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Pedgepar

OO0mas xapakTepucTUuKa padoThbl

AKTYyaJIbHOCTb TeMbl. KoHEUHbIe aBTOMATHI SIBJISIOTCSA OJHUM M3 OCHOBOIOJIA-
ralomyX KOHLENTOB B AUCKPETHON MaTeMaThke, MHPOPMATHKE ¥ IIPOrPaMMUPOBAHHH.
IToMMMO HENOCPEACTBEHHON POJIM B TEOPHH (POPMAIBLHBIX SA3BIKOB U ITPU IIPOEKTUPO-
BaHMU BBIYMCIUTENBHBIX MALINH, PA3IMYHbIE KOHEUHO-aBTOMATHBIE MOJIENTH HCIIONb3Y-
I0TCS B Hallle BpeMs Ha NpakTHKe MpH pa3paboTKe M aHalIM3€e NPOrpaMMHOIo odecrie-
YeHHs.

Hanpumep, KOHEUHbIE aBTOMAThI MCIIONB3YIOTCS PH IIPOEKTUPOBAHUU MojieIeit
IPOrpaMMHOI0 00ecrede s KOHTPOILIEPOB U OTBETCTBEHHBIX CHCTEM !, JUIsl crietudu-
KaIlUH TIPOTOKOJIOB B3aMMOJEHCTBHAZ, JUIsl MOJEITMPOBAHHS MOBENEHHUS BHICOKOYPOB-
HeBbIX cucTeM’. OCHOBHBIMH MPEUMYIIECTBAMH HCIIONB30BAHUS ABTOMATOB ABJISIOTCS
HAIVISAJHOCTh U OTHOCHUTENbHAS MPOCTOTA MOJEIH JUIsl 4eJIOBEYECKOr0 BOCIPHATHS, a
Takke BO3MOYKHOCTh aBTOMAaTH3MPOBAHHON BeprdUKaluKu (OpPMaIbHBIX CBOWCTB MO-
nemu (model checking)®.

Bo MHOrMX cily4asX MPOEKTHPOBAaHHE ABTOMATHON MOJEIM OCYLIECTBIAETCS
pa3paboOTYNKOM BpY4YHYIO, HANpPUMEp, B IapajurMe aBTOMAaTHOIO MPOrPaMMHUPOBa-
Hus® . [Ipy peleHny Apyrux 3a1ad NoapasyMeBaeTcss aBTOMAaTU3MPOBAHHAs FeHepaLus

KOHCYHOI'O aBTOMAara — MU3BJICUHCHUC MOACIIN U3 CYIICCTBYIOIUX JaHHBIX UJIM CUCTCM.

1IYOJzuKapnoea, H. U., llanvimo, A. A. ABTomatraoe niporpamvuposanue. CI1b: [Turep, 2010. 176 ¢.; Patil, S.,
Dubinin, V., Vyatkin, V. Formal Modelling and Verification of IEC61499 Function Blocks with Abstract State Ma-
chines and SMV — Execution Semantics // SETTA. Vol. 9409. Springer, 2015. P. 300-315. (Lecture Notes in
Computer Science).

2Jongmans, S.-S. T. Q., Halle, S., Arbab, F. Automata-Based Optimization of Interaction Protocols for Scalable
Multicore Platforms / COORDINATION. Vol. 8459. Springer, 2014. P. 65-82. (Lecture Notes in Computer
Science).

3Heule, M., Verwer, S. Software model synthesis using satisfiability solvers // Empirical Software Engineering.
2013. Vol. 18, no. 4. P. 825-856; Wagner, F., Schmuki, R., Wagner, T., Wolstenholme, P. Modeling Software with
Finite State Machines: A Practical Approach. CRC Press, 2006. 392 p.

4Clarke Jr, E. M., Grumberg, O., Kroening, D., Peled, D., Veith, H. Model checking. Second edition. MIT
press, 2018. 424 p. (Cyber Physical Systems Series).

3 Honuxapnosa, H. 1., Hlanwimo, A. A. ABromatHOe nporpammupoanue. CITB: ITutep, 2010. 176 c.



Cpezm MMPAKTHYCCKUX ITPUMCPOB UCIIOJIb30BaHNA MCTOAOB I'CHCPAIN KOHCYHbIX aBTO-
MaToOB MOKHO IIPUBCCTU: IIOCTPOCHHUC MOHCHGﬁ IIporpaMmMHOIro obecreyeHus KOHTPOJI-
JICPOB I10 COCTABJICHHBIM BPYYHYIO UJIM CHATBIM aBTOMATHU3WPOBAHHO IIPUMEpPaM I10BC-

6

ACHUA ™, IOCTPOCHUC (I)OpMaHBHBIX Moz[eneﬁ 00BEKTOB yr[paBJ'IeHI/ISI7

, AaHAJIU3 MoJeliei
TOBEJIEHHs CJIOKHBIX TIPOrPAMMHBIX CUCTEM® M CETEBBIX IPOTOKOJIOB®, U Jpyrue. AK-
TUBHOE U3YUYCHHUE U pa3pabOTKa aIrOpUTMOB FreHEPAIIMH aBTOMATOB HAauWHAJIach BEJIET-
csi ¢ 1970-x romos. B 1978 roay 6b110 10Ka3aH0, YTO 3a/1a4a FeHEPAIUH IETEPMUHUAPO-
BaHHOTO KOHEYHOTOo aBToMara (JIKA) ¢ 3a1aHHbIM (MUHUMAJIBHBIM ) YUCIIOM COCTOSIHUI
110 3aJaHHBIM IpEMepaM noseeHus apisercs NP-nomnoit!?. Jlanusiii Teopetnyecknii
pe3yibTaT MOAYEPKUBACT CIOKHOCTh 3aJ]aul TeHEepallui aBTOMATOB B OOIIEM ciiyyae,
aKTyaJu3upys pa3paboTKy MPUMEHUMbBIX Ha MPAKTUKE aITOPUTMOB.

BniocaeacTBum ObLI0 TIPEIOKEHO JOCTATOYHO MHOTO KaK dBPUCTHYECKHUX, TaK
Y META3BPUCTUYECKUX aIropuTMOB renepanuu JJKA 1o 3ajaHHbIM puMepaM MoBeIe-
HUS, ¥ K HACTOSAIIEMY MOMEHTY OHU 00pa3yloT coOOM I1eJ10€ CEeMEICTBO aJITOPUTMOB
B JIMCKPETHON MaTreMaTuKe. 3a MoCcaeaHNe ToJpl OblIa pa3paboTaHa Tpymma METOOB,
CBOJISIIIMX 3a/1a4y TOYHOU reHepaIiuu (C MUHUMAJILHO BO3MOKHBIM UM CJIOM COCTOSIHUM )
UCKOMOTro aBTomara K ApyruM NP-nosubiM 3agauam. [Ipu sTom Hambosee r3ppekTuB-
HBIE TIOJIXO/IbI B HACTOSIIIIMI MOMEHT OCHOBAHbBI Ha CBEICHUH K 3a/1a4€ BBHITTOJTHUMOCTH.

3anada BeIOJIHUMOCTH OyieBbIX opmyit (Boolean Satisfiability — SAT) 3akito-

YaeTcsl B ONPENICJICHUU CYNIECTBOBAHUS BBIMOIHSAIONIEN MOJCTAHOBKH ISl 3aJaHHOM

®Chivilikhin, D., Buzhinsky, 1., Ulyantsev, V., Stankevich, A., Shalyto, A., Vyatkin, V. Counterexample-guided
inference of controller logic from execution traces and temporal formulas // ETFA. IEEE, 2018. P. 91-98.

" Buzhinsky, I., Vyatkin, V. Modular plant model synthesis from behavior traces and temporal properties //
ETFA. IEEE, 2017. P. 1-7; Buzhinsky, I., Vyatkin, V. Automatic Inference of Finite-State Plant Models From
Traces and Temporal Properties // IEEE Transactions on Industrial Informatics. 2017. Vol. 13, no. 4. P. 1521—
1530.

8Heule, M., Verwer, S. Software model synthesis using satisfiability solvers // Empirical Software Engineering.
2013. Vol. 18, no. 4. P. 825-856; Cook, J. E., Wolf, A. L. Discovering Models of Software Processes from
Event-Based Data / ACM Transactions on Software Engineering Methodology. 1998. Vol. 7, no. 3. P. 215-249;
Bertolino, A., Inverardi, P., Pelliccione, P, Tivoli, M. Automatic synthesis of behavior protocols for composable
web-services // ESEC/SIGSOFT FSE. ACM, 2009. P. 141-150.

Sivakorn, S., Argyros, G., Pei, K., Keromytis, A. D., Jana, S. HVLearn: Automated Black-Box Analysis of
Hostname Verification in SSL/TLS Implementations // IEEE Symposium on Security and Privacy. IEEE Computer
Society, 2017. P. 521-538.

Gold, E. M. Complexity of Automaton Identification from Given Data // Information and Control. 1978.
Vol. 37, no. 3. P. 302-320.
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OyneBoil popMyIbl, IPEACTAaBICHHON B KOHbIOHKTUBHON HOpMajibHOU (popmMe — B BU-
1€ KOHBIOHKIMHU TU3bIOHKTOB. CornacHo Teopeme Kyka-JleBuna 1971 rona, 3aaua BbI-
NOJIHUMOCTH siBJigseTcss NP-monHo# JlaHHBIN QakT akTyaau3upoBaid U CTUMYIUPOBAT
pa3pabOTKy MPUMEHHMMBIX Ha MPAKTUKE MPOrPAMMHBIX CPEICTB JJISl PELICHUS 3a1a4u
BBITIOJIHUMOCTH.

Metons! pemienns SAT pa3pabaTbiBaauCh elle 10 BBEICHUS TEOPETUUECKHUX Olle-
HOK cJIO)KHOCTH: B 1962 rony Obu1 nipensnioxkeH anroputm [ssuca-Ilatnema-Jloremana-
JlaBnenpa (Davis-Putnam-Logemann-Loveland — DPLL)!'' — nonnslit anropurm no-
MCKa C BO3BPATOM BBINOJHSIONIEH MOJICTAHOBKU, UCIOJIb3YOIINI S3BPUCTUKHU PACIIPO-
CTpaHEHUs IEPEMEHHON U UCKITFOUEHUS «UUCTBIX» MEPEMEHHBIX JJIsl YCKOPEHUS TTOKC-
ka. JlanHblil anroputM, B oOLIEM Cydae 3a SKCIMOHEHIMAJIbHOE BpEeMs OT 4HCIa Ie-
PEMEHHBIX, IEpeOUpPAET BCE MPOCTPAHCTBO MOUCKA MOJACTAHOBOK M OCTAHABIIUBACTCH,
ecnu Obla HakeHa BBIMOJHSIONMIAS TTOICTAHOBKA MJIN €CJIH TIepedop 3aBepIrrt pado-
Ty — BBIIIOJHAIOIIEN OJCTAHOBKHU HE CYILIECTBYET.

B cepenune 1990-x Ha ocnoBe anroputma DPLL 0bin pazpaboTaH airoputm
CDCL'? (conflict-driven clause learning — «ynpasisemoe KoH(IUKTaMU 00yueHHe
JU3BIOHKTOBY ), COXPAHSIOMINI 1 UCHOIB3YIOIINNA B JaJbHEUILIEM BbIBEJICHHbBIC AU3b-
IOHKTHI B XOJI¢ aHaJin3a KOH(IMKTOB, BO3HUKaIOUX rpu padore DPLL. Takue nu3b-
IOHKTHI B JIaJIbHEHIIIEM MTO3BOJISIFOT HAMHOTO paHbllle IPUHUMATh PEIIEHNE O HEBBIMOJ-
HUMOCTH (POPMYJIbI C TEKYIIMMH AOMYIICHUSIMHU U MEPEXOJUTh K PACCMOTPEHHIO Cie-
TYHOUIUX.

Nmenno Ha anroputme CDCL 0CHOBaHBI BCE COBPEMEHHBIE POTrPaMMHbBIE CPEJI-
ctBa i pemieHus SAT. Kaxnaplid rom mpoBOIATCS COPEBHOBAHHS MPOTPAMMHBIX
cpencts pemenns SAT!3 | uTo oTnuyaer 3a1a4y BBIIOTHUMOCTH OT BCEX OCTAIbHBIX NP-

TPYAHBIX 3a7a4. 3a CYET ITOTO JJIsl APYTUX 3a7ad aKTyaJlbHO pa3paldaThiBaTh METObI,

"' Davis, M., Logemann, G., Loveland, D. W. A machine program for theorem-proving / Communications of
the ACM. 1962. Vol. 5, no. 7. P. 394-397.

2Marques-Silva, J. P, Sakallah, K. A. GRASP — a new search algorithm for satisfiability / ICCAD. IEEE,
1996. P. 220-227.

BThe International SAT Competition Web Page. URL: http: / /www . satcompetition . org/ (ma-
ta 00p. 15.10.2020); SAT Competition 2020. URL: https: //satcompetition.github.i0/2020
(mara o6p. 15.10.2020).


http://www.satcompetition.org/
https://satcompetition.github.io/2020

11

OCHOBaHHbIE Ha cBeJieHUH K SAT: yckopeHus MeTozia MOXKHO T00UThCs 0€3 N3MEHEHHUS
UCXOJTHOTO Kofla, OyJIeT MOCTATOYHO JUIIb 3aMEHHUTh MIPOTrPAMMHOE CPEJCTBO ISl pe-
menust SAT, BbI1arolee HAMAEHHYIO TOJACTAHOBKY MJIM JJOKA3bIBAIOIIIEE €€ OTCYTCTBUE.

OpnHako, B METOI0JIOTUU CBEACHUS MOCTaBiIeHHOM 3a1aun K SAT QyHI1aMeHTab-
HBII XapaKTeP HOCHUT HE CTOJIBKO UCITOIb3YEMOE TPOTPAMMHOE CPEICTBO, CKOJIBKO CIIO-
c00 TpaHCIAIUHU dK3eMIUIIpa 3a7aun B OyseBy (GopMyity, i KOTOPOM B AajdbHEUIIIEM
OyZeT 3amyIleH MOUCK MOACTaHOBKHU. Tak, B MOCHeAHUE TObI IS 3a7a4d TOYHOM Te-
Hepauuu JIKA 1o 3alaHHbIM puMepaM MoBeAeHUs ObUIO MPEAJIOKEeHO 0a30BOE CBe-
nenue'* u Heckonbko ero Moamdukanmii'’. JlaHHble MOTMMHKAIMU MTpe/Iaramy uc-
IIOJIb30BAHUE MPEIUKATOB HAPYIIEHUS CUMMETPUU — JIOMOJIHUTEIBHO BBEJICHHBIX B
UCXOJIHYI0 (DOPMYITy TU3bIOHKTOB, 33Aa0LIUX ClIEUU(PUUHOE I 33]]a4l COKpAILIEHHE
IPOCTPAHCTBA MTOUCKA.

JlaHHBIE TEXHUKU COKPAILICHHS TPOCTPAHCTBA MOMCKA OKA3aJIUCh 0OYeHb dPdek-
THUBHBI Ha TTPAKTHKE, TTO3BOJIMB PEIIATh 3a/1a4¥ TeHEPAIMA aBTOMATOB OOJIBIIIETO pa3Mme-
pa. OJ1HaKo, MOCJEeAY 0NN aHAIN3 TOKA3bIBAET, YTO JAHHBIE TEXHUKH HE ONTUMAJIbHBI,
a 001acTh MPUMEHUMOCTH CYIIECTBYIOIIUX METOAOB TOUHOU reHeparuu JIKA mo npu-
MepaM MOBEICHHUsI BCE €1lle BeCbMa OrpaHrueHa (UTo 00yCIOBIEHO, B IEPBYIO OUEPEb,
NP-nontHOM nipupo0it 3aaaun). Takum 00pa3om, TeMa HACTOSIIIEH AUCCEepTaINu, TIPO-
JOJDKAOIIEH YKa3aHHbIE UCCIICIOBAHUS MTOCIEIHUX JIET U HAIIPaBJIECHHOW HA pacllInupe-
HUE BO3MOXKHOCTEN METOZOB COKPAILEHHsI POCTPAHCTBA MTOMCKA U reHepaunn [IKA,
SIBJISIETCH AKTYAJIbHOM.

Crenenb pa3padOTAHHOCTH TeMbl. 3ajjaua FeHEpalUKU JIETEPMUHUPOBAHHOIO
KOHEYHOTO aBTOMAaTa I10 3aJJaHHBIM IIPUMEPAM TTOBEJICHUS, BBIPAKEHHBIM B BUJIE JIBYX
MHOXECTB S 1 S_, 3akimodaercs B moucke JJKA ¢ MUHIMaJIBHBIM YHUCIIOM COCTOSTHHM,

TAKOI'0, 4TO BCC CTPOKHU U3 MHOKCCTBA S_|_ IMPUHUMAKOTCA aBTOMATOM, 4 BCC CTPOKH M3

14 Heule, M., Verwer, S. Exact DFA Identification Using SAT Solvers // Grammatical Inference: Theoretical
Results and Applications, 10th International Colloquium, ICGI 2010, Valencia, Spain, September 13-16, 2010.
Proceedings. Vol. 6339. Springer, 2010. P. 66—79. (Lecture Notes in Computer Science).

1SHeule, M., Verwer, S. Software model synthesis using satisfiability solvers / Empirical Software Engineer-
ing. 2013. Vol. 18, no. 4. P. 825-856; Vuvauyes, B. Y. I'enepanuss KOHCUHBIX aBTOMATOB C HCITOJIb30BAaHUEM
MIPOrPaMMHBIX CPEJICTB PEIICHHUS 3a/1a4 BBIMOJIHUMOCTH U YIOBIECTBOPCHUS OTPaHUYCHUH : JHC. ... KaH/. TEXH.
Hayk / YapstaueB Braagumup Uropesna. HUY UTMO, 2015.
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S_ — He nmpuHMMaIOTCs. BriepBeie naHHas 3amada Obuia chopMmylvpoBaHa B pabote
Tonya B 1967 roxy'.

[lepBblii U3BECTHBIN AITOPUTM JJI PEIICHUS JaHHOM 3a/1a4i ObUT MPEJIOKEH B
pabote Tpaxren6pora u bapsmuns B 1970 roxy!’ — TB-anropurM. OnHako, mpeuio-
YKCHHBIN QJITOPUTM PEIIAET TOJIBKO YaCTHBIN ciiy4dal 3aj1aun reaepannu KA 1o 3aman-
HBIM MPUMEPaM TOBEJCHUS: JIJIT HEKOTOPOTO HATYpajJbHOTO k BCE BO3MOXKHBIE CIOBA
qmaHbl k Hag andaButoMm Y — Beero |X|F cioB — JOMKHBI cOIep/KaThes BO MHOKE-
ctBax S, m S_. B maHHOM airopuT™e, KaK ¥ B TIOJABIISAIONIEM OONBIIMHCTBE TOCIIE-
TYIOITUX, PUMEPHI IIOBEICHUSI MPEICTABIISIOTCS B BUJIE PACITMPEHHOTO MPE()UKCHOTO
nepeBa — MPeUKCHOTO JIepeBa, B KOTOPOM BEPIIMHBI MOTYT OBITh JOIYCKAIOIIUMU,
OTBEPraroluMu WM MPOMEKYTOUHBIMU. TB-aJITOPUTM OCHOBAH Ha MOJHOM Iepebo-
pe BCeX BO3MOXKHBIX IMap COCTOSHUHN MPE(PUKCHOTO JIepeBa M CIMSHUM YKBUBAJICHTHBIX
COCTOSIHUU B OJTHO.

B 1978 roay l'onn nokazan NP-nonHoty 3agaun renepanun [IKA 3amannoro, a
3HAYNUT ¥ MMHHUMAJILHOTO, pa3Mepa't. BBUy yKa3aHHOMN CIIOKHOCTH HOBBIE aIrOPUT-
MBI TeHepanuu MuHuManbHOTO JIKA He mpennaranucek Oojee mecsaTu jeT. B mocne-
JYIOIIKME TO/Ibl HAaYa I aKTUBHO pa3padarhiBaThCsl HETOYHBIE AIBPUCTHUUYECKHUE aJITOPUT-
MBIl — MMM HE TaApPAHTUPYETCS MUHUMAaJIbHOCTh HakeHHoro JIKA. Cpenu takux ai-
TOPUTMOB MOKHO BBIIENHUTH cienytonue: traxbar!®, RPNI?, EDSM?!, exbar??,

Windowed-EDSM?*. Bece MCPCUYNCIICHHBIC AJITOPUTMbI OCHOBAHBI HA CIIMSTHUM COCTOSI-

18Gold, E. M. Language Identification in the Limit // Information and Control. 1967. Vol. 10, no. 5. P. 447-474.

Y Tvaxmenépom, b. A., bap3ouns, A. M. Koneunbie aBToMarsl (10BeieHne 1 cuuTe3). Hayka. I, pej. hu3.-mar.
aut., 1970. 400 c. (MaremaTrueckast JOTHKa 1 OCHOBAHUS MaTeMaTHKH).

8Gold, E. M. Complexity of Automaton Identification from Given Data // Information and Control. 1978.
Vol. 37, no. 3. P. 302-320.

YLang, K. J. Random DFA’s Can Be Approximately Learned from Sparse Uniform Examples // Proceedings
of the Fifth ACM Workshop on Computational Learning Theory. ACM, 1992. P. 45-52.

20ncina, J., Garcia, P. Inferring Regular Languages in Polynomial Update Time // Pattern Recognition and
Image Analysis. Vol. 1. 1992. P. 49-61. (Series in Machine Perception and Artificial Intelligence).

21 Lang, K. J., Pearlmutter, B. A., Price, R. A. Results of the Abbadingo One DFA Learning Competition and
a New Evidence-Driven State Merging Algorithm // ICGI. Vol. 1433. Springer, 1998. P. 1-12. (Lecture Notes in
Computer Science).

22L.ang, K. J. Faster algorithms for finding minimal consistent DFAs : tech. rep. / NEC Research Institute. 1999

2 Cicchello, O., Kremer, S. C. Beyond EDSM // ICGI. Vol. 2484. Springer, 2002. P. 37-48. (Lecture Notes in
Computer Science).
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HUH pacIupeHHOro NpeuKcHOro aepeBa. COCTOSHUS [ CIIUSHUS BBIOUPAIOTCS ABPU-
CTHUYECKH, YEM OJTHOBPEMEHHO OOBACHSETCS BBICOKAs CKOPOCTh PabOThl U HETOYHOCTD
JAHHBIX aJTOPUTMOB.

Jpyrum pacnpoCTpaHEHHBIM MOAX0A0M K renepanuu [IKA mo 3aganabIM mpuMe-
paM IOBEJICHUS SIBISIETCS IPUMEHEHUE META3BPUCTUUYECKUX AIrOpuTMOB. Harmpumep,

24 MypaBbHHBIE ANTOPUTMBI>". MeTa-

ObUIM TIPEJI0KEHBI SBOJIIOIMOHHBIE aJITOPUTMBbI
ABPUCTUYECKHUE AITOPUTMBI TAKXKE SBIISIOTCS HETOUHBIMU — UMH BOOOIIE HE TapaHTH-
pyeTcs, 4TO KaKoe-TO perieHue OyieT HalieHO 32 KOHEYHOE BPEeMs.

T'onmnanackue ydensle Xoun u Bepsep B 2010 romy mpemioxuiy anroputM
DFASAT, crnocoOHbIN rapaHTupoBaHHO reHepupoBars [IKA muHuManbHOro pazmepa
110 NPOU3BOJILHBIM JAaHHEIM?®. ANFOPUTM OCHOBAH HAa CBEJEHUU 3aJa4d TeHepaluu
JIKA no mpumepam MoBeJIeHUs K 3aJjaue BBIMOJHUMOCTH OyneBod gopmynsl (SAT),
I7Ie B Ka4€CTBE IPOMEKYTOYHOTO 11ara MCIOIb3yETCsl CBEICHUE K 3aa4e PACKPACKU
rpada, koTopoe 65110 mpeokeHo emme B 1997 romy?’. Jlns cokparienus MpocTpaH-
CTBA ITOMCKa IPU PEUICHUN 3a/1a4M BBITOJHUMOCTU X0 1 BepBep npeanoxuim psajg
MOJIXO/IOB K HAPYIICHUIO CUMMETPUU: rpad) COBMECTUMOCTH, JOTIOTHUTEIbHBIC JU3b-
IOHKTBI, IOUCK OOJbIION KIuKU. OIHAKO, JaXe C UCIOIb30BAHUEM BCEX ITUX TEXHUK,
DFASAT cnocoOeH 3a pa3yMHOE BpeMsl CTPOUTh aBTOMAThl C HE 0oJyiee YeM JECAThIO
COCTOSTHUSIMU. XOWJI U BepBep i ynpoleHus 3aa4u NpeIJIOKUIN JIeJIaTh MpeaBa-
PUTEJIBHO HECKOJIBKO CIMUSHUNA B MPe(PUKCHOM JIepeBe C MOMOUIbIO airoputma EDSM,
OJIHAKO TOTJIa TEPSAETCS TOUHOCTh — rapaHTHsl MUHUMAJIbHOCTH HalieHHoro JIKA.

[lo3nHEe aBTOPOM AMCCEPTALIMM COBMECTHO C HAYYHBIM PYKOBOIMTEIEM YIIbsIH-

ueBbiM B. . u npodeccopom [lanbito A. A. ObUIH NPETIOKEHBI PEIUKATHI HAPYIIIE-

% Lucas, S. M., Reynolds, T. J. Learning Deterministic Finite Automata with a Smart State Labeling Evo-
lutionary Algorithm // IEEE Transactions on Pattern Analysis and Machine Intelligence. 2005. Vol. 27, no. 7.
P. 1063-1074; Gomez, J. An Incremental-Evolutionary Approach for Learning Deterministic Finite Automata //
IEEE Congress on Evolutionary Computation. IEEE, 2006. P. 362-369.

3 Chivilikhin, D., Ulyantsev, V. Learning Finite-State Machines with Ant Colony Optimization // Swarm In-
telligence. Vol. 7461. Springer Berlin / Heidelberg, 2012. P. 268-275. (Lecture Notes in Computer Science).

26 Heule, M., Verwer, S. Exact DFA Identification Using SAT Solvers // Grammatical Inference: Theoretical
Results and Applications, 10th International Colloquium, ICGI 2010, Valencia, Spain, September 13-16, 2010.
Proceedings. Vol. 6339. Springer, 2010. P. 66—79. (Lecture Notes in Computer Science).

1 Coste, F., Nicolas, J. Regular Inference as a graph coloring problem // Workshop on Grammatical Inference,
Automata Induction, and Language Acquisition (ICML97). 1997.
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HUSI CHMMETPUU Ha OCHOBE asiropuTMa o0xoja rpada B mupuny (BFS) [1]. s kaxo-
ro JIKA ¢ M cocrosausimu cyiectsyer O (M) nzoMophHBIX eMy aBTOMATOB, KOTO-
pbIE, C TOYKH 3pEHUS IPOTPaMMHOTIO cpenctsa i pemenus SAT, sBisirores pa3nud-
HeIMU. [IpeioxkeHHble TpeANKaThl HAPYLIEHNUS CUMMETPUH TTO3BOJISIOT 3HAYUTEIHHO
COKpaTUTh IPOCTPAHCTBO NoKcKa npu perieHun SAT — BMecTo gakropuana uzomopd-
HBIX aBTOMAaTOB MpPU PELICHUH MepeOupaeTcsl TONbKO €IUHCTBEHHBIA MpPEACTaBUTEID
KJ1acca HKBUBAJIEHTHOCTH 10 n3oMopduszmy — JIKA, npoHymMepoBaHHBIN B MOPSIIKE
BFS-o6xona. lanusiit Mmetox siBisieTcst HanOosiee 3PPEKTUBHBIM U3BECTHBIM TOYHBIM
metosioM reHepanuu JIKA 1o 3agaHHbIM TpuMepaM MOBEICHUS U MO3BOJISIET CTPOUTD
aBTOMATBI C YUCIIOM COCTOSIHUI 710 copoka. OIHAKO, aHAIU3 MTOKa3al, YTO MPEIJIOKEH-
HOe HauBHOe KoaupoBaHue BFS-npenukaros Ha si3b1ke SAT HeonTUManbHO — MOJTyYa-
emas OyneBa popMylia CIUIIKOM Benrka. [loMuMo 3TOoro, He paccMaTpUBaIUCh MPEAU-
KaThl HAPYILIEHUS CAMMETPHH, OCHOBAHHbIE HAa KOAUPOBAHUH ajaropurMa ooxoaa rpagda
B mryouny (DFS).

Cpenu npounx HeITOCTaTKOB MeTOAOB reHepanuu [IKA, ocHOBaHHBIX Ha cBesie-
HUU K SAT, MO)KHO OTMETHUTh 3aBUCUMOCTD pa3zMepa OyaeBoi (opMyITbl OT YUCIa UME-
IOLLKXCS IPUMEPOB MOBEICHUSI. 3a4aCTy0 MHOXKECTBA TPUMEPOB MOBEAEHUS N30BITOYU-
Hbl U COZAEpKaT JIMIIHUE CJIOBA. AHAJIMU3 JIMTEPATyphbl MOKa3all, YTO UHTEIJIEKTyallb-
HBIX METOJIOB BhIOOpA MOAMHOXKECTBA IPUMEPOB MOBEECHUS paHee HE MPearaioch.
B03MOXXHBIM pelieHueM MOXKET ObITh MPUMEHEHUE MOAXO0a YMOYHeHUs: abCmpaKyuu
no konmpnpumepam (counterexample-guided abstraction refinement — CEGAR) —
UTEPATUBHOTO aJTOPUTMA, U3HAYAJIbHO Pa3paboTaHHOTO ISl TIOCTPOEHUS MOJEIH IIPO-
IPaMMHOT0 00ecreueHus >,

OO6parHo#t cutyaruent sipnsiercst renepauusa JJKA no HeOOIbIIMM MHOXECTBAM
IPUMEPOB MOBEACHUS. B TakoM cityuae moyie3HbIM MOXKET OBITh T'€Hepalrs BCEX COOT-
BETCTBYIOIIMX Hen3oMop(hHbIX JIKA ¢ MUHMMAaIbHBIM YUCIIOM COCTOSTHUM AJIs IPOBE-

JACHUA I[aJ'II)HGI‘/IIHICFO aHaJIn3a. Ta1<>1<e, CymcCTBOBAHUC CANMHCTBCHHOI'O aBTOMAaTra M-

2 Clarke, E. M., Grumberg, O., Jha, S., Lu, Y., Veith, H. Counterexample-Guided Abstraction Refinement //
CAV. Vol. 1855. Springer, 2000. P. 154-169. (Lecture Notes in Computer Science); Manopwvikun, M., My-
muaun, B., Xopowunos, A. Beenenue B meton CEGAR — yrounenue abctpakuuu o KoHTprnpumepam // Tpymabt
WHuctuTyTa cuctemuoro nporpammuposanus PAH. 2013. T. 24.
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HUMAJIbHOI'O pa3Mepa rOBOPUT O KAYCCTBC NMCIOIINUXCS 06yqa}onmx JAaHHBIX. O,Z[HaKO,

3a/iauya reHepanuu Bcex HemzomopdHubix JIKA panee He ctaBuiach, U, COOTBETCTBEHHO,

3¢ (HEeKTUBHBIX METOIOB €€ PEIICHHUs MPEITI0KEHO HE OBLIO.

HeJIBIO HACTOSIILICH AUCCCpTan ABJISICTCA ITOBBIILICHUC 3(1)(1)€KTI/IBHOCTI/I TOY-

HBIX MCTOAOB I'CHCpaAIUN ACTCPMHUHUPOBAHHLIX KOHCYHLIX aABTOMATOB IO 3aJdaHHBIM

mpuMepam MOBEICHUS TOCPEACTBOM COKpAIIeHUS MPOCTPAHCTBA TOUCKA MPU PEIICHUH

3aJa4M BBIIIOJTHUMOCTH.

HJ’IH JOCTHIKCHUA YKaBaHHOﬁ Ocjanu B pa60Te IMOCTABJICHBI U PCUHICHLI CJICAYIOIIHC

3aJa4M:

a)

0)

Pa3zpabotka npeaukaroB HapylIEHUS CUMMETPHUH, OCHOBAaHHBIX Ha KOAHMPO-
BaHUU AJITOPUTMOB 00xo/a rpada B MMPUHY U B TIYOHHY, IUIS COKpare-
HUS TPOCTPAHCTBA MOMCKA NP PELICHUU 3314 BBIOJTHUMOCTH. Pa3paboT-
Ka U peaju3aiys TOYHbIX MeTo0oB rereparmu JJKA mo 3agaHabiM mpuMepam
MOBEJICHUS, UCTIONB3YIOMINX JIaHHbIE MPEIUKAThI, TPOBEICHUE IKCIIEPUMEH-
TaJbHBIX UCCIIEIOBAHUI pa3pabOTaHHBIX METO/IOB.

Pazpabotka u peanuzarust TouHoro metoaa reaepannn JIKA mo u30sITouHO-
My Ha0Opy MPUMEPOB MOBEACHHUS C UCIIOJIb30BAHUEM CBEJICHUS K 3a/1aue BbI-
MOJTHUMOCTH M TOJX0/a YTOUHEHHUs a0CTPaKIUK MO KOHTpripuMmepam. [Ipo-
BE/ICHUE DKCTIEPUMEHTAIILHBIX HCCIEIOBaHUHI pa3paboTaHHOTO METO/A.
Pa3zpabotka u peanuszanusi MeToAa reHepauuu Bcex HemzomopdHbix KA
MUHUMAJIBHOTO pa3Mepa, YAOBIECTBOPSIONINX 3aJaHHBIM MpUMeEpaM MOBeIe-
HUSl, C UCIIOJIb30BAHUEM IPEIUKATOB HAPYIICHUS CUMMETPUHU U MIPOTrPaMM-
HBIX CPEJCTB PEIICHUs 3a7a4d BBHINOTHUMOCTH. [IpoBeneHue skcrepumeH-

TaJbHBIX UCCIICIOBAHUH pa3pabOTaHHOTO METO/IA.

IIpenmert uccienoBanusi — METOAbl TOUHOUM reHepanuu JKA, nucnonb3yromnme

NporpaMMHBIC CPEACTBA AJIA PCIICHUA 3a1a9 BBIITIOJIHUMOCTH.

CooTBeTCTBHE macmopry Cu€euuaJdbHOCTH. HaHHaﬂ auccepragusa COOTBETCTBY-

et nyHKTy 10 «Pa3paboTka 0CHOB MaTeMaTHU€CKON TEOPHUH SA3bIKOB U TPaMMAaTHUK, T€O-

pUM KOHEUHBIX aBTOMAaTOB U TeopuH rpado» nacnopra cneruaibHoctu 05.13.17 —

«Teopernueckre OCHOBBI HUHPOPMATUKIY.
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OcHoBHBIE IMOJIO’KCHU S, BBIHOCUMbBIC HA 3alIUTY:

a)

0)

1100x00 K TOCTPOEHUIO MPEANKATOB HAPYLICHUSI CHMMETPHH, OCHOBAaHHBIX Ha
KOJMPOBAHUU aJITOPUTMOB 00X0/1a rpada B LIMPUHY U B ITyOUHY, JJI COKpa-
IIEHUS MPOCTPAHCTBA MOUCKA MPU PEIICHUH 33]1a4H BBITOJIHUMOCTH. TouHbIE
memooul rerepannu JJKA mo 3ajaHHbIM IprUMeEpaM MOBEACHHUS, UCTIOIb3YI0-
LIUE JTAHHbIE ITPEIUKATHI.

Tounbrit memoo reneparuu KA mo n30sITouHOMYy HAOOpY MPUMEPOB IO-
BEJICHUS C UCIIOJIb30BAaHUEM CBEICHMS K 3a/1a4€ BBIIOJIHUMOCTH U MOAXOAA
YTOUHEHHSI a0CTPAKIIUU TI0 KOHTPIIPUMEPaM.

Memoo renepanuu Bcex Henzomopubix JIKA MuHuManbHOro pazmepa, yao-
BJIETBOPSIIOLIMX 3aJIaHHBIM MPUMEpaM IOBEJICHUsI, C UCIIOJIb30BAaHUEM IIpe-
JTMKATOB HAPYILIEHUS CUMMETPUU U TPOTPAMMHBIX CPEJICTB PEIICHUS 3a1a4U

BBIITOJIHUMOCTH.

Haquasl HOBH3HA JUCCCPTALlMU COCTOUT B CICAYIOLICM:

a)

0)

[IpenvkaTsl HApyIIEHUSI CHMMETPHUH, OCHOBAaHHBIE HA KOJIUPOBAHUU AJITOPUT-
Ma 00xoza rpada B niyOuHY paHee He mpeniaranuck. [IpeayioxkeHHble mpe-
JMKAThl HAPYIICHUs] CHMMETPHUH, OCHOBAHHbIE Ha aNroputMme ooxoaa rpada B
HIMPUHY, BbIpaxkatoTcs 0yiaeBoil (opMysoin, COCTOSIIEH U3 aCUMITOTUYECKU
MEHBIIIETO YHCIIA TU3BIOHKTOB CPABHUTEIBHO C CYLIECTBYIOIIUM IOAXOI0M.
[TomuMO 3TOTO, BOEPBBIE NPEMIOKEHBI IPEANKATHl HAPYLIEHUSI CUMMETPUH,
UCIIOJIB3YIOUINE OCOOCHHOCTHU JiepeBa 00xona rpada B UPHUHY.

Tounsix MmeTo10B reHepanuu JJKA nmpuMeHUMBIX B CIydae, KOTAa YACIIO MPH-
MEpOB IMOBEICHUS M3JIMIIHE BEJIMKO, paHEE HE Ipemiaraiocs. Mcnons3oa-
HUE MOJIX0Aa YTOUHEHHs a0CTPaKIMU MO KOHTPIIPUMEPaM OJITHOBPEMEHHO CO
CBEJICHHEM K 3a/1a4€ BBIITOJIHUMOCTH MO3BOJISIET TeHepupoBarh KA mo u3-
OBITOYHOMY HA0Opy MPUMEPOB MOBEICHHUS ITyTEM UTEPATUBHOTO JOOABICHUS
TOJILKO 3HAUYMMBIX MPUMEPOB /10 T€X MOp, Moka He Oyaet noixyuyeH KA, co-

OTBETCTBYIOIIUI BCeMy M30BITOUHOMY HAOODY.
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B) MetonoB my1si reHepaiuu Bcex HensoMopdHbiX JIKA MuHMManbHOTO (WM
11000r0 (PUKCUPOBAHHOTO) pa3Mepa, YAOBIETBOPSIOMIUX 3aJaHHBIM MTPUMe-
paM MOBEJEHUS, paHEEe HE IPEIAranocCh.

MeTog010rusi M MeTOABI HCCIeAOBAHUS. METOI0IOTMUECKYO0 OCHOBY JAHCCEP-
TalluM COCTABUJIU MIPUHIUITBI (hopMan3aluu, 0000IEH s, IeTyKTUBHOTO U UHTYKTHUB-
HOT0 0OOCHOBaHUS YTBEPKIECHUH, IPOBEACHUE SKCIIEPUMEHTAIbHBIX UCCIETOBAHUHN U
aHaIM3 UX pe3ynbTaToB. B paboTe MCHoab3y0TCs METO/IbI TEOPUU AaBTOMATOB, TEOPUHU
rpadoB, TeOpUU CIOKHOCTH, TUCKPETHON MareMaTuku, 0ObEKTHO-OPUEHTHPOBAHHOE
IpOorpaMMHUpPOBAHUE, METOJIbI IPOBEICHHS M aHAJIN3a dKCHEPUMEHTAIbHBIX HCCIIEN0-
BaHUM.

JI0CTOBEPHOCTD MOTYUYEHHBIX PE3YJIBTATOB MOITBEPKIAETCA KOPPEKTHBIM 000C-
HOBaHMEM IMOCTAHOBOK 3aJ1a4, TOYHOW POPMYIUPOBKON KPUTEPUEB, a TAKKE pe3ysIbTa-
TaMH MPOBEJECHHBIX SKCIIEPUMEHTAIIBHBIX UCCIIET0BAHUN 110 UCIOIb30BAHUIO MTPEMIIO-
KEHHBIX B INCCEPTALIMHU METOOB.

TeopeTnyeckass 3HAYUMOCTH PadOTHI 3aKJIFOYAETCS B TOM, UTO B HEM JJI TOYU-
HBbIX MeTo/10B reHepaunu KA npennoxeHbl HOBbIE MOAXOAbI K COKPAIIEHUIO MPO-
CTpPaHCTBA MOMCKA MPU PELICHUU 337a4d BBIMOIHUMOCTU — MPEIUKATHl HAPYILICHUS
CUMMETPUU Ha OCHOBE KOJAMPOBAHMS AJITOPUTMOB 00X0/1a rpada B IIyOMHY U B IIUPHU-
HY:

— mpemiokeH crnocod koaupoBaHus cBoiictBa DFS-nponymepoBannoctu JIKA

Ha s3b1Kke SAT;
— TIPEUIOkKEH HOBBIN cioco0 koaupoBaHus cBoiicTBa BFS-mponymepoBaHHOCTH
JKA na a3pike SAT, TpeOyronmii aCUMOTOTUYECKH MEHBILIETO YKCIIa TU3b-
FOHKTOB, OTHOCUTEIBLHO U3BECTHBIX CIIOCOOOB;
— TIPEIJIO’KEH Croco0 KOAUpPOBaHUs pa3nnuHbIX cBoMCTB BFS-nepeBa Ha s3bike
SAT.
[Tomumo 3TOTO, NpEIIoKeH crocod 00beauHUTL MeToA rerepanuu JJKA npu nomorniu
CBEJICHUS K 3a/1a4€ BBIIIOJHUMOCTH C TIOJX0/I0M YTOUHEHUS a0CTPaKIUU IO KOHTPIPH-

MmepaM. Takke, pa3paOoTaHHbIE IPEANKATHI HAPYLIEHUS CAMMETPUHU TTO3BOJIMIIN pa3pa-
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0oTaTh METOJ JIsl pELIEHUs 3a]]a4u reHepaluu Bcex HenzoMoppHbix JJKA Munnmanb-
HOTO pa3Mepa, KoTopas paHee He umena 3((HEKTUBHBIX METOAOB PEIICHHUS.

IIpakTnyeckasi 3HAYUMOCTb PadOTHI COCTOUT B MOBBIIICHUU d(PPEKTUBHOCTU
TOYHBIX MeTO0B rereparuu KA no 3a1anapIiM npuMepaM NoBEACHUA. DKCIIEPUMEH-
TaJIbHO TOKa3aHo, 4YTO pa3paboTaHHbIil MeTo/ reHepanuu JIKA mo 3agaHHbIM nipuMe-
paM MOBEJICHUS C UCIIOJIB30BAaHMUEM MIPEUKATOB HAPYIIIEHU CHMMETPUU HA OCHOBE aJl-
roputma BFS siBnsiercs cambiM 3(ppeKTUBHBIM 110 BpEMEHU F'eHepallii aBTOMAaTa Cpeau
U3BECTHBIX HA HACTOSIIUM MOMEHT TOYHBIX METOJIOB U MO3BOJISAET FTEHEPUPOBATH aBTO-
MaTbl OOJIBIIETO pa3Mepa OTHOCUTEIBHO METOIOB, MPEJIOKEHHBIX paHee. Pazpaboran-
HBIM TOuHBII MeTon reHepanuu JJKA no u3dositouHoMy HabOpy MPUMEPOB MOBEICHUS
¢ ucrnonb3oBanueM ceefeHus k SAT u nonxoga CEGAR no3Bosiset 3phekTUBHO reHe-
pUpOBaTh aBTOMATHI B CiIyyae, Korjga Habop MpUMEpOB MOBECHUS CIUIIKOM 00beMEH
U noyyaeMas OyneBa (opMylia CIMIIKOM BEJHKa sl COBPEMEHHBIX MPOrpaMMHBIX
cpenctB ans pemenus SAT. PazpaGoTaHHbII METO TeHepaluu BCceX HEM30MOpP(HBIX
JIKA MHHMMaIbHOTO pa3Mepa, YAOBIECTBOPSIOIIMX 33aJaHHBIM IIPUMEPaM MOBEICHHUS,
C UCIIOJIb30BAHUEM NIPEIUKATOB HAPYILICHUSI CHMMETPHUHU U MIPOTPAMMHBIX CPEICTB IS
pemennss SAT, sgBiseTCsl MEPBBIM U3BECTHBIM METOIOM ISl T€HEpPALUH BCEX HEU30-
MOP(HBIX aBTOMATOB. TakXe ¢ ero MoMoIblo MOKHO OLIEHUTH MOJHOTY WUMEIOITUXCS
JAHHBIX, BBIPAYKEHHBIX B BUJI€ IPUMEPOB IMOBEICHUS, ITyTEM JOKA3aTeIbCTBA UIIH OMPO-
BEPIKEHUS CYLIECTBOBAHUS €IMHCTBEHHOrO JIKA MUHMMaIBHOTO pa3Mepa, ONUCHIBAIO-
LIEr0 3TU JaHHBIE.

[Tomumo 3TOTO, BCE pa3pabOTaHHBIE METOJBI U MOAXO/Abl B JAIBHENIIIEM MOTYT
OBITh aJalITUPOBAHBI JIJIS 33]1a4 reHepaluu 00Jiee CI0KHBIX KOHEYHO-aBTOMAaTHBIX MO-
neneii?’. Tak, Hanpumep, MpeUI0KEHHbII METOJI FeHepaIn BeeX Hern3oMophHbIx JJKA
OBLT aIanTUPOBAH JIJIsl TeHEepaIllMi KOHEYHBIX aBTOMATOB, MOACIUPYIOLIUX MTOBEICHNE

IPOrpaMMHPYEMBIX JIOTHUECKUX KOHTPOoIepos>".

2 Vavsinyes, B. M. Tenepanis KOHEUHBIX aBTOMATOB C HCIIOIb30BAHAEM IIPOrPAMMHEIX CPE/ICTB PEIEHHS 3a1a9
BBITIOJIHUMOCTHU ¥ YJIOBJICTBOPCHHS OTPAHUYCHUH : JIUC. ... KaHJ. TeXH. HayK / YnbsHieB Bnagumup Uropesund.
HUY UTMO, 2015.

30Chivilikhin, D., Patil, S., Chukharev, K., Cordonnier, A., Vyatkin, V. Automatic State Machine Reconstruction
From Legacy Programmable Logic Controller Using Data Collection and SAT Solver // IEEE Transactions on
Industrial Informatics. 2020. Vol. 16, no. 12. P. 7821-7831.
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Buenpenue pe3dyabratoB padoTbl. Pesynbrarsl pabOThl UCHOIB30BATIUCH MPU
BeinoiHeHnn mpoekra SAUNA (“Integrated safety assessment and justification of
nuclear power plant automaton’), BEIIOJTHEHHOTO HcclieaoBarenbekoi rpymnmoi “IT in
Industrial Automation” kadeapsl 3MIEKTPOTEXHUKN U aBTOMATUKU YHUBEpcUTETa Aa-
T0, OUHISIHANS, B pamkax DUHCKON MPOrpaMMbl UCCIEIOBAHUN O€30MaCHOCTU aToOM-
HbIX dnekTpocTanimii — SAFIR20183!. B wactHOCTH, OfHOI M3 3a/1a4 IPOEKTa OblIa
pa3paboTka MeTojia FTeHEPALMK MOJIETIEH pa3InYHbIX KOMIIOHEHTOB CUCTEMBI yIIpaBJie-
HUSI aTOMHBIX 3JIEKTPOCTAHIMH MO 3a/IaHHBIM MpUMEpaM MOBEICHUS U CrienuDUKAIIK
BBIPA)KCHHOM HA SI3bIKE TEMIIOPAJIbHOM JOTUKH. J[aHHAas 3a/1a4a Obljia perieHa ¢ UCIoJb-
30BaHMEM TOJIX0/1a YTOUHEHHUS a0CTPaAKIIMKU 110 KOHTPIpUMEPaM ClIOCOOOM, aHAJIOTUY-
HBIM MIPEIJIOKEHHOMY aBTOPOM JiMcceprauuu aiia renepauuu JIKA, yto noareepxaa-
eTCsl MMCbMOM PYKOBOAMTENS uccienoBarenbekor rpynmsl “IT in Automation” B. B.
Bsarkuna.

Pesynbrarbl paboThl Tak)kKe HCIHOJB30BAJIUCH MPH BBIMOJIHEHUU IOJ PYKOBOI-
CTBOM aBTOpa Jauccepranuu rpanta Poccuiickoro gonaa ¢pyHIaMeHTaIbHBIX UCCIIEO0-
BaHu# (mpoekT 18-37-00425 «Pa3zpaboTka 3¢(heKTUBHBIX METOIOB MAIIIMHHOTO 00y4Ye-
HUS JUIsl TOCTPOCHUS AETEPMUHUPOBAHHBIX KOHEUHBIX aBTOMATOB HA OCHOBE PEILLICHUS
3a/1a4¥ BBINOTHUMOCTH, 2018-2020 rT.).

[TosyyeHHbIE PE3YJIBTAaThl TAK)KE MCIOJB30BAINCH B PaMKax IOCYIapCTBEHHOU
(uHAHCOBOW MOAJEPKKH BeAylux yHuBepcuteToB Poccuiickoit denepannu, cydocu-
must 074-U01 (HUP «buounndopmarrka, MamimHHOe 00yueHre, TEXHOJIOTHH MPOTrpam-
MUPOBaHUA, TEOPUsI KOAUPOBAHUS, TPOAKTUBHBIE cucTeMbl», 2013-2017 rr.) u cyocu-
nus 08-08 (HMP «Metopsl, MOI€NIM U TEXHOJIOTUM UCKYCCTBEHHOTO UHTEJIEKTA B OUO-
uH(pOpMaTHKe, COUUAIBHBIX Mena, KHOepPU3nueckux, OMOMETPUUECKUX U PEUEBBIX
cucrtemax», 2018-2020 rr.)

Pesynbrarel paboThl Takke BHEIPEHBI B yueOHBIN nporiece dakynbsrera nHPOp-
MalMOHHBIX TEXHOJIOTUH U porpammupoBanust YHuBepcuteta MTMO B pamkax Kypca

«IIpoexTupoBaHNe aBTOMATHBIX MPOTpaMM» IpOrpaMMbl OakaiaBpuara «Maremaruye-

3Thttp://safir2018.vtt.fi/
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CKH€ MOJICJIH U aJITOPUTMBI B pa3pabOTKe MPOrpaMMHOIO 0OECIIEUEHUSD, YTO MOATBEP-
KIAETCsI aKTOM 00 UCIIOJIB30BaHUU.
Anpobanusi pe3yabTaToB padoTbl. OCHOBHBIE PE3yIbTaThl PaOOTHI JOKIIA/IbI-
BAJIMCh HA CIEAYIOMUX KOH(MEPEHITUIX U CEMUHApax:
a) 9" International Conference on Language and Automata Theory and
Applications (LATA 2015). 2015, Hura, @pannms.

6) 6™ International Symposium “From Data to Models and Back (DataMod)”.
2017, Tpento, Utanus.

B) 16" IEEE International Conference on Industrial Informatics (INDIN 2018).
2018, Iopry, [lopryranus.

r) 13™ International Conference on Language and Automata Theory and
Applications (LATA 2019). 2019, Caukr-IleTepOypr.

n) IV-VII Bcepoccuiickuii koHrpecc Monoabix yudenbix. 2015-2018, Cankt-
[TetepOypr.

e) IX Konrpecc monosapix yuensix. 2020, Cankr-IletepOypr.

k) XLVI Hayunas u yueOHO-MeToauueckass KOHGEpeHIMs YHUBEpPCUTETa
NTMO. 2017, Canxrt-IletepOypr.

n) XLVIII Hayuynas u yue6HO-MeToAM4ecKast koHpepeHuust Yauepcutera 1UT-
MO. 2019, Cankr-IletepOypr.

JIn4yHbIf BKJIaJ aBTOpA. e npenqukaroB HapyLIEeHUs: CHMMETPUH Ha OCHOBE
KOAMPOBaHUs airoputMa o6xona rpada B niryOuny, uaes merona reaepanuu JIKA mno
3aJlaHHBIM TIPUMEpaM MOBEACHHUSI, HCTIONB3YIOIIETO UX, a TAKXKE pean3alis alropur-
Ma Ha 0a3e MpeIoKeHHOTO METO/a U MPOBEIEHNE BHIYMCIUTEIBHBIX SKCIIEPUMEHTOB
IPUHAJJICKUAT JINYHO aBTOPY. M 1est mpearKaToB HapyIIeHUs CAMMETPHUH Ha OCHOBE aJl-
roputMa o6xozaa rpada B MIMPUHY, KOIUPOBAHUE KOTOPHIX TPEOyeT aCUMIITOTHYECKHU
MEHBIIIETO YKCIa TU3bIOHKTOB, Ujes KogupoBaHus cBoiicTB BFS-nepeBa Ha si3bike SAT
u uzaest metoaa reaepauuu KA, nucnonb3yroiiero JaHHbie pa3pad0TKU, MPUHAAIEKAT
COBMECTHO aBTopy auccepranuu u JK. Mapkenry-CuibBe; peanusaius aJilroOpuTMOB Ha
0a3e MpemsIOKEHHBIX METOJOB MPUHAMJICKUT JUYHO ABTOPY, MPOBEIACHUE BBIYUCIIN-

TCIBbHBIX 3KCIICPUMCHTOB IIPUHAJICKUT COBMCCTHO aBTOPY AUCCCPTAINN U A.UN. Ur-
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HaTheBy. Maes Tounoro meroma renepanun JIKA mo n30bTodHOMY HAOOpY MPUMEPOB
MOBEJICHUS C UCIIOJb30BAHUEM CBEICHHS K 3a/1a4€ BBIIOJHUMOCTH U MOAXOAA YTOU-
HEHUS a0CTPAKIMU 110 KOHTPIIPUMEPAM, pealln3alysl aJropurMa Ha 6as3e mpenioxKeH-
HOT'O METOAAa U MPOBEICHUE BBIYUCIUTEIBHBIX SKCIICPUMEHTOB MPUHAJICKUT JTUUHO
aBropy. Mnes tounoro metona reHepauuu Bcex KA MUHMMabHOro pasmepa mno 3a-
JAHHBIM TIPUMEpPaM MOBEJEHHUS C WCMOJIb30BAHUEM IMPOTPAMMHBIX CPEACTB PELICHUS
3a71a4¥ BBINIOJIHUMOCTH IPUHAJIEKUT COBMECTHO aBTOPY AMCCEPTALMH U HAYYHOMY
pykoBoautento B.W. VnbsHieBy, peanuzanus airoputMa Ha 6a3e npeyioKeHHOTo Me-
TOAA U MPOBEJICHUE BBIYUCIUTEIBHBIX KCIIEPUMEHTOB MPUHAMICKUT JIMYHO aBTOPY.
B paborax, BeIIOJIHEHHBIX B cOaBTOPCTBE, B.M YiIbsiHIIEBBIM OCYIIECTBISIOCH 00I1Iee
PYKOBOJICTBO MCCJIEIOBAHUSMM.

Iyonukanuu. OCHOBHBIE PE3Y/IbTAThI IO TEME AUCCEPTALUU U3JIOKEHBI B J1€CS-
TH MyOMUKAIUAX, U3 HUX YEThIPE OMyOJMKOBAHbI B U3AHUSIX, HHACKCUPYEMBIX B 0a3e
IUTUPOBAHUS ScOpus, OJfHA TyOIMKalus u3gaHa B KypHaie, pekoMeHioBanHoM BAK.
Taxxe y aBTOpa AMCCEPTAIMN UMEETCS OHA MyOIMKAIUs 110 APYTol TeMe U3 00IacTH
MaITUHHOTO 00yYeHHMSs, ONMyOIMKOBaHHAs B U3JJaHWU, HHICKCUPYEMOM B 0a3e IUTHUPO-

BaHUA Scopus.
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Conep:xanue padoTbl

Bo BBeaennu quccepTalinoHHON paboThl 000OCHOBAaHA aKTyaJlbHOCThH MPOBOAM-
MbIX uccienoBanuid. ChopMynHpoBaHbI 1Eb, 3aJ1a4l U MOJ0KEHHUS, BRBIHOCUMBIE Ha
3amuTy. M3noxeHa HaydyHast HOBU3HA, TEOPETUYECKAs U ITPAKTUYECKask 3HAYUMOCTb pe-
3yJABTAaTOB, MOJTYYEHHBIX B AUCCEPTALMOHHON paboTe.

IlepBasi raBa auccepTaluy MOCBSIIEHa 0030py MPEAMETHOW 00JacTu U pe-

3yABTATOB CYIECTBYIONINX HUCCIEIOBAHUMN, TOCBSIICHHBIX T€HEpAIUU JIeTEPMUHUPO-
BAaHHBIX KOHEYHBIX aBTOMaToB. Kpome Toro, B mepBoOi IiiaBe MPUBEACHBI TEPMUHOIIO-
T'Hsl, OCHOBHBIE OTIPECIICHUS U U3BECTHBIC PE3YJIbTAThl Psijia paseioB HHPOPMATHUKH,
HEOOXOAMMBIX ISl ONUCAHUS TIPEAJIaraeMbIX B IUCCEPTALIMU METOJOB U AJITOPUTMOB.

B pa3gese 1.1 npuBeaena gpopmanbHasi MOCTAHOBKA 3aa4H BBINIOJIHUMOCTHU OY-
JeBOM (popMyIIbl, JaHbl HEOOXOAUMbIE OMPECICHUS, U MPEACTABICHO KPAaTKOE OMuUca-
HUE OCHOBHBIX IOJIXO/IOB K €€ pelIeHnI0. Takke B JaHHOM pasfiesie OMUCaH MOAXO K
pemennto NP-TpyaHbIX 3a/1a4 ¢ TOMOIIBIO MTOJIMHOMHAIBHOTO CBEJICHUS TaKUX 3a7a4 K
3aJladye BBIMOJHUMOCTU. [[IOMUMO 3TOTO, MPUBOIUTCS KPATKU 0030p CyIIECTBYIONIUX
IPOTPaMMHBIX CpencTB pemieHus SAT.

bynesa dhopmyna 3agana B konwvtonkmusHo-wopmanvrou goopme (KHD), ecnu siB-
JSI€TCSl KOHBIOHKIIMEH TU3bIOHKTOB — MHOXKECTBA JIMTEPAJIOB, CBA3aHHBIX JTU3bIOHK-
e, 3adaya evinoanumocmu 6ynesou gopmynst (3adaua evinornumocmu, boolean
satisfiability problem — SAT) 3akito4aeTcsi B ONPEACICHUU, CYIIECTBYET JIU JJIsl HEKO-
Topoit OyneBoi dopmynsl, 3ananHoi B KH®, BeIMonHAOMAs MOICTAHOBKa — HAO0D
3HAYCHUI TIEPEMEHHBIX, MPU MMOJCTAHOBKE KOTOPBIX (hopMysia MpUHUMAET WCTUHHOE
3HaueHue. 3ajada BHIMOJIHUMOCTH SBIISETCS HCTOPUUECKHU MEPBOM, JJIsl KOTOPO ObLia
nokazana NP-tpynHocts — mo0yto 3agauy u3 kiacca NP MOXHO 3a moJIMHOMHUAIb-
Hoe Bpemsi cBecTH K SAT. JlaHHbIN (hakT OOBSICHSET aKTyaJlbHOCTb pa3pabOTKU Bce
oonee 3pGEeKTUBHBIX MPOTPAMMHBIX CPEACTB JUISl PEIICHUS 3a]aud BBIMOJTHUMOCTH.
EsxerogHo B HaydHOM cOOOIIECTBE MPOXOASIT COPEBHOBAHUS 10 BBISIBICHUIO JTYUIIIETO

MMpOrpaMMHOTO CpCACTBA I PCUHICHUSA SAT, YTO TaKXKEC CHOCO6CTByeT IMOCTOAHHOMY
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Pa3BUTHIO JaHHOM 007acTH. B 0CHOBE COBpEMEHHBIX MPOTPAMMHBIX CPEJCTB PELICHUS
SAT nexut ctpaterus ynpasiiemozo KoHpaukmamu ooyuenus: ousvtonkmos (conflict-
driven clause learning, CDCL).

[Tonxox k pemeHuto 3anaum U3 kinacca NP, korna pazpabarbiBaeTcsi CBEICHUE K
SAT u 3aTeM UCTIONIB3YETCSl COBPEMEHHOE MPOrPAMMHOE CPEJICTBO JJIsl TOMCKA BBITIOJI-
HSIIOIIEH MOJICTAHOBKH, 3a4aCTyI0 OKa3bIBA€TCS 3aMETHO d(PPeKTUBHEE U TPOILE, YEM
pa3paboTKa MPUMEHMMOTO Ha TPaKTUKE METO/Ia, HETIOCPEACTBEHHO PEIAOIIEro UCXOI-
Hy10 3a/1a4y. E1ie oqHMM HeMaI0Ba)KHBIM JOCTOMHCTBOM TaKOTO MOAX0AA SBISETCS TOT
(aKt, 4TO JOCTATOYHO €AMHOXK/bI HanucaTh cBeaeHue Kk SAT, a 3ateM 0e3 MpuKIIaabl-
BaHUS KAKUX-JTMOO YCUJIUH MOJIb30BaTHCS PA3BUTHEM ITPOTPAMMHBIX CPEJICTB, BHIOUpAs
camoe 3((HEeKTUBHOE U3 HUX.

B pa3nene 1.2 npuBeneHsl 0a30BbIe TOHATHS O JIETEPMUHUPOBAHHBIX KOHEUHBIX
aBTOMAaTax W MOCTAHOBKA 3314yl TeHEepallUU IETEPMUHUPOBAHHBIX KOHEYHBIX aBTOMa-
TOB 1O npumMmepam noseneHus. [Ipumepamu nosenenust Hekoroporo JIKA D Ha3zbiBa-
IOTCSI JIBA MHOXKECTBA CJIOB, COCTOSIIIIMX W3 CMMBOJIOB ajiaBUTa aBTomara, S, U S_
TaKHX, YTO BCE CJIOBA U3 S, MpHHAIEKAT 536Ky L (D) — HOMHKHBI UM IPUHAMATHCS,
a Bce ciioBa u3 S_ He npuHAIIeKaT s3Iy L (D) — MOIKHBI UM OTBeprarbes. 3ajia-
ya reHepanuu JIKA mo npumepam moBeeHHsI 3aKITI0YAE€TCs B TIOUCKE aBTOMaTa MUHU-
MaJLHOTO pa3mepa (C MUHUMAIbHBIM YHCIIOM COCTOSIHHI ), COOTBETCTBYIOIIETO UMEIO-
MMCs IpUMepaM NoBeAeHus. Panee ObLI0 10Ka3aHO, YTO HACTOSIASA 3a/1a4a SBISET-
cst NP-momnHOIM, poBHO Kak u 3amada renepanuu KA moboro ¢pukcupoBaHHOTO pas-
Mepa, COOTBETCTBYIOUIETO UMEIOIIMMCS TpuMepaM mnoBeaeHus. [Ipumep nerepmMuHu-
POBaHHOTO KOHEYHOTO aBTOMara, COOTBETCTBYIOILIEIO HaOOpaM MPUMEPOB MOBEACHUS
S, = {aba,bb,bba} u S_ = {b,ba}, npencrasien Ha pucynke 1. MOXHO 3aMETHTb,
YTO aBTOMAra pa3Mepa JiBa, COOTBETCTBYIOIIETO MHOXKECTBAM S U S_, HE CYIIECTBYET.

B pasneJe 1.3 npuBeneH 0030p CyIeCTBYIOIINX SBPUCTUUECKUX U METa3BPUCTH-
YECKUX METOJIOB TeHEPAINH JETEPMUHUPOBAHHBIX KOHEUHBIX aBTOMATOB 110 TIPUMEPaM
MOBEACHUS.

Cpenu »BpUCTUYECKUX AJITOPUTMOB MOYKHO BBIJCIUTH AJITOPUTM 00beOUHEeHUs

cocmosiHull Ha ocHoge ceudemenvcms (evidence-driven state merging — EDSM). Me-
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Pucynok 1 — [Ipumep JIKA munMManbsHOro pasmepa, COOTBETCTBYIOIIETO Habopam
npuMepoB noseaeuust S, = {aba, bb, bba} u S_ = {b, ba}
Ta’3BPUCTUYECKNE METOJIbI OCHOBAHBI HA HBOJIFOLIMOHHBIX CTPATETUSIX, TECHETUYECKUX U

MYpaBbHUHBIX AJITOPUTMAX.

Crnengyer OTMETUTh, UTO JTaHHBIE MTOXOJbI ABIISIFOTCS HETOUHBIMA — HUMHU HE Ta-
paHTUPYETCSl, UYTO HAWIEHHBIN aBTOMAT COAEPKUT MUHUMAIIbHOE BO3MOYKHOE YUCJIIO CO-
CTOSIHMI, @ MHOT/Ia BOOOIIIE HE TapaHTUPYETCS, UTO YIOBIETBOPSIONINNA aBTOMAT OyAeT
HaleH.

B pa3nede 1.4 npuBeneH 0030p CyILIECTBYIOIIUX METOJOB T'eHEpaluu JeTepMu-
HUPOBAHHBIX KOHEYHBIX aBTOMATOB I10 NMPUMEpPaM MOBEICHUS, OCHOBAHHBIX Ha CBEIE-
HuU K SAT. B ominune OT 3BpUCTUUECKUX U META3BPUCTHUYECKUX MOAXO/I0B, JAHHBIC
METO/IbI SIBJISIOTCSI TOUHBIMU — FapaHTUPYETCS, YTO aBTOMAT, COOTBETCTBYIOLIUHN IIPU-
MepaM MOoBeIeHUsI, OyJeT MOCTPOEH 3a KOHEUHOE BpeMsl U OyIEeT coliepkKaTh MUHUMAaJIb-
HOE BO3MOXKHOE€ YHCJIO COCTOSTHUM.

[lepBBpIM IIaroM paccMaTpuBaE€MbIX METOAOB SIBISETCS MOCTPOEHUE PACIIMPEH-
Horo npedukcHoro nepesa (augmented prefix tree acceptor — APTA) — apeBoBuHOM
CTPYKTYpbI JaHHBIX, OCHOBAHHOM Ha 0OBIYHOM MPE(UKCHOM JepPEBE, B KOTOPOM Kaxaast
BepIMHA MO0 HE MTOMeUYeHa, TUO0 oMeUYeHa KaK JOMyCKaroas Wik OTBEpraromiasi.
[Ipumep pacimpeHHOro npedUKCHOro AepeBa MPEACTABIEH HA PUCYHKE 2.

Jlasiee, HauMHAsA C HEKOTOPOM HUXKHEW OLICHKU Ha pa3Mep — B IIPOCTEUIIEM CITy-
Yyae ¢ eIMHULbI — MPOUCXOJUT MOUCK aBTOMaTa TEKYILIEro pa3mMepa, COOTBETCTBYIO-
IIEr0 MOCTPOEHHOMY pacIIUpeHHOMY IpedUKCHOMY jaepeBy. JlaHHbIM mpouecc mpo-
JoJbKaeTcs 10 Tex mop, nmoka He Oyaer HaiaeH JKA, ynonerBopsitouuii 3aJaHHBIM
TpeboBanueM. teparuBHbIi miepeboOp pa3mMepa OT MEHBIIETO K OONbIleMy TapaHTH-

pYET, UTO HaWJCHHBIN aBTOMAaT MMEET MUHUMAaJbHBIN pa3Mep. Kak yxe Obulo ckaza-
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Pucynok 2 — [Ipumep pacuimpeHHOro npe(GuKCHOro JepeBa, HOCTPOSHHOTO 110
Habopam nmpumepoB moseneHus S, = {aba, bb,bba} u S_ = {b,ba}

HO, 3a7a4a noucka JIKA KOHKpeTHOro pasmepa mo 3aJaHHbIM IIPUMEPaM MOBEICHUS
npuHaIeKUT Kitaccy NP, a 3Ha4uT, MOXKET OBITh pellieHa MyTeM CBEJISHUS K HEKOTO-
poii NP-TtpynHoi 3agade. CaMbIM TPOU3BOAUTEIBHBIM TOUHBIM METOIOM JI0 HEJTABHETO

BpeMeHH sABJscs DFASAT

, B KOTOPOM aBTOPBI IPEJIOKUIIA CHaYala CBECTH 3a1a4y
rerepanuu [IKA k 3agade packpacku rpada — He0OXOAUMO PaCKpacCUTh PacIIuPEHHOE
Hpe(bI/IKCHOC ACPCBO B MUHUMAJIBHOC YHUCJIO IBCTOB TAkK, yTOOBI BCE BCPHIMHBI OAHOIO
oBETa O6’beI[I/IHHJII/ICB B OAHO COCTOAHHC, — KOTOPYIO 3aTCM CBCCTHU K 3aAa4YC BBIIIOJI-
HumocTH. Cxema Metoga DFASAT mpeAcTaBieHa Ha PUCYHKE 3.

M =1, rae | — HmwkHAsS . | INoctpoenne npeduxcHOro

Hauano >
oreHka Ha pazmep KA aBTOMara T

1

» M=M+1

CymecrByer nu JIKA pasmepa Aa
M, cooTBeTcTBYIOMIHMIA T7?

HET

Pucynok 3 — Cxema Tounoro Merona renepanuu JIKA 1o 3a1aHHbIM IpuMepam
MMOBEJEHUS Ha OCHOBE cBelneHud K SAT — DFASAT

ABTOpBI DFASAT UCIOJIB3YIOT HECKOJIBKO PA3IMYHbBIX MOIXOA0B K COKPAILIEHUIO

IPOCTPAHCTBA MOUCKA:

32 Heule, M., Verwer, S. Exact DFA Identification Using SAT Solvers // Grammatical Inference: Theoretical
Results and Applications, 10th International Colloquium, ICGI 2010, Valencia, Spain, September 13-16, 2010.
Proceedings. Vol. 6339. Springer, 2010. P. 66—79. (Lecture Notes in Computer Science).
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a) n00aBJIEHUE HECKOJIBKUX BUJIOB JIOMOJHUTENIbHBIX IU3BIOHKTOB B OyJIeBY
dbopMyiy, KOTOpbIE HE BIUSIOT HA pelIeHHe, HO JO0OaBISIOT TOMOITHUTEIb-
HBIC OTPAHUYCHUS Ha BO3MOKHBIC 3HAYCHHSI IEPEMEHHBIX;

0) moctpoenue rpada COBMECTUMOCTH, ITO3BOJISIFOIIETO 3apaHee HAaWTH HEKOTO-
pbl€ Mapbl BEpIIMH NPePUKCHOTO JAepeBa, KOTOPbIE HE MOTYT ObITh OObE/IU-
HEHBI B OJTHO COCTOSIHME aBTOMATa;

B) HAXOXJIEHHE HEKOTOPOW OOJIBIION KIUKU B rpade COBMECTUMOCTHU U (PUKCH-

pPOBaHME HyMEPALIMU BEPIINH TAHHOMN KIHKH.

Hcnonb30BaHue BBINICTIEPEUNCICHHBIX MMOAX0A0B MO3BOJIIET 3HAYUTEIHLHO yBe-
JUYUATH TPOU3BOAUTEIHEHOCTH OPUTUHATILHOTO METOA, OJTHAKO OHU HE pelaroT GyH/1a-
MEHTAJIBHOM POOJIEeMbI HAJTMYHsI N30MOP(HBIX aBTOMATOB. J[Ba aBTOMaTa Ha3bIBAIOTCS
U30MOP(GHBIMH, €CITH OHU PA3IMYAIOTCS TOJIBKO HyMepaluei coctosiauil. Takum oOpa-
3oM, ecnu JIKA comepxut N cocrosinuii, To cymectByer O (/N!) nzoMopdHbIX emy
aBToMaToB. HecMoTpst Ha To, 4TO N30MOp(HBIE AaBTOMATHI HE OTIAUYAIOTCS C MPaKTUYe-
CKOM TOUYKH 3pEHUSI, C TOUYKU 3PEHHs TPOrPAMMHOTO cpeacTBa ajst pemenust SAT oHu
pa3IUYHBI.

Pemennem nanHoM mpobiaemMsbl cTana pa3paboTka MIPEeIUKaTOB HAPYIICHHS CUM-
METPUH Ha OCHOBE 00x00a epagha 6 wupuny (breadth-first search— BFS) [1]. [lo6aBne-
HUE TaKUX MPETUKATOB B OylIeBy (popMynny (pukcupyeT HyMepalu pacCMaTpUBAEMbIX
aBToMaToB B nopsake BFS, uro ang xaxaoro kiacca 3KBUBAJIEHTHOCTH MO M30MOP-
(¢u3My MO3BOJSET OCTABUTDH JUIsI PACCMOTPEHUSI €IMHCTBEHHOTO npeacTtaBuTens. Jis
3aIMCH [IPEUKaToB B Buze OyneBoii popmyner tpedyercs O (M? + M? x L?) nusb-
IOHKTOB, TAe N — pa3mep npedukcHoro aepena, M — pazmep uckomoro JIKA. beiin
pazpaboran merona redeparuu JIKA npu momoriu cBeneHus: Kk SAT, nCnoab3yronumi
NPE/IOKCHHBIE PEANKATH HAPYIIEHUSI CAMMETPHUH, KOTOPBINA OB PeaiM30BaH B BUJIC
nporpamMMHoro cpejctsa DFA-Inductor. Merox renepanun JKA npu momoru
ceeneHus Kk SAT ¢ ncnonbzoBanneMm BFS-nipeankaToB HapylIeHUs] CHMMETPHH SBIISIET-

cs HauOoIee IMPOU3BOANUTCIIbHBIM TOYHBIM MCTOAOM, KOTOpBIﬁ JIC’)KHUT B OCHOBEC BCEX MC-

31lya Zakirzyanov, V. U. DFA-Inductor. URL: https : / / github . com/ ctlab/DFA- Inductor
(mara o6p. 02.10.2020).
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TOJIOB, pa3pabaTeiBaeMbIX B JaHHOU Aucceprauuu. [Ipumep BFS-iponymepoBanHoro

JIKA mpencraBieH Ha pucyHKe 4a, a Ha pucyHKke 4b mpeAcTaBlIeHO ero AepeBo 00Xoa.

(a) IMpumep BFS-npoHyMepoBaHHOTO aBTOMATa (b) Hepeso BFS n1s aBromara,
TPeCTaBIEHHOTO Ha PUCYHKe 4a

Pucynox 4 — [Ipumep BFS-nmpoHyMepoBaHHOTrO aBTOMAaTa U COOTBETCTBYOLIETO
BFS-nepeBa

B pa3nesie 1.5 npuBeneHo omnucaHue aJropuTMa YTOUHEHHUs aOCTpaKIUU IO
koHTprpuMepam (counterexample guided abstraction refinement — CEGAR). Merto-
IIbl, UCTIONB3YIOIINE JAHHBIN alTOPUTM, IPUMEHUMBI B CUTYaIlUU, KOTJa HE0OX0IMMO
MOCTPOUTH MOJI€Tb, COOTBETCTBYIOIIYIO 3aJJaHHBIM TPEOOBAHUSIM, UMES IIPU ITOM J10-
CTYII K HEKOTOPOU MPOBEPSIONIEH crcTeMe — Opaky/ay. Ha HadanpHOM I1are cTpouT-
Csl HEKOTOpasi, BOSMOXKHO, CITydaifHasi MOJIeIb. 3aT€M HAYMHAETCSl UTEPATUBHBINA TIPO-
[IECC YTOUHEHUS UMEIOIIEHCSI MOAENIM — Ha Ka)KJIOM Iare TeKyuias MoJelb MpoBepsi-
€TCSl OpaKyjoM Ha COOTBETCTBHE 3aJJaHHBIM TpeOoBaHUAM. Eciu mpoBepka mpoXoauT
yCIIELIHO, TO MOZIeJb HaiiieHa. MHaue, opakys cooOI1aeT oJJuH UM HECKOJIBKO KOHTP-
PUMEPOB, KOTOPBIE 3aT€M UCIOIB3YIOTCS JUIsl YTOYHEHUS MOJICIIH.

Bo BTOpoIii I1aBe HacTOsIIEH AUCCEPTALIMU OTIMCHIBAIOTCS pa3paboTKa, peaan3a-

U 1 SKCIICPUMCHTAJIBHBIC UCCICAOBAHNA MCTOJOB I'CHEpAIUN JCTCPMHUHHUPOBAHHBIX
KOHCUYHBIX aBTOMATOB C MCIIOJIB30BAHHUCM PA3JIMYHBIX ITOAXOAOB K COKPAIICHUIO ITPO-

CTpaHCTBA ITOUCKA ITPH PCHICHUHU 3a/1a491 BBIITIOJIHUMOCTH.
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B pasnene 2.1 npuBeneHo onucaHue pa3paOOTaHHBIX MPEIUKATOB HAPYIICHUS
CUMMETPUM HA OCHOBE KOAMPOBaHMs ajaroputma obxoma rpada B miyouny (depth-
first search — DFS). Ucnonp30Banne MpeANKaTOB HAPYIICHUS] CUMMETPHH, 3a/1af0-
mux BFS nymeparuio aBromara, paHee MO3BOJIMIIO 3HAYUTEIBHO YIYUIIUTH MPOU3-
BOJIUTEIBHOCTh MeTO/Ia DFASAT. JIOTMYHO B Ka4€CTBE CICAYIOIIECH 3a1a4l HAYYHOTO
UCCJeI0BaHMs ObUIO pa3paboTaTh MPEIUKAThl HAPYIICHUS] CUMMETPUU Ha OCHOBE ajl-
roputMa DFS u mMeron, ncnons3yromuii ux. [Ipumep DFS-nponymeposannoro /KA

IpeCTaBICH Ha PUCYHKE 5a, a Ha pUCYHKE Sb mpeacTaBiIeHo ero AepeBo o0xoza.

a a,b,c

(a) Ipumep DFS-npoHyMepoBaHHOTO aBTOMaTa (b) epeso DFS mns
aBTOMATa,
TIPECTaBIEHHOTO Ha
pHUCYHKE Sa

Pucynok 5 — [Ipumep DFS-npoHymMepoBaHHOTO aBTOMaTa U COOTBETCTBYIOILIETO
DFS-nepesa

Pazpaborannpie mpeaukarsl BbIpaxkaroTcss KH®-dpopmymoit, comepikareit
O (M* + M? x L?) nu3bioHKTOB, 4T0 B M pa3 GonblIe YeM NPEIMKAThl, 3a1a0MIHe
BFS nymepanuro JIKA.

B paspneJie 2.2 npuBeneHO onucaHue pa3padOTaHHbIX KOMIIAKTHBIX IPEIUKATOB
HapyILIEHUsS CHMMETPUU HAa OCHOBE KoaupoBaHus anroputma BFS.

KomnakTHOCTh pa3pabOTaHHBIX MPEAMKATOB 3aKJIIOYAETCS B TOM, YTO YAAJIOCH

COKpaTUTh pazMep (HopMyIIbl, BBIpAXKAIOIIEH MPeIUKaThl HAPYILIEHUSI CHMMETPHH, 3a/1a-



29

roe BFS Hymepanuto aBromara, ¢ O (M? + M? x L?) qusstonkros 1o O (M? x L)
IN3BIOHKTOB. AHAJIN3 OTPaHUYEHUN MCXOAHOTO CBEACHHS, KOTOPHIE BhIPAXKAIHUCH Ue-
pes O (M?) u O (M? x L*) 1u3bIOHKTOB, [IOKA3all, YTO YacTh 1apAMETPOB, 3aak0-
KX pazmep GopMyIIbl, SIBISIOTCS HE3aBUCUMBIMHU, B TO BpEMsI KaK Jpyrue mapamMeTpsl
MOTYT OBITh UCKITIOUEHBI C TOMOUIbIO T00OaBIEHUSI HOBBIX MepeMeHHBIX. J{J1s Kaka0ro
TaKOTo OrpaHUYeHUs ObLT pa3zpaboTaH crocold caenaTh ero 601ee KOMIAKTHBIM, YTO U
MO3BOJIUJIO COKPATUTh 001uii pasmep Gopmyibl. [lomumo 3T0oro, 6ombIias 4acTh AU3b-
FOHKTOB M3 OPUTHHAILHOTO CBeIeHH s, KoTopbie coctosuin u3 O (M) nutepanos, ObuTH
3aMEHEHBI Ha JU3BIOHKTHI, COCTOSIIIINUE U3 IBYX WU TPEX JIMTEPAJIOB, YTO 3aMETHO BITUSI-
€T Ha MPOU3BOIUTEIHHOCTh TPOTPAMMHOTO CpeIcTBa st perieHus SAT, Tak Kak Takue
JIU3BIOHKTHI 00pabaThIBAIOTCA 32 KOHCTAHTHOE BPEMs M HE XPAaHATCS B HaMATH >,

B pa3nesie 2.3 npuBeneHo onucanue pazpabOTaHHBIX MOAXOJ0B K COKPAIICHUIO
IPOCTPAHCTBA [TOMCKA ITPU F'eHEePaLlMU IETEPMUHUPOBAHHBIX KOHEYHBIX aBTOMATOB, OC-
HOBAHHBIX HAa 0COOEHHOCTSX CTPYKTYphl BFS-nepeBa, a Takke Ha CBA3SX MEXKIY pac-
MIMPEHHBIM npeuKcHBIM fepeBoM U uckoMbiM JIKA. Ha pucyHke 6 npeacTaBieHo modi-

Hoe BFS-aepeBo nmpou3BoipHOTO pa3mMepa Hajl MPOU3BOIBHBIM andaBUTOM pazmepa L.

JlepeBo Ha3BaHO MOJIHBIM, TaK KaK KaXKjas BEpIIMHA UMEET POBHO L JeTei.

Pucynok 6 — I[Tonoe BFS-nepeBo, rie |X| = L

3*Marques-Silva, J. P., Lynce, I., Malik, S. Conflict-Driven Clause Learning SAT Solvers // Handbook of Sat-
isfiability. Vol. 185/ ed. by A. Biere, M. Heule, H. van Maaren, T. Walsh. IOS Press, 2009. P. 131-153. (Frontiers
in Artificial Intelligence and Applications).
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[Tocne ananu3a gaHHOrO JepeBa ObuIH C(HOPMYIMPOBAHBI HEKOTOPBIE CBOMCTBA
U orpaHuueHus, ceorctBennbie BFS-nepeBy. Hanpumep, Ob110 10Ka3aHO, UTO Y HEKO-
TOPOM BEPIIMHBI C HOMEPOM 7" B IIOJTHOM JIEPEBE CaMblil MpaBblii pEOCHOK UMEET HOMEP
rL + 1. Jlanee Obu10 AoKazaHo, yTo TorAa r L + 1 sBJIsIETCS BEpXHEH OIEHKOW Ha HO-
Mep pebeHka BepiuHbI © B ipou3BojibHOM BFS-nepese. Torma, MOXHO yTBEpKIaTh,
YTO B IPOU3BOJILHOM BFS-nepeBe y BepIInHbI ¢ HOMEPOM 7 IETH MOT'YT UMETh HOMEpPaA
TOJIBKO B Mana3oHe ot 7 + 1 no L + 1. BBeeHne NaHHBIX OrPaHUYEHUN MO3BOJISIET
COKPaTUTh YHUCJIO UCIIOJb3YEMBIX B CBECHUU NIEPEMEHHBIX U COKPATUTh pa3Mep MOJy-
qaromencss GopMyIbl.

1o onpenenenuto B 1o6oM BFS-aepese netu n1000i BEpUIMHBI 7 UMEIOT TOCIIE-
JoBaTelibHbIE HOMEpA, a TaK)Ke BEPHO, UTO UX He Oonee yeM L. bpina npoananusupo-
BaHa CBSI3b MEXJy BEPIIMHAMHU PACHIMPEHHOTO MPE(PUKCHOTO IepeBa U COCTOSTHUSIMHU
JKA. Ecnu B mpeduKCHOM JiepeBe CYIIECTBYET My Th AJIUHBI £ OT KOPHS O HEKOTOPOI
BEPILUHBI ¢;, 1 BEPIIMHA t; COOTBETCTBYET COCTOSHUIO /; FEHEPUPYEMOI'0 aBTOMAra, TO
B aBTOMATE JIOJDKEH CYIIECTBOBATh MyTh JUIMHBI HE O0Jiee YeM k OT CTapTOBOTO COCTO-
SHUS 10 COCTOAHUSA d;. B0 pa3paboTaHO KOAMPOBAaHHME JAHHBIX CBOMCTB Ha A3BIKE
SAT. [Job6aBieHre COOTBETCTBYIOUIMX OIPaHUUYECHUM B (DOPMYITY TIO3BOJISIET TOMOJHU-
TEJIbHO COKPATUTh MPOCTPAHCTBO MOUCKA MPU PEIICHUH 33]]a4l BHIITOJIHUMOCTH.

B pa3aesie 2.4 npuBeneHsl onvcaHue pa3padOTaHHOTO MPOrPAMMHOTIO CPECTBA
DFA-Inductor-py, OpeaAHa3HAY€HHOI0 IJI I'€HEpaluyd JETEPMUHUPOBAHHBIX KO-
HEYHBIX aBTOMATOB, OMKUCAHUE pean3aluu pa3paboTaHHBIX METOJOB KaK yacTei JaH-
HOT'O IPOTPaMMHOTIO CPEJICTBA, @ TAKXKE PE3Yy/IbTAaThl AKCIIEPUMEHTAIBHBIX UCCIIEA0BA-
HUH BCEX pa3paOOTaHHBIX METOJIOB.

Bo Bpems pa®oThl Haj quccepTaiueii Ha si3bike Python ObLI10 pazpaboTaHo Mpo-
rpaMMHOE cpeicTBO DFA-Inductor-py>>, npeaHasHaueHHoe s reHepainn JJKA
10 3a/IaHHBIM IIPUMEpPaM IMOBeJIeHUs. B cocTaB cpencTBa BXOAT pa3IMuHbIE MOIYIIH,
NO3BOJISIONINE pemiarh 3a1ady resepaunu JIKA 1o 3a1aHHbIM IpUMEpaM MOBEICHHUS,

3anaay renepanuu JIKA 1no u30bITouHOMYy Ha0Opy IPUMEPOB MOBEACHUS U 3aja4y re-

33 Zakirzyanov, I. DFA-Inductor-py. URL: https : / / github . com/ ctlab / DFA - Inductor - py
(mara o6p. 02.10.2020).
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Hepauuu Beex Hensomopdubix JIKA no 3a1aHHbIM IpuMepam MoBeAeHUs (JaHHbIE Me-
TOJIbI OITMCHIBAIOTCS B CIEAYIONIUX IT1aBax). B cpeacTe peain3oBaHbl pa3anyHbIe Mpe-
JMKaThl HAPYIIEHUSI CHMMETPUU — KaK MPEIIOKEHHBIE paHEE APYTUMH aBTOPAMHU, TAK
U pa3pabOTaHHbIEC B paMKaX HACTOSIIEH AUCCEPTaIUU.

C ucnonb30BaHUEM PEATU30BAHHOTO MPOrPAMMHOTO CPEICTBA ObLIU MPOBEC-
HBI JIBE CEPUU IKCIIEPUMEHTAIBHBIX UCCIIeIOBaHuil. MexX Ty co00i CpaBHUBAJIMCH Me-
tox renepauun JIKA 1o 3amaHHbIM IpUMEpPaM MOBEIECHUS ¢ UCIIOJIb30BAaHUEM OpUTH-
HaJbHBIX MPEIUKATOB HApyLIEHUs] CMMMeTprun Ha ocHoBe BFS n ananornussiii Mmetox
¢ ucnonb3oBanueM DFS-npenukaros. [lockonpky Meron DFASAT, UCHOIB3YIOIUNA B
KaueCTBE MPEIUKATOB HAPYIICHUS] CHMMETPUH (PUKCUPOBAHHE HYMEPALIMK HEKOTOPO
00IBIION KJIMKHU Tpada HECOBMECTUMOCTH, JISKUT

Nwmeronuecs B OTKPHITOM JOCTYNE TECTOBbIE JaHHBbIE (HAOOPHI MPUMEPOB TO-
BejieHHs), HatpuMep, ¢ copeBHoBaHuil Abbadingo One DFA Learning Competition®®
wma StaMinA Competition®”, pa3pabarTblBaIuch M0J HETOUHbIE AJITOPUTMBI, KOTOPBIE
MOTYT CTPOUTBH aBTOMAThl C COTHSIMU COCTOSIHUM. CylIECTBYIOIINE U NIPEJIAracMbIE B
paMKax HaCTOSIIEH JUCCepTalliy TOUYHbIE METOJIbI MOKa HE CIOCOOHBI cTpouTh JIKA
TaKOro pa3Mepa, MO3TOMY TECTOBBIE TAHHBIE TEHEPUPOBAIIUCH CIIyYalHO. Pe3ynbrarsl
AKCIIEPUMEHTOB MpEACTaBiIeHbl B TaOnuIle 1 ¥ MO3BOJSIIOT C/eliaTh BBIBOJ, YTO HC-
noabs3oBaHue DFS-npeankaroB HapyleHUs] CAMMETPHH HelleJiecoo0pa3Ho, TaK Kak Me-
TOJl, UX MCHOJB3YIOIINN, 3HAYUTEIbHO POUTPBIBAET METOAY, UCIIONb3ytoneMy BFS-
npenukarsbl. OJTHaKO MOXKHO 3aMETHUTh, UTO METOJ, Ucnoib3yromuid DFS-npeaukarsl
3HAYUTCIIbHO BBIMI'PHIBACT B MPOU3BOAUTCIBHOCTH OTHOCHUTEIBHO MeToda DEFASAT.
Tem He MeHee, UCXOJI U3 Pe3yIbTaToB, OBLIO PEIIEHO HE MPoAoKaTh pa3Butue DFS-
NPEAUKATOB U COCPEAOTOYUTHCS HA YIYUYIIEHHH NPEIUKATOB, MCHOJIb3YIOIINX aJro-

puT™M 00xona rpada B IUpuHY.

36Lcmg, K. J., Pearlmutter, B. A., Price, R. A. Results of the Abbadingo One DFA Learning Competition and
a New Evidence-Driven State Merging Algorithm // ICGI. Vol. 1433. Springer, 1998. P. 1-12. (Lecture Notes in
Computer Science).

3" Walkinshaw, N., Lambeau, B., Damas, C., Bogdanov, K., Dupont, P. STAMINA: a competition to encourage
the development and assessment of software model inference techniques // Empirical Software Engineering. 2013.
Vol. 18, no. 4. P. 791-824.
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Tabmuua 1 — MenuanHoe Bpems paboThl MeTo10B reHeparuu JJKA 1o 3agaHHbIM IpH-
MepaM IOBEJICHHUsI ¢ UCcToab30BaHneM BFS-nipeaukaroB Hapymenust cummerpun, DFS-
MIpEeIUKaTOB HApyLICHUS CUMMETPUH U MeToa DEASAT B CeKyHAaX, MIOCYUTAaHHOE HA
100 3amavax ;15 Kask10ro Habopa nmapameTpoB. Bpemst paboThl METOJI0B OBLIIO OTpaHu-
yeHo ogHuM yacoM (TL = 3600 cexynnm)

M  DFS BFS  DFASAT
10 209 20,5 233
12 404 37,6 240,3

14 822 62,4 —
16 205,1 114,1 —
18 601,7 181,9 —
20 2501,6 293,7 —

22 — 453,3 —
24— 625,1 —
26 — 925.8 —
28— 1314,4 —
30 — 1635,5 —

Bo BTOpOM 3KCIIEpUMEHTAILHOM UCCIEA0BAHUH CPABHUBAJIMCH METO/IbI, HCTIOJIb-
3yromue opuruHanbHeie BFS-npenukarsl (DFA-Inductor) u BFS-npenukarsl, pas-
paboTaHHble B HacTosen auccepranuu (DFA-Inductor-py). Kak u panee, no-
MOJTHUTEJILHO B CpaBHEHHE ObLI BKIIFOUEH MeTO/l DFASAT, U UCIIOJIb30BAJIUCH CITyYail-
HO CT€HEPUPOBAHHBIC TECTOBBIE JTAHHBIE. PE3ybTaTel CpaBHEHUS BCEX TPEX METOHOB
IIPEACTABIICHBI HA PUCYHKE 7a U MOKa3bIBAIOT, YTO MeToA DFA-Inductor-py CIO-
cOO€H 3a OJTHO U TO K€ BPEMsI pELIUTh OO0JIbIIIEE YUCIIO K3EMILISIPOB 3a/1a4ul T€HEepaLU
JKA 1o 3amaHHbpIM ITpuMepaMm NoBeAeHus], uem meron DFA-Inductor — 731 pe-
neHHas 3agada npotuB 678 3a 10 MuHyT. Takke MOXKHO 3aMETUTh, UTO METOA DEFASAT
HE CIOCOOEH COCTaBUTh KOHKYPEHILIUU JBYM JPYTHM IOAXOAAM.

Ha pucynke 7b npezacraBieno neraabHOe cpaBHEHUE MeTOI0B DFA-TInductor
1 DFA-Inductor-py, i€ BUAHO, YTO IIPU PEIICHUH ITOJABIAIOLIETO YHCIIa DK3EM-
IsipoB 3aj1auu renepanuu JIKA, meron, nmpeayioxKeHHbI B HACTOsIIEH paboTe, moKa-
3BIBAET JYUILIHE PE3YIbTaThI.

B TpeTbeii riiaBe HacTOSIICH AUCCEPTAIIMU OMMCHIBAIOTCS pa3paboTka, pean-

3alus U SKCIICPUMCHTAJIbHBIC UCCIICJOBAHUA TOYHOI'O MCTOZA I'CHCPpAllM ACTCPMHUHH-

POBAaHHBIX KOHCUHBIX dBTOMATOB I10 I/136I)ITO‘IHOMy Ha6opy IMPUMCPOB IMOBCACHUSA C UC-
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instances DFA-Inductor-py
(a) Cpasnenue metonos DFA-TInductor, (b) JleranbHoe cpaBHeHUE METOIOB
DFA-Inductor-py un DFASAT, DFA-Inductor u DFA-Inductor-py,
MOKa3bIBAIOIIEE YNCIIO PA3TUYHBIX IK3EMIUISIPOB CPaBHUBAOIIIEE UX MMPOU3BOJUTEIIBHOCTH B
3aJ1a4, PEUICHHBIX 32 ONPENEIICHHOE BpEMS PELIEHUH KaXX0T0 dK3EMIUIApa 3a1a41

Pucynok 7 — Pe3ynbrarel cCpaBHEHUSI METOA, UCITIOIB3YIOLIETO OPUTHHAIBHBIE
BFS-nmpenukarsl (DFA-Inductor), MeToaa, UCTIOIL3YIONIETO HOBBIE
BFS-npeaukarel (DFA-Inductor-py), u DFASAT

MOJIb30BAaHUEM CBEJICHMS K 3a7a4e€ BBHITTOJIHUMOCTH U TOIX0Aa YTOUHEHHS a0CTPaKIIUU
0 KOHTPIIPUMEPaM.

B pa3zaesie 3.1 npuBeneHo uccieqOBaHUE TPAHUL] TPUMEHUMOCTH MPEAJIOKEH-
HBIX B MPEABIAYIIUX TJIaBaX METOJ0B B 3aBUCUMOCTH OT pa3Mepa paclIupeHHOro Impe-
dbuxcHoro nepesa. Pazmep OyneBoit hopMyiibl, koaupytoliei 3agady reaepanuu JIKA,
JMHEWHO 3aBUCHUT OT pa3mepa npedukcHoro aepesa: O (N x M 2) JTU3BIOHKTOB, TIC
N — pa3mep npedukcHoro nepesa, a M — pasmep renepupyemoro KA. Yucno uc-
MOJIb3YEeMbIX TIEPEMEHHBIX B OyneBo (hopmyse Takke JTUHEWHO 3aBUCUT OT pa3Mmepa
npedukcHoro aepesa — O (N x M+ M 2) nepeMeHHbIX. TakuM o0pa3oMm, pu Heu3-
MEHHOM TE€HEPUPYEeMOM aBTOMaTe, pa3mep OylieBoi (HOpMyIbl M YHCIO MEPEMEHHBIX
MOYKET CHJIbHO MEHSTHCSI B 3aBUCHMOCTH OT YMCJIa IPUMEPOB MOBEACHUS U UX JJIUHBI.
[IporpammHoMy cpenctBy s perierust SAT npu yBenuueHuu pa3mepa mpeuKCHOTO
JIepeBa CTAHOBUTCS BCE 3aTpaTHEe XpaHUTh (GOopMylly U paboTaTh C HEH, a IepeMeH-

HBIX JJIsI Iepedopa CTAHOBUTCS BCe OOJbIe. DTO MPUBOIUT K CUTYaIlMH, KOTAA OJUH
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U TOT 5K€ aBTOMAT MOKET OBbITh MOJYUYEH 3a CEKYH/Ibl paOOThI MPOrPaAMMHOTO CPE/ICTBA
10 HEOOJIBLIIOMY YHCIy MPUMEPOB MOBEIEHUSI HEOOIBIION UIMHBI U MOXET OBbITh HE
Hal/IeH 3a 4achl ¥ IHU pabOThI CPEACTBA B CIyUae U30b1mMouH020 YUCHA JUTMHHBIX MTPH-
MEpOB MOBEICHUS.

Tak xak B ciyuyae JeTEpPMUHUPOBAHHBIX KOHEYHBIX aBTOMATOB KJIt0UeBast HHGOP-
Malys O IpUMEPE MOBEAEHUS — IPUHUMAETCS JTaHHOE CIIOBO aBTOMAaTOM WJIM HET —
COJEPKUTCSA B MOCJEIHEN BEPIIUHE TyTH B PACIIMPEHHOM NMPe(HUKCHOM JIepeBE, COOT-
BETCTBYIOILIETO JAHHOMY CJIOBY, TO €/1Ba JIW MO>KHO YTO-TO C/EJIAaTh B CIy4ae JIJIMHHBIX
npuMepoB noBeneHus. OAHAKO B ciiydae U30BITOYHOTO YHCIIa IPUMEPOB MOBEACHHUS,
MOJKHO B3$ITh TOJIBKO YaCTh U3 HUX U MOCTPOUTH TOT e aBToMat ObicTpee. CI0KHOCTh
COCTOMT B CIIOCOO€ BHIOOpA MPUMEPOB MOBEACHUS, TAK KAK MOKHO UCKIJIFOUUTDH TE€ TIPU-
MEpBbI, KOTOpPbIE SIBISIOTCS HEOOXOAMMBIMU Jjisi reHepanuu Toro JIKA, koTopsiil siB-
JSI€TC OTBETOM HA MCXOJHYIO 3aJady, U IMOJIYyYUTh COBEPLIEHHO APyrod aBToMar. B
CJIEYIOIeM pa3ieie mpeiaraeTcs MEeTOl UTEPaTUBHOIO BHIOOpPA TOJIBKO 3HAUYMMBIX
IPUMEPOB MOBEJCHUS U3 BCETO M3HAYAJIbHOIO MHOYKECTBA, PEIIAIOIININ TaHHYIO MPO-
onemy.

B pa3zaesie 3.2 npuBeneHo onucaHue pa3pabOTaHHOTO TOYHOIO METOZA reHepa-
uu JIKA 1o u30bITouHOMY HaOOpy IPUMEPOB MOBENCHUS HAa OCHOBE cBeAeHUs K SAT
u ¢ ucrnonbzoBanueM noaxoga CEGAR. Kak Ob110 ykazaHo panee, 0OBIYHO aJITOPUTM
YTOUHEHHUS a0CTPaKLMU MO0 KOHTPIpUMEpPaM IPUMEHSIETCS JJIs pelleHUs 3a1a4 aKTUB-
Horo oOyudeHus. 3anava reHepauuu JIKA mo 3a1aHHbIM IpUMeEpaM MOBEACHHUSI, B CBOIO
o4epe/b, OTHOCUTCSA K KJIACCy 3aj1a4 MacCUBHOTO 00ydeHus. OJIHaKo, B HACTOSIIEH JHC-
CepTalyy MpeJIaraeTcsi METoH, pemaronui 3anady reaepanuu JIKA no 3amaHHbIM
npuMepam, ucroiab3yromuii uaen noaxona CEGAR.

Kak n knaccuueckuii anroputm CEGAR, npennaraeMblidi METOI UTEPATUBHO
YTOYHSIET MOZEJIb, KOTOPAsi B HACTOSAILEH TUCCEPTALIMU SBIISIETCS IE€TEPMUHUPOBAHHBIM
KOHEYHBIM aBTOMaTroM. M3HayalbHO paciirpeHHoe MpeUKCHOE IEPeBO HE CONEPIKUT
BEpILIMH, HO JOCTpauBaeTcsl Ha KaxaoM mmare. Ha kaxxaom miare paboThl anropurma
npemaraercsa ¢ nomoubio ceeaeHus K SAT neitateca ctpouts JIKA Tekymero pas-

Mepa 1o TekyiieMy npeduxcHomy nepeBy. Eciu takoro JIKA He cyiiecTByeT, TO Kak
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Y paHbIIIe pa3Mep MCKOMOTO aBTOMAaTa YBEJIMUYMBACTCS HA €IMHHITY W MPOIIECC TTOWC-
Ka moBTOpsieTcs. EciM e Takou aBTOMAar HAWJEH, OH MPOBEPSETCS HA COOTBETCTBUE
ocTtaBmuMcs npumepam noseneHus. Ecau JIKA cooTBETCTBYeT BceM pUMEpaM MoOBe-
JICHUs, TO 3a7a4a pemreHa. MiHade, cpey TeX MpruMepoB MOBEJACHHUS, KOTOPBIM ITOCTPO-
CHHBII aBTOMAT HE COOTBETCTBYET, BRLIOMPACTCS OMH HIIH HECKOJIBKO KOHTPIIPUMEPOB,
110 KOTOPBIM JIOCTpanBaeTcs NMpepruKCHOE JEPEBO, CTPOUTCS HOBas OyineBa (popMyna u
MOMCK MpoaopKaeTcs. Cxema mpeioKEHHOTO METO/Ia TIPEICTABICHA Ha PUCYHKE 8.

S =S, rme So— M =1, rae | — HwxHas
IMocTpoenue mpepuKCHOro
Hauano ITOIMHOYECTBO OIICHKA Ha pazMmep
JIKA nepesa T(S)

MPUMEPOB MOBEACHUS

\ 4

v

Ioctpoenne SAT dopmyibt
Jutst moucka JIKA pasmepa
M, cootBeTcTBYIOMmETO T

CootserctByeT 1 JIKA Bcem
pUMepaM MoBeIeHuUs?

VYnoenetBopuma i SAT
dhopmymna?

v A4

M=M+1 v S=SUC0,F,Z[eC07
K ITOIMHOXECTBO
' ( N > KOHTPIIPUMEPOB
Pucynok 8 — Cxema Tounoro metoja reiepanuu JIKA no n3osirouHoMy HabOpy

IIPUMEPOB NOBEECHUS Ha OCHOBE cBelleHns K SAT u ¢ uCronap30BaHUEM IOAXOA
CEGAR

Heo0xonumMo 3aMeTuThb, 4TO Mepe3anycKkarb NporpaMMHOE CPEICTBO ISl pelie-
Hust SAT npu KaXkJIoM 10CTpauBaHUU PEPUKCHOTO JiepeBa KpaiiHe Hed(pHEeKTUBHO, TaK
KakK IpH 100aBJIEHUN HOBBIX IU3bIOHKTOB B (DOPMYITy, MPOCTPAHCTBO MOUCKA PEIICHHUS
SAT TonbKo cykaeTcsl, a, 3HAYUT, HET HEOOXOIUMOCTH HAYUHATh MTOMCK BBITIOJHSIOILIECH
MOJICTAHOBKHM 3aHOBO. MOKHO HUCIMOJIb30BaTh MHKPEMEHTAJIbHBIE IPOrPAMMHBIE CpE-
ctBa i pemeHuss SAT, KOTOpbIe TOCIE HAXO0XKICHUSI HEKOTOPOW BBINIOJIHSIOIIECH TOJI-
CTAHOBKH IIEPEXOJAT B PEKUM OKHMJIAHHSI HOBBIX JU3BIOHKTOB U 3aTE€M IPOJIOJIKAIOT
MOMCK pEIIeHUs] YK€ JJIi HOBOM YTOUYHEHHOU (OPMYJIBI C TOTO MECTa, TJie€ OCTAaHOBH-

JIMCh B IIPOLLLJIBIN pas.
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B pa3aene 3.3 npuBeneHbl OnMcaHUe peanu3aluy pa3paboTaHHOIO METoJa Kak
YaCTH POrpaMMHOro cpeacTsa DEFA-Inductor—py U pe3yabTraTbl 9KCIIEPUMEHTAIb-
HBIX UCCIIEJOBaHUI pa3pabOTaHHOro MeTtoza. (s mpoBeneHus 3KCIEpUMEHTAIBHBIX
UCCIJIEJOBAaHUI CHOBA UCIIOJIb30BAJINCH CIyYaliHO CTEHEPUPOBAHHBIE TECTOBBIE IaHHBIE.
DKcIepUMEHTaIbHbIE MCCIEA0BAHUS TOKa3aIl, YTO IPHU OOJBIIOM YHCIIE IPUMEPOB
noBenenus S = [S;| + |S-| = 200 x M meron na ochoBe CEGAR paboraer kak
MUHUMYM B JIBa pa3za ObICTpee MeTofa, UCIIOIb3YIOUIEr0 Cpa3y BCe MPUMEPHI MOJIee-
Hus. bonee Toro, BeiMrpsii oT uenoib3oBanus CEGAR yBennuuBaercst ¢ poCTOM YHcC-
J1a IPUMEPOB NTOBEACHMUSL.

B quBepTOﬁ aBe Juccepraugum JacTCAa IIOCTAHOBKA 3ada4y I'eHCpalnu BCCX

HEU30MOP(HBIX JETEPMUHUPOBAHHBIX KOHEUHBIX aBTOMATOB, YIOBJIETBOPSIONIUX 3a-
JAaHHBIM MPUMEpPaM TTOBEJCHHUSI, & 3aTEM OIMKMCBIBAIOTCS pa3pabOoTKa, peaau3aius 1 IKC-
MEPUMEHTAJIbHBIE UCCIIEIOBAHUS JIBYX METO/IOB, PEIIAIOIIMX TOCTABIECHHYIO 3a]1a4y.
B pasnene 4.1 npuBeneHa (opmanbHas MOCTAaHOBKA 3a/Ja4M TEHEPAIMHM BCEX
HenzoMopdHbIX [IKA MUHUMATHEHOTO pa3Mepa, YAOBICTBOPSIONIUX 3aJaHHBIM MPUME-
pam noBeneHust. Kak yxe 0bu10 nmokaszano panee, [IKA MuHuManbHOTO pasmepa siBiis-
€TCsl MAKCUMAJIbHO TOYHBIM 0000IIIEHUEM UMEIOIIUXCS JaHHBIX, BBIPAKEHHBIX C TTIOMO-
b0 MpUMEPOB NoBeieHUs. OIHAKO B cllyyae, Kora MpUMeEpHI MOBEAECHHS HE1I0CTaTOu-
HO XOpPOIIO ONHCHIBAIOT UCKOMBIM aBTOMAT, MOXET CYIIECTBOBATh HECKOJIBKO Pa3ihy-
HBIX HEM30MOP(HBIX YIOBIETBOPSAIOIINX aBTOMAaTOB MUHUMAJIBHOTO pa3Mepa. B Takom
Cllydyae paldoHAJbHBIM PEIICHUEM MOXET OBITh MOCTPOCHUE BCEX TAKUX aBTOMAaTOB
JUTSI TIPOBEICHUS JajibHelero ananmsa. Ha prucynke 9 nprBeneHbsl Bce Hen30MopQhHbIE
JIKA MUHMMaNbHOTO pa3Mepa, MOCTPOCHHBIE 110 3aJJaHHBIM IIPUMEPAM TTOBEICHUS.
Panee meTonpl reHepannu Bcex paznndHbix JIKA ¢ MUHUMaIbHBIM YHCIIOM CO-
CTOSIHM 110 3aJlaHHBIM IIpUMEpaM MOBEACHUS He Mpejyiaranuck. bonee toro, 6e3 uc-
MOJIb30BAHUS MIPEANKATOB HapyIIeHUs cuMMmeTpuu Ha ocHoBe BFS wnu DFS, pa3pema-
IOIIMX PacCMAaTPUBATh JJISI KAKJIOTO Klacca YKBUBAJICHTHOCTH MO U30MOP(PU3MY OJTHO-
'O MPEJCTABUTEINSI BMECTO (haKTopHaia, He MPeJCTaBIAETCs BOSMOXHBIM d(h(PeKTHBHAS

reHepanus Bcex paznuunbix [IKA ¢ nomonieto ceenenus k SAT.
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Pucynok 9 — Bece nenzomopdusie JIKA, cooTBETCTBYOIINE MHOKECTBAM ITPUMEPOB
noBenenust S, = {a, bb, aaaa} u S_ = {aa, bab}

B pasnese 4.2 npuBeneHO ONMMCaHUE METOJAa T€HEPAIIMU BCEX HEU30MOPQHBIX
JIKA MUHUMaJIBHOTO pa3Mepa C UCMOJIb30BaHEM cBeZieHUs K SAT U peInKaToB Hapy-
HICHHUSI CAMMETPHH. TaK Kak IPU UCTIOJIb30BAHNHN ITPEAUKATOB HAPYIIEHNUS] CAMMETPHH,
MOCTPOCHHBIX HA OCHOBE KoaupoBaHus airoputma BFS (poBHO Kak 1 Ha OCHOBE KOJU-
poBanus anroputma DFS), moxeT O0bITh creHepupoBaH Toibko JIKA, mponymepoBaH-
Heiii B nopsjake BFS (DFS), To noctatouHo 3a010KMpOBaTh YK€ HaWIEHHBIM aBTOMAT
U UCKJIIOYUTH €ro (BMECTO CO BCeMH M30MOP(GHBIMH €My aBTOMAaTaMM) U3 IMPOCTPaH-
CTBa MOMCKA. V3 HalJICHHOW BBIMOJIHAIOIIEH TOCTAHOBKU MOCTPOUTH aBTOMAT MOXHO,
UCIIOJIB3Ys TOJILKO NEPEMEHHBIE NIEPEXOJIOB ¥; 1 ; U IIEPEMEHHBIE I0IycKa 2;. Toraa no-
CTATOYHO M3 BCEW HAWUJICHHOM BBITTOJIHAIONIEH IMOJCTAHOBKH 3alIPETUTh TOJIBKO 3HA4E-
HUS 9TUX TIepeMeHHbBIX. Eciu ¢ moMoIibio ¢ (¢) 0003HAYUThH 3HAUYCHUE TIEPEMEHHOI ¢
B HaliICHHOMU IIOAICTAaHOBKE (¢ U ONpPENEINTh MHOXKECTBO )V = {y; |1, € [M] Al €

YA ¢ (yir;) = 1}, T0 bnokupyrowuii OuzbionKkm MOXHO OIPENSIHUTD CIIEIYIOIUM 00-
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paszom:

/\ Y A /\ —p () -
yey i€[M]

Taxxe Kak U B citydae ¢ MeToioM, ucnoib3ytomuM rnoaxoq CEGAR, npu qo6as-
JIEHUU OJIOKUPYIOIIEro JU3BbIOHKTA MPOCTPAHCTBO MOMCKA TOJIBKO COKpAIAeTCs, MO-
ATOMY MOYKHO HE Tepe3anyCcKaTh TPOrpaMMHOE CPEJICTBO, @ UCIOJIb30BaTh €ro B WH-
KPEMEHTAJIbHOM PEXHME.

Ene ogHuM BasKHBIM TPUMEHEHUEM MTPEIIOKEHHOTO METO/IA SIBIISIETCS ITPOBEPKA
TOT0, YTO CT€HEPUPOBAHHBIN ABTOMAT SIBJISIETCS] €AUHCTBEHHBIM CYIIECTBYIOIIMM aBTO-
MAaTOM MHUHUMAaJIbHOTO pa3Mepa, COOTBETCTBYIOIIMM 3a/IaHHBIM IPUMEPAM MTOBEICHUS.
Ennncreennocts JIKA B TakoM ciiyyae TOBOPUT O TOM, UTO UMEIOIIIUECS IAHHBIE XOPO-
110 ONMCHIBAIOT HAWJICHHBINA aBTOMAT.

B pa3nese 4.3 npuBeeHbI ONMMCAHKUE peaau3aliuy pa3pab0TaHHBIX METOJOB KaK
4acTel MpOrpaMMHOro cpeacrtsa DFA-Inductor—-py W pe3ysbrarbl dKCIIEPUMEH-
TaJIbHBIX MCCJIEIOBAaHUM pa3pabOTaHHBIX METOJOB. Tak Kak paHee HE CYIIECTBOBAJIO
3¢ (PEeKTUBHBIX METOIOB PEIICHUS 3a/1a4yl TeHepaluu Beex pasnnunbix KA no 3agan-
HBIM IIpUMEpaM MOBEJICHHUS, TO B KaueCTBE 0A30BOI0 JJIsl OLIEHKH MPOU3BOAUTEIBHOCTH
MPEIIOKEHHOTO METOo/Ia ObLT pa3paboTaH NepeOOPHbIN aAJITOPUTM C BO3BpaTamMu, KOTO-
phIit uiet Bce paznuunbie JIKA mo 3ajaHHBIM prUMepaM MoBeIeHUs 0€3 UCIOIh30Ba-
HUS CTOPOHHHUX MTPOTPAMMHBIX CPEICTB.

Pe3ynbrarhl 9KCIEpUMEHTAIBHBIX WCCIEAOBAaHUN MPEICTaBICHbI B Tabmuie 2.
OKCIEPUMEHTHI MPOBOJAUIUCH ISl TPEX PA3IUUYHBIX TPYNI K3EMIUISIPOB 3aJ1a4u re-
Hepauu /KA no 3aganHbIM puMepam MoBeJeHus. B nepBoii rpynmne 4ucio npume-
POB MOBEJICHUS OTHOCUTEIBHO pa3Mepa TEHEPUPYEMOTO0 aBTOMATa UMEJIO COOTHOIIIE-
Hue S = 5 x M, Bo Bropoii — S = 10 x M, B tperbeit S = 25 x M. Cronber «>1»
MOKa3bIBACT MPOIICHT AK3EMIUIIPOB 3aJauM, TJe CYIIECTBYET OOJIbIIEe OJHOTO HEU30-
MOpP(GHOTO aBTOMATa.

Pe3ynbrarsl 5KCIEpUMEHTOB MO3BOJISAIOT CIENIATh HECKOJIBKO BBIBOJIOB:

a) BIIEpBBIC YCHEIIHO peIlIeHa 3aJa4a reHepainu Becex paznuuibix JJKA Munu-

MaJIbHOI'O pasMeEpa 110 3aJlaHHbIM IIpUMEpPaM IIOBCACHU A,
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Tabnuia 2 — MenuanHoe Bpemsi HaxoxkAeHUs BeeX pazanyHbix JIKA ¢ momoribio me-
Toja Ha ocHOBe cBeAeHus K SAT ¢ mepesamyckoM mporpammHoro cpenctsa (REST),
MeToj1a Ha OCHOBE cBefieHUs K SAT ¢ MCIoIb30BaHUEM MHKPEMEHTAIBLHOTO MPOTPaMM-
Horo cpenctsa (INC) u nepebopnoro merona ¢ Bo3sparamu (BTR)

Y S=5bxM S=10x M S=25x M
>1 REST INC BTR >1 REST INC BTR >1 REST INC BTR

5 53 23 20 08 40 3,6 33 13 17 41 34 15
6 56 28 2.4 2,1 31 4.7 39 1,7 27 5,4 43 1,7
7 87 39 2,5 4.1 27 3,7 3,0 3,1 13 7,4 6,7 2,5
8 80 46 3,7 87,2 34 7,0 6,5 41,7 16 10,1 8,9 11,6
9 91 7,6 3.9 475,1 50 7,7 6,4 121,6 10 13,8 13,0 614
10 89 15,7 5,3 2756,2 47 8,6 7,0 974,77 11 18,8 16,1 276,8
11 94 199 7.3 — 63 18,5 13,8 3108,0 9 24,5 21,9 11584
12 90 28,0 9,9 — 49 223 16,7 — 8 33,5 27,2 3289,1
13 92 1855 18,1  — 57 369 226 — 12 620 514 —
14 87 408,5 49,0 — 71 85,1 41,8 — 4 67,0 56,2 —
15 95 571,1 174,1 — 69 193,3 95,7 — 6 292 26,2 —

0) o0a MeToma, UCTIOJIb3YIolHE CBefcHrEe K SAT, 3HaUUTEIHbHO MPEBOCXOASAT IO

MIPOM3BOIUTEIIBHOCTH TTepeOOPHBIN METO;
B) HCIIOJIB30BaHNE HHKPEMEHTAIBHOTO MPOrPAMMHOTO CPEACTBA, KaK U IIPEATIO-

J1arajaoch, 1aeT 3aMETHOE IIPEUMYIIECTBO OTHOCUTEIIBHO NTOIX0/1A C IIepe3a-
IIyCKOM MPOTPAMMHOTO CPEJICTBA, UTO OOBACHAETCS COXPAaHECHUEM ITPOMEXKY-
TOYHOTO COCTOSIHUS UHKPEMEHTAIBHBIM IIPOIPAMMHBIM CPEICTBOM I0CJIE Ha-

XoxaeHus1 Hekotoporo JIKA;

r) yeM OoJibllie MPUMEPOB MOBeIeHUs AaHo A renepanuu JIKA, Tem pexe ciny-

B

YaeTcsl CUTyalHusi, KOTJa CylIECTBYET HECKOJbKO pa3nuuHbiX JIKA, cooTBeT-

CTBYIOIIUX HM.

S3AKJIYCHUH ITPUBCACHBI OCHOBHBIC PC3YJIbTAThI pa60TBI, KOTOPBLIC 3aKJIro4a-

I0TCA B CIICAYIOICM:

a) P33pa6OTaHI)I NpCAUKATBI HAPYIICHUA CUMMCTPUKU, OCHOBAHHBIC HAa KOAUPO-

BaHUM aJITOPUTMOB 00x0/1a rpada B MHUPUHY U B DIIYOUHY, IJI1 COKPAILICHUS
IPOCTPAHCTBA MOKCKA MPU PEIICHUH 33]1a4l BBIIOJIHUMOCTH U TOUYHbIE Me-
To1bl reHepannu JIKA 1o 3a1aHHbIM IpUMeEpaM MOBEIAEHUS, UCITOJIb3YIOIIUE
JAHHbIE Npeaukatel. [Ipenukarsl HapylIEeHUsT CUMMETPUN, OCHOBAHHBIE Ha

KOJMPOBAaHUU alropuTMa 00xona rpada B IIyOMHY UMEIOT CKOpee TeOpPETH-
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YECKYI0 3HAYMMOCTh, TaK KaK HE MPOJAEMOHCTPUPOBATIN HUKAKUX TPEUMY-
IIECTB, OTHOCUTEIHHO MPEANKATOB, OCHOBAaHHBIX Ha KOJUPOBAHUHU aJITOPHUT-
Ma obxoza rpada B mupuHy. HoBbIl cioco0 KOIUpOBaHMS MPEAUKATOB Ha-
pYILIEHUSI CHMMETPUHM Ha OCHOBE KOJMPOBAaHUS alroputMa ooxona rpada B
[IUPUHY TO3BOJISIET UCTIOIB30BaTh ACUMIITOTHYECKU MEHBIIIEE YUCIIO AU3b-
IOHKTOB OTHOCHUTEIJIFHO MPEIJIOKEHHOTO paHee. PazpaboraHHbIi TOUHBIN Me-
TO/I, UCTIONB3YIOIINN TaHHBIC MPETUKATH COBMECTHO C IIPEAUKATAMU, YIUTHI-
BAIOIIMMHU OCOOCHHOCTH JiepeBa 00xoaa rpada B mMUPUHY, JEMOHCTPUPYET
JTYUIIYI0 IPOU3BOIUTEIBHOCTh OTHOCUTEIBHO CYIIECTBOBABIIUX paHEe Me-
TOJIOB.

Pa3zpaboran Tounblit Metoa renepauun JJKA no u3dsitouHoMy Habopy Mpu-
MEpPOB MOBEJICHUSI C UCIIOJIb30BAHUEM CBEJICHUS K 3a/1a4€ BBIMOJIHUMOCTU U
MOJIX0/1a YTOUYHEHHUsI a0CTpaKIuu 1o KOHTpIpumepam. Pasmep OyneBoii op-
MYJIBI ¥ YUCJIO UCTIOJIB3YyEeMbIX IEPEMEHHBIX TUHEHHO BO3pacTaeT P yBEIH-
YEHHUH YKCIIa MPUMEPOB MoBeAeHMs. Pa3paboTaHHbIi METOJT TO3BOJISIET FeHE-
puposath JIKA 1o nuz0siTounomMy HabOpy MPUMEPOB MOBEACHHUSI, UTEPATUBHO
pacImpsisi MHOXKECTBO UCTIONB3YEMBIX IPUMEPOB, IOCTPANBAS PACIIUPEHHOE
npepUKCHOE ASPEBO U UCIIONB3Ys POTPAMMHOE CPENICTBO /i pemeHus SAT
B MHKPEMEHTAJILHOM pexume. Tak Kak MHOXXECTBO HCIOJIb3yEeMbIX MTpUMe-
POB TOBEJICHUS PACIIUPACTCSI KOHTPIPUMEPAMH K MTOCTPOECHHBIM MPOMEXKY-
TouHbIM JIKA, TO B uTOTEe MJI TEeHEpALUK UCIIOJIB3YIOTCS TOJIBKO 3HAYUMBIE
npUMephl ToBeieHus. TakuM 00pa3oM, ¢ MOMOIIBIO JAHHOTO METO/Ia yIaeT-
Csl TOYHO pelarh Takue 3aJa4u, KOTOPbIE paHbIle HE MOIIU OBITh pElICHBI
BBUTy OOJIBIIIOTO pa3Mepa OyseBoi (opMyIIbI.

Pazpaboran Meron renepaiuu Bcex HemzoMopdHbIX KA mMuHHMManbHOTrO
pasMepa, yIOBJIETBOPSAIONINX 3aJaHHBIM ITPUMEpaM MOBEICHHUS, C UCTIOIb30-
BaHUEM MPEIUKATOB HAPYIICHUS CHMMETPHUH M TIPOTPAMMHBIX CPEJICTB pellie-
HUS 33/1a4¥ BBITOJHUMOCTH. PaHee 3a/1aua reHepaiuu Bcex Hen30MOop(hHBIX
JIKA MUHUMaIBHOTO pasMepa He umena 3h(HEeKTUBHOTO peIIeHHs BBUILY TO-

o, 4TO I/IBOMOp(l)HLIe dBTOMATHI, SABJIASICh OJJMHAKOBBIMU 11O CTPYKTYPC U 110



1)

41

ONPENEISIEMOMY S3bIKY, IPOrPaMMHBIM cpeacTBoM miisd pemeHus SAT cuu-
TAFOTCSI PA3IMYHBIME, YTO TPUBOIHUT K paccMorperuto O (M) uzomopdHbIX
aBToMaroB ¢ M cocrossHusaMHU. Mcnionib30BaHUE NPEANKATOB HAPYILLIEHUS CUM-
METPHUU Ha OCHOBE KOJIUPOBAHUSA ajIropuTma ooxoja rpada B IHPUHY TO3BO-
JISIET U1 KaXKJI0TO Kjlacca SKBUBAJIEHTHOCTH 1O U30MOP(PU3MY OCTABUTD IS
pacCMOTpEHUsT €AMHCTBEHHOTO MpeICTaBUTENsI BMecTO (pakTopuana. Takum
o0pa3oM, BIIEpPBbIE ObLT MPE/JIOKEH METO]] PEIICHUS 3a]]aul TeHEPAIIH BCEX
Heuzomo(ppHbix JIKA MunnMansHOro pazMepa. [lonck Bcex Hem30MOphHBIX
aBTOMAaTOB MOXKET OBITh IMOJIE3EH ISl JAJIbHEUIIEro UX aHaiu3a, JIU0o AJis
aHaJiM3a UMEIOLIMXCS NPUMEPOB NOBEACHHUS. [pyrumM npumMeHeHrueM paspa-
OO0TaHHOTO METO/Ia ABJISIETCS] BO3MOKHOCTD JI0Ka3aTh €IMHCTBEHHOCTh MUHU-
MaJIbHOTO aBTOMAara, COOTBETCTBYIOIIETO 33/ IaHHBIM TPUMEpPaM MOBEACHUS.
Bo Bpems pabGoTel Hajm auccepranmedl Ha s3bike Python ObLIO pas-
paboTaHO MPOrpaMMHOE CPEACTBO C OTKPBITHIM HCXOAHBIM  KOJIOM
DFA-Inductor-py, NpeaHa3HAY€HHOE JIsI T'€HEpaLUuU I[KA 10 3aJiaH-
HBIM [IPUMEPAM IMOBEICHUA. B cocTaB cpeacTsa BXOAAT pa3IMuHbIE MOIYJIH,
MO3BOJIAIOIIME pelarsk 3aaady reHepaunu JIKA 1o 3agaHHBIM IpuMepam
noBeAeHus1, 3anady reHepanuu KA mo u30bITouHOMY HaOOpy IPUMEPOB
MOBEACHUS U 3a/1ady TeHepauuu Bcex Henzomopdubix KA mo 3amanHbIM
IpUMeEpaM TMOBEIACHUA. B CpeAcTBe peann30BaHbl Pa3IUYHbBIE MPEIUKATHI
HAPYLICHUSI CUMMETPUHN — KaK MPEIIOKEHHBIE PaHEE APYTHUMHU aBTOPAMHU,
TaK U pa3paboTaHHBIC B paMKax HACTOSIICH TUCCepTaIi.

Pesynbrarsl paboThl ObUIM UCIIOJIB30BaHBI B yUeOHOM Ipoliecce Ha (aKymbTe-
T€ UHPOPMALIMOHHBIX TEXHOJIOTUI U porpaMmmupoBaHust Yausepcuteta UT-
MO B pamkax kypca «IIpoekTupoBaHHe aBTOMATHBIX MPOrpaMM» IMPOrpam-
MbI OakanaBpuara «MaTremarnueckue MOJEIH M alTOPUTMBI B pa3pabOTKe
IPOrPaMMHOI0 00€CTIEUEHUS», UTO TTOATBEPIKIAETCS aKTOM 00 MCIIOIb30Ba-
HUM.

Yactb pe3ynbTaToB palOOThI KCIOJB30BAACh MPU BBIMOJIHEHUHM MPOEKTa

SAUNA (“Integrated safety assessment and justification of nuclear power
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plant automaton’), BBIIOJHEHHOTO HccieaoBarenabckoil rpymmoi “IT in
Automation” kadenpsl AIEKTPOTEXHUKUA U aBTOMATUKHN YHUBEpcUTEeTa Aaj-
To, OuHIAHIUA, B pamkax DUHCKOHM MporpamMmbl UCCIEIOBaHUM Oe3omnac-
HOCTU aToMHbIX sJekTpocraHiuid — SAFIR2018, uyto moarBepxkmaercs
MUCbMOM PYKOBOAMTENS uccienoBareiabckoil rpynnel “IT in Automation”
B. B. Barkuna.

x) PesynbraTsl paboThl TaKkKe UCIIOJIB30BAIMCH TPU BBITTOJHEHUH MO PYKOBO/I-
CTBOM aBTOpa aucceprauuu rpanta Poccuiickoro gonaa ¢pyHnaMeHTanbHbIX
uccinenoBanuii (mpoekt 183700425 «Pa3zpaborka 3peKTUBHBIX METOAOB Ma-
IIMHHOTO OOyYeHUs ISl MOCTPOCHHUS JIETEPMUHUPOBAHHBIX KOHEYHBIX aB-
TOMAaTOB Ha OCHOBE PEIICHHUs 3aJaud BBIMOIHUMOCTHY», 2018-2020 rT.) u
B paMKax MPOEKTOB MO MpOorpamMMe MOBBIIMICHUS KOHKYPEHTOCIIOCOOHOCTH
BEYIINX POCCUNCKUX YHUBEPCUTETOB CPEIM BEIYIIMX MHUPOBBIX HAYYHO-
o0Opa3oBaTeabHbIX HEHTPOB «5-100%.

Tounbrit Mmetox renepannu JIKA 1o 3agaHHbIM TpUMEpPaM MOBEICHMUS, UCTIONb3Y-
IOLTUH MpeArKaThl HApyIIeHUsI CHMMETPUHU Ha OCHOBE aJIrOpUTMa 00xoza rpada B mm-
pUHY, IEMOHCTPUPYET JYUIIYIO MTPOU3BOAUTEIBHOCTh OTHOCUTEIHHO MU3BECTHBIX pa-
HEE METOOB U IMO3BOJIAET T€HEPUPOBATh aBTOMAThl OOJIBIIETO pa3Mepa 3a MEHbIIEe
Bpemsi. Metox renepanuun JIKA no uz6eitounomy HaOOpy NMpUMEPOB MOBEIEHUS 03~
BOJISIET TEHEPUPOBATh aBTOMATHI 110 TAKUM JAaHHBIM, IT0 KOTOPBIM U3BECTHBIE PAHEE Me-
TOJIbI HE MOTTH TTocTpouTh JIKA B mpuHITMTIE BBHIY OOIBIIIOTO pasMepa OyrneBoit (hop-
mysbl. Meton reHepanuu Bcex HemzomophHbix JIKA MuHnMansHoro pazmepa, ynosie-
TBOPSIOIIUX 3aIaHHBIM IPUMEPAM MOBEICHHUSI, IBJSETCS EPBBIM U3BECTHBIM METOJIOM,
MO3BOJISIIOIIMM CTE€HEPUPOBATh BCE HEU30MOP(HBIE aBTOMAThl — CYIIECTBOBABIIIKE Pa-
HEe METOJIbl MOTYT OBITh aJIalITUPOBaHBI JJ1s moucka Bcex JIKA, HO ux ucnonab3oBanue
IPUBOAUT K BOZHUKHOBEHHUIO KOMOMHATOPHOTO B3phIBA YUCIIA PACCMaTPUBAEMbBIX aBTO-
MaToB BBUY OTCYTCTBUA d()(PEKTUBHBIX MPEAUKATOB HApyIIeHUs] cumMeTpud. Llensio
HACTOSIIETO JAUCCEPTALMOHHOTO MCCIIEOBAHMSI SBISIIOCH MOBBINIEHUE d()PEKTUBHO-
CTH TOYHBIX METOJIOB I€HEpalMu JIETEPMUHHUPOBAHHBIX KOHEUHBIX aBTOMAaTOB IO 3a-

JAaHHBIM IMIPpUMCPaM IMMOBCACHUA IMTOCPCACTBOM COKpPAIICHUS IIPOCTPAHCTBA ITOUCKA IIPHU
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pELICHUH 3aJa4i BBINOJHUMOCTH. TakuMm 0o0pa3oM, COIacHO pe3yabTaraM 3KCIepu-

MCHTAJBbHBIX HCCHCZ[OBaHHﬁ, CJIb MOXKHO CUMTATh YCIICIITHO HOCTHFHYTOﬁ.

BaaronapuocT. ABTOp BBIpaxkaeT 07arofapHOCTbh CBOEMY HAyYHOMY PyKOBOJUTE-
JI0, KaHJIUJ1aTy TEXHUYECKUX HayK, B. M. YiibsHIIEBY 32 HEOLIECHUMYIO ITOMOIIb B UCCIIE-
JOBAaTEJIbCKOW JIEATENIbHOCTU M B HAllMCAHUM HACTOAILEH paboThl, mpodeccopy, JOK-
TOPY TEXHUYECKUX HaykK, A. A. IllaybITo 32 HACTABHUYECTBO, KOJIJIEraM MO MEXK/IyHa-
ponHo# nabopatopun «KomMmnbroTepHbIE TEXHOJOTUM» KaHAUAATY TEXHUYECKUX HAyK
J1. C. YuBUIMXWHY 32 MHOTOYHCIICHHBIE KOHCYJIbTAIUH IO BOIIPOCAM HCCIIEI0OBATENb-
CKOM JESITeIbHOCTH U 3a IMOMOIILb C IEPEBOJIOM TEKCTa pedepara Ha aHITTUHUCKUN S3bIK,
K. 1. Yyxapey u JI. M. CyBopoBy 3a MOMOIIlb B TOJITOTOBKE UJUTKOCTPATUBHOTO MaTe-
puaina Hactosien nuccepranuu, A. Y. byrposckomy u T. P. 'anumixaHoBy 3a moMolib
B JIOKYMEHTOOOOPOTE BO BpPEMSI MPOLEAYPhl OJATOTOBKH 3alIUThI HACTOSIIIEH AUCCEp-
TallMOHHOM Pa0dO0Thl, UHOCTPAHHBIM KOJIJIEraM KaHAUAaTy (PU3UKO-MaTeMaTUYECKUX Ha-
yk A. . UrnareeBy u gokropy XK. Mapkeiry-CuiibBe 32 OpraHu3aiuio CTaKUPOBKU U
AKTUBHOE B HEW y4acTHE, B paMKax KOTOPOM MPOBOAUIACH YAaCTh UCCIIEIOBATENBCKON
NEeATEIIbHOCTH aBTOPA.

Taxoke aBTOp BhIpakaeT 0J1aroqapHOCTb CBOUM poauTeism Tumypy u Banentune
3a PUBUTYIO JIO00Bb K 3HAHUSIM U Maremaruke, JlazapeBoii Exarepune 3a 1o, 4To BCe-
rna Oblaa psjioM, cBouM Jipy3bsiM Anekcanapy b., Anekcanapy C., Anacracuu, Ba-
neHtuny, EBrenutro, Mapune, Margero, Haranwe, Tanrary u TaTbsiHe 3a OKa3aHHYIO

MOPAJIBHYIO TOJICPKKY.
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Synopsis
Thesis overview

Relevance. Finite-state machines are one of the fundamental concepts in discrete
mathematics, informatics, and software engineering. Besides a direct role in the formal
languages theory and design of computing devices, various finite-state machine models
are practically used nowadays for development and analysis of software.

For example, finite-state machines are used for development of software models
for controllers and mission-critical systems!, protocol specification?, behavior model-

3. The main advantages of using finite-state ma-

ing for complex high-level systems
chines include their relative simplicity for human perception and the possibility of au-
tomated formal verification of model properties (model checking)*.

In many cases the finite-state model is created by a developer manually, an ex-
ample is the automata-based programming paradigm’. Other applications assume au-
tomated inference of a finite-state machine: extraction of the model from existing data
or systems. Among practical examples of finite-state model inference applications are:

synthesis of software models for controllers from manually or automatically collected

behavior examples®, synthesis of formal models for plants in control systems’, analy-

'Polykarpova, N., Shalyto, A. Automata-based Programming. St. Petersburg : Piter, 2010. 176 p. In Russian;
Patil, S., Dubinin, V., Vyatkin, V. Formal Modelling and Verification of IEC61499 Function Blocks with Abstract
State Machines and SMV — Execution Semantics // SETTA. vol. 9409. Springer, 2015. P. 300-315. (Lecture
Notes in Computer Science).

2J0ngmans, S.-S. T Q., Halle, S., Arbab, F. Automata-Based Optimization of Interaction Protocols for Scalable
Multicore Platforms // COORDINATION. vol. 8459. Springer, 2014. P. 65-82. (Lecture Notes in Computer
Science).

3Heule, M., Verwer, S. Software model synthesis using satisfiability solvers // Empirical Software Engineering.
2013. Vol. 18, no. 4. P. 825-856; Wagner, F., Schmuki, R., Wagner, T., Wolstenholme, P. Modeling Software with
Finite State Machines: A Practical Approach. CRC Press, 2006. 392 p.

4Clarke Jr, E. M., Grumberg, O., Kroening, D., Peled, D., Veith, H. Model checking. Second edition. MIT
press, 2018. 424 p. (Cyber Physical Systems Series).

3Polykarpova, N., Shalyto, A. Automata-based Programming. St. Petersburg : Piter, 2010. 176 p. In Russian.

®Chivilikhin, D., Buzhinsky, 1., Ulyantsev, V., Stankevich, A., Shalyto, A., Vyatkin, V. Counterexample-guided
inference of controller logic from execution traces and temporal formulas // ETFA. IEEE, 2018. P. 91-98.

"Buzhinsky, I., Vyatkin, V. Modular plant model synthesis from behavior traces and temporal properties //
ETFA. IEEE, 2017. P. 1-7; Buzhinsky, I., Vyatkin, V. Automatic Inference of Finite-State Plant Models From
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sis of interaction models for complex software systems® and network protocols’, etc.
Active research and development in finite-state machine inference algorithms began in
the 1970’s. In 1978 Gold proved that the problem of inferring a deterministic finite
automaton (DFA) with the minimal number of states from given behavior examples is
NP-complete!?. This theoretical result emphasizes the complexity of the finite-state ma-
chine inference problem in the general case, actualizing the development of practically
applicable algorithms.

Since then, a large variety of both heuristic and metaheuristic algorithms for
finite-state machine inference from behavior examples have been proposed, now com-
prising a whole class of algorithms in discrete mathematics. In recent years a group of
methods have been developed that are based on reductions of the problem of finding a
minimal (in terms of the number of states) finite-state machine to other NP-complete
problems. The most efficient approaches are based on reductions to the Boolean satis-
fiability problem.

The Boolean satisfiability problem (SAT) consists of determining whether a sat-
1sfying assignment exists for a given Boolean formula. According to the Cook-Levin
theorem from 1971, the Boolean satisfiability problem is NP-complete. This fact stimu-
lated and actualized the development of practically applicable software tools for solving
SAT.

SAT solving methods have been developed even before any theoretical complex-

ity bounds were introduced. In 1962 the Davis-Putnam-Logemann-Loveland (DPLL)!!

Traces and Temporal Properties // IEEE Transactions on Industrial Informatics. 2017. Vol. 13, no. 4. P. 1521—
1530.

8Heule, M., Verwer, S. Software model synthesis using satisfiability solvers / Empirical Software Engineering.
2013. Vol. 18, no. 4. P. 825-856; Cook, J. E., Wolf, A. L. Discovering Models of Software Processes from Event-
Based Data // ACM Transactions on Software Engineering Methodology. 1998. Vol. 7, no. 3. P. 215-249;
Bertolino, A., Inverardi, P., Pelliccione, P, Tivoli, M. Automatic synthesis of behavior protocols for composable
web-services // ESEC/SIGSOFT FSE. ACM, 2009. P. 141-150.

9Sivakorn, S., Argyros, G., Pei, K., Keromytis, A. D., Jana, S. HVLearn: Automated Black-Box Analysis of
Hostname Verification in SSL/TLS Implementations // IEEE Symposium on Security and Privacy. IEEE Computer
Society, 2017. P. 521-538.

Gold, E. M. Complexity of Automaton Identification from Given Data // Information and Control. 1978.
Vol. 37, no. 3. P. 302-320.

"Davis, M., Logemann, G., Loveland, D. W. A machine program for theorem-proving / Communications of
the ACM. 1962. Vol. 5, no. 7. P. 394-397.



49

algorithm has been proposed for solving SAT: it is a complete algorithm with the ca-
pability of returning a satisfying assignment for satisfiable formulas, which is based
the unit propagation rule and elimination of clean variables for accelerating the search.
This algorithm heuristically searches the space of all variable assignments and stops 1f
a satisfying assignment has been found; if the algorithm completed the search and did
not find a satisfying assignment, the formula is concluded to be unsatisfiable.

In the 1990’s the Conflict Driven Clause Learning (CDCL)!? algorithm has been
proposed based on the DPLL algorithm: CDCL saves clauses derived from analyzing
conflicts encountered in DPLL. Such clauses allow the algorithm to much earlier decide
the unsatisfiability of the formula with current assumptions, and switch to considering
new assumptions.

The CDCL algorithm is the base of all modern software tools for solving SAT
(SAT solvers). Unlike the situation for all other NP-hard problems, the research com-

munity annually holds SAT solver competitions'?.

This fact actualizes development
of problem solving methods based on reductions to SAT: to increase the efficiency of
the method one does not need to change its source code, it will be sufficient to simply
change the SAT solver to a more modern one.

However, in the methodology of reducing a given problem to SAT the funda-
mental question is not the used SAT solver, but the way an instance of the problem is
translated to a Boolean formula, for which a satisfying assignment will be searched.

For example, in recent years for the problem of inferring a minimal DFA from given

behavior examples a basic reduction to SAT!* and several of its extensions'> have been

2Marques-Silva, J. P., Sakallah, K. A. GRASP — a new search algorithm for satisfiability / ICCAD. IEEE,
1996. P. 220-227.

3The International SAT Competition Web Page. URL: http : / /www . satcompetition . org/ (ua-
ta 00p. 15.10.2020); SAT Competition 2020. URL: https : //satcompetition.github.i0/2020
(mara o6p. 15.10.2020).

Y4 Heule, M., Verwer, S. Exact DFA Identification Using SAT Solvers / Grammatical Inference: Theoretical
Results and Applications, 10th International Colloquium, ICGI 2010, Valencia, Spain, September 13-16, 2010.
Proceedings. Vol. 6339. Springer, 2010. P. 66—79. (Lecture Notes in Computer Science).

SHeule, M., Verwer, S. Software model synthesis using satisfiability solvers // Empirical Software Engineering.
2013. Vol. 18, no. 4. P. 825-856; Ulyantsev, V. Finite-state machine inference using Boolean satisfiability and
constraint satisfaction problem solvers : PhD thesis / Ulyantsev V. ITMO University, 2015. In Russian.
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developed. The modifications proposed the use of symmetry-breaking predicates: aux-
iliary clauses that define a problem-dependent way of search space reduction.

These search space reduction techniques proved to be very effective in practice,
allowing inference of finite-state machines of larger size than it was possible before.
However, consequent analysis shows that these techniques are not optimal, and the
area of applicability of state-of-the-art methods for exact DFA synthesis from behavior
examples is still quite limited (which is, first of all, explained by the NP-completeness
of the problem). Thus, the topic of this thesis, which continues the described research
of recent years and aims to extend the capabilities of methods for search space reduction
and DFA inference, is relevant to this research domain.

State of the art. The problem of inferring a deterministic finite automaton from
behavior examples given by two sets S, and S_ consists in finding a DFA with the
minimal number of states, such that all strings from the set S, are accepted by the
automaton, and all strings from S_ are rejected. This problem was first formulated in
Gold’s paper in 19671,

The first known algorithm for solving this problem has been proposed in the work
by Trakhtenbrot and Barzdin in 1970'7: the TB-algorithm. However, this algorithm
only covers one special case of the problem of DFA inference from behavior examples:
sets S, and S_ must contain all words of length k over the alphabet ¥ (a total of |X|*
words). In this algorithm, as in the majority of the following ones, behavior examples
are represented as an augmented prefix tree: a prefix tree, in which vertices can be
accepting, rejecting, or intermediate. The TB-algorithm performs brute-force search of
all possible pairs of states of the prefix tree, and merges equivalent states.

In 1978 Gold proved that the problem of finding a DFA of a given size (and
thus of minimal size too) is NP-complete!®. Due to this complexity result, develop-

ment of new minimal DFA inference algorithm seized for a decade. In the following

18Gold, E. M. Language Identification in the Limit // Information and Control. 1967. Vol. 10, no. 5. P. 447-474.

" Trakhtenbrot, B. A., Barzdin, Y. M. Finite Automata: Behavior and Synthesis. Amsterdam : North-Holland
Publishing Company, 1973. 321 p. (Fundamental studies in computer science).

8Gold, E. M. Complexity of Automaton Identification from Given Data // Information and Control. 1978.
Vol. 37, no. 3. P. 302-320.
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years researchers started developing inexact heuristic algorithms, which do not guar-
antee the minimality of the found DFA. Among these algorithms are: traxbar!®,
RPNI? EDSM?!, exbar??, Windowed-EDSM?*. All mentioned algorithms are based
on merging the states of the augmented prefix tree. The states for merging are selected
heuristically: this explains the high efficiency of these algorithms and their inexactness.

Another common approach to DFA inference from behavior examples is the ap-
plication of metaheuristic algorithms. For example, evolutionary?* and ant colony op-
timization? algorithms have been proposed. Metaheuristic algorithms are also inexact:
they do not even guarantee that any solution will be found in finite time.

Scientists from Netherlands Heule and Verwer proposed in 2010 an algorithm
DFASAT that can infer a DFA of guaranteed minimal size from arbitrary behavior ex-
amples?S. The algorithm is based on a reduction of the problem of DFA inference from
behavior examples to SAT, where an arbitrary step is a reduction to graph coloring pro-
posed in 1997%7. For reducing the size of the search space during SAT solving Heule
and Verwer proposed a number of symmetry breaking approaches: consistency graph,
auxiliary clauses, search for a large clique. However, even with all these techniques, in

reasonable time DFASAT can infer automata with no more than ten states. In order to

YLang, K. J. Random DFA’s Can Be Approximately Learned from Sparse Uniform Examples // Proceedings
of the Fifth ACM Workshop on Computational Learning Theory. ACM, 1992. P. 45-52.

20ncina, J., Garcia, P, Inferring Regular Languages in Polynomial Update Time // Pattern Recognition and
Image Analysis. Vol. 1. 1992. P. 49—61. (Series in Machine Perception and Artificial Intelligence).

2 Lang, K. J., Pearlmutter, B. A., Price, R. A. Results of the Abbadingo One DFA Learning Competition and
a New Evidence-Driven State Merging Algorithm // ICGI. vol. 1433. Springer, 1998. P. 1-12. (Lecture Notes in
Computer Science).

22Lang, K. J. Faster algorithms for finding minimal consistent DFAs : tech. rep. / NEC Research Institute. 1999

B Cicchello, O., Kremer, S. C. Beyond EDSM // ICGI. vol. 2484. Springer, 2002. P. 37-48. (Lecture Notes in
Computer Science).

2 Lucas, S. M., Reynolds, T. J. Learning Deterministic Finite Automata with a Smart State Labeling Evo-
lutionary Algorithm // IEEE Transactions on Pattern Analysis and Machine Intelligence. 2005. Vol. 27, no. 7.
P. 1063-1074; Gomez, J. An Incremental-Evolutionary Approach for Learning Deterministic Finite Automata //
IEEE Congress on Evolutionary Computation. IEEE, 2006. P. 362—-369.

23 Chivilikhin, D., Ulyantsev, V. Learning Finite-State Machines with Ant Colony Optimization / Swarm In-
telligence. Vol. 7461. Springer Berlin / Heidelberg, 2012. P. 268-275. (Lecture Notes in Computer Science).

26Heule, M., Verwer, S. Exact DFA Identification Using SAT Solvers // Grammatical Inference: Theoretical
Results and Applications, 10th International Colloquium, ICGI 2010, Valencia, Spain, September 13-16, 2010.
Proceedings. Vol. 6339. Springer, 2010. P. 66—79. (Lecture Notes in Computer Science).

2T Coste, F., Nicolas, J. Regular Inference as a graph coloring problem // Workshop on Grammatical Inference,
Automata Induction, and Language Acquisition (ICML’97). 1997.
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simplify the problem, Heule and Verwer proposed to use the EDSM algorithm to make
several merges in the augmented prefix tree prior to using the SAT approach: however,
this leads to the whole algorithm becoming inexact, and the DFA minimality guarantee
is lost.

Later, the author of the thesis together with his supervisor Vladimir Ulyantsev
and professor Anatoly Shalyto proposed symmetry breaking predicates based on the
breadth-first search algorithm (BFS) [1]. For each DFA with M states there exist
O (M!) isomorphic automata, which are distinct from the point of view of a SAT solver.
The proposed symmetry breaking predicates yield a considerable reduction of the search
space during SAT solving: instead of a factorial of isomorphic automata, only one rep-
resentative of each isomorphism equivalence class is considered during search. This
one representative is a DFA with states enumerated in the order of BFS traversal. This
method is the most efficient among known methods for exact DFA inference from be-
havior examples, and allows inference of automata with up to 40 states. However, anal-
ysis showed that the proposed naive SAT encoding of BFS predicates is not optimal:
the resulting Boolean formula is too large. Furthermore, symmetry breaking predicates
based on depth-first search (DFS) have not been considered.

Among other drawbacks of SAT-based DFA inference methods an important one
1s the dependence of the size of the Boolean formula from the size of the behavior ex-
amples. Sets of behavior examples are often excessive and contain unnecessary words.
Literature analysis showed that no intellectual methods of choosing a subset of be-
havior examples have been proposed earlier. A possible solution is the application
of counterexample-guided abstraction refinement (CEGAR) — an iterative algorithm
initially proposed for software model inference?®.

The opposite situation is inference of a DFA from small sets of behavior exam-
ples. In this case it may be beneficial to infer all corresponding minimal non-isomorphic

DFA for further analysis. Also, the existence of a single unique DFA of minimal size

2 Clarke, E. M., Grumberg, O., Jha, S., Lu, Y., Veith, H. Counterexample-Guided Abstraction Refinement //
CAV. vol. 1855. Springer, 2000. P. 154-169. (Lecture Notes in Computer Science); Mandrykin, M., Mutilin, V.,
Khoroshilov, A. Introduction to CEGAR — Counter-Example Guided Abstraction Refinement // Proceedings of the
Institute for System Programming of the RAS (Proceedings of ISP RAS). 2013. Vol. 24. P. 219-292. In Russian.
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for a given set of training data illustrates the quality of the latter. However, the problem
of inferring all non-isomorphic DFA has not been considered before by the research
community, and thus no efficient methods have been proposed.

The aim of this thesis is to increase the efficiency of exact methods for deter-
ministic finite automata inference from given behavior examples by means of reducing
the search space during Boolean satisfiability problem solving. In order to achieve this
aim, the following tasks have been defined and completed:

a) Development of symmetry breaking predicates based on SAT encodings of
the breadth-first and depth-first graph search algorithms for reducing the
search space during SAT solving. Development and implementation of exact
methods for DFA inference from behavior examples using said predicates,
and experimental evaluation of developed methods.

b) Development and implementation of an exact method for DFA inference
from an excessive set of behavior examples using a reduction to SAT and
counterexample-guided abstraction refinement. Experimental evaluation of
the developed method.

c) Development and implementation of a method for inferring all non-
isomorphic DFA of minimal size from given behavior examples using
symmetry breaking predicates and SAT solvers. Experimental evaluation of
the developed method.

The object of the study is the problem of DFA inference from given behavior
examples.

The subject of the study are exact DFA inference methods that use Boolean
satisfiability solvers.

Compliance with specialty requirements. The thesis complies with §10 “De-
velopment of foundations of mathematical theory of formal languages and grammars,
finite automata theory, and graph theory”.

Principal statements of the thesis:

a) An approach for constructing symmetry breaking predicates based on SAT

encodings of breadth-first and depth-first graph search algorithms for the pur-



54

pose of reducing the search space during SAT solving. Exact methods for
DFA inference from given behavior examples that use the said predicates.

b) An exact method for DFA inference from an excessive set of behavior exam-
ples using a reduction to SAT and counterexample-guided abstraction refine-
ment.

c) A method for inferring all non-isomorphic DFA of minimal size from given
behavior examples using symmetry breaking predicates and SAT solvers.

The scientific novelty of the thesis is as follows:

a) Symmetry breaking predicates based on a SAT encoding of the depth-first
search algorithm have not been proposed before. The proposed symme-
try breaking predicates based on the breadth-first search algorithm are ex-
pressed with a Boolean formula that is comprised of an asymptotically smaller
number of clauses in comparison to the existing approach. Moreover, new
symmetry breaking predicates that utilize special features of the breath-first
search tree are proposed.

b) Previously, no exact DFA inference methods for the case of an exces-
sively large number of behavior examples have been proposed. The use of
counterexample-guided abstraction refinement together with a reduction to
SAT allows for DFA inference from an excessive set of behavior examples
through iteratively adding only meaningful examples until a DFA satisfying
the whole excessive set will be inferred.

c) No methods for inferring all non-isomoprhic DFA of minimal (or any fixed)
size satisfying given behavior examples have been previously proposed.

Research methodology and methods. The methodological basis of the thesis is
formed by the principles of formalization, generalization, deductive and inductive sub-
stantiation of statements, experimental evaluation and analysis of experimental results.
This thesis uses methods of automata theory, graph theory, probability theory, discrete

mathematics, object oriented programming, experiment design and analysis.
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Soundness and correctness of scientific results obtained in this thesis is con-
firmed by correct justification of problem settings, precise formulation of criteria, as
well as by the results of experimental evaluation of the proposed methods.

The theoretical significance of the thesis is that it proposes new methods for
search space reduction during SAT solving for the problem of DFA inference, namely,
symmetry breaking predicates based on SAT encodings of breadth-first and depth-first
graph search algorithms:

— a SAT encoding of the DFS-enumeration property of a DFA is proposed;

— anew SAT encoding of the BFS-enumeration property of a DFA is proposed

that requires an asymptotically smaller number of clauses than before;

— a SAT encoding of various properties of the BFS traversal tree is proposed.
Furthermore, the thesis proposes an approach that combines a SAT-based DFA infer-
ence method with counterexample-guided abstraction refinement. Also, the developed
symmetry breaking predicates enable the proposal of a method for the problem of infer-
ring all non-isomorphic DFA of minimal size, which previously did not have efficient
solving methods.

The practical significance of the thesis lies in efficiency improvement of exact
methods for DFA inference from given behavior examples. Experiments showed that
the proposed method for DFA inference from given behavior examples using BFS-based
symmetry breaking methods is the most efficient one among known exact methods and
allows inferring automata of larger size than previously proposed methods. The de-
veloped exact method for DFA inference from an excessive set of behavior examples
using a SAT encoding and CEGAR allows efficient inference of automata in the case
when the size of the behavior examples is too large, and the resulting Boolean formula
is too large to process for modern SAT solvers. The developed method of inferring
all non-isomorphic DFA of minimal size from given behavior examples using sym-
metry breaking predicates and SAT solvers is the first known method for inferring all
non-isomorphic automata. It also allows one to estimate the completeness of the data
represented by behavior examples by means of proving the existence or absence of a

single minimal-sized DFA that describes the data.
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Moreover, all developed methods and approaches may later be adapted for appli-
cation to inference of more complex finite-state models®®. For example, the proposed
method for inferring all non-isomorphic DFA has been adapted to synthesize state ma-
chines that model the behavior of programmable logic controllers’.

The results of the thesis were used in the project SAUNA (“Integrated safety
assessment and justification of nuclear power plant automaton”) by the “IT in Industrial
Automation” research group of the department of electrical engineering and automation
in Aalto University, Finland, in the framework of the Finnish research program in safety
of nuclear power plants SAFIR20183!. In particular, one of the project tasks was to
develop a model inference method for various control systems of nuclear power plants
components from given behavior examples and linear temporal logic specification. This
task was solved using counterexample-guided abstraction refinement in a similar way
to the one proposed by the author of the thesis for DFA inference. This is confirmed
by a letter from the principal investigator of the “IT in Industrial Automation” group,
Valeriy Vyatkin.

Results of this thesis have also been used in the project No. 18-37-00425 “De-
velopment of efficient machine learning methods for deterministic finite automata in-
ference based on Boolean satisfiability solving” (2018-2020) funded by the Russian
Foundation for Basic Research and led by the author of the thesis.

Results have also been used in the framework of the governmental financial sup-
port of leading universities in Russia, grant 074-U01 (project “Bioinformatics, machine
learning, programming technologies, coding theory, proactive systems”, 2013-2017)
and grant 08-08 (project “Methods, models and technologies of artificial intelligence
in bioinformatics, social media, cyber-physical, biometric and speech systems”, 2018—

2020).

2 Ulyantsev, V. Finite-state machine inference using Boolean satisfiability and constraint satisfaction problem
solvers : PhD thesis / Ulyantsev V. ITMO University, 2015. In Russian.

30 Chivilikhin, D., Patil, S., Chukharev, K., Cordonnier, A., Vyatkin, V. Automatic State Machine Reconstruction
From Legacy Programmable Logic Controller Using Data Collection and SAT Solver // IEEE Transactions on
Industrial Informatics. 2020. Vol. 16, no. 12. P. 7821-7831.

3 http://safir2018.vtt.fi/
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Results are also used in the “Design of automata-based programs” course of the
“Mathematical models and algorithms in software engineering” Bachelor’s program of
the Faculty of Information Technologies and Programming (supported by the official
act of use).

Dissemination. The main results of the thesis were presented at the following
venues:

a) 9™ International Conference on Language and Automata Theory and Appli-
cations (LATA 2015). 2015, Nice, France.

b) 6™ International Symposium “From Data to Models and Back (DataMod)”.
2017, Trento, Italy.

c¢) 16™ IEEE International Conference on Industrial Informatics (INDIN 2018).
2018, Porto, Portugal.

d) 13™ International Conference on Language and Automata Theory and Appli-
cations (LATA 2019). 2019, Saint Petersburg.

e) IV-VII Russian Young scientists congress. 2015-2018, Saint Petersburg.

f) IX Young scientists congress. 2020, Saint Petersburg.

g) XLVI Scientific and educational-practical conference of ITMO University.
2017, Saint Petersburg.

h) XLVIII Scientific and educational-practical conference of ITMO University.
2019, Saint Petersburg.

Personal contribution. The ideas of symmetry breaking predicates based on
depth-first search, of the DFA inference method using these predicates, as well as im-
plementation of an algorithm based on the proposed method and its experimental evalu-
ation belong to the author. The idea of symmetry breaking predicates based on breadth-
first search that require an asymptotically smaller number of clauses in the encoding,
the idea of SAT encoding of BFS tree properties, and the idea of the DFA inference
method that uses these results belong to the author of the thesis and Jodao Marques-
Silva; the implementation of algorithms based on proposed methods belong to the au-
thor, experimental evaluation belongs to the author and Alexey Ignatiev. The idea of

an exact method for DFA inference from behavior examples using a reduction to SAT
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and counterexample-guided abstraction refinement, the implementation of an algorithm
based on the proposed method and experimental evaluation belong to the author. The
idea of the exact method for inferring all minimal-sized DFA from given behavior ex-
amples using SAT solvers belongs to the author and the supervisor Vladimir Ulyant-
sev, implementation of the algorithm based on the proposed method and experimental
evaluation belongs to the author. In papers co-authored with the supervisor, Vladimir
Ulyantsev, his contribution consists of the general supervision of the work.
Publications. The main results of this thesis are presented in ten publications,
four of which are indexed in Scopus, and one is published in a journal included into the
List of the Higher Attestation Commission. Also the author has one publication indexed

in Scopus on another topic from the machine learning domain.

Thesis contents

The introduction of the thesis contains the relevance of the research, a formu-
lation of the aim, objectives, principal statements of the thesis, as well as scientific
novelty, theoretical and practical significance of the work.

Chapter 1 presents an analytical review of the research domain and existing re-
search results in the area of deterministic finite automata inference. It also introduces
the terminology, main definitions and known results from a number of topics in infor-
matics that are necessary for the description of methods and algorithms proposed in the
thesis.

In the section 1.1 a formal setting of the Boolean satisfiability problem is given
along with necessary definitions and a brief description of the main approaches for solv-
ing this problem. Also this section describes an approach to solving NP-hard problems
through their polynomial-time reduction to the Boolean satisfiability problem. More-
over, a brief overview of existing software tools for solving the Boolean satisfiability

problem (SAT solvers) is given.
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A Boolean formula is in conjunctive normal form (CNF) if it is a conjunction of
clauses, where each clause is a disjunction of literals. The Boolean satisfiability prob-
lem (satisfiability problem, SAT) consists of determining, whether for a given Boolean
formula in CNF there exists a satisfying assignment: a set of values of its variables
for which the formula is true. SAT is the historically first problem for which NP-
completenss has been proved: any problem from NP can be reduced to SAT in poly-
nomial time. This fact explains the relevance of the development of more and more
efficient SAT solvers. The research community annually holds competitions to deter-
mine the best SAT solver; this fact also contributes to continuous development of this
area. The basis of all modern SAT solvers is the conflict driven clause learning (CDCL)
strategy.

The approach to solving problems from NP, in which a reduction to SAT is devised
and then a SAT solver is used to find a satisfying assignment of the constructed Boolean
formula, often turns out to be much more efficient and simpler than the development
of a practically applicable method that directly solves the original problem. Another
important advantage of this approach is the fact that it is enough to write a reduction to
the SAT once, and then, without applying any effort, use the progress of SAT solvers,
choosing the most efficient one.

In the section 1.2 basic concepts of deterministic finite automata and the formu-
lation of the problem of inferring deterministic finite automata from behavior examples
are given. Behavior examples for some DFA D are defined as two sets of words .S, and
S_ over the symbols of the DFA’s alphabet, such that all words from S, belong the the
language £ (D) and must be accepted by the DFA, and all words from S_ do not belong
to the language £ (D) and must be rejected by the DFA. The problem of DFA inference
from behavior examples consists in finding a DFA of minimal size (with the minimal
number of states) that satisfies given behavior examples. Previously it has been shown
that this problem is NP-complete, as well as the problem of finding a DFA of any given
size that satisfies given behavior examples. An example of a DFA that satisfies behavior
examples Sy = {aba, bb, bba} and S_ = {b, ba} is shown in Figure 1. One can notice

that an automaton with two states satisfying sets .S, and S_ does not exist.



Figure 1 — An example of a minimal DFA satisfying behavior examples
S, = {aba,bb,bba} and S_ = {b, ba}

Section 1.3 presents an overview of existing heuristic and metaheurstic methods
and algorithms for DFA inference from behavior examples. Heuristic algorithms in-
clude the evidence-driven state merging (EDSM) algorithm. Metaheuristic algorithms
include evolutionary strategies, genetic algorithms, and ant colony optimization algo-
rithms.

Note that the mentioned approaches are inexact: they do not guarantee that the
found DFA contains the minimal number of states, and, in some cases, they do not even
guarantee that any DFA satisfying the behavior examples will be found.

In the section 1.4 an overview of existing methods for inferring DFA from be-
havior examples based on reduction to SAT is given. Unlike heuristic and metaheuristic
approaches, these methods are exact: it is guaranteed that the automaton corresponding
to the behavior examples will be found in finite time and will contain the minimum
possible number of states.

The first step of considered methods is the construction of the augmented prefix
tree acceptor (APTA): a tree-like data structure based on the ordinary prefix tree, in
which each vertex is either not marked, or marked as accepting or rejecting. An example
of an augmented prefix tree is shown in 2.

Further, starting from a certain lower bound on the size (in the simplest case, from
one) the search for an automaton of the current size corresponding to the constructed
APTA 1is performed. This process continues until a DFA is found that satisfies the
given requirement. Iterative increase of the automaton size guarantees that the found
automaton has the minimum size. As already mentioned, the problem of finding a DFA

of'a specific size for given behavior belongs to the NP class, and therefore can be solved



61

Figure 2 — An example of a prefix tree acceptor constructed from behavior examples
S, = {aba,bb,bba} and S_ = {b, ba}
by reducing it to some NP-hard problem. Until recently, the most efficient method was
considered to be DFASAT??, in which the authors proposed to first reduce the DFA
inference problem to graph coloring (color the APTA in the minimal number of colors
in such a way that vertices of one color would be merged into one state), and then reduce
graph coloring to SAT. The scheme of the DFASAT method is shown in Figure 3.

M =1, where | is a lower .
bound on DFA size Building an APTAT

\ 4

» M=M+1

Does a DFA with M states yes
consistent with T exist?

End

Figure 3 — Scheme of DFASAT, an exact SAT-based method for DFA inference from
given behavior examples

Authors of DFASAT use several approaches for search space reduction:
a) adding several types of auxiliary clauses that do not influence the solution,
but introduce additional constraints on possible variable values;
b) construction of the consistency graph allowing finding in advance some pairs
of vertices of the prefix tree that cannot be combined into one state of the

automaton;

32Heule, M., Verwer, S. Exact DFA Identification Using SAT Solvers // Grammatical Inference: Theoretical
Results and Applications, 10th International Colloquium, ICGI 2010, Valencia, Spain, September 13-16, 2010.
Proceedings. Vol. 6339. Springer, 2010. P. 66—79. (Lecture Notes in Computer Science).
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c) construction of some large clique in the consistency graph and fixing the enu-
meration of this clique’s vertices.

Application of the aforementioned approaches yields a considerable increase of
the efficiency of the original method, but they do not solve the fundamental problem
of the existence of isomorphic automata. Two automata are called isomorphic if they
differ only in the enumeration of states. Thus, if a DFA contains N states, then there
exist O (IN!) automata isomorphic to it. Despite that isomorphic automata do not differ
from a practical point of view, for a SAT solver they are distinct.

The solution for this problem was found by means of development of symmetry
breaking predicates based on breadth-first search (BFS) [1]. Inclusion of such predi-
cates in the Boolean formula fixes the enumeration of considered automata in the BFS
order, allowing to consider only on representative of each isomorphism equivalence
class. The SAT encoding of these predicates requires O (M 3+ M? x L2) clauses,
where N is the size of the prefix tree and M is the size of the sought DFA. The pro-
posed symmetry breaking predicates were used to develop a SAT-based DFA inference
method that has been implemented in a software tool DFA-Inductor?®. This SAT-
based DFA inference method that uses BFS symmetry breaking predicates is the most
efficient exact DFA inference method, and it is the basis of all methods developed in
this thesis. An example of a BFS-enumerated DFA is shown in Figure 4a, and Figure 4b
shows the corresponding BFS traversal tree.

In the section 1.5 the algorithm based on counterexample-guided abstraction re-
finement (CEGAR) is described. Methods based on CEGAR are applicable in a situa-
tion when one needs to infer a model that corresponds to some given requirements, and
a checking system (oracle) is available. On the first step some model (possibly, random)
1s constructed. Then, an iterative process of refining the current model is initiated: on
each step the compliance of the current model to the requirements is checked using the

oracle. If the oracle check is successfully passed, then the sought model is found. Oth-

33 Zakirzyanov, I, Ulyantsev, V. DFA-Inductor. URL: https://github.com/ctlab/DFA-Inductor
(visited on 10/02/2020).
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(a) An example of a BFS-enumerated automaton (b) BFS traversal tree for the
automaton shown in Figure 4a

Figure 4 — An example of a BFS-enumerated automaton and the corresponding BFS
traversal tree

erwise, the oracle returns one or several counterexamples, which are consequently used
to refine the model.

Chapter 2 describes the development, implementation, and experimental evalu-
ation of DFA inference methods with different approaches to reducing the search space
during SAT solving.

In the section 2.1 a description of developed symmetry breaking predicates based
on encoding the depth-first search (DFS) algorithm is provided. The use of BFS-based
symmetry breaking predicates has previously allowed increasing the efficiency of the
DFASAT method considerably. It was logical to consider as the next research task
the development of symmetry breaking predicates based on the DFS algorithm and the
method that uses them. An example of a DFS-enumerated DFA is shown in Figure 5Sa,
and 5b shows the corresponding traversal tree.

The developed predicates are expressed as a CNF formula with O (M Y M3 x L2)
clauses, which 1s M times greater than the number of clauses for the BFS-based DFA
symmetry breaking predicates.

In the section 2.2 a description of the developed compact BFS-based symmetry

breaking predicates is given.
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a a,b,c
(a) An example of a DFS-enumerated automaton (b) The DFS traversal
tree for the automaton in
Figure 5a

Figure 5 — An example of a DFS-enumerated automaton and the corresponding
DFS-traversal tree

The compactness of the developed predicates consists in reduction of the
size of the formula that encodes the BFS-based symmetry breaking predicates from
O (M? + M? x L?) to O (M?* x L) clauses. Analysis of constraints from the original
encoding, which were expressed using O (M?) u O (M? x L?) clauses, showed that
some parameters that define the size of the formula are independent, and other parame-
ters may be eliminated by introduction of new variables. For each such constraint a way
of making it more compact was developed, leading to an overall decrease of formula
size. Apart from this, the majority of clauses for the original encoding, which consisted
of O (M) literals, were replaced by clauses comprised of two or three literals: this con-
siderably influences the performance of SAT solvers, since such clauses are processed
in constant time and are not stored in memory>*.

Section 2.3 describes developed search space reduction approaches for DFA in-
ference, that are based on BFS tree structure properties, also on connections between

the augmented prefix tree acceptor and the sought DFA. Figure 6 shows a complete BFS

3“Marques-Silva, J. P, Lynce, I., Malik, S. Conflict-Driven Clause Learning SAT Solvers // Handbook of Sat-
isfiability. Vol. 185/ ed. by A. Biere, M. Heule, H. van Maaren, T. Walsh. IOS Press, 2009. P. 131-153. (Frontiers
in Artificial Intelligence and Applications).



65

tree of an arbitrary size on an arbitrary L-sized alphabet. The tree is called complete

since each vertex has exactly L children.

Figure 6 — A complete BFS tree with |X| = L

Following an analysis of this tree some properties and constraints that are charac-
teristic for a BFS tree were formulated. For example, it has been proved that for a vertex
with index r in the complete tree, its rightmost child has index rL 4 1. Furthermore,
we proved that then L + 1 is the upper bound for the index of vertex r in an arbitrary
BFS tree. Then we can state that in an arbitrary BFS tree a vertex with index n can only
have children with indices from the range from r + 1 to 7L + 1. Introduction of these
constraints allows reducing the number variables used in the encoding and thus reduce
this size of the resulting formula.

By definition, in any BFS tree the children of any vertex r have consecutive in-
dices, and there are no more than L children. We analyzed the connection between
vertices of the APTA vertices and the DFA states. If the prefix tree contains a path of
length & from the root to some vertex ¢;, and vertex ¢; corresponds to state d; of the
sought automaton, then the automaton must contain a path of length no more than &
from the initial state to state d;. A SAT encoding of these properties was developed.
Augmentation of the formula with corresponding constraints allows for additional re-

duction of the search space during SAT solving.
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Section2.4 describes the developed software tool DFA-Inductor-py for DFA
inference, implementation of developed methods as parts of this software tool, and re-
sults of experimental evaluation of all developed methods.

In the process of preparing this thesis a software tool DFA-Inductor-py> for
DFA inference from behavior examples has been developed using the Python program-
ming language. The tool is comprised of various modules for solving the problem of
DFA inference from behavior examples, the problem of DFA inference from an exces-
sive set of behavior examples, and the problem of inferring all non-isomorphic DFA
from given behavior examples (these methods are described in the following chapters).
The tool implements different symmetry breaking predicates, including ones previously
proposed by other authors, and the ones developed in this thesis.

The developed software tool was used to perform two series of experimental eval-
uations. First we compared two methods for DFA inference from behavior examples
that use symmetry breaking predicates based on BFS and DFS, correspondingly. Since
these two methods are based on the method DFASAT, in which symmetry breaking
constraints are based on fixing the enumeration of some large clique in the consistency
graph, we also added DFASAT to this experimental evaluation.

Publicly open tests (sets of behavior examples), for example, from Abbadingo
One DFA Learning Competition®® and StaMinA Competition®’, were developed for in-
exact algorithms which can generate automata with hundreds of states. Exact meth-
ods, both existing and proposed in this thesis, are currently not capable of inferring
DFA of such size; for this reason, tests for this experimental evaluation were generated
randomly. Experimental results are shown in Table 1 and allow drawing the conclu-
sion that the use of DFS-based symmetry breaking predicates is impractical, since the

method that uses them is significantly inferior to the method that uses BFS-predicates.

33 Zakirzyanov, I. DFA-Inductor-py. URL: https : //github . com/ctlab/DFA- Inductor - py
(visited on 10/02/2020).

3Lang, K. J., Pearlmutter, B. A., Price, R. A. Results of the Abbadingo One DFA Learning Competition and
a New Evidence-Driven State Merging Algorithm // ICGI. vol. 1433. Springer, 1998. P. 1-12. (Lecture Notes in
Computer Science).

3" Walkinshaw, N., Lambeau, B., Damas, C., Bogdanov, K., Dupont, P. STAMINA: a competition to encourage
the development and assessment of software model inference techniques // Empirical Software Engineering. 2013.
Vol. 18, no. 4. P. 791-824.
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However, note that the method that uses DFS-predicates still considerably outperforms
DFASAT. Nevertheless, based on experimental results, it was decided not to continue
the development of DFS-predicates and concentrate on improving predicates based on

the breadth-first search algorithm.

Table 1 — Median execution time in seconds for methods of DFA inference from be-
havior examples: method based on BFS symmetry breaking predicates, based on DFS
symmetry breaking predicates, and the DFASAT method. Each value was calculated as
a result of 100 independent runs on 100 problems. The execution of the methods was
limited to one hour (TL = 3600 seconds)

M DFS BFS DFASAT
10 209 20.5 233
12 404 37.6 240.3

14 822 62.4 —
16 205.1 114.1 —
18 601.7 181.9 —
20 2501.6 293.7 —

22 — 4533 —
24— 625.1 —
26 — 925.8 —
28— 1314.4 —
30 — 1635.5 —

In the second experimental evaluation we compared methods that use the origi-
nal BFS-predicates (DFA-Inductor) and the BFS-predicates proposed in this thesis
(DFA-Inductor-py). As before, we also considered DFASAT and used randomly
generated tests. Comparison results of all three methods are depicted in Figure 7a and
show that within a fixed time budget DFA-Inductor-py can solve more instances
of the problem of DFA inference from behavior examples than DFA-Inductor: in
ten minutes the new method solved 731 solved problems against 678 for the old one.
Also note that DFASAT cannot compete with two other methods.

Figure 7b depicts a more detailed compaison of DFA-Inductor u
DFA-Inductor-py: one may notice that the method proposed in this thesis shows

better results for the vast majority of instances.
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Figure 7 — Comparison results of the method that uses the original BFS-predicates
(DFA-Inductor), the method that uses new BFS-predicates
(DFA-Inductor-py), and DFASAT

Chapter 3 describes the development, implementation, and experimental evalu-
ation of the exact method for DFA inference from an excessive set of behavior examples
using a reduction to SAT and counterexample-guided abstraction refinement.

In the section 3.1 we provide the study of the limits of applicability of methods
proposed in previous chapters in dependence on the size of the augmented prefix tree
acceptor. The size of the Boolean formula that encodes the DFA inference problem
depends linearly on the size of the prefix tree: O (N x M 2) clauses, where N is the
size of the prefix tree and M is the size of the DFA. The number of variables in the
Boolean formula also linearly depends on the size of the prefix tree: O (N x M+ M 2)
variables. Thus, when the sought automaton is fixed, the size of the Boolean formula
and the number of its variables may vary considerably depending on the number of
behavior examples and their length. As the size of the prefix tree increases, the SAT
solver has to use more and more resources to store the formula and handle it, and the

number of variables also increases. This leads to a situation when the same automaton
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may be constructed by a SAT solver in seconds from a small set of behavior examples,
and may not be found in hours and days in the case of an excessive number of long
behavior examples.

Since in the case of DFA the key information about each behavior example
(whether this word is accepted by the DFA) is contained in the last vertex of a path
in the APTA corresponding to this word, it is doubtful that anything can be done in
the case of long behavior examples. However, in the case of an excessive number of
behavior examples we can take only a subset of them and infer the same automaton
faster. The issue is in the way the behavior examples are selected: it is possible to acci-
dently eliminate the examples that are necessary to generate the DFA that is the answer
to the original problem, and thus end up with a completely different DFA. The next sec-
tion proposes a method that solves this problem: it iteratively enumerates meaningful
behavior examples from the original set.

Section 3.2 describes the proposed exact method for DFA inference from an ex-
cessive set of behavior examples, that is based on a reduction to SAT and the CEGAR
approach. As noted before, counterexample-guided abstraction refinement is com-
monly used in active learning problems. The considered problem of DFA inference
1s, on the contrary, a passive learning problem. However, in this thesis a method is pro-
posed that solves the problem of DFA inference from behavior examples using ideas of
the CEGAR approach.

Similar to the classical CEGAR, the proposed approach iteratively refines the
model, which in this thesis is a deterministic finite automaton. The initial prefix tree
does not contain any vertices, but is augmented on each step. On each step it is proposed
to try inferring a DFA of the current size for the current prefix tree using a reduction
to SAT. If such a DFA does not exist, then, as before, the size of the sought DFA is
increased by one, and the search process is repeated. And if such an automaton is
found, its compliance with the remaining behavior examples is checked. If the DFA
complies with all behavior examples, then the problem is solved. If not, then we select

one or several counterexamples from the behavior examples which are not safisfied by
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the DFA, and use them to augment the prefix tree, build a new Boolean formula, and

continue the search. The scheme of the proposed method is shown in Figure 8.

§ = So, where Spis a M = |, where l isa IowerJ_>
subset of behavior > bound on DFA size Building an APTA T(S)

examples

Building a SAT formula for
inferring a DFA with M
states consistent with T

Is the DFA consistent with the
all behavior examples?

Is the SAT formula satisfiable?

v \ 4

y S=S U Gy, where Cyisa

— A
M=M+1 subset of a conterexamples —
I End set

Figure 8 — Scheme of the exact method for DFA inference from an excessive set of
behavior examples based on a reduction to SAT and the CEGAR approach

Note that restarting the SAT solver after each augmentation of the prefix tree is
extremely inefficient, since when new clauses are added to the formula, the search space
of SAT is only reduced, and thus, there is no fundamental need to start searching for a
satisfying assignment from scratch. Incremental SAT solvers may be used to cope with
this: after some satisfying assignment is found they switch to a state in which they wait
for new clauses to be supplied, and continue the search with a new refined formula from
the same place where the search was paused before.

Section 3.3 presents a description of the implementation of the developed method
as a part of the tool DFA-Inductor-py, as well as results of experimental evalua-
tion of the developed method. In experimental evaluation we again used random tests.
Results of experimental evaluation showed that when the size of behavior examples
S =[S, |+ |5_| exceeds 200 x M, the CEGAR-based method works at least two times
faster than the method that uses all behavior examples at once. Moreover, the benefit

of using CEGAR increases with the growth of the number of behavior examples.
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In Chapter 4 the problem of inferring all non-isomorphic DFA from given be-
havior examples is formulated, and the development, implementation, and experimental
evaluation of two methods that solve this problem is described.

Section 4.1 provides a formal statement of the problem of inferring all non-
1somorphic DFA of minimal size that satisfy given behavior examples. As shown be-
fore, a DFA of minimal size yields a maximally exact generalization of given data ex-
pressed with behavior examples. However, in the case when the behavior examples do
not describe the sought automaton to a satisfactory degree, several different and minimal
non-isomorphic automata may exist. In this case a rational solution may be to infer all
such automata for further analysis. Figure 9 shows all non-isomorphic minimal-sized

DFA inferred for given behavior examples.

oo
00 T/
a,b e :

Figure 9 — All non-isomorphic DFA corresponding to sets of behavior examples
S, ={a,bb,aaaa} and S_ = {aa, bab}

Previously no methods for inferring all distinct minimal-sized DFA from given
behavior examples have been proposed. Moreover, without the use of symmetry break-

ing predicates based on BFS or DFS, that allow consideration of only one automaton for
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each isomorphism equivalence class instead of a factorial number of automata, efficient
SAT-based inference of all distinct DFA does not seem possible.

Section 4.2 describes the method for inferring all non-isomorphic DFA of min-
imal size that uses a reduction to SAT and symmetry breaking. When symmetry
breaking predicates based on BFS or DFS are used, only a BFS-enumerated (DFS-
enumerated) automaton can be inferred thus, it is sufficient to block the inferred au-
tomaton and exclude it (along with all automata isomorphic to it) from the search
space. Note that in order to construct a DFA from the satisfying assignment, we only
need to use values of transition variables y;; ; and accepting state variables z;. This
means that it suffices to forbid only the current values of these variables. Denote
¢ (q) the value of variable ¢ in the found satisfying assignment ¢, and define a set
Y ={yili,j € [M]ANl € XN (yii;) = 1}. Then, a blocking clause can be defined

as follows:

A-yn N\ o).

yey i€[M)]

As in the CEGAR-based method, the addition of a blocking clause only reduces
the size of the search space, so we do not have to restart the SAT solver, and may use it
in incremental mode.

One more important property of the proposed method is the validation of the fact
that the inferred automaton is the only existing minimal-sized automaton that satisfies
given behavior examples. The uniqueness of a DFA in this case suggests that the given
data sufficiently describes the found automaton.

Section 4.3 describes the implementation of the developed methods as parts of the
tool DFA-Inductor-py and experimental evaluation. Since previously there were
no known efficient methods for inferring all distinct DFA from given behavior exam-
ples, in order to have a baseline we developed an enumerative backtracking algorithm
which searches for all distinct DFA for given behavior examples without the use of
external software tools.

Experimental results are summarized in Table 2. Experiments were run for three

different groups of instances of the problem of DFA inference from given behavior ex-
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Table 2 — Median execution time for inferring all distinct DFA with the SAT-based
method that restarts the SAT solver (REST), the SAT-based method that uses an incre-
mental SAT solver (INC), and the enumerative backtracking algorithm (BTR)

Y S=5xM S=10x M S=2xM

>1 REST INC BTR >1 REST INC BTR >1 REST INC BTR
5 53 23 2.0 0.8 40 36 33 1.3 17 4.1 34 1.5
6 56 28 2.4 2.1 31 47 39 1.7 27 54 43 1.7
7 87 39 2.5 4.1 27 37 3.0 3.1 13 74 6.7 2.5
8 80 4.6 3.7 87.2 34 7.0 65 417 16 10.1 89 11.6
9 91 76 39 4751 50 7.7 64 121.6 10 13.8 13.0 614
10 89 157 53 2756.2 47 86 7.0 9747 11 188 16.1 276.8
11 94 199 173 — 63 185 13.8 3108.0 9 245 219 11584
12 90 280 99 — 49 223 167 — 8 335 27.2 3289.1
13 92 1855 18.1 — 57 369 226 — 12 620 514 —
14 87 4085 49.0 — 71 85.1 41.8 — 4 670 562 —
15 95 571.1 174.1 — 69 1933 957 — 6 292 262 —

amples. In these three groups we used a different ratio between the number of behavior
examples and the size of the inferred DFA: for the first group the ratio was S = 5 x M,
for the second group S = 10 x M, and the third group had S = 25 x M. The col-
umn “>1" shows the percentage of problem instances for which more than one non-
isomorphic DFA exists.

Experimental results from Table 2 allow making the following conclusions:

a) a first successful solution for the problem of inferring all distinct minimal-
sized DFA from given behavior examples has been proposed;

b) both SAT-based methods greatly outperfrom the backtracking method;

c) asexpected, the use of an incremental SAT solver gives a considerable advan-
tage over the approach in which the solver is restarted: this is because after
some DFA is found the intermediate state is preserved by the incremental
SAT solver;

d) the more behavior examples are given for inferring a DFA, the less often a
situation occurs when there are several different DFA corresponding to them.

To conclude, the results of this study are:

a) Symmetry breaking predicates based on SAT encodings of the breadth-first
search and depth-first search algorithms for reducing the search space reduc-

tion during SAT solving, and exact methods for DFA inference from behav-
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ior examples that use these predicates, have been developed. The symmetry
breaking predicates based on the encoding of the depth-first search algorithm
have a rather theoretical significance, since they have not demonstrated any
advantage over predicates based on the breadth-first search algorithm encod-
ing. The encoding of the symmetry breaking predicates based on breadth-first
search is expressed with an asymptotically smaller number of clauses in com-
parison to the previously proposed encoding. The developed exact method
that uses these predicates together with predicates based on characteristics
of the BFS traversal tree demonstrates better performance in comparison to
previous methods.

A new exact method for DFA inference from an excessive set of behavior
examples that uses a reduction to SAT and counterexample-guided abstrac-
tion refinement has been developed. The size of the Boolean formula and the
number of used variables linearly increase with the growth of the number of
behavior examples. The developed method allows inferring a DFA from an
excessive set of behavior examples by iteratively augmenting the set of used
behavior examples, completing the augmented prefix tree and using the SAT
solver in incremental mode. Since the set of used behavior examples is aug-
mented with counterexamples to inferred intermediate DFA, as a result only
meaningful behavior examples are used for inference. Thus, this method al-
lows for an exact solution of problems which previously could not be solved
due to a large size of the Boolean formula.

A method for inferring all non-isomorphic DFA of minimal size satisfying
given behavior examples has been developed that uses symmetry breaking
predicates and SAT solvers. Previously, the problem of inferring all minimal
non-isomorphic DFA did not have an efficient solution, since isomorphic au-
tomata, being equivalent in structure and defined language, are deemed to
be distinct by a SAT solver, leading to considering O (M!) isomorphic au-
tomata with M states. The use of symmetry breaking predicates based on an

encoding of the breadth-first search algorithm allows the SAT solver to con-
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sider only one representative of each isomorphism equivalence class instead
of a factorial number of automata. Thus, a method for solving the problem
of inferring all minimal-sized non-isomorphic DFA has been first proposed.
The search for all non-isomorphic automata may be useful for their further
analysis, and also for analysis of existing behavior examples. Another appli-
cation of the developed method is the possibility to prove the uniqueness of
the minimal automaton that satisfies given behavior examples.

During thesis preparation an open source software tool DFA-Inductor-py
has been developed in Python for the purpose of DFA inference from given
behavior examples. The software tool is comprised of different modules for
solving the problem of DFA inference from given behavior examples, the
problem of inferring a DFA from an excessive set of behavior examples, and
the problem of inferring all non-isomorphic DFA from given behavior exam-
ples. The tool implements different symmetry breaking predicates, including
the ones developed by other authors and the ones developed in this thesis.
The results of this thesis were used in the educational process of the Fac-
ulty of Information Technologies and Programming in the course “Design of
automata-based programs” of the Bachelors’s program “Mathematical mod-
els and algorithms in software engineering” (supported by the official act of
use).

A part of results have been used in the project SAUNA (“Integrated safety
assessment and justification of nuclear power plant automaton”) by the “IT in
Industrial Automation” research group of the department of electrical engi-
neering and automation in Aalto University, Finland, in the framework of the
Finnish research program in safety of nuclear power plants SAFIR2018. This
is confirmed by a letter from the principal investigator of the “IT in Industrial
Automation” group, Valeriy Vyatkin.

Results of this thesis have also been used in the project No. 18-37-00425
“Development of efficient machine learning methods for deterministic fi-

nite automata inference based on Boolean satisfiability solving” (2018-2020)
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funded by the Russian Foundation for Basic Research and led by the author of
the thesis, and in research projects in the framework of the Russian academic
excellence project «5-100».

The exact method for DFA inference from given behavior examples that uses
symmetry breaking predicates based on the breadth-first first algorithm demonstrates
better performance the previously known methods and allows inferring larger automata
in less time. The method for inferring a DFA from an excessive set of behavior ex-
amples allows inferring automata from data, for which the previously known methods
could not infer any DFA in principle due to a large size of the Boolean formula. The
method for inferring all minimal-sized non-isomorphic DFA satisfying given behavior
examples is the first known method that allows inferring all non-isomorphic DFA: pre-
viously known methods may adapted to finding all DFA, but their application leads to a
combinatorial explosion of the size of considered DFA due to lack of efficient symme-
try breaking predicates. The aim of this thesis was to increase the efficiency of exact
methods for DFA inference from given behavior examples by reducing the search space
during Boolean satisfiability problem solving. Thus, according to experimental results,

the aim is achieved.
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BBenenune

AKTYaJIbHOCTb TeMbl. KOHEUHbIE aBTOMATHI SIBJISIOTCS OJTHUM U3 OCHOBOIOJIA-
ralolyXx KOHIIETOB B IUCKPETHOM MaTeMaTuke, HH(pOopMaTHKe U TPOrpaMMUPOBAHUH.
[TomuMoO HEMOCPEACTBEHHOW POJIK B TEOPUU (POPMANIBHBIX S3bIKOB U MPHU MPOEKTUPO-
BaHWUU BBIYMCIIUTEIbHBIX MAILIMH, PA3JINYHbIE KOHEYHO-aBTOMAaTHBIE MOJIEH UCTIONb3Y-
I0TCS B Hallle BpEMs Ha MPAKTUKE MPU pa3pabOTKe U aHAIN3E MPOrPaMMHOro odecre-
YEHUSI.

Hamnpumep, koHeUHbIE aBTOMATHI UCIIOJIB3YIOTCS MPU MPOEKTUPOBAHUN MOZEIIEH
MIPOTPAMMHOT0 00€CIIeYeHUsI KOHTPOJIIEPOB M OTBETCTBEHHBIX cUCcTeM [ 1; 2], st crie-
U(UKAIIN IPOTOKOJIOB B3aUMOJEHCTBYS [3], 11 MOAETUPOBAHUS TIOBEICHUSI BBICO-
KOYpOBHEBBIX cUCTEM [4; 5]. OCHOBHBIMHM MPEUMYLIECTBAMH HCIIOIb30BaHUS aBTOMa-
TOB SIBJIIFOTCSl HAIVIIIHOCTh U OTHOCUTEJbHASA MPOCTOTa MOJIEIH ISl YEIOBEYECKOTO
BOCIIPUATHS, @ TAK)KE BO3MOXKHOCTh aBTOMATU3UPOBAHHOM BepupUKauu GopMaabHbIX
cBorictB Mozaenu (model checking) [6].

Bo MHOrux ciyyasix NMpoeKTMpOBAaHHE AaBTOMATHOM MOJEIM OCYIIECTBISETCS
pa3pabOTUUKOM BPYYHYIO, HApUMEp, B MapaJurMe aBTOMATHOTO MPOTPaMMHPOBa-
Hus [1]. [Ipu pemenun npyrux 3agad MoApasyMeBaeTCs aBTOMAaTU3MPOBAaHHAs T'€He-
panus KOHEYHOIO aBTOMAara — M3BJICUYEHHE MOJENH U3 CYIIECTBYIOIINX JAaHHBIX WU
cucteM. Cpeid NpakTUYECKUX MPUMEPOB MCHOJIb30BAHUS METO/IOB I'€HEpaAllui KOHEY-
HBIX aBTOMAaTOB MO>XHO MPUBECTHU: TOCTPOCHUE MOJIETIEH TPOrPaMMHOT0 00€CTIeUEHUS
KOHTPOJJIEPOB MO COCTABJICHHBIM BPYUYHYIO WJIA CHATHIM aBTOMATU3UPOBAHHO MPUMeE-
paM noBeaeHus [ 7], mocTpoeHne GopMaIbHBIX MoOJieNie 00BEeKTOB yrpasieHus [8; 9],
aHaAJIM3 MOJIEJIEH MOBEICHUS CIIOKHBIX MPOrpaMMHbBIX cuctem [4; 10; 11] u ceTeBbIX
npoTokoioB [12], u apyrue. AKTUBHOE M3yueHHUE U pa3pabOTKa alropuTMOB TeHepa-
MU aBTOMATOB HauumHaiach Benercs ¢ 1970-x rogo. B 1978 romy ObL1o J0Ka3aHo,
YTO 3a/la4a TeHepauuu JAETePMUHUPOBAHHOIO KoHeuHoro aBTromara ([IKA) c 3agan-
HbIM (MUHMMAaJIbHBIM) YMCJIOM COCTOSIHUM 1O 3aIaHHBIM MTpUMEpaM MOBEICHUS SBIISI-

ercst NP-nmonHoit [13]. JlaHHBIN TEOPETUUECKUN PE3ybTaT MOAYEPKUBAET CIOKHOCTD
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3a/1a4¥ TeHEPAI[MU aBTOMATOB B OOIIEM cllydae, aKTyaIu3upys pa3padoTKy IpUMEHU-
MBIX Ha MPAKTHKE aJITOPUTMOB.

Brnocnencteun ObUIO MPEIIOKEHO JOCTATOYHO MHOTO KaK 3BPUCTUYECKUX, TAK
Y METadBPUCTUYCCKUX aNTOPUTMOB reHepaiuu JIKA mo 3aganHbIM mpuMepam mnosejie-
HUS, U K HACTOSIIIIEMY MOMEHTY OHHM OOpa3yroT coOOM 11eJI0€ CEMEHCTBO alTOPUTMOB
B JIUCKPETHOM MareMaruke. 3a MociaeAHue roJsl Oblia pazpaboTaHa rpymnna METOOB,
CBOJISIIIIMX 3314y TOYHOM reHepalyu (C MUHIMaIbHO BO3MOXKHBIM YHCIIOM COCTOSTHHI )
UCKOMOTO aBToMara K Jpyrum NP-monubim 3agauam. [Ipu stom Hambonee s dhexTus-
HBIE TIOJIXO/IbI B HACTOSAIIMN MOMEHT OCHOBAHbI Ha CBEJICHHUH K 3a/1a4€ BBITIOTHUMOCTH.

3anada BeIoJIHUMOCTH OyJieBbiX popmyit (Boolean Satisfiability — SAT) 3axito-
YaeTCcs B ONPENIETICHUN CYHIECTBOBAHMS BBITIOJIHSIONIEH MOACTAHOBKU JJIs 3aJaHHOMN
OyseBoit (hOpMYyJIbl, TPEACTABIICHHOW B KOHBIOHKTUBHOW HOpMaJIbHOM (hopMe — B BH-
JI€ KOHbIOHKIIUH Ju3bIOHKTOB. CornacHo Teopeme Kyka-Jlesuna 1971 roga, 3agada Bbl-
noJHUMOCTH siBisieTcst NP-nonmHoi#t JlaHHbIi (akT akTyanu3upoBajl U CTUMYIHPOBAI
pa3pabOTKy MPUMEHHUMBIX Ha MPAKTHKE MPOTPAMMHBIX CPEICTB JIJIsl PEIICHUS 3a1a49u
BBITIOJTHUMOCTH.

Metonaws! pemiennst SAT pa3pabaThiBaiuCh €UIE 10 BBEICHUS TEOPETUUECKUX Olle-
HOK CJI0XHOCTH: B 1962 rony ObL1 npeiioxkeH anroputm [ssuca-Ilarnema-Jloremana-
JlaBnenna (Davis-Putnam-Logemann-Loveland — DPLL) [14] — monubIit anroputm
MIOKMCKa C BO3BPATOM BBIMOJIHAIOIIECH MOACTAHOBKH, UCHIOIB3YIOUINI IBPUCTUKHU pac-
MPOCTPAHCHUS TIEPEMEHHON W MCKIIOYCHUS «UUCTHIX» MEPEMEHHBIX JJISI YCKOPEHUS
noucka. /[aHHbI anropuT™, B OOLIEM cllydae 3a SKCIOHEHIMAJIbHOE BPEMS OT YHC-
Ja IepeMEHHbBIX, IepeOrupaeT Bce MPOCTPAHCTBO MOMCKA MMOJACTAHOBOK M OCTaHABJIMBA-
eTcsl, eCiIM Oblila HaliZileHa BBIMOIHSIONIAs OJICTAHOBKA UK €CJIM TIepedop 3aBepIInI
paboTy — BBHITIOJIHSIIOLIEH TTOJICTAHOBKY HE CYIIIECTBYET.

B cepenune 1990-x Ha ocHOBe anroputmMa DPLL Oplnm pa3zpaGoTaH aaroputm
CDCL [15] (conflict-driven clause learning — «ynpaBnsemoe KoHGIUKTaMu 00ydeHHE
JTU3BIOHKTOBY ), COXPAHSIOIINN M MCTIOIB3YIOMUNA B aJbHEUIIIEM BBIBEICHHBIC TU3b-
IOHKTBI B XOJI¢ aHaIM3a KOH(IUKTOB, BO3HUKaromuX npu padore DPLL. Takue nu3b-

IOHKTHBI B I[aJ'IBHeI\/’IIHeM IMO3BOJIAIOT HAMHOT'O PaHbIIC ITPUHHUMATh pCHICHUC O HCBLITIOJ-
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HUMOCTU (OPMYIIBI ¢ TEKYIIUMHU JOMYIICHUSIMU U TIEPEXOUTh K PACCMOTPEHUIO Clie-
JNYIOIIHX.

Nmenno Ha anroputme CDCL 0CHOBaHBI BCE COBPEMEHHBIE TPOTPAMMHBIE CPEI-
ctBa g peuwieHust SAT. Kaxnpeiii rom mpoBOAATCS COPEBHOBAHUSI MPOTPAMMHBIX
cpencts pemenust SAT [16; 17], uTo oTirMyaeT 3a/1a4y BBIITOJTHUMOCTH OT BCEX OCTallb-
HbIX NP-TpyaHbIX 3a7a4d. 3a c4eT 3TOTO JUJIsl APYTHUX 3ajlad aKTyaJdbHO pa3palaThiBaTh
METO/IbI, OCHOBaHHBIC Ha cBeleHUH K SAT: yCKOpeHUss MEeTo/la MOXKHO TOOUThCs 0e3
WU3MEHEHUSI MCXOTHOTO Koja, Oy/IeT JOCTATOYHO JIUIIh 3aMEHHUTh MPOTPAMMHOE Cpejl-
cTBO M perieHus: SAT, BblarolIee HaIEHHYO OJCTAHOBKY WJIM JOKAa3bIBAIOIIEE €€
OTCYTCTBHE.

OpnHako, B METO/I0JIOTHUU CBEACHUS MOCTaBlIeHHOM 3a1aun K SAT QyHIaMeHTab-
HBII XapaKTeP HOCHUT HE CTOJIBKO UCITOIb3YEMOE TPOTPAMMHOE CPEICTBO, CKOJIBKO CITO-
co0 TpaHCISAIMHU SK3EMIUISIpa 3a1a4u B OyneBy (hopMmyity, sl KOTOPOU B JalibHEHIIIeM
OyZeT 3amyIleH MOUCK MOJICTAaHOBKHU. Tak, B MOCAEAHUE TObI JIs 3a7a4d TOYHOM Te-
Heparuu JIKA mo 3aaHHbpIM IprEMeEpaM MOBeICHUS ObLIO MPEIOKEHO Oa30BOE CBEIC-
Hue [ 18] u Heckonbko ero mogudukaruii [4; 19]. lanabie MoguQuKauy Ipeiaraim
MCIMOJIb30BAHUE MPEINKATOB HAPYIICHUS CAMMETPUH — JOTIOJIHUTEJIBHO BBEICHHBIX B
UCXOJIHYIO0 (DOPMYITy TU3bIOHKTOB, 3aJal0IIUX ClIeUU(PUUHOE I 33]]a4l COKpAIllEHHE
IPOCTPAHCTBA MTOUCKA.

JlaHHBIE TEXHUKU COKPAIICHHS TPOCTPAHCTBA MOMCKA OKA3aJIUCh 0YeHb d(Pdek-
THUBHBI Ha TTPAKTHKE, TTO3BOJIMB PEIIATh 33/1a4¥ TeHEPAIIMA aBTOMATOB OOJIBIIIETO pa3me-
pa. OgHako, MoClIeyOUIMI aHAJIN3 TOKA3bIBAET, UTO JAHHBIE TEXHUKHU HE ONITUMAJIbHBI,
a 00J1acTh MPUMEHUMOCTH CYIIECTBYIOIIUX METOI0B TouHOM reHepanuu JIKA no npu-
MepaM MOBEICHHUs BCE €1lle BeCbMa OrpaHUueHa (UTo 00YyCIOBIEHO, B IEPBYIO OUEPEb,
NP-nionHO# ipupoaoi 3agaun). Takum 00pa3om, TeMa HACTOSIIICH JUCCEPTAINH, TIPO-
JOJDKAOLIEH YKa3aHHbIE UCCIICIOBAHUS MTOCIEIHUX JIET U HAIIPaBJICHHOW HA pacllinupe-
HUE BO3MOXKHOCTEN METOAOB COKPAILEHUSI IPOCTPAHCTBA MMOUCKA U reHepaunn [IKA,
AIBJISETCH AKTYaJIbHOM.

Crenenb pa3padOTaHHOCTH TeMbl. 3aJa4a T€HEpPAUUU JIECTEPMUHUPOBAHHOIO

KOHCYHOI'O aBTOMATa 110 3a/ITaHHBbIM IIPpUMCPaM IMOBCACHUA, BBIPAKCHHBIM B BUJIC ABYX
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MHOXeECTB S 1 S_, 3akimtodaetcs B noucke JJKA ¢ MUHMMAaJIbHBIM YHUCIIOM COCTOSTHHM,
TaKOTO0, YTO BCE CTPOKH U3 MHOXKECTBA S, MPUHUMAIOTCSI aBTOMATOM, a BCE CTPOKH U3
S_ — He npuHMMaloTcd. BriepBble gaHHas 3amada Oblia chopmyaupoBaHa B padboTe
Tonma B 1967 rony [20].

[IepBblIif U3BECTHBIN aITOPUTM JIJISl PEIICHUS JaHHOM 3a/1auu ObUT MPEUIOKEH B
pabote Tpaxren6pota u bap3nuns B 1970 rogy [21] — TB-anroputm. OnHako, Ipeio-
YKEHHBIW aJITOPUTM PEILIAET TOJIBKO YACTHBIM cily4al 3a1auu renepaunu JIKA 1o 3agas-
HBIM MPUMEPAM IMOBEJCHUS: JIJII HEKOTOPOTO HATYpajJbHOTO k BCE BO3MOXKHBIE CIOBA
JUTUHBI k£ HaJ andaBUTOM Y — BCETO |Z|k CJIOB — JIOJIKHBI COJIEP’KAaThC BO MHOXKeE-
ctBax S; u S_. B maHHOM anroputMme, Kak ¥ B TOJABIISIONIEM OOJBIIMHCTBE TOCTE-
AYIOIINX, IPUMEPHI TOBEACHUS MIPEAICTABIISAIOTCS B BUJI€ PACIIUPEHHOTO MPEPUKCHOTO
nepeBa — MpeUKCHOTO JIepeBa, B KOTOPOM BEPIIMHBI MOTYT OBITh JIOIyCKAIOUIIMHU,
OTBEPralIMMHU WIM IPOMEKYTOUHBIMU. TB-aJropuT™M OCHOBAH Ha IOJHOM Iepedo-
pe BCeX BO3MOXKHBIX AP COCTOSHUN MPE(PUKCHOTO I€pEBA U CIUSHUM KBUBAJICHTHBIX
COCTOSIHUU B OJTHO.

B 1978 roay l'onn nokazan NP-nonHoty 3amauu renepamnuu JIKA 3aganHoro, a
3HAYUT U MUHUMAJIBHOTO, pazMepa [ 13]. BBUay yka3zaHHOM CJI0KHOCTH HOBBIE aJITOPUT-
MBI reHepanu munumaibHoro JIKA ne npennaranuce Oosnee necartu net. B nocnenyto-
1K€ TOJIbl HaYaJIl aKTUBHO pa3pabaThIBaTbCsi HETOUHBIE SBPUCTUUECKUE AITOPUTMbBI —
UMU HE TApaHTUPYETCS MUHUMAJIBHOCTH HailieHHoro JIKA. Cpenu Takux alroputMoB
MOXHO BBIJICIIATH clieayromue: traxbar [22], RPNI [23], EDSM [24], exbar [25],
Windowed-EDSM [26]. Bce nepeunciieHHbIE alrOPUTMbI OCHOBAaHbI HA CIIUSHUU CO-
CTOSIHUI paciIupeHHOro npedukcHoro aepesa. COCTOSHUSA AJIs CAUSHUS BBIOMPAIOTCS
ABPUCTUYECKH, YEM OJHOBPEMEHHO OOBSICHSETCS BHICOKAsi CKOPOCTH PabOThl U HETOU-
HOCTb JAHHBIX aJITOPUTMOB.

JpyruM pacnpoCTpaHEHHbIM MOAX0A0M K rerepanuu JIKA mno 3agaHHbIM npu-
MepaM IOBEJICHUS SBISETCS MPUMEHEHUE METa’BPUCTUUYECKUX anroputmoB. Hampu-
Mep, OBbLITU MPEAJIOKEHBI 3BOJTIOLIMOHHbBIE AITOPUTMEI [27; 28], MypaBbUHBIE aJITOPUT-
MBI [29]. MeTasBpuCTHYECKUE AITOPUTMBI TaKKE SIBJISIOTCSI HETOYHBIMH — UMM BOOO-

II€ HE TapaHTUPYETCsl, UTO KAKOE-TO PelIeHue OyaeT HailIeHO 3a KOHEUHOE BPEMHI.
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Tonnanackue ydensie Xoitn u Bepep B 2010 romy mpemioxkuiv aaropuTM
DFASAT, crocoOHbIN rapaHTHpOBaHHO reHepupoBarh [IKA MUHHUMaIbHOTO pazMepa
110 TIPOW3BOJIBHBIM JIaHHBIM [ 18]. AJITOPUTM OCHOBaH Ha CBEACHUU 3a/1a4l T€HEPALIUU
JIKA 1no mpumepam MOBEJIEHUS K 3aJau€ BbINOJHUMOCTH OyneBod gopmynsl (SAT),
IJIe B KAY€CTBE MPOMEKYTOYHOTO IIara MCIOIb3yETCsl CBEJICHUE K 3aJ1a4€ PACKPACKHU
rpada, koropoe ObLI0 npesiokeHo emie B 1997 roay [30]. Jlns cokpatieHust mpocTpaH-
CTBa ITOUCKA MPHU PELICHUH 3a/1a4M BBIITOJHUMOCTH XOWI U BepBep mpeiokuinm psij
MOJXOJIOB K HAPYLICHUIO CUMMETPUU: rpad) COBMECTUMOCTH, JOTMOTHUTENbHbIE JU3b-
IOHKTBI, IOUCK 00JbIION KIUMKHU. OIHAKO, JAaXKE C UCIOIb30BAHUEM BCEX ITUX TEXHUK,
DFASAT crnoco0OeH 3a pa3yMHOE BpeMsl CTPOUTH aBTOMAThI ¢ He Ooyiee YeM JIeCAThIO
COCTOAHMSMU. XOia U BepBep it ynpolleHus 3aaun Ipeaioxkuiin AesiaTh mpeaBa-
PUTEIBHO HECKOJBKO CIUSHUM B IPE(YUKCHOM JEPEBE C MOMOILBIO airopuT™Ma EDSM,
OJTHAKO TOIJIa TEPSIETCA TOUHOCTh — rapaHTUs MUHUMaIbHOCTH HanaeHHoro JIKA.

[To3nHEee aBTOPOM JIMCCEPTallMM COBMECTHO C HayYHBIM PYKOBOAMTENIEM YIIbSH-
ueBbiM B. . u mpodeccopom Lllanbito A. A. OpUTH IpeIOKEHBI TPEIUKATHI HApYIIIe-
HUSI CAMMETPHH Ha OCHOBE asiropuTMa ooxona rpada B mupuny (BFS) [31]. Jns xax-
noro JIKA ¢ M cocrosiausimu cytectsyet O (M) nzomopdHbIX eMy aBTOMATOB, KOTO-
pbI€, C TOUKHU 3pEHHS MPOTPAMMHOTO cpencTBa st pemeHus: SAT, sBIAIOTCS pa3inuy-
HeIMU. [IpeioxkeHHbie TpeANKaThl HapYUIEHNUs CUMMETPUH TTO3BOJISIOT 3HAYUTEIHHO
COKpPATUTh IIPOCTPAHCTBO MOKCKa IpH petieHuu SAT — BMecTo (pakTopuaia usoMopd-
HBIX aBTOMAaTOB MpPU PEHICHUH MepeOupaeTcsi TOIbKO €IUHCTBEHHBIN MPEACTaBUTEINb
KJIacca AKBHUBAJIEHTHOCTH 10 u3oMopduszmy — JIKA, npoHymMepoBaHHBIN B MOPSIIKE
BFS-o6xona. lannusiii meTox siBisieTcst HanbOosiee YPPEKTUBHBIM U3BECTHBIM TOYHBIM
metosioMm reHepaiuu KA mo 3agaHHbIM TpuMepam MOBEICHUS U MO3BOJISIET CTPOUTD
ABTOMAThI C YACIIOM COCTOSIHUM 10 copoka. OHaKo, aHalln3 NOKa3aj, YTo MPEIJIOKEH-
HOe HauBHOE KoaupoBanue BFS-npenunkaros Ha si3pike SAT HeonTUMaIbHO — MOJTyYa-
emas OyseBa ¢popMmysa CIMIIKOM Beiuka. [loMuMo 3T0oro, He paccMaTpuBaIiCh NPeau-
KaThl HAPYIICHUS CUMMETPHH, OCHOBAHHbIE HAa KOAMPOBAHUH ajaroputMa ooxoaa rpada

B m1yOuny (DFS).
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Cpenu nmpourx HEAOCTAaTKOB MeTO/I0B reHepanuu JIKA, oCHOBaHHBIX Ha CBeJie-
HUU K SAT, MO)KHO OTMETUTh 3aBUCUMOCTD pazMepa OynaeBoi (hopMyIIbl OT YUCIa UME-
IOIIMUXCS TPUMEPOB MOBEJICHUS. 3a4aCTy0 MHOXXECTBA MIPUMEPOB MOBEICHUS N30bITOU-
Hbl U COZAEpKaT JIMIIHUE CJIOBA. AHAIMW3 JINTEPATyphbl MOKA3all, YTO UHTEIJIEKTyallb-
HBIX METOJIOB BHIOOpA MOJAMHOXKECTBA TPUMEPOB MOBEJACHHUS paHEee HE MPeIaraioch.
Bo03MOXXHBIM pellieHHeM MOXKET OBITh MPUMEHEHHE MOAX0A YIMOUHeHUs: abCmpaKyuu
no konmpnpumepam (counterexample-guided abstraction refinement — CEGAR) —
UTEPATUBHOTO aJTOPUTMA, M3HAYATLHO Pa3pab0TaHHOTO ISl TIOCTPOESHUS MOJIEIH TPO-
rpaMMHOTO obecrieuenus [32; 33].
OOpartHoii cutyanuent seisercs reHepanus JIKA 1mo HEOOJbIIMM MHOXECTBAM
MIPUMEPOB MOBEACHUS. B TakoM ciiydae Mmojae3HbIM MOXKET ObITh T€HEepAIUs BCEX COOT-
BETCTBYIOINUX HEM30MOPGHBIX [IKA ¢ MUHUMAaIBHBIM YHCIIOM COCTOSIHHUM TSI TIPOBE-
JICHUs JaibHEHIIero ananusza. Takxke, CylecTBOBaHNWE €AMHCTBEHHOTO aBTOMAaTa MU-
HUMAJILHOTO pa3Mepa TOBOPUT O KaueCTBE UMEIOIMXCS 00ydaromuX JaHHbIX. OHAKO,
3a/1a4a reHepanuu Bcex Hemzomoppunix [IKA panee He ctaBuiach, ¥, COOTBETCTBEHHO,
3¢ (HEKTUBHBIX METOIOB €€ PEIICHUs MPEITI0KEHO HE OBLIO.
Heablo HacTOsIIEH AUCCEPTALMU SBISETCS MOBBIICHUE d(PPEKTUBHOCTH TOU-
HBIX METOJIOB T€HEpaIliu JETEPMUHUPOBAHHBIX KOHEYHBIX aBTOMATOB I10 3aJIaHHBIM
puMepam MOBEICHUS TOCPEACTBOM COKpAIIeHHS MPOCTPAHCTBA TOUCKA MPU PEIICHUH
3a/1a4¥ BBITIOJHUMOCTH.
JI7st TOCTHKEHUST YKa3aHHOU 11eJTH B paOOTE MOCTABICHBI M PEIICHBI CICAYIOIIHNE
3aa4M:
a) Pa3zpaboTka mpeaukaroB HapylIEHUs] CHMMETPUU, OCHOBAHHBIX Ha KOJAUPO-
BaHUU aJITOPUTMOB 00Xxo0jia rpada B MIUPUHY U B IIIYOUHY, JUJIsI COKpaIlle-
HUS POCTPAHCTBA IMOUCKA TIPH PEIICHUHU 3aJa4U BBITIOJTHUMOCTHU. Pa3zpabot-
Ka ¥ peanu3aius TOYHbIX MeToZ0B renepaiuu JJKA mo 3amanHbpiM mpumMepam
MOBEJICHUS], UCTIOJIB3YIOIIUX JaHHBIE MPEIUKAThI, IPOBEICHUE IKCIIEPUMEH-
TaJIbHBIX MCCIICIOBAHUN pa3pabOTaHHBIX METOJIOB.

0) Pa3zpabotka u peanuzamnus TogHOro Metoaa renepaiuu JIKA mo n3osITouHo-

My Ha60py INpUMCPOB MOBCACHUS C UCITOJIB30BAHUCM CBCACHUSA K 3a1a49C BbI-
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NOJTHUMOCTH U TMOJX0/1a YTOUHEHHUsI aOCTpaKIMK 1o KoHTprnpumepam. [Ipo-
BEJICHHE DKCIIEPUMEHTAIBHBIX UCCIIEIOBAHHM pa3pab0TaHHOTO METO/IA.

Pa3zpabotka u peanuszanus MeToja reHepamnuu Bcex HemzomopgHbix [IKA
MUHHUMAJIBHOTO pa3Mepa, yAOBJIETBOPAIONINX 3a/laHHbBIM IIPUMEpPAM MOBEIE-
HHs, C UCIIOJIb30BAHUEM IIPEAUKATOB HAPYIICHUS CUMMETPUU U IIPOTrpPaMM-
HBIX CPEJACTB PELIEHUs 3aJa4d BbINOJHUMOCTH. IIpoBeneHue skcrnepumeH-

TaJIbHBIX MCCJIEIOBAHUN pa3pabOTaHHOTO METO/IA.

Ipeamer ucciieqoBanuss — METOAbI TOUHOU reHepanuu [IKA, nenons3yromue

IIpOorpaMMHBIC CPpCACTBA AJId PCIICHUA 3aa4K BBIIIOJIHUMOCTH.

CooTBeTcTBHE NACNIOPTY CNIENUAJBHOCTH. JlaHHAs 1UCccepTalnsi COOTBETCTBY-

eT nyHkTy 10 «Pa3paboTka 0CHOB MaTeMaTH4e€CKOM TEOPHUH SI3bIKOB U TpaMMaTHK, TEO-

pUU KOHEUHBIX aBTOMAaTOB U Teopuu rpadoy» nacnopra crneruaibHoctu 05.13.17 —

«Teopetnuecknue 0CHOBBI HH(DOPMATHKI.

OcHoBHBIE IMOJIO’KCHHU A, BBIHOCUMbBIC HA 3alIUTY:

a)

6)

1100x00 K NOCTPOEHHUIO TPEANKATOB HAPYLIEHUSI CHMMETPUH, OCHOBAaHHBIX Ha
KOJMPOBAHUH aJITOPUTMOB 00X0/1a rpada B LIMPUHY U B IITyOUHY, JJI COKpa-
HIEHUS MPOCTPAHCTBA MOUCKA MPU PEILICHUH 33]1a4H BBITTOJIHUMOCTH. TouHbIE
memooul Terepannu JIKA 1o 3aaHHbIM IprMepaM MOBEACHUS, UCTIOIb3Y10-
LIUE JTAHHBIE ITPEIUKATHI.

Tounbrit memoo reneparuu [IKA mo n36sITouHOMYy HAOOpY MPUMEPOB TO-
BEJICHUS C UCIIOJIb30BAHUEM CBEICHMS K 3a/1a4€ BBIINOJIHUMOCTU U MOAXOAA
YTOUHEHHS a0CTPAKIIUU IO KOHTPIIPUMEPAM.

Memoo renepanuu Bcex Hensomopubix JIKA MunnmanbHOro pazmepa, yao-
BJIETBOPSIOLIMX 3aJIaHHBIM MPUMEpPaM TOBEJICHUsI, C UCIIOJIb30BaHUEM IIpe-
JTMKATOB HAPYIIECHUS CUMMETPUU U TPOTPAMMHBIX CPEJICTB PEIICHUS 3a1a4U

BBIITOJIHUMOCTH.

Haquaﬂ HOBHU3HA JUCCCPTALlMU COCTOUT B CICAYIOLICM:

a)

[IpenvkaTsl HApyIIEHUS! CHMMETPHUH, OCHOBAaHHBIE HA KOJIUPOBAHUU AJITOPUT-
Ma 00xoza rpada B iyOuHy paHee He mpeniaranuck. [IpeayioxkeHHble mpe-

JAUKATbl HAPYHICHUA CUMMCTPHUH, OCHOBAHHBIC HA aJITOPUTMC O6XOIIa rpa(ba B
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HIMPUHY, BBIpaXKaroTCs OyaeBoi popMyIoi, COCTOSIICH U3 aCUMITOTUYECKU
MEHBILIETO YHCIIA IU3bIOHKTOB CPABHUTEIBHO C CYHIECTBYIOIIUM MOAXOI0M.
[TomuMoO 3TOTO, BIEPBBIE MPEIIOKEHBI IPEAUKATHI HAPYIICHHUS] CAMMETPHH,
UCIIOJIb3YIOIIME 0COOCHHOCTH JiepeBa 00xoaa rpada B LIUPHUHY.

6) Tounsix MeTon0B renepanuu JJKA npuMeHUMBIX B ciiydae, KOT/Ia YUCiIo pH-
MEpPOB MMOBEACHUSI U3JIMIIHE BEJIUKO, paHee He mpejiaranock. Mcemnonb3oBa-
HUE MOAX0Ja YTOUHEHUS a0CTPAKIIMK 110 KOHTPIPUMEpPAM OJJHOBPEMEHHO CO
CBE/ICHMEM K 3aJlau€ BBIMOJIHUMOCTU MO3BOJIsIeT reHepupoBarsh JIKA no u3-
OBITOYHOMY HA0OPY IPUMEPOB MOBEACHUS ITyTEM UTEPATUBHOTO 100ABICHUS
TOJIBKO 3HAUYMMBIX TPUMEPOB J0 TE€X MOP, oKa He OyaeT nonydeH KA, co-
OTBETCTBYIOIINI BCEMY M30BITOUHOMY HAOODY.

B) MetonoB 11si reHepainuu Bcex HensoMopdHbix JIKA MuHumanbHOTO (MM
11000T0 (PMKCHUPOBAHHOTO) pa3Mepa, YAOBIECTBOPSIOMIUX 3a/IaHHBIM MTPUMeE-
pam MoBeJeHUs], paHee He MPe/Iaraioch.

MeTo10/10THS M METOAbI MCCJAEA0BAHUA. METOIOTOTUYECKYO OCHOBY IUCCEP-
TaIlMU COCTABUJIN IPUHIIUIIBI (hOpMaTu3aluu, 0000IIeHUS, TEAYKTUBHOTO U UHTyKTHB-
HOTO OOOCHOBaHHUSI YTBEPKICHUMN, TPOBEACHUE IKCIIEPUMEHTAJIbHBIX UCCIIEI0BAHUN U
aHaJu3 X pe3yibTaroB. B paboTe UCmoab3y0TCsl METO/Ibl TEOPUM aBTOMATOB, TEOPUU
rpadoB, TEOpUU CIOKHOCTH, TUCKPETHON MAaTeMaTUKHU, OObEKTHO-OPUEHTHUPOBAHHOE
IpOrpaMMHUPOBAHUE, METO/IbI MPOBEACHUS M aHAJIM3a 3KCIIEPUMEHTAJIbHBIX UCCIEN0-
BAHUU.

JLOCTOBEPHOCTD MMOTYUYEHHBIX PE3YJIBTATOB MOJITBEPKAAETCA KOPPEKTHBIM 000C-
HOBaHMEM IMOCTAHOBOK 3aJ1a4, TOYHOU POPMYIUPOBKON KPUTEPHUEB, a TAKKE pe3yiIbTa-
TaMM MPOBEJICHHBIX SKCIEPUMEHTAIBHBIX UCCIIEI0BAHUM MO UCTOIB30BAHUIO MTPEAJIO-
KEHHBIX B IUCCEPTAIIMU METOJIOB.

TeopeTndeckasi 3HAYMMOCTb PadOTHI 3aKII0YAECTCA B TOM, YTO B HEH JJISI TOU-
HBIX MeTonoB renepaiuu JIKA mnpennoskeHbl HOBbIE MOAXO/bI K COKPAIICHHUIO MPO-
CTPAHCTBA MOUCKA MPHU PEIICHUU 33JI1a4l BBITOJIHUMOCTU — IPEAUKATH HApYIICHUS

CUMMETPHUH Ha OCHOBE KOAMPOBAHUS aIrOpUTMOB 00x0/1a rpada B yOMHY U B IIUPH-

HY:
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— mpemiokeH crnocod koaupoBaHus cBoiictBa DFS-nponymepoBannoctu JIKA
Ha s1361ke SAT;
— TIPEUIOkKEH HOBBIN cioco0 koaupoBaHus cBoiicTBa BFS-niponymepoBanHOCTH
JKA na sa3pike SAT, TpeOyronmii aCUMOTOTUYECKH MEHBILIETO YKCIIa TU3b-
IOHKTOB, OTHOCHUTEIBHO U3BECTHBIX CIIOCOOOB;
— TIPEUIOKEH CIOCO0 KOMUPOBAaHUS pa3InIHbIX CBOMCTB BFS-nepeBa Ha s3bIke
SAT.
[Tomumo 3TOTO, NpEAIoKeH crocod 00beauHUTL MeToa rerepanuu JJKA npu nomorniu
CBEJICHUS K 3a/1a4€ BBIIIOJHUMOCTHU C TIOJX0I0M YTOUHEHUS a0CTPaKIUU IO KOHTPIPH-
mepaM. Takke, pa3paOoTaHHbIE IPEANKATHI HAPYLIEHUS CAMMETPUU TTO3BOJIMIIN pa3pa-
00TaTh METOJI JIs PEIICHUS 3a/lauu reHepaiuu Bcex Hemzomoppusix KA MuHuManb-
HOTO pa3Mepa, KoTopasi paHee He umesa d3((PEKTUBHBIX METO/IOB PEIICHUSI.
IIpakTHyeckasi 3HAYUMOCTb PAdOTHI COCTOUT B MOBBIILIEHUN 3(PPEKTUBHOCTU
TOYHBIX MeTO0B reHepanuu JIKA 1o 3alaHHbIM [TpUMepaM MOBEAEHUS. DKCIIEPUMEH-
TaJbHO TOKa3aHO, 4TO pa3zpaboTaHHbld MeToa renepanuu JIKA mo 3agaHHbIM puMe-
paM ITOBEJICHUS C UCIIOIB30BaHUEM MTPEANKATOB HAPYIIEHUS CHMMETPUN HA OCHOBE aJI-
roputMa BFS siBnisiercst cambiM 3¢ (heKTUBHBIM 110 BPEMEHU I'€Hepaliy aBTOMaTa Cpeau
U3BECTHBIX HA HACTOSIIUNA MOMEHT TOYHBIX METO/IOB U MO3BOJISIET FTEHEPUPOBATH ABTO-
MaTbl OOJIBLIETO pa3Mepa OTHOCUTEIBHO METOIOB, IPEIOKEHHBIX paHee. PazpaboTan-
HBIM TOUHBIN MeToJ reHepanuu JIKA no u3dsITouHOMy HaOOpy NPUMEPOB MOBEACHHUS
c ucnonb3oBanuem cenenus Kk SAT u noaxona CEGAR no3Bossier apdextuBHO reHe-
pUpPOBaTh aBTOMATHI B CIydyae, KOTjaa Habop MpUMEpPOB MOBEACHUS CIUIIKOM 00beMEH
U nonyyaeMas OyneBa (popMylia CIMILIKOM BeJIMKa ISl COBPEMEHHBIX MPOTrPaMMHBIX
cpenctB ans pemenuss SAT. Pa3paOoTaHHbI METOJ TeHEpallUd BCEX HEU30MOP(HHBIX
JIKA MUHHMMaIbHOTO pa3Mepa, YIOBIECTBOPSIOIINUX 3aJaHHBIM IPUMEpaM MOBEACHUS,
C UCIIOJIb30BAaHUEM IIPENUKATOB HAPYIIEHHUS] CAMMETPUHN U IPOTPAMMHBIX CPEACTB AJIs
pemienust SAT, sABIIeTCS MEPBBIM M3BECTHBIM METOAOM ISl T€HEpAlUU BCEX HEU30-
Mop(HBIX aBTOMATOB. Taxke ¢ ero MOMOIIbI0 MOXXKHO OLIEHUTh MOJTHOTY MMEIOIIUXCS

AAaHHBIX, BBIPAXXCHHLIX B BUAC IIPUMCPOB ITIOBCACHU S, ITYTCM 10KA3aTCJIbCTBA UJIN OITPO-
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BEPIKEHUS CYLIECTBOBAHUS €IMHCTBEHHOr0 JIKA MUHMMaJIBHOTO pa3Mepa, ONUCHIBAIO-
IETO 3TH JIaHHBIE.

[TomuMmo 3TOTO, BCE pa3zpabOTaHHBIE METOJBI U MOAXO/Abl B JAJIbHEHIIIEM MOTYT
OBITh aJaITUPOBAHBI JIJIS 33]1a4 TreHepaluu 00Jiee CI0KHBIX KOHEYHO-aBTOMAaTHBIX MO-
neneit [19]. Tak, HarpuMep, NPeJIOKEHHBIA METO]] TeHEpallMM BCEX HEHM30MOP(DHBIX
JIKA OblT afanTUpOBaH JJid FT€HEPALMY KOHEUHbBIX aBTOMAaTOB, MOJEIUPYIOIINX [TOBE-
J€HUE MPOrPpaMMHUPYEMBIX JTOTUYECKUX KOHTPOJUIEPOB [34].

BHenpenue pe3dyiabratoB padoTbl. Pe3ynbrarsl pabOThl MCHOIB30BATIUCH MPU
BeinoiHeHun mpoekra SAUNA (“Integrated safety assessment and justification of
nuclear power plant automaton”), BEIIOJHEHHOTO UcCcea0BaTeIbCKoM rpynmnoit “IT in
Industrial Automation” xadeapsl 3IEKTPOTEXHUKN U aBTOMATUKU YHUBEpcUTeTa Aa-
T0, OUHISTHAMS, B pamkax DUHCKON MPOrpaMMbl UCCIEIOBAHUN O€30MaCHOCTU aTOM-
HBIX DJICKTPOCTAHIIUNA — SAFIR2018'. B wacTHOCTH, OHO# U3 33734 nmpoekTa Oblia
pa3paboTka MeToia FTeHEPALMH MOJIETIEH pa3InYHbIX KOMIIOHEHTOB CUCTEMBI yIIpaBJie-
HUSI aTOMHBIX 3JIEKTPOCTAHIIUI MO 3a/IaHHBIM MpUMepaM MOBEICHUS U CrieuDUKAIIH
BBIPA)KEHHOMW HA SI3bIKE TEMIIOPAJIbHOM JOTUKH. J[aHHas 3a/1a4a Oblia perieHa ¢ UCIob-
30BaHHEM TOJX0/1a YTOUHEHHUS a0CTPAKIIMKU IO KOHTPIIpUMEPaM CriocoOOM, aHAJIOTUY-
HBIM MIPEIJIOKEHHOMY aBTOPOM JiMccepTauuu s reuepauuu JJKA, yto noareepxaa-
€TCSl MICBMOM PYKOBOJIUTEIISI MiccaenoBarenbckoit rpymmbl “IT in Automation” B. B.
Bsarkuna.

Pesynbrarel paboThl Tak)ke MCMOJB30BAJIUCH MPH BBIMOJIHEHUH TOJ PYKOBOI-
CTBOM aBTOpa auccepranuu rpanta Poccuiickoro ¢onaa ¢pyHIaMeHTaIbHBIX UCCIIEO0-
BaHuil (mpoekT 18-37-00425 «Pa3padoTka 3((HeKTUBHBIX METOAOB MAILIMHHOTO 00yye-
HUS JUIsl TOCTPOCHUS AETEPMUHUPOBAHHBIX KOHEUHBIX aBTOMATOB Ha OCHOBE PEILICHUS
3a/1a4¥ BBINOTHUMOCTIY, 2018-2020 rT.).

[TosmydyeHHble pe3yabTaThl TAKKE KCIIOJIB30BAIMCH B paMKax rocydapCTBEHHOMN
(uHAHCOBOW MOAJEPKKU BeAylux yHuBepcuTeToB Poccuiickoit denepanmu, cydocu-
must 074-U01 (HUP «buounndopmarrka, MammHHoe 00yueHne, TEXHOJIOTHH MPorpam-

MUPOBaHUS, TEOPUsI KOAUPOBAHUS, TPOAKTUBHBIE cucTeMb», 2013-2017 rT.) u cyocu-

Thttp://safir2018.vtt.fi/
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must 08-08 (HUP «MeTossl, MOIe M ¥ TEXHOJIOTHH UCKYCCTBEHHOTO UHTEIIJIEKTA B OHO-
uH(bOpMaTHKE, COIUATBHBIX Mena, KHOepHU3NIeCcKnx, OMOMETPUUECKUX U PEUEBBIX
cucreMax», 2018-2020 rr.)
Pe3ynbrarel paboThl Takke BHEIPEHbI B yueOHbIHN nponecc ¢akynbsrera nHpOp-
MalMOHHBIX TEXHOJOTUH U porpaMMmupoBanus Yausepcurera MTMO B pamkax kypca
«IIpoexTupoBaHe aBTOMATHBIX IIPOrpamMM» IIporpaMMbl OakanaBpuara «MaremaTuye-
CKH€ MOJIEJIH U aJITOPUTMBI B pa3pabOTKe MPOrpaMMHOI0 0OECIIEYeHUsD), YTO MOATBEP-
KIAETCsl aKTOM 00 MUCIOJIB30BaHUMU.
Anpobanusi pe3yabTaToB padoTbl. OCHOBHBIE PE3yIbTaThl PadOThI JOKIIA/IbI-
BaJIMCh Ha CIEAYIOIMNX KOH(PEPEHIUAX U CEMUHAPAX:
a) 9™ International Conference on Language and Automata Theory and
Applications (LATA 2015). 2015, Hunua, @paniusi.

6) 6™ International Symposium “From Data to Models and Back (DataMod)”.
2017, Tpento, Utanus.

B) 16™ IEEE International Conference on Industrial Informatics (INDIN 2018).
2018, Ilopry, [lopryranus.

r) 13% International Conference on Language and Automata Theory and
Applications (LATA 2019). 2019, Caukr-IletepOypr.

1) IV-VII Bcepoccuiickuii konrpecc Moionabix ydeHsix. 2015-2018, Cankr-
[TeTepOypr.

e) IX Konrpecc momonpix yuensix. 2020, Cankt-IletepOypr.

k) XLVI Hayunas u yueOHO-MeToauueckass KOHGEpeHIMs YHUBEpPCUTETa
NTMO. 2017, Canxr-IletepOypr.

n) XLVIII Hayunas u yue6HO-MeToan4eckast koHpepeHnuust Yauepcutera 1UT-
MO. 2019, Cankr-IletepOypr.

JInyHbIA BKJIAX aBTOpA. Vnes npeaukaToB HApyLIEHUs CHMMETPUM HA OCHOBE
KOJAMPOBaHUs airoputMa 06xona rpada B niryOuny, uaes merona reaepanuu JIKA no
3aIaHHBIM MPUMEPAM MOBEACHUS, UCIIOJIB3YIOLIETO UX, a TAK)KE pealin3alus allrOpuT-
Ma Ha 0a3e MpeIoKEHHOT0 METO/1a U IPOBEICHUE BBIYMCIUTENIbHBIX SKCIIEPUMEHTOB

MMPUHAAJICKHUT JINIHO aBTOPY. I/II[GH IMPCANKATOB HAPYILICHUA CUMMCTPHUHU Ha OCHOBC aJI-
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ropurMa o6xoja rpada B HIMPUHY, KOAUPOBAHUE KOTOPBIX TpeOyeT acCMMIITOTUYECKH
MEHBIIIETO YKCIIa AU3BIOHKTOB, Ues KogupoBaHus cBoiicTB BFS-nepeBa Ha sa3bike SAT
u uaes meroaa reaepauuu KA, ucnonb3yroniero gaHuele pazpabOTKH, IPUHAIIEHKAT
COBMECTHO aBTOpYy Auccepranuu u JK. Mapkemry-CuibBe; peanu3aius alropuTMOB Ha
0a3e MpensioKEHHBIX METOJ0B MPUHAIICKHUT JUYHO ABTOPY, MPOBEACHUE BBHIYMCIIH-
TEJIBHBIX DKCIIEPUMEHTOB IIPUHAIJIEKUT COBMECTHO aBTOpy aucceprauuu u A.M. Ur-
HaTheBy. Maes Tounoro merona renepanuu JIKA no n30bTodHOMY HAOOpY MPUMEPOB
NOBEACHUS C MCIOJb30BAHUEM CBENCHMS K 3aJ1au€ BBIINOJHUMOCTH M MOAXOAA yTOY-
HEHUS a0CTPaKIMU 110 KOHTPIIPUMEPAM, pealin3ailysl aJropurMa Ha 6a3e mpenaoxKeH-
HOTO METOJa U MPOBEJACHUE BBIYMCIUTEIBHBIX YKCIIEPUMEHTOB MPUHAJIEKUT JINYHO
aBropy. Mnes tounoro mertona reHepauuu Bcex KA MUHMMabHOro pasmepa 1o 3a-
JAHHBIM ITPUMEpPaM MOBEJAECHHUS C WCMOJIb30BAHUEM IMTPOTPAMMHBIX CPEACTB PEIICHUS
3a/1a4¥ BBIITOJIHUMOCTH MPUHAJJIEXKUT COBMECTHO aBTOPY IHUCCEPTALMMU U HAYYHOMY
pykoBoautento B.W. VipsHieBy, peanuzanus aroputMa Ha 6a3e npeyioKeHHOTo Me-
TOJla U MPOBEJCHUE BBIUHUCIUTEIBHBIX 3KCIEPUMEHTOB MPUHAJIEKUT JIMYHO aBTODPY.
B pabotax, BBIOJIHEHHBIX B cOaBTOPCTBE, B.M YiIbsiHIIEBBIM OCYIIECTBISAIOCH 00IIIEe
PYKOBOJICTBO MCCJIEIOBAHUSMM.

Hyb6aunkanuu. OCHOBHBIE PE3YIIBTATHI IO TEME JUCCEPTALIMU U3JIOKEHBI B AECH-
TU yONMKaIUAX, U3 HUX YeThIpe ONMYyOJIMKOBaHbI B U3aHUSIX, UHJIEKCUPYEMBIX B 0a3e
UTUPOBaHUS ScOpus, OJIHA MyOIUKalMs U3aHa B )KypHale, pekoMeHnoBaHHoM BAK.
Taxxe y aBTOpa IuccepTaly UMeeTcsl OHA MyOauKalus Mo APyroi TeMe u3 00JacTu
MAIIMHHOTO 00y4YeHHUs, OMyOIMKOBaHHAS B U3aHUH, HHIEKCUPYEMOM B 0a3e IUTHUPO-

BaHUA Scopus.
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I'maBa1l QO030p npeameTHoii o01acTu

B HacTosiiei raBe nNpuBOASITCS pe3yabTarbl 0030pa padoT, MOCBIIICHHBIX 3a-
Jlaue BBITIOJIHUMOCTH OyJleBbIX (OPMYIT U METOAM €€ PEIIeHUs, OJX0Ay YTOUHEHUS
abCTpaKIMK 10 KOHTPIPUMEpPaM, a TAKKE I€TEPMUHUPOBAHHBIM KOHEYHBIM aBTOMAaTaM

U MCTOZlaM HX I'CHCPALHH.

1.1 3apmauya BbINOJHUMOCTH OyJ1eBOM (POPMYJIbI

B nanHOM pa3zzene npuBOASTCS OCHOBHBIE HEOOXOAUMBIE ONPEACIICHMS, CBSI3aH-
HBIE C 33J1a4€il BHIMOJIHUMOCTH OyJeBOM (pOpMyJIbI, a TAKKE €€ (popMalibHAsI TIOCTAHOB-
ka. PaccMarpuBaroTcs KJIacCCUYECKUE U JTYyYIIUE HA JAHHBIA MOMEHT MOAXO/IbI K pele-

HUIO JTAaHHOU 3aJ1a4uu.

1.1.1 ITocranoBKa 3aaa4u

[ycte X = {z1,%9,...,2,} — MHOXKECTBO OYyJIEBBIX (NMPONO3UYUOHATLHBIX)
nepeMeHHbIX. bynesa (nponosuyuonanvuas) Gopmyna UHIYKTUBHO OMpenesieTcss Hal
MHOKECTBOM X, C TOMOILBIO CTAH/IAPTHBIX OyJIEBBIX ONEpaIuii: OTpULAHUE —, TU3b-
IOHKIUA V ¥ KOHBIOHKIHS A — CIIEIYIOUIUM 00pa3oM:

— F =ux,tme x € X, ABIA€TCS NPONO3UIIMOHAIBHON (POPMYIIOii.

— Ecnu F sBnsiercst Npono3uIMOHANBHOM (GOpMyIOi, To (—JF ) SIBJISETCS MPOIIOo-

3ULUOHATBHOU (HOPMYIIOi.

— Ecnu F u G sIBASIFOTCSI IPOTIO3UIIMOHATBHBIME (opMmynaMu, To (F V G) .

— Ecnu F u G SBIASIOTCS MPOMO3UITHOHATBHBIME QopMmyaaMu, T0 (F A G) siBisi-

eTCsl MPOIIO3UIIMOHATIBLHON (OPMYIIOi.
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JlanHO€ ompezesieHne MOXKET OBbITh JOTOJHEHO JAPYTUMU JIOTHYECKUMU OTNEpalusIMH,
ofiHaKo, 1o Teopeme Ilocra Habop omeparwmii {—, V, A} sBiIsiercs moiHbM [35] — Jtto-
Oas OyneBa (QyHKIIHS MOXKET OBITh BBIPAXKEHA C TIOMOIIBIO TAHHBIX OTICPAIIHA.
Jlumepanom Ha3zbiBaeTcs 1MO0 IEpeMEHHas x;, TM00 ee OTpULlaHue —x; (11 CO-
KpallleHUs1 3allKiCcu, WHOTIa 0003Ha4YaeTcs Kak ;). duzvionkmom (clause) Ha3bIBaeT-
Csl TU3BIOHKITUS KOHEYHOTO YKCJIa JINTEPATIOB, MO0 OJMHOUYHBIN JIUTEpas, HalpuMep,
(xl V —x9 V —x5 V x7). Tak:ke, TM3BbIOHKT MOKHO MPEICTABUTH B BUAE MHOXKECTBA JIU-
TEepaJioB, MOAPa3yMeBas AU3bIOHKIIHIO HESIBHO, HATIPUMED, {1, T2, 7y, T }. ByneBoit
dbopMyIoi, IpeACTaBICHHON B KOHBbIOHKMuUSHO-Hopmavhou gopme (KH®D), naswiBa-
€TCSl KOHBIOHKITUSI HECKOJIbKUX TU3BIOHKTOB, 100 OJMHOYHBIN TU3BIOHKT, HAIIPUMED,
(x1Va3) A (T2 V23V x5) A 6. ByneBy dopmyny B KH® mokHO Takxke mpescra-
BUTH B BUJIE MHOJKECTBA JIM3BIOHKTOB, KOTOPHIC BEIPAYKEHBI KAK MHOXKECTBO JIATEPATIOB,
Hanpumep, {{x1, v3}, {Ts, T3, x5}, {x¢}}. B HacTosmei aucceprauuu nrobas Oyiesa
dbopmyna cautaercs npeactapieHnon B KH®, ecnu He sIBHO HE yKa3aHO WHAYE.
Kaxxgoii mporno3uinoHanbHOW MEPEMEHHON MOXET OBbITh MPUCBOEHO OJHO U3
oyneBbix 3HaueHuit {0, 1}. Bummonnsiowet noocmanoskoi v = (v1,vs,...,0,), TIC
v; € {0, 1}, anst HekoTopoii OysieBoii GOPMYITbI ¢ HA3BIBACTCS TAKOH OYJIEB BEKTOP, YTO
dbopmyna  TpUHUMAET UCTUHHOE 3HAYCHHE TIPU TIOJICTAHOBKE 3HAYEHUH v; BMECTO I1e-
PEeMEHHBIX x; UTO JUIs BceX 7. Torma, 3agavua gsinonHumocmu 6ynesou oopmynol (3adava
gvinoanumocmu, Boolean satisfiability — SAT) 3akitouaeTcsi B ONpeAesieHnH, Ccylle-
CTBYET JIU JUIsl HEKOTOPOU OyneBoil popmyibl ¢ BhITOIHSIONIAs noAcTaHoBKa [36]. Ec-
JIY TaKasi MoACTaHOBKA CYIIECTBYET, TO popMyria ¢ ABIIeTCS guinoanumot (satisfiable),

uHaye — Hesvinoanumot (unsatisfiable). Tak, Hanpumep, hopmyia
(:1;1\/3172\/:173) VAN ($2VI4)/\$3/\.IT4

BBIMIOJTHUMA — MPU MOJICTAHOBKE X1 = 1,79 = 1,23 = 1 uzy = 0 hopmyna npuHUMaeT

UCTUHHOE 3HaueHue, — a hopmyna
(x1 Vo) A (21 Vas) A (T2 V x3) A T3

HCBBIITOJIHHUMA.
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3ajaya BBINOJIHUMOCTH SBIISIETCS UCTOPUYECKH NEPBOM 3akayed, JUisl KOTOPOM
Obla goka3zana NP-moigHOTa, TO €CTh 4TO OHA MPUHAISKUT Kinaccy NP u mobas npy-
ras 3a7ada u3 kinacca NP MokeT ObITh CBe/ieHa 3a mommHOMHaIbHOE BpeMs kK SAT [37].
JlaHHBII pe3ynbTar ObLI MOJYy4YeH HE3aBUCUMO JIByMsl yUeHBbIMU: amepukaHieM Ctuse-
HoM Kykowm [38] u pycckum Jleonnaom JleBunbim [39]. BaxXHBIM CIIEACTBUEM TAHHON
TEOPEMBI ABJISIETCS TO, YTO €CJIA CYLIECTBYET IETEPMUHUPOBAHHBIN TIOJMHOMUAIBHBIN
QJITOPUTM ISl pEUISHUS 3a/1a4y BBIIOJTHUMOCTH, TO JII00ast 3a1ada u3 kiacca NP mo-
KET OBITh PEIIEHUS C TOMOIIBIO AETEPMUHUPOBAHHOTO MOJIMHOMHUAIBHOTO aJITOPUTMA.
Bomnpoc cymecrBoBanus Takoro aaropurma s pemeHus SAT 5KBUBaJI€HTEH BOIIPOCY
paBeHcTBa Ki1accoB P u NP, KoTOpbIi SBIsI€TCSA OHOM U3 ceMHU 3a1ad Teicsiuenetus [40]
Y CYMTAETCSl OIHOM M3 CaMbIX Ba)KHBIX HEPEIIEHHBIX 3aJlad B TEOpeTUudeckor nHpop-

MAaTHKE.

1.1.2 Meroasb! penieHHsI 321241 BbINIOJTHUMOCTH

Tak kak 3aj1aua BRINOJIHUMOCTH sIBJIsieTCs NP-11oJ1HO#, TO BCE N3BECTHBIE METOIbI
JUISL €€ pelIeHUs B Xy[IIEM clydae paboTaroT 9KCIOHEHIIMAIbHO OT pazmepa hopmy-
761 BpeMs. OHaKo, Ha MPOTSHKEHUH MOCIICTHNN ASCATUICTHI OB pa3padoTaH psiJl IB-
PUCTUYECKUX METO/IOB, CHOCOOHBIX OMPEAEIIATH BHITOJIHUMOCTD IEUCTBUTEIBHO 0OJTb-
mux GopMyll ¢ MIJJTHOHAMU TU3BIOHKTOB M COTHSAMH THICSY TIEPEMEHHBIX, KOJIUPYIO-
IIUX PA3JIUYHBIE TPAKTUYECKUE 3a/1a4H.

Bce uzBecTHbie d(pPeKTUBHBIE COBPEMEHHBIE METO/IBI OCHOBAHBI Ha aJTOPUT-
me /[rsuca-Ilamnema-Jlocemana-Jlasnenoa (Davis-Putnam-Logemann-Loveland —
DPLL) [14], koTOpBIil B CBOIO OYEPENb SIBJISAECTCS YCOBEPIIEHCTBOBAHHOM BEpCHUEMN
anroput™ma /[3suca-Ilamnema (Davis-Putnam — DP) [41].

Anroput™m DP Okt nipegioxken B 1960 roay nsist mpoBEpKU UCTUHHOCTH (OpMY-
JIbI JIOTUKH TIEPBOTO MOPsIIKA C TTOMOIIBIO TPOLIEYypbl, OCHOBAaHHOM Ha MpaBUjIe Pe30-

JIFOIIMU U1 UCYUCIIEHUS BHICKA3bIBAHU.
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B 1962 011 npennoxen anroputm DPLL nist perienust BHINOJTHUMOCTH OyJ1eBOM
dbopmyel, penctaBieHHo B KH®, koTopslit SBIsSETCS YCOBEPIIIEHCTBOBAHUEM aJro-
putma DP. DPLL sgBnsieTcst mOJHBIM aNrOpuTMOM MOMUCKA ¢ BO3BparoM. Hecmotps Ha
OoJee 4yeM MIATUAECATUIIETHIO UCTOPHI0, MoAuuKalus anroputMa DPLL 1o cux mop
JIKUT B OCHOBE COBPEMEHHBIX MPOTPAMMHBIX CpencTB ajisi pereHus: SAT.

B caenyromye ronpl npeajgarainuch pa3andabie Mogudukanuu aaroputma DPLL,
HO MOBOPOTHBIM MOMEHTOM B HUCTOPHUM CTajla pa3paboTKa CTPATETHH YNpasisiemoco
Koughnuxmamu ob6yuenus ouzvtonkmos (conflict-driven clause learning — CDCL) [15;
42]. Anroputm CDCL 5eXUT B OCHOBE BCEX COBPEMEHHBIX MPOrPAMMHBIX CPEICTB
st pemieHuss SAT. MHOXECTBO pa3fiMUHBIX JAOMOIHUTENBHBIX 3BPUCTUK OBLIO MPE-
JI0KEHO B MOCJIEAHME JIBA AeCATUIETUs ocie n3oodperenus anropurma CDCL, ogHako
HU O[HA M3 HUX HE JlaJia CTOJIb 3HAYUTEIbHOTO TpupocTa 3¢ dhextuBHoCcTU. Cpeau co-
BPEMEHHBIX MTPOTPAMMHBIX CPEICTB ISl pemieHus SAT MOKHO BBIAEIUTh, HAIIPUMED,
lingeling [43], CaDiCal [44], CryptoMiniSAT [45], Kissat [46] u apyrue [17]. B Ha-
CTOAIIEH TUCCEePTALNK TIPU pean3aIlii BCEX METOAOB I pabOThI ¢ MPOTPAMMHBIMH
cpeactBaMu s pemieHust SAT nucnonb30BaaoCch NPOrpaMMHOE CpeACcTBO Py SAT [47],
KOTOPOE MPETOCTABISAET YIOOHBIN HHTEPPEC A1t pabOThI ¢ OOJIBIIMHCTBOM COBPEMEH-
HBIX POTrPaMMHBIX CPEJICTB.

IToMrMO MOJTHBIX TIEPEOOPHBIX AITOPUTMOB, OCHOBaHHBIX Ha ajroputMme DPLL,
CYIIECTBYIOT, HAIPUMEP, aJTOPUTMbI JIOKAJIbHOrO moucka, Takue kak GSAT [48] u
WalkSAT [49], unu BepossTHOCTHBIE anroput™msl [50].

E>XeroHo npoBOASTCS COPEBHOBAHUS JI ONPEIECTICHUS JTYULIEro NPOrpaMMHO-
ro cpenctpa st pemieHus SAT SAT Competition, 4T0 CHOCOOCTBYET UX MOCTOSSTHHOMY

pazButuio [16].

1.2 FeHepaunﬂ ACTEPMUHUPOBAHHBIX KOHCYHBIX aBTOMAaTOB

B JaHHOM pasaciic IPUuBOAATCA OCHOBHBIC ITOHATHSA, CBA3aHHBIC C ACTCPMHUHHUPO-

BaHHBIMU KOHEYHBIMH aBTOMaTaMHU, HEOOXOAMMBIC B HACTOsIICH auccepranuu. [1pu-
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BOAUTCA IIOCTAHOBKA 3aJa4iu I'cHCpalur JCTCPMHUHHUPOBAHHOI'O KOHCUHOI'O aBTOMATa

MHHUMAaJIBHOTO pa3Mepa 10 3aJJaHHbIM [IPUMEPAM MOBEICHUA.
1.2.1 ba3oBble moHsaTHA

Anghasumom > Ha3bIBAETCSI HEKOTOPOE KOHEYHOE HEIyCTOE MHOXKECTBO CUMBO-
NoB. Pazmepom angasuma 3. Ha3bIBACTCs YHCIIO €ro CUMBOJIOB — L = |X|. B nanHoit
JMCCepTaIU B OCHOBHOM OyZieT paccMarpuBarh OnHapHbli andasut X = B = {0, 1}.
Crnosom (cmpokoii, yenouxot) w Ha3bIBAETCS KOHEYHAsI TOCIEA0BATEIbHOCTh CHMBOJIOB
HEKOTOpOTo andasBuTa. J1uHoil c106a HA3bIBAETCS YUCIIO CUMBOJIOB B HEM, 0003HaYaeT-
¢l KaK |w|. MHOMKECTBO CJIOB JUTMHBI k HaJ1 anaButoM Y. 0603HadaeTcs kak X, ITycmoi
CMpOKOU Ha3bIBAETCS CIIOBO, HE COZIepKallee HU OAHOro cuMBoJia. Takast cTpoka, 000-
3HayaeMas Kak €, UMEET HYJIEBYIO JUIMHOM W MOXKET paccMarpuBaThCsl Kak CIOBO HaJ
o066 andasurom — X0 = {¢}. MHOKeCTBO BCeX BO3MOMKHBIX CJIOB, COCTABIECHHBIX

N3 CUMBOJIOB HCKOTOPOI'O aJ'I(I)aBI/ITa E, ABIIACTCA €T0 3aMBIKAHUECM .

o
o=z
k=0

[TomMHOX€eCTBO MHOXKECTBA BCEX CJIOB HAJT AJI(PaBUTOM Y. HA3BIBACTCS A3bIKOM —
L C X

Jemepmunuposannvim koneunwvim asmomamom (JIKA) nazpiBaercs narepka D =
(D,%,0,dy, DY), tne D — KOHEYHOE MHOXKECTBO COCTOSIHUIA, . — an(aBUT BXOTHBIX
CUMBOJIOB, 0 : D X ¥ — D — ¢hynkyus nepexooos, dy — cmapmosoe (HauanvHoe)
cocrostaue, DT C D — MHOXKECTBO donyckarowux (npunumarouwux) coctosuuii [51]. B
HESIBHOM BHJIE TAK)KE 3a7]aHO MHOXKECTBO Hedonyckarouux (omeepaarouyux) COCTOSHUN
D~ = D\ D". Pasmepom neTepMUHUPOBAHHOTO KOHEYHOTO aBTOMATa HA3bIBAIOT YKCIIO
ero coctostauit — | D).

WNHyKTUBHO ONpeIeuM BCIIOMOTATENbHYIO pACUUPEHHYIO (DYHKYUIO NEPexo008

A

0:Dx¥"— D:
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a) n7st T000T0 COCTOSIHUS d; BEPHO, YTO MEPEXOJ MO IMyCTOM CTPOKE HE OCy-
mectBisercs — 0 (d;, €) = d;
0) I I000ro COCTOSHHS d; BEPHO, YTO IEPEXOM IO CTPOKE ™ = 7'c, THE
w, 7 € X*, ¢ € X, MOKET OBITh OIPEIENIEH CIEAYIOIUM 00pa3oM b (di,m) =
5 (8 (di, ) ,c>.
ToopsrT, uro JIKA D oonyckaem (npunumaem) CIOBO w, €CIIH o (dy,w) € DT. Nna-
qe, eClin 5 (dy,w) € D~, rosopsr, uro JIKA D ne oonyckaem (omeepeaen) CIoBO w.
MHOXXeCTBO BCEX CJIOB, JOITYCKaeMbIX aBTOMAaTOM D, Ha3bIBAETCA S3BIKOM aBTOMaTa D:
L (D) ={w |0 (d,w)}.
CormnacHo NMpUBEACHHOMY OIPEEICHUIO I€TEPMUHUPOBAHHBIE KOHEYHBIE aBTO-
MaThl BCET/Ia SBIISIOTCS NOJIHbIMU — JIJIS1 KXKJIOTO COCTOSTHUSI CYIIECTBYIOT UCXOISIIITNE
nepexobl 10 BCeM CUMBOJIaM aiidaBuTa. JlaHHOE OmpeeneHne oOIMETPUHAITO, OHA-
KO HEKOTOpBIE aBTOPHI (HampuMmep, [52]) OTXOAAT OT HErO U TOBOPST, YTO JIJIS KaXKI0TO
COCTOSIHHSI CYIIECTBYET HE 00JIee OTHOTO MCXOJSIIETO TIEPeXoa Mo KaKI0My U3 CUM-
BOJIOB, TO €CTh, UYTO (DYHKITHS TIEPEXOIOB ABJISCTCS YACTUIHO 3aJaHHON. B HacTosIei

JIUCCEPTALMU UCTIOJIb3YETCS KIIACCUYECKOE OIPEIEIICHHUE.
1.2.2 MH3omopdHbIe aBTOMATHI

[Ipu perieHnn MHOTHUX 3a71a4 KOMOMHATOPHON ONTUMU3AINH, KOeH (haKTHUEeCKU
aBigeTcs 3anada resepanuu JIKA MHHMMalIbHOTO pa3sMepa, 3a4acTyrO CYIIECTBYIOT
CUMMETpHUYHBIE perieHus (cumMmeTpun) [53]. CuMMeTpun yBEINYMBAIOT IPOCTPAHCTBO
MoMCKa 1, TAKUM 00pa3oM, 3HAYUTEIbHAsl YACTh BPEMEHU TPATUTCS HA MPOBEPKY HOBBIX
pelIeHui, KOTOpble CHMMETPHUYHBI YK€ TPOCMOTPEeHHbIM. B 3anaue renepaunn JKA
10 IIpUMEpaM MOBEICHUS] TAKOH CUMMETPHUEN SBIISIIOTCA U30MOpP(HBIE aBTOMATHI. AB-
TOMATBI Ha3bIBAIOTCS U30MOP@HbIMU €CITU CYLIECTBYET OMEKIUS MEXKTY UX COCTOSIHUS-
MU TaKasl, 4YTO COXPAHSIOTCS BCE MEPEXOAbI, IPUHUMAIOLINE COCTOSHUS COOTBETCTBYIOT
IPUHUMAIOIINM, a HAYAJIbHOE — Ha4aJIbHOMY. IHBIMU CIIOBaMU, aBTOMAThI SIBIISIIOTCS

U30MOP(HBIMU, €CJIM OHU Pa3INYalOTCs TOJIBKO HyMepaluel COCTOSHUN, HO HE CBOEH
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cTpyKTypoil. Torna MOXHO cefaTh BHIBOJI, YTO YHCIIO H30MOP(HBIX aBTOMATOB MOYKHO
OLICHUTH C MOMOIIIBIO YHCTIa IEPECTAaHOBOK. TakuM o0paszoM, s Hekotoporo [IKA D
¢ M cocrosausimu cymectyer O (M!) nzomopdusix emy JIKA. Ha pucynke 1 npen-

CTaBJICHBI IBa I/IBOMOp(I)HBIX aBTOMara, OTJIIM4aromuccCs JIUIIb HyMepauHeﬁ COCTOSIHUI.

b

Pucynox 1 — [Ipumep nzomodpubix KA

1.2.3 3anaya reHepanuu JeTePMUHUPOBAHHBIX KOHEYHBIX ABTOMATOB 110

3alaHHBIM IIPUMEPaAM IMOBECACHUA

B nacrosimiel quccepranuy paccMarpuBaeTCs 3a/1aya MacCUBHOIO MOCTPOEHUS
JIKA mno umeronmmcst npuMepam nosefeHus [54; 55] — oOyuaroieMy MHOXKECTBY
CTPOK, KOTOPbIE OBLITN MPUHSITHI MU OTBEPTHYTHI HEKOTOPHIM Hen3BecTHBIM JIKA U =
(U, %, pyuy, UT,U™). ANbTepHATHBO# SBISETCS 3aj1adya aKTUBHOTO TMOCTPOCHHS MH-
HumanbHOro JIKA [56—-58], korma anropuTM NoCTpOCHUSI MOKET J€7IaTh HEKOTOPHIE 3a-
POCHI K OpaKylly, KOTOpbIi uMeeT nHdopmaiuio o HeusBecTHoM JIKA.

JJ1st TpOoCTOTHI Oy/ieM CUHMTaTh, YTO MPUMEPHI MIOBEICHUSI TIPEACTABICHBI ABYMSI
MHOXKE€CTBAMU CJIOB HaJl al(paBUTOM X.: S, — MHOXKECTBO CIJIOB, JOMYIICHHBIX HEU3-
BECTHBIM aBTOMAaTOM U; S_ — MHOXECTBO CJIOB, OTBEPIHYThIX HEU3BECTHBIM aBTOMa-
ToM . Torna 3agaua reHepalvu AETEPMUHUPOBAHHOIO KOHEYHOIO aBTOMAara 3aKio-
YaeTcs B MOMCKE TAKOTO aBTOMaTa, KOTOPbI OyJeT MpUHUMATh BCE CJIOBa U3 S U OT-
Beprarhb Bce cioBa u3 .S_. HecMoTps Ha To, 4To TeHepanus Jrobdoro JIKA mo 3aganHbIM

npuMepaM IMOBEICHUS MOXKET ObITh pelleHa 3a JUHEHHOEe BpeMsl, 3ajlaya TeHepaluu
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JIKA MHHMMAaJIBHOTO pa3Mepa (C MUHUMAaJbHBIM YUCJIOM COCTOSIHMI) sBiseTrcs NP-
nonHo# [13]. 3amaga reneparuu JIKA siBisieTcs oqHO#M U3 MHOTHX 3a1a4d 0000IIEeHUS
3HaHUH [59] — 10 KOHEYHOMY HAOOpy MPUMEPOB MTOBEACHUS CTPOUTCS aBTOMAT, OIpe-
JEJISIOIIUHN S3bIK ¢ OECKOHEUHBIM (XOTh M CYETHBIM) YKMCJIOM CJI0B. Toraa, 4yeM MEeHb-
11I€ aBTOMAaT — TEM JIy4llle OH OMUCHIBAECT UMEIOIINECs NaHHble. Mtak, 3a0aua eenepa-
Yuu 0emepmMuHUPOBaAHHO20 KOHEUHO20 A8MoMama no 3a0aHHbIM NPUMEPAM N0BE0eHUs
3akiroyaercs B moucke JIKA MUHUMAIIBHOTO pa3Mepa, COOTBETCTBYIOIIETO MpUMEPaM
noBenenusi. Ha pucynke 2 npusenex npumep JIKA MHUHUMaIBHOTO pa3mepa, ocTpo-

CHHOT'O [0 MHOXKECTBa pumepoB moseaeHus S, = {aba, bb, bba} u S_ = {b,ba}.

Pucynoxk 2 — [Ipumep JIKA MuHUMaIbHOTO pa3Mepa, COOTBETCTBYIOIIETO Habopam
npumMepoB nosenaeuust S, = {aba, bb,bba} u S_ = {b, ba}

1.2.4 PacmupenHoe npe@ukcHoOe 1epeBo

[TepBBIM 11aroM OOJIBITUHCTBA CYIIECTBYIOIINX MOIX0I0B SBISIETCS IOCTPOCHUE
pacuiupennozo npegukcrhozo oepesa (augmented prefix tree acceptor — APTA) no
UMEIOIIMMCSI MHOKECTBAM MPHUMEPOB MoBeneHus S u S_. Pacmupennoe npedukc-
HOE JIEPEBO — ATO JAPEBOBHJIHAS CTPYKTypa JaHHBIX, OCHOBAaHHAs Ha OOBIYHOM ITpe-
¢dukcHoM nepese (00p, Harpy)eHHoe JiepeBo, prefix tree, trie), oTnyaroniasics oT Hee
MeTKaMH BepiuH. bonee ¢opmanbHO, TpeUKCHBIM JIEPEBOM HA3bIBAETCA IIECTEpKa
T = (T,%,7,t,, T, T"), tne T — KOHEYHOE MHOXXECTBO BEPIIUH, Y. — an(aBUT
BXOJIHBIX CUMBOJIOB, T : 1" X Y — T — ¢hyukyus nepexo0os, | — KopHesas BepIINHA
(kopenv), T C T — MHOXKeCTBO donyckarowux (npunumarowux) sepmud, T~ C T —
MHOXKECTBO He donyckarowux (omeepearowux) BepuiiH. B omimune ot GyHKIHMH Tie-

pexonoB B JAKA, dyHkIus nepexonoB 7 siBisieTcss yacTUUHOU. Takxke, B npeUKCHOM
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nepese T UT~ C T, T0 €CTh HEKOTOPHIE BEPIINHBI MOT'YT HE SBIATHCA HU NPUHAMA-
IOLMMU, HA OTBEPraroIMMU — MPOMEKYTOUHBIE BEPIIUHBI.

Pacmupennoe npegukcHOe IepeBo I MHOKECTB MTPUMEPOB TIOBEICHUS S U
S_ crpoutcs kak 00b9HOE MPe(HUKCHOE IEPEBO, HO TEPMHUHATILHBIC BEPIIUHBI IS KaXK-
JIOTO CJIOBA MIOMEYAIOTC COOTBETCTBYIOIIEH METKOU. BepIInHbl, B KOTOPBIX HE 3aKaH-
YUBAETCS HU OJMH U3 IPUMEPOB NOBEIAECHHUSI, OCTAKOTCS HenoMeueHHbIMU. [Ipumep pac-
IIMPEHHOT0 Npe(UKCHOTO JepeBa NpuBeAeH Ha pucyHKy 3. Takxke manee B quccepra-
1uu ¢ omonibio A(v) OymeT 0603HaYaThCsT PACCTOSHKS OT KOPHEBOM BEPIIHMHBI {1 J10

BEPIIUHBI 7.

Pucynox 3 — [Ipumep pactmmpeHHOro npeuKCcHOTo AepeBa, MOCTPOSHHOTO 110
Habopam nmpumepoB moseneHus S, = {aba, bb,bba} u S_ = {b,ba}

1.3 JBpucTH4YecKne H METAIBPUCTUYECKHE METOIbI FreHepanun

ACTCPMHUHHUPOBAHHBIX KOHCYHBIX aBTOMAaTOB

B nacrosiem pasnesne npuBoAUTCs 0030p CYLIECTBYIOIIMX SBPUCTUUECKUX U Me-
Ta’BPUCTUUYECKUX METOAOB reHepanuu KA MuHMManbHOrO pasmepa no 3aJaHHbIM
npuMmepaM noseneHus. OTINYUTENTbHON 0COOCHHOCThIO TAKMX METOJIOB SBIISETCS TO,
YTO OHU HE SIBJIAIOTCS TOUHBIMU — UMM HE rapaHTupyercs, uro kakou-to JIKA Oynet
HaWJIeH B npuHUHuIe, a ecau KA HaiiieH, TO He rapaHTHUPYETCS €0 MUHUMAJIbHOCTb.
HecMmotpst Ha To, 4TO HacTosIask AUcCepTAIs TOCBALIECHA PACIIUPEHUIO TPAHULL ITPHU-

MEHHMOCTH TOYHBIX METOJI0B reHeparuu JIKA, 11st mocTpoeHus J0CTaTOUHO OOIBIITHX
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dBTOMATOB I10 6OJ'H)HIOMy YUCIIYy HpUMCPOB TOBCACHUS HCTOYHBIC SBPUCTHYCCKUC U MC-

TAOBPUCTUUCCKHUEC MCTO/IbI BCC CIIC ABJIAIOTCA CAMHCTBCHHBIM BO3MOKHBIM BAPHAHTOM.

IBpPUCTHYECKHE AJITOPUTMBI. B OCHOBE 3BpUCTUYECKUX AJITOPUTMOB JICKUT HUJIES
causHusl cocmosanuti (State merging ) — MoOCJ€I0BATEIbHBIX OOBEUHEHUS BEPIIINH Pac-
HIMPEHHOTO NPEe(UKCHOTO JIepeBa U YCTpaHEHUs 00pa3yrolecs: HeIeTePMUHUPOBAH-
HOCTHU. [IepBBIil U3BECTHBIN AJITOPUTM JIJIs PEIISHUS TaHHOM 3a/1a4u ObLIT IPEIJIOKEH B
pabote Tpaxrenbpora u bap3auus B 1970 roay [21] — TBR-anroput™m. OnHako, Ipe-
JIO)KEHHBI aJITOPUTM PEIIAeT TOJAbBKO YaCTHBIN cilyuaid 3ajaun renepanuu JIKA 1o 3a-
JAHHBIM MPUMEPaM MTOBEACHUS: ISl HEKOTOPOTO HATypaJIbHOTO A BCE BO3MOKHBIE CIIO-
Ba 1IMHbI k Haj andasuToM Y — Bcero |X|F cioB — J0MKHBI COIEpKATHCA BO MHO-
xKecTBax S, u.S_. TB-aNTOPUTM OCHOBAH Ha MOJHOM Mepedope BCeX BO3MOXKHBIX Tap
COCTOSTHUM MPe(UKCHOTO JePEBA U CIUSTHUU SKBUBAJIEHTHBIX COCTOSIHUM B OJTHO.

B 1978 roay l'ona nokazan NP-nonHoty 3amauu renepanuu JIKA 3aganHoro, a
3HAYUT U MUHUMAJIBHOTO, pazMepa [ 13]. BBUy yka3aHHOM CJI0KHOCTH HOBBIE aJITOPUT-
MBI TeHepanu MunuManbHoro JIKA He mpennaranuck 6osee necsatu jet. B mociemyto-
IIME TOJbI pa3padaThIBAIMCh UCKITIOYUTEIHPHO HETOUHBIE BPUCTHUYECKUE aITOPUTMBI.
Cpenu Takux aaropuTMOB MOKHO BBIJICNIUTH clieiytonue: traxbar [22], RPNT [23],
EDSM [24], exbar [25], Windowed-EDSM [26]. Bce nepedncieHHbIE alrOPUTMBbI
OCHOBaHbI Ha CJIIMSTHUM COCTOSIHUU paciupeHHoro npedukcHoro jaepea. CocTosHUS
JUISL CIIUSTHUSL BBIOUPAKOTCS ABPUCTHYECKH, YEM OJTHOBPEMEHHO OOBSCHSIETCS BBICOKAS
CKOPOCTH pabOTHl U HETOYHOCTh JAHHBIX aAJITOPUTMOB.

CambIM yCIHEIIHBIM CPEIU MEPEUUCICHHBIX 3BPUCTUUECKUX AJITOPUTMOB MOX-
HO CUUTAaTh aJITOPUTM 00BbeOUHeHUsi COCMOSHUL HA OCHOB8e ceudemenvcme (evidence-
driven state merging — EDSM) [24]. Ha xaxxnoit urepauuu anroputm EDSM xpanut
TEKYIIYI0 BepCUI0 YacTUUHO noctpoeHHoro JIKA. M3navansHo B kauecTBO Takoro JIKA
BBICTYIIAET PACIIMPEHHOE MPeUKCHOE ACPEBO. 3aTeM Ha KaXOM IlIare YBpUCTHIYCCKHU
OCYILIECTBIISIETCS BBIOOP IBYX COCTOSIHUI TEKYIIEr0 YaCTUYHO nocTpoeHHoro JIKA, ko-
TOpbIE 0Obedunsatomes (causaromces) B OMHO coctosiHue. [lpu ciustHuu aByX COCTOS-

HUU MOXET BO3HUKHYTb HCACTCPMHUHUPOBAHHOCTDb — HCCKOJIBKO MCXOAAIHNX IICPCXO-
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JIOB U3 HOBOT'O COCTOSIHMS, IIOMEUYEHHBIX OJIHUM M TE€M K€ cuMBOJIOM. Henerepmunu-
POBaHHOCTB YCTPAHAETCS C IIOMOIIBIO PEKYPCUBHOIO CIMSAHUS T€X COCTOSIHUMN, B KOTO-
pBIE BEAYT MEPEXObI C OIMHAKOBBIMUA METKaMH. JIaHHBIN ITPOLECC ITOBTOPSETCS 10 TEX
0P, TTOKAa CYILECTBYIOT Mapbl COCTOSIHUM, IIPUTOJIHbIC I CIUsHMS. HeTpuBraIbHBIM
1aroM SIBJISIETCSl BBIOOP COCTOSTHUM i oO0beauHenus. Curyanus, Korjua IpoucXoauT
00beIMHEeHNE TPUHUMAIOIIETO U OTBEPralOIEero COCTOSIHUS Ha3bIBAECTCS KOHQIUKIOM.
Jlnst noctpoeHust KoppekTHoro JIKA He MOTYT POBOAUTHCS CIUSHUSA, IPUBOISALIUE K
koH(pukTaM. COCTOSTHUS, OJTHO M3 KOTOPHIX TOMEUEHO KaK MPUHUMAIOIIIEE, a IPYroe —
KakK OTBEpraoliee, He MOTYT ObITh OObETUHEHBI B OJTHO COCTOSIHUE, TaK KaK 3TO He3a-
MEJUIMTENIbHO MTPUBOAUT K KOH(PIUKTY. Eciii 00beIuHEeHNEe IBYX COCTOSIHUN HE TIPUBO-
JTUT HE3aMETUTENIHLHO K KOH(PIIUKTY (CIMBAIOTCS JIBA TPUHUMAIOIINX COCTOSHUSA, JIBa
OTBEPraroIINX COCTOSIHUS, TUOO OJHO U3 COCTOSTHUU SIBIISIETCSI HEOIPEAEIECHHBIM), TO
KOH(IUKT MOXET BOZHUKHYTH MPH JajbHEHIIEM yCTPaHEHUU HEAETEPMUHUPOBAHHO-
ctu. [lepebop Bcex BOZMOXKHBIX Map COCTOSIHUM 3aHUMAET SKCIIOHEHIIMAIBHOE BpEeMs,
MO3TOMY M UCHOJB3YIOTCS 3BPUCTUKH JJi BIOOpa moaxoasnux nap. B ocHose anro-
putMa EDSM nexxut sBpucTHKa BEIOOpA COCTOSTHUM 11 CIIMSIHUSL, OCHOBAaHHAS Ha MO/I-
CUETE PA3JINYHBIX XAPAKTEPUCTHK HA MOAIAEPEBbSIX MOTECHUMUAIBHBIX KaHAUIATOB IS
oObeauHenus. HanpumMep, MOXKET MOACUYMUTHIBATHCS YUCIO MCXOISIIUX MEPEXO0B U3
KaXI0r0 COCTOSIHUSA 110 OJHUM U TeM ke cuMBojiaM. Takum o0pa3om, kaJHO BbIOMpa-
I0TCS TIapbl COCTOSIHUN UMEIOIINE MAKCUMAJIbHOE 3HAYEHUE COOTBETCTBYIOIINX XapaK-
TEPUCTHUK U MPOUCXOAUT IIPOLECC CIMUSHUA U YCTPAHEHUS HEACTEPMUHUPOBAHHOCTH.
[lepBble CIUSIHUS COCTOSHUM OJIM3KUX K KOPHIO PACHIMPEHHOTO MPE(YUKCHOTO IepeEBa C
0010 BEPOSITHOCTHIO HE YBEJIIMUMBAIOT pa3Mep UTOTOBOTO aBTomMara B BUY OOJIb-
1I0T0 pa3Mepa MOAJIEPEBbEB U BBICOKHUX MTOKA3aTeNel OLEHOYHBIX XapakTepucTuK. OJ1-
HAKO, yeM OJIMIKE K JIUCThSIM JIepeBa, TEM MEHBIIE MTOJIEPEBbS U TEM MEHBIIIE TOYHOCTb
TaKUX CIUSHUN. JJaHHBIN aNrOpUTM AEMOHCTPUPYET BBHICOKYIO CKOPOCTH pabOThI, OJI-
Hako reHepupyembiil JIKA 3adactyro 3Ha4UTENBHO 0OJIbIIIE, YeM MUHUMAIBHO BO3MOXK-
HBII, COOTBETCTBYIOILINN 3aJaHHBIM TpuMepaM noBeaeHuss. AnroputM EDSM sBnsiercs
nooenutenem copeBHoBaHus Abbadingo One DFA Learning Competition [24], nocBsi-

nieHHoMy rerepanuu KA.
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MerasBpucTuyeckue ajaroputmbl. Cpenn METa’BPUCTUUYECKUX  AJITOPUTMOB,
YCIICIIHO TMPUMEHSAEMBIX JIJII T€HEepallMi KOHEYHBIX AaBTOMATOB IO MPHUMEpaM I0-
BEJICHUS, MO)KHO BBIJIEIIUTH SBOJIOLHUOHHBIE CTPATETUH, TEHETUYECKUE aJITOPUTMBbI U
MYypaBbUHBIE AJITOPUTMBI.

DBOJIIOLIMOHHBIE AJITOPUTMBI MOJTYYUIIM CBOE Ha3BaHUE B YECTh IBOJIOLIMOHHON
Teopuu JlapBHUHA, YIIPOIIEHHAs] BEPCUS KOTOPOM U JIE)KUT B UX OCHOBE. DBOJIFOLMOH-
HBIE CTPATETUH U TEHETUYECKUE aJITOPUTMBI SIBIISIFOTCA PA3HOBUHOCTIMU 3BOJIFOIIMOH-
HBIX QJITOPUTMOB. B 9BOIONMOHHBIX CTPATETHUAX OOBIYHO HCIIONB3YIOTCS TOJIBKO OTIe-
paTop MyTaluu, B TO BpeMs KaK B TEHETUYECKUX AJITOPUTMAX UCIIOIb3YIOTCS KaK Ore-
paTop MyTaluu, Tak U orepaTop ckpeumBanus. B xone cBoeil paboThl TaKUE aJrOPUT-
MbI OJAEPKUBAIOT MOMYJISAIMI0 0COOEH — B JAHHOM CJIydae pa3jiNuHbIX JETePMHUHU-
POBaHHBIX KOHEYHBIX aBTOMATOB, — SIBIISIOIIMXCS KaHAMJIaTaMHU Ha PEIICHUE UCXOJI-
HOM 3amaun. M3HauampbHO aBTOMAThl BRIOMPAIOTCS CIIyYalHBIM 00pa3oM, a 3aTeM IpHu
MOMOIIM ONEPATOPOB MYTALIMU U CKPEIIMBAHUS T€HEPUPYIOTCS HOBbIE aBToMaThl. Ha
Ka)KJI0M UTepaluu sl KaKJI0TO U3 TTOTyYCHHBIX aBTOMATOB PACCUMTHIBACTCS (YHKITUS
MPUCTIOCOOIEHHOCTH, OIEHUBAIOIIAsl HACKOJIBKO XOPOIIO TEKYIIHI aBTOMAT OMUCKIBA-
€T 3aJ]aHHbIEC IPUMEPHI TOBEJCHUS. 3aTeM, JIyUIIHe U3 0CO0Ei 0CTAIOTCS B MOIMYJISALINH,
a XyJllIue UCKIIYAOTCA U3 paccMoTpeHusi. C MOMOIIbIO ONEepaTopoB MyTallld, Me-
HSIIOIIETO HE3HAYUTENIbHO OJIMHOYHBIA aBTOMAT, U CKPEILMBAHMUS, ONPEACICHHBIM 00-
pazoM OOBEIMHSIONINX JIBa aBTOMAaTa, TeHEPUPYETCS HOBbIE 0COOU Ha 3aMEHY MCKIIIO-
YeHHbIM. Takol Mmpoliecc MOBTOpSETCA, MMOKa HE OyJeT HaliieH aBTOMart, JOCTaTOYHO
XOPOIIO OMUCHIBAIOIIUHN MPUMEPHI TOBEACHUS, JIMOO MMOKA HE BHIMICT 3aIaHHOE BPEMSI.
Cpenu 3BOTIOLMOHHBIX cTpaTeruil 1uist reHepauu JJKA MOXHO BBIIEIUTH allTOPUTMBI,
onuca"Heie B pabote JIykaca u Peitnonbaca [27] u B pabote ['omesa [28]. Cpenu rene-
TUYECKUX aJITOPUTMOB MOKHO BBIACIUTH aJITOPUTM, MPEAJIOKEHHBIA B YHUBEPCUTETE
NTMO yuensim EropoBeim, [60].

B pa6ore UuBunuxuna [61], BeimonHenHo# B YuuBepcutrere UTMO, 611 nipea-
JoxeH MeToq MuACO sl TeHepalid KOHEYHBIX aBTOMAToOB IO 3aJaHHOW (PyHKITMU
IPUCTIOCOOIEHHOCTH. B 0CHOBE JAHHOTO METO/1a MCTIONB3YIOTCS UJIEU MyPaBbUHBIX aJl-

TOPUTMOB OIITUMH3AlIN [62] MypaBLI/IHBIe AJITOPUTMBI — 3TO KJIACC MCTA3BPUCTHUK,
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NpeAHA3HAYCHHBIX JIJIsi PEUICHUS] ONTUMU3ALMOHHBIX 3a7a4. B OCHOBE JaHHBIX aJro-
PUTMOB JISKUT OMOIOTHYECKUI TIPOIIeCC MOUCKA MUIIHM Y MypaBbeB. B meTone MuACO
UCIIOJIB3YEeTCs Takasi CTPYKTypa JaHHbBIX, Kak rpad myTanuii. Bepuimaamu qaHHoro rpa-
(a ABISIOTCS] KOHEYHBIE aBTOMAThI, TOTEHIIUAJIBHO SBJISIOMIMECS PEIICHUEM 3a]1auH I'e-
Hepanuu JIKA 1o 3a1aHHbIM TpUMEpaM OBEICHUs, a peOpaM COOTBETCTBYIOT MyTaIlH
aBTOMATOB — HEOOJIbIIINEe U3MEHEHHS B CTPYKTYpE MEPEXO/I0B aBTOMAaTa UM BO MHO-
KECTBE JIOMYCKAIOIINX COCTOSTHUI aBToMaTa. Kaxkmomy pedpy B rpade MmyTaruu cooTt-
BETCTBYET HEKOTOPOE 3HAYEHNE IBPUCTHUCCKON HHPOpMANK U (pepoMoHa. DBPUCTH-
gyeckas nHGopMarus U GEepOMOH SBISIOTCS HEKOTOPHIMUA BCTIOMOTaTeIbHBIMU BEITHYH-
HaMH, UCIIOJIb3YEMbIMH IIPU T€HEpAIlUM HOBBIX aBTOMATOB. Kakplii mIar ajropurma
MIPEACTABIISICTCS B BUC IBMYKEHUS BUPTYAJIbHBIX MypaBbeB 110 Tpady myTtaruid. [lepu-
OJIMYECKH 3HAYCHUS IBPUCTHUYCCKON MH(pOpMAIMu U HepoMoHa OOHOBIISETCS B 3aBH-
CUMOCTH OT TOT'O, HACKOJIBKO TEKYIIHI aBTOMAT XOPOIIIO OMUCHIBAET 33/IaHHBIE TPUME-
pHI TTOBeieHUs. Takoi MpoIecc TakKe MOBTOPSETCs, MOKa He Oy/leT HaleH aBTOMaT,
JIOCTATOYHO XOPOIIIO OMUCHIBAIOIIUN TPUMEPHI MOBEACHUS, JIMOO TTOKAa HE BBIMJET 3a-
JTAHHOE BpEMH.

MeTas’BpuCTUUECKHUE aJTOPUTMBI TAKXKE SBJISIOTCS HETOUHBIMM — UMHU BOOOIIIE
HE FTapaHTUPYETCS, 9TO KaKOE-TO pelIeHue OyIeT HalICHO 32 KOHEYHOE BPEMS, IIOITOMY
CpaBHEHME C HUMM B HACTOSILEH AUCCEpTalMK, HApaBJICHHON HAa pa3BUTHE TOYHBIX

MeTon10B reHepanuu JJKA, He mpoBOaUIOCS.

1.4 MeTOJIbI reLepanv 1€TEPMUHUPOBAHHBIX KOHECYHBIX aBTOMATOB,

OCHOBAaHHbIE HA cBeleHNHU K ApyrumM NP-TpynHbim 3a1auam

B HacTosmieM pasnene mpuBOIUTCS 0030p CYIIECTBYIONAX TOYHBIX METOJIOB T'e-
Heparuu JIKA 110 3ajaHHBIM IpEMEPaM TOBEICHHS IPH ITOMOIIH CBEICHHUH K 3a1a4am
packpacku rpada 1 BBIMOTHUMOCTH OyneBoi opmyibl. Takke mpuBOAUTCS 0030p Cy-

HIECTBYIOIIUX MOJIXOJ0B K HAPYLICHUIO CHMMETPHUH.
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Jlyuiue »BpUCTHKY BBIOOpA apbl COCTOSTHUM JIJ1s1 clusiHug B ainroputme EDSM
0OBIYHO OCHOBAHBI HA YCIIEUTHBIX IBPUCTUKAX JJIsl IPYTUX ropasao 0oiee akTUBHO U3Y-
YaeMbIX 3aJ1a4, HalpuUMep, IJIs 33J]a4l BBITOJHUMOCTH WM 33/1a4M PacKpacku rpada.
Kak y»e roBopuioce, €KerogHo MpoXoAsT COPEBHOBAHUSA MO ONPEACIICHUIO JIyYlle-
ro mporpaMMHoOro cpeacrsa Juisi pemeauss SAT [16]. HecmoTpst Ha To, 4yTO pa3ind-
HbIE ABPUCTUYECKUE CTPATETUH BbIOOPA BEPILINH IS CIMSHUS MOBBIILIAIOT IPOU3BOIM-
TenapHOCTh MeToAaa EDSM u nipu ero peanuzainuu UCHoNb3yOTCs ONTUHMU3UPOBAHHBIE
CTPYKTYpPBbI IaHHBIX, JAHHBIC PeaJIU3alH BCE €I€ 3HAUUTEIHLHO MPOUTPBIBAIOT 110 (-
(PEeKTUBHOCTU MPOTPAMMHBIM CPEICTBAM /IS pelieHus: 0osiee mMpopadOTaHHBIX 3a]1ad.
Tak kak 3amada redepaunun KA sBisiercst NP-nionHou [13], To ee MOXHO CBECTH K
3a/1a4aM, KOTOPbIE€ M3y4aloTCs JI0JIbIlIE€ U UHTEHCUBHEE, YTOObI UCIIOJIb30BaTh MAKCH-

MaJIbHO OIITUMHU3HUPOBAHHBIC CTPATCIUH ITOMCKA PCIICHUSI.

1.4.1 Merton, 0CHOBaHHBII HA CBEACHUH K 3aa4e pacKpacku rpaga

B pabote ¢paniysckux yuensix Kocte u Hukons [30] npeanaraercst cBeeHue
3anaun renepanuu JKA mo 3aganHbsiM puMepaM MOBEACHUS K 3a/1a4€ pacKpacKu rpa-
¢a. Ha mepBoM 1miare anropurMa Kak U paHee CTPOUTCS paclIMpeHHOe nMpedUKCcHOe Jie-
PEBO 110 33JJaHHBIM ITpUMeEpaM rnoBeaeHus. OCHOBHOM HJICH MPEITI0KEHHOTO CBEJCHUS
SIBIISICTCS MICTIOB30BAHUE PA3JIMYHBIX I[BETOB IS KAXKJIOTO U3 COCTOSTHUU TeHepupye-
moro JIKA. Packpacka npou3BouTCs TaKUM 00pa3oM, 4TO, €CIIU BCE BEPIITUHBI PaCIIIy-
PEHHOTO NMPe(UKCHOTO JePeBa, COOTBETCTBYIOLIUE OJJHOMY I[BETY B PACKPAILIBAEMOM
rpade, 00beIUHUTD B OJTHO COCTOSIHUE aBTOMATa, U MPOAEIIaTh TaHHYIO OMEePAIUIO JUIs
BCEX ILIBETOB, TO B UTOTE JOJKEH MOTYYUTHCS JETEPMUHUPOBAHHBIN KOHEUHBIN aBTO-
Mar.

Curyanusi, Korga 00beIUHSIOTCS IOMyCKaloIas U OTBepraroiias BepIInHbI Ipa-
¢a, Ha3bIBaeTCS KOH@IuKmom, Tak Kak coctosiuue JIKA mMoxkeT ObITh TONBKO JIMOO J10-
MyCKarImuM, JJu00 oTBepraronuM. OUeBUIHO, YTO TOT/A JBE BEPUIMHBI COCAUHEHBI

p€6pOM, CCJIM OHA M3 HUX IMOMCUCHA KaK JOITYyCKaromiasa, a Apyrasa Kak OTBCpraromiasd,
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TaK Kak UX 00beIMHEHUE MTPUBOIUT K KOH(IUKTY. Mcronb3oBaHue paciinpeHHOro mnpe-
(uKcHOTO 1epeBa, B KOTOPOM CYLIECTBYIOT BEPIIUHBI, IOMEUEHHBIE KaK MPOMEKYTOU-
HbIE (TO €CTh HE SIBJISIIOLIMECS HU IPUHUMAIOIIUMU, HU OTBEPTralOlMMH ), TO3BOJISIET B
SIBHOM BH/JI€ HAXOIUTh HEKOTOPbIE KOH(IIMKTHI, KOTOPbIE BO3HUKAIOT NMPU O0bEIUHEHUU
JIBYX BEpIIWH, OJIHA WJIU JBE U3 KOTOPBIX ABIISIIOTCSA MPOMEXKYTOUHBIMU. OObeTMHEHUE
JIBYX BEPILHH PACIIMPEHHOTO NPEePUKCHOTO IepeBa B OJIHY MOXKET IPUBECTH K HEAETEP-
MUHUPOBAHHOCTHU — JIJIs1 HOBOM BEpIIMHBI Oy/IET CYIIECTBOBATH HECKOIBKO NCXOIAIIUX
NEPEX0/10B, TOMEUEHHBIX OTHUM CUMBOJIOM. M30aBUTHCS OT HEIETEPMUHUPOBAHHOCTH
MOYKHO C MOMOIIbIO JE€TEPMUHU3AIUU — PEKYPCUBHOTO OObEIMHHUB BEPUIMHBI, KyAa
BEIyT Takue nepexoabl. Eciiu B mpoliecce NeTepMUHU3ALMNA BOZHUKAET KOH(DIUKT, TO
MOYKHO YTBEPKJIaTh, UTO CIMUSIHUE BEPIIMH, OObEIUHEHHBIX HA KAXKIOM U3 MPEAbIIY-
HIUX [AroB, MPUBOAUT K KOH(QIIHUKTY.

Torma, otMeTHB B rpade Bce HailAeHHBIE KOH(IMKTHI, MOYKHO TIEPEHTH K pelire-
HUIO 3aJlaud packpacku rpada B k£ 1BetoB. Tak Kak MCXOAHAs 3ajada 3aKI04aeTcs B
noucke JIKA ¢ MUHUMaIbHBIM YUCJIOM COCTOSIHHM, TO TpeOyeTcsi HAaTH MUHUMAJIbHOE
k nnst KOTOpOTo CyIIECTBYET IMpaBUiIbHas packpacka. J[oOuTbcs 3Toro mpeziaraeTcs
yTeM UTEPATUBHOrO nepedopa yuciia UBETOB k, HAUMHASL C €AUMHULBI U 10 TEX IOop,
noka He OyJeT HaieHo pemenue. Ha pucynke 4 npeacTaBieH NpuMep pacuIiupeHHo-
ro npepuKCHOTO JepeBa, PacKpalleHHOTO B TPU L[BETA TaK, YTO JJIsi KaKJIOro LIBeTa
00beIMHEeHNE BCEX BEPILIMH JAHHOTO I[BETA B OJTHO COCTOSIHUE HE MPUBOAMUT K HECOB-

MCCTHUMOCTH.

Pucynok 4 — [Ipumep pacumpeHHOro npeuKcHOro AepeBa, HOCTPOSHHOTO 110
MHOXKECTBaM IPUMEpPOB NoBeneHus Sy = {a; aaaa; bb} u S_ = {aa;bab} n
pPacKpallieHHOI0 B TPU LIBETA TAK, YTO JUIsl K&XKJI0TO 1IBETA OObEIUHEHUE BCEX BEPIINH
JAHHOTO L[BETA B OJIHO COCTOSIHUE HE NPUBOJIUT K HECOBMECTUMOCTHU
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Ha pucynke 5 npencrasnen npumep KA, nocTpoeHHOTO myTeM 00beIUHEHUS
BEPILUH PACHIMPEHHOT0 MPedUKCHOTO JAepeBa, N300paKEHHOTO Ha PUCYHKE 4, TOKpa-

IIICHHBIX B OAWH IIBET B OJHO COCTOSIHUE aBTOMAaTa.

b

Pucynoxk 5 — IIpumep JAKA, nonyyaromierocst nociie 00beAMHEHNS BEPUINH OAHOTO
[[BETA B paCIIMPEHHOM NPeUKCHOM JepeBE, MPEICTABICHHOM Ha PUCYHKE 4

1.4.2 MeToabl, 0CHOBAHHbIE HA CBEJIEHHH K 3a/7a4e BLINOJHUMOCTH

Kax Ob1710 ckazano B pazzene 1.1.2, mporpaMMHbIe CpeCcTBA 1JIs PEIICHUS 3aa4n
BBITIOJTHUMOCTH B TTOCJICTHUE HECKOJIBKO JAeCATIIICTHH — (pakTrdecku ¢ 1996 roaa, Ko-
raa 6w pensioxkeH anroput™ CDCL — cuibHO pa3BUIIMCH U CTAIH JOCTATOYHO MOIII-
HBIMU CPEACTBAMU ISl PELIEHUSI MHOTUX MPUKJIAHBIX 33/1a4, BBIPAKEHHBIX Ha S3bIKE
SAT. Hanmpumep, ceaenue k SAT ucnonb3yercs Uil pelIeHHs TaKUX 3a7a4, KaK CUM-
BOJIbHAS IPOBEpPKA Mozelien [63], MOUCK CBA3EH MEXIY Pa3IMYHbIMU KOHTEKCTAMH B
pacrpesielIeHHbIX cucTemMax [64], mouck ommoOoK B MporpaMmax Ha si3bIKe TporpaMMu-
poBanus C [65], HOMCK KpaT4yalIllero CHHXpOHU3UPYIOILIETO ¢JioBa [66], KiacTepusanus

B orpaHuyeHus [67], reHepaiys oNTUMaJIbHBIX JIE€PEBLEB pelieHUH [68] 1 MHOXKECTBA

IPYTUX.

DFASAT. B 2010 roxy B cratse [ 18] yaensiMu Mapeitnom Xoiisiom (Marijn Heule) u
Cuxxko Bepsepowm (Sicco Verwer) BriepBbie ObLI IpeiiokeH MeTo renepaiuu JIKA o
3aJTaHHBIM ITPUMEPaM ITOBEICHHSI, OCHOBAHHBIN Ha CBEJICHUH K 33]1a9€ BBITTOJIHUMOCTH,
Ha3BaHHbII DFASAT. Metogq DFASAT ocHOBaH Ha ONMKMCAaHHOM B MPEIBIIYIIEM pa3-

nene cBeneHuu 3agauu revepaunu JJKA k 3amaue packpacku rpada. Metoq DFASAT
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COCTOUT M3 CIEAYIOLIUX ATANOB, KOTOpbIe OyayT moapoOHee onucansl ganee. Kak u pa-
Hee, MEePBBIM 1IarOM METOJIA SIBJISIETCS] MIOCTPOCHHUE PACIIMPEHHOTO MPEPUKCHOTO Je-
peBa 0 UMEILIMMCS MTPUMEpaM MOBEACHUS. 3aTe€M, BEIOMPAECTCS HUKHSS OLICHKA Ha
pa3Mepa uckoMmoro asromara M. B mpocTteiiiiem cinydae, B KaueCTBE HUKHEN OLIEHKHU
BbIOMpaeTcs 3HayeHue VM = 2, eclid UMEIOTCA KakK IMOJIOXKUTEIbHBIC, TAK U OTpHUIIA-
TeJIbHBIE TPUMEPHI OBEICHM S, OJTHAKO, KAKHE-TO 00JIee CIIOKHBIE OLIEHKU MOTYT TaKKe
ucnoias3oBathes. Jlanee crpoutcs Oynesa KH®-popmyna, kogupytomias 3aiaqdy reHe-
pauun [IKA Texyniero pazmepa M, COOTBETCTBYIOIIETO 33JaHHBIM IIpUMEpaM IOBE-
JI€HUs1, PEJICTABIICHHBIM B BUJE paClIMPEHHOro npedukcHoro aepesa. Iloctpoennas
dbopmysna nepegaeTcs Ha BXOJ IPOrpaMMHOMY CpelCcTBY Juist perieHus SAT, kotopoe
pemaeT 3ajady BbIoJHUMOCTH. Ecinu ¢opmynna BbIMONIHUMA, TO TPOrPpaMMHOE CPeJi-
CTBO BO3BpAalAET BBINOJHAIOUIYIO MMOACTAHOBKY, 0 KOTOPOM, 3arem, ctpoutcs [IKA,
SIBJISIFOLLUICS pellIeHueM MCXOAHOM 3ajaun renepanuu JJKA MuHUMaIbHOTO pa3Mepa
1o nmpuMepam noseneHus. B ciydae, ecnu popmyna HEBBIIOIHUMA, pa3MeP UCKOMOTO
AaBTOMATa YBEIMYMBACTCS HA €IMHUILY U MPOLIECC MOBTOPSAETCSA 3aHOBO C OCTPOCHHUS
oyneBoit KH®-popmysbl. Takoit uTepaTuBHBIN IpoIiecc MOBTOPSETCS 0 TE€X TOp, MO-
Ka Ju1si Hekotoporo M He OyneT HaiiJieHa BBIMOIHSIOIAS BBIMOIHSONIAS TOJCTAHOBKA
JUTsl COOTBETCTBYIOIIEH (POPMYJIBI, UTO TapAHTUPYET MUHUMAIBHOCTh HAJIEHHOTO aB-
tomara. Cxema meroga DFASAT npencrapieHa Ha pUCyHKe 6.
(om0 s et pomvn e o

|

» M=M+1

Cymecryer nu JIKA pazmepa Aa
M, cooTBeTCTBYIOIIMH T?

HCT

Pucynok 6 — Cxema Tounoro meroaa renepaunu JIKA mno 3aganHeiM npumepam
MOBEeNCHUA Ha OCHOBE cBefeHus K SAT — DFASAT

[TocTpoenue nmpedrUKCHOTO JepeBa OMUCHIBAIOCH B pazzene 1.2.4. Ciaeayronium

maroM Metoga DFASAT siBnsiercs noctpoenue OyneBoit popmyisl Ha si3bike SAT. Cy-
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HIECTBYET HIMPOKO U3BECTHOE CBEJICHUE 3a/1auu packpacku rpada k SAT, koropoe Xoin
u BepBep HaszwIBatoT npsamuim koouposanuem (direct encoding) [69]. Onnako, aBTO-
PBI MOKa3bIBAIOT, YTO MCIOJIb30BAHUE MPSIMOTO KOAMPOBAHUS IS 3a7a4d TeHEepaIluu
JIKA mpuBOIUT K MOCTPOECHUIO OynieBolt hopmyibl, cocrosiment uz O (N 2x M 2), rae
N — pasmep npedukcHoro aepeBa, M — pa3Mmep TeHEPUPYEMOro aBTOMara, JU3b-
IOHKTOB. /{7151 HeTpuBHaNbHBIX NpuMepoB 3aaaun rerepaunu JKA ¢opmyna Takoro
CJIIO)KHOCTH MOITYYaETCs CIUIIKOM OOJIBIION JIJIs1 COBPEMEHHBIX TPOTPAMMHBIX CPEJICTB
s pemieHust SAT, TOATOMY TOJIIaHACKUE YUEHbIE TPEIOKIIN KOMNAKMHOE C8e0eHue
(compact encoding).
31ech, U qanee B IUCCEPTAIUH, UCIIONIB3YeTCs creayoniee obo3Hauenue: [N] =
1,2,..., N. [Ins KOMIIAaKTHOTO CBEACHHS HEOOXOMM BBECTH TPHU THUIIA OYJIEBBIX Iepe-
MEHHBIX:
a) MepeMEHHbIE COOTBETCTBUSA { Ty ; }yeT,ic[nr], KOTOPbIE MCTUHHBI TOTA U TOIb-
KO TOT/a, KOTJa BepInHa t, B pacIIMpeHHOM NpedUKCHOM aepeBe 7 cooT-
BETCTBYET COCTOSIHUIO d; B aBToMate D,

0) mepeMeHHbIE TIEPEX0aa {¥; i }i jc(m],icx,» KOTOPbIE HCTUHHBI TOTA U TOILKO
TOTIIa, KOT/la B aBTOMare D CyIeCTBYET MePEeXo]] U3 COCTOSHUS d; B COCTOSIHHE
d; o cumBoIy [;

B) NepeMEHHbIE JOMYCKa {Z;}c(rr], KOTOPbIE HCTUHHBI TOIA U TOJNBKO TOTJA,
Korna B aBToMate D cocTosHUE d; SIBISIETCS AOMYCKAIOLUIUM.

IlepemeHHBIE 2, ; 338a10T CBA3b MEKAY NPE(YUKCHBIM JIEPEBOM U F€HEPUPYEMBIM
JKA. IlepeMeHHBIE ¥; ; j ¥ 2; HOTHOCTBIO ONpPEeIAoT renepupyemblil JIIKA. JleiicTu-
TEIbHO, al(aBUT (2-), MHOXKECTBO COCTOSIHUH (BCEro cymiecTByeT M COCTOSHUMN, U OHU
IPOHYMEPOBaHHBI yuciIaMu oT 1 10 M) u cTapToBOE COCTOSIHUE (BCErJa HIMEET HOMED
1) 3agatoTcsl B HESIBHOM BHJIE, B TO BpeMsl Kak (DyHKIUS IIEPEX0I0B 3a/1a€TCs C IOMO-
IbIO IEPEMEHHBIX ¥/; ; j © MHOKECTBO JIOITyCKAIOIIMX COCTOSHUH C IIOMOIIBIO IIEPEMEH-
HBIX 2;.

Hcrnonb3ys BhIlI€ONpeieJICHHbIE TIEPEMEHHBIEC, KOMIAKTHOE CBECHHE MPEICTaB-

JCTCA C IOMOIIBIO CIICAYIOIIMUX MHOXKCCTB JJU3bIOHKTOB!
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0)

1)

e)
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(p1 V@p2 V...V ay) st v € [N] — kaxaol BepiIuHe f, paciiupeH-
HOTro npeduKCHOro aepeBa 7 B COOTBETCTBHE CTABUTCSA KAK MUHHUMYM OJTHO
cocTosiHHe aBTomara D.

(miz; V" Wiin) Bag 0,5, h € [M];j < h;l € ¥ — U3 KaXK/I0r0 COCTOSIHUS
d; aBromara D cymiecTByeT He 00siee OTHOTO Mepexoa Mo KakJI0My CUMBOITY
[ andasura X, uabiMu cinoBamu, JIKA D nerepMUHUPOBaH.

(myp; V zi) mist, € TT;i € [M] — ecan npuHUMArOLIEH BepIuuHe ¢, pac-
IIMPEHHOTO MPe(HUKCHOTO JiepeBa 7 B COOTBETCTBHE CTABUTCS COCTOSTHUE d;
aBTOMara D, TO 3TO COCTOSTHHE TAKKe JIOJDKHO OBITh IPUHUMAIOIITHM.

(mxy; V —z) ms t, € T7;1 € [M] — ecnm orBepraromieii Bepiuuse ¢, pac-
IIUPEHHOTO MPe(PUKCHOTO AepeBa 7 B COOTBETCTBUE CTABUTCS COCTOSTHUE d;
aBToMara D, TO 3TO COCTOSTHUE TAKXKE JIOJDKHO OBITh OTBEPTaIOIIHM.

(my; V Ty Vyirg) M o,w € [N]si,j € [M];l e 37 (ty, 1) =ty) —
CCJIM BEpILIUHE t, PacIIUPEHHOro npe(HuKCHOro nepeBa 7 B COOTBETCTBHE
CTaBHMTCS COCTOsiHME d; aBTOMara D, BepiuuHe t,, — COCTOSHUE d; U B IIpe-
¢dukcHOM fepeBe T CyIIecTBYeT MEPEXO U3 BEPIIUHEI 1, B BEPUIUHY T, 11O
CUMBOJTY [, TO B aBTOMaTe D MOJDKEH OBITh TIEPEXO/T M3 COCTOSHUS d; B COCTO-
SHHE d; IO CUMBOIY (.

21,1 — KOPHIO 1 PaCIIMPEHHOr0 Mpe(HKCHOIo JiepeBa 7 B COOTBETCTBUE CTa-

BUTCS HaYaJILHOE COCTOsIHUE 1 aBTOMara D.

Bce NpEaACTaBJICHHBIC BBIIIC Ha60pBI AU3BIOHKTOB MOI'YT OBITH O6’E>GI[I/IH€HBI C

MOMOIIILI0 KOHKATeHAIIUU B OJIHY OOJIbIIyI0 OyseBy (opMyity, KOTOpasi 3aTeM Iepesia-
eTcsl mporpaMMHOMY cpeAcTBy ajisi pemieHust SAT. [lepeuncieHHbIX MHOXKECTB AU3b-
IOHKTOB J0cTatoyHo Jy1si renepanuu JJIKA pazmepa M, cOOTBETCTBYIOIIETO IPUMEPAM
NOBEACHUS, OTHAKO X0 u Bepsep B [ 18] mpeaioxkuiiu psii JONOIHUTENBHBIX OTPAHU-
YEeHH, KOTOpbIE YIPOIIAIOT paboTy IPOrPaMMHOTIO CPECTBA, COKpaIasi IPOCTPAHCTBO

noucka. Tak, ObUT NPEJI0KEH Pl TOMOJIHUTEIbHBIX (redundant) NTM3bIOHKTOB:
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a) (mxy,; Vx,,) ms e € [N];i,j € [M];i < j — xaxuoi Bepumse ¢, pac-
IIMPEHHOTO MPePUKCHOTO JiepeBa 7 B COOTBETCTBHE CTaBUTCS He 0ojiee of-
HOTO COCTOSIHUS aBToMara D.

0) (Yiz1V¥isaV...Vyin) msii € [M];l € ¥ — U3 KaXI0ro COCTOSHUSA d;
aBToMara D CyIecTByeT Kak MUHUMYM OIUH TMEPEXO]] MO KaKIOMY CUMBOITY
[ andasura X, uabiMu cinoamu, JIKA D nosoH.

B) (@ VWiV Xy) mso,w € [N]i,je [M;le X (t,l)=1t,) —
CCJIM BepIIUHE t, PacIIUPEHHOro mpeduKcHOro aepeBa 7 B COOTBETCTBHE
CTaBUTCS cocTosiHuE d; aBToMata D, u B mpeukcHOM aepeBe T CyIIecTByeT
nepexo/l U3 BEPIIUHBI ¢, B BEPLIUHY t,, IO CAMBOY [ U B aBTomare D cyiiie-
CTBYET IEPEXOJL U3 COCTOSHUSA d; B COCTOSIHUE d; TI0 CUMBOJY [, BEpIIUHE 1,
aepeBa | JOJIKHO CTaBUTHCS B COOTBETCTBUE COCTOSIHUE ;.

Bce npencraBneHnbie Boilie HAOOPHI TU3BIOHKTOB MOTYT OBITh OOBEIMHEHBI C
MTOMOIIbIO KOHKaTeHAITMU B OJIHY OOJbIyto OyieBy dhopmyny. Beero B Takoit hopmyie
oyner O(N x M?) IM3bIOHKTOB U JUIS KX KOAMPOBaHuUs OyneT ucronbzosano O (M2 +
N x M) nepeMeHHBIX.

IToMUMO JTOTIOJTHUTEIBHBIX JTU3BIOHKTOB, aBTOPHI [ 18] MpeanoKuan UCIoiab30-
BaTh BCTIIOMOTATEIbHYIO CTPYKTYPY JIaHHBIX, HA3BaHHYIO UMH 2pagom co8mecmumo-
cmu (consistency graph). HecMoTps Ha opurnHajibHOE Ha3BaHUE, Kak Oy/lIeT BUIHO Ja-
Jee, NaHHasg CTPYKTypa JaHHBIX JOJDKHA CKOPEE HA3BIBATHCS 2padom HecoemMecmumo-
cmu (inconsistency graph). B Hacrosiei nuccepraiuu NpeajiaraeTcsi UCob30BaTh
NocCJIeTHEE Ha3BaHUE.

JIBe BepuIuHsI ¢, U t,, PACIIMPEHHOTO MPEHUKCHOTO JIepeBa MOXXKHO OObETUHUTD
B OJIHYy BEpIIUHY t,/, 00bEIUHUB MHOKECTBA UCXOASAIINX U3 HUX mepexonoB. Ecnu B
pe3ynbTaTe AJaHHOW orepanuu B MPePUKCHOM JepeBe BO3HMKIIA HEICTEPMUHHPOBAH-
HOCTh, TO €CTh U3 BEPIIUHEHI t,, TETIEPb UCXOIAT BA PA3IMUHBIX TIEPEX0/a M0 OTHOMY
1 TOMY K€ CUMBOILY B Pa3JIMUHbIE BEPLIMHBI t, U t,, TO OT HEE MOKHO M30aBUTHCS 00B-
€IMHUB BEPIIMHBI t, U t, B OfHY BEPIUUHY t,. PeKypcHBHO Ipopoikas JaHHBIN IPO-

ecc, MOXKHO M30aBUTHCS OT BCEX CIIy4aeB HEJNETEPMUHUPOBAHHOCTHU B MPE(HUKCHOM
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nepese. BaxxHbIM (hakTOM SIBIISIETCS TO, UTO €CJIM B MpoIiecce n30aBJIeHUs OT HEAeTep-
MUHUPOBAHHOCTH B KaKOH-TO MOMEHT MPUXOAUTCS OOBEAMHUTH MPUHUMAIOIIYIO BEp-
IIMHY C OTBEPraroiei, To u3HaYaIbHOE CIIMSHUE BEPIUIUH 1, U t,, HEBO3MOXKHO. B Takom
CJIydae rOBOPSIT, UTO BEPIIUHEI ¢, U t,, Hecoemecmumul (inconsistent). Jlannyro undop-
MAIUIO0 MOYKHO UCIIONIE30BaTh VISl [IOMOIIY IIPOTPAMMHOMY CPEZCTBY JIJIsl pEIIICHUS 3a-
nmayn SAT.

Bonee hopmanbpHO, IO IMEIOIIEMYCS pACIIUPEHHOMY MTPeUKCHOMY iepeBy | =
(T,%, 7,t,, TT, T~) npemnaraercst moctpouts rpad Z = (V, E') Takoii, 4To €ro MHO-
’KECTBO BEpIIMH V' COBIAJaeT CO MHOKECTBOM BepiiuH J mnpedurcHoro aepesa T, a
MHOXECTBO pebep [/ onpenensercs cieayrouMm oopazoM. JIBe BepiinHbl B rpade 7
COEIIMHEHBI PeOPOM TOT/IA M TOJBKO TOT/IA, KOT/Ia UX 00BEIMHEHUE U MTOCIISIYIONIEE 13-
OaBiieHUE OT HEJCTEPMUHUPOBAHHOCTHU TIPUBOHNT K HECOBMECTHMOCTH.

Tak xak nckombiii JIKA D cooTBETCTBYET IpePUKCHOMY AepeBy T, TO €CIiu JABE
BEpILUHSI ¢, U t,, CMEXHBI B Tpape HeCOBMECTUMOCTU Z, TO OHU HE MOTYT COOTBET-
CTBOBAaTh OJJHOMY U TOMY € COCTOSIHUIO d; aBromara D. J[aHHOe CBOWMCTBO MOXKET
OBITH BBIPA)KEHO C IOMOULIBIO NEPEMEHHBIX T, ; B BUJE CIIEAYIOIETO MHOKECTBA IU3b-
FOHKTOB — (&, ; V Ty ;) A1 v, w € [N]; (v,w) € E;i € [M]. Takue AN3bIOHKTEI
Heo0s3aTeNbHbI, HO UX J00aBJIEHHE K OCHOBHOU OyneBoil opmyse moMoraeT 3Hauu-
TEJIbHO COKPATUTh MPOCTPAHCTBO MOUCKA TPOTPAMMHOTIO CpeicTBa s pemenust SAT.
Opnnako, HaJl0 3aMETUTh, YTO B 00ILIEM ClTydae TaKuxX Ju3bIOHKTOB Oynet O (N 2x M ) ,
YTO Ha MOPSAOK OTHOCcUTENbHO N yBenuuuBaet pazmep popmyi. Mcnons3oBanue rpa-
(ha HECOBMECTHUMOCTH B TAKOM BHUJE JUIsI IOCTPOEHUS OOJIBIINX aBTOMATOB IO OOJIBIIO-
MYy MHOXX€CTBY IIPUMEPOB TMOBEICHUS HE TPECTABISICTCS BO3MOXXHBIM BBUIY pa3Mepa
UTOTOBOM OyseBoH (POpMYyIIBI.

Kak Obu10 ckazano B pazaene 1.2.2, mpu OTCYTCTBUHM KaKUX-JIMOO OrpaHUYCHUIA
Ha HyMEpaIHio COCTOSHUI aBromara, cymiectByer M! nzomopdHbIX aBTOMAaTOB. ABTO-
psl [ 18] mpenmoxuinu cBoi crnocod HapyLIeHUs] CUMMETPUH, MTO3BOJISIOIUN COKPATUTh
YHCIIO pacCMaTPUBAEMBbIX U30MOP(HHBIX aBTOMATOB. Tak Kak B rpade HECOBMECTUMOCTH
CMEKHBIE BEPIIMHBI IO OMPEICICHUIO HE MOTYT COOTBETCTBOBATH OJJHOMY COCTOSTHUIO

B ickomoM JIKA, To Bce BepIIMHBI B HEKOTOPOU KJIMKE (KJIMKa — TOJHBIN Tpad, rpad
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B KOTOPOM Kaxkasi BEpIIMHA COEAMHEHA peOpoM CO BceMHU ocTanbHBIMH) [70] Takoro
rpada OyayT COOTBETCTBOBAThH PA3IUYHBIM COCTOSIHUSIM aBTOMATa. Y YUThIBasL, YTO UTO-
roBasi HyMepalus COCTOSIHUM aBToMara He Ba)KHa, MOXKHO, HE YMEHbIIasg OOIIHOCTH,
3a()MKCUPOBATh HOMEPA BEPILINH TaKOM KIMKH, YTO U ObLIO MPEAJIOKEHO B paccMaTpu-
BAEMOU CTaThe.

Opnaxko, 3a/1a4a Movcka KJIMKA MaKCUMaIbHOTO pa3Mepa B HEKOTOPOM rpadye siB-
nsiercst NP-nonHoit [71]. TlosToMy aBTOpamu ObUIO MPEIIOKEHO HANUTH KIHMKY OOJIb-
II0T0, HO HE 0053aTeIbHO MAKCUMAJILHOTO pa3mepa. CaenaTh 3TO MOXKHO € ITOMOIIBIO
CJIEYIOIIETO 9BPUCTUYECKOTO 1Moaxoaa. B rpade umercs BepiinHa MaKCUMallbHOM CTe-
NEHU, KOTOpasi OyJeT BXOAUTh B UCKOMYIO OOJIBIIYIO KIMKY. 3aTE€M UIIETCS CMEKHas
el BepIIrHa MaKCUMaJIbHOM CTENEHHU U 100aBIsAETCs B KIUKY. 3aT€M HUILETCS BEpIIMHA
MaKCHUMAaJIbHOM CTEMEHU CMEXHasi 00EUM MPEIbIAYIIUM U TaKXKe T00ABISIETCS B KITUKY.
[ToBTOpPSISt AAHHBIH MpOIIECC, TOKAa €CTh BO3MOYKHOCTD CYIIECTBYIOT BEPIIMHBI CMEKHBIE
BCEM YK€ J00aBICHHBIM B KIIUKY.

Takum oOpazom, ecinu pa3mep HaliaeHHON Kimku paBeH C, To BMecto M! u3o-
MopGHBIX aBTOMaToB OymyT paccmorpensl (M — C')! uzomopdHbIX aBTOMATA. YUHTHI-
Basi CKOPOCTh pocta (akTopuaina, pasuuna mexay M!u (M — C')! moxer ObITh 3HAYH-
TEJIbHOM, OJTHAKO B OOIIEM CITydae YKMCIIO PACCMaTPUBAEMbIX U30MOP(PHBIX aBTOMATOB
BCE eI 0cTaeTcsl PakTOpHaIbHBIM OTHOCUTEIBHO pa3Mepa aBToMata. [loMumo BbIIiIe-
YKa3aHHOT'O HEJ0CTaTKa, JaHHbIN MOAX0A TpeOyeT 00s3aTeNbHOr0 MOCTpOeHUs rpada
HECOBMECTUMOCTH, YTO, KaK ObLIO MOKAa3aHO paHee, JAaJIeKO HE BCEra SIBISIeTCS] BO3-
MO>KHBIM.

Hecmotps Ha 10, ut0o DFASAT siBNsieTcst mepBbIM TOYHBIM METOAOM I'€HEpALUH
JIKA 1o 3agaHHBIM IIpUMEpaM MOBEJEHHUS, CIIOCOOHBIM CTPOUTH aBTOMAT XOTS OBI C
10 cocTostHUSMH, aBTOMaThl OOJIBIIIETO pa3Mepa C €ro MOMOIIBI0 HE CTeHEPUPOBATh.
Jns ynpomenus 3agaun, Xoun U BepBep npeaiokuim cHadana BbIIIOJIHATh HECKOJIBKO
mraroB anroputMa EDSM. Kaxxnoe o0beuHeHrne COCTOSHUN CHIIBHO YMEHBIIIAeT pas-
Mepa npedUKCHOTO JAepeBa U COKpallaeT MpOCTPaHCTBO moucka. [lepBrie crnusiHus B
anroputme EDSM ¢ 00Jb1110#1 BEpOSTHOCTBIO HE SIBISIFOTCS] OIIMOOYHBIMH — HE TIPH-

BOIAT K YBCIMYCHHIO pasMCpa MHUHHUMAJIIbBHO BO3MOKHOT'O ILKA, COOTBCTCTBYHOIICTO
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npeUKCHOMY JIepEBY, — HO B 00IIIeM CiTydae JakKe MOCIE OHOTO CIUSHUS COCTOSHUMA
HE TAPAHTHUPYETCS, YTO pa3MeP MUHUMAIbHOTO BO3MOXHOIO aBTOMATa OCTAHETCS TEM

K€, a 3HAYUT, TaKou AJITOPHUTM HEC ABJIACTCSA TOYHLIM.

IIpeaukarsl HAPYLIEHUS] CHMMETPUM HA OCHOBE aJropurMma odxona rpaga B mm-
puHy. HaeanbHbIM HapyILIEHUEM CUMMETPHUU SBIIETCA CUTYALUs, KOTAA ISl KK I0-
'O KJIaCCa AKBUBAJIEHTHOCTH OTHOCUTEIBHO CHMMETPHUH OCTAETCS EAUHCTBEHHBIN MTPEI-
craBurenb. Jist 3amaun renepannu JIKA — xorja 1j1st Kak10ro Kjaacca 3KBUBaJIEHTHO-
CTH 110 U30MOP(U3MY OCTAETCs €IMHCTBEHHBIN peCcTaBUTENb. ABTOPOM HACTOSIIEH
JUCCEPTALUA COBMECTHO C HAyYHBIM pyKoBoAuTeM B [31] Obun pazpaboTaHbl Ipeau-
KaThl HAPYIICHUS CAMMETPHUH Ha OCHOBE aJiroOpUTMa 00xo/1a rpada B MIUPUHY, KOTOpPbIE
NO3BOJISIIOT JOOUTHCS UACATBHOTO HAPYIIEHUSI CHMMETPHH.

Wnes npennokeHHOro MoJaX0/ia COCTOUT B TOM, YTOOBI 3a()MKCUPOBATH HyMe-
palMio COCTOSTHUM B TIOPSiAIKEe ooxooa 6 wupuny (breadth-first search — BFS) [72]
naHHoro apromara. Jljig Toro, yToObl cenarb 00X0A B IMIMPUHY YHUKAJIbHBIM, HEOO-
XOIUMO 3a(hPUKCHUPOBATh HEKOTOPBINA MOPSAJIOK HA BXOIHBIX CHMBOJAX MEPEXOAOB, Ha-
npumep, Jekcukorpaguueckuit. bynem nasviBats IKA BFS-nponymeposannvim, ecinu
HyMepaIus ero COCTOSSHUN COOTBETCTBYET MOPSAJIKY 00X0/1a €ro COCTOSTHUM B IIMPUHY.
Toraa B KaXX10M KJ1acce SKBUBAJIEHTHOCTHU 1O u3oMopdusmy Oyaer poBHO oauH BFS-
IPOHYMEPOBAHHBIN MTPEACTABUTED.

JpyruMu ciioBaMH, €CJIM paccMOTpeTh JiepeBo BFS, mocTpoenHoe i1 HEKOTo-
poro JIKA, pacnoioxuB npu 3TOM Je€Tell B COOTBETCTBUHU C BEIOPAHHBIM MOPSAKOM Ha
CHMBOJIaX IIEPEXOJ0B, TOTAA HOMEPA COCTOSIHUN:

— JIOJDKHBI OBITh pa3IUYHBIMU YUCIaMu OT 1 10 M;

— Ha OAHOU ITyOMHE JOJKHBI YBEIUYUBATHCS CIIEBA HAMPABO (1OPs0OK NO YPOs-

HIO);

— JIOJDKHBI YBEIIMYUBATHCS CBEPXY BHU3 (MOPsAOOK no 2nyoune).

[Tpumep BFS-nnponyMepoBaHHOr0 aBTOMaTa npeAcTaBiieH Ha pucyHke 7. Ha pucynke 8

MpEACTaBICHO COOTBETCTRYoIIEee emy BFS-nepeso.
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Pucynok 8 — BFS-nepeBo aiist aBTomara, npeicTaBJI€HHOTO Ha pPUCYHKE 7

Ecnu 3akomupoBarh TpeOoBaHME K aBTOoMary, 4rtoObl oOH Obul  BFS-
MIPOHYMEPOBAHHBIM, B BH/IE OyJIEBBIX IPEAUKATOB U JOOABUTH K UMEIOIIIEHCs hopmyIie,
npennoxkeHHor B [18], To mporpammuoe cpeactBo i pemeHuss SAT Oynet uckarb
ABTOMAThI, YJIOBJIETBOPAIOLINE 3aJaHHBIM [IPUMEpPaM MOBEJCHUS, IPOHYMEPOBAHHBIE B
nopsiake BFS. Jlns Toro, 40661 3ak01upoBaTh JaHHOE TpeOOBaHKE, ObLIO MPEATIOKEHO
BBECTU TPU HOBBIX THUIA OYJIEBBIX IEPEMEHHBIX:

a) mepeMeHHbIe poauTencei {p;;}i<i<j<ir, KOTOPbIE UCTHHHBI TOTJA M TOJIBKO

TOIJIa, KOTZIa COCTOSIHUE d; ABIIAETCS poauTesneM cocrosanus d; B BFS-nepese

aBToMmara D;
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TIepEMEHHBIC HAIMYUS EPEX0On0B {?; j }1<i<j<ir, KOTOPbIC HCTHHHBI TOTJA U
TOJIBKO TOTJa, Korja B aBToMare D cyllecTByeT nepexo] U3 COCTOSHUS d; B
COCTOSIHHE d;;

TIepeMEHHbIE MUHUMAJIBHOTO CUMBOIA {1 j }1<i<j<M:lcx, KOTOPbIe HCTHH-
HBI TOT/Ia U TOJIBKO TOTZA, KOTrAa B aBTomMare D u3 cocTosiHUs d; B COCTOSI-
HHE d; CyLIIECTBYET NEPEXOJ 110 CUMBOILY [, HO HE CyLIECTBYET EPEXOI0B IO
MEHBIINUM (COMIaCHO BBIOpAHHOMY MOPSAKY Ha CUMBOJIAaxX) cuMBosam. JlaH-

HBIE TIEPEMEHHBIC UCIIOJIb3YIOTCS TOJIBKO B ClIy4ae HEOMHAPHOTO andaBuTa.

Hcnonw3yss naHHBIE TIE€PEMEHHBIE, MOXKHO 3aKOAMpPOBaTh CBOWCTBO BFS-

IMPOHYMCPOBAHHOCTHU aBTOMATa C ITIOMOIIBIO CICAYIOIIUX MHOKCCTB AU3BbIOHKTOB.

a)

0)

)

(tij < Yin,; VYidyi Voo Vi, i) amal <i<j< M;l, €3 —BaBroma-
Te D mepexon U3 COCTOAHUSA d; B COCTOSAHHUE d; CYIIECTBYET TOIAA U TOJIBKO
TOIZa, KOTy CYHIECTBYET NEPEXO] U3 COCTOSHUSA d; B COCTOSIHUE d; XOTs OBl
10 OJJHOMY W3 CHMBOJIOB ajihaBuTa ..

(pj,i — ti,j N ﬁti—l,j N ﬁti_g’j VANPAN ﬁtl,j) mal < 1 < 7 < M — co-
crosiHue d; aBromara D sBisercs poauteneM cocrosHus d; B BFS-nepese,
€CJIM U3 COCTOSTHUS d; CYIIECTBYET MePeXo] B COCTOSHHE d;, @ U3 COCTOSTHUI
C MEHBIITUM HOMEPOM TaKOTO MePeXo/ia He CYIIECTBYET.
(pj1Vpj2V...Vpjj1) a2 < j < M — y KaxIoro coctosius d; aB-
tomata D, kpome cTapToBoro, poautenb B BFS-nepese nomkeH uMeTbh MEHb-
it Homep. JlaHHBIe TU3BIOHKTHI MTO3BOJISTIOT 3aKOAUPOBATH MOPSIOK IO TITY-
OWHE B MOJEPEBE.

(pji = —pjr1p) B2l < k < i < j < M — ecnu cocrosHue d; SIBISACTCS
poautesnem B iepeBe BFS coctosinus d;, To y cCOCTOSTHUSA ¢ O0BIIIMM HOMEPOM
d;+1 POAMTEIH HE MOXKET MIMETh HOMEP MEHBIIHA, 4eM ¢. J[aHHbIE TU3BIOHKTHI
MO3BOJISIOT 33/1aTh MOPSAOK MO YPOBHIO JUTsI IETeH pa3IUYHbIX POIUTENCH, a
TaKKe MOPSAIOK 0 TITyOMHE B Pa3HBIX MOIACPEBBIX.

(Pji ADj1i = Yigyj) a1 < i < j < M;Y = {ly,ls} — ecnu cocrosiHue

d; sBiseTca poaureneM B nepese BFS nByx cocrosuunit d; v dj,1 u andabut
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OMHAPHBIN, TO MEPEXO U3 COCTOAHUSA d; B d; NOIKEH OBITh 110 MEHBIIEMY
cumBoITy. B ciydae OunapHoro andaBuTa TaHHOTO MHOXKECTBA JU3BIOHKTOB
JOCTATOYHO, YTOOBI YIOPAIOYHUTE ABYX J€Te d; U dj1 1 OMHOTO COCTOSAHHUSA d;.
JloTOTHUTEIBHO, IS COKPAIEHUS IPOCTPAHCTBA TIOMCKA, MOYKHO JOOABUTH
MHOMKECTBO JTU3BIOHKTOB (P ; A Pjs1i — Yilyj+1) 3181 <7 < j < M. Jlan-
HBIC IU3BIOHKTHI 33]IaI0T MOPSIOK MO YPOBHIO ISl TN OTHOTO POAUTEIS B
ciiydae OMHApHOro andaBuTa.

©) (Midyj 4 Yidd N Widyorj N Widyoj N+ AN Wiy ) A 1 < i < j <
M;1<n<L;l, €¥X—BaBromare D CUMBOII [,, IBIICTCSI MUHUMAJIbHBIM
CHMBOJIOM Ha IIEPEX0/1aX U3 COCTOSHMSA d; B COCTOSIHUE d; TOTIa M TOJBKO TO-
I71a, KOI7la B aBTOMATe CyIIECTBYET IIEPEXO U3 COCTOSIHUSA d; B COCTOSIHUE d
110 CUMBOJY [,,, HO HE CYIIECTBYET IIEPEXOI0B IO MEHBIITUM (OTHOCHUTEILHO
BBIOPAHHOTO TIOPsI/IKa) CUMBOJIaM. JJaHHOE MHOXKECTBO JU3HIOHKTOB UCTIOJb-
3yeTcs B cilydae HeOMHApHOIo andaBuTa.

K) (P APjati Ay, g — —migge) Al < i < j < M;1l <k <n<
L;l,, 1 € > — ecnu cocrosinue d; siisiercs poauresieM B Aepee BFS aByx
COCTOSAHUM d; U d;i1 ¥ andaBUT COCTOUT U3 OOJIEE YEM JIBYX CHMBOJIOB, TO
U3 COCTOSIHMSA ; IEPEXO] B COCTOSHUE d; TOJKEH OBITh 10 MEHbIIEMY (OT-
HOCHUTEJIBHO BBIOPAHHOTO MOPSIJIKA) CHMBOJIY YEM B COCTOSHUE d ;1. JlaHHBIE
TU3BIOHKTHI 337a10T TIOPSAIOK TTO YPOBHIO TSI IETEH OJTHOTO POIUTENIS B CITY-
yae HeOuHapHOTO andaBuTa.

Bce npencraBneHnbie Boillie HAOOPHI TU3BIOHKTOB MOTYT OBITh OOBEIMHEHBI C

MOMOIIIBI0 KOHKaTEHAIIMKU B OHY O0JbITyto OyieBy dhopmyny. Beero B Takoit popmyse
oyner O(M 34 M? x LQ) JTU3BIOHKTOB M JIJI UX KOJWPOBAaHMS OyJeT MCIOIb30BaHO

O(M? x L) nepeMeHHBIX.
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1.5 Tloaxox yrouHeHusi a0CTPAKUUM MO0 KOHTPIPUMEpPaM

[IporpaMMHBIE€ CUCTEMBI C KaXKJIbIM FOJIOM CTAHOBATCS BCE CIIOKHEE, U BCE CHJIb-
HEe PacTeT UX POJIb B )KM3HU 00I11€CTBA — BCE OOJIBIIE PA3TMUYHBIX OTBETCTBEHHBIX MPO-
MBIIJICHHBIX W TTOBCEIHEBHBIX MPOIIECCOB aBTOMATU3UPYIOTCS C TIOMOIIBIO KOMITBIO-
TEPOB U MPOTPaMMHBIX cpencTBa. Hamuure ommbok B IporpaMMHOM KOJI€ BO MHOTHX
CIIydasix MOXET MPUBECTHU K CEPhE3HBIM MOCIEACTBUAM [73]: 3HaUUTEIbHBIM (PUHAHCO-
BbIM YOBITKAaM, yT€Uke BaXKHOU MH(OpMAaIUU, HAHECEHUIO Bpea 3710POBBIO JIIOJEH U
naxe K ux cmeptu. [1o3ToMy 3HAUUTENBbHYIO AKTYalIbHOCTh B TIOCJIEIHUE JIECSITUIIETHS
nproOpena pazpaboTka MPUMEHUMBIX Ha MPAKTUKE METO/IOB MPOBEPKU KOPPEKTHOCTH
nporpamM. Takue METOAbI MOYKHO Pa3eIuTh Ha BE OOJIBIINE TPYIIIbI: TUHAMUYECKHUE
U CTaTUYECKHE METOJbl MPOBEepKU. B OCHOBE AMHAMHYECKUX METOIOB JIEKUT METO-
JI0JIOTHUSI TECTUPOBAHUS, KOT/Ia MPOBEPKA 32 KOPPEKTHOCTHIO MPOTPaMMbl IPOUCXOTUT
BO BpeMs ee paboThl. OTHAKO, C TOMOIIBIO0 TAKOTO TECTHPOBAHUS MOKHO OOHAPYKHUTh
TOJILKO T€ OMIMOKH, KOTOPBIE MPOSIBIISTFOTCS BO BPeMsI KOHKPETHOTO BOCIIPOU3BEICHHOTO
CIIeHapHsl BBITIOJIHEHUS MPorpamMMbl. Jlake B He caMbIX OOJIBIITUX M BaXKHBIX MTPOTPaM-
Max 3a4acTyI0 CYIIECTBYET TaKO€ MHOKECTBO CUTYallUii, MOTEHIIMAIBHO MPUBOISIINX
K OIIKOKaM, 4TO UX MOJTHOE MOKPHITUE TECTAMU HE MPEACTABISAECTCA BOZMOKHbBIM. CTa-
TUYECKHUE KE METObI TPOBEPSAIOT KOPPEKTHOCTH IPOTPAMMHOTO KoJ1a €3 ero BhITOJHE-
HUS 1 3aIlycKa MPOrpaMMBbl U MOTEHIIMAIBHO CIIOCOOHBI 0OHAPYKUTH BCE BO3MOXKHBIE
OmMOKN WIK JT0Ka3aTh uX oTcyTcTBUe. OnHako, TeropuHr B 1936 rogy mokasain, 4To
npobjeMa ocTaHOBa Hepaspemuma [74], u, TeM caMbIM, ITOKa3aJl, YTO HEBO3MOKHOCTh
CYILIECTBOBaHUS AJITOPUTMA, CITIOCOOHOTO I0Ka3aTh KOPPEKTHOCTH HEKOTOPOM MpOrpam-
MBI B 00111eM cityuae. BriocneacTBuun ObL10 TPEIOKEHO MHOXKECTBO aJITOPUTMOB, CITO-
cOOHBIX (hOpMaJIbHO JOKa3bIBaTh KOPPEKTHOCTH JIMO0 HEOONIBIINX MPOrpaMm, J100 Ka-
KUX YIPOIIEHHBIX MOJIEJIEH Mporpamm.

Cpenu Takux CTaTUYECKUX METOIOB MOXHO BBIICTUTH METON YMOUHeHUs ao-
cmpakyuu no xkowmpnpumepam (counterexample-guided abstraction refinement —

CEGAR), xoropsiii BriepBbie Obu1 nipeioked B 2000 rony Samynaom Kinapkom u koin-
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neramu [32]. JlanHbIil MeTon ObUT pa3paboTaH il aBTOMATU3UPOBAHHOIO UTEPATUB-
HOTO TIOCTPOEHUSI aOCTPAKTHON MOJIENU MPOTPaMMbl, KOTOPYIO HEOOXOAUMO BepU(H-
IIUPOBATh — JIOKa3aTh KOPPEKTHOCTh. [1oapoOHBIi 0030p MeTOna yTOUHEHUS a0CTpaK-
MY 110 KOHTPIPUMEPAM MOKHO HAWTH B pabOTE POCCUUCKUX yUEHBIX MaHApbIKUHA,
Myturiaa n Xopowmmuinosa u3 MHCTUTyTa CUCTEMHOrO nporpamMupoBanus um. B.IL
NBannukoBa PAH [33].

B ocHoBe naHHOrO MeTona JEeKUT NMOHATHE abcmpaxkyuu. [Ipyu Mcnoab30BaHUU
abCTpaKIMK BMECTO PEaIbHbIX COCTOSIHUM Bepu(pUIIMpyeMoi mporpaMMbl paccMaTpu-
BAIOTCS a0CTPAKTHBIE COCTOSHUSI, KOTOPbIE OOBEAUHSIOT B ce0e MHOKECTBA PEaIbHBIX
coctosgHuil. [Tpu 3TOM, 3T MHOXKECTBA HE 00S3aTENIbHO JIOJKHBI ObITh HETIEPECEKato-
mmucs. Ha nepBoM miare anropurma BIOMPaIOTCs KAKME-TO a0CTPAKTHBIE COCTOSIHUS
(9BpUCTUUECKHU, CITyYalHO WJIM Ha OCHOBE KaKMX-TO M3BECTHBIX JAaHHBIX). 3aTeM, Ha
OCHOBE 3TUX COCTOSIHUN CTPOUTCS AOCMPAKMHOE 0epeso 00CMUNICUMOCHU, B KOTOPOM
a0CTpaKTHBIE COCTOSTHUSI COEIMHEHBI MIEPEX0JIOM TOTia U TOJIBKO TOT/a, KOTja mepexo-
JIOM COEIMHEHBI KAKHE-TO U3 COOTBETCTBYIOIIUX pealbHbIX COCTOSIHUMN. Takum oOpa3zom
10 OCTPOEHUIO MOJIYYaeTCsl, YTO BCE MYTH, IO KOTOPBIM BO3MOKHO BBITIOJTHEHHE B pe-
aJbHOM MporpamMme, TaKKe MpeACTaBICHbl B aDCTPaKTHOM JIepeBe, HO HE HA0OOPOT.

W3 BbIlIIECKA3aHHOTO CJIETYET, YTO €CIIU OITMOOYHBIE COCTOSIHUS (OMUCHIBAIOIINE
HEKeJaTeJIbHOE COCTOSHHUE MPOTpaMMbl) HE JOCTUKUMBI B aOCTPaKTHOM JIEPEBE, TO
OHHU HE IOCTUKUMBI U B UCXO/IHOM nporpamme. Eciu ke cyliecTByeT myTh B aOCTPaKT-
HOM JIEpEeBE B HEKOTOPOE OINO0YHOE COCTOSIHUE, TO TAKOU ITyTh HA3bIBAETCS KOHTPIIPH-
MepoM. Hannuue KoHTpripuMepa roBOpUT JIMOO O TOM, YTO B UCXOAHOU MPOTPaMME €CTh
omuoka, 1100 0 TOM, YTO MOCTPOCHHAsi a0CTpaKTHasi MOJE)Ib HeTouHa. HaiiieHHbIi
KOHTPIIPUMED MPOBEPAETCSA HA HCXOTHOW MPOrPAMME U, €CJIM COOTBETCTBYIOIIUI Ty Th
COJIEPKUTCS B HEM, TO B MporpaMMe HaiifieHa omuoka. MiHade, ¢ moMoIb10 HalIeHHO-
ro KOHTpIpUMepa a0CTPAKIUS YTOUHSIETCS — MEePeCcTpanuBaeTcsi a0CTPAKTHOE JIEPEBO
JOCTHKUMOCTH. JlaHHBIN Mpoliecc MoBTopsieTCsa A0 TeX MOop, MOKa He OyAeT HaljeHa
omrOKa B UCXOJHOM Mporpamme, MO0 moka He Oy/leT JoKa3zaHo, YTO B UCXOIHOM Mpo-

rpamMme OMMUOKH OTCYTCTBYIOT.
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HecMmoTpst Ha TO, 4TO TaHHBIN METOJ] CKOPEE OTHOCUTCS K KJIACCy METOJIOB AKTHB-
HOTO OOYYeHHs, MEePCICKTUBHBIM BHITTISIAUT MPUMEHEHUE CXOKEH WIeH ISl YITydIle-
HUS TOYHBIX MeTO/10B TeHepannu JIKA 1mo 3aaHHbI mpuMepam rmoBeieHus. Tak, BCeMu
MeTOJaMH1, OCHOBaHHBIMU Ha cBelleHHU K SAT, renepupyetcs OysneBa ¢opmyrna, pas-
Mep KOTOPOW JTMHEHWHO 3aBUCUT OT pa3Mepa pacliupeHHOTO MpedUKCHOTO JepeBa —
O (N x M 2), rae N — pa3Mep npepuKkcHOro aepena, a M — pa3Mep reHepupyemMo-
ro aBromara (cM. pazzaen 1.4.2). Takum oOpazoM, TpU HAUTHUUU U3OBIMOYHO20 YUCTA
IPUMEPOB MOBEJEHUS U OTHOCUTENHHO HebombiioM JIKA, Oynesa ¢hopmyna, Konupyro-
mas 3agauy reaepanuu JJIKA, MmoxkeT ObITh CIIUIIIKOM OOJIBIIION JJ1s1 COBPEMEHHBIX MPO-
rpaMMHBIX cpeacTB s pemeHus: SAT. B HacTosieit quccepraiuu OyaeT pa3padoTaH
METO/I, TIO3BOJIAIOIINI COBMECTUTH B cebe cBefieHue Kk SAT 1 uaen noaxoja yrouHeHUs

aOCTpaKIUU 1O KOHTpIpUuMepam, st renepannn JIKA.

BeiBoanI mo rirase 1

B nepBoii raBe ObuT Ipou3BeeH 0030p MPEIMETHON 00JIacTH, IPUBEICHA TEP-
MUHOJIOTHS, @ TAKKE U3JI0KEHBI U3BECTHBIC PE3YIBTATHI Psiia pa3eiaoB HUHPOPMATUKH,
HEOOXOAMMBIX ISl OMUCAHUS TPEAJIaraeMbIX B IUCCEPTALIMU METOOB:

Jlana moctanoBka 3a1a4u SAT, mpuBeneHbI HEOOXOIUMBIC OTIPEICIICHUS, a TAK)KE
ONMCAaHbI OCHOBHBIE METO/IbI PEIIEHUS JAHHOM 3a/1a4u. 3a]1a4a BHIIOJTHUMOCTH SIBJISICT-
Cs1 OJTHOM M3 CaMbIX aKTUBHO HccaeayemMbix NP-TpynHbIX 3a7a4, 4TO MOATBEPKIAETCS
MPOBEJICHUEM €3KErO/IHbIX KOH(EepeHIn, mocBseHHbIX SAT, a Takke MpoBeACHUEM
€XKETOJHBIX COPEBHOBAHUU 110 BBISBIICHUIO JIYUIIETO MPOrPAMMHOIO CPEACTBA IS €€
pemenusi. [loaTomy MHOXkecTBO Apyrux 3anaq u3 kinacca NP MoryT ObITh 3 (HeKTuB-
HO PENIEHBI PU MOMOIIM CBEICHUS K 33/1a4€ BHITOJIHUMOCTHU U UCTIOJIb30BAaHUS COBpE-
MEHHBIX IMPOTPaMMHBIX CpeACcTB 1151 perieHust SAT. OnHako, HECMOTPSI Ha TIOCTOSIHHOE
noBbIIIeHUE 3P (HEKTUBHOCTU METOAOB petieHust SAT, B Xy/ieM cirydae A7 MOUcKa pe-
IeHUsT TpeOyeTCsl SKCIIOHESHIIMAIBHOE OTHOCHUTEIIBHO pa3Mepa BXOJIHBIX JaHHBIX Bpe-

MsI.
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Jlaubl 0a30BbIE MOHATHUS O JETEPMUHUPOBAHHBIX KOHEUHBIX aBTOMaTax, 00 M30-
Mop(du3zme 1 nocraHoBka 3aaun revepanuu KA mo 3ajanHbIM IprUMepaM MOBEACHHUS.
Taxxe, NpUBEIEHO ONPEAECICHUE PACIIMPEHHOTO NMPEPUKCHOTO JIepeBa — APEBOBU-
HOM CTPYKTYPBI JaHHBIX JJISl TPEACTABICHUS MHOKECTBA IIPUMEPOB MOBEACHUS.

IIpoBenen ananu3 paboOT, MOCBANMICHHBIX MeTonaM reHepanuu JIKA mo 3amas-
HBIM IIpUMepaM NOBEACHUSA. PacCMOTpPEHBI TpH pa3aIuvHbIX THIA METOI0B T€HEPALINH
JIKA, OCHOBaHHBIX Ha: 3BPUCTHUECKUX aJTOPUTMAX (Pa3IUYHbIE METOABI CIHUSIHUS CO-
CTOSIHMI); METABPUCTUUYECKUX AJITOPUTMAX (T€HETUYECKUE U MYpPaBbUHBIE aJTOPUT-
MbI); cBeieHuU K NP-nonHbIM 3aa4aM packpacku rpada v BBIITOJIHUMOCTH OyJIeBOM
(GopMyIibl. DBpUCTUUECKHUE U METAIBPUCTUUECKUE METOABI ABIISIOTCS HETOUHBIMU —
NEepBbIe HE TAPAHTUPYIOT MUHUMAIILHOCTH creHepupoBanHoro J[KA, BTopsie BooOI1IEe
HE TapaHTUPYIOT, UTO KaKOW-TO aBTOMAT Oy/lET HaiiJIeH 3a KOHEYHOE BpeMsi. MeTobl,
OCHOBAHHBIE Ha CBeJleHUH K NP-IoJIHBIM 3a/1a4am SIBISFOTCS TOYHBIMU — UMM TapaH-
tupyetcs, yto KA, ynosneTBopsomuii mpuMepaM noBeieHus, OyleT HaiieH 3a Ko-
HEYHOE BpeMsi U Oy/IeT COCTOSITh U3 MUHHUMAJILHOTO YUCJIA COCTOSHUIA.

Taxoke ObUT OMKMCaH MOAXO/] YTOYHEHHS a0CTPAKIUH [0 KOHTPIIPUMEpPAM, H3HAa-
YaJbHO MPEJIOAKEHHBIN 1J11 UTEPATUBHOTIO MOCTPOEHUSI MOJIENIA TPOTPAMMHOI0 0Oec-
NEUYEeHUS JJIs Moceayonie Bepudukaiuu.

Hcxonst u3 aHanu3a JINTepaTypbl MOXKHO CIIENIAaTh CIIEAYIOIINAE BBIBOBI.

— BbyneBa ¢popmyna, nomyuyaemas npu renepanuu JKA 6onbiioro pazmepa mno

OOJBIIOMY YMCITY NMPUMEPOB MOBEACHUS MpU moMomiu cBeaeHust Kk SAT, 3a-
YaCTYIO CJIMILKOM CJIOXKHA JUJII COBPEMEHHBIX IPOrPaMMHBIX CPEICTB IS pe-
meHust SAT, 9To akTyanu3upyeT pa3pabOTKy HOBBIX MPEIUKATOB HApyUICHUs
CUMMETPHUH, COKPALIAKIINX TPOCTPAHCTBO MOUCKA.

— IlpennoxxkeHHOE paHee KOAUPOBAHUE MPEAUKATOB HAPYUIEHUS CHMMETPHUH Ha
ocrose BFS, 06pasytot 6yneBy popmyity, cocrosiyto us O (M? + M? x L?)
Tu3bIOHKTOB (TAe M — pasmep renepupyemoro [IKA, L — pa3mep andapura),
YTO HEMPUMEHHUMO JJI1 aBTOMATOB OOJIBIIIOTO pa3Mepa.

— Pasmep OyneBoii hopmyIibl 3aBUCUT OT pazMepa pacHIMPEeHHOTO MpeGUKCHOTO

ACPCBA, 4 BHAYUT U OT YKUCJIa U JJIMHBI 3aTaHHBIX ITPUMCPOB ITOBCACHU . B Cl1y-
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yae 30bITOYHOTO HaOOpa MPUMEPOB MOBE/ICHNUS HE CYIECTBYET NPUMEHUMBbIX
Ha npakTtuke MeTojoB reHepanuu JIKA. TloTeHIInanbHbIM pPEIIEHUEM MOKET
CTaTh pa3paboTKa METOo/ia, COYETAIOIETO B ce0e CBEJIeHHE K 3ajjaye BBITIOTHH-
MOCTH | UJIEU TIOJIX0/Ia YTOUHEHHSI a0CTPAKIIUH 110 KOHTPIIPUMEPAM.

Panee He npesaranochk METO0B reHepanuu Bcex HensoMophubix JIKA mu-
HUMAaJIbHOTO pa3Mepa, COOTBETCTBYIOIIMX 33aJJaHHBIM IpHUMEpaM IMOBEACHMUS.
Bbonee Toro, 0e3 ucnonb30BaHus NPEIUKATOB HAPYLUIEHUS] CHMMETPUU Ha OC-
HOBe KoaupoBaHus anroputma BFS, pa3zpaboTka 3ppexkTuBHBIX METOIOB re-
Hepauuu Bcex JIKA He mpeacTaBisieTcs BOSMOXKHON BBUAY KOMOMHATOPHOTO

B3pbIBa 4HUCJIa paCCMAaTPUBACMBIX dBTOMATOB.
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I'maBa 2 CokpameHnue NpOCTPAHCTBA MOUCKA NMPHU reHepaluu
AeTePMUHUPOBAHHBIX KOHEYHBIX ABTOMATOB C HCIOJIb30BAHMEM CBeIeHHS K 3a1a4e

BbINNOJTHUMOCTH

Hacrosimias rmaBa nocpsiieHa pa3padoTKe MPeANKAaTOB HApyIICHUS CHMMETPHH,
OCHOBAHHBIX Ha aJlrTOpUTMax 00xoja rpada B MIUPUHY U B IIyOUHY, JJISI COKpAIICHUS
IPOCTPAHCTBA MTOUCKA MPH PEIISHNUHN 3a]]a41 BBITIOJTHUMOCTH, a TAaKXKe pa3paboTke, pea-
JIM3alHUU U SKCIEPUMEHTAIBHBIM UCCIIEIOBAHUAM METOJ0B renepanuu JJKA no 3aman-

HBIM IIpUMEpPaM MOBCACHHA, NCIIOJIB3YIOINX AAHHBIC IIPCANKATEI.

2.1 IIpeauxkarsl HAPYLIEHUSI CHMMETPUM HA OCHOBE KOIMPOBAHMS AJITOPUTMA

00x01a B NIyOUHY

B Hacrosiiiem pasesne onuchiBaeTcs pa3padoTka MpearuKaToB HAPYIICHHUS] CUM-
METPHUH Ha OCHOBE aJIrOpUTMa 00xoza rpada B riiyouny. [Ipenukarsl HapyIeHUs] CHUM-
METpPHUH, OCHOBAaHHBIC Ha aNTOpUTME 00xoia rpada B IIMPHHY, ONMHCAHHBIC B pas-
nene 1.4.2, mOMOIIM CyIIECTBEHHO YAYUYIIUTh MPOU3BOAUTEIHLHOCTD CYIIECTBYIOIINX
TOYHBIX MeTo/0B reHepanuu JIKA mo 3agaHHbIM npumMepam mnoBeAeHus. JIOTHYHBIM
IPOJOJIKEHUEM JAaHHOTO MCCIIEIOBAHUS SABIISETCS pa3pabOTKa MpEAUKaTOB Hapyllle-
HUSI CAMMETPHH Ha OCHOBE ajroputMa ooxonaa rpada B rmyouny (depth-first search —
DFS). Jlannbie npeaukatbl HapylIeHUs CAMMETpUN sBJsitoTcst Mmonudukanueit BFS-
IPEeIUKaTOB U JoIMycKalT Tobko JIKA, nponymepoBaHHbie B Mopsike 00xoaa B IITy-
OuHy.

Bo Bpems o6xona rpada (vwm aBTomara) B ITyOHHY HEOOXOIMMO HAaXOIHUTh BCE
CMEKHBIE HETIOCEIICHHbIE COCTOSTHUS JTsi Kakaoro coctosiusa JIKA. O6xon HauynHa-
€TCsl CO CTApTOBOTO COCTOsTHUS aBTOMara. Ha kax oM 1iare TekyImiee CoCTOsIHUE ToMe-
4aeTcs KaK MOCEIIEHHOE. 3aTeM NepeOnparoTCcsi BCE UCXOASIINE U3 pacCMaTpUBAEMOTO
COCTOSIHMSI IEPEXObI, U, €CIIH IEPEXO BEJIET B €UIE HE MOCEIIEHHOE COCTOSIHUE, aJro-

PUTM 3aIlyCKaeTcs peKypCUBHO U3 3TOro cocrosuus. [locie Bo3BpalieHus B TeKylee
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COCTOSIHUE TIEpe0O0p MCXOSALIUX MTEPEXOJ0B MPOIOJIKACTCS U MPEKPALIACTCs, KOraa He
OCTaHETCs] CMEXHBIX HEMOCEHICHHBIX cocTosiHUM [75]. Ecnu 3adukcupoBarh nopsiiok
nepedopa nepexoAoB (Hampumep, JIEKCUKOTpadhUyecKu 1Mo CUMBOJIaM Ha Mepexoiax),
TO CHOBA JUIsl K&XK10I0 aBTOMAaTa CyIIECTBYET €UHCTBEHHBIN CIIOCOO 000UTH B MOPSI-
ke DFS. A 3HauuT, eciau 3aKoupoBaTh CBOMCTBO DFS-nponymeposanrHocmu B BUJIE
OysneBoil (opMyJIbl, TO MOTYUYUBIIUECSA MPEAUKATHl HAPYLIEHUSI CHMMETPUU OyyT Kak
BFS-npeaukarel 1onyckaTh €IMHCTBEHHOTO MPEACTABUTEINS ISl KAXIOro Kiacca JK-
BUBaJIeHTHOCTH 110 u3omoppusmy. [Ipumep DFS-nponymepoBanHoro aBromara npe-
ctaBiieH Ha pucyHke 9. Ha pucynke 10 npencraBieHo cooTBercTBytoliee emy DFS-

JIEPEBO.

a a,b,c

Pucynok 9 — [Ipumep DFS-nnporymepoBaHHOTrO aBTOMara

HaGopsl nepeMeHHBIX U JU3BbIOHKTOB, TPEOYEMbIX ISl KOAUPOBAHUS CBOICTBA
DFS-npoHyMepOoBaHHOCTH JIETEPMUHAPOBAHHOTO KOHEYHOTO aBTOMATa, CXOXKHU C Ha-
oopamu ansa BFS-nipenukaros, Ho umeroT HekoTtopble otianuud. s DFS-npeaukaron
UCIIOJIB3YIOTCS CIEAYIOIINE HA0OPHI IEPEMEHHBIX:

a) mepeMeHHbIe poauTenei {p;;}i<i<j<ir, KOTOPble UCTHHHBI TOTA H TOJIBKO

TOIJIa, KOIIa COCTOSIHUE d; ABJIAETCA poauTeseM cocrosinud d; B DFS-nepese

aBTomara D;
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Pucynok 10 — IepeBo DFS miist aBromara, npeACcTaBI€HHOTO HA PUCYHKE 9

0) mepeMeHHbIC HAIMYUs EPEXO0B {t; j }1<i<j<is, KOTOPbIE HCTHHHBI TOTAA U
TOJIKO TOTJIa, KOTJIa B aBTOMaTe D CyIiecTBYeT IepexoJ U3 COCTOSHUS d; B
COCTOSIHUE d;;

B) MEPEMEHHBIC MHHUMAIBHOTO CUMBONA { "M ; } 1<i<j<M;lcy, KOTOPBIE UCTHH-
HBI TOTJIa U TOJIBKO TOT/a, KOrja B aBromare D u3 coCTosiHUS d; B COCTOS-
HHE d; CyIIECTBYET NEPEXOJ 110 CUMBOILY [, HO HE CyLIECTBYET EPEXOIOB 10
MEHBIIIUM (COTJIaCHO BBRIOpAHHOMY TMOPSAKY Ha CUMBOJIaxX) cUMBoiam. JlaH-
HBIC TICPEMEHHBIC HCTIOIB3YIOTCS TOJIBKO B CiIydae HeOMHapHOTo andasuTa.

Jlnst 3aganus DFS aymepannn komupoBaHUE ONpeIe/ieHUs TePEMECHHBIX HaJH-

4K IIEPEX0a t; j He OTIMYAETCS OT KOAUPOBaHUs pu 3afaanuu BFS nymepanmyu:

AN G & Y Vi VeV Yiag) —

1<i<y<M lpexs
B aBTOMare D mepexon U3 COCTOSAHMA d; B COCTOSIHHE ; CyHIECTBYET TOIA U TOJIBKO
TOIZa, KOIZly CyILECTBYET IEPEXO]] U3 COCTOSHUS d; B COCTOSHUE d; XOTs OBI IO OTHOMY
U3 CUMBOJIOB ajidaBuTa ..
KonupoBanue omnpezenenns poauTeNbCKUX IIEPEMEHHBIX pj;, B CBOIO OYEPE/b,

OTIINYAaCTCA:

/\ (pj,i St Nty N A —|tj_17j) —

1<i<j<M
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B BUAy xaaHoctu anroputma DFS, cocrosinue d; aBtomara D siBIsieTCs pOIUTEIEM
cocrostHus d; B DFS-niepeBe, eciii 0HO MMeeT MaKCMMaJIbHBII HOMEpP CPEH COCTOSHUI,
KOTOPBIE MMEIOT IIEPEXOJL B COCTOSHUE ;.

Kak u panee, He00X0UMO 3a/1aTh OTPAHUYECHUE HA HOMEDP POAUTEIS AJI KAk A0TO

COCTOSAHMUA:

/\ (pjaVpj2V...Vpji1) —
2 <M

y Ka)JIOTO COCTOSIHUA d; aBTOMaTa D, KpoMe cTapToBoro, pogurens B DFS-nepese 101-
’KEH UMETh MEHBIIIUN HOMED.
JIN3BIOHKTBI, 3a4aI0IIHE ITOPSIOK 10 YPOBHIO JUIS IETEN Pa3InYHbIX POIUTEIIEH,

a TaKXe MOPSI0K 110 ITyOMHE B Pa3HbIX MOAEPEBbSIX, 3aJAI0TCS CIEIYIOIUM 00pa3oM:

/\ (Pji — trg) —

1<i<k<j<q<M
€CIIi COCTOsIHUE d; siBisieTcst poautesneM B aepeBe BFS cocrosnus d;, a coctosaHue dy
MMEET HOMEP MEXly HOMEpaMu COCTOsHuM d; u d; (1 < k < j), TO HE MOXKET CyIIe-
CTBOBATh IIEPEXO/A U3 COCTOSHMSA dj; B COCTOSIHUE dy, TIE ¢ > j. JIeHCTBUTENBHO, TaK
Kak ¢ < k < j, TO COCTOSIHUE dj, TOJDKHO OBITh mocerieHo anroputMoM DFS panbiie
coctostiHus d;. Torna, eciu Obl CyILeCTBOBAJI IEPEXOJ] U3 COCTOAHUS ), B COCTOSHUE d,;,
TO TOTJA ¢ JOJKHO OBLJIO ObI OBITH MEHBIIIE, YEM .

Hanee Hano, 1 koaupoBaHusi cBoiicTBa DFS-mpoHyMepoBaHHOCTH aBTOMAaTa
HE0OXOMMO 3aJ1aTh HEKOTOPBIM MOPSJIOK Ha JeTsX. JJisg mpoCcTOThI mpeaiaraeres Ko-
IUpoBath andaBUTHBINA MOPAIOK. OTAEIBHO pacCMaTPUBAETCS [IBA Ciiydasi: aln(aBuT 2.,
COCTOSIIIMI M3 IBYX CUMBOJIOB U COCTOSIILIMN U3 Oosiee ueM JIByX CUMBOJIOB. B ciyuae

ounapaoro angasura X = {l1, o} TpeOyrOTCS CleayONINE TU3bIOHKTHI:

/\ (Pji N ik = Yig,j) —

1<i<g<k<M
eclM cocTosgnue d; aBromMara D apngerca poauteneM B DFS-nepese cocrosuus d; u
€CTh MEePEX0JT U3 HETO B COCTOSIHUE dj, TAE j < k, TO MEPEXO0J] U3 COCTOSHUS d; B COCTO-
SHHUE d; TOJKEH OBITh IOMEYEH MEHBIINM cUMBOJIOM. MHaue, cocTrosiaue dj, JOIKHO

ObLTO OBl UMETh MEHBIINIM HOMED, TaK KaK ObLIO Obl 00pabOTaHO paHBbIIE.
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B cnyuae nebunapHoro andasuta, HEOOXOAMMO HCIOJB30BaTh NEPEMEHHbIE
MHMHHUMAJIBHOTO CUMBOJA M, ;. Onpenenenre nepeMeHHbIX MUHIMAaIbHOTO CUMBOJIA
s DFS-nipenukaroB HapylIeHUs: CHMMETPUHN COBIIANAET ¢ onpeaeneHueM st BFS-
IPEINKATOB:

/\ /\ (Mt € Yidd N Yido 1 A Wik f Ao A Wiy ) —

1<i<j<M 1<n<L

B aBTOMare D CUMBOII [, ABIISIETCS MUHUMAJILHBIM CHUMBOJIOM Ha TIEPEXO/IaX U3 COCTOSI-
HHSA d; B COCTOSHUE d; TOTA M TOJIBKO TOIIA, KOIZIa B aBTOMATE CYILECTBYET IIEPEXO]L U3
COCTOSIHUA d; B COCTOSHHE d; TI0 CUMBOIY [,,, HO HE CYIIECTBYET IIEPEXOI0OB 110 MEHb-
UM (OTHOCUTEIILHO BHIOPAHHOTO TOPSIKA) CUMBOJIAM.

JIM3BIOHKTHI, KOAUPYIOIINE MOPSAOK ATl B JAHHOM CiIy4ae, MOX0KU Ha TU3b-
IOHKTHI /I OMHapHOTO aydaBuTa:

/\ /\ (Dji Atip A, 5 — Mg, k) —

1<i<j<k<M 1<m<n<L

ecim coctosiHue d; aromara D spusercs poauteneMm B DFS-nepese cocrodnus d; n
€CThb MePEXOJT U3 HETO B COCTOSIHUE dy, TAC j < k, TO MEPEX0 U3 COCTOSIHUS d; B COCTO-
siHUE d; JOJKEH OBITh IOMEYEH MEHBIINM CUMBOJIOM.

Takum oOpa3om, mpearaeTcs HOBOE MHOXECTBO OTpaHUYCHHI, JOIyCKa-
IOIIMX B KadecTBe pemeHus Toiabko DFEFS-nponymepoBannbie KA. Ilpeaukarsr
HapyIICHUsS CHUMMETpUM i Oojee 4eM OMHAapHOro angaBUTa BBIPAKAIOTCA Ye-
pes O (M*+ M? x L?) nusbronkros, rae M — pasmep uckomoro JIKA, a L —
MOIIHOCTh aniaBuTa. MHOXKECTBA IU3BIOHKTOB, Koaupyroomux cBoicTtBo DFS-
IPOHYMEPOBAaHHOCTH, MPUBEIECHHBIE K KOHBIOHKTUBHO-HOpMalIbHOW (opme, mpen-

ctaBiieHbl B Tabnuie 1 BMecte ¢ BFS-npenukaramu HapyeHus: CHMMETPUH.

2.2 MonepHu3upoBaHHOe 0yJ1eB0 KOAMPOBAHHE NMPEIUKATOB HAPYILLIEHUS

CHMMETPHH, HCIIOJIL3YOIIUX 0COOCHHOCTH AJrOpuTMA 00X01a B INMPHUHY

Koauposanue coiictBa BFS-nipoHyMepoBaHHOCTH aBTOMAaTa, ONMKMCAHHOE B pa3-

nene 1.4.2, cocrosimee u3 O (M? + M? x L*) nu3bloHKTOB, c1alo NPUMEHHMO Ha
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Tabmuua 1 — J{u3broHKTHI, Koaupytomue cBoiictBa DFS u BFS-nnponymepoBanHocTH

JAKA

JIM3BIOHKTBI JIoMeHbI IEPEMEHHBIX
tiJ — (y@ll,j V...V yi,lL,j) 1 < 1< j < M
Yilj — tij 1<i<y<M;leX

S | pji— ti I1<i<j<M

E | P Vpia V.. Vi 2<j<M

o Ml — Yilj 1<Z<]<M,l€2
My 1..5 7 Yil.j 1<2<]<M,1<k‘<n<L
(yi,ln,j A\ TWilp_1,j VANRIRAN ﬁyvi.,h,j) — My, .j 1<i< j < M; 1<n< L
Dji — Ttk I<i<k<ji<M

n (tiJ' A _‘ti+1,j VANIAN _‘tj—l,j) — Dji 1<i<yi<M

Epj7i—>_¢k7q 1<Z<l€<]<q<M
(Dji AN Dri Ny, ) — =Mk I<i<j<k<M;1<m<n<L
pj,i_>_‘tk,j 1<l€<2<]<M

”_ (tiJ' N _‘ti—l,j VAN ﬁtl,j) — Dji 1< < ] < M

& | Dii — TPtk I1<k<i<i< M

(Pji Apjeri Ay, j) = Mg, i1

I<i<yg<M;1<m<n<L

npaktuke 17151 JIKA Gomnbioro pasmepa, To ecth npu 6ombiom M . B HacTosmem passe-

JI€ OIMUCBIBACTCA KaK MOI[I/I(i)I/IHI/IpOBaTB MNPCAUKATBI HAPYIICHHWA CUMMCTPUH, PACCMOT-

pEHHBIE paHee, TAKUM 00pa3oM, UTO JIsl UX OyJIEBOTO KOAUPOBAHUS MTOHATOOUTCS TOJb-

ko O (M 2 % L) JIU3BIOHKTOB.

I[aJIee ITOBTOPHO KPATKO ITPUBOIATCA Ha60pBI AU3BIOHKTOB, C IOMOIIBIO KOTOPBIX

KOJIUPYIOTCS MPEIUKATOB HAPYIIEHUsI CAMMETPUU Ha OCHOBe anroputma BFS, npuse-

JeHHbIE B pazaene 1.4.2.

/\ (tij € Yidj vV Yidoj VooV Uity ) (1)
1<i<j<M
/\ (pj,i < tz’,j VAN _'ti—l,j N _‘ti—2,j VAN _'tl’j) (2)
1<i<j<M
N (jaVpiaV... Vpii) 3)
2<j<M

/\ (Pji = ~Pj+1k) 4)

1<k<i<y<M
/\ /\ (Mg € Yidj N Wide 1d N WYidaj N <o AN Wity ) (5)

1<i<j<M 1<n<L



130

/\ /\ (Pji A Dj+1i A Mg, j — =My 1) (6)

1<i<gj<M 1<k<n<L

N3yuuB popmymsl, MPUBEICHHBIC BHIIIE, MOYKHO 3aKJIFOUUTh, YTO:

a) ¢opmyna (1) conepxut O (M 2 % L) JIU3bIOHKTOB;

6) dopmyna (2) conepxur O (M?) QU3BIOHKTOB;

B) ¢opmymna (3) comepxur O (M) TU3BbIOHKTOB;

r) dhopmyna (4) conepxut O (M 3) JI3bIOHKTOB;

1) dopmyna (5) cogepxur O (M? x L?) IU3bIOHKTOB;

¢) (opmyna (6) conepxur O (M? x L?) 1U3bIOHKTOB.
Taxum oOpazom, OyzeT MpenyoKeHO HOBOE KOAMPOBAHUE JJIsi CBOMCTB, paHEe BbIpa-
*keHHbIX hopmynami (2), (3), (5) u (6).

[Ipexxe Bcero, MOXKHO 3aMETHTh, 4TO hopmyia (3) 3a1aeT CBOMCTBO, YTO Y KaK-
JI0T0 COCTOsIHMA dj (KpOME Ha4aJbHOI0) aBTOMara D CyIecTByeT KaKk MUHUMYM OJUH
poauTens B nepese BFS, npu aTom ¢ Mmenb1nm Homepom. OgHaKo, HaJI0 3aMETUTb, YTO
0 OMPEJICJICHUIO B JTIOOOM JiepeBe Y 10001 BEpUIMHBI KpOME KOPHS CYIIECTBYET POB-
HO OfIUH poauTenb. Toraa, MOKHO J00aBUTh OrpaHUYEHUE, 3a/1al0IIee CBOMCTBO, YTO
y KaXJI0ro cocTosiHMsA d; (KpoMe HayajabHOro) aBTromara D cymiecTByeT He Oonee of-
Horo ponutens B AepeBe BFS, npu 3Tom ¢ MeHbiinM HOMepoM. B coBoKymHOCTH J1Ba
JTAHHBIX OTPAHWYCHUS 33/1aJlyT BBIMICYIIOMSHYTOE CBOMCTBO 00 €IWHCTBEHHOCTH PO-
IUTEIS. 3aMETUM, YTO OTPaHUYCHHUE, 3a/Ial0IIee CBOMCTBO, YTO HE O0Jiee ueM O/THA U3
M nepeMeHHBIX UCTUHHA, MOXKET OBITh BhIpaxeHo uepe3 O (M 2) win O (M x log M)
IN3BIOHKTOB, UTO YKJIaJbIBa€TCs B 11esIeBOM pazmep popmynbr O (M 2 x L) TTU3BIOHK-
TOB.

q)aKTI/I‘-IeCKI/I, HOBOC OI'paHUYCHUC MOKHO 3aIIMCaTh CICAYIOIIUM 06pa30M.

j-1
/\ ij,i =1 (7)

1<j<M i=1



131

2.2.1 OnmnpeaesieHne poauTeIbLCKUX MePeMeHHBIX

dopmyna

/\ (pj,i <> tm’ A _'ti—l,j A _|t2'_27j VANA _|t17j)

1<i<j<M

npu nipeoOpazoBanuu B KH® Beipaxaercs uepes O (M 3) JIN3BIOHKTOB, TaK Kak 00e
MIEPEMEHHBIE ¢ U j UMEIOT 00JacTh JOIMYCTUMBIX 3HaUYeHUN pazmepa M, a Takxke mpa-
Bast yacth popmysibl umeet iy O (M ). Tak Kak MEpEeMEHHBIE ¢ M j HE3aBHCHUMBI,TO,
9TOOBI COKPATUTh KOJIMYECTBO JU3IBIOHKTOB, HY’)KHO COKPATHUTh MPABYH 4acTh (op-
MyJibl. Jlfis 5TOro mpesyiaraeTcsi BBECTH HOBBIE OyNeBbl IepeMeHHble {ft; ; bo<icj<ir
Ilepemennast ft; ; UICTUHHA TOTIA U TOJNBKO TOIJA, KOTJA BCE MEPEMEHHBIC ff j, TIIE
1 < k < 1, noxnsl (false t variables — noxHabie IepeMennbie t). UHBIME cliOBamH,
Jtij < —tig A=t g Ao oty st o = 0 B sBHOM BHJIE OnpenenuM, uto ft, ; = 1
juist 1000ro j. CTOWT, OJIHAKO, 3aMETUTh, YTO ONPEJIEICHUE MEPEMEHHBIX [i; ;, MPU-
BEJICHHOE BhIIIE, TpeOyeT Takxke O (M 3) TU3BIOHKTOB, YTO HE PEIIAET U3HAYAIBHYIO
npoOemy.

IIpu 5TOM, MOKHO 3aMETHTh, YTO 3HAYCHUE ICPEMEHHOM ft; ; 3ABUCHUT OT 3HAYe-
HUS BCEX MEPEMEHHBIX ftk’j, rae k£ < ¢. Torma, MOXKHO ONIpEACIUTh IEPEMECHHBIC ftm

PEKYPCUBHO:

1 i=0,1<

(8)

J
Jti ;<
Jtioi Aty 1<i<j<M
[Tpu npeodpazoBanuu B KH® dopmyna (8) Oynet cocrosite u3z O (M 2) JTU3BIOHKTOB.
Wcnonb3yst HOBbIE EpEMEHHBIE ft; ; GOpMyITy (2) MOKHO MEPEMUCATh CIIENYIO-

UM 00pa3oM.

/\ (pypi g /\fti—l,j) )

1<i<j<M

B nannoit popmyne periena npodiaema JJIMHHON MPaBoil 4acTU U 001iee YUCIIO TU3b-

I0HKTOB, TpeOyeMBbIX JJ1sl KOAUPOBAHUS IIEPEMEHHBIX P ;, Takxke O (M 2).
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2.2.2 3ananue mopsiAKa aeTeH ¢ MOMOIIBIO POAUTEIHLCKUX MePeMeHHbIX

dopmyna

N = pii)

1<k<i<y<M
npu ipeoopazoBannn B KH® Beipaxkaercs uepe3 O (M 3 ) JU3BIOHKTOB, TAK KaK BCE TPU
NepEMEHHBIE 7, j U k UMEIOT ToMeH pa3mepa M. [lepeMeHHBIE ¢ U j SBISIOTCS HE3aBH-
CUMBIMH, TTIOATOMY COKPATUTh pa3Mep Bceil (popMyJibl MOKHO TOJBKO M30aBUBIIUCH OT
MIepEMEHHOM k.
dakTuuecku, naHHas GopMylia 3a/1aeT OTpaHUUYEHUE, YTO POAUTENh COCTOSHUS
d;+1 aBTomara D umeeT HOMEp He MEHBILUI, 4eM HOMEP PoauTeNs COCTOsHUSA d ;. Tak-

K€ MOXKHO 3aMETUTh, YTO YUUTHIBASI OrpaHUUYEHUE, 3aaHHOoe (hopmyio (7), ABOUUHOE

YHCIIO Pj = Pj.1Pj2 - - - Dj,j—1 COCTOMT M3 j — 2 HyJIel U OIHOU eauHuLEbl. Toraa pac-
cMmarpuBaemas (popmyiia TOBOPHT, YTO B YHCJIE Pj+1 €IAMHCTBEHHAs CIMHMIA CTOUT HE
JIEBEE YEM B BEKTOPE Pj (M HA0OOPOT, YTO B YNCIIE P;j €AMHCTBEHHAS CIMHALIA CTOMT HE

npaBee 4YeM B BEKTOpE Pj+1). 1 yno0cTBa cpaBHEHH JAHHBIX YMCEN, PACCMAaTPUBA-

€TCsl paCIIMPEHHOE YHUCTIO Pj = P;1Dj2 - - - Pj,j—10. B KoHTeKkcTe nmeromericst GopmyIst
pacIIMpEeHHOE YHUCIIO HE OTIIMYAETCSl OT OOBIYHOTO, TaK KaK B HEM BCE €IIIE COJAEPKUT-
Csl pOBHO OJIHA €MHUIIA HA TOM K€ MECTE, YTO U paHblle (cuuTas, CieBa), HO TEeNepb
JABOMYHBIC YUCIIA Pj ¥ Pj11 UMEIOT OlMHaKoBo¢ unciio uudp. Torna ucxonnas popmyna
(haKTUYECKH 3a1a€T OTPAHUYEHHE Pj > Pj+ 1. C MOMONIBIO ;' IaJIee B IAHHOM pasyiene

OyzeT 0003Ha4aThCsl JBOMYHOE YHCIIO, sBIstomeecs cyGdukcom dncia pj, HAYMHAIO-

IUMCA C ¢-OW HU(PBI U 3aKaHYMBAs NOCHEAHEN: P;' = P;iDji+1 - - - Pjj—1. AHAJIOTUYHO,

Bj' = Djabiai- D

Jist cpaBHEHHST HEOOXOIMMO BBECTH HOBOE MHOKECTBO OYJIEBBIX MEPEMEHHBIX
{geq;:}1<j<ari<i<j+1.- Tlepemennas { geq; ; } MICTMHHA TOTIA U TONBKO TOT/A, KOT/IA YHC-
J10 ﬁji Oonpllie WM paBHO (greater or equal) yem uuncio pj+1i, a 3HAUUT W €JUHUIIA

BO BTOPOM YHCIIC HAXOIUTCS HE JIeBee YeM B mepBoM. OnpeesnTh MepeMeHHbIe geq, ;
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MOHO PEKYPCHBHO CJIEAYIOLIMM 00pa3oM:

N
geq;; < (10)
9€q;i1 N (Pji € Piv1i) Vi A pjri 1<i<j<M
Orpanuvenue geq; ;1 = 1 3a/1a€T HCXOHOE 3HAYECHUE [Is PEKYPCUBHOTO OTIpe-
JIeTIEHUs [IEPEMEHHBIX geq; ;. Jlaree, uucio ﬁji GOJIBIIIE UM PABHO YMCIIA Pj (1., TO €CTh
geq;; = 1, ecnu i-biii OUT YUCEN Pj U Pj11 COBIAMAET, & 1Jist CyPPUKCOB ﬁji“ u iji“
BEPHO, UTO IEpBbII O0JblIE THOO PaBEH BTOPOTO, UM €CIIU ¢-blii OUT YUCIIa Pj PaBEH
eMHHUILIE, a Yyucna Pj1 — Hymo. [locnennee BepHo, Tak Kak 00a uMcaa coaepkKar 1o
OJTHOM €TMHUIIC ¥ BHE 3aBHCUMOCTH OT TOTO, TIC HAXOAUTCS SIMHUIIA BO BTOPOM YHCIIC,
IpaBee WM JIEBEE, YHCIIO0 ﬁji CTPOTO GONbIIE YUCTA Py 1.
JIyist ynporeHust 3aucy 1 YMEHBIIICHUs pa3Mepa JU3bIOHKTOB MOXKHO BBECTH

ellle OIHM BCTIOMOTaTelbHbIe IEPEMEHHbIE { peq; ; 1<i<j<i- IlepeMeHHas peq; ; HCTHH-

Ha TOIJA U TOJILKO TOINA, KOTAA Dj; = Pjt+1,i-

peq;; < (Pji <> Pjt1i) (11)
Torma ¢popmyna (10) mpuMeT OKOHYATEIBHBIN BUI:

: i=j+11<j<M
9eq;; <> | (12)
9eq; i1 Apeq;; Vpji Apir; 1<i<j<M
ITpu npeobpazoBanuu B KH® popmymna (12) 6yner cocrosts uz O ( M2> HIBIOHKTOB.

Hcmonb3yst HOBbIC TIEpEMEHHbIE geq, ; hopmyity (4) MOXKHO Tepenucarh cieay-

IOIIMM 00pa3oM.

N geq;, (13)

1<j<M
JeficTBuTEnBHO, geq; = 1 < Pj = Pj’ = Pj+1' = Pjr1-
Takxum o6pazom, popmyina (9) Beipaxaercs uepes O (M ) AU3bIOHKTOB, a Gopmy-

nbt (11) 1 (12) — uepes O (M?) au3BIOHKTOB.
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2.2.3 OmnpenesneHue nepeMeHHbIX MUHUMAJBHOTO CHMBOJIA

dopmyna

/\ /\ (Mt € Yidad N Yido 1 N Wik j A A Yid )

1<i<j<M 1<n<L

npu npeodpazoBanuu B KH® Beipaxkaercs uepe3 O (M 2 x LQ) JTU3BIOHKTOB, TaK KaK
00e MepeMeHHbIE ¢ U j UMEIOT 00J1aCTh TOMYCTUMBIX 3HaU€HU pa3zmepa M, nmepemen-
Hasi n — pa3Mepa L, a Takxke mpasasi 4acTb Gpopmyisl umeet miuHy O (L). Tak kak
NEPEeMEHHBIE ¢, J] U N HE3aBUCHUMBI,TO, YTOOBI COKPAaTUTh KOJIUYECTBO JHU3BIOHKTOB,
HY’KHO COKpPAaTUTh MPaByr 4acTh (popmynbl. MOXKHO 3aMeTUTh, YTO JaHHas (opMmy-
Ja IO CBOEM CTPYKType aHAJOTMYHA TOW, YTO paccMmarpuBaiach B pazgene 2.2.1. To-
I/1a aHAJOTHYHO MOXHO BBECTH HOBbIE OyJeBbI TIEPEMEHHBIE {fy; | i to<i<j<i 0<n< -
Ilepemennast fy; ; ; UCTUHHA TOTJIA U TOJIBKO TOT/IA, KOIJIA BCE IEPEMEHHBIE Y; 1, j, TIIE
1 < k < n, noxusl (false y variables — noxHbie nepemennsie y). UHbIMU clioBa-
MU, fY; 1 5 4 Wilei N Wil N -+ Wi A no= 0 B IBHOM BUJIE OIPENENUM,
9TO fY;;,; = 1 i moOkix i, j. Jlajee, aHaOTHYHO TOMY, KaK 3TO ObUIO C/ETAHO B

paszene 2.2.1, onpenenum epeMeHHsbIC fi; ;  PEKYPCUBHO.

—_
—_
/N

f 1<j<Mn=0 (14
Yil,j <
JYir, i N Wi 1<i<j<M1<n<L

[Tpu npeobpazoBanuu B KH® dopmyna (14) 6yner coctosts uz O (M 2 % L) J3b-
IOHKTOB.

Wcnonb3yst HOBbIE TIEPEMEHHBIE [y, ; + HOpMyITy (5) MOXKHO MEpENUcaTh Ciey-

n 7]

IOIIMM 00pa3oMm.
/\ /\ (Mt > Yidad N g ) (15)
1<i<j<M 1<n<L

B nannoit popmyne periena npobdiaema JIMHHON MPaBoOi 4acTU U 0011iee YUCIIO TU3b-

I0HKTOB, TpeOy€eMBbIX /715l KOAUPOBAHUS IEPEMEHHBIX 11 7, j, Takke O (M 2 x L).
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2.2.4 3ananue mopsiaAka aeTei 0AHOTO POAMTEJIS

dopmyna

A N (0ji Apjeri Amig, 5 — —mig, i)

1<i<j<M 1<k<n<L

npu npeoOpazoBanuu B KH® Breipakaercsa taxke yepe3 O (M 2 x L2) JTU3BIOHKTOB,
TaK Kak 00e MEepeMEeHHbIC ¢ U j UMEIOT 00JIaCTh JOMYCTHUMbBIX 3HAUCHUN pasmepa M,
a 00e mepeMeHHble n U k — pa3Mmepa L. [lepeMeHHbIC 7,7 U N ABJISIOTCS HE3aBUCH-
MBIMH, TTIOATOMY COKPATUTh pa3sMep Bcel (PopMyJibl MOXKHO TOJIBKO M30aBUBIIUCH OT
nepeMeHHon k. MOXXHO 3aMeTHUTh, UYTO AaHHas (GopMmysa MO CBOEH CTPYKType aHa-
JIOTMYHA TOM, YTO paccMarpuBaiachk B paznene 2.2.2. Torna aHalOrM4HO MOXXHO BBE-
CTH HOBbIE OyJIeBBI IEpeMEHHbIC {fm, | i }o<i<j<iro<n<i- IlepeMenHas fm,; ; MCTHH-
Ha TOIZIa M TOIBKO TOIZAA, KOIJa BCE MEPEMEHHbIE My, j, tae 1 < k < n, JI0XK-
el (false m variables — noxuble nepemennbie m). UupiMu cnosamu, fm;; ; <>

A...—myy, . Jdnan = 0 B SBHOM BHJIE ONIPEIENINM, YTO fm, 1

_lmzalnvj /\_|mlal 7’7107j -

n—laj

U1l TIOOBIX 7, 7. Jlanmee, aHalOruYHO TOMY, KaK 3TO OBLIO clelaHo B paszzene 2.2.2,

OTIPEJIEIIM TIEPEMEHHBIE fmn; ; ; PEKYPCUBHO.

—_
—_
VAN

1<j<Mn=0
fmig, 5 < (16)
Jmig s ATmg, s 1<i<j<M1<n<L

Ipu npeoGpasosannu B KH® popmyna (16) Gyner cocrosts uz O (M? x L) nusb-
FOHKTOB.

Hcronb3yst HOBBIE IEpEMEHHBIE fm dbopmyny (6) MOXKHO TIepenucarh cieny-

Uln,J

IOIIMM 00pa3oMm.
/\ /\ (i A pjrri Amig, 5 — —fmgg i) (17)
1<i<j<M 1<n<L

Taxum 006pazom 00111ee YUCIIO TU3BIOHKTOB, TPEOYEMBIX JUISl OTPAHUYEHUS MTOPSAKA Jie-

Tel olHOTO cocTostHUS, paBHseTcs O (M 2 % L).
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2.3 Tloaxoabl K COKpaIIeHUIO MPOCTPAHCTBA MOMCKA, OCHOBAHHbIE HA

0CO0EHHOCTSIX ABTOMATA JiepeBa 00X0/1a B IIUPUHY

B naHHO# 171aBE MpeIararoTCsl HOBbIE METOABI IO COKPAIIEHUIO MPOCTPAHCTBA
noucka B 3agade renepanuu JIKA MUHMMaIbHOrO pasMepa o 3aJaHHBIM CIIOBAPSIM.
JlanHble METOABI HE SBIAIOTCS HEOOXOAMMBIMU JJIi HAXOXKIEHHUS COOTBETCTBYIOLLE-
ro aBTOMara, HO MOMOTAl0T c/enarh 3To ObIcTpee. B ocHOBe mpeiaraeMbix METOI0B
JIEKUT UCTIONIb30BaHUE CTPYKTYpHBIX ocobenHoctelt BFS-nponymeposannoro JIKA, a

TaK)Ke CBS3b MEXK]y paCIIMPEHHBIM Npe@uKcHbIM aepeBoM u JIKA.

2.3.1 IlonHoe nepeBo 00x01a B IIUPUHY

Ha pucynke 11 nokazano nonHoe BFS-nepeBo, mocTpoeHHOE IO HEKOTOPOMY aB-
ToMary. JlaHHO€ 1€pPEBO SBISIETCS TTOJHBIM, TAK KaK Y Ka)K/10M €ro BHYTPEHHEN BEPIIHU-
Hbl umeerca no L neredl. Torga gaHHOE AEpEBO MOKA3bIBA€T MAKCUMAJIbHO BO3MOXK-
HbIE HOMEpa, KOTOPbIE MOTYT OBITh Y JI€T€l HEKOTOPOTO COCTOSIHUS d;. [lefcTBUTEb-
HO, HEJb34 T00ABUTH B JJAHHOE JIEPEBO HOBBIE BEPIUINHBI, KOTOPHIE OyAyT UMETh HO-
Mep Mexay ¢ U ¢ - L + 1, Tak Kak BCe BO3MOXKHbIE TTO3ULIUU 3aHATHL. B TO ke Bpems,
€CIIU yIalIuTh KaKhe-TO U3 BEPIIMH MpaBee WIM HUXKE BEPIIUHBI d;, TO HOMEpa JeTel
MOTYT TOJBKO YMEHbIIUTHCS. [lanee OyayT mpeacTaBieHbl JOMOJHUTEIbHBIE OIPaHU-

YEHUsI, KOTOPBIE CIEIYIOT U3 pucyHka 11.

Coxkpamenue 00,1aCTH OnpeaeIeHUs] POAMTENbCKUX IEPEMEHHBbIX. Y HEKOTOPOTo

coctosinus d;, tae 1 < ¢ < M, nerbmu B BFS-1epeBe MOryT ObITh TOJIBKO COCTOSIHUS C

HOMepamu oT i+ 1 go min (i - L 4+ 1, M). Tak kak B BFS-nepeBe Homep pebeHka Bcerna

OoJbllle HOMEpPA POJUTEINsI, TO HUXKHSIS TpaHuIla TpuBHaibHa. Pucynok 11 ummoctpu-

pyeTr 000CHOBaHUE BEpXHEW rpaHulibl. J|edCTBUTENBHO, MOXKHO J1I0KAa3aTh MO MHIYK-
k=1 7 p k r

IIUM, YTO COCTOSIHHS Ha k-OM ypOBHE HMEIOT HoMepa oT » - L"+1mo > ", L". ba3a

uHAYKIMY npu k = (0, oueBuAHO, BepHa. Eciau Uit HEKOTOporo ciost k& yTBepKAeHHE
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Pucynok 11 — ITonnoe BFS-nepeso, e [X| = L

BBIIIIC BEPHO, TO JIJISI CJ10sI k+ 1 BepHO, UTO HyMepaIlus COCTOSHUI Ha HEM HAYMHACTCS C
S L+ amceromepumn (S0 L' — (005 L7 4+ 1) 4+ 1)L = LEx L = L+,
U3 YET0 CJICAYET, YTO MOCICTHEE COCTOSTHIE UMEET HOMED Zf:o L'+ LA = Zfié L.
BrIpasuth qaHHOE CBOHCTBO MOXKHO, JTUOO OIIPEICIIUB IIEPEMEHHBIC IS COOTBETCTBY-
roreif 00macTH Onpenenesus — {P;; }1<i<j<min(i-L+1,M)> 1100 B IBHOM BHJIE yKa3aB,

yro p;; = Ompu j > - L + 1.

Coxkpamenue 00,1acTH onpeaejieHUs IepeMeHHbIX Mepexo1a U NepeMeHHbIX HAJIU-
yus nepexoaoB. I[lomMuMO 3aKOHOMEPHOCTEN MEXKIYy HOMEpPAMU POJIUTENEN U AETEU
B BFS-nponymepoBaHHOM aBTOMATE, MOJKHO 3aMETUTH 00Jiee 00IIyI0 3aKOHOMEPHOCTh
OTHOCHUTEIIBHO nepexoaoB. 13 coctosuus d; B BFS-nponymepoBanHOM aBTOMAare He
MOKET B IPUHLIMIIE CYHIECTBOBATh IIEPEX0/1a B COCTOsIHMUE d; ecim j > ¢ - L + 1. [leit-
CTBUTEJIBHO, U3 JI0KA3aHHOTO B MPEJbIITYNIEH CEKIIUU CIEAYET, 4YTO Yy COCTOSHMSA d; po-
JTUTEIIeM JIOJIKHO OBITh COCTOSIHUE df, TAC k > . Ho, eciu cymecTByeT U3 COCTOSHUS
d; CyIECTBYET IEPEXO B COCTOsIHME d;, TO 1o mpuHmIry BFS o6xona ponurenem co-
CTOsAHUA ; TOIKHO OBITH coCTOsIHUE df, Tae k < 4. IlomyuuBineecs nporuBopedne
JI0Ka3bIBaeT MCXOAHOE yTBEpKIAeHUE. Takum o0pa3oM, MOXKHO CHENIaTh 3aKIIIOUEHUE,
uro y;;; = 0npu j >i- L+ 1;1 € X,

Kak ciiencTsue, o onpeeeHuio NEPeMEHHBIX HAIMYHS TIEPEX00B BEPHO, UTO

tZ7J:0HpI/I]>ZL+1
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2.3.2 3aBHCHMOCTH MeKAy HOMEPaMH POAMTEIbCKUX BEPIIUH H JeTel

[TomMmuMoO TOTO, YTO Y Ka)JAOr0 COCTOSIHUA d; aBTOMara D neTbMHU MOTYT OBIThH
COCTOSIHUSI ¢ HOMepamu OT ¢ + 1 1o ¢ - L + 1, MOXKHO yTBEpKJaTh, UTO COCTOSHUE
d; MOXeT OBITh poauTENIeM He Oosiee YeM L COCTOSIHUM, KOTOPBIE MPU 3TOM MPOHYMeE-
pOBaHHBI NIOce0BaTeNbHO. KomnuecTBo fAeTeit orpaHndeHo pazmepom anndasButa, Tak
KaK paccMaTrpuBacMblii aBTOMAT SIBJIIETCSA JNETEPMUHUPOBaHHBIM. [locienoBarenbHas
HyMepauus CIeAyeT U3 CTPYKTypbl anroputma BFS — netu HexkoToporo cocrosiHus
OOYEPEIHO AOOABISAIOTCS B OUE€pPEb U UM IIPUCBAUBAIOTCS MOCIEA0BATEIbHBIE HOME-
pa. JlaHHOE CBOMCTBO MOXKHO Ha3BaTh CB0UCMEOM HenpepviHocmu. J1ns OyneBoro Ko-
JUPOBAHUS MPEIUKATOB HAPYLIEHUSI CUMMETPUU TAHHOE CBOMCTBO O3HAYAET, YTO IS
(MKCUPOBAHHOTIO ¢ MEPEMEHHBIE D;; JIOXKHBI JJIsl BCEX J, KPOME HEKOTOPOTO OTPE3Ka
[os -+ - dsl, tme 1 < jo < js < M, s < L.

MoHO 100aBUTh JOTIOJHUTEIbHBIE OTPAHUYEHNUS, 33JA0IKE TAHHOE CBOMCTBO,
KOTOpPbIE€ TOMOJHUTEIBLHO OTpaHWYyaT MPOCTPAHCTBO Moucka. JJig 3Toro HeoOXxoaAnuMo
BBECTH JIBa IOTOJHUTENbHBIX MHOKECTBA OY/IEBBIX MEPEMEHHBIX — {Inp; ;b 1<icj<i U
{mpj,i}KKKM-

Ilepemennas [np j; ACTHHHA TOT/a, Korna nepemennas p;; = 0 u j < jo. MHpIMK
CJIOBaMH, JTaHHAs MEPEMEHHAasi UCTUHHA B CIy4Yae, KOIZa j HAaXOAUTCA JIEBEE OTPE3Ka
UCTUHHBIX poauTesbckux nepemeHHsix (left no parent). Onpeaenuts Ha S3bIKE BBIMO-
HUMOCTHU OyJl€BbIX POPMYJI JaHHBIE IEPEMEHHBIE MOXKHO CleAyronmm odopazom. Dop-
MyJia

N pii Apjai — Inp,

1<i<j<M

3a/1a€T MOTPAHNYHOE HCTUHHOE 3HAYCHUE IEPEMEHHBIX [np ; ;. Jlanee, HeoOxomumo 10-
0aBUTH hopmyTy

/\ Inpj; = Inp;_y 4,
1<i<M,i+1<j<M
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KOTOpast 33/1a€T 3HAYEHHsl IEPEMEHHBIX [np,; JeBee morpanndHoro. Kak cren-
CTBUE U3 ONPEJICITICHNUS IEPEMEHHBIX [np ; ;, MOXKHO JI00ABUTH CIENYIOILYIO GopMyIy:

1<i<j<M

Takum 00pa3om, epeMeHHbIe [np ; ; AT KaXI0T0 ¢ HCTHHHBI Ha4YMHasA € j = 1 U
110 TeX TI0p, IOKA P;1,; HE OyleT HCTUHHO. MOYKHO 3aMETUTh, YTO HAYMHAS C MOMEH-
Ta, KOT/a p;j; UCTUHHO, 3HAYEHUE MEPEMEHHBIX [np,; HE ONPEIENEHO, YTo, Kak Oyner
MOKa3aHo J1ajiee, HE UTPAET HUKAKON POJIH.

AHaJIOrHYHBIM 00pa30M ONPENENIAIOTCS IEPEMEHHbIE 1P ; ;. [lepemMenHas rp; ;
MCTUHA TOTJA, KOrJa nepeMeHHas p;; = 0 u j > j,, TO €CTh KOIZIa j HaXOAUTCS Ipa-
BEE OTPe3Ka MCTUHHBIX POAMUTENIbCKUX MepeMeHHbIX (right no parent). [Torpanuunoe
MCTHHHOC 3HAYCHHUE IEPEMEHHBIX 77D ; ; 3a[[aCTCs C HOMOIILIO POPMYIIBI

/\ Pj-1i /N TPji = TP ;-
1<i<j<M
3HayeHe MepeMEHHBIX IIPaBee MOrPaHUYHOTO 33/Ial0TCS AaHATIOTUYHO TIPEIbIY-

HIeMy CITydaro:

AN T e

1<i<yj<M

Kax u B ciiyyae ¢ IepEMEHHBIMU np ; ;, MOXKHO JI00aBUTH (popMyITy
/\ ™p;; — Dji-
1<i<j<M
[lepemennbIie rnp;; MU KaKAOTO ¢ UCTHHHBI Ha4YMHas ¢ j = M W B TOpsAKe
yOBIBaHUS HCTHHHBI JI0 T€X 110P, IIOKA p;_1 ; HE OyIeT HICTUHHO. MOKHO 3aMETHUTB, YTO,
aHAJOTUYHO, HAUUHAsA ¢ j = 1, U 10 TeX IOP, MOKA p; ; HE CTAHET JIOKHOM I0CIIe CEpUn
MCTHHHBIX 3HAYECHUH, 3HAYCHUE MIEPEMEHHBIX T7p;; HE onpeaeseHo. [Tomumo sToro,
MOXXHO JT00aBUTh CIEAYIONIYI0 (OPMYITY:
/\ T’Tlpjﬂ' — Wil
1<i<y<M,lex
JIelicTBUTENIbHO, €CIIU COCTOSTHUE d; UMEET JeTel ¢ HOMepaMHu jo, . . . , js, TO U3
COCTOSIHUS d; HE MOXKET ObITh MEPEXOJI0B COCTOSHUS C HOMEPAMU OOJIBIIIMMH YEM s,

WHaYye JaHHBIE COCTOSHUS ObLIM OBI TAK)KE JETHMHU COCTOSHUS d;.



140

JlomoTHUTENBHO, U3 TOTO, UTO d; MOKET UMETh He OoJiee ueM L JeTeil, ClenyerT,

qTo0

A Pji = Inp;_r;
1<i< M+ L<j<M—L

H 9TO

/\ Pji = TNPj1L ;-
1<i<j<M-L

IlepemenHbIe Inp; ; U rnp; ; TOMOTAIOT 3a]1aTh HEKOTOPIM IEPEMEHHBIM P ; JTI0K-
Hoe 3Hauenue. OHAKO, MCXOAS U3 UX 3HAYCHHS, MOXKHO HEKOTOPBIM IIEPEMEHHBIM P)j ;
3a]aTh MCTHHHOE 3Ha4YeHue. Tak, eciu IUIsk HEKOTOPBIX j; < j2 BEPHO, YTO Inp; ; U
NP, ; JIOKHBI, TO IS BCEX j' Takux, uro j; < j' < jo BepHO, 4TO p;r; HcTHHHA. DOp-
MaJIbHO,

/\ _‘lnpjhi A\ —|7’7’ijw~ — pj’,i'

1<i< M;i<j1 <j'<jo<min(j, +L—1,M)
Taxoke, y4uThIBast, 4TO JIETH HEKOTOPOTO COCTOSIHUS ; IPOHYMEPOBAHHBI MOCIIC-

JOBATCIbHO, MOXHO Z[O6aBI/ITI> ciacayromiee OorpaHn4YCHUC!

/\ Pji N Pkji = Pk—1,i-
1<i<j<k<min(j+L—1,M)

2.3.3 MuHuMAaJIbHOE PACCTOSIHUE B JiepeBe 00X01a aBTOMATA B IIMPHHY

Eme onanm cneactBuem ananusa nosHoro BFS-aepesa (cMm. pucynox 11), siBis-
€TCsl OTPAaHMYEHUE MUHUMAJIBHOTO PACCTOSIHUS OT CTAPTOBOTO COCTOSIHMA aBToMara D
10 Bcex apyrux. He cnoxHo 3aMeTuts, uTo B oaHoM BFS-nepese, npencraBieHHOM
Ha pUCYHKY 11, rm1yOuHa HEKOTOPOTo COCTOSHUSA d; MUHMMAaJbHA. JIeCTBUTEIBHO, B
HernosiHoM BFS-nepeBe Ha kaxa0i niyOMHE COCTOSHUI HE OOJIbIIE YEM B MIOJTHOM Jie-
peBe, a 3HAUUT COCTOSIHUE MOKET HaXOAUTCS UJIM Ha TOM K€ YpOBHE, WK Tiryoske. Toraa
1yOuHa cocTostHus B ofiHOM BFS-niepeBe Oynet sSBIsATHCS OLEHKON CHU3Y JIsl TITyOu-
HBI COCTOSIHUS B CIIy4ailHOM JIEPEBE.

Jliia moka3areiabCcTBa MOKHO BOCIIOJIb30BATHCSL paHEe JOKa3aHHBIM (DaKTOM, 4TO

~1
Ha ypoBHE k B monHoM BFS-aepeBe HaxonsTcs COCTOSHUSL C HOMEPAaMHU OT <Zf0 +1>
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10 <Zf_0> WNubiMu c10BaMH, HOMEPA COCTOSTHUM Ha YPOBHE k HAXOIATCS B MOJIYOT-
KPBITOM UHTEpBAJIE (Zf:ol Lt Zf:o Li] . Ecniu TOMHOXXUTB JI€BYIO U IPABYIO FPAHUILIBI
uHTepBasia Ha (L — 1) u npubaBUTh SMHUILY, TO TOIYIUTCS HHTEPBA (Lk; Lk“} . Te-
Hepb, €CIIH B3SITh JIOrapru(PM 110 OCHOBAHUIO L OT 00EHUX IPAHUIL U BEIYECTH €ANHHUILY, TO
nonyuutcst, uatepsai (k — 1; k]. I3 3TOro MOXHO 3aKJIFOYUTh, YTO MUHHUMAJIbHAS Ty~
OWHA COCTOSIHUS C HOMEPOM j, a 3HAYUT U MUHUMAIBHOE PACCTOSTHUE OT CTApTOBOTO
COCTOSIHHMS JI0 Hero, paBHsietcst Dy, (7) = [logy (- (L — 1)+ 1) — 1].

Taxum o6paszom, i M000r0 COCTOAHUSA d; aBTOMara D MHUHUMaJIbHOE PaccTo-
SHUE OT CTApTOBOTO COCTOSHUSA di 10 d; He MeHbIue, 4eM D, (j). Toraa, ecnm pac-
CTOSTHHE OT KOpHSI t1 MPeUKCHOTO jiepeBa / 10 HEKOTOPOH BEPIIHHEI £, MEHBIIIE, YeM
MHHUMAJIEHO BO3MOXHOE paccTossHue 10 cocTossHust d; aBromara D: A (v) < Dy (4),
TO MOKHO YTBEP3K/1aTh, YTO BEPIIUHA ¢, HE MOKET COOTBETCTBOBATh COCTOSTHHIO dj, TO

€CTh T, j = 0.

24 Peanu3anus u IKCIMEPUMEHTAJIBHBIC UCCIICIOBAHUA METOAOB, HCITOJIb3YIOIIIUX

paspaﬁoTaHHHe MOAXO0AbI K COKPAIICHUIO ITPOCTPAHCTBA IOUCKA

B HacrosiieM paszzene mpUBOISTCS OMHCaHUE pa3pabOTaHHOTO MPOrPAMMHOTO
cpenctBa ais renepanuu KA mo mpumepaM NMOBEICHUS U pealu3aiuu pa3padboTaH-
HBIX MeTOI0B reHepanuu JIKA B paMkax JaHHOTO MPOTPAMMHOTO KOMILJIEKCA, a TAKKe

PE3YJIbTAaThl SKCIICPUMCHTAJIbHBIX I/ICCJ'IeI[OBaHI/Iﬁ p33pa60TaHHBIX MCTOHOB.

IIporpaMMHoOe cCpeacTBO /Jisi TeHepaluu JAeTePMUHUPOBAHHBIX KOHEYHBIX
aBTOMATOB 10 NpuMepaM mnoBedeHHsi. s pemieHUs pa3IMYHBIX 3ajad, CBS-
3aHHBIX C TeHepamuedn JIKA 1o 3amaHHbIM npuMepaM TOBEICHHUS, Ha SA3BIKE
python ObUIO pa3pabOTaHO MPOTPAMMHOE CPEACTBO C OTKPBITHIM HCXOAHBIM KOJOM
DFA-Inductor-py [76]. Ha pucynke 12 npeacrasieHa cTpykTypa IporpaMMHOIO
cpeactBa. C noMoliipio cpefactBa DFA-Inductor-py MoXHO renepuponarh JIKA ¢

MUHHUMAJIBHBIM YHCJIOM COCTOSIHUU MO 33JJaHHBIM NpuMepaM noBeaeHus: (Min-DFA),
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renepupoBath JIKA 1o u30bITOUHOMY MHOXKECTBY HpuUMEpOB moBefeHUs (CEGAR,
noapoOHee B miaBe 3), reHepupoBaTh Bce Henzomopdubie JIKA, cooTBercTByromiue
npumepam nosenenus (Find-ALL, noapoOHee B miaBe 4). B mporpammHoM cpen-
CTBE€ peaJin30BaHbl METO/Ibl HAPYILIEHUSI CHMMETPUU KaK MPEIJIOKEHHbIE paHee, TaK U
pa3paboTaHHbIE B JaHHOM quccepTauuu. [{i1s B3auMoneicTBus ¢ MpOrpaMMHBIMU CPeJi-
ctBamu it pererus SAT ucnonbiyercs oubdanoreka PySAT [47], koTopast conepKuT

B ceOe 00epTKU Ha s3bIke python HaJ MOMYISIPHBIMU IPOrPAMMHBIMU CPEJCTBAMHU.

A
4‘ Searcher
\

4
Min-DFA CEGAR

A

SAT-solver
(pysat.solvers.Solver)
Y
DFA-builder

Pucynok 12 — Crpykrypa nporpammHoro cpeacrsa DFA-Inductor-py

!

4

Find-ALL

i
T [7)

Ha Bxojn cpenctBy momaroTcsi IpUMEphl MOBEACHUS B cieayromem ¢opmare. B
nepBoi cTpoke (paiisia copepkarcs ABa LENbIX YUCIIa, pa3eIeHHbIX IPOOeIaMu: YUCIIO
pUMEpOB NOBEAEHHs S U pa3Mepa ajdasuta L. Jlanee B caenyromux S cTpOKax Onu-
CBIBAIOTCS CaMU IPUMEPHI TOBEACHU. [IepBoe 4uCiIo B CTPOKE 3a1a€T K KAKOMY THUITY
OTHOCHUTCSI JaHHBIN ITPUMED MOBENCHUSA — €CIIU OH JOJDKEH IIPUHUMATHCS aBTOMATOM,
TO YMCJIO PABHAETCS 1, €CiM HE JOJDKEH NPUHUMATh, TO (). Bropoe 4ucio B CTpoke 3a-
JaeT JUIMHY 1 JAaHHOTO npumMepa. Crenyromue n 4uces NpUHUMAaroT 3Hadenus ot 0 1o
L — 1 u aBASIOTCS CUMBOJIAaMU TIEPEXOJIOB IAaHHOTO IpuMepa noBeAeHus. Hanpumep,

MHOYKeCTBa MpuMepoB noseaeuus S, = {aa, bbb} u S_ = {b, abab} npencrapnsirorcs
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B ONMKHCAHHOM (hopMaTe CIEAYIOIUM 00pa3oM:

42
1211
010
041010
13000

Ha Bbixon DFA-Inductor-py BO3BpaIla€T aBTOMAT, COOTBETCTBYIOIIUHN 33 IaHHBIM

npumepam noseaeHus, B popmare GraphViz [77].

Ha pucynke 13 mpencraBieHa guarpaMma KJIacCOB MPOTPaAMMHOTO CPEICTBA

DFA-Inductor-py. [lonpoOHO 03HAKOMUTHCS C KOJIOM MTPOTPAMMHOIO CPEZCTBA, a

TaKXe ¢ UHCTPYKUHMEN [0 YCTAHOBKE MOYHO M0 CChUIKe [76]. [l momyyeHus crpaBKu

10 PA3JIMYHBIM [TapaMeTpaM 3aIlyCcKa MOCJe yCTAaHOBKU MPOTPAMMHOTO CPEJICTBA HEOO-

XOMMO B KOMAHJJHOM CTPOKE BBIMOJIHUTH KoMaHay “dfainductor --help”.

APTA

LSUsS

+ add_example(example: str)

]

—

InconsistencyGraph

—

+ apta: APTA

+ apta: APTA
+ig: InconsistencyGraph
+ cg: ClauseGenerator

+ ep: ExamplesProvider

«interface»

+ update(new_nodes_from: int)

+ search(lower_bound, upper_bound): DFA

SAT Solver
(pysat.solvers.Solver)

L

ClauseGenerator

(solver: Solver, size: int)

+ generate(solver: Solver, size: int)

+ generate_with_new_counterexamples

Vi

ExamplesProvider

+ examples: List[str]

+ get_counter_examples(DFA): List[str]

DFA

N

BFS SymBreaking
ClausesGenerator

ClausesGenerator

TightBFS SymBreaking | |

NoSymBreaking
ClausesGenerator

+ states: List[DFA.State]

+ add_state(accepting: bool)
+ add_transition(from: int, label: str, to: int)
+ run(word: List[str]): bool

+ check_consistency(examples: List[str]): bool

PN

LinearAbsolute
—1 ExamplesProvider

LinearRelative
ExamplesProvider

GeometryProgression
ExamplesProvider

NonCegar
ExamplesProvider

Pucynok 13 — /lnarpaMmma kiaccoB NporpaMMHOro cpeactsa DEFA-Inductor-py
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Peanuszanus pa3padoTaHHBIX METOA0B I'eHepPalMU A1eTEPMUHUPOBAHHBIX KOHeEY-
HbIX aBTOMAaTOB. Bce pa3paboTaHHbIe B HACTOSIIEH IT1aBE€ METOABI ObUIH peaIn3o-
BaHbI B paMKax IpOrpaMMHOTO0 cpenictBa DFA-Inductor-py. [ns BeIOOpa ucnonb-
3yeMBbIX MPEIMKATOB HAPYIIEHUSI CAMMETPUHU HEOOXOAMMO IIPH 3aITyCKE MPOrPAMMHOTO
CpeACTBa yKasarh mapametp “--sym-breaking/-b” u BbIOpaTh OMHO U3 CIEAYIO-
[UX 3HAYCHUM:
— NOSB — H€ UCIO0ab30BaTh NPEAUKAThl HAPYIICHUSI CUMMCTPUU;
— CLIQUE — HCIOJIb30BaTh MPEAMKAThl HA OCHOBE MOMCKAa KJIMKU B Tpade
HECOBMECTUMOCTH, IIPEJIOKCHHBIC B CpeACTBE DEASAT;,
— BFS — wucnonb3oBartk BFS-nipenukarsl, npemioKEeHHbIE B CpPEICTBE
DFA-Inductor;
— DFS — ucnoab3oBarh DFS-nipenukatel, npeaioxkeHHbie B pa3aene 2.1 Hacro-
SAIIEW TUCCEPTALNH;
— TIGHTBFS — wucnonb3oBate BFS-mpenukarsl, npeaioxeHHbIE B pasjie-

nax 2.2 u 2.3 HacTosIIIEeH AUCCEepTaLUU.

AJITOPUTM reHepalMu CJAYYAHHBIX JaAHHBIX JJIs1 MPOBEAEHUsSI IKCIEPUMEHTAb-
HBIX HcciaenoBaHuii Tak Kak BCe M3BECTHBIC TECTOBBIC JAHHBIC BCE €IIIE CIUIITKOM
CJIOXHBI JIJISl pEIISHUS ¢ TIOMOIIBI0 TOUHBIX MeTO10B reHeparuu JIKA 6e3 nmpoBeneHus
IPEIBAPUTEIILHBIX OBPUCTUIYCCKHUX CUSHUM COCTOSHUM, ObLIT pa3padoTaH aJITOPUTM I'e-
HEpaIUU CIYYaHbIX IPUMEPOB NOBeieHU 1o ciaydaiiHoMmy JIKA. /laHHBIN alroputM
CTPOUT MHOXECTBO MTPUMEPOB TOBEACHUS TIO CIIEAYIONIEMY HaOOpy MapaMeTpoB:

a) pasmep M neTepMUHHUPOBAHHOTO KOHEYHOTO aBTOMAra, 10 KOTOpOMY OymayT

TeHEPHUPOBATHCS MPUMEPHI TIOBEICHHS;

0) pasmep andasura A = |3|;

B) YHCJIO IPUMEPOB MOBEACHUS S, KOTOPBIE HYKHO CTEHEPHUPOBATH.
Pa3paboTaHHbIl AJITOPUTM YCTPOEH CIIEAYIOMUM 00pa3oM. AJlpaBUT 3aITOTHSAETCS YUC-
mamu ot 1 10 A: 3 = {1, ..., A}. IlepBbIM marom co3natotcst M cOCTOSHUMN, TPOHYME-
POBaHHBIX YHUKAIBHBIMU YciIaMu oT 1 1o M — [dy, ds, . . ., dj;]. Kaxmoe cocrosiHue

pPaBHOBEPOSTHO TIOMEYAeTCsl Kak J1M00 MpuHUMarolee, 1100 oTBepraroiiee. 3areM Ha
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Ka)KJIOM ¢-OM Ilare (HauyuHas ¢ ¢ = 2) BBIOMPAIOTCS CIy4ailHBIM 00pa3oMm (paBHOBE-
POSITHO) OJTHO M3 COCTOsIHUIA [dy, . . ., d;_1], cOCTOsIHKE d;, ¥ U3 IEPBOTO COCTOSIHUS BO

BTOpOE J00AaBIAETCS TIEPEXO IO CIyIaHOMY CHMBOJY (TaKke, pABHOBEPOSITHO).

Yr1Bep:xknenue 1. [locne M-oro mara nojgydaercs 4aCTUYHO MOCTPOEHHBIN aBTOMAT,

1€ BCC COCTOAHUA JOCTUKHUMBI U3 CTAPTOBOI'O COCTOSHUA dl.

Hoxazamenvcmeo. JIOKakeM 10 MHIYKIUH YTBEPIKICHUE, YTO TOCIE k-Oro Imara Bce
COCTOSIHUS [d1, . . . , d)| MOCTIKHMBI 3 CTAPTOBOTO COCTOSHUS .

Basa uHAyKIuuU 1pu k& = 2 BepHA, TaK KaK Ha BTOPOM IIIare IepeXoa0M COEIMHS-
IOTCSL OJTHO M3 COCTOSIHUM [dy, ..., ds 1] = [d1] = dy u cocrosiHue dy. Toraa neicTBH-
TEJIBHO BCE COCTOSIHUS [dy, d3] JOCTHIKUMBI U3 CTAPTOBOTO.

JlokaskeM repexo MHAYKIuH. ITycTh It HEKOTOpOro k BEPHO, UTO MOCE k-0ro
1ara Bce COCTOsiHuUs [dy, . . . , dj| AOCTMKUMBI U3 cTapTOBOrO coctosiaus dp. Torma Ha
(k + 1)-oM miare ciryyailHO BEIOMPAETCsI OJHO M3 COCTOSIHUIA [dy, . . . , dj;| — HE yMeHb-
1ast OOIIHOCTH, ITyCTh BEIOUPAETCS COCTOSHUE d;y — M J0OABIIAETCS TIEPEXO U3 HETO
B COCTOSIHUE d 1. [10 TIPEAMOIOKEHHIO HHIYKIIUH BCE COCTOSTHMUS [dy, . . . , di] yx&e 1o-
CTHIKHMBI M3 CTAPTOBOTO, & B COCTOSIHUE dj, | U3 COCTOSIHUS (/] MOYKHO ITOTIACTh Yepes3
COCTOSIHHE d; TI0O HOBOMY J1I00aBiIeHHOMY Tepexony. [lepexon noka3zaH.

Torna mocne M-oro mara Bce COCTOSHHUSA [dy, . . ., d ] TOCTHIKUMBI U3 CTAPTOBO-

IO COCTOSIHUSA d;. ]

[To noxa3aHHOMY BBIIIE YTBEPKACHUIO TAPAHTUPYETCS, YTO BCE COCTOSAHUS aB-
TOMaTa JOCTUKUMBI. Jlanee /Uit KaXA0ro COCTOSTHUS JOOABIISIOTCS TIEPEXO/IBI IO BCEM
CUMBOJIaM, IO KOTOPBIM €€ HET UCXOIAIINX NIEPEXOI0B, B CIIyYalHbIE COCTOSIHUS aB-
ToMata. Takum 00pa3oM reHepupyeTcs Cy4yalHbI MOJHbBIN 1€TEPMUHUPOBAHHBIN KO-
HeuHbIN aBToMar D ¢ M cocTostHUSIMU HaJl aladaBUTOM ..

3areM reHepupyercs S CTPOK HaJ an(aBUTOM X, KOTOPHIE C TOMOIIbIO TOCTPO-
€HHOI'0 aBTOMAaTa MOMEYATCS JOIYCKOM HIIM HEIOIyCKOM. Pacripenenenue JuiuH re-
HEPUPYEMBIX CTPOK CMEILIEHO B CTPOHY OoJjiee JIMHHBIX. Takue CTpOKU C MOMETKaMHU
JIOTTyCKa/HEJO0IyCKa U (POPMUPYIOT 3K3eMIULsIp 3aaa4uu renepanuu KA mo 3agaHHbIM

IIPUMEpPAM IOBEICHUS.
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JKCNePUMEHTAJIbHbIE MCCJIEIOBAHUA Pa3padOTAHHBIX METONOB DKCIIEPUMEHTHI
MIPOBOMIIMCH HAa TIEPCOHAIBHOM KOMITbIOTEPE ¢ mporieccopoM AMD Opteron 6378 (@
2,4 1T, 496 I'b oneparuBHOM MaMsTU U onepariuoHHoN cuctemont Ubuntu. J1Jist kax-
JIOTO OTAEJIBHOTO MpoIecca 00bEM HCTIOIb3yeMOM aMaTh orpanuunBaics 1 ['0.
[lepBas cepus SKCTIEPUMEHTOB MOCBSIIEHA OLIEHKE 3PPEKTUBHOCTH TPEIUKATOB
HapyIICHUsS CUMMETPUHU Ha OCHOBE aliropuTMa ooxona rpada B rmyouny. /s cpaBHe-
HUs MeTo/I0B TeHepanuu JIKA MUHMMaIbHOTO pa3Mepa 1Mo 3aJaHHBIM MIPUMeEpaM Io-
BEJICHUSI, OCHOBaHHBIX Ha ucnoyibzoBanuu BFS u DFS-npennkaroB HapyuieHust cum-
METPUH, UCTIOJIb30BAIIUCH CIIyYalHbIC JAHHbIC, TOJYUYCHHBIE C TTIOMOIIBIO AJITOPUTMA,

OIIMCAHHOTO B pa3aciic 24, CO CJICAyrOIIMMU IMapaMCcTpaMu:

a) M € [10;30];
6) A =2
B) S =50 x M.

JlOMOTHUTENBHO B CpaBHCHHUE OBLT BKIIOYEH MeToq DFASAT, I/Icnonbsy}omﬂﬁ B
Ka4eCTBE MPEIUKATOB HAPYIICHUS CHUMMETPHUH (DUKCUPOBAHNE HyMEpAIMH HEKOTOPOM
00BIII0M KJITMKH rpad)a HECOBMECTUMOCTH (CM. paznen 1.4.2), Tak Kak OH JISKHUT B OCHO-
BE JIBYX JIPYTMX METOAOB. JIJ1s1 K011 KOMOMHAIIMY [TapaMeTPOB ObLJIO CTEHEPUPOBAHO
o 100 sx3eMIuIsipoB 3a1a4u. BpeMs paboThl METO0B OBLIIO OTPAHUYEHO OJHUM YaCOM
(3600 cexynnm). Pe3ynbraThl S3KCIIEpUMEHTOB MPEICTABICHBI B TAOIUIIE 2 U TTO3BOJISIOT
clienaTh BbIBOJ, YTO McHodb3oBaHue DFS-npenukaTtoB HapylmeHus: CAMMETPUU HELlEe-
Jecoo0pa3Ho, TaK Kak METOJ, UX HUCIIOIB3YIOITUH, 3HAYUTEIIHHO MPOUTPHIBAET METOY,
ucnois3yroniemy BFS-npenukarsl. OTHAKO MOXXHO 3aMETUTh, UTO METO/1, UCTIOJIb3YI0-
i DFS-nipeukaThl 3HaYUTENBHO BBIMTPHIBAET B POU3BOIUTEILHOCTHA OTHOCUTENb-
HO MeTola DFASAT. TeM He MeHee, UCXOMsl U3 Pe3yJbTaToOB, ObUIO PEIIEHO HE MPO-
noJKaTh pazputue DFS-nipeankaToB U cOCpeIOTOUNTHCS HA YAYUYIIEHUHU MPEIUKATOB,
UCITOIB3YIOIIUX aNTOPUTM 00X0/1a rpada B IIUPHUHY.

Bo BTOpOM 3KCHEPUMEHTAIBHOM HCCIENOBAHUM CPABHHUBAINACH METO-
apl  DFA-Inductor, wucnoiap3ywumi opuruHainbhbie BFS-npegukarel, wu
DFA-Inductor-py, ucnonb3ytomuii BFS-npeaukarel, pazpaboTaHHble B HACTO-

Hﬂleﬁ AUCCCpTalInu. Kak u paHeC JOIIOJIHUTCIBHO B CPABHCHUC OBLII BKJIIOUCH MCTOL
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Tabnuua 2 — MenuanHoe Bpems paboThl MeTo10B reHepaiuu JJKA 1o 3agaHHbIM IpH-
MepaM IOBEJICHHUsI ¢ UCcToab30BaHneM BFS-nipeaukaroB Hapymenust cummerpun, DFS-
[IpEeIUKATOB HApYLICHUSA CUMMETPUH U MeToja DEASAT B CEKyHIax.

M DFES BFS DFASAT
10| 20,9 20,5 233
12| 404 37,6 240,3
14| 822 62,4 -

16 | 205,1 114,1 —
18 | 601,7 181,9 —
20 | 2501,6 293,7 —

2| — 4533 —
24| — 625,1 -
26| — 925,8 —
28| — 1314,4 —
30| — 1635,5 —

DFASAT. Pe3ynbraThl CpaBHEHHUS BCEX TPEX METOJIOB MPEICTABICHBI HA pUCYHKE 14a
M TTOKa3bIBAIOT, YTO METOX DFA-Inductor-py cnocoO€eH 3a OOHO U TO XKE BpeMs
penmuTh OOJIBbIIIEe YUCIIO SK3EMILUTAPOB 3agaun reHepaiun JJKA mo 3aganHabM puMe-
paMm noBseneHus, yeM Merog DFA-Inductor. Tak, 3a OIHO U TOXKE BPEMS METOIOM
DFA-Inductor-py ObuI creHepupoBaH 731 aBromar npoTuB 678 creHepupOBaAHHBIX
aBTOMATOB M€TOJIOM DFA-Inductor. Takke MOXKHO BUACTh, UTO MeTOoJ DEASAT He
CIIOCOOEH COCTaBUTh KOHKYPEHIIUH JIBYM JIPYTUM TOJIXOIaM.

Ha pucynxke 14b npencraBieHo aetaipHOe cpaBHEHHE MeTOA0B DFA-TInductor
u DFA-Inductor-py, i€ BUAHO, YTO IIPU PELICHUN ITOJABIAIOIIETO YHCIIa DK3EM-

wIspoB 3anaun reHepanuu JJKA, BTopoii METO OKa3bIBAET JIyUILIUE PE3YJIBTATHI.

BriBoabI 1o riiase 2

Bo BTOpOi1 m1aBe ObUIM MPEASIOKEHbl HOBbIE MPEIUKATHI HAPYIICHUS] CUMMET-
pUHU, OCHOBaHHbIEC Ha alropuTMax obxonaa rpada B yOMHY U B IIUPUHY U METOJBI,
ucnoiap3ytoue ux. Pazpadboranubie MeTO/IbI ObUIN PEAIM30BaHbI B paMKax [IPOrpaMm-

HOro cpeacrsa DFA-Inductor-py.
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DFA-Inductor-py un DFASAT, DFA-Inductor u DFA-Inductor-py,
IOKa3BIBAIOIIEE, YHUCIIO PA3IUNYHBIX DK3EMIUIIPOB CpPaBHUBAIOIIECE UX IIPOU3BOAUTEIIFHOCTD B
3aJ1a4y, peLIEHHOE 3a OIPEAEIIEHHOE BpEMSI pEIIEHUN Ka)KI0TO DK3EMIUIAPA 3a4a4u

Pucynok 14 — Pe3ynbprarel CpaBHEHUS METOAA, UCITOJIB3YIOIIETO OPUTMHAIBHBIE
BFS-nmpenukarsl (DFA-Inductor), MeToaa, UCTIOIL3YIONIETO HOBBIE
BFS-npeaukarel (DFA-Inductor-py), u DFASAT

Bnepsrie ns 3agaun reaeparun JIKA mo 3agaHHBIM TpuMepaM OBESHHS ObLITH
IPENIIOKEHBI IPEANKAThl HAPYLLIEHNUS CHMMETPHUH, OCHOBAHHBIE HA KOJMPOBAHUH aJIr0-
purma DFS. DFS-npeukarst Ha si3bike SAT bipaxatorest uepes O (M* + M3 x L?)
JTU3BIOHKTOB, T1e M — pa3mep uckomoro JIKA, a L — mourHocTs andasura. Jkcnepu-
MEHTAaJbHBIE UCCIEN0BaHUA, OJTHAKO, MOKa3alH, 4To Metoa renepaunu KA, ncnomns-
3YIOUIMN JaHHBIE MTPEAUKATHI TPOUTPHIBAET AHAJTOTHYHOMY METOAY, UCIIOIB3YIOLIEMY
BFS-npeaukarel. Takum 00pa3om, mpeauKaTbl HapyIICHUs] CHMMETPUM Ha OCHOBE KO-
nupoBanus anroputma DFS umeror ckopee TeopeTuuecKyto 3HaunMOCTb. JlaHHbIN pe-
3yabTaT OBLI OMYOJIMKOBaH B cTaThe [78].

beuto mpennoxkeHHO HOBOE kKomupoBaHue BFS-npenukaroB HapylieHus cuM-
MeTpuu Ha s3bike SAT, KOTOpoe MO3BOJUIO COKPATUTH pasmep OyieBoi (Gopmysbl ¢
@) (M 34+ M? x L2) o O (M 2 x L) IM3bIOHKTOB. boyee Toro, B OpUrmnHajgIbHOM KO-
JAUPOBAHUU OOJIBITHHCTBO AU3BIOHKTOB cocTosiin u3 O (M) auTepaios, B TO BpeMs KakK

B HOBOM 0o0Jiee KOMITaKTHOM CBCACHHNU OounbIIast 4acTh AU3BIOHKTOB COCTOUT U3 ABYX
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WIH TPeX JIUTEPAJOB, YTO oOsieryaeT paboTy MpOrpaMMHOMY CPEJICTBY JUISl PEIICHHUS
3amaun SAT, Tak KaKk Takue JU3bIOHKTH 00padaThIBAIOTCS 32 KOHCTAHTHOE BpEMS U HE
xpaHarcs B naMatu [79]. [lomumo 3Toro ObUTA NPEIIOKEHBI MPEIUKAThl HAPYIICHUS
CUMMETpUH, yuuTbhiBatomue ocooeHnoctu BFS-nepeBa. DxcnepumeHTanbHble Uccie-
JIOBaHUs MOKa3aJiM, YTO BpeMsl pabOThl METO/Ia, UCIOJIBb3YIOIIETO0 BCE MPEIJI0KEHHbIE
NPEAUKATHl HAPYUIEHUS] CHMMETPUHY, OCHOBAaHHbBIE Ha KOJUPOBaHUU anroputma BFS u
Ha ocoOenHocTsX BFS-nepeBa, 3HaunTenbHO MeHbIIe BpeMeHH padoThl MeToga DFA-
Inductor, sBrsrOIIErOCs JTyYIIMM M3BECTHBIM TOYHBIM MeToAoM reHepauuu JIKA mo
3aJJaHHBIM IIpUMEpaM NOBEJACHHUs. TakK, Ha TECTOBBIX JAHHBIX 3@ OJHO U TOKE BPEMS HO-
BBIM METOIOM ObLIO creHepupoBaH 731 aBromara npoTuB 678 CreHepUPOBaHHBIX aBTO-
MaToB IPU UCITOJIb30BAHUY JIYUILIETO U3 U3BECTHBIX HA MOMEHT Havayia UCCIEIOBaHUS

metosa. JlaHHble pe3ynbTaThl ObUTH OMyOMMKOBaHbI B cTaThsx [31; 80].
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I'naBa3 T'eHepauusi 1eTepMUHHPOBAHHBIX KOHEYHBIX AaBTOMATOB 110

H30bITOYHBIM npuMepamMm nmoBeJaACHUA

B HaCTOfIH_Ieﬁ TJ1aBC OITHUCBhIBACTCs pa3pa60TKa, peainn3anug U SKCIICPUMCHTAJIb-
HBIC NCCJICA0OBAaHUA KOM6I/IHI/IpOBaHHOFO MCTOJAa I'cHepaln JCTCPMUHUPOBAHHLBIX KO-
HCYHBIX aBTOMATOB, HA OCHOBC CBCACHUA K 3a1a49€ BBIITOJIHUMOCTH 6YJ'ICBBIX q)OpMYJ'I 41

C MCMOJIb30BaHUEM TOJX0J1a YTOUHEHUSI aOCTPAKIINU 110 KOHTPIIPUMEPAM.

3.1 MacmTadupyeMocTh NPeAJI0KEHHbIX METOA0B B 3AaBUCHMOCTH OT pa3mepa

pacuIupeHHOro npeguKCHOro a1epeBa

Kak 6b110 okazano B pasnene 2.4, npeayioKeHHbI METO/I TeHEpaIuu JETEPMHU-
HUPOBAHHBIX KOHEYHBIX aBTOMATOB ¢ MUHUMAJIHbHBIM YHCIIOM COCTOSIHUMN TI0 33JJaHHBIM
IpUMepaM MOBEACHUSI C UCIOIb30BAaHUEM IPEIUKATOB HAPYILIEHUsI CHMMETPUU Ha OC-
HOBE KOJAMPOBAHMS alropuT™Ma o0xozia rpada B MIUPHUHY SABIAETCS caMbiM d(DPEeKTHB-
HBIM U3 U3BECTHBIX TOYHBIX METOIOB. MOXKHO 3amMeTuTh, uTo uncio KA ¢ M cocros-
HUSIMH M MOITHOCTEIO aasuta || = L pasrsiercsa M x MM*Ex2M  Jleiicteurensho,
CYIECTBYIOT M pa3M4HbIX CIIOCOOO0B BRIOPATH cTapToBoe coctosuue, MM *L pasnuy-
HbIX (QyHKIMI nepexoa (ee MOXKHO MPEJACTABUTh B BUAE Tabmuubl pazmepa M x L,
I7Ie B KQXJI0M sSUeiKe HaAXOAUTCsA OAHO u3 M COCTOSHUI) U oM Pa3IMYHBIX CIIOCO0a
BbIOpaTh MPUHUMAIOLIUE COCTOIHUS. TakuM 00pa3oM, py yBETMYEHUH pa3Mepa UCKO-
MOTO aBTOMATa, KCIOHEHIMAJIbHO PACTET U MPOCTPAHCTBO MoucKa. [T1aBa 2 HacTos-
e AuccepTaluy MOCBsIIeHa pa3paboTKe Pa3IUYHbIX MPEIUKATOB HAPYILIEHUS CHM-
METPHH, MTO3BOJISIIOIINX OBICTPEEe OTCEKaTh Pa3InYHbIe 00JACTH MPOCTPAHCTBA MOMC-
ka. bomnbIiast 4acTh U3 MPEATIOKEHHBIX MPEANKATOB HAPYIICHUSI CHMMETPUH OTIPEIEIIs-
IOT HyMEepaIliio HCKOMOTO aBTOMaTa M TIO3BOJISIIOT OTCEKaTh OOJIBIIIOE YHUCIIO PEIICHHMA
BHE 3aBUCUMOCTH OT UMEIOLIUXCS MPUMEpOB NoBeaeHus. OIHaKo, UCXOJHOE CBEACHHE,

OnucaHHoe B pazzaene 1.4.2, CWIbHO 3aBUCUT OT YHMCJIa UMEIOIIUXCS MPUMEPOB MOBE-
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JIeHUsT — 4yeM OoJibllie TPUMEPOB MOBEJACHUSI UMEETCs, TEM Ipolle U ObicTpee OymyT
OTBICKMBATHCS KOH(PIUKTHI MPU MOMBITKAX MOCTPOUTH paznuynbie JIKA.

C nmpyroii ctopoHsl, OyneBa hopmyra, Kogupyromas 3agaqy reaeparuu JIKA mo
npuMmepaM noBeaeHus Ha si3bike SAT, cocrout uz O (N x M 2) JTU3BIOHKTOB (N —
pasmep paciuupeHHoro npe@ukcHoro aepeBa, M — pasmep UCKOMOTO aBToMara), a
3HAYUT €€ pa3Mep JIMHEWHO 3aBUCUT OT YMCJIa COCTOSIHUM B pacIIMpEeHHOM IpeQuKc-
HOM JiepeBe. UHCII0 MCIONb3yEMBIX MEPEMEHHBIX TAaK)Ke JIMHEWHO 3aBUCUT OT pa3Me-
pa npepukcHoro aepesa — O(M? + N x M). HecMoTpst Ha TO, 9TO COBPEMEHHBIE
IporpaMMHbIE CpeacTBa s pemeHuss SAT MOryT pemars 3aa4u ¢ OOJIBIIUM YHCIIOM
NEPEMEHHBIX U OOJIBIINM YHUCIIOM JIU3bIOHKTOB, pa00OTa CO CIUIIKOM OOJIBIION (hopmy-
Jou TpebyeT OOJIBIIMX BPEMEHHBIX 3aTpaT Ha padoTy ¢ Hel U OOJIBIINX 3aTpaT MaMSITH
IUTSL XpaHEHUS BCEX TU3BIOHKTOB. TakuM 00pa3oMm, MoJIy4aeTcsi, YTO I IPOrpaMMHO-
r'O Cpe/CTBA IJI0X0, KOT1a MPUMEPOB MOBEACHHUSI CIUIIKOM MaJjlo, U TAK)Ke IJI0X0, KOraa
IPUMEPOB MOBEICHUS CIUIIKOM MHOTO. CUTYyalHIO ¢ HEJOCTATOUHBIM YKCIIOM ITPUMe-
POB MOBEJICHUS HEJb3S PEIIUTh 03 MOTy4YeHUS HOBBIX IPUMEPOB MOBEACHHUSI, YTO BbI-
OWBaeTCs 3a paMKH pelriaeMoi 3a1adu. B cirydae xe u3061mounbix 0anHbix TOTHIHBIM
PEIICHUEM SIBIISIETCS TIOTBITATHCS IIOCTPOUTH aBTOMAT 110 YaCTU IPUMEPOB TIOBEICHUS,
OJTHAKO BOIIPOC BBIOOPA 3TOM YaCTH HE SIBISICTCS] TPUBHANLHBIM. Cpeiu ThICSY WU Jie-
CSITKOB TBICSIY IPUMEPOB MOBEIECHUS, MOKET ObITh €IUHCTBEHHBIN MTPUMEP MOBEICHUS,
OMMCHIBAIOLINN HEKOTOPYIO YacTh aBTOMAaTa, KOTOPYIO HE OIHUCHIBAIOT JIpyrue mpume-
pBl moBeneHus. B cremyromieM pasaene mpuBOAMTCS OMHUCAHHUE Pa3pabOTaHHOTO Me-
tona reHepauu KA no u30bITOUHOMY YUCILy IPUMEPOB MOBEAEHUS, TO3BOJISIOIIETO

UTEPATUBHO BHIOUPATH “HYKHbIE MPUMEPHI MIOBEICHUSI, OTCEKAas! JIUIIIHHE.
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3.2 Metoa reHepanyuu 1eTePMUHUPOBAHHBIX KOHEYHBIX ABTOMATOB HA OCHOBE
CBe/IeHHUsI K 3a/1a4e BbINOJTHUMOCTH U € UCIOJIH30BAHHEM MOAX0a YTOUHEHUS

a0CTpPaKkUMu MO0 KOHTpIpUMepam

CyTb noaxo/1a yTOUHEHHS a0CTPAKIIMK IO KOHTPIIPUMEPAM MOXHO OIMUCATH Clie-
ayromumM oopazom. Ha HauanbHOM 11are reHepupyeTcsi HEKOTopasi, BO3MOYKHO ClTydai-
Hasi MOJIEJIb. 3aT€M Ha Ka)KJIOM CJIEIYIOILIEM IIare TaHHasi MOJEIb IPOXOIUT ITPOBEPKY
HEKOTOPOU MPOBEPSIONIEH CUCTEMBI. Eciu mpoBepka MpOXOAUT yCIEIHO, TO HCKOMAs
MoJienb HailieHa. MHaue cucreMa BO3BpalllaeT OAUH WM HECKOJIBKO KOHTPIPUMEPOB,
KOTOpPBIE 3aT€M HMCHOJB3YIOTCS I yTouHeHus Mozaenu. [Iponecc moBropsercs, moka
He OyJeT HaljieHa MOJIeNb, IPOXOSINasl MPOBEPKY CUCTEMBI. JlaHHBIN 1moaxo ] OobIie
MIOX0XK Ha METOJ aKTUBHOT'O TOCTPOEHHUSI MOZIEIIU, B TO BpeMs KaK B JaHHOU paboTe pac-
CMaTpHUBaeTCA 3a/1a4a NaCCUBHOIO MTOCTPOEHUSI — BCE IPUMEPHI IOBEIECHHS N3BECTHBI
3apaHee U HUKAKOM JOMOIHUTEIbHOU HH(POPMAIIMHU B X0J1€ TOCTPOEHUS aBTOMAaTa ObITh
NOJIy4eHO He MOxKeT. OHAKO Aajee NPUBOAUTCS OMCAHUE TOTO, KAK METO]l yTOUHEHHUS
a0CTpakUUKU MOXKHO PUMEHUTH AJid noctpoenus KA.

Kak u knaccuueckunii anroputm CEGAR, npennaraeMblid METOI UTEPATUBHO
YTOYHSIET MOJIEJIb, KOTOPAsi B HACTOSIIEH AUCCEPTALINU ABIISIETCS IETEPMUHUPOBAHHBIM
KOHEYHbIM aBToMaToM. IIpennaraercs ctponts JIKA TOJIBKO O 4aCTH IPUMEPOB MOBE-
JIEHUS, @ 3aTEM MPOBEPATH MOJIYUUBLINICA aBTOMAT HA COOTBETCTBUE BCEM OCTAJIbHBIM
npumepam noBeaeHus. [lepBbIM IIaroM Kak U B OCTaJbHBIX METOAAX CTPOUTCS pac-
MIMpEeHHOE MpeUKCHOE JEPEBO, OJHAKO CTPOUTCS OHO HE TI0 BCEM MPUMEpPaM MOBe/Ie-
HUS, a JIUIIb [0 HEKOTOPOIl YacTh. MOXKHO MCIONIb30BaTh KaKyl0-TO CIy4YalHYIO 4acTh
CJIOB U3 oOyuaroriei BHIOOPKH, JU00 BOOOIIE HaYaTh C MyCTOTO JEPEBa, COCTOSIIETO
TOJIBKO M3 KOPHS, KOTOPBIA HE SIBISIETCS HU NPUHHUMAIOLIUM, HU OoTBeprarommm. Kak
U paHee, B KaUeCTBE HWKHEW OLIEHKH Ha pazMep reHepupyemoro JIKA MOXHO B3SITh
T100YI0 JOCTOBEPHYIO OIICHKY, MO0 C €IMHMIIBI. 3aTeM, Ha Ka)JOM IIare padoThl aj-
ropuTMa IpeajgaraeTcs ¢ noMounpto ceeaeHus k SAT, onucannoro B pasaene 1.4.2, uc

HCIIO0JIB30BAHUCM IMMPCANKATOB HAPYIICHNA CUMMCETPHH, OIITMCAHHBIX B ITIaBC 2, IIBITAaTb-
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cst reHepupoBath JJKA Tekymiero pasmepa no tekyuemy npepukcHomy nepeny. Eciu
takoi JIKA He cylecTByeT, TO pa3Mep HCKOMOI'O aBTOMATa YBEJINYMBAETCS HA €AUHU-
1y ¥ OPOLECC MTOMCKA MOBTOPSETCA, KaK B METOJAX, ONMMCAaHHBIX paHee. Ecnu ke aB-
TOMAT, COOTBETCTBYIOIIUHN TEKYIIEMY pacCIIMPEHHOMY NMPePUKCHOMY JIepEBY HaiieH,
TO OH ITPOBEPSAETCS HA COOTBETCTBUE BCEMY MHOKECTBY IIPUMEPOB NOBEACHUS — KaxkK-
IbIA U3 HEHUCIIONb30BaHHBIX IPUMEPOB MOBEIEHUsT 00padaThIBa€TCsl aBTOMATOM, U 3a-
TEM MIPOBEPSETCS COBIAIAET JIM CTATyC J0MYyCKa JAHHOTO IpuMepa ¢ paktuyeckuM. Ec-
mu JIKA cooTBeTCTBYET BCEM NpUMEpaM MOBEEHHUS, TO 3a7a4a peueHa. nave, cpeau
T€X IPUMEPOB NOBEACHUS, KOTOPHIM TOCTPOEHHBIN aBTOMAT HE COOTBETCTBYET, BHIOU-
paeTcs OAMH WK HECKOJIBKO KOHTPIIPUMEPOB, IO KOTOPBIM JJOCTPauBaeTCs NPePUKCHOE
JIEpEBO, CTPOUTCS HOBas OyseBa popMyra U MOUCK Mpojosnkaercs. Cxema npeasiokeH-
HOT'0 METOJa IIPEICTABIICHA HA pUCYHKE 5.

S =S, rme So— M =1, roe | — HwkHAA
_ [ocTpoenue npedhuKcHOro
Hauano ITOJIMHOKECTBO > OlleHKa Ha pasMep
KA nepesa T(S)

IMPUMEPOB IMMOBCACHU A

v

Iocrpoenune SAT dopmyiibr
qutst moucka JIKA pasmepa
M, cooTerctByIOIIETO T

CootserctpyeT 11 JIKA Bcem
pUMepaM IMOBeeHUs?

YnosaerBopuma ju SAT
¢dopmyna?

v v

M=M+1 v S=SU Cy, e Cy—
IMOJMHOXKECTBO —
I ( Komenm )
KOHTPIIPUMEPOB
Pucynox 15 — Cxema Tounoro metoja renepanuu JIKA mo n3d6sirounomy Habopy

MIPUMEPOB MOBEJICHUS HAa OCHOBE cBeicHUs K SAT U ¢ UCIIOJIb30BaHUEM OIX0/1a
CEGAR

Heo0xonumo 3amMeTuTh, 4TO Mpu J00aBJICHUH KOHTPIIPUMEPOB B TPEHUKCHOE Jie-
PEBO, pa3Mep UCKOMOTO aBTOMAaTa HE MEHSETCS, 4 3HAYUT MPOCTPAHCTBO MTOMCKA pellie-
Hus SAT TOJIBKO Cy)XaeTcsl, @ 3HAYUT HET HEOOXOJUMOCTH HAYMHATh MOUCK BBITIOJIHS-

IOHlCﬁ INOACTAaHOBKH 3aHOBO. MOoXHO HCIOIb30BaTh HHKPCMCHTAJILHBIC IIPOIrPaMMHBIC
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cpeactia [81], KOTOpbIe TTOCIE HAXOKIACHUS HEKOTOPOU BBIMOIHSAIONIEH MOJICTAHOBKHU
MEPEXOAAT B PEKUM OKHUJIAHUS HOBBIX JU3BIOHKTOB U 3aT€M MPOJOJIKAIOT MOUCK pe-
IICHUS YXKE JJ1s1 HOBOM YTOYHEHHOU (POPMYIIbI C TOTO MECTA, TJI€ OCTAHOBUJIUCH B MPO-

IITBIN pa3, COXpaHsiaAa BCC HOBBIC O6y‘-IeHHBIe JU3BIOHKTHI.

3.3 Peaau3zanus U 3KCIePUMEHTAIbHbIE HCCIEOBAHUA PA3pad0TAHHOIO METO/A

B nacrosiiiem paszzene npuBOASTCS OMKCAHKUE peau3aliy pa3padOoTaHHBIX Me-

TOAOB U OKCIICPUMCHTAJIBHBIC MUCCIICIOBAHUS, IIPOBCACHHBIC C HUMMU.

Peanmm3anus pa3padoTaHHOI0 KOMOMHHMPOBAHHOIO0 MeETOAAa TeHepauuu JeTep-
MHMHHPOBAHHBIX KOHEYHBIX aBTOMATOB. [IpeInoKeHHBII B MpeaplAylIEM pas-
nesne KOMOMHUPOBaHHBIA MeTon mocTpoeHus [IKA MuHMMAanbHOTrO pasmepa Ha Oc-
HoBe cBefeHust K SAT u ¢ ucmonb30BaHHEM MOAXOJa YTOYHEHUs aOCTpakuud IO
KOHTpIIpUMEpaM ObLI peajnu30BaH Ha SI3bIKE python Kak MOAYJb MPOTPAMMHOIO KOM-
miekca DFA-Inductor-py. s ucmonb30BaHUS JAHHOTO METO/a HEOOXOAUMO
yKa3aTh napameTrp “--cegar-mode/--cegar’. Takxe, ¢ TOMOIIBIO MapameTpa
“——initial-amount/-init” MOXHO yKa3aThb YKCIO MIPUMEPOB MOBEICHUS, UC-
MOJIb3YEMBIX JJIsi TOCTPOEHHUSI PACIIUPEHHOTO MPE(UKCHOTO JEepeBa, a C MOMOIIBIO
napamerpa “--step-amount/-step” MOXHO yKa3aTb YHUCJIO KOHTPIPUMEPOB,
N00aBIIIEMBIX B PACUIMPEHHOE NPEPUKCHOE NEPEBO KAXIbIM pa3, Korga ObLI HalJeH
JIKA, He COOTBETCTBYIOLIMKA BCEM NIpuMepam MoBeneHus. JIroOble peanr3oBaHHbIE

peIuKaThl HapyLIEHNUs CHMMETPHUH U I'pad) HECOBMECTUMOCTH MOTYT UCIOIb30BATHCS

COBMCCTHO C JaHHBIM MCTOA0OM.

JKCNEePUMEHTAJbHBbIE HMCCJIEOBAHUA Pa3padOTaAaHHOI0O MeToaa KOMOMHUPOBAH-
HOI'0 METOAAa IreHePALMH AeTePMHUHHPOBAHHBIX KOHEYHbIX ABTOMATOB  DKCIEPU-
MEHTBI MPOBOJIMINCH HA MEPCOHATILHOM KoMITbloTepe ¢ nporeccopoMm QuadCore Intel

Core i7-8550U @ 4 I'Tu, 16 I'b oneparuBHON MaMsITH M ONEPAMOHHONW CUCTEMOMN
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ArchLinux 5.5.6. [1ns npoBeaeHus SKCIEpUMEHTOB Obl1o creHepupoBaHo 100 Tecto-
BBIX 9K3EMIUISIPOB C TOMOIIBIO AJITOPUTMA, ONTMCAHHOTO B paserne 2.4. [lapameTpsl st
TeHEepaIy aBTOMATOB OBLITM BEIOPAHBI CIICAYIOIMNM 00pa3oMm:

— pa3Mepbl aBTOMATOB, KOTOPBIE HYXKHO TOCTpouTh, — M € [15;25];

— 4ucio npuMepoB mosenernsn S = S, US- € {50x N; 100 x N; 200 x N; 500 x

N}.

B skcnepumenTax mpoBOAUIIOCH CpaBHEHHE pa3pabOTaHHOTO B HACTOAIICH TJIaBe Me-
TOJIa, UCTIONB3YIOIIETO MOAXO0/l YTOUHEHUS a0CTPaKIUMU MO0 KOHTPIpUMEpPaM U CBeJle-
Hue Kk SAT, ¢ METOJIOM, ONMCAHHBIM B IJ1aB€ 2 U OCHOBAHHBIM TOJIbKO Ha CBEJICHHUH K
SAT. Pe3ynbrarhl nokasajid, 4To P OTHOCUTEIHHO HEOOIBIIIOM KOJIUYECTBE MPUME-
poB noenenust (S € {50 x N;100 x N}) ucrnonp3oBaHnue KOMOWHHPOBAHHOTO ITOJI-
X0J1a COKpaIiaeT BpeMsi IOCTPOSHUSI BCIIOMOTATEIIbHBIX CTPYKTYP JAaHHBIX (TaKUX KaK
rpad COBMECTUMOCTH) U BpeMs MOCTPOEHUsI OylIeBOil (POpMYIIbI, HO YBEITUYMBAET Bpe-
Ms1 pabOTBI IPOrPaMMHOTO CpeacTBa A pemienus SAT u, Kak cie/cTBUe, CYMMapHOe
Bpems pemieHus 3anadd. OgHaKo B ciayyae, Korja KOJIHMYeCTBO MPUMEPOB MOBEACHHUS
nocrarogno Beauko (S € {200 x N; 500 x N }), ucronp30BaHue OPeI0KEHHOTO MOJI-
X0J1a TIO3BOJISIET MCIIOIH30BATh MEHBIIIE MTOJIOBUHBI TPUMEPOB TIOBEICHUSI BMECTO BCEX,
YTO COKpAIaeT Kak BpeMs IOCTPOEHUS CTPYKTYP JIaHHBIX U OyJIeBOM (OPMYIIbI, TaK U
BpeMs paboThI TporpaMMHOTo cpenctBa st perieHust SAT. Tak, MeTos, HCTIONB3YIO-
U TOJIBKO YaCTh IPUMEPOB MOBEICHMS, pab0TaeT Kak MUHMUMYM B JIBa pa3a ObICTpee
METOZIa, UCTIONB3YIOIIETO Cpa3y BCe MpUMEpPHI MOBeAeHUs. boiee Toro, BEIMTPHIII OT
UCIIOJIb30BaHUS MOAX0a YTOUHEHUS a0CTPaKIUU MO KOHTPIpPUMEpPaM YBEIUUYUBACTCS
C POCTOM YHCJIa MPUMEPOB MOBEJEHUS. 3HAYUTENbHAS YaCTh TaKUX IK3EMILUISIPOB HE
ObUTH B IPUHITUIIE PEIIICHBI METOJOM, OCHOBAaHHBIM TOJIBKO Ha cBelleHnu K SAT, BBUY
ype3MepHO O0bIIOro pasmepa OyneBoit dhopmyssl. Takum 0Opa3oM, MOXKHO c/ieliaTh
BBIBOJI, YTO HMCIOJB30BaHUE Pa3pabOTaHHOTO METO/AA IeIecO00pa3Ho, KOTaa KoJude-
CTBO MIPUMEPOB MOBEJICHUS BEIUKO, U METOJ], OCHOBAHHBIN TOJIBKO Ha cBeJieHUU K SAT,

HE MPUMEHUM BBUJY CJIIMIIKOM OONBIION (DOPMYIIBI.
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BriBoasbI o riiase 3

B Ttpertbeil maBe ObuT npeiioxkeH TouHbIi MeTo reHeparuu JIKA no nz0beitou-
HOMY HaOOpy NMPUMEPOB MOBEICHUS C UCIIOIB30BAHUEM CBEJCHUS K 3a/1a4€ BBITIOJIHU-
MOCTH U MOJX0/1a YTOUHEHUSI aOCTPAKIIUU TT0 KOHTpIpuMepaM. Pa3paboTaHHbIil MeTOA
OBLT peaJIn30BaH B paMKax MPOrpaMMHOTO cpencTBa DFA-Inductor-py.

Pa3mep OyneBoii (hopmyIibl, Moydaromieics B pe3ynbraTe CBEeJICHUs 3aa4u re-
Hepanuu JIKA Kk 3a1a4e BBIOJIHUMOCTH, 3aBUCHUT KaK OT pa3Mepa reHEPUPYyEMOro aB-
TOMara, Tak U OT pa3Mepa paciumpeHHoro npedukcHoro aepesa — O (N x M 2) JA3b-
IOHKTOB, I1ie N — pa3Mmep npedukcHoro aepesa, M — pa3mep renepupyemoro JIKA.
Taxkum 00pa3om, Mpu U30BITOYHOM YHCJIE TTPUMEPOB MOBEACHUS pa3Mep MpeduKCcHO-
rO JIepeBa BEJHK, a 3HAYUT U OyseBa (hopMyra COCTOUT U3 CJIMIIKOM OOJBIIOTO YUCia
JU3BIOHKTOB, YTO CIMIIKOM CJIOKHO ISl CYIIECTBYIOIIMX HA CETOAHSAIIHUN IEHb MPO-
rpaMMHBIX cpencTB i petienust SAT. DxcriepuMeHTalbHbIE UCCIE0BAHMS MTOKA3aJIH,
4TO HPH OOJIBILIOM YHCIIE TPUMEPOB HoBeaeHust S = S|+ |S_| = 200 X M BeMrpbII
110 CKOPOCTH PabOThI METO/1a OT IBYX pa3 U TeM 0OJblIe, YeM O0JIbIIIEe YUCIIO IPUMEPOB

noBeAeHus. Bece pe3ynbrarsl JaHHOW I1aBbl OMYOIMKOBAaHbI B cTaThe [82].
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I'maBa 4 T'enepaumsi Bcex HeM30MOP(PHBIX JeTEPMUHNUPOBAHHBIX KOHEYHBIX

ABTOMATOB, YI0OBJIECTBOPAKIIMNX 3aJaHHBIM IIPUMEPaM MMOBECACHUA

B nanHOl maBe paccMarpuBaeTcs 3ajada reHepalud BceX HEM30MOp(HBIX Je-
TEPMUHUPOBAHHBIX KOHEUHBIX aBTOMAaTOB MUHUMAJIBHOTO pa3Mepa, COOTBETCTBYIOIIUX
3aJIaHHBIM [IPUMEpPAM MOBENICHUs, KOTOpasi paHee He uMena 3PQPEKTUBHOIO PEIICHHUS.
Pa3pabarbiBaeTcs METO/l, OCHOBAHHBIN Ha MOAXOAE K PELICHUIO 3a/1a4l FeHepaluu Of-
Horo JIKA ¢ ucnonb3oBaHHEM NMPOrpaMMHBIX cpeacTBe perieHus: SAT, moapo6Ho onu-
caHHBbI B paszeie 1.4. PaccMarpuBaroTces 1Ba BapuaHTa HCIIOJIb30BAHUS POIPAMMHBIX
cpencts pemieHust SAT: nepes3anyck HEMHKPEMEHTAJIbHOIO CPEJCTBA MTOCIIE HAaXOXKIe-
HUS KaXKJIOTO aBTOMAaTa 1 UCIOJIb30BaHWE MHKPEMEHTAILHOTO CPEJICTBA — €CJIM TaKoe
CPEICTBO HAaXOAUT HEKOTOPOE PELICHHUE, TO OHO COXPAHSAET CBOE TEKYLIEE COCTOSHHE
U MO>KET IPUHUMATh HOBBIE IU3bIOHKTHI. [TogpoOHee npo HHKpeMEeHTalbHOE pelIeHHEe
SAT moxkno npountats B [81]. Takxke B JaHHOU TN1aBe MpeasiaraeTcs nepeOopHBI Me-
TOJl, KOTOPBIN CIIYKUT 0A30BbIM JJI1 CPABHEHHSI C METOI0M, OCHOBAaHHBIM Ha CBEACHUU

K 3a4a4€ BBIITIOJTHUMOCTH.

4.1 MoTuBanus ¥ NOCTAHOBKA 3a1a4H

B xiaccuueckoii 3amaye renepanuu JIKA 1o 3agaHHBIM IIpUMEpaM MOBEICHUS
(cm. pazgen 1.2.3) umiercs HEKOTOPBIN TETEPMUHUPOBAHHBIM KOHEUHBIN aBTOMAaT MH-
HUMAJIBHOTO pa3Mepa, COOTBETCTBYIOIIMN UMeEromUMcs puMepam. OJIHaKO, BIIOJHE
BO3MOKHA CUTYyallus, KOTIa OHOMY M TOMY € HaOOpy MPUMEPOB MOBEACHUS COOT-
BeTCcTBYeT OoJiee ogHoro JIKA munumanbHoro pasmepa M. Kak Obu10 onmuvcaHo B pa3-
nene 1.2.2 must kaxmoro aBromara D pasmepa M cymectyer O (M) uzomophHBIX
eMy aBromaroB. Ho m3oMopdHbie aBTOMaThl 3a7al0T OAUH U TOT K€ SI3BIK, TTOITOMY
HE MPEJCTABIISIIOT HUKAKOrO UHTEpeca. B HacTosmen maBe paccMaTpuBAETC CUTYya-
IMs1, KOT/Ia CYIIECTBYIOT HECKOJIBKO pa3NIuyHbIX, Hen3oMopHbix IKA MuHMUMAaTBHO-

ro pazMepa, COOTBETCTBYIOLIUX IpuMepaM noBeaeHus. Ha pucynke 16 npuBeeHsl Bee
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Heuzomop¢ubie JIKA MUHUMAaBHOTO pa3Mepa, MOCTPOSHHBIE 110 3a/IaHHBIM [IPUMEPAM

IHOBCACHUA.

b

Pucynok 16 — Bce Henzomopdubie JIKA, cOOTBETCTBYIOIME MHOXKECTBAM ITPUMEPOB
noBezneHus S+ = {a,bb, aaaa} u S_ = {aa,bab}

Takast cuTyarusi MOK€T BOSHUKHYTb, JTMOO €ClId 3aJlaHHBIX MTPUMEPOB TOBEJIC-
HUSl HEJ0CTAaTOYHO, YTOOBI TOYHO OMUCATh 1I€JIEBOM aBTOMAT, JINOO OHU HEI0CTaTOY-
HOro KayecTBa. Hanpumep, nmpumepoB MoBeAeHHsI O4€Hb MHOTO, HO OOJIbIIIAst UX YaCTh
NOKPBIBAET JIMIIb YacTh nepexoaos ueneoro JIKA. Torna cTaHOBUTCS aKTyaJIbHOM Te-
HEpalus BCEX BO3MOXHBIX ABTOMATOB MUHUMAJIBHOTO pa3Mepa, COOTBETCTBYIOIIUX 3a-

JAaHHBIM IIPUMCpPaM ITOBCIACHUSI. HMmes Bce BO3MOXKHBIE aBTOMAThl UX MOKHO IMpoaHa-
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JU3UPOBATh, YTOOBI HAWTH 3aKOHOMEPHOCTH WUJIM YTOOBI TTOHATH, MOYEMY UMEIOIINECS
MIPUMEPHI MOBEICHUS JIOMTYCKAIOT HECKOJIBKO pelieHui. Takxe, Hy>KHbII aBTOMAT Cpeaun
BCEX HaWJEHHBIX MOKET OBITh BEIOPAH B TAIbHEHUIIIEM MPU ITOMOIIH TOTIOTHUTEITBHBIX
MIPOBEPOK WJIU CTICIU(PUKAIINIA.

dopmanbHO 3a7ada reHepanuu Beex [IKA dbopmynupyercs aHaaoru4aHo 3ajaa4ue
reHepalyu oJJHOro apromMara. Ilycth mpuMepsl TOBEICHUS TTPEACTABICHBI IByMSI MHO-
KECTBAMHM CJIOB HaJl anaBUTOM Yi: .Sy — MHOXECTBO CJIOB, KOTOPbIE JOJKHBI TOITyC-
KaThCS NCKOMBIMH aBTOMaTaMu; S_ — MHOXECTBO CJIOB, KOTOPBIE TOJKHBI OTBEPTraTh-
Cs UICKOMBIMU aBTOMaTaMH. Torja 3ajiaya reHepalu BCEeX pa3IndyHbIX JETEPMUHUPO-
BaHHBIX KOHEUHBIX aBTOMATOB 3aKJIFOUAETCS B MMOUCKE BCE HEM30MOP(HBIX aBTOMATOB,
KOTOPBIN OyIyT IPUHUMATh BCE CJIOBA U3 S, M OTBEprarh BCe CIoBa U3 S_.

DBPUCTUYECKHUE, META3BPUCTUUCCKUE U JIPYTHE HETOYHBIC METOAbI TCHEpAIUU
ABTOMATOB I10 MPUMeEpPaM MOBEACHUS HE IPUMEHUMBI JIJIs PEIICHUS TaKOM 3a]1a4u, TaK
KaK YHCJIO HAaXOJAMMBIX UMM aBTOMAaTOB HMYEM HE OTpaHHYE€HO. TOYHBIE METONbI Ie-
Hepauuu /IKA Ha ocHOBe cBeneHnsa Kk SAT mpuMeHUMBI 17151 IOUCKa BCEX Pa3JIMYHBIX
aBTOMATOB, TaK KaK CIIOCOOHBI MepedpaTh BCE MPOCTPAHCTBO MOKWCKA U HAWTH BCE aB-
TOMaThl MUHMMAJILHOTO pa3Mepa, Ho 0e3 nmpumeHeHus: BFS-nipeaukaroB HapymieHus
CHUMMETPHUHU OHHU JIomycKaroT (pakropuan uzoMopdubix JIKA, 4To He mo3BoiseT mpu-
MEHSTh WX Ha npakTtuke. BFS-npenukarsl, B CBOIO o4epeib, Kak ObLIO MPEICTaBICHO B
paznene 1.4.2, 0CTaBASIOT €AMHCTBEHHOIO MPEICTABUTEIIS ISl KaXKAOro Kilacca SKBH-
BaJICHTHOCTH 110 n3oMopdu3My. B cremyroiiem paszene npeajiaraeres nepBbii 3gpdek-
TUBHBIA METOJI VISl PELICHUS 3aJ]a4i T'eHepalunu Bcex paznuuHbiX JIKA, ocHOBaHHBINM
Ha cBeqennu K SAT u BFS-nipequkarax.

Eme oqHuM BaXXKHBIM MPUMEHEHHEM pa3padaThIBA€MOro MeToja sBseTcs Gop-
MaJjibHasi BO3MOXKHOCTh JOKa3aTh €AMHCTBEHHOCTH HakaeHHoro JIKA. JIelicTBUTENIBHO,
€CJIM MIPH PEIICHUH 33/1a41 FeHepalliu Bcex pa3indHbiXx JIKA MUHMMaIBHOTO pazmepa
TEHEPUPYETCSl €IMHCTBEHHBI aBTOMAT, TO MOXKHO CJENaTh BBIBOJ, YTO JPYTUX aBTO-
MaToB TaKOTO pa3Mepa, COOTBETCTBYIOIINX 3aJaHHBIM ITPUMEpaM MOBEICHUS, HE CYIIIE-

cTByeT. J[aHHBIA (PAaKT MOXKET UCIIOJIB30BAThCS KaK KOCBEHHOE JOKAa3aTeIbCTBO TOTO,
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qTo 06yt1a}onme JaHHBIC HOI[O6paHI)I A0CTATOYHO XOPOLIO U XOPOIIO OIMHUCBIBAKOT Hau-

JICHHBIN aBTOMAT.

4.2 Metoa reHepanuu Bcex HeM30MOP(QHBIX 1eTEPMUHNPOBAHHBIX KOHEYHBIX
aBTOMATOB, COOTBETCTBYIOIINX 32JTaHHBIM NPUMeEPaM MoBeAeHH s, OCHOBAHHBII HA

CBCACHHUH K 3aJJa49€¢ BBINMMOJTHUMOCTH

Kax 65p110 onucano B pazaene 1.2.2, mist kaxaoro JIKA ¢ M cocTossHUSIMU CyIIie-
ctyet O (M) uzomopubIx emy aBroMaroB. OCHOBHO# H/Ieel mpe1IaraeMoro MeToia
no reHepauuu Beex JJKA sBusiercs 3anpet (6710KupoBaHK€e) HAlIGHHBIX YIOBIETBOPSI-
IOIIMX MTO/ICTAaHOBOK. O4EeBUIHO, UTO O€3 UCTIOIB30BAHMS TPEAUKATOB HAPYIIICHUS CUM-
metpuH, npuaercs omokuposars O (M) u3oMOp(hHBIX aBTOMATOB ISl KaXKIOr0 Haii-
neHHoro yHukansHoro JIKA, uto gaxe npu M = 10 TpeOyeT 3HAUUTEIIHbHBIX BBHIYUC-
JUTENBbHBIX 3aTpar. Tak Kak Moaxoa K HapYIICHUI0 CAMMETPHUH C TTIOMOIIBIO OOJIBIIION
KJIMKHY, ONIMCAHHBIN B pasnene 1.4.2, mo3BojseT 3apuKCHUpoBaTh TOJIBKO HYMEpPAIUio k
COCTOSIHHIA, TO METOM, peioxkeHHbii B [ 18] Haxonut (C' — k)! n3omopdHbIX aBTOMA-
TOB, 4TO B OOIIIEM CITydae BCE €IIe BRIYUCIUTEIBLHO CIOMKHO.

[Ipenukarsl HapylIeHUS CUMMETPUM Ha OCHOBE 00X0ja B IIMPHUHY, KaK ObLIO
onucaHo B pazzeine 1.4.2, B CBOIO ouepeb I0MYyCKAIOT €IMHCTBEHHOTO MPECTABUTEIIS
Ka)KJI0TO KJ1acca SKBUBAJIEHTHOCTH 110 u3omoppuszmy. Konkperno, BFS-npenukarer no-
nyckaroT BFS-nnponymMepoBanHbIii aBToMar. Tora, 3a0;10KUpoBaB € IMHCTBEHHBIN Hali-
JICHHBIN aBTOMAT, aBTOMaTHYECKHU OJIOKUPYETCS BECh KJIACC IKBUBAJICHTHOCTH, a 3Ha-
YUT JaJiee MPOrPaMMHOE CPEACTBO MOXKET HAWTHU JPYroil aBTOMAT TOJBKO €CJIU OH HE
SBIISIETCS. UI30OMOP(GHBIM paHee HalieHHBIM. HeoO0xoammMo 3aMeTUTh, YTO HECMOTPSI Ha
TO, 4TO UJesl OJTOKUPOBATh HalIEHHBIEC PEIICHNUS C 1IeTBI0 HAWTH OCTaJbHBIE JOCTATOU-
HO TMPOCTa ¥ M3BECTHA, MPUMEHATH €€ Ha MPAKTUKEe HEBO3MOXKHO 0e3 3(D(PeKTUBHBIX
MPEAUKATOB HApYIIEHUs] CUMMETpHH. Tak, paHee He ObLIO OMHUCAaHO CIIOCOOOB OOPOTh-
csl ¢ pakTOpHATIBHBIM YHCIIOM U30MOP(HBIX aBTOMATOB, a 3HAYUT U paccMaTpuBaecMast

3aaya He umena s¢dextuBHoro pemenus. Mcnons3oBanue BFS-npenukaTos mo3so-
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JISIeT PEIIUTh JAaHHYIO 3a/1a4y MyTeM A00aBIeHUS OloKupyrouje2o TN3bIOHKTA B OyJIeBy
dbopmyy.

Kak 65110 ckazano B pazaene 1.2.1, nerepMHUHHUPOBAHHBIM KOHEYHBIM aBTOMATOM
HassiBaeTcs nsirepka D = (D, XS, 0, dy, D). [Ipu mocTpoeHn# aBToMaTa o HailIeHHOM
BBITIOJIHSIOIIEH MOACTAHOBKE MHOXKECTBO COCTOSIHUH [ 3a71aHO HEABHO Yepe3 TEKyIlee
YUCJIO COCTOSIHUM aBTOoMara M, andaBuT Y. — 4yepe3 Yuciio L, CTapTOBOE COCTOSIHUE
d, Bcerga nmeeT HoMep 1, PyHKITUS TepexXoa0B ) OMPENENIIeTCs C TOMOIIBIO IEPEMEH-
HBIX TIEPEXONIOB ¥; 1 j, @ MHOKECTBO JIOITYCKAIOIMX COCTOSHUMI C IIOMOIIBIO IIEPEMEH-
HBIX JIOITyCKa 2;. Torma JOCTaTOYHO U3 BCEW HaWJICHHOW BBITIOJHSIONIEH IMOJICTAHOBKH
3aMpETUTh TOJIBKO 3HAYEHUS IEPEMEHHBIX IEPEXOI0B U 3HAUCHHUSI IEPEMEHHBIX JIOIYyC-
ka. Eciu ¢ momotipio ¢ (¢) 0003HaYMTh 3HAUCHUE IEPEMEHHOM ¢ B HalIGHHOM MO/ICTa-
HOBKE (0 U OIIPENEIUTh MHOXKECTBO YV = {y;|i,j € [M] Al € XA ¢ (yii;) =1}, 10
OJOKUPYIOIINI AU3BIOHKT MOYKHO OTPEJEIUTh CIECIYIOIUM 00pa3oMm:

/\ Y A /\ —p () -
yey i€[M]

CymiecTByeT JBa pa3IMYHBIX CIIOCO0a MCIOJIb30BaHUSI MPOrPAMMHBIX CPEJCTB
st perienust SAT. Bo-niepBbIX, MOYKHO Mepe3anyckaTh HEMHKPEMEHTAIbHOE CPEICTBO
C HOBOM OyneBoi hopMyIioi ¢ T0OaBICHHBIM OJIOKHPYIONIUM JU3HIOHKTOM MOCTIE KaX-
JIOTO HAXOXIEHUS BBINOJIHAOUIEH NOACTaHOBKU. HenocTarkom 1aHHOrO moaxozaa siB-
JASI€TCA TO, UYTO MPOLECC MOMCKA PEIICHUs KaXKIblil pa3 HauMHAETCS 3aHOBO, U MPO-
IPAaMMHOE CPEJCTBO KaXIbld pa3 MpOAENIbIBAET MOJHBIA 00beM paboThl IO Mepedopy
POCTPAHCTBA OUCKA. BTOpoii moaxo/1 0CHOBaH Ha UCTIOIb30BAHUM HHKPEMEHTAJIBHBIX
IPOTrPaMMHBIX CPEICTB, KOTOPBIE MOCIIC HAXOXKICHUSI BBITIOJIHSIOIIEH MOACTAaHOBKH CO-
XPaHAIOT CBOE COCTOSIHUE U CIIOCOOHBI IPOIOJKUTH MOUCK PEILIeHus nocie 1o0asie-
HUS HEKOTOPOTO YTOYHEHUS, BEIPAXKCHHOTO OJTHUM WJIH HECKOJIBKUMH JU3BIOHKTAMH.
[TogpoOHee npo uHKkpeMeHTaabHoe peiienrue SAT MOXHO TpounTarth B [81].

Heo0OxonuMo 3aMeTUTh, YTO €CJIM HaiIeHo ABa aBToMaTa Dy = (D, >, 0,dq, Df )
uDy = (D,X,8,di, Dy ), KOTOpbIE PA3NIUYAOTCS TOJIBKO MHOKECTBAMH JOILYCKAKO-
IIMX COCTOSIHUH, TO MOKHO CJI€JIaTh BBIBOJI, YTO B UCXOHBIX IPUMEPAX MOBEACHUS HET

CTPOK, OIIPCACIIAIOIHNX AOITYCK OAHOI'0 MJIM HCCKOJIbKHX COCTOSIHUM aBTOMAaTOB Dl n
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D,. Ecnu ucnonb30BaTh MPEAJIOKEHHBIN BBIMIEC OJOKUPYIONTUN TU3BIOHKT, TO OYyIyT
HaWJEHbl BCE TaKWUE aBTOMAThI, OTIIMYAIOIIUECS JIMIIh MHOXXECTBAMHU JOITYCKAIOITUX
coctostHuil. Taknux aBTomaroB 6ymer 2F, ecimu k — 3TO YHCIO COCTOSHHIA, IS KOTO-
pPBIX HE XBaTaeT MHGOPMAITHH O JomycKe. B obmieM ciydae, eciii B MCXOMHBIX JTAHHBIX
HC XBATacT I/IH(i)OpMaI_[I/II/I, ‘-ITO6BI IMOHATDB ABJISACTCA JIM COCTOAHUC JOITY CKAarOIIUM HIIA
HET, TO HE BAXKHO, OYJIET JIN TAaHHOE COCTOSTHHUE JOITYyCKAOIUM B HaliJIECHHOM aBTOMATe.

Torna 6mokupyromUi AN3BIOHKT MOKHO COKPATUTh 10 CJIEIYIOIIETro BUA:

A

yey

Taxxe HEOOXOIUMO 3aMETUTh, UTO TaK KaK BCETNa CTPOUTCS IOJIHBIA aBTOMAT,
TO OBIBAIOT CITy4au, KOrJa HEKOTOpble mepexoanl HaijaeHHoro /IKA He mokpsiBaroT-
Csl TepEeXolaMH PaCIIMPEHHOTO MPEePUKCHOTO JIepeBa. DTO 3HAUUT, UTO CYIIECTBYIOT
HEKOTOPbIE C80000HbIE TIEPEXOJIbI, KOTOPBIE HE MCIOJIB3YIOTCS TIpU 00padoTKe J11000-
rO U3 UCXOJHBIX MPUMEPOB noBeneHusi. CBOOOAHBIE TIEPEXObI MOTYT BECTH B JIFO00OE
COCTOSIHME B HalJICHHOM aBTOMATe, TaK KakK 3TO HE BIIMSET Ha COOTBETCTBUE HAM/ICH-
noro JIKA mpumepam nosenenus. Torna cymectByer M* aBromaros, pasmuyaroniux
TOJILKO OJHUM WJIM HECKOJIbKUMU U3 k CBOOOJHBIX mepexoqoB. Kak u B mpeasiayiiem
Cllyyae, €CJIM B UCXOJHBIX JaHHBIX HE XBaTaeT MH(OpMALIUU, YTOOBI ONIPEIETUTH HEKO-
TOPBIN MEPEX0/], TO HE BaXHO, Ky/la OH OyneT Bectu. [Ipennaraercs 3agukcupoBaTh Bce
CBOOOJTHBIE MEPEXO/Ibl B BUJE METENb — MYCTh BCE CBOOOIHBIE MEPEXOAbl BEAYT B TO
K€ COCTOSIHUE OTKYZa BBIXOJAT. JJOOUTHCS TOrO MOKHO C TOMOIIBIO JIONOTHUTEIBHBIX
nepeMeHHbIX Hcnonb3oBanus (used) {u;; }ic(ar), s, KOTOPbIE HCTUHHBI TOTIA U TOIBKO
TOTJa, KOTZIa CYIIECTBYET MEPEX0/l U3 HEKOTOPOW BepIIUHBI IpeHuKcHOTO nepeBa 7,

COOTBCTCTBYIOHIGﬁ COCTOSAHHIO dz aBToMara D, 10 CHUMBOJY [:
AWASAEE
1<i<M [eX veV]

rae V; — MHOXECTBO BCE COCTOSIHUM PacIIMPEeHHOTo MpeUKCHOTro AepeBa, UMe-

OLIMX Mcxozsee pedpo mo cumBoiy [, To ectb V; = {v|3w.7 (v,1) = w}.
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Torna, 3adukcupoBaTh CBOOOAHBIE MEPEXO/IbI B BUJIE METEH MOXKHO C ITOMOIIIBIO

N00aBIEHUS CIETYIOIIETO OTPAHUYCHHUS:
/\ /\ Uil = Yid-
1<i<M X
JlarHoe orpanuyenue Boipakaercs uepe3 O (M x L) muswionkroB. Ha pucyH-

ke 17 mpencrapieHo pacmpeHHoe MpehUKCHOE AePEBO, TOCTPOSHHOE TI0 MHOJKECTBAM

npumMepoB noBenenust S, = {ab, b, ba, bbb} u S_ = {abbb}. Ha pucynke 18 npencras-

Pucynoxk 17 — [Ipumep pacumpeHHoro npeuKcHOro JiepeBa Jyisi MHOKECTB CIIOB

S, = {ab,b,ba, bbb} u S_ = {abbb}

nen JIKA mMuHMManbpHOTO pazmepa, COOTBETCTBYIOUINI pacIUPEHHOMY Mpe(pUKCHOMY
JepeBy, U300pakxeHHOMY Ha pucyHKy 17. [lepexon u3 coCcTosiHUS 2 IO CUMBOJTY @ B JJaH-
HOM aBTOMATe HE MOKPHIBAECTCSI HUKAKUMHU MepeXo1aMu MpeGUKCHOTO JepeBa, a 3HAYUT
aBisiercsa cBOOOIHBIM. C MOMOIIBIO MPEUIOKEHHBIX paHee OTPaHUYEHHUN MOXHO 3a-
(uKCHpOBATh TaHHBIN MEepexo B BUAE NETIU, YTO MPOJIEMOHCTPUPOBAHO HA PUCYHKE

LITPUXOBOU JINHUEMN.

Pucynok 18 — [Ipumep JIKA, moctpoeHHOTO 110 TTpe(PUKCHOMY JEPEBY,
MpeICTaBICHHOMY Ha pUCyHKe 17, ¢ 3aUKCUPOBAHHBIM CBOOOHBIM MEPEXOIOM U3
COCTOSIHUSA 2 110 CUMBOILY @
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4.3 Peaauzauus M IKCIIEPUMEHTAJbHBIE UCCIEI0BAHNS Pa3pa00TaAHHBIX METOI0B

B HacTosmem pas3acic MpuBOIATCA OIMMCAHUC pCaIn3allun p33pa6OTaHHHX MC-

TOHJOB U OKCIICPUMCHTAJIBHBIC UCCIICIOBAHUS, ITIPOBCACHHBIC C HUMU.

AJiroputMm nepedopa ¢ Bo3Bparamm. Tak Kak paHee He Mpejiarajioch METOI0B st
MOMCKA BCEX BO3MOXKHBIX TPUMEPOB MOBEACHUS 10 3aJaHHBIM CJIOBAPSM, TO ObLI pa3-
paboTaH nepeOOPHBIN AJITOPUTM C BO3BpaTaMU, HE UCTIOIB3YIONINNA HUKAKUX CTOPOH-
HUX IPOrPaMMHBIX CpeICTB. [laHHBIN anroputM padboTaeT cienyroumm oopazom. MU3-
HavyanbHO co3naercs ncesno/IKA D ¢ M BepmnHamu (rae M — pa3Mep UCKOMOTO
JIKA), Ho 6e3 nmepexonoB 1 0e3 BbIJICJICHHBIX JIOMYCKAIOIUX COCTOSIHUM, KOTOPHIN 3a-
TeM OyAeT JocTpauBarhes 10 nosHoueHHoro KA. Jljist 3Toro Ha ka0l utepaiuu aj-
ropuTMa MOJICPKUBACTCS PPOHT pacIupeHHoro npedukcHoro aepesa A frontier —
MHOXKECTBO pedep nmpedHuKCHOro aepesa A, 1 KOTOPBIX BCe MPEAIIeCTBYONINE pedpa
Ha ITyTH OT KOPHS IEpEBa A0 HUX YK€ MPEJICTABICHBI B aBTOMaTe D, a OHM CaMH — €111e
HeT. MI3HayanbHO ()POHT COCTOMT W3 BCEX MCXOSANIMX U3 KOopHs nepesa A pedep. Pe-
KypcuBHasi pyHKIHS backtracking mojaepKuBaeT GpOHT B aKTyaIbHOM COCTOSTHUH.
Ecnu gpoHT He myct, Torna ganHas (QyHKUMS MbITaeTcst 10CcTpouTh Tekymmii JIKA ¢
MTOMOIIIBIO0 OTHOTO U3 pedep dhponTa. [Tocne kak10ro foCTpanBaHus TEKYIIUM aBTOMAT
IIPOBEPSIETCSI HA COOTBETCTBUE NMPEPUKCHOMY JEPEBY, U, €CIIM MIPOTUBOPEUHI HE HAMl-
7ieHo, TO GpOoHT oOHOBIsIeTCs. Ecin sxe GpoHT mmycT, To Bce pedpa mpedukcHOro aepena
A npencrasnenHsl B aBTOMate D, a 3HaUNUT COOTBETCTBYIONIUI aBTOMAT HaiiieH. Torma
JKA D nposepsieTcsi Ha IOJIHOTY, U, €CJIM aBTOMAT HE MOJIOH, TO HEAOCTAIOLIUE Iepe-
X071l JOOABIISAIOTCS B BUJIE NIETENb (AHAJIOTUYHO TOMY, KaK 3TO Mpejiarajioch aeiarh B
IpeabIayIeM pa3zesie ¢ MOMOIIbI0 IEPEMEHHBIX UCIOJIb30BaHUs) C TOMOIIBIO (PyHK-
uu makeComplete. [IceBnokoa pazpaboTaHHOrO METOAA MPEACTABICH B TUCTUHTE 1.
Oynukius findNewFrontier Bo3BpamaeT HOBbIN GPOHT 1151 JonojaHeHHOro KA nmm
NULL, ecnu JIKA He cOOTBETCTBYET pacUIMpeHHOMY NpedukcHOMY AepeBy. JlaHHBIM

AJITOPUTM TMOJHOTO MOKMCKA OCHOBAH Ha ajaroputMe us [83].
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JIuctunr 1 — IlepeGopHBIi anroOpuT™M ¢ Bo3BpaTtamu s reneparuu Bcex KA munu-

MaJbHOTO pa3mepa

Input: pacmmpennoe npedukcHoe aepeBo A; Tekymas Bepcusi uckomoro [IKA D;
dpoHT frontier.

Output: mMHOXecTBO S Bcex HenzoMopdubix JIKA, cooTBeTcTBYIOINX MTPEHUKCHOMY
nepesy A.

function BACKTRACKING(A, D, frontier)
S ¢~ IMycTO€ MHOXKECTBO
edgeedge <— moboe pebpo u3 frontier
for all destination € 1...D.size do
source <— coctosture D, KOTOPOMY COOTBETCTBYET edge. from
D' < D U TRANSITION(source, destination, edge.label)
frontier’ <+ FINDNEWFRONTIER(A, D', frontier)
if frontier’ # NULL then
if frontier’ = @ then
S.add (MAKECOMPLETE(D))
else

S.add (BACKTRACKING (A, D', frontier’))
return S

Peanm3anusi pa3paGboTaHHbIX METO/I0B FeHEPAIIUHN BCEX IeTEPMUHUPOBAHHBIX KO-
HEYHBIX aBTOMATOB. [IpemiokeHHBINH B MPEAbAYIIEM pasiesie METOJl TeHepaluu
JIKA MUHHUMaIBLHOTO pa3Mepa Ha OCHOBE cBeieHUs K SAT U ¢ HCTIOJIb30BaHUEM TTO/IXO-
7la yTOYHEHUsT aOCTPaKIMK TI0 KOHTPIIpUMepaM ObLT peain30BaH Ha sI3bIKE python Kak
MOZYJIb TPOTPAMMHOTO KoMIuiekca DEFA-Inductor-py. s UCHONb30BaHUs JaH-
HOT'O METOJ1a HEOOXOIMMO yKa3arh napametp “--find-all/-all”. Takxe, C TOMO-
nipto napametrpa “--find-k/-find” moxkHo ykasars uncio JIKA, kotropsie HEOO-
XOIUMO CTeHepHupoBaTh. JIt0ObIe peamn30BaHHbIE MPEIUKAThI HAPYIICHUS CUMMETPUHN
U rpad HECOBMECTUMOCTH MOTYT UCTIOJIb30BaThCSI COBMECTHO C JJAHHBIM METOZ0M. Me-
to renepanuu JIKA mo n30brtounoMy HaOOpy MPUMEPOB MTOBEACHUS, UCIIOJIb3Y O
MOJIX0/I YTOUHEHHS a0CTPaKIINK, TAaK)KE MOKET UCIIOJIb30BAThCSl COBMECTHO C JTAHHBIM
METOZIOM JJis TeHepaluu Becex HensoMopdubix JIKA mo nzésirounomy Habopy mpume-

POB MOBEJICHUA.
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JKCIIePUMEHTAJIbHbIE MCCICAOBAHUS Pa3padOoTaHHBIX METOA0B IeHepalul Bcex
AEeTePMUHUPOBAHHBIX KOHEYHBIX aBTOMATOB. Bce 3KCIEpUMEHTHI MPOBOAUIUCH
Ha cepBepe ¢ 64-saaepHbIM porieccopoM AMD Opteron 6378 @ 2.4 TTuwuore-
panmoHHoOM cucteMmort Ubuntu 14 .04. [y reHepanyu TECTOBBIX JaHHBIX CHOBA UC-
MOJIB30BAJICS AJITOPUTM, IIPEIJIOKEHHBIN B pazzene 2.4. Mcnonb30Banuch ciaeayome
mapaMeTpsl: pasmep uckomoro asromara M € [5; 15], MomiHoCTh andasura L = 2,
CyMMapHoe 4ucio npumepoB noseaeHus S € {5 x M; 10 x M;25 x M}. Jns kax-
noro Habopa mapaMmeTpoB reHepupoBanoch mo 100 pa3auMuHbIX aBTOMATOB U COOTBET-
CTBYIOIIMX HA0OPOB MPUMEPOB MOBEICHHUS.

CpaBHUMBAIUCH TPU METO/1a TeHepaluK Bcex HemzoMoppHbix KA no npumepam
MOBEACHUSI:

— METO/I, OCHOBaHHBIN Ha cBelleHur K SAT, u3 pazaena 4.2 ¢ nepe3anyCcKkoM Mpo-

rpammHoOro cpeacta s pemienust SAT (crondenr REST B Tabnuiie);

— METOJ, OCHOBAaHHBIN Ha cBefeHuu K SAT, u3 pazaena 4.2 ¢ HCHOIB30BAHUEM

MHKPEMEHTAIBHOTO NporpaMmMHOro cpeactsa s pemenus SAT (INC);

— mepeOOpHBII MeToa ¢ Bo3Bparamu u3 pazzaena 4.3 (BTR).

Pe3ynbrarel SKkCiepruMEHTaIbHBIX UCCIIEIOBAHUN TIpeicTaBieHbl B Ta0nuIe 3. OrpaHu-
YeHHE M0 BPEMEHH ObLIO ycTaHOBIEHO B oauH 4yac (3600 cexynm). Cronbery >1 moka-
3bIBAET MPOLICHT SK3EMIUISIPOB 3a]1a4H, TI€ CYIIECTBOBAJIO OOJIbIIIE OJHOTO HEU30MOP -
HOTO aBTOMara. Tak Kak B TaOJHUIIE MPEJACTABICHHO MEIUAHHOE BpEMsI, TO €CITM MEHEe
50 (To ecThb MEHEe MOJIOBUHBI) FK3EMIUIIPOB ObUIH PEIICHBI, TO B COOTBETCTBYIOIIEH
siYEKe CTOUT MPOUYEPK (—).

Pe3ynbrarbl 3KCIEPUMEHTOB IMO3BOJISIOT C/ENIaTh HECKOJIbKO BBIBOJOB. Bo-
NEPBBIX, BIEPBbIC YCIEIIHO pEIIeHa 3ajadya reHepalnuu Bcex paznuuyHbix [IKA mu-
HUMaJILHOTO pa3Mepa 1o 3aJaHHbIM IpuMepaMm mnoBeaeHus. Bo-BTophix, 00a MeToza,
ucrosb3yroniue cefaeHue kK SAT, 3HaUUTEeTbHO TPEBOCXOAT MO TPOU3BOAUTEIBHOCTH
nepeOopHbI MeToNl. B-TpeTbux, MCHONb30BaHHE HMHKPEMEHTAIBHOIO MPOTPaMMHO-
IO CpEeICTBa, KaK M MPEIIOoarajoch, 1aeT 3aMETHOE MPEUMYIIECTBO OTHOCUTEIBHO
NOJIX0/1a C MEPE3AMYCKOM MPOrPaMMHOIO CPEACTBA, UTO OOBSICHSAETCA COXpPAaHEHUEM

IMPOMCIKYTOYHOI'O COCTOSAHUA HHKPCMCHTAJIbHBIM ITPOT'PAMMHBIM CPCACTBOM ITIOCJIC HA-
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Tabnuua 3 — MeauanHoe BpeMsi HaxOxAeHUs Bcex pa3nuuHbix KA ¢ momomipio me-
Toja Ha ocHOBe cBeAeHus K SAT ¢ mepesamyckoM mporpammHoro cpenctsa (REST),
MeToj1a Ha OCHOBE cBefieHUs K SAT ¢ MCIoIb30BaHUEM MHKPEMEHTAIBLHOTO MPOTPaMM-
Horo cpenctsa (INC) u nepebopnoro merona ¢ Bo3sparamu (BTR)

M S=5xM S=10x M S=25x M

>1 REST INC BTR >1 REST INC BTR >1 REST INC BTR
5 53 23 2,0 0,8 40 3,6 33 1,3 17 41 34 1,5
6 56 28 2,4 2,1 31 47 39 1,7 27 54 43 1,7
7 87 39 2,5 4,1 27 3,7 3,0 3,1 13 74 6,7 2,5
8 80 406 3,7 87,2 34 7,0 65 41,7 16 10,1 89 11,6
9 91 7,6 3,9 4751 50 7,7 64 121,6 10 13,8 13,0 614
10 8 15,7 53 27562 47 86 7,0 9747 11 188 16,1 276,8
11 94 199 73 — 63 18,5 13,8 3108,0 9 245 21,9 11584
1290 28,0 99 — 49 223 16,7 — 8 33,5 272 32891
13 92 1855 18,1 — 57 369 226 — 12 62,0 514 —
14 87 408,5 49,0 — 71 851 41,8 — 4 670 562 —
15 95 571,1 1741 — 69 1933 95,7 — 6 292 262 —

xoxkaeHus: Hekotoporo JIKA. B-ueTBepThix, ueM OoJibllie TPUMEPOB MOBEJACHUS JTaHO
s reHepaunn JIKA, Tem pexe ciydaercs CUTyalus, KOTAa CYLIECTBYET HECKOJIb-
ko pasnuuHbiX KA, coorBercTByrommx uM. OJHAKO, HAAO 3aMETUTh, YTO TTOMUMO

KOJIMYCCTBA ITPUMCPOB ITOBCACHUS, X KaUCCTBO HC MCHCC BAKHO.

BeiBOaBI O 171aBe 4

B yetBeproii m1aBe ObUIa JaHa MOCTAHOBKA 33J1aud TeHepalui BceX Hem30Mopd-
HbIX JIKA, y1oBIEeTBOpSAIOMIMX 3aJaHHBIM IIpUMEpPaM MOBEJCHNUS, a TAKKE MPEAJIOKEH
METOJI pellIeHUs TOCTaBICHHOMU 3a1a4n. PazpaboTanHblii MeTO1 ObLIT peain30BaH B pam-
Kax ImporpamMMHOro cpeacrsa DEA-Inductor-py.

JleTepMUHUPOBAHHBIM KOHEUHBIM ABTOMAT MHUHHUMAJIBHOIO pa3Mepa SBISCTCS
MaKCHUMAaJIbHO TOUYHBIM 00OOIIEHNEM UMEIOIINXCS TaHHBIX, BBIPAKEHHBIX C TIOMOIIBIO
npumepoB noseAaeHuss. OQHaKo B ciydae, KOrja MpUMeEphl IOBEAECHUS HENOCTATOYHO
XOPOIIO ONMCHIBAXOT UCKOMBIM aBTOMAT, MOYKET CYIIECTBOBATh HECKOJIBKO PA3JIMYHBIX
HEU30MOP(HBIX YIOBIETBOPSIONIMX aBTOMAaTOB MUHUMAJILHOTO pa3mepa. B Takom ciry-
4yae pallMOHAIbHBIM PELIEHUEM MOXET ObITh MOCTPOEHUE BCEX TAKMX aBTOMATOB. Tak-
e, C IOMOIIBI0 MeToza reHepaunu Beex JJKA, MOXHO 10ka3aTh €IMHCTBEHHOCTh aBTO-

MaTra ¢ MUHUMAJIbHBIM 4YHCJIOM COCTOHHHﬁ, COOTBCTCTBYIOIICTO 3alaHHBIM ITPpUMEpPaM
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noBenenus. EnuncteenHocts JIKA B TakoMm cilyyae TOBOPUT O TOM, YTO UMEIOIIUECS
JTAHHBIE XOPOIIO OMUCHIBAIOT HAWJICHHBIM aBTOMAT.

be3 ncnonk30BaHUsS NPEAUKATOB HAPYIIEHUSI CAMMETPHUM HAa OCHOBE KOJAUPOBA-
Hus anroputma BFS wnu DFS He nipeacrapisieTcss BO3MOXKHBIM Hanmucarb 3OQPEeKTrB-
HBIM MeToA reHepaiuu Bcex Henzomopdubix JIKA, tak kak nis moboro KA cymie-
cteyer O (M!) uzomopdusix aBTOMatoB. Mcnons3oBanue BFS-npeaukaToB Hapyiie-
HUSI CHMMETPHUH IO3BOJIET OCTaBUTh €IUHCTBEHHOIO MPEACTABUTENS JJIsI KaXJ0Tro
KJlacca IKBUBAJICHTHOCTH 1O M30Mopdu3My. bein peann3oBad MeTo, HCTIOIB3YIOIIHNE
TaKue MPEANKATHI, 171 TeHepaIuy Bcex HemzomopHbix JIKA MuanMansHOTO pazmepa.
DKCIepUMEHTAJIbHBIE UCCIIEI0OBAHUS MMOKAa3aJId, pa3pabOTaHHBIN METOI IEMOHCTPUPY-
€T 3HAaYUTEJIbHO MeHblIee BpeMs reHepanuu KA oTHOCUTENIbHO pean30BaHHOIO aJl-
roput™a nepedopa ¢ Bo3Bparamu. Takke, UCIOIb30BaHUE TTPOTPAMMHBIX CPEACTB IS
pemennst SAT B uTepaTUBHOM PEKHME MTO3BOJISIET 3HAUUTEIIHBHO TTOBBICUTD 3(PhHEKTHB-
HOCTB pa3pabOTaHHOTO METO/Ia, TaK KaK MEX/Iy BCsA HAaKOIUICHHAs: HH(OpMaIus coxpa-
HAETCS MEXIY 3aIlyCKaMU IMPOTPAMMHOTO CPEACTBA. Bce pe3ynbrarsl JaHHOW TJ1aBbI

omyOJIMKOBaHbI B cTaThe [78].
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3akJaoueHue

OcHOBHBIC PE3YJIbTAaThI pa6OTBI 3aKJIIO4YaroTCs B CICAYHOIICM:

a)

6)

Pa3zpaboTraHbl peIMKaThl HAPYIICHUS CAMMETPUH, OCHOBAaHHBIC HA KOJAHPO-
BaHUM aJITOPUTMOB 00x0/1a rpada B MHMPUHY U B TIIYOUHY, IJI1 COKPAIICHUS
IPOCTPAHCTBA MOUCKA MPH PEIICHUH 33]1a4l BBIOJIHUMOCTH U TOUYHbIE Me-
tonbl reHepannu JIKA 1o 3aganHpIiM mpuMepaM NOBEAEHUs, UCTIOJIb3YOIINE
naHHble npeaukarsl. [Ipeaukarsl HapylIeHUs CHMMETPUHU, OCHOBaHHbBIC Ha
KOJMPOBAHUU alropuTMa 00xo/a rpada B IIIyOMHY UMEIOT CKOpee TeOPETH-
YECKYI0 3HAYUMOCTh, TaK KaK HE MPOJACMOHCTPUPOBAIN HUKAKHX MPEUMY-
IECTB, OTHOCUTEIBHO MPEAUKATOB, OCHOBAaHHBIX HA KOJIMPOBAHUU AJITOPUT-
Ma obxoza rpada B mupuHy. HoBblll cioco0 KonupoBaHMs MPEAUKATOB Ha-
pYUIECHUS] CUMMETPHUM Ha OCHOBE KOAMPOBaHUS ajiroputMa obxona rpada B
[IMPUHY TMO3BOJISIET UCIOIb30BaTh ACUMIITOTHUYECKU MEHBIIIEE YUCIIO AU3b-
IOHKTOB OTHOCUTEJIbHO MPEIJIOKEHHOT0 paHee. Pa3paboTaHHbI TOUHBIN Me-
TOJI, UCTIONB3YIOIIUI JaHHBIE MPEIUKATH COBMECTHO C TIPEIUKATAMU, YUUTHI-
BaIOIIUMH OCOOCHHOCTH JepeBa 00xoma rpada B MIUPUHY, TEMOHCTPUPYET
JTYYIIYI0 IPOU3BOJUTENBHOCTh OTHOCUTEIBHO CYIIECTBOBABILIUX paHEe Me-
TOJIOB.

Pa3paboran Tounslii metoz reneparuu JIKA mno uz0eitounomy HabOpy MpH-
MEpPOB MOBEJICHUS C UCIIOJIb30BAHUEM CBEJICHUS K 3a/1a4€ BBHITOJTHUMOCTH U
MOJIX0/1a YTOUHEHUsI aOCTPaKIINK 110 KOHTprpuMepaM. Pasmep Oyresoit (op-
MYJIbI K YHCIIO0 UCTIONB3YEMBIX TIEPEMEHHBIX JIMHEHHO BO3pacTaeT MpH YBEIH-
YEHUH YKCJia IPUMEPOB MoBeAeHus. Pa3paboTaHHbIN METO/T TO3BOJISET FeHe-
pupoBath JIKA 1o n36sitounoMy Ha0Opy MPUMEPOB OBEIEHNUS, UTEPATUBHO
pacuupsisi MHOXKECTBO UCTIOIb3yEMbIX TPUMEPOB, TOCTPAUBAs PACIIUPEHHOE
npeUKCHOE AEPEBO U UCIIOIB3YsI TPOTPAMMHOE CPEICTBO M perieHus SAT
B MHKPEMEHTAJILHOM pexuMe. Tak Kak MHOXKECTBO HCIIOJIb3YEMBIX MPUMe-

POB MMOBCACHUA PACIIUPACTCA KOHTPIIPUMCPAMHU K ITIOCTPOCHHBLIM ITPOMCIKY -
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touHbIM JIKA, To B uTOTE MJI TEeHEpALIUK UCIIOJIB3YIOTCS TOJIBKO 3HAYUMBIE
npuMepbl oBeeHus. TakuM 00pa3oM, ¢ MOMOIIBIO JAHHOTO METO/Ia YIaeT-
Csl TOUHO peliarh Takue 3aJa4u, KOTOPbIe paHbllle HE MOIIU OBITh pEelIeHbBI
BBUTy OOJIBIIIOTO pa3Mepa OyseBoil (opMyIIbI.

Pazpaboran mMeron renepamnuu Bcex HemzoMophHbIX JIKA MHUHHMaIbHOTO
pasMepa, yI0BICTBOPSIONIUX 3aJaHHBIM [TIPUMEpPaM MOBEJICHHUS, C UCTIOIb30-
BaHUEM MPEIUKATOB HAPYIICHUS CHMMETPUH U TIPOTPAMMHBIX CPEJICTB peliie-
HUS 3aJ]a4M BBITIOJTHUMOCTH. PaHee 3a/adua TeHepainy BceX HeM30MOp(OHBIX
JIKA MUHUMabHOTO pa3Mepa He umena 3(Q(PEeKTUBHOTO pelIeHHs BBUILY TO-
r0, YTO U30MOP(HBIC aBTOMATHI, SBISSICH OJUHAKOBBIMU TI0 CTPYKTYpE U TIO
OTIPEEIIIEMOMY SI3BIKY, IPOTPAMMHBIM CpeACTBOM i pemienust SAT cum-
TAIOTCS PA3IMYHBIMU, 4TO MPUBOIUT K paccmorperuio O (M) uzomophHbIX
aBToMatoB ¢ M cocrosiHusaMH. Micrionb3oBaHue NpeanKkaToB HAPYIIEHUS CUM-
METPHUHU Ha OCHOBE KOJIUPOBAHUS aJIropuTMa 00Xxo/a rpada B MUPUHY TT03BO-
JISIeT T KaXKI0TO Kilacca YKBUBAJICHTHOCTH 1O U30MOP(PHU3MY OCTAaBUTh JIJIS
paccMOTpeHusl €IMHCTBEHHOTO MpeACcTaBUTeNs BMecTo (haktopuana. Takum
o0pa3oM, BIIEpBbIE ObLI NPEJIOKEH METOJI PEIICHUS 33]]aul TeHEPAIIMU BCEX
Henzomo(pHbix JIKA MuanMansHOTO pazMepa. [Tonck Bcex Hem30MOphHBIX
aBTOMAaTOB MOXKET OBITh IMOJIE3EH ISl JaJbHEHIIEro Ux aHainusa, 0o IJis
aHaJIM3a UMEIOIINXCA TPUMEPOB MOBeeHUs. [[pyrumM npuMeHeHneM paspa-
OO0TaHHOTO METO/IA SBISETCS BOBMOXKHOCTD JI0Ka3aTh €IMHCTBEHHOCTh MUHHU-
MaJbHOTO aBTOMaTa, COOTBETCTBYIOIETO 33JaHHBIM IIPUMEPAM ITOBEJCHUSI.
Bo Bpemsi pabotrbl Hajx aumcceprainedl Ha si3bike Python ObUIO pas-
paboTaHO MPOTPAMMHOE CPEIACTBO C OTKPBITBIM HCXOAHBIM  KOJIOM
DFA-Inductor-py, npeanHazHaueHHoe mis renepaunu KA mo 3aman-
HBIM TIpUMEpaM MoBeieHus. B cocTaB cpesicTBa BXOIAT pa3IuyHbIe MOYJIH,
MO3BOJISIONINE pemaTh 3amady renepanuu JIKA mo 3agaHHBIM mpuMepam
noBeAeHus, 3anaqy reHeparuu JIKA mo m30bITogHOMY HaOOpy IPUMEPOB
MOBEJICHUS U 3aJlauy reHepanuu Bcex HenmzoMopdHbix JIKA mo 3amaHHBIM

[MpuMepam I1OBCIACHUSI. B CpCACTBC PCAJIM30BAHBI PA3JIMYHBIC ITPCANKATBI
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HapylIeHUs CUMMETPUN — KaK MPEIJIOKEHHBbIE paHee JPYyrMMHU aBTOpPaMHu,
TaK U pa3paboTaHHBIC B paMKax HACTOSIICH JUCCepTaIiy.

1) Pesynbrarsl paboThl ObUIM UCTIOIB30BAHbI B Y4EOHOM Ipoliecce Ha (pakyJibTe-
T€ UHPOPMALIMOHHBIX TEXHOJIOTUI U porpaMmmupoBaHust Yausepcutera UT-
MO B pamkax kypca «IIpoekTupoBaHre aBTOMAaTHBIX MPOTPaMM» IIporpam-
MBI OakanaBpuara «MaTemarudyeckue MOJEIH M alTOPUTMBI B pa3pabOTKe
IPOrPaMMHOI0 00€CTIEYEHUs», UTO TOATBEPKIAETCS aKTOM 00 MCIIO0Ib30Ba-
HUH.

e) Yactp pe3ynbraTtoB pabOThl HCIONB30BANIACH NPU BBHIMOJIHEHUH MPOEKTa
SAUNA (“Integrated safety assessment and justification of nuclear power
plant automaton™), BBIIOJHEHHOrO uccieaoBarenbckoil rpynmnoit “IT in
Automation” kadenpsl JIEKTPOTEXHUKNA U aBTOMaTUKH YHUBEpcUTeTa Aaj-
t0o, OuHngHaNs, B pamMkax DUHCKONW MPOTpaMMbl MCCIEAOBAaHUN Oe3omac-
HOCTH aTroMHBIX 3ektpoctaniuii — SAFIR2018, uro moarBep:kmaercs
MUCHMOM PYKOBOIUTENS UccienoBarenbckoil rpynmnel “IT in Automation”
B. B. BarkuHna.

x) Pesynprarsl paboOThI TaAKkKE UCTIOIB30BAIUCH MPU BBITTOJIHEHUH MO/, PYKOBO/-
CTBOM aBTOpa auccepranuu rpanTta Poccuiickoro ¢honaa hbyHaaMeHTaaIbHbIX
uccnenoBannii (mpoekt 183700425 «Pa3paboTka 3¢(heKTUBHBIX METOIOB Ma-
IIMHHOTO OOYYEeHUS JJIsl MOCTPOEHUS JIETEPMUHUPOBAHHBIX KOHEUHBIX aB-
TOMAaTOB Ha OCHOBE PEILICHHUs 3aJaud BbIMOIHUMOCTHY», 2018-2020 rr.) n
B paMKax IPOEKTOB 0 IMPOrpamMMe MOBBIIIEHUS KOHKYPEHTOCIIOCOOHOCTH
BEYIINX POCCUICKUX YHUBEPCUTETOB CPEIM BEIYIIMX MUPOBBIX HAYyUHO-
oOpa3zoBaTeIbHBIX IIEHTPOB «5-100%.

Tounslii Mmetox renepanuu JIKA 1o 3ajaHHbIM IIpUMEpPaM MOBEAEHHUS, UCITOIb3Y-
IOIIMN TTPEANKATHI HAPYIICHUs] CAMMETPHUHU Ha OCHOBE aJiropuT™Ma 00xoza rpada B IIu-
pHUHY, IEMOHCTPHUPYET JIYUIIYIO MTPOU3BOAUTEIBHOCTh OTHOCUTEIBHO MU3BECTHBIX pa-
HEE METOJIOB U IMO3BOJISIET T€HEPUPOBATH ABTOMATHI OOJBILIETO pa3Mepa 3a MEHbIIIee
BpeMsa. Metox renepanuu KA no n3dosirouHoMy HaOOpy NMPUMEPOB MOBEACHUS 03~

BOJIACT 'CHCPUPOBATL aBTOMATLI 110 TAKUM JaHHBIM, 110 KOTOPBIM U3BCCTHBIC PAHCC MC-
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TOJIbI HE MOTTTH TTocTpouTh JIKA B mpuHITMTIE BBHIY OOIBIIIOT0 pasMepa OyneBoit pop-
mysbl. MeTton reHepanuu Bcex HemzoMophHbix JJKA MuHnMansHoro pazmepa, ynosie-
TBOPSIOILNX 3aIaHHBIM IPUMEPAM MOBEICHMS], IBJSETCS EPBBIM U3BECTHBIM METOJIOM,
MO3BOJISIIOLIMM CT€HEPUPOBATh BCE HEU30MOP(HBIE aBTOMAThl — CYIIECTBOBABIIIHE Pa-
HEEe METOJIbl MOTYT OBITh aJIallTUPOBaHBI JJ1s moucka Bcex JIKA, HO ux ucnoiab3oBanue
OPUBOAUT K BO3HUKHOBEHHUIO KOMOMHATOPHOTO B3phIBa YUCJIA PACCMaTPUBAEMbBIX aBTO-
MaToB BBUY OTCYTCTBUA 3(D(PEKTUBHBIX MPEAUKATOB HApYyIIeHUs] cuMMeTpuH. Llenbio
HACTOSIIETO JAUCCEPTALMOHHOTO MCCIIEOBAHMS SBIISIIOCH MOBBINIEHUE d()PEKTUBHO-
CTH TOYHBIX METOJIOB I€HEpalUu JIETEPMUHUPOBAHHBIX KOHEYHBIX aBTOMAaTOB IO 3a-
JAHHBIM ITpUMEpaM MOBEJEHUS MOCPEICTBOM COKpALIEHUS MPOCTPAHCTBA OUCKA MTPU
pEIIEeHUN 3a7a4i BBIMOTHUMOCTU. TakuMm 00pa3oM, COITIaCHO pe3yJbTaraM SKCIepHU-

MCHTAJIbHBIX HCCHG}IOBaHHI;'I, ICJIb MOKHO CUUTATh YCIICIIHO ﬂOCTHFHYTOﬁ.

BbaaronapuocT. ABTOp BbIpaxaeT 0JaroapHOCTb CBOEMY HAyYHOMY PYKOBOJUTE-
JI10, KAHIUJIATy TEXHUYECKNUX HayK, B. M. YbsHIIEBY 32 HEOLIEHMMYIO ITOMOIIb B UCCJIE-
JIOBATENIbCKOW NIEATENIbHOCTH M B HAlMCAaHWM HACTOAIIEH paboThl, mpodeccopy, T0K-
TOpY TeXHUYeCKHX Hayk, A. A. IllansITo 32 HACTAaBHUYECTBO, KOJIJIEraM 10 MEKTyHa-
ponHoii naboparopun «KoMmmbroTepHbIE TEXHOIOTHI KaHIUIATY TEXHUYECKUX HayK
J1. C. UuBUIMXuHYy 32 MHOTOUYMCIICHHBIE KOHCYJIBTALUH TIO BOIIPOCAM HCCIIEI0BATEIb-
CKOM JIeATEIbHOCTH U 3a MOMOIIIb C IEPEBOIOM TEKCTa pedepara Ha AaHINIUUCKUH SI3bIK,
K. 1. Yyxapey u /[. M. CyBopoBYy 3a NOMOILb B IOJITOTOBKE UJUTFOCTPATUBHOTO MaTe-
puana Hacrosiei guccepraunu, A. Y. bByrposckomy u T. P. "'anium»kaHOBY 3a MOMOIIIb
B IOKyMEHTOOOOpOTE BO BpEeMsI MPOLEAYPhl NOATOTOBKH 3aLIUThI HACTOSILIEH TUCCep-
TalMOHHOU pabOThI, THOCTPAHHBIM KOJUIeTaM KaHIuAaTy (PU3HUKO-MaTeMaTHYeCKUX Ha-
yk A. U. UrnateeBy u nokropy K. Mapkeury-CuiibBe 3a OpraHU3aiiio CTAKUPOBKU U
AKTUBHOE B HEW y4acTHE, B paMKax KOTOPOW MPOBOAWIACH YACTh MCCIEA0BATENBCKON
NEATEIIbHOCTH aBTOPA.

Taxoke aBTOp BhIpaKaeT 01arogapHOCTh CBOMM poauTensM Tumypy u Banentune
3a MPUBUTYIO JIOO0BB K 3HAHUSIM U Maremaruke, JlazapeBoii Exarepune 3a 1o, 4TO BCe-

raa Oblaa psiioM, cBouM Apy3bsiM Anekcannpy b., Anekcannpy C., Anacracum, Ba-
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Abstract. It was shown before that the NP-hard problem of determin-
istic finite automata (DFA) identification can be translated to Boolean
satisfiability (SAT). Modern SAT-solvers can efficiently tackle hard DFA
identification instances. We present a technique to reduce SAT search
space by enforcing an enumeration of DFA states in breadth-first search
(BFS) order. We propose symmetry breaking predicates, which can be
added to Boolean formulae representing various DFA identification prob-
lems. We show how to apply this technique to DFA identification from
both noiseless and noisy data. The main advantage of the proposed app-
roach is that it allows to exactly determine the existence or non-existence
of a solution of the noisy DFA identification problem.

Keywords: Grammatical inference - Boolean satisfiability - Learning
automata - Symmetry breaking techniques

1 Introduction

Deterministic finite automata (DFA) are models that recognize regular lan-
guages [1], therefore the problem of DFA identification (induction, learning) is
one of the best studied [2] in grammatical inference. The identification problem
consists of finding a DFA with minimal number of states that is consistent with
a given set of strings with language attribution labels. This means that such
a DFA rejects the negative example strings and accepts the positive example
strings. It was shown in [3] that finding a DFA with a given upper bound on its
size (number of states) is an NP-complete problem. Besides, in [4] it was shown
that this problem cannot be approximated within any polynomial.

Despite this theoretical difficulty, several efficient DFA identification algo-
rithms exist [2]. The most common approach is the evidence driven state-merging
(EDSM) algorithm [5]. The key idea of this algorithm is to first construct an aug-
mented prefix tree acceptor (APTA), a tree-shaped automaton, from the given
labeled strings, and then to iteratively apply a state-merging procedure until
no valid merges are left. Thus EDSM is a polynomial-time greedy method that
tries to find a good local optimum. EDSM participated in the Abbadingo DFA
learning competition [5] and won it (in a tie). To improve the EDSM algorithm
several specialized search procedures were proposed, see, e.g., [6,7]. One of the
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most successful approaches is the EDSM algorithm in the red-blue framework [5],
also called the Blue-fringe algorithm.

The second approach for DFA learning is based on evolutionary computa-
tion; early work includes [8,9]. Later the authors of [10] presented an effective
scheme for evolving DFA with a multi-start random hill climber, which was used
to optimize the transition matrix of the identified DFA. A so-called smart state
labeling scheme was applied to choose the state labels optimally, given the tran-
sition matrix and the training set. Authors emphasized that smart selection of
state labels gives the evolutionary method a significant boost which allowed it
to compete with the EDSM. Authors find that the proposed evolutionary algo-
rithm (EA) outperforms the EDSM algorithm on small target DFAs when the
training set is sparse. For larger DFAs with 32 states, the hill climber fails and
EDSM then clearly outperforms it.

The challenge of the GECCO 2004 Noisy DFA competition [11] was to learn
the target DFA when 10 percent of the given training string labels had been
randomly flipped. In [12] Lucas and Reynolds show that within limited time EA
with smart state labeling is able to identify the target DFA even at such high
noise level. Authors compared their algorithm with the results of the GECCO
competition and found that EA clearly outperformed all the entries. Thereby it
is the state-of-the-art technique for learning DFA from noisy training data.

In several cases the best solution for noiseless DFA identification is the
translation-to-SAT technique [13], which was altered to suit the StaMInA (State
Machine Inference Approaches) competition [14] and ultimately won. The main
idea of that algorithm is to translate the DFA identification problem to Boolean
satisfiability (SAT). Thus we are able to use highly optimized modern DPLL-
style SAT solving techniques [15]. The translation-to-SAT approach was also
used to efficiently tackle problems such as bounded model checking [16], solving
SQL constraints by incremental translation [17], analysis of JML-annotated Java
sequential programs [18], extended finite-state machine induction [19].

Many optimization problems exhibit symmetries — groups of solutions which
can be obtained from each other via some simple transformations. To speed up
the solution search process we can reduce the problem search space by perform-
ing symmetry breaking. In DFA identification problems the most straightforward
symmetries are groups of isomorphic automata. The idea of avoiding isomorphic
DFAs by fixing state numbers in breadth-first search (BFS) order was used in the
state-merging approach [20] (function NatOrder) and in the genetic algorithm
from [21] (Move To Front reorganization). Besides, in [13] symmetry breaking
was performed by fixing some colors of the APTA vertices from a clique pro-
vided by a greedy max-clique algorithm was applied in a preprocessing step of
translation-to-SAT technique.

In this paper we propose new symmetry breaking predicates [15] which can
be added to Boolean formulae representing various DFA identification problems.
These predicates enforce DFA states to be enumerated in BF'S order. Proposed
predicates cannot be applied with the max-clique technique [13] at the same time,
but our approach is more flexible. To show the flexibility of the approach, we
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draw our attention to the case of noisy DFA identfication. Therefore we propose
a modification of the noiseless translation-to-SAT for the noisy case (Section 3).
We show that the previously proposed max-clique technique is not applicable in
this case while our BFS-based approach is. The main advantage of our approach
is that we can determine existence or non-existence of a solution in this case.
Experiments showed that using BFS-based symmetry breaking predicates can
significantly reduce the time of algorithm execution. Also we show that our
strategy outperforms the current state-of-the-art EA from [12] if the number of
the target DFA states, noise level and number of strings are small.

2 Encoding DFA Identfication into SAT

The goal of DFA identification is to find a smallest DFA A such that every string
from Sy, a set of positive examples, is accepted by A, and every string from S_,
a set of negative examples, is rejected. The size of A is defined as the number
of states C' it contains. The alphabet X = {l;,...,lp} of the sought DFA A is
the set of all L symbols from S; and S_. The example of the smallest DFA
for S. = {ab,b,ba,bbb} and S_ = {abbb, baba} is shown in Fig. 1. In this work
we assume that DFA states are numbered from 1 to C' and the start state has
number 1.

Fig. 1. An example of a DFA

In [13] Heule and Verwer proposed a compact translation of DFA identifi-
cation problem into SAT. Here we briefly review the proposed technique, since
our symmetry breaking predicates supplement it. The first step of both state-
merging and translation-to-SAT techniques is augmented prefix tree acceptor
(APTA) construction from the given examples S; and S_. APTA is a tree-
shaped automaton such that paths corresponding to two strings reach the same
state v if and only if these strings share the same prefix in which the last symbol
corresponds to v. We denote by V the set of all APTA states; by v,, — the APTA
root; by V. — the set of accepting states; and by V_ — the set of rejecting states.
Moreover, for state v (except v,) we denote its incoming symbol as [(v) and its
parent as p(v). The APTA for S, and S_ mentioned above is shown in Fig. 2a.

The second step of the technique proposed in [13] is the construction of the
consistency graph (CG) for the obtained APTA. The set of nodes of the CG
is identical to the set of APTA states. Two CG nodes v and w are connected
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(a) An example of an APTA for S; = (b) The consistency graph for
{ab, b, ba, bbb} and S_ = {abbb, baba} APTA from Fig. 2a

Fig. 2. An example of APTA and its consistency graph

with an edge (and called inconsistent) if merging v and w in APTA results in an
inconsistency: an accepting state is merged with a rejecting state. Let F denote
the set of CG edges. The CG for APTA of Fig. 2a is shown in Fig. 2b.

The key part of the algorithm is translating the DFA identification problem
into a Boolean folmula in conjunctive normal form (CNF) and using a SAT solver
to find a satisfying assignment. For a given set of examples and fixed DFA size
C' the solver returns a satisfying assignment (that defines a DFA with C' states
that is compliant with S; and S_) or a message that it does not exist. The main
idea of this translation is to use a distinct color for every state of the identified
DFA and to find a consistent mapping of APTA states to colors. Three types of
variables were used in the proposed compact translation:

1. color variables z,; =1 (v € V; 1 <i < C) iff APTA state v has color ¢;

2. parent relation variables y;; ; =1 (I € X; 1 < 4,5 < C) iff DFA transition
with symbol [ from state ¢ ends in state j;

3. accepting color variables z; =1 (1 < i < C) iff DFA state ¢ is accepting.

Direct encoding, described in [13], uses only variables x, ;; variables y; ; ;
and z; are auxiliary and are used in compact encoding predicates, which are
described below.

The compact translation proposed in [13] uses nine types of clauses:

1. xyi = 2 (ve Vi; 1 <4< C) — definitions of z; values for accepting states
("Tw,i V 2);

2. xy; = 2z (Ve V_; 1< i< C) - definitions of z; values for rejecting states
(_'Q?UJ' V _lZZ');

3. Ty1 VZy2V...Vxyco (veV)—each state v has at least one color;

4. Tp),i NToj = Yiw) iy (0 € V\{vp}; 1 <4, 5 < C) —a DFA transition is set
when a state and its parent are colored (Yi(v),i,j V 7 Tpw),i V 7Tv,5);

5. Yi; = Wik (€ X1 < 4,5,k <C; j <k)— each DFA transition can
target at most one state (—y;; V "Wiik);
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6. 7Ty VT, (veV;1<i<j<C)— each state has at most one color;

7. Yi1VyizV...Vyic (Il € ¥;1<i<C) - each DFA transition must
target at least one state;

8. Yi(w)ij N Tp(v),i = Twj (V€ V \{uv}; 1 <4,5 <) - state color is set when
DFA transition and parent color are set (=y(),i,j V "Tp(v),i V Tv,j);

9. Ty = Ty, (v,w) € E; 1 < i < C) — the colors of two states connected
with an edge in the consistency graph must be different (-, ; V =y ;).

Thus, the constructed formula consists of O(C?|V]) clauses and, if the SAT
solver finds a solution, we can identify the DFA.

To find a minimal DFA, authors use iterative SAT solving. Initial DFA size
C is equal to the size of a large clique found in the CG. To find that clique,
a greedy algorithm proposed in [13] can be applied. Then the minimal DFA is
found by iterating over the DFA size C until the formula is satisfied.

The found clique was also used to perform symmetry breaking: in any valid
coloring of a graph, all states in a clique must have a different color. Thus, we
can fix the state colors in the clique in a preprocessing step. Later we will see
that the max-clique symmetry breaking is not compatible with the one proposed
in this paper.

To significantly reduce the SAT search space, the authors applied several
EDSM steps before translation to SAT. Since EDSM cannot guarantee the min-
imality of solution, we will omit the consideration of this step in our paper.

3 Learning DFA from Noisy Samples

The translation described in the previous section deals with exact DFA identifi-
cation. In this section we show how to modify the translation in order to apply
it to noisy examples. We assume that not more than K attribution labels of the
given training strings were randomly flipped. Solving this problem was the goal
of the GECCO 2004 Noisy DFA competition [11] (with K equal to 10 percent of
the number of the given training strings). An EA with smart state labeling was
later proposed in [12], and since that time it is, to the best of our knowledge,
the state-of-the-art technique for learning DFA from noisy training data.

In noisy case we cannot use APTA node consistency: we cannot determine
whether an accepting state is merged with a rejecting state because correct
string labels are unknown. Thus we cannot use CG and the max-clique symmetry
breaking.

The idea of our modification is rather simple: for each labeled state of APTA
we define a variable which states whether the label can be flipped. The number
of flips is limited by K. Formally, for each v € V. =V, UV_ we define f, which
is true if and only if the label of state v can (but does not have to) be incorrect
(flipped). Using these variables, we can modify the translation proposed in [13] to
take into account mistakes in string labels. To do this, we change the z; definition
clauses (items 1 and 2 from list in Section 2): because of mistake possibility they
hold in case f, is false. Thus, new z; value definitions are expressed in the
following way: —f, = (x,; = 2;) for v € Vi; =f, = (v = —2;) forv e V_.
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To limit the number of corrections to K we use an auxiliary array of K
integer variables. This array stores the numbers of the APTA states for which
labels can be flipped. Thus, f, is true if and only if the array contains v. To avoid
consideration of isomorphic permutations we enforce the array to be sorted in
the increasing order.

To represent the auxiliary array as a Boolean formula we define variables r; ,,
for 1 <i< KandveVy={vy,...,ow}. 7, is true if and only if v is stored in
the i-th position of the array. To connect variables f, with r; , we add so-called
channeling constrains: f, < (r1, V...V rg,) for each v € V..

We have to state that exactly one r;, is true for each position 7 in the
auxiliary array. To achieve that we use the order encoding method [22]. We add
auxiliary order variables o0; , for 1 < i < K and v € Vi = {vy,...,ow}. We
assume that o; , for v € {v1,...,v;} and -0, , for v € {v;41,..., v } for some j.
This can be expressed by the following constraint: 0; ,,,, = 0., for 1 <j < W.
Now we define that r; ., < 0;, A 70;,,,- Also we add clauses 0; ., = 0i41,0,,,
(for 1 <i< K and 1 < j < W) to store corrections in increasing order.

The proposed constraints in CNF are listed in Table 1; there are O(C|V4| +
K|V.]) clauses. Thus, to modify the translation for the noiseless case to deal with
noise we can replace the z; value definition and inconsistency clauses (items 1,
2 and 9 from list in Section 2) with the ones listed in Table 1.

Table 1. Clauses for noisy DFA identification

Clauses CNF representation Range
ﬂfv:>(xv,¢:>zi) ﬁLUU,jVZj\/fU 1<j<CveVy
“fo = (Xoi = 22) %y Vg Vo 1<j<CiveVe
fo=(oV...Vrgy) 2fu VT1o V... VTg, v E Vi

Tiw = fo iV fu I1<i<K;veVy
Ti,vj = Oi,v; i V Oi,v; 1<1< K, 1< ] <W
Tiw; = 704044 R vV 0444 1<i<K; 1K< W
Oijw; N 704,011 = Tiw; T040; \/Oi,bj_H V T, 1<i<K;1<j<W
OK, vy = TK,ow TOK vy VY TKvy

Oi,vj 11 = Oi,v; 04,0541 V Oi,v; 1<1< K; 1< ] <W
Oi,v; = Oit1l,vj4, “04,0; V Oit1,0,44 1I<i<K;1<3<W

4 Symmetry Breaking Predicates

In this section we propose a way to fix automata state enumeration to avoid con-
sideration of isomorphic DFAs during SAT solving. The main idea of our sym-
metry breaking is to enforce DFA states to be enumerated in breadth-first search
(BFS) order. That idea was also used in function NatOrder in the state-merging
approach described in [20] and the Move To Front reorganization algorithm used
in the genetic algorithm [21].

BF'S uses the queue data structure to store intermediate results as it traverses
the graph. First we enqueue the initial DFA state (in this paper state number 1).
While the queue is not empty we deque a state ¢ and enqueue any direct child
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states j that have not yet been discovered (enqueued before). Since our transi-
tions are labeled with symbols from X, we enqueue child states in alphabetical

order of symbols [ on transitions ¢ 4 j. We call DFA BFS-enumerated if its
states are enumerated in dequeuing (equals to enqueuing) order. An example of
a BFS-enumerated DFA with six states shown in Fig. 3a (BFS-tree transitions
that were used to enqueue states are marked bold); BFS enqueues are shown in
Fig. 3b. The DFA shown in Fig. 1 is not BFS-enumerated — BF'S first dequeues

state 3 rather than state 2 (we consider 1 = 3 before 1 LN 2).

o —b—a
112131456
N ——

(a) BFS-enumerated DFA (b) BFS queue. Cells correspond to
with bolded BFS-tree edges DFA states, transitions correspond to
enqueues

Fig. 3. An example of BFS-numerated DFA and its BFS queue

We propose constraints that enforce DFA to be BES-enumerated. We assume
that translation of a given DFA identification problem to SAT deals with Boolean
variables y;; ; (1 € X5 1 < 4,5 < C) to set the DFA transition function: y;; ; =1
iff transition with symbol [ from state ¢ ends in state j.

The main idea is to determine each state’s parent in the BFS-tree and set
constrains between states’ parents. We store parents in values p;; (for each
1 <i<j <) pj,;is true if and only if state ¢ is the parent of j in the
BFS-tree. Each state except the initial one must have a parent with a smaller
number, thus

/\ (Pj1VPpj2V...Vpji1).
2<j<C

Moreover, in BFS-enumeration states’ parents must be ordered. State 7 must
be enqueued before the next state j + 1, thus the next state’s parent k cannot
be less than current state’s parent i (see Fig. 4):

/\ (Pji = ~Dj+1.k)-
1<k<i<j<C
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Fig. 4. Part of the queue illustrating the parent ordering predicates. Transitions show
parent relations. The dotted transition is not allowed due to BFS-enumeration.

We set parents variables p;; through y;; ; using auxiliary variables ¢; ;. In
BFS-enumeration state j was enqueued while processing the state with minimal
number ¢ among states that have a transition to j:

/\ (pj,i ﬁti,j /\_‘ti—l,j /\.../\_|t17j),
1<i<i<C

where t; ; = 1 iff there is a transition between ¢ and j; we define these auxiliary
variables using y; ; ;:

N g S v Ve V).
1<i<j<C

Now to enforce DFA to be BFS-enumerated we have to order children in
alphabetical order of symbols on transitions. We consider two cases: alphabet X
consists of two symbols {a,b} and more than two symbols {l1,...,l;}. In the
case of two symbols only two states can have the same parent ¢ and they are
forced by ordering constraints to have consecutive numbers j and j + 1. In this
case we force the transition that starts in state ¢ labeled with symbol a to end
in state j instead of j + 1:

/\ (Pji A Pj+1,i = Yasirg)-
1<i<j<C

In the second case we have to introduce a third type of variables in our
symmetry breaking predicates. We store the alphabetically minimal symbol on
transitions between states: m; ; ; is true if and only if there is a transition ¢ L J
and there is no such transition with an alphabetically smaller symbol. We con-
nect these variables with DFA transitions by adding the following channeling
predicates:

AN N i S Vi A i A AL )
1<i<j<C 1<n<L

Now it remains to arrange consecutive states j and j+1 with the same parent
¢ in the alphabetically order of minimal symbols on transitions between them
and i (see Fig. 5):

A\ N\ i Apjrra Amug iy = ).
1<i<j<C1<k<n<L
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P\
il [/t
S X _________ <4

Fig. 5. Illustration of alphabetical ordering predicates. If ¢ is the parent of j and j+1,
I (Ix) is the alphabetically minimal symbol on transitions between ¢ and j (i and j+1)
then [ cannot be alphabetically smaller than [,

Thus we propose symmetry breaking predicates that are composed by listed
constraints. Predicates (for three or more symbols case) translated into O(C?3 +
C?L?) CNF clauses are listed in Table 2. Our implementation of proposed pred-
icates and all algorithms can be found on the our labaratory github repository
(https://github.com/ctlab/DFA-Inductor).

Table 2. BFS-based symmetry breaking clauses

Clauses CNF representation Range

t.;_j:(yll‘,,:,jv...VylL#i,j) =t VY Ve VY 1<i<jgC

Yi gl = tij Y, Vit 1<i<jgClex

My = Yli,j My V Uli,j 1<i<j<CleX

M, 0,5 = Yl i M, i VY Yl 1€i<y<C1<k<n<L

(Ytnig N Yt 1405 A TYlpying NV Yl 141G Ve 1<i<j<C;1<n<L
Yl i) = Mg VYiy.ig VY MUy i

P Vpj2V...Vpji1 P Vpj2V...Vpji1 2<j<C0C

Dji = tij —pj,i Vi 1<i<j<C

Dji = Ttk 4, V Ttk 1<k<i<j<C

(f/i,j/\_\tj,_Lj /\...A_\tlﬁj) =>pj,11 _\tl',jvti_L]'\/...\/tl,j \/p“' 1 S? <j < C

Dji = TDj+1.k P V D1,k I<k<i<yi<C

(P ADj+1,4 ATy ig) = Ty ig41 “P5s VY D541, vV om, i Vom0 1 <i<j<C1<k<n<L

5 Experiments

All experiments were performed using a machine with an AMD Opteron 6378
2.4 GHz processor running on Ubuntu 14.04. All algorithms were implemented
in Java, the lingeling SAT-solver was used. Our own algorithm was used for
generating problem instances for all experiments based on randomly generated
data sets. This algorithm builds a set of strings with the following parameters:
size of DFA N which has to be generated, alphabet size A, number of strings
S which have to be generated, noise level K (percent of attribution labels of
generated strings which have to be randomly flipped).

In the exact case the max-clique method clearly outperforms BFS-based
strategy.

For noisy DFA identification we used randomly generated instances. First we
considered the case when the target DFA exists and the Boolean formula is satis-
fiable. We used following parameters: N € [5;10], A =2, S € {10N,25N,50N }.
We compared SAT approach without any symmetry breaking predicates, our
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solution using BF'S-based symmetry breaking predicates and the current state-
of-the-art EA from [12]. Each experiment was repeated 100 times. The time limit
was set to 1800 seconds. Initial experiments showed that EA clearly outperforms
our method when K > 4%. Therefore we set this parameter to 1% —4%. Results
are listed in Table 3. We left only instances which were solved within the time
limit. These results indicate that the BFS-based strategy finds the solution faster
than the current state-of-the-art EA only when N is small (< 7), noise level is
small (1% — 4%) and the number of strings is also small (< 50N). But BFS-
based strategy finds the solution extremely faster than SAT approach without
symmetry breaking strategy.

Table 3. Mean times of solving noisy DFA identification with count of strings in the
each instance set to 10NV, 25N and 50N respectively

BFS, sec SAT, sec EA, sec

N K

52022 038 122 ?? OBES’ 5e¢ Sﬁ’ Sec 51;7 Sec

5 410.59 0.9 1.1 5 9 2'42 4'33 1.80 N KlBFS, sec SAT, sec EA, sec

62105 244 294 6 1le3 os 165 5142 759 6.07

64334 782 285 6 253 4351 480 521287 2236 3.05

71(434 1083  21.36 e 612076 525  20.39

7 3(17.22  143.66 19.16 ' : : 6 2107.94 30922 11.28
7 2(286.76 TL 13.11

8 1(17.89 3158  30.29 g 1123046 40032 2173

8 2163.92 22531 19.8 : :

The last experiment considered the case when the target DFA does not exist
and the Boolean formula is unsatisfiable. Random dataset was also used here.
We tried to find the target DFA using the following parameters: N € [5;7],
A =2 5=50N, K € [1;2] percent. The input set of strings was generated from
a (N +1)-sized DFA. It should be noted that the EA from [12] cannot determine
that an automaton consistent with a given set of strings does not exist. On the
other hand, all SAT-based methods are capable of that. Therefore we compared
our implementation of compact SAT encoding without using symmetry break-
ing predicates and the same with BFS-based predicates. Each experiment was
repeated 100 times and the time limit was set to 1800 seconds again. Results
are listed in Table 4. It can be seen from the table that BFS-based strategy
significantly reduces the mean time of determination that an automaton does
not exist.

Table 4. Mean times and percent of passed solutions of solving noisy DFA identification
when the target DFA does not exist

N K|BFS, sec WO, sec|passed BFS., % passed WO, %
5 1|11.57 257.13 |100 100

5 2146.42 1296.71 [100 30

6 1(110.05 TL 100 0

6 21(581.73 TL 100 0

7 1199527 TL 89 0

7 2 |TL TL 0 0
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6 Conclusions and Future Work

We proposed symmetry breaking predicates which can be added to the Boolean
formula representing various DFA identification problems. By adding the pred-
icates we can reduce SAT search space through enforcing DFA states to be
enumerated in breadth-first search (BFS) order.

We drew our attention to the case of noisy DFA identfication. We proposed a
modification of the noiseless translation-to-SAT [13] for the noisy case. To achieve
compact encoding for that case we used the order encoding method. We showed
that the previously proposed max-clique technique for symmetry breaking is not
applicable in the noisy case while our BFS-based approach is. We showed that the
BFS-based strategy can be applied in the noisy case when an automaton which
is consistent with a given set of strings does not exists. The current state-of-the-
art EA from [12] cannot determine that. In experimental results, we showed that
our approach with BFS-based symmetry breaking predicates clearly outperforms
algorithm without any predicates. Also we showed that our strategy outperform
EA if the number of the target DFA states is small, noise level is small and
number of strings is small either.

We plan to translate noisy DFA identification to Max-SAT in order to limit
the number of corrections without using an auxiliary array of integer variables.
Also we plan to experiment with alternative integer encoding methods. In the
future we would like to solve a problem of finding all solutions (instead of a
single DFA) using our predicates.
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Abstract. Deterministic finite automaton (DFA) is a fundamental con-
cept in the theory of computation. The NP-hard DFA identification
problem can be efficiently solved by translation to the Boolean satis-
fiability problem (SAT). Previously we developed a technique to reduce
the problem search space by enforcing DFA states to be enumerated in
breadth-first search (BFS) order. We proposed symmetry breaking pred-
icates, which can be added to Boolean formulae representing various
automata identification problems. In this paper we continue the study
of SAT-based approaches. First, we propose new predicates based on
depth-first search order. Second, we present three methods to identify
all non-isomorphic automata of the minimum size instead of just one—
the # P-complete problem which has not been solved before. Third, we
revisited our implementation of the BFS-based approach and conducted
new evaluation experiments. It occurs that BFS-based approach out-
performs all other exact algorithms for DFA identification and can be
effectively applied for finding all solutions of the problem.

Keywords: Grammatical inference -+ Automata identification
Symmetry breaking - Boolean satisfiability

1 Introduction

A variety of models exists in automata theory but a deterministic finite automa-
ton (DFA) is the basic one and among the most important ones. DFA is a
model that recognizes regular languages [1]. The essence of the DFA identifi-
cation (induction, learning, synthesis) problem is to find a minimum-size DFA
(a DFA with the minimum number of states) that is consistent with a given
set of labeled examples—positive-labeled strings that must be accepted by the
built DFA and negative-labeled strings that must be rejected. A smaller DFA
is simpler and, because of well-known Occam’s razor principle, it is a model
which better explains the observed examples. Thus the DFA learning problem
is to find the regular language that most likely was used to generate a set of
labeled examples. This problem is among the best-explored ones in grammatical
inference [2].

© Springer International Publishing AG 2018
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This problem was shown to be NP-hard in [3]. Nevertheless, several efficient
DFA learning approaches were developed, see, e.g., [2]. DFA identification using
evolutionary computation methods is one of historically the first and effective
approaches, see, e.g., [4,5]. Subsequent research resulted in development of a
method for evolving DFA using a multi-start random hill climber, see, e.g., [6].

Later approaches are based on heuristic algorithms. The evidence driven
state-merging algorithm (EDSM) is the most commonly used and the only one
which can handle large-sized target DFA [7]. This algorithm is greedy and works
in polynomial time. Despite its efficiency in terms of solving time this approach
usually finds only a local optimum but not a global one. The performance of
EDSM was several times improved by using specialized search procedures, see,
e.g., [8,9]. In [6] Lucas and Reynolds compared the EDSM algorithm and the evo-
lutionary algorithm (EA) mentioned above. They found that the EDSM-based
approach outperforms the EA in terms of solving time on almost all instances.

The methods mentioned above are not exact—they cannot guarantee that
the found DFA is one of the minimum-sized ones. Heule and Verwer proposed
so-called translation-to-SAT approach which can be applied to DFA identifica-
tion [10]. This approach, as it can be obtained from the name, is based on the
translation the original problem to well-studied Boolean satisfiability problem
(SAT). The performance of SAT solvers has significantly improved over the last
decade. This computational strength can be used in other problems by trans-
lating these problems into SAT instances, and subsequently running a modern
SAT solver on them. This approach was shown to be very competitive for some
problems, see, e.g., [11-14]. The authors have shown that translation-to-SAT is
effective for solving DFA identification as well. The SAT-based method is exact
as opposed to EA and EDSM algorithms, which is important because of the
mentioned Occam’s razor principle. The authors also proposed a combined app-
roach, which used a few EDSM steps as a preprocessing step, and won the first
prize at the StaMInA competition [15]. We do not consider of this step in our
paper because EDSM is not an exact algorithm.

There are symmetries in many combinatorial problems. Symmetry breaking
predicates can be added as constraints to SAT formula with purpose of elimi-
nation some or all symmetries and thus reduce the search space, see, e.g., [16].
When we talk about DFA the most obvious symmetries are groups of isomor-
phic automata. Heule and Verwer in [10] proposed simple but effective greedy
mazimal clique (max-clique) algorithm. It allows reducing the amount of isomor-
phic automata in each group from n! to (n — k)!, where n is the size of the DFA
and k is the size of the found clique. We proposed symmetry breaking predicates
which enforce DFA states to be enumerated in the breadth-first search (BFS) order
in [17]. These predicates can be added to a Boolean formula before passing it to a
SAT solver. This approach allows to reduce the amount of isomorphic automata
in each group from n! to only one representative—the BFS-enumerated one. The
results for the exact case still were not very good in our previous paper. However,
the BFS-based approach is more flexible than max-clique—we demonstrated its
flexibility by developing a modification of the noiseless translation-to-SAT tech-
nique for the noisy case (some examples are wrong-labeled).
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In this paper we propose new symmetry breaking predicates based on depth-
first search (DFS) order. This is the modification of our previous BFS-based
approach. BFS-based predicates were not good enough to compete with the
max-clique algorithm in DFA identification in our previous paper. Therefore we
revisited our implementation of this technique. It occurs that both BFS-based
and DFS-based approaches clearly outperform current state-of-the-art DFASAT
from [10]. We also propose a method based on these techniques for solving the
problem of finding all automata (find-all) with the minimum number of states
which are consistent with a given set of examples. This problem has not been
solved efficiently before. Moreover, none of the existing approaches for the DFA
learning are applicable, even with slight modifications, to solve the find-all prob-
lem due to their nature. We use two ways of launching SAT solvers: relaunching
a non-incremental solver and using an incremental solver. We also developed
the heuristic backtracking method (almost similar to the one presented in the
paper [18]) as a baseline for comparing it with SAT-based ones.

2 Preliminaries and Previous Work

2.1 Encoding DFA Identification into SAT

We assume the reader to be familiar with the theory of languages and automata.
The purpose of the DFA identification problem is to find the minimum DFA
which is consistent with two given sets of strings: a set of positive examples
(S4+) and is a set of negative examples (S_). In other words, the desired DFA
must accept all strings from S, and reject all strings from S_. In this paper
it is assumed that DFA states are numbered from 1 to C' and the start state
has number 1. The example of the minimum DFA for S, = {aba, bb, bba} and
S_ = {b,ba} is shown in Fig. 1a.

We briefly describe the current state-of-the-art approach for solving the con-
sidered problem. The first step of the technique proposed by Heule and Verwer
in [10] is to build an augmented prefiz tree acceptor (APTA) from the given sets
Sy and S_. An APTA is a tree-shaped automaton based on a prefix tree for the
sets S4 and S_ but with labeled states. It is called augmented because it may
contain states which are not accepting or rejecting. The APTA for S, and S_
mentioned above is shown in Fig. 1b.

The second step is to construct the consistency graph (CG) for the built
APTA. The set of the CG vertices is the same as the APTA vertices set. Two
vertices in the CG are adjacent if their merging in the APTA and subsequent
determinization process will cause an inconsistency: a situation when an accept-
ing state is merged with a rejecting one. The CG for APTA from Fig. 1b is shown
in Fig. 1c.

The third step of the method is to divide the CG vertices set into C' disjoint
sets. Each set has to contain all vertices equivalent to the corresponding APTA
states which will be merged into one state in the resulting DFA. If such a sepa-
ration can be made, then the automaton with C states consistent with the given
sets of strings exists and it can be easily built. C' can be iterated from 1 and until
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(a) An example of a DFA  (b) An example of an APTA  (c) The consistency
for Sy = {aba,bb,bba} and graph for the APTA
S_ = {b,ba} from Fig. 1b

Fig. 1. An example of an APTA and its consistency graph

such a partition is found. Thus it is guaranteed that the found C-sized DFA is
the minimum DFA consistent with given behavior examples. This can be viewed
as a graph coloring problem and we need to color CG vertices into the minimum
number of colors in such a way that adjacent vertices have different colors.

The next step in the considered algorithm is to translate the graph coloring
problem into SAT. Authors proposed so-called compact encoding where they
use three kinds of Boolean variables to formulate all constraints in CNF: color
variables x, ; which indicate whether the vertex v in the CG is i-colored; parent
relation variables y, ; ; which indicate whether there is an a-labeled transition
from the i-colored state to the j-colored state in the target DFA; accepting color
variables z; which indicate whether the i-colored state in the target DFA is
accepting. There are four mandatory and four redundant types of clauses in the
proposed compact encoding. The reader can read about them in detail in [10].
The final step of the translation-to-SAT approach is to run an external SAT
solver with the built CNF formula. If the formula is satisfiable, then the target
DFA can be easily constructed from the found satisfying assignment. Otherwise,
the number of colors C' is increased.

2.2 Symmetry Breakings Predicates

Large Clique Predicates. Heule and Verwer used symmetry breaking pred-
icates in their algorithm [10]. In the case when the CG cannot be colored into
C colors the SAT solver tries to solve the same problem C'! times—one time for
each permutation of colors. In other words the solver considers C'! isomorphic
automata. The authors suggested to find some large clique in the CG and to fix
the colors of its vertices. It helps to reduce the number of unnecessary consider-
ations because in any valid graph coloring all vertices in a clique obviously have
different colors. Thus, assuming that the size of the found clique is &, the solver
considers only (C — k)! isomorphic automata. Moreover, the process of iterating
over C' can be started from k instead of 1.
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BF'S-based Predicates. We proposed the new approach to symmetry break-
ing in our previous research [17]. Its main idea is to enforce DFA states to be
enumerated in the breadth-first search (BFS) order. If some order (say lexico-
graphical) on the transition symbols is fixed then only one representative of each
equivalence class with respect to the isomorphic relation is BFS-enumerated due
to the uniqueness of such BFS traversal. We call a DFA BFS-enumerated if
its enumeration corresponds to the order of states processing during the BFS
traversal. In other words, if we consider a BFS tree, built for some DFA and if
we arrange the children of each state from left to right according to the chosen
order on the transition symbols then numbers of states should increase from left
to right on the same depth (layer-order) and from top to bottom (depth-order).
In [17] we used the definition based on a BFS-queue which is equivalent to the
one described above but less apprehensible. An example of a BFS-enumerated
DFA is shown in Fig. 2a, and its BFS tree is shown in Fig. 2b.

(a) An example of a BFS-enumerated (b) A BFS tree of the DFA from
DFA Fig. 2a

Fig. 2. A BFS-enumerated DFA and its BFS-tree

If such predicates are used then while a SAT solver searches for a DFA
consistent with the given samples, it is restricted to only BFS-enumerated ones.
To implement this we proposed three additional kinds of Boolean variables:

1. parent variables p; ; which are true if and only if state ¢ is the parent of state
j in the BFS tree;

2. transition variables t; ; which are true if and only if there is a transition from
state ¢ to state 7;

3. minimum symbol variables m;; ; which are true if and only if there is a [-
labeled transition from state ¢ to state j and there are no such transitions
labeled with a smaller symbol (according to the choosen order on symbols).
These variables are used only in the case of a non-binary alphabet.

BFS-enumeration is enforced with the following seven clauses:
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. A (i< yyijV...Vyy,.i,)—definition of transition variables using
1<i<g<C
variables y; ; ;;

2. A (pjietijAtici;A... Aty ;)—definition of parent variables using
1<i<y<C
variables t; ;;

3. A (pj1Vpj2V...Vpjj_1)—each state except the start one holds a parent
2¢j<C
with a smaller number (depth-order);

4. A (pji = —Pj+1,k)—the ordering of children must be the same as the
1<k<i<j<C
ordering of parents (layer-order for children of different parents);

5. N (pjiADj+1,i = Ya,i,j)—in case of a binary alphabet this constraint is
1<i<j<C
sufficient to order two children j and j + 1 of state i (layer-order for children
of one parent);

6. /\ /\ (mln,iyj S Ylii N Yy _yig N N —|yl17i’j)—deﬁnition of min-
1<i<j<C 1<n<L
imum symbol variables using variables y; ; ; which are used in case of a non-
binary alphabet;

7. N A (pjiApj+1,iAmu, i j = —my, i j+1)—in case of a non-binary
1<i<j<C 1<k<n<L
alphabet this constraint forces children of a state to be ordered according to

the chosen order on symbols (layer-order for children of one parent).

Using variables and clauses described above one can force an automaton to
be BFS-enumerated. Unfortunately the implementation of these methods was
not perfect when we prepared our previous paper [17] so the results did not
show the real improvement caused by the proposed method. We revisited it and
performed new evaluation experiments. The results are shown in Sect. 5 and they
are quite impressive.

3 DFS-Based Symmetry Breaking Predicates

In this section we propose a new way to fix automata states enumeration to
avoid consideration of isomorphic automata during SAT solving. This approach
is a modification of our BFS-based predicates. It enforces automata states to
be enumerated in the depth-first search (DFS) order. We describe the method
briefly, paying attention only to the differences between DFS- and BFS-based
approaches. Detailed information about BFS-based predicates can be found in
Sect. 2.2.

During DFS processing it is necessary to find all adjacent unvisited states
for each unvisited state of the DFA. Firstly, the DFS algorithm handles the
initial DFA state. Then the algorithm processes the children of this state and
recursively executes for each of them. We process child states in some particular

(e.g., alphabetical) order of symbols [ on transitions 4 4 j. Thus again only one
representative of each equivalence class with respect to the isomorphic relation
will be processed. We call a DFA DFS-enumerated if its states are numbered in
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the order of handling them by DFS traversal with chosen symbol order. Although
there is no traversal, we refer to it for the definition and explanation. The set of
developed constraints enforces DFS. An example of a DFS-enumerated DFA is
shown in Fig.3a. A DFS tree for this DFA is shown in Fig. 3b.

(a) An example of a DFS-enumerated DFA (b) A DFS tree of the
DFA from Fig. 3a

Fig. 3. A DFS-enumerated DFA and its DFS tree

All variables which were used for the BFS enumeration are also used for
the DFS enumeration, but some the constraints must be changed. In the DFS
enumeration p; ; variables (p; ; is true if and only if state 7 is the parent of j in the
DFS tree) are defined differently. Due to the greediness of the DFS algorithm,
state ¢ is the parent of state j if it has the maximum number among states that
have a transition to j:

1<i<j<C

where t; ; = 1 if and only if there is a transition between ¢ and j (these variables
in their turn are defined by using y; ; ; variables).

Moreover, in the DFS enumeration instead of the children ordering constraint
we use the following one. If 7 is the parent of state j and k is a state between ¢
and j (i < k < j) then there is no transition from state k to state ¢, where ¢ is
bigger than j:

A (Pj,i = “lhyq)-
1<i<k<j<q<C
Indeed, since i < k < j, state k has to be considered by the DFS algorithm
before state j. Hence if such a transition would exist then state £ must have a
lower number than state j.
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Now, to enforce the DFA to be DFS-enumerated we have to order chil-
dren according to symbols on transitions (e.g., alphabetically). We consider two
cases: alphabet ¥ consists of two symbols {a,b} and more than two symbols
{l1,...,1r}. In the case of two symbols state i can have only two transitions: to
state j and to state k (where without loss of generality j < k). If the transition
from state ¢ to state j is used during the DF'S traversal then it must be labeled
with a smaller symbol:

AN 0ri Atk = Yaig),
1<i<j<k<C

because otherwise state k had to be processed earlier.

In the second case we have to use m;; ; variables: m; ; ; is true if and only if
there is an [-labeled transition from state ¢ to state j and there is no transition
from state ¢ to state j with an alphabetically smaller symbol. The idea is similar
to the previous case. For state ¢ it remains to arrange its children in the chosen
order. For any two transitions from state ¢ to state j and from state ¢ to state
k (where without loss of generality j < k), if state j is used during the DFS
traversal then it must be labeled with a smaller symbol:

A N i Atk A g = —mu, k).
1<i<j<k<C1<m<n<L

Thus we proposed the new set of constraints which enforce a DFA to be DF'S-
enumerated. The predicates (for the case of three or more symbols) translated
into O(C* + C3L?) (where C is the number of colors and L is the alphabet size)
CNF clauses which are listed in Table1 together with BFS-based predicates,
which are translated into O(C? + C?L?) clauses.

Table 1. DFS-based and BFS-based symmetry breaking clauses

Clauses Range
Both | 5,5 = (Yiy,i,5 V-V ¥ip ,i,5) 1<i<j<C

Yi, 5,0 = tij 1<i<j<Cilex

Pji = ti,j 1<i<j<C

Pj,1VPj2V...VDpji-1 2<5<C

my i i = Yi,i,j 1<i<j<Clex

My i = Yl ,i,5 1<i<j<C;1<k<n<L

Yip ig AL, gy Ao AW i) = Mg |[1<i<j<C;1<n<L
DFS | pj i = —tg,j 1<i<k<j<C

(tid‘/\—|ti+17jA..A/\—\tjflyj)=>pj7¢ 1<i<ji<C

Pj,i = "tk q 1<i<k<j<qg<lC

(Pj,i NPr,s AN ™My, 4.5) = "My, ik 1<i<j<k<C;1<m<n<L
BFS | pj,; = —tg ; 1<k<i<j<C

(tij A=tim1,j Ao Aty ) = pji 1<i<j<C

Pji = TPj41,k 1<k<i<ji<C

(Pj,i ANPj+1,i ANMy, i5) = "My g 511 1<i<j<C;1<m<n<L
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4 The Find-All Problem

In this section we consider the problem of finding all non-isomorphic DFA (find-
all problem) with the minimum number of states which are consistent with a
given set of strings. We propose a way to modify the SAT-based method of solv-
ing regular DFA identification problem in order to apply it to the find-all prob-
lem. We consider two ways of using SAT solvers: restarting a non-incremental
solver after finding each automaton and using an incremental solver—if such a
solver finds a solution, it retains its state and is ready to accept new clauses.
The most common interface and technique for incremental SAT solving was pro-
posed in [19]. We also propose the heuristic backtracking method as a baseline
for comparing it with SAT-based ones.

4.1 SAT-Based Methods

The main idea of SAT-based methods of solving the find-all problem is to ban
satisfying interpretations (variable values) which have already been found. It is
obvious that if the proposed symmetry breaking predicates are not used then this
approach finds many isomorphic automata—exactly C'! for each equivalence class
where C' is the DFA size. Since max-clique predicates fix k colors only (where k
is the clique size), the algorithm of Heule and Verwer finds (C — k)! isomorphic
automata which is still bad. The BFS-based and DFS-based symmetry breaking
predicates allow us to ban isomorphic DFA from one equality class by banning
an accordingly enumerated representative. It must be noted that although the
idea to discard satisfying interpretations is classic for such methods, it cannot be
used in practice without effective symmetry breaking techniques. There were no
known techniques to deal with factorial number of isomorphic automata earlier,
and thus the considered problem could not be solved effectively. Proposed sym-
metry breaking predicates change the situation and bring the solution. It is easy
to implement this by adding a blocking clause into the Boolean formula. Since
we know that y;; ; variables define the structure of the target DFA entirely, it
is enough to forbid only values of these variables from the found interpretation:

Y1 VY2 V.oV sy,

where yy, is some y;; ; from the found interpretation for 1 < k < n|X|.

There are two different ways of using SAT solvers as it was stated above. First,
we can restart a non-incremental SAT solver with the new Boolean formula with
the blocking clause after finding each automaton. The second approach is based
on incremental SAT solvers: after each found automaton we add the blocking
clause to the solver and continue its execution.

It is necessary to mention the case when some transitions of the found DFA
are not covered by the APTA. It means that there are some free transitions
which are not used during processing any given word and each such transition
can end in any state, since this does not influence the consistency of the DFA
with a given set of strings. But in the case of the find-all problem basically we
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do not wish to find all these automata distinguished only by such transitions.
Thus we propose a way to force all free transitions to be self-loops—end in the
same state as they start. To achieve that we add auxiliary ‘used’ variables: u; ;
is true if and only if there is an [-labeled APTA edge from the i-colored state:

/\ /\ Ui = T1,i V... V 2|y

leX 1<i<C

where V; is the set of all the APTA states which have an outcoming edge labeled
with [. To force unused transitions to be self-loop we add the following con-

straints:
/\ /\ UL = Yl
lex 1<i<C

These additional constraints are translated into O(C|L|) clauses. See Fig. 4 for an
example of an APTA for S = {ab, b, ba, bbb} and S_ = {abbb} and its consistent
DFA with an unused transition. If we add the proposed constraints, then this
transition will be forced to be a loop as shown by a dashed line in Fig. 4b.

(a) An example of an APTA for S, = (b) The DFA is built from

{ab,b,ba, bbb} and S_ = {abbb} the APTA from Fig. 4a with
unused a-labeled transition
from state 2

Fig. 4. An example of an APTA and its consistent DFA

4.2 Backtracking Algorithm

The solution based on backtracking does not use any external tools like SAT
solvers. This algorithm works as follows. Initially there is an empty DFA with n
states. Also there is a frontier—the set of edges from the APTA which are not
yet represented in the DFA. Initially the frontier contains all outcoming edges of
the APTA root. The recursive function Backtracking maintains the frontier in
the proper state. If the frontier is not empty, then the function tries to augment
the DFA with one of its edges. Each found DFA is checked to be consistent
with the APTA and if the DFA complies with it then an updated frontier is
found. If the frontier is empty then the DFA is checked for completeness (a DFA
is complete if there are transitions from each state labeled with all alphabet
symbols). If it is not complete and there are nodes which have the number of
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outcoming edges less than the alphabet size then we add missing edges as self-
loops with function MakeComplete. Algorithm 1 illustrates the solution. The
function FindNewFrontier returns the new frontier for the augmented DFA or
null if the DFA is inconsistent with the APTA. This algorithm is an exact search
algorithm based on the one from [18].

Data: augmented prefix tree acceptor APTA, current DFA (initially empty),
frontier (initially contains all APTA root outcoming edges)

DFAset < new Set<DFA>

edge < any edge from frontier

foreach destination € 1..|S| do
source < the state of DFA from which edge should be added

DFA’ < DFA U transition(source, destination, edge.label)
frontier’ «+— FindNewFrontier (APTA, DFA’, frontier)
if frontier’ # null then
if frontier’ = @ then
| DFAset.add(MakeComplete (DFA’))
else
| DFAset.add(Backtracking(APTA, DFA’, frontier’))
end

end
end
return DFAset

Algorithm 1. Backtracking solution

5 Experiments

All experiments were performed using a machine with an AMD Opteron 6378
2.4 GHz processor running Ubuntu 14.04. All algorithms were implemented in
Java, the lingeling SAT solver was used [20]. As far as we know all common
benchmarks are too hard for solving by exact algorithms without some heuris-
tic non-exact steps. Thus our own algorithm was used for generating problem
instances. This algorithm builds a set of strings with the following parameters:
size N of DFA to be generated, alphabet size A, the number S of strings to
be generated. The algorithm is arranged as follows. First of all N states are
generated and uniquely numerated from 1 to N. Each state is equiprobably set
to be accepting or rejecting. Next on step ¢ the algorithm picks state ¢, evenly
chooses another state from [i + 1; N] and adds a random-labeled transition from
the first state to the second. After N — 1 such steps we have partially built
an automaton where all states are reachable from the initial one (1-numbered).
In the end the algorithm picks each state one by one and add all missing (in
terms of automaton completeness) transitions with destination randomly chosen
among all states. Finally S strings are generated by processing the automaton.
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The distribution of the words’ length is shifted to longer words. These strings
with the accepting or rejecting labels form the instance of the DFA identification
problem.

For DFA identification we used the following parameters: N € [10;30] with
step 2, A = 2, § = 50N. We compared the SAT-based approach with three
types of symmetry breaking predicates: the max-clique algorithm from [10] (the
current state-of-the-art) and the proposed DFS-based and BFS-based methods.
Each experiment was repeated 100 times. The time limit was set to 3600 s.
The results are listed in Table 2. It can be seen from the table that both DFS-
based and BFS-based strategies clearly outperform the max-clique approach.
BFS-based strategy in its turn notably outperforms DFS-based one when target
automaton size is larger than 14. These results for the BFS-based approach were
not obtained in our previous research due to weaker technical implementation.

Table 2. Median execution times of exact solving DFA identification in seconds

N |[DFS |BFS |max-clique
10/20.9 [20.5 233
121404 |37.6 |240.3
14| 82.2 62.4 TL
16 1 205.1 |114.1 | TL
181601.7 [181.9 | TL
20 | 2501.6 | 293.7 | TL
22 | TL 453.3 | TL
24 | TL 625.1 | TL
26 | TL 925.8 | TL
28 | TL 1314.4 | TL
30 | TL 1635.5 | TL

The second experiment concerned the find-all problem. A random dataset
was also used here. We used the following parameters: N € [5;15], A = 2,
S € {bN,10N,25N}. We compared the BFS-SAT-based method with the
restarting strategy (REST column in the table), the BFS-SAT-based method
with the incremental strategy (INC) and the backtracking method (BTR). Each
experiment was repeated 100 times as well. The time limit was set to 3600 s.
The results are given in Table 3. The first column in each subtable contains the
number of instances which have more than one DFA in the solution (> 1). If
less than 50 instances were solved then TL is shown instead of a value. It can be
seen from the table that SAT-based methods work significantly faster than the
backtracking one when the size of the automaton is greater than 8. It happens
because the SAT-based methods with BFS-based predicates consider only one
DFA for each equivalence class with respect to the isomorphic relation instead
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Table 3. Median execution times in seconds of SAT-based restart method, SAT-based
incremental method and backtracking method

IN| S = 5N S = 10| | S = 25N
>1|REST |INC |BTR |>1|REST |INC | BTR |>1|REST | INC | BTR
5 53 2.3 2.0 0.8 40 | 3.6 3.3 | 1.3 17 4.1 3.4 |1.5
6 56 | 2.8 2.4 2.1 31 4.7 3.9 | 1.7 27 |54 4.3 | 1.7
7 87 13.9 2.5 4.1 27 | 3.7 3.0 |3.1 13 |74 6.7 |2.5
8

9

80 | 4.6 3.7 872 34 7.0 6.5 |41.7 16 110.1 |89 |11.6
91 | 7.6 3.9 4751 |50 (7.7 6.4 121.6 |10 13.8 [13.0|61.4
10 189 |15.7 5.3 2756.2 |47 | 8.6 7.0 |974.7 |11 |18.8 |16.1 276.8
11 194 /199 |73 |TL 63 |18.5 |13.8 3108.0/9 245 [21.9|11584
12 190 280 |99 |TL 49 1223 |16.7 TL 8 1335 |27.2]3289.1
13 192 |185.5 |18.1 |TL 57 136.9 |22.6 TL 12 162.0 |51.4|TL

14 |87 |408.5 [49.0 |TL 71 |85.1 |41.8 | TL 4 167.0 |56.2 TL

15 195 |571.1 |174.1 | TL 69 193.3 |95.7 | TL 6 1292 262 TL

of N!. As we see, the incremental strategy in its turn clearly outperforms the
restart strategy. It can be explained as incremental SAT solver saves its state
but non-incremental solver does the same actions on each execution.

Our implementation of proposed predicates and algorithms is available on
our laboratory github repository!.

6 Conclusions

We have proposed DFS-based symmetry breaking predicates. They can be added
to the Boolean formula before passing it to a SAT solver while solving various
DFA identification problems with SAT-based algorithms. Using these predicates
allows reducing the problem search space by enforcing DFA states to be enu-
merated in the depth-first search order.

We have revisited our implementation of the proposed symmetry break-
ing predicates and compared the translation-to-SAT method from [10] to the
same one with proposed symmetry breaking predicates instead of original max-
clique predicates. The proposed approach clearly improved the translation-to-
SAT technique which was demonstrated with the experiments on randomly gen-
erated input data. The BFS-based approach has shown better results than the
DFS-based one if the target DFA size is large.

Then, we have proposed a solution for the find-all DFA problem. The pro-
posed approach can efficiently solve the problem that the previously developed
methods cannot be applied for. We performed the experiments which have shown

! https://github.com/ctlab/DFA-Inductor.
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that our approach with the incremental SAT solver clearly outperfoms the Back-
tracking algorithm.

Acknowledgements. The authors would like to thank Igor Buzhinsky, Daniil Chivi-
likhin, Maxim Buzdalov for useful comments. This work was financially supported by
the Government of Russian Federation, Grant 074-UO1.

References

10.

11.

12.

13.

14.

15.

. Hopcroft, J., Motwani, R., Ullman, J.: Introduction to Automata Theory, Lan-

guages, and Computation. Addison-Wesley, Boston (2006)

De La Higuera, C.: A bibliographical study of grammatical inference. Pattern
Recogn. 38(9), 1332-1348 (2005)

Gold, E.M.: Complexity of automaton identification from given data. Inf. Control
37(3), 302-320 (1978)

Dupont, P.: Regular grammatical inference from positive and negative samples
by genetic search: the GIG method. In: Carrasco, R.C., Oncina, J. (eds.) ICGI
1994. LNCS, vol. 862, pp. 236-245. Springer, Heidelberg (1994). https://doi.org/
10.1007/3-540-58473-0_152

Luke, S., Hamahashi, S., Kitano, H.: Genetic programming. In: Proceedings of the
genetic and evolutionary computation conference, vol. 2, pp. 1098-1105 (1999)
Lucas, S.M., Reynolds, T.J.: Learning DFA: evolution versus evidence driven state
merging. In: The 2003 Congress on Evolutionary Computation, 2003. CEC 2003,
vol. 1, pp. 351-358. IEEE (2003)

Lang, K.J., Pearlmutter, B.A., Price, R.A.: Results of the Abbadingo one DFA
learning competition and a new evidence-driven state merging algorithm. In:
Honavar, V., Slutzki, G. (eds.) ICGI 1998. LNCS, vol. 1433, pp. 1-12. Springer,
Heidelberg (1998). https://doi.org/10.1007/BFb0054059

Lang, K.J.: Faster algorithms for finding minimal consistent DFAs. Technical
report (1999)

Bugalho, M., Oliveira, A.L.: Inference of regular languages using state merging
algorithms with search. Pattern Recogn. 38(9), 14571467 (2005)

Heule, M.J.H., Verwer, S.: Exact DFA identification using SAT solvers. In: Sem-
pere, J.M., Garcia, P. (eds.) ICGI 2010. LNCS (LNAI), vol. 6339, pp. 66-79.
Springer, Heidelberg (2010). https://doi.org/10.1007/978-3-642-15488-1_7
Lohfert, R., Lu, J.J., Zhao, D.: Solving SQL constraints by incremental translation
to SAT. In: Nguyen, N.T., Borzemski, L., Grzech, A., Ali, M. (eds.) IEA/AIE 2008.
LNCS (LNAI), vol. 5027, pp. 669-676. Springer, Heidelberg (2008). https://doi.
org/10.1007/978-3-540-69052-8_70

Galeotti, J.P., Rosner, N., Pombo, C.G.L., Frias, M.F.: TACO: efficient SAT-based
bounded verification using symmetry breaking and tight bounds. IEEE Trans.
Softw. Eng. 39(9), 1283-1307 (2013)

Ulyantsev, V., Tsarev, F.: Extended finite-state machine induction using SAT-
solver. In: Proceedings of ICMLA 2011, vol. 2, pp. 346-349. IEEE (2011)
Zbrzezny, A.: A new translation from ECTL* to SAT. Fundamenta Informaticae
120(3-4), 375-395 (2012)

Walkinshaw, N., Lambeau, B., Damas, C., Bogdanov, K., Dupont, P.: STAMINA®:
a competition to encourage the development and assessment of software model
inference techniques. Empirical Software Engineering 18(4), 791-824 (2013)



16.

17.

18.

19.

20.

210
Finding All Minimum-Size DFA Consistent with Given Examples 131

Crawford, J., Ginsberg, M., Luks, E., Roy, A.: Symmetry-breaking predicates for
search problems. KR 96, 148-159 (1996)

Ulyantsev, V., Zakirzyanov, 1., Shalyto, A.: BFS-based symmetry breaking pred-
icates for DFA identification. In: Dediu, A.-H., Formenti, E., Martin-Vide, C.,
Truthe, B. (eds.) LATA 2015. LNCS, vol. 8977, pp. 611-622. Springer, Cham
(2015). https://doi.org/10.1007/978-3-319-15579-1_48

Ulyantsev, V., Buzhinsky, I., Shalyto, A.: Exact finite-state machine identification
from scenarios and temporal properties. Int. J. Softw. Tools Technol. Transf. 1-21
(2016)

Eén, N., Sorensson, N.: An extensible SAT-solver. In: Giunchiglia, E., Tacchella,
A. (eds.) SAT 2003. LNCS, vol. 2919, pp. 502-518. Springer, Heidelberg (2004).
https://doi.org/10.1007/978-3-540-24605-3_37

Biere, A.: Splatz, lingeling, plingeling, treengeling, YalSAT entering the SAT com-
petition 2016. In: Proceedings of SAT Competition, pp. 44-45 (2016)



211

Active learning of formal plant models for
cyber-physical systems

Polina Ovsiannikova*, Daniil Chivilikhin*, Vladimir Ulyantsev*,
Andrey Stankevich*, Ilya Zakirzyanov*, Valeriy Vyatkin*¥, and Anatoly Shalyto*
*Computer Technologies Laboratory, ITMO University, Saint Petersburg, Russia
Email: polina.ovsyannikova@corp.ifmo.ru, chivdan@rain.ifmo.ru, ulyantsev@rain.ifmo.ru, shalyto@mail.ifmo.ru
TDepartment of Electrical Engineering and Automation, Aalto University, Finland
Email: vyatkin@ieee.org
iDepartment of Computer Science, Computer and Space Engineering, Lulea Tekniska Universitet, Sweden

Abstract—As the world becomes more and more automated,
the degree of cyber-physical systems involvement cannot be
overestimated. A large part of them are safety-critical, thus, it
is especially important to ensure their correctness before start
of operation or reconfiguration. For this purpose the model
checking approach should be used since it allows rigorously
proving system correctness by checking all possible states. To
ensure the compliance of controller-plant properties with system
requirements, the closed-loop verification approach should be
chosen, which requires not only a formal model of the controller,
but also a formal model of the plant. In this paper we propose
an approach for constructing formal models of context-free de-
terministic plants automatically using active learning algorithms.
The case study shows its successful application to plant model
generation for the elevator cyber-physical system.

I. INTRODUCTION

Even if cyber-physical system (CPS) functionality does
not include immediate interaction with humans, it still can
influence them indirectly. Therefore, among other reasons,
correct behavior of CPS is required to protect lives. The
compliance of system implementation with its specification
is commonly checked with simulation and testing. However,
even automated testing is limited to checking only a limited
number of behaviors defined in test cases. Formal verification
using model checking [1] is a more comprehensive approach.
It examines the entire state space of the system for errors, so
that deviations that are inconspicuous during testing can be
detected. In a number of works it was argued that in CPS
applications closed-loop model checking [2], [3] is preferable
to the open-loop approach, which is commonly used for
computer programs verification.

In the closed-loop approach, a necessary part of the process
is constructing a formal model of the plant. In most cases
formal modeling is performed manually which may be very
resource consuming. In order to reduce the influence of the
human factor and keep the formal model consistent and up-to-
date, approaches for automated plant model generation using
behavior examples, or traces, were developed.

Approaches to formal model inference can be classified by
the ability to interact with the modeled object (simulation
model) during the construction process. Passive learning ap-
proaches build models from data collected before the learning

978-1-5386-4829-2/18/$31.00 ©2018 IEEE

process [4]-[6]. Thus, together with the model inference
method, a way of gathering traces should be developed,
that provides thorough coverage of system states. Without
knowledge about coverage, measuring the similarity between
the resulting formal model and the real system is complicated,
although research has been done in this area [7]. The second
approach to model inference is active learning [8] that can
be introduced by the well-known L* algorithm [9] and its
modifications, e.g. [10], [11]. The essence of active learning
algorithms is constant communication of the algorithm with
the simulation model during the inference process. This allows
refining the model on every iteration and querying the system
with the exact requests needed to determine its behavior.

In this paper we introduce the active learning approach for
automatic formal models generation of deterministic discrete
context-free plants in a black-box scenario. We also show why
the most popular active learning algorithm L* and similar
ones are not quite helpful when it comes to CPS plant models
inferring.

II. RELATED WORK: ACTIVE LEARNING

The most widely known active learning algorithm L* [9] can
be used to infer a Deterministic Finite Automaton (DFA) that
accepts the same language as the source DFA. This approach
is based on the Nerode congruence theorem [12], which states
that two words u and v’ belonging to the same language are
equivalent, if and only if there are no distinguishing suffixes
for them. Suffix v is distinguishing if, when concatenated with
word v and v/, it makes either uv or u'v belong to language
L, but not both.

The essence of the L* algorithm is iterative hypothesis
automaton refinement based on counterexamples that are re-
ceived after comparing the source automaton with the hypoth-
esis one. Consequently, the algorithm consists of the following
steps: (1) hypothesis automaton construction, (2) checking
whether the hypothesis automaton is equivalent to the source
automaton, (3) processing a counterexample if it exists. Having
the source DFA A and hypothesis DFA H, let us describe each
step in more detail.

During the first step, a hypothesis automaton H is built
according to the Observation Table (OT) that contains informa-
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Fig. 1. Moving cylinder plant model

tion about acceptance of particular words by A. This knowl-
edge is collected by sending Membership Queries (MQ) —
requests to A that contain a sequence to check, on which A
responds with True if the sequence belongs to the language
or False in the opposite case. To proceed to hypothesis
inference, closedness and consistency OT properties should
be satisfied.

On the second step of the algorithm, H is compared to
A by means of an Equivalence Query (EQ). In the original
description of L*, this step is not detailed as the existence of
an oracle is assumed: if H is found to be equivalent to A, the
oracle reports “YES”; otherwise, it returns a counterexample
word that is accepted by A, but not by H, or vice versa.

On the last step, a counterexample, if it exists, is processed.
All its prefixes are added to the rows of the OT, and then the
OT is filled with the results of new MQs and the the first step
is repeated. If the oracle reports YES, then H is the resulting
DFA, and the algorithm terminates.

In this work the L* algorithm was implemented and tested
on the example of inferring a formal model of the plant for a
moving cylinder (Fig. 1). The system has two Boolean input
variables: Ext (Extend) and Retr (Retract), and three Boolean
output variables: L (Left), R (Right) and F (Failure). Thus, in
terms of the L* algorithm, there are 22 input symbols (all
combinations of input variable values) and 23 output symbols.
The plant is conveniently represented as a Moore machine.
Hence, L* was adapted to learn deterministic Moore machines
as follows: the cells of OT now store the output symbols
generated by the source system in response to MQs instead of
labels indicating existence of specific sequences in the source
language.

Since the plant is considered as a black box and no oracle is
provided, the EQ was implemented in the following way: the
system was queried with random sequences that were not equal
to the checked ones during OT construction, with their sizes
up to the double number of states of the hypothesis automaton.

The constructed model was converted to the input format
of the symbolic model checker NuSMV [13]. Once the model
was constructed, system specification expressed with Linear
Temporal Logic (LTL) properties was checked using NuSMV.
The results of model checking are shown in Table I: the model
of the system satisfies all considered LTL constraints.

However, since in a black box scenario an oracle is not
available and EQ can only be approximated by heuristics,
it is impossible to claim that the constructed formal model
is equivalent to the source model. Also note that L* was

212

developed for learning regular languages or context-dependent
systems — behavior of such systems depends not only on
the current input and output variables, but on the history
of interaction, or the context. The absence of context and
internal variables in a system means that regardless of the
input sequence that has led the system to some particular state,
future states will be determined by input symbols only.

Therefore, L* can be applied for learning models of plants
with context, though facing the mentioned issue with EQ. Fur-
thermore, additional difficulties are introduced by processing
continuous variables — this would require serious modifications
of L* while the result would still be inexact due to the heuristic
nature of EQ.

However, it can be argued that in a CPS the plant should be
independent of the context. Indeed, many systems comply with
this assumption. Therefore, the method of inferring context-
free systems was developed that does not require an oracle or
EQ and where reliability of the resulting model is determined
not via automata comparison but by the algorithm termination
condition.

III. PROPOSED APPROACH

Consider a context-free deterministic discrete system with
no internal variables nor explicit time dependence. The com-
bination of all input variable values passed to the system
in a request is called an Input Symbol and is denoted as
a tuple (v(I1),v(12),...,v(I)), where v(Iy),...,v(I,) are
input variable values. Similarly, the combination of all output
variable values produced by the system as a response to
a request is an Output Symbol: (v(01),v(03),...,v(0y)),
where v(O1),...,v(0,,) are output variable values. Note that
since we consider only deterministic context-free plants, the
output symbol is regarded as a system state since it contains
values of all output variables.

Every variable in the model should be discrete. If the
system has continuous variables, they can be discretized by
splitting their allowed range into a number of contiguous
intervals. For example, the real output variable 0 € [0; 15] can
be discretized as follows: 0’ € {[0;5),[5;10), [10; 15]}. Then,
each continuous value of a variable can be replaced with the
index of the interval it belongs to. Since discretization is case-
dependent, it is assumed to be provided by the user.

Now note the two following observations. First, the maxi-
mum number of states of the resulting automaton is bounded
from above by the number of unique output symbols. Second,
if the system is in some state and all transitions from this state
have been checked with MQs, there is no need to check them
again. With these observations in mind, the plant model can
be inferred using an active algorithm that resembles classical
breadth-first search (BFS), which produces automata of the
form shown in Fig. 2.

The core idea of the algorithm is to explore every transition
labeled by every input symbol reachable from the chosen
initial state. During the learning process only newly discovered
states are added to the queue of next states to make transitions
from, hence, if a state already exists in the model, it is not
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TABLE 1
TEMPORAL PROPERTIES FOR THE CYLINDER PLANT MODEL

Correct Obtained
Name Temporal property Comment value value
©1 G(F>GFR=0 A L=0)) If the system experiences failure, it stops working forever + +
When the cylinder is on the left side and the command is to retract,
#2 G AR A —Ext = X(L)) it will stay on the left N N
©3 GFR A L) Infinitely often the cylinder will appear in both sides simultaneously — —
When the cylinder is on the right side and the command is to
4 GR A Ext — X(F)) extend, the failure signal will be produced + +
If the cylinder is on the right side and there are no commands to
#5 G(R A —Ext A —Retr — X(R)) move anywhere, it does not move (the same for the left side) + +
If the cylinder is on the left side and the command is to extend, it
e G(L A Ext A —Retr — X(R)) will appear on the right + +
e -0
I I, e A -0,
© -
.1, I _-
... 2 _ e
5 I g ~2*7a
© - s A
< A N
A A A
L L., C
iteration number
5.1,

Fig. 2. The example form of the automaton that can be inferred using the
proposed approach, where q;, gm , and gj, are distinct and unknown in advance
states

processed again. The algorithm terminates when the queue is
empty and there are no new states to process.

The simple algorithm described above is sufficient in the
rare case when the plant only uses Boolean variables. In
practice, the plant almost always has continuous dynamics and
is described with real variables, which makes formal modeling
more complicated. Discretization of each real variable into a
set of contiguous intervals makes the model discrete, however,
as seen on the following example, the above algorithm will not
produce a correct model.

Consider a system with one Boolean input variable I
and one real output variable discretized with intervals
07 € {[0;5), [5;15)}. The constructed model automaton will
have two states, one for each value of 04 intervals. In the initial
state 0; € [0;5); after a transition triggered by I; = True, the
value of 0y is increased by 1. Following the logic described
above, two transitions will be checked, one for I = True
and one for I; = False. Both queries will result in self-
loops in the model, no new states will be generated, and the
algorithm will terminate leaving the state in which 0; € [5; 15)
undiscovered. Still, taking a closer look at the value of 0
after the first transition may indicate that the variable value is
moving towards the next interval and the query simply needs
to be repeated several times to reach it. The situation when
after some transition a continuous variable changes its value

Fig. 3. Real variable 01 value monotonically increases, correlation coeffi-
cient > 0.5, whereas 05 value fluctuates, correlation coefficient < 0.5

l,AO, <15 0,=0,+1

Fig. 4. Example system model with Boolean inputs I; and I, Boolean output
04 and continuous output Oz

but stays inside the current discretization interval will be called
movement inside an interval, which means that the continuous
variable value changes monotonically.

To detect “movement inside an interval” behavior the same
MQ is sent to the system C' times and the results are saved. Af-
ter C' repetitions, the Pearson correlation coefficient between
the number of iterations and variable value is calculated. If
the correlation coefficient is greater than 0.5, we can conclude
that the value is changing almost monotonically — in this case
we keep querying the system with the same MQ until the
variable takes a value from the next interval. If the correlation
coefficient is less than 0.5, then there is no change in the
system and there is no sense in repeating a particular MQ (see
Fig. 3).

However, in the situation when there are several discrete
and discretized output variables in the system, even using
additional logic for self-loops processing, the resulting model
can be wrong — unnecessary cycles can be formed in the
resulting model which will cause problems during verification.
This problem is illustrated on an example system (Fig. 4)
with two Boolean input variables I; and I, and two output
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(b) A part of the model where cycles from the first and second intervals
of 0, are removed

Fig. 5. Parts of the model before and after removing cycles

variables: Boolean variable 0; and real variable 0, € [0; 15]
with discretization 07 € {[0;5), [5;10),[10; 15]}.

A part of the resulting automaton is shown in Fig. 5a. Here
only transitions with I, = True are shown to make the graph
easier to read. Having such a model, false negative verification
results are possible due to the cycle between qo and q;. For
example, the property “when 0, is in the first interval and
I, is always true, the system will eventually move to the state
where 0, is in the second interval” is false, while it is satisfied
for the original system in Fig. 4.

To resolve this issue, the previous mechanism of detect-
ing “movement inside intervals” situations was enhanced as
follows. If during processing of a transition from g, to gy
induced by some request (MQ) R a “movement inside an
interval” situation is detected for some variable, state qy is
saved as a temporary state. Then, firstly, it is necessary to
check whether the transition induced by request R from state
gk is a self-loop as it is described above. If so, then no other
requests are queried from qgx and request R is repeated until
the continuous variable reaches its next interval. Then gy is
registered as a new state. Otherwise, state gy is marked as a
state in which continuous variables will be compared by their
concrete values, not by discrete intervals. If a state is marked
this way, all states that will be generated after any transition
from it will be marked as well if they stay in the same intervals
of continuous variables.

Using the described strategy, the part of the model given
in Fig. 5a can be redrawn as shown in Fig. 5b. The full
pseudocode of the proposed plant model construction algo-
rithm is given in Algorithm 1, where the aforementioned
comparison of concrete continuous variable values is im-
plemented via enableConcreteComparison (state)
function (see line 32). After its execution it becomes impossi-
ble to limit the final number of states of the model from above.
Also it is worth mentioning that if there are no discretized

Pos Floor
4 2
3
2 1
1
0 O| o

Fig. 6. Interface of the elevator model [7]

variables in the system, the loop starting at line 17 of the
algorithm can be omitted.

IV. EVALUATION ON A CASE STUDY

The proposed approach was implemented in Java and is
available as an open-source tool [14]. The approach was tested
on the example of a three-floor elevator simulation model
developed in NxtStudio [15] with user interface shown in
Fig. 6. This model is almost identical to the one considered
in [7] with a difference in buttons logic, which was moved to
the controller. The aim of the experiments was to generate
the plant model with the proposed method and compare
verification results with [7].

The plant has the following Boolean variables:

o input: moveUp/moveDown — move the car up or down;
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Algorithm 1: Proposed plant model synthesis algorithm

Data: set I of input variables, set O of output variables
Result: set of transitions 7

1 Qproc —

2 Qnewt < sendMQ (9) ;
37 <« @

4 T+ HI“

5 O+« ][0

6 while Q..+ # @ do

7 T+ &,

8 for q € Q.00r do

9 for input € 7 do

10 (¢s, Qe, 8) < sendMQ (q, input) ;

u T+ TU{(gs,¢e,9)};

12 end

13 end

14 CTinInta‘rval — 9

15 for (g¢s,q.,s) € T do

16 if movingInsideInterval (¢s,q.) then
17 ‘ Tinlnterval — E7L17Lte7'val U {(QSa Ge, 3)},
18 end

19 end

20 for (qs> Ge, 5) S TinInterval do

21 q., < sendMo (qe, $) .end;

22 c < correlation(qs,qe,S);

23 if . =¢. N ¢>0.5 then

24 while ¢/ = ¢. do

25 Ge < q.;

26 q., < sendMQ (qe, s) .end;

27 end

28 Qe < 4.

29 else if ¢, =g, N ¢ < 0.5 then

“ e ds

31 else

32 ‘ enableConcreteComparison (ge);
33 end

34 end

35 T+ TUT,
36 | Qproc < Qproc U{as | (¢s:qe,s) € T};

37 Qunext {QE | (QSv Ge, 5) €T, qe ¢ Qproc};
38 end

39 return 7

 input: openDoors0..2 — open the doors at the respective
floor;

o output: carAtFloor0..2 — elevator car is at the respective
floor;

o output: doorClosed0..2 — the doors at the respective
floor are completely closed.

Also there is a Real output variable carPos € [30;419.5)
discretized with intervals: [30; 30.5), [30.5; 224.5),
[224.5; 225.5), [225.5; 418.5), [418.5; 419.5). The carPos
output variable represents the concrete position of the car, its
initial value is 30 (interval [30; 30.5)) that corresponds to
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the second floor. After each moveDown/moveUp command the
position value increases/decreases by 1, respectively.

Plant model inputs correspond to controller outputs,
controller inputs include all plant model outputs ex-
cept carPos, and also include additional Boolean inputs
buttonPressed0..2 — whether the “request elevator” button
is pressed at the respective floor. After the car reaches the
floor where the button is pressed, the buttonPressedN value
is set to False. To test the proposed algorithm, a special
functionality of setting the plant to an arbitrarily chosen state
was added to the simulation model.

The proposed algorithm generated the plant model in the
form of an automaton with 40 states, which required a total
of 135 seconds. Most of this time was spent on processing
self-loops and cycles. The generated model was exported in
the NuSMV format and composed with the manually prepared
controller model to perform closed-loop verification. LTL
properties that were verified are the same as the ones checked
in [7] and are listed in Table II. All verification results are
correct and no additional changes were applied to the resulting
formal model.

V. DISCUSSION AND CONCLUSION

Active learning approaches to plant model generation are
quite perspective since their core idea is to refine the hypoth-
esis model on every iteration and gather only those behavior
examples that are required to build a consistent model. In this
work a method for generating formal context-free deterministic
plant models in a black-box scenario was introduced. It does
not require an oracle or equivalence checks between source
and hypothesis automata and generates reliable models.

On the other hand, note that model construction starts
in some initial state, which means that the algorithm only
discovers states reachable from the initial one. Thus, if it is
guaranteed that the entire model state space is reachable from
the chosen initial state, then the generated formal model for
context-free deterministic plant will be reliable. Otherwise,
there is a risk to discover only a sub-automaton or, in case
of a disconnected state space, to fail to detect some of its
parts. Meanwhile, the solution is quite straightforward if the
set of possible initial states is known in advance — running
the algorithm from each initial state and merging resulting
automata will solve the issue. However, if the plant simulation
model can be initialized in every possible state, all such states
should be explored.

Also it should be noted that the suggested approach relies in
its efficiency on the possibility to quickly reset the simulation
model to the required state. If for some system this is impossi-
ble, at least a reset to the initial state must be available: in this
case the method will still work, but each reset will take some
time, depending on the simulation model implementation.

Another thing to mention is the time complexity of the
algorithm. Since the proposed algorithm resembles BFS, all
transitions must be executed for all input symbols from every
new state, and the number of transitions will grow exponen-
tially with the number of plant input variables. But, in fact,

723

Authorized licensed use limited to: St Petersburg Natl Uni of Info Tech Mech & Optics. Downloaded on October 20,2020 at 12:54:13 UTC from IEEE Xplore. Restrictions apply.



216

TABLE II
ELEVATOR SYSTEM TEMPORAL PROPERTIES VERIFICATION RESULTS

Temporal propert: Comment Correct  Obtained
P property value value
Plant temporal properties
If the car is on the first floor and
G(carAtFloorl A G —motorUp A G(motorDown V never moves up and always moves I n
#1 carAtFloor0) — G —carAtFloor2) down or stays on floor 0, it will
never reach floor 2
G(G —motorUp A G(motorDown V carAtFloor0) — With similar conditions the car n n
#2 F carAtFloor0) will reach floor 0
G (G —motorDown A G (motorUp V carAtFloor2) — Analogously, if we the car moves
#3 Wi + +
F carAtFloor2) up, it will reach floor 2
o GF -motorDown Contro]lfr camlot always send the -~ -~
Down” command
G(carAtFloorl A G —motorUp A GmotorDown — Similar to C(‘)ndmon‘l, but .
©s5 F carAtFloor2) G motorDown is used instead of - -
G (motorDown V carAtFloor0)
G(carPos = 4 A motorDown A —motorUp — I the car 15 on floor 2 and moves
w7 down, it will be between floors 1 + +
X carPos = 3)
and 2
G(carPos = 2 A —motorDown A motorUp -
©9 X carPos = 3) Similarly, floor 1, motorUp + +
Closed-loop model checking
If the car is called, it will arrive
P11 Vk € [0..2] G(buttonPressedy — F carAtFloory) (o the specified floor — —
G (buttonPressed2 A (not always at some floor) I.f the car is called to ﬂoor.2 apd
©12 is not stuck at some floor it will + +
— F carAtFloor2) .
arrive to floor 2
G (buttonPressed0 A (not always at some floor) The same for floor 0. Because of -~ -~
w14 — F carAtFloor0) controller choice the result differs
o1 G(carPos € {1,3} — doorClosed0 A doorClosedl When the car is between floors, n "

A doorClosed2)

all doors are closed

not every transition ends in a new state. Commonly, some rule
exists in input variable changes, therefore, detection of such
rules makes it possible not to check all input symbols. Hence,
future work will tackle reduction of the number of transitions
to be checked during model construction. Another direction of
future work is automating discretization intervals construction,
which could be done on the basis of inferred model properties
analysis and temporal properties verification results.
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Abstract. Inference of deterministic finite automata (DFA) finds a wide
range of important practical applications. In recent years, the use of SAT
and SMT solvers for the minimum size DFA inference problem (MinDFA)
enabled significant performance improvements. Nevertheless, there are
many problems that are simply too difficult to solve to optimality with
existing technologies. One fundamental difficulty of the MinDFA prob-
lem is the size of the search space. Moreover, another fundamental draw-
back of these approaches is the encoding size. This paper develops novel
compact encodings for Symmetry Breaking of SAT-based approaches to
MinDFA. The proposed encodings are shown to perform comparably in
practice with the most efficient, but also significantly larger, symmetry
breaking encodings.

Keywords: DFA inference - Boolean satisfiability -
Symmetry breaking

1 Introduction

The inference of minimum-size deterministic finite automata (DFA) from (pos-
itive and negative) examples of their behavior has been investigated since the
early days of computing, with continued improvements until the present day.
The importance of topic is illustrated not only by recent improvements to
tools for computing minimum-size DFAs [27,30], but also by recent and ever
growing list of applications [29]. The problem of computing the minimum-size
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DFA (MinDFA) witnessed seminal work in the early 70s [6]. Moreover, a num-
ber of visible contributions were made in the 90s. These include the use of
graph coloring [8], constraint programming techniques [9,22], and state merging
approaches [17,18]. Approaches based on SAT and SMT were proposed in the last
decade, with promising results [12,13,20,21,25]. Nevertheless, the size of existing
propositional encodings do not scale for large DFA inference problems. The use
of SMT does not represent a clear improvement, since SMT solving approaches
for the MinDFA problem will also encode to propositional logic. This paper revis-
its SAT encodings for the MinDFA problem as well as recent work on exploiting
symmetry breaking [25,30], and proposes a (novel) tighter propositional repre-
sentation of state-of-the-art symmetry breaking predicates, but it also devises
new symmetry breaking constraints which serve to achieve more effective prun-
ing of the search space. The new propositional encoding proposed in this paper
enables clear performance gains over the state of the art [13,14,26,30].

The paper is organized as follows. Section 2 introduces the definitions used
throughout the paper and briefly overviews related work. Section 3 develops new
ideas to encode symmetry breaking predicates. Section4 compares a new tool
for the MinDFA problem with the existing state of the art, showing clear per-
formance gains. Section 5 concludes the paper.

2 Background

2.1 Preliminaries

Throughout the paper we assume that automata are defined over some set of
symbols Y, also known as the alphabet. The number of symbols in the alphabet
is L = |X¥|. For earlier DFA inference examples, it was often the case that
Y = B = {0,1} [18,22]. For more recent DFA inference examples [28], larger
alphabets are often considered.

A deterministic finite automaton (DFA) is a tuple D = (D, X, 4,d1, D", D7),
where D is a finite set of states, X' is the (input) alphabet, 0 : D x X' — D is
the transition function, d; is the initial state, DT is the set of accepting states
and D~ = D\ D" is the set of rejecting sets. For input strings 7 € X* we
define 6(dy, ) inductively as follows [16]: (i) 6(dy,€) = dy; (i) If 7 = 7’c, then
(dy,m) = 6(8(dy, "), c).

We assume the standard setting of inferring a minimum-size DFA given a
set of samples of its behavior [7,15], i.e. the training set, each sample rep-
resented by an input string that is either accepted or rejected by some DFA
U= (UX, pu,UT,U"), which is not known. This form of learning is often
referred to as passive learning, as opposed to active learning [2,20], which enables
a learning algorithm (aiming to create a target DFA) to formulate queries to some
teacher (which knows of the unknown DFA).

A training set is a set of pairs T = {(m1,01),...,(7r,0r)}, where each pair
(7, 0r) € X% x {0,1} denotes the output o, observed given input string . If
or =1 (0, = 0), then 7, is referred to as a positive (negative) example. Given
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Function MINIMUMDFA (7)
Input :7: APTA
Output: S: minimum size DFA

M — FindLowerBound(7)

while true do
S < FindConsistentDFA(7, M)
if S # () then return S
M— M+1

Algorithm 1: General lower bound refinement algorithm

L L

a training set, we can construct an APTA (augmented prefix tree acceptor) |1,
13,24], defined as the DFA T = (T, X, 7,t;,T",T~), where any input string
sharing the same prefix ends up in the same state. Concretely, given input strings
T = TaTp, and me = 7T, the common prefix 7, will be associated to a unique
sequence of states in the APTA. For an APTA 7, we have TT UT~ # T, and
we define N = |T'|. When clear from the context, the states of 7 are referred to
by their index, t; by i, i = 1,..., N. In some settings, 6(i) will be used to denote
the distance from the APTA root state t; to state t;.

The minimum-size DFA inference problem (MinDFA) is to identify a DFA
S =1(5,%0,,5",57), with a minimum number of states, such that for any
training pair (m.,0.), 6(s1,m-) € ST iff 0o, = 1 and 6(s1,7.) € S~ iff 0, = 0.
For a prospective DFA S, we define M = |S|.

Throughout the paper [R] is used to denote the set {1,..., R}, for some
positive integer R. Moreover, we will use integers to refer to either symbols or
states. For a given alphabet, by associating states and symbols with integers
facilitates imposing a fixed lexicographic order, which will be required later in
the paper (see Sect. 3). Additionally, standard SAT definitions are assumed and
used [5].

2.2 Minimum Size DFA Inference

This paper focuses on constraint-based exact approaches for the MinDFA prob-
lem. Different constraint programming approaches for solving the MinDFA prob-
lem have been proposed over the years. More recently, the use of SAT [12-14]
and SMT [20,21] has been investigated. A more detailed account of past work
is available for example in Neider’s PhD thesis [20, Chap. 3].

Algorithm 1 summarizes the most widely used approach for computing a
minimum size DFA consistent with a given APTA 7 (obtained from the training
set). Initially a lower bound on the size of the inferred DFA is computed. An
often used heuristic is to compute a maximal clique on states of the APTA
that cannot be assigned to the same DFA state [12-14,20-22,26]. Afterwards,
starting from the lower bound and for each possible value on the number of states
of the DFA, some algorithm decides whether there exists a DFA S which can
be shown consistent with the samples of behavior summarized as the APTA 7.
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Algorithm 1 is referred to as LSUS (linear-search, UNSAT until SAT) and is used
in different settings. Other algorithms can be envisioned. These include binary
search, assuming some upper bound is known or can be identified (e.g. with
merge-based algorithms). Another alternative is unbounded search with a final
binary search step. These algorithms have been used in recent years for solving
MaxSAT [19] and for extracting MUSes [4]. The use of propositional encodings
can be traced to the work of Grinchtein, Leucker & Piterman [12]. By using
two different representations for integers, one in unary and the other in binary,
this work proposes two propositional encodings. For the unary representation,
the encoding size is in O(N x M? + N2 x M) over O(N x M) variables!. For
the binary representation, the encoding size is in O(N x M x log M + N? x M)
on O(N x log M) variables. More recent work by Heule&Verwer (HV) [13,14]
proposed encodings that have been shown effective in practice [28]. The HV
encoding builds on the graph coloring analogy proposed in earlier work [8]. The
proposed encoding has size O(M?3 + N x M?) over O(M? + N x M) variables.
This encoding is revisited in Sect. 2.3.

2.3 SAT-Based MinDFA

Given an APTA 7 and a bound M on the number of states of the inferred
DFA S, this subsection provides a derivation of the HV encoding [13,14], based
on a different motivation. By careful analysis of this formulation, we achieve a
more compact propositional encoding. Instead of relating the MinDFA problem
with graph coloring, we formulate it as the problem of matching the N states
of the APTA 7T to the M states of a target DFA S. The sets of variables of the
propositional encoding are as follows:

1. m; ), which is 1 iff state ¢; in 7 is matched with state s, in S.
2. ey,p,q Which is 1 iff there is a transition from s, to s, on symbol [, in S.
3. a, which is 1 iff s, is accepting in S.

The constraints of the proposed encoding are summarized in Table 1. Observe
that for encoding the Equalsl constraints, [14] uses a clause to encode an AtlLeast1
constraint, and the Pairwise Encoding for encoding an AtMostl constraint.
A simple improvment is to use a more compact encoding, among the many
that exist. Concrete examples include sequential counters [23], cardinality net-
works [3], the ladder encoding [11], sorting networks [10], among several other
options. As can be concluded, the proposed encoding grows with O(N x M?).
Thus, the encoding is asymptotically (somewhat) tighter than the encoding pro-
posed in [13], in that the encoding of the cardinality constraints changes from
O(M?3) to O(M?). This difference can be significant for large values of M. As
observed in earlier work [13,14], for some benchmarks [18], the target DFA has
hundreds of states, and so an encoding in O(M?3) is expected to be beyond the
memory capacity of existing compute servers. It is straightforward to map the

! The encoding size shown is adapted from the results in [20], taking into account that
both |T"| and |T~| can grow with N = |T|. The size of |X| is assumed constant.
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Table 1. Constraints of the SAT encoding

Constraint Range
(Z;wzl mip) =1 i € [N] Each state t; in 7 is matched
with exactly one state in S
m; p — Gp i€[N];t; e TT; Each accepting state t; in 7 is
p € [M] matched with an accepting
state in S
mM; p — TGp 1 €[N];t; €T Each rejecting state ¢; in 7 is
p € [M] matched with a rejecting state
inS
(Zéw:l ev,p,q) = 1 v € [L]; p € [M] There is exactly one transition
from s, on some symbol [, in S
Mip ANMk g — €u.pgq i,k € [N;v € [L]; A transition between t; and ¢
o(ti,ly) = tg; on l, in 7 forces a transition
p,q € [M] between its mapped nodes on
the same [, in S
Mip N\ €vpg— Mkg i,k € [N]; v € [L]; A transition between t; and ¢
o(ti,ly) = tg; on I, in 7, with a transition
p,q € [M] between the mapped state p
and a state g on [, in S, forces
a mapping between t; and g

sets of clauses in the HV formulation [13,14] into the constraints described above.
The main difference is that we explicitly use a tighter encoding for the AtMost1
constraints, which are listed as sets of clauses (capturing the well-known pairwise
encoding) in [13]. Additionally, the HV formulation [13] considers different sets
of redundant constraints to the basic formulation above. A technique that has
been proposed for the SAT formulation is the breaking of symmetries of the DFA
constructed [26,30]. Symmetry breaking for the SAT formulation is described in
depth in Sect. 3, together with new improvements.

3 Efficient Symmetry Breaking

This section revisits recent symmetry breaking for the MinDFA problem, which
imposes an order on the states of the DFA [26,30]. Although effective in practice,
the existing propositional encoding is not tight, and so unlikely to scale for larger
DFAs. Section 3.2 develops a significantly tighter encoding. Section 3.3 devises
novel constraints that serve to furhter prune the search space that a SAT solver
needs to explore.

3.1 Propositional Formulation for Breaking Symmetries

This section summarizes the recent work on breaking symmetries of the DFA
being constructed, by imposing an ordering on the states of the DFA [26,30].
In this section we follow the original formulation [26]. The approach can be
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formalized as follows. Assume a target DFA S = (S, X, 0,51, ST, S7). The states
of the DFA S are required to be numbered according to the tree induced by a
breadth-first search (BFS) of the target DFA. As a result, the formulation of
symmetry breaking depends only on the states and transitions of the target
DFA S (independent of the APTA 7). In this section we require some fixed (e.g.
lexicographic) ordering on the symbols of X. Any order of the symbols is valid.
The symbols will be numbered from 1 to L, but the numbers respect the fixed
ordering.
The propositional variables used in the formulation are as follows:

1. pgr, with 1 <r <q < M. p,, = 1 iff state r is the parent of ¢ in the BFS
tree.

2. tpq, with 1 <p <q<M.t,,=1iff there is a transition from p to ¢ in S.

3. Mypg, withve Yand1l <p<qg< M. myy, =1 iff there is a transition
from state p to state ¢ on symbol [, and there is no such transition with a
lexicographically smaller symbol.

The clauses of the propositional formulation are summarized in Eqgs. (1-6).

/\2§ng (Pg,1 VP2V -V pgg—1) (
/\1§r<s<q<M (Pg,s = ~Pg+1,r) (
/\1§r<q§M (trg < €1,r,g V- Verrg) (

/\1§r<q§M (Pgr < trg A tr—1,g Ao Aty g) (4)
/\1§r<q§M /\1§ng (Murg < €urg A 7€u—1rg N " A€Lrg) (
(

A1§r<q<M /\1§u<v§L (Pg,r A Dg+1,0 N Mg — "My g41)

There are six types of conjunction of clauses considered. (1) relates to the states,
and with the exception of the initial state (numbered 1), each clause says that a
state must have a parent with smaller number. (2) says that a state ¢ must be
enqueued (in the BFS traversal) before the next state ¢ + 1, and so the parent
r of ¢ + 1 cannot be less than the parent s of ¢. (3) and (4) define the ¢,
variables based on the e, ,, variables and relate them to the parent variables
Dq.r- (D) defines the m,, , , variables using DFA transitions, and the (6) imposes
consecutive states ¢ and ¢+ 1 with the same parent r to be arranged in the order
of the symbols. It is plain to conclude that the size of the encoding grows with
O(M?3 + M?L + M?L?). Observe that the contribution of M3, which dominates
the other components assuming L < M, results from (2) and (4). Moreover,
when | Y| = 2, [26] proposes to replace (5) and (6) with

/\ (Pg,r A Pgt1,0 — €1,r,q) (7)
1<r<q<M

3.2 A Tighter SAT Encoding

A propositional encoding in O(M?3 + M?L? + M?L) is impractical for the larger
DFA inference instances [18,28]. This section shows how to modify the symmetry
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breaking propositional encoding of Sect. 3.1 such that the encoding size becomes
O(M?L). The new encoding develops alternative representations for (2) and the
(4), but also for (5) and (6). In addition, one needs to require:

S ipgr=11<qg<M (8)

We first investigate the encoding of (2) and (4). We can view the values of
Dq,r, With 1 < r < g —1, as a binary string, with ¢ — 1 bits, and compare this
string with the one of pyy; ,, with 1 <r < g, and so with ¢ bits. We introduce
Pq,q = 0, and so can also view the values of p,, as a binary string with ¢ bits
(same size).

Observe that (2) encodes the value associated to the binary string of the
Dq,r variables to be smaller or equal than the value associated to the binary
string of the p,41 , variables. To compare the binary strings, we inspect the bits
in order, starting at position ¢, and moving down to position 1. We consider
variables ng, », such that ng,, = 1 iff the most significant ¢ — r + 1 bits of the
string associated with p, , are lexicographically no greater than those of p,41 .
The value associated to the binary string of the p, , variables is smaller or equal
than the value associated to the binary string of the p,41 , variables iff ng,; =1
holds. Since we enforce p,, = 0, then we must have ng,, = 1. Moreover, we
also require ng, 1 + 1. Thus we obtain:

(ngg1 < 1) A (ngq,q < 1) A /\ (ngq,r < NGg,r4+1 A €dqr V Pr A Pgt1,r) (9)
1<r<q

Where, €4q,r < (pq,r = pq—l—l,r)-

Second, a similar approach can be exploited for encoding of (4). We introduce
variables nt, ,, where nt, , = 1 iff there exists no t; ; = 1 with s < r. Thus, nt, ,
can be defined inductively as follows:

(nto,q <> 1) A /\ (ntrq = nlr—1,4 A 7trq) (10)
1<r<q

Thus, (4) can be rewritten, using the nt, , variables as follows:
pq,’r A t’l‘,q /\ ntr_]-aq (11)

As can be concluded, by using auxiliary variables ng, , and nt, 4, and Egs. (9),
(10) and (11), we achieve an overall propositional encoding in O(M?2L + M?L?).

However, we can tighten further the propositional encoding for breaking sym-
metries using a BF'S tree. This is achieved by devising alternative encodings for
(5) and (6). As shown next, this yields a propositional encoding in O(M?2L).
With respect to (5), we use the additional variables ne, , 4 such that ne, ,, =1
iff all variables e, r, = 0 with v < v, i.e. there are no variables e, ,, taking
value 1, when u < v.

(n€1,rq < 2€1mq) A /\ (n€uv,rg < T€urq V NEy—1,rq) (12)
1<v<L
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Thus given (12), (5) can be rewritten as follows:

/\ /\ (mv,r,q < Cou,rg A nev—l,r,q) (13)

1<r<q<M 1<v<L

With respect to (6), we use the additional variables zm, ,, such that
2my, rq = 1 iff all variables m,, , , are 0-valued, m,, , 4 = 0, for u < v.

(zma,r,q < “M1q) A /\ (2 r,q < "My rg A 2My—1,r,q) (14)
1<v<L

Thus given (14), (6) can be rewritten as follows:

/\ /\ (pq,r /\pj—l—l,r A Myr,qg — va—l,r,q—l—l) (15)
1<r<g<M 1<v<L

One can thus conclude that the resulting propositional encoding size is in
O(M?3L).

3.3 Exploiting BFS-Based Breaking of Symmetries

This section investigates techniques for developing additional constraints when
imposing the ordering of states dictated by a BFS tree of the DFA. Figure 1
shows a possible BFS tree illustrating the largest state numbers that can be the
children of some other state. The additional constraints proposed in this section
will relate with Fig. 1.

Fig. 1. (Worst case) BFS tree with the largest state numbers that can be the children
of some other state. Note that 1 < j < L.

BFS-Induced Properties. Although we have introduced p, , such that r <
q < M, it is possible to refine the range of ¢ given r.

Property 1. Given a state r, with 1 < r < M, in the BFS tree, r can be the
parent of states in the range » + 1 to rL + 1.
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Figure 1 illustrates the argument for the upper bound on the number of
the children of . We can conclude that the value of p,, can be non-zero for
r+1<q <rL+ 1, which also impacts the possible values of some of the e, , 4
and the ¢, , variables.

Property 2. For ¢ > rL+1 and v € [L], then p,, =0, €,,, =0, and ¢, , = 0.

Given that the BFS tree assumes a fixed ordering not only on the states but
also on the input alphabet, it is possible to identify other transitions that must
be forced to value 0 (based on the ordering of the symbols). Hence, we have the
following.

Property 3. ey rrr+2—; =0 for j € [L —1] and v € [L — j].

The above observations enable to devise the additional constraints described
in the remainder of this section. The constraints are organized as shape or range,
but also result from information from the APTA and the BFS distance.

Shape Constraints. The possible values of p, , respect a continuity property,
dictated by the BFS traversal, in that all children of r are consecutively num-
bered, and there can be at most L of these. This continuity property can be
encoded using additional variables. Let Inp,, be assigned value 1 iff r is the
parent of ¢ + 1 but not of ¢ (Inp stands for left-no-parent). Thus,

Wq,r N\ Pg+1r — lnpq,r (16)

Moreover, we have the following:

(Inpg,r — —g,r) A /\ (Inpgr — Inpg—1,r) (17)
r+l1<q<M

Thus, Inp,, is 1 from ¢ = 1 until the value of ¢ such that p,y; , holds.
In a similar fashion, let rnp,, be assigned value 1 if and only if r is the
parent of ¢ — 1 but not of ¢ (in this case, rnp stands for right-no-parent). Thus,

qul,?“ /\ _|pq,’l" - /rln/pq7r (18)

Similarly to the previous case, one can exploit the rnp, , variables, and derive
the following constraints:

TNPgr — TNPg41,, T < q < M

TMPg,r = TPg,r (19)
"MPgr = “Cuqr V€ [L]

Thus, rnpg,r is 1 from ¢ = M until the value of ¢ such that p,_; , holds.
Another observation is that r» can be the parent of at most L states, due to
L outgoing transitions. As a result, we get,

Pg,r — ™MPgyr,r fqg+L <M

Pgr — IMpg—r, ifqg—L>7r+1 (20)
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The Inp,,, and rnp, , variables serve to force p, , variables to be assigned value
0. However, under some circumstances, we can infer that some p,, variables
must be assigned value 1. For example, for the range of values of ¢ for which
both Inp, , and rnp, , are 0, the value of p, , must be 1. Thus,

G <q <@
—Inpg, r A TNy — Dyt v g1 < g2 <min(q; + L—1,rL+1, M) (21)
r+1<q¢ <min(rL +1,M)

For any ¢1, ¢q2 can range from ¢; + 1 to at most ¢; + L. Similarly, we can write,

g<s<min(¢q+L—1,rL+1,M)

r+1<q<min(rL+1, M) (22)

Pq,r /\ps,r — Ps—1,r

As above, for any r, s can range from r + 1 to at most r + L.

Range Constraints. Given a reference state r, we have shown above that the
states of which r can be a parent of range from r + 1 until L + 1. Moreover,
we also know there is a continuity property, which causes r to be the parent
of at most L states, numbered consecutively. This information can be used for
constraining the p, , variables, between states for which r cannot be a parent,
as follows,

Pgr — Pg+ir qE{|I>r+D)ANI+L<M)AN(I+L<rL+1)} (23)

In addition, we get the following stronger condition by directly forcing the value
of e, q variables,

c{lll>r+DO)NI+L<MANI+L<rL+1
o —euggrs, 1S HOZTEDACELEM A+ LEILED)

Furthermore, we can exploit Property 3, and the imposed ordering of the symbols
in the BF'S to identify a similar extension to (24) as follows,

r+1<q<min(rL+1,M)
Pgr — "€prgt; JEULIEL=1AN(Q@+I<M)N(g+1I<rL+1)} (25)
v € [j]

Minimum BF'S Distance. Given the way the BF'S vertices are visited, one can
guarantee a minimum BF'S shortest path distance for each state. For state ¢, the
shortest BF'S path length is given by Dyin(q) = [log (¢(L — 1) + 1) — 1], with
q > 1, i.e. no matter how the BFS is organized starting at state 1, the shortest
path from 1 to ¢ is never less than D,in(q). As a result, if Dpyin(q) > 0(i), then
m; q = 0. Observe that, under any possible setting in the DFA, the shortest path
to ¢ is larger than the distance to state ¢ in the APTA. Thus, to get to ¢ it would
require more transitions that those allowed to get from inital state to i.
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Exploiting APTA Information. By exploiting the variables and constraints
used for breaking symmetries and using a BF'S tree on the target DFA, we can
devise additional constraints. Observe that, if the depth of a state 7 in the APTA
is some value K, then in the DFA, we must be able to move from 1 to ¢ in K of
fewer transitions. However, if the shortest path from 1 to ¢ in the DFA exceeds
the depth K of vertex of ¢ in the APTA, then it would be impossible to move
from state 1 to state ¢ in K or fewer transitions.

We consider the propositional variables d, ;, with ¢ € [M] and 1 < j < g,
such that d, ; = 1 iff the length of the shortest path in the BFS tree from state
1 to g is j. Moreover, we consider propositional variables se, ;, with ¢ € [M] and
1 < j < g, such that se,; = 1 iff the length of the shortest path in the BFS
tree from state 1 to q is smaller than or equal to j. We can use an inductive
definition for se, ; as follows:

seq0 0 and  sey; < seqj—1Vdg; (26)

Similarly to Sect. 3.2, we devise a tight encoding for the definition of the d, ;
variables, suitable for larger problem instances. The insight is to introduce addi-
tional variables, which are inductively defined. Let er, , ; be such that ery, ; =1
iff there exists some index r < ¢ such that p,, =1 and d, ; = 1.

€rqrj < Pgr NdrjVergri1; j<r<g—1
€Tq,q—1,j < Pg,q—1 N dg—1,

(27)

we can now derive constraints on the m;, variables. Let ¢; be a state of the
APTA such that the depth of ¢; is I. We can define d, ; as follows:

dg,j <> 78€qj—1 N E€Trqg j -1 (28)

nS€q,1 — Mg (29)

One can conclude that the modified constraints have an encoding size in O(N x
M?).

4 Experimental Results

This section evaluates the ideas described above, namely a compact SAT encod-
ing and symmetry breaking predicates for solving the MinDFA problem. For
this, the ideas were implemented on top of a known MinDFA solver called
DFA-Inductor [26,30] written in Java?. The new prototype is referred to as
DFA-Inductor 2. For comparison, two competitors were considered: the original
DFA-Inductor and also dfasat [13]. All the selected tools apply the Glucose 4.1°
SAT solver iteratively and non-incrementally, i.e. each call to the oracle is made
from scratch. All the conducted experiments were performed in Ubuntu Linux
on an AMD Opteron 6378 2.40 GHz processor with 496GByte of memory. For

2 https://github.com/ctlab/DFA-Inductor.
3 http://www.labri.fr /perso/lsimon/glucose/.
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Fig. 2. Detailed performance of dfasat, DFA-Inductor, and DFA-Inductor 2

each individual process, the time limit was set to 600s and the memory limit to
1 GByte. For the comparison, a number of benchmark instances were randomly
generated, following the procedure described in [30]. Concretely, starting from a
randomly generated APTA of even size N, N € [20,36], 50 x N samples were
generated. The size of the X' is two. For each even number N € [20, 36], exactly
100 benchmark instances were created such that given value N, the resulting
DFA for each of the corresponding 100 instances is guaranteed to be N. This
way, the number of benchmark families defined by values N is 9. Thus, the total
number of instances considered is 900. Figure 2a shows a cactus plot depicting the
performance of all the selected solvers. As one can observe, dfasat is significantly
outperformed by the compact encoding implemented in DFA-Inductor. In total,
dfasat is able to solve only 51 benchmark instances (out of 900). Also observe that
the symmetry breaking predicates described above further improve the perfor-
mance of DFA-Inductor (see DFA-Inductor 2 compared to DFA-Inductor in the
Fig.2a). A comparison between DFA-Inductor and DFA-Inductor 2 is detailed
in Fig. 2b and also in Table 2. Except for a few outliers, the symmetry breaking
predicates of DFA-Inductor 2 are responsible for 20-40% performance improve-
ment on average. Also it is important to note that the harder the problems are,
the smaller is the performance gap between the two configurations. Although
this can be seen as a drawback, the phenomenon requires further investigation
on the use of symmetry breaking with various SAT solvers and a multitude
of families benchmark sets. In total, the number of instances solved by DFA-
Inductor and DFA-Inductor 2 is 678 and 731, respectively, thus, comprising a
gap of 53 benchmark instances. Therefore, symmetry breaking brings more 7.2%
instances solved.
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Table 2. The effect of applying the symmetry breaking predicates described above.
The solver configuration using the proposed symmetry breaking is referred to as DFA-
Inductor 2 and compared to the base configuration, i.e. DFA-Inductor. If an instance is
timed out, its contribution to the average time of the corresponding benchmark family
is assumed to be 600s. The corresponding values are written in italic.

N | DFA-Inductor DFA-Inductor 2
min | avg | max | # solved | min | avg | max | # solved

20| 86.8148.3 |221.0|100 33.3191.9 |228.4 100
22| 85.5|147.1 | — 99 49.21100.4 | — 99
24/128.6  181.5 | 287.8 100 80.4 1 136.8 |262.5 100
26 | 158.1| 251.8 | — 99 114.8 1 209.3 | — 99
281223.4 1 317.9 | 534.5| 100 164.2 | 268.9 | — 99
30|307.2| 443.8 | — 91 227.1| 389.2 | — 95
32/326.0 | 506.5 | — 76 249.2 | 447.4 | — 86
34414.5| 591.1 | — 13 392.1|569.9 | — 41
36 — 600.0 | — 0 448.4 1 594.8 | — 12

5 Conclusions

This paper proposes a number of novel techniques for encoding and reason-
ing about symmetries when exploiting SAT oracles for inferring minimum-size
DFAs. The experimental results provide evidence of the improvements that can
be achieved when compared with the state of the art [26,30], also enabling
significant gains over the best exact methods proposed in recent years [13].
The novel symmetry-breaking ideas described in the paper can be applied to
other approaches for inferring minimum-size DFAs, including the use of SMT
solvers [20], and also in other settings.
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AHHOTAIUA

penmer uccaexoBanusi. PaccMorpena 3a1aqa mocTpoeHUs ICTEPMHUHUPOBAHHOTO KOHEYHOTO aBTOMATa MUHUMAJILHOTO
pa3mepa o nmpumepam noseeHus. Pazpaboran u peann3oBaH KOMOMHUPOBAHHBIA METO/ PELICHUS JaHHOW 33/1a4 Ha
OCHOBE CBEICHUS K 3a[a4e BBIIOJHUMOCTH OyJeBBIX (POPMYI U C HCIONB30BAHUEM TTOX0/Ia YTOUHEHUS aOCTpaKIiH
1o koHTpupumepam. Metoa. [Ipemiaraercs B kauecTBe NCXOAHBIX JAHHBIX HCIIOJIB30BaTh HE BCE PUMEPHI MTOBEICHUS
Cpasy, a HAYMHATh C KAKOT0-TO MX IMOJIMHOXECTBA, U CTPOUTH COOTBETCTBYIOLIHI aBTOMAT, UCIIOJIb3Ysl METOJ] Ha OCHOBE
CBEJICHMS K 3aj1a4e BBIIIOJIHUMOCTH. 3aT€M IMOCTPOCHHBIN aBTOMAT MPOBEPSETCS HAa COOTBETCTBUE BCEM OCTAJIbHBIM
npmvlepaM IIOBECACHUS. Te l'[pl/IMepr, Ha KOTOprX IIOBECACHHE aBTOMAaTa pacxoumcx C XKCJIaCMbIM, SABJISIOTCSA KOHTpHpVI-
Mepamu. YacTb KOHTPIPUMEPOB AOOABIIAETCA K HCXOIHBIM PUMEPaM MOBEACHUS U IpoLecc noBTopseTcsa. OCHOBHbIE
pe3yJbrarhl. [IpeanokeHHpIil METO peaIn30BaH Kak 4acTh MPOrPAMMHOIO KOMIUIEKCA I PEIICHHS 3a1a41 IIOCTpOe-
HUS JeTEPMUHUPOBAHHOTO KOHEYHOTO aBTOMaTa Mo MpHMeEpaM MmoBeeHus Ha si3bike Python. IIpoBeneHo sxcnepumeHn-
TaJbHOE CPaBHEHHE pa3pabOoTaHHOTO METOIa C METOIOM, OCHOBAHHBIM Ha CBE/ICHHH K 331a4€ BBITIOTHIMOCTH OyJIEBBIX
(hopmyit, HO 63 HCIOIL30BaHMS TTOX0/1a yTOUHEHUs abcTpakiyn. [IpakTHYeckast 3HAYMMOCTb. DKCIICPUMEHTAIBHOEC
HCCIICIOBaHKE MTOKA3aJ10, YTO pa3padOTaHHBI METOJ 1eJIeCO00Pa3HO UCIIONIB30BATh MIPU YCIOBUH, YTO YHCIIO MPHME-
POB TIOBEIICHHUS IOCTATOUHO BEJIMKO — XOTs ObI B JIBECTH Pa3 MPEBBIIIACT KOJMYESCTBO COCTOSHUN aBToMara, — M, Kak
CIIe[ICTBHE, CTposiasics OysieBa GopMylia CONSPIKUT ACCSITKUA U COTHH MIJIJIMOHOB IN3BIOHKTOB.
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time applying a counterexample guided abstraction refinement approach. Method. It is proposed to use not all given
behavior examples as training data but start with some subset of them and build a consistent automaton, using SAT-
based automata inferring method. Then the built automaton is checked against the complete set of behavior examples.
The examples not consistent with the automaton are counterexamples. Some subset of counterexamples is added to the
current training data and the process is being repeated. Main Results. The proposed method is implemented as a part of
deterministic finite automata inferring tool in Python language. Experimental comparison of the developed method and
the SAT-based method without abstraction refinement is carried out. Practical Relevance. Experimental research has
shown that the developed method is reasonable for application if the number of behavior examples is large enough, at
least, two hundred times exceeds the number of the automaton states, and, therefore, the Boolean formula being created

contains tens and hundreds of millions of clauses.
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deterministic finite automata inference, Boolean satisfiability, counterexample guided abstraction refinement, symmetry
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BBenenune

3asaua HOCTPOEHUSI IE€TEPMHUHUPOBAHHOIO KOHEYHOT'O
aBTomara (JJKA) MuHMMaIpHOTO pasMepa Mo mpuMepam
TIOBE/ICHUS SIBISIETCS] KIIaCCHMYECKON 3aJjaueit Takoil obua-
CTH MalIMHHOTO OOyYeHHsI KaK rpaMMaTHYECKUIl BBIBOI.
HWccrenoBanus, TOCBSAIICHHBIC PEIICHUIO TAHHOHN 3a1a49H,
MIPOBOASATCS B TCUCHUE HECKOIBKUX MOCICAHHUX JIECATH-
netuid. CymiecTByeT MHOKECTBO MIPHUKIIATHEIX 3a]1ad, CBO-
nammxcst K 3amade mocrpoenus KA, manpumep, [1, 2].
[lepBas pyrnamentanpHas pabota mo mocrpoenuio JIKA
MHUHHMaJIBHOTO pa3Mepa mosBmiachk B 70-X romax mpo-
nutoro Beka [3]. Cnenyroiue BaxkHbIE paOOTHI B JaHHOU
obnactu npoBoauiIKch B 90-X rogax: cBeleHUE K 3a/ade
packpacku rpada [4]; HCIIONb30BaHKE MTOIXOI0B MPOrpaM-
MHUPOBaHUS B OTpaHUYEHUsAX [5, 6]; MOAXOABI HA OCHOBE
aJropuTMa ciusiHus cocrosHuii [7, 8]. B mocnennue roasi
OBUTH IIPE/UTOXKEHBI TIOJIXO0/IbI, OCHOBAHHBIE Ha CBEJICHNH K
3a/1a4aM BEITIOJIHUMOCTH:

— OyneBsix popmyn (Boolean Satisfiability problem, SAT)

[9-11];

— ¢opmyn B Teopusx (Satisfiability Modulo Theories,

SMT) [2].

Ecnu npennoxeHHbIE paHee aJrOPUTMBI SBJISIOTCS IB-
pUCTUYECKMMHU (HETOYHBIMH), TO TOJIXO/bI, OCHOBAHHBIE
Ha cBeieHuH K SAT u SMT, nmo3BosIoT pemars nocTas-
JICHHYIO 3ajiady TouHO. MMM rapaHTupyeTcs, 4To e€ciH B
pe3ynbrare paboThl aropuTMa HalifieH HekoTopbiil JIKA,
TO OH MHHHMAaJILHOTO pa3mepa. HemocrarkoM maHHBIX
METOJIOB N3HAYaJIbHO SIBISUIOCH UX BpeMst pabOThI U MpH-
MEHUMOCTb JIJIS 3a/1a4, TIIC pa3Mep aBTOMAara IpeICTaBIIsI-
eTCsl XOTs OBl By3HAYHBIM YHCIIOM. B TOCIeaHme Tomb
ABTOPOM JAHHOTO MCCIICAOBAHUS U €TO KOJJIETaMHU OBLIN
MIPEAIOKEHBI Pa3TUIHBIC TTOXOIbI K HAPYIICHUIO CUM-
METPHUH H IPYTHE CIOCOOBI COKPAIIEHUs POCTPAHCTBA
MONCKa, 9TO IPHUBEIO K 3HAYUTEIBHOMY PACIIHPEHHIO
NPUMEHUMOCTH METOO0B, OCHOBAHHBIX Ha CBEJACHHH K
SAT [12-14]. Onnako, HecMOTps Ha pa3pabOTaHHbIE yITyd-
meHus1, 3Qp(YEKTUBHOCTh JAaHHBIX METOJIOB CHJIBHO /1T
KaK TMpHU yBEJIUYEHUH pa3Mepa UCKOMOTO aBTOMara, Tak U
IPY YBEIMYEHNUH pa3Mepa BXOAHBIX JaHHBIX — IPHUMEPOB
nioBezieHnst. Jlanuast pabora nocasimieHa pa3paboTKe MeTo-
J1a, TI03BOJISAIOIEro 3P (eKTHBHO pemniaTh 3a/1a4y IMoCTpoe-
Hus JIKA nipu Hanmmauu O60BIIOT0 KOJTHYSCTBA IPUMEPOB
TTOBEICHHS.

[Tpemnaraercst HOBBIN KOMOMHUPOBAHHBIN METO, 00b-
SJIMHSIONINI TOJIX0/I, OCHOBaHHBIN Ha cBejeHUU K SAT,
C TMOAXO/IOM YTOYHEHUs aOCTPAKIMK 110 KOHTPIIpUMepam
[15]. Mcrionb30oBanme 1oAX0Aa yTOUHEHHUS aOCTPAKIIUH T10-
3BOJISIET CPEAN BCEX MPHMEPOB MOBEJICHUS PACCMATPUBATD
TOJILKO 3HAUYMMBbIE, HTHOPHUPYS T€, KOTOpbIE TyOnupyroT
yXe uMeromytocs napopmaruio. Takum o6pa3om, aBTo-
Mart, TIOCTPOEHHbIII KOMOMHUPOBAaHHBIM METOJIOM, OyIeT
COOTBETCTBOBATh BCEM IPUMEPAM ITOBEJCHUS, HO I €r0
MOCTPOCHUS OyAET MCIOJIb30BAThCS TOJIBKO UX YaCTh.

IlocTanoBKka 3agaun

JleTepMHUHUPOBAHHBIM KOHEYHBIM aBTOMATOM 1) Ha3bl-
Baetcs xoprex (D, T, 8, d, D*, D7), rne D — koHe4Hoe
MHOXECTBO COCTOSIHHI; ¥ — andaBuT; 6: D X X — D —
(yHKuus nepexona; d, — cmapmosoe coctosuue; DT —
MHOXECTBO 00nycKaowux (NpuHumMaiowux) cOCTOSTHUN;
D~ = D\D" — MuoxectBo 1e donyckaiowux (omeepza-
fouux) cOCTOSHUN. V3HauanbHO aBTOMAT D HAaXOAUTCS B
CTapTOBOM COCTOSIHUU d. B kauecTBe BXOIHBIX JaHHBIX
aBTOMary mepepaercsi cmpoka (cnoso) s € L*. ABromar
CUUTBHIBAET CUMBOJIBI CTPOKHU § TI0 OJJHOMY, U MPHU CUUTbI-
BaHUH OYCPETHOTO CHMBOJA ¢; IEPEXOAUT U3 TCKYIIETro
cocTostHUS d B cocTosHue O(d, ¢;). [Iponecc npomomkaercs
JI0 TeX 0P, OKa aBTOMAT HE CYMTACT BCE CUMBOIIbI CTPOKH
s. Eciu mocie 3Toro aBromar okaszajicsi B JIOMYyCKaOeM
COCTOSIHUH, TO TOBOPSIT, YTO aBromar D donyckaem (npu-
Humaem) cioBo s. MiHaue roBopsi, aBroMar D He donyckaem
(omeepeaem) cn0BO s. MOXHO MHIYKTHBHO ONpPEICIUTH
(ynkumio nepexona o: D x £* — D crenyroummum 00pasom:
0(d), €) = d, (¢ — mycTas cTpoKa); JIsl s = 5'C BEPHO, 4TO
o(d,, &) = 6(5(d, s"), c).

B nanHO#1 paboTe paccMaTpuBaeTCs 3a1a4a nACCUBHO20
noctpoenuss MuHuManbHoro JIKA no umeromumes npu-
MepaM MOBEJCHUSI — MHOXECTBY CTPOK, KOTOpPbIE ObLIH
MPUHSATHI WIIK OTBEPTHYTHI HEKOTOPBIM Heu3BecTHbIM JIKA
U=UZ, W u, U', U"). AnibTepHaTHBOI SIBISETCS 3a1a49a
aKTHBHOTO TOcTpoeHus MuHuMaipHoro JIKA [2, 16], korna
AJITOPUTM MOCTPOCHHSI MOJKET JIeJIaTh HEKOTOPBIE 3aIPOCHI
K OpaKyJy, KOTOPbIi BMeeT HHPOPMAIHIO O HCH3BECTHOM
JIKA.

Jlyist IpocTOThI OyIeM CYMTATh, YTO MIPUMEPHI TIOBEIEC-
HUS TIPEICTABJICHBI IBYMsI MHO)KECTBAMH CJIOB HaJ anda-
BUTOM X: S, — MHO)KECTBO CIIOB, JIOMYIIICHHBIX HEU3BECT-
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HbIM aBroMaroM U; S_ — MHOXECTBO CJIOB, OTBEPIHYTHIX
Hen3BeCTHbIM aBroMaroM ‘U. TIpruMeph! MOBEICHHUS MOKHO
TIPE/ICTAaBUTh B BUIC PACUUPEHHO20 NPehuKCHO20 depesa
(Augmented Prefix Tree Acceptor, APTA) T = (T, %, 1, ¢,
T, T). Bee dneMeHTh KOpTeka COOTBETCTBYIOT TEM, UTO
nasbl B onpeneneHny JIKA ¢ eAMHCTBEHHBIM OTINYHEM,
uyto 75 U T~ # T. IubIMU CI0BaMH, B PACIIMPEHHOM Mpe-
¢buxcHOM gepeBe I MPUCYTCTBYIOT KaK MPUHUMAIOIINE U
OTBEPrarole COCTOSHUSA, TaK U Heonpedenennvie. [lomumo
3TOrO, pacLIMPEeHHOE NPe(hUKCHOE JepPeBO 00IaaaeT BCeMU
CBOMCTBaMH OOBIYHBIX TPEPHUKCHBIX JEPEBHEB: IS IBYX
IIPUMEPOB HOBEICHUA S = §S;" U §, = §5," UX 00LIuii 1pe-
(UKC § COOTBETCTBYET YHHKAIBHOW MOCIIEJOBATEIILHOCTH
cocrosiHuil B APTA.

Taxum oOpazom,

T= é.s{ (2, )
u
T :Sg (¢, $).

Bynem cunrars, uyro |7] = N. IIpumMep pacmmpeHHOro
nIpe(pUKCHOTO JiepeBa IpeJICTaBlIeH Ha puc. 1.

3aoaua nocmpoenus JJKA munumansnozo pazmepa
3aKimouaercs B noucke takoro JIKA D = (D, %, 8, d;, D7,
D7), aro |D| — MHHUMAIIEHO, U [T JTFOOOH CTPOKHU s € S,
BEPHO, 4TO S(dl, s) € D", a nyis mo6oii crpoku s’ € S Bep-
HO, 9TO S(dl, s") € D™. bynem cunrars, urto |D| = M.

3amaya BBINOJIHUMOCTH GyJ1eBBIX (OpMY.I

IMycts X = {x, ..., X,} — KOHEUHOE MHOXXECTBO Oy-
JIEBBIX TIEPEMEHHBIX. Jlumepanom Ha3bpIBaeTCsI THOO
nepeMeHHas x;, 1100 ee oTpuLaHue —x;. JuzvroHkmom
Ha3bIBACTCS AUIBIOHKIINS HECKOIBKUX (BOSMOXKHO OJHO-
T0) JINTEpaNoB, HarpuMep (x; V —x, V x4 V—x4). Taxxke
JU3BIOHKT MOXKHO TPEJCTAaBUTh B BUJE MHOXKECTBA JIU-
TepasoB, MOAPa3yMeBasi, YTO OHU CBSA3AHBI TU3BIOHKIIH-
el — {xq, Xy, X4, Xs}. Bynesa dopmyia, npencrapiaeHHas
B KOHBIOHKTUBHO-HOpMaJbHOU Gopme (KHD), sBisier-
Csl KOHBIOHKIIMEH HEKOTOPBIX JU3BIOHKTOB, HAlPUMED
(r; Vx3) A (7xp V 7 V xs) A () - MiHaue OyneBy dopmyiry
B KH® M0XHO npecTaBUTh KaK MHOXKECTBO JTU3bIOHK-
TOB — {{x1, X3}, {7%y, X3, X5}, {X¢}}. B nanHoii pabore
MIPUHATO, YTO JIt0Oas OyieBa ¢opmyia IpeacTaBlcHa B

KH®. Buinonusioweii noocmanoskoii V.= (vy, ..., v,) 4
HEKOTOpOit OyseBoil (hopMyIIbl ¢ Ha3bIBAETCS TaKoil OyseB
BEKTOP, YTO [UL BCEX i IPH IO CTAHOBKE 3HAUCHUS V; BMe-
CTO HEPEMEHHOI x; B opMyIie ¢, TIOTydaeTcs TOXACCTBCH-
HO UCTHHHOE BBIPAXKEHUE. 3a0aua 6bInonHuMocmu O)1eablx
@opMyn 3aKITIOYACTCS B ONIPENSNICHUH — CYIICCTBYET JIH
BBITIOJTHAIOIIAS [TOACTAHOBKA V IS JaHHOM (HOpMYIbl ¢
[17]. ®opmyna ¢ mepemaeTcsi OMHOMY U3 CYIIECTBYIOIINX
MIPOrPaMMHBIX CpencTB I pemieHust SAT, KoTopoe BBIHO-
cur BepaukT: SAT (satisfiable) — ecnu mojcranoBka v cy-
miectByeT; UNSAT (unsatisfiable) — unave. BoapumHCTBO
COBPEMEHHBIX MPOrPAMMHBIX CPE/ICTB BO3BPALIAIOT TAKKE
camy IOJICTAaHOBKY V B cirydae Bepaukra SAT.

IMonxox k mocTpoeHnio MuHuManbHoro JIKA
10 32JaHHBIM IPUMEPaM MOBeIeHUs
MPH MOMOIIN cBeAeHNus K 3agade SAT

Cpean MHOXKECTBa JPYTUX TMOIXOM0B K PEIICHHIO 3a-
naun nocrpoenus JJKA muHuMansHOrO pazmepa mo 3a-
JIAaHHBIM TIPUMEpPaM MOBEICHUS CIIEYET BBIACIUTH MO/~
X0/, OCHOBaHHBIN Ha cBeneHun K SAT. JlaHHBIN OAX0 B
OTJIMYHUE OT JAPYTUX SIBISETCS TOUHBIM — TapaHTUPYETCs,
YTO HAMICHHEIH aBTOMAT OyIeT MHHAMAIEHO BO3ZMOYKHBIM.
Ha puc. 2 npencrasneH Hanboee yCUEITHBINA BapHaHT
nmarHoro nozxoxa. [To mprMepam IOBEICHNUS CTPOUTCS pac-
mupenHoe npedukcHoe aepeBo J. 3areM HekuM (0OBIIHO
SBPUCTUIECCKIM ) AITOPHTMOM HIIETCS HIKHSAS OIIeHKa / Ha
pasmep uckomoro JIKA. TTocne 3Toro, HaYMHAs ¢ HUKHEH
OIEHKH [/, JJIsl KaXKJJOTO BO3MOXHOTO YUCJIA COCTOSHUM
HEKOTOPBIH aJTOPUTM OIpeaenseT, cyuecTryet au JIKA
D Takoro pa3mepa, COOTBETCTBYIOIIUIN MPeGUKCHOMY Jie-
peBy J°. Takum 00pa3oM rapaHTUPYETCS] MUHUMAIbHOCTh
HalJeHHoro apromara D.

3amava noucka JIKA ¢ukcupoBaHHOTO pasmepa sBIs-
ercst NP-miontHoii [ 18], a 3HAYHT, MOKET OBITH CBEICHA K 3a-
nmage SAT. Takoe cBenenue ObuT0 IpemIoxkeHo B [9]. Hanee
MIPUBOIUTCS TAHHOE CBEICHUE B KPATKOM M3JIOKCHHH.

Heob6xonnMo pemuTs CIEAYIONUIyIo 3a4aqy: s pac-
mupennoro npeduxcuoro aepesa I = (T, X, 1, 1), T, T)
ompenenuts, cymectsyer i AKA D = (D, %, 6, d|, D,
D7) takoii, uro |D| = M. Jlns pelieHus MoCTaBICHHOM 3a-
JIa4¥ aBTOPHI [9] MpeIOKUIN 331aTh COOTBETCTBUE MEXKITY
HUMEIOIIUMCS TIPEPUKCHBIM JepeBoM I U UCKOMBIM aBTO-
maroM D.

Puc. 1. Pacumipennoe npedukcHoe aepeBo misi X = {a; b}, S, = {a; aaaa; bb} u S_= {aa; bab}, Tie BEepUIHHBL: C TBOWHON
CIUIOLTHOM rpaHuieil — npuHuMatomue (2, 4, 7); ¢ IpepbIBUCTON BHEUIHEH rpaHuLeii — oTepratomue (3, 9);
C OIMHAPHOM rpaHuIeil — HeonpeaeneHusie (1, 3, 6, §)

Hay4yHO-TeXHNYECKUIN BECTHUK MHDOPMALMOHHbBIX TEXHOOM NN, MEXAHUKN U ONTUKMN,

396

2020, Tom 20, Ne 3



WN.T. Baknp3ssHos

235

M =1, tne | — HIKHSIS

Hasmano oleHKa Ha pa3mep KA

[MocTpoenue npepukcHOTO
aBTomara 1’

> M=M+1

HET

Cymectsyet nu JIKA pasmepa M,
COOTBETCTBYOUIMM 77

Ja

Komnen

Puc. 2. TounsIit AJITOPUTM ITOMCKAa MUHUMAJIBHOT'O ACTCPMUHHUPOBAHHOIO KOHCYHOT'O aBTOMATa I10 MpUMepam NNOBEACHUS

J1s Toro 4yToObl 3aKOUPOBATh JaHHYIO 3a/1ady Ha A3bl-
ke SAT, Hy)XHO olpenesnTh TP Habopa OyJIeBBIX mepe-
MEHHBIX:

1) x,;, KOTOpas UCTHHHA TOTAA U TOJIBLKO TOT/A, KOTAA
BepIuuHa /, B npedukcHoM aepeBe J COOTBETCTBYET
COCTOSIHHIO d; B aBTOMare D;

2) yj;j» KOTOpasi HCTHHHA TOTA M TOJBKO TOTA, KOT/A B
aBroMare D ecTb Iepexoy U3 COCTOSIHUA d; B COCTOSTHUE
d; o cumBony / € X

3) z;, KoTOpasl HICTUHHA TOTJA U TOJIBKO TOIZA, KOIAa CO-
CTosiHUE d; aBTOMaTa D ABNIAETCS JOILyCKAIOIIHUM.

J1s ynpoleHus 3alicH Jajiee UCIONIb3yeTcs ClIeayo-
mee obosnayenue: [R] = {1, ..., R}. Torna paccmarpusa-
€MO€ CBEJICHUE MOJKHO IPEICTaBUTh B CIEAYIOIIEM BUJIE:
1) (x 1 VX,V ... VX, ) wis v € [N] — kakzaas BepumHa

Mpe(UKCHOTO JepeBa COOTBETCTBYET KAaK MHHUMYM

OZIHOMY COCTOSIHMIO aBTOMATa;

2) (x,; Vo, ) wm v € [N]; i, j € [M]; i <j — kaxnas
BEpIIMHA MPEe(PUKCHOTO IepeBa COOTBETCTBYET He Ooriee
YeM OIHOMY COCTOSIHUIO aBTOMATa;

3) W1 VYoV Vi) mai € [M]; ] € ¥ — u3 xax-
JIOTO COCTOSIHUSI aBTOMaTa CyLECTBYeT KaK MUHUMYM
OZIH IIEPEXO0] 10 KaXKI0My CUMBOILY, HHBIMU CIIOBaMH,
aBTOMAT II0JIOH;

4) (wigy vV wign) A i, j, h € [M];j < h; 1 € £ — n3 Kax-
JIOr0 COCTOSIHUS aBTOMaTa CyLIeCTByeT He Oosee ueM
OZIMH TIepexo]] MO KaXJIOMy CUMBOILY, THBIMHU CIIOBAMH,
aBTOMAT JICTEPMUHHAPOBAH;

5) (x,;Vz)mat, €T i€ [M] — ecnu Bepumna £,
ABJISIETCSI OITyCKaloMIeH B Mpe)uKCHOM JiepeBe U co-
OTBETCTBYET COCTOSIHHIO d; ICKOMOTO aBTOMara, TO
COCTOSIHHE d; TAKOKe JOJDKHO OBITH JOITYCKAIOIIHM;

6) (x,;V ~z) mst, € T i € [M] — ecnu BepuinHa
¢, ABIsIETCA OTBEpraroueil B NpeUKCHOM AepeBe U
COOTBETCTBYET COCTOSIHHIO d; HCKOMOI'O aBTOMAra, TO
COCTOSIHUE d; TAKOKe JOJDKHO ObITh OTBEPrarolInM;

7) (Vo V) v, w e [N] i j € [M]; ] € X
1(t,, [) =t,,— eciy BepIlIMHA ¢, COOTBETCTBYET COCTOSI-
HUIO dj, BEPLINHA f,,— COCTOSHUIO d;, ¥ B IPEUKCHOM
JIepeBe CYIIECTBYET IIEPEX0] M3 BEPILHHBI #, B BEPIIUHY
t,, IO CHMBOJTY /, TO M B aBTOMATe JI0JKEH OBITH Iepe-
XOJI M3 COCTOSIHUS d; B COCTOSIHHE d; [0 CUMBOILY /;

8) (v Wiy V ) s v, w € [N]; i, j € [M]; [ € %
1(t,, /) = t,, — aHAJIOTHYHO, €CJIN BEPILIHNHA /, COOTBET-
CTBYET COCTOSTHHIO d;, €CITH B IPE(HUKCHOM JIEPEBE €CTh
MIEPEXO0]] U3 COCTOSIHMUA £, B COCTOSHHE £, IO CUMBOITY /,
U B aBTOMATe €CTh [IEPEXO U3 COCTOSIHUS d; B COCTOSA-
HUE d; 110 CUMBOILY /, TO BEpIINHA /,, TOJDKHA COOTBET-
CTBOBATh COCTOSHUIO dj;

9) (xy,)) — KopeHb npeHKCHOTO JIepeBa COOTBETCTBYET
craproBoMy coctossHuio JIKA.

Bce npuBenenHbIe BbIe HAOOPHI TU3BIOHKTOB MOXKHO
00BeIMHATH B OJIHY (DOPMYITy M IiepeaTh IporpaMMHOMY
cpencTBy ans pewmenus 3agadn SAT. Ecim nporpammHoe
CPE/ICTBO HAN/IET BHITONHSIONIYIO TTOACTAHOBKY, TO aBTOMAT
pasmepa M, COOTBETCTBYIOIIMI UMEIOLIUMCS IPUMEPAM
MIOBE/ICHHS, ITPE/ICTABICHHBIM B BUJIE PACIIHPEHHOTO TIpe-
¢durcuoro gepesa T, cymecTByeT. DTOT aBTOMAaT MOXHO
MOCTPOHTH, BOCIIONB30BABIINCH IEPEMCHHBIMHE V; ; ; H Z;.

[IpencraBieHHOE BbILIE KOJAMUPOBAHHE COJCPIKHUT
OM? + N x M?) muspionktoB u O(M? + N x M) nepe-
MEHHBIX. YuuThIBasi, uTo 00braHO N > M (N ~ 103-10%
M=10-100), TO MOXKHO 3aKJIFOUYUTb, YTO CBEJICHUE COAEP-
xut O(N x M?) mu3bioHKTOB. JIaHHKIH IOIXO0M caM 110 cebe
HE MOKa3bIBACT BBLAAIOIINXCS PE3YJIbTaTOB, HO B COBOKYII-
HOCTH C HJCIMH, KPaTKO MPEICTABICHHBIMU B CJICTYIOIIEM
paszene, ero IPIMEHUMOCTh 3HAYUTEIbHO BO3PACTACT.

IMoaxonnbl K COKPAIEHHIO POCTPAHCTBA MOUCKA
B 3a1a4e nocrpoeHusi JIKA MUHUMAaJIbHOTO pasmepa
10 32JaHHBIM NIPUMepaM MoBeeHUs

B crarbe [9] aBTOpBI NPEeaTOKUIU TOMOIHUTEILHO
UCIIONIb30BATh CTPYKTYPY JNAaHHBIX, HA3BAHHYIO KaK 2pag
coemecmumocmu (consistency graph). Hecmotpst Ha To,
YTO JUISL JAHHOM CTPYKTYpPBI JaHHBIX OOJIbIIE TOAXOANUT
Ha3BaHUE epagh Hecosmecmumocmu, nanee OyneT NCIolb-
30BaThCsl OPUTHHAIBbHOE Ha3BaHUe. OCHOBHAS UIEs COCTO-
UT B TOM, YTO, UMEs PACHIMPEHHOE IPE(UKCHOE IEPEBO
T=(T,%,1,t, T, T), moxuo nocrpouts rpad G = (V, E)
Takoii, uto V=T, a E onpeaensieTcs CIeAyouM o0pa3om.
J1Be BepiIMHBI B rpade coequHEeHbI peOpOM TOI/IA U TOJIBKO
TOT/Ia, KOTJ[a CIUSHUE JJAHHBIX BEPUIMH B IPEePUKCHOM
JiepeBe B OJIHY M TOCIeytoliee n30aBjieHue oT HeJeTep-
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MUHHPOBAHHOCTH IYTEM CIIUSHHS IIOTOMKOB, B KOTOpPBIE
€CTb IIepPEeX0/1 110 OJHOMY U TOMY K€ CUMBOJIY, IPUBOISIT K
CHUTYaINH, KOTJ1a 00bEANHSIOTCS IPUHUMAIOIIEE U OTBEP-
Talollee COCTOSHHA.

WHbIMH cIT0BaMHU, €CIN 1B BEPIIMHBI SIBISIOTCS CMEXK-
HBIMHU B Tpad)e COBMECTUMOCTH, TO OHH HE MOTYT COOT-
BETCTBOBATh OTHOMY M TOMY ke coctostHuio B JIKA. D10
CBOMCTBO MO’KHO BBIPA3UTh C HOMOIIBIO AN3BbIOHKTOB BHIA
(o, Vo, ) st v, w € [N]; (v, w) € E; i € [M]. Takue
JAW3BHOHKTHI HE SABJISIFOTCA 065[3aTeJ'H)HBIMI/I, HO OHH CHUJIBHO
COKpaIIarT MPOCTPAHCTBO MOUCKA TPOIPAMMHOTO Cpe/l-
cTBa JuIs peuenus 3ana4u SAT. MUHYCOM UCTIONb30BaHUS
rpada COBMECTUMOCTH SIBIISIETCS TO, YTO B OOILEM CiTydae
Heo6xoauMo 106aBuTh O(N? X M) TH3BIOHKTOB, UTO CHJTh-
HO YBEJIMYMBAET pa3Mep (HOpPMYIIbL.

[TomuMo 3TOTO, OBLIO MPENIOKEHO HECKOIBKO TTOXO0-
JIOB K HApPYIICHUIO CHMMETPUH B JaHHOH 3amade. Jlydme
BCETO ce0st 3apEKOMEH/I0BAIIN TIPEUKATHI HAPYIICHNS CHM-
METpHUH Ha OCHOBE aropuT™Ma obxona B mmpuny (Breadth-
First Search, BFS), npemnoxennsie B [12—14]. OcHoBHas
nzes 3aKJII0YaeTCsl B TOM, YTOOBI IyTeM J00aBIEeHUs HO-
BBIX OIpaHMUYCHHN B CBEJCHHE 3aUKCHPOBATH HyMepa-
uuto uckomoro JIKA B mopsiake ero o0xoma B UIUPHHY.
Takue orpaHr4eHns HO3BOJISIFOT 3aIPETHThH TPOTPAMMHOMY
cpencTBy paccmarpuBaTh M! u30MOp(HBIX aBTOMATOB,
OCTaBHB 110 OJJHOMY MPEICTABUTEIIO JUIsl KayKI0TO Kilacca
SKBUBAJICHTHOCTH 110 M3oMopu3my. [Tocnenuss momudu-
KaIys JaHHBIX TPEMKATOB MOXKET OBITh BBIP)KEHA Yepes3
O(M2 x L) mu3proHKTOB. [lompoOHOe onrcanne mpeTuKaToB
HapymeHUs CUMMETPHUN MOYKHO HalTH B OPUTHHAIBHOMN
pabore [12].

B [13] M0o)xHO HaWTH HEKOTOpPbIE APYTHE HICH IO CO-
KPAIEHHUIO ITPOCTPAHCTBA IOMCKA, KOTOPbIE HE OTHOCATCS
HEIMOCPEACTBEHHO K HACTOSIIeH paboTe, HO MOTYT OBITh
TI0JIC3HBI JJIsl 03HAKOMIICHHSI.

MeToa yTouHeHusl a0CTPAKIUM 110 KOHTPIIPHMepPaM

['maBHO¥ mTpoOIEMOIl METOIOB PEUICHUS 3a/1a4uH I10-
cTpoeHnss MuHIMaIbHOTO JIKA 1Mo mpumepam moBeneHus
pu oMot ceeneHus K SAT sBiseTcs pa3Mep MmoIydaro-
meiicst Gopmynbl. Panee B [12—14] Ob1 npejiokeHbI Kak
0oJiee KOMIIAKTHBIE CIIOCOOBI KOJMPOBAHHMSI IIOCTABICHHOM
3aja4u Ha s3bike SAT, Tak U pa3iuyHbIE MOAXOJbI K CO-
KpallleHHIO IPOCTPAHCTBA MOKCKA. TeM He MeHee, MOAXO,
OCHOBAHHBII Ha CBEJCHUU K 3aJ]laue BHITIOJHUMOCTH, BCE
elle MaJjio IPUMEHHM B Cllydae, Korna npeuKCcHOe AepeBo
6ompmoe. Cienyer 3aMeTHTb, YTO MPEPUKCHOE EPEBO
YBEIUYUBACTCS B pa3Mepe Kak MMPH YBEIHUCHUH YHCIIA
MIPUMEPOB TOBEACHNUS, TAK M NP YBEIHMYCHUN UX JUTHHBL.
B nanHOM paznene onucaH HOBBIM MOAXOA K PELIEHUIO
3a/1a4y OCTpOeHus: MuHumanbHoro KA, no3Bosstoniuii
PEIIUTH BBIMICYKAa3aHHYIO MTPOOIEeMYy.

B ciryuae, xora cToUT 3aa4a MOCTPOUTH HEKOTOPYIO
MOJCJIb, ITPU 3TOM UMESA NOCTYII K npOBepmomeﬁ CHCTCMC,
4acTo MPUMEHSETCS METOJl YIMOYHeHUs abCcmpakyuu no
xonmpnpumepam (Counterexample-Guided Abstraction
Refinement, CEGAR). CyTb 1aHHOTO METO/]a MOYKHO OIIH-
carb cieayronmM oopazom. Ha HagyaikHOM Iiare reHepu-
pYyeTcsl HEKOTOpasi, BO3MOXKHO CiIy4yaiiHasi MOZeIb. 3aTeM
Ha KaXIOM CICIYIOIIEM IIare JaHHas MOJENIb MPOXOAUT

MIPOBEPKY HEKOTOPOH nposepsiromeil cucteMsl. Eciu npo-
BEpKa IMPOXOAUT YCIIEUIHO, TO UCKOMasi MOJIEJIb HaliieHa.
MHuaue cucrema BO3BpallaeT OAUH UM HECKOIbKO KOHTp-
MIPUMEPOB, KOTOPBIE 3aTE€M HCIIOIB3YIOTCS ISl YITy IICHUS
mozenu. [Iporecc moBTopsieTcs, moka He OyneT HaiineHa
MOJIEITb, TIPOXOIAIIAS IPOBEPKY CUCTEMBI. JIaHHBIH MOAX0A
GoubIIe MOX0XK Ha METO/l aKTUBHOTO TIOCTPOEHHS MOJIEIH,
B TO BpeMs KaKk B JaHHOH paboTe paccMaTpuBaeTcs 3a1a4a
MMaCCUBHOT'O IMOCTPOCHUA —BCC MPUMEPHLI TOBCACHUA U3~
BECTHBI 3apaHee ¥ HUKAKOH JOMOHUTENIbHON HH(opManuu
B XOA€ MOCTPOCHUA aBTOMATa 6]>ITI) TOJIY4YCHO HE MOXKCT.
OpHako Jajnee MPUBOIUTCS OMHCAHUE TOTO, KaAK METOJ
YTOYHEHUS aOCTPAKLIUK MOXKHO IMPUMEHHTH YISl IOCTPO-
enus JIKA.

Jlyis HagasbHOTO Iara BEIOMpaeTcs HEKOTOpoe IMojI-
MHOKECTBO TIPUMEPOB TOBEJCHUS (BO3ZMOKHO ITyCTOE), 110
KOTOPOMY CTPOHTCS PacIIMpeHHOe npedukcHoe nepeso 7,
BBIOMpaETCs HIDKHSAS OICHKa Ha pa3Mep uckomoro J1KA, a
3aTeM UCHOoNb3yeTcs cBefaeHne Kk SAT, onrcaHHOe paHee.
Ecnu nmporpaMMHO€ CpeIcTBO HE CMOIIO HAWTH aBTOMAT
TEKYILETO pa3Mepa, TO TEeKYILUH pa3Mep yBeIn4nBaeTcs Ha
OJIMH U IIPOLIECC NOBTOPsieTCA. Eciu ke Kakoi-To aBToMar,
COOTBETCTBYIOIIHI iepeBy T, Hali/IeH, TO OCTABIINECS He-
HCTIONb3yEeMBIE ITOKa TPUMEPHI TOBEAECHHS MIPOBEPSIOTCS Ha
cootBercTBHE TekyieMy JIKA. MHOXxecTBO ¢I10B, KOTOpbIE
HE COOTBETCTBYIOT aBTOMATy, 00pa3yloT MHOXKECTBO KOHTP-
npumepoB. [Tocie aToro BeIOMpaeTcss HEKOTOPOE MOIMHO-
JKECTBO (MJIM BCE MHOXECTBO) KOHTPIIPUMEPOB, KOTOPBIE
noGaBistiorest B iepeBo J° U mpoiiece mosropsiercst (puc. 3).
Takum 06pa3oM, BMECTO TIOCTPOCHHS CIMIIKOM OOJBIIOH
(hopMyIIBI, OTTMCHIBAOLIEH BCE MMEIOIINECS TIPUMEPHI TTIOBE-
JeHust, popMysIa UTEPaTHBHO JOCTPAUBACTCS M OIHICHIBACT
TOJIBKO YacTh IPHUMEPOB, YTO JOJDKHO COKPATUTh BPEMs Ha
pemenne SAT.

Jpyrum Ba>KHBIM JJOCTOMHCTBOM IIPEAJIaracMoro Me-
ToAa ABJIACTCA TO, UTO 6OJ'I])LHI/IHCTBO COBPEMEHHBIX IIPO-
TPaMMHBIX CPEJICTB AJI PELICHUs 3aJa4l BHIIOTHUMOCTU
MOryT paboTarh B TaK Ha3bIBAEMOM UTEPATHBHOM PEKUME.
B crannmaprHoM pexnme nociie BeiHeceHus Bepaukra SAT
wm UNSAT nporpaMMHOe CpesicTBO IpeKpariaeT padory.
B uteparuBHOM Xe pexume, ecin (Gopmya BEITOTHIMA
u BepaukT SAT, To mporpaMMHOE CPEACTBO COXpaHsET
CBOE COCTOSIHUE M OKUJIAET HOBBIX OrpaHnYeHnil. MOXKHO
3aKOANPOBATH HOBBIE CBOMCTBA, UCIIONIB3YS YK€ HMEIOIIH-
ecsi OysieBbl IIEpEMEHHbIE 1 100aBIIsisl HOBBIE, M TIEPEAATH
HOJTy4uBIIyIOcs (hopMyiTy mporpamMmmHoMy cpeacTsy. ITocie
3TOTO MPOTPAMMHOE CPEICTBO MPOAOIDKUT PEIICHUE 3a-
Jlaud ¢ TOr0O MOMEHTA, I OCTAHOBMJIOCh. Takol MOAXOZ,
MO3BOJISIET HE JieNaTh MPOrPaMMHOMY CPEJCTBY OJIHY U Ty
JKe pabOoTy HECKOJIBKO pa3. 3aMETHM, YTO MPHU JOOABICHUA
HOBBIX IIPUMEPOB MOBEJCHHS M PaCHINPEHUH TPEPUKCHOTO
nepeBa J° HUKaKue cTapble TU3BIOHKTHL HE YOUPAKOTC,
TOJIBKO JOOABIISIOTCS HOBBIE, YTO JIENIACT BOSMOKHBIM HC-
MIOJTE30BAaHNE IPOTPaAMMHBIX CpeaCTB st perreHus SAT B
HUTEPATHBHOM PEKUME.

BaxXHBIM BOIPOCOM SIBIISIETCS TO, CKOJIBKO KOHTPIIPH-
MepOB T00aBIATh Ha KaX0M m1are. J[o6aBiIeHne CITUIIIKOM
MaJICHBKOT'O YHCja KOHTPIPUMEPOB MOXKET NPUBECTH K
TOMY, YTO HAKJIaHBIC PACXOIbI HA TIOCTPOCHHUE MPESPHUKC-
HOTO JIepeBa, TIOCTPOCHUE U TTepe/iady HOBBIX U3BIOHKTOB
POrpaMMHOMY CpecTBY Juis pemieHust SAT OynyT npe-

Hay4yHO-TeXHNYECKUIN BECTHUK MHDOPMALMOHHbBIX TEXHOOM NN, MEXAHUKN U ONTUKMN,

398

2020, Tom 20, Ne 3



WN.T. Baknp3ssHos

237

$= S e S, M=1,rnel— IMocTpoenne mpeduxcHOTO
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[
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Puc. 3. KoMOMHMPOBaHHBIH alITOPUTM HOCTPOCHHS MHHUMAJILHOTO A€TEPMUHUPOBAHHOTO KOHEYHOTO aBTOMATa MO IpHMepam
TMIOBEJICHHS C UCIIONb30BaHUEM TTOX0/1a yTOUHEHHsI a0CTPAKIMHU 110 KOHTPIpUMEpam

BBIIIATH BPEMsI pabOThI CAaMOTr0 POrPAMMHOTO CPE/ICTBA.
Takoke, 4eM MEHbIIIE IPUMEPOB MOBEJICHUS UCTIONIB3YETC,
TeM MeHbIIIe HHPOPMAIMH Y IPOrPAMMHOTO CPEJICTBA, TEM
cinoxkaee eMy 3¢ (eKTUBHO mepedupaTh BOSMOXKHEIE pe-
menusi. C Apyrol CTOPOHBI, KaK OBIJIO CKa3aHO paHee, UC-
MIOJIb30BaHKE CIUIIKOM OOJIBIIOTO YHCIIA TPUMEPOB MOBE-
JICHUSI BBIPAKACTCSI B BUJIE CIIMIIIKOM OOJIBIION (opmylbl,
C KOTOPOI MPOrpaMMHOMY CPEZACTBY B IIPHHIIHIIE CIIOXKHO
paborars. Bo3MOXXHBIM pelieHneM JaHHOW THIIEMMBI MO-
KeT OBITh MCIOJIBb30BaHHE apU(PMETHUYECKON HIIH TeoMe-
TPUYECKOH Mporpeccuu s J0OaBICHHsT KOHTPIPUMEPOB.

JKcnepuMeHTAIbHbIE Pe3yJIbTaThI

[IpemioKeHHBIH B MPEIBIAYIIEM pa3ieiie KOMOMHUPO-
BaHHBIN MeTo1 ocTpoenus JIKA MuHUManbHOTO pazmepa
Ha ocHOBe cBesieHus k SAT U ¢ uCnoab30BaHUEM MOAX0/A
YTOYHCHUS a0CTPAKIUU IO KOHTPIpPUMEpPaM ObLIT pean-
30BaH Ha s3bIke Python kak MOIyib MPOrpaMMHOIO KOM-
wiekca DFA-Inductor-py. DxcrieprMeHTHI TPOBOIMINCH
HAa IIEPCOHATHHOM KoMIbioTepe ¢ poreccopom QuadCore
Intel Core 17-8550U @ 4 I'Tu, 16 I'b onmeparuBHOii ma-
MATH U OTeparuoHHoi cuctemonr ArchLinux 5.5.6. ns
MIPOBECHNUS SKCTIEPUMEHTOB ObLTO creHepupoBano 100 Te-
CTOBBIX PK3EMITISIPOB C MMOMOIIBIO allTOpUTMa, pa3zpado-
TaHHOTO aBTOPOM paHee U onucanHoro B [14]. [TapameTpbt
IJId TCHEpalunu aBTOMaToB OBLIH BI)I6paHI)I CICayrOumnM
obpazom:

— pa3Mepsl aBTOMAToB, KOTOpPbIE HYKHO IMOCTPOUTH, —

M e [15; 25];

— KOJIMYECTBO MPUMEpoB moBeaeHus 1 S=S, US € {50 x N;

100 x N; 200 x N; 500 x N}.

B skcmepuMeHTax IpOBOAMIOCH CpaBHEHHE pa3pado-
TaHHOTO KOMOMHHPOBAHHOTO METOJa C MPEUIOKCHHBIM B
[13] MeTOmOM, OCHOBaHHBIM TOJIBKO Ha cBeJeHUH K SAT.

Pesynbrars! mokasanu, 9To TIPH OTHOCHUTEITFHO HEOOITh-
IIOM KOJMYeCcTBEe MpuMepoB moseaeHus (S € {50 x N;

100 x N}) ucronp30BaHHe KOMOMHUPOBAHHOTO TOIXO0-
Jla COKpaIaeT BpeMsl MOCTPOCHUSI BCIIOMOTATEIbHBIX
CTPYKTYp JaHHBIX (TaKuX Kak rpa) COBMECTUMOCTH)
1 BpeMs NOCTpPOCHUS OyaeBOil GOpMyIbI, HO YBEIUIH-
BaeT BpeMs paboThl MPOrPaMMHOI0 CpPEeACTBa A pe-
menust SAT u, Kak CIeJCTBHUE, CyMMapHOe BpeMs pe-
menust 3agaun. OgHaKko B cliydae, KOTJa KOJHYECTBO
MPUMEPOB TIOBEJICHUS JI0CTATOYHO BennKo (S € {200 x N;
500 x N}), ucnoJib30BaHNE TIPEJJI0KEHHOTO MOAX0a
MO3BOJISIET MCIIOJIB30BATh MEHbIIE MTOJIOBUHBI TIPUMEPOB
MIOBEJICHUST BMECTO BCEX, YTO COKpAIIaeT KaK BpeMs I10-
CTPOCHUS CTPYKTYp IaHHBIX M OyneBoi (pOpMyIIbl, TaKk U
BpeMst pabOThI POrPAMMHOTO cpecTBa Uit perneHnst SAT.
Bomrpsim nocturaer 30 % Ha 3K3eMIUIsIpax, KOTOpbie 00a
METOZbI CMOIVIM PEIINTH 3a 12 4. 3HaunTeNbHast YacTh Ta-
KHX 9K3EMIUIAPOB HE ObIIIM B IPHHIIUIIE PEIIEHBI METO/IOM,
OCHOBAHHBIM TOJIBKO Ha cBeaeHUN K SAT.

Takum 06pa3zom, MOKHO C/€NaTh BBIBOJ, YTO UCIOJIb-
30BaHHE pa3pabOTaHHOIO METOoAa LieJIeco00pa3Ho, Korna
KOJIMYECTBO PUMEPOB TIOBEJICHUSI BEJTMKO, U METO], OCHO-
BaHHBII TOJIBKO Ha cBefieHnH K SAT, He MpUMEHUM BBUIY
CJIUIIKOM OOJIBIION (hOPMYIIBI.

3akaouenune

B nannO# paboTe mpeanokeH HOBBIM KOMOUHUPO-
BaHHBIA AJITOPUTM MOCTPOCHUA NECTCPMHUHUPOBAHHOTO
KOHEYHOI'0 aBTOMara MUHUMAJIBbHOTO pa3MeEpa mo mnpu-
MEpaM MOBCACHUA, OCHOBAaHHBIN Ha CBCJCHHUM K 3aJa4c
BBITOJIHUMOCTH OyJIeBBIX (DOPMYI U C MCIIOJIb30BAaHUEM
MOJIX0/1a YTOYHEHHSI a0CTPaKIMKU 110 KOHTPIIpUMEpaM.
DKCIepuMEeHTaJIbHOE HCCIIE0BaHNE TTI0KA3aj0, YTO pas-
paboTaHHbIi MeTO 3P (EKTHBEH MTPU YCIOBUH, YTO YHCIIO
NPUMEPOB MOBEICHUS TOCTATOYHO BEIUKO — XOTS OBl B
JBECTH pa3 MPEBBIIIACT KOIMYECTBO COCTOSHUN, — U, KaK
CJeNCTBUE, cTposmasics Oynea popMysa COMEPKUT Jie-
CSTKU M COTHU MUJUIMOHOB TM3BIOHKTOB. Vcrions3oBanue
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NOCTPOEHNE OETEPMWHNPOBAHHbLIX KOHEYHBLIX ABTOMATOB...

KOM6I/IHI/IpOBaHHOFO METOAa IMO3BOJIACT COKPATUTL KOJIU-
YCCTBO UCIIOJIB3YEMbIX IMTPUMEPOB MMOBCACHUA 0e3 noTepu
TOYHOCTH.

I[J'I?I HaHBHeﬁmeFO HCCIICAOBAHUA OCTACTCA BOIIPOC
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Hanpumep, korjga aBTOMaT nMeeT Kakylo-TO 0COOCHHYIO
CTPYKTYPY, WJIH CPEH IIPUMEPOB MTOBE/ICHUS] MHOTO TaKHX,
KOTOpBIE TIOKPBIBAIOT TOJIBKO OJTHY YacTh aBTOMATa.
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