYIIECTBEHHO
BO3pOCTH. DTOTO YJAIOCh TOOUTHCS IyTeM HESIBHOTO TMPEICTaBICHUS
mogenu. s pemenus 3Toi 3amaun ObUIa BHaYaie CO3/laHa TEXHOJIOTHUS
CUMBONILHOU NPOGepKuU MoOeiell, OCHOBBIBAIOIIAACA Ha YMOPSIOYCHHBIX
JBOWYHBIX pa3peliaroliuX auarpammax, a HOTOM — npogepKa Mooenel
oepanuuennou enyounvt  (bounded model checking) [91], xoTopas
yBEIMYMJIa YUCIICHHBIE TPAHUIIBI TPOBEPKA MOJENIEH eIle Ha HECKOJIBKO
HOPSIKOB. 3HAYMTEJIBHBIC YCIEXU OBUIM JIOCTHTHYTBHI Takke Ojaromaps
pPa3BUTUIO  METOJIOB  peOdyKYuu  HYaCMUYHLIX  NOpPsAO0KO8,  METOJOB
UCTIONb30BaHUSl  cuMMempuyu B TApaJUICNbHBIX CHCTEMaxX W METOOB
abcmpaxkyuu TPOBEpEMBIX Mojelneil. B HacTosiee Bpemsl TEXHOJIOTUH
NPOBEPKH MOJICJICH MO3BOJISIOT BEpUDUIIMPOBATH MPOrPaMMbl IPUMEPHO
u3 10 000 ctpok koza [89].
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Haubonee BrneyaTnsomuM OpuMEpOM, JIEMOHCTPUPYIOLUIUM CIIOCOOHOCTU
CUMBOJILHOM TIPOBEPKH MOJCNIeH, SIBISeTCS BepH(HUKAIUSA MPOTOKOJIA
KOTePEHTHOCTH  KdomI-amsTu  craHaapra wmuHbel |EEE Futurebus+
(crapmapt IEEE 896.1-1991). XoTsa pa3paboTka 3TOTO IPOTOKOJAa OblLia
Hauata B 1988 r., Bce mpexHHE MOMBITKU 00OCHOBATH €ro MPaBUIBLHOCTD
OCHOBBIBAJIMCH HCKITIOUUTEIBHO Ha He(pOpMalbHBIX paccyxacHusX. Jletom
1992 r. uccnenoBatenbckas rpymnmna u3 yHuBepcutera Kapaern-MemioHa
[92] mocTpomna TouHyrO MoOjeNb MPOTOKONA Ha si3bike SMV um 3arem,
NpuMeHsisi cucteMy Bepudukaruu SMV, mokazana, 4YTO NOJydeHHas
CHUCTEMa TIePEeXO0J0B YIOBIETBOPSET (opMmanpHON crnerudukanuu. Um
yIaJoch TakKe OOHAPYXKHUTHh psI paHee HE 3aMEUCHHBIX OIMUOOK U
JIOKaJIM30BaTh MOTEHIIMAIBHO OUTMOOYHBIE YIACTKH B MPOEKTE MPOTOKOJIA.

Ocoboe 3HaueHue BepUUKALMS HMEET JUIsl MPOTPAMMHBIX CHCTEM CO
CJIOXHBIM MOBeIeHUEM. J1JIst 3TOro Kilacca CUCTEM TEXHOJIOTHIO CO3AAHMS U
Bepu(DUKAIUU CIIEIYET BRIOUPATh YK€ Ha ATare MpOeKTUPOBAHUS.

Y nauHbpIM BBIOOPOM JJISI TAKHX 3a/1a4 SIBIISICTCS] TEXHOJIOTHS d8MOMAMHO20
npocpammuposanuss  [2,51]. B  mnepByro  odepenb, aBTOMATHOE
MPOrPaMMHUPOBAHKWE  JA€T  BO3MOXHOCTh  YCIICIIHO  BBITTOJHHUTH
JIEKOMITO3UIIMIO YIIPABJISIONIEH JTOTUKA M BHIYMCIICHUM Ha dTamne CO3JIaHUs
nporpaMmMHON cucTeMbl. OHO TIO3BOJISIET HCIIOJIH30BAaTh HATIISIHYIO
rpaduuecKyro HOTAIMIO JJI OMUCAHUS CIIOKHOTO MOBEJEHUS, CACIaB TEM
caMbIM CUCTEMY MEHee MOABEPKEHHOU omnokaM. C Apyroi CTOPOHBI, IPH
npumeHernn Model checking k aBToMaTHBIM TporpaMMaM TMOCTPOCHHE
MOJIENTA TIPOTPAMMBI TI0 €€ CIEeIU(PUKANNA 3HAYUTEITHLHO YIIPOIIASTCS 10
CPaBHEHUIO C TPAIUIMOHHBIMHU TOAXOJAMH K MporpaMMmupoBanuio. [lpu
WCITOJIb30BAaHUU aBTOMATHOTO IMOAX0/Ja MOJIEIh MPOTPAMMBI, IPUTOTHAS K
Bepu(dUKaIMU, CTPOUTCS YK€ Ha dTane MnpoekTupoBaHusi. Hakownerr,
aBTOMAaTHOE MPOrPaMMHUPOBAaHME, Kak YK€ OTMEYalloCh, MO3BOJIAET
JIEKOMITO3UPOBAThH TPOIIECC BEPUPUKAIMKA TPOTPaMMbl Ha BepU(PHUKAIINIO
€e TIOBEJICHUCCKON (yNpaBisAIomIe) MOJEIH, KOTOpas BBIOJHICTCS
metogom model checking, u He3aBHCHMYIO BEepH(HKAIIMIO aTOMAapHBIX
BBIUYHUCIIMTEIBHBIX BO3AEUCTBUN. ECIIM cucTemMa yCnemHo CipOeKTUpOBaHa
Ha OCHOBE aBTOMATHOTO IOAXOJa, U BXOJHBIE M BBIXOJHBIC BO3JICUCTBUS
MIPEICTABIISIOT CO00M HEOOJBITNE OTHOCUTEILHO MPOCTHIC YYACTKH KOa,
TO MX MOXXHO TMPOBEPHUTHh U (popManbHOW BepupHKaIMen, ornepupyroniei
3aBUCUMOCTSIMU BBIXOJHBIX JAHHBIX aJlTOPUTMA OT €T0 BXOJHBIX JIaHHBIX.
BbIXoIHBIC BO3ACHCTBUS B aBTOMATHBIX IMPOTpaMMax MOTYT TaKXe OBITh
IIPOBEPEHBI HAa OCHOBE MMOAX0/a, U3JI0KEHHOrO B padoTe [59].

[TpuMepbl HUCMONIB30BAHUSA HMHCTPYMEHTAIBHBIX CPEACTB BepH(UKAINU
6onee moapoObHO paccMoTpeHbl B kaurax [93, 94]. Bompocs! Bepudukanmm
nporpamMm oOIIero BUa paccMaTpUBalOTCsA B Kuurax [17, 18].

231



[lepBrie paboOTHl TO BepUPUKAMKA ABTOMATHBIX MPOrPaMM MOSIBUIIHCH
B 2006 r. — cHauana [87], a 3atem — [70]. MccnenoBanus mo BepupuKaum
aBTOMATHBIX TporpamMMm mpojopkaroTcs B Cankr-lIletepOyprekom
TOCy/IapCTBEHHOM  YHHBEpCUTETE  HMH(POPMAIMOHHBIX  TEXHOJIOTHH,
MexXaHuKd U ontuku [53,63,77] u B SIpociaaBckoM rocymaapCTBEHHOM
yauBepcuretre um. [1. I'. Jlemumosa [95, 96]. 1o 3Toif TemMaTnke HAYMHAIOT
3amuIarbes auccepranuu [97], B Tom gucite, mokropckue [98]. [Ipu stom
OJMH W3 BBIBOAOB IIOCIEAHEH pPabOThl CHOPMYIMPOBAH CIIETYIOUIIM
00pa30oM: «aBTOMATHBIC MPOTPAMMBI SIBJISTFOTCS UCKITFOYUTEIBHO yIOOHBIM
00BEKTOM JTs Bepr(DUKAIIMHA METOJIOM IPOBEPKH MOICITN.

ABTOpBI TPEAIOJIATalOT, YTO JaHHAs KHWUTA TPUBJCYET BHUMAHUE K
aBTOMAaTHOMY IPOTPAMMHPOBAHHIO, KaK MOJXOMY, OPUEHTUPOBAHHOMY Ha
BepU(DUKAIHUIO.
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HEMapKUpOBaHHAas CeTb, 147
HEOrpaHUYEHHbIU peruoH, 137
HecTporasi unTepnperamus, 45
—0—
orepaTop
aKTUBHBIN, 153
0JIOKMpPOBaHHBIHN, 153
Oymyuiero, 46
npeamecTBoBanus, 46, 125
TEMIIOpaJIbHBIN, 36
OTHOLIEHHE
BeIIONHsIeMOocTH, 38, 78, 90, 115
ToTaiubHoE, 31, 76, 100
OTCyTCTBHE rosiofganus, 168, 171
olleHKa, 31
yacoBas, 115
—N—
epexo.
aBToMara broxu, 62

mozaenu Kpunke, 31
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ceru Iletpu, 146
MO3ULUS
BpeMeHHoro apTomarta, 110, 111
nyty, 118
ceru Iletpu, 146
MOJIHOTA, 45
MOCJIE0BATEIbHOCTD 3aIyCKOB, 147
MoCTycioBue, 16
IIOTOMOK, 38
3aaepxku, 137
npsiMoi, 38
IIpaBWJIO BBIBOAA, 16
npeaukar, 27
npenioxeHue, 27
aromapnoe, 30
npeaycioBue, 16
npoBepka mozjenei, 6, 21, 149, 230
OrpaHUYeHHON Ii1yOuHbI, 230
cuMBoOabHag, 230
nporpecc, 48, 171
MIPOU3BEJIEHNE aBTOMATOB, 176
IpsIMON TOTOMOK, 38
nyTh
B monenu Kpunke, 31, 77
BO BPEMEHHOM aBToMmare, 117
3€HOHOB, 118
pacxonsuuiics, 118
cxonasmuiics, 118
—P—
pa3mertka cetu, 146
pa3paboTka uepe3 TecTupoBaHue, 14
pacxoasuuncs
aBTomar, 118, 143
nyTh, 118

peakTuBHas cucrema, 11, 34



peruoH, 129, 135
HEOrpaHU4YeHHBbIN, 137
peruoHHbIM aBTOMarT, 129, 135, 137
—C—
ceTh, 146
MapKupoBaHHas, 147
HeMapKupoBaHHas, 147
Ilerpu, 147
[Tetpu, BpemenHnasi, 148
CUMBOJIbHAs IIpOBEpKa Moeneit, 230
cuMyssius, 12
cucrema
KpUTHYHas Ko BpeMeHu, 107
peaktuBHas, 11, 34
Tpancopmupyromias, 34
CUCTEMa [1EPEXO/I0B
BpEMEHHOI0 aBTomara, 116
BpemeHHol cetu [lerpu, 148
COCTOSTHUE
LTL-monenu, 37
aBTomara broxu, 62
BpEMEHHOT0 aBToMara, 115, 122
BpemeHHou cetu [letpu, 148
nocTmkumoe, 117, 148
mozaenu Kpunke, 31

HagaisHOE, 31, 50, 54, 62, 116, 127,
148

CIpaBeUIMBOCTh, 53, 71, 90, 94, 170
cTporasi uHTepnperanus, 45
crpykrypa Kpurke, 31

cypdukc mytu, 77, 84

cxoasumMics myth, 118

.

TeMIopaJibHas JOruka, 21
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BeTBsmascs, 35, 73

nuHehHas, 35, 72

peanbHOro BpeMenu, 109
TEMIIOpaJIbHBINA oniepaTop, 36
TepM, 27
TecT, 12
TecTupoBanue, 12
TUIIM3UPOBAaHHAs JIOTUKA, 28
TOTAIbHO KOppeKTHas Gopmyia, 16
TOTajibHOE OTHOoLIeHue, 31, 76, 100
Tpancopmupyrolas cucrema, 34
Tpoiika Xoapa, 16
—_y—
yTBepkaeHus (assertions), 162, 177
—p—
¢ukcupyromuii uaeHtuduxarop, 121
dbopmanibHas Bepudukamms, 15, 230
dbopmaiibHas cucrema, 16
dbopmyna

nyTH, 83

cocTostHUS, 83
dbopmynbHbIe Yackl, 121
—y—
yacoBas oneHka, 115
4acoBO€ orpaHuyenue, 111
YaCTHUYHO KOppekTHas hopmyna, 16
yacel, 110

¢bopmynbHble, 121
—0—
SKBHBAJICHTHOCTh

BBIpa3UTeNbHAas, 85

dbopmymn, 85
—A9—

SI3BIK MoJienH, 60



B 2009 rony YHuBepcuteT cran modeauTeneM MHOIO3TAIHOIO KOHKypca, B
pe3yJibTaTe KOTOPOro ompeaeneHbl 12 Benymux yHuBepcuteToB Poccum,
KOTOPBIM TPHUCBOCHA Kareropus «HanuoHanbHBIA HCCAEA0BATEIBCKUN
yHUBEpCUTET». MuHucTEepcTBOM 00pa3oBaHus W Hayku Poccuiickoit
Odenepanuu Oblia yTBepikIeHa IIporpamMma pa3BuUTHS TOCYJIapCTBEHHOTO
00pa3oBaTeIbHOTO YUPEKICHUS BBICIIETO po¢heCCUOHAIBHOTO
oOpazoBanust «Cankt-IlerepOyprckuii rocyJapCTBEHHBIM YHUBEPCUTET
WH(POPMAITMOHHBIX TEXHOJIOTHUN, MEXaHUKU U onTUKU» Ha 2009—-2018 roapl.

KA®EOPA KOMMNbIOTEPHbLIX TEXHONOIMN

Kadenpa kxomnbroTepHBIX TEXHOJOTMH Obuia ocHOBaHa B 1991 romy mo
uHunuatuee npogdeccopoB B. H. BacunseBa u  B.T'. IlapdenoBa s
MIPOBEJICHUS CHELMATILHOTO 00pa30BaTEebHOTO MPOEKTa, UMEIOLIErO LEJbIO
CO3/IaHME CKBO3HOM NIKOJIbHO-BY30BCKOM CHUCTEMBI OTOOpa, MOATOTOBKU WU
TPYJOYCTPOWCTBA OJAPEHHBIX B O0OJIACTH TOYHBIX HAYK IIKOJHbHUKOB H
CTYJEHTOB. 3a NPOLIEAIINE J1Ba ACCATWIECTUS MPOEKT MOJYYUI LIMPOKYIO
M3BECTHOCTh U MHOTOYUCJICHHBIE MOJIOKUTEIIbHBIE OT3bIBbI POCCUMCKUX U
3apyOC)KHBIX  CHeIUaIucTOB. B  Hacrosmiee Bpems Ha  Kademape
KOMITBPIOTEPHBIX TEXHOJOTHI oOyuaercss mopsiaka 200 crymeHToB, Oosee
MOJIOBUHBI U3 KOTOPBIX SIBJISIFOTCS TOOEAUTENISIMA PETHOHANBHBIX OJMMMIINA]L
MO TOYHBIM HayKaM, a OKOJIO CEeMHIECATH — NOOETUTENSIMU
MexnyHapoaubix U Beepoccuiickux onMMnuan mo mMaremMaTuke, Gusuke u
uH(pOpMaTHUKe.

[Io xadecTBY CTyAEHYECKOIO M MPENOAABATEIBCKOIO COCTaBa U
TEXHUYECKOMY  OCHAIICHUIO  KOMITBIOTEPHOM  TEXHMKON  Kadeapa
KOMIIBIOTEPHBIX TEXHOJIOTUM OTHOCHUTCA K YMCIY JYYIIUX POCCHUHUCKUX
CTIEIMATU3UPOBAHHBIX KOMITBIOTEPHBIX Kadeap.
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