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[IpeguciaoBue

KoppekmHocms nporpammbl — COOTBETCTBME €€ (hyHKYUOHAbHOCMU (TOro, 4mo nporpamma
aenaet) mpebosaHUAM (TOMY, YTO OHA 00/H(HA [eNaTb) — MOXKET AoCTUraTbea mbo 6esowu-
6o4HbIM poekmuposaHuem (design by correctness), n(M6o nyTem NOCTENEHHOTO BbISBNEHUA U
YCTPaHEHUA HECOOTBETCTBUIA, OWMBOK. MepBbili NOAX04 KaXKeTca NpeanoYTUTeNbHbIM. B camom
fene, 3a4em TPaTUTb YCUAUA Ha MOUCK U UCMPaBAEHUe OLMBOK, eC/iM MOXKHO Cpasy BCe cAenaTb
npasunbHO? OAHAKO He Bce TakK MpocTo. Bo-mepBbix, HE Cpasy MOHATHO, YTO 3HAYUT «npa-
BU/IbHO»: TPEBOBAHUA K NpOrpaMme YTOYHAOTCA MO Mepe ee Pa3paboTKu: TO, UTO KayKeTca npa-
BU/IbHbIM CErOAHA, OKA3blBAETCA HENPaBU/IbHLIM 3aBTPA. BO-BTOPbIX, MPOrpamma 3BOHOLUUOHK-
pyeT: TpeboBaHMA K KaxKA0M KOHKPETHOM BepCUM MOTYT BbITb 3aLaHHbIMKU, HO MEHAIOTCA OT Bep-
CUM K BEPCUU; KCUHTE3» KOPPEKTHOM NPOrpammbl C HY1i N0 0BGHOBNEHHbIM CneuudUKaLmam Tpe-
ByeT OrpoOMHbIX 3aTpaT; eC/IM e UATU NyTem A0PaboTKM NMetoLLeincs Bepcum (UTo 0bbluHO 1 ae-

NAloT), MOMKET HapYLIMNTLCA KOPPEKTHOCTb.

Bepugpukayueli nporpamm, WAM, LWMPE, KOMMbIOTEPHbIX CUCTEM, Ha3blBAETCA AEATENbHOCTb,
Hanpae/iieHHan Ha BbIACHEHME WX NPABWUAbHOCTU MUK, HA060opPOT, oWwKnboYHOCTU. [leATeNnbHOCTb
3Ta MOMKET NMPUHUMATb pasHble GopMbl: UHCEeKyus Koda (MPOCMOTP U PeLLeH3UPOBAHUE KUCXOA-
HWKOBY»); cmamuyecKuli aHaaAu3 (NOUCK TUMOBbIX OLIMBOK: YUTEHUIN HEUHWULMANU3UPOBAHHBIX MNe-
PEeMEHHbIX, Pa3bIMEHOBAHMUI HyNEBbIX YKasaTesei 1 T.n.); mecmuposaHue (3anyck Nporpammbl
Ha NpvMepax ¥ NPOBEpPKa KOPPEKTHOCTU pPe3y/bTaToB); UMUMALUOHHOE MoOenuposaHue (co-
3/@aHMeE UCMONHUMON MOLENN CUCTEMbI U €€ UCCNEL0BAHME B CMELMAZIbHOM OKPYXKeHuK); gop-
MasbHaAA 8epuguKkayua (NOCTPOEHME NIOTUYECKOM MOLENN CUCTEMbI U ee aHa/in3 cpeacTBamm
MaTemaTUyecKkom noruku). MoaxoA0B MHOTo, O4HaKO 33Ja4a BepUPMKaLMM HACTONbKO TPYAHA,
YTO HM OAMH M3 HUX He FOAUTCA Ha Posib «cepebpAHOM Nyan», cnocobHOM rapaHTUpPOBaTb KOp-
PEKTHOCTb AENCTBUTE/IbHO C/I0KHbIX MPOEKTOB; yyllne pe3ybTaTbl, KaK NOKa3blBaeT NPaKTUKa,

AOCTUraoTCA NPU COBMECTHOM UCNOJ1Ib30BAHUKN Pa3HbIX MeTO40B.

MNpepnaraemoe Bawemy BHUMAHUIO nocobue noceAlLEeHO OAHOMY K/ZlaCCy MeToa40B — dJOpMCIﬂb-
HblM memodam. Ux CyTb COCTOUT B CO34aHNUN MaTeEMATUHECKUX MO,EI,eneVI nporpamm un TDE6OBa-
HUMA U B IOTMYECKOM aHa/In3e COOTBETCTBMA MeXAy NOCTPOEHHbIMM MogenAamun. B HeKoTopom
CmbiCne d)opmaanble meToAabl — 3TO CbYH,CI,aMEHT, Ha KOTOPOM CTOUT 34aHNe I'IpOI'paMMHOl;'I UH-

eHepun. (AHal]OFM‘-IHbIM d)yH,CI,aMEHTOM B CBO€ BpemMaA BbICTynun MaTeMaTUYeCKUM aHaNn3 no



OTHOLLEHMIO K pur3mKe.) CledyeT OTMETUTb, YTO 3TO HE «Tro/1asn TEOPUA», Kak 4acTo AymatoT: ¢op-
Ma/ibHble MeTOAbl AaBHO BbILAN 33 NPeebl akageMUYecKoro cCoobLLecTBa 1 CTaiu YacTb UHAY-
CTPWU; CerofHs 3TO HeoTbeM/IeMas YacTb NpoLecca PaspaboTKM CUCTEM OTBETCTBEHHOIO Ha3Ha-
YyeHusa (MMKPOMpPOLLeCCOPOB, ONepaLMOHHbIX cUcTemM, 6OPTOBbIX KOMMaeKcos). Mocobue npecne-
[yeT fBe OCHOBHbIe Lenn: cnocobcTBoBaTth 6onee rnyboKoMy NOHMMaHWIO NPUPOAbI NPOrpam-

MUPOBAHNA U Cd)OpMVIpOBaTb NPaKTU4eCKME HaBblKU BepMd)VIKaLI.VIVI KOMMNbOTEPHbIX CUCTEM.

KHura ocHoBaHa Ha Kypcax Nekumii, Yntaemblx aBTOpom Ha dakynbtete BMK MIY um. M.B. Jlo-
MoHocoBa, PYNM MOTU n ®KH BLL3. B Heit M310KeHbl OCHOBbI LUMPOKO M3BECTHbIX NOAXOA0B
K BepubUKaLmm: 0e0yKmueHO20 aHAU3a W nposepku modeneli (model checking). PaccmatpuBa-
I0TCA TaKMe TeMbI, Kak MeToZbl GOPMann3aumm CEMaHTUKM A3bIKOB MPOrpaMmMmnpoBaHus (onepa-
LMOHHAA M aKCMOMaTUYeCcKana CeMaHTMKa), meToabl dopManbHOM cneunduKkaumnm TpeboBaHni
(nporpammHble KOHTPaKTbI U TEMNOPasbHasA NOTMKa IMHEHOTO BPEMEHM), METOAbI LLOKa3aTe Nb-
CTBa KOPPEKTHOCTU MPOrpamm (MeTos MHAYKTUBHbIX YTBEPXKAEHUI U MeToZh QYHAMPOBAHHbBIX
MHOMECTB) U MeToAbl NPOBEPKN MoLenel (TEopeTUKO-aBTOMATHbIN NOAXOA, B ABHOW U CUMBO-
Nmyeckoi popmax). Kpome Toro, B nocobmum 3aTparMBatoTca BONPOChl abCTPaKTHOM MHTepnpeTa-
LK, aBTOMATM3MPOBAHHOMO [0Ka3aTe/bCTBa TEOPEM U paspeLlleHUa OrpaHUYeHnn, NnpumeHe-

HUA GOPMaNbHbIX METOA0B B TECTUPOBAHUK; AatoTcA cBeAeHnA 06 nHcTpymeHTax Frama-C u SPIN.

MNocobue HanncaHo ANnAa CTyAeHTOB M aCNMPaHTOB NPOrpaMmMUCTCKUX CI'leLl,Ma/'IbHOCTEIZ, a TaKxXe
npenop,aBaTenel‘/'l n MCCﬂe,CI,OBaTeﬂeﬁ B 0b6s1acTu VIHCI)OpMaTVIKM W BbIYUC/IUTENBHOW TEXHUKU. OT

qyyuTaTena Tpe6yeTc;| 3HaHne OCHOB ,D,MCerTHOVI MaTEMATUKM U MAaTEMATUYECKOM IOTUKMN.

CTpyKTypa KHUTH

Mocobue coctout 13 15 nekunit (rnas), cCHabKeHHbIX BONPOCaMu 417 CAaMOMPOBEPKMU U YNpaxK-
HEeHMAMM: NeKkuma 1 — BBOAHAA; NEeKUMK 2-7 NOCBALWEHbI AeAYKTUBHOMY aHa/M3y NPOrpamm;
nekuuun 8-14 — nposepKe moaenen; nekuma 15 3atparnmeaeT BONPOCbl UCNoNb3oBaHUsA ¢op-
Ma/ibHbIX METOA0B A/1A TecTMpoBaHua nporpamm (model-based testing). Bonee nogpobHan UH-

bopmauma o coaepskaHMmn NeKLMIt NpUBeaeHa HUXKe.

B nekummn 1 gaetcs npeacTaBieHUE O KOPPEKTHOCTM MPOrpamm, T.e. UX COOTBETCTBUM TpeboBa-
HMAM, 1 BepudMKaunmM — npouecce NPoBepKU KoppeKkTHocTU. [enaetca 0630p 6a30BbIX MeETO-

0B BepUOMKaLMK, BKIOYAA KaK GopmanbHble (MpoBepKa 3KBMBANEHTHOCTU, MPOBEPKA MoAe-



nen, AeAyKTUBHbIM aHanu3), Tak n HepopmasbHble (3KCnepTu3a, TecTMpoBaHKue). PaccmaTpumBa-
eTcA obuian cxema popmanbHOM BepUPMKALLMU: MPOrpaMme CTaBUTCA B COOTBETCTBME popMaib-
Has mogZesib Nporpammbl, TpeboBaHMaAM — dopmanbHasa Mogenb TpeboBaHMIA; NpoBepKa Kop-
PEKTHOCTM Nporpammbl CBOAUTCA K GopManbHOW NpoLeaype, ycTaHaBAMBaloLWEN COOTBETCTBUE
MeXKay Nepsoi U BTopoi mogensimu. MpuBoaaTca HEKOTOPbIE TUMbl MOAENEN U OTHOLLEHUI CO-

OTBETCTBUA.

B niekuMmn 2 Ha NpMmepe NPOCTOro MMNepaTMBHOrO sA3blika while paccmaTpuBatoTca gBa meToaa
bopManm3aLmMm ceMaHTUKM A3bIKOB NPOrPaMMUPOBAHUA: ONePayUOHHAA CEMAHMUKA (CTPYKTYp-
HasA onepaumoHHan cemaHTMKa N0TKMHA) U aKcuomamuyeckas ceMaHmuka (LenyKTUBHas cu-
cTema Xoapa 1 metof, [JelKCTpbl, OCHOBAHHbIA Ha NOHATUKM cnabeliwero npeaycnosus). Nokasbl-
BAeTCA, YTO NMporpaMmma — Kog Ha A3blke ¢ GOpMann30BaHHOM CEMAHTUKOW — ABAAETCA maTe-
MaTUYECKMM O0BBEKTOM, K KOTOPOMY NMPUMEHUMbI CTPOTUE IOTUYECKME PACCYKAEHMSA, B YACTHO-
CTM O €ro KOPPEKTHOCTU UM HEKOPPEKTHOCTU (KOHEYHO, MPY Haauumm bopmanbHbIX cneumndu-

Kauuii TpeboBaHui).

B nekumn 3 paccmaTpuBatloTCA OCHOBbI AeAYKTMBHON BepuUOUKaLMM NOCNefoBaTebHbIX MPo-
rpamm: NPUBOAATCA CBEAEHUA O AeYKTUBHbIX CUCTEMAX M TEOPUM [LOKA3aTENbCTB; AAeTCA Npes-
CTaBneHMe O BEpUPMKaLMM NPOrpaMmbl Kak MOMCKe A0Ka3aTe/bCTBa YC/0BUA KOPPEKTHOCTU B
OeOyKTUBHOW cucTeme, GopmMasnnsytoLLein A3biKk nporpammuposaHus (naatdopmy). Mokasbisa-
eTCA, YTO CBOMCTBA LMK/IOB, TaK Ha3blBaeMble MHBAPMAHTbI, HE BbIBOAUMbI U3 CTPYKTYPbI MPo-
rpammbl. 3agaHve MHBapPMAHTOB AaeT HABPOCOK A0Ka3aTeNbCTBA KOPPEKTHOCTH, MPOBEPKY KOTO-

POro MOXHO aBTOMATU3NPOBATb.

B neKkumm 4 paccmatpusatoTca anemeHTbl A3bika ACSL (ANSI/ISO C Specification Language), npea-
Ha3HayeHHoro Ana popmanbHON cneunduKkalmm (aHHOTMPOBAHMA) Nporpamm Ha fA3bike C. [e-
naetca 0630p naaTdopmbl cTaTUYECKoro aHanmsa Frama-C (Framework for Modular Analysis of
C programs) n moayns Jessie, aBTOMaTU3MPYIOLLErO AeAYKTUBHYO BepubmKaumo C-nporpamm
Ha cooTBeTcTBMEe ACSL-cneundurKaumam. M3noxkeHne 6asupyeTca Ha npumepax (nogpobHoe
onucaHue A3blka ACSL M OCHOBAHHbIX Ha HEM MHCTPYMEHTOB A0CTYMHO B COOTBETCTBYOLLEN A0-
KyMeHTaumu). OnvcaHHble CPeaCcTBA MOTYT UCMO/b30BaTbCA B MOBCEAHEBHOM NPOTrPamMMUCTCKOM

NpaKTuKe.

B nekumm 5 paccmaTtpuBaeTca oAMH M3 NEepPBbIX NOAX0A0B K GopmanbHOM BepudmKauum npo-

rpamm — metog Pnoviga. MeTos COCTOUT U3 ABYX YacTel: METOA UHAYKTUBHbIX YTBEPKAEHWUN,
10



npeaHasHayeHHbl ANA A0Ka3aTeNbCTBa YaCTUUYHOW KOPPEKTHOCTU, U MeTod GYyHAMPOBAHHbIX
MHOXECTB, UCNO/b3yeMblil A8 A0Ka3aTeNbCTBa MOJIHOM KOPPEKTHOCTM (BTOpas 4acTb meToaa
pa3bupaeTca B nekumu 6). Metoa ®noinaa umeet aeno ¢ 610K-Cxemamu, YTo NO3BOIAET aHaNM-
3MpoBaTb NPOrpammbl C 06LWMM BUAOM NOTOKa yNpasBaeHWs, B TOM YMCIe He OTBeYatoLme npuH-
LMnam CTPYKTYPHOro nporpammmpoBaHua. MeTos, COCTOUT B pacceyeHnmr LMKAOB, ConocTaBe-
HUW TOYKAM CEYEHUS MHAYKTUBHbIX YTBEPKAEHMUI (MHBAapMaHTOB), GOPMY/IMPOBKE YCNOBUIA Be-

pudMKaLmMmM 1 Nx fOKazaTeNbCTBe.

B nekumm 6 paccmaTpmBaeTca metos GyHAMPOBAHHbIX MHOXKECTB, NPUMEHAEMbI B Mape ¢ mMe-
TOAOM MHAYKTUBHbIX YTBEPKAEHMI AN [AOKA3aTebCTBa 3aBEPLUIMMOCTM U NOJTHON KOPPEKTHO-
CTK Nporpamm. Maes metoaa 3aK/1t04aeTcs B CONOCTaBIEHNM KaXK 40N TOUKE CeYEHNA OLEHKN —
bYHKUMM COCTOAHMA, 3HAaYEHME KOTOPOI yObIBAET MPU KaXKAOM NPOXOXKAEHUMN Yepes 3Ty TOUKY,
HO B TO K€ BPemMs He MOXeT ybbiBaTb 6ECKOHEYHO L0/1T0 B CM/Y XapaKTepa M3MEHEHMI 1 orpa-
HUYEHWUI, HaKNaAblBaeMbIX COOTBETCTBYIOWMM WMHAYKTMBHbIM yTBEpXAaeHuem. Ecam ypaercs
HaMTU TaKMe oLeHOYHble GYHKLMMN 1 f0KA3aTb YCN0BUA BepubdmuKaLmm, Nporpamma 3asepLiaercs

u, 6onee TOro, ABNAETCA NONHOCTbIO KOppe}(THOI‘;I.

B nekumm 7 paccmaTpuBaloTca BOMPOCHI aBTOMAaTM3aUUM AeAyKTUBHOM BeprdUKaL MM NPorpamm,
B YaCTHOCTM BOMPOCbI aBTOMATUYECKOTO CUHTE3a MHBAPWMAHTOB LIMKNOB. 3a4a4a CUHTE3a OLLeHOY-
HbIX GYHKLMI OTAENbHO HE PAacCMATPUBAETCA — OHA MOMKET ObITb CBeAeHa K NOCTPOEHMIO MHBA-
PWMAHTOB Yy NPOrPaMm, PACLLUMPEHHBIX cYeTYMKamu. ONUCbIBaAtOTCA A,Ba KNAacca METOLOB: 3BPUCTU-
Yyeckme MeToAbl U MeTOAbl, OCHOBaHHbIE Ha abCTPaKTHOWM MHTepNpeTaLmm, T.e. CUMBOIMYECKOM
MCMNOJIHEHUM B YNPOLLEHHbIX NPeaMETHbIX 061acTAX — abCTPaKTHbIX moaensax. OnpeaensoTcs
OCHOBHbIE MOHATMA abCTPAKTHON MHTEpPNpPeTauun; NPMBOAATCA NPUMEPbI A5 Takux obaacrei,

KaK MHTepBasibHaA apVId)METl/IKa M TEe0PUA BbIMYKAbIX MHOTOrpaHHUKOB.

B nekummn 8 paccMaTpuBaloTCA OCHOBHbIE NOAXOAbl K aBTOMATUYECKOMY J0KA3aTe/IbCTBY TEOPEM,
BK/ItOYAA METOZ, pPe30touui ANA NOTUKM BbICKasblBaHUM M JIOTMKW NpeaMKaToB MepBOro no-
pAaaKa. BBogAaTca NoHATUA paspeLuatoLLei npoueaypbl U paspeLummon Teopun, NpuBoaAaTca nNpu-
Mepbl PaspeLMmMbIX U HepaspeLlMMbIX TeEOpUin. Bonblloe BHUMaHUE yaenseTca NpuHUmMnam pa-
60Tbl SAT- n SMT-pelwatenet — cpeacTs, COCTABAAOWMX AAPO0 MHCTPYMEHTOB GOopManbHON Be-

pudmkaummn: onucbiaetca anroput™ DPLL npoBepku BbinonHMmocT KH®; npusoauTtca paspe-
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LaroWwas npoueaypa Ana TEOPUN PaBEHCTBA HEMHTepNpeTUpyeMbix GYHKUUI; faeTca npeacTas-
NneHve o metoae HenbcoHa-OnneHa KOMBUHMPOBAHUA paspeLlatoLLmMX NpoLeayp 418 PasHbIX

TeopUi.

B nekumn 9 paccmaTpmBaloTca napasinesibHble NMPorpammbl — MPOrpammbl, COCTOALLME U3 He-
CKOJIbKMX MPOLLECCOB, UCMOIHAEMbIX O4HOBPEMEHHO U B3aMMOZENCTBYHOLLMX APYT C APYTrOM Ye-
pe3 obwue nepemeHHble. CeMaHTUKA TaKMX NPOrpaMm onpenensaeTca ¢ NOMOLLbIO Napagurmbl
YyepenoBaHUsA npoueccos. Ocoboe BHUMAHWE yaAeNAeTcA TaK Ha3blBAEMbIM pearnpyroLLMm cucTe-
Mam — nporpammam ocoboro Tmna, paboTarowmm B «6ECKOHEYHOM LUKAEN U pearupyowmm Ha
COObITUA OKPYMKEHUS MYTEM UCMOJIHEHUS TEX UIU UHbIX AencTBuiA. OnucbiBaeTca o4nH U3 Gop-
ManM3MOB, NPUMEHAEMbIX ANA CNeLnPUKaLMN pearnpyroLLmMx CUCTEM — TEMNOPAbHAA 0TUKA
NMHelHoro Bpemenn (LTL, Linear-time Temporal Logic). Ans uanocTpauum mMeTo4os cneundu-
Kaumu 1 BepudUKaLMm napannenbHbiX NPorpaMmm UCnonb3yeTca anroputm MNetepcoHa B3anm-

HOro UCKNoYeHnA npoueccos.

B nekummn 10 paccmatpusatoTcA 6a30Bble BO3MOMXKHOCTU A3blka PROMELA M OCHOBAHHOIO Ha HEM
MHCTPYMeHTa SPIN. A3biK PROMELA (PROCess MEta-LAnguage) npegHasHayeH 414 Mo4eMpoBaHMs
ACUHXPOHHbIX MapannenbHbix cuctem. MHcTpymeHT SPIN (Simple Promela INterpreter) nossonser
aHanu3npoBaTb PROMELA-moOAEeNW, B TOM 4YMcne yCTaHaB/AMBaTb COOTBETCTBME mogenein LTL-
cneumouKaumam, T.e. NPOBEPATL, ABNAETCA M MOAeNb (NporpamMmma Ha A3blke PROMELA) mogae-
Nblo (B IOrMYECcKOM NOHUMAHMK) 3agaHHOoM dopmyabl LTL. OnucaHHble cpeacTsa MoryT 6bITb UC-
NoJ/1b30BaHbl HA NPAKTMKE NPWU NPOEKTUPOBAHUK NapaiesibHbIX MPOrPaMm U pearmpytoLLmnx cu-

cTem.

B nekuymmn 11 paccmaTpmBatoTCA BOMPOCHbl a4eKBAaTHOCTU MOAENNPOBAHUA NPOrPaMmm CTPYKTY-
pamu KpurKe, B TOM YMc/ie BONPOChI BbiIGOpa yPOBHA abCTPaKLMM AaHHbIX U TPaHYAAPHOCTU Ael-
cTBMA. OBCYKAQOTCA BO3MOXKHbIE aHOMa/INK: NOABAEHUE NOBEAEHUA HEMPUCYLLEFO MCXOLHOM
nporpaMmme 1 CBsi3aHHbIE C 3TUM JIOXKHble coobLeHnsa 06 ownbKax (false positives), a Takke uc-
Ye3HOBEeHME BO3MOMKHOIO NMOBEAEHMA N CBA3AHHbIE C 3TUM NPONyckn owmnbok (false negatives).
[aeTca npeacTaBneHve o NpeanKaTHOM abCcTpaKuMu NporpaMm M aganTUBHOM YTOYHEHUM ab-
CTPaKLMK Ha ocHOBe KoHTpnpumepoB — meToge CEGAR (Counter Example Guided Abstraction
Refinement). PaccmatpuBatoTca 6a3oBble NOAXOAb! K UCCEA0BAHMIO MPOCTPAHCTBA COCTOSHUIA
napannenbHol NPorpaMmbl, NO3BOJIAOLLME MO MOAENAM NPOLLECCOB CTPOUTb MOAE/b BCEW MPO-

rpaMmbl.
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B nekuum 12 paccmaTpmBatoTca m-A3blKM — A3bIKM C 6BECKOHEYHbIMM C/I0BaMMW — U OAWNH U3 CMO-
cob0B MX ONUCaHWUA — aBTOMaTbl Bloxu. CTPyKTYpHO aBTOMATbl BHOXM MAEHTUYHBI KOHEYHbIM aB-
TOMaTaMm, HO OT/IMYAIOTCA OT HUX YCNOBMEM PACNO3HaBaHUA cnoB. MoKasbiBaeTca, Kak ANA A3bl-
KOB, OMMUCbIBAaEMbIX C MOMOLLbIO KOHEYHbIX aBTOMATOB M aBTOMaToB Bloxu, pelatoTca 3agaum
HaXOXAEHUA NepeceyeHns 1 NPOBEPKM Ha NYCTOTY. EC/IM MHOXECTBO BCEX BO3MOKHbIX TPAEKTO-
pUiA CUCTEMbI M MHOMKECTBO BCEX OLUIMBOYHbIX TPAEKTOPUIA CUCTEMbI MOTYT BbITb NpeacTaB/ieHbl
B popme aBTOMaTOB BIOXM, TO peLleHMe YKa3aHHbIX 33434 AAET KoY K MPOBEPKE MOAENN: eCU
nepeceyeHme yKasaHHbIX MHOMECTB He NycTo, MogeNb OWNOoYHa. [OKa3bIBAETCA, YTO MHOMKeE-
CTBO TPAEKTOPUI CTPYKTYpbl Kpunke TpuBMaabHbIM 06pa3som onucbiBaeTcA aBTomaTom Groxu.
Bonpoc 0 BO3MOXHOCTU NpeacTaBneHnsa aBTomaTamm broxu popmyn LTL paccmaTtprsaeTcs B ciie-

OYHOLLEN NeKUUN.

B nekumn 13 paccmaTtpmBaeTca KAOYEBOM 3Tan TEOPETUKO-aBTOMATHOIO NOAX0Aa K MpOBepKe
mogaenen gna norukn LTL — noctpoeHne aBTomaTa Bloxu, AOMycKaloLWero Bce Te U TO/IbKO Te
TPAEeKTOPMK, Ha KOTOPbIX UCTMHHA 3adaHHasa ¢opmyna LTL. OnucbiBaemas npouenypa MOXKeT
6bITb MCNONBb30BaHA M A1A NPOBEPKMU BbINOJAHUMOCTU Gopmynbl LTL: ecnm A3biK, AOMNYCKaeMbli
COOTBETCTBYIOLLMM aBTOMATOM Btoxu, He nycT, dopmyna BbINONHMMA — AN15 HEe CyLLecTByeT Tpa-
€KTOPUA, Ha KOTOPOW OHA UCTMHHA. MIMeeTcA HeCKO/IbKO asropUTMOB NOCTPOEHUA aBTOMATOB
Btoxu no dopmynam LTL; BCe OHM CXOXKM MO CNOMKHOCTHBIM XapaKTePUCTUKaM: pe3ynbTaToOM fAB-
NAeTcA HeAeTePMUHMPOBAHHDBIN aBTOMAT BIOXM, YNCNO COCTOAHUI KOTOPOrO SKCMOHEHUMAaNbHO
3aBUCUT OT pasmepa Gopmynbl — YnUcia CUMBOJIOB B ee 3anucu. Bonpocbkl onTMumusaumm pas-

Mmepa aBTOMaTa BbIXOAAT 3a PaMKU yl466HOI'O nocobwus.

B nekuum 14 paccmatpumBaeTca CMMBOAMYECKAA NpoBepKa moaenen ansa noruku LTL. Otanume ot
KNAacCMYEeCKOro NoAxosa, PaCCMOTPEHHOTO paHee, COCTOUT B TOM, YTO MHOXECTBO COCTOAHWN U
OTHOLUEHME Nepexos0B MOLENN, a TaKKe aBToMaT Boxu, nocTpoeHHbI no dopmyne LTL, npea-
CTaBAAIOTCA HEABHO, B cMMBOIMYecKoin dopme. ObLan naes metona ocTaeTca NpexKHewn, Ho an-
ropuTMbl NOUCKA B rpadax COCTOAHUIM 3aMEHATCA HA MaHUMYAALUU C UX CUMBOSIMYECKUMMU
npeAcTaB/eHUAMM, YTO YAaCTUYHO peLuaeT Nnpobaemy KOMBMHATOPHOrO B3pbiBa. Kntouesyto posb
3/1eCb MrpatoT cnocobbl CMMBOIMYECKOTO NPeACcTaBAEHUA MHOXECTB U OTHOLWEHWN. PaccmaTtpu-
BAeTCA OAMH U3 TaKMX cnocoboB, N03BONAIOWMI cO34aBaTb 3GDEKTUBHbIE CUMBO/IMYECKME aNro-

PUTMbI, — ABOUYHbIE pellatolme guarpammbl (BDD, Binary Decision Diagrams).
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B nekuymn 15 paccmatpmsatoTca BONPOChl MPUMEHEHNA CbOpMaﬂbelX MeToA0B K TECTUPOBAHUIO
nporpamm. Moaxoabl, B KOTOPbIX ¢0pMaJ’IbeIe Mmogenun n TeXHUKN NCNnonb3yroTca onAa peweHna
3a4a4 TeCTUpOoBaHUA Ha3blBAalOTCA METOL4aMUN TECTUPOBAHMA Ha OCHOBE Mop,eneﬁ. [Ona Hux xa-
PaKTEPHbI aBTOMaTUYeCKaA NPOBEPKaA NPaBU/IbHOCTU NoBeAeHNA NPOrpamm B OTBET Ha TECTOBbIE
BO34eMNCTBMA, Haanyme d)OpMa}'IVBOBaHHbIX Kputepunes NOSIHOTbI TECTUPOBAHUA, HAaLLEeNEeHHOCTb
reHepaunm TeCToB Ha TecTtoBoe NOKpbITMe. ONMUCLIBAKOTCA HEKOTOpPbIE PacnpoCTpaHeHHble Noa-
Xo4bl: TeCTupoBaHWe Ha OCHOBE NPOrpaMmMHbIX KOHTPAKTOB, CUMBOJ/IMYECKOE NCNOJIHEHUE U KOH-
Konn4yeckoe (KOHerTHO-CI/IMBOJ'IM"IECKOE) TeCTUMpoBaHMe, reHepaLma TeCtoB C NTOMOLLbHO o6xop,a

rpacda CoCTOAHUN U ap.

bsiarogapHocTu

ABTOp 61arogapeH akagemury B.M. MiBaHHUKOBY (1940-2016) — ocHOBaTeNto0 Y HAY4YHOMY PYKO-
soautento MCMN PAH, 3aBegyowemy Kadbeapamm CUCTEMHOTO nporpammupoBaHus MMy, MoTU
1 BLU3, — nHMuMmnpoBaswemy co3gaHne y4ebHoro Kypca no sepuduKaLmm u npesioxusiemy
aBTopy ero unTathb, U npodeccopy A.K. NeTpeHKko — 3aBeayolwemy OTAeNOM TEXHONOTMI Npo-

rpammuposaHua NCIM PAH, Bcaueckn noagepkmneatolemMy aBTopa B HanmcaHum atoro nocobus.

OTAenbHbIX c10B 61aro4apHOCTM 3aCNyKUBAOT CTYAEHTbl — CAyLWATeNn Kypca.

3aMedyaHusa

KaK 1 nporpammsl, KHUTM copepKaT OLWMOKK, U 3Ta — He UCKItoYeHMe. ABTOp byaeT npu3HaTe-
JleH 3a Nobyto MHPopmMaLmio 06 OWMOKAX U HETOYHOCTAX, BCTPETUBLUMXCA HA CTPaHMLAX NoCco-

619, a TaK¥Ke 3a 3aMeYaHuns u npeanoxeHuma no ero yayyweHuio.

KoHTakTHasa nipopmauma
KamkuH AnekcaHap Cepreesud, K.¢.-M.H., B.H.c. UCIN PAH
109004, r. Mockea, yn. AnekcaHapa ConkeHuubiHa, 4. 25 (MCM PAH)

E-mail: kamkin@ispras.ru
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Jlekuusa 1. BBeaeHnue B popMasibHbIE

MeTOAbl BepuPHKa MU IPOrpaMMm

Bbonbwas opmansHocmes nodxodum 018 npoekmos ¢ 6onbwol
KpUumMu4HoOCMoto.

A. KobepH.
BbicTpas paspaboTka NporpaMmHoro obecrneyeHns

Mepexod om He(opManLHO20 K hOPMAnbHOMY CYUeCmeeHHO He-
¢opmarneH.

M.P. Wypa-bypa

[aetca npeactaBneHne 0 KOPPEKTHOCTM NPOrPaMM, T.e. UX COOTBETCTBUM TpeboBaHMAM, 1 BepudUKaL MM — npouecce NPoBepKu
KoppeKTHoCTH. [lenaetca 0630p 6a3oBbix METOA0B BepUdUKALMM, BKIIOUAA Kak opMasibHble (MPOoBEPKa IKBUBANEHTHOCTH, MPO-
BepKka Mojenei, AeAyKTUBHbIN aHanus), Tak U HepopmasbHble (3KcnepTHsa, TecTMpoBaHue). PaccmaTpusaetca oblias cxema
dopmanbHO BepudMKaLmMM: Nporpamme CTaBUTCA B cooTBeTcTBUE GOPMabHAA MOZeNb nporpammbl, TpebosaHuam — ¢op-
MasibHaA mozenb TpeboBaHWIA; NPOBEPKa KOPPEKTHOCTM NMPOrpamMmbl CBOANUTCA K GopmanbHOM npoueaype, ycTaHaBAVBaloLwei

COOTBETCTBME MEXKAY NepBoi 1 BTOPOi Mogenamu. MpusBoaATcs HEKOTOPbIE TUMbl MOZeNell U OTHOLWEHWI COOTBETCTBUA.

1.1. OKMOKHU B mporpamMmax

MpOrpammmUCTCKMIA GONBKAOP FNACKT, YTO B KaXKA0M Nporpamme (4aKe TLWATeIbHO OT1aXKeHHOM)
ecTb xoTa 6bl 0AHa ownbKal. 3Ta WyTKa, KaK 1 BCAKanA Apyras, NOABMAACL HE Ha NYCTOM MecTe:
NPV BbICOKOW CNOMKHOCTU KOMMbIOTEPHBIX CUCTEM (MUAMAPAbI TPAH3UCTOPOB M MUANNOHDI
CTPOK KoAa) n3berkaTb oWMBOK — HECOOTBETCTBUI CUCTEMbI TPEOOBAHUAM — HEBO3MOMKHO. 3a-
METMM, YTO PeUb UAET HE TO/IbKO O MPUKIAAHOM «copTe», pa3pabaTbiBAEMOM B CMeELIKe He BCe-
r4a KOMMNETEHTHbIMM CMEeLMaancTammn, HO U OTBETCTBEHHbIX KOMMOHEHTaX, BK/oYasa annapaTypy
(MMKponpoueccopsl, ycTpoicTBa BBOAA-BbIBOAA) U cucTemHoe MO (onepaumoHHble CUCTEMDI,
KOMNUAATOPbI). OUEBUAHO, YTO CUCTEMBI, B MPOEKTUPOBAHUM M PEANN3ALLIMM KOTOPbIX AOMNYLEHbI
OLIMBKM, MOTYT B TOW MNM MHOM CUTYaLMM NOBECTH ceba HenpeacKkasdyembiM 06pa3om M NpuBecTH
K Cepbe3HbIM NOCNeACTBMAM. B anTepaType onnMcaHo MHOMECTBO MPUMEPOB TaKoro poaa (cm.,

Hanpumep, [AaK98] n [Kap10]). BoT HEKOTOpbIE U3 HUX.

1 370 BbICKa3blBaHME U3BECTHO Kak nepsas akcuoma M.P. LUypbi-Bypbl (1918-2008). MoAHOCTbIO 3Ta WYT/IMBAsA «aKCMOMATHKa» BbIFIAAWT Tak:
Akcvoma 1. B Kax o nporpamme ecTb XoTA 6bl 0AHa owmnbKa.
Akcroma 2. Ecnn oWwmnBKM HeT B NPOrpaMmme, OHa eCTb B peasim3yemom anroputme.

Akcroma 3. Ecnv oWKUBKM HET 1 B aNrOpPUTME, Takas Nporpamma HUKOMY He HysKHa.

15



B 1982 r. kKaHaackon ¢oupmoit Atomic Energy of Canada Limited 6bin 3anyuieH B ceputo
MeauUMHCKMI annapat «Therac-25», npeaHa3HavyeHHbIM 418 N1y4eBon Tepannun — obny-
YeHUs PaKOBOM OMYXONN. B «peaKmx» cUTyaumax 13-3a paga ownboK, JONYyLWEHHbIX NpK
NPOEKTUPOBAHWM U peanm3aLmm BCTPOEHHOM CUCTEMBI YNPaBAEHUSA, UHTEHCUBHOCTb 06-
Nly4eHuns Bo3pacTana Ha 2 nopsagka u 6onee. 3a Bpema aKcnayaTaumm npubopa (nepmog,
c nioHa 1985 1. no AHBapb 1987 r.) Kak MUHUMYM ABa NaUMEHTa YMEPAU, @ HECKOJIbKO

4yesioBeK OCTanUCb VIHBaJ'IVIAaMVIZ.

2 ceHTABpA 1988 r. bblna NoTepsiHa CBS3b C COBETCKOM MeXKNIaHeTHoM cTaHumel «Poboc-
1», 3anyuieHHol 7 utonsa gns uccnenoBaHusa Mapca m ero cnyTHMKa doboca. 29 aBrycrta c
3emnu bblna NepefaHa HEKOPPEKTHAA KOMaHAa, KoTopas bblia ownBOYHO BOCNPUHATA
60pTOBOI CUCTEMOWN KaK KOMaHAa Ha OTKOYEHWE CUCTEMbI OPUEHTaLMK U cTabununsa-
umn. CTaHUMA nepectana OPUEHTMPOBATb COMHeYHble baTapen Ha ConHue, BCaeacTeue
Yyero ee akKyMynATOpbl UCTOWMANCE. Yepes nonroaa 6biia notepaHa ceAsb ¢ «Poboc-2»,
aybnepom «doboc-1». OcHoBHaA 3afayva 06enX MUCCUMIN — AOCTaBKa Ha NOBEPXHOCTb

doboca fONrOXKMNBYLLEN aBTOHOMHOM CTaHLMK — OCTanacb HeBbINOAHEHHOMN3,

13 ntoHA 1994 r. 6bina 06HapyKeHa oWMbBKa B peannsaunmn UHCTPYKUUK AeNeHns yucen
C NJ1aBaloLLel TOYKOM B MUKponpoueccope Pentium dupmbi Intel (B Tabanue HauyanbHbIX
NPUBAMKEHNIA MOAYNA feNeHNA NPUCYTCTBOBAIO HECKO/IbKO HEKOPPEKTHBIX 3HAYEHWUI).
M xoTA pAfoBbIX Nosb3oBaTenel NepcoHasbHbIX KOMMbIOTEPOB 3Ta OWMbKa, Kasanochb
6bl, He Ao/MKHA Oblna 6ecnoKonTb, KOMMNAHUK, ANA COXPAHEHUA UMUAXKA, NPULLIOCH OCY-
WecTBMTb BecnaaTHyo 3aMeHy BbINyLEHHbIX MUKPOCXeM. 3aTpaTbl Ha 3TO cocTaBuamn 475

MWUNTNOHOB 00N11aPO0B.

4 vioHsa 1996 r. Ha 39-1 ceKyHAe nocne cTapTa B30pBasiacb pakeTa-HocUTeNb «ApUaH 5»,

pa3paboTtaHHas EBpoMNeickMm KOCMUYECKMM areHTCTBOM. bopToBas cucTema 4acTUYHO

2 Cnyyait c annapatom «Therac-25» He ABNAETCA eAMHCTBEHHbIM B CBoem poge — B 1991 r. 8 McnaHuu npwm ncnonb3osBaHum annapara «Sagitar-

35» noABepraInch NepeaosnpoBke He MeHee 25 NaLUEHTOB, U3 KOTOPbIX Kak MUHUMYM TPOe yMepAu.

3 HeyaauHas yyacTb NOCTUINA U MENKMNAHETHYIO CTaHLmio «Po60oc-TpyHT», 3anyLieHHY0 9 HoAbpsA 2011 r., — KU3-3a HELUTAaTHOM CUTYaLMK CTaHLMUA

He CMOrN1a MOKMHYTb OKPECTHOCTM 3eman 1 15 aHBaps 2012 r. cropena B MAOTHbIX C0AX aTMochepbl (MPeanonoknUTeNbHO, HEKOTOPbIE dpar-

MEHTbI CTaHLMM 3aTOHYNM B TUXOM OKeaHe).
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ncnonb3osana MO npeabiayuiein Bepcun pakeTtbl, «ApuaH 4», B HaCTHOCTM MOAY/1b yripas-
NEHWA MHepLUManbHOW HaBUraLUMOHHOM cuctemoin®. Tpu BbINONHEHUK Npeobpa3oBaHMA
13 64-6UTHOTO YMC/A C NNABAIOLLEN TOYKOM, NPEACTAaBNAIOLWErO HAK/IOH paKeTbl, B 16-61T-
HOe Liesoe BO3HMK/O NepenosiHeHne, KoTopoe He bbl10 0bpaboTaHo mogynem. Mpu pas-
paboTKe Moayna Npeanoaaranoch, YTo NepenosiHeHe HEBO3MOXKHO M3-3a GU3NYECKUX
OrpaHMYeHuin pakeTbl, HO MPOrPECC, Kak U3BECTHO, HE CTOWUT Ha mecTe — B «ApuaH 5»

MCNo/s1b30Ba/IMCb HOBbIE ABUraTE/IN.

e 23 mapTa 2003 r. Bo Bpems BOVHbI B Mipake aMepmnKaHCKNN 3eHUTHO-PaKeTHbIN KOMMAEKC
«Patriot» ownbouHo naeHTMduLMposan bputaHcknin 6ombapanposLmk «Tornado», ne-
TEBLIMMA 6M3 KYBEUTCKOM rpaHuLbl, Kak NPUBAMIKAIOLLYIOCA BPAXKECKYHO PaKeTy U aBTo-
MaTU4Yeckn npowmssen 3ann. MNormb6am asa nunota. Cnycta NoaTopbl Heaenw, 2 anpens,
«APYKECTBEHHbIM OFHEM» OblN1 YHUUTOXKEH aMepPUKaHCKUIM NanybHbIN nctpebutenb-bom-

6apavposmk F/A-18 «Hornet». Ewe oguH nunoT norné.

BaKHO NOHMMaTb, YTO OLUIMOKM B KOMMbIOTEPHbIX CUCTEMAX HE ABAIOTCA YEM-TO UCKIHOUUTESb-
Hbim. CornacHo CTaTUCTUKE, CpeaHee YMC0 OWMBOK Ha TbiCAYY CTPOK HEOT/IAa’KEHHOI0 KoJa Ko-
nebnetca 8 npegenax 10-50° [Mcc04]. Bonee Toro, HabntoaaeTca TeHAEHUMA K AerpajaLmm Ka-
YyecTBa NPOEKTUPOBaHMA (NO BCEM BUANMOCTH, 3TO CIeACTBME BO3PACTAOLWEN CTIOXKHOCTM CUCTEM
M ONTUMM3ALMKN PACXOAO0B HA UX co3aaHme): «C TOYKM 3peHMA CNoCoObHOCTM BCe 3anyTaTb U UC-
NOPTUTb KOMMbIOTEP C KaXKAbIM AHEM CTAHOBUTCA BCe HO/bLUE NOXOXK Ha YenoBeKa» [LIo07]. Bme-
CTe C TEM Hallia }KM3Hb BCE Yalle 3aBMCUT OT KOMMbHOTEPOB, NO3TOMY 0becrneyeHne KOPPEKTHOCTH
M HaZeXXHOCTM KOMMbIOTEPHbIX CUCTEM (ApyrMumu cnoBamu, BepuduKauus) npuobpetaeT Bce

60nblIee 3HaYeHue.

1.2. Bepudpukauus nporpamm

Y10 ke TaKkoe gepuguxayua? BepndurKaumein Ha3biBaeTca NpoBepPKa COOTBETCTBMA NPOrPammbl

(MM HEKOTOPOro NPOMEXKYTOYHOrO pesy/ibTaTa NPOEKTUPOBAHMUA: NMPOTOTUMNA, MOAENM U T.N.)

4 Kcratvt rosops, MO B EBPOMENcKOM KOCMUYECKOM areHTCTBe pa3pabaTbiBaeTcs Ha A3bike NPorpamMmupoBaHunsa Ada, KOTOPbIV 3aA4yMbIBaCA Kak

A3bIK CO34aHUA Ha4EeXHbIX Nporpamm.

5 O4eBUAHO, 4TO OLWNBKM pacnpeAeeHbl No NporpaMmme HepaBHOMEPHO; 6oee TOro, OHW UMELOT TeHAEHLMI0 06pa3osbIBaTh ckonneHus [Gla02].

CornacHo cTaTucTuke, npuseaeHHol 8 [Boe01], npumepHo 80% owmbok Haxoaatca B 20% moaynei.
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npeabaABAseMbIM K Hell TpeboBaHMAM (NPOEKTHOM AOoKyMeHTauuu). Ecin nporpamma cootseT-
cTByeT TpeboBaHMAM, OHa HasbiBaeTcs KoppekmHol (npasusnbHol); B NPOTUBHOM C/y4Yae Npo-
rpamma HasblBaeTca HekoppekmHol (owuboyHol), a cam GaKT HECOOTBETCTBMA NPOrPaMmMbl Tpe-
6oBaHMAM — owubKoU®. Takum o6pa3om, BepuduKauma — 3TO aHaAMU3 NPorpaMmMbl Ha npeameT
Ha/NMYMA UK OTCYTCTBUA B HEl OWMBOK. F0BOPS YTPUPOBAHHO, pe3yibTaToM BepuduKkaumnm as-
NAeTca 8epOUKM: ompuyamesbHsil, €cNn B Nporpamme HalgeHa xoTa 6bl ogHa owmnbKa, uam
nosoMcumesbHoIl, €N [oKa3aHo, YTo oWMBOK HeT. BO3MOXKeH TaKKe HeornpedeseHHbIl Bep-
VKT, KOra OWNOKM He HalAeHbl, HO UX OTCYTCTBME He J0Ka3aHO (3TO pacnpocTpaHeHHas cUTy-

aums).

Bbiwwe 6b110 AaHO dopmanbHOE onpeseneHne — Ha NPAKTUKE e He0BXOAMMO YUYNUTbIBaTb MHO-
KeCTBO HIAHCOB. Bo-nepBbix, TpeboBaHMA, Kak nNpasuao, dpopmyanpyotca HedpopmanbHO, Ha
€CTeCTBEHHOM fA3blKe, MO3TOMY He BCerfa MOXHO OAHO3HAYHO OMpeAennTb, COOTBETCTBYET UM
nporpamma uamn HeT. Bo-BTopbIx, Aaxe ecan TpeboBaHUA GOpMaM30BaHbl, 4OKA3aTb OTCYTCTBUE
OWKMBOK B Nporpamme KpaliHe TpyAHO C MaTeMaTUYecKol TOUKM 3peHuns (3Ta paboTa He BnosiHe
noapaetca aBTomatmsaumun). B 60/1blWMHCTBE NPOEKTOB 334a4a A0Ka3aTeNbCTBa KOPPEKTHOCTH
nnn HekoppektHocTn MO He cTtaBuTca’. TUNUUYHOMN LEeNblo ABNAeTca pa3paboTka Ka4yecTBeHHOro

NPOAYKTa, FAe Noj, «KaueCTBOM» MOHMMAETCA CA0MKHaA 1 pacn/biBuaTas xapakTepuctukas,

MeToabl BepUdUKaLLMM MOXKHO Pa3gennTb Ha TPM OCHOBHbIE rpynnbl (bonee nogpobHas Kaaccu-

durKauma npueogmnTCa, Hanpumep, B 063ope [Kyn08]):

1. opmasnbHbie memoOdbl, UCNOb3YIOLWLME MaTEMATUYECKM CTPOTUIA aHaNN3 MOAENN NpPO-
rpammbl U mogenn TpeboBaHui;

2. mMemoObl MecmupoBaHUS, OCYLLECTBAAIOLME NPOBEPKY peasbHOro NoBeaeHUs npo-
rpammbl Ha HEKOTOPOM Habope cLeHapues;

3. 3Kcnepmus3sy, BbINOAHAEMYIO NHOA4bMW HAa OCHOBE MX 3HAHUI M ONbITa HENocpeaCcTBEHHO

Hag, pe3y/abTaTaMu NPOEKTUPOBaHUA (HaNpUMep, UHCEKYUA Kooa).

6 CNoBO «OLWMBKa» MOMKET NOHUMATLCA NO-pPasHOMY: U KaK HeCOOTBETCTBME NPOrpammbl TpeﬁOBaHMﬂM — OTK/IOHEeHWe noBeaeHnA Nporpammobl

ot oxkungaemoro (failure), u Kak npuunHa HecooTBeTCcTBUA — OLWKGKa B Koge (fault). O6bIYHO 3HAYEHME MOHATHO M3 KOHTEKCTa.
7 B 3TOM HET HUYEro YAMBUTEIbHOTO, MPUHUMAs BO BHUMaHMWe nepsyto akcmomy M.P. LLypbi-Bypbl.

8 06bI4HO MoA KauecTBOM MO NOHUMAIOT COBOKYMHOCTb CBOWCTB, BKNIOYAIOLLYIO NEPEHOCUMOCTb, HAAEKHOCTb, 3GGEKTUBHOCTD, YA0BCTBO B HC-

NoNb30BaHUM, TECTUPYEMOCTb, MOHATHOCTb U MoAndUUMpyemocTb [Gla02].
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Kaxkaan 13 yKasaHHbIX rpynn MeToA0B MMeEeT CBOM AOCTOMHCTBA U HEA,0CTATKM, Y KaXKA,0M — cBOA
061aCcTb NPUMEHMMOCTU. MONHOLEHHAA BEPUPMKALLMA CNOMKHbBIX CUCTEM OTBETCTBEHHOTO Ha3Ha-
YeHWA HeBO3MOXKHa 6e3 COBMECTHOrO MCMOAb30BaHMA PasHbiX Noaxon08. MeToabl BepuduKa-
UMK, cCoBMeLLatoLme pasnyHble TEXHWKM, Ha3blBAlOTCA 2UOPUOHLIMU WNN CUHMeMUYecKuUMU
[Kyn08]. Mpumepbl TaKUX METOAOB, 3 UMEHHO METOAbl TECTUPOBAHMSA, UCMO/b3YIOLME TEXHUKU

bopmanbHoit BepudmKaLmm, paccMaTpUBaoTCA B ieKumn 15.

Mocobue, KOTOPOE Bbl AEPKUTE B PyKax, NOCBALLEHO GOpMasibHbIM MeToAaM BepUPUKALLMK NPO-
rpamm. 6esycnoBHO, 3TM MeTOAbI HE MOKPbLIBAIOT BCEX NOTPebHOCTEN MHAYCTPUN pa3paboTku MO,
HO KaK MaTeMaTuKKa ABAAETCA A3bIKOM HayKM, TaK U GOPMasibHble METO/bl ABAAKOTCA A3bIKOM NPO-
rpammHoN nHeHepuu. NMpueeaem cnosa [xkoHa MakkapTtu (John McCarthy, 1927-2011) — BblI-
Jatolerocs amepukaHckoro nHdopmaTtuKa, aBTopa Asbika Lisp, faypeata npemun TblopuHra:
«Pa3ymMHO 0XKaaTb, YTO CBA3N MEMKAY BblYUCAUTE/IbHOM TEXHUKOM U MaTEMATUUYECKOM IOrMKOM
OKa)KYyTCA CTO/Ib Ke NMNOLOTBOPHbIMM B crneaytowem cronetun [XXI B.], Kakmmu 6bian cBs3M

MeXAy maTemaTUYecKnm aHaIn3oM 1 GU3MKOI B cToneTumn npeapiayuiem [XIX 8.]».

1.3. ®PopmasibHasI BepuPpUKaALMa NPOorpamMm

dopmanbHasa BepUPMKaLLMA OCHOBBIBAETCA HAa MaTEMATUYECKOM (IOTMYECKOM) MOZENIMPOBaHNM
nporpamm m Tpe6OBaHVI171 K HUM. M,D,eﬂ 34eCb B TOYHOCTU TaKaA, KaK Npn NCNoONb30BaHNN Mmoae-
nen B apyrux obnactax 3HaHUIM: CO34aeTca MOLENb — UAEAIM3NPOBAHHOE OMNUCaHMe nccneaye-
MOro obbekTa unm ABNEeHUA; moaenb nccaeayetca C npuMmeHeHnem matemaTtn4eCKnMx metoaos,
pe3ynbTaTbl UCCNELOBaHUA NEPEHOCATCA HA peasibHbli 06BEKT UK sBNeHMe. BesycnosHo, npu-
MEHUMOCTb TaKOro noaxoaa onpenenaeTca UCnosib3yemMmbiMU MOAENAMUN — HYXKHO YETKO NOHU-

MaTb YCN0oBUA UX aAeKBAaTHOCTHU.

Mopens |
NporpaMMsI

dﬁnpmanbuoe COOTEETCTEUE

Modenu

PeansHocms
CooTEeTCTENE

Mporpasa [ ———======—sosmm—em e e TpeGosanna

PucyHok 1.1. Obuwas cxema ¢hopmaneHol sepuguxkayuu
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Ob6uwan cxema popmasibHOM BepudMKaumm NokasaHa Ha puc. 1.1: co3gaetca popmasabHaa mo-
Jenb nporpaMmmsl; cosgaeTcs ¢popmasnbHasa moaenb TpebosaHWii; GopmanbHO NpPoBepseTcs co-
OTBETCTBME MOAENN NPOTrPamMmMbl MOAENN TpebOoBaHMIA; Ha OCHOBAHUM PE3yNbTaTOB NPOBEPKU
[lenaeTcs BbIBOA O COOTBETCTBUM UM HECOOTBETCTBUM PeasibHOM NPorpaMmbl peanbHbiM Tpebo-
BaHMAM (4pYrMMu cNoBamm, 06 OTCYTCTBMM UM HaAUUYMK OLWIMBOK B Nporpamme). a8 npeacras-
NeHUs mogenen Nporpamm n mogeneit TpeboBaHUI UCMOb3YHOTCA COOTBETCTBEHHO A3bIKM HOop-
Ma/ibHOM cneuuduKaLmMm nporpamm (A3bikn MoLenMpoBaHua) n as3bikn GopmanbHol cneundu-

Kauumn TpeboBaHMI; NpUMepPbl TaKMX A3bIKOB ByAyT PacCMOTPEHbI B Nocobuu.

MeToabl popmanbHOM BepudUKaLum pasanyaoTcs TMNaMmmn moaenen nporpamm (KOHeUHble aB-
TOMaTbI, ceTu lMeTpu, pasmeyeHHble CUCTEMbI MePEeXoA0B), TUNAMKN Mogenen TpebosaHuli (npo-
rPaMMHble KOHTPaKTbl, MPOAYKLMOHHbIE MPaBuaa, TEMMNOpPaibHble YTBEPXKAEHWA), OTHOLWEHMU-
AMU COOTBETCTBUA (3KBMBANEHTHOCTb, CUMYIALMSA, BKAKOYEHUE TPACC) U TEXHUKAMKU MPOBEPKU
COOTBETCTBMA (MCCe0BaHMeE NPOCTPAHCTBA COCTOAHMI, CUMBOJIMYECKUIA aHaNU3, AeAYKTUBHbIN

BbIBOA).

Huyke Mbl paccmoTpum nogpobHee Takue PasHOBUAHOCT METOA0B GOPMabHON BEpUDUKaLLUMK,

KaK MPOBEPKY 3KBUBAZTIEHTHOCTU, MPOBEPKY MO[J,EJ'Ieﬁ n LI,EAYKTMBHbIVI aHaIn3.

1.3.1. [IpoBepKa 3KBMBaJICHTHOCTH

B nposepke 3sKksusaseHMHOCMU MOALEAb NPOrpaMmmbl U MoZeNb TPeboBaHW OAHOTUMHbI
(Hanpumep, 0be moaenn — KOHeYHble aBTOMaThbl, UAK 06e MOAENN — MaLMHbI TblOPUHTA), a B
KayecTBe OTHOLLIEHMA COOTBETCTBUA UCMNO/b3YETCA OAHO M3 OTHOLLIEHWI SKBMBANEHTHOCTH, ONpe-
AeNeHHoe Ana mojeneit paccmaTpuBaemoro Tvna. Mpu NnpoBepKe 3KBUMBAZI@HTHOCTU MCMONHM-
MbIX MoZe el (aBToMaToB, NPOrpamm M T.n.) mogenb TpeboBaHU HasblBaOT 3MasoHHOU Mode-

71610 UNN 3masoHHol peanusayued.

MpounnocTpmpyem Noaxod cHavasna Ha Npumepe KOHeYHbIX aBTOMaToB, a 3aTemM Ha npumepe

nocnefoBaTesIbHbIX MPOrPamM.

KoHeyHbim asmomamom Muau, WA NPOCTO O08MOMAMOM, HA3bIBAETCA LIecTepka
(S5,X,Y,sy,8, 1), BKOTOPOIN S — MHOXKECTBO COCTOAHWNN, X — BXOAHOM andasuT (MHOXKECTBO CTU-
mynoB), Y — BbixogHoW andasuT (MHOXKECTBO peaKkLuit), S; € S — HayasibHOe COCTOAHME, §: S X
X — S — dyHKumAa nepexonos, 1: S X X — Y — dyHKUMA BbIXOA,0B (BCE YNTOMSAHYTbIE MHOXKECTBa

nonaratdTcA KOHEYHbIMU U HEI'IyCTbIMM).
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CemaHTMKa aBTOMaTa onpeaenserca OTO6pa)'KEHVIEM Leno4yeK CMmMmB0O/10B BXOAHOTO a/'ld)aBMTa B
LLeno4YkKn CMMBOJI0B BbIXOAHOTO aI'ICIJaBVITa. [Ba aBTomaTa Hapg, 06LLI,MMVI BXOAOHbIM U BbIXOAHbIM
a!'ld)aBMTaMVI Ha3bIBAKOTCA 3K8UBAs1IEHMHbIMU, €C/TU COOTBETCTBYHOWMNE UM 0T06pa)KeHI/IFl coBna-

JatoT.

Mpumep 1.1
PaccmoTpum aga asTomaTta A U B (MX AMarpammbl COCTOAHMIA NOKa3aHbl Ha puc. 1.2: HayabHble

COCTOAHMA OTMEYEHbI CTPENKaMM, BEAYLIMMU B HUX U3 KHUOTKYda»):
A = ({0,1},{0,1},{0,1},0, 8, A,), rae
64(s,x) = x, pnsiBcex x,s € {0,1}; A4(s,x) =s, pnsBcex x,s € {0,1};

B = <{al bl c, d}; {0!1}; {Oll}l a, 63: AB )l rlqe

a, ecius € {b,d} ANx = 0;
_ )b, ecnus €f{a,c}Ax =0; _{0, ecmu s € {a, b};
8p(s,x) = c, ecnus € {a,d}Ax = 1; Ag(s,x) = 1, ecaus € {c,d}.
d, ecius € {b,c}Ax =1;

OyeBMAHO, YTO aBTOMATbl A U B 3KBMBa/NIEHTHbI — 3TO ZiBE Pa3Hble Peannsaumm 3NemeHTa eaun-
HWYHOM 3aaepKKkM — D-Tpurrepa (06a aBToMaTa BbIAAIOT NPeablayLLmMiA CTUMY BHE 3aBUCUMO-

CTU OT TEKYyLLEero; Ha4yanbHasa peakuusa — 0).

1/0 1/0
0/0 1/1 v
Cel 0 | (>t

0/1 1/0

Asmomam A Asmomam B

PucyHok 1.2. [lpumep 3K8UBA/IEHMHbIX KOHEYHbIX A8MOMAMO8

Kaknm 06pa3om MOXKHO YCTaHOBUTb 3KBMBANEHTHOCTb MM HEIKBMBANIEHTHOCTb ABYX KOHEYHbIX
aBTOMaTOB? BO-NepBbiX, 3T0 MOXHO CAENaTb C MOMOLLbIO METOA0B TeCTMPOBaHuA. OCHOBHOM pe-

3y/bTat B 3T0M 061acTW — Teopema Mypa 0 passiyeHnn COCTOAHMI aBTOMATOB, onpeaenstoLas
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orpaHuyeHue Ha AJ/IMHY TecTa (pa3nnyaloLero aKcnepMmMeHTa) B 3aBUCMMOCTH OT YMC/Ia COCTOSA-
HWI1 cpaBHMBaeMblx aBTomaTos® (3Ta Teopema paccmaTpuBaeTCA BO BBOAHOM KypCe AUCKPETHOM
MaTEMaTUKK: CM., Hanpumep, [Anel3]). 3ameTum, YTO TECTUPOBAHME NPUMEHMMO, AAXKe KOraa
aBTOMATbl ABAAIOTCA «YEPHbIMM ALMKAMMY», T.€. KOF4A UX CTPYKTYpa He u3BecTHa. [Jpyroi noa-
X0, — CTaTUYECKMIA aHaIM3 OTHOLLEHWI NepexoaoB. Ha 3ToT cyeT ecTb Apyras Teopema Mypa —
Teopema 06 3KBMBaNeHTHOCTM aBTomaToB [Kap03]: gBa KoHeuHbix aBTomata A M B 3KBMBa-
NIeHTHbI TOrAA U TO/IbKO TOTAa, KOrAa B 1060M AOCTUMKUMOM COCTOSHUM UX NPAMOTo npoussese-
HUA (S4, Sp) ANA BCEX CTUMYJ/IOB X BbINOJHEHO pPaBeHCTBO Ay (Sy, x) = Ag(Sp, x). NMoHaTHe nps-
MOTO MPOU3BELEHUs aBTOMATOB OMNpeaensercs B NeKuMn 12 B KOHTEKCTe TeOpeTUKo-aBToMaT-

HOro noaxoda K nposepke Mop,eneﬁ.

Mepeiaem Tenepb K 6onee CNOXKHBIM 06beKTaM — nporpammam. [ige (LeTepMUHUPOBaHHbIE)
nocnenoBaTeibHble MPOrPaMmbl C OAMHAKOBbIMM HABOPAMM BXOAHbIX M BbIXOAHbIX NepeMeHHbIX
Ha3blBatoTCA (DYHKUMOHANBbHO) 3K8UBAIEHMHBIMU, €CN UX 0BAacTU onpeaeneHns CoBNaaatoT
(ntobble BxogHble faHHbIe, 4ONYCTUMbIE AN O4HOM NPOrPamMmMbl, ABAAIOTCA 4OMNYCTUMbIMU U AN1A
Apyroii) u ans nobbix AOMYCTUMbIX BXOAHbIX AAHHbIX OHM BO3BPALLAIOT OAMHAKOBbIE pPe3y/b-

TaTbl.

Mpumep 1.2
Hwke B Tabnuue 1.1 npuseseHbl ABe nporpammbl P v Q, KaxKaan n3 KOTOPbIX MUMEET A,Be BXO4-
Hble LeNoYncneHHble nepemeHHble a U b, npudem a > 0 u b > 0, 1 o04HY BbIXOAHYIO LlesoYmnc-

NNEHHYIO NEPEMEHHYIO C:

Tabauya 1.1. [lge peanusayuu aneopumma Eskauda

Mporpamma P Mporpamma Q
X = ay X = ay
y := b; y = b;
while x # y do while y # 0 do
if x > y then z 1= X;
X 1= xX -y X 1=Y;
y 1= 2z %y

9 Teopema Mypa (0 passMyeHUn COCTOAHUI aBTOMATOB) YTBEPKAAET, YTO A/1A NOBbIX ABYX KOHEUHbIX aBTOMATOB M Nt0BbIX ABYX PasNNuUMbIX
COCTOAHWI 3TUX aBTOMATOB (B YAaCTHOCTM, HAYa/IbHbIX, €C/IM aBTOMATbl He SKBMBANEHTHbI) CYLLECTBYET Pa3NNYAIOLLMIA SKCNEPUMEHT A/UHBI HE
6osbwent n+m — 1, rae n v m — MOLLHOCTU MHOKECTB COCTOAHMI AaHHBIX aBTOMATOB; APYTMMM CI0OBaMM, CYLLLECTBYET NOC/NeA0BaTeNbHOCTb
CTUMY/I0B [/IUHbI, HE NPEBOCXOAALLEN N + M — 1, TPUMEHEHMe KOTOPOI K AaHHbIM aBTOMAaTam B AaHHbIX COCTOAHUAX NPUBOAMUT K PasHbIM Mo-

CNepoBaTeNbHOCTAM peaKLmii.
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else end;
y 1=y - X c = x
end
end;
c = x

HeTpyaHo BMAETL, YTO Nporpammsl P 1 Q 3KBMBaNEHTHbI — OHU 06€e BbIYMCAAT HaMBObLLIMIA
obwmit genutens (HOA) AByx HaTypanbHbIX yMcen (3To pasHble peanmsauuu anroputma Es-

KAnaa). Kak ¢opmanbHO f0Ka3aTb MX IKBUBANEHTHOCTL?

Mo»KHO NoKasaTb, c/eaya Hawei aoragke, yto obe nporpammsl BoiuncasatoT HO/Z(a, b) v 3anu-
CbIBAIOT pe3yNbTaT B MEPEeMEHHYIO C, T.€. ANA KAaXKA0M U3 HUX CNpaBesnBo caeaytoliee COOTHO-

weHne mexay BXxogHbiMn U BbIXOOHbIMU NEPEMEHHbIMUA!

EIm,nEN((azc-m)/\(bzc'n))A

vce',m',n" €N (((a =c" -mHYAb=c"- n’)) - (' < c)).

Kak aTo nenaetca, paccmaTpuBaeTca B EKUMAX 3-6, NOCBALLEHHbIX AeAyKTUBHOM BEpUPUKaLMK.
OgaHako, roBopa 06 aBTOMaTUYECKON NPOBEPKE, BCE e HeACHO, KaK 3aCTaBUTb KOMMNbIOTEP «MO-
HATbY, YTO AeNlaeT NPOrpaMma, Kakol y Hee «CMbIca». 3To dyHAaMeHTanbHaA Npobaema, faneko

BbIXOAALLAA 32 PAMKM nocobus.

MO>KHO NMONTK APYIUM NYTEM — He BHWKasA B CMbIC/1 CPaBHMBAEMbIX MPOrpamMm, NOMbITaTbCA Npe-
06pas3oBaTb OAHY K APYron (MM KaxKAyH K KaKOM-TO TpeTbel), MPUMEHASA SKBMBAJIEHTHbIE MNpe-

obpasoBaHus. Mpeobpasyem, Hanpumep, Q K P:

1. 3ameHum npucsameaHue y :i= z % y Ha y = Z % x. O4eBMAHO, 3TO MOXHO CAenaTb, no-

CKOJIbKY X = .

2. MNpwucBavBaHue y =z % x 3ameHUM Ha uukn y := z; whiley > xdoy == y — x end.

34ecb onepauma B3ATMA OCTaTKa OT AeN1eHMA peain3oBaHa Yepes BblunTaHue. Nonyumm:

while y # 0 do

zZ = X; X y; ¥ = Z;

while v 2 x do y := y - x end
end;
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3. HecTporoe cpaBHeHME Y = X BO BHYTPEHHEM LiMKAE 3aMEHUM Ha CTpOroe y > X, COOT-
BETCTBEHHO U3MEHUB CPAaBHEHMeE BO BHelHeM UpKkae ¢y # 0 Ha y # X UAW, YTO paBHO-

CUNIbHO, Ha X # .

4. [anee BbINOAHMM MeHee o4YeBUAHOE NpeobpasoBaHMe. 3aMeTUM, YTO KOoZ, nepes BHyT-
PEHHUM LMKIOM MEHAET MeCcTamMW 3Ha4YeHUA MePEMEHHbIX X U Y — BHYTPEHHWUI LMK/
nooyepesHO NpUMeHseTca To Ans napel (x,y), To ana (y,x). Yaanum nocnefosaTenb-
HOCTb MPUCBAUBAHWI Z i= X; X := Y,y = Z, @ BMECTO Hee A406aBUM BHYTPEHHUI LUUKA,
MAEHTWUYHBIN CyL,eCcTBYIOLLEMY, HO B KOTOPOM NepemMeHHas X 3aMeHeHa Ha Y, a y Ha X (Ha

Ka)K,CI,Ol;li nTepaynn BHeWHero umMKna 3anyCckaeTca TO/IbKO OANH BHyTpeHHMVI)Z

while x # y do

while x > y do x := x — y end;
while vy > x do y := y - x end
end;

5. BHyTpeHHMe umknbl while 3ameHMMm Ha ycnosHble onepatopsl if — then.

6. BHelHee ycnoBue x # Yy no3sonset o6beanHWTL onepatopsl if — then ¢ ycnosuammn x >
y ny > x B oauH onepatop if — then — else. B pesynbrate nonyyaetca Tpebyemas npo-

rpamma P:

while x # y do
if x > y then

X 1= X -y
else
y =y - X
end

end;

HecmoTps Ha To, UTO ANA BbINO/IHEHUA TaKUX Npeobpa3oBaHmMii He TpebyeTcs BHMKaTb B CyTb NpPO-
rpamm (B NpeobpasoBaHUAX YUUTbIBAIOTCA JINLLb I0KaIbHbIE CBOWCTBA), MpUBEAEHNE NPOrpaMmm
OPYT K Apyry C TPYAOM NoAaaeTcs aBTomaTusaumm. 3To CleAcTBMe aAropuTMUYecKoin Hepaspe-
LIMMOCTM 334341 NPOBEPKN GYHKUMOHANbHOW 3KBUBANIEHTHOCTM Nporpamm. MNpakTuyeckume uc-
cnefoBaHMA B 3TOM 06/1acTM CBA3aHbI C NpUMeHeHMeM 6osiee CTPOrMX OTHOLIEHMI 3KBMBANEHT-

HOCTW, TaK Ha3blBAaEMbIX QMIPOKCUMUPYOWUX OMHOWEHUU, a TaK}Ke C Cy)KEHWeM paccmaTpuBa-
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eMbIX KNaccoB nNporpamm. Tema npoBePKM 3KBMBANEHTHOCTM BbIXOAMT 3@ PaMKu Nocobus; unta-
TeNAM, 3aMHTEPECOBABLUMXCA 3TON NpobaemaTUKOM, Mbl pekomeHayem moHorpaduio [Kot91] un

anccepTaymto [3ax12].

1.3.2. [IpoBepkKa moaeiu

B nposepke modesneli TpeboBaHWA K NporpaMmam MpeaCcTaBAfIOTCA NOrMYeckuMK Gopmynamm
onpeaeneHHOro BMAa, a Camu Nporpammbl — CTPYKTYPaMM, UHTEPNpeTUpyoLWwmmmn Gopmy bl
3TOro BMAA; OTHOLLUEHME COOTBETCTBUA — UCTUHHOCTb GOPMY/Ibl HA CTPYKTYpe (Mporpamma yzo-
B/IETBOPAET TPebOBaHMUAM TOra M TONbKO TOTrAa, KOrAa COOTBETCTBYIOLLAA CTPYKTYpa ABASIOTCA

mogenbto!? cootsetcTayowel Gopmybl).

Yacto ana npeacraBneHuns TpeboBaHUI UCNOMb3YIOTCS MemMnopasabHbie, UNN 8pemMeHHbIe /10-
2UKU, — NOTUKMK, NO3BOIAIOLLME 3aaTb B3aMMOCBA3M COOLITUIN BO BPEMEHU, HAaNpUMep, JIOTUKa
NvHeliHoro Bpemenu LTL (Linear-time Temporal Logic) nau norvka setsaulerocs spemenun CTL
(Computational Tree Logic). CooTBeTCTBEHHO ANSA MNPeACTaB/leHMA NPOorpaMm WCMOJb3YoTCA

CTPYKTYpbl Kpunke 1 poacTBeHHble nm Gopmannsmbl (pasmeyeHHble CUCTEMbI Nepexoaos).

MycTb 3a4,aHO MHOKECTBO 3/IeMEHTaPHbIX BbiCKasbiBaHui AP (Atomic Propositions). Cmpykmy-
poli Kpurnke Hag mHoecTBOM AP HasbiBaeTcs YeTsepKa (S, Sy, R, L), rae S — MHOXeCTBO cOCTo-
AHUN, Sy © S — MHOXKECTBO HayaibHbIX COCTOAHUN, R € 5 X S — OTHOWEeHWe nepexosnos,
L:S — 247 — dyHKUMA pasmeTKM, MOMeYaloLLan KakK40e COCTOAHME MHOMKECTBOM UCTUHHBbIX B

3TOM COCTOSIHMM BbiCKa3biBaHWi [Kap10].

CTpyKTypbl KpunKke Ucnonb3yoTcs N8 MOAEMPOBAHNUA peaaupyowux cucmem — CUCTEM, pa-
6OTalOWMX B «BECKOHEYHOM LMK/AE» U B3aUMOAEMNCTBYIOWMX CO CBOMM OKpyKeHuem. Moseae-
HWEe CUCTEMbI MOAENNPYETCA BblYUCIeHUEM 8 cmpyKkmype Kpunke — 6ecKoHe4yHol nocienosa-
TE/IbHOCTbIO COCTOAHMIA, NEPBOE M3 KOTOPbIX MPUHALIEKUT MHOXKECTBY S), a Kaxaan napa no-

cnenoBaTesibHbIX COCTOAHUN BXOAMT B OTHOLLEHME R.

[Ona onucaHuna Tpe6OBaHMI7I MOXEeT NCNoNb30BaTbCA NPOMNO3MUUMNOHAIbHAA TeMNOpPasibHaA N10-

rMKa, B YacTHOCTM LTL. MoMMMO 0BbIYHbIX CBSI3OK B 3TOW /IOTMKe MCNONb3YHTCA TeMNOpPaibHble

10 Cnoeo «mogzesib» 34eCb UCMONb3YeTCA B J/IOTMYECKOM NMOHUMAHUU: MOAENbIO d)OpMyl'Ibl Ha3blBaeTCA BCAKAA UHTepnpeTauua, B KOTOpOl\/II 3Ta

dopmyna UCTUHHA.
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onepaTtopbl G (Globally), F (in the Future), X (neXt time) n U (Until), koTopble MHTepNpeTUpyroTCa

cneayoLlmMm obpasom:

e G@ — ycnosue @ UCTUHHO 8ce20a;
e F¢ — ycnosue @ UCTUHHO celiyac nn CTaHeT UCTUHHBIM Ko20a-HUbyodb 8 bydyuwiem;
o X@ — ycnosue @ UCTUHHO 8 caedyowuli MoMmeHmM epemMeHu;

o ¢ Uy — ycnosue @ UCTUHHO 00 Mex rop, MoKAd He CTaHET UCTUHHBIM ycaoBue Y.
MonHoueHHOE onpeaeneHNe CUHTAKCUCa U CEMAHTUKM noruku LTL byaeTt aaHo B nekuun 9.

Mpumep 1.3

MycTb MHOXeCTBO 3/IeMEHTAPHbIX BbicKasbiBaHUI umeet Bug {locked, lock, unlock}. Paccmor-
pum cTpykTypy Kpunke M = ({sy, 51, 52,53}, {So}, R, L), mogenvpytolyto aBepb ¢ 3aMKOM (CMm.
puc. 1.3: HayalbHOE COCTOSHME MOMEYEHO BXOAALLEN CTPEIKOM; PAAOM C KaXKAblM COCTOAHUEM
YKa3aHO MHOECTBO UCTMHHbIX B HEM BbICKa3blBaHW). COCTOAHMA CTPYKTYPbl pasMeyeHbl cne-

ayrouwmm obpasom:

o L(Sp) = @ — ABepb OTKPbITA; C 3aMKOM He NPOU3BOANTCA HUKAKMX AENCTBUN;
e L(s;) = {lock} — pBepb OTKpbITa; € 3aKPbIBAIOT;
o L(s,) = {locked} — nBepb 3aKpbITa, C 3aMKOM He NPOM3BOAMUTCA HUKAKUX LENCTBUIA;

e L(s3) = {locked, unlock} — nBepb 3aKpbITa; ee OTKPbIBAIOT.

{lock}

{locked, unlock}

PucyHok 1.3. Cmpykmypa Kpunke, modenupytouas 0eepHoli 3aMoK

Huke npuseaeHbl Npumepbl TPe6oBaHMI K CUCTEME, BbIPaXKeHHble B Iormke LTL:
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e  G{=(lock ANunlock)} — Huko20a Henb3a OAHOBPEMEHHO W OTKPbIBaTb M 3aKpblBaTb
ABEpb;

e G{=(locked A lock)} — Huko2da Henb3a 3aKPbIBaTb 3aKPbITYIO ABEPb;

o G{lock — X(locked)} — sce2da ecnn aBepb 3aKpbiBaloT, B caedyrowuii momeHm epe-

MEHU OHa CTaHeT 3aKPbITON.

Teme nposepKke mogenen, a UMEHHO TeOPETUKY-aBTOMAaTHOMY NOAX0AY K NMPOBepKe moaenen
ONa nornkm LTL, 6yayTt nocsaAueHbl nekumm 11-13. Moka nib OTMETUM, YTO OCHOBHbIM METOZ0M
YCTAHOB/IEHUA KOPPEKTHOCTU NN HEKOPPEKTHOCTM MOAE/MN ABNAETCA MOUCK B NPOCTPAHCTBE CO-
cTosiHMI (06x0pg rpada cocToAHuMi). B nekuun 14 paccmaTpumBaeTca 6onee COBpeMeHHbI Knacc

MeToA0B — CMMBOJIMYECKan NPoBepKa Moaenei.

1.3.3. leAyKTUBHBIA aHAJIN3

B nocnenHem n3 paccmatprBaemMblX NOAX0A0B, 0e0YyKMUBHOM GHA/U3E, MOLENbIO MPOrpaMmbl
ABNAETCA KOA Ha A3blke ¢ GOPMaN30BaHHOW CEMAHTMKON (cama nporpamma, eciv asblk Npo-
rpammupoBaHua GopmannsosaH, Ncesaokoa namn 610K-cxema), a moaesnbto TpeboBaHmit — npo-
2PaMMHbIG KOHMpPAKm, T.e. Napa N0rM4ecknx Gopmyn: nped- n Mocmycso8ue; OTHOLWEHMNE COOT-
BETCTBUA — [10/IHAA VAW YACMUYHASA KOPPEKMHOCMb MPOrpaMmbl OTHOCUTEbHO KOHTPaKTa

[And79], [By314].

[na ypobceta byaem cumTaTh, YTO NMepemeHHble MPOorpaMmmbl AeNATCA Ha TPW TuNa: 8X00HbIe,
8HYyMpeHHUe N 8bIXOOHbIe: BXOAHbIe NepeMeHHble COAEePHKaT UCXOAHbIE AaHHbIE U HE MEHATCA
BO BPEMA UCMOJHEHUSA MPOrPaMmbl; BHYTPEHHME MepemeHHble UCMOb3YIOTCA ANA XpaHEeHUs
NPOMEKYTOUYHbIX Pe3y/IbTaTOB BblYNCIEHWUI; BbIXOAHbIE NepeMeHHble NpeAHasHavyeHbl ANS Bbl-

Aa4n NONYyYeHHbIX Pe3ynbTaToB.

FoBOpAT, YTO Nporpamma P ABNsAETCA YaCMU4YHO KOpPeKmMHoU OTHOCUTE/IbHO NPeayCoBUA @ U
noctycnosus P (o6osHauaetca: {p}P{1}), ecnm ansa Bcex 3HaUEHUI BXOLHbBIX NEPEMEHHbIX, A5
KOTOPbIX UCTUHHO YC/I0BUE (0, B C/lyYae 3aBeplueHns P Ana 3HaYeHUid BbIXOAHbIX NMepemMeHHbIX

WCTUHHO ycnosue .

[oBOpPAT, YTO Nporpamma P asnsaetca nosnHocmeoto KOpp€KmHOlj OTHOCUTENDbHO Npeaycnosna @ n

noctycnosus P (o6osHavaetcs: (@)P(P) nnm {@}P{y}, ecim n3 KoHTEKCTa ACHO, YTO pedb naet
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0 MOJIHOM KOppeKTHOCTVI), ecn gna sBcex 3HaYeHUMn BXO4HbIX NepemMeHHbIX, ANA KOTOPbIX UC-

TUHHO ycnosue @, P 3aBeplaeTca n gna 3HaYEHUN BbIXOAHbIX NepeMEeHHbIX UICTUHHO yCcnhoBue l/)

Mpumep 1.4
Huke npuseaeHa nporpamma DIV, nmetolan ABe BXOAHbIE LLENOYUCAEHHbIE MEPEMEHHDbIE, A U

b, i ABe BbIXOAHbIE LLe/I0YUCIEHHbIE NEPEMEHHBIE, g U T. 1N nporpaMmbl 334aHo nNpeayc/ioBue
p=@=0)Ab>0),

yToyHAKOUWEee, YTO Nporpamma onpeaeneHa To/1bKO oA HEOTPULLATE/IbHbIX 3HaYeHWUn a 1 nosno-

YKUTENbHbIX 3HAaYeHWit b, n nocTycnosme
Y=(@=q-b+r)A(0<r<bh),

yTBepXAaaowee, YTo nporpamma OCyuleCTBNAET gesleHne a Ha bwn COXpaHAeT YaCTHOe OT gene-

HUA B NePEeMEHHYIO (¢, @ OCTaTOK — B NepPeMEeHHYIO 7.

{(a20) A (b>0)}

while r > b do

q =g+ 1;
r :=r - Db
end

{(a=g'b+71) A (0<r<b)}
CnpaBen/inBo cneaytollee yTeepaeHue: nporpamma DIV aBnaeTca NosIHOCTbHO KOPPEKTHOM OT-

HOCUTE/IbHO Npeayciosuna @ U NoCTycnosuaA l/):

E{@z=0)AMBb>0)DIV{((a=q-b+r)A0 <71 <b))L

Teme genyKTMBHOM BepudUKaLmMm Nporpamm (a MMeHHo meTogam dnoiga, Xoapa v JerKcTpbl)
6yayT noceAWeHbl Nekummn 3-6. KpaeyrosibHbIM KaMHEM 3TOM rpynmnbl METOA0B ABAAETCA NOUCK

TaK Ha3blBaeMbIX MHBAPMAHTOB UMKA0B. O4HAaKo 060 BCem MO MOPALKY.

1 CUMBOA =, KaK 3TO NPUHATO B /IOTVKE, UCMO/b3YETCA AR 0603HAYEHWsA TOrO, YTO CTOALLAA CMPaBa OT Hero GopmMyna UCTUHHA.
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1.4. Boipocsl 1 ynpa>kHeHUA

1. OnpegenvTe cieayowme NOHATAA: «OWKNBKA B NPOrpaMmMe», KKOPPEKTHOCTb MPOrpPammbl»,
«BepuouKaLma nporpammbl». Ha Kakom aTane paspabotku MO ocywiecteaseTcs BepudmKa-

ums’?

2. lepeyncnute n3BeCcTHble Bam Noaxoabl K BepMCbMKaLI,MVI nporpamm. B yem goOCTONHCTBA U B

yem HeZOCTATKM KaXKaoro nus Hux?

3. Yem dopmanbHble MeETOAbI OT/IMYAIOTCA OT APYrUX NMOAXOL0B K BEPUPUKALUM NMpPOorpamm?

MpuBeanTe Nnpumepbl GOPManbHbIX METOL0B.

4, HaszoBuTe M3BECTHble Bam GOPMasIM3Mbl, UCNOJb3yeMble 417 MOAEMPOBAHNA MPOrPaMmm U
TpeboBaHWit K HUM. B 4em, Ha Bal B3rs4, COCTOMT OCHOBHOE OT/IMYME MEXAY STUMU ABYMSA

Knaccamu popmanmsamon?
5. Onpegenute popmanbHO CEMAHTUKY KOHEYHOFO aBTomaTa Munu.

6. [okKaxuTte, ncnonbsya teopemy Mypa 06 3KBMBANEHTHOCTM KOHEYHbIX aBTOMATOB, SKBUBA-

NEeHTHOCTb A1BYX peanusaumii D-Tpurrepa, npuseseHHbIX B 1eKuumn (asTomaTtos A v B).

7. [okaxkute AOCTYNHbIMW Bam CPeACTBaMM 3KBMBAZIEHTHOCTb MPOrpaMmbl P, npuBeaeHHON B
NeKkumnn, cneaytoLLein nporpamme:

X 1= a;

y = b;

while x # 0 A yv # 0 do
if x > y then

o

X 1= X %Yy
else
y =y % X
end
end;
c = xXx +y

8. MononHuTe Habop TpeboBaHWUI K cMCTEME, ONUCbIBAEMOM NPUBEAEHHON B NEKLMUMN CTPYKTY-
poit Kpunke (cTpykTypoit M). [loKaxuTe, 4To CTPYKTypa M yaosnetBopsaeT chopmyIMpoBaH-

HbIM TPe6OBaHUAM (ABNSETCA UX MOAENbIO).

9. CmopenupyiiTe CTPYKTypoi Kpunke cuctemy ynpasaeHUs cTUpanbHOW MalwmnHoW. MalnHa
nmeet baKk gna 6enbs, yepes KOTOPbIM TaKKe NoAaloTCA MOloLWMe CPeacTBa, KaanaHbl gaa
3abopa 1 CMBa BOAbI, AATUYMK HAIMUMA BOLbI, MOTOP, HAarpeBatoLLMiA 3N1EeMEHT, Talimep 1 na-
He/lb ynpaBaeHUa ¢ KHomKamu «Myck» n «OcTaHoB». Mpeanosaraetca caeayrowmii cueHapui
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10.

11.

12.

13.

30

MCNONb30BaHMA MALLMHbI: OTKPbITb ABepLy 6aka, NOMecTUTb besbe U MooLMe CpeacTsa B
6aK, 3aKpbITb ABepLly, HaXKaTb Ha KHOMKY «[yck». MawwuHa OTKpbIBaeT KnanaH ansa 3abopa
BOAbI, HAbMpaeT BoAyY v 3aKPbIBAET KAanaH; NoAorpeBaeT BOAY; 3aBOAUT TaliMep U 3anycKaeT
MOTOp, Bpalwatowmii 6akK; npu cpabaTbiBaHMM Talimepa cansaeT Boay. sepua 6aka 610Ku-
pyeTca, noka B 6ake ecTb Boga. M0/b30BaTe/lb UMEET BO3MOKHOCTb B 11060 MOMEHT HaKaTb

Ha KHOMKY «OCTaHOBY, yTObbI NMPUHYANTENBHO OCTAHOBUTL CTUPKY 6enbs u cnnTb Boay.

OnpepenuTe Kak MOXKHO bosiee NoJHbIV Habop TPeboBaHUI K cUCTEME YNpPaB/eHUs CTUPab-
HOW MalUMHOW, ONMCaHHOM B NpeapblAyliem 3agaHun. Bbipasute aTn TpeboBaHUA B IOTUKeE

LTL.

Onpegennte NPorpaMmHbIA KOHTPAKT (Npea- M NoCTyC/s0BMe) ANA NPOrPammbl, BbIYUCAKO-
el ¢ 33JaHHOI TOYHOCTbIO KBAAPATHbIN KOPEHb YMCAA (X — BXOAHOE YMCNO, Y — PesynbTar,

& — TOYHOCTb).

Onpepenute NPOrpaMMHbIA KOHTPAKT (Npea- v NocTycnoBMe) ANa NPOrpammbl COPTUPOBKM
UMCNOBOrO MaccMBa (X — BXOAHOM MaccuB, Yy — pesynibTaT copTMpoBKM, N — pasmep mac-

cuBa).

JOKaxute AOCTYNHbIMM BamM CpeaCcTBaMM 3aBEPLUMMOCTb I'IpVIBe,CI,EHHOﬁ B NneKunn npo-

rpammbl LenodncneHHoro genenuva DIV,



Jleknus 2. ®opMmaivsanusa CEeMaHTUKH

sI3bIKOB IIPOrpPaMMHPOBaHUS

Anzopummel camu o cebe cymb 06bekmobl 8ecoMa crieyugpuye-
cK020 muna u obnadarom ceolicmeom, Hemunu4yHsIM 014 Mmame-
MamuyecKux 06beKmos, a UMEHHO CeMaHMUYECKUM c80licmeom
«umems cmbica» (...) Teopus, Usy4arouwas an20pummel, Moxem
MpPaKmMosamsCA KaK c80e20 pooa AUH2BUCMUKA NO8eAUMENbHbIX
npednoxceHul.

B.A. YcneHckuit, AJ1. CemeHoB.
Teopwa anropuTMOB: OCHOBHbIE OTKPBITUA U NPUNOKEHNA

Ha npvmepe NpocToro MMNepaTMBHOro A3bika — A3blka while — paccmatpusatoTcs 4Ba meToaa GopMannsaLmm CEMaHTUKM A3bl-
KOB NPOrpamMmMMpPOBaHWA: 0NepayuOHHAA CeMAHMUKa (CTPYKTYpHas onepauuoHHas cemaHTuKa MN0TKMHA) U akcuomamuyeckas
cemaHmuKa (peAyKTMBHaA cuctema Xoapa u metog [JeiKCTpbl, OCHOBaHHbIN Ha NOHATUM ciabeiwero npeaycnosus). Mokasbisa-
eTCA, 4TO NporpaMmma — KOz, Ha A3blke ¢ pOpPMann30BaHHON CEMAHTUKON — ABAAETCA MaTeMaTUYECKUM OBEKTOM, K KOTOPOMY
MPYMEHUMbI CTPOTUE IOTUYECKME PACCYKAEHUA, B YaCTHOCTU O €ro KOPPEKTHOCTU UM HEKOPPEKTHOCTU (KOHEYHO, MPY Hannuum

bopmanbHbIx cneynduKaymin TpebosaHmit).

2.1. A3bIk nporpaMmmMmupoBaHua while

Moaxoabl K GopManm3aLmMm CeMaHTUKM A3bIKOB NPOrPaMMMUPOBAHNA Mbl ByaemM paccmaTpmBaTb
Ha npumepe sA3blka While — npocToro mnepaTMBHOro A3blKa NporpammuposaHusa [Apt09]. CHa-
Yana caenaem Aga 3ameyaHusA. NepBoe — B 0ObIYHbIX A3bIKaX NPOrPaMMUPOBAHNA cU2HaOMYpd,
T.€. MHOMECTBO (DyHKYUOHA/bHBLIX U NMPEAUKAMHbIX CUMB0/I08 (BMEecTe C UX apHOCTbio!2), nc-
nosb3yembix npu coctaenerun popmyn (000,10 +@ @ =@ <@ >@) pukcuposaHa;
Mbl e Byaem cuuTaTb, YTO B HALLEeM PACMOPsKEHUWN eCTb Ntobble HyXKHble Ham «onepauumy».
Btopoe — B A3blke while HeT cpeAcTB AeKNapaumMmM NepemMeHHbIX: MHOMXECTBO MepeMeHHbIX
npeanosaraeTca 3agaHHbIM. Takum obpasom, ymecTHee roBopuTb He 06 ogHom A3bike while, a

0 cemeincTee A3bIKOB, NapamMeTpn3oBaHHOM cmrHaTypoﬁ M MHOXEeCTBOM NepemMeHHbIX.

CuHTaKcuc asblika while ONA 33a4aHHOM CUTHATYPbl U MHOXECTBa NMepemMeHHbIX onpeaenaeTca

rpaMmaTMKoM, NnpeacTasneHHol B Tabanue 2.1.

12 CUMBOAbI KOHCTAHT — 3TO GYHKLMOHA/bHbBIE CUMBOALI apHOCTK 0.
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Tabauya 2.1. [pammamuKa A3b6IKa npoepammuposaHus while

P =
skip nycmol onepamop (2)
| x:=t ornepamop npuceausaHus (2)
| P; P nocsedoeamesnbHaAd KOMNo3uyus (3)
| if B then P else P end ycnosHbil onepamop (4)
| while B do P end onepamop Yukna (5)

3necb P — uenb rpammatuikun (while-nporpamma); x — nepemeHHas; t — Tepm (Mau, B nporpam-

MUCTCKOM TEPMUHONOMMU, BbipaxkeHue); B — ¢popmyna (ycnosue).

Tepmbl U GopMybl ONPeaensatoTca 0bbiuHbIM 06pasom:

nepemeHHas ecTb TEPM;
KOHCTaHTa (GYHKLMOHANbHbIV cumBon apHocTh 0) ecTb Tepm;

ecnu f — dyHKUMOHaNbHbIM cumBon apHoctn k > 0, a ty, ..., t, — Tepmsil,
10 f(ty, ..., ty) €CTb TEPM;

JIorMYeckan KoHCTaHTa (NpeauKaTtHbll cumeon apHoctu 0) ectb popmyna;
ec/n p — NpeamKaTHbI CMMBOA apHocTu k > 0, a tq, ..., t;, — TepMbl,

10 p(t4, ..., tx) €CTb GOpMyna;

ecnn ¢ — dopmyna, To -1 ectb Gopmyna;

ecan @ np — dopmynsl, 70 (@ AY), (@ V) u (¢ — P) ecTb dopmynbl.

HuKakue apyrne o6beKkTbl TepMmammn 1 GopMyaammn He ABAAKOTCA.

CoKpalueHue: ecav NporpaMmma, yKasaHHas B setsu else ycnosHoro onepatopa, aBasercs nycrou

(TouHee, cocTouT 13 onepatopa skip), To BeTsb else moxeT bbITb OnyLLeHa.

Mpumep 2.1

Mycts X = ({(+@, =@, 0 1} (>@Y) uV = {a, b, q,r}. Hue npuseaeHa while-nporpamma

Haj CUTHATYPOM X M MHOXKECTBOM NepeMeHHbIX V, ocylecTBasowan LenovymcieHHoe deneHne

a Ha b 1 coXpaHAIOLLAA YaCTHOE OT AeNeHNs B NepeMEHHYI0 ¢, @ OCTaTOK — B MEePeMEeHHYIo 1 (3To

nporpamma DIV vn3 nekuum 1).
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q := 0;

r = a;
while r > b do
q =g+ 1;
r :=r - Db

end

Mpexae Yem NPUCTYNUTb K OCHOBHOM YacTu IeKL MU, UHTEPECHO PAacCMOTPETb BOSMOMKHbIE MO-

CTAHOBKM 3aJay, CBA3aHHbIE C BOMPOCAaMM CEMAHTUKM (cMbicna, GYHKLMOHANIbHOCTH) NPOrpPamm:

1. 300a4a cneyuguKkayuu — ONUCaTb }KesaeMyto CEMaHTMKY Nporpammbl (onpeaennTb Tpe-
6oBaHuA K nporpamme)’3;

2. 3ada4a cuHmesa (npAmoli UHH(eHepuu) — CKOHCTPYMPOBaATb MPOrpaMmmy C 3ag4aHHOM ce-
MaHTUKOM (pa3paboTaTb Nporpammy no TpeboBaHUaM);

3. 3a0a4a aHanu3a (06pamHoli uH¥ceHepuu) — BbIBECTU CEMAHTUKY 3aaHHOM Nporpammsl
(BOCCTAHOBUTbL «IOTUKY PabOoTbI» MPOrpammbl);

4. 30004a 8epuguKayUU — NPOBEPUTL, UMEET /M 3aaHHaA NPOrPamMmma 3a4aHHYI0 CeMaH-

TUKY (LOKa3aTb UM ONPOBEPrHYTb KOPPEKTHOCTb NPOrpammbl).

Hac nHTepecytoT 3agaum cneunoukaumm u sepudunkaumm. NMpumeHuTenbHo K nporpamme DIV

OHU GOpPMYNPYIOTCA CaeayoWwmMm obpasom:

e 33ga4a cneundurKaumm — onucatb, yto nporpamma DIV ocyuwecTsaseT He YTo MHOE, KaK
LEeNoYNCNIeHHOe AeNeHME;
e 33ga4a BepuduKauumM — NPoBepuUTb, COOTBETCTBYET M nNporpamma DIV cneumdukaumm,

T.€. OCylWecTBNAET I OHa ueno4yncneHHoe geneHue.

13 B 370i1 M APYrvX 3aAa4ax CEMaHTUKa NPOrpammbl 1 TpebOoBaHMA K NPOrpamme, no CyTH, OTOKAECTBAAIOTCA, XOTA 3TO He OAHO U TO e. Tpebo-
BaHMUA MOXKHO NOHMMATb KaK OrPaHUYEHNA Ha CEMaHTUKY NPOrpammbl, BbipaXKeHHbIE Ha JOCTaTOYHO BbICOKOM YPOBHE abCTpaKLuu, Kak npasuo,
feKknapatnsHo. CEMaHTMKA Ke MPorpamMmmbl MOXKET OMPEAENATLCA M Ha HU3KOM YPOBHE, Hanpumep, 3a4aHNem CXeMbl TPAHCAALMM A3bIKa NPo-

rPaMMMPOBaHMA B MPOMEXKYTOUHbIN KOA, MHTEPNPETUPYeMbli GOPMANN30BAHHBIM UCNONHUTENEM — aBCTPAKTHOM MALLUMHON.
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B KoHTeKcTe $opmanbHbIX METOLOB NpeAnonaraeTcs, 4To onucaHue (cneumoukaumsa) u npo-
BEPKa (BEpUOMKaLMA) OCYLLECTBAAIOTCA GOPMaANbHO, C NPUMEHEHMEM METOAO0B MaTemaTuye-
CKOW NIOTMKK. 11 3TOro 1 TpeboBaHWA 1 NporpaMmma LO/KHbI JOMYycKaTb GOPManbHYO UHTEp-

npetauuto.

2.2. dopmasibHasA CEMaHTHKA

MHTYUTUBHO MOHATHO, YTO KayKA4an nporpamma (ecim TONbKO OHa He 3aLMK/IMBAETCA) OCyLLEeCcTB-
naet oTobpaxkeHMe 0HOrO COCTOAHMSA, T.€. MHOXEeCTBa 3HaYeHUt nepemMeHHbIX, B aApyroels, Ta-
KMM 06pa3oM, CEMaHTMKa MPOrpammbl MOXKeT BbITb 3a4aHa C MOMOLLbIO COOTHOLWEHUI Mexay
3HAYEHUAMM BXOAHbIX U BbIXOAHbIX NepeMeHHbIX. Takoi Noaxos, HasblBaemblii Oeksapamus-
HbIM, aKTUBHO WMCMONb3YeTCA NPU ONncaHMmn TpeboBaHMiA U BbiBOAE CBOMCTB Nporpamm. Jpyroi
cnocob — conocTaBneHue nporpamme Moc/iefoBaTelbHOCTU AeACTBMIN HEKOTOPOro MUCMOJTHU-
Tena (aBTomara, MalluHbl). TaKo Noaxos, HasbiBaeMblli UHMePpPemayuoHHbIM, WUPOKO Npw-

MeHseTcA Npu pa3paboTke KOMNUAATOPOB M MHTEPMNPETATOPOB A3bIKOB NPOrPaMMUPOBaHNALS,

Ona popmannsaumm cemMmaHTUKM A3blKa NPOrpamMMUpPOBaHMA Npexkae Bcero HeobxoamMmo onpe-
OEeNUTb CEMAHTUKY UCMOb3yeMbIX B HEM GYHKLMOHANbHbIX M NPeANKATHbIX CUMBOIOB. 3TO MO-
eT 6bITb cAenaHo 3afaHuem aseebpauyveckoli cucmemsl — Habopa aKCMOM, CBA3bIBAMOLLUX
CMMBO/Ibl CUTHATYpPbI (Takol cnocob Ucnonb3yeTca B 4eKNapaTMBHOM NOAX0AE) — UM 3aJaHNEM
npouedypsbl, NO3BONAOWEN BbIUMCAATb 3HAYEHWUS BbIPANKEHNI MO 3HAYEHUAM NepemeHHbIX (Ta-
KOl cnocob Mcnonb3yeTtca B MHTepnpeTauMoHHOM noaxoae). B aanbHeiwem anrebpanuyeckme
CUCTEMBI U BbIYUCAUTENbHBIE NPOLLEeAYPbl, UCNO/Ib3yeMble A5 CMbIC/IOBOFO HaNOJIHEHWUA CUTHa-

Typbl, Mbl 6yaem Ha3biBaTb MpedmemHoli obaacmeto (domain).

Mpumep 2.2
MpounatocTpypyem nNOHATME anrebpamyeckolnt cucTemMbl Ha npumepe apudmetnku [leaHo

(Giuseppe Peano, 1858-1932); curHatypa — ({+@,-@ 0@, 10} (=@)3),

4 31eChb PAacCCMATPUBAIOTCA UCK/IOUUTENBHO NPOrPaMMbl NPeobpasoBaHus AaHHbIX.

15 MoHo fatb 6onee getanbHylo KnaccuduKaumio cemanTuk (cm. npumedanme H.H. Henetsoabl [Mit96, pyc. nep., c. 23]): uHmepnpemayuoH-
HaA ceMaHMUKa (A3bIK ONpeAenaeTca Yepes onucaHune cnocoba UCNONHEHUA ero KOHCTPYKLMIA), MPAHCAAYUOHHAA CEMaHMUKA (OAMH A3bIK onpe-
[lenAaeTca Yepes Apyroi nyTem TPaHCAALMKN), MPAHCHOPMAUUOHHAA CeMAHMUKA (A3bIK ONPeAeNAeTca C NOMOLLbIO NpaBua NpeobpasosBaHna ero
KOHCTPYKLWIA), asnzebpaudeckas cemaHmuKa (A3blK OnpesenseTca NocpeacTBOM YPaBHEHWM Haj ero KOHCTPYKLMAMMU M METOL0B UX peLleHns) 1

J102U4ecKan ceMaHmMuKka (H3bIK onpeaenAaeTca Yepes akCMOMbl U Mpasuaa BbIBOAA, CONOCTAaB/IEHHble ero KOHCprKU,MHM).
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1. 0#x+1;

2. (x+ D)=+ ->x=y;
3. x+0=x;

4. x+y)+1=x++1);
5. x-0=0;

6. x-(y+1) = (x-y)+x;

7. <P(0),(P(X)—>(P(X+1)_

@(x)

3pech v fanee x # Y ecTb COKpalieHune oT —1(x = y). 3anucb

%, KaK 3TO NPUHATO B NIOTUKeE,

0603HaYaeT NPaBU/IO BbIBOAA: (1, ..., P, — NOCLUIKK, ¢ — cneacTaue. MNpeanonaraercs, 4to ne-

PEMEHHbIE X Uy, KaK U NPeaAnNKaT ¢ B CXeme MHAYKUUUN, CBA3aHbl KBAHTOPOM BCEO6LLI,HOCTI/I.

O

Byaem roBopuTb, Y4TO A5 A3blKa NPorpaMmmpoBaHmna L 3afaHa hopmanbHAA CEMAHMUKA, eCNN
onpezeneHo otobparkeHne M (0T aHIN. meaning — 3Ha4YeHWe, CMbICA), CTaBALLEE B COOTBETCTBME
Kaxaon nporpamme P € L 1 KakgoMy ee COCTOAHUIO S MHOXECTBO BO3MOMHbIX Pe3y/1bTUPYHO-

wwmx coctosHmnit M[P](s):
M[P]: S - 25,
rae S — MHOMeCTBO BCeX BO3MOMHbIX COCTOAHMI nporpammbl P.

MNopa, cocmoAaHuem nporpammbl NOHUMAETCA 0T06pa)'KEHVIe, conocrasadawoulee Ka)'K,CI,Oﬁ nepemeH-
HOM nporpammel ee 3Ha4vyeHHme. OTO6pa)'KeHVIﬂ TAKOro TMna 0bbl4HO Ha3bIBalOT dJyHKuUFIMU O3Ha-

YU8aHUA NN NPOCTO o3Ha4YusaHUAmMU.

[ns o6o3HayeHna daKTa 3aLMKAMBAHUA MPOrpammbl Mbl ByLEeM MCMO/Ib30BaTb CeLMabHbIi
cumBon w. Tak, 3anuce M[P](s) = {w} o3Hauaert, yto nporpamma P, Byayum 3anyLieHHO B co-

CTOAHUWU S, 3aUNKINBAETCA.

3ameTum: B onpeaesneHnn otobpaxenus M[P] rosoputca He 06 04HOM PE3YNbTUPYHOLWLEM CO-
CTOAHMM, @ 06 MX MHOXKecTBe. ITO CBA3AHO C TEM, UTO A3bIK MOXKET A0MYCKaTb PasHble MHTepnpe-
Tauuu OLHOMN U TOM »Ke KOHCTPYKLMM, M3-33 YEro BO3MOXKHbI Pa3Hble pe3ynbTaTbl UCMONHEHUA
nporpammbl. 4ns demepmMuHUpo8aHHbix npozpamm byaem cumtatb, uto M [P](s) — He mHOe-

CTBO COCTOSIHMI, @ OHO COCTOAHME (MM CrieumanbHOe 3HaYeHre ).
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2.2.1. OnepanoHHasA ceMaHTHKa

OnepayuoHHAs CeMaHmMuUKa A3blka onpeaenseT CMbICA NPOrPammbl Kak MocaeL0BaTe/IbHOCTb
OeNCTBUIA, KOTopble HEOBXOAMMO BbINONHUTL 3a4aHHOMY WCTMOAHUTENO (MMKpPOMpPOLECccopy,
MHTEpNpPeTaTopy, BUPTYyasibHOM MawwmMHe). MCNnoNHUTENb A0BOJIbHO «TYMOM» U He MOHUMaET «bo-
ecTBeHHOro npegHasHauyeHna» [Kpo01] McnonHAeMbIX MM NPOrpamm, HO OH YETKO 3HAET, B YemM

COCTOUT TO MU NHOE AeNCTBUE.

PaccmoTpym Tak HasbiBaeMyo CMPYKMYpPHYHo 0NepayuoHHy CeMaHmuKy — NoAxXo4, npeano-

*eHHbIV B 1981 r. TopaoHom MNnoTkunHbiMm (Gordon Plotkin, poa,. B 1946 1.) [Plo81].

OnepauMoHHasa cemaHTMKa 3a[aeTca OTHOLWIEHMEM MEepPexofoB Mexay KoHourypaumamu ab-
CTpaKTHOW MawwuHbl [Apt09]. KoHgueypayueli Ha3biBaeTca napa (P,s), B Kotopoi P — npo-
rpamma, a s — coctosHue. Mepexog u3s KoHdurypaumm (P, s) 8 koHourypaumio (P, s’) (0603Ha-
uenme: (P,s) — (P',s')) cooTBeTcTBYeT UCMOIHEHMIO OAHOTO LWara NPorpammbl P B COCTOAHUM S:
B pe3y/ibTaTe COCTOAHME MEHARTCA Ha S, NPy 3TOM MalllMHEe «OCTaeTCA» UCMOAHUTL NPOrpammy

P’. YT06bl BbIPa3UTb YCNOBME OCTAHOBA, BBOAWTCA «MyCTas» NPorpamma &:
P;e = &P = P, anamoboii nporpammbl P.

3anucb (P,s) — (&,s') 03Ha4aeT, YTO MUCMOSIHEHWE OLHOrO Wara NPorpammbl P B COCTOAHUU S

BbI3bIBAET OCTAHOB B COCTOAHUN S'.

Maes CTPYKTYpHOM onepaLyMoHHON CEMaHTUKM COCTOUT B ONpeaesieHUM CEMaHTUKM Nporpammbl
yepes CeEMaHTHKy ee GpparmeHToB. 18 3TOro UCNOAb3YETCA cUCmeMa nepexod0oe A3bIKa — cne-
umManbHaa 0edyKkmueHas cucmema (MHOXKECTBO aKCMOM M NPaBu BbIBOAA), COOPMYANPOBAHHASA
[ANs onepaTopos asbika: nepexog (P,s) - (P’,s') Bo3mMoXeH Toraa 1 ToNbKO TOr4a, Koraa oH
BbIBOAMM B cMCTeMe Nnepexoaos. bonee nogpobHo noHATUE AeAyKTUBHOM cMcTeMbl ByaeT paso-

6paHOo B 1EKUMM 3, @ MOKa PaCCMOTPUM cUCTeMY nepexoaos A3bika while [Apt09] (tabnuua 2.2).

Tabauya 2.2. Cucmema nepexo0oe A3biKa Mpo2pammuposaHus while

. UcnonHenune onepatopa sKip coctout us ogHoro wara u He u3me-
(1) | (skip,s) - (&, s) P

HAET COCTOAHMA

) ] McnonHeHre onepatopa NPUCBaMBaHMA COCTOWT W3 OAHOFO Lara u
(2) | (x=1t,5) > (g s[x = s(@)])
NpUBOAUT K COOTBETCTBYHOLLEMY U3MEHEHUIO COCTOAHUA

[lonyckaeTca nocnefosatesibHas KOMMO3UUMA MpOrpamm npe- v

- ~ ~ o -

(3) M NOCT-KOHGUIYpaLWii Nepexoaa ¢ O4HOW W TOW Ke NPOW3BONLHON
(Py; P,s1) = (Py; P, s3) nporpammon

) (if B then P, else P, end, s) - (Py,s), McnonHeHne yCnoBHOrO onepaTopa, €CAW YCNOBUE WCTWUHHO, CBO-
ecms EB AMTCA K UCONHEHWIO BETBW then B8 TOM e COCTOAHNM
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5) (if B then P; else P, end, s) — (P,, s), McnonHeHwue ycnoBHOro onepaTopa, ec/in yCA0BMe N0XHO, CBOAUTCA
ecm s E =B K MCMOHEHMIO BETBU else B TOM e COCTOAHMM

6) (while B do P end, s) — (P; while B do P end, s), McnonHeHue onepaTopa LMKAA, ECAN YCN0BUE UCTUHHO, CBOANTCA K
ecms EB MCNONHEHWIO TeNa LLMKAA, @ 3aTeM — LMKAa elue pas3

) (while B do P end, s) - (g, s), VicnonHeHne onepatopa UMKAA, €CU YCNOBUE NIOXHO, 3aHMMaeT
ecms E —B OAVH Lar 1 He MeHAET COCTOAHME

B onncaHuu cnctembl nepexoaoB MCNOb3YOTCA caeaytoume 0603HayeHusn:

o s(t) — 3HaueHue Tepma t B COCTOAHUM S: 3HAYEHUME TePMa ONpeaenseTcs UHAYKTUBHO
yepes 3HaYeHMsA NMOATEPMOB C UCMO/b30BaHMEM bYHKLMI NpeameTHOR obnacTy;

e s[x :=v] — cocTosHMe, NONy4eHHOE U3 COCTOAHMA S COMOCTaBAEHUEM MEPEMEHHOW X
3HaveHus v: s[x := v](x) = vus[x = v](y) = s(y), ecnmmy # x;

® S = B — UCTMHHOCTb JIorMyeckoi Gopmysibl B B COCTOAHUM S.

locnedosamenbHOCMbHO nepexodos nporpammsbl P B COCTOAHMM S HaA3blBaeTCA KOHEYHaA Uan

6eckoHeuHas uenouka koHourypaumin {(P;, s;)}iso, Takas 4To:

1. PO = P;
2. Sg=S5;
3. (P, S;) 2 (Pit1,Si41), &nascexi =0

(Kpome nocnesHero MHAEKCa, ECAN NOC/e0BATENbHOCTL KOHEYHa).

Bobi4ucseHuem nporpammbl P B COCTOAHUM S Ha3blBaeTCA NOCAe40BaTe/IbHOCTb NepPexoaos, Ko-
TOpas He MOXKeT 6bITb NPOAOIKEHa. TOBOPAT, UTO BbIUUC/IEHWNE TT 306€PLIAEMCA B COCTOAHUN S,
€C/IN TT KOHEYHO 1 ero nocieaHsAs KoHourypauma nmeet sug (&, s'). FoBopAaT, yTo nporpamma P

MoXem 3ayUK/s1umeCA B COCTOAHUN S, eCQIN CyLlleCcTByeT 6eckoHeuHoe BblumMcneHune P B s.

CnpaBegnBo yTBep:KAeHMe: ana ntoboi while-nporpammsl B 11060M COCTOSHUM CyLLLECTBYET B

TOYHOCTU OAHO BbluMCeHMe (Apyrummu cnoBamu, while-nporpammbl 4eTePMUHMPOBaAHDI).

C ncnonb3oBaHMeM BBEAEHHbIX NOHATUN M 0603HaYeHnt dopmasibHaA ceMaHTUKa A3blKa Npo-

rpammmMpoBaHuA 3a4aeTcs caegytowmm obpasom:

{w}, eciu P MOXeT 3al{UKJIUTHCA B S;
0, B IPOTUBHOM CJIy4ae.

MIPI(s) = (' 1(P,5) > (&5} U

3pecb & — pedieKCMBHOE M TPAH3UTMBHOE 3aMblKaHME OTHOLLEHMSA NePexoi0s.
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Npumep 2.3
BepHemca kK nporpamme DIV. PaccmoTtpum coctosiHne s ={a = 3,b = 2,q - —1,r » —1},

nnu cokpaleHHo (3,2, —1, —1). HeTpygHo npoBepuTb, YTO BbluMcaeHWe nporpammbl DIV B co-

CTOAHWM S KOHEYHO U UMEET CeAyoWnNii BUA:

(q:=0;r =a;whiler>bdoq:=q+ 1;r:==r—bend,(3,2,—1,-1)),

(r =a;whiler>bdoq:=q+1;r=r—bend, (3,20 -1)),
(whiler>bdoq:=q+ 1;r=r—bend,(32,0,3)),

(q=q+ L;r:=r—b;whiler>bdoq:=q+1;r:=r—>bend,(3,2,0,3)),
(r:==r—b;whiler>bdoq:=q+ 1;r:=r—bend,(32,1,3)),
(whiler>bdogq:==q+ 1;r:=r—bend, (3,2,1,1)),

(¢,(3,2,1,1)).

SR T o e o

2.2.2. AkcuoMmaTu4deckasi ceMaHTHUKa

Ecnun onepaumoHHasa cemaHTUKa dopmanmnsyeTt NoBeLeHMUE UCMIONHUTENA NPOrPamMm, TO OKCUO-
mMamuyeckasa, Unn 0e0yKmugHasA, ceMaHmuka GopmMmanmnsyeT NpoLLeCcC LOKa3aTeNbCTBA KOPPEKT-
HocTu. OcHoBoMo/aratowet paboToli B 3Tol 0b6nacTu ABnseTcs ctatba ToHM Xoapa (Charles An-

tony Richard Hoare, poga. 8 1934 r.) 1969 r., cTaBwas Knaccukor [Hoa69].

AKCMOMATMYECKan CEMaHTUKA A3blKa NPOrpaMmmMmMpoBaHuna 6asmpyeTca Ha AeAyKTUBHOW cucTeme,
TaK HasblBaeMoW s102uKe Xoapa, 3a8aHHOM ANs 0ONepaTopoB A3biKa. B Hell, B 0TMYMeE OT cUCTEMbI
nepexosoB A3blKa, BbIBOAATCA He AeWCTBUA UCMONHUTENA, @ YCI0BUA KOPPEKTHOCTU, TaK Hasbl-
Baemble mpoliku Xoapa. AKCMOMbI OMUCLIBAOT CEMAHTUKY 3/IeMeHTapHbIX OnepaTopos (onepa-
Topa skip, onepatopa npucBavBaHuKs), a NpaBuaa BbIBOAA — CEMAHTUKY YNPaBAAOLLMX onepa-
TOpOB (YC/IOBHOrO onepaTtopa, onepaTopa UMKia). AKCMOMATUYECKas CeMaHTUKa UrHopupyeT

€nocob MCNOoNHEHNA NPOrPaMMbl, AaBasA BO3MOXKHOCTb PACCYKAaTb O «BbICOKMX» CBOMCTBAX.
BcnomHum onpepeneHus, AaHHble B 1eKuumn 1.

Ycnosuem KoppekmHocmu HasbiBaetca Tpoiika {@}P{i}, rae P — nporpamma, a @ v — noru-

yecKkue d)OpMyJ'IbI, Ha3blBaeémMbleé COOTBETCTBEHHO nped- n nocmycsnoeuem, a emecrte — rpo-
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2PAMMHbIM KOHMPAKkmom. FoBOPAT, YTO Nporpamma P KoppeKmHa OTHOCUTENbHO @ 1 Y (06o-
3Havaetca: E {@}P{Y}), ecnm ana nto6oro HauabHOro COCTOAHMUA, B KOTOPOM UCTUHHO YC/I0BME

@, ecnv BbluncieHune P 3aBepluaetcal®, To B KOHEYHOM COCTOSHUM UCTUHHO YC0BUE :
ecm s E @ n MIP](s) # w, 7o M[P](s) &= ¥, pns ntoboro coctosHms s.

3ameTm: peyb NAeT TONIbKO O CBOMCTBAX YacmuyHoU KOoppekmHocmu (METO,CI,bI AOKa3aTenbCTBa

3aBEPLIMMOCTU Nporpamm ByayT NpeacTaB/ieHbl B 1eKunn 6).

Mpumep 2.4

PaccmoTpum TpuBMasbHble TPOMKK Xoapa:

o E {false}P{y}, pns noboi nporpammsbl P 1 nto6oro noctyciosus i;

o = {p}P{true}, ona noboit nporpammsl P 1 ntoboro npesycnosus @.

Huke B Tabaunue 2.3 onpeaenserca akcMomaTUyeckas ceMaHTMKa sa3bika while [Ben12] v gatotca

Hed)OpMaIleble NOACHEHUA K COCTaBNAKWMM €€ aKCMoOMamM U npaBuiam BbiBOAa.

Tabauya 2.3. AKCuoMamu4eckas CeMaHMUKQ A3bIKa npo2pammuposaHus while

AKCMOMa NYCTOro OMepaTopa: yC/0BUE, UCTUHHOE Nepes, UCMOJHEHUEM NYCTOro onepa-

(1) | {p}skip{e}

TOpa, OCTAaeTCA UCTUHHBbIM U NOC/Ne NCNONHEHWNA onepaTopa

AKc1MOMa onepaTopa NPUCBAMBaHMA: /1A TOTO YTOBbI NOCAE UCMIONHEHWA NPUCBaNBaHUA
(2) | {olx = t]}x = t{p} YCNOBME CTaN0 UCTUHHBIM, HEOBXOAMMO [OCTaTOYHO YTOGbI Mepes, UCNONHEHWEM onepa-
TOpa 6bI10 UCTUHHO TO XKe YCN0BKE, HO C COOTBETCTBYIOLLEI NOACTaHOBKO

npasuno nocnersaTeanoﬁ KOMMNO3UUUU: eC/i1 NOCTyCcnosue O,D,HOI‘/‘I nporpammsbl cosna-

3) {o3P{x}, (OP(y}

[A3ET C NpefyCc/I0BUEM APYroi, TO UX NOCAEA0BaTENbHAA KOMMO3ULMA KOPPEKTHA OTHOCK-
{@}Py; P, {1} TeNbHO NpeaycNoBUA NepBOI MPOrPamMMbl U MOCTYCNOBUA BTOPOI («CKNEKa» KOHTPAKTOB)

MpaBuo ycN0BHOrO onepaTopa: [/ KOPPEKTHOCTM YCIOBHOTO OnepaTopa HeobXxoanmo v
(a) {o AB}P.{y}, {@ A=B}P,{1} [0CTaTO4YHO, 4To6bl BeTBb then bbia KOppPeKTHa OTHOCUTE/ILHO NPEAYCNOBUSA, YCUIEHHOTO
{@}if B then P, else P, end{3)} | YC/10BMeM eeTenenns, a setsb else — oTHocuTeNbHO Npe/ycNOBUA, YCUAEHHOTO OTPULA-
HWUeM yCNOBUA BETBNEHUA

MpaBuno onepatopa LMKAA: eCN U3BECTEH MHBAPWAHT LMKAA (YCN0BWe, YAOBNETBOPAIO-

(5) {9 A B}P{g} LLiee BEPXHEI YacTu Npasua), TO ONepaTop LMKAa KOPPEKTEH OTHOCUTEIbHO MHBAPUaHTa U
{e}while B do P end{¢p A =B} MHBApUMaHTa, YCUNEHHOTO YC/I0BUEM BbIXOAA U3 LUKAA
(6) @ - go” {(p'}P{lI)’}, w’ - MpaBuUNO KOHCEKBEHLMMN: KOPPEKTHOCTb MPOrpaMMbl HE HapYLLIAETCA NPU YCUEHUU npes-
{Q}P{y} YCNOBMA 1 0CNabneHnn NocTycnoBUA

16 [1nA onpeAeneHHOCTU CHUTAeM, YTO TaKOE BbIYUCNEHNE OAHO.
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B akcMome onepaTtopa NpucBamMBaHusA UCNosib3yeTca o6o3HadeHme @|x = t] — pesynbTaTt noa-

CTaHOBKM B GOPMYNY () TepMa t BMECTO Ka)0ro BXOXAEHUA nepemeHHom x17.

Mpumep 2.5

Paccmotpum dpopmyny a = b - q + 7. Mocnefo0BaTeNbHO NPUMEHUM K Hell fiBe NOACTaHOBKM:
[r=r—>b] n [q=q+1]

. ((a=b~q+r)[r:=r—b])[q:=q+1]:
. (a=b-q+@-b)g=q+1]=
a=b-(q+1)+(@r—->b)=

a=b-q+r.

2w e

O6patnTe BHUMaHME: B pe3y/ibTaTe NPMMEHEHMUA NOACTaHOBOK Mbl MONYUYUAN Ty Ke camyto dop-

myny a = b - q + r — Gopmyna UHEAPUAHMHA OTHOCUTE/IbHO 3a4aHHOIO NpeobpasoBaHm.

O

M3BecTHO, uTO Norvka Xoapa ABNAeTCA 3HAYUMOU (M3 AOKa3yeMOCTM YCNOBMA KOPPEKTHOCTM Bbl-
TEKaeT ero UCTMHHOCTb) U M0AHOU (M3 UCTUHHOCTW YCNI0BMA KOPPEKTHOCTU BbiTEKaeT ero AoKasy-
emoctb)® [Ben12]. lokasyemocTb yciosus koppektHoctv {@}P{i} (o6o3Hauaertcs: F {p}P{y})
€CTb HUYTO MHOE, KaK BO3MOMHOCTb ero MOAYYEHUA M3 aKCMOM MyTeM NPUMEHeHMA NPaBu Bbl-

Boza. Takum 06pa3om, 3HaUMMOCTb IOFMKKM X0apa BMeCTe C ee NOIHOTOM 03HaYatoT ciedytoLee:

+ {@}P{y} Torpa v Tonbko Torga, korga F {@}P{yY}.

MpounntocTpupyem 3HaYMMOCTb CUCTEMBI Ha NPYMepe onepaTopa NpUcBamnBanHna x == t. cnon-
HeHWe 3TOro onepaTopa onwucbiBaetcs nepexofom (x = t,s) = (&, s[x = s(t)]). Ana npous-
BOJIbHOTO ycioBusa @ umeem: F {@p[x = t]}x := t{p} (akcnoma, oueBnaHo, fokasyema). 3aduk-

CcUpyem Npoun3BoJibHOE COCTOSAHUE S, TaKOe YTo S (p[x = t], M NOKaXem, 4To

M[x = t](s) = s[x = s(t)] & ¢.

7 B maTemMaTU4ecKoW JIOTUKE 4acTo UCronb3ytoT o603HaueHune @{t/x}.
18 3pecb yMeCTHee roBopuUTb 06 0OMHocuMmesbHOU NOHOTE AeAYKTUBHON CUCTEMbI B TOM CMbIC/IE, YTO CBOWCTBA NPEAMETHON 061aCTH B Heit He

[0Ka3bIBAOTCA: UCTUHHbIE GOPMY/Ibl PACCMATPUBAKOTCA B Ka4ecTse akcMom [Ben12].
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3710 1 byaeT o3HauaTb, uto E {@[x = t]}x = t{p}. He orpaHnumeas obLWHOCTN paccysKAeHW,
Byfiem cumnTaTb, UTO yCI0BUE @ UMeeT BUA p(X), rae p — HEKOTOPbIVi OLHOMECTHbIV NpeauKaT-
Hbli cMMBOJ (0603HaUYMM MHTEPMNPETUpPYIoLLEee ero oTHoweHue cumeonom [pll). NpuseaeHHas

HVXXe LenoYKa sKBMBaNEHTHOCTeN A0Ka3biBaeT Tpebyemoe yTBepKAEHMe:
sEpx=t] & seplt) = s@ep] = slx=s)]Fp).
OcTtaHoBMMCA NoapobHee Ha Npasue BbIBOAA A/1A OnepaTopa LuKna:

{¢ A B}P{¢p} '
{p}while B do P end{p A —B}

Ycnosue @, yKasaHHOe B 3TOM NpaBuJie, Ha3blBAETCA UHBAPUAHMOM YUKAA (UCNONHeHWe Tena
LMK He HapyLwaeT UCTUHHOCTb 3TOro ycioBus). s nposeaeHus AefyKTUBHON BepudmKaumm
HY}KHO 3HaTb «MHPOPMATUBHBIE», KAK MOXKHO H0/iee «TOUYHbIE» MHBAPUAHTLI LMKAOB, OA4HAKO
NOWCK TaKMX MHBAPWAHTOB, BOOBLLE roBOpA, He NOAAaeTca aBToMaTnsaumm. CKkasaHHoe CcTaHeT
MOHATHBIM U3 NIEKLMI 3 1 5; NOKa IMLLb OTMETUM, YTO TPUBMANbHbIE ycnoBus, true u false, aB-

NAKTCA NHBAapPMaAHTaMU noboro LUMKNa, O4HAaKO OHU 6ecnosiesHbl Aana BepMd)MKaLI,MVI.

Mpumep 2.6
Ycnosue a = b - q + r ABNAETCA MHBAaPUAHTOM LMKAA, NpUCYTCTBYIOWEro B nporpamme DIV, uto

6b1710 OKa3aHO B NpeaplAyLiem Npumepe:
E{(a=b-q+1r)}q=q+Lr=r—b{a=b-q+r}
3ameTVm: B NpUBEAEHHOM MPeAyC/lOBUM HET YCI0BUA LIMKAA, KaK Toro TpebyeT onpegeneHne

MHBapMaHTa, 0AHAKO ero MOXHO f106aBUTb, HE HAaPYLLNB UCTUHHOCTb YCNOBMA KOPPEKTHOCTU?,

O

MporpammHbIii KOHTPAKT, 6e3yCc/I0BHO, ABAAETCA ONMCAHMEM CEMAHTMKM MPOrpammbl, HO 3TO
onucaHue He BMoJiHe TOYHO. MPaBMIO KOHCEKBEHUMM NO3BOAAET YCUAMBATb NPeaycnoBue Npo-
rpammbl v 0c1abnsaTb noctycnosue 6es yuepba ansa KoppeKTHoCTU. Takum obpasom, 41a Ntoboi

nporpammbl MOXXHO NOCTPOUTb CeMencTeo KOHTPAKTOB pa3H01‘/‘| cTeneHn getannsaumun. B kave-

19 Kak npasuio, MHBapuaHThbl @, Takue 4to E {@p}P{p}, He ABNAIOTCA KMHPOPMATUBHBIMMY: OHWU HE MPUHUMALOT B PacyeT YCI0BME LK.
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CTBE CEMaHTUKM NPOrpaMmmbl CedyeT paccmaTpuBaTb Haubonee «CUbHbIN» U3 HUX. Popmanu-
3auums aTon ngen boina npeanoxeHa acrepom Aelikctpoit (Edsger Dijkstra, 1930-2002) 8 1976 r.

1 6asmpyeTca Ha NOHATUM crabeliwezo npedycnosus (wp, weakest precondition) [Dij76]%°.

FosopaTt, uto dopmyna ¢’ crabee GopMynbl @, €CAN UCTUHHA MMNAMKaumMa @ — @'. Hanpumep,
dopmyna x > 0 cnabee popmysnbl (x = 1) V (x = 2) V (x = 3). OyeBuaHo, 4o Yem cnabee

dopmyna, Tem 6o/blUee YUCN0 COCTOAHUIM NPOrPaMMbl OHA XapaKTepusyerT:

° false — NYyCTO€ MHOXeCTBO COCTOSIHUIA;

® (rue — MHOXECTBO BCEX BO3MOMHbIX COCTOAHWA.

Cnabeliwum npedycnosuem nporpammbl P oTHocuTenbHo noctycnosus 1 (o6osHauaetcs:

wp (P, 1)) HasbiBaeTcs cnabeiwan popmyna @, ana kotopoit = {p}P{}21.

3ameTum, YTo 411 3a,aHHOIN Nporpammbl OTOBpasKeHe WP CTaBUT B COOTBETCTBUE OAHOMY Npe-
OMKaTy (nocTycnosuio) apyroi npeamkat (cnabeiwee npeaycnosue). Mo 3ToW NpuyMHeE 3TO

OTO6pa)'KEHMe Ha3bliBalOT I'IpealIKCImeIM npeo6pa3oeamen6M.

CBolicTBa NpeAnKaTHOro npeobpasosaTena wWp nokasaHbl B Tabauue 2.4.

Tabauya 2.4. Ceolicmea cnabeliwezo npedycaosus

(1) | & (Wp(P, P) A Wp(P,)()) o wp(P,Y Ay) CBOICTBO AUCTPUOYTUBHOCTM
(2) | E ~wp(P, ) » wp(P, ) CBOIICTBO ABOWCTBEHHOCTH
3) | W-y) - (Wp(p, P) - WP(P,X)) CBOWCTBO MOHOTOHHOCTM

ObpaTnTe BHMMaHWeE: B CBOWCTBE ABOMCTBEHHOCTY WP UMEET MECTO MMNINKALMA, @ He SKBUBa-
NIEHTHOCTb: B COCTOAHMAX S, B KOTOPbIX Nporpamma P 3aumknusaetca (M[P](s) = w), ecan Takue

€CTb, UICTUHHO 1 npeaycnosue wp(P, ) n npeaycnosune wp(P, —).

B Tabanue 2.5 npusedeHbl Npasuna BbluncieHus ciabeiiwero npeaycnosus Ana ssbika while
[Ben12]. OHu B LesIOM COOTBETCTBYHOT aKCMOMaM U NpPaBuIam BbIBOAA aKCMOMATUYECKOM CeMaH-

TUKU, e ANHCTBEHHOE UCKNKYeHNEe — 34eCb HET KOHCEKBEHLUNN.

20 Npyroi BapuaHT — cusnbHeliwee nocmycnosue (sp, strongest postcondition).

21 Crporo rosops, 370 onpeaenenus caabeliwezo ceobodHozo npedycaosus (wip, weakest liberal precondition); opurnHanbHoe onpeseneHue

cnabeiiwero npeaycnosua TpebyeT UCTUHHOCTU YCI0BUA MONHON KOPPEKTHOCTY.
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Tabauya 2.5. Mpasuna sviyucaeHus cnabeliwezo npedycaosus

1) | wp(skip,¥) = ¢
2) | wp(x = t, ) =[x =t]

(
(
B wp(Py; Py, ) = WP(P1IWP(P2r¢))
(
(

4) | wp(if B then P, else P, end,y) = (B Awp(P,¥)) V (2B Awp(P,, 1))
5) | wp(while B do P end, ) = (=B AY) v (B Awp(P; while B do P end, )

PaHee Mbl fOrOBOPUANCH CYUTATb, YTO ANA A3bIKa MPOrPaMMMUPOBaHKUA 3agaHa GopManbHas ce-
MaHTMKa, ecNn onpeaeneHo otobpaskeHne M, cTasslLee B COOTBETCTBME KaxAoW nporpamme P
Ha 3TOM A3bIKE U KaXKA0MY HauyalbHOMY COCTOSIHUIO S MHOYKECTBO BO3MOMHbIX KOHEYHbIX COCTO-
aHuin MP](s). B pamkax akcMOMaTUYECKOro NOAXOA4A Mbl HEMHOTO OTOWAEM OT NPUHATON A0-

roBOpeHHoCTU — oTobpaxkeHne M onpeaensetca Ana napbl Nporpamma-noctyciosue??;

{13}, ecnu s # wp(P,y);
{s"|s" Ey¥}U{w}, uHaue.

MIPIGs) = |

Mpumep 2.7
Bblumcanm cnabeliwee npesycnosme NporpaMmmbl X:=Xx +Yy;Y:=X — Y;X:= X — ) OTHOCK-

TensbHo noctycnosus (x = a) A (y = b).

1. wp(x:zx+y;y:=x—y;x:=x—y,(x:a)A(yzb)):
2. wp(x:=x+y;y:=x—y,wp(x:=x—y,(x=a)/\(y=b)))=
3. Wp(x:=x+y;y:=x—y,((x=a)/\(y=b))[x:=x—y]):

4. WP(X= X+y:y:=x—y.((x—y)=a)/\(y=b))=

5. Wp(x:=x+y,Wp(y:=x—y.((x—y)=a)/\(y=b))>=
x+y, (=M =a) Ay =b)ly=x-y])=
7. wp(w=x+y (- @-») =) A (@-» =b)) =

. (((x—(x—y))za)/\((x—y)zb))[x:zx+y]:

(((x+y)—((x+y)—y))=a)/\(((x+y)—y)=b)=
10. (y = a) A (x = b).

6. wp (x :

oo

o

22 3HayeHue L («AHO») MHTEPNPETUPYETCs Kak HeonpeAeIeHHOCTb NOBEAEHUs NPOrPaMMbl BCIEACTBUE HAPYLLEHWA KOHTPAKTA, @ — KaK 3aLuK-

NMBaHWe (YCN0BME YaCTUYHOM KOPPEKTHOCTU JOMYCKAeT 3aLMKANBaHME).
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[Onsa Toro 4to6bl foKaszaTh ycnosue KoppekTHocTY {p}P{1)}, Hy’KHO BbluMCAUT chabeiiwee npesa-
ycnosue wp (P, ) n npoBepuTb 06Le3HaYMMOCTb (TOXKAECTBEHHYIO UCTUHHOCTL) MMMIAUKALUK
@ = wp(P,). 3apa4ya NpoBepKM 0OLE3HAYMMOCTU NOTUYECKUX GOPMYN ABNSETCA BbIYMUCIM-
Te/IbHO TPYAHOM, €C/IM HE HEPa3PELUMMON, HO 4/ HEKOTOPbIX MPeAMETHbIX 06/1acTeil U3BECTHbI

addeKTMBHbIE paspeLatoLLme npoueaypbl (CMm. nekumto 8).

2.2.3. loka3aTe/ibHOE IpOrpaMMHupoOBaHUe

MocnefHAs Tema, 3aTparMBaemas B 3TOW NeKUUU, — meToa JelKCTpbl NOCTPOEHUS KOPPEKTHBIX
NporpamMm, Tak HasblBaemMblii Memoo 00Ka3amesibHO20 npozpammuposaHus [Dij76]. OcHoBHas
naesa Noaxona CoCTOUT B TOM, YTO pa3paboTka Nporpammbl OCYLLECTBIAETCA COBMECTHO C A0Ka-
3aTeNbCTBOM €€ KOPPEKTHOCTU. KNtoYeBbIM 3/1eMEHTOM MeToAa ABAAETCA TEXHMKA NOCTPOEHUSA
UMKNOB. NMpPeanonoxum, 4to Tpebyetca HaiTh nporpammy P, Takyto uto E {@}P{}} v umetowyio

cneayrowmin sug, [Apt09]:
Q; while B do R end.

Ecnu 6bl nporpamma P 6bina M3BECTHA, TO ANA AOKa3aTeN1bCTBa YCN0BNA KOPPEKTHOCTU AO0CTa-

TOYHO 6blN10 Bbl HAWTU GoPMYAY ), YAOBNETBOPAIOLLYHO CeAYIOLWMM CBOMCTBaM:

1. dopmyna y ucTuHHa nepeg exogom B umnkn: E {p}Q{x};
2. ¢popmyna y ABnseTcA MHBapuaHTom umkna: = {y A B}R{x};

3. ¢opmyna P UCTUHHA nocsie Bbixoda us uukna: = (Y A =B) - .
BbllwecKkasaHHOe MOXHO HanucaTb bonee HarnsaHo B dopme Habpocka OoKkazamenobcmea:

{@} /* npemycmoBue */

Q7
{inv: 7y} /* uHBapmaHT uUuMKIa */
while B do
{x ~ B}
R
{x}
end
{x A~ =B}

{y} /* nocrycnoeue */

OCHOBHaA CIOXKHOCTb COCTOUT B HAXOXAEHUMU X — WHBApMaHTa HecyuwecTeytoLwero umkna — ana

3afaHHbIX @ 1 P. OgHa U3 cTpaTernin NomMcKka cocTomT B 0606LLEeHUN NOCTYCNOBUA, Hanpumep,
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nyTem 3amMeHbl HEKOTODOIZ KOHCTaHTbl Ha NepeMeHHYto (TEMa CMHTE3a NHBAPUAHTOB pacCMaTpu-

BaeTCA B ieKuumn 7).

MoauepkHem: B meToge [eiKcTpbl MHBAPUAHT MLLETCA 40 MOCTPOEHUA LUMKNA; KpOME TOro, OH

ABNAETCA HEOTbEMJIEMOM YaCTbiO nporpammel.

MccnepoBaHMA NO ceEMaHTMKe Nporpamm Hadanucb B 1960-bie . n NpoaoaKatTca no cen AeHb.
nO,CI,pOﬁHOE onncaHne metToaos d)OpMa}'IM3aLI,VIVI A3bIKOB NPOrpamMmmMmmnpoBaHnA, BKKOYanA deHo-
MAayUoOHHYHO cemaHmUKyB, HEe PaCCMOTPEHHYIO B NeKUnN, MOXHO HanTK B cneynanmnsnpoBaH-

HOW NnTepaType, Hanpumep, B KHure [Gun92].

2.3. Bonpocsl 4 ynpakHeHUus

1. Yem onepaumoHHbIN NOAXOA K ONpeae/leHNI0 CEMaHTUKM A3bIKOB NPOrPamMmMUPOBaAHNA OTIN-

YyaeTca OT aKCMOMaTUYEeCKOro?

2. BepHo nu, uto ABe d)YHKLI,VIOHafIbHO 3KBMBAJIEHTHbIE MPOrpammbl UMEKT O4NHAKOBYHO Ce-

MaHTUKY?

3. BbInuwmMTe curHaTypy nporpammel P, peanusytowei anroputm EBknmnaa (cm. nekumto 1). Pac-
WMPbTE 3Ty CUTHATYPY npeankaTHbiM cumeonom HOJI®), onpeaenute akcMombl 1 npasuna

BbIBOZA NpeaMeTHOM obiacTu.

4. [oKaxkuTe yTBEpKAeHWe 0 eAUHCTBEHHOCTU BbluMcieHua Ntoboi while-nporpammebl B npo-

M3BOJ/IbHOM Ha4a/ibHOM COCTOAHUNN.

5. TocTpoliTe BblYMCAEHWE NPOrpPaMmbl LenovmcneHHoro genewunsa DIV ana a=7 n b =3

(HaYaNbHblE 3HAYEHMA NEPEMEHHDBIX U " MOTYT HbITb t06bIMK).

6. MocTpoiTe BbluMCAEHUA Nporpamm P v Q, peannsyrowmx anroputm EBkanga (cm. nekumio 1),

anaa=14ub = 21.

23 B AEHOTALMOHHOW CEMAHTUKE KaX/A0M KOHCTPYKLMM A3bIKa MPOrpamMMUpOBaHUA COMOCTABAAETCA Er0 MaTEMATUYECKUIA aHaNoT, TaK Ha3biBae-
Mblii deHomam. [JeHOTaTbl CNOKHbIX KOHCTPYKLUMIA ONPeaensroTca MHAYKTUBHO Yepes AeHOTaTbl COCTAaBAALWMX UX 31emMeHTOoB. Mporpamme P
conocrasnseTca GyHKumaA (B maTemaTtuyeckom cmbicne) M[P]. Moaxon paspabotaH B KoHue 1960-bix — Hauvane 1970-bix rr. B8 paboTax [aHa
CkoTTa (Dana Scott, pog. B 1932 r.) u Kpuctodepa Crpeitum (Christopher Strachey, 1916-1975). [leHOTaLMOHHAA CEMaHTHKa A3blKa NPOrpammu-

posaHua while paccmaTpusaeTtcs, Hanpumep, B KHure [Mit96].
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

OnuwunTe ceMaHTMKY onepaTopa HegeTepMUHUpPOBaHHOro Bbibopa choice, ncnonbsys one-

paLI,MOHHbIVI N aKCMOMaTUYECKNIA noaxogbl.

OnuwuTe cemaHTWKy onepaTtopa uukna repeat — until, ucnonbsys onepaumoHHbIN 1 akcu-

OMaTMYeCcKunit noaxoapi.

Onpeaenute onepaLMoOHHYIO CEMAHTUKY caeaylolero s3bika. MNporpamma — nocnenosa-
TeNbHOCTb {0p;}1=y, B KOTOPOIt KasKabliA 31EMEHT 0p; — OAMH W3 CNeAyIoLMX ONepaTopos:
skip, x := t wnu if B then goto j (nepexoga Ha j-biii onepaTop, €C/IM UCTUHHO ycnoBue B).

MOMKHO N 3TO cAeNaThb, HEe BbIXOAA 32 PAMKM CTPYKTYPHOW ONepaLMOHHON CEMaHTUKN?

[Jokaxute ycnosue koppektHoctn {true} x :=a;y := b {(x = a) A (y = b)}, ucnonbsys

onpesenieHHble B IEKLMM aKCMOMbI U MPaBKUIa BbIBOAA.
MpeanoxuTe MHBaPUAHT LMKAA ANA NPOrpaMmbl LenovncaeHHoro genenua DIV,

MpeanoskuTe MHBAPMaHTbI LMKAOB Ana nporpamm P v Q, peanusylowmx anroputm EBkanga

(cm. nekumio 1). CoBnagatoT AW 3T MHBAPMAHTbLI?

JoKaxnte cBOMCTBA AUCTPUOYTUBHOCTM, ABOMCTBEHHOCTM U MOHOTOHHOCTM crabewnwero

npeaycaosus.
Kakue coctosHuaA nporpammbl P xapaktepusyet ycnosue wp(P, false)?

[loKaunTe CBOMCTBO ANCTPUBYTUBHOCTM ciabelluero npeaycnoBns OTHOCUTE/IbHO AN3bIOHK-
umv: wp(P,Y) Vwp(P, x) = wp(P, Y V x).
Boiuncimre wp(x =x+a;y =y —1Lx=(b—-y)-a).

MocTpoitTe ¢ nomoLLbo MeToaa [elKCTpbl NPOrpammy, BbIUMCAAIOLYIO CYMMY 3/1€MEHTOB

LLe/I0YMCNeHHOr0 MacCc1Ba 3a4aHHOM A/WHbI.

Mpeanoskute cnocob BbIYMCIEHWUA CUNbHEMLLEro MOCTYCA0BMA Nporpammbl (sp, strongest

postcondition). Moackaska — cuuTaliTe, YTO Nporpamma npescrasneHa B SSA-popme??.

ChopmynupyliTe cBOICTBa NpeauKaTHOroO NpeobpasosaTens sp.

24 SSA-popma (oT aHra. Static Single Assignment) — 3To npomeKyTo4HOe npeacTaBieHme NPorpammbl, B KOTOPOM KaKAoW NepeMeHHOM 3Have-

HWe NpucBanBaeTca AnWb eanHOXAbI [Aho06]. YTobbl o6ecneunts 310 TpeGoBaHUe, BBOAATCA Tak Ha3biBaeMble BEPCUM NEPEMEHHBIX — HOMEP

BEPCUU MHKPEMEHTUPYETCA NPU KaXKA0M NPUCBAaUBaHUM B NEPEMEHHYIO0; NPY UCMOb30BAHWUM NEPEMEHHOI BepeTca ee nocneaHAA Bepcua. UTak,

sp(P, ) = (¢[opurnnansl := Bepcun, ] A ssa(P))[Bepcun, = OpUTHHAJIbI], rAe BEPCHHU, W BEPCHH, — HauanbHble 1 KOHeuHble Bepcun ne-

PeMeHHbIX COOTBETCTBEHHO. B 3aa4e TpebyeTca HaliTv cnocob noctpoerna dopmysbl ssa(P).
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20. Kakue coctosiHuA nporpammbl P xapaktepusyet ycnosue sp(P, true)?

21.Bolumcute sp(x =x+a;y:=y—1,x=(b—y) - a).
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Jlekuuda 3. leAyKTUBHAA
BepUPUKALUA I0C/IeJ0BATE/IbHbIX
nporpaMmm

Hekomopele aemomawuHel Opebesxam Ha xody. Mos asmoma-
WUHa — 3MOo HeKomopas aemomawuHa. HeydueumesnsHo, Ymo
Mos asmomawuHa opebesncum!

P.M. CmannuaH.
Kak ke Ha3bIBaeTcA 3Ta KHUra?

PaccmaTpumBatoTca 0CHOBbI AelyKTUBHOW BepUBUKALIMM NOC/Ie,0BaTE/IbHBIX MPOrPamMm: NPUBOAATCA HEOBXOAVMMbIE CBEAEHUA O
[,eAYKTUBHbIX CUCTEMAX M TEOPUM AOKA3aTeNbCTB; AAETCA NpeacTaBaeHne 0 BepudrKaLmm NPporpammbl Kak MOUCKe [OKa3aTeNb-
CTBa YC/I0BMA KOPPEKTHOCTYU B AeAYKTUBHOM cucTeMe, popmManusytoLLeit A3bIK NPOrpammupoBaHua (nnatpopmy). MokasbiBaeTcs,
YTO CBOWCTBA LMK/OB, Tak Ha3blBaeMble MHBAPUAHTbI, HE BbIBOAWMbI M3 CTPYKTYPbl NPOrpammbl. 3a4aHne UHBApPUAHTOB AaeT

HabpOCOK [10Ka3aTeIbCTBa KOPPEKTHOCTH, MPOBEPKY KOTOPOTO MOXKHO aBTOMATU3UPOBaTh.

3.1. leAyKTUBHbIE CUCTEMBI U JOKa3aTeJIbCTBA

3agava BepudMKaLMM — [0Ka3aTb KOPPEKTHOCTb NPOrPamMMBbI?®, T.e. COOTBETCTBME NPOrpamMMmbl
TpeboBaHMAM. B Knaccnuyeckom noaxosae, pacCMaTpMBaeMOM Hamu, TpeboBaHUSA 3a4,3at0TCA C No-
MOLLbIO Npea- 1 NOCTYC/NIOBUI, a BEPUPMKALLMA COCTOMT B A0OKa3aTeIbCTBE YAaCTUYHOM MAW NoA-
HOW KOPPEKTHOCTM MPOrpaMmmbl OTHOCUTEIbHO 3TOM Napbl ycaoBuiA. Korga rosoputeca o goKasa-
TeNbCTBE, NPEeANO/araeTca, YTo ecTb AeAYKTMBHAA cMCTEMA (MCUYMCAEHME), B pamKax KOTOPOW
CTPOUTCA NIOTMYECKUIA BbiBOA. TaKasa AeAyKTMBHaA cUCTEMa Onpeaensetca ANA KOHKPETHOro
A3blKa NPOrPaMMMUPOBaHUA, TOYHEE, AN KOHKPETHOM NAaTGOpMbl (HYXKHO yYWUTbIBaTb Paspas-
HOCTb TMMOB, NPeACTaBAeHMNEe AaHHbIX B NAaMATU U MPOUYNE «MENIoYmM»). ITa CUCTEeMA eCTb He YTO
MHOE, KaK aKCMOMaTMYeCcKas CeEMaHTUKa A3blKa MPOrpaMmmMpPoBaHmMA (CM. NeKumto 2), HasblBae-

mas B YecTb ToHU Xoapa (Charles Antony Richard Hoare, poa. 8 1934 r.) snoeukoli Xoapa.

25 Ha npaKTuKe yMeCTHee roBOpUTb O AOKa3aTe/IbCTBE UM OMPOBEPMKEHUM KOPPEKTHOCTU NPOrpammel, T.e. Bepudmkaumm/panscudukaumm. B
MNPOTUBHOM C/ly4ae NOCTaHOBKA 3aa4u CTaHOBUTCA abeypaHoi (cm. nepsyto akcromy M.P. Lypbi-Bypbl, ynomsaHyTyto B iekumu 1). Mpumep ab-
cypZHOro BbickasbiBaHuaA [And79, pyc. nep.]: «Z0Ka3aTesbCTBO NPaBUABHOCTU BECbMa MOJIE3HO U CMOCOBCTBYET 06HaPYKEHUIO TeX OWMBOK, Ko-

TOpble MoK 6biTb NPOMYLLEHbI, €CM bl 4OKA3aTENLCTBO HE NPOBOAUNOCHY. ECAM AoKa3aHa NPaBUNbHOCTb, Kakue MOryT 6biTb OWNBKKN?
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MTaK, Mbl UMEET K/J1acCMYECKYIo 3aga4y MaTeMaTUYeCKOM NI0TUKKU: uMmetoTca 0e0yKmuUBHAA Cu-
cmema (MHOXeCTBO aKCMOM W MpaBuA BbIBOAA) U ymeepicOeHue (normyeckas ¢popmyna, KoTo-
PYHO HY»KHO [l0Ka3aTb); TpebyeTcsa NoCTponUTb 00KA3ames16Cmaeo (N0rM4yecKumii BbIBOA,) 3a4aHHOr0

YTBEPXKAEHMA B 3a4aHHON AeAYKTUBHOM cucTEME.

Jokazamenscmeom Ha3blBaeTCA nocnefosaTensHocTb dopmyn {@;}i- 1, B KOTopol Kaxaas Gpop-
Myna MnMbo ABNSETCA aKCMOMOM, TMBO MOKET BbITb BbiBeAEHa U3 HEKOTOPbIX NpeablayLimnx ¢op-
MYy NyTeM NPUMEHEHWA O4HOTO M3 NpPaBuA BbiBoAa. NocneaHas dopmyna nocnenosaTesibHOCTH
Ha3blBaeTcA meopemoli, a camMa Nocnef0BaTeNbHOCTL — ee AoKa3aTenbctsom. Popmyna ¢, ana
KOTOPOI CyLLEeCcTBYET A0Ka3aTeIbCTBO, Ha3biBaeTca dokaszyemoli (0bo3Havaetca: - @) [Benl2]. B

JanbHelweMm gas KpaTKoCTU CUMBOJT A,0KA3yeMoCT Mbl Byiem onycKaTb.

3.1.1. [IpuMeps! A AYKTUBHBIX CUCTEM

Moxanyin, camoi n3BeCTHOM AeAYKTUBHOM CUCTEMON BCEX BPEMEH WU HAPOA0B ABNAAETCA reOMeT-
pus EBkAnAaa, onncaHHan B «Hauyanax» [EBk50] npumepHo B 300 r. Ao H.3. MpeacTaBieHne o Hell
JaeTca B cpefHen wkose. Ceiyac e mbl 0bpatumca K cucteme leHueHa (Gerhard Gentzen,
1909-1945), npeanoskeHHol B 1930-ble rr. [Ben12]. 3TOT Nnpumep He cBA3aH C NPOrpamMmmMmmnpoBa-
HWEeM; ero Luefb — NPOUANOCTPUPOBATb NOHATUE JIOTMYECKOTO BbIBOAA C GOPManbHOM CTOPOHDI,

6e3 CMbIC/I0BOrO HaMNoJIHEHUA (B3F/'I$|A CO CTOPOHDI KOMI'IbIOTepa).

[JenyktneHaa cuctema leHueHa coAepKUT OAMH TUM aKCMOM M ABa TUMa Npaswua BbiBOAA, TaK

Ha3blBaemMble a- U ,B-npaBMna:

®  (OKCUOMbI — MHOECTBA IMTePasioB (BbICKa3biBAHWI M UX OTPULLAHMIA), COAepIKaLLMe XOTA

6bl OA4HY KOHTPapPHYIO Napy (HEKOTOPOe BbICKa3biBaHWE M €r0 OTPULLAHKE);

e qa-npasuso (cm. Tabnuuy 3.1):

%ﬁ, rae U — MHoKecTBO GpopMmy/, He cogepskallee aq U ay;
e [-npasuno (cm. Tabanuy 3.1):

U1U{B1},U2U{B}

TRTATTTE rae Uy He copepxut B4, a U, He coaepKut f3,.
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Tabauya 3.1. a- u B-gpopmynel 8 dedykmusHoli cucmeme eHyeHa

a ay az B B B
ﬁ(Al /\Az) —|A1 _|A2 (Bl /\Bz) Bl Bz
(Al \% Az) Al A2 _l(Bl \ Bz) _lBl _IBZ
Mpumep 3.1

MocTpoum gokasatenscrso yreepxaeHunsa {—(p A q) V (q A p)} B cucteme MeHueHa:

1. {-p,q,p} aKkcoma (KoHTpapHas napa {p, =p});
2. {-p,7q,q9} aKkcoma (KoHTpapHas napa {q, =q});
3. {(="(pAqQ).p} a-npasuno (1, A);

4. {=(pNq),q} a-npasuno (2, A);

5. {=(pA@)(gAp)} B-npasuno (3 4, A);

6. {(=(pAq@Q)V(gAD)} a-npasuno (5, V).

ObpaTnTe BHMMaHMeE Ha [Ba MOMEHTa: NepBoe — MpoLeaypa JI0rMYECKOro BbiBOAA MCKAKOYM-
TesibHO hopmanbHas (MPOBepKa AOKA3aTeNIbCTBA JIETKO MOKET BbliTb BbINOJIHEHA KOMMbIOTEPOM);
BTOPOE — NoA06PaTh Hy)KHblE aKCMOMbI U MpPaBKUaa BbIBOAA HE TaK-TO MPOCTO (MOMCK A0OKasa-

Te/IbCTBa TPYAHO aBTOMaTU3MpPOBaATb).

O

3.1.2. 3HaYMMOCTH U NOJIHOTA AeAYKTUBHBIX CUCTEM

OnpepeneHve He HaKNAAbIBAET HUKAKMX OrpaHUYEHN Ha AeAyKTUBHbIe CUCTeMbl. PasymHo wmc-
No/Ib30BaThb TaKMe CUCTEMbI, B KOTOPbIX O0KA3YeMOCMb YTBEPKAEHWUA COOTHOCUTCA C UX UCMUH-
Hocmoto. JefyKTMBHAA CUCTEMA Ha3biBAETCA 3HAYUMOU WAV CEMaHMUYecKu Herpomueopeyvu-
80li, eC/IN BCE YTBEPXKAEHMSA, JOKAa3yeMble B 3TOW CUCTEME, ABAAKTCA UCTUHHBbIMU. e yKTUBHasA
CUCTEMA HA3bIBAETCA MO/HOU, €C/IN BCE UCTUHHbIE YTBEPKAEHMA MOTYT BbITb B HEil AOKa3aHbl.
YNomsiHyTble Bbllle AeAyKTUBHbIE cMcTeMbl EBKIMAA M TeHLLeHa ABAAIOTCA KaK 3HaYMMbIMU, TaK

M nosiHbiMK [Ben12].

PaboTaTb MMEET CMbIC/T TOJIbKO CO 3HAYMMbIMU CUCTEMAaMWU — B HE3HAYMMOW CUCTEME MOTYT
6bITb AOKa3aHbl 10XKHbIE YTBEPKAEeHUA (NpeacTaBbTe cebe: Nnporpamma, 418 KOTOPOM AOKa3aHa
KOPPEKTHOCTb, COAEPKUT OLIMBKM). NoNHOTa AeAyKTUBHOW CUCTEMBI KenaTebHa, HO He 0653a-

Te/ibHa — AnAa HEMNoOHOM CUCTEMBI CyLWecCTBYHOT UCTUHHbIE YyTBEPXKAEHNA, KOTOPble HEBO3MOXHO
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B HeW AOKa3aTb (CKa)'KEM, CyLeCTBYIOT KOPPEKTHbIe NpOorpamMmsbl, KOTOPbleé HEBO3MOXHO BEPU-
¢MLI,MpOBaTb). HenonHble aeayKTUBHbIE CUCTEMbI YaCTO BCTPEYAOTCA B MaTeMaTUKe, Hanpumep,

akcomaTuka MeaHo Ana apudMeTUKM HaTypanbHbIx yncen® [Pea89).

3HAYMMOCTb M MONHOTY MOXKHO ONPeAeNnUTb U AN MeToaoB BepndUKauun, AaxKe eciv OHU He
OCHOBaHbl Ha AeAyKuuu. Pe3ynbTaTomM npumeHeHua ntoboro metoga Bepudukauum K npo-
rpamme fBAAeTcs eepOuKkm: NMb0O NONOKUTENbHbIN (B MpOrpamMme HeT OLWMBOK UK OLNBKM He
HalaeHbl), 16O oTpMLATE/IbHbIN (NPU BepudUKaLmmn obHapy>KeHbl ownbku)?’. MeTon Ha3blBa-
eTCA 3HaYUMbIM, €C/IU U3 TOTO, YTO BEPAMKT OTPULATENbHbIW, CNeayeT, YTo NpPorpaMmma OLu-
604YHa; M0/IHLIM — €C/IN U3 TOrOo, YTO BEPAMKT NOJIOKUTENbHLIW, CNeayeT, YTo NporpaMmma Kop-

pekTHa [Tre08].

3.2. leAyKTUBHAs BepuPpUKaLMA NPOrpaMm

Mop 0edykmusHoli sepuguKkayueli NOHMMAETCA NOUCK A0Ka3aTe/1bCTBA YC/I0BUA KOPPEKTHOCTU
nporpaMmmbl B AeflyKTUBHOMN cucTeme (fiorMke Xoapa) COOTBETCTBYIOLLErO fA3blKa (naaTtdopmbl).
MoucK fLOKa3aTeNbCTBA SABNAETCA TBOPUYECKMM MPOLLECCOM, KOTOPbI MOXKHO anropuTMM3NPOBaTb
JIMLWb B YaCTHbIX CyYasax. Hanpumep, NpoBepKa BbINOJAHUMOCTU (HENPOTUBOPEYMBOCTHU) UK 06-
LLLe3HAaYMMOCTU (TOXKAECTBEHHOM UCTUHHOCTU) GOPMY/bl IOTUKK BbiCKasbiBaHMI aBaseTca NP-
NOJIHOWM 3a4a4ei; A8 Teopuii NepBOro NopALKa 3TM 3a4a4M M BOBCE MOTYT ObITb anropuTMmuye-

CKM HepaspeLwwnmbiMu (Cm. nekumio 8).

WTak, ecan nporpamMma KOppPeKTHa, A0Ka3aTb 3TO XOTA U BO3MOKHO (CYMTaeM, YTO AeAyKTUBHaA
cucTema nosHa), Ho, BoobLue rosops, HeMPOCTo. A YTO ecn Nporpamma olmnbo4Ha? OuyeBmaHo,
B 3TOM C/lyYae [0Ka3aTe/IbCTBa ee KOPPEKTHOCTM He CyLLecTBYeT (cunTaem, YTo AeAyKTMBHAA CU-
cTema 3HaumMma). Kak oTInUnTb 3Ty CUTYaLMIO OT CUTyaUMn, KOrda A0Ka3aTebCTBO CYLLEeCTBYeET,
HO Mbl HE MOXET ero Hantn? O6LLero peuenTa TyT HET, ACHO NLLb, YTO OAHOW AeAyKLUMK Heao-

CTaTO4YHO — NOMOTatoT ONbIT U UHTYNUUUA.

26 HenonHOTa akcMomaTukm MeaHo ABAseTCA CneAcTBUEM TeopeMbl [eHLieHa 0 ee HENMPOTUBOPEYMBOCTU 1 TeOpeMbI [efiesiA 0 HEeMoAHoTe.

27 [INA NPOCTOTbI 3[,eCb CYUTAETCA, HTO HEONPEAENIEHHOTO BEPANKTA HET.
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3.2.1. Bepudukanusa nporpaMm Ha A3bike while

PaccmoTpum s3bik while 1 cooTBeTcTBYIOLLYIO €My /IOrMKY Xoapa (CcM. nekumto 2). M3BecTHo, YTo
3Ta AeAyKTUBHAA CUCTeMA IBASIeTCA 3HaYUMOU N omHocumesibHo rnosHoli [Ben12]. CnoBo «OTHO-
CUTENbHO» FTOBOPUT O TOM, YTO MOIHOTA UMEET MEeCTO B NPEANO/IOKEHUM, YTO BCE UCTUHHbIE dop-

MYbl Flpe,D,METHOI‘;I 061aCcTV BKAKOUYEHbI B MHOXECTBO aKCMOM (,CI,OKa3aTEIleTBO CBOWCTB npea-

MeTHoM 061acTu He BXOAUT B KOMMNETEHLMIO NOTUKU Xoapa).

Mpumep 3.2

JloKaxkem KOpPEeKTHOCTb MPOrpaMmmbl LEeN0YNCAEHHOTO AeneHuns.

{a20ADb>0}

q := 0;

r := a;

while r > b do
q :=qgq + 1;
r :=r - Db
end

{a =gb+1rAA0<r < b}

OfHO 13 BO3MOXHbIX A0OKa3aTe/bCTB NpuBeaeHo B Tabanue 3.2.

Tabauya 3.2. [lokazamesnscmeo KOPPeKMHOCMU po2pammel Yesn04UCneHHo20 deneHus

YcnoBue KOPPEKTHOCTM (Tpoiika Xoapa)

AKcrMoma namn

npasuio
{@=z0)AB>0}g:=0{a=0)A(b>0)A(qg=0)} aKkcvoma 2
{@az0AB>0)A(@=0)}r=a{(@a=0)AMB>0)A(@=0)A0=a)} aKcvoma 2
{@a=z0)AB>0}g=0r=a{(a=0)AB>0)AQ=0A0=a)} npasuno 3
{@=q-b+)AGT=b)}qg=q+1{@=(q-b + r)—b)A(r = b)} akcvoma 2
{@a=@-b+r)—-b)AG=b)}r=r—b{la=q-b+r)A(r=0)} akcrtoma 2
{@=q-b+)A@T=2b)lq=q+Lr=r—b{(a=q-b+r)A( >0)} npasuno 3
{a=q-b+ATzZ20)AT=b)}q=q+Lr=r—b{la=q-b+r)A(r=0)} npaswio 6
{a=q-b+r)A(r=0)}whiler>bdo..end{(a=q-b+7r)A(0 <7< b)} npasuno 5
{az0)AB>0}g=0r=a{la=q-b+r)A( =0)} npasuno 6
{(@=0)A(b> 0)}q:=0;r:=a;whiler >bdo..end{(a=q-b+r)A(0<7<b)} | npasuno3

O
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Kak npaBuno, AOKa3aTeNbCTBA KOPPEKTHOCTM NPOrpaMm ABAAKOTCA TPOMO3AKUMU. [na mx ae-
KOMMO3ULUUKN Ha NpocTblie dparMmeHTbl MCNO/b3YIOTCA TaK Ha3blBaeMble AHHOMUPOBAHHbIE MpPo-
2pamMmel — MPOrpammsl, B KOTopble gobasneHbl ymeepxoeHus [Gri8l]. YTBepKaeHue — 3To /o-
rmyeckaa Gopmyna, KoTopas AOMXKHA OblTb UCTUHHOM KaxApbll pas3, Korga WCNosHeHWe npo-
rPammbl MPOXOAUT Yepe3 COOTBETCTBYIOLLYIO TOUKY. KaKk npesa- u MOCTyCNOBMA, YTBEPKAEHNA 3a-
KAtoyatoTcA B GUrypHble CKOOKKU. OTAENbHbIN TUN YTBEPKAEHUIN COCTaBAAIOT npeanosiaraemble
UHBAPUGHMbI YUK/108 — OHW MOMELLAIOTCA Nepes, onepaTopamm LIMKAOB U MOMEYAIOTCA KatoYe-

BbIM C/10BOM inv. MHBapuaHTbl J0MKHbI ObITb 3a4aHbl 415 BCEX LIUK/IOB.

Mpumep 3.3

Mporpammy LEeNoYNCNEHHOro AeNeHMA MOXHO aHHOTUPOBATb C/ieayHoLWMM 06pasom.

{a 20 Ab >0} /* npenyciosue */

q := 0;
r = ay
{a=gb+ra0<rc<a) /* yrBepxmenve */

{inv: a = g'b + r A 0 £ r £ a} /* yHBapuaHT uUMKIa */
r b

while > do
q:=q+ 1;
r :=r - Db
end

{a =g'b+1r A0< r < b} /*¥ nmocrycrnoeue */

AHHOTMPOBaHHasA NpPorpaMmma faeT HabpocoK 00Ka3amesnbcmaea: pna BepudUKaLLMM Nporpammbl
[OCTAaTOYHO y6eanTbC B KOPPEKTHOCTM Kaxaoro ee ¢parmeHTa OTHOCUTE/IbHO OTrpaHWUyMBato-
LMX ero yTBepXAeHuI (B YaCTHOCTU, B MHBAPUAHTHOCTM «MHBAPMAHTOB LMKAOBY»). OTa paboTa

MOKET BbITb aBTOMATM3MPOBAHA (NPU YCN0BUM PA3PELLMMOCTM NPeaAMETHON 06aacTm).

MycTb HaM Hy}XHO lOKa3aTb ycnosue KoppekTHocTu {p}P{y}, rae P — nporpammHbiil dparmeHT,
He cogep:Kawuin umMknos. Kak ato caenatb? MocTponTb cnabenwee npeaycnosune wp (P, ) n
NpoBepuUTb 06LLEe3HAUMMOCTb UMNIMKaumu @ — wp(P,1)). NoctpoeHne cnabeiiwero npegycno-
BUS QUMKANYECKOM MPOrpamMmmbl JIErKO NPOrpamMmmMmnpyeTca, a NpoBepKka obuwesHauMmocTn gop-
MY/Ibl MOXKET BbITb pelleHa cpeacTtBamu SMT-pewwateneit (cm. nekumto 8). Ha noctpoeHun cna-
belilero npeaycnoBMa OCHOBAHA, Hanpumep, pabota moayna Jessie naaTGopmbl CTAaTUHECKOTO

aHanusa Frama-C (cm. nekuyutio 4).
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Mpumep 3.4
AHHOTaLMK, 3anMcaHHble B Npeablaylwem npumepe, AatoT HabpocoK AoKas3aTeNbCTBa, COCTOA-

LM B NPOBEPKE UCTUHHOCTU CeaytoLmx Gopmyn:

1L {(a=z0)Ab>0}g=0r=a{la=q-b+r)A(0<r<a)};
2. {(a=q-b+r)ANO<r<a)A(r=blqg=q+Lr=r—b{la=q-b+r)A0<r<a)};

3. ((a=q~b+r)A(OSrSa)/\(r<b))—>((a=q~b+r)/\(0£r<b)).

Ecnu B nporpamme ecTb LMK/IbI, HYXKHO HAWTU MX MHBAPWMaHTbI, @ 3TO KPaeyro/ibHbli KAMeHb BCel
LenyKTUBHOW BepuduKaumm. MoAacHUM B YemM TPyAHOCTb. CUHTE3 coAepsKaTesIbHOro MHBapMaHTa
uukna W = while B do P end ectb npoueaypa 6113Kan K NocTpoeHuto cnabeiwero npegycno-
BUA A5 3agaHHoro noctycnosus: ecnn wp(W, @ A =B) = @, To ¢ — uHBapuaHT umkna®®, Cna-

benwee npegycnosue onpenenAaeTca peKypCmMBHO:

1L wp(W,¢) =

2. (<BAW)V (B Awp(P; W, 1)) = (=B A) V (B Awp(P,wp(W, 1)) =

3. (WBAY)V (B Awp <P, (=BAY)V (B Awp(P,wp(W, 1/1))))) =

4.

Takum obpasom, MocTpoeHue cnabelilero npeaycnosus (a BMecTe C HUM M MHBapMaHTa LMKAA)
nNpuBOANT, BOOBLLLE roBOpPSA, K BECKOHEUHOMY BbIYMCAEHMIO, YTO HE KOHCTPYKTUBHOZ®, BaxHO OT-
METUTb, YTO UTEPALIMOHHbIM NPOLLecC NOCTPOeHUA cnabeiliero npeaycaosma obnagaet B onpe-
AeNeHHOM CMbIC/ie CBOMCTBOM MOHOMOHHOCMU: €CNU OTOPOCUTb AMU3BIOHKTUBHDLIN Y/IEH, 3aBU-
CALLMM OT UCXOA4HOM NPOrpaMmbl, TO B KOHLLE KaXKA0ro Lwara noay4daetcsa 6onee cnabasa ¢opmyna

Mo CpaBHEHUIO C TOMI, yTo 6blNa BHavane:

1. wp(W,y) = falsevwp(W, ) =

2. (=BAY)V(BAWP(P; W, ) = (B AP) V (B Awp(P, Wp(W,l,[)))) =

28 B camom pene, ¢ = wp(W,p A—=B) = (=BA@)V (B Awp(P; W, A —|B)) =(—BAQ)V (B /\wp(P,wp(W,(p A —|B))) =(=BAp)V
(B Awp(P, (p)). Otkyaa cnepyeT, uto (B A @) = (B Awp(P, (p)), (B A @) = wp(P,@)v{BA@}P{p}.

2 KOHCprKTl/IBMSM — Hanpas/ieHWe B MaTeMaTUKe, OCHOBAaHHOE Ha NpeACTaB/IEHUU O TOM, YTO 06BbEKTbI MOXKHO 06BABAATL CyLecTByOLWMMHN B

TOM U TO/IbKO B TOM C/ly4ae, eC/IM MOXKHO YKa3aTb Cnocob UX NOCTPOEHMA (KCYLLECTBOBATb — 3HAYUT BbITb MOCTPOEHHbLIMY).
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3. (ABAY)V <B Awp (P, (=BAY)V (B Awp(P,wp(W, 1/;))))) -

(CBOVICTBO ,CIMCTpVI6YTMBHOCTI/I cnabeiwero npeanycnoBmAa OTHOCUTENbHO AN3BHOHKUNN —

CM. YNParKHEHUA K eKumnn 2)

(=B Ap) V (B Awp(P, (=B AY))) v (B nwp (B Awp(P,wp(W, 1,[))))) =

ITO HaTa/IKMBAET Ha MbIC/1b O BO3MOXKHOCTU BblYMCNEHUSA MHBAPUaAHTa LMKNA KaK HernoodsuxHoU
MOYKU 3a8,aHHOTo Takum obpasom npeobpasosatensa Gopmy (K 3ToM Teme Mbl elle BEpHEMCS B

nexkumax 7 n 14).

Mpumep 3.5

PaccmoTprm nNpocTeiLuyo LMKAMYECKYHo Nporpammy Ha Asbike while [Ben12]:

while x > 0 do
x :=x -1
end

0603Haunm ee cumeosiom W 1 noctpomm cnabeiiwee npegycnosue ana nocrycnosna x = 0:
1. wp(W,x=0) =
2. (x>0AE=0))V((x>0)Awpx=x—1W,x=0)) =
3. wv ((x >0)A wp(x =x-1L,wp(W,x = 0))) =
4. (x=0)V((x>0)Awp(W,x =0)[x:=x—1]) =
5. (x=0)v((x> 0)Awp(W,x = 1)) =
6. (x=0)v((x=1)V(x>1)/\wp(x:=x—1;W,x=1))=

7. x=0)VvEx=DV(x>DAwpW,x =D[x:=x—-1]) =

8.
9. (x=0)VvVx=1)V((x=2)V..= 6ecKkoHe4yHOe Y1C/O Waros
10. x €N, o06obLeHne

PaccmoTpum cTpaterumn sepudurraumm Hekotopbix while-nporpamm HeKOTOPbIX TUMOB:
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1. nuHeliHbIX TPO2PAMM — NPOrPAaMM, NPeACTaBAAOLLMX COBOW NMHEMHbIe NoCcAe0BaTe b-

HOCTH HpMCBaMBaHMVI;

2. QUUKAUYeCKUX rnpo2pamm ¢ emesneHUAMU — NPOrpamm, CoAepKaLLMX YCI0BHbIe onepa-

TOpbl, HO 6€3 onNepaTopoB LMKAA;

3. YUKAUYecKux Npo2pamm — NPOrPamm, BKIOYAIOLLMX LUKIbI.
3.2.2. Bepudukanusa JUHEeHHbIX IPOrpaMm
JInHelHasa nporpamma (B KOMNUAATOPHOW TePMUHOIOTMN — 6a308bili 6/10K) UMeeT BUA,
P =x =1t;x =ty ;X = ty.
CtpaTerusa goKasatenbcTsa yciosus kKoppektHocTn {@p}P{i)} mokeT bbiTb cnegytoLLeit:

1. sblumcants wp(P, ), ncnonbsys memod o6pamHsix nodcmMaHOBOK:

wp(P, ) = Plx, = t,] ... [x1 = tq];

2. AO0Ka3aTb, YTO UCXOAHOeE npeaycnosne (p He cna6ee BblYUC/NEHHOrO:
E @ - wp(P,Y).

Mpumep 3.6
PaccmoTpym nporpammy, ocyLLecTBAAOLLYIO NePECTaHOBKY 3HAYEHUI ABYX NepeMeHHbIX (dpar-

MEHT NporpamMmmbl COPTUPOBKM MaccuBa):

{x = a Ay =Db}

t = x;
X 1= y;
y := t

{x = b Ay=a}

MpumeHnm K noctycnosuio (x = b) A (y = a) o6paTHyIo Noc/ie40BaTeIbHOCTb NOACTAHOBOK:

L (x=D)A@=a)y=tlx=y]t=x]=
2. (k=b)A(t=a))[x =y][t=x] =
3. (=D)A(t=a)[t=x]=

4. (y=b)A(x = a).

Monyyaem dpopmysny, skBMBaneHTHyto npegycnosuto (x = a) A (y = b).
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3.2.3. Bepudpukanus anuKJIM4eCKUX NporpaMmm

[Lna Harna4HOCTM PacCMOTPYM NPOrpammy, COAEPHKALLYI0 OLMH YCNOBHbIN onepaTop:
P = Q;if B then P, else P, end, rge Q, P; v P, — nuHeliHble Nporpammbl.

[lokasaTesnbcTBo ycnoBua KoppekTHocTh {@}P{i)} moxkeT bbiTb pa3buTo Ha ABe 4acTu, COOTBET-

creytowme seteam then u else ycnosHoro oneparopa:

1. BbluMCAUTL ycnoBwue npoxoaa no setsu then nocne ucnonnenus Q: wp(Q, B);

2. [oKasaTb ycnoBue KoppeKTHocTu {@4}Q; Pi{}, roe o1 = @ Awp(Q, B);

3. BbIYMCAWTb yCNOBME Npoxoaa no BeTsu else nocne ucnonHenus Q: wp(Q, =B);

4. poKasaTb ycnoBue KoppeKkTHocTu {@,}1Q; Po{Y}, roe ¢, = @ Awp(Q, =B).

Ecnv nporpamma cofepsKuUT HECKOJIbKO YCI0BHbIX ONepaTopoB, TO 411 A0Ka3aTebCTBA ee Kop-
PEKTHOCTU MOKHO BbINUCATb BCE BO3MOXKHbIE NMYTU MEXKAY HaYasibHOWM M KOHEYHOM TOUKaMM (MX
KOHEYHOE YMCO, MOCKO/bKY B MPOrpaMmme HeT LMKIOB), MOCTPOUTb YC/IOBUA NMPOXOXKAEHUA MO
3TUM NYTAM W A0Ka3aTb YC/IOBUE KOPPEKTHOCTM ANA KAXKA0r0o U3 HUX. MOXKHO NOCTYNUTb NPOLLE:
He nepebupaTb BCe BO3MOMXKHbIE MYTH, @ BbIYUCAUTL Clabeliliee npeaycioBme A Nporpammbl B

Lesom 1 paboTtatb C HUM.

Mpumep 3.7
PaccmoTpum 6osiee KpynHbiii GparMeHT Nporpammbl COPTUPOBKM MAcCMBA, aHHOTUPOBAHHbIN

npea- n NnoCTtycnoBmnem:

{true}

X = a;

y = b;

if x > y then
t = x;

PaccmoTpum nyTb, coOOTBETCTBYOLWMI Npoxoay no sBeTeu then:

1. BbIYMC/IMM YC/IOBME MPOXOAA MO NyTH:
wp(x=a;y:=bx>y)=(x>y)[y:=b][x=a] =(a>Db)
2. [OKaKeMm yCl0BME KOPPEKTHOCTH, COOTBETCTBYIOLLEE MYTU:
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{true A (a > b)}

xX=aqy=bt=x;x=y;y:=t

(=N (=) A=)V (k=AY =ad)}

a. BbluMcaMm cnabeliwee npeayciosme:
wp(x== wy=bht=xx=yy=tax<NA((x=a)Ay=b)V(«x =b)/\(y=a))) =
(x<y) /\(((x =) Ay=b))V(x=bA= a))) [y = t]lx = y][t = x][y = b][x = a] =

(bSa)/\(((b=a)/\(a=b))v((b=b)/\(a=a)))=
b <a);

b. pokaxem yteepxaeHue (a > b) - (b < a).

3.2.4. Bepudpukanusa GUKJINYECKUX NPOrpaMmm

[Na Harna4HOCTM PAacCMOTPUM MPOrpaMmy, COAEPHKALLYIO OANH OnepaTop LMKAa:
P = Q;while B do R end, rae Q u R — nuHelHble NporpaMmmbl.
B aTom cnyyae cTpaTervs fAoKasaTenbCTBa yciosus koppektHoctu {@}P{i} cnepytowas:

1. Haut uusapuaHT y: {y A B}R{x};

2. pokasatb ycnosue koppektHocT {p}Q{x};

3. pokasatb yTBepxaeHue {y A =B} - 1.
Mpumep 3.8

PaccmoTpum nporpammy BbIMMCAEHUA CYMMbl S1€MEHTOB YAC/I0BOrO MaccMBa pasmepa N (CLWI-

Taem, 4TO MHAEeKCaUuMA HaYNHaETCA C HY/1IA, KaK B A3blKe NPOrpamMmmMmmnpoBaHnA C).

{N
S

0}

0;

n := 0;

while n < N do
s := s + x[n];
n:=n+ 1

end

{s = sum(x, N)}

'Ii v

dopMmasnbHbIl aHaAN3 NPOrpamm ¢ MaccMBamm 6asMpyeTCs Ha Meopuu Maccugos, NPeasoMmeH-
Hol [xkoHom MakkapTu (John McCarthy, 1927-2011) 8 1962 r. [Mcc62]. CurHatypa Teopun co-

LepXuT ABa GyHKLUMOHaNbHbIX cumBona: read: A X I — E (cooTBeTcTBYyeT onepaumu [] B npasoit
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yacTu npucsamBanua: x = a[i]) n write: A X I X E = A (cooTBeTcTByeT onepauuu [| B nesoi
yactu npucsamsanusa: ali] == x), rae I, E u A— 3TO TUNbl MHAEKCA, 3/1EMEHTa M MaccuBa CooT-

BeTcTBeHHO. CeMaHTVKa 334aeTca caeyowmmm akenomamm30:
o (i =j) - read(write(a,i,e),j) =e;
o (i #)) - read(write(a,i,e),j) = read(a,j).
DYHKLMA SUmM, UCNoNb3yemasn B NOCTYC/IO0BUU, ONPeSenseTcs UHAYKTUBHO:
1. ecnun =0, 70 sum(x,n) = 0;
2. ecmn > 0,70 sum(x,n) = sum(x,n—1) + x[n —1].
B kauecTBe WHBapnaHTa paccmotpum ycnosme (s = sum(x,n)) A (n < N):

1. NPOBEPUM, UTO 3TO AEICTBUTENLHO MHBAPMAHT:
{(n<N)A (s =sumx,n)) A (n < N)}s ==s + x[nl;n =n+ 1{(s = sum(x,n)) A (n < N)}
a. wp(s=s+xmlhn=n+1(s=sum@xn)A(<N))=
((s = sum@,m) A< M) [n=n +1][s = s + x[n]] =
(s +x[n] =sum(x,n+1D)A0<n+1<N)=
(s =sum(x,n))A(m+1<N);
b. ((s =sum@m) A(m+1= M) > ((s = sum(x, ) A ( < N));
2. pokasem {N > 0}s := 0;n := 0f(s = sum(x,n)) A (n < N)}:
a. wp (s = 0;n:=0,(s = sum(x,n)) A (n < N)) =
((s = sum@, ) A(n < N)) [n 1= 0][s = 0] =
(0 =sum(x,0))A(0<N) =

N = 0;

3. poKaxem ((s = sum(x, n)) AMSN)Aa(n< N)) - (s = sum(x, N)):

30 B yKa3aHHbIX aKCMOMaX NPeSNoNaraeTcs, 4To BCE UCMO/b3yeMble NepemMeHHbIe CBA3aHbl KBAHTOPaMM BCEOBLYHOCTH.
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. (s
((
(

sum(x,m) A(n < N) A=(n < N)) =

©n
Il

sum(x,n)) A (n = N)) =

(s

(s = sum(x, N)).

sum(x, N)) Aln= N)) -

Bonee noapobHo AeayKTMBHAA BepudMKaLMA NPOrpaMmm C LMKAAMU pacCMaTpMBaeTCA B Jiek-

umAx 5 n 6, nocsAweHHbIXx meToay dnoliaa [Flo67].

3.3. Bonpocsl 4 ynpakHeHUusA

60

Y10 TaKoe AeayKTUBHAA cuctema? MpuseguTte npumepsbl AeLyKTUBHbIX CUCTEM.

,£|,a17|Te onpeaeneHnA 3HAYMMOCTU U NOJTHOTbI ,ﬂ,ep,YKTMBHOVI CUCTEMDI. ﬂpoaHanmampyVlTe ns-

BECTHble BaM AeAyKTUBHblEe CUCTEMbI HA 3HAYMMOCTb U MOJIHOTY.
MpuBeauTe NPUMeEpPbI AeAYKTUBHbIX CUCTEM CAeAyOWMX TUMOB:
a. 3Hauyumasna v NnosiHas;

b. 3HauyMman u HenonHas;

C. HEe3HayMmas v NosHas;

d. HesHauyMmasn v HenosiHas.

PaclumpbTe AeayKTUBHYO cucTemy FeHLeHa - U S-NpaBuaamu A8 IOTUHECKOM CBA3KU —

(umnamkaums). MocTpoiTe fokasatenbeteo dopmyabl (p V q) = (q V p).

[aliTe onpeaeneHns 3HaYMMOCTU U NOMHOTbI MeToaa BepuduKaumu. MpuseamTte npUMepsl
MeTo0B BepudMKaLMM ANA BCEX KOMBUHALMI 3HAYMMOCTU/HE3HAUYMMOCTH, MOAHOTbI/He-

MONIHOTbI.

OueHWTe BO3MOMKHOCTb aBTOMAaTU3aL MM AeAyKTUBHOM BepuduKaLmm nporpamm. Kakme npo-

61emMbl BO3HMKAIOT Ha nyTnm K aBTOMaTU3auUmn?

PaccmoTpuTe BO3MOMKHOCTb AeAyKTUBHOM «danbcuduKaLmm» nporpamm — nocTpoeHuns ae-
[OYKTUBHbIX CUCTEM, NpeAHa3HaYeHHbIX A1 [LOKa3aTe/bCTBa HEKOPPEKTHOCTU (onpoBepiKe-

HWUA KOPPEKTHOCTH).



8. [loKaxkuTe cneaytolee ycioBMe KOPPEKTHOCTU, BbIYMCIMB cnabelilee npeaycaosue:

{true}

y = 0;

z = aj;

y 1=yt x;
z =z * x;
y =y *oz;
z =z / a;
z = 2z * Db;
z 1=z + c;
y :=y tz
{y = ax? + bx + c}

9. [oKaxuTe cneayoluee yci0BME KOPPEKTHOCTU:

{a >0 Ab>0Aa#b}

X = ay

y = b;

if x > y then
X =X ~-Yy
else

y 1=y - X%
end

{fa >0 ADb >0 A HOO(x, y) = HOI(a, b)}
10. MpeanoxuTe MHBAPMAHTbI LMKIOB A8 ABYX peanusaumin anroputma EBkanga us nekumm 1

(nporpammsl P 1 nporpammsi Q).

11. loKa)KMTe YaCTUYHYIO KOPPEKTHOCTb ABYX peanusauuin aaroputma Eskavga us nekumm 1

(nporpammsi P v nporpammsi Q).

12. HannwuTe npeAa- 1 NocTycaoBmMe ANA NPOrpaMmm COPTUPOBKM YMCNOBbIX MAacCUBOB. [loKaxuTe

YaCTUYHYH KOPPEKTHOCTb MPOrpammbl, PeaM3yoLEen KMeTo, My3blpbKay.

13. BbinonHUTe BepudmKaLumio cneaytowein nporpaMmmbl A5 3a4aHHbIX NPes- U NOCTyC/OBUN:

{a =2 0}

X 1= a;

n :=1;

y = 0;

while x # 0 do
y =y +n;
n :=n + 2;
x 1= x -1

end

{y = a%}

14. BbinonHuTe BepudmKaLumio cneaytoweit nporpaMmmol AA 3aaHHbIX Npes- U NOCTYC/0BUIA:
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{true}

X 1= a;

n := 0;

while x # 0 do
X 1= xX & (x - 1);
n:=n+ 1

end

{n = count(a)}
3pecb & — onepauus nobutosoro U, a count(x) — dyHKLMSA, BO3BPALLAOLLAA YNCI0 eANHML,
B [LBOMYHOM NpeacTaBieHnn yncna x. Onpegenunte popmanbHoO npeameTHyto obnactb (gnn

onpeaeneHHOCT MmoXeTe CYUTaTb, YTO NepemeHHble NPUHUMAKOT Ue1o4YncneHHble 3HavyeHna

3 otpeska [0,232 — 1]).

15. BoinonHuTe BepudUKaumio cieaytowein nporpammsl g5 3aZaHHbIX Npes- 1 MOCTYC/I0BUNA:

{a > 1}
i :=a - 1;
x = 1;
while i > 0 do
if a $ i = 0 then
k := 0;
j =1 -1;
while j > 1 do
if i $ j = 0 then
k :=k +1
end;
joi=3 -1
end;
if k = 0 then
X 1= 1i;
i :=1
end
end;
i:=1i-1
end

{x = maxPrimeFactor(a)}

3pecb maxPrimeFactor(a) — makcumanbHbI NPOCTON AeAnTenb Lenoro unmcna a > 1.
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Jlekuuda 4. UHCTpYMEHThI
AeAYKTUBHOU BepuPUKaALUHU
nporpamMm

Ecnu eaw eOUHCMBEHHbIU UHCMPYMEHM — MOIOMOK, MO KaM-
das npobsema cmaHosumcs noxoxceli Ha 28030b.

A. Macnoy

PaccmaTpumBatoTca anemeHTbl a3bika ACSL (ANSI/ISO C Specification Language), npegHasHauyeHHOro ana GopmanbHo cneumdm-
Kaumu (aHHOTMpPOBaHMA) Nporpamm Ha sa3bike C. [enaetca 0630p naatdopmsl cTaTuyeckoro aHanmsa Frama-C (Framework for
Modular Analysis of C programs) n moayns Jessie, aBTOMaTU3MPYIOLLErO AeAyKTUBHYIO BepuduKaumio C-nporpaMm Ha COOTBET-
ctBue ACSL-cneumdukaumam. M3noxkeHune b6asmpyertca Ha npumepax (nogpobHoe onucaHue A3bika ACSL M OCHOBAHHbIX Ha HEM
MHCTPYMEHTOB A,0CTYNHO B COOTBETCTBYIOLLEN AOKYMeHTaLMmn). OnucaHHble cpeacTBa MOryT UCMOIb30BaTbCA B NOBCEAHEBHOMN

MPOrPamMMMUCTCKOM MpPaKTUKe.

4.1. BBeaeHue B s13bIK ACSL

[0 HacToAWero MOMeHTa Mbl Kaca/ICb TO/IbKO TEOPETUYECKUX aCNeKTOB AeAyKTUBHOW Bepudm-
Kauuun. Hactano Bpems nepenTu K peasbHO NPUMEHseMbiM cpeacTBam crneumduKaumm 1M aHa-
/133 Nporpamm. Ta eKumsa — npeambyna K NPaKTUYECKMM 3aHATUAM; B HEW pacCMaTpuMBatoTCA
A3blk ACSL (ANSI/ISO C Specification Language) [Baul0] u uHctpymeHT Frama-C (Framework for
Modular Analysis of C programs) [FraC].

A3bIKk ACSL npepgHasHauyeH ana ¢opmanbHoOi crneumdukaumm (aHHOMUpPOBAHUA) NpPOrpamm,
HanucaHHbIX Ha A3bike C [Ker88]. A3biK BKAOYAET cpeacTBa A5 onpeaeneHns npes- U nocTycno-
BUIN QYHKUUI, YTBEPKAEHUN, MHBAPUAHTOB LUMKIOB U APYrUX 31eMeHTOB GOpMabHbIX Creuu-
duKaumii — TaK HasblBaembix aHHomayul. AHHOTaumm ACSL pensatca Ha ABa Tvna: gHewHue

(global annotations) n eHympeHHue (statement annotations). K nepsomy Tuny oTHOCATCA:

®  KOHMPAaKmel pyHKYUU — npesa- u NocTycnosua GyHKLMIA NporpaMmmbl Uan 6ubanoteku;
e 271060s1bHbIE UHBAPUAHMbI — OTPAHUYEHUA LLeSIOCTHOCTM AAHHbIX MPOrPaMMbl;

® UHeapuaHmel murioe OaHHbIX — OrpaHn4YeHnAa Ha TUnbl JaHHbIX (TaK Ha3biBaemble oepa-

Hu4eHuUs Nodmunos);
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® jloeuvecKue Cﬂeuud)UKCIL{UU — npegmeTHble obnactn (beHKLJ,I/IOHa/'IbeIe CMMBObI M ONN-

CbIBalOLLME MX aKCUMOMbI).
K BTOpOMY TMMNy OTHOCATCA:

° ymsep)fcdeHUH — ycnoBsuAa, UICTUHHOCTb KOTOPbIX A0/1XKHa obecneynBaTbCa B onpeaeneH-

HbIX TOYKax NPOrpammoi;
® gHHOMAYUU YUK08 — CBOMCTBA LMK/OB, BKOYAA MHBAPUAHTLI;
®  KOHMPAKMbI 011epamopos — npes- v NoCTyC/I0BMA ONepaTopoB NPorpaMmmbl U 610K0B
onepaTopos;
e gcrioMozameribHbIl KOO — AencTBua, moanduumpytoLme BHyTPEHHUE NEPEMEHHbIE Cre-

umMdmKaumm.

4.1.1. ba3oBble CBeieHUA O SA3bIKe

ACSL-cneuyduKaumm nULyTCA HEMoCcPeACTBEHHO B UCXOAHOM KOZE Mporpammsl B BUAE KOM-
MEHTapMEB, HAYMHAIOLWMXCA C CUMBOIOB / * @ unn / / @31, Jlekcuka A3bika B OCHOBHOM 3aMMCTBO-
BaHa 13 C. Hanbonee BaxHble OTNIMUYUA COCTOAT B Ciedytowem. Bo-nepsbix, uaeHTMdMKaTopbl
MOKHO HauMHaTb ¢ 06paTHOro ciewa — \. Bo-BTOPbIX, B A3blKe pacIMPEH COCTaB onepaumii:
£06aBNeHbl NOTMYECKME CBA3KU MMMANKALMK U IKBUBANEHTHOCTU (==> 1 <==>>), KBaHTOPbI
cywectBoBaHua u BceobwHoctu (\exists u \forall) u HekoTopble opyrve KOHCTPYKUUK. B-Tpe-

TbuX, ACSL nmeeT 60/1bLLIOE YMCI0 BCTPOEHHbIX GyHKUMIA: \min, \max, \abs n T.4.

Onepaunu s3bika ACSL pestomumpoBaHbl B Tabanue 4.1.

Tabauya 4.1. OcHosHbie onepayuu A3bika ACSL

KoHCTpyKUMA A3bIKa OnuncaHne KOHCTPYKLUMmn

JlozuyecKkue KOHCMaHmMel (SHGHBHUFI UCmLIHHOCmU)

\true UCTUHA

\false NOXb

Jloauyeckue c8s3KU U mobumossle ornepayuu (8 nopsodKe yMeHbWeHUs npuopumema)

! ~ oTpuuaHne
&& & KOHBIOHKLMSA
AN " nckatovatowee N

31 MepBbIM CMBOIOM KOMMEHTAPUA-AHHOTaLWKN 0BA3aTENLHO [ONKEH BbITb @: NPY HanUuMK npobena mexay /* uam // n @ TeKCT KOMMEeHTa-

puAa 6yaeT UrHOPUPOBATLCA (KaK STO NPOUCXOAMT C 0BbIYHBIM KOMMEHTapUEM).
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1 | ON3BIOHKUMSA

== —_> MMNANKaLMA

<==> < ——> 3KBMBANIEHTHOCTb

KeaHmopel cywiecmeosaHus u eceobujHocmu

\exists Ty x4, ..., Ty X; B KBaHTOP CyLLLeCTBOBaHMA

\forall Ty xy, ..., Ty, x; B KBaHTOP BCEOBLLHOCTU

3,D,er Ti — TWUMbl AAaHHbIX, X; — CBA3aHHble NepemMeHHble, B — norvueckas ct)opmyna

KoHcmpyKyuu c8Aa36I8aHUA NepemMeHHbIX U UMEeHO8aHUA eb/pameHuEl

\letx = e; E CBA3bIBaHME NepeMeHHbIX

id: E MMEHOBaHWe BblpaxKeHni

3pecb X — nepemeHHas, e U E — BbipaxkeHWs (Tepmbl uam norudeckme dopmynbl), id — umsa (naeHTudukaTop)

Onepayuu mModuguKayuu cmpykmyp u Maccugos

{sfor.field = e} MOAMPUKALMA CTPYKTYPbI
{afor [i] = e} MoandMKaLLMA maccuea
34ecb S M a — NepemeHHble COOTBETCTBYIOLWMX TUNOB, field — uma nons, i — UHAEKC, e — BblpasKeHue

B ACSL Bo3MOKHa COKpalyeHHana ¢dopma 3anmucy (KCMHTAaKCUMYECKMIA caxap») AN HECKOJIbKUX
noApsa4 UAyLMX onepaumii cpaBHeHus. Hanpumep, A3bik nossonseT BMecto 0 <=1 &&r < b

nucatb 0 <= r < b. O6Liee NpaBuO TaKoe: 3anMm1cb

=
.

> > >
€1=21622=226€3 =3 Zn-16n

roe % — CMMBOJIbI ONEPALMIA CPAaBHEHNA, UMEIOLLME OAMHAKOBYH «OpUEHTaLMIO» (MMBo OHK

BCe U3 MHOXecTBa {==, <=, <}, "Mb0 — n3 MHoxKecTBa {==, >=, >}), 3KBUBa/NE€HTHaA 3anucu
(e1 %1 e;) && (e, %2 e3) && ... && (en—1 %n—1 en)-

MpuoputeTbl onepaumii ACSL cornacoBaHbl ¢ npuopuTeTamm, NpuHaTbiMmn B C. MNobuToBble one-
pauuu MMeroT 6ONbLLNI MPUOPUTET MO CPABHEHMIO C IOTUYECKUMMU. [TPUOPUTET KBAHTOPOB CyLLe-
CTBOBAHMA U BCEOBLLHOCTHU, TaK¥Ke KaK U KOHCTPYKLMIA CBA3bIBAHUA NEepeMeHHbIX U UMEHOBAHUSA
BbIPAXKEHWUI, HUXKE MpPUOpUTETa YCIOBHOMO onepaTopa (TepHapHoOro onepartopa ?:), Npy 3Tom
koHcTpykumm \forall, \exists v \let umetoT oanHaKOBbIV NpUOPUTET, HONBLINIA MPUOPUTETA KOH-

cTpyKumm id: E.

4.1.2. Tunsl AAHHBIX

Cuctema TMnoB gaHHbIX ACSL BKOYaeT KaK BCTPOEHHble TUMbl C, TaK Ha3blBaeMble MAWUHHbIE
munesl, Tak 1 mamemamuyeckue munei: boolean, integer u real. CunTaertcs, UTo MalMHHbIE

TUMbI ABAAIOTCA NOATUNAMM MaTemaTMueckux Tunos: Tunbl char, short, int, long (3HakoBble
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6e33HaKoBble BapunaHTbl) — noatunsl integer, a Tunel float n double — noatunbl real3?2. 3Ha-
yeHua TvNa integer HesBHO NPUBOAATCA K 3HaYeHUAM Tuna boolean, ogHako gna npeobpaso-
BaHuA 13 boolean B integer HyHo UCNoNb30BaTb ONEpaTop NpMBEAEHMA TUMNOB. [JonycKaeTcs
npeobpasoBaHuMe 3HaYEHUIN MaTeEMATUYECKMX TUMOB B 3HaYEHMA MaLIMHHbIX TUNOB: pe3yibTaT —
3HayeHune, paBHOE UCXO4HOMY MO MOAY/HO 28'sizeof(T) rho T — enesolt Tun. Mo6uToBble one-
pauuv onpeaeneHsbl U AN 3Ha4YeHWl Tvna integer (Mx MOXXHO paccMaTprBaTh Kak GECKOHEYHble

ABOMYHbIE NOC/ef0BaTENbHOCTU B ONONHUTENBHOM KOAE).

M3 6a308Bbix TMNOB AaHHbIX B ACSL MOYHO CTPOWTb COCTaBHbIE TUMbI: CMPYKMypbl U MACCUBHI.
3HaYeHuA COCTaBHbIX TMMOB MOXHO CPaBHMBATb, UCMO/b30BaTh B KaYecTBe NapameTpoB ¢yHK-
unii 1 T.4. NMpun geKnapaumMm MaccuMBa yKasblBaeTCa ero AJ/1IMHa; y3HaTb AJIMHY MacCMBa MOXHO C

nomoLupbto BcTpoeHHoW dyHKumm \length. B octanbHom Bce noxoxe Ha C.

Mpumep 4.1
PaccmoTpum nprmepbl onpeaeneHuns U NCnosib30BaHWA COCTABHbIX TMMOB AaHHbIX [Baul0]. 0O6-
paTuTe BHMUMaHMWE: BHYTPU aHHOTALMIN MOXKHO UCMOb30BaTb KOMMEHTAPUU; OHW HAUMHAKOTCA C

[ABOHoro cnewa — / /.

//@ // onpemesieHue COCTABHBIX TUIOB INAHHBIX
//Q@ type point = struct { real x; real y; };
//@ type triangle = point[3];

/*@ // normuueckue crneumomraumuy (GparMeHT ONucaHmsa IPeIMeTHONM O6JacTn)
@ logic point origin = { .x = 0.0, .y = 0.0 };
@*/

4.1.3. KoHTpaKThl QyHKI UM

Mpea- n noctycnosua GyHKLUMIA 3a[a0TCA C MOMOLLBIO K/dy3 requires u ensures cootBeT-
CTBEHHO. [1n1A 04HON GYHKUMM MOXHO ONpeae/inTb HeCKONbKO (HO/b 1 6osiee) Knays oAHOro
TMNa: NpeaycnoBue 0bpasyeTca NyTeEM KOHBIOHKLMU BCEX YCIOBUIM, YKa3aHHbIX B requires; no-
CTyc/ioBME — MyTEM KOHBIOHKLMM BCEX YCNIOBUIA, YKa3aHHbIX B ensures. B noctycnosuu, 1.e. B

Knay3ax ensures, MoXXHO UCNO0/1b30BaTb caeaytoune KOHCTPYKLUNK:

e \old(e) — 3HaueHue BbIpaxkeHUA e A0 BbI3oBa cneunduLmpyemoin GyHKLUK;

32 NocneaHee cnpasea/IvBO C OFOBOPKOW: cnieumanbHble 3HadeHus «He yucao» (NaN, Not a Number) u +oo 8 Tune real He npesactasumbi.
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e \result — pe3synbTaT QyHKUUM, €CIM TUN BO3BPALLAEMOrO 3HAUYeHMA OT/IMYeH oT void.

Ecnv pyHKUMA MeHAET cocToAHMEe NamaTK (Hanpumep, NpUcBanBaeT YTo-To B r1obanbHble nepe-
MeHHbIe), MogubuLmpyemble 6710KU MAMAMU [ONKHbI ObITb ABHO YKa3aHbl B K/ay3ax assigns.
BNIOK NamAT1 MOXKHO 3a4aTb Kak € MoMoLLpbto L-BbipaxkeHu A3bika C, TaK M MCNO/b3yA cneuunab-
Hble KOHCTpyKummn ACSL, Hanpumep, x[0..n — 1] uam * (x +(0..n— 1)) — 0b6e 3anucu 0603Ha-
yatoT 0bnacTb, 06pa3oBaHHYO N INemMeHTaMM MaccuBa Xx. Ecaun dyHKumA He moguduumpyeT na-
MATb, B assigns cnepyet ykasatb \nothing. B A3bike ecTb BCcTpoeHHbI npeaukar \valid, npose-
pAOLLMI [OCTYNHOCTb (BblAENEHHOCTb) 610K NaMATU A/1a 33a4aHHOr0 agpeca MAKU AnanasoHa

appecos, Hanpumep, \valid(x) nan \valid(x + (0..n— 1)).

B npocTeiiem ciyyae KOHTPaKT QYHKUMUM BbIFAAANUT Cedyowmm obpasom:

/*@ requires ¢.; (requires ¢z; ...) // @1 && @2 &&
@ assigns I.; (assigns I.; ...) // Ii, Ly,
@ ensures V;; (ensures V,; ...) // Y1 && Yo &&
@x/
Mpumep 4.2

Hwke npuBeaeHa cUrHatypa GyHKLMU LenodncaeHHoro genenus idiv Ha asbike C v cneuuduka-
LmA 3TOM GYHKUMM Ha s3bike ACSL. DyHKUMA MMeeT TpW NapameTpa: a — Aesvmoe, b — genu-
Te/lb, T — yKa3aTeNb Ha NePeMEHHYI0, B KOTOPYIO 3aMMCbiBAeTCA OCTATOK OT AeNeHUs; pesy/bTa-

TOM d)yHKLI,VIVI ABNAETCA YaCTHOE OT AeNneHnA.
/*@ // npenycrioBue GyHKUMU

@ requires a >= 0; // ycioBme Ha nesmMmoe

@ requires b > 0; // ycioBue Ha OeJuTellb

@ requires \valid(r); // mocTynHocTb BJiOKa NaMATU

@ // MomuduuumpyeMels OJIOK MaMaTy (3anucb OCTATKa OT IeJIeHMS)

@ assigns *r;

@ // mocTycioBre OGyHKLUUM

@

ensures \let g = \result; a == g * b + *r; // HeobxommMoe yCJIOBUE
@ ensures 0 <= *r < b; // ycCJioBME& Ha OCTaTOK
@x/

int idiv(int a, int b, int *r);

A3bIk ACSL noaaepskMBaeT AEKOMMO3ULMIO KOHTPAKTOB GYHKLMI Ha Tak HasblBaemble semau
@yHKyuoHanbHocmu (named behaviors). Kaxaas BeTBb GyHKLMOHABHOCTM ONKCbIBAET ONpese-
NeHHbIN BapMaHT noBeaeHMA GYHKLMU: HEKOPPEKTHbIE BXOAHbIE AaHHbIe, BHYTPEHHAN oWnbKa,

HOpMasibHOe UCMOoJIHeHMe 1 T.N. B cayyae ecam y dJyHKLI,VIVI €CTb pa3Hble BapuvaHTbl noBeAEHUA,
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MMeeT CMbIC/ NPeAcTaBUTb ee cneuuduKkaumio B cneaytowein popme (ans HarnagHoCTM 34ech

npueeaeHbl ABe BETBU).

/*@ requires ¢; // ofbmee npenycsioBye GyHKLNM
@ assigns L; // mauaTs, MoIMbMUMpyeMas BO BCEX BETBSX
@ ensures y; // obumee nocTycisoBre GyHKUMU
@
@ behavior b;: // BeTBb OGYHKLUMOHAJLHOCTMU bi
@ assumes A;; // ycioBue, MOSHTUOMUMPYOIEE BETBb
@ requires ¢i; // mpenycioBue BeTBU
@ assigns L:; // nauars, Momubumumpyemas B BETBU
@ ensures Vi; // IOCTyCJOBME BETBU
@
@ behavior b;: // BeTBb QYHKLUMOHAJBLHOCTM b
@ assumes A;;
@ requires ¢;;
@ assigns Iy;
@ ensures \3;
@x/

MpuBeAEeHHbIM KOHTPAKT 3KBMBA/MIEHTEH Cleaytolemy (eciv npeHebpeyb AeTansamu, CBA3aH-

HbIMK C MoaudUKaLMen pasHbix 610KOB MAaMATU B PasHbiX BETBAX GYHKLMOHANbHOCTH).

/*Q requires ¢ && (A1 ==> @1) && (A ==> @2);
@ assigns L, L, L;
@ ensures vy && (\old (A1) ==> yi1) && (\old(A2)
@x/
Mpumep 4.3

==> y2);

CHELI,Md)MLI,MDYEM d)yHKLI,MIO ANXOTOMUYECKOro NoncKa B ynopAago4eHHOM YMCIOBOM MaccuBe C

NOMOLLLbIO BETBEN GpyHKLMOHaNbHOCTM [Baul0]. Y dyHKLUMM TPM NapameTpa: X — MacCuB, B KOTO-

POM OCYyLLLECTBAAETCA NOUCK; N — OJ/IMHA MACCMBA; ¥ — MCKOMOE 3HayeHue. PesynbTatom d)YHK-

LN ABNnAaeTca MUHAEKC HaVIAEHHOI'O anemeHTa unn —1, ecam anemeHT He HaVI,CI,EH.

/*@ requires n >= 0 && \valid(x + (0..n-1));
@ assigns \nothing;
@ ensures -1 <= \result <= n-1;
@
@ behavior success:
@ ensures \result >= 0 ==> x[\result] == v;
@
@ behavior failure:
@ assumes \forall integer i, integer j;
@ 0 <=1 < j <=n-1==>x[1] <= x[]J];
@ ensures \result == -1 ==>
Q \forall integer i; 0 <= i <= n-1 ==> x[i] != v;
@*/

int bsearch (double x[],
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Ob6paTuTe BHMMaHWeE: yNopaa0YeHHOCTb MaccvBa TpebyeTca He B Npeayc/lioBUM, @ B YCI0BUK
BeTBYU failure: ecnn dyHKUMA BO3BPATMUAA AOMNYCTUMBIN MHAEKC, rapaHTUPYETCs, YTO MO 3TOMY
WNHAEKCY HaXOAMUTCA UCKOMbIV 31eMEHT (HEBAXKHO, OTCOPTUPOBAH MAaCCUB MU HET); €C/IN 3Ke Mac-

CnB He OTCOPTUPOBAH, He CbaKT, YTO a/I€MEHT 6y,a.eT Haﬁ,ﬂ,EH, Aaxe eC/i1 OH Tam eCTb.

O

ACSL fonyckaeT HerosHble crneyu@uKkayuu (B KOTOPbIX AM3bIOHKUMA YCN0BUIA BCEX BETBEN He
NMOKpPbIBAET MNOJIHOCTbIO Npeaycnosue QYHKUUU) U criequukayuu ¢ nepexpsbisarouumMucs eem-
8AMU (B KOTOPbIX YCI0BUA pPa3HbIX BETBEN MOTYT 6bITb 04HOBPEMEHHO UCTUHHBIMUK). B Npumepe

Bbille CI'IeLI,VId)VIKaLI,VIFI NO/IHaA, HO C NepeKpbiBalOWMMNUCA BETBAMMN.

[n8 AONONIHUTENBHOrO KOHTPOIA NOJIHOTLI M Pa3AeMMOCTU BETBEN GYHKLMOHANIbHOCTA MOMKHO

MCnosib30BaThb cnewmanbHble kKaaysbl: complete behaviors v disjoint behaviors.

4.1.4. YTBepKAeHUA U aHHOTALUU IIUKJ/IOB
YmeepnoeHus (assertions) 3a4atoT orpaHNUYeHUs Ha COCTOAHNE, KOTOPbIE A0MKHbI BbITb UCTUH-
HbIMM B OnNpesefieHHbIX ToYKax nporpammbl. B ACSL yTBepKAeHUA onpeaenatoTca ¢ NOMOLLbLO
KZ1l04€eBOro ca1oBa assert, nocne KOToporo yka3sbiBaeTcAa orpaHU4eHue:

/*@ assert B; */

MOoXHO 3a4aTb yTBEepPXKAEHMEe, aKTya/lbHOE TO/IbKO AJ19 HEKOTOPbIX BeTBel CbYHKLI,VIOHaﬂbHOCTMZ

/*@ for b1, ..., bn: assert B; */

HanomHum: UHBApPUAHMOM UUKsa Ha3blBaeTcAa ycnosmne, ICTUHHOCTb KOTOPOro He HapylaeTca
NMpuY UCNOJTHEHWUU TE€Na UMKANa. Ona onpeaeneHnAa NHBapmMaHTOB B A3blKe ACSL NPUMEHAETCA KNa-

y3a loop invariant:

/*@ loop invariant ¢; // mHBapMaHT UMKJIA
@ loop assigns L; // vomubmumpyeMas B LUKJIE [IaMAThb
@x/
EcTb BO3MOXHOCTb onpeaennTb UHBApPUaHT OnAa V|36paHHb|X BeTBeM beHKU,MOHa/'IbHOCTVl:

/*@ for bi, ..., bn: loop invariant ¢; */

A3bIK NnporpammmnpoBaHma C, o4eBMAHO, CIOXKHEE A3blKa while, MCNOo/1b3yeMoro Hamu anAa pasb-

ACHEHMA OCHOBHbIX KOHLEeNUui ,ﬂ,ep,yKTVIBHOVI BepMd)MKaLI,VIMZ B C eCTb HECKO/IbKO ONepaTopos
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unknos (while, do — while, for) u gonyctumbl ycnosma c nobouHbim adpdexrTom. Knaysbl

loop invariant ¢ v loop assigns L nHTepnpetupytotcsa cnegytoLmm obpasom:

1. ycnosue @ WCTUHHO Nepes BXOA4O0M B LMKA (ans umkna for — nocne nHuumanusauum);
2. WUCTMHHOCTb ( COXPAHAETCA NOC/e UCMONHEHUA TeNa WMKna:

a. ans while(B) P uctmHHocTb ¢ coxpaHaeTcs nocne ucnosHexus B; P;

b. onafor(l; B; U) P — nocne ucnonHewus B; P; U;

c. ans do P while(B) — nocne ucnonxexus P; B;

3. nmamsaTb BHe obnacrteit L octaetca HEM3MeHHOM.

Mpumep 4.4

Mpueegem npumepbl GyHKLMIA Ha A3bike C M X aHHOTauuM Ha ACSL. MepBbit npumep — PyHK-

HMHuenOHMCHEHHOK)AEHEHMH(eeKOHTpaKTHpMBOAMﬂCﬂBbMUE)

int idiv(int a, int b, int *r) {
int g = 0;
int p = a;
/*@ loop invariant (a == g * b + p) && (0 <= p <= a);
@ loop assigns g, p;
@*/
while (p <= b) {
gt++;
p -=Db;
}
/*Q@ assert (a == g * b + p) && (0 <= p < b); */
*r = P
return g;

Mpumep 4.5

BTopoit npumep — GYHKLMA AMXOTOMMUYECKOrO NOMCKA B ynopsagouyeHHOM maccmse [BaulO].

int bsearch(double x[], int n, double v) {
int 1 =0, u=n - 1;
/*@ loop invariant 0 <= 1 && u <= n - 1;
@ for failure: loop invariant
@ \forall integer k;

@ (0 <= k <=n -1 && x[k] ==v) ==> 1 <= k <= u;
@x/

while (1 <= u) {
intm = (1 + u)/2;

/*@ assert 0 <= 1 <=m <= u <=n - 1; */
if(x[m] <v) 1 =m + 1;
else if(x[m] > v) u=m - 1;
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else return m;

}

return -1;

4.2. 0630p miardopmsel Frama-C

Huxke genaetcs KpaTkuii 0630p cpefcTB aBTOMATM3aUMKM NpoBepku C-Mporpamm Ha COOTBET-
ctBue ACSL-cneuymduKaumam: moaynbHoOM naatopmbl cTaTtmdeckoro aHanmsa Frama-C [FraC] u
moayns (plugin) Jessie [Jess], [Krak], [Marl10], oTBeuatollero 3a AeAyKTMBHYO BepudUKaLMIO.
YKa3aHHble MHCTPYMEHTbI NOTPEBYIOTCA AN BbINOJHEHUA NPAKTUYECKMX 3a4aHUI, O4HAKO OHU

MOTYT UCMO/1b30BaTbCA BAMM M B NMOBCEAHEBHOM NMPOrPaMMMUCTCKOMN NPaKTUKe.

4.2.1. llnardpopma Frama-C

Mnatdopma Frama-C npefHasHavyeHa A1A CTAaTUYECKOro aHanu3a nporpamm Ha asbike C. MNopg,
CMamu4yecKkUM aHAAU30M NMOHUMAETCA BbIYMCIEHNE XapaKTePUCTUK Nporpamm 6e3 ux ucnonHe-
HWA HA KOMMNblOTEpE, T.€. NyTEM BbIBOAA M3 UCXOLHOTO Uan BuHapHoro Koaa. NMaatdopma paspa-
60oTaHa s3blke NnporpammupoBaHma OCaml [Min13] u pacnpocTpaHAeTca C OTKPbITbIM UCXOAHbIM
Kogom no anueHsmm GNU LGPL v2. K co3gaHuto Frama-C npuyactHbl ABe GpaHLy3CKMe OpraHu-
3aumm: CEA-LIST (Laboratory for Integration of Systems and Technology) v INRIA (Institut National

de Recherche en Informatique et en Automatique).

Mnatdopma Frama-C cocTouT U3 agpa M BHELWHUX MoAynel. AApo ynpasaseT aHaAn3om npo-
rPaMM 1 XPaHUT MHGOPMALMIO, MOIYHEHHYIO B XOA4e aHann3a. ECTb HECKOIbKO NpefonpeseneH-
HbIX MOZY/Iei, HO YTO BaXHO, MOXHO pa3pabaTbiBaTb HOBbIE aHANN3ATOPbI HA Haze MetoLLMXCs
(B3amogeiicTBre MexKay MOAYAAMM OCYLLECTBAAETCA Yepes uHTepdeicol agpa). Tpems ocHo-

BOnosaraloWwmmm moaynamm Frama-C agnstorcs:
e Value analysis — BblMMCAEHME MHOMKECTB BO3MOMKHbIX 3HAYEHWUN MEpPeMeHHbIX MNpo-
rPaMMbl C MOMOLLbIO TEXHUK abcmpakmHol uHmepnpemayuu (CM. nekuuio 7);

o Jessie u Wp — peflyKTnBHan BepuomKaumm GyHKUMIA Ha COOTBETCTBME KOHTPAKTaM C UC-

No/b30BaHMEM TEXHMK Ha OCHOBe cnabeliluero npeaycnosus (cm. nekumm 2 v 3).

[na BbINONIHEHWA 3a4aHNI NEPBOro NPAKTUKYMa Hamu ByZeT cnonb3oBaH Mmoay b Jessie.

71



4.2.2. Moayas Jessie u niiargpopma Why3

Mogaynb Jessie npeaHasHayeH A/A aBTOMaTtM3auuu BepuduKkaumm C-nporpamm, CHabKEHHbIX
ACSL-aHHoTauuamu. Mogynb asnaetca npenpoueccopom (front-end) Ansa cneunanvMsnpoBaHHOM
nnaTpopmbl geayktueHon Bepudmkaumm Why3 [Why3], coemecTHO pa3pabaTbiBaeMoit UHCTUTY-
Tom INRIA, nabopatopuent LRI (Laboratoire de Recherche en Informatique) n nccneposatens-
ckum ueHTpom CNRS (Centre National de la Recherche Scientifique). OTmeTum cneaytolyto Tex-
HWYecKyto ocobeHHOCTb — Jessie peannsoBaH ¢ nomolpbto Why Bepcumn 2, HO noAroTaBiMBaeT

JaHHble ana Why sepcun 3 — ana yctaHoBKM Jessie TpebytoTca obe sepcumn Why [Krak]33.
3agavamm cBasku Jessie-Why3 asnstoTca:

1. nocTpoeHue BHYTPEHHEro NpeacTaBAeHNs aHHOTMPOBAHHOM NPOrpammbl;
2. reHepauma ycnosuii Bepndukaumm (cMm. nekumio 5);

3. npeobpasoBaHue ycnoBuit BepndrKaLumm K opmaTy BHELWHUX MHCTPYMEHTOB aBTOMATK-

3MPOBAHHOIO ,0Ka3aTeNbCTBA TEOPeEM (CM. neKkuuto 8).
Mogaynb Jessie pelaeT To/IbKO NepByto 3aa4y; 3a ocTaBlumecs Ase oteedaeT Whys3.

Mnatdpopma Why3 6asmpyetca Ha cneumanbHom asbike WhyML, KOTOpbIi MOXET MCNO/b30-
BaTbCA cam no cebe (41a pa3paboTKM Nporpamm), a MOXKET MPUMEHATLCA AN NMPOMEKYTOUYHOTO
npeacTaBieHns Nporpamm Ha apyrux asbikax (C, Java, Ada). B nnatdopme umeetca 6ubnmoteka
npeameTHbIX obnactei: anrebpa NIOrMKKU, LENoYMCNeHHas 1M BelecTBeHHan apudmeTuka; noa-
[EPKMBAOTCA OCHOBHbIE TUMbI AaHHbIX U CBA3AHHbIE C HUMM TEOPUUN: MACCUBbI, o4epesn, 0Tob-
paxkeHus u T.n. Why3 ncnonbsyeT BHeELWHWE MHCTPYMEHTbI aBTOMATU3UMPOBAHHOIO A0Ka3aTe/b-
cTBa Teopem (provers): Alt-Ergo, CVC4, Yices, Z3, Coq, PVS (nocnegHue aBa cpenctsa fABAAOTCA

MHTEPAKTUBHbIMM, OCTa/IbHble — aBTOMATUYECKUMMU).
3anyck Frama-C ¢ moaynem Jessie ocyLLecTBaseTca cneayoLen KoMaHao0Mm:

frama-c -jessie wmmsa-darina

33 CKopee Bcero, ykazaHHas 0cobeHHOCTb Jessie ByeT ycTpaHeHa B HOBbIX BEPCUAX.
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B pe3synbTaTe noasuTca rpadpuyeckuin nHTepodeiic, oTobparkatolwmii pesynsbTaT npeobpasosaHua
nporpammbl B WhyML, nposepsemble GpyHKLMOHAIbHbIE CBOMCTBA M CBOMCTBA 6e3onacHoCTH (3a-
BEPLUMMOCTb MPOrPammbl, AOCTYMHOCTb MCMONb3YEeMON NMamAaTH, OTCYTCTBME MepenonHeHuni u

,D,el'leHVIVI Ha HOJ'Ib), YCTAaHOB/IEHHbIE MHCTPYMEHTbI A4,0Ka3aTe/ibCTBa TEOPEM U HaCTpOﬁKI/I.

[nsa Toro 4tobbl cnuctema Why3 «noguenunia» MMmeroLmecs npysepbl, HyXHO BbINOAHUTL Ceay-

IOLLLYIO0 KOMaHAy:
why3 config --detect-provers

Bonee noapobHyto MHPopmauuto 06 MHcTpymeHTax Frama-C, Jessie 1 Why3 moKHO HaliTu no

YKa3aHHbIM Bbllle CCbl/IKaM.

4.3. Bonpochl ¥ ynpaXHeHU

1. YKaxuTe OCHOBHble KOHCTPYKLUMK A3blika ACSL.

2. CnomoLblo Kakmnx cpeacts A3bika ACSL onpeaenaoTca NporpammHble KOHTPaKTbl U MHBapU-

aHTbI LMKAOB?

3. Yto TaKoe BeTBb PyHKLMOHaNAbHOCTM? [laliTe onpeaesnieHnsa NOIHOTO MHOMECTBA BETBEN U

pa3fesIMMoro MHOXecTBa BETBEN.
4. Onpepgenute Ha A3blke ACSL KOHTPAKTbI cieayowmx GyHKUMN:

a. HaxoxaeHue HOZ aByx HaTypasbHbIX Yncen;

b. copTupoBKa 4McNOBOro maccmaa.
5. PeanusyiiTe Ha a3bike C cneayroume GyHKLUN:

d. HaxoXxpgeHue CyMmMbl 31EMEHTOB YNCNOBOTO MmacCuBa,

b. copTMpoBKa YMCNOBOro MaccMBa «METOAOM My3bIPbKa».
[nAa ykasaHHbIX PyHKUMI onpeaennTe Ha a3bike ACSL MHBApPUaAHTbI LMKAOB.

6. YcTaHoBMUTE cregylowmii MHCTPYMeHTapuii: naatoopmy Frama-C, moaynb Jessie (BKAtoyasa

Why2 1 Why3) n SMT-pewatenu (Hanpumep, Z3 u CVC4).
7. [okaxuTe ¢ ucnonb3osaHnem Frama-C KOPPeKTHOCTb cneayowmx GyHKLUnA:

a. uenoumncneHHoe aenexHue (GyHkuma idiv);
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b. AnxoTomuueckuii NoncK B ynopsaouyeHHom maccuse (byHKumMA bsearch);
8. [MposepudununpyitTte c nomowbto Frama-C Balm peanunsaumm cnegyowmx GyHKLMN:

d. HaxoXxaeHue CyMmMbl 3/1eMeHTOB YAC/10BOTO MacCuBa,

b. copTMpoBKa YMCNIOBOrO MaccMBa «METOLOM My3blpbKa».

9. CneuundunumpyinTte Ha asbike ACSL n nposepudunumpyiite ¢ nomowbto Frama-C cnegytowme
dYHKUMK:

d. HaxoXxgeHme MaKCMMalbHOro genuvtena HaTypasibHOro 4mcna, OTIMYHOrNo OT Camoro

yucna:

int maxDivisor (int n) {
intm = 1;
for (int 1 = n - 1; 1 > 0; i--) {
if (n $ 1 == 0) {
if (1 > m) {
m= i;

}

return m;

b. HaxoXaeHWe MakcMManbHOro NPOCTOro AeNAUTeNs HaTypaabHOro YMca:

int maxPrimeFactor (int n) {
int min = 1;
do {
n /= min;
min = n;
for (int i = n - 1; 1 > 1; i--) {
if (i * 1 <=n && n % i == 0) {

min = i;
}

} while (min < n);
return n;

C. BblYucneHune LI,EJ'IOﬁ 4aCT KBaApaTHOrNro KOpHA Uenoro HeoTpuuaTesibHOro Yymcna:

int isqgrt(int n) {

int a = 0;

int b = 1;

int ¢ = 1;

for(; b <= n; at++) {
c += 2;
b += c;

}

return a;
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d.

NouCK Hanbonee AeLeBOro BapMaHTa € N0b30M HE MeHee 3a4aHHON:

int minCostForGivenValue (int n, int *cost, int *value, int k)

int r = -1;
for (int i = 0; 1 < n; i++) {
if (valuel[i] >= k) {
if (r == -1) {
r = i;
} else if (cost[i] < cost[r]) {
r = 1y,

}

return r;

{
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Jlekuusa 5. MeToa MHAYKTUBHbBIX

yTBEPkKAEHUU

UHAyKYyusa u 0edykyus ceazaHel mexdy coboli cmosnb e Heobxo-
OuMbIM 06paA3oM, KaK cUHmMe3s u aHaaus. Bmecmo mozo ymo6el
00HOCMOPOHHe Mpeso3HoOcUMb 00HY U3 HUx 0o Hebec 3a cyem
Opyaoli, HA00 cMapamMbCA MPUMEHAMb KaXOYH U3 HUX HO C8OEM
mecme.

®. IHrenbe.
[nanektuka npupoapl

PaccmaTpvBaeTca 04uH M3 NepBbix NOAX0A0B K GOpmanbHOM BepudmKkaumm nporpamm — metog dnoiga. Metos cocTouT m3
[BYX YacTei: MeTo, UHAYKTUBHbIX YTBEPXKAEHWUI, NpeAHa3HAYeHHbIN AR AOKa3aTeNbCTBA YaCTUYHOW KOPPEKTHOCTH, T.e. Kop-
peKTHOCTU 6e3 yyeTa 3aBepLIMMOCTU, U MeToA, GYHAMPOBAHHBIX MHOMKECTB, UCNO/Ib3YEMbIA ANA AOKa3aTeIbCTBA 3aBEPLIMMOCTU
1 NONIHOM KOPPEKTHOCTM (BTOpas YacTb meToAa pasbupaertca B nekuun 6). Metog dnoiga umeet geno ¢ 610K-CXxemamu, 4To
No3BO/IAET aHA/IM3MPOBaTb NPOrPaMMbl C O6LLMM BUAOM MOTOKA YNPaBAEHWUA, B TOM YMC/IE, HE OTBEYAOLLME NPUHLMNAM CTPYK-
TYPHOro NporpammuposaHusast. MeTos, COCTOUT B PAaCCEYEHUM LIMKIOB, COMOCTaBAEHUMN TOUYKAM CeYeHUNA UHAYKTUBHbIX yTBEp-

KAEHUI (MHBapWaHTOB), GOPMYNMPOBKE YCNOBUI BEPUPUKALIMM U UX [lOKa3aTe/IbCTBE.

5.1. CHHTaKCHC 6JIOK-CXeM

MeToa, paccmaTpuBaemblii B 3TOW Nekuun, 6bin npeanoxeH Pobeptom dnoingom (Robert W
Floyd, 1936-2001) B ganekom 1967 r. [Flo67]. 9To Knaccu4yeckmii MeToa, KOTopbli, HECMOTPS Ha
CBOIO «/APEBHOCTbY», UCMO/Ib3YETCA B COBPEMEHHbIX MHCTPYMEHTaX AeAyKTUBHOW BepUpUKaLmK,

Hanpumep, B moayne Jessie nnatpopmbl Frama-C (cm. nexkumio 4).

MeTtog ®noliaa onepupyeT ¢ 6aoK-cxemamu. Kak 1 npu onpegeneHmm asbika while 6ygem cum-
TaTb, YTO 33/laHa CUTHATypa X, T.e. MHOXeCTBO GpYHKLMOHANbHbIX U NPEAMKaTHbIX CUMBOJIOB BMe-
CTe C MX apHOCTbIO, U MHOXKeCTBO nepemeHHbIx V. [ns yaobctea pasobbem mHoxKecTso V Ha Tpu

HenepeceKatumeca nogmHoxecTtsa [bys14]:

e X — 8X00Hble NepeMeHHbIe;
e Y — gHympeHHuUe nepemeHHble;

e 7 — 8bIXOOHbIE nepemeHHble.

34 MeTogoorus CTPYKTYpHOro nporpaMmmuposanus boina npegyoxena 8 1970-x rr. [Dah72], a Pobept ®noiig (Robert Floyd, 1936-2001) pa3spa-

60Tan cBoi meTog, B KoHue 1960-x [Flo67].
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BxogHble nepemeHHble coaepXaTt UCXOAHble AaHHble U HE MEHAKOTCA BO BpemMA UCNONHEHUA
nporpammsl; BHYTpeEHHUE NepemeHHble NCMONb3YHTCA ANA XPaHEHUA MPOMEXKYTOYHbIX pe3yb-

TATOB; BbIXOAHble NepemMeHHble npeaHa3HavYeHbl 414 BblAa4Yn MONYHEHHOIO peleHunA.

Beesem o6o3HaueHue: 3anucb (Y4, oo, V) = (t1, ..., tn), WIN B BEKTOPHON dopme § = t, rae
V1, ) Yn — Pa3Hble NepemeHHsble, a ty, ..., t,, — TepMbl, paBHOCU/IbHA TPAAMLMOHHOW nocneao-
BaTe/IbHOM 3anucu:
LA t . eay! — t .
yl S P JYn = tno
—_— . . —_— !
YVi=Y1 = :Yn = Yn-
CHayva/a BbIYMCAAIOTCSA 3HAYEHUA BCEX TEPMOB, U JINLLIb MOTOM UCMONHAKOTCA NPUCBanMBaHuA. ITy
3aMNnCb MOYKHO TPAKTOBaTb KaK rnapasisiesbHoe npuceausaHue: 3HaYeHU TePMOB BbIMMCAIOTCA

napannenbHoO U He3aBUCMMO ApPYyr OT Apyra M napansiesbHO NpPUCBaMBaAlOTCA NepemMeHHbIM

(Ba)KHO Nnilb, 4yTO6bI npuceBanBaHMA CTapTOBaIN NOCNE BbIYNCNEHUA 3HaAYeHUM BCex TepMOB).

BNoOK-cxembl COCTOAT M3 ONepaTopoB CAeAyoLWNX TUNOB:

o P .
1. HayaneHebIl onepamop |star t| rae y — KOpTex 13 nepemeHHbIX MHoXecTsa Y,

at — KOpTeX M3 TepMOB Haj, MHOXKecTBOM X;

2. onepamop npuceaueaHus |assign:y :=t|, rae y — KOPTEXK U3 NePEMEHHbIX MHOMKe-

S
ctBa Y, at — KopTex 13 TepmoB Hag MmHoxkecTBom X U Y;

3. ycnosHbili onepamop [test: B, rae B — noruueckas dopmyna Hag, MHosKecTBom X U Y;

4. onepamop coeduHeHusA ;

5. sasepwaroujuii onepamop |halt: Z := t|, rae Z — KoOpTe U3 NepeMeHHbIX MHOXecTBa

S
Z,at — KopTex 13 TepmoB Hag mHoxKectBom X U Y.

lpaduyeckoe M306pakeHMe onepaTopos (TouHee, y3/10B BNOK-CXEM, MOMEYEHHbIX OnepaTo-
pamu) noKasaHo Ha puc. 5.1.

0O603HaUYMM MHOMKECTBO BCEX BO3MOMKHbIX ONEPATOPOB HAZ CUTHATYPOM X U MHOXKECTBOM nepe-
MeHHbIX V = X UY U Z cumonom Op. b1oK-cxemoli Ha3biBaeTcA pa3MeyeHHbI OpUeHTUPO-
BaHHbI rpad (N, E, L), rae N — mHoxecTso y3nos, E € N X {true, false, €} X N — mHO»*ecTBO

ayr c nometkamu, L: N = Op — dyHKUMA pa3sMeTKM y310B onepaTopamu.

77



[na KpaTKoCTU Mbl Byaem HasbiBaTb y3/bl 6/10K-cxembl onepaTtopamu. Hanpumep, ¢pasa «B
6n0k-cxeme (N, E, L) npucyTCTBYeT POBHO OAMH Haya/bHblA ONepaTop» Ha CaMoMm Jefie 03Ha-

YaeT, YTo CyLLEeCTBYeT eAUHCTBEHHbIV y3en n € N, TakoW uto onepatop L(n) umeert Tun |start|.

HavanbHbI onepatop OnepaTop npucBavBaHusi

true false

YcnoBHbIn onepaTop OnepaTop coeauHeHns 3aBepLuatoLuii onepaTop

PucyHok 5.1. [paguyeckoe npedcmasaeHue onepamopos b610K-cxem

BnOK-CXema Ha3bIBaeTCA KOPPEeKmMHo-ornpedeneHHol, ecnn OoHa yAoB/EeTBOPAET C/edytolwmum

orpaHunyeHusm [bys14]:

1. B 610K-CXEME NPUCYTCTBYET POBHO OAMH HaYaNbHbIM ONEpaTop 1 No KpalHel mepe oanH
3aBepLiatoLwmi;

2. ntobon onepatop 610K-CXeMbl HAXOAMUTCA HA MYTU OT Ha4ya/IbHOTO OMepPaTopa K HEKOTO-
pomy 3aBepLuatoemy;

3. 4nCno Ayr, UCXOAALMX U3 KaxK[oro onepatopa 610K-CXeMbl, M UX pasmMeTKa COOTBET-

CTBYIOT TUMY onepaTopa:

® N3 Ha4Ya/IbHOro onepartopa, onepatopa npuceanBaHnUA U onepaTtopa coeanHeHnA

MCXOAMUT OZHA Ayra: OHa UMeeT NMOMETKY €;
® 113 YCIOBHOrO OMepaTopa UCXOAAT ABE AYrv: OAHA U3 HUX UMEeeT NMOMEeTKyY true,
apyras — false;
® 113 3aBepLUAlOLLEro onepaTopa He UCXOAMUT HU OLHOM Ayru;
4. 4ncno Ayr, BXOAALLMX B KaXKAbl onepaTop 6/10K-cxembl, COOTBETCTBYET TUMY onepaTopa:
® B HAYa/ibHbIl ONepaTop He BXOAMUT HU O4HOW AyTu;
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e B oOMepaTop NPMCBaMBaHMUA, YCAOBHbIN ONepaTop 1 3aBepLuaoLWwmii onepaTop BXo-
OWT 04Ha ayra;

® B OMNepaTop COeAMHEHMUS BXOAMT HE MeHee O4HOM Ayru.
B panbHelwem mMbl byaem paccMaTpuBaTh TOIbKO KOPPEKTHO-oMNpeaeneHHble 610K-CXeMbl.

3ameTum, uTo Asis Kaxgoro ysnan € N unometku l € {true, false, €} B bnok-cxeme cyuiectsyet
He 6onee ogHow ayrm (n,l,n") € E. Ecav Takas gyra cywectsyet (onepatop L(n) He asnsetca
3aBepLIaloLmMm, a noMmeTKa [ aBnaeTca 4ONyCTUMON A1 3TOro Tuna onepaTopos), yzen n' byaem
Ha3bIBaTb nocsedosamesem y3na n no nometke [ n obosHauaThb Kak succ(n, l); 3anuce succ(n)

ABNAETCA COKpalleHmem succ(n, €).

HeckonbKo coB o rpaduyeckom npeacrasieHnm 61ok-cxem. Mpu nsobpaxkeHnn 610K-cxem By-
[AeM OMycKaTb «MyCTble» MOMETKM €, KaK U K/oYeBble C/1I0Ba, 3aJ4atoLLme TUMbl onepaTopos (Tun

O HO3HAYHO onpeaenAaeTca Te/IOM onepaTopa, a TakXKe YNCIOM BXOAALNX U UCXo4ALLNX p,yr).

Mpumep 5.1
PaccmoTpum 6710K-CxeMy, peasnmnsyoLLyto LiesioYncaeHHoe AeneHne. MHOXeCTBO ee nepemeH-
HbIX ycTpoeHo creaytowmm obpasom: X = {a, b}, Y = {q',r'} v Z = {q, r}. Tpaduyeckoe n306-

paykeHue 6710K-cxeMbl NpeacTaBaeHo Ha puc. 5.2.

@.r):=(0,a)

(qlr r') = (q' +1,r- b) [(ql I’) = (ql! rl)]

PucyHoK 5.2. brIoK-cxemMa yesno4ucneHHo2o0 0eneHus
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5.2. CeMaHTHKaA O0JIOK-CXEeM

0603Ha4YMM OomeH (MHOXKECTBO BO3MOMHbIX 3HaYeHWUI) nepemeHHOW X cumsonom D,. Kak u
npexae, cocmosaHuem nNporpammbl (610K-cxemMbl) Ha3blBaeTcA OTOBpaskeHUe, KOTOPOe KaxKaoM
nepemMeHHOI X CTaBWUT B COOTBETCTBUE ee 3HaueHne — 3nemMeHT gomeHa D,. MHOXecTBO Bcex

BO3MOMHbIX COCTOAHUI 0603HaYMM CUMBOJIOM S.

dopmanuzyem cemaHTUKy 610K-CXEM, UCMONb3YA ONepaLMOoHHbIN noaxoa, (cm. nekuuio 2). KoH-
ueypayueli 6nok-cxembl (N, E, L) HasbiBaetca napa (n,s) € (N U {n,}) X S, skatovatowas
y3en 610K-cxembl (MNU NCeBAO-Y3€eN N, COOTBETCTBYIOLLMI 3aBepLueHmo paboTsl) U COCTOAHME.
OnpeaesMm OTHOLIEHWE MepPexo[oB Ha MHOMeCTBe KOHGUIypauwmii, Kak MnokasaHo B Tab-

nvue 5.1.

Tabauya 5.1. OmHoweHue nepexo008 Ha MHOXecmae KoHguaypayuli 6:10K-cxemol

(1) | L) = (n,s) = (succ(n),s[y = s(?)])
(2) |L(n) = (n,s) = (succ(n),s[y := s(£)])

(3) | L) = (n,s) - (succ(n, true),s), ecin s £ B
@) [Ln) = (n,s) - (succ(n, false),s), ecm s E —B

(5) | L(n) =[join] (n,s) = (succ(n), s)
[t g |9~ (sl =

Hanomuum: s(t) — 3HaueHWe Tepma (KopTexka TeEpMOB) t B COCTOAHUM S; S[y = V] — cocTosAHUe,

nony4yeHHoe n3 CoOCToAHMA S, CONOCTaB/IeHNEM FIEpEMEHHOﬁ (KopTema FlepEMEHHbIX) Yy 3Ha4e-

HUA (KopTerka 3HaueHui) v 6e3 u3sMeHeHUa 03HaYMBaHMA APYIMX NEPEMEHHbIX.

[na 6nok-cxem, Kak 1 ana while-nporpamm, MoXHO onpeaennTb NOHATUE BblYMCAEHUA (CM. NEK-
umto 2). MocaedosamensHocmMbio nepexodos 6NOK-cxembl P B COCTOAHUM S HA3bIBAETCA KOHEeY-

Has UM 6eCKOHeYHas nociea0BaTenbHoOCTb KoHdurypaumi {(n;, s;)}iso, Takas uto:
1. ny — HavanbHbIN y3en P;
2. Sg=S5;

3. (n;,S;) = (My41,Sig1), &naBeexi = 0.

BolyucneHuem 610K-cxembl P B COCTOSIHMM S Ha3blBaeTcA nocnenoBaTe/IbHOCTb Nepexogos, KO-
TOpaA HEe MOXeT 6bITb npoaonKeHa. FOBOPAT, YTO BblYNCAEHUE 6.10K-Cxembl 3aBeplaeTca B Co-

CTOAHUU S’, €C/21n OHO KOHEeYHO 1 ero nocneaHAA KOHd)MpraLIMﬂ nmeetT Bua (le, S’). rOBOpﬂT, 4yTo
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610K-cxema P moxcem 30UUKAUMbCA B COCTOAHUNM S, eChn cyulecTeyeT 6eCcKoOHeYHoe BbluMce-

Hne P B s.

CemaHTuKa 6/10K-CXxem onpeaensertcs cnedylowmm obpasom (Kak M paHblue, —* obo3HadaeT
2l A ’

TPaH3UTUBHOE M pedNEeKCUBHOE 3aMblKaHMe OTHOLWEHMA Nepexoaos —):

M[P](s) = {s' | {ng,s) =" (ny,s"Y}U{w | P MOXeT 3al{UKJIUTLCA B S }.

Ona kaxpoi 6nok-cxembl P dyHKuma M[P] asnaetca ofHO3HAYHOMN, NO3TOMY A8 KPATKOCTK

smecto M[P](s) = {s'} 6yaem nucate M[P](s) = s'.

5.3. MeToA MHAYKTHUBHBIX YTBEPKAEeHUU

MeTog, UHAYKTUBHbIX YTBEPKAEHMUI NpegHa3HavyeH ANs AoKa3aTe1bCTBA YaCTUYHOM KOPPEKTHO-
cTn 610K-cxem. HanomHum: 610K-cxema P HasbIBaeTca YaCMU4YHO KOpPeKMHoU OTHOCUTEIbHO
npeagycnosus @ u noctyciosus Y (obosHavaerca: = {@}P{y}), ecam gns noboro coctosHus s,

Takorouto s = @ u M[P](s) # w, umeet mecto M[[P](s) E 1.

Myctb P — 6nok-cxema, m = {(n;, 1;, i)}y — nyts 8 P, N, = {n;}*., — nocnenosatens-
HOCTb Y3/108B, NeXalimx BAOb NyT1 T (ana yaobersa N, Takke 6yaem HasbiBaTb nytem). 3ame-
TUM, YTO NyTb He 06A3aH HauMHaTbCA co [start|n okaHumsatbes [halt| — 310 moskeT 6bITb Npo-

M3BO/IbHaA NOCNEA0BaTE/IbHOCTb CMEMKHbIX AYT.
Onpegenum Gopmyny @, U NOACTAHOBRY O,
e dopmyna @, onpesenser, KAKUM JO/KHO BbITb COCTOAHME B0K-CXeMbI, 4TO6bI, HAaYMHas

C y3/a ng, BblHUCNEHME NOLWJIO NO NYTU TT;

® [OoACTaHOBKa 97-[ onpeaenaeT, Kak UISMeEHUTCA COCTOAHUE 610K-Cxembl npuv UCnonHeHnn

BCEX OMepaTopoB, NeXaluuxX Ha NyTK 7.

EcTecTBeHHbIM CNOcO6OM BblUMCAEHUA P 97-[ ABnAeTca Mmemoo O6meHbIX Mo0CMaHOBOK.

5.3.1. MeToA 06paTHBIX IOACTAHOBOK

Mpeanonoxunm, 4to nocneaHuii onepatop L(n,) He ABNSETCA YC/IOBHbIM ONepaTopom. [N Kax-

goro 0 <m < k + 1 onpegenum <p,(1m) " B,Em) — COOTBETCTBEHHO GOPMY/Y M NOACTAHOBKY A/1A

nyTu N,&m) = {n;}¥,.. 3ametum, uto @, = (p,(TO) no, = 9,50). Bocnonb3yemca MHAYKLMENR No m.
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basuc HAyKUUKN

° N,SkH) = {} — nycro¥i nyTb;

(k+1)
® ¢n

Ha4a/lbHOM COCTOAHNU 6I'IOI'(-CXENIbI);

= true — TOXAECTBEHHasA WUCTMHa (nycTol nNyTb ByaeT npoiaeH npu nbom

k+1
9,5 ) = [] — nycTas nopcraHoBKa (MPOXOXKAEHUE MO MYCTOMY NMYTU HE MEHAET COCTOSA-

HUA 6/10K-CXEMDbI).

NHAYKTUBHDINM Nnepexop,

(m+1) ) (m+1)
T

MpeAnoNoXKMUM, 4TO @, onpeaeneHs! ans Hekotoporo 0 < m < k.

(m) |, g(m)
A

Onpepennm @, B 3aBMCUMOCTK OT onepaTtopa L(n,,) v nomeTku l,, (ecm n,, — no-

cneaHwi y3en nyTu, T.e. m = k, cumtaem l,,, = €), KaKk nokasaHo B Tabauue 5.2.

Tabauya 5.2. BeiyucneHue gpopmysnol (p,(,m) U ModcmaHo8sKu B,Sm)

(1) | L) =[start:5 =t ecmm=0 | o™ = oI V[5=¢] |6 =0 [y =1
@2) | Low) =|assign:y = o =y =1 | =6 [y=1]
3) | L(ng) = MLy = true ) — ot £ g o = g+
@) | Loy = MLy = false W = ™ A B o™ =iV
(5) L(?’lm) — (pﬁ[m) — (p;[m+1) gigm) _ 91(Tm+1)
6) | L(ny) = = oV z=1] |00 =™ [7:=1]

O6paTVITe BHMUMaHKE: NYyTb NPOCMaTPMUBAETCA OT KOHLUA K Hadany, NO3TOMYy NoACTaHOBKU npume-
HAKOTCA B NOpPAAKeE, 06paTHOM nopAAaKy UCNOJIHEHMUA ONepPaTopoB; 3TUM O6yCJ'IaBJ'IMBaETCFI Ha3Ba-

HUe metoga.

5.3.2. Touyku ceyeHUsI 6JI0K-CXEMbI, UHAYKTUBHbIE

YTBEPXKACHHUA U YCIIOBUA Bepn(l)mcaunn

[ns yaobcTa nocneaytoliero onucaHua metoga dnoiiga coeplunm cneaytolme npeobpasosa-
HWA BNOK-CXeMbI: PACLUIMPUM MHOMKECTBO Y3/10B BNOK-CXEMbI ABYMSA MCEBAO-Y31aMU Ny U Ny;
fob6asum ncespo-ayry (ng, €, ng), rAe Ny — HaYaNbHbIN Y3e; 419 KaXA0ro 3aBepLuatoLLero y3na
ny pobasum ncesgpo-ayry (ny, €,n,). Ncesno-ayry (n,, €,n5) 6yaem HasbiBaTb HayasneHol, a

ncesno-gyrv (ny, €, n,,) — 308epwarWumu.

CoctaBum mHoxecTso C ayr 610K-CXxeMbl TaK, YTOObI BbINOAHAINCH cnegywuime ycnosua:
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1. mHoxectBo C COAEepPXNT Ha4Ya/IbHYHO U BCe 3aBepllatolmne ncesao-ayru,;

2. Kakapli LMK B B/IOK-CXeMe CoAePKMT No KpaliHel mepe ofHy Ayry U3 mHoxecTtsa C.

InemeHTbl MHOXKecTBa C Ha3bIBAKOTCA MOYKAMU cevyeHUs. TOUKM CeYeHUs, OT/IMYHbIE OT Haya lb-
HbIX M 3aBEPLIAIOLLMX NCEBAO-AYT, Ha3blBAOTCA BHYMpPEHHUMU. TyTU MeX Ay TOUKaMmM cedeHnss>,
He coaeprKallme APYrux ToYek ceyeHus, HasbiBatoTca 6a3o8bimMu nymsamu. bazoBble NyTH, UCXO-
AALME U3 HaYalbHOW TOYKM, Ha3blBAOTCA HAYAAbHbIMU; 6a3oBble MyTW, BXOAALLME B 3aBepLUalo-

e TO4KNU, — KOHEeYHbIMU,; OCTa/ibHble 6asoBble NyTU Ha3bIBAOTCA BHYMPEHHUMU.

ConocTtaBuMM KaxAoM BHYTPEHHeN TOUYKe cevyeHus [ nornyeckyto Gopmyny y;, 3a4atoLLyto cooT-
HOLUEHME MEXKAY 3HAYEHUAMM NEPEMEHHbIX NMPU NPOXOKAEHUM 3TOM ToUKM. Dopmyna y; Hasbl-
BaeTcA UHOYKMUBHbIM ymeepuoeHueM. O HayanbHOW TOUKN & MONOKUM Y, = @, roe ¢ —

npesycnoBue; A1 KaxKAol 3aBepLuatoLLeil TOYKM h NONoXUM ), = 1P, rae 1) — nocTycnosue.

MocTponm ana Kaxaoro 6asoBoro nyTmn i (I'IYCTb OH HAYMHAETCA B TOYKE CEYEHUA [ U 3aBepua-

eTCcs B TOYKe ceyeHusn j) Tak HasbiBaeMoe ycsosue sepugurkayuu (VC, Verification Condition):
VCij = (i A or) = XjOn.

3TO yCNnoBMe BblpaxKaeT CeAyoLLy0 MbIC/b: eCIM UCTUHHO MHAYKTUBHOE yTBepKaeHue Xin
HA4YMHaA C TOYKU CeYEeHUA [, UCNONIHEHNE HOVI,CI,eT Nno NyTU 1T, TO B TOYKe CEHEHMﬂj,CI,Oﬂ)-KHO 6bITb

MCTUHHO MHAYKTUBHOE YTBEPKAEHNE ¥ ;.

MycTb HaM y4,anocb AoKa3aTb UCTUHHOCTb BCEX YCI0BUI BepudmKaummn. PaccmoTpmum Bblumce-
Hue B6N10K-CXeMbl B MPOM3BO/IBHOM Haya/lbHOM COCTOAHWUM, YA0BAETBOPAOLWEM NPELYC/I0BUIO (.
Kakana 6bl TOUKa ceyeHua j He BCTPETUAACh HAaM Ha NYTH, B TEKYLLLEM COCTOAHUM ByAeT UCTUHHO
MHAYKTUBHOE yTBEpKAEHME )| (3TO cneacTsue ycnosua sepuduraumnn VCij, rae i — npeablay-
Wan nponaeHHaa ToYKa ceyeHus). AHaNOrMYHO, Noc/ie UCNOMHEHUA OA4HOTO M3 3aBepLUAlOLLMX
onepaTopos (ecnv 3To NporsoraeT), byaeT UCTUHHO NOCTycNoBME 1. 3TO U 03HAYaAET YAaCTUYHYIO

KOPPEeKTHOCTb B6/10K-CXembl.

35 Kora roBopuTCs, YTO NyTh HAYMHAETCA (OKaHUYMBaeTCa) B ToUKe cevenus (n, [, n'), umeertcs B BUAY, 4TO OH HaYMHaeTcA (OKaHUYMBaETCA) C y3na

n' (yanom n).
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Mouemy yTBEPIKAEHMSA, CONOCTaBEHHbIE TOYKAaM CeYEHMS, Ha3bIBAOTCA UHOYKMUBHbIMU? Ha3Ba-
HWe NPOUCXOAUT OT MeToaa mamemamuyeckoli UHOYKyuu. CornacHoO aTomy mMeToay, ANA A0Ka-
3aTeNIbCTBa HEKOTOPOro yTBepXAeHUA B 0bwem Buae, Hanpumep, Vi € Ny{p(n)}, moctatouHo

caenatb cneayoulee:

e MpPOBEPUTb UCTUHHOCTb YTBEPKAEHMA B npocTeiwem cayyae: ¢ (0);

® [OKa3aTb, YTO U3 UCTUHHOCTU YyTBEPKAEHUNA B HEKOTOPOM NPOU3BOJZIbHOM Caiyvae caeayert

€ro UCTUHHOCTb B «CNeAYIOLWEeM» MO CA0KHOCTM caydae: p(n) — o(n + 1).

TaK e n B metoae ¢l'|0|7|,£l,a: yTBEPKAEHNA, CONOCTAaB/IEHHbIE TOYKaM CeYeHUA, A0/TIKHbI obecne-
4YMBaTb BOSMOXHOCTb MHAOYKTUBHOIO nepexoaa; Hanpumep, N3 UICTUHHOCTU YTBEPXKAEHUA nepes

UCNOTHEHNEM Te1la UMKAa A0J1)KHA BblTEKATb €ro NICTUHHOCTb NocC/sie UCNOJTHEHUA.

5.3.3. O61mas cxeMa MeTOAa UHAYKTUBHbIX YTBEePXKAEHUUN

Myctb aaHa 6a0K-cxema P u ee cneundukauma: npeayciosue @ v nocrycnosue . Metog uH-

OYKTUBHbIX YTBEPXKAEHMI Dnoinaa CoCTOUT U3 CieayroLMX LWaros:
1. BbIbOp TOUEK CEYEHUS;
2. dopMyNMpPOBKa MHAYKTUBHbIX YTBEPKAEHUIN ANA TOYEK CEYEHUS;
3. nocTpoeHue ycnosuii BepudurKaumm gas 6asosbix nyTeun;
4. poKasaTenbCTBO YCA0BUN BepudUKaLmnm.

Ecnn ypaetca gokasaTb UCTUHHOCTb BCEX MOCTPOEHHbIX YCI'IOBVIIZ BepVId)VIKaLI,VII/I, To B10K-Cxema

YaCTMYHO KOPPEKTHA OTHOCUTENIbHO creunduraumn: = {p}P{Y}.

Bce warn metoga ®nonga, 3a MCKAOYEHMEM Wara 2 M 0T4acTy wara 4, MmoryT 6biTb BbINO/IHEHDI
aBTOMATMYECKM, @ BOT BbIOOP MOAXO4AWMX UHAYKTUBHBIX YTBEPKAEHUW TpebyeT noHUMAHUSA

NpOorpammbl 1 C TPYAOM NOALAETCA aBTOMATM3aLMM (CM. ekuuio 7).

Mpumep 5.2
L[ oKaXKem YaCTUYHYIO KOPPEKTHOCTb H10K-CXEMbI, MOKA3aHHOM Ha puC. 5.2, OTHOCUTENIbHO Npea-

yenosua @ = (a = 0)A(b=0)unoctycnosua Yy =(a=q-b+r)A (0 <r <b).

Cnepys onucaHHoMy meToay, A06aBMM HayaibHYHO U 3aBepLuatoLyto ncesgo-ayru (A m C) v co-
NOCTaBUM MM COOTBETCTBEHHO @ U 1. «Pacceyem» eMHCTBEHHDIN LKA BA0K-CXeMbl TOYKON B,
T.e. Ayroin Mexkay ornepaTopom CoeAMHEHUA N YCNOBHbIM ornepaTopom (cm. puc. 5.3). na aToi

TOYKU PaCCMOTPUM chegyrouiee MHOYKTUBHOE yTBEPXKAEHUNE!
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x=(a=q -b+r')A0<r' <a)Aep.

Mpu Takom BblIBOpE TOUEK CeYeHus onpeaesieHbl Tpu 6a30BbIX NyTU:
1. AB — nyTb mexay Todkamu A n B (HayanbHbI 6230BbINA NyTb);
2. BB — nyTb mexay Toukamu B u B (BHYyTpeHHWUI1 6a30BbIi NyTb);

3. BC — nyTb mexay Todkamu B 1 C (KoHeuyHbIh 6a30Bblii NyThb).

(@,r:=(+1,r-b) [(q. r:=(d, r')]T>0

PucyHok 5.3. Touka cevyeHus 670K-Cxembl 4es104UC1eHH020 OeneHus

Paccmotpum nytb AB:

® QPup = true;

« O =1[q' =0, =al.

Nmeem:
(P Aoap) = @,

)(HABE((a=q’-b+r’)/\(0£r’Sa)/\qo)[q’ =0,7r":=aqa] =
(a=0-b+a)A(0<a<a)rAe=o.

OuesnaHo, uto = (@ A @) = XOap-

PaccmoTpum nyTe BB — nyTb MeXAy YCN0BHbIM ONEPATOPOM M ONepaTopoM COeaUHEHUS, NPO-

X04ALWMN Yepes Ayry ¢ NOMeTKoM true:

* @pg=(r'"=b);

e Ogp=1[q =q +1,r" =1r"—b].
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Nmeem:
Ahpgp)=(a=q" - b+r)ANOSTr <a)ApA(' =Zb) =

(a=q" - b+rYA(b<Tr' <a)Aog,

x055=((a=q b+ )ANO<T <a)Ap)[qg =q +1,7" =1"—b]=
(a=(q’+1)-b+(r’—b))/\(0£(r’—b)Sa)/\(ps
(a=q"b+r’)A(bSr’S(a+b))Aq).

UctnHHoCTb Mmnankaumu (¥ A @gg) — x0pp YCTaHaBAMBaeTCA nerko. B camom gene,

E ¢ — (b= 0), cnegosatensHo, E ((b <r'<a)A (p) - ((b <r' <(a+ b)) A (p).
HaKkoHel, paccmoTpum nyTb BC — NyTb MeXAy YC/I0BHbIM OMEPAaTOPOM M ONepaTOpPoOM coeam-
HeHUA, NPOXoAALMIA Yepes ayry c nomeTkoi false:

* ¢pc="0"=2b) =" <Db);
* Ogc=[g=¢q" r:=1]
Nmeem
Appge)=(a=q"  b+r)ANO<Tr'<a)ApA(@' <b)=
(a=q" - b+r)ANOSTr' <b)A@T' <a)Ao,

YOgc=((a=q-b+m)AO<r<b))lg=q,r=711=
(a=q" -b+r)A(0<7r' <b).

OuesunaHo, uto E (¥ A @pc) = Ylge.

Takum 06pa30M, 6/10K-cXxema ABNSeTCA YaCTUYHO KOppeKTHOﬁ OTHOCUTE/NIbHO @ U '(/)
O

5.4. Bonpochl ¥ ynpaKkHeHU s

1. [aiiTe onpegeneHue KOPPEKTHO onpeaeneHHon 610K-cxembl. Onpegennte GopmasibHO one-

PaLMOHHY CEMAHTUKY BN0K-CXEM.

2. Kakum obpasom BbibMpaeTca MHOXECTBO ToYeK ceveHus 6noK-cxembl B meToae dnoriga?

Y7o noHnmaeTcs nog 6a3osbiMu NyTAMM? Ha KaKkune TMbl OHM NOAPa3AeNnaoTca?
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3. YTO Takoe MHAYKTUBHOE YTBep)'K[l,EHVIE? CooTHecUTe NOHATMA NHAYKTUBHOMO YTBEPKAEHNA U

MHBapPWUaHTa LUMUKANa.

4. TlepeyncnvTe OCHOBHbIE WArM MeTofa MHAYKTUBHbIX yTBepxaeHui ®noliga. B yem coctout

TPYAHOCTb €ro aBTOMaTM3aumnn?

5. MocTpoiiTe 6/10K-CXeEMY, Pean3yoLLyio BO3BEAEHMA YMC/Ia B LENYI0 HEOTPULATE/IbHYIO CTe-
neHb. JOKasKnTe, CNO/b3ya METOA MHAYKTUBHbIX yTBEPKAEHWUI Dnoiaa, YaCTUUHYO Kop-

PEKTHOCTb I'IOCTpOEHHOVI 610K-CXeMbl.

6. MocTpoiTe BNOK-Cxemy, peanusytoulyto anroputm EBkanaa. [oKaxKuTe, UCNONb3ys MeTOZ,

WHAYKTUBHbIX yTBEPXKAEHUI DNoiia, YaCTUUYHYO KOPPEKTHOCTb NOCTPOEHHOM BN0K-CXeMbI.

7. [AOKaxKuUTe YaCTUYHYH KOPPEKTHOCTb I'IpVIBeLI,EHHOﬁ HUXKe 610K-CXeMbl OTHOCUTENLHO npea-

ycnosusa @ = (x = 0) n noctycnosus P = (z = 0) [by314].

(a, b) :=(x,0)

Y

(a,b):=(@+x+b,(b+1)*x+a*a)

Y

(a, b) := (b, a*x)

8. [loKaxKuTe YaCTUYHYHO KOPPEKTHOCTb I'IpVIBe,EI,eHHOlji HUXKe 610K-CXeMbl OTHOCUTENIbHO npea-

ycnosua @ = (x > y) M NoCTycnosus Y = ((u —x)=(@w-— y)) [By314].
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(a b):=(x-y,0)

(u,v) :=(a, b) ’

—(a,b):=(@+2*x,a+x+Yy)

9. [loKaxKuTe YaCTUYHYHO KOPPEKTHOCTb I'IpVIBe,EI,eHHOﬁ HUXKe B10K-CXeMbl OTHOCUTENbHO npea-

ycnosua @ = (x = 0) n noctycnosua P = (z = x2) [by314].

(a,b,c):=(x,1,1)

>
true false
a>0 >0«
Y
a:=a-c c=b-c a:=a+x b:=b-1
A A
false true
b:=b-1
true false
c>0 }I4
true false

z:=a+b+1[<€ b<-2*x

10. HanuwwuTte anroputm, KOTOPbIN A9 3343aHHOFO MYTU CTPOUT yCioBUE (noruyeckyro dopmyny),

rapaHTMpytoLee NPoxoz No 3ToMy nyTu.

11. HanuwuWTe anropuTm, KOTOPbLIA A8 33a4aHHbIX NYTU M NEePeMeHHOW CTPOUT BbiparkeHue

(Tepm), 3apatolLee 3HaueHMe NepeMeHHON Nocae UCMONHEHUA ONepPaToOpPOB MyTH.

12. JoKaKnTe 3HaYMMOCTb MEeTOAa MHAYKTUBHbIX YTBEPKAEHMI Dnoliaa.
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Jlekuus 6. MeToa yHAUPOBAHHBIX

MHOXKECTB

The White Rabbit put on his spectacles. “Where shall | begin,
please your Majesty?” he asked.

“Begin at the beginning,” the King said gravely, “and go on till you
come to the end; then stop.”

L. Carroll.
Alice's Adventures in Wonderland

Paccmatpumsaetca metoa, GyHAMPOBAHHBIX MHOXECTB, MPUMEHSEMbIN B Nape C METOLOM MHAYKTUBHbIX YTBEPIKAEHUI AN AOKa-
3aTeNbCTBa 3aBEPLUIMMOCTM U NOJHOM KOPPEKTHOCTH Nporpamm. Maes MeTofa 3aK/to4aeTcs B COMOCTaBAEGHNUM KaX 40N TOuKe ce-
YEHUA OLEHKU — GYHKLMU COCTOAHUA, 3HAYEHNE KOTOPOM YBbIBAET NMPU KAaXKAO0M MPOXOMKAEHWUM Yepes 3Ty TOUKY, HO B TO e
BPEMSA He MOKeT yBbiBaTb 6ECKOHEYHO A4,0JIr0 B CUJY XapaKTepa M3MEHEHWI M OrpaHUYEHM, HaKNaZblBaeMblX COOTBETCTBYIOLMM
MHAYKTUBHBIM yTBEpXKAEHWEM. ECv yAaeTca HalTh Tak1e oLeHOouHble GYHKLMK U A0Ka3aTb YCI0BKA BepudUKaLMM, nporpamma

3aBepLlaeTcaum, 6onee TOro, ABNAETCA NOAHOCTbIO KOppeKTHOﬁ.

6.1. 3aBepLIMMOCTb IPOrpaMM M MOJIHAA KOPPEKTHOCTh

O,EI,HOVI N3 BayKHEMLNX COCTaBNAWMNX NOHATUA KOPPEKTHOCTHU BbIYNCINTENIBHOM nporpammsbl AB-
NAeTcA 3asepwiumocmes, T.e. FapaHTMpOBaHHbIVI OCTAHOB 33 KOHEYHOe YNC/Io Waros B lobom Aao-
NYyCTUMOM Ha4a/ibHOM COCTOAHUN. OcHoBHO1 I'IpVI‘-IVIHOﬁ, no KOTOpOﬁ nporpamma MoOXXeT He 3a-
BepWwunTbCA, ABNAETCA 3dyUKnueaHUe — BXOXOeHue BbIYMCIEHWUN B TaK Ha3blBaeMblii 6ECKOHeY-
Hbll YUKA — UMK, YyCNOBME BbIXOAA M3 KOTOPOrOo HUKOr4a He CTaHOBWUTCA UCTUHHbIM. AHanu3
3aBepwmmMoOCTh nporpammsbl npeactaBadaeT BeCbMa C/I0OXKHYIO 3a4avy, yTODObI 3TO OCO3HATb, Ao0-

CTaTOYHO BCMOMHMTb, YTO Npobiema 0CTaHOBaA aIfOPUTMUYECKM Hepaspewwrma [Tur36].

Cpasy OTMETMM, YTO CyLLEeCTBYET LMPOKMIA KAAcC NPOrpamm, A1 KOTOPbIX 3aBeplueHme paboTbl
ABNAETCA peaAKUM cobbITMeM, CUTHAaNU3NpYytoLem, ckopee, 06 ownbke, — 3TO TaK HasblBaemble
peazupyrowue cucmemsi [Kapl0]. OHKM, onpaBablBas Ha3BaHME, pearnpyroT Ha BO3LENCTBUA
OKPYKEHUA, MEHAA CBOE COCTOAHME U BblpabaTbiBas OTBETHbIE AelcTBUA. K HUM OTHOCATCA one-
PaLMOHHbIE CUCTEMbI, ApailBepbl YCTPOMCTB, peanm3aummn TeNeKOMMYHUKALMOHHbIX NPOTOKO-
0B, cUCTeMbI ynpasneHua. Metogam popmanbHol cneumduKkaumm n sepmudmKkaumm pearnpyto-

LLMX CUCTEM MOCBALLEHA BTOPan YacTb Nocobus (oHa HaYMHaeTCa ¢ nekumm 9).
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BcnomHum onpeaeneHue: nporpamma (610oK-cxema) P Ha3blBaeTCA M0sIHOCMbIO KOppeKmHol oT-
HOCWTENIbHO MPeaycnoBus @ v noctycnosua P (o6osHavaetcs: E (@)P(yP)), ecam ans noboro

COCTOSIHWA S, TAKOTO YTO S k= (9, CNPaBeAIMBO CeaytoLee:
M[P](s) # w wn M[PI(s) = .

O4yeBMAHO, YTO NONHAA KOPPEKTHOCTb MPOrpaMmmsl P oTHoCcuTeNnbHO npeaycnosuva @ U Tpmsuaib-
HOro NocCTyC/I0BMA true paBHOCUIbHA 3aBEpPLUMMOCTU P BO BCEX HAYa/IbHbIX COCTOAHUAX, yAao-

B/1IETBOPAOWNUX @.

Cnpaseginso cneayowee yteepskaenue: ecam = {p}P{} n &= (p)P(true), 1o E (@)P{Y).
MHbIMM cnoBamu, 418 OKA3aTENbCTBA MOJHOM KOPPEKTHOCTM MPOrpammbl OCTATOMHO A0KA3aTb

€€e YaCTMYHYIO KOPPEKTHOCTb W 3aBEPLUMMOCTb (CcM. Tabanuy 6.1).

Tabauya 6.1. [pasusno dekomno3uyuu 017 0oKazamenbcmeaa rnosaHol KoppekmHocmu

{(P}P{ll’}: ((p)P(true) MpaBua0 A@KOMNO3ULMK: M3 YACTUYHON KOPPEKTHOCTM 1 3aBEPLLMMOCTM NPOTrPamMMbl BbIBOAUTCA
(@)P{) ee no/iHas KOPPEKTHOCTb

[na nokasaTenbCTBa 3aBEPLUMMOCTM MPOrpPamm, COAEPHKALLMX LMKAbI, UCNONb3YHOTCA ABa OCHOB-

HbIX MeToAa: Memoo ¢hyHOUPOBAHHbIX MHOoMtecms [Flo67] u memod cuemyuros [Hen88].

6.2. Metoz GyHAMPOBAHHBIX MHOXKECTB

[NnAa n3noXxeHna nepBoro metoga Ham ﬂOTpE6YPOTCFI BCNomoraTe/ibHble NMOHATUA.

YacmuyHbiM nopsadKom Ha MHoXKecTBe M HasbiBaeTca bUHapHoe oTHoweHne < S M X M, ypo-

BaeTsopAolee cneayrowmm CBOMCTBaM:

® pedhrieKcusHoCM®:
pnsa Bcex a € M cnpasegnmeo a < a;

® JgHMucummempu4yHocme:

onsaecexa,b € M us toro,utoa < bub < a, cneayet,ytoa = b;
®  MpaH3UMuUBHOCMb:
anascexa,b,cE Musa < bwub < cBblTekaeTa < C.

Ecnu a < b, roBopsaT, uto a npedwecmsyem b.

Yacmu4Ho yrnopa0oYeHHbIM MHOXecmeom HasbiaeTcs napa (M, <), rae M — HekoTopoe MHO-

YKeCTBO, @ X — OTHOLWEeHWe YaCTUYHOro nopAaaKa Ha M.
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OTHOWeHMe, yaosaeTeopaAwLee cBolcTBam ped)l'IEKCVIBHOCTVI, AHTUCUMMETPUYHOCTU U TPAH3U-
TUBHOCTWU, TaKXXe Ha3bIBAOT HECMpo2um 4Yacmu4yHbIM I'IOpFIaKOM. 3a¢VIKCVIpyeM MHOecTBo M.
BuHapHoe oTHOWeHne < & M X M HasbiBaeTca cmpoaum 4acmu4yHbeIM ﬂOpﬂaKOM, €C/in OHO y4o-

BNeTBopAeT cnegyroumnmm CBOMCTBAM:

® gHMupegeKcusHOCMb:

ans scex a € M cnpasegnveo —i(a < a);

® JgcummempuyHocme:

ans scex a,b € M us toro, yto a < b, cnegyert, yto —(b < a);

® MpPAaH3UMUBHOCM®b:

pnascexa,b,cE Musa <bwub < csbiTekaeta < c.

O4eBMAHO, YTO €C/IM < — HECTPOruii yacTuuHbIi nopsagok, 7o < \ {(a,a) | a € M} — crporuii.
06paTHO: eCcM < — CTPOrU YacTUYHbIN NopaaoK, To < U {(a,a) | a € M} — HecTporuii. Takum
obpasom, HeT 6ONbLIOI Pa3HULbI, KAKOM NOPAAOK PacCMaTPMUBaTb, HECTPOTUI UK CTPOrKi. Mbl

B 3TOM pas3aene byaem paboTaTb CO CTPOrMMM NOPALAKAMM.

YacTuuHo ynopagoYeHHoe MHOXecTBO (M, <) Ha3blBaeTCA (hyHOUPOBAHHbLIM, ECIN B HEM OTCYT-

CTBYHOT 6€eCKOHeYHO yﬁbIBalOLIJ,VIe nocneaoBaTelbHOCTU SNEMEHTOB: Ay > Aq > *** 36 (

3TO ycno-
BME M3BECTHO Kak ycsi08ue 0bpbisa ybbisarowux yened). Jpyrummu cnosamu, gns ntoboro Heny-
cToro nogmHoxectsa W S M yactnuHo ynopsagoueHHoe mHokecTso (W, < N W?2) umeet MuHu-
MasnbHbIlG anemeHm, T.e. anemeHT a € W, Takoli uto gna nwoboro b € W He BepHo, uto b < a:

nmbo a < b, ninbo a = b, nmbo a n b HecpasHumbI®’ [Epi87].

Mpumep 6.1

PaccmoTpum npumepsbl GyHAMPOBAHHBIX MHOXKECTB.

o (Nj, <) — pacwmpeHHoe MHOXecTBO HaTypanbHbix uncen Ny = {0, 1, ...} c oTHOWweHMEM
«CTPOro MeHbLUe».
o (Z,<) — mHoxectBo uenbix umcen Z = {...,—1,0,1, ...} co cnegyowmm OTHOLEHNEM:

a < b Toraa n TonbKo Toraa, Koraa a = b u b i a (b penutca Ha a 6e3 ocraTtKa).

363anucb a > b sKBMBaneHTHa 3anucn b < a.

37 CTporo rosops, 3T onpeaeneHna He SKBUBA/IEHTHbI: NEPBOE ONpPeAe/ieHNe SKBUBANIEHTHO BTOPOMY, €C/IU NMPUHATL aKCUOMY 86160pa.
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e (X*,C) — MHOXECTBO KOHEYHbIX C/10B B andasBute X CO CAEAYIOLMM OTHOLIEHMEM:

a C b Torga v TONbKO TOrAa, Korga CNoBO d ABAAETCA CTPOrMM NOAC/I0BOM C10Ba b.

6.2.1. OueHoyHble QYHKIMHU U YCJI0BUA 3aBEPIIMMOCTH

MycTb Mbl BepudULMPYEM HEKOTOPYIO BN0K-CXxemy P. PaccMOTpMM TOYKK ceYeHusn, T.e. Ay, Bbl-
H6paHHble TaKMM 06pa3oM, YTODbI KaxKabll LMK B10K-CXeMbl COAEPXKa N0 KpaliHeil mepe oaHy
M3 Ayr 3TOro MHOXeCTBa. [N1A KaXKA0M TOUYKM cedeHns [ chopmyanpyem MHAYKTUBHOE yTBEpXKae-
Hue y; (cm. nekumto 5). ns Kaxgoro 6a3oBoro nyTv 1 (MyCTb OH HAYMHAETCA B TOUKE ceYeHus i

Y1 3aBEPLUAETCA B TOUKE CEUEHMA j) 3anuLLIem yCAoBME BEPUBMKALIAN:
VCij = (Xi A @) = XjOn,

roe Op — ¢opmyna nyTun, a 97-[ — NoACTaHOBKa, onpeaenawoulan, Kak USMeHUTCA COCToAHUE

610K-Cxembl npu nocneanoBate/ibHOM UCMONHEHUN NeXXallnX Ha NyTKU onepaTopos..

Bbibepem pyHAMPOBAHHOE MHOXKECTBO (M, <) 1 ANA KaXKA0M TOUKMU ceueHuna i onpeaenum Tepm
U;, 33[30WNIA OUEHOYHYIO (hyHKUUIO — GYHKLMIO, CTABALLYIO B COOTBETCTBME KaXKAOMY COCTOA-
HWUIO, YA,0B/IETBOPAIOLLEMY YCIOBUIO X;, 3NEMEHT MHOXecTBa M. Chopmynmpyem Ans Kaxaoro

BHYTpeHHero 6a3oBoro nytu 1 ycaosue 3asepwumocmu (TC, Termination Condition):

TCij = (i A pr) = (U0 < ).
9T0 ycnosue BbipakaeT NPOCTYIO MbIC/b: €C/IN YTBEPXKAEHME Y; UCTUHHO B TOYKE CeYeHua i 1,
HaYMHaA C 3TON TOYKM, BbIYMUCIEHME NOMAET MO NYTU T, TO 3HAYEHWNE OLEHOUHOW GYHKUMK U;
nocae UCMOJIHEHMA OMNepPaToOPOB, NEKALLUX HA NYTH, ByAeT «CTPOro MeHbLLUe» 3HaYeHMs OLEHOY-

HOW GYHKLMM U; B UCXOLHOM COCTOAHMM. YC0BMe 06pbiBa yBbIBalOWMX Lenei rapaHTMpyeT Ko-

HEeYHOCTb BbIYUC/IEHUNA.

6.2.2. O61masa cxema metogaa donaa
MycTb AaHa 610K-cxema u ee cneundukaumsa. Metog dnoiga, BKAOYAKOLWMIA B NOITHOM BapuaHTe
meToa MHAYKTUBHbIX yTBep)-K,CI,eHMﬁ n meton, CbYHLI,MpOBaHHbIX MHOXeCTB, COCTOUT U3 Cneayto-
LWnX Wwaros.:

1. BbIOOpP TOUYEK CeYeHUs;

2. $OpMYNNPOBKA MHAYKTUBHbBIX YTBEPHKAEHUN A1 TOYEK CEYEHUS;

3. $opMYyNMPOBKA OLEHOUYHbIX GYHKLMI AN BHYTPEHHMX TOUEK CeYEHUS;
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4. nocTpoeHuWe ycnoBuit Bepuonkaumm ana 6asosbix nyTen;
5. NOCTPOEHME YCAOBUIA 3aBEPLUMMOCTM A1 BHYTPEeHHMX 6a30Bbix nyTei;

6. [0Ka3aTenbCTBO YCI0BUIA BEpUOUKALLMM U YCNOBUIA 3aBEPLUMMOCTY.

Ecnn ypaetca goKasaTtb MCTUHHOCTb BCEX YCHOBMVI BepVId)MKaLI,MVI n YCI'IOBVII71 3aBepwmmocCTu, To
610K-CXxeMa NOIHOCTbIO KOPPEeKTHa OTHOCUTENbHO 3aﬂ,aHHOﬁ CI'IELI,VId)VIKaLI,VIM. Ona pokasatensb-

CTBa 3aBEPLUMMOCTU BMECTO COAEPHKATENbHOIO NOCTYCN0BUA AOCTAaTOYHO PacCMOTpPETb true.

KaK 1 BbI6GOP MHAYKTUBHBIX YTBEPKAEHWNIA, MOCTPOEHME OLLEHOUYHbIX GYHKLMI € TpyAOM noaaa-

€TCA aBTOMaTn3auunn.

Mpumep 6.2

MpumeHnm metog, GyHAMPOBAHHbIX MHOXECTB A/1A A0Ka3aTe/1bCTBA 3aBEPLLUMMOCTH BNOK-CXeMbI
LLe/I0YMCNEHHOTO AeneHna (CM. NeKkumto 5) Bo BCeX COCTOSHUAX, YA0BNETBOPAIOLLMX Npesycnio-
o @ = (a = 0) A (b > 0). O6patuTe BHUMaHUe: orpaHMyeHue Ha b Tenepb cTporoe. Paccmort-

PVM TOYKY ceyeHmna B (cm. puc. 5.3). DToi TOUKe ConocTaBAeHO MHAYKTUBHOE YTBEpXAeHMe
xs=@=q""b+rI)ANO<r" <a)Ao.
3a[aum, KOTOPbIe HY}KHO PelmnTb:

1. nNpeanoXutb ana TOUKU B oLeHOYHYO GYHKUMIO;
2. 3anucaTb YC/I0BME 3aBEPLUIMMOCTU A5 eAUHCTBEHHOrO BHYTpeHHero 6asosoro nytn BB;

3. [0KasaTb yCA0BUeE 3aBEPLUMMOCTU.

B kauecTtBe pyHAMPOBAHHOTO MHOXKecTBa Bo3bMeMm (N, <). PaccmoTpum oLeHoUHY0 GYHKLMIO
ug = (a — q"). MoKkaxem, uTo Uz onpeaeneHa BO BCEX COCTOAHUAX, YA0BNETBOPAIOLLMX Y5, U ee

3HaYeHWe NPUHAANENKUT BbIBPAHHOMY MHOXECTBY.

Mokaxem, uto ug € N ecTb cnepcteve yg:

(a=q" b+r')An(0<r'<a)A(@a=0)A(b>0)=

e (=)A< <A@ 0)AB>0)~
. (q'S%)/\((lZO)/\(b>O)—>
e (¢'<a)
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e (a-q)=0=

e up € Nj.

[lokasaTtenbCTBa yC10BUiA BEpUDUKALLMM ANA YCUAEHHbIX BAPUAHTOB MPeayc/oBUA ¢ U UHAYK-
TUBHOTO YTBEPKAEHMA Y5 NPAKTUUECKM HE OTINYAIOTCA OT MPUBELEHHDbIX B IeKunmn 5. [loKaxKem

ycnosue 3aBepLLIMMOCTU:

(X A @pp) = (upbpp < up),

rne g = (r'=2b)ubgg =1[q =q" +1,r' =r"—b]:

e Genros) = ((@a—q)gd =q¢ +1r =r"-bl<(a—q"))=
o (xsAo@pp) — (((a -(@+1D)<(a- CI')) =
e (xgANopp) > (0<1) =

o (xgANo@gp) - true =

o true.

Takum obpasom, ansa npeaycnosusn (a = 0) A (b > 0) 610K-cxema 3aBepLIaeTCs.

O

6.3. MeTOoa CYETYUKOB

Ewe oanH cnocob AoKasaTenbCTBa MOHOM KOPPEKTHOCTM NporpamMm AaeT MeTod, CYETYMKOB
[Hen88]. B Bepuduumpyemyto nporpaMmy BBOAATCA rnepemeHHbie-c4emyuKku — no O4HOMN Ans
Kaxk4oro uukna. CY4eTYMK MHULMANU3NPYETCA Nepes, BXOLOM B LMK/ U YBE/IMYMBAET CBOE 3Haye-
HMEe NPU KaXKkAOM UCNONHEHUW TeNa LMKAA. B MHBapUaHTbI LMKNOB BKAKOYAKOTCA YCN0BUA, Orpa-
HUYMBAIOLLME 3HAYEHMA CHETYMKOB OYHKLMAMM, 3aBUCALLMMM TONIbKO OT BXOAHbIX MEepemMeHHbIX
(Takue dYHKUMM Ha3bIBAOTCA O2paHUYUBarOWUMU). NA fOKa3aTeNbCTBa NOMHON KOPPEKTHOCTH
MCXOAHOM NPOrpaMmbl AOCTaTOYHO A40Ka3aTb YAaCTMUHYIO KOPPEKTHOCTb «MHCTPYMEHTUPOBAH-

HOM» nporpammebl, T.e. Nporpammsl C ,CI,O6aB/'IEHHbIMM CYEeTYUKaMu.

Mpumep 6.3
B nporpammy Lesio4NCNeHHOro geneHuna ,EI,OI'IOI'IHVITe}'IbeIﬁ CYETYUK MOXKHO He BBOOAUTb — ero
pOb UrpaeT NnepeMeHHas g, akKymympytoLLas HEMOHOE YacTHOE OT e/ieHns a Ha b.

(a 2 0 A b > 0)
q := 0; /* yMHUUMAIM3aumsa cueTumka */
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g := g + 1; /* yHKpeMeHT cueTumkKa */
r :=r - Db
end

(a =gb+rA0<r<b

Tpebyetca chopmMmynmpoBaTb MHBAPMAHT LMKAA TaKMM 06pa3oM, YTODObI B HEFO BOLLJIO YC0BUE

OrpaHN4YeHHOCTN q. PaccmoTpum orpaHuyeHme q < avcneayouiee ycsiosue, npeTeHaytollee Ha

POJ/ib MHBAPUaHTa LMKANa:
x=@a=q-b+r)ANO0<r<a)A(@=0)AB>0A(q<a).

PaHee mbl gokaszanu, uto (a =q b+ 1) A (0 < r < a) — vHBapmaHT (cM. ekumio 3). ITa xe
bopmyna, ycuneHHas npesycnosuem,

(a=q-b+r)A0<r<a)A(az=0)A(b>0),
TaK}Ke ABNAETCA MHBapMaHTOM. B npeabigyliem npumepe Mbl MOKasaau, 4to q < a ABAseTCcA
cneactemem (a=q-b+r)A(0<r<a)A(a=0)A(b>0). Takum 06pasom, y — UHBapK-
aHT, OTKyZa (C y4eTom TOro, YTO Y COAEPKUT OrpaHMyYeHne Ha 3HaYeHWe cYeTYnKa q) creayet

3aBepLUIMMOCTb U NOJIHAA KOPPEKTHOCTb MPOrPaMMbl.

O

Mpumep 6.4
[okaxem 3aBepwmmoctb nporpammbl SQRT, BblUMCAAIOLLEN LLENYO YacTb KBAZPaTHOrO KOPHA

HeoTPULLATENbHOTO Leoro Yncna: r = [\/EJ roe a = 0. Ans aToro BBeAem BCNOMOraTe/ibHyH

nepemeHHy-c4YeTYnK i (cm. Tabamuy 6.2).
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Tabauya 6.2. flobasneHue cdemyuKa 8 yuksa npoepammel SQRT

McxopHan nporpamma (SQRT) Mporpamma nocne gobaBneHua cyeTInKa

= 1; d = 1;
r o= 0; r := 0;

= ay X = ay

i := 0; /* uHMumanmusauusa */
while x > 0 do while x > 0 do
i:=1i+ 1; /* nukpeMent */

X 1= x - d; X 1= x - d;

d :=d + 2; d :=d+ 2;

if x > 0 then if x >= 0 then

r :=r + 1 r:=r +1

end end

end end

O6paTMTe BHMMaHWe: B Tesie LMKNa 3HavyeHune I'IGpEMEHHOI‘;I X, U3Ha4Ya/1IbHO paBHOEe A, yMmeHblla-

eTcA Ha oyepegHoe HeyeTHoe umcio d = 1, 3, ... Takum obpasom, ycnosue

i

x=a—Z(2k—1)

k=1

ABNAETCA NHBAPMAHTOM.

Ecrm x > 0, To nepes UCNOHEHMEM LKA CNpaBeaInBo HepaBeHcTBo Yy, (2k — 1) = i2 < a,

4YTO PaBHOCUNBLHO i < v/a. ECAM LONYCTUTb, YTO YCIOBUE LMKAA NOXKHO (X = a = 0 uAKn 3HaueHe

X CTafNo HEeMoAOKUTENbHbIM B pe3y/ibTaTe UCMONHEHWUA Npeablaywein utTepaummn), MMeeT Mecto

oueHKa i < va + 1. CywectsoBaH1e orpaHMuMBatoLLEi BYHKLUN u; = va + 1 gns cyetumka i

AO0Ka3blBa€T 3aBEPLLUMMOCTb MPOrpammbl.

O

6.4. leAyKTUBHAsA CUCTEMA JAJIA AOKA3aTe/JIbCTBA MOJIHOM

KOPPEKTHOCTH

[enyKTMBHaA cMcTeMa, pacCMOTPEHHAA B NeKumMax 2 U 3, npegHasHavyeHa Ana foKasaTesbCTBa
YacTUYHOM KoppeKTHOCTM While-nporpamm. Kak ee mognounumposaTtb, 4To6bl OHa NO3BOAANA [0-
Ka3blBaTb MOJIHYIO KOPPEKTHOCTL? MeTos, GyHANPOBAHHLIX MHOXKECTB aeT OTBET Ha 3TOT BONPOC

(cm. Tabnunuy 6.3) [Apt09].
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Tabauya 6.3. AKcuomamu4ecKkas CeMaHMUKa A3bIKA NpozpammuposaHus while (moaHas koppekmHocms)

(1) ((p)Skip(tp) Be3 usmeHeHull

(2) | {plx = t])x = t{p) be3 usmeHeHuli

) | @R, 0P W) R
(@)Py; P (1)

(4) (o ABYPL (), {p A 2B)P () be3 usmeHeHull

(p)if B then P, else P,(1)
(@ ABYP{@),{(p AB) A (u = 2))P{u < z), - (u € M) | 3necou — Tepm oueHouHOW dyHKunw; (M, <) — dyHan-

(5) ((p)While B do P end(q) A _|B) POBAaHHOE MHOXECTBO; Z — YHWUKaA/IbHadA NnepemeHHasn
6) | £ @A VPW) Y > Y Bes usmerenuli
(@)P{()

M3meHAeTCA TONBbKO NpPaBWMAO BbiBOAA ANA OMepatopa LUMKAA: B HEM NOABAAETCA yCa0BMUe

«CTPOroro ymeHbweHmnAa» 3Ha4eHnaA OLJ,eHO"lHOlji ¢YHKLIMI/I npun UCNONHEHUU Tena UnKna.

Mpumep 6.5
Ewe pa3 obpatumca K nporpamme LLeIOYMCAEHHOTO AesieHna. Ha 3ToT pas pacCMOTPUM OLLEHOY-

HY0 GYHKLMIO U = 1. [JOKaxKem ycnosue
(xANrz2b)AN(r=2)q=q+1L,r=r—b(r<z),

raex=(a=q-b+1r)A(r=0)A(b>0). Ucnonb3yem U3BECTHbIA NOAXOA — BbluMCAEHUE

cnabeiiwero npegycnosua (cm. nekumio 3):
wp(q=q+1L,r=r—br<z)=(@->b)<z

MoKaXem, 4TO MMeeT MeCcTO MMMIMKALMA ()(A (rzb)A(r= z)) - ((r —-b) < z), T.e. yTo
ycnosue x A (r = b) A (r = z) cunbHee cnabeiflwero NpesycioBuUA, rapaHTUPYIOLWEro UCTUH-
HOCTb noctycnosmar < z:

° ((a=q-b+r)/\(r20)A(b>0)A(r2b)A(r=z))—>((r—b)<z)<—

e (b>0)A(r=2)->(r-b)<z)e

e (b>0)A(r=2)->B>0)«

e (b>0)->(b>0)«

o true.
OTClofla MOKHO CAenaTh BbIBOA, YTO NPOrpaMma 3aBeplLuaeTcs.

O
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6.5. AHHOTUpPOBaHHUeE NMPOTpPaMM /JJIsl J0Ka3aTe/IbCTBA

3aBepPIIUMOCTH

B niekuuu 3 66110 BBEAEHO NOHATUE GHHOMUPOBAHHOU Mpo2pammel — NPOrpaMmbl, B KOTOPYHO
[o6aBneHbl cneumanbHble yTBEPXKAEHUA (AHHOTaLLMK), ONMCbIBaOLLME CBOWCTBA ee hparMmeHTos.
[o cux nop Mbl UMeNn Aeno ¢ ABYMS TUMamMM aHHOTALMIA: OrpaHUYEHUAMMN Ha COCTOAHME NPO-
rpaMmbl M MHBapPWaHTaMM UMKAOB. [11A A0Ka3aTeIbCTBa 3aBEPLUMMOCTM M NOJTHON KOPPEKTHOCTH
nporpamm NPUMeHAITCA aHHOTaLMK, 3aatoLLme oLeHOoYHble (orpaHuymMBatowme) dyHKLmMK. Ta-

Kne aHHOTauun 3anncCbiBatoTCA Caeayrowmm o6p330M:
{bd: ul, (M, <)]}.

KBaZpaTHble CKOBKM roBOPAT O TOM, YTO 3aK/HOYEHHbIN B HUX TEKCT (3agaHne GpyHAMPOBAHHOTO

MHOKECTBa) ABNAETCA HeobA3aTeNbHbIM: BapUaHT no ymoadanuio — (Ng, <).

Mpumep 6.6

Hu)ke npueegeHa nporpamma Leno4YncneHHoro AefieHna, BKAYaoLWwaa aHHoTauuMmM gna nHBea-

pUaHTa U oueHMBaoWen GyHKUUN.

(a2 0 A b >0) /* npenycnosue */

q := 0;
r = a;
{inv: a = g'b + r A r 2 0 A b > 0} /* uuBapmuanr */
{bd: r} /* oueHouHas OGyHKUUA */
while r > b do
q :=qg + 1;
r :=r - Db
end

(a = gb+r An0<r < by /* nocrycinosue */
B kKayecTtBe ynpaxHeHunA BbinUwnNTe yciosua BepVId)VIKaU'VIM M yCnoBuA 3aBepLLIMMOCTN.

O

PaccMmoTpmm, KaK NULWYTCA aHHOTaLMKM Ha a3bike ACSL ana C-nporpamm (cm. nekumio 4). OueHou-
HaAa GYHKUMA, T.e. BE/IMYMHA, YMEHbLUAEMAA NPU KaXKA0M UCNONHEHMM TeNA UUKNA, 3343€eTcA C

nomolbto knaysbl loop variant [Baul0]:

/*@ loop variant u [for R]; */
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34ecb U — TepM, 3a43at0LLMI LENOYNCIEHHYIO OLEHKY, @ R — HeobA3aTebHbIV NapameTp, 3a4a-
owmii GyHAUPOBAHHOE MHOXECTBO (TOYHee, OTHOLIEeHWE CTPOroro YacTMyHoro nopagka). Mo

YMO/I4aHUIO UCNOb3yeTca GyHAMpPOoBaHHOE MHOXecTBO (N, <).

Mpumep 6.7
MpuseneHHas HUxKe ACSL-aHHOTALMA OLEHOYHOM GYHKLMM paBHO3HauYHa aHHoTauuu {bd: r} u3

npeaplayLwero npumepa.

int idiv(int a, int b, int *r) {

int g = 0;

int p = a;

/*@
@ loop variant p;
@/

while (p <= b) {
q++;
p -=Db;

}

*pr = P

return g;

YT106bI ONpeaennTb cneumdrUUecknii YacTUYHbIA NOPALOK MOMXKHO MCMNO/b30BaTb KOHCTPYKLMIO

predicate, no3sonstoLLyto onpefenaTb NpeamnKaThl:

/*@ predicate R(T x, T y) = ...; */

Mpumep 6.8
Onpegenum GpyHAMPOBAHHOE MHOXECTBO (Z, <) CO c/eayloWmm OTHOWEHNEM YaCTUYHOTO Mo-
paaKka: a < b Toraa v TonbKo Torda, korgaa = b wu b i a.

/*@ predicate RemIsZero (integer a, integer b) =

@ a!=0s&& a !=Db && b %$ a==0;
@*/

6.6. Bonnpocsl 1 ynpakHeHUusA

1. Kakum CBOICTBaM yA0BNETBOPSAET OTHOLIEHME CTPOrOro YacTMYHOIO NopsAaKa?
2. [aiTe onpeaeneHune GyHAMPOBAHHOIO MHOKeCTBa. MpuBeanTe npumepsbi.

3. Asnaetca nu d)yH,D,MpOBaHHbIMM cneaywouime YaCtTM4HO ynopAaaovYyeHHble MHOXeCTBa:
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4.

a. (Q4, <), roe Q,; — MHOKECTBO MOJIOKMUTE/BHbIX PALMOHA/bHBIX YMCEN;
b. (N X Ny, <), rae oTHoweHMe < onpeaenseTca cieayowmm obpasom:
(a,b) < (c,d) Torpa u TonbKo Torga, Korga a < cub < d;
c. (Ny X Ny, <), rae oTHoweHune < onpegenseTca cregyowmm obpasom:
(a,b) < (c,d) Torpa v TonbKko Toraa, Korjaa < cwub > d;
d. (X%, <), roeX — KOHeuyHbI andasuT, a < — OTHOLLEHME NEeKCUKOorpaduyeckoro nopaaKa?
BepHo /11, 4yTo MeToa, PyHAMPOBAHHbIX MHOXECTB ABAAeTcA 6osee 06LWMM NO CPAaBHEHMIO C

MeToA0M CHETYMKOB, T.€. BCeraa, Korga ygaetca noCTponuTb OrpaHn4YnBaloLyro d)YHKLI,VIPO Aana

CYeTYMKa UnKna, ona aToro ynkaa MOoXXHO NOCTPOUTb OLLEHOYHYIO CIDYHKLI,VHO?

5. JloKaxuTe 3aBepLIMMOCTb MPUBEAEHHOM HUMXKE 60K-CXeMbl A5 NH0ObIX 3HAYEHWUI BXOLHOM

nepemeHHom x [by314].

6. [loKaxuTe 3aBepmMmoCTb I'IpVIBE,CI,EHHOVI HUKe B610K-Cxembl AanAa NobbIx HeoTpuuaTeNbHbIX
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3HaYeHW BXOAHON nepemeHHon x [by314].

(&, b):=(0,0)

(a, b):= (0, b +1)




7. [OKaxuTe NOJHYI KOPPEKTHOCTb I'IpVIBE,CI,EHHOVI HUKe BGNOK-CXeMbl OTHOCUTE/IbHO npea-

ycnoema @ = (x = 0) unoctycnosma ) = (z2 < x < (z + 1)?) [by314].

(a, b,c):=(0,0, 1)]

>
b:=b+c
falsetrue
—1 (a,c):=(a+1,c+2) [z:za]

8. Mpeanoxute GyHAMPOBaAHHbIE MHOXKECTBA U OLEHOYHbIe QYHKLUM LUKAOB AN ABYX Peanu-
3aumit anroputma EBknnaa s nekumm 1 (nporpammbl P v nporpammbl Q). [JoKaxkuTe NOAHYO

KOPPEKTHOCTb 3TUX MPOTrPaMM.

9. TlpeanoxuTte orpaHuumnBaloline GyHKLUMU UMKAOB A/A NPOrpammMbl COPTUPOBKM MaccuBa

«MeToA0M Ny3blpbKa». [JOKaXKnTe 3aBepLUMMOCTb NPOrpammsbl, UICNOb3YA METOL CHETYMKOB.

10. AHHOTUPYITe Ha A3blke ACSL GyHKUMIO ANXOTOMUYECKOrO MOMCKA B YNOPAA04YEHHOM YNCIO-

BOM maccuse (CM. neKkuuio 4). [LJokaxKnTe NoHYH KOPPEKTHOCTb 3TOM GYHKLMMN.

11. [loKasKuTe 3HaYMMOCTb MeToAa GyHAMPOBaAHHbIX MHOXKecTB Poiaa.
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JleKnua 7. ABTOMaTU4e€CKUH CUHTE3

HUHBAPHUAHTOB IUKJ/IOB

TosnbKo mocmosHHoe usmeHsaemcd, usmeH4usoe nodsepaaemm

He U3SMEeHEHUIO, d mMOsIbKO CMEeHe.

W. KaHT.
KpuTuKa ynctoro pasyma

PaccmaTpumBatoTcs BONPOCHI aBTOMaTU3aumMm AeyKTUBHOM BepudUKaLMKM NPOrpaMmm, B YaCTHOCTM BOMPOCHI aBTOMATUYECKOro
CMHTE3a MHBAPUAHTOB LMK/OB. 3a4a4a CUHTE3a OLLEHOYHbIX GYHKLMI OTAE/NbHO HE PacCMaTPUBAETCA — OHa MOXET bbITb cBe-
[leHa K NOCTPOEHMIO MHBAPMaHTOB Y NPOrPamm, PaclUMpeHHbIX cHeTYMKammu. ONUCbIBAIOTCA 1Ba KNacca MeTOA0B: 3BPUCTUYECKUE
METOAbl MU METO/bl, OCHOBAHHbIEe HAa aBCTPAKTHOW MHTEPNPETALLMU, T.€. CUMBOJIMYECKOM UCTIONHEHWUM B YNIPOLUEHHbIX NpeameT-
HbIX 061acTAX — abCTpakTHbIX Mogensx. OnpeAensioTca OCHOBHbIE MOHATUA aBCTPAKTHOM MHTepnpeTaumm; NpMBOAATCA Mpu-

Mepbl MHTepnpeTauumn B TaKNUX oGnacmx, KaK MHTepBa/JibHaA apMd)MeTVIKa 1 TeopuA BbINYKNAbIX MHOTOrpaHHUKOB.

7.1. ABTOMaTH3a1 M JeAYKTUBHOW BepupUuKanuu

InporpamMmm

B nekumsx 5 1 6 mbl pasobpanucs ¢ metogom dnoiaa AeAyKTMBHON BepudMKaLMM NPOrpamm.
MpeacTasbTe: HaLWa Leb — pa3paboTaTb MHCTPYMEHT, KOTOPbIM 6epeT Ha BXo4 nporpammy (Koa,
Ha A3blKe NPOrPaMmmMpPOBaHMA) U GopManbHYHO crieunduUKaLmio (NPOrpaMmMHbIA KOHTPAKT, 3anu-
CaHHbIN, Hanpumep, B GOpme aHHOTALMI) U BbISAET BEPAMKT: MONOXKWUTENbHbIW, ecan npo-
rpaMmma KOppeKTHa; OTPULLATE/IbHbIN, €C/IM A0Ka3aTb KOPPEKTHOCTb He yaanock®. C yueTom us-

NNOXKEeHHOro paHee pa60Ta TAKOro MHCTPyMEHTa mornia 6bl COCTOATL U3 cnegyrouwmx waros:

1. aHaNM3 UCXOAHOTO KOAA (NEeKCUYECKUA, CUHTAKCMYeCKUi, cemaHTuueckunii [Cepl2]) v KoH-

CTpyMpoBaHue rpada NoToKa ynpasieHUs NporpaMmmbl;

2. MNOCTPOEHME MHOXKECTBA TOUYEK CeYeHMA (MHOXKecTBa ayr, 06/1a4atoLWero Tem CBOMCTBOM,
YTO B KaXXAOM UMKNe rpada NOTOKa yNpaBAeHMA UMEeTCs No KpaiHeil mepe of4Ha ayra n3
3TOro MHOMKEeCTBa) U nepeuncieHme 6a3oBbIx NyTel (NyTel, coeguHALWMX TOUYKN ceve-

HUA U HE COAEPIKALLMX TOUYKN ceuyeHuns BHYTpK cebs) (cm. nekumio 5);

38 3ameTnMm, YTO TaKas MOCTaHOBKA 334a4M AOMYCKAeT TPUBMANbHOE PeLLeHe, KOraa MHCTPYMEHT BCeraa BO3BpalLaeT OTPULLATE IbHbIN BEPAMKT.
Ecnu ke noTpeb0oBaTh, 4TO6bI 415 11060 KOPPEKTHOW NPOrPaMMbl MHCTPYMEHT BO3BPALLLA/ MONOXKUTENbHbIN BEPAMKT, @ ANA N1t0601 HEKOPPEKT-

HOW —OTPULATENIbHBIN, TO PELLEHWA, MO NOHATHLIM MPUYMHAM, He CyLLeCTBYeT.

102



3. KOHCTpyupoBaHue GopmMyn 1 NOACTAaHOBOK Ana 6a308Bbix NyTei: dopmyna nyTv onpese-
NAET yCNoBUE, rapaHTUpYyLoLLEee Npoxoa No 3TOMy NyTW; NOACTaHOBKa 3a4aeT npeobpaso-
BaHWe COCTOAHMA NPOrPammbl, COBEPLLIAEMOE NP UCMOJHEHWM OMepaTopoB, Pacnoso-

YKEHHbIX BAO/Ib NyTU (CM. IeKumto 5);

4. CUHTE3 MHAOYKTUBHDIX YTBEPHKAEHUIN U OLEHOUYHBIX GYHKLMI AN BHYTPEHHUX TOYEK ceve-

HMA (3TOT BONPOC paccmaTpUBaETCA B 3TON NEKLMK);

5. nocTpoeHue ycnosuii BepuduKaumm gna scex 6asoBbIX NyTel U yc0BMIA 3aBEPLUMMOCTHU

ONA BHYTPEHHUX 6a30BbIX NyTen (cm. nekumm 5 n 6);

6. [0Ka3aTeNbCTBO MNOCTPOEHHBIX YCN0BUIM BepUOUKALMM U 3aBEPLUMMOCTU (CM. NeKLMIO 8).

Bo3MoOKHOCTb aBTOMaTM3aLmMm Wwara 1 He BbI3bIBAET COMHEHUI — TeopuA TPAHCAALUN U KOMNK-
NAUMKM Nporpamm xopouwo npopaboTtaHa [Cepl2]. LWar 2 B npocTeiiwem cnyyae cBOAMTCA K 06-
xony rpada c 3anoMUHaHWeM ero BepLUMH: eC/N oYepeaHas Ayra BeAET B Y¥Ke NPOoUAEHHYI0 BEp-
LUMHY, OHa A06ABNAETCA B MHOXECTBO BHYTPEHHUX TOUEK cedeHns. KOHeYHo, MOCTaHOBKY 3a4a4u
MOXHO YC/O}KHUTb, MOTPe60BaB MUHUMANBHOCTU 3TOFO MHOKECTBA, O4HAKO BOMPOCHl ONTUMMU-
3aUMu celtyac He NPUHLMNUANbHBI. JNA peannsaumm wara 3 MOXKET UCMO/1b30BaTbCA MeTos, 06-
paTHbIX NOACTaHOBOK, NOAPOOHO ONMCaHHbIN B nekumm 5. LLar 5 TpuenaneH. OCHOBHbIE TPYAHO-
CTM aBTOMaTM3aLMK AefyKTUBHOW BepudUKaLMK CBA3aHbI C Waramu 4 1 6, T.e. C CUHTE30M MH-
OYKTUBHbBIX YTBEPKAEHUN U OLLEeHOYHbIX QYHKLMI, @ TaK¥Ke C [0Ka3aTeNbCTBOM YC/10BUN BepU-

buKauMm 1 3aBepLIMMOCTH.

XoTa war 4, BoobLie rosops, He noaaaetca aBTomaTusaummn, ana paga npeameTHbix obnacTeit
CYLLLECTBYIOT NOAXOAbl, NO3BOAAOLINE CTPOUTb UHAYKTUBHbIE YTBEPKAEHMA (MX PAaCCMOTPEHMIO
noceALLEeHa OCTaBLIAACA YacTb IeKLMM). Mbl He Byaem OTAEeNbHO PacCMaTPMBaATb CUHTES OLLEHU-
BaloWmX GYHKLMIN — 3Ta 3a7a4a MOMKET 6bITb CBeeHa K NOCTPOEHUIO MHBAPWAHTOB LIMK/IOB Y

Nporpamm, paclUMpPeHHbIX cHeTynkammn [Hen88].

HanomHum: uHeapuaHmom yukaa while B do P end HasbiBaeTca ycnoBue ), Takoe 4TO
{x A B}P{y}, T.e. ycnoBue, KOTOpOE UCTUHHO Nepes KaxabIM Warom uuka u nocne Hero. Mpea-

NOJIOXMM, YTO Y LIMK/A U3BECTHbI MPeayc/oBMeE ¢ U NocTycnosue YP:

3% Hannuue anropmMtma cuHTesa oLeHOuUHbIX GYHKLMI 03Hauano bbl aNroOPUTMUYECKYHO Pa3peLLIMMOCTb Npobaembl 0cTaHoBa.
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{¢} while B do P end {1/}.

Ha ocHoBe Kakoi MHPpOpPMaL MM MOXKHO NOCTPOUTb MHBAPUAHT ), obecneunsatoLLmii UICTUHHOCTb

umnavkaummn (y A —=B) — 1P? Ha anuo YeTbipe BO3MOXKHOCTU (a TaKKe X KOMBUHaLuw):
1. npeaycnosue UuKAA @;
2. ycnosue uukna B;
3. Teno umkna P;

4. nocTycnosue uukna .
B neKkuun onucbiBaloTCA ABa Kacca MeTOA0B:

e 3gpucmuyeckue memoosi [Gri81];

e MmeToAbl Ha ocHOBe abcmpakmHoli uHmepnpemayuu [Cou78].

7.2. IBpUCTHYECKHUE METOAbl CHHTEe3a HHBAPUAHTOB

SBPUCTUYECKME METOAbl OCHOBAHbl Ha UCMOAb30BaHUMU CbOpMaI'IbeIX CI'IeLI,VId)VIKaLI,VIVI. 13 aByx
COCTaBAOWMX KOHTPAKTa, npegycnosua ¢ n noctycioBuA l/), Hambosnee BaXKHOM Ana noctpoe-
HUA MHBAPUAHTA CYUTAETCA NOCTYC/10BUE: OHO ONUCbIBAET Le/1b COBEPLUaEeMbIX I'IpOFpaMMOl‘;I Bbl-
YUC/IeHUI, B TO BpeMA KaK npeaycsosue 3agaeT obnacTb onpegeneHua. B cOOTBETCTBUM C 3TUM,

OCHOBHO€ BHMMaHUe yaenAaeTca NoCTycnosuio.

7.2.1. Ocs1a61eHH e MOCTYCA0BUSA

WTak, Ham U3BECTHO NocTycnoBue Y:
while B do P end {y/}.
B KauecTBe KaHAMAATA Ha POJ/ib MHBAPUAHTa PAcCCMOTPUM Cledytoliee yTeepkaeHue [Hen88):
Xw = B—=>Y = BV.

dopManbHO yTBEPKAEHUE Y, ABNAETCA UHBAPWMAHTOM. [eiCTBUTENbHO, €CN NOoCae UCMOHe-
HWA TeNa LMKIA UCTUHHO YCI0BME B, TO UCTUHHO U Y, ; €CNN Ke ycioBue B noxHo (Bbixoa U3
LMKANA), TO X,, BCE PABHO UCTUHHO, NMOCKO/bKY MCTUHHO NOCTycnoBue 1. Kak Nnpasunao, Takom UH-

BapPUaHT OKa3biBaeTCA CTULLKOM cnabbim.

Opyrvm KaHAMAATOM Ha POSb MHBAPMaHTa ABAAETCA CaMo nocTycnosume: yg = P [Gri81l]. Boobue

roBops, Ys He ABMAETCA MHBAPMAHTOM: Y UCTUHHO MOC/E BbIXOAA U3 LUKAA, HO AN OCTa/IbHbIX
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UTEpaLMit 3TO He TaK. Eciv yTBepKAeHUE Y, CANWKOM cnaboe (HyXKAaeTcsa B yCUAEHUN), TO X,

HanNpPOTMB, CIULIKOM CUNbHOE (HyXKAaeTcs B ocnabneHnm):

Xs 2 X 7 Xw-

3HaHMe TOro, UTO Y «NEXUT» MeXay Xw W Xs HE MOMOraeT B CUHTE3€ MHBAPUAHTOB — «OTPE3OK»

[Xw, Xs] coneput 6eckoHeuHoe MHOXKecTBO Gopmyn (ecaun, KOHeuHo, B He ecTb false).

Bysem cTpouTb MHBApUAHT nyTem ocnabneHus noctycnosusa. Oasug Mpuc (David Gries, poa. B
1939 r.) ucnonb3yet metapopy BO3AYLHOMO WapuKa [Gri8l]. MocTycnosne — 3TO BO3AYLLUHbIN
WapWK, U3 KOTOPOTO BbIMyLEH BO3AYX, @ MHBAPMAHT — HaAyTbii Wwapuk?®; npu Kaxgom mcnon-
HEHMM TeNa UMKAA U3 WapmKa BbIMYCKAETCA HEMHOTO BO3ayxa (Lenb NpubamxKaetTca — MHOXe-
CTBO BO3MOHbIX COCTOSIHWUIA yTOUHAETCA). «Bonpoc (... ) cOCTOUT B TOM, YTOObI 3HATb, KaK HaAyTb

WapUK Tak, YTOObI BbINOHEHME LLMKN1a MOTI/10 ero onyctownTb NOJIHOCTbHO».

MmetoTca cnepyouime OCHOBHblE 3BPUCTUKM ANA ocnabnexusn YTBep)KAEHMﬁ (,CI,I'IFI ycnneHuma

MOHO MCNOb30BaTb ABONCTBEHHbIE 3BPUCTUKM) [Gri8l]:

1. ycmpaHeHue KOHbHOHKMUBHO20 Y/1eHQ:
3ameHa popmynbl (@1 A .. A @p) HA (@1 A e AQi_1 AQip1 A o A @Py);
2. pacwupeHue obaacmu 3Ha4eHuli nepemeHHoU:
3ameHaycnosuaBngaa < x <bHaa <xumx < bwnTn,;
3. 3ameHa KoHcmaHmeol (unu exodHol nepemeHHol) nepemeHHol (Uau mepmom):

Ha3BaHWe 3TOM 3BPUCTUKM FOBOPUT CaMo 3a cebs.

Mpumep 7.1
MonbiTaemcsA, NCNONbL3YA NepeyvncIeHHble Bbille 3BPUCTUKKU, MOCTPOUTb MHBAPUAHT LUUKAA NPO-

rpamMmmbl Leno4YncneHHoro aeneHuna.

{a 2 0Ab>0}

q = 0;

r := a;

while r > b do
q :=qgq + 1;
r :=r -

40 Byayuu cnabee, UHBAPUEHT XapaKTepusyeT 6osee «06bEMHOE» MHOMECTBO COCTOAHWIA NO CPABHEHUIO C NOCTYCIOBUEM.
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end
{fa=agb+raAal0<r<Db}

B KauecTse annpoKCMMaLLMM MHBapMaHTa PacCMOTPMM NOCTYCNOBUE
(a=q-b+r)A0<r<bh).

OyYeBMAHO, YTO MHBAPUAHTOM OHO He AB/AeTcA. [PUMEHAA 3BPUCTUKY 1, yCTPAHUM KOHBIOHKTUB-
Hbi uneH (0 < r < b). Monyunm dopmyny (a = q - b + r), KoTopas, Kak nerko ybeautbea, ectb
WMHBAPMaHT, HO CIULLIKOM Cabblii. BepHEeMCA K MOCTYCN0BUIO U MPUMEHMM K HEMY 3BPUCTUKY 2,
T.e. paclwumpum 061acTb 3HaYeHWUt nepemeHHol 1 ¢ nonyuHTtepsana [0,b) fo nonynpsmoi

[0, ). Nonyunm apekBaTHbIV MHBapuaHT (a = q - b + 1) A (r = 0).
mi
Mpumep 7.2

[na unnocTpaumm 3BpUCTUKKM 3 (3aMeHbl KOHCTaHTbl NEPEeMeHHOM) paccMOTPUMM MPOorpammy

CYMMMNPOBAHMA 31eMeHTOB YMC/N0BOIro maccusa.

{N =2 0}

s = 0;

n := 0;

while n < N do
s := s + x[n];
n:=n + 1

end

{s = sum(x, N)}

B KayecTse annpoKCMMaumMn MHBapMaHTa BO3bMeM nocTtyciosue, T.e. s = sum(x, N) (onpegae-
NieHne GyHKUMM Sum AaHOo B eKumn 3). 3ameHa BXxoaHon nepemeHHol N Ha BHYTPEHHIOW ne-

PEeMEHHYI0 N AaeT NOAXOAAWMIA MHBAPUAHT S = sum(x, n).

O

7.2.2. KoMOMHMpOBaHUe Npej- U NOCTyCJA0BUM

B HeKoTOpbIX Cy4asax NpU NOCTPOEHWUM MHBApPUAHTA LMKIA CleflyeT pacCMaTpMBaTh KaK MoCTy-
CNoBUe, TaK U NpesycioBue (MOHATHO, YTO MHBAPUAHT JO/IKeH bbiTb cnabee v Toro u aApyroro)
[Gri81]. OcHoBHas npea cocTouT B NOCTPOEHMM GOPMYJibl, KOTOPAsA B HEKOTOPOM CMbIC/ie 06b-

egunHana 6ol B cebe 06a ycnosua. OrpaHMuMMcA NPUMEPOM.
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Mpumep 7.3

PaccmoTpvm HEMHOTO M3MEHEHHbIN NpUMep M3 KHUK [Gri81]. Mporpamma B uuKkne «npoberaer»
no 3n1emMeHTaM YMC/I0BOFO MaccuBa U NpubaBAseT K i-oMy anemeHTy uncno i. Obpatute BHUMa-
HWe: B NpeayC/10BUN BBOAATCA CUMBOSIMYECKME nMmeHa C;, 0603HavatoLLMe HaYasibHble 3HaYeHuUA

3/1EMEHTOB MaccuBa.

{(N >0 AVi((0 £1 <N) > (x[1] = Ci))}
n := 0;
while n # N do
x[n] := x[n] + n;
n :=n + 1
end
{Vi((0 £ 1 < N) > (x[1] =Ci + 1))}

KaK u paHblue, BO3bMEM 3a OCHOBY MHBapWaHTa noctycnosue. MpumeHnB 3BPUCTUKY 3 1 3ame-

HMB BXOAHYO nepemeHHyo N Ha BHYTPEHHIOK NepeMEHHYI0 1, MONYYMM YCAOBME
vi((0 <i<n)- (x[i] =C +1D),

ABnawolLeeca MHBapuUaHTOM. Ycnosue 370, XOTA M NO3BONAET AOKa3aTb YaCTUYHYIO KOPPEKTHOCTb

NPOrpammbl, He ABAAETCA MO/IHbIM B TOM CMbIC/IE, YTO B HEM HET OrPaHUYEHUIt Ha 3HaYeHUA d1e-
meHToB X[1], ..., x[N — 1]41. Ycunums ero orpaHuyeHvem, B3ATbIM U3 NPeayc/I0BUSA, NOSYYUM Crie-

aytoulyto opmyny:

vi(((0<i<m)Alil=C+D)V((n<i<N)AG]=C))).

7.3. MeTOoAbI CHHTE€3a UHBAPUAHTOB HA OCHOBE

a0CTPaKTHOM UHTEepNpeTaL

Ecnn aBpuctnyeckme metoapl CMHTE3a MHBAPUAHTOB LIMK/IOB 6a3VIpOBafIMCb Ha cneuud)UKauuu,
TO B MeTo4dax cnegyroulero timna 3aAeVICTBy6TCH peanuszayua. Metoabl, O KOTOPbIX UAET peyb,
OCHOBaHbIl Ha a6cmpaKmHoﬁ uHmepnpemayuu. Knoyesble KOHLENUMMU 3TOro noaxona 6b1n

coopmynmnpoBaHsbl MaTpmkom Krozo (Patrick Cousot, pog. 8 1948 r.) B 1977 r. [Cou77].

41 B HEKOTOPbIX CNyYasX, HaNpUMmep, KOraa peyb UAET O CHHTe3e MPorpammbl Mo creuuduKaLmm, NnoaHoTa umeeT 6osblioe 3HaueHue [Grigl].
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Mop, abcmpakmHol uHmepnpemayueli NOHUMAEBTCA CUMBO/UYECKOe UCMONHEHWE NPOrpaMmbl
Ha ynpoweHHol (abcmpakmHol) modenu (abstract domain). AGCTpaKTHasA MHTepNpeTauns ocy-
LLECTBNSAETCA NOLWAroBo, HO, B OT/IMYME OT 0OBIYHOTO UCMONHEHUA, PE3Y/IbTAaTOM KaXKAoro Lara
ABNAETCA He KOHKPETHOE COCTOsAHME, @ CUMBOJIMYECKOE NPeACTaBleHNe MHOXKECTBA BO3MOXKHbIX
COCTOSHWI. BaXHO OTMETUTb: TaKoe NpeAacTaBieHne ABAAETCA MpubauXeHHbIM (4TO OTAnYaeT
abCTpaKTHYI0 MHTEpNPEeTaumio OT TPAAUUMOHHOIO CUMBOIMYECKOTO UCMONHEHWA), HO obs3a-
TeNbHO annpoKcumayueli ceepxy — NpeACTaBNeHNe 0XBaTbIBAET BCE BO3MOMKHbIE COCTOAHUA U,

BO3MOXHO, HEKOTOpPbIE Apyrue.

YnpoluieHHble Mogenu, T.e. cnocobbl NPUBAMKEHHOro NPeacTaBAEHUA MHOXECTB COCTOSHWUM,

MOryT 6bITb Pa3HbIMM M ONpeaenaTca NpeaMeTHOM 061acTbio.

7.3.1. AGcTpaKTHasA MHTepNpeTanus U NIPpUMepbl yIPOILLEeHHBIX

Mozesien

OAHMM 13 CaMbIX U3BECTHbIX MPUMEPOB YNPOLLEHHbIX MOAENEN, UCNOIb3YEMbIX ANA abCTpaKT-
HOM MHTepnpeTaLmun, ABAAETCA UHMepsanbHasA apugpmemura [LLUok81]. B aToit mosenn mHoxKe-
CTBO BO3MOXKHbIX 3HAYEHUI YMCNOBOM NEPeMeHHOM NPOrpaMmbl anmnpPoOKCUMUPYETCA MHTepBa-
NoM*2, @ MHOXECTBO COCTOAHWUI — MHOMECTBOM MHTEPBAaOB A8 BCEX NepemeHHbIX. Haa uH-

TepBanamu onpegeneHbl 0bbluHble apudpMeTUYEcKMe onepaLmm:
o crnoweHrue: [a,b] + [c,d] = [a+ ¢, b+ d];
e gbiyumanue: [a,b] — [c,d] = [a—d,b — c];
o ymHoxmerue: [a,b] - [c,d] = [min(a-c,a-d,b-c,b-d),max(a-c,a-d,b-c,b-d)];

[a,b] . fa abb aabb
e OeneHue:— = |min|-,-,—,=), max(-,—,—,—-]|,
[c,d] c’d’c’d c’d’c’d

€C/n UHTepBan-genntTenb He COO4ePKUT HYNA.

Yncnosble KOHCTAHTbI TPAKTYIOTCA KaK O4HO3N1EMEHTHbIE MHTEpPBasbl.

42 Cne,a,y;l AHI10A3bIYHOM TEPMUHONOIMKU, No4 UHMepsasiom 34ecCb NOHNMAEeTCA ﬂpOVISBOﬂbeIﬁ, a He TO/IbKO OTKprTbIﬁ, NPOMEXKYTOK 4yncnoBoit

npaAmoit. bonee TOro, B KOHTEKCTE MHTEPBA/IbHOW apUPMETUKM peUb MAET 06 ompe3Kax (3aMKHYTbIX MHTepBanax).
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Mpumep 7.4
PaccmoTpum npocTyto nporpammy 1M NPOUHTEPRNPETUPYEM ee, NCNOJb3YA LEeNOYUCEHHYI0 UH-

TepBa/ibHY0 apudmeTuky. Mporpamma 1 Wwaru ee MHTEpNpeTaLmMmn NoKasaHbl B Tabanue 7.1.

Tabauya 7.1. AbcmpakmHas uHmepnpemayus 8 yesno4ucaeHHol uHmepeasneHol apugpmemuke

Mporpamma ANNpPoKCMMaLMA MHOXKECTBA BO3MOKHbIX COCTOAHUI
(0 <x<2A0<y<3) {x~[0,2],y = [0,3]}
if x > y then YTouHeHue uHTepsanos: x > min(y) =0=>x > 1=x € [1,2]
/* BerBb then */ y<max(x) =2=2y<1=y€[0,1]
X 1= x + y; {x~[1,3],y » [0,1]}
o= x -y fx~[1,3],y = [0,3]}
X 1= X -y {x~»[-2,3],y » [0,3]}
else YTouHeHue uHTepsanos: x < max(y) = 3 = x € [0, 2] (yrouHeHus Her)
/* BeTBb else */ y = min(x) = 0 = y € [0, 3] (yrouHeHun HeT)
X 1= 2 * x; {x~[0,4],y » [0,3]}
y 1=y + 1 {x~[0,4],y » [1,4]}
end O6beauHeHUe MHTepBanoB (coegnHeHune seteelt then u else):
(0<x<4A0<y< 4} {x = [-2,4],y » [0,4]}

3ameTum, 4To pesyabTaT abCTPaKTHOW MHTepnpeTaumu, otobpaxerue {x — [—2,4],y - [0,4]},
NONYYMACA «LUIMPE» TOYHOM OLLEHKM (B Kaacce MHTEPBasIbHbIX OFPaHUYEHMIM), NPUBEAEHHON B NO-
crycnosuu: {x — [0,4],y = [0,4]}. OTo cBA3aHO C YNPOLLEHHbIM XapPaKTEPOM MCMO/b3yemoi

mogenn — B Hel He Y4YUTbIBAKOTCA B3aMMOCBA3U MeX Y NepeMeHHbIMNA.

O

B neKumMmM 2 Mbl FOBOPU/IN, YTO A/1A A3bIKA NPOrPaMMMUPOBAHNA 3a4aHa hOPMAIbHAA CEMAHMUKA,
ecnun onpegeneHa oyHKuMA M, cTaBsAlwee B COOTBETCTBME KaXAOM nporpamme P u Kaxoomy
HaYaNbHOMY COCTOAHMIO S MHOXECTBO BO3MOMHbIX KOHEYHbIX coctosHuin M [P](s). Ana yao6-
CTBa MOXXHO PaccMaTPUBaTb HE OAMHOYHbIE COCTOAHMSA, @ UX MHOKECTBA, T.6. CYUTATb, YTO PYHK-
umna M[P] — pyHKyusa nepexodos npoepammsi P — oTobparkaeT MHOMKECTBO Ha4yasIbHbIX COCTO-

FlHVIl.;I BO MHOXeCTBO BO3MOXHbIX KOHEYHbIX COCTOFlHVIl';IZ
M[P]: 25 - 25.

3ameTum, 4to napa {25, C) ABNAETCA YaCTUUHO YNOPAA0YEHHbIM MHOXECTBOM (CM. eKLMIo 6), a

odyHKuma M[[P] moHomonHa, T.e. M[P](S") € M[P](S) anascexS' € S.
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[Ons 3apaHHoM ynpouweHHon moaenn AD (oT aHrn. Abstract Domain) v 3agaHHoM nporpammsl P

byHKUMA Nnepexonos «TpaHchopMmupyeTca» B 0606WeHHYH hyHKUU nepexodos™:
M,p[[P]: 25 — 25.

Tenepb M,p[P](S) — 370 HE MHOKECTBO BCEX BO3MOKHbIX COCTOAHMIA, B KOTOPbIE MOXHO Mo-
NacTb 13 COCTOAHMI MHOYeCTBa S MPU UCMOIHEHUM MPOrPaMMbI P, @ annpoKCUMALMS 3TOTO MHO-

)ectBa — HagmHoxectso M [P](S), npeactaBumoe B 3aAaHHON MOAENMN.

B ganbHelwem Ans KpaTKkocTu mbl Byaem onyckaTtb MHAEKC AD y 06061eHHbIX GYyHKLMIA nepe-

X0A4,08. [JaAMM HECKOIbKO BCMOMOraTe /ibHbIX OnpeaeneHuii.

Myctb (M, <) — 4YacTMYHO ynopALOYEHHOE MHOXeCTBO. BepxHel epaHbio MHoxectBa W € M
Ha3blBaeTcA anemeHT a € M, Takoi uTo b < a gna Bcex b € W. ToyHaa 8epxHAA epaHb MHOXKe-
ctBa W (o6o3HauaeTca: sup W) — 3To Takas ero BepxHsa rpaHb a, uto a < a’ ana noboit apyron
BepxHel rpaHu a'44 [Bir67]. YacTuuHo ynopagoueHHoe mHoxecTso (M, <) Ha3biBaeTca MosaHbIM,

ecnv ntoboe mHoxkecteo W € M umeet B Hem TOYHYIO BEPXHIOK rpaHb.

O6patute BHUMaHUe: ecin W = @, To sup W — mMuHMManbHbIl anemeHT M. Takum obpasom,

MONHOTa NnpeanonaraeT Hamine MMHUMa/ZIbHOroO a/IeMeHTa.

NmeeT mecTo creayowmii GakT (meopema o Hermod8uMHOU moyKe), yCTaHOB/IEHHbIN Anbdpe-
nom Tapckum (Alfred Tarski, 1901-1983) B 1942 r.: ecam (M, <) — noaHoe 4aCTUYHO ynopAao-
yeHHOe MHOXKecTBo U f: M — M — moHOTOHHas ¢yHKuma, T.e. f(x) < f(¥), ecim x <y, T0
f(a) = a pns Hekotoporo a € M*5 [Bir67]. dnemeHT a € M, Takoit uto f(a) = a, Ha3sbiBaeTcs

HenodsuxcHol moykoli dyHKuuu f.

3ameTum, 4o (25, €) — nosHOe YaCTUYHO YyNopAA0YEHHOE MHOXKeCTBO. B camom aene, ana nio-

6oro mHoxecTBa W nogmHoxKecTB S TouHasA BepxHAA rpaHb sup W ecTb He 4To MHOE, Kak Teope-

43 B obLuem cnyyae B abCTPaKTHOM MHTEPMPETaLMU PeUb UAET O NPeobpasoBaHUAX OAHOM XapaKTEPUCTUKM (31eMeHTa YaCTUYHO YNOPALOYEHHOTO
MHOXXECTBA) B APYTYIO (3/IEMEHT TOrO K CAMOro MHOKECTBA); BUJ, TAKUX XaPaKTEPUCTUK MOXKET BbITb CamMblM pasHbIM — BaXKHO, 4TobbI npeobpa-

30BaHWe GbI1I0 MOHOTOHHbIM.
4 113 aHTUCMMMETPUYHOCTM YAaCTUYHOTO NOPAZKA CNeAYET, YTO €CIM TOYHAA BEPXHAA rPaHb CYLLECTBYET, TO OHA eAMHCTBEHHA.

45 HetpyaHo y6eauntbes, uto a = supf{x € M | x < f(x)} — HenogsuxHas Touka GyHKUMM f.
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TUKO-MHOXecTBeHHoe obbeanHeHne Ugieyw S' (ecnn W = @, obbeauHeHune nonaraetca ny-
cTbiM). Taknm o6pasom, no Teopeme Tapckoro, 0606uieHHas pyHKUMI nepexonos M[P] nmeer

HeENOABUXHYI TOYKY.

To »e cnpasegineo B oTHoweHun dyHKkumn M*[P](S) = M[P](S) U S, koTopas oTpaskaeT co-

CTOAHMA 10 M NOCAe UCNONHEHNUA Nporpammbl. MHOroKkpaTHoe npumeHeHne dyHkuum M*[P],
M*[P] (M*[[P]](... (S))), [aeT MHOMECTBO BCEX COCTOAHWUIN (HayasbHbIX, MPOMEMYTOUHbIX, KO-

HEYHbIX), BO3MOHbIX MPU UCMOAHEHUU P; ...; P.

Kak BcA 3Ta MaTeMaTuKa CBA3aHa C MOMCKOM MHBapKWaHTa uMKna? NpeanonosKum, 4to Tpebyerca
HaT nHBapmaHT umkna while B do P end. MNycTtb 3aduKcnpoBaHa HeKoTopaa ynpoLLEHHAn
mogenb u M[P] — o6o6weHHan dyHKumMA Tena umkna P. B KauecTse KaHAMAATa Ha POJb MHBa-
pvaHTa 6epetcA CMMBOMYECKOE NPeACTaBieHne HEMOABUKHOM TOUKM GyHKuMM M*[P]. 3ame-
™Mm: S — HenoaguxkHas Touka M*[P] Toraa v TonbKo Toraa, koraga MPJ(S") € S', uto untep-

NnpeTnpyeTca Kak CoxXxpaHeHne CBOWCTBA, UK UHBAPUAHMHOCM®b.

MoaxoaAawan HenoABUMKHaA TOUKa MOMKET BbiTb BblparkeHa Kak npeaen nociefoBaTe/lbHOCTU
SED = M*[PT(SD)6, rpe S© — 510 annpoKcUMaLMA MHOKECTBA COCTOAHMIA, B KOTOPbIX Bbl-
NoJIHEHO NpeaycnoBue UUKIa. YTobbl UTEPALMOHHbIN NpoLecc cmabuau3uposascs 3a KOHeYHoe

YMUCNO Waros, NPMMeEHAKOT TaK Ha3blBaemble ornepamopsl paculupeHus.

Onepatop V: 25 x 25 — 25 HasbiBaeTca onepamopom paciupeHus, ecav na Nobbix ABYX MHO-
»ect8 X u Y (gonyckalouwmx npeactaBneHne B TepMUHAX COOTBETCTBYHOLLLEN YNPOLLEHHON MO-
aenv) umeet mecTo BnoxeHue (X UY) € (X VY)u, kpome Toro, ans noboi nocnenosartenbHo-
e (XD} ) u no6oro mHoxectsa S nocnegosatensrocts SEHD = §O v XD worpa-nnbyap

cTrabunusmnpyetca [Mon09].

VIHBapUMaHT LKA CTPOMTCA C MOMOLLbIO MTepaLmoHHoro npoyecca SEHY = s v MIP](SD),

KpuTepuem 3aBepLieHms KoToporo asasetcs ycnosue M[P] (S(i)) c s, Noachum Ha npumepe.

46 CTporo roBops, A 3TOrO HyXHO NoTpe6oBaTb HerpepbieHocmb GpyHKumu M*[P]: ana Bcex nocneposatensHocteit Sy S S; S +++ 4ONKHO BbiTh

sbinonHeHo paseHctso M*[PI(U2,S) = U2, M*[PI(S).
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Mpumep 7.5
Hallgem MHBapuMaHT NpUBEAEHHON HUMXKe LIMKNMYECKOW MPorpaMmbl, UCNOAb3yA abCTPaKTHYHO
MHTEpPMpeTaLmIo B TEOPUM BbIMYK/bIX MHOFOrpaHHMKoB [Cou78]. Ycnosua B, u B, (cm. HUXKe) mo-

ryT 6b61Tb N06bIMM (B NPUMEPE OHU HE YUUTLIBAKOTCA, XOTA MOIAN Bbl).

{i=2nAA73 =20}
while B; do

if B, then
i =1+ 4
else
i =1+ 2;
J =3 +1
end
end

YT106bI NOYYBCTBOBATb Pa3HULY MeXKAY abCTPAKTHOM M KOHKPETHOW MHTepnpeTaumen, Bbinuwem
ABHO MHOECTBa BO3MOHbIX COCTOAHWI NPOrpaMmbl MPU UCMONHEHUN He bonee Yem n utepa-
UM UMKNa. HusKe npuBeseHbl TakMe MHOXKeCTBA A41A n < 3 (Kaxk4oe COCTOsIHWE OMnucbiBaeTcs

napoii, B KOTOPOU NepBbili 31EMEHT — 3HAYEHWE NEPEMEHHOM [, BTOPON — 3HAaYeHME NepemMeH-

HoM j):
0. {(2,00}
1. {(2,0),(6,0),(4 D}
2. {(2,0),(6,0),(4,1),(10,0),(8,1),(6,2)};
3. {(2,0),(6,0),(4,1),(10,0),(8,1),(6,2),(14,0),(12,1),(10,2),(8,3)}.

o 12 3 4 5 67 7 & 9 /11 12 13 14 |

PucyHoK 7.1. MHO}ecmea 803MOMHbIX COCMOAHUU npu ucrnosnHeHuu He 6oaee yem n umepayuli (n = 0,1, 2, 3)
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PaccmoTpum Tenepb abCTPaKTHYIO MHTEPMNPETaLMio 3TOM Nporpammbl. MHOMKECTBO BO3MOMKHbIX
COCTOSHUI MPOrpaMmmbl anMPOKCUMUPYETCA 8bIMYKAbIM MHO202paHHUKomMm (CP, Convex Polyhe-
dron). Kaxablii pas, Korga npoucxoauT CoefuHeHUe pasHbIX NyTei MCNONHEHUA NPorpammbl
(onepatop ) NPOUCXOAUT BblYUCTIEHWNE BbIMYK0U 060/104YKU COBOKYNMHOCTU MHOTOrpaHHM-
KOB, BbIYMCNEHHBIX HA Pa3HbIX BETBAX MPOrpaMmmbl. TakMm 06pasom, Ha BbIXOA4E Mbl UMEEM Bbl-

NYKAbI MHOTOrPaHHMK, COAEPKaLLMiM MHOFOrpaHHUKK, NOYYEHHbIEe Ha BXoAge:
CP = Conv(Uj~, CP;), rae Conv(X) — Bbinyknas 060s104Ka MHOxecTBa X.

Ocobbim 0bpasom obpabaTbiBatoTCA UMKAbL. 3aHYMEpPYeT Ayru, Beaylime B Hayano LuKAa, ot 1
[0 1 TaK, YTo6bl Homep . MMena ayra 06paTHOM CBA3M, COOTBETCTBYIOLLAA Nepexoay Ha oyepes-
HYt0 UTEpaLMio UMKAa. Kak v npexae, Bblumcasetcs Boinykaas o6onodka CP = Conv(UiL, CP;),

O HAKO B Ka4yecCTBe pe3ynbTaTta 6epeTc;|, HE& MHOTorpaHHuK CP, a
cp® = cp Vv cp,

" 0 —
roe V — onepatop paclumpeHus, a L — HOMep utepauum (CPn( ) = Conv(U?ﬂ1 CP;)). B paccmart-
puBaemoit mogenu X VY — 3To MHOrOrpaHHWK, ONUCbIBAEMbI TOMN Ke CUCTEMOM IMHENHbIX He-

paBeHCTB, YTO U X, HO U3 KOTOPOW yAa/ieHbl OrPaHMYEHMA, KOTOPbIM He yaoBeTsopseT Y.

PaccmoTpym nowaroBo abCTpaKTHY0 MHTEpPNpeTaumio NpUMBeAEHHON Bbllle MPOrpammbl (Cm.

Tabnuuy 7.2). Beegem cnegyowme o603HayeHun:

®  (pre — MHOTOTPAHHUK (TOYHEE, CUCTEMA OTPaHWNYEHWIA, OMMUCbIBAIOWLAA MHOTOTPaHHMK),
COOTBETCTBYIOLLAA MPEAYCNOBUIO LUKNA: Ppre = {i = 2,j = 0} — BbIpPOXKAEHHbI MHOTO-
FPaHHUK, COCTOALLMI 13 ogHOM Toukum (2, 0);

®
(pbegin

® o
®  (1on — MHOrOrpaHHMK, COOTBETCTBYIOWMIA McnonHeHuto BeTsK then ycnosHoro onepa-

— MHOTOrpaHHWK nepeg, BbiNoAHEHNEM (-0l UTEpPaLMM LMKNa;

TOpa Ha i-oM UTepauunm UMKnNa;

@ -
®  Pgyse — MHOIOrpaHHUK, COOTBETCTBYHOWNWN UCNOTHEHNIO BETBU else YCNOoBHOro onepa-

TOpa Ha i-0OM UTepauunmn UMKNa;

i o o
° ‘P£13d — MHOTOrpaHHMUK, COOTBETCTBYIOWMIA COeAMHEHNIO 0Benx BETBEN YCNOBHOIO one-
paTopa Ha (-0l UTepaunn UMKNa;
i . i
° ‘P&;;ize — MHOTOrpaHHWK, COOTBETCTBYIOWMIA CO@ANHEHNIO MHOMOTPaHHUKOB (e U <p§,2d.
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Tabauya 7.2. AbcmpakmHas uHmeprnpemayus 8 meopuu 8biMyKsbiX MHO202PAHHUKO8

i | ABcTpaKTHOE cocToAHME MnntocTpaums

Ppre = {i=2j=0}

pre (rowa)

%E?gin = Ppre = {i=2j= 0}‘

Pl ={i =6,j = 0} .
P ={i=4j=1} s
1 . . . 2
Pl = Conv(P 9G%) = {i+2j=6,4<i< 6}

1 end (orpesor)
1 (1) . .. . . ore um (rowea)
‘/’;EvtzilezC”n"(‘/’pre»%nd)={2']+2Sl‘1+2'156'0S1} . S o e >

o

0 1 2 3 4 5 6 7 8 9 10 i

* HeT MHororpaHHuKa AnA Ay o6paTHoi ceasu.

Phoyin = Ponite = 2-j+2<0i+2-j< 60 <)) ,-
¢B ={2-j+6<ii+2-j<10,0<j} 4
0B =@ j+2<ii+2-j<101<)} 3

2
2 . . . . ; while (TpeyronbHIK)
2 (p‘g")d - Conv((pt(’zlin'(pgS)E) ={2jtzsi6sit2.j<100<)} 1 M
e = CoNV(@pres i) = (2] +2 < 0i+2-/ <6,0< ) L

),
0 1 2 3 4 5 6 7 8 9 10 i

>
o

* Pacwupstowwmit onepaTop He NPUMEHAETCA, Tak Kak COBPaHO HEAOCTaTONHO UHAOPMALMK 1

o) ()
pacwmpenme g, V @ AacT RZ.

3 2 2 . . Nk
(PLSe)gin = %Ee)gm v (plfvizile ={2j+2=<i0<j}

o ={2j+6<i,0<j} 4

B) _ (o . .
Peise = {2] +2<ils J} while (yron) end (oGpesanHbIit yron)

; j [ [ i i else (yron)
3| ol = Conv(pf, 0n) = 2/ +2 < 0,6 <i+2),0<j} ) o
(3) s e (o), en (yron)

‘Pi.?)ztle = Conv(q’vre"/’gl)d) ={2j+2=<i0<j}c Ppegin

HaunHaeT NpUMEHATLCA pacluMpsioLLmii onepaTop.

“* MpomcxoanT c y npeac

ObpaTnTe BHMMaHMe: npucsamsaHme enaa x == x + C, rae C — HEKOTOpas KOHCTaHTa COOTBeT-
CTBYET CABMIY MHOFOrpaHHWKa BAO/b OCK X Ha BeanunHy C (Bnpaso, ecam C > 0). Ecam npucsa-
MBaHue 6osiee CNOXKHOE, OrpaHUYEHNA, OMUCHIBAIOLLME MHOTOFPAHHUK, MEHAKOTCA CNeAyOWMM

obpasom:

® (CTapoe 3Ha4vyeHue ﬂepEMEHHOVI BblpaX*KaeTcAa Yepes HOBOE;

® OcCyulecTBnAeTCA NOACTAaHOBKA B OrpaHU4yeHue.
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Hanpumep, an19a npucsaneanus x = x + C noactaHoBKa umeet Bua x := x — C (cnesa — ctapoe
3HayeHue, cnpaBa — HoBOe). Ecnu cTapoe 3HauyeHue Hesb3s BbIPa3uTb Yepes HOBOE, T.e. Koraa
npu NpucBavMBaHUM TepsAeTcA MHPOPMaLWA, NepemMeHHan WCKIYAETCA, UCMO/b3yAa onepaTop

npoeynpoBaHUA.

UTaK, oA paccmaTpmMBaemoro LMKAA C MOMOLLbHO a6CTpaKTHOI‘/‘I UHTEpnNpeTaunn B TEOPUU BbINYK-

NbIX MHOTOrPaHHWKOB U3BNeKaeTca MHBAapUaHT (2-j+ 2 < i) A (0 < ).

O

B 3aKto4eHME 3aMETMM, YTO METOZbl CUHTE3a MHBAPUAHTOB LIMK/I0B HAa OCHOBE abCTPAKTHOM UH-
TepnpeTauumn MmoryT KOMOUHUPOBATLCS C IBPUCTUYECKMMU METOLAMM: €C/IN U3BJIEYEHHDIW C MO-
MOLLbIO aBCTPAKTHOW MHTEPNPETALMM MHBAPMAHT OKa3blBAETCA CAMLLUKOM CNabbliM, OH MOXKeT

BbITb YCUIEH NYTEM NPUMEHEHNA IBPUCTHK.

7.4. Boipochl ¥ ynnpa>KkHEeHU

1. TMepeyncnuTe OCHOBHbIE Warn paboTbl MHCTPYMEHTA AeAYyKTUBHOM BepudUKaLMU MPOrpamm.
Kakue 13 3TMX LIaroB N€rko aBTOMaTU3MPYHOTCA, @ Kakne HeT? MoAcHUTe, B Yem COCTOAT OC-

HOBHble TPYAHOCTU aBTOMATU3aUnKn ,Cl,e,CI,YKTMBHOﬁ BepVICbVIKaLI,VIM.

2. HanuwwTe nporpammy (Ha y406HOM Bam A3bIKe NPOrpaMMMUPOBaHKA), MOMEYAIOLLYIO AYTY B
CBA3HOM OPWMEHTUPOBAHHOM rpade TakMm 06pasom, YTODbI KaXKAblA LMK COAepsKan no
KpanHel mepe oAHy MOMETKY (Mporpamma, Kotopasa Ana ntoboro rpada nomedyaet Bce ero

4ayru, peweHnem He FIBJ'IﬂeTCFl).

3. HanuwwuTe nporpammy (Ha yA06HOM Bam A3blKe NMPOrPamMMUPOBaHUsA), KOTOpas Ajs 3aaH-
HOro Nyt B rpade NOTOKa ynpaB/ieHUA, COeAMHAOLEro HayabHY0 BEPLUNHY C KOHEYHOM,
BbluMCNAET GOpMyNy NyTU — YC/I0BUE HA 3HAYEHUA BXOAHbIX MePeMEHHbIX, FapaHTUpyoLee

npoxoz, no aTomy nyTu.

4. Wcnonb3yAa 3BPUCTUKM FIOCTpOl‘;iTe UHBAPUAHT UMKIa NPOrpammbl I'IpVI6I'IM)KEHHOI'O BblHyUucne-

HUWA KBAa4PaTHOro KOPHA:

{a 2 0}

r:= 0;

while (r + 1)?2 £ a do
r :=r + 1

end

{0 £ r2 <3< (r+1)2)
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10.

11.

Ncnonb3ya aBpPUCTUKK ﬂOCTpOﬁTe MHBAPUAHT UMKAa NporpammMbl ANXOTOMUYECKOIO NOUCKa

B yNopAA0YeHHOM Maccuse (CM. NeKkuumio 4).

HanuwwuTte nporpammy, KoTopas no AaHHOMY Lenomy yncay n > 0 Haxogut Hambonblee Le-
Jloe, KOTopoe, BO-NepBbIX, ABNAETCA CTeNeHblo ABOMKKM, a BO-BTOPbIX, He bonbwe n [Gri8l].

Mcnonb3ya 3BPUCTUKM NOCTPOWTE MHBAPUAHT LIMKAA 3TOM NPOrpaMmsl.

OnuwuTe obLyto cxeMy MCNONb30BaHMA abCTPAKTHOM MHTepnpeTaLumn nNporpamm A8 no-

MCKa MHBAPWAHTOB LMKIOB. PaccmoTpute npumepbl.

Mpeanonoxunm, 4to ycnoeus B; n B, B pacCMOTPEHHOW B AEKLMM NPOrpammMbl UMEIOT BUA,
NIMHEMHbIX orpaHuyeHmnit. Kakum 06pa3om MX MOMKHO 3a4elCTBOBaTb 4/1A abCTPAKTHOM MH-

Tepnpetaumm?
Onpeaenute onepaTop pacMpPeHns ANA MHTePBaNbHON apudMeTUKM.

OcyuwectBuTe abCTPaKTHYIO WMHTEpPMNpeTaLMilo Clefylolwein nporpaMmmbl B MHTEPBAJIbHOM

apuometuke [Cou77]:

x = 1;

while x < 100 do
x :=x + 1

end

Mcnonb3ya abCTPaKTHYIO MHTEPNPETaLMIO HANANTE MHBAPUAHT LMK/Ia PaCCMOTPEHHOM B NIEK-

unm nporpammbl ansa npeaycnosua (1 = 0O)A (G =0 A+ < 2).
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JIekuuda 8. ABTromaTH4eckKkoe
A0Ka3aTeJIbCTBO YC/I0BUM

BepuPpUKaL U

Co spemeH 2peKos 2080pUMb KMAMEMAMUKA» — 3HAYUM 2080-
pumo «0oKazamenbcmeo».

H. Byp6aku.
dn1eMeHTbl MaTeMaTUKK

PaccmaTpuyBatoTC OCHOBHbIE MOAXOAbl K aBTOMATUHYECKOMY A0Ka3aTebCTBY TEOPEM, BK/IKOYAA METOA, Pe30/oLMA A1 NOTUKK
BbICKa3blBaHMI M JIOTMKM NPeAUKATOB NepPBOro Nops/aKa. BBOAATCA NOHATUA paspeluatoLiell NpoLueaypbl v paspeLmmon Teopum,
NPVBOAATCA NPUMEPbI Pa3peLmbIX M HEpPa3peLIMMbIX Teopuil. Bosblioe BHUMaHWe yaenserca npuHumunam pabotsl SAT- u SMT-
pewarenei — CPeACTs, COCTaBAAOWMX AAPO UHCTPYMEHTOB dopmanbHOM BepudmKaumm: onucbisaetcs aaroputm DPLL npo-
BEPKM BbINONHUMOCTU KH®; npuBoanTcsa paspelatowas npoueaypa A1s Teopun paBeHCTBa HEMHTEPNPETUPYeMbIX QYHKLMIA;

[aeTcs npeacTasneHune o metose HenbcoHa-OnneHa KOMBMHMPOBAHMA paspeLuatoLLyX NPoLEeAyp A1s Pa3HbIX TEOPUIA.

8.1. dopmasibHBIE TEOPUHU U pa3peliaOIye NpoueaAypbl

B npouecce genyKTMBHOW BepudMKaLMM NPOrPammMbl COCTABAAETCA MHOMECTBO JIOTMYECKMX
dopmyn (ycnosuit BepuduKaumm 1 yCnoBmUin 3aBepLIMMOCTH), 06LLLE3HAYNMMOCTb (TOXKAECTBEHHAS
WUCTUHHOCTb) KOTOPbIX CBUAETENLCTBYET O KOPPEKTHOCTU Mporpammsbl (cM. nekumm 5 m 6). Kak
npaBua0, UCTUHHOCTb YC/IOBUIA He ABAAETCA OYEeBUAHON M A0/MKHA BbiTb AOKa3aHa (MM onpo-
BeprHyTa). [loka3aTeNibCTBO MOXKET ObITb BbIMONHEHO KaK «BPY4YHYIO» (KaK 3TO AenaeTca Ha cTpa-
HMUAX 3TOro Nocobumsa), Tak 1 C MOMOLLbIO CNeLMaNbHbIX MPOrPaMMHbIX CPeACTB: cucmem OOKa-
3amenbcmea meopem (provers), cucmem rnomouju 8 0okaszamesnscmeae (proof assistants), cu-
cmem nposepku 0okazamesnscma (proof checkers) nu cucmem paspeweHus ozpaHu4eHull, Tak

Ha3blBaemblix pewameneli (solvers)*’ [Har09].

[anee mbl bygem anennmposatb K MOHATUIO TEOPUKN. TEPMUHbBI KTEOPUA» U «AeOYKTUBHAA CU-

ctema» ABNAKTCA CUHOHUMaMW. (DOpMGﬂbHOﬁ cucmemoli, unn meopueL"l, Ha3blBaeTCA YeTBepPKa

47 Mexay cucTemMamu aBTOMATMHECKOrO [LOKa3aTe/IbcTBa TEOPEM (Provers) v cuctemamu paspelueHns orpaHudeHnin (solvers) yeTkom rpaHmupl
HET: NepBbIii TEPMUH UCMO/b3YIOT B OTHOLIEHWUW CPEACTB NPOBEPKM OBLLE3HAUNMOCTH, PE3YNbTATOM KOTOPbIX ABAAETCA BEPAMKT (Aa UAM HET);
BTOpOﬂ TEPMUH NPUMEHAIOT ANA CPeACTB NPOBEPKU BbIMOJTHMMOCTU, KOTOPbIE B C/1y4ae BbIMOJIHUMOCTH dJOpMyI'IbI BO3BpaLalOT ee mogesib —

MHTEpPNpeTaLmio, B KOTOPOK popmyna UCTUHHA. O4EBUAHO, NPYBEPbI MOTYT 6bITb PEasIM30BaHbI C MOMOLLbIO CONBEPOB.
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T = (%, ®,A,R), rae I — KOHEUHbIN UK CYETHbIN angasum cumBonos; ® € X* — MHOMKecTBO
. n—1

¢opmyn; A € ® — MmHOXKecTBO akcuom; R = {R‘ C(PX..XxDP)X tb}l,_o — KOHEYHOEe MHOXKe-

CTBO 11pasus 8bi800d. OBbIMHO MHOXKeCTBO GOPMYN 3343eTCA UHAYKTMBHO, HaNnpMmep, C MOMo-

Wbto GOpManbHON rpammaTUKM.

Mbl y»Ke roBOPMAM (CM. NEKLMIO 3), UTO meopeMamu Ha3biBaOTCA Takue GopMyJibl, KOTOPbIE MO-
ryT 6bITb OOKA3aHbI, T.€. BbIBEAEHbI M3 aKCMOM C MOMOLLbIO NMPaBWJI BbIBOAA. B 3HaYUMBbIX TEOPUAX
13 foKa3zyemocTn GopMysibl BbITEKAET ee 06LLe3HAaYMMOCTb, @ MOCTPOEHME AOKa3aTeIbCTBa eCTb
cnocob NpoBepKM 06LLE3HAYMMOCTU. B 10s1HbIX TEOPUAX 4O0KA3aTE/IbCTBO CYLLECTBYET ANA 060

O6LLI,EBHa"IMMOl7I d)OpMy}'IbI, OAHaKOo npouecc ero NoncKka MoXxXet 6bITb HEeTpUBUANbHbIM.

Kak npaBunnio, cucTembl flOKa3aTeNbCTBA TEOPEM He PaboTatloT HaNPAMYHO C aKCMOMaMM U NPaBu-

NaMu BbIBOAA, @ UCMOJIb3YHOT CreLmann3nMpoBaHHbie NpoLeaypbl.

Paspewarouweli npouedypoli Teopumn T HasbiBaeTca anroputm DP (ot aHrn. Decision Procedure),
KOTOpbIV gna ntobon dopmynbl @ € @ 3aBepluaeTca ¢ Bblaayel BepankTa (verdict): true, ecnm

dopmyna obuiesHaunma’®; false B npoTnsHom ciydae [Kro08]:
(@ € ®) DP ((verdict = true) < (= @)).

YacmuuHoli paspewarowjeli npoyedypoli Teopun T HasbiBaeTca anroputm DP, KOTopbli ans nto-
6011 dopmynbl @ € ® B cnyyae 3aBepLUeHUA PaboTbl onpeaenser, ABAAETCA OHA 0bLe3Ha4YMMoN

WM HeT:
{p € @} DP {(verdict = true) & (E ¢)}.

Teopwa HasblBaeTCA paspewumol, eCiv ANA Hee CyLLecTByeT paspeLuatoLan npoueaypa; 8 npo-
TUBHOM C/lydae Teopua HasblBaeTcs Hepaspewumoli. Teopums Ha3bIBAETCA YACMUYHO paspewiu-

moli, ecnv gNa Hee CywecTByeT YaCTMYHan paspeluatowas npoueaypa.

M3BecTHO, YTO NormKa npeavKkaTtoBs NepBoOro nopAaKa Hepa3spewnma, HO pa3pewnma 4aCTU4Ho;

TOUYHee, NoAyPaA3PewuUMa: pia HeobliesHaunmbIx GopMy/ NpoLeaypa NPOBEPKM MOXKET He 3a-

48 B obLuem cnyvae paspellatolme npouesypbl UMEET A€e/10 C NPOU3BO/bHBIMM MPOBAeMamm, A0NYCKAOWMMMU OTBET «1a» UN KHET».
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BEPLUMTLCA. YacTMYHOW paspeLuatoLLei Npoueaypoit A1A 3TOW IOTUKKN ABAAETCA, HAaNnpUmep, me-
mod pesonroyuli, NpeanoxKeHHbl JxoHom AnaHom PobuHcoHom (John Alan Robinson, poa. B

1930 r.)* [Rob65].

8.1.1. [IpuMepsl pa3pelIUMbIX U HEpPpa3peIUMbIX TEOPUN

BayKHbIM Hanpas/ieHWeM WUCCNefoBaHMI B 061aCTM aBTOMATUYECKOrO [OKa3aTeNbCTBA TEOPEM
ABNAETCA MOMCK PaspeLlMMbIX TEOPUN (Npekae Bcero, meopuli nepsozo nopsoKa — cneunanu-
3aLMii NOTVKK NPeaMKaToB NepBOro NopAAKa) U cogaHue Ansa HUX 3GGEeKTUBHbIX paspeLlakoLmx
npoueayp. Ana 6onee rnyboKoro nsyyeHns BONPOCOB Pa3peLiMMoCTi U HepPa3pPeLMmMOoCTU Teo-
puii, MOXKHO nopekomeHAoBaTb paboTbl [Har09] u [Kro08]. Mbi ke 34ecb orpaHMYnMMCa npume-

pamu (cm. Tabaunupl 8.1 1 8.2).

Tabauya 8.1. Mpumepsi pazpewumsix meopudi

Pa3spewmnman Teopua Kem 1 Korga AoKasaHa pa3pewmmocTb

Anbopen Tapckuii (Alfred Tarski),

Bynesa anrebpa
y/eea anreop 1949r.

Anbopen Tapckuii,

EBkanpaoBa reomeTtpua
A P 1949 1.

Bonbdpam LLBabxaysep (Wolfram Schwabhéauser),

Tmnepbonunyeckas reomeTtpus
1959 r.

Neononbpa /iéseHreim (Leopold Lowenheim),

Teopwus nepsoro nopsaka c paBeHCTBOM
P P paa P 1915r.

Teopwua NepBOro NOpAAKa C PAaBEHCTBOM M OAHWUM yHap- | AHgykein dpeHdoixT (Andrzej Ehrenfeucht),
HbIM GYHKLMOHANbHbIM CUMBOIOM 1959 r.

ApvudmeTtnka Mpecbyprepa (Teopua nepsoro nopaaka,

MoiixeLww Mpecbyprep (Mojzesz Presburger),
OMUCHIBAIOLLAA HaTypasibHble YMC/Ia C PaBEHCTBOM, C/I0-

1929r.
KeHNem, Ho 6e3 yMHOXeHWA)

Teopwua paBeHCTBa HeMHTePNPeTUpPyemMbIX GYHKLMOHANb-
HbIX CMMBONOB (6ecKkBaHTOpHasa Teopua nepsoro no- | Bunbrenosm ®puapunx Akkepmar (Wilhelm Friedrich Ackermann),
pAAKa C PaBEHCTBOM W MPOU3BO/IbHBIM YUCIOM GYHKUM- | 1954 .

OHa/IbHbIX CUMBOJIOB)

BecKBaHTOpHas TEOpWA MaccuMBOB (TEopMs NepsBoro no-

. [>xoH Makkaptu (John McCarthy),
pAAKa C PaBEHCTBOM, OMepaumeit NosydeHus 31eMeHTa

1962 .

Nno UHAEKCY 1 onepaumei moandukaumm anemeHTa)

4 damunmnio POBUHCOH MEIOT HECKO/IbKO M3BECTHBIX MAaTEMaTUKOB-N10rMKoB: [ykoH AnaH PoBUHCOH (aBTop MmeToaa pesontouuii), Padasns Mut-
4est POBUHCOH (4bMM MMEHeM Ha3BaH Hepaspelwnmblit pparmeHT apudmeTnku MeaHo), Abpaxam (ABpaam) POBUHCOH (co3aaTens HecTaHAapT-
Horo aHanusa), Axynua Xonn PobuHCOH (skeHa Padasns PobuHCOHA, BHeclwan 6o/blION BKAAZ, B pelleHne aecaTtoit npobaembl Mnbepra) u

JopaxK POBUHCOH (aBTOP HEKOTOPbIX TEXHWUK OMTUMM3ALLMM B NPOLIEAYPaX aBTOMATUYECKOrO A0Ka3aTe/IbCTBa TEOPEM).
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Tabauya 8.2. [pumepbl Hepazpewumsix meopuli

Hepaspewumas Teopus

Kem 1 Koraa AokasaHa Hepas3pewnmocTb

Teopus NepBoro nopsaKa ¢ PaBeHCTBOM 1 IM60 OAHUM Mpe-
OVMKATHBIM CMMBOJIOM apHOCTM HE MeHbLe AByX, IMbo oa-
HWUM GYHKLMOHAIbHBIM CUMBOJIOM apHOCTU HE MEHbLUE ABYX,

Bopuc AbpamoBuy TpaxTeH6pPOT,
1953 r.

Mb0o ABYMA YHAPHBIMU GYHKLMOHANbHBIMU CUMBONAMU

[xoH Bapkau Poccep (John Barkley Rosser),

ApudmeTrKa HaTypasbHbIX Yucen
pue e 1936 .

Anbopen Tapckuid,
AHzxelt MoctoBckuii (Andrzej Mostowski),
1949r.

AprdMeTUKa LenbIx yncen

Lskynua Xonn PobuHcoH (Julia Hall Robinson),

ApudmeTrKa paLmoHasbHbIX Yncen
pud pau 1949r.

Anbdpes Tapckui,

Teopwuu rpynn n Konew, 1949 ¢

[skynusa Xonn POBUHCOH,

Teopusa nonew
1949r.

ApudmeTrka PobrHcoHa (dparmeHT apupmeTtnkm MeaHo He3
CXeMbl UHAYKLK)

Padasanb Mutuen PobuHcoH (Raphael Mitchel Robinson),
1950 .

O6Lwan Teopua MaccMBOB (TeoprA NepBOro NOPAAKa C paBeH-
CTBOM, onepaupeit NosyYyeHUs 3NemeHTa No UHAEKCY U one-
paumei moguduKaumm anemeHTa)

[oH MakkapTh,
1962r.

8.1.2. 3agaya BHINOJIHUMOCTH, SAT- u SMT-pemiaresn

BcnomHum ocHoBomnonaratoLime onpeaeneHns MaTemaTMyeckon nornku. Popmyna HasbiBaeTcs
8bIMoaAHUMOU, eC/IV CYLLECTBYET UHMeprnpemayus, B KOTOPOM OHa UCTUHHA (Takue UHTepnpeTa-
UMM HasbiBatoTca modenamu). Popmyna HasbiBaeTca 0bwjesHayuMol, ecivi OHa UCTUHHA B Jt0-
6ol nHTepnpeTaumn. Popmyna HasblBAETCA HesbInoAHUMOU AN npomusopequgoli, ec OHa
NNOXHa BO BCeX MHTepnpeTaumax. Popmyna HasblBaeTCcA HeobweaHa4yumoUl NN onposepHumod,
€C/IN CyLecTBYyeT MHTepnpeTaums, B KOTOPOKM OHa NoXHa. CBA3b MeXay BbINOJHMMOCTbIO U 06-

LLLe3HAYMMOCTbIO OMUCIBAETCA CAEAYIOLMMU YTBEPKAEHUAMM:

e dopmyna @ BbINOSHMUMA TOFAA U TOIbKO TOrAa, KOraa —i¢p HeobLe3Hauuma;

L4 ¢opmyna () 06u.|,e3Halmma TOrga 1 ToONbKo TOrAa, Korga —@ HeBbINOJIHUMA.

[Na NOTMKM BbICKa3blBaHWIA 3a4a4a NPOBEPKM BbINOJHUMOCTH HasbiBaeTcs SAT (Mo Tpem nepBbiM
6yKBam aHrn. cnosa satisfiability — BbINOAHMMOCTb). MOCKO/IbKY YMCNO UHTEpPRpeTaLmii Ntobown
dopMynbl NOTUKK BbICKa3blBaHMI KOHEYHO, 3a4a4a SAT paspelumma, Ho, BOObLLLe roBops, ABNSA-
eTcs BbluMcAnTenbHo TpyaHoi (NP-nonHoi) [Pap82]. 3aaava npoBepKU BbIMONHMMOCTMY A8 TEO-

puii nepsoro nopsaka HasbiBaetca SMT (Satisfiability Modulo Theories — BbINOJIHUMOCTb C y4e-
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TOM Teopuit). COOTBETCTBEHHO, MHCTPYMEHTbI, MPOBEpPAOLWME BbINOAHUMOCTb popmyn aaa no-
TMKM BbICKa3blBaHWI U TEOPUIA NEPBOro NopsaKa, HasbiBatoTca SAT- u SMT-pewamenamu. Cnoso
«peLuaTesib» roBOPUT O TOM, YTO A1 NPOBEPKU BbIMOAHUMOCTU GOPMY/bl UHCTPYMEHT MblTaeTcs
peLmnTb ONUCbIBAEMOE i1 OrpaHMUYeHUE, T.e. MOCTPOUTb BO3MOXKHYIO MoAeNb (03HauMBaHUe ne-

PEMEHHbIX).

Huke mbl paccmoTpum 6a3oBble anropuTmbl paboTbl SAT- 1 SMT-pewateneid. Ana 6onee getanb-

HOTO M3YYEHMA 3TOM TEMbI MOXKHO 06paTnTbCA K pabotam [Har09], [Kro08] u [Cha73].

8.2. J/loruka BbICKa3biBaHUM U SAT-pematesun

B KnaccuyecKkol MOCTaHOBKe 33434a BbIMOJIHUMOCTU PAaCCMaTPMBAETCA A8 YTBEPKAEHUN, Npea-
CTaB/IEHHbIX B KOHbIOHKMUBHOU HopManbHoU popme (KHD) unu, 4To paBHO3HAYHO, B K/1aY30/1b-
Holi popme. Knay3ol, nnv Ou3bOHKMOM, Ha3bIBAeTCA MHOXECTBO /IUMepPas108 — dNeMeHTapHbIX
BbICKa3blBaHWU (amomog) 1 nx otpuuaHnin. Popmynoii B Kaay3asnbHoli popme Ha3biBaeTcAa MHO-
YKECTBO K/ay3: KaXKaan Knaysa COOTBETCTBYET AMU3bIOHKLMMN IMTepanos, a opmyia — KOHBIOHK-

unn ansbloHKTOB [Ben12]. MycTan Knaysa ob6o3HavaeTca O, a nycraa dopmyna —@.

Mpumep 8.1

PaccmoTpum npumepbl KnaysanbHbix Gopm:
e () = true — nycraa popmyna;
o {O} = false — dpopmyna, cocTonwan 13 Nycroi Knaysbi;

o {pr,qpq,ppq}*°*= (P VT)A(=qV-pV@A(PV-DpVQ.

8.2.1. MeTo/ pe3010L UM AJIS1 JIOTUKU BbICKA3bIBaHUM

[na onpoBeprKeHus ([0Ka3aTeNbCTBa HEBLINOAHUMOCTM) KNay3asibHbIX GOPM MPUMEHAETCA Npo-
ueaypa, HasbiBaeman pesostoyueli [Ben12]. Mpoueaypa cOCTOUT B NOCeA0BaTENLHOM NpUMe-
HEHWW Npasusa pe3osoyuu, COXPaHAIOLLEM CBOIMCTBO BbINOAHMMOCTH: popmyna F’, nonydeHHas

n3 d)OpMyllbI FB pe3ynbrtate NpUMeHeHMA 3TOro npasuaa, BbINOJIHMMa TOraa U TOZIbKO TOr4a,

%0 ins ypo6ceTea npu 3anucy knays 6yaem onyckaTb CKOBKM 1 3anaTble, a OTPULIAHUE BbICKa3biBaHKA byaem 0603Ha4aTh YepTo Hag HUM. Hanpw-

mep, Bmecto {—q, —p, q} 6yAem nucatb gpq.
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Koraa BbinonHuma F; rosopat uto popmynsl F’' u F pasHocunbHel (0603HadeHne: F' =~ F)51, Ecan
Ha HEKOTOPOM Llare BbIBOAWUTCA Kjay3a O, TO McxofHaa dopmyna HesbiNosHMMA (cooTBeT-

CTBEHHO, ee OoTpuLaHne O6L1.l,e3Ha"IMMO).

MycTb Knaysa C; cogepsknT nutepan I, a knaysa C, — KoHmpapHsiii nutepan [€:

e €

—p,ecamn l = p;

e [“=p,ecnl=—p.

Knaysbl C; n C, Ha3blBaAKOTCA CMAKUBAOWUMUCA N0 KoHmpapHol nape | v 1€, a knaysa

Res(Cy,C3) = (G \{1H U (G \{I°D

Ha3blBaeTcA pe3osnbeeHmoli Cy v C,.

Mpasnno pe3ontoumm COCTOUT B ,D,06aB}19HVIVI BO MHOXeCTBO K/1ay3, HEKOTOpPble U3 KOTOPbIX CTaN-

KMBAIOTCA, KAKON-HNBYAb PE30/bBEHTbI.

Mpumep 8.2

Knaysbl abC 1 bce cTankupatoTca No KOHTpapHoW nape ¢ u ¢. CooTBETCTBYIOLLAA Pe30/bBEHTa

onpegensetca paseHcteom Res(abc, bcé) = ab U be = abe.

O

Mpoueaypa pe3ontoLmn ONUCbIBaeTCA Ceay oMM NCeBAOKOAOM:

Bxom: kJjaysajibHasd dopma F, He coIepxallas Kiay3H
Brxon: true (F BuIOJHMMA) uidu false (F HEeBBIIOJHMMA)

while F comepxuT cTajkuBaomyecs kjays3s do
BEIOPATE M3 [ napy cralkupaommxcsa kjgays C u C;
C := Res(Ci, C2);
if ¢ =[] then
return false
end;
F := F U {C}
end;

return true

51 He nyTaiiTe paBHOCULHOCTb, T.€. OA4HOBPEMEHHYIO BbINOJIHUMOCTb UM HEBBINOHUMOCTL (F' ~ F) ¢ akBuBaneHTHocTbio (F' < F).
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PesonromusHell 861800 Knay3bl C 13 dopmynbl F ecTb KOHeYHas MoCnefoBaTeIbHOCTb Kiay3

{CYE,, Takas uTo:

2. pnaseexi €{1,..,k}:
a. nmbo C; € F;

b. nanbo C; — pe3onbBeHTa Knays, npeawecrsyrowmx C;.

BbiBog, O u3 F HasbiBaeTca onposepxceHuem F [Cha73]. Mpoueaypa pesontoumnmn ABAseTcs 3Ha-

YMMOW M NOJIHOM CUCTEMOM onpoBep:KeHua dopmyn [Benl2].

Mpumep 8.3
OnposeprHem dopmyny {p, pq, 7, pqr}, ncnonbya metos pesontouunin [Ben12]. Bot ogHo 13 BO3-

MOXHbIX pelleHni:

e Ci=p;

* (;=pgq;
o (3=7;

o Cy=pqr;

o (5= Res(C3,C,y) = Res(r,pqr) = pq;
* Cs = Res(Cy,Cs) = Res(pq,pq) = p;
e (; =Res(Cy,C) = Res(p,p) = 0.

8.2.2. AnroputMm DPLL npoBepKH BbIIIOJIHUMOCTH

Moxanyi, cambiM U3BECTHLIM aJITOPUTMOM MPOBEPKM BbINOAHUMOCTM GOPMY IOTUKM BbICKa3bl-
BaHWI (npocToit nepebop He B cyeT) aBaaeTca anroputm DPLL (1962 r.), Ha3BaHHbIM B Y4eCTb €ro

aBTopos [Dav62]:

e D — MapTtuH Oasuc (Martin Davis, poa. B 1928 r.);
e P — Xunapu NatHem (Hilary Putnam, 1926-2016);
e | — [I>kopx JloremaH (George Logemann, 1938-2012);

e | — floHanba flasneHa (Donald Loveland, poa. 8 1934 r.).
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DPLL npeactaBnseT coboi ycoBepLUEHCTBOBAaHHYO BepCcUio elle bonee ctaporo aaroputma [3-
Buca-MatHema (1960 r.) [Dav60]. AnropuTm OCHOBaH Ha O4YeHb NPOCTbIX MPaBMAax BbIBOAA, O4HO

M3 KOTOPbIX — pacnpocTpaHeHne eguHULbl — ABNAETCA YaCTHbIM C/ly4HaeM npaBu/ia pe3oslitoLnn.

Mpasuno 0 — ypaneHue TaBTONOMUN
Knaysa, BK/toYatoLwana B ceba KOHTpapHble nTepasbl, Ha3blBAeTCA MpusuanbHoU Kaay3ol unun

masmosnozauel.
Myctb popmyna F' nonyyeHa us dopmynsl F yaaneHnem scex Tastonornii. Toraa F' = F.

MpaBuno 1 — pacnpocTpaHeHue eaAUHULLbI

Knaysa, cocTtoAwas n3 ogHoro eANHCTBEHHOrO inTepana, HasbliBaeTcA eouHu4Hol Knay3017.

Myctb {I{} — eamHunyHan knaysa B dopmyse F, a popmyna F' nonydeHa us F yaaneHuem Bcex

Knays, cogepxaimx [, n ynanenmem L€ s cex octaslumxca knays. Toraa F' ~ F.

MpaBuno 2 — ncknoYeHne YUCTbIX INTEepanos
Yucmoeim numepanom B dopmyne F HasbiBaeTcs antepan [, Takoi uto | BXxoguT xoTa 6bl B 04HY

knaysy F, a I He BXxOAMT HU B OZHY Knay3y F.

MycTb | — yncTbiii nnTtepan B dopmyne F, a bopmyna F' nonydera us F yaaneHnem scex Knays,

copepawmx l. Torna F' =~ F.

Huxe npusegeH ncesaokos anroputma DPLL. dyHKkuma DPLL nocne yganeHua TpMBUanbHbIX

KNay3 Bbi3blBaeT peKypcnsHyto dyHKumio DPLL', umetowlyto asa napametpa:

e F — nposepaemasn ¢opmyna;

e | — yacTu4Hasa UHTepnpeTauma (03Ha4YMBaHME YAaCTM 3/IEMEHTAPHbIX BbICKa3biBaHW).

dyHKUMA BO3BpaLWAET true, ecav Gopmyna BbINOJHMMA (MPUMEP MOLEAN COAEPIKMTCA B Nepe-

meHHol I'), n false B npoTMBHOM cnyyae.

true —

B nceBaoKoAe Ucnonb3ytoTca ceaytolwme ob03HaveHus: p pupfase = p.
dyuxumns DPLL
Bxon: kJjays3ajibHasa dopma F
Brxopn: true (F BuIOJHMMA) uiIu false (F HEeBBIIOJHMMA)
/* mpaeuso 0 */
F’ := ynanurb_ TasToJjioTUM (F) ;
DPLL’ (F’, &)

124



dyHKUMsT DPLL’
Bxonm: KkJjaysajibHasa Qopma F, dYacTuU4YHAs MHTepnpeTaums I
Brxopn: true (F BHNoJHMMA) WM false (F HEeBHIIOJHMMA)

F’ := F;
I’ := I;

/* mpaBuyo 1 */
while F’/ conmepxmuT eIMHMYHEE KJjays3e do
BEIOpPATh eOMHUUYHY kJays3y {p*};

F’ := pacnpocTpaHuTb_envHuuy (F’, p*);
I’ = I’'[p := x]
end;

/* npasusio 2 */
while F’/ conmepxwur umcTee JsuTepatel do
BEHIOPaTh YMCTEIM JIMTepal p*;

F’ := UCKJIOUUTb UUCTHN Jurepan (F’, p*);
I’ = I’[p := x]
end;

/* koHbIuKT */

if O € F/7 (F/ comepxuT Kjaysy, HeBHNOJHMMyl B I’) then
return false

end;

/* pemenue */

if F/ = @ (F’/ punosHmMa B I’) then
return true

end;

/* BeTByeHue */
BHOPAThL SJIEMEHTapHOE BEICKA3HBaHME p, BXoIdmee B F/;

BEIOPATE BHAUYeHMEe MCTMHHOCTM X € {true, false};

/* BHUMCJIEHMS MCIOJHSOTCS [I0 IpaBuMjlaM «KOPOTKOM» JIOTMKM */

return DPLL’ (F’/[p := x], I’[p := x]) v DPLL’ (F’[p := —=x], I’[p := —x])

Koraa yTounsietca dopmyna F', T.e. Koraa HEKOTOPOE 3/1eMeHTapHOE BbICKa3blBaHWeE P CONOCTaB-

NAETCA C HEKOTOPbIM 3HAaYE€HMEM UCTUHHOCTM X (0603HaueHue: F'[p = x]), n3 popmynbl F' yaa-

NAKOTCA KNAy3bl, COAEPIKALLME MTEpPan p*, a U3 OCTaBLUMXCA Kay3 yAANAOTCA KOHTPapHbIe u-

Tepanbl p~* (aHaNOrMUYHO TOMY, KaK 3TO MPOUCXOAMT NPU PACNPOCTPAHEHUM eAUHULLbI).

Ha Bpema pa60Tbl aANropnuTma BaUAET BbICKa3bliBaHME, MO KOTOPOMY OCYLLECTBNIAETCA BETBNEHUE,

M COMNOCTaBAAEMOE eMy 3HAYEHNE UCTUHHOCTU. Taknm 06pa30M, DPLL — 3TO HE O4MH anropuTm,

a CeMeincTBO anroputMoB. HecMoTps Ha NouTeHHbIM Bo3pacT, DPLL akKTMBHO MCMO/Ib3yeTcs B CO-

BpeMeHHbIx SAT-pelwiatenax, Hanpumep, B MINISAT [MinS]. BeTBneHus ynpaBaatoTca 38pucmu-

Kamu. Ana onTMMM3aLMKM TaKKe UCNONb3YIOT HEXPOHOM02UYECKUE 8038paMbI U 3aNOMUHAHME
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KOH@UKMO8 — YaCTUYHbIX MHTepnpeTaunin, danscnpunumpytowmx popmyny [Yua06]. Takme Ba-

puaHTbl DPLL nonyumnun HassaHue CDCL (Conflict-Driven Clause Learning).

EcTb 1 gpyrve nogxoapl K 3agave SAT: MeTo, Ha OCHOBe A80UYHbIX pewarouux ouazpamm (BDD,

Binary Decision Diagrams) (cm. nekumto 14) n metog, Ctanamapka (Gunnar Stalmarck) [Har09].

8.3. Teopuu nepBoro nopsaaka u SMT-pemaresu

MeToz, pe3ositoumnini MOXKET UCMONb30BaTbCA U A/1A IOTUKM NPeaUKaToB nepsoro nopsaaka. 06-
WK1 BapmaHT meToda 6bin npeanoxeH B 1965 r. AxkoHom AnaHom PobuHcoHom [Rob65]. Us-
BECTHO, YTO N1t06YI0 GOpMY Y NOTMKU NPEANKATOB NEPBOro NOPALKA MOXKHO CBECTU K PAaBHOCW/Ib-

HOW Knay3anbHou dopme. ITo Aenaerca B HECKobKo aTanos [Cha73]:

1. npuseaeHune dopmynbl K npedsapeHHol HopmaneHol gopme (MTHP) — nepenmeHoBa-
HWe CBA3AHHbIX NepeMeHHbIX (Le/lb — CAeNaTb UX YHUKANbHbIMUK) U NepemMeLleHne KBaH-

TOPOB B Hayano opmynbl;
2. npeobpasoBaHne BECKBAHTOPHOM YacTh GOpPMY/ibl, TaK HasbiBaemon mampuubl, K KH®;

3. npuseaeHue popmysnbl K ckosemosckoli cmaHOapmHol ¢popme (CCP) — anummHauma

KBaHTOPOB CyLLECTBOBAHMUA C MOMOLLBIO CKOEMOBCKUX (hyHKYUU2.

4. 3anucb matpuupl CCPO B KnaysanbHom dopme.

8.3.1. MeTo/ pe3o0nHi AJ1s JIOTUKHU NIPEAUKATOB IIEPBOro
nopsaaka

SnemeHMapHeIMU opMyaamuU, UIN aMOMaMuU, B NOTUKE NPEANKATOB NepPBOro NopsaaKa Hasbl-
BatoTcs dopmynbl Buaa P(ty, ..., t,), rae P — npeaukaTtHblil cumBo, a ty, ..., t, — Tepmbl. Kak 1
paHblUe, AUMepassl — 3TO aTOMbl U UX OTpULLaHKA. ObLaa cxema MeToaa Pe3ostoLnin ocTaeTcs

Npe’KHel, HO MOUCK KOHTPaPHbIX IMTEPA/IOB CTAHOBUTCA CNOXKHEE M TpebyeT NpuBaeYeHUsA me-

XaHMU3Ma YHUpUKayuu.

MoacTaHoBKa 6 Ha3biBaeTCs yHUGUKAMoOpom ans mHoxectsa dopmyn {F, ..., F,}, ecnn

52 HassaHue cBA3aHo UmeHem Topanbda Anbbepta Ckonema (Thoralf Albert Skolem, 1887-1963), Npea/oKMBLLErO CEAYIOLMA MOAXOA K /M-
MMHALMM KBAHTOPOB CYLLLECTBOBAHUA: NPU SAMMUHALMKU Ty nepemeHHan y 3ameHneTca Ha TepMm f (Xy, ..., X, ), TAe f — HOBbIM GYHKLMOHANbHbIN

CUMBOJ (TaK Ha3bIBAEManA CKOEMOBCKAA PYHKYUA), @ X1, ..., X, — NEPEMEHHbIE KBAHTOPOB BCEOBLLHOCTU, CUHTAKCUYECKHM NpeaLllecTsyolve Jy.
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F,0 = - = E,0.

YHudpukatop 0 HasbiBaeTca Haubosiee obuum yHUgpukamopom (HOY), ecnn noboii Apyron yHU-

dUKaTOP MOKET BbITb NPeACcTaB/ieH B BUAE cynepnosnumm 8 n HekoTopon noactaHoBKu [Ben12].

NycTb C; 1 C, — KNay3bl, He UMetoLe o6Lmx nepemerHbIx®, a Ly = {ly ;3o  n Ly = {I5 3%, —
X NOZMHOXeECTBa, Takue uto Ly u L§ = {lg‘i}ﬁl MOTYT 6bITb YHUPULUMpPOBaHBI. MycTb 8 — HOY

Ly v LS. Toraa, knaysbl C; v C, Ha3blBAlOTCA CMAMKUSAIOUWUMUCA, a KNay3a
Res(Cy, Cy) = (€160 \ L16) U (G20 \ L,0)
Ha3blBaeTcA pe3osnbeeHmol Cy v C,.

Mpoueaypa pe3ontoumm ABAAETCA 3HAYMMOM M NONHOW ANA ONpoBep:KeHns GopPMYa NOTUKK Npe-
AMKATOB NepBOro nopsaaka, HO MOXKET He 3aBepLINTbCA ANS BbIMOAHUMbIX GOpmyA. MN3BECTHBI
ONTMMM3ALMM M YACTHblE C/IlyYanm MeToAda Pe30sIloLMiA, C KOTOPbIMU MOMKHO MO3HAKOMMUTLCS,

Hanpumep, B KHure [Cha73].

Ons noctpoeHna HOY MOMKHO MCMO/b30BaTb anroputm, npeanoeHHblt 8 1979 r. Anbbepto
Maptennu (Alberto Martelli) u Yro MoHTaHapu (Ugo Montanari, poa. B 1943 r.) [Mar82]. Anro-
pUT™M yHUdUKauun Maptennn-MoHTaHapu apdeKTrBHee NepBOHa4aIbHOrO aNrOPUTMA, UCMO/b-

3yemoro PoBUHCOHOM.

[lBa aToma MoryT 6bITb YHUPULMPOBaAHDI, TONILKO €C/N Y HUX OAMHAKOBbIV NPeanKaTHbIA CUMBOA.
Takum o6pa3om, yHUPMKaLMA aTOMOB CBOAMUTCA K PELLUEHMIO CUCTEMbI YPaBHEHUIA B Tepmax: Nno
O4HOMY YPaBHEHMIO Ha KaXKAblil aprymMmeHT npeaukata. Ha BXxog anroputmy nogaerca cuctema

ypaBHEHUI, KOTopas npeobpasyeTcs no caeAyroWwmnm npasuiam:

1. M3MeHUTb ypaBHeHUe t = X, rae t — TepMm, He ABAAIOWMICA NepeMeHHOoMn, a x — nepe-

MeHHaA, Ha x = t;
2. yAanuTb ypaBHEHWE X = X, rAe X — NepemeHHas;
3. AnaypasHeHuA t; = t,, rae t; n t, — TepMbl, He ABNAIOLWMECA NePEMEHHbIMU:

a. ecnv BHewWHWe GyHKUMOHANbHbIE CUMBOALI t; U t, pa3nnyatoTca:

53 ins obecneyeHns KOPPEKTHOCTU METOAA PE30/IIOLMIA B KasKAOM Kaay3e ciedyeT UCMOo/b30BaTb CBOKO YHUKA/IbHYIO CUCTEMY NepemeHHbIX. Me-

pemeHHble Knay3bl HeABHO CBA3aHbl KBAHTOpPamm BCEOGLU,HOCTM, 4YTO NO3BONAET MEHATb UX UMEHA 6e3 U3MeHeHUA cmbicna ¢OpMyl’IbI.
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i. cucmema He umeem peweHus;
b. uHaue, ecnu ypasHeHue umeet sug, f(t1, ..., tF) = f(t3, ..., t5):
i. 3aMeHWTb ypaBHeHMe t; = t, Ha cucTeMy ypaBHenuii {ti = ti}F
4. [nA ypaBHeHUA X = t, rAe X — NepemMeHHas, UMeloLLas Apyrue BXOXKAEHWS, a t — TepMm:
a. ecnu x BxoauT B t (NMpeAnonaraeTcs, 4To Tepm t OT/WYEH OT X):
i. cucmema He umeem peweHus;
b. wnHauye, ecnun x He BXOAMUT B t:

i. 3amMeHUTb BCe gpyrne BXoXAeHuA x Ha t.

PesynbTtaTom paboTbl anroputma (Npu HaMYMK pelleHnsn) ABAAETCA CUCTeMa B PaspeLleHHOM
BUAE: B JIEBOM YaCTV PAaBEHCTB PACMo/IaraloTcA NepeMeHHble, He MMEIOLME BXOXKAEHMUI B Npa-

BYIO YacCTb. JTa cucTtema 1 3agaet HOY.

8.3.2. Teopus paBeHCTBaA

FoBOpA O paspelualoWMx npoueaypax 418 TEOPUA MepPBOro rnopsaKa, OTMETUM, YTO eAMHOro
MOAXO0AA K MX MOCTPOEHMUIO HET: A1 KaX40M TEOPMM ULLETCA CBOSA NPOoLeaypa, Kak MOXHOo 6osiee

adpdeKTnBHaA. B neKLMM Mbl pacCMOTPUM TONIbKO OAHY TeOpUo — meoputro paseHcmsa [Nel80].

MNonHoe HasBaHue Teopun — 6€CK80HmOpHGFI meopuda paseHcmea HeuHmepripemupyemoix
d)yHKqUOHOﬂbeIX cumeosnos. Ee curHaTypa BKAKOYAeT NPOU3BOAbHOE YUCI0 CIJYHKLI,VIOHaJ'IbeIX
CMMBO10B, B YaCTHOCTU KOHCTAHT, U OAUH ABVMECTHbIl‘;I Flpe,CI,MKaTHbIl;i cumson =. NmetroTca ak-
CNOMbI ped)/'IEKTVIBHOCTM, CUMMETPUYHOCTU U TPAH3UTUBHOCTU PaABEHCTBA, a TaKXe aKCuomMbl

nodcmaHosoyHocmu [Hen88]:

k
N =) ) = £t t) = (2 5).
i=1

PaspelwnmocTb Teopun paseHcTBa 6bina AokasaHa B 1954 r. Bunbrenbmom Ppuapuxom Akkep-
maHom (Wilhelm Friedrich Ackermann, 1896-1962), a addeKkTnBHan paspeluatolan npoueaypa
6bln1a npeanoxkeHa B 1976 r. perom HenbcoHom (Greg Nelson) n lepekom OnneHom (Derek Op-
pen) [Nel80]. MNpoueaypa ocHOBaHa Ha NOCTPOEHUU KOH2PYIHMHO20 3aMbIKAHUA OTHOLIEHUA Ha
rpade; B HacTosllee BPemMA WM3BECTHbI aNrOPUTMbl C BbIYMC/IUTENBHOW CAOMKHOCTbIO MOPAAKA

O(nlogn), rge n — umncno ayr rpada [Nei07].
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OpueHMupPoBaAHHbLIM 2pApOM C MOMEYEHHbIMU 8EPUUHAMU U YyropA00YeHHbIMU Oy2amMu Hasbl-

Baetcsa natepka G = (V,E,Z, A, []), 8 KoTopoii:

e U — KOHEYHOe MHOKEeCTBO BEPLLMH;
o FE — MyNbTUMHOMECTBO Ayr;
e ¥ — MHOXeCTBO NOMETOK BEepLUNH;
o A1V — X — pyHKLMA pasmMeTKU BEPLLUH;
e []:V XN —=V — dpyHKUNA HYMEpPaL MU KOHLEBbIX BEPLUMH:
o eecmv€EV K1 <i<I(W),raed(v) — vncno ayr, UCXOOALLMX U3 V:
= p[i] — KoHeL, i-0li UcxoaALWEN U3 U Aoyru;

" KOHUEeBble BEPLIMHbI C Pa3HbIMKA HOMEPaMKMU MOTYT COBNagaThb.

MycTb Ha MHOKeCTBe BepLunH rpada 3aaaHo 6uHapHoe oTHoWweHVe R. [1Be BepLmMHbI U v U Ha3bl-

BaKOTCA KOH2PYSIHMHbIMU NO OTHOWEHUIO R, ecnu:

1. A(w) = AW);

2. 8(v) = S(w);

3. prascex1<i<8(v):
a. nmbo v[i] = ulil;

b. nubo (v[i],u[i]) € R.

OTHOLWeHMe R Ha3bIBaETCA 3aMKHYMbIM OMHOCUMESbHO KOH2PYIHMHOCMU, eCNU ANS BCEX Bep-
LUMH U 1M U, KOHFPY3HTHbIX MO OTHOLWEHMIO R, MMeeT MecTo npuHagieskHoctsb (v, 1) € R. KoHepy-
SHMHBIM 3AMbIKAHUEM OTHOLWEHUA R Ha3blBaeTCA MUHUMa/IbHOE OTHOLLEHME SKBUBAIEHTHOCTH,

cogepixKallee Rn 3adMKHYTO€ OTHOCUTE/IbHO KOHTPYIHTHOCTHU.

HanomHum: omHoweHuem 3K8U8as1€EHMHOCMU Ha3blBaeTCA 6MHapHO€ OTHOWEeHMe, yaoB/1ETBO-

pAaouee cBOMCTBAM ped)ﬂeKCVIBHOCTM, CUMMETPUYHOCTUN U TPAH3UTUBHOCTU.

MpoBepKa 06Le3HauMmocTi Gopmybl F paBHOCKUAbHA NPOBEPKe HEBbINOAHUMOCTY =F. Ecin F

npeacrasneHa 8 KH®, To —F moxeT 6biTb nerko npeacrtasneHa 8 AH®*. AH® HeBbinoaHMMa

54 310 focTuraeTca npumeHeHnem npasun ae Moprata: (a vV b) = (a A E) n(aAb)=(@v 5).
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TOrga U TONbKO TOrA4a, Koraa HeBblNO/IHMMbI BCE AN3BIOHKTUBHbIE Y1EHDI. Ka)K,D,bIVI U3 HUX UMmeeT

BUA, KOHbIOHKUMK [Hen88]:
(6=t AN A (=) A(sy # S A A (Sq # S).

3nech ty, tf, S ” s]-’, raei € {1,..,p}nj €{1,..,q}, — HeKoTOpbIE TEPMbI, @ 3aMUCL X # Y €CTb

cokpauweHne —(x = y). O6paboTKa KOHBIOHKLMM COCTOUT U3 CIeAYIOLLMX LWAroB:

1. noctpoutb rpad G Hag MHOXKECTBOM TEPMOB (BepLUMHaMM rpada ABAAIOTCA TEPMbI, BXO-
OALME B KOHBIOHKLUMIO, U MX NOATEPMbI, @ MOMETKaMU — QYHKLMOHA/IbHbIE CUMBOJIbI U

nepemeHHble):

a. TMOMETUTb KasKAbli 31EMEHTAPHbIN TEPM U, F4e U — NepemeHHas UAN KOHCTaHTa:
i. A(v) =v;

b. nometutb Kaxabii Tepm f (vy, ..., V), T4E Vq, ..., Vx — HEKOTOPbIE TEPMbI:
i. Ay, ., ) =7f;

c. ansakaxporo tepma f (v, ..., Ug) gobasuts gyru (f (vy, ..., Vi), v;):
i. f(vy, ., v)li] = v;, anascexi € {1, ..., k};

2. MOCTPOUTb KOHTPYIHTHOE 3aMblKaHue R* oTHoweHusa R = {(ti, t}) i i €{1, ...,p}}:
a. MONOMWTb OTHOLWEHWe R* paBHbIM R;

b. noka Bo3moxHO, fobasuTb B R napy (v,u) € R*, Takylo 4TO UCTUHHO XOTA bObl

O[JHO U3 CNEeAYIOLLMX YCIOBUIA®:
i. UM U KOHTPY3HTHbI MO OTHOWeHUIO R*;
i. (u,v)€R";
ii. (v,w) € R n(w,u) € R* oNa HEKOTOPOI BEPLUMHbBI W;
3. ecmpanascexi € {1,...,q} Tepmbl s; u s'; pasnuunbl n (s;,s';) € R*:
a. KOHBIOHKLMA BbINOJHUMA;
4. uvHauve:

d. KOHbBHHKUMA HEBbLINO/IHMUMA.

55 Umetotcs 6onee 3GPEKTUBHbIE arOPUTMbI MOCTPOEHUS KOHIPYIHTHOTO 3amblkaHua (cm., Hanpumep, [Nei07]).
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8.3.3. KomGMHMpOBaHUe TeOpU

Ycnosun BepnduKaLmMmn 1 yCAOBUN 3aBEPLLUMMOCTM NMPOrPaMM YacTo BbIPaXKaloTcA B TEPMUHAX
HeCcKo/bKMx Teopuin [Hen88], BkatoUas LeNnoYncieHHyo apudMeTMKy, onepaummn Hag Maccu-
BamM, GyHKLMOHANbHbIE ypaBHEHMA. YTOObl onepmMpoBaThb C TaKMMU GOPMYNAMU HYKEH METOS,
KOTOPbIV NO paspeLlalowmm npouesypam OTAENbHbIX TEOPUN KOHCTPYMPYET paspeluatoLLyto
npoueaypy AN UX COBOKYNHOCTU. OQUH M3 TakKMx MeTo0B 6bl1 npeasoxKeH B 1979 r. yxke yno-
MAHYTbIMK HenbcoHom 1 OnneHom [Nel79]. MeTog, npumeHUm a1A 6€CKBAaHTOPHbIX TEOPUH, He
MMeRLLMX 06LWMX GYHKLMOHANbHBIX U NPeAMKaTHbIX CUMBOJIOB 33 UCK/IOYEHMEM CMMBO/IA pa-

BEHCTBa, obAszaTenbHOro Ana scex KOM6MHMpy6MbIX TeOpMVI.

Npea metoaa HenbcoHa-OnneHa cocTouT B criegytoem. Mo ncxogHon dopmyne CTpoUTca MHO-
KecTBo GOpPMYS, KaXKaas M3 KOTOPbIX OTHOCUTCA K KaKOM-TO OZHOWM Teopuu (A8 3TOro MOXKeT
noTpeboBaTbCsA BBEAEHNE HOBbIX NEpeMeHHbIX). Ecnun xoTa 6bl ogHa dopmyna HEBbINONHUMA, TO
HEBbINOIHMMA M UcXo4Han popmyna. MoKa GopmMyibl BbIMOAHUMbI, U3 HUX BbIBOAATCA PaBEHCTBA
nepemeHHbIX, KOTOPble UCMOb3YHTCA 4NA YTOUHEHUA gpyrux dopmyn. Ecam gocturaeTcs Hacbl-

LeHne (HoBble paBEHCTBA He BbIBOAATCA), MCXoAHasA popmyna BbINoJHMMA.
FoBopAT, 4To U3 dopmynbl F 8bI800UMCA pageHcmMeo x = y, ecnu
EF - (x=y).

3ameTVM: 06LLEe3HAYMMOCTb TaKOM MMMIMKALLMM MOKET BbITb YCTaHOBNEHA pa3peLuatoLeit npo-

Leaypov COOTBETCTBYIOLLLEN TEOPUN.

MeToz nprMeHUM (ABNSETCA 3HAUMMBbIM U NOJHBIM) TONbKO AN15 8bIMYK/biX meopull, T.e. TEOPWUH,
Y[,0BNETBOPAIOLWMX CNefytollemy CBOMCTBY: U3 GOPMy/ibl TEOPUM MOMKHO BbIBECTU HEMYCTYIO
[OV3bIOHKLMIO PAaBEHCTB TOrAa M TO/IbKO TOrAa, KOrAa U3 Hee MOXHO BbIBECTU XOTA Bbl 04HO pa-
BEHCTBO 3TOMN AM3bIOHKLMKN B 0TAeNbHOCTM [Hen88]. Mpumepbl BbINyK/bIX U HEBbIMYK/bIX TEOPUIA

npvseaeHbl B Tabanue 8.3.

Tabauya 8.3. MMpumepbl 8bINYKAbIX U HEBbIMYKAbIX meopuli

Bbinyknan Teopusa Hesbinyknasn Teopus

JlvHeliHan apudmeTnKa (CnoskeHune, yMHOKEHHUE Ha .
JInHeliHan apudmeTrKa Hag, Z
KOHCTaHTY, cpaBHeHusa =,#, <, >, <, >) Hag Q

Teopus paBeHcTBa Teopus maccusos
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Mpumep 8.4
MoscHUM paboTy meToga HenbcoHa-OnneHa Ha Nnpumepe. PaccmoTprm Gopmyy, BKIHOYAIOLLYHO
apuPmMeTUYeCcKne COOTHOWEHUA (nHelHas apudmeTnka Hag Q) n dyHKLMOHaNbHOE HepaBeH-

cTBO (Teopwua paseHcTBa) [Hen88]:

F=@x<y)A@+z<0)Az2z0)A(f(f@) - ) * f@).
BHauane no dopmyne F ctpoatca ase popmynbl: F; u F, (F = F; A F,):
FE=<yY)ANy+z<x)A(Z=0)Aw; =w, —ws);
Fy = (W, = (X)) A(ws = fFOD) A (f(wy) # f(2)).

ObpaTtute BHUMaHME: KaxKaan n3 aTux GopmMy BbIMOIHUMA, @ UX KOHBIOHKLMA — HeT. U3 apud-
MeTUYEeCKMX COOTHOLLEHMI BbiTeKkaeT, yto X = y u z = 0, cnepoBatenbHo, w, = wa uwy = 0, a
3Hauut, f(wy) = f(2). YT06bl MPUINTU K TaKOMY BbIBOAY Heobxoaum obmeH uHbopmaumen

MEKAY PaspeLlaoLMmm npoLeaypamm 4syX TEOPUit.
Kak npoucxoamt obmen? U3 F; BbIBOAWTCA PaBEHCTBO X = Y, KOTopoe aobasnsercs B F:
F, = (Wo = fO))AWws = fO) A(fwy) # f(2)) A (x = ).
N3 F, BbIBOAMTCA PAaBEHCTBO W, = W3, KOTOpoe fobasnsercsa B Fy:
F=@SyY)ANG+z<x)AN(2=0)A (W =wy —wz) A (wy = ws).
U3 F| BbiBOAMTCA paBeHcTBO Wy = Z (w; = z = 0), KoTopoe gobasnserca B Fy:
Fy' = (wy = fO) AWz =FONA(fwy) # f(D)) A(x =y) AWy =2).
®opmyna F;' HEBbINOSHWMa, OTKYAa C/IeAYET HEBbINMOAHUMOCTb UCXOAHOM GOPMYJIb.
o
8.4. Bonnpocsl ¥ ynipaxHeHUs

1. [aitte onpegeneHune paspewnmon Teopun. NMpuseguTe npumepbl PaspelrmblX U Hepaspe-

LWMMbIX TEOPUN.

2. [okaxuTte uto pesonbeeHTa Res(Cy, C,) BbINONHMMA TOTAa M TO/IbKO TOrA4a, KOTAa BbINO-

Huma dopmyna {Cy, C,}.
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10.

11.

12.

MoKa*knTe, YTO NPaBMIO PACNPOCTPAHEHUA eAMHNULBI ABAAETCA YAaCTHbIM Cly4aem npasmaa

pesontounn.

Mcnonb3ya meToa, pe3oioLmia, MOCTpoiTe ABa onpoBep:eHna popmynbl {pqr, pr,qr,7}: B
nepBoM C/lydae NpUAEPKMBaAUTECH MOPAAKA P, q,T ANA CTaNKMBAHUA Knays; BO BTOPOM —

r,q,p [Benl2].
MNpusegute K MH® cneaytowme popmynbl (A u B — 6eckBaHTOpHble dopmybl) [/TaB09]:

a. —3AxVy3zVu 4;
b. 3xvy A(x,y) AIxVy B(x,y);
c. Ixvy A(x,y) VvV IxVy B(x,y);

d. Ixvy A(x,y) - IxVy B(x,y).
MNpusegute Kk CCO cneayrowme dopmynsi [J1as09]:

a. Ixvy Q(x,y) = IxVy Q(x,¥);
b. IxVy3azvv R(x,y,z,v);

c. Vx3yvvazR(x,y,zv).

MocTtpoiTe HOY (ecnv BO3MOXKHO) AN1A cneayrolmx nap atomos [Ben12]:

a. p(axf(g)) p(v.f(@),f(@);
b. p(x9(f(@)f(x)) p(F(a),,);

¢ p(rg(f@)f@)  pFG)zY);

d. p(axf(9m)) p(z h(zw), f ().

HanuwuTte nporpammy (Ha yao6HOM Bam A3blKe MPOrPaMmMMUPOBAHMSA), PEAINBYIOLLYHO NPO-

Leaypy pesontoumio ANA I0TMKKU BbICKa3bIiBaHUIA.
Hanuwwure nporpammy, peanusyiolyto anroputm DPLL nposepku paspewmmoctn KHO.
HanuwwuTte nporpammy, peanunsytoLLyto anroput™m yHupukaumm Maptennm-MoHTaHapw.

HanuwuTte nporpammy, peanmnsyoLyto npoLeaypy pe3otoumnn 408 10rMK1 NpeanKkaTos nep-

BOro nopAaaka.

HanuwuTe nporpammy, peanunsyoLLyto paspeLuaoLLyto npoueaypy 418 6eCKBaHTOPHOW Teo-

pPUM paBEHCTBA HEUHTEPNPETUPYEMbIX GYHKLIMOHAIbHbBIX CUMBOJIOB.
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13. Kakne Teopumn HasbiBalOTCA BbINyKAbIMWU. MpuBeanTe npumepbl BbIMYKAbIX U HEBbINYKAbIX

TEopUi.

14. MoKaxKunTe, YTO IMHENHAA apUPMETUKA HaZ MHOMKECTBOM LLE/bIX YNCEN U TEOPUSA MACCMBOB

He ABNIAKOTCA BbINYKAbIMU TEOPUAMMU.
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Jlekuusa 9. CnenupukKanusa v
BepuPUKaLUA Napasijie/IbHbIX
mporpaMmm

Cywecmsyem o6wupHbIli MevanbHbIl ofbim mozo, 4mo napasn-
/1es1bHble MPo2pammsbl 6€CbMa yrnopHO CONPomMuUesIAIOMCA Cepbes-
HbIM YCUAUAM 0 8bIABAEHUIO 8 HUX OWubOoK.

C. OBuLKM, J1. JlamnopT.
[loKka3aTe/IbCTBO CBOWCTB KMBOCTU B MapasisieNibHbIX CUCTEMAX.

PaccmaTpwvBatoTca napanienbHble NPOrpammbl — NPOrPammbl, COCTOALLME U3 HECKO/IbKMUX MPOLLECCOB, UCTOHAEMbIX COBMECTHO
1 B3aMMOZENCTBYIOLLMX APYT C APYrom Yepes obLume nepemeHHble. CEMaHTUKa TaKMX MPOrpaMm onpeaesfeTca C MOMOLLbIO Na-
pafaurmbl YepefoBaHua npoueccos. Ocoboe BHUMaHME yAeNAeTca Tak Ha3blBaeMbIM pearmpyoLmMm cucTeMam — Nporpammam
ocoboro TMna, paboTalomm B «6ECKOHEYHOM LMKAE» U PEArupytoLMmM Ha COBbITUA OKPYXKEHWUA NMyTem WCMONHEHUA Tex Uav
WHbIX AeicTBMIA. ONucbiBaeTcs oAMH U3 GOPMann3moB, NPUMeHAEMbIX ANA cneundUKaLnmM pearmpyoLwmx cucTeM — TeMNopasb-
HaA Nornka AMHeHoro Bpemenu (LTL, Linear-time Temporal Logic). na nantocTpaumm metooB cneumdukanmm n sepudukaLmm

napasnfiefibHbIX NPorpaMmm UCnosib3yeTca anropuTm lNetepcoHa B3aMMHOIO UCKKOYEHUA NPOLLECCoB.

9.1. llapayiesibHbIE IPOrpaMMbI

[lo HacToAWEero MOMeHTa Mbl PaccMaTpuBanu mocsedosamesibHsie NPOrpaMmbl. 3HAUYUTENbHYIO
oo peasbHoro MO cocTaBAAOT MPOrpammbl, COCTOALLME U3 HECKOJIbKUX MapaniensHo QyHK-
LMOHMPYIOLLMX U B3aMMOAENCTBYIOLLMX MPOLLECCOB: MPorpaMmmbl 06paboTku 60/bLUMX MacCUBOB
[JaHHbIX (B TOM YMCNe NPOTrPaMmbl, BbIMONHAIOLME YUCAEHHbIE PACYETbl), KIMEHT-CEPBEPHbIE

NPUNONKEHUA, PA3HOTO POAA CUCTEMbI YIPABIEHUA U T.4.

Pa3paboTka napannenbHoM NporpaMmmbl — HENpOCTas 3aj4ada, Tpebytolas NOMUMO NPOYEro ak-
KYPaTHOM CUHXPOHU3AYUU npoLeccos. [lesio B TOM, YTO OWMOKK, CBSA3AHHbIE C CUHXPOHM3aLUMEN,
KpaliHe CNOXKHbI AN 0BHAPYXKEHMA — OHM NPOABAAIOTCA INLWb NPW ONpeaeNeHHOM NopsAaKe uc-
NOMHEHMA ONepaTopoB NPOLLECCOB, B TO BPeMA KaK YMCN0 BapUAHTOB UCMONHEHUA OrPOMHO®.
MN3BeCTHbIN Npumep — Cyyal ¢ annapaTtom nyvyeBor Tepanum «Therac-25», Korga owmnbKa cuH-

XPOHM3aUMK CTana NMPUUMHOI NepeobiyyeHns U CMEePTU HECKONbKMX YenoBek (cm. nekuuio 1).

6 flgnerune 3KCMOHEeHUMANbHOro poCTa Yyncna COCTOAHUM napanneanoﬁ ApOorpammbl OT YMC/1a NPOLLECCOB U3BECTHO KaK KOM6UHGmOprIﬁ 83pble

yucna cocmosHuli (state explosion).
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He 6y,c|,eT npeysennyeHnem CKasaTb, YTO O1A NapannesibHblX Nporpamm cboprvuaanble meToabl
BepVICbVIKaLI,VIM 0cobeHHO aKTya/ibHbl — oWKnbBKM CUHXPOHU3aUNKN TPYOHO BbIABUTb, NCMONb3YyA

Wb TPAaAMLMOHHOE TecTupoBaHue [Kapl0].

9.1.1. [Iapa/uiesibHBIE IPOrpaMMBbI Ha/, 00LIEH NAMSATHIO

PaccmoTpum cieaytoLLyto YNPOoLLEHHYO Moaesb. [TapanaensHoli npoepammoti, uam NpocTo fnpo-
2pammoli, Ha3blBAETCA KOHEYHOE MHOKECTBO MOC/Ie40BaTE/bHbIX MPOrPamm Hag obLWwmum MHo-
ecTBOM nepemeHHbIx. OTaebHas Nporpamma 3TOro MHOXeCTBa HasblBaeTcs npouyeccom. MNe-
pemMeHHble, NCNoNb3yeMble TO/IbKO B O4HOM MPOLECce, Ha3bliBAOTCA /0KAAbHbIMU; NEPeMeH-

Hble, UCNOoJIb3yeMble B HECKOJZIbKMX npoLeccax, — p03a€/7FIE’MbIMU UK 27106G716HbIMU.

MapannenbHasa nporpamma {P;, ..., P,} obo3Hauaetca Takxe Kak Py || -+ || B,. Ana ynobcrsa 6y-
[EeM CUMTATb, YTO NPOLLECCHI MPOrpamMmmMbl 3aHyMepoBaHbl: P; — npoLlecc ¢ Homepom (udeHmudu-
kamopom) i € {1, ..., n}. Kaxkablin onepatop nNporpammbl NOMeYeH METKOI, YHUKaNbHOMN B pam-
Kax ogHoro npotecca. MeTka 3anucbiBaeTca nepes onepaTopom 1 OTAENAETCA OT Hero A4BOETO-

umem: label: statement. MHOXeCTBO BCEX BO3MOXHbIX METOK byaem 0603Ha4yaTb CUMBOJIOM L.

KoHgueypayued nporpammbl Py || -+ || B, Ha3bisaeTca napa (L, s), rae l: {1, ..., n} » L — cocmo-
AHUe ynpasneHus, a s:V — D — cocmosHue 0aHHbIX (3aecb V — MHOXeCTBO NepemMeHHbIX Npo-
rpammbl, a D — yHuBepcanbHbit gomeH)’. 3anuce P@L, unun npocto @I, ecnv u3 KOHTEKCTa
AICHO, O KAaKOM npoLiecce naeT pedb, 0603HavaeT TOT GpaKT, uTo UCNOHEHME npouecca P «Haxo-
LMTCA» Ha onepaTope, NoMeYyeHHOM MeTKow | (rosopaT — B mouke ). Ecim L' € L, 3anucs P@L'

(@L') osHauaeT, 4to ncnonHeHue npouecca P HaxoauUTca B OAHOM U3 Touek MHoxecTsa L'

9.1.2. CeMaHTMKa 4YepeJOBaHUU U CIIPABEAJIUBOCTD

IVIAHUPOBIIIUKA

CeMmaHTMKa, AN Mmoodesnb 8bl4ucaeHull, NapannenbHOM nNporpamMmmbl MOXKeT ObiTb onpeaeneHa,

MCNo/b3ya Napagurmy YepedosaHusa (UHMepsauguHaa), U3BECTHYIO TaKKe KaK aCUHXPOHHLIU na-

57 KoHdurypaumio napasnenbHoi Nporpammbl MOKHO ONPeAeuTb U 6e3 UCMONb30BaHKUA METOK, Kak 3TO CAENAHO B IEKLMM 2 NPU PACCMOTPEHUM

CTPYKTYPHOI ONepaLMoHHOM CEMaHTUKN.
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pasnneausm. MycTb NPoLLecchbl ONUCaHbl HA A3bIKe NPOrpaMmMmUpoBaHua ¢ opMann3oBaHHOM one-
PaLMOHHON CEMAHTUKOM, Hanpumep, Ha s3bike while (cm. nekumto 2). Torga oTHOLWEHMe nepe-

xon08 nporpammbl Py || -+ || B, onpeaensetca cnefyolWmm ceMeincTBOM Npasua BblIBOAA:

li # 1,,{l;,s) 7 (L, s")
(I,s) > (i =1],s")’

ie{l,..,n}

3pech [; = [(i) — meTKa TeKylLero onepaTtopa npouecca P;, [, — cneumanbHaa meTka, CMMBO-

NN3nNpyoLlan 3aseplieHne npouecca, - — OTHOWEeHMe nepexoaos npotecca Pi-
i

BuaHO, YTo NoBeseHWe Napaie/ibHON MPOrpaMmbl He0emepMUHUPOBAHO — OHO 3aBUCUT OT Bbl-
6opa npouecca Ans ucnonHeHus. CtpaTervio BbiIbopa NpoLecca, TakKe Kak U CYLLHOCTb, peanu-
3YI0LLYIO 3Ty CTpaTerunio, Mbl 6yAem Ha3blBaTb MNAHUPOBUUKOM. PeanbHble NaaHNPOBLLMKM (CKa-
eM, NNaHNPOBLLMKM B ONEPaLMOHHbIX CUCTEMaX) MOTYT 6bITb BMOJIHE AETEPMUHUPOBAHHBIMMU,
OHAKO MpPOrpaMmbl (Mob30BaTENbCKMUE MPUIONKEHNA) OOMKHBI BbITb paccunTaHbl Ha paboTty B
Pa3sHOM OKPYKEHWM, YTO 03HAYaEeT, YTO OHU A0JIKHbI BbITb KOPPEKTHLIMM HA BCEX BO3MOMKHbIX

BbIYMCIEHUAX (CM. NEKLMIO 2).

Mcnonb3ya KOHLENUMo NAaHMPOBLLMKA, UCNOJHEHME NAPANNENbHON MPOrPaMMbl MOXKHO 3amnu-

caTb cnegyowmm obpasom:

(1, sy := (lo, Soy;: /* MHUUMaIU3upyeTCcsd nporpamMa */

P := {1 | 1; # lo}; /* BHIUMCJISETCS MHOXECTBO aKTMBHHIX [IPOLIECCOB */

while P # J do /* moka eCcTb aKTMBHHE NPOLECCH,
p := schedule (P); BHIOMpAEeTCsa OOMH M3 HUX */
(1, s) := execute(p); /* VCHOJHAETCS ONepaTop BHOPAHHOTO npolecca */
P := {1 | 1i # lo} /* NEepeBBUUCIIAEeTCS MHOXECTBO [IPOLECCOB */

end

Mpumep 9.1

PaccmoTtpum nporpammy P = P; || P,, B KoTopoii
Pi=liix=y n P, =l:y =x,

c ycnosuem koppektHoctv ((x = a) A (y = b))P{(x = b) A (y = a)), rae a u b — HeKoTopble
KOHCTaHTbI. Bbipaskasch HeGopmasibHO, OT Nporpammsl P TpebyeTtcs NOMEHATb MECTamu 3Have-

HUA NepeMeHHbIX X N Y.
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HayanbHbIM COCTOAHMEM [AHHbIX ABNAETCA O3HAa4YMBaHUE {X =ay b} (,EI,I'IH KpPaTKOCTH obo-

3Hauum ero (a, b)). OueBnaHo, 4To Npouecchl Py u P, cofepikaT no ogHoMy nepexoay:

L4 (ll' (a' b)) T (lw!(b' b))'

o (2, (ab)) >l (a ).

B cooTBeTcTBUM C OI'IpE,CI,El]EHHOﬁ BblLLUE CEMAHTMKOM yepenoBaHuA, OTHOLWEHKME Nepexoaos Npo-

rpammbl P COCTOWT U3 Ceayroumx nepexosos:

° ((lplz)'(a: b)) - ((lw' ZZ)'(bt b));
o ((l4,12),(a, b)) = ((l4, 1), (a, @));
o (L, 12), (b, D)) = (s, Lw), (b, b));
° <(l1,lw),(a, a)) = ((lwrla))’ (a, a))
Takum o6pa30M, ANnA Ha4a/IbHOINo COCTOAHUA (a, b) Y nporpammbil P ectb ABa BO3MOXHbIX Bbl-

YMCNEeHUA: Pe3yNbTaTOM OAHOTO M3 HUX sBnseTcsa coctoanue (b, b); ppyroro — (a, a). Hu 10, HK

[ipyroe He y/10B1€TBOPAET NOCTYC/I0BUIO (MPU YCI0BUM, KOHEYHO, 4To a # b)%E.

O

OwwnbKa B npumepe Mmoxet 6bITb 06bACHEHA HECOOTBETCTBMEM 3aMbIC/1a nporpammmctTa U uc-
I'IOI'Ib3y€MOﬁ moaenu BbIYUCIEHUN. CyLLecTByOT MOZE/N, B KOTOPbIX NpUBeAeHHaA Nnporpamma

KOppeKTHa. MycTb, Hanpumep, UCMONHEeHWe NPOrPaMMbl YCTPOEHO CAeAYOLWMM 06pa3om:

® Ha KaXXAoMm Lare Bbl4NUCAAETCA MHOXXEeCTBO aKTUBHbIX MPOLECCOB;

® 0OfepaTopbl aKTUBHbIX MPOLLECCOB UCMONHAKTCA COMNAacOBaHHO, MCMNOAb3YA CAEAYIOLLYI0
ABYXba3HY0 AUCLUNANHY:
1. CUMTLIBAIOTCA 3HAYEHMA BXOAHbIX NEPEMEHHbIX M MPOU3BOAATCA BbIYMCAEHUS;

2. pesynbTathbl BbIYMCAEHWNI 3aMNMCbIBAOTCA B BbIXOAHbIE nepemeHHble.

8 [lns Toro 4To6bl NPOrpamma 6biia HEKOPPEKTHOWM OTHOCUTENBHO MPEAYCI0BUS (@ U MOCTYCN0BUS 1, LOCTAaTOYHO CYLLECTBOBAHMA XOTA Bbl 04-

HOro BbluMcneHna T = {s;}1=;, Takoro uTo Sy = @ U Sp_q # 1.
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Takas mofenb BbIYMCIEHUIN, U3BECTHAA KaK CUHXPOHHbIU napanaenu3m, WUMPOKO UCMO/b3yeTcs
npv NPOEKTUPOBaHUK LMPOBOIM annapaTypbl [Bap79]. B aToli Mogenun napannenbHblie NPUCBa-
MBAHUA B O4HY NepeMeHHyo b0 3anpeLLatoTcs, TM60 coBepllaeTca TONbKO OAHO U3 HUX, Bbl-

H6paHHOe HeaeTepPMUHMPOBAHHbIM 06pa3om.

9.1.3. Pearupywouue cCuCTeMbl

Janee mbl byaem paccmaTpuBaTb UCKAIOUUTENbHO OCUHXPOHHbLIE MapanienbHble NporpaMmmol.
Bonee Toro, mbl 6yaem paccmatpusaTb Nporpammbl, paboTatolme B «6ECKOHEYHOM LIMKNEY.
Peub MAET O TaK Ha3bIBAEMbIX peaaupyrowux, Ui peakmusHsix, cucmemax (OT aHrA. reactive).
TaKkue cucTeMbl pearMpytoT Ha COObITUA OKPYXKEHMUA, BbINOIHAA B OTBET T€ U/N UHbIE AENCTBUSA.
9TO O6LIMPHbINM KNAcc MPOrpamm, BKHOYALOLLMI ONepaLMOHHbIE CUCTEMDI, APaliBEPbI YCTPOICTB,

TeNEeKOMMYHMKALMOHHbIE cpeapl, CUCTeMbI ynpasaeHua u T.n. [Kap10].

Ha gaHHOM 3Tane nog cobbimuem NOHUMAETCA YCI0BME Ha 3HAYeHWA pa3aeniemblX nepemeH-
HbIX (0XpaHHOE ycrosue, uan 3awuma), a nog, delicmeuem — 4acTb NPOrpammsl, cpabaTbiBato-

wan, Koraa ycaosume CTaHOBUTCA UCTUHHbBIM.

Mpumep 9.2

PaccMmoTpum CUHXPOHHBbIU KaHaAa nepeaaym coobLLEHWNI, TaKKe U3BECTHbIN KaK paHOesy. KaHan
nepegaet coobleHMEe OT NpoLecca-MCcTOYHUKA (STc) B npouecc-npuemHuk (dst). Nepeaaya ocy-
LecTBAAETCA TONIbKO NPU OAHOBPEMEHHOM FOTOBHOCTM 06emnx cTopoH. CoobLLMB O FOTOBHOCTU
HW UCTOYHMK, HU MPUEMHMK He BMNpaBe M3MEHUTb CBOe pelleHue. Mpoueccobl UCNOb3YOT Creay-

ouune pasgenaembie nepemMmeHHble:

ST'CRdy — FOTOBHOCTb MCTOYHUKaA K OTMNpaBKe COOGLLI,GHVIH;

e srcMsg — cooblieHue, nepeiaBaeMoe UCTOUHUKOM;

dstRdy — roToBHOCTb NPUEMHMKA K MpUemMy coobLieHus;

dstMsg — cooblueHre, NPUHUMAEMOE MPUEMHUKOM.

Peanusauma kaHana npuseaeHa HMxe (I'IpOLI,ECCbI, ncnonb3yrwuime KaHan, He paCCManMBaIOTCFI).

while true do

if srcRdy = 1 A dstRdy =1 /* HnpoBepka IOTOBHOCTM OOEMX CTOPOH */

then /* B cilyyae roTOBHOCTU: */
dstMsg := srcMsg; /* ocymecTBigeTcsa rnepemgada coolumeHus */
dstRdy := 0; /* KaHaJl yBeNOMJISeT [IPUEMHMK ¥ MCTOUHUK
srcRdy := 0 O BaBepumeHMM nepepauy coobmeHus */
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else /* B ciiydyae HETOTOBHOCTU: */
skip /* xaHajy besgmencrByeT */
end
end

B npvmepe MOKHO BblZeINTb COBbITUE FOTOBHOCTM K nepeaaye cooblieHuns
(srcRdy = 1) A (dstRdy = 1)
1 geicTeue no nepegave cooblieHns

dstMsg = srcMsg; dstRdy := 0; srcRdy = 0.

Mpu aHanM3e CBOMCTB pearnpyowmnx CMCTemM NpeanoiaratoT, YTo NNAHUPOBLLMK ABAAETCA Crpa-
8e0/1UBbIM, T.€. KaXKabll NpoLecc Nnepmoanyeckn, Bpema oT BPeMeHu, BbibupaeTca 4aa ucnos-
HEHWA; APYrMMU CIOBaMM, HEBO3MOXHA CUTyaLMa, KOr4a Kakon-HMbyab npouecc He Bblbupa-

eTca 6ecKoHeYHo AONro.

9.2. dopmasibHasA ciequPUKALMA PEAKTUBHBIX CHCTEM

MoBeaeHWe pearnpyrowmx CUCTEM OMMUCLIBAETCA B TEPMMUHAX Noc/ieaoBaTenbHocTen cobbimuli
(cmumynoe v peakyud), pacnpeaeneHHbix Bo spemMeHu. Ana cneundurKkaumm TpebosaHuii K pea-
TVPYIOLLMM CUCTEMAM YacTO MCMO/b3YIOTCA TaK Ha3blBa€Mble MemnopasbHbie 02Uk — Gop-
MaJsibHble A3bIKM, MO3BOAAIOWME 334aTb B3aMMOCBA3M COBbITUIN BO BPEMEHM: MPUYNHHO-Cea-
CTBEHHbIE CBA3M, OrPaHMYEHMA Ha OTHOCUTE/IbHbIN MOPALOK, BENNUMHBI 3a4EPXHEK MEXAY CObbl-

TUAMU U T.NM.

Mpumep 9.3
MpuBesem Npumepbl MemMnopanbHeix caolicms:
e cuctema pabortaeTt 0o mex rop, NoKa He byaeT OCTaHOB/EH];
e ecnu 3anpoc 6bin NPUHAT, OH Ko20a-HUbyOb byaeTt obpaboTan;

e 3anABKa ¢ 6GbWKNM NpuopuTeETOM 0bpabaTbiBaeTcs neped 3asBKON C MEHbLIMM MPUOPU-

TEeTOM;
e 1Ba npouecca 00HO8PeMEeHHO He MOTYT 06paTUTbLCA K 0bLuemy pecypcy;
® nporpamma HUKo20a He 3aBUCaET;

® [OaHHble ecez20a Haxo4ATCA B LLe/IOCTHOM COCTOAHUMN.
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9.2.1. TemnopasibHas jjoruka LTL

Cpeam TeMnopanbHbIX IOTMK 0coboe pacnpocTpaHeHne B MHGOPMATUKE NONYUUNN [BE NIOTUKU:
memmnopanbHas ao02uKka AuHeliHozo epemeru (LTL, Linear-time Temporal Logic) [Pnu77] n mem-
nopaneHaa noz2uka semsaujezoca spemeHu (CTL, Computation Tree Logic) [Cla86]. B Hawem
Kypce mbl Byaem ucnonb3oBatb A0runky LTL, npeasoxkeHHyto B 1977 r. Ammnpom MHyanm (Amir

Pnueli, 1941-2009) [Pnul].

B LTL K CMHTaKCKCY KaccMYecKom NOMMKM BbiCKasbiBaHUIM A06aBaeHbl 4Ba MemMnopasbHbix one-
pamopa: yHapHbii onepatop X (0T aHra. neXt time — B cneayowWmMii MOMeHT BpemeHu)>® n 6u-
HapHbIlt onepatop U (oT aHrn. Until — po Tex nop, NoKa He). 3T1 ABa onepartopa ob6pasytoT mem-

nopanbHeili 6asuc LTL.

MycTb 3a4aHO MHOKECTBO 3/1eMeHTapHbIX BbicKasbiBaHnn AP (Atomic Propositions). ®opmyna
norvkn LTL 3agaeTca cnefyowert rpaMmaTiKol (Npu HeobxoaMMOCTM MOXKHO MCMOJ/1b30BaTb

CKObKM) [Kap10]:

pu=pl-pleVve|Xe|leUe.

34ecb p — 3TO NPOM3BO/ILHOE 3/1IEMEHTAapPHOE BbICKa3bliBaHWe U3 MHOXecTBa AP. [ins yaobcTea
B dopmynax LTL MOXKHO MCMONb30BaTb MPON3BOAHbIE TOTMYECKME CBA3KM, Hanpumep, A u —, no-
rMYecKue KOHCTaHTbI, true u false, n npousBoAHble TeMNopasbHble onepaTtopsbl, BKatovas F (ot
aHrA. in the Future — Korga-Hnbyab B 6yaywem) n G (ot aHrn. Globally — rnobanbHo, Bcerga).

Ha cofeprkaTeNIbHOM ypOBHE TEMMNOpPasibHble ONepaTopbl MHTEPNPETUPYIOTCA TaK:

o X@ — dopmyna @ UCTUHHA B CIEAYIOLNIA MOMEHT BPEMEHH;

e @ Uy — dopmyna Y uctmHHa celivac nnm 06sa3amesibHO CTaHET UCTUHHOW 8 Bydyuwem,

HO [,0 3TOr0 MOMEHTA (He BKAYUTE/IbHO) A0KHA ObITb UCTUHHA dopmyna @;
e Fo = true U ¢ — dopmyna ¢ UCTUHHA ceryac Uan CTaHeT UCTUHHOW Koraa-Hubyab B by-

Aywem;

59 O6bIYHO PACCMATPUBAIOTCA TEMMOPA/bHbBIE NOTUKK BYAYLLEro BPEeMEeHU, XOTA UMEIOTCA PasHOBUAHOCTY U [/1A NPOLLAOTO BPEMEHW.
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o Gp = —F-¢@p — dopmyna —¢ noxHa cenyac 1 HUKOrAa He CTaHeT UCTUHHOW 8 bydyujem

(ceada, HaunHasA C HAaCTOALLErO MOMEHTa BPeMEHU, UCTUHHA dopmyna @).

Ob6paTtute BHUMaHWe, Y4TO ANA UCTUHHOCTU dopmybl F A0CTaTOUHO UCTUHHOCTM ¢ B HACTOALWMNI
MOMEHT BpemeHU. YTobbl UCKNOYMUTD U3 PacCMOTPEHUA HAcToALLee BPeEMA, ceayeT UCMOo/b30-

Batb popmyny XFo.

CemaHTMKa TemnopasbHbIX onepaTtopoB LTL unntoctpupyetca B Tabamue 9.1 ¢ nomolbio Bpe-

MEHHBIX AMarpamm.

Tabauya 9.1. BpemeHHble duazpammel memnopasnbHelX 0repamopos

dopmyna LTL BpemeHHas amarpamma
B CrieayioLuit
MOMEHT BpeMeHn
Xp — B cneayowmii MOMEHT BpemeHn p
>
Celivac Bpewmsi
P He BKNIoUMTENbHO
— TEeX n MOKa H Korfia-H1Gy /b BLINOMHNTCA
p U q ,CI,O e Op' OKa He q (BO3MOXHO ceitvac)
>
Celiyac Bpems
Kkoraa-Hubyap B Gyayuiem
(BO3MOXHO ceityac)
Fp — korpa-wnbyab 8 6yayiiem p
>
>
Celiyac Bpems
Bceraa
p
Gp — scerpa >
Celivyac Bpewms

Ecnv Hy»KHO BbIpasnTb CBOMCTBO «dopmyna ¢ AOMKHA OblTb UCTUHHOM, NOKA He UCTUHHA dop-
myna YP», He Tpebysa uTobbl Korga-HMbYAb B Oyayliem cTana UCTUHHOM Gopmyna 1, 3TO MOMKHO

caenatb C NoMoLLblo Gopmy bl
pWy =(pUy)VGo.
TemnopanbHbiit onepatop W HasbiBaeTca ¢1a6eim U (oT aHrn. Weak until).

Opyrum nonesHbim onepaTtopom sasnsetca R (ot aHrn. Release — ocBoboxaeHue, pa3baoku-

poBKa) — onepartop AsolicTBeHHbI U:

@ Rll} = —|(—|(p U —|'Lp)
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Ero cemaHTMKa onucbiBaeTcA Tak: aMbo dopmyna Y Bceraa UCTUHHA, MBO A0 TOro, KaK OHa CTa-
HeT /IOXKHOW, CTaHeT UCTUHHOW @. Unu Tak: dopmyna P UCTUHHA [0 TOrO MOMEHTA (BKAtOYM-
Te/IbHO), KOTAa ( CTaHeT UCTUHHOM NepBbI Pas; eciv TAKOM MOMEHT HUKOTAa He HacTynuT, dop-

Myna Y UcTUHHA Bceraa (roBopAT: ¢ ocsoboxucdaem ).

Mpumep 9.4
PaccmoTpum ase popmynbl LTL, KoTopble Ham NoHagobATca B byayuiem:
o GFp — dopmyna ¢ byaeT UCTUHHOW BeCcKOHEeYHOe YMCIo pas (CBOMCTBO Xusocmu);

o FGp — korpa-Hnbyab popmyna ¢ cTaHeT UCTUHHOM U OCTaHeTCcA Takol Hasceraa (cBoi-
4, Y4, Y. 4

CcTBO cmabuu3zayuu).

Mpumep 9.5

YBneKatesbHbIM 3aHATUEM ABAAETCA GOPMann3aLma BbICKa3biBAHWI Ha eCTECTBEHHOM f3bIKe B

TOW UKW MHOM NoTuKe, Hanpumep, LTL. B [Kap10] nprvBeseHO MHOXECTBO 3aHATHbIX MPUMEpPOB.
e «Mbl byaem 6opoTbea, Noka He nobegumy»:

o (mb1 6opemcst) U (Mbl moGeJUIN) — ecTb yBEPEHHOCTb B byaylieit nobege, HO

[ON15 3TOrO HY}KHO No6opPOTLCS;

o (mb1 6opemcst) W (MbI mo6eiun) — nobepa He rapaHTMpoBaHa, HO 6opoTbeA

HY}XHO 10 NocneaHero.
o «CeroaHs oH UrpaeT ArKas, a 3aBTpa PoauHy npoaact» [B.E. baxHos].

o (oHn urpaert mxa3) — X(oH npogaet PoanHy) — ecnu oH ce2odHA (npamo celt-
yac) urpaert Askas, To 3aBTpa OH npoAact PoauHy;

o G{(oHn urpaet mxa3) — X(oH npojaet PoguHy)} — ecium Korga-Hubyab OH
HaYHeT UrpaTh A Kas, TO Ha CNeaytoWwmil AeHb Noc/ae 3TOro OH NPoAacT PoaunHy;

o G{(on urpaer mxa3) — XF(ou npojaet Poauuy)} — ecnm Korga-Hubyab OH
HaYHeT UrpaThb AxKas, TO Noc/e 3Toro (PaHo MAM NO34HO, HO HE BO BPEMS Urpbl) OH

npoaact PoanHy.
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9.2.2. CtpyKTtypsl Kpunke u cemanTuka jioruku LTL

CeMaHTMKa TEMMOpPA/bHbBIX JIOTMK MOXKET ObiTb onpegeneHa ¢ nomolbo cmpykmyp Kpunke,
Ha3BaHHbIX B YecTb Cosia AapoHa Kpunke (Saul Aaron Kripke, poa. B 1940 r.), BBeAluero ux B n1o-
rmko-punocodcknin obmxon B KoHue 1950-x rr. [Kri63]. B obuimx cnosax, cTpykTypa Kpunke —
3TO CUCTEMA BO3MOKHbIX MMPOB M NEPEXOL0B MEXKAY HUMU: KaXKAbl MUP CTaTUYEH U UHTepnpe-
TUPYETCA KAaKMM-HMOYAb TPAANUMOHHBIM 06pa3om. s IOrMK BbICKa3blBaHMM, B YaCTHOCTM A
TEMMNOPANbHOM NOrMKK LTL, MHTepnpeTauma MOXKeT 3a4aBaTbCs OTOOpaXKeHMeM, CONOCTaBAA-

MM KaKAOMY BbICKasbiBaHuio p € AP 3HaueHue uctunHoctu [p] € {true, false}.

Haavum dopmanbHoe onpegenenve. Cmpykmypol Kpurike HasbiBaeTca yeTsepka (S, Sy, R, L), rae
S — MHOKecTBO cocmosHuli, Sy © S — MHOXKecTBO HaYas1bHbIx cocmosAHul, R € § X § — oTHo-
weHue nepexodos, L: S — 247 — gpyHkyua pasmemku, nomeyatoLas Kaxa0e CoCToAHME CTPYK-
TYPbl MHOXECTBOM UCTUHHbIX B HEM 3/1IEMEHTAPHbIX BbICKA3bIBaHWUM (C MOMOLLBIO GYHKLMK pas-

METKM 33[1aeTcA UHTEPNPEeTaLmMs COCTOAHWUN).

CoCTOAAHUA CTPYKTYPbl KpUMKe — 3TO MIHOBEHHbIE KCHUMKM» HEKOTOPOro MOAENbHOro MuUpa:
«TUK YacoB» MPOMUCXOAUT MPWU BbINOJAHEHUW NEPEexoaa MEeXKAY COCTOAHUAMMW. EcTecTBeHHbIM
orpaHuyeHvem, HasaraembiM Ha OTHOLLEHME NepPexof0B, ABAAETCA BO3MOXKHOCTb 6ECKOHEYHOro
npozpecca epemMeHu: ANA KaxA0ro COCTOAHMA S AOIKHO CYLLECTBOBATb COCTOAHME S’ TaKoe, uTo
(s,s") € R. OTHOlWeHMe Nepexoaos., YA0BNETBOPAIOLLEE STOMY OrPaHUYEHNIO, Ha3blBAETCA M0/1-
HbIM. B AanbHelwem mbl byaem paccMaTpmBaTh TONbKO CTPYKTYpbl KpUnke, MMmetoLwme nosHble

OTHOLWEeHNA nepexoaos.

BbiyucnieHuem cTpykTypbl Kpunke HasbiBaeTcs GeCKOHEeYHana Noc/iefoBaTe/lbHOCTb COCTOAHWUM
T = {5;}{2o, TAKAA UTO Sy € Sy 1 (S, S;+1) € R ansseexi = 0. Tpaekmopueli CTpyKTypbl Kpurike,
) [ee)
MHAYLMPOBAHHOW BblYMCIEHMEM T, Ha3biBaeTca nociegosaTenbHoctb L(m) = {L(s;)}i2,, T.€.
nocnefoBaTesIbHOCTb, COCTOALLAA U3 MOMETOK COCTOAHUM, BXOAAWMX B TT. MycTb t = 0 — HeKo-
TOpbI MOMeEHT BpemeHm (uenoe uncio). Yepes ) 0603Haunm cydbduKe T, COCTOALLMI U3 n1e-

MEHTOB 7T, HauMHanA C Homepa t BrkatounTensHo: T8 = {si}iz;

®opmynbl LTL MHTEPNPETUPYIOTCA Ha BblYMCAEHUAX CTPYKTYP Kpunke. UcTUHHOCTD dopmynbl ¢
Ha BbluMcneHun T = {s;}{2, (06o3HavaeTcA: T E ) OoNpeaenseTcs UHAYKTUBHO MO CTPYKType

dopmynbl, Kak NoKasaHo B Tabaumue 9.2.
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Tabauya 9.2. CemaHmuka no2uku LTL

(1) | t=p,taep € AP | sy Ep, T.e.ecimp € L(sy)

(2 | mE e T

B)|mE@VY TEQeUINT EY

(4) | mEXe AONTV

5| TE@UY cywectsyet Takoe T = 0,uto 7 E 1 n anascex 0 < t < T sbinonnsetca t® & ¢

Kak cneacteue, cemaHTuKa onepatopos F n G onpeaensetca B cootTseTcTBumM ¢ Tabnuueit 9.3.

Tabauya 9.3. CemaHmMuKka memnopanbHeix onepamopos F u G

(6)

m E Fo cywectayet Takoe T > 0, uto (M) & ¢

7

T E Gy ans no6oro t = 0 ebinontsetca 1) & ®

3ameTum, 4To UCTUHHOCTb dopmyn LTL onpenensercs He CTONbKO BbIYMCAEHUSMU CTPYKTYP

KpmnKe, CKO/IbKO MHAOYUMPOBAHHBIMMN UMW TPAEKTOPUAMMU (Ba)KHbI He CaMM COCTOAHUA, a UX NO-

MeTKu). MpuBeaeHHOoe Bbllle onpeseseHne MOXKHO NPaKTUYecKM 6e3 n3sMmeHeHui nepenncaThb B

TepPMUHAX TPAEKTOPUNA.

9.2.3. AKcuoMaTu4yeckoe onpejesieHue Joruku LTL

JNloruky LTL MOXKHO onpegennTb U uHbiM, 6o1ee abcTpaKkTHbIM CNOCO60M — akCcMOMaTMYecKu. B

3TOM c/lydae npeacTaB/ieHHasa Bbilwe WMHTepnpeTaums LTL ¢ NOMOLLbIO BbIYMCAEHWUI CTPYKTYP

Kpunke — nWb 04Ha 13 BO3MOXHbIX MOZE/eN 3TON NOTUKKU. AKCMOMaTMYECKoe onpeaeneHne

LTL 3apaetca AelyKTMBHOW CUCTEMOW, NpeacTaBaeHHoM B Tabanue 9.4 [Dam].

Tabauya 9.4. AKcuomamu4eckoe onpedesneHue no2uku LTL

AKCMOMA: pe3ynbTaT MNPOM3BOJIbHON MOACTAaHOBKM B MPOU3BOJ/IbHYIO 06-

(0)

¢ Le3HaYMMYI0 GOPMYJTY IOMMKM BbICKa3blBaHMIA
(1) | Gl » Y} - (Gp - GY) AKcMOMa: AUCTPUBYTUBHOCTL onepaTtopa G OTHOCUTENbHO MMMIMKALLMK
(2) | X{p - Y} > X - Xyp) AKcroma: AMCTPUBYTUBHOCTL OnepaTopa X OTHOCUTENbHO MMMINKA LMK
(3) | G{p = X9} = (¢ = Go) AKCMOMA: MHAYKLMA N0 BpEMEHM
(4) | Xp & =X-¢ AKCMOMa: CaMO/,BONCTBEHHOCTb onepatopa X
(5) (pUY) & (1/} V(pAX{pU 1/1})) AKkcuoma: passepTka onepatopa U Bo BpemeHu
(6) (pUY) > FP AKcMOMa: OCyLLEeCTBUMOCTb B byayliiem
(7) w Mpasuno BbIBOAA: KNaccuyeckoe Npasuao modus ponenss®

Y

0 3ameTbTe, YTO NPaBWIO Modus ponens ABAAETCA YaCTHbIM Cly4Yaem Npasuaa Pe3ontoLmm (Ccm. nekuumio 8).
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(8) Gﬂ Mpasuno BbiBoAa: 06061weHne ans onepatopa G (rnobanusauma)®t
1%

(9) Fi Mpasuno BbiBoAa: 0606LeHne ans onepatopa F (ocywectsumocTb)®?
%

B paboTe [Ben12] BmecTo npaBuaa obobueHuns ana onepatopa F ncnonbsyertcs akcnoma «pas-

BepTKn» onepatopa G Bo BpemeHu (cm. Tabaumuy 9.5).

Tabauya 9.5. AKcuoma «pazeepmyu» memmnopansHozo onepamopa G

‘ (9) ‘ Gy = (¢ ANXp ANXGo) ‘ AKcuoma: passepTKa onepaTopa G Bo BpemeHu ‘

M3BecTHO, YTO MpuBeAeHHana AeAyKTMBHAA cUCTeMa SBASETCA 3HAYMmMoW M nonHoi [Daml,

[Ben12]. AnA Hac oHa MHTEpPeCcHa Kak MCTOYHUK TOXKAECTB M NpaBu NpeobpasosaHua dopmyn.

9.3. leayKTHBHAas BepuPUKaLMA Napa/ie/IbHbIX

InporpamMmm

MapannenbHble Nporpammbl, Kak U NociesoBaTesIbHble, MOXHO BEPUPULMPOBATL AeAYKTUBHO.
3T0 cnpaBes/IMBO Kak ana cneundukaLmi, 3agaHHbIX B Gopme npes- U NoCTyC/NIOBUN, TaK U ANA
cneumduKaLmi, BbipaxKeHHbIX Ha A3bike LTL. Mbl He Bygem KacaTbes meTofoB BepudrKaumm na-
pannesnbHbIX MPOrpamm 06paboTKM AaHHbIX; KenatoLWMM U3y4YnTb STOT BONPOC CAMOCTOATENIbHO
Mbl pekomeHayem moHorpadum [Hen88] n [Apt09]. MpeameT Halero MHTepeca — pearvpytoume

CcUCTeMbI, cneundumumnpoBaHHbie ¢ nomoubto LTL.

9.3.1. AnroputmM IleTepcoHa B3aMMHOI0 UCK/IIOYEHUS

nmpoueccos
[ns npumepa obpatumca K anroputmy MNetepcoHa (Gary Peterson) B3aMMHOro UCKAOUYEHMA NPO-
ueccos [Pet81]. MycTb nporpamma P coctout 13 Asyx npoueccos, Py n P;, paboTatowmx B 6ecko-

HEYHOM UMK/e. Mepnoanyeckin Kaxablii U3 HUX BXOAMUT B KpUMUYECKYyo cekyuro (ansa npouecca

51 Mpasuno 0606uieHns ans onepatopa G BbipakaeT CeAyoLLyo MbICIb: ecv GopMyna UCTUHHA 8006wie (T.e. 63 OTHOCUTE/IbHO BPEMEHHU), TO

OHa UCTWHHa 8ce2da. B onpeAeneHHOM CMbiC/ie OHO COOTBETCTBYET NPABUNY YHUBEPCAIbHO20 0606WeHUs: %, rae t — nepemeHHas (MHTepnpe-
TUpyemas 34ecb KaK Bpems).

2 Mpasuno 0606LweHus Ana onepatopa F BbipaxaeT Takylo MbICab: ecam Gopmy/a UCTUHHA 8006We, TO OHa CTAHET UCTUHHOW Ko20a-HUbYdb
(BpEMﬂ He OCTaHOBWUNOCH, N oqepe,a,Hoi& MOMEHT BpeMeHU obszatensbHo HaCTyI'IMT). Ero aHanorom asnsetca NPaBuJIo0 3K3UCMEeHYUas1b6Ho20 0606-

plt=to]
€HUA:
w o

rae t — nepemeHHan BpeMeHu (MOCKo/bKY Bpems B pOpMyax ABHO HE MPUCYTCTBYET, MPABMU/IO MOMKHO 3anm1caTb Kak %).
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P; KpuTuueckas cekumsa nomedyeHa metkon CRS;). Bxod npouecca B KPUTUYECKYHO CEKLMIO OCy-
LLEeCTBNAETCA B A,Ba 3Tana: CHa4yana oH cooblaeTt o ceoem HamepeHun (meTka SET;), 3aTem 0Xu-
[aeT BO3MOXKHOCTK BOITU (meTKa T'ST;). BbixoZ npouecca U3 KpUTUYECKOW CeKLMM OCYLLECTBAA-
eTcA nytem cbpoca dnara flag;, ycTaHoBNeHHOro npu Bxoge (meTka RST;). OnncaHune npouecca

Pi npueeneHoO HMxe.

while true do
NCS;: /* HekpuTuueckas cexkumsa */
SET:: flag; := 1; turn := i; /* s3anpoc */
TST;: while (flagi-; = 1) A (turn = 1) do skip end; /* oxumanme */
CRS;: /* xpuruueckas cexkums */
RST;: flagi := 0 /* BeixOm */
end

HauasnbHoe cocTosiHMe 3adaeTca paseHctBamu turn = 0 u flag; = 0, roe i € {0, 1}. Jokaxkem
KOPPEKTHOCTb MPMBEAEHHOW peanv3aumn anroputma lMetepcoHa OTHOCUTE/IBHO Crieaytoweit

LTL-cneunduraumm [Benl2]:

o G{—~(@CRS, AN @CRS;)} — cBoiictBo bezonacHocmu (safety): fABa npouecca He mMoryT
04HOBPEMEHHO NPebbiBaTb B KPUTUUYECKOMN CEKLMUU;
o G{@SET; » F@CRS;},roei € {0, 1}, — cBowicto »usocmu (liveness): ecnv npouecc 3a-

NPOCKA AOCTYN K KPUTUHECKOW CEKLMM, TO PAHO WM NO3AHO OH €ro NosyyuT.

9.3.2. YToYHeHHue NOHATHUA CIpaBeAJUBOCTH IVIAHUPOBIIMKA

CBOMCTBO XMBOCTU (B pacCMaTPMBAEMOM MPUMEPE U HE TONIbKO) MOKET BbITb LOKa3aHO TObKO

B NpeAnonoxKeHun cripasedausocmu (fairness) nNaHMpPOBLLMKA:
fairness — liveness.

[ns npoueccos, onucaHHbIX Ha A3blke while, cnpaBea/IMBOCTb NIAHMPOBLUUKA doOpManmnsyeTcs
cneayowmm ob6pasom: 45 KaxKaoro onepatopa nporpammel ctpoutes popmyna LTL, Kak noka-
3aHo B Tabnunue 9.6 (cumTaem, UTO B KOHLLE KaxAoro npowecca ectb MeTka l ), 03HavatoLLas ero
3aBeplueHne)®, nocne Yero coOCTaBAAETCA KOHBIOHKLMA BCex GOPMYyn — 3TO M ecTb ycaoBue

cnpasea/IvBOCTU.

63 3,u,e<:b MCNONIb3YKOTCA METKM ONEPATOPOB, OAHAKO MOXXHO UCNO/1Ib30BaTb KOHd)VII'ypaLI,MM B TOM BMAE, B KOTOPOM OHU OMpenenatoTca B CTPYK-

TYPHOW OMepaLMoHHON CEMaHTUKe (CM. eKLuio 2).
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Tabauya 9.6. @opmynel LTL, sbipaxcaroujue crpasednusocms naaHUPOBUUKA

(1) | L:skip; I:P G{@! - F@!'}

2) | Lx=¢t1U:P cm. (1)

G{@! - F{@, v @,}}

G{((@! AGB) - F@l,) A (@1 A G-B) - F@1,)}
(4) | l:while B do l;: P, end; [,: P, cm. (3)

(3) | L:if B then[;: P, else [,: P, end;!": P

dopmyna G{((@l AGB) - F@ll) A ((@l AG-B) - F@lz)}, onpeaeseHHan 415 YCNOBHOro
onepaTopa (3) n onepatopa uMkna (4), NnpeacrTaBnseTcs «NepecTpaxoBaHHOW». MOXHO /i1 B Hel

3ameHunTb G Ha @, T.e. HanucaTb
G{((@LAB) - F@L,) A ((@L A —B) > F@L,)}?

MpeanonoXmnm, YTo UCMONHEHME NPOLLECCa HAXOAMUTCA Ha YCIOBHOM onepaTope ¢ MeTKoM [ 1 uc-
TUHHO ycnoBue B. MycTb nepeg Tem, Kak NpoLEecc NpPoBepua UCTUHHOCTb YCa0BKA B, nnaHnpos-
LMK BbIBPAN ApYyroi Npouecc, KOTOpbI U3MEHW COCTOSIHWE MPOrpaMmsbl TaK, YTo ycnosue B
CTaNo NIOXKHbIM. Korga HacTynuT Yyepes, nepBoro npouecca, ero Bbl4UCAeHNe NoMaeT no BeTeu

else, a He then, Kak Toro TpebyeT bopmyna. MOXKHO NPeaNoKUTb APYroin BapnaHT:
G{@! > F{(@, AB) A (@1, A =B)}}.

OH TOXe He BMOJIHE KOPPEKTEH M MOMKET MPUMEHATLCA, TO/IbKO eC/iM Mepexos K onepatopam
BETBUW MPOUCXOAUT Cpasy Nocae NPOBEPKU YCI0BUSA, 6e3 NpepbiBaHWUA UCMONHEHWUA APYTUMU NPO-
ueccamu. Tak yto GopmMyy, YKasaHHyto B TabavLe, He TaK-TO MPOCTO 3aMeHUTb Ha Bonee Tou-

HYH0, O4HAKO A/1A HaLKUX Lesiei oHa roauTbes.

9.3.3. loka3aTe/IbCTBO KOPPEKTHOCTH asiropurMma Iletrepcona

[loKa3aTesIbCTBO KOPPEKTHOCTM Mporpammsl P, peanusyioweit anroputm NetepcoHa, oTHOCK-
Te/IbHO NPUBELAEHHOM Bblle CreLMdUKaLmm MOXKHO NPOBECTM NO3TAMHO C UCMOJ/Ib30BAaHUEM Cle-

ayrouwmx nemm [Ben12].

JNlemmbl AN AOKa3aTeNbCTBA CBOMCTBA B3aMMHOro uckatouerma (i € {0, 1})%:

54 3anuch P = ¢ 03Ha4YaeT UCTMHHOCTb CBOMCTBA ¢ Ha Nporpamme P (B MHXeHepun — yaosneTBopeHune nporpammoit P Tpe6osaHus @).
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1. P EG{(flag;=1) & @(L; \ {NCS;,SET;})}, roe L; — MHOXeCTBO MeTOK®3;

2. P EG{(@TST; A@CRS,_)) - ((flag,_; = 1) A (turn = i))}.

Nemmbl AnA [OKa3aTeNbCTBa CBOWCTBA YKMBOCTH, rae fairness — cnpaBefNMBOCTb NAAHUPOB-

wuka (i € {0,1}):

3. P E fairness - ((@TST; A G@CRS;) - GF{(flag,_; = 1) A (turn = i)});
4. P = fairness - (FG{flag,_; # 1} VF{turn =1 —i});

5. P E fairness - ((@TST; A G-@CRS; AF{turn = 1 —i}) > FG{turn = 1 — i}).

MycTb i — npoun3BoabHbIN naeHTUduKatop (0 nnm 1). Jokarkem nemmy 1. B HauanbHON KOHDU-
rypauun umnaunkauma (flag; = 1) - @(L;\{NCS;, SET;}) uctunHa, Tak kak flag; = 0. Moka-
YKEM, YTO €CNIN MMNAUKALMS UCTUHHA B HEKOTOPbI MOMEHT BPEMEHM, OHA OCTAaHEeTCA UCTUHHOW

B 6yp,yu.|,eM. MCTUHHOCTb MMNIMKALUM, O4EBUAHO, MOXKET HAPYLUMTBLCA TONIbKO B ABYX C/y4anX:

1. Koraa nocbliKka n cneacTsme UCTUHHDI, U CNeaCcTBUE CTaHOBUTCA NOXKHbIM;

2. Koraa nocbl/ika U cnegcrtemne N0XKHbI, U NOCbI/ZIKa CTAaHOBUTCA WUCTUHHOMWN.

Cnyuain 1: ycnosue @(L;\{NCS;, SET;}) nepectaeT 6biTb UCTVHHbIM TO/IBKO MpPW Nepexose oT
RST; k NCS;, ogHako B 3ToM cnyyae obHynsetca flag;, 4To fenaet NoXKHOW nocbiky. Cayyait 2:
ycTaHoBKa flag; ocylwecTtsnsetca TonbKo npu nepexoge ot SET; k TST; (TouHee, K meTKe cnesy-
folLero onepaTtopa NpWCBaMBaHWA), OAHAKO B 3TOM Cly4yae CTaHOBWUTCA MCTUHHBIM YCl0BUE

@TST;, 4To fEenaeT UCTUHHbIM CNeacTBUe.

[lokasaTenbCcTBO OCTaBLUENCcA YacTn N1eMMbl 1 M n1eMMbl 2 Mbl OCTaBISEM YMTATE/NIO B KayecTse

yrnpa*kKHeHusA.

[loKaem, 4To MMeeT MecTo B3anmHoe ucktoveHune npoueccos: P E G{—(@CRS, A @CRS,)}.

OueBnaHO, uTo cBocTBO 1(@CRSy A @CRS;) UCTUHHO B HaYaNbHOM KOHUrypauuu. Ero nctuH-

5 3pech cnepyet caenathb 4sa 3amedaHus:
1. L; #{NCS; SET; TST; CRS;, RST;} — no KpaiiHeit mepe, ecTb elle 0aHa MeTKa Mexay npucsausanuamm flag; = 1 v turn := i;
2. [ANA NPOCTOTbl HEKPUTUYECKAsA U KPUTUYECKaA CeKLMM NpeacTaBaeHbl O4MHOYHbIMM MeTKamu: 3anuce @NCS; (@CRS;) MOXXHO UHTep-

NPEeTUpOoBaTh KaK «Npouecc P; HAXOAUTCA B OQHOM W3 TOYEK HEKPUTUUECKON (KPUTUYECKOM) CeRLMm».
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HOCTb MOXET HapYLUUTBCSA, TONIbKO KOTAa OAMH M3 MPOLECCOB YXKE HAXOAMUTCA B KPUTUUECKOM Cek-
LMK, a BTopoit BXxoauT B Hee: @CRS;_; A @TST; v ucnonnaetca nepexos @TST; — @CRS; npu
coxpaHeHun @CRS;_;. Mepexoq BO3MOXKeH, TONbKO ecim uctuHHo ycnosue (flag,_; = 0) V
(turn # i). B 10 ke Bpems u3 nemmbl 2 cnegyet, uto (flag,—; = 1) A (turn = i). Takum obpa-
3om, nepexos @TST; = @CRS; HEBO3MOXKEH, a 3Ha4uT, cBocTBO @CRS) A @CRS; He moxeT

CTaTb UCTUHHBIM HU MPU KaKuUx 06CTOATE/IbCTBAX.
[Jokaxem nemmy 3. PaccmoTpum onepatop, pacnonoKeHHblii no metke TST;:
TST;: while (flag,_; = 1) A (turn = i) do sKip end.
M3 onpeseneHus cnpaBeAMBOCTM Ceayer:
P & fairness — ((@TSTL- A G{ﬂ((flagl_i =1) A (turn = i))}) - F@CRSL-).
Mcnonb3ysn Toxaecrsa ((q) AY) - )() = (((p A—y) — ﬁll)) n G = —F-¢, nonyyaem:
P & fairness > ((@TST; A G~@CRS;) - F{(flag,—; = 1) A (turn = i)}).

MpumeHAsa npasmao O606LLI,EHMFI MU aKCcnMomy ,EI,VICTpVI6yTMBHOCTVI G OTHOCUTENbHO MMMNNKALMK,

NONYYMM:
P & fairness — (G{@TST; A G-@CRS;} - GF{(flag,_; = 1) A (turn = )}).

HeTpyaHo y6eautbes 8 Tom, uto P = (@TST; A G=@CRS;) » G{@TST; A G-@CRS;}, uto go-

Ka3blBaeT Nemmy.
[lokazaTtenbctBo 1eMm 4 1 5 Mbl OCTaBAAEM YMTATENIO B KAYECTBE YNpParKHEHUA.

[Jokaxem xuBocTb npouecca P;. NMnaHnposwuk, byayyun cnpaseaiMBbIM, FapaHTUMPYET, 4TO Npo-
uecc, Haxoaawmiica B Touke SET;, paHo unv no3gHo gocturHeT Toukn T'ST;. Ana pokasaTenbcrsa

}KMBOCTW A0CTAaTOYHO MOKa3aTb, YTO:
P & fairness » G{@TST; » F@CRS;}.
MpeanonoXmMm NpOTUBHOE:
P & fairness A -G{@TST; - F@CRS;}.

I'Ipeo6pa3yeM 3TO yTBEPXKAEHNE, UCNOJ/Ib3YA N3BECTHbIE TOXAECTBA!
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P E fairness ANF{@TST; A G-=@CRS;}.

PaccmoTprm MOMEHT BpeMeHU, Koraa UCTUHHO ycnosue @TST; A G-@CRS; (3TOT MOMeHT 061-
3aH HacTynuTb). U3 nemmbl 3 cnesyer, YTo B 3TOT MOMEHT BPEMEHU UCTMHHA dopmyna @ =
GF{(flag,_; = 1) A (turn = i)}. Ecam npu stom F{turn =1 —i}, us nemmbl 5 BbITeKaer
FG{turn = 1 — i}, uto npotusopeunt ®. B npoTMBHOM Caydae M3 JeMMbl 4 BbiTeKaeT
FG{flag,_; # 1}, uTo Takxe npoTmBopeunT ®. EAUHCTBEHHAA BO3MOKHOCTb COCTOUT B TOM, YTO

MCXO4HOE NPesnosioKeHWe HeBepHO, a BepHo, uto P = fairness - G{@TST; —» F@CRS,}.

MpuBeaeHHbIN GparmeHT AOKa3aTebCTBa He BnoaHe GopmasieH, O4HAKO HEMI0XO MAMOCTPU-
pYIOT rPOMO3AKOCTb AeAYyKTUMBHOW BepudMKaumm napannenbHbix nporpamm. Ha cieaytowmx

NeKunAax mbl NO3HAKOMUMCA C 6bonee 3¢¢EKTVIBHbIM MmeToaom — MEeTo40M NPOBEPKU MO,CI,E/'Ieﬁ.

9.4. Boripochl 4 yripa>KkHeHU s

1. [aiite onpeageneHve napannesibHOW NPorpammbl.

2. Buem, Ha Baw B3rnag, COCTOMT OCHOBHAA NPUYMHA TPYLAHOCTU BepUPMKaL MM NapannenbHbIX

nporpamm?
3. Buem pasHuLa MeXAY CUHXPOHHbBIM M aCUHXPOHHbIM NapaaneiM3mom?

4. Pacwwupum a3bik while onepatopom parallel P || --- || P end, cyTb KoTOpOro coctouT 8 no-
POXAEHUN HECKONbKMX NapasieNbHbix npoueccoB (fork) v oxupaHuu ux 3aBeplueHus

(join). OnpenenvTe onepaLMOHHYH CEMAHTUKY NONYYEHHOTO A3bIKA.

5. [ononHuTtenbHo (cm. npeablgywiee 3agaHve) pacwupum  A3bik - while onepatopom
atomic P end (orpaHuyeHue: P — nporpamma, He cofeprallas onepatopos parallel),
OrPaHNYMBAIOLMM MEPEK/IIOYEHNA NPOLECCOB: €CM MPOLLECC HAaXOAMTCA BO BHYTPEHHEW
Touke atomic-6/10Ka, OH He MOKeT BbITb NpepBaH ApyrMm npoueccom. Onpeaenute onepa-

LUMOHHYH CEMAHTUKY NOJTYY4EHHOIO A3blKa.

6. Onuwwute popmanbHO B formKke LTL npuBeaeHHbIe B IEKLUN MPUMEPbI BPEMEHHbIX B3aUMO-

cBazen.

7. B acMHXPOHHbIX NapanaebHbIX NPOrpaMmmax obbIYHO He MCMNO/b3YeTCa TEMMNOPAsbHbIN one-

patop X. Yem 3TO MOKHO 06BbACHUTL?
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8.

10.

11.

12.

13.

14.

152

0O603HauMm Yepes p BbicKasbiBaHMe «Cawa nobut Mawy», a Yyepe3 q — «Cawa nobut

Jawy». YTo Ha coaep:kaTeibHOM YPOBHE 03HaYatloT cieayowme popmyabl LTL [Kap10]:

a. pAg;
b. G{pv) A=A}
c. GFp;
d. FGq?

dopmanusyite yTBep:kaeHUs B nornke LTL cneaytowme BbiCKasbiBaHMA (roBopALLan He 3a-
MY}KEeM W HUKOTAa 3aMy»Kem He 6bina) [Kapl10]:

a. «fA HMKOrAa He BbINAY 3aMYK»;

b. «f Bbliay 3aMyK POBHO O4MH pa3y;

C. «f Bbliay 3aMyK HE MeHee ABYX pa3y;

d. «A Bbliiay 3amy He 6osiee AByX pasy;

e. «fl Bbllgy 3amy3K POBHO ABa pa3a».
MpeacTtasbTe B BUAe popmynbl LTL cnegytowme BbickasbiBaHMA [Kapl0]:

a. «KaHan MOXeT TepaTb COObLLIEHNE TONIbKO KOHEYHOE YMC/IO pasy;
b. «Mexay KaxKaoi napoi CoCTOAHUI, YA0BNETBOPAIOLLMX CBONCTBY ¢, 06A3aTeNbHO BCTpe-

TWUTCA COCTOAHME, YA,0BNETBOPAIOLLEE CBOMNCTBY Y».

Mpuseaunte dopmyny —1(@ U Y) K ompuyamensHoli HopmanesHol ¢popme, T.e. K popme B KO-
TOPOW OTPULLAHWUA CTOAT HEMNocpeacTBEHHO Mepes, 31eMEHTapHbIMU BbICKA3blBaHUSAMM

[Kap10].

Onpepennte ceMaHTUKy TemnopasnbHbix onepatopos W 1 R Ha BblUMCAEHUM CTPYKTYpbI

Kpunke. HapucyiiTe cOOTBETCTBYIOLLME BPEMEHHbIE AMArPammbl.
[JloKaxuTe cnepytoLime SKBUBAJIEHTHOCTM:

a. pUYP=FYA(pWY);

b. 9RY =W (pAY);

¢ oWY=9yR(pV)

[oKaxunte nnm onposeprante [Kap10]:

a. (F)U(Fy) =F(pUy);



b. G{p - X¢} = G-¢ V FGy;
¢ pUyYp=(pvy)U.

15. OboCHy#Te Ha coaepyKaTe/IbHOM YPOBHE 3HAYMMOCTb CAeAyoWwmMx NpaBu Bbisoga LTL:
[l
Gp-Gy’
oY
b. XD
p-Xo
-G’

a.

C.

16. [lokaxknte popmanbHO cneaytowme yreepRaeHma LTL:
a. XG{gp - Y} - (XGp - XGy);

b. ¢ > (¢Ug);
c. FGy — GFo.

17. 3aBepLumTe [0KA3aTENLCTBO KOPPEKTHOCTM anropmtma lNeTepcoHa B3aMMHOIO UCKAKYEHMUA

npoueccos.
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Jlekuuda 10. UHCTpyYyMeHTHI IPOBEPKHU

MoaeJsien

UHmeHcusHble uccnedosaHus 8 obnacmu model checking npu-
8esnu K Momy, Ymo paspabomaHHas K HACMOAWemy epemeHu
MEeXHUKA MpUMeHeHUs 3mo2o nodxoda 074 eepudukayuu
HAMHO20 npouje, Yem e20 meopemuyeckuli 6a3uc.

tO.I. Kapnos.
Model Checking. Bepudukaumua napannenbHbix n
pacnpeaeneHHbIX MPOrpaMMHbIX CUCTEM

PaccmaTpumBatoTcs 6a30Bble BO3MOXKHOCTM A3blka PROMELA M OCHOBAHHOIO Ha HeM WMHCTpymeHTa SPIN. f3bik PROMELA (PROcess
MEta-LAnguage) npefHasHayeH ANA MOAEIMPOBAHUA aCUHXPOHHbIX NapasnesibHbIx cuctem. MHCTpymeHT SPIN (Simple Promela
INterpreter) nossonseT aHanW3MpoBaTb PROMELA-MOZEN, B TOM 4YWCNEe YCTaHaBAMBaTb COOTBeTCTBME Mogenei LTL-
cneunduKaumam, T.e. NPOBEPATb, ABAAETCA M MOAENb (MporpaMma Ha A3bike PROMELA) MOZE/bIO (B NOrMYECKOM MOHMMAHUK)
3agaHHolM popmynbl LTL. OnucaHHble CpeacTBa MOTyT BbITb MCMONb30BaHbI HA NPAKTUKE NPU NMPOEKTUPOBAHUM NapanneNbHbIX

Nporpamm u pearnpyroLLx cUcTem.

10.1. BBeaeHue B s13bIK PROMELA

PROMELA (Process Meta-Language) — 3TO A3blK MOAENMPOBAHMA ACUHXPOHHBIX NApannenbHbIX
CUCTEM, OPMEHTUPOBAHHbIN Ha 3aga4M dopmanbHol BepudmrKaumm [Hol03]. A3bik PROMELA BMe-
CTe C MHCTpyMeHTOM SPIN (Simple PROMELA Interpreter) 6bin pa3paboTtaH [Axkepapaom XonbLma-
Hom (Gerard J. Holzmann) B MccnenoBaTteibCKOM LEHTPe KoMMbloTepHbIX Hayk (Computer Sci-
ences Research Center) npu nabopatopusx Bell (Bell Laboratories) B 1980-x rr. fI3blK He NpeAHa-
3HauYeH A4/1A peannsaumnm NporpaMm — 3TO UMEHHO A3bIK MOOeaUPOoBAHUA, MPUYEM YIOP B HEM

cAenaH Ha cpeacrteax CUHXpPOHU3aUuMn n KoopaunHauum npoueccos, a He Ha BbIYUCNEHUAX.

Mopenu Ha fA3blke PROMELA COCTOAT U3 npoyeccos, paboTalowmx napannesnbHo U B3auMoaei-
CTBYHOLLMX Yepes obLme nepemeHHble U NOCPeaCcTBOM nepeaaqn coobujeHul Yyepes KaHasol.
Mpoueccbl MOTyT CO34aBaThCA Kak CMamuyecku, B MOMEHT CO34aHMA MOAENN, TaK U QuHaMu4e-
CKU, MPW UCMONHEHUW NpoueccoB. MeToa NpoBepKM Moaesiein npearnonaraeT, 4to obuiee Ymcio
CO34aHHbIX B MOAE/M NPOLECCOB KOHEYHO (noapobHee 06 3TOM Mbl MOTOBOPUM B C/IeAyHOWmX
NeKumsx). B A3blke 4OMYCKAOTCA TO/IbKO NEPEMEHHbIE C KOHEYHbIMW AOMEHAMM: LLe/IOHNCIEH-

Hble NepemeHHble, 0AHOMEPHbIE MACCUBbI GUKCUMPOBAHHOTO pa3mepa M CTPYKTYPbI.
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10.1.1. Tunsl JaHHBIX, IEpeMEeHHbIE U BhIpAaXKeHU

Tunbl gaHHbIX A3blKka PROMELA Aenartca Ha 6a30Bble N COCTaBHbIE. MepBble BKAOYAIOT B cebn ye-
/104UCAEHHbIe MUrbl, @ TaKXe cneumnannsmposaHHble Tunbl: chan, mtype un pid; BTOpPble — mac-

cusbl U cmpykmypsi. LienouncneHHble TUNbl AaHHbIX NpuseaeHbl B Tabavue 10.1.

Tabauya 10.1. LlenoyucneHHsle murnbl OGHHbIX A3bIKA PROMELA

Twvn faHHbIX MHOKecTBO 3HaYeHuUM butoBaa gavHa
bit {0,1} 1

bool {false, true} 1

byte [0,255] 8
short [—215,215 — 1] 16

int [—231,231 — 1] 32
unsigned: n [0,2"" — 1] n <32

Tun bool asnsetca cuHoHMMOM Tuna bit, npu atom false — 310 0, a true — 3710 1. Tunbi bit,
byte 1 unsigned ssnstotca 6e33HakoBbiMK; TUNbI short u int — 3HakoBbiMK. K 6a30BbIM TU-

nam TaKXXe OTHOCATCA cneaylowme Tunbl:

e chan — naeHTndMKaTOp KaHana (MHOXKecTBO 3HaveHuit: [1, 255]);
e mtype — ngeHtnoukatop Tvna coobuienus ([1, 255]);

e pid — naeHTndumkaTop npouecca ([0, 255]).
[eknapauusa nepemeHHbIx B PROMELA OCYLLECTB/IAETCA TaK e, Kak B C:

T x1 [ = ti], ..., xn [ = tal;
3pecb T — TVN AAHHBIX, X; — UMA NepeMeHHON, t; — HeobasaTeIbHOE BblpaykeHue, Ha3biBaemoe

uHuyuaauzamopom nepemeHHoii. Mo YMO/THaHUIO NepeMeHHble 3anN0/THAETCA HYyNAMMW.

MepemeHHble AeNATcA Ha 27106asbHble (pazdesnsemsie), [EKNapUpyemble BHE MPOLLECCOB, U s10-

KasibHble, AeKnapupyemblie N UCNoJsib3yemMble BHYTPU npoLueccos.

Mpumep 10.1
Huyke npuBeaeHbl NpuMmepbl Aeknapaumii nepemeHHbix [Hol03]. O6paTnTe BHUMaHWE: KOMMEH-

Tapun B PROMELA nuwwyTcA Kak B C.

155



bit x, y; /* nBe 1-OurHble nepeMeHHbe (3HaueHume 0) */

bool turn = true; /* ©OyneBa nepeMeHHad (3HaueHue true) */

unsigned v:5;/* GessnaxkoBas 5-OuTHas nepeMeHHas (3Haueume 0) */
unsigned w:3 = 5; /* OGes3HakoBas 3-OuTHas NepeMeHHas (3HaueHume 5) */

[eKknapauma maccnMBOB OCYLLECTBAAETCA CNefyoLWLnm 06p830MI

T x[N] [ = t];

3aecb T — TUN AaHHbIX 3/1eMEHTOB MacCuBa, X — UMA MaccusBa, N — NOMOXUTENbHOE Lesoe
yncno, 3agatolee ANMHY MaccuBa (B PROMELA NOAAEPXKMBAKOTCA TONIbKO OAHOMEPHbIE MacCUBbI),
t — HeobsA3aTeNbHOE BblpayKeHUe, UCNONb3yeMoe AN MHULMANN3ALMKN 31eMEeHTOB MaccuBa (Bce

3/1EMEHTbI NO/Iy4atoT O AMHAKOBOE Ha4a/ibHOEe 3Ha‘4€HM€).

LocTyn K an1emeHTaM MaccMBa OCYLLECTBAETCA TaK e, Kak B C: MHAEKC yKa3blBaeTcs B KBaapat-

HbIX CKOOKax; MHAeKcauma HaunHaeTtca ¢ 0. YKasaTenen 1 agpecHon apudmeTuKmM HeT.

Mpumep 10.2

MpuBegem ele npumepsl ,L'J,eKl'IapaLl,MlZ nepemMeHHbIX, B TOM Yucae maccmBos.

byte a[12]; /* a[0] = ... = a[ll] = 0 */
short b[4] = 89; /* b[0] = ... = b[3] = 89 */
int ¢, d[3] =1, e =4; /* c =20, d[0] = ... =d[2] =1, e = 4 */

Tun mtype aBnsetcA aHanorom nepedyncieHunin (enum) ssvika C. HasBaHWe npoucxoauT oT
«message type»: cMMBOJIbI, coCTaBAAlLWMe mtype, 06bl4HO MCNONb3YOTCA 414 0603HaYeHUs

T™MNnoB COO6LLI.€HVI17I. CUMBOIbI KOHCTAHT BBOAATCA, KaK MOKA3aHO HMXKe:

mtype = {ci, ..., Cn};

3pecb C; — pa3sHble VI,CI,EHTVIC])MKaTOpr, OT/INYHbIE OT KAKYeBbIX CNOB. B mogenn moxket 6bITb He-
CKOJIbKO 06BbABNEHNI mtype, 4To 3KBMBa/EHTHO O4HOMY 06BbABNEHMIO C O6'be,CI,VIHeHHbIM MHO-

KecTBOM CMMBOI0B.

Mpumep 10.3

Huke BBOAATCA CMMBOJIbHbIE 0603HAYEHMA A48 TUNOB COOBLLEHWNA.

/* Tunel coobueHmn */
mtype = { req, ack, nack, err };
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[eKknapauma CTPYKTYPHOro TUNa OCyLLEeCTBASETCA Cneaytowmm obpasom:

typedef S { T1 fi;

; Tn £n };

3pecb S — BBOAMMOe umA Tuna, T; — Tvn i-oro nons, f; — uma i-oro nons. Tunbl Nonen moryt

6bITb Kak 63a30BbIMU, TaK U CTPYKTYPHLIMM (B 4aCTHOCTM, AOMNYCKaOTCA NOAA-MACCUBbI®E).

[ocTyn K nonsm CTPYKTYpbl OCYLLECTBAAETCA TPAAUUMOHHO: X. f, rae X — MMA nepemMeHHOM

CTPYKTYPHOTO TUNa, a f — “ma nons.

Mpumep 10.4

Onpegenum CTPYKTYPHbIA TUN 1A NPeACTaBleHUA MaKeToB AaHHbIX, 06bABUM NepemeHHyo

3TOro TMnNa 1 CoBepLlwnm Haa HeM HEKOTOpPble nencreuns.

/* omnpemnesyieHue CTPYKTypHOTO Tuna Packet */

typedef Packet {
mtype type;
short source;
short target;
byte data[4]
i

/*
/*
/*
/*

TUI cooBmenus */

ampec MCTOYHMKA */
ampec npmeMHuxka */
nepenaBaeMule OaHHEE */

/* mexkjlapauysa MNepeMeHHONM p CTPYKTypHOTO Tumna Packet */

Packet p;

/* DOCTyH K I[OJIAM [I€PEeMEeHHOM p */

p.type = req;
p.target = 1;
p.datal0] = 2;

BbipaxkeHna PROMELA B LLe/IOM MOXOXM Ha BbipaykeHns C. OL4HO U3 HEMHOTUX OT/IMYMIA 3aKtoYa-

eTcs B dopme 3anucK ycro8Hozo sbipaxceHus: (B —> t :

t,): BMECTO CMMBO/IA ?, KaK 3TO npu-

HATO B C, UCNO/Ib3yeTCs —>>; KPOME TOTO, YC/IOBHOE BbIPaXKEHNE AO/IKHO OKPY¥KaTbCA CKOBKaMM.

[pyroe otanyme cOCTOMT B TOM, YTO BblpaskeHWUs PROMELA He [O/IKHbI UMEeTb NOBOYHbIX addek-

TOB (MPUCBaMBaHUA He ABNSAOTCA BblPAXKEHUAMM).

MoaaepxunBaemble onepaumm (B8 nopagke ybbiBaHMA NPUOPUTETOB) M UX aCCOLMATUBHOCTL (no-

PAAOK BblYUCEHMIA) NpMBeaeHbl B Tabauue 10.2 [Hol03].

6 3Ty 0CO6EHHOCTb MOXKHO MCMO/Ib30BATh A/IA ONPeAeNeHUA MHOTOMEPHbIX MaCCUBOB.
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Tabauya 10.2. Onepayuu A3bIKa PROMELA, ux npuopumem U accoyuamueHocme

Onepauun AccoumMaTUBHOCTb KommeHTapuii

() . cnesa Hanpaso CKOBKM, MHAOEKCMPOBaHME MAccuBa, AOCTYN K MOJIIO CTPYKTYPbI
!~ ++ -- | cnpaBaHaneso OTpuLaHVe, NO6UTOBOE OTPULLAHUE, UHKPEMEHT, AEKPEMEHT
* /0% c/1eBa Hanpaso YMHOMKeHWe, fieleHne, OCTaToK OT AeNeHus

+ - cnesa HanpaBso CnoxeHwue, BbluMTaHNe

<< >> c/ieBa Hanpaso CaBur BNeBo, CABUT BNPaBO

< <= > >= c/ieBa Hanpaso CpaBHeHue Ha meHblue / 6onblie

= I= cnesa HanpaBso CpaBHEHWE Ha PaBeHCTBO / HEPABEHCTBO

& cneBa Hanpaso Mo6utosoe N

~ cneBa Hanpaso Mo6utoBoe uckntovatowwee NN

| cnesa Hanpaso MNo6utosoe NN

&& cneBa Hanpaso KOHBIOHKUMA

I c/ieBa Hanpaso [N3bIOHKUMA

=> cnpasa HasneBo YcnosHas onepauma

= cnpaBa Haneso MpucsBansaHune

MpuceanBaHve x = t UcnonHseTcs cieayowmm obpasom [Hol03]:
1. 3HauyeHuA BCex NepemMeHHbIX M KOHCTaHT BblpaXkeHusa t npuBoaATca K Tuny int;
2. coBepLUatoTCA onepaLyMm CornacHo NPMOPUTETaM M acCoLMaTUBHOCTY;

3. BblYMCNIEHHOE 3HAYEeHNEe NPMBOAMTCA K TUNY nepemeHHoﬁ xXunen npuceanBaeTCAa.

10.1.2. IIpoueccHble TUNbI U IPOLLECCHI

npOHECCHbIﬁ mur onpegenaeTca C NOMOLbIO KNKO4YeBOro c/1oBa proctype, nocne KOToporo cne-
OYIOT ero uma, napameTpbl 1 Teno. JIokanbHble NepemMeHHble, eC/IM OHU HYXKHbI, AONXKHbI onpe-

Jenatbca B Havane Tena®’:

proctype P(T1 pi, ..., Ton pn) { S1 x1; ..., Sm Xm; ... }

npOLLECCHbIVI TN ONUCbIBaET noBegeHne Npoueccos, HO HeE NopoX4aeT UX (EC}'IVI He YKa3aH mo-

andukartop active).
ToyKol BxoZa B PROMELA-MoAeNb ABNAETCA npoyecc UHuyuaausayuu init:

init { ... }

B Hem, Kak ¥ B ApYruxX NpoL,eccax, MOXKHO NOpoXAaTb NPOLLECChI, UCNO/b3YsA KOHCTPYKLMIO

run P(expri, ..., €XpZIn).

67 CuHTaKcUC PROMELA A0NYyCKaeT AeKnapaunto nepemMeHHbIX B nobom mecTe, 04HaKO HEABHO BCe AeKnapaunun nepeHoCATCA B Havano.
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3pecb P — vmA NpoLLECcCcHOro TMna, expr; — BbIPAXKEHUA, 334at0LLMe 3HaYeHUA NapameTpoB Npo-

Lecca (MX YUCNO AONKHO coBMaadaTb C HACNIOM NapaMeTpoB NpPoueccHOro Tina P)

Mpouecc 3aBepLluaeTca NPy AOCTUNKEHMM KOHLA Tesla COOTBETCTBYHOLLErO MPOLLECCHOro TUMa, HO

He paHblle, Yem 3aBepLlaTcAa BCe NOpoXAeHHble MM NpoLLeccehbl.

Ewe ogHMMm cnocobom 3anycka NpoLeccoB ABAAETCA yKasaHue moanduKkaTopa active nepepg
proctype. Ecav moandurKaTop yKasaH, Npouecc 3Toro Tvna byaeT co3aaH B Hayasie paboTbl Mo-
£,enm®8, YTobbl 3anycTUTb HECKO/IbKO NPOLLECCOB, MOXHO MCMO/Ib30BaThb 3anuck active [N], rae

N — HYX>XHO€ YM1C/10 Npoueccos.

Y Ka)aoro npolecca MmeeTcs npegonpeaesieHHan 1oKkanbHas nepemeHHas _pid tuna pid, xpa-

HAWaA ero VILI,EHTVICI)M KaTop.

Mpumep 10.5
Onpeaenum NpocToi NPOLECCHbIN TUN: npouecc nedyataeT cTpoky «hello world: n», rae n —

naeHTMOUKaTOp npouecca.

active [10] proctype main() {
/* QYHKUMS IedaTu aHajiorMuHa oyHkuum printf B C */
printf (“hello world: %d\n”, pid)

B onpeneneHunn ykasan mogudukatop active [10], uto rosoput o 3anycke 10 npoueccos.

O

10.1.3. CpeacTBa MEKNPOLECCHON KOMMYHUKALLUUA

OCHOBHOE CPeACTBO MEXKNPOLLECCHOM KOMMYHMUKaLMK B PROMELA — KaHas1bl nepedaqu coobuje-
Hul. KaHan moxeT bydepunsosaTtb He bonee Yyem 3afaHHOE YMCa0 coobuieHui. Mpouecc, 3anu-
CbIBAOLWMI COOBLLEHME B MOJHOCTBIO 3aMO/HEHHDbIN KaHan, 610KMpyeTca A0 Tex nop, Noka us3
KaHana He ByfeT MPOM3BEAEHO YTeHME APYrMM npoueccom®®, AHanorMuyHo NpoLece, YNTaroWmi

M3 NYCTOro KaHana, 6110KVIp\/ETCﬂ 00 TeX Nop, MNOKa B KaHa/n He 6yLI,ET 3anncaHo C006LIJ,EHVIE.

8 EC/IM y NPOLLECCHOrO TWNa eCTb NapameTpbl, PU CO34aHWM NPOLLECCa UM MPUCBANBAIOTCA HY/IEBblE 3HAYEHUS.

%9 BO3MOHa U Apyran CeMaHTUKa OMnepaLm NocbIKM coobLueHwit: ecam bydep KaHana 3anosiHeH, npouecc He 6I0KMpPYeTcs, HO Nepeaasaemoe
coobLueHne TepaeTca. B MHCTpYMeHTe SPIN cnocob nocbiKkK coobLueHuit 3ajaeTcs onument —m. Mo YMONYaHUIO BKIKOYEH PEXMUM BNOKMPOBKM

npotieccos [Prom].
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CMHTaKCMYeCKM KaHasbl ABAAIOTCA nepeMeHHbIMM Tna chan. Jeknapauuna HauMHaeTca ¢ Kto-
yeBoro csosa chan, nocne KoToporo ykasblBaeTca MMA KaHana UM HECKOIbKO UMEH Yepes 3a-
naTyto. MHnumanmusatop kaHana umeet Bug [N] of {T4, ..., T}, roe N — emKocTb KaHana (pasmep
6ydepa),a Ty X ... X T,, — Tn nepeaasaembix coobeHnin’C, EcM KaHan He MHULMANU3UPOBaH,
OH HEe MOXKeT bbITb UCMONb30BaH ANA Nepesayn coobLueHnin. PaspeluaeTcs 06bABAATL MaccuBbI

KaHanos..

Mpumep 10.6

PaccmoTpum npumepbl AeKaapaLmii KaHaioB 1 MaCcCUBOB KaHasloB.

/* TPY HEMHMUMAIM3VPOBAHHEIX KaHajia */
chan a, b, c;

/* MaccuB mu3 10 HEMHMUMANM3MPOBAHHEIX KAHAJIOB */
chan d[10];

/* xanan emxocTu 0 (CUMHXPOHHBEIA KAaHAJ UJIM PaHIEBY) ,
10 KOTOpPOMy [epelanTcs coofumeHus Tuna byte */
chan e = [0] of {byte};

/* KaHaJ eMKOCTM 16, [0 KOTOPOMY IlepenanTcs KaHajwe'l */
chan f = [16] of {chan};

/* waHay emxocTu 1024, 1O KOTOPOMYy IepenawnTcs COoOoOmeHMUd,
BKJIOYAKIME IBa KOMIOHEHTAa: Turna mtype u tuna Packet */
chan g = [1024] of {mtype, Packet};

MpoBepuUTb COCTOAHME KaHaNa MOXKHO C MOMOLLbIO BCTPOEHHbIX GyHKUMit len, empty, nempty,

full n nfull:

len(c) — uncno coobuierwnii B bydepe KaHana c;

e empty(c) = len(c) == 0;

e nempty(c) =len(c) > 0;

e full(c) =len(c) == N, rae N — emKoCTb KaHana c;

e nfull(c) =len(c) < N, rae N — emKocTb KaHana c.

70 Ecan n > 1, coobLLEeHUA UMEKOT BUA Ly, ..., t,, rae t; — Bolpakenne Tuna Ty, i € {1, ..., n}.

71 3peCcb yMeCTHee roBopuTb 06 MAEHTUHMUKATOPaX KaHaNoB UK O CCbIKax Ha KaHasbl.
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3anucb B KaHaN OCYLLECTBASETCA C MOMOLLbIO KOHCTPYKUMK ¢ ! m, rae ¢ — KaHan, a m — Bblpa-
eHue, 3ajalollee nepegasaemoe coobuieHne’?: coobuieHne m aobasnaetca B KoHel, bydepa

KaHana c.

YTeHue 13 KaHaa OCYLLECTBAAETCA C MOMOLLbIO OZHOW U3 KOHCTPYKUMI: ¢ ?punnc ? < p >, rae

€ — KaHan, a p — obpasey, (NaTrepH) Yyntaemoro coobLieHus:

e C 7p — npuem c ydClﬂE’HUE’M COO6Ll4€HUFI U3 KaHana:

yTeHMe MOXKeT ObiTb UCMOJIHEHO, eCc/M NepBoe coobuieHne bydepa KaHana ¢ COOTBET-
cTBYEeT 0bpasuy p (Y4TO 3TO 3HAUMT, PACCMATPUBAETCA HUMKE); AaHHble CO0bLLEHUA nepe-

HOCATCA B NepemeHHble p, a coobuieHmne yaanaetca ns bydepa;
o c?7<p>—npuem c coxpaHeHUeM COOOWEHUA 8 KaHane:

YTeHWEe MOXKET ObITb UCMOJIHEHO, ecan nepsoe cooblueHne bydepa KaHana ¢ cooTBeT-
cTByeT 06pasuy p; AaHHble COOBLLEHNA NepeHOCATCA B NepemeHHble p; cooblueHune co-

XpaHaeTca B bydepe.

06pa3eu, — 3TO KOPTEX, 3/IeMEHTAMMN KOTOPOIro MmoryT ObITb KOHCTaHTHI, nepemeHHble U cneyn-
a/bHbIA CUMBOA . C006LU,EHME coomeemcmeyem 06pa3u,y, €C/IN KOHCTaHTHble NoaA o6pa3u,a
PaBHbl 3Ha4YeHNAM COOTBETCTBYHOLUNX nonemn COO6LLI,EHM$|. Echn s o6pa3eu, BXO4AT NepemMeHHble,

TO NPU YTEHUU COO6LLI,EHVIF| M3 KaHa/la B HWUX 3aNMCbIBaAOTCA 3HAYEHMA NOJIEN.

Mpumep 10.7

PaccmoTpum nprvmepbl BbiparkeHUn ans nepegaym U npuema coobueHmin yepes KaHasbl:

c!l /* noceuika (coobumenme 1 moBaBuTcsa B KoHel Oybdepa) */
clack,p /* TOCHJIKA COCTaBHOTO coobumeHmus */
c? /* ynajieHue NnepBOTO COOOueHus ms3 bydepa

(6rokupyeTcs, ecyM KaHaj nycr) */

c?x /* ureHye mnepBOro coobueHusa Oybepa B HepeMeHHyn x */
c?5 /* BJIOKMpOBKAa, €CJM NepBoe coobumeHue He 5 */
creval (x) /* OJOKMPOBKA, €CJM [IepBOe COOOUeHMe OTJIMUHO OT

3HAUEHMs [epeMeHHOM X B MOMEHT BH30Ba GyHkUMuM eval */

72 KaHan ¢ AoNMKeH BbITb MPOUHULMANWZMPOBAH, @ TUM BbIPAsKEHWA M AOKEH COBMNaAaTh C TUMOM COOBLLEHWI, nepesaBaemblx Mo KaHany .
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cr?ack,p /* OJOKMpPOBKA IO Tex IOp, [IOKa [NepBuM B Oybepe He
cTaHeT coofmeHue Tuma ack; uTeHMe MHOOPMaLMOHHOM
YacTy CcooOleHrs B [IepeMeHHYn p */

c?< > /* OJIOKMPOBKA, €CHM KaHaj nycTt */

c?<ack, > /* OJIOKMPOBKA, €CJM KaHaJ NyCT WM
ero neppoe CooOmeHMe MMeeT TWIl, OTJIMUHBEIM oT ack */

10.1.4. Ynpasigwiye onepaTopsl

OCHOBHO yNpaBAstoLLEel KOHCTPYKLME A3bika PROMELA aBnsieTca onepamop esibopa if. Onepa-
TOp 3aZaeT HemycToe MHOMeCTBO oxpaHsaemsix Oelicmeuli (guarded actions) — nap Buaa ycso-
gue — delicmeue, — 13 KOTOPbIX B NPOLLECCE UCMOHeHUA’® BbIBUPAETCA TOJIbKO OAHO:

if
guard, -> action

guardn -> actionn
fi

Bonee To4HO cemaHTMKa onepaTtopa Bbibopa onpeaensetca cneayowmm obpasom:

1. B TEKyLLeM COCTOSHUU S MPOBEPAETCA UCMOAHUMOCMb YCNOBUI guard; u cocTaBnseTcs
MHOKECTBO Pa3peLLeHHbIX AeNCTBUN:
Enabled = {guard; —> action; | s E guard,};
2. noka Enabled = @, npouecc 6nokupyetcs;
3. cpeau pencteuii mHoxecTBa Enabled HedemepmuHuposaHo BbIGUPAETCA OLHO, KOTO-

poe v ucnonHaetca’s.

B onepatope if MoxHO ncnonb3oBaTth cneuunanbHble ycnosusa else u timeout. Ycnosue else
MOXKET BbITb TO/IbKO B MOC/NEAHEM AEWCTBMU; OHO UCMONHMMO TOTAA U TONbKO TOrAa, Koraa He
MCMOJIHUMbI YCNI0BUSA BCEX OCTaJ/IbHbIX AeNCTBUIA. YcnoBume timeout npumeHseTca Ana OTCAeKK-

BaHWUA MYrNuUKoO8: OHO UCMOIHUMO TOr4a M TONIbKO TOrAa, KOraa Bce NpoLecchbl 3a6/10KMPOBaHbI.

73 Mbl roBOpWUM 06 UCMOAHEHUU, XOTA UCMONHEHUS (B TPAAULMOHHOM MOHUMAHWUK) NPY NPOBEPKE MOAENN HE MPOUCXOLMT.

74 3ameTHM: CeMaHTUKa onepaTopa BblI60pa OT/IMYAETCA OT CEMaHTUKM aHaNIorMYHOro OnepaTopa B A3blke oxpaHaemblx KomaHa, (Guarded Com-

mand Language), npeanoxeHHoro evikctpoit [Dij75]. B a3bike [elKcTpbl onepaTop Bbi6Opa 3aBepLUAETCA, ECU BCE YC/IOBUA B HEM /IOXKHbI.
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BaykHoOe 3amevaHue: B KayecTse YCHOBMVI MOXHO NCNO/Ib30BaTb HE TONIbKO ¢OpMy/’IbI, HO hn one-

paTopbl, BKAKOYAA ONepaTopbl NpucBanBaHNA U nepenayun COO6LLI,EHMI7I. UcnoaHumocme — 370

BO3MOXHOCTb UCNO/IHEHNA ONepaTopa, T.e. OTCYyTCTBUE 6J'IOKVIPOBKVI. Ecan onepatopom asndaetcA

dopmyna, UCNONHMMOCTb onepaTopa — UCTUHHOCTL Gpopmynbl. Takue onepatopbl, Kak skip n

printf, ncnonxvmebl Bcerga.

3amMeTuMm, 4TO CUMBOJIbI —>> U ; ABNAOTCA B3aMMO3aMeHAEMbIMM — B KQYeCTBe YC10BUA paccmarT-

pvBaeTcsA nepBblii ONepaTop Noc/iefoBaTeNbHOCTA. 3aMETUM TaKKe, YTO NOC/IeA0BaTe/IbHOCTb

MOXXeT COCTOATb U3 OAHOro onepartopa.

Mpumep 10.8

HuKe npuseaeHbl Npumepbl oNepaTopos Bbl60pa M NOACHEHUA K HUM.

if
/*
/*
fi
if
/*
/*
fi
if
/*
/*
/*
fi
if
/*
/*
fi

Al
A2

Bl
B2

Cl
C2
Cc3

D1
D2

*/
*/

*/
*/

*/
*/
*/

*/
*/

in?x

out!y

->
->

/*

/*

/*

/*

ucrnoyHaercsa jgubo Al,

6o A2 (BJOKMPOBKA HEBO3MOXHA) */

eciim a < b, BO3HUMKaeT OJOKMPOBKA,

NOCKOJIbKY HET COOTBETCTBYWWETO NeicTBusa */

ucrnojHsercsa Jjgudo Cl,

ambo C2,

ambo C3 (6JIOKMPOBKa HEBO3MOXHA) */

D1 paspeleHo,
D2 paspeleHo,

ecsM kKaHaJs in He mycT,
ecyiM KaHajyl out He mnoJyioH */

Ewe ogHoM ynpasastowLen KOHCTpYKLMel asaseTca onepamop noemopeHua do. Ero cuHtakcmc

aHa/0rnM4yeH CMHTaKCUCy onepaTtopa Bbl60pa — pa3Huua Mnb B TOM, YHTO BMECTO K/N1HO4EBbIX C/10B

if u fi ncnonbsyiorcs do n od.

OnepaTtop MHTEPMNPETUPYETCA CieayoWwmnm 06pa3om:

® MOKa MHOXEeCTBO paspeLleHHbIX A4eNCTBMI NycTo, npouecc 610KMpyeTcs;

® HeaeTepPMUHUPOBAHHO BbI6Mp39TCF| MU UCNONTHAETCA OAHO U3 pa3pelleHHbIX p,EI‘/‘ICTBVIi;I;

e npouecc nosTopseTcs.
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[lns BbIXOoAa M3 LMKAa MOXKHO UCMO/b30BaTh onepatopsl break n goto. Onepatop break nepe-
[aeT ynpas/ieHVe Ha onepaTop, ClefyroLumii 3a onepatopom nosTopeHus. Onepatop goto ne-
pefaeT yrnpaB/ieHne Ha YKa3aHHY MeTKy. MeTKM MOXKHO CTaBWUTb TO/IbKO nepes onepaTtopamu
(mns nepexofa B KOHeL, TeNa NpoLecca MOXKHO A06aBUTb GUKTUBHbIV onepaTtop skip u cHabautb

ero meTKoM).

Mpumep 10.9

Mcnonb3oBaHue onepaTopa NOBTOPEHWA NOACHAETCA Ha CeayoLWmMX NpUmepax.

do
count++ /* CuUeTuMK MHKPEMEHTMPpyeTCs uiau */
count-- /* mexpeMeHTMpyeTCcd OO TeX I[0p, noka */
(count == 0) -> break /* ero 3HaueHwe He cTaHeT paBHem 0 */
/* (B 3TOM CJlydae BO3MOXEH BHIXOH) */
od
do
c?m-> ... /* HOBTOpseTCs 4YTeHMe COOOmeHMs M3 KaHamua; */

:: timeout -> goto deadlock /* B ciyuae Tynmka 4YTeHMe NpeKkpamaeTrcsa */
od
deadlock: skip

B PROMELA MOKHO onpefensiTe amomapHsie Oelicmeus: atomic {action}. B ngeane atomapHas
Lenoyka He A0/1XKHa Pa3pbiBaTbCA NIAHMPOBLUMKOM: ee onepauun He A0MKHbI NepeMellnBaTbCs
c onepauuamm apyrux npoueccos. OgHaKO ecaun Npu UCNONHEHUM LLEeNOYKM KaKon-Hnbyab one-
patop 6710KMpyeTca, OHa NPUHYAUTENBHO Pa3pbiBaeTCcA M ynpaBieHue NosyvyaeT Apyron npo-
uecc. Korga 610KMpoOBKa CHUMAETCA U UCNoHEeHWe BO30OHOBAAGTCA, aTOMapPHOCTb MO BO3MOX-

HOCTM obecneymBaeTcs /s ocTaBLIMXca onepaunin [Hol03].

Mpumep 10.10

PaccmoTpym onvcaHue asonyHoro cemadopa — mMbloTeKca (mutex).

init: /* uHMuUManmMs3aumsa MbioTekca */
count =1

enter: /* 3axBaT MbOTEKCa (BXOX B KPUTUUECKYWD Cekuuo) */
do
atomic { count > 0 -> count-- }; break
else
od
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leave: /* ocBOOOXIeHME MBIOTEKCA (BHIXOI M3 KPUTUUECKOM cekumum) */
count++

10.1.5. CpeacTBa cnenupuKanv Tpe6GOBaHUMN

BaHyto 4yacTb PROMELA cocTaBAsAoT cpeacTsa cneumdbukaumm tpebosaHuin. Camoe npoctoe m3
HUX — onepamop assert, N03BONAOWMI 3a4aBaTb yMEepIHOeHUA ANA KOHKPETHbIX TOYEK MO-
aenv. Onepatop UMeeT cieayrowmii cuHtakeuc: assert(B), rae B — norndeckas dopmyna unm
LenoymcneHHoe BbipaskeHune’>. Ecan nposepka MoAenu BbiABAAET, YTO YCNOBME, 3a[aHHOe B
assert, MoKeT bbITb IOXKHbIM, cooblaeTca 06 owmnbke. Onepatop assert Bceraa UCNOAHUM U

He nmeeT NobouHbIX 3pPeKToB.

Mpumep 10.11

Hwke npusBeaeHa npocTenwan ownboYHas mMoaenb.

init { assert(false) }

[na onvcaHna TeMnopasibHbIX CBOWCTB NMPUMEHSAOTCA never-6/a10Kku. Kak cneayeT n3 HasBaHus,
TaKMe KOHCTPYKUMW OMUCLIBAIOT BbIYMCIEHUA MOZLENN, KOTOPble HUKO20ad He [OKHbl Npo-
M30WTH, T.€. ABNAOTCA OWNOOYHbIMUK. [ANA KaXKAoro never-6,10Kka CTpOUTCA MOHUMOpP, KOTOPbIN
coobuiaeT 06 owmnbKe, ecnv nosegeHe MOLeNU CTAHOBUTCA NOAOOHbBIM ONMUCAaHHOMY B B/10Ke.
MoHuTop paboTtaet’® CUHXPOHHO C ACUHXPOHHOU KoMMo3uyuell NPOLLECCOB MOAENM (CM. NEKLMIO
12) — oH nony4yaeT ynpasieHUe HeNnocpeacTBEHHO Nepes, UCNOSHEHNEM KaXKL0ro AeNCTBUA U
Cpasy nocne UCMoJIHEHWA nocneaHero. 3aBepLieHne MOHUTOPA roBopuT 06 OLWMBOYHOCTU MO-
AEeNn: NOoKa BCe MOHUTOPbLI PaboTatoT, NOBEAEHME MOLENMN CUMTAETCA KOPPEKTHbIM (ecnu, Ko-

HEeYHo, He BblNKn HapyLleHbl ycioBuA assert).

Mpumep 10.12

PaccmoTpum napy TpuBMaabHbBIX MPUMEPOB MCMO/b30BaHMA never-6/10KoB.

75 Kak v B A3blKe C, BbIpaKeHWe CYMTAeTCA UCTUHHBIM TOTAa U TONbKO TOrAQ, KOrAa ero 3Ha4eHne OTIMYHO OT HYNA.

76 ins HarNALHOCTU Mbl TOBOPUM O pabome MOHUTOPA, XOTA NPU NPOBEPKE MOAEIN UCTIONIHEHUA HE MPOUCXOAMT (CM. Nekumio 12).
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never { true } /* urTo O MOIEJb HM LeJjajia, OHa ommbouHa */
never { PQ@L } /* ommbka, ecyiy BHAYajle NPOLECC P HaxXOOUTCS Ha MeTke L */

Mpumep 10.13
Onpeaenum never-6,10K, NpoBepAOWMIA BbINOJAHMMOCTb cBoicTBa Gp [Hol03]. B HeraTuBHOM

BapunaHTe 3TO CBOWCTBO BbIrNAOANT KaK never F—lp (HVIKOF,CI,a BbICKa3sbiBaHWe p He CTaHOBUTCA

JIOXKHbIM).
never {
do
'p —-> break
else
od

Kak To/IbKO HapyllaeTcs CBOMCTBO p, OCYLLECTBAAETCA BbIXOZ, U3 LUMKAA, NpoLecc never-6/10ka
3aBepLUaeTCcs, YTO UHTEPNPETUPYETCA KaK oLm6bKa. MoKa BbICKa3blBaHUE P UCTUHHO, LUK/ UCMOA-

HAeTCA.

O

Never-6/710Kv NO3BONAIOT ONUCLIBATL HE TOJIbKO OLIMBOYHOE NOBEeAEHME, BbIABAAEMOE HA KOHEY-
HbIX BbIYUCAEHUSAX, HO U OLLUMOKM, OBHAPYKUTb KOTOPbIE MOMKHO TO/IbKO Ha HECKOHEYHbIX TPaeK-
TOopMAX (Mbl NOroBopMM 06 3TOM B ieKLmMuM 12). 1A 3TOr0 MCNONb3YIOTCA CNeLManbHble METKU C
npedunkcom accept: ecnm onepatop, NOMeEYEHHbI TaKOM METKOMN, MOXeT UCNONHUTbLCA BecKo-

HeyHoe Yyncno pas, PUKcMpyeTcs owmnbKa.

Mpumep 10.14
B cnepytowem npumepe ocyliecTeafeTcsa nposepka ceoictea GFp. HeratnsHaa dopmynumposka

MMeeT Bna never FG—|p (BblCKa3bIBaHM€ P Heé CTaHOBUTCA NOXKHbIM Hcher,u,a).

never {
do
!p -> break
skip
od
accept:
do
HEY o}
od
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Ka)K,EI,bIFI pa3, Korga BbiCKasblBaHME P CTAaHOBUTCA JIOXKHbIM, €CTb AB€ BO3MOXXHOCTU! BbINTU U3
LLMKNa U1K OCTaTbCA B HEM. ”pl/l BbIXo4e U3 UMNKNa BbIYUCNEHUNA NONAaLaloT B LLUKA, NMOMEYEHHbIN

MeTKOM accept, KOTOprVI MCNOJIHAETCA, NOKa BblICKAa3blBaHNE P JIOXKHO.

O

B HoBOI pefaKkumMyn PROMELA, NoaneprKMBaeMon B SPIN BEPCUM He HUKe 6, MMetoTcA cpeacTBa

cneumduKaumm TpeboBaHuii ¢ nomolubio dopmyn LTL [Ben10]”7:
1tl name {¢},
rae name — HeobasatenbHoe UMSA, a @ — GpopMya, 3aLaBaemas CieaytoLLer rPaMMaTUKON:
@ uw=p|true|false| (@) [[lo|<>¢|lo|leUp|loWo|pVe]|

lp&&olollolo—>plo<—>0¢.

3pecb P — Npoun3BO/IbHaA normMyeckasn d)Oprv\yna VAN LEeNnoYmcneHHoe BblpaxeHume. CMmbica yKa-

3aHHbIX onepaunin npmesoguTca B Tabauue 10.3.

Tabauya 10.3. MoscHeHus K onepayuam LTL e A3bike PROMELA

Onepauus KommeHTapui

[] van always TemnopanbHblit onepatop G (Globally)
<> nnu eventually TemnopanbHbIii onepatop F (in the Future)
! oTpuuaHune

U TemnopanbHblii onepatop U (Until)

w TemnopasbHblit onepatop W (Weak until)
A" TemnopanbHbiii onepaTtop R (Release)
&& vnn /\ KOHBIOHKLMA

|| van\/ [AV3BIOHKLUMA

—> UMNAUKaLMA

<=> 9KBMBANIEHTHOCTb

TemnopanbHbI onepatop X (neXt time) He NoaAepPKUBAETCA — ANA ACUHXPOHHbIX CUCTEM OH He

mmeet cmbicna. Onepartopsl U, W n V accoumaTtnsHbl cnesa Hanpaso.

77 SPIN aBTOMaTn4ecku bepet oTpuuaHue LTL-Gopmysibl U CTPOWT COOTBETCTBYIOLLMI Never-6J10K.
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Mpumep 10.15

Huke npusoauntca LTL-cneundmkaums anroputma NetepcoHa B3aMMHOTO UCKAOHYEHMA NpoLec-
coB (cm. nekumio 9).

0]@CRS && P[1]@CRS) }

[
0]Q@SET -> <>P[0]QCRS) }
1]@SET -> <>P[1]QCRS) }

1tl livenessO { [](

1tl mutex { [11(P
[
1tl livenessl { [](PI

P
P

10.2. BBegeHue B UHCTPYMEHT SPIN

MHcTpymeHT SPIN (Simple Promela Interpreter) npegHasHayeH gnsa aHanmsa PROMELA-mogenei.
OH 6bin paspaboTtaH B 1980-X . Kak cpeacTBO NPOEKTUPOBAHUA U BaNUAALMN KOMMbIOTEPHbIX
npotoKkosos [Hol91]. C 1991 r. MHCTPYMEHT pacnpocTpaHaeTca 6ecnnaTHO BMecTe C UCXOAHbIMM
Kogamu. B 2002 r. 3a pa3paboTky SPIN [xkepapa XonbumaH 6bin yaoctoeH Harpagbl ACM Soft-

ware System Award.

Hac npexpe Bcero nHtepecytoT GyHKUMM SPIN, cBA3aHHble ¢ dopmanbHOM BepuduKaument, a
MMEHHO ¢ nposepkoli modeneli (model checking). Choso «mofensb» 34ech AOMNYCKaeT ABOAKYHO
TPAKTOBKY: UHMEeHepHYyto (Moaenb — 3To tob6as PROMELA-Nporpamma) 1 ss02u4ecKyro (moaenb —
3T0 MHTepnpeTaumsa Gopmynbl, B KOTOpPOK 3Ta dopmyna UCTUHHA). o4 NpoBepKoi moaenu no-
HUMaeTcA npoueaypa, BbIABNAIOLWLAA, ABAAETCA M 3afaHHAA MOLe/lb B UHKEHEPHOM MOHMMa-
HUM MOZE/IbIO B TOTMYECKOM MOHUMAHUKN 414 3a4aHHON cneunduKkaumm, T.e. UCTUHHbI i1 cre-
uModurKaumm Ha mogenn. TeopeTUyeckne OCHOBbI MeTOZa NMPOBEPKU moaenein ana normku LTL

paccMaTpuBaloTCA B CIEAYIOWMX IEKLUAX.

OfHa v3 NPUYMUH NONYNAPHOCTU SPIN — ero 3P eKTUBHOCTb. 3a rofpbl CYLLECTBOBAHUA UHCTPY-
MEHTa B HeM BbI/IN BOM/IOLLLEHbI MHOTME ONTMMMU3ALMK: PeayKLMA YAaCTUYHBIX NOPALKOB, CXKaTHe
6MTOBOro NpeAcTaBAeHMA COCTOSHNUM, X3WMPOBaHUe 6e3 paspelleHma KOAAU3UA U MHOTUE apy-
rve [Hol03]. Kpome Toro, 4na AOCTUXKEHMA BbICOKOM NPOM3BOAUTENBHOCTUN SPIN reHepupyeT npo-

rpammy Ha sasbike C, KOTopas pellaeT NocTaBNeHHYI0 3a4a4y aHanusa.
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10.2.1. CTpyKTypa UHCTPYMEHTA U CLileHapui ero

HUCIIOJIb30BAHUA
MHCTpYyMeHT SPIN BK/IlO4aeT HECKO/IbKO KOMMOHEHTOB: PROMELA-Napcep, CMMynATOp Moaenen, re-
HepaTop MPOrpammbl NMPOBEPKU U rpaduyeckyto 060104Ky [Hol03]. TunuyHbIN cueHapuii uc-

Nno/sib30BaHMA SPIN BbIFIAANUT caeaytowmnm obpasom:

1. PaspabaTtbiBaeTca MoAelb KOMMbIOTEPHOM CUCTEMbI HA A3blKe PROMELA U crieumduumpy-
toTcA TpeboBaHWA K Hell. MicnpaBnaloTCcA CUHTAKCUMYeCcKne OWNOKM, BblAaHHble PROMELA-
napcepom.

2. OcylecTBAAETCA MHTEPAKTUBHAA CUMYIALMA U OTIaZ4Ka mogenu. Mpouecc 3aBepLiaercs,
KaK TOJIbKO MO/1b30BaTe/lb — MHMKeHep-BepupunKatop — craHoBuTCa bosiee-meHee yBe-
PEHHbIM B KOPPEKTHOCTM MOZE/N.

3. TeHepupyeTca nporpamma nNpoBepKu Ha A3bike C (Npy 3TOM MOTYT BbITb YKa3aHbl ONLuK
onTumuszaumm). NMporpamma KOMMUANPYETCA U 3anyCKaeTcs.

4. Ecnu npu nposepke mMoaenv 0bHapyKMBaOTCA OWMBKM, AN HUX aBTOMATUYECKU CTPO-
ATCA KOHMPRPUMEPSLI — BbIYUCAEHUA, HapyLLatoLwme cneumonkaumm. KoHTpnpumepbl mo-

ryT 6bITb noAaHbl CUMYNATOPY ANA OTNaAKN MOo4eNNn.

10.2.2. OcHOBHBIE ONIUHU SPIN

PaccmoTpum HeKkoTOpble ONLUKM MHCTPYMEHTA SPIN B TOM NOPAAKE, B KOTOPOM OHMU 06bIYHO nC-

nosib3ytoTcA Npu BepuduKkaunm PROMELA-mogenein [Hol03].

PaHAOMM3UPOBaHHAA CUMYNALUA MOLENN:
spin [-p] [-uwwcno-maros] wmms-darina

Ecnv yKkasaHa onuua —p, BbIBOAMTCA AeTafbHaa MHGOPMALMIO NO KaXKAOMY LIary UCNOSHEeHUs;
MHaye — TO/IbKO pe3ybTaTbl Bbi3oBoB printf. Onuusa- u npeagHasHaveHa A1 OrpaHUYeHUs Bpe-

meHn cumynaumm (Hanpumep, —ul100 orpaHmumsaet cumynauuio 100 waramu).

FeHepauma, KOMNUAALMA M 3aMYCK NPOrpPaMmmbl NPOBEPKMU:

spin -a mMa-garia
cc -0 pan pan.c

./pan
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MepBas KomaHaa reHepupyet C-Mporpammy pan . ¢, OCyLLECTB/AIOLLYHO NPOBEPKY MOAENN; BTO-

pas KoMMNUAKPYET ee (3TO MOXKHO cAenaTb o6biM KOMNUAATOPOM); TPETbA 3aMnyCcKaeT.

BocnpounssegeHue KOHTpNpUmepa Ha cumynaTope:
spin -t mms-gariza

Ecnn npu BepudmrKaumm mogenu 6bina obHapyKeHa oWNOKA M NOCTPOEH KOHTpNpUMep, NpuBe-
AEeHHasa KoMaHZa BOCNPOM3BOAUT OWMOKY Ha cumynaTope. s AeTafbHON ANArHOCTUKN MOXKET

Mcnoab3oBaTbCA onuma —p.

Mo cornawexunto, PROMELA-KOZ NOMeLLatoT B ¢alifibl ¢ paclumpeHmem pml.

10.3. Bonpocsl 1 ynpaxHeHUuA

1. PeanusyiTe Ha A3bike PROMELA anroputm EBKANAA HaxoKaeHUA Hanbobluero obLuero aeau-
Tena. C nomolbto onepatopa assert cneumoduumnpyinte npes- n noctycnosus. Micnonbsya cu-

MyATOP SPIN, NPOTECTUPYITE MOAENb Ha HEKOTOPbIX 3HAYEHWUAX APrYMEHTOB.

2. OnpeaennTte, CKONbKO COCTOSIHMIA B cneaytolein PROMELA-moaenu [Hol03]:

init {
byte i = 0;
do

od
}

3anyctute 3Ty mogesnb B cumynatope SpIN.

3. TapaHTUpyeT v NpUBEAEHHbIN HUKe MOHUTOP NPOBEPKY CBOWCTBA invariant Bo BCex COCTO-

AHUAX MOENN B peEXnme CVIMYJ'IHLI,MVI?

active proctype monitor () {
do
assert (invariant)
od
}

4. KaKuMM MO3KeT cTaTb 3HaYeHMe NnepeMeHHol state nocie UCNONIHEHUA MOAENM CNeayoLWero
Buaa [Hol03]?

byte state = 1;
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7.

proctype A() {
byte tmp;
(state == 1) -> tmp = state; tmp = tmp + 1; state = tmp

proctype B() {
byte tmp;
(state == 1) -> tmp = state; tmp = tmp - 1; state = tmp

init {
run A(); run B()

}

MpoBepbTe CBO A0rafKy C MOMOLLbIO MHCTPYMEHTa SPIN.

KaKMM CTaHeT MHOeCTBO BO3MOXKHbIX 3HaYEHW M I'IEpEMEHHOVI state (CM. npeabigyuiee 3a-

[aHune), eCNn BHECTU cneaytolme U3MeHeHUs B Ko NpoLeccHbIX Tunos A n B?

BapwuaHT a:
(state == 1) -> atomic { tmp = state; tmp = tmp + 1; state = tmp }
(state == 1) -> atomic { tmp = state; tmp = tmp - 1; state = tmp }
BapuaHrT b:

atomic { (state == 1) -> tmp = state; tmp = tmp + 1; state = tmp }
atomic { (state == 1) -> tmp = state; tmp = tmp - 1; state = tmp }

CmogenunpyiTe Ha asblike PROMELA pacnpegeneHHyto cuctemy cieaytoliero suga. Mmeercs
O4MH cepBep, KoTopblit 06pabaTbiBaeT 3anpockl oT N KAneHToB. [ nepeaayn 3anpocos nc-
nonb3yetca oauH 6ydepr3oBaHHbI KaHan emkocTu M. OTBeTbl BO3BPALLAOTCA MO UHANBU-
[AYanbHbIM CUHXPOHHbIM KaHanam. 3anpoc — 3TO COobLLeHNe, coaeprKallee HOMEP KAeHTa.
OTBET — TOT Ke HOMEP, HO YBeIMYEHHbIN Ha 1. KAMeHT He nocbliaeT 3anpoc, NoKa He 3aBep-
wuTcA obpaboTka npeabiaywero. Cepsep He nepexoanT K 06paboTKe 3anpoca, NoKa He 3a-

BepLMT 06paboTKy NnpeaplayLiero.

3agaiTe TpeboBaHMA K CUCTEME, UCMONb3YA KOHCTPYKLMIO assert, U npoBepbTe KOPPEKT-
HOCTb MOZENM C MOMOLLBI0 MHCTPYMEHTA SPIN (418 KaKMX-HMBYAb GUKCMPOBAHHbIX 3HAYEHUI

N wu M).

[ns npeablaywero 3agaHus onuwuTe ¢ nomolbio Gopmysbl LTL CBOWMCTBO »KMBOCTU CW-
CTEMbI: €C/IN K/IMEHT MOCbIJIAeT 3aMpoc, PaHo WM NO3AHO OH ero nowiet 1, 6os1ee Toro, no-

NIYy4UT OTBET.

MpoBepbTe MCTUHHOCTb 3TOrO CBOMCTBA Ha MOAENN C NOMOLLI0 MHCTPYMEHTa SPIN.
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8.

10.

11.

12

13.

14.

172

[o6aBbTe B Mofenb cepsepa «b6anaHCMPOBKY» 3anNpocoB OT KAUEHTOB. CepBep XPaHMUT Ho-
Mep NPUOPUTETHOTO KNNEHTA (HayanbHoe 3HayeHne — 0). Eciv Bo BXOAHOM KaHane ecTb 3a-
NpoC OT K/AMEHTA C 3TUM HOMEPOM, 3aNpPoC NPUHUMAETCA, @ HOMEP MHKPeMeHTUpyeTca (no

mogynto N); B NpOTMBHOM C/ly4ae MonbITKa OCYLLEeCTBAAETCA C USMEHEHHbIM HOMEPOM.
N3meHuTCA nn oT fo6aBAEHMA NNaHMPOBLLMKA UCTUHHOCTb CBOMCTBA KMBOCTU?
MpeacTtasbTe cnepytoumne TpeboBaHusa B popme never-610kKa:

a. B npouecce paboTbl CUCTEMbI COCTOAHME, Y0BAETBOPAIOLLEE CBOMCTBY (9 MOXKET BO3HU-
KaTb TOJIbKO KOHEYHOE YMC/Oo Pas;

b. mexay KaaoW napoit COCTOAHMUI, YA0BNETBOPAIOLLMX CBONCTBY (¢, 06A3aTeNbHO BCTpe-
TUTCA COCTOAHWE, YA,0BNAETBOPAOLLEE CBOMCTBY 1.

Onpeaenute never-6/10KM gna oTpuLaHuii ciegyrowmx dopmyn LTL:

a. <>lp;

b. [Ilp —><>q);
c. [Ip—> (»UQ)).
Peanusyiite Ha A3bike PROMELA anroputm lMeTepcoHa (cm. nekumto 9), 3aaalite ycnosuma Kop-

pekTHocTH, ucnonbsys 1tl-610KkM, 1 NpoBepbTE KOPPEKTHOCTb AZIFOPUTMA C MOMOLLBIO UH-

CTpymeHTa SPIN.

. CneundurumpyiTe ycnoBmsa KOPPEKTHOCTU anropmntma lMetepcoHa, UCNob3ys NEVer-6/10Ku.

MpeanoxuTe Ha a3bike PROMELA pelleHune npobaemsi obedarouwux gpunocogos. N monua ay-
Matowmx GunocodoB CMAAT 3a KPYIbim CToIOM. Mepes Kaxkabim ¢pnuaocodbom CToUT Tapenka
CnareTTu, a MeXay Kaxaol napon NexuT Buaka. Punocod moxket anMbo ectb, MO0 pasmblLL-
NATb. ECTb 04HO orpaHMyeHne — ¢puaocod MoXKeT eCTb TO/IbKO TOrAa, KOraa oAHOBPEMEHHO
OEPKUT B PYKax ABe BUAKU. PUNocod MOKET B3ATb OAHY M3 BAMNKAWLLIMX BUIOK CO CTONA
(ecnm oHa fOCTYMHA) UM NONOXKMUTL BUJIKY Ha CTOA (€CAK yiKe AepXuT ee). BaaTue 1 Bo3Bpa-
LeHMe Pa3HbIX BUIOK ABAAKOTCA Pa3ae/ibHbIMU AeNCTBUAMM. 3a4a4a COCTOMT B TOM, YTOGbI
paspaboTaTb MoAe/b NOBEAEHUA, B PaAMKaX KOTOPOW HW 04MH M3 dpunocodos He byaeT rono-

AaTb, T.e. 6y,CI,ET BeYHO YepeaosBaTb npuem nnUn N pasmblilUNeHUA.

dopmanusyiite onepaLMoHHYI0 CEMaHTUKY A3bika PROMELA.



Jlekuuda 11. MoaesimpoBaHue

nporpaMm CTpyKrypamu Kpunke

Mpocmoma — 8om eduHCMeeHHas Mo4Yea, Ha KOMopol Mbl Mo-
Hem cmpoums 30aHUe Hawux obobweHull. Ho ecau asma npo-
cmoma — MmosbKO Kaxcywascs, mo byoem au 0ocmamo4Ho
HadexcHol u cama noyea? Bonpoc smom 3acayxusaem uccaedo-
8GHUA.

A. MNyaHkape.
Hayka v runotesa

PaccmaTpuBaloTca BONpPOCh! af€KBATHOCTY MOLENMPOBAHWUA MPOrPaMM CTPYKTypamu Kpunke, B TOM yucie BOMpOChl Bbibopa
YPOBHA abCTPAKLMM AAHHbIX M FPAHYAAPHOCTY AeNcTBMI. OBCYKAAIOTCA BO3MOXKHbIE aHOMAIMK: NOABAEHME NOBEAEHUs Henpu-
CYLLEero UCXo4HOM NPOrpaMme U CBA3AHHbIE C 3TUM NIOXKHbIe cooblieHnsa 06 owmnbkax (false positives), a Takke ncyesHoBeHue
BO3MOXXHOrO NOBEAEHUA U CBA3aHHbIE C 3TUM MpPONycKu ownbok (false negatives). [laeTca npeacTaBieHne o NpeAnKaTHOMN ab-
CTPaKLMM NPOrpamm M afanTUBHOM YTOUHEHMM abCTPaKLMKM Ha OCHOBe KOHTpnpumepoB — meTtoge CEGAR (Counter Example
Guided Abstraction Refinement). PaccmaTpuBatotcs 6a3oBble NoAX0Abl K MUCCNEA0BAHMIO NPOCTPAHCTBA COCTOSHWI Napannesb-

HoM nporpammel, NO3BOIAKOLWME NO MOAENAM NPOLLeCCoB CTPOUTb MOAE b BCeW nporpammel.

11.1. AAeKBaTHOCTb MO e/JIMPOBAHUA NPOrPaMM

cTpyKrypamu Kpunke

CemaHTUKa LTL onpefensertca Ha TpaeKTopuaAx CTPYKTyp Kpunke, T.e. Ha BeCKOHEeYHbIX nocaeso-
BATE/IbHOCTAX MOMETOK — MHOMXECTB UCTUHHbIX 3/1eMEHTaPHbIX BbICKA3bIBaHUI (CM. neKkumio 9).
B BbluMCNIEHMAX NPOrPaMM (CM. IeKLMIO 3) TaKMX MOMETOK HET, O4HAKO HUKTO He MellaeT BBECTU
BbICKA3bIBAHMA O COCTOAHMAX NPOrpaMmbl M MCMONb30BaTb MX AA BblparKeHUs TpeboBaHWIA.
Hanpumep, eciv B Nporpamme ecTb NEPEMEHHbIE X U Y, MOXKHO ONpeAe/nTb BblCKasbiBaHUE
(npeawnkat) p = (¥ > X) U, <M3MEPMB» €ro UCTUHHOCTb Ha BCEX COCTOAHMUAX HEKOTOPOTO BbIYMUC-
JIEHUS MTPOBEPUTL CBOMCTBO G—p (HMKOrAa 3HaYeHMe NepeMeHHON y He NPeBOCXOANT 3HaUeHUs
nepemeHHol x). Takum obpasom, popmanbHO onpeaeneHHas onepaLMoHHan CeMaHTMKa A3blKa
NPOrPamMmMMPOBaAHNA YU MHOXKECTBO NMPEAMKATOB HaL COCTOAHUAMM NPOrpaMmbl «NPEBPALLAOT»

3a4aHHOE BblYUCNEHME NPOrPpaMMbl B TPAEKTOPUIO.

[na dopmanbHoit BepudUKaumm MHTepec NpeacTaBaaloT He OAMHOUYHbIE TPAEKTOPWUK, a 8CE BO3-
MOXHble TpaekTopuu. a8 X NpeacTaBAeHNa HYKHO MO MporpaMmme MOCTPOUTb ee Moaesb B
dopme cTpyKTypbl Kpunke. PeweHne «B 106» — nocTpouTb rpad COCTOAHMI NPOrpPammbl, UC-

nonb3ya onepauMoHHYO CEMAHTUKY A3blKa NPOrpaMmmmnpoBaHnAa, U NOMETUTb KaXXaoe COCToAHUE
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MHOYECTBOM BCEX UCTMHHbIX B HEM BbICKa3blBaHWI (NpeauKkaTos, UCNOb3yeMbiX B GOpMyIn-
poBKe TpeboBaHuit). O4eBUAHO, YTO TaKOW Noaxos paboTaeT He BCeraa: NPoOrpamma Kak maTte-
MaTUYECKUI OBBEKT MOXKET MMETb BECKOHEYHOE YMCIO COCTOAHWIA; AarKe eCNM UX YNCIO KO-
HEYHO, OHO MOKET BbITb Ype3MepHO 6ONbLUMM A5 NPAKTUYECKOro aHann3a. HyskHa abeTpakums

— UTHOPMPOBaHME TeX MU UHbIX AeTanelt Nporpammsl (COCTOAHMI, Nepexonos 1 T.n.).

Cnepytowme pasgenbl paccCMaTPUBAlOT KPATKO BOMPOCHI abCTpaKuMKM AaHHbIX M OEUCTBUM, a

TaK»Ke BOMPOCHI afeKBaTHOCTU MOAENMPOBAHMS.

11.1.1. CocTossHUA: a6CTPAKIUA JAHHbBIX

CocTosiHMe, UM KoHdUrypauma, ABAAETCA eCTeCTBEHHOM KOHUENUWen, UCrnosibayeMon B npo-
rPammmpoBaHnm (CMm. nekummn 2, 5 1 9). ITo «MrHOBEHHbIM CHUMOK» UCMONIHEHUA NPOrpammbl,
BK/IIOYAOLWNIA cOCMOAHUE OaHHbIX (3HAYEHWUA MepeMeHHbIX) U cocmosHuUe ynpasaeHus (TOUYKK
McnoaHeHus npoueccos). NMpeHebperas HEKOTOPLIMK AETANAMM, COCTOAHUA MOXKHO 06 bEANHATD
B KJACCbl 3KBUMBANEHTHOCTW, Ha3blBaemble abCMpPakmMHbeIMu cocmoaHuamu. Popmanunsyem aTy

naet NPUMEHUTENBHO K CTPYKTYpam Kpunke.

MycTb 3a4aHbl MHOXECTBO 3/IeMeHTapHbIX BbiCKasbiBaHuUit AP u ctpyktypa Kpunke (S, Sy, R, L),
KOTOPYHO Mbl Byaem HazbiBaTb KOHKpemHol cucmemoli nepexodos. MNyctb S — HEKOTOpoe Heny-
CTOE MHOMECTBO — MHOMeCTBO abcmpakmHbeix cocmoaHull. ®yHKkyuell abcmpaKyuu Ha3blBa-

eTca oTobpaskeHue [: S — S, Takoe 4To A9 BCex S, s’ € S MMmeeT MecTo MMNAMKauua

(f(s) = f(s1) = (L(s) = L(sN).

AbcmpakmHoli cucmemoli nepexodos, NOPOKAEHHOMU GyHKLMeN abcTpakumu f, HasbiBaeTcs cu-

ctema (S, S, R, L), roe [Bai08]
So={f(s) s €Se}, R={(f(s),f(s))|(s,s") ER}
L(f(s)) = L(s) anascexs € S.

Mpumep 11.1
Mpy MoLennpoBaHUKM MPOTOKO/IOB Nepesayun AaHHbIX MOXKHO abCTparMpoBaTbCA OT COAEPHKU-

MOro nepeaaBaembiX COOGLLI,EHMVI. Kak npasuno, norMka NnpoToKona onpesenaeTca TMnamm co-
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06LWEHNIN, UX NOPAAKOBLIMW HOMEPAMM, HO He NepeaaBaembiMU AaHHbIMU. YAanWUB U3 CTPYK-
Typbl cOObLLEHNA NOoAA ¢ AaHHbIMK (CM. Tabanuy 11.1), MOXKHO 3HAUUTENIbHO COKPATUTb YMCNO

COCTOSIHUM mogenun, COXpaHMB Npn 3TOM ee ai€KBATHOCTb.

Tabauya 11.1. AbcmpazuposaHue om co0epHumozo coobujeHul

CTpyKTypa KOHKpEeTHbIX coobLWweHuni CTpyKTypa abcTpaKTHbIX coobLeHui

typedef ConcreteMessage { typedef AbstractMessage {
/* NOPAOKOBHI HOMEpP CooOBumeHus */ /* NOPANKOBHEI HOMEP COOOueHus */
unsigned seqg:4; unsigned seqg:4;
/* KOHTpOJIBHAL cymma */ /* npusHaK oWMOKM repemaum */
unsigned checksum:16; bool error;
/* nepemaBaeMble OaHHHE */ /* nepenaBaemble HaHHbE */
byte data[32]; /* He MmomemnmpylTCca */

} }
O

3ameTum: abCTPAKLMA MOXKET NPUBOAUTL K MOABAEHUIO TPAEKTOPUIA, HE MPUCYLLUX UCXOLHOM
mogenu. NpeAnonoKum, YTo B MOZE/IU CTb [1Ba COCTOSHUA S1 U S,, UMEIOLLME OZMHAKOBbIE No-
meTkm, L(s;) = L(s;), n obbeanHsemble B ogHO abcTpakTHoe coctosHme: f(s;) = f(s3); 3aech
f — HekoTopasa ¢yHKUMA abcTpakumm (cm. puc. 11.1). MycTb B UCXOA4HOW MOAENU UMeloTCA ne-
pexoabl S; = S; = ;' U Sy = S, > 55 (U3 S; U S, eCTb TONbKO Nepexoabl B S;' U s COOTBET-

CTBEHHO), NpKX 3TOM
L(s1) = b # ¢ = L(s3), L(s;) = a = L(sy), L(s{) =d # e = L(s}).

Torpa B a6CTpaKTHOV1 MmoaeN I BO3SMOXHbI TPAEKTOPUU, BKAKOYHAOWME LENOYKHU bae v cad, 4yTO

HEBO3MOXHO B VICXO,EI,HOVI Mmogenwu.

abcTpakumWa cMCTeMEI Nepexofos

- - - -

PucyHok 11.1. lNoseneHue donoaHumMenbHsix mpaekmopuli npu abcmpakyuu
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MoABneHMe AONOMHUTENbHbIX TPAEKTOPUIA B aBCTPAKTHbIX MOAENAX MOMKET MPUBECTU K /10 HbLIM
coobujeHusM ob owubkax (false positives), Unn, Kak UX Ha3bliBalOT B MaTEMATUYECKOWN CTATU-
CTUKe, owUbKam nepso2o poda’®. Jna Kaxkaoro HalaeHHOro Nnpumepa oWMBoYHOro NoBeaeH!s,
TaK Ha3blBAe@MOro KOHMpPpumMepa, Hy>KHO NPOBEPUTb, Peaan3yem v OH B UCXOAHOW MOAENM:
€C/IN HeT, 3T0 He olWKnbKa. be3ycnoBHO, N0XKHble TPEBOrK A0CTaBAAOT HEMPUATHOCTU NPU aHa-
i3e mogenei, Ho ropasgo 6onee onacHbl nponycku owubok (false negatives) — ownbKn BTO-

poro poaa.

Ecnv owmbKM nepBoro posa AONyCTUMbI, TO OLMBKM BTOPOro poAa HeMpUemIeMbl HU NPU KaKKxX
obcToaTenbcTBax. byaem HasbiBaTb Moaenb a0ekeamHol, eciu OHa He AOoMNycKaeT oWnbOoK BTO-
poro poaa, a ee aHanu3 TpebyeT NpUBAEYEHUS NPUEMIEMbIX PECYPCOB (BKAOYAA 3aTpaTbl HA

pa3bop ownbok nepsoro poaa).

ObpaTnTe BHMMaHMe: Npu abCTPaKLMM PAacCMOTPEHHOro B1Aa (OCHOBaHHOM Ha 06beauHEeHUU

COCTOSIHWUW B K/lacchbl 3KBVIBall6HTHOCTM) nponycku OWNBOK UCK/OYEHDI.

Mpumep 11.2

B Tabnuue 11.2 npuseaeH ¢parmeHT Koaa Ha sA3bike PROMELA (cneBa) M pesynbTaT ero abctpak-
unn (cnpasa). B abcTpaKkTHOW MOAENM UTHOPUPYETCA NepemMeHHas X: NPUCBaUMBAHUA B X yaa-
JIEHbI, @ YC/I0BUSA C Y4aCTMEM X 3aMeHeHbl Ha byieBbl nepemeHHble p0 1 p1, KoTopble MoryT npu-

HUMaTb NPOn3BOJIbHbl€ 3HA4YE€HUNA NCTUHHOCTW.

Tabauya 11.2. AbcmpazuposaHue om nepemeHHol x (nossaeHue owuboYHbIX 8bl4UCAEHU)

NcxogHaa moaens PesynbTaT abctpakumm (1)
X =X * y; select(p0 : 0 .. 1);
select(pl : 0 .. 1);
if if
(x $ 3 ==0) —>r =20 p0 -> r =0
(x $ 3 ==1) > r =1 i pl -> r =1
else -=> r =2 :: else -> r =
fi; fi;

78 OWnBKK nepBoro U BTOPOro po4oB — K/KOYEBble MOHATUA NPOBEPKN CTAaTUCTUHECKUX TUnoTes3. Ownbka nepBoOro poga — HyseeaA cunnomesa

(Hanpumep, rnoTesa «B NPOrpamme HeT OLWMBOK») HEBEPHO OTBEPrHYTa; OWMBKa BTOPOro poAa — Hy/1IeBas runoTesa HeBepHoO NPUHATA.
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if if
(x $ 3 == 0) -> assert(r == 0) HE o]0 -> assert(r ==
(x $ 3 ==1) -> assert(r == 1) i pl -> assert(r == 1)
else -> assert(r == 2) :: else -> assert(r ==
fi fi

OyeBMAHO, 4TO aGCTpaKTHaH mogenb AonycKaeT owmnboyHbIe BblYUC/I€HNA, KOTOPble HEBO3-

MOHbl B MICXOA4HOM MOAENN, Hanpumep:
r = 0; assert(r == 1).

ITO CBA3AHO C TEM, YTO B MOZE/IU HE YYUTbIBAETCA CEMaHTKKa ycnosuit: p0 u p1 moryT ogHoBpe-

MEHHO MOJIy4nTb 3HaYEHMe true, YTo cooTBeTCTBYET popmye
(x%3==0)&& x%3==1),

04YeBUAHO, HEBbIMOJHUMOM. TaKOM CUTyaL MM MOXKHO U36exKaTb, ecin Npu Bblbope 3HaYEHUI UC-

TUHHOCTU UCKZTIOYNTL 3aBeJ0MO HeAOCTUXKNMbIe KOM6VIHaLI,VIVIZ

select(p0 : 0 .. 1); /* p0 npuHMMaeT NPOM3BOJILHOE 3HadeHue */
select(pl : 0 .. (1 - p0)); /* ecoit p0 = 1, pl moxeT OwTb TOJILKO 0 */

Ecnm yncno coctoaHui AaHHbIX OFPOMHO, HO AaHHble UCMONb3YHTCA NMPOCTbIM o6paaoN\ (YC/'IO-
BUIA Ha AadHHble HEMHOIo, mexXxay ycnoBnAMU HET CKPbITbIX TaBTONOTNA, AaHHble He 3aﬂ,eﬁCTBy-
HOTCA B yCNOBUAX KOpp6KTHOCTM), MOXHO a6CTpaFMpOBaTbCH OT COCTOAHMA AaHHbIX, NOCTPOUB

NMPpuY 3TOM a4eKBaTHYO MoAe/ib CO CPaBHUTE/IbHO He60/1bLLIMM YNC/TOM COCTOAHMNA.

11.1.2. [Iepexoabl: rpaHyJIAPHOCTb AN CTBUMA

[TOHATNE COCTOAHMA HEOTAE/IMMO OT NOHATUA Nepexosa — 3/IeMeHTAapPHOro U3MeHeHNA COCToA-
HMA. Ba)KHbIM BONPOCOM ABNAETCA COOTHOLLIEHWE MEXKAY Nepexoaamm Nporpammbl U ee MOSENN.
Mepexoabl mogenn No onpeaeneHno amomMapHsl, B TO BPEMA KaK aHaNorMyHble nencremn npo-
rpamMmbl MOTYT COCTOATb M3 HECKONbKMX Wwaros. MogenmpoBaHue gAnTeNbHbIX NPOLLEeCCOB aTo-
MapHbIMU nNepexogamm MOXKeT NPUBOANUTb K NPONYCKY owmnboK. N3nnwHaa AeTannsauma Takxe
BpegHa: ecin Heagenmmoe AEVICTBME MmogennpyetTca HeCKONbKMMU nepexoaamm, npu aHanmse
MOTYT BO3HUKATb /IOXKHbIE COO6UJ,€HVIF| 06 owmnbKax; Kpome TOro, 3To yBe/IM4nBaeT 4YMCa0 CoCTo-

AHUN MmoZenun n fenaet BepudurKaumto boaee pecypcoemro.
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Mpumep 11.3

Mpoueaypa BblMMCAEHMA 3HAYEHMA BbIPaXKeHWA, Kak NPaBu/Io, He aToMapHa. B mawnHHOM Kope
el CoOTBETCTBYET HECKO/IbKO KOMaHA, MUKPOMpOLLeccopa: 3arpy3Kka AaHHbIX U3 NamATU B peru-
CTPbl; UICMONHEHME OnepaLmii Hag, PerucTpaMu; CoxpaHeHue pesysbTata B NamaTb. icnonHeHue
Nporpammbl U3 n NapaniesbHbiX NpoLeccoB Buaa x := x + 1 (touHee, t; :=x; x :==t; + 1, rpe
t; — NIOKa/sbHas nepemeHHasn [-oro npouecca) 418 Ha4anbHOro coctosHua x = 0 MoKeT npuse-

CTW K Ntobomy 13 BapmaHToB: X = 1, ..., x = n (cm. Tabaunyy 11.3).

Tabauya 11.3. BapuaHmesl UCMOAHEHUA N NapasaesnsHoix npuceausarHuli x := x + 1

BapI/IaHT ucnonHenua 1 BapmaHT UCNOJTHEHNA N
Pil: til =X til =0 Pil: til =X til =0
ocmaswuecs npoyeccsl Pix=1t,+1 x=0+1=1

MOo2ym 8bINo/THAMbCA 8
npoussos1bHOM nopﬂdKe =X tin =n-—1

Pix=t,+1 x=0+1=1 Pix=t; +1 x=Mn-1)+1=n

O

11.2. [IpeacraByieHye IporpamMmm CTpyKkrypamu Kpunke

B 3TOM paszene Mbl Ha KOHKPETHbIX MPUMEPAX PACCMOTPUM NPEACTaBNEHUE NMPOTPAMM CTPYKTY-
pamu Kpunke. B Kax4om npumepe A5 3agaHHol nporpammsl P v ee cneunduKaLmm ¢ ctpoutcs
CTPYKTypa Kpunke M, onpegensatoowan nosegeHme P Ha TOM UAW MHOM ypoBHe abCcTpakumm u
No3BO/IAOLLAA BbIPAa3UTb CBOMCTBO (. TaKKe NOAHMMAETCA BONPOC NOCTPOEHUA MOLEeNM napan-

JIe/IbHOM NPOrPaMmbl MO MOAENSAM COCTaBNAOLWMX ee NPOLLeCCOB.

11.2.1. IIpumMmepsl npeACTaB/IEeHUA IPOrpaMM CTPYKTYpaMH
Kpunke

Mpumep 11.4

HauHem ¢ HeTUNWYHOrO ANA NPOBEPKM MOAEeNeN Npumepa — BblYUCAUTENBHON NPOrPamMbl, a

MMEHHO NPOrpammbl LLeSIOYUCIEHHOTO AeNeHus.

proctype DIV (int a, Db) {
int gq, r;
assert(a >= 0 && b > 0); /* npemycisosue */

178



atomic {

q = 0;
r = a
}
do
atomic {
r >b ->qg=q9g+ 1;

r=1r -Db
}
else -> break
od;
assert(a == b*q + r && 0 <= r && r < b) /* nocrycmnosue */

MpeacTaBUM COCTOSHUA NPOrPamMMbl Napammn 3HaYEHUI NepemMeHHbIX g U T. aa nobbix a = 0 u
b > 0 yncno cocTosiHMIA KOHEYHO; Hanpumep, and a = 5 n b = 2 nmeem 4 coctosiHMA (BKIOYas
Haya/ibHOE COCTOAHWUE C HYNEBbIMM 3HAaYEHUAMU g U ). OTHOLLEHME NEePEXOL0B MEXKAY COCTOA-
HUAMM MOKa3aHo Ha puc. 11.2: HayaNbHOE COCTOAHME OTMEYEHO BXOAALLEN B HEro CTpesiKo;

neTas B noc/ieaHem COCTOAHWM AobasieHa 4/1a Toro, Ytobbl cAaenaTb OTHOLWEHWE Mepexonos

NoHbIM (CM. Nekumto 9).

(a, 1) (0,0) @

{p2, p3} {p1, p2} {p1, p2} {p2, p2, p3}
pl: (a==b*q+r) pl = false pl = true pl = true pl =true
p2: (r>=0) p2 = true p2 = true p2 = true p2 =true
p3: (r<b) p3 = true p3 = false p3 = false p3 = true

PucyHok 11.2. Cmpykmypa Kpurnke, MoOeaupyowas npo2pammy Yeao4ucaeHHo2o oesneHus

018 3a0aHHbIX 3HAYEHUU BXOOHbIX NAPAMEMPO8

Beeas snemeHTapHble BbicKasbiBaHua py = (a=b-q+71), p, = =20) np; =(r<b), a
TaKXe CONnoCTaBMnB COCTOAHUAM NpPOorpammbl 3Ha4eHUA NCTUHHOCTUN 3TUX BbICKa3bIBaHMVI, nony-
4MM CTPYKTYpY Kpunke. 3Ta CTPYKTypa UMeeT eANHCTBEHHOE BbIYMCIEHWE T, HA KOTOPOM MOXKHO

WHTepnpeTnposaTtb dopmybl LTL Hag mHoxkecTBom AP = {p,, p,, p3}, Hanpumep, cneayrowme:

o 1 = F{p; A p, A p3} — 370, NO CYTH, YCNIOBME KOPPEKTHOCTU NPOrpaMMbl: Korga-Hubyap
6yZeT LLOCTUTHYTO COCTOAAHWE, B KOTOPOM NEPEMEHHAA ¢ COAEPIKMT YaCTHOE OT Ae/eHUs a

Ha b, ar — ocTaTok;
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o 1 = FG{p; A py A p3} — 3TO yCUNEHHBII BapuaHT YCIOBUA KOPPEKTHOCTM, BbIParKatoLLmit
TaK¥Ke CBOMCTBO cMabuu3ayuu: Yepes KOHeYHoe YMCNo Wwaros 6yaeT 4OCTUIHYTO COCTOsA-

HWe, cofeprKalllee KOPPEKTHbI pesy/bTaT, NOC/1e Yero COCTOAHNE MEHATLCA He ByaerT;

e 7 = XG{p; A p,} — 3T0 CBOICTBO yTBEPIKAAET, UTO BCETAA (33 MCK/IHOUYEHWEM HAYA/IbHOTO

COCTOSIHWA) UCTUHEH MHBapuaHT umkna (a =b-q + 1) A (r = 0).

MpuBeaeHHan B npumepe CTPYKTypa Kpunke NocTpoeHa A8 KOHKPETHbIX 3HadeHuit a u b (napa-
mMempo8 MoLeNN), MO3TOMY He NMPUroaHa AN BepudUKaLUmn NPorpaMmmbl LEe0YNCIEHHOTo ae-
NeHus B uenom. na sepudrKaumm napamempuzosaHHbix modesel (ans Bcex A0NyCTUMBbIX 3Ha-
YyeHuUi napameTpoB) paspaboTaHbl cneymanbHble metoabl (parameterized model checking). OHm
AKTUBHO NPUMEHAIOTCA ANA BepudUKaL MM pacnpeseneHHbIX aropUTMOB 1 MPOTOKO/I0B B UX 06-

wem suge [McmO01].

OTmeTMM: NpuBeLeHHan CTPYKTypa Kpunke nmeet mano o6u.|,ero c npegcrasieHnem cUcTtem ne-

pexonoB B MHCTpyMmeHTe SPIN [Hol03].

Mpumep 11.5
PaccmoTpum anroputm MeTepcoHa pelueHnsa 3a4a4ym B3aMMHOTO UCKIOYEHMA ABYX NMPOLECcCOB

(cm. nexkymio 9).

active [2] proctype P () {

int i = pid;

NCS: skip; /* HexpuTuueckas cexums */
SET: flag[i] = 1; turn = 1i;

TST: ! (flag[l - i] == 1 && turn == i);
CRS: skip; /* xpuruueckas cexums */
RST: flag[i] = 0; goto NCS

Ecnv B Npowwnom npumepe B KayecTse COCTOAHMI CTPYKTYPbl Kpunke mMbl MCNONb30BAIN COCTOS-
HWUA AaHHbIX NPOrpamMmMbl (3HaYEeHWA NePEMEHHbIX), TO Ha 3TOT pa3 Hac ByayT MHTepecoBaTb CO-
CTOAHMA ynpaBneHusa (MeTku onepatopos). CucTema Nnepexonos OA4HOro npouecca npuseseHa
Ha puc. 11.3. Coctosune SET' cootseTctByeT onepatopy turn = i; coctoaHue RST' —
goto NCS. [1nA BbiparkeHWA CBOMCTBA B3aMMHOTO UCK/IIOYEHMA HYXKHbI ABa 3/1eMEeHTapPHbIX Bbl-

CKa3blBaHMA:
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1. po = P[0]@CRS — npouecc P[0] HaxoauTcsa B KPUTUYECKOMN CeKLMU;

2. p; = P[1]@CRS — npouecc P[1] HaxoauTca B KPUTUYECKOM CEKLMM.

PucyHok 11.3. Cucmema nepexo0o8 00HO20 fpoyecca 8 aszopumme llemepcoHa

YTo6bl NPOBEPUTL CBOMCTBO B3aMMHOIO MUcKtoueHus npoueccos, G{—(py A p1)}, Heobxoanmo
NoOCTPOUTbL MOZEe/b NapannenbHol NPOrpammbl — GCUHXPOHHYH KOMMO3UYUK MOAenel npo-
ueccoB. COCTOSHUAMM MOAENN ABNAIOTCA KOMOMHALMU COCTOSHUIM, COCTaBAAIOLWMX ee npoLec-

COB, a KaXKAblil Nnepexos COOTBETCTBYIOT Nepexoay B OAHOM M3 MPOL,ECCOoB (CM. neKkuuio 9).

ACMHXPOHHaA KOMMO3ULMA HE3aBMCUMbIX NPOLLECCOB BKAHOYAET BCE BO3MOXKHbIe KOMBUHaLUK
MX COCTOSIHUI; CIN }Ke MEXKAY NpoLLeccaMm ecTb 3aBUCMMOCTU, TO HEKOTOPble M3 KOMBUHALMIA
OKa3bIBaOTCA HEAOCTUMKMMbIMU. PE3KUI, KaK NPaBUIO, SKCMOHEHLMANbHbINW, POCT YMCNA COCTOS-
HWIM NapannenbHon NPOrpammbl B 3aBUCMMOCTM OT YMC/1A NPOLLECCOB HAa3blBAETC KOMBUHaMOp-

HbIM 83pbleom Yucsa cocmosHuli (state explosion).

Ha puc. 11.4 n3obpaskeHa aCMHXPOHHAA KOMMNO3ULMA MPOLECCOB M3 paccMaTpMBaeMoro npwu-
mepa. [lna HarnagHOCTU COCTOAHMA OpraHn30BaHbl B opme depesa noucka. Kaxaoe coctosiHme
1M306parKeHO KPYXKOM M NOMEeUYeHO YHMKabHOM METKOM — MopAAKOBbIM HOMEpPOM npu obxoae.
Ecnu 13 cocToAHMA ecTb Nepexos, B yXe NponaeHHoe COCTOAHUE, 3TO U306paXkaeTcsa CTPesiKoMu,
BeAylllei B KBaApaT C COOTBETCTBYIOLLEN MeTKOW. [lepeBo coAepsKUT Bce KOMBUHALMK COCTOoA-
HUI NPOLECCOB, BK/OYAsA HEAOCTUNKMMbIE (TaKMM Obl/1Io Bbl NPOCTPAHCTBO COCTOAHUMI, ecin Bbl
npoueccbl 6blIM HE3aBUCUMMbIMM), HEAOCTUNKMMbIE COCTOSIHUA 3aKpalleHbl CEepPbiM LBETOM.

BuaHo, uto cBoicTBO (P A P1) UCTUHHO BO BCEX JOCTUMMMbBIX COCTOSAHUAX.
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PucyHoK 11.4. ACUHXPOHHQOA KOMMO3UYUsA cucmem rnepexodos npouyeccos 8 anzopumme llemepcoHa

11.2.2. I[locTpoeHre AaCUHXPOHHOU KOMNIO3ULMU CUCTEM

nepexoaoB
CywecrtsyeT ABa 6a308BbiX NOAX0AA K UCCAEA08AHUIO MPOCMPAHCMEA COCMOAHUL NapannenbHowm

nporpammbl (state space exploration): nouck e wiupuHy (BFS, Breadth-First Search) v nouck e any-

6uHy (DFS, Depth-First Search).
Mpu NOUCKe B LUIMPUHY COCTOSHUA NPOCMATPMBAIOTCA MO YPOBHAM:

e ypoBeHb 0 — MHOXeCTBO Ha4Ya/IbHbIX COCTOAHWNIA;

® YpOBEHb (Tl + 1) — MHOeCTBO COCTOSIHUM, HenocpeAacTBEHHO AOCTUXMMDBIX U3 COCTOA-

HWI YPOBHSA N (32 UCKNHOYEHNEM COCTOAHWIA NPEALWECTBYIOWMX YPOBHEN).
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Y nowucka B rnybuHy MHas CTpaTerns: eCim y TEeKYLLEro COCTOSAHMSA ecTb elle He NPOoMAeHHbIe no-
cnefoBaTeNN, MOUCK MPOLOJIXKAETCA C O4HOTO U3 HWX; B MPOTUBHOM C/ly4ae BbIMOJHAETCA BO3-

BpaT K npeabiayuiemy COCTOAHUIO.

B tabnuue 11.4 npeacrasneHo 6onee dopmasbHOE OMMCaHWe METOA4O0B MCCAef0BaHUA Mpo-
CTpaHCTBa COCTOAHMIA. Mpeanosaraerca, YTo ecTb TO/IbKO O4HO HavyasbHOe cocTosAHMeE (Sy). MHo-
YKEeCTBO S COLEPXKMT nocelleHHble cocToaHuA (BHavane S = {sy}). Bbizos succ(s) Bo3BpalyaeT
MHOKECTBO BCEX HEMOCPEACTBEHHbIX NOCNef0BaTeNeN cOCTOAHUA S. PyHKUMA choose BbiBUpaeT

ﬂpOMBBOﬂbeIVI 321eMEHT HeNnyCcToro MHoOXecCTBa.

Tabauya 11.4. Mouck 8 WUPUHY U MOUCK 8 21y6uHy

[Mouck B WnpuHy

Mouck B rnybuHy

/* meucTBMe HA COCTOSHMEM S */

S := {so0}; S := {s0};

queue := {so}; stack := {so};

while queue # J do while stack # <& do
s := queue.pop() ; s := stack.top();

if (succ(s) \ S) = < then

for s’ in (succ(s) \ S) do /* nmelicTBMe HaI COCTOSHMEM S */
queue.push(s’) stack.pop ()
end; else
S = 5 U succ/(s) s’ := choose(succ(s) \ 9);
end S =S U {s’};
stack.push(s’)
end

end

Y Ka0ro noaxoAa ecrb Kak JOCTOMHCTBA, Tak U HegocTaTKu. MOUCK B WMPUHY NpeanoYTUTe b-
Hee, Korfa Be/iMKa BEePOATHOCTb TOro, YTO MPOBEPAEMOE CBOWCTBO COCTOAHWUA MOXET Hapy-
LIATbCA B COCTOAHUAX, HEAANEeKO OTCTOALLMX OT HayanbHOro. Mouck B rnybuHy 6onee ecrtecTse-
HEH B TOM CMbIC/IE, YTO OH COXPaHAET NMOPAAOK BbIYNCAEHUIA — B KaXKAOM COCTOAHMM (33 UCKAIO-
yeHMem c/1yyaeB, KorJa Bce NnocaeoBaTesin NPoiaeHbl) MCNONHAETCA Nepexos, B noc/ieaytollee
cocTtosaHue. Mo 3ToM NpUUMHE NMOMUCK B FYBMHY LWMPOKO NMPUMEHAETCA B Mecmupos8aHuU Ha oc-
Hose modesneli (model-based testing) (cm. nekumio 15), — peanbHyt CUCTEMY, B OT/IMYME OT MO-

Oenuv, TPYAHO NepeBecTV B NPou3Bo/ibHOe cocTosHune [byp03a], [Byp03b].
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11.3. [IpeagukaTHass aGCTpAKLUA U YTOYHEHH e

a6CTpaKIUM 0 KOHTpIpHUMepaM

BepHemca K Teme NOCTPOEHMA MoAeNel, UK, Kak elle roBopaT, abcTpakumii, nocnesoBaTesb-
HbIX MpOrpamm. B 3Tom pasgene Mbl KOCHEMCA NMOAXOAa, U3BECTHOTO Kak npedukamHas ab-
CMPAKYUSA, U CBA3AHHOTO C HUM METoAa a0anmueH020 ymMOoYHeHUs abCmpakyuu rno KOHMpnpu-
mepam — CEGAR (Counter Example Guided Abstraction Refinement) [Cla03]. Ans 6onee noapob-
HOro 3HaKOMCTBA C METOA0M Mbl pekomeHayem 063op [MaH13], cogeprKawmin obwmnpHyo 6M6-

nvorpaduio no sTol Teme.

MeTtoga CEGAR npumeHsaeTca A8 NPOBEPKU JOCTUNRUMOCTU ONpeae/ieHHON TOUYKM NPorpammbl.
OcHOBHasA uaesa cocTouT B crieaytouiem. MposepsaeTca moae b NPOrpammbl: €C/IM aHaU3 BblAB-
NIFIeT, UTO MOAE/Nb KOPPEKTHa (3a4aHHaA TOYKA HeAOCTUKMMA), TO KOPPEKTHA M UCXOAHAA Npo-
rpamma (oWnBKM BTOPOro PoAa MCKAKOYEHbI); B MPOTMBHOM CAyvyae ONA MOAENU CTPOMUTCA
KOHmMprnpumep — NyTb B 334aHHYIO TOYKY: €C/I1 3TOT NyTb PeasiM3yemM 1 B UCXOAHOM Nporpamme,
nporpaMmma HeKOPPEKTHA; MHa4ye HeraTMBHbIN pe3ynbTaT NPOBEPKM €CTb BCEro NMLIb JI0XKHasA
TpeBora, ABNAKOLWAACA CNeAcTBMEM abCcTparMpoBaHMA OT Yero-To cyuiectBeHHoro. OT 4yero
MMEHHO, BbIABNAAETCA NYTEM aHaM3a KOHTPNPUMEPA; MOAE/b YTOUYHAETCA, U K HEM NPUMEHAEeTCA
TOT Ke anroputm. B pesynbTaTe paga utepaunin metog CEGAR nnbo HangeTt nyTb B 3afaHHYHO
TOUKY, TMBO0 AOKaXKeT ee HeJOCTUNKMMOCTb, IM60, eCTb U TaKaa BO3MOXKHOCTb, YNPETCA B OFPaHu-

YeHMA No pecypcam.

11.3.1. lekapToBa npeJUKaTHas abCTpaKLus

HanomHmMMm, 4To cocmoaHuem AaHHbIX MPOTrPaMMBbI, UK MPOCTO COCMOAHUEM, Ha3blBaeTcsA 0To6-
paKeHue, CONOCTaB/AOWEe NepemeHHbIM NPOrpaMMbl UX 3HAYEHUs, — TaK Ha3blBaemas yHK-
yuAa o3Ha4yueaHuA. MycTb p — NpeamKaT, 3afaHHbIA Ha MHOXecTBe cocToAHMM S. O603HauUMMm
MHOECTBO COCTOAIHMI, B KOTOPbIX NpeamKaT p uctuHeH, kak [pl, r.e. [p] = {s € S | s & p}. Bee-

JeM cneumanbHble npeaukaTel false v true:
[false] =@ wn [true] =S.

MycTb 3a4aHO KOHEYHOE MHOXECTBO MPEAMKATOB {Py, ..., P }. PE2UOHOM Ha3biBaeTCA NpeauKat
Buaa Ag=1Di,, rae 1 < iy < <iy <n, ambo false. 3ameTnm: ecim m = 0, permoH cosna-

Jaert c true.
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MeTog abCcTpaKLumm, COCTOALLMI B «3aMeHe» KOHKPETHbIX COCTOAHWUI Nporpammbl Ha Gopmybl,
OMMCbIBalOWME MHOMXKECTBA COCTOSHWN, HasbiBaeTca rnpedukamHoli abcmpakyueli. Ecnn dop-
MY/bl UMEIOT BUA, PETMOHOB (419 HEKOTOPOro 334aHHOTO MHOXKECTBA NPEAMKATOB), METOZ, Hasbl-

BaeTca dekapmosol npedukamHol abcmpakyued.

Mpumep 11.6
Myctb p1 = (x = 0) p, = (x < 0). Boinuwem Bce BO3MOXKHbIE PErnoHbl 417 MHOXecTBa npe-

avKaTos {p1, P2 }:

r = true;

e EPpAPR=(x20)A(x<0)=(x=0);

o 1 = false.

KoHgpueypayueli nporpammbl HasbiBaeTca napa (l,s), rae | — coctoaHue ynpasieHua (MeTKa
onepaTopa), a S — coctoAHMe aaHHbIX. Mapa ([, ), rae | — cocTosHWe ynpasiaeHus, a r — pe-

TMOH, HasblBaeTca abcmpakmHoli KoHguzypayued.

[na 3apaHHOM NporpaMmMbl P paccMOTPMM NPOU3BOJIbHBIN onepaTtop op. 3abUKcnpyem pervoH
T U onpeaenum pervoH ', B KOTOpbIN nepeiaeT pervoH T nog, AeicTenem onepatopa op: AN
Bcex s € S n s’ € M[op](s) u3 Toro, uto s € [r], cneayet, uto s’ € [r']79. Ecan onepatop op
nomeyeH MeTKoit [, a MeTKoM cieaytollero onepartopa asasetca I', To op nepesoaut abCTpaKT-

Hyto koHdurypaumio (I, 7) B (', 7').

MycTtb sp(op, ) — cunbHelilee NOCTYC/I0BME ONepaTopa 0p OTHOCUTE/IbHO NPeaycnoBuA 1 (cMm.
nekumio 2). Torga, 7' — noaxoAAawmii permoH, ecam (M ToabKo ecan) obLesHauMma MMNIMKaLuma

sp(op,r) = r'. O4eBULHO, YTO STOMY YC/IOBUIO YAOBIETBOPSAET PErUOH true, O4HAKO UHTEpeC

7 O6paTVITE BHMUMaHUe: perMoH annpoKCMMUpPYeT MHOXKECTBO BO3MOXKHbIX COCTOAHUIA ceepxy, T.e. MHOXXeCTBO BO3MOXHbIX COCTOAHUIA ABNAETCA

NOJMHOMECTBOM MHOECTBA COCTOAHWUI pervoHa.
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npeacrasnAaeTt «HaUMEHbLINI» N3 BO3MOKHbIX pernoHoB. Bocnonb3lyemca cneayowmmm Toxae-

cTBamMmu:

m m m
pﬁ/\pi,{ = ﬂpV/\pik /\(ﬂprik) ;
i=1 i=1 i=1
m m
-|lp- /\pik \/(p/\—'pik) :
i=1 i=1

CootseTcTBeHHO, opmyna sp(op,T) = Ak, p;, 0blie3HauYMMa TOrAa M TONIbKO TOFA, KOrAa He-

BbINoHUMA (UNSAT) HM 0AHa M3 KOHBIOHKUWMIE sp(op, T) A —1p;, . CXOAA U3 BbILIECKA3aHHOTO,

PernoH r' BbluMCAAETCA NO cnepywouiemy npasuny:

e ecnun popmyna sp(op, ) HesbinosHUMma, To T’ = false;
e B MnpoTMBHOM cnyyae 1’ = AyL,p;,, rae

{pil, ...,pim} ={pili€{1,..,n}A(sp(op, ) A =p;) UNSAT}.

HanoMHUM: nocTpoeHMe cunbHenLWwero npeaycnosma 6asmpyerca Ha SSA-npedcmasneHuuU nNpo-
rpammol (Static Single Assignment), B KOTOPOM B KaxKAyt0 NepemeHHY0 MOXKeT bbiTb He 6onee
ofHoro npuceamBaHuA [Aho06]. B SSA-npefcTaBNEHUN UCNOb3YIOTCA TaK HasblBaemMble 8epcuu

nepemeHHbIX — HOMEpP BEPCUN MHKPEMEHTUPYETCA NPW KaXKA0M NPUCBaNBAHMUM.

CunbHeliwee NOCTycNOBKUE NPOrpammsl P OTHOCUTENBHO NPEeAYCNOBUA () ONpeaenserca ciesy-

lowmnm obpasom:
sp(P, ») = (¢[opurunansl := Bepcun,] A ssa(P))[Bepcun, := opuruHabl).

3pecb ssa(P) — SSA-npeacTtasneHue nporpammsl P (B Buae nornyeckoit Gopmynbl, B KOTOPON,
B YaCTHOCTM, MPUCBAMBAHUA X = t 3aMEHEeHbl Ha PaBEHCTBa X = t), OPUTUHAJIbI — OPUrMHANb-
Hble NepeMeHHble Nporpammsl P, BEpCUH, U BEPCUU, — COOTBETCTBEHHO Haya/ibHble U KOHeuY-

Hble BEPCUUN NepeEMEHHDbIX.

Ob6patuTe BHUMAHME: MHOMECTBO PerMoHoB 06pa3yoT NOJIHOE YaCTUYHO YNopAA0YeHHOe MHO-
KeCTBO, @ ONMCAHHOE NPaBUIO BbIYNCNEHNA PETMOHOB 06/1a43eT CBOMCTBOM MOHOTOHHOCTH, YTO
NO3BO/INET CYUTATb AEKAPTOBY MPeAnKaTHYH abCcTpaKuMio pasHOBUAHOCTbIO abCTPaKTHOM WH-

TepnpeTauun (cm. nekumio 7).
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11.3.2. YToyHeHHe ab6cTpakuuu no KoHTpnpumepam (CEGAR)

Cpasy BbibpaTb NoaxoAALWMIA YpOBEHb abCTpaKUUM moaen — 3afada HenpocTas. B nocnegHee
Bpems Noy4YMa PacnpocTpaHeHne aganTuBHbIM NOAX04, YXKe ynomaHyTblit CEGAR, Korga, Hauu-
Has ¢ rpyboro npubaAnKeHWUA, MOLEeb LLAr 33 LUAroM YTOYHAETCSA Ha OCHOBE MOJIy4YaeMblX KOHTp-
npumepoB. HuKe npeacTaBieHa cxema MeToAa NPUMEHUTENbHO K AEKApTOBOMN NpeauKaTHOM
abcTpakumn. Ona onpeneneHHoOCTU CYMTAeTCs, YTO NPOBEPSEMOE CBOMCTBO — 3TO HELOCTUNKU-

MOCTb onepaTopa, NnomeyeHHOro MeTKOW error.

0. TeKyliee MHOMECTBO NPeAMKaTOB NoJiaraeTcs nycTbiM.
1. CrpouTca abcTpaKkTHas Modesib NPorpamMmmbl A5 TEKYLLEFO MHOMECTBA NPeAMKaToB.
2. TpoBepseTcs KOPPEKTHOCTb abBCTPAKTHOM MOAEN (HEAOCTUMMMOCTb TOUKU erToT):
a. Ecnm mopenb KOppeKTHa, KOPPEKTHA M UCXOAHAA Nporpamma.
b. WHaye ucnonHsaetca war 3.
3. CTpouUTCA KOHTPNPMMEpP T — BbIYUCIEHME U3 HaYa/bHOW KOHdUIypauumn B KOHOUrypa-
umio Buaa (error,r), rae r — PermoH, oTandHbIN oT false.
KoHcTpyupyetcs cunbHeiwee noctycnosue sp(op(m),true)s’, roe op(m) — uenoyka
onepaTopos SSA-npeacTaBAeHNA, COOTBETCTBYIOLAA BbIYUCAEHWIO TT.
4. TMposepsetcs BbinoaHUMOcCTb popmynbl sp(op (1), true):
a. Ecnm dopmyna BbINOAHMMA, UCXOA4HAA NPOrPamMmma HEKOPPEKTHA U TT — KOHTP-
npumep.
b. WHaue ucnonHsetca war 5.

5. YTo4yHAeTcA TeKylLee MHOXeCTBO NpeAnKaToB: BO MHOXECTBO ﬂ,06aB}'IF|IOTCFI npeaukarhl,

MOCTPOEHHbIE Ha OCHOBE L,ernoYKku onepatopos op (7).

OcywecTBnaeTca nepexoq K wary 1.

MMoACHMM, KaK YTOYHAETCA MHOXECTBO NpeanKaTos, MO KOTOPbIM CTPOUTCA MOLENb. ,U,I'Iﬂ NOTUKA

npeauKaToBs NepBoro NopsaaKa U3BecTHa cneayrowasa Teopema, AoKasaHHadA B 1957 r. Bunbamom

80 3,u,e<:b B Kayectse npeAycnoBma UCMo/b3yeTca true, MOCKO/IbKY CYMTAETCA, YTO HavasibHOe COCTOAHUE MOXKeT 6bITb Nt06bIM. EciM HavanbHoe

COCTOAIHWE W3BECTHO, BEPETCA PErvoH, CoAePIaLLMA BCE UCTUHHDIE B 3TOM COCTOAHUW NPeaMKaThI.
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Kpetirom (William Craig, 1918-2016) [Cra57]. Ecam obwe3Haumma MnaAnKaumsa @ — 1, To cylle-
cTByeT dopmyna p, Bce cBOOBOAHbIE NepemeHHble KOTOPO (TaK»Ke KaK U Bce HEMHTepnpeTupye-
Mble GYHKLMOHANbHbIE U NPeAMKaTHble CUMBO/IbI) ABAAIOTCA OBLWMUMMN ANA @ U P, TaKas uTo 06-

We3HauMmMbl @ = p u p — . Popmyna p HasbiBaeTcs uHMepnoasHmom Kpeliea am NpocTo uH-

mepnoaaHmoms!,

[na ypobetea ganee nog sp(P, @) NoHMMAaETCA CuibHelLee NoCcTyCI0BKUE, BbIPasKEHHOE B Tep-

MWHaX BEPCUI NMEePeMEHHbIX, T.€e. ((p[opHrHHaJIbl = BEpCUH,]| A ssa(P)).

Nyctb op () = {op;}j=,, rAe T — KOHTPNIPUMEP MOLEJIN, HO HE UCXOAHOM Nporpammbl (war 4.b).
To, YTO T He ABNAETCA KOHTPNPUMEPOM MCXOAHOM NPOrpamMMbl, BbIPAXKAETCA KaK HEBbIMO/HU-
moctb sp(op (1), true). MocTyc/0BME LLENOYKM ONEePaTOPOB NPEACTaBMMO B BULE KOHBIOHKLMN
(Y1 A ... AYy), Toe ana kaskporo i € {1, ...,n} nogpopmyna P; COOTBETCTBYET onepaTopy o0p;.
HesbinonHumocTb dopmynbl (P A ... A h,,) paBHOCUIbHA 0BLLE3HAYMMOCTM ee OTPULLAHWUSA, T.€.

MMNANKaunn

Y1 = (Yo A AYPy).

M3 Teopemsbl Kpeiira cieayet, 4To ANS 3TOW MMMNAMKALMM CYLLECTBYET MHTEPMNONAHT Py, NPUYEM
1 COAEPXMUT TONIbKO 0bwme nepemerHble dopmyn Yy n (P, A ... A,). B yacTHOCTM 3TO O3Ha-
YaeT, YTo A/1A KaXKA0M NepemMeHHO B p; BXOAMUT He bosiee oaHOM SSA-BepCUM 3TOM NepemeHHOM.
0603HauMM Yepes p; NPeAMKaT, NoJlydeHHbIN U3 P, 3aMeHo SSA-BepCuii Ha OpUTMHa/IbHbIE Me-
pemeHHble. Takum 06pasom, p; = p10;, rae 6; — NOACTAHOBKA, 3aMEHAIOLLANA NePEeMEHHbIE X

BepcnAmMmun, NCNoab3yembiMn B Py .

HeTpyaHO noKasaTb, YTO €C/IM MHOECTBO MPeAMKaToB, MO KOTOPbIM CTpoUTCA abcTpakLums, co-

LEPXWT NPEeAVKaT P1, TO P1 COAEPIKUTCA B PEFMOHE T, B KOTOPbIN NEPEXOANT PErvoH T = true

81 Mbl He paccmaTpuBaem 34ecb NpoLeAypy MOCTPOEHUA UHTEPMONAHTA ABYX 3a4aHHbIX Gopmys. Henatowme moryT 06paTUTbCA, Hanpumep, K
kHure [Har09]. OTMETUM NWLLIb, YTO UHTEPMOAAHT MOXKHO MOCTPOUTL MyTEM PE30/IOTUBHOTO BbIBOAA OMPOBEPKEHNUA GOpMYNbl @ A =), OTpu-
uaHua @ — P (cm. nekumto 8). Kasaoi knayse C knaysanbHoit dopmbl ¢ conoctasnsetca popmyna p(C) = g(C) — nogxnaysa C (B03MOKHO,
nycras), cogepikallas Bce oblime nepemeHHble @ U P U He coAepsKallan Apyrux nepemeHHbix. Kaxgoi knayse C knaysanbHoit ¢opmbl —
conocrasnsertca p(C) = true (ana obwmx knays gonyctumsl oba BapuaHTa). Ecav pesontoumns C; v C, OCYLECTBAAETCA NO BHYTPEHHE nepe-

MeHHOI @, To p(Res(Cl,CZ)) = p(C,) V p(C,), nHaye (pe3onioums ocyLLEeCTBAAETCA NO 0BLLeN NepeMeHHON UK NOKaIbHOM NepemeHHOoM 1)

p(Res(Cy,C)) = p(C) Ap(Cy).
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NPV UCMNOJIHEHUM OMepaTopa 0p;, T.e. 1{ = (p; ATy), TAe T, — HEKOTOPasA KOHBIOHKLMA Npeau-
KaToB (BO3MOXKHO, NycTasn). B camom fene, Teopema Kpeiira yTeepkaaeT o06wW,e3HauMmocTb Mm-
NAMKaumMm Y, — pq, YTO, NPUHUMasA B pacyeT pasBeHcTBa Y, = sp(opq, true) v p; = p16,, 3Ksu-
Ba/NIEHTHO HEBbIMONHUMOCTU dopmybl sp(op,, true) A -p;6;. B cBOKO ouepesb, 3TO O3HAYaeT,

4YTO nNpegukaTt pi BXO4UT B PErMOH Tll (CM. npasuao BblYUC/IEHNA peFVIOHOB).

PaccmoTpum ocTaBLUMECA OMepaTopbi: op(n(z)) = {op;}i=,. Ycnosue sp(op(n(z)), rl’) HeBbl-

MONTHUMO, MOCKO/IbKY

sp(op(r®),7{) = {6, Asp(op(r®), true) =
PLATO A2 A APR) = py A2 A Ay) AT104,

aTeopema Kpeiira yTeepsKaaet, uto umnankaums p; = =, A ... A ,) obLiesHaumma, uam, uto

PaBHOCUABHO, KOHBIOHKLUMA p1 A (P, A ... A ,,) HEBbINOAHUMA.

MpuMeHuB K sp(op(n(z)), rl’) TOT ke noaxog, uto v K sp(op (1), true), nonyunm npeamkar p;.
0603Ha4YMM Yepes 1, PErvoH, B KOTOPbIN NEPEXOANT T{ MPU UCMOJHEHUM 0p,. ECn 1, He ecTb

false, npouecc npogonkaercs.

WUTak, B umkne (k = 1, 2, ...) ana ouepeaHoi popmynbl

sp(op(7%),1io1) = Tic1Oroa A Wpc A Athy)

CTPOUTCA MHTEPMONSHT P), U NPEAMKAT Py [poLecc 3aBepluaeTcs, KOrAa PErmoH 1y, CTaHOBUTCA
paBHbIM false. PaHo nnn nosaHo (He no3gHee k = n) ato cayuutca. JelictButensHo, dopmyna
sp(op(n(")),r,’l_l) = sp(0Pn, T5—1) HEBLINOAHMMA (KaK M BCe npedlecTsylowme Gpopmybl

aToro Buaa). Mo npasuay BbluMCAEHUA perMoHa umeem 1, = false.

YTOUHEeHMe MHOXeCTBa NpeanKaToB COCTOUT B ,L'J,O6aBJ'IeHMM B 3TO MHOXXeCTBO NOCTPOEHHbIX Npe-
ANKaTOoB pi, ey pll(, Ona YTOLIHeHHOﬁ a6CTpaKLI,I/1VI BblYUCNIEHUNE TT YXKE HE ABNAETCA KOHTpNpume-

pom.

11.4. Bonpocsl ¥ ynpa:XHeHU

1. Mpu BepudurKaunm mogenen Nnporpamm MoryT BO3HUKATb OLLUMOKKM NepBOro U BTOPOro poaa.

[ainte onpeaeneHne sTMm TMNam owMOOK. B yem npnumnHbl X BOSHUKHOBEHUA?

2. KaKoit ypoBeHb abCTpaKkumMm mogenm nporpamMmmbl MOXKHO CUMTATb a4EKBATHbIM?
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7.

8.

10.
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Onuwwute o6u.|,yro cXxemy metoda aganTUBHONO YTOYHEHUA a6CTpaKLI,MVI Nno KOHTpNpumepam

(CEGAR, Counter Example Guided Abstraction Refinement).

Mpy NOCTPOEHMM ACUHXPOHHOM KOMMO3ULLMK MPOLLECCOB BO3HUKAET AB/IEHME, U3BECTHOE KakK

KOMOMHaATOPHbIM B3PbIB YMCNA COCTOAHUN. MpeanoxuTte cnocobbl 60pbObI C 3TUM ABNEHUEM.

MocTpoliTe cTpyKTypy Kpunke gna nporpammebl, peanusyowen anroputm EBkamnpga (npo-
rpammbl P U3 nekumu 1), ans HeKoTopbix GUKCMPOBAHHbIX 3HAYEHUI BXOAHbIX NEPEMEHHbIX,

Hanpumep, 6 1 9.

MocTpoiiTe CTPYKTYpPY Kprnke aCMHXPOHHOM KoMno3mumumn Asyx npoueccos Py un P; (onpege-

NEHHbIX HU¥KE) 1 NPOBepbTe CBOMCTBO B3aMMHOIO MUCKItoueHus [Kapl10]:

while true do
NCS;: /* HekpurTuueckas cexkumsa */
SET:: (yi, s) := (1, 1); /* aToMapHOe npucBamBaHue */
TST;: while (yi-; # 0) A (s = i) do skip end;
CRS;:: /* kpuTuueckad cekumda */
RSTi: yi := 0
end

MocTpoiiTe MHOXKECTBO BCEX BO3MOXHbIX PErMOHOB A/ npeaunkatos x = 5 u x < 10.

Mcnonb3ys gekapToBy npeamkaTHyo abcTpakLmio, NOCTPOMTE MOAENb ANA Cneaytolein npo-

rpammbl [MaH13]:

if x 2 5 then
if x < 10 then
x =x + 1;
if -(x 2 5) then
error: skip
end
end
end

B KauecTBe npeamKaToB Ucnonb3yite x = 5unx < 10.

Mpeanoskmte MHOXKECTBO NpeauKaToB M MOCTPONTE AEKapTOBY NpeamKaTHyo abCTpakumio
nporpammbl, peanunsytolienn anroputm Eskanga (nporpammbl P ns nekuun 1). Npeacrasbte
abcTpakTHyo mogesnib B dopme CTPYKTYpbl Kpunke (COCTOAHUA CTPYKTYpbl — abCTpaKTHble

KOHd)VIF\/paLI,VIVI, NMOMETKN — MHOXeCTBa MCTUHHbIX I'IpeLI,VIKaTOB).

MepeseanTe cneaytowyto while-nporpammy (yTouHeHue npumepa, NPUBEAEHHOrO B EK-
UMK 7) Ha A3blK PROMELA M C NOMOLLBIO MHCTPYMEHTa SPIN monbiTaiTecb NpoOBEpPMUTb, A4OCTU-

MMa 1 B HEWN TOYKa error:



i=2;

j = 0;

while 2 * § < i - 2 do
if 1 < 3 * 5 then

i:=1i+ 4
else
i =1+ 2;
Jj =3 +1
end
end;

error: skip

Mpeanoskmte MHOXKECTBO NPeauKaToB M MOCTPOMTE AeKapToBY NpeamKaTHY abCTpakumio
3TOM Nporpammbl. MNpeactasbTe abCTPAKTHYIO MOZEe/b Ha A3blke PROMELA 1 MpoBepbTe ee ¢

nomolLLbto SPIN.

11. HanuwwuTe nporpammbl (Ha ya06HOM Bam A3biKe NPOrPamMMUPOBaHKMA), peasnsytoLLme NoucK

B LUMPUHY 1 B IyBUHY B OPUEHTUPOBAHHOM rpade C BblAeNeHHOM HavyalbHOM BEPLUMHOM.
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JIekuuda 12. ABromartsl broxu u

®-peryJsipHbie A3bIKU

ocKonbKy 8pemsa BecKOHeYHo, 00 HACMOAWEe20 MOMEHMA ye
npomekna 6ecKOHeYHOCMb, M.e. 8CAKOe 803MOX(HOE pazsumue
QonxcHo yxce bbino ocyujecmaumescsa. CnedosamesnvHo, Habo-
daemoe pazsumue 00/11#HO bbimb M08MOpPEHUEM.

. Huuwe.
Bona k Bnactu

PaccmaTpumBatoTcs M-A3bIKM — A3bIKK C 6ECKOHEYHbIMM CI0OBAMU — M OAMH U3 CNOCO60B MX ONUCaHUA — aBTomaTbl Broxu. CTpyk-
TYPHO aBTOMaTbl BIOXM MAEHTUYHBI KOHEYHbIM aBTOMAaTam, HO OT/IMYAKOTCA OT HWX YC/I0BMEM Pacro3HaBaHuA c0B. MoKasbiBa-
eTCsA, KaK 415 A3bIKOB, ONMUCbIBAEMbIX C MOMOLLBIO KOHEYHbIX aBTOMATOB M aBTOMAaToB BIOXM, PeLlaloTca 3a4a4m HaxoXaeHus ne-
peceyeHus 1 NPOBEPKM Ha MycToTy. ECIM MHOXKECTBO BCEX BO3MOXKHbIX TPAEKTOPUIA CUCTEMbI U MHOXECTBO BCEX OWMBOUHBIX
TPaeKTOpUit cMcTEMbI MOTYT BbiTb NPesCcTaBaeHbl B Gopme aBToMaToB BIoXM, TO pelleHne yKasaHHbIX 33434 AAeT KoY K npo-
BEpKEe MOZE/I: eC/IM NepeceyeHne yKa3aHHbIX MHOXKECTB He MyCcTo, MoAe/b owmnbouHa. MHOKECTBO TPAaeKTOPUI CTPYKTYpPbI
KpunKke TpuBManbHbIM 06pa3om OMUCbIBAETCA aBTOMaTom Broxu. Bonpoc o BO3MOXKHOCTM npeacTasieHus aBTomatamu boxu

dopmyn LTL paccmaTtpuBaeTca B caeaytolein nekumm.

12.1. KoHeyHbIe aBTOMATHI U peryJjasapHble A3bIKA

YCN0BUSA KOPPEKTHOCTM MPOrPaMmbl, BbipaxkeHHble B 1ornke LTL, NpoBepsAtoTCa Ha BbIYMCAEHUAX
WM TPAEKTOPUAX CTPYKTYPbI Kprnke, mogenvpytoLiein nporpammy (cm. nekumio 9). FoBopAT, uto
dopmyna @ ucTMHHa Ha cTpyKType Kpunke M (obosHavaeTca: M E @), eciv @ UCTUHHA Ha Ato-
60m BblumcieHnn M. ObpaTHO — dopmMyna @ NOXKHa Ha CTpyKType M (0603HauaeTca: M ¥ @),
ecan M vimeeT xoTs 6bl OHO BbIUMCNEHME TT, TAKOE YTO TT ¥ ¢ (BbIYUCAEHMA TAaKOrO TMNA Ha3bl-
BAOTCA KOHMPpumMepamu). B obLLMX C10Bax MeTOA, NPOBEPKM MOAeNeit MOXKHO paccMaTpmBaTh

KaK MEeTOZ NMOMCKa KOHTPMPUMEPOB A5 3aaHHbIX CTPYKTYpbl Kpunke u dopmynbl LTL.

AbcTparnpyemcs Ha Bpems oT cnocoba npeacrasneHunsa TpebosaHuin. Kaknum obpaszom nposeps-
€TCA KOPPEKTHOCTb MPOrpammbl NP TecTUpoBaHnn? CoBpemeHHan NpaKkTMKa Takoea: No crneuu-
durKaumm TpeboBaHUI reHepUpyeTca opakysa, UM MOHUMOP, — KOMMOHEHT TECTOBOM CUCTEMbI,
byHKUMEN KOTOPOro AB/IAETCA BbIHECEHWE BEPAMKTA O KOPPEKTHOCTM/HEKOPPEKTHOCTM NoBeae-
HUA Nporpammbl. Opakyn nepexsaTbiBaeT CTUMY/IbI, NOAaBaeMble HA MPOrpammy, 1 BblaaBaemble
peakuun 1 nposepsieT AONYCTUMOCTb Hab/lo4aeMoro noBeaeHnn: Npu obHapyKeHUM HeCooT-

BETCTBMA cneumbuKaumm (Hanpumep, Npu Noay4eHUM HeNpPaBUIbHOM PeaKLMmM Ha HEKOTOPbIN
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CTVIMYI'I), BO3BpallaeTca OTpMLI,aTeanbIVI BEPAOUKT; eCNn XKe 3a BCe BpemAa TECTUPOBAHNA HUYEro

«nN0Xoro» He Nponsowno, pesynbTaToM ABNAETCA NOIOMKUTE/bHbIN BEPAOUKT.

ApanTupyem 3TOT NOAXOA K NpoBepKe mogenen. MocKonbKy Mogesnb Nporpammsl UmeeT popmy
cUCTeMbl MepexoaoB (aBToMaTta), MOXKHO MPEANON0NKUTb, YTO M OPAKYN AO/KEH MMETb NOL06-
HblI BUA,. Opaky., npeacTaBieHHbIl B Gopme aBTomaTa, byaem HasbiBaTb KOHMPOAbHLIM A8MO-
mMamom; oH GYHKLMOHUPYET NapasnnenbHo N CUHXPOHHO C MPOBEPAEMON MOLE/bIO: €C/IN TPAEK-
TOPWA MOAENM He COOTBETCTBYET TpeboBaHUAM cneunduKaLmm, KOHTPOIbHbIN aBTOMAT NepPexo-
OMT B COCTOAHME «oLWmMbKa» 1 ocTaeTca B HeM Hascerga [Kap10]. OTmeTum, YTo B A3blKe PROMELA

KOHTPO/IbHbIE aBTOMATbI OMMUCHIBAKOTCA C MOMOLLbIO nNever-610koB (cm. nekuumto 10).

MycTb nmeetca KOHTpOJ'IbeIﬁ aBTomaT. Kak ero ncnonb3osatb A/1A NPOBEPKU mozenu? Mepe-
6paTb BC€ BO3MOXHblE TPAEKTOPUN U NPOBEPUTLb KaXXAYH U3 HUX HEBO3MOXKHO — TpaeKTOpI/IVI
6€CKOHEYHO MHOTO, U KaxXaaAa n3 HUX 6eckoHeyHa. MOoXHO OrpaHN4YnTbLCA I'IpOBepKOﬁ BCEX KO-

HeYHbIX NPedUKCOB, HO 3TO HE rapaHTUPYET NOJHOTbI BEPUPUKALMK.

YTObbI PeLmnTb NOCTaB/IEHHYIO 334a4y CAefyeT yY4ecTb, YTO MOAE/Ib KOHEUYH], U NMOPOoXKAAEMOE
el MHOYXeCTBO TPaeKTOpUI peaysIapHO; TO e CNpaBeaMBO U B OTHOLEHMM KOHTPOIbHOTO aB-
TOMaTa. 34,ecb eCTb NPSAMasn aHaIorUsA C Pacno3HaBaHUEM PEryaapHbIX A3bIKOB aBTOMATaMM: KOH-
TPOJIbHbI @aBTOMAT — 3TO Pacno3HaBaTe b A3blKa, @ TPAEKTOPMUA — COBO, MPUHALNEKHOCTb KO-
TOPOro 5A3bIKY (MHOYECTBY NPaBU/bHbIX UM, HAOBOPOT, HEMPABWU/IbHBIX MOBEAEHMI) HYKHO NPO-

BepuTb [Kap03]. MpuHUMNuanbHas pasHMLA N1LIb B TOM, YTO TPAEKTOPUMN BECKOHEeYHbI.

dopmanusyem 3a4ady NPOBEPKU MOAENN B TEPMUHAX TEOPUM A3bIKOB. MycTb L, — A3bIK MO-

Aem M (MHOXeCTBO BCex BO3MOXHbIX TpaekTopuit M), a L_, — A3blK, pacno3HaBaeMmblii KOH-
TPO/IbHBIM aBTOMATOM (MHOYECTBO BCEX TPAEKTOPMIA, Ha KOTOPbIX I0XKHA popmyna ¢). Moaenb

M yposnetsopseT cneumModnKkaLmum @ Toraa U TONbKO Toraa, Koraa
LynL_,=0.

BctaeT BONpoC — Kak NpeAcTaBAaTb A3blkn Ly 1 L_, 1 NPOBEPATb MX NepeceyeHmne Ha nycroTy?
CUTyauma YCNOKHAETCA TEM, YTO C/IOBAaMM 3TUX A3bIKOB ABNAIOTCA BECKOHEYHble TpaeKkTopuu. OT-
BET Ha BO3HMKLLMI BONPOC A3eT TEOPMA (D-aBTOMATOB M -PEryNAPHbIX A3bIKOB. MpeKae Yyem ne-

PEXOAUTD K 3TOM TEME PAaCCMOTPUM C/yHai «KIaCCUYECKUXY» PETYIAPHbIX A3bIKOB.
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12.1.1. OnucaHue A3bIKOB KOHEYHbIMH aBTOMaTaMHU

BCMOMHMM OCHOBHbIE MOHATUA. A36/IKOM HaL KOHEYHbIM M HEMYCTbIM andpaBUTOM X Ha3blBaeTcs
ntoboe, BO3MOXKHO, BECKOHEYHOE, MHOMECTBO KOHEYHbIX Yernoyvek (c/108), COCTaBAEHHbIX U3 CUM-
807108 (6yK8) X. MHOXecTBO Bcex €108 B andaBuTe L 0b6o3HavaeTca X*. UTak, L — A3bIK Hag, an-

daButom X, ecnn L € X7,

M3BecTHbl GOPMann3mbl, MO3BONAIOLLMX ONUCLIBATb BECKOHEUHbIe A3bIKM KOHeYHbIM 06pa3om.
Mpexae Bcero aTo popmasibHble TPAMMATUKM U KOHeYHble aBTomMaTbl [Cepl2]. A3bIKKM, 3a4aBae-
Mbl€ KOHEYHbIMW aBTOMaTaMM, Ha3bIBaOTCA asmomamHeimu A3sikamu [Kap03]. Tak Kak no Bbl-
pasuTeNbHOM cUe KOHEeYHble aBTOMAaTbl SKBMBAMIEHTHbI PEryaAapHbIM BblPaXKeHUAM U perynsap-
HbIM FPaMMaTUKaM, B AasibHelluemM Mbl ByeM CUMTaTb TEPMUHbBI KaBTOMATHbIN A3BIK» U «pery-

J'IFIprIVI A3bIK» CUHOHUMaMU.

JlemepmMuHUpPOBAHHbLIM KOHEeYHbIM agmomamom ([JKA) Hag andaBuTOM X HasblBaeTca NATepKa
(S,2,50,6,F), rae S — MHOKeCTBO cocmosAHuli, T — exodHol angasum, s, € S — HavasnbHoe
cocmosHue, 6: S X X — S — ¢pyHKyus nepexodos??, F S S — MHOMeCTBO A0rMyCcKaowux cocmo-

AHud. MpepnonaraeTca, YTO BCE MHOMKECTBA, YKa3aHHble B 3TOM OnpeAesieHUN, KOHEYHbI.

HedemepmuHUpPOBAHHbLIM KOHeuHbIM aemomamom (HKA) Hasbisaetcsa natepka (S,Z,S,, 6, F),
rae Sy S S — HenycToe MHOMXECTBO HaYabHbIX cocmosaHull, §:S X % — 25 — ¢hyHKuus nepexo-

00683, CMbIC/1 OCTa/IbHbIX 31EMEHTOB TOYHO TaKOW 3Ke, Kak B [JKA.

[anee, ecnv He OrOBOPEHO NPOTUBHOE, Mbl Byaem paccmaTtpmaTte HKA, HasbiBas UX KOHEYHbIMU

asmomamamu Nan NpocTo asmomamamu.

FoBopAT, YTo aBTOMaT A donyckaem WUAU pacrno3Haem cNoBO (TPAEKTOPUIO KOHEYHOW ANNHbI)
W = XpX1 . Xp—q1 € L%, €CAM W «NepeBoguT» A U3 04HOr0 M3 HayasibHbIX COCTOAHMIN B O4HO U3
[ONYCKaoLWMX cOCTOAHMIA. DOpManbHO 3TO onpeaenseTca ciedyowmm obpasom: cylecrtsyeT

nocnef0BaTeNbHOCTb COCTOAHUM (Bbluncnernune) T = {s;}iL,, Takas uto

82 DyHKUMA Nepexosos, BoobLLe roBops, ABAAETCA YAaCTUYHONM, T.e. OHa He 06s3aHa bbITb ONpeaeNeHHoN AnS BCceX KOMBUHALMI COCTOAHUMN U
CMMBOJIOB.

83 B HeKoTOpbIXx paboTax No Teopuu popmanbHbix A3bIKoB B HKA gonyckatoTca nepexogpl no mycmomy cumgony € & %: 8:S X (Z U {e}) - 25.
3ametum, uto no HKA c e-nepexoamm MOXKHO NOCTPOUTL IKBUBANEHTHbIN emy HKA 6e3 e-nepexonos; 6onee Toro, no HKA MoKHO nocTpouTtb

3KBMBaNeHTHbI emy KA [Cepl2].
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* Sp €Sy
o 5, €0(Si_q,x;_1)mnaBcex1 <i<mn

e s, EF.

MHoOKecTBO BCeEX C/I0B, A0NyCKaeMbIX aBTOMatom A, Ha3bIBAETCA A3bIKOM, OOI'IyCKCIEMbIM A, n

0603HauaeTcs L. f3bIK Ha3bIBAETCA peaysiapHbIM, ECIN CYLLECTBYET AOMYCKaOLLMIA ero aBTomar.

Mpumep 12.1

Ha puc. 12.1 nsobparkeHbl aAsa asTomata A u B Hap andasutom {a, b}. HayanbHble cocTosHUA
NomMeyeHbl BeAyLMMU B HUX CTPesKamu (M3 «HUOTKyAa»), a AOMNyCKalolMe COCTOSHMA Bblae-
NIeHbl XUPHbIMU TMHUAMKU. ABTOMAT A [LONYCKaeT BCe C/1I0Ba, 3aKaHYMBAOLLMECA CUMBOJIOM a,

aBTomaT B — Bce €/10Ba YETHOM A/IMHbI, B KOTOPbIX CUMBOJIbI @ U b YepeaytoTcs.

PucyHok 12.1. [lpumepbl KOHEYHbIX ABMOMAMO8

12.1.2. CUHXpOHHAaA KOMIIO3ULUl KOHEYHBIX aBTOMaTOB
CuHxpoHHoli komno3suyueli aBTomatoB A = (S,, %, Sag, 04, Fa) U B = (S, Z, Sgo, 05, Fg) Hag, 06-

wmm andaBuTom X HasbiBaeTcA aBTOMaT
AQ® B =(Sy X Sp,%,Sa0 X Spo, 6ap, Fa X Fp),
bYHKUMA Nepexo0B KOTOPOro onpeaenseTca CefyoLMM PaBeHCTBOM:
5AB((SAi SB)JC) = 84(s4,%) X 6p(sp, X).

[oBopA Hed)opmaano, CUHXPOHHAA KOMMNOo3numna AByxX aBTOMaToOB — 3TO aBTOMAT, MOAE/INPYIO-

WK KX napannenbHyr U CUMHXPOHHYHO pa60Ty: BXOAHOM CMMBON NogaeTcs Ha oba aBTOMaTa;
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Ka)KLI,bIM M3 HUX nepexoanT B HEKOTOPOE COCTOAHME B COOTBETCTBUN CO cBoen CbYHKLI,Meﬁ nepe-
X0408. Ha4anbHbIMM COCTOAHNAMM CMHXpOHHOVI KOMMNO3NUNUKN ABNAKOTCA Napbl, COCTaBNIEHHbIE N3
HaYabHbIX COCTOAHUN KOMMNO3NPyeMbIX aBTOMATOB,; 40NYyCKakoWMMN COCTOAHUAMU — Napbl 40-

NYCKAOLWMX COCTOAHUIA.

Mpumep 12.2
Ha puc. 12.2 nsobpakeHa CMHXPOHHAA Komnosunuma aBTomatoB A n B 13 npeablayliero npm-
mepa. B aBTomate A ® B umeetcs 04HO HavyanbHoe coctosHue (Sg, Sg) M OAHO AOMycKalouiee

coctosHme (Sq,Sy).

{ s NS N i
i i'\\‘:' ____________ ! S
OO0
__________ ‘F‘.H_,_../"'_____J

b

PucyHok 12.2. CUHXPOHHQOA KOMMO3UYUA KOHEYHbIX A8MOMamos

HeTpyaHo BuaeTb, yto asTomaT A Q B gonyckaet cnosa, umerowme sug (ba)™, roen > 1, T.e.

CN10Ba, KOTOPble A0MYCKatoTCA Kak aBToMaTom A, Tak M aBTomaTom B.

O

HabniogeHve, caenaHHoe B NpUMepe, MMeeT YHMBepCasbHbli XapaKkTep. OKasblBaeTca, 4yTo
KN1aCcC aBTOMATHbIX A3bIKOB 3aMKHYT OTHOCUTE/IbHO ONepauum nepeceyeHms — ansa Atob6on napbl
KOHEYHbIX aBTOMATOB CYLLLEeCTBYET KOHEYHbIM aBTOMAT, PaCno3HaoWMi nepecevyeHmne ux A3bIKOB.

bonee TOro, nepecevyeHune A3bIKOB, pacno3HaBaeMbIX aBTOMaTamm AwnB, coBnaaaeT C A3bIKOM,

pacno3HaBaembIM CUHXPOHHOM Komno3suumein A @ B [Kapl0]:

LA n LB = LA@B'

196



12.1.3. IIpoBepkKa A3bIKa, AONYCKaeMOI'0 KOHE4YHbIM

dBTOMATOM, HA IYCTOTY

BepHemca K ucxoaHOM 3agaye: ana 3afaHHon mogenn M v cneundukaumm ¢ Tpebyetca npose-
puTb Ha nycToTy nepecevenne Ly n L_,. ECM mogenb 1 opakyn ABNAIOTCA KOHEYHbIMU aBTOMa-
Tamu (0603HauMM opakyn Kak C_ ), TO, KaK Mbl BbIACHU/M, 3TO NepeceyeHne ONUCbIBAETCA CUH-

XpOHHOW Komnosuumen M @ C_,,. OcTanocb NpoBepuTb, NyCT N A3bIK LM®CW.

MpoBepKa aBTOMATHOTO A3blKa Ha MYCTOTY OCYLLECTBAAETCA OYeBMAHbIM 06pasom — MnyTem no-
MCKa AOCTUXMMOTO A0MNYCKatoLWero coctoaHua. Ecam B aBTomate A xoTa 6bl 04HO AoNycKalolee
COCTOSHME AOCTUMMMO XOTA Bbl U3 OAHOTO HAYa/IbHOrO COCTOAHMA, A3bIK L, He nycT. B npoTus-
HOM C/ly4yae, T.e. KOr4a HM 04HO A0MNYCKatoLLee COCTOAHME He AOCTUKMMO HU U3 OAHOTO Havaslb-
HOTO COCTOAHMA, A3bIK L, NycT. Takum 06pasom, NpoBepKa aBTOMATHOTO A3blKa Ha MyCTOTY CBO-
OWTCA K NPOBEpPKe AOCTUMMMOCTM COCTOSIHUA C 3a4aHHbIMM CBOMCTBamMM. JTa 3adaqa peluaeTcs

NMOUCKOM B LUMPUHY UK B TNYBUHY (cm. nekumio 11).

Mpumep 12.3
A3bIK, AOMNYCKaeMbli KOHeYHbIM aBToMaTom A @ B M3 pacCMOTPEHHOro paHee npumepa, He
nyct. B asTom HeTpyaHo ybeanTbCcs, NOCTPOMB MyTb M3 €4MHCTBEHHONO HAYa/IbHOrO COCTOAHMSA

(S0, S0) B eamHcTBEHHOE Aonyckatowee coctosHue (Sq,S4): {(So, So), (So, S3), (S1,54)}

O

06paTuTe BHYUMaHKe, YTO NPOLLECC MPOBEPKM A3bIKA HA NYCTOTY MOMHO OPraHMW30BaTh TaK, YTO B
CNyyae ecnu A3bIK He NYCT, NPeAbABAAETCA KOHTPNPUMEP — MyTb M3 HaYa/bHOro COCTOAHUA B

ponyckawouwee. [ina astomata M & C_p 3TOT NyTb ABNAETCA BbluMCAEHWMEM MoLenn M, B KOTO-

pOM HapyLlaeTcs CBOMCTBO .

12.2. ABToMaThI b1oxu U @-peryJjsgapHblie A3bIKA

Knaccuueckas Teopma popmanibHbIX S3bIKOB MOCTPOEHA AN C/IOB KOHEYHOM A/INHBI. BbluMcneHuns

pearvpyoLLmMx CUCTEM U MOLENNPYIOLWUX UX CTPYKTYP KpunKe ABAAIOTCA 6eCKOHeYHbIMU (NOTeH-
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LMaNbHO Takne CUCTEMbI MOTYT pa6OTaTb 6ecKoHeYHO ,EI,OJ'II'O). CoOTBETCTBEHHO, ANA UX Bepmbm-
Kauuu HeO6X0ﬂ,VIMbI MHCTPYMEHTbI, NO3BOIAOWMNE OnepmnupoBaThb C 6eCcKOHEeYHbIMM Lenoykamum 1

NX MHOMECTBaMMU: (-C/I08OMU U M-A3bIKAMU cooTBeTcTBeHHO0®* [Kap10].

MHOKecTBO BCex ®-CNoB Hafg andasuTom X ob6o3HavaeTca X®. L — w-A3blK Hag andasutom X,

ecim L € X9,

AHaNOrom KOHeYHbIX aBTOMATOB ANA M-3blKOB ABMAKOTCA Tak Ha3blBaemble m-aemomamel. K
HMM, B YaCTHOCTU, OTHOCATCA aBToMaTbl Boxn®, npeanoskeHHble 8 1960 r. KOnnycom Broxu (Julius

Richard Biichi, 1924-1984) [Buc60].

12.2.1. OnucaHue m-93bIKOB aBTOMaTaMu Bioxu

CTpYKTypHO aBTOMaTbl BoX1 abCcoNtOTHO MAEHTUYHBI 0BbIYHbIM KOHEYHbIM aBTOMaTaM. Jemep-
MUHUPOBAHHbLIM a8mMomMamom broxu HasbisaeTca natepka (S, X, sq, 8, F); HedemepmuHUposaH-
Hoim — (S, 2,8y, 8, F) (cmbicnh 0603HaueHmit Takoi ke, Kak B LKA u HKA). Janee, ecnm He oroso-
peHO NPOTMBHOE, Mbl ByAeM paccmaTpMBaTb HeLeTEPMUHUPOBaHHbIe aBTOMATbl Broxu, HasbiBan

Ux agmomamamu broxu nam npocTo asmomamamu.

OTAnymne aBToMaToB BHOXM OT KOHEYHbIX aBTOMATOB COCTOMUT B yCs108UU OOMycMUMOCMu CN0Ba.
0603Haunm yepes inf(7) MHOXKeCTBO BCeX 31eMeHTOB NOC/EA0BATENbHOCTY TT, BCTPEYAOLLLMXCA
B Hell 6eckoHeuHoe Ynucno pas. [0BOPAT, UTO M-CNOBO W = XXy ... € L donyckaemcs aBToma-
Tom (S, %, Sy, 6, F), €CIM B HEM BO3MOMKHO BbIUMC/IEHME C TPAEKTOPUEH W, T.e. CYLLEeCTBYeT Mo-

CNefl0BaTeNbHOCTb COCTOAHUN TT = {S;}{2,, TaKas uTo

® S € So,
o S, €08(si_q,xi_1)pnaBcex1 <i<m

e inf(m)n F + 0:

xoTsi 6bl O4HO AOMYyCKatoLLee COCTOsAHME BCTpeYaeTcs 6eCKOHeYHoe YMC/Io pas.

8 BmecTto TEPMUHOB «W-C/TIOBO» U «W-A3bIK» TaKXe UCMONb3YIOTCA TEPMUHDbI «CBEPXC/IOBO» U «CBEPXA3bIKY».

85 [lpyrvimu TUNamm -aBTOMATOB ABAAIOTCA, Hanpumep, asmomamsi Mionnepa (David Eugene Muller, 1924-2008), 1963 r. [Mul63] u asmomame!
PabuHa (Michael Oser Rabin, poa. 8 1931 r.), 1969 r. [Rab69]. Bce TUMbl »-aBTOMaTOB MMEIOT OAMHAKOBYIO CTPYKTYPY, COBNAZAIOLLYIO CO CTPYK-
TYPOW KOHEUHbIX aBTOMATOB, @ PA3/IMYAOTCA TOJILKO YCI0BUEM LOMYCTUMOCTU (-CN0BA. Bee 3T1 popmMani3mbl UMEOT OAMHAKOBYIO BblpasuUTeb-

Hyto cuny [Tho96].
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MHOKeCTBO BCeX ®-CNOB, AOMNYCKAaeMbIX aBTOMATOM A, Ha3bIBAeTCA 0-A3bIKOM, 0onycKaemoim A,
1 obo3HauaeTcA Ly; ®-A3blK HA3bIBAETCA M-PERY/AAPHLIM A3bIKOM, UNWN PE2YAAPHBIM ©-A3bIKOM
(4To NpaBUNbHEE), €CAK CYLLLECTBYET A0MNYCKAIOLWLMIA €r0 HedemepMUHUPOBAHHbIU aBTOMAT Bloxu.
B OT/IMuMe OT KOHEYHbIX aBTOMATOB He As BCAKOro HegeTepMUHUPOBAHHOIO aBTomaTa Broxm
CYLLLECTBYET 3KBMBANEHTHbIN eMy AeTepMUHMUPOBaHHbIA aBToMaTe®, nosTomy B NpUBEAEHHOM

onpeaeneHnn ycnosme HegeTepMMHMPOBAHHOCTU ABNAETCA CYLLECTBEHHbIM.

Mpumep 12.4

PaccmoTpum aBToMatbl A U B, n3obpakeHHble Ha puc. 12.1, oA4HaKO Ha 3TOT pa3 byaem cuuTaTb,
YTO 3TO HE KOHEYHble aBTOMATbl, @ aBTOMaTbl Bloxu. Kakue A3blKM pacno3HatoT 3T1 aBTOMaThbI?
A3bIK, AonycKkaemblii A, — Bce m-cnoBa B andasute {a, b}, He 3aKaHUMBatOLLMecA BECKOHEUHOW

nocnegosaTenbHoOCcTbio b®. fA3bIK, AonycKaemblit B, cocTouT Bcero u3 asyx uenodek: (ab)® u

(ba)®.

O

12.2.2. CMHXpOHHAas KOMNO3ULUA aBTOMATOB Broxu

Knacc perynsipHbix A3bIKOB 3aMKHYT OTHOCUTE/IbHO onepauun nepeceyeHms. To e cnpaBesMBO
1 B OTHOLUEHWUWN O-PErYNAPHbIX A3bIKOB, O4HAKO 34eChb eCTb He6OoblIaA TOHKOCTb. MepeceyeHmne
A3bIKOB aBTOMaToB A U B pacno3HaeTcs CMHXPOHHOM Komno3suumen A @ B; gonyckatowmmm co-
CTOAHUSAMMU SIBAAIOTCA NAPbl, COCTOALLME U3 JOMNYCKAoWMX cocToaHui A v B. MepeceyeHue a3bl-
KoB L, v Lg, roe A B — aBToMaTbl Bloxu, TaKKe pacno3HaeTcs CUHXPOHHOM Komnosuunein A @
B (onpegenenue byaet gaHo Huxke). Llenouka gonyckaetca A @ B, eciv oHa AonycKaeTca Kak
aBToMaToM A, TaK M aBTOMaToM B, T.e. cyllecTByeT BblUMCEHNE, KOTOpOe BECKOHEYHOE YnCI0
pa3 NPOXoAMWT Yepes AoNycKatLme COCTOAHNA aBToMaTa A 1 6ecKoHeYHoe YMCAo pas NPoxXoauT
yepes JOMyCKatloLMe COCTOAHMA aBToMaTa B. 3ameTuMm, YTo OT BblYUCNEHMA He TpebyeTcs, YTobbI

OHO Mpoxoanno 4yepes gonycKkarwouime CoCToAHNA AvnB OAHOBPEMEHHO.

86 ,D,I'Iﬂ (0-aBTOMATOB Mronnepa 1 PabuHa 3To He Tak — Knacchbl AETEPMUHNPOBAHHBIX N HEAETEPMUHUPOBAHHbLIX aBTOMATOB MMEKOT OAUHAKOBYO

BblpasuTenbHyto cuny [Tho96].
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Beegem 6osee ob6wmii TN aBToMaToB. 0606WeHHbIM aemomMamom Broxu Ha3biBaeTcs NATepKa
(S,%,50,6,F), rpe F = {Fy, ..., F} — MHOKeCTBO MHOKECTB [OMYCKAOLWMX COCTOAHUIA. [0BO-
PAT, YTO O-CNOBO W = XXy ... € 2® donyckaemca 0606LLeHHbIM aBTOMaToM Broxu, ecam cyue-

CTBYyeT nocnegoBate/ibHOCTb COCTOAHUN T = {Si}?ozo, TaKaA 4YTo

® S € So,
o 5, €ES8(si_,xi_)pmaseex1 <i<n;
e inf(r) N F; +# @ pnascex1 < j < k.

O6blYHbI aBTOMAT BIOXM MOXHO cunTaTh 0606LLEHHbIM aBTOMATOM BloXM, y KOTOPOro MHOXe-

CTBO MHOXECTB A0MNYCKaloLMX COCTOAHNIN COCTOUT U3 OLHOIr0 MHOMECTBA.
CuHxpoHHoU Komno3uyueli 0606LeHHbIX aBTOMaTOB broxu
A =(Sp,%,510, 60, Fa = {Far, ., Fax}) n B =(Sp,Z,Spo, 05, Fp = {Fp1, -, Fom})
Hag obwum andasmTom X HasbiBaeTcA 0606LLLEHHbIN aBTOMAT broxu
A® B =(Sy X Sp,%,Sa0 X Spo, 6ap, Fan),
rae Fap = {(Far X Sp), ) (Far X Sp), (Sa X Fp1), o, (Sa X Fpm)}-

CnpasegvMBo cnegylollee yTeepaeHune: ans noboro obobueHHoro asTomaTa broxu cyuie-

cTByeT 3KBMBANIEHTHbIM emy 06blYHbIN aBTOMAT Broxu.

Nyctb G = (S, %, Sy, 6, F = {Fy, ..., F.}) — 0606LeHHbIN aBTOMAT, B KOTOpom k > 1 (oueBugHo,
yto ecnm k = 0, T0, 3ameHMB nyctoe mHoxecTBo F Ha {S}, nonyunm sKBMBaNEHTHbIV 0606 LeH-
HblI aBTOMaT Btoxu). MocTpoum k «Konumii» aBTomata G. MHOKecTBa HauyaibHbIX M A0MYCKAOLWMX
COCTOAHWUI MMetoTCA TONbKO B 1-0i Konuu: Sy n F; cOOTBETCTBEHHO. M3 COCTOAHNI MHOXeCTBa
F;, oTHocAweroca K i-oi konuu, rae 1 < i < k, nepexopbl Be4yT B COOTBETCTBYIOLLME COCTOAHUSA
(i + 1)-oit Konuu: ecim B ncxogHom asTomate s' = §(s,X), TO B KOHCTPYMPYEMOM aBToOMare
(s,i+1)= 5((5, L'),x), roe MHAEKC B nape € COCTOSHMEM — 3TO HOMeEp Konuu; ana k-ok konum

nepexoabl BeayT B 1-yto Konuto (cm. puc. 12.3).

Jlerko ybeauTbCa, 4TO NOCTPOEHHbIV TaKMM 06pa3om aBToMaT (0603HaYMM ero B) akBuBaneHTeH
0606weHHOMY aBTOMaTy G: fonycKatowee cocToaHMe aBTomaTa B, nocewaemoe 6eckoHeyHoe
YMCNOo pas, CyulecTByeT TOrAa M TONbKO TOrAA, KOr4a B KaXKAOM M3 AOMyCKaoWwmMX MHoxecTs F;
€CTb COCTOAIHME, KOTOopOoe nocelLaeTca beCKoOHeYHoe Yo pas.
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®opmanbHo aBTomaT B onpegenaetca cnegytowmm obpasom:
B =(Sx{1,..,k},Z,50 x {1}, 85, F, x {1}),
roe GyHKUMs nepexonos &g UMEET CAeayoLWnii BUA:
° 63((5, i), x) ={(s",i)|s' €6(s,x)}, ecnus & F;;

. 63((5, i), x) ={(s",({%k)+1)|s" €5(s,x)}, nHave.

i B1i i B2 i Bki
s R | |
——> 0 A 5 < ;
s | | O
e R AN I |
! P Y | 2 |

00 4100 *.—loom
' =F1,r . | T !
i O O
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PucyHok 12.3 [NocmpoeHue asmomama broxu no o6obweHHomy asmomamy broxu

12.2.3. [IpoBepKa A3bIKa, AOoNyCKaeMoro asromarom bioxu, Ha

NyCTOTY

HposepKa A3blKa, 4ONYCKaeMOro aBTomatom EIOXM, Ha NyCTOTY OCHOBAHa Ha caieayrouiem yTeep-
KOEHUN: A3bIK HE NYCT TOraa U TOJIbKO TOrAaa, Koraa B rpadJe COCTOSIHWI aBTOMaTa ecTb LUnKA,
I'IpOXOLI,FILUMVI yepe3s HEKOTOopOoe AonyCKakouwee CoOCToAHNne U ,CI,OCTVI)'KVIMbIVI M3 O4HOro U3 Ha4danb-

HbIX COCTOSIHWIA. TaKoM UMKA 6yaem HasbiBaTb 00MYCKAOUWUM.

B camom pgene, NycTb T — AONYCKaOWMIA LUK, @ S — O0MyCKalollee COCTOAHWE, Yepes KOTo-
poe oH npoxoauTt. Toraa Bblumcnenve T = 1’ - (), rae ©' — NyTb M3 OAHOrO M3 HaYaNbHbIX
COCTOSIHUI B COCTOSIHUE Si, BK/IOUAET HECKOHEYHOE YMCNI0 BXOXKAEHUI Sp. COOTBETCTBYIOLLEE (-
C/I0BO AOMYCKAeTCs aBTOMATOM, a 3HAYUT, ero A3blK He NycT. C Apyroi CTOPOHbI, EC/IM CyLLecTByeT
BbIYMC/IEHWE TT, B KOTOPOM HEKOTOPOE A0MyCKalollee COCTOSHUE Sy BCTpeyaeTcss BecKoHeuHoe
Yyncno pas, To, O4EBUAHO, CYLLECTBYET U AOMNYCKAIOLWMIA LMKN — B TAKOM KayecTBe MOXKHO B3ATb

NyTb MeXAy ABYMSA NePBbIMU BXOXKAEHUAMU Sg B TT.

201



EcTb ABa OCHOBHbIX NOAXOAA K MOUCKY AOMNYCKAOLWMX LMKNOB. MepBblit U3 HUX OCHOBaH Ha no-
CTPOEHUM KOMMOHEHT CUNbHOWN CBA3HOCTU. KomnoHeHmol cusnbHol c8A3HOCMU OPUEHTUPOBAH-
Horo rpada HasblBaeTCcA MaKCMMA/bHbIM MO BKIOYEHUIO BEPWWH noarpad, B KoTopom nrobas
napa BepLlIUH coegnHeHa nytem. M3BecTHbl 3bdEKTUBHbIE aNrOPUTMbl MOCTPOEHUA MHOMXKECTBA
AOCTUMKMMBIX KOMMAOHEHT CUIbHOM CBA3HOCTU. OAWMH U3 HUX — anroputm TapbaHa (Robert Endre
Tarjan, poa. 8 1948 r.), 1972 r. — 0CHOBaH Ha NOWCKE B rNYyBUHY U UMEET BbIYNCAUTENIbHYHO C/I0K-
Hoctb O(m), rpe m — uncno ayr rpada [Tar72], [Kac03]. ChopmynnposaHHOE Bblille yCI0BUE
NycTOTbl A3bIKa MOXHO NepedopmMyInMpPOBaTb SKBUBANEHTHBIM 06PA30M: A3bIK, LOMNYCKAaEMbI aB-
TOoMaTom Broxu, NycT Torga v ToNbKO TOrAa, KOrAa HU O HA AOCTUNKMMAA HETPUBMAIbHAA (0TAMY-
HasA OT OAMHOYHOW BepLUMHbI 6e3 neTesib) KOMMNOHEHTA CU/IbHOM CBA3HOCTM HE COAEPKUT JOMNYC-

Kakownx COCTOSIHWNA.

BTopoii noaxon 0CHOBaH Ha 8/710#eHHOM rnoucke 8 enybuHy (nested depth-first search). VimeHHO
3TOT MeToz, UCnoib3yeTca B MHCTpymeHTe SPIN [Hol03]. Ero rnaBHoe npevmyLLecTBo no cpasHe-
HUIO C aNTOPUTMOM TapbsiHa —BO3MOXKHOCTb BepuduKaunm Ha semy (on the fly): ponyckatowme
LMK/l ULLYTCA HE Moc/ie NOCTPOeHMA BCEero NPOCTPaHCTBa COCTOAHMIA, a B Mpouecce obxoaa. Me-
TOZ onepupyert ¢ napamu (S, 1), rae S — COCTosAHWE aBTOMATa, a [ — NpPW3HaK BJIOXKEHHOrO Mo-
ncka: 0 — ocHoBHOM NoucK; 1 — BNOMXKeHHbIN. Kaxagoe cocTosiHUE S XPaHUTCSA B OAHOM 3K3eM-
naspe, HoO BMecTe ¢ HUM XpaHaATca aga dnara toggle, v toggle,: toggle; = true, ecnu npo-
CTPaAHCTBO COCTOAHUIN comepkuT (s, 1). Takum obpasom, meTog TpebyeT AOMNONHUTENBHO ULLb

ABa 6UTa Ha COCTOSHME MO CPaBHEHUIO C 0O6bIYHBIM MOUCKOM B ryBMHY (cm. nekumio 11).

Cam meToz, cocTouT B creaytoiem. Ha ¢pase 0CHOBHOMO Nowmcka, Korga npoiaeHsl Bce nocaeno-
BaTe/IM TEKYLLEro COCToAHMA (nepes TeM, KaK BbITOIKHYTb 3TO COCTOSIHME M3 CTeKa), npoBeps-
eTcA, ABAAETCA M OHO A0MYCKAOWMM: €CAN A3, 3aMNYCKAETCA BNIOKEHHbIW NOWCK, OCYLLECTBAAIO-
LM NPOBEPKY AOCTUKMMOCTH COCTOAHMSA U3 cCamoro cebs. MPU3HaKom AOCTUKUMOCTU ABAAETCA
nonagaHue B COCTOSIHWE, NPUCYTCTBYIOLLEE B CTEKE OCHOBHOIrO MoMcKa. Ewe pas nogyepkHem,
YTO B/IOXKEHHbIN NMOUCK — 3TO TOT *Ke NOUCK B INYyBMHY, C TON NLb Pa3HULLEN, YTO NPOCTPAHCTBO
COCTOAHWI 3ano/HAeTca napamu Buaa (s, 1), a He (s, 0). Aaroputm rapaHTUpyeT, YTO NpuU Haau-

UMM AOMYCKaoLMX LIMKNOB, MO KpaiHel mepe oauH U3 HUX byaeT HaiaeH.

B Tabnuue 12.1 npeactaBieH NceBAoKOL aIfOPUTMA, B KOTOPOM A1 HarnsAHOCTU npegnonara-

€TCA, YTO MMeeTCA TO/IbKO O4HO HaYa/lbHOE COCTOAHMUE Sj. MHoxecTBo S co4epXnT nocelleHHble
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cocToaHMA — napbl BuAa (s, i). Mpeaukart accepting npoBepseT, ABNAAETCA M COCTOAHME A0NYC-
KatoWwmm; GyHKLMA choose BbIBMpPaeT NPOU3BOJIbHbIN 31eMEHT HeMycToro MHoxectea. O6o3Ha-
ymMm Yepes succ(S) MHOMKECTBO BCEX HEMOCPEACTBEHHbIX NOCAeA0BaTeNei cocToaHMA S. MycTb

succ(s, i) ={(s',i) | s € succ(s)}.

Tabnuya 12.1. BnoxceHHbIl nouck 8 2nybuHy

OCHOBHOI NOUCK BnoxeHHbI nonck: BbizoB ndfs(s.)
S 1= {(s50,0)1}; S = S5 U {(sc1)};
dfs_stack := {so}; ndfs stack := {sc};
while dfs stack # & do while ndfs stack # & do
s := dfs stack.top(); s := ndfs_stack.top();
if (succ(s,0) \ S) = & then if succ(s) N dfs stack # & then
if accepting(s) then return true /*_umqn *x/
if ndfs(s) then end;
return true /* mmxn */ if (succ(s,1) \ S) = @& then
end ndfs stack.pop()
end; else
dfs stack.pop() (s’,1) := choose(succ(s,1) \ 9);
else S =S U {(s’,1)};
(s”,0) := choose(succ(s,0) \ S); ndfs stack.push(s’)
S = SU {(s7,0)}; end
dfs stack.push(s”’) end;
end return false /* UMKJ He HakumeH */
end;

return false /* uwkjy He HanmeH */

12.3. TeopeTUuKO-aBTOMaTHBINA OAXO0J K IPOBEpPKe

MoJeJIen

TpaeKkTopun CTPYKTYpbl KpunKke Hag MHOMKECTBOM 3/1eMEHTAPHbIX BbiCKasbiBaHWii AP obpasytoT
®-A3bIK Hag andasutom 24P, 3T0T A3bIK ABAAETCA W-PETYNAPHBIM — ANA HEro CyllecTsyeT pac-
nosHatowmii ero asTomat broxu. Ona 3agaHHon cTpyKTypbl Kpunke M = (S, Sy, R, L) asTomat
Btoxu Bj;, [LOMNYCKAOWMIA BCE BO3MOXKHbIE TPaeKTopun mogenm M (M TONbKO MX), UMeeT BUA,

By = (S,247,5,,8,S), rae dyHKuma nepexonos § onpeaeneHa TonbKo Ha napax suaa (s, L(s)):
6(5,L(s)) ={s"|(s,s") €R}.

3ameTum, YTo B aBTOMaTe broxu BM BC€ COCTOAHMA ABNAKOTCA A0NYCKALWNMMN.

203



Mpumep 12.5
Ha puc. 12.4 npuseaeHa cTpykTypa Kpunke M un cooTBeTcTBYOWMIA aBTomaT broxu B [Kapl0].
HauyanbHble COCTOAHUA NOMeYeHbl BeAYLLMMU B HUX CTPEIKaMu (M3 KHUOTKyAa»); JonyCcKatowue

COCTOAHUA BblAENEHDBI XXUPHbIMU IMHUAMMW.

{a.r}

PucyHok 12.4. Cmpykmypa Kpunke u coomeemcmayroujuli asmomam broxu

Bonee cnoxHoI 3a4ayeit ABnAeTca nocTpoeHMe asTomata bioxu no popmyne LTL: Tpebyetcs no
dopmyne ¢ nocTponTb aBTOMAT B,,, AOMYCKAIOWMIA T M TONLKO Te TPAEKTOPUM, HA KOTOPbIX Hop-
MYNa @ UCTUHHa (ecn GopmMyna ONMUCbIBaeT YCA0BUA KOPPEKTHOCTM MOAENU, TO aBTOMaT Broxu,
UrpatoLLMii POSIb KOHTPOIBHOTO aBTOMATa, CTPOUTCA A/1A ee OTPULAHUA). AArOPUTM NOCTPOEHUS
aBTomaTa broxu no ¢popmyne LTL paccmaTtprBaeTtca B caeaytoweii NeKUmMmu, a NoKa Mbl OTpaHu-

YMMCA HECKONTbKMUMU NpUMepamu.

Mpumep 12.6
PaccmoTpum cnegytowme opmyabl (Gopmyibl TAaKOTO TUNA YACTO UCMO/b3YIOTCA Ha MPAKTUKE):
e Gp — cBoiicTBO besonacHocmu (safety):
HeYmo raoxoe HUKo20a He npousolidem;
o Fp — csoiictBo musocmu (liveness):
Heumo xopouiee Ko20a-HUbyos rpousolioem;
e GFp — cBolictBO cripasednusocmu (fairness):
Hevymo 00/1#HO 803HUKaMb NepuodUYeCcKU;

e FGp — cBoictBo cmabunusayuu (stabilization):

Heymo 00AHHO CMAMb MOCMOAHHbIM.

MocTpoum ana atTnx Gopmyn aBTomatbl Bloxu, pacnosHalolwme TPAaeKTopmmM, Ha KOTopbix ¢op-

MY/Ibl UCTUHHbI, B NpeAnonoxernn, uto AP = {p} u, cootsetctBeHHo, & = 24F = {(23, {P}}.
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PucyHok 12.5. Asmomamei Broxu 014 Hekomopebix ¢popmyn LTL

Tenepb Mbl rOTOBbI PACCMOTPETL 0BLLYIO CXeMY NPOBEPKU mogenelt ans noruku LTL. OnucbiBae-
MbI NOAXOA, Ha3bIBAaETCA MeopemuKo-a8momMamHbsiM MoOXo00M, OH bbin npeanoxeH B 1985 .
Moviwe Bapan (Moshe Vardi, poa. 8 1954 r.) n MNbepom Bonbnepom (Pierre Wolper, poa. B
1955 r.) [Var86]. UTak, mbl umeem moaenb M un cneumdukaumo @ — dopmyny LTL Hag Tem ke
MHOYEeCTBOM 3/1IEMEHTAPHbIX BbICKA3blBaHWI, 4To U mogenb M. Mposepka mozenn M Ha cooT-
BeTCcTBME cneundurKaumm @, T.e. MPOBEPKA TOTO, YTO CTPYKTypa Kpunke M asnsetca mogenoto

dopmynbl @, ocylecTBaaeTca cneayowmm obpasom:

1. cTpouTca aBToMaT B),, pacnosHalowmii Bce TpaekTopun mogenn M (v TonbKo mx);

2. cTpowuTca aBTomaT B.

_ ¢, PACMO3HAIOWNIA BCe TPAEKTOPUM, Ha KOTOPbIX MCTUHHA dopmyna

= (M TONbKO MX);
3. CTpowTCA CUHXPOHHaA komnosnumna By & B_,
4. BaBTomaTe By, @ B_, npoBepaeTca HasMumne [ONYCKaoWero LMKkna:
a. ecav AONyCKaloLWmMi UMKA CYLWEeCcTBYeT, MOAEeNb OWnboUHa (M ¥ ¢):
i. KOHTpNpMmep — NyTb A0 LMKAA NAOC BECKOHEYHOE NOBTOPEHME LMKNA;

b. B nNpoTMBHOM cnyyae mozenb KoppekTHa (M E @).

Boobuie rosops, asTomat By & B_, aensetca 0606weHHbIM aBTomaTtom Boxu, ogHaKo 13-3a
TOro, YTO B Bj; BCE COCTOAHMUA ABAAIOTCA AOMNYCKAIOLWMMM, Er0 MOXKHO BOCMPUHUMMATb Kak 06bly-

HbI aBTOMAT bioxu, B KOTOPOM MHOXECTBO 40NYCKakoWwnx COCTOSHUM coBnagaeT C MHOXeCTBOM
205



AonycKkaouwmx COCTOSIHUM Bﬂ(pi COCTOAHUE (SMIS—@) ABNAETCA AO0NYyCKaloWnMm TOorga U To/NIbKO

TorAa, KorAa AonycKaroWwWmMm ABNAETCA S_).

BbluMCIMTE/IbHAA CIOKHOCTb NPOBEPKM Mogeneit ana LTL oueHunsaeTca sennumHon O(|S| - 2"""),
roe |S| — uncno coctoaHmin B mogenn M, a |@| —uncno cumsonos B popmyne @. Mponcxoxae-
Hue mHoxuTens 2!! craHeT NOHATHBLIM U3 cneaytoLweit KLU — 3TO OLLEHKA YMCIA COCTOAHMI

B aBTOMmate B_,.

12.4. Boupocsl 1 ynpaKHeHUus

1. [lokaxuTe, 4TO /1A KOHEYHbIX aBTOMATOB MMeeT MeCTo paBeHCTBO Ly N Ly = Lygp.
2. Buem oTanuve aBTOMaTOB BIOXM OT KNacCMYECKMX KOHEYHbIX aBTOMATOB?

3. Onpegenute aBTomaT btoxu n 0606LLeHHbIN aBToMaT Btoxun. OnuwmnTe cxemy npeobpasosa-

HWA 0606LLeHHOoro aBTomaTa Bloxun K 06bIYHOMY.

4. W3BecTHO, 4To ans noboro HKA cyuwectByeT 3KBMBAIEHTHbINM eMy (A0NyCcKaloWwmii ToT e
A3bIK) KA. BepHo v cnegytollee yTeepKAaeHWe: ans ntoboro HeaeTepMUHUPOBAHHOIO aB-

ToMmaTa btoxu cylecTByeT SKBMBANIEHTHbIV eMy AeTePMUHUPOBAHHbIN aBToMaT Broxu?

5. [loKaxuTe, YTO KNacc m-peryasapHbIX A3bIKOB 3aMKHYT OTHOCUTENIbHO onepau,mﬁ O6'be,£l,I/IHe-

HMA N AONO/THEHUA.

6. OnuwwuTte cnocob NOCTPoOeHUA No 3agaHHOM CTPYKType Kpmnke M (C KOHEYHbIM YMCNOM CO-
CTOAHWIA U NONIHBIM OTHOLEHNEM NepexoA0B) aBToMaTa bioxu, pacno3HatoLero BCe BO3MOXK-

Hble TpaeKTopun M v TonbKO UX.

7. TlocTpoiTe MMHUMabHBIM KOHEYHbIN aBTOMAT Hag andasutom {a, b}, LoNycKaloLWmMi A3bIK
b*a*. Kakoi A3blK 4OMYyCKAeT 3TOT aBTOMAT, €C/IM ero paccMaTpMBaTb Kak aBTomMat Broxu
[Kap10]? Bbipasute aT10T A3bIK Ppopmynoii LTL (cumTaiite a u b B3aMMOUCKNOYAIOLLMMU Bbl-

CKa3bIBaHVIF|MVI).

8. TMocTpoiite aBToMaT broxun Hag andasutom {a, b}, AONYyCKaOWMI BCE LLEMOYKM C KOHEYHBIM
YMC/IOM BXOMKAEHUI CUMBOJIA @ U BECKOHEYHbIM YMC/IOM BXOXKAEHMI cumBona b. Bbipasurte

YKa3aHHbI A3bIK dopmynoi LTL.

9. TMoctpoiite aBTomaT Btoxu Hag andasutom {a, b}, JonycKatoWwmii Bce LENOYKM C HEYETHbIM

Yynucnom BXO)KLI,GHVIVI CMMBONA @ N BECKOHEYHbIM YMC/IOM BXO)K,CI,EHMVI cumBona b. MoxHo au
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BbIPA3nUTb YKa3aHHbIW A3blK popmynoii LTL? BbipasuTte 3TOT A3bIK, BBEAA BCMOMOraTesibHble

BbICKa3blBaHUA (yAanaemble U3 LOMNYyCKaeMblX TpaeKTopuit).
10. NpuBeguTe NpUMeEpP W-A3blKa, HE ABNAIOLLETOCA W-PeryaapHbIM.

11. MocTpoiiTe aBTOMaT BrOXM, AOMNYCKalOWMIA BCE TPAEKTOPUM, HA KOTOPbIX BbINONHAOTCA Cae-

aytowme dopmynbl LTL (AP = {p, q}):

a. X{pva};

b. Gi=(pAQ)};
¢ pUg;

d. G{p » Xq}.

12. Mpeanoxute anroputm OTbICKAHWMA KOMMOHEHT CUNIbHOM CBA3HOCTU OPUEeHTUPOBAHHOIO

rpada. OueHUTe ero CNOKHOCTb.
13. [IoKa»K1Te KOPPEKTHOCTb aJIr0OPUTMa BIOKEHHOTO NMOUCKA B INyOUHY.

14. HanuwwuTe nporpammy (Ha yao6HOM Bam fi3blKe NPOrpPaMMmUPOBaHUA), PeanmsyoLLyio BAO-

YKEHHbIM MOUCK B rNyOUHY.
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JIekuuda 13. CuHTe3 aBTOMaTa broxu no
¢dopmysie LTL

Bmecme ¢ mem MoxcHO ykazame 0ea mpebosaHus, npedvsasse-
HUe KomopbiX K sblﬁupaemomy unu COB(’GBGEMOM}/ MemaA3bIKy
secoma ecmecmeeHHo. [lepgoe mpe6osaHue ompaxcaem, mak
CKA3amb, UHMepecs! 3aKA34UKA U OMHOCUMCA K 8bIpA3UMensHo-
cmu memasssika {...) Bmopoe mpebosaHue coomeemcmayem
moyke 3peHus ucnoaHumens. OHO 3aK104aemca 8 Mmom, 4mobbl
cywecmeogasn docmamoyHo yAobHbIl anzopumm 05 peweHus
I'IpDﬁﬂEMbI CuHmMe3a npumMeHUmMesibHoO K aﬂHHOMy Memasn3biKy.
3mu dsa mpeﬁosaHUR 8 HEKOMOPOM CMbIC/1€ AHMA20HUCMUYHbI.

B.A. TpaxteH6poT, .M. Bap3auHsb.
KoHeuHble aBTOMaThl (MoBeAeHUE U CUHTE3)

PaccmaTpuvBaeTcs KAto4eBoit aTan TEOPETUKO-aBTOMATHOTO NOAX0Aa K NPOBEPKE MoAenel ANns 0rku LTL — noctpoeHune asTo-
maTa Broxu, A0MyCKatoLwero BCe Te ¥ TO/IbKO Te TPAeKTOPUM, Ha KOTOPbIX MCTUHHA 3adaHHas dopmyna LTL. OnucbiBaeman npoue-
Zypa MOsKeT 6bITb UCMO/Ib30BaHa U A8 NPOBEPKM BbINMOAHUMOCTU GOpMyJibl LTL: ecin A3biK, AOMYCKaeMblii COOTBETCTBYHOLMM
aBTomatom Btoxu, He nycT, opmyna BbINOSHUMA — A5 Hee CyLLecTBYeT TPAeKTOPMA, Ha KOTOPOI OHa UCTUHHA. MmeeTcs He-
CKO/IbKO a/IfOPUTMOB MOCTPOEHMA aBTOMATOB Btoxn no dopmynam LTL; BCe OHM CXOKM MO COXKHOCTHBIM XapaKTepUCTUKam: pe-
3yNbTaTOM ABNAETCA HEAeTEPMMHUPOBaHHbIV aBTOMAT BIOXM, YMCN0 COCTOAHMIM KOTOPOrO 3KCMOHEHLMaNbHO 3aBUCUT OT pa3mepa

¢0pMy}'IbI — Yyucna CMMBOJIOB B ee 3anncu. Bonpockl onTummnsaumm pasmepa aBTomaTa BbIXOAAT 338 PaMKK y‘-leﬁHOI’O nocobus.

13.1. [locTaHOBKA 3a4a4Y4 M IpeBapUTe/IbHbIE

3daME€YaHHUA

[Ona npoctoTbl Mbl Bygem paccmaTtpuBaTb dopmynbl LTL, B KOTOPbIX MCNONb3YIOTCA ABE /Iornye-
CKMe CBA3KM, — (OTpuLaHMe) 1 V (AN3BIOHKLMA), U ABa TeMNOPaAbHbIX onepaTopa, X (neXt time)
n U (Until). 9To He orpaHMYMBaeT 06LLHOCTU PACCYKAEHWUM, MOCKObKY YKa3aHHble CBA3KM U one-

paTtopbl 06pasytoT 6asuc LTL (cm. nekuuio 9).

MycTb 3a4aHO MHOXECTBO 3/1eMeHTapHbIX BbiCKa3biBaHW AP n LTL-dopmyna ¢ Han MHOXe-
ctsom AP. TpebyeTcsa no Gopmysie @ NOCTPOUTL HEAETEPMUHUPOBAHHbIN aBTOMAT Bloxu B, Hag,

andasutom 247

, LOMYCKAIOLL M BCE TPAEKTOPUU, HA KOTOPbIX UCTUHHA GOPMYNA (@, U TONbKO UX.
Cpasy oTMeTVM, YTO 3aZauya UMeeT pelieHue: gaa ntoboi dopmynbl LTL Takoi aBTomart cyuie-
ctByeT. ObpaTHOE, BOOBLLE rOBOPA, HEBEPHO: HE A1 KaXKA0ro aBToMmara bloxu HalngeTcs sKBu-

BaneHTHaa ¢opmyna LTL.
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PaccmaTpuBaemblii anropuTM NOCTPOEHMS aBTomaTa bloxu ocHoBaH Ha meTadope peaausayuu
ob6sa3amenscme [Kap10], [Bai08]. MosacHUM, yTo umeeTca B Buay. Ecam B dopmyne HeT Temno-
pasibHbIX ONEPaToOPOB, OHa «peanusyeT» CBOU 06A3aTe/bCTBA B HAcToAWEM — 06A3aTeNbCcTB B
byaywem y Hee HeT. Ecnu ke B dopmynie ecTb TeMNopasbHbIiA onepaTop, y Hee MoryT 6biTb OT-
NnoxeHHble obasatenbcTa. Hanpumep, popmyna Fy obasyetca ko2da-Hubyde e bydywem yao-
BJIETBOPUTbL CBOMCTBO 1 (€C/M, KOHEYHO, OHA He yaoB/eTBOpseT ero ceivac), a dopmyna Gy
06a3yeTcA 8ce20a ya0BNETBOPATL CBOMCTBO . O6A3aTENbCTBA CNOXKHOM GOpMY/bl ecTb 0653a-
TenbcTBa ee noadopmMy; peanmsaumsa 0H6s3aTeNbCTB CAOXKHOM GOPMYy/bl €CTb C02/10C08AHHASA
peanusaums obssatenscts nogdopmyn (Mpu ncnoaHeHUn obasaTenbcTs Gopmynbl ee nogdop-

MY/ibl, NPecnesya CBOW «/10Ka/ibHble MHTEPECHI», HE A0MKHbI KOHGMKTOBATbL APYT C APYTOM).

MHosecTBO BCcex noadopmyn Gopmynbl @, BKAOYAa camy GopmMyny ¢, BMecTe C UX OTPULLAHK-

amn®’ HasbiBaeTcA 3ambikaHuem Gopmysibl ¢ 1 obosHavaetcs closure ().

Mpumep 13.1

Bbinuwem 3ambikanune dopmynsl @ = (pV q) U (p A q):

closure(p) ={p,q,(pV D), AQ),0,~p,~q,=(pV q),~(p A q),—p}.

[anee ans KpaTKkocTU Mbl Bygem onyckaTb «HeraTuBHble» noAdGopmMysibl B 3aMMCU 3aMblKaHUS.

Hanpumep, ana popmynbl, paccMOTpPEeHHOM Bbille, byaem nucaTb

closure(p) ={p,q,(pV @), (P A q), p}.
Mepes onvcaHWem anropMTMa NOCTPOeHUs aBTomaTta bioxm no popmyne LTL paccmoTpum cne-

AyoLWnn npumep.

Mpumep 13.2

Monpobyem onpegenntb MCTUHHOCTL dopmyabl @ = (p V q) U (p A q@) Ha BbIUMCIEHUU C TPAEK-
Topuen ({p}{q} {p, q} {q} B)® [Kapl0]. PasameTnm KaxLoe COCTOAHME BbIMUCNEHWUSA TEMM MOA-
bopmynamu @, KOTopble B HEM UCTUHHbI: HAYHEM C 3/1IEMEHTAPHbIX BbICKA3bIBaHWUIA M NOCTENEHHO

byaem nobaBnsaTb B pasMmeTKy Bce 6os1ee c/ioXKHble nogdopmMysibl, Kak NOKasaHo B Tabanue 13.1.

87 dopmybl m—1 M 1P CYNTAIOTCA COBNAAAIOLMMM.
Y.
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Tabauya 13.1. Pasmemka cocmosHuli mpaekmopuu UCMUHHbIMU 100G opmyaamu

CocToAHME BbIYUCNEHUA: S MomeTKa coctoaHuaA: L(s) PasmeTka nogdopmynamu @
So {r} {r,(pVQ, e}
51 {a} {a. (®V Q. ¢}
Sz {r.q} raeVva A, e}
S3 {q} {e. Vv 3}
Sy [0) [0)

PasmeTKa cocTosiHUI nogdopmynamm 6e3 TemnopanbHbiX ONepaTopos TPUBMAAbHA — AJ1A 3TOMO
A0CTaTOYHO 3HATb MOMETKY COCTOAHUA. UCTUHHOCTb NoAdopMYy, COAEPNKALLMX TEMMNOPasbHbIe
onepaTtopbl, yCTaHaB/AMBaTb C/NOMKHEe — A/1A 3TOr0 NPUXOAMUTCA «3arnsagbieate B Gyayuieer.
Hanpumep, HaxoAAcb B COCTOAHUU Sy UK S; U He 3HasA ByayLuero, Heab3s CKasaTb, UCTUHHA op-
My/a ¢ UK NOXKHA. B cocTosHuu s, Heobxoaumas nHdopmaumsa nossaserca: S, = (p A q). MNo-
CKOJIbKY pasMeTKa KaXKAoro COCTOAHMSA, HAYMHAA C S, (BKNHOUMTENIbHO) M 3aKaHuMBasA S, (He
BK/IOUMTENIbHO), coaepuT (p V q), dopmyna ¢ fobaBnfeTcs B pasmMeTKy BCEX ITUX COCTOAHWIA,
BK/ItOYan S, (cm. onpesenerune onepatopa U B nekuun 9). Tak Kak bopmyna ¢ BXOAMUT B pasmeTKy

Ha4a/Z1IbHOro COCTOAHMNA, OHAa UCTUHHA Ha TPAEKTOPUMN:

{p{a3 .3 {a3 D) = (Vv U(pAqg).

OnucaHHbIV B NpUMeEpe MeToA PasMeTKM HaMeKaeT Ha TO, KaK NOCTPOMUTb aBTomaT Broxu no 3a-
AaHHoM dopmyne LTL. CocToAHMAMM TaKOro aBTomaTa byayT «COrnacoBaHHbIe» PasMeTKu (MHo-

KecTBa no,u,cbopmyn), a nepexoabl onpeaenarnTca No npasunam peannsaumnm 0bA3aTenbCTB.

13.2. CoctosasHua aBToMaTta broxu

Tenepb Mbl rOTOBbI ONMUCATb a/IOPUTM MOCTPOEHUA aBTOMaTa broxm B(p no dopmyne . Pesynb-
TaTOM a/nropuTma asnsetca o606l eHHbIM aBTOMaT Bloxu, KOTopbI MOXeT BbiTb NpeobpasoBaH
B 9KBMBAJIEHTHbIN emy aBToMaT Btoxu (cm. nekumto 12). insa KpaTKOCTU Mbl Byaem HasbiBaTb €ro
aBTomaTom broxun nnm npocto aBTomatom. lNpuBoaAnMOe 34eck onucaHne metosa 6asmpyeTca Ha

KHurax [Kap10] n [Bai08], a Takke paboTe [Wol02].

CocrosaHuAmMK aBTomarta B, ABNAIOTCA MHOXeCTBa NoAGOPMY/T GOPMYJIbl ), BOSMOMKHO C OTPH-

uaHuamu, T.e. S C 2¢tosure(@)  Mopdbopmynbl, COCTAaBAAIOLME OAHO COCTOAHUE, AOMKHbI BbITb
7I0KA/IbHO CO2A0CO8AHHLIMU (HEMpomueopeyussbiMu) — NPOTMBOPEYa APYr ApYry, Noadopmy bl

HEé MOryT peasin3oBaTb obsA3aTenbCTBa MCXO,CI,HOﬁ ¢0pMy1’IbI. CBepx TOro, COCTOAHUA AOKHbI
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6bITb MAKCUMAIbHO HacblWeHHbIMU NO BKAKOYEHUIO I'IO,CI,d)OpMYJ'I — 3TO KOHKpeTnsnpyet cnocob

peannsaummn obasatenbcTsss.

MHoxecTtBo s © closure(ga) Ha3blBaeTCA 3s1eMEHMAPHLIM MHOXecmeom, UM amomom, ecnu

BbINOJ/IHEHbI CeAyIoLLME CBOCTBA:

1. anaBscex y € closure(p):
X € S TOrAa vi TONbKO TOrAa, Koraa -1y € s;
2. anascex (y V) € closure(yp):
(x V) € s Torpa n TonbKo Toraa, Koraa y € s unn i € s;
3. anascex (y Uy) € closure(yp):
a. ecm(yUyY)EsnyY és,Toy €s;

b. ecmyp es, To(y UyY) Es.

MepeuncneHHble TpebOBaHMA Ha3bIBAKOTCA YCI08UAMU I0KA/BHOU Co2aaC08AHHOCMU (M MAKCU-
manbHol HacbiweHHocmu). MHOXeCTBO BCEX 3/1EMEHTAPHbIX MHOMKECTB 3aMblKaHUA GOPMYbl
¢ obosHayaeTca atoms(@). OnpeaeneHne MOXKHO O4EBUAHbIM 06pPa3OM PACIMPUTL ANA ApY-

TMX NOTNMYECKUX CBA3OK U TEMNOPA/IbHbIX ONEPAaTOpPOB.

Moyemy B yC/I0BUAX JIOKA/IbHOM COT/IaCOBAaHHOCTM He YTOMMHAETCA TeMMNopasibHbli onepaTop X?
Motomy uto y bopmyn Buaa X HeT 06A3aTeNbCTB B HACTOALLLEM — OHU COCPESOTOYEHbI B C/le-

[OYyIOLLeM MOMEHTE BPEMEHM.
MocTpoeHWe 3NeMeHTapHbIX MHOXKeCTB Ana 3adaHHoin dopmynbl LTL yaobHO opraHM3oBaTh B
dopme cneaytolLelt npoueaypsbl:

1. BbinucaTb BXoAAlwme B cbopmyny 3/1eMeHTapHble BbICKa3blBaHUA U I'IO,EI,CI)OpMy}'IbI BMnAaa

X1, npeaBapuTENbHO X YNPOCTUB:

X-p ==Xy n X(xvy) =Xy Vv Xy;

88 Takue COCTOAHMA TECHO CBA3aHbl C MHOXecTBamu XuHTUKKM (Jaakko Hintikka, 1929-2015), T.e. MakcMMasibHbIMU COT/IACOBAHHBIMU MHOXe-

cTBaMu GOPMYy, UCMO/b3yemMbIMU B TaBAUYHBIX METOAAX MPOBEPKM BbIMOAHUMOCTH (B KOHTeKcTe LTL oHu obpeTatoT Bua, cTpyKTyp [Benl12]).
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2. nepebpaTb BCE KOMOUHALMM 3HAYEHNIN UCTUHHOCTU BbIMMCAHHbIX YCA0BUI U ANA KaXK40M
M3 HUX NMOCTPOUTb MHOMXECTBO UCTUHHBIX NOAGOPMYN UCXOAHON GOPMYbl, NONYUYEHHbIX
M3 3TUX YCI0BUIN MPUMEHEHMEM KACCUUECKUX JIOFUYECKUX CBA3OK;
3. anakaxgon noadopmynbl Buaa y U Y (B nopagke yBenmyeHns cnoxHoctu dbopmyn) npo-
BEPUTb BXOXKAEHWE 1) B KaXKA0€ U3 MOCTPOEHHbIX Ha LUare 2 MHOXEeCTB S:
a. ecam Y € s, pobasuTb nogdopmyny y U Y B MHOKECTBO S;
b. wuHave:
i. ecnm y € s, noctpouTb Konuto s ¢ gobasneHHon noadopmynon y U P;

ii. B MNPOTMBHOM C/Ny4Yae OCTaBUTb S 6E3 U3MEHEHUIA.

Wtak, cocToaHmamM asTomata B, ABNAIOTCA aNeMeHTapHble MHOMKECTBA 3aMblKaHWA ¢@. UHTyn-
TUBHO MOHATHO, YTO Ha4a/IbHbIMW COCTOAHMSAMM aBTOMATa AO/IKHbI ObITb TaKME 31EMEHTaPHbIE
MHOKECTBa, KOTopble coaepskaT camy Gopmyny ¢ — MMEHHO B HUX 3a4atoTcsA 06s3aTeNbCTBa No

ee y40BNETBOPEHMIO.

Mpumep 13.3
Ona dopmynbl ¢ = (pV q) U (p A q) cylecTByIOT WeCTb 3N1eMEHTaPHbIX MHOXecTB noadop-
MY/1: OHM NOKa3saHbl B Tabanue 13.2 (Kak Mbl 4oroBapusannc, noadpopmysibl ¢ OTPULAHUAMM He

YKa3bIBaloTCA, HO NOAPa3yMeBatoTcs).

Tabauya 13.2. InemeHmapHbie MHoxecmea nodgopmys popmynel (p V q) U (p A q)

3Ha4YeHUA UCTUHHOCTK | HacblweHne HacbiweHune
p q (knaccuueckme cBA3KM) (TemnopanbHble onepaTopsbl)
false false | @ 5:=0
s2={p.(pV}
true false {p,(pVvaq)}
s3=1{p,(pVq, ¢}
sa ={q.(pV q)}
alse true {g,(pV q)}
! ss ={q,(pV q), 9}
true true v,q,(VvVq),(PAg)} se ={p,q,(pvVq), (A, e}

Po/ib HaYa/IbHbIX COCTOAHWUI aBTOMaTa B‘P BbINONHAKT 3/1IEMEHTAaPHble MHOXEeCTBA S3, S5 U Sg.

O

13.3. [lepexoabl aBTOMaTa broxu

Ecnu dopmyna, BxogalLas B HEKOTOPOE COCTOSIHME aBTOMATa, He COAEPKUT TEMMNOpPa/ibHbIX Ore-

paTopoB, y Hee HeT 06A3aTesIbcTe B Byayllem — OHa HUKaK He orpaHuyMBaer nepexogbl. [Ans
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TeMnopanbHbiX GOPMYN CUTyaLMA UHAA: €CIM COCTOAHWE aBToMaTa coaepXuTt popmyny X, To
cnepytolLee cocTosHMe 0653aHO COAEeP!KaThb Y; eCIM COCTOSHME aBTOMATa COAEPHKUT dopmyny
x U, To nnbo oHo coaepxut Y, nnbo B Hem ecTb y, a B cneaytowem — y U ). YKasaHHble npa-
BUNA Nerko GOpPMasn3yloTCa: CoCefiHMe COCTOAHMA aBTomMaTa (0603HAUYMM MX S U S') [ONKHbI

YO0BNETBOPATL CAeAYHOWMM OrpaHUYEHUAM!

1. pnsscex Xy € closure(yp):
Xy € s Torga 1 ToNbKO TOraa, Korga Y € s';
2. pnaecex y Uy € closure(p):

x U € s Torpa v Tonbko Toraa, Korga P E sunnxe y Esny Uy € s'.

MNepeyncneHHble TDEGOBaHMﬂ Ha3bIBAKOTCA yCs108UAMU peanusayuu o0bsa3amenscms (0603Haqe-

Hue: s = s'). X MOXHO onpeaennTb U ANA APYrMX TEMNOPasbHbIX ONepaTopos.

O6paTVITe BHUMaAHMWE Ha CBA3KY «TOrga M TOJIbKO TOorga»: B YaCTHOCTU, eCin B closure((p) eCTb
no,u,dJOpmyna BMnAaa Xl/}, TO nepexon B COCTOAHUE, coaeprKalulee l/), BO3MOXEH MOs1bKO U3 COCTO-

AHWN, copepawmx Xy.

Kaknm 06pa3om B 3/1eMEHTAPHOM MHOMKECTBE MOXKET NoasuTbcA dopmyna Buaa Xy, sBeap Tem-
nopanbHbI onepaTop X He YNOMUHAETCSA B YC/IOBUAX JIOKANIbHOM COrNacoBaHHOCTU? MMEHHO U3-
3a TOro, YTO YC/IOBMA JIOKA/IbHOM COMIAacOBAaHHOCTM He HAKNAAbIBAOT OrpaHUYEHUI Ha BXOXKAe-
Hue dopmyn Buaa Xi) B anemMeHTapHble MHOMKECTBA: €CTb MHOXKECTBA, B KOTOPbIE OHU BXOAAT, @

€CTb MHOKEeCTBa, B KOTOPble — HET (BXOAAT, HO C OTPULLAHUAMM):

{1/}! Xl/)}’ {l/)' _|X1/)}, {_'dj' Xl/)}' {_'lp! _'Xl/)}

Mpumep 13.4
PaccmoTpum dopmyny @ = (pV q) U (p A @) v anemeHTapHble mHoXecTBa S, = {p,(p V @)} n

s3 = {p,(®V q), ¢} (cm. npumep 13.3).

Onpepenum mHoxectBa 6(s,) = {s, | s, = 55} 1 6(s3) = {s5 | s3 = s5}. Boinuwem ycnosue
2 2182 2 3 3183 3
peanusaummn 06a3aTenbCTs (YCN0BME 04HO, MOCKOAbKY GOPMYyNa COAEPMKUT OAMH TEMNOPabHbIN

onepatop — U):

@ € s Torpa v ToNbKO Toraa, korga (p Aq) Esumm (pvVq) Esung € s'.
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1A COCTOAHMIA S, U S5 UMEeM: MOCKONbKY @ & S,, To (p A q) & s, u, kpome Toro, (pV q) € s,
WN @ & S5, YTO PAaBHOCUIBHO @ & S5.
o 5(sy) = {s1,5,, 54} (BCe cocTOAHMA, He copepKalLme @), rae
o 5 =0;
o s ={p,(VQ}
o sp={q, PV}

[lnA coCTOAHUI S3 U S5 UMEEM: NOCKObKY @ € 3, T0 (P Aq) Esz; uam (pV q) E s3 M @ € s3,

YTO PaBHOCWJ/ILHO @ € S35.
o  5(s3) = {s3, 55,6} (BCe cocToAHUA, copeprKawme @), rae
o s3={p,(pVa) e}
o s5s={q,(Va e}
o ss={p.a, (Ve PAQD, ¢}

13.4. lonyckamwouiue cOCTOAHUA aBTOMaTa broxu

[na onpefneneHuns Toro, Kakne COCTOAHMA aBTOMaTa ABAAIOTCA AOMNYCKaOLWMMK, a KaKnue — Her,
ncrnonb3yeTca cneaytolan naes. ICKomolii aBTomat aBasetca 06061eHHbIM aBToMaTom Boxu ¢
HECKONbKUMU MHOXEeCTBaMM [0MNYyCKaloLWMX COCTOAHUNA. Kaxaoe Takoe MHOXEeCTBO COOTBET-
CTBYIOT onpegeneHHon nogdopmyne ncxogHoin popmynsl @. Ecam closure(p) = {4, ..., i},
TO aBTOMAT B, coaepuT k fonyckatowmx mHokects: F = {Fy, , ..., Fy, }. Coctoanue s apnaetca

AonycKalowmm ansa noadopmynsl i, T.e. s € Fy, ecnv B s peannsosaHbl Bce 06a3aTenbcTsa .

[na nogdopmyn, He codepsKawmx TeMNopasbHbIX onepaTopos, 0b6A3aTeNbCTBA peanusyoTca
HenocpeacTBEHHO B COCTOAHMAX, UX BKJIIOYAIOLLMX, MOSTOMY B MCKOMOM aBTOMATe HeT CoCToA-
HUI, B KOTOPbIX 3TN 06513aTe/IbCTBA He BbINO/IHEHbI (1M60 HeT noadopmyibl, 160 ee 0bA3aTeNb-
CTBA WUCMONHAIOTCA «Ha MecTe»). [oxoxKasa cuTyaLms MmeeT mecTo ¢ nogdopmynamu suga Xip:
OT/INYMeE ILLb B TOM, YTO 33 PEAN3aLMI0 UX 06A3aTe/IbCTB OTBEYAIOT He COCTOAHMS, BKIOYat0-
wue X1, a cocTosAHMUs, cneaytoLime 3a HUMU. Takum obpasom, nogdopmy bl 6e3 TeMnopasbHbIX
onepatopos 1 nogdopmynbl Buaa Xy mMoryT He yYuTbIBaTbCA NPU ONpeaeneHnUmn AoMyCcKaoLwmx

COCTOAHUN.
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Ona kaxagor nogdopmynbl Buga y U ) MHOMKECTBO AONYCKAOLWLMX COCTOAHMI BKIKOYAET BCE CO-

cToAHMA, B KoTopbIX HeT y U i unu ectb :
s € Fyyy TOrAa v Tonbko Toraa, Korga (Y Uy) € suamy € s.

Mpumep 13.5
[onyckatowme coctoaHna asTomata btoxu By, ana dopmynbi @ = (p VvV q) U (p A q) (cm. npumep

13.3) npuseaeHsl B Tabanue 13.3.

O6patuTe BHMMaHKe: NOCKONbKY B ¢ oauH onepatop U, B B, umeeTca poBHO 0AHO AoMycKato-

uee MHOXXeCTBO COCTOAHMN.

Tabnuya 13.3. flonyckarouue cocmosHus asmomama broxu By, dnsa popmynsl o = (pV @) U (p A q)

JonycKatowee coctosHne KommeHTapuit

51 =0 Q&S

sz ={p.(pVa)} P Esy

ss ={a,(pV q)} P Esy

se ={n.q. PV, (pArq, ¢} pESsn(PAQ) Ese
]

13.5. AJIropuT™M NNOCTpOEeHUs apToMmaTa broxu

MNoaseaem wutor. MycTb AP — MHOXeCTBO 3/1eMeHTapHbIX BblCKa3blBaHUi, a ¢ — dopmyna LTL
Hag mHoxkectBom AP. O606ueHHbIM aBToMaT Boxu B, = (S,%,50,6,F), ponyckarowun Te u

TO/IbKO Te TPAeKTOPMM, Ha KOTOPbIX UCTUHHA Gopmyna ¢, onpeaenseTca cneaytowmm obpasom:
e S =atoms(p);
o ¥ = 24P,
o So={seS|peEs}

e §:5x X — 25 onpegensetca cneayolwym o6pasom:

5(s x)={{s’|s—>s’}, e x = (s N AP);
’ 2, WHaye;

o F={F,uyl xUYEclosure(p)}, rae Fyyyp ={s €S| ((xUy) &s)V @€ s)}
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OyeBnAaHO, YTO OMUCAHHbIM MeTOo/ 4 HE rapaHTUpyeT MUMHUMAJZIbHOCTU aBTOMATa B¢Z BOMPOCHI on-

TMMM3aLMKM BbIXOAAT 33 pamKu nocobua. HeTpyaHO nokasaTb, YTO YMC/IO COCTOAHWUM MOCTPOEH-

HOro aBTomaTa oueHuBaetca sennunroit 0(2!¢1), rae || — annna dopmynsbl @, T.e. uncno cum-

BOJ10B B €€ 3anucu.

[ 0Ka3aTenbCTBO KOPPEKTHOCTM aNrOPUTMa MOXKHO HaliTK, Hanpumep, B KHure [Bai08].

Mpumep 13.6

Mycts AP = {p, q}. MocTpoum aBTOMaT Btoxu B, =(S,%,50,6,F) ana yxe paccmoTpeHHo dpop-

mynbl @ = (pV @) U (pAQ).

e S =atoms(p) ={sq,...,S¢}, rae®

(o]

(e]

(e]

s, =0;

s ={p.PV}
s3=1{p,(pVvVq,0}

sa ={q,(pVa}

ss =1{q, (Vv ), 0}
se={P.a @V, (pAD, ¢}

o =2 ={0{p}{a}{p.a}}

o So={seS|pes}={ss5s56};

o F=F,= {seS|(pes)V(pAq) €s)}=1{s1,5 5456}

e { onpegenserca cneayowmm o6pasom (418 HarNfAHOCTY BXOLHOM CUMBO He YKas3aH):

(0]

6(sy) = {sq, ..., S} — BCE COCTOAHUS;

6(s3) = {s4,S3,S,} — HET NEPEXOAOB B COCTOAHUA, COAEPIKALLME @;
6(s3) = {s3,S5,S¢} — HET MEPEXOA0B B COCTOAHMSA, HE COLEPIKaLLme @;
8(s4) = {51,582, 84}

8(ss) = {s3,55,S6};

6(sg) = {S1, ) Se}-

89 Ele pa3 nogyepkHem, 4to nogdopMyJibl C OTPUL@HUAMM OMYLLEHbI.

0 3ameTiMm, 4TO B aBTOMaTe B, MIMEETCA OAIHO MHOXECTBO A0NYCKaWMX COCTOAHMIA, T.e. 3TO 0BbluHbI asToMaT Broxu.
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lpad cocToAHUI NoCcTpoeHHOro aBToMaTa bloxm nokasaH Ha puc. 13.1.

PucyHok 13.1. Aemomam broxu B, ana dopmynel ¢ = (p vV q) U (p A q)

Mpumep 13.7
MycTb, Kak u npexae, AP = {p, q}. Noctpoum asTomart bioxu By, =(S,%,50,6,F) ana popmynbi

¢ = G{p - Xq}. Npexae Bcero, 3ameTnm, 4yto*:
¢ = G{p > Xq} = =F-(p - Xq) = =(true U =(p - Xq)) = —(true U (p A —Xq));
@ = true U (p A =Xq).
o S =atoms(p) ={sq1,...,514} — cM. Tabanuy 13.4°2,

Tabnuya 13.4. CocmosaHus aemomama broxu By, 0na hopmynel ¢ = G{p — Xq}

3HayeHne UCTUHHOCTH HacbiweHnne HacbiweHue
p q Xq (knaccuyeckue cBA3KM) (TemnopanbHble onepaTopbl)
s; = {true}
alse alse alse true
f f f { } s, = {true, =@}
true false false {true,p, (p A =Xq)} s3 = {true,p, (p A =Xq), =9}
s, = {true, q}
alse true alse true,
f f { a3 s = {true, q, ~¢}
s¢ = {true, X
false false true {true, Xq} s =1 i
s; = {true,Xq, =@}
true true false | {true,p,q,(p A =Xq)} sg = {true,p,q, (p A =Xq), =@}

ot nOCKOI’Ibe Hamu He 6binn onpegeneHbl ycnosma JIOKaNbHOW COrMacoBaHHOCTU U peannsaunun obnA3aTenbcTB ANA TeMNOopPanbHOro onepartopa

G, dopmyna npeobpasyeTca K IKBUBaNEHTHOM, coaepalueit Tonbko X n U.

92 06paTnTe BHUMaHWE, YTO BO BCE COCTOAHUA BXOAMT noadopmyna true — 370 CeACTBUE YCNOBUI JIOKANIbHOW COracoBaHHOCTH.
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= {true,p,X
true false true {true,p, Xq} zq _{ {Z::epp ;I; o}
10 — Py )
= {true,q,X
false true true {true, q,Xq} su = {true, ,Xq}
s12 = {true, q,Xq, ¢}
= {true,p,q,X
true true true {true,p,q,Xq} 213 — E::t: Z Z XZ}—KP}
14 — P q, )

3 =24 = {0, {p} {a} {p. 3}

So={s€ES|p€Es}={s1,54 56 So S11,S13} (COCTOAHUSA, KOTOpPbIE HE cogepKaT a);

F= 7:—.<p = {5 ES|(np&s)V ((P N-Xq) € 5)} = {51,53, 54, S6, S8, So, S11, S13};

6 onpepenaeTca cneayrowmMm obpasom (o0 HarNA4HOCTM BXOAHOW CMMBOA He YKasaH):

(e]

8(s1) = {s1,56 So};

6(s2) = {s2,53,57,S10} — COCTOAHUA, coAepKalLLMe ¢, HO He coaeprKalume q;
6(s3) = {S1,52,53,S6,S7,S9, S19} — HET NEPEXOA0B B COCTOAHUA, COAEPKALLME q;
8(s4) = 8(s1);

8(ss) = 6(s2);

6(sg) = {54,511, S13} — COCTOAHUA, COAEpPIKALLME ¢, HO HE CoAepiKalLme —(;
6(s7) = {Ss5, Sg, S12, S14} — COCTOAHUA, cofepsKalLne =@ U q;

8(sg) = 6(s3);

8(s9) = 8(s6);

8(s10) = 8(s7);

8(s11) = 6(se);

8(s12) = 6(s7);

8(s13) = 6(s6);

8(s14) = 6(57).

lpad cocToAHUI NOCTpoeHHOro aBToMaTa bloxu noKkasaH Ha puc. 13.2.
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PucyHok 13.2. Aemomam bioxu B, ana dopmynel ¢ = G{p — Xq}

13.6. O61asa cxemMa NpoBepKMU MoJesien AJisa oruku LTL

CuHTe3 aBTomaTa btoxu no ¢opmyne LTL — 3To KAtoueBOM 3Tan TEOPETUKO-aBTOMATHOrO NoJ-
X0Aa K npoBepKe mogenen. Obuwan cxema metoga npusegeHa Ha pwuc. 13.3. BxogHbIMKU AaH-
HbIMW AN5 UHCTPYMEHTA NPOBEPKM MoAeNew ABNAIDTCA MOAENb CUCTEMbI (Hanpumep, npeacTas-
NleHHan Ha A3blke PROMELA) M mogenb TpebosaHuii — popmyna LTL. Mo mogenm n no oTpuLLaHuio
dopmMynbl KOHCTPYMpPYOTCA aBTOMaTbl broxn. CTPOMTCA UX CUHXPOHHAA KOMNO3ULMA — TOXKe aB-
ToMaT broxun. B Komnosuumm nposepaeTca Haanume A0MNYCKaoLWEero LMKAA: eCv AONYCKaoLWero
LMKNA HeT, MoAe/lb KOPPEKTHA OTHOCUTE/IbHO 33aHHOM GOpPMYy/ibl; B MPOTUBHOM C/ly4ae MoO-

[e/b HEKOPPEKTHa (B 3TOM Cayyae nNpesbaABAfeTcA KOHTpnpumep).
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Cucrtema TpeboBaHus

! !

Mopgenb cuctembl Mopenb TpeboBaHuin BXOIHbIE [aHHbIE
(Hanpumep, Promela) (cbopmyna LTL) A A
v v
NHcTpymeHT
OTpuuanve

CrpykTypa Kpunke npoBepKkn Moaenei

cbopmynut LTL (Hanpumep, Spin)

O606LLeHHbIN
aBTOMaT Broxu

Y ¢

‘ AsTomat Broxu ’ AsTtomar broxu

CUHXPOHHasi KOMMO3ULUS
aBTomaTtoB Broxun

Hannuue fonyckaowero

Het Na
uMKna B KOMMo3numum
Y Y
Mopgenb Mogernb HekoppekTHa PeaynbTar
KOppeKTHa (koHTPNpUMeEp)

PucyHok 13.3. O6was cxema nposepku modeneli 015 no2uku LTL

13.7. Bonpocsl ¥ ynpaXHeHUud

1. [alite onpeaeneHma 3amblKaHUO GOPMYJIbl U 3N1EMEHTAPHOMY MHOXeCTBY noadopmy.
2. BbinuwwuTe ycnosua peanmsaumm o6A3aTenbCTB AN TemnopanbHbix onepatopos X u U.

3. [na TemnopanbHbIX ONepaTopos FuaG onpeaenvTe ycnosua JIOKaNIbHOM COrNacoBaHHOCTH,

ycnhosua peasinsaumm 0643aTeNbCTB U yCnoBuA Ha AOoNyCKatkowmne CoOCToAHUA.

4. MycTtb ¢ — HekoTopasa LTL dopmyna, a =@ — ee oTpuuaHue. PaccmoTpuTe No waram nocTpo-

eHue aBTomartos bioxu B, u B_,. B 4uem pasnuuve mexay 3STMmMu aBTomatamm?

5. MpegbssuTe Npumep aBTomaTta bloxu, AN KOTOPOro He CylecTByeT 3KBMBANEHTHOMN dop-

mynbl LTL.

6. B npeanonoxenuu, uto AP = {p, q} BbiNuLINTE 31eMeHTapHble MHOXecTBa noadopmyn ais

cneayrowmx dopmyn LTL:
a. Xp;

b. Gp;
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10.

Fp;

GFp;

FGp;

G{p — Fq};

p U (Xq);
Glp-> (U}
(FGp) - (GFq).

MocTpoviTe aBToMaTbl Bloxu ans cneaytowmx dopmyn LTL (AP = {p, q}):

g.

. P AN(XGAq);

F{p - X-q};

GF{-p A Xq};

FG{Xp A q};

(p A =Xq)U (=p A q);
(FGp) - (Xq);

G{p ~pUgq}.

Mpeanoxute cnocobbl oNTMMMU3aLMKM aBTOMaTa Bloxu, KoHCcTpynpyemoro no ¢opmyne LTL.

HanuwuTte nporpammy (Ha ya06HOM Bam A3blKe NPOrPaMMMUPOBAHMA), CUHTE3UPYIOLLYIO aB-

Tomar broxm no 3agaHHon popmyne LTL.

Hanuwute nporpammy, peannsyroLlyto TEOPETUKO-aBTOMATHbIA NOAX04 K NPOBEpKe Moae-

nen ana nornku LTL. BxoaHble AaHHble: cTpykTypa Kpunke (B HekoTopom dopmaTte) u dop-

myna LTL. BbixogHble faHHble — BEPAMUKT O KOPPEKTHOCTMH.
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Jlekuusa 14. CumBoJinYecKad IpoBepKa

MojaeJsien

Jllobas cxema npedcmasnsemcs 8 8ude cucmemsl ypasHeHud, co-
CMasseHHbIX U3 CUMBO/08, COOMBEMCMBYIOUUX PA3AUYHBIM
pene u nepekaYamenam cxemol. Paspabameieaemcsa annapam
014 Npeobpa3o8aHUA 3MUX ypasHeHUl ¢ MOMOU4bIO MPOCMbIX Ma-
memamuyeckux npuemos (... ). [lokasvieaemcs, ymo smom anna-
pam 8 MoYHOCMU AHA02UYEH UCHUCAEHUIO 8bICKA3bIBAHUL CUM-
80/1U4ECKOU S102UKU.

K. LUeHHOH.
CUMBONIMYECKNIA aHaNN3 peneitHbIX N NepeKloyaTeIbHbIX CXeM

PaccmaTpvBaeTtca CMBOIMYECKan MpoBepKa Mogenei Ans Norvikv LTL. OTanume OT KNaccMyYeckoro noAxoaa, PacCMOTPEHHOTo
paHee, COCTOUT B TOM, YTO MHOXECTBO COCTOAHMI U OTHOLIEHWE NEPEXOA0B MOLE/M, a TaKKe aBTOMAT Bioxu, NOCTPOEHHbIR No
dopmyne LTL, npeacTaBasioTcA HEABHO, B CMBOIMYEcKoW dopme. O6Lan naes MeToa OCTaeTca NpexHei, Ho aropuTMbl No-
MCKa B rpadax COCTOAHMI 3aMEHAIOTCA Ha MaHUMNYALMM C UX CUMBOJIMYECKUMM NPEACTABAEHUAMM, YTO YaCTUYHO peLlaeT npo-
61emy KOMBUMHATOPHOTO B3pbIBa. KNtoueByto poib 34eCh UrpatoT cnocobbl CUMBOIMYECKOTO NPeACTaBAeHUA MHOXECTB U OTHO-
WweHui. PaccmMaTpuBaeTcs OAMH M3 TakMX CNOCOBOB, MO3BOAIOWMI CO3AaBaTb IGGEKTUBHBIE CUMBOIMYECKWNE aNrOPUTMbI, —

[BOMYHble pellatolue auarpammebl (BDD, Binary Decision Diagrams).

14.1. CuMBoO/IMYECKHE MEeTOAbl BepUuPUKaL U

TpaAMLMOHHbIE METOAbI MPOBEPKM MOAe/EN, BK/IOUana PaCCMOTPEHHbIN paHee TeopeTUKO-aBTo-
MaTHbIW noaxoad, (Cm. nekuumn 12 u 13), Ha3bIBatOTCA Memodamu ¢ ABHbLIM rpedcmassneHuem co-
cmosAHul: Kaxaoe cocTosHne moaenu (ecnm 6biTb TOYHbIM, CUHXPOHHOMW KOMMO3ULMN MOAE b~
HOMO M KOHTPO/IbHOrO aBTOMATOB) HEKOTOPbIM 06PaA30M KOAMPYETCA U COXPaAHAETCA B NamATU
KoMMbtoTepa. M3-3a KOMBMHATOPHOIO B3PbiBa YMC/I0 COCTOAHUIA MOMKET NPEBbICUTb Nto6ble MbiC-
NMMblE 3HAYEHMA, HanpUMep, YUCA0 aTOMOB BO BceneHHoN?, [laxe ecan AONYCTUTb, YTO KOM-
nblOTEep pacnonaraer A0CTaTOYHbIM 06beMOM NaMATH, TO BepUOMKALMA MOXKET 3aHATb Bpems,

npesbilatoLlee Bo3pacT BceneHHon

MpeAcTaBUTENN KKAACCUYECKOM» LIKO/bI NPOBEPKM MOAeel NPMBeratoT K pa3HOro poaa «Tpto-

Kam», ONTUMU3IUPYIOLWMM NPeaCcTaBleHMe COCTOSHUI B MaMATU. B MHCTpymeHTe SPIN, Hanpumep,

9 Mo coBpeMEHHbIM NpeACTaBNeHUAM, YACAO aTOMOB B HabloAaemMoi YacTi BceneHHoi — BennunHa nopaaka 107° — 1081, [ina cpasHeHus:
MUHUMa/IbHOE KOJIMYECTBO HEMOBTOPAIOLLMXCA LAXMaTHbIX NapTHit oLieHnBaeTca kak 10118 (uncno LLleHHOHa). Y4CNO COCTOAHMIT B MOAENAX NPO-

01000

rpamMmm MOXeT gocturats 1 , 1 3T0 He npegen.

9 CunTaeTcs, 4To Bo3pacT BeceneHHoii coctasnset okono 1010 nert.
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MCMOb3YeTCA CXKaTUe AaHHbIX (C noTepamu 1 6e3): xewuposaHue (bitstate hashing) [Hol98], pe-
KypcusHoe uHOeKcuposaHue (recursive indexing) [Hol97] v ap., oAHaKo KapAWHaNbHO CUTyaLMIo
3T0 He MeHAeT. [IPUMEHAIOTCA TEXHMKM NapannenbHoro uccienoBaHuAa rpadoB COCTOAHWUM
[Byp11], yTo NoO3BOAIAET COKPATUTL BpemMsa BepudMKaLmm Ha 2-3 nopsaka (B 3aBUCMMOCTM OT
yMcna KOMNbIOTEPOB), HO 3TOrO He BCerAa A0CTaTOYHO; KPOMe TOro, A/1A 3Toro TpebytoTcsa 60/1b-

wne Bbli4ncnnTeNnbHble MOLWHOCTH.

AnbTepHaTMBY METOAAM C ABHbIM NPeACTAaB/EHMEM COCTOSIHUI COCTaBAAKOT MemoOsl C HEABHbIM
npedcmasneHuem cocmosHuli — cumsosuveckue memoOds!. CyTb B TOM, YTO MHOECTBO COCTOA-
HUI NPeACTaBAAETCA He NMyTeEM NEPEYUCIEHNS Ero 3/1EMEHTOB, @ KaK pelleHne HEKOTOPOU cu-
CTeMbl OrpaHuyeHuni. NMpocTpPaHCTBO COCTOAHUI CUCTEMbI, KaK NpaBuio, obnagaeT HEKOTOPOW
PeryasapHOCTbIO, YTO MO3BOMAET 334aTb €ro B KOMMaKTHOW dpopme®®. AHaNOrMYHO MOryT bbiTb

npeacTassieHbl M TpeboBaHuA.

MycTb Y — OnMcaHWe NPOCTPaHCTBa COCTOAHUI moaenu M, a x, — onucaHue TpebosaHuit. Ansa
npocToTbl byaem cunTath, UTO ¢ — CBOMCTBO 6€30NacHOCTU: @ AOKHO BblTb UCTUHHBIM B JItO-
6om coctoAaHuM M. Toraa npoBepka MoAenM ecTb NpoBepKa 06We3HaYMMOCTU MMMNANKALMU

XM = Xq WK, 4TO TO 3Ke CaMOe, HEBbIMOIHUMOCTU KOHBIOHKLUMM Yy A —1X, (CM. nekumio 8).

CumBoOIMYECKan NpoBepKa moaeselt bbina paspaboTaHa B KoHUe 1980-x — Havane 90-x [Bur90].
MeTopa onuncaH B 4OKTOPCKoW auccepTtaummn KeHHeta MakmunnaHa (Kenneth McMillan) [Mcm92]
1 peannsoBaH B MHCTpymeHTax SMV (Symbolic Model Verifier), NuSMV 1 nuXmv [Cav14]. U3Ha-
Ya/bHO CMMBOJ/IMYECKAA NPOBepKa NpumeHsnacb ana norvku CTL, mbl Ke, cnefya TeopeTnKo-

aBTOMAaTHOMY NMOAX0Ay, PAaCCMOTPMM ee pasHoBuaHoOCTb ana LTL [Roz10].

14.1.1. CuMBoOJIMYECKOe NpeAcTaB/IeHue MHOXKEeCTB U

OTHOILIEeHUH

Myctb S — He bonee yem cyeTHoe HEeNnyctoe MHOXeCTBO. Y106bI CUMBOANYECKM npeacrtaBuTb

noAMHOXeCTBa S, MOYHO BBECTU Hymepayuro, T.€. CONOCTaBUTb KaXKOA0oMy 3NEMEHTY S YHUKanb-

9 K cnoBy cKkasatb, KO NPOrpaMmbl — HEABHOE U KOMMAKTHOE NPeACTaBNeHNe ee NPOCTPAHCTBA COCTOAHUM.
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HOoe HaTypanbHoe uucno. Torga ntoban apubmeTnyeckas dopmyna ¢ ¢ ogHon ceoboaHoM nepe-

MEHHOWM X, Hanpumep, anre6paw4ec+<oe ypaBHeHNE C O,D,HOﬁ HEW3BECTHOMN, ABAAETCA ONUCAHUEM

HeKoToporo nogmHoxecrtea X € 596
x € X Torga v TonbKo Toraa, korga E @([x]),
roe [x] — Homep x (npeanonaraetcs, uto x € S).

Ecnv MHOXecCTBO S KOHEYHO, MOXHO MOCTYMNUTb MPOLLE: 30KOOUPO8AMb €r0 3IEMEHTbI ABOWNY-
HbIMM BEKTOpamu — 3nemeHTamu mHoskectsa B, rae B = {0,1}, a n = [log, |S|]. (He orpaHu-
yMBas OBLLHOCTU PACCYKAEHWUIN, MOMXKHO CYMTATb, YTO |S| ABNAETCA CTeneHblo ABOMKK.) B 3TOM
cny4dae nogMmHoxKecTBo X € S MorKeT bbITb 3aaHo 6ysesoll hyHkyuel Y x, NPUHUMAIOLLLEN 3Ha-
yeHue 1 Ha Tex 1 TONbKO TexX [ BOUYHbIX BEKTOPAX, KOTOPbIe KOAUPYIOT 31eMeHTbl X. Takne GyHK-

LMW Ha3blBAOTCA Xapakmepucmu4yeckumu.

Onepaummn Had MHOXKeCcTBaMM MOTYT BbITb OnpeaeneHbl Yepes bys1eabl orepayuu Hag Ux Xxapak-
TepucTuyeckumm GpyHKuMamm. MNyctb Ha MHoXecTBe S 3aj4aHa ABOMYHAA KoaMpoBKa, X nY —
NOAMHOXKECTBa S, Yx U Yy — WX XapaKTepucTuyeckne GpyHKLMM B 3a4aHHON KOoAMpPOBKe. B Tab-
nmue 14.1 nokasaHO COOTBETCTBME MEXKAY ONepaumsaMy Hah MHOMKECTBaMM 1 onepaumnammn Hag

XapaKTEPUCTUYECKUMU DYHKLUAMU.

Tabauya 14.1. BelpaxceHue onepayuli HA0 MHOXECMBAMU Yepe3 Xapakmepucmu4yeckue yHKyuu

OnucaHune Onepauma Hag MHOXecTBaMm Onepaums Hag GYHKUMAMM
KoHcmaHmel

MNonHoe mMHOoXecTBo S xs =1

[lyctoe mHOXecTBO (0} Xo=0

YHapHble onepayuu

[JlononHeHne MHOXecTBa X Xz = "Xx
BuHapHele onepayuu

MepeceueHne MHOXeCTB xXny Xxay = Xx N Xy
O6beMHEHNE MHOXEeCTB Xuy Xxuy = Xx V Xy
PasHOCTb MHOXeCTB X\Y Xx\y = Xx N Xy

96 MHOKeCTBO HaTypasibHbIX YCEN, KOTOPOE MOKET BbITb ONMCaHO GOPMYION B A3blKe apUGMETHKM NMEPBOTO NOPSALKA, HA3bIBAETCA apupmemu-

YeCcKUM MHOMXecmeom.
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OTHOLWEHMSA TaKXKe MOryT 6bITb MPeAcTaBAEHbl C MTOMOLLbIO XapaKTepUCTUUYECKUX GYHKUMIA. TTyCTb
R € § X § — 6uHapHoe oTHoweHuMe. Eciv ABoNYHAA KogMpPOBKa 3/1eMeHToB S TpebyeT n 6UTOoB,
TO Ygr — XapaKkTepucTuyeckas pyHKUMA R — ecTb Bynesa dyHKUMA OT 2N NepemeHHbIx: X =

(X1, s X)) WX = (X1, o0r, X))

HeKkoTopble onepauun Hag 6MHaPHbIMM OTHOLLEHUAMK NpeacTasaeHbl B Tabauue 14.2. 3aecb X

MY — nogmHoxKecTBa S, a Yx U Yy — WX XapakTepuctnuyeckne dyHKLUU.

Tabauya 14.2. BeipaxceHue onepayuli HO0 0MHOWEHUAMU Yepe3 Xapakmepucmuveckue yHKyuu

OnucaHue ’ Onepauus Hag, OTHOLWEHUAMM ‘ Onepauus Hag, GyHKUMAMM

O6pa3 u domeH omHoweHus

Ximey () = 3x((r (%, %)) =
06pas3 oTHOLWeHMSA m@®) ={yes|3ax((x,y) eR)} \/ Yo )

XDom(R)(-f) = EI’?’(XR(-%'E’)) =

[JomeH oTHowWeHuA Dom(R) ={x €S| 3y((x,y) €R)} \/ PRERD

x'eBn
OzpaHu4yeHue obpasa u domeHa
OrpaHuyeHne AomeHa X<R={(x,y) ERIx€X} Xxar(X,X') = xx(3) A xr(%,X")
OrpaHuyeHne obpasa ReY={(xy)€ERI|yeY} Xroy (6, X)) = xr (X, %) A xy (X))
06p03 MHoO)M@¥ecmea omHocumesibHO OmHoweHus
Mpsamoi obpa3 R(X)=Im(X < R) Xron(E) = EI)?()(X(J?) /\)(R(J'c',;'c”))
O6patHblit 06pa3s R™1(Y) =Dom(R =Y) Xr-1r)(X) = X (xr (%, %) A xy (X))

14.1.2. CuMmBoJIMYeCKOe npeacTraBjieHue cTpykryp Kpunke

OcHOBHbIM GOPMaNM3MOM, UCMOIb3YEMOM B NPOBEPKE MOAEJEN, ABNAETCA CTPYKTypa Kpurke.
B ouepenHoli pa3 HANOMHUM, YTO CTPYKTypol Kpunke AnA 3a@HHOTO MHOMECTBA 3/1eMeHTap-
HbIX BblCKa3blBaHWN AP Ha3biBaeTcs YeTBepKa (S, So, R, L), rae S — MHOMXKeCTBO coCToAHUN, Sy &
S — MHOXeCTBO HayasibHbIX COCTOAHUIA, R € S X S — oTHoweHue nepexogos, L:S — 24P —

dYHKLUMA pasmMeTKHU.

B cumBosIMYecKol nNpoBepKke moaenen cTpyktypa KpunKke 3agaeTca cumBonunyecku. na storo
BbIGUpaeTCcA KoaupoBka code: S — BI8ISI y onpepensioTca xapakTepucTUieckne GyHKLMM MHO-
)ecTBa Sy U oTHOWeHMA R: Yo U Yg COOTBETCTBEHHO; ANA onucaHua GyHKUMM L ncnonb3lyetca
crefylowmnin NOAXOA: AN Kaxaoro p € AP 3apaeTca xapakTepuctuieckas GyHKLUA x, MHOXe-
crea [p] = {s € S| p € L(s)}. Takum 06pasom, CUMBOSIMYECKMM NPEACTABIEHUEM CTPYKTYPbI
Kpunke (S, Sy, R, L) aBnsetca yetsepka (code, Xo, Xr, {)(p}

pEAP>'
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Mpumep 14.1

Mycte AP = {p,q,r}. NMocTponm cMMBOAMYECKOE NpPeACTaBJeHMe MPOCTOi ABHO 3afaHHOM

cTpyKTypbl Kpnnke M = (S, Sy, R, L), roe

o S5 ={s0,51,82}

* So={so}
e R= {(SO! 51), (SOI 52)! (51; SO)' (Sl' 52)! (SZv 52)};

e L= {SO = {p' q}' N ad {CI, T}, Ny s {7"}} [Kap10].

Ha puc. 14.1 npuegeHo rpaduyeckoe nsobpaxkeHune 310l CTPYKTYpbI.

{a, 1}

PucyHok 14.1. llpumep cmpykmypeol Kpunke

[na npencraBaeHUn cCOCTOAHUI AOCTAaTOMHO ABYX OyneBbIX NepeMeHHbIX (HAa30BEM UX X1 U X3).

Bo3moxKHaa KoaMpoBKa npuseaeHa B Tabavue 14.3.

Tabauya 14.3. [leouyHas KoOuposKa cocmosHul

CoctoaHne — s

[lBounyHas koamposka code(s)

XapakTepuctuyeckas GyHKUUA Y

X1 X2
So 0 =X A —Xy
Sq 0 X1 A\ Xy
S, 1 X1 A =X,

XapakTepuctuueckas GyHKUMA Yo (X1, X,) MHOXECTBA Haya/bHbIX COCTOAHUI S, onpeaenserca

dopmynont —x; A —1xy.

XapakTtepuctndyeckas GyHKumMA yg (X, X2; X1, X5) OTHOWEHUsA nepexonoB R onpesensercs, Kak

nokKasaHo B Tabauue 14.4.
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Tabauya 14.4. Xapakmepucmuyeckas pyHKUUS OMHOWeHUS rnepexo0os

Tabanua UCTUHHOCTU YR CumBsonunyeckoe npeacraBieHmne X p
X1 Xy X1 x5 XR CosepluieHHaa AH® YnpouieHHas popmyna
0 0 0 0 0
0 0 0 1 1 X1 A Xy A Xy A XS , ,
0] o0 101 S S XA A (@ x2)
0 0 1 1 0
0 1 0 0 1 X1 A Xy A Xy A X
0 1 0 1 0 =X A Xy A Xy
0 1 1 0 1 X1 A Xy Axy A Xy
0 1 1 1 0
1 0 0 0 0
1 0 0 1 0
1 0 1 0 1 X1 A =Xy AX] A XS X1 A =Xy AXp A XS
1 0 1 1 0
1 1 0 0 0
1 1 0 1 0
1 1 1 0 0
1 1 1 1 0

XapaKkTepucTuueckne GpyHKLMK, 3adatowme pasmeTky L, onpeaenatotcsa cornacHo tabauue 14.5.

Tabauya 14.5. Xapakmepucmuyeckue pyHKYuUU, 3a0arowue pasmemry

JnemeHTapHOe BbiCKasbiBaHUe — ¢ Muoskectso [¢] XapakTepucTuueckas GyHKUMA X,
p {s0} —x; A X,
q {s0,51} X
r {s1,52} x; D x,

14.1.3. CuMBoO/IMYECKHE AJITOPUTMbI

B ocHOBE CMMBOINYECKMX METOA0B npoBepKku MO,CI,EI'IEVI NeXXaT TaK Ha3blBaeMble cumeosiu4ecKkue
asneopummel — anropuTmbl, onepupyrowme He ¢ ABHO 3agaHHbIMN MHOXECTBaMM 06BbEeKTOoB U
OTHOWEHNAMU mex4y HUMU, a C UX CUMBONUYECKUMU NpeacCTaBNeHNAMMN. lNoka Ham He BaxeH

cnocob npeacTaBAeHUA MHOXKECTB M OTHOLIEHWI — 3TO MOTYT BbITb GOPMYbl, CXEMBI U T.1.

MpounntocTpupyem NoHATUE CUMBOJIMYECKOTO a/ITOPUTMa Ha NpMMepe aHan3a 4OCTUKUMOCTU
cocTosHUit B rpade [Kapl0]. Myctb (S, Sy, R) — opueHTMpoBaHHbIN rpad (cuctema nepexonos,
MOAENNpPYLWan NPorpaMmmy): S — MHOMKECTBO COCTOAHNUN, Sy © S —MHOXKECTBO HavalbHbIX CO-

CTOAHUN, R € § X S — oTHOWweHne nepexono.. 3a4a4a COCTOUT B MOCTPOEHMMN MHOXKECTBA BCEX
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COCTOAHUM rpada, AOCTUNRMMBIX U3 HaYaIbHbIX COCTOAHMUM, T.e. MHOXecTBa R*(S), rae R* — pe-

¢J'IeKCVIBHO€ N TPaH3UTUBHOE 3aMblKaHMe OTHOLWEHUA R.

ANropuTM peLLeHns 3TOoM 33434M NoKasaH B Tabaunue 14.6. OH OCHOBAH Ha BbIYMC/IEHUW HEMO-

OBUXKHOWM TOUKM oTobBparkeHna R%7 (cm. nekuuio 7). AIropuTM 3TOT HOCUT TEOPETUYECKMI XapaK-
Tep — Mnpu ABHOM MNpeacTaBieHnmn rpada pasymHee UCNo/ib30BaTb NOUCK B rYBUHY UAK B LUK-

pUHY (cm. nekuuto 11).

Tabauya 14.6. ObbIyHbIG U cumeoauYecKull an20pUMMbI TOCMPOEHUSA MHOXECMB8a O0CMUXCUMbIX COCMOAHUU

O6bI4HbI aNrOpUTM CUMMBO/IMYECKUI aNropuT™
Soid := So; Xold 1= Xo;
Snew 1= Soia U R(Soid); Jnew 1= Joid V (3% (Yora A xr)) [x' 1= x];
while Snew # Soia do while ynew # Yoia do

Sold 1= Shnew; Yold = Jnew;

Snew = Soia U R(So1d) Hnew = Yoia V (IR (Yora A yr)) [X' := x]
end end

B nesom ctonbue npeactaBneH obbIYHbIN aArOPUTM, B KOTOPOM MHOMKECTBA COCTOAHUIA U OTHO-
LWEHWA Nepexon0B NpeacTaB/eHbl ABHO; B NPAaBOM — €ro CUMBOJIMYECKMIA aHANOT, rae onepauum
HaZ MHOXEeCTBaMM W OTHOLUEHWAMM 3aMEHEHbl Ha onepauun Hag, UX XapaKTepUCTUYECKUMMU
dyHKumMamu. MoactaHoBKa [X' := X] ncnonbayetca ansa Toro, 4tobbl NPUBECTM NpeacTaBaeHne
06pasa MHOXKECTBA K UCXOAHbBIM NepeMEHHbIM. Pe3y/ibTaTbl BO3BPALLAKOTCA B NEPEMEHHBIX Sy ey

W Xnew COOTBETCTBEHHO.

CyLecTBYeT yNpoLLEeHHbIW BapUaHT CUMBOIMYECKOW NMPOBEPKU MOAENEN, B KOTOPOM CTPOUTCA

Heé 3aMblKaHMe OTHOWEHNA Nnepexonos, a uTtepaumna OI'paHW—IeHHOVI I'J'IY6VIHbIZ

k
R(k) = URl
i=0

MoAaxo4 M3BeCTeH KaK 02paHUYeHHaA nposepka modenu (BMC, Bounded Model Checking)
[Bie03]. 9ToT meToA He ABNAETCA NO/HbIM, HO No3BoasAeT 3GEeKTUBHO 0OHAPYKMBATL OLLNOKMN.
MycTb AN5 NpOCTOTbl NpoBepsaeMoe cBolicTBo umeeT BuA Gg. Ha kaxgom ware i € {0, ..., k} npo-
BEPAETCA BbINONHUMOCTb GOPMYJIbI Y; A X, TAE X; — XapPaKTepucTUYeckan GpyHKLMSA MHOXKe-

CTBa COCTOSIHUMN, OOCTUMXKMMBIX U3 Hava/IbHbIX 3a { nepexonos, a ¥, — NpeACTaBAEHNE CBOWCTBA

97 OTHoweHue R © S X S MOKHO NpeAcTaBuTb Kak oTobpaxeHue R: 25 — 25, onpegensemoe paseHctsom R(X) = Im(X < R).
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@ 4Yepe3 nepemMeHHble, Kogupyruwne CoCToAHUA. Ecan cbopmyna OKa3blBaETCA BbINOJIHMMOM, B

mogenun ectb owmnbKa.

3aMeTUM, YTO CPaBHEHUE Xpew F Xoid B CMMBOJIMYECKOM aNropuTme MOCTPOEHUA MHOXeCTBa
AOCTUKUMBIX COCTOAHUIA— 3TO NPOBEPKA IKBUBANEHTHOCTU ABYX CUMBOJIMUECKUX NpeacTaBie-
HWI, Hanpumep, A4BYX nornyecknx popmyn. Boobuye roBops, 3To HETPMBMAIbHAA 3aa4a, KOTO-
pas Ans JIOTMKM BbICKa3biBaHMI sBnsetca NP-nosHONM, a B obLem ciydyae — anropuTMUYecKu
Hepaspewnmoit (cm. nekumio 8). HuxKe Mbl paccmoTpum cnocob npeacraBneHus 6ynesbix GyHK-

LI, yNpoLaoLWmii 3Ty npoueaypy.

14.2. /IBoMYHbIE peliaouye JuarpamMmMbl

Cnocob, 0 KOTOPOM MZAET peyb, CBA3AH C 080UYHbIMU pewarowumu ouaepammamu (BDD, Binary
Decision Diagrams). byneBa ¢yHKUMA NpeacTaBAseTcs B BUAE KOPHEBOro OPUEHTUPOBAHHOTO
auMKNnyeckoro rpada, T.e. AepeBa CO «CKAEEHHbIMUY BepluMHamK. Henucrosble BepLUMHbI
rpada nomeyeHbl NepPeMEHHbLIMU; U3 KaXKAOW TaKoW BEPLUMHbI UCXOAAT ABEe Ayrv: O4HA COOTBET-
cTByeT 3HauyeHuto 0 3Tol nepemMeHHON, Apyraa — 3Ha4YeHuto 1; NMCTOBbLIX BEPLUMH ABE: @ n .

Takune I'pad)bl M HA3bIBaAOTCA ABOUYHbIMU pellaloWwMmMmmn gnarpammamu.

[lBonyHble peliaolime Anarpammbl ABAAKOTCA YPE3BbIMAMHO NONYAAPHOMN CTPYKTYPOI AaHHbIX.
MepBoit paboToii no BDD cuntaetca ctaTbs [Lee59], aaTupyeman 1959 r., ogHako noteHumnan BDD
packpbin B 1986 r. PaHaen bpaiiant (Randal Bryant, poa. B 1952 r.) [Bry86] — oH npennoxun
buKcMpoBaTb NOPALOK NepeMeHHbIX U MOBTOPHO MCNONb30BaTh 0bLme noarpadbl. BaxHoi Be-
XoW cTana pabota 1978 r. LengoHa Akepca (Sheldon Akers) [Ake78]. CnegyeT oTMeTUTb U pyc-
CKOA3bIYHYIO cTaTbto PaiimyHaa Y6apa (Raimund Ubar, poa. 8 1941r.), gatupyemyto 1976 .
[Y6a76], B KOTOpOI ONMCcaHa Cxo¥an CTPYKTYpPa AaHHbIX, HA3BaHHAA As16MePHAMUBHbLIM 2paghom,

M ee NpMMEeHEeHMe K TeCTUPOBAHMIO LMDPOBbLIX YCTPOMCTB.

14.2.1. CMHTaKCHC ¥ CEMaHTHUKa AUarpamMmm

Myctb V. — mHOecTBO nepemeHHbIX. JeouyHoli pewaroweli duazpammodi, uam npocTto oua-
epammoli, Ha3biBaeTca naTepka (N U {@, }, ny, L, low, high), rae N U {@, } — MHOecTBo
BepWwuH (npuuem N N {@} =@),ng ENU {@,} — KopeHb, L: N - V — ¢yHKuua pas-
meTku, low: N - N U {@, } nhigh:N - NU {@, } — oTobparkeHun 3agatolme ayru (Tak

HasbiBaemble low- v high-ayrn).
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[na HenuCTOBOW BEPLUMHBI N BBEAEM Cieaytolwne obo3HaueHus: then(n) u else(n) — nogana-
rPammbl, KOPHAMM KOTOPbIX ABAAIOTCA BepwuHbl high(n) v low(n) cooTseTcTBeHHO. Ana ana-

rpammbl F' ¢ KopHem ng byaem cumntaTb:

o root(F) =nyu, ecimng ¢ {@, },
o L(F) = L(ny);
o then(F) = then(ny);

o else(F) = else(ng).

[lnarpammbl, KopHAMM KoTopbix AenstoTea [0] nan [1], Byaem HasbiBats mpusuansHeimu 1 06o-

3Hayatb ZERO n ONE cooTBeTCTBEHHO.

CemaHTuKa gnarpammel F, T.e. npeacTtasnsaemas e 6ynesa GpyHkuma (obosHavaetca: [F]), onpe-

Aensetca cneayolmm obpasom:

e Ecmmroot(F) = @, To[F] = 0.
e Ecnmroot(F) =[1] 10 [F] = 1.

o Ecmroot(F) & {0} [1]}, To [F] = (L(F) A [then(F)]) V (-L(F) A [else(F)]).

Takum obpasom, npeacrasneHme byneBbiX GYHKLUMA C MOMOLLbIO ABOMYHbLIX pellarowmx gma-

rpamMmm MMeeT B CBOel ocHoBe passnoxeHue LLleHHoHa (Claude Shannon, 1916-2001):

Xy, e xp) = (xi Af(xqy, Xz, 1L, Xig1, ...,xn)) \Y (ﬁxi Af(xq, s Xi—1, 0, X141, ...,xn)).

Mpu n3obpaxkeHun guarpamm, 4ytobbl pasnuyatb low- u high-pyrm, nepsble u3obparkatorca
MYHKTUPOM. JIUCTOBbIE BEPLUMHbI M306paKalOTCA KBAAPATAMM, HEJIUCTOBbIE — OKPYKHOCTAMM.

MoMeTKM BEPLUNH PUCYIOTCA BHYTPU COOTBETCTBYIOLWNX GUTYP.

Mpumep 14.2

[unarpamma, nokasaHHasa Ha puc. 14.2 [Yua06], cootBeTcTByeT cneaytowen AHD:

(—|x1 A _|y1 N Zl) \% (—|x1 N yl A Zl) \ (xl A _lyz N Zl) \ (xl /\yz N _|ZZ) \ (x1 /\yz A Zz).
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PucyHok 14.2. Mpumep dsouyHol pewarouweli duazpammesi

14.2.2. CoKpaleHHbIe yIopsAA04YeHHble JUarpamMmmal

[aHHoe Bblle onpeaeneHune AonNycKaeT HEOAHO3HAYHOCTb B NpeacTasieHnn GyHKLMIA Amarpam-
MamM: BO3MOXHbI CUTyaLMW, KOT4a BAO/b PasHbIX NyTel OT KOPHA L0 MCTOBOIN BEPLUMHbI UC-
NO/b3YIOTCA Pas3Hble NOPAAKMN NepPeMeHHbIX, U AaXKe CUTYaL MK, Kor4a O4Ha U Ta JKe nepemeHHas
MCNO/Ib3yeTcs BAO0/b OAHOIO NYTU HECKO/IbKO pas. ITa HEOAHO3HAYHOCTb 3aTPYAHAET NPOBEPKY

3KBUBAZIEHTHOCTUN XapPaKTeEPUCTUYECKUX ¢yH KLI,MVI.

B 3TOM pasgenie Mbl pPacCMOTPMM YCOBEPLLEHCTBOBAHHbIM BUZ ABOUYHbIX PELLAIOLMIA AMArpamMm,

JMLIEHHBIN NOA06HbIX HEAOCTATKOB.

[narpamma HasblBaeTcs yrnopAa0oyeHHOU, eCiM Ha MHOMKECTBE NepPemMeHHbIX 3a4aH MHENHDbIN
nopsAAoK < 1 Ans NobbIxX ABYX BEPLUMH U U U cnpasBeaineo cootHowenune L(v) < L(u), eciu
BEPLUMHA U — MOTOMOK BEPLMHbI V. [JMarpamma HasblBaeTCcA COKpaweHHol, ecnun B Hei oTcyT-
CTBYIOT M30MOpPHbIe Noarpadsbl, a TakKe BepLUMHbI C O4HWUM NOCNeA0BaTeNEM, T.€. BEPLWMHbI, B

KoTopbIX Nocnegosatenv no low- u high-pyram cosnagator.

Jltobas Anarpamma MoKeT bbITb NpUBEEHa K COKpaLLeHHoM dopme nyTem NpuMeHeHus cneay-

ouwnx npasun (I'IOKa XOTA 6bl OAHO U3 HKNX I'IpVIMeHVIMO)Z

1. Ecnu ectb aBa MsomopdHbIx noarpada, yaannTb O4MH U3 HUX U NepeHanpaBuTb BeayLime

B HEro Ayrn B COOTBETCTBYHOLLME BEPLUMHDBI OCTaBLUEroca nop,rpad)a.
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2. Ecau ecTb BeplunHa c 04HMM NocnegoBaTenem, yaaauTb ee n nepeHanpasuTb Begyline B

Hee Ayrn B 3TOro nocnenosartena.

Korga naert peyb 0 ABOMYHbIX PELIAOWMNX AMArPaMMaXx, 0BbIMHO MMEIOTCS B BUAY COKPAUW,EHHbIE
ynopaoo4eHHble 080uYHble pewarowue ouazpammel (ROBDD, Reduced Ordered Binary Decision
Diagrams); ana KpaTkocTM Mbl Byaem HasbiBaTb MX NpocTo aAvarpammamu. ROBDD ob6bnagatot
BaXXHbIM CBOMCTBOM — MpeacTaB/ieHne GyHKUUI C UX MOMOLLbIO ABNSETCA KAHOHUYECKUM: ABe
bYHKUMM 3KBUBAIEHTHbI TOTAA M TO/IbKO TOrAa, KOrA4a Ux Anarpammbl cCOBNazatoT. 3TO CBOMCTBO
MOEeT TaKXKe MCNOo/b30BaTbCA ANA NPOBEPKM BbINOJHUMOCTU U OOLLE3HAUYMMOCTM NIOTUYECKUX

dopmyn (cm. nekumio 8).

Mpumep 14.3

MpuMeHMM NpaBuaa cokpaweHns 1 v 2 K aguarpamme 13 NpeablayLLero npumepa.

PucyHok 14.3. [locmpoeHue coKpaweHHol duazpammesl: c1e8a — UcXodHas duazpamma; 8 yeHmpe — pesyanbmam

npumeHeHUs npasunaa 1; cnpasa — pesyasmam npumeHeHUsa npasuna 2

Cnepyet OTMETUTb, YTO PasMep AMarpammbl CyLLECTBEHHO 3aBUCUT OT MOPALKa NepeMeHHbIX.
M3BeCTHbI 3BPUCTUKM A1A BbIOGOpa «XopoLlero» nopsaaka, 04HaKO UX PAaCCMOTPEHMUE BbIXOAMUT 3a

pamKku nocobums.

14.2.3. MaHUNyJIALMHU C JUATPAMMaAMHU

MaHUNyNALUUKM C IBOMYHBIMM peLlatowmMmK anarpammamum 6asumpytotca Ha npoueaype Apply,
OCHOBAHHOW, B CBOIO o4epenb, Ha pasnoxKeHuu LLieHHoHa [Bry86]. Beeaem cneaytowme o603Ha-

YeHunA:
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e Reduce(F) — pe3synbTaT NpUMeHeHWs NpaBu COKpaLLEeHUA K Anarpamme F;
e (Compose(x,T,E) — pesynbtaT komnosuumu anarpamm T u E no nepemeHHol X, T.e.

anarpamma F, B KoTopoi

o L(F) =x;
o then(F)=T;
o else(F)=E.

Myctb f n g — bynesbl GyHKUMM, @ © — ByneBa onepauus. MpumeHsasa pasnoxeHue LLeHHOHa,

noay4Ynm

fog= (x A(fe g)|x=1) \ (—|x A(fe g)|x=o) =
(X A (flx:l ° g|x=1)) \4 (—|X A (f|x=0 ° g|x=0))-

MpuMeHnan 3TO paBeHCTBO, onpeaenvm npoueaypy Apply, KOHCTpyvpytowyto anarpammy F o G

(dyHKUMYM f o g) no gruarpammam F v G (dyHKUMIA f 1 g COOTBETCTBEHHO):

Apply(F o G) = Reduce (Compose (x, Apply(ch=1 ° G|x=1),Apply(F|x=0 ° G|x=0))>.

3anuco Fix—, O3Ha4YaeT gnarpammy, NosyyeHHyo n3 F nyTem cneayiouero npeobpasosaHus:
ONA KaXAoW BepwuHbl n, TakoW uto L(n) = x, Ayrv, BXogAwMe B M, NepeHanpaBasioTca B

low(n), ecniv ¢ = 0, nnn high(n), ecrmo = 1.

B onpeaenexunn Apply 3anoxeHa Heo4HO3HAYHOCTb BbIGOPA NepemMeHHOoM X, No KOTOPOW Npo-
N3BOAMTCA Pas/oKeHne. B Luenax onTMMmnsaLmmn B Ka4ecTsBe X MCMo/b3YyT KMUHUMAJIbHYO» U3

nepemeHHbIX, MOMeYatoLnx KopHu F 1 G. B 3ToM ciyvyae UMeeT MecTo paBEHCTBO

then(F), ecmmx =L(F)uo =1;
Fix—g =1else(F), ecmnx =L(F)uo=0;
F, ectn x < L(F).

3akntoumnTenbHble BeTBU pekypcuu B Apply (F o G) AONKHbI yUUTbIBATb CEMaHTUKY OMepaLuu o.
Hanpvmep, 417 KOHBIOHKLMM MOXHO UCMO/b30BaTb CeAyoLLMe NPOBEPKU:

o ecnmroot(F) = @ nnmroot(G) = @, Bo3Bpatutb ZERO;

e ecmmroot(F) = BO3BPaTUTH G;

o ecnmroot(G) = , BO3BPATUTH F.
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[na nocTpoeHus agnarpaMmbl OTPULAHUA HEKOTOPOMN GYHKLMM MOMKHO BOCMO/b30BaTbCA PaBeH-
ctBom —1f = f @ 1 (04eBUAHO, YTO 3TO MOXKHO cAeNaTb U bosee NPOCTbiM cnocobom). OTMETUM
TaKXe, YTo onepauumn KBaHTUPUKALMM, UCNONb3yEMbIE AR NOCTPOEHUA NPAMOro U 06paTHOro
o0b6pasa 6MHAPHOIO OTHOWEHUA AO0MYCKAT 3GPEKTUBHYIO Peanm3aLmio C MOMOLLbIO ABOUYHbIX

pewarwmnx amarpamm.

CyLiecTByeT HECKOIbKO cBOBOAHO pacnpocTpaHaembix bubanoTek ana paboTbl ¢ 4BOUYHbIMU pe-
warowmmm anarpammamu. OgHa ns Hux — CUDD [Cudd], ncnonb3yemas B MHCTPYMEHTE MNpo-

BepPKU mogenen nuXmv [Cavild].

14.3. CuMmBoOJ/IMYeCKasi MpoOBepKa MoAeJieH AJis1 JIOTUKHU

LTL

MeToZ CMMBO/IMYECKOM MPOBEPKM Moaenein Ana Noruku LTL cooTBeTcTBYeT pacCMOTPEHHOMY
paHee TeOpeTUKO-aBTOMaTHOMY nogxody (cm. nekumu 12 u 13), HO onepupyeT He C ABHbIMM
npeacTaBNeHUAMMN aBTOMATOB, @ C CUMBOIMYECKMMU. Ha Bxoa, noAatoTcs popmanbHOe onvucaHue

mogzenu (M) n dopmyna LTL (). MeToa cOCTOUT M3 CAefyOWMX WAros:

1. nocTpoeHue cumBoAMYecKoro npeactasneHna R(B)y,) aBTomata By,;
2. nocTpoeHue cumBoauueckoro npeactasnequs R(B_,) asTomata B_,;

3. nocTpoenue cumsonuyeckoro npeacrasnequs R(By @ B_,) astomata By & B_, #

nposepka A3bika L, @p_,Ha NyCTOTY.

14.3.1. CuMmBoIMYeCKOe npeacTaBJIeHre MOo4eJIv IPOorpamMmMsbl

Mo 6onbwomy cyeTy, Mogenb M, nogaBaemas Ha BXOA, YXKe ABAAETCA CUMBOJIMYECKUM npes-
ctaBneHvnem®, 3afaua coCcTOMT B TOM, 4TOBbI M3 O4HOTO MPeACTaBAEHNUsA NOCTPOUTL Apyroe, 60-
Nee noaxogsuiee Ans sepuoukaumu. TakMM NpeacTtaBieHnem ABAAETCA OnucaHMe aBTomaTa
(MHOecTBa HauaIbHbIX COCTOAHMIA M OTHOLLIEHWA NMEePEX00B) Yepes XapaKTepucTuieckme GyHk-

L.

98 IHCTPYMEHTbI NPOBEPKM MoZeneit paboTatoT He Co CTPYKTypamu Kpunke, NpeAcTaBAeHHbIMU ABHO, @ C OMUCAHUAMM MOAENEN HA CNIeLManbHbIX

A3bIKax, Hanpumep, PROMELA (cm. nekuumto 10).
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Myctb V = {xq,...,X,} — MHOXecCTBO nepemeHHbIX. HanoMHuM, 4To KoHguzypayueli npo-
rpammbl HasbiBaeTca napa (1, s), rae [ — cocTosHue ynpasneHnsa (MeTka TeKyLero oneparopa),
a S — COCTOsIHME AaHHbIX (GYHKLMA 03HaUMBaHMA NepemeHHbIX). MycTb 3agaHa HayaNbHan MeTKa
l, v npegycnosue y,: Ha4yaabHbIM COCTOAHUEM [@aHHbIX MOKET bbITb l060E COCTOAHMUE S, TaKoe

4YTo S E Xp.

OTHOLIEHME NepexoAoB MOAEAN MOMKHO NPeacTaBUTb CUMBOIMHYECKM, B BUAE NOrMYeckux dhop-
myn. Hanpumep, Npu UCMONHEHMM onepaTopa NpUcBamBaHuA X; = t KoHourypaumsa (L, s) ne-
peiinet B(l',s"), rae I’ — meTka cneayrouwlero onepatopa, a s’ = s[x;, = s(t)]. Nepexoa (L, s) -

(l', s"y onucebisaetca popmynoli

(pc=DA /\(xl- = s(xl-)) Alpc' =1)A (x{o = t) Asame(V \ {x;,}),
i=1

raoe pc — cneunasibHaa nepemeHHasn, XpaHALWaAa MeTRy TeKyulero onepartopa (OT aHrn. program
counter — cY4eTYUK I'IpOI'paMMbI); 3anuncb x’, roe x — HeKoTopaAa nepemeHHasd, O3Ha4yaeT ovepeq-

Hyto Bepcuio nepemerHoit x; same (V') = Ayepr(x' = x), rae V' € V [Kap10].

B tabnnue 14.7 npuseaeHbl Npasuia BbIYMCIEHWUA CUMBOJIMYECKOrO NPeACTaBNeHMs OTHOLWEHNA
. r

nepexofos A nporpamm Ha sasbike while. R(I: P,1") o603HavaeT cumBonnyeckoe npeacrase-

HME OTHOLLEHMA Nepexo10B NPorpaMmMbl P ¢ HauanbHOM MeTKoM | U KoHeuHoi meTkol I’ (cunTa-

€TCsl, YTO B KOHLLE UCXOAHOW NPOrpammbl ecTb MeTKa [,,).

Tabauya 14.7. Mpasuna nocmpoeHus cuMeoau4eckozo npedcmasneHus while-npoepamm

(1) | R(I:skip, 1) (pc =D A(pc' =1") Asame(V)
(2) | R(l:x==1t1") (pc=DA@c =)A(" =t) Asame(V \ {x})
(3) | R(U4:Py; v Ly Py lpsr) R P ligq)

1:P 1 1\1 1

(pe=DABA(C =1)A same(V)) VR(;: P, )V
((pc =D A=B A (pc’ = 1) Asame(V)) VR(Ly: Py, 1)
((pc =DABA(c =1)A same(V)) VR(y: P,V
((pe =D A=B A (pc’ =1') Asame(V))

(4) | R(l:if B then l,: P; else l,: P, end, ")

(5) | R(l: while B do [;: P, end, ")

MpaBuna 3TM UHTYUTUBHO NOHATHbI U HE TPEBYIOT 0COBbIX MOACHEHWNA. 3aMETUM NINLLb, YTO B HUX

HeT aHaNoroB KOHbLIOHKLMK /\?zl(xi = s(xi)), umetolLeinca B dopmyne, NpuBeseHHON Nepes,
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Ta6nV|u.e|71: AEeN0o B TOM, YTO TOYHaAA VI,D,eHTI/Id)MKaLIMH COCTOAHMA — 3TO KaK pa3 1o, OT Yero B CMmM-
BOJ/INYMECKUX MEeTOoLdaX XOTAT yﬁTVI. JocTaTouHO MMeTb OorpaHuyeHmne Ha HavyanbHyo KOH¢MI’ypa-

unio (pc = ly) A xo v dopmynbl, ONUCHIBAIOLWME OTHOLLIEHWE NEPEXOL0B.

OTMeTUM TaKKe, YTO CUMBO/INYECKOe npeacrtaBieHne OTHOWEeHMe nepexoaoB MOXeT 6bITb Mo-

NONHEHO CEAYIOLMM YCNOBUEM:
((pc = 1,) A (pc’ =1,) Asame(V)), rae L, — 3aBepliatowan meTka nporpammbi®.

Ecnum Bce nepemeHHble UMEIOT KOHEYHbIe AOMEHbI (UeM MeHbLLE, TEM JyyLLEe), MOXKHO BOCMO/Ib-
30BaTbCA ABOMYHOMN KOAMPOBKOM COCTOAHMIA. CamMblii NPOCTOM CNOCO6 COCTOUT B YNOpPAL04MNBa-
HUW NEePEMEHHbIX U KOHKAaTEHMPOBAHMM COOTBETCTBYIOWMX MM ABOMYHbIX BEKTOPOB. 1A 3a4a-

HUA XapaKTePUCTUYECKNX dJYHKLI,VIi;i MOTYT UCMNONb30BAaTbCA ABOUYHbIE pellaouine Anarpammeobl.

Mpumep 14.4
MpounnnocTpupyem CKasaHHoe Ha Mpumepe anroputma [leTepcoHa B3aMMHOrO WMCKAOYEHUA
ABYX npoueccos (cm. nekumio 9). A NpoCcTOTbl KPUTUYECKAA U HEKPUTUYECKAA CEKLUUN COCTOUT

n3 ogHoro onepartopa sKip.

BGNi: while true do
NCS:: skip; /* HexkpuTuueckas cexumsa */
SETi: flag: := 1; SET’;: turn := 1i;
TSTi: while (flag:i-; = 1) A (turn = i) do SKP:;: skip end;
CRS;: skip; /* xpuTuueckas cexkums */
RST;: flag; := 0
end
END; :

Bbinuwem nepemeHHble nporpammsl u ux gomensl (i € {0,1} — naeHtnduratop npouecca):
° Dom(pci) = {BGNL, NCSL',SETL',SETL-’, TST,:, SKPl', CRSi, RSTL', ENDL},
* Dom(flag;) = {0,1};
e Dom(turn) = {0,1}.

MoCTPOMM CMMBOIMYECKOE MPEeACTaBNeHMe OTAE/bHbIX NPOLECCOB B COOTBETCTBMM MPaBMIamMM,

npueeaeHHbIMU B Tabavue 14.7. Pe3ynbTaT nokasaH B Tabavue 14.8.

% Ecam He AOGBBMTb 3TO yc/ioBue, TO Npu CMHXpOHHOﬁ KOMMO3MuMn NpoueccoB 3aBepLlieHne Kakoro-to ogHoro npotwecca 6\/,D,ET «BbI3blBATb»

3aBepLuieHne Bcex NpoLeccos.
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Tabauya 14.8. Cumeonuyeckoe npedcmassneHue npoyeccos

MeTka CumBonunyeckoe npeacraBneHme
BGN; ((pc; = BGNy) Atrue A (pc] = NCS;) A same(V)) V
NCS; ((pcl- = NCS;) A (pc{ = SET;) Asame(V)) v
SET,; ((pe; = SETy) A (pc} = SET!) A (flag; = 1) Asame(V \ {flag;})) v
SET/ ((pcl- = SET{) A (pc; = TST;) A (turn = i) Asame(V \ {turn})) Y%
TST; ((pci =TST) A ((flagy_; = 1) A (twrn = i) A (pc] = SKP) A same(V)) v
SKP; ((pc; = SKP) A (pc] = TST;) Asame(V)) v

((pc,- =TST;) A ﬁ((flagl_i =1)A(turn = i)) A (pc; = CRS;) A same(V))
CRS; ((pc; = CRS) A (pc] = RST) A same(V)) v
RST; ((pc; = RST) A (pci = BGN) A (flag; = 0) Asame(V \ {flag;})) v

((pcl- = BGN;) A —true A (pc; = END;) A same(V)) \%

END; ((pc = END)) A (pc’ = END;) A same(V))

Onpefenns ABOWYHYHO KOAMPOBKY 3HAYEHWUIN NEepemeHHbIX, MOXHO NOCTPOUTb Bonee HU3KO-
YPOBHEBOE OMUCAHNE — XapPaKTEPUCTUYECKYIO QYHKLMIO OTHOLIEHMA NEPEXOLO0B — U 33aTb ee

B dopme ABOUYHBIX PeLlatomnX gUarpamm.

O

Mycte P = P; |l -+ | B, — napannenbHaa nporpamma, B KOTOPOW ANs Kaxgoro npouecca P;, rae
i €{1,...,n}, onpeseneHo cMMBO/IMYECKOE NpeACTaBaeHne oTHowweHus nepexogos R(P;). Kak
noctpouts R(P) — cMMBOIMHECKOE NPeACTaBleHNe OTHOLIEHWA Nepexoh0s nporpammsl P? OT-

BET 3aBUCUT OT UCMO/Ib3YEMON MOAEAN BbIUMCAEHWUI (CM. NeKumio 9). B nepBomM NpUBAUNKEHUN:

e R(P) = AL R(P;) B CUHXPOHHOM KOMNO3ULMK;
o R(P) =ViL; R(P;) £na aCUHXPOHHOW KOMMO3NLIMK.
[lna CMHXPOHHOM KOMMNO3MLMM UMEETCA HI0AHC, CBA3aHHbIN ¢ ycnosuamm suaa same(V"). Nosac-

HUM Ha npumepe. B Tom BMae, Kak npasuia onpegesieHbl cequac, CMHXPOHHOE UcnosiHeHne one-

paTopoB x; = x; + 1 U x, = x, + 1 onucbIBaeTcA 3aBe4OMO NOXKHOM dopmynoi
((xi =x,+ DA = xz)) A ((xé =x+1D A= xl)).

[Oeno B Tom, uto ycnosua same(V'), 3agaHHble B NnpaBunax, He paccymTaHbl Ha AeWCTBUTENIbHO
napannesbHoe UCNONHeHMe onepaTopoB. YToObl n3beKaTb 3TOM aHOMANIMN MOMKHO UCMNOb30-
BaTb 6onee obwwmit noaxoa. Yenosua same(V') yaanaoTca U3 onvcaHma onepaTopos. Bmecto

3TOrO AJ1A KaXKA40M NepemeHHOW X AenaeTcs cieaytolee:
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e cocrasnsercsa ycnosue def (x), curHanusumpytolee o NPUCBAMBAHUKN B NEPEMEHHYIO X
(06bIuHO TaKan dopmyna UMeeT BUL, (pcl-1 = lil) V..V (pcik = lik));
® K CMMBOJIMYECKOMY MPeACTaBNEHNIO OTHOLIEHWSA MEePEexoA0B NMporpammsl AobasaseTcs

KOHBIOHKTUBHBIN YneH /\er(def(x) V(x= x’)).

14.3.2. CuMBOJIMY€ECKOE NpeACTaB/IeHHEe MO eI TPeGOBaHUM

Ha npownoi nekuum 6bi1 pacCMOTPEH anropuTmM NOCTpoeHMa aBTomaTa Bloxu ana 3agaHHoOM
dopmynbl LTL. BMecTo nocTpoeHMa aBTomaTta B ABHOM BUAE MOXKHO NOCTPOUTb €ro CMMBOINYe-

cKkoe npeacrasneHune. CyTb airOPUTMa OT 3TOTO HEe MeHseTCs.

14.3.3. [IpoBepKa cOOTBEeTCTBUS MOJeJieH NIPOrpaMMbl U

Tpe60BaHUM
CumBonmnyeckoe npeacrasneHune CVIHXpOHHOﬁ Komno3snuuun BM ® B_@ AenaeTca no npasniam,

YKa3aHHbIM BbllUe.

fina nposepkn Asbika L, @p Ha NyCTOTY, T.e. NPOBEPKN OTCYTCTBMA [JONYCKAIOLLMX LIMK/OB,

MOXHO NCNO/1b30BaTb a/ICOPUTMbI BbIYUCNEHUA 060/104KU KOMMOHEeHM cusbHOU c8si3HOCMU, UNU

SCC-060sn04ku (oT aHrn. SCC — Strongly Connected Component).

SCC-060s104KOU cUCTEMBI NEPEXOLO0B HA3bIBAETCA MHOXECTBO COCTOAHUI HETPUBUANBHBIX KOM-
NMOHEHT CUJIbHOM CBA3HOCTU, AOCTUXKUNMDbIX U3 HAYa/IbHbIX cocTosHMn. Hac UHTEpPECYIOT TONbKO Te
KOMIMOHEHTbI, KOTOPbIe COAEPKaT A0MNYCKaoLWMe COCTOAHMA, — TaK HasblBaemble dornyckarouwue
KomnoHeHmbi*%. YacTo BbluMcAseTCA He cama 060/104Ka, a ee annpPoKCUMMAaLLMA: EC/IM MHOMKECTBO
NycTo, AONYCKaOWMX KOMNOHEHT HET; B NPOTUBHOM C/lydae A0MNyCKatowme KOMMOHEHTbl ecCTb,
O[HAKO BbIYMCNEHHOE MHOXECTBO MOMET COAepHKaTb NnlHMe coctoaHua [Roz10]. Anroputm,

OMWCaHHBIN HUKe, BasupyeTcs Ha paboTe [Kes98], HO UTHOPUMPYET yCNOBKA CNPaBEA/IMBOCTY.

MycTb S — MHOXECTBO COCTOSIHUI CUHXPOHHOM Komno3uumn By @ B_,, a R € S X S — oTHO-

@
weHune nepexonos. Ona y,D,O6CTBa 6yp,eM CYMNTATb, YTO CMHXPOHHAA KOMNO3NUUA ABNAETCA He

O606I.I.I,eHHbIM, a 0bblyHbIM aBTOMaToM Btoxu, T.e. cCoA4epPXNUT O4HO MHOXECTBO O0NYCKaoWMnX

100 B obLyem ciyyae peyub UAET O Crpasedsiuebix KOMMOHEHTAX CUIbHOM CBA3HOCTU — KOMMOHEHTaX, COAEPIKALLMX LOMYCKAOLME LMKAbI, YA0-

BNETBOPAOLLMNE K TOMY XKe BCeEM MMELMMCA YCN0BUAM CpaBeaIMBOCTU.
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coCTOAHWUI F. ANropuTM ONMCcaH Tak, Kak ecam Bbl OH BbINOHANCA HaJ MHOMKeCTBaMM NpeACTas-
NNEHHbIMU ABHO (NepeinTn K CUMBOIMYECKOMY BapuaHTy He cocTaBnAeT Tpyaa). B KoHue paboTbl
aNrOPUTMa MHOKECTBO Sy, 0y, COAEPKUT BCE LOCTUNKMMbIE LOMYCKAOLLME COCTOAHMSA, NeXKalume B

HETPUBUANTbHBIX KOMMNOHEHTaX CUNbHOM CBA3HOCTU.

Sota 1= O;
Snew 1= R"(So); /* MHOXECTBO NOCTUXMMEIX COCTOSAHUM */
while Snew # Soia do /* mnoka npouecc He cTabunmsmpyercsa */
Sold = Shew;
Snew 1= R (Snew N F); /* CcOCTOAHMUA, HOOCTUXUMEE W3
OOMYyCKAKIMX COCTOSHUM */

while Snew # (Snew M R(Snew)) do /* ocCTaBJgo0TCS COCTOSHMS, BeIylye

Snew := Snew M R (Snew) B TO X€ MHOXECTBO COCTOAHUI */
end
end;
verdict := (Snew = @) /* eciau MHOXECTBO IyCTO,

JOoIIyCKammMx LMKIJIOB HeT */
ﬂ,]’lﬂ NOCTPOEHNA KOHTpNpMmMepa MOXET MUCNO/Ib30BaTbCA CI'Ie,CI,YPOLLI,Mﬁ ANroOPUTM, HaXOp,FILLI,VIﬁ

KpaTyalLmMii NyTb MEXAY COCTOAHUAMMU U3 MHOMKECTBA Sgpyrce U COCTOAHUAMM U3 MHOMKECTBA

Starget (MPeANONaraeTcs, YTO TaKoOW NyTb CyLieCTBYET).

n o= J; /* KOHCTPYMPYEMHIi [IyTb CcHadajla ycT */
Sstart := Ssource; /* MHOXECTBO HAUaJIbHBIX COCTOSHMUIA */
while (Sstart M Starger) = & do
Send := R (Starget) /* MHOXECTBO MNPEIUECTBEHHMKOB LEJIEBEIX COCTOSHMUNA */
while (Sstart M Send) = & do
Send := R1(Send) /* MHOXECTBO MNpENUECTBEHHVKOB */
end;
s := choose (Sstart M Send); /* BHOMpaeTcd HeKOTOpoe obuee cocTogHue s */
m :=mn - {s}; /* cocrogHue s pobamygeTcd B NyTb */
Sstart 1= R(s) /* HadaJIbHBEIMM COCTOSHMAMU CTAHOBATCH [OCjiemoBaTesms s */
end

14.4. Bounpocsl 1 ynpaKHeHUus

1. Buem oTanuMe CUMBOAMYECKNX METOL0B NPOBEPKN MO,CI,EJ'Ieﬁ OT KNacCHUyecKkunx?

2. TlocTpoiTe CMMBOMMYECKME MpPeACTaBAeHMA A8 CAefyloWwmnX KOHEeYHbIX aBToMaTtoB (nog
CMMBOJIMYECKUM MpeacTaBNeHeM aBTOMaTa NOHUMAIOTCA JlorMyeckne Gopmybl, XxapakTe-
PU3YIOLLME MHOMKECTBO COCTOSHMIA, MHOMECTBO Ha4ya/ibHbIX COCTOAHMIA, MHOXECTBO 3aBep-

LLAOLLMX COCTOAHMI, GYHKLMIO Nepexoios):
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3. MocTpoiTe CMMBOIMYECKOE NPEeACTaBAEHUA ANA CAeaylowWwel CTPYKTYpbl Kpunke:

ar
o ()
o>
{a} {r}
(=)
¢

4. nOCTpOl‘/lITe CMMBOJINYECKME NpeacTaBaeHnA ANA caeayowmx aBToMaTos bioxu:

@—@@—@

{1 {r} & {r}

& {r}

5. MocTpoiTe cMMBOIMYECKOE NPEACTAaBNEHME NPOTrPamMMbl, peanusytolelt anroputm EBknnaa

(nporpammsbl P 13 nekumn 1).

6. [locTpoiiTe cMMBOAUYECKOE NpeacTaBneHne (aCMHXPOHHOW) NapanienbHol nporpammsl P =

P; |l P,, roe npoueccol P; u P, onpefenatoTcs, Kak NokasaHo Hue [Kapl10]:
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7.

10.

11.

12.

13.

14.

15.

16

Mpouecc P; Mpouecc P,
while true do while true do
AQO: x := 0; BO: x := 1;
Al: y =1 Bl: y =0
end end

B npeablayliei 3agade NomMeHsTe NOPAAOK ONepaTopos, NomeyeHHbix meTkamu A0 u A1,

M NOCTPOITE CMMBOIMYECKOE NpeacTaB/IeHNe CUHXPOHHOM Komnosunuum npoueccos Py v P,.

3afaiiTe OBOMYHYIO KOAMPOBKY COCTOAHMIA ANA anroputma leTtepcoHa (4Mcno npoueccos

paBHO A4,BYM) U NOCTPOMTE XapaKTEPUCTUYECKYIO QYHKLMIO OTHOLLIEHMSA Nepexoos.

MocTpoiTe aBoMuHble peluatowme avarpammbl (ROBDD) ana Bcex BO3MOMKHbIX OyneBbix

Cb\/HKLI,VIl‘/'I OT ABYX NepeMeHHbIX 414 BCeX BO3MOXHbIX MOPAOKOB NepemMeHHbIX.

KaK MoCTpouTb ABOMYHYIO PeLUatoLLYO AMArpammy, NPeacTaBAsIoLLYO OTPpULAHNE GYHKLUMK,

no gmarpamme 3Ton GyHKUUN?

Mpeanoxute adPeKTUBHbINA CNocob peanmsaumm C NOMOLLLIO ABOUYHbLIX peLlatowmnx amna-

rpamm onepauuii KBaHTUUKaLMK ByneBbIX GYHKUNIA:

a. Jx;f(xq, e, x0) = fxq, e, X2, 0, X041, %) V F (g, v, X1, 1, X4 1, X0);

b. Vx;f(xq, o, %0) = fO1, e, %21, 0, X401, X0) A F (X0, o, X210, 1, X 41, X))
Onpegfenute pekypcusHo npoueaypy Apply ansa cnepytouimx 6ynesbix onepawmii:

a. @ (cymma no moaynio 2);

b. — (umnankaumsa).

MocTpoiite ROBDD dpyHKUMM (X1 A Y1) V (X3 AY,) V (X3 AYy3) ANA CAedyowmnx nopaaKoB

nepemeHHbIx [Bry86]:
a. x1<y1<x2<y2<X3<y3;
b, X1 <X, <x3<y; <Yy, <Ys.

Moctpoite ROBDD ¢yHKummn —1(x; B y;1) A =(x; D y,) A =(x3 D y3) Ans ABYX pasHbIX Mo-

PALKOB NepemMeHHbIX (CM. NpeapblayLyto 3agady).
MocTpoiiTe 4BONYHYIO PeLIatoLLYO Auarpammy Ans 3-x GBUTHOrO cymmaTopa.

. JlokakuTe, 4To anroputmuueckas cnoxkHoctb Apply(F o G) coctasnset O(|F| - |G]).
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Jleknuda 15. Ucnnosib30BaHH e
¢dopMa/ILHBIX METOA0B B

TECTUPOBAHUH

Bepuchukayus npozpamm He o3Hayaem co30aHUA MPo2pPamm, /u-
weHHbIX owuboK. U 30ece Hem yydec. Mamemamuyeckue 0oKa-
3amenscmea moxce Moz2ym 6bime owub04HbIMU. [Tosmomy xoms
sepugukayua moxem obae24ums MecmuposaHUe, OHA He Mo-
Hem ommeHUMb e2o.

®. Bpykc.
CepebpsaHoli nyau Hem: CyujHOCMb U GKYUOEeHYUs
8 NPO2PAMMHOLI UHMEHepuu

PaccmaTpurBatoTca BOMPOChl MpUMeHeHUs GopMasibHbIX METOA0B K TECTUPOBaHMIO Nporpamm. Moaxoabl, B KOTOPbIX popmasib-
Hbl€ MOAE/IN M TEXHUKMN UCMOJb3YIOTCA AR PeLIeHns 3a4a4 TECTUPOBAHMA Ha3bIBAOTCA METOAAaMM TECTUPOBAHMA Ha OCHOBE MO-
feneit. [InA HUX XxapaKTepHbl aBTOMATUYECKas NpPoBepKa NpPaBuIbHOCTY NOBEAEHWUsA NPOrpaMm B OTBET Ha TECTOBble BO34EN-
cTBUMA, Hasnume GOpPMasiM30BaHHbIX KPUTEPUEB MONHOTLI TECTUPOBAHUSA, HALLEIEHHOCTb reHepaLy TECTOB Ha TECTOBOE MOKPbI-
Te. ONUCbIBAKOTCA HEKOTOPbIE PACNPOCTPAHEHHbIE NOAXOAbI: TECTUPOBAHME HA OCHOBE NPOrPAMMHbIX KOHTPAKTOB, CUMBO/IMYE-
CKOE UCMOJIHEHME U KOHKONMYECKOe (KOHKPETHO-CUMBO/IMYECKOE) TECTUPOBaHUe, reHepaLus TeCTOB ¢ nomoLbio 0b6xoaa rpada

COCTOAHWI U Ap.

15.1. TectupoBaHue vs popMaibHasA BepuPUKaL U

HanomHuMm, 4To mecmuposaHuem Ha3biBaeTCA MeToZ BepudUKaLmm, OCHOBAHHbIM Ha aHanu3e
pe3ynbTaToB UCMONIHEHUA MPOrpammbl B HEKOTOPbIX cuTyaumax. Mpouesypbl, onucbiBatolme
NPOLLeCC CO34aHUA 3TUX CUTYALLMIA, U NPOBEPKU, KOTOPbIE HEOHXOAMMO BbINONHUTL HAZ, NOYYEH-
HbIMW pe3ybTaTamu, HasbiBatoTcs Tectamu [Kyn08]. B oTanume ot popmasibHbIX METOAOB, B KO-
TOPbIX @aHa/IM3 NPOrpammbl NPOMU3BOAUTCA ANA BCEX BO3SMOMKHbIX BblYMCAEHUN, TECTUPOBAHME
BCerga MMeeT Ae/o C OFPaHUYeHHbIM MHOYKECTBOM BapMaHTOB; CO6CTBEHHO, OA4HOM U3 FAaBHbIX
33/,a4 TeCTUPOBAHMA ABNAETCA CO34aHNE PENpPe3eHTaTUBHON BbIBOPKM TaKMX BapMaHTOB — me-
cmosoeo Habopa. C fApyroii CTOPOHbI, TECTUPOBAHME UMEET A0 C PpeasibHON CUCTEMOM, a He ee
MOZE/Nblo, KOTOPasn, KaK M3BECTHO, MOXEeT BbbITb HeageKBaTHOM (cm. nekumio 11). loctonHcTsa m
HeA0CTaTKM MeTOZL0B TeCTMpPOBaHuMA U dopmanibHON BepudmrKaLmm ceegeHbl B Tabanuy 15.1. bo-

Nlee fieTasibHOE CpaBHEHWE MeToA0B AenaeTcs B 063ope [Kyn08].
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Tabauya 15.1. CpasHeHue memodo8 mecmupo8aHuUs U (hopManbHol sepudukayuu

TectuposaHue dopmanbHaa BepudurKauma

+  TpoBepseTcsa peasbHas cuctema +  TMpoBepstoTCA BCE BO3MONKHbBIE CLEHAPUM

+  TpoBepKa OCyLLECTBAAETCA B PeasbHbIX YCI0BUAX +  TMpoBepsieTcs KNacc BO3MOMKHbIX peanusaumni

—  BbInonHAETCA Ha NO3A4HWX aTanax pas3paboTku —  TNpoBepseTca MoAenb, a He peanbHas cuctema

—  TpoBepseTca orpaHuyeHHbIi Habop cueHapves —  TNpoBepsieTca orpaHMyeHHbI Habop CBOWCTB

—  BbICOKan TPYAOEMKOCTb Pa3paboTKu TeCcToB —  BbICOKan BbIMNUCAUTENbHASA CIOMKHOCTb

—  HeobxoaMMoCTb 60/1bLWIOrO WTaTa TECTUPOBLLMKOB —  Bbicokune TpeboBaHUs K KBasMdMKaLMM BEpUPUKaTOPOB

MeToabl TecTMpoBaHUA U GopManbHON BepUdUKaLUKM He ABAAIOTCA B3aMMOMUCKIOYAOLWMMHU, a
HanNpPoTUB, AOMOHAIT APYr APYra U MOTYT UCMO1b30BaTbCA COBMECTHO. BO3mMOKHa cneaytoLas
opraHusaums npouecca co3ganusa MO, B LesoM COOTBETCTBYOWAA KOHLENWUn pa3pabomku Ha

ocHoge modeseii (model-driven development / engineering) [Rail2]:

1. co3gaHve mogenu cUcTembl;
2. dopmanbHan BepudUKaumna Mmoaenu;
3. peanusaumsa cuctembl (Ha OCHOBe Moaenu);

4. TecTMpoBaHMe CUCTEMbI (Ha OCHOBE MOAENN).

Bonee Toro, popmasibHble TEXHUKM MOTYT NPUMEHATLCA ANS PELIeHUs 33434 TeCTUPOBaHUA: re-
Hepauumn TecToBbIX BO34ENCTBUI (MOCNeAoBaTeNbHOCTEN CTUMY/IOB); NPOBEPKM KOPPEKTHOCTM
noBegeHun (peakumii, BblgaBaeMblx B OTBET HA CTUMY/IbI); OLLEHKM NOHOTLI TeCTUPOBaHMUSA (pe-
npeseHTaTMBHOCTM Habopa TecToB). MeToAbl TECTUPOBaHMA, B KOTOPbIX 3a4eicTBytoTcs dop-
Ma/ibHble MOAENWN U TEXHUKMU UX aHanM3a, Ha3blBAOTCA MemooamMu mecmupo8aHUs HA OCHO8e
modeseli (MBT, Model-Based Testing) [Utt12]. Mepes Tem Kak pacCMOTPETb HEKOTOPbIe OCHOBO-

nonararouwme NPpakTMKM 3ToOro Thna, caesaem HebobLOM 3KCKYpC B UCTOPUIO.

TecTMpoBaHMe Ha OCHOBe MoAenel B TOM AW MHOM BUAY cyliecTByeT ¢ 1970-bix IT., 0f4HaKo nep-
BOHAYa/IbHO MPUMEHANOCH LWL B TaKMX 0BNACTAX, KaK MPOEKTUPOBaHMeE annapaTypbl U Tene-
KOMMYHMKaALIMOHHbIX NPOTOK0/10B [Pet15]. MocTeneHHO NpULLINO 0CO3HaHKUe, YTo moaenu (pop-
MasibHble cneumMdUKaumm) MoryT MCnonb3oBaTbCA A5 TECTUPOBAHUA Bonee WKMPOKOro Kaacca
cuctem. B KoHue 1980-bIx rr. cTanun nosBAsTbCA PaboTbl, Npeanaratowme MeToabl reHepauum Te-
cToB no crneyundmrKaymam, spoge ctatbM [Ost88]. ITo 6blM NONyaBTOMaTUUYECKME MOAXOAbI, MO3-
BO/AIOLLME reHepUpPOBaTb ONMUCAHUA ANA fabHENLWEN pyYHOM pa3paboTKu TecTos No HUM. Mon-

HOLLeHHble MHCTPYMEHTbI CTasn 3apoxKaaTbes B cepeanHe 1990-bix rr. Og4HUMM U3 NEPBbIX Tex-
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HO/IOTUI TECTUPOBAHMA Ha ocHoBe mozeneit ctanm KVEST [Bur99] u UniTESK [Byp03b], paspabo-
TaHHble B MCM PAH. O6a noaxoaa 6a3npoBanmcb Ha NPOrPaMMHbIX KOHTPAKTax U TEXHWUKax 06-
X042 MoZesbHbIX rpadoB cOCTOAHUN. Mo3xke noasuaca 61M3KMI NO BO3MOXKHOCTAM UHCTPYMEHT
SpecExplorer [Bla05] ot Microsoft Research, ocHOBaHHbIN Ha MalMHAx abCTPaKTHbIX COCTOSHUI

(ASM, Abstract State Machines).

15.2. TecTupoBaHue NporpamMm 6e3 COCTOAHUSA

HayHem co cnyyas nocnegoBaTesibHbIX Nporpamm. 14 Havana OrpaHUYMMCA MpPo2PAMMamu
Mpeobpa308aHUA OGHHbIX, NOBEAEHME KOTOPbIX 3aBUCUT TO/IbKO OT 3HaYEHMIA BXOAHbIX NepemeH-
HbIX (CM. NeKkumto 2). TakMe NPOrpammbl YacTo Ha3bIBAKOT MPO2PAMMAMU 6e3 COCMOAHUA — WX
noBegeHUe He 3aBUCUT OT NPeabICTOPUM 3anyCcKOB. TEXHUKM, ONUCAHHbIE HUXKE, MOTYT UCMO/b-

30BaTbCA ANA aBTOMATU3aUUN TECTUPOBAaHNA OTAE/IbHbIX beHKLJMI?I (METOAOB).

15.2.1. TecTupoBaHUe Ha OCHOBE NIPOrPaMMHbIX KOHTPAKTOB

[na cneundnKaumm ycnoBuiAi KOPPEKTHOCTM NporpaMm nNpeobpasoBaHMA AaHHbIX UCMO/b3YHOTCA
Mpo2pPAMMHbIE KOHMPAKMel — npeod- U nocmycaosus (cm. nekuuto 3). KOHTpaKTbl NO3BONAOT

pewnTb chegyouime 3agavun:

® [1Ipo8epKa aonycmumocmu mecmosoeo so3delicmsus: ecnn npeaycnosue 10XKHO, TECTO-

BOE BO34eNCTBME HEeAOMYCTMMO M HE LOJ/IKHO NOoAaBaTbCA Ha NMPOrpammy;

® [IPOBEPKU KOpPeEKMHOCMU pe3ysbmama: ecav gna A4onyctmmoro Tectosoro BOBAeﬁCTBMﬂ

NporpaMmma 3aBepLUnIach, HO NMOCTYCI0BUE SIOXKHO, PE3YbTAT CYUTAETCA OLUMOOUYHbBIM.

3T0 OTKpbIBaeT BO3MOXKHOCTb /11 UCNO/1b30BaHNA aBTOMATUYECKUX TeHEePaTOPOB TECTOBbIX BO3-
aenctanii. Cambim NPOCTbIM NOAXOLO0M TaKOro TUMA ABAAETCA 8EPOAMHOCMHOE MeCMUpPO8AHUe.
FeHepupyOTCA CNyYaiHble 3HaYEeHUA BXOAHbIX NePeMEHHbIX: eCIM 3HaYeHUA He yA0BAeTBopsAeT
npeaycaoBuio, BO3AeNCcTBe 0TOPACchbIBAETCA; B NPOTUBHOM C/ly4ae OHO NOAAETCA Ha NPorpammy.
Mo 3aBepLlUEHUIO MPOrpaMmsbl (€CIM, KOHEYHO, OHa He 3aUMKAMBAETCA) NPOBEPAETCA COOTBET-
CTBME pe3ynbTaTa NOCTYCN0BUIO: €C/IM NOCTYCNIOBUE NIOXKHO, GUKCMPYETCA OWNBKA; B NPOTUBHOM
cnyyae npouecc nosropsetcs. Myctb P — TecTupyemas nporpamma, (@, ) — ee cneuudukaums,

N — OorpaHn4YeHune Ha 4Ynmcno BO3,CI,eﬁCTBMl7I.

verdict := true; /* BepmukT */
i = 0; /* CUeTUuMK TEeCTOBHIX BO3NEMCTBMIA */
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while verdict A i < N do

x := random() /* DeHepaumusa CIyYalHOTO BO3OEMCTBMUSA */
if ¢ then /* mpoBepka NpenycioBus */
pP; /* BHB30B TECTMPYEMOM NPOTPaMMbl */
if —y then /* mnpoBepka [OCTyCJoBuUs */
verdict := false /* bukcauma oumbrm */
end;
i::=1i+1
end
end

HeocnoprmbiM OCTOMHCTBOM BEPOATHOCTHOMO TECTUPOBaHUA ABAseTca ero npoctotal®l. Hepo-
CTaTKM o4eBuAHbI. C O4HOMN CTOPOHBI, MHOTME TEeCTOBbIE BO3A4ENCTBMA NPUBOAAT K O4MHAKOBOMY
NoBeEeHUI0 TECTUPYEMOM NPOrPaMMbl, T.€. K UCMIOTHEHMIO OAHUX U TEX e NyTen B rpade NoToKa
ynpasneHus. C gpyroii CTOPOHbI, BEPOATHOCTb peasn3aLmm HEKOTOPbIX CUTYaLLMA, TaK Ha3blBae-
MbIX 2DAHUYHbIX cumyayuli, MOXeT bbITb KpaliHe HU3KOM (K TaKUM CUTyaLMAM OTHOCATCS, B YacT-

HOCTW, NPOXOAbI MO NYTAM, COAEPXKALLMM YCI0BUA BUAA X = C, TAe C— KOHCTaHTa).

15.2.2. TecTupoBaHUe YEPHOIO ALUKA

PaHee, B nekumn 3, 6b1n1 onpesennan Takme XxapakTepUCTUKM MeToa,0B BepudUKaLmm, Kak 3Ha-
YMMOCTb M NOSIHOTA: METO/, HAa3bIBAETCA 3HAYUMbIM, ECIN U3 TOTO, YTO BbIHECEH OTPULLATENbHbIN
BEPAMKT, C/IeAyeT, YTO B NPOrpamma ownboYHa; MosHbIM — €CAN U3 TOTO, YTO BbIHECEH MOJIOMKM-
TeNIbHbIA BEPAMKT, CeflyeT, 4TO NPOrpaMma KOpPpeKTHa. B 3TUX TepMMHAX 3HAMEHUTOE BbICKa-
3biBaHMe dacrepa Aelikctpbl (1930-2002) 0 TOM, UTO TECTUPOBAHNE MOXKET CAYXKUTb AN A0Ka3a-
TENbCTBA HAaNNUMA OWMOOK, HO HUKOTAA He AOKaXKeT UX OTCYTCTBUA, MOXKHO nepedpasmposaTtb
TaK: TECTUPOBAHME ABAAETCA 3HAYMMbIM METOA0M, HO, BOODOLLE roBops, HeMoHbIM. Koraa roso-
PAT O NONHOTE TECTUPOBAHMA, CIOBO KMOJIHOTA» YacTo ynotpebnserca B UHOM, MeHee dopmab-
HOM CMbIC/1€ — KaK CUHOHWM K a4jeKBaTHOCTU, NPUEMAEMOCTU U T.N. POPMYINPOBKA KpUTEpPUEB

a[leKBaTHOCTU TECTMPOBAHMA, KaK NPaBM/I0, HOCUT 3BPUCTUYECKMI XapaKTep.

BepoATHOCTHOE TecTMpoBaHMe B TOM BUAE, B KOTOPOM OHO 6bi10 npeacrtaBaeHo Bblile, ABNAETCA

YaCTHbIM Clydaem mecmupo8aHUA YePHO20 AUWUKA. TaK Ha3blBaeTCA KNacc MeTOL40B NOCTPOEHMA

101 HekoTOpbIE TPYAHOCTU MOXKET MPUBHECTU reHepaLMA CIOKHO CTPYKTYPUPOBAHHBIX JaHHbIX, HO STOT BOMPOC Mbl 34€Ch ONYCKaeMm.
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TECTOB, He MUCMOb3YIOLWMX MHOOPMALMIO O CTPYKTYpEe NPOrpammbl, T.e. UCXOAHbIA Uan buHap-
HblIl Kog, [Bei95]. Hue onucbiBaeTca elle 0AMH NOAXOA 3TOro TUMa, OCHOBaHHbIM Ha UCNO/b30-

BaHUU d)yHKHUOHGﬂbe/X moderseli mecmogozo MOKpbIMUA.

MycTb 3aZ,@aHa HEKOTOPAA Nporpamma. TecmossiM MoKpbimuem, UN NPOCTO MOKPbIMuem, Hasbl-
BaeTCA KOHEYHOE MHOMECTBO mecmossix cumyayuli — KNacCoB 3KBMBAZIEHTHOCTU BO3MOXKHbIX
BbluMCNEHWNIN. MoOesbio NoKpbIMUSA Ha3blBaeTca cnocob onmncaHusa NOKPbITUA No Nporpamme (pe-
anusauuun) n TpeboBaHUAM K Hel (cneumdurkaumm). Moaenb NOKPbLITUA Ha3bIBAETCA YHKYUO-

HasbHOU, ecnv oHa UCNosib3yeT cneunduKaLmio, HO He MCMOb3YEeT peannsaumio.

Ha ocHoBe MPOrpaMmHbIX KOHTPAKTOB MOMKHO OnpeaennTb cnegyowme GyHKUMOHANbHbIE MO-

Aenn TeCToBOoro NoKpbITUA:

e oKkpsimue semeaeli pyHKyuoHanbHocmu (branch coverage);

® [IOKpbIMuUe 3Ha4YeHuli ucmuHHOCMU 31emMeHmapHsbix ycaosuli (condition coverage).

BeTBM PYHKLMOHANLHOCTM — 3TO TECTOBble CUMTyaLMK, COOTBETCTBYIOLLME PA3/IMYHBIM BapuaH-
Tam nosegeHus nporpammbl. B ssbike ACSL BeTBb PYHKLMOHANLHOCTM 334aK0TCA C NMOMOLLLbIO
KOHCcTpyKuun behavior b: assumes @ ..., rae b — vmAa BeTBU, a ¢ — ee ycloBue (CM. Niek-
umto 4). B Knaccuyeckom caydae BeTBM GYHKLMOHANbHOCTU pasdesnumel, T.e. UMEIT MonapHo
HECOBMECTHbIE YC/I0BUA, @ UX MHOXKECTBO 10/HO — U3 UCTUHHOCTU NPeayCN0BUA CAeayeT UCTUH-
HOCTb ycnoBua XoTa 6bl 04HOM BeTBU. B a3bike ACSL 310 TpeboBaHME MOKET BbiTb HAPYLLIEHO: B

3TOM C/lydae MOXHO UCMNO/1b30BaATb KPOCC-NMOKpbimue — KOM6VIHaLI,VIM BETBEN.

Mpumep 15.1
B npeactaBnieHHOM HUKe dparmeHTe cneundrKaunm GyHKLUUN AUXOTOMMUYECKOTO NMOMCKA B YNO-
pAAOYEHHOM MaccuBe (CM. neKkumio 4) BblaeNneHbl ABe BETBU: NepBas UMeeT TPUBMAbHOE YCO-

BUWe; BTOpas TpebyeT ynopaao4eHHOCTM MaccuBa.

behavior success:
behavior failure:

assumes \forall integer i, integer j;
0 <=1 < j <= n-1==> x[1] <= x[]J];
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MOKpbITUE 3HAYEHUI UCTUHHOCTU 3/1IeMEHTAPHbIX YCIOBMI — 3TO Kacc MoZeseil MOoKpbITUS,
onpeaensembix B TEPMUHAX KOMOWHALMIA 3HAYEHUIN UCTUHHOCTU 3/1eMEHTaPHbIX IOTMYECKUX
dopmyn (aTomos). ECTb HECKONLKO MOAENEel 3TOr0 KNacca: MoKpbimue 8cex 803MOMCHbIX KOMOU-
Hayul; nokpsimue nonapHelx KoMmbuHayuli (pairwise testing); MC/DC (Modified Condition/Deci-
sion Coverage), TpebytoLas NOKPbITUA BCEX TAKMUX CUTYaLMiA, B KOTOPbIX 3HAYEHWe UCTUHHOCTU

atoma (condition) BanseT Ha 3HaYeHUe UCTUHHOCTM dopmysibl B Liesiom (decision)io2,

Mpumep 15.2

MycTb Npeaycnosue MMeeT BUL, ((y =0)-(x= 0)) A ((x >3)Vv(y< x)). dopmyna coaep-
*uT yeTbipe atoma: (y = 0), (x = 0), (x > 3) n (y < x). Bcero BoamoxHbl 2* = 16 kombuHa-
UMM 3HAYEHMI UCTUHHOCTM; HAC YCTPaMBAOT TO/ILKO T U3 HUX, /1 KOTOPbIX NMPeaycnoBme uc-
TMHHO. Monyyaem 9 BapnaHToB %3, yacTb M3 KOTOPbIX HEPeann3yembl 13-3a CEMaHTUYECKMX B3a-

MMOCBA3EN MeXKay aToMmamMu (Takne KOMBUHaLMM 3a4ePKHYTbI):

1' ) ) ) ;

2. (true,true,true, false);

4. 5 ; 7 )
5. (false,true,true, false);
6. (false, true, false,true);
7. (false, false,true, true);
8. (false, false,true, false);

9. (false, false, false, true).

MOKpbITUE HE TONbKO 334aeT KPUTEPUit MONHOTbI TECTUPOBAHUA, HO U MOKET UCMNOJ/Ib30BaATHLCA

ONA HarpasneHHol 2eHepauuu mecmosbix so3delicmeuli (coverage-driven verification). Ona

102 Kputepwii TectoBoro nokpbitusa MC/DC ncnonb3yeTca npu TeCTUPOBaHUM aBUOHUMKK (cTaHaapT DO-178B).

193 Mo cyTH, CUTyaLMM COOTBETCTBYIOT KOHBIOHKTUBHBIM YleHam coBeplueHHoin H®, noctpoeHHoi no dopmyne npeaycnosus.
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3TOr0 MCNONb3YHTCA MHCTPYMEHTbI pa3pelleHnn orpaHuyenmnii: SAT- n SMT-pewatenu (cm. nek-

umto 8). Hanpumep, ans cutyauun (false, false, true, false), cooTBetcTBytOLWEN DOpPMyne
Ay =0)A-(x=0)A(x>3)A(y<x),

C MCMO/Ib30BaHMEM peLlaTens MoKeT bbiTb NocTpoeHo Bo3aeicTaune {x — 4,y +— 3}. B peanbHoi
KMU3HW OrPaHMYEHMA MOTYT BbITb FOPasA0 CNOKHEE U BOBJEKATb yKasaTen, pesyabTaTbl paboTbl
¢ darinamm, 6azamm AaHHbIX U T.N. (PACCMOTPEHME 3TUX BOMPOCOB BbIXOAMT 33 PAMKM 3TOrO Mo-

cobus).

15.2.3. TecTupoBaHue 6€JI0r0 ALLUKA

TecmuposaHue 6en020 AWUKA NpeanonaraeT UCNoab3oBaHne MHGOPMALIMKN O CTPYKType npo-
rpamMmmbl 15 TeHepaLumn TECTOBbIX BO3AENCTBUIA U OLEHKM NOSHOTbI TecTupoBaHua [Beid0]. Mo-
AeNnn TeCToOBOro NOKpbITUA, onpegeneHHble Ha OCHOBE peannsaumnmn (MCXO/J,HOI'O nnu 6MHapHOI’0

KO,CI.a), Ha3bIBAKOTCA CMPYKMYypPHbIMU. Hanbonee nsBectHbiMu MmogenAamun 3Toro Tna ABNAKTCA:

® [oKpbimue onepamopos (statement coverage);
e okpsimue semeneHuli (branch coverage);

e okpsimue nymeli (path coverage).

B TepmuHax 610K-cxem (CM. N1eKLMIO 5) NOKpPbITME ONEpaTopoB — 3TO NOKPbITUE Y3/10B ;
NOKPbITUE BETBNEHMWIA — MOKPbITUE AYT, NCXOAALLMX W3 y3/108 [test]; noKpbiTUe nyTeit — NoKpbI-
TMe MOC/NeA0BaTENbHOCTEN CMEMHbIX AYr MeXA4y y3/aamu " . [ns otcnexunsaHus
BO3HMKHOBEHMA TON WM UHOW CUTyaL MM B NPOLECCE TECTUPOBAHMUA MPOrPaMmMa MHCTPYMEHTU-

pyetcs.

PaccmoTpum, K npumepy, NoKpbiTUe nyTeid. MHOXKECTBO BO3MOMKHbIX NyTei B rpade noToka
ynpasaeHUa CTPOUTCA C MOMOLLbIO MOUCKA 8 271y6uHy (cm. nekumio 11). Ecam B rpade ecTb LMKAbI,
OrPaHMYMBAIOT YNCIO UTepaLMid. A KaxKA0oro nyTu C NOMOLLbIO CUMBO/IUYECKO20 UCMONHEHUS
MOXKeT BbITb MOCTPOEHa PopMysa nymu — YCNOBUE, UCTUHHOCTb KOTOPOTO B HAaYa/lbHOM COCTO-
AHUUN rapaHTUPYEeT UCNOIHEHWE NPOTrPaMMbl MO 3TOMY NyTW. A nocTpoeHus Gopmyibl NyTU MO-
YKeT UCMONb30BaATbCA PACCMOTPEHHbI HAMU Memo0 06pamHbIX MOOCMAHOBOK (CM. NeKLUMKU 3 U

5), XoTa 06bI4HO A8 3TUX Lienen NpUMeHAIoT SSA-npeacTaB/ieHne Nporpammsl (CM. nekuuio 9).
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Mpumep 15.3
[na nporpammbl LLeSI0YUCNEHHOTO AENEHUA OFPaHUYMM YUCIO0 UTEPALMI B LUUKAE YMCIOM 2 U

NOCTPOMM MHOYKECTBO BO3MOXKHbIX MyTel, MCNo/b3ysa NOUCK B rybuHy (cm. puc. 15.1).

g := 0;

r = a;

while r > b do
q :=qgq + 1;
r :=r -

end

PucyHoK 15.1. OepaHuyeHHbIl Nouck 8 enybuHy 8 npozpamme Uesao4ucaeHHo20 0esneHus

PaccmoTpum nyTb, B KOTOPOM UCMOMHAIOTCA POBHO ABE UTEpaLMKM LUUKAA (Ha PUCYyHKe OH Bblae-

NIEeH KMPHbIMU Ayramu). ITOT NyTb MOXKHO 3anuncaTb B GOpmMe IMHENHOW aHHOTUPOBAHHOM NPo-

rpammbil.
q := 0;
r := a; (a=b)A(a=2b)A(a<3b)
{r > b} (r=b)A(r =2b)A(r <3b)
q :=qgq + 1;
r :i= 1 - b; (r=b)=b)A((r—b) <2b)=(r=2b)A(r <3b)
{r 2 b} (r=b)A(r<2b)
q :=qgq + 1;
r :=r - b ((r—b)<b)5(r<2b)
{r < b} (r<b)

MpumeHas meto 06paTHbIX NOACTAHOBOK, NOY4UM GopMyy
(a = b)A(a=2b)A(a<3Db).
CosmelLas nonyyeHHyro popmyny ¢ npegycnosuem (a = 0) A (b > 0), nonyunm

(b>0)A(a=2b)A(a<3b).
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Mo aToit dopmyne SMT-peLuatenb MOXKeT NOCTPOUTb, Hanpumep, Bodaelicteune {a - 12,b » 5}.

O

MpY CUMBOJIMYECKOM MCMONHEHUWN CNOMKHbIX NPOrPaMM MOTYT BO3HMKATb OrPaHUYeHMA, KOTO-
pble He Mo cunam pelwartenam. B nocnegHee Bpems Nosyymn pacnpocTpaHeHne noaxos, Hasbl-
BaeMblli KOHKO/IUYECKUM mecmuposaHuem (concolic testing), KOTOPbI COBMELLAeT KOHKPeTHoe
MU CMMBOJIMYECKOE MCMOJIHEHME Nporpammbl (concolic = concrete + symbolic). KoHuenuus noa-
xoAa bblna onucaHa B 2005 r. Matpucom lNogedpya (Patrice Godefroid), Hunbcom KnapnyHgom
(Nils Klarlund) n Kaywnkom CeHom (Koushik Sen) [God05]. TepmMUH «KOHKOIMYECKOE TECTUPOBA-

Hue» BnepBble noAsuaca B pabote [Sen05].

[na peannsaumm KOHKOMYECKOro TeCTUPOBAHMA NPOrPamma MHCTPYMEHTUPYETCA Takum obpa-
30M, 4TObbI B NpOLLECCE ee UCMONHEeHUs CTpomaack Gopmyaa nyTu. B HECKO/IbKO yrNpoLLLeHHOM

bopme Noaxoa, COCTOUT U3 CIeAYIOLIMX LIAroB.

1. TeHepupyeTca ciyyaiiHoe TeCTOBOE BO34ElNCTBME.
2. TecToBoe BO3AeNCTBME NOAAETCA Ha NPOrpammy.
3. Mpu MCNONIHEHMM NPOrPaMMbl CTPOUTCA Gopmyaa NyTu.
4. Ecnu nyTb HOBbIW, OH 3aNOMMHAETCA.
5. BbibupaeTcs 04MH U3 NPOMAEHHbIX MyTei:
a. OaHo v3 ycnosuit Gopmysibl NyTU 3aMEHAETCA Ha ero oTpULaHKe.

b. Ycnosusa, cnegytowme 3a UsMeHeHHbIM (OMUCbIBatOLLME UCMIONHEHWE MPOrPaMMbI

nocsie COOTBETCTBYHOLLErO BETBEHWA), YAANAOTCA.
c. Ecan nonydeHHas Gopmyna yxe BCTpeyanach:

i. BblbupaeTcs gpyroe ycnosue Uan 4pyroi nyTb (OCYLWeCcTBAAETCA Nepexos,

Ha war 2 uau war 5).

ii. Ecnm He ypaeTca mocTpouTb HOBOM GOpMysibl, TECTUPOBaHME 3aBeplua-

eTca.
6. TocTpoeHHOE orpaHUYeHue nepesaeTca pellarTesnto:
a. Ecnu peluatenb He cnpaBuicA, reHepUpyeTca ClydaliHoe TeCcToBoe Bo3AeincTeme.

b. B npoTuBHOM cnyyae:
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i. Ecnu orpaHuyeHune HeBbINOJHUMO, BbIBUPAETCA APYroe YyCA0BUE UM NYTb.

ii. EcnM orpaHuuyeHMe BbIMOJHMMO, MOAYYEHHbIA Pe3ynbTaT WMCMOAb3yeTca

KaK TectoBoe BO3ﬂ,eﬁCTBME.

7. OcywectBnaerca nepexos Ha war 2.

OrpaHUYeHuns, ONUCbIBaloOLWME BbIYUCAEHUA MPOrPAMMBbI, NO-MPEXHEMY MOTYT BbiTb CNOMXKHbIMMU
(310 OoNpeaenseTca camoit NpPoOrpammoit, a He cnocobom ee TECTUPOBaHWA), OAHAKO PAaHAOMMU3a-
LM NO3BO/IAET NPEeoA0AeBaTb MHOTME TPYAHOCTU. B KOHKOIMYECKOM TECTUPOBAHMM LIMPOKO UC-
NOAb3YTCA MeToAbl abCTPAKTHOM UHTepMpeTaLmmM (CM. IeKUMIO 7), 4TO NO3BOAAET CTPOMUTL 60-
Nlee NPOCTble OrpaHNYEeHNs, PeLleHns KOTOPbIX C 6ONbLLOIN BEPOATHOCTbIO ByAyT peLleHMAMM UC-
XOAHbIX OrpaHuyYeHunin. Ecan nssectHo npeaycnosme Nporpammbl, OHO UCMONb3YETCA NP reHe-
pauum TeCTOBbIX BO34ENCTBUI U NocTpoeHnn dopmy. Ecam B nporpamme ectb LKL, y6uHa

I'IyTeﬁ OrpaHn4YmMBaeTCA MCKYCCTBEHHO.

Mpumep 15.4
PaccMoTpMM KOHKO/IMYECKOe TecTUpOoBaHWE NPOrpamMbl LEeNOYUCAEHHOrO AefleHna (CM. npu-
Mep Bblwwe). MepBbiM Ae/0M reHepUpyeTca cyYaiHoe TecToBoe Bo3aeicTame. Mpesnonoxmnm,

ato {a » 5, b — 3}. Bo3pgelicTBue NogaeTcsa Ha MPOrpammy:

q = 0; q=0
r := a; r=>5
{r 2 b} true
q =g+ 1; qg=1
r :=r - Db r=2
{r 2 b} false

C yyeTom npeaycnosua nosydaem cnegytouyto Gbopmyny nyTu:
(b>0)A(a=b)A(a<2b).
B atoin popmyne bepetca nocnegHee ycI0BUE U 3aMEHAETCA Ha ero oTpULAHME:
(b>0)A(a=b)A(a=2b)=(b>0)A(a=2b).

MonyyeHHOe orpaHuYeHmne pelaerca. B pesynbTate nosydaetca HOBOE BO3AENCTBUE, Hanpumep,

{a » 123, b - 45}. MNpouecc npogonKaeTca.

O
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15.3. TectupoBaHUe NPOrpaMM C COCTOSTHUEM

Ob6paTMmcs Tenepb K Npo2pammam ¢ COCMOoSHUEM, T.e. K NPorpammanm, rnosegeHme KoTopbix 3a-
BMCUT HE TOJIbKO OT 3HaYeHWI BXOAHbIX NEPEMEHHbIX, HO 1 OT NPeAbICTOPMM 3aNycKoB (npeapic-
TOPUM B3aMMOAENCTBUSA C OKPYKeHnem). K aTomy TMny oTHOCKUTCSA B6O/bLIMHCTBO peasibHbIX Npo-
rpamm v 6MbanoTek, BKAOUaA abCTPaKTHbIE TUMbl AaHHbIX, pearmpytolme cuctemsl 1 ap. Tex-
HWKW, OMUCaHHbIE HWMXE, MOTYT MCMO/b30BaTbCA A/1A TECTUPOBAHMA cucTem GYHKUMIA Hag 06-

MMM NepemeHHbIMK (Moaynei 1 Knaccos).

15.3.1. 06xo04 rpada cocTOAHMMI MPOTrpaMMbl

EcTecTBEHHbIM CNOCOBOM TECTMPOBAHMA NPOrPaMM C COCTOAHUEM ABAAETCA UCCNeA0BaHME UX
NPOCTPAHCTB COCTOAHMUIM (cM. ekumio 11). B oTanume oT BepudmkaLmm mogeneli B TeCTMPOBaHUU
peanbHbIX NPOrpaMmm ecTb NPUHLMNMANBHOE OrPaHNYeHMe — NPOorpammy TPYAHO NepeBecTy B
3aZ@aHHOe COCTOsIHME. B CBA3M C 3TUM MCCea0BaHMeE MPOCTPAHCTBA COCTOAHMIA OCyLLecTBAAETCA
nytem obxoaa rpada COCTOAHUIN — MOCTPOEHMA MapLUpyTa, coaep Kallero sce ayru rpada (ne-

pexoapl).

MpeanonoXum, YTo TECTOBbIE BO3AENCTBMA 3aHYMePOBaHbl OT 1 0 n: HOMepP COOTBETCTBYET Te-
CTOBOW CUTyaLlMWM B pamMKax HEKOTOPOW MOZEeNN NMOKPbITUA. MNyCcTb B KaXKA0M COCTOAHUM A0nNy-
CTMMbI BCe BO3AeNCTBUA. PaboTy reHepaTopa TECTOBbIX BO3AENCTBUIA MOXKHO NPeLCTaBUTb cie-

ayroumm obpasom:

S := J; /* MHOXECTBO COCTOSHUI */
T := J; /* MHOXECTBO MepexomoB */
F = O; /* MHOXECTBO MPOMIEHHEIX [NEePexonoB */
while true do /* TJaBHBM LUKJI TeHepaTopa TeCTOB */
s := getState() /* BHIUMCJISETCS TeKyllee COCTOoAHue */
if s ¢ S then /* ecyy COCTOSHME HE BCTPeuajioCchb paHee, */
S = S U {s}; OHO coxpaHdgeTcsa */
Tls] := {1, ..., n}; /* MHOXECTBO MCXONAUMX [IepexomoB */
Fls] := /* MHOXECTBO MPOMIEHHEIX [EePexonoB */
end;
if F[s] # T[s] then /* ecnu eCcTb HEeNpPOMIOEHHHBE NePexOIHl,
x := choose(T[s] \ F[s]); BHIOMpPAETCA OIUH U3 HUX */
applyStimulus (x) ; /* nomaeTcs TecTOBOe BO3IencTBUe */
F[s] := F[s] U {x} /* mnepexon oTMeuaeTCd Kak [NPOMIeHHBlr */
else /* ecyiy HeT HEeNpPOMIEeHHHX [1epexoloB,
p := getPath(); CTPOMTCSA NYyTb B COCTOSHUE,
TIe eCTb HENPOMUIEeHHHE [Iepexoms */
if p = & then /* ecyin BCe Nepexonsl MIPOMIEHEH,
break TeCTUpOBaHME Opekpamaerca */
end;
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for x € p do /* NnomamnTCA TEeCTOBBE BO3IENCTBUSA,
applyStimulus (x) 3amaHHEEe B nyTm */
end
end
end

Mo cyTH, 3TO NOUCK B TYBUHY, LieSb KOTOPOro — HaWTK COCTOSHUE, B KOTOPOW HET HEMPOWAEH-
HbIX NepexooB. [1n1s TakoW BepLUMHbI 3aMyCcKaeTcs BJOXeHHbI nouck (getPath), Bo3spaluato-
LM NYTb U3 TEKYLLETO COCTOAHMA B COCTOSIHWNE, B KOTOPOM €CTb HENPOAeHHble nepexoabl. Bno-
YKEHHbIN NOUCK MOKET bbITb Ppean3oBaH pasHbIMM CNOCOBAMM: KaK B rYBUHY, TaK U B LUMPUHY.
[na NPUMEHMMOCTM MeToAa A0CTAaTOYHO, Y4TOBbI rpad COCTOAHMI BbIN CUTLHO CBA3HLIM — UMEN
04HY KOMMOHEHTY CUAbHOWM CBASHOCTU (CM. NeKumio 12) 1 0emepmMUuHUPOBAHHbLIM — LANA KaK-
[0ro COCTOAHMA S M TECTOBOrO BO34EMCTBMA X AO/KHO CyL,ecTBOBaTb He bosiee ogHOro nepe-

xoaa Buga (s,x,s"), rae s’ — HekoTopoe cocrosHue [byp03al.

15.3.2. A6CcTpaKMsa COCTOAHUM NPOrpaMMbl

[laxke ecan orpaHMYMTbLCA NocneoBaTe/IbHbIMU NPOrpammamm, YNCI0 COCTOSIHUIA MOXKeT bbITb
OrpoMHbIM. B 3Tom nocobumn Mmbl co3HaTeNbHO M3beranu ANHaAMUYECKUX CTPYKTYP AaHHbIX;
mexay tem nx ncnosibsoBaHme aenaet HACN10 BO3MOXKHbIX COCTOSHWN HEO603pVIMbIM. OnaTtectn-
poBaHUA HeO6XO,CI,VIMO MCKYCCTBEHHO OrpaHMyYmMBaTh NPOCTPAHCTBO NOUCKA. Kak n B ¢opmaan0171
BepVICbVIKaLI,VIVI, ANA 3TOro NCNosb3yrTCA METObI a6CTpaKLJ,VIM. MoAcHMM CKa3zaHHOe Ha NPOCTOM

npumepe.

Mpumep 15.5

PaccmoTpum ouepesb, an1eMeHTaMu KOTOPOW ABNAIOTCA Lesible Yncna. Hag odepespto onpege-
NeHbl aBe onepauuu: enqueue(x) — pobaBUTb INEMEHT X B KoHeL, odepeau; dequeue() — u3-
B/IeYb 3/1IeMEHT U3 TOJI0Bbl HemycTol oyepeaun. Mcnonb3yem cnegytoliee OTHOLWEHME SKBUBA-
JIEHTHOCTU A5 MOCTPOEHUA abCTPAKTHON MoLeNn: ABe OYepeaM SKBUBANEHTHbI TOTAA U TOIbKO
TOrAa, Koraa ux pasmepbl COBMaAoT. 3a4a4UMM AOMNOHUTENIbHOE OrpaHnYeHne — Byaem cun-
TaTb, YTO YMC/IO 3IEMEHTOB B OYepean He NpeBocxoauT Asyx. Ha puc. 15.2 nokasaH dparmeHT

rpacda CoCTOAHUIN oyepeam U rpad COCTOAHUIN abCTPAKTHOM Moaenu.
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PucyHok 15.2. ®paemeHm epagha cocmosHuli oyepedu (cnesa) u e2o abcmpakyusa (cnpasa)

15.4. TecTupoBaHUe pearupyrIiux CUCTEM U

InapaiJyieJIbHbIX IIPOrpaMM

[na onncaHnA CBOMCTB pearMpyowmx CMCTEM UCNO/b3yeTcAa TeMnopanbHas ormka LTL. Ha npo-
LWAbIX NEKLMAX Mbl PACCMOTPENN, KaK GOpManbHO NPOBEPUTb MCTUHHOCTb dopmybl LTL Ha mo-
Oenn nporpammbl — CTPYKType KpunKe C KOHEYHbIM YMC/IOM COCTOAHWMK. MoxHO nm LTL-
cneunduKaLnm Ncnonb3oBaTb 418 AMHAMUYECKOM NPOBEPKU noseaeHuna cuctem? Mccneposa-
HUWA N0 3TOM TeMe BeAyTCA B PaMKax TAaKOro HanpaBieHUA, Kak MOHUMOPUH2 8peMeHU 8blMosHe-
Hus (runtime monitoring) [Baull]. Naes noHATHa No HeAeTePMUHUPOBAHHOMY aBTomaTy Bloxum
Ona 3agaHHon popmynbl LTL (cm. nekymio 13) cTponTca AeTePMUHUPOBAHHbIA aBTOMaT (MOHU-
TOp), B AMHAaMUKe BbIYUCAAOLLMI BepAuKT: true, false nnn undef. Npu NnocTpoeHWUn feTepmu-
HUPOBaHHbIX aBTOMATOB U3 HEeAEeTEPMUHUPOBAHHbIX TPUMEHAIOT MeToAbl, 61M3KME aAropuTMam

noctpoeHuns KA no HKA [Cep12].

MeToapbl NPOBEPKN MoAeselt MOTYyT NPUMEHATLCA A/1A TeCTUPOBAHMA NapannefibHbIX NPOrpaMmm.
[ns 3TOro NPUMEHSAOT TEXHUKU yrpassisemozo 8birnoaHeHuUA. NMporpamma MHCTPYMEHTUPYETCS:
B TOYKM, B KOTOPbIX OCYLLECTBAAETCA B3aUMOALENCTBME MPOLECCA C OKPYKEHUEM UAN APYTUMU
npoueccamu nporpammbl (obpalleHne K pasgensiemoli nepemeHHoW, MpuemM UaM Nocblsika co-
obLeHna 1 T.n.), 4obaBAAeTCA YNPaBASAIOLWMIA KO, KOTOPbIA MOXKET NPMOCTaHaBAMBaTb BbINOJI-
HeHue npoulecca. PelleHns o NPMOCTaHOBKE TeX MM MHbIX NPOLLECCOB NMPUHMMALOTCA NAAHUPOB-
LLIMKOM, LLeNblo KOTOPOro ABAAeTCA 06x04 NPOCTPAHCTBA COCTOAHUM (cMcTemMaTUYecKUii nepebop
BO3MOXHbIX BAPMAHTOB UCMONHEHUA NporpaMmbl). [puMepom MHCTPyMeHTa, paboTatoLwero no

31O cxeme, ABnsetcs Java PathFinder (JPF) — cpeactBo npoBepKuM Java-nporpamm, paboTaroluee
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Ha ypoBHe 6aiT-koaa (B JPF ncnonb3yetca BupTyanbHaa mawmnHa JVM co crneymanbHbIM NaaHK-

poBwwmKom) [JPF]. BO3MOXKeEH 1 Apyroi BapuaHT, KOrga NAaHUPOBLLMK He OTC/IEXKMBAET COCTOA-

HMA npoLleccos, a BOCNpPoOn3BOOANT TPacCbl, NONy4eHHble Npn BepMCbMKaLI,I/IM moaenn CUCTtemMsl,

Hanpumep, C MOMOLLbIO MHCTPYMEHTA SPIN [Spin].

15.5. Bonpocsl ¥ ynpaKHeHUA

10.

[aite onpegeneHve TectupoBaHuA. CpaBHUTE TecTUpOBaHWe ¢ popMasbHbIMM MEeToLaMM

BepUPMKaLMn. B 4em LOCTOMHCTBA M HEAOCTaTKM KaX40ro 13 noaxoaos?
Y70 NoHMMaeTca nog TecTMpoBaHMEM Ha OCHOBe moaesein? MpuseanTe NpMMepbl NOAX0A0B.

[nAa peweHnAa Kakux 3agad TeCTUPOBAHUA MOMXKHO MUCMO/Ib30BaTbh NPOrpPaMMHbIE KOHTPaAKTbI

(npea- v noctycnosus)?

OnpepenunTte cneaytolimMe NOHATUA: K MOAE/b TECTOBOTO NOKPbITUAY, «DYHKLMOHANbHOE NO-
KpbITUEY», «CTPYKTYPHOE NOKpbITUE». Mpuseamte npumepbl GYHKLMOHANbHLIX U CTPYKTYPHbIX

MO,CI,eJ'IeI‘/‘I NOKPbITUA.
B uem pPa3HuUUa mexay TeCtTupoBaHNeEM YeEPHOTo AWLKMKA U TECTUPOBAHNEM 6enoro HLLI,VIKa?

OnuwmnTe CXemMy UCMoAb30BaHUA CUMBOJIMYECKOTO MCMOMHEHUA NPOrpaMm A8 reHepalum

TECToB. B Yem TPYAHOCTM TaKOro NoAXo4a M Kak UX MOXHO NpeoaoneTb?

Yem pasnnyatotca meTogbl MCCAef0BaHMA NPOCTPAHCTB COCTOAHUN, ncnosblyemble B TeCTU-

pPOBaHWM U NPOBEPKe Moaenei?

[na peweHna KakmMx 3a4a4 TeECTUPOBAHUA MOXKHO MCNONb30BaTb LTL-CI'IELI,Md)MKaLI,MVI n me-

TOAbl NPOBEPKN Mogenein?

MycTb M — 4MCNO TECTOBBIX CUTYaLMiA. [peAnoNoXKMMm, YTO reHepaTop obecneynsaeT paBHO-
MepHOoe pacnpesesieHne TECTOB MO CUTYaLMAM, MPUYEM TECTOBbIE BO3A,ENCTBUA HE3aBUCUMbI
Apyr ot apyra. OueHuTe BeandnHy BeposaTHocTM goctukeHunsa 100% nokpbiTvA B 3aBUCMMO-

ctm oT N — A/1MHbl TECTOBOM MOC/1e40BaTE/IbHOCTU.

[na npuBeAeHHON HUXe Nporpammbl, peanusylolein anroputm EBkanaa, sbinuwmnte pop-
MY/bl 4151 BCEX BbIYMCAEHMI, BKAOYAOWMX He Bosiee ABYX UTepaunii umkna. aa Kaxaomn ns

HUX NpeanoXxute sHa4yeHnA BXOAHbIX NepeMeHHbIX a U b:

X 1= a;
y := b;
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while x # y do
if x > y then

X =X -y
else
y =y - X
end
end;
c = X

11. Npeanoxute metos, abcTpakLMmM 41A TaKON CTPYKTYPbl AaHHbIX, KaK 4BOMYHOE AepeBo.

12. Hanuwwute nporpammy (Ha yaobHOM Bam f3blKe MPOrPamMMMPOBaHMA), CTPOSALLY 0bxoa

CMﬂbHOCBﬂ3HOﬂ)AETepMMHMpOBaHHOK)OpMEHTMpOBaHHOFOFpa¢a.
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HcnoJib3yemMbie COKpalleHUus U

0003HAYEHUA

Cokpauenus
LKA [eTePMUHMPOBAHHbIN KOHEYHbIV aBTomaT
OHO [OM3BIOHKTUBHAA HOpMasibHas Gopma
KH® KOHBIOHKTUBHAA HOpManbHas popma
HKA HeaeTepPMUHMPOBAHHDIA KOHEYHbIM aBTOMAT
HOA Hanbonbwwnii 06K Aenntenb
HOY HanbonbLwKni 06w yHUbUKATOP
NMH® npeaBapeHHas HopmaabHas popma
no nporpammHoe obecneyeHve
CCo CKONeMOBCKas cTaHapTHas dopma
CYBA cucTema ynpasneHus 6asamm AaHHbIX
ASM MalUMHa abCTPaKTHbIX cocTosHMiM (abstract state machine)
AD ynpoueHHas (abctpakTHan) moaens (abstract domain)
AP 3/1eMeHTapHble BbiCKa3biBaHMA (atomic propositions)
BDD ABOMYHanA pelatowas gruarpamma (binary decision diagram)
BFS nowck B WupuHy (breath-first search)
BMC orpaHuyeHHas nposepKa mogenei (bounded model checking)
Ccbv BepudurKaums, ynpasasemas nokpbitem (coverage-driven verification)
CEGAR YyTOYHEHWe abCTPaKLMM Ha OCHOBE KOHTPNPVYMepoB
(counter-example-guided abstraction refinement)
CTL TeMNopanbHas NI0rMKa BeTBALWeroca BpemeHn (computational tree logic)
DFS nowck B rnybuHy (depth-first search)
DPLL Nssuc-NMatHem-Sloreman-/lasnexa (Davis—Putnam—Logemann—Loveland)®*
LTL TEMMNOpanbHas NOrMKa IMHeHoro Bpemenu (linear-time temporal logic)
MBT TecTMpoBaHue Ha ocHoBe mogaenei (model-based testing)
MC/DC Mogm.d?wuwposéﬁHoe I'IO.K!)bITlAe YCNOBUIA U peLIeHni
(modified condition/decision coverage)
NP HeaeTepMMHMPOBAHHO NOIMHOMManbHbIN (non-deterministic polynomial)i%
ROBDD COKpaLLeHHan ynopagoyeHHas ABOMYHAN pellatoLlan guarpamma

(reduced ordered binary decision diagram)

104 CemeICTBO a/irOPUTMOB peLLleHns 3aa4m BbINoAHUMOCTY KHO.

105 Knacc 3a4ad4, AONYCKatoLWMX peLueHne 3a NoNnHOMUaNbHOe Bpema Ha HeAETEPMUHMPOBAHHOM MaLlnHe TbiopuHra.
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SAT BbIMOAHMMOCTb (satisfiability)
Scc KOMMOHEHTa CUNbHOW CBA3HOCTM (strongly connected component)
SMT BbIMOHUMOCTb C y4eTOM Teopwii (satisfiability modulo theories)
SP cunbHelwWwee nocTtycnosue (strongest postcondition)
SSA npescTaBieHne ¢ OAHOKPATHbIMU NPUCBAUBAHUAMM
(static single assignment)
TC ycnoBue 3asepummocTy (termination condition)
UNSAT HeBbINoAHUMOCTb (unsatisfiability)
VC ycnosue Bepudukauum (verification condition)
WP cnabeiiwee npegycnosue (weakest precondition)
0603HaYeHus

MHoO>XecTBa U OTHOLIEHUA

@ v {3 nycToe MHOXecTBO
{x1, x5, ... } MHOEeCTBO, COCTOALLEe U3 3N1EMEHTOB X1, Xy, ...
(X4, ey Xp) KOpTeX (n-Ka) U3 3/IeMeHTOB X4, ..., X,
{x i, NoCNef0BaTeNbHOCTb U3 31EMEHTOB Xy, ..., Xp
x€EX(x &X) NPUHAANENKHOCTb (HEMPUHAANEKHOCTb) 31eMeHTa X MHoXKecTBy X
XCY(X<y) BK/ItOYEHME (HEBK/OYEHNE) MHOXKecTBa X BO MHOXKecTBO Y
XcyY CTporoe BKOYeHMe MHoXKecTBa X Bo MHOXecTBO Y (X S Y uX #7Y)
| X| MOLLHOCTb KOHEYHOTO MHOecTBa
X [ONoNHeHWe MHoXecTBa X A0 3a,aHHOTO HaAMHOKeCTBa
XxXny nepeceyeHme MHoxectB X nY
XuY obbegmHeHne mHoxectB X n Y
X\Y pasHOCTb MHOXecTB X 1Y
XXY [eKapToBO npounssegeHne MHoxects X nY
X-Y oTObpakeHne MHoxKecTBa X BO MHOXKeCTBO Y/
xn n-as AeKapToBa cTeneHb MHOXecTBa X
(MHOKeCTBO BCex CNoB A/MHbI 1 B andasute X)
2% MHOXXeCTBO BCEX NMOAMHOKECTB MHOXKECTBa X
(X,<) MHOKecTBO X C 3a/laHHbIM Ha HaM OTHOLLEHWEeM YacTUYHOro nopaaxka << X2
(4acTMUYHO ynopsaaoueHHOE MHOXKECTBO)
R* pedNeKCUBHOE U TPAH3UTUBHOE 3aMblKaHWe BUHAPHOTO OTHOLWWEHUA R
Im(R) o6pas 6UHapHOro oTHoweHnA R: {y €S| Elx((x, y) € R)}
Dom(R) AomeH BMHapHoro oTHoweHuA R: {x €S| Ely((x,y) € R)}
X <R orpaHuueHue JomeHa 6uHapHoro otHoweHusa R: {(x,y) € R | x € X}
ReY orpaHuyeHue obpasa 6uHapHoro otHoweHua R: {(x,y) ER | y €Y}
R(X) npamoi 06pa3s 6uHapHoro oTHoweHus R: Im(X < R)
R™Y(Y) o6patHbIit 06pas buHapHoro oTHowexus R: Dom(R = Y)
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Jloruka

true UCTMHa
false NOXb
undef HeonpegeneHHoe 3HayeHne
P10 Pn
T NpaBu/IOo BbIBOAA: BbIBOA GopMy bl PP U3 GOpmMyn @y, ..., @p
F o (- @) [,0Ka3yemocTb (Hef0KasyeMocTb) Gopmysibl ¢ B 3a4aHHOM AelyKTUBHOM cucTeme
E o (¥ @) 06LWe3HaYMMOocCTb (HeobLe3HauMmocTb) dopmynbl @
I =o(l ¥ o) MUCTUHHOCTb (NOXHOCTb) dopMyAbl ¢ B MHTeprpeTaumm [
QU @ oTpuuaHue dopmynbl @
QAP KOHBIOHKLMA dopmyn @ n Y (M)
VY OM3BIOHKUMA dopmyn ¢ n P (UNN)
o DY cymma no moayto 2 dopmyn ¢ n P (uckatovatowee UIN)
o=y MMNAMKauma u3 opmynbl @ popmynbl 1P (ecam ¢, 10 1Y)
(R 9KBUBAZIEHTHOCTb POPMY @ M P (¢ TOrAa v TONbKO TOrAa, Koraa Y)
vx(p) YyHUBEpPCaNbHaa KBaHTUdMKaLMA Gopmybl @ no (cBoboaHON) nepemeHHON x
Ax(¢p) 3K3UCTEHLMANbHaA KBaHTUdUKaLMA Gopmy/bl @ no (cBOBOAHOI) nepemeHHoM X
X B C/leAyoLWMi MOMEHT BPEMEHU UCTUHHA dopmyna @ (neXt time)
celiyac unm Korga-HMbyap B byaywem 6yaet UcTMHHa dopmyna P;
eUY [0 Tex nop, noka NoxHa popmyna P, uctuHHa dopmyna ¢ (Until)
Fp celiuac uau Korga-Hubyap B byayuwem byaet uctuHHa popmyna ¢ (in the Future)
Go BCersa, HauMHas ¢ TeKyLLLero MOMeHTa BpemeHu, UcTuHHa dopmyna ¢ (Globally)
oWy cnabwiii Until: (p Uy) V Go
o RY ocsoboskzaeHue (Release): ~(—¢p U =)
] nycTas Knaysa (GU3bHOHKT)
Res(Cy, Cy) pesonbeeHTa Knays C; v C,
¢ iMTepan KOHTpapHbI nutepany [
Q=P paBHOCUABHOCTL GopMyA @ v | (OAHOBPEMEHHAA BbINONHUMOCTL/HEBbLINOAHUMOCTb)
[x; = tq, .., X, == t,] | NnoAcTaHOBKA TEPMOB ty, ..., t,, BMECTO NEPEMEHHBIX Xy, ..., Xy
6,6, KOMMNO3MLMA NOACTaHOBOK 61 1 6,
[ npUMeHeHne NoACTaHOBKM O K popmyne ¢
HOY (¢, ) HanbonbLunii 061wt yHndukaTop dopmyn @ n P
closure(p) 3aMblKaHne GbopMy/bl @ (MHOKECTBO BCex NofadopMy 1 UX OTPULLAHUI)
atoms(¢p) MHOECTBO BCEX 3/IEMEHTAPHbIX MHOXKeCTB noadopmyn Gbopmybl @
D, [OMEH NepeMeHHOM X (MHOMXKECTBO BO3MOMKHbIX 3HaYEHUI)
V(t) MHOKECTBO NepemMeHHbIX, BXOAALMX B Tepm t

259



A3bIKM 1 aBTOMAThI

€ nycToe c/i0BO
v-w KOHKaTeHaLMA KOHeYHoro cnoBa v U cnosa w
wh n-as cTeneHb KoHeuHoro cnosa w: w° = g;ecmun >0, wh =w-w- .- w
n pas
w* NOBTOPEHME KOHEYHOro c/ioBa W Ntoboe KOHeYHOe Ync/o pas
w® NOBTOPEHMEe KOHEYHOTO C/10Ba W 6eCKOHeYHoe Yncao pas
w cydOUKC Wy W41 ... CIOBA W = WoWj ...
X" MHOMECTBO BCeX KOHeUHbIX cN10B B andasute X: Uiy X*
X MHOXECTBO BCex HECKOHeYHbIX c/10B B andasute X
AQ®B CMHXPOHHaA KomMno3uuna asTomatos A n B
Ly A3bIK, AOMYyCKaeMblit asTomaTtom A
By aBTomaT Bloxu, COOTBETCTBYOWMI CTPYKTYpe Kpunke M
B, aBTomar btoxu, cootseTcTBytoWwMi LTL-popmyne @
L A3bIK, COOTBETCTBYIOLWMN CTPYKTYpe Kpunke M: Lg,
M (MHOeCTBO BCeX BO3MOXHbIX TPAaeKTOPUI CTPYKTYpbl Kpunke M)
L A3blIK, cooTBeTCTBYOWMI LTL-popmyne ¢: LB(p
¢ (MHOKeCTBO BCeX TPAeKTOPMIA, Ha KOTOPbIX GOpPMy/a @ UCTUHHA)
ApudmeTunka
mHoxectso {0,1}
MHOKeCTBO HaTypanbHbIx uncen: {1,2, ...}
Ny MHOXeCTBO HaTypanbHbix uncen, paciwmpenHoe 0: {0, 1, ...}
VA MHOXecTBo uenbix uncen: {0, +1,+2, ...}
Q MHOECTBO PaLMOHa bHbIX YMcen: {;—C Ix€ZyE€ N}
Q. MHOKECTBO NOJOXKUTE/IbHbIX PALMOHANbHBIX YNCeN: {5 |x€eN,y€ N}
[x, ] MHTepBan (OTpesoK) oT x Ao y
x=y((x#y) CpaBHEHMWE YNCEeN X U Y Ha PaBHO (He paBHO)
x<y(x=y) CpaBHEHMWE YNCen X U Y Ha MeHbLe (6onblue NMbo paBHO)
x>y(x<y) CpaBHeHWe Yncen x u 'y Ha bosblue (MeHblue NMMBO paBHO)
xiy [eNMMOCTb HaTyPasIbHOrO YMACAA X Ha HaTypasibHOE YUCNO Y
x+y CNIOXKEeHUe Yncen (MHTepBanoB) x Uy
xX—=y BblYMTaHWe Yyncna (MHTepBana) y U3 uncaa (MHTepsana) x
X-ywmx*y YMHOEeHUe Yncen (MHTepBanoB) x Uy
x/y WTM% feneHune yncna (MHTepBana) X Ha uncno (MHTepsan) y
x%y OCTaTOK OT Ae/IeHWs LLeIoro YUCAa X Ha Lie/1oe YUCao y
xY BO3BeJeHWe Ynucna X B CTeneHb y
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Vx

n3BneveHmne KoOpHA CTeneHn y ns 4ynucna x

log x (ABOMUHBIN) NOrapudm NONOKUTENBHOTO YMCNa X
|x] L,e/1an 4acTb YMCNA X CHUZY
[x] L,e/1an 4yacTb YMCNa X CBEpPXY

min(xy, ..., X,)

MWHUMa/IbHOE U3 YUCeN Xq, ..., Xy

max(Xy, ..., Xp)

MaKCUMa/ZibHOE U3 Ynucen xq, ..., Xn

HOA(x,y) HanbobLUNIA OB AennTeNb Yncen x u'y

~X nobutoeas MHBEPCUA ABOUYHOTO BEKTOPA X
x&y nobutosoe M ABOMNYHbLIX BEKTOPOB X 1 Y

x|y nobutosoe NI 1BONYHBIX BEKTOPOB X U Y

ABOI/I‘-IHbIe pemrapmue fuarpamMmmabl

[0]

NIUCTOBAs BepluMHa, cooTBeTCTBYoWas 3HadeHuo 0 (false)

JICTOBas BepLUMHA, COOTBETCTBYIOWAnA 3HadeHuo 1 (true)

ZERO TPMBMaANbHaA AMarpaMma C KOpHEM B BEpLUMHE @
ONE TPUBMANbHAA AMarpamMmma C KOpHeM B BeplunHe
root(F) KOpeHb auarpammbl F
then(F) noaAnarpamma HeTpMBMaNbHOMN aAnarpammbl F ¢ KopHem B high(root(F))
else(F) noaamarpamma HeTpuBManbHoOM amarpammel F ¢ KopHem B low(root(F))
Reduce(F) pe3ynbTaT NPUMEHEeHUA NPaBUA COKPALLEHUA K anarpamme F

Compose(x,T,E)

pe3ynbtaT Komnosunuum guarpamm T' v E no nepemeHHOM x
(kopeHb nomeueH x, high(x) = root(T) un low(x) = root(E))

Apply(F © G)

Reduce (Compose (x,Apply(ﬂFl o G|x=1), Apply(F|x=0 o G|x=0)))

[F1 dYHKUMA, peanvsyemas auarpammon F
HpOl"paMMl/IpOBaHl/Ie
£ nycTas nporpamma
skip nycTov onepaTtop (He M3MeHsAET COCTOAHMA NMPOrpammbl)
x:=t onepaTop NPUCBanMBaHUA: X — NepemeHHasn, t — BblpaxkeHne
P;Q nocnefosaTeNbHaA KOMNO3ULMA nporpamm P un Q
if B
then P else Q YCNOBHbIN onepaTop: B — nornyeckas dopmyna, P u Q — nporpammbl
end
while B do
P onepartop umkna: B — nornyeckaa dopmyna, P — nporpamma
end
yCNI0BUE YaCTUHHOM KOPPEKTHOCTU Nporpammsl P
{o}Py} OTHOCWTE/IbHO N
peAycnoBuA @ v NocTycnosua Y
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yCNI0BUE NOJTHOM KOPPEKTHOCTM Nporpammsi P

(@)PW) OTHOCUTENbHO NPEAYCNOBUA @ U MOCTYCNOBUA 1
wp(P,y) cnabeliwee npeaycnosue NnporpaMmbl P OTHOCUTEIbHO NOCTYCN0BUA
sp(P, p) cnabeiilwee NocTycnoBue NPorpammbl P OTHOCUTENbHO NPeayCNoBuUs @
ssa(P) SSA-npeacTaBneHve nporpammol P
{p} YTBEPXAEHME (@ UCTUHHO B COOTBETCTBYIOLLLEN TOUKE NPOrpammbl
{inv: ¢} ¢ — WHBAPMAHT COOTBETCTBYIOLLErO LIMKAA
{bd:u,(M,<)} | u— orpaHuuusatowas dyHKUMAa umkna ((M, <) — GyHAMpOBaHHOE MHOMKECTBO)
M[P] cemaHTUKa nporpammsl P: M[P]: S — 25, roe S — MHOXKeCTBO COCTOAHMI
M*[P] oTobpaskeHue, onpegensemoe paseHcteom M*[P](S) = M[PJ(S)u S
- OTHOLLEHWE NepexoaoB Ha KOHGUIypaLMaAX NPOrpaMmbl
v onepaTop pacluMpeHns B abCTPaKTHOM MHTepnpeTaLum
s(t) 3HaYeHne Tepma t B COCTOAHUU S
[p1 MHOKECTBO COCTOAHMI MPOrPaMMbl, B KOTOPbIX UCTUHEH NpeauKaT p
Ha4aNbHbI OnepaTop 60K-CXeMbl: X — NepemeHHas, t — BbipaxeHue

assign:x =t

onepatop npuceanBaHuA 6710K-CXemMbl: X — nepemeHHasn, t — BblpakeHune

YCNOBHbIV onepatop 610K-cxembl: B — noruyeckas popmyna

onepatop coegunHeHUA 6710K-CXembl

3aBepLualoLmil onepatop 610K-CXeMbl: X — nepemeHHas, t — BblpaseHue

€ nycTas NOMeTKa Ayrn 6710K-Cxembl
PlQ napannenbHas komnosmuua npoueccos P v Q
P@! npebbiBaHWe npouecca P B Touke [
P@L npebbiBaHMe Nporpammbl P B 0O4HOM U3 TOYEK MHOXKeCTBa L
Xx XapaKTepuctTnieckan GyHKUMA MHOKeCTBa (OTHowWweHus) X
R(P) CUMBOIMYECKOE NpeacTaB/ieHne nporpammbl P

262




CIIMCOK MCTOYHUKOB

KHHUrM ¥ cTaTbu

[Amx98]

[Anel3]

[Bap79]

[Byz1l4]

[Byp03a]

[Byp03b]

[Bypll]

[EBx50]

[Epm87]

[B3ax12]

[Kap03]

[Kapl0]

[Kac03]

[KoT91]

[KpoO1]

B. Agykunes. Mugpbl 0 6e3onacHom [10: ypoKu 3HameHUMbix Kamacmpodg. OTKPbITble CUCTEMBI,
Ne6, 1998 (http://www.osp.ru/os/1998/06/179592/).

B.B. Anekcees. /lekyuu rno duckpemHol mamemamuke. — M.: UHdpa-M. Bbicwee obpasoBaHue:
bakanaspwuar, 2013. — 96 c.

C.W. bapaHos, C.A. Maiiopos, K0.M. Caxapos, B.A. CentoTnH. ABmomamu3sayus npoeKkmuposaHus
yugpossix ycmpoticms. /1.: Cynoctpoenue, 1979. — 264 c.

[.B. Bysganos, E.B. KopHbixuH, A.A. NMaHdepos, A.K. NetpeHko, A.B. Xopowunnos. [TpakmuKym rno
dedykmusHol sepugpukayuu npoepamm. — M. U3patenbckuii otaen dakynbteta BMK MIY um.
M.B. lomoHocoBa; MAKC MNpecc, 2014. — 100 c.

WN.B. BypaoHos, A.C. Kocaues, B.B. KynamuH. HeusbbimoyHele anzopummesl 06xoda
OpUEHMUPOBAHHLIX 2pagos. JemepmuHuposaHHslli cayyali. MporpammuposaHue, Ne 5, 2003.
C. 11-30. (AHraniickmnii nepesog;: |.B. Bourdonov, A.S. Kossatchev, V.V. Kuliamin. Irredundant
Algorithms for Traversing Directed Graphs: The Deterministic Case. Programming and Computer
Software, 29(5), 2003. P. 245-258. DOI: 10.1023/A:1025733107700.)

WN.B. BypaoHos, A.C. Kocaues, B.B. KynamuH, A.K. NeTpeHKo. [1odxo0d UniTesK k pazpabomke
mecmos. MporpammuposaHue Ne 6, 2003. C. 25-43. (AHranickuii nepesog;: V.V. Kuliamin,
A.K. Petrenko, A.S. Kossatchev, |.B. Burdonov. The UniTesK Approach to Designing Test Suites.
Programming and Computer Software, 29(6), 2003. P. 310-322.

DOI: 10.1023/B:PACS.0000004131.54590.fb.)

W.b. BypaoHos, C.I. Ipowes, A.B. lemakos, A.C. KamkuH, A.C. Kocaues, A.A. CopToB.
MapannenvHoe mecmuposaHue 60abWUX ABMOMAMHbIX Modeseli. BectHuk HHIY, Ne 3, 2011.
C.187-193.

Hauvana Eekauda. / Nep. c rped. n komm. 4.4. Mopayxaa-bontosckoro nog pea. M.f. Bbiroackoro
n WU.H. Becenosckoro. M.-/1.: TUTTN, T.1. 1948; T.2 1949; T.3 1950.

10./1. Epwos, E.A. MantotuH. Mamemamuyeckasa no2uka. — M.: Hayka, 1987. — 336 c.

B.A. 3axapos. [Ipobsema sK8UBaAAEHMHOCMU MPO2PAMM: MOOEesU, a120PUMMbl, CIOHHOCM®b.
[uccepTaumsa Ha COUCKaHWE YYeHOW CTENEHU AOKTOPA PU3MKO-MaTeEMATUYECKUX HayK. BMK MTY,
2012.438c.

0.T. Kapnos. Teopus asmomamos. — CM6.: Mutep, 2003. — 208 c.

10.T. Kapnos. Model Checking. Bepugukayus napannensHelx U pacrnpeoeneHHbIX npopammHbIX
cucmem. — CI6.: 6XB-MNeTtepbypr, 2010. — 560 c.

B.H. KacbaHoB, B.A. EBCTUIrHEEB. [Ppaghbl 8 Mpo2pamMmuposaHuu: 0bpabomka, eusyanusayus u
npumeHeHue. — CM6.: BXB-MeTtepbypr, 2003. — 1104 c.

B.E. KoTos, B.K. Cabenbdenba. Teopusa cxem nporpamm.— M.: Hayka, 1991.— 248 c.

A.C. KpoHpoga. becedol o npoepammuposaHuu. M.: Eautopuan YPCC, 2001. — 248 c.

263



[Kyn08]

[JIaB09]

[Manl3]

[Hemn88]

[Cepl2]

[Y6a76]

[Mlox81]

[Bla05]

[Aho06]

[Ake78]

[And79]

[Apt09]

[Bail8]

[BaulO]

[Baull]

[Bei90]

[Bei95]

[Benl0]

[Benl2]

264

B.B. KynamuH. Memodesl sepugukayuu npo2pammHozo obecrieyeHuUs. Bcepoccnincknin KoHKypc
0630pHO-aHaNIMTUYECKMX CTaTel Mo NPUOPUTETHOMY HanpaBaeHuto «MHbopMaLMOHHO-
Te/IeKOMMYHMKaLMOHHbIe cucTembl», 2008. 117 c. (http://www.ict.edu.ru/ft/005645/62322e1-
st09.pdf)

WN.A. Naspos, /1./1. MakcumoBa. 3adayu no meopuu MHoOXecms, mamemamudeckoli 102uKke u
meopuu anzopummos. — M.: DUSMAT/INT, 2009. — 256 c.

M.Y. MaHgpbikuH, B.C. MytunuH, A.B. Xopowwunos. BeedeHue 8 Memod CEGAR — ymoyHeHue
abcmpakyuu no KoHmprpumepam. Tpyabl UCMN PAH, 24, 2013. C. 219-292. DOI: 10.15514/ISPRAS-
2013-24-12.

B.A. HenomHsawwmi, O.M. PakuH. lpuknadHsie memodsl 8epugukayuu npozpamm. — M.: Paguo un
cBA3b, 1988. — 256 c.

B.A. CepebpsKkoB. Teopus u peanu3ayus A3biKoe npozpammuposaHus. — M.: DUSMAT/INT, 2012.
— 236c¢.

P. Y6ap. leHepayusa mecmos yughpossix cXxem € UCronb6308aHUEM A16MEPHAMUBHbIX 2pAO8.
Tpyabl TannMHCKOro TexHnyeckoro yHnsepcuteta, Ne409, 1976. C. 75-81.

H0.U. LOKWUH. MHTepBanbHbIM aHanms. H.: Hayka, 1981, — 112 c.

A. Blass, Yu. Gurevich, L. Nachmanson, M. Veanes. Play to Test. Technical Report MSR-TR-2005-
04, 2005. (http://research.microsoft.com/apps/pubs/default.aspx?id=70129)

A.V. Aho, M.S. Lam, R. Sethi, J.D. Ullman. Compilers: Principles, Techniques, and Tools. Addison
Wesley, 2006. — 1000 p. (Pycckuit nepesoa: A.B. Axo, M.C. lam, P. Cetu, [k.[. YnbMmaH.
Komnuaamopel: IpUHYUnsl, mexHoa02uu u uHcmpymeHmapui. M.: Bunbamc, 2014. — 1184 c.)

S.B. Akers. Binary Decision Diagrams. |EEE Transactions on Computers, C-27(6), 1978. P. 509-516.
DOI: 10.1109/TC.1978.1675141.

R.B. Anderson. Proving Programs Correct. John Wiley & Sons, 1979. (Pycckuit nepesoa;
P. AHpepcoH. [Jokazamenscmeso npasunsHocmu npoepamm. — M.: Mup, 1982, — 287 c.)

K.R. Apt, F.S. de Boer, E.-R. Olderog. Verification of Sequential and Concurrent Programs.
Springer-Verlag, 2009. — 502 p.
C. Baier, J.-P. Katoen. Principles of Model Checking. The MIT Press, 2008. — 984 p.

P. Baudin, P. Cuogq, J.-C. Fillidtre, C. Marché, B. Monate, Y. Moy, V. Prevosto. ACSL: ANSI/ISO C
Specification Language. Version 1.4. 2010.

A. Bauer, M. Leucker, C. Schallhart. Runtime Verification for LTL and TLTL. ACM Transactions on
Software Engineering and Methodology, 20(4), 2011, P. 14:1-14:64.
DOI: 10.1145/2000799.2000800.

B. Beizer. Software Testing Techniques. Van Nostrand Reinhold, 1990. — 550 p.

B. Beizer. Black-Box Testing: Techniques for Functional Testing of Software and Systems. Wiley,
1995. 320 p. (Pycckuit nepesoa;: b. beitzep. TecmuposaHue YepHo20 AWUKA. TexHono2uu
(PYHKUUOHAIbHO20 MecCmupo8aHUs Mpo2pamMmHo20 obecrieyeHusa u cucmem. C6.: Nutep, 2004.
—320¢c.)

M. Ben-Ari. Principles of the Spin Model Checker. Supplementary Material on Spin Version 6,
2010. — 7 p.

M. Ben-Ari. Mathematical Logic for Computer Science. Springer, 2012. — 354 p.



[Bie03]

[Bire7]

[Boe01]

[Bry86]

[Buc60]

[Bur90]

[Bur99]

[Cavld]

[Cha73]

[Cla03]

[Cla86]

[Cou77]

[Cou78]

[Cra57]

A. Biere, A. Cimatti, E.M. Clarke, O. Strichman, Y. Zhu. Bounded Model Checking. Advances in
Computers, 58(3), 2003. P. 117-148. DOI: 10.1016/50065-2458(03)58003-2.

G. Birkhoff. Lattice Theory. American Mathematical Society, 1967. — 418 p. (Pycckuit nepesog;
I. Bupkrod. Teopus pewemok. M.: HayKa. (naBHas pegakuma GU3nMKo-maTemaTUyecKkomn
nuTepatypsbl, 1984, — 568 c.)

B. Boehm, V.R. Basili. Software Defect Reduction Top 10 List. Computer, 34(1), 2001. P. 135-137.
DOI: 10.1109/2.962984.

R.E. Bryant. Graph-Based Algorithms for Boolean Function Manipulation. |EEE Transactions on
Computers, C-35(8), 1986. P. 677-691. DOI: 10.1109/TC.1986.1676819.

J.R. Blichi. On a Decision Method in Restricted Second Order Arithmetic. International Congress on
Logic, Method, and Philosophy of Science, 1960. P. 1-12. DOI: 10.1007/978-1-4613-8928-6_23.

J.R. Burch, E.M. Clarke, K.L. McMillan. Symbolic Model Checking: 10?° States and Beyond.
Proceedings of the 5t" IEEE Symposium on Logic in Computer Science (LICS), 1990. P. 428-439.
DOI: 10.1109/LI1CS.1990.113767.

I. Burdonov, A. Kossatchev, A. Petrenko, D. Galter. KVEST: Automated Generation of Test Suites
from Formal Specifications. Proceedings of Formal Methods: World Congress on Formal Methods
in the Development of Computing Systems (FM), LNCS 1708, Volume 1, 1999. P. 608-621.

DOI: 10.1007/3-540-48119-2 34.

D. Cavada, A. Cimatti, M. Dorigatti, A. Griggio, A. Mariotti, A. Micheli, S. Mover, M. Roveri,

S. Tonetta. The nuXmv Symbolic Model Checker. Proceedings of the 16" International Conference
on Computer Aided Verification (CAV), 2014, LNCS 8559, P. 334-342. DOI: 10.1007/978-3-319-
08867-9_22.

C.-L. Chang, R.C.-T. Lee. Symbolic Logic and Mechanical Theorem Proving. Academic Press, 1973.
331 p. (Pycckuii nepesog;: Y. YeHb, P. Jlu. Mamemamuyeckas A02uKa U aemomamuyeckoe
dokazamesnbcmeo meopem. — M.: Hayka, 1983. — 358 c.)

E. Clarke, O. Grumberg, S. Jha, Y. Lu, H. Veith. Counterexample-Guided Abstraction Refinement.
Computer Aided Verification, LNCS, Vol. 1855, 2000. P. 154-169. DOI: 10.1007/10722167_15.

E.M. Clarke, E.A. Emerson, A.P. Sistla. Automatic Verification of Finite-State Concurrent Systems
Using Temporal Logic Specifications. ACM Transactions on Programming Languages and Systems,
8(2), 1986. P. 244-263. DOI: 10.1145/5397.5399.

P. Cousot, R. Cousot: Abstract Interpretation: A Unified Lattice Model for Static Analysis of
Programs by Construction or Approximation of Fixpoints. Conference Record of the 4" ACM
Symposium on Principles of Programming Languages (POPL), 1977. P. 238-252.

DOI: 10.1145/512950.512973.

P. Cousot, N. Halbwachs. Automatic Discovery of Linear Restraints among Variables of a Program.
Conference Record of the 5" Annual ACM SIGPLAN-SIGACT Symposium on Principles of
Programming Languages (POPL), 1978. P. 84-97. DOI: 10.1145/512760.512770.

W. Craig. Linear Reasoning. A New Form of the Herbrand-Gentzen Theorem. Journal of Symbolic
Logic, 22, 1957. P. 250-268. DOI: 10.2307/2963593.

265



[Dah72]

[Dav60]

[Dav62]

[Dij75]

[Dij76]

[Flo67]

[Gla02]

[God05]

[Gri8l]

[Gun92]

[Har09]

[Hoa69]

[Hol03]

[Hol91]

[Hol97]

[Hol198]

[Ker88]

0.-J. Dahl, E.W. Dijkstra, C.A.R. Hoare. Structured Programming. Academic Press, 1972. 220 p.
(Pycckuii nepesog; Y. flan, 3. fehkcrpa, K. Xoop!®. CmpykmypHoe npozpammuposarue. M.: —
Mwup, 1975. — 248 c.)

M. Davis, H. Putnam. A Computing Procedure for Quantification Theory. Journal of the ACM 7(3),
1960. P. 201-215. DOI: 10.1145/321033.321034.

M. Davis, G. Logemann, D. Loveland. A Machine Program for Theorem Proving. Communications
of the ACM 5(7), 1962. P. 394-397. DOI: 10.1145/368273.368557.

E.W. Dijkstra. Guarded Commands, Non-determinacy and Formal Derivation of Programs.
Communications of ACM, 18(8), 1975, P. 453-457. DOI: 10.1145/360933.360975.

E.W. Dijkstra. A Discipline of Programming. Prentice Hall, 1976. — 232 p. (Pycckuii nepeBog;:
3. [felikeTpa. JucyunauHa npoepammuposaHua. — M.: Mup, 1978. — 275 c.)

R.W. Floyd. Assigning Meaning to Programs. Mathematical Aspects of Computer Science.
Proceedings of Symposia in Applied Mathematics, 19, 1967. P. 19-32.
DOI: 10.1090/psapm/019/0235771.

R.L. Glass. Facts and Fallacies of Software Engineering. Addison-Wesley Professional, 2002. —
224 p. (Pycckuii nepesop;: P. Fnacc. @akmel u 3a6ay#0eHUA NpogeccuoHanbHo20
npoepammupogaHus. CN6.: Cumson-MNntoc, 2007. — 240 c.)

P. Godefroid, N. Klarlund, K. Sen. DART: Directed Automated Random Testing. Proceedings of the
2005 ACM SIGPLAN Conference on Programming Language Design and Implementation (PLDI),
40(6), 2005. P. 213-223. DOI: 10.1145/1064978.1065036.

D. Gries. The Science of Programming. Springer Verlag, 1981. — 388 p. (Pycckuit nepesoa;
. Tpuc. Hayka npoepammuposaHusa. — M.: Mup, 1984. — 416 c.)

C.A. Gunter. Semantics of Programming Languages: Structures and Techniques. The MIT Press,
1992. — 441 p.

J. Harrison. Handbook of Practical Logic and Automated Reasoning. Cambridge University Press,
2009. —702 p.

C.A.R. Hoare. An Axiomatic Basis for Computer Programming. Communications of the ACM,
12(10), 1969. P. 576-585. DOI: 10.1145/363235.363259.

G.J. Holzmann. The SPIN Model Checker. Primer and Reference Manual. Addison-Wesley, 2003. —
608 p.

G.J. Holzmann. Design and Validation of Computer Protocols. Prentice Hall, 1991. — 512 p.

G.J. Holzmann. State Compression in SPIN: Recursive Indexing and Compression Training Runs.
Proceedings of the 3™ International SPIN Workshop, 1997. — 10 p.
(http://spinroot.com/spin/Workshops/ws97/gerard.pdf)

G.J. Holzmann. An Analysis of Bitstate Hashing. Formal Methods in System Design, 13(3), 1998,
P. 287-307. DOI: 10.1023/A:1008696026254.

B.W. Kernighan, D.M. Ritchie. The C Programming Language. Prentice Hall, 1988. 272 p. (Pycckuit
nepesoa: b. KepHuraH, [. Putun. A3sik npoepammuposarus C. M.: U3aaTeNbCKUin om
«Bunbamcy», 2006. — 304 c.)

1% 310 He oneyaTKa — 3TO CTPaHHbIV Nepesos MMeHu Yapab3a IHTOHM Pudapaa (ToHu) Xoapa Ha pycckuit.

266



[Kes98]

[Krie3]

[Kro08]

[Leeb59]

[L1o07]

[Marl0]

[Mar82]

[Mcc04]

[Mcc62]

[Mcm01]

[Mcm92]

[Minl3]

[Mit96]

[Mon09]

[Mul63]

[Nel79]

[Nel80]

Y. Kesten, A. Pnueli, L. Raviv. Algorithmic Verification of Linear Temporal Logic Specifications.
Proceedings of International Colloquium on Automata, Languages, and Programming (ICALP),
LNCS 1443, Springer, 1998, P. 1-16. DOI: 10.1007/BFb0055036.

S.A. Kripke. Semantical Considerations on Modal Logic. Acta Philosophica Fennica, 16, 1963. P. 83-
94.

D. Kroening, O. Strichman. Decision Procedures: An Algorithmic Point of View. Springer, 2008. —
306 p.

C.Y. Lee. Representation of Switching Circuits by Binary-Decision Programs. The Bell System
Technical Journal, 38(4), 1959. P. 985-999. DOI: 10.1002/j.1538-7305.1959.tb01585.x.

S. Lloyd. Programming the Universe: A Quantum Computer Scientist Takes on the Cosmos.
Vintage, 2007. — 256 p. (Pycckuii nepesog;: C. floig,. NMporpammupysa BceneHHyto: KBaHTOBbI
KOMNblOTEP M Byaywee Hayku. — M.: AnbnuHa HoH-OuKIWH, 2014, — 256 c.)

C. Marché, Y. Moy. Jessie Plugin Tutorial. Frama-C version: Boron, Jessie plugin version 2.26.
2010. — 28 p.

A. Martelli, U. Montanari. An Efficient Unification Algorithm. ACM Transactions on Programming
Languages and Systems, 4(2), 1982. P. 258-282. DOI: 10.1145/357162.357169.

S. McConnell. Complete: A Practical Handbook of Software Construction. Microsoft Press, 2004. —
960 p. (Pycckuii nepesog: C. MakkoHHenn. CogepuieHHbili KoO: NMpaKkTUYeckoe pyKoBOACTBO MO
pa3paboTKke nporpammHoro obecnevenus. — M.: Pycckas Pegakums, 2016. — 896 c.)

J. McCarthy. Towards a Mathematical Science of Computation. Proceedings of IFIP Congress,
1962. P. 21-28.

K. McMillan. Parameterized Verification of the FLASH Cache Coherence Protocol by Compositional
Model Checking. Proceedings of the 11t IFIP WG 10.5 Advanced Research Working Conference on
Correct Hardware Design and Verification Methods (CHARME), 2001. P. 179-195. DOI: 10.1007/3-
540-44798-9_17.

K.L. McMillan. Symbolic Model Checking. An Approach to the State Explosion Problem. Doctoral
Dissertation, Carnegie Mellon University, 1992. 214 p.

Y. Minsky, A. Madhavapeddy, J. Hickey. Real World OCaml: Functional Programming for the
Masses. O'Reilly Media, 2013. — 510 p. (Pycckuii nepesoga;: A. MuHckn, A. Magxasaneaau,
LK. XvKKW. [IpoepammuposaHue Ha A3eike OCaml. M.: — MK MMpecc, 2014. — 536 c.)

J.C. Mitchell. Foundations for Programming Languages. The MIT Press, 1995. — 845 p. (Pycckuit
nepesoa: [x. Mutuenn. OcHo8aHUA A3bIKO8 po2pammuposaHus. — M.—Mxesck: HUL,
«PerynapHas u xaotuyeckas guHamumka», 2010. — 720 c.)

D. Monniaux. A Minimalistic Look at Widening Operators. Higher-Order and Symbolic
Computation, 22(2), 2009. P. 145-154. DOI: 10.1007/s10990-009-9046-8.

D.E. Muller. Infinite Sequences and Finite Machines. Proceedings of the 4" IEEE Symposium on
Switching Circuit Theory and Logical Design, 1963. P. 3-16. DOI: 10.1109/SWCT.1963.8.

G. Nelson, D.C. Oppen. Simplification by Cooperating Decision Procedures. ACM Transactions on
Programming Languages and Systems, 2(1), 1979. P. 245-257. DOI: 10.1145/357073.357079.

G. Nelson, D.C. Oppen. Fast Decision Procedures Based on Congruence Closure. Journal of the
ACM, 27(2), 1980. P. 356-364. DOI: 10.1145/322186.322198.

267



[Nie07]

[Ost88]

[Pap82]

[Pea89]

[Pet81]

[Petl)]

[Plo81]

[Pnu77]

[Rab69]

[Rail2]

[Rob65]

[Roz10]

[Sen05]

[Tar72]

[Tho96]

[Tre08]

[Tur36]

[Uttl2]

[Var86]

268

R. Nieuwenhuis, A. Olivas. Fast Congruence Closure and Extensions. Information and
Computation, 205(4), 2007. P. 557-580. DOI: 10.1016/j.ic.2006.08.009.

T.J. Ostrand, M.J. Balcer. The Category-Partition Method for Specifying and Generating Functional
Tests. Communications of the ACM, 31(6), 1988. P. 676-686. DOI: 10.1145/62959.62964.

C.H. Papadimitriou, K. Steiglitz. Combinatorial Optimization: Algorithms and Complexity. Courier
Corporation, 1982. — 496 p. (Pycckuit nepesog: X. Managumutpuy, K. Crairnmu,.
KombuHamopHasa onmumu3ayus. An2opummel u cnoxHocmes. — M.: Mup, 1985. — 512 c.)

G. Peano. Arithmetices principia, nova methodo exposita. Fratres Bocca, 1889. — 20 p.

G.L. Peterson. Myths About the Mutual Exclusion Problem. Information Processing Letters, 12(3),
1981, P. 115-116.

A.K. Petrenko, B.-H. Schlingloff, N. Pakulin. Preface. Proceedings of the 10" Model-Based Testing
Workshop (MBT), EPTCS 180, 2015. P. 1-6. DOI: 10.4204/EPTCS.180.0

G. Plotkin. A Structural Approach to Operational Semantics. Technical Report DAIMI FN-19,
Computer Science Department, Aarhus University, Aarhus, Denmark, 1981.

A. Pnueli. The Temporal Logic of Programs. Proceedings of the 18" IEEE Symposium on
Foundation of Computer Science (FOCS), 1977, P. 46-57. DOI: 10.1109/SFCS.1977.32.

M.O. Rabin. Decidability of Second Order Theories and Automata on Infinite Trees. Transaction of
the AMS 141, 1969, P. 1-35. DOI: 10.2307/1995086. JSTOR 1995086.

C. Raistrick, P. Francis, J. Wright, C. Carter, |. Wilkie. Model Driven Architecture with Executable
UML. Cambridge University Press, 2004. — 412 p.

J.A. Robinson. A Machine-Oriented Logic Based on the Resolution Principle. Journal of the ACM,
12(1), 1965. P. 23-41. DOI: 10.1145/321250.321253.

K.Y. Rozier. Linear Temporal Logic Symbolic Model Checking. Computer Science Review, 2010.
41 p. DOI: 10.1016/j.cosrev.2010.06.002.

K. Sen, D. Marinov, G. Agha. CUTE: A Concolic Unit Testing Engine for C. Proceedings of the 10t
European Software Engineering Conference held jointly with 13™" ACM SIGSOFT International
Symposium on Foundations of Software Engineering (ESEC/FSE), 2005. P. 263-272.

DOI: 10.1145/1081706.1081750.

R. Tarjan. Depth-First Search and Linear Graph Algorithms. SIAM Journal on Computing, 1(2), 1972
P. 146-160. DOI: 10.1137/0201010.

W. Thomas. Languages, Automata, and Logic. Bericht 9607, Institut fir Informatik und Praktische
Mathematik der Christian-Albrechts-Universitat zu Kiel, D-24098 Kiel, 1996. — 75 p.

J. Tretmans. Model Based Testing with Labelled Transition Systems. Formal Methods and Testing,
2008. P. 1-38.

A.M. Turing. On Computable Numbers, with an Application to the Entscheidungsproblem.
Proceedings of the London Mathematical Society, Series 2, 42(1), 1936. P. 230-265. (Errata
appeared in Series 2, 43, 1937. P. 544-546.) DOI: 10.1112/plms/s2-42.1.230.

M. Utting, A. Pretschner, B. Legeard. A Taxonomy of Model-Based Testing Approaches. Software
Testing, Verification & Reliability, 22(5), 2012, P. 297-312. DOI: 10.1002/stvr.456.

M.Y. Vardi, P. Wolper. An Automata-Theoretic Approach to Automatic Program Verification.
Proceedings of the 1%t Symposium on Logic in Computer Science (LICS), 1986. P. 332-344.
(http://spinroot.com/spin/Doc/lics86.pdf)




P. Wolper. Constructing Automata from Temporal Logic Formulas: A Tutorial. Lectures on Formal

[Wol02] .
Methods and Performance Analysis, 2002. P. 261-277.

[Yua06] J. Yuan, C. Pixley, A. Aziz. Constraint-Based Verification. Springer, 2006. — 254 p.

MaTtepuasibl u3 UHTEepHeT

[Cudd] CrpaHuua 6ubanotekn CUDD — http://vlsi.colorado.edu/~fabio/CUDD/

M. Dam. Temporal Logic. Lecture 2 —
http://www.csc.kth.se/~mfd/Courses/Temporal_logic/lecture2.pdf

[FraC] Ctpanuya nnatdopmbl Frama-C — http://frama-c.com

[Jess] CrpaHuua mogyna Jessie — http://frama-c.com/jessie.html

[Dam]

[JPF] Caiit uHcTpymeHTa Java PathFinder— http://javapathfinder.sourceforge.net

[Krak] CrpaHuua moayneit Krakatoa u Jessie — http://krakatoa.lri.fr

[MinS] CtpaHuua SAT-pelatens MINISAT — http://minisat.se

[Prom] CTpaHuLa ¢ LOKyMeHTaumen no a3biky PROMELA — http://spinroot.com/spin/Man/promela.html
[Spin] CalT nHcTpymeHTa SPIN — http://spinroot.com

[Why3] Crpanuua nnatdopmbl Why (Bepcun 3) — http://why3.Iri.fr







Kamkin, Alexander Sergeevich.

Introduction to formal methods for program verification: textbook / A.S. Kamkin. —
Moscow : MAKS Press, 2018. — 272 p.

ISBN 978-5-317-05767-1

This textbook is devoted to formal methods for program verification and is based on the lectures given
by the author at CMC MSU, DCAM MIPT, and FCS HSE. It describes the basics of such approaches
as deductive analysis and model checking. The list of topics includes formal semantics of programming
languages (operational and axiomatic semantics), formal specification of requirements (software contracts
and the linear-time temporal logic), methods for proving program correctness (the method of inductive
assertions and the method of well-founded sets), and model checking methods (the automata-theoretic
approach in the explicit and symbolic forms). The textbook also addresses issues of abstract interpretation,
constraint solving, and model-based testing; it provides information on the Frama-C and Spin tools. Each
chapter is accompanied by examples and exercises.

The textbook is intended for undergraduate and postgraduate students of programming specialties as
well as teachers and researchers in the field of computer science and software engineering.

Keywords: formal specification, formal verification, deductive analysis, model checking, model-based
testing, Frama-C, Spin.



VyebHoe uzganue

KAMKUWH Anexcanap CepreeBud

BBEJIEHUE B ®OPMAJIBHBIE METO/IbI
BEPUOUKAIINU ITPOT'PAMM

Vyebnoe nocobue

WznarenscrBo « MAKC Ipecey
I'nasublil pefakrop usnarenscrsa: E. M. Byeauesa
O6noxxka: M. A. Eponuna

TToanucano B nmeyars 20.02.2018 1.
@opmar 70x100 1/16. Yen.new.. 17,0.
Tupax 70 sx3. U3m. Ne 028.

N3znarensctBo OO0 «MAKC IIpece»
JInuensus UJI NO0510 or 01.12.99 .
119992, T'CII-2, MockBa, JIeHuHCKHE TOPBI,
MI'Y um. M. B. JlomoHocoBa,
2-if yueOHbIi Kopmyc, 527 K.
Teu. 8(495) 939-3890/91. Ten./MDakc 8(495) 939-3891.

OrneyaraHo ¢ FOTOBOTO OpPUTHHANI-MaKeTa
B AO «IlepBast O6pasuosast Tunorpadus»
Ounnan «Yexosckuii [Tewarnsiit IBop»
142300, MockoBckast 001acTb, . Yexos, yiu. [Tonmurpaducros, 1. 1
Caiit: www.chpk.ru, E-mail: sales@chpk.ru, texn. 8 (499)270-73-59.
3aka3 Ne



	Пустая страница



