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BBegeHue

IMonsiTHeE BaIuIaLMK

B mnoBcenHeBHOW XM3HM $IBHO (IPU MCIOJIB30BAaHUM KOMIIBIOTEPOB U
WHTEpHETA) WJIA  HEIBHO (MpU  MCHOJB30BAHUU  TEJIECBU30POB,
MUKPOBOJHOBBIX ~ II€4€l, MOOWIBHBIX  TEJIEPOHOB, aBTOMOOMIIEH,
OOIIECTBEHHOTO TPAaHCHOpPTa ® T.J.) BCE 4Yalle WCIOJIb3YIOTCS
uHpopMalmonnsie TexHonorud. B 1995 r. 6b110 mogcuuTaHO, YTO YEIOBEK
B JIEHb B3auUMOJICHCTBYEeT C 25 ycTpoicTBamu, oOpaldaThIBarOIIMMU
uHpopMmanmto. M3BectHo Takke, uro 20 % croumocTH pa3pabOTKu
aBTOMOOWJICH, MOE37J0B W CaMOJETOB MPUXOIATCS Ha KOMITBIOTEPHBIC
KOMIIOHEHThI.  BBHIy  BBICOKOW  HMHTerpanuu  HHPOPMAIMOHHBIX
TE€XHOJOTMM BO BCEX MPUIOKEHUAX MPUXOJUTCS BCE OOJbIIE MONaraThCs
Ha HAJEKHOCTh IPOTPaMMHBIX M ammapaTHbIX CpelnctB. EcTecTBeHHO
noJiaraTh, YTO HE JOJDKHO OBITh CHUTyalui, Korga Telae(poH HEUCHpaBeH
WIM KOTJla BUIEOMarHUTOQOH HENpPEICKa3yeMO M HEBEPHO pearupyer Ha
KOMaH/Ibl, IOCBUIAEMBbIE C ITyJIbTA YIIpaBJeHUs. TeM He MEeHee, 3TU OIIMOKHU
B ONPEIEICHHOM CMBICIE Majlo3HayuMbl. OJIHaKO OIIHMOKH B CHCTEMAX,
KPUTHYHBIX B OTHOILIEHUU 0€30IIaCHOCTHU, TAKUX KaK, HallpUMep, aTOMHBIE
AIEKTPOCTAHLIMUA WM CUCTEMBI YNPABICHUS MOJETaMU, HENPUEMIIEMBI.
OcHoBHasi mpoOiema s TaKMX CHCTEM COCTOMT B TOM, YTO OBICTPO
BO3pacTaeT UX CIOXKHOCTb U, KaK CJIEJICTBUE, YNCIO BO3MOKHBIX OIINOOK.

Jaxe ecnu OTBIEYLCA OT aCIEKTOB 0€30MacHOCTH, OIIMOKH BCE PABHO
MOTYT OBITh OYE€Hb JOPOTMMHU, OCOOEHHO €CIM OHHU TMPOSIBISIOTCA B
mpoiiecce padoThl CHCTEMBI — TIOCIE TOTO, Kak MPOAYKT BBHIMYIICH Ha
pBIHOK. VI3BECTHO HECKOJIBKO  BIEYATJISIIOIIUX  MNPUMEPOB  TaKUX
HEraTUBHBIX MocliencTBuil. Hampumep, ommbKka B KOMaH 1€ ASICHUS YUCE
C IUaBarolei 3amsToit B mporeccope Intel Pentium mpuumunna ymep6
okoJio 500 mumuoHoB nosuiapoB. KpymnHerit yiepd ObLT MPUYMHEH TaKkKe
KpYIIeHHEM pakeTsl Ariane-5, kotTopoe, BeposSTHO, IPOU3OIILIO BCIEACTBHAC
OIIMOKU B MPOTPaMMe YIIPABJICHHS MOJIETOM.

[loaromy eamudayus cucmem (TIpolecC TMPOBEPKH KOPPEKTHOCTH
cnenupuKanuii, au3aiiHa W TPOIYKTa) — OTO JCSITEIBHOCTH BCE
BO3pacTaolleil BaXKHOCTH. Banunanus sBisieTcss cnocoooM MoAIep KUBaTh
KOHTPOJIb KA4€CTBA CUCTEM.

OcoOyr0 BaXHOCTb HMEET oOOecleuyeHue KadecTBa MPOrpaMMHOTO
oOecrieyeHusi, TaKk Kak B COBPEMEHHBIX CHCTEMaX C €ro IOMOIIbIO
peanuzyeTcsi OCHOBHas (yHKIUMOHaIbHOCTh. CoOBpeMeHHas MpaKTUKa
IpPOrpaMMHUPOBAHMS  MOKa3bIBa€T, YTO CUCTEMbI MPOBEPSIOTCS B
3HAYUTEIBHON CTENEHU JIOAbMU (IKCIEPTHBIA aHAIM3) U JUHAMUYECKUM
tecTupoBanueM. Ilognep:kka OTHX NPOLECCOB JaXe OTHOCUTEIBHO
POCTHIMU MHCTPYMEHTAaMHU, HE TOBOPSI YK€ O METOJIaX U MHCTPYMEHTAX C
CepbEe3HON MaTeMaTH4ecKoil 0a30il, B HacTOfAIlee BpeMs HEIO0CTaTOYHA.
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BBuny Bo3pactanusi pa3MepOB U CIOXKHOCTU CUCTEM, CTAHOBUTCSI BaXKHBIM
o0ecrniedueHne mpolecca BaTUAAINNA CUCTEM C UCIOIB30BAaHUEM METOOB U
WHCTPYMEHTOB,  KOTOpbIE  OOJIEr4aroT  agmomamudeckuii  aHaJIHU3
KOPPEKTHOCTH, TaK Kak, HallpUMEp, pyuHas eepuurayus modxicem Obimb
HACMOIBLKO dHce OuUbOYHaA, KAK U cama npocpamma.

MeTOIl])I BajInaanum CHCTEM

BaxuenmmMu MeTogaMH BallIALMU  ABJSIOTCS SKCIEPTHBIM aHAIN3,
TECTUPOBAaHHUE, CUMYJSLMs, GopMmaabHas BepuduKaus U IMpoOBEepKa
Mojiesieid. OCTaHOBUMCS Ha JIBYX W3 HUX.

TectupoBanne — >QQPEKTUBHBIM MyTh MNPOBEPKH TOTO, UYTO 3aJaHHAs
peanuzayusi CUCTEMBI corjiacyerca ¢ aldcTpakTHO# crnernudukarueit. [lo
CBOEU IPUPOJIE TECTUPOBAHUE MOXKET OBITh MCHOJIB30BAHO TOJBKO IOCIIE
peanu3anuy IpOTOTUIIA CUCTEMBI.

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

O0a 3TuX MeToAa MOTYT MOJACPKUBATHCSI U YACTUYHO IMOJIEPKUBAIOTCS
uHCTpyMeHTamMu. Hanpumep, B 0651acTH TECTUPOBAHUS BO3PACTAET UHTEPEC
K pa3paboTKe aJIrOPUTMOB U MPOrPaMM JIJIsi aBTOMAaTHUECKON reHEepaluy U
BbIOOpa TECTOB MO (OpMalibHOM crnenupukanuu cucteMbl. OCHOBOH
(dopManbHON BepudUKALMK SBJSIOTCSA MPOrpaMMbl JIJIsI aBTOMaTHYECKOTO
JI0OKa3aTesIbcTBA TEOPEM M IPOBEPKU JOKA3aTEIbCTB, OJHAKO JaXe HX
UCITIOJIb30BaHUE OOBIYHO TPeOYET BHICOKOW KBATH(PUKALIMH IT0JIb30BaTEIEH.

IIpoBepka moaeeit

B kHure paccmartpuBaeTcs Ipyroi METON BalUJALUKN — NPOBEPKA MoOeell
(model checking). Drto aBTOMAaTH3MPOBAaHHBIA METOA, KOTOPBIH IS
3aIaHHOM MOJIENT TIOBEJICHUS CUCTEMbI C KOHEUHBIM YHMCJIOM COCTOSIHUU U
JIOTUYECKOTO CBOMCTBa, 3allMCAHHOTO B TMOJIXOMSIIEM JIOTHYECKOM
dbopmanu3zme  (0OBIYHO B TEMIIOPAJIBHOW  JIOTHKE),  IMPOBEPSET
CIIPaBEUIMBOCTh 3TOr0 CBOWCTBA B JTaHHOM Monenu. [IpoBepka moneneit
MOXET MPUMEHSTHCS I BepU(UKAIUK KaK alaparypbl, TaK U MPOrPaMM.
YcenemHocTh  psa  MNPOEKTOB € KCHOJIB30BAHMEM  3TOTO  METOAA
Bepu(dUKaluK yBeIMUMBaET MHTEpeC K HeMy. Hanpumep, kopnioparnus Intel
OTKpbLIa HECKOJIbKO HCCJIeIOBAaTeIbCKUX JlabopaTopuii BepupUKALIUU
HOBBIX MHKpOCXeM. VHTEpEeCHbI acleKT MPOBEPKH MOJEIIEN COCTOWUT B
TOM, YTO OHAa TOJJICPKHUBACT uacmuyxyro BEPUPUKAIMIO: IS CUCTEMbI
MOXET OBITh MPOBEpPEHAa YaCTHYHAs crenudukanys Ipu PacCMOTPEHUU
TOJIBKO HEKOTOPOTO TIOJIMHOKECTBA BCEX TPEOOBAHUM.

IIpeamer paccMOTpeHUS KHUTH

KHura mnocesimieHa KOHLENMLIUSAM, AITOPUTMAM W HUHCTPYMEHTaM IS
IIPOBEPKU MOJIEJIEN ITPOTPAMM.



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

Knura umeer cienyromiyio cTpykTypy. IlepBas riaBa mocBsilmieHa OOIIUM
BOIIPOCAM  BaJMJallMd  MPOTPAaMMHBIX  cucTeM. PaccmarpuBaetcs
MOCTAHOBKA 3aJa4d BAJIMJALMU WU OMNPEACISICTCS pOJib BAIUIAIUU B
MPOU3BOJCTBE  MPOTPaMMHOTO  oOecredeHus. Takke  BbIACISIOTCS
pa3lIMuHble BUJLl BaWJALMKM, MPUBOISATCS OCHOBHBIE TMOHSATUS U
OMpEICIICHUS JISI KaXKJI0TO U3 HUX.

Bo BrOopoil TiIaBe H3NararOTCd TEOPETUYECKHE BOIPOCHI IPOBEPKHU
Mojiesieil, BBOASATCS (POpMaU3Mbl Pa3IUYHBIX MEeMNOPANbHBIX JOSUK U
OMKCHIBAIOTCSL AJITOPUTMBI  MPOBEPKU MoJeNed s creruduKaiuii,
BBIPAKECHHBIX B 3THUX TEMIIOPAIBHBIX JIOTHKAaX. BpIAENsAOTCA JaBa TUMA
mozaene — modenu Kpunke w cemu I[lempu. Taxxe mpeacTaBiIeHbI
HEKOTOPbIE MaTEMAaTHYECKUE PE3YJbTAaThl, CBA3AHHBIE CO CBOWCTBaAMHU
paccMaTpUBaeMbIX MOJIEIIEH.

OnuceIBatOTCS TPU TUIIA IPOBEPKU MOJENEH: ISl TMHEWHOW U BETBALIEHCS
TEMIIOPAJIBHBIX JIOTHK, a TAKXKE U1 TEMIIOPAJIbHOM JIOTMKU PEaTbHOIO
BpeMeHu. [lepBbie ABa U3 HUX MO3BOJISIIOT OTPA3UTh (PYHKIIMOHAIbHBIE WU
KA4EeCTBEHHBIE AaCIEKTbl CUCTEMBI, a TPETUH — IPOBOAUTH TaKXKE W
HEKOTOPBIN KOJTUYECTBEHHBIA AHAIINS.

B Tperbell riaBe AEMOHCTPUPYIOTCS aIrOPUTMBI IIPOBEPKU MOJEIEH Ha
IIPUMEpPax KOHKPETHBIX HMHCTPYMEHTAJIBHBIX cpenacTB. [lpuBoasTcs
KpaTKOE€ OIMCAHUE CUHTAKCUCAa OTUX WHCTPYMEHTAIBHBIX CPEACTB H
IIPUMEPBl  pean3alMd KOMMYHHUKAIIMOHHBIX aJrOpUTMOB. Tam ke
IIPUBEICHBI PE3YJIbTAThI IIPOBEPKU MOJEIIEH ITUX AJITOPUTMOB.

N3n0xeHne o0IUX BOMPOCOB BATUAAIMN, MATEMAaTUYECKOTO armapara u
IPUMEPOB BepUPUKAIIMK MOJEIEH B TEPBBIX TPEX TJlaBax CIEAyeT Kypcy
nekuui I1. Karoena [1].

UeTBepTass TJIaBa KHUTH TIOCBSIEHA MPOBEPKE MOJEIEH MNporpamm,
IOCTPOCHHBIX HA OCHOBE aBTOMAaTtHOro moaxoxa [2]. OcHoBHOM
OCOOCHHOCTBIO TaKUX MPOTpaMM SIBJISIETCS TO, YTO MOJEIb TMOBEICHUS
MpOTrpaMMBbl, MPEJCTABICHHAS B BUIE CUCMEMbl YRPAGIAIOUUX KOHEYHbIX
asmomamos, o KOTOPOW TeHEePUPYeTCs KOJ, CTPOUTCS Pa3padOTUYUKOM
yK€ Ha 9dTane MPOEKTHUPOBAHUS, a HE MO TOTOBOM IporpaMMme, Kak 3TO
npejuiaraeTcs AeaTh Ipu TPAAUIIMOHHOM MPUMEHEHHH METoAa MPOBEPKU
mozeneit. Ilpu 3TOM mporpaMmbl CTAaHOBSTCS B OAWH PsiiA C APYTUMHU
WH)XEHEPHBIMU pa3padoTKaMH (HarpuMep, caMojieTaMyd U aBTOMOOUJISIMH),
JJIs KOTOPBIX CHavasla CO3/Ial0TCA MOJENH, a B JaJIbHEUIIIEM Ha UX OCHOBE
M3TOTABJIMBAIOTCS U3JIEINs, a HE HA000POT.



ABTOMAaTHBIN MOJIXO TO3BOJISIET OT/IEINUTH YIPABISIOMUE (Ka4eCTBEHHBIE)
COCTOSIHUSI TPOTPaMMbl OT €€ BBIYUCIUTENBHBIX (KOJMYECTBEHHBIX)
COCTOSIHMM. DTO MO3BOJIAET PE3KO YMEHBLIUTh PA3MEpP HCIOJIb3YEMBIX
MoJiesied M TOBBICUTH J(PQPEKTHBHOCTh HMX TIOCTPOCHHUS U TPOBEPKH.
OCHOBHBIM JOCTOMHCTBOM BE€pPU(PHUKALIMU aBTOMATHBIX IIPOIPAMM SIBJISIETCSA
BO3MOKHOCTh 3¢ (GHEeKTUBHOTO npeoOpa3oBaHus crenupuKauu
nporpaMMbl B (popmar, MOAXOAAIIUN JUIsl aITOPUTMHUUECKON MPOBEPKU, U
BO3MOYKHOCTh aBTOMAaTHYECKOTO OOpaTHOro mnpeoOpa3oBaHUs pe3yibTara
npu OOHapyKeHUU OUIMOKH. B KHUTEe NPUBOAATCA HECKOIBKO METOIOB
IpSIMOTO TIPe0Opa3OBaHus, MPEeIHA3ZHAYCHHBIX JIJIsI paOOTHI ¢ Pa3IUYHBIMU
JOTHYEeCKUMH  (OpMaau3MaMH,  OMHUCBHIBAIOTCS  WHCTPYMEHTAJIbHBIC
CpeACTBa MPOBEPKU MOJIENEN Al aBTOMATHBIX HPOTpaMM U TPUBOJSATCS
OpUMEPBl UCMOJIb30BAaHUS 3THUX CPEACTB Uil KOHKPETHBIX aBTOMATHBIX
Mojieneil. ABTOMaTHbIE NPOTrpaMMbl, B OTIMYNE OT TPATULMOHHBIX, MOTYT
OBbITh Ha3BaHBI IPOrPAMMAMU, OPUEHTUPOBAHHBIMU Ha BEPUPUKAIHIO.

ConepxaHue 4YeTBEpTOMl TIJ1aBbl OCHOBAHO Ha pe3yJibTarax padboT o
rOCy/lapCTBEHHOMY KOHTpakTy «Pa3paboTka TeXHOJOrMH Bepu(UKALNUU
YIOPABJSIIONIUX IPOrPaMM CO CJIOKHBIM ITOBEJACHUEM, IMOCTPOCHHBIX Ha
OCHOBE  aBTOMATHOIO  MOAXOAa», BBIIOJHSIBUIEMYCS B  paMKax
denepanbHON 11e€BOM TporpaMmbl «MccienoBanust U pa3pabOTKHU 1O
IPUOPUTETHBIM  HANpPaBJICHUSM Ppa3BUTUS  HAYYHO-TEXHOJOTMYECKOTO
komruiekca Poccnn Ha 20072012 roas» o meponpusaTtuio «IIposenenue
pOOJIEMHO-OPUEHTUPOBAHHBIX TMOUCKOBBIX HCCJIEAOBAHMM M CO3/JaHHE
HAyYHO-TEXHUUYECKOTO 3aJI€J1a [0 NEPCIEKTUBHBIM TEXHOJOTUAM B 00JIaCTH
MH(POPMAIIMOHHO-TEIEKOMMYHHUKAITMOHHBIX CUCTEM. Pabotsr
BbINOJHUIMCh B CaHkT-IleTepOyprckoM rocyaapCTBEHHOM YHUBEPCHUTETE
nH(OPMAITMOHHBIX TeXHOIOTHH, Mexanuku u ontuku (CII6I'Y UTMO).

CopepkaHrue KHHWTY TIOJITBEPKIACT M3BECTHOE IMOJIOKEHHUE MPOrpPaMMHOM
WHXEHEPHUH: «TO, 4TO HEe crenuduirpoBaHo GopMalibHO, HE MOXKET OBIThH
MPOBEPEHO, a TO, YTO HE MOXET OBITh IMPOBEPEHO, HE MOXKET OBIThH
0€301IMO00YHOY.

ABtopbl  Omaromapusl  B. H. Bacunmbesy wu  B.TI.IlapdenoBy 3a
MHOTOJICTHIOIO MOJIJIEPKKY U TTOMOIITb.

[ naBa 1. Banngauua cuctem

1.1. 3agayn Banugaumm CUCTEM

BBeaeHue 1 MoTUBALIUSA

Cucremsl, KOTOpBIC, TAK UM MHAYE, CBSA3aHBI C 00pabOTKOM MH(DOpMAIUH,
BCE dYallle MPEIOCTaBISIOT TMOJB30BATENIIM KPUTHYECKHE cepBUCHL. OHU
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UCIIOJIB3YIOTCSL B PA3JIMYHBIX OOCTOSATENLCTBAX, KOI/Ia HEUCIIPABHOCTH B
nporpaMmMe MOXKET TMPUBECTH K MNaryOHbIM mocienctBusMm. OOpaboTka
uH(OpMAIUU UTPAET 3HAYUTEIBHYIO POJIb B CHCTEMaX YIIpaBiICHUS TAKUMU
00BEKTaMH KakK, HalpPUMEpP, aTOMHBIE 3JIEKTPOCTAHIIMM WIM XUMHYECKUE
peakTophl, e OWMOKU KpailHe omacHbl. JIpyrum pacnpocTpaHeHHBIM
MPUMEPOM CUCTEM, KPUTUUYHBIX K O€30MacCHOCTH, SIBIISIFOTCS M3Iydarolue
YCTPOMCTBA B MEJIULINHE.

OT0 nOpUMeEpbl NPOTrPAMMHBIX CHUCTEM, [UIsi KOTOPBIX HAJIEKHOCTh
(KOppeKTHOCTh  paboThl)  KpailHE  BaxkHAa. BBuay  pacmmpeHus
(YHKIIMOHATBHOCTH KPUTHUYECKUX TPUIOKECHUM, CIpaBeIJIMBO CKa3aTh,
4TO  HAOdedXdCHOCmb  06pabomku  ungopmayuu  A61Aemcs  KIo4esbiM
gaxmopom 6 npoyecce pazpadomku maxKux cucmem.

Kak obecrnieunBaeTcsi HaAJEKHOCTh MPOTPAaMMHBIX cUCTeM? OOBIYHO
pa3paboTka Ha4yMHAETCS C aHalu3a TpeOOBaHUU 3aKa3uMka, a I0CIe
MIPOXOKJICHUS HECKOJIbKUX (ha3 pa3pabOTKU B KOHIIE MpoIiecca MoIydaeTcs
nporotun. [Iporecc BBIACHEHHS TOrO, UYTO pa3pabOTaHHBIA MPOTOTHII
YVIOBIETBOPSIET  TPeOOBaHUSM, HAa3bIBACTCS  gaauoayueli  CUCHEM.
CxeMaTu4ecKy CTpaTerus BaIMAAMU u300paxena Ha puc. 1.1 [1].

Bammnanus |

\/ IIpouecc

TpeboBanus paspaboTKu Pesynbrar

Puc. 1.1. CxemaTnueckoe n300pakeHHe aoCTEPUOPHON BaTUIALIUN CUCTEM

KakoBa oOmias mnpakTHkKa pelieHds BOIMpoOca, Korja IPOBOAUTH
Banuaauuo? SIcHO, 4TO MpoBepka Ha OLIMOKHU TOJBKO B KOHIIE pa3paboTKu
HenpueMsemMa: eclid omubKa HalieHa, TpeOyeTcs MHOTO YCHIJIMH AJIsl TOTO,
4TOOBI €€ WCIPaBUTh, TaK KaK BECh MPOIECC Pa3pabOTKU MOJDKHA OBITh
NPOHZCH BHOBB, AJS TOTO YTOOBI yBHAETH, IJIE M Kak oOmmMOKa Moria
BO3HUKHYTh. [lomoOHBIE omepanuu OOBIYHO SIBISIOTCS 3aTPATHBIMH.
CrnenoBaTenbHO, I1€I€CO00Pa3HO MPOBOAUTH BAIHIAIMIO Ha JIETy — B
mporecce pa3padOTKU CHCTEMbI, TaK KaK 3TO 3HAYUTEIHbHO YMEHBIIAeT
CTOMMOCTh pa3paboTku. CXeMaTHMuecKd Takoil mporecc H300paxeH Ha
puc. 1.2

Bamupanus

Wi Apxutextypa Apxurexrypa ApxurtexTypa
TpeGosauus Nel Ne 2 T Ne k Pesynbrar

Iporuecc pa3pabotku

Puc. 1.2. Cxemarudeckoe I/I306pa)KCHI/IC BaJIMaalluu CUCTEM «Ha JICTY»



Ha npaktuke niasi Toro, 4toObl yOETUThCS, YTO KOHEUHBIM pe3yibTaT
BBIIIOJIHAET TO, YTO MPEAIUCAHO, IPUMEHSIOTCS JBa METOJA: 9KCNEPMHbIl
ananuz 1 mecmuposanue. ViccnenoBanus B 001acT pa3pabOTKU TPOrpamMm
MOKa3bIBatoT, 4T0 80% BCEX MPOEKTOB MCHOJB3YIOT IKCIEPTHHIN aHAIIU3 —
MOJIHOCTBIO PYYHYIO JI€ATEIBHOCTh, B KOTOPOl MPOTOTHII UM €r0 YacTb
UCCJIENYyeTCs KOMaHAOW CHEHalIUCTOB, KOTOpPhle HE OBLIM BOBJICYEHBI B
IPOIECC Pa3pabOTKH 3TOM KOMIIOHEHTBI CUCTEMBI. TeCTUpOBaHUE SIBISICTCS
BOKHBIM METOJIOM BAJIMJIALIMU JIJISI IPOBEPKU KOPPEKTHOCTU MOJIYYEHHBIX
peanuzauuii. OJHAaKO OOBIYHO TECThl TEHEPUPYIOTCS BPYUYHYIO, U
WHCTPYMEHTAJILHOM MOJJEP/KKE YAECISIETCS MajI0 BHUMAaHUS.

Banumanusa cuctemM — 3TO BaXKHBIN IIar B UX pa3paboTke: B OOJIBIIUHCTBE
IPOEKTOB OOJbIlIE BPEMEHM W YCHUIUM YXOOUT Ha BalUAALMIO, YEM Ha
pa3paboTky. Omubku MoryT ObITh O4Y€Hb JoporuMu. Hampumep, ommbka B
JICHBEPCKOW CHUCTEME yNpaBleHUs OaraxxoM 3ajepikalia OTKPHITUE HOBOTO
a’poropTa Ha AeBATh MecsleB (ymepd — 1,1 MuuIMoHa 10/1apoB 3a JIEHD).

Baanpanusi cucreM Kak 4acTh nmpomecca pa3paﬁoTKn

NHTepBbl0 CO  CHEIUANIMCTAMH  psiia  KOMIIAHWW, 3aHUMAIOIIUXCS
pa3paboTKOW MPOrpaMMHOI0 OO€cCleueHus, B O4YEPEIHON pa3 IMoKa3ajo,
YTO BaJUAAIMsI CUCTEM JOJDKHA WHTEIPUPOBATHCSA B MPOIECC Pa3pabOTKH
Ha paHHMX oSTamax [1,3,4]. DTo cnpaBe;IMBO, B TOM 4YHUCIE, M C
YKOHOMUYECKOM TOYKH 3pPEHHS, OJHAKO B HACTOSIIEE BpeMs OOJBIIYIO
4acTh OMMOOK HAXOJAT B MPOIECCE TECTHUPOBAHMS, KOT/Ia MPOTpaMMHBIC
MOJIyJIU YK€ CKOMIIOHOBAHBI U UCCIIEYETCS BCSI CUCTEMA.

d®opmajibHbIE METOAbI

Jlnst oOecrieueHnsT KadyecTBa CIIOXKHBIX MPOrPaMMHBIX CHCTEM TpeOyeTcs
UCIIOJIb30BaTh  COBPEMEHHBIC METOABI M  HHCTPYMEHTBI, KOTOPBIC
MOJIICPYKUBAIOT MpoIiece Bajauaanuu. [I[puMeHseMble B HACTOSIIEE BpeMs
METO/Ibl BaJIMIAIMH SBIISIOTCS Y3KOCICIIHAIM3NPOBAHHBIMHA U 0a3UPYIOTCS
Ha crnenuduKanusaX, CcHOPMYIMPOBAHHBIX HAa CCTCCTBEHHOM  S3BIKE.
[TooToMy B JaHHOW KHHIE€ PacCMAaTPUBAIOTCSA IMOJIXOJbI K BaJHJIAIUH,
Oasupyromuecs Ha gopmanvuvix memooax. Ilpu HCIOIB30BaHUHM TaKHX
METOJIOB MPOCKTUPOBAHUE CHCTEM JOHKHO OBITh OINPENIEICHO B TEPMUHAX
TOYHBIX M HEJBYCMBICICHHBIX CIEIU(UKAINA, KOTOPBIC MPEIOCTABISIIOT
0a3y I CUCTEeMAaTHIECKOTO aHajau3a. [lepeurciinM OCHOBHBIC TIOJIXOJBI K
BaJIUIaLINN:

Q  CUMYTAYUS,
Q mecmupogaHue,
o gopmanvrasn eepugurxayus;

o nposepka mooene (sepugurayus na Mooensx).
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B panpHeiiimem OyayT KpaTKO pacCMOTPEHBI TpU MEPBBIX MOAXO0Ja, a
OCHOBHOM TEMOM, KaK OTMEYaJI0Ch BBIIIIE, SBJISAETCSA IPOBEPKA MOCIIEH.

PeakTuBHBIE CHCTEMBI

B naHHOI KHUT'€ OCHOBHOE BHUMAHUE YIEISAETCS BaTUAALMN PeaKmusHvlX
cucmem. PeaktuBHbIe cHcTeMbl [5] XapakTepu3yrTCs HENpPEPbHIBHBIM
B3aUMOJICHCTBUEM C OKpYyKeHHeM. OHM MPUHUMAIOT 3HAYEHUSI BXOJOB U3
CBOETO OKPYXKEHHSI U, OOBIYHO C MaJeHbKOW 3a/Iep)KKOM, pearupyroT Ha
HUX. TUNWYHBIMKU TIpUMEpaMH CHUCTEM JTOro Kjacca SBIISIIOTCS
ONEPAIIMOHHBIE  CHCTEMBI,  CHUCTEMbI  YIPABICHUS  CaMOJIETaMH,
aBTOMOOWJISIMA M TEXHOJIOTHYECKUMHU TIPOIECCaMU, KOMMYHHUKAIIMOHHBIC
NpoTOKOJIBI u T.A. Hampumep, cuctema yHpaBlIeHHS XUMHUYECKUM
MPOIIECCOM PETYJISIPHO MPUHUMAET YIPABISIONIME CUTHAJIBI, TaKHE KakK
TeMIlepaTypa U JaBJICHHUE, B Pa3IMYHBIX TOUKax mpoiecca. Ha ocHoBanumn
3TOM uWHGOPMAIMU TMpOTpaMMa MOKET TMPUHSITH PEIICHUE BKJIIOYHUTH
HarpeBaTelIbHbI 3JIEMEHT, BBIKIIOYWTh HAcOC M T.A. Ecinu BO3HUKIA
omacHasi CHUTyalusi, HalmpuMeEp, AABJICHUE B PE3EpByape BBIXOJIUT 3a
OINpEJENICHHbIE MPEAEIIbl, YINPABISAIOMIAs MPOrpaMMa JIOJKHA BBITOJIHUTH
onpeneneHHble JedcTBUs. OOBIYHO MOAOOHBIE PEAKTUBHBIE CHUCTEMBI
JOCTATOYHO CIIOKHBI.

Kak oTMeuanoch BbIllle, KOPPEKTHOCTh PEAKTHUBHBIX CHCTEM HUMEET
pematoee 3HaueHue. JlJis  TOCTPOEHUST KOPPEKTHO paboTarolie
PEaKTUBHOM CHCTEMbI TpeOyeTcsi dYeTKash METOJO0JIOTHs, B KOTOPOM
BBIICJISIFOTCS Ciienytomue (hasbl.

o Ha ocHoBe wucuepmnbIBaoIIero aHajiu3a TpeOOBaHUN JOHKHA OBITh
chopMupoBaHa BX CIICHUpUKAIINS.

o KosnnenryanbHOoe MPOSKTUPOBAHKUE TO3BOJISIET TOJYYUTh AOCTPAKTHYIO
crienuQuKaIuoo MpoeKTa. ITa cueruduKaius MOKeT ObITh TPOBEpPEHa
Ha HEMPOTUBOPEYMBOCTH U €€ COOTBETCTBHE TpeOOBaHUSM. JlaHHBIM
MpolecC  BaMJAUUMU  MOXET ObIThb ToaJepkaH  (opmanbHOU
BepuduUKauen, CUMyNIAIUedl W TMPOBEPKONM MoOJele — TaKUMH
MpoIeccaMu, B KOTOPBIX MOJIETb a0CTpaKTHOW crienr(puKaIuy IpoeKTa
(HanmpuMep,  CHUCTeMa  KOHEYHBIX  aBTOMATOB)  MOXKET  OBITh
MCYEPIIBIBAIOIINM 00pa3oM MpOBEpEHa.

o Korna 3acioyxkuBatomasi 1oBepust crieliuduKanus mojydeHa, nepexosrt
K TOCTPOCHHUIO CHCTEMBI, KOTOpas peaqu3dyeT abCTpaKTHYIO
cneuudukaruo. I[lpu >TOM TecTUpoBaHUE SBIACTCS TMOJIE3HBIM
METOJIOM TIPOBEPKH peaau3allii Ha COOTBETCTBUE OPUTMHAILHBIM
TpeOOBAHUSIM.
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1.2. Cumynsaums

Cumynayus Oa3upyeTcs Ha MOJENIH, KOTOpas OIKMCHIBAET BO3MOXKHOE
MOBEJAEHUE CHCTEMBI. JTa MOJIENb B ONPEIACICHHOM CMBICIIE HCIIOIHUMA,
MIPU ATOM MPOTrPaMMHBIA HHCTPYMEHT (HAa3bIBAEMBIN CUM)IAMOPOM) MOKET
ONpENECUTh TMOBEACHUE CHUCTEMbl 1O OTHONIEHHUIO K HEKOTOPBIM
cieHapusiM. TakuMm crmocoOOM TOJIb30BaTelb IOJYy4aeT OINpeaesieHHOe
MMOHMMAHHUE TOTO, KaK CUCTEMA pearnupyer Ha cTuMyibl. CEeHapUU MOTYT
OBITh TPENOCTaBJICHBI MOJI30BATEIEM WM HMHCTPYMEHTOM, TaKUM Kak,
HalpuMep, TeHepaTop, KOTOPbIM  CTPOUT  CIydyallHbIe CILEHApHUHU.
Cumynsiius, B OCHOBHOM T0JIe3Ha JUIsl OBICTPOIl, IEPBOHAYAILHON OIEHKU
KadecTBa MpoekTa. OHa B MEHBIIEH CTEMEHU MOIXOINUT JJIs IOMCKA TOHKHUX
OIMOOK, TaK KaK CHMYJIMPOBATHh BCE BO3MOXKHBIC CIICHAPUU HEMPAKTUYHO
(1 9acTO HEBO3MOKHO).

1.3. TectupoBaHune

Kak ormedanoch BbIlIE, MIUPOKO HCIOJIB3YEMBIM TPAJAUIIMOHHBIM IMyTEM
BAIUJAIIMA KOPPEKTHOCTH TPOCKTa sBIsiETCS mecmuposanue [6]. B
TECTUPOBAHUHU CHUCTEMa WHCMOJB3yeTCsi B TOM BHUJE, B KaKOM OHa
peanu3oBaHa (Iporpamma, yCTpoHCTBO Wiau ux komOuHaimsi). Ha ee Bxon
MOAAIOTCSl ONPEACIICHHBIE 3HAYEHUS BXOJHBIX JaHHBIX, HA3bIBAEMBbIX
mecmamu, U UCCIeayeTcs peakuusi cucteMbl. Ilocne atoro nposepsiercs,
JEUCTBUTEILHO JIU PEAKIIUS CUCTEMBI COOTBETCTBYET TPEOYEMOMY BBIXOJY.
[IpyHUMOBI TECTUPOBAHMS TOYTH TaKUE K€, KaK W y cumysuuu. Mx
BAKHOE pa3JIMuU€ COCTOMT B TOM, YTO TECTUPOBAHUE MPOBOAUTCS Ha
JEUCTBYIOIIEH peaTnu3aliiu CUCTEMbl, & CUMYJISILIUS — HA MOJIENIA CUCTEMBI.

TectupoBaHnre — 3TO METOJA BAIWAAIMU, IIUPOKO HCHOJB3YEMbIM Ha
MpPaKTUKe, HO TOYTHU BCETJa BBIMOJHAEMBIM Ha 0a3e HEPOPMAIbHBIX U
IBPUCTHUYECKUX METOJOB. Tak Kak TecTHpoBaHHWE Oasupyercs Ha
PaCCMOTPEHUHU TOJIBKO HEOOJIBIIIOTO MOAMHOKECTBA BO3MOYKHBIX MPUMEPOB
MOBEJICHUSI CUCTEMBI, OHO HUKOT/Ia HE MOXKET OBbITh MOJIHBIM. J. JlefikcTpa
OTMETHJI, YTO TECTUPOBAHUE MOKET IMOKa3aTh TOJIbKO HAIMYUE OIMUOOK, HO
HE UX OTCYTCTBHUE.

TecTupoBanue, 0HAKO, MOXET JOMOJHATh POpMaIbHYIO0 BepUPUKAIUIO U
MIPOBEPKY MOJIEJIE, KOTOPHIEC BBHIMTOJHSAIOTCS HAa MATEMAaTUYECKOW MOJIENH
CUCTEMBI, a HE Ha peajbHOM cucTeMe. Tak KaKk TECTUPOBAHUE MTPUMEHSIETCS
K peasin3aliiu, OHO MOJIE3HO, TJIaBHBIM 00pa3oM, B CIAEAYIOIUX CIydasx:

O KOTrJa KOPPECKTHYIO MOJICIIb CUCTEMBI CIIOKHO IIOCTPOMTD,

0 KOrjJa 4aCTH CHUCTEMBI HE MOTYT OBITh (DOPMAIBHO MPOMOIECITUPOBAHBI
(manpumep, GU3MYECKUE YCTPOMCTBA);

0 KOTIJa MOJIeJb MpOIpUeTapHa.
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OOBIYHO, TECTUPOBAHUE — JOMUHUPYIOLIUNA METOl Banuaauuu cucreM. OH
COCTOMT B NMPUMEHEHHHM K pealu3alldd psAja TECTOB, KOTOpPhIE OOBIYHO
MOJIy4aroT 3BpPUCTHUECKU. B mociienqHee Bpems, OJIHAKO, BO3paCTaeT
UHTEpPEC K TMPUMEHEHHIO (OPMAJIbHBIX METOAOB B TECTHUPOBAHUHU.
Hampumep, B 001acTU KOMMYHUKAIIMOHHBIX TPOTOKOJIOB 3TOT THUI
UCCJIENOBAHUM TpHUBEN K TPOEKTY MEXKIYHApOAHOTO  CTaHAapTa
«DopmalibHbIe METOJbI B TECTUPOBAHHM NPUTOAHOCTH» [/]. B Hem
IpoliecC TECTUPOBAHUS Pa3eIIeH Ha HECKOJBKO (ha3:

1. l'enepayussi mecmos. AOGCTpaKTHBIE OMHCAHUS TECTOB CHUCTEMATUYECKU
TEHEPUPYIOTCSA HA OCHOBE TOYHOIO U HEJIBYCMBICICHHOIO 3aJaHus
TpeOyeMBbIX CBOMCTB B CICIIU(UKAIIHH.

2. Bvibop mecmos. BwiOupaeTcs MHOXKECTBO 00pa3iloB aOCTPaKTHBIX
OTNMCAHUM TECTOB.

3. Peanusayus mecmos. AOGcTpakTHBIE OMUCaHUS TECTOB
TpaHCPOPMUPYIOTCS B UCTIOTHUMBIC TECTHI.

4. Ucnonnenue mecmos. VICTIOTHUMBIE  TECThl  NMPUMEHSIOTCS K
TECTUPYEMOW pealiu3alldd MYTEeM BBINOJHEHUSI UX Ha TECTUPYIOIICH
cucteMe. PaccmaTtpuBaroTcs W NPOTOKOJUPYIOTCS  PE3yJbTaThl
WCTIOJTHEHUS.

5. Tecmoeuvliu aHaus. 3anpoTOKOJIMPOBAHHBIE pe3yIbTaThl
AHAJIN3UPYIOTCSL C LEIbI0 ONPEACIICHUs, YAOBIETBOPAIOT JHU OHHU
0KHUJIAEMBIM PE3yJIbTaTaM.

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

TectupoBaHre — 5TO METOJA, KOTOPBI MOXET ObITh NMPUMEHEH KaK K
MpOTOTUNAM, B (OpPME CHCTEMATHYECKON CUMYIIAINH, TaK U K KOHEUHBIM
npoaykTtaM. M3BecTHbl ABa 0a30BBIX TOJXOJA: mecmuposauue 0eno2o
AWUKa, KOTJ1a BHYTPEHHSISI CTPYKTypa pean3aiiii MOKET HaOJII0AaThCs U
WHOTJIAa YaCTUYHO YIPABIATHCS (CTUMYJIUPOBATHCS), U MeCmuposaHue
yepnoeo suyuxa [8]. Bo BTopoM ciydae MOKeT ObITh MPOBEPEHA TOJIBKO
KOMMYHHKALIUSL MEXJIY TECTUPYEMOM CHUCTEMOW W OKpPYKEHUEM, a
BHYTPEHHSASI CTPYKTypa <«SIIIMKa» IMOJHOCTBIO CKpbITa OT Tecrepa. B
MPAKTUYECKUX OOCTOSTENHCTBAX TECTUPOBAHUE HAXOMMTCS TAC-TO MEXIY
STUMHU JIByMSI KPAWHUMH CIy4asiMU M UHOTZIA HA3bIBACTCS MecCmuposanuem
cepozo AauuKa.

HepeqnanM OCHOBHBIC BHJIbI TCCTOB.

1. Monyneabie Tecthl (Unit tests). Tect muiercs Ha Kiacc, OTACTbHBIM
MeTOa ATOro kimacca u T.J. OOBIYHO TPOBEPSETCS OJIUH CIICHAPHMA
KCIIOJB30BaHuUs Kjlacca, METOAa WM HHOTO MOIYJIS.
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2. DOyHKIHMOHAJIBHBIE TECThI. TECTHpyETCSs HE DJJIEeMEHT Koja, a
(GYHKIIMOHATBHOCTh. Takue TECTHI MO3BOJISIOT BBISBIATH CTPYKTYpPHBIC
OIIINOKH.

3. HpI/ICMOLIHLIG TCCTHI. HpOBCpHGTCfI, 4To IporpamMma acjiact UMCHHO TO,
YTO XOTCJI 3aKa34HK.

4. Ctpecc-tect. Tectupyercsi pabOTOCTIOCOOHOCTh TIPOTPAMMBI IO
CUJIBHOM Harpy3Komu.

5. Tect Ha nmypaka (monkey test). Ilporpamme momaroTcs ClydaiHbIC
BXOJ/IHBIC JaHHBIC, U TIPOBEPSIOTCS €€ PpabOTOCIOCOOHOCTh HAa TaKUX
JAHHBIX W  OTKA30yCTOMYMBOCTh. TarkKe TMPOBEPSCTCS HATUYHC
ys3BUMOCTeH. Takue TecThl OCOOEHHO BaKHBI IS  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, TIPU KOTOPOM MPOM30IILIA OIIHNOKA.

Pa3pa6orka yepe3 TecrupoBanue (Test-driven development)

OnHO¥ M3 TEXHOJIOTUH pa3pabOTKU MPOrPaMMHOIO 00CCIICUCHHUS SIBJIICTCS
paspabomka uepe3 mecmuposanue (test-driven development — TDD) [9].
OtMetum, uto TDD He sBISE€TCS TEXHOJOTHUEH mecmupoganusi. ITOT
IPOIIECC COCTOMT M3 KOPOTKHUX HTEPAlnii pa3pabOTKU MPOrpaMMBbl, Kaxaas
U3 KOTOPBIX COCTOUT U3 CIICAYIOIINX ITAIOB:

1. Hanwucaunwue tecra.

2. Kommwmsimust Tecta. TecT He AOMKEH KOMIWIMpPOBaThbes. Ecmu TecT
KOMIIMJIMPYETCSI, TO 3TO O3HAYAET, YTO CO3[1aHa CYILIHOCTh, KOTOpAs yxKe
IIPUCYTCTBYET.

3. YcTrpaHeHue ommMOKA KOMITUIISIUU.
3anyck Tecta. TecT He TODKEH IPOXOIUTh.

5. Hanucanme xona. Ilumercss MakCUMalIbHO TIPOCTOM KOJ, KAKOW TOJIBKO
BO3MOJKEH.

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

BTopoii u Tperud 3Tanbl BBIIOJHSIOTCS TOJBKO MHPU CO3JAHUM HOBBIX
MOJyJIEW WJIA KJIACCOB.

Korma mporpamMma HCHONB3yeT 00OpYAOBaHME, JOCTYIl K KOTOPOMY
3aTpyAHEH, TPUMEHSIOTCS MOK-00bexmbl uan moxku [9] (mocks). Moku —
9TO aBTOMATHYECKH CTE€HEPHPOBAHHBIC 3arilylIKH. TakKe MOKH MOTYT
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UCTIOJIB30BAThHCS IS TporpammupoBanus cBepxy BHU3 [10]. [{ns coznanus
MOK-OOBEKTOB CYIIECTBYIOT crernuaibubie  ¢peiimBopku  (RhinoMock,
NMock, JMock u ap.).

CpolicTBa pa3pabOTKu Yepe3 TECTUPOBAHUE!

0 MOAXOJ 3acTaBisIeT pa3padarTblBaTh NPOrpaMMy C TOYKH 3pPEHHUS
10JIb30BAaTES;

O OH 3aCTaBJIICT IMHMCATh KJIACCHI, HE3aBUCHUMBIC APYT OT Apyra,
0 TCECThI ABJIAIOTCA TAKXKC U I[OKYMGHTaI_[I/Ieﬁ K KOA4Y,

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

1.4. ®opmarnbHas Bepudunkayma

JIOTIONHAIOIMM METOJIOM K CHUMYJSILIMM U TECTUPOBAHUIO SIBISIETCA
CTPOTO€ 00KA3amenbCcmeo TOT0, UTO CUCTEMa paboTaeT KOppekTHo. Takas
MaTeMaTHuecKas JAEMOHCTPAlUsi KOPPEKTHOCTH CHCTEMBl Ha3bIBACTCA
Gopmanvrou eepugpuxayuen [11]. bazoBas uaes COCTOMT B TOM, YTOOBI
HOCTPOUTh  (OpMabHYIO (MaTEMaTHYECKYIO0) MOJIEIb HCCIEAYeMOM
CUCTEMBI, KOTOpas OTpaxaeT (CrneuupuuupyeT) BO3MOXKHOE IOBEICHHE
cucrembl. [Ipu 3TOM TpeOoBaHMSI KOPPEKTHOCTH 3alUCBIBAIOTCS B BHJE
dbopmanbHON cneyuguxayuu mpeboaruti, KOTOpas OTPAXKAET >KETAeMOe
noBegeHue cuctemMbl. Ha 0aze »3TuX JAByX chnenupuKanvii MOXKHO
dopManabHBIM  J1OKA3aTeIbCTBOM  IMPOBEPUTh,  JCHCTBUTENBHO  JIU
BO3MOXKHOE TIOBEJCHHME coryacyercss ¢ kenaembiM. [lockonbky uMeeT
MECTO BepU(HUKalusi B MaTeMaTUdeckor Qopme, NpeacTaBIeHUE O
COTJIACOBAaHHOCTU MOJKET OBbITh TOYHBIM, W BepU(PHUKALUs COCTOUT B
JI0Ka3aTeNbCTBE KOPPEKTHOCTU MO OTHOLIEHUIO K 3TOMY (OpMaIbHOMY
MIPEICTaBICHUIO.

st popManbHO# BepupUKaLMKU TPEOYIOTCS:

o Mogenb cucTeMbl, OOBIYHO COJEpXallasi MHOXECTBO COCTOSHUM,
KOTOphIE  XpaHAT HWHGOpPMALUIO O  3HAYCHUSIX  TEPEMEHHBIX,
MPOrpaMMHBIX CYETYMKAX U T.I., U OTHOIIEHHUE MEPEXOA0B, KOTOPOE
ONMCBHIBAET, KAK CUCTEMA NEPEXOIUT U3 OJHOTO COCTOSIHUA B APYTO€.

o Meron cnemuduKkanuu s BbIpaXkeHHs TpeOoBaHUM B (popmanbHOM
BU/IE.

0 MHOXECTBO MNpaBWI JOKAa3aTeJIbCTBA, I1O3BOJIAIOIIMX ONPENEIUTH,
yIIOBIIETBOPSIET JIU MOJIEIb C(POPMYIMPOBAHHBIM TPEOOBAHUSIM.

Jlmst Toro 4ToOBI 0o0Jiee KOHKPETHO TIOHATh, YTO HWMEETCS B BHIY,
pPacCMOTPUM CTOCO00, C TOMOIIBI0O KOTOPOTO MOTYT OBITH (POPMaIBLHO
BepU(DUIIMPOBAHBI TIOCIIEA0BATEIBHBIC TTPOTPAMMEBI.
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Bepuduxauus nmociaeaoBaTe/ibHbIX AJITOPUTMOB

OTOT TOJAXOJ MOXET OBbITh HCIOJB30BAaH I JI0Ka3aTelbCTBa
KOPPEKTHOCTH MOCIIEIOBATEILHBIX anropuTMoB [1, 12], Takux kak ObicTpas
COPTUPOBKA WJIM BBIYUCICHHE HAWMOOJBIIET0 OOIero AeNUTeNs JBYX
uenbix uncen. Kpatko omnwuimieM, kak oH pabotaer. OH HayumHaAETCsA C
dbopManmu3ay KEITAeMOr0 TIOBEAEHUS C HCIOJIB30BaHUEM TIpeln- U
MOCTYCJIOBUI Ha OCHOBE (OpPMYJ JIOTUKH MNpeaukaToB. CUHTAKCUC 3THUX
(bopMyIT MOKHO OIPENEIUTh, HATPUMED, CIEAYIOLUIUM 00pa3oM:

p=pl—el(pVvoe)
31eck p — 6a30BoE MpeAIOKeHHE (HAPUMED, «X PABHO 2%»), CHMBOI «— —
OTPHUIIAHUE, & CHMBOJ «\V» — JU3BIOHKIUSA. J[pyrue Joruveckue CBSI3KU
MOTYT OBITh OIPEICICHBI CICAYIONMM 00pazoM: ¢ A ¥ = —(—¢ Vv =),
true = ¢ v —p, false = —true u ¢ —> = —¢ v w. JI19 TPOCTOTHI OMYCTHM
KBaHTOPBI CYIIICCTBOBAHUS U BCCOOLTHOCTH.

IIpedycnogue ONMCHIBAET MHOXKECTBO HUCCIIEAYEMBIX CTAPTOBBIX COCTOSIHUN
(IOmyCTUMBIX 3HAYEHHUM BXOJIOB), & NOCHYCI08UE — MHOKECTBO KEITAEMBIX
(buHaTBHBIX cOCTOSTHUM (TpeOyeMbIX 3HaueHud BeIxoa0B). Korma mpen- u
MOCTYCJIOBUSL  (hOpPMAJIM30BaHbl, AJITOPUTM KOAUPYETCS B HEKOTOPOM
aOCTpaKTHOM TICEBIIOKOZE, W TIO IIaraM JOKa3bIBaeTCs, 4YTO OH
YAOBJIETBOPSET Criel(pUKAIUH.

JIJis mOCTpOoeHusl 0Ka3aTeNbCTB MCHIOIB3YETCA (POpMAbHAsL cucmema —
MHO>KECTBO Hpasuil 6v1600a. DT TpaBuia OOBIYHO COOTBETCTBYIOT
MOCTPOCHUIO TporpamMMbl (anroputMa). OHHU 3aMMCHIBAIOTCS CIICTYIOITUM
obOpazom:

{0} S{v}.

31ech ¢ — IpeAyCIIOBUE, S — MPOTPaMMHBINA ONIEPaTOp, a ¥ — MOCTYCIOBHE.
Tpoiika {p} S {w} usBectHa kak mpotixa Xoapa [13] v Ha3BaHa B 4YeCTh
OJIHOTO W3 THOHEPOB B oOmactu GopMaIbHOW  BepUPHUKAIIH
KOMIBIOTePHBIX TporpamMM. CyIIECTBYIOT JIBE HMHTEPIPETALUU TPOCK
Xoapa B 3aBHCHMOCTH OT TOTO, YaCTHYHAs WM TOTAJbHAs KOPPEKTHOCTh
paccMaTpUBaeTCH.

o Dopmyna {¢} S {y} Ha3BIBacTCI UacmuuHO KOPPEeKMHOU, €CIN KaKI0€
ocmanasnuéaroujeecs: BBIYACICHUE S, CTapTyIOIlee B COCTOSIHUH, B
KOTOPOM BBINOJHSAETCS ¢, (DUHUIIMPYET B COCTOSHHH, B KOTOPOM
BBITTOJTHSACTCS .

o @opmyna {p} S {y} Ha3BIBacTCA MomanbHO KOPPEeKMHOU, €CIIA KaKI0e
BBIYKCIICHUE S, CTAPTYIOIIEEe B COCTOSHHIM, B KOTOPOM BBIMOJHSECTCS ¢,
ocmanaenueaemcsi W QUHHIIAPYET B  COCTOSHHHM, B KOTOPOM
BBITTOJTHSIETCS .
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Takum o6pa30M, B CJIydac YaCTUYHOU KOPPCKTHOCTHU HEC ACIACTCA HUKAKUX
HpC,ZIHOJIO}KCHI/Iﬁ OTHOCHUTCJIIBHO BBIUHCJICHUU S, KOTOPBIC HC
OCTaHaBJIMBArOTCsI, a 3aBHCAlOT. B IlaJII)HeI\/JIHII/IX 00BICHESHUIX
pacCMaTpuBaACTCA YaCTHIHAA KOPPCKTHOCTD, CCJIN HE CKA3aHO O6paTHOG.

OcHoBHas uaes noaxona Xoapa — J0Ka3blBaTb KOPPEKTHOCTH IPOrPaMM Ha
CUHTAaKCUYECKOM YpPOBHE, MCIOJIb3Ys JINIIb TPOMKH ONPEACICHHON BBIIIE
bopMBI. JleTepMUHAPOBAaHHbBIE IIOCJIEI0BATEIBHBIE IIPOTPaMMBI
KOHCTPYUPYIOTCS I10 CIEAYIOLIEN IPAMMATHKE:

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

3neck SKip — oTcyTcTBHE onepanyu, X (= E — mpucBanBanue BeipaxkeHus E
nepeMeHHoM X (mpeamnonaraercs, 94To X U E umerot oguHakoBeiid M), S; S
— KoMIo3uLMs oneparopoB. [locnennue nBa — anpTepHATUBA U UTEpaLus,
COOTBETCTBEHHO (B — OyneBo BeIpaxkeHue).

[IpaBuna BbIBOAA JOJDKHBI YUTATHCA CICAYIOIIMM 00pa3oM: €Clid BCe
YCIIOBHUSI, PACIIOJOKEHHBIE BBIIIE YEpPThl, BEPHBI, TOT/Aa CIEJICTBUE IO/
4yepToi Toke BepHO. J[is mpaBuil ¢ ycjaoBueM IrU€ 3amUChIBAETCS TOIBKO
ClIe/ICTBHE. DTH TpaBUjia BBIBOJIA HA3BIBAIOTCS akcuomamu. DopmaibHas
cUCTEeMa [UJIsl  IOCJENOBATENbHBIX JICTEPMUHUPOBAHHBIX  MPOrPAMM
n3o0paxeHa B Tabu. 1.1.

Tabnuua 1.1. dopmanbHas cuctema ANd  4YacTUYHOM  KOPPEKTHOCTU
nocrnegoBaTesbHbIX MporpaMm

Axcuoma s skip {p}skip{p}
Axcuoma 1151 NPUCBAUBAHUS {(p[X =k] } x:=k {€0}

oSz} xS v
{(0}81;82{‘//}

loABS iy}, {pA—B S, {y}

HOCH@I{OB&TGJ’IBH&H KOMIIO3HUIIHA

AnpTepHaTHBa {p}if Bthen S, else S, fi{y }
. {go/\ B }S {(p }
Teparyst {p}whileBdo S od{pA—B}
p=¢ {p}Sly'} v =y
CrnencrBue
{o)Siy}

ITpaBuio BeIBOAA [uIs oneparopa SKip, KOTOPBIH HUYEro He JejaeT, BIOIHE
OKHJIa€MO: TIPU JIFOOBIX YCJIOBHSIX, €CIM (@ BEPHO IEpe]] OnepaTopom, TO
OHO BEPHO U I1OCJIE HETO.

B cooTBeTcTBMM C aKCMOMOH i1 TNPUCBaMBAaHWS, HAYMHAKOT C
TIOCTYCJIOBHSL ¢ ¥ OTIPECISIOT MPEAYCIOBHE MOJICTAHOBKOM ¢[X = K]. DTa
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MOJICTAHOBKAa O3HauaeT GopMyily @, B KOTOPOM BO BCEX BXOXKICHUSIX X
3ameHeHo Ha K. Hammpumep,

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

Ecau nporiecce qokas3aTenbCTBa HAUMHACTCS ¢ aHAJIW3a [TOCTYCIIOBUSA, TO €TI0
OOBIYHO TPUMEHSIOT MOCJIEAOBATEIbHO K YacTAM IPOrpaMMbl TaKUM
o0pa3oM, 4YTO B KOHLE MOYHO J0Ka3aTb IPENYyCIOBHE Ui BCEU
IIPOTrPaMMBL.

[IpaBWiIO0 MOCIENOBATENBHON KOMITO3UIMU HCIIOIB3YET MPOMEXYTOUYHBIN
OpeauKaT y, KOTOpPBbI XapakTepu3yeT (QUHAIBHOE COCTOSHHE S; H
CTapTOBOE COCTOSTHUE ).

[IpaBuno ampTepHATHUBBI HMCHOJB3YeT OYyJIeBO BhIpakeHHE B, 3HaueHUE
KOTOPOTO OTPEIEIAET, YTO MMEHHO UCTIOTHACTCS: S1 W S,.

[IpaBuno npns wurepauuu TpedyeT mnoscHeHus. OHO ompenensier, 4To
npeauKar ¢ BeIodHseTcss Tmociae okonuanws While B do Sod, ecnu
COpPABEAJIUBOCTh ¢ MOXKET OBbITh MOJJEp)KaHa B TEUEHHUE KaXKIOro
UCTIOJIHEHUS Tena LuKiIa S. OTo OOBICHAET, MOYEMY ¢ Ha3bIBaeTCA
uneapuanmom. OIHA U3 OCHOBHBIX TPYOHOCTEH B J0OKa3aTeJIbCTBE
NPaBUIBHOCTH MPOrpaMM C TOMOIIBIO PacCMaTpUBAEMOIO IMOJIX0Ja
COCTOMT B HaXOXJCHHHM NOIXOIAIIMX WHBAPUAHTOB. B uacTHOCTH, 3TO
YCIIOKHSIET aBTOMATU3ALIMIO TAKUX J10KA3aTEIbCTB.

Bce paccMmoTpeHHbIE TTpaBuiia OpUEHTUPOBAHBI HA TAKOW CUHTAKCHUC, YTO
KaXJO0M CHHTAaKCMYECKOM KOHCTPYKLIMU COOTBETCTBYET NPABUIIO BBIBOJA.
DTO OTiIMYaeTcsi OT MpaBHIIA CIEJACTBHS, KOTOPOE YCTAaHABIIUBAET CBS3b
MeXIy BepudUKaImen mporpamMm 1 JIOTUKOM.

[IpaBuno cneAcTBUS TMO3BOJSET YCHJIMBATh TMPEAYCIOBHUS U OCIA0IATh
noctycnoBusi. [Ipu 3ToM 0OHO OOeryaeT MpUMEHEHUE OCTAIBHBIX TMPABHUIL
B uwacTtHOCTH, 3TO NpPaBWIO MO3BOJSET 3aMEHATH IPEA- U IMOCTYCIOBUS
DKBUBAJICHTHBIMU. T€M HE MEHEe, CIIENYEeT OTMETUTh, UTO JOKA3aTEIbCTBO
UMILUIMKAIUNA BUAA @ = @' B 00IIEM Cllyuae Hepa3pelnmo.

Tenepb 00CYyIUM TOTaJbHYIO KOPPEKTHOCTh. CHUCTEMBI JOKa3aTEIbCTB B
Taba. 1.1 HegocTaTOYHO IS IOKA3aTeJILCTBA TOTO, UYTO ITOCJIEA0BATEIbLHAS

porpamma OCTaHaBJIMBAETCHI. EnuncrBeHHas CUHTaKCUYeCKas
KOHCTPYKIUSI,  KOTOpash ~ MOXET BEeCTH K  3aBucaronuMm  (He
OCTAHABJIMBAIOIIUMCS)  BBIYMCIEHMSIM, — 3TO  wurepauusa. Jns

JI0Ka3aTeyIbCTBA HAJIMYMUSA OCTAHOBA MOYKHO YCWJIMTH IIPABUJIO BBIBOJA IS
UTEPAIH CIICTYIOITIM 00pa3oM:
{pAB}S{p}, {pABAN=N}S{n<N}, ¢p=n20
{ }while B do S od{pr—B }
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3nech BcriomorareabHas nepemenHas N He BXoauT B ¢, B, n wim S. Cmbicn
ATOTO MpaBHIIa 3aKITHOYAETCS B TOM, 4TO N sBJISIETCSI CTAPTOBBIM 3HAYECHUEM
N, ¥ Ha KaXJOW WTEpallMM 3HAYEHUE N YMEHBIIAETCSA, HO OCTAETCS
HEOTPUUATEIbHBIM. JTa KOHCTPYKIUS B TOYHOCTH JIMKBUIAUPYET
OECKOHEYHbIE BBIYMCIICHHUS, TaK KaK N HE MOXKET YMEHbIIIAThCsS OECKOHEYHO
yacto 0e3 HapymieHust ycioBuss N > 0. IlepemeHHas N Ha3bIBaeTcs
8apUAHmMo.

q)OpMaJIbHaﬂ Bepm[)mcauml nmapajajacjbHbIX CUCTEM

[Tycte nmast omepatopoB S; M S, KOHCTpyKumus S ||S; o0o3nauaer
napaieIbHYI0  KOMIIO3HMIIMIO 3TUX  omepaTopoB. (OCHOBHBIM ISt
npuMeHeHus: (opMaTbHON Bepu(HUKaMd K TapajuIeIbHBIM MPOrpaMMaMm
SBJIIETCSI CIIEYIOIIee MPAaBUIIO BHIBOJIA:

le}Siiv ) o' 1S v}
{ong' 1S 1S, {way' |-

DT0 NpaBUIIO MO3BOJISET BEPUBUIIUPOBATH ApAILIEIbHBIE CUCTEMBI TEM KE
MyTeM, YTO W IIOCJIENOBaTeIbHBIC, pacCMaTpHUBas YacTH MPOTPaMM IIO
OTIIEJLHOCTH. BBUIly B3aUMOJEUCTBUS MEXKIY S; U S; XOTs Obl 3a CYET
JIOCTyTa K pa3iefiieMbIM MEPEeMEHHBIM WM OOMEHa COOOUICHUSMHU, ITO
MPaBUJIO, K COXKAJICHUIO, B OOIIEM ciydyae HEBepHO. MHOro ycuiuii ObLIo
NPUJIOKEHO K IOJyYEHHWIO IpaBHJ BbIBOJA oOmucaHHON (opmbr [14].
Cy1iecTByeT HECKOJIBKO MPUYHH, TOYEMY JOCTHYb 3TOTO HEMPOCTO.

BBeagenne mapamienusmMa 1O CYIIECTBY HPHUBOJUT K  BBEICHHIO
HedemepMuHuzmMa. DTO O3HAYAET, 4YTO JUIsl MapajuleNbHBIX IPOTpPaMM,
KOTOpBbIE  B3aUMOJEWCTBYIOT IIYT€M HCHOJB30BAHMS  Pa3AEIIIEMBIX
NEPEMEHHBIX, IMOBEJEHUE HA BXOJIE-BBIXOJI€ CYIIECTBEHHO 3aBUCUT OT
NopsJiKa, B KOTOPOM K 3THUM OOIIMM NEPEMEHHBIM MOJIYYEH JAOCTYII.

Hampumep, ecnmu S; — 310 X :=X+2, S; — 910 X=X+ 1;X:=X+1 1m S3 —
910 X := 0, 3Ha4YeHue X mocie BhIMoNHEeHUs Sy || S3 MoxeT ObITh 0 wiH 2, a
3HAYCHUE X TIOCIIE BBIMIOJIHEHUS S; || S3 MoxeT ObiTh 0, 1 min 2. Paznudanbie
3HAYEHUs Uil X 3aBUCST OT MOpPsSJKa BBINOJHEHUS ONEpPaTopoB B S; U S
wm S, u S3. bomee TOro, HeECMOTpPS Ha TO, YTO BXOJHOE-BBIXOJIHOE
noBeAeHUE S; W S, wmaeHTHYHO (yBeNMMUYEGHHWE X HA 2), HET HHUKaKOH
rapaHTHH, YTO 3TO OyJET BEpHO B MapayljieIbHOM KOHTEKCTE.

[TapamnenbHble MPOLECCHl MOTEHUUAIBLHO MOTYT B3aMMOJIEWCTBOBATH B
1100011 MOMEHT MX MCIIOJHEHUS, a HE TOJIbKO B Havasie BeiunciaeHus. Ecou
TpeOyeTcs chaenaThb BBIBOJ O TOM, KakK TMapajjiesibHbIe POrpaMMBI
B3aMMOJICUCTBYIOT, HEJOCTATOYHO 3HATh CBOMCTBA HX CTapTOBBIX H
¢buHanpHBIX cocTosiHUM. HeoOxomumo Takxke ymeTbh (QOpMUPOBATh
CYXJCHHS O TOM, UTO MPOUCXOJIUT 680 6pems BbIUUCIeHUs. Takum oOpazom,
CBOMCTBA JIOJDKHBI CChUIATBCA HE TOJIBKO HAa CTapTOBbIE U (DHUHAIBHBIE
COCTOSIHUS, HO M HA CAMH BBIYMCIICHUSL.
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OcHoBHast mpoOjemMa  KJIACCHMYECKOTo MOAXoJa K  Bepudukauuu
NapajuIeTbHBIX U PEAKTHUBHBIX CHUCTEM COCTOMT B TOM, KaK OOBSCHEHO
BEIIIIE, YTO BepUUKANMSI TOJHOCTBIO (OKycHpyeTcss Ha wujiee, Kak
nporpaMMa BBIYMCISIET (PYHKIMIO OT BXOJOB K Bbixoxam. [Ipu stom
3aJjaHbl HEKOTOpbIE JOMYCTUMBIE BXOJbl U BBIPAOATHIBAIOTCS HEKOTOPHIC
JKeJlaeMble BBIXOMbI. {151 mapaienbHbIX CUCTEM BBIUYKCICHHE OOBIYHO HE
3aBepIIaeTCs, M KOPPEKTHOCTb 3aBUCUT OT TIOBEACHUS CHUCTEMBI BO
BPEMEHH, a HE TOJbKO OT KOHEYHOTO pe3yJbTaTa BBIYUCICHHUA (eciu
TOJILKO OHO BOOOIIIE 3aBepIiaercs). [ 1obanpHble CBONCTBA MapalieIbHbBIX
OporpaMM 4YacTo HE MOTYT OBITh CQOPMYIHPOBaHBI B TEpMHUHAX
OTHOIIIEHUH MEXy BXOJIaMU U BBIXOJIaMHU.

bouin  cpenmaHbl  pa3nUyHBIE  TOMBITKM  O0OOIIUTH  KJIACCHYECKYIO
dopMynbHYIO Bepu(UKalMIO Ha MapayieNbHble MporpaMMmbl. Bauay
B3aMMOJCHCTBUSI MEXIy KOMIIOHEHTaMU IIpaBWJia BBIBOJA OOBIYHO
JIOBOJIBHO CJIOXKHBI, U TOJHas pa3paboTka (GopMaibHOM CHCTEMBI ISt
NapaJUIebHBIX CHUCTEM, KOTOPbIE MOIYT B3aUMOJEHCTBOBaTh IIyTEM
VCITOJIB30BAHUS Pa3/IesIeMbIX [IEPEMEHHBIX WIN MYTEM (CUHXPOHHOTO WJIU
ACMHXPOHHOr0) oOMeHa CcooOmeHus MU, 3atpyansaercs. l[lostomy s
peabHBIX CHUCTEM J0Ka3aTeJIbCTBA B TAKOM CTUJIE OOBIYHO CTAaHOBSITCS
OueHb OoNbIIMMU U CIOXHBIMU. Ilpu »3TOM Tpelyercs ydecTb
B3aMMOJICUCTBHE C MOJB30BATENIEM U YIPAaBJICHUE OT HETO (B YaCTHOCTH, B
dopMe TmouCKka MNOAXOASIIMX HHBapuaHToB). Kak pe3ynpTaT, Takue
J0Ka3aTeNbCTBA OYEHb TIPOMO3JKH, HEYCTOMUMBBI K OLIMOKaMm, U
OpraHU30BaTh WX B OHATHOU (pOpMeE 3aTPyTHUTEIBHO.

TemmnopanbHas JIOruKa

Kak ObUIO OTMEUEHO BBINIE, KOPPEKTHOCTh PEAKTUBHBIX CHUCTEM
paccMaTpUBaeTC NPUMEHHUTEIIBHO K TMOBEACHUID CHCTEM B TEUYCHHUE
BPEMEHH, a HE TOJIBKO K B3aMMOOTHOIIEHUSIM MEXAY BXOJAaMU U BBIXOIaMU
(mpen- ¥ TMOCTYCIOBUSIMHM) BBIYUCIICHHUS, TaK KaK OOBIYHO BBIYMCIICHUS
PEAKTUBHBIX CHUCTEM HE 3aBepmarTcs. PaccmoTpum, Hampumep,
KOMMYHHKAIIMOHHBIA TPOTOKOJ MEXIy AByMs areHTamu (OTIPaBUTENIEM U
MOJTyYaTesieM), KOTOpbIE COCAWHEHBI JIBYCTOPOHHMM KaHajioM CBs3u. B
3TOM CJIy4ae CBOKMCTBO

«ecnu mipotiecc P mockiiaeT cooOIIeHre, OH He MONUIET CIEAYOIIee
COOOIIIEHHE JI0 TeX TOP, TTOKA HE MPUMET MOATBEPKICHUS

HE MOXKET OBITh CPOPMYIUPOBAHO B TEPMHUHAX MIPEI- U TTOCTYCIOBUH.

st Toro 4ToOBI 00eTYuTh (POopMaTbHYIO CHEenU(PHUKANNI0 TOI00HBIX
CBOMCTB, MPOIO3HMIIMOHATIbHAS JIOTMKA JOJDKHA OBITH  pacIidpeHa
oriepaTopaMu, KOTOPBIE CCHUIAIOTCS HA MOBEACHNUE CHCTEMBI BO BPEMEHH.

U (until) u G (globally) — sto npuMeps! oepaTopoB, KOTOPHIE OTHOCITCS K
IIOCIICAOBATEIBLHOCTAM COCTOSIHHI (TaKMM Kak, HAIpUMEpP, BBIYMCIICHUS).
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Ilpu stom ¢ Uy o3HAaYaeT, 4TO CBOWCTBO ¢ BBIMOJHICTCS BO BCEX
COCTOSIHUSIX JIO TEX IOp, MMOKa He OyJIET TOCTUTHYTO COCTOSIHUE, B KOTOPOM
BBIMIOJIHsACTCS Y, a G ¢ oO3Ha4yaer, 4YTO BCErJa, BO BCEX OyIymIux
COCTOSIHUSIX ~ BBINIOJIHSACTCS . MICmonb3ys 3TH  ONEpaTopbl, MOYKHO
(dopMaM30BaTh OIMCAHHOE BBINIE CBOWCTBO TPOTOKOJIA, HAMpUMED,
CJIETYIOIITUM 00pa3oM:

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

WNuaye roBopsi, eciau cooOmieHue M mocjaHo mpoueccom P, To 3TOT
npoliecc He Mepeaact cieayroliee coodmeHne Nxt(m), moka He MOJTYYHUT
MOATBEPKICHUE.

Jloruku, paclIMpeHHbIE OIlepaTOpaMH, KOTOPbIE IO3BOJISIIOT BbIpaXaTh
CBOMCTBa O BBIYHCICHUSX (B YaCTHOCTH, KOTOPBIE MOTYT BBIPAXAaTh
CBOMCTBa O B3aUMHOM TMOPSJKE MEXKAy COOBITUSIMH), HA3bIBAOTCS
MeMnOPaIbHLIMU J102UKAMU. ITU JOTUKU B MHPOpMATUKY BBed A. [IHya1n
[15, 16]. TemmopayibHbIe JOTHKH — 3TO IIUPOKO HCIOJIB3YEMBIH METOJ
cnenupUKauu 1J1s BIPaXKEHHSI CBOMCTB BBIUUCIEHUN PEAKTUBHBIX CHCTEM
Ha JIOBOJIbHO BBICOKOM YPOBHE a0CTpaKLHUU.

Takum ke cmocoOoM, Kak W B BepuU(UKALUM TOCJIEI0BATEIbHBIX
pOorpaMmM, MOKHO MOCTPOUTH MTPaBUIIa BBIBOJIA JJI1 TEMIIOPAILHON JIOTHKHU
(1 peakTHBHBIX CHCTEM) M JIOKA3bIBaTh KOPPEKTHOCTh 3THUX CHUCTEM TEM
e TIOJIXOJIOM, KaK ObUIO MOKAa3aHO JJIA IMOCJEI0BaTEeIbHBIX MPOrpamMM C
UCIIOJIb30BAaHUEM  TMpeaukatoB. Hegocratku Meroga  BepudUKAIUU
JIOKA3aTeNIbCTB, KOTOPBIN TpeOyeT OOJBIIOro YeJIOBEUECKOro Tpy/a, Takue
e, KakK Uil TPOBEPKU MApaUIENbHBIX CUCTEM: JO0Ka3aTeIbCTBa
I'POMO3JIKHE, TPYAOEMKHE 151 TpeOyIoT BBICOKOTO YpOBHS
MOJIb30BATENBCKOTO YIIPABIICHHUS.

B naHHOW KHUTE paccMmaTpuBaeTcsi APYrod TUN MeTona (popMajbHON
Bepu(UKaMU, KOTOpbIM Oa3upyercs Ha TEMIIOPAJIbHOW JIOTHMKE, HO,
BOOOIIE TOBOPsI, TPEOYET MEHBILETO BOBJICUEHUS MOJIb30BATEINS B IIPOLIECC
Bepupukanuu. OH Ha3bIBAETCS NPOBEPKOU MOOeel.

1.5. lNposepka moaenen

OcHOBHas uaess METOJa, KOTOPBINA Ha3bIBaeTCsa nposepkoi mooenen (model
checking) [1,17,18], coctouT B 3amycke alrOpUTMOB, HCIOJHIEMBIX
KOMIIBIOTEPOM, JIJIS IPOBEPKU KOPPEKTHOCTH CHCTEM.

[Ipy wWcronb30BaHWK 3TOrO MOJXOJA IOJB30BAaTENIb BBOAUT ONUCAHUE
MOJIENIA CHUCTEMBI (BO3MOXXHOE TIOBENICHWE) W OMHCAHUE CHerupuKamm
TpeboBaHMl (KellaeMOe MOBEJCHKE), a BEPUPHUKALUIO TPOBOJUT MAIIMHA.
Ecnu ommbOka HalieHa, WHCTPYMEHTAJIbHOE CpeAcTBO (BepudukaTop)
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IPEOCTABIISAET KOHTPIIpUMED, MOKa3bIBAIOLIUI npu KaKHX
oOcTosATEeNbCTBAX OIMOKa MOXXET ObITh oOHapyxeHa. KoHTtprpumep
OpejcTaBiIsieT CcoOOM  ClieHapuil, B KOTOpPOM MOJENb BeEIET ceos
HEeKeNaTeNlbHbIM 00pa3oM. OH CBHUJETENBCTBYET O TOM, 4YTO MOJENb
HEBEpPHA M JOJDKHA ObITh MCIIpaBieHAa . DTO MO3BOJACT IOIb30BATEIIO
OOHApYXUTh OIIMOKY M UCHPABUTH CHEHU(PHUKAIIMIO MOAETHU TEpel TeM,
KaK MPOJOJKUTH Bepuukanuo. Ecinu Hu ogHON OmHMOKH HE HalIeHO, TO
BepHU(pUKALMS MOXKET ObITh 3aKOHUEHA WJIH TOJIH30BATENb MOKET YTOUYHUTD
Mojzielb (MPUHSB BO BHUMAaHHE OOJIbIIE MPOEKTHBIX PEIICHHM, TaK YTO
MOJIEJIb CTAHOBUTCS 00Jiee KOHKPETHOM M PEaTUCTUYHOM) M IOBTOPUTH
nporecc Bepudukanuu. Cxema MpoBEpKU Mojeliel mpuBeaeHa Ha puc. 1.3.

IIpoBepsaemas
POBep TpeboBanus
cucrema
Modenuposanue dopmanuzayus
Mopenb cucTeMbl Crernuduxanus TpeboBaHHHA

(BO3MOXHOE MTOBEICHHUE) (xemaeMoe MOBEICHHUE)

npogepums

UBMEHUMb
oanee

Bepuduxarop

KonTpnpumep

VAYYUUMD

Puc. 1.3. [Iposepka moneneit

AJTOPUTMBI IPOBEPKU MOJIENIel 0OBIYHO 0a3upPYIOTCA HA UCUepnbléaouem
0030pe MHOJICecmea 6cex COCMOAHUL MOJEIH CHUCTEMBI: ISl KaXKIOTO
COCTOSIHHSI CHCTEMBI TIPOBEPSIETCS, «BEIET JHU OHO ce0s KOPPEKTHO» —
YAOBJIETBOPSET JU TpeOyeMoMy CBOMCTBY. B camoii mpoctoii ¢popme 3TOT
METOJT M3BECTEH Kak aHaiu3 odocmudcumocmu. Hampumep, mycTh

B HexkoTopeix ciydasx dopmanbHas cruerudukanus TpeOOBaHUNM MOXKET OBITh
HEBEpHAa, B TOM CMbICJIE, YTO BEPHU(PHUKATOP MPOBEPSET HEUYTO, YTO MOJb30BATEIbh HE
XO0TeN MpoBepsATh. B 3TOM ciydyae moip30BaTeNb, BEPOSATHO, AOMYCTUI OIIMOKY B
dbopmanmzanuu TpedOBaHUN.
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TpeOyeTCsl BBIAICHUTH, MOKET JIM CUCTEMA MOMNACTh B COCTOSIHUE, B KOTOPOM
BBIUUCIICHUEC HE MOXKET MPOJODKATHCS (Tak Has3biBaeMas O10kupoexa). B
ATOM CJy4yae JIOCTaTOYHO OIPEAEIUTh BCE AOCTHKHUMBIE COCTOSIHUS U
BBIICHUTh, CYIIECTBYET JIM JIOCTHKHMOE COCTOSIHUE, B KOTOPOM
BBIYKCIICHUE OJIOKUPYETCs. AHANU3 JTOCTUAKUMOCTH MPUMEHHM TOJBKO K
JI0OKa3aTEIbCTBY OTCYTCTBUS OJIOKHUPOBOK 151 JI0KA3aTEIIbCTBY
VHBAapPUAHTHBIX CBOWCTB, KOTOPBIE BBIMOJHSIIOTCA B TEUYEHUE BCETO
BBIYUCJIEHUS. DTOT0 HEAOCTATOYHO, HAIPUMEP, M1 KOMMYHUKAIIMOHHBIX
MPOTOKOJIOB, JJISi KOTOPBIX OJHUM W3 BaXHBIX CBOWCTB SIBIISIETCA
CIIEIyIOLIEE: €CIIA COOOIIEHHE ITOCIAHO, TO OHO O00f3aTeNbHO KOTJa-
HUOYIb OyAeT moiydeHo. Takue TUIBI CBOMCTB HE TMMOKPBIBAIOTCS OOBIYHOM
MIPOBEPKON JOCTUKUMOCTH.

[IpOoTOKOJIBI MOAETUPYIOTCS MHOKECTBAMUA KOHEYHBIX aBTOMATOB, KOTOPBIE
B3aUMOJICHCTBYIOT IIyTE€M AaCHHXPOHHOrOo oOMeHa coobmeHusmMu [19].
HaunHast co cTapTOBOro COCTOSIHUSI CHCTEMBI, KOTOPOE BBIPAXKAETCA B
TEpPMUHAX COCTOSHHMM B3aUMOJCUCTBYIOIIMX aBTOMAaToB U Oydepos
COOOILIEHUH, OIpPENEsIOTCS BCE COCTOSHUS CHUCTEMBI, KOTOpPbIE MOLYT
ObITh JOCTUTHYTHI IyTeM oOMeHa cooOmeHusMu. [IpoBepka mopaenei
MOXKET pacCMaTpUBATHCS KaK MPEEMHHK 3TUX PAaHHHUX METOJOB 0030pa
BCEX COCTOSIHUM mJi1 MpOTOKOJOB. OHA TMO3BOJISIET MPOBEPSTH OoJiee
LHIMPOKUN KJIACC CBOMCTB M YIIPABIIIET MHOXKECTBAMHU COCTOSHHMM TOpas3ao
addexTrBHEE, YEM PAaHHUE METO/IBI.

MeToabl IpoBepKU MojaesIei

M3BecTHBI ABa MOAXOAa B MPOBEPKE MOJETCH, KOTOPBIE pa3InyaroTcs B
OTHOIIEHWM TOTO, KaK OIKCHIBACTCS  IKEJIAeMOE TOBEJCHHE —
cneruukaus TpeOOBaHMIA:

o Jloeuueckuti unu pazHopoowuwiii nooxoo. B 3TOM ciydae jxelaemoe
TIOBEJICHUE CUCTEMBI OTHCHIBACTCS MyTeM (DOPMYITHPOBKA MHOXKECTBA
CBOWCTB B MOJXOMASAIICH JIOTMKE (TEMIOPAJbHOW MM MOJIAIbHOM).
Cucrema OOBIYHO MOJCIHUPYETCS KaK KOHCUHBIM aBTOMAaT, B KOTOPOM
COCTOSHUSI OTPAXKAIOT 3HAYCHHSI TICPEMEHHBIX W  YIPABISIONINE
MO3UIMH, a TIEPEXO0JIbl YKA3hIBAIOT, KAK CHCTEMa MOXET U3MEHSTH OJTHO
cocrosiHue Ha apyroe. CUCTeMa CUMTACTCS KOPPEKTHOM MO OTHONICHUIO
K TpeOOBaHMSM, €CIIM 3aJaHHOEC MHOXECTBO HAYajdbHBIX COCTOSHUMN
BBIMOJIHSICT 9TH TPEOOBAHUSI.

a [llogedenueckuti unu 0OHOPOOHBIIL NOOX00. B 3TOM cilyuae u keliaemoe,
1 BO3MOYKHOE MOBEJEHHUE 3aJar0TCsI B OJHOM M TOMW K€ HOTaIUU
(aBTOMaToOM), U B KaueCTBE KPUTEPHUS KOPPEKTHOCTU HCIHOJIB3YIOTCS
OTHOILIEHUS] SKBUBAJICHTHOCTH (WM mpeanopsaku). OTHOILICHUS
HKBUBAJICHTHOCTH OOBIYHO (PUKCHUPYIOT TMPEJCTABICHUS BHUAA «BEACT
ce0s Tak K€ Kak», TOT/Ia KaK OTHOIICHHWS MpeArnopsaka 0003HAYaIOT
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NpeACTaBlIeHUs] BHUIA «BEAET ce0s KaKk MHUHHUMYM TaK XK€ Kak».
ITockoONIbKY CYIIECTBYIOT pPa3Hble B3IMUISIABI OTHOCHUTEIBLHO TOTO, YTO
O3HayaeT Il JIBYX MPOILIECCOB «BECTH ce0sl OAMHAKOBO» (MM «BECTH
KaK MHHHMYM TaK K€ Kak»), TO ONpeAcICHbl pa3IudHbIC
npeACTaBieHus] 00 ASKBHUBAJICHTHOCTSAX M mpeanopsakax. OXHUM U3
HanOoJee W3BECTHBIX MPEJCTABICHUI HKBUBAJICHTHOCTH SIBIISCTCS
JIBOMHOE MOJIEIUPOBAHUE, B KOTOPOM JIBA aBTOMATa MOJIECIUPYIOT APYT
Jpyra, €Clii OJJMH aBTOMAT MOXET CUMYJIUPOBATh KAXbIM IIar Ipyroro
aBTOMara M HaoOoOpoT. YacTo BCTpedaroIUMCs NpeACcTaBICHUEM
MPEANOpsIiKa SABISETCA BKIIOUEHHUE S3BIKOB. ABTOMAT A BKJIIOYAETCS B
aBToMar B, eciu Bce cnoBa, gomyckaeMbie A, TOMyCKalOTCA Takxke u B.
CucteMa cuyMTaeTCs KOPPEKTHOM, €CJIM JKEJaeMOe€ M BO3MOXKHOE
MOBEJICHUE OJKBUBAJCHTHBI (WMJIM YIOPSAAOUYCHBI) IO OTHOIICHUIO K
UCCIIEyeMOM SKBUBAJICHTHOCTHU (WJIH TIPEATIOPSIIKY ).

HecMoTpst Ha To, 4TO 00a 3TUX MOJIX0Ja KOHIIENTYaIbHO PA3IUYHBI, CBA3b
MEXIy HUMH MOXET ObITh YCTaHOBJIEHA clieyroniuMm oOpa3om. Jloruka
WHIYyIUPYET OTHOILLICHHE YKBUBAJICHTHOCTH HA CUCTEMAX TAK: JIBE CUCTEMBbI
SKBUBAJICHTHBI, €CIM U TOJIbKO €CJIM OHHM YJOBJIETBOPSIOT OJIMHAKOBBIM
dbopmynam.  HUcnonb3yss ATy  KOHUEMIMIO, MOXHO  YCTaHOBUTH
B3aMMOOTHOIIICHUSI MEXJYy JIOTUKOWM M OTHOIICHHSIMU SKBHUBAJICHTHOCTH.
Hampumep, u3BecTHO, YTO JBa aBTOMAara MOJEIUPYIOT IPYr ApYyTra, €CiH
OHU YNIOBJETBOPSIOT ONWHAKOBBIM Qopmynam soruku CTL, mmpoxo
MCMOJIb3YEMOW B IMpoLecce MNpoBEpKH Moaene. CBi3b MEXAY IBYMs
MOAXO0JaMU TEMEPh SICHA: €CIU JIBE MOJICTU YJIOBJICTBOPSIOT OJHUM U TEM
)K€ CBOMCTBaM (9TO TIPOBEPSAETCS C MCIOJb30BAaHUEM JIOTHYECKOTO
MOJX0/1a), TO OHU TIOBEJACHUYECKHM OJKBUBAJICHTHBI (3TO MOXKET OBITh
MIPOBEPEHO C HCIMOJIb30BAHUEM TOBEJIEHYECKOro Tmoaxoaa). OOparHbIi
nyTh 00Jiee MHTEPECEH, TaK Kak B OOIIEM Cilydae HEMPAKTUYHO MPOBEPITH
BCE CBOWCTBA B OIPENEIICHHON JIOTUKE, HO IMPOBEPKA SKBUBAJICHTHOCTEW,
TaKMX Kak JBOWMHOE MOJIETUPOBAHHE, MOXET ObITh MpojesiaHa
b dexTUBHO.

B nanHOW KHHMre ucmosib3yercs joruueckuii moaxon [20]. Tak kak 1o
CYIIECTBY 3/1ECh MPOBEPSIETCS, YTO OMUCAHUE CUCTEMBI SBISETCS MOIEIBIO
dbopmyI1 TEMIIOpPATBHOMN JIOTUKH, 3TOT JIOTUYECKUM TOAXO0]] IEPBOHAYAIBHO
Y Ha3bIBAJICS TIPOBEPKON MOJIEIIEH.

HcuepnbiBatonuii  0030p MHOXKECTBA COCTOSIHUWA  TapaHTUPOBAHHO
3aBEpIIACTCS BBULY KOHEYHOCTH MOJCIIH.

JlocTouHCTBAa IPOBEPKHU MOAeIeH

o DOTo 0bwuii no0Xo0 C TPUIIOKCHUSIMU K BepUPUKAIMK armapaTyphl,
nporpaMM, KOMMYHUKAIIMOHHBIX  IMPOTOKOJIOB,  MYJIBTHAr¢HTHBIX
CUCTEM, BCTPAMBACMbBIX CHCTEM U T. .

24



]

]

[Tonxon mommepKUBaeT yacmuunyro BEPUPHUKAIUIO: TPOCKT MOXKET
ObITh  BepHUPUIMPOBAH IO  YACTUYHOW  CHENMUPUKANUKA  TIPH
PAacCCMOTPEHUHU TOJBKO TOJMHOKECTBA BCceX TpeOoBaHUU. ITO
obOecrieunBaeT BBICOKYIO 3(DPEKTUBHOCTh MOAXO/Aa, TaK KaK MOYKHO
OTPAaHWYUTH BaIUAAINMIO IPOBEPKON HamOoJee BaKHBIX CBOWCTB,
WUTHOPUPYS TPOBEPKY MEHEE BaXKHBIX, 3aTO BBIYMCIHTEIHLHO OoJiee
JOpOTHX TPEOOBAHUIA.

BcTpanBanne mnpoBepKH MOJAENEW B INPOLECC IPOCKTUPOBAHHS HE
TpeOyeT OoJbpllle BpPEMEHH, YEM CHUMYJSILHS U TECTUPOBAHUE.
B HEKOTOpPBIX CilydasX UCHOJIb30BAaHUE MPOBEPKH MOJAENIEH MPUBOAMUT K
YMEHBIIIEHUIO BpeMeHu pa3pabotku. Kpome Toro, Onaromaps
UCIIOJIb30BAHUIO  COOTBETCTBYIOIIMX  METONOB, NPOrpaMMbl IS
OPOBEpPKU MoOfeled MOryT paboTaTh € JOCTaTOYHO OOJBLIIMMU
IPOCTPAHCTBAMHU COCTOSIHHMA.

[Iporpammsel Jyisi IPOBEPKU MOjieNiel MOTEHIUAIBHO MOTYT pe2yspHO
UCNONIb308aMbCsl CHEIUATUCTAMU 10 pa3paboTKe CHCTEM C TOH Ke
JIETKOCTBIO, C KaKOW MPUMEHSIOTCS, HAlIpUMep, KOMITUIIATOPHI, TaK Kak
IpoBepka Mojeniell He TpeOyeT BBICOKON CTENEHU B3aUMOJCHCTBUS C
M0JIb30BaTENIEM.

Haoeorcnvtit - mamemamuueckuti  ¢oynoamenm:  MOJEIMPOBAHUE,
CEMaHTHKa, JIOTUKA W TEOpPUS AaBTOMATOB, CTPYKTYpPhl ITaHHBIX,
aIropuTMbI Ha Tpadax.

OrpanuyeHusi NIPOBEPKH MOJeJIeH

['1aBHBIE OrpaHUYEHMS IPOBEPKHU MOJIENICH:

a

OHa mnpuMeHHMa B OCHOBHOM K YHPAGIANWUM NPULONCEHUSAM, B
KOTOPBIX KOMIIOHEHTHI B3aUMOJICUCTBYIOT MEKAy cobOoii. OHa MEHbIIIE
MOAXOMUT K MPHIOKEHUSIM OOpabOTKM JaHHBIX, TaK KaK B TaKHX
NPUIOKCHUSAX  OOBIYHO  BBOJATCS  OCCKOHEYHBIC  MPOCTPAHCTBA
COCTOSIHHUH.

[Ipn wucnonb30BaHUM TPOBEPKH MOJIETeH BepUUIUPYETCS TOJIBKO
MoOellb CUCTEMBI, a He caMma cucTeMa. Tot dakT, 9To MoAenb o0nazacT
OTIpeNIeICHHBIMA CBOWCTBAaMHM, HE TapaHTHUPYeT, 4YTO (DHUHAIBHAS
peanuzauusa Oyner oOjagaTh TEMHU K€ CBOWCTBAMH (IJII TPOBEPKHU
(UHATBHBIX peaTu3alii TPEOYIOTCS TOMOJHUTEIBLHBIC METObI, TaKHe
KaK CHCTeMaTudeckoe TecTtupoBaHue). Ilpoimie roBoOps, sro0as
BaJUAAIMsA C HCIIOJNB30BAHUEM TPOBEPKH MOJICICH HACTOJIBKO JKE
XOpOIIIa, KaKk ¥ MOJICITb CUCTEMBI.

Haxoxxaenue moaxosiieid abcTpakiuu (TaKoi KaK MOJICIh CUCTEMBI 1
MOAXO/SIINE  CBOWCTBA B TEMIIOPAIBHOW  JIOTWKE)  Tpedyer
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COOTBETCTByWOIIEH  KBamnpukanmumu  (OJHAKO  MEHBIICH,  HYeM
JI0OKa3aTeabHass BepuuKaIms).

o Kak u BcsSkuii HHCTPYMEHT, IPOTPaMMBI Uil IPOBEPKU MOJIEJIeH MOTYT
ObITh HEHaJEKHBIMU. OJHAKO, MOCKOJBKY OCHOBY IPOBEPKU MOJENIEH
COCTAaBJIAIOT CTaHJAPTHBIE M XOPOIIO H3BECTHBIE QJITOPUTMBI, B
0o0eCreYeHnr HaJeKHOCTH TaKUX MPOrpaMM OOBIYHO HE BO3HUKAET
OopIKX mpodieM. B HEKOTOPBIX cilydasx KOPpPEKTHOCTh Hauboiee
CIIO)KHBIX YacTed NporpaMM HPOBEPKH MoOJEJIel yxKe JoKa3zaHa C
UCIOJIb30BAHUEM MIPOrPAMM aBTOMATHUYECKOTO JOKA3aTEIbCTBA TEOPEM.

o IlpoBepka mojeneii He mo3BossieT MpoBepsaTh o0o0mmenus [21]. Ecnn,
HaTpuMep, TPOTOKON Bepu(UIUpOBaH ISl OJHOTO, JBYX U Tpex
IpPOIIECCOB C HCIOJB30BAaHMEM TIPOBEPKU MOJEJEH, 3TO HE MJaer
HUKAKOTO pe3ysbTaTa s JOPYyroro 4Ymcia MpOIecCOB — MpPOBEpKa
MoOJIeNiell TPaKTUYHA TOJIBKO JUIS YacTHBIX ciaydaeB. [IpoBepka moneneit
MOYET, OJHAKO, IOMOYb CHOPMYIHPOBATH TEOPEMBI C IPON3BOJILHBIMU
napaMeTpamMH, KOTOpBIE BIOCJIEICTBUM MOTYT OBITh JIOKa3aHbl C
UCIIONIb30BaHUEM (popMabHON BepUpHUKAIIHH.

Jloctnub abCONIOTHO TapaHTUPOBAHHOM KOPPEKTHOCTU CHUCTEM PEAJIbHOTO
pa3Mepa HEBO3MOXHO. HecMOTps Ha yKa3aHHbIE OrpAHHYEHHUS, MOKHO
CKa3aTh, 4YTO MPOBEpPKAa MOJEJIEH CYyIIECTBEHHO TOBBIIAET YpPOBEHb
JIOBEPHS K CUCTEMAM.

[TockonbKy B TPOBEpPKE MOJIENC OCHOBHAs WSS COCTOMT B ONHMCAHHUU
MOBEJICHUS CHCTEMbl KOHCUHBIMM aBTOMAaTaMH, IIPH OIPEICICHHBIX
YCIOBUSIX YHCIIO COCTOSHHMM MOXKET BBIMTH 3a TIPEICNbl  pa3MepoB
JOCTYITHOW TaMSTH. JTO, B YaCTHOCTH, MOKET OBITh JUIsl TapaJUICIbHBIX H
pacrpeicIeHHbIX CHCTEM, y KOTOPBIX MHOTO CHUCTEMHBIX COCTOSHUH —
pa3Mep MHOXECTBA COCTOSHHUH TaKWX CHUCTEM B XYIIIEM Ciydae
MIPOTOPITMOHANICH  TPOU3BEICHUIO Pa3MEpPOB  MHOXKECTB  COCTOSIHHIA
WH/IMBUIYQIBHBIX KOMITOHEHT. [Ipo0iemMa upe3MepHOTo yBEITMUCHHS YHCTIa
COCTOSIHUH Ha3bIBacTCs npobiemou kombunamopnozo e3pwiea [17]. Kak
OyZeT moka3aHO HIDKE, MCIOJIb30BaHWE aBTOMATHOTO TPOTPaAMMHUPOBAHUS
[2] mo3BodsieT B3MISAHYTH HAa YKa3aHHYIO NPOOJIEMy C JPYyrod TOYKH
3pCHUSI.

1.6. ABTOMaTn4eCcKoe 4oKa3aTeNbCTBO TEOPEM

Aemomamuueckoe 00Ka3amenbCmeo meopem MOXKET ObITb 3P(HEKTUBHO
HCIIOJIB30BaHO B 00JIACTSIX, TJI€ JOCTYIHBI MaTeMaThueckue abCTpakiuu
3amay. Jyig ciydast Baduaamuy CUCTEM W crienu(uKanus, U peaan3arus
CUCTEMBI pacCMaTPUBAIOTCS Kak (OpMyIIbI, HAIPUMED, @ U Y/, 3aITUCAHHBIC
B OIpeaesneHHor Jioruke. Ilpm 3TOM mpoBepka TOro, 4Tto peanu3anus
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YIOBJIETBOPSIET crieudUKaIMu, CBOAUTCS K MpPOBEpKe (POpMyIbl w —> ¢.
OTO 03HAYaeT, 4To J000E MOBEACHUE PEeATM3alH, YJIOBIETBOPSIOUIEE Y/,
SIBJIIETCSI BO3MOKHBIM TIOBEJACHUEM CIECIU(PUKAIINN CHCTEMBI, M TTOITOMY
VAOBJIETBOPSIET ¢. 3aMeTUM, 4YTO cHelnudUKauUs CUCTEMBI MOXET
NO3BOJISITh M JIpyroe TOBEACHHE, KOTOpoe He peanmsyercd. Jlnd
JIOKA3aTeNbCTBA ¥ —> ¢ HCIOJIB3YIOTCSI TMPOrPaMMbl  aBTOMATHYECKOTO
JI0Ka3aTelIbCTBa TEOPEM.

Ilposepxka ookazamenbcmeé — 93TO 00JacTh, TECHO CBS3aHHAs C
J0Ka3aTeNnbCcTBOM TeopeM. [lonp3oBaTenb MOXKET MepeiaTh J0Ka3aTeIbCTBO
TEOPEMBI MMPOTPaMMe IS TIPOBEPKH J0Ka3aTenbCcTB. [I[porpamma oTBeuaer,
BEPHO JIM A3TO J0Ka3aTeNbCcTBO. [IporpaMMbl MpOBEpPKH JOKAa3aTENIbCTB
BEITIOJTHAIOT 0oJiee MPOCTYIO 3a/ady, 9eM IPOrpaMMbl aBTOMATHYECKOTO
JIoKazaTenbcTBa TeopeM. I[loaTomy oHM MoryT paboTaTth ¢ Oosee
CJIOKHBIMH JTOKa3aTeIIbCTBAMH.

Jls1sg Toro 4ToObl YMEHBIINTh 00BbEM MOKCKA MPU JA0KA3aTEICTBE TEOPEM,
MMEET CMBICII OCYILECTBIIATh B3aUMOJEHCTBHUE C I10JIb30BATEIEM, KOTOPBIN
MOJKET OBITh XOPOILIO OCBEJOMJIEH O HAWIy4dlled CTpaTeruyd MOCTPOCHUs
nokasarenbcTBa. OOBIYHO TaKWe HHTEPAKTHBHBIE CHCTEMbI MOMOTAIOT B
IIOMCKE J10KA3aTeJIbCTBA 3a CYET COXPAHEHMs CIIMCKA IEUCTBUN, KOTOpbLIE
JOJDKHBI OBITh TNpOJIETaHbl, U IMPEIOCTaBICHUS MOJCKA30K, KaK €Ile He
JIOKa3aHHbIE TEOPEMbl MOTYT OBITH JOKa3aHbl. bojee Toro, KakIplil 1mar
JoKazaTenbcTBa  Bepudunupyercs cucremoil. Kak  mpaBuio, s
JTI0KA3aTeNIbCTBA JIOJKHO OBITh CAEIAaHO MHOTO MEJIKMX LIAroB, U Tpedyercs
BBICOKMI YpOBEHb B3aUMOJEUCTBHS C TMojb3oBareiaeM. OOBIUHO JHOIU
NPOIMYCKAIOT ~ HEOOJBbIIME  YacTH  JOKAa3aTelbCTB  («TPUBHUAIBHOY,
«aHAJIOTMYHOY), TOT/IA KaK MporpaMma TpeOyeT sIBHOTO MPUCYTCTBUS ITUX
yactei. [Ipomecc Bepudukanuu ¢  HCHOJB30BAHHEM  IPOTrpaMm
aBTOMAaTUYECKOIO J0Ka3aTEIbCTBA TEOPEM SBJIAETCA MEMJICHHBIM W
TpyaoeMkum. Kpome Toro, ucnosib3yemble HHCTPYMEHThI 0OBIYHO TPEOYIOT
JIOBOJILHO BBICOKOM KBaJM(hUKAIIMH TOJIB30BATEIICH.

Jloruka, wucnons3yemas mOporpaMMaMH —J10Ka3aTelbCTBA TEOPEM W
nporpaMMaMiu TPOBEPKH JI0KA3aTEIbCTB, OOBIYHO SIBISIETCS BapHUaHTOM
JOTUKU TIPEAMKATOB MEPBOro Iopsaka. B 3Tol Jjoruke wumeercs
HEOTPAaHUYEHHOE MHOXECTBO MEPEMEHHBIX, MHOXKECTBA (PYHKIIMOHATBHBIX
Y TIPEIUKATHBIX CUMBOJIOB 3aJJaHHOW apHocmu. APHOCTb O3HAYAET YUCIIO
apryMeHTOB (DYHKIIMOHAJIBHOTO WJIM MPEJUKATHOIO CUMBOJIA. Tepm — 3TO
nepemeHHass wian crpoka Buma f(ty, ..., t,), rme f — dyHKIMOHAIBHBIH
CUMBOJI apHOCTH N U tj — Tepmbl. Koncmanmsl MOTYT OBITh PACCMOTPEHBI
kak pynkuuu apaoctu 0. [lpeouxam wmeer dopmy P(ty, ..., t,), toe P —
MpeIUKaTHBIM CUMBOJ apHOCTU N, a tj — Tepmbl. [Ipednodicenus B TOTUKE
NepBOro MOpsAAKAa — OTO NPEIUKaThl, JOTMYEeCKHe KOMOHMHALUU
OpeUIOKEHUH WM TpeUIokKEeHHs, CHaOXXeHHble KBaHTU(UKaLMen
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CYLIECTBOBAHMSI MJM  BCEeOOIIHOCTH. B munusuposannoii  nocuxe
CYILIECTBYET TAKXKE MHOKECTBO THUIIOB, U Ka)KJasi MEPEMEHHAS] UMEET THII
(kak TIporpaMMHas TEepeMeHHas x uMeeT THH 1int). Kaxmerid
(GyHKIMOHATIBHBIM CUMBOJ MMEET MHOKECTBO THUIIOB apryMEHTOB U THII
pe3yJibTara, a KaKIbli NPEAUKATHBIA CHMBOJI MMEET MHOYKECTBO THIIOB
apryMEHTOB, OJIHAKO HE HMeeT Tumna pe3ynbrata. [lo 3TOl mpuunHe B
TaKOW JIOTUKE KBAaHTU(DHUKAIINY TAK)KE TUITU3HPOBAHEI.

ANTOpUTMUYECKHE KOMIIOHEHTHI MPOrPaMM J0Ka3aTelIbcTBa TEOPEM — 3TO
METO/Ibl IPUMEHEHHMSI MTPABUJI BHIBOJA M MOJIYYEHUS CIEACTBUN. BaxHbIMU
MOJIXO/IAMH, UCIOJIb3YEMbIMUA TAKHUMH MPOrpaMMaMH JJIsL 3TOTO, SIBJISFOTCS
€CTECTBEHHasl JeAyKUus (HAmpuMep, W3 UCTUHHOCTH (1 U @2 MOXKHO
C/eNIaTh 3aKI0YEHUE 00 UCTUHHOCTH (1 A (2), PE3OTIOLUSA U YHU(PUKAIUSL
(mpouenypa, KOTOpas HCIOJIb3YETCS JJIsi COINOCTABJICHUS IBYX TEPMOB
JIpYyr C IPYroM IIyTE€M IIPENOCTaBIECHUS BCEX MOJICTAHOBOK NEPEMEHHBIX,
IIPU KOTOPBIX TEPMBI COBIAJAIOT). B oTiinune OT TpaUuLIMOHHON MPOBEPKHU
MOJIEJIEH, JOKA3aTeIbCTBO TEOPEM MOXKET paboTaTh HENOCPEACTBEHHO C
OECKOHEYHBIMA MHOKECTBAMHU COCTOSIHUM M TMPOBEPATH CIPABEIIMBOCTD
CBOMCTB C IPOU3BOJIbHBIMU 3HAYEHUSMH [1apaMETPOB.

OTH METOABl HEIOCTAaTOYHBI JJIS TIOWCKAa JOKa3aTelbCTBAa 3aJaHHOU
TEOPEMBI, €CITH JI0Ka3aTeIbCTBO CYIIECTBYET. IHCTpYMEHT HOHKEH MMETh
CTpaTeruto, KOTOpas TOBOPHUT, Kak HCKaTh JoKa3aTelnbcTBO. JlaHHas
CTpaTerusi MOXKET MpeajiaraTh MCIOJIb30BaTh IpaBUjia BBIBOJIA C KOHIIA,
HAayMHas C TPEIJIOKEHUs, KoTopoe TpeOyercss nokazath. Crpareruw,
KOTOpblE  JIIOJM  TPUMEHSIOT IS TOMCKa  JIOKa3aTesbCTB,
HedopmanmmuzoBanbl. CTpaTeruu, KOTOpBIE HCHOIB3YIOTCS MPOrpaMMaMU
JIOKa3aTeNIbCTBa TEOpeM, Oa3UPYIOTCS Ha aNropuTMax 00Xoja B MIUPUHY U
B TUIyOUHY.

HakoHerr, mporpaMMbl aBTOMaTHYECKOTO JTOKA3aTeIbCTBA TEOPEM HE OUCHB
MOJIC3HBI ~ HA  TpPaKTUKe:  TpobjemMa  JI0Ka3aTelNbCTBA  TEOPEM
OKCIIOHEHITUATBLHO CJIOKHA — TIPEIJIOKCHHE JJIMHBI N MOXKET HMETh
JTIOKa3aTelIbCTBO JKCMOHEHITMANBHOTO pa3sMepa oT N. I[lowck Takoro
JIOKa3aTelbcTBa TPEOyeT BPEMEHU SKCIMOHCHIIMAIBHOTO OT €ro JTHHBI.
[Tootomy B o0mem cioydae JOKa3aTelbCTBO  TEOPEM  JIBAXKJIBI
HKCIIOHEHITUATILHO TI0 OTHOIICHUIO K JIJTMHE JOKA3bIBAEMOTO TTPEIJIOKECHHUSI.
JI1si MHTEpaKTUBHBIX TMPOTpaMM JI0Ka3aTeNIbCTBA TEOPEM ATa CIOKHOCTh
3HAYNUTEITHLHO YMEHBINACTCS.

[lepeuncnuM paznuuusi MEXAy I0Ka3aTEIbCTBOM TEOPEM M MPOBEPKOMU
MOJIEJIEH:

o [IpoBepka Mojeneii MOJTHOCTHIO aBTOMAaTHYECKast U ObICTpasl.

o IlpoBepka Mogmeneli Moker OBITh MNpPHUMEHEHa K  YacTUYHBIM
peanm3anusiM. [loaToMy oOHa MOXKET MOPEAOCTABISTh IOJE3HYIO
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I/IH(bOpMaHI/II-O OTHOCHUTCIIbHO KOPPCKTHOCTHU CHCTEM AK€ B ClIydac,
CCJIM CUCTCMaA HC IIOJIHOCTBIO OIIPCACIICHA.

o Ilporpammsl mpoBepKH MoOJIeNiel UMEIOT JAPYKECTBEHHBIN UHTEpdelc U
JIETKO UCIOJB3YIOTCS, B TO BpEMs KakK MCIOJIB30BAHHE MpOrpamm
IIPOBEPKH JI0KA3aTEIbCTB TPEOYET JOCTATOYHO BHICOKOM KBaIM(PUKALIUU
MOJIb30BaTENCH JIsl TOr0, YTOOBI HAMPABJISITH U COMPOBOXK/IATH MPOIIECC
Bepu(dukanuu. B yacTHOCTH, 3aTpyTHUTEIHEHO MMO3HAKOMUTE KOTO-JIHO0
C JIOTUYECKHUM SI3bIKOM MPOTPAMMBI JI0KA3aTEIbCTBA TEOPEM, KOTOPBIM
OOBIYHO SIBJIIETCS BBIPA3UTEIIbHAS JIOTUKA BHICOKOIO MOPSIKA.

o IlpoBepky Mojenel 1elecooOpa3HO MPUMEHSATH K YIPaBISIIOUIUM
MPUJIOKECHUSIM, HAIpUMEp, PEAKTUBHBIM cucTeMaMm. JlokazaTenbCTBO
TEOpEeM MPUMEHHMO Il paboThl ¢ OECKOHEYHBIMH MHO>KECTBAMHU
COCTOSIHUM, ¥ TO3TOMY OHO MOKET HMCHOJIb30BAaThCS I MPUIOKEHUI
00pabOTKH JIaHHBIX.

o B ClIydac YCIICIHHOCTH JOKa3aTCJIbCTBO TCOpPEM  HacCT (HO“ITH)
MaKCHUMAaJIbHBIN YPOBCHb TOYHOCTHU N HAJACKHOCTHU NOKA3aTCIILCTBA.

a HpOBepKa MOI[GJIGﬁ IMMO3BOJIACT T'CHCPHUPOBATE KOHTPIIPUMCPHBI, KOTOPEBIC
MOTI'YT UCITIOJIB30BATHCA IJIS IIOMOIIU B OTIIAAKC.

o Ilpu ucnonb30BaHUM TPOBEPKHM MOJEIEH, MPOEKT IPOBEPSETCA IS
(UKCHPOBAHHOTO (M KOHEYHOTO) MHOKECTBA MapaMeTpoB. [Ipumenenue
IIPOTPaMM  JIOKA3aTENIbCTBA TEOPEM BO3MOXKHO JUIA MPOU3BOJIBHBIX
3HAYEHHI TapaMeTPOB.

[IpoBepka Mmopzeneld HE paccMaTPUBACTCS KaK <«JIYYIIMN» MOAXOA IO
CPaBHEHHUIO C JI0Ka3aTeJIbCTBOM TEOPEM. DTH METOJBI JOMOJHSAIOT APYT
Ipyra, TaKk Kak KaxXAbld M3 HHUX O0JIaJaeT  ONpelelIeHHBIMU
JIOCTOMHCTBaMH. J{enaroTcst HOMBITKY MHTETpallMi 3TUX METOJI0B AJis TOTO,
YTOOBI MOTYYUTh AP HEKT OT 00bETMHEHUS TOCTOMHCTB O0OHX MOAXO0B.

[ naBa 2. MaTtemaTtuyeckmnn annapat
Bepudunkauunum moagenemn

2.1. MopgenupoBaHue cucTteMsl

Kak cnenyer w3 Ha3BaHMs, METOA BepudUKAIMU MOJeield paboTaeT He
HaMpsMYI0 € IIPOrpamMMON, a ¢ €€ MOJeIbl0. B 3TOM pasznesie onucaHo, Kak
CTPOUTH TAKY MOJIEIb.

CHavasia 111 CUCTEMBbl coO3/daeTcsi crerudukanus — Ha0op CBOMCTB,
KOTOPBIM OHa JIOJDKHA YyIOBJIETBOPATH. [lockombky B Mertome mModel
checking cnernudukaius mpoBepseTcss Ha MOJEIH, HEOOXOIUMO, YTOOBI B
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MOJENN TPOSBISUINCh BCE CBOMCTBA, KOTOPBIE MPUCYTCTBYIOT B
cnenudukanuu. B To ke Bpems, He UMeeT cMbIcia J00aBIATh B MOJEIb Te€
JIeTal CHUCTEMbI, KOTOpbIE HE BIMSIIOT Ha BBINOJHEHHUE TpPeOyeMBbIX
cBoiicTB. Hampumep, ecnu B cielipuKainuy CUCTEMbI YIIpaBiIeHUs JTU(HTOM
yKa3aHo, 4YTO JBEpH JHU(TA JOHKHBI OCTABATHCSA 3aKPBITHIMU BO BpeMs
JIBUKCHHMSI, TO BO BpeMs Bepu(UKallMK 3TOTO CBOMCTBA HE BaXKHO, C KAKOH
CKOPOCTBIO IBIKETCS IU(PT, TITABHOE — UTO OH JBMXKETCS.

B pamkax naHHOW KHWUTM HauOONBIIMN HMHTEpPEC NPEACTaBISET 3ajada
Bepu(UKanuu peakTuBHBIX cucteM [17]. Takue cuUCTEMBI HEb3s
MOJICJIUPOBaTh B TEPMHUHAX BXOJA-BBIXOJA, TaK KaK HUX pPaboTa MOXKET
IPOAOKATHCA OECKOHEYHO JIOJITO, W TIOSTOMY JUIsl HUX BepupHUIMpYyeTCs
NOBEelEeHUE BO BpeMeHH. Jlyis 3TOro BBOAMUTCS MOHITHE COCHOAHUS
CUCTEMBI, MOJ KOTOPbHIM B OOIIEM cllyyae IOHHUMAETCS €€ MIHOBEHHOE
onucaHue ¢ (PUKCUPOBAaHHBIMU 3HAUCHUSIMH BCEX NEPEMEHHBIX CHUCTEMBI.
PaboTy peakTuBHOI cHUCTEMBbI NPU 3TOM MOXHO IpPEJICTAaBUTh B BUJC
NIEPEXO0B MEXY COCTOSIHUSMM.

dopmanbHO pabOTy CUCTEMBI MOKHO IIPEICTAaBUTh B Bue Mmooenu Kpunke
[17] — rpada mepexomoB, B KOTOPOM JUIsi KaXKIOTO COCTOSHHS W3BECTCH
Ha0Op MpPEeIMKATOB, BHIMOJHSIOIIKUXCSA B 3TOM cOCTOAHMM. IIyTh B Moaenun
Kpurike cOOTBETCTBYET CLIEHAPHUIO PAOOTHI pEAKTUBHOM cucTeMbl. Onuuiem
Mozenb Kpunke ¢popmanbHo.

CHayarna BBeIEM TMOHSTHE MHOXECTBO AMOMAPHBIX  NPeOdloAHCEeHUU
(snemenmapnvix 6vickazvianuil) — MPEATIOKCHHUN, BHYTPSHHSS CTPYKTypa
KOTOPBIX HE MOXKET U3MEHATHCSA. ATOMApHBIC MPEAJIOKEHUS — ITO 0A30BbIC
MPEJIOKEHHSI, KOTOPbIEe MOTYT OBITh cleinaHbl. MHOXXECTBO aTOMapHBIX
npemnioxkennii ooo3nayaercss AP. Tlpumepamu aTOMapHBIX NPEJIOKEHUN
SBJISTFOTCSL TIPEIIOKEHUST «X O00mbIne 0» Wil «X paBHO 1» JjIsi HEKOTOpPOH
IepeMEHHOW X. Jlpyrumu npuMepamMy TakuxX NPEMJIOKEHUN SBISIOTCA
«HMIeT MOXIb» WM «B Mara3uHe HET TMoKynatenei». B npunimmne,
aTOMapHbIE MPEJIOKEHUs OMPENETSAIOTCS HaJl MHOKECTBOM TEPEMEHHBIX
X, Y, ..., kouctraut 0, 1, 2, ..., yHkuit max, gcd, ... ¥ npeaukaToB X = 2,
xmod 2 =0, ...; tonmyckaroTcs npeioxkenns Buaa max(X, y) <3 uaum X =Y.
He O0ynem TouHo omnpeaensth MHOXkecTBO AP, a mpocto moctynupyem ero
CYIIIECTBOBAHHE.

3ameTuM, YTO BBIOOP MHOXKECTBAa aTOMAapHBIX mpeioxkeHuid AP BaxkeH,
TaKk Kak OH (QuUKcHpyeT O0a30Bble CBOWCTBA, KOTOPhIE MOTYT OBIThH
chopMyIMpOBaHbl A HCCieayeMoi cucteMbl. [loaTomy dukcanus
MHOKECTBAa aTOMAapHBIX MPEAJIOKEHU MOXET ObITh Ha3BaHa nepeou
cmynenvto abcmpakyuu. Ecau KTO-TO pelIdT, HapUMep, HE MO3BOJIMUTH
MHOKeCTBY AP cchlaTbCsi Ha HEKOTOPBIE NMEPEMEHHBIE CUCTEMBI, TO HU
OJTHO CBOMCTBO, CChUIAIOUIeeCsi Ha ATH IEPEMEHHbIE, HE MOXET ObIThb
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chOpMyIMPOBAHO, U, KaK CIEACTBUE, HU OJHO TaKOE CBOMCTBO HE MOXET
OBITH TPOBEPEHO.

Mooenvio Kpunke (cmpyxkmypoii Kpunke) Hajg MHOKECTBOM aTOMapHBIX
npemioxeHuit AP Ha3biBaeTcs Tporika (S, R, Label), rae

0 S — HEeMyCTOE MHOKECTBO COCMOSHUIL;

o RcSxS — momanvnoe ommuowenue nepexodog Ha S, KOTOpOE
COTMOCTABIISICT AIEMEHTY S € S €ro BO3MOXHBIX TOTOMKOB,

o Label: S — 2*7 comocraBisier kKaxIOMy COCTOSHHIO S € S aTOMapHbIC
npetoskenus Label(s), koropeie BepHHI B S.

OtHoirenne R c S x S HasbIBaercd momailbHbIM, €CJIM OHO CTaBHUT B
COOTBCTCTBHC KaXXKIAOMY COCTOAHHUIO S € S Kak MHUHHUMYM OJHOI'O ITIOTOMKA
(Vs € S:3s' € S: (s,5') € R).

HNuorna eme tpedyror, utodsl iisi mMoaenu Kpumke Obul 3aman HaOOp
HAYAIbHBIX COCMOAHUL So C S.

Ilymv B wmopmenun Kpumke #u3 COCTOSAHMST Sy — OTO OecKOoHe4YHas
HOCJICIOBATEIBHOCTh COCTOSTHUM 7 = SpS1S, ... Takas, 4To Juist Bcex 1>0
BoInoaHsAeTCS R(Si, Si+1).

HpeHCTaBJIeHI/Iﬂ MEePBOro nmopsiaika

Onuniem, Kak MOKHO MPEICTaBUTh MOJeNb Kpunke npu nomMouiy JOTuKH
MPEIUKATOB MEPBOTO MOPSAIKA.

I[Myctb V={Vy, Vo, ...,Va} — DOTO MHOXKECTBO BCEX IEPECMCHHBIX
paccmarpuBaemoii cucteMbl. [lockoiapky model checking me pabGotaet c
CUCTEMaMH C OECKOHCUHBIM YHCJIOM COCTOSIHHM, MPEINOIOKHM, YTO
IICPEMEHHbIE CHUCTEMbI IMPHHUMAIOT 3HAYCHHUS M3 HEKOEr0 KOHEYHOIO
MHOKecTBa D.

Oyenkou nnst V HazoBeM (PYHKITUIO, KOTOpas KaXkI0W mepemMeHHou V u3 V
COMOCTaBiisieT 3HaueHue u3 MHoxkectBa D. CocrosiHue CcucteMsl
OIMKCHIBACTCS MTHOBEHHBIMU 3HAYEHUSIMU BCEX €€ MEPEMEHHBIX, U TTI0ITOMY
COCTOsIHUE sBIIIeTCs Tpocto oreHkor S:V — D. CocrosHue MOXKHO
onucarh B BUae GOpMYIIbl, KOTOpast IPUHUMACT HCTHHHOE 3HAYCHHE, KOTAa
3HAYCHHUS ITEPEMEHHBIX COOTBETCTBYIOT 3TOMY COCTOSIHHIO.

Hampumep, mnycte V={vi, Vo, v}, D={1,2,3} wu cocrosuue S
cooTBeTcTBYET O1leHke (V1 = 1, vV, = 2, v3 = 3). Toraa 3To COCTOSIHME MOKHO
onucarh B Buje ciaeayromieid popmyibl: (Vi =1) A (V2 =2) A (V3 =3). Tlpu
IIOMOIIK OTIepaTopa AU3BIOHKIIMU MOKHO COCAMHUTH HECKOIBKO (hOpMYII
IS COCTOSIHAN M TOJIyYUTh (hOPMYITy, OIHCHIBAIOIIYIO HAOOp COCTOSIHUIA:
takas (opmyna OyaeT NpHHAMATh HCTUHHOE 3HAYEHHE TOJBKO B TOM
clyyae, €CJIM 3HA4YeHHsS IIEPEMEHHBIX COOTBETCTBYIOT OJHOMY U3
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BBIOpAaHHBIX COCTOSIHMM. Takum 00pa3om, HA0Op HAYAJIbHBIX COCTOSIHHM
MOJKET OBITh OIUCaH B BUAC (HOpMYJIbI IepBOTo mopsaka So(Vy, Vz, ..., Vn).

Onumiem Teneps nepexojibl B Buje Gopmyia nepBoro nopsaka. s atoro
MOHAI00UTCS JOTIOJTHUTENBHOE MHO>KECTBO epEeMEHHBIX
V' ={v/, Vo', ..., V,'}. Bynem Ha3biBaTh mepeMeHHbIE V — IEPEMEHHBIMU
TEKYLIEr0 COCTOSIHUS, a IMEPEMEHHbIE V' — NEPEMEHHBIMH CIIEIYIOLIETO
cocrosiuda. llepexomom HazoBeM mapy oueHok V um V'. Torma MOXHO
Harmucath (opmyny mepBoro mopsaka R(V, V'), koropas npuHUMaeT
WCTUHHBIC 3HAYEHUs TOTJa WU TOJBKO TOorjma, korga ouenku V u V'
COOTBETCTBYIOT CYIIECTBYIOIIEMY IIEPEXOLY B CUCTEME.

ATOMapHbIC  BBICKAa3bIBAaHHS O CHCTEME MOJKHO 3a/JaBaTh  Kak
BBICKA3bIBAHUS ~ OTHOCUTCIIBHO  3HAYCHHH  IIEPEMEHHBIX  CHCTEMBI.
BrickaspiBanue V = 0 HCTHHHO B COCTOSIHHHM S cHcTeMbI, eciu S(V) = d.

Tenepb MO>XXHO OIIMCaTb MOACIIb KpI/IHKG B BHJIC (bOpMYJI JJOTHUKH
IMPCAUKATOB IICPBOI'O ITOPAIKA.

1. MHOXecTBO cocTOssHUM Mojenu Kpurmke — MHOXXECTBO BCEX OIICHOK
Haj V.

2. MHOXeCTBO HaYalbHBIX COCTOSHHMIA Mojenu Kpumke — MHOKECTBO
TaKuxX OIECHOK S: V — D, 1 KoTopbIX Gopmyiia mepBoro mopsaka Sy(s)
HNPUHUMAET UCTUHHOE 3HAYCHHUE.

3. OTHollIeHUE TIEPEXOMIOB 3aJaeTcs cleayrommM obpazom. I[lepexon
MEXJIy OIICHKaMH S; W S, CYIIECTBYET TOTJa W TOJIBKO TOTJa, KOTIa
dopmyna neporo nopsaka R(Si, Sp) MpUHMMAaeT UCTUHHOE 3HAYCHHUE.
it Toro 4toOBl 00ECIEYUTh TOTAILHOCTh OTHOIICHHS, IS BCEX
COCTOSHUM Sy, M3 KOTOPBIX HET HH OJHOT0 Tepexoja B Ipyroe
COCTOSIHHE, BBEIEM IIEPEXO/I B CaMO 3TO cocTosiHue: R(Sy, Sx) = true.

4. Label: S — 2"*° ompenensiercs Tak, uto6sr Label(s) mpuHagiexam Bee
aTOMapHbIe  MPEIJIOKCHUS, BBIMONHSAIONIMECS B  COCTOSHHU .
Hanpumep, ecimm  S(v) =0dy, TO aToMapHOE  BBICKA3bIBAaHHE
(v = dy) € Label(s).

PaccmoTpum mpumep noctpoenust mojenu Kpurike Ha ocHOBe (opmyi
JIOTHKH TIPEAMKATOB MEPBOTO MOPsAKA, KOTOPhIA mpuBeaeH B kuure [17].
[Iyctb B cucTeMe HMMEIOTCS JABE TEpEeMEHHBbIE X W Y, MPUHUMAIOIINE
3HaueHus u3 MHoxectBa D = {0, 1}, u mycTh mepexo B cucteMe 3anaetcs
dopmymoit X :=x +Yy(mod 2). B HavyaabHOM COCTOSIHUM 3HAYCHHUS ITHX
NEPEMEHHBIX PABHbBI €IMHULIE.

Torna dhopmyna s HAYATBHOTO COCTOSIHUSI IPUHUMAET BU;

So(%, y)=(x=1) A (y=1),
a ¢hopmyIia Jj1sl Iepexo/I0B:
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R(X, y, X', y) = (" =x+y (mod 2)) A (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)); ((0,2), (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 JAeTaJU3alMU MEePEeX010B

[Tpu nmoctpoenun monenu Kpurike Gosplioe BHUMaHHUE CIEAYET YIENIAThH
CTENEHU JeTann3anuu nepexonos. Ilepexoasr B Moxenu Kpunke qOJDKHEBI
MOJEIINPOBATh amoMapHvle TIEpeXoJbl HCXOOHOM cuctembl. Henb3s
JOMyCKaTh CHUTyallMil, KOrJa B HCXOJHOM cucTeMe HaOII0JaIuch
IIPOMEKYTOUHBIE COCTOSIHUSI BHYTPU OAHOTO Mepexoaa u3 moaenu Kpunke.
B TakoMm ciydae MOXET OKa3zaTbCs, 4YTO Mpu Bepudukanuum OyaeT
nporymieHa omuOKa, KOTopas MPOSIBISETCS Kak pa3 B OJHOM M3 TaKUX
MPOITYIIEHHBIX COCTOSIHHM.

B T0 e BpeMs Henb3s TOMyCKaTh CUTYaIluH, Koraa B Mojaenu Kpurike ecth
COCTOSIHUSA, KOTOpBIE peajbHO HE HaOMIoAaloTCa B BepUDUIIMPYEMOI
cucteme. B 3ToM ciiydae MOXET oKazaThCsl, YTO MpU BepudUKauu OyayT
HaWJIEHBI pEaTbHO HE CYIIECTBYIONINE OMIMOKH.

Jlns mosicHeHus: mpuBeneM npumep u3 kuuru [17]. PaccmatpuBaetcs
CUCTEMA C JIByMs MIEPEMEHHBIMHU X, Y ¥ JBYMS MEPEX0JIaMU ¢ U 5, KOTOpbIE
MOTYT BBITIOJIHATHCS APAJIETBHO!

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

peanm3alulo IMepPeXoJoB « W [, B KOTOPOH HMCIOJIB3YIOTCS KOMAaH]IbI
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 Mmepexo a, a 3aTeM nepexop f,
TO Mporpamma MomnajgaeT B cocTossHue X =3 AY=15. Eciu mnepexonbl
BBITIOJIHSIOTCS B 00OpaTHOM MOPSAKE, TO MPOrpaMMa MonaaaeT B COCTOSIHUE
X=4 Ay =3. Ecnu ke nepexobl COBMEUIAIOTCS B CIEAYIOIIEM MOPSAKE:
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0o, Po, a1, P1, 02, P2, , TO B pe3yJbTaTe IMporpaMma IMomnajeT B COCTOSHUE
X=3Ay=3.

[Iycth coctosiHue X =3 AY =3 4BISIETCS OIIMOOYHBIM JII CUCTEMBI, U
TpeOyeTCss MPOBEPUTh, MOXKET JIM CHCTEMa OKa3aThCS B OTOM COCTOSHUMU.
JlomycTUM TakXe, 4TO CHCTEMa peaju30BaHa TaK, YTO MEPEXOnbl o U
BBITIOJIHAIOTCSL aTOMapHO. B 3TOM ciiydae cuctema He MOXKET OKa3aTbCs B
omuO0YHOM cocTossHUU. OHAKO €clu OCTPOUTh MoJiesb Kpurike ¢ 6onee
JeTallbHBIMUA TEPEX0JaMU, TO B Mpoliecce Bepudukanuu OyJeT HaiijieHa
OIIMOKa, KOTOPOM HE CYIIECTBYET B UCXOJIHOM MpOrpaMme.

[Tycth Temepp, mporpaMmMa peaju30BaHa JCTAIbHO, M BO3MOXKHO
BBITIOJIHEHUE TIOCIIEIOBATEILHOCTH o, fo, 01, f1, 02, fo. Torma mporpamma
HEBEpHA, MOCKOJIBKY MOXKET IMOMacTh B OMIMOOYHOE cocTostHHE. OaHAKO
€CJIM MOCTPOUTh MOACIb KpHuIike ¢ UCIOIb30BaHUEM JIUIIb MEPEXOI0B O U
S, TO BepupUKALMSI TOKAXET, YTO MpOrpaMMa BepHa, HO AITO OyHeT
HEIPaBUIBLHBIM PE3YIbTaTOM.

2.2. [lpoBepka moaenen
ans rMIMHENHON TeMnopasibHOWM NOTUKK

Peaxmuesnvie cucmembvl XapaKTepU3yHTCs Henpepbl6HbIM
gzaumooeticmeuem ¢ OKpyxkeHHMeM. OHHM pearupyroT Ha CTUMYJIBL,
IIOChUIAEMBIE  W3BHE.  HenmpepsIBHBIM ~ XapakTep  B3aWMMOJAEHUCTBUSA
PEaKTUBHBIX  CHUCTEM  OTJIMY4AaeT HX OT  TPAJULMOHHOIO  BHUJAA
NOCJIEIOBATEIbHBIX CHUCTEM, KOTOPbIE pacCMaTPUBAIOTCS OOBIUHO Kak
(GbyHKUIHMH, KOTOpble MpeoOpa3yroT BXoAbl B BbIXOAbL. llocnme momyudenus
BXOJla IIOCJIENOBATENIbHAS CHCTEMA I'€HEPUPYET BBIXOM, BIIOCIEACTBUU
3aBEpLIAsACH ITOCJIE KOHEYHOI0 YHCJIa BBIYMCIUTEIBHBIX IaroB. biaronaps
TpaHcopMal BXOJOB B BBIXOAbl 3TOT THUII CHUCTEM HHOI/IA TaKkKe
Ha3bIBAIOT mpancgopmupyrowumu cucmemamu. CBONCTBA TaKUX CUCTEM
OTHOCSITCSI K BBIXOJ]aM, CT€HEPUPOBAHHBIM IO BXOAaM, U (GOPMYIUPYIOTCS
B TEPMMHAX MPEI- U IOCTYCIOBUM.

Bo MHoOrux ciyyasix peakTUBHBIE CUCTEMBbI He 3aBepiiatorcs. [loaTomy
CBOMCTBA CUCTEM 3TOr0 KJjlacca OOBIYHO OTHOCATCS K B3aUMHOMY MOPSAKY
COOBITUH B CHUCTEME — IMOBEACHHUIO CHCTEMbl B TEUEHUE BPEMEHH.
TpeOGoBaHusi, KOTOpbIE pa3pabOTUMKU HANATAIOT HA PEAKTUBHBIE CUCTEMBI,
pa3ouBarOTCs Ha JBa TUMIA!

o CaoiicTBa He3onacHocmu (yTBEPKIAOININAE, YTO HEUTO TJI0OX0E HUKOTAA
He ciayuutcsi). CucTteMa ynoBIETBOPSIET TAKOMY CBOMCTBY, €CJIM OHA HE
JIEMOHCTPHUPYET 3aIPEIICHHOE TOBEICHUE.

a CaoiicTBa orcugyuecmu (yTBEPHKIAIOIIME, YTO HEUTO XOpolIlee Korja-
6o ciayuutcs). Jias Toro 4TtoObl yIOBIETBOPSATH TAaKOMY CBOWCTBY,
cUCTEMa JI0JKHA JEMOHCTPUPOBATH KETAEMOE MTOBEJICHHUE.
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HecMoTpst Ha HepopMaIbHOCTh, 3Ta Kiaccu(UKAIUs JOBOJBHO MOJIE3HA:
JIBa TUIA CBOMCTB MOYTH AUIBIOHKTHBI, U OOJBIIMHCTBO CBOWCTB MOXET
ObITh OMUCAaHO KOMOWMHAIIMEW CBOMCTB O€30MaCHOCTU U KUBYYECTH.
BriocneAacTBUM HEKOTOpBIE AaBTOPBHI PACHIMPWIN ATy KIacCU(PHUKAIIUIO
JPYTUMU CBONCTBaMHU.

J{nst TOro 4TOOBI TOYHO OMHUCHIBATH 3TH TUIIBI CBOMCTB, ObUIM OIMpPEACICHBI
joruyeckue (opmamm3mbel. Hambosiee MHMPOKO W3BECTHBIMU  SIBIISIOTCS
MeMnopanbhvle 102UKU, KOTOPhIC OIUCHIBAIOT crienudukanyu cucreM [15].
TemmopanbHble  JIOTUKH — TOIICPKHUBAIOT  (OPMYJIUPOBKY  CBOWMCTB
MOBEJICHUS CUCTEM BO BpeMeHU. CyIIECTBYIOT pa3JIMuHbIe MHTEPIPETAIIUN
TEMIOPAbHOM JIOTMKA B 3aBUCUMOCTH OT TOr0, KaK pPacCMaTpUBAIOTCS
BPEMEHHBIE U3MEHEHHUSI CHCTEM.

1. Jluneunas TemmnopanabHas JIOTHKA MO3BOJSET POPMYIMPOBATH CBONCTBA
UCIIOJTHUMBIX BBIYHCIUTEIIbHBIX MTOCIEA0BATEIBHOCTEN CUCTEMBL.

2. Bemeﬂmaﬂc;l TCMIIOpAJIbHAA JIOTHMKA ITO3BOJIACT II0JIB30BATCIIIO ITHCATH
(1)OpMy.]'II>I, KOTOPBIC BKIIIOYAIOT HCKOTOPYIO 3aBUCUMOCTL OT BBI60pOB,
COBCPIIACMBIX B CHCTCMC B IIPOHCCCC BBIIIOJIHCHUA. Ona 1o3BOJIsAET
Q)OpMYHI/IpOBaTB CBOMCTBA O BO3MOXKHBIX IMOCJIICAOBATCIbHOCTAX
BBIIIOJIHCHUA, KOTOPBLIC CTAPTYIOT B HEKOTOPOM COCTOAHHHU.

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

2.2.1. CuHTakcuc LTL

Crnenyromiee omnpeiesieHne yCTaHaBIMBAET MHOXXECTBO 0a30BBIX (OpMYyII,
KOTOpbIE MOTYT OBITh BBIP@KEHBI B MPOMO3UIIMOHAIBHONW JTMHEHHOM
temnopanbHoi joruke (LTL — linear temporal logic).

[Tycts AP — MHOKECTBO aTOMapHBIX MpeaiioxkeHui. Toraa:
p sBiseTcs popmyiion s Becex p € AP.

Ecmu ¢ — dopmyna, To —¢ — hopmyna.

Ecnu ¢ u w — popmyisl, TO ¢ v i — popmyia.

Ecmu ¢ — dopmyna, To X ¢ — bopmyna.

ok~ 0 Dd P

Ecmu ¢ u w — dopmyisl, To ¢ U w — dopmyna.

MHuoxecTBO (hopmyJ1, TOCTPOCHHBIX B COOTBETCTBHH C dTUMH IIPaBUIIAMH,
HasbIBaeTcs gopmynamu LTL.

3amMeTHM, 4TO MHOXECTBO (DOpMyJI, TTOJYICHHBIX HA OCHOBE MEPBBIX TPEX
MYHKTOB, OMpEIEIsSeT MHOXECTBO BceX (HOpMyN MPOMO3UIIMOHATEHON
jgoruku. IIpomo3unmoHanpHass JIOTHKA SIBISETCS, TaKUM 00pas3oM,
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coOcTBeHHBIM ToAMHOXKecTBOM LTL. TemmopanbHbIMU —oOllepaTopaMu
sBisttoTes Tosbko X (neXt) u U (Until).

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

o =p|l=p|(eve)|Xel(pUop).

JIJIsT JIOTUYECKUX OIMepaTopoB A (KOHBIOHKIMS), —> (MMIUTHKALNSA) U <>
(?KBUBAJICHIIUSI) CIIPABEJIUBBI COOTHOIICHUS :

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

onepamopvr G (Globally, «Bcerma») m F (Future, «xorma-HHOYIIb»)
OTPEACTISIOTCS CIICAYIOIUM 00pa3oM:

Fo=true U g,
Tak kak true BepHO BO Bcex cocTosHMIX, ¢opmyra F¢e B
I[Cf/iCTBI/ITCJ’IBHOCTI/I O3HA4YacT, 4YTO ¢ BBIIIOJHACTCA B KaKOW-TO MOMEHT B
oynymem. IlpeamomoxuM, 4YTO HET MOMEHTa B OyayiieMm, Korja
BBINIOJIHAETCST —@. Torma ¢ BBINOJIHSAETCS BCE BpeMs. OTO OOBIACHIET

onpenenenre G ¢. B nmureparype F mHOrma o6o3nagaercs kak ¢, a G kak
1. B maHHO# KHUTE UCTIOJIb3yeTCs TpaauinonHas Hotanus F u G.

Wtak, MOXHO YTBEpXKIaTh, 4yTo dopMyna 0e3 TEMIOpPaIbHOTO ONepaTropa
(X, F, G, U) Ha «BepXHEM YPOBHE» OTHOCHTCS K TEKYIIEMY COCTOSHHIO,
dopmyna X ¢ — k cruenyromniemMy coctosauio, G ¢ — KO BceM OyIyImm
cocrosiHusaM, F ¢ — kK HEKoTOpoMy Oynymiemy cocrosiHuto, a U — ko Bcem
OyAYIIMM COCTOSIHUSIM JIO T€X TIOP, TOKa OMPECIICHHOE YCIOBHUE HE CTAHET
BEPHBIM.

Jlns  yMeHbIIEHHMST Yuciaa CKOOOK TMPHOPUTET Ha TEMIIOPaJbHBIX
oreparopax BBOJUTCS cieayromuM obpa3zom. Kak o0ObUHO, YHapHBIC
orepaluy UMEIT 0oJiee BHICOKMI MPUOPUTET, YeM OuHapHble. Hampumep,
numercss —¢ U Fy Bmecto (—¢) U (F w). TemnopansHbiii omneparop U
uMeeT OoJsiee BBICOKMUA NPUOPUTET MO CPABHEHHIO C A, V U —>, a
UMIUTHKAIST — UMeeT 0ojiee HU3KUI MPHUOPUTET MO CPABHEHUIO C A U V.
Hanpuwmep,

(=) = ) U (X 9) A (Fw))
MOJKET OBITh 3aITUCAHO CJIEYIOIIUM 00pa3oM:

(=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) m G(x=1). Bropas u Tperbs
dopMysa Takke SABJSFOTCS MPOINO3UIMOHAIBLHBIMU (opmyaamu. [Ipumep

LTL-dbopMynel C  BJIOKEHHBIMHM  TEMIOPAJIbHBIMU  ONEPATOPAMH:
G[(x<2) U (x>3)].

2.2.2. CemaHTnKka LTL

[TpuBenenHoe BhINIE OTNpeaeeHne naet crnocod mocrpoenus LTL-hopmy,
HO HE JaeT uHTepnpeTanuii 3tuMm omneparopam. PopmanbHo LTL
MHTEPIIPETUPYETCS HA TOCIIEI0BATENBHOCTAX COCTOIHUN. UHTYnTHBHO X ¢
O3HAuaeT, YTO ¢ BEPHO B CIEAYIOLIEM COCTOSHUHU, F ¢ — uTO ¢ cTaHOBUTCA
BEPHBIM BIIOCJICACTBUM (Ceiiyac WJIM B KAaKOW-TO MOMEHT B OyayIuem).
OpHako, 4YTO MpU 3TOM IIOHUMAETCA IIOJ CJIOBAMH «COCTOSIHUEY,
«CIEAYIOUIee COCTOSTHUE», «KAaKOH-TO MOMEHT B Oyayuiem»? [lis Toro
YTOOBI HEJIBYCMBICIICHHO ONPEJEINTh 3TH MOHATHS, 3a1aeTcs (popmanbHas
UHTEpHpEeTalrs, 0ObIMHO Ha3bIBa€Masi CEMAaHTUKOW. POpMabHBIN CMBICIT
CBOMCTB B TEMIIOPAJIbHOM JIOTUKE ONPENIESAETCS B TEPMUHAX MOOenU.

LTL-moo0en» — 310 Tpoiika M = (S, R, Label), B xoTopoii:
o S — HemycToe KOHEYHOE MHOXKECTBO COCMOSHULL

o R:S — S comocraBnser 3JIEMEHTY S € S €AMHCTBEHHBIN CIEAYIOMIHNHA 3a
HuM 351eMeHT R(S);

o Label: S — 2" comocraBiser kKaxIOMy COCTOSHMIO S € S aTOMapHbIe
npeiokenus Label(s), koropsie BepHBI B S.

s cocrossHust S € S cocrosuue R(S) — eaMHCTBEHHOE COCTOSHUE,
cienytomiee 3a S. BaxxHo xapakrepuctukoi ¢GyHKIUM R sBisieTcst TO, 4TO
OHa paboTaeT Kak TeHepaTop OSCKOHEUHBIX mociemoBaTebHocTel S, R(S),
R(R(S)), R(R(R(S))), ... ITocinemoBaTeabHOCTH COCTOSHUN IJIs1 CEMaHTHKU
LTL sBisitoTCS KpaeyrojiibHbIM KaMHEM. MOXHO C TeM K€ YCIEeXOM
ompenenuth LTL-monens kak crpykrypy (S, o, Label), rme o -
OeckoHeYHas MMOCIe0BaTeILHOCTh cocTossHMIA, a S u Label ompenenensr,
KaK 3TO CJ/ICJIaHO BBIIIIC.

®dyuxums Label ykaspiBaer, kakve aroMapHbI€ MPEIIOKEHUS BEPHBI IS
3aganHoro coctosaus M. Ecmu mis cocrostaust S umeem Label(s) = &, To
5TO 03HAYAECT, YTO HU OJHO AaTOMapHOE IPEIJIOKEHHE HE BEPHO B
cocrosaun  S. CoOCTOsSHME S, B KOTOPOM MPEIJIOXKEHHE [P BEPHO
(p € Label(s)), uHorna Ha3bIBacTCS P-COCTOSIHUEM.

Ipumep. ITycte AP = {x=0, x=1, Xx#0} — MHOXECTBO aTOMapHbIX
npemioxeHuit, S = {Sy, ..., S3} — MHOKECTBO cocTossHMM, R(S;) = Sj+q IS
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0<1<3 u R(s3) =s3 — ¢yukuusa ciemoBanus u Label(s)) = {x#0},
Label(s;) = Label(s;) = {x=0}, Label(sz) = {x=1, x#0} — dbynkuus,
COIIOCTABJIAOIAs aTOMapHbIC MPEUIOKEHUS COCTOSTHUAM. B Momenmn M =
(S, R, Label) aromapnoe npemioxenne «X = 0» BEpHO B COCTOSHHSX S; U Sy,
«X # 0» BEpHO B Sg | S3, @ «X = 1» BEpPHO TOJBKO B COCTOSIHUH S3.

3amMeThM, 9TO aTOMapHOE MPEII0KEHUE MOXKET OO BBITIOTHATHLCS, JTHO0
HE BBEIIOJIHATECA B JI000M coctosHun wmoxaenu M. JlaapHeimas
uHTepHnpeTanus He gaetcsa. Hampumep, ecinu «X = 1» BEpHO B COCTOSIHUU S,
ATO HE O3HAYAET, YTO «X # 0» TakKe BEPHO B 3TOM COCTOSHHUH. T€XHUYECKU
3TO CJeayeT W3 TOoro (akTa, 4TO Ha MOMETKH COCTOSHUW aTOMapHBIMU
npeioxkeHussMu Label He HakItapIBaeTCs HUKAKHX OTPaHHYCHUIA.

Cwmbicn ¢GopMynl B JIOTHKE OIpEACISIeTCS B TEPMHUHAX OMHOULEHUS
svinoaHsaemocmu (0003HAYaEeMOTO |=) MexIy Mojenbio M, onHuM u3 ee
COCTOSIHUU 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
coctostHun S monenu M. Korma monens M sicHa M3 KOHTEKCTa, Oyaem
OITyCKaTh MOJIEb U TIHCATh S |= @ BMecTO M, S |= 0.

Cemantuka LTL ompexnensercs cienyromum obOpaszoMm. Ilycts p € AP —
aromapHoe npeminoxenne, M = (S, R, Label) — LTL-monens, S € Su ¢, y —
LTL-popmynsl. OTHOIIEHHE BBINOJIHAEMOCTH |= 3a1aeTCs  TaKuM
crocoooMm:

sk=p < p e Label(s);

sl=-w e -GFo);

sE=l@vy) e 6E)vEEW:

S |= X < R(S) |= 0,

sl=(@eUy) ©3j20:Ri5) =y (V0<k<j:RYs) [=0).
3nech R%(s) = s u R™(s) = R(R"(S)) amst moGoro n > 0.
Ecnu R(S) =s', To cocrosinue S' Ha3bIBaeTCs npsimvimM nomomxom S. Ecnu
R"s)=s" mma n>1, To cocrosHue S' HaspiBaeTcs nomomkom S. Eciu
M, s |= @, TO TOBOpAT, 4To Monaelb M ypoBnerBopsier dopmysne ¢ B

coctostHuu S. MHade roBops, GopMyna ¢ BBIOIHSAETCS B COCTOSIHUU S
mozenu M.

dopmainibHass HHTEPIIPETAIMs OCTANIBHBIX CBs30K true, false, A, >, G u F
MOXXET OBITh TMOJy4YeHa Temepb W3 ONpeNeNieHuH HEMmOoCpPeCTBEHHOM
noactaHoBkoil. CBsizka trUe BepHa BO BCEX COCTOSIHUSIX: TaK Kak
true = p v —p, BBIMOIHUMOCTH trU€ B COCTOSIHMH S CBOJIUTCSA K (opmysie
p € Label(s) v p ¢ Label(s), koropas siBisieTcss BepHBIM NpeIOKEHUEM
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JU1s1 Bcex coctosiHuit S. Takum o6pazom, M, S |= true st Bcex COCTOSHUM
S. B xauecTBe mpuMepa pacCMOTPUM CEMaHTHKY F ¢:

S|=Fg0

< { o onpenencuuio F }

sk=true U g
< { cemantuka U }

3j>0:RI(s) =9 A (V 0<k <j: R¥s) =trug)

< { BbIumMCIICHUS }

3j>0:RI(5) =0
CJ'ICI[OBaTeJ'IBHO, F ¢ BCPHO B COCTOSAHHUH S, €CJIM U TOJIBKO €CJIU €CThb

HEKOTOpbIM (HE 00A3aTENbHO MNPSIMOI) MOTOMOK COCTOSIHUSA S WJIM CaMoO
COCTOSIHHE S, B KOTOPOM ¢ BEPHO.

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

S|=G(o

< { no onpenencauio G }

<> { UCIOJIb3yeM MPEBIIYIIHNI BBIBOI }

—(3j=0:RI(s) [=—0)

< { ceMaHTHKa — }

—~(3j=0: =(Ri(s) =)

<> { UCUMCIIEHHUE NTPEAUKATOB }

Vj>0:Ri(s) [=0.
Taxum o6pazom, dopmyna G ¢ BepHa B S, €CIM U TOJBKO €CIIM BO BCEX
MOTOMKaXx S, BKJIFOYasi caMo S, BepHa (opMyIia ¢.

IMpumep. Ecou popmyna ¢ U w BepHa B cocTtosiuuu S, To F y Toske BepHO B
3ToM coctosaud. CremoBareibHO, Koraa yTBepxaaercs ¢ Uy, HesBHO
MOJpa3yMeBaeTCs, 4TO B OYAyIIeM CYIIECTBYET KaKOe-TO COCTOSHUE, B
KOTOpPOM BbINOJHsSIETC . bonee cmabbiii BapuaHT omeparopa Until,
ormeparop Weak until (unless) W yrBepkaaer, 49TO ¢ BBIIOJIHIETCS
HETPEPHIBHO JHOO 0 MOMEHTa, KOTJa BIEPBbIC OYACT BBIOIHITHCS VY,
100 B TedeHHe Bcel mnocnenoBareiabHocTd. Oneparop W onpenernsercs
CJIEAYIOIIUM 00pa3oMm:

eWy=Gov(pUy).
Omnepatop U moxHO BbIpa3uTh yepe3 W IBOMCTBEHHBIM CIIOCOOOM:
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pUy=Fyn(pWy).
IMpumep. Ilycte M 3agaercs MOCIEAOBATEILHOCTBIO  COCTOSHHIA,
n300pakeHHOH B TmepBoM psgy puc. 2.1. CocrossHuS 0003HAYAIOTCS
BepimHaMu, a GyHknus R — crpenkamu (cTpenka WjaeT u3 S B S', €ClIK |
tTosbko eciim R(S) = §'). Tak xak R — ToTanmpHas (BCIOAY OIpeaeiicHHas)
(YHKIHS, Y KKIOTO COCTOSIHHS €CTh POBHO OJIHA MCXOJAIIAs CTPEJIKa.
[Tometku Label yka3zaHbl o1 COCTOSHUSIMH.

v O

U {9

Fp ‘
Gp O
qup ()

Puc. 2.1. [Tpumeps! uarepnperanuu LTL-bopmyn
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®¢ O o
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B HmKHUX psAax MOKazaHa BBIMOTHUMOCTH Tpex Gopmym: Fp, Gp u
q U p. CocTosiHre OTMEUYEHO YEPHBIM LIBETOM, €ciii (hopMyJjia BEpHA B 3TOM
COCTOSIHUH, U O€JIbIM — B IPOTUBHOM ciryyae. @opmyna F p BepHa BO Bcex
COCTOSIHMSIX, KpoMe mociieHero. Hu onHoO p-cocTosiHue HE MOXKET OBITh
JNOCTUTHYTO M3 mocneanero. @opmyna G p HeBepHa BO BCEX COCTOSHUSX,
TaK KaK HET HU OJIHOTO COCTOSIHUSI, IOTOMKaMHU KOTOPOTO ObUIA OBl TOJIBKO
p-coctosiusi. I3 Bcex (-COCTOSIHMM (€IMHCTBEHHOE) P-COCTOSIHUE MOKET
OBITh JOCTUTHYTO 3a HyJlb WU Oosiee maroB. CienoBarenbHO, BO BCEX
ATUX COCTOSIHUSX BbINONHsETCS hopmyna q U p.

IIpumep. Ilycte M 3amaercss MOCIENOBATENBHOCTHIO  COCTOSIHHM,
n3o0pakeHHoOM Ha puc. 2.2, tae p, q, I, S, t — aTomapHbIe TIPEIIOKCHHS.
Paccmotpum  dopmyny X[r — (qU S)], koTopyro 3amuiieM B BHJE
X[=rv(qQUs)]. Ins Bcex COCTOSHUI, NMPSIMOM MOTOMOK KOTOPBIX HE
yIOBIETBOPsieT I, ¢opMyna BepHAa BBHUAY MEPBOrO AU3IBIOHKTA. OTO
MPUMEHUMO KO BTOPOMY COCTOSIHMIO. B TpeTheM cocTosiHuu ¢opmyiia
HEBEpPHA, TaK KaK I' BBITIOJIHSIETCS B €ro MOTOMKE, a  u S — HeT. Hakowner, B
MEPBOM M YETBEPTOM COCTOSIHUSIX (hOpMyJia BEpHA, TaK KaK B UX MPSIMOM
MIOTOMKE BEpPHO (], a B CIEAYIONIEM COCTOSHUHU BEPHO S, U mo3tomy ( U S
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BEpHO B uXx npsiMmom notomke. CrnpasemnmuBocts popmyn G p, Ft, GFr u
dbopmyel X[r — (q U s)] ykazana B psaax Hibke Mojaeand M.

M O >

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

C

Gp ‘

i

Ft o

C
C

GFr ‘

|

X[r = (q U s)] ‘

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

Onuriem Tenepb HEKOTOPBIE YaCTO UCIOJIb3yeMbIe MPEAJIOKEHUS ¢ JIOTUKU
LTL u mpuBezeM HX CIOBECHYIO MHTEPHPETAlUI0 Takyro, 4To M, S |= .
CeMaHTHKa TOCJEAHETO BBIPAKECHUS: ¢ BBIMOJIHSIETCS B COCTOSHUU S
moxenu M.

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

2. Glp > Fy]: ecnmu ¢, To xorma-uuOyap Y (IIs BCEX IMOTOMKOB 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 gaHO HedoOpMalTbHOE OINpeeieHUue 3aJauu
npoBepku Mojeneil. Tak kak (opMallbHbIH MEXaHW3M YKe pa3padoTaH,
Tenepb MOXHO JaTh Oojiee TOYHYIO XapaKTepu3aluio 3Toi 3amaun. OHa
MOET OBITh (POPMATTLHO OTIPEIEIICHA CIEAYIOIINM 00pa3oMm:
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naHa (koHeuHas) mojienib M, coctostHue S
u hopMmyna ¢, BepHo i M, s |= @?
3agady IpoOBEpPKU MOJENICH HE cleAyeT MyTaTh ¢ 0oJiee TPaaullMOHHON
3aa4el BBIIOJIHUMOCTH B JIOTHKE.

3aoaua evinonumocmu MOXET ObITh CHOPMYITUPOBAHA TAK:

JaHO CBOMCTBO ¢, CYIIECTBYET JId Mojiels M
U COCTOsIHUE S, B KOTOpoM M, S |= @?

[Tpu 3TOM OTMETHUM, UTO €CIU I IPOBEPKU MOJENEN 3a1aHbl Mojesb M u
COCTOSIHHE S, TO B 3aJaue BBITOJHUMOCTH 3TO He Tak. Jms LTL 3agaua
BBINIOJIHUMOCTHU pazpemmnma. [loaromy u 6onee mpocras 3aaada MpoOBEPKU
moznenent miust LTL Takke pazpemmma. BBIMOJIHUMOCTH OTHOCHUTCS K
BaJUJAlMM CUCTEM C UCIOJIb30BaHUEM (opmanbHOW Bepudukauuu. B
KauecTBe NpHUMEpPa pPACCMOTPUM CHEUU(PHUKALUIO CUCTEMBI U €€
peanu3zanuio, Kotopsie cpopmymupoBanbl B Buiae LTL-bopmyn ¢ u w.
[IpoBepka TOro, 4To peanu3auus yIOBIETBOPSET CIELU(PUKALHNH, TENEPh
CBOIUTCS K IIpoBepke ¢opmynsl W — ¢. Ilyrem onpenenenus
BBIMIOJTHUMOCTH 3TOM (OPMYJIbBI MOXHO IPOBEPUTH, CYIIECTBYET JIU
MOJEJb, Uil KOTOPOW BBINOJHSAETCA YKa3aHHOE cooTHoueHue. Eciau
(dopMyJia HEBBIIIOJIHUMA, TO TAaKOM MOJIENN HE CYIIECTBYET. DTO O3HAYaeT,
YTO COOTHOILLIEHUE MEX]y CHelU(pUKaUe U peann3aurueil He MOXKeT ObITh
BBIIIOJIHEHO HU B KAKOW MOJEINH.

Cxomnast 3ajgaya, 4YacTO BCTpeUamIiascs B JIMTEpaType — 3adaud
Mmasmono2u4HOCmu.

JAHO CBOMCTBO @, BepHO i1 M, S |= ®
Ut Beex mojeneit M u cocrosiamit S?

OTauyme AToM 3a7auu OT 3aJlauyd BBIOJIHUMOCTHA COCTOUT B TOM, YTO JIJis
pelieHrs 3aJa4yd TaBTOJOTMUYHOCTA HEOOXOAMMO MPOBEPUTH, BEPHO JIH,
yto M, s |= @ A écex CylIECTBYIOIIMX Mozened M u cocrosiHuit S, a He
OMpEeNEeNATh CYIeCTBOBaHUE OJHOM (Wi Oosee) Takod mapel M u S.
CrnepnoBatenbHO, 3a/laya TaBTOJIOTMYHOCTU ISl (DOPMYJIBI ¢ COBHAAAET C
OTPHUIIAHUEM 3a]1a4¥ BBITIOTHUMOCTH JJ1s1 (HOPMYJITBI —(.

2.2.3. AkcuomaTtumsaums

TaBronormunocts  LTL-popmynbr  moxker  ObITh  BBIBE€HA  C
UCIIOJIb30BAHUEM CEMAaHTHUKHM, KaK OIKUCAaHO BbIMIE. OJTO OOBIYHO
rpoMoO3JKas 3ajaya, Tak KaK MPUXOAUTCA paccykaatb o (opMaabHOU
CEeMaHTHUKe, KOTOopas ompejaeineHa B TepmMuHax mozenun M. B kauectBe
npuMepa norpoodyem BeiBecTH, 9T0 @ U = w v [p A X(p U y)].
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NuTyntnBHO 53Ta (Qopmyna BepHA: €CId B TEKYIIEM COCTOSHUU
BBITIOJTHSIETCS Y/, TO BhIONHsIeTcst U ¢ U y (17151 IPOU3BOJILHOMU ), TaK KaK
W MOXET OBITh AOCTUTHYTO uepe3 myTh anuHbl 0. B mpoTtuBHOM ciydae,
€CJIM ¢ BBIIIOJIHAETCS B TEKYILEM COCTOSIHUH, & B CIEIYIOLIEM COCTOSIHUU
BbInosiHAeTCs @ U w, 10 ¢ U i BBINOJHSAETCS B TEKYLIEM COCTOSIHUU. B
pe3ynbTaTe MOJy4aeM CIEAYIOMNN BBIBO:

sE=y v IpAX(e Uyl
< { CeMaHTHKa V U A }
SEY) Vi) AsEX(@Uy)
< { cemantuka X }
SEVVEE) ARG EeUY
< { cemantuka U }
SEw)vEEe) ABIZ0:RRE) =y A
AV 0<k<]j:RR(S) =9l
& { Beruncienus ¢ uctonb3oBarneM R "(s) = R"(R(s)) }
(s |=t,u) v [3j=0:RI(s) |=c,u/\
AVO<k<j R E=pAskE=o)
& { BBIMHCIICHHS ¢ HCIoNMb30BaHneM RY(S) =s }
SEwWVEIZ0RM S EyAVO<k<j+ 1R S) =4l
& { BeuncIeHus ¢ ucronb3oBanneM R%(S) = s }
[3j=0:RG) =y AV 0<k<jRYs) =gl v
vI[3jZ0: R () EEw AV Oo<k<j+1:RXs) F=ol
< { BbIUMCIICHUS }
[3j>0:RI(5)=w AV 0<k<j: RYs) =o]
< { cemantuka U }

S|=(0Uz//.

Kak MOXXHO BHIETh W3 3THUX BBIUMCICHUN, MAHUMYISALUS (opMyIamMu
TpylOoeMKa U HeHajexHa. bonee »h(eKkTUBHBI MyTh MPOBEPATH
NpaBUIBHOCTh (OPMYJ — 3TO MCIOJB30BaTh UX CHUHTAKCHC BMECTO HUX
CEMaHTUKH. Maes coCTOMT B OIpEAENIEeHNH MHOKECTBA IpaBWJ BBIBOJA,
KOTOpble TMO3BOJISIIOT TnepenuchiBath LTL-bopmynsl B cemaHTHUecku
skBUBajIeHTHBIC L TL-(popMyIbl Ha CHHTAKCHYECKOM YPOBHE.

Ecnu, nanpumep, ¢ =y — 3TO mpaBuio (akcuoma), TO S |=go Torja M
TOJILKO TOrja, Korma S w s Bcex mojaened M U cocTOosSHUIA S.
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CemaHTHUECKas! 5KBUBAJIEHTHOCTh 03HAYAET, YTO JJI1 BCEX COCTOSIHHM BCEX
MOJIeJIel 3TH TpaBuUia BBINOJHAIOTCS. MHOXECTBO MpaBuil BbIBOJA,
MOJIYYEHHBIX TAKUM 00pa30M, Ha3bIBAIOT AKCUOMAMUIAYUEL.

B »TOM pa3zmene mpuBOAATCA HECKOJBKO YIOOHBIX 0a30BBIX MpaBUIL.
[IpaBuna, mepedncieHHbIE HUXKE, CTPYIIITAPOBAHBI, M KAKIOW TPyMIE JaHO
uMs. C UCTIOJb30BaHUEM TPABWIT HIIEMIIOTEHTHOCTH M TIOTJIOMIEHUS, JTF00as
HemycTas nocienoBarensHocTh F u G Moxker ObITh cokpariena ao F, G,
FG unmu GF. CripaBeniuBOCTh 3THX MPaBUI BEIBOJA MOXKET OBITh JOKa3aHa
¥ TIyTE€M UCTIOJIb30BaHUSI CEMaHTHUECKON HHTEPIPETAIINH, KaK OBIJIO BUTHO
paHee I TIEPBOTO 3aKOHA paclIMpeHus. PasHuWiia B TOM, YTO OTH
I'POMO3JIKHE JO0Ka3aTeNbCcTBA TPeOyeTcss MPOBECTH TOJIBKO OMHAKIBI, a
MoCJie ATOTO MpaBWJIa MOTYT HMPUMEHATHCS MOBCEMECTHO. OTMETHM, UYTO
CIpaBeUIMBOCTh,  TpaBwi pacmmpeHus mi1 F w G crnemyer
HEIOCPEJICTBEHHO M3 CIIPaBEUIMBOCTH TpaBwWiia pacmmpeHus mis U mo
omnpeneneHuto oneparopos F u G.

AKCHOMaTHYECKOE TPABWIO HA3BIBAETCS  KOPPEKMHbIM, €CIIH  OHO
BhITIONTHsIETCSI. DopManbHO, akcoMa @ = \ Ha3bIBA€TCS KOPPEKTHOM, €CIH
U TOJIBKO €CJU J1Jisl Bcex mojenedt M u coctosiauii S B M:

M, s |= ¢ TOTJIa U TOJIBKO Tora, korjaa M, S |= v.

IIpaBuia NBOVICTBEHHOCTH:

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

[IpumeHeHrne KOPPEKTHBIX aKCHMOM K 3aJlaHHOM (opMyle o3HadaeT, 4YTo
CIPaBEAJIUBOCTG (POPMYJIBI HE HU3MEHSETCA: AaKCUOMBbl HE M3MEHSIOT
ceMaHTUKy (¢opmynbl. Ecinu mist mo0bIX CeMaHTUYECKH SKBUBAJICHTHBIX
U | 3Ty SKBUBAJIEHTHOCTh BO3MOXHO BBIBECTH, HCHOJbB3Ysl aKCHOMBI, TO
aKCMOMATHU3AIMIO Ha3bIBAIOT nosHou. [IpuBeneHHas akcumoMatu3amus is
LTL siBisieTcst KOPPEKTHOM | moJiHOM [22].

2.2.4. Pacwunpenunsa LTL

Cmpoeas u Hecmpoeasa uumepnpemayuu. G ¢ O03HAYaeT, 4YTO @
BBITIOJTHSIETCSI BO BCEX COCTOSIHMSIX, BKJIIOYAsi TEKyIIee. DTO Ha3bIBAETCA
Hecmpoeoli WHTEpIpeTalnuei, Tak Kak (QopMylia TakXe CChbUIaeTcs Ha
TEKylIee COCTOsSIHME. B oTimume OT Hee, cmpoeas WHTEpHIpeTauus He
cchUlaeTcs Ha Tekymee coctossHue. Ctporas wuHTeprperamus G,

o0o3HauaeMas G, ompenensercs Kak G @ = XG ¢. CnenoBatelbHoO, G ®
O3HAYACT, YTO ¢ BBIMIOJTHACTCS ISl BCEX COCTOSHUN-TTIOTOMKOB, HE TOBOPSI
HUYETO O TEKYIIEM COCTOSHUU. AHAJOTWYHO, cTporue BapuanThl F u U
ompexnessorest Kak Fo=XF ¢ u ¢ U w=X(p U y). (Ormetum, uro s X
HET CMBICJIA pa3InyaTh CTPOTYI0 W HECTPOTYIO HMHTEPIIPETAIluH). ITH
OTIpEJICICHHs] TIOKa3bIBAIOT, YTO CTPOTass WHTEPIPETalds MOXKET OBITh
oTpejieieHa B TepPMHUHAX HECTPOTOW MHTEpIIpeTaruu. B 00paTHyI0 CTOpOHY
UMEEM:

Gop=pn égo;
Fop=¢pv Iigo;

pUy=wvipa(pUy)]
[lepBbie 1Ba paBEeHCTBA CICAYIOT U3 JAHHBIX BBIIIC OMPEACICHUI GucF.
Tperbe paBEeHCTBO TMOJTBEPKIACTCS  IMPABUJIOM  PACHIMPEHHUS U3
npeapiayiero pasaena: ecau moiactaButh ¢ U w=X(p U yw) B TpeThe
PaBEHCTBO, TO MOJy4YuM TpaBwio pacimmpenus misi U. HecMmotps Ha To,

qTo HnHOoraa HCITOJIB3YCTCA cTporasd HHTCPIIPpCTAlUA, Ooiee
pacinpoCTpaHC€Ha HECTPOras, KOTopasa U paCCMaTPUBACTCS B ATOM KHUTE.

Onepamopwl npeduiecmeosanusi. Bce onepatopsl cChIIaloTCs Ha OyayIiee,
BKJIIOYAsi TeKylee coctosiue. Kak criencreue, 3Tu onepaTopbl U3BECTHBI
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Kak onepamopwl 0yoywezo. WNnHorna LTL pacmmpsercs onepamopamu
npeouwiecmeoganusi. ITO  MOXKET ObITh IOJIE3HO B  HEKOTOPBIX
NPUIIOKEHUAX, TaK KaK WHOTJAa CBOWCTBA JIETYE BBIPAXKAIOTCA B TEPMHUHAX
OpoLUIOro, 4eM B TepMmuHax Oynymiero. Hampumep, G ¢ («Bcerma B
IPOILIIOM») O3Ha4yaeT (B HECTPOTOW WHTEPIPETAIMH), YTO ¢ BBITIOIHICTCS
ceifuac 1 B JIIOOOM COCTOSIHUM paHee. F ¢ («xorma-HuOy b B MPOILITIOMY) —
¢ BBINOJIHACTCA B TEKYIIEM COCTOSHUM WM B HEKOTOPOM COCTOSIHUHU
paHee, a X ¢ 03HA4aeT, YTO ¢ BBIIOJHAETCS B MPEABIAYIIEM COCTOSHUM,
€ClIi TaKO€ COCTOsIHME cyliecTByeT. Kak u s onepatopoB Oyaymiero, amis
OIIEpaTOpPOB MPEIIIECTBOBAHUS MOTYT OBITh JaHbl CTpoOrass U HecTporas
UHTEPIIPETALINH. OcHOBHasg ~ NpUYMHA  BBEJACHHUS  OMEPATOPOB
OpPEIIIECTBOBAHNSA COCTOMT B YIPOLIEHUH 3alUCH  CleUU(UKAIIU.
[Ipu 3TOM OTMETHM, YTO BbIpasuTenbHas cuia LTL He yBenuuuBaeTcs npu
J100ABIICHIH ONEPATOPOB MpelIecTBOBanms” [23].

2.2.5. Cneundukaumsa ceoncts B LTL

Jnst Toro 4roObl copmynupoBaTh HUICI0 O TOM, KakK BBIpaXaTh
HedopMabHbIE CBOMCTBA B TMHEHHON TEMIIOPAILHOM JIOTUKE, PACCMOTPUM
JBa npuMepa. B mepBoM u3 HUX mombiTaeMcsi chOpMYIUPOBATh CBOMCTBA
MPOCTON KOMMYHHMKAIIMUOHHOM CHUCTEMBI, 2 BO BTOPOM — OOpaTuMcs K
dbopmanbHOM crnienuduUKay TpeOOBaHUM K MPOTOKOJY BBRIOOpa Juaepa
B paclpe/ieIeHHON cucTteMe, B KOTOPOM MPOIECChl MOTYT HAaYMHATHCS
B ITPOU3BOJIbHBIC MOMEHTHI BPEMEHH.

KoMMyHUKAIIMOHHBIH KaHAJ

PaccMoTpuM oHOHAMpABICHHBIN KaHAT MEXIY ABYMS COOOIIAIOIIIMMHUCS
nporieccamu: otnpasutenieM (S) u momydarenem (R). OrtmpaButenb
cHaOkeH BhIXOAHBIM Oydepom (S.out), a momydarenb — BXogHbiM. O0a
Oydepa UMEIOT HEOTPAaHUYCHHYIO €MKOCTh. Eciii S mochIIaeT cooOIeHHEe
m k R, To oH momemiaeT cooOIIeHne B CBOM BBIXOJHOU Oydep S.out.
Beixomnoit Oydep S.out u BxomHod Oydep R.in coenuHEHBI
OJTHOHATIPABJICHHBIM KaHajioM. [loirydarens mpuHUMAET COOOIICHHS TyTEM
yaalleHus WX M3 CBOEro BxojaHoro Oydepa R.in. Cuurtaem, 4to BCe
COOOIICHHUS OJMHAKOBO HWICHTHU(UIIMPOBAHBI, @ MHOMXECTBO aTOMapHBIX
npeioxkenuit AP = {m e S.out, m € R.in}, rme m o6o3HayaeT cooOIICHHE.
[Tprr 3TOM HESBHO MPEAIOIaraeTcs, YTO BCE CBOWCTBA (OPMYIUPYIOTCS
s Joboro  coobmieHns M (mpeamnosaracTcs  yHHBEpCaldbHas
KBaHTHU(HUKAIMS M0 M). DTO aenaercss A yAoO0CTBa M HE TMOBIHUSCT Ha

2 . .
Ecim B kadectBe 6a30BOI CEMaHTHYECKOW HJIEW B3sTa TUCKPETHAs MOJENb, KaK B
JTAaHHOM pasJere.
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pa3penIMMOCTh 3aJ1a4d BBITIOJJHUMOCTH, €CJIH MPEOJI0NKUTh, YTO YHUCIIO
coobmenuit koneuno. Kpome Toro, Oynem cuutath, 4to Oydepsl S.out u
R.in BeayT ce0s HOPMAIBHO — HE IOPTIT» W HE TEPSIIOT COOOIICHUS,
1 cOOOIIIEHNE HE MOXKET HaXOoAuThesa B Oydepe 6eckoHeuHo joiro. Cxema
B3aMMOJICHCTBUS OTIIPABUTENIS U TOJTydaTells IpUBe/cHa Ha puc. 2.3.

Otnpasurens S Kanian IMomyuarens R

Puc. 2.3. BzaumopeiicTBrue OTIpaBUTEINS U MOTyYaTENst

dopManauszyeM cleayronme HepopMalbHbIE TpeOOBaHUS K KaHAIy C
momorso LTL:

o «CooOleHne He MOKET 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 COOOIIEHHUs, MOMENIEHHbIE B S.out, B KOHEYHOM
cyeTe OyIyT JOCTaBJIEHBI B R. in:

G(m € S.out - F(m € R.in)).

OTMeTHM, 4TO €CJIM YHHKAJbHOCTb COOOIICHUN HE MOJIpa3yMeBaeTcs,
TO ATOTO CBOMCTBA HEJAOCTATOYHO, TaK KaK €CJid, HallpuMep, MepeaaHbl
JIB€ KOTIMU M U TOJILKO MOCJEAHSSA U3 HUX TOJIy4eHa, TO TaKasi CUTyalus
YAOBJIETBOPsIa Obl ’TOMY CBOMCTBY. YHUKaJIbHOCTh COOOIIEHUI — 3TO
MPEANOChIUIKA Crielu(pUKaIUK TPEOOBAHUM B TEMIIOPATILHON JIOTUKE ISt
CHUCTEM, Nepeaaromnx COOOIIECHHUS. Ecnu MpeAnoaararh
CIIPaBEJIMBOCTh MPEABIAYIIETO CBOWCTBA, TO 3KBHBAJIEHTHO MOYHO
3aIucaTh:

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 O03HayaeT, 4To ecjau M, a 3atem M'
nepeaHno OTIPaBUTENIEM B €ro BhIXOAHOU Oydep S.out, To M Oyxaer
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 MPEIAINOCHUIKE KOHBIOHKT —M' € S.out Tpebyercs st
TOTO, YTOOBI cielpUIMpPOBaTh, 4TO M' OTMpPaBIIEHO B S . out mocie M.
F(m' € S.out) camo mo cebe He wuHcKIOYaeT, 4o M' B Oydepe
OTIIpaBHUTEI, KOTAIa M B S . out.

o Kanan He reHepupyeT cOOOIIEHHUS CIIOHTAHHO. JTO O3HAYAET, YTO
moboe M B R.in A0MKHO OBITH 3apaHee MOCIAHO OTIIPaBUTEIEM S.
C ucnosib30BaHUEM OTepaTopa MPEAIIeCTBOBAHUS F ATO MOXET OBITH
y100HO (hOpMaTU30BaHO CIEAYIOIMIMM 00pa3oMm:
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G[(m € R.in) > E(m e S.out)].

IIpn oTcyTCTBHM OIEPATOPOB NMPEAIIECTBOBAHUSA MOYKHO HCIIOIb30BATh
onepatop U:

G[—=(m € R.in)U(m e S.out)].

JInnammn4yeckuii BLIOOP auaepa

B coBpemMeHHBIX paclpefeieHHbIX CHCTeMaX HEKOTOphle (QYHKIUHM (WiH
CEPBUCHI) MPEIAOCTABIIAIOTCS BBIJCICHHBIMU TMpoOIleccaMu B cucteme. Peub
MOXET HWIATA O IPUCBOCHUM aJpeca W PErucTpauuy, KOOPAWHAIUU
3alpOCOB B paclpe/iesieHHOW 0a3e JaHHbIX, PACIPECICHUH BPEMEHHU,
OOHOBJICHUU MapKepa TOciie €ro MOTepU B KOJBIIEBOW CETH ¢ MapPKEPHBIM
JIOCTYTIOM, OallaHCUpPOBKE 3arpy3kd U T. . OOBIYHO MHOTHE MPOLECCHI
B CUCTEME MOTEHIMAIBLHO MOTYT 3TO Aenarh. OJHAKO 11 COBMECTUMOCTH
B JIT0O0H MOMEHT BPEMEHH TOJBKO OJHOMY IMPOIIECCY B JCHCTBUTEILHOCTH
paspemiaeTcsi NpeJoCTaBIsATh PYyHKUIMIO. Takum o0pa3oMm, OAUH MHpPOLECC,
HA3bIBAEMBIN «JIHAEPOMY», JTODKEH ObITh BBIOpAH JUIsl TIOJIJEPKKU JTAHHOM
¢dbynkiuu. MHOrIa 10CTaTOYHO BHIOPATh MPOU3BOJIBHBIN MPOIIECC, HO IS
apyrux  (GyHKOMA ~ BaXXHO  BBIOpaTh  TpolLleCC C  HAWIYUYIIUMHU
BO3MOXXHOCTSIMU BBITIOJIHEHUSI AaHHOW (yHKUMH. J[aHHBIM npumep Oyner
abCcTparupoBaThCsi OT MHAUBUAYATbHBIX BO3MOXHOCTEM W HCHOJIB30BaTh
paHxupoBaHue Ha 0a3e HIASHTU(HUKATOPOB MPOIECCOB. TakuMm 00pazoM,
ujes COCTOMT B TOM, UTO Tpoliecc ¢ 0ojee BBICOKMM HACHTU(HUKATOPOM
VMMEET JIy4YIlINEe BO3MOXKHOCTH.

[TpenmnoyiokuM, 4T0 UMEeTCs KOHCYHOE YHUCIIO MPOIECCOB, COCAMHCHHBIX
HEKOTOPHIMA KOMMYHUKAIIMOHHBIMU cpecTBaMi. KOMMYHHUKAITUS MEXITY
IpoleccaMi aCHHXPOHHA, KaK B MpeabLayIieM mpumepe. CXeMaTHUHO 3TO
MU300pakeHo Ha puc. 2.4.

Pl P2 """ PN

KOMMYHI/IKaLII/IOHHaH CCTh

Puc. 2.4. KoMMyHHKaIus MEXIy ITpoLieccaMu

Kax b1l iporiecc uMeeT YHUKaIbHBIA UICHTU(PUKATOP, U TIPEATIOIAraeTCs
CYLIECTBOBAHHME JIMHEWHOIO TMOpSAKa HAa H3TUX UIAEHTU(UKATOpax.
[Tpoueccrl BenyT ce0si TUHAMHYECKM B TOM CMBICIE, YTO OHM B Hauaje
HEAKTUBHBI (HE y4aCTBYIOT B BEIOOPE) U MOTYT CTaTh aKTUBHBIMU (MIPUHATH
ydacTue B BHIOOpE) B MPOU3BOJILHBIE MOMEHTHI BpeMeHH. J[J1s1 TOro uToOsbl
CUCTEMA YIOBJIETBOpSAJA HEKOTOPOMY CB0UCMEY npozpeccd, CUUTAETCH,
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YTO MpPOILIECC HE MOXET ObITh HEAKTHBHBIM HEOTPAHUYEHHO JOJTr0 —
KQ)K/IbI IPOLIECC CTAHOBUTCS aKTUBHBIM B KaKOH-TO MOMEHT. Kak TOJIbKO
npolecc NpUHUMAET y4yacTHe B BbIOOpax, OH IPOAOJDKAET 3TO JAeiaTh U
0ojiee HE CTAHOBUTCSI HEAKTUBHBIM. /{111 3aJaHHOTO MHOKECTBA aKTUBHBIX
IPOIIECCOB JOJKEH OBbITh BbIOpaH nujep. Eciam HeakTHBHBIN mporiecc
CTAaHOBUTCSI aKTUBHBIM, TO BBIIIOJIHAETCS HOBBIA BHIOOD, €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 mpomecc | sBAsSeTCS Juaepom, active; — dro
nporecc | akTuBeH, a 1<) — 49TO HUACHTH()HKATOpP | MCHbIIE, YeM
uaeHTH(GUKATOP | (B JIMHEHHOM IMOpsIKe WaeHTH(UKATOpOB). Mcmonbp3yeM
| ¥ ] B KauecTBe HACHTU(HHUKATOPOB MporieccoB, a yepe3 N 0003HAYMM
YKCIIO TPOIIECCOB. ByaeM cuMTaTh, YTO HEAKTUBHBIN MPOIECC HE ABISCTCS
JUJICPOM.

B nmanpHedmmx  (GOpMYIHMPOBKAaX HCIOJAB3YeM YHHBEPCAIBHYIO U
9K3UCTCHIIMAIBHYIO KBaHTH(HMKAIIMIO MO MHOXXECTBY HIACHTU(PHUKATOPOB.
Ctporo roBopsi, kBaHTOpbI He siBisieTcs yacThio LTL. Tak xak B JaHHOM
cllydyae paccMaTpHBAaeTCs KOHEYHOE YHCJIO MPOIECCOB, YHHBEpCAIbHAsS
kBantudukarus Vi: P(i) (rne P — HekoTopoe mpeiokeHne o mporeccax)
MoxeT ObiTh pactmpera 10 P(1) A ... AP(N). Tak ke Moxer OBbITH
pacmpero 3i: P(i). KanTudukamus B JaHHOM Cllydac MOXET OBITh
paccMOTpeHa Kak COKpalieHue:

o «Bcerma uMeercss pOBHO OJIH JIUJIEP»:

G[3i: leader; A (V] # i: —leader;)]

Tak kak B JMaHHOM cllydae paboTaeM ¢ JTUHAMHUYECKOW CHCTEMOM, B
KOTOpPOM BC€ MpOIEcChl MOTYyT ObITh TEPBOHAYAIBHO HEAKTUBHBI
(cnmemoBaTenbHO, HET WM JHMIEpa), TO 3TO CBOMCTBO, BOOOIIE TOBOPS,
HEeBepHO. Takke B pacHpelesicHHOM CUCTEME C aCHHXPOHHOMU
KOMMYHHUKAILIMEN TMEPEKIIOYEHUE OT OJHOIO JMJepa K JIpyroMmy C
TPYAOM MOKET OBITh CJAEJIAaHO aTOMAapHbIM, U YJIOOHO pa3pelInTh
BPEMEHHOE OTCYTCTBHE JIHJEepa. B kauecTBe MEpPBOM MOMBITKH MOYKHO
U3MEHUTD MPUBEJCHHYIO BBIIIIE bopmyny Ha
GF[3i: leader; A (V] # i: —leader;)], xoTopas pa3pemaeTr BpeMEHHOE
OTCYTCTBHE JIMAEPA, HO PA3PEIIACT TAKKE HA BPEMSI UMETh HECKOJIBKUX
IunepoB  ogHOBpeMeHHO. (C  TOYKM 3pE€HUsT JIOTMYHOCTH  3TO
HexenarenpHo. [loaToMy paccMOTpuM clieAyromue 1Ba CBOMCTBA.

Qa «Bcerna HMCCTCA MAKCUMYM OAWH JIUACP:
Glleader; — Vj #i: —leader;]
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o «B cBoe Bpemss Oymer aoctatodyHo JauaepoB». (DTo TpeboBaHUE
n30eraeT KOHCTPYKIMU MPOTOKOJIA BbIOOpA JUEpa, KOTOPBIM HUKOTIA
He BbIOMpaeT nuaepa. Takod MPOTOKON YJIOBIETBOPSAET MPEAbIIYIIEMY
TpeOOBaHHUIO, HO OH HE YKeJIaTeJIeH):

GF[3i: leader;]

DTO CBOWCTBO HE O3HAYAET, 4TO OyneT OCCKOHEYHO MHOTO JIUJEPOB.
OHO yTBEpKIaeT JUIIh TO, 9TO OyneT OECKOHEUHO MHOTO COCTOSTHUH, B
KOTOPBIX JIUJEP CYIIECTBYET.

o «B npucyrctBUM  akTHBHOrO mpolecca ¢  0oJiee  BBICOKUM
UACHTU(UKATOPOM JIUJEP B KAKOH-TO MOMEHT YCTYIIUTY:
GI[Vi, j: ((leader; A i <] A —leader; A active;) — F —leader;)].
N3 coobpaxkenuit »PEeKTUBHOCTH HEXKEIATEIBHO, YTOOBI JUAECP B
KaKOH-TO MOMEHT YCTyNaJl B MPHUCYTCTBUM HEAKTUBHOIO Mpoliecca,
KOTOPBI MOXET Yy4acTBOBaTh B BBIOOpax B KaKOW-TO HEM3BECTHBIN
MOMEHT B OyaymieMm. [loaTomy TpeOyercs, 4ToObl j ObUI AKTHBHBIM
MIPOLIECCOM.

o «HoBslit muaep OyneT mydine IpeablayIero». 9To CBOMCTBO TpeOyer,
yTOOBl ~ TOCJIEIOBATENIBHOCTh  JIUJIEPOB ~ MMeENa  BO3pACTaIOIIUe
UJECHTU(DUKATOPHI:

G[Vi, j: (leader; A —X leader; A XF leader;) — i <j].
OTMeTuM, 4TO 3TO TpeOOBaHME MPEAIOJAraeT, YTo MPOIECC, KOTOPHIM
YCTYNHJI OJIMH pa3, O0JIbIIIE HE CTAaHET JTUACPOM.

Jlpyrue mpumepsl Crelu(UKalMi TEMIOPAIbHBIX CBONCTB MPHBEICHBI B
paborte [24].

2.2.6. Nposepka mogenen ana LTL

3ajaya TPOBEPKU MOAENEH Uil JIMHEHHOW TEMIOPAIbHOM JIOTUKHU
dbopmynupyeTcsi B TepMuHax mojeneit Kpunke.

Kaxnpii myts B moaenu Kpurke, HauMHAKOUMKACS B COCTOSHUM Sy,
npenacrasisger cobort LTL-monens. 3amaua npoBepku LTL-popmynsr mis
Mozenu Kpumke cocTouT B TOM, YTOOBI ONPEACINUTh, HA 8CeX U NYMsX
eblnoaHsiemes 0annas opmyna (WM, 9TO TO K€ CaAMOE, CYUecmayon
nYymu, Ha KOMOopwuIX popmyna He 8bINOIHAECMC ).

Haunem ¢ HeopMabHOTO OMHMCAHUS ANTOPUTMA BepU(UKAIMKA MOJEICH
[22]. Tlo 3amannoit ¢opmyne f um momenm Kpumke M moctpoum
pasmeuennyio LTL-mabauyy T nas dopmyiiel f. Dta Tabnuia npeacrapiser
coboit momenp Kpumnke ¢ (UKCHPOBAaHHBIM MHOXKECTBOM HAUAILHBIX
COCMOsIHULL, COCTOSIIIIYEO W3 @cex TYTEeH, KOTOPBIC YAOBJICTBOPSIOT
dopmyite f. [TocTpoeHne TaOIHIIBI MPOUCXOIUT CICAYIOMUM 00pa3oM.
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IIpuBenenue popmyJibl K pasaejeHHON HOPMaJIbHOU opme

WNuorna dopmyny ans ynobcTBa BHavalle MPUBOJAT K (GOpME C TECHBIMU
OTpULIAHUAMH  (KOTOpbIE€  CTOST  TOJNBKO  MEped  aTOMapHBIMU
peAIOKEHUSIMU ). [[71s1 3TOro MpUMEHSIOT CIEAYyIOIIHe MpaBuia;

—|(f N\ g) =—fv —J;

fog=—-fvg;
—Xf=X-f;
—F f=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)).

OTMeTuM, 9TO ATOT MPOIECC HE SABISAETCS 00s3aTEIBHBIM — H3JIaraeMbIit
HIDKE aliTOpUTM paboTaeT u i GopmyJ1 00IIero BUaa.

[Tocnme »Toro nexkommo3upyem ¢GOpMylly, BBOAS HOBYIO AaTOMapHYIO
NIEPEMEHHYIO Pj IS KaKA0H ee BHyTpeHHed moadopmynsl fi, y koTopoi
TIOCTICHSIST OTieparys (C CaMbIM HU3KHM MPUOPUTETOM) — TEMITOpaIbHasl, u
nobarysas B (GopMyny HOBbIH KOHBIOHKT G(pij — fi). DTOT KOHBIOHKT
CBHUJICTEIILCTBYET O TOM, YTO BCeria, Korma BepHo Pj, Gopmyna fi Toxe
BepHa. DTO O3HA4aeT, 4To mepeMeHHas 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
(=fvpLAp3).

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

OB 3aMEHEHBI Ha COOTBETCTBYIOIIUE aTOMAapHbIE mepeMeHHble. CMBICT
(bOpMYIIBI TIPU ITOM HE U3MEHUIICS.
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Ha nmannom »stame paccmarpuBaemasi Qopmyiia MpPEACTaBIsSeT CcoOOU
KOHBIOHKIIMIO OJHOW (OpMyINbI, HE COJEpKalle TeMIOpaIbHBIX
orepaTopoB, ¢ Heckonbkumu (opmyiaamu Buga G(p;—> T), rme T —
MPUMEHEHUE HEKOTOPOTO TEMIIOPATBLHOTO OTepaTopa K OJTHOMY WJIU JABYM
omepaHiaM, M O3TH ONEPaHIbl HE COAEPKAT IPYTUX TEMIIOPATbHBIX
omepatopoB. Temeph  TpeOyeTcs  W30aBUTBCS  OT  KOHBIOHKIIHMA
OTIPENETICHHOTO BU/IA.

1. Uzbasmsemcss ot G(pi—> Gfj). [ns Kaxaoro Takoro KOHBIOHKTA
BBEJICM HOBYIO aTOMAapHYIO TIEPEMEHHYIO I M 3aMEHUM 3TOT KOHBIOHKT
TaKkoi popMyIIoii:

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 KaKa0ro Takoro KOHBIOHKTA
BBEJIEM HOBYIO aTOMAapHYIO MTEPEMEHHYIO I M 3aMEHUM 3TOT KOHBIOHKT
Takoil hopmyJIo:

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

[lepemennas r; maeT Takoe oOelIaHue: eciu {; «cedyac» emie He
BBIMOJIHACTCSI, TO, BO-TIEPBBIX, ceiuac BhIMoyHsAeTCs fj, a BO-BTOPBIX, TO
e caMOe TapaHTUPYETCs Ha CIEAYIONIEM IIare.

3. UzbaBnsemcs ot G(pi — (ffU g))). Dror »sTam oriuvaercs oOT
NPEIBIIYIIEr0 TOJBKO TEM, 4YTO CBOWCTBO (j KOTJIa-HHOYIb
rapaHTUPOBAHHO HACTYMHUT. {7 Ka)JIOro TaKOrO KOHBIOHKTA BBEJIEM
HOBYIO aTOMapHYIO TIEpEeMEHHYI0 [j W 3aMCHHM JTOT KOHBIOHKT
dbopmyoii:

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

dopmyna oTiMYaeTCs OT NPEAbIAyIIEH TOJIBKO J10OaBIICHUEM
koubtoHkTa G(P; — F gi). Ha caexyromiem mare 3ToT KOHBIOHKT OyeT
JMKBHUIUPOBAH.

4, UzoaBnsemcs ot G(p; — F fi). Jlnsa kakaoro Takoro KOHbIOHKTA BBEJIEM
HOBYIO aTOMapHYIO IEPEMEHHYIO I M1 3aMEHUM 3TOT KOHBIOHKT TaKOM
dbopmyoii:

G(p| —> (—|f| - ri)) A G(ri —> X(—|fi —> ri)) A GF —r;.
CMBICIT TIEPEMEHHOM Ij COCTOUT B CIEAYIOIIEM: OHA BepHa, eciu fj ere
HE HACTynwio (mocje akTUBalUu Pj), NpudeM KOHBIOHKT GF —r;
«obemraeTy, 4To Tocie 0ol akTuBanuu P; oHa () Korma-HUOyIb
CTaHET HEBEpPHA M, COOTBETCTBEHHO, f; cTaHeT BepHa.

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

Craio: 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 OMNEpalMii BBIHECEM 3a CKOOKY BCe
oneparopbl G U MpoONo3UIMOHANBbHBIE TOAPOPMYIIBI (MX MOXKHO TaKXe
ynpoctuts). Mcxoanas dopmyma nmpu 3ToM IpUOOPETET BU:

PAGOAA(L2>XS)A ... A2 XS)AFt AL AFT,

rne P, 9, Iy, ..., S, ...,S, t,....,tn — TPONO3UIMOHAIBHBIC
noAGOopMYyJibl, HE COIEPIKAIIUE TEMIOPATILHBIX OMEPATOPOB.

CMmbICIT MOTy4YeHHOW (QopMyJibl Takoi: ¢opmyiia P «JICHCTBYET TOJBKO B
CTapTOBBI MOMEHT BpeMeHN», hopmylia ( «AeHCTBYET Bceraay, GopMyibl
ri v S (mpu i oT 1 10 N) onpeAessAoT yCIOBUE Ha CISAYIONIUH III1ar B JTF000H
nosunuu Mozenu Kpunke, a dopmysnsl tj (mpu j ot 1 1o M), Ha3bIBaeMble
VCA0BUAMU CAPABEOAUBOCU, TOJDKHBI OBITh JTOCTHKMMBI M3 JIFOOOTO
cocTtostHus Moaenu Kpumke.

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

[Tociie BBIONHEHHST BCEX OINKMCAHHBIX OIEpallMii OHA IIPEBpPAILACTCS B
CIEAYIOLLYIO:

(= fvprAaps) AG(

Pro )AL= =g AE—>rAh>rAr)) A

Arr=>Xr) A= X(H=ra(h-r)) A

A(r3 > X(hvr—r3))A(ps— Xp2) AFr).
IHocTpoenue TadULbI

Hanee nns dopmyn p, d, Iy, ..., M, S1, ..., Sq U 1y, ..., t, TaOIMIA cTpouTCS
cieayromum  oopazom. Ilycte AP — MHOXECTBO BCE€X aTOMapHBIX
MpeIOKEHUI moaydeHHo dopmyiibl. Toraa ajisi HUX UMEETCSl BCETO 2IAPI
BAapUAHTOB 3HaUYCHUN (IBOMYHBIX HAOOPOB). [locTponm 1o o1HOI BepIinHe
Ha KaXIblii BOBMOKHBIN TBOMYHBIM Ha0Op U MOMETUM 3Ty BEPIIUHY TEMHU
aTOMApHBIMU MPEUIOKEHUSIMHU, KOTOpbIE B O3TOM Ha0Ope MCTUHHBI.
Hanpumep, mist AP ={a, b, c} B BepmmHe, COOTBETCTBYIOIIEH HAOOPY

53



{a,b,c} = {1,0,1}, akTuBHBI aTOMapHbIC MNPEIIOKECHHI A& M C, a
npeoxenue b He aKTUBHO.

Cpeau 3THX BEPIIMH OCTaBUM TOJBKO TE, Y KOTOPBIX COOTBETCTBYIOIINN
JBOWYHBIA HAOOp yuoBieTBopsieT (opmysne ( (memaer ee 3HAYCHHUES
UCTUHHBIM). OcTalbHBIC BEPIIMHBI yAQJIAM, TaK Kak (] JOJDKHA
BBINIOJHATBCS Bcerna. Jlamee, s JrOOBIX JBOMYHBIX HAa0OpPOB X U Y
no0aBysieM pedpo U3 «BEPIIUHBI» X B «BEPIIMHY» Y, €CIIH M TOJBKO €CITU
st moboro 1 o 1 g0 N BemoaHsercs uMmimukamus Fi(X) — Si(y). 2Oto
pedpo COOTBETCTBYET yCIIOBHIO (1 —> X S1) A ... A (I > X Sp) U 03HAvaeT,
9TO JUIS JFO0O0TO | «eclii ceiyac BBITOJIHEHO [j, TO Ha CIICAYIOIIEeM IIare
OyZeT BBIIIOJHEHO Sj».

Jlanee, OTMETUM B KayeCTBE CTApTOBBIX COCTOSIHUM (MX MOXET OBITh
HECKOJIBKO) T€, Yy KOTOPBIX COOTBETCTBYIOIIMI JBOWMYHBIA HaAOOP
yIOBJIETBOPSET (popmyie P. ITO COOTBETCTBYET YCIOBUIO, UTO (hopmyia P
BEpHA «B MOMEHT BpeMeHH 0.

[Tocmemuuii 3Tam HA3bIBAETCA «YUCTKOW TaONHIB» W SBISICTCS
HeoOs13aTenbHbIM. OH mpeaHazHaueH Juist 0osee 3PGeKTUBHOM pabOTHI C
Mozenblo. Ha aTom sTane obecrieuuM TpeOOBaHUE, COCTOSIIEE B TOM, YTO
BCE MYTH B Tpade JOIKHBI OBITh 0ECKOHEYHBIMHU U YTO OTOBCIOAY JTOJKHBI
OBITH ITyTH B BEPILIMHBI, B KOTOPBIX BBIIOJHSIOTCA Gopmyinsl ) (j ot 1 1o
m). Jlemaercs 3T0 «peKypCUBHBIMY YIAJICHUEM U3 MOJEIN BCEX BEPIIUH, Y
KOTOPBIX HET HU OJHOTO IMOTOMKA, M BCEX TaKMX BEPIIWH, U3 KOTOPBIX IS
KaKoro-T0 | HET MyTH HM B OJHY BEpPIIMHY, B KOTOPOW BBITIOJIHIETCS
dopmyna t;. Ilpome rosops, B TaOnMue CIEAyeT OCTABUTh TOJBKO T€
COCTOSIHUS, U3 KOTOPBIX CYIIECTBYET XOTS ObI OAWMH OCCKOHEUHBIN MYTh,
YIOBIIETBOPSIOUIMN YCIOBHSAM CIIPABENIMBOCTH (3TO 3HAYUT, 4TO BCE {;
BBITIOJIHAIOTCST HA TakOM TIyTH OECKOHEYHO YacTo). AJTOPUTM,
MO3BOJIIIONIMN TIpojesiath 3T0 3P dEeKTUBHO (paboTarouiuii 3a JUHEUHOE
BpeMsi OT pa3Mepa Taliuilbpl), OyAeT 0OCyX AaTbCs B KOHTEKCTE MOMCKA
CIIpaBEJIUBBIX MyTeH B pa3. 2.4.

[Tocne Bcex ATUX AEHUCTBUM CJeAyeT OCTaBUTh B TaOJIMIIE TOJBKO TE
BEPIIHHBI, KOTOPHIE TOCTUKUMBI U3 HAYAIbHBIX, & OCTAJIbHBIE — YAAIUTh.

[Tony4yenHast TabuIla €CTECTBEHHBIM 00Pa30M OTPaXKaeT CMBICI (POPMYIIbI,
a e¢ OCCKOHEUHBIC MMYTH yIOBJICTBOPSIOT JBYM CBOMCTBAM:

1. Ilyctb ¢ — HEKOTOpBIH abcmpaxmubsiti MyTh (MOCIEAOBATEIBHOCTD
JBOMYHBIX HAOOPOB, COOTBETCTBYIOUIMX aTOMAapHBIM MPEIOKECHUSIM).
Ecnu paccmarpuBaemas Qopmyna BepHa i MyTH 0, TO B TaOIuIle
HOPUCYTCTBYET SK3EMIUIP 3TOr0 IMYTH, CTAPTYIOUIMH B HAYATbHOM
COCMOAHUU.

2. Ilyctb 0 — nyTh 6 nocmpoennou mabauye (CTaApTYIOWUN B HAYATLHOM
cocmosHul) TAKOH, YTO KaxJas Mporo3ulnoHanbHas Gopmyna tj (pu j
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oT 1 710 M) CTAaHOBHUTCS BEPHOW Ha MyTH ¢ OCCKOHEYHO 4acTo. Torma
paccMaTpuBaeMas (popmyiia BepHa Ha TIyTH o.

B 1mepBOM CBOWCTBE TrapaHTUPYETCS NPUCYTCTBUE NYTH O B MOJIEIH.
JleficTBUTENBHO, Ha 3TOM IyTH (opmyna BeimonHsercs. [loatomy tj ams |
oT 1 10 M CTaHOBATCA BEPHBIMU OECKOHEYHO YacTO, M Ka)kJas BEpIIMHA
3TOTO ITyTH YJIOBJIETBOPSET ABYM YCIOBHSIM:

0 W3 HEE CTAPTYET HEKOTOPBI OECKOHEYHBIH MyTh;

0 I JI'00OTO | U3 Hee MOKHO JTOOPATHCS 10 JIF000H BEPUIMHEI, B KOTOPOH
BepHa (opmyia t;.

OpHako 3Ty BEpIIMHY MOKHO OBUIO PEKYPCHUBHO YJAIUTh TOJIHKO B TOM
cilydae, eClid KaKoe-TO M3 3TUX YCIoBul Hapymaercs. CienoBareiabHo, 3Ty
BEPIIMHY HE YJAIWIU, U OHA MIPUCYTCTBYET B MOJIETIM HA peaiu3alluu MyTH
0. U3 conepxanusi GopMyJibl aBTOMaTHUECKHU CIIEAYET, UTO HA pearuzayuu
3TOTO ITyTH B MOJICIH KaXKJas Mpono3unnoHaibHas Gopmyna tj (mpu j ot 1
JI0 M) CTaHOBUTCS BEpHOI OECKOHEUHO 4acTo.

[Ipu noctpoeHnM TabIULBI MPOLECC €€ «UUCTKUY MOMKET IPUBECTU K TOMY,
YTO U3 Hee OyAyT MCKIIOUEHBI BCE CTAPTOBBIE COCTOSHUA (a 3HAYUT, U BCE
OCTaJIbHBIE, TaK KakK B MOJIETU JOJDKHBI OBITh OCTABJIEHBI TOJIBKO TE
COCTOSIHUSA, KOTOpbIE JOCTHKMMBI W3 HayalbHbIX), U MOJEIb CTAHET
NycTOW. DTO O3HA4YaeT, 4TO paccMarpuBaemas opMylia HEBBIIOJIHUMA —
HET TaKOTo MyTH, Ha KOTOPOM OHAa CTAHOBHUTCSI HCTHHHOM.

Bo BTOpOoM cBOiiCTBE (KOTOpOE YTBEp)KAaeT IMOYTH TO K€ caMoe, HO B
oOpaTHyI0 CTOpOHY) ycioBue Ha tj cymecrBeHHo. Ilycts mocrpoeHHas
MOJIeJIb He TTycTa. Torna JeiCTBUTEIbHO, U3 KaX A0 BEPUIMHBI MOJIEH (I10
MOCTPOEHUIO0) MOKHO JIOCTHYb BCEX BEPIIHUH, KOTOPHIE COOTBETCTBYIOT
(popmynam tj. CrnenoBarenbHO, U3 KaXIOW BEPIIMHBL Cyujecmeyem nymo,
Ha KOMOPOM 6ce POpMYbl tj 6bINOIHAIOMCA DECKOHeYHO Yacmo. DTOT IIyTh
CTPOMUTCS  CAeAyromuM  oOpa3oM.  Baauvame — nmoOupaemcs — u3
paccMaTpuBaeMOM BEPIIMHBI B BEPIIUHY, JJIsI KOTOPOMl BEepHO t;, mOTOM
n3 ty Bt,, u T. 1. no t,,. 13 t, cHOBA B 11, M TaKk ;0 OECKOHEYHOCTH.

Bce u3i10:KeHHOE MOXHO NpOJeNaTh, TaK Kak Jro0oe tj ZOCTHXKUMO U3
moboit BepmuHbl. Ho, xpome nymu, na xomopom ece tj cmanoesamcs
BEPHLIMU OECKOHEYHO 4acmo, mam Mocym Ovimb u opyeue nymu, OJis
Komopulx 3mo ycnogue HesepHo. 1loaToMy ycnoBue Ha tj yka3zaHO SBHO.
Tem HE MeHee, Kaxblii MyTh B MOJEIH, O€3yCIOBHO, YAOBIECTBOPSET

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

KOTOpaH OTJINYacTCAa OT I/ICXOI[HOI\/’I TEM, 4TO B HEW UCKJIFOYWIN Tp€6OBaHI/I$I
Ha tj.
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O6paTI/IM BHUMAHHC, 4YTO YKAa3aHHBLIC [IBa CBOMCTBA BBIINOJIHSIOTCS JIIA
HyTGﬁ U B TOM CJIydac, CCJIN «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 VZ) > XXAYA=ZVaYAZ))A
AXAZDOXXAD)A(EYAZDX(YALD))A
AF=(Xvz) AF(=(XAY) A2Z)).

Nmeercs 3 aTomMapHBIX TPEmIOKEeHHS: X, Y, Z. OTo maer 8 cocTosHUI
(puc. 2.5).

[TockonbKy Bcerjga AobkHa ObBITH BepHa ¢dopMmyna X VY, HCKIOYaeM
COCTOSIHUSA, B KOTOpPHIX OHa HeBepHa. Ha pwuc. 2.6 oHu 0003HAYEHBI
MYHKTUPOM.

OO
OO

Puc. 2.5. CocTostHAS TaOJIHUIIBI

& O O O
&)
OO

Puc. 2.6. AKTHBHBIE COCTOSHUS TAOJIUIIBI
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Tenepb cBoiicTBO G((ry = X S1) A ... A (I = X Sp)) bopMUpYeET TIEPEeXO b
(MyHKTUPHBIMU CTPEIIKaMH Ha pHC. 2.7 0003HAYCHBI TIEPEXOIbI, Y KOTOPHIX
XOTst ObI OIMH M3 KOHIIOB HAXOAUTCS B YIAICHHOM COCTOSIHUH).

Puc. 2.7. [lepexobl TaOIUIIBI

CrapToBble COCTOSIHUSI — 3TO T€, B KOTOPBIX BEpHa Qopmyaa X A —Y.
O003HaYMM X YKUPHBIMH cTpenkamu (puc. 2.8).

Puc. 2.8. CrapToBble COCTOSIHUS TaOIUIIBI

Kaxnas w3 moapopmyn F —(Xvz) m F(—=(XAY)AzZ) 3amaer kiacc
COCTOSIHUM, yIOBJIETBOPSIIOIIUX TAKOMY YCJIOBHIO: M3 Ka)KJOTO COCTOSHHUS
pPE3YNBTUPYIOLIEH MOJEIN €CTh IyTh B HEKOTOPOE COCTOSIHHE 3TOrO
kiacca. O003HaUMM KJIacChl HoMepamu (puc. 2.9).
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[Tokakem, 4TO MOJNYYUIIOCH Ha TEKyIIeM dTare (yoepem M3 WILTIOCTpaIiu
BCE «IYHKTHpHBIe» aetann). B kmacce F —(X v Z) temeppb Oymer TOJBKO
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 M3 COCTOSHUSA
(X,¥,2) memb3s moOpatrbes no kiacca 1. IMosromy Ha puc. 2.10 oHo
3a4epKHYTO. Y AaIuM ero u3 mojaenu (puc. 2.11).

Tenepp 3aMeTHM, YTO U3 COCTOSIHUA (X, Z) HeT mepexonoB. IlosTomy Ha
puc. 2.11 oHO 3auepkHyTO (€CTh €Ille OJIHa NPUYHMHA, MO KOTOPOMl €ro
CIeyeT yAaIWTh: M3 HETr0 Henb3st jo0paThcsi B kiacc 1). Jpyrwe
COCTOSIHUS OCTAIOTCS, TaK KaK U3 HUX BCET/Ia MOKHO HayaTh OCCKOHEUHBIN
nyTh W T0OpaThes Kak 7o kiacca 1, Tak u 10 kiacca 2. Mopenb, KoTopas
MOJTy4aeTcsl B pe3ysibTaTe, BBITVISIIUT, Kak MoKa3aHo Ha puc. 2.12.

58



Puc. 2.11. Tabnuua B mpouecce YucTKu

S §

X,y

<

Puc. 2.12. Tabmnuma mocie Y4ucTKu

IIpumep. PaccmarpuBaem dopmyiny G(z; — (—z, W z3)).
[lepeBoaum ee B HOpMaIbHYIO (hopMmy:

G((zi > zz3v = AT)A(r— X(z3 v =23 A T))).
[Tomywaercs Tabnuna, n3oopaxkenHas Ha puc. 2.13.

Bce cocrosHus TaOnMIBl SBISIIOTCA CTApTOBBIMH, M HET COCTOSTHUH,
KOTOpBIE TpeOyeTcs Mocemarb OECKOHEYHO 9acTO. MHOKECTBO COCTOSTHUI
pazzaeineHo Ha Tpu Onoka u3 2, 4 U 6 COCTOSIHUM, COOTBETCTBEHHO, U
UMeeTcsl elle OJHO coctosHue. Kaxnapli OJIok mpeacTaBisieT coOou
noiHbeld Tpad (8Hympu Kaxaoro Oj0Ka U3 JOOOr0 COCTOSHHUSI €CTh
nepexoi B J000e, BKIoYas Metiato B ce0s). CTpenku Ha pUCYHKE MEXITY
0JIOKaMU O3HAYaIOT, YTO M3 KaXKJIOrO0 COCTOSHHUS OJIoKa, U3 KOTOPOTO
UCXOJUT CTPEJIKA, €CTh MEPEX0] B KKI0EC COCTOSHHE OJIOKA, B KOTOPBIH
oHa BxoauT. Eciam wumeercs crpenka Mexay OJOKOM U BEPXHUM
COCTOSIHUEM, TO OJTO O3HA4aeT, 4YTO BCE COCTOSHHUS OTOTO OJioKa
COOTBETCTBYIOIIUM 00Pa30M CBSI3aHBI C BEPXHUM COCTOSHUEM.
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Puc. 2.13. Ta6muua ans dopmynst G(z1 — (—z2 W z3))

Taxkum 00pa3oM, B HATHIUH BCE TIEPEXOIBI:

Q MexcOy COCMOAHUAMU JIEBOTO U CPEIHETO OJIOKOB;

Q MedHcody COCMOAHUAMYU CPETHETO U TTPABOTO OJIOKOB;
Q U3 cocmosiHull 1IEBOTO OJI0Ka 8 COCMOsHUS TIPABOTO;
O Medicdy BEPXHUM COCTOSTHUEM U CPETHUM OJIOKOM;

Q U3 cocmosiHul 1eBOro 0J0Ka B BEPXHEE COCTOSHUE,

O U3 BEPXHETO COCTOSIHUS 8 COCMOsIHUA TIPABOTO OJIOKA.

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

IIpoBepka moaeeit

Yepes L,(M) o603naunm MHOXeCTBO (OeCKOHEUHBIX) myTeld Momenu M.
OHo Ha3zbIBaeTCs si3vikom mooenu. Tabnuvia, cOoTBETCTBYIOMIAas Ghopmyie
¢, obosHavaerca T, VMes Takol KIHOYEBOM pE3yIbTaT, KaK IOCTPOCHHE
Ta0JIMI], MOKHO OMHCaTh 0a30BYIO0 cXxeMy MpoBepku mojeneit mns LTL-
bopmyL.

HauBnpiii meTonm mpoBepkw, BbmonHsercs ju LTL-bopmyna ¢ s
3a7aHHOM Mozgenu M, cocTouT B ciemyromemM: MOCTpouM Tadaumy T, it
Gopmynsl ¢, a mocie storo mpoepuMm, BepHo s L,(M) < L,(T,).
Jlomyckaroue BBIYUCICHUS CUCTEMBI M COOTBETCTBYIOT BO3MOKHOMY
MOBEJICHUIO MOJIEJIH, B TO BpEeMs KaK JOIMMYCKAIOIINE BHIYMCIICHUS TAOJIHIIBI
T, COOTBETCTBYIOT JKEIaeMOMy MOBEIEHHIO Mojenu. Ecim moboe
BO3MOXKHOE HOBeJeHHUe sBisercs xemaembM (ecmm L,(M) < L,(T,)), To
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MOXXHO 3aKJIIOYUTh, YTO MOJENb YAOBIECTBOpseT dopmyne ¢. JlaHHBIN
MOAXOA KakeTcss mpuemiaemMbiM. OgHAKO 3amada MPOBEPKU BKIOUCHHS
s3pikoB it Mmojeneid Kpunke PSPACE-monHa OTHOCHTENBHO CBOMX
BXOJHBIX JJAHHBIX. ITO 3aTPYAHSACT MPOBEPKY MOJIEIEH TAKUM METOIOM.

3ametum, uto L,(M) cL,(T,) & (L,(M) nL,(=T,)=9), rne =T, (310
JOTONHEHNe T,) — Takas MOJENb, MHOXKECTBOM IIyTeil KOTOpOH SIBIseTCA
JOMNOJIHEHuEe MHOxecTtBa myredl T,  OnHako, HawIydlIMid H3BECTHBIH
aJITOPUTM HMOCTPOEHHS — 1, 0 Tabmuue T, KBaJApaTUIHO YKCIIOHECHIUAJICH:
ecnu T, COOEPKHUT N COCTOSHHUH, TO —I, COAEPKUT ¢ cocrosmumit s
HEKOTOPOW KOHCTaHTHI C > 1. DTO 03HAUYAET, UTO Pe3yNbTUPYIOIIAs MOJICITb
OYCHb BEJIHMKA.

Hcnone3ys CBOWCTBO, COCTOSIIEE B TOM, YTO JOMOJHSAIOIIAS MOJENIb A T,
SKBUBaJleHTHa Mozenu i orpunanus ¢ (L,(—T,) = L,(T-,)), momyunm
cnenyromuii 6onee 3hdexTuBHbIl MeToa npoBepku mojuener LTL. Ero
ujesi COCTOUT B TOM, YTOOBI MOCTPOUTH TAONMIy [JIsi OTPUILIAHMS
’KemaeMoro csoicTBa ¢. Takum oOpasom, Tabmuma T_, Mozenupyer
HEXETaTeIbHBIC BBIYUCICHUS CHCTEMBI, KOTOPYIO TpeOyeTcs MPOBEPHUTH.
Eciu M conepxut onpeneneHHbld JOMYCKAOUIUI MyTh, KOTOPBIM TaKxXe
SABJIAETCA AOIyCKAIOMIMM IIyTeM 1_,, TO 3TO IIPUMEP BBIYUCIIEHUS, KOTOPOE
HapyIaeT CBOKUCTBO @. B 3TOM ciyyae MOXHO cJiejaTh BBIBOJ O TOM, UTO @
He sgABisieTcst cBoiicTBoM Mozaenu M. Ecim ke Her Takoro o06miero
BBIYKCIICHUS, TO (¢ BBIMOJHSIETCSI. OJTO OOBACHIET TOCIEIHUN IIar
CIEIYIOIETO METOJA: MOCTPOUTh Tabmumy T, uid (GOpMyJbl ¢ W TOCIE
3TOro ImpoBepuTs, BepHo 1 L,(M) N L,(T_,) = <.

J1J1s IpOBEPKU MOCIIEAHET0 PAaBEHCTBA CTPOUTCS JCKAPTOBO MIPOU3BEACHHE
mozeneit M u T_,. Ilycts mogens M nmeer Bux (S, R, S, Label), a monens
T_, mpexactaBnser coboit uerBepky (Sp, Rp, Sep, Labelp), roe Spp —
MHO’KECTBO CTApPTOBBIX COCTOSHHMH, KOTOPBIX MOXKET OBITH HECKOJBKO.
Torma MOJICIIb-TIPOU3BEICHUE M'=(S', R", S¢', Label") CTPOUTCS
CJICTYIOIINM 00pa3oMm:

S'={(s,sp)|s €8S, sp € SpuLabelp(sp) N AP = Label(q)};
R' = {((S’ SD)! (SI! SD')) | (S! S') e R, (SD1 SDI) € RD} M (SI X S'),
So' = {(So: Sop) | So € So, Sop € Sop} M S

Label'(s, sp) = Labelp(sp).

Ompenenum  yclnoBUsL  CIIPABEUIMBOCTH tj 1 JaHHOW CHCTEMBI U
MIPOBEPUM, CYIIECTBYET Ji B Mojed M' GeCKOHEUYHBIN MyTh, CTAPTYIOIIUM
U3  HayaJdbHOTO  COCTOSIHUSL M YJOBJETBOPSIONIMI  YCIOBHUSM
cipaBeIMBOCTH  (3Q(EKTUBHBIN aJITOPUTM, peHIaoIIMKA 3Ty 3aaauy,
obcyxmaercs B pasn. 2.4). Ecim Takoit myte cymiectByeT, To B M
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CYLIECTBYET IMyTh, YJOBIETBOPAKOIMUNA —¢@. OTOT IMyTh SBISETCA
KOHTPIIPUMEPOM 7151 POPMYIIBI (.

BpemeHHasi clIokHOCTB gaHHOro airopurma O(|S| x 2). Ormernwm, uro
3amaya mpoBepku monene st LTL sasiercss PSPACE-nonmHoM — m1st ee
pemieHusi TpeOyeTrcs pa3Mep MaMsITH KaK MUHUMYM MOJIMHOMHAIbHBIN
OTHOCHUTEIILHO pa3Mepa BXOIHBIX TaHHBIX [25].

2.2.7. Bepndoukauma LTL npm nomowwm asTomaTtoB broxum

[Tpu nposepke LTL-CBONCTB MOTYT MCIIOJIB30BATHCS PA3IMYHBIE CIIOCOOBI
npenctasienus LTL-popmynsl B Buze rpada nepexonoB. OAMH U3 TaKUX
crioco00B ObLT PaCCMOTPEH B MpeabIAyIeM pasjaeine. Emie oauH, moxXoxun
CI0c00, UCOJB3YET TaK Ha3bIBaeMble asmomamyl broxu.

[Iycte AP — MHOXECTBO aTOMapHbIX MNpeMIOKEeHU. Aemomamom broxu
AP
Haja andasuTom 2 HaswiBaeTcs yerBepka A = (Q, o, o, F), roe

o Q — KOHEYHOE MHOXKECTBO COCIMOAHUIL

a (o — HauanibHoe COCMosIHUe;

o0 5c Q x 2* x Q — momansroe omnowenue nepexooos;
o F < Q—MHOXeCcTBO donyckarousux COCTOSTHHM.

Onumem anroput™ ['epra, Ilemema, Bapam u Bommepa [16, 17] ans
noctpoeHusi aBromata brooxu mno LTL-popmyne. Bpemem HOBBII
TemnopaibHbli  omepatop R (Release), korophlii  ompenenseTcs
CJIEAYIOIINM 00pa3oM:

9 Ry ==(=p U-p).
Jl51s Hero BepHO, HapuMep, aHATIOTUYHOE MOHCOECmB0 PACUIUPEHUSL
o Ry=wn(pvXeRy)).
Jlnst pabotsl anroputma tpedyercs, uToOsl L TL-popmyna Obuta npuBeneHa

B HE2amusHyl0 HOPMAIbHYI0 (hopmy — OTPUIIAHUE HOJKHO MPUMEHSTHCS
TOJIBKO K aTOMapHBIM MPEITIOKCHUSIM.

Onumem meron npusenenus LTL-dbopmynbsl kK HEraTHBHOW HOpPMaIbHOU
dbopme.

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

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

3. Ucmonw3yst OyneBbl TOXIECTBA, OCTaBUM B (OPMYyJE TOJIBKO TpPH
JIOTUYECKUE OMEPAITHH: —, V, A.

4. Vcnonw3ys Toxnaectsa LTL
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- (pUy)=—p Ry,

- (¢Ry)=—pU—-yn

- —Xp=X—o,
MOTPYKAaeM OTPULIAHUS BHYTPh TEMIIOPAIbHBIX OTIEPAaTOPOB.
Jlnst anroput™Ma noTpeOyrOTCs CHAEAYIOIIUE CTPYKTYPhI TaHHBIX:
o UID — yHukanbHbIi uaeHTHPUKATOD;
o Formula — LTL-dhopmyina;
o Node — Bepmaa rpada nepexo0B aBTomara broxu.

Jlnsg  anropuTMa HEBaKHO, B KaKOM BHAE OyayT MPeaCTaBJICHBI
YHUKaJIbHBIC HIACHTU(UKATOPHI M (OPMYJIbI, MOITOMY OIHMIIEM TOJIBKO
crpykrypy Node (muctunr 2.1):

Nuctuur 2.1. Ctpyktypa Node

struct Node

{
UID id;
list<NodeID> incoming;
list<Formula> old;
list<Formula> new;
list<Formula> next;
bi
3mech INCOMING — CHOHUCOK BEPIIMH-TPEANICCTBCHHUKOB (BEPIIHMH, W3
KOTOPBIX HWJET JAyra B TeKyllyio BepiuHy). B momsx old, new u next

COJIepIKaTCsl CHUCKH Mo IPopMysT UCXOTHON (DOPMYIIBI.

Odyukmus  CreateAutomaton (muctuar 2.2) crpouT Tpad TEepexomoB
aBTomaTa broxu o ¢opmysie f.

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

{

Node n;

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

n.new = {f};

n.next = J;

return expand(n, J);

}

JlobaBiieHMe HOBOM  BepiIWHBI  BBIOJHSACTCS  (Qynkuuedr  Expand
(muctunr 2.3):

NucTtunr 2.3. dyHkuma Expand

list<Node> Expand (Node currentNode, list<Node> nodes)
{
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if (currentNode.new == )

{

if (4 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 = J;
newNode.new = currentNode.next;

Expand (newNode, nodes U {currentNode})

}

else // currentNode.new He OycCT.

{
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)

// 3BamenieHue BEPUIMHH.

{

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 BUn £ v Qg)
// Bamemenwe BepumHu currentNode BepmmuHom newNode.

{

node newNodel, newNode?Z2;

newNodel.incoming = currentNode.incoming;
newNodel.old = currentNode.old U {n};
newNodel .new = currentNode.new U {f};
newNodel .next = currentNode.next;
newNodeZ2.incoming = currentNode.incoming;
newNode2.o0ld = currentNode.old U {n};
newNodeZ.new = currentNode.new U {g};
newNode2.next = currentNode.next;

Expand (newNode2, Expand(newNodel, nodes));

64



if (n mmeer Bun £ U g)
// £EU g ® gvVv (fEAX (£UQ)).
// PacuenjeHmue Ha OBE BEPIIMHEL.

{

node newNodel, newNodeZ2;

newNodel.incoming = currentNode.incoming;
newNodel.old = currentNode.old U {n};
newNodel .new = currentNode.new U {f};
newNodel .next = currentNode.next U {f U g};
newNodeZ2.incoming = currentNode.incoming;
newNode?2.o0ld = currentNode.old U {n};
newNode2.new = currentNode.new U {g};
newNode?2 .next = currentNode.next;

Expand (newNode2, expand (newNodel, nodes));

}

if (n mmeer Bum f R Qg)

// £fR g ® gnan (EVvX (ERGQg)).

// PacmenjeHue Ha OBE BEPIIVHH.

{
node newNodel, newNodeZ2;
newNodel.incoming = currentNode.incoming;
newNodel.old = currentNode.old U {n};
newNodel .new = currentNode.new U {f};
newNodel .next = currentNode.next;
newNode?2.incoming = currentNode.incoming;
newNodeZ2.0ld = currentNode.old U {n};
newNode2.new = currentNode.new U {f, g};
newNode2.next = currentNode.next U {f R g};
Expand (newNode?2, expand(newNodel, nodes));

}

if (n mmeer BUn £ A Qg)

// 3Bawmemenue BepumHel 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 mmMmeer Bung X f)
// Bamemenme BepumHu currentNode BepumuHo¥ newNode.

{

node newNode;

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

Expand (newNode, nodes);

65



}
}
IIpumep. PaccMOTpuM 1epBBIE HECKOJBKO IIAroB AJITOPUTMA IS
dopmynst F((p R q) — r). Ilpuseaem popmyiry K HeraTUBHON HOPMAaJTbHON
dbopwme:
F(pRg)—r=trueU((pRQg)—>r)=
=trueU (—(pRqg)vr)=trueU ((—p U —=q) vr).

Takum  oOpa3oM, Ha  BXOJI  alNroput™My mojaercs  (opmyna
f=true U ((—p U —q) v r). Co3naem Bepmuny init u Bepmuny n. ITocie
3TOTO CO3A3MM JUIsl BEpIIMHBI N ycThie crincku Old u next u crircok new,
conepkamnmii popmysy f. [lanee cozmaem mycroit crimcok NOJes, B KOTOpoM
OyoyT XpaHUTBHCS BEPUIMHBI IMOCTPOCHHOIO rpada NepexoioB aBTOMaTa
broxu.

Banyctum ¢dynkiuio Expand u usenedem dopmyny f u3 crnmcka n.new.
®opmyna f umeer Bug a U Db. TlostoMy pachienuM BepiiviHy N Ha JBE
BEPIIUHBL: Ny U Ny (Tabdm. 2.1).

Tabnuua 2.1. PacwenneHne BepLUNHbI N Ha BEPLUMHbLI N1 U Ny

n Ny n
incoming init init init
old %, f f
next %) f %,
new f true true U (-pU—=q)vr)

Janee mpumenseM ¢ynkuuto Expand cHavama k BepmmHe Ny, a mocie
ATOTO K IOCTPOCHHOMY 3TOM K€ (DYHKIIMEH CIIUCKY U BepIIUHE N,.

[Tpu u3BaCUECHUM U3 CITUCKA N1.NEW GopMyITbl true BepIiMHa Ny 3aMenacTcs
BEPILINHOM N3 (Tabd. 2.2).

Tabnuua 2.2. 3amelLeHne BEPLUMHBI N1 BEPLUMHOM N3

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

Crucok new BepiidHbI N3 mycT. Tak kak cmnucok Nodes mycT u He
COAEPKUT BEPLIMHY I, Y KOTOPOM C TEKyLIEd BEPIIMHOM COBNAJAIOT
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cuucku Old m next, modaensem B crnmcok Nodes BepimHy N3. Co3maem
HOBYIO BepIIHHY N4 (TabMI. 2.3):

Ta6bnuua 2.3. BepwunHa ny

incoming innit
old %)
next %)
new f

JlanpHelIe UTepalvi BBIOJIHSIIOTCS TEM e CITIOCOOOM.
IIpoBepka Mojeseil ¢ HCIOJIB30BAHUEM ABTOMAaTOB broxu

[Tycts nanel Mmopens Kpunke u LTL-popmyna, BeIOIHEHHME KOTOPOW Ha
MojieaH TpedyeTcs mpoBepuTh. O01Ias uaes anropuT™Ma CiIeIyromast:

o W3 orpumanus LTL-popMynbl CTpOUTCS IKBUBAJICHTHBIA € aBTOMAT
broxwu.

o Mogens Kpunke Takxke npeoOpa3yeTcst B aBToMaT broxu.

o Crpoutrcs TpeTtud aBTOoMar bBrOXM Kak IEepecedyeHUE IEPBBIX [BYX.
Takol aBTomMar OyJeT TOMyCKaTh MYTH UCXOJHOW MOJAEIH, KOTOPHIE HE
yaosiaeTBopsitoT LTL-popmyne cienndpukanuu.

o Ecmm sA3pIK, D0ONyCKaeMblii IOCTPOCHHBIM aBTOMATOM-TIEPECECUCHUEM,
nycT, To Bepudukamnus ycnemHa. Eciu HeT, TO MyTh, IOMyCKaeMbIi
ABTOMATOM-TIEPECEUEHUEM, SIBJISIETCSI KOHTPIIPUMEPOM.

CHavasia cTpouTCS aBTOMAaT BIOXHM, COOTBETCTBYIOIIUMA BEPUDUIMPYESMOH
LTL-popmyne. Hanomuum, uTo oH coboii npeacTanisieT. ABromat broxu —
ATO KOHEYHBIN aBTOMAT HaJ OeCKOHEUHbIMU cioBaMu. [lepexopl aBTOMaTa
broxu momeueHsl npeaukatamu u3 ucxomHou dopmyasl LTL. ABromar
paboTtaeT cieayrwmuMm o6pazoM. Ha kaxaom mare oH Oeper ouepeaHoiu
HAa0Op 3HAYEHUN TPEAUKATOB U3 TMOCIEI0BATEIBHOCTH, OTpakarolen
UCTOpUIO paboThl mporpamMmbl. Vcmonb3ys 5T 3HayeHUs, aBTOMAT
BBIYUCIISIET METKM Ha NEPEX0Jax M3 TEKYIIETrO COCTOSIHUS. AKTHUBHBIMU
Ha3bIBAIOTCS T€ MEPEXOJIbl, METKH KOTOPBIX OBUIM BBIYMCIIEHBI Kak true.
Ecnu AKTHBHBIX MEepPEX0/I0B OombIIe OJIHOTO, aBTOMAT
HEJICTEPMUHUPOBAHHO BBIOMpAeT OJAMH U3 HUX. TakuMm oOpazom,
MOCJIE0BATEILHOCTh 3HAYCHUN TMPEAMKATOB OIpeAesieT BO3MOXKHbBIC
HaOOpHI Mepexo10B B aBToMate broxu.

[Tpumep aBTomara broxu, nmomydennoro u3 ¢opmynsl LTL, nzobpaxen Ha
puc. 2.14. ®opmyna «GF p» unTaercs Kak «Bcerja Koraa-HuOyIb P» WU
«p OyIeT BHIMIOTHATHCS OECKOHEUHO YacTOo».
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Puc. 2.14. Asromat broxu ans popmynsr «GF p»

B aBToMare broxu umeercs Habop Jomyckaromux coctossuuid. Ha puc. 2.14
TaKO€ COCTOSHUE OTMEUEHO IBOWHBIM Kpyrom. Ecimu 11 HEKOTOpoi
MOCIICIOBATEIbHOCTH ~ 3HAYCHWH  MPEAMKATOB ~ BO3MOXKHA  Takas
MOCIIEI0BATEIBHOCTh TEPEXOJ0B B aBTOMare broxu, 4To HomyckKaromue
COCTOSIHHSI TIOCEIIAI0TCs OECKOHEYHO YacTo, TO TOBOPAT, YTO aBTOMAT
JIOTTYCKAET 3Ty MOCIEI0BATEIbHOCTh 3HAUCHUH TIPETUKATOB.

®opmyna LTL u aBromMatr broxu, MOCTpOEHHBIN U3 HEE, SKBUBAJICHTHHI B
TOM CMBICII€, YTO €CIM HEKOTOPbIA MyTh (MCTOPHUS PabOThI MPOTPaMMBI)
yAOBIETBOpsieT (opmyne, TO OH JOINYyCKaeTcs aBTOMAaroM broxwu.
N naobopot, mr00asi MOCIENOBATEIBbHOCTh 3HAYEHUW  MPEAUKATOB,
Jormyckaemasi aBTomMaToM broxu, yoBieTBopsieT ucxoanou dgopmyse LTL.

[TockonbKy 3amavya BepudukaTopa — HaWTU KOHTpOpHUMED, aBToMaT broxu
CTpouTcss Ajig oTputianust ucxomanou ¢opmyisl LTL. Takum oOpazom,
aBTromMaT broxu pomyckaerT J00ble TOCIEIOBATEIBHOCTH 3HAYCHHM
MPEAUKATOB, KOTOPBIE HE YAOBIETBOPSIOT TPEOOBAHUSIM.

JI71st osICHEHUsT pacCCMOTPUM aBTOMAT, M300pakeHHbIN Ha puc 2.14. Ecnu
CYILLECTBYET MOMEHT BPEMEHH, MOCJIE KOTOPOTO P HU pa3y HE BBIMOJIHUTCH,
TO aBTOMAT B A3TOT MOMEHT IMEpEeHJIeT B JIOMYCKAIOIIEee COCTOSIHUE U
OCTaHETCsl TaM HaBcerja. Takum oOpa3om, OyneT MOMy4YeH AOMYCKAIOIIHMA
nyTb. ABTOMar broxu Ha puc. 2.14 HeaeTEpMUHUPOBAH: BO3MOXKHBI JBa
nepexoAa M3 HEAOIMYCKAIOIIEro COCTOSIHUS MpHU HeBbIONHEHHH P. Kpome
TOTO, YaCTO aBTOMAT CTPOUTCA HEMOJHBIM: HampHMep, €CIU aBTOMaT Ha
puc. 2.14 HaxoauTCca B AOIMYCKAIOIIEM COCTOSHHUM U BBITIOJIHEHO [, TO HE
CYLECTBYET aKTHMBHOIO Ilepexoja. B 3ToM ciydae cuMraercs, YTO
BBIYMCIICHHE HE JOIycKaercd. J[eCTBUTENbHO, NpPHU BBINOJHEHUU [
HapyIIUTCA MPENOI0KEHUE O TOM, YTO, HAUMHasl C BBIOPAaHHOIO MOMEHTa
BPEMEHHU, P HE BBIIIOJIHUTCS HU pPazy.

Cnenyrommit  »tan s Bepudukarmuu  LTL-bopmynsr —  9T0
npeoOpazoBanue mojenu Kpunke B aBromar broxu. Ilpumep monenu
Kpurike 1 aBTOMata, noJiy4eHHOTO U3 Hee, n300paxeH Ha puc. 2.15,

[Ipy nmocTpoeHnn aBTOomMara U3 MoJenu Kpurmke BMECTO COCTOSHUUI
IIPEIUKATaMU IIOMEYAOTCS MEPEXObl. DTO JENAETCS TOCTATOYHO MPOCTO:
NO0aBISAETCSl OJHO HAYaJlbHOE COCTOSIHUE, W3 KOTOPOrO CO3/aI0TCs
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Puc. 2.15. Ilpumep monenu Kpunke (a) u ee npeodpasoBanusi B aBromat (0)

Mepexo/ibl B HAaudallbHbIE COCTOSHUS MCXOAHOM Mojnenu Kpunke. 3atem
KaXbI [IEPEX0/] IOMEYACTCs TEMU NPEAUKATAMU, KOTOPBIE BBINOJIHIIOTCS
B KOHEYHOM COCTOSIHUM Iepexoja B ucxogHou moxaenu Kpunke. Taxkum
o0pa3oMm, peauKaThl MEPEHOCITCS U3 COCTOSHUM Ha Tepexojbl. ABTOMAT
broxu, monydeHHbIN B pe3yJbTaTe, SIBISAETCA Pa3HOBUIHOCTBHIO aBTOMAaTa
Mypa [17]: MeTkH Ha TIepexo/1ax 3aBUCST TOJIHKO OT KOHEUHOT'O COCTOSIHUS
nepexoa.

JIro0o¥i myTh B MOCTPOEHHOM aBTOMATE SIBJISETCS OJHUM M3 BO3MOMKHBIX
cueHapueB padbotel mozaenu Kpumnke. [loaToMy Bce cocTosiHug aBTOMaTa
MOMEYAIOTCS Kak JOIyCKawlre. B pe3ynbrare MOCTPOCHHBIM aBTOMAT
JIOMYCKaeT JI00YI0 MOCIeI0BATEILHOCTh MPEANKATOB, COOTBETCTBYIOMIYIO
BO3MOXKHOMY CIIEHapui0 paboThl Bepuduimpyemoit momenu. B 1o xe
BpeMs Jiro0asi Jomyckaemasi aBTOMAaTOM TIOCIEIOBATEIbHOCTD SBIISICTCS
OJIHUM U3 CIICHapUeB pabOTHI MOJICTIH.

[Tociie moctpoenus aBromara mo Mojaenu Kpumnke m aBromara broxwu,
CO3Ja€TCsl ABTOMAT-IIEPECEUEHUE, KOTOPBIH, MO ONPEAEIEHUIO, JOMYCKAET
TOJBKO T€ MOCJIEAOBATENBHOCTH MPEIUKATOB, KOTOPBIE IOMYCKAKOTCA U
aTomatoM broxu, u wmoxensto Kpunke. I[locTpoeHHOe mnepecedueHue
aBTOMATOB TaKXe fBJIAETCS aBTOMaroM broxu. IIpm sToM ecim s Hero
CYILIECTBYET AOMYCKAOIINMI IIyTh, TO TAKON IIyTh:

O SIBISETCS] OJTHUM M3 BO3MOXKHBIX CLICHAPUEB pabOTHI MOJICIIH;

o Hapymaet Bepudunmpyemyto LTL-popmyny cnenudpuxanuu.
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Takum 00pa3oM, eciau JoKa3aTh, YTO HE CYHIECTBYET JOMYCKAIOMIETO MyTH
B IIOCTPOEHHOM IE€PECECYCHUH aBTOMATOB, TO OYJET 10Ka3aHO, YTO MOJIEIh
ynoBneTBopsieT cuenudukanuu. C Ipyroil CTOPOHBI, eciu OyneT HahjaeH
JOMYCKAIOUUK MyTh, TO OH OyAeT OHK3EMIUISIPOM CIEHapusi padoOThI
MoOJeNH, Hapymaromero cnenudukanuio. Jpyrumm crmoBamu, OyaeT
MPEAbSIBICH KOHTPIIPUMED.

Tenepp mokaxem, 4YTO CTPYKTypa MyTH, AOMycKaeMoro aBromaToMm broxm,
uMmeeT Bua aff’, TAe o — HEKOTOpbIH mpedukc, a f — cydhdukc,
MOPOKIAEMBI TMPOXOJIOM aBTOMara broXu Mo IMKIY, COIepiKaliemMy
nomyckaroree cocrosiaue. CTpyKkTypa ImyTH n300pakeHa Ha puc. 2.16.

Puc. 2.16. CtpykTypa 10IycKaeMoro IyTH B aBToMare broxu

[lycTe p — myTh, HomyckaeMbiii aBToMatoM broxu. [10CKOIBKY MHOKECTBO
COCTOSIHUI aBTOMAaTa SIBJISICTCSl KOHEUHBIM, Hainerca cypdukc p' myTtu p
TaKOM, YTO BCSKOE COCTOSHHE B HEM BCTPEYAETCS] OECKOHEYHOE YUCIIO Pas.
OT0 o03HaYaeT, yTo J000e COCTOSHHE 3TOro cydhdukca JOCTHKUMO U3
mo0oro apyroro coctosinus cyddukca. CiaegoBaTeabHO, COCTOSTHUS U3 P’
BXOJST B COCTaB HEKOTOPOH CWJIBHO CBSI3HOM KOMIIOHEHTHI rpada,
onuchiBaroniero apromar broxu. Ilpuyem, Tak kak OAHO U3 JOMMYCKAIOIIUX
COCTOSIHUM Takke BXOAUT B CypduKC P', CUIBHO CBSI3HAs KOMIIOHEHTA
COJIEPKUT JIOMYCKAIOIEe COCTOSTHHE.

O6patHo, ecinu B rpade aBToMaTta broxu CyIlecTByeT JOCTHKUMAsI CHIIBHO
CBSI3HAsI KOMITOHEHTA, COJCprKaIasi JIOMyCKarollee COCTOSHHUE, TO MOXKHO
IOCTPOHUTH AOmycKaroumii myts. OH OyaeT UMETh CTPYKTYpy off”, TIae o —
npedHKC, KOTOPBIM BEAET K CHIIBHO CBS3HOM KOMITIOHEHTE, a f/ — IIMKI B
ATOM KOMITOHEHTE, COJICP KAIIHMK TOTyCKaIOIee COCTOSHHUE.

Takum o0pa3om, mpoBepka MyCTOTHI si3bIKa aBTOMaTa Bioxu paBHOCHIIbHA
MOUCKY OECKOHEUHOTO TYTH, CTAPTYIOMIETO B HAYaJIbHOM COCTOSIHUHM U
YJIOBJIETBOPSIIOLIETO CHELMATIBHOMY VCIO8UIO CNpAGeOIUBOCMU. B HEM
O0ECKOHEYHO YacTO JIOJKHO BCTPEYAThCS KaKoe-TMOO M3 JIOMYCKAIOIIMX
coctostHii. COOTBETCTBYIOIINE AJITOPUTMBI OCHOBAHBI Ha TMOUCKE CHUIIBHO
CBSI3HOM KOMITOHEHTHI, JOCTH)KMMOW W3 HAYaJlbHOTO COCTOSHUSI U
coJieprKallei JoImycKarolee COCTOsIHUE, U OyAyT ONMUCaHbl B pasf. 2.4.
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IIpuMeHeHHe HA IPAKTUKE

Ha npaktuke B HEKOTOpPBIX BepUHUKATOpax SIBHO HE CTPOSTCS MOJEIb
Kpunke, aBromat mogenu Kpumnke u ero nepeceueHue ¢ aBTomatoM broxu.
Bepudukarop mnomgyyaeT Ha BXOA MPOrpaMMy, HAIUCAaHHYIO Ha €ro
BXOJHOM sI3bIK€. OTO TMO3BOJSIET €MY BBLACIATH B  IpPOrpamMme
3JIEMEHTapHbIE JCHCTBUSI, TOCKOIbKY B CEMAHTHKE €T0 SI3bIKa OMPE/IENICHO,
KaKue JIeWCTBUS COBEPIIAIOTCS aTOMAPHO, KaK OTKAThIBATh 3TH JEUCTBUS,
BO3BpaIllasi CHCTEMY B IIPEbIIYIEe COCTOSHUE, KaK BBIYUCIATH COCTOSHUSA
OOBEKTOB  (HEpPEMEHHBIX) W Kakue  ONepaTropbl  MOPOXKIAIOT
HEJCTEPMUHUPOBAHHOCTh. TakuM  00pa3oM, BepUPHUKATOP  MOXKET
YIPAaBJIATh WUCIOJIHEHUEM IPOTPAMMBI: COBEPILIATh 3JEMEHTApPHBIE IlIary,
OTMEHSATH 3JIEMEHTApHBIC Iard (OTKATHIBATHCS), BBIUUCIATH TII00ATBHOE
cOCTOsIHME cucTeMbl. Bee 310 HeoOxoaumo Juist paboThl TAKUX aJITOPUTMOB,
KaK JABOMHOW 00X0/ B rI1yOuHY.

Takue BO3MOXXHOCTH IIO3BOJISIOT BepHUKATOPY H30EKaTh SBHOTO
MIOCTPOCHMS MepeceueHusl apTomaTa Mojenu Kpumke ¢ aBromarom broxw,
paboTas 1o CJIeYIOIIEH cxeme.

o Bepudukarop paboraer ¢ mnporpamMmmoil u ¢ aBTomMaToMm broxw,
MIOCTPOCHHBIM IO OTPULIAHUIO TEMIIOPAIbHOU (POPMYIIBI.

o ['mobGanpHOE cocTosHUE BEpUPUIMPYEMON CUCTEMbI CKJIAIbIBACTCS U3
rJI00aJbHOTO COCTOSIHMSI MPOTrpaMMbl U COCTOSIHUS, B KOTOPOM
HaxoIMTCs aBToMar broxu.

o Kaxapil sneMeHTapHbIM IIar COBEPIIAETCS B JBa XOJa: CHAadala
IIPOMCXOAUT JJIEMEHTAPHBIM mnepexon B mporpamme. Ilocime 3Toro
BBIYUCIISIFOTCS HEOOXOJMMBIE TPEAUKAThl M COBEPIIACTCS TEpPexo] B
agromare broxu. Ecinu B aBTroMare broxu HEBO3MOKHO BBINIOJIHUTH HU
OJWH TIEPEXOM, TO MPOUCXOJIUT OTKAT: B JAHHOW BETBU HCTOPUU HE
yAAJI0Ch HAUTHU KOHTPIPUMED.

o Ecnau B HEKOTOpPOM COCTOSTHUM BO3MOKEH 00Jiee YeM OJUH IMEepexo] B
nporpaMme uiud B aBTomare broxu, TO BepuduKaTop 3aMOMUHAET
TEKYIIee COCTOSIHUE BepUPUIMPYEMON CUCTEMBbI U HAOOpP BO3MOXKHBIX
nepexoqioB. [Ipy oTkate B TaKOo€ COCTOSIHUE UCIIOJIHEHUE MPOTPAMMBI
OyleT 3amyllleHO CHOBa BIIEpPEl, HO YK€ IO JPYTMM BO3MOXXHBIM
nepexoaam. Eciu e Bce BO3MOXHBIE ITEPEX0/Ibl paHee ObLTH TPONICHBI
— BepU(PUKATOP OTKATHIBAET TIJIOOAIBHOE COCTOSIHUE JAalibllie Ha3al.
Takum 006pa3om, B KaKI0M CUTyallMH HEICTCPMUHUPOBAHHOCTH OYIyT
nepedupaThCs BCE BO3MOXKHBIC BapUaHTHI Pa0dOThl BepUDUIIUPYEMOI
CHUCTEMBI.

o Cuuraercs, yTo BepupuUUpyeMas CUCTEMa IONajla B JOIYCKarollee
COCTOSIHME, KOrJa aBToOMaT brooxu HaxoauTcs B JOMYCKaroleM
COCTOSIHUH.
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Takas cxema ,HGfICTBPIﬁ IIO3BOJIACT pa60TaTb IIo aJiropuTMy IIOHUCKa
CIIPaBCIJINBBIX HYT€I>’I 0e3 SBHOTO IMIOCTPOCHUA IICPCCCUCHUA daBTOMATaA
MOACIIN KpI/IHKe ¢ aBTOMaToM broxu.

2.3. [lpoBepka moaenen
ONs BeTBALLEeNCcA TeMnoparnbHOWN NOTMKN

A.llnysnmu BBen TEMMOpalbHYIO JIOTUKY B HWH(OpPMATUKY IS
cienuUKaul ¥ BepUPUKAIMH PEaKTHUBHBIX cucTeM [15]. Beime Obut
PAacCMOTPEH OJIMH Ba)KHbIW MPEICTABUTEND TEMIIOpAIbHOW Joruku — LTL.
Orta JIOrMKa Ha3bIBACTCS JUHEUHOU, TaK KaK MpU €€ HCIOJIb30BaHUU
KayeCTBEHHOE IIPEJICTABICHUE O BPEMEHHU CUUTAETCS JIMHEUHBIM: B KaXKJIbIi
MOMEHT BPEMEHH CYHIECTBYET TOJIBKO OJIHO COCTOSIHHME-TIOTOMOK, a
M03TOMY TOJIBKO OJHO Oyaymiee. @opManbHO TOBOPS, 3TO CIEAYET U3 TOTO
dakta, 49ro  wuWHTepnperauus (HopMya  TEeMIOpaIbHOM  JIOTHKH,
UCIOJIB3YIOIIasi OTHOIIEHUE BBITOJIHAEMOCTH |=, olpesesieHa B TEPMHUHAX
MOJICTI, B KOTOPOH COCTOSIHME S MMEET POBHO OJHOro motomka R(S).
Takum o00pa3om, UIsI KaXIOrO0 COCTOSHHUS S MOJEIb IOPOKIAET
YHUKAIIBHYI0 OECKOHEYHYIO IIOCIIEA0BaTeILHOCTh CcocTosiHUE S, R(S),
R(R(S)), ... ITociemoBaTenbHOCTh COCTOSTHUI MPEACTABIISICT BBIYUCIICHUE.
Tak Kak ceMaHTHKa JMHEWHOW TEeMIOpaJIbHOW JIOTUKH Oa3upyeTcsi Ha
TaKUX «IOPOKIAIOIIMX [OCIEI0BATEILHOCTE) MOJEIAX, TEMIIOPAIbHbBIE
onepatopsl X, U, F u G dakTrudeckn OnMMChIBatOT MOPSIOK COOBITHI BJIOb
00H020 BPEMEHHOTO IMyTH (OJTHOTO BBIYUCICHHS CHCTEMBI).

B navane 80-x romoB mnsa uenei crnenudUKaUM U BepUUKAIIAA ObLT
MPEMJIOKEH APYrod THM TEMIIOPATIbHON JIOTUKHU, KOTOPBIHA Oa3upyeTcss He
Ha JIMHEITHOM, a Ha BETBAILEMCS MPEJCTABICHUN O BPEMEHHU. JTa JIOTHKA
dbopmasibHO 6a3UpyeTCsi Ha MOJICIIAX, B KOTOPBIX B KAXIbIH MOMEHT MOXKET
OBITh HECKOJIbKO PAa3JMYHbIX BO3MOXHBIX Oyaymux. BBumy Takoro
BETBSIIEIOCS MPEJCTABICHUS O BPEMEHHU, JAHHBIM KJIACC TEMITOPaIbHBIX
JIOTUK HA3bIBACTCA BeMBAWUMUCE MmeMnopaivHuimu ao2ukamu. CTporo
TOBOPSI, BETBJICHUE CBOJIUTCS K TOMY (haKTy, UTO Y COCTOSIHUSI MOKET ObITh
HECKOJIBKO PAa3JIMYHBIX JIOMYCTUMBIX MOTOMKOB. CremoBarenbHo, R(S) —
3TO (HEMYCTOE) MHOKECTBO COCTOSIHUM, a HE OJIHO COCTOsiHuE, Kak B LTL.
IIpencraBieHne 0 CEMAHTUKE BETBALICHCS TEMIOPAIbHOU JIOTUKHU, TAKUM
oOpazom, 0a3upyercs Ha depege COCTOSIHUI BMECTO IMOCE0BATEILHOCTH.
Kaxnpiii myTh B TaKOM J€pEBE JOJDKEH NPEACTABIATH OJHO BO3MOXKHOE
BbIKciieHue. JlepeBo camo To cebe MPEeACTaBIsIEeT BCE BO3MOXKHBIC
BbIUMCIIEHUs. bojiee TOYHO, JepeBO, IMOABEIICHHOE B COCTOSIHUU S,
MPEICTABIIET BCE BO3MOXKHBIC OECKOHEUHBIC BBIYHCIICHUS, KOTOPHIC
CTapTYIOT B COCTOSIHUH S.
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TemmnopanbHble oOnepaTopbl B  BETBSIICHCS TEMIOPAIbHOM JIOTHKE
MO3BOJISIIOT BBIpaXXaTh CBOMCTBA (BCEX WM HEKOTOPHIX) BBHIYMCICHHM B
cucteme. Hampumep, cBoiictBo EF ¢ o06o3nHawaer, 4TO CyliecTByeT
BBIYHCIICHHUE, BJOJIb KOTOporo BbimosHsercss F ¢. CyTb 3TOro cBoiicTBa
COCTOMT B TOM, YTO CYIIECTBYET KaK MHHUMYM OJIHO BO3MOXHOE
BBIYUCJIEHHWE, B KOTOPOM, B KOHEUHOM CYETE, JOCTUraeTCsl COCTOSHHUE,
BEITIOJTHSAIOIIEE (. DTO, OJAHAKO, HE HMCKIIOYAeT TOro (hakTa, 4YTO MOTYT
CYILIECTBOBATh BBIUUCIICHHUS, 1JISI KOTOPBIX 3TO CBOMCTBO HE BHITIOJIHSIETCS —
BBIYUCJICHUS, B KOTOPBIX HUKOrJa He BhIMoJiHseTcs ¢. CpoiictBo AF ¢,
HafpuMep, OTJIWYAETCd OT JTOr0  HK3UCTEHIIMAIBHOTO  CBOICTBA
BBIYUCJICHUA TE€M, 4YTO OHO TpeOyeT, uTOObl BCE BBIYUCIICHUS
YIOBIIETBOPSUIH CBOUCTBY F ¢.

CylllecTBOBaHHUE JBYX THUIIOB TEMIOPAJIbHOW JIOTUKA — JIMHEHHOW U
BETBSAIICUCA — TPUBEIIO K Pa3BUTHIO JIBYX «IIKOJD» MPOBEPKU MOJECIIEH.
HecMmoTpst Ha TOCTOMHCTBA M HEOCTATKU Ka)XJIOW U3 HUX, UMEIOTCS JBE
MPUYUHBI, KOTOPBIC OIPABIBIBAIOT PACCMOTPEHHUE B JAHHOW KHUIE
MPOBEPKU MOJICJIEM KaK ISl JIMHEMHOW, TakK Ui W BETBSIICUCS
TEMIIOPAITBHOU JIOTUKH:

o Bwipasumenvnasa  cunra  MHOTHMX ~ JIMHEWHBIX W BETBALIUXCSA
TEMIOPAJIBHBIX JIOTUK HECPAaBHUMA. OJTO O3HAYAET, YTO HEKOTOPHIE
CBOKWCTBA, BBIPA3MMbIE B JIMHEWHOW TEMIIOPAJIBHOM JIOTMKE, HE MOTYT
OBITH BBIPAXKEHBI B OIPE/IETEHHON BETBALLEHCA TEMIIOPAIIBHOM JIOTUKE U
Ha000POT.

o TpaauiMoHHbIE MemoObl, UCTIOIb3YeMbIE ISl 3P(HEKTUBHON MPOBEPKH
MOJIEJIEH TS JIMHEWHOW TEMITIOPAIIBHOM JIOTUKHU, CUJIBHO OTJIMYAKOTCS OT
METOJIOB, IPUMEHSAEMBIX ISl BETBAILEHCS TEMIIOPAIbHOM JIOTHKH. DTO
OPUBOJNUT, B TOM 4YHUCJIE€, WU K COBEPIICHHO pPA3JIUYHBIM OLEHKAM
CJIO’KHOCTH.

B nanHOoM paznene paccMaTpuBaeTCsl IPOBEPKa MOJENEH Al gemeauyelcs
memnopanvrotu roeuku CTL (Computational Tree Logic). Baxto, uro oHa
MOET OBITh pacCMOTpeHa Kak BeTBsuuiics anamor LTL, mis xoToporo
BO3MOHa 3 (DEeKTUBHAS MPOBEPKA MOJIEIIEH.

Paznen uznaraercs Ha ocHOBe Kypca [1] u comepxxut npumepsr u3 [4, 26].

2.3.1. CuHTakcuc CTL

CuHTakCcUC BETBSIIEHCS TEMIOpadbHOM JIOTUKA (JIOTUKH JICPEBHEB
BBIUUCIICHUI) ONpeCsAeTCs CICAYIONMM 00pa3oM. JeMEeHTapHbIMU
BeIpakeHusMu B CTL sgBustoTcss amomapuvle npeonoswcenus,, Kak U B
onpenenennn LTL. Bbyaem omnpenensats cuntrakcuc CTL B HOTanuu
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bokyca-Haypa (p mpuHamie)kKUT MHOKECTBY aTOMApHBIX IMPEIOKCHHM
AP):

p=pl=g|(pve) | EXp|E[lpUg]|Alp U g].
M cnomnp3yroTest TEMITOpaibHbIC OTIEpaTOPhI CICAYIOIIETO BU/IA:
o EX (B cienyroniuii MOMEHT 1711 HEKOTOPOT'O ITyTH);
o E (a1a HexoToporo myTH);
o A (mns Bcex myTei);
o U (mo tex mop).

3nech X u U — nuHeliHbIEe TEMIIOPAJIbHBIE ONEPATOPbI, KOTOPHIE BBIPAKAIOT
CBOMCTBA Ha (PUKCUPOBAHHOM IIYTH, B TO BpeMsl KaK 3K3UCTEHIIMAJIbHBIN
KBaHTU(UKATOp NyTH E BbIpakaeT CBOWCTBO HAa HEKOTOPOM IyTH, a
YHHUBEpCaJbHbIH KBaHTU(UKATOp MyTH A — CBOHCTBO Ha BCEX NYTAX.
KBantugukaropel mytu E u A Moryr ObITh HCHOIB30BaHbI TOJBKO B
koMOuHaiuu ¢ X win U. Otmerum, uto omneparop AX HedJIeMEHTapeH U
OTIPEENSIETCS HIKE.

Bynessr oneparopsr true, false, A, - u <> onpexaenstorcs kak o0braHO. U3
paBeHcTBa F ¢ = true U ¢ cienyroT 1Ba COKpamieHus:

EF ¢ = E[true U ¢];
AF ¢ = Aftrue U ¢].

EF ¢ mpousHocHuTCS Kak «¢ BBINONHIETCS MOTEHIMANbHO», a AF ¢ — kak
«p wHemzbexHo». Tak xak Ge=—F—-9p u Ap=-E-¢p, 10
JIOTIONTHUTENBHO ;

EG ¢ = —-AF —¢;

AG ¢ = —EF —g;

AX ¢ = -EX —¢p.
Hanpumep, cipasenmiBo:

—A(F —p)
S{Ap=-E—9p}

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

EG ¢.

3 PaBencrBo A @ = —E —¢ Bemonasercs Tonpko s Takux CTL-hopmyn ¢, B KOTOPBIX
CHAT BHENIHUW SK3UCTCHIMAIBHBIA WM YHUBEPCATbHBI KBaHTU(DHUKATOp MyTH. DTO
TI03BOJISIET, HAIIpUMeEp, nepenucatb cTpoky E[—-F —¢] B popmyny —AF —p.

74



EG ¢ npousHocurcs «moTeHIuaabHoO Beeraa ¢», AG ¢ — «0e3yciaoBHO ¢y,
a AX ¢ — «u1d Bcex MyTel B CIEAYIOIIUNA MOMEHT ().

Ipumep. IIycte AP = {x=1, x<2, X>3} — MHOXECTBO aTOMapHBIX
MPEIIOKEHUM.

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

o Beipaxenune E[x =1 A AX(X>3)] ve sBusercs CTL-hopmyroii, Tak
kak X =1 A AX(X>3) He sBisercs X- wm U-dopmyioii. Beipaxenue
EF[G(x=1)] TaKKe HE SIBIISICTCSI CTL-dopmynofi.
EG[x =1 A AX(X > 3)] — ato, oaHako, nmpaBuibHO moctpoenHas CTL-
dopmyna. Taxke EF[EG(x=1)] u EF[AG(X =1)] — 310 mpaBuibHO
noctpoerHbie CTL-hbopmyb.

Cunrakcuc CTL tpebyer, yToOBI JTMHEHHBIM TEMIIOPAJILHBIM OIEPATOPAM
X, F, G u U HemenjieHHO MpeAnecTBOBAIN KBaHTU(UKATOPHI TyTH E min
A. Ecnu 310 orpaHu4eHue OmyCcTUTh, TO MOIY4YUTC O0siee Bblpa3uTeIbHas
BETBSIIIAsACS TeMmopanbHas goruka CTL .

Jloruka CTL™ mosBomser kBantudukaTopam E u A mpeaiecTBoBaTh
aro6oi LTL-dopmyie. Ona coaepkut, Harpumep, E[p A X qlu Fp A G q]
— (opMyIBI, KOTOpBIC HE SBISIOTCSA CHHTaKcHdeckumu Tepmamu CTL.
Jloruka CTL™ MoxeT GbITh PACCMOTPEHA KAK BETBSIHIICS aHATOT JOTUKH
LTL, Ttak kak kaxnaas noadopmyna LTL moxeT ObITh HCIONB30BaHA B
CTL-¢opmyie. Tounble B3ammooTHomeHust mexxy LTL, CTL u CTL™
Oynyt paccMmoTpennl HWke. Hecmotrps Ha To, uro CTL He oOmamaer
BhIpasuTenbHON croii CTL, paccMoTpeHHe GOINBIIOro 4iCiIa HPHMEPOB
M0Ka3ajo, YTO OHAa YacTO JOCTATOYHO BBIpA3UTENbHA M (DOPMYIHPOBKU
OOJBIIMHCTBA TPEOYEMBIX CBONCTB.

2.3.2. CemaHTnka CTL

Kak Opu10 OTMEUEHO B COOTBETCTBYIOLEM pasjlieie, HHTepIpeTalus
JUHENHOUN TeMmnopanbHoi Joruku LTL onpenensiercst B TepMuHax Mojenu
M = (S, R, Label), rme S — mHOXecTBO cocrostamii, Label — na3Hauenue
aTOMapHbIX MPEUIOKEHUNH COCTOsSIHUSAM, a R — ToTanbHas QyHKUMA,
KOTOpasi KaXJAOMYy 3aJaHHOMY COCTOSIHUIO CTaBUT B COOTBETCTBHUE
CIMHCTBEHHOE COCTOSIHUE-MOTOMOK. Tak kak moToMok R(S) cocrosiHus S
TOJIBKO OJWH, Mojaenb M mopokmaeT mis KakIOro COCTOSIHHUSL S
nocjenoBareabHOCTh  coctosaui S, R(S), R(R(s)), ... Dt
MOCJIEIOBATEIBLHOCTA TPEJACTABISIOT BBIYUCIUTENbHBIE IYyTH, KOTOPbIE
HauMHAIOTCA B S, a Tak Kak LTL-popmyna obpamaercst K OAHOMY IyTH,
WHTEpITpETaLUs LTL omnpeaeieHa B TEpPMHHAX TaKuX
IIOCJIEA0BATEIbHOCTEN.
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BetBsimasicss TemmopanpHasi JIOTHKa, OJHAKO, oOpaliaercs He K OJHOMY
BBIYUCIUTEILHOMY IMyTH, 2 K HEKOTOPHIM (MM BCEM) BBIUYMCITUTEIHLHBIM
nyTsMm. OJIHOM TOCNea0BaTeIbHOCTH, TAKUM 00pa3oM, HEJOCTATOYHO IS
TOTO, YTOOBI 3TO TpomojenupoBaTh. C IENbI0 aaeKBATHO TMPEIACTABUTH
MOMEHTHI, B KOTOPBIX BO3MOKHO BETBJICHHE, TIOHSITHE
MOCJIE0BATEILHOCTU ObUIO 3aMEHEHO MOHSATHEM depega. COOTBETCTBEHHO,
CTL-mo0env — Mmopenb, mopoxnarorias aepeBo. @opmansao, CTL-momens
saBiseTcst mooenvio Kpunie, Tak xak Cayn Kpumke ucmosib30Bal CXOIHbBIE
CTPYKTYPBI C IEJIbIO JIaTh CEMAHTHUKy MOIQIBHOM JIOTWKE, TUIY JOTHKH,
KOTOPBIA TECHO CBSI3aH C TEMIIOPAIBHOM JIOTHKOH [27].

OTtmeTuM, 4TO eauHCTBeHHOe pasnuuue ¢ LTL-monmensro B TOoM, utOo R
TENEepb — MOMAIbHOE OMHOUIeHUe BMECTO TOTAIBHON (DYHKIIMH.

Mpumep. Ilycte AP = {x=0, x=1, Xx#0} — MHOXECTBO aTOMapHBIX
npeaioxeHuit, S = {So, ..., S3} — MHOKECTBO COCTOSIHHH C ITIOMETKaMHM

Label(sy) = {x # 0},
Label(s;) = Label(s;) = {x = 0},
Label(ss) = {x = 1, x # 0},

a OTHOIICHHUC IICPCXOJ0B R CICOYIOIICC:

R = {(So, S1), (S1, S2), (S1, S3), (S3, S3), (S2, S3), (S3, S2)}-

Paccmorpum  CTL-momens M = (S, R, Label). Ona wu3oOpakena Ha
puc. 2.17 (a). 3meck cocTosiHUS N300paKEHBI BEPIIMHAMU, a OTHOIICHHE R
0003HAaYEHO CTpEJIKaMU: CTPEJKa U3 S B S' MPUCYTCTBYET, €CIIU U TOJIBKO
eciu (S, S') € R. ITomerku Label(S) ykazaHbl psaoM ¢ cOCTOSTHUEM S.

[lepen ommcaHMeM CEMaHTUKH BBEIEM HECKOJIBKO BCIIOMOTaTEIbHBIX
noustuit. [Tyets M = (S, R, Label) — CTL-monens.

HanomuuM, 9TO nyms — 370 O€CKOHEUHAs IIOCIIEI0BATEIbHOCTh COCTOSTHHM
S0S1Sy ..., Takas 41O (S, Si+1) € R mst Bcex 1> 0.

[Tycth 0 0003Hauaer myTh (13 coctostamin). s i > 0 uepes ofi] 0003HaUMM
(i + 1)-it seMeHT 0, a yepes o' — cyddukc nymu o, HAGHHAIOIIMICS C YTOTO
snemenTa. Hanpumep, ecii o =ty t, ..., 10 o[i] =t (tme t; — cocrosHume), a
o =ttt ...

MHOXeCTBO MyTeil, HAYMHAIOUIMXCS B COCTOSIHUM S Mojenu M,
onpezensiercs ciaeayronmm obpazom: Py(s) = {o € S”| 6[0] = s}.

s moboit CTL-monemn M = (S, R, Label) u cocrosinus S € S umeercs
0eCKOHEYHOE BBIYMCIMTEIBHOE JICPEBO C KOPHEM, ITOMEUYCHHBIM S, TaKUM
gro (S', $"') — ayra B mepeBe, ecnu u ToabKko eciu (S', S") € R. CocrosiHue S,
s kotoporo P € Label(s), nHorma nassiBaercs p-cocrosiuem. Iyt o
Ha3bIBAETCS P-TIyTEM, €CJIM OH COCTOUT TOJIBKO U3 P-COCTOSIHUH.
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x=0} /S\
So S3
\ N
S3 So S3

Puc. 2.17. IIpumep CTL-momenu (a)
1 peUKC OHOTO U3 €€ BBIYHUCIIUTEIBHBIX JIepeBheB (0)

Ipumep. Paccmorpum CTL-monens Ha puc. 2.17 (a). Koneunsrit npeduke
OECKOHEYHOT'O BBHIYMCIUTEILHOTO JEPEBA, MOABEIICHHOTO B COCTOSHUM So,

n300paxkeH Ha puc. 2.17 (6). Ilpumepamu myTeil sBISIOTCS  S,S;S,S;

8081(8283)0) u 8081(8382) S; . MHoxecTBo Pp(S3), Hampumep, MOXHO

OIKCaTh TAKUM CIIOCOOOM: {(8382 )*Sg’ : (33+ S, )w }.

Cemantuka CTL ompenensieTcss B TEpMUHAX OMHOULEHUSL BbINOJIHAEMOCHU
(o003Ha"UaemMoro |=) MeXIy Mozenblo M, ogHUM U3 ee COCTOSIHUM S U
dopmynoit ¢. Kak u panee, 3anumem M, S |=go Bmecto (M, S, @) € |=
[Ipu stom umeem M, s |=g0 TOTJa W TOJILKO TOT/a, KOTJa ¢ BEPHO B
cocrosinuu S mojenu M. Kak u panee, Oynem omyckath M, korma mMoaenb
SICHA U3 KOHTEKCTAa.

[Tycte p € AP — atomapuoe npemioxenue, a Tpoiika M = (S, R, Label) —
CTL-momens, S € S u ¢, w — CTL-dbopmymnsl. OTHOIIEHNE BBITOTHAEMOCTH
|= OTIpeEIAeTCs CIEAYIOIUM 00pa3oM:

sk=p < p e Label(s);

s=—p & (s F=0);

sE=vy) ©6EFEovEEwW;

sE=EX g & 30 € Py(s): o[1] E=o;

SE=Elp Uyl <30 Py@s): (3j=0:0fi]F=wA
A (VO <k <j: olK] = 0));

sk=Alp Uyl o Vo e Py(s): (3> 0:ofji] =y A
A (VO <k < j: olk] = 0)).
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HMHTepriperani aTOMapHbIX NPEMJIOKEHUN, OTPULIAHUSA W KOHBIOHKLIHH
CTaHJIapTHBI.

EX ¢ BepHO B COCTOSIHUM S, €CJIM U TOJBKO €CJIU CYUIECTBYET MYTh O,
HAYMHAIOIIUNCA B COCTOSIHMM S, TaKOM, YTO B CIEIYIOUIEM COCTOSHUU
ATOTO MyTH o 1 | BEIMOIHSAETCA CBOMCTBO ¢.

Alp U ] BepHO B COCTOSHUHM S, €CIIM U TOJBKO €CJIM KaXKIBbIA IyTh,
HAYMHAIONIUNCA B S, UMEET B Hadalle KOHEUHBIH TpeduKc (BO3MOXKHO,
COCTOSIIIIUN TOJBKO W3 S) TAKOW, YTO |/ BBIMOJHSIETCS B TOCIETHEM
COCTOSIHMHM JTOrO0 TpeHUKCa W ¢ BBHIMOIHICTCS BO BCEX COCTOSHHSIX
npedukca mepen S.

E[p U w] BepHO B COCTOSIHMM S, €CJIM ¥ TOJIBKO €CIIU CYIIECTBYET MYTh,
HAYMHAIOUIUICA B S, KOTOPBIA YJOBIETBOPSiET CBOUCTBY ¢ U .

Wurepnperanust temnopaibHbix onepatopoB AX ¢, EF ¢, EG ¢, AF ¢ u
AG ¢ MoxeT OBITh BBIBEJICHAa C HCIIOJB30BAHHEM YKA3aHHOTO BBIIIE
onpeneneHus. YToObl 3TO MPOUIUIIOCTPUPOBATH, BBIBEJAEM (HOPMATBHYIO
cemanTuky EG ¢.

sE=EG ¢

< { no onpenencuuio EG }
s =—AF —g

<> { no onpeznenenuro AF }

s |=—A[true U —¢]

< { ceMaHTHKa — }

—(s = Altrue U —g])
< { cemantuka Alp U y] }
[V € Pu(s): (3) = 0: o[j] =—0 A (Y0 <k <j: a[k] = true))]
<A{s |= true mys Bcex COCTOSIHMIA S }
—[Vo € Pu(s): (3j = 0: ofi] =—9)]
< { ceMaHTUKa —; BBIYUCIICHHS }
35 € Pu(s): =(3j = 0: —(alj] = 9))
< { BbIUMCIICHUA }
Jo € Pu(s): (Vj = 0: ofj] = 9).
CnenoBarenbHo, EG ¢ BepHO B COCTOSHMM S, €CIM M TOJBKO €CIIH

CYLIECTBYET HEKOTOPBIM IIyTh, HAYWMHAIOIIMKCA B S, TAaKOW, 4YTO JJIA
KaXJ0TO COCTOSIHUS Ha 3TOM ITyTH BBIIIOJIHSAETCSI CBOMCTBO (.
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Takxe MOXKHO BBIBE€CTH, YTO AG (@ BEPHO B COCTOSIHUM S, €CJIM MU TOJIBKO
CcClIn AJI1 BCCX COCTOSIHMM Ha J1000M IyTH, HaA4YUMHAKOIEMCSI B S,
BBINIOJIHSETCS. CBOMCTBO Q.

[Ipu aTom EF ¢ BepHO B coCTOSIHUU S, €CIIM M TOJBKO €CIIM ¢ B KOHCUHOM
CYETE BBIMOJHAETCS BJOJb HEKOTOPOTO IyTH, CTapTyromiero B S, a AF ¢
BEPHO, €CIIM U TOJBKO €CJIM 3TO CBOMCTBO BBINOJHSIETCS ISl BCEX MYTEH,
CTapTYIOIIUX B S.

Ipumep. Paccmorpum CTL-monens M, u3zobpaxkennyto Ha puc. 2.18. Ha
ITOM PHUCYHKE TOKa3aHa CIPABEIIUBOCTh HECKOJBKHX (OPMYI I BCEX
coctostHuii M. CocrosiHME OTMEYEHO YEepHBIM IIBETOM, eciii (popmyiia
BEPHA JIJISl HETO, ¥ OCJIBIM B IPOTHBHOM city4ae. [Tpu sTom:

o ®opmyna EX p BepHa a1 Bcex COCTOSIHUM, TaK KaK Y BCEX COCTOSHUMA
€CTh MPSAMOU MOTOMOK, YAOBJIETBOPSIOIIHIA .

o AX]p HeBepHa B COCTOSSHUU Sy, TaK Kak BO3MOXHBIH IIyTh,
HAYMHAIOUIUICA B Sy, UAET MPSAMO B COCTOSIHUE Sp, B KOTOPOM [ HE
BBIMIOJIHSETCA. Tak Kak OCTAJIbHBIE COCTOSIHUS UMEIOT TOJBKO MPSIMBIX
MOTOMKOB, B KOTOPBIX [P BbINOJHAETCS, AX P BEpHO B OCTaJbHBIX
COCTOSIHUSIX.

o [l Bcex COCTOSHUM, KpOME Sp, CYIIECTBYET BBIUHMCIICHHE (HAIpPUMED,
SyS;Ss ), UL KOoTOporo P riaobamsHo BepHO. CiemoBarensHo, EG p

BEPHO B OTHX COCTOSIHMAX. BBuay Toro, uro p ¢ Label(s;), myTs,
HAYMHAIOIIUACS B Sy, JUII KOTOPOTO P TII00aTbHO BEPHO, OTCYTCTBYET.

o AG p BepHO TOJILKO B COCTOSIHUM S3, TaK KaK €ro CIUHCTBEHHBIH MYTh
S, BCerJa MPOXOAHT Yepe3 COCTOSHMSL, B KOTOPBIX [ BBIIOMHSICTCS. JIst

BCEX OCTAJIbHBIX COCTOSIHUN CYIIECTBYET ITyTh, COACPIKAIIUN COCTOSHUE
S,, KOTOpoe He yaoBneTBopsieT P. CienoBareiabHO, AN TUX COCTOSHUN
AG p HeBepHO.

o EF(EG p) BepHO i BCeX COCTOSIHMM, TaK KaK U3 KaXJIOTr0 W3 HUX B
KOHEYHOM CYETE MOXKET OBITh JIOCTUTHYTO COCTOSIHHE So, S; WJIU S3, W3
KOTOPOTO HAYMHAETCSI HEKOTOPOE BBIYKMCICHHE, BJIOJb KOTOPOTO P
1J100aJIbHO BEPHO.

o A[pUQ] HeBepHO B COCTOSHUM S3, TaK Kak €ro EIMHCTBEHHOE
BBIYMCIICHHE S, HHUKOIJa HE [OCTHraeT COCTOSHHS, B KOTOPOM

BBINIOJTHSIETCS (. [[J1s1 BCEX OCTaIbHBIX COCTOSIHUM 3TO, OJTHAKO, BEPHO, U
BJI00ABOK CBOMCTBO P BEPHO MeEpe1 TeM, KaK CTAHOBUTCS BEPHBIM (.

o Hakonen, popmyna E[p U (—p A A[—p U q])] HeBepHAa B Sz, TOCKOJIbKY
U3 S3 HE MOXET OBITh IOCTUTHYTO (-COCTOsSIHUE. JIJIsT COCTOSIHUI Sp | S;
CBOWCTBO BEpPHO, TaK KaK COCTOSHHE S, MOXXET OBITh JOCTHUTHYTO W3
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OTHX COCTOSIHUW dYepe3 P-MyTh, —P BEPHO B Sp, U BCE BO3MOXKHBIC
CTapTYIOIIHE B S; MYTH YJIOBICTBOPSIOT Gopmyie —P U g, moTroMy 4To
S, — (Q-cocrosiuue. Hampumep, B COCTOSHHH So TMyTh (S0S2S1)”
ynoBierBopsieT cBoictBy P U (—p A A[—p U q]), Tak kak p € Label(sy),
p ¢ Label(s;) u q € Label(s;). Jns cocrostHus S, CBOWCTBO BEpPHO,
MIOCKOJIBKY P HEBEPHO B Sp, W JUIS BCEX IyTCH, HAUMHAIOIIMXCS B S,
Onvkaiiee CoCTOSIHUE — 3TO (-cocTostHue. TakuM 00pa3oM, CBOHCTBO
—p A A(=p U q) nocturaercs uepe3 myTh AIuHbI 0.

So S1 S3

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

ElpUCpAA[-pUdD]

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

2.3.3. HekoTtopble akcmomsbl CTL

B pasnmene o juHEWHOW TeMIOpadbHOM JIOTMKE OBUIO TMOKAa3aHO, YTO
aKCUOMBI MOTYT OBITh TIOJIE3HBIMH JJII TOTO, YTOOBI JJOKA3hIBAThH
DKBUBAJICHTHOCTh MEXIy (opMylaMu: YacTO BMECTO JI0KAa3aTEIbCTBA
DKBHUBAJICHTHOCTH C HCHOJIb30BAHUEM CEMAHTHYECKUX OIpPEICIICHUN
JIOCTAaTOYHO IIPUMEHATH AKCUOMBI, KOTOPBIE OIPEAEIIEHbl B TEPMHUHAX
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cuHTakcuca (Gopmyn. OTo objeryaeT TOKa3aTeIbCTBO SKBHUBAJICHTHOCTU
dbopmyn. BaxnHoi akcuomon mis mpoBepku L TL-moneneit sBisercs
MIPaBHJIO pacIiipeHwus oneparopa U:

pUy=wv(pAXpUyl.

[Tpu moxcTanoBKe TOTO MpaBmiia B onpeaeneHus F u G moxyuunm:
Go=9AXGg;
Fo=¢v XFo.

st noruku CTL cymecTByrOT aHaTOTHYHBIE aKCHOMBI. YYHUTBIBAs, YTO
KXl TUHEHHBIN TeMmopaibHblii onepatop U, F win G nomkeH ObITH
MpeBapeH K3UCTEHIHAIBHBIM WJIM YHHUBEPCAJIbHBIM KBAaHTHU(UKATOPOM,
MOJTy4yaeM aKCHOMBI, IIepeYrCiICHHbIC B Ta0. 2.4.

Ta6bnuua 2.4. Akcnombl pacwmpenus ona CTL

EG ¢ = o NEXEG ¢

AG ¢ = o ANAXAG ¢

EF ¢ = o v EXEFp

AF ¢ = o v AX AF ¢
Elp U y] = y Vv (¢ A EX(E[p U y))
Alp U y] = v (9 A AX(Alp U y]))

VY Bcex aTX akcuom 0a3oBasi ujesi COCTOUT B BHIPAXKCHHUH CIIPABEITTUBOCTH
bopMyIIbI IPEIIOKEHUEM O TEKYIIIEM COCTOSHUU (T1Ie HET HEOOXOUMOCTH
B HCMOJB30BAHUHM TEMIOPATBHBIX OMEPaTOPOB) U TMPEAJIOKEHHEM O
NPSMBIX MOTOMKAaX 3TOTO COCTOsHMS (¢ ucnonb3oBanneM EX mmm AX B
3aBUCUMOCTH OT TOTO, C DK3UCTCHIIMAIBbHBIM WM YHHUBEPCATbHBIM
KBaHTHU(UKATOPOM paccMarpuBaercs ¢dopmyna). Hampumep, dopmyna
EG ¢ BepHa B coCTOSIHUU S, €ClIH ¢ BepHA B S (MPEAJIOKEHUE O TEKYIIEM
COCTOSSHUM) W (¢ BBITIOJNHSACTCS JJIS BCEX COCTOSIHMH BIOJb ITyTH,
HAYMHAOIIETOCSA C MPSAMOTro IMOTOMKa S (IPeIIoKEHHE O IMOTOMKax
cocrosiHuii). [lepBble 4YeThIpE aKCHOMBI MOTYT OBITh BBIBEICHBI U3
MOCJICTHUX JIBYX.

Hanpuwmep, n1s AF ¢ nomydnm:
AF ¢
< { mo onpenencauio AF }

Aftrue U ¢]
< { akcuoma 1 Alp U y] }
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¢ v (true A AX[A(true U ¢)])
< { HCUHUCIICHUE TIPeIUKaTOB; onpeaeiacHue AF }
o v AX[AF ¢].
Hcrionb3yst 3TOT pe3ysIbTat, BEIBOAUM NpaBMIIo pacmmpenus st EG ¢:
EG g
< { o onpenencauio EG }
—AF —¢
< { pe3yabpTar NpeapIAyIEero BEIBOAA |
—(—¢p v AX[AF —¢])
<> { UCUHCIICHUE NTPEAUKATOB }
¢ A =AX[AF —¢]
< { mo onpenencanio AX }
¢ A EX(=[AF —g])
< { no onpenencuuio EG }
o A EX[EG ¢].

AHaJIoTH4YHBIC TTPeoOpa3oBaHUs MOTYT OBITh MPOJEIAHbI ISl TOTO, YTOOBI
nonyuuTh akcuomsbl it EF u AG. Kak orMedeHo BhIle, dJIeMEHTapHBIMU
aKCHOMaMH SIBJISIFOTCSL JIBE TTOCJICIHUE aKCUOMBI pactpenus. OHH MOTYT
ObITh JOKa3aHBl C ucHoiab3oBaHueM cemantuku CTL, w3t
JIOKa3aTelIbCTBA OYCHb TOXOXKHM Ha JIOKA3aTEeIbCTBO 3aKOHA PACITUPCHHS
11t oniepatopa U noruku LTL, u3noxxeHHOE B COOTBETCTBYIOIIEM pa3ieie.

2.3.4. CpaBHeHue BblpaauTenbHol cunbl CTL, CTL u LTL

Jns Toro 4toOBI Jydllle MPEACTaBUTh B3aMMOOTHOIIEeHHs Mexay LTL,
CTL u CTL, ommmewm cuntakcuc CTL ™ ¥ BBIIONHMM anbTepHATHBHYIO
xapaxTepusanmio cuurakcuca CTL u LTL B Tepmunax CTL . Cremaem
9TO, IBHO pasziiyasi (hopmyivl cCOCMOSAHUIN — CBOMUCTBA, BBITOJTHSIIONIUECS B
COCTOSIHUSIX, U (DOpMY/bl NYymu — CBOMCTBA, KOTOPBIC BBITOHSIOTCS IS
IIyTEH.

Tax kak CTL u CTL™ MHTepnpeTHpyioTCs Ha BETBSIIMXCSA MOJEISX, TOrIA
kak LTL uHTeprpeTupyeTcsi Ha MOCIeA0BATEILHOCTAX, CPABHEHUE MEXKTY
STUMH TpEMs JIOTMKaMH He mnpsMoiinHeiiHoe. CpaBHEHHE YNpPOUIAeTcs,
€CJIM HEMHOTO TIOMEHsTh onpenenenue LTL, Tak 4ro ee cemanTnka OyaeT
ompenesieHa B TEpPMUHAX BeTBsIIeiics Mojenu. Hecmotpss Ha TO, 4TO
CYIIIECTBYIOT pa3inuHble crocoObl mHTepnperammu LTL Ha BeTBAmmxcs
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CTPYKTypax (Harpumep, JTOJHKHO ¢ BBHIOIHITHCS B hopmyne X ¢ 1 Bcex
WIH 171 HEKOTOPOTO TIOTOMKA TEKYIIIETO COCTOSTHUSA?), HanOoJiee MPOCTOMH,
HO, B TO ¢ BpeMs, OOIIMI MOJIX0J COCTOUT B TOM, YTOOBI CUHUTATh, YTO
LTL-popMmyna ¢ BBINOJTHSETCS HA 6cex MYTAX. ITO TMPUBOJUT K
crenyromeMy pacemorpernio LTL B repmunax CTL .

®opmynsl coctostamii LTL ompenenenst kak ¢ ::= A S, rae f — dhopmyna
nytd. Dopmyisl TyTH ONpeAeNeHbl COTJACHO CJEAYIOIMIEMY IPaBHITy
(3mech p € AP):

Br=pl=BlBVEIXE]|(BUP).
B pesymsrare CTL, CTL™ u LTL Teneps HHTEpIPETHPYIOTCS B TEPMHHAX
OJTHOM MOJENH, U 3Ta 001as ceMaHTU4YecKas 0aza 1aeT BO3MOXKHOCTb JJIst

cpaBHeHus. Tabi. 2.5 cyMMHUpYyeT CUHTAaKCHC TPEX PaCCMOTPEHHBIX THIIOB
4
JIOTUKH.

Tabnwuua 2.5. CuHtakenc LTL, CTL n CTL*

dbopmyibl coctosiHug @ = Af

LTL
(opmysieI TyTH pr=plBIBVEIXE|(BUP)

(dopmyitel cocTosHug @ =p|—o | (0 Vv @) |ES
bopmytbl TyTH Bi==p | Xe|(pU o)

CTL

»  Gopmynbl cocTosHuA ¢ =P |- |(pVv @) |Ep
hopmysl myTH Br=o| BBV IXB|(BUP)

CTL

Jist CTL ucnonb3yroTest T€ ke cokpaiienus, uro u st LTL, u eme ongHo
nonoaHuTenbHOE: A = —E —f.

Wnrepnperamms CTL™ wunrynmtuBHO sicHa wu3 wmmTepnperamun  CTL.
Ompenenum Qopmansuyio cemantuky CTL . Ilycts p € AP — atomapHoe
npemioxenue, M = (S, R, Label) — CTL-mooenv (mooenv Kpunke), s € S —
COCTOSIHUE MOJieNH, o € Py(S) — myTh, ¢ ¥  — GOPMYJIBI COCTOSIHUS, O U 5
— (opmynsl  nmytn. BBemeM 1OBa  omHowleHus  8bINOIHAEMOCMU,
CIpaBeIJIMBOCTh KOTOPBIX OyaemM o0o3Hauath Tak: M, S |=State ® "

M1 o |=Path a.

Kak u panee, Oymem omyckate Moaenb M B ciydae, Koraa oHa
10JIpa3yMeBaeTCsl KOHTEKCTOM.

OrtHoLIEHNE |=State 3aJ1aeTCsl CIASAYIOIUM 00pa3oM:

% 371ech BBIOpaH anbTEPHATHBHBI MyTh IS Ompeenenus cunrakcuca CTL, KoTopsiit
ynpoinaeTr cpaBHeHue. Cienyer uMeTh B BUy, 4To —E —p paBHseTcs A g 1iig GopMyIibl
OyTH p.
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S |=State P < p e Label(s);

S |=State —Q < (s |=State 0);

S |=State (pvy) (s |=State p) V(s |=State W),
SEsae ES < 3o € Pu(s): (o =pan f).

AHaIOru4HO 333 UM OTHOIIICHHUE |=path:

o |=Path @ < o[0] |=State ®,

o |=Path —f < (o |=Path B;

o |=Path (avp) (o |=Path a) V(o |=Path B);

o |=Path Xp =N |=Path B,

o |=Path (eUp) <3Fj=0: o |=|:>ath LA(VO<k<]: i I=|:>ath a).

3neck o', o) n o — COOTBETCTBYIOIIHE Cyghghukrcol nymu o.

N3 paccmotpenusi cunrakcuca cieayer, yto CTL — 310 moamHOkecTBO
CTL" Bce CTL-popmynsr mnpunamtexar CTL, HO obparHoe He
BEITIOJTHACTCS (CHHTaKCHYeCKH). BHavame mposicHUM, Kak CpaBHHUBACTCS
BbIpa3uTEIbHAS CUJIA JABYX TEMIOPaIbHBIX JOTUK. OfHA JIOTHKA SIBISETCS
Oosyiee BBIPA3UTENBHOW, YeM Jpyras, €CJId OHa II03BOJISIET BBIPAXKATh
TEPMBbI, KOTOpbIE HE MOTYT OBITh BBIPAXEHBI B JPYrol. ITOT
CHHTAKCHYeCKHil KpuTepuii mpumensietcss k CTL B cpasuenmu ¢ CTL™:
nepBasi CHUHTAKCUYECKU SIBJISIETCS TOJAMHOXKECTBOM BTOpoul. Takoi
KpUTEpUil B 00IIeM ciy4yae CIMIIKOM mpocT. boiee To4yHO, OH He
HUCKJIFOYaeT Toro ¢akra, 4YTo JJIs HEKOTOpod (opMyiasl ¢ B OJHOU
TEMIOPAJILHOM JIoTHKE L cylecTByeT SkBUBaicHTHAs hopMmyia y (KoTopast
CHHTAaKCUYECKH OTJIMYaeTcs OT ¢) B TemmnopainbHou Jornke L'. Ilox
HKBUBAJIEHTHOCTBIO 3/1€Ch MOJIpa3yMeBaeTcs CaeaAyIollee.

DopMyIbl @ U ¥ HA3bIBAIOTCS 9KBUBAIEHMHbIMU, €CIIA U TOJBKO €CIU JJIs
Bcex mozesieit M 1 coCcTOSHME S BBITIOJIHIETCS

M, s |= ¢ TOTJIa U TOJBKO Tora, korjma M, S |= w.

Tenepp MOXHO (QOpMaIbHO ONPENCIUTh, YTO 3HAYUT [JIS  JBYX
TEMIOPAJIbHBIX JIOTUK ObITh BHIPA3UTEIHHO SKBUBAJICHTHBIMHU.

Temmnopansubie jgoruku L u L' gwipazumenvro sxeusanenmusi, €Ciu IJis
K01 hopmynsl ¢ € L cymecTtByer skBuBaneHTHas e gopmyna v € L'
(takast, uro st Bcex moaeneii M u coctosiauii S M, S |= <= M,s |= W)
U U Kaxaou Gopmyibl i € L' cymecTByeT 3KBUBaJICHTHAsI €il (hopmyra
¢ € L (rakas, yto mis Bcex mozeneit M u cocrosHuii S: M, S |=go =

M, S|=w).

Ecnu nepBoe u3 3TUX YCIOBUI BEpHO, & BTOPOE HET, TO Joruka L (cTporo)
Menee gvipazumenvHa, yem L.
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Puc. 2.19 oTpaxaer B3aUMOOTHOIIECHUS MEXAYy TpeMs JIOTUKAMH,
pPacCMOTPEHHBEIMH B JaHHOM pazjaene. M3 3Toro pucyHka cCiemyeT, YTo
CTL Goee BbIpaszuTebHa, yeMm obe oruku LTL u CTL, Torma kak LTL u
CTL wmecpaBHUMEI. I KaXA0W W3 JIOTHK MPUBEICHBI PUMEPHI HOpMyI,
BBIICIISIFOIINX YaCTH 00J1acTei, KOTOPHIM OHU TIPUHAJIJIC)KAT.

LTL

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

A[F(p A Xp)] AG(EF )
AlpUd]

Puc. 2.19. Bzaumootnomenus mexay LTL, CTL u CTL"

CymecrByer ¢opmyna B LTL, no ¢opmyna B CTL orcyrerByer.
Hanpumep, A[FG p] u A[F(p A X p)] — 310 LTL-hopmybl, 11 KOTOPBIX
HET 3KBUBaNCHTHBIX Gopmyia B CTL [4, 28]. Ipyroii nmpumep Gopmysibl u3
LTL, ayis koTopoit HeT 3xkBUBaNieHTHON hopmyibl B CTL:

A[GFp—> Fq].

B coorBercTBUM C 3TOW (POpMyIION, €ciau P BBHINOJHAECTCS OECKOHEUHO
4acTo, TO ( KOrjJa-HUOYyJb CTAHET BEPHO. DTO HHTEPECHOE CBOWCTRBO,
KOTOpPO€ TOSIBISIETCS YacTO B JOKA3aTEIbCTBE KOPPEKTHOCTH CHCTEM.
Hampumep, TunuyHOE CBONCTBO KOMMYHHKAIIMOHHOTO TIPOTOKOJIA HAaj
HEHAJISKHBIM KaHAJOM CBS3M (opMynupyeTcst CileayomuM o0pa3oMm:
«ecnu cooOUIeHUEe MochbUIaeTcsi OECKOHEYHO 4YacTo, OHO KOraa-HHOyAb
JIOCTUTHET TOJTyqaTess.

Hoxkaxewm, uto s LTL-dpopmyn A[FG a] u A[F(a A X )] He cymiecTByeT
skBuBaieHTHbIX CTL-popmyn. Pacemorpum momenun My, M;, Mo, ...,
KOTOPBIE OMPEACTSIOTCS WHAYKTUBHO TaKMM 00pa3oM, Kak 3TO MOKa3aHO
Ha puc. 2.20.

Mo M

1a}

i {a} U
AR S

Puc. 2.20. bazoBas monens My 1 uHIYKTHBHOE TTOcTpoeHue moenu My,
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Ha puc. 2.21 Te xe Moaenu n300pakeHbl IPyrUM CIIOCOOOM.

n

N
4 N

)i {a} s {a} U {a}

—O——fg> 20— 00

Puc. 2.21. Monenu M, st n >0

O603HaunM uepe3 M Mojienb, n300pakeHHYI0 Ha puc. 2.22.

e
0,

Puc. 2.22. Moaens M

Uepes Sp Oymem o0o3Ha4aTh CTapTOBBIE cocTosiHUg moxaene M u M, a
gyepe3 S; — COOTBETCTBEHHO WX IPSMBIC NMOTOMKH. byaeM roBOpHUTH, 4TO
dbopmyna ¢ He pazaudaeT moaenu M' u M", ecim

o ycinosue M', Sg |= (¢ BBITIOJIHAETCS UJIU HE BBIMOJHSIETCS OJHOBPEMEHHO
c ycinoBuem M", sg |= ®;

o ycioue M', s; |= (¢ BBITIOJHSCTCS HJIM HE BBITIOJIHACTCS OJTHOBPEMEHHO
¢ ycinosueM M", s; |= .

N3 moctpoenust moneneir M, My, My, ... cienyer, uro M, So |= A[FG a]u

My, So |= A[F(a A X a@)] a5t Bcex N >0, B To Bpems kak M, Sy = A[FG a] u

M, so FEFA[F(a A Xa)]l. DTo MOXHO J[OKa3aTh CICIYIOMMM OOPa3OM.

Mogens M COACpHUT MyTh, KOTOPOMY COOTBETCTBYIOT CJICIYIOIIHE

MIOMETKHU

Jdo{a}>0->{a}>I— ...

¥ Ha KoTopoM He BeIoNHsIOTCS Gopmysel FG a u F(a A X a). C apyroii
CTOpPOHBI, TaK Kak B Moaeasx M, HeT BO3MOXHOCTU OECKOHEYHO YacTo
NONaaaTh B —a-COCTOSHHE, KAXKIbII IIyTh NUMEET CIAEAYIOLINNA BUJL:

g—>{a}...a-> ({a}”,

¥ Ha HeM BhImosHstoTess popmynel FG a u F(a A X a). Takum oGpazom,
dopmyiel FG a u F(a A X a) pasnuuator moaenu M u M,

Onpenenum memnopanvuyto enyouny CTL-popmynsl ¢ (o6o3Hauvaercs
gyepes ||p||) kak MakCHUMAaJIbHYIO BJIOKEHHOCTh TEMIOPAJIbHBIX OMEPaTOPOB
B ¢. Hammpumep, [[a A b|| =0 u ||E[(a > b A =Cc)U((EX @) A E[b U c])]|| = 2.
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Hcnonbs3yst MHAYKIHIO 1O N, MOYKHO JI0Ka3aTh, YTO Mojaenb M u monens M,
HEBO3MOXKHO pa3nuuuTh Hukakoi CTL-popmyrnoit  TemmopaibHOM
r1y6uHbI He GombIme N. D10 03HauaeT, uto Vo € CTL, [lp|| < n: My, so =0
eclIu M ToJIbko eciu M, Sy |= ¢ (1 aHANOTUYHOE YTBEPKIEHUE IS Sy
BMECTO Sp). DTO YTBEpXKICHHUE CIEayeT M3 TpeX (PakToB, MPOBEPSIEMBIX
HEMOCPEICTBEHHO:

1. Jlna moboro n>0 mobas popmyna ¢ TemmnopanbHoi rinyouHbsl 0 He
pazimmuaet mojienu M u M,,.

2. Eciu vy popmyna ¢, Hu popmyna y He paznuyaroT moaenu M u M, To
Takue GOPMYIIbI, KaKk —@ U ¢ A Y/, TO)KE HE Pa3IMYaIOT 3TH MOJICIIH.

3. Ecou Hu dopmyna ¢, Hu dopmyna y He pazaudaroT moaeimu M, M, u
Mp+1, To Takue dopmyinsl, kak EX ¢, AX ¢, E[p U w] u Alp U ], He
pazimmuaroT moaeu M u M.

[Tocmenuuii 1mar [goKas3aTenbCTBA COCTOMT B ciaexyromem. [lycTts
cymectByer CTL-popmyna ¢, skBuBaieHtHas dopmyne A[FG a] (wim,
cootBeTcTBeHHO, A[F(a A X a)]). C oaHOW CTOPOHBI, M3 TOrO, 4YTO
M, so £ A[FG a] u M, sg |= A[FG a] (mns Bcex n), caemyeT, uto M, Sg H 0
u My, So |= ¢. C opyroii CTOpOHBI, U3 TOro, uro momgemu M u My,
HEBO3MOXKHO paznnuuth CTL-popmyrnoit TeMmropalibHONH TIyOMHBI HeE
ooJiee ||p||, cemyeT, 4TO @ UMEET OJHO U TO K€ UCTUHHOCTHOE 3HAYCHUE Ha
mMozgensix M u M. To IpUBOAXT K IPOTUBOPEUHIO.

CymecrByer ¢opmyna B CTL, no dopmyna B LTL orcyrcrByer.
®opmyna AG EF p —sto CTL-popmymna, 1151 KOTOPOIl HET SKBUBAJICHTHOM
dbopmynbel B LTL. DTo cBOMCTBO UCIIOIB3yeTCS Ha MPAKTHUKE, TaK KaK OHO
BBIp@KaeT TOT (DaKT, YTO MOXKHO JOOPaThCS 10 COCTOSHUS, B KOTOPOM
BEPHO [, HE3aBUCHMO OT TEKYIEro cocTossHus. Ecmu p xapaktepusyet
COCTOSIHHE, B KOTOPOM HCHIPABIISICTCS ONpenesieHHas omuoka, To ¢hopMyia
BBIPQKAET, YTO BCETIa MOKHO BOCCTAHOBHTHCS IIOCJE OIpPEICIICHHOM
ommOku. JlokaszaremscTtBo TOro, uto miasi AG EF p Her skBUBaleHTHOM
dbopmyinel B LTL, cocTout B cnemayromiem.

[Tyctb ¢ — aT0 LTL-bopmymna, ans kotopoit A ¢ sxBuBanentHo 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, mokazanHas
Ha puc. 2.23 (0). Ilyrtu, craprytomme u3 S B M', BXOIAT B MHOXECTBO
nytei, HaunHatrommxcest u3 S B M. CrenoBarensno, M', S |=A @. OnHaKo
npu 3ToM cBoiictBo M', S |= AG EF p He BwImomHseTCsA, Tak Kak ]
HHUKOT/Ia He CTAHOBHUTCS BEPHBIM BJIOJIb €AMHCTBEHHOTO Iy TH S°.

AHanoruyHbI (PaKT MOXKHO JI0Ka3aTh AJs ciydas, korga LTL-popmyib
KBaHTU(UIIUPYIOTCS HE 10 BCEM ITyTsIM, a 10 HeKOTopomy myTu. [1ycTh ¢ —
3t0 LTL-popmyna, mns xotopori E ¢ osxBuBanmentno AG EF p.
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Paccmotpum mozaens M. 13 M, s |= AG EF p cienyer M, s |= E ¢. Ilycth
M" — manmonens M, moka3zannas Ha puc. 2.23 (B). [lytu, cTapTyromue u3 S
B M, BXOAIT B MHOXKECTBO MNyTeH, HauMHaromuxca u3 S B M"
Cnenosarenbpno, M", s |= E ¢. Ho npu 3TOM HE BBINOJHSAETCS CBOWCTBO
M", s |=AG EF p, Tak kak p HUKOrJa HE CTAHOBHUTCS BEPHBIM BJIOJb
€IMHCTBEHHOTo IyTH (S")”, CTapTYIOIIEro B COCTOSHHHM S, JTOCTHKAMOM
nus3 S.

S s' S S s' s"
{r} - p} ~p}
{~p} {~p} {r}
o

a B

Puc. 2.23. Mogens M, nonmonens M' 1 vagmonens M"

BsaumoorHomenusi mexxny CTL" m LTL. Mexmxy LTL u CTL
BBITOJTHSCTCS  CIICMYIOIIee B3aMMOOTHOIIEHUE [26]: Ui TpOM3BOJILHOM
CTL -dbopmynbl ¢ okBuBamenTHas LTL-popmyma (ecium Toiapko OHa
cyliecTByeT) AobkHa umeTh dopmy A f(p), rae f(p) — ato dhopmyna ¢, B
KOTOpOH yHaleHbl BCe KBaHTH(HKATOpbl myTH. Hanpumep, mms
¢ = EF EG p —> AF q nonyuaem f(p) = FG p — F . Takum o6pasom, ¢ —
Beigesstomas dopmyma mist CTL , ecnu A f(p) eit He sxBuBanenTHa. Eciu
paccmaTpuBaTh Takyl wuHTepnperauuro LTL, B koropoit ¢opmyiibl
KBaHTU(DHUIIUPYIOTCS HE TI0 BCEM Iy TSIM, a [0 HEKOTOPOMY ITyTH, TO OTCIOAA
ClelyeT aHANOTMYHOE yTBepkaeHue: ecmu s CTL-popmymsr ¢
CyIllecTByeT JKBHBajeHTHas el LTL-popmyna, To cymecTtByer u
skBuBaieHTHas LTL-dpopmyna Buna E f(p).

B kauecTBe mocienHero mpuMepa pasiiiyus B BBIPA3UTENBHOCTH MEXIY
LTL, CTL u CTL  pacemorpum LTL-popmyny GF p — «GeckoHedHo gacTo
BepHO pP». HeTpyaHo Buzmetrb, 4TO mpeaBapeHUE H3TOH (HOPMYIIBI
AK3UCTEHITUATBHBIM WJIM YHUBEPCATBHBIM KBAaHTU()UKATOPOM ITyTH BEJET K
CTL -dpopmyne: AGFp u EGFp — sto CTL™-¢popmyas.. Popmya
AG F p »kBuBanentHa ¢opmyne AG AFp (mns moboit mMomenru M
CIPaBETUBOCTh 3TUX (HOPMYNT paBHOCHIIBHA), U TOATOMY ISt (POPMYJIBI
AG F p cymectByer skBuBasienTHas CTL-dpopmyna, tak kak dopmyna
AG AFp — sto CTL-popmyna. Hns dopmynst EG F p, onnako, He
cymecTByeT 3kBUBasieHTHOM CTL-hopmyrbl.

2.3.5. Cneuundumkaumus ceoncts B CTL

Jns wiutrocTpanuu crnocoda, ¢ nmoMoiesto kotoporo B CTL 3amuceiBaroTcs
CBOMCTBA, pAacCMOTPUM  JBYXIIPOILIECCHYIO MPOrpaMMy  B3aUMHOIO
uckimouenus. Kaxnpiii nponecc (P; wimm P;) MoxeT ObIThb B OJHOM H3
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CIIEIYIOIINX TPEeX COCTOsSHUM: kputnuyeckas cekius (C), cekuus 3ampoca
(T) u mekputuyeckas cexius (N). ITporecc HaYMHACTCS B HEKPUTHUECKOM
CEKIIMU M YKa3bIBAaeT, YTO XOYET BOUTH B KPUTUUYCCKYIO CEKIUIO, MyTEeM
BX0J1a B CEeKIMIO0 3ampoca. OH ocTaeTcs B CEKIMU 3ampoca 0 TeX Mop, Mmoka
HE TIONYYUT JOCTYN K KPUTHUECKON CeKIuu. M3 KpUTHYeCKOW CeKIuu
IPOIECC MEPEXOAUT B HEKpUTHUECKYIO cekiuio. CoctosiHue mpoiecca P;
obo3navaercs P;.S mms 1=1,2. IlepeuncinuM HEKOTOpbIE TpeOyeMble
cBoiicTBa U uX (popmanpuyto cneunduxammio B CTL.

1. «Ob6a mpoiecca HE MOTYT HAXOJIUThCS B KPUTHUYECKON CEKIIMU
OJTHOBPEMEHHOY:
AG[—(P1.s =C A P,s=0C)].

2. «Hpouecc, KOTOpBIﬁ X04CT IIOIMaCTh B KPUTHYCCKYIO CCKIMIO, KOraa-
HI/I6YIII> CMOXCET CACJIATb OTO»:
AG[P.s =T — AF(P..s = C)].

3. «Hpoueccm JOJDKHBI CTPOro 4CpcaoBaThbCAa B IIOJYUYCHHH JOCTYIIA K
KpHTH‘IGCKOﬁ CCKIIUN»»:
AG[P1.s=C > A(P1.s=CU (P1.s#C A A(P1.s#CUP,s=0)))].

2.3.6. Ycnosusa cnipasegnuesoctn B CTL

Jlyis TOro 4ToOBl OMEPUPOBATH VCIOBUAMU CHPABEONUBOCMU HA MOICIIAX
Kpunke, 3amauy mnpoepku CTL-Momeneil IOMONHSIIOT MHOXECTBOM
orpannuenuii cmpaBeymBoctn F = {f;, ..., f}. Orpannycnue
CIpPaBEIMBOCTH — OTO TMPONO3UIMOHANBbHAS (GOpMyla, 3aJaromas
HEKOTOpPOE TMOJAMHOXKECTBO COCTOSTHUM MOJenu, JHO0 SA6HO 3a0aHHOe
NOJIMHOKECTBO €€ cocTosiHui. Hampumep, ans aiaroputMa B3aMMHOIO
UCKJIIOYEHHS] OrPAaHWYEHHE CIPABEUIMBOCTH MOXKET OBITh TaKHUM:
«rpouecc | He HaXOAUTCSA B CBOEM KPUTHUYECKOW ceKUUU». CMBICT TaKoro
YCIOBUSI COCTOMT B TOM, YTO B BBIYMCIIEHUHU JOJDKHO OBITH OECKOHEUHO
MHOT'O COCTOSIHMM, B KOTOPBIX Ipolecc | He HaxOOUTCs B KPUTHUYECKOU
cekiuu. OCHOBHOM NPUHIMI PACCMOTPEHUS] TAKUX YCIOBUH COCTOUT B
TOM, 4TOOBI MHTEPIIPETUPOBaTh KBaHTU(UKaTOpl B CTL-popmynax He Ha
BCEX BO3MOKHBIX MYTAX, HA KOTOPBIX OHU OMNEPUPYIOT (3TOT BapUaHT —
BapuaHT 00blyHOM cemaHTukM CTL — paccmarpuBajics B HpeIblIyLIuX
pasnenax). BMecTo 3TOro ciefyer paccMaTpuBaTh TOJBKO CHpaged/iugble
BBIUMCJICHUS] — T€, KOTOPBIE YJIOBJIETBOPSIOT YKA3aHHBIM OTpPaHUYEHUSIM

f, ..., f

Jl1s 3aJTaHHOTO MHOXKECTBA F 6y,£[eM TOBOPUTb, YTO NYTb 0 = $¢S1S;...
B Mojiean M sBiisiercst F-cripaBeyinBbIM, eciu s jroooro fj € F B myTtr o
€CTh OECKOHEYHO MHOT'O COCTOSIHUH, JIJISl KOTOPBIX BhINOJHsIETCS i,
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Ecmu lim(o) 0603HagaeT MHOXKECTBO COCTOSIHHIA Mojesd M, depe3 KoTopbie
NyTh ¢ MPOXOJIUT OCCKOHEYHO 4YacTo, a f; 3a7aroTcs MOJAMHOKECTBAMH
coctostHuit Mmoenu M, To myTh ¢ F-cipaBeuuB, eciu:

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

Omnpenenum cunatakcuc Fair CTL-dpopmyn — dopMmyn ¢ yclaoBHAMHU
CHPaBETUBOCTH:

¢:=pl=gl(eve) | EXo|ElpUe]|AlpUg]|

|Er X ¢ |Erlp U] [ Aclp U g].
3neck F — HEKOTOpble MHOXKECTBA OrPAaHMYCHUN CIPABEIIHMBOCTH.
CnpaBennuBas cemantuka s CTL 3amaercs moutm Tak ke, Kak U
knaccuueckas. Yepesz P! (S) 0003HaYMM MHOKECTBO myTeil mojenu M,
CTapTYIOIIMX B COCTOSIHUM S U sIBIISIOIIMXCs F-cripaBeuBeiMu. [Ipu 3TOM
P! (S) < Pw(s). WuTepnperanus CIpaBeIITUBBIX CTL-popmymn
OIIPENENIACTCS B TEPMHHAX OMHOUIEHUS GbINOIHAEMOCMU, KaK U DPaHee:
M, s |= ¢ €CJIH U TOJIbKO €CJIM CIpaBeIuinBas (GopMylia ¢ BBIIOJIHSICTCS B
cocTosiHAU S Mojenu M:

sE=EX o < 3o P (s): o[l] =

sE=ErlpUyl <3P (5):@j20:0ljl=w A
A (VO <k <j: olk] = 0));

sE=A[p U] o VoePl(s):@j>0:dlil =y A
A (YO <k <j: oK] = ).

BripaxxeHust 1yl NpONO3UIUOHAIBHOM JIOTUKM M KJIACCHUYECKOW JIOTUKHU
CTL wuneHTHYHBI CceMaHTUKE, BBEJACHHOW paHee. s crpaBemIMBBIX
TEMITOPAIBHBIX ~ OMEPaTOPOB OTIWYHE COCTOMT B TOM, YTO OHH
KBaHTU(UIUPYIOTCS TI0  CAPABEOIUBbiM, a HE TI0 BCEM HYMSAM.
BripasutensHas cuia crnpaBemBoi jgoruku CTL crporo Gombine, yeM y
kiaccuaeckorn CTL, u oHa comepxuTcs B CTL. CropaBemyiBasi JIOTMKa
CTL, kak u kmaccuyeckas, HecpaBuuma ¢ LTL.

IMpumep. Paccmorpum CTL-momens M Ha puc. 2.24. Ilycts TpeOyetcs
POBEPUTH CBOUCTBO M, Sy |=AG[p—>AF q]. OHO HeBepHO, TaK Kak

a] ~
CyHIECTBYET MYyTh S,S; (8284) , HUKOTJ1a HE NOoMaJaroliuu B (-COCTOSIHUE.

IIprunHa, MO KOTOPOM OTOW CBOWCTBO HE BBINOJIHAETCS, COCTOUT B
HAJIMYUU HEIETEPMHUHHPOBAHHOIO BBIOOpAa B COCTOSHUM S; MEXIY
nepexogaMu B Sz U B S, IloaroMy ecnu Bcerga WMIrHOpUpPOBATh
BO3MOXKHOCTb II€peXoa B Sz, TO MOXHO IIOJIyYUTb BBIYMCIICHUE, IJIA
koToporo gopmyia G[p — AF ] He BbITIOTHSIETCS:

M, so - AG[p — AF q].
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{9}

S3
So S1 So
O—0O
{r} {r} {p}
Sy

{p}

Puc. 2.24. TIlpumep CTL-monenmu M niis hopmyst cripaBeUIMBOCTH

[Ipeobpazyem wucxomuyro CTL-bopmyny B cnpasediugyio 1yTemM
omnpenenenus ycnoud F = {f;, f,}, rme f; ={s3}, a f, = {s4}. [Ipoepum
Tenepb crnpaBemuByto dopmyiny AG[p - Ar F ] Ha mozemu. Bonee
TOYHO, paccMOTpuM Yycioue M, Sy |= AG[p — Ar F q]. IIpousBoabHbIi
F-cripaBeyuBHBIiA TTyTh, CTAPTYIOMUNA B Sg, 00513aH MIPOXOIUTH OECKOHEYHO
4acTo 4epe3 HEKOoTopoe coctosHue u3 f; m Hekoropoe cocrosHue us fo.
CnenmoBaTeiabHO, COCTOSHHS S3 M S4 JOJDKHBI JIOCTUTaThCs OECKOHEYHO
gacto. Cpenm TakWx CHOPaBEIJIMBBIX TyTEH WCKIIOYAIOTCS TYyTH BHIA

2]
SoS; (8284) , TAK KaK Ha TaKOM MYTH HUKOTJa HE BCTpedaeTcda Sz. OTcrona

cienyet, uto Gopmyna M, Sy |= AG[p — Ak F q] BeimosHsieTcs.

2.3.7. MNpoeepka mogeneit anst CTL n CTL

N3BectHbIie 3 PexTuBHBIC anropuT™bl Bepudukammu CTL Gasupyrorcs Ha
MCITOJIb30BAaHUU TaK Ha3bIBAEMOU meopuu Henoo08UMICHOU MOYKU COBMECTHO
C CYIIECTBEHHBIM yMEHBIIIEHHUEM pa3Mepa Mojenu. Takoe yMeHBIICHHE,
KaK TpaBUjO, TMPOUCXOAUT 32 CUET TPUMEHEHHUS TEXHOJIOTHU
YNOPAOOYEHHbIX 080UYHBIX paspeuwiarowux ouazpamm. C Ipyrod CTOPOHBI,
OpU  HWCIOJB30BAHWM TMPOTPAMMHPOBAHHUS C  SIBHBIM  BBIJICJICHUEM
COCTOSIHUM (aBTOMATHOTO IPOrpaMMHUPOBAHHS ), CYILLIECTBEHHOE
YMEHbILIEHUE MOJEIN OOBIYHO HEBO3MOXKHO M HELENecoo0pa3Ho, TaK Kak
paccMaTpuBAIOTCA  TOJBKO  YIPABISIIOIIME  COCTOSIHUS,  KOTOPBIX
OTHOCHUTEJILHO HEMHOT0, U P UCTI0JIb30BaHUH 3()(PEKTUBHBIX aJITOPUTMOB
BBIMTPBILI 10 BPEMEHH OOBIYHO HE3aMETEH.

ITon noxanvrnoti 3adaueti 6epughuxayuu OOBIYHO TIOHHUMACTCS BOIPOC:
BBISICHUTH ISl TaHHBIX M, S 11 ¢, cripaBeiiuBo U M, S |= Q.

[Tpu nmocTpoennu aaropurMa ero aBTopsl Kiapk 1 OmMepcoH GopMynupyror
2nobanvuyro 3aoavy eepugpuxayuu: sl JaHHBIX M u @ mOCTpouTh
MHOKECTBO BCEX S, IS KOTOpeIX M, S |= ¢. Korma uucno cocrosHuit
HEBEJIMKO, 3TO MHOKECTBO MOYKHO CTPOUTH B IBHOM BHe. OnuieM uiaeto
WX QIrOPUTMA Ha MceBAoKoae (JIMCTHHT 2.4).
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JInctuHr 2.4. Anroputm «MHAYKUMA No nogdopmynam»

set<State> Sat (Formula o)
{

if (o == true) return S;

if (¢ == false) return J;

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

if (¢ == —@1) return S \ Sat (¢1);

if (¢ == (¢1 VvV 92)) return Sat(e1) U Sat(ez);

if (¢ == EX 1) return {s € S | d(s,s’) € R:
s’ € Sat(e1) };

if (¢ == E[e1 U 02]) return Satgy (@1, ©2);

if (¢ == Ale1 U ¢2]) return Satay (@1, @2);

// Sat(¢) = {s | M,s = ¢}

Kak cmenyer u3 paccMOTpeHMs TEKCTa NPOrpaMMbl, MHOXECTBO
COCTOSIHUM, BBIMOJHAIOMUX (DOpMYyNy @, CTPOUTCA MHAYKIHEH IO
ITIOCTPOCHHUIO (.

s nondopmyn Buna E[p; U ¢,] 1 A[py U @] MHOXKECTBO BBITIOTHSIFOIIINAX
COCTOSIHUM TOJTy4aeTcs ¢ UCIOJIb30BAHHUEM METOAOB HEMOABUKHOM TOUKH.
[Ipu srom mogens Kpunke xoaupyeTrcss B yHOPAIOYECHHYIO OWMHAPHYIO
pa3pelaroyo 1narpaMMmy.

Ynopsgodenusie bunapmuvie paspewarowue ouacpammsl (OBDD — Ordered
Binary Decision Diagram) [29] — »5To MolmHas TEXHHUKAa CHKaTHS
00pabaThIBa€MbIX JaHHBIX, KOTOPAsl TTO3BOJISIET BBIMOJIHATh MAaHUIYJISIIUH
HaJL OOBEKTaMU TIPSIMO B CKAaTOM BHJE, MHHYS PAaCIaKOBKY,
npeodpa3oBaHne M oOpaTHYr0 ymakoBky. OHa COCTOMT B TOM, 4TO
oOpabaTbiBaeMblii OOBEKT HESIBHO KOJUPYETCS B HEMPEPBHIBHBIM OWUTOBBIIM
MOTOK M3 2" GUT, KOTOPBIA MOTOM HHTEPIPETHPYETC Kak OyneBa (QyHKIHs
N nepemMeHHbIX. VMeHHO i 3TOM (YHKUMM U CTPOUTCS KOPHEBOU
HaIlpaBJCHHbIM  alUMKIWYecKuid  rpad,  MNPEACTaBISAIOMMUNA  coOOi
paspemamoniyro  auarpammy. I[lepBoHauanbHO 3TOT rpad  MOXKET
NPEJCTaBIATh COOOW TOJHOE IBOWYHOE JEPEBO BBICOTHI N, YpOBEHb |
KOTOPOTO COOTBETCTBYET I-i TIEPEMEHHOM, a KaXABI MyTh OT KOPHSA K
JUCTY B HEM COOTBETCTBYET OIPEACICHHOMY ABOMYHOMY HaOOpy H
3Ha4YCHUIO0 (DYHKIIMKU Ha 3TOM Habope (ocHosHoe ceolicmaso). JIns MHOTHX
OWTOBBIX CTPOK, HCIOJB3YyeMbIX Ha TMPAKTUKE, TaKOe IMPEACTABICHHE
CWJIBHO M30BITOYHO, TAK KaK B MOJHOM JIEPEBE JIa)Ke YMCIIO BEPIIMH PABHO
2" — umcnmy, paBHOMY JuMHE OuTOBOro ob6pasza. OmHako, mpeoGpasys
(penyumpysi) 3TOT Tpad W HE yTpauuBas TPU STOM €ro OCHOBHOTO
CBOMCTBA, MOXHO JIOOWTHCS O4YEHb dAPGHEKTHBHOTO MPEIACTABICHUS
(cxateIX) maHHbBIX. Han paspemmarommmu fuarpaMmmMaMy MOYKHO BBITIOJTHSTh
goruueckue onepanuu [30, 31]. Teopernueckue BOMPOCHI JIBOMYHBIX
paspelanuX JarpaMm o poOHO U3I0KeHbI B MOHOrpaduu [32].
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Takum o0Opa3oM, MHOTHE 3aJaud MOTYT pematbes npsmo Ha ROBDD
(Reduced OBDD), 0e3 cocraBiacHus TaOdMI MCTHHHOCTH H  0e€3
npeacTaBieHus TpadoB B SBHOM BHje. B dacTHOCTH, K TakuM 3agadam
OTHOCHTCS 3aj7ada MpoBepku Mozeneit [33, 34], misi KOTOPOM TEXHOJIOTHUS
ROBDD ycnemHo mpUMEHsSETCA, TaK KaKk OHa MO3BOJIIET paboTaTh C
BeChMa OOJIBIIIMMHU IPOCTPAHCTBAMHU COCTOSHHIMA.

Bo3Bpamasce k TpaguIiimoHHBIM MPOrpaMMaM, OTMETHM, YTO, HECMOTPS Ha
TO, 4YTO JaHHBIC WCCJICAOBAHMS WHTEPECHBI W MHOTOOOCIIAIONIH,
cymiecTByeT 3 GEKTUBHBIN U TBEPAO YCTOSBIIMIICS METO/I, OCHOBAaHHBIN Ha
JIPYrol mapagurMe, KOTopas SBIISIETCS KOHIENTYallbHO 0oJiee MPOCTOM.
OroT Meroa Gazupyerca Ha nepedopMyIUpoBKe cuHTakcuca si3bika CTL.
AJITOpHUTM, KOTOPBIM OyJeT ommcaH najiee, padoraet s Bcex Fair CTL-
dbopMyl U JONOJHEH TakuM 0OOpa3oM, YTO MO3BOJISIET  CTPOUTH
MOATBEPIKIAIONINE CIIEHAPHH IS TPOBEPSIEMBIX (OPMYI.

B mpenpinymeM paszgene ObUIO JTaHO ONPEICIIEHWE CHHTAKCHCA S3bIKa
Fair CTL w BBeleHB HECKOJBKO JOMOJHUTEIBHBIX TEMIIOPAIBHBIX
onepanuii B HeM. Ceiuac HEKOTOpPbIE U3 3TUX oONepanuil npeodpasyeM B
0a30BbIe — BBIpAa3MM TEMIOPAIBHYIO YacTh CHHTakcuca sizbika Fair CTL
yepes oneparuu EX, EU, EF G:

p:=p|—o|(@ve)|EXp|E[pUqg]|EFG 0.

3nech p € AP — atomapHoe npeasiokeHue, a F — MHOXKECTBO ocpanuuerutl
cnpagednusocmu. VIcCoab3yr0TCs CIIEAYIONINE COKPAIICHHS:

o AX @ =—-EX —¢;

0 AeX ¢ =—Eg X —g;

o ErX ¢ =EX(p A EEG true);

o EGe=EzGyg;

a Alp Uyl =—(E[-yU—(pvy)]vEG-w),

o Arlp Uyl =—=(Er[-w U =(p v y)]vE:G—p);
o Er[eUyw]=E[e U (v A EFG true)],

a TaKXe Kjaccuieckue cokpamenus s F u G.

AJITOpUTM, KOTOPBIA OMHUCHIBAETCS Jaaiee, Hacienyer uiaer Kiapka wu
Omepcona [35]: MHOXECTBO BBIMOJHSIOMIUX COCTOSHHM CTPOUTCS IS
KOKI0M 1moAdopMynbl BXOIHON (GOpMyNBl (I Ka)XJIOTO COCTOSHHUS
CO3/Ia€TCsI CIHMCOK BBIMIOJHEHHBIX B HEM mojdopmyn). Beumy naMeHeHus
Habopa ©Oa3oBbIx mpaBmi s3bika CTL, mceBmokojn, 3amucaHHBIA B
JUCTUHTE 2.4, IpeBpaliaeTcs B TEKCT JUCTUHTA 2.5.
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Nnctunr 2.5. IHOoykumnsa no noctpoeHuto hopmyrbl

set<State> Sat (Formula o)
{

if (o == true) return S;

if (p == false) return J;

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

if (¢ == —@1) return S \ Sat (¢1);

if (@ == (01 VvV ¢2)) return Sat(¢:) W Sat(e:z);

if (¢ == EX ;) return {s € S | I(s,s’) € R:
s’ € Sat(e1)};

if (¢ == Elo1 U ¢2]) return Satey (@1, @2);

if (o == Ex G ¢1) return Satgs (@1, F);

// Sat(e) = {s | M,s = ¢}

}

Kpatko onmmeM anroputm. bynem cuurtaTh [uist ynoOcTBa, 4yTO JUIs
UCXOHOM Monienu Kpuiike mocTpoeHa CHMMETpUYHAs € MOZEINb — rpad, B
KOTOPOM BCE€ I1€PEX0/1bl 3aMEHEHBI Ha IIPOTUBOIIOIOKHBIC UM.

1.

MOXHO CUHMTaTh, 4YTO BBINOJHSAIONIME MHOXKECTBA [JII aTOMapHBIX
MPEUIOKEHUI cofiepKaTcsl B UCXOAHBIX JaHHBIX (MH(MOpMalus 00 dTUX
MHOXKECTBaX yKa3aHa B camoil mojenu Kpurnke).

Ecnn u3BeCTHO BBINOIHSIONIEE MHOXKECTBO AJi1 (POPMYJIIBL ¢, TO MOXKHO
MIOCTPOUTH €ro U A (POPMYJIIBI —¢.

AHaJIOTUYHO, €CIIA U3BECTHBI BBIMOJIHSIONIME MHOXKECTBA JISL ¢ U Y/, TO
IIOCTPOUM UX U UISL ¢ V V.

CnemaeM «OAuH IIIar Ha3aa» OT BBIMOJHSIONIETO MHOXKECTBA UISI @) —
MIOJTYYUM BBITTOJTHSOIIEE MHOXKECTBO st EX ¢.

JIJIs  TOCTpOEHUsST BBITIOJHSIONIETO MHOXecTBa (opmyiasl E[p U ]
BHayaje OTMEYaeM B KayeCTBE BBINOJHSIONIMX BCE BEPIUMHBI, B
KOTOPBIX coOiroAaercs Gpopmyia iy, a HOTOM IOCTPOUM OT HUX JI€PEBbSA
«OOpaTHBIX MYTEW» 60016 mex 6epuiH, 6 KOMOPbLIX BbINOJIHEHA
Gopmyna @. s 3TOoro mpUroaMTcs CUMMETpUYHbIA rpad. Ilpumep
npuBeeH Ha puc. 2.25.

So S1 S2 S3

Mmoo O O——0—0O)

{p} {r} {a} {
Wunnnanuzanus Bropast urepanus
IlepBas urepanus Tpetbst utepauus

Puc. 2.25. TIpumep ureparuBHOro Bhuucienus Satey(p, q)
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6. OcTasoch TOJNBKO HAYYHUTHCSI CTPOUTH BBIMTOJHSIONIEE MHOXKECTBO IS
EFrG¢p. Drtra Qopmyna o3Hadyaer, 4YTO B MOJEIH CYIIECTBYET
Cnpaeeonusvlli TyTh, BCE COCTOSHHUS KOTOPOTO YIOBJICTBOPSIOT
dopmyne ¢. DTO TOCTPOCHHE BBITIONHACTCS CICIYIONIMM OO0pa3oM.
Brauane wuckimouaeM u3 Tpada BEPIIMHBI, KOTOPHIE HE BBITIOTHSIOT
dopmyny ¢ (tak kak B Hux ¢opmyna ErG ¢ Ttem Oonee He
BHINIOJTHSICTCS). B ocTtaBmiemcs rpade Ha BCEX IMYTSIX BBINOTHICTCS
dbopmyna G ¢, U TMOITOMY OCTAIOCh TOJBKO IPOBEPUTH, W3 KAKHX
COCTOSSHUH B HEM CYIIECTBYeT XOTS OBl OJWH OECKOHEUHBIN
CTIPaBEITUBBIN MyTh (WJIH, YTO TO K€ CaMOe, TIOCTPOUTH BBHITIOJTHSIOIICE
MHOXeCcTBO Juis ¢opmynbl Ep G true). Anroput™m, pemarommid 3Ty
3ajjaqy, OCHOBaH Ha IMOMCKE KOMITOHCHT CHUJILHOW CBSI3HOCTH MOJIEIH
Kpunke u pabotaer 3a OminHEiHOE BpeMs OTHOCHTEIHHO pa3MepoB
monmenn Kpumke w MHOKECTBa OTrpaHUYCHHUU CrpaBeIUBOCTH F:
O(|F| x (IS| + |R])). Ecnin orpannuenuii cnpaBeamuBoctu Het (F = &), TO
BpeMsi paboThl JIMHEWHO OT pasmepa mouenu — O(|S| + |R|). Dror
aNTOPHUTM 00CYKIaeTcs B pasf. 2.4.

Tpymoemkocts wurorooro amroputMa coctaBisieT O(|g| % (|S| + |R|)) u
pacTer OMIIMHEITHO OTHOCHTEIIFHO pa3MepoB (GOPMYITbI U MOJIEIIH.

Tenepr ocCTamoch TOJABKO JOMOJHUTH ATOT aNTOPUTM  METOJAMHU
npedocmasienusi noomeepicoeHutl UCTUHHOCTU (QOpMys B MOJEIAX.
WubiMu ciioBamu, TpeOyeTcsi OCTPOUTh CIOCOO TeHepaluu CIICHapHEB.
Utak, Ttpebyercst noxkazams, 49TO B JAaHHOM COCTOSIHUM S Mozaenun M
BBITIOJIHAETCS (MJTU HE BBIMOJIHSAETCS) hopMyIia ¢.

1. Jlna nokazatenscTBa EX ¢ mpeabsiBuM BepiinHy B mojenu Kpurike, B
KOTOPYIO M3 BEPIIUHBI S CYIIECTBYET MEPEX0]l U KOTOPask BHIMOJIHSET .
Takass BepmmHa 00s3aTeIbHO CYIIECTBYET, WHA4Ye Ha OJTare
BepuduKaIuu He 00HapYKUIOCh Obl, uTO hopmyna EX ¢ BepHa.

2. loxazatenbctBo  dopmyn E[pUw] u EGge  BemonHsercs
PEKYPPEHTHBIM CTHIOCOOOM C HMCHOJB30BAaHUEM TMPEIBIAYIIETO IMyHKTA.
Beimonmnum  pasnoxeHue ATHX  (QOpPMyT  COTJAaCHO  aKCHOMaM
pacmmpenus. Torma s nokasatensctBa E[p U w]  mocrarodno
MOCTPOUTH MYTh B Tpade, MPUMEHSSI IIar 3a [1aroM MpeablIyIui MyHKT
K PEKYPPEHTHOMY Pa3JIOkKEHHUIO 3TOW (OpMysbl JO TE€X TOp, MOKa He
MOTa/IEM B BEPIIHMHY, BHITIOTHSIONIYIO .
st nokazatensctBa EG ¢ cmemaeM To ke camoe, 1MoOKa HE TOIAaeM B
BEpIIMHY, B KOTOpoil yxe Obumd. [lyThb B 3TOM ciyuyae, HauumHas c
HEKOTOPOTO COCTOSTHHSI, CTAHOBUTCS Ieproandeckum (puc. 2.26).

3. Hns nokazatennbctBa EF G ¢ TpeOyeTcs mpenabsaBUTh MyTh, BEAYIIUNA U3
TEKyIIEH BEPIIUHBI B Cnpasednusyto KOMIIOHEHTY CUJIBHOU CBSI3HOCTH
(Takyro, KOTOpasi COZIEPKHUT COCTOSIHUE, YIOBIETBOPSIOIIEE CBOUCTRY fij,
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mis Bcex fj € F), mpuyem Takoi, 4TO BO BCEX €ro COCTOSHHSIX
BBINOJIHSETCSI CBOMCTBO @. Ero MOXHO HalTH OJHUM W3 alTOPUTMOB,
OMHCaHHBIX B pa3a. 2.4. [IyTe mpu 3TOM UMEET Takylo ke popMy, KaK U
B cirydae popmyisl EG ¢.

Sg S Sg

A7 [N

S7 S10

/ \

S6 S11

1 )

Ss S12

I\ /

Sa S16 S13

/\ N 15 S e
S3

i

S2

i

S1

i

S

Puc. 2.26. becKOHEUHBIH «p-TTyTh»

Ha »TOoM wu3n0XXKEeHME anropuTtMa 3aBEPIICHO. AHAINW3 MOCTPOEHHOIO
anroput™Ma (HOPMHUPOBAHUS CIICHAPHEB, a TaKKe ceMaHTHUKH s3bika CTL
M03BOJISIET CHOPMYITUPOBATH CIAEAYIOIIEE YTBEPKICHUE !

o Ecom B wmomenm Kpumke cymiectByeT  OECKOHEUYHBIM — MYTh,
BeIMoNHsonwW  3aganHyto  CTL-dbopmyny wnm  sBIsIFOIIMiACS
KOHTPOPUMEPOM K HEH, TO CYWECTBYeT U NyThb «B p-(popmer
(aHAJIOTMYHO, BHIMOJHSOIINNA UM ONPOBEPraOIIUi €€), IPeICTaBUMbIN
B BUJC OOBEIUHCHHS «IPEAIUKINICCKON» U «IHMKINYSCKOW» YacTeu

(puc. 2.26).

JlokazarenbcTBO 3TOro (hakTa SBIAECTCS KOHCTPYKTHUBHBIM M IEITHUKOM
OMMpaAeTCA HAa MPUMEHEHUE OMUCAHHOTO anroputMa. JlocTaTo4HO TOJIBKO
3aMETHTh, YTO QJITOPUTM BCETJAa 3aBEPINACTCS, BbIIABas CIICHAPUH,
KOTOPBIN HEOOX0IMMO 00JIaaeT CBOMCTBOM MEPUOTUIHOCTH.

IIpoBepka Moaesiel 1J151 JIOTUKHU CTL"

3amaua mposepku CTL -popmynsl Ha Mozenu KpHIIKe MMeeT Takyro e
ACUMIITOTHYECKYIO CII0KHOCTb, KaK M aHAJIOTMYHAasg 3ajadya AJid JIOTUKH
LTL. OHa BbIOJIHAETCS MOATAMHO AJI OAPOPMYII, UMEIOLIUX CTPYKTYPY
dbopmynsl LTL. Onuiiem 3Ty KOHCTPYKIIUIO TOAPOOHEE.
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[Iycts 3amambl momens Kpurmke M u CTL -popmyma ¢. TpeGyercs
OTNPENCTUTh MHOXECTBO COCTOSIHMA MOJENH, IS KOTOPBIX (dopMyla
BBITIOJTHSAETCSI. PaccMoTpuM Bce moadgopMyIibl GOPMYITBl ¢, UMEIOIINE BUT
Ap wm EPp, tne p - LTL-popmyna, kotopas HE COACPKHUT
KBaHTU(UKATOPOB MyTH. 3aTyCTUM ajaropuTm nposepku LTL-bopmyn mis
dbopmy f unu —f, COOTBETCTBEHHO, W TIOJIYYHM B PE3YJIHTaTE MHOKECTBO
COCTOSIHUMA MOJENIM, Ha KOTOPBIX BBIMOJHIIOTCS paccMaTpUBaeMbIe
dopmyna A uwmm E . Tlometum Bce 3Tu coctossHus B moaenn M
nanaeiMU TIondopmynamu. [locme sToro OyaeM WHTEPHPETHPOBATH ATH
noagopMysIbl  KaK TPOIMO3UIMOHATIBHBIE TIEpEeMEHHBbIC. MOXHO Jaxe
3aMEHUTh WX HOBBIMH aTOMAapHBIMH TPEIIOKEHUSIMH, MMOCKOIBKY TeTepb
JUTSL KaXKJIOTO COCTOSIHUSL MOJICNIM M3BECTHO, KAKHE M3 HOBBIX aTOMapHBIX
NpEeJIOKeHU B HeM coOmogaroTcs. [lpu 3Tom B ucxomHoi dopmysie
YHUCJIO KBAaHTU(UKATOPOB IMyTH YMEHBIIAETCS KaK MUHUMYM Ha €IUHUILY.
Jlanbilie 3TOT mpolecc CieAyeT MOBTOPUTH C JPYyruMu mnoadopMmyrIamMu
dbopMysbl @, BHEIIHMMH II0 OTHOIICHHUIO K YK€ 0OpaOOTaHHBIM, H
o0paboTaTh MX aHAJOTMYHBIM O00pa3oM JO TeX MOp, MOKa, B KOHEYHOM
cuere, He OyneT oOpaboTaHa ucxoHas Gopmyna ¢.

[Ipu stom mnst mozmenu M Oyner MOIy4YeHO MHOXKECTBO COCTOSIHHM, B
KOTOPBIX coOMoAaeTcst popmya ¢.

3ameuanus o nuiuHe GOpMYJabI

BcmomuuM, 4Yto mnpoBepka wMogenen ansa  LTL  BeimomHsieTcss  3a
HKCIIOHEHILIMAJIbHOE BPEMsI OTHOCUTEIBHO pazmepa popmyibsl. HecmoTpst Ha
TO, YTO pPa3HULA BO BPEMEHHOH CIOKHOCTU MO OTHOIIEHUIO K JJIMHE
dbopMyJibl  BBITJSIIUT CEPHE3HOM, 37E€Ch CIEIyeT ClieJlaTb HECKOJIbKO
3ameyanuii. @opmynsl B LTL Hukorma He ObIBAIOT JIMHHEE, U, Kak
NpaBUIIO, OBIBAIOT KOpodYe, 4eM dKBHBasieHTHbIe ¢opmynsl B CTL. Oto
cienyer w3 Toro ¢akra, 4yto s (GOpMyJ, KOTOPbIE MOTYT OBITh
nepeBenaeHsl n3 CTL B LTL, skBuBasientHas LTL-dhopmyna momygaercs
NyTeM yJaJeHusi BCeX KBAaHTU(UKATOPOB IMyTH, U MOITOMY OHa OOBIYHO
noyiydaercsi kopoue. bonee Toro, mnga kaxaod momenu M cymiecTByeT
LTL-bopmyna ¢ Takas, yto mobas CTL-popmyna, skBuBasneHTHas E ¢
(umu A @) — ecim takas Gopmyna cymectByer B CTL — umeer Oosee yeM
MOJIMHOMHUAIBHYIO JUIMHY 10 OTHOIIEeHUIO K jymHe LTL-popmynsl (mubo
€€ Helb3d MOCTPOUTHh 3a MOJMHOMHUAIBHOE BpPEMsl MPHU YCIOBHUM, YTO
P #NP). D10 HarnsaHo wWUIIOCTpUpYeTCS aJanTUPOBAHHBIM MPUMEPOM
[36], mpuBOAMMBIM HIKE.

st TpeboBanusA, KOTOpoe MOXeT ObITh crieruduuupoaHo u B CTL, u B
LTL, kpatuaiimas Bo3moxkHas (popmynupoBka B LTL Hukorma e ObiBaer
mmmaHee CTL-dopmyinbl, u, 0oiee TOro, MOKET OBITh SKCTIOHEHIIMAIBHO
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kopoue. Takum oOpa3om, ngoctomHCTBO TnipoBepku Mogaeneid CTL,
coCTosIIIIee B TOM, YTO OHA JIMHEWHA 1O OTHOIICHHIO K JJIMHE (POpPMYIIHI,
yYMEHbINAETCsl (WM JaKe TOJHOCTBIO YCTpaHseTcs) TeM (aKTOM, YTO
3a/ITaHHOE CBOMCTBO TpeOyeT (ropaszno) Oojiee JIMHHOW (HOPMYITHPOBKU B
CTL o cpaBuenuto ¢ LTL.

Ipumep. PaccMoTpuM 3ajgady TMOWCKAa TaMUJIBTOHOBA IyTH B
MIPOU3BOJILHOM CBsI3HOM Tpade, ucnonaszys tepmunbl LTL u CTL. [Tycts
sagan rpap G =(V,E), rme V — MHOkecTBO BepmiuH, a ECV xV —
MHOXkecTBO pedep. [Tycte V = {vy, ..., Vy}. [aMHIBTOHOB IyTh — 3TO MyTH B
rpade, KOTOPBIH MPOXOANUT Yepe3 KKy BEPIIUHY POBHO OJIWH pa3 (3Ta
3aJa4a aHAJIOTMYHA 3ajJady€ KOMMHBOSDKEPA, B KOTOPOH CTOMMOCTH
Ipoxoa Mo KaxaoMy pedpy 0JMHaKOBa JuIs Bcex pedep).

Brauane onumiem 3anauy ramuibToHoBa myTH B LTL. Mcnonszyem metof,
KOTOpBbIN cocTOUT B paccMmorpeHuu rpada G B Buge moxaenu Kpurke,
KoTopas ctpoutcs u3 G ciemyromum 0opa3om.

[TomernM Kaxayro BepmuHy Vi BV YHUKaJIbHBIM aTOMapHBIM
npeioxenrem pPj, To ectb Label(v;) = {pi}. Kpome Toro, BBeneM HOBYIO
(TepMUHANIbHYIO) BepinHy W Takyto, uto W ¢ V ¢ Label(w) = {q}, rone q —
aTOMapHOE MPEAJIOKeHHE, OTIMYHOe OT Bcex Pj. Caemaem BepliuHy W
NpsSIMBIM TTOTOMKOM KaXI0TO y3na Vi (mobaBum pebdpa (Vi, W) B rpad), a
TaKkxke camon cebs — (pedbpo (W, w) Toxe nobaBum B rpad). Puc. 2.27
O0TOOpaXkaeT ATy KOHCTPYKITUIO JIJIsl CBA3HOTO rpada ¢ 4 BeplInHaMU.

Vi Vo Vi Vo

V3 Vy

Puc. 2.27. KonupoBaHue 3ajjauu raMHUJIbTOHOBA ITyTH B MOJEITH

s naHHOW CTPYKTYphI CBOMCTBO CYIIECTBOBAHMSI FAMUJIBTOHOBA MYyTH B
5.
rpade moxeT O6bITh chopmynupoBado B LTL cremyronum obpazom’

E[(Vi: F pi) A X" ],

> Ctporo roBopsi, 3T0 He SIBJISE€TCS MpaBWIbHO mocTpoeHHoM LTL-popmynoii, Tak kak
kBaHTUHUKaTOp TyTH E He sBnsercs wacteio LTL. Onnako, miust E ¢, rne ¢ He
COJIEP’KUT HUKAKUX KBAaHTU(HHUKATOPOB NyTH (KaK B 3TOM IMPUMEPE), MOKHO B3STh
HKBUBAJIEHTHOE CBOMCTBO —A —@, KOTOPOE MOXET ObITh MPOBEPEHO MyTEM MPOBEPKH
cBoiicTBa A —¢, 3aMCAaHHOTO MPABMWIbHO MOcTpoeHHOH LT L-hopmymnoii.
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rie X'q=Xqg u X" q=X(X"q). Dra dopmyra BepHa B KaKIOM
COCTOSIHMM, U3 KOTOPOTO HAYMHAETCS IMyTh, KOTOPHIH YIOBJIETBOPSET
KaXkI0My AaTOMApPHOMY INPEMIOKEHHIO OJMH pa3. DTO COOTBETCTBYET
OJHOKPaTHOMY MOCELIEHHI0 KakI0ro cocTosHus Vi JKenaemslii
OECKOHEUHBIH JOMYCTUMBIHA MyTh JOIKEH MMeTh cyddukc Buga W”, Tak
KaK B IIPOTUBHOM CITydae OH HOCETHT OJHO UM 6oJjiee COCTOSIHHI GOIblle
omHOro pasa. OTMETHM, YTO [JIMHA BBIIECONMCAHHON (OPMYIIBI JIUHEHHA
110 OTHOLIEHHIO K YMCITy BEPIIMH B rpade.

dopmynrpoBKa 3a1adu raMuiIbToHOBA MyTH B CTL cymecTByer u Moxer
OBITH TMOJy4YeHa cleayromuM ooOpazoM. Haunem c¢ moctpoenuss CTL-
dopmynst  g(Ps, ..., Pn), KOTOpas BBINOJIHSECTCS, €CIM W TOJBKO E€CIH
CYIIECTBYET MyTh U3 TEKYIIETO COCTOSHUS, TIPOXO AN Yepe3 COCTOSHUSA,
JUTSI KOTOPBIX P1 ... Pp CTAHOBSTCS] BEPHBIMU B €CTECTBEHHOM TTOPSIIKE:

g(p, ..., pn) = P2 A EX(p2 A EX(... AEXpPp)...).

Beuay BetBsmeiics wuntepnperanuun CTL ¢opmynupoBka cBoiicTBa
ramMmwibTOHOBOCTH Tpada B CTL TpeOyer sBHOro mnepeyuciIeHus BCEX
BO3MOXHBIX TaMWIBTOHOBBIX TyTei. [lycth P sBisercs MHOXkecTBOM
nepecTaHoBoK MHOXKecTBa {1, ..., n}. Toraa nomy4yum:

360 € P: g(Poqwys ---» Pormy)-

[Tocne sBHOTO MepeUrCICHHsS] BCEX BO3MOXKHBIX MEPECTAHOBOK MOIYyUYUM
dbopMyITy SKCIIOHEHIIMATBFHOW JJTMHBI IO OTHOIICHUIO K YUCIY BEPIINH B
rpade. Ecmm Obr  cymectBoBasia okBuBaieHtHas CTL-dpopmyrna
MOJIMHOMUATFHOW JUTMHBI ¥ €€ MOKHO ObUTO Obl HAWTH TOJTUHOMHUATIHHBIM
anmroputMoM, TO NP-monHas 3agaya raMuiabTOHOBAa NYTH OblUia OBl
paspeminMa 3a TMOJMHOMHUAJIBHOE BpeMs BBHUAY MOJMHOMHAIBHOCTU
anroputMma nipoBepku CTL-moneneii, a 3To BO3MOXKHO JIMIIL B ClIy4ae
P = NP. D10 o3Havaer, 4TO 3a MOJMHOMHUAIHLHOE BpEMs HEJIb3s IOCTPOUTH
CTL-dbopmymy, OnMUCHIBAIOIIYI0 CBOMCTBO raMHUJILTOHOBOCTHU rpada (mpu
ycnoBun P # NP).

2.4. T'lonck cnpaBennuBbIX NyTEN

B nanHOM pazzene paccMarpuBaeTcs 3aj1ada MOMCKa CIPaBEAJIMBBIX MyTeH
B rpade mepexoaoB oobmero Buaa. ['pad mepexogoB MOKET MPEACTABISTH
cobori moxarpad mooeru Kpunke, pasmedeHHont LTL-mabruyer wnm
asmomama broxu. MoxHO cka3zaTh, UYTO Tpad HUMEET CTPYKTYpY,
UJCHTUYHYIO OJHOU W3 MEPEUUCIICHHBIX, C OJHUM OTIUYHEM: OMHOUEHUE
nepexo006 8 Hem He 00:3aHO ObIMb MOMAILHLIM — MOTYT CYIIECTBOBATH
COCTOSIHUS 0€3 TOTOMKOB.
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[Tycth maHo coctostHue S B rpade 1 MHOKECTBO YCIOBUI CHPaBEIJINBOCTH
F. Tpebyercs ompenenuTb, CyliecTByeT Ju B rpade XoTs Obl OAuH
OECKOHEYHBIA TYTh, CTAPTYIOIIUKA B COCTOSIHUM S W YJIOBJICTBOPSIFOIIHIA
BCEM YCJIOBUSAM CHPAaBEIJIMBOCTA (3TO 3HAYHMT, UYTO BCE YCIOBHUSA
cOOJIIOIAI0TCSI HA ATOM IMYTHU 0ECKOHEYHO YacTo).

JlanHass 3amada WMEET SKBUBAJICHTHYIO (OPMYIUPOBKY: OIPEACIUTS,
BBITIOJHACTCS JIM B 3ajJaHHOM coctosauu S Tpada Fair CTL-popmyna
Er G true. Ota 3agaua sBIsSETCS NPUHIUITMATBHON IS IPOBEPKH MOJICIICH,
Kak ju1s crpaBeuBbix CTL-popmyan, Tak u ajs LTL-dopmyi.

B cnyuae F = & 310 3ama4a moucka npou3BOILHOTO OECKOHEYHOTO MyTH, a
B cinydae F# O moboii cripaBeIIMBbIN MyTh OCCKOHEUEH, W 3TO 3ajaada
MOKCKA CIIPaBEJIMBOTO Iy TH.

WNuorga 3amauy cTaBAT B IIMPOKOM CMBICHE: TpeOyeTcsl ONpeleiauTh
MHO>KECTBO BCEX COCTOSIHMI rpada, U3 KOTOPBIX CTapTyeT OECKOHEUHBIN
CIIPaBEIJINBBIN ITYTh.

st y3K0#M MOCTaHOBKM 3a7jaud OOJIbIIE TMOAXOAUT AJITOPUTM O0BOUHO20
00x00a 6 2nyouHy, a g MHUPOKOH — aJrOpPUTM, OCHOBAHHBIM Ha noucke
8CeX KOMNOHEHM CUTbHOU C8A3HOCMU 2pada.

2.4.1. [1soriHOM obxopf B rrybuHy

OauH U3 TOMYJSPHBIX METOAOB MPOBEPKU crerudukanui, 3aJaHHbIX B
Bujie hopmyn temmnopaibHoit Joruku LTL, — 310 mpuMeHnenne anroputma
06otno20 06xo0a 6 2nyouny [17]. JlaHHbIA anropuT™ MHpeaHa3HAYEH IS
MOKMCKa JONYCKAIIMX NyTed B asmomame boxu W HUCHOJb3YETCS BO
MHOTHX Bepu(puKaropax, B ToM uncie B Bepuduxaropax SPIN u Bogor.

B sTom anroputMme depenyrores aBa noucka B rryouny (DFS — Depth-First
Search). IlepBblii W3 HUX MOXET 3allyCKaThb BTOPOW, a BTOPOM, B CBOIO
ouepenb, MOXET JMOO 3aBepHIUTh paboOTy BCEro ajropurMa, JIudo
nepeaarb ympasieHue oOpaTHo B mepBbii DFS. B sTtom ciydae mepBblit
MOWCK B MIyOMHY Mpojaoskaer cBoro paboty. Kaxawiii DFS ucnonb3yer
CBOM (bymar JIsi MIOMETKHU TOCEIICHHBIX COCTOSIHUH.

[lepBbIii MOUCK B riIyOMHY 3alycKaeT BTOPOM B TOT MOMEHT, KOT/a OH
rOTOB K OTKAaTy M3 JOINYCKAIOIIEro COCTOSHMUA. EcCiaum BTOpPOM MOWUCK B
riyOuHy B mporecce 00Xo/ia MonajgaeT B COCTOSTHUE, HAXOAAIIEeCs B CTEKE
IIEPBOT0, TO JOIYCKAIOWIMI ITyTh MOJy4YeH. ECau 3TOro He MpOUCXOINT, TO
nocyie 3aBepuieHus 00XoJa BTOPOM TMOUCK B INIYOMHY BO3BpAaILAET
YIIPABJIEHUE B IIEPBbIN.
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@OopMaAJIIbHO AJITOPUTM NIPOBEPKH HA IYCTOTY fA3bIKAa aBTOMara broxu ¢
nmoMmoupo aBorHoro DFS ommceIBaeTcs ICEBIOKOIOM W3 JUCTUHTA 2.6
[17]. B anroputme wHcCHOONB3yeTCs KOMaHIa terminate s
MIPEKpaIleHHs BBITIOJIHEHHUS BCEHM MporpaMMBbl U BO3BpaTa 3HaUYCHHUS.

NucTuHr 2.6. Anroputm gBonHoro obxona B rinyouHy
bool emptiness|()

{
oJjs Bcex dp € Qo
dfsl (qo) s
terminate false;

}

void dfsl (qg)
{

nomMeTuThb g obmarom flagl;
OJId BCeXxX nocyjenoBaTejiey ¢’ BepWMHE
if (g’ He nomeueHna odmarom flagl)
dfsl(q’);
if (accept(q))
dfsz (q);
}

void dfs2(qg)
{

nomMeT™uThb g osarom djmarom flag2;
OJId BCeXxX nocjenopatTeney ¢’ BepUMHB

{
if (g’ nomeuena odmarom flagl)
terminate true;
else 1if (g’ He nomeuena oGsarom flag2)
dfs2(gq");

}

AnropuT™M Bo3Bpaiaer true, eciau Obul HaMJIEH IOMYyCKAIOUIMH MyTh, U
false — B mpoTuBHOM ciydae. Eciau aaroput™ BepHyn 3HadeHue true, to
MOKHO BOCCTAHOBHUTH JOMYCKAIOMIM MyTh: B cTeke mepBoro DFS
XpaHUTCS MyTh M3 HAYaJIbHOTO COCTOSHUSI B HEKOTOpPOE JOIyCKarollee
COCTOSIHHE (1. DTOT MyTh OyA€T UCKOMBIM TIpedukcom a. [Ipu s3ToMm B cTeke
BTOporo DFS xpaHUTCS myTh U3 COCTOSHMS (J; B HEKOTOPOE COCTOSIHUE (s,
colepikaiieecss B CTeKe TepBoro. Tlorga, JOOCTPOMB JTOT TYTh
COCTOSIHUSIMH, HAaXOJSIIUMHUCS B cTeke nepBoro DFS Belie coctosiHUS (),
NOMyYUM LHUKI (1 — (2 — (1, TPOXOASIIMNA dYepe3 JIOIMyCKaroIiee
COCTOsIHUE (; — 3TO UCKOMBIN cyddukc f. Takum o6pazom, OyIeT moJIydeH
JOIYCKAIOIINH Iy Th aff”.

JloKka3aTeIbCTBO KOPPEKTHOCTH AJITOPUTMA
JlokaxxeM KOpPPEKTHOCTh TMpuBeNeHHOro anroputMma [17]. TpeOyetcs
JI0Ka3aTh, 4YTO aJrOPUTM JBOMHOIO TOWCKAa B TJIYOMHY HaXOJUT
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MMocCJICA0BAaTCIIbHOCTL, JOIITYCKACMYIO aBTOMATOM BIOXI/I, TOrga M TOJIBKO
TOT'Ja, KOraa OHa CymCCTBYCT.

Ecnu anroput™m BepHyJ 3HaueHue true, To B creke nepsoro DFS naxogurcs
KOPPEKTHBIA IyTh B aBTOMAare bIOXM W3 HAYAJIBHOTO COCTOSIHHUS S B
Jomyckatouiee cocrosinue (p. B crexe Broporo DFS naxomutcs nmyts u3
COCTOSIHHA (, B COCTOSIHHME (3, KOTOpOE€ NPHUHAJICKUT IIyTH U3 S B (.
Jpyrumu cinoBamu, COCTOSIHUE (, JOCTMKMMO M3 COCTOsAHMA (1. Torma
VMCKOMBIM KOHTPIIPUMEp, JOIYyCKAEMbIM aBTOMATOM bIOXW, IpPEACTaBIsSET
co0oii OeCKOHEUHBIN MyTh BUAa 0f°, TAEC 0. — 3TO MOCIIEAOBATEIHLHOCTh

S — (1, a / — 9TO MOCIENOBATEIBLHOCTD (; —> (, — (3. DTO M300pakeHO Ha
puc. 2.28.

DFSZ{

Puc. 2.28. CtpykTypa KOHTpIpUMEPA, MOTY4EHHOTO
JITOPUTMOM JIBOWHOTO 00X0/ia B TITyOHHY

JlokackeM Tereph oOpaTHOE: €ClM aJlropuT™M BepHyJ 3Hadenue false, to
JOIYCKAIOLIEro IyTH ACHCTBUTENBHO HE cyliecTByeT. IIpeanonoxxum, 4To
3T0 He Tak. Ilycts cCymecTByeT UMK, COAEpXKAUIUMKA JIOMYCKaroIue
COCTOSIHUSL M JOCTHKUMBIM U3 HAYAJIIBHOTO COCTOSIHUSA, a ( — IOIyCKAIOIIEee
cocrostHue 3Toro uukia. [lockonpky nepssiii DFS o0xoauT Bce coctosiHus
aBTOMAaTa, TO CyIIECTBYET LIar, HAa KOTOPOM OH OTKaTbiBaeTcs u3 (. B atoT
MOMEHT 3alycKaeTcsi BTOpoil 00xoa B riyOuHy. Ilockonbky (] JEKUT B
LUKJIE, CYIIECTBYET IMYTh WM HECKOJIBKO MyTEN U3 ( B OJHO U3 COCTOSHHM,
HaxomsAmuxcs B creke nepsoro DFS. Kak MuHUMYM, CyllecTBYyeT IyTh B
3TO caMo (. Torjaa BO3MOXHBI JIBa BApPUAHTA:

1. CymecTtByeT myTh U3 (J B HEKOTOPOE COCTOSIHHE, COJIEpIKaIeecs] B CTEKE
nepBoro DFS, Bce cOCTOSIHMSI KOTOpPOTO emie He ObUTM TMOMEYECHBI
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BTOphiM DFS. Toraa no anroputmy BTopoit DFS wHaiiner sToT nyTh, H,
CJIe0BATEIbHO, HAWJIET KOHTPHPUMEDP. ITO MPOTUBOPEUUT CIICTAHHOMY
MPEIIOJIIOAKEHHUIO O TOM, YTO aITOPUTM HE MOYKET HAUTH KOHTPIPUMED.

2. Ha nmo6om myTH U3 ( B COCTOSIHHS, COJIEpIKaIllUecs] B CTEKE IEpPBOIO
DFS, nexut cocrosiaue I, momedeHHoe panee BTopbiM DFS. [Tokaxem,
YTO TaKas CUTYallHs HE MOKET BOSHUKHYTb.

ITycts 31O He Tak. Toraa CymecTByIOT JOMYCKAIOIUE COCTOSIHUS, KOTOPbIE
BXOJST B LMKJbI, HO BTopoi DFS, Oynyun 3anylieHHbIM U3 HUX, HUKOTAA
He cMokeT HaTu mukia. [lycts cpenu Takux coctostHuil BTopoil DFS Obun
IIEPBBIM 3amyIlleH Ui cocTtostHusA (. [anmee, mycts I — 3T0 mepBoe
COCTOsIHME, TToceleHHoe BTopbIM DFS, cpenu Tex, koTopsle:

QO BXOJAT B IUKIJI, IPOXOIAIINN yepes (;
o ObuM MoMeYeHsl paHee BTopbiM DFS.

Haxkowner, mycTs ' — J0MycKaroIiee COCTOSTHUE, U3 KOTOPOTO OBLI 3aIyIlIeH
BTOpOM 00X0J] B TIyOUHY, KOTOPBIN MoMeTui coctosinue I. CoctosiHug g, I
u (' cxemaTnuecku u3o0paxeHsl Ha puc. 2.29.

Puc. 2.29. Cocrosinus q, ' u r. Jlonmyckarormye CoOCTOSTHUS N300pakeHbI
IBOIHBIMU Kpyramu. COCTOSTHUS, TOMEUYEHHbIE BTOPBIM DFS — skupHON OKPYKHOCTBIO

Ha JaHHOM 3TallC J0Ka3aTCJIbCTBA BO3MOXHBI IBA BaApHaHTaA.

1. Cocrositnue Q' AOCTMXXHMO W3 cocTostHMs (. Toraa CyIiecTByeT IUKI
g —>r—>q—q. Eciu 661 3T0T 1ukia ObU1 OOHAapy)XeH paHee Mpu
3amycke BToporo DFS u3 (', To anroputm Obln OBl YK€ OCTAaHOBJICH.
CrnenoBaTenbHO, OH HE ObLT OOHapyxkeH. OJHAKO 3TO MPOTHUBOPEUUT
MPEIOJIOKEHNUIO O TOM, YTO COCTOSIHUE (] — IIEPBOE U3 COCTOSHUM, U3
KOTOpBIX BTopoMy DFS He ynaeTcst HalTH CyIIeCTBYIOIUN IIUKJL.

2. CocrosiHue (' HeIOCTUHKUMO U3 cocTosiHus (. CoctosiHue (' He JISKUT B
[UKJIe, Ha4Ye OyJIeT MOIYYEHO TO K€ MPOTUBOPEUNE, YTO U B MyHKTE 1.
CrnenaeM BaxHOE 3aMEYaHHUE: €CJIM HeKas BEpIIMHA HE BXOAMUT B LMK,
TO OTKaT W3 Hee MPOMCXOAUT JHIIb TOrJa, KOI/a BCE BEPIIWHBI,
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JIOCTHKUMBIE W3 Hee, ObUTM OOOWIEHBI W OTKAThl W3 HUX ObUIH
npowusBeneHbl. Kak BumHO Ha puc. 2.29, q goctmwxkumo u3 ('. Ucnonb3ys
ATO YTBEpKJACHHE, MOIy4uM, uto nepBbiii DFS momken Obln caenathb
OTKaT U3 (' JIMIIb TOC]e TOro, Kak OH cheian oTkar u3 (. OnHako B
TaKOM clTy4ae, 10 ONMMCAHUI0 aJITOPUTMa IBOMHOTO 00X0/a B TIIyOHHY,
u Broporr DFS nomken Ob1 OBITH 3amyImieH u3 (| paHblie, yeM u3 (', a
ATO TPOTUBOPECUUT MPEANOJIIOKECHHUIO O TMOPSAKE 3ayCKOB BTOPOTO
00xo0/a B IIyOuHY.

Takum oOpa3oM, OKa3bpIBAECTCS, YTO HEBO3MOXKHA CHUTYyaIlus, B KOTOPOM
CYILIECTBYIOIIUN UKII C IOMYCKAIOIUMU COCTOSTHUSIMU HE ObLIT 0OHApYKEeH
QITOPUTMOM JIBOMHOTO 00X0/1a B TIIyOUHY.

2.4.2. lNonck cnbHO CBA3HbIX KOMMNOHEHT

PaccmarpuBaercss 3amada MOMCKA CHPAaBEIJIMBBIX IyTEH B IMIHPOKOM
cmbicie. JlanH pa3medeHHbli rpad G M MHOXKECTBO OIrpaHUYECHUN
cupaseyuBoctu F. TpeOyeTcst onpeneauTb MHOXKECTBO BCEX COCTOSIHUN
rpada, U3 KOTOPBIX CTapTyeT OECKOHEUHBIN CIPaBEIJIUBbIN MYTh.

910 IIOCTPOCHMEC BBITIOJIHACTCS B TPH OTaIlla.

1. Haxonum y rpada KOMIOHEHTbl CUJIBHOM CBSI3HOCTH. YUYUTBIBAEM NPU
3TOM, YTO €CIM KOMIIOHEHTa COCTOUT JIUIIb M3 OJHOW BEpILIMHBI 0€3
METJIM, TO OHA HE CYUTAETCS KOMIIOHEHTOM CHUJIbHOM CBSI3HOCTHU
(MCkIroueHueM SIBIIAETCS Cllydaid, KOrJa Ha JaHHOM BEpIUMHE €CThb
MEeTs1) — OTHOIICHHE CHJIBHOM CBA3HOCTH OyZeM CUYUTaTh B OOIIEM
ciydyae uppedIeKCUBHBIM.

2. Te ®W3 KOMIIOHEHT CHJIBHOM CBS3HOCTH, KOTOpPBIC JUIS KaXXIOTO
OTPAHUYEHHUS CIPABEIJIMBOCTH COJEPKAT COCTOSIHHE, B KOTOPOM 3TO
OTPAaHUYCHHE BBITIOJIHSIECTCS, HA30BEM CHPABEOIUBLIMU KOMNOHEHMAMU.

3. CtpouM B rpade nepeBbs oOpaTHBIX IMyTeil, HAUMHAsT OT BCEX BEPIIHMH
CNpageonusbix KOMNOHEHM, TIOMYTHO MapKUpys BCE IOCELIECHHbIE
BEPIIMHBI KaK BBIMOIHSIIONINE HCKOMOE CBOMCTBO (CaMM CIIPaBEJIUBBIC
KOMITOHEHTBHI MAPKUPYEM C CAMOTO Hayasa).

JI1st mOMCKa CHIIBHO CBSI3HBIX KOMIIOHEHT NMPHUMEHSIEM anroputMm TapbsHa
[37, 38]. 'maBHas wjes anropuTMa COCTOMT B 3alyCKe 00X0za B TIIyOUHY
Ha paccMmartpuBaemMoMm rpade. Jms sToro OyaeMm MNOAAEPKUBATH CTEK
noucka S. CHIBHO CBSI3HBIE KOMIIOHEHTHI (POPMUPYIOT HENPEPHIBHBIC
Y4aCTKM JTOr0 CTeKa. BepumHy CHIbHO CBSI3HOM KOMIIOHEHTHI,
pacnojoXkeHHylo Haubojiee TIyOOKO B cTeke, Oy/neM Ha3blBaThb KOpHEM
9TOM KOMITIOHEHTBI.

OcHOBHas 3ajlada 3aKJIIOYAETCsl B OINPENEICHUH TOro, KOrjJa BepLIMHA
rpada sSBISETCS KOPHEM CBOEW KOMITOHEHTHI CHJILHOW CBSI3HOCTH. I ee
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pelieHusl KaXJIyl0 BEpUIMHY <V CHa0AUM MNEepeMEHHOW-UHIIEKCOM
v.1ndex, KoTOpas HyMepyeT BEpPIIUHBI MMOCIEI0BATEIBHO B MOPSIIKE UX
MIPOCMOTpa MOUCKOM B ITyOUHY.

Kpome TOro, conocraBuM 3TOH BEpIIMHE 3Ha4Y€HUE V.lowest, KOTOpoe
Ha  KWOKIOM  pPEKYpCMBHOM  BBI30BE  YJOBJIETBOPAET  YCJIOBHIO,
MHBAapUAHTHOMY Ha IPOTSHKEHUU BCErO alrOpuTMa:

v.lowest = Min v'.ilndex
rno ecem v',
B KOTOPEBIE OBLI
HaMIeH IyTb U3 V

OTtcrofa clieyeT, 4TO BEpUIMHA vV SBISETCS KOPHEM CUJIBHO CBSI3HOU
KOMITOHEHTHI Tpada Torja U TOJBKO TOI/A, KOTJa mociie ee o0paboTKu
BBITIOJTHSETCSI PAaBEHCTBO V.lowest = v.index. AnroputM padortaet
TakuM 00pa3oM, 4TO BCErja, Korja Tpedyercs 3HaueHue v.lowest, OHO
y>K€ BBIYUCIIEHO.

[Tocne 06pabOTKM BCEX MOTOMKOB BEPIIMHBI V B KOHIE CTEKA S HAXOASATCS
BCE BEpILUMHBI, MPUHAIJICKALIME €€ CHUIbHO CBSI3HOW KOMIIOHEHTE, B
nopsiike ux 00xo/a MOMCKOM B TIIyOMHY, HaUMHAs C CaMOi BEPIIMHBI V.
[ToaTomMy cneayroluM MIAaroM SIBJISETCS YAAJEHUE BCEX ATHX BEPIIMH,
BKJIIOYAs v, U3 CTEKa C BBIBOJIOM STOW CHUIIBHO CBS3HON KOMITOHEHTHI.

AJNTOPUTM TIPE/ICTABIICH B TUCTUHTE 2.7,

Nnctunr 2.7. Anroputm TapbsiHa NoOMCKa CUMbHO CBSA3HbIX KOMMOHEHT rpada
Ha Bxome 1tpad G = (V, E)

void computeSCC ()
{

// CueTumk HOMepa BepumHbe B DFS

index = 0;
// TlyCcToOM CTeK BeplrH
S = J;

foreach (v € V) do
// 3Banyctum DFS Ha Bcex eme He 00pabOoTaHHEIX BepIMHAaX
if (v.index He onpeneseHoO)
visit(v);

void visit (v)
{

// YCTaHOBUMM HOMEp IJd V

v.1lndex = index;
v.lowest = index;
index = index + 1;
S.push (v) ;
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// PaccMoTpuM MNOTOMKOB V

foreach ((v, v') € E) do
// Ecim BepummHa V' He rocemajyiachb
if (v'.index He omnpenejeHo)

{
visit(v');

v.lowest min(v.lowest, v'.lowest);

}
else // IobaBnaTe V' B IepeBO He cJjenyeT
v.lowest = min(v.lowest, v'.index);

// Ecim v - KOPEeHb CUJIBHO CBS3HOM KOMIIOHEHTH
if (v.lowest == v.index)
{
print "CunpHO cBS3HaS KOMIIOHeHTa:";
repeat
{
v' = S.pop;
print v';
}

until (v' == v);

}

AnroputMm paboTaeT 3a JMHEWHOe Bpemsi OoT pa3dMmepa rpada. Otcrona
CIIEIyeT, YTO 3aJaya ONPEJECICHUS MHOMKECTBA COCTOSHUW MOJETH, W3
KOTOPBIX CYIIECTBYIOT OECKOHEUYHBIE CHpPAaBEUIMBbIE IIyTH, pelIaeTcs
onucaHHbM MetosoM 3a Bpems O(|F| x |M|), OunmHeliHOe OTHOCHTEIBHO
pa3Mmepa mojenu M u pazmepa MHOKECTBAa OrpaHUYEHUN CTIPaBEJIUBOCTH.
Ecnu orpaHnvueHuid crpaBeJIMBOCTH HET, TO aJIrOpUTM padoTaer 3a
JMHENHOE BpEeMsI OT pazMepa MOJIEIH.

2.5. lNpoBepka moaenen
anst TemnopanbHOW NOrnKKU peanbHOro BpeEMeEHM

Cucrembl, KpUTHYHbIE KO BPpeMeHH

Takue TtemmopanbHbie joruku, kak LTL w CTL, mpemnasnadeHsl s
cnierupuKaIuu CBOWCTB, KOTOPhIE (DOKYCHUPYIOTCS Ha BPEMEHHOM TIOPSJIKE
COOBITHI. DTOT BPEMEHHOMN MOPSIOK SIBJISICTCS KAUeCTBCHHBIM TIOHSITHEM,
TaK KakK BpeMs HE pacCMaTpUBacTCAd B KOJIMYCCTBEHHOM OTHOIICHHH.
Hampumep, mycTh NMpeaioKeHue P COOTBETCTBYET TOMY, YTO IMPOHU3OIILIO
coObITe A, a mpeiokeHue ( COOTBETCTBYET TOMY, YTO MPOHU3OILIO
coositre B. Torma LTL-popmyna G[p — F q] cooTBeTcTBYET TOMY, 4TO 32
coObITHEeM A Bcerga paHo WIH MO3AHO OyJeT cieaoBaTh coobiTHe B, HO OHa
HUYETO HE TOBOPUT O TOM, HACKOJBKO IJIMHHBIA OyJIeT MEepHuoj] MEXIy
HacTyrieHueM coOwiTuii A U B. DT0 OTCyTCTBYylOIIEE KOJIUYECTBEHHOE
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NPEICTaBICHUE O BPEMEHHU CYIIECTBEHHO i CHeuu(pHUKAIUN cucmem,
KPUMUYHbIX KO  @pemeHu. B COOTBETCTBUM ¢  OOIICMPUHSATHIM
OIIPENICIIEHUEM, CUCEMbl, KPpUMU4Hble KO 8peMeHy — 3TO TaKue CUCTEMBI,
B KOTOPBIX KOPPEKTHOCTh 3aBHCUT HE TOJBKO OT JIOTHUECKOTO pe3yibTara
BBIUMCJICHHSI, HO TaKXK€ U OT BPEMEHH, 32 KOTOPOE PE3yIbTaThl MOJIYyUEHBI.
Cucrembl, KpUTUYHBIE KO BPEMEHHM, JTOJKHBI YJOBJIETBOPSTH HE TOJBKO
TpeOOBaHUSAM (YHKIIMOHATBHOM KOPPEKTHOCTH, HO H TPeOOBAHUAM
CBOCBPEMEHHOCTU.  Takue  CHUCTEMBbl  OOBIYHO  XapaKTEepPU3YIOTCS
KOJINYECTBEHHBIMU ~ BPEMEHHBIMH  CBOMCTBaMM, OTHOCSAIIMMHUCA K
HACTYTUICHUIO COOBITHIA.

[Ipumep cucTteMbl, KpUTUYHOM KO BPEMEHH, — 3TO KEJIE3HOAOPOKHBIN
nepeesa: eciu o0HapyKeHO MPUOJIMKEHHE Moe3/a, Iepee3]l JOJKEH ObITh
3aKpbIT B TEUYEHHE ONPEICICHHOIO BPEMEHHM C LENbl0 OJOKHUPOBKU
aBTOMOOMJILHOTO M TMEIIEXOJHOTO Tpaduka TMepel TeM, Kak IM0e3]
JOCTHUTHET Iepee3na. KoMMyHHKaMOHHBIE MPOTOKOJIBI — APYrOd MpUMeEp
CUCTEMBI, KPUTUYHOM KO BPEMEHM: IMOCIE Mepeaadyd JAaHHBIX MOBTOpPHAS
nepegaya J0JbKHA ObITh 3amylleHa, €cli MOATBEP)K/ICHUE HE IOJIyYEHO B
TEYEHHE ONPENEIICHHOIO BPEMEHHU. TPETUN NMPUMEP CUCTEMBI, KPUTUYHON
KO BpPEMEHM — 3TO ammapaTr JIy4eBOW Tepamuu, Ojaroaaps KOTOPOMY
NALMEHTHI MOJIYYaroT BBICOKYIO 03y PaJHAlMM B TEUEHHE OTPAHUYEHHOTO
nepuoaa BpeMeHu. Jlaxe HeOObIIoe MPEBBILIEHUE ITOIO MEPUOIa ONACHO
Y MOKET MPUBECTU K CMEPTHU MALlMEHTA.

KonuuectBenHass BpeMeHHasi MH(pOpMaIUs CYIIECTBEHHA HE TOJBKO IS
CUCTEM, KPUTHYHBIX KO BpPEMEHHU, HO TaKXe SBJISIETCS HEO0OXOIUMOMU
COCTaBHOM 4YACThIO B 3aJayax aHajiu3a U ClHenu(UKalud acreKTOB
MPOU3BOAUTEIIBHOCTA CUCTEM. THUIMYHOE MPEIJIOKEHHUE, OTHOCIIIEECS K
MIPOU3BOJIUTEIIBHOCTH, TAaKOE, KaK «BBINOJHEHUE 3aJaHUsl MPOUCXOIHUT B
tedyeHue 30 CceKyHI», MOXET ObITh C(HOPMYIUPOBAHO, TOJIBKO €CIU
MMEETCSI BO3MOKHOCTD U3MEPsmb MPOLIEANIES BPEMS.

KoaunyecTBeHHOE 3a/laHUEC BPEMECHH B TGMHOpaJILHOﬁ JIOT'HKE

B »sToM paszmene  paccmMaTpuBaeTCs — pacIUMpEHHE  BETBSLIEHCS
TEMITIOPAIBHON JIOTMKW KOJIMYECTBEHHBIMU TPEJICTABIICHUSIMHA O BPEMEHHU.
Beimme ObuTO TIOKA3aHO, YTO JMHEHHAs W BETBAMIASACA TEMIIOpAJIbHAS
JIOTUKA WHTEPIPETUPYIOTCS B TEPMHUHAX MOJICNIeH, T TJIABHYH pPOJib
UTpaeT MoHsATHE cocTosHMs. Hanboree BaxxHOE M3MEHEHHUE MPHU MEPEXO0/Ie
K KOJIMYECTBCHHBIM BPEMCHHBIM XapaKTEPUCTUKAM SIBJISETCS BO3MOKHOCTh
U3MEpATHh BpeMs. MOXXHO CHpPOCUTH, KAaKUM OOpa30oM TOHSTHE BPEMEHH
BKJIIOYAETCSI B MOJENb, Oa3uUPYIOUIYIOCS Ha COCTOSHUSX, W KaKOBBI
B3aMMOOTHOIIICHHSI MEXy COCTOSHUSMU U BpemeHeM. [Ipu BriIroueHUM
BPEMCHHBIX XapaKTepUCTUK B MOJENb JOKHBI OBITh PAacCMOTPEHBI
HECKOJIBKO aCIIEKTOB:
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0 KakoBa  HOTalUMsg  BPEMEHHBIX  CCbUIOK  (aOCoONOTHas — WM
OTHOCHUTEJIbHAs)?

0 KakoBa CEMaHTHKa BpEMEHHOW  00JacTH  (IUCKpEeTHas WK
HeTpepbIBHas)?

Bb10op BpeMeHHOI1 00;1acTH

OgnuM W3 HamOoJiee BAXKHBIX AaCIEKTOB SIBISETCS BBIOOP CEMaHTHUKU
BpeMeHHON oOnactu. Tak kKak B NPUPOJE BPEMSI UMEET HENPEPBHIBHYIO
CTPYKTYpY, HamOoJiee €CTECTBEHHBIM BBIOOPOM SIBIISICTCS HEIMpPEpPhIBHAS
BpEMEHHasi 00JIaCTh, Takasl, Kak BeleCTBEHHbIE uucia. Hampumep, mis
CUHXPOHHBIX CHCTEM, B KOTOPBIX KOMIIOHEHTHI BBINOJHSIOTCS B
MOIIIArOBOM PEXHUME, MPEANOUTUTEIbHA TUCKPETHA BpeMeHHas 00JacTh.
N3BeCTHBIM MPUMEPOM JUCKPETHOW TEMIIOPAJIbHOM JIOTUKHU SIBISIETCA
RTTL (Real-Time Temporal Logic). /[lnd CHHXpOHHBIX CHCTEM
QIbTEPHATUBHO MOXXHO  paccMaTpuBaTh  HUCIOJIb30BAHUE  OOBIYHOM
TEMIOPAJIbHOM JIOTUKU, B KOTOPOW [JIsi OTPAKEHUS JIUCKPETHBIX
BPEMEHHBIX XapaKTEPHUCTUK HCIOJB3YETCS ONeparop ciaenoBaHus. KpaTko
OIHIIIEM, KaK 3TO paboTaerT.

bazoBas uaes COCTOUT B TOM, UTO BBIYMCIICHUE MOXKET OBITh MPEICTABICHO
KAaK ITOCJIEAOBATEIBHOCTh COCTOSIHUM, B KOTOPOM KaXIbI NEPEXON M3
OJTHOTO COCTOSIHUSI B CIIEYIOIEEe PacCMaTPUBACTCS KaK €IWHCTBEHHBIN
TaKT HEKOTOPBIX BBIYMCIHMTEIBHBIX 4YacoB. Ilpum 3tom X ¢ BepHO, eciu
yepe3 OAMH TAaKT 4acoB Bblmonmsercss ¢. Ilycts X — oto cepus u3 K
MOCIIEIOBATEIBHBIX OMIEPATOPOB CIEAOBAHMS, OMPEIEICHHAS 110 MpaBUIaM
XPo=¢ u Xp=X(X¢) wis k>0. Torma, Hanpumep, TpeGoBaHHE
TOTO, YTOOBI MaKCUMaJIbHAs 3aJIepKKa MeXy coObiTreM A u coObiTem B
Obl1a MeHbIIIE 32 BPEMEHHBIX €AMHUI], MOXKET OBITh CIIeU(DHUIIMPOBAHO KaK
G[p » X**q], rme XK @ — ITO COKpAIllCHUE JIsI KOHEYHON TU3BIOHKIUU
XV ... v X<t @, a P 1 ( O3HAYAIOT HACTyIieHHEe coObITii A u B,
COOTBETCTBEHHO. [IpH 9TOM OTMETHM, 4TO BBeIeHHEe X -omeparopa menact
3a71a4y BBIIIOJHUMOCTH JJII BPEMEHHOM JIMHEMHOM TEMIIOPAJIbHOU JIOTUKHU
EXPSPACE-tpyanoii. Ecnu  He  orpaHMuYMBaThCS ~ CHUHXPOHHBIMU
CUCTEMaMH, TO CIEAYeT PacCMOTPETh BEIIECTBEHHO3HAUYHYIO BPEMEHHYIO
obmacT. OTO TO3BOJSET OoJiee  aKKypaTHO  CHEeNU(PUITUPOBATH
HECHHXPOHHBIC CHCTEMBI.

IIpoBepka moaeseii a5 BpemenHou jgoruku CTL

BBezieHnue BpeMeHH B TEMITOPAILHYIO JIOTHKY JOJDKHO BBIMOJHATHCS Tak,
4TOOBI COXPAHUTh Pa3pPEHIMMOCTh 337addl TPOBEPKH Mojeneit. Bymaem
KOHIICHTPUPOBaThCS Ha TemmnopaibHoi Jiornke Timed CTL (Gonee
kopotko, TCTL) [39], nmns xoTopoidl 3agada TPOBEPKH MOJENCH
paspemmma. IT0 6emeauasicss memMnopaibHas 102UKA PedibHO20 6PeMeHU,
KOTOpasi  MOJICPKUBACT  OTHOCHTENIBbHBICE BPEMCHHBIC CCBUIKH U
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UHTEPIPETUPYETCS] B TEPMUHAX HEMPEPhIBHOW BpeMeHHOH oOnactu (R™ —
HEOTPHUIIATETIbHBIE BEIIIECTBEHHBIC YNCTIA).

basoBas wumes Timed CTL cocTouT B HCHONB30BAaHHHM BPEMEHHBIX
OTPaHUYCHWM B KAaueCTBE TMApaMETPOB OOBIYHBIX TEMITOPATBHBIX
oreparopo CTL. B Timed CTL moxHO, Hampumep, CHEIUPHUIPOBATH
MIPEIOKEHHIE «MaKCUMaJIbHAS 3aJIeP’KKa MEXKIy COObITHEM A B COOBITHEM
B mensbure 32 BpemenHbIx equani dpopmyioin AG[p — AF; (], rae, kak
U paHee, npeanoxkenue P () cooTBETCTBYET HacTyIUIeHHI0 coobiThs A (B).
Jloruka Timed CTL — »to BemecTBeHHO3HauHOe pacimpenue CTL, mis
KOTOPOTO CYIIECTBYIOT alTOPUTMBI TMPOBEPKH MOJACIEH W HEKOTOpHIC
WHCTPYMCHTAJILHBIC CPEJICTBA.

OcHOBHas CIIO)HOCTh TPOBEPKHU MOJENEH, B KOTOPBIX BpeMEHHAasi 00J1acTh
HEIPEPBIBHA, COCTOUT B TOM, YTO IPOBEPSAEMAsi MOJIEIIb UMEET OECKOHEYHO
MHO20 COCTOSIHUM — JIJIS1 K&KJIOTO 3HAUYEHUS BPEMEHHU CUCTEMA MOKET OBITh
B OIPENEICHHOM COCTOSIHHUHM, 2 MHOYKECTBO ATHX 3HAYEHUIl OECKOHEYHO.
Kaxercs, 4yTo 310 Hepaspemmnmas 3anada. PakTUUECKH, TIIABHBIM BOIIPOC B
IIPOBEPKE MOJENEH JUIsi TEMIIOPAJIbHOM JIOTUKH pEATbHOIO BPEMEHU
COCTOMT B TOM, Ka4K CHPAGIAMbCA C OECKOHEeUHbIM MHONCECHEOM
cocmosinuti. Tak Kak penieHus 1aHHOM KII04eBOW MPOOIeMbl JOCTaTOYHO
IIOXOKU Y JIMHEWHOW M BETBALIEHUCS TEMIIOPAIBHBIX JIOTMK, PACCMOTPUM
onuH ciay4uaii — Timed CTL.

OcHOBHasi Hjesl BBINOJHEHHS TPOBEPKU MOJENIEH ISl HENpPEpPhIBHOU
BPEMEHHOM 00JIaCTH COCTOUT B TOM, YTOOBI pPeain30BaTh JUCKPETHU3AIINIO
ATOM 00JIACTH MO 3alPOCY — B 3aBUCUMOCTH OT CBOMCTBA, KOTOPOE JOJIKHO
OBITH JIOKa3aHO U MOJIEIU CUCTEMBI.

B kauectBe crnenudukanmoHHOro GopmanusMa A CUCTEM pPEeaibHOTro
BPEMEHH BBOJUTCS TOHITHE 6PEMEHHO20 a8momama, PacIIupeHUs
KOHEYHOTO aBTOMAara, B KOTOPOM I U3MEPEHUSI BPEMEHU MCIIOIB3YIOTCS
gacel. BpeMeHHble aBTOMAThl HCIOJNB30BAIUCH JJs  crenu(UKauu
pa3IMYHBIX THIIOB CUCTEM, KPUTHYHBIX KO BPEMEHHU U O€30MacHOCTH, B TOM
9Hclie 471 KOMMYHHUKAIIMOHHBIX TPOTOKOJIOB. JJis BpeMEHHBIX aBTOMATOB
pa3paboTaHO HECKOJIbKO HHCTPYMEHTOB MpPOBEpKH Mojeneid. OCHOBHOU
3aJaueil JaHHOrO pas3jena sBISETCS pa3padoTKa aNropuTMa MPOBEPKU
MOJENel, KOTOpBIA ompenenser ucTUHHOCTH | CTL-popmynsr  mo
OTHOILIEHUIO K BPEMEHHOMY aBTOMary. Teopusi U MpuUMepbl BPEMEHHBIX
ABTOMATOB OINKCAHbI B COOTBETCTBUH C KypCOM JeKimii [1].

2.5.1. BpemeHHble aBTOMATHI

BpeMenHbpie aBTOMAThl HMCHOJB3YKOTCS I MOJEIHMPOBAHUS KOHEUYHBIX
CHUCTEM pEaJbHOTO BpeMeHH. BpemeHHOI aBTOMAT — 3TO (haKTHUECKH
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KOHEYHBIN aBTOMAT, CHAO>KEHHBIN KOHCYHBIM MHO>KCCTBOM
BCIICCTBCHHO3HAYHBIX YACO6bIX nepemerHbvlx NI, Ooiece KOPOTKO, 4aCOB.
Yacsl HCIIOJIB3YIOTCA IJII USMCPCHUA BPCMCHHBIX XapPaAKTCPUCTHUK.

Yacwvl — 310 IICPCMCHHAA, IIPUHUMAIOIIAA 3HAYCHUA B R".

B naHHOM pazzene B KadyecTBE 4YacOB MCHOJB3YIOTCS OYKBBI X, Y U Z.
CocTostHuE BpEMEHHOT'O aBTOMATa COCTOUT M3 TEKyUIEH no3uyuu aBTomara
M TEKyIIMX 3HAYCHHWH BCEX YACOBBIX MEPEMEHHBIX'. Yachl MOTYT OBITh
WHULIMAIU3UPOBaHbl (B HYJb), KOTJa cucrtema Jnenaer mnepexon. l[locrne
VWHULMAIU3alU OHU HaYMHAKOT CKPBITO YBEJIIMYMBATH CBOE 3HaueHHUE. Bee
4achkl UIYT C OJUHAKOBOM CKOPOCTHIO. 3HAUEHHE YacOB, TAKHUM 00pazom,
0003Ha4aeT BpeMmsl, MPOIIEAIee C MOMEHTa UX MHULMAIN3ALNN. Y CIIOBUS
Ha 3HAYEHHUs YaCOB HCIIOJIB3YIOTCS B KayeCTBE AKTUBUPYIOIIMX YCIOBHM
NEPEXO0JI0B: NEPEXO0], aKTUBEH M MOXKET ObITh NPOIIEH, TOJBKO €Ciu
4acOBO€ OIPAaHWYEHUE BBIIIOJHEHO, B IIPOTUBHOM CIIy4ac IIE€pPEXOA
OnmoxupoBaH. Jlns orpaHuyeHUss BpEMEHH, KOTOpPOE MOXKET ObITh
IIPOBEICHO B MO3ULMHU, HCIONB3YIOTCA WHBAapUaHTBl Ha  4acax.
AKTHUBUPYIOIIME YCIOBUS U WHBAPUAHTHI SIBISIIOTCA OIPAaHUYEHUSMH IS
4acoB.

Jlist MaOokecTBa C gacoB (tre X, Y € C) MHOKECTBO YACO8bIX 02paHUYeHUll
Haja C o6o3nauaercs W(C) u onpeaensercs CiaeayolM 00pa3oM:

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

B nmaHHOM paszgene MCHONB3YKOTCS TAaKHE COKpAILEHUs, KaK X > C s
—(X<C)m X=C a1 X<C A X>C u T. A. JlomyckaeTcs TakkKe CIOKCHHE
KOHCTaHT B 4YacOBBIX OrpaHWueHusx, Hampumep, X<Cc+d mi1 d eN.
CnoxxeHHe »e€ YacOBBIX IEPEMEHHBIX, KaK B OrpaHuueHuud X +Y <3,
caenano Obl MPOBEPKY MojeNIeH Hepa3pemuMmoi. Takke eciim ObI C MOTJIO
OBITH JCUCTBUTEIBHBIM YHCIOM, TO MPOBEPKAa MOJENEH Jisi BPEMEHHOM
TEMIIOPAJIBHOM JIOTMKH, KOTOpass WHTEPHPETUPYETCs, KaK B TEKYILIEM
cilly4ae, Ha IUIOTHOM BpEMEHHON o00JyiacTd, cTana Obl Hepa3peiruMoi.
CnenoBatenbHO, TpeOyercs, 4TOObl C OBUIO HATYpPaJIbHBIM YHCIIOM.
Pa3pemimMocTh He 3aTparuBaeTcs, €Ciii OTPAHUYEHUE CMSATYUTH TaK, 4TO C
MOTJIO ObI OBITh pallMOHANBHBIM YUCIOM. B 3TOM ciyyae panuoHajIbHbIE
yucia B KaKI0M ¢opmysie MOTyT ObITh MpeoOpa3oBaHbl B HaTypajlbHbIC
NIPY TIOJIXOISAIIEM MAacIITaOUPOBAHUU (3TO OYAET MOKa3aHO HIIKE).

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

6 v
OTMeTHM CO3HATEIHHO BBCACHHOC PA3JIMIUC MCIKIY nosuyueu U COCmoAHUEM.
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L - HECIIYCTOEC KOHCYHOC MHOXKECTBO 7’1031/”47/[71 C HayajJbHOM HOSI/IHI/IE:I‘/'I
Io e L;

o E — MHOXecTBO pebep, Kaxmoe U3 KOTOpbIX (Oyaem nanee 0003HAYaTh
ero e) cuaOxeno momerkamu from(e) u into(e), ykaswIBarommMMH,
COOTBETCTBEHHO, M3 KAaKOTO COCTOSIHUS HCXOIUT JaHHOEe pedpo W B
KaKo€ COCTOSIHHE OHO BXOJHUT (TakuM oOpa3oM, OJHY U Ty XK€ Mapy
COCTOSTHUN MOXET COEAUHSATh CKOJIBKO YTOJIHO pedep);

O

a Label: L —» 2% — GyHKIMSA, KOTOpas COMOCTAaBIISACT KaXKJIOW IMO3UIIUU
| € L muoxxectBo Label(l) atomapHbIx npeanoskeHui;

o C — xoHeYHOE MHOXKECTBO 4acoB,

o clocks: E — 2° — ¢yHKuus, KOTOpas COMOCTABISET KAKIOMY pebpy
e € E muoxectBo uacos clocks(e);

o guard: E > ¥(C) — ¢ynkuus, kotopas moMedaer kaxmuoe pedpo € € E
JacoBbIM orpanndenueM guard(e) manx C;

o inv:L— Y(C) — ¢yHKuusa, KOoTOpas COMOCTABJIACT KaXIOW MO3UIIUH
uUHeapuanm.

®ynkius Label urpaer Ty e ponb, uro u B moaensax ais CTL u LTL, u
COITOCTABJIICT IMO3UIIMHA MHOXKECTBO aTOMAPHBIX IMPEIJIOKEHUH, KOTOPHIC
BepHBI B 3T0M mo3ummu. Kak Oyaer moka3aHo HUXe, 3Ta (DyHKIHS BakHA
TOJIKO JIIL OTPEACIICHUS BBIMOJIHICMOCTH aTOMAapHBIX TPEIOKCHHUA B
cemantuke TCTL. Jlns pebpa e wmHoxectBo clocks(e) oOo3nawaer
MHO’KECTBO YacOB, KOTOPBIC JOJDKHBI OBITH COpOIICHBI MPH IMPOXOJe €.
dyukuus guard(e) — akTHBUPYIOLIEE YCIOBHE, KOTOPOE OMPEACISIET, KOraa
e Moxer ObITh mpoiaeHo. s mosurnmm | ycmosue inv(l) orpannumBaer
BpEMsi, KOTOPOE MOXET OBbITh MMPOBEICHO B ATOM MO3UIINH.

[Ipu oTOOpaXkeHMM BpPEMEHHBIX AaBTOMAaTOB OyaeM MpUIEPKUBATHCA
CIeNyIOIMX coriameHuid. BepmmHbl 0003HauaOT MoO3UIMH, a pedpa
o0o3HayarTcs cTpeikaMu. MIHBapuaHThl yKa3aHbl PAIOM C IO3HULUSIMH,
€CIIM TOJIbKO OHM HE paBHBI true (3To O3HaYaeT, YTO MMEETCs YCIOBUE Ha
3anepkKy). CTpenku CHaOXEHbl TIOMETKAaMHU, KOTOPBIE COCTOST W3
(HeoOs3aTeNIbHOI0)  YacOBOI'O  OTpaHWYeHUs: M (HE0Os3aTeIbHOrO)
MHOXECTBA YacOB, KOTOpbIE JOJDKHBI OBITH cOpomieHsl. [lomeTku
pa3eNeHbl IPAMOX TOPU3OHTAIIBHOW JIMHUEW. ECiu yacoBOe OrpaHUYeHUE
paBHO true W eciii HET 4YacoB, KOTOpbIE JOJDKHBI OBITh COPOILEHBI, TO
OMETKa Ha CTpenke onyckaercs. Jlagee uacto OyaemM oOmycKaTthb
Mapkupymoiee otHoiieHue Label, Tak kak 0OHO urpaer posib TOJBKO HpPU
00CYXXJIEHHH aJropuTMa MPOBEPKU MOJENIed M HE BaXKHO AJI OCTAJIbHBIX
BBOJMMBIX KOHLIETIIHUH.

Ipumep. Puc. 2.30 (a) oToOparkaeT MPOCTOH BPEMEHHOW aBTOMAT C
OJTHUMH YacaMHu X M ojHOM mo3unued | ¢ metneBbiM nepexoaom. IletneBoit
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nepexoa MOXKeT OBbITh MPOMAEH, €CIM 4Yachl X MMEIOT 3HaueHHe Kak
MuHUMYM 2. [Ipy NpoxXoXIeHHH 3TOro Mepexojaa Yachl X OOHYISIOTCS.
[TepBoHavyabHo Yackl X umeroT 3HadeHwe 0. Ha pwuc. 2.30 (6) mpusencH
OpyUMep 3alycka 3TOr0 BPEMEHHOI'O aBTOMAara, B KOTOPOM OTOOpasKeHbI
3HAYCHUSI 4acoB X. B Kaxmblii MOMEHT, Korja 4ackl cOpaceiBatorcsi B 0,
aBTOMAT TMepexonuT w3 mo3unuu | B Hee xe. BBumy mHBapuanrta true B
no3uiu |, BpeMss MOXeT WATH HEOTPaHHMYEHHO JIOJT0 B IpoIecce
npeObiBaHus B .

HeGonpimoe w3MeHeHHe BpeMeHHOro aBromarta Ha puc. 2.30 (a) myrem
BBCJICHUSI MHBapuaHTa X <3 B MO3UIMH | MPUBOIUT K TOMY, YTO Yachl X
Oonbpllle HE MOTYT MITH Brepea Oe3 orpanuueHuil. Tompko mpu X > 2
(akTUBUpYyIOIEE OrpaHudYeHue) U X <3 (MHBapHAHT) HUCXOAsIIee PeOpPo
MOJKET H JIOJDKHO OBITh TPOeHO. IT0 0ToOpaxkeHo Ha puc. 2.30 (B) u (T).

3ametum, 4to Jpyrod 3ddext HabmomaeTcs NpU  YCUIICHUU
aKTUBHPYIOIIEro orpanndenus Ha puc. 2.30 (a) 10 ycnoBus 2 < X < 3, ecnu
COXpaHATh MHBapHUaHT true B mosunmu . B aToM ciydae ucxopsiiee pedpo
MOXET OBITh MPOHIACHO TOJBKO Korjga 2 <X<3 (kak B MNpeabIAylIeM
CIIEHapHH), HO OHO HE 00s3aHO OBIThH IIPOMACHO — OHO MOYKET OBITH ITPOCTO
MIPOUTHOPUPOBAHO, €CIIA PA3PEUINTh OXKHUIaHue 0e3 MepexoJ0B, HAXOISICh
B no3uiuu |. Oto npoummroctpuposano Ha puc. 2.30 (o) u (e).

BaxxHO TO, 4TO pa3IM4HbIE 4achl MOTYT CTAPTOBATh B PA3JINYHbIE MOMEHTHI
BPEMEHHU U, CJIE0BATEIBHO, HET HUKAKON HWKHEW IPaHULIbl HA Pa3HUILY UX
3HAYEHUH. DTO HEBO3MOKHO, HAIIPUMEDP, B MOJEIN TUCKPETHOTO BPEMEHHU,
KOTJ]a pa3HMIA MEXKIY ABYMS MAPAJJIEIbHBIMU YaCaMM SIBJIIETCS KPATHOU
ONHOW eAuHuLe BpeMeHW. Hamnume MHOrMX 4YacoB  MO3BOJSET
MOJENUPOBATh MHOTHE MApajuICNIbHBIE 3aJEPKKUA. DTO HILTIOCTPUPYETCS
CJIEAYIOLIUM IIPUMEPOM.

IMpumep. Puc. 2.31 (a) oToOpakaeT BpeMEHHOI aBTOMAT C JBYMS 4YacaMu X
u Y. [lepBoHayanbpHO U T€ U APYTUe Yachl HAUMHAIOT OTCUET cO 3Ha4YeHUs ()
JI0 TeX TOp, MTOKa HEe MPOUIYT ABE BPEMEHHbIX eauHuIlbl. HaunHas ¢ aToro
MOMeEHTa, o0a pebpa aKTHUBHBI M MOTYT OBITh HEACTEPMUHHUPOBAHHO
npoiifensl. B pesynbTaTe nmubo yackl X, OO Yachl Y OOHYJSIOTCS, B TO
BpeMs KaK OCTaBIIMECS 4Yachl MpOjoKaloT uATH. [Ipu sTom paszHuia
MEXIy 3HAUYCHUSIMH YacOB X W Y MOXeET OBITh MpOu3BOJLHOU. [Ipumep
ABOJIIOIIMH ATOTO BPEMEHHOTI'0 aBTOMaTa n3o0paxkeH Ha puc. 2.31 (0).

IIpumep. Puc. 2.32 noka3piBacT BpEMEHHOM aBTOMAT C IBYMsI MTO3ULIASAMU,
Ha3biBaeMbIMHu Off 1 ON, 1 ABYyMs yacamu X U Y. Yackl MHUIUATIM3UPYIOTCS B
0 mpu BXOXKJICHUH B CTAPTOBYIO MO3UIUIO Off.

Bpemennoit aBromar Ha puc.2.32 MOACIUPYET MEPEKIIOYATENb.
[lepexmtouaTenr MOXET OBITh BKJIIOYEH B JIO00M MOMEHT BpEMEHH,
MPOUCXOMSIINN KaK MUHIMYM Yepe3 JIB€ BPEMEHHBIX €UHUIIBI HAYUHAS C
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MOMEHTA TIOCIIC/THETO MEPEKITIOUEHHS, 1aXKe €CIIM OH Bce elle BKIoYeH. OH
BBIKITIOYACTCS aBTOMATUYECKH POBHO uepe3 9 BPEMEHHBIX €IWHHII TOCIIe
TIOCJICZIHEr0 MOMEHTA, KOTJla OH OBUI mepekioveH u3 nosuimu Off B on.
Yacel X HCHOJB3YIOTCS U OTCICKHUBAHUS 3aJCPKKH C IOCIEIHETO
MOMEHTa BpPEMEHH, KOrJa OH ObUI mepekiroueH. PeOpa, oTMeUYeHHBIC
YaCOBBIM OTPAHHYCHHUEM X > 2, MOJCIUPYIOT MEPEXOMAbl 1O BKIOYCHHUIO.
Yacel Y HUCHONB3YIOTCS JUII TOTO, YTOOBI OTCIICKHBATH 3aIEPKKY C
MOCJICTHETO MOMEHTA, KOT/Ia aBTOMAT OBbUT MepekitoYeH u3 no3unuu Off B
ON, ¥ KOHTPOJIHUPYIOT BHIKIIIOUCHHE.

3Ha4yeHue X

44

X>2
{x} 2+———— — 4 = — — — —_——_——-—————— — — —

0 2 4 6 8 BpeMs
a 0
3HAYCHHE X
4,,
3 4
X>2
© 7} S R S N ——
X<3
0 2 4 6 8 BpeMs
B r
3HaueHue X
4,,
3 4 Y
2<x<3
{3 22— === — = — — =
0 2 8  Bpems
A e

Puc. 2.30. BpemeHHO# aBTOMAT C OJJHUMH YacaM¥ M MPUMEDP €ro IBOIIOLUN
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3HaueHHUsI --— = Yachl X
4acoB
qacel Y
X>2 4
{x}
2 _
y>2
o}
0 2 4 6 8 BpeMs
a 0

= =
}
y=9

3

Puc. 2.32. [Ipumep BpeMEHHOI0 aBTOMAaTa: NePeKI0YaTeb

B npuBeneHHbIX npuMepax ObUIO MOKa3aHO, KaK Yachl 3BOJIOLUOHUPYIOT.
3HaueHus 4acoB (POPMAIBHO ONPEACISAIOTCS YACOBLIMU OYEHKAMU.

Yacosas oyenxa V anast MHOXxecTBa yacoB C — ato ¢ynkius V: C —>R™,
KOTOpast MPUCBaNBaET KakabIM yacaM X € C ux Tekyinee 3HadeHue V(X).

[Tycte V(C) oOo3HauaeT MHOXKECTBO BCEX 4YacoBbIX olleHOK Hax C.
Cocmosnuem BpeMmeHHoro aBToMata A HaszwiBaetcs mapa (I, V), tme | —
mo3uims A, a V — olleHKa HaJ MHOKecTBOM yacoB C aBTomarta A.

IIpumep. Paccmorpum BpeMeHHOW aBTOoMaT Ha puc. 2.32. Hekortopsie
COCTOSIHUS 3TOT0 aBTomara — 31o mapsl (Off, v) ¢ v(x) =v(y) =0, (off, V') ¢
VI(X) =4 u Vv'(y) =13, u (on,v") ¢ v'(xX) =4 u Vv"(y) =3. OrmeTum, YTO
HOCJIeTHEE COCTOSTHIE HETOCTHKIMO.

[Tycte V — 9acoBas orieHKa HaJ MHOXecTBoM 4acoB C. YacoBas ormeHka
V +t 03Ha4aeT, 4YTO BCE Yachl YBEJIWYCHBI HA { IO OTHOIICHUIO K YaCOBOM
onenke V. Ona ompenensercs kak (V+t)(X) =v(xX) +t mms Bcex vacoB
X € C. YacoBas oreHka [X]v, o3Hayaromias OIEHKY V CO COPOIICHHBIMH
qacamu X, ONPEAEIIIeTCs CIASAYIOIMHUM 00pa3oMm:

114



([X]V)(y) :{V(y)’ ecim Y # X

0, ecmy=X

JIist BIIOKEHHBIX BXOKJICHHMM omepalnud cOpachblBaHUs HUCIHOJIBb3YIOTCS
cTaHgapTHBIe cokpainenus. Hampumep, [X]([y]v) 3amuceiBaeTcst mpocto kak

[X, y]v.

IIpumep. PaccMoTpum yacoBbie OIICHKH V U V' U3 MIPEIbIAYIIETo IpuMepa.
Onenka V+9 onpenenena kak (V+9)(X)=(v+9)(y)=9. B wuacoBoii
omenke [X](v+9) ygacel X umetor 3Hauenue 0, a wacel Y — 9. Ilpu sToM
gyacoBas oreHka V' paBasiercs [X](v + 9) + 4.

Tenepb MOXHO (QOpPMAIILHO OMPEIEIUTh, YTO O3HAYAET YTBEP)KICHHUE, UTO
4acOBOE OIPAHMYEHUE BEPHO WM HET. JTO MOXKET OBITh CIEJIAHO TEM XKe
NyTeM, YTO W XapaKTepus3alusi CEMaHTUKU TEMIOPAIbHON JIOTUKUA —
ONPENEICHUEM OMHOULEeHUSl 8blNOAHAeMocmuy. B 3TOM cilydae OTHOIIEHHUE
BBINIOJIHAEMOCTHU |= — 3TO OTHOILIEHHUE MEXKIY YaCOBBIMHU OLICHKaMHU (HaJ
MHO@ecTBOM yacoB C) u yacoBbiMH orpanndeHusMu (Haz C).

g x,y € C;v e V(O); a, f € ¥(C) umeem:
vEx-~c & V(X) ~ C;
VEX-y~c & v(X) -vy)~c;
V= —a ovlHa
VE(@@nrpf) o VEAVED.

Jlns  oTpUIlaHMs W KOHBIOHKI[MM TpaBWIa HIACHTUYHBI TMpaBUIIaM
NPOTIO3UIIMOHATBHOM JIOTUKH. J[i1si IpOBEpKHU, BBIMOIHSIETCS JU X ~ C B V,
TpeOyeTcsi MpOBepHUTh, BepHO JH V(X) ~C. AHAJOTHYHO TPAKTYHOTCS
UHTEPBAJIbI MEX/Ty YaCaMH.

IIpumep. Paccmorpum uwacoBbie oreHkd V, V+9 u [X](v+9) wus
OpEBIAYIIEr0 MpUMeEpa W NPEANOI0KHM, 4YTO TpPeOyeTcs IPOBEPHTH
cupaBeyIMBOCTE  dopMynr o =X<5 wu pf:=(X-y=0). Bsuny
v(X) =v(y) =0 wumeem V |=oc u v |=,b’. Jlanee, V+9 Fa, tak kax
(V+9)(X)=9>5, uv+9 =4, tak kak (v + 9)(x) = (v + 9)(y) = 9. Tak xe
MOJKHO MPOBEPHUTH, uTo [X](V + 9) |= aun [X](v+9) FB

2.5.2. CemaHTUKa BPEMEHHbIX aBTOMAaTOB

WNuTepnperanysi BpEMEHHBIX aBTOMAaTOB OMPENEISETCS B TEPMUHAX
OCCKOHEUHOM CHCTEMBI MepexoaoB (S, —>), rae S — 3TO MHOXECTBO

COCTOSIHUH (Tap, COCTOSIIUX W3 MO3UIMH U YaCOBOW OIICHKH), a —> —
OTHOIIIEHUE MEPEXO0/I0B, KOTOPOE OTPELISEeT, KaK MePEXOIUTh U3 OJJHOTO
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COCTOsSHMA B AOPYroc. CymeCTByeT ABa BO3MOJKHBIX IIYTH, II0 KOTOPBIM
BpCMCHHOﬁ dBTOMAT MOJKCT I[GI\/iCTBOBaTB: IIepexoa 1o pe6py B aBTOMArTcC
WK OXHUAAHHUC IIPpU HAXOXIACHUU B OJHOM COCTOSHHH. O0a IIyTH

NpCACTABIAIOTCA OJHUM OTHOILICHUEM IICPCXOJ10B —>.

Cucmema nepexo0os, acCOMUpPOBaHHAs C aBTOMAaTtoM A U Ha3bIBacMas
M(A), onpenensiercs kak (S, So, ——> ), Te:

a S={(I,v) e LxV(C) |v=inv(l)};

a So=(lg, Vo), tme Vo(X) =0 mias Bcex X € C (Sp Ha3bIBaCTCS HAUAIbHBIM
COCMOSIHUEM BPEMEHH020 A8MOMAMA);

o ortHomeHue nepexogoB ——> < S X (R™ U {o}) x S onpexaensercs mo
paBUJIaAM:

1) (I,v) —=— (I', [clocks(e)]v),  ecnm  cmedylomm|e  YCIOBHUS
BBITTIOJIHAKOTCA
@e=(l, 1 eE,
(b) v = guard(e) u
(c) ([clocks(e)]v) |= inv(l";

d
2) (I,v) —— (I, v + d) s nosjoxuTeapbHOro BemecTBeHHoro d, eciu
CIIE/TYFOIIIEE YCIIOBUE BBITIOTHSACTCS:

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

MHOKeCTBO cocTosTHHI — 3TO0 MHOXKecTBO T1ap (I, V), rae | — mosumus A, a v
— yacoBas omeHka Haax C (MHOXeCTBOM yacoB A), Takux, 4To V HE
HapymaeT wHBapuaHtT |. OTMETHM, 9TO 3TO MHOXKECTBO MOKET BKJIFOYATh
HEJOCTI)KUMBIE  COCTOSIHUSL  (CTpOroe  OmpefesieHue  JTOCTHKUMOCTHU
npuBefcHO HIke). Jms  mepexonma, KOTOpBIM  COOTBETCTBYeT (a)
NPOXOXKJICHUIO pebpa € BO BpEeMEHHOM aBTomare, V jgoinkHO (D)
YIOBJIETBOPSTH YaCOBOMY OTPaHUYEHHIO € (B MPOTHUBHOM Ciy4yae pedpo
3a070KMpOBaHO) U (C) HOBasi yacoBasi OICHKA, MOJy4eHHasl myTeM cOpoca
BCEX YacOB, COMOCTABJICHHBIX peOpy € B V, yIOBIECTBOPSIET MHBAPHUAHTY
neneBoit nosunuu |I' (B mporuBHOM ciiyyae B |' HAXOIUTHCS 3alpEIICHO).
OxupaHve B TO3ULUMUA (BTOPOE TMPABUIO) B TEYEHUE HEHYJIEBOTO
IPOMEXYTKa BpPEMEHHU pa3pelieHo, €ClIM HMHBAapUaHT COXpaHsSeTcs C
Te4eHneM BpeMeHH. OTMETHUM, YTO HEJOCTaTOYHO MOTPEOOBATh TOJIBKO
v+d |= inv(l), Tak kKaK 3TO MOYET HAPYyIIUTh HHBAPUAHT JJI1 HEKOTOPOTO
d'<d. Hampumep, msa inv(l) = (x<2) v (x>4) u cocrosaust (I, V) ¢
V(X) = 1.5 He AODKHO OBITH PA3PEIICHO OXKHIAHUE B TCUCHHE 3 BPEMEHHBIX
CIMHUIl. HEeCMOTPsI Ha TO, YTO PE3yIbTHPYIOIAs OlleHKa V + 3 |= inv(l),
HEKOTOpBbIE MPOMEXKYTOUHBIE OLEHKU (Hampumep, V +2) Hapymaror
4aCcOBOE OTpaHUYCHHE.
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CocTostHME S BPEMEHHOIO aBTOMAaTa A Ha3bIBAETCH OOCMUNCUMbBIM, €CIU
Sp —> S, IIe Sp HaYaJbHOE COCTOSIHHE aBToMaTa A, a OTHOLIEHHE —>
— 3T0 pedICKCUBHOE Y TPAH3UTUBHOE 3aMBIKAHUE OTHOIICHUS ——> .

Ilymem Ha3pIBaeTCsl OECKOHEUHAS TOCJIEIOBATEIBHOCTh Sp g Sy 81 S Ay ...
COCTOSIHUM, YEpeNyIoIMUXCS ¢ MapKepaMu TepexoJ0B, TaKHX, YTO

S, —3—> ;.4 Ut Beex i > 0.

OTtmeTuM, 4TO Mapkepbl MOTYT OBITh JMOO O — B cllydae mnepexoia Io
peOpy BO  BpEMEHHOM  aBToMare, JiMOO  (MOJOKUTEIHHBIMU)
BEII[ECTBEHHBIMU YUCJIAMH — B CJIy4ae Iepexoja mno 3ajaepxke. MHOXKECTBO
MyTed, HAYMHAIONIMXCS B 3aJaHHOM COCTOSIHUM, OIPENEISETCS, KaK U
IpEXJIE.

Tozuyus nymu — sto napa (i, d) takas, yro d paBno 0, ecnmu @ =0 — B
cllydae mepexojia rmo peopy, U He MPEBOCXOAMT @ — B IIPOTUBHOM CIIydae.
MuoxectBo mo3uimii mytd Buaa (i, d) xapakTepu3yeT MHOKECTBO
COCTOSIHUHM, BXOJASAIIMX B MyTh 0, KOTOPBIA BO3HUKACT MPU MPOXOXKICHUH
OT COCTOSIHHS Sj K TIOTOMKY Sj+1. COCTOsIHHE Si OyIeM MPEACTaBIATh Mapoil
(i, vi). Iycrte Pos(o) obo3HauaeT MHOXKECTBO TMO3MLUH mnyTH o. s
ynooctBa myctb o(i, d) ompenenser cocrosaue (li, vi + d). JIuHCHHBIH
HOPSIOK Ha MO3UIMSIX MYTH ONPEACIACTCS CICTYIONUM 00pa3oM:

(i, d)< (], d"), ecmu m Tompko ecmm 1 < j v (i=]j A d <d").

CnenoBatenbHo, nmo3unus nytu (I, d) npeamectsyer mo3uiuu mytH (], d*),
eciu |j mocemaercs nepex |j B ¢ win eciivt 3TH NMO3UIMHU ITYTH YKa3bIBAIOT
Ha OJIHY MO3uIMIo B aBTomare U d MenbIe d'.

C uenp0 «M3MEpPEHUSD» BPEMEHHU, KOTOPOE MPOXOIUT B TEUEHUE NYTH,
BBEJIEM CJIEAYIOLIYIO BEIINUNHY.
3

a -
g nytm o=5Sp >S; ——> ... W HATypaJlbHOTO | BpewMs,

IpoIIeIIee ¢ S o S, 0003Hauaercs A(o, 1) 1 onpeaenseTcs Kak
Ao, 0)=0
A(O', i +l) = A(O', i)+

0 ecma =0;
a8 ecmma eR.

ITyts o Ha3bIBaeTcs pacxodswumcs, ecna lim;_,,, A(o, 1) = 0. MHOXeCTBO
PacXOIAIIMXCS IyTeH, HAYMHAIOIIUXCS B COCTOSHMH S, 0003HAYaeTCs
P, (S). Ilpumepom cxodsiuyezocs MyTH SBISIETCS ITyTh, KOTOPBIN MOCENIaeT
OECKOHEYHOE YHCIIO COCTOSHUN B OTPAHMYCHHBINA MPOMEXKYTOK BPEMEHH.
Hanpumep, nytsb

| 2 >3
So > S > S > S3...
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ABJIIETCSl  CXOMSIIMMCS, TaK Kak OECKOHEYHOE YHCIO COCTOSHUMI
IOCEIIAETCS B TEYEHHE OTPAHMYEHHOro MHTepBana [3, 1]. Tak kak Takue

nmyTn HE ABJIAOTCA pCaIMCTUIHBIMU, OOBIYHO pacCMaTpuBarOT
pacxoc)ﬂu;uec;z asmomamal.

BpeMeHHOI aBTOMAT Ha3bIBACTCA pPACXOOAUUMCA, €CIIA U3 KaXIOro €ro
00CMUMNCUMO20 COCTOSIHUS CTApTYEeT HEKOTOPBIN paCXOIAIIUNCS TYTh.

)

_ a 7
HyTB =9 > S 1> ... Ha3bIBAE€TCA 3EHOHOBbIM , €CIIN OH

SBJIICTCSL CXOJSAIIUMCS M COJCPKHUT OCCKOHEYHO MHOTO IEPEXOJOB IIO
peopy.
BpeMeHHOW aBTOMAaT Ha3bIBACTCS HE3€HOHOBbIM, €CIU JIFOOOW IIyTh,

CTapTYIOH_II/Iﬁ U3 JII000T0 00CMUMCUMO20 COCTOSHUS B 3TOM aBTOMATEC, HC
ABJIACTCSI 3CHOHOBBIM.

MOXHO [aTh JKBUBAJIEHTHOE OINPEACIICHUE: BPEMEHHOM aBTOMAT
HAa3bIBAETCS HE3eHOHOB8bIM, €CIIU 000 MyTh, CTAPTYIOIMINN U3 HAYAIbHO2O
COCMOsIHUS 3TOTO aBTOMATa, HE ABJISICTCS 36HOHOBBIM.

AJropuTMHUYECKass TIPOBEpPKa YCJIOBHS HE3CHOHOBOCTH BPEMEHHOTO
aBTOMaTa JOCTaTOYHO TPyaHA. BMECTO 3TOro OOBIYHO pacCcMaTPUBAIOT
JIOCTaTOYHBIC YCJIOBHSI, KOTOPBIC JIETKO TMPOBEPHUTHh IYTEM CTATHYECKOTO
aHallM3a BpeMeHHOro asromara. Cremyroliee TOCTaTOYHOE YCIIOBHE
OCHOBBIBACTCS Ha MWHTYUIMH, YTO BPEMEHHOW aBTOMAT SIBJIACTCS
HE3CHOHOBBIM, €CJIM Ha JIIOOOM ITUKJIE, COCTABIICHHOM M3 TIO3HMIIUNA 3TOTO
aBTOMATa, BPeMsl POJIBUTACTCSI KAK MUHUMYM Ha €AMHHUITY. DTO TO3BOJISICT
copMyJIUPOBATH CIIEIYIOIIYIO Teopemy [4].

Teopema. Ilycts A — BpeMeHHON aBTOMAT ¢ MHOKeCTBOM dacoB C Takoi,
YTO JJIs JIT0O0T0 MPOCTOro MUKJIA B A

€ €n

lg —— 1,

N
7 e

> Iy, rae lp =1y,
CyIIeCTBYIOT Yachl X € C v MHACKCHI 1, ] oT 1 10 N Takue, 4YTO:
o X e clocks(ej) u

o g Bcex yacoBbiX oneHok 7 € V(C) Takux, 4to # |= guard(ej) u
[clocks(e;)]n |= inv(l;), BeImonHsIeTCS 7 |= X>1.

Torma aBTomat A HE3E€HOHOB.

Joka3ateabcTBo. Ilycth A — Bpemennoit astomar Hang C,
YIOBIIETBOPSIIONINN yYKa3aHHBIM TPEOOBAHUSAM, U T — MyTh, COACpPKAITUN
OECKOHEYHO MHOTO Mepexo/ioB Mo pedpy. Tak kak aBToMar A COIEPKHUT

7 .

HasBanue naHo B 4ectb anopuu 3enona «AXuiiec U yepernaxay, pacCMaTpUBaroUIeit
CUTYaIINIO, B KOTOPOH OMHUCHIBAETCS OECKOHEYHOE YHCIIO JEHCTBUM, BBIMOTHEHHBIX 3a
KOHEYHOE BpEMSI.
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JIUITH KOHEYHOE YHCIIO TIO3UIUH, Yepe3 KaKyI0-TO U3 3TUX MO3UIUNA MYTh T
npoiaer OeckoHeyHoe 4Yuciio pa3. OO0o3HAYMM 3Ty No3UIMI0 depe3 |.
CrnenoBaTellbHO, HAUMHAS ¢ HEKOTOPOT'O MOMEHTA, MyTh 7 pa3OuBacTCs Ha
IIUKJIBI, KOTOPBIC COSAMHSIOTCS IPYT C IPYroM B MO3UIUH |. DTH HUKIIBL, B
CBOIO OYepe/ib, pa30UBAIOTCA Ha MPOCThIC LUKJIBI (LIMKIIBI, HE COJIep Kalllie
JIBYX OJIMHAKOBBIX BepIIHH). [Ipu 3TOM mpocThie MUKIIbI He 00s3aHbl UITH
CTpOro JPYT 3a JAPYTroM; OHHU, HapUMep, MOTYT pa3OuBaTh APYT Apyra Ha
yacTu. Tak Wi WHa4e, YUCIo MPOCTHIX IMKJIOB B aBTOMaTre A KOHEYHO, U
MO3TOMY Kakoh-To ®3 HuX (00o3HaumM ero lp—> 1l — ... > 1, =1y
00s13aTENIbHO MPUCYTCTBYET B MYTU 7 OECKOHEYHOE Yucio pas. s aToro
IPOCTOTO IMKJIA, COTJIACHO YCIIOBUIO TEOPEMBI, CYIICCTBYIOT HHICKCHI I, | 1
yachl X, YJIOBJETBOPSIOUIME JIBYM  OIMCAHHBIM  OTPaHUYCHHSIM.
[Mpenmnosnoxum, 94To | = N (3TO HE YMEHBIIAET OOLUHOCTH, TaK KaK MO3UIMH
B IIMKJIC MOTYT OBITh COOTBETCTBYIOITUM 00pa30M MEPEHYMEPOBAHbI BBUTY
TOr0, YTO IIMKJ BCTpeyaeTcsl B MyTH 7 OECKOHEYHO 4YacTo). PaccmoTpum
dbparMeHT MyTH B CHUCTEME MEPEeXO0/I0B aBToMaTa A, KOTOPBIA CTapTyeT H
3aBepIiaeTcs B mo3uiui l:

(lo, 70) - (lj-1, 7j-1) — (I m3) -+ (Iny 770)-
W3 ycnoBus ciienayert, 4to Ha repexoie ln_; — |, = ly oOHysr0TCS 9ace! X u
gto nepexon lj1 — |j Bo3amoxkeH, Tombko ecimu 75 1(X) >1 (B mpoTHBHOM
ciayuae npu #j1(X) <1 Hapymaercs nubo akTUBHpYIOLIEE yCIOBHE, JHOO
uHBapuanT mnosumuu lj). Otcroga cimexyer, 9ro MpoXox  IMKIA
lo > ... > I, =1y 3aHMMaeT kKaKk MHHUMYM OJHY BPEMCHHYIO CIUHUILY.
Takum 00pa3oM, MyTh 7 ABJISETCSA PACXOASIIUMCS, U aBTOMAT A HE3CHOHOB.

IIpumep. BHOBb pacCMOTpUM NEPEKIIOYATENb U3 NMPEABIAYIIETO pUMeEpa
(puc. 2.32). [IpuBenem npumep npedukca myTH B IepeKIToYaTene:

o = (off, vo) ——> (off, v;i) —2— (on, v,) —— (on, v3) —>—
(on, v;) ——> (on, vs) —— (on, vg) —— (on, v;) —2— (off, vg) ...

c Vo(X)=Vo(y) =0, Vvi=Vvo+3, Vo=[X,y]vi, Va=Vo+4, v4=][X]vs
Vs=Vs+1, Vg=Vs+2, V;=Vg+2 u Vg=|[X]v;. DT YacoBbic OIICHKHU
00beInHAIOTCA B Ta0I. 2.6.

Tabnuua 2.6. YacoBble OLEHKN

Vo V1 Vo V3 Vg4 Vs Vg V7 Vg

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

[epexon (off, vi) —=—> (on, V,), HampuMmep, BO3MOXEH, IIOCKOJIBKY
(@) cymectByer pebpo e u3 off son, (b) v, |=X22, Tak Kak Vi(X) =3,
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u (C) v, |= inv(on). TUDHUYHBIMHU MO3UIMSIMHE TyTH o sBisitoTcs mapsl (0, 3),
(1,0), (2,4), (3,0), (4,1), (5,2), (6, 2), (7, 0), coorBercTBeHHO. [Ipn 3TOM
BeinoHsercs, Hampumep, (1, 0)<(5,2). Kpome Ttoro, A(c,3)=7 u
A(o, 7) = 12.

Jlpyras BO3MOJKHAsi SBOJIIOIHS TIEPEKIIOYATeNIsI COCTOUT B TOM, YTOOBI
ocTaBaTbCcsd OeCKOHeYHO moiiro B mosunuu Off, BeImOMHST OeckoOHEYHO
MHOT'0O MIEPEXOJ0B MO 3a7epxkke. HecMOTps HA TO, UTO B KAaKOW-TO MOMEHT
BpPEMEHH, Hampumep, npu V(X) > 2, peOpo B MO3UIMIO ON aKTUBHO, OHO
MOJKET TIOCTOSIHHO UTHOPHPOBATHCS. AHAIOTHYHO, MEPEKITFOYATEIh MOXKET
OCTaBaThCsAd HEOTPAHWYCHHO JIOITr0 B TMO3WIMH ON. Takoe MOBeACHHE
cs3aHo Tem, gto Inv(off) = inv(on) = true. Eciau u3MeHuTh NIEpeKITIoYaTeInb
tak, 4to Inv(off) cramer y<9, a inv(On) ocraHeTcs paBHBIM true,
YIIOMSHYTBIA BBIIIE IyTh O CTAaHOBHUTCS HEIONMYCTHUMBIM (TaK Kak W3
coctosiius (Off, Vg) HeT mepexo10B), XOTs ONMMCAHHBIN B TaOIHIIE TPEPHUKC
ATOTO MTyTH BCE €IIE JTOMYCTHM.

2.5.3. CuHtakcuc TCTL

[Ilyctb A — BpemeHHo#l aBTtomar, AP — MHOXECTBO aTOMapHBIX
npemiokeHnii 1 D — HemycToe MHOXKECTBO YacOB, KOTOPBIE OTIIMYHBI OT
yacoB aBToMara A (CnD=09). Ze D wuHOrma HasbIBaeTCs
Gdopmynvrvivu yacamu. 110CKOJIBKY 4Yachl OOpa3yrOT 4acTh CHHTAaKCHCa
JIOTUKH, Takas JIOTMKa WHOTJA Ha3bIBACTCS TEMIOPATBLHOW JIOTHKON C
SIBHBIMH YaCaMH.

Hus peAP, zeD u aeW¥Y(CuD) wmuoxectso TCTL-popmyn
OIIpENEIIAETCs CISNYOINUM 00pa3oM:

p:=plal-e|(@ve)|zing|ElpUg]|Alp U g].
OTmeTuM, 9TO o — 3TO YaCOBOE OrpaHUuYeHUE HaJl (OPMYITHHBIMH YacaMH H
yacamu aBToMara. OHO JOIyCKaeT, HalpuMep, CpaBHEHUE (POPMYIIbHBIX
YacOoB W YacoB aBToMmaTa. byneBwl omeparuu true, false, A, > u ©
OINPEICNAIOTCS CTaHAapTHBIM oOpa3oM. Yacel Z B (dopmynae Zin ¢
HA3BIBAIOTCS  QQUKCUPYIOWUM — UOEHMUPDUKAMOpOM W  OTPAHUYUBAIOT
dbopMynibHBIC Yachkl Z B ¢. MHTyWTHBHAs HMHTEpHpeTaIys TakoBa: Zin ¢
BBITIOJTHSCTCSI B COCTOSIHHH S, €CJTH () BBITIOJIHSICTCS B TOM K€ COCTOSIHUH C
OJTHMM OTJIMYMEM: 4Yachl Z B HeM mnpuHuMaroT 3HadeHue 0. Hampumep,
zin (z = 0) sByIsIETCS BEPHBIM TPEJIOKEHUEM, TOrAa Kak z in (2 > 1) — Her.
Hcnonb3oBanue pukCHpyIOIIEero uaeHTu(GpruKaTopa mojae3Ho B KOMOMHAIIUN
¢ until-koHCTpYKIUSAMU JIT TOTO, 4TOOBI CreHU(PUIMPOBATh THUITHYHBIC
TpeboBaHusi CBOEBpeMeHHOCTH. OOBIYHO HET 3aWHTEPECOBAHHOCTU B
dbopmyrnax, B KOTOPIX (GopMyibHBIEC Yackl u3 D sBisroTCS CBOOOAHBIMU, a
HE CBSI3aHHBIMU KaKUMH-THOO (PUKCUPYIOMIMMU UaeHTUukaTopamu. s
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IPOCTOTHI B JajbHEHIIEM HW3IIOKEHWH OylIeM TMpearnosiaraTb, 4TO BCE
TCTL-bopmynbsl  SBISIIOTCS  3aMKHYTBIMH. JTO O3HAa4yaeT, YTO BCE
(dbopMyIIbHBIE Yachl B HUX CBSI3aHBI (PUKCUPYIONTUMH HACHTU(DUKATOPAMH.
Hanpumep, takue Qopmynbl, kak X <2 u ZiNn (Z—Y =4) HEIOMYCTHMBI,
ecmd X,y — dopmyisHele dacel (X, Y € D). ®opmynsl Xin(X<2) u
zin(yin (z—y =4)), onHako, SIBISFOTCS TOITYCTUMBIMH.

Tak xe, kak u mas1 CTL, GaszoBbie omeparopel TCTL seisrorcs until-
dbopmynamu C AK3UCTCHIIUATHHBIMU U YHHUBEPCATbHBIMU
kBaHTU(uKaTopamu Haja nyTsmu. @opmynsl EF, EG u T1. 1. sBisttorcs
npou3BOIHBIMU OT 3THX UNtil-hopmyn, kak u panee. OTMETHM, YTO B
TCTL net BpeMenHbix BapuanToB EX u AX. [Ipuunna storo OyjaeT sicHa
IIPU PACCMOTPEHUU CEMaHTHUKHU JIOTHKU. [IpuBsizka onepatopoB WAESHTUYHA
ciyuaro CTL.

[Ipy  ucnosb3oBaHUM  (UKCUPYIOLIETO  HUJAECHTU(HUKATOpa  TaKue
temnopanbsHble oneparopel CTL, kak E[p U y], EF ¢ u 1. 1. MOTyT OBITH
CHA0KEHbl YaCOBBIM OIPaHWYEHUEM JAKOHUYHBIM criocoOoM. Hampumep,

dbopmyina
Alp U<7 y]

O3Ha4ac€T, 4YTO BIOJIb JIF000TO IIyTH, HAYUHAOMCTOCA W3 TCEKYHICTO
COCTOsAHUNA, CBOMCTBO ¢ HCIIPCPBIBHO BBIIIOJIHACTCA A0 TCX IIOP, IIOKa B
TeyeHue 7 BPCMCHHLBIX CIWHHUI HC CTAHCT BCPHBIM VY. DTO MOXKET OBITh
OIIPpCACIICHO KaK

zZinAflp U (w A 2<T7)].

AnanornyHo, gopmyna EF.s ¢ o3nHawaer, 4To BIOJL HEKOTOPOTO MYTH,
HAYMHAIOLIETr0Cs U3 TEKYILIETO COCTOSHUS, CBOMCTBO () CTAHOBUTCS BEPHBIM
B TEUYEHHE 5 BpPEMEHHBIX €IWHHUL, M OHA OIpeAeNserca Kak
zin EF(z<5 A ¢), rae EF onpenencno, kak panee. ['oBops nnaue, EF. ¢
O3HAYaeT, YTO (-COCTOSIHUE JTOCTMKMMO B T€UEHUE C BPEMEHHBIX EIUHULL.
JIBoiicTBeHHOE BbIpaxeHHe AF . ¢ BBINONHIETCS, €CIM BCE BBIYUCICHUS
BEIIYT K (-COCTOSIHUIO B TEUEHHUE C BPEMEHHBIX €TMHULL.

Ipumep. IlycTh MHOXKECTBO aToMapHbIX mpemiokenuit AP pasuo {b =1,
b <2, b>3}. [Ipumepamu TCTL-dhopmyn seisroTest E[(b < 2)U<,1(b > 3)],
AF.(b<2) u EF4[EFs3(b=1)]. ®opmyna AX(b=1) He sBusercs
TCTL-dopmysoi, Tak KaK B JIOTHKE HET onepaTopa cienoBanus. opmyia
AF. . (b <?2) me sBnsercs nomyctumoit TCTL-dpopmyoit, Tak kak 7 ¢ N .

[lo oroii xe mpuumne AF, [AG<4 (b<2)} TaK)Ke HE JIOMYCKaeTCs.

OnHako TMpU HCHOJB30BAaHWU TMOAXOMAILIETO MaclITaOUpPOBaHMUS ITa
dbopmyna mMoxer ObITh mpeoOpazoBaHa B ponyctumyro [CTL-bopmyny
AF_[AG, (b < 2)].
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OTMeTHM, YTO  HEBO3MOKHO  3alKcaTh  BPEMEHHOE  CBOWCTBO
OrPaHUYEHHOTO OTKJIMKA TAKOE, KaK «CYIIECTBYET HEKOTOPOE HEM3BECTHOE
BpeMst t Takoe, YTO €CIIM ¢ BBIMOJHAETCS, TO B TeUEHHE BpEMEHH t CBOMCTBO
w BeIMOIHsETCs». Hampumep, dt: zin (AG[(b=1) > AF(z<t A b>23)]).
Takne kBaHTH(UKAMK 1O BPEMEHH [CNAIOT TMPOBEPKY MOJIeeH
HEpa3peIIIMON.

2.5.4. CemaHTunka TCTL

BcnoMHMM, 9TO MHTEpHIpeTanys TEMIOPATbHOW JIOTHMKU OMPEISsSeTCsS B
tepMuHax wmonenu. [ns LTL Takas mMopenb COCTOMT U3 (HEMyCTOIO)
MHOXECTBA S COCTOSIHMM, TOTanbHOW (yHKIMHU ciieqoBanus R Ha
COCTOSHMSX ¥  npucBamBanus Label aromapHBIX  mpeIOKCHHI
cocrostHusiM. [t CTL ¢ysHkmuss R mpeBpamaercs B OTHOIICHHE U
MPUHUMAETCS BO BHMMaHWe BeTBsmascs npupoaa. [ns TCTL BmobaBox
JIOJDKHO OBITH BBEJECHO TMPEJCTABICHHWE O pealbHOM BpeMeHH. bazoBas
Ujesi COCTOMT B TOM, YTOOBI paccMaTpuUBaTh COCMOAHUE — TIO3UIMIO U
4acoBYIO OlIeHKY. [lo3uIust onpenesnsier, Kakue aTOMapHbIE TPEIJIOKEHUS
BEPHBI (C TOMOIIBI0 Mapkupyromiero otHomeHus Label), a yacosas onenka
UCIIOJIB3YETCsl 11l ONPEIeNICHUs CIIPABEITTMBOCTH YaCOBBIX OTPAHUYCHUI B
paccMarpuBaeMoit ¢dopmyrne. Tak Kak 4YacOBble OrPAaHUYEHUS MOTYT
colepkaTh, MOMHUMO YacOB W3 aBTOMara, (OPMYJbHBIC Yachl, IS
OTIpeeNICHNS CIPABETMBOCTHU MPEUIOKEHHI 00 STUX YacaxX HUCIOJIb3YeTCs
JIOTIOJTHUTENIbHAST YacoBasl OICHKA. [akuM oO0pa3oM, CIpPaBeIIUBOCTD
onpenensercs 1t coctosHust S = (I, V) 1 hopMysIbHON 4acoBOW OIECHKH W.
bynem 0603HauaTh yepes VU W OIIEHKY, KOTOpasi I 4acOB M3 aBTOMAaTa X
paBHa V(X) u st GOPMYJIBHBIX YacoB Z paBHA W(Z).

Cemantuka TCTL  ompenensieTcss  OTHOIIEHHEM  BBIOJTHSIEMOCTH
(o003HaYaEMBIM |=), KOTOPOE CBSI3aHO C CHCTEMOM TMepexoioB M,
cocTostHueM (TO3MIIMENH W 4YacOBOM OIICHKOW HaJ dYacaMud aBToMara),
4acoOBOM OLEHKOW Haj (OpMYJIbHBIMH YacaMH, BCTPEUAIOUIUMUCS B @, U
camoii ¢opmyinori ¢. bymem 3ammceiBath (M, (S, W), ) € |= TaKUM
obpazom: M, (s, w) |= ¢. Beipakenue M, (s, w) |= @ BEPHO, €CIIA U TOJBKO
ecii (popmyIa ¢ BBINONHSIETCA B COCTOSIHMU S Mojienu M Han popmysbHON
yacoBoi ouneHkod W. bBynem omyckaTe mMozaenb M B ciiydasx, Korja oHa
SICHA U3 KOHTEKCTAa.

Cocrosinue S = (I, V) ynoBineTBopsieT ¢, eciu «paciIiMpEeHHOE» COCTOSIHUE
(S, W) ymoBieTBOpsieT @, Tie W — JacoBasi OlleHKa Takas, 4ro W(z) = 0 mus
BCeX (hOPMYJIbHBIX YacoB Z.

[Tycte p € AP — aromapHoe upemioxenue, o € Y(Cu D) — dgacosoe
orpannyeHne Hag CuU D, M=(S, ——>) — OeckoHeuHas cuUCTeMa
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nepexogoB, S€S, we V(D) u ¢,y — TCTL-popmysasl. OTHOIICHHE
BBITIOJTHIEMOCTH |= OTIPE/ICTISETCS CIEAYIOIUM 00pa3oM:

s, WE=p < p e Label(s);

s, W=« SvVvuwkEg

e e whg)
sWE@vy) < @6WE)V(EWEY);
s,WE=zing & s, [2w =g
SWHEElpUyl <3seP?(s):3 (i d) e Pos(o):

(o(i, d), w+ A(, i) +d =y A (V(, d) <, d):
oj, d), W+ Ao, j) +d' = v ));
sWEApUyl o VoeP?(s): 3 (i d) e Pos(o):

(o(i,d),w+ Ao, 1) +d |= w A (V(,d)< (i, d):

a(j, d'), w+ A(g, j) +d' = v ).
Jli1s1 aToMapHBIX TPEIOKEHUM, OTPUIAHWUKA W JU3BIOHKIAN CEMAHTHUKA
oIpejiesieHa aHAJIOTMYHBIM 00pa3oM, Kak U paHee. YacoBoe orpaHUYECHHE o
BEpPHO B (S, W), eciaM Bce 3HAYCHHWS 4YacoB B V (OIIGHKE M3S) U B W
yIoBjeTBOpstoT a. Popmyna z in ¢ BepHa B (S, W), ecltd ¢ BepHO B (S, W'),
rjae W' mosyvaercs u3 W myreM oOnynenus Z. @opmyna E[p U y] BepHa B
(S, W), ecim CymecTByeT pacXOJSIIUNACA MyTh ¢, HAYMHAIONIMIACS B
COCTOSIHUU S, KOTOPBIN YJOBJIETBOPSIET { B HEKOTOPOW MO3UIUU MYyTH U
YAOBJIETBOPSET @ V iy BO BCEX MNPEABIAYIIMX MO3UIUsAX myTtu. dopmyna
Alp U y] BepHa B (S, W), €Cilli 6ce pacXOASIIUECs MyTH, CTAPTYIOIIHE B
COCTOSIHUM S, YAOBJIETBOPSIIOT ONMUCAHHOMY TaKOMY K€ YCIIOBHIO.

Cnenyer oOpaTuTh BHHUMaHME Ha TO, YTO B ITOM IIOCJIEIHEM acIeKTe
goruka TCTL mpunyunuaneno omauuaemcs OT HETAUMHPOBAHHBIX
TEMIOPAIbHBIX JIOTHK. [IpuynHAa Takoil TPaKTOBKM COCTOUT B TOM, UTO
gacoBble orpanundeHus B 1CTL ompenmenstoT HE OAHO, a cpasy IIeJbIi
KJIACC COCTOSIHUM (HMKe OyJEeT MOKa3aHo, YTO ITHU COCTOSTHUS HEOTIMUHUMBbI
Ipyr ot apyra). Hampumep, paccMOoTpuM BpEeMEHHOM aBTOMAaT Ha
puc. 2.30 (a). 3anuriem TUTST HETO TCTL-cBoiicTBO
So, W |= E[(x <1)U(x > 1)]. IIpu HeorpaHUUEHHOM OKHIAAHUU B CTAPTOBOI
MO3UIIMHM CBOWCTBO X > 1 00s3aTeNIbHO HACTYMHT, a O HEro Bceraa Oynaer
BBINONHATEC X < 1. [loaTOMy HHTyuIUS MOACKa3bIBa€T, YTO JaHHAs
dopMyna AomKHA OBITH BEpHA B HAYaJIbHOM COCTOSHMHM. TeM He MeHee,
eci Obl CeMaHTHYEeCKass MHTEepIIpEeTaIus 3Toil hopMysbl ObUTa Tako#l ke,
KaK B HETaMHUPOBAHHOM Cllydae, TO BO3HHUKJIA ObI CIIEAYIOIIasi CUTYaLUs:
Ha MyTH MPHUCYTCTBYIOT cocTostaus S Buaa (I, X7), st koTopsix X > 1, HO y
J1000T0 TaKOTO COCTOSIHUSI 00s13aT€NIbHO UMEIOTCS TIPEAIICCTBEHHUKH, IS
KOTOpBIX popmyrna X <1 He BbIMoOJHSAETCS. TakuMu MpeaIIecTBeHHUKaMU
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Ooyayr moObie cocrosuus Bupa (I, X), rme 1<x<x'. HcruHHOCTH

paccmatpuBaeMoil (GopMysbl MemaeT TOT (akT, YTO BEIICCTBEHHBIN
WHTEPBaAJ HE COJAEPKHUT CBOKO HUKHIOKO TPaHb. DTO O3HAYAET, YTO €CIHU B
omnpeneneHun ceManTuku Gpopmynsl E[p U w] 3amennts ycioBue ¢ v i Ha
@, TIOJYYUB TEM CaMbIM MHTEPIPETALNIO, AaHATIOTUYHYIO KJIACCUYECKOM, TO
CBOMCTBO  Sp, W |= E[(x<1)U(x>1)] mig yKa3aHHOTO BPEMEHHOIO
aBTOMaTa BBINIOJNHATHCS He Oyner. Takas crneuuduka BbI3Baja Obl
HeynoOCcTBa npu paboTe ¢ TEMIMOPATbHBIMU (OPMYJIaMH, U TIOITOMY JUIs
dbopmyiel Buaa E[¢p U ] BeiOpana npyras ceMaHTHKA, KOTOpask YIUTHIBaeT
O0COOCHHOCTH BEIIECTBEHHBIX MHTEPBAJIOB M B KOTOpOM Takas (opmyina,
kak E[(x <1)U(x>1)], BeImonHseTcs. OTa ceMaHTHKAa I (HOPMYI ¢
YaCOBBIMHU OTPaHUUYCHUSMHU OKa3bIBaeTCs OoJiee yAauHOW, B OTJIMYHE OT
HETAMHUPOBAHHBIX JIOTHK, B KOTOPBIX OHA SKBHBAJICHTHA KIJIACCHYECKOU
cemanTuke. JleiictButensHo, Ha LTL-moodenax xmaccuueckue (opmyisl
nytd [a U f] u [(a v S)U B] skBUBaJICHTHBI (PH 3TOM BTOpas U3 HUX B
TaiMUPOBAHHOM CITy4yae COOTBETCTBYET TOM MHTYMIIMU, KOTOpas BIOXKEHa
B cemantuky 1CTL-popmyn E[p Uw] u Alp Uy]). Hua npunsroiu
CEMAaHTKH TalMHpPOBAaHHBIX (OPMYJ Ha BpPEMEHHBIX aBTOMAaTax
OKBUBAJICHTHBIMU SIBIISIOTCSI, COOTBETCTBEHHO, Tapbl Gopmyn E[p U w] u
Elle vy)U yl, Alp U yluAllp v y)U yl.

Paccmorpum Temeph B kauectBe npumepa dopmyny E[p Upw] u
cocrostHue S B M. OTa opmyiia 03Ha4aET, YTO CYLIECTBYET PaCXOASAIIUNCS
nyTh (HAYMHAOMIMKCS B S), KOTOPBHIA HWMEET HavyaldbHBIM mpeduxc,
IpoJIeBAIOIINICSA MeHee 12 eMHUIl BpEeMEHH, TaKOH, YTO i BBIMOIHSIETCS
B KOHIE mpeduKca W ¢ BBHINONHIETCI BO BCEX MPOMEKYTOUHBIX
cocrosuusx. Popmyna Alp U, ] Tpedyer, 9TOOBI 3TO CBOMCTBO OBIIO
BEPHBIM JJIs1 BCEX PACXOISIINXCS MyTel, HAYNHAIOIINXCS B COCTOSTHUM S.

Pacmmpenue BoipasutensHocTn CTL acmektamu peambHOTO BPEMEHHU
TpeOyeT OIpeAesieHHbIX 3aTpaT. BcmoMHMM, 4TO 3a7ada BBIIOJHUMOCTH
JUTSl HEKOTOPOM JIOTMKU COCTOMT B CIIEYIOIIEM: CYIIECTBYET JI Mojesib M
(mnst 3TOW JOTMKM) Takas, yto M |= @ anda 3amgaHHou Gopmynsl ¢? s
LTL u CTL BemosnumMocTs pazpemmma, Ho s 1CTL oka3biBaeTcs, 4To
3a/laya BBINOJHUMOCTH CUTbHO Hepaspewiuma. B NeHCTBUTEBHOCTH, IS
OOJNBIIMHCTBA JIOTMK pEaJbHOTO BPEMEHM 3aJaya BBIIOJHUMOCTH
Hepa3peuimma: TOJIbKO OdYeHb ciabas apudMeTuKka HajJ JUCKPETHOU
BPEMEHHON 00JacThl0 MOXKET TIPUBECTH K JIOTHKE, i1 KOTOpPOH
BBIMOJIHUMOCTH paspernma [40].

Eme omHo pa3nuuume C HETAMMHUPOBAHHBIMH BapHaHTaMH COCTOUT B
pacUIMPEHUH JIOTUKU OINEepaTOpaMU Hpeoulecmeosanusi — OINepaTOPaMu,
KOTOpBIE CCBLIAIOTCSA Ha mpomuioe BMecto Oyaymero (kak F, U u G).
[TpumepamMu omepaTopoB MPEANIECTBOBAHUS SBISIOTCA X (ABOWCTBEHHBIH
k X) u U (nBorictBennsiii k U). U3BecTHO, uTo pacmupenne CTL u LTL
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orepaTopamMM IpPEAIIECTBOBAHUS HE IOBBIAET UX BbIPAZUTEIBHOCTH.
['maBHas mpuuYMHA PACCMOTPEHUs TAaKUX OINEPATOPOB JJs ATHX JIOTHK
COCTOMUT B YBEJIMYEHUHU YAO0OCTBa crielu(UKalMU — HEKOTOPbIE CBOWMCTBA
aerye (HopMynHpoBaTh, KOTJAa BKIKOYEHBI ONEPAaTOPbl IPEIIIECTBOBAHUS
(mpu 3TOM (hopMyJIBI TOJIydaroTcs 3HauuTesnbHO Kopoue). Jmas TCTL,
OJTHAKO, 3TO He Tak: pacmupenue 1CTL omepaTtopamu mpeiiecTBOBaHUs
YBEJIMYMBAECT €€ BbIpazutenbHOCcTh [41]. IlpoBepka moneneil nns Takou
JIOTHKH, OJTHAKO, BCE €I[¢ BO3MOXKHA, U €€ CIIOKHOCTh B XY/IIEM CIydyae He
YBEJIMYUBACTCSI.

2.5.5. Cneundukaums BpemMeHHbIx ceoncte B TCTL

B »sTOoM paznmene OyAayT paccMOTpEHbl HEKOTOpPHIE PpPacCHpOCTPaHEHHBIE
BpEMEHHBIE TpPEOOBaHUs MJIsi CHCTEM, KPUTHUYHBIX KO BPEMEHH, U ITH
cBoiicTBa OyayT hopmanpsHo crienuduimpoans B TCTL.

1. TpeboBaHue MAKCUMATbHOU 3A0epIAHCKU: crienupuIupyeT
MaKCUMATBHYIO 33JICPKKY MEKIY HACTYIUICHUEM COOBITHS U PEaKIIHCH.
Hanpumep, 3a kax10ii nepenaveil COOOIIEHHs CIIETyET OTBET B TEUECHUE
5 enuHULl BpeMeHU. POopMaIbHO:

AG[send(m) — AFs receive(ry)],

re MpearnojaraeTcs, 4To M u [y, yHUKaabHBl, B 4Tto Send(m) wu
receive(ry,) BBIIOJIHSIIOTCS, €CIM M IOCIAaHO, W, COOTBETCTBEHHO, €CIIU
I'm TIOJTY9EHO, ¥ HE BBITIOJIHSIIOTCS B POTUBHOM CITydJae.

2. TpeOoBanue moyHocmu: CHCHUPHUIMPYET TOUHYIO 3aJCPIKKY MEKIY
coObITusiMU. Hanpumep, cyiiecTByeT BHIYMCIEHUE, B TEUEHUE KOTOPOTO
3aepKKa MEXKIy Iepefadyedl M M IOJYyYEHHEM OTBETa COCTABIISIET
poBHO |1 ennnnn Bpemenn. @opmanbHO:

EG[send(m) — AF-y; receive(ry)].

3. TpeboBanue nepuoouunocmu: cnenuPUIMPyeT YCIOBHE, YTO COOBITHE
HACTymaeT B TEYCHHE ONpeAesieHHOro mepuoia. Hampumep,
pacCMOTPHM MaIlMHY, KOTOpas JeJIaeT OTBEPCTHS Ha JIBMOKYILEMCS
peMHE, KOTOPBIM MepeMenaeTcsi ¢ MOCTOSHHON CKOpOCThIO. J[ms Toro
yTOOBl O0ECIEUUTh PABHOE PACCTOSHUE MEXKIY IOCIeI0BaTEIbHBIMU
OTBEPCTUSIMH HA PEMHE, OT MAaIIMHBI TPeOyeTCs JellaTh OTBEPCTHS C
IEPUOIOM, HAlPUMEp, B 25 BPEMEHHBIX €IUHHUII. DTO MEPHUOIUICCKOE
MOBEJICHNUE MOYKHO IOIIBITATHCS CHCHHUPHUIIMPOBATL POPMYJIONH
AG[AF-,5 putbox],
rIe aTOMapHoe NpeaoKkeHre Putbox BeIMOMHSACTCS, €ciaM MalluHa
JIeJIaeT OTBEPCTHE HA PEMHE, U HE BBIIIOJHICTCS B MMPOTUBHOM ClTydae.
Taxkas dbopMyIMpOBKa, OJTHAKO, IPEIITUCHIBACT JeNIaTh
JOIIOJIHATEIbHBIE ~ OTBEPCTHSI ~ HAa  PEMHE  MEXIy  JByMs
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MOCTIECIOBATEILHBIMA ~ CO3JAHUSIMU ~ OTBEPCTUM, HWHTEPBA  MEXKIY
KOTOpbIMH 25 enuHull BpemeHu. Hampumep, MaiimHa, KOTOpas
YJOBJICTBOPSIET BBIICYKa3aHHON (OPMYJIHUPOBKE, JOJKHA JeiaTh
OTBEPCTHSI HA pEMHE HE TOJIbKO B MOMEHTHI Bpemenu 25, 50, 75, ..., HO
U, HarpuMep, B MOMEHTHI BpemeHu 35, 60, 85, ... Iloatomy Ooiee
To4HAas! OPMyITHPOBKA TPEOOBAHUS IEPUOTUNIHOCTH TaKOBA!
AG[putbox — —putbox U-,5 putbox].

D10 TpeboBaHUEe CHEIUUITUPYET 3aJEPKKYy B 25 €AUHUIl BPEMEHH
MEXIy TIOCJIEAOBATCIBHBIMU CO3JaHUSIMU OTBEPCTUH M BI00ABOK
TpeOyeT, YTOOBI TaKKME COOBITHS HE CITy4YaucCh B IIpOMG)KyTKaXS.

4, TpeboBaHue MUHUMANBLHOU 3a0epicKuy: CICTUPUITUPYET MUHUMATILHYIO
3aJIep KKy Mexay coobiTusimMu. Hammpumep, aiis Toro ytoObl yOeIUTHCA B
0€30MacHOCTH KEJIE3HOJOPOKHON CHCTEMBbI, 3aJlep>KKa MEXIY JIBYMs
Moe3laMu Ha Imepee3ie JOJDKHA ObITh cleflaHa kak MuUHUMyM 180
equuull BpemeHu. Ilycte tac — aTtomapHoe mpemsioKeHUue, KOTOpoe
BBIMIOJIHSAETCS, KOTJa Moe37 Ha mepeesae. TpedoBaHHEe MUHHMAIbHOMN
3a/ICP’KKU MOKET OBITh CPOPMYITUPOBAHO CIAEAYIOITUM 00pa3oM:
AG[tac — —tac U. g tac].

[Tpuunna MCIIOJIb30BAHUS until-koHcTpyKITHH aHAJIOTUYHA
IpeabLAYIIEMY CIy4aro JJIs ePUOIUIHOCTH.

5. TpeboBanue ummepsanvhol 3adepiicku: cnenUUIUPYET YCIOBUE Ha
COOBITHE, KOTOpPOE JODKHO HACTYNHUTh B TEUYCHHE OIPEIACICHHOTO
WHTEpBaja IMocie Apyroro coowrtus. [Ipenmonoxkum, HampuMep, 9TO C
LENbI0  YIYYIICHUS TPOMYCKHONM CIIOCOOHOCTH JKEJIE3HOAOPOKHOM
CUCTEMBI TpeOyeTcs, 4YTOOBI MOe3/1a HAXOAWINCh Ha PACCTOSHUU
MaKCUMyM B 900 BPEMEHHBIX e IUHULI. bezomacHocTh
KEJIE3HOOPOKHON CHUCTEMBI JOJDKHA OBITh coxpaHeHa. DopMaibHO,
MOXXHO JIETKO PpaCUIMPUTh Mpeablaylee TpeOOoBaHUE MHHUMAIbHOU
3aJICPKKU:

AGJtac — (—tac Us g tac A —tac U< g0 tac)].

B xadecTBe anpTepHATHBBI MOYKHO 3aIHCATh:

AG [taC — —tac U:lgo(AFS 720 taC)].

Ota dopmyna cnenubuUIUpyeT YCJIOBHE, YTO TMOCJE TOTO Kak IOe3]
OKa3plBaeTca Ha mepeesne, npoxoaut 180 enuHul BpeMeHH
(TpeboBaHne 0€30MacCHOCTH) Mepe] TeM, KakK HpUOyAeT CieayroNuii
Moe3q, TMpUYEeM CICAYIOIUA T1oe3d NpuObIBaeT B  TCUYCHHE

8 Mo>xxHo MMOUHTCPECOBATHCA, IIOUCMY TaKasAd KOHCTPYKIHA HE HCHOJB3YCTCA JIA

TpeOOBaHUS TOYHOCTH. OTO cienyer u3 Toro ¢akra, 4YTOo [y YHUKaIbHO.
CnenoBatenbHO, receive(r;) MOXKET BBINOJIHATHCS MAaKCUMyM OJHOKpPATHO. JTO
HEBEpHO JUIs mpenukara PutboX, Tak Kak CO3JaHWE OTBEPCTHH Ha pPEMHE
IIPEIII0JIaraeTcsl MOBTOPSIOLIMMCS POLIECCOM.

126



720+ 180 =900 BpemeHHBIX enuHHUI] (TpeOOBaHHE MPOITYCKHOM
CITOCOOHOCTH).

2.5.6. OKBMBaNEeHTHOCTb YacoOBbIX OLIEHOK

OTHOILIEHHE BBINOJHAEMOCTH |= s TCTL ompeneneHo HE B TEPMHUHAX
BPEMEHHBIX aBTOMAaTOB, @ B TEPMHHAX OECKOHEUYHBIX CHCTEM IEPEXOOB.
3amavya IpoBEpPKU MOJENEH I BPEMEHHBIX aBTOMATOB MOKET JIETKO OBITH
ompenenena B tepmuHax M(A) — cucremsr mepexonoB Hax A. Ilycts
So = (lo, Vo) — Hauanvrnoe cocmosinue M(A). 3nech lg — HavaabHAS TO3UIHS
A, U Vo — 9acoBas OIICHKa, KOTOpasl MPHCBAMBACT HYJIEBOE 3HAUCHHE BCEM
yacam u3 A. Tenepb MOXXHO (hOpManu30BaTh YTBEPXKIEHUE O TOM, UTO
BPEMEHHOU aBTOMAT yjoBieTBopseT 3aaanHon TCTL-dhopmyre.

Hns TCTL-popmyibl ¢ u BpemeHHOTro aBToMara A Oyzaem mucath A |= ®,
ecmd u Toimbko eciu  M(A), (So, Wo) |= @, toe Wo(y)=0 mis Bcex
(OpMYIIEHBIX YacoB Y.

PaccmarpuBaemasi 3ajaya mpOBEpKH MOJENIEd COCTOUT B ONpENETICHUH,
YIOBIIETBOPSIET JIM 3aJlaHHbIA BpeMeHHOW aBToMar A HekoTopor TCTL-
dbopmyne ¢. ba3zoit st mpoBepKH MOJENM aBTOMara A SIBIISIETCS CHCTEMa
nepexonoB M(A). I'maBHas mpobJieMa, 0JJHAKO, B TOM, YTO MPOCTPAHCTBO
coctosiuuii M(A) — muaokectBo L x V(C) — sBnsiercs 6eckoneunvim! 310
MPOUJUTIOCTPUPOBAHO Ha puc. 2.33 (HampuMmep, IJisi BpEMEHHOTO aBTOMaTa
C OJIHO¥ MO3UIIMEH, HHBAPHUAHT B KOTOPOi paBeH true).

Puc. 2.33. IIpumep 6ecKOHEUHON CUCTEMBI IEPEXOI0B

Kakum o00pa3zom MoxkHO 3((EKTUBHO NPOBEPATh, BEpHA M 3aJaHHAS
dopmyna st M(A), eciiu TpeOyeTcst paccMaTprBaTh OSCKOHEUHOE YHCIIO
COCTOSIHUM?

N3 paccMOTpeHHsI OMUCAHHBIX BbIIIE BPEMEHHBIX aBTOMATOB CJIEAYET, UTO
YHUCJIO COCTOSIHMM BPEMEHHOro aBToMara OeckoHeuHo. KiroueBas umpes,
KOTOpasi YNpOIIAeT MPOBEPKY MOJENEe BPEMEHHBIX AaBTOMATOB (U
NOJOOHBIX CTPYKTYp), COCTOMT B TOM, 4YTOOBI BBECTH MOJIXOJAIIEE
OTHOIIIEHHE SKBHUBAJIEHTHOCTU (X) Ha 4YacOBBIX OIIEHKAaX Takoe, 4YTO
00eCreunBalOTCs: KOppeKmMHOCcmy (SKBUBAJICHTHBIE YacOBBIE OLEHKU
yAOBIETBOPSIOT onuHaKkoBbIM [CTL-popmynam) u xoreunocms (4ucio
KJIACCOB SKBUBAJIEHTHOCTU HAJ & KOHEYHO).
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CBOWMCTBO KOHEYHOCTH TIO3BOJISIET 3aMEHUTh OECKOHEYHOE MHOMXKECTBO
YaCOBBIX OIICHOK KOHEYHBIM MHOXKECTBOM (MHOXKeCTBamH). BmoOaBok
CBOMCTBO KOPPEKTHOCTU TapaHTHPYET, 4TO Uil Mojaenu M 3Tu dacoBbIe
OIICHKH yAoBIeTBOpsitoT TeM ke CTL-hopmymnam. Takum obGpazom, He
cymectByeT TCTL-bopmynsl, KoTopas pas3auvaeT OECKOHCYHYIO W
HKBUBAJICHTHYIO €1 KOHEUHYIO YacOBYIO OIleHKY. DopmaiibHO, 715 TH000T0
BPEMEHHOTO aBTOMaTa A 3TO IPUBOJIUT K CIACAYIOMIEMY COOTHOIICHHIO:

M(A), ((I, v), W) = ¢ ecm m Tommsko eciim M(A), ((I, V'), W) F=¢
AV UW=V UW.

KnroueBoe HaOmofeHrne, KOTOPOE MPHUBOIUT K OMPEACIICHUIO 3TOTO
OTHOIIICHUSI IKBUBAJICHTHOCTH, COCTOMT B TOM, YTO MYTH BPEMEHHOTO
aBToMaTa A, HAYMHAIONIUECS B COCTOSHHUSAX, KOTOPHIE COTJIACYIOTCS B
HEJIbIX YaCTSAX 3HAYCHHM BCEX YacoOB M B MOPSIKE JPOOHBIX YacTe Bcex
94acoB, OYCHB MTOX0XKH. B 4aCTHOCTH, TIOCKOJIEKY BPEMEHHBIC OTPAaHUUICHUS
B TCTL-dopmynax ccpUlalOTCs TOJBKO Ha HaTypaldbHbIE YHCIa, HE
cymectByeT TCTL-popMmynsl, KoTOopas pa3iMdaeT dOTH  «IIOYTH
OJIMHAKOBBIe» MyTH. ['py0O roBOpsi, IBE YaCOBBIX OLIEHKU SKBUBAJICHTHBI,
€CJIM OHU yJIOBJICTBOPSIOT ABYM BBIIIEYIIOMSHYTHIM OorpaHudeHusIM. Kpome
TOTO, €CJIM TOKa3aTellb YacOB MPEBHIIIAET MAaKCUMaJIbHYIO KOHCTaHTY, C
KOTOPOH OH CpPaBHUBAETCS, TO €r0 TOYHAS BEIMYMHA HE MMEET 3HAUCHHUS.
OT0 HaOIIOJIEHUE TO3BOJIAET CJENaTh YHUCIO KJIACCOB YKBUBAJICHTHOCTH,
MOJIYYCHHBIX TAKUM 00pa30M, HE TOJIBKO CUCTHBIM, HO U KOHEYHBIM.

Tor (¢akr, dYTO YMCIO KJIACCOB DSKBUBAJEHTHOCTH KOHEYHO U
skBuBasieHTHbIe TCTL-MOmenn BpeMEHHBIX aBTOMATOB YAOBIETBOPSIOT
OJIMHAaKOBBIM (oOpMyjaM, HABOJUT HA MBICIb O TOM, 4YTO IPOBEpKa
MoJieNiel A0 KHA BBIMOIHATHCSA Ha 0aze 3TuX kiaccoB. KoHeuHass Mozenb,
KOTOpass MOJy4yaeTcs W3 BPEMEHHOTO aBToMara A, Ha3bIBaeTCs €ro
pecuonnvim asmomamom. COOTBETCTBEHHO, KJIACChl IKBUBAJICHTHOCTH HAJl
~ Ha3bIBalOTCA pecuonHamu. [IpoBepka MoJenM BPEMEHHOTO aBTOMATa,
TakuM 00pa3oM, CBOAMUTCA K MPOBEPKE MOJENeH CBA3aHHOIO C HUM
KOHEYHOI0 PErMOHHOTO aBTOMara. JTa CBOJHAs 3ajladya MOXET OBITh
pellieHa TeM K€ MyTeM, Kak ObUIO MMOKa3aHO paHee AJIs MPOBEPKU MOJeNen
BeTBAlIeicS TemmnopanbHOW Joruku CTL — myreM HTepaTUBHON
MapKUPOBKH COCTOSHUU MOA(pOpMyJaMu MPOBEPSIEMOro cpoiicTBa (Oynaer
paccmoTpeno mno3aHee). I[loaTtomy, TpyOO TOBOpS, npogepka mooenu
spemennoz2o asemomama omuocumenvro TCTL-¢hopmynvl skeusanrenmua
npogepke Mmoolenu e20 pecuonHo2o asmomama omuocumenrvHo CTL-

Gdopmynol.
[ToaBens uror, U3noXXuM MeTona npoBepku mojaeneit as TCTL-popmyb
@ Haa BpeMeHHbIM aBTOMatoM A. O003HAUMM KJIacC KBUBAJECHTHOCTHU

4acOBOM OIIEHKH V HaJ OTHomeHueM =~ depe3 [V]. Kak Oymer ykazaHo
HUKE, PETMOHHBIA aBTOMAT 3aBUCHUT TaKXE€ OT YACOBBIX OTPAaHUYECHUU B
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npoBepsieMor (popmysie, HO Y4ET ATOU 3aBUCUMOCTH C IIEJIbI0 YIPOIICHUS
3/IECh OITyCKaeTCsl.

B nanpneimem Oymem o6o3nauath (I, [V]) wepes [S] mist s = (I, v). Kpome
Toro, OymeMm mucaTth [S, W] kak cokpamenue st (I, [vu w]), rme w —
gacoBas OIICHKa Haja (GopMyidbHbIMH dYacamu. Tawke mia S=(l,Vv) u
s'=(I',v') Oynem wmcronp3oBaTh 3ammMch S, W~ S', W', mojapa3yMeBasi IO
9THM OJHOBPEMEHHOE BBHIMIOJHCHWE paBEHCTBA S=S © YCIOBHUA
VUW=RV UW.

bazoBeiit cioco6 mposepku TCTL-Mozaeneil ansi BpeMEHHOTO aBTOMaTa
COCTOUT B CJIEYIOIIEM:

OnpenenuTs KJ1acChl SKBUBAICHTHOCTH (PETUOHBI) Ha/l OTHOIICHUEM <.
[TocTpouth peruonusiii aBToMat R(A).
[Mpumenuts nporenypy nposepku moxaeneir CTL x R(A).

A |= ¢ €CIIN ¥ TOJBKO eCIIH [So, Wo] € Sat(¢).

o e o

CIIEYIOIEM pazjiene OyIeT pPacCMOTPEHO IOCTPOEHHUE PErMOHHOTO
aBTomaTa R(A). Haunem ¢ oOCy»xIeHUS B JCTAISIX UACH PACCMOTPEHHOTO
BBIIIE OTHOIICHMS =~. Tak Kak ujes SKBUBAJICHTHOCTH HMMEET KIIFOUEBYIO
BXHOCTh JUIS OTOTO TOAXOAa, €€ OmpefelieHue OyAeT TMOsSCHEHO
MIPUMEPAMH.

I[anee IIpr 3allMCHU YaCOBBIX OLICHOK HCIIOJB3YCTCS CICAYIOIIAasl HOTALUA.

Jns gacoBoii oreHku V: C —R" u gacos X € C myctb V(X) = [X] + {X}, rme
[X] — »TO Henas yacTh 3HaUECHUSA YacoB U {X} — ApoOHast yacTh. Hampumep,
st V(X) = 2.134 umeem [X] =2 u {x} = 0.134. TlocTpocHHE OTHOMICHHS ~
Ha YacOBBIX OIICHKAX MCXOAWT M3 4YETHIpEX HAOIIOACHUH, KOTOPBIE
NOCJAEI0OBATEAbHO  BEAYyT K  YIYYIICHHIO  NPEACTaBICHHS 00
9KBUBAJICHTHOCTH. [lycTh V M V' — JIBe 4aCOBBIX OIICHKH, OINPEICICHHBIC
HaJl MHOKecTBOM 4acoB C.

IlepBoe HaGawaeHue. PaccMoTpuM BpeMEHHON aBTOMAT, M300pa’KEHHBIN
Ha puc.2.34, u crueaytomme coctosaus aBtomata: (lo, V) u (lp, V') ¢
v(x) =3.2 u V'(X) =3.7. B oboux cocTtosHusix pedpo u3 nozunuu lg B |
aKTUBHO B JI0O0OOM MOMEHT BpPEMEHH, MPEBOCXOISIINI WM paBHBIN 2.
JlpoOHbie yactu V(X) 1 V'(X) HE BIUSIOT Ha €r0 aKTHBHOCTh. AHAJIOTHYHO,
eci V(X) = 1.2 u V'(X) = 1.7, TO peOpo OJOKUPOBAHO JJis 00CHUX YaCOBBIX
OLICHOK U JpPOOHBIE YacTU CHOBA HecylleCTBEHHBI. [loCKOJbKY, BOOOIIE
TOBOPSI, YAaCOBBIC OTpaHWYEHUS] UMEIT BUJI X ~C, e C € N, MOxHO
CUMTATh, UTO TOJBKO I[EJIbIE€ YACTHU YaCOB UMEIOT 3HAYEHUE. DTO MPUBOJIUT
K IIEPBOMY MPEJIOKEHUIO 00 SKBUBAIICHTHOCTH YaCOB:

o V=V, tonbko eciu [V(X)] = [V'(X)] ams Bcex X € C. *)
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DTa OCTATOYHO TMpOCTasl HWies MPUBOAUT K CYETHOMY (HO BCE eIle
OECKOHEUYHOMY) 4YHCIY KJIaCCOB HKBUBAJIGHTHOCTH, HO 53TO CIHUIIKOM
rpyboe nenenue. IlpuumHa COCTOMT B TOM, 4YTO 0JTO JICJICHHE
OTO’KJIECTBJISICT YAaCOBBIE OLIEHKH, KOTOPBIC pa3iuuuMbl B TepmuHax 1 CTL-

bopmyiL.

X>2

L@
{x}

Puc. 2.34. YacoBbie OILIEHKH, COTIACYIOLIUECS B LIEJIBIX YACTSAX, IKBUBAJICHTHbI

Bropoe naGawaenue. PaccMoTpuM BpeMeHHOM aBTOMar Ha puc. 2.35 U
cieayromme ero coctostaus: S = (lp, V) u s' = (lo, V') ¢ v(x) = 0.4, v'(x) = 0.2
u V(y)=Vv'(y)=03. B COOTBETCTBHMM ¢ pPACCMOTPCHHBIM  BBIIIIE
NPEUIOKEHUEM, MOKHO UMeTh V ~ V', Tak Kak [V(X)] = [V'(X)] =0 u To xe
camoe i1 yacoB Y. OHAKO M3 COCTOSHHUS S MOYKHO JOCTHYb HMO3HMIHUH
TOTJa KaK 3TO HEBO3MOXKHO JUISI COCTOSHUA S'. DTO MOXHO OOBSCHUTH
cineayromuMm obpazoM. PaccMoTrpuMm coctrosHue S depe3 0.6 eTUHHUIIBI
BpeMeHu. Ero wgacoBas omenka V+ 0.6 o3nagaer (V+0.6)(X)=1 w
(v + 0.6)(y) = 0.9. B aToii yacoBoii orieHKe pedpo, kotopoe Beaet u3 ly B 1y,
aktuBHO. Eciam mocne mnpoxoxaeHus 3toro peOpa B mo3ummu |y
HoCJIeI0BaTeIbHO MO0k AaTh 0.1 eIMHUIBI BpeMEHH, TO pedpo, KOTOpoe
BeAer B mnosunuio |, cranmer aktuBHBIM. J[ng S' He cyliecTByer
AHAJIOTHYHOTO clieHapus. YTOOBI MOMAcTh U3 COCTOSIHUS S' B MO3MUIHMIO |,
MOKa3aHUsl YacOB X JIOJDKHBI OBITh yBenu4eHbl Ha (.8 eaMHHIBI BpEMEHH.
Onnako teneps V'(y) = 1.1 u pe6bpo B |, Oymer mocTostHHO OJOKHPOBAHO.
Baxknoe paznmmuune mexay V u V' cocrout B ToM, uto {V(X)} > {v(y)}, HO
{V'(X)} <{v'(y)}. Dro TUpPHBOOUT K CICAYIOIIEMY PAaCIIMPEHUIO
npeioxenus (*):

o V(X)} <{v(y)} ecnm u Tompko ecim {V'(X)} <{V'(y)}
s Beex X, Y € C. (**)

P€3y.]'IBTI/Ipy}OH_Ia${ OKBUBAJICHTHOCTb CHOBA IMPHUBOAWUT K CUYCTHOMY YHCITY
KJIAaCCOB 3KBUBAJICHTHOCTH, HO BCC CIIIC CIIUIITKOM FPY6a$I.

x=1 =1
— (DL

Puc. 2.35. [Topsgok qpoOHBIX YacTeil 4aCOBBIX OIEHOK B Pa3IMYHBIX YacaX BayKEH

Tperbe Hadoaenue. PaccMoTpuM BpeMeHHO# aBTOMaTr Ha puc. 2.36 u
cneayromue cocrostaus: S = (I, V) u "= (lp, V') ¢ v(X)=0 u Vv'(x) =0.1.
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B cootBeTcTBUM ¢ mpemnoxeHusmu (*) u (**) umeem V= V', oHaKoO, B
COCTOSIHUSX S W S BBINOJHSIOTCS pasHble (Gopmynsl. Hampumep,
S,W|=EF:1 p, HO S',W FFEF., p, Tme p — aToMapHOe NpPEIIOKEHHE,
KOTOpPOE BEPHO TOJILKO B mo3uimu l;. ['maBHOE pasmuume Mexay V u V'
COCTOWT B TOM, YTO 4Yachl X B S B TOYHOCTH paBHbI 0, Torga Kak B
COCTOSIHUU S' OHM Yyke nponuid 4yepe3 0. DTo MpUBOIUT K PaCIIMPEHUIO
npeioxkennit (*) u (**) cienyromum yclioBUeEM:

o {v(X)} =0 ecam 1 Tombko ecim {V'(X)} = 0 st Bcex X € C. (***)

Pe3ynpTupytomas SKBUBAJIEHTHOCTh OOJbIIE HE SBISECTCS CIUIIKOM
rpyooii, HO Bce elie BeJeT K OECKOHEYHOMY, a HE KOHEYHOMY YHCIY
KJIACCOB DKBUBAJICHTHOCTH.

O=—0
Puc. 2.36. LlenouncineHHbie 3HAaYCHHS 4acOB
JIOJKHBI OBITH B COOTBETCTBHH JIPYT C APYTOM

YerBepToe HaOmonenue. Ilycth C, — MakcumanbHas KOHCTaHTa, C
KOTOPOH Yachl X CPaBHHUBAIOTCS B YaCOBOM OTpaHMUYEHUH BUAA X ~ C WIH
X—y~C B paccMaTpuBacMOM BpPEMEHHOM aBTOMaTe. JTO YacOBOE
OIpaHUYCHUE TOSIBJIICTCS B AKTUBUPYIOIIEM YCJIOBUH, CBSI3aHHOM C
peOpom, wimu B wWHBapuaHTe. [lOCKONBKY Cy SIBISICTCS HAWOOJBIICH
KOHCTaHTOM, C KOTOPOM X CpAaBHUBAETCH, OTCIOAA CJIEAYET, YTO €CIH
V(X) > ¢y, TO pakTHUECKOE 3HAUCHHE X HecylnecTBeHHO. Camoro (akTa, 4To
V(X) > Cy, JOCTATOYHO IS OIPEACICHHS AaKTUBHOCTH BceX pebep BO
BPEMEHHOM aBTOMATE.

B xoMOuHammu ¢ Tpems BBINICYKa3aHHBIMU YCIOBHSIMH 3TO HAOIIOACHUE
NPUBOJUT K KOHEYHOMY HYHCIYy KJIacCOB OJKBUBaJICHTHOCTH. Jlis
OIPEIICIICHUs] 3TUX KIACCOB BaXHBI IICJbIE YaCTH YAaCOB BILUIOTH JIO
omnpeaeneHHoN rpanuiibl ((*) ¥ yeTBepTOe HAOIOACHKE) TUTFOC TIOPSI0K MX
IpoOHBIX yacTed (**) u daxt, paBHBI IPpOOHBIE YACTH HYJIIO WIIA HET (***).
[Mocnennue aBa ycloOBHS Teleph TAaKXKe BaXKHBI, TOJIHKO B TOM clydae,
KOTJa 4yachl He MPEBBbINIAIOT uXx rpanuiyy. Hampumep, eciu V(y) > cC,, TO
pPaBEHCTBO JApOOHOI YacTH Y HYIIO HE MTPAeT POJIH, TaK KaK 3HAYCHHE Y B
T1000M citydae 0osibiiie He Oy1eT TPOBEPEHO.

B koHeyHOM cuere, TMPUXOJUM K CIEAYIOIIEMY OINpPEACICHUIO
SKBUBAJICHTHOCTH YaCOB.

[Tycte A — BpeMeHHOHM aBTOMAaT ¢ MHOKecTBoM vacoB C u v, V' € V(C).
Torma V~V', ecnmi U TOJBKO €CITM OJHOBPEMEHHO BBIMIOJIHSIOTCS YETHIPE
YCIIOBHSL:
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1. [v(X)] = [V'(X)] mmm v(X) > ¢, 1 V'(X) > ¢y 1st Becex X € C.

2. {v(x)} <{v(y)}, ecim 1 Tonbko ecim {V'(X)} <{V'(y)} ms Bcex X,y € C
Takux, 410 V(X) < ¢, n V(y) <cC,.

3. {v(x)}=0, ecmu u tompko ecimu {V'(X)} =0 mma Bcex X € C mpu
V(X) < Cy.

4. Ilna nro6oi moadopMyiibl Buaa X —Y ~ C B 4aCOBBIX OTPAHHUCHUSAX U
moboro ~~ € {<,<} HepaBeHcTBO V(X)—V(y) ~~C BEpHO, €CIIH W
ToJibko eciu V'(X) — V'(y) ~~ C.

DT0 ompeneacHUe MOXKET OBITh M3MEHEHO HEITOCPEICTBCHHBIM 00pa3oM,
yTOOBl OTHOIIIEHHE = OBUIO ONpPEACICHO Ha MHOXKecTBe 4acoB C' Takowm,
gto Cc C'. Drto oxBarur ciydail, korma B C' Takke BKIIOYEHBI
dbopmyIbHBIE Yachl (IOMUMO YacoB aBToMara). st GopMyJIbHBIX YacoB Z
B pacCMaTpUBa€MOM CBOMCTBE ¢ 3HaUeHHUE C, — HanOOJbIas KOHCTAHTa, C
KOTOPOM Z CpaBHUBACTCSl B YaCOBOM OIPAaHUYCHUU BUAa Z ~ C Wik Z — Y ~ C,
comepxkamemess B (opmyne  ¢. Hanpumep, 181 dopmydsl
ZINAF[(pAz2<3) v (g AzZ>4) A (z—x>5)] 3HaueHue C, paBHO 5.

IIpumep. PaccMoTpum BpeMeHHo# aBToMar Ha puc. 2.30 (a). OH umeet
MHOJKECTBO 4YacoB {X} C Cy=2, TaKk Kak €JIUHCTBEHHOE YacoBOE
orpaHuyeHue X > 2. byjeM nocTeneHHo CTPOUTh PETHOHBI 3TOTO aBTOMATa
yTEM PACCMOTPEHHUS KaXKIOTO YCIOBUS B ONPEAEIICHUU OTHOLIECHUS & IO
OTICIBHOCTH. YacoBble OLEHKH V W V' 3KBHBaJieHTHBI, eciu V(X) u V'(X)
OpUHAIKAT OJHOMY M TOMY JK€ KIAcCy »OKBHUBAJICHTHOCTH Ha
BEILECTBEHHOM MOJyNpsiMOi (B oOLIeM citydae sl N 4acoB 3TO MPUBOIUT

K PAacCMOTPEHHIO N-MepHOro mpocTpaHcTBa Hang R'). Jns ynoOcTsa
0003HauMM Yepe3 [X ~ C] cokpaieHue {X|X~C} sl HaTypaJbHOTO C U
oTiepaliiy CpaBHEHUS ~.

1. TpeboBanme Ttoro, uro [V(X)] =[V'(X)], mpuBogMT K cCiemyromEMy
pa3OMEHUIO BEIIECTBCHHOM MOTYyIIPSMOM:
[0<x<1],[1<x<2],[2<x<3],[3<x<4],...

2. Tak kak Cy = 2, I AAHHOTO aBTOMaTa HE CIEAYeT NeJaTh Pa3IHyHsI
Mexay omeHkamu V(X) =3 wm V'(X) =27. Takum o00pa3oM, KIacchl
SKBUBAJICHTHOCTH, KOTOPBIE TOJYYAOTCS TPU PACCMOTPEHHH IIEPBOTO
TpeOOBaHMSI B ONPEACIICHUH OTHOIICHHSI ~, TAKOBBI:

[0<x<1],[1<x<2],[x=2]u[x>2].

3. B cooTBeTcCTBUM CO BTOPHIM W YETBEPTHIM TPEOOBAHUSMHU, MOPSIOK
94acoB M MX JPOOHBIX YacTell JODKEeH ObITh coxpaHeH. B qanHOM ciydae
3TO TpeOOBaHHE TPUBUAILHO BBHITIOJHIETCS, TaK KaK UMEIOTCS TOJIBKO
oaHu 4ackl. ClieIoBaTeNIbHO, MPU PACCMOTPEHUU JTAHHOTO TPEOOBAHUS
HOBBI€ KJIACChI SKBUBAJICHTHOCTH HE BBOJISATCHI.
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4. Ycmosue, uro {V(X)} =0 ecau u Tonbko ecau {V'(X)} =0 mpu v(X) < ¢,
IPUBOIUT K pa30ueHuio, Hampumep, kiacca [0 <X< 1] Ha Kiacchl
[x=0] u [0 <X < 1]. AnamoruuHo pa3zdouBactcs kiace [1 < x < 2]. Knacc
[Xx>2] manee pazOuBaTh He TpeOyeTcs, Tak Kak JJIsi 3TOr0 Kiacca
Hapymaetcs ycioBue V(X) < Cy. B kauecTBe pe3ysbrara mojydacm s

IMPOCTOr0 BPpECMCHHOI'O aBTOMATA 6 KJ1acCOB DKBUBAJIEHTHOCTU:
[x=0],[0<x<1],[x=1],[1<x<2],[x=2]u [x>2].

IIpumep. Paccmotpum MHOXkecTBO yacoB C={X,y} ¢ ¢x=2ucy=1, u
IYCTh YaCOBBIC OTPaHUUCHIS HE COJepkKaT MoAPOPMYIT BUIa X — Y ~ C WIH
y—Xx~cC. Ha puc.2.37 oroOpakeHO TOCIEIOBATEIHLHOE MOCTPOCHUE
PETHOHOB TYyTEM pPACCMOTPEHHsSI Ka)XIOTO YCIOBHS B ONpEACIICHUH
OTHOILICHUS = IO OTICIBHOCTH. PHUCYHOK oTOOpaxaer pa3OueHue

aByMepHOTro KBajgpanta R xR™. YacoBble OIEHKH V U V' 9KBUBAJIECHTHBI,
ecni BemecTBeHHO3HauHble mapel (V(X), V(Y)) u (V'(X), V'(y)) sBistorcs
9JIEMEHTAaMHU OJIHOTO M TOTO JK€ KJIacca SKBHUBAJICHTHOCTH B JBYMEPHOM
IPOCTPAHCTBE.

1. TpebGoanue Toro, uro [V(X)] = [V'(X)] a1 Bcex yacoB u3 C, mpuUBOIHT,
HanmpuMep, K kiaccam 3kBuBajeHTHOCTH [(0<x<1), (0<y<1)] m
[(1<x<2),0<y<D]ut.a  Ycmoue, uto V(X)>C, u V'(X) > Cy
s Bcex yacoB u3 C, MPUBOIUT K KJacCcy SKBHUBAJICHTHOCTH [(X > 2),
(y > 1)]. DTo 03HauaeT, YTO JJIs JIIOOOH YaCOBOM OIEHKH V, 1T KOTOPOM
V(X)>2 u v(y)>1, TouHble 3HAUCHUS X M Y HECYIICCTBEHHBHL. B
pe3ybTaTe MOTY4atoTCs CIEAYIONINE KIACChl SKBUBAJICHTHOCTH:

[0<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 ki1accoB oToOpaxeHsl Ha puc. 2.37 (a).

2. Paccmorpum  kmace  skBuBajeHtHocTH [(0<x<1), (0<y<1)],
KOTOpBIN OB TOJIY4eH Ha MpeapaylieM Imare. Tak Kak MOpsIoK
JTPOOHBIX YacTeH dYacoB celyac CTAaHOBUTCS Ba)XKHBIM, 3TOT KJacc
SKBHUBAJCHTHOCTH paszbuBaeTcs Ha kimaccel [(0<x<1), (0<y<1),
(x<y)l, [(0<x<1), (0O<y<1), x=y)] u [(0=x<1), (O<y<]),
(X >Y)]. AHanoruuHoe paccyxaeHue npuMeHUMO K kiaacey [(1 < x < 2),
(0 <y<1)]. dpyrue xiaccel 6oaee He pazdouBaroTcs. Hanmpumep, kiacc
[(0<x<1), (y=1)] He nomkeH pa30MBaThCs, TaK Kak IMOPSAIOK Ha
IpOOHBIX YacTsX 4YacoB X M Y B JaHHOM Kiacce (UKcHUpoBaH,
{v(x)} > {v(y)}. Kmacc [(1 <x<2), (y>1)] He pa3duBaeTcs, Tak Kak
A7 9TOro Kiacca Hapymaerca ycnoBue V(X)<Cx u V(y) <c,.
Puc. 2.37 (0) mokaspIBaeT pe3yIbTHPYIONIUE KJIACCH IKBUBAIICHTHOCTH.
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3. Hakonern, mpuMeHUM TpeTUH KPUTEPUH B ONPEICICHUN OTHOIICHHS =.
B xagectBe mnpmmepa paccmotpum kiace [(0<x<1), (0<y<1),
(X =Y)], KOTOpBIi OBLI IMOJIyYeH Ha MPEIbIIYIIEeM Imare. JTOT KJacc
tenepb pasomBaceTcs Ha [(X=0), (y=0)] m [(0<x<1), (O<y<l),
(x=y)]. Puc.2.37 (B) moka3piBaeT 28 pe3yJbTUPYIONUX KIACCOB
SKBHBAJIICHTHOCTH: 6 YTJIOBBIX TOYEK, 14 OTKPBITBHIX HPSIMOJMHEHHBIX
YYaCTKOB U 8 OTKPBITBIX 00J1acTel (PETHOHOB).

4. TlockoJbKy, COTJIacHO YCJIOBHIO, MOA(OPMYJT BUa X —Y ~ C B 4YaCOBBIX
OTpaHUYECHUSX HET, OOJIbIIIE PETUOHBI HE Pa30MBAIOTCS.

y y y
l & 1 D l & iy D
0 1 2 X 0 1 2 X 0 1 2 X
a 0 B

Puc. 2.37. Pazouenne R xR" B coorBercTBHM ¢ ~ 115t Gy = 2 1 cy=1

2.5.7. PermoHHble aBTOMAaThI

Knaccel 3KBHMBaJ€HTHOCTH HaJ OTHOLIEHUEM ~ SBIAIOTCA Oa3oi AJis
IPOBEPKHU MOJENIel BpEMEHHBIX aBTOMAaTOB. KoMOMHAIMS Takoro Kjacca u
MO3ULIUN HA3BIBACTCS PECUOHOM.

Pecuon r — o napa (I, [V]) ¢ mosunueii | € L u onenkoii v e V(C).

Tak kak CylIeCTBYET TOJbKO KOHEYHOE YHCJIO KJIACCOB SKBUBAJIECHTHOCTHU
HaJl OTHOIICHHEM =~ M JIFOOOM BpPEMEHHOH aBTOMAT COICPKHUT JIWIIb
KOHEYHOE YHCJIO TMO3MIMK, YHCJIO PETMOHOB KOHEYHO. Crenyronun
pe3yJIbTaT YTBEPKAAET, YTO COCTOSAHUS, MPUHAJICKAIIUE OJHOMY U TOMY
K€ PEruoHy, YIOBIETBOPSIOT oauHakoBbiM [CTL-popmymam. 3to
BAJKHBINA PE3YyJIbTAT JJIs1 IPOBEPKH MOJIENIEN PEATIBHOTO BPEMEHH.

Teopema [39]. ITycth S,8' € S u W, W' € V(D) TakoBbI, 9uTO S, W= S', W'".
Torma mis mo6oit TCTL-dbopmynsl ¢ umeem: M(A), (S, W) |= @, CCIIA H
tosibko eciu M(A), (s', w') |= 0.

B coorBercTBUM C 3TUM pe3yibTaTOM He TpeOyeTcs pa3nuyarhb
HKBUBAJICHTHBIE COCTOSIHUA S M S, TaK KaK KX HE MOXET pa3InyuTh
Hukakas TCTL-popmyna. DTo nmaer KpuTepuid KOPPEKTHOCTH TMpHU
UCIIOJIb30BAaHUU  KJIACCOB  HDKBMBAJIEHTHOCTM HAJ  OTHOIICHHUEM =~
(perroHOB), B KauecTBe 0a3bl JIJIsl MPOBEPKU MojIesei. Mcrnoab3ys pernoHsl
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B KAQYECTBE COCTOSTHUM, MOKHO MOCTPOUTH KOHEUHBIM Ipad, Ha3bIBaeMbIi
PECUOHHBIM agmomamom. ITOT rpad UMEET CTpYyKTypy monaenu Kpunke u
COCTOUT W3 OOCHUIICUMBIX PETHUOHOB-COCTOSIHUNM U TEPEXO0J0B MEXKIY
peruonamu. JlaHHbIE TEPEXOJbl COOTBETCTBYIOT JIMOO MPOXOKICHUIO
BpeMeHHU, 00 pedpam B IEpBOHAUATILHOM BPEMEHHOM aBTOMATE.

Brauane paccMOTpUM NOCTPOEHUE PErMOHHOIO aBTOMAaTa Ha IpPUMEpE.
Mexnay permoHamMu MOTYT OBITh JBa THUIA TMEPEXOJ0B. ITO JHOO
MPOTEKAaHUE BPEMEHH, JIMOO MEepexoAbl B pacCMaTPUBAEMOM BPEMEHHOM
apromare. lIporekanue BpemMeHu OyaeM 0003HayaTh CIUIOLIHBIMU
CTpeJIKaMH, a TMepexo/ibl BO BPEMEHHOM aBTOMAT€ — MYyHKTUPHBIMU
CTpEJIKAMH.

IIpumep. PaccMoTprM BpeMEHHON aBTOMAT C €IUHCTBEHHBIM peOpOM Ha
puc. 2.30 (a). MakcuManbHas KOHCTaHTa, C KOTOPOH CpaBHHBaeTcCs X, —
a0 2. [ToaTomy Cy = 2. Pernonnslii aBTOMaT N300pakeH Ha puc. 2.38.

Puc. 2.38. PernonHslif aBTOMAT JU1sl IPOCTOr0 BPEMEHHOI'O aBTOMaTa

Tak Kak CyleCTBYET TOJIBKO OJIHA MO3ULHUS, KAXKABIM JOCTUKUMBIN PETHOH
BPEMEHHOTO aBTOMara HaxoauTcsi B mo3uiuu |. PernonHblii aBTOMAT
COJICPKHT JIBa TIEPEX0/1a, COOTBETCTBYIONTUX peOpPY BPEMEHHOTO aBTOMATA.
Onu o0a BenyT B cTapToBbIil peruod A. [lynktupnsie nepexoan! u3 E u F B
A o0o3nauaror pebpa. Kmaccel, B KOTOPBIX CYIIECTBYET BO3MOKHOCTH
K7aTh B TEUYCHHE JIOOOTO KOJIMYECTBA BpPEMEHHM 0€3 OrpaHWyYeHUH,
OCTaBasiCh B TEKYIIEM KJIACCE, HA3bIBAIOTCA HEOCPAHUUEHHBIMU KIACCAMU.
B sTOoM mpumMepe TOIBKO OJMH HEOTPaHWYCHHBIN Ki1acc — F, oH cHaOxeH
CIUTOITHBIM TICTJICBBIM TepexoioM. B kiacce F gacekl X Moryt Bo3pacTaTh
0e3 orpannyeHHi (IIPHU 3TOM MOKHO OCTaBaTHCS B TOM e KJ1acce).

[Tpenmonoxxum tenepb, 4To TpeOyeTcst MPOBEPUTH MOJIETb HaJl BpEMEHHBIM
apTomatoM Ha puc. 2.30 (a) mus TCTL-opmysel, KOTOpas COICPKHT
eIMHCTBEHHBIE (POPMYIBHBIC Yachl Z C C, = 2 (J4achl Z HE CPaBHUBAIOTCS B
dbopmysie ¢ KOHCTaHTOM, OobIIeH 2), mpuyeM B Hel HeT moadopmyl Buaa
X—Z~C U Z—X~C. Peruonnsiii aBTOoMar Hanx {X,Z} u300paxxeH Ha
puc. 2.39.
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—» x=0 0<x<l1
=X Z=X

1<x<2

T
x
I
[N
A

z2>2 ) z2>2

Puc. 2.39. PernoHHsIi aBTOMAT MPOCTOTO BPEMEHHOT'O aBTOMATa
Uit GOPMYITBHBIX YacoOB Z ¢ C; = 2

OtmeTuM, 4YTO 3TO (PAKTUYECKH MPEABbIAYIIHA PErHOHHBIA aBTOMAT,
pacIIMpeHHBIN CcBoel «kommei»: permoHamu ¢ G mo L. Dra xomus
BBOJUTCS JJIA OrpaHudeHus z>2. OTMETUM Takxke, 4To (hopmyJbHbIE
4yacel Z HUKOI/1a He cOpackiBatoTcs. s GopMyIbHBIX YaCOB TakK U JIOJKHO
OBITh, TAK KaK B PETMOHHOM aBTOMAT€ HET CMbICIIa OOHYIATh (POPMYJIbHBIC
4ackl C TEX MOpP, KAK OHU BBEJCHBI.

[lycts r, ' — nBa pa3nmuuHbIX perwoHa (I #r'). Permon r' HaspBaercs
nomMoMKoM 3adepoicku Ui perroHa I (obosnagaercs r' = delsucc(r)), ecnu

mit Beex [S,W]=r cymectyer Takoe d eR*, uro S ———> ' u
rr=[s\w+d]=[s+d,w+d], npuuem mns Bcex 0<d'<d cocrosHue C
gacoBoi oreHkor (S+d', w+ d') Haxomarcs nmub0 B pernoHe r, gubo B
peruone I'.

3nechk st S = (I, V) cocrosaue S + d obo3nauaer (l, v + d). ['oBopst uHaye,
[s', w'] — moTtomoxk 3amepxku [S, W], ecnu Jro0as oreHka B [S, W] yepes
HEKOTOpPOE BpeMs IEPEeXOJUT B OILEHKY Hu3 [S', W'] 0e3 BO3MOXHOCTH
OKHHYTh PErdoHbl [S, W] u [S', W'] B kakoii-To Oojiee paHHHH MOMEHT
BpeMeHH. OTMETHM, YTO JUIsl KaKIOTO PETHOHA CYIIECTBYET MAaKCUMYyM
OJIMH TIOTOMOK 3aJICpXKKH. ITO HE JOJDKHO YIWUBIATH YATATENS, TaK Kak
MOTOMKH 3aJIePKKH COOTBETCTBYIOT MPOJABMKCHHUIO BPEMEHH, a BpeMs C
HEO0OXOMMOCTBIO TeUET JECTCPMHUHHPOBAHHO.

Ipumep. PaccMoTpuM Kjacchl SKBUBAJIEHTHOCTH BPEMEHHOI'O aBTOMATta
Ha puc. 2.30 (a). Pernonsl, coaepikaliye yachl X U JTONOJHUTEIbHbIC Yachl Z
(puc. 2.39), mpeACTaBISIOT  YacTH  JABYMEPHOIO  BEIIECTBEHHOTO
IPOCTPAaHCTBA. BpeMeHHbIE TEPEeXOabl COOTBETCTBYIOT BOCXOISIIEMY
JIBMOKEHUIO BJOJb JHAroHadbHON mpsiMoii X =z. Hampumep, [X =z =1] —
9T0 MOTOMOK 3aaepku [(0 < x < 1), (X =2)], a peruon [(1 <x<2), (x=2)]
UMeeT ToTOMKa 3a7epkku [X =z = 2]. Knacc [(X = 1), (z> 2)] He saBasercs
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notromkoM 3agepxkku [(0 <X <1),(z=2)] (HEZOCTHKUMOTO pErvoHa,
KOTOPBI HE M300pakeH), TaKk KakK CyHMIECTBYEeT HEKOTOPOE BEIIECTBEHHOE
sHaueHre d' Takoe, YTO B NPOMEXyTKe, crmycTs d' eIMHHUIl BPEMEHH,
nocturaercs peruod [(0 < x < 1), (z> 2)].

PervoH r Ha3bIBaCTCS HEOSPAHUYEHHBIM Pe2UOHOM, €CITU I BCEX YaCOBBIX
OILICHOK V TakuX, 4To I' = [V], mmeem V(X) > C, 11t Bcex X € C.,

B HeorpaHMYeHHOM pETrHOHE BCE 4Yachl MPEBBICHIM MaKCUMAJIbHYIO
KOHCTaHTY, ¢ KOTOPOH OHH CPaBHHBAIOTCS, W, CJICIOBATEIIHO, BCE YaChI
MOT'YT Bo3pacTarh 0e3 orpanuueHuii. Ha puc. 2.38 u 2.39 HeorpaHu4eHHbIC
PETHOHBI CHAOKEHBI CIJIONTHBIMU TIETJICBBIMU TIEPEXOaMH.

Pernonnpiii  aBTOMAT TCIICPb  COCTOUT M3 MHOXKCCTBA COCTOSIHUM
(peFI/IOHOB), CTapTOBOI'O COCTOSAHHA U IBYX OTHOLICHUU IIePpexogJ0B: OJHO
COOTBCTCTBYCT IICPCXOJdaM IIO 3aICPKKC H OAHO COOTBCTCTBYCT pe6paM
paccMaTpuBacMOro BpEMCHHOI'O aBTOMATaA.

st BpemeHHOro aBToMara A U MHOKECTBA 4acOBbIX orpannueHuit ¥ (Haa
C u Han popmynpHBIMU Yacamu U3 D) pecuonnviii asmomam R(A, V) — 310
cucrema nepexooB (R, ro, —), roe

o R=S/~ ={[s,w]|s eS,weVD)}

a o= [So, Wo];

a Ir— r', €CJIM U TOJBbKO €CJIN
1) 3s,s', W (r=[s, W] Ar'=[s",w]As —=— s') wm
2) I — HEOrpaHUYCHHBINA PErHOH U I = I'' WK
3) r#r ur' =delsucc(r).

OTMeTHM, YTO W3 3TOTO OIpPEHCICHHS CJCAYyeT, YTO HEOTrpaHWYCHHBIC
PETHOHBI SBJISIOTCS €AMHCTBEHHBIMH PETHOHAMHM, KOTOPHIC UMEIOT TIETIIIO,
NPECTaBISIONIYI0 COO0M Mepexo1 o 3aJepiKKe.

Kak Obl10 yka3aHO BbIlIE, B CUCTEME IEPEXOJ0B YUUTHIBAIOTCS TOJBKO
PETHOHBI-COCTOSIHUS, AOCTHKUMBIE M3 HadaJbHOro. Takum oOpa3om, Is
PErMOHHOTO aBTOMAaTa BMECTO MHOKECTBA PETMOHOB R 1, COOTBETCTBEHHO,
tpoiiku (R, rp, =) paccMaTpuBaeTcsl TOJIBKO €ro  IMOJAMHOXKECTBO
R'={reR|rp—>"r}, tme —" — 5T0 pedIEKCUBHOE TPaH3UTHBHOE
3aMblKaHW€ OTHomeHusT —. Kak crencrtBue, paccMaTpuBaeTCsi TpPOUKa
(R', o, —))

IIpumep. /1 Toro 4ToOBl NPOMILTIOCTPUPOBATH TOCTPOEHUE PETUOHHOTO
aBTOMaTa, HEMHOTO M3MCHHUM aBTOMAT Jyisi mepekiodarers (puc. 2.40).
Jlnst neMOoHCTpaluu MHBApUAHTOB MO3UIMS ON cHa0)Ke€Ha WHBAPUAHTOM
y <3. UtoOnl ciaenarb PErMOHHBIA aBTOMAT HE CJIMIIKOM OOJIBIIUM, Ha
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nepexogax, KOTOPbIC HM3MCHAIOT IIO3UMIHIO, PACIIOJOXCHBI OAPYTIUc
AKTUBHUPYIOINUC YCIIOBUA. B YaCTHOCTHU, KOHCTAaHThI CACJIaHbI MCHBIIC, YCM
OHU OBLIIM B HCXOJHOM IICPCKIIOYATCIIC.

x>1

{x vy}

= —m
3
y=3

x}

Puc. 2.40. BpemenHo#i aBTOMAT U1 BUJOM3MEHEHHOTO ITEPEKIIIoYaTesst

Perunonnsiit aBromar R(A, V), rie A — BUIOM3MCHEHHBIN TIEPEKIIFOYATENb,
n300pakeH Ha puc. 2.41. MHOXeCTBO 4aCOBBIX OTPaHUYCHUN CIEAYIOIIEe:
Y={x>1 x>2, y=3, y<3} — 3TO MHOXXECTBO BCEX AKTHBHPYIOIINX
OrpaHWYCHUN W WHBapHaHTOB B A. JIJIs mMpOCTOTHI HUKaKue (HOopMyIIbHBIC
yackl He paccmarpuBatorca. Mmeem, nHampumep, D — E, Ttak kak
cymectByer mepexon u3 cocrosaus S = (off, v), rme v(X)=v(y)>1, B
cocrostame S' = (on, V'), rme V'(X) = V'(y) =0 u D = [s], E = [S']. CymectByer
nepexon 1o 3aaepkke D — D, tak xak perwon [V], rae V(X) =v(y) > 1,
SBIIICTCSI HEOTPAaHWYCHHBIM. BBIBOI OCHOBaH Ha TOM (akrTe, 4YTO B
no3unuu Off Bpemst MokeT Bo3pactath 0e3 orpannyenuii: inv(off) = true.

2.5.8. lNpoBepka mogenen onsa permoHHbIX aBTOMaToOB

[pu 3apanHOM perrnonHoMm aBToMate R(A, W) miist BpeMeHHOTro aBTOMaTa A
u TCTL-popmynbl ¢ ¢ yacoBsiMu orpanudeHusiMd ¥ B A u ¢ anroputm
MPOBEPKH MOJIENIEH CTPOUTCS TaK e, Kak W B HeTaiimupoBanHom CTL.
OnumemM KpaTKO HJICI0 MAapKUpOBKHU. ba3zoBas uiess mpoBepKH Mojereit
COCTOMT B TOM, 4TOOBI nOMemumb KaxXI0€ COCTOSHUE (PETHOH) B
pPErMOHHOM aBToMaTe mnojadopMylaMud @, KOTOpble BEpPHBI B OSTOM
COCTOSIHUM. DJTa MapKUPYIOIIas MpOIeaypa BBIMIOJHIETCS UTEPATUBHO,
HauMHasg C TIOMETKU COCTOSHUN mnoadopMylaMu ¢ 21yOuHsl HOIb —
aTOMapHbIMU TpeIoKeHusAMu  (Bkarodas true wu  false), koropsie
BCTpevaoTess B ¢. B (I +1)-ii wWrepauuu MapKUpPYIOIIEro ajJropurMa
paccMaTpuBaroTcs moadopMysbl  TIyOMHBI I+ 1 M COOTBETCTBEHHO
MapKUpyroTcsi cocTostHust. C 3TON LENbI0 HCIONB3YIOTCS MOMETKH, YKe
NPUCBOCHHBIC COCTOSHUSAM, JUIsl TOAGOPMYIT ¢ TiIyOuHbI He Oomnee 1 (1 > 1).
Mapkupyrommii  anropuT™M 3aBepIIaeTcss PacCMOTPEHUEM MOA(GOPMYJIBI
MaKCUMaJbHOU TIIyOUHBI — caMoil (pOpMyJIbl . AJITOPUTM TPEICTABICH B
auctunre 2.8.
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Puc. 2.41. PernonHslif aBToMaT /11 nepexiitoyarens Ha puc. 2.40

NMncTunr 2.8. lNceBaokon OCHOBHOMO anroputma nposepkn mogenen TCTL

set<Region> Sat®(Formula o)

{

if
if
if
if

if

(p == true)
(p == false)
(p € AP)

(¢ == o)

(p == —0p1)

return S/=;
return J;
return {[s,

—

W]

return {[s,w]lx
((v U w) o) i
return (S/

X
—~
0
Q
o+
o
©
=
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if (o == (1 Vv ©2)) return SatR(@l)\q SatR(@z);

if (o == z in @) return {[s,w]s

(s, [zlw) € Sat®(e1)};
if (¢ == E[p1 U ¢5]) return Satg, (01, ¢2);
if (¢ == Ale1 U ¢2]) return Satjy, (91, ¢2);
// sat®(e) = {[s,wl | M, (s,w) |= ¢}

}

3amagya mpoBepKH Mojenen A |= @ wnn, skBuBasieHTHO, M(A), (S, Wo) |= 7
Tereph OYAET pelieHa, €CIH PacCMOTPETh MAPKUPOBKY:

M(A), (So, Wo) |= ¢, €CIIH H TOIBKO ecIH [So, Wo] € Sat™(¢)

(KOpPEKTHOCTh JAHHOTO YTBEP)KICHHUS CICAYyeT W3 MPUBEICHHOW HIDKE
TEOPEMBI).

Boruncienne Satt(¢) BBIIOIHACTCS MyTeM PacCMOTPEHHS CHHTAKCHIECKOH
CTpyKTypbl ¢@. Crnydan TpOMNO3UIMOHANIBHBIX Qopmyn (true, false,
OTpPHUIIAHHWE, TU3BIOHKIHMS ¥ aTOMapHbIe MPEIJIOKEHUS) WICHTUIHBI
takoBsiM B CTL. Jis 49acoBOro orpaHdueHHss o pe3yasrar Sat (a)
SBJISIETCSI MHOKECTBOM PETMOHOB [S, W] TakuX, 4To W U V (4acoBasi OIlcHKa
JIJIs 4aCOB aBTOMATta M3 S) YJIOBJIETBOPAIOT a.. PervoH [S, W] mpuHAIJICKUT
mHOXKecTBy Sati(z in @), ecim o yoBieTBOpsieT ¢ s W', rae W'(Z) =0
(popmyabHBIC Yack! cTapTyroT B 3HaueHuu 0) u W'(X) = w(X) s X # Z.

s until-popmyn  ompeaensrorcs BcroMorareiabHble (yHKIUH. OHU
npeacrabiieHsl B muctuaTax 2.9 u 2.10.

Nuctunr 2.9. MNpoeepka mogenen ans gopmynel E[¢ U w] Hag pernoHamm

set<Region> Satf, (Formula o)

{
set<Region> Q, Q';

Q0 = Sat®(y);
Q" = O;
while (Q # Q')
{
Q" = Qs
Q0 =0QU ({s | 3Is'€Q: s = s’} N satR(e));

}

return Q;
// Satf, (¢, V) = {[s,wls | s,w = E[o U {]}
}

Nnctunr 2.10. MNMposepka mogenen ons coopmynbl A[@ U w] Hag permoHamu

set<Region> Satj}, (Formula o)
{

set<Region> Q, Q’;

Q = satf(y);

Q" = ;
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while (Q # Q')
{

Q" = Q;
Q =0 U ({s | (Ids"€Q: s > s') A
(Vs’: eciim s — s’, 1o s’ € Q)} M SatR(cp));
}
return Q;
// Sathy (¢, ¥) = {[s,wl. | s,w = Ale U V]}

}

Kox s dyHknuu Saty, WIGHTHYeH HeTaliMHPOBAHHOMY clydaro. J[ius

R
Sat,, cymecTtByeT HEOOJBIIOE, XOTS M CYIIECTBEHHOE, OTJIMYHE OT
HetaimupoBanHoro amroputma it Afp U y]. Tlo amamormm c¢ CTL
UTEpanus coepxkana Obl CIETYIONINA OTepaTop:

Q:=QuU ({s|Vs:ecmus—s, 10 € Q} N Sat?(p)).

KoppekTHocTh 3TOr0 omeparopa, OJHAKO, MPENIOoiaraeT, 4YTo KakIo0e
COCTOSIHME S UMEET HEKOTOPOTO MOTOMKA HaJ —>. JTO B ACHCTBUTEIBHOCTH
BepHo ju1s1 CTL, tak kak B CTL-Moaenn KaXX10e COCTOSTHUE UMEET XOTS OBl
OJIHOTO TIOTOMKA. B permoHHBIX aBTOMaTaxX MOTYT CYIIECTBOBAaTh PETHOHHI,
KOTOpbIE HE MMEIOT HU OJIHOTO HMCXOJSIIEro Mepexojia — HU Mepexojia 1o
3aJiepKKe, HU TIepexo0/ia, KOTOPBIM COOTBETCTBYET peOpy BO BPEMEHHOM
aBTOMare. 3HAYMUT, CIEAyeT TMPUJICPKUBATLCA JAPYroro Ioaxoaa u
pacmipsaTh Q TeMH perMoHamH, ISl KOTOPBIX BCE IPSIMbIE ITOTOMKH
conepkarcst B Q ¥ KOTOpble UMEIOT XOTs Obl OMH Tiepexo B Q. OTo maet
koJ B uctuHre 2.10. [IpoBepsaTs, UTO JaHHBIN ITepexoa BeAeT UMEHHO B Q,
HE00s3aTeIPHO — JOCTAaTOYHO MPOBEPHTH, YTO M3 PETHMOHA €CTh XOTS OBl
onuH Tmiepexoy (moOoi). Ilpumep pernoHHOro aBTOMaTa, KOTOPBIM
COJICP)KUT PErHoH 0e3 Kakux-JIOO MOTOMKOB, M300pakeH Ha puc. 2.42.
[ToromkoB He mmeer peruoH C: 3aaep)kka B HEM HEBO3MOXXKHA B CHITY
HAJIMYUS WHBAPHAHTA B MO3UIMH |, 1 HET HM OHOTO pedpa, KOTOpoe OBLIO
OBI aKTUBHO JIJIs1 YaCOBOM OIICHKH X = 1.

A B C
v v
~_7 ~_ 7

Puc. 2.42. PernoHHBII aBTOMAT ¢ PETHOHOM 0€3 ITOTOMKOB

Ipumep. Paccmorpum peruonnsiii aBromar (puc. 2.41) u3MEHEHHOTO
MIEPEKITIOYATENSI M MPEATIOIO0XKUM, UTO IMO3UIKS ON MOMEYeHa aTOMApHBIM
npeioxkeHneM (, a mosuius Off — atomapubiM nipeioxkernem p. Tenepb
MOXKHO yOEIUTHCSI B TOM, YTO HEBO3MOXKHO IOMACTh B TMO3UIMIO ON W3
no3uruu Off MeHee ueM 3a oJIHy BpeMEHHYIO CINHUILY:
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M(A)’ (30, WO) |7é E[p U<1 q]’

TaK KaK He CYIIECTBYET IyTH B PETHOHHOM aBTOMATe, KOTOPBIH CTapTyeT B
A (peruoH, COOTBETCTBYIOIINH [So, Wo]), B BeZIeT B HEKOTOPBIH pernoH ¢ E
o Q, rje nmepexroyaTesb BKIFOYCH, TPHYEM MEHEE YeM 3a OJHY CIUHUILY
BpeMeHU. DOpMaNBHO 3TO MOXHO OOBSICHHTH CIEAYIOUINM 00pa3oM.
dopmyna E[p U< q] cokpamaer zIinE[pU(q A z<1)]. Cuabaum
PETHOHHBIM aBTOMAT (POPMYJILHBIMU YacaMH Z, KOTOpbIC COpoIIeHbI B A U
IPOJIOJDKAIOT YBEIMYUBATHCS 10 OeckoHeuHOCTH. CaMblii paHHUH MOMEHT,
KOTJIa €r0 MOYKHO BKJIFOUHUTH (CHIENaTh (| BBITOJHECHHBIM) MOXET OBITh MPH
npoxoxaeHun nepexona u3 C B E. OmHako MOTOM 3HAYEHUE YacoOB Z
CTaHOBHTCS PaBHBIM 1, M IO9TOMY CBOMCTBO HE BBIIOJIHACTCS.

BcrmomMHMM, 9TO BpEMEHHOW aBTOMAT HA3BIBAETCS HE3eHOHOBbIM, €CIH
000U MyTh, CTAPTYIOUIUNA U3 JIIOOOTO O00CMUMNCUMO20 COCTOSIHUSI B DTOM
aBTOMATe, SBIACTCS PACXOMAIIAMCS WA COJSPKHT KOHEYHOE YHCIIO
nepexo/ioB o pedpy. CBOWCTBO HE3EHOHOBOCTH SIBISIETCS HEOOXOIUMBIM
YCIIOBHEM TSI PACCMOTPEHHBIX BBIMIC MPOIEAYP MPOBEPKU MOJEIEH, Kak
BBITEKAET U3 CIAEAYIOIIETO pe3yabTara.

Teopema [42]. JIns He3eHOHOBa BpeMEHHOTo aBToMata (S, W) € Sat(p),
ecIy 1 ToIbKo eci [S, W] € Sat<(p).

Takum  00pa3oM, KOPPEKTHOCTb aIrOpuTMa HPOBEPKH  MoOJEeHl
rapaHTUPOBaHA, TOJBKO €CIIM PACCMATPUBAEMBIM BpPEMEHHOM aBTOMAT
SABJISIETCS HE3EHOHOBBIM.

BCroMHHM Takke, 94TO BPEMEHHOW aBTOMAT HA3bIBACTCS PACXOOSUUMCH,
€CIIM M3 KaKIOTO €ro JOCTHIKUMOIO COCTOSIHHS HCXOIUT XOTsA OBl OJHH
pacxoasmuicss myTh (CyIIeCTBYeT MyTh, B KOTOPOM BpEMs pacTeT [0
OECKOHEUHOCTH).

Jl51st Toro 94TOOBI IPOBEPUTD, BBITIOIHIETCS JIU YCIOBUE PACXOAUMOCTH IS
aBTomMaTta A, HaJ0 BBISICHUTH, U3 KaXJAOTO JH JOCTHXKMMOTO COCTOSIHUS
M(A) BpeMsi MOKET HCTEYbh POBHO Ha OJIHY CIUHUILY.

TeopeMa. ABTomar A sgBisgeTcs pacxoadamumcsa, €CJIIM U TOJIBKO €CIN IJIA

J000r0  ero  JOCTHKUMOTO  COCTOSHMSI S € S BBINOJHSAETCS
M(A), s = EF, true.

B KOHTEKCTE PETMOHHBIX ABTOMATOB MOXKHO JAaTh CJIEAYIOLIYI0 UHTYULIUIO
JUIs. CBOMCTB BPEMEHHOI'O0 aBTOMaTa:

o He3eHOHOBOCTH BpPEMEHHOTO aBTOMATa O3HA4YaeT OTCYTCTBUE B
PETHOHHOM aBTOMAaTe IHUKJIA, COCTOSIIETO U3 MyHKTUPHBIX pedep. DTu
pedpa COOTBETCTBYIOT MEpPEX0/ilaM BPEMEHHOTO aBToMaTa. B wacTHoCTH,
ATO 03HAYAET OTCYTCTBUE MYHKTUPHBIX METEb.
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o PacxogumocTh BpeMEHHOro aBTOMaTa O3HAYaeT, YTO M3 KaXIoro
COCTOSIHUSI PErMOHHOIO aBTOMAara CTapTyeT HEKOTOpbId MyTh, B
KOTOPOM CIUIOIIHBIE pebpa (Mepexoibl MO 3aJepiKKE) BCTPEHArOTCs
OECKOHEYHO YacTo.

o Ecam wu3BecTHO, 4YTO BpPEMEHHOM aBTOMAT HE3€HOHOB, TO €ro
pacXoJMMOCTh O3HA4YaeT, YTO M3 KaXJOr0 COCTOSIHUSI PErMOHHOTO
aBTOMaTa MCXOIUT XOTsI OBl OAHO peOpo (3TO 3HAYUT, YTO OTHOIICHUE
—> SBJISIETCS TOTAJIbHBIM).

Hampumep, aBromaT, u300pakeHHbIH Ha puc.2.42, HE SBIsSETCA HU
HE3EHOHOBBIM, HH PACXOISIIUMCH.

ITpu mpoBepke Mojenel [Uisi HE3EHOHOBBIX aBTOMAaTOB HEYJIOOCTB,
CBSI3aHHBIX C PacXOJUMOCTbIO, MOXKHO H30exkaTh. [[is 3Toro Hyx’HO
PEKYPCHUBHO YJAJIUTh U3 PETHOHHOIO aBTOMAaTa T€ JOCTHKMMBIE PETUOHBI,
U3 KOTOPBIX HE UCXOJUT HU OAHOTrO pedpa. CBONCTBO HE3EHOHOBOCTU IPH
TOM COXPAaHMUTCS, M, KPOME TOro, IMOJY4YEHHBIM aBTOMar OyAeT
pacxosauMMcs (3a UCKIIOYEHUEM Cilydasi, IpU KOTOPOM OYyIyT yAaJIeHbI
BCE€ PETHOHBI, BKJIKOYas CTAPTOBBI, U aBTOMAT CTAHET IyCThIM). Jlis

R
pacxoAsIerocs aBToMara Ko uis QyHkmuu Sat ,, MOXXHO yIPOCTHUTH 3a
CUET 0TKa3a OT MPOBEPKHU U3IUIIHUX YCIOBHM.

Pa3zmep moaenn

AJITOpUTM TIPOBEPKH MoOJIeCH pa3MeuaeT pernoHHbId aBTomMar R(A, V)
JUIST BPEMEHHOTO aBTOMaTra A M MHOXKECTBa 4acoBbIX orpanudeHuii V.
Yucno coctosuuit B R(A, V) paBHO umciy pernoHoB aBTomMara A IO
oTHomeHHWIO K Y. Uucio pernoHoB OpONMOPIHMOHAIBHO ITPOW3BEICHUIO
Yuclia MO3UIUKA B A U YHCIIa KJIAaCCOB DKBUBAJICHTHOCTH HAJl OTHOIICHUEM
~. OLeHUM Terneppb YUCIO PETMOHOB, COOTBETCTBYIOIINX OAHOMN MO3ULIUH.

[Tycte C — mMHOXecTBO 4acoB aBTOoMara A m (popmMyIbHBIX 4acoB. J[ms
IMPOCTOTHI ITIOKa 6YI[GM CUUTaTb, YTO YaCOBBIC OI'PaHHUYCHUSA HC COACPIKAT
noadopMya Bugaa X —Y ~ €. Torma 4uciao perMOHOB OIPAaHUYCHO CHHU3Y W
CBEPXY CICAYIONIMMHU BhIpaKeHUAMU [4]:
H Cl-1
IC|t [ 1c, < |Regions| < 2"t |c|r [ [(2¢, +2).
xeC xeC
Hwxuasa u BCPXHAA OLCHKH OINPCACIIAIOTCA IMYTEM PAaCCMOTPCHHUA TAaKOI'o
nNpeaACTaBJICHUA MHOXCECTBA PCETHOHOB, 4YTO CYHIECTBYCT B3aWMHO

OIHO3HAYHOC COOTBCTCTBHUEC MCXKAY NPCACTABICHUAMHA PECTHUOHOB U CaMUMH
PCTHUOHAMM. 9T0 MpcaAcCTaBJICHUC JaCT BOSMOKHOCTD BBIBCCTH OLICHKHU.

[Tycts C — muO)ecTBO acoB u 7 € V(C). Kaxaplit perdoH I MOKeT ObITh
npeactaBieH Ttpoikoit (P, w, D), rne P — uHAEKCHpOBaHHOE 4YacaMu
CEMENCTBO MHTEPBAJIOB, T — MEpPEeCTaHOBKAa MHOecTBa yacoB U D < C —
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9TO MHOXKECTBO 4YacoB, mnpuueMm Tpoiika (P, x, D) ynoBinerBopser
CIICTYIOIIAM yCIIOBHSIM:

o P =(Py)xcc —aT0 cemeiictBo moaMuokecTB R* Bua
I:)X € {{O}! (Oa 1)1 {1}1 (11 2)7 LR (CX_ 11 CX)1 {CX}1 (CX1 +OO) }
takux, 4to 7(X) € Py 11 Bcex yacoB X € C M BCEX YacCOBBIX OIICHOK
ner.

o Ilycte Cgpen — MHOXECTBO 4acoB X € C Takux, 4To Py — OTKpBITBII
HWHTEPBaJ, TO €CTh

Copen ={X € C|Pxe{(0,1),(1,2),...,(cx—1,cy), (Cx, +0) } }.

Tornma = = (X1, ..., Xx) — mepectaHoBKa Copen = {X1, ..., Xx} Takas, 4To JUIs
Ka)JI0ro 77 € I 4achl yIOPSJAOYEHBI B COOTBETCTBHH C HMX JIPOOHBIMHU
4acTsAMH (3TO 03HauaeT, uto u3 i < j cienyet {n(X)} < {n(x)}).

a0 D < Copen comepxut Bee dachl U3 Copen TaKHE, YTO JUIS BCEX YACOBBIX
OLICHOK 7 € I npoOHas YacTh 4acoB X; € D coBmagaer ¢ aApoOHOM
YacThIO MX MPEANICCTBEHHUKA X;_ 1 B IEpecTaHOBKe 7: U3 X; € D cimemyer
{n(xi-1)} = {n(x)}-

DTO ABISCTCS B3aMMHO OJTHO3HAYHBIM COOTBETCTBUEM MEXKAY PErHOHAMHU U

tpoiikamu (P, 7, D).

YkazanHas BCPXHAA OLOCHKA I YHMCJId PCTHOHOB IIOJIYYACTCA 3a CUCT
KOM6I/IHaTOpHOFO Ha6J'II-0I[eHI/IH, COCTOAMICTO B TOM, UTO CYIICCTBYIOT

QO POBHO H(ZCX +2) pasnudHBIX cemeicTB P,

xeC
o MakcUMyM |Copen|! < |C|! pa3nuunbIx nepecTaHoBOK MHOXKECTBA Copen 1
Copen|-1 _ »lC|-1
o Mmakcumym  2/°oPeni—t < olCl pa3IMYHBIX ~ BAapUaHTOB  BBIOOpA
mHoxectBa D < C\ {x.}.

Vka3zaHHas HIKHSS OICHKA IOJy4aeTcs, KOrjJa BCE Yachl NMPHHHMAIOT
3HAQYCHUSA B OrPAHMUYCHHOM OTKDPHITOM HWHTEpPBAJC M HMEIOT IMOIMapHO
paznuyHbie 1poOHbIe yacTH. B atom ciiywae D= u Py € { (0, 1), (1, 2),

s (C—1,09 3
N3 Toro, 4To CymecTByeT pOBHO

[1c

xeC

BO3MOXkHOCTeH 111 P n makcumym |C|! mepecTaHOBOK, CIEAyeT HIKHSS
OLICHKA.

ITycts ¢ =max{c, | X € C}. BepxHioi0 OIEHKY IS yaA00CTBA MOKHO
caenarh 6oJiee rpy0oi:

IRegions| < 2'°I"*|C|1 (2¢ + 2)°!.

144



Tenepb paccmoTpum Oosiee OOIIMIA CiTydaid, KOT/Ia YacOBbIE OTPaHUYCHUS
MOTYT cojJepxarth mnoadopMyibl Buga X—Y~C. OmnpenenuMm TPOUKU
(P, 7, D) Tak e, Kak ¥ paHee, HO C OJHHUM OTJIMYHEM: Telepb Py Moxker
UMETh BUJI JTFOOOTO U3 MHOXKECTB

{0}, (0, 1), {1}, (1, 2), ..., (2c—1, 2¢), {2c}, (2c, +).

Torz[a MHOKCCTBO TaKUX TPOCK MOKHO CHOPBCKTHBHO 0T06paSI/ITB Ha
MHOXCCTBO BCCX PCTHOHOB, OTKYyIad CIICAYCT BCPXH:AA OLCHKA IJIA O6H16FO
ciay4das:

IRegions| < 2'°I"* |C|! (4c + 2)°!.
Takum o6paszom, npoBepka mozeneit ais TCTL:
1) nuHEHHA OTHOCUTEIILHO JJIMHBI (OPMYIIBI @]
2) SKCIOHCHIIMATbHA OTHOCHUTEJIBHO YKCJIa YacoB B A H ¢;

3) SKCIIOHEHIMAJIbHA  OTHOCHUTEIBHO  MAKCHUMAaJbHBIX  KOHCTaHT,
C KOTOPBIMH YaChl CPABHUBAIOTCS B A U .

Hwxuss omenka ciokHoctd mpoBepku TCTL-Momeneit ams 3agaHHOTO
BpeMeHHOro aBromata — 310 PSPACE-tomnora [39]. TTosTomy Tpebyercs
aMATh pa3Mepa Kak MUHUMYM TTOJIMHOMHAJIBEHOTO OTHOCUTEIBHO pa3Mepa
IIPOBEPSAEMON CHCTEMBI.

2.6. CeTtun lNeTpu

KpaTko mnpuBeneM OCHOBHbIE NOHATUS Teopuu cererl llerpu, kotopele
TpeOytoTcst s GOPMYITHPOBKU PE3YJIbTaTOB 3TOro paszzaena. Mmeu, Ha
KOTOpBIX Oaszmpyrorcsi cetu Iletpu, omucansl B pabore [43]. B manHom
pasjiesie UCIob3yeTCsl TePMUHONIOTHS U3 padort [44, 45].

Cemwv N — 310 Tpoiika (S, T, W), rue

0 S -— KOHEYHOE MHOXKECTBO HO3ULULL,

o T — KOHEYHOE MHOXECTBO 1epexo0os,
0 Su T Iu3BbIOHKTHEI,

o W: (SxT)u(TxS) > {0,1,2,3,...} — MyanbTUMHO)KeCTBO Oye. OHO
ONpeNeNsseT JOyT'M W CTaBUT B COOTBETCTBUE KaXIOH Jyre
HEOTPUIIATENILHOE IIETI0€ YUCIIO — KPAmHOCms Oyeu; HA OJHA Jyra He
MOJKET COCTUHSTH JIBE MTO3UITUH WIIH JIBA IIePEXo/a.

Pazmemxoti CeTu N=(S,T,W) Ha3bIBAETCS OTOOpaKEeHUE
M:S—>{0,1,2,3,...}. Pasametrka M axmusupyem nepexon t, ecnu mis
000 mo3unuu S 3HadeHue M(S) Oombire 6o paBro W(S, t). Ecmu
nepexox t aktuBeH B pazMeTke M, TO OH MOXeT OBITh 3anyujeH W €ro
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3alycK MPUBOJUT K cieayromieil pazmerke M', koTtopas ompezaeneHa aJis
KaKJIOM TTO3UITUH S CISTYIONIUM 00pa3oM:

M'(s) = M(s) — W(s, t) + W(t, s),
TO €CTh M3 KaKJIOM BXOIHOW MO3UIMH mepexofa t ymamsiercs mo Mapkepy
JUTSL KOKIOW BXOJHOW JAYTH, M B KOKIYIO BBIXOJHYIO MO3UIMIO TIepexoa t
100aBsIeTCS 10 MapKepy AJIsl KaXKI0W BBIXOJHOW AYrd. ITO 0003HAYAETCA
tak: M ——> M'. Hanpumep, Ha puc. 2.43 n3oGpaxens! pasmerkan M u M,

aKTyaJlbHBIC 10 U TIOcJe BhIMOJIHEHUs nepexoja t. [lozummu o0o3HauEHBI
KpyTraMmH, Mepexo]] — BEpTUKAIbHON YEPTOH, a pa3MeTKa — MapKepaMH.

@

Puc. 2.43. Tlpumep pa3MeTok cerei

Cemvio Ilempu nazpiBaetcs napa (N, M), rne N — ceth, a My — pazmeTtka

CEeTHU N, Ha3bpIBacMas HAYaIbHOU. IlocnenoBaTeIbHOCTE

t t t
My ——> M —=—— ... "> M, — Komeunas nocneoosamenbHoCHb

3anyckoe, KOoTopasa BCIACT U3 MO B Mn. Ona 3anuceIBacTCs CICOyOIHM

obpazom: My —b 5 M, TocnenoBarensrocts My ——> M LI
— bOeckoneyHas nocredosamenvHocmy 3anyckos. llocneoosamenvHocnmo
3anycKo8 MAaKkCuUMailbHd, €CIM OHa OECKOHEYHAa WM BEAET K pa3MeTKe,
KOTOpasi HE AaKTHUBUpPYyeT HU ojuH mnepexon. Pasmerka M cetm N

oocmuxcuma, ecma Mg —>—> M  aud  HEKOTOpOH  KOHEYHOM
nocienoBateabHocTl 0. Ipag oocmuscumocmu cemu Ilempu — 3TO
MapKUpPOBaHHBIN Tpad, BEpIIMHAMH KOTOPOTO SIBISIOTCA JOCTHUKUMBIC
pasmeTtku. Iyt AByX moctuxuMbix pazmetok M u M' rpad noctuxkumoctu
coaepxkut pebpo uz M B M', momeueHHoe mepexoqoM t, eciii U TOJIBKO

ecru M —— M.

Mapruposannas cemo — 310 niatepka (S, T, W, X, I), tae (S, T, W) — cets, a
| — mapkupyromas QyHKIHs, KOTOpas COMOCTABISCT KAXIOMY HEPEXOIy
OykBY ompeneneHHoro aigaButa X. OTta (GyHKOUS He 00si3aHa OBITh
WHBEKTUBHOU. ['pad JOCTHIKMMOCTH MapKUPOBAHHOW CETH OIPEACIISICTCS
TaK e, KaKk U B OOBIYHBIX CETAX. EJUHCTBEHHOE OTIMYME COCTOUT B TOM,

yro ecmt M —— M', T0 cooTBeTcTBYytomee peopo m3 M B M’
nomedeHo I(t).

WNnornga «oObluHBIe» cetn lleTpn Ha3pIBalOT HeMAPKUPOBAHHBLIMU.
HemapkupoBannsie cetu Ilerpu Moryr paccmaTpuBaTbCs KaK YaCTHBIN
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Cllydaili MapKUpOBaHHBIX ceTei IleTpr, B KOTOPBIX MapKUPYHOIIas
byHKIMS HHbEKTHBHA. B MapkupoBaHHbIX ceTsix [letpu dynkimio | MokHO
pacIIMpUTh Ha MOCIEIOBATCIBHOCTH MEPEXOI0B TaK, YTO KaKION TaKOM
HOCJIE0BATEIBHOCTH 3Ta (YHKIHSA OyAET COIMOCTAaBIIATH CTPOKY B
andasure X o npasuiny l(o10,) = 1(o1)l(02).

f . .
s cetm Ietpu (N, Mg) u pasmetkn M cetu N (HasbiBaeMol ¢huranbHoll
. . f
Pazmemiotl) OTPENIEIIAM 361K TOU CETH MO0 OTHOIICHUIO K M~ kak

L(N, Mo, M) = {o| My —— M}
Y MHOJICECME0 Nymeli CETH KaK
T(N, Mg) = {0 | My —— M 1 HekoTOpOIi pasmerku M}

(I/IHOFI[a HUCIIOJB3YIOTCA TCPMUHBI <«S3BIK» U ((TepMHHaHBHBIﬁ SA3BIK»
BMCCTO «MHOKECTBA HyTCfI)) " ((HSBIK&»).

Jis wmapkupoBanHoir cetn Iletpm (N, Mg), tme N=(S5, T,W, %, ) u
pa3sMeTKu M’ cetn N 361k 51O cetr no oTHOmEeHHIO K M’ OIpeaeISCTCS
Kak

L(N, Mg, M") = {I(0) | My —=> M}
U MHOJICECM80 nymelil CETH ONPEACIISICTCS Kak
T(N, Mg) ={l(¢) | My —=— M n1a HekoTOpOIi pazmerku M}.

Bpemennasa cemv Ilempu — 310 ceth llerpu, K mnepexomam KOTOPOU
MPUCOEANHEHbl BpPEMEHHbIE HWHTEpBabl. DOpMaIbHO, BPEMEHHAs CETh
[Terpu — ato HaAGOp (S, T, W, My, IS), Tme S — MHOKECTBO MO3UIIUMA, T —
MHOXECTBO mepexoqoB, W — MyJIbTHUMHOXECTBO Ayr, My — HauaigbHas

pasmerka, a pyakuusa Is: T — Q" 'x (Q" U {o}) comocraBiser Kaxaomy

nepexony t mHTepBai, Ha3bIBaeMbI uxnmepeganiom 3anycka t. JIns moboro
nepexoa t eBblit a1eMeHT KopTexka IS(t) He mpeBOCXOIUT MpaBbIi.

s pasmerkn M o6o3naunm depe3 En(M) MHOXECTBO BCEX MEPEXO/IOB,
aktuBHBIX B M. Xapakrtepuszauusi cocTosiHMI BpemeHHOUW cetu lletpu
COMOCTAaBIIIET KaxXJaoMy mepexoay t Mojenu uacet O HW3MEPEHHUS
BPEMEHHU, MPOULIEANIEr0 ¢ MOCIECAHEr0 MOMEHTa, Korja t crajd akTHBEH.
Cocmosnuem BpeMeHHo# cetu Iletpu HasbiBaetcs mapa (M, V), rne M —

pa3MmeTka, a V — pyHkmus orienku gacoB V: En(M) —>R". Koraa nepexon t
CTaHOBHUTCS aKTHUBHBIM, €r0 Yachl MHUIUAIM3UPYIOTCS B HOJIb. 3HAUYCHUE
ITHX YaCOB CHHXPOHHO YBEIIMYMBAETCS CO BPEMEHEM JI0 TeX TOp, Mmoka t He
Oyzer 3amylieH WM He OyneT OJOKMpOBaH MyTeM 3amycka Ipyroro
nepexoxa. [lepexon t MokeT OBITH 3amyIICH, €CJIM 3HAYCHHE €r0 YacoB
NPUHAUICKUT cTaTHueckoMy uHTepBaiy 3amycka IS(t) = [thin(t), thax(t)]. On
JIOJDKEH OBITh 3amyIIeH HEeMEJICHHO, Oe3 JIOTOJIHHUTENBHON 3aJepiKKH,
KOTJIa YacChl TOCTUTAROT tmax(t).
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CemanTka BpeMeHHBIX ceteil IleTpu MokeT ObITH oOmnpeneneHa c

ucronb3oBanueM cocrossauid. Ilyete d e R®  —  HeoTpuuatelbHOE
nercTBuTenbHoe umucio, te€ T — mepexon, S U S' — JBa COCTOSHHS

. d '
BpeMeHHOU cetu lletpu. byaem nucatb S ——> S, €ClIM U TOJIBKO €CIIH
COCTOSIHUE S' JOCTMDKMMO W3 COCTOSHHS S ciycTs 0 eIWHHIl BPEMEHH.

t
Taxxe 6y,Z[€M nucarp S —> S', €CIM M TOJBKO €CIIM COCTOSHHE S
JOCTHXKHMMO M3 COCTOSIHUS S HEMEUICHHO IIYTEM 3aIlyCKa Iepexonaa t.

Cucmema nepexodos BpeMeHHOU ceTH [leTpu ompejenieHa Kak CTPYKTypa
(S, ——, s0), e So — Hauanvnoe cocmosnue (napa (Mg, V), tne Vv=0)
S={s|Sy ——> S} — 3TO MHOKECTBO Oocmudicumbix COCTOSHUHN (31eCh

— s pediekCUBHOE U TPaH3UTUBHOE 3aMblkaHuEe —> ). MHOKECTBO
JOCTHXKUMBIX COCTOSIHMI BpemeHHoW cetu Ilerpu, BooOme rosops,
OECKOHEYHO U He TMOJIXOAMT JUIsl mepeuncieHus. B atom ciydae TpeOyroTcs
abCTpaKUU COCTOSTHUM.

OcHoBHas 3amaya Jjis 3ajaHHou cetu IleTpu m Gopmyssl TeMHopaibHON
JOTUKUA (OPMYIHPYETCsl CIECAYIOMMUM O0O0pa3oM: BBIMOJHICT JIM CETh
naHHyro Qpopmyny? DTo 3amadya nposepku  mooenei. JInHeHHbIE
TeMIopalibHbIe JIOTUKH I ceTeil [letpu oOBIYHO MHTEPIPETUPYIOTCS Ha
MHOKECTBE MaKCUMAaJIbHBIX MOCEA0BATEILHOCTEN 3aMyCcKOB. BeTBsiuecs
TEMIOpPaJIbHbIC JIOTUKU UHTEPIPETUPYIOTCA Ha rpade T0CTUKUMOCTH.

Pe3ynbTaThl OTHOCHTEIBHO BETBAIIMXCS TEMIIOPAIBHBIX JIOTHK B OCHOBHOM
orputiatenbHbie [44]. 3amaua npoBepku mojened mns cereu Iletpu s
OMHOM W3 CaMbIX CIAOBIX  BETBAIIMXCS  TEMIOPAIbHBIX  JIOTHK
HepaspemuMma. B aTolf  joruke 0a30Bble NPEAMKATHl  (aTOMapHbIC
npeioxkeHus) umeroT Gopmy ge(s, C), rae S — MO3UIMSA CeTH, a C —
HEOTpHUIIATe/IbHAS Iieasgs KoHcTaHTa. [Ipeauwkar Qe(S, C) uyuTaeTcs Kak
«4HCII0O MapKEepPOB B pa3MeTKe B MO3UIMH S OoJjbine JUOO0 paBHO C». OH
BBIMOJIHsACTCS B pasMeTrke M, korga M(S) > c. Oneparopamu 3TO# JIOTUKH
SBJISIIOTCS. CTaHIapTHBIe OyneBbl cBszku, EX («Existential neXt») u EF
(«Existential Future»). Jloctmwxumasi pa3MeTKa YAOBJICTBOPSET CBONCTBY
EX ¢, ecin oHa akTUBUPYET Tepexo/ t Takoi, YTO pa3MeTKa, TOCTUTHYTasI
myTeM 3amycka t, yaosaeTBopsieT ¢. Pasmerka ymosierBopser EF ¢, ecnu
OHA aKTHBHPYET ITOCIEIOBATEILHOCT 3aIlyCKOB ¢ TaKyI0, YTO Pa3METKa,
JOCTUTHYTAs IIYTEM HCITOJHEHHS 0, YIOBIECTBOPSET (.

Takue BerBsimuecss temmnopanbHbie Joruku, kak CTL m CTL, OGonee
BBIPA3UTEIbHBI, YEM BBIIICONMKMCAHHAS JIOTHKA, IOATOMY pPE3yibTaThl O
HEPa3pEIIMMOCTH ITEPEHOCATCS U Ha HUX.

Jluneiinble TeMIIOpaibHBIC JOTUKHU 115 ceterl [leTpu uccienoBanbl Oosee
riny0oko. s Toro 4ToOBl COCTaBUTH OOBEAUHSIONIYIO CTPYKTYpy H
paccMOTpeTh B HEM pe3ysbTaThl, 100aBUM elle ABa 0a30BbIX MpeauKaTa K
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npeaukataM ge(S, C) U MOCTPOMM TEMIIOPATBHYIO JIOTMKY Ha HUX OCHOBE.
[Ipenukatbl Temepb WHTEPIPETHPYIOTCS Ha pPa3METKaX MaKCHUMalbHOU
MOCIIEI0BATEIHLHOCTH 3aITyCKOB. bynem TOBOPHTb, 9TO
MIOCJIEIOBATEIPHOCTh 3aITyCKOB YJOBJIETBOPSIET (hOpMyse TeMITOpaabHOU
JIOTUKH, €CIM €€ HavalbHas pa3MeTKa YAOBIETBOPSET 3TOi (opmyre.
U, nakonern, cetb Iletpu ymoBmerBopsieT dopmyrne, eciu XOTsS Obl OmHA
MaKCUMaJbHas TOCJIeI0OBATEILHOCTh 3aIllyCKOB YAOBJICTBOPSET ei (Wi,
YTO PaBHOCWUJILHO, €CJIM HE KaXKJas MaKCHMallbHas IOCJIEIOBATEILHOCTH
3aIlyCKOB YJIOBJIETBOPSET €€ OTpHIIaHUI0). HOoBBIE peuKaThl CaeayIOIIHe:

o first(t), rme t — mepexon ceru. JlaHHBIM TpPEIUKAT BBIMOIHICTCS B
pa3metke M, eciu t — 3TO Iepexo/1, HEMOCPEACTBEHHO ClIeayomIHii 3a M
B ITOCJICIOBATEIbHOCTH 3aITyCKOB.

o en(t), rme t — mepexox ceru. OH BhIMOHACTCS B pasmeTke M, eciu M
akTuBupyer .

3ajaya TPOBEPKUM MOJENECH A JIOTUKU C 3TUMU Tpems 0a30BbIMU
npeauKaTaMd W TeMIopajbHbIM  omepatopom  F  (pa3merka
MOCJIEIOBATEIBLHOCTH 3aITyCKOB yAOBIETBOpsieT F ¢, ecnu kakasg-to Oosee
MO3/IHsSIsI pa3METKa yIOBJIETBOPSIET () HEpa3pelIuma.

3agaya TPOBEPKM MOJENEH, OJHAKO, pas3pelnMa i  HEKOTOPBIX
(dparMeHToB:

o ®parMeHT, B KOTOPOM OTPHIIAHUS TPUMECHSFOTCS TOJBKO K MPEAUKATAM.
Otot (parmeHT coaepkut dopmyiy F first(t), koropas cooTBeTcTBYyeET
TOMy, 4TO t KOrga-HUOyah HACTYIMAeT, HO HE COACPKHUT (HOPMYIIbI
GF first(t), rne G = —F —, koropas omnpenenser To, 4ro t BcTpeyaercs
0eCKOHEUHO YacTo. 3agava MPOBEPKU MOJENEH s 3TOro ¢parMeHra
MOXET OBbITh MOJMHOMHAIBLHO CBEJACHA K 3aJadye JOCTHKHMOCTH
pa3metku cetH lletpu.

o ®parmeHT, B KOTOPOM paspelieH TOoJIbKO coctaBHou omeparop GF, u
OTPULIAHUSA TPUMEHSAIOTCS TOJIBKO K TIpenukKaram. ITOT (PparMeHT
conepxut dpopmyny GF first(t), Ho He comepkur, Hanpumep, GopMyITy
GF first(t) > GF first(t) (mocme 3amMeHbl HMMIUIMKAIMA 1O €€
ONPECTICHUIO TIepe/l OINEepaTOpOM TMOSBIACTCA OTpHUIlaHuE). 3ajaya
MPOBEpPKU  MojeNned st 3Toro  (parMeHTta  CBOJOUTCA K
AKCIIOHCHIIUAJILHOMY YHCITy 3K3EMIUIIPOB 3a/1a4d JOCTHKUMOCTH. JIJis
dopmyn, umeromux Gopmy GF ¢, rne ¢ — 510 OyneBa KOMOWHAIUA
0a30BbIX TPEIUKATOB, CYIIECTBYET JIYUIIMA pe3ynbTaT: 3ajada
IIPOBEPKH MOJIEICH MOXKET OBITh NMOJMHOMHAILHO CBEICHA K 3ajaue
JOCTH>KUMOCTH.

% Mpenukar en(t) MoxeT GbITH ONpEIEICH KaK KOHBIOHKIMS Ipeaukaros ge(s, W(s, t))
JUTSL BCEX BXOJHBIX NO3uIIMi. OH BKJIFOUEH B 0A30BbIE MPEIUKATHI 1151 YI00CTBA.
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[(naBa 3. O630p BepndmnKaTopoB
3.1. SPIN

SPIN [46] — »T0 BepuduKaTOp, KOTOPBIA TOMJIEPKUBACT MPOBEPKY
Mozienel W pa3pabOTKy  CHUCTEM  aCHHXPOHHBIX  IPOILIECCOB.
B Bepudukarope SPIN mpormecchl MOTYT B3aWMOJICHCTBOBATH MEXKIY
co00¥1 CIIeTYIOITUMHU CITIOCOOaMHU:

O ¢ IOMOIIBIO MPUMUTHBOB rendezvous [46];

O C TOMOINBIO  ACHHXPOHHBIX  TiepeJad  COOOIIeHWH  uepe3
OydepuzoBaHHbIC KaHAJIbI;

yepe3 o0II1e NepeMEeHHbIC;

O

0 KOMOMHHMPOBAHHBIM CIIOCOOOM.

Kpome coOctBeHHO BepuduKalMu, HWHCTPYMEHTAIBHOE  CPEJICTBO
MOJJECPKUBAECT €IIEC U PEKUMbl UHTEPAKTUBHOM M CIYYANHOW AMYJISALIUU.
[Ipu 3TOM 3amyckaeTcs MHTEpHpeTrarop Mojenu. HemerepMuHUpOBaHHBIE
nepexoibpl B PEKUME  MHTEPAKTHUBHONW  OMYJAIUU  BBIOMPAIOTCA
MOJIb30BATEIEM, a B PEXKHUME CIYYallHOW SMYJSIIUU  BBIOMPAIOTCS
CIIy4aitHoO.

SPIN momyckaeT cuUMyISIHIO crHerUUKAINN, HAMHUCAHHOW Ha S3BIKE
PROMELA (PROtocol Meta-Language) u BepuduKanmuioo HEKOTOPHIX
TUTIOB CBOWCTB, HampuMmep, npoBepky wMozeneir LTL-bopmyn (6e3
ormeparopa cnefaoBaHuss X) W BepUPUKAIMIO CBOWCTB COCTOSIHHM,
HEJOCTHXKUMOTI'O KO/Ia U T. 1.

O6mass crpykrypa wuHcTpymenta SPIN mnpuBeneno nHa puc. 3.1.
Anroputmsbl, kotopble ucnonb3yer SPIN mpu nposepke LTL-popmyn Ha
Mojensx, 6azupyrorcs Ha koHBepTanuu LTL-hbopmynsl B asmomam broxu.

LTL-nmapcep T'enepatop OnTUMU3HPOBAHHBIH Hcnonnumas
M TPAHCIATOP BepudHKaTOpoB 7 BepudHKaTop "| Bepuduxarms «Ha nery»
K

A 4
Unrepdeiic Promela- UurepaktuBHas Konumpnpumeput
XSPIN "l mapcep CHMYJISALHSL

A

Coobrienus 06
omuOKax CHHTaKcuca

Puc. 3.1. CtpykTypa CHMYJISIIIHH U BepUpHUKAIIIHU ¢ ucioyib3oBanreM SPIN

Tunuyneli cnoco® paboOThl ¢ MHCTpyMEHTANbHBIM cpeacTBoM SPIN —
HayaTh CO cCrenuduKanuyu BBICOKOYPOBHEBOM Monenu anroputma. [lpum
3TOM OOBIYHO MCIOJNB3YIOT Trpaduueckyro 000704uky Xspin. Ilocie
UCIIPABJICHUS CHUHTAKCUYECKUX OIIMOOK BBITMIOJHSAIOT WHTEPAKTUBHYIO
OMYJIAIHAIO 0 TEX TOp, MOKa HE HACTYyMaeT YBEPEHHOCTh, YTO MOJIEh
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Bener cebs, Kak raHupoBasiock. Ilocie storo Ha tperbem mare SPIN
UCTIONB3YETCsl ISl TOTO, YTOOBI CTEHEpHUPOBATh ONTHMH3WPOBAHHYIO Ha
JeTy TNporpaMMy TPOBEPKH  CHEIHM(HUKAIMK  BBICOKOTO  YPOBHSL.
[TomyueHHass mporpaMMa KOMITMJIMPYETCS C BO3MOXKHOCTBIO BEIOOpa BO
BpeMs  KOMIIWJISIIIUM ~ aJTOPUTMOB  TIPOBEPKH,  KOTOphIE  OYyIayT
UCITIOJIB30BaThCA. Ecim 00HapyXKUBAIOTCS KaKue-HUOYAh KOHTPIIPUMEPHI K
TpeOOBaHMSIM KOPPEKTHOCTH, TO OHU MOTYT OBITh BO3BpAIECHH B
WHTEPAKTUBHBIA 3MYJISATOP W PAacCMOTPEHBI MOAPOOHO MJIsi TOTO, YTOOBI
MO>KHO OBIJIO YCTAaHOBUTH U YCTPAHUTH WX TPUUNHY.

Cuurakcuc s3pika PROMELA manomuuaer cunrtakcuc saseika C. Monenb
Ha s13p1ke PROMELA cocTouT u3 ciaeayromux 3JIeMEHTOB:

0 OODBSIBJICHUS TUIOB JIAHHBIX;

0 OODBIBJICHUS KaHAJIOB MEpe/lavu IEPEMEHHbIX;
0 OODBIBJICHUS IEPEMECHHBIX;

0 OOBIBJICHUS U ONPECIICHHS MPOIECCOB;

o mopouecca init.

[TonsiTue «Iporecc» B IaHHOM CJIy4yae OTAaJIEHHO MOKHO paccMaTpuBaTh
KaK MpOIeaypYy, BHIIOJHIEMYIO B OTJeIbHOM MoToke. [IpuBenem mpumep
OOBSIBIICHUS U OTIPE/ICIICHUs Tporiecca (JIUCTUHT 3.1):

NMucTtunr 3.1. O6baBneHne n onpegeneHue npouecca
proctype proc(int a; int Db)
{
byte b; /* mokanbhHas nepeMmenHas */
/* Temo mpouecca */

}
[Iponiecchl MOTYT UMETH ITapaMETPhI U JIOKaJIbHbIE NepeMeHHble. [Iponecc

MOKET OBITh 3allyllleH B HECKOJbKHUX D3K3EMIUIIPax, €CIu MJisi HEero
UCHOJB3yeTCsl MoaupukaTop active. 3amyckaroTcs MPOLECCH €
MOMOILBIO MOJU(DUKATOpa run.

SI3eik PROMELA umeer nstth 0a30BBIX TUITOB JaHHBIX:
a bit;

a bool;

o byte;

o short;

a int.

Teno mporecca COCTOUT U3 TOCIEA0BATEIIBHOCTH oriepaTopoB. OnepaTopbl
MOTYT OBITh AKMUBHbIMU JTUO0 OIOKUPOBAHHBIMU. AKMUBHDIL OTIEPATOP —
TO  OmepaTop, KOTOPBIH MOXKET OBITh BBIMOJHEH HEMEIJICHHO.
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brokuposanmnwiii  omepatop — omepaTtop, KOTOPBIH HE MOXKET OBIThH
BBHITIOJIHEH B JIaHHBI MOMEHT. Takoil omepaTtop OJIOKUPYET BBINOTHEHUE
mpoliecca 0 TeX Mop, oKa OH He CTaHeT akTUBHBIM. Hanpumep, onepaTtop

x < 7

MOXET OBITh aKTUBEH TOTJa W TOJBKO TOTJA, KOTJAa X MEHBIIEC CEMHU.
B npoTUBHOM cilydyae OH OCTaHAaBJIMBAET BBINOJHEHUE IpOIECCa 10 TEX
1op, MoKa YCJIOBHE HE BBINOJHUTCS. HekoTopwie orneparopsl (Hampumep,
oIepaTop MpUCBaUBaHMs) aKTUBHBI BCET/IA.

Azpik  PROMELA conepXuT Takke OIeparopbl BETBJICHHS W IHKJIA,
CHHTAKCUC KOTOPBIX (JUCTHHT 3.2) OCHOBaH Ha OXPaHHBIX KOMaHIaX
Heiikepol [47].

INucTtuHr 3.2. Onepatopbl BETBMEHUS U LKA
if do

guardl -> S1

guard2 -> S2

guardl -> S1
guard2 -> S2

else —-> Sk else -> Sk

fi od

[Tosicaum paboty omeparopa if. Ecam ycnoBue guard; HCTHUHHO, TO
BBIIIOJIHACTCS NEUCTBUE S;. ECIIM OTHOBPEMEHHO BBINOJIHAIOTCS HECKOJIBKO
YCIIOBUM, TO MPOUCXOAUT HEAECTEPMUHUPOBAHHBINA BHIOOP OJHOTO U3 HUX.
Ecaim Bce yclioBHS  JIOKHBI, TO  BBINOJHSIETCA  JACHUCTBUE Sy,
cooTBeTcTByIOIIee else. KOHCTpykuuss else MOXKET OTCYTCTBOBATb.
Torma B cilydae, €CiM BC€ YCIIOBHUS JIOKHBI, BBIIIOJIHEHUE IIpOLECcCca
OJoKUpyeTcsl 10 TeX Iop, MOKa XOTsd Obl OJHO M3 HHMX HE HAYHET
BBITOJIHATHCS.

Omneparop do umeeT Takyr xe hopmy, kak oneparop if, ¢ emuHCTBEHHON
pasuuier, yro if 3amenserca Ha do, a fi Ha od. Ormerum, 4YTO
oreparop d0 — 3TO B MPHUHIIMIIE BCeraa OCCKOHECYHBIHN UK, TaK KaK €CIIn
BCE OXpaHHBIC KOMAH]IbI OJIOKMPOBAHBI, TO OH XKJAET JI0 TE€X MOp, MOKa OJHa
U3 HUX HE CTaHET aKTUBHOU. BhInoaHeHue omnepaTopa do, Takum oOpa3om,
MOXET OBITh MPEKPAIEHO C TOMOIIIBIO OniepaTopa goto i break.

SAzpik  PROMELA mo3BosisieT omnpenensth KaHaibl TMepeaadyd JTaHHbBIX.
[Iporiecchl MOTYT OBITH COEAMHEHBI Yepe3 OJHOHAMPABIICHHBIN KaHa
IIPOU3BOJILHOM (HO KOHeuHOM) emkocTH. Kanamer emkxoctn 0 Takke
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paspemieHbl  (mpumuTuB  rendezvous B Tepmmuax  SPIN).  Kanambr
cnenuUIUPYIOTCS Tak ke, Kak U 00bIuHbIe epeMeHHble. Hampumep,

chan ¢ = [5] of byte

OTpeeNsieT KaHall, Ha3bIBaeMbIil C, EMKOCTBIO O 0ailT. Kanam MoxeT ObITh
paccmMoTpeH kak Oydep B Buae ouepenu. Ilockuika cooOmIeHUS
0003HAYaeTCs BOCKJIMILATEIbHBIM 3HAKOM, TMPHEM COOOIIECHUS —
BOIIPOCHUTEIBHBIM 3HAKOM. [lycTh C HMMEET MOJIOKHUTEIBHYIO EMKOCTb.
Torma komaHga c!2 akTHBHA, €CIM C HE IIOJHOCThIO 3aHAT. Ee
UCIIOJIHEHHE TOMeNaeT dJeMeHT 2 B KoHell Oydepa. Komanma c?x
aKTHUBHA, eclii c He mycT. OHa ynanser rojoBy Oydepa c U MpUCBanBaeT
ee 3HaueHue mnepemeHHod x. Ecnu c He OydepuszoBaHa, TO €CTb HUMEET
pasmep 0, To ¢! (m c?) akTuBHa, €Clid UMeeTcsd KomaHma c? (4 c!,
COOTBETCTBEHHO), KOTOpasi MOKET OBITh BBHINIOJIHEHA B TO K€ Bpems (U
TUIIBI TTAPAaMETPOB COOTBETCTBYIOT JAPYT APYry). OTa BO3MOXKHOCTH
noJiesHa JUIsi MOJCIIMPOBAHUS CHHXPOHHBIX KOMMYHHKAIIUH MEXIY
IIPOLIECCAMHM.

IIpoTokos BbIOOpa TUaEpa

PaccmoTpuMm wucnonbp3oBaHuEe BepuHUKaTOpa Ha MpPUMEpPE IMPOTOKOIIA
BeIOOpa nuaepa [1, 48]. Iycts umeercss N mporeccoB (N > 2) B KOJIbIIEBOM
TOIOJIOTHH, COETMHEHHBIX HEOTPaHMYCHHBIMU KaHasamu. [Ipomecc moxer
MOChUIATh COOOIIEHHUS TOJIBKO MO YacoBoil ctpeske. I[lepBoHadasibHO
KaXIbI TIPOIIECC MMEET YHUKAIbHBIA uiaeHTH(UKaTop Ident, xoropsrii
HWKE TpEeAnoJiaraeTcsi HaTypalbHbIM uncioMm. Llens mpoTtokosia BeIOOpa
Jauzepa B MOJYYEHUH YBEPEHHOCTH, YTO POBHO OJMH MPOLECC CTAHOBUTCS
muaepoM. Takke 3agaHO  JOMOJHUTENIBHOE YCJIOBHME: TMpOIECC ¢
HAuBBICIIMM  UJEHTU(UKATOPOM JOJDKEH ObITh BbIOpAaH JUAEPOM.
OOBbsiCHEHUE 3aKITI0YAETCS B TOM, YTO UJECHTU(UKATOP Mpoliecca OTPakKaeT
€ro BO3MOXXHOCTH, M KeJIaTeJIbHO, YTOOBI MPOIECC C MaKCUMAaJbHBIMU
BO3MOXKHOCTSIMU BBIMIpajl BBIOOpHL. B mporokone kaxaplii mpoiecc B
KOJIBIIE BBITIOJHSCT CIICAYIONIYIO 3a1aqy (JTUCcTUHT 3.3):

Nuctunr 3.3. MNpoTtokon Beibopa nuaepa

active:
d = ident;
while (true)
{
send (d) ;
receive (e) ;
if (e == d) stop; // Hpouecc d gaBISeTCA JIUISPOM
send (e) ;
receive (f);
if e >= max(d, f)

{
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d = e;
}

else break;

relay:
while (true)

{

receive (d) ;
send (d)
}

N3 paccMOTpeHUs NOPOTOKOJA CIEAYyEeT, YTO NEPBOHAYAIBHO KaXKIbIH
nporiecc akTuBeH (active). B TeueHwe TOro BpeMEeHH, MOKa OH aKTHBEH,
IPOLIECC OTBEYAET 3a OMNPEIEIECHHOE MPOLECCHOE YUCIO (COXPAHEHHOE B
nepeMeHHON d). DTO 3HAYEHHUE MOXKET HU3MEHATHCS B XOJ¢ pPabOTHI
npoTtokosia. Korja nporiecc onpeaessieT, YTo OH HE HECET UJICHTU(UKATOP
TEKYIIETo JIujepa, OH HaUMHAeT ycTynaTh. Eciu nporecc ycrymnaer (relay),
OH TepelaeT COOOIICHUsI CJeBa HAMPaBO IMPO3PAYHBIM CIIOCOOOM — 0e3
IPOCMOTpPA WM MOAU(PUKAIIMKI UX COJIEPKUMOTO.

Kaxaplii aKTHBHBIN TIpOIECC IMOCBUIACT CBOIO mepeMeHHyro d cBoeMy
COCeJly MO YacOBOW CTPEJIKE M MOTOM KJET 0 TeX IMOp, MOKa HE TOJYyUUT
3HaueHue (€) OT CBOEro OJMKAWIIEro akTUBHOTO COCela MPOTUB YacCOBOM
crpenku. Ecnm mpormecc moirydaeT cBoe COOCTBeHHOe 3HadeHue O, OH
3aKJII0YAeT, YTO OCTAJICS CAMHCTBEHHBIN aKTUBHBIN MpoIecc U 4To 370 d B
JEHCTBUTEITLHOCTH  SIBJISICTCS  MACHTU(PHKATOPOM HOBOTO JHACpa, U
npekpamraer padory. (OTmeTuMm, 4TO Tpoiiecc caMm 1o cebe He o0s3aH
CTaHOBUTHCS HOBBIM JHjiepoM!) B citydae ecnu nmpuHATO Ipyroe 3Ha4eHHE
(e # d), mpouecc ket Broporo coodmienus (f), comepxkarero 3uauenue d,
KOTOpPO€ HECeT BTOPOW OJIMKaMIIMi aKTUBHBIA COCEl MPOTUB YacOBOMU
cTpenku. Ecnu 3HaueHne OrKaiiiero akTMBHOTO COCela MPOTUB YaCOBOM
CTpeiku HamOombinee cpeau €, f m d, To mporecc OOHOBIIET CBOE
JokanbHOe 3HadeHue (d:=e€). B mpoTMBHOM ciy4ae OH Ha4WHACT
ycTynarb. Takum o00pa3om, H3 J000r0 MHOXKECTBA aKTHUBHBIX cocelen
OJIMH OYyJIeT yCTynaTh B KOKIIOM payHJIE.

Hnst  TOoro d4roOBl MPOWJUTIOCTPUPOBATH, Kak paboTaeT MPOTOKOI,
paccMOTpUM TIpUMEpP €ro 3amycka JJjisi 4YeThIpeX MPOLIECCOB C
uneHtuukaropamu 1 — 4, kak mokazaHo Ha puc. 3.2. 371ech MPOIIECCHI
0003HaYaI0TCS BEPIIMHAMH, 2 KOMMYHHKAIIMOHHBIE KaHAJIbl — CTPEJIKAMHU.
Conep:xuMoe KaHajla yKa3aHO B METKE BO3JIe CTPEIKH, TOYKa C 3arsaTou
UCITIOJIB3YETCSI JIJISl pa3/iesieHUus pa3IudHbIX cooOmennii. Kaxmas BepuinHa
IoMeueHa TPOMKOM, coeprKaleii 3HaueHHs JOKAJIbHBIX MEPeMEeHHbIX d, €
u f. Yepnas BepmmHa o0o03HaYaeT, YTO MPOIECC YCTYIAET, B TMPOTUBHOM
CJIy4ae OH aKTHUBEH.
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. (2,4, 24 (4,4,1) 4 (4,4,1)
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3 3 2
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(4,4,1) (4,4,1) 4,3,1)
4 3
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3 4 4
(33.2) (3.3.2) (3.4,2)
(4,3,4)

(4,1,3) (3.2,4)

X

(4,4,3)

Puc. 3.2. [Ipumep 3amycka npoTokosa BIOOpa Iuaepa

MopenupoBaHue NpoTokoJia Boidopa Juaepa Ha sisbike PROMELA

Crnemmduramus PROMELA cocrour u3 tpex uactei (uctuHr 3.4):
OIpeeNeHHs TJI00abHBIX IEPEMEHHBIX, ONTMCAHUS MOBEICHUS TIpoLiecca B
KOJIBIIE M MHHULIMATU3AMOHHON CEKIIMU, B KOTOPOW MPOLECCHI CTapTYIOT.
[loBenenyeckass dacTb ImpoLecca pProcess B JIEWCTBUTEIBHOCTH
MOJIy4aeTcsl MpPSIMbIM TEPEBOJOM OINUCAHMS MPOTOKOJIA, MPUBEIECHHOTO
BbIlIe. B mpoTokon 100aBieHbl 1Ba KOMMEHTAapHsl, BRIBOASILIUXCS HA SKpaH
JUIsL yOopouleHus: cumyiisinud. Ilpoliecc coenrHeH €O CBOMM COCEIOM
MPOTHUB YaCOBOM CTPEJKHU Yepe3 KaHal in, ¥ yepe3 KaHal out — co CBOUM
COCEZIOM I10 YaCOBOM CTpPEJIKE.

Nuctunr 3.4. MNpoTokon Beibopa nuaepa Ha a3blike PROMELA

proctype process (chan in, out; byte ident)
{ byte d, e, £;

printf ("%$d\n", ident);

activ:
d = ident;
do :: true -> out!d;

inve;
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if :: (e == d) ->

printf ("$d aBnsgercsa 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 COCTOsIHMA: activ («active» He
UCIIOJIB3YETCs, TaK KakK d3TO 3ape3epBUPOBAHHOE CIY>KEOHOE CIOBO B
PROMELA), relay u stop. [Ipoecc MOKET JOCTHYL COCTOSIHHS Stop,
TOJIBKO €CJIM OH pacrlo3Hal HOBOTro Juaepa. lIporecc, KOTOpBIH He
pacrmo3Hain Jdjepa, 3aBepIIMTCs B COCTOSHUUM relay. Bo uzbexanue
TeHEPAIMK HEBEPHOTO 3aBEPIIAIOIICTO COCTOSIHUS (COCTOSIHUSI, KOTOPOE HE
SBJIICTCSI KOHIIOM TeJla TPOrpaMMbl W KOTOpO€ HE TIOMEYECHO METKOU
«end:») MOMETUM COCTOsIHUE relay Kak 3aBepiaroniee. Eciu meitatbes
BepUUIIMPOBAThH BhIIeyKazaHHywo crnenudukamuio PROMELA 6e3 stoii
MeTkd end:, To SPIN Hamen Obl HEeBEpHOE 3aBepIaIONIee COCTOSHUE U
BbIJIaJT OLIUOKY.

OTtMeTHMm, 4TO, HaPUMEDP, ONEPATOP 1in7?e BBHIMOJIHUM, TOJBKO €CIM KaHal
in ne myct. Ecnu kanan myct, To onepaTop OJOKHUPOBAH, U BBIMOJTHEHUE
npolecca NPUOCTAHOBIIEHO 10 TEX MOpP, ITOKA OH HE CTAHET BBIOJHUMBIM.
CrnenoBaTenbHO, in?e MOJDKHO YUTAThCS CIEAYIOMIUM OOpa3oM: >KIaTh,
MoKa cooOIlleHWe HEe TMOMageT B KaHal in, W 3aTeéM IOMECTUTb €ro
3HAYEHHE B [IEPEMEHHYIO €.

Cnemudurkanuss PROMELA naumHaeTcs ¢ omnpeaelieHus TJI00aIbHBIX
nepeMeHHbIX (JiuctuHr 3.5):

NucTtunr 3.5. MobankbHble NnepeMeHHble crneumdukaunmn Ha a3bike PROMELA

#define N 5 /* uuciyo npoleccoB */
#define I 3 /* mpollecc C HaVMMEHbLIMM MHIeHTubmukaTopom */
#define L 10 /* pasmep Oybepa (>= 2*N) */

/* N KaHaJIOB eMKOCTBhI L KaxIel: */
chan g[N] = [L] of { byte };
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Koncranta I WuCHOJB3YyEeTCS TOJBKO € 1eibl0 uHUNManu3auuu. OHa
ompeesaeT Mpolecc, KOTOpbI OyAeT 00Ja1aTh HAUMEHBIIIMM 3HAYCHUEM
ident. EMKOCTh L COEOMHSIOMUX KAHAJIOB JOJDKHA OBITh KaK MUHUMYM
2N, Tak Kak KaXJIbIi TPOIECC TOCHIJIACT MAaKCUMyM JIBa COOOIICHHS B
KaXJIOM payHjae BbIOOpoB. Tak kak cooOlieHHs B TPOTOKOJE BbIOOpa
JuAepa HECYT TOJBKO OJWH mMapameTp (MACHTH(PHUKATOp Iporiecca), TO
Ka”Hasel ¢ g [0 ] mo g [N—1] MOryr coepkarh dJIEMEHTHI THIIA byte.

Jlst Toro 9TOOBI CO37aTh TOTOJIOTHUIO KOJBIA W 3aIyCTHTh IK3EMILISPHI
MPOLIECCOB B KOJBIE, HMCIOJb3YeTCd KOHCTPYKIMS init. DTa 4YacTh
cnenudukauun PROMELA umeer cnenyronuit Bua (yiuctuar 3.6):

Nuctuar 3.6. 3anyck ak3eMnNapoB NpoLeccoB

init {
byte 1i;
atomic {
i =1;
do :: i <= N -> run process (gl[i-117,
q[i%N], (N+I-i)%N+1);
i = 1i+1
i > N -> break
od

}

3nech $N obo3nadaer ocrarok mo momymto N. Ipomecc 3amyckaercs ¢

OIpEEICHHBIMA (bakTHYeCKUMU rapameTpamu OIepaTopoM
run process (). IlepBpiit mapamerp mporecca — 3TO BXOIAIINNA KaHaJ,
BTOPOM mapaMeTp — BBIXOIAIIWM KaHall, a TPETUM IapaMeTp — €ro

uaeHtudukarop. CyllecTBYIOT, KOHEYHO, pa3jIUYHble MEXaHU3MbI
MPUCBOCHUS UACHTU(PUKATOPOB MPOLECCaM, 3/1ECh MMPOCTO BHIOPAH OJUH U3
caMbIX mpocThiX. Ilpenmosaraercs, OAHAKO, YTO KaXIblid MpOLECC
NOJIy4aeT YHUKAIbHBIA  HWAEHTHPUKATOp. ITO HEOOXOOUMO IS
KoppekTHOCTH airoputMa. C 1enpio 00ecrneyuTh BCEM Mpoleccam
BO3MO>KHOCTbh CTapTOBaTh OJHOBPEMEHHO, BOCHOJIB3YEMCS KOHCTPYKLHEU
atomic. OHa 3amMInaeT 3amycku MPOLECCOB OT TOrO, YTOObI UCTIOJIHSTH
TEJI0 IpolLecca, NOKa APYrue MPOUECCHI €IIE HE CO3aHBbI.

OTtmeTuM, 4TO 371€Ch (UKCUPOBAHO OIHO HMHAWBHUIYabHOE MPHCBOCHHUE
UAEHTU(PUKATOPOB  mpoueccaM.  Pe3ynbTaThl, KOTOpbIE  IOJYYEHBI
CUMYJISIIUEH U BepU(UKalued, BEpHbI TOJBKO ISl 3TOrO MPUCBOCHUS.
C uenpio yBelMYEHUs HAJAECKHOCTU MPOTOKOJA JOJKHBI OBITh MPOBEPEHBI
apyrue (pakTHYecKH, BCE BOZMOXKHBIC) MPUCBOCHUS. [Ipyrasi BO3MOXKHOCTb
COCTOUT B TOM, YTOOBI HanucaTh ¢pparmeHT Ha sizbike PROMELA, xoTopbrit
MPUCBAMBAET MPOIECCaM HICHTUPHUKATOPHI CIIydailHO.
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PROMELA-cnenudukanms, mojgydeHHas TaKUM CIIOCOOOM, MOXET OBbITh
Terepsb Bepudunmponana. [Ipu 3ToM He OyaeT HEJOCTHIKUMOTO KOJIa MJTU
0JTOKHPOBOK. JIJIsI TOrO YTOOBI YIIYUIIMTh TOHUMAHUE TOTO, Kak paboTaeT
IIPOTOKOJ, MOJKET OBITh BBHINOJHEHA (Clay4yailiHas, yIpaBiseMas WId
WHTEPaKTHUBHAS) CUMYJISIIHA.

IIpoBepka mMoaeJieii nis cnenudukanuu Ha s3pike PROMELA

Camoe Ba)XHO€ CBOMCTBO, KOTOPBIM JIOJDKEH 00J1afjaTh MPOTOKOJ BBIOOpA
JAUJIepa, COCTOUT B TOM, YTO OH HE JIOJDKEH MO3BOJIATH 0O0jiee 4eM OJHOMY
IPOLIECCY CTAHOBUTHCS JIUAEPOM. DTO BbIpaxkaeTcs B L TL kak

G —[#leaders > 2],
WU, SKBUBAJICHTHO,
G[#leaders <1].

Ot1o cBolicTBO TpoBepsaercs uHcTpyMeHToM SPIN ciemyromum oGpazom.
Omnpenensiercs ¢popmyna [ ]p, rae [] coorBeTcTByeT G, a p onpeaensercs
TakK:

#define p (nr leaders <= 1)
3pece nr leaders — BcIOMOraTelnbHas IJIOOANbHAas NEPEMEHHas B
cnerupukarmun  PROMELA, koTtopass oOTCIeXHBaeT YHCIO JIUAEPOB

B cucteme. Crienmdukanus PROMELA wa manHOM 3Tame JoiikHA OBITh
pacimpena ciaeayonmm oopasoM (Jiuctunr 3.7):

NMnctunr 3.7. Hosas cneundumkaums PROMELA

byte nr leaders = 0;

proctype process (chan in, out; byte ident)
{ ..... KaK paHblle.....

activ:
d = ident;
do :: true -> out!d;
inve;
if :: (e == d) ->
printf ("%d sBnsgercsa smmepom\n", d);
nr leaders = nr leaders + 1;
goto stop
:: else —-> skip
fi;
..... KaK paHble. ....
}
CpoiictBO [] p aBTOoMaTH4ecKu KoHBepTupyercs cpernctBom SPIN B

pasmeueHHblii agmomam broxu. ABTOMAT, MOJTYYEHHBIN BepUPUKATOPOM
SPIN, umeeT cienyromuit Bu (Juctunr 3.8):
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JlnctuHr 3.8. ABTomat Broxu

/%
* BBenmeHHas QopMmyJsa: [] p
* Huxe ycJoBMEe claim COOTBETCTBYyET
* oTpMUAHMD McXomHoM dopmyrsel ! ([] p)
*  (bopmMmanuzypleMy HapylleHMe CBOMCTBA)
*/
never { /* ! ([] p) */
TO init:
if
: (1) -> goto TO init
(! ((p))) -> goto accept all
fi;
accept all:
skip

}

Hanomunm, yTo aBTOMatr brOXM COOTBETCTBYET OTPULIAHUIO ITPOBEPIECMOMN
Gopmynst — A_, e ¢ coorBetcTByeT G[#leaders < 1]. Eciu 310 cBOICTBO
coxpaHeHo B ¢aitne propertyl, To SPIN aBTOMaTHUecK MPOBEPHUT €TO,
ecnu 100aBUTh B KoHell (umiau Havano) crnenupuxamuun PROMELA
UHCTPYKIIHIO:

#include "propertyl"

Pesynbrar Bepudukanum CBOMCTBA MOJOKHUTEIbHBIA (JTHCTHHT 3.9).

NucTuur 3.9. PesynbTaT Bepudmkaumm NpoTokona 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
61174 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%)
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
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O TOJIOKHUTEIILHOM Ppe3yJIbTaTe CBHJCTEIBCTBYET TEKCT errors: 0.
Jlaxke nis ATOrO HEOOJBIIOrO TPOTOKOJNIA ¢ 5 mporeccamu  (TUTHOC
COCIMHSIOIINE WX KaHaJIbl) MHOYKECTBO COCTOSTHUH YXKE JIOBOJIBHO BEJHKO.
[ToaTtomy SPIN mnpenocrtaBiser ompeacieHHbIE MEXaHH3Mbl IS TOTO,
YTOOBI CAENaTh MHOYKECTBO COCTOSTHUN MEHBIIIE. ITO OCYIIECTBISICTCS WU
32 CUET XPAaHCHUS HMX KOMIIAKTHBIM CITOCOOOM (MCIOJIB3YS PEIyKIIHIO
YACTUYHBIX MOPSAIKOB), HIIM ITyTEM IPUMEHEHUS XCIIMPOBaHUS (KOTOPOE
n30eraeT MPOCMOTPa BCETO MHOKECTBA COCTOSIHWIA), WJIHM KOMOWHAIen
3THX CIOCOOOB.

Oddext npuMeHeHHs peAYKIIMN YACTUUYHBIX MOPSIAKOB K PACCMOTPEHHOMY
MPUMEPY COCTOUT B TOM, UTO COXPAHAKOTCS TOJBKO 3189 cocrosaHui u
5014 mnepexomoB BmecTo 16585 cocrosHmii m 61172 mnepexonos, MO
CPAaBHEHUIO CO CIIy4aeM, KOrja pEeAyKIUs YacTUYHBIX IOPSIAKOB HE
PUMEHSIIACK.

Takum ke myTeM MOryT ObITh BEpU(DUIMPOBAHBI CIENYIOLIME CBOWCTBA:
JUEp BCErJa B KOHEYHOM cuere OyneT BbIOpaH; BBIOPAHHBIM JIUAEPOM
OyZeT mpouecc ¢ HauOONbIIUM UIECHTU(DUKATOPOM; €CIIH MPOLIECC BHIOpaH
JUIEPOM, TO OH OCTaHETCS JIUAEPOM HaBCEI/1A.

[TokaxkeM, 4YTO MPOMCXOIUT, KOTrJa MPOBEPSIETCS HEBEPHOE CBOMCTBO:
nposepuM Gl#leaders = 1]. OHo HapymaeTcss B COCTOSHHH, KOTJa BCE
AK3EMIUISAPHI TPOIECCOB CO3/IAFOTCS, TaK KaK Cpeau HUX HeT ymaepa. Eciaun
3amyctuTh Bepudukarop SPIN, To momyuum ommOKy, U CreHepHpyeTcs
KOHTPIpPUMEDP, KOTOPBINA coXpanutcs B (aitn. [ anamm3a ommoKu MOKET
ObITh  3amylieHa yIpaBiseMas CUMYJSANus, Oasupyromiascs  Ha
MOCTPOEHHOM KOHTpripuMepe. Kpardaifinmas Tpacca, KOTopas BelIeT K
omuOKe, MOKET OBITh CTEHEpHUPOBAHA I10 3aIPocCy.

Bepu¢puxkauus ¢ HCIOJIb30BaAaHHEM YTBEPKIACHUH

AnbpTEepHaTUBHBIM, a 4yacTo U Oosiee 3(HEKTUBHBIM MyTEM BepudHKauy,
SBJISIFOTCSL TaK Ha3bIBaeMble ymeepawcoenus (asSertions). Yreepkaenue —
3TO KOHCTPYKLHUS, apryMEHTOM KOTOpOM sBiseTcs OylieBO BbIpaKE€HHE.
Ero ucnonnenue He umeeT nobouHbix 3¢dexron. Ecnu cnenudukanus Ha
s3pike PROMELA conepxut yrBepxkaenue, To SPIN mpoepsieT, ecTh Ju
BBIYKCIICHHE, IIPU KOTOPOM YTBEpKIAEHUE Hapywmaercsi. B srtom ciydae
oToOpakaercs onrmoka.

PaccMoTpuM mipuMep MCIONAb30BaHUS yTBEpxkKAeHUU. IIpennonoxum, 4ro
TpeOyeTcss TpPOBEPHUTh, NEUCTBUTEIBHO JIM YHUCIO JHUAEPOB BCEria He
MPEBBIIIAET OJHOT0. DTO MOXKET OBITh MPOBEPEHO NyTeM T00ABICHUS
YTBEPKICHUS

assert (nr_leaders <= 1)

HerocpeAcTBeHHO B koxa crnenudukanun PROMELA B momeHT, Korma
MpoIlecC OMpeaeNsieT, 4YTO OH BBIMTPAT BBIOOPH W  yBEIHMYHUBACT
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nepeMeHHyr0o nr leaders. Tak nomywaercs Teno — mporiecca
(smactuar 3.10):

Nuctunr 3.10. Cneundmkaums, ncnonb3yoLas yTeepxaeHus
byte nr leaders = 0;

proctype process (chan in, out; byte ident)
{ ... KaK paHble.....

activ
d = ident;
do :: true -> out!d;
inve;
if :: (e == d) ->
printf ("$d aBnsgercsa supmepom\n", d);
nr leaders = nr leaders + 1;
assert (nr leaders <= 1);
goto stop
:: else -> skip
fi;

Bepuduxanus stoii cnenupuxaiuu PROMELA He Bo3Bpariaer omudok u
UCITOJIB3YET TAKOE KE YUCIIO COCTOSHUHN U MEPEX0JI0B, KaK W BepUPUKAITII
cootBercTByMomIei LTL-hopmynsr G[#leaders < 1].

3.2. SMV

HuctpymentansHoe cpeactBo SMV  (Symbolic Model Verifier) [49]
NOJICPKUBAET BEPUPHUKALUIO KOONEPUPYIOLIUX IMPOIECCOB, KOTOPHIE
B3aMMOJICHCTBYIOT Yepe3 pa3/ieleHHbIE TIEPEMEHHbBIE. JTO CPEACTBO OBLIO
NepBOHAYAIBHO  pa3pabOoTaHO [isi aBTOMATHYECKON  BepuUKauu
CUHXPOHHBIX amnmapaTHbIX cxeM. OHO Takke ObLJIO OYeHb IMOJIE3HO JIf
BepUpUKAIMM  KOMMYHUKAIIMOHHBIX  TMPOTOKOJNOB.  Takke  OHO
MPUMEHSIIOCHh K OOJBIINM MTPOTPaMMHBIM CHCTEMaM, HalpuMep, B aBUAIIH
[50]. TIIpomeccet B SMV MOryT HCHOMHATBCS CHHXPOHHBIM WM
ACHHXPOHHBIM CTOCO00M. DTOT BepU(UKATOP MOAACPKUBACT MPOBEPKY
moaener mst CTL-dopmyn. Tlokaxem Ha mpumepax, Kak CUCTEMBI MOTYT
ObITh crieruUIMPOBAaHb U BEepUMUIIMPOBAHBI C HUCMOJIb30BaHueM SMV.
Omnucanue SMV 1 npuMepbl U3J1aratloTcss B COOTBETCTBUH ¢ Kypcom [1].

Crnenudukanus Ha BXOAHOM si3bike SMV cOCTOUT U3 OMUCaHU MPOIECCOB,
ONMUCaHUM (JIOKAJTBHBIX U TI00aNbHBIX) IEPEMEHHBIX, OIUCAaHUN (popMyn U
cnenudukanuii  GopMysa, KOTOpbIE AOKHBI OBITh BepU(ULIUPOBAHBI.
['maBHBI MOAynb Ha3biBaeTcs main, kak u B s3bike C. ['moGanbHas
cTpykrypa cnenudukanun SMV npusenena B muctunre 3.11.
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Nuctuur 3.11. CtpykTypa cneundukauum SMV

MODULE main
VAR omnpenesieHMSa IePEeMeHHEX
ASSIGN npmcBamBaHMA IJIODAJIBHBIM [Ie€PEMEHHEM

/* HeobsgszareyibHO */
DEFINITION omnpenejeHue BepuOMUMPYEMOTO CBOMCTBA

SPEC Bepuduumpyemasa CTL-crneumdbomraumsa
MODULE /* mommonmyJsb 1 */

MODULE /* momMomyJb 2 */

.............

OCHOBHBIC KOMITOHEHTHI CHGI_[I/I(bI/IKaHI/II/I CUCTEM IIpHU UCIIOJIB30BAHHUH SMV
CICAYIOIIHC:

o Tunwvl 0annvix. EQMHCTBEHHBIC TUIIBI IaHHBIX, IIpeAocTaBisieMble SMV —
ATO OrPAHUYCHHBIC LETOYMCIICHHBIC MOJUAINIa30Hbl U CHMBOJINYCCKHE
MEePEYNCITUMBIC THIIBI.

o Onucanus u UHUyuaIuzayuu nPOMGCCOG.]IpOHCCC, Ha3bIBacMBbIH P,
OHpCHCHHCTCﬂCHCHYKHHHNIO6P&30M:

MODULE P (dopmaJibHEIE INapaMeTpPhl)

VAR JIOKAaJIbHEIE I[I€PEeMEHHEE

ASSIGN cTapTOBHE NPUCBOEHMA I[I€PEMEHHEM

ASSIGN npmucBOeHMA I[NepPeMeHHEM, BEHIIOJIHAKIMECA Ha Iepexonax

DTa KOHCTPYKIIMS ONMHUCBHIBAET MOJYJIb, TaK)KE€ Ha3bIBACMBIM P, IS
KOTOPOTO JBYMS CIIOCOOAMU MOKET OBITh ONPEICIICH dK3EMILISIP:

1) sk3eMILIsIp mporecca Pasync OyaeT UCIOIHATHCS B aCHHXPOHHOM
pexuMe:
VAR Pasync: process P (nmapaMeTpH)

2) PK3eMILLAp mporecca Psync OyaeT UCHOJHATHCS B CHHXPOHHOM
peXUME:
VAR Psync: P (nmapamMeTpsl)

Paanua MCXKIY AaCMHXPOHHBIM U CHHXPOHHBLIM PCKUMOM O6CY)K)18,GTC$[
HMXKE.

a [lpucsausanus nepemennvix. B SMV mponecc paccmarpuBaercs Kak
KOHEUHBIA aBTOMAT U OMPEACISICTCS MyTeM MEePEUUCICHUS ISl KaXI0M
(JlokambHOM ¥ TJ100adbHOM) TEepPEeMEHHON HAYadbHOTO 3HAYEHUS
(3HaueHWI B HAYAJIbHOM COCTOSIHMM) W 3HAYEHHSs, KOTOpoe Oyner
IIPUCBOCHO MEPEMEHHOM B cleayrueM cocrosHuu. [locnennee
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3HaYeHHe OOBIYHO 3aBUCUT OT TEKYIIUX 3HAYCHUH MEPEeMEHHBIX.
Hanmpumep, next (x) := x+y+2 NOpUCBaMBAeT MNEPEMEHHOM X
3HaYCHHE X+y+2 B CIEAYIOLIEM COCTOSHUH. s IEepeMEeHHOU X
pucBavMBaHue init (x) := 3 O03HA4Yaer, 4ro X NEPBOHAYAIBHO
npuHUMAaeT 3HaueHue paBHoe 3. IlpucBamBanme next (x) := 0
Ha3Ha4yaeT NepeMeHHOM x 3HaueHue 0 B CIEyIOLIEM COCTOSIHHH.
[IpucBanBanuss MoOryT OBITh HEIETEPMHUHUPOBaHHBIMU. Hampumep,
ormeparop next(x) := {0, 1} o3Ha4aer, 4YTO ClIEAYIOILIEE
3HaueHne x paBHo O wmm 1. [lpucBamBaHus Takke MOTYT OBITH
ycnoBHbIMU. Hanpumep, nprucBanBanue

next (x) := case Db
b
esac;

Ha3HAyaeT TNepeMEeHHOM x 3HaueHue 2, eciu b paBHo 0 w
(HegeTepMUHUPOBAHHO) 3HaueHue 7 win 12, ecou b pasuo 1. Ecnu x —
NEpEMEHHAs B AK3EMILIAPE mpouecca Q, TO MUIIETC Q . X.
[IpucBavBaHusi TJI00AJLHBIM MEPEMEHHBIM pPa3pelieHbl, TOJBKO €Cld
ATU NIEPEMEHHBIE BCTPEUAIOTCS B Kau€CTBE MApaMETPOB B IK3EMILISPE
nporuecca.

CUHXpoHHLIU U ACUHXPOHHBIU pedcuMbl. B CHHXpDOHHOM pEXKHME BCE
PUCBAMBAHUS TIEPEMEHHBIM BBITIOIHSIOTCS 3a OJWH HEACIHUMBINA IIar.
NHTYUTUBHO 3TO O3HAYAET, UTO CYIIECTBYIOT OJTHU TJI00AIbHBIC Yachl U
B TEUECHHE KAXKJIOrO0 MX TAaKTa KaXAbld MOIYJIb BBINOJIHSAET IIAar.
B o601 3agaHHBII MOMEHT BpPEMEHU MpoIlecC JIMOO BBIMOJIHSIETCS,
nubo He BbINONHseTCs. [IprcBanBaHWe 3HAYEHUIO next MEepPeMEHHOU
MPOUCXOJIUT TOJILKO B TOM Cllydae, KOTJia Ipoiiecc BhIMoJHsIeTC. Eciu
IPOLIECC HE BBIMOJHAECTCS, TO 3HAUEHUE MEPEMEHHON Ha CIIeIyIOLIEM
11are OCTaeTCs HEM3MEHEHHbBIM.

B acuHXpOHHOM peXHME HOBOE 3HAUYEHUE IIPUCBAMBAETCS TOJIBKO
MEPEMEHHBIM «aKTUBHOTO» mpouecca. CrieaoBaTenbHO, B TEUYCHUE
KaXKJIOTO THKA TJIOOATBHBIX YacOB OJIUH MPOIECC HEETEPMUHUPOBAHHO
BBIOMpAaeTCs IS BBIMIOJHEHWS, W OJWH IIar »JTOro mpoliecca
BBITIOJIHSIETCST (B TO BpeMs KaK OCTajbHbIC, HEBHIOpAHHBIE MPOIIECCHI
COXpaHSIOT CBO€ cocTosHMe). CHHXPOHHAs KOMIIO3UIIMS TOJIe3Ha,
HanpuMmep, JJIsi MOJAEIUPOBAHUS CUHXPOHHBIX allapaTHBIX CXEM, TOrAa
KaK aCHMHXpPOHHAss KOMIIO3MIMSA TIOJie3HA [IJIi  MOJICITUPOBAHUS
KOMMYHUKAIIMOHHBIX TPOTOKOJOB WJIM ACHUHXPOHHBIX amapaTHBIX
CHUCTEM.

Cneyugpuxayus CTL-¢popmyn. Ins cnenmdpuraruu CTL-dpopmyn SMV
WCIIOJIb3YET CUMBOJIBI & — JUISl KOHBIOHKIINH, | — JUISl AW3BIOHKIAN, —>
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— 7 UMIUIMKauMd U ! — jos otpunanus. [Iporpamma mnpoBepku
mozeneir SMV npoBepsieT, 4To Bce BO3MOXKHbIE HayalbHbIE COCTOSHUS
YAOBJIETBOPSIOT CEIU(DUKALIUH.

AJIFOpHTM B3aUMHOI'0 HCKRJIIOYCHUA

Adroput™M B3aMMHOTO HCKiIoueHHs Ilerepcona wm  ®Dumepa [1]
UCIIOJIB3YETCSl JBYMsI TIPOIIECCaMM, KOTOPHIE B3aWMOJCHCTBYIOT depe3
paszensieMbie TIepeMeHHbIe. TpeOyeTcsl JMHUIMUTh MPOIECChI BO3MOKHOCTH
OBITH OJTHOBPEMEHHO B KpUTHUYECKOH cexnnu. Kaxeiid mporece 1 (i =1, 2)
UMeEET JIOKAJIbHBIE TTepeMeHHbIe tj U Yj, KOTOphIE MOTYT OBITh MPOYUTAHBI
JPYTHM TPOIIECCOM, HO MOTYT OBITh 3aITMCAHBI TOJHKO MPOIECCOM 1. DTH
NIepeMeHHbBIC TPUHUMAIOT OJHO M3 3HadyeHui {L, false, true}. Oneparop —
HE ompezenieH Uil 3HaueHus L, a 3HadueHus false u true on mHBepTHpYET.
DTO O3HA4YaeT, YTO B BBIPAKCHUHM —Y, = Y; TIpearonaraercs, 4ro Y; # L.
HavanpHbie 3HaYC€HUA MNEPEMEHHBIX TAaKOBBL: Y1, Yo, 1, =1, 1, 1, L.
[Ipornecc 1 onmcan B muctunre 3.12.

NMnctunr 3.12. MNMpouecc 1

starty:

t, ;= if y, = false then false else true fi
yi:=14

ify,# 1L thent,:=vy,fi

Y1 = t;

loop while y; =y,
critical section 1; y,, t;:= 1, L
goto start;

[Tpornecc 2 onmcan B muctunre 3.13.

Nuctuur 3.13. Mpouecc 2

start,:

t, ;= if y; = true then false else true fi
Y2 =1

if Y1 1 then t, .= —Y2 fi

Yo = t

loop while (—y2) =1
critical section 2; y,, t, ;= 1, L
goto start;

ba3oBblii MeTOJ alropuTMa COCTOMT B TOM, UYTO KOrja oba mporecca

COPEBHYIOTCSI 3a BXOJ B KPUTHYECKYI) CEKIMIO, TapaHTUPOBAHHO
BbITIONHSIETCS Y1 # L u Y, # L. CrenoBareinbHO, yCIOBHUSI JUisi BXOJa B
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KPUTHYCCKYIO CCKIOWIO HHKOI'Ja HC 6YﬂYT BBIIIOJIHCHBI OJHOBPCMCHHO.
OrMmeTum TAKIKC, 4YTO 9TH ABa IIpouccca HEC CUMMCTPUYHEI.

MoaenupoBaHue ajJiropuTMa B3aMMHOTI0 UCKJIIOYeHusi B SMV

[lepeBon omucanHoro anroputMa B crnenudukanuo SMV BrimonHsETCS
HEIOCPEICTBEHHO. JIBa SK3eMILIsIpa TMpoIlecca CO3JAI0TCS  CIICTYIOIIIM
obpazom:

VAR prcl : process P(tl,t2,vyl,vy2);
prc2 : process Q(tl,t2,vl,y2);

[ToBeneHueckass 4YacTh MEPBOTO Ipolecca M3 MNpeAblAylIedl CeKUHuu
npuBesreHa Huke. [IpucBouM KaxaoMy onepaTopy B ajJrOpPUTME METKY,
HayuHas ¢ 11. DT METKH MCMOJIb3YIOTCA JJIsl TOTO, YTOOBbl YCTAHOBUTH
CJIEYIOLIMI ONEpaToOp MOCJIE BBINOJIHEHUS COOTBETCTBYIOIIETO ONIEPATOPA.
OnHu sBIAIOTCA aHANOroMm cyerynka MHCTpykuuil. Kon SMV mns npyroro
IIpoliecca aHAJIOTUYEH U 3/1eCh HE MPUBOAUTCS. KoMMeHTapuy HaunHAKOTCS
CO 3HAKOB —— W 3aKaHYMBAIOTCS BO3BPATOM KapeTku (JuctuHr 3.14).

NMnctunr 3.14. Mogene npouecca P
MODULE P (tl,t2,vyl,vy2)

VAR label : {11,12,13,14,15,16,17};
—— JIOKaJIbHad IepeMeHHas label
ASSIGN init (label) := 11;
—— CTapTOBOE IIPUCBOEHUE
ASSIGN —— IPUCBOEHME IOJIa IIepexXOoIOoB
next (label) :=
case
label = 11 12,
label = 12 : 13;
label = 13 : 14;
label = 14 : 15;
label = 15 & yl = y2 : 15; -- loop
label = 15 & !'(yl = y2) : 1l6;
label = 16 0 17;
label = 17 : 11; -- goto start
esac;
next (tl) :=
case
label = 11 & y2 = false : false;
label = 11 & !(y2 = false) : true;
label = 13 & y2 = bottom : tl;
label = 13 & !(y2 = bottom) : y2;
label = 16 : bottom;
1 : tl;

—-— B TIPOTUBHOM CJlydae
-— He uB3MeHaIThL tl
esac;
next (yl)
case

165



label = 12 | label = 14 : tl1;

label = 16 : bottom;
1 :vl;
-— B TIPOTMBHOM CJydae
-— He M3MeHATb Yyl
esac;

OtmeTuM, 4TO MeTKa prcl.l6 COOTBETCTBYET KPUTHUYECKON CEKLIHMH
npouecca 1 ¥, CHMMETPUYHO, METKAa Prc2.m6 — KPUTUYECKONW CEKLUHU
nporecca 2.

IIpoBepka moaeJieii nus cnenupukanuu SMV

Ykaxem ABa TJIaBHBIX CBOfICTBa, KOTOPBIMHU TOJIKCH O6J'IaILaTI> AJIrOPpHUTM
B3aMMHOI'O HCKJIFTOYCHM .

Ilepoe U3 HUX COCTOUT B TOM, YTO B OJTHO U TO K€ BPEMSI B KPUTHUUECKOU
CEKIIUM JIOJDKEH OBITh MAaKCMMYM OJIMH Tpoliecc. ITo Beipaxaetrcs B CTL
CJIEYIOIUM 00pa3oM:

AG —(prcl.label =16 A prc2.l1abel = m6).

B SMV 3T0 cBOMCTBO ompenemnseTcs Tak:
DEFINE MUTEX := AG ! (prcl.label = 16 & prc2.label = m6)

3necb MUTEX — makpoc. PesynpraT BepuduUKalMU € HCIOJIb30BaHUEM
SPEC MUTEX HOJIOXKUTEJIbHBIN:

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 coodienus, kacaromuecs BDD. Bepudukarop
SMV wucnons3yer BDD (nBomunble pa3pemiaronige AuarpaMmsl) sl TOTO,
9TOOBI TPEJACTABIATh W XPAaHUTh MHOXXECTBO COCTOSHMM KOMIIAKTHBIM
o0pa3oM C I1ENbI0 PACHIMPEHUsT BO3MOXHOCTEH MPOrpaMMbl MPOBEPKHU
MoOJenen.

Bmopoe CBONCTBO alropuT™Ma B3aWMMHOIO WCKIIOYEHUS — OMCYmMCmeue
207100aHus. DTO 03HAYAET, YTO HE MOXKET ObITh CUTyallUM, KOTJa Mpoliecc,
KOTOPBIH XOUeT BOWTH B KPHUTHUYCCKYIO CEKIIMIO, HUKOTJa HE CMOYKET 3TO
CIeIIaTh:
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NST := AG ((prcl.label in {11, 12, 13, 14, 15} ->
AF prcl.label = 16) &
(prc2.label in {ml, m2, m3, m4, mb} ->
AF prc2.label = m6))

AnpTepHaTHBHAs HOPMYIUPOBKA STOTO CBOMCTBA!

AG AF
AG AF

! (prcl.label in {11, 12, 13, 14, 15}) &
! (prc2.label in {ml, m2, m3, m4, m5})

W3 »Toit hopmynbl ciaeayeT, YTO W3 JHOOOTO COCTOSHUS B BBIYHCIICHHUU
BJIOJIb JIFOOOTO TyTH MeTka mpormecca 1 (u 2) korma-HUOyabp OyaeT
oTIMYaThcsi oT MeTOK ¢ 11 mo 15 (1 ¢ m1 mo m5). OTcrofa cienyer, u4To
npoueccsl 1 u 2 peryyisipHo HaXOAATCS B KPUTUUECKON CEKIIHH.

[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 = O

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

state 1.6:

[executing process prc2]
prc2.label = mb
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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 1ocjie10BaTeIbHOCTh U3MEHEHUI MTEPEMEHHBIX.
Ecin nepemenHas He o0O3Hau€Ha, TO €€ 3HAYCHHE HE H3MEHHJIOCH.
KonTpripumep, KOTOpHIN CreHeprpoBaia MporpaMMa MPOBEPKU MOJIENEH,
yKa3bIBa€T, 4YTO CYIIECTBYET IUKJI, B KOTOPOM PrC2 MHOIOKPaTHO
MOJTy4aeT JOCTYN K KPUTHYECKOW CEeKIMH, TOTJa Kak Tmpolrecc prcl
OCTaeTCs JKJIATh MOCTOSIHHO. DTO HE JOJDKHO YAMBIATH YUTATENS, TaK Kak
cucteMa SMV Moxker B TeyeHME KaXIOro Iara MCIOJHEHUs
HEJCTEPMUHUPOBAHHO BBIOMpATh IMpoOIECC, KOTOpbIM Oymer jasee
BBIMOJHATHCS. [Ipu MOCTOSSHHOM BBIOOpE OAHOTO M TOTO K€ MpoIlecca
OyZAeT MOoJy4YeHO MOBEIECHUE, TPOUILTIOCTPUPOBAHHOE BBILIE. 3/1€CH MOXKHO
CKa3zaTb, YTO ATOT pE3yJbTaT HE OCOOCHHO HMHTEPECEH, TaK KakK JaHHas
HECTpaBeyIBasl JUCIIETYEpU3alds TPOILECCOB HEXenaTenbHa. [oBops
MHaye, XOTelIoCh Obl MMETh MEXaHU3M JUCHeTYepH3alli, B KOTOPOM
aKTUBHBIE TIPOIECCHl (MPOIECChl, KOTOPBIE MOTYT CHAeNaTh IepPexXo.)
BBIOMPAIOTCS cnpasednugvim 00pazom. Huxe oObsICHAETCS, KaK 3TO MOXKET
OBITh ClIENaHO.

IIpoBepka ycjoBuii cipaBeJIMBOCTH C HCNOJb30BaHHEM SMV

SMV  mpenocTtaBiser BO3MOXKHOCTB I cHEIUDHUKALIMN  mpebosauil
cnpasedausocmiu C TIOMOIIBIO CIIEAYIOMIETO0 YTBEPKIACHUS (TSI KaKIO0TO
npoiiecca):

FAIRNESS £

3necy £ — mpowmsBoabHas CTL-hopmyna. MHTEepnpeTaus 3Toil KOMaHIbI
COCTOUT B TOM, 4TO BEpHUPHUKATOP, MPOBEPSIS KAKyI0-TN00 crienu(uKauio
(koTOpasi MOKeT oTiau4aThcsi OoT f), OymeT WUTHOPHPOBATH JIOOOW MYTh,
BJIOJb KoTOporo f He BcTpedaeTcs OECKOHEYHO 4YacTo. Takue mnyTu
HA3BIBAIOTCS HECNPABEONUBbIMU OTHOCUTENHLHO CBOMCTBA f. Mcnonb3ys Ty
KOHCTPYKIIMIO, YCTAaHOBUM CHPABEJIMBOCTh MJI MPOLIECCOB CIEAYIOITUM
nyreMm. B Bepudukarope SMV kaxaplii mpoiiecc MMeEET CHEHUaTbHYIO
MEepEMEHHYI0 running, KoTopas NOpUHUMAET 3HaueHue true, eciaum u
TOJIBKO €CJIM TPOIECC B JIaHHBIM MOMEHT HcroiHseTcs. Eciu n1o6aBUThH
FAIRNESS running & mnpembiaymed cnenudpuxamun SMV  mns
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IpOrpaMMbl B3aUMHOTO HWCKITIOUEHHS, PE3yJbTaT palboThl Bepudukaropa
MOKAXET, YTO HAJIMYME TOJOJAaHUS TENeph HEBO3MOXKHO (TaK KaK OHO
HecnpaBeJIuBO). TakuMm oOpazom, [Jsi JAaHHOTO MpUMEpa MOJIYYEHO
CBOMCTBO omcymcmaus 2onooanus. CleqoBaTelbHO, MOXHO 3aKIIOYHTh,
YTO MO TpeOOBAaHUEM CITPABETMBOCTH (YCIOBHUEM, YTO KaXKIbIH MPOIECC
UCITOJTHSETCSI OECKOHEYHO YacTO) aJTOPUTM B3aUMHOTO HMCKJIIOUYCHUS HE
BEJICT K TOJIO/IaHUIO.

PaccmoTpum enie oivH npuMep UCTOJIb30BaHNS KOHCTPpYKIMU FAIRNESS.
Jns 3TOro HEMHOIO0 M3MEHUM QJITOPUTM B3aWMMHOTO HCKIIOYEHHS,
pa3pelrB MPOLECCY OCTABATHCS B KPUTUUECKOM CEKIUH 00Jiee AIIUTENbHOE
BpeMs. BcmomHuM, 4rOo MeTKa prcl.l6 COOTBETCTBYET TOMY, 4YTO
npouecc | HauMHAET CBOXO KPUTHMYECKYIO CeKUHMIO. VM3MeHsas kox MOomyss
MODULE P, nmoiry4um:
ASSIGN
next (label) :=
case

[Ipouecc 1 Tenmepp MOXKET HAXOAUTHCS B CBOEM KPUTHYECKOW CEKIUMU
OCCKOHEUHO J0JIr0, OJIOKHpYs Mpoliecc 2 OT Kakoro-imbo Iporpecca.
OtMetrnM, 4TO noOaBieHne FATIRNESS running K BblIeyKa3aHHOU
cnenuduKalMu HE TOMOTaeT: Mpolecc 2 Temnepb OyIeT Ha3HA4YeH Ha
HCIIOJHEHHE, HO, TaK KaK OH OJIOKMPOBAaH, CBOMCTBO npozcpecca NI HEro
BBITIOHATBCST He Oyner. Jlimsa Toro 4rtoObl u30€kaTh ATOTO, J00aBUM
OTPaHUYCHUE CTIPABEJTMBOCTH:

FATIRNESS ! (prcl.label = 16)

DTOT omeparop 03HAYAET, YTO MPU OMPECICHUH BHITIOJHIEMOCTH (HOPMYJT
goruku CTL kBantudukatoper mytu A u E pamxupyrorcs 1o
COPABEVIMBBIM  IIYTAM  OTHOCHUTEJIIBHO '(prcl.label = 16).
Jpyrumu cimoBaMH, 3amyCckH, JJIsl KOTOpbIX ! (prcl.label = 16) He
CTAHOBUTCSI BEPHBIM OECKOHEYHO 4YacTo, HE pacCMaTpUBAIOTCI. OTO
oOecrieynBaeT TO, YTO Tpolecc | He ocTaeTcs B CBOEH KPUTHYECKOM
CEKILIMU HEOTPAHUYEHHO JI0JITO.

[ naBa 4. Bepndomkayma aBToMaTHbLIX NporpamMm

4.1. ABTOMaTHbIEe nNporpamMmmel

B 9TOM pas3acic OIINCBhIBACTCs TCXHOJIOTHA asmomammHoco
npozpammupoearusd, TaK KaK aBTOMATHBIC IIPpOrpaMMbl, Kak 6y216T
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NIOKa3aHO HW)XKE, MOTYT BepU(DUIIMPOBATHCS C TOMOIIBIO TPOBEPKH
MoJielelt poie u d3pPEeKTUBHEE, YeM IPOTPaMMBI IPYTHX Kiaccos [2, 51].

B paccmarpuBaeMOM MOAXOAE K MNPOrPaMMHUPOBAHUIO  BBIICIAIOTCS
UCTOYHUKU BXOJHBIX BO3JCHCTBUI M aBTOMATHU3HPOBAHHBIE OOBEKTHI
VIOPABJICHHS, KaXKIbli M3 KOTOPBIX COAECPKUT CHCTEMY YIPABICHUS
(cucteMy  B3aMMOJICHCTBYIOIIMX KOHEUHBIX AaBTOMATOB) M  OOBEKT
ynpasieHus. OOBEKT yHOpaBieHUS pPeEalu3yeT BBIXOJHBIE BO3CHCTBUS,
UHUIIMHPYEMbIE CHCTEMOH yIpaBlieHHUs, a Takxke (POpMHUpPYEeT BXOIHBIC
BO3JICHCTBUSI, pEaTu3yIoIIMe OOpaTHYIO CBSI3b OOBEKTA YIPAaBICHUS C
cucTeMoi ympaBieHus. BxomHble BO3IEHCTBHS (DOPMUPYIOTCS TaKkxKe
BHEIIIHEN cpeniol (Moiap30BaTeNeM WM CMEKHBIMU cUcTeMaMu). BxoiHbie
BO3JIEUCTBHUSI MOTYT OBITh JIBYX BHJOB: COOBITUS, JEHCTBYIOLIUE
KPaTKOBPEMEHHO, M BXOJHBIE IIEPEMEHHBIE, BBOAMMBIE IIyTEM OIPOCA.
BxonHele  BO3AeHcTBHS  11€J1IeCOO0Opa3HO  pealu30BbIBaTH B BUJE
NEPEMEHHBIX, UCIIOJIb3Ys COOBITHS JIMUIb MPU HEOOXOAUMOCTH COKPATHUTh
BpeMs peaklMu cucteMbl. [Ipy 3TOM 0HO U TO K€ BXOJHOE BO3JIECUCTBHE
MOXET OBITh OJHOBPEMEHHO M cOObITHEM ((PPOHT BO3AEHCTBUA), U
BXOJIHOM T€peMEeHHOW (MOTEHIMaN BO3AEUCTBUS). ['pyIIbl BXOJHBIX U
BBIXOJIHBIX BO3JIEUCTBHI B OOIIEM CIllydae CBSI3bIBAIOTCS C COCTOSTHUSIMH,
BBIJICIISIEMBIMH B KaKI0OM aBTOMATE.

Ha puc.4.1 wu3o0paxkeHa cxemMa aBTOMATH3UPOBAHHOTO OOBEKTa
ynpasieHus. [lapaduema asmomamno2o npocpamMmuposanusi COCTOUT B
IPEJICTaBICHUN MPOTPaMM KaK CUCTEM a8MOMamu3supoO8aHHbIX 00bEKmMo8
YIpaeneHusl.

X1, €

Cuctema z O0ObekT X2
yrnpaBneHus ynpaBneHus

Puc. 4.1. Cxema aBTOMAaTH3UPOBAHHOTO OOBEKTA YIIPaBIECHUS

TunuuHoli MaTeMaTHUECKOM MOJEJIbI0 BBIYMCIUMOCTH SIBISCTCS MallWMHaA
Teropunra (puc. 4.2). Ha Heli MOXHO peaau3oBaTh JOOOW aJrOPUTM.
HecMoTpsi Ha 3TO, HAa MPAKTUKE TaKas pean3alus — OY€Hb TPYAOEMKHUU
nporiecc. B aBromMarHoM mnoaxoae OOBEIMHEHBI TE€ AacleKThl JTaHHOU
MAaTEMATUYECKOM MOJIEJIM, KOTOpbIE MNOAXOIAT [Ji1 MPAKTUYECKOTO
MPOrPaMMHPOBAHUS.

ba3oBbiM IIOHATHUCM ABTOMATHOI'O IMporpaMMHupOBaHUA ABJIAICTCA
cocmosiHue. Bce coCTosIHUSI B aBTOMaTax JOJIDKHBI OBITH BBIACJICHBI SABHO.
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KoHeuHbIn z X
aBTomaT

v

KoHeuHbIn
aBTomaTt

v

a §)

Puc. 4.2. Mammuna TeropuHra: kiaccudyeckoe (a)
u MoauduurpoBaHHoe (0) n300pakeHus

BXOIIHBIG BOSI[GﬁCTBPIfI pPacCMaTpUBAIOTCA KaK CpCACTBA AJIs1I M3MCHCHHSA
COCTOSIHUH. BBIXOI[HI)IG BO3HGﬁCTBHH aBTOMAThbl MOI'YT (bOpMI/IPOBaTI) Kak
B COCTOAHUAX, TAK H Ha IICPCXOJaX MCKAY COCTOAHUAMU.

ABTOMATBl JENATCA HaA JiBa TUMA: aOCTPAaKTHbIE U CTPYKTYpPHBIE.
B aOcTpakTHbIX ~aBTOMaTax BXOAHbIE W  BBIXOAHBIE BO3JEHCTBHUS
bopMHpYIOTCA TOCIIEOBATENBHO, @ B CTPYKTYPHBIX — «HapaJlICIbHOY.
B aBTOMaTHOM  NpPOrpaMMHpPOBAaHMM  IPUMEHSIOTCS  CTPYKTYpPHBIE
aBTOMATBL.

CocrosiHUsST TakXke OBIBAIOT JBYX THUIIOB: ynpasiaoowue (aBTOMATHBIE) U
gviyucaumenvusvle (HEABTOMATHBIE). YTIPABJISIOUIME COCTOSHUSI OTPaKAIOT
KaueCTBEHHbIE OCOOCHHOCTH TIOBEJICHUS CHUCTEMBI, a BBIYUCIHTEIIbHbBIC
COCTOSIHUS — KOJINYECTBECHHBIE.

B mammne TrropuHra ympasisitoliee yCTpOMCTBO ¢ HEOONBIIUM YHCIOM
COCTOSIHUM, TIPEACTaBJsONIee COOOM KOHEUHBIH aBTOMAT, MOXET
yIOPaBJISATH OCCKOHEUHBIM YHMCIOM COCTOSHUU Ha JieHTe. B aBTOMaTtHOM
MIPOrPAMMHUPOBAHUM OCHOBHOE€ BHUMAHHUE VYAEISACTCS  YIPABISIOLIUM
COCTOSIHUSIM. Takuhe COCTOSIHUSI BBIACHSIOTCA W TEPEUHCISIOTCS SBHO.
B nanpHeiieM mpu UCMNOJb30BaHUU TEPMHUHA «COCTOSHUE» MOHUMAETCA
ynpaeasoujee COCTOSHUE.

B kauectBe [OKyMEHTa, OINpEAENSIONEro UWHTEeppeic aBTOMATOB B
aBTOMAaTHOM  IPOTPAMMHUPOBAaHUM, KaKk W TpPU  aBTOMATU3AIUU
TEXHOJIOTUYECKUX IPOLECCOB, UCIOIb3YyeTCs cxema cBs3eil. [IpumeHenue
TOM CXEMbl IMO3BOJISIET HCIOJBb30BaTh B Trpadax MepexojoB U
B pEATM3YIONIMX WX MPOTpaMMax KOPOTKHE CHMBOJIbHBIE OOO3HAYEHUS,
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a He JUIMHHBIE CMBICIOBbIE MIECHTU(UKATOPHI, KaK 3TO JI€TAETCs OOBIYHO.
CrnoBa B rpadax mepexo/ioB MCHOJb3YIOTCS TOJIBKO B KayeCTBE HA3BAHUM
IIPOHYMEPOBAHHBIX COCTOSIHU M. Hcnonb3oBanue CHUMBOJIbHBIX
0003HaYEHUH TO3BOJISIET MPECTABIATh Tpadbl MEPEX0OJOB ABTOMATOB TaK,
YTO BEChbMa CJOXHBIE Tpadbl MEPEXOJOB YEIOBEK MOMKET «CXBATUTHY
omHuM B3TJsIOM. [lpm 3TOM ykazaHHBIE Tpadbl MOTYT H300pa’KaThbCs
BEChMA KOMIIAKTHO M YMEMIATHCS HA OJTHOM 3KpPaHE KOMIBIOTEPA.

OTMeTI/IM, qTO JJIAd O6T)CKTHO-OpI/IeHTI/Ip0BaHHBIX [mporpamMm 3Ta CXCMa
MOXKCT pCaIn30BbIBATHCA HHanaMMOﬁ KJIaCCOB.

[loBenenue cucreM B paMKax aBTOMATHOTO IPOrpaMMUPOBAHUS
dopmanuzyercs OOBIYHO B BuAE TpadoB MEPEXO]0B, TaK KaK B TaKOU
dopMe OHO mpencTaBisieTcs AJis1 4YejaoBeka HamOojee HariasgHo. ['padwl
NEPEXOAOB OTPAXKAIOT CBSI3U MEKIY COCTOSHUSAMH, a TAKXKE «IPUBSI3KY»
BBIXOJIHBIX BO3JCHCTBUI W JPYruX AaBTOMATOB K COCTOSHUSAM W/WIU
nepexogam. Jyru u netiu rpagoB NepexoA0B MOMEYAIOTCS JIOTHUYECKUMU
dbopmynamu, B KOTOPBIX B OOIIEM CiIy4ae MOTYT COJIEPKAThCSI CHMBOJIBI
COOBITHI U TIPEIUKAThI, MPOBEPSIONINE 3HAUYCHUS BXOJIHBIX MTEPEMEHHBIX U
HOMEpPA COCTOSIHUU JIpyTMX aBTOMATOB, 4YTO OOECHEYMBAET MPOCTOE
B3aMMO/JICHCTBUE aBTOMAaTOB B MPOLEAYPHBIX Mporpammax. BepmmHel
rpaoB MEPEexXoJ0B MOTYT cojepkaTh nernau. lleTnn, Ha KOTOpBIX HE
BBITIOJTHSIFOTCSL BBIXO/IHBIE BO3JEHCTBUS, MOTYT yMaT4MBAThCS.

B aBTOMaTHOM NMpOrpaMMUpPOBAaHUU MPHUHITO CIEAYIOIIEE COIIAIIEHUE 00
0003HaueHUsAX B aBTOoMaTax. MiMs aBToMaTa HaUMHAETCS C CUMBOJIA A, UM
COOBITHSI — C CMMBOJIa € (OT aHrJUMHCKOro cioBa event — coObiTue), uMs
BXOJIHOW TIEPEMEHHOM — C CHMBOJIa X, HUMs IEPEMEHHOW COCTOSHUSA
aBTOMara — C CHMMBOJIa Yy WJIH S, a UMS BBIXOJHOTO BO3JICUCTBUA — C
CHMBOJIa Zz, Kak yka3aHo Ha pwuc.4.1u4.2(6). [locne xaxmoro wu3
YKa3aHHBIX CUMBOJIOB CJIEAYET HOMEpP COOTBETCTBYIOILIETO aBTOMATA WJIU
BO3JICUCTBH.

[IpuBeneM mpuMep aBTOMATHOTO OIMKMCAHMS YIPABJISIONIMX MPOTPAMM B
BUJIC rpada mepexoa0B oaHOro aBromara (puc. 4.3).

DTOT aBTOMAT YIpaBisieT naBepbMH JHdTa. Pabora HaumHAaeTCs TpU
3aKpBITHIX ABepsx B coctosianu Closed (3axpovimut). [Ipy HaxkaTHH KHOTIKH
Omkpoimb (coObiTHE e11) 3amycKaeTcs MEXaHU3M OTKPBITHS JABepei
(01.z1), u aBTOoMaT mepexoaut B cocrossare Opening (Omkpwisaromest).
[Ipn nmonmyuenun cooOuieHust 00 OTKPBHITUU (€2) aBTOMAT MEPEXOAUT B
cocrossare  Opened  (Omkpovimet). ITlpomecc 3akpuITHS —IPOUCXOIUT
aHanornyHo. IIpu aTomM el2 — Haxkatue KHONKH 3axpuimb, Ol .z2 —
3allyCK MeXaHW3Ma 3aKpbITHs JaBepeil. Ecim kakoe-mbo mNpernsTCTBHE
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< Error

- -
ed[10Z.x1] e4[oz.x1]i02.z1
" 4% Closed N elifolzl 4% OJpening g2 - 4 Opened
-
e3fol.z1

&2 % Closing e12/o1.22

Puc. 4.3. I'pad nepexo10B aBTOMATA, YIPABISIONMIETO IBEPbMH TU(PTA

MELIAET ABEPSIM 3aKPBITCS, TO MPOUCXOAUT COOBITHE €3, U JABEPH CHOBA
OTKPBIBAIOTCS 32 CYET mepexona aBTomara B coctosiHue Opening. Taxoke
IIPY OTKPBITHH JIBEPEH BO3MOXXHO BOSHUKHOBEHHE OIHOKH (coObITHE €4),
YTO TEPEeBOAUT aBTOMAaT B cocTtostHue Error (Ommobka). Ilpu stom eciu
BKJIFOUEH MEXaHU3M omoBenleHust (02.x1), TO NPOUCXOIUT 3BOHOK B
aBapuitHyro ciayxk0y (02.z1). Cocrosaue Error cosmano s
JEMOHCTpALMM BO3MOXHOCTEW Bepudukaropa. [loaTomy, 1isi TpOCTOTHI,
B HETO MOJKHO ITOTIACTh TOJIBKO U3 cocTosiHust Opening.

B o06miem ciyuae B anropuTmax yIrpaBlICHHs aBTOMAThl PaCCMaTPUBAIOTCSA
HE M30JUPOBAHHO, a KaK COCTaBHbIE YAaCTH B3aMMOCBSI3aHHON CHUCTEMBI —
CHUCTEMBbI B3aUMO/ICHCTBYIOIIUX aBTOMATOB.

M3BecTHBl TpuW crocoba B3aMMOJCHCTBUSI aBTOMATOB MEXAY COOOM
B MPOILIEAYPHBIX MpOrpaMmax.

1. BnoXeHHOCTh: OJWH aBTOMAT BIIOKEH B OJIHO WA HECKOJIBKO
COCTOSIHUM JPYTroro.

BrI3pIBaeMOCTB: OJIMH aBTOMAT BbI3bIBACTCS APYI'UM aBTOMATOM.

3. BzaumopeiicTBue 1m0 HOMEpaM COCTOSIHHI: OJWH aBTOMAT IPOBEPSCT,
B KAKOM COCTOSIHUU HAXOJUTCS APYyTrOl aBTOMAT.

Bro>keHHOCTh MOKET paccMaTpUBATBHCS KAaK BBI3BIBAEMOCTh C JIFOOBIM
COOBITHEM, TOCTYMAIOIIMM B COCTOSHHE, B KOTOPOE pPaccMaTpHUBACMBIIA
aBTOMAaT BJIOKEH. YMCII0 aBTOMATOB, BIIOKEHHBIX B COCTOSIHHE, HE
orpaHu4eHo. [ myOnHa BIOXKEHHOCTH TaK)Ke HE OTpaHUYCHA.
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BiioxeHHble aBTOMaThl MOCJEAOBATENbHO 3alyCKalOTCs C Iepenayei
«TEKYILEro» COOBITUS B COOTBETCTBUU C IyTEM B CXEME B3aMMOJICHCTBUS
aBTOMATOB, OIPEACIIIEMbIM UX COCTOSIHUSMH B MOMEHT 3aIyCKa T'OJIOBHOTO
aBromara. [Ipu 3TOM mocneaoBaTebHOCTh 3aMyCKa U 3aBEPIICHUs] PaOOTHhI
aBTOMATOB HAIIOMUHAET AJITOPUTM MOUCKA B TITyOUHY.

Bri3biBacMble aBTOMATHl 3alyCKAKOTCS M3 BBIXOJHBIX BO3ACHCTBUUA C
nepesavyeii COOTBETCTBYIOIIUX «BHYTPEHHHX» coObiTHil. [lpu »TOM
aBTOMAaThl MOTYT 3aIlyCKaThCs OJIHOKPATHO C Iepefadell Kakoro-jamoo
COOBITHSI WJIM MHOTOKpAaTHO (B IIMKJIE) C Mepeaadyel OJHOTO M TOro XKe
COOBITHS.

B 00BEKTHO-OPUEHTUPOBAHHBIX ABTOMATHBIX IporpaMmax
B3aMMOJICHCTBUE IO HOMEPAM COCTOSIHUM HE HCIIOJIb3YyETCS.

CucreMy aBTOMAaTOB MOXXHO TIPEJICTaBUTh KaK €IWHBIA aBTOMAT C
HOMOIIBIO  npsimozo npouszsedenuss [52]. CocTosSHUSIMH —asmomama-
npoussedenusi C nByx aBTOMaroB A u B sBISIOTCS Mapbl COCTOSHUMN
aBromatoB A u B. Takum oOpazom, uncio coctosauii aBromata C paBHO
MPOU3BEACHUIO UKCIIa COCTOSIHUM aBToMaToB A 1 B.

Jns moCTpoeHMs TEPEXOJ0B B asmomame-npoussedeHuu TpedyeTcs
MPOCJICIUTh «IapauIe/IbHYI0» paboTy aBTomaToB A u B. Kaxplit u3 3Tux
aBTOMAaTOB B 3aBUCHUMOCTH OT BXOJHBIX JEUCTBHUM COBEPIIAET MEPEXO/IbI.
[Tpu 3TOM €ciii OIMH U3 aBTOMATOB IIPH MOJIYYEHHUH HEKOTOPOTO BXOJIHOTO
BO3JICHCTBUSI HE MOXKET INEpPEeHTH HU B KaKOe cOCTOsiHMe, TO aBTomaTr C
TaKXe HE CMOXET NMEePEUTH HU B OJTHO COCTOSTHUE.

4.2. O630p CyLLeCTBYHOLNX peLleHn

B mnawane wuccrnemoBaHMii B paMKax pabOT IO TOCYJapCTBEHHOMY
KOHTpakTy 1o TeMme «Bepudukanms aBTOMaTHBIX mporpammy» [53]
IPOBOIUIICS TTATEHTHBIN MOUCK [54].

TeMmbl, MO KOTOPBHIM TPOBOJAUIICS MOUCK:
0O TMPOBEpPKa MOJECIIEH;
0 TeMMopaJibHas JIOTUKA;

0 MPEIOTBPAICHHE OIMMOOK C ITOMOIIBIO TECTHPOBAHUS MM OTJIAJKU
MIPOrPaMMHOTO MPOAYKTA.

[To pesynpTaTam aHamM3a COCTaBIEH KpaTkuii 0030p pa3paldoToK,
BKJIFOYAIOIIUIN LIUTATHl C CAUTOB MCTOYHUKOB, IIEPEBEACHHBIE HA PYCCKUU
s3bIK. OCHOBHBIE pa3pabOTKU nepeyucieHsl B Tad. 4.1.
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Tabnuua 4.1. KpaTtkoe onmucaHne OCHOBHbIX pa3paboTok

Ha3BaHue

HasHa4yeHue, KpaTKoe onuncaHue

Bogor

BrimonHsIET TPpOBEpKY MOJAENN MJIsi COOCTBEHHOTO SI3bIKa
BIR. Tlomnmep:kka OOJBIIMHCTBA OCHOBHBIX CIOCOOOB
paboThl ¢ MHOTOMOTOYHOCTHIO. f3bIKk BIR ymoben s
WCIIOJIh30BaHUs 00BEKTHO-OPUEHTHPOBAHHON MapaIurMbl
nporpammupoBanus. MiMeeT rpaduyeckyro 000J0YKy Ha
ocHose Eclipse™,

Cadena

IIporpamma oOpHEeHTHpPOBaHA Ha MOJCIUPOBAHUE W
Bepudukanuo CMM-cuctem (CORBA  Component
Model), EJB (Enterprise Java Beans). I'paduueckuii
uHTEepdeiic peaar3oBaH Kak miarkH 1 Eclipse™,

CADP
(Construction
and Analysis of

CADP — mHalop WHCTPYMEHTOB M pa3paOOTKH
nporokosioB. OH  mpemyiaraer  MHAPOKHIL  CHEKTP
(YHKIIMOHATBHBIX BO3MOXHOCTEH: OT WHTEPAKTUBHOMU

Distributed CUMYJIAIIMM 10 CaMbIX ITOCJICIHUX TEXHUK (OpMaJIbHOH
Processes) BepU(UKaIUH. OGecneunBaet a3 PexkTUBHYIO
KOMITHJISILIMIO, CUMYJIALINIO, (DOpMabHYIO BEpU(PHKAIHIO
U TECTHPOBAHWE ONHUCAHWI, 3alHdCaHHBIX Ha S3BIKE
LOTOS (Language of Temporal Ordering Specifications,
ISO standard 8807). Habop MHCTpYMEHTOB, BKJIIOYACT B
cebs EVALUATOR (mporpammy [uisi  TIpOBEICHUS
Bepudukanuu Ha sery) u XTL (eXecutable Temporal
Language) —  S3bIK, pCATM3YIONIMH  pa3IMYHbIC
temropanbubie noruku. Hampumep, HML, CTL, ACTL u
LTAC.
CBMC DTOT MPOAYKT BBITOIHACT IPOBEPKY MOJIEIH IS SI3BIKOB
(A Bounded ANSI C u C++. OH mo3BoJsieT BepuPHUIIUPOBATH BBIXO]T
Model Checker | 3a rpanursl  MaccuBOB, 0€30MIACHOCTh — yKa3aTelleH,
for C/C++ UCKITIOYCHHUST W TIOJIh30BATCIILCKUE  YTBEPIKICHUS
programs) (assertions).  TlogmepkuBaeT  HamOojJee  BaKHBIC
3JIEMEHTBI ANSI C: MHOT'OMEpHBIE MAaCCHBBI,
apudMeTUKy yKazarelei, ApoOHYH apu(PMETUKy C
(UKCHUpPOBAHHON TOYKOH U T. II.
GEAR (A game | I'padnueckas cpema, KOTOpast IO3BOISET CTPOUTH MOIEIN
based model U TIPOBOJIUTH MX BepU(UKAIUIO, UCIOJB3Ys Jioruky CTL
checkingtool |u  u-BbrumciaeHus. HMMeercs MHOTO  BH3YalbHOIO
capable of MaTepuaga,  NpeIHa3HauYeHHOro  uii  OOydYCHHS.
CTL, modal &- | Corpyanuuaer ¢ mpoekrom  Specification  patterns,
calculus and KOTOPBIM IPEICTaBIISIET coboif OpraHU3aIHI0
specification PETIO3UTOPHSI PA3TUIHBIX TPEOOBAHUI KOPPEKTHOCTH.
patterns)
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Java Bepudumupyer wucnonasemsrii Java OaiT-koma. Mosker
Pathfinder HaXOJWUTh IIyTH BBINIOJHEHUS, KOTOPBIE BEOYT K
HE0oOpaOOTaHHBIM HCKIIOYEHUSIM, OJIOKUPOBKAM M T. II.
[IpoBepsier mporpammbl g0 10000 crtpox Kkoxa.
[Mpumensiercss B NASA Ames Research Center.
LTSA [Tpoaykt npeHa3HaYeH TUISt BepuduKaruu
(Labelled pacrpe/IeICHHbIX M TapauIeIbHBIX cHUcTeM (concurrent
Transition systems). Onm 3amarorcs ¢ nomomipio LTS (Labelled
System Transition System) u FSP (Finite State Processes).
Analyser) TpeGoBaHusT KOPPEKTHOCTH 3aJAIOTCS B BUAC KOHEYHBIX
aBTOMaToB (B 0Oojee paHHUX BEpPCHs MOIIEPKUBAIHCH
¢opmyner LTL). CymiecTByIOT MaruHel, HaIpuMep, s
Bepu(dHKanuu BeO-CEpBUCOB U rpaduyeckuil nHTepQeic.
MOPS (Model | Bepuduxarop Mozaenel, WU3BIEYEHHBIX M3  KOJa
Checking mporpamMmMm, HamucaHHbIX Ha s3bike C. TpeOGomanus
Programs for | KOppeKTHOCTH 3aJalOTCS B CICHUAIBHOM BHAC H
Security COOTBETCTBYIOT ~ YTBEPXKJCHUSM TaK  Ha3bIBAEMOTO
Properties) «3aIHUTHOTO IPOrPaMMHUPOBAHUS (defensive
programming). CoxepXHT TOTOBYyIO 0a3y  TakKuX

YTBEPKJICHUN, IUIAHUPYETCS HamucaHue rpapuyecKoro
M0JIb30BaTENILCKOTO NHTEpdeiica.

NuSMV Oto oOHOBIeHHas Bepcus Bepudukaropa SMV -

(A New CHUMBOJIBHOTO Bepudukaropa momenerr (Symbolic Model

Symbolic Checker). On BbImonHsSET BepUPHUKAINIO, KOMOUHHUPYS

Model BDD (Binary Decision Diagrams) u nmpoBepky MoJeei,

Checker) ocuoBannyro Ha SAT (SAT-based model checking).
[TonnepxxuBaemble  crocoObl  3alaHusi  TPeOOBaHUIA
koppektnoctu: CTL, LTL.

ORIS (Uses CucreMa 111 IOCTPOEHHMS, MOJEIMPOBAHUS, aHAIU3A U

a CTL-like BaJUAAIIMM BPpeMCHHBIX ceTeil IleTpu. BeimoaHseT Takke

temporal logic | Bepuduxammio B dopme mpoBepku Mojenu. Vcnombs3yer

with real-time | BU3yaibHYIO0 HHTEPIIPETALIUIO TEMITOPATIBHBIX (POPMYII.

bounds, action

and state

based)

SMV (Symbolic
Model
Checker)

BreimosHsgeT  CUMBOJIBHYIO — BepUUKAIUIO  CHUCTEM,
3aJIaHHBIX B BHUJE HEPAPXUUYECKUX AaBTOMATOB, IS
KOTOPBIX  TpeOOBaHUS  KOPPEKTHOCTH 3a/1at0TCA

temnopanibHoi  sorukot CTL. VYTBepxknmaercs, 4TO
CUCTEMbl MOXKHO 3aJ1aBaTh, KaK JETaJIU3UPOBAHHO, TaK U
abctpakTHO. Mcnonb3yeT mpeoOpa3oBaHuE aBTOMAaTOB B
mojenb Kpurke.
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SPIN

Boinonaser  Bepudukanuioo  MoAaead AN S3bIKa
PROMELA. D3toT S3BIK  MOIJICPKUBAECT  TOJBKO
JTUCKPETHBIC THUIHI TAHHBIX, a TaKke QYHKIUHA pabOTHI C
MHOT'OMOTOYHOCTRI0. Mconb3yeT soruky LTL.

UPPAAL Cpena mis MoaenupoBaHUs W BepUHUKAIMA CHUCTEM

(Uppaal Model | peambroro BpemeHu. Mcmoib3yeT CceTH BpEMEHHBIX

Checker) aBTOMATOB, pacuIpeHHbIe TUTTIAMHA JTAHHBIX
(orpaHUYEHHBIE 1€JIble, MAacCUBbl M T.I.). SI3bIKH
monenupoBanuss — Timed Automata. TpeGoBanus
KOPPEKTHOCTH 3aar0TCs B moabsi3bike TCTL.

VIS BeimonHsseT  BepUpUKALMIO ~ MOJAENIH,  HCIOIb3YS

(Verification uepapxuuecKkue KOHEYHbIE aBTOMaThl U s3bIK Verilog.

Interacting [IpoBepsieMble yTBEp)KICHHUS 3aJalOTCS C MOMOUIBIO

with Synthesis)

noruku CTL.

dSPIN

Pacimpenune wunctpymenta SPIN. IloszBomsier Oornee
s pekTuBHO  BepuUIMPOBATH  paclpeeieHHbIE U
napajijieibHble  CHUCTEMBL. IJTO  HWHCTPYMEHTAJIbHOE
CPEACTBO pacIIMpseT BO3MOKHOCTH MHCTpyMeHTa SPIN.
Peanuszyer HEKOTOpblE HOBBIE BO3MOXXHOCTH TOMHMO
QITOPUTMOB HCCIIEAOBAaHUSI MPOCTPAHCTBA COCTOSHUN U
COKpAIlleHUsI Yucjia COCTOSIHUM, mpuMmeHsieMbix B SPIN:

yKa3aTenH, JHWHAMUYECKOE BBIJIECICHUE/OCBOOOXKIEHNE
MaMATH, PpPEKYpCUBHblE  (DYHKIMM, YyKa3aTeaud Ha
GyHKUHIO, cOOpIIMK Mycopa, CUMMETPHUYHOE
cokpamieHue. JlocTaToyHO MOIIHBIA BXOAHOM  SI3BIK

(pacmmpenue si3sika PROMELA).

DBRover

MoHuTOop BpeMeHH HCIoJHEeHHs (runtime monitor) ms
TEMIOPAJIbHBIX TIPaBWJI, HANMCAHHBIX Ha si3bikax LTL u
MTL. Dto aBTOMaTuueckas, yAajJeHHas U Tpaduyeckas
Bepcuss  uHCcTpyMeHTa  TemporalRover.  Coapepxkur
pelakTop  TEeMIOpalibHBIX  (OopMyn, TeHepaTtop U
KOMIWIATOP KOAQ, CUMYJISITOP. S3BIKM MOIEITUPOBAHUS:
Ada, C, C++, Java, VHDL u Verilog. Ilognep:xuBaembie
S3BIKK 3aJaHusl TpeboBaHuii koppekTHoctu: LTL, MTL
(Metric Temporal Logic) u T. 1.

Reactis Tester

Moenupyer U TeCTUPYET PEaKTHUBHBIC CHCTEMBI. SI3BIKH
moaenupoBanus: Simulink/Stateflow.

Temporal
Rover

BoinonnsieT npoBepky TpeboBaHUM, cHOPMYITUPOBAHHBIX
Ha sa3bike LTL c orpanndyeHusiMu peasibHOTO BPEMEHH
(with realtime constraints). ['eHepupyeT HCHOJIHIEMBbIH
KOA Juid  coenuguKanui, 3alMcaHHBIX B BHJE
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KoMMeHTapueB. llogaepkuBaeT BalUAalMIO CBOWCTB
BHJIa «IIOCJI€ BO3HUKHOBEHUS COOBITHS € 3HAYCHUC
MePEMEHHON X B 5 MpoIeHTax ciiy4aeB HE U3MEHSETCS, U
ee cpeaHee 3HaueHue O6obine 100 B TeueHUE OJHOTO Yaca
WM 70 TOTO MOMEHTA, KOTja COObITHE el TpOou30MaeT
nBaxxae». Bxonusie s3biku: Ada, C, C++, Java, VHDL,
Verilog. [TonnepxuBaeMble CII0COOBI 3aaHMs
tpeboBanuii koppektHoctu: LTL, MTL (Metric Temporal
Logic) m T.m. CymectByeT Takke mpoekt StateRover,
KOTOPBI OCHOBBIBAC€TCS Ha O3TOM HMHCTPYMEHTE, HO
saBisieTcsi 0ojee HOBBIM W MOIIHBIM. StateRover mmeer
0oJiee MUPOKHE BO3MOKHOCTH 110 CpaBHEHHIO ¢ Temporal
Rover u omepupyer ¢ mnoamHoxkecTBOM si3bika UML.
MoskeTr reHepupoBaTh Koa Ha s3eikax Java, C, C++.
Nwmeet MOITHYIO rpaduuecKyro 000J104KY,
peaIM30BaHHYIO Kak IiaruH 1 Eclipse™,

4.3. Cpeactea 1 06bekTbl Bepudurkaumm

[Ipn HCnOAB30BaHMM ABTOMATHOTO MOJAXOJa B MPOTPAMME BBIAEIAETCS
YIOPABISIIONIAs CUCTEMA, MCTOYHHKU COOBITHM M OOBEKTHI YIpPaBJICHUS.
OcHoBHasi JoruKa pabOThl MporpaMMbl (€€ MOBEACHUE) MOJCIUPYETCS B
VIOPABISIIONIEH CHUCTEME, TOT/a KaK OOBEKTbl YNPABICHUS U WCTOUHHKHU
COOBITHI €€ TpakThyecku He cojepkar. C OJHOW CTOPOHBI, MO 3TOH
MOJIEJIN TeHepUpyeTcs KoJ (BPYUHYIO MM aBTOMAaTUYECKH), a C APYroi —
3Ta MOJEJIb MOXET UCIOIb30BaThCs AJIs Bepu(UKALUY, U €€, B OTIINYUE OT
TPaJULMOHHOTO MOAX0/a, HET HEOOXOAMMOCTH CTPOUTH IO MPOrpamMme.
Takum oOpa3oM, B aBTOMAaTHOM mporpamme cpasy BblaeisieTcs: pparMeHt
IPOrpamMMbl, COOTBETCTBYIOINNA MOJENIN TIOBEACHMS, KOTOPBIA OTIEIEH OT
OCTaJbHOM  4YacTh mOporpamMmbel. B mporpammax, IOCTPOEHHBIX
TPaJAMLIMOHHBIX IyTEM, MOJIEJIb MIOBEICHUS AlIPUOPH OTCYTCTBYET, U €€ IS
Bepu(duKanuu Tpedyercs CHeuuaibHO CTPOUTh, YTO OOBIYHO BeChbMa
Tpyaoemko. Ilpu 3ToM BOmpoc O KOPPEKTHOCTH MOCTPOEHHBIX MOJEIei
4acTO OCTAaeTCsl OTKPBITBIM. B HEKOTOpBIX HCCIEAOBAHMSIX BHUMaHUE
COCpEIOTauMBaETCsl HAa MPOBEPKE MojIeIel i nuarpaMm coctosauii UML
[55]. OcHoBHBIC mNpPOOJIEMBbI, C KOTOPBIMH YacCTO CTAJKUBAIOTCSA IPH
pelleHny MOJO0OHBIX 33/1a4, CBA3aHbI C TEM, YTO B MOJIEJIM B SIBHOM BUJIE
paccMaTpUBAOTCS KaK COCTOSHMSI, TaK U BCIIOMOTraTeIbHbIE NIEPEMEHHBIE.
[Ipy 3TOM CMEIIMBAIOTCSA YHPABISIIOLIME W BBIYUCIUTEIbHBIE ACHEKTHI
IpOorpaMMbl, MO3TOMY padOTaThb C MOJENbI0 HAa MPAKTUKE CTAaHOBUTCSA
3aTPYJHUTENBbHO. J[JI1 aBTOMATHBIX NMPOTrpaMM MOJENb OOBIYHO COAEPIKUT
OTHOCUTEIBHO HEMHOI'O YIPABJISIOIIMUX COCTOSHUW, W IO3TOMY OHH
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OOBIYHO MOTyT OBITh BepUPHUIIMPOBAHBI 0€3 TOCTPOCHHUsT OoJiee
abCTpPaKTHBIX MOJIEIICH.

TakuMm 00pa3oM, aBTOMATHbIE MPOrPaMMbI B 3HAUUTEIBHONH MEpPE MOYKHO
BEpU(PUIMPOBATh  aBTOMAaTWyecku. g  Takux  mOporpamm  HET
HEOOXOJUMOCTH CTPOUTh MOJENb i1 BepUUKALMM U BPYUHYIO
BO3BpAIlAThCA U3 MOJIEIH B IIPOrpaMMy IPU HaXOKJIEHUU KOHTpIpUMEpA.
OTo sABnsfeTcs OONBIIMM MX NPEUMYIIECTBOM [0 CPaBHEHHUIO C
IporpaMMaMi, HNOCTPOCHHBIMHM TPAAULMOHHBIM IyTeM. OD(PPEKTUBHOCTD
BepuUKalMu dYacto oOpaTHa d(PYEKTUBHOCTH MPOrpaMM, KOTOPHIE
BepU(ULIUPYIOTCA. ABTOMATHBIE MPOTPaMMbl OOBIYHO HE SBIISIOTCS
3¢(GEeKTUBHBIMU B TPAJUIMOHHOM TOHUMAaHUH, OJHAKO, Kak Oyner
MOKa3aHO HHUXE, OHM BECbMa MPOCTO BEPUDUUMPYIOTCA C MOMOIIBIO
MPOBEpPKU Moeneil. [103ToMy BO3MOXKHO, UTO CO BPEMEHEM B TEXHHUYECKHUX
3aJlaHUSX Ha CO3/IaHHE OTBETCTBEHHBIX CHUCTEM, KOTOpPbIE HEOOXOIUMO
Bepu(ULIMPOBATh, OyAET 3alKMCaHO, YTO MPOTPaMMBbI Il HHUX CIEIyeT
IPOEKTUPOBATh HA OCHOBE aBTOMATHOTO MOAXOJA. YK€ CEroJHs 3TOT
MOJAXOJ JJIsI HEKOTOPBIX KJIACCOB TaKWX CHUCTEM IMOCTOSHHO MPUMEHSETCS

[56, 57].

M3BecTHO, YTO €CIM CXEMBI HE KOHTPOJICTIPUTOIHBI, TO WX HEJb3s
MIPOBEPUTH, M ITO, HANIPUMEP, TIPH MPOCKTUPOBAHUN MHKPOIIPOIIECCOPOB,
MOHUMAIOT Bce. [lo3TOMy BO3MOXXHOCTH TIPOBEACHHSI  KOHTPOJIS
3aKJIa/IBIBACTCSA B CXEMY IIPH €€ MPOSKTUPOBAaHWHU. B mporpamMmupoBaHum
CUTyalMsl CKJIaJIbIBACTCS WHAYE: MPOTrpaMMa IHUIIETCS 10 OMpeaeIeHHBIM
3aKOHaM, OOBIYHO JaleKuM OT oOecreueHus BO3MOXXHOCTU €€
Bepudukamuu. I[lpu »TOM Ha mpakTUKe, JaKe €CITU HM3BECTHO, YTO
nmporpaMmy Hazuo OyneT Bepu(dUIIMpPOBaTh, MOAXOJO0B K €€ CO3JaHUI0 HE
U3MEHSIOT, U TI0O3TOMY BepHU(UKAIUS YIPABISIONINX ACIIEKTOB MOBEICHUS
POrpamMMbl OOBIYHO TPYI0EMKA.

[IpoBepka Mojeneil mocie CBOETro MOSBJICHUS Hayanda MPUMEHSTHCA Kak
HanOoJiee MPAKTUYHBIM METOJ U3 U3BECTHBIX, HO U 3]IeCh UMEET MECTO He
BIIOJTHE €CTECTBEHHAs] CUTYyalluMs: HE W3BECTHO HH OJHOW 0O0JacTh
TEXHUKH,, B TOM YHCJIE U Uil CEPUMHOW NPOAYKLIHH, B KOTOPOW CHAadasIa
O00BEKT peamu3yeTcs, a 3aTeM I HeTo pa3pabarpiBaeTcst Mojieh. OOBIYHO
IpU  CO3JIaHUM TIPAKTUYECKH JIOOOro oOpasila TEeXHHKH BCE B HEM
CIIPOCKTHPOBAHO 3apaHee. [pymHO MPEACTaBUTH cede, 4TOOBl KTO-TO B
MPOMBIIIUICHHOCTH HW3TOTOBWJI aBTOMOOWJIb, CAMOJIET WJIH TOJIBOIHYIO
JOJIKY, a TIOTOM Hadaj CO37aBaTh MOJIEIM W BBIMYCKaTh depTexku. Ho B
MPOTrPAaMMHUPOBAHUM TP HWCIOJIB30BAHUU TIPOBEPKH MoJieleH OOBIYHO
UMEHHO TaK M TIOCTYMAlOT: CHadajga CO3/[aeTcs MpOorpaMma, a IOTOM
CTPOUTCSA €€ MojJeidb. B aBTOMaTHOM MPOTPaMMHUPOBAHUU CHUTYAIIHS
MIPOTUBOIIOJIOXKHAS 1 00Jiee ECTECTBEHHAS.
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s aBTOMAaTHBIX MPOTPaMM  CYIIECTBYET METOA CO3JaHHUS TaKUX
nporpamm B 1iesiom [58]. IToatomy, Bo-TepBBIX, aBTOMATHBIC MPOTPAMMBI
MOKHO TPOEKTHPOBATh, a, BO-BTOPHIX, MOKHO CO37aBaTh MPOTPaMMbI B
TOW K€ MOCJIEeNOBATEIILHOCTH, KaK M Jpyrue oOpas3ilbl TEXHWKH: CHAayasa
paspabaTbIBacTCsl MOJIENb MMOBEACHMSI, 110 KOTOPOH (hOpMalbHO, a 4acTo U
ABTOMAaTUYECKH, OHA pealM3yeTcs, a MapaJyieIbHO C peaju3alueii 1o
MoJIell mpoBoauTcs Bepudukanusa. [Ipu oOHapyKeHUH OMMOKH MOICIb
KOPPEKTUPYETCS, U BHOBb MapajUIeIbHO OCYIIECTBISIOTCS pealn3aius U
BepuduKaiusi. B Hacrosmiee BpeMs BeayTcs pabOThl 1O BepHUKAIIH
aBTOMATHBIX MpOrpaMM B 1eloM (BKIOYas (YHKIUHU  BXOJHBIX
BO3JICHCTBUI M 00BEKTOB ymnpaBiieHus) [59] m coszmanuio Gopmaim3mMoB
JUTS 3aITCH TPeOOBaHM Ha s3bIKaX, OJM3KHUX K ecTecTBeHHOMY [ 60].

OTMeTHM, 4YTO H3JlaraéMbleé B KHHUI€ TMOJXOJbl K MPOBEPKE Mojenen
aBTOMATHBIX MTPOTrpaMM OCOOEHHO aKTyaJibHbI ISl BCTPAUBAEMBIX CHCTEM,
JUUISL KOTOPBIX XapaKTEPHO MCIOIB30BAaHUE OKOJIO 98% mporeccopoB U Beex
MUKPOKOHTPOJIJIEPOB, BBIMTYCKAEMBIX B MHUPE €XKETOJHO. 3HAYUTEIbHYIO
JIOJIF0 M3 HUX COCTaBJISIOT 8-pas3psiiHbIE YCTPOIMCTBA, MPOrPAMMUPYEMBIC
KOMaH/JIaMH 13 OJIHOTO-BYX 4ejoBek [61, 62].

B pamkax paboT 1O TrOCylapCTBEHHOMY KOHTPAaKTy MO TEMe
«Bepudukanus aBromatHeix nporpamMmm» B CIIOI'Y UTMO pazpaborano
HECKOJIBKO BEpU(PHUKATOPOB aBTOMATHBIX INporpamMm [63—67]. Co3nmaHHbIe
BepU(HUKATOPHI UCIIOJIB3YIOT Pa3Hble MOJIXO/bl, HO €CTh OOIIME BOIPOCHI,
KOTOPBIE PEIIajCh IPH CO3/IaHUU KaXKJ10r0 BepudukaTopa.

[lepBblil U3 HUX — UCHOJB30BAaTh CYHIECTBYIOLIUN BepU(UKATOP MPOrpamm,
WIM  pEealn30BBIBaTh  QITOPUTM  BepUPHUKalMu  3aHOBO?  Bribop
CYLIECTBYIOLEIO BepU]HUKATOpPA OMNPEICNSIECT TEMIOPAIbHYIO JIOTHUKY, C
MOMOIIIbI0  KOTOpPOH MOKHO (OopMyIUpOBaTh CBOMCTBA aBTOMATHOMN
cuctemsl. [Ipu 3TOM oTMEeTHM, YTO Hambojee U3BECTHBIE BepU(PHUKATOPHI,
narmpumep SPIN, paGortator numb ¢ OZHOM  Pa3HOBUIHOCTHIO
TEMIIOPAJIbHOM  JIOTUKU. [Ipm  uWCIoONb30BaHMM  CYLIECTBYIOLIETO
Bepu(dUKaTOpa BOSHUKAET HEOOXOAUMOCTh B pa3pabOTKe aBTOMATHYECKOTO
npeoOpa3oBaresisi aBTOMATHOM  MpPOTpaMMbl  BO  BXOAHOW  S3BIK
BepudukaTopa, UYTO, B OTIMYHME OT HEABTOMATHBIX IMPOTPamM,
OCYIIECTBUMO C HEOOIBIIIMMH TPY103aTPATAMHU.

Bropoii Bompoc, pemaembiii KaXIbIM BepU(PHUKATOPOM — BBIICTICHUE
AJIEMEHTAPHBIX COCTOSHHI aBTOMATHOW MPOTPAMMBI WA, JPYTUMH
CJIOBaMH, TpeoOpa3oBaHKe UCXOIHOUW mporpaMMbl B Mojenb Kpumke. Bo
BpeMsi pabOThl aBTOMATHON MPOTpamMMbl aBTOMAThl MEPEXOJAT W3 OJHUX
COCTOSIHUN B JIpyrue, 00pabaThIBaOTCSI COOBITHSI, BHI3BIBAIOTCS BBHIXOIHBIC
BO3JICICTBUSI, YNpaBJIEHUE IMepenaercss ApyruMm aptomaram. [lpu stom
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nepexoj] aBTOMAaTa W3 OJHOTO COCTOSIHUSL B JAPYroe MOXKHO CUYUTaTh
aTOMapHBIM JIEUCTBUEM, @ MOXHO NpPH HEOOXOJUMOCTH pa3OUTh €ro Ha
HECKOJIbKO AJIEMEHTApHBIX JEUCTBUI, TaKUX KaK BBHIYHCIICHHUE YCIOBHS Ha
nepexoje, BbI30B KaXJI0I0 BBIXOJIHOTO BO3JEHCTBHUS, BBI30B BIIOKEHHOTO
aBTomMaTa U T. 1. PaznuuHbie BepupUKATOPHl MOTYT pa3OUBaTh MEPEXOIbI
Ha DJIEMEHTAPHBIE COCTOSHUSA MTO-PA3HOMY.

Cnenyer 3aMeTUTh, UYTO TMPU  HKCHOJB30BAHUU  CYIIECTBYIOIIETO
Bepu(dUKaTOpa BBIJCICHUE HJIEMEHTAPHBIX COCTOSIHUM MPOUCXOIUT Ha
ATane TPAHCIALMHA aBTOMATHOM CUCTEMBbI BO BXOJIHOM SI3BbIK Bepu(UKaTOpa.
Ha BxonHOM si3bIke BepuPUKaTOpa MPOrpaMMUPYIOTCS BCE DJIEMEHTAPHBIC
COCTOSIHUS U TIEPEXO0/Ibl MEXKTY HUMH.

Tpernii BOOpOC, KOTOPBIA pEmAlOT BEPUPUKATOPHI  ABTOMATHBIX
nporpaMMm, — 3TO 3aJaHue Habopa TMPEIUKATOB, KOTOpPHIE MOTYT
UCITIOJIB30BAThCSA B TEMIIOPAIBbHBIX (PopMynax. HeM mupe 3ToT Habop, TEM
0oJiee TOYHBIE CBOMCTBA aBTOMATHOM CHCTEMBI MOYKHO BEPU(PHUIIMPOBATH.
[IpuBeneM npumepbl MPEAUKATOB: «aBTOMAT A HAXOAUTCS B COCTOSTHUU
S1», «mpousonuio coObiTue €1», «OblI0 BEI3BAHO AciicTBHUE Z1» U T. 1.

W, HakoHel, 4YeTBEpPThI BONPOC, KOTOPBIA pemarT BepUPUKATOPbI
aBTOMATHBIX MpOrpaMM, — 3TO HUHTEpHpeTanus oT4yeTa 00 OIHOKe U
npeoOpa3zoBaHUE €ro B TEPMUHBI HCXOJHOM aBTOMAaTHOW mporpammel. [Ipu
UCIIOJIb30BAaHUU CYIIECTBYIOIIMX BepU(PUKATOPOB OTUET 00 OmIMOKe
BBIJIAETCSI B TEPMHUHAX MOJENH, CHOPMYIUPOBAHHON HA BXOJHOM S3BIKE
Bepudukaropa. Jlanee tpeOyercs nmpeoOpazoBaTh ATOT OTYET B TEPMUHBI
MCXOJHOM aBTOMATHOM MpPOrpaMMbl M OTOOPA3UTh €ro IMOJIb30BATENIO
BepupukaTopa. ITO UL  ABTOMATHBIX NPOrpaMM, B  OTIUYHE
TPaJIULUOHHBIX, 3(P(HEKTUBHO BBIMOIHIETCS aBTOMAaTHUYECKON MPOLIEAYPOH.

CnocoObl  mpeoOpa3oBaHUsl aBTOMAaTHOW MOJEIM B Mojenb Kpurmke
UCCJIENYIOTCS JIOCTATOYHO JaBHO. BOJBIIMHCTBO W3 HHUX CTAaBUT IIEJIBIO
MIOCTPOHTH MOJCNH TaK, YTO TEMIIOpAIbHBIC (POPMYJIBI MOTJIM ObI OMHCATh
ee TMOBEJEeHUE IIEUKOM. Takoe TMOCTPOCHHE OBIBAET COMPSIKEHO CO
CJIEIYIOUTUMU TTPOOJIEMaMHU:

Q TPYAHOCTHU C BBIIIOJHCHUCM KOMIIO3HUIIMHU daBTOMATOB;
Q HCOAHO3HAYHOCTH IICPCHOCA CBOMCTB MOJICIHN B HCXOI[HBIﬁ aBTOMaAr.

Hampumep, MoryT BO3HUKHYTH HEOJHO3HAYHOCTU TPU WHTEPIPETAIHNH
CTL-dopmyn Ha aBromatax Mypa [68]. B cinemyromux pasaenax OyayT
pPacCMOTPEHBI ~ TEXHUKH, KOTOpPHIE  TMO3BOJSAIOT  YCTPAHUTH  OTHU
HEO/IHO3HAYHOCTH ITyTEM BBIJICTICHUS KJjlacca HanboJiee Ba)KHBIX CBOWCTB,
JUISL KOTOPBIX aBTOMAaThl (B TOM YHCIE€ CMEIIAHHBIE) MOTYT OBITh
npeoOpa3oBaHbl B Mojiens Kpurike 0e3 IByCMBICTICHHOCTEH.
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PaboTsl o Bepudukanuu aBToMaTHeIX porpamm, kpome CII6I'Y UTMO,
MPOBOJATCS Takke M B SpOCIABCKOM TOCYJIapCTBEHHOM YHUBEPCUTETE
uM. I1. I'. Jlemunosa [69—73].

Hwxe OymyT paccCMOTpEHBI CYIIECTBYIOIIME BepU(UKATOPHI aBTOMATHBIX
nporpaMM M HHCTPYMEHTAJIbHBIE CpPEICTBA, HX peanusyromue. s
JIEMOHCTpallMi paboThl BepU(UKATOPOB OyAEeM HCIOIB30BaTh IMPUMED
aBTOMATHOM CHCTEMbI, MOJCIUPYIOIIcH Oankomat [74].

4.3.1. Mogenb baHkomaTa

bankoMar — 3T0 yCTpOKWCTBO, aBTOMATU3UPYIOIIEE ONEPALIMU I10 BBIIAYE U
NepeBOy JEHEr, XpaHAIIMXCcs B OaHKe, JHUIy, KOTOPOMY OHH
npuHajuiexkar. WaeHtudukanus Kakaoro KIMEHTa MPOUCXOAUT MpU
MOMOILM MMEIOUIEICS y HEero KapThl 0aHKa M COOTBETCTBYIOLIETO KapTe
CeKpeTHOro Pin-koja. baHkoMaT OCyIIECTBISIET CIICAYIOINE OTICPAIIHN:

0 UIECHTUDUIUPYET KIUCHTA;

O MO3BOJISIET TOCMOTPETH AOCTYIIHBIE CPECTBA;
0 MO3BOJISIET CHUMATh JACHBIH;

O CBS3bIBAETCA C OAHKOM.

Mogens OaHKOMaTa COCTOMT H3 AByX aBromaTtoB. ABtomar AClient
yIOpaBisieT TOJB30BaTeNbCKUM HUHTepdericom, a astomar AServer
IIPOBOJIUT OIEpAIMU CO CUETAMH U CBA3bIBaeTCs ¢ OaHkoM. Kpome Toro, B
cucreMe paboTalT CACAYIONIME WMCTOUYHMKHA COOBITUH M OOBEKTHI
yrpaBieHus. VICTOYHUKH TOPOKIAIOT CICAYIONINE COOBITHS:

o HardwareEventProvider — cucreMHble COOBITHS, T€HEPUPYEMbIE
000py10BaHUEM;

o HumanEventProvider — coObITHSI, THUIIMUPYEMBIC TIOJIH30BATEIICM;

o ServerEventProvider — oTBeThI Ha 3aIPOCHI, MOCTYIMAIOIINE OT CEPBEPA;
o ClientEventProvider — 3ampocsl, mocTymaromniue Ha cepBep.

o OOBEeKTHI yNpaBIICHUSA:

o FormPainter — obecrieunBaeT BU3yaJIn3aluio pabOThI;

o ServerQuery — oTpaBIISICT 3aIPOCHI Ha CEPBED;

o ServerReply — oTBeuaeT Ha KIIMEHTCKHUE 3aMPOCHI.

Mopnens OaHKOMara IIOCTPOCHA TMPU IOMOIIM HHCTPYMEHTAIBHOTO
cpeactBa UniMod, paspaborannoro B CII6I'Y UTMO [58, 75, 76]. Ha
puc. 4.4 wuzoOpaxkeHa cxeMa CBs3edl Mojenu OaHKoMara, Ha KOTOPOWU
NpUBEACHBI O0O03HAYCHHWSI W HAa3BaHUA HCIOJIb3YEMbIX COOBITUH U
BBIXO/JHBIX BO3JICCTBU.
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Tin <eventpraviders ;@ «statemachines E] «controlledobjects
pl : client.HardwareEventProvider A1 ...onfigManager al : client.FormPainter
%F E6: String = "ed" {KapTa scTaBneHak
F E7: String = "e7" {KapTa eniTawena} @ z0: void {BeknroqeHer
F Ea: String = "e&" {Hex s3aT} @ z1: void {MpreeTcTEMe}
BF E9: String = "e9" { leHbrv BbigaHe; @ z2: void {Be0a pin koga}
o1 @ 24 void {I naeHoe meHto}
@ 26 void {BeiBoa BanaHca Ha akpaH}
@ 27 void {Nevate GanaHca Ha Heke}
@ 28 void {Beoa cymmel}
iz «eventproviders @ z10: void {Brigaqa geHer:
pZ : client.HumanEventProvider @ z11: void {Meqatate v yert
F E: String = "e0" {Hawanm seikmoqmTe} @ z12; void {MeqaTte Yeka no onepaukm}
F E1: String = "e1" {Hawanm kHonky 1} @ z13: void {Bosepat KapTei}
F E2: String = "e2" {Hawanu kHonky 2+
F E3: String = "e3" {Hamanm kHonky 3¢
F E4: String = "e4" {Hamanm kHonky 4+
E] «cantralledobject=
o2 : client, ServerQuery
0z
fin, «sventproviders @ 23! void {AETOpH3aUMA Ha cepeepe}
p3 : client. ServerEventProvider @ 25! void {3anpoc Ganancal
$F E10: String = "e10" {pin ko4 BepHEE} @ 29 void {3anpoc cHATHA AeHer}
%F E11: String = "=11" {pin K04 He BERHBIRE
%F E12: String = "e12" {MonyqeH Gananck
%F E13: String = "e13" {CHATHE AgHEr NpOWND ¥ A4a4H0}k
%F E14: String = "e14" {HeT sanpalMEaEMOR Cymmblk
%F E15: String = "e15" {0OwwBka npr pafioTe « cepsepom;
Tin <eventproviders
pd 1 callserver, ClientEventProvider ";@«statemachine» E] «cantralledobjects
3 E21: String = "e21" {ABTOPMZALHAY &...: ...onfigManager 03 callserver. ServerReply
% E22: String = "e22" {3anpoc BanaHcal
% E23: String = "e23" {3anpoc cHATHA AeHEr: - @ 20! void {4TenmHe zanpocat
#F E24: String = "e24" {OTEET roToE} @ z1: void {AETOPMEHPOBATE
@ 22! void {BepHyTE BanaHck
@ 23 void {CHATE ABHEM M}
@ z¢4: void {OTEETHTE KIHEHTY}

Puc. 4.4. Cxema cBs3eii aBTOMATOB, HICTOYHHKOB COOBITHI
1 00BEKTOB YIPaBIECHUS B MOJIeH OaHKOMAaTa

Ha puc. 4.5 npusezen rpad nmepexomos aBromara AClient.

Ha pwuc.4.6 npuBegen rpad mnepexomoB aBromara  AServer,
00pabaThIBAIOIIETO 3aIIPOCHI Ha CEpPBep.

4.3.2. Bepndmumnpyemslie ceonctea baHkomaTa

JI71st IpOCTOTHI KaKbIM BEpU(PUKATOPOM OYAYT MPOBEPSTHCS CIETYIOUINE
JIBa CBOMCTBA aBTOMAaTHOM CHCTEMBI OaHKOMATA.

183



o B o
2. Beog pin koaa

el fol.z0 eh

1. BcTaebeTE KEIDT‘:?'

enkter Jal.z1l
ﬁfiﬂ

e’

\enker fal.z2 ‘_)_ﬁ

ell

3. ABTOpH3aLmA a 4. [NagHoE MeHHD 0
gll
include fAServer
venker fo2,23 \enker fol.z4 p.

el

-

-

13, BosBpaT KapTel

els

e4

JEE

o
5, Janpoc banaHca

include [AServer

enter 02,25
elz

6. BelBDA Ha 3KpaH

\enter fol.z13
[ [

e

enter fol.z26
el

7o MNeqaTe 4eka 1

\enter fol.27 J

e4

f 2. Beoa cyMMEl 0

=

enker [ol .25
=4

9, Janpac AeHer

i

eld
—

include [AServer
enter foZ,z9

eld
10, Belaada geHer

H

enker fol.z10
=

11, MNe4aTaTe 4ek

i

ez

ed

enter fol.z11
=K1
12, MNevaTe 4eka 2

i

Puc. 4.5. Asromar AClient

venter Jol.z12 '

IlepBoe u3 Hux (Oyaem o0o3HauaTh ero 3HakoM X): «llomp3oBarenp He
MOJKET MOJIyUYHUTh JICHBIM, €CIM OH HE BBEJ MPAaBHJIBHBIA PIN-KOI». ITO
CBOMCTBO JIOJDKHO BBITIOJNHATBCS B paccMaTpuBaeMOM OaHKOMAaTe, M
MO3TOMY BepH(]UKaAIMS 3TOr0 CBONCTBA JIOKHA 3aKOHUYUTHCS YCIICIITHO.
[Tepedopmynupyem cBoicTBO: «He MoOXKeT ObITh, YTOOBI MOIH30BATETH HE
BBOJIMJI MPaBWIBHBIA PIN-KOI 10 TOTO, KaK MOJydni AeHbIn». ClioBecHas
GbopMyIMpOBKAa CBOWCTBA HANPSIMYH) TEPEBOAMUTCS B TEMIIOPATHHYIO

joruky LTL:

—(—=[s8e0em npasunvnwbiti PIN-x00] U [6b10a0ym denveul).
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! AETOPHIALHA

224

ezl \enter fod.zl )
YTeHHe 3anpoca ' BanaHc ' OTEET KIMEHTY N
. g2z e2d C
\enter o320 £23 \enker 03,22 enter Jo3.z4

eZq

[ CHATHE AEHEr

\enter fod.z3 )
Puc. 4.6. Asromar AServer

Kak mokazano Ha puc. 4.5, BeIJ1Iaua JIGHET NMpoucxoaut jeictueM 01.z10.
[TockosbKy OJIMH ®3 BEpUPUKATOPOB HE TO3BOJSET IPOBEPATH
BBINIOJIHEHUE BBIXOJHBIX BO3JEHCTBHM, 3amMeTHM, 4To ackicrBue 01.z10
BBI3BIBAETCS TOJIBKO B cOCTOSHUHU «I 0. Boioaua oeneey asromara AClient, n
OyZeM WCTIOIb30BaTh ATO COCTOSHHE KaK I0OKa3aTeldh BBITAYM JCHET.
[TpaBrIIbHO BBEAEHHBIN PiN-koa xapakrepusyeTcs coObitrem €10. Takum
obpazom, Gopmyia 11 BepuHUKaAIUKU MPUHUMAET BHI:

—(—€10 U (AClient in «10. Beioaua oenee»))

B nmoruke CTL »T0 cBo¥icTBO (hopmymnupyercs moxoxum obpazom. Ilpu
9TOM JIMIIIb J00ABIIAETCS KBAHTOP «CyIIecTBYeT myTh» (E):

—E[—e10 U (AClient in «10. Boroaua oenee»)].

Btopoe Bepuduiupyemoe cpoiictBo (0ynem o003HAUaTh €ro 3HaKOM ()):
«ITonb3oBarenb 00s13aTENLHO MOJYYUT JEHBIU». ITO CBOMCTBO HE JTOJKHO
BBITIOJIHATHCS JUIsl OaHKOMara, U BepUPUKATOPHI JODKHBI OTOOPA3HUTH
KOHTpIpUMEp JUIsl 3TOro cBoicTBa. CiioBecHast (OopMyJIMpOBKa CBOMCTBA
HAIPSMYIO IEPEBOIUTCS B TEMIIOPATbHYIO JIOTHKY LTL:

Flebioadym oenveul.

Kak oOcyxpaanoch BbIllie, Bblada JCHET MPOUCXOAUT TOJHKO B OJIHOM
COCTOSIHUH, TTIO3TOMY (popMyJia IPUHUMAET CJICTYIOIINMN BU/I;

F(AClient in «10. Boioaua deneey).

s npeoOpazoBanust 3toit opmynsl B joruky CTL TpeOyercs mumib
100aBUTh KBAHTOP «UIs BCeX myTei» (A):

AF(AClient in «10. Buloaua oenee).
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4.4. NHCTpYMEHTbI, UCMosb3yoLlne
roToBble BepudukaTopsl

4.4.1. Converter

OO0mee onucanue

Converter [77—79] wucmoms3yeT CyIMECTBYIOUIMA W, TOXaIyWd, CaMblil
u3BecTHbIN Bepudurarop — SPIN [46, 80]. Oto cpenacTBo mpemHazHAdYEHO
s Bepudukanuu Gopmysl B TemnopaibHoW joruke LTL. Monens ms
npoBepku ¢ ucnoib3oBaHueM SPIN 3ammceiBaeTcs Ha BXOJHOM SI3BIKE
Promela.

HucTpymenTansHoe cpeactBo Converter pemaer ctaHaapTHbIE IS Cllydast
UCIIOJIb30BaHUsl CYUIECTBYIOLIErO BepU(pHUKaTOpa 3ajaud: KOHBEpTALUA
aBTOMAaTHOW CHCTEMBI B s3Ik Promela, ompeneneHue mnpenukaToB st
(bopMyaMpOBaHMs CBOWMCTB, MPeoOpa30BaHHE KOHTPIPUMEPA B TEPMUHBI
UCXOJHON cuctembl. Humke moapoOHO omucaHo, KakKUM 0Opa3oM 3TH
3aJauM aBTOMaTHUECKH pelatoTcs B Bepudukarope Converter.

BLIIICJ]QHI/Ie aTOMapHbIX COCTOSTHUH

Mogens Ha s3pike Promela, nmonmydennas B pesysibrare mpeoOpa3oBaHUs
VMCXOJHOW aBTOMATHOW CHCTEMBI, CONEPKUT CIEAYIOIIUE NEPEMEHHBIE, B
KOTOPBIX XPAHUTCS COCTOSTHUE MOJEIIN:

o int lastEvent; — mepeMeHHas, cojaepiKailas HOMEp MOCIICIHErO
00paboTaHHOTO COOBITHS;

0 int stateAi; — Takasg IMEpeMEHHas Cco3Jaercd i KaXIoro
aBTOMATa U XPAHUT HOMEP TEKYILETO COCTOSAHUS aBTOMara Ai.

[Tockonbky B TOCTpPOCHHOW Mojaenu Ha s3pike  Promela apyrux
IIEPEMEHHBIX HET, JJIEMEHTApPHOE COCTOSIHUE MOJEIU OINpPENECIAEeTCS
HAa0OpPOM 3HAYEHUH ITHX MEPEMEHHBIX.

Hpyrumu cioBamM, B JAaHHOM IIOAXOJE JJIEMEHTAPHOE COCTOSHHE
aBTOMATHOM CHUCTEMBI — 3TO Ha0Op TEKYIIUX COCTOSHUM BCEX aBTOMATOB, a
TaKXke mociennee oopadoranHoe coobiTre. [lepexoapl He pa3aensIroTcs Ha
IIEMTOYKH DJIEMEHTAPHBIX COOBITHH.

B wmomenn Ha s3eike Promela mis kakmoro aBTomMara BBIACISETCS
GbyHKIUS, KOTOpasi HEJETEPMUHUPOBAHHO BBIOMPAET MEPEX0] U3 TEKYIIETO
COCTOSIHUSI aBTOMaTa M B 3aBUCHMOCTH OT BBIOPAHHOTO Tepexojia
OOHOBJISIET 3HAYEHUS TIEPEMEHHBIX stateAl n lastEvent.

Bepu¢punupyembie cBoiicTBa

PaccmarpuBaembiii BepudukaTop mpoBepsieT (opMysibl B TEMIOPATILHOM
noruke LTL. ITogaep>kuBaroTcs TOJBKO JIBa TUIIA MTPEIUKATOB:
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o lastEvent = el — BBIIOJHAECTCSA, KOTJIa MOCICOHEE 06pa6OTaHHO€
coObITHE €1;

o stateAi = 1 — BBINOJHSIETCA, KOrJa HOMEDP TEKYIIETO COCTOSIHUS
aBTOMaTra Al B MoJieIM Ha si3bike Promela pasen 1. 3ameTum, 9TO 3TO
HE SBJISIETCSI MMEHEM COOTBETCTBYIOIIETO COCTOSIHUSI B MCXOJHOMU
aBTOMATHOM CUCTEME, U MO3TOMY TOJIb30BATENI0 HYKHO HATH HOMEp
MHTEPECYIOIIEr0  COCTOAHHMS B MpeoOpa3OoBaHHOM  MOJENH
CaMOCTOSTEIBHO.

IIpeodpa3oBanne KOHTpPIpUMeEpa

B cnyuyae ecnu Bepudukatop SPIN HaxomauT ommbOKy B MOJAEIH, UMEETCS
BO3MOXXHOCTh «BOCIIPOM3BECTH» KOHTPIPUMEP Ha MOJAEIU. JTO O3HAYAET,
gro SPIN Oyzmer BBIOSHATH MOJENb Ha si3bike Promela xak Hacrosmryto
IporpaMMy Ha si3bIK€, IOX0KEM Ha sI3bIK IporpammupoBanus C.

Bepudukarop Converter ucnonb3yeT 3Ty BO3MOXHOCTh. [lpu kaxkaom
Nepexo/ie U3 OJTHOTO COCTOSIHHSI aBTOMAaTa B JIPYroe MporpaMMa Ha SI3bIKEe
Promela BbIBOOUT cOOOIICHHE O TMEPEXOAe W TEKYIIMX COCTOSHHSAX
aBTomMaToB. Takum oOpazom, korja Bepudukarop SPIN BocnpousBogut
OmMOKYy, B CTaHIAAPTHBIM BBIBOJ TEUATAIOTCS ITH COOOIIEHUS, TO3BOJISSA
M0JIb30BATENI0 YBUAETh IMEPEXOAbl B HCXOJHONM aBTOMAaTHON CHUCTEME.
[Ipumep BBIBOJIa KOHTPIPUMEpA TIPEICTaBlIeH B TUCTUHTE 4.1.

NMnctunr 4.1. BuiBog KOHTpNpumMmepa Bepudmkatopom Converter

State Test 1 : init

Going to state Test 2 : sO
Event = e2

State Test 2 : s0

Going to state Test 33 : sl-1
Event = e3

State Test 33 : sl-1

Onucanne HHCTPYMEHTAJBLHOIO CPeACTBA

Bepudukatop Converter pabotaer ¢ aBTOMAaTHBIMH IPOTrpaMMaMH,
CO3JIaHHBIMHU TIPU TMOMOIIM HHCTpyMeHTajdbHOTrOo cpenactBa UniMod. Dto
CPEICTBO, KAaK OTMEYAJIOCh BBIIIE, IO3BOJIIET BHU3YyaJIbHO CO3/1aBaTh
aBTOMaTHBIE MPOTpaMMbl, a TakXKe 3amyckath ux. [Ipu 3ToM aBTOMaTHas
nporpamma uzoopaxaercs Ha UML-nuarpammax, a 00beKThI YIIpaBiIeHUs U
UCTOYHUKU COOBITUI MPOrpaMMHUPYIOTCS Ha fA3BIKE MPOrpaMMHUPOBAHUSA
Java.

Wuctpymentanshoe cpeactso UniMod mo3BossieT coxpaHsITh aBTOMATHYIO
nporpammy B gopmare XML. ®@aiin B ykazaHHOM ¢dopmare mojaeTcs Ha
BXx0/ Bepudukaropa Converter.

HuctpubytuB mporpammbl  Converter moctaBisieTcss ¢ HEOOXOIUMBIMU
oubnuorexkamu u Bepuduxatopom SPIN. EnuncrBennoe, uto Tpedyercs —
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YCTAaHOBUTh KOMMWISITOP QCC M IMpomnucaTh ero B nepeMenHor PATH ms
TOTO, 4TOOBI MOXXHO OBLIO BBI3BATH MPOTpaMMy (CC Oe3 yKa3zaHWs ee
pacmonoxeHus: B (ailyioBoil cucteMe KommbloTepa. [IporpamMmma moxer
3aITyCKaThCs TOJBKO B ONEPAIMOHHBIX cucTeMax tuma Windows.

Jlns 3amycka BepuduKaum TpedyeTcsl BBIMOIHUTD BCETO OJHY KOMaH/Y:

run.cmd <XML-¢ala cucTeMb> <@anjl ¢ OTUeToM>
<LTL-dopmymna>

31ech:

o XML-tdarn cucTeMmel — BepupuUIUpyeMas aBTOMaTHas Mporpamma,
coxpaHenHas ¢ momonipio UniMod B popmare XML,

o tdarnm ¢ orueroMm — wuMsA ¢aina, B KOTOpbId OyaeT 3amucad
pe3ynbTaT BepUpUKALINH;

o LTL-bopmynma —  Bepuduuupyemas  dopmyna,  Hampumep:
«! (<>{lastEvent == el})n».

st 3anucu GopMyI1 HCTIOJIB3YIOTCS CIIETYIONINE ONEePaATOPhI:
o [] — Globally (Bcerma);

o <> - Future (korma-uuOyas B OyayIiiem);

o U - Until (mo Tex mop moka);

o V-—3amucb p V go3KBUBaJIEeHTHa ! (!p U !q);
o ! —orpunanue;

o && — Joruueckoe /M,

o | | —mornueckoe MJIU,

0 —> — UMIUIMKaINS,

0 <-> — 3KBUBAJCHTHOCTb.

Bepupuxauus Mmogesn 0aHKomMarTa

Bepudukarop Converter paboraer ¢ wmoaemsmu UniMod. ITostomy
JOTIOJTHUTENBHBIX MpeoOpa3oBaHUil Mojenn OaHKomara He TpeOyeTcs.
Heobxoaumo numib ucmonb3oBaTh Tpaduueckuii uHTEpdenc cpencta
UniMod st renepaniun XML-orrcanust aBTOMaTHOM MPOrpaMMBl.

Bepudunmpyem cpoiictBo X 6ankomara. Bepudukatop Converter coznaet
UJCHTU(HUKATOPBI JJIT BCEX COCTOSHUW aBTOMATOB, M TPeOyeTCs, YTOOBI
Bepupuuupyemas (hopmyiia UCHOJIb30BaNA 3TU UJEHTU(DUKATOPHI BMECTO
HWCXOIHBIX MMEH COCTOsSHUM. [IOCKOJIbKY 3apaHee HEU3BECTHO, KakKou
uneHTudukarop Oyner HazHaudeH s coctostHUS «10. Boioaua oenee, 10
MIPUXOJIUTCS CHayYaja 3amyCTUTh BEpUPHUKAIINIO «BXOIOCTYION:

run.cmd Bankomat.xml report.txt ""
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3nech Bankomat.xml — ail, CO3JaHHBIM WHCTPYMEHTAJIbHBIM
cpeacteom UniMod u coxepskamuii omuMcaHHE aBTOMATHOM CHCTEMbI
OaHKOMATA.

B pesynbraTe BBITONMHEHWS KOMaHIbBI co3maeTcs (aitm model.ltl, B
HaJayie KOTOPOTO MOXKHO HAaWTH COOTBETCTBHUE MEXKTY HIACHTU(PUKATOpAMHU
COCTOSIHMM 1 UX UMEHaMH (JIUCTHHT 4.2).

Ninctunrr 4.2. PesynbTaTt BepudmKkaumm «BXOSIOCTYO»

#define STATE 10 10 /*8. Bmom cymmel*/
#define STATE 11 11 /*10. Bulmaua nexer*/
#define STATE 12 12 /*9. Banpoc neHer*/

Takum o00pa3oM, ydajloCh BBISICHUTb, YTO HCKOMOE COCTOSIHUE€ HMEET
uneHtudukarop «11». Torna Bepudunupyemas hopmysia IpUHUMAET BUI:

' (!'{lastEvent == €10} U {stateAClient == 11}).

Ha Bxonm Bepudukatopa Converter mnomaercs He Bepuduimpyemoe
CBOMCTBO, a ero orpuianue. I[loatoMy 3amycTuTh BepUDUKALMUIO STOTO
CBOMCTBA MOKHO CJICAYIOIICH KOMAaH/IOM:

run.cmd Bankomat.xml report.txt " (!{lastEvent ==
el0} U {stateAClient == 11})"

B pesymbraTe B KOHCONb BBIBOAWTCSA HEKOTOpas CiyKeOHas u
HECYIIIeCTBEHHAs Ha JaHHBI MOMEHT WH(popMalus. Pe3yabTar XpaHUTCS B
daitne report.txt (uctunr 4.3).

Nuctuur 4.3. Pe3ynbTaT Bepudmkaumm cCBoOMCTBa = 6aHKomMaTa

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)
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)
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Baxxnas mHdopmanus COAEpKUTCS B 3alHUCH «errors: 0» — omuboK
Bepudukanuu He HaiineHo. Pe3ynpTaTr BepuHUKaIMy 05KUIaEMBbIA.

Bepudunupyem tenepb BTopoe cBOUCTBO (L2):

run.cmd Bankomat.xml report.txt
"(!<>{stateAClient == 11})"

B pesynbrare ¢aiin report.txt COAEpKUT CACAYIOUIYI0 UHPOPMALUIO
(MpUBeNEHBI TOJIBKO BaXKHBIE CTPOKH (haiina, mucTuHr 4.4).

NucTuHr 4.4. PesynbTaT 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 KapTy
State AClient 13 : 1. BcTaBbTe KaptTy
Going to state AClient 6 : s2
Event = e0
State AClient 6 : s2
spin: trail ends after 34 steps

B otuete comepxuTcsi KOHTpIpUMeEp JiJisi Bepuduimpyemoro cBoiictea. OH
JIOCTaTOYHO JIETKO 4YHWTaeTca W He Tpedyer mpeoOpa3oBaHUM s
noHuMaHus. bankoMar HaunHaeT pabOTy B HAYaJIbHOM COCTOSIHUU S1,
nepexoauT B coctosuue «1. Bcmasvbme kapmy», 3aTeM HOXUMAIOT KHOIIKY
Buvikntouums, Bo3HUKaeT coObiThe €0, M aBTOMAT MOMaaaeT B KOHEYHOE
COCTOSIHHE.

DTOT KOHTPHPHMEP COOTBETCTBYET CICAYIOIIEH cHuTyanuu. bankomar
HayMHAaeT paboTy B CBOEM HaYaJlbHOM COCTOSIHMH, BKIIOYAeTCA U
mpejJiaraeT BCTaBUTh KapTy. Ilonb3oBaTenh HaXUMaeT Ha KHOIIKY
Buikntouums (coobitre €0), u 6aHkoMat BeIKI04YacTcs. [IomaB B KOHEUHOE
cocTossHME S2, aBTOMarT OaHKOMaTa TaM U ocrtaerca. llpm 3ToM
MOJIb30BaTe)Ib HUKOTAA HE MOJY4YUT JieHer. Takum o0pa3oMm, HaWJEeHHbBIN
KOHTPIPHUMED SIBJIICTCS JCHCTBUTEIIBHO OIMPOBEPracT BepHPHUITUpYyEMOe
CBOMCTBO.

4.4.2. Unimod.Verifier

OO011ee onucanue

Bepudukarop UniMod.Verifier [77, 81, 82] ucnonb3yeT CyliecTBYIOIINIA
Bepudukarop Bogor [83]. Cxema BepuduKalid B OMNHUCHIBACMOM
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BepUPUKATOPE OTIMYAETCS OT CTAaHAAPTHOW CXEMBI, HCIOJIb3YEMOH,
HarnpuMmep, Bepudukaropom Converter,

Bxonnoit s3pik Bepudukatopa Bogor, xoropsiii HazbiBaetcs BIR, moxer
OBITh pacHIMPEH HOBBIMHU, CIOXHBIMH THIIAMH JIaHHBIX, KOTOpPBIC
NPEICTaBISIIOT COO0M  KIIacChl, WMEIOIIHUE BHYTPEHHHE COCTOSHHUS.
VY Kkmacca MOXHO BBI3bIBaTh JIEHCTBUS, KOTOpbIE MOTYT HW3MEHHTH
BHYTPEHHEE COCTOSIHME, WM 3alpaliuBaTh 3HAUEHUS TeX WIM HWHBIX
BHYTPCHHHUX TNEpPeMEHHBIX. [Ipy ompeneneHHbIX OrpaHMYCHUSX Ha HOBBIN
Kjmacc cpeactBo Bogor wmoxker BepudunupoBaTh MOJETH, KOTOPBIE
UCIIOJIB3YIOT OOBEKTHI HOBOTO KJIacca.

B03MOXHOCTB paciMpuTh BXOHOH SI3bIK IMMO3BOJIIET aOCTPAarupoBaThCs OT
JUIIHKUX JIeTalied ONMUCaHUs BEpUDUIIMPYEMON MOEIH, YTO TEOPETHUECKU
OPUBOJAUT K MEHBIIEMY YHUCIY OJJIEMEHTAPHBIX COCTOSHHM MOJENH, a
CJIeIOBATEIbHO, U K 00Jiee MPOCTON U OBICTPOI BepUUKaIIUU.

B Bepuduxarope UniMod.Verifier Obul peanu3oBaH HOBBIA Kiacc,
coJepKaluii B cebe onucaHre aBTOMaTHOW CUCTEMBI B IIEJIOM. DTOT Kilacc
BBITOJIHSAET JIMLIb OJJHO JIEHCTBUE «SteP»: 00padboTaTh 0OUEPETHOE COOBITHE.
[Tpu BbBI30BE 3TOro JAEWCTBUA KJACC HEIETCPMHUHHUPOBAHHO BBIOUpAET
coOBITHE U OTIAET ero Ha 00paboTKy aBTOMaTHOM mporpamme. braromaps
MCITOJIb30BAaHUIO HOBOI'O KJIacca, OMMCAaHUE MOJEIM Ha BXOJHOM S3bIKE
Bepu(pukaTopa Bogor cBenoch K TPUBHAIIBHOMY OECKOHEYHOMY LHUKIY U3
OJTHOTO COCTOAHMS. B 3TOM cocTossHMM Yy OOBEKTa HOBOIO Kiacca
BBI3bIBACTCS JieiicTBUE Step.

OCHOBHOE JOCTOMHCTBO TaKOrO IOAXOJa COCTOMT B TOM, YTO ONMCAHUE
nporpaMmMbl Ha BXOJHOM S3bIK€ BepUUKATOpa CTaJ0 TPUBHAIBHBIM H
OJIMHAKOBBIM [JIs1 JIFOOOW aBTOMAaTHOM mporpamMmbl. Jlormka paboThI
MOJIEJIM U XPAaHEHUE COCTOSIHUM aBTOMATOB PEANU3YETCsl MPOrPaMMHO U
OIMH pa3 HJisi BCEX aBTOMATHBIX CcHCTeM. HeT Heo0XoauMOoCTH
T€HEpUPOBAaTh HOBBIE MPOMEXKYTOUYHBIE BXOJHBIE HAHHBIC IS KaXIOU
BepU(UIIMPYEMOI aBTOMATHON TTPOTPAMMEBI.

Kpome Toro, B Bepudukarope UniMod.Verifier mpumensercs ermie 0IHO
OpUTMHAILHOE pemieHne. B npyrux Bepudukartopax (Hampumep, B
Converter) wucnoab3yercs pa3Has peau3alys aBTOMAaTOB B paboueit
nporpamme U npu Bepudukanuu. B Bepudukarope Converter aromatHas
nporpamMma 3amyckaercss W paboTaeT MpH MOMOIIM HWHTEPIpeTaTopa
UHCTpyMeHTalbHOTO cpeacrBa UniMod. Opnako mnpu  BepudUKaimu
NPOBEPSETCS KOPPEKTHOCTh aBTOMATHOM MPOrpaMMBbl, peali30BaHHON Ha
s3pike Promela. Ilpu sToM HeT rapaHTHid, YTO JIOTHKa paOOThl aBTOMATHOM
IPOTPaMMBI peam3oBaHa OJIMHAKOBO B UHTEPIIPETATOPE
uHCTpyMeHTanbHOro cpeacta UniMod u Ha si3eike Promela. B ciyuae ke
ucnoas3oBanus UniMod.Verifier moskHO cka3ath, uro mporpamma Bogor
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BEepUPUITMPYET aBTOMATHYIO CHUCTEMY HANPSMYI0 B HHCTPYMEHTAJIHHOM
cpeactBe UniMod. Cxema B3ammojeciictBusi Bepudukaropa Bogor u

HHCTPYMCHTAJIBHOTO  CPCACTBA UniMod B paMKax BepI/I(I)I/IKaTOPa
UniMod.Verifier uzoopaskena na puc. 4.7.
4 N
Bogor JlonoiHeHust UniMod
Pacmmpenne Jlononuenue Nutepnperatop
Aaroputy BXOJIHOTO SI3bIKA K MHTEPIIPETaTopy ABTOMATHBIX
BepuuKamM 1@ BIR UniMod -~ porpamm
\_ UniMod.Verifier )

ABTOMaTHas

nporpamMma

Puc. 4.7. Cxema B3aumoieiicTBusi KOMIIOHEHT Bepudukaropa UniMod.Verifier

Bbigesnenne arToMapHbIX COCTOSTHU A

JIroboit  kmacc, pacmupsitomuidi  s36lk - BIR,  momken  Bo3BpamaTh
Bepu(DUKATOPY YHUCIO WIM Ha0Op YHCEN, KOJMUPYIOUIMX €ro TeKyIlee
COCTOsSIHUE. ABTOMATHOE paCUIMPEHHE, OMpPENeNIEHHOE B BepU(HUKATOPE
UniMod.Verifier, 3amporpamMmMupoBaHO BO3BpalllaTh HA0Op TEKYIIUX
COCTOSIHUM AaBTOMAaTOB B KAayeCTBE COCTOSIHHAS BCEM AaBTOMATHOM
MIPOTPAMMBI.

Takum o0pa3om, B JaHHOM BepU(PHUKATOPE HE MPOU3ZBOIUTCS APOOIICHHUS
IIEPEXO0/I0B aBTOMATOB HA JIEMEHTAPHBIE COCTOSTHUS.

Bepu¢puuupyembie cBoiicTBa

Bepuduxarop Bogor, a cnemoarensHo, u UniMod.Verifier, no3sosser

BepU(ULIMPOBATH CBOMCTBA, CHOPMYIHPOBAHHBIE B TEMIIOPAIBLHOM JIOTHKE
LTL.

B kawecTBe TmpenMKaTOB  aBTOMATHOE
MPENOCTABIISAET cienytonue GyHKIUN:

pacmupenue s3pika  BIR

o wasEvent(e) — Bo3BpaiaeT 3HaucHue TrUE, eCliMd B IMOCIEAHEM Iare
ObUTO BBIOpaHO 1jIs1 00pabOTKKM coObITHE €, W 3HaueHue False — B
MIPOTUBHOM CITydae;

o waslInState(sm,s) — Bo3Bpaiaer 3HaueHHE TrUe,
MOCJIETHUM IIarOM aBTOMAT SM HAXOIHUIICSA B COCTOSHUH S

eclii  Tepen

o isInState(sm, S) — Bo3Bpaiaer 3Ha4ueHue True, ecli Mociie COBEPIICHHUS
MOCJIEHETO IIara aBToMat SIM HAXOAUTCS B COCTOSIHHH S;
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o cameToState(sm,S) — BosBpalaer 3HaueHHe TrUe, eclid Iocle
COBEPIIIEHHUS MOCIETIHEr0 Mara aBToMaT SM M3MEHHI CBOE COCTOSHHE
Ha S. To ke, uro (isInState(sm, s) && !waslnState(sm, s));

o cameToFinalState() — Bo3BpamaeT 3HaueHue TrUE, eCIHM IOCIIE
COBEpIIICHUS IIara TOJIOBHOM aBTOMAT MOJEIH Iepelie]l B CBOE
KOHEYHOE COCTOSHHE. DTO 03HAYaeT, YTO aBTOMATHas IMporpamma
3aBepIuuia padory;

o wasAction(z) — Bo3Bparraer 3HaueHUE T1FUE, €CJIM B XOJC BBITOJHCHUS
1ara ObLIO BBI3BAHO BBIXOJHOE BO3ICHCTBHE Z;

o wasFirstAction(z) — BosBpamaer 3HaYeHWE T[rUE, eciad B XOJe
BBITIOJTHCHMSI [Iara MEePBBIM BBI3BAHHBIM JICHCTBHEM OBLIO Z;

o waslLastAction(z) — BosBpamiaeT 3HaueHHWe True, ecidm B XOJe
BBITTOJIHEHHUSI 111ara MOCJICIHUM BbI3BaHHBIM JICHCTBHEM OBLIO Z;

o getActionindex(z) — Bo3BpaiaeT HOMEp JICHCTBHS B CIIMCKE JICHCTBHH,
BBI3BAHHBIX B XOJI€ BBIMOJHEHUS TOCJIEAHEr0 Iara. JTOT IMPEIuKaT
NpeJHa3HaYeH IS TOro, 4YToObl (HOPMYJIUpPOBATh YTBEPIKIACHUS,
3aJalolIMe TOPSIOK BbI30BA JICHCTBUH OOBEKTOB YIIpAaBJICHUS B
aBTOMATHOM MporpamMmme;

o wasTrue(g) — Bo3Bpalaer 3HaYeHUE TrUe, eciau B XOJC BBIMOJHCHHUS
MOCJICTHETO II1ara OJUH U3 MEePEX00B ObLT OTMEUECH YCIOBHEM (J, U €TO
3HaueHWe ObUIO0  ompexaeneHo Kak  True. Ilpumep ycioBus:
g =10l.x1 && 01.x2;

o wasFalse(g) — Bo3Bpamaer 3HaueHue True, eclii B XOJi¢ BBITOJHCHUS
MOCJICJHETO IlIara Ha OJTHOM M3 IEPEXO0JI0B BCTPETUIIOCH YCIIOBUE (, H
ero 3HaueHue ObLIO onpeaeseHo kak False.

IIpeoOpa3oBaHue KOHTpIpUMepa

[Tockonbky  Bepudukarop paboTaeT HampsMyld) C  aBTOMATHOM
MIPOrPaMMOM, KOHTPIIPUMEP Cpa3y BBIPAKEH B TEPMHUHAX HCXOLHOU
MPOrpaMMBbI U €ro npeodpa3oBaHue HE TPeOyeTCs.

Onucanne HHCTPYMEHTAJIBLHOTO CPEACTBA

Onwumem, Kak BepUPUIIMPOBATH aBTOMATHBIC MPOTPAMMBI MPU TTOMOIIH
cpeactBa UniMod.Verifier.

ChHavasia HeoO0XoauMmo copMyaupoBaTh IMPOBEpsieMOe TpeOOBaHUE.
dopmyna 3amuceiBactcs B daitn  Unimod.bir, kotopelii kpome Hee
colepkut uHpopManuio o Bepuduuupyemoinr wmonenu. g 3amucu
(bopMyIIbl KCTIONB3YIOTCA CAEAYIOIINE ONEPATOPHI:

o LTL.always — (G) Bcerna;
o LTL.eventually — (F) xorma-auOyib;

193



o LTL.next — (X) B caemyromiuii MOMEHT BO BPEMCHH,

o LTL.until — (U) go Tex mop, noka;

o LTL.weakUntil — (W) mo Tex mop, mmoka, HiIu BCEr/a;

o LTL.release — (R) ocBoboxaenue: p R g = —(—p U —0Q);
o LTL.negation — otpunanue;

o LTL.equivalence — s5kBUBaJICHTHOCTb;

o LTL.implication — uMrkKaus;

o LTL.conjunction — /7,

o LTL.disjunction — AJIH.

dopmyna 3anuceiBaetes B (aiin Unimod.bir B Buge ¢pyukiuu. [ToscHum Ha
npumepe dhopmat 3Toli GyHKIMU (TUCTHHT 4.5).

Nnctunr 4.5. dyHKUKA, onnceiBatowan gopmyny 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"))

) s

LTL.weakUntil (
LTL.negation (LTL.prop ("give money")),
LTL.prop ("correct pin")

) 7
Orta (QyHKIUA BbeIpaXkaeT TeMnopaibHylo ¢opmyrny !01.z210 W elO.
B Hauane omnucanus QyHKIMKM OOBSBISIIOTCA TmpeAaukarsl. Hampuwmep,
"correct_pin" — ums npenukara, a AutomataModel.wasEvent(model, "e10")
— ero 3HaueHue. Takoil TpemuKaT BEpeH TOTJa, KOTAa IOCIeTHEe
obOpaboranHoe coorrTre ObuT0 €10.

[locne oOBsABIEHHUS TPEAMKATOB 3amUChiBaeTcs cama (opmyna c
HCIIOJIb30BaHUEM ITHUX MPEIUKATOB B BUJI€ BJIOKEHHBIX BHI30BOB (DYHKIIUH.

Tenepb BbI3bIBACTCS BEpUDUKATOP. ITO BBHITIOIHSAETCS  CIICIYIOIICH
KOMaH/IOM:

verifier.cmd Bankomat.xml NoPinNoMoney
3nech Bankomat.xml — Qail, CO3JaHHBI WHCTPYMEHTAIBHBIM
cpeacteom UniMod wu coxepkamuii onmMcaHHE aBTOMATHOW CHCTEMBI

O0ankomata, NoPinNoMoney — wuMa QyHKOUM 175 BepuUKAIIH,
onucanHoi B aiine Unimod.bir.
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B pesynbrare BbI30Ba 3TOM KOMaHIbl B XOJ€ Ipoliecca BepupUKALUU B
CTaHIApTHHIN MOTOK BBIBOJA Oy/IeT HamedyaTtaHa ciyxeOHas MHpOopMaLus.
[Tocne oxoHuanusi BepuuUKaUKU BbIBEAETCS JHOO coobmeHue 00
YCIICIIIHOM 3aBepllIeHuH, 0o KoHTprnpumep. KoHTprpumep omuchiBaet
10 IIIaraM COCTOSTHUSI aBTOMATOB.

Bepudukauus Mmoaesm 0aHKOMATA

Taxxe kak um Bepudukarop Converter, Bepudukarop UniMod.Verifier
paboraer ¢ XML-onucanueM aBTOMATHOM MPOTrPaMMBbl, CTEHEPHUPOBAHHON
UHCTPYMEHTAILHBIM cpeacTBoM UniMod.

Bepudumupyem mepBoe cBoiictBo (X). st Toro 4droObl 3ammcarth
dbopmyiy, He TpeOyercs JOMOIHUTENbHAs UHPOpMALUs — JIJIsl €€ 3alKCH
MO>KHO HCITIOJIb30BaTh UMEHA UCXOHOM aBTOMATHOM mporpamMmbl. OgHaKO
Takas 3amuch  (QOPMYJIBI  JOCTaTOYHO TrpomMosnaka. CBoiicTBO X
3anuchiBacTcss B (aiie Unimod.bir B Bume (yHKIMH, NPUBEICHHOW B
muctunre 4.6.

JIucTuHr 4.6. 3anuckb ceoncTea x 6banHkomarta ans UniMod.Verifier

fun NoPinNoMoney () returns boolean =
LTL.temporalProperty (
Property.createObservableDictionary (

Property.createObservableKey ("correct pin",
AutomataModel .wasEvent (model, "elO")),

Property.createObservableKey ("give money",
AutomataModel.isInState (model, "/AClient",
"10. Brelmaua pneHer"))

) s

LTL.negation (
LTL.until (
LTL.negation(LTL.prop ("correct pin")),
LTL.prop ("give money")

) ;

B ¢yHKIMM cHauana oOBSBIAIOTCS MPEeIUKaThl COrrect_pin m give_money,
MEPBBIM M3 KOTOPHIX O3HAYAET, YTO Mpou3o1uio coositre €10, a BTopoit —
yro  kopHeBoii  aBromaT AClient  HaxomuTcsi B COCTOSIHHH
«10. Bvioaua Oenesy». 3areM 3amUCBhIBacTCS TEMIIOpalibHas QopMyna C
UCTIOIb30BaHKEM 3TUX npeaukaTos: !(1<correct_pin> U <give_money>).

WNuctpykius 11t BepuduKalyuy 3Toro CBOMCTBa:

verifier.cmd Bankomat.connectivity NoPinNoMoney

B pesynbTare B KOHCOJb BBIBOAWTCSA ClEAyOmas WHPOpMAIUs
(muctunr 4.7).
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INucTtuHr 4.7. PesynbTaT BepudmkaLmm cBOMCTBa = GaHKomaTa

(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: 1lal34a712 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 HOCHGIIHeﬁ CTPOKC HAIITMCAHO, YTO BepI/I(l)HKaIII/IH 3aBCpIINIACh YCIICIIHO,
KaK 1 OKHOaJIOCh.

Bepudunupyem tenepp BTOpoe cBoiicTBO (). 3ammmiem ero B (aiin
Unimod.bir B Bune ¢pyukuuu (uctusr 4.8).

JucTuHr 4.8. 3anuck ceoncTea Q baHkomaTa anga UniMod.Verifier

fun AlwaysMoney () returns boolean =
LTL.temporalProperty (
Property.createObservableDictionary (
Property.createObservableKey ("give money",
AutomataModel.isInState (model, "/AClient",
"10. Brlimaua pneHer"))

) s

LTL.eventually (LTL.prop ("give money"))
) 7

3amyckaeM mpoliecc BepuduKaIiy, BEIBOIS pe3ybTaT B (aitn verifier.out:

verifier.cmd Bankomat.connectivity AlwaysMoney
> verifier.out

[Tocne BeImonHEeHUs 3ToW KoMaHzbl B (haiiie verifier.out okaspiBaeTcs
cienytomas uHpopmarus (B mucTuHre 4.9 TNpUBENEHBI TOJIBKO BaXKHBIC
CTPOKH).

INucTtuHr 4.9. PesynbTaT Bepudmkaumm ceorctea Q 6aHkomara

Generating error trace 0O...

Done!!

1 traces were found.

Replaying the trace with least states (#0).
Replaying trace by key: O

Stack of transitions leading to the error:
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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. 3Bampoc gneuner/AServer) - (Top);
(/AClient:5. Bampoc Bamanca/AServer) - (Top); (/AClient:3.
ABTOopuszauusa/AServer) - (Top) ; (/AClient) - (Top) ] ]
fsaState [badSaccept init]

Model [ step [1] event [*] guards [] transitions [sl#l.
BcraBbTe kapTy#*ftrue] actions [ol.zl] states [(/AClient:9.
3amnpoc nexner/AServer) - (Top) ; (/AClient:5. 3amnpoc
Bamnauca/AServer) - (Top); (/AClient:3. ABTopuszauusa/AServer)
- (Top); (/AClient) - (1. BcraBbTe kaptTy)] ] fsaState
[badSaccept init]

Model [ step [2] event [e6] guards [true->true] transitions
[1. BcTaBbTe KaApTy#2. Beonm pin-xoma#eoc#true] actions
[01.2z2] states [(/AClient:9. 3anpoc meHer/AServer) - (Top);
(/AClient:5. Bampoc Bamanca/AServer) - (Top); (/AClient:3.
ApTopusauusa/AServer) - (Top); (/AClient) - (2. BBom pin-
xoma)] ] fsaState [badSaccept init]

Model [ step [3] event [e2] guards [true->true] transitions
[2. Beon pin-kxoma#l13. BosBpar kKaptTH#el#true] actions
[01.2z13] states [(/AClient:9. 23anpoc geHer/AServer) -—
(Top) ; (/AClient:5. 3anpoc Bajauca/AServer) - (Top) ;
(/AClient:3. ABTopmzaumusa/AServer) - (Top); (/AClient) -
(13. BozepaT kaprter) ] ] fsaState [badSaccept init]

Model [ step [4] event [e7] guards [true->true] transitions
[13. Bos3BpaT kapTu#l. BcraBbTe kapry#e7#true] actions
[0l.z1] states [(/AClient:9. 3anpoc meHer/AServer) - (Top);
(/AClient:5. Bampoc Bamanca/AServer) - (Top); (/AClient:3.
ABTopuszauug/AServer) - (Top):; (/AClient) - (1. BcTaBbTe
kapTy)] ] fsaState [badSaccept init]

Done!

@aiin  comepKUT KOHTpHpumep. B  Kaxaol CTpoke KOHTpIpUMEpa
MPUBOAUTCS BCS BO3MOXKHasi WHGpOpMaInus: HOMeEp Imara, oOpaboTaHHOE
COOBITHE, BBIIIOJIHEHHBIE TEPEXOJbl M TEKYLIUE COCTOSHHUS KaxJa0ro
aBTOMATA.

HaiineHHblld  KOHTPIIPUMEDP  COOTBETCTBYET  CIHEAYIOLIEHM  CHUTYyallUu.
bankomaT HaumHaeT pabOTy, TOJIOBHOM aBTOMAT TIOMAJla€T B COCTOSTHUE
«1. Bcmasvme xapmy». Kaprta BcTaBnsgercs (coObiTme €6), TOJIOBHOU
aBTOMAT IOMAJIaeT B COCTOSIHUE «2. Bsoo pin-kooday». Jlanee nojan30BaTellb
HOXXUMaeT Ha KHONKY Ommera, aBTOMAT TIOMAJaeT B COCTOSTHUE
«13. Bozeépam xapmuly», W, KOTIa TOJIb30BaTENb 3a0pan kapty (coObITHE
e7), TOJOBHOM  aBTOMaT  BHOBb  TIONagaeT B  COCTOSIHHE
«1. Bcmasvme xapmy».

[TomydyeHHBIA pE3yabTAT SBJISETCS KOHTPIPUMEPOM, TakKk KakK OH
MPEACTABIIACT COOOM TaKOM ITMKII, YTO aBTOMAaTHas IporpaMma OaHKoMaTa
MIPU HEOTPAHUUYECHHOM TPOXOXKIECHUU IO STOMY LUKy HUKOTJA HE BBIIACT
MOJIb30BATEII0 AEHBIU.
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4.4.3. FSM Verifier

OO01ree onucanue

FSM Verifier [65, 77] ocnoBsiBaeTcs Ha Bepudukarope NUSMV, kotopsrit
Bepu(UIIMpPYEeT MOJIENH, onucaHHble Ha si3bike SMV. Cxema paboThl
BepUpUKATOpa COCTOUT W3 CTAHAAPTHBIX JIJIS TAKOTO MOIX0/1a IIIaroB.

1. TlpeoOpa3zoBaTh aBTOMaTHYIO CHCTEMY B MOJIEJNb Ha si3bike SMV.

2. IlpeobpaszoBath TpeOOBaHUS K cucTeMe B (HOPMYIBI TEeMIOPAILHOM
JIOTHKH.

3amycTtuth Bepupuxarop NUSMV.

[IpeoOpa3zoBaTh KOHTpOPHUMEP K MOJEIH B KOHTPIPUMEP K HCXOAHOU
CUCTEME aBTOMATOB.

Orta cxema u3zobpaxkeHa Ha puc. 4.8.

TpeboBanus
JUTS CHCTEMBI aBTOMATOB

v v

CucreMa aBTOMaTOB

4 Ilpeobpa3zosanue cucmemol /Hpeo6pa3oeanue mpebosanuil
S aemomam(ie 8 MOOeb ) \ 8 dopmynvl A(iTL 07151 MoOenu )
Mopenb Ha sa3b61ke SMV | | TpebGoBanus 1jig MoAeIH

tb( Bepughuxamop NUSMV )J

| Kontpnpumep k Mmoaenu |

v

C Ilpeobpazosanue koumpnpumepa )

| KonTprpumep k cucreme aBTOMaToB |

Puc. 4.8. Cxema pabotsl Bepuukaropa FSM Verifier

Onumem CUCTEMY aBTOMATOB, KOTOpast BepuUUIIHPYETCST
paccMaTpuBaeMbIM CPEICTBOM. 3aJaH HAa0Op KOHEYHBIX aBTOMAaTOB C
HECKOJbKMMH BBIXOJIHBIMH BO3JCHCTBUSAMU Ha peOpax M BBIXOIHBIMHU
BO3JICCTBUSIMU MPU BXOAE B COCTOSIHUSA. J[JIs1 KaXKA0TO aBTOMAaTa 3a1aeTcs
HaOoOp COOBITHI, KOTOpBIE OH MOXeT oOpabaTweiBaTh. [l Kaxmgoro
COOBITHS 3a7a€TCs, MMOCTYMAET OHO OT UCTOYHUKA COOBITUN WJIM TOJIBKO OT
aBTOMaTa.

Kaxnpiii mepexon MOXET coaepkarh COOBITHE, TpU KOTOPOM OH
aKTUBHPYETCS, W JIOTIOJHUTEIHHOE YCIOBHE, HEOOXOAMMOE ISl €ro
aKTUBAIMKM. YCIOBUE TMPEACTABISIET COO0OM JIOTHMYecKyr (opMmydmy,
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COZIEPIKAIllyl0 B KadeCcTBE MPEIUKATOB BXOJHBIC MEpPEeMEHHBbIC (X1, Xp) U
BBIpaXkeHHs BUAA A; iN Sj (BEpHO, eciii aBTOMAT Aj HAXOAUTCS B COCTOSHHUU
Sj). BxonHble mNepeMeHHBIC BO3BpANIAIOT TOJBKO OyJIEBBl 3HAYCHHS.
[Tepexoa TaKke MOXET COJCPIKATh IIOCIIEAOBATEIBHOCTh BBIXOIHBIX
BO3zeicTBH Buaa 0.Zi() 1 koManay Buaa A;.ej() At nepenadun ynpapieHUs
JIPYTUM aBTOMATaM.

BLII[eJ'leHI/Ie aTOMapHbIX COCTOSTHUH

FSM Verifier B aBTtoMatax BepuuIMpyeMoil MporpaMMbl BBIICISIET,
IIOMHUMO OCHOBHBIX COCTOSTHHM, MHOKECTBO TPOMEKYTOUYHBIX COCTOSIHHHU,
B KOTOpbIE aBTOMAT IIOTAJAaeT BO BpPEMs IMEpexoja W3 OJHOTO COCTOSHUS
B ipyroe. [IpomexxyTouHoe cocTosiHue (UKCUPYETCs KaxIblid pa3, KOraa
aBTOMAT BBITIOJHSIET OJTHO U3 CIEIYIOUINX JACUCTBUI:

0 BbBI3BIBACT BBIXOJHOC BO3I[€fICTBPI€;
Q BBI3BIBACT APYT OM aBTOMAT.

Ha puc. 4.9 npuBeneH nmpumep BbIJACICHUS MPOMEXKYTOUHBIX COCTOSIHHM
JUIS1 OTHOTO MEPEX0a.

0
sl
( sl ) el[xl & x2]
v
el[x1 & x2]
A2.el,z1
\ 4
( s2 )
a 0

Puc. 4.9. Beiienenne npoMeXyTOUHBIX COCTOSTHHN Ha Mepexo/ie.
Hcxonnslii nepexon (a), npeodpa3oBaHHbIH nepexos (0)

Bepu¢punupyembie cBoiicTBa

FSM Verifier mo3Bonsier BepuUIIMPOBAThH TEMIIOPAIbHBIC (OPMYIBI C
UCTIOJIb30BAHUEM CIICTYFOIIUX MTPEIUKATOB.

o aBTOMaT Ay HaXOJUTCS B COCTOSIHHU Sj;

O  BBIOJHUIOCH BEIXOJHOE BO3JCHCTBUE Z;;

0 MPOU3OIILIO COOBITHE ;.

Bepubukarop NUSMV, a cnemoBarensHo, u FSM Verifier, mo3Bomsier

Bepu(UIIMPOBATH CBOMCTBA, CHOPMYITHMPOBAHHBIE B TEMIIOPATIBLHOM JIOTHKE
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CTL. B ¢opmynax BO3MOXKHO UCIOJI30BAHUE CICAYIOIINX TEMITOPATbHBIX
oreparopoB: AF f, AG f, A[f U g].

Kpome Toro, B popmysiax MOXKHO UCIOJIb30BaTh CTaHIAPTHBIC JIOTHUYECKUE
OTIepaTOPHI.

IIpeodpa3oBanne KOHTpPIpUMeEpPa

Otuer 00 omuOke BepudUKALKMK, BO3BpalllaeéMblii BepUPUKATOPOM
NUuSMV, coaepXuT KOHTPIPUMEpP B TEPMHUHAX ITOCTPOCHHON MOACIH
aBTOMATHOW cucTeMbl. KOHTpIpUMEp COIEPKUT TOCIEA0BATEIHHOCTD
AJIEMEHTAPHBIX  COCTOSHWW, TpuBOASmMMX K  ommoOke. Kaxkmoe
AJIEMEHTAapPHOE COCTOSIHUE OJHO3HAYHO OIpEeNesieT COCTOSHHE WU
MepexXo], B UCXOJAHOM aBTOMAaTHOM mporpamme. [losToMy HE cocTaBisieT
Tpylda MpeoOpa3oBaTh KOHTPIPUMEP B TEPMHHBI HCXOJHON CHCTEMBI
aBTOMAaToB. Peanmsanmst storo mpeoOpasoBanus B meroae FSM Verifier
noJipoOHee m3naraeTcs B padote [65].

Onucanue HHCTPYMEHTAJIBHOIO CPeACTBA
JuctprOyTUB MHCTPYMEHTAIILHOTO CPEICTBA COAEPKUT JBa (haiia:

o verifierjar — mporpamma, mnpeoOpa3syromas CHUCTEMy aBTOMAaTOB B
MoJenb Ha s3bike SMV;

o counterexample.jar — mnporpamma, mpeoOpasyiomas KOHTPIPUMED,
BbIIaHHBIN Bepudpukaropom NUSMV, B KOHTpmpumep sl CHCTEMBI
aBTOMATOB.

Kpome Ttoro, st paboThl MHCTPYMEHTAJIBHOTO CPEACTBA HEOOXOIUMBI
CJIEIYIOLIME TPOrPAMMBI:

o Bepudukrarop NUSMV;
o Java Runtime Environment.

Bce mepeurcieHHbIe MPOrpaMMbl MOTYT paboTaTh B ONEPaAl[HOHHBIX
cucremax tana Windows u Linux.

FSM Verifier npuHrMaeT Ha BXOJ aBTOMATHYIO CHCTEMY, 3allMCaHHYIO B
dopmare XML. Crpykrypa BxomHoro (aiina Oblla paspaboTaHa
cnenuanbHo aas  FSM Verifier w  He mommepkuBaeTcs — ApYyrUMHU
nporpammamu. CTpyKTypy BXOAHOTO (haiiia MOKHO HaiiTh B pabote [77].

dopmyna nns Bepuduranuu 3anuckiBaeTcss B TOT ke XML-daitn B
pocTOM BHIE (TpUMep 3amucu GopMyIibl puBeaeH B muctunre 4.10).

NucTtunr 4.10. 3anuck opmynel B Bepudumkatope FSM Verifier

<specification>
<string>AG (AO.sl -&gt; AF Al.sl)</string>
</specification>
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I[JISI BCpI/I(I)I/IKaHI/II/I CJICAYCT BBIINNOJIHUTE TPHU KOMAaH/bI:

O M3 aBTOMAaTHOM cucTeMbl 1 (popMyIiel, 3antucanHbIx B daitn inputfile.fsm,
co3JaeTcsl MOJENb aBTOMATHOW cHUCTeMbl Ha s3bike SMV B (aiine
Input.smv:

java —jar fsmverifier.jar inputfile.fsm > input.smv

o BeI3bIBaeTcs Bepudukarop NUSMV:

NuSMV input.smv > verifier.out

O KOHTpIpUMEp TmpeoOpa3dyeTcss B TEPMHUHBI HCXOJHOM aBTOMATHOM
CUCTEMBI:

java —Jjar counterexample.jar verifier.out inputfile.fsm

B pesynprare nporpaMmmMa BeIBOJUT B CTAaHAAPTHBIN BBIBOJ KOHTPIPUMED B
HTML-dpopmate B Buae Tabmuubl. B kaxaol cTpoke TaOnMIbl yKa3zaHa
cieayroias nHpopMarus:

0 HOMep IlIara;
0 UM aKTUBHOTO aBTOMATa;

o o0pabaTeIiBa€MO€E COOBITHE;

0 HMMEHa COCTOSHHUM BCEX aBTOMATOB;
0 BBINIOJHIEMOE JICHCTBUE;

0 3Ha4YeHHE BXOJHBIX BO3ICHCTBHUM.
Bepudukanus Mmoaean 0aHkoMaTa

ABToMarHas cuctema BepuduIUpyeMoro OaHKOMAara pealiM3oBaHa MpU
IOMOIIM MHCTPpyMEHTaabHOro cpeactea UniMod u aBTomMaTHuecku
coxpansiercss B crnenraibHoM ¢opmare XML, koropbiii oTiaumvaercss OT
dopmara, npuHEMaemMoro Ha BXoxa Bepudukaropom FSM Verifier. s
HOJJIEPXKKH  3TOro  (opmara HCHOJB3YeTCS  AITOPUTM, KOTOPBIN
KOHBEPTHUPYET MOJIENIb WHCTpyMeHTabkHOro cpenctBa UniMod B momenb
Bepudukaropa FSM Verifier.

B wunctpymenramsHoMm cpeactBe  UniMod wummeercs  BO3MOKHOCTB
NPUCBOCHUS JIIOOBIX HWMEH COCTOSHHUSM aBToMaroB. OJHAKO TNpH
ucronb3oBanuu Bepudukaropa FSM Verifier Bo3HUKAIOT CI0XKHOCTH, €CITH
UMEHa COCTOSHUH cojepkar NMpoOesbl U IPYTHe CHCIHATbHBIC CUMBOJIBI.
[ToaToMy mpu KOHBEpTAIlMK aBTOMAaTHOW cucTeMbl U3 popmara UniMod B
dopmar FSM Verifier HCXOIHBIM COCTOSHUSM TPHCBAMBAIOTCS HOBBIC
unaeHtuukaropel. KpoMe TOro, W3MEHSIOTCS HWMEHAa HEKOTOPBIX
CIEMAIbHBIX COOBITHI M BCEX BBIXOIHBIX BO3IECHCTBHI: 3TO HEOOXOIUMO
1 padoThl Bepudukatopa FSM Verifier ¢ aBTomaTHON CHCTEMOTA.

B pesymprare  koHBepTaumu  coctosuue  aBromara  AClient
«10. Bvioaua denesy» monyumino unentuduxarop Sll, mosromy mpemukar
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AClient in «10. Bvoioaua oOeneey npunumaet Bun AClient.sll. Taxxe B
Bepudurarope FSM Verifier mpu 3anmcn mpeaukata TEKyIIETO COOBITHS
TpeOyeTcs 3amuchiBaTh, KaKUM aBTOMAaTOM OHO oOpabOateiBaeTcs. Ha
puc. 4.5, 4.6 BusiHO, uTO coObITHE €10 0OpabaThiBaeTCs TOJIHKO aBTOMATOM
AClient. TToatomy mnpenukar €10 mpuammaer Bua AClient.e10. 3amuch
BEpU(ULIMPYEMOTrO CBOMCTBA X MpUBeAeHa B TUcTUHTE 4.11.

JNinctuHr 4.11. 3anuck ceBoncTBa X baHkomMaTa

<specification>
<string>!E[!AClient.el0 U AClient.sll]</string>
</specification>

Hanee, cnenys noxkymeHtamuu FSM Verifier, BeImonHseM CJCaYIOIIYIO
KOMaH/y:

java —jar verifyer.jar Bankomat.fsm

3mecs Bankomat.fsm —  ¢aiin, creHepupoBaHHBIE B pe3yibTare
KOHBEPTAIlMM aBTOMATHOH cucTeMbl 3 ¢opmata UniMod B dopmar
FSM Verifier. Dtor @aiin, moMuMO aBTOMAaTHOW MOJEIH, COICPKUT
npoBepseMyro crnenudukanuio. B pesynbraTe UCHONHEHUS KOMaHIBI B
Katajore Bepuduraropa cozmaercs ¢aii Out.Smv — BbIXoaHOU aitn aJist
BepudukaTtopa NUSMV.

Crnenyromum nerictBueM 3amyckaercs Bepuduxarop NUSMV:
NuSMV out.smv

B pesymbrare ero BBIMOJHEHHS B KOHCOJb BBIBOAUTCS  TEKCT,
MpeCTaBICHHBIN B IUCTHHTE 4.12.

JNnctuur 4.12. Pe3ynbTaT Bepudmkaumm cBOMCTBa = baHkomaTa

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.

* 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 nocieanelt cTpoke BbIBOJIa yKa3aHO, YTO crienrdpuKaius Obljia YCIEIIHO
npoBepeHa. Kak u oxuianock, mojib30BaTellb HE MOXKET MOJIYYUTh JICHBIH
JI0 TOT0, KaK BBEACT MIPaBUIIBHBIN PIN-KOI.
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Bepudurupyem ternepb cCBOHWCTBO () OaHkoMaTa. 3alKch 3TOrO CBOMCTBA
s Bepugukaropa FSM Verifier npusenena B nuctunre 4.13.

NucTtunr 4.13. 3anuck ceonctea Q baHkomaTa
<specification>
<string>AF AClient.sll</string>
</specification>

['ernepupyem BxoaHoM daitn mis Bepudukaropa NUSMV:

java —Jjar verifyer.jar Bankomat.fsm

3anyckaem Bepudukarop NUSMV:
NuSMV out.smv

PGSYHI)TaT BBIIIOJIHCHUSI ITOM KOMaHIbl IIPCACTABJICH B JIMCTHUHIC 4.14
(HpI/IBGIIGHa TOJIBKO BaKHasl HadaJIbHasd tIaCTL).

Nuctunr 4.14. Pe3ynbTaT Bepudmkaumm ceonctea 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 is false

-- as demonstrated by the following execution sequence

Trace Description: CTL Counterexample

Trace Type: Counterexample

-> State: 1.1 <-
AClient.State
AServer.State
Active = 0
Event = 0

AClient.s9 = 0

0
0

Bepuduxarop NUSMV naien koutpnpumep ais cBoiictBa. CoxpaHUM €ro
BBIBO/I B (paiii:

NuSMV out.smv > verifier.out
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Ternepp mpeoOpazyeM KOHTPIPUMEDP B TEPMHHBI MCXOJHOW aBTOMATHOM
CHCTEMEI C moMoIIbsio Bepudukaropa FSM Verifier:

java —Jjar counterexample.jar verifier.out Bankomat.fsm

B pesynbrare B mamke Bepudukatopa co3gaercs ¢aitn out.html. Ecim

OTKPBITH €r0 B Opay3epe, TO 0TOOpa3uTCs KOHTPIPHUMED, U300paKCHHBIH
B Ta0I. 4.2.

Ta6bnuua 4.2. KoHtpnpumep gnsa csonctea Q GaHkomarta, creHepupoBaHHbIV

nporpammon FSM Verifier

Step | Active | Event AClient | AServer | Action
1 AClient | — sl sl —
2 AClient | eAlways | sl sl 0l.z1
3 AClient | — s13 sl -
4 AClient | e6 s13 sl 01.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 -

Jlnst Toro 4to0Bl pa3oOpaThCs B ’TOM KOHTpIIpUMEpe, TpeOyeTcs cHavaia
ONPEAECIUTh COOTBETCTBHE MEXKJIYy HMMEHAMHU COCTOSHUN HMCXOJHOMN
UniMod-mMoznenu OaHkomara ¥ HMEHAMH, HCIOJIb3YEMBIMA B MOJCIIH,
ckoHBepTHpoBaHHoW s FSM Verifier. B nmanHomM mnpumepe OHO
cineayromiee (COOTBETCTBHE NPUBOIAUTCS JIMINL JJII HHTEPECYIOMIHNX
coctosinuit apromara AClient):

o S1 — HauanbHOEe cocTossHue Oankomara B UniMod-monenu;
a S13 — «I. Bcmasbme kapmyy;

a S9— «2. Beod pin-kooay;

a S7— «l3. Bozepam kapmoiy.

OTOT KOHTPIPHUMEP COOTBETCTBYET Clenylomie curyarnuu. bankomar
HaYMHaeT paboTy B HadalbHOM COCTOSHMU. [lonp3oBaTenb BCTaBIIAET
KapTy (coObiTHE €6), 3aTeM HaKUMaeT Ha KHONKY Ommerna (coObITHE €2), U
KapTa BO3Bpaiaercs (coObiTHe €7), OaHKOMAaT BO3BpAIACTCsl B MPEKHEE
cocrosiaue (S1). Jlamee Bce MOBTOPSAETCS: MOJIb30BATEIb BCTABJISCT KapTy U
CHOBA HaXXUMaeT KHONIKY OmmeHra. IT0 MOXKET MPOI0JIKATHCS OECKOHEYHO
noyro, u O0aHKOMAT HUKOT/IAa HE TOMAJeT B COCTOSHUE BBIJAYM JCHET.
JlelicTBUTENBHO, KakK BUJIHO Ha puc. 4.5, COCTOSIHUS
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«1. Bcmasvme kapmy», «2. Béoo pin-kooa» wu  «13. Bozepam kapmoi»
00pa3yroT UK.

BbiBOJT KOHTpmpHMepa 3aBepllaeTcs TOrAa, KOrjaa TMOSBISETCS YxkKe
MoCelIeHHoe cocTtosgHue. JleicTBuTensHo, mardk 3 U 9 KOHTpHpumepa
MOKAa3bIBAIOT SKBUBAJECHTHOE COCTOSHUE aBTOMATHOW CHCTEMbl. TaKum
oOpazom, mara ot 4-ro A0 9-ro oOpa3yroT UK, a maru ¢ 1-ro mo 3-i
MOKAa3bIBAIOT MyTh CHCTEMBI U3 CTAPTOBOTO COCTOSIHHMS JO 3TOrO IMKJIA.
JlpyrumMu  clioBaMu, CJHEAYIONIMM OECKOHEUHBI CIleHapuil  pabOThI
OaHkoMaTa Hapymaer BepuuUIMpyeMOe CBOWCTBO (0o  miaram
KOHTpIpHUMEpA):

123456789 456789 456789 4 ..

4.5. ABTOHOMHbIE BepupukaTopsl
4.5.1. CTL Verifier

OO01ee onucanue

WucrpymentansHoe cpeactBo CTL Verifier [63, 77, 84] ne wucnomb3yer
JIpYyruxX BepU(UKATOPOB, W B OTOM CPEJACTBE pEANM30BaH aJITOPUTM
Bepudukauu hopmyn TemmnopaibHoi Joruku CTL.

B »stom Bepudukarope Her HEOOXOIUMOCTH NPeoOPa3OBBIBATH
aBTOMAaTHYIO MPOTrpaMMy BO BXOJHOM SI3bIK Apyroro Bepuukatopa. Tem
HE MeHee, ee TpeOyercs MpeoOpa3oBbIBATH BO BHYTPEHHIOK MOJENb
Kpurnike, BepuduimpyeMyr0o MHCTPYMEHTAIbHBIM CpPEICTBOM. Pesynbrar
Bepu(UKaUU Takke OylneT BhIPAKEH B TEPMUHAX COCTOSHUN MOJIETH
Kpunke. I[losToMy B JaHHOM MeETOAEC NPHUCYTCTBYET IIpeoOpa3oBaHHE
KOHTPIPHUMeEpA.

BbigeseHne arToMapHbIX COCTOSTHU A

Hns  wmomenu  Kpunmke M= (S, R, Label) ©Oymem paccmarpusath
mapkupytomiee otHomenue Label kak mommuoxectBo Label < S x AP.
Bwmecro R(s, t) Oymem mucath S — t.

PaccMmoTtpum nporpammy, MOAENb KOTOPOU 3a4aETCSI CHCTEMOM aBTOMATOB,
B3aMMOJICUCTBYIOIINX IO BJIOKEHHOCTH. HeoOxomumo mpeoOpa3oBath 3Ty
MOJIENIb B €IUHYIO MOoAENb Kpurnke, HEIMKOM ONMCHIBAIOIIYIO0 NOBEICHUE
JTAHHOM CUCTEMBI.

[Ipexne Bcero, s MHOYKECTBA aBTOMATOB BBITIOJHSAETCS TOMOJIOTHYECKAs
COPTHPOBKA IO OTHOUIEHWIO BIIOKEHHOCTU. DTO OTHOILICHHE HE JTOJHKHO
colepKaThb  LIMKJIOB, HHAa4y€ TIOJy4eHHAass MOJelb OyIeT HMETh
O0eckoHeuHbld pa3mep. Mogens Kpumnke cTpouTcss HWHIAYKTUBHO IS
KKJOTO aBTOMAaTa CHUCTEMBI, NpHUYEM aBTOMaThl 00pabaThHIBAIOTCS B

205



NopsZIKe, KOTOPBIA ObLT C(HOPMUPOBAH TOMOJOTUYECKOW COPTHUPOBKOM.
Taxoit mopsI0K 03HAYAET, YTO MPU 0OPaOOTKE BHEITHUX aBTOMATOB OYIyT
y)Xe 00paboTaHbl BJIO)KEHHbIE B HHX aBTOMAaTbl (IIsI HUX Oyner
TIOJITOTOBJICHA MOJIeTh Kpurike).

MeTtoa moJsiHOT0 rpada nepexoaon

MeTon, onucaHHBIN B 3TOM pasjiese, sSBIsSeTCsS Haubosee BhIPa3UTEeIbHBIM
B TOM CMBICJIE, YTO C €ro MOMOIIbI0 MOXXHO BepU(PUIIMPOBATH CBOICTBA,
OXBAaTBHIBAIOIINE BCE KAYECTBEHHBIC AaCIEKTHl MOBEACHUS aBTOMATHBIX
nporpamMm. OH TO3BOJISIET pabOTaTh ¢ aBTOMAaTaMH, B KOTOPBIX B OOIIEM
cllyuae TIEpexXOoJbl MOTYT BBINIOJHATHCA TNapauienbHo. bynem moxka
npeJnoiarath 3TOT OOl ciTyJai.

B nanHom metosae mHoxkecTBO AP ompenensercs cieayomum oopa3om:
AP = {Yl, Yg, } ) {el, €y, } ) {Xl, Xo, } |\ {Zl, Z5, } Y
v {InState, InEvent, InAction} « Names.

3neck {Y1, Yy, ...} — MHOXECTBO HAMMEHOBAaHMU IJisI BCEX COCTOSHUM
aBTOMATOB, {€1, €, ...} — YKa3aHHOE MHOXECTBO JJI1 COOBITUH, {X1, Xp, ...}
— YKa3aHHO€ MHOXXECTBO JUISI BXOJIHBIX BO3JIEWUCTBHM, {Zi, Zp, ...} —
yKa3aHHOE€ MHOKECTBO ISl BBIXOJIHBIX BO3/eWCTBHA. Names — MHOKeCTBO
HanMEHOBaHMWM camMux asTomaroB, a InState, InEvent u InAction —
VIOPABJISIIONINE aTOMapHbIE MPEMJIOKEHUsI, MpEeAHa3HAYCHHBIE IS TOTO,
4TOOBI OBUIO YJIOOHO pa3nuyaTh BEPIIMHBI, TTOCTPOCHHBIC M3 COCTOSHUH,
COOBITUI U BBIXOIHBIX BO3IEUCTBUI.

Mopnens Kpunike 6yeM CTpoOUTh MO YacTsM: BHa4Yaje MOCTPOUM T€ YacTH,
KOTOpPBbIE COOTBETCTBYIOT COCTOSIHMSIM aBToMmaTa (HeoOxomumo Oyner
00paboTaTh BBIXOJHBIC BO3JCHCTBUS W AaBTOMATHI, BIIOKEHHBIE B JTH
cocrosius). [lotrom nobGaBum B Mojenbp mHbopmMmaiuio o nepexonax. Ha
MEPBOM IIIare TMOJOKUM MHOXKECTBO S pPaBHBIM MHOKECTBY COCTOSTHUI
MCXOJTHOTO aBTOMATa M JJIA KaXXJIOr0 COCTOSIHHS S T0OaBUM B OTHOIIECHHUE
Label age momerku: (S, S) u (S, InState).

[Tocae a3TOro s KaXIOTO COCTOSHHS S BBINMOJHSIEM CIICIYIONIYIO
ornepanyio. IIycTe S COZAEPKUT BBIXOIHBIE BO3IECUCTBUSA Zg1], ..., Zs[u]s
KOTOPBIC BBITTOIHSAIOTCS MPH BXOAE B cocTosiHue S. JlobaBuM B Mojenb U
coctostHuM {ry, ..., y} w U mepexodoB F; —> Iy, ..., 1 —> Ty, Iy —>S.
B otnomenne Label no6asum nomerku (I, Zgi), (N, INAction) st Beex K
or 1 mo u. Jlamee, mpu moOaBieHWH pedep B MOJCIbh Ha CIEIYIONUX
JTamax, Kaxkaoe pedpo, KOTOpoe UAET B cOCTosHUE S, Oyaem
IIepEHAIPAaBIISITh B COCTOSIHHE I,

[Tpumep Takoro mpeodbpa3oBaHus TPOUILTIOCTPUPOBaH Ha puc. 4.10.
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\ ;
Zy, 2, Zp, Y,
InAction InAction e InAction InState
/ 21,22, ..y Zn
a

Puc. 4.10. Cocrostaue ¢ BEIXOIHBIMU BO3IEHCTBUAMU
110 peoOpazoBanus (a) u mocie (0)

BTy OIICpanrl0 HA30BCM pPaA3ACIICHUCM BBIXOAHBIX IICPCMCHHBLIX U
COCTOSIHHUH. Tenepb ciIeayer OoTACIUTb COCTOAHHA OT BJIOKCHHBIX B HHUX
aBTOMATOB.

ITycth B cocTrosiHMe Y BHEUIHETO aBTOMAaTa BIIOKEHBI aBTOMAThl Ay, Ay,
ooy Ayy (mns HUX Mogmenu Kpumnke yke MOCTpPOEHbI MO UHAYKTUBHOMY
npeanosaoxenuo). B monenun Kpunke ayis BHeHero aBromara (KOTopast
elle CTPOUTCS) YXKE TPUCYTCTBYET BEpIIMHA, COOTBETCTBYIOIIAS
cocrosinuto Y. Jlist kaxxoro u3 aBromatoB Ay 1, Ay, ..., Ayy 100aBUM €ro
moznenb Kpunke k crposerncs monenu Kpunke BHemHero aBromara. [lon
n00aBJIICHUEM TOHHUMAETCS TO, YTO HEOOXOAMMO CKOIHUPOBAaTH BO
BHEIIHIOK MoJenb Kpuilke Bce COCTOSHUSA, IEpexXodbl U IOMETKH
BHyTpeHHeW Moaenu Kpunke. [[ns KakIoro cOCTOSIHUMS BHYTPEHHEU
monenu Kpumke co3gaauM yHHKalIbHOE, COOTBETCTBYIOIIEE TOJBKO €MY,
COCTOsIHME BHEIIHeW Moenu Kpunke. Bo BHeNIHEe OTHOLIEHUE IEPEXOOB
—  7100aBUM  TEpexoJpl  MEXAY TEMH COCTOSHUSIMH, KOTOpbIE
COOTBETCTBOBAJIIM BCEM IIEPEXOAAM MEKIY COCTOSHHMSIMU BHYTPEHHEU
MOJIeTTH. AHAJIOTMYHO MOCTYIUM M ¢ MapPKHPYIOIIMM OTHoIeHreM Label.

[Tocne Toro, kak BHyTpeHHHE Mojenu Kpurike OyayT CKOMUPOBAHBI BO
BHEIITHIOIO, JJ00aBUM B 3Ty MOJIE/b TAK)Ke V TIEPEXO0JI0B: JIJIs KaXa0ro | ot 1
70 V— 1 no6aBUM B OTHOIIIEHHWE —> TIEPEXOJ M3 TEPMUHAIHLHOU BEPIIHHBI
monenn Kpumnke ans aBromata Ay j B CTapTOBYIO BepiiuHy Mozenu Kpurmke
Ui aBToMaTa Ay jr; U OJIMH TIEPEX0]] U3 TEPMUHAIBHON BEPIIMHBI MOACTH
Kpurnike ans aBromara Ay, B BEpIIMHY, COOTBETCTBYIOIIYIO COCTOSHUIO Y.
Eciu no sroro B BepmmHy Y Benu Kakue-nmuOo pedpa, TO BCce OHU

IIEPEHAIPABIIIIOTCS B CTAPTOBYIO BEPIIMHY Mozaenu Kpunke 1 aBromara
AY 1

[Tpumep Takoro npeobpazoBaHus mpuBeAeH Ha puc. 4.11.

Ava Ay, Ay
1 AY‘l AY,]. > AY,2 AY‘Z e AY‘V AY,V Y
Start Finish Start Finish Start Finish InState

Puc. 4.11. OGpaboTka aBTOMATOB, BIOKEHHBIX B COCTOSIHHE

O6paTI/IM BHHMMAaHHC, YTO B COCTOAHUA aBTOMATa A MOTYT OBITH BJIOKEHBI
Pa3IN4YHbIC «KOIIMK» OAHOI'O M TOI'O KC aBTOMATa B. B stom ciydac A
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KaXIOW Komuu co3faercss cBosi Mojaenb Kpunke (Bce 3TH Moaenu
U30MOP(HBI IPYr APYTy) W TEpeHaIpaBicHUE peOep BBIMOTHSIETCS IS
Hee. Pasmep monydeHHoit moaenu Kpurke (4ucio ee cocTossHUi) Oyner
OTPAaHUYEH CBEPXY IMPOU3BEICHUEM pa3MepoB wmoxenerd Kpunke mis
KKJIOTO aBTOMAaTa B OTJEIbHOCTH (0€3 yueTa BIOKCHHBIX ).

[TpuBenemM nmpumep padOThI ATOrO ATOPUTMA ISl CHCTEMBI, IMYJIMPYIOIIECH
paboty Oankomara. Cucrema coctouT u3 JnByX aromatoB AClient u
AServer, npuuem aBtomat AServer BioxkeH B aBromar AClient. Cxema
CBSI3€M JUIsi COOTBETCTBYIOIIEW aBTOMATHOM MoJeln H300pa)keHa Ha
puc. 4.4, a rpaper mnepexomoB asromaroB AServer u AClient —
COOTBETCTBEHHO Ha puc. 4.5 u 4.6.

Jnst aToit cuctemsl MoJiens Kpumnke umeet Ooubinon pazmep. [loaTomy ona
oToOpakeHa Ha puc. 4.12 B ympolieHHOM BHUJE: BO BHEIIHHM aBTOMAT
MOACTABJICHbl KONHUU BHYTPEHHETO aBTOMAaTa MMEHHO B TE€X MECTaXx, Ie
MPOUCXOIUT BXOJ B Hero. Bepmmnsl monenu Kpunke npencraBieHbl HE
OTJICJILHBIMH OJIOKAMH, a CTPOKAMH TEKCTa, MPU STOM BUJIHBI OCOOEHHOCTH
00pabOTKH BIOXKEHHBIX aBTOMATOB.

AeTopHsalm

Agerver
24
21 gnter fo3.z1
e sanpoca Banakc OTBET KnHeHTY

22 B24
Aderver Aderver AServer

enter jo2.23
enter fo3.20 €23 enter fo3.22 enter Jo3.24

ez4

ChATHe aerer

AServer

enter fo3.23

2. Beoa pin koaa 3. ABTOpHEALHA 4. TnaeH0s HeH
4

Aclient AClient AClient

&3

enter fol.22

&0 fal.20 b

1. BeraebTe kapTy 5. Sanpoc Bananca ABTOpMB AN

adiert Adient Agerver
24
els|
enter fo121 enker o321 &2l
el2

[ ] . BeBoa Ha akpan OTEET KnMenTY Bananc Urenne sanpoca
e24 22z
2 aclisnt AServer AServer AServer
13. BO3BDAT KapTEl
enter [02.25
enter Jol.26 enter Jo3.z4 enter fo3.22 €23 A snter f03.20
aclient = 24
7. Meuars ueka | Crathe nsHer
=8
enter fo1.213 ixclient AServer
. BE0d CyrHel
enter jo1.27 enter fo3.23 aclient
2
enter fol.28
2]
ABTOpHEAUNA
AServer
e2d
enter fo3.21 221
e8 62 el4
12. Nevats uska 2 11. NedaTaTe usk 10. BEIAa AsHer 9. 3anpoc AsHer OTEET KNHEHTY BansHC TeHHe 3anpaca
&3 =] 13 824 22
aclisnt A— AClienk Aa— adclent Aa— aclisnt F AServer AServer AServer
enter foZ.29
grter fol z12 enter fol.z11 enter fol.210 enter fo3.24 snter fo3.z2 23 A enter Jo3.20
24
CrinThe agHer
Aserver

enter jo3.23

Puc. 4.12. CrenepupoBaHHBIN Tpad nepexo 0B Uit MoJenu OaHKoMara
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Ha JaHHOM J3Tall€ 3aKOHYCHa o6pa60TKa COCTOSIHMM aBTOMaTa. HOBTOMy
HCpCﬁI{GM K OIIMCAaHHIO TOT'O, KaK O6pa6aTBIBaIOTC$[ IMCPCXOAbI.

Paccmotpum HaGop U3 Bcex OyleBbIX MEPEMEHHBIX B MCXOJIHOM aBTOMATe,
COCTOSIIIMM W3 COOBITUM M BBIXOJHBIX BO3AcHCTBUI. JlIg Kakgoro
COCTOSIHMS P ¥ KaXKJ0M JBOUYHOM MOCJIEA0BATEIBHOCTH, KOTOPYIO MOMKHO
MPUCBOUTH TIEPEMEHHBIM 3TOTO Ha0Opa, OMpPENeTuM CIIEHApUi, KOTOPBIHA
JOJKEH TMPOU30UTH B ATOM COCTOSIHUM TIPU YCIOBHUM, YTO 3HAYEHUEM
HaOopa cTayia AaHHas mochaeaoBaTeNbHOCTh. CIieHapuii 3TOT MOYKHO
OMMCaTh Ha €CTECTBEHHOM SI3bIKE CIEAYIOIMM o0pa3zoMm. B cocrosiHum p
IPOM3OLUIA COOBITHA €jf1], ..., €jfs. IIpM 3>TOM BXOIHBIE BO3IECHCTBHA
Xi[1]s ---» Xjg (M TONBKO OHM) OKa3aJMChb MCTUHHBIMHU. Ilocnme sToro Obum
BBI3BaHbl BBIXOJHBIE BO3ACHUCTBUA Zy1], ..., Zku], U ABTOMAT IIEpelIen B
coctostHue (. s Kaxmoro Takoro creHapus I cozmaauMm U+ 1
JOTOJIHUTEIBHOE COCTOSIHUE {le, Iy, ..., Iy}, U+ 2 mepexoma: P —> I,
Fe—>1ry, 1 —>r ..., ILy—>1n, —>0, a B otHomenre Label mobGaBum
IIOMCTKH (re, ei[i*]), (re, Xj[i*]) (re, |nEV€nt), (rk*, Zk[k*]), (rk*, |nACti0n) I
Beex i or1m0s,j orl notuk or1 go u.

Ecnu Tpedyercs mocTpouTh MOJIENb JIsi aBTOMaTa, B KOTOPOM Ha KaXKJIO0M
1iare He MpoOUCXOAUT 00Jiee OJJHOTO COOBITHS, TO BBIIIOJIHUM TOT K€ CaMbIi
QITOPUTM, HO C OJHUM OTJIMYHEM: BMECTO BCEX BO3MOXKHBIX JBOMYHBIX
Ha0OpoB OynieM mepedupaTh TONBKO T€ M3 HUX, B KOTOPHIX MCTUHHA HE
Oonee yem ofHa nepeMmeHHas €. Takum oOpa3zoM, JaHHBIA mepedop OyaeT
HKBUBAJIEHTEH Mepedopy [BOUYHBIX HAOOpPOB, KOTOpPbIE MOTYT OBIThH
IPUCBOEHBI BXOJHBIM BO3JEHCTBUAM, U TaKOW MepeOop BBINOIHAETCS AJIs
KaXaoro coObiTus. IIpr 3TOM YHCIO COCTOSHUM TMOJYYEHHON MOJEIH
OrpaHU4YE€HO CHU3Y YUCIOM

(UMCJIO _COCTOAHMM B _MCXOOHOM aBToMare + 1) x
X t:II/ICJ'[O_,JIB OMHHBIX_HB.@OPOB,

ZHMCHO_HepeMeHHBIX

a YUCII0 COOTBETCTBYIOLIUX JIBOMYHBIX HAOOPOB PaBHO

KonBepramusa aBromara B Monenb Kpurike Ha OCHOBE 3TOro Meroja
NPOJIEMOHCTPUPOBaHA Ha mpuMepe aBromara ATrig, SMyIupyroIIero
pabdoty RS-Tpurrepa [85] (puc. 4.13, 4.14).

Puc. 4.13. I'pad nepexonos aBromara ATrig
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InEvent,

InEvent,
S
InEvent,

R, S
S
g J
Y R
InEvent p(  InState, InEvent, InState,
< R, S _
« Y=0 \ ) Y=1
Ve N\
InEvent,

:

Puc. 4.14. Mopnens Kpunike st aBTomara ATrig

B Ka4ueCcTBE npuMepa MO>KHO MIPOBEPUTH CTL-cBoiicTBO
—(SvR) > EXEX (Y =1), yrBepxnaromiee, 4YTo eClid 00a BXOIHBIX
BO3JICHCTBHS OTCYTCTBYIOT, TO, IPEOAOJIEB MEPEXO, Ha CIACAYIOIIEM IIare
MO>XHO OKa3aThCS B COCTOSIHUM 1. DTO CBOMCTBO BBITIOJIHSETCS BO BCEX
COCTOSIHUSX, 32 UCKIIFOUCHHEM TeX, KOTOpbIe HUYeM HE TTOMEYCHBI, KPOME
«ciyxeoHoro cioBa» InEvent.

B xoH1e paboThl anropuTMa Juisi KaK10i BHEIIHEHW BEPIIMHBI TOJTYy4YEHHON
Mozenu (BHEIIHEH OyJneM Ha3blBaTh JIIOOYIO BEPIIHMHY, 32 WCKIIOYEHHEM
T€X, KOTOPBIE OBLIM CKOMUPOBAHKI MTPU 00pabOTKE BIOKEHHBIX aBTOMATOB)
nobasuMm B otHomeHue Label momerky c¢ aromapHBIM TpemnokeHHEM
(37IeMEHTOM ~ MHO’KECTBa Names), COOTBETCTBYIOIIIUM  HMEHU
oOpabaTeiBaeMOro aBToMara (TOro, AJisi KOTOPOrO CTPOUTCA MOJENb U
KOTOPOMY 3Ta BEpLIMHA NPUHAIECKUT). OTH NEUCTBUS NPEIHA3HAYEHBI
JUIs TOro, 4to0bl B (opmynax TeMIOpaIbHOM JOTUKHM MOXHO OBLIO
paznuyarh, KakOd HMEHHO W3 AaBTOMATOB CHCTEMBI BBIIIOJIHAETCS Ha
JTAHHOM YYacTKE ITyTH.

MeTtoa penyuupoBaHHoro rpadga nepexojion

B nanHom metoze MHoxecTBO AP omnpenenseTcs COOTHOIIEHUEM:
AP ={Y, Yy, ... b u{en, e ...t Xy, Xo, ... U{IX, X, ...} L
v {z1, 25, ...} U {InState, InEvent, InAction} LU Names.

Haunnaem, kak ¥ B MeToj€ MOJHOro rpacda mepexojioB, ¢ TOTO, 4YTO
MIPUCBOUM TMEPEMEHHON S MHOXKECTBO COCTOSIHUM MCXOJIHOTO aBTOMaTa U
JUIS KaXIOro COoCTosHUsA S nobdasuM B oTHowmeHue Label nse momerku:
(s,s) u (s, InState). ITocime sToro, Kak W paHee, BBIIOJHUM pa3JciICHUE
BBIXOJIHBIX MEPEMEHHBIX U COCTOSAHUU. [locime 3TOoro oTaennum CoCTosTHUSA
OT BJIOJKEHHBIX B HUX aBTOMATOB.

[lepeiinem K omuMCaHUIO TOTO, KAK 00pa0aThIBAIOTCS MEPEXOIbI.

PaCCMOTpI/IM MHOKCCTBO CIICAYIOIIUX CUMBOJIOB!:
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{X1, IX1; X2, IXo; X3, IX3; ...},
MoxHO CKa3aTb, YTO 3TO MHOKCCTBO BCCX JIMTCPAJIOB, COCTABJIICHHBLIX H3
BXOJHBIX HepeMeHHHX. CJIGI[yGT pasnnanL CMBICJI 3HAKOB «—» H «!)).

[lepBplii W3 HUX O3HA4Yae€T BBINOJHEHUE ONEPALUH  JIOTUYECKOTO
OTPULIAHUS, & BTOPOU HHTEPIPETUPYETCS KAK CUMBOJ (4aCTh CTPOKHU «!Xj»).

Torma nmns kaxkmoro pebpa I MCXOAHOTO aBTOMaTa, KOTOPOE BEIET W3
COCTOSIHUS P B COCTOSIHUE (] C TOMETKOM

€ & hj[l] & hj[g] & hj[3] &... & hj[m] / Zif1)s ---» Zi[n]

(3aecw hjj = Xjg», 00 Ny = X4 — 970 3HAUMT, uTO hjfj* THOO BXOMHAS
TIepeMeHHas, 1100 ee OTpHLaHHe), o6aBUM B Moienb N+ 1 cocrosHue
{re, 1, ..., I} mn+ 2 nepexona:

p% re, re% rl, rl% r2, ceey rn,l% rn, rn%q.

B ortHomenue Label mobGasum mnomerxm (I, €;), (re, INEvent), (ry, Ziy),
(re, InAction) ms Bcex K ot 1 10 N, a TakKe MOMETKH

(re, hi[l]), (re, hi[z]), cees (T hi[m])-
[Tpumep Takoro npeodpazoBaHus NpUBEAEH Ha puc. 4.15.

Y=1 Y=2
€ &X> & X4 & X5/ 24, 25, ..., Zn >

a

'”State '”E"e”t InActlon InActlon InActlon '"State
X2, |X4 IXs

Puc. 4.15. Ilepexon Mex 1y COCTOSHUSAMU
710 ipeoOpa3oBaHus 10 METOy PeAyKIMH (a) U rmocie Hero (0)

W3 prcyHKa BUJHO, UTO JUIsl TEX COCTOSIHUM, KOTOPbIE€ ObUIA MOCTPOEHBI U3
COOBITHI, B MHOKECTBO aTOMAapHBIX MPEIIOKEHUN ObLIM 100aBICHBI
BXOJIHBIE IIEPEMEHHBIE B TOM BHJE, B KOTOPOM OHM 3alMCaHbl Ha
nepexo/iax aBTomMara (BMeCTe ¢ OTPHLIAHHUSIMU, €CIIM OHH UMEIOTCS).

B koHIile paboThl airopuT™Ma Tak ke, Kak U B MPEIbIAYIIEM METOAE, IS
BHEIIIHUX BEPIIMH TOJY4YeHHOW Mojenu no0aBuM B oTHorneHue Label
MOMETKY C AaTOMapHBIM TMPEUIOKEHUEM, COOTBETCTBYIONIUM HMEHHU
oOpabaThIBa€MOro aBTOMATaA.

AJITOpUTM  TOCTpOeHUsT  Mojenu  Kpumke  JaHHBIM ~ METOJIOM
JIEMOHCTPUPYETCSl Ha MPUMEpPE aBTOMAaTa, YIPaBJSIIONIETO ABEPhMU JudTa
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(puc. 4.3). Ha puc.4.16 mnokasana wmoneiab Kpumke, mocTpoeHHass ¢
TIOMOIIIBIO PEIYKITNH rpada Mepexo 0B Mo STOMY aBTOMATY.

InAction
02.z1

InState,
Error

InEvent, InAction InState, InState,
ell ol.zl Opening Opened
A
) 4
InState, InState, InEvent,
Closed Closing el2

Puc. 4.16. Penykus rpada nepexooB sl aBTOMATA, YIPABISIFOIIETO IBEPbMH JTH(PTA

Emie ogun npumep noctpoenus Mmozaenu Kpurke paccMOTpEHHBIM METOJIOM
JEMOHCTpUpyeTcst Ha aBToMate ARemote, sMynupyromneM yHUBEPCAIbHbBIN
UH(ppaKpacHbIi MmynbT 1 ObiToBOM TexHUKH [86]. Ero cxema cBsizeit u
rpad nepexo10B u3oopakens! Ha puc. 4.17 u 4.18.

ARemote
Bi n
700 |-ce0BuTs o Havane pators hash_load(),
message()
207 ocnare carkan hash_send(key)
YCTaHOBUTL TaiiMep ANSi NEpPexoAa B PeXUM SHEPro-
Havano pa6ots! CO0BLLMTS "OruaaHME KOMAHAbI..."
tart
start() e0 202 message(),
CoobunTs: "BuiBepute packnaky”; set_timer()
handleEvents(), keypressed|() Haxara knaanwa el 203 TEUMIER AT BRORR HOMERE -
. . i Ci -
handleEvents(), time_is_up() OTeHeT Talepa e2 204 [-=HerTe PACTEA pad = key
TonyueH curHan AaHbix CooBLuTh: "Bpems oxvaaHus ebiGopa
handleEvents(), receive_signal(&signal) O SHeLLHer0 YCTpO e3 205 [-omees AeTorno message()
TMonyuen curHan okoHuaHus CoobLymTs: ”OnfwﬂaeTCﬂ Knasuwa Ans 3anuen’; message()
handleEvents(), receive_signal(&signal), STOP_SIGNAL porexeusero e4 206 TEHMED AP INERALY HESHEACHIR set tim er()'
207 CoobumTh: "Bpems oxvaaHus HaxaTvs ncTekno” meSSage()
3aNOMHMTL KNaBULLLY HagHAYEHNUS; COOBLLT: Key_for_bind
__ Haxara knasuwa <Reset> "OxwAaaeTcs curHan"; NOAroToBUTL Bydbep ANA CUrHanos _for_} )
key == KEY_RESET x0 208 message()
YCTaHOBWTS TaliMep ANsi curHana; set_imer()
—_ Haxara knasnwa sanucn ecnv Gycdep curHanos 3anonHeH, coobwuTs 06 aTom ! i
key == KEY_RECORD x1 z09 message(), full()
key == KEY_SET_PAD Haxara knaguwa cmeHb! X2 71,0 | Coxpaure cnrvan 5o suyTperem Gypepe buf[lseign;;] =
Accournposath NocneaoBaTensHOCTL CUTHanoB — =
len == MAX_SIGNALS, full() Bychep curHanos sanoner 3 21112 ¥, COOBUYTS 06 YCNIewWHOM NpYieMe AakHbiX hash_bind(),
message
712 | oot "Bpewn oxaanns carvana wcrekno”
message()
713 | Cootuume: "Bydep curwancs
714 Taiimep Ans BbiBoAA Set_timer()

Puc. 4.17. Cxema cBsseit asTtomara ARemote
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0. HavanbHoe coctosHue

e18&x0 & x1 & x2 €0 el 8 ~x0 & ~x1 & X2
200 200 201

( l \ 4
2. Pexum aHeprocbepexeHns 1. PaBouuit pexvm : 4. Pexum 3anucu

€2 el & x0 & x1 & X2
>

>

el

202 206

el & x0 & 7x1 & x2 el & x0 & x1 & ~x2

el & x0 & 7x1 & 7x2 208

204

ed|el &xl

6. CoobLueHve Ha akpaHe < z11 5. OxupaHue curHana

e2
e2 - 712

203 205 714 < 209 £3&7x3

< e3&x3 710
z13

A

‘ 3. Buibop packnagku

Puc. 4.18. I'pa nepexonos aBTomata ARemote

Ha puc. 4.19 nokazana wmonens Kpumke, mocTpoeHHass € MOMOIIBIO
penykiuu rtpada mepexomoB 1o aBTtomary ARemote. Bepiiunsl,
MOCTPOEHHBIE U3 COCTOSIHUM, 0003HAUEHBI CEPHIM I[BETOM.

Ecnin mnepexonpl Kakux-InOO aBTOMAaTOB 3aBUCST, NOMHUMO BXOJHBIX
BO3JICHCTBHM, OT COCTOSIHUM APYTMX aBTOMATOB, TO 3TH IEPEXOBI CIECTYET
n00aBIATh B MojJedb Kpunke TOJIbKO B TOM Ciydae, €Ciu BBINOJHAETCS
yKa3aHHasi BBIILE 3aBUCMMOCTh Ha COCTOSIHUS BHEUIHUX aBTOMAaTOB. JTa
IpOBEpKa JOJIKHA BBIIOJHITHCS MPU 00pabOTKE aBTOMATOB, BIIOKEHHBIX B
cocrossHue. Hampumep, ecim aBromar A2 BJIOXKEH B Al W B HEM
HEKOTOPBIN Mepexo] cpabaThIBaeT, TOJBKO €ClIM aBTOMaT Al HaXOAMUTCS B
COCTOSIHUU 3, TO 3TOT TNEPEXOo] CIeAyeT KONMUPOBaTh M3 BHYTPEHHEU
MOJIEJId BO BHEIIHIOK TOJBKO MpU 0O0pabOTKE COCTOSIHUS 3 BHEUIHEH
mozenu. Ilpu 00paboTke HApPYruxX COCTOSHUM BHEIIHEH MOJENH JTOT
nepexoy CieayeT MepeHanpaBisiTh B COCTOSIHUE, U3 KOTOPOTO OH UCXOIUT.
[Ipu 5TOM B TaKOM COCTOSIHUM OyAE€T 0Opa30BbIBATHCS METIS.

[TIpumep noctpoenuss moaenu Kpurike 1no cucreme B3aMMOJECUCTBYROIIMX
aBTomaToB TpuBeneH Ha puc.4.20wum 4.21. Bepumnsl momemu Kpurke
MPOHYMEPOBAaHbI B MOPSJAKE, B KOTOPOM OHHM T'€HEPUPYIOTCS OMUCAHHBIM
anroput™MoM. [lyHKTHpamMu 0003HAa4YeHBI TEPEXOJbl, KOTOPHIC TIPH
KOMMPOBAaHUU OBUTM 3aMEHEHBI METISIMH — B JCHUCTBUTEIBHOCTU DTUX
nepexonoB B Mojenu Her. CepbiM IIBETOM OTMEYEHBI CTapTOBas U
TepMUHAJIbHASI BEPUITUHBI.

PasMep mnonyuduBmIeiics Mojend B METOAE peAylUpOBaHHOTO rpada
[IEPEXO0I0B JINHEEH 10 OTHOLLIECHUIO K pa3Mepy aBToMara.
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ARemote, ARemote, w ARemote,
InEvent, e0 InAction, z00 |« InEvent, el

) X0, Ix1, 12
ARemote,
InState, Y =0

A
ARemote, ARemote,
InAction, z01 InEvent, el,
X0, x1, Ix2
ARemote,

4 &
ARemote, ARemote,_\ ARemote,
InAction, z02 p{ InState, Y =1 InEvent, el,
InAction, z04

' Ix0, Ix1, x2
ARemote, ARemote, ARemote
L InEvent, e2 InEvent el InState, Y =2

ARemote ARemote, ARemote, ARemote ARemote,
InState, Y = 6 InAction, 207 InEvent, e2 InState, Y =4 InEvent, el,
X0, Ix1, Ix2
A
ARemote, ARemote,
InEvent, el, InEvent, el,
X0, Ix1, Ix2 x1

ARemote,

A
ARemote, ARemote, ARemote, ARemote,
InAction, z14 H InAction, z11 InEvent, e4 InState, Y =5
InAction, z09

Y )
ARemote, ARemote,
InAction, 212 InEvent, e2

ARemote,

InAction, z10
ARemote, ARemote, ARemote,

(InActlon z05 ’ InAction, 213 InEvent, e3, A—/

x3

A 4

ARemote,
InEvent, el,
X0, x1, 'x2

v

ARemote,
InAction, z06

ARemote,
InEvent, e2

ARemote,
InAction, z08

ARemote, ARemote,
InEvent, e2 InEvent, e3,
X3

A 4

| ARemote, [ ARemote,
InState, Y = 3 |« InAction, z03

Puc. 4.19. Penykmus rpada nepexomos ais asromara ARemote

IIposepka CTL-¢gopmy.isl

Pazbepem mocTtpoenne wu  umHTepnperanmuto  CTL-popmym  mis
penyUHPOBAHHBIX MOJICIICH.

CTL-cemanTuka B 93TOM MeToAe OydeT HEMHOIO OTJIMYaThCs OT
OOIIENPUHATON: Tepen TeM, KakK BBIMOMHATH Bepudukammio CTL-
dbopMyIibl, ee cieayeT NMPUBECTH K OINpPeNeCHHOMY («KAHOHUYECKOMY))
Buay. BHauane B Heill HEOOXOAMMO yIaldWTh BCE MapHbIE OTPULIAHUS
(myrem 3amensl moadopmyn Buga ——f Ha f). [locme sToro Bce BxomHBIE
BO3/ICICTBUS, KOTOPbIE MPUCYTCTBYIOT B (hopmyIie 0e3 OTpuLlaHus, ClIeIyeT
peIBapUTh ABYMs OTPULAHHUSMH: OJHO U3 HUX CHHTaKCUYECKOE, JIPyroe
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Al
Al.Y1 Al.Y2
e ]
call A2 call A2
A2
A2.Y1 A2.Y2
e & ALY2 & Ix
>
call A3 call A3
A3
A3.Y1 A3.Y2
e&x&ALY1&A2Y1
>

Puc. 4.20. Cucrema aBTOMaTOB, B3aMMOACHCTBYIOIIUX MO BJIOKEHHOCTH,
C YCIIOBUSIMH HA COCTOSIHUSA BHEIIHUX aBTOMAaTOB

N (N [N [N

1 3 2 4 9 5 7
A3, InState, » A3, InEvent, » A3, InState, » A2, InState, — — -} A2, InEvent, [— — -} A3, InState, — — -} A3, InEvent,
A3.Y1 e, x A3.Y2 A2.Y1 e, Ix A3.Y1 e, x
I
" " ‘
N2
12 13 11 21 10 8 6
A3, InState, & — — A3, InEvent, K — — A3, InState, Al, InEvent, Al, InState, & A2, InState, A3, InState,
A3.Y2 e, x A3.Y1 e ALY1 A2.Y2 A3.Y2
, (N LN
14 19 15 17 16 18 20
A2, InState, » A2, InEvent, » A3, InState, — — -} A3, InEvent, — — 3 A3, InState, » A2, InState, Al, InState, D
A2.Y1 e, Ix A3.Y1 e x A3.Y2 A2.Y2 ALY2

Puc. 4.21. Mogens Kpunke ans paccmMaTpuBaeMoil cucTeMbl

JOTHYECKOe (3TO 3HAYMT, YTO HEOOXOAMMO 3aMEHUTH JIUTEPANIbI BHIA Xj HA
dopmynel —!Xj). Tonpko mocie 3TUX MOAUGUKALUNA PE3yIbTUPYIOIIYIO
dbopMyry MOXHO BepU(HUIIMPOBATH METOJAMH, MpPETHA3HAYCHHBIMH IS
s3pika CTL. IlpuuymHa Takoro oOpalieHusi C JuTepalaMd COCTOUT B
cieayomieM: Tpebyercss oOecreunTb, 4YTOOBI Jr00As CChUIKA Ha
HECYILIECTBEHHYIO MepeMeHHyto, Kotopas ynomsinyta B CTL-dbopmyre,
JaBaja WCTUHHBIA pe3yibTaT (HECYIIECTBEHHBIMH TIEPEMEHHBIMH Ha
JAaHHOM TIEPEXOJie¢ HA3bIBAIOTCS T€ BXOJIHBIC TEPEMEHHBIC HCXOTHOTO
aBTOMAaTa, 3HAYCHHE KOTOPBIX HE MPOBEPSETCS HA ITOM MEPEXOJE).
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Paccmotpum nipumep s moxaenu 6ankomara. [Iposepum CTL-dbopmymy:
el4d —» —E[—-03.z20 U y10]. Ona o3HayaeT: eciiu Mpou30ILIo coObITHe €14,
TO HEBO3MOXXHO TomacTth B coctossHue 10, Muays Bepmuay 03.20. Ota
dbopmyIia BepHa BO BcexX BepilnHaxX Mojenu. Bece mytu u3 BepuiuHel €14 B
coctosinue 10 IBaXKIbl «IIPOXOJAT» yepe3 aBToMat ASErver: B nmepBblil pas
— IIOIIaB B COCTOSIHME 3, a BTOPOM — IOMNaB B COCTOsiHME 9 aBTOMara
AClient. ITpumep Takoro myTH, KOTOPBIA HE IPOXOIUT JBAKIBI YEPE3 OTHO
COCTOSIHUE OJHOTO M TOrO K€ DSK3EMIUISIpa aBTOMATa, BBIJIEIEH Ha
puc. 4.22. Bepmuna €14, sBistomiascs HadaJbHOW HJii JaHHOTO TYTH,
BbIJICJICHA HA PUCYHKE KUPHBIM MPSAMOYTOJIbHUKOM.

ABToOpHzaUMA

Agerver
24
e21 enter fo3.21

Aderver Aderver AServer

Terie sanpoca OTBET KiHeHTY

enter foz.z3
enter fo3.20 enter jo3.24

AServer

2. Beoa pin koaa 3. ABTOpH3ALIA 4. TnaBHOS HEHD
4

Aclient AClient AClient

enter jo1.22 enter jol.z4

1. BrrasoTe kapTy

Aclient Aclient Aderver

enter fo1.21

=7 aclient AServer Aserver AServer
13. Bosepar rapTo!

Aclient

enter fo1.213 ixclient AServer

. BE0A Cymibt

- J— adlient

enter fol.28

_ e

10. Bolaaua AsHer 9. 3ampot AsHer OTBST KnMeHTY Hrenns sanpoca
‘ Aclient ‘

213
AcClient | AClient AServer AServer Aerver

‘ Aclient

ter f02.29
enter jol.210 enter fo3.24 823 A enter Jo3.20
24

(CHATHE AEHEr

enter jo3.23

Puc. 4.22. Ilpumep nytu B Monienu Kpurke s 6aHkomara

Takum oOpa3zom, B MeroAe penykuuu rpada TMepexooB Oblia
BugousmMeHena cemantuka CTL. PaccMoTpenHas cxema mpeoOpa3oBbiBaja
UCXOJIHYI0 (POpMYITy, HOCTPOCHHYIO Jyisi HOBOM cemaHTHku CTL, B HOByIO
dbopMyny, UIS KOTOpOW MpUMEHMMa OOIIENPHUHATAs CEMaHTHKA S3bIKa
CTL. Ucnonb30BaHue TaKOi CXEMBbI MOAXOIUT AJIsi MHOTHX (DOPMYIL.

[Tyts B momenu Kpunke misi 6aHkomata, OTOOpakeHHBIM Ha puc. 4.22,
MOXHO TIOKa3aThb M B TEPMHHAX WCXOJHOW CHCTEMbl aBTOMATOB
(puc. 4.23, 4.24). CraproBast BepiirHa €14 BbiieeHa IPIMOYTOJIbHUKOM.
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o B o om
2. Beoa pin koaa 3. ABTOpH3aLmA

4, [ NaBHOE MEHHD

e4

ell

include faserver

\enker fal.z2 " venber o2, 23 J

&b

——
1, BCTaERTE KapT;?'

\enker Jol.z1 -

e7
13, BosBpaT KapTel

\enker fol.z13 ¥

\enker fol.z4

ed

" 3. Beoa cyMMEl 0

enker [ol,z25
a4

9, Janpoc AeHer

eld

~—enker Joz2.z9

Puc. 4.23. Yuacrok nytu B aBromate AClient

include [AServer

eld
10, Belaada AeHer

\enker fol.z10 I

JIOTIOTHUTEIbHBIE METOJBI BBIJICICHHUS aTOMAapHBIX COCTOSHHUN OIMHCAHBI
Takke B padorax [77, 84, 87].

Bepu¢punupyembie cBoiicTBa

B kauectBe mpeaukaroB s BepudUKaTOpa

HCIIOJIb30BATh CIICAYIOIINUC YCIIOBUS:

a

a

CTL Verifier

OHpeI(eHCHHBIﬁ ABTOMAT HAXO0AUTCA B OIIPCACIICHHOM COCTOAHUU,

oOpabaTtbIBaeTCs OMpeIesieHHOE COOBITHE;

HCTHHHA WJIH JIOKHA OIIPCACIICHHAA BXOJHAA IICPCMCHHA,;

BBI3BIBACTCs OIIPCACIICHHOC BBIXOJHOC BOBI[GI\/JICTBI/IG.
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! AETOPHIALHA

e2d
ezl \enter Jod.zl )
o 4 -
YTeHHe 3anpoca OTEET KNHEHTY N
\enter fo3,z0 ; \enter fo3.z4
a
o o - ey
HTeHKe sanpoca OTEET KNHEHTY .
L enter [o3.20 h EBZD L enter 03,24 )
e2d
[CHATHE AEHET
\enter jo3.z3 )
0

Puc. 4.24. Yuactok nytu B aBTomare AServer
P TIEPBOM MPOXOKACHHUH (@) 1 ipu BTOpoM (0)

Hucrpyment CTL Verifier mo3sonser BepuduiupoBaTh GOPMYIIbI JOTUKH
CTL, ucronp3yroImie TOJIBKO CIEIYIONUE TEMIIOPAIbHBIE onepaTopsl: EX,
EG, EU. Jlpyrue Temmopaibabie omepatopbl joruku CTL Moryt ObITh
BBIPKCHBI YepPe3 3TH 10 CIICAYIOIINM IPaBHUIIaM:

AX g =1EXIg;
EFg=1EUg;
AF g =1EG lg;

AG g = !EF !g = (1L EU g);
fAU g =!(('g EU !(f || 9)) | EG !g).

0O 0O 0O 0 O
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IIpeoOpa3oBanne KOHTpIpUMeEpa

[Tocne MopenupoBaHusi W  BepuduKanuu TpeOyeTcs o00paboTaTh
pe3yNbTaThl MPOBEPKH Mojenu. [IporpamMMbl, HamMCAaHHBIE C TTOMOIIBIO
TPAIUIIMOHHBIX METOJIOB, HMEIOT JOCTATOYHO CJIOXHBIE MOJCIN, H
NIPOBONTH aHAIM3 ITyTeH mpsiMo Ha Mojenu Kpumnke HeadhekTurHO.

[Ipy WHTEPAKTUBHOM MOJCTHUPOBAHUM COBMECTHO C WCIIOJIHCHHEM U
BU3yanu3aleii aBromara [58, 75, 76] mporecc mpeacraBicHHS IyTeH B
Moenu Kpurike myTsiMu B aBTOMaTe MOYXHO aBTOMAaTH3UPOBATh.

[locne Ttoro kak orpaborana mporpamma-BepudpukaTop, TpeOyeTcs
OTPEEHUTH BBITIOJIHUMOCTH (POPMYJI, KOTOPbIE 00pa3yroT crielu(pUKAIINIO,
Ha 3aJIaHHBIX y4yacTkax aBToMmara. Cpeaud 3TUX YYacTKOB MOTYT OBITh
COCTOSIHUSI, COOBITHS M BBIXOJIHBIE BO3/ICHCTBUSI.

Cuenapuit 11 1100011 moadopMysibl crienupuKauy NpeacTaBiseT cooon
nyTb B Mojenu Kpunke, WUIIOCTPUPYIOIIUMNA CIPABEIJIMBOCTh WM
OmMKUOOYHOCTh JaHHOM moAdOpMYINbl. 3ajadya COCTOUT B TOM, YTOOBI
CLIEHApHi, MpeACTaBICHHBIM mporpaMmor st monenu Kpunke, Obui
IPEICTABIIEH B UCXOIHOM aBTOMATE.

[l onrcaHHOTrO B TAaHHOM pa3Jielie METOIa OIepalus EPeHoca MmyTeu u3
Mojsienn Kpurike B aBTOMAT BBINOJHAECTCA OOHO3HAYHO. J[€MCTBUTENBHO,
COCTOSIHUSI MOJIETIM, COJEp’Kalllue€ aTOMapHOE MpeljiokeHue Y = ... WIu
BCIIOMOTATEIIbHOE aToOMapHoe Tmpemiokenue  InState, omHO3HAYHO
npeoOpa3yroTcs B COOTBETCTBYIOIIUME UM COCTOsIHUS aBTomata. IlyTh
MEXy JIFOOBIMU JBYMSI COCEIHUMH COCTOSIHUSIMU BCETJa TNPEACTaBIIsET
co0oM «3MENKY» M3 COOBITUS M BBIXOJIHBIX BO3jAeicTBU. JIroOas u3 3TUX
MPOMEKYTOUHBIX BEPIINH OJJHO3HAYHO OMPEACIISIET TO TJIABHOE COCTOSIHUE
aBTOMaTa, M3 KOTOPOTO 3Ta «3MeWka» wucxoauT. W3 aTomapHbIX
MPEJIOKEHUM, KOTOPBIMU MOMEYEHBI COCTOSIHUS «3MEWKH», OJTHO3HAYHO
BOCCTAHABJIUBAIOTCS COOBITHS. 3HAYCHHUS CYIICCTBEHHBIX  BXOIHBIX
MEPEMEHHBIX (T€X, KOTOpbIE 3alllCaHbl Ha TMEPEeXOAE€) U CIHUCOK
HECYIIIECTBEHHBIX OmpeAeisieTcs oTTyAaa ke (B METOoJe PEeayKIUu).
[TocnenoBaTenbHBIM MTPOXOIOM IO MTOTYYEHHOMY ITYTH BOCCTaHABIMBACTCS
uH(pOpMAITUS O BHIMOJTHUMOCTH JIUTEPATIOB, COOTBETCTBYIONTUX BBIXOTHBIM
BO3JCUCTBUSM, OYEPEAHOCTH ATHX JIMTEPAJIOB M O TOM, KakK MOMNacTh B
JIAHHOE COCTOSIHHUE.

Onucanne HHCTPYMEHTAJILHOTO CPeACTBA

CTL Verifier npuHuMaeT Ha BXOJ] CHCTEMYy aBTOMATOB, ONKHCAaHHYIO B
TEKCTOBOM ¢opmarte. ITOT (HOpMAT JOCTATOUHO MPOCTOM, OJHAKO
pa3paboTaH CHelUalbHO JJIsl 3TOr0 BepupHUKATOpa U HE HUCIOJB3YeTCs
JAPYTUMHU TPOTrPAMMaMHU.
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Bo BxomHOM (haiine, KpomMe ONMUCAHUS CHCTEMBI aBTOMATOB, MPHUBOAMUTCS
Takke Qopmyna s Bepudukanuu. OHa 3aMuChIBa€TCd HUHIYKIUEH IO
MOCTPOEHUI0. DTO 3HAUUT, YTO BCE €€ MOAGOPMYIbl TOXKE JOKHBI ObITh
3anucanbl. Hampumep, dopmyna «EG !ey» 3anuceiBaeTcs, Kak yka3aHO B
muctunre 4.15.

Nuctunr 4.15. 3anuck gopmynel EG le;

[Properties]
fl = el
f2 = Ifl
f3 = SEG f2

Bepuduxkanuys nporucxoauT myTeM 3ammycka OJJHON KOMaH/Ibl:

CTLVerif.exe <BxomHOU Odami>
[ <BeIxOmHOM Oaniy> [<BBEIXOIOHALS nanka>] ]

IMporpamma CTL Verifier B Hacrosiiee BpeMs padoTaeT TOJBKO B
oIeparoHHbIX cucTemax Trma Windows.

B pe3ynbTaTe Bepu(puKalLMK BHIBOJUTCS CeAyIOas HH(popManus:
O CHHUCOK MPEIUKATOB, UCIIOJIB3YEMBIX B TOCTPOCHHOW Monaenn Kpunke;

o Mozenb Kpurike, moydeHHast B pe3ysibTare npeoOpa3oBaHus UCXOTHOM
ABTOMATHOM CUCTEMBI. Bce aeMeHTapHbIE COCTOSHUS ITPOHYMEPOBAHBI,
ONPENEIICHBl IEPEXOAbl MEXKIYy HHMHM M CHOUCKM IIPEAUKATOB,
BBINIOJIHAIOIIMXCA B KQXK/I0M COCTOSIHHM;

QUi Kaxao0u (GOpMyJIbl CIIMCOK HOMEPOB coCTostHUM Moaenu Kpurke, B
KOTOphIX OHa BbITIONHSETCS. Ecim opmyna Ha «BepxHEM ypOBHE»
COLEPKUT TEMIIOPAJIBHBIA ONEPATOP M  JOKA3bIBACTCA  LIMKIOM
COCTOSIHUM, TO BBIBOAWTCS LIENIOYKA COCTOSIHUM, KOTOpas MPUBOIUT K

BBITIOJIHEHUIO (popMyiibl. [Ipumep:
13435(338395109 11089192 15 85 86 20 82 83);

0O eClM yKa3aHa BBIXOJHAsA TMamka, TO AN KaXAOW BepUPHIMPYEMOH
dopmynbl co3naerca aia ¢ KOHTPOPUMEPOM B TEPMHUHAX HCXOJHOMN
ABTOMATHOM CHCTEMBI.

Bepupuxkauus Mmogesu 0aHKoMaTa

Amnanornyno Bepuduxaropy FSM Verifier, Bepuduxarop CTL Verifier
NpUHUMAET Ha BXOJ MoJieNib B (hopmate, oTauaHoM oT (opmara UniMod.
[Tostomy g Bepuduxaropa CTL Verifier Ttakke HeoOXxoanmo
npeoOpaszoBats ucxoaayo UniMod-momens OaHkomaTa B MOAXOISIIHMA
dopmar. s momaepxku  dopmata UniMod peanusoBaH alropuTM,
KOTOPBII KOHBEPTUPYET MOJIEIh HHCTpYMEHTaIbHOTO cpencta UniMod B
monmenar Bepudukaropa CTL Verifier. B mpomecce kouBepTanuu
IPOM3BOJISATCS HEKOTOPbIC U3MEHCHHS B aBTOMATHOW CHCTEME, TaKhe Kak
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N3MCHCHHUEC NMCH COCTOHHHﬁ, COCAMHCHNEC BCCX TCPMHUHAJIbHBIX COCTOSIHUM
aBTOMaTa B OJHO TCPMHUHAJIIBHOC COCTOAHUC U T. M.

B pesymnbraTe KOHBepTallMd MoOjAeAH OaHKoMaTa ObLI co3maH (aiin
Bankomat.dat. Cocrosaue asromara AClient «10. Beioaua oenez»
nonyunio umsa S10. Cekuusi ¢ BepUPHUIMPYyeMbIM CBOHCTBOM X (haiina
Bankomat.dat npuBenena B auctunre 4.16.

INucTtuHr 4.16. 3anuck ceoncTBa = 6aHKomMaTa 1 ero noadopmMyIn

[Properties]

; 1 (!'el0 EU s10)
fl1 = el10

f2 = 1fl

f3 = s10

f4 = £2 SEU £3
f5 = 1 f4

3anmyckaem BepudUKaTop:
CTLVerif.exe Bankomat.dat out.txt out

Bepudukatop cozmaet ¢aitn out.txt ¢ undopmanueit o monenu Kpunke.
Kpome Toro, co3maercs mamka Out, comepskaras ¢aitnsr f1, f2, 3, f4 u 5.
Kaxapiii ¢aiisl coep UT OTYET O COCTOSIHUSIX aBTOMATHOM CHCTEMBI, B
KOTOPBIX BBHITIOJHAIOTCS COOTBETCTBYIOIIME (popmyibl. Cpazy oOpaTumcs K
daiiny 5. Ero comepkanue otpakeHo B yuctuHre 4.17 (IpUBEICHBI JTHUIIb
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

[lepBast e cTpoka cooOmaer o TOM, 4To HHTepecyromas Gopmyna f5
BBITNIOJTHACTCS B HadajabHOM coctostHum SO romoBHoro aBtomara AClient
mozaenu Oankomata. Cocrosiuue SO mpeoOpasoBaHHOM B (opmar
Bepudukaropa CTL Verifier Momenn  COOTBETCTBYyeT  HadaJlbHOMY
COCTOSIHUIO S1 HMCXOAHOM aBTOMaTHOM cucteMbl B ¢opmare UniMod.
Takum  o0Opa3oMm, HaYaabHOEC  COCTOSHHE  YKa3aHHOW  CHCTEMBI
yIOBIETBOPSieT Bepuduimupyemoit ¢opmyne. M3 storo cuemayer, dTo
UCXO/Hasi aBTOMATHAs CHCcTeMa OaHKoOMaTa yJI0OBJICTBOPSCT TOMY CBOMCTRBY,
YTO II0JI30BATENb HE TOJNYYUT JCHBIM JI0 TEeX IIOp, IMOKa HE BBEIET
NPaBUJIBHBIN PIN-KOI.

Bepudunupyem teneps corictBo Q. ITockoneky CTL Verifier e paGoraer
c omnepatopoMm AF, Tpebyercs mpeoOpazoBaTh (QopmMyay, HCIOIB3YS
npasuia npeodpazoanus popmyna CTL: AF s10 = IEG !s10. B pesynbraTe
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BepuduimpyemMoe cBoicTBO (ucTvHr 4.18) 3ammchiBacTcss B (aiin
Bankomat.dat.

Nnctuur 4.18. Ceoncteo Q 6aHkomaTa 1 ero noagopmynbl

[Properties]

; AF s10 = ! EG !s10
f1 = s10

fz2 = 1'fl

f3 = SEG f2

f4 = 1£3

3anyckaem BepuduKaTop:
CTLVerif.exe Bankomat.dat out.txt out

B pesynbrare dopmyne f4 ymoBiaeTBOpsfOT JHIIbE 3 COCTOSHUS, CPEIH
KOTOPBIX HET HaYaJIbHOTO (JTUcTHHT 4.19).

Nuctuhr 4.19. PesynbTaT Bepudmkaumm ceonctea Q baHkomarta

4: AClient InAction 01.z10
5: AClient InState sl10
106: AClient el3 InEvent

Ecnin HavanmpHOE COCTOSHHE HE YIOBJIETBOPSET 3ToM (hopmyre, TO OHO
YIOBIIETBOPSIET €€ OTpHUllaHui0. TakuMm o0OpazoM, eciid BepuHUIIMPOBATH
OTpHUIIAHHWE pPACCMAaTPUBAEMOI0 CBOMCTBA, TO BEPUPHUKATOP JOJHKEH
MPUBECTU JIOKA3aTEIbCTBO ITOrO0 OTPHUIIAHUS — MyTh B Mojaenu Kpumke.
B nanHOoM ciydae otpuiianue BepupuimpoBaioch popmyson f3. Tlostomy
Cpa3y MOKHO YBUJIETh pe3yibTaThl. B nmuctunre 4.20 npuBeeH nepBoii U3
113 xouTprpumepoB st popmyisr 3.

Nuctunr 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 muctunre 4.20 oTpakeH OECKOHEYHBIM MyTh C HA4YaJIOM B CTapTOBOM
COCTOSIHUM M IMKJIOM. JTO U €CTh KOHTPIIpUMEp Uil Bepupuuupyemoin
dbopMyIbl, OH JOJDKEH MOKa3bIBaTh OECKOHEYHBbIM IMyTh B aBTOMAaTHOMU
CHUCTEME, KOTOPbI He MPOXOAMUT Yepe3 COCTOsiHUE «Bwuioaua oemezy. s
TOTO 4YTOOBI pazo0paTrbcsi B ATOM KOHTPIPUMEpPE, CIEAYET NPOBECTU
COOTBETCTBHE MEXJy HMEHaMU COCTOSIHUA B  Bepuduumpyemoit
aBTOMATHOM cHcCTeMe W B HCXoqHou cucteme (B (opmare UniMod).
PesynbTaT npencrasiieH B auctuHre 4.21.
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INucTtunr 4.21. MNpeobpasoBaHHbIN KOHTPNPUMEP A5 CBOMCTBa Q 6aHkoMaTa

$ 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 o01.z0
Cycle:
% 80: AClient InState s2

DTOT KOHTPHPHUMEDP COOTBETCTBYET CIEIyIONIeH CcHUTyaluu. baHkomar
HaYMHAaeT paboTy B CBOEM HAYaJbHOM COCTOSHUH, BKIIIOUACTCS W
npeajiaracT BCTaBUTh KapTy. Jlamee HakMMaeTcss KHOIKA Bwikmouums
(cooniTre €0), u 6aHKOMAT BBIKIIOUYaeTcs. [IomaB B KOHEYHOE COCTOSIHHE
S2, oH TaMm ocTaeTcs. TakuM 00pa3oM, IMMOJIb30BATEIbh HUKOTIA HE ITOJTYIUT
JICHET.

4.5.2. Automata Verificator
Oo0mee onucanue

Bepudurarop aBromarHeix cumcrem Automata Verificator [88] He
UCIIOJIB3YyEeT KaKUX-THMOO CYIIECTBYIOIIUX BepudpukaropoB. B Hem
pea30BaH QJIrOPUTM JBOMHOIO TMOMCKAa B TIIIyOMHY, IO3BOJISIOLINIA
IpOBEPATH (POPMYJIbI, OTIMCAHHBIE C TIOMOIIBIO aBTOMaTa bioxu, a 3HAYWT,
u (hopMyJIbl TeMIopalibHoM joruku LTL.

Oco0eHHOCThIO Bepu(UKaTOpa SBISETCS TO, YTO AJITOPUTM BEPUPUKALIMU
peann3oBaH C BO3MOXKHOCTBIO MHOTOINOTOYHOTO HCIOMHEHHS. Takum
oOpa3oM, Kak ObUTO TOKa3aHO B pabore [88], mpu peanusanum Ha
MHOTOSIZIEPHBIX TPOIIECCOpax alrOpUTM JaeT Iydlllne pe3ybTaThl II0
CPaBHEHHIO C OJTHOIIOTOYHBIM BAPHAHTOM.

Automata Verificator paboraer ¢ aBTOMaTHBIMH MOJCIISIMH, OIMMCAHHBIMH
IpY TIOMOIII HHCTPYMEHTaIbHOTO cpenctBa UniMod.

BoiesieHne aToMapHbBIX COCTOSIHU M

B paccmarpuBaemom BepuduKaTope aTOMapHOE COCTOSIHHE OMPEEIsIeTCs
HA0OpOM TEKYIIUX COCTOSHUM aBTOMAaTOB, BXOSAIIUX B aBTOMATHYIO
cuctemy. CrnemoBaTelbHO, IpOOJEHUE TMEPEXOJOB Ha JIIEMEHTAPHBIC
COCTOSIHUSI HE IPOU3BOAUTCH.

Bepu¢punupyembie cBoiicTBa

Crnucok mpeauKaroB, TOJJEpKUBacMbIX Bepupukatopom Automata
Verificator, moxox Ha TpeaUKaThl, HCIOJIb3yeMbIC ISl BepUPHUKATOPA
UniMod.Verifier. IToanep>xuBaroTcs CIIEAYIONIUE TPEIAKATHL:
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o wasEvent;

o isInState;

o waslinState;

o cameToFinalState;
o wasAction;

o wasFirstAction.

CMBICIT TIEPEUUCIICHHBIX MPEIUKATOB TaKOM e, Kak B BepudHUKaTOpe
UniMod.Verifier. Yao0Ho To, 4T0 B KauecTBE apryMEHTOB IIPEIUKATOB
MO>KHO HCIOJIb30BaTh UMEHA COCTOSHUM, COOBITHI M JEHMCTBHI MCXOIHOM
aBTOMATHOM CHUCTEMBI, JIaXKe €CIIM 3TH UMEHA COJIepKaT MpoOeyIbl U Ipyrue
creyaabHble CUMBOJIBI.

Kpome Ttoro, B Bepudurarope Automata Verificator moxxHo mocrarouso
IPOCTO CO37aBaTh HOBBIE MpenukaTel. s 3TOrOo ciemyeT pa3paboTarh
KJacc Ha s3bIKke Java, B KOTOPOM CO3/aTh METOA C aHHOTaIHel
«@Predicate». Hampumep, MOXHO CO3laTh TNPEAUKAT, TO3BOJISIFOIININ
BepU(UIIMPOBATH CBOWCTBA TUIA «JICHCTBUE 01.Z1 BHIMOJIHICTCS Yepe3 OTHO
nocie 0;.Zo».

B ¢opmynax ucnonsiyercs temmnopaiibHas jgoruka LTL.
IIpeoOpa3zoBanue KOHTPHpPUMeEpPA

B paccmatpuBaemMoM  BepuduKaTOpe HE  HCMOIB3YIOTCA  Apyrue
Bepu(DUKATOpPBI, M aNroOpuT™M BepudUKanuu paboTaeT HANPIMYIO C
aBTOMAaTHOW cucrteMor. [loaToMy KOHTpmpumep cpa3y BBIPAKEH B
TEPMUHAX HCXOJHOM aBTOMATHOM CHUCTEMbI U HET HEOOXOIUMOCTH €ro
npeoOpa3oBbIBATH.

Onucanne HHCTPYMEHTAJBLHOIO CPeACTBA

Bepuduxarop Automata Verificator usnavanpHo ObLT pa3paboTaH B BHUC
Java-kinaccoB M HE TPEJCTaBIICH B BUJE TOTOBOM OMOJHMOTEKH, KOTOPYIO
MO>KHO OBLIO OBl 3aIlyCcKaTh U3 KOMaHIHON cTpoku. [losTomy ObLIT co3man
KJIaCC, IMO3BOJISIONINIA 3amycKaTh BepU(DHUKAIMIO U3 KOMaHIHOW CTPOKH, U
coOpana  OubnmoTeka CO  BCeMH  KiaccamMu  Bepudukaropa
Automata Verificator.

PaccmarpuBaemblii  BepuduUKaTOp MNPUHUMAET HA BXOJ aBTOMATHBIC
cucteMel B ¢opmare XML, creHepupoBaHHbIE TIPH  TTOMOIIH
UHCTpyMeHTanbHOro cpeacrea UniMod. ®opmar 3amycka mporecca
BepU(DUKAITUYU CIICTYIONTUI:

java —Jjar verifier.jar A.xml Al "F(wasEvent(p.el))"

3nech
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o java — KoMmaHja 3amycka Java-maiiuHbl (J0DKHA OBbITh yCTaHOBJIEHA
nporpamma Java Runtime Environment ue umxe 6-it Bepcun);

o Axml — nyte K ¢aiiny ¢ onrcaHueM aBTOMAaTHOH CHCTEMBI B (hopMare
UniMod;

o Al — Ha3BaHHE KOPHEBOTO aBTOMaTa,

o F(wasEvent(p.el)) — Bepudumupyemas dopmyna (B TaHHOM TpUMEpe
OHA O3HAYaeT CJeAyIollee: «KOrAa-HUOYyIb Mpou30iineT coObiTHe €1,
TCHEPUPYEMOE UCTOYHHKOM COOBITHIH P»).

B pesynpraTe paboThl Takoi KOMaHIbl CHadaja B KOHCOJb BBIBOAMTCA
aBToMat broxu, crenepupoBanHbiii mo gopmyrne LTL, a 3arem pesynbrar
Bepupukanuu. B ciayyae ynayHoil BepuUKaLUKU BBIBOJUTCS COOOIICHHE
«Verification successful». BeiBog Bepudukaropa s ciydas, Korua
HalJIeH KOHTPIIpUMED, MPUBENICH B TUCTUHTE 4.22.

NMnctunr 4.22. BoiBoa KOHTpripumepa Bepudmkatopom Automata Verificator
LTL: F(isInState (AClient, AClient["10. Bronmaua peHer"]))
initial O
BuchiNode 0

2> [!isInState (AClient, 10. Bwelmaua neHer)] O
Accept set 0 [0]

DFS 2 stack:

2 ["<"13. Boszsepar kaprtu", "s1">", 0, 0]2>["<"1.
BcraBbTe kapty", "s1">", 0, 0]

DFS 1 stack:

2["<"sl", "sl1">", 0, 0]=2["<"1l. BcraBbTe kapTy",
"s1">", 0, O]

> ["<"2. Beoxm pin-xoma", "sl1">", 0, 0]>["<"3.
ApTopmzaumua", "sl1l">", 0, 0]

2 ["<"4. T'maeHoe MeHwo", "sl1">", 0, 0]=2>["<"13. BosBpar
kaptu", "s1">", 0, 0]

ABToMar Broxu BBIBOAMTCS KaK HAOOP COCTOSHHMIA, a TaKKe YKa3bIBAIOTCS
ero HauyayibHoe coctosiHue (initial) u HaOOpBI MOMYCKAIOIMIMX COCTOSHUM
(Accept set). B manHOM mnpuMepe aBTOMAaT BIOXHM COCTOMT W3 OJHOIO
coctossust mox  HomepoM 0. OHO ke SABISICTCA HAYaIbHBIM U
JIOTYCKAOIIUM.

Jlanee 3amuchiBaeTCs KOHTPIPUMEpP B BHUAE HAOOpa COCTOSHUII B CTEKe
rmaBHoro ooxoxa B riyouny (DFS 1) u BnoxenHoro o0xoja B IIyOHHY
(DFS2). B wurore KOHTpHIpUMEp TMOJIy4YaeTCs IIYyTEeM MPOIAOJDKEHHUS
nociaenoBarenbHocT DFS 1 mocnemoBarensHOCTRIO DFS 2. Ommaxo
clieyer peIBAPUTEIILHO OITYCTHTH nepBoe COCTOSTHHE
nocienoBaTeabHocTd DFS 2, MOCKOJNBKY OHO TOBTOPSET MOCIEIHEe
cocTossHue mnocienosareapaoctu DFS 1.

225



Kaxxnioe cocrosiHue aBTOMaTHOM CUCTEMbl B KOHTPIIPUMEPE 3aIUChIBAETCS
BHYTPH KBaJIpaTHBIX CKOOOK. B HHX coaepkarcs cienyroume Tpu
KOMITOHEHTHI:

1. HabOp TEKYMIMX COCTOSIHUM aBTOMAaTOB aBTOMATHOMN CUCTEMBI;
2. HOMEp TEKYIEero COCTOsTHUS aBToMaTa broxu;

3. MHOKECTBO JIOMYCKAIOIINUX COCTOSIHUN aBToMarta broxu.
Bepudukauusa Mmoaesim 0aHKOMATA

Bepudukarop Automata Verificator pa6oraer ¢ aBToMaTHBIMHA CHCTEMaMHU
B ¢opmare UniMod. IlosToMy JOMOSHUTENBHBIX MPEOOpA3OBAHHI
MCXOJTHOM aBTOMATHOW CHCTEMBI OaHKOMAaTa He TpeOyeTcs.

Bepudumupyem cBoiicTBo X. YTBepKIeHHE, UTO Mpou301io codsitre €10,
3aIMChIBACTCS CIAEAYIOUIMM 00pa3oM:

wasEvent(p3.e10)

3nmech P3 — UCTOYHUK COOBITHH, TeHepupyrommii coobitie €10 (puc. 4.5).
YrBepxkaenue, uro aBtomMaT AClient HaxomuTcss B COCTOSHHH
«10. Bvioaua oemneey, 3aUCHIBACTCS CIICIYIONIUM 00pPa30M:

isInState(AClient, AClient[\"10. Beioaua oenea\"])

[IpuBeneHHass HE)KE KOMaHJa BBINOJHICT BEepU(PHUKAIIUIO CBONCTBA X
OaHKOMAaTa:

java —Jjar verifier.jar Bankomat.xml AClient
"1U (!wasEvent (p3.e10), isInState(AClient, AClient[\"10.
Boimaua meder\"]))"

Pe?;y.HBTaT BBIITOJIHCHWA KOMaH/Ibl IIPUBCCH B JIUCTUHIC 4.23.

Nnctunr 4.23. Pe3ynbTaT BepudmKaumm CBONCTBA <
LTL: !U(!wasEvent (p3.el10), isInState(AClient,
AClient["10. Bopmaua nmeHer"]))
initial 1
BuchiNode 0
2 [true] 0
BuchiNode 1
-2 [!wasEvent (el10)] 1
2 [isInState (AClient, 10. Bmmaua meHer)] O
Accept set 0 [0]

Verification successful
Kak BugHO, Bepudukaiys 3aBepiieHa yCnemnrHo.

Bepuduimpyem cBoiictBo

java —Jjar verifier.jar Bankomat.xml AClient
"F(isInState (AClient, AClient[\"10. Bromaua men”er\"]))"

226



PesynbraT nzobpaxkeH B auctunre 4.22.

B xome Bepudukammm cpoiicTBa  ObLT HaliaeH KoHTprnpumep. CHadama
cineayet untath ctek DFS 1, a 3atem crek DFS 2. Bo Bcex npuBeneHHBIX
100aJbHBIX COCTOSHHUAX AaBTOMATHOM CHCTEMBI H3MEHSETCS JIMIIb
cocrosiare asromara AClient.

B cootBeTcTBHM ¢ KOHTpnpuMepoM, aBromatr AClient naunnaer paboTy B
CBOEM Ha4yaJlbHOM COCTOSHHHM S1, 3areM TMepexoAWT B COCTOSIHHE
«1. Bcmasbme kapmy», 1OC€ 3TOTO0 B COCTOSHUE «2. Bsoo pin-koda», H,
HaKOHEI, B COCTOSHUC «3. Agmopuzayus». ABTOpPHU3AIUS TIPOXOIUT
YCIICIITHO, U aBTOMAT MEPEXOUT B cocTosiHUEe «4. [ 1agnoe menio». B 3TOT
MOMEHT TIOJIb30BaTellb HAKMMAeT Ha KHOMKY OmMmeHa, TaKk KaK aBTOMAT
nepexoauT B coctosinue  «13. Bosspam kapmer».  Ilocme — 3TOTO
npoaoipkaeTcs arenne creka DFS 2, koTopoe 3aBepiiaeT KOHTpIIpuMep ¢
MIEPEXO0JIOM B YK€ MOCEIIEeHHOe cocTosiHue «1. Bcmasbme kapmyy.

Haiinennsiit Bepudukatopom Automata Verificator konrpnpumep siBisiercs
KOPPEKTHBIM, HO OTIMYAETCS OT KOHTPIPUMEPOB, HANJICHHBIX IPYTUMHU
BEepU(HUKATOPAMH.

3aknJyeHue

OcHoBHas npo0iemMa B pa3BUTUU MPOTPAMMHBIX CHUCTEM COCTOUT B TOM,
YTO TPOBEPKA MPABUIBHOCTU PEATU3YEMOW IPOrPAMMHOM CHCTEMBI
Yype3BbIyaitHo cinoxkHa. [Ipu pazpaboTke Takoi CUCTEMBI OOBIYHO OCHOBHOE
BpeMs YXOJIUT HE CTOJIBKO Ha HANMCaHHE KOJa, CKOJIbKO Ha €ro aHalu3 U
ornaaky. CymecTByeT MHOTO METOAOB TMPOBEPKHA MPaBHIBHOCTU
IporpaMM, M OHHM COOTBETCTBYIOT Pa3lMYHBIM HMX KiaccaM. B maHHOI
KHATE paccMaTpUBAJCS KJIacC CHUCTEM, KpPUTHYHBIX B OTHOIICHUU
0e30MacHOCTH, NpPU NPOBEPKE MNPABUIBLHOCTU KOTOPBIX HEJOMYCTHUMO
NPUMEHEHUE HEeNOJHOW UHIYKIUH. J{axe ecnu yOenIuThCsi B KOPPEKTHOCTH
OCHOBHBIX CLIEHApUeB pabOThl CUCTEMBI, 3TOr0 BCE paBHO Oyner
HEJOCTAaTOYHO JUIsi TPU3HAHMSI CHUCTEMbl HAJEKHOM, TaKk Kak caMble
ryOMHHBIE W TPYJHO OOHApYy>KMBaeMble OIIMOKM B HEH MOTyT OBITh
JonylieHbl Ha (Qa3e mnpoekTupoBaHus. [loaToMy KHHMra mocBsIeHa
METOJIlaM IPOBEPKHU, KOTOpPbIE TapaHTHUPYIOT KOPPEKTHOCTh JHOOOTO
MOBEJICHUSI CUCTEMBI (MJIH €€ MOJICIIN ).

Tem He MeHee, AJIs1 TOrO YTOObI MOJTYYUTh CTOMPOLEHTHOE J0Ka3aTEIbCTBO
NPaBUIBHOCTH TPOTPaMMBbI, HEOOXOJMMO 3aTpaTUTh KOJIOCCAJIbHBIE
yewnust. Meton gpopmansvroul éepugukayuu He TPUMEHUTHh K OOJBIIMM U
CIIOXHBIM mporpamMmam. CroenuaiucTsl B pa3padOTKE MNPOrpaMMHOIO
oOecrieyeHus: U ero Bepu(UKalUu paccKa3blBalOT, YTO OHU 3aKaHUYMBAIH
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paboty ¢ 15-cTpaHMYHBIM OTYETOM O TOM, YTO TMIporpaMMa Ha
HOJICTpaHuIbl padoTana koppektHo [89]. Ilosromy cieayer coOiroAaTh
ONpeNeNeHHBI  OallaHC  MEeXAy  OXHIAeMOW  JOCTOBEPHOCTHIO
JI0Ka3aTeNbCTBA U TEM, HACKOJIBKO YA00HO U 3PPEKTUBHO OHO MOXKET OBITH
TIOJTyYEHO.

HaubGonee sdpdextuBHO 3TOT OamaHc cOOMIOMACTCS B METONE NPOBEPKU
mooeneu (model checking), kortoperi cymectByer okoio 30 ser. Ero
MOMYJISIPHOCTh OOYCIIOBIMBAETCS, C OJHOW CTOPOHBI, BBICOKOW CTEMEHBIO
aBTOMATU3allMA  JO0KAa3aTeIhCTBA  KOPPEKTHOCTH M HEOOJBIION
BOBJICUEHHOCTHIO pa3paboTurka B Mpolecc Bepudukamuu, a ¢ Jpyrom —
BO3MOKHOCTBIO SIBHO yKa3aTh Ha OIIMOKY B ciydae, KOrjaa pa3padoTduk
UMEET JEJI0 C OMMUOOYHBIM MPOTOTHUIIOM. AKTYaJdbHOCTh MCCICIOBAaHUN B
00JIaCTH MPOBEPKU MOJENEH MOATBEPKAACTCS TAKKE U MPUCYKICHHEM B
2007 r. npemun TrlOpUHra OCHOBOMOJOKHHUKAM 3TOr0 IOAXOJa —
Onmynny Knapky, Amneny Omepcony u JIxozedy Cudakucy. IIpoepka
MoOJeNied HMMEET TOpa3UTeNIbHbIE JOCTIKEHUS, TPEXKIE BCEro, B
BepUUKAIIMK alapaTHBIX cpeacTB. Hampumep, U3BECTHO, YTO MPOBEpKA
Mojiesieli Hamnia Obl omMOKy B mporieccopax Pentium | u nokaszana Obl
BepHOCTH ee uctparienus koproparueit Intel [90]. C tex mop Intel — ogna
U3 HauboJiee CHCTEMATHYECKH TMPUMCHSIONIMX ATy  TEXHOJIOTHIO
KOPIIOpALUH.

OcHoBHas mpo6sieMa, KOTopasi BO3HUKAET MPHU HCIOIH30BAaHUH MPOBEPKU
MoOJIeJIel — 3TO KOMOUHAMOPHWBIL 63pbl@ B TIPOCTPAHCTBE COCTOSTHHUIA
Mozenu. IlepBbie anropuTMbl MPOBEPKH MoOAeNed MOIJM padoTaTh C
yuciaoM cocrostauid opsiaka 40 000 [89]. Co BpeMeHeM pa3sMephl CUCTEM
NepexooB, JOMyCKamMuUX PPEeKTUBHYIO BepUDUKAIUIO, CYIIECTBEHHO
BO3pPOCJIM. ITOTO YAAJIOCh TOOUTHCS IyTEM HESIBHOTO MPEICTAaBICHUS
mMozenu. Jlnsa pemienust 3ToM 3amayn ObUla BHA4Yaje CO3/aHA TEXHOJOTHUS
CUMBONILHOU NPOGepKU MoOeiel, OCHOBBIBAIOIAACA Ha YMOPSI0YEHHBIX
JIBOMYHBIX pa3periaroniux auarpaMMax, a MOTOM — nposepka mooeel
oepanuuennou enyounst (bounded model checking) [91], xotopas
YBEJIMYWJIa YUCJICHHBIE TPaHUIIBI MPOBEPKUA MOJENEH elle Ha HECKOIBbKO
MOPSIIKOB. 3HAYUTENbHBIC YCIEXH OBLIM JOCTHTHYTHI TaKkKe Ojaromaps
Pa3BUTUIO  METOJIOB  peOVKYuu  4acmuyHulX  NOpsOKO8, METOI0B
UCTIONB30BaHUSl CcuMMempuu B TApaJUICNbHBIX CHUCTEMaxX W METOOB
abcmpaxkyuu TIpOBepsieMbIX Mojieiell. B Hacrosiiee Bpemsi TEXHOJIOTUU
MIPOBEPKH MOJIEIICH IO3BOJISIOT BEPUPHUIIMPOBATH MPOTPAMMBI IIPUMEPHO
u3 10 000 ctpok koza [89].

Haubonee BrmeyaTnsommM MpUMEpPOM, IEMOHCTPUPYIOLIUM CIIOCOOHOCTH
CUMBOJIbHOM TIPOBEPKM MOJENEH, SBISIETCd BepUQPHUKAIUS IMPOTOKOJIA
KOTePEHTHOCTH  KdoUI-amsaTH  craHgapta 1mmHel  |EEE Futurebus+
(crarmapt |EEE 896.1-1991). Xots pa3paboTka 3TOTO MpOTOKOJia ObLia
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Hauata B 1988 r., Bce mpexHHE MOMBITKU 00OCHOBATH €ro MPaBUIBLHOCTH
OCHOBBIBAJIMCH HCKITIOUUTENBHO Ha He(pOpMabHBIX paccyxacHusX. Jletom
1992 r. uccnenoBaTenbckas rpymnmna u3 yHuBepcurera KapHern-Meniona
[92] moctpomna TouHyr0 MoOelb MPOTOKONAa Ha si3bike SMV u 3arem,
npuMeHsst cuctemy Bepuduxammu SMV, mnokazanma, 4TO MOJyYeHHas
CHCTeMa TIEPEXOJI0B yIOBJIETBOpSET (opManpHOW crnenuduranuu. Vm
yAAJIOCh TakKe OOHAPYXKHUTh Ppsi paHee HE 3aMEUYCHHBIX OIMUOOK U
JIOKaJIN30BaTh MOTEHIIMAIBHO OLTUOOYHBIE YYACTKHU B IPOEKTE MPOTOKOJIA.

Ocoboe 3HaueHue BepUPUKALMS HMEET JUIsl MPOTPAMMHBIX CHCTEM CO
CJIOXHBIM MOBeIeHHEM. 1715 3TOro Kilacca CUCTEM TEXHOJIOTHIO CO3aHus U
Bepu(DUKAIUU CIIeIyeT BRIOUPATh YK€ Ha ATare MpOeKTUPOBAHUS.

Y nauHbpIM BBIOOPOM JIJISl TAKHUX 3a/1a4 SIBJISIETCS] TEXHOJIOTUS A8MOMAMHO20
npocpammuposanuss  [2,51]. B  mnepByro  odepemb, aBTOMATHOE
IpOrpaMMHUPOBAHHE  JaeT  BO3MOXKHOCTb  YCIEIIHO  BBINOJHUTH
JIEKOMITO3UIIMIO YIIPABJISIONICH JJOTUKA U BBIYMCIICHUM Ha dTamne CO3JaHUs
nporpaMMHOM cucteMbl. OHO TIO3BOJISIET HCHOJIB30BaTh HATJISAHYIO
rpaduuecKyro HOTAIMIO JJI ONMUCAHUS CIIOKHOTO MOBEJEHUS, CACIaB TEM
CaMbIM CUCTEMY MEHee MOABEPKEHHOU omnokaM. C Apyroi CTOPOHBI, IPH
npumenernnn Model checking k aBToMaTHBIM THporpamMMaM TOCTPOCHHE
MOJIEJIM MPOTPAMMBI 1O €€ CrenuUKaAIUN 3HAYUTEIHHO YIPOIIAETCs MO
CPaBHEHUIO C TPAJIUIMOHHBIMHM TOAXOJAMH K MporpaMmupoBaHuio. [lpu
MCIIOJIb30BaHUU aBTOMATHOTO TOJXOJa MOJENb MPOTPaMMbl, IPUTOTHAS K
Bepu(dUKaIMU, CTPOUTCS YK€ Ha dTane MpoekTupoBaHus. Hakownerr,
aBTOMAaTHOE MPOrPaMMHUPOBAHME, KaK YK€ OTMEYalloCh, IMO3BOJISIET
JIEKOMITO3UPOBATH TpoIecC BepUUKAIIMK TTPOrpaMMbl Ha BEpUPUKAINIO
ee TMOBEICHUECKON (yMpaBisiomie) MoOJAENH, KOTOpas BBIMOJIHSIETCS
metogom model checking, u He3aBHCHMYHO BEepHU(pHKAIIMIO aTOMAapHBIX
BBIUHUCIIUTEIBHBIX BO3ACUCTBUN. ECIIM cucTemMa yCnenHo CpOeKTUpOBaHa
Ha OCHOBE aBTOMATHOTO IMOAXO0/a, M BXOJHBIC U BBIXOJHBIC BO3ACHCTBUS
IPEJCTaBISIIOT 000N HEOOJBIINE OTHOCUTEIBHO MPOCTHIE YYaCTKH KOJa,
TO X MOHO MPOBEPUTHh U (POpMarIbHON BepUPUKaLUEH, ONepUpyrOLIei
3aBUCUMOCTSIMU BBIXOJHBIX JAHHBIX aJITOPUTMA OT €r0 BXOJHBIX JIaHHBIX.
BrIxoHbIE BO3ACHCTBUS B aBTOMATHBIX MPOTpaMMax MOTYT TakKKe OBITh
IIPOBEPEHBI HAa OCHOBE MMOAX0/a, U3J0KECHHOrOo B padoTe [59].

[TpuMepbl HUCMOIB30BAHUSA HMHCTPYMEHTAIBHBIX CPEACTB BepH(HUKAIUN
6omnee moapoObHO paccMoTpeHsbl B kHUrax [93, 94]. Bonpock! Bepudukarmm
nporpamMm oOIIero BUa paccMaTpuBaroTes B Kuurax [17, 18].

[lepBbie pabOTHI MO BEPU(BHKAIIMM ABTOMATHBIX IPOIPAMM ITOSBHIINCH
B 2006 r. — cHauana [87], a 3atem — [70]. UccnenoBanus mo BepupuKaum
aBTOMATHBIX nOporpamMm npoponkaiorcs B Cankr-IlerepOyprckom
rOCYyJapCTBEHHOM  YHHBEPCUTETe  HMH(POPMALMOHHBIX  TEXHOJIOTHIA,
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MeXaHuKH W ontukud [53, 63, 77] u B SIpociaBckoM rocymaapCTBEHHOM
yauBepeutete uM. I1. I'. emumosa [95, 96]. ITo sToi TeMaTHKe HAYMHAIOT
samuinarbes auccepranun [97, 98], B Tom umcie, gokropckue [99]. Ipu
9TOM OJIMH W3 BBIBOJIOB MOCIEAHEH paboThl cHOPMYITHPOBAH CIICTYIOIIAM
00pa3oM: «aBTOMaTHBIE TPOTPAMMBI SIBISIFOTCSI UCKIIOYUTEIHHO YI0OHBIM
00BEKTOM TS BEpU(PUKAIIMHA METOJIOM IMPOBEPKU MOICIIN.

ABTOpBI MpEIIONIArarT, YTO JAaHHAs KHHUra MPUBJIEYET BHUMAaHUE K
aBTOMAaTHOMY NPOTPaMMHPOBAHUIO, KaK MOJIXO0ly, OPUEHTHUPOBAHHOMY Ha
BEepHU(DUKALHIO.
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yHUBEpCUTET». MuHucTepcTBOM 00pa3oBaHus W Hayku Poccuiickoit
Odepnepanuu Obla yTBEepKaeHa IIporpamMma pa3BUTHS TOCYJIapCTBEHHOTO
00pa3oBaTeIbHOTO YUPEKICHUS BBICIIIETO 1podheCCUOHAIBHOTO
oOpazoBanust «Cankt-IlerepOyprckuii rocyJapCTBEHHBIM YHUBEPCUTET
HH(POPMAITMOHHBIX TEXHOJIOTHM, MEXaHUKU U onTUKK» 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
MPOBEJICHUS CHELMAILHOTO 00pa30BaTENbHOrO MPOEKTa, UMEIOLIETO LIEIbIO
CO3/IaHME CKBO3HOM NIKOJIbHO-BY30BCKOM CHUCTEMBI OTOOpa, MOATOTOBKU WU
TPYJOYCTPOWCTBA OJAPEHHBIX B O0OJIACTH TOYHBIX HAYK IIKOJHbHUKOB H
CTYJEHTOB. 3a NPOLIEAIINE JIBa ACCATWIECTUS MPOEKT MOJYy4YMI HIMPOKYIO
M3BECTHOCTh U MHOTOYUCJICHHBIE MOJIOKUTEIbHBIE OT3bIBbI POCCUUCKUX W
3apyOC)KHBIX  CHeIUaIucTOB. B  Hacrosmiee Bpems Ha  Kademape
KOMITBPIOTEPHBIX TEXHOJOTHI oOyuaercss mopsiaka 200 crymeHToB, Oosee
MOJIOBUHBI U3 KOTOPBIX SIBJISIFOTCS TOOEAUTENIIMA PETMOHATIBHBIX OJUMIIUA
MO TOYHBIM HayKaM, a OKOJIO CEMHIECATH — 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 POCCUHUCKUX
CTIEIMATU3UPOBAHHBIX KOMITBIOTEPHBIX Kadeap.
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