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OT pesakTopoB BBIITyCKA From the Editors of the Issue

B. A. Bazapos™?, H. B. Illunos® V. A. Zakharov'?, N. V. Shilov?
L BIIID LHSE
21CH PAH 2ISP RAS
3 Vuusepcurer NuHomosmc 3 Innopolis University

1-2 wmrostst 2019 1. B HOBOCHMOUPCKOM AKaJIEMIOPOIKE B PaAMKaX MEXKYHAPOIHOTO HAyIHO-
ro ¢opyma Computer Science Summer in Russia mpormesr fecaTblit MeXKIyHAPOIHBIN Hayd-
HO—HCCJIeIoBaTeIbCKIi cemutap “CeMaHTHKa, clienuduKalus 1 BeprupuKaius IporpaMM: Teo-
pusi u npuiaoxkenns’(10-th Workshop on Program Semantics, Specification and Verification:
Theory and Applications, PSSV-2019). Opranuzaropom cemunapa BbicTyiiI VHCTHTYT crcTeM
uuadopmarukn uM. A.T1. Epmosa CO PAH. IIporpamma cemunapa PSSV-2019 Brirogasna 9 pe-
TYJISIPHBIX JIOKJIAJIOB, 5 JIEKIUI TPUTJIAIIIEHHBIX JOKJIATIUKOB, & TaK»Ke pabovee COBENaHNe, 110~
CBAIIEHHOE BOIPOCcaM clienuduKaiun 1 BepuduKaIU CTAaHIAPTHBIX QYHKIUNA. Y YaCTHUKH Ce-
MHWHapa B CBOUX BBICTYIJIEHUSX PACCKA3aJId O Pe3yJbraTax 3aBEPIIEHHBIX U TPOJIO/IXKATOIIIXCS
HCCeI0BaHUN Pa3HOOOPA3HBIX 33/a4 B 00JIACTH MATEMATHIECKOrO MOJEJIMPOBAHUS U Bepudu-
Kallil IPOIPAMMHBIX CUCTEM, O PA3BUTUU METOJIOB JEIYKTUBHOTO AHAJN3a IPOI'PAMM, & TaKXKe
0 NMPUMEHEHUH METOJIOB TEOPUU aBTOMATOB K TECTUPOBAHUIO ITporpaMM. llpuryiameHHbiMu J10-
kiagunkamu 6butn A. Jucuna (JIusepnysnbekuii yausepceurer, Benukobpuranus), C. I1. Iaperit
(Hosocubupckuii roc. yausepcurer, Poccusi), Bun @anr (kommnanust Huawei), 1. A. Mopsu-
HoB (Cankr-IlerepOyprekuit roc. yuusepcurer, Poccust). JlaHHBIH BBITYCK »KypHAJIA BKJIIOYAET
6 crareit yuacTHHKOB cemuHapa PSSV-2019.

Cratbs 1. C. ArypeeBa TOCBsIIIIEHa TPOTECC-OPUEHTUPOBAHHOMY SI3BIKY MTPOTPAMMUPOBA-
uusi Reflex; sToT si3bIk mpuMeHsieTcst Jjisi pa3spabOTKU IIPOCTOr0 B OOC/IyKUBAHUU YITPABJISIO-
IIEr0 TPOrPAMMHOTO 0DeCIeYeH s JIjIst IIPOIPAMMUPYEMBIX JIOTHYECKUX KOHTPOJIIEPOB. B cra-
The OIUCAHA OllepaIMoHHas cemanTuka Reflex-miporpamm, pacimpeHHbIx aHHOTAIIUSME, OITUCHI-
BaoOmMUMU (POPMAJIBHYIO CIIENMUMUKAIIIIO TPOrPAMMHBIX TpeOOBaHUM, KaK HEOOXOTUMBbIN Oa3nc
JUIst TpUMeHeHnst (popMaJIbHBIX METOI0B Bepudukaiuu. B omepallnoHHON ceMaHTUKEe aHHOTHU-
poBaHHBIX Reflex-miporpamMm uCIob3yiorcst T1o0aJibHbIe U JIOKAJIbHBIE TailMephbl, YIUTHIBAET-
cst HECKOHEYHOCTD IUKJIA BBITOJHEHUS TPOIPAMMBI, JIOTUKA YIIPABJIEHUS IEPEXOIAMU IIPOIEC-
COB M3 COCTOSIHUSI B COCTOSIHUE U B3AMMOJIEHCTBUE IIPOIECCOB MEXKY CODOM U C OKPYKEHUEM.
Pacmupenune dopmasbHoil onepaiuonnoit cemantuku s3bika Reflex wa annoTarum yupormaer
npoBeJieHne JIeaykTuBHOM Bepudukanun Reflex-nporpamm. Crarhst Halmcana 1o mMarepuajam
JOKJada, mpeacrapiaennoro Ha PSSV-2019.

B crarbe /1. A. Kongparsesa u A. B. IIpomckoro pacckaspiBaercst 06 OJHOM MTOIXOJE K pe-
IIEHUIO TTPO0JIeMbl BHIYUC/IEHNST MHBAPUAHTOB IUKJIa B paMKax npomxoskarorieiics 8 ICU CO
PAH pazpaborku cucrema C-lightVer nis nenykrusnoii Bepudukaruun C-IrporpamMm ¢ UCHOJIb-
30BaHUEM CUCTEMbI aBTOMATUYECKOTo JoKazareabcTsa TeopeM ACL2. Panee asropamu 6611 pas-
paboTaH cr1ocod JI0Ka3aTeIbCTBA JIOZKHOCTU yCjIoBuit KoppekTHocTH Jijisi cucteMbl ACL2. Heo6-
XOJIUMOCTH B 0oJiee TOAPOOHBIX OObICHEHUAX YCAOBUIT KOPPEKTHOCTU, COACPIAKAIIUX OIEPAIUIO
3aMEeHbI, IIPUBEJIa K M3MEHEHUIO aJIFOPUTMOB M'eHEepAIluu OlIePAIUU 3aMEHbI, U3BJICUCHUs] CEMaH-
THYECKUX METOK WM reHeparnu OObsICHEHUH HEeJOKA3aHHBIX YCJIOBUI KOPPEKTHOCTH. B crarbe
[IpeJICTABICHBl MOINMUKAINN JIAHHBIX ajaropuTmMoB.CTarThs HAIMCaHa 110 MaTepuajaM JOKJa-
Jia, upejcrapiaenHoro na PSSV-2019.

B cratbe T. Baapa u X. IIlynbTe npemocTaBieHa HCIOJTHAEMAasT MO JIjIsI CACTEMBI YIIPaB-
JIEHUSI T1aCCazKUPCKOTO CaMoJIeTa, HalncanHas Ha si3bike Matlab/ Simulink®. Dra moxenn yau-
TBHIBAET MPOIPAMMHOE ObDeciiedeHre, [IOMOTAIONIee UJIOTY IIPEJOTBPAIIATH CPBIB BO3/LYIITHOIO
[TOTOKA, TPUHUMAET BO BHUMAaHUE BO3MOXKHOCTH ME€PEJIAaYN HEBEPHBIX JAHHBIX JATIYHKAMU. 1TO-
OBI C IIOMOIIBIO TOCTPOEHHOM MOJIeJI MOYKHO OBLIIO PeliaTh 3a1a91 BEpUQPUKAIUN CUCTEM yIIPaB-
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JIEHUSI CAMOJIETOM, aBTOPBI CTAThU CyMeJin ipeobpasoBarh Mojieas Matlab / Simulink ®s ruGpu -
uyio nporpammy (HP), KoTopyio MOXKHO IpOBEPSATH € UCIOJB30BAHUEM CHCTEMBI ABTOMATHIE-
CKOro JioKazaresbcTBa TeopeM KeYmaera. Crarhst HammcaHa 1o MaTepuajaM JOKIaIa, IPeJi-
crapjerroro Ha PSSV-2019.

B crarbe B. Tomoposa, C. Taxa, @. Bysanxke u A. DpHaHieca uccjie10BaHbl BO3MOXKHOCTH
npuMeHeHusT (pOPMATbHBIX METOA0B BepUMUKAIINN 71T IIPOBEPKHU CBOMCTB 0€30TAaCHOCTH TIPO-
PAMMHBIX IIPOIELYD, UCIOJIB3YEMBIX B BCTPOEHHBIX cucTeMax. MeTo/iuKy pereHust 3Toit 3a/1a-
Y1 ABTOPBI CTATHU JEMOHCTPUPYIOT Ha IpuMepe (DyHKIINN, BIMUCISIONIEH KBIPATHBIN KOPEHb
¢ TIOMOMIBIO JinHeHOM nHTepHoJsiiuu. CTaThs HAIMCAHA 110 MaTepHasaM JIOKJIaJa, IPeICcTaB-
JterHoro Ha, PSSV-2019.

Craresa H. O. I'apanunoii, . C. Aaypeesa, O. 1. Boposukogoit u B. E. 3r06una npomoka-
eT MUKJI UCCJEIOBAHUMN, TPEIIPUHSITHIX ABTOPAMU JIJIsi CO3MAHUS TAKOW Pa3HOBHJIHOCTUA OHTO-
JIOTHH IIPOIIECCOB, KOTOPbIE MOYXKHO KOHCTPYHUPOBATH HA OCHOBAHUU TEXHUYECKUX 3aJ@HUN HA
paspaboTKy HHPOPMAIMOHHBIX CUCTEM U B TO K€ BPEMsI UCIIOJIb30BATh 1t (hOpMaJIbHOI Bepu-
duKamy IpoeKkTa Ha PAaHHUX 3TallaX ero OCYIIECTBJIEHUsl. B cTarbe aBTOPBI IIpeIaraiT JIBa
MEeTO/Ia CHEIUAJN3AINA TaKUX OHTOJIOTHH, TMO3BOJISIONINX YIUTHIBATH WHIUBUIYATHHBIE OCO-
OEHHOCTHU PaCIpPEe/IeHHBIX CUCTEM: JIEKJIAPATUBHBIN U KOHCTPYKTUBHLIN. [IpuBenen mpumep,
WITIOCTPUPYIONIUI ITPUMEHEHNE TPEJJIOKEHHBIX METO/IOB CIIEIINAIM3aIlUN U HAIIOJTHEHUS OHTO-
Jsioruu nporeccoB. CTarbst HAIIMCAHA 10 MaTepraJiaM J0KJIa1a, IpejcraBjieHHoro na PSSV-2019.

JI. A. MopaBuHOB B CBOell CTaThe MPEICTABUII HOBBIA MOIXO K PENeHII0 HEJTNHEHHBIX CHU-
cTeM JU3BIOHKTOB XoOpHA. [J1aBHAast 0COOEHHOCTH ITOTO TOIX0/Aa COCTOUT B aBTOMATHIECKOM
BBIBOJIE PEJIANIMOHHBIX NHBAPUAHTOB, AIIPOKCUMUPYIOIIUX CBEPXY CEMAHTUKY I'DYIII HEUHTEP-
[IPETUPOBAHHBIX CHMBOJIOB. [IpakTudeckasi 3(pheKTUBHOCTH HOBOI'O MeTOa ObLIa MOKa3aHa Ha
TECTOBBIX HADOpaX Pas3/IMYHbBIX 33J1a9 peJAnroHHol Bepudukanyun. CTarbs HaIKCaHa 110 MaTe-
puajiaM JieKIuu, npountannoii va PSSV-2019.
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OneparnmonHas ceMaHTHKA
arHoTHpoBaHHBIX Reflex mporpamm

Amnypees U. C.

ITocmynuaa 6 pedaxyuro 12 cenmabpsa 2019
Ilocae dopabomku 15 nosabps 2019
IIpunama x nybaukxayuu 27 Hosabps 2019

Annoranusi. Reflex — mporiecc-oprenTrpoBaHHbII SI3bIK, KOTOPBIH 0becrieanBaeT pazpaboTKy Mmpo-
CTOTO B OOCIIYKUBAHUM YIPABJISIONIETO MTPOIPAMMHOTO 0OECIIedeHus JIJIsi TPOrPAMMUPYEMBIX JIOTHYe-
CKUX KOHTDPOJIJIEPOB. fI3bIK OBLI YCIIEIIHO UCIIOJIH30BAH B HECKOJIBKHX CHCTEMAX yIPABJIEHUS C IOBDI-
IIIEHHBIMU TPEOOBAHUSIMH K HAJIE2KHOCTH, HALIPHMED, B CUCTEME YIIPABJICHHUS II€YbIO JJIsI BHIPAIBAHUS
MOHOKDHCTAJIJIOB KPEMHUSI ¥ B KOMILIEKCE KOHTPOJISI PaJO3JIEKTPOHHOM ammaparypbl. B HacTosiee
BpEMsI OCHOBHOU TIeJIBIO sI3BIKOBOTO TpoekTa Reflex siBisiercst paspaborka MeTo10B bopMasibHOM BepH-
dukanun st Reflex nmporpamm jiy1st Toro, 9ro0bl rapaHTHPOBATH HOBBIIIEHHYIO HAJIEKHOCTH CO3/IaBae-
MOT'0 Ha €ro OCHOBE IIPOrpaMMHOro obecredueHust. B crarbe mpejicrapieHa (gpopMabHas ONepaIoHHast
cemanTuka Reflex mporpamM, pacmmpeHHBIX aHHOTAIUSIME, OIUCHIBAIONUMEI (DOPMAJILHYIO crierudu-
KAIMI0 TPOrPAMMHBIX TPeOOBaHUT, KAK HEOOXOIWMBIA 0a3nuc /i IPUMEHEHWs TaKnX MeTonoB. Jlan
Kparkuii 0630p si3bika Reflex u mpuBemeH mpocToit mpuMep ero MCIoJb30BAHUST — YIIPABJISIONIAs PO~
rpaMMa Jjist cyrmmiku pyK. OmnpesesieHbl MOHSATHSI OKPYYKEHHsT U IIEPEMEHHBIX, Pa3eJsieMbIX ¢ OKPY-
JKEHHMEM, [O3BOJISIONIAE a0CTPAIMPOBATHC OT KOHKPETHBIX IIOPTOB BBOJA/BbIBOA. OIIPEIeIeHbI THIILI
AHHOTAIMI, 33/1aI0IIie OIPAHNYCHUS HA 3HAYMEHHS [TI€PEMEHHDIX IIPU 3aI1yCKe IIPOrPAMMbI, OIDAHIYEHUS
Ha OKpy2KeHue (B 4aCTHOCTU, Ha OOBEKT yUDPABJICHUS ), MHBAPUAHTHI IUKJIA yIIPABJICHUS, IPEJ- U HO-
CTYCJIOBHST BHeENTHUX yHKIWMIA, ncnoib3yeMbix B Reflex mporpammax. Annoruposanubiii Reflex takske
HCIIOJIB3YeT CTAaHJAPTHBIE AHHOTAIIMKA assume, assert u havoc. Ouepannonnasi ceMaHTUKA AHHOTUPO-
BauHbIX Reflex mporpamm ucnosp3yer riiobasbHble Yachl U JIOKAJIbHBIE 9aChl OT/IE/IBHBIX IIPOIECCOB, Bpe-
Ml KOTOPBIX U3MEPSIETCS B KOJIMYIECTBE UTEPAIUil IMKJIa YIPABJIECHUS, JJIsi MOJEJINPOBAHUS BPEMEHHBIX
OTpaHUYEHUIT HA MCIIOJHEHNE ITPOIECCOB B OMPEIETEHHBIX COCTOsiHUsAX. OHA XPAHUT MOJHYIO UCTOPHUIO
U3MEHEHU 3HAYEHUN Pa3/esieMbIX IIePEMEHHBIX [JIs 00Jiee IIOJHOIO OIMCAHUS BPEMEHHBIX CBOWUCTB
porpaMMbl 1 ee OKpykeHus. CeMaHTHKa yIUTHIBAET OECKOHEYHOCTh IUKJIA BBIIOJHEHHST ITPOIPAMMBI,
JIOTUKY YIIPABJIEHUs [EPEXOJTaMU MPOIECCOB U3 COCTOSIHUS B COCTOSIHHE M B3aUMO/JIEIICTBUE IIPOIECCOB
MeXKJy coboil m ¢ okpy:xkenueM. Pacimpenne (opMaibHOR oleparmoHHON ceMaHTHKHU st3blka Reflex
Ha aHHOTAIIUU YIIPOIIAET JOKA3aTEIbCTBO KOPPEKTHOCTH pa3padaThiBaeMOro aBTopamMu TpaHchopmaiu-
OHHOTO TIOJIX0JIa K JIelyKTuBHON Bepudukarnuu Reflex mporpamm, TparncdopMupyoriero aHHOTHPOBAH-
uyto Reflex mporpammy K aHHOTHPOBAHHOM IIPOTpaMMe Ha CHJIBHO ONPAHUYEHHOM TIOJIMHOYKECTBE SI3bIKA
C, 3a cuer cBeJIeHHsI CJI0XKHOTO J0KA3aTeILCTBA COXPAHEHNs] NCTUHHOCTH TPeOOBAHUN K IIPOrpaMme IIpu
TparcdopMaluu K 60jiee MPOCTOMY JTOKA3aTe/bCTBY SKBUBAJEHTHOCTH HCXOJHON M PE3YIbTUPYIONIEi
AHHOTHPOBAHHBIX ITPOrPAMM OTHOCUTEIBHO UX OMEPAIMOHHBIX CEMAHTHK.

KiroueBbie ciioBa:  omepanuoHHas ceMaHTHKa, si3bik Reflex, cucrema ympaiieHusi, yrpasJsioniee
[IPOrPaMMHOE OOecIievdeHe, IPOrPAMMUPYEMbIN JIOTHYECKU KOHTPOJLIED, AHHOTAINS, AHHOTUPOBAHHAS
IIporpamMma
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BBenenue

MHorue crucTeMbl yIIpaB/IeHusl, B 9aCTHOCTH, B 00JIACTU IIPOMBIIILICHHON aBTOMATU3AIIIH,
OCHOBaHBI Ha MPOMBIILIEHHBIX [TPOrPAMMUPYEMBIX Jorundeckux Kourposuiepax (ILJIK),
00JIaTAIONINX CJIEIYIONUMEI OCOOEHHOCTSAMU: OHU 110 CBOEW NMPUPOJIE ABJISIOTCA OTKPbI-
TBIME (TO €CTh B3aUMOJIEHCTBYIOT ¢ BHEITHE CpeJIoii), peaKTHBHBIMU (MMEIOT yIipaBJisie-
MOe COOBITHUSIMU TIOBEJICHNE) U MapaslIeIbHbIME (J0/KHBI 00pabaThiBATh MHOTOYHCIICH-
HbIE ACHHXPOHHBIE COOBITHUS ). DTU OCOOEHHOCTH TIPUBEJIN K UCIIOJIb30BAHUIO CIIEITNATHHBIX
A3BIKOB 1P Pa3pabOTKe YIIPABJISIONIETO MPOIPAMMHOIO OOecIieYeHus, HAITPUMep, SA3bI-
koB crangapra IEC 61131-3 [1], koropsie siBisttoTcst HanboJiee MOIYISPHBIMU B 00IaCTH
nporpammupoBanns [IJIK. OmHako MOCKOIBKY CI0KHOCTH YIIPAB/ISIIONIETO TPOIPAMM-
HOTO ODecIleueHns BO3PACTAET, & Ka4eCTBO CTAHOBUTCA OOJiee IPUOPUTETHBIM, 3H-JIeTHsIs
TEeXHOJIOTHsA, ocHOBaHHasA Ha 1ojaxojae IEC 61131-3, He B cocTOosIHUM YIOBJIETBOPUTH CO-
BpeMeHHbIe TpeboBanus [2].

Reflex — 310 mpemmerHo-OpreHTHPOBaHHBIH 3bIK ¢ C-TIO00HBIM CHHTAKCUCOM JIJIsT
00J1aCTHU YIIPABJIAIONIETO IPOrPAMMHOI0 0OeCIIeYeH s, OCHOBAHHBIM Ha KOHIEIIIUAX ITPO-
1ecca M COCTOSHUS IPOoIecca Kak ITPOrpaMMHOIO KOJIa M CO3JIaHHBIN KaK a/ibTepHATHU-
Ba sa3bikaM ctangapra IEC 61131-3. [Iporpamma na sa3bike Reflex ommcbiBaercs Kak
MHOKECTBO B3aHMMOJICHCTBYIOIINX IIPOIECCOB. fI3BIK MMeeT clienuaaun3upoOBaHHbIE HH-
CTPYKITUU JIJIsI YIIPABJIEHUS IIPOIECCAMU U UX COCTOAHUSMH W WHCTPYKIIUU JIJ1sT PAOOTDHI
C BPEMEHHBIMHM HHTEPBAJAMHU. DTU CPEJCTBA MOJIECPKUBAIOT MMaPaJINrMy COOBITHIHO-
OPUEHTUPOBAHHOI'O ITPOrPAMMUPOBAHKS, B KOTOPOI BBIIIOJTHEHUE ITPOI'PAMMBI OIIPE/Ie.Isi-
ercs coOBITHAME (B TOM YHCJe, BpeMeHHbIMU coObiTusiMu). OH TakzKe MMeeT WHCTPYK-
MM, CBS3BIBAIOIIUE IIEPEMEHHbBIE IMPOrPAMM Ha 9TOM dA3bIKe ¢ (PU3HMIECKUMU TOPTAMU
BBOJIa/BbIBOJIa. Reflex mpejimosiaraer BoiloiHEHEE TPOrPAMMbBl Ha OCHOBE IUKJIA YIIPaB-
JIeHus ¢ (PUKCUPOBAHHBIM BPEMEHEM MTEPAIUU U CTPOTYIO MHKAIICYJIATINIO 3aBUCUMBIX OT
11aT(OPMBI TIOJITPOIPAMM BBO/Ia-BbIBO/Ia B OMO/IMOTEKY, YTO ABJISIETCS ITUPOKO ITPUMe-
HsIEMOI TEXHUKOI B CUCTeMaX yIpaBjeHus, co3aannoit #Ha ocuoBe IEC 6113-3. st obec-
[eYEHUsT TIPOCTOTHI MOJJIEPKKNA U MEXKILIAT(MOPMEHHO TEPEHOCUMOCTI T'e€HEPAITUs HC-
MOJIHSIEMOT'O KOJIa OCYIIIECTBJISIETCS B JIBA dTAlla: TPAHCITOP /is si3bika Reflex renepupy-
et C-kog, a 3areM C-KOMIIISITOP CO34aeT UCIOJIHSIEMBbI KO/, JJIsl IeJIeBOil 111aT(OpPMBI.

B macrosmee Bpems mpoekT Reflex chokycupoBan Ha cpejcTtBax paspaboTKu mpo-
IPAMMHOIO 00€eCIeYeHusl JIJisi CUCTEM YIIPaBJICHHS, UMEIOIIUX TTOBBIIICHHbIC TPeOOBaHUs
K OesoracHocTu. Birarogaps miardopmenHoit HezaBucuMocTn 36K Reflex jierko mn-
rerpupyercsi ¢ LabVIEW [3|. D70 nossossier paspabarsiBarh mporpamMMHoe obecriede-
HUE, COYeTAaoNee COOBITUIHYIO OPHMEHTUPOBAHHOCTH C PA3BUTBHIM TI'PADUIECKUM TOJThb-
30BaTE/ILCKUM HUHTEepMENcoM, yIaleHHbIMU JIATIUKAMHE U aKTyaTOpaMu, YCTPONWCTBAMUI
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¢ mojiep:kkoit LabVIEW u 1. 1. Ucnonib3ys ruokocts LabVIEW 6b11 pazpaboran Habop
CHMYJIITOPOB O0BEKTOB YIIpaB/IeHus [ 1esteit obydenus [4]. OcuoBannbie Ha LabVIEW
CUMYJISITOPBI BKJIIOIAIOT B cebst 2D-aHuMAINIO, HHCTPYMEHTBI JIJIsT OTIQJIKA U SI3BIKOBY IO
HOJIIEPIKKY J1J1s 00y deHus pa3paboTKe YIIPaBJIAIONIEro MporpaMMHoro obecrevenust. O -
HUM U3 PE3YJILTATOB, IOJIyYEHHBIM B 9TOM HAIIPABJIEHUH, SIBJIAETCH HADOP HHCTPYMEHTOB
nunamudeckoit Bepudukarun na ocuoe LabVIEW g Reflex nmporpavm. unamurie-
CKas IMPOBEpKa PAacCMATPUBAET IPOrpaMMHOE obecriedeHne KakK YepHBIN SIUK U IIPOo-
BepseT ero COOTBETCTBUE TPEOOBAHUAM, HAOIONAA 38 ITOBEJCHUEM ITPOTPAMMHOTO 00ec-
IevYeHns BO BpeMsI BBITOJTHEHNS Ha HaOOpe TECTOBBIX CIydaeB. XOTsd TaKas IIPOIEIypa
MOXKET IIOMOYb OOHAPYKUTH HAJIMYNE OIIMOOK B TPOrPAMMHOM ODeCIIeYeHn , OHa, He MO-
JKET TapaHTUPOBaTh UX OTCyTCTBHE [5].

B otymmume ot MeTo/10B TECTUPOBAHUS U JUHAMUYECKON BepuduKaium, MeTo bl hop-
MaJIbHO BepuUKAIUH sIBJIAIOTCS €IMHCTBEHHBIM CIIOCOO0M 00eCIIednTh TpedyeMble CBOi-
cTBa mporpaMMHOro obecrievenust. [Ipeaoxkentsiii B |6] TpancdopMannOHHBINH TOIXO
K JenykTtuBHON Bepudukamuu Reflex mporpamm 6asupyercs Ha anropurme TpaHcdOp-
Maruu [7], cBofsieM Je/lyKTHBHYIO BepudUKaIMo aHHOTHpoBaHHbIX Reflex mporpamm
K JIeJIyKTUBHOM BepuUKAIUU OYeHb OIPAHMYEHHOI'O MOIMHOYKECTBA aHHOTHPOBAHHBIX
C nporpamm, u ajJropuTMe reHepaliui YCJA0BUI KOPPEKTHOCTH JIJIs 9TOTO MOJIMHOXKECTBA
C mporpaMm, OCHOBAaHHOM Ha UCUYUCJCHUN CUJIbHEHIIEro mocrycaosus. /JlokazareibecTBo
KOPPEKTHOCTH 9TUX &JITOPUTMOB TpeOyeT, YTOObI UCXO/IHAS U PE3YIbTHPYIOIIAasl ITPOTPaM-
MBI UMeIN (QOPMATBHYIO CeMaHTUKY. B 9Toit craThbe MBI mpejcTaBisgeM (HOpMaJIbHYIO
OIIepPAIMOHHYIO0 CEMaHTUKY aHHOTUPOBaHHBIX Reflex mporpamm.

1. Bsenenue B a3biKk Reflex

Cunrakcuc a3bika Reflex memoncTpupyercss 3j1ech Ha MpPOCTOM HpUMEpE MPOTPAMMBI,
yupasJstorieit cymmikoii st pyk (JIuctunr 1). Ilporpamma ucnosbsyer Bxox or MK-
JIATYMKA, YKA3bIBAIOIIEr0 Ha IIPUCYTCTBUE PYK IO/ CYIIUJIKOM, U YIIPaBJISeT BEHTUIATO-
pPOM 1 00OTpEBATENIEM C ITOMOIIBIO COBMECTHOI'O BBIXOIHOTO curnasia. Popmasibaoe ompe-
nenenne cuatakcnca sisbika Reflex B EBNF moxkuo naiirn [8).

PROGR HandDryerController {
INIT <formula 1>;
ENVIRONMENT <formula 2>;
INVARIANT <formula 3>;

TACT 100;

CONST ON 1;

CONST OFF 0;
/k=============================x/
/* I1/0 ports specification */
/* direction, name, address, */
/* offset, size of the port */
/k=====================c=======x/
INPUT SENSOR_PORT O O 8;

OUTPUT ACTUATOR_PORT 1 0 8;

/k==================c====—==—==%/

/k=============================x/
PROC Controller {
/*===== VARIABLES =============%/
BOOL HANDS {SENSOR_PORT[1]} FOR ALL;
BOOL DRYER {ACTUATOR_PORT[1]} FOR ALL;
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/*===== STATES ================x/
STATE Waiting {
IF (HANDS == ON) {
O_DRYER = ON;
SET NEXT;
} ELSE DRYER = OFF;
}
STATE Drying {
IF (HANDS == ON) RESET TIMEOUT;
TIMEOUT 10;
SET STATE Waiting;
}
} /* PROC */
} /* PROGR */

JIuctunr 1. [Iporpamma ynpas/ienus CyIIMIKONR JIJist PyK
Listing 1. Hand Dryer Control Program

Ha sa3wike Reflex mporpamma mipejicrapisgercsa KaK MHOYKECTBO B3aUMOJIECHCTBYIOIITIX
nporieccoB. OrpejiesieHne Iporecca PROC <process name> <process body> HATHMHAETCHA C KJIFO-
YEBOT'0 CJIOBA PROC, 38 KOTOPBIM CJIEJIYIOT UM U TEJIO ITPOIIECCa.

Brimostnenne mporpaMMbl CyTh ITOBTOPAIONINECS UTEPAIUN IUKJIA YITPABJIEHU, TJIe
KaKJ1asi UTePaIs 3aK/II09aeTCs B TIOC/IE/I0BATETHHOM BBITIOJIHEHIH TTPOTIECCOB ITPOrpaM-
MBI (B HOpsiJIKe UX OIpeJieieHus B mporpamMe). Kaskiast ureparus nmeer (pUKCHPOBaH-
HOE BPeMsI BBIIOJTHEHUsT B MIUJIIUCEKYHIaX (TIePUOJT BBIMOTHEHNUS ), 38/1aBAeMO€e HHCTPYK-
et TACT.

Teno mporecca cocTouT n3 OObLIABICHUI TEPEMEHHBIX U OIPEICJCHUNl COCTOSTHUIA.
OrnpejiesieHre COCTOSTHUST ITPOIECCa STATE <state name> <state body> COCTOUT U3 UMEHH U Te-
Jta cocrosinud. locnennee crnenudunupyer aeiicTBUe, BBIIOJIHIAEMOE ITPOIECCOM B 9TOM
cocroguuu. /g KazKJI0ro mporecca HesiBHO OIPEIeICHbI JBa JOMOJTHATETbHBIX TacCHB-
HBIX COCTOSTHUSI STOP M ERROR. DTH COCTOSTHUST HA3BIBAIOTCS MACCUBHBIMU, TAK KaK HIKAKIX
JieiicTBHil B HUX He BhIoIHAeTCH. COCTOsIHME STOP COOTBETCTBYET OCTAHOBKE UJIN IIPUOCTA~
HOBKE BBITIOJTHEHUS 11poriecca. CocTosiHre ERROR COOTBETCTBYET OMIUOOYUHOMY BBITIOTHEHUIO
rporiecca. Bee ocTasibHBIE COCTOSHUS ITPOIECCa SIBISIOTCS aKTUBHBIMU.

Teso cocrosiaust orpe/iesisiercst Kak 6J10K (0IepaTop mocjie[0BaTe IbHON KOMIIO3UIHN ),
BKJIIOYAIONINI OllepaToOphbl IPUCBANBAHNS, YCJIOBHBIH orepatop if, Bioxkenubie OJIOKH,
OTIEPATOPbI YIPABJIEHUA COCTOSTHUSAMHE ITPOIECCOB U OMEPATOPHI TaliMayTa.

Cocrosinue, omnpejeaseMoe MepBbIM B TeJjle MPOIEcca, Ha3bIBACTCs CTAPTOBBIM COCTO-
siHUeM 9TOro mporiecca. [lepBrril mporece, onpe/ie/IeHHbI B TEKCTE TPOIPAMMBI, SABJISIET-
¢ eIMHCTBEHHBIM aKTHBHBIM IPOIecCOM Ipu ee 3amycke. OH yCTaHABIUBAETCS B CBOE
crapToBoe cocTosgane. OcraibHbIe ITPOIECChl yCTAHABIMBAIOTCS IIPU 3aIlyCKe TPOTIPAMMbI
B COCTOSIHHE STOP.

Cunrakcuc n cemantuka Reflex BbIpakeHUil MIEHTHYIHBI CHHTAKCHCY U CEMaHTH-
ke C BbIpazkeHuil, 3a UCK/I0UYeHneM (hUKCHUPOBAHHOTO MOPSIIKA BBIMUC/ICHUST APTYMEHTOB
onepanuii u dbyHkmii (ciaeBa Hapapo) u crermduaeckux s Reflex sormaeckux orme-
parmmii Ha [ COCTOSTHUSIMU, HA3bIBAEMBIX IpeIuKaTaMyu aKTuBHOCTH. OmepaTopbl MpUCBa-
MBaHWsA, YCJIOBHDBIE OIEpATOPbI U OJIOKH UMEIOT CHHTAKCHC U CEMaHTHUKY, KaK B s3bike C
(HeCyIIeCTBEHHBIE OTJIMYNS 3aK/II0YAIOTCS B TOM, UTO MPHCBAWBAHUE PACCMATPUBAETCS
B KadecTBe oneparopa B sa3bike Reflex, T.e.ne jomyckaroTcs BIOKEHHbIE TPUCBANBAHNSA,
u Bce niepeMentbie Reflex nporpammbr riiobasibibr). [losroMy HEzKe MBI OIHUIIEM TOJIBKO
Te MWHCTPYKIINU, KOTOpbhle crenududnbl 1t Reflex.

Kazk iprit iporiecc nmeeT JIOKaJIbHBIE YaChl, KOTOPbIE OTCUYUTHIBAIOT JIMCKPETHOE BPE-
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M, u3MepAaeMoe B KOJIMIECTBE I/ITepaL[I/Ifl OUKJIa YIIpaBJICHUA. O,ZLI/IH THUK JIOKaJIbHBIX Ya-
COB COOTBETCTBYET OJIHOI MTepalluu IUKJa YIIPaBJIEHUS.

OnepaTop SET STATE S; yCTaHaBJ/IMBAET TeKyHJ‘I/II'/)I IpoIecc B COCTodHue S JiJIdd CJIEYIO-
meﬁ nrepanyu NUKJia ylIIpaBJICHWA. STOT n Jpyrue omnepaTopbl, USMEHAIOIINE COCTOAHNE
IIponecca (,ZLa)Ke Ha TO 2Ke caMo€ COCTOHHI/IQ), C6paCI:>IBaIOT BpeM4 JIOKAJIbHBIX 9aCOB 9TOI'O
mporiecca B HOJIb. OQmepaTop SET NEXT; YCTAHABJIMBAET TEKYIIUil IPOIECC B COCTOSTHUE, KO-
TOPOE CJIeZIyeT 3a TEeKYIIUM COCTOAHUEM B TeJie IIPOoIlecCa. Ero IIpuMeHeHne K TeKyIleMy
COCTOAHUIO, KOTOPOE OIIpe/Ie/deTCd IIOCJACeIHUM B TeJie IIPpoIecca, ABJIAdeTCAd CUMHTaKCHUie-
CKOIl OITMOKOIA.

OHQpaTOpr START PROC p; 1 STOP PROC p; 3allyCKalOT M OCTaHaABJIHBAIOT IIPOIECC P. Onn
yCTaHaBJIMBAIOT P B €0 CTapTOBOE COCTOAHHUE U B COCTOAHHNE STOP COOTBETCTBCHHO.

OrmepaTopb! RESTART;, STOP; U ERROR; 3aIlyCKAIOT U OCTAHABJIUBAIOT (HOPMAJbHBIM 00pa-
30M U ¢ omubKoit) Tekymuii mporecc. OHU yCTAHABIMBAIOT ITOT MPOIECC B €I0 CTAPTOBOE
COCTOdAHHUE, COCTOAHUE STOP U COCTOAHME ERROR COOTBETCTBCHHO.

[Iporeccbl MOTYT TPOBEPATH, HAXOJAATCS JIU JAPYTHE MIPOIECChl B AKTUBHBIX WUJIH ITac-
CUBHBIX COCTOAHUNAX, UCIIOJIb3Yyd YCJIOBHbIC OIIEpAaTOPbl COBMECTHO C IIpEeIMKaTaMi aKTUB-
HOCTH, HAIIPUMeED:

IF (PROC <process name> IN STATE ACTIVE) { ... }

OmepaTopbl TaiiMayTa OCYIIECTB/ISIIOT KOHTPOJIb BPEMEHU BBIIOJHEHUs IIPOIECcca
B ompejesieHHOM cocTogaun. OnepaTop RESET TIMEQUT; OOHYJISIET JIOKAJbHBIE YaChl Te-
Ky1iero mporecca. OmepaTrop TIMEOUT <clocks num> <statement> OOHYJIIET JIOKAJIHHBIE YACHI
TEKYIIETro MPOIeCca U BBITIOJIHAET OlIePaTOP <statement> B TOM CJIydae, €CJIU BpeMs Ha JIO-
KaJIbHBIX 9acaX JIOCTULJIO 3HAYEHUS <clocks num> U HUYETO HE JIEJIAeT B IPOTUBHOM CJIyYae.
DTOT OnepaTop MOXKET HMCIOJb30BATHCH TOJHKO OJIMH Pa3 B TeJie COCTOSHUS U JIOJIKEH
OBITH TIOCTIETHUM OIEPATOPOM B TeJle COCTOSHIUS.

Testo mporecca MOXKET CoJiepKaTh OIPeIe/IeHNAs IIePEMEHHBIX

<type> <variable name> = {<port name>[<bit number>]} <scope>;

3aIAI01I1e TaK1e XapaKTEePUCTUKU IEPEMEHHOIN KaK THII, UM, IOPT (€ KOTOPbIM OHa CBsi-
3BIBAETCsI ), HOMED 6uTa B MOpTY (COOTBETCTBYIONIErO 3HAYEHUIO [IEPEMEHHOM) U 00J1acTh
BUJIUMOCTHU.

[ToxepKuBaeMbIME THIIAME SIBJIAIOTCS BOOL JijIst OYJIeBCKUX 3HAYCHUI, a TakXKe Iie-
JIOUMCJIEHHbIE U BEleCTBEHHbIE THUIIbI INT, SHORT, LONG, FLOAT, DOUBLE, OllpejlesideMble KaK
B a3bike C. O0sacTh [eiicTBUA FOR ALL YKa3bIBA€T HA TO, UTO 9Ta IepeMeHHAs MOKET
HCIIOJIb30BaThCS JIFOOBIMU TIpoIieccamMu B mporpamMe. IIpuBgaska K opTy MO3BOJISIET CUU-
TBIBATh 3HAYEHNE N3 BXO/THOTO TTOPTa B IEPEMEHHYIO U 3allUCHIBATH 3HAYCHUE TTePEMEHHON
B BBIXOJHOI ITOPT.

Jlekapanuy mopToB, pasMelraeMble Iepej] OlpeIeJIeHUsIMUA ITPOTECCOB, 3aJIal0T Xa-
PaKTEPUCTAKN NOPTOB, NCIOJIL3YEMBIX B IIpOrpaMMe,

<direction> <port name> <base address> <offset> <size in bits>;

TaKue KaK HalpaBJeHUe (BXO;LHOIZ U BBIXOJHOU HOprI), nMsi, 6a30BBII aJIpec, CMEIIEeHNEe
1 pa3Mep B OUTax.

BazxHoit 0cOOEHHOCTBIO ITEPEMEHHBIX, CBA3aHHBIX C IOPTAMHU, SIBJISIETCS TO, 9TO BCE
olepanyy YTEHUS U 3aIIMCH JJIsl 9THX IePEeMEHHbBIX UMEIOT JIBOMHYIO Oydepu3ammio. 3Ha-
YeHUs TIOPTOB BBOJIA/BBIBOJIA CYUTHIBAIOTCS OJIMH Pa3 3a UTEPAIUIO UK/ YIIPABJICHUS,
U KaxKJI0€ 3HaUYeHUEe COXPAHACTCH B JBYX IK3EMILIAPaX — OJUH JJIF Ollepalldil YTreHud
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U OJINH JIjIs olepaltuii 3armcu. HoBble 3HaUeHMsS Jijisd BBIXOJIHBIX ITOPTOB YCTaHABJINBA-
I0TCA W OTIPABJIAIOTCS Ha BHEITHUE YCTPONCTBA B KOHIIE UTeparuu. Takum odpa3oM, Bce
IIPOIECChl YUTaIOT OJHU M TE 2KE 3Ha4YeHUdA IIOPTOB, JazKe €CJ/IM OHU U3MEHAIOTCA B UTe-
panun.

OObsiBIeHNsI KOHCTAHT CONST <constant name> <constant value>; OIIPEAC/IAIOT HNMCHaA
1 3HaYCHUA KOHCTAHT.

Qopmanbhas cruernudukaius TpeboBanuii K Reflex mporpamme 3aaercs crenuaiib-
HBIMU UHCTPYKITUSME, Ha3bIBAEMBIMHI aHHOTAIUAMU. 1IyCTh <formula> — popMmysia Ha A3bI-
Ke I\IHOI‘OCOpTHOﬁ JIOTUKHM IIEPBOI'O IIOPAIAKa.

AHHOT&HI/IH INIT <formula>; OIIMCBIBAECT OI'DAHUYCHNA Ha SHAYCHUA IIEPEMEHHBIX IIPU 3a-
IIyCKE IIPOT'PAMMBI.

AHHOT&HI/IH ENVIRONMENT <formula>; OIIMCBIBACT OI'DaHMYCHMHA Ha 3Ha4YeHHA, KOTOPbIC
OKpy2KeHue (Hampumep, OObeKT YIPaBJIEHUs) MOYXKET IepejiaBaTh B IIpOrpaMmy (3aru-
CBIBATH B [IEPEMEHHbBIE [IPOrPAMMBI) UepPe3 BXOJHbIE TIOPTHI.

AHHOT&HI/IH INVARIANT <formula>; OIIMCBIBACT MHBAPHUAHTHI HUKJIa YIIPpABJICHUA, T. €. CBOIi-
CTBa, KOTOPbIE JJOJI2KHbI BBIIIOJIHATBHC Ha K&)KI[OIZ urepanuu nMuKJia yiipaBJIeHUAd. B gact-
HOCTH, 9Ta aHHOTaIlludA OIINCbhIBACT CBA3U MCE2KAY 3HAYCHUAMU, CAUTBIBACMbIMHI C BXOAHbBIX
IIOPTOB, N 3HAYCHUAMU, 3allMCbIBa€MbIMU B BbIXOJIHbIC IIOPTHLI IIOCJIE OqepeﬂHOﬁ urepa-
UN.

[Ipumepsl 3TUX Tpex BUJIOB aHHOTAIUHN JIjId IPOrPAMMBI YIIPABJIECHUS CYIIUJIKOMN I
pyK MoxkHO HaiiTu B [6]. I[IporpaMma, BKIIOUaOIAs AaHHOTAIUN, HA3BIBAETCS AaHHOTHPO-
BaHHOM ITPOTPaMMOW.

Reflex mporpamma MoKeT MCIIOIB30BATH B BhIpaKeHUsIX BbI30BBI BHeNMHNX C dyHK-
LLI/Iﬁ <function name>(<expression 1>, ..., <expression n>). ,)__LJIH KaKJ0i TaKom beHKLH/H/I
B IIPOrpaMMe JI0JIKEeH OBITh OIUCAH ee IPOTOTHII,
<function type> <function name>

(<parameter type 1> <parameter name 1>, ...,
<parameter type n> <parameter name n>) {
REQUIRES <formula 1>;
ENSURES <formula 2>;
}
Ba,ILaIOIIII/Iﬁ €€ UM, THUIIl, HapaMeTPbl 1 UX THUIILI, IIPDE€J- 1 ITIOCTYCJIOBUAI.

AHHOTAIMST REQUIRES <formula 1>; OIMCHIBAET OTPAHUYEHUS HA TAapaMeTpbl (PYHKINN
(mpesycioBre yHKINY).

AHHOT&L[I/IH ENSURES <formula 2>; OIIMCbhIBa€T OI'paHMYCHUA Ha 3HaYCHUC, BO3BpPaIlac-
Moe dyukImeii (rocrycnosne dyHkIwn). PopMysna <formula 2> COMEPKUT MEPEMEHHYIO
<function name>, KOTOPAas CChLIAETCA Ha 3HAYCHHUE, BO3BpalmaeMoe (hyHKIHEH.

Reflex mporpamma mMoxkeT Tak:ke BKJIIOYATH CAEIYIONINE BUAIbI AHHOTAIININ.

AHHOTAIMSI ASSUME <formula>; 3aBEpIIAET IIPOTPAMMY CO 3HaYEHHEM IGNORE, eciu (pop-
MyJIa <formula> JIOKHA U HIYETO HE JICJIACT, B IPOTUBHOM CJIydae. JHAUCHUE IGNORE HA HEKO-
TOPOM IIYTHU BBIIIOJTHECHUA IIPOI'paMMbl O3HAYA€T, YTO 3TOT IIYTh HE YIUTBLIBACTCA IIpU J1O-
Ka3aTeJIbCTBE KOPPEKTHOCTU MPOTPAMMBI.

AnHOoTaIMS ASSERT <formula>; 3aBEPIIAET IIPOIPAMMY CO 3HAYECHUEM FAIL, ecjti hpopMy-
JIa <formula> JIO?KHA WM HHUYIEI'O HE JEJ/IaCT, B IIDOTUBHOM CJIy4dac. 3HaueHue FAIL Ha HEKOTO-
POM IIyTHU BBIIIOJIHCHUA IIPOrpaMMBbl O3HAYAET, YTO IIPOrPaMMa BBIIIOIHACTCA HEKOPPEKT-
HO Ha 9TOM IIYTH.

AHHOT&L[I/ISI HAVOC <variable name>; IIPHCBaXMBaCT IIPOMU3BOJIbHOC 3HAYCHUEC HepeMeHHOfI
<variable name> B COOTBETCTBHEC C €€ THUIIOM. AHHOTaIJ;I/IH
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HAVOC <variable name 1>, ..., <variable name n>;

CBOAUTCsA K ITOCJI€e10BaTE€JIbHOMY BBIITIOJIHEHUIO aHHOTaL[I/IfI

HAVOC <variable name 1>; ...; HAVOC <variable name n>;

Ormpeniestum orteparmonnyio cemanTuky Reflex mporpam.

2. OmnepammoHHasi CEMAaHTUKA aHHOTMPOBAHHBIX
Reflex mporpamm

[Iycts N — MHOXKeCTBO HATypPaJbHBIX dnces1 (Bkiodas 0). [lycrs U* — MHOXKeCTBO Beex
OCJIEI0BATE/ILHOCTEN U3 9JIeMeHTOB MHOKecTBa U, |u| u u[i] obosmagator auny u i-if

JIEMEHT TocseoBaTebHocT u € U* coorBercrBenno. Ilycrs < wuq, ..., u,, > obo3na-
Jaer MOCIe0BATELHOCTD SJIEMEHTOB Ui, ..., Uy U con(wi, ..., w,) — KOHKATEHAIHIO
HOCTEIOBATCABHOCTER W1, ..., Wy.

Jnsa muoxkectBa A Bcex Reflex mporpamm onpegenum: muoxkecrsa 1, H u E Tunos,
OIIEpaTOpPOB U BbIpazKeHWit; MHOXKeCTBO val(t) Beex 3Hadenuit tuna t € T'; 3HAYCHHE 0K
Kak HopMmaJsibHOe 3apepiinerne Reflex macrpykimn, muokecTBo [ Becex 3HaveHuUit Taxoe,
q10 Ugerval (T') U {ok, 16nore, FAIL} C T'.

Jns kaxk 10t mporpaMMbl o € A ompejiesinM:

® ce OKpYyZKeHHUe T;
e muOkecTBO P = {p1,...,p,} npoueccos (P C T);

e MHOXKeCTBO O cocrosinmii poreccos (© C IN);

e vuOKkecTBO F' dyukiwmit (F C T);

e muokecTBo V = VUV, nepemennnix (V CT);

e muOXKecTBO Vi = V; UV, paszjessgemMbIX epeMeHHbIX (OHU Pa3JIesIsATCs C T);
e MHOXKECTBO Vj JioKambubix nepemennnix (Vi NV, = 0);

® MHOXKECTBO V; BXOJHBIX I€PEMEHHBIX (OKDYKEHHEe T MOXKET TOJILKO MHCATH B 9THU
IIepEMEHHBIE );

® MHOXKECTBO V|, BBIXOJHBIX IEPEMEHHBIX (OKPYKEHHe T MOXKeT TOJbKO YHTATh W3
9THUX MEPEMEHHBIX );

o VinV,=0;
o dyukmuio vt € V — T, cBA3BIBAIONLYIO IIePEMEHHDbIE C UX THUIIAMH;

e dyHKIMIO pso € P — ©OF, ¢BA3BIBAIOINLYIO IIPOIECCHI € YIIOPSIOUCHHBIME TOC/Ie-
JIOBATEJIbHOCTSIMU WX COCTOSHUMN (COCTOSTHUST B PSO(P) MEPETUCTIAIOTCS B MOPSIJIKE,
B KOTOPOM OHH OIPEJIEJISIFOTCS B D);

® YIOPSJIOYEHHYIO OC/IEI0BATE/IbHOCTL po € P™ mporieccoB (IPoIeccsl B po nepe-
YUCJISIIOTCS B TIOPSIJIKE, B KOTOPOM OHE OIIPEJIEJISIIOTCS B (v));
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e dyuKIWIO psv € © — H | CBA3BIBAIOILYIO COCTOSHUS [IPOIECCOB C UX TeJIaMU;

dyuknuio ftype € F' — T, cBA3bIBAIONIYIO BHENTHUE (DYHKITUH C UX TUIIAMU;

dysxmuto fpar € F' — V;*, cBaspiBatoniyto BHemnne dyuakiun Reflex nporpammer
¢ UX TIapaMeTpaMu;

dyukmmio ftpar € F — T, ceassiBatontyto BHermHue (hyukimn Reflex mporpaMmbr
C TUNIAMU UX ITapaMeTpPOB;

dbyuxiun fpre, fpost € F' — H, cBa3bIBaIoONyto (DyHKINNA ¢ UX TPEJI- U TOCTYCJIO-
BUSIMI;

e (HOpMYIIBI int, env 1 iNV B aHHOTAIUAX INIT, ENVIRONMENT M INVARIANT COOTBETCTBEHHO.

JImst KaxK10ifl mporpaMMbl (v MBI CUMTAEM, YTO CJICYIONINE OrPAHUYCHUsT BBITIOJIHSI-
FOTCs IIPU ONPEJIeJIEHUN OllePAllUOHHON CeMaHTHUKU:

1. IlporpamMmma o KOppeKTHa OIIpe/iesieHa.

2. Nudopmarusa o nmoprax mporpamMMbl (v U COIOCTABJIEHUE TIEPEMEHHBIX C TOPTaMU
He IPUHUMAETCA B PacydeT, TaK KaK OHA OTHOCUTCS K B3aUMOJCHCTBUIO ¢ puzmde-
CKUMH ycTpoiicTBaMu. BMecTo 9Toro mporpamma ¢ B3auMoJjeificTByeT ¢ abCTpaKT-
HBIM OKPYYKEHHEM Yepe3 BXOJIHbIE U BBIXO/HBIE IEPpEMEHHBIE.

3. Obsactu JeficTBUs TIEPEMEHHBIX B (v HE IPUHUMAIOTCA B PACUYET, TaK KaK OHU
OIIpEJIEJIAI0T TOJABKO KOPPEKTHBIH JIOCTYII K lIEPEMEHHBIM, KOTOPBII rapaHTUpyeTcs
J1J1s1 KOPPEKTHO-OIIPEJIEJIEHHBIX TIPOTIPAMM.

4. OTcyTcTBYyeT meperpy3Ka HMeH IMepeMEHHBIX, COCTOSTHII ITPOIIeCCOB, BHENTHUX (DYHK-
Uil ¥ mapaMeTpoB BHEITHUX (QYHKIIHIT. DTO OTpAHIIEHUE JTIOCTUTACTCS TEPEMMEHO-
BaHUEM IIeperpyzKeHHbIX nMeH. [loaToMy MBI cumTaem, 9TO Jj1g KaK/I0i BHEITHE
YHKIINU <function name> IAPAMETPHI 3TON (DYHKINHU, 3a/[aBaeMble B €€ IIPOTOTHUIIE,
U IIepeMeHHad <function name> ABJIAIOTCH JIOKAJIbHBIMU IIEPEMEHHBIMU IIPOrPAMMbI
«. Tunbl 3TUX TIEPEMEHHBIX OIPEJIEIAIOTC ITPOTOTUIIOM (DYHKITHH.

5. Ilporpamma « He COJIEPKUT JIeKIapaIuil KOHCTAHT U JEKIapaIlii TaKTa. JTO Orpa-
HUYEeHUE JIOCTUTAeTCs BbitosiHeHneM C-110/I00HBIX MaKPOIOICTAHOBOK.

Omneparmonnas cemanTuKa si3bika Reflex onpemessiercst cucremoii nepexonos (.S, .S;,
—R, =), [yie S — MHOXKeCTBO cocrostauii, S; C S — MHOXKECTBO HAYAJBHBIX COCTOSHUIA,
—Rr U —¢ — OoTHomeHns nepexoioB s Reflex nucrpykuunit u Baemunx C ¢yHKIuIi
COOTBETCTBEHHO. VIMEIOTCsI HECKOJIBKO PEIIeHMil JIjIsI OIUCAHISI ONEPAIMOHHON CeMaHTH-
ku si3bika C [9-13|. TTosTomy mbl okycupyemcst Ha oneparuoHHoil cemanTrke Reflex
MHCTPYKIMHA (OTHOIIEHUH [ePeX0JI0B —»g), CUUTAs, UTO OTHOIIEHHE —>¢ OINPEJIessieTcst
C TIOMOIIIBIO OJJHOIO U3 ITUX MOJAXOJ0B (Haml nojaxo 1 Hanbosee 61130K K moaxomy [12]).

Cocrosiane s € S onpejensieTcst Kak KopTex (ge, ep, le, ps, vv, ih, oh), KOTOpBIil BKJIIO-
Jaer:

e 1yi00aJIbHBIE Yachl gc € N;
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e TeKyIuii mmporecc cp € P;

dyukmuio lc € P — N, cBA3BIBAIONILYIO MPOIECCHl ¢ UX JIOKAJLHBIMUA YacaMu,
[pPU 9TOM BCE Yachl OTCUYUTAIOT BPeMsi B TUKAX (OJMH THK COOTBETCTBYET OJIHO
UTepaIum 1o UKLy YIPABJICHU);

e dyHKIWIO ps € P — O, ¢BA3BIBAIOINLYIO IIPOIECCHI ¢ UX TEKYIIUMUI COCTOSTHUSIMY,
o dyukimio vv € V — I, CBA3BIBAIONIYIO IIePEeMEHHBIE C UX 3HAYECHUSIMH;

e Bxosuyio ucropuio ih € V; — I'* (ih(v)[i] — 3nagenue nepemennoit v € V;, 3ammu-
CAHHOE T BO BPEMsl i-I'0 THKa IJI00AJIBHBIX YaCOB ¢C);

e BoIxXO/HYIO HcTopuio oh € V, — I'* (oh(v)[i] — 3Havenue nepemennoit v € V,,
[POYUTAHHOE T BO BPEMsl i-T0 THKa IVIODATBHBIX IacOB (C).

[Iycto s.gc, ..., s.oh obo3HnadaeT JIOCTYI K KOMIIOHEHTE (C, ..., Oh COCTOSHUS S.
COCTOHHI/IG‘ S ABJIdEeTCAd HadaJIbHBIM, €CJIM BbIIIOJIHCHbI CJICIAYIOINE CBOIICTBA:

* gc=0;
e [c(p) = 0 mna xaxkzoro p € P;
e ps(po.l) = pso(po.1);

e ps(po.i) = stop st Kaxkgoro 1 < i < n;

lih(v)| = 0 ps xkaxxmoro v € Vi;

loh(v)| = 0 ma xkaxkgoro v € V.

OrHomrenne mepexojia —rE Zgp X =R ONpEIEIsdeTcs Ha MHOXKeCTBe =p = Ip X S
koudurypamuit Reflex mporpamm, rime Ir — mHOXKecTBO Beex Reflex mucrpykimit, 06-
najaoree cieayiomum cBoiicteom: T'U H U E U T C Iz, Takum obpaszoM, UHCTPYK-
mustMu MOryT ObITh THIBL (13 1), onepatopsl (13 H) nim Boipaxkenns (3 E), BcTpe-
qaronrecs: B Reflex nporpammvax, snadenusi (u3 I'), Bospamaembie Reflex uncrpykim-
sAMH B OIEpaIlMOHHON ceMaHTHKe s3blka Reflex, a Takzke BcrmomorareabHble MHCTPYK-
UK, WCTIOJIb3yeMble (M OIpeJeiieMble) B MIPABUJIAX OIEPAIMOHHON CEMAHTUKHU A3BIKA
Reflex (cwm., Hanpumep, MeTanprcBanBaHue HUKE).

Onepanmonnas cemanTuka Reflex uucTpykimit onpenengercs npaBuiIaMu Iepexoa.
MHorme n3 3THX OPaBUJI HCIOIb3YIOT METAIPUCBAUBAHKE Uq.Usg. ... Uy = U;.

MeranpucBauBanue. [lycrs upd(w,uy.us. ... Uy, u) — OYHKIHS, 3aMEHSIOMAsT
w(uy)(ug) ... (up) #Ha u B w. Hanpuwmep, ectuw € N — (N — N), To upd(w, 3.7,10) = v’
osHavaet, 4to w' € N — (N — N), qis mobeix © € N uy € N takux, 910 = # 3,
wi y # 7, Bepao w'(x)(y) = w(z)(y), u w'(3)(7) = 10. B cayvae onepanuii gocryma
K 9JIEMEHTAM IOCJIeI0BATEIbHOCTEN 1 KopTexKei (i) o3Hadaer u[i] u u.i cooTBeTCTBEH-
Ho. ITycrs val(u, s) obo3HavaeT 3HaUeHUE BbIpaXKeHUs WU (DOPMYJIbI U B COCTOSIHUU S.
Tora MeTanpucBanBanue OIPEIe/IseTcs TPABUIOM

(up.ug. .o Uy = us, ) =g (val(u, s),upd(s,uy.uy. ... Uy, val(u,s))).
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Nreparop. Ureparopbl HCHOIB3YIOTCA B MpaBUIax IE€PeXoja KakK COKpalleHue
JUTsl TIOBTOpeHnst mHCTpyKIwid. Ilycts nv < u| obo3HavaeT 3aMeHy BCEX BXOXKJICHUIT
U B MHCTPYKIMHU 7) HA u. TOra nTepaTop ONpPeJIeNsieTcs IpaBuIaMu

(FOREACH U IN < Uq, ..., Up, > DO 1) END; — g N[V <— U] ... N[V 4 Up)], 5);

Ecm < ky, ..., k,, > — nepecranoBka < 1,...,m >,

TO (FOREACH U IN {uy, ..., Uy, } DO 1) END; —>g N[V 4— Ug,] ... N[V < ug, ], s).

AHHOTAIY ASSUME, ASSERT M HAVOC. DTH AHHOTAINH ONPEJEIAIOTCS IPABIIAMI

Eciu val(f, s) = TRUE, To (ASSWME f;,s) — g (0K, S);

Ecau val(f, s) = FALSE, T0 (ASSWME [, S) —p (IGNORE, S);

Eciu val(f,s) = TRUE, TO (ASSERT f;,s) — g (0K, S);

Ecau val(f,s) = FALSE, To (ASSERT f;,s) —g (FAIL, S);

Ecau v € val(vt(v)), To (Havoc v;, s) —g (vo.v =7, $);

(HAVOC V1, ..., Up;, S) —>Rr (FOREACH ¥ IN < ¥q,...,U, > DO HAVOC U; END;, S);

IIporpamma. IIporpamma « ornpejesnsieTcs mpaBuaMu

(cv;,8) — R (ASSUME ini; CONTROL LOOP;, S);

(CONTROL LOOP;, S) —>g (INPUT; py; ... pp;OUTPUT; ASSERT {nv; TICK; CONTROL LOOP;, S).
MucTpyKiins CONTROL LOOP; OIpEJIe/IAeT MOBTOPSIONINICS UK yipaBjienud. VHcrpykimn
INPUT; ¥ OUTPUT; B3aMMOJIEHICTBYIOT C OKDY?KEHUEM, 3aINChIBasi 3HAYCHHU BO BXOJIHBIC T1e-
PEMEHHBIE ¥ YnTasi 3HAYCHNST U3 BBIXOJHBIX IIEPEMEHHBIX COOTBETCTBEHHO. VHCTpYKINs
p; BBIIOJIHsIET nporece p. VHCTPYKIMs TICK; yBEJMYMBACT HA €JMHUILY 3HAYCHUS TJIO-
6a.HI:>HbIX 1 JIOKaJIbHBbIX 9aCOB. 9TI/I NHCTPYKIHUU OIIPpEAC/IAIOTCA ITpaBUIaMA

(INPUT;, S) — R

(ForeacH v 1IN V; D0 HAVOC v; ih := con(ih, < vv(v) >); END; ASSUME env;, S);

(ouTPUT;, S) — R (FOREACH v IN V,, DO Oh := con(oh, < vv(v) >); END;, S);

(ps,8) = (cp := ps psv(ps(p)), s);

(TICK;, ) — (gC := gc+ 15 lepy =le(pr) + 1; .5 lepy == le(pn) + 15, 5).

IIpenukarsl akTuBHOCTH. OHE ONPEIEIAIOTCS TIPABHIAMU:

((PROC p IN STATE ACTIVE), S) —>g (S.ps(p) # STOP A s5.ps(p) # ERROR, S);

(PROC IN STATE ACTIVE,S) —>p ((PROC S.Cp IN STATE ACTIVE), S);

((PROC p IN STATE INACTIVE), S) —g (S.ps(p) = STOP V s.ps(p) = ERRQR, S);

(PROC IN STATE INACTIVE,S) —p ((PROC S.cp IN STATE INACTIVE),S);

((PROC p IN STATE STOP), 5) —r (s.ps(p) = stop, s);

(PROC IN STATE STOP, s) — g ((PROC S.Cp IN STATE STOP), 5);

((PROC p IN STATE ERROR), S) —>g (S.ps(p) = ERROR, S);

(PROC IN STATE ERROR, S) —>p ((PROC S.CD IN STATE ERROR), S).

Omneparopb! ynpaBjeHHs] COCTOSSHUSIMU IporieccoB. OHU ONpeIeaoTcs Ipa-
BIJIAMU

(stop PROC P;, S) — g (lc.p := 0; ps.p := STOP;, S);

(stop;, s) — g (STOP PROC S.cp;, S);

(ERROR;, 8) — g (le.(s.cp) := 0; ps.(s.cp) := ERROR;, S);

(START PROC D3, s) — g (lc.p := 0; ps.p := pso(p)[1];, s);

(RESTART;, S) — g (START PROC 5.CD;, S);

(ser sTaTE 0;,5) — g (le.p := 0; ps.p :=0;,3);

Ecmu pso.p = con(..., < s.ps(s.cp),0 >,...),

1O (SET NEXT, S) — g (lc.p := 0; ps.p := 05, s).

Omneparops! TaiimayTa. OHI OIPEIEIAIOTCA TPABUIIAME
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(RESET TIMEOUT;, S) — g (lc.(s.cp) := 05, S);

Ecau (e,s) —g (7,5), u s.cl(s.cp) > v, 1o (TIMEQUT € 1), 5) — g (1, S');

Eciu (e, s) =g (7,5), n s.cl(s.cp) <y, To (TIMEQUT € 7),S) — R (0K, §').
VcaoBHsiii oneparop. OH onpe/iessiercs: IpaBuIaMu

Eciu (e,s) —g (TRUE, s'), TO (IF € 7y ELSE 1)9, ) —r (71, 5');

Eciu (e, s) — g (FALSE, '), T0 (IF € 1y ELSE )2, 5) — g (72, §');

Ecmu (e,s) —g (TRUE, §'), TO (IF € 1,5) =g (1,5);

Ecau (e, s) —g (FALSE, §'), 10 (1F € 1, 8) =g (0K, §);

Bitoku. Oun onpeessioTcst mpaBuaoM

({m ook, S) =r (M - O, S).
Omneparop npucBaunBanusi. OH opeesIgeTcs MPpaBUIaMi

Ecmu (e, s) —g (FAIL, §), 0 (v = €,5) —p (FAIL, §');

Eciu (e,s) =g (7,5'), u vy #FaiL, 1o (v = e,5) =g (V0.0 :=7;,5);
ITocnenoBarenpuast kommosunus. OHa OIpe/IEIISeTCs TPABUIIAMIE

Eciu (1m1,8) =g (7,5), u v ¢ {FAIL, 1GNORE},

T (M M2 o Ny S) =R (M2 - My S');
Eciu (n1,8) =g (FAIL, '), TO (1 M2 « .. Nm,S) =g (FAIL, §).
Ecmu (11, s) — g (16N0RE, 8'), TO (1 M2 ... Mm,S) —>gr (IGNORE, s’).

Bri3oB BHernHeilt dpyHkiuu. OH olpeiesgercs IpaBuIaMi

Ecmu fpar(f) =< wvi,...,0m >, FAIL & {71,...,Ym}, 1

(e1,8) —r (71,51), (€2,81) =r (V2,52)s -, (€msSm—1) =R (Vm»Sm)>
TO (f(€17"'7€m);a3) —R
(VV.V] =15 s VU i= Yy ASSWME fpre(f);

HAVOC f; ASSUME fpost(f);, Sm);
Ecmu fpar(f) =< wvi,...,vm >, FAIL € {V1,...,Vk_1}, Tk = FAIL, U
(e1,8) =g (71,51), (€2,51) = r (72,52); -+ (€ks Sk—1) =R (Vks Sk,
o (f(ey,...,em);,S) —r (FAIL, k).
ITepemenHble B BbIpaxKeHUaX. [IpaBujio Jjid nepeMenHoil uMeeT BIJT
(v,8) =g (Vv.v, 5).

Omnepanun B BbIpakenusix. Ormpegenum Ha MHO)KecTBoM () omeparuil s3bIka
Reflex npemukar odef € O xT'" — bool, cienmndunupyomuii 0671acTh OIpeIeIeHIs STHX
onepaiuii, u pyukuio oval € O xI'" — T, cienudunupyony o 3HadeHue Jijist apryMeH-
TOB U3 00j1acTH ompeeaenHns. Toraa npaBuia 11 mpedukcHoit dopmbl o(eq, ..., e,);
orepaluu 0 MECTHOCTHU 11 UMEIOT BHU/I:

Ecou FATL € {71, ..., Ym}, odef(0,71, ..., Ym) = TRUE U

(6178) —R (71751)7 (62731) —R (72,32)7 XD (emasm—l) —R (,ymasm%
1o (0(er,...,em);,8) =g (oval(o, Y1, .., Ym), Sm);

Ecau FATL € {71, ..., Yk—1}, 7k = FAIL, 1

(e1,8) =g (M,51), (e2,51) =r (72, 52), -y (ks Sk—1) =R (Vks k),
1o (0(ey,...,em);,S) —>r (FAIL, Sp).

Eciu FATL € {71, ..., Ym}, odef(0,71,- .., Ym) = FALSE U

(€1,8) =R (71,51), (€2,51) =R (72,52)s s (€my Sm—1) =& (Ym), Sm),

1o (0(e1,...,em);,S) =g (FAIL, S,);
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SaKJII0YeHHue

Reflex umeer ouenn npocroit cunrakcuc. OH He UMeET COCTABHBIX TUIIOB JAHHDBIX U YKa-
zareseit. OH He MMeeT OIEPATOPOB UTEpAIHU U OlepaTopoB nepexoja. OH umeeT orpa-
HUYEHHOE KOJIMYECTBO ONEePaInii B BRIPAyKEHNAX U OTPAHMYEHHOE YUCJIO ITPOCTHIX THUTIOB
JIAHHBIX.

CioxknocTh cemManTuK anHOoTUpOBaHHBIX Reflex mporpamm obycioiena neodxo/u-
MOCTBIO YUUTBHIBATH OECKOHEYHOCTH IUKJIA BBIIOJTHEHUS TPOrPAMMBI, JIOTUKY YIIPABJIC-
HUS llepexojlaMy IIPOIECCOB U3 COCTOsIHUS B COCTOSIHIE, B3aUMO/IeiCTBIE IIPOIIECCOB MeXK-
JIy coboif M ¢ OKPY2KEeHHeM, OTPAHUYEeHHs Ha OKPYXKEHUEe WM 3allyCK MPOrPaMMbl, Bpe-
MEHHBIE OI'DAHUYEHUS Ha UCIOJHEHUE IIPOIECCOB B OIPE/ICJICHHBIX COCTOAHUAX, BBI30BbI
BHeITHUX (DYHKINIT 1 MHBAPUAHTHI ITUKJIa YITPABJIEHUS.

[Ipetozkennas B anHo# paboTe orepalnonHast ceMaHTUKa aHHOTUpoBaHHBIX Reflex
MPOTPaAMM CIPABJIAECTCA C STUMH TPYAHOCTAMU, UCIOJIb3Yd MOHATUS ITOOATBHBIX U JIO-
KaJIbHBIX 9aCOB, pa3/ie/idd IepeMeHHble Ha BHY TPEHHNE, BXOHbIE U BBIXO/THBIE, YINTHIBAS
IIOJIHBbIe NCTOPUU M3MEHEHUs 3HA4YeHUil pasjesideMbIX IIePEeMeHHBIX U MOJE/NPYyd Orpa-
HUYCHUs Ha 3allyCK IIPOIPAMMBbl U OKPYKEHUS U MHBAPUAHTHI IIUKJIa YIIPABJICHUS Yepe3
QHHOTAITUN ASSUME, ASSERT 1 HAVOC.

MpbI m1aHUpYeM UCIHOJIB30BATDH 3Ty CEMAHTUKY IPH J0KA3aTe/ILCTBE KOPPEKTHOCTU
TpanchOopMaImoHHOro nojaxoa K sepudukaryn Reflex mporpamu [6], B wactrOCTH, Mu1sT 110~
Ka3aTeJbCTBa KOPPEeKTHOCTH TpaHcdopmannonHoil cemantuku Reflex nmporpavm [7].
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Abstract. During the climb flight of big passenger airplanes, the airplane’s vertical movement,
i.e. its pitch angle, results from the elevator deflection angle chosen by the pilot. If the pitch angle
becomes too large, the airplane is in danger of an airflow disruption at the wings, which can cause the
airplane to crash. In some airplanes, the pilot is assisted by a software whose task is to prevent airflow
disruptions. When the pitch angle becomes greater than a certain threshold, the software overrides the
pilot’s decisions with respect to the elevator deflection angle and enforces presumably safe values. While
the assistance software can help to prevent human failures, the software itself is also prone to errors
and is - generally - a risk to be assessed carefully. For example, if software designers have forgotten
that sensors might yield wrong data, the software might cause the pitch angle to become negative.
Consequently, the airplane loses height and can - eventually - crash.

In this paper, we provide an executable model written in Matlab/Simulink® for the control system
of a passenger airplane. Our model takes also into account the software assisting the pilot to prevent
airflow disruptions. When simulating the climb flight using our model, it is easy to see that the airplane
might lose height in case the data provided by the pitch angle sensor are wrong. For the opposite case
of correct sensor data, the simulation suggests that the control system works correctly and is able to
prevent airflow disruptions effectively.

The simulation, however, is not a guarantee for the control system to be safe. For this reason, we
translate the Matlab/Simulink®-model into a hybrid program (HP), i.e. into the input syntax of the
theorem prover KeYmaera. This paves the way to formally verify safety properties of control systems
modelled in Matlab/Simulink®. As an additional contribution of this paper, we discuss the current
limitations of our transformation. For example, it turns out that simple proportional (P) controllers
can be easily represented by HP programs, but more advanced PD (proportional-derivative) or PID
(proportional-integral-derivative) controllers can be represented as HP programs only in exceptional
cases.
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1. Flight Control Model of Longitudinal Motion

For a complete description of the airplane motion in the three dimensional space, six
variables are needed that denote the degrees of freedom of a rigid body [1|. The airplane
motion is calculable by six nonlinear ordinary differential equations (ODEs) of these
variables. However, under certain assumptions, the ODEs can be decoupled and linearized
into longitudinal and lateral equations. It is common practice to describe the longitudinal
motion by a third order state space model [1], [2]:

v=[aq 0] (1)

The state vector (1) contains the angle of attack «, pitch rate q, and pitch angle 6 (cmp.
Figure 1).

Fig 1. Important parameters of flight model
(Source: http://ctms.engin.umich.edu/CTMS /index.php ?example=Aircraft Pitch
é9section=SystemModeling)

Based on the assumption that the airplane is in steady-cruise at constant velocity,
the longitudinal equations of motion for the airplane in state space form & = f(z,u)
with the state vector given in (1) and the input u := § can be written as

a = /LQU[ —(CL+Cp)a+ mq — (Cw siny)f + CL} (2)
. Q '
qg = %([CM_H(CL‘FCD)]OZ—F [CM+UCM(1—MCL)}q+(nCW81nfy)5>

vy
0 = Qq

where
_ U ~ pSe 1 B
Q_?’ B=am Ty ucy n = poCu, (3)

with the equilibrium flight speed U and v as the flight path angle. The parameter p
denotes the density of air, S denotes the platform area of the wing, ¢ denotes the average
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chord length and m denotes the mass of the airplane, Cy, denotes the coefficient of
weight, Cj; denotes coefficient of pitch moment, and I, denotes the normalized moment
of inertia. The aerodynamic coefficients of thrust, drag and lift are Cp, Cp, C'. Based on
the above assumptions, the dynamics of the airplane around a stationary operating point
Pe = (e, e, 0e, 0) for an equilibrium flight speed is obtained by Taylor linearization of

fw,u)

of —0.313 56.7 0 of 0.232
A= 927 =1 -0.0139 —0.426 0] , B = 07 = | 0.0203 (4)
r 0 56.7 0 u 0
and can be described as follows
a=—-0.313a +56.7¢q +0.2326
¢ = —0.0139 « —0.426 ¢ 40.0203 6 (5)

0 = 56.7 ¢

2. Control loop designed in Matlab/Simulink®

2.1. Description of the designed structure

For the flight model introduced above, we have developed a series of controllers using
Matlab/ Simulink® whose aim is to keep the pitch angle 8 below a maximum value 6,4,
to prevent airflow disruption at the wings. We have selected the period of a climb flight
and assume, that the pilot selects a constant deflection angle 9,,,, as manual input, what
might cause pitch angle 6 to increase. If § becomes greater than an upper bound, the
anti-stall mode is activated and the controller computes a corrective 6.,... When — as a
consequence — 6 falls again below a lower bound (due to hysteresis, the lower bound is
slightly different from upper bound), the anti-stall mode is switched off again and the
pilot’s 0,,4, become again the input for the airplane. An overview of the entire control
system is shown in Figure 2.

Our closed loop control system follows the classical approach and can be split into
a plant model and a controller system. The plant model is depicted in Figure 2 by
the orange block (1) with input delta and outputs g and theta. This block realizes the
linearized airplane model specified by equation Eq.(5).

The controller system consists of a total of three blocks (cmp. Figure 2) including
the following functions: (2) Computation of the anti-stall mode, (3) computation of the
delta correction value 0.0+, and (4) selection of the delta value ¢ as actuating input of
the airplane model block (1).

The decision making in block (2) is based on a comparison between the currently
measured pitch angle # and the maximum value 6,,,,. To avoid chattering, a distinction
is made between a lower 0,44 10, and an upper threshold 0,45 4. Thereby the anti-stall
mode is activated if 0 > 0,4 4 is valid and is deactivated again if 6 < 0,,44,100 1s fulfilled.

Block (3) realizes the computation of the delta correction value .., by applying the
simple proportional (P) control law

5007"7" = kp € (6)
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delta_man P delta_man q
delta control signal delta_corr delta »{delta
from pilot
»|switch-Anti_Stall theta|——

(4) selection of delta (1) state-space aircraft model

desired pitch q delta_corr— Switch-Anti_Stall theta [4—s
angle

theta

(3) computation of delta corr
(2) computation Anti-stall mode

Fig 2. Overview of the entire control system designed in Matlab/Simulink®

where e = 04 — 6 denotes the control error and k, > 0 denotes the real-valued controller
gain.

In many cases, a system behaves smoother and has more performance if instead the
simple P-control law the PD (proportional-derivative) or the PID (proportional-integral-
derivative) control law is applied. While the implementation of the PD / PID control law
within block (3) in Matlab/Simulink® can be done easily, the transformation of this new
Matlab/Simulink®-model into a hybrid program (HP) as input for the theorem prover
KeYmaera as described in Section 3. faces some serious problems. These problems are
discussed in Section 4.

In block (4), the delivery of the actuating signal either from the manual demand of
the pilot 0,4, or from the anti-stall controller d.,,.. takes place. The implementation of
block (4) is illustrated in detail in Figure 3, where the switching between 6,4, and deop
is realized by a crisp mode-dependent function.

delta_man_On_Off
x P+
delta_man >
: delta
switch OFF during >+ delta
Anti stall Mode S
detta_anti_stall_On_Off um

Switch ON during
Anti stall Mode

1-u

Fen ‘

@

delta_corr

D,
switch-Anti Stall

Fig 3. Control block (4) of Figure 2: Selection of the delta value by crisp function
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2.2. System analysis by simulation

The standard technique to analyse Matlab/Simulink®-models is simulation. For a simula-
tion, concrete values for constants (e.g. k,) and for input parameters ( dyqn,0q ) are
chosen and the system is executed. The system behaviour can be depicted by function
graphs showing the values of system variables over time (cmp. Figure 4, Figure 5).

We actually simulate two versions of the system: the first version assumes correct
measurement of the output 6 of block (1), as described above and as depicted in Figure 2.

In the second simulation, we assume that output 6 of block (1) is not measured
correctly by sensors. This is modelled by applying an error function on @ before it becomes
the input for block (2) and block (3). Applying error functions is a standard modelling
technique in Matlab/Simulink®.

2.2.1. Assuming correct sensor measuring for ¢

The pitch angle 6 is one of the outputs of the plant model realized by block (1) and
the input for the control loop consisting of blocks (2-4). Based on 6, the input § (pitch
elevator angle) is computed for the next cycle.

Assuming that the angle 6 is correctly measured by sensors, the simulation of the
system as shown in Figure 4 does not detect any point in time in which pitch angle
becomes negative. Note that if pitch angle 6§ would become negative, the airplane would
lose height and might eventually crash.

Observing only non-negative values for # in a simulation is not a guarantee that 6
never becomes negative, but it is already a good starting point for formal verification of
the system’s safety (cmp. Section 3.).

04 :

02— —

Fig 4. Simulation results for correct (fault free) sensor measuring of 6
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2.2.2. Assuming incorrect sensor measuring for 6

When building safety critical systems, engineers should always take into account that
sensors might provide wrong data. We have modelled in a second Matlab/Simulink®-
model a faulty sensor just by substituting the output 6 of the plant model in block (1)
by 0+ Oyset, Where Oogser 18 @ predefined constant. When simulating this second model, it
can be immediately seen that # becomes soon negative, i.e. the airplane can lose height.
This simulation is shown in Figure 5.

W VVVV;

9 10

o

i>

[e3

Fig 5. Simulation results for incorrect sensor measuring of ¢

3. Logical Analysis of Flight Control Models

As detailed in the previous section, the Matlab/Simulink® toolkit is able to simulate the
modelled system. As one can easily see, the airplane might lose height when sensors for
measuring pitch angle 6 provide wrong data. However, for the opposite case of having a
(presumably) correct system, simulation is not a sufficient technique to ensure the correct
system behaviour under all possible circumstances. In our case, the correct behaviour
means that pitch angle 6 remains always positive (recall that we model the phase of
climb flight).

In this section, we present a translation of the Matlab/Simulink® model into a hybrid
program (HP), a notion similar to well-known hybrid automata [7]. Since the notion of
HP is supported by the theorem prover KeYmaera [4, 3], our transformation paves the
way to formally verify safety properties of hybrid systems [6, 5.
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3.1. KeYmaera

A proof task for KeYmaera has to be formulated in differential dynamic logic (DDL),
which is an extension of classical dynamic logic (DL) [9].

Classical DL allows to prove pre-/post-condition contracts (known from Design-by-
Contract) for programs written in a simple while-language, i.e. a programming language
supporting the classical concepts of imperative programming, such as assignment to a
variable, sequential execution, iterative execution, and case distinction. The programming
language handled by the theorem prover KeYmaera - known as Hybrid Program (HP) -
also supports to a certain degree nondeterministic execution, as realized by the statements
nondeterministic assignment (x = * ), nondeterministic choice (aUp ), and nondetermi-
nistic iteration ( (a)* ).

Technically, classical DL is a modal logic with modalities boz ([a]v) and diamond
(< a > 1), where « is a program and ¢ a logical formula expressing a property on the
state of the machine, on which the program is executed. The state of the machine is
defined as the value vector of all program variables occurring in program «. Note that
in HP all variables are of type Real and represent only one single scalar value. This is
an important difference to Matlab/Simulink®, where a variable can be of type vector
or matrix and can represent a list of scalar values or even a (numerically represented)
function.

For the rest of the paper, only the box-modality is applied; the formula [a]i) states
that in each possible post-state after program « has terminated the formula 1 holds.
Please note that termination of « is not claimed! Please further note that since « can
contain nondeterministic statements the execution of a can indeed result in multiple
post-states.

The main difference of DDL and DL is that the former supports continuous evolution
statements. When a continuous evolution statement is executed, the variables x1, xo, ..., x,
selected by the statement change their values synchronously according to coupled differential
equations. The value change is restricted by an optional evolution constraint H. Table 1
summarizes the basic statements of KeYmaera’s programming language HP.

Table 1. Statements of HP (adapted from [6])

HP Notation Operation Effect
x1:=401,...,x,:=0, discrete jump simultaneously assign 6; to variable z;
T = % nondet. jump assign any value to variable x
x) = 61,x5 :=0,,... continuous evo. differential equations for x; within

coxh =0, & H evolution domain H (first-order formula)
TH state test test first-order formula H at current state
a; 3 seq. composition  HP f starts after HP « finishes
alJp nondet. choice choice between alternatives HP « or HP (8
Uk nondet. repetition repeats HP « n-times for any n € Ny

For a detailed introduction to DDL, the reader is referred to [6]. In [8], the limitations
of HP with respect to expressiveness and maintainability is investigated.
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3.2. Flight model as KeYmaera-input

Table 2. AirplaneClimbControl (ACC)

ACC = (ctrl; plant)x (7)
ctrl = blocks; blocks; block, (8)
blocky = (760 > O gz up; SWitch antistan = 1)U 9)
(70 < oz iow; SWitch antistan = 0)U (10)

(700 < Onmazup N O 2 gz ow)) (11)

blocks = Ocorr = kp x (04— 0) (12)
block, = d = switchantistan * Ocorr + Oman * (1 — switch antistan) (13)
plant = t:=0; (14)
(t'=1, (15)

o =—0.313 %+ 56.7 % g + 0.232 % 6, (16)

¢ = —0.0139 % @ — 0.426 * ¢ + 0.0203 % 6, (17)

0 = 56.7 % g (18)

&t<=e) (19)

The Matlab/Simulink®-model shown in Figure 2 can be translated into a hybrid
program ACC' as shown in Table 2. In line (7), the overall structure of ACC' is shown as
the nondeterministic iteration (operator *) over the sequential composition (operator ;)
of subsystems ctrl and plant. The control part ctrl in line (8) is sequentially composed
of blocky — blocky, while these HP programs tightly correspond to the blocks (2), (3), (4)
in the Matlab/Simulink®-model shown in Figure 2.

In blocksy, the flag switchanisian is either switched on (line (9)) or switched off (line
(10)) after comparing the current value of pitch angle § with predefined threshold values
Omaz,up, Omaz,low- The program structure of blocks is basically an if-then-else and therefore
we have to specify in line (11) that in all remaining cases the value of switchantisian
remains the same.

In blocks, the correction value 0.y is computed in terms of a simple proportional (P)
controller (line (12)).

In blocky, the actual plant input § is computed by switching between 6., and 6,4,
depending on the value of switchangisiay (line (13)).

Subprogram plant is the sequential composition of the reset of auxiliary variable t to
0 (line (14)) and a continuous evolution statement (lines (15) - (19)). This continuous
evolution statement encodes exactly the linearized airplane model specified in equation
Eq.(5). The domain constraint ¢ < e (line (19)) together with the ODE ¢’ = 1 (line (15))
has the effect that the system remains at longest time € in the evolution state.
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3.3. Proof task for correct behaviour

We can now formally formulate the safety property we would like to show for our hybrid
program ACC:

0>0—[ACC]0>0 (20)

In words, (20) reads as: whenever the system (including its controller) is started in a
situation in which the pitch angle is positive, then after every control loop (which takes
mostly time €), the pitch angle remains positive.

Note that it is not the goal of this paper to actually establish a formal proof for (20)
using the theorem prover KeYmaera. This task has been postponed to future work.

4. Lessons Learned

In Section 3.2. we presented based on an example a transformation of Matlab /Simulink®-
models into input artefacts for the theorem prover KeYmaera, which are written in HP

Source and target notation of this transformation have a semantic gap that cannot
always be bridged by a clever encoding in the target notation HP. The most striking
difference are the allowed types for variables and the predefined operations on these
types. In KeYmaera, every variable is of type Real, for which only common arithmetic
operation such as +, —, %,/ and comparison operation <,<,>, > = are provided. In
Matlab, variables can be of a numerical type or of an n-dimensional list (aka. vector,
matrix, grid) or even of a function type. The list of operations supported by these
types is much longer than in HP: arithmetic operation, trigonometric function, matrix
multiplication, and many more.

Another important difference is that in HP the derivation operator ’ can only be
applied in a continuous evolution statement, whose ODEs are restricted to the form
x} = 60;, while 6; must not contain any derivative term. In Matlab, the derivation operator
can be applied much more freely, e.g. in the plant model as well as in the controller
system.

Let us illustrate these problems with a concrete example. In our Matlab/Simulink ®-
model presented above, the computation of .., is done by applying the P control law
deorr = kpe (cmp. Eq. (6)). This law is transformed to blocks with implementation
Scorr = kp * (04 — 0) (comp. line (12) in Table 2).

Suppose, we would like to substitute in the Matlab/Simulink®-model the P by a PD
control law, which would be implemented by

5001"7" = k’p e+ k)d € (21)

)

where e = 0; — 0 denotes the control error and k, > 0 and k; > 0 denote real-valued
controller gains. For such a system definition, our transformation would yield for blocks
the implementation

6corr = kp * (0d — 9) + kd * (ed — 9) (22)

The problem now is that Eq. (22) cannot be directly transformed into a HP since
the derivation operator ~ must only occur in form var’ = <exp> within a continuous
evolution statement and this form is not met by Eq. (22).
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Fortunately, since 6 is a predefined constant, we can now rewrite within Eq. (22)
subterm (6, — @) by —6 and get

Ocorr = kip % (Bg — 0) — kg % 0 (23)
Now we remember the last line of Eq.(5) § = 56.7 ¢ and get finally
5corr = kp * (Hd — 0) — kd * 506.7 * q (24)

If the PD control law is formulated in this form, it can be directly transformed into
HP since not derivation operator is applied any longer.

5. Related Work

Safety analysis of flight control systems has a long tradition in the academic control
community. Based on linear models which describe the dynamics of the aircraft for
individual degrees of freedom, formal methods of control theory such as stability analysis,
model-based fault detection and isolation (FDI) and fault tolerant control (FTC) are
applied [16],[29]. Due to the nonlinear behaviour of aircraft dynamics, the assumption
of an approximate description with linear models is only valid in a small working range.
In the case of an fault, however, this range is left. For this reason, model classes such
as quasi-LPV (linear parameter variable) [30] and Takagi-Sugeno systems have been
investigated in recent years. These techniques allow to describe nonlinear dynamics in
such a way that formal safety system analysis is feasible [31]. In order to be able to
compare the different approaches in an objective way, benchmarks have been established
in cooperation with industry [20], [17], [18]. For this purpose, generic flight models or
models that describe common target aircraft are used.

For the safety analysis of a longitudinal motion controller, a logic based verification
technique has been chosen in this paper. The core of our approach is based on differential
dynamic logic (DDL) [3], for which the prover KeYmaera has been developed. Numerous
case studies from different domains have been conducted, in which KeYmaera proved to
be powerful enough to verify real-world cyber-physical systems [22], [23], [24].

An alternative logic-based verification backend would be HyComp [27], which is also
able to verify hybrid automata. HyComp is an SMT-based model checker and expects a
system description in terms of the HyDI symbolic language.

One of the bottlenecks for applying KeYmaera is the necessity to describe the system
(both plant and controller) in form of a hybrid program, which is a rather archaic, text
oriented notation. In this paper, we have provided — based on an example — a translation
from the notation Matlab/Simulink® into a hybrid program. While this translation is
for many constructs straightforward, special attention is needed to translate how the
controller computes the corrective input for the plant. In practice, this is often done by
applying a P-, PD-; or PID-controller law.

In [6], the integration of a PD-controller is illustrated in Example 9b (page 18), but
the PD-controller becomes part of the plant and not of the controller. Thus, to our
knowledge, it is still an unsolved problem how to model PD- and PID-controller in terms
of hybrid programs.
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Instead of using logic-based verification methods, tools such as SpaceEx [25] and
Flow* [26] apply reachability analysis as verification method. The goal of reachability
analysis is to obtain a verification whether a hybrid automaton never reaches an unsafe
state configuration [11]. In contrast to logic analysis, the verification of the reachability
for hybrid systems is based on the level set techniques [12], which determines an implicit
representation of the boundary of this reachable set.

For systems with complex dynamics, some approximation methods are needed for
reachability computations [13]: A group of methods seeks an efficient over-approximation
of the reachable set for hybrid systems, whose continuous dynamics is defined by linear
differential equations. Such systems can be implemented using tools like d/dt [14] or the
MATLAB-based tool CheckMate [28]. Here, sets are represented as convex polyhedra.
The propagation of these polyhedra under linear dynamics could result in over-approxi-
mations of nonlinear dynamics along each surface of the polyhedra.

Conclusion

In this paper, we have investigated safety critical software for controlling the flight
of modern airplanes. Such control software is usually developed using tools such as
Matlab/Simulink®. We present a possible controller for the computation of the pitch
elevator angle, but this controller has been completely designed by ourselves. The sole
purpose of our model is to provide an example at which quality assurance techniques
can be applied and demonstrated.

For the controller of our example, we review two main safety properties: Does the
controller effectively prevent airflow disruption, which is the main purpose of the controller.
However, there is another safety property, which can be easily overlooked when airplane
software is hastily developed: Is it possible that the controller software could cause the
airplane to lose height, which - eventually - might cause the airplane to crash.

The simulations of our controller suggest, that both safety properties are met. However
and not surprisingly, the controller can cause airplane crashes when the sensor measuring
the pitch angle € does not provide correct data.

For the case that the sensor works correctly, we have translated the Matlab/Simulink ®-
model successfully into a HP model. This paves the way to verify using the theorem
prover KeYmaera that for all possible situations the system is safe (not only for the few
situations captured by the simulation). Finding an actual proof for the described safety
properties was not the goal of this paper.

As discussed in Section 4., a successful transformation is only possible if the source
model meets some restrictions. Whenever functions are used in the source model for
which there is no corresponding function in HP, the generated target model cannot be
parsed by KeYmaera. Likewise, the derivation operator should be used in the source
model only at locations, which are mapped to continuous evolutions statements in HP.
As the example given in Section 4. illustrates, all other occurrences of the derivation
operator have to be manually substituted by equivalent terms prior to transformation,
but this seems to be not always possible.
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Annoranusi. Bo Bpemst Habopa BBICOTHI Ha, OOJIBIINX MACCAYKUPCKUX CAMOJIETAX BEPTUKAJIBHOE JIBU-
JKEHUE CaMoJIeTa, TO €CTh €ro yroJl HaKJIOHA, 3aBUCUT OT YIJIa OTKJIOHEHUsI PYJisi BBICOTHI, BLIODAHHOI'O
mmtoToM. Eciu yros HakJIoHa CTAHOBUTCS CJIMIIKOM OOJIBIIIAM, CAMOJIET PUCKYET HAPYIIUTH BO3LYIITHBII
MMOTOK Ha KPBLIbsIX, 9TO MOXKET IPHUBECTH K €ro MaJeHru0. B HEKOTOPBIX caMoJjieTax IMHJIOTY HOMOTa-
eT IporpaMMHOe obecriedenne, 3a/1a9eil KOTOPOro siBJISIETCsT TPEIOTBPAIIEHIe HAPYIIIEHUST BO3LYITHOTO
oroka. Korja yros HakJIOHA CTAHOBHTCs OOJIBIIE OIIPEJIEJIEHHOTO IIOPOra, IMPOrpaMMHOe 0becIiedeHne
OTMEHSIET PEeIIeHUsI TUJI0Ta OTHOCUTE/BHO yIJia OTKJIOHEHUsI PYJisi BBICOTHI U OOECIIeUMBAET IIPEIIIOJIO-
KATEJIHHO 0e30IacHbIe 3HAYEHUsl. XOTsS BCIOMOTaTEIbHOE MPOrPAMMHOE ODECIIeYeHre MOXKET IOMOYb
MIPEJIOTBPATUTD YeJIoOBedecKre ¢Hom, caMo MPOrpaMMHOE 0DecIiedeHne TaKKe MOJBEPYKEHO ONTOKaM H,
KaK IPaBUJIO, [IPEJICTABIISIET CODON PUCK JIJIsI TIIATEIHLHON oreHKu. Hanpumep, ecin pa3paboTanKu mpo-
rpaMMHOI0 obecriedeHns: 3a0bLIM, 9TO JATYUKU MOTYT JABATh HEIPABUJIbHBIE JIAHHBIE, IIPOIPAMMHOE
obecriedeHre MOXKET IIPUBECTU K TOMY, YTO YyIOJI HAKJIOHA CTaHeT oTpurnarebHbiM. Cie0BaTeIbHO, Ca-
MOJIET TEPSIET BBICOTY W MOXKET — B KOHEYHOM HUTOre — Pa30UTHCs.

B 3To0if cTaThe MBI IIPEJICTABISEM UCIOIHAEMYIO MOJIe/b, Hamcanmyio na Matlab/Simulink® s cu-
CTEMBI YIIPABJIEHUs MTACCAXKUPCKUM caMoJieToM. Hala Mo/enb Tak»Ke yUIHTBIBAET IMPOrPAMMHOE 06ec-
[evyeHue, IOMOTAIIee UJIOTY MIPEI0TBpallaTh HapyIlIeHne BO3IYIIHOTO MOTOKa. IIlpu MojemmpoBaHun
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HabOPa BHICOTHI C UCIIOJIb30BAHNEM HAIIEH MOJIEJIH JIETKO YBHUIETh, YTO CAMOJIET MOYKET IIOTEPSTH BHICOTY,
€CJIu JTAHHbIE, IIPEIOCTABIEHHBIE MATINKOM YIJIa HAKJIOHA, HeBePHBI. JIIs MPOTUBOIOJIOKHOTO CJIydast
MIPABWIBHBIX JAHHBIX JATUYNKA, MOJIETMPOBAHNE TIPEJIITOJIATAET, 9TO CHCTEMa YIIpaBjeHus paboTaeT mpa-
BHJIBHO U CIIOCOOHA 3D PEKTUBHO IPEIOTBPAIATH HAPYIIEHHE BO3/YIIHOIO II0TOKA.

OjHaKO CUMYJISIAS HE sBJISIETCH rapaHTueil 0e30IacHOCTH cucTeMbl yipasienus. 1lo sToit npuuunue
Mer iepesoany Matlab /Simulink®-mozens B rubpuamyio mporpamyy (HP), T. e. Bo BXOAHOI CHHTAKCHC
cpeacTBa nokazarenbcra TeopeM KeYmaera. 9To oTKpbIBaeT myTh 1 (POPMAIBHO IPOBEPKU CBOUCTB
6e30IaCHOCTH CHCTEM YIPaBJIeHns, cMoeupopanibx B Matlab/Simulink®. B kauectse monosmmuTets-
HOI'O BKJIQJIa B 3Ty CTATHIO MBI OOCYIMM TeKyIlne OrpaHudeHus Hariell Tpancdopmanuu. Hampuwmep,
OKa3bIBAETCsl, YTO MPOCTHIE TIPONOpIMOHaIbHbIe (P) KOHTpOsuIepsl MOIYT OBITH JIEKO HPEJICTABJIEHBI
uporpammavu HP, 1o Gosiee npopsunyThie KOHTposUiepbl PD (IIponopruoHaibHO-IIPOU3BOIHBIE) WU
PID (uponopiiuoHaibHO-UHTErPAJILHO-IIPOU3BOIHBIE) MOTYT OBbITH MPEJCTABJIEHbI KaK IporpaMMbl HP
TOJIBKO B UCKJTIOUATEJHHBIX CIIydasix.
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Annoramusa. B ICU CO PAH paspabarweiBaercs: cucrema C-lightVer jyist neayktuBHoil Bepudu-
kamuu C-tiporpamm. Vcxons u3 1ByXypOBHEBOW apXUTEKTYPbI CUCTEMBI, BXOHOM #3bIlk C-light Tpamc-
supyerca B mpomexkyTouHbiit 361k C-kernel. Merareneparop ycoBuii KOPPEKTHOCTH TPUHUMAET HA
Bxog1, C-kernel mporpammy u Jjioruky Xoapa jyst C-kernel. it perrenust m3BecTHOlM TpOOIEMbL 38 1aHUS
MHBAPUAHTOB IIUKJIOB BBIOPAH MOX0/T (DUHUTHBIX uTeparwii. Teso nukiia GUHITHO! HTePAIUN HCIIOJIHSI-
eTCsl OJIMH Pa3 JJjisl KayKJIOr'0 3JIEMEHTa CTPYKTYPHI JIAHHBIX KOHEYHOI Pa3MEPHOCTH, a IIPABUJIO BBIBOIA
JJIST HUX WCIIOJIb3YeT OIEPAIUi0 3aMEHbI Iep, BBIPAXKAIILYIO JAefiCTBAE IUKJ/IA B CUMBOJIMIECKONH (op-
Me. Takrke B HallleM METAr€HEPATOPE BHEJPEH W PACIIUPEH METOJ, CEMAHTHYIECKOU PA3METKU YCIOBHit
koppekTHOCTH. OH MO3BOJISIET MTOPOXKIATH HOSCHEHUS JIJTsl HEJIOKA3aHHBIX YCJIOBUI U YIIPOIIAET JIOKAJIU-
zanuio ommnbok. Haxonery, eciim cucrema ACL2 He crpaBiisieTcsi ¢ yCTAHOBJICHHEM MCTUHHOCTH YCJIOBUSI,
MOXKHO COCPEJIOTOUYNTHCS Ha JI0Ka3aTe/IbCTBE ero JIOXKHOCTH. Panee HaMmu ObLIT paspaboTaH crrocob jioKa-
3aTeIbCTBA JIOZKHOCTHU ycsioBuil KoppekTHocTu myist cucreMbl ACL2. HeobxomumocTs B 60s1ee oapoOHBIX
O0'bSICHEHUSIX YCJIOBUII KOPPEKTHOCTH, COEPKAIINX OIEPAIIIO 3aMEHBI I'ep, IPUBe/ia K N3MEHEHUIO aJi-
TOPUTMOB T€HEPAIIUU ONEePAINH 3aMEHBI, U3BJICUEHNsT CEMAHTUIECKIX METOK M DeHEepAIUU 00bsICHEHUH
HEeJIOKA3aHHBIX YCJOBHI KOPPEKTHOCTH. B cTarbe IpejicTaBeHbl MOIUMUKAIIE JAHHBIX AJTOPUTMOB.
OTU U3MEHEHUs [MO3BOJIAIOT IIOMETUTh UCXOJHBINA KOJ (PYHKIUU rep CeMAHTHIECKUMH MeTKaMU, U3BJie-
KaTh CEMAHTUYECKHE METKY U3 OIIPEJIEJIEHNUS TeP, 8 TaKXKe T€HEPUPOBATH OMKMCAHNE YCJIOBUS UCIIOJTHEHUST
WHCTPYyKIuu break.
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BBenenue

Apromaruszarus Bepudukarmun C-IrporpaMm — aKTyaabHasd IpodjieMa COBPEMEHHOTO ITPOo-
rpamvuposanust. B ICUI CO PAH paspabarsiBaerca cucrema C-lightVer [17] nyis aro-
MaTU3UPOBAHHOI JieiykTuBHOIl Bepudukanuu C-tiporpamm [16]. Bxognoit a3k C-light
— 3HaUYUTEIbHOE MOAMHOXKeCcTBO cTanmapra C99. B a3wike C-light 6b110 BBIIEIEHO Orpa-
HUIeHHOe sa1po — sa3blk C-Kernel, obsrajgaroriumii HEIPOTHBOPEYNBON aKCHOMATHIECKOM
cemanTukoii. [Iporecc Bepudukarun pazduBaercs Ha Tpu dTama. Ha mepBoM 3Tare aHHO-
tupoBanHas C-light mporpaMmma TpaHcupyeTcs B 9KBUBAJECHTHYIO IIPOIPAMMYy Ha S3bIKE
C-kernel. Jlajee, ¢ 1mOMOIIBIO aKCHOMATHIECKON CEMAHTHUKU BBIBOJATCS YCJIOBHUA KO-
pexrnocru (YK) [2]. Barem nponcxoauT nokazaTeanbecTBo mosrydenunix YK ¢ momomnsio
CHCTEMBI aBTOMATU3UPOBAHHOIO JI0OKa3aTe bcTBa TeopeM. [Ipu pazpaborke cucrembr C-
light Bo3HUKIA 3aja4ua pacimupenus renepatopa Y K. s perenuns 3ajiadqu OblLia wMc-
noJsib3oBaHa Kouilemnust Metareneparun YK [26]. ITpaBuia BbIBOja aKCHOMATHYIECKOI
CeMAHTHUKH IMTOCTYIAIOT HA BXOJ MeTareHepaTopy U COMOCTABJISIIOTCA C IIPOrPAMMHBIMUI
KOHCTPYKIMsiMU Jijist BbiBosia YK [16].

[IpaBusio BeIBOIA yCI0BHIT KOPPEKTHOCTH J1j1st ITUKJI0B sizbika C-kernel ocnoBano Ha nc-
HOJIb30BaHUN nHBapuanTa [24]. VlHBapuaHT 1uK/ia — 970 yTBEpXK/IeHHe, KOTOPOe NCTHHHO
KaK IepeJl UCIIOJTHEHUEM UK, TaK U JIId KaxKJ0W UTepalun IUK/Ia, U 00ecrednBacT
KOPPEKTHOCTH Ha BbIX0JIe n3 1ukia. Ho B obieM cirydae renepaliisi MHBapUaHTa, ITUKJIa, —
AJITCOPUTMUYECKH Hepa3pemnMas 3aa4a. B npoekte C-light Mbl peannzosasun o6paboTKy
[IUKJIOB CHENUATBHOTO BHUJIa — (DMHUTHBIX UTEePAIil HaJl CTPYKTypamu janubix [27]. Temro
UK/ (GUHATHON UTEPaIuu UCIIOJTHSIETCS OJUH Pa3 Jjisd KayK/I0TO 3JIEMEHTa CTPYKTYPbI
JIAHHBIX KOHEYHO# pa3zMepHOCTH. UTOObI m30eKaTh 3a/[aHUs WHBAPUAHTOB JIJIsT TAKHX
K108, B cucreme C-lightVer peanmmsoBan cuMmBommaecknii MeTo | BepuduKamu (puHNAT-
HbIX urepaiyii [14]. B mannoM Merojie jijist TaKUX UTepanuii UCIOIb3yeTcsl CleluaabHOe
npaBuyio BeIBOjga YK, ocHOBaHHOe Ha (DYHKIUHU rep, HAa3bIBAEMON olepaliyeil 3aMeHbI
U BhIpaxkaloleil JieficTBue IMUuKJia B CUMBOJIMYECKOH hopMe.

QyHKIWMS Tep OUpeJIesIsieTcst PEKYPCUBHO 110 HOMepPY urepaiun. B xosie narieit paboTbl
ObLT pa3zpaboTaH aJrOPUTM aBTOMATHIECKON reHeparn omeparnun 3amenbl [15]. Meros
MeTareHeparuu mo3Boyii JornoanuTh cucremy C-lightVer mpasumom BbIBOsA 1718 -
uutHOi ureparuu [14]. Ecau C-kernel nporpamma coepKutT (bUHUTHYIO UTEPAIUIO, TO
MeTareHepaTop MOPOXKIAeT JIjIsd Hee YCJIOBHS KOPPEKTHOCTH, OCHOBAHHBIE Ha OIlepallin
zamenbl. B cucreme C-lightVer ucnonb3yercst cucrema aBTOMaTH3UPOBAHHOTO JOKA3a-
resberBa TeopeM ACL2 [25]. Ho mcnosnb3oBanme KIaccmaecKoi WHIYKIME B CHCTEMe
ACL2 HemocTaToYHO JJIsI aBTOMATHYECKOIO JI0Ka3aTe/IbCTBa cojepxKamux rep Y K. Pa-
Hee HaMu ObLIN pa3paboTaHbl CTpaTernu jgokasareibeTsa |15, 18|, ocHoBaHHBIE U Ha WH-
JYKIUH, ¥ Ha cTpyKType YK,  Ha cTpyKType (DUHUTHON UTEPAIIH.

st perierust po0JIeMbl aBTOMATU3AINN JICAYKTUBHON BepuUKaAIUU HEOOXOTIMO
aBTOMaTU3UPOBATH AHHOTUPOBAHUE ITUKJIOB MHBApUAHTAMU, JI0Ka3aTeabcTBO Y K 1 joka-
mu3anuio ommb6ok B caydae JoxkHBIX YK [9]. Cucrema C-light Ver ncrosp3yer Komiuiekc-
HBII TTOJIXO/] K aBTOMATH3NPOBAHHON J1e/lyKTHBHOI Bepudukarmn C-iporpavm. JlaHHbBIT
HOJIXOJI, BKJIIOYAeT CUMBOJIMYecKuii Mero| Bepudukarun hbUuHUTHBIX ureparumii [27], ko-
TOPBII TO3BOJIAET M30eKATh 3alaHis] MHBAPUAHTOB IUKJIOB, PEAJIM3YIOMNUX (PUHUTHBIE
UTepaIyu, CTPATerny JoKa3aTeabcTBa st mpoBepkn Y K Ha mcturHOCTS [15,18] 11 MeTO T
cemanTHIeCKOi pasmerkn Jlernnn u Puinepa s tokagau3aym ommook [5].
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Hennu u Quirnep npeyiokuin j100aBUTh B IpaBuja BbiBoga YK ceMaHTHYIECKYIO
pa3sMeTKy I 00bsiCHeHHs pe3ysbTarta npuMmenenns mnpasuia. Cucrema C-lightVer 6bi-
Ja JIOMOJTHEHA TaKUMU MPaBIJIAME C OMOIIbI0 MeToja MerareHeparuu [14]. Kirouepast
ocobeHHOCTH ToX0oMa Jennn m Duinepa COCTOUT TOM, UTO PA3IUIHBIE 0/ I(OPMYJIbI
pacro/iaraloTcsi Ha, CIEIUAJIbHBIX MO3MWIUAX B IPaBUIaxX BbIBOJA, W, UCXOJd U3 ITOIO,
renepaTop YK mobapisier cooTBeTCTBYyIONNE MeTKU K HuM. JIjIs1 reHepanyum oObscHe-
auit YK MeTku m3BjeKaioTcs u3 HUX, COPTUPYIOTCs 110 HOMEpPaM CTPOK U II€PEBOJIATCS
B TEKCT Ha €CTECTBEHHOM $I3bIKe. UTOOBI B TAKOM TEKCTEe HOMEpa CTPOK OBLIN yKa3aHbBI
nmvenno Jyist C-light mporpammbr, OBLT cO3/1aH TPOTOKOJ, TO3BOJISIONIANI OT KOHCTPYK-
it C-kernel mporpaMMbl BepHYThCA K KOHCTPYKIUAM ncxogHoit C-light mporpammbr.
[Iporokosn peasmzoBan ¢ nomornpio Tpanciaaropa u3 C-light B C-kernel u obparnoro
rpancisitopa [24]. Tpancisitop gobas/ser B Ko MeTanH(bOPMAIIUIO, KOTOPast UCIIOJIb3Y-
eTcss obpaTHBIM TpaHcaaTopoM. OH yCTaHABIUBAET COOTBETCTBUE MEXKy JIMala30HaMu
HOMEpPOB CTPOK 0benx mporpamm. Takme Juamma3oHbI SBJISIIOTCS PE3yJIbTATOM aHAIN3a
ceMaHTUYeCKNX MeToK n3 Y K.

Ornucanable METOJIBI aHAIN3a W BEPUMUKAIIME TPOrPAMM OBLITH PEAIN30BAHbI B CHU-
creme C-light panee. Ho mosiBisiercst 3amaqa pasbopa ciydaes, ecin cucreme ACL2 ne
yIaaoch aokasarh uctuaaoctb YK. Ormerum, 910 moka3aTebeTBo JoxKHOCTH YK Ta-
paHTUpPYeT HaJMIhe OMMUOKN B IporpamMMme Wik B ee crenuduraiusx. B rakom ciaydae
MOAYJIb JIOKaJIN3allun OH_H/I6OK MOZKeET COO6H_LaTb O HECOOTBETCTBUU IIPpOI'PaMMbl U CIIE-
nucdurkanuu. [Tosromy st 6osiee Toanoro anaauza YK #Heobxoaumo pazpaborarh cTpa-
Termy IPOBEPKH UX JOKHOCTH. Tak Kak mepemenable ACL2 HaxoasTcs moj HesIBHBIM
KBAHTOPOM BCEOOIIHOCTU, TO JOKA3ATEJIHLCTBO OTpurianud ¥ K MPUBOIUT K TOSIBJICHUIO
KBaHTOpa CyliecTBoBanus. [losromy Harmmu crparerun [15, 18] He mogxoaar jis jokasa-
tesberBa oTpurianus Y K. IIpobiema coctouT takzke B TOM, YTOObI CTpaTerusi IPOBEPKU
JIOXKHOCTH paboTaJia B cjaydae IHUKJa ¢ ornepaTropom break. Panee mamu 6bL1 pa3pabo-
TaH CIoco0 JTOKA3aTeIbCTBA JIOKHOCTH yCJIOBUiT KoppekTHOCTH 1yt cucreMbl ACL2 [17].
pyroii pobyieMoii sABJISeTCS UCIOJIB30BAHIE CEMAHTUIECKUX METOK JIJId OObsICHEHUs
VK, conepxkarero dpyukimio rep. Corytacio merony lennn u Duiepa MeTKOi mome-
JaeTcsl BbI30B (DYHKIIUU rep, KOTOPBI He COAEPKUT MHMOPMAIUU O CTPYKTyPe IUKJIa.
st reneparu 60siee TOAPOOHBIX OOBSICHEHUN YCIOBHUII KOPPEKTHOCTHU, COJIEPKAIIIX
OIIEpAITNIO 3aMEHbI, B CTaThe MPEJCTaBIeH pa3paboTaHHBI HaAMU CIIOCOD TOMeYaTh Ce-
MaHTUYICCKUMU MCTKaMM KO/ CbYHKL[I/H/I rep. MCHOHBBOB&HHQ CEMaHTNYECKNX METOK B
orpejeseHun (YHKIUUA rep MPUBEJIO K M3MEHEHUIO aJrOPUTMOB T'€HEePalluy Ollepaliun
3aMEHbI, U3BJICYCHUS] CEMaHTHIECKUX METOK U TeHepalluid O0bsICHEHUH HeT0Ka3aHHBIX
yCJIOBHUIT KOppeKTHOCTU. B craThbe mnpejcTaBieHbl pa3paboTaHHble HAMU MOIH(pDUKAIINN
JaHHBIX aJI'OPUTMOB.

Jlannas craThsd MMeeT CJIEIYIONIyIo CTPYKTYpy. B passiesne 1. onmucaHbl METOJIBI, pe-
ajm3oBaHHble paHee B cucteme C-lightVer n cocrapisiionine 0CHOBY KOMILIEKCHOTO TI0/I-
xoJa K AeayKTuBHO# Bepudukamuun C-mporpamm. B paszzmenax 2. u 3. IpuBeJIeHbI pas3-
paboTaHHbIe HAMHU paHee CTpaTEernu JIOKa3aTe/IbCTBa. B pasjiesie 2. onucaHa BCIIOMOTa-
TeJbHas CTpaTerus MPOBEPKU (pOPMYJIbl HA MCTUHHOCTH, & B pasjiese 3. — cTpaTerus
nposepku JioxkHocT YK. B paznere 4. mpejcraBiaenbl HAIU HOBBIE PE3YIbTATHI, PAC-
I PSIIOIIHE KOMILIEKCHBIN 1moaxos, cucrembl C-lightVer. B pasniese 4. npuBegersbl Mojiu-
dunupoBaHHble aJrOPUTMbI T€HEPAIIUN OIlepaIlNy 3aMEHbI, U3BJICUCHUsT CEMAHTUIECKUX
METOK W IeHepalun oObsicHeHnil HegoKa3aHHbIX ¥ K. B pazsese 5. mokasan npumep, Jie-
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MOHCTpI/Ip}IIOHlI/IIU/I IIpUMEHEHUE HAIlIUX HOBBLIX PE3YJ/ILTATOB. B zakmarouenun JdaH CIIICOK
HalllnX HOBBIX PE3YyJAbTAaTOB U OIIMCaHbl HalIN ITJIaHBI.

0O630p aureparypbl. CyIecTBYyIOT pa3/MIHbIe METOIbI ABTOMATU3AINN J€TyKTHB-
HOM BepudUKAIUKM TPOrpaMM ¢ IUKIaMu. Ho B oT/imdme OT CHUMBOJIMYECKOTO METOJIa
BepuduKarun (GUHUTHBIX UTEPAINii, JaHHbIE METOIbl OCHOBAaHBI HA T€HEpAINHM WHBa-
PHAHTOB IUKJIOB B OIPEJEIEHHBIX Caydasax. Jlu u ap. [22] paspaboramu obydaronuics
AJIPOPUTM T€HEPAIMY WHBAPUAHTOB IUKJIOB, HO UX METO/[ He JOIyCKAeT HAJIMIHe Ollepa-
Topa break B Tejle IUKJA, a TaKKe olepalnii HajJ MaccuBamu. Tyspk [30] PEJIOZKIIT
UCII0JIB30BaThH MPEJI- U IMOCTYCJIOBUSI JIJIs IIUKJIOB Thita while, OHAKO WX JOJIKHBI 38,18~
BaTh MoJIb3oBaresn. [ameortu u ap. [8| yuIydnimim u3BecTHbI METO/I U3MEHEHNUS TTIOCTY-
CJIOBHS KOMOWHAIINEN T'eHepalii TeCTOB U JIMHAMUYECKUM HAXOXKJEHHeM WHBapUAHTA.
Tem me Menee ¢ MOMOIIBIO STOrO TOJXO/A UM HE YIAJIOCH BBIBECTHU IOJIHBIN WHBAPH-
aHT B mporpammax copruposku. Kpome toro, Tanmeortu u ap. (8| He jokasbiBaiu CcBOIi-
CTBO, YTO OTCOPTUPOBAHHBIN MaCCHUB SIBJISIETCS TIEPECTAHOBKOM ncxogHoro. CpuBacraBa u
ap. [29] npeiozK I MeTOI, OCHOBaHHBII Ha MabI0HAX HHBAPHAHTOB, [IPE0CTABIIEMbIX
noJsib3oBaTesisiMi. Ho 3TOT MeTom He TO3BOUII NCHOJIB30BATh B MOCTYCJIOBUU CBOWCTBO
[IEPECTAHOBOYHOCTH, HEOOXOIMMOE JIJIsT 3aJ[aHusl CBOMCTBa OTCOPTUPOBaHHOCTH. B 9KCcIe-
puMeHTax 1o BepuduKauu mporpaMmm coptuposku CpubacraBa U JIp. 3a/IaBAJH TOCTY-
CJIOBUE C UCIOJb30BaHUEM 0oJiee c1aboro CBOMCTBA, YeM CBOMCTBO I€PEeCTAaHOBOYHOCTH.
Kopau [20] paspaborasia MeTos aBTOMATHYECKOW TeHEPAIMH WHBAPUAHTOB IIHKJIA JIJIs
P-pazpemmuvbix mukIoB. [raBHbIE OTIMYHS JAHHOTO METO/IAa OT CUMBOJIMYIECKOTO METOIA
BepuduKanu GUHATHBIX UTEPAIUii COCTOAT B OPPAHUYEHUAX HA TEJIO IUKJIa: 1) mpaBbie
ollepaH/Ibl HCTPYKIUA TIPUCBAUBAHUS JIOJIZKHBI UMETh BUJI IOJIMHOMOB, 2) B MeToie [20)]
HE PacCMATPUBAETCS MHCTPYKIHs break.

Jlnst cpaBHEHMsT ¢ KOMILIEKCHBIM TIOJXO/IOM, npuMensieMbiM B cucteme C-lightVer,
pPacCMOTPUM JIBa KJIacca MCCJIEIOBAHNIT, OCHOBAHHBIX Ha CTPATETHAX aBTOMATU3AINN J10-
Ka3aTeJIbCTBa 10 WHYKITHH.

B 0630pHoii pabore [11| paccMarpuBaeTcst KJIACC UCCIIEI0BAHNN, OCHOBAHHBI Ha CTPa-
TErusix TeHEePAIMH TAKUX BCIIOMOTATE/ILHBIX JIEMM, KOTOPbIE MOTYT TIOMOYb JI0Ka3aTh UC-
XOMHYT0 Teopemy. CBONCTBO MOTHOTHI JIJIsT TAKUX METO/I0B HEBO3MOZKHO TapaHTUPOBATD, &
BOIIPOC KOPPEKTHOCTHU CBOJINTCS TOTBKO K BOITPOCY KOPPEKTHOCTH PabOTHI TPUMEHIEMBIX
CUCTEM aBTOMATH3UPOBAHHOIO JI0Ka3aTe/beTBa. [IpuMepom peanmzanuu Takoro moaxomaa
spsiercst cucrema ACL2(ml) [10]. Tenepanust BcioMoraTe/bHBIX JIEMM B JIAHHOW CHCTe-
Me OCHOBaHa Ha KOMOMHAIINY JIBYX METOOB. [lepBbIM METOIOM sIBJIsI€TCS PACIIO3HABAHME
mabJIOHOB JIOKA3aTe/IbCTB C MIOMOIIBI0 CTATHCTUIECKOTO MAIIMHHOTO 00y vYeHus. BropbiM
MEeTOJOM CJIYZKAT CUMBOJIMYIECKII MeTOI HAXOXKJIEHNS aHAJIOTnIHO JeMMbl. Ho Teopun
[IpeIMETHOI 00JIACTH MOTYT CePbe3HO OTJIMYAThCH I pa3HbIX mporpaMm. [lostomy me-
TOJBI MAIUHHOTO OOyYEeHUs IIJIOXO MOAXOIAT Jijid JokazareabcTBa Y K. Ormerum, 9To
Perepy u Jp. jyisi mpoeKTa 110 PacuIMpeHnio BOSMOXKHOCTel cucreMbl Vampire [28| mpu-
IIIJIOCH pa3padaThiBaATh HOBbIE CTPATEINU ABTOMATH3AINH JOKA3ATETHCTBA IO WHTYKIIAN.

Jpyroit Kiacc mcc/IeJOBaHWI OCHOBAH Ha Y3KOCIEINAJM3UPOBAHHBIX CTPATETUIX,
OPMEHTUPOBAHHBIX Ha yTpolleHne GpopmaabHoii Bepudukaruu [32]. Ormerum, 4ro Ha-
JINYUe IUKJIOB IPUBOJUT K HEOOXOIMMOCTUA aBTOMATU3AINN JIOKA3ATEIbCTBA 110 MHIYK-
mn [23]. Tak Kak I pereHnst 9TOi MpoOJseMbl HaMu ObLT pa3paboTaH KOMILIEKC-
HBII TI0/IX0/, OCHOBAHHBII HA CTPATErusX J0KA3aTe/bCTBA, TO MIPUMEHSIEMbBIl B CUCTEME
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C-lightVer moaxo MOXKHO OTHECTH K JaHHOMY Kjaccy. KpoMe Hero B KauecTBe mpuMepa
MOXKHO paceMorperb Mero hopmaibaoii Bepudukarmu CLP [1]. On ocroBan Ha MoIe-
JINPOBAHWY TTPOTPAMMBI JIOTUIeCKUMU KOHCTPYKIuaAME. [yt 06paboTkn Takoit Momem
HeoOXOIMMO HCIIOJIL30BaTh clelnanbible crparerun. Ho crparernn npoekra CLPT [1]
OPHEHTUPOBAHBI TOJILKO Ha 00pabOTKY IpeankaToB. TakxKe B KadecTBe IpUMepa MOXKHO
paccmorpers cucremy AstraVer [6] u ucronb3yembrii B Heit MeTog geMMa-byHKImii [31].
lannas cTparerust OCHOBaHa Ha 3aJ[aHUU CIIeUMUKAIII OIPEJIeIEHHOTO BUJIA, 9TO 00-
Jlerdaer 3aJ1ady M0 CPABHEHWIO C 3a/[aHNeM WHBAPUAHTOB, HO HE MO3BOJIAET JTOCTUTHYTH
moJTHOM aBroMaTu3anuu. [logobHas cTparerns npuMeHeHa U B IIPOEKTE 0 PACIITHPEHUIO
Bo3MozkHOCTell cucrembr Frama-C [3].

JlenykTuBHas BepupUKAIIS TPOIPAMM OCHOBBIBAETCS Ha MOCTPOEHUHU U BbIBOJE ¥ K.
Ho s Jtokasmmsarun ommbOK mocTpoeHus U BbiBoja YK HemocTaTouHO, HEOOXOIMMO
npousBectu anams3 YK, obbscusonmit ctpykrypy YK. AKTyaqbHOCTH MpoOJIEMBbl aB-
TOMATHU3AINN JIOKAJIU3AINN OMIMOOK IIPU UCIOJIB30BAHUU JI€JlyKTUBHON BepuduKaium
ObL/Ia IPOJIEMOHCTPUPOBAHA Ha IMpUMepe OOYUeHUsl CTYJIEHTOB HMPUMEHEHWIO CHUCTEMBI
AutoProof s Bepudukanuu Eiffel-nporpavum [4, 12]. Kenurxodep u ap. [19] peanuso-
BaJii B cucteMme Frama-C aBroMaTH3MpPOBAHHYIO JIOKAIU3AIIIO OMnO0K B C-TrporpaMmax
¢ MTOMOIIBIO JAeAYKTUBHOM BepuduKaruu. VX 1moaxos ocHOBaH Ha BHECEHUU M3MEHEHUit
B BhIpakeHus Bepuduiupyemoii mporpammbl. Ho B uX 110/1x071e He 10/1/1epKUBACTCS 1101
Hasl aBTOMATHU3AIs, TAK KAK WHBAPUAHTHI IUKJ/IOB 33/Ia€T I0/Ih30BATE/Ib CUCTEMbI Be-
puduramuu. PaccMoTpuM JiBa IPyTrUX MPOEKTa, OCHOBAHHBIX Ha (POPMATBLHOM TOIXOJIE
K JioKasm3arun omu6ok. B mpoekre Centaur [7] YK ananusupyiorcs jjis moucKa yeaoB-
HBIX BBIPAzKEHUH U3 UCXOJHBIX YCJIOBHBIX OIEPATOPOB U IUKJIOB. B mpoekte Jleitro [21]
Oa30Bas JIOTUKA paCIIIpPeHa METKAMU, IIPEIOCTABSIONIUME ITPUTOIHYIO J1JId O0bsICHEHUST
cemanTHYeckyio nHbopmarmio. B nmpoekre Centaur |7| ucmosb3yrorcss HEKOTOPBIE AIro-
pUTMBI U3 061aCTH OTIA KN porpamm. B mpoekte JleitHo [21| MeTku BBOATCs Ha STaIe
TPAHC/IAIIMU B ITPOMEXKYTOUYHBIN SI3bIK, K KOTOPOMY HPUMEHSAETCHA CTAHJIaPTHBIN T'eHe-
parop. Tak:ke B 9TUX JIBYyX IPOEKTaX MCIOJb3YIOTCA OoJiee mpocThbie, dem C, BXOJIHbBIE
SABBIKU.

1. Meroanl kommiaekcHoro moaxonaa C-lightVer

JIs1 ommcaHMs OCHOBBI KOMILIEKCHOTO ITOAXO/Ja K JAeAYKTUBHONW BepuMUKAIII
C-mmporpaMM paccMOTPUM METO/IbI, peau3oBaHHbIe paHee B cucreme C-lightVer.

MeTton MerareHepanuu ycJOBUilI KOPPEKTHOCTU. TaK KakK aKCHOMaTHYeCKas Ce-
MAaHTHUKA [PEJICTaBIsgeT cOO0l HAOOD MPABUJI BBIBOA U AKCUOM JIjI BCEX KOHCTPYKIIU
A3bIKa MMPOrPAMMUPOBAHUA, TO JIjI BbIBOJA Y K MeTarenepaTop MIpUHUMAET B KadeCTBE
apryMeHTa MPaBUJIa BBIBO/IA M AKCHOMbBI aKCHOMAaTUIeCKOi ceMaHTuKn. OHI 3a/1a10T CO-
Goit abJIOHBI JIJIsI COMIOCTABJIEHHsI C TPOIPAMMHBIMU KOHCTPYKIuaMu [16]. OcHOBOI 3b1-
Ka I1a0JIOHOB sIBJIFETCs JIOTUKA IIePBOro MOpsaKa U rpammarnka a3bika C. B Bbipazke-
HUSIX 9TOTO SI3bIKA COXPAHSIIOTCS HETePMUHAJIBHBIE CHUMBOJIbI (HEHHTEPIPETUPOBAHHBIE
[PEeJNKATHBIE CHMBOJIBL 1 “dparMenTHbie epeMentbie” [26] s obosnadenus dhparven-
TOB KoJia). [IpuHA/IE’KHOCTh MeTaIaHHbIX OIPEIEJTeHHOMY KJIaccy B s3bIKe IMabI0HOB
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3ajiaercs B siBHOM Bujie [16]. Hanpumep, koncrpykims any  code(S) MozKeT cCOOTBETCTBO-
BaTh JIIOOO 110C/IEI0BATEILHOCTH (BKJIIOUAsI IyCTYIO) KOHCTPYKIUI A3bIKA TPOIPAMMU-
poBanus. /[y onucanusg KoHCTpYyKIuH vector substitution BBemem oboznadenusd. [Iyctn
BEKTOD ¥ = (Vy ... U;) 1 st Kaxkaoro j(1 < j < k) BblpaKkeHne expr; sBJISETCA PE3YIlb-
TATOM 3aMEHBI BCEX BXOXKJIEHHI TepMma vector _element B Bopakenuu expr na v;. Torna
vector _substitution(T, vec, expr) obo3HAYAET OJHOBPEMEHHYIO 3aMEHY JIJIsi KasKIO0r0
Jj(1 < j < k) Bcex Bxoxkenuit v; B popmyse T’ Ha BhIparXKeHue expr;.

Meroa cemanTudeckoit pasmerku. Jlennn u Quinep [5| nperoxuim no6aBuTh
B mpaBmia Xoapa CeMaHTUYIECKYIO Pa3METKY I OObsICHEHUS Pe3y/IbTaTa MPUMEHEHUsT
npaBuiIa. BygeM HCIIoIb30BaTh I OMEYeHHBIX TepMOB ¢!, o3Havaromee, 4To TepMy
t conocrapisiercss MeTka [. Merku nmeror Bug ¢(o,n), rjie ¢ — KOHIENIUs (TUIT METKH),
0 — JINala30H CTPOK, N — JIONOJHUTE/IbHAS WH(MOPMAIIUS.

JImst KayKJIoro THUlla METKHU TI0JIb30BaTeIb CUCTEMbI BepuPUKAINU 3aJaeT Mab/IoH
TeKcTa. Takme TEKCTOBBIE MAOJIOHBI MOJAIOTCA Ha BXOJ Merareneparopy. OHEM 1O100-
HbI (DOpPMATHBIM CTpOKaM B sizbike CH, TakK KaK IPU UX 3aJaHUH MOXKHO HCIIOJIb30BATh
CHeIUaIbHbIE CUMBOJIBI JIJIsT O003HAYEHUsT TUAITa30HA CTPOK.

JList o 1/1epKKH ITPOU3BOJILHBIX KOHIIEMHi MeTOK B 1poekTe C-light s3bIK onncanus
IPABUJI BLIBOJA ObLI PACIIUPEH CIIeNUaIbHON KoHCTpyKIiwmeit label [14], ucnosbzyemoit
Jtst onucanust Metok. Koncrpykuust label umeer Bug (label t ¢), rje t — TepM, K KOTOPOMY
[PUIHACAHA METKA, & ¢ — CTPOKa (THIT METKH).

Hennu n Quinep npeioKuUIN n3BjaeKaTh MeTKN 13 Y K B mopsijike yBemuenus HoMe-
POB COOTBETCTBYIONTX MeTKe CTPOK |5|. Tak hopmupyeTcst Climcok MEeTOK, HCIIOJIb3YeMBbIii
qutst rereparun oobsicaennst YK. B cucreme C-lightVer peanmmsosan ajropurm ussiete-
Hust MeTok 13 YK [14], ommmuatonuiicst or noaxona lenan u @uinepa. DToT agroputm
OCHOBaH Ha Impejicrapiernnn YK B Buje jepeBa, KoTopoe obxomaurcs B riryomny. Mer-
KI JI00aBJIIOTCS B CIIMCOK, UCIOJIb3yeMbIil Jisi reHeparuu oobsicHerus YK, B mopsike
TAKOT0 00X0J1A.

Takum obpazoM, pe3ysbTaToM PabOThI aJrOpUTMa U3BJIeUYeHUsT MeTOK u3 YK saBJis-
eTCs CIIMCOK METOK, UCIIOJIb3yeMblil Jiid reHepaiinu oobscaenus: Y K. Ilocse n3Biieuenus
metok u3 YK mpoucxomut reneparnust oobsicuenust Y K. Ajroputm rereparun 00bsicHe-
Husg YK ocHOBaH Ha TOC/I€/I0BATE/IHLHOM 00X0/Ie TOJIyYeHHOTO CIucKa MeToK. JIis KaxK-
JIOi TIOCEINEHHOM TP 00X0/Ie METKU TEKCT ee 3all0JTHEHHOTO HOMEPAMHU CTPOK I1ab/I0Ha
JI006aBIeTC K TEKCTY, 00bsicHsiomeMy ¥ K.

CumMmBosimdeckuii metos Bepudukaimu pUHUTHBIX uTeparuii. PaccMorpuM nH-
crpykiuio Buga for z in S do v := body(v,x) end, tae S — crpykTypa JAHHBIX, T —
epeMeHHasi THIIA “3j1eMeHT S”, v — BEKTOP IepeMeHHbBIX IUKJI&, KOTOPBI HE COMEep:KUT
x, u body upencraB/sieT TEJIO IMUKJ/A, KOTOPOE HE U3MEHSET & U KOTOPOEe 3aBEPIIacTCs
g kaxkgaoro x € S. Kak ommcano Huzke cTpyKTypa S MOXKET OBITh M3MeHeHa. 1eJ10
[IUKJIa MOKET COJIePKaTh TOJIbKO MHCTPYKIMU TIPUCBANBAHUS, HHCTPYKIUK i f (BO3MOXK-
HO BJIO’KEHHBbIE) U MHCTPYKIWU break. Takue MHCTPYKIMU HA3BIBAIOTCS JIOIYCTHMbBIMU
KOHCTpYKIMsiMU TeJia 1ukiia [15]. Takue mukiibl for Ha3bBarOTCsd (DUHUTHBIMA UTEPAIIH-
ssmu. IlycTb vg — BEKTOp 3HAYEHHI TepEMEHHBIX U JI0 MCIIOJTHEHUS ITHKJIa. 1T0o0bI BhIpa-
3uTh 3 deKT UHUTHOI HTepaIiy OIpeIeM OlepaIuio 3aMeHbl rep(n, v, S, body), Tae
rep(0,v, .S, body) = vy, rep(i,v, S, body) = body(rep(i — 1,v, 5, body), s;) it KazKIoro
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i=1,2,...,n. Eciu oneparop Bbixoja u3 1ukja cpaboran va ureparun ¢ (1 < i < n),
TO Cl)I/IHI/ITHaH urepanud IIpoaoJszKaeT CBOE€ MCIIOJIHEHUE, HO BEKTOD U HE HU3MEHACTCH:
Vi(i < j <n)rep(i,v, S, body) = rep(j,v, S, body).

PaceMoTpuM IpaBuio BBIBOJIA, MPEJIOKEHHOE JI (DUHUTHOM MTepanul W pacCIIy-
PEHHOE CEMAHTUYIECKUMU METKAMM, Ha A3bIKE OIIMCAHUS IMAaOJIOHOB:

{P} prog {(vector_substitution(Q, v,

(label rep_iter rep(n, v, S, body).vector_element))}
|- {any_predicate(P)} any_code(prog)
for(int_var(i) = 0; int_var(i) < int_var(n); int_var(i)++)
admissible_construct(i, n, v, S, body)
{any_predicate(Q)}

e KoHCTpyKius admissible construct (i, n, v, S, body) cooTBeTCTBYET JIOIYCTUMOM KOH-
CTPYKITUHU TeJIa IUKJIA, it var COOTBETCTBYET IeJI0UNC/IeHHO TepeMentoit. KoHcTpyk-
st vector _substitution(Q, v, rep(n, v, S, body).vector element) obo3nauaeT OIHO-
BpPEMEHHYT0 3aMenyto jiist Kaxkaoro t(1 <t < length(v)) Bcex BxokKjaeHUi v, B poOpMyIIe
Q na rep(n, v, S, body).v,. PekypcusHoe onpejiejieHue J0IyCTUMOT KOHCTPYKIUU OITU-
caHo B [15]. AJIropuTMBI cOTTOCTaBIICHNST ITUX MTAOJIOHOB U TPOTPAMMHBIX KOHCTDYKIIHIT
Ol peasmsoBanbl B cucreme C-lightVer [14-16|. TIpaswmio BeiBosia jiist obpaTHOil nre-
palum oIpeaeaeHo MOI00HBIM 00Pa30M.

ABTomMaTuyeckasi reHepalius ornepamnun 3aMeHbl. | eHepariys ornepaun 3aMeHbl
OCHOBaHa Ha TPaHCIAIMU [15] JOMyCTUMBIX KOHCTPYKIMI Tesia IUKJIA B KOHCTPYKIUH
ACL2 [25]. Pacemorpum koreTpyKimio (b (... (var expr)...) result).

Koncrpyknus Buja (var expr) o3Ha4aeT CBsi3bIBaAHUE [IEPEMEHHOI var co 3HaYeHHeM
BbIpayKeHusi expr. BoIpaykeHne expr MOXKeET 3aBUCETh OT CBSI3aHHBIX PaHee TePEMEHHBIX.
SuavueHueM bk sBJIsIeTCsl 3HAUCHUE result, KOTopoe MOXKET 3aBUCETh OT CBSI3AHHBIX IIe-
PEMEHHBIX. 3HAYCHUsI IEPEMEHHBIX BEKTOPA U COOTBETCTBYIOT 3HAUCHUSIM IMOJIEH CTPYK-
typbl fr tuna frame. [losromy st MojieTupoBaHusi N3MEHEHUsI 3HAYEHUS TT€PEMEHHOIT
BEKTOPA U MBI CBSI3bIBA€M OOBEKT f7 ¢ HOBBIM OOBEKTOM, KOTOPBINA OTJIHIAETCS OT CTa-
pPOro 3HAYEHUEM COOTBETCTBYIOMIETo 1moJisd. [l Moje/mpoBaHus BBIXOJA M3 IUKJIA MBI
UCIOJIb3yeM OyseBckoe rojie loop-break odbekTa fr. DTO 10JIe HCTUHHO TOJIBKO IIOCTE
cpabareiBanus break. [lnst mojemupoBanusi break Mbl UCHOJIB3yeM CBsI3bIBAHUE BUIA
((when t) fr). Tak kak B 9TOM Cirydae yciaoBueM when spisiercs t, T.e. "ucruna', To
TaKoe CBS3bIBAHUE MPEKpAIaeT UCIOJHEHNe TeKyIero 6/oka bk u Bo3Bparmaer fr.

2. Crparerng gokasarejabcTBa (POPMYJI
C ornepalueil 3aMeHbI

Jlist onmcaHusT aBTOMATU3AIMH JIoKaJm3aun omnbok B cucreme C-lightVer pacemor-
pUM pa3paboTaHHYIO HAMU paHee U MPUBEJICHHYIO B IpebLLyIeit pabore [17] crpareruto
JIOKa3aTeIbCTBa (DOPMYJI C OlepaIeil 3aMeHbI.

BxomnbiMu apryMenTaMu JJAHHON CTPATETHH SBISAIOTCS MMILTUKAINS 1), COJeprKaIast
npumenenue GyHKImu rep(n, . ..), n ee nocblika ¢. [lombrraemes gokazarh GhopMyy

¢ — rep(n, . ..).loop-break (¢-lemma-1)
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unrykiueit mo n. Ecmu cucrema ACL2 nokaseiBaer (¢-lemma-1), To pobasisieM ee B Teo-
PUIO TIPEMETHON 00/IacTh. JTa JIeMMa 03HAYAeT, ITO TMOChLIKA ¢ UMILIMKAINN 1) OIU-
CBIBAET OJIMH U3 CJIy9aeB, KOT/a MIPU UCIIOJTHEHUN TTUKJIA IPOUCXOIUT UCToTHeHe break.
[TonbiTaemest 1oKa3aTh 1, UCHOAB3Ys (1)-lemma-1) U UHIYKIMIO TO N.

Ecin cucrema ACL2 ne nokaszana (1-lemma-1), To monbiTaeMcst JOKa3aTh (hOPMYITy

¢ — —rep(n,...).loop-break (¢-lemma-2)

uHrykiweit mo n. Ecau cucrema ACL2 nokaseiBaer (1-lemma-2), To nobasisieM ee B Teo-
PUIO IIPEJIMETHOI 00/1acTH. DTa JIeMMa 03HAYAET, UTO ITOCHLIKA ¢ UMILIUKAIUN 1) OIICHI-
BaeT OJIVH U3 CJIyYaeB, KOIJia IIPU UCIIOJTHEHUN [TUK/1a He TTPOUCXOIUT UctoHeHue break.
[TombiTaemest oKa3aTh 1, UCHOAB3Ys (1)-lemma-2) u WHIYKIMIO O N.

OTMeruM, 9TO CTpaTerus J0Ka3aTeabCcTBa (OPMYJI € Oleparueil 3aMeHbl TOX0XKa
Ha ONHMCAHHYIO B TpeblayIieii pabore [15] crpareruio nokazarenscrsa YK jis mpo-
rpaMM C MHCTPYKIMeH BbIXO/a U3 MUKJa. Bo-1epBbix, 00e cTpaTeruu OCHOBAHDLI HA HC-
I10JIb30BAHNN 3HAYeHUs 105 loop-break. Bo-BTOpBIX, 00€ cTpaTernu MoJIHOCTHIO aBTO-
MaTHU3UPOBAHBI, TAK KAK IIPY IPUMEHEHNN JIAHHBIX CTPATEruil OT MOJIb30BATES CUCTEMbI
BepudUKaIuu He TpedyeTcs MPeIoCTaBIATh JOIOJHATEIbHbIE JaHHble. B-Tperhbux, obe
CTPATETNH SABISIOTCSA SBPUCTHIECKUMI METOJIAMHI JIOKA3aTebCTBa, T.€. IPIMEHEeHIe JTaH-
HBIX CTpaTeruii K uCTHHHON (popMyJIie MOXKET He TPUBECTU K YCIEITHOMY JIOKa3aTeILCTBY.

[TosTomy ommiem paszjmuaust MekJy crparerusmu. Bo-mepBbix, cTparerus jokasa-
TeJIbCTBa (POPMYJI ¢ Oleparieil 3aMeHbl TPUHIMAET B KadIeCTBE apryMeHTa JIOYIO0 MM-
IJINKAINIO, cojiepkantyio rep. Ctparerus qokazareaberBa Y K 11 mporpamMM ¢ HHCTPYK-
muedi BpIxosia u3 nukJa [15] aHajim3upyer ToJbKO MOCTYCIOBHE TPOrpaMMbl. Bo-BTODBIX,
crparerus jokazareaberBa YK Jisg mporpaMM ¢ HHCTPYKIMeil Bbixojia u3 mukia [15] re-
HEpUPYeT JIEeMMY B BUJIe KOHbIOHKIIUU. [lepBolit a/teMenT Takoit Konbionkinuu — 310 YK,
BTOPOIT — pAaBEHCTBO MOCHLIKHA UMILJTUKAINY W3 TOCTYCJIOBUA U 3HAYeHU 110151 [oop-break.
Takasi cTpyKTypa reHepupyeMoil JIeMMbl 00YCJIOB/IEHA TE€M, UTO CTPATETH JT0KA3aTe /b
crBa YK st mporpamMm ¢ MHCTpYKIWe# BbIXoJa u3 IuKja [15] mpuMeHseTcst TOJBKO
TOI/1a, KOT/Ia MOCTYCIOBUE ITPOIPAMMBI IIPEJICTABIIAET COO0I KOHBIOHKITIIO UMILINKAIIHIA,
T.e. IIPeJICTaBsgeT cob0il pa3dop ciydaeB, Iie KaxKJIblii CIydail OMUChIBAETCH MOCHLIKON
nMiumkanun. [losromy crparerust nmokazaresibcta YK g mporpamMm ¢ MHCTPYKITUE
BBIXOJIa U3 IHKJa [15]| reHepupyer sleMMy GoJiee CIOKHON CTPYKTYPBI, 9eM CTPaTerust
JIOKa3aTeIbCcTBa (DOPMYJT C Olepalneil 3aMeHbI.

3. Crparerug nmpoBepKu JIO?(KHOCTH HeJoka3aHHoro Y K

st onmcanust apromMaTu3anun Jjokaamsanuu omubok B cucreme C-lightVer pacemor-
puM pa3paboTaHHYIO HAME paHee U OIUCAHHYIO B Ipebliylieil pabore [17] crpareruto
J0Ka3aTeIbCTBa JIO(KHOCTH HeJloKa3aHHoro ¥y K.

BxouabiM aprymenToMm januoii crparerun siisiercss YK (dopmyna w), comepkaiast
npuMeHeHre QYHKIUM rep(n, .. .) U UMEIoIasi CIeAyIOILy0 CTPYKTYPY:

Vay...xn (P1(xr.oxn) = Pr(xr . xn)) Ao A (@1 o) = Y21 0o xy)).

Bce nepemennbie (hopMy bl HAXOAATCS 110/ KBAHTOPOM BCEOOITHOCTH U3-3a OPUEHTHU-
poBaHHOCTH JIaHHON cTparerun Ha cucremy ACL2. OTrmernm, 9T0 B OIpe ie/IeHnn JII000i
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u3 GopMyJI ¢; WIK 1); MOI'YT HCIIOJB30BATbCsS HE BCe IepeMeHHble U3 Habopa I ...IT,.
Ho mbl 0bo3HauM/IM B KavdecTBe IapaMeTpoB Bech HAOOP IepeMEHHBIX, TaK KaK B OIpe-
JIeJIEHUH J1I0001 (pOPMYJIbI MOZKHO BBECTH UCIIOIHL30BAHUE JIIOOOI HOBOI TIEPEMEHHOI, 3a-
nucaB pOpMyJIy B KOHBIOHKIIUU ¢ 3TOM repeMmennoii. Takoe mpeobpazoBaHue BO3MOYXKHO,
TaK KaK BeCh HAOOP IMePEeMEHHbIX HAXOIUTCS 1101 KBAaHTOPOM BeeobiinocTu. [loatomy Ge3
OTrpaHUYeHHs OOITHOCTH MOXKHO 0003HAYATh 3aBUCUMOCTH OT BCEro Habopa ImepeMeHHbIX.
NsBectHO, 9T0 hOpMYyIa JI0:KHA TOTJA U TOJIBKO TOI/A, KOIJa ee OTPUIAHHE MCTUHHO.
[TosTomy mokazkem bopmyty —w:

(Fzy...oxn (Pr(z1 .o xp) Ar(zr .o 2y))) VoV
(Fzr . xy (P21 .o ) A (2.0 22))).

s kazxzgoro (1 < i < m) nmoadopmymry 3z ...z, (i(x1...20) A (21 ... 20))
obosnaunM Kak T;. /g mokazarenrbeTBa (POPMyJIbI —w JOCTATOYHO JIOKA3aTh JIIOOYIO
dbopmyny T;(1 <i < m).

[TosTomy HaIma cTparerusi IpoBepKu JIOXKHOCTH Y K coCTOMT B TOM, YTOOBI ITpUME-
HSTH CHEIUAIBHYIO MPOIEyPy JoKazareabcTBa K dopmynam T;. Ecim ymamocsk jgoka-
3aThb JII00y10 hopmyity T;, TO pe3yabTaToOM cTpaTeruu OyJjer coodienue o JokHoctu YK
Verification condition is false. Ecsu e ynasochk jiokasath Hu ojny dopmysy 1,
TO Pe3yJIbTATOM CTpaTeruu OyjerT coobIIeHne 0 HeM3BECTHOM pe3ysibrare Unknown.

OrmurreM crienuaIbHYO MPOIEIYPY J0Ka3aTe bCTBa. PaccMOTpUM ITpUMEHeHre JaH-
HOit mporetypel K dopmyse T;(1 < i < m). Hdusa mokazarenscrsa dbopmysibl 3z ... T,
(di(x1...xp) A (21 ... 2,)) mocTarouno mokasarb dopmyry (. ..z, ¢i(ry...x,))
ANV .z (i xn) — (21 ... xy))) (bopmyaa T7). O6osnaunm kax U; dopmy-
ay 3xq ...z, @iy ... xy). ObosHaunM Kak V; Vry ...z, (i ... x,) = (21 ... xy)).
Crierua/ibHast IpoIeIypa J0Ka3aTeIbCTBa CBOJUTCS K IIPOBEpPKe UCTHHHOCTH U; 1 K J10-
Ka3aTeJIbCTBY V.

Kaxk MbI oncasiu panee B nipepiyieit padore [17], uctunnocrs dpopmyiast U; pose-
psieTcs moJib3oBaresieM. Takum oOpa3oM, Hallla CTPATErus MPOBEPKHU JIOXKHOCTH Y K sB-
JISIeTCsT He aBTOMATUIECKOI, & aBTOMATU3UPOBAHHO. MbI OTKA3bIBAEMCs OT aBTOMATH3a-
IIUH [IpoIiecca Joka3areberBa U 0 CIe Iy oM MpuauHaM. Bo-TlepBhIX, JJis TeHepaIii
YK Mmbr Beruncasgem ciaabeiimee npegyciaosue [15]. Tlosromy dopmyna U; e mMoxker co-
JlepKaTh OIepaIuio 3aMeHbl. 3HAa4InT, (hopmysa U; MOXKeET cofep:KaTh TOJBKO U3BECTHHIE
10JIb30BaTE0 (PYHKINNA U3 crenuduKaimn. Bo-BTOphIX, TPAKTUYECKH BCE M3BECTHHIE
HAM CHCTEMbI JIOKA3aTe/IbCTBA UMEIOT MPOOJIeMbl IIPU aBTOMATUYIECKOM JIOKA3ATEIbCTBE
opMyIIBI ¢ KBAHTOPOM CYIIECTBOBaHUS. B-TpeThbux, Hallla 3BpUCTUKA OCHOBAHA HA I'd-
[ore3e O IMPOCTOi MOCHIIKE U CJOKHOM 3aK/JIIOYeHUN UMILIUKAIiA, CreHepUPOBAHHBIX
B pe3yJibTaTe BBIUMCJIEHUs caabeiimmero mpejycioBus. [lo Hameit rumorese Mbl aBTOMa-
Tu3upyeM OoJiee CIOXKHYIO 3a1ady JoKasareabcrsa V;. Ecin mosb3oBaresb He cOOOIIIIT
00 ncruaHOcTH U;, TO MBI IToJIaraeM, 91o gopmyity 1; He yaaaoch J0Ka3aTh.

Ecin osibzoBaress coobmmi o6 ucruanoct U;, TO MbI TibITaeMcst gokaszars V; [17].
Cragasa paccMOTpuUM cjydail, Korma dopmymna V; He cOmepKUT TpuMeHeHUus (HyHK-
un rep. Tak kak cucrema ACL2 opuenTnpoBana Ha J0Ka3aTelbCTBO (DOPMYII, Te Bce
epeMeHHbIe HAXOMATCA I10J, KBAHTOPOM BCEOOIHOCTH, TO IOIBITAEMCS ABTOMATHYECKH
nokasarhk dopmyay V; B cucreme ACL2. Temeps paccmorpum ciiydaii, korma dopmyiia
Vi comepzkur npumenenne GyHKuuu rep(n,...). Tak Kak 1moib3oBaTe/h He 3HAET KOJA
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GYHKIUU 7ep, TO B 3TOM CJIydae BO3MOKHO TOJBKO aBTOMATHYIECKOE JTOKa3aTeIbCTBO.
Tak>ke mpobJieMoil sIB/IsIeTCsT BO3SMOXKHBIN BBIXOJ, U3 IUKJIA, YCJAOKHSIIOMNI KO/ (DyHK-
nun rep. [losromy momnbiTaemcs JIoKa3aThb V;, UCHOJIb3ysd CTPATErHI0 aBTOMATHIECKOI'O
JIOKa3aTe/IbCTBa COJIepKAIIeil orepalnio 3aMeHbl (pOPMYJIbI U3 pasjena 2.

4. ,Z[OHOJIHGHI/IG CeMaHTN4YeCK1MMMN MEeTKaMM
olnpezeJsieHud olepanmum 3aMeHbl

B mannom pasjese mnpejcTaBuM HAIM HOBBIE PE3YJIBTATHI, KOTOPBIMH SIBJISIOTCS MO-
JPUIIMPOBAHHBIN aJITOPUTM I'eHepaIluy OePAIN 3aMeHbl, MOIUMUITTPOBAHHBIN aJIro-
PUTM U3BJIEYEHUST CEMAHTUYECKMX METOK M MOJU(UIMPOBAHHBIN aJITOPUTM IeHepaIun
00bsCHEHUIT HEJIOKA3aHHBIX YCJIOBUIl KOPPEKTHOCTH.

Omnucannoe B pazzese 1. pacimpenne MeToga CEMaHTUIECKON PAa3METKHU TO3BOJIAIIO
[I0JIH30BATEJI0 CUCTEMbI BepUMUKAINY 33/1aBaTh CBOU KOHIENIIUN CEMaHTUIECKUX Me-
TOK U CHaOXKaTh UMHU npasuia BeiBoja [14]. Ho Bo3HMKIIA HEOOXOAUMOCTD €I1le B OJIHOM
pacIIIpeHnun MeTOa CEMAHTUIECKON pa3MeTKH.

PaccemorpumMm cirydaii, korga YK cosepkuT npuMeHeHne onepamun 3amMmenbl. Pacemor-
pPEHHOE TPABUJIO BBIBOJIA JIjIS ONE€paIluy 3aMeHbI TIoMedaeT IpUMeHeHne (DyHKIIUU 7ep
B YK crnenmanbnoii cemantudeckoit MeTkoil. Ho Takasg MeTka He MOXKET IPEJIOCTABUTH
nHdGOpPMAIIIO 0 CTPYKTYype DUHUTHON UTepaIi, KoTopyio oHa momedaeT. O0bsacHenne
YK B Takom cityuae OyeT copepzKaTh TEKCT O TOM, U4TO IpuMeHeHue PyHKIN rep BbIpa-
kaeT jeficrue nukia. Ho Takoit TekeT He cofep:KuT nHMOPMAINIO O CTPYKTYPe IUKJIA.

Hennn u Quittep MpeIOKUIN CIIOCOO CHAOXKATH CEMaHTUIECKUMU MeTKaMu (popmy-
JIBI, HO OHU He TPEJIJIOZKUIN CII0CO0a CHAOXKATH CEMAaHTUIECKIMU METKAMU OIPeJIe/IeHU s
npuMeHsgeMbIX B (hopmysiax pyHknmit. B cirydae npuMeHeHud oreparu 3aMeHbl BO3HUK-
JIa, HeOOXOIMMOCTDb MCIIPABUTH 9TOT HEJIOCTATOK METOJIa CeMaHTU4YeCKoi pasmerku. [lo-
9TOMY HaMU OBLJIO MPEJJIOZKEHO PeIeHre PACIHIIPUTh MEeTOJ[ CEMAHTUYECKON Pa3MeTKH,
cHaOXKasl CEMAHTUIECKIMU METKaMU OIpeJiesIeHre orepalun 3aMenbl. /s peaausarun
9TOT'O OJIXOJ[a HAMU OBLT IPEJIOXKEH CII0COD TeHepaIiy CHAOKEHHOI0 METKAMU OIIpeie-
Jlenust (PyHKIMH rep, CIIoco0 U3BJICYEHUsT METOK U3 OIpe/ie/IeHud (PYHKIIUU 1"ep U CIIOCO0
reHeparyy TeKCTa JIJIA CIUCKA U3BJICYCHHBIX METOK. PACCMOTPHUM 3TU CIIOCOODI.

MoanduimpoBaHHBII AJITOPUTM T€HepaluM onepanum 3amMeHbl. /[ljig jomnos-
HEHUS MeTKaMU ompejeseHust (DyHKINE HY>KHO HAWTH TaKo# CII0cO0, KOTOPBIi HEe HAPY-
OraeT CEMaHTUKY f3bIKa 3aJaHWs 3TOI'O OIIpedeICHUA, 1 KOTOprfI IIO3BOJIAET YIIPOCTUTDH
n3BJICHYCHUE METOK M3 3TOI'O OIIpeJc/ICHUA. HOSTOMy Hpe,ZLJIO)KeHHijI HaMH CHOCO6 reHe-
pamnun CH&6)K€HHOFO MeTKaMI OIIpeae/ICHUA (I)YHKL[I/H/I rep OCHOBaH Ha BO3MO2KHOCTAX,
[IPEeJIOCTaB/IIEMBIX sI3bIKOM crucTeMmbl ACL2.

Harmr criocob mpeacrapiaser coboit MOTUMUKAIIIIO aJIrOPUTMa aBTOMATUIECKON MeHe-
paruu onepanuu 3aMenbl [15] u3 paszena 1. Tor aaropur™ 0CHOBaH Ha MOJIEIMPOBAHUN
[IOCJIeIOBATEIbHOCTH KOHCTPYKIIMH MUK ¢ TIOMOIIBIO IIOCIEI0BATE/THHOCTH CBI3bIBAHUM
nepeMeHHon fr ¢ HoBbIME 3HaUeHUIMU. HO KOHCTPYKIHs b TI03BOJISIET 38/1aTh HE TOJIBKO
[IOCJIeJOBATEILHOE CBA3BIBAHIE IIEPEMEHHBIX CO 3HAUEHNEM, HO 1 OJHOBPEMEHHOE CBS3bI-
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BaHHE€ II€PEMEHHbIX CO 3HAYCHUAMU. ,HJIH OJHOBPEMEHHOI'O CBA3bIBaHUA JIBYX II€pEMEH-
HBIX C ABYM{ 3HAYCHUAMN y,ILO6HO HCIIOJIb30BAaTh KOHCTPYKIUIO CONS.

Bresiem nepementyio label, cOOTBETCTBYIONLYIO CEMAaHTUIECKOM MeTKe. Kaxkioe cBs-
3pIBaHMe TepeMeHHon [abel co 3HaYEeHWEM COOTBETCTBYET CBOEHl KOHCTPYKIIUU ITUKJIA
U IIPOMCXOIUT OJHOBPEMEHHO CO CBSI3BIBAHUEM IIePEMEHHOIN fr ¢ HOBbIM 3HadeHueM. Ko-
I8 MBI T€HEPUPYEM CBsI3bIBaHNE, MOJIETUPYIOIIee 0UePeIHY0 KOHCTPYKIINIO ITNKJIA, MbI
CBA3BIBAEM C HOBBIM 3HAYEHUEM HE TOJIBKO IepeMeHHYIO0 fr, HO h IepeMeHHyIo label.

PaccemorpumM, 9To npejcraBiger coboil 3HaYEHNE, CBA3bIBAEMOe C epeMeHHoil label.
Ono mpejicTaBisieT coboi CIMCOK CJIeTYIONEro BUIa

(list "concept begin end 'break _path),
e

e concept — ojiHa U3 KOHIENNUi MeToK. /151 moMevarommux KoJi METOK 3apaHee 3a/iaH
OIpeJIeIeHHBIN HAOOP KOHIENuii (THIIOB) MeTOK. PaccMOTpUM 9TH KOHIIEIIIAN:

empty stmi — KOHIENINAA METKHA, COOTBETCTBYIOIIEH IIyCTOMY OIEPaTOPY;
— break _stmt — KoHnennusa MeTKU, COOTBETCTBYIOIIEN MHCTPYKINU break;
— asstgn__stmt — KOHIIENIUdA METKH, COOTBETCTBYIOIIEH IPUCBANBAHUIO;

— if _stmt — KOHIENINS MEeTKH, COOTBETCTBYIOIIEH COKpaIeHHoMy if;

full _of stmt — xonrenus MeTKH, COOTBETCTBYIONIEH nHCTPYKIun 1if;

— block _stmt — KOHIIENIUS METKU, COOTBETCTBYIOIIEH OJIOKY.

OTrmeTnM, YTO KOHIIEHIIUU METOK OJIHO3HAYHO COOTBETCTBYIOT BUJIAM JIOIYCTUMBIX
KOHCTPYKIINI Tesia (PUHUTHON UTepaIuu;

e begin — HaYaJIO IUana3o0Ha CTPOK KO/ COOTBETCTBYIONIEN MeTKe KOHCTPYKIIHM;
e end — Komer JuanaszoHa CTPOK KOJ@ COOTBETCTBYIOINIEH MeTKe KOHCTPYKITUH;

e 'break path — onnmOHAJBHBINA SJIEMEHT CIHCKA, KOTOPBIH MPUCYTCTBYET B CIINAC-
Ke Torla U TOJIbKO TOr'Zla, KOI'/la COOTBETCTBYIOIIasd METKE KOHCTPYKHIUA JIEZKUT
HA IYTH K OJIHOMY U3 OI€PATOPOB BBIXOJIA U3 IUKJIA.

Takast KOHCTPYKITUS TIPEJICTABIISIET CODOI 3aIMCh CEMaHTUIECKON METKH.

Tak>ke HaMu ObLII IIPEJJIOXKEH CIIOCO0 ITOMeYaTh CIIeNUAJILHON CeMaHTUIeCKOH MeTKOIt
ycsioBue mHCTpyKIiu 1f. /I 9TOro BhIpaskeHue e, COOTBETCTBYIOIIEe TAKOMY YCJIOBUIO,
3aIIMCHIBACTCS KaK Pe3y/IbTaT KOHCTPYKIMK b%, HO IepeMeHHas [T CBA3BIBAETCS TOJIBKO
CBOUM 3HAYEHHMEM, TaK KaK P BBIYUCJICHUH YCJIOBUsI MHCTPYKIUU if 3HAYEHUs mepe-
MEHHBIX He U3MEHSIOTCsI. B Takoil KOHCTPYKIME ITPOMCXO/IUT CBsI3bIBAaHUE TOJIBKO Iepe-
MenHoit label, a 3nadenHneM 3Toil KOHCTPYKIMH sABJsieTcsd 3Hadenue e. [lepemennas label
CBSI3BIBAETCS B TAKOI KOHCTPYKIIMU CO CIIUCKOM, PEATU3YIONIM CEMAHTUIECKYIO METKY.
Takoil CIIMCOK COOTBETCTBYET BBEJICHHOMY paHee (hopMary, HO B Ka4eCTBE 3a/IAf0IIEr0
KOHIIEIIINIO TIEPBOTO 3JIEMEHTA CIUCKA UCIOJb3yercs ¢ f cond.

MoudunupoBaHHbIl aJrOPUTM TeHEpaIuu OMEPAIMH 3aMEHbI — 9TO AJTOPUTM U3
npebLLyteit paborsl [15], B kKoropom ucnosib3oBanne hyHKIUN generate rep 3aMeHeHO
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HA UCIO0JIb30BaHue (DYHKIUUA gen _ rep. DTu (pyHKIUU MPUHIMAIOT B KAIeCTBE apryMeH-
Ta JIOMYCTUMYIO KOHCTPYKITUIO M TPAHCIUPYIOT ee Ha s3bIK cucTeMbl ACL2. Oyuxmus
c_kernel translator [15] ocymectsisier Tpancssiuio C-kernel Bbipakenuii Ha A3BIK
cucrembl ACL2.

Onpenenum GyHKIUIO gen  rep Jjisd KaXKJI0ro BUJa JIOMYyCTUMONW KOHCTPYKIUUA Op,
0003HAYMB KaK . . . OCTaBJIsieMble HOMepa CTPOK 1 ONIINOHAIbHEI d1eMeHT 'break path:

® ecJIM 0p — 9TO IMYCTOi ollepaTop, TO pe3yabraToM gen rep(op) Gyaer

((cons Nlabel fr) (cons (list 'empty _stmt ...) fr));

e ecim op — 910 break;, To pesyasrarom gen rep(op) Gymer

((cons ?llabel fr) (cons
(list ’break_stmt ...)
(change-frame fr :loop-break t)))

((when 1) fr);

e eciim op — v1o if (a) b, To pesyabraTom gen rep(op) Gyaer

((cons ?llabel fr) (cons (list “if stmt ...)
(if (b* ((cons ?label ?!fr) (cons
(list ’if cond ...) fr)) c_kernel translator(a))
(0% (gen_rep(®)) f1))))
((when (frame->loop-break fr)) fr),

e ecim op — 910 if (a) b else ¢, To pesynbratom gen rep(op) Gymer

((cons ?llabel fr) (cons (list full if stmt ...)
(if (b* ((cons ?label ?lfr) (cons
(list ’if cond ...) fr) c_kernel translator(a))
(b*(gen_rep(b)) fr)) (b*(gen_rep(c)) fr))))
((when (frame->loop-break fr)) fr),

e ccim op — 910 {a3 Az ... ax_1 ax}, TO pe3ynbraTroM gen rep(op) Oymer

((cons ?label fr) (cons (list ’block stmt ...)

(b*(gen_rep(a_1) gen_rep(a_2) ...gen_rep(a_k-1) gen_ rep(a_k)) fr)))
((when (frame->loop-break fr)) fr).

Mo iucdunupoBaHHblil aJITOPUTM T'€HEPAaIUU ONEPAITUT 3aMEHbI OTJIMYAETCS OT UCXOTHOTO
TeM, YTO OH CHabOKAeT BCE BUJIbI JIONYCTUMBIX KOHCTPYKITUII CEMAHTUIECKUMHI METKAMHU.
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MoaudunupoBaHHBII AJITOPUTM HU3BJIEYEHUS CEMAaHTHUYEeCKNX MeTok. Moju-
dUIMPOBAHHBIN AJITOPUTM U3BJIEYEHUS METOK — 3TO aJrOPUTM U3 pazjesa 1., JOIMoJI-
HEHHBIN CIIOCOOOM M3BJICUEHUS] CEMAHTUIECKHX METOK M3 CIEIUAJILHOIO ITPEICTABICHUS
dyukIu rep B Bujie Jepesa Koja. OnuineMm crocod n3BJI€YEHUs] CEMAHTUIECKUX METOK
U3 CIENUAJLHOIO MIPeJICTaBIeHus (PYHKIIUUA rep B BUJE JIEPEBa KOJIA.

[IpencraBum omnpejienenne pyHKINN rep B Buje jepesa. [locrponM ero mo mporemy-
pe mocTpoenus jepesa Koja dyuknuu. [Ipumenennass K CBA3bIBAHUAM, KOTOPbIE COOT-
BETCTBYIOT IIYCTBIM OIl€paTOpaM, MHCTPYKIUAM break W IPUCBaUBAHUAM TeJja IHUKJIA,
JlaHHagd IMPOIEelypa BO3BPAIAET BBIPOXK/IEHHBIE JIEPEBbA B BHUJE COOTBETCTBYIONINX JIU-
cTheB. [IpuMenennas K CBA3bIBAHUIO, KOTOPOE COOTBETCTBYeT MHCTpYKImH if, jnanHasd
IIPOTIE/Typa BO3BPAIAET JepPeBO, KOPHEM KOTOPOTO SIBJISETCS 9TO CBA3BIBAHUE, & ITOTOM-
Ki ([OJIJIepeBbsi) MOJIyYeHbl B pe3yJibTare MPUMEHeHUs JaHHON poreypbl K OJI0KaMm,
COOTBETCTBYIOIUM BeTBAM 3Toil muCTpyKimu if. [Ipumenennas xk 00Ky b, KoTopas
coorBercTByeT C-0JI0KY, JlaHHAS IIPOIE/yPa BO3BPAIIACT JE€PEBO, KOPHEM KOTOPOIO siB-
JIFeTCsT TOT BJI0K, a MOTOMKH (IOJIEPEBbsi) MOy YEHbl B PE3y/IbTaTe MPUMEHEHUS ITOM
HPOIIEYPhI K TIOCJIE/IOBATE/ILHOCTU CBA3BIBAHUI, COCTABIAIONINX 3TOT OJIOK. Takum 06-
pasoM, Mmporeaypa MOCTPOEHU JiepeBa Koja (PyHKINN OlpeJieieHa PEKYPCUBHO.

g m3BjIeUennss METOK U3 OIpejie/ieHus (DYHKIIUUA 7ep JIJIsi HErO CTPOUTC JIEPEBO
C TIOMOINBIO TPUMEHEHUS ITPOIETyPhl OCTPOEHNS JlepeBa Koja (PYyHKIUN K OJIOKY b,
COOTBETCTBYIOIEMY TeJy IHKJ/a. 3aTeM 3TO JIEPEBO OOXOAUTCS B TUIYOWHY, U METKHU W3-
BJIEKAIOTCs U3 BEPIIUH JiepeBa B MOPsijiKe 00xo/ia. Takum oOpa3oM Ipe/icTaB/IeHUe B BU/JIE
JlepeBa onpejiesieHns (PyHKIUU Tep UCHOJIb3YEeTCs Il peanu3alun obxXoa B TVIyOHnHY.

MoaudnnupoBaHHBII AJITOPUTM reHeparum o0'bsCHEeHUIT He/IOKa3aHHBIX YCJIO-
BUiIT KOppeKTHOCTUu. MoaudunupoBaHHublii aJIfOPUTM T'€HEpPAINE 00'bsICHEHUN HEJ10-
Ka3aHHBIX YCJIOBUIM KOPPEKTHOCTH — 3TO AJTOPUTM W3 pasjiea 1., JIOTMOJHEHHBIH CIo-
coOOM TeHeparuu TEKCTa JId METOK, M3BJCYCHHBIX U3 CIEIUAJIHLHOTO ITPEICTABICHUS
dyukm rep B Buje jepesa Koja. OmuimeM crocod reHeparimyi TeKCTa JIjisi METOK, W3-
BJIEYEHHBIX U3 OlpejieieHns PYHKIIUU Tep.

Kaxk0it KoHIeNnn MeTOK, OMeYaloNiX orpe/iesieHne (OYHKIUA 1ep, COOTBETCTBY-
eT TeKCTOBBIi 1mab/oH. Takne mab/IOHbI TOX0XKKU Ha (popMaTHBbIE CTPOKH s3biKa C co
CHEIMAIbHBIMY YIIPAB/ISIONIUMYI KOHCTPYKIIUSMU JIjIsT BCTABKU HOMEpa I€PBOl CTPOKU
JIMalta30Ha CTPOK KOJIa M HOMepa TOCJIe/IHel CTPOKH JIMalna30Ha CTPOK KOJIa.

[Ipu reneparun TeKCTa CIIMCOK U3BJIEYEHHBIX METOK 00PadaTHIBAETCS ITOC/IEI0BATE b
HO. JI/19 KaxK/I0if METKM ITPOMCXOJIUT U3BJICYEHUE JINAIa30HA CTPOK, 3aTE€M C MOMOIIBIO
obpaTHOrO TpaHcaATOpa [24] maHHbi quanazon crpok C-kernel mporpaMMbr epeBOANTCS
B quanas3on crpok C-light mporpammbr. [loTom i maHHON! METKEM T€HEPUPYETCsT TEKCT
¢ TIOMOIIBIO TOJICTAHOBKU MOJIyUIeHHBIX HOMEPOB cTpoK C-light mporpammer. Takum 06-
pasom, OOIIuil TEKCT MOJIydaeTcs n3 Habopa TEKCTOB I KayKJI0i METKH.

Ecin B Bepudunupyemoit mporpaMme cofepzKuTcs (GUHUTHAS UTePaIus ¢ THCTPYKITH-
eit break, To HaMM OBLI TPEJJIOKEH CIIOCOO MeHEPAIUU JIOMOJTHUTETHHOIO TOSCHAIONIETO
tekcta. YK Takoit nmporpaMMbl mpejcTaBiisieT cO0ON MMILIUKAIINIO, COJEPIKAILYIO ITPH-
Menenne dyuknuu rep. Paccmorpum nocwuiky Takoro Y K. Ilpoanasmmsupyem cirydait,
OITMCBHIBAEMBIl pacCMaTPUBAEMON TIOCBLIKO#, UCIIOJIb3Ys Pe3y/IbTaT IMPUMEHEHUs CTpaTe-
run s GopMyJI ¢ ollepaliyeil 3aMeHbl U3 pas3jena 2.

Ecnmm ynamoch jjokasaTh JeMMy, 9TO B OINKMCBIBAEMOM PAaCCMaTPUBAEMOI ITOCHLIKOM
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cJIydae UCIIOJTHWIACh MHCTPYKINs break, To B JIJAHHOM CJIydae PaCCMOTPUM CBA3bIBAHUSI,
COOTBETCTBYIOIINE UHCTPYKIUAM if Ha myTH K JaHHOoi mHCTpyKImu. VIMeHHO /UTst 9TOM
IEJTH CITCOK, COOTBETCTBYIOIINI METKE, COJIEPXKUT ONIMOHAILHBIH 1eMeHT 'break path.
Wcrionb3yst Bce yCIOBUS YCJIOBHBIX OIEPATOPOB, BBIYUC/IMM CUMBOJUYIECKU C TTOMOIIHIO
[IOJICTAHOBOK 00IIlee yCJIOBHE, IIPH BBIIIOJHEHHH KOTOPOT'O MCIIOJHACTCS CBA3BIBAHUE, CO-
OTBETCTBYIOIee MHCTPYKIMK break. Obo3naunm takoe ycaosue Kak . Tak kak B pac-
CMaTPUBAEMOM CJIydae MHCTPYKIUA break MCHOTHUIACH, TO XOTd ObI JjId OJHON UTepa-
uu ycaoBue ) MCTUHHO. 3HAYNT, MOJTH30BATEI0 CHCTEMbI BepU(UKAIUU NMEET CMBICIT
MpoBepUTh ycyoBue  Ha mpeamer Hagnmans omubdkn. [losTomy o6 3TOM remepupyercs
JIOTIOJIHUTEJIbHBIN MOACHSIIOMIUI TEKCT. DTOT TEKCT cojepKuT: 1)uHdopManumo o UenoJi-
HEHUW UHCTPYKIMHU break, 3a/JaHHON Ha OIIPEJICJIEHHON CTPOKE IIPOrpaMMBbl, 2) nH(pOopMa-
U0 O CYIIECTBOBAHUN TAKOI'O HOMEpPa UTEPAINH, UTO yCJIOBUE § BBITIOJIHIAETCS Ha ITOM
urepanuu, u 3)ycaosue 0.

5. Ilpumep

B nannom pa3zjesie onmmchbIBaIOTCH pPe3yJIbTaThbl SKCIEPUMEHTa C MPUMEpPOM u3 pabdo-
ThI [17], 9T06BI IPOUILIIOCTPUPOBATEH IPUMEHEHNEe pa3paboOTaHHBIX U JIOOABIEHHBIX B CH-
cremy C-lightVer uacTpyMeHTOB 111 aBTOMATH3UPOBAHHON JIOKAIU3AIIUN OIMMTUOOK. JKC-
mepuMeHT cocTouT B mpumeHennn cucrembl C-lightVer k comepaxkarieit ormuoKy dbyHKIMN
grt_eql_key:

/*@ requires (0 < n) && (n <= len(a));

ensures (grt-eql-cnt(n, key, a) == 0 ==> \result == 0) &&

(grt-eql-cnt(n, key, a) > 0 ==> \result == 1)

*/
int grt_eql_key(int n, int key, int a[]){

int i, result = 0;

for (i =0 ; i < mn; i++){

if (ali] < key){result = 1; break;}}
return result;}

O 00 NO O d W N -

Crerudukarmn dyukimn 3agaubl Ha sa3eike ACSL. Oupenenenne dbyuknun grt-eql-
cnt wa s3pike ACL2 npusesieno B perosuropun [13]. B coorBercTBum co crerudukanm-
eit pynkua grt_eql_key mpoBepseT CyIIeCTBOBAaHUE B MaCCHBE a JIEMEHTa, KOTOPBIil
bompie Ka0o4da key mim paBeH K04y key. Ecam Takoil sjeMeHT HaiijieH, TO TO CIIeIH-
dukarnun GyHKIM JT0KHa Bo3Bpaliarh 1, naade — 0. Takum obpa3om, omudKa COCTOUT
B HCIOJIB30BaHUU OllepaTropa < BMECTO ollepaTopa >= B MHCTPYKIWMHN if Tesra mukia.

[Tonyuennas C-kernel mporpamma, ee YK, onmcanne npuMeHeHUsT CTpaTeruii 1 BCIO-
MoraTeJibHbIE JIEMMbI TIPUBEJIeHBI B cTaThe [17]. 3ajanuble Ha si3bike cucrembl ACL2 VK|
OIpeJIeJICHNE TeP U BCIOMOTATeIbHbBIE JIEMMbI IPUBEJIEHbI B periosutopun |13].

B x0j1€ TIPOBEJIEHHOIO paHee SKCIEPUMEHTa ¢ 9TUM npumepoMm [17| npumenenue crpa-
TEernu MPOBEPKU JIOZKHOCTU U3 pazjesa 3. MO3BOJIUIO JI0KA3aTh JIOXKHOCTEL YK, UCIo/ib-
3ys €ro MepBbIil KOHBIOHKT. [lo3TOMYy pe3ysibTaTroM pOBEJIEHHOTO paHee SKCIEePUMeHnTa
SIBJIsIeTCsl caiejtytoriee oobsicaerne [17], creHeprupoBaHHOE JIJIsT TOT0 KOHBIOHKTA:



Modeauposanue u anaausd ungopmavyuornoz cucmem. T.26, Ned (2019)
516 Modeling and Analysis of Information Systems. Vol. 26, No4 (2019)

This formula corresponds to lines 1-9 in function "grt_eql_key".
Its purpose is to show unsatisfiable case. Hence, given

- assumption that precondition from line 1 holds,

- assumption that postcondition hypothesis from line 2 holds,
ensure that postcondition goal from line 2

with substitution loop effect from lines 7-8 by rep
does not hold.

Ormerum, ato cucremoit C-lighVer renepupyrorcs nmMeHHO Takne oObsicHeHusd. EjinH-
CTBeHHOE oTyinune oObsicHenuit, renepupyembix cucremoit C-lightVer, ot obbsicuenunit,
[IPUBEJIEHHBIX B JJAHHOM pas/iejie, COCTOUT B HAJMIHE OTCTYIIOB, KOTOPBIE JIJIs YJIyHIIie-
HIA 9UTa0eIbHOCTU TEeKCTa J00aBISIIOTCS BPYIHYIO.

B ommaume ot nipebiyieit paboret [17] 1yist TpoBeieHnst SKCIepuMeHTa Mbl HCTIOJb-
30BaJI MOAUMPUITUTPOBAHHBIN aJITOPUTM MeHEPAIUN OIEPAITIU 3aMEHbI, MOTUPUITTPOBAH-
HBIIl aJITOPUTM M3BJICYEHUsT METOK U MOAUMUIIMPOBAHHBIN aJTOPUTM Te€HepaInh 00bsIc-
HEHUI HeJOKA3AHHBIX YCJIOBUI KOppeKTHOCTU. [lo9TOMY B pe3ysibrare MpOBEICHUS IKC-
IepuMeHTa OBbLIIO CreHepupoBaHO OoJiee OAPOOHOE 00bsICHEHHE:

This formula corresponds to lines 1-9 in function "grt_eql_key".
Its purpose is to show unsatisfiable case. Hence, given
- assumption that precondition from line 1 holds,
- assumption that postcondition hypothesis from line 2 holds,
ensure that
- postcondition goal from line 2
with substitution loop effect from lines 7-8 by rep
that corresponds to the following loop body
sequence of the following statements
from line 8 to line 8
if statement from line 8
with condition "a[i] < key" from line 8
and with the following positive branch
sequence of the following statements
from line 8 to line 8
assignment statement "result = 1" from line 8
break statement from line 8
does not hold
- break statement execution in the loop body from line 8
holds
- exists such i (0 <= i < n)
that condition
ali] < key
holds

B orysmmune or oObsicHEHUSI, MOJIYIEHHOTO B pe3yJbTaTe IPOBEJIEHHOTO pPaHee SKC-
nepuMenTa [17], maHHOEe O0bsICHEHNE COJEPIKHUT TEKCT, COOTBETCTBYIOIIUI TeTy IHKJIA,
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U TEKCT, OIUCHIBAIONINN cojiepzKaliee ommoKy ycyioBue. JlaHHbI TeKCT 103BOJIgeT 00pa-
TUTH BHUMAaHUE I0JIb30BATE/ I CUCTEMbI BePUMUKAIINN Ha COJIEPIKAIIEEe ONTUOKY YCIOBUE
UHCTPYKIUKU if, B BeTBU KOTOPOil Haxonurcd break.

6. 3akJIroueHue

DTa cTaThs MOCBAIIEHa paboTe MOJACHCTEMBI JoKaau3amun omubok cucreMbl C-lightVer.
Jlannas mojcucreMa paboTaeT B TOM CJjydae, €C/Id He YIAJIOCh JIOKa3aTh UCTHHHOCTH
VK. B takoMm cirydae mojicucteMa JJOKAJIU3AIIH OIMMUOOK TBITACTCA ITPOBEPUTH JIOXKHOCTH
VK. Eciin nestokazannoe YK ocnoBano Ha (hyHKIME 7ep, TO mojcucreMma oobscaerus Y K
JIOJIZKHA, JIaBaTh MOAPOOHBIE 00bsICHEHNSI O CTPYKTYpe IuKJa. Kcau Mmochlika J0:KHOTO
YK onuceiBaeT ciydail MCHOJTHEHUs MHCTPYKIMH break, TO MojcucTeMa OObsICHEHUA
JIOJIZKHA, 0OPaTUTh BHUMAHUE MOJIb30BaTE/Is1 HA YCJIOBUE HCIOIHeHNA break.
B nammoii craTbe onmcanbl paspaboTaHHBIE aBTOPpaMHU MOIMMUKAIIIT aJITOPUTMOB:

1. MomudurnmpoBaHHbIil aIrOPUTM IeHEpAIUU oneparuu 3aMenbl. HoBag momduka-
s AJITOPUTMA [TO3BOJIAET TTOMETUTDH UCXOHBIN KO (DYHKITUU 7ep CeMaHTUIECKU-
MM METKaMH.

2. MoandunnpoBaHHbIil aJTOPUTM HU3BJICUEHUsT CeMaHTUIeCKuX MeToK. HoBas mo-
JUQUKAIAS aJITOPUTMa, ITO3BOJISIET U3BJIEKATh CEMaHTUYECKHE METKH He TOJIbKO
n3 YK, HO u U3 crienuabHOrO IpeJicTaBcHus (PyHKIUKA rep B BUJIE JepeBa, KOJIa.

3. MoandunupoBaHHblii aJropuT™M reHepaiun o0bsICHEeHUN HeIOKa3aHHBIX YCIOBUM
KOppeKkTHOoCcTH. Ecii rnocbuika JoxkHOTO YK onmcekiBaeT cirydail UCIIOJTHEHUST WH-
cTpyKImu break, To HOBag MOJUMUKAINS aJITOPUTMa TO3BOJIAET TOJICUCTEME JIO-
KaJIM3alliK OIIMOOK 0OPATUTh BHUMAHUE Ha YCJIOBUE HCIIOJIHEHHS break.

Jlanuble METOJIbI TIO3BOJIMJIM HaM ITPOBECTH SKCIEPUMEHT IO JIOKAJIU3AIMH ONTUOKH
B dyHKInn grt_eql_key. Pe3ynbraT maHHOTO 9KCIEpUMEHTa IPUBEJEH B 9TOH CTaThe.

Panee Mbl mpoBesiu ycrienable sKciepuMenThl [14] mo gaeaykTuBHO# Bepudukamnum
dbyukiyn asum [15] u3 unrepdeiica BLAS. Tak kak dynkuuu unrepdeiica BLAS co-
BEPIIAIOT UTEPAIUU HaJl BEKTOPAMU M MaTPUIAMU, TO ILUIAHBI HAIell jTajbHeieil pa-
OOTBI COCTOAT B MPUMEHEHUHM K JAHHBIM (DYHKITMSM KOMILIEKCHOI'O IOJIXOJ[a CUCTEMbI
C-lightVer, ocHoBaHHOINO Ha CHMBOJIHMYIECKOM MeTOjle Bepudukaiyun (hUHUTHBIX HTepa-

o
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Introduction and Motivation

Today, the automotive industry relies mostly on a model-based approach for developing
embedded software. It consists in connecting common library blocks (operators) to design
and simulate a model of the behavior to be produced. It uses a higher level of abstraction
than the code. Code with the behavior of the model is then produced automatically. The
most commonly used tools for software design are Simulink, from the MathWorks, and
Scade, from ANSYS.

The main advantage of this approach is that models can be simulated and debugged
before code generation. Thus, some of the errors are found and fixed earlier in the design
process. On the other hand, simulation shares many common points with testing and
cannot prove that the calculation is correct. Furthermore, the implementation of a model
on a specific hardware can bring behaviors that have not been seen before at design stage.

For the rest of our study we take as example a function calculating a square root.
During the design stage, the simulation can use a standard implementation of this func-
tion. However, in the implementation, we replace it with an optimized version because of
hardware constraints. Fig. 1 shows this approach. Our example is a discrete-valued func-
tion implementing the square root calculation, which uses a linear interpolation table.
In automotive applications, as on-board computers have limited power, discrete-valued
functions are frequently used in the implementation to avoid complex calculations.

Complex functions

used for simulation
o o et g gy S ot Descrete-valued functions
I I used for embedded

A g software implementation
AN A (limited resources)

MATLAB' 4\
SIMULINK'

Figure 1. Complex functions for simulation vs. discrete-valued ones for implementation

In the near future, we expect that authorities will require a certification for highly
critical software in self-driving cars. Our motivation is to provide proofs of correctness
for production code using formal methods.

In a previous paper [29|, we summarized some experiments about applying tools
that use formal methods to industrial software. In this paper, we give details about the
application of deductive proof to production code, the problems we encountered with off-
the-shelf tools, and some approaches to solve this type of problems. Our function has been
implemented in C and we used Frama-C WP [16] for proving its correctness. As some of
the goals were impossible to prove with Frama-C and its solvers we implemented it in
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SPARK (based on Ada) to prove it with GNATprove |7]. We discuss the results as well
as how other methods such as Abstract interpretation can be combined with deductive
proof.

1. Deductive methods

1.1. Preliminaries

The foundations of the proof of logical properties on an imperative language program
were put forward by C. A. R. Hoare [15] in 1969. Based on the precise semantic of a com-
puter program, Hoare proposed to prove certain properties by mathematical deductive
reasoning, generally at the end of the program.

He introduced a notation called the Hoare triple, which associates a program Q, start
hypotheses P, and expected output properties R:

PR} R

The logical meaning of this triple corresponds to: if P is true, then after executing
program ), R will be true if () terminates. The calculus of Hoare’s triples is, in general,
undecidable.

The proving by application of Hoare’s rules is an intellectual process and is not
tool driven. It is up to the author of the proof to define the correct properties between
each instruction of the program and to establish its demonstration by applying the
different theorems. This activity is not adapted to process thousands of lines of code in
an acceptable time.

An initial automation of the process of proving programs was brought by the calcu-
lation of the WP (Weakest Precondition) from Dijkstra [10]. The principle consists in
automatically calculating the most general property WP(S,P) holding before a statement
S such that property P holds after the execution of S

WP(S, P) {S} P

The calculus of WP is defined for each instruction. The proof process consists in
calculating WP by going backward from the end of the program for which we want to
prove P, up to the beginning. For full correctness, S must terminate.

The returned predicate from the WP calculation can rapidly become rather complex.
Efficient (quadratic instead of exponential) verification condition generation (including
WP generation) were proposed in the following papers |27, 3, 13|. In order to automate
the process, all modern tools based on WP are using automatic theorem provers as
back-end. We can cite, for example Alt-Ergo [8], Colibri!, CVC4 [4], Yices2 [11], Z3 [9].

1.2. Tools for deductive reasoning

As we are interested in tools used by the industry, we present here only those that are
mostly used today: Atelier B2, Caveat 22|, Frama-C WP and GNATprove.

LColibri: http://smtcomp.sourceforge.net/2018/systemDescriptions/COLIBRI.pdf
2 Atelier B: https://www.atelierb.eu
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1.2.1. Atelier B

Atelier B is a tool supporting the B method, which is a formal methodology to specify,
build and implement software systems. The B method was originally developed in the
1980s by Jean-Raymond Abrial [2] and is based on first-order logic, set theory, abstract
machine theory and refinement theory. This method is suitable for a new development.
As we reused existing C code, we did not use this method.

1.2.2. Caveat and Frama-C WP

Caveat and Frama-C WP are tools for deductive reasoning on C programs. Caveat was
introduced at Airbus in 2002 to replace unit tests by unit proof and thus obtain a cost
reduction and quality improvement over this part of the development process. The tool
with its back-end Alt-Ergo were certified and recognized by the aviation certification
authorities. Caveat analyzed C programs (with some restrictions in terms of language
constructs) and had its own specification language based on a first order logic.

Frama-C is the academic open source tool developed by the same team as Caveat. Its
WP module verifies properties written in the ACSL? language in a deductive manner.
It implements the Weakest Precondition calculus and targets multiple automatic solvers
via the Why3 platform?.

1.2.3. GNATprove

GNATprove is a tool for deductive reasoning over SPARK (based on Ada) programs.
Like Frama-C, it uses the Why3 platform but SPARK supports bit-vector data types.
A bit-vector is an array data type for compactly storing bits. Most modern SMT-solvers
support a theory of bit-vectors, which can help solving problems using this data type.
Furthermore, for properties that are not valid, GNATprove can obtain a counterexample
from the SMT solver.

2. Environment

We present in Fig. 2 our environment. We have C code, which is annotated with con-
tracts using the ACSL language. We use two different features of Frama-C WP. First,
we use it to parse and then transform the C code together with the contracts into veri-
fication conditions (VCs) that are directly sent to the SMT solvers. Second, we also use
Frama-C WP to transform the C code together with the contracts into WhyML language
files. The Why3 framework then transforms the WhyML files into VCs and addresses
the SMT solvers. The main difference between these two approaches is that the direct
SMT-LIB output was initially developed for the Colibri SMT solver, which does not
support quantifiers. Thus, the direct SMT-LIB output provides a set of quantifier-free
formulas. The other way, through WhyML, allows for richer theories and supports quan-
tified formulas even within the specification contracts.

3ACSL specification language: https://frama-c.com/acsl.html
4Why3: http://why3.1ri.fr/
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SPARK
code

Using bit vectors ! Wh - I -
1 fi

iles

2
WU |I SMT Solver
files Experimental

. 1: using quantifiers
Abstract Interpretation tool 3+ no quantifiers

Figure 2. Environment for deductive proof on C and SPARK code

We used GNATprove to prove the equivalent code written in SPARK. This ap-
proach is similar to using Frama-C with WhyML and quantified formulas. The advantage
of SPARK for our use case is that we can use bit-vector types for modular arithmetic
and thus facilitate the proof.

Because we experienced some difficulties with the analysis of our C code, we also
analyzed it with an Abstract interpretation tool to get additional confidence.

3. Experiment

We took the C code implemented in an on-board computer to prove its correctness
using deductive proof. The function calculates the square root Y of X by linear integer
interpolation between two known points (X, Y, ) and (X}, Y3) using the following formula:

(Y, —Ya)
(Xb - Xa)

This code is used in an implementation on an on-board computer, which cannot
use floating-point numbers. We calculate the square root for numbers between 0.00 and
100.00 using an integer representation. We consider it as a fix-point number (multiplied
by 100 to have a precision of 2 digits after the decimal separator), thus the input range
is between 0 and 10000 (representing 0 and 100.00) and the returned result is a linearly
interpolated value between 0 and 1000 (to be interpreted as a number between 0 and
10.00). We want to prove that the calculation is correct for a given precision.

We proceeded in two steps. First, we proved a simplified version of the code using only
eight values in the interpolation table (Fig. 3) and limited to the range [0,1.00]. These
values were a subset of the full table present in the code, which contains 41 values. Then,
we added the other values in the table and updated the contracts to take into account
the new bounds. To our surprise, this did not scale up with Frama-C. We worked with
the developers of Frama-C to understand why (we explain it in Section 4.).

The code of our main function is given in Fig. 4. This function takes a number and
returns its square root using a table for some known values or interpolates a value when
the number is between two known points. Using the ACSL annotation language, we
define two behaviors for this function: whenever the number is less than 10000 the func-
tion is defined, otherwise it returns the maximum value i.e. 1000. For more readability,
we removed some intermediate values from the two tables.

Y =Y, + (X - X,)
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Figure 3. Square root calculation in [0, 1.00| by linear interpolation
from eight known values

As we have a loop, in formal verification we need to specify a loop invariant for
it. A loop invariant is a predicate (condition) that holds for every iteration of the loop
(before and after the iteration). This predicate should be strong enough and its automatic
generation is generally a difficult problem.

/%@ assigns \nothing;
behavior in_range:
assumes number <= 10000;
ensures number-30 <= (\result)*(\result)/100 <= number+10;
behavior out_of_range:
assumes number > 10000;
ensures \result == 1000;
complete behaviors in_range, out_of_range;
disjoint behaviors in_range, out_of_range;

*/
uint16 IntSqrt(uinti6 number) {
uint8 i = 0;
uint16 TabX[41] = {0,5,10,25,40,...,7500,8000,8600,9200,10000};

uint16 TabyY[41] = {0,22,32,50,63,...,866,894,927,959,1000};

/*@ loop invariant O <= i <= 40 && number >= TabX[i];

loop assigns 1i;

loop variant 40-i; */

for (i =0 ; i < 40 ; i++) {
if ((number >= TabX[i]) && (number <= TabX[i+1])) {

return(LinearInterpolation(TabX[i], TabY[i], TabX[i+1], TabY[i+1], number));

}

}

return TabY[40];

Figure 4. Annotated square root function for Frama-C WP automatic proof
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With Frama-C we also need to define precisely which variables are modified (assigned)
during the loop. In our example, 7 is incremented on each iteration.

For the loop to be proved, we also need to write a variant function which is a function
whose value is monotonically decreased with respect to a (strict) well-founded relation
by the iteration of the loop. It is used to ensure the termination of the loop.

Then we rewrote the function in SPARK?® to see whether it would scale better. Fig. 5
presents the SPARK code. The main difference between C and SPARK is that we can
specify a bit-vector data type in SPARK, which is then communicated to the SMT
solver via Why3. For our use case, it helped the solver to reason using modular arithmetic.
Most SMT solvers used as back-end of Why3 have a theory of bit-vectors. If we do not
use bit-vectors, the SMT solver is reasoning by default using non-modular arithmetic.

type Unsigned is mod 2%%*32;
subtype uintl16 is Unsigned range O .. 65535;
type UINT16_ARR is array (Positive range <>) of uintl6;
Max : constant := 10_000;
function LinearInterpolation(Xa, Ya, Xb, Yb, X : uint16) return uinti6 is
Result : uintil6;
begin
if Xa /= Xb then
Result := Ya + (X - Xa) * (Yb - Ya) / (Xb - Xa);
else
Result := Ya;
end if;
return Result;
end LinearInterpolation;
function IntSqrt(number : uintl6) return uintl6
with Global => null, Contract_Cases =>
(number <= Max => IntSqrt’Result * IntSqrt’Result / 100 + 30 >= number and
number+10 >= IntSqrt’Result * IntSqrt’Result / 100, number > Max =>
IntSqrt’Result = 1000) is

TabX : UINT16_ARR(1 .. 41) := (0,5,10,25,40,...,8000,8600,9200,10000) ;
TabY : UINT16_ARR(1 .. 41) := (0,22,32,50,63,...,894,927,959,1000);
begin
for T in 1 .. 40 loop
pragma Loop_Invariant (for all J in 1 .. I => number >= TabX(J));

if number in TabX(I) .. TabX(I+1) then
return LinearInterpolation (TabX(I), TabY(I), TabX(I+1), TabY(I+1), number);
end if;
end loop;
return TabY(41);
end IntSqrt;

Figure 5. SPARK code for automatic proof with GNATprove

The proof of the simplified code succeeded on both Frama-C and SPARK. However,
when using the full table of 41 values, Frama-C failed where only SPARK succeeded.

We also analyzed our complete C code with Astrée [18] from AbsInt, a static analysis
tool using abstract interpretation, to prove some difficult goals. The abstract interpre-
tation results can be used as assumptions for Frama-C WP or bring more confidence

5Special thanks to Yannick Moy from AdaCore
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for certification if Frama-C can reason on them. We discuss the results in the next sec-
tion.

4. Results

In this section, we explain the results and why Frama-C failed to scale-up from 8 to 41
values, and what should be done to cope with this type of problems.

4.1. From Frama-C to the SMT solver

To understand the reason why automatic proof failed for the full table, we have to detail
the transformations between the C code through Frama-C, Why3 and the solvers. First,
Frama-C transforms the C code and its ACSL contracts using the weakest precondition
calculus into verification conditions (VC) in the WhyML language. It also introduces
additional goals to verify the absence of runtime errors such as overflows. The WhyML
output contains all the theories necessary for the proof and is sent to Why3. Then Why3
transforms it into the language of the chosen prover. For our use case, the WhyML
transformation contained quantified formulas and had redefined some operators such as
division using uninterpreted functions.

4.2. The difficult goal

There were 51 goals (verification conditions) to be proved and two of them were not
proven. The most difficult goal was about proving that the contract of the post condi-
tion in the linear interpolation function had the same behavior as the code. We show
it in Fig. 6.

typedef unsigned short uintil6;
typedef unsigned char uint8;
/*@
requires 0 <= Xa <= 10000 && 0 <= Xb <= 10000;
requires 0 <= Ya <= 1000 && O <= Yb <= 1000;
requires Yb > Ya && Xb >= Xa;
requires Xa <= X <= Xb;
ensures Xa != Xb ==> \result == (Ya + (X - Xa) * (Yb - Ya) / (Xb - Xa));
ensures Xa == Xb ==> \result == Ya;
assigns \nothing;
*/
uint16 LinearInterpolation(uint16 Xa, uint16 Ya, uint16 Xb, uintl6 Yb, uintl6 X)
{
if (Xa !'= Xb) {
return(Ya + (X - Xa) * (Yb - Ya) / (Xb - Xa));
} else {
return(Ya);
}
}

Figure 6. Annotated interpolation function for Frama-C WP automatic proof
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Actually, contracts use mathematical arithmetic (without overflow), but code uses
modular arithmetic, where overflows may occur. For our use case, we used a 16-bit
unsigned integer to store the returned value of the interpolation.

4.3. Direct proof with SMT-LIB

Since 2 goals were not proven with the official Frama-C version, we obtained a new
version that could address directly SMT solvers using the SMT-LIB standard [5]. We
proved our goals with Colibri, CVC4 and Yices2. We remarked that the SMT-LIB file did
not contain quantifiers and did not redefine operators such as division. We concluded
that this approach scaled and worked better for problems with nonlinear arithmetic such
as interpolation functions. Furthermore, some SMT solvers such as Yices2 do not support
quantification.

4.4. Experience with the Why3 SMT output files

We wanted to understand what was the impact of the redefined division using uninter-
preted functions and of quantified formulas, so we modified manually the SMT request
sent to the solver. First, we removed the specific functions about division and used
the standard SMT-LIB div operator. Then, the proof succeeded with CVC4 but only if
using nonlinear logic containing bit-vectors. Disabling bit-vectors from that logic resulted
in a failure to prove the formula. On the other hand, the quantifier-free SM'T output did
not need bit-vector logic to be proved.

4.5. Abstract interpretation

Because it is difficult to understand how the SMT solvers proved the difficult goal,
we used Astrée to prove the absence of overflow in the returned value of the linear
interpolation function. This proof can then be used as hypothesis in Frama-C WP. Astrée
could find the dependency between Y} and Y, and estimate a precise interval for (Y, —Y,).
The same was done for (X, — X,,) and (X — X,). Thus a precise interval was calculated
for Y in [0, 10000], which fits in a 16-bit unsigned integer without overflow.

5. Methodology

In this section, we propose a methodology based on our experience to solve problems
using discrete-valued functions such as linear interpolation. Our use case is a simple one
and we could have tested it for each value in the domain of validity of the function. How-
ever, in practice, there are more complex discrete-valued functions implemented with
linear interpolation tables called lookup tables. These functions are often called by other
discrete-valued functions. The number of cases to test can be the product of the cardi-
nalities of the domains of the individual functions. We propose to use the methodology
shown below in Fig. 7 in order to prove those functions.

First, we need to isolate all the functions we want to prove together and annotate
the code with contracts specifying the behavior expected from each function. Then, we
can try to prove it in Frama-C via Why3. If the proof succeeds, we can stop. Otherwise, we



Todorov V., Taha S., Boulanger F., Hernandez A.
Proving properties of Discrete-Valued Functions using Deductive Proof: Application to the Square Root 529

Frama-C/Why3
proves the VC

Frama-
C/Direct SMT-

LIB proves the
Ve Abstract

interpretation No
tool proves the
VC

Figure 7. Methodology for proving Discrete-Valued Functions

can try to use the direct SMT-LIB output of Frama-C WP with the SMT solvers. As we
have seen, this approach removes quantifiers and uses native mathematical operators.
If it does not succeed, for some goals (VCs) we can try to prove them using abstract
interpretation tools. If this method does not succeed, we need to use a proof assistant to
prove the difficult goals.

6. Related work

Our work concerns the formal verification of the square root function used for embedded
automotive applications and using fixed-point numbers. Embedded software generally
needs to be optimized because of the limited power of the micro-controllers. We used
deductive proof engines (Frama-C and GNATprove) that create verification obligations
discharged mostly automatically by SMT solvers. For our application, we only need to cal-
culate square root for a predefined interval and the precision of our lookup table is enough
to satisfy the requirements. We could use other methods such as Newton method but it
would be more resources consuming. To the best of our knowledge, a linearly-interpolated
fixed-point square root algorithm has not been the subject of formal verification work. In
this section, we give a survey on some related work about the correctness proof of square
root algorithms for machine representation and for standard mathematical functions in
general.

The problem of the specification and validation of standard functions is also discussed
in [17]. Even if a standard for representing floating-point numbers has been defined
(IEEE 754), this standard does not provide requirements for the specification of standard
functions. This paper is a systematic presentation of ideas from other studies about
the formal specification and testing of standard mathematical functions. The author
does not use automatic proof assistance.

We think that the first floating-point algorithms verifications were motivated by some
hardware bugs such as the Pentium FDIV bug discovered in 1994. For example, in 1998
Russinoff used the ACL2 theorem prover to verify the square root algorithm in the K7
microprocessor [24]. Later, in 1999 he also verified the square root microcode of the K5
microprocessor [23]. In 2000, researchers from Intel Corporation verified the square root
algorithm used in an Intel processor with the Forte system that combines symbolic trajec-



Modeauposanue u anaausd ungopmavyuornoz cucmem. T.26, Ned (2019)
530 Modeling and Analysis of Information Systems. Vol. 26, No4 (2019)

tory evaluation and theorem proving [1]|. In 2002, IBM presented a research paper about
the formal verification of the IBM Power4 processor that uses Chebyshev polynomials
to calculate square root [25]. The team used the ACL2 theorem prover to mechanically
verify the square root algorithm. In 2002, Bertot et al. verified the divide-and-conquer
part of GMP’s square root using the Coq proof assistant [6]. In 2003, Harrison published
his work about a square root algorithm verification using HOL Light [14]|. This partic-
ular algorithm used for floating-point numbers was provided by Intel for a new 64-bit
architecture called Itanium to replace some less efficient generic libraries. The main ben-
efits of using theorem proving for the verification of this algorithm were reliability and
re-usability. Actually, its proof involved Diophantine equations that were very tedious
and error-prone to do by hand. The author argues that all the proof process should be
done in the same tool — the proof assistant — because it uses a strict logical deduction
process. In 2011, Shelekhov proposed a specification and verification of square root us-
ing PVS [26]. The paper concludes that synthesis of programs of the standard functions
such as floor, isqrt, and ilog2 is found to be less tedious than the deductive verification of
these programs. In 2016, Oracle presented a research work about the formal verification
of a square root implementation [21]|. They used ACL2 and interval arithmetic to verify
the low-level Verilog descriptions of the floating-point division and square root implemen-
tations in the SPARC ISA, and discovered new optimizations (lookup table reductions)
while doing so. In 2018, Intel Corporation presented a research paper about the proof
of correctness of square root using a digit serial method (DSM) and a theorem prover
(HOL-Light) [12]. A DSM is an algorithm that determines the digits of a real number
serially, starting with the leading digit. In 2019, Melquiond et al. presented a paper about
the formal verification of the GMP library’s algorithm for calculating the square root of
a 64-bit integer using Why3 [19]. This algorithm can be seen as a fixed-point arithmetic
algorithm that implements Newton method. The authors used the WhyML modeling
language to implement GMP’s algorithm together with its specification and then the
Why3 tool to prove its correctness automatically. The resulting proved WhyML model
was then extracted to correct-by-construction C code, which was binary compatible to
the one from GMP. The authors reported that this work took a few days. They also used
ghost code in WhyML to simplify the verification conditions.

The studies about standard mathematical functions and in particular square root
specification and validation cited above are all platform-dependent. A new approach
proposed by Shilov et al. consisted in a platform-independent verification of standard
mathematical functions. In [28], this approach was applied to the square root function
and combines a manual (pen-and-paper) verification of a base case that proves the al-
gorithm’s correctness with real numbers to provide a proof-outline for the verification
of the algorithm for machine numbers. The function implements Newton method and
uses a lookup table for initial approximations. The specification is done in terms of total
correctness assertions with use of precise arithmetic and the mathematical square root
and the verification is done in Floyd-Hoare style. A proof of correctness of the algorithm
is given for a fixed-point arithmetic and for a floating-point arithmetic. The primary
purpose of the paper is to make explicit the properties of the machine arithmetic that
are sufficient to perform the verification presented in the paper. Computer-aided im-
plementation and validation of the proof using ACL2 was partially done, the complete
ACL2 implementation was left for future studies.
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Conclusions

In this paper, we have presented our experiments with automatic deductive proof of
correctness of a discrete-valued function calculating a square root by interpolation. We
used Frama-C WP and GNATprove to prove the correctness of the function, but we
encountered some difficulties with the nonlinear formula of the linear interpolation. Three
non-standard approaches worked well for us: the use of bit-vectors in SPARK, the direct
SMT-LIB quantifier-free output of Frama-C and the static analysis with Astrée. Bit-
vectors are well supported in most modern SMT solvers and are well suited for problems
that involve modular arithmetic, but scaling is sometimes difficult. For our use case, SMT
requests without quantifiers performed and scaled better because there was no need for
bit-vectors. Abstract Interpretation analysis gave more confidence in proving that there
was no overflow in the linear interpolation calculus. We have proposed a methodology to
use a combination of these different methods until the proof is done. We also show that
using industrial use cases with off-the-shelf tools does not always scale, but if we work
with researchers, we can find a solution and improve the tools.

Using deductive methods is very promising in an industrial context for safety-critical
applications. It can replace unit tests as shown in [20] and thus decrease cost while
increasing quality. It is also an intellectual activity that brings more satisfaction for
engineers compared to testing.
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Awnnoranusi. B redenne MHOTHX JieT aBTOMOOUIBHBIE BCTPANBAEMbBIE CUCTEMBI ITPOBEPSIIINCH TOJBKO
TecrupoBanueM. B GumkaiinieM Oy/yIeM yCcOBEpIIeHCTBOBAHHbBIE cucTeMbl oMoru Bogureaio (ADAS)
Oy/IyT UTpaTh OOJIBIITYIO POJIh B JU3aiiHe 1 pa3paboTKe MPorpaMMHOro obecrevdenns aBToMoomis. Kpome
TOrO, YBeJIMYeHNEe UX KPUTUIECKOTO YPOBHSI MOXKET IIPUBECTU K TOMY, YTO BJIACTH ITOTPEOYIOT ceprucu-
Karnuu 3TuxX cucreM. MbI iymaem, 94To npuBHeceHUe (POPMAJIBHBIX JOKA3ATEIHCTEB B UX PA3BUTHE MOYKET
IIOMOYb O0ECIIEYNTD BBIIOJTHEHNE CBOMCTB 0E30MacHOCTH U TOJyIUuTh 3MMEKTUBHBIN porece ceprudu-
kanuu. JIpyrue orpaciu (HapuMep, a9pOKOCMUYIECKasl, KeJIE3HOJIO0POKHASI, AJIepHAast), KOTOPbIE CO3/a-
10T KPUTHYIECKUE CUCTEMBI, TpeOyIomue cepTudUKAINT, TAKXKE MOTYT OBITh 3aNHTEPECOBAHBI B PA3BUTHH
dopMasIbHBIX MeTOJOB poBepKu. OIHUM U3 3TUX METOJIOB sIBJISIETCsI JIe IyKTUBHOE JI0KA3aTe/IbCTBO. DTO
MOXKET JaTh 00Jiee BBICOKHUI yPOBEHb YBEPEHHOCTH B JOKA3aTEIbCTBE KPUTHIECKUX CBONCTB Oe301acHo-
cTH U fmaXke m30eKaTh MOIYJIbHOE TeCTUPOBaHME. B 9TO#l cTaThe MBI BHIODAJIN BAPUAHT ITPUKJIATHOTO
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YCIIETh C JOKA3aTETbCTBOM. DTHU MOIXO/IBI MOT'YT OBITH IPUMEHEHBI K AHAJJOTUIHBIM ITPpO0JIeMaM, KOTOPBIE
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AnHoTanusa. YaobHas s TOJIb30BaTEIsT POPMAIbHASA CIENNMUKAIST U BepuPUKAIINA TapaJi-
JIEJIbHBIX W PACIPEIETIEHHBIX CUCTEM, ITPUHAJIEYKAINX PAJIAIHBIM IIPEIMETHBIM O0JIACTSAM, TAKAM KaK
CHCTEeMBI aBTOMATUIECKOTO YIIPABJIEHUS, TEJIEKOMMYHUKAIINN, OM3HEC-IIPOIIECCHI, SIBJISTIOTCST AaKTHBHBIMU
TeMaMU WCCJIEIOBAHUN B CHJIy WX IPAKTHIECKON 3HAMUMOCTH. B 3TOif cTaTbe MBI IPEJICTABIISIEM Me-
TOJBI pa3pabOTKH CIEIUAJN3UPOBAHHBIX OPUEHTUPOBAHHBIX HA BepU(MUKAIUIO OHTOJIOTHI ITPOIECCOB,
KOTOPBIE HCIIOJIB3YIOTCH JJIs ONUCAHWS APAJIIeIbHBIX W PACIPEIEIEHHBIX CUCTEM IIPEIMETHBIX 00JIa-
creit. OHUM U3 IPEUMYIIECTB TAKUX OHTOJIOTUI SBJIsIeTCs UX (hOPMajIbHAS CEMAHTUKA, KOTOPAs JIEJIaeT
BO3MOKHOM (HOPMATHHYIO BEPHMDUKAIINIO OMMCAHHBIX cucTeM. Halr MeTo  ocCHOBaH Ha abCTpakTHON OH-
TOJIOTHH TIPOIECCOB, OPUEHTUPOBAHHOM Ha Bepudukaruio. Mbl HCIIOJIb3yeM JIBa METOJIA CIEITHAJN3AINT
abCTPaKTHOI OHTOJIOTMH IIPOIEeCCOB. JleKiapaTuBHBIN METO/ C IIOMOIIBIO CIIEIUAIN3AIUN KJIACCOB UCXO/I-
HOIl OHTOJIOTUU, BBEJIEHUSI HOBBIX JIEKJIAPATUBHBIX KJIACCOB, & TAKYKE CUCTEMbI aKCHOM 33Ia€T OrpaHIIe-
HUS JJTsT KJIACCOB M OTHOIIEHU abCcTpakTHON oHTOIorMN. KOHCTPYKTUBHBIN METOJ UCIOJIb3YeT TEXHUKI
CEMAHTUYIECKON PA3METKHU U COTIOCTABJICHUS C 0OPA3IOM, 9TOOBI CBI3aTh MOHITUSI TPEIMETHOM 0bracTu
¢ KJIaccamMu abCTPAKTHOM OHTOJIOTHH TIPOIECCOB. MbI JaéM IOAPOOHBIE OHTOJOTMYECKHE CIeIruduKa-
MU 3TUX TeXHUK. Halmm MeTopl COXpaHsoT (POPMAaJIbHYI0 CEMaHTUKY MCXOJHON OHTOJIOI'MH IIPOIIECCOB
U, CJIeJIOBATEJIbHO, BO3MOXKHOCTH IIPUMEHeHNs (pOPMAaJIbHBIX METOJIOB BepUMPUKAINN K CHEIUATA3APO-
BAHHBIM OHTOJIOTHSIM IIPOIECCOB. MBI TIOKa3bIBaEM, 9TO KOHCTPYKTUBHBIA METOJ sIBJISETCsT Yy TOTHEHUEM
IEeKJIapATUBHOTO MeTona. IlocTpoenne OHTOIOT MY TUIIOBBIX 3JIEMEHTOB CUCTEM aBTOMATHIECKOIO yIIPAB-
JIEHUSI WJLTIOCTPUPYET HAIK METOJbI: Pa3paboTaHO JEKJIapaTUBHOE OIMCAHNE KJACCOB M OrDAHUIEHUN
CIEIUaJN3UPOBAHHOM OHTOJIOrMU B cucrteMe Protégé na sisbike OWL ¢ ucnosib3oBaHneM 1paBujl BBIBO-
na Ha s3bike SWRL u mocrpoena cucreMa mab/IOHOB CEMAHTHYECKON pa3sMeTKH, KOTOpasl Peajin3yer
TUMOBBIE JIEMEHThI CUCTEM ABTOMATHIECKOTO YIIPABJICHUS.
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BBenenue

Harmra jmosirocpotunasi mesib — pa3zpadoTKa KOMILIEKCHOIO II0JX0Jia K IOJIepXKKe (hop-
MaJIbHOW BepU(UKAINY MTapaJIeIbHBIX CUCTEM JIJId O0eciedeHns X KadecTBa. Perenne
BKJIIOYAET METO/IbI M3BJIeUeHrsT (DOPMATBHBIX MOJIEIEH U CBOWCTB IMapaJsle/IbHbIX CHCTEM
U3 TEKCTOB TEXHUYECKON JIOKYMEHTAIINH, & TaK»Ke WHCTPYMEHTBI JIJIT PYyYHOTO UCIIPaB-
JIEHUs W3BJIeYeHHOI nHMOpMAaIuu 1 00OTallleHUs ee HOBBIMH CYIITHOCTSIMHU.
[IpoekTupyemMblii HAMYM UHTEJUIEKTYAJIHHBII KOMILJIEKC JIJIst [TOJJIEPYKKU (DOPMAJILHOI
BepudUKaIUU TaPAJICIBHBIX CUCTEM aBTOMATUIECKU U3BJIEKACT U T€HEPUPYET CUCTEM-
uble TpeboBanus. Mbl pazpaboraiu onToI0rUI0 TpeboBanuit SO Kak MepBBIil mar K co-
3MaHI0 9TOro Komiuiekca [3|. JIpyrum Kiro9eBbIM KOMIIOHEHTOM KOMILIEKCA SIBJISETCSI
oHTOJIOrMs TIporieccoB PO jyist napaJuiesibHbIX /pacipeenenabix cucrem [4]. Comepika-
HUE 9TUX OHTOJIOTHIA, TO €CTh MHOXKECTBA SK3EMILIIPOB UX KJIACCOB, SIBJISAETCS OHTOJIOTH-
YEeCKUM OIUCAHUEM HEKOTOPOil mapaJuiesIbHOM / pacIipeieIeHHOl CUCTeMbl U TpebOBaHMi
K Heil. DTU ONUCAHUST MOTYT OBITH MOJIYIEHbI U3 TEXHUYCCKON JTOKYMEHTAIUH C ITOMO-
IIBIO HAIEH CHCTEeMbI U3BJIeYeHUd HH(MOPMAaIUU, KOTOpasd UCIOJIb3YeT CTPYKTYPY OHTO-
JIOTHii B MpaBIJIaX aHATM3a JOKYMEHTAINN ¥ [T XpaHeHHs Pe3y/IbTaTa n3Bjaedenus [5].
B cuity HEOHO3ZHAYHOCTH €CTECTBEHHOIO S3BbIKA W HEJOCTATOYHON (hOPMaJIM30BAHHOCTI
TEXHUIECKON JOKYMEHTAINN, MOXKET ITOTPeO0BaTHCsI KOPPEKTUPOBAHIE U3BJIEUEHHON MH-
dopmaruu crenuaabubIMEI peakTopamu. C IOMOIIBIO 9TUX PEJIAKTOPOB TAKZKE MOXKHO,
HE3aBUCUMO OT MOJIYJId U3BJIeUeHNA NHMOPMAINHT, Pa3padaThIBATL OHTOJOTTIECKHUE OITH-
CaHUsI CHCTEM TapaJlIesIbHBIX / DACIIPe/IeJIeHHBIX TPOIECCOB U TPeOOBaHUiT. DTH ONUCAHUS
SIBJIATOTCSl OCHOBOM 711 (hOPMAIBHON BePUMUKAIINI TAKIUX CUCTEM IIPOIECCOB, TTOCKOJIb-
Ky JJIs OHTOJIOIMU TPeOOBaHUil M OHTOJIOIMU IIPOIECCOB MOYKHO 33JIaTh (DOPMAJIbHYIO
ceMaHTHKY. B gactHOCTH, B padote [3] cemanTuka ontosorun SO 3ajana Kak GOPMYJIbI
temnopasbioii joruku LTL [6], a B pabore [4] cemanTuka onrosorun PO 3amaia Kak
IoMevYeHHasd cucTeMa nepexoioB. /[yig Bepudukanum cucTeMbl MPOIECCOB HEOOXO MO
OIPEJIEIUTh TOIXOAIIIH Bepudukarop (HampuMep, WHCTPYMEHT MPOBEPKHU Mojieeii )
¢ ydeTroM (hOpMaIbLHON CEMAHTHKH IpeJIcTaBIeHns TpeboBanuili u mporeccos. Ecan on
CYIIECTBYET, Mbl TPAHCJIUPYEM OHTOJIOTMYECKOE OIUCAHNE CUCTEMBI B SI3BIK CIEIU(pUKA-
[IUU MOJIE/IM BHIOpAHHOTO BepudUKaTopa, a onucanne TpebOBaHU IEPEBOIUTCS Ha A3bIK
crienuduKauu CBOMCTB (0OBITHO TOT A3BIK SIBJISIETCS TEMIOPAJIbHOI JIornKoit). Pabo-
Ta ¢ TpeOOBAHUAMU B Hallleil cucTeMe, KpoOMe UCIOJIb30BaHus (pOopMabHOW CeMaHTHKH,
BKJIIOYAET TAKXKe MX MpeJICTaB/IeHNe Ha eCTECTBEHHOM dA3bIKe U B Ipaduieckoit popme.
Meto/ibl, npeJIoyKEeHHbIE B 9TOI CTaThe, CBA3aHbl KaK C 3aJlavell W3BJIeYeHUs] WH-
bopmanun o mapaJiIesbHOI / pacipeie/IeHHON CHCTeMe TIPOIECCOB U3 TEeXHUYECKOH J10-
KYMEHTAIUM, TaK U ¢ pa3paboTKOil peraKTopa Jijisg MOCTPOEHUS M KOPPEKTUPOBAHUSA
OHTOJIOTMYECKOT'O OIUCAHUSA TAKUX CHCTEeM. B 3TuX 3aJladax MCIOJIb3YeTCsd OHTOJIOTUS
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nporieccoB PO, KoTOpasi ONHMCHIBAECT MapaJsiiejbHble CUCTEMbI KaK COCTOAIINE U3 B3au-
MOJIECTBYIOIINX IapaJslIeIbHBIX ITPOIECCOB, XapaKTePU3YeMbIX JIOKAJIbHBIMU U pPa3jie-
JIIeMBIMU IIePEeMEeHHBIME, KaHaJIaMU JJIsT OOMeHa COODIEeHUAME, AefCTBUIMEI 00pabOTKM
[epEMEHHBIX 1 CojleprKanust KaHaaos. OIHaKO IpU pacCMOTPEHNN KOHKPETHBIX ITPEIMET-
HBIX 00J1acTeil BBIPA3UTE/bLHBbIE BO3MOXKHOCTH OHTOJIOrnH PO OKa3bIBAIOTCS CJIAIIKOM
abCTPaKTHBIMU, ITOOBI, C OHOI CTOPOHBI, 3aJlaBaTh KOPPEKTHBIE IIPABUIA W3BJICUCHUST
nHMOPMAIMU U3 TEXHUYECKON JIOKYMEHTAIIUN, U C JIPYTIOil — YTOOBI OIMCAHUSA CUCTEMbI
IIPOIIECCOB OBLIN UCUYEPITHIBAIOIINMI U IIOHATHBIMI WHKeHepaM TpeboBaHuil 1 pa3paboT-
YUKaM IIPOrPAMMHBIX CHCTEM B 3aJIaHHBIX IIPEIMETHBIX 00JIaCTSIX.

[TockosibKy HaIl KOMILIEKC MTOJJICPXKKU BePU(MUKAIINI MOXKET ObIThH UCIIOJIHL30BaH B Pa3-
HBIX IIPEIMETHBIX 00JIaCTIX, HEOOXOIUMO Pa3paboTaTh METOIbI CleIlnaIn3ain abCTpaKkT-
HO#l oHTOJIOTMK TIpotieccoB PO i KOHKPETHBIX NPEJIMETHBIX 00JIacTeil, 4ToObI cO3/1a-
BaTh 9K3EMILISIPHI IIPOIECCOB, CHenUIHbIE I TPEJIMETHON 00J1aCTH, KOTOPhIE UMEIOT
IIepeMEeHHbIe, KaHaJbl U NEUCTBUS, COOTBETCTBYIOIIAE UX IIPEAMETHON CIIEIUAJIU3AIAN.
Hamnpumep, B cucTreMe aBTOMATHYIECKOTO YIIPABJIEHHS IIPOIECC, 3aAO0IIIi TaTIuK, 10JI-
JKeH OBITH 00s3aTe/IbHO CBsA3aH KAHAJOM CBSA3M IO MEHBINEH Mepe ¢ OJHUM IIPOIECCOM,
3aJIAI0IMM KOHTPOJIIEP. B 9T0#l cTrarhbe MBI IpejjiaraeM JBa MeTOJa CHEIaJA3aIn
abcrpakTHO oHTONIOrHE TIporieccoB PO (pasmen 1.).

JlexrapaTUBHDBII METOJ, ONMCAHHBIA B pasjese 2., OCHOBaH Ha JI0OAaBJICHUU K OHTO-
jgorun PO KjaccoB, cuermuuyuecKux Iy BBHIOpAHHON IIPeIMeTHONH 00/1acTH, KOTOPbIE
HaC.He‘ILyIOT KJIaCChbI HCXO,Z[HOﬁ OHTOJIOFI/II/I, HOBBIX ,ZLeKﬂapaTI/IBHbIX KJIaCCOB, HE€ HacCJIe-
JYIOIIUX KJIACChl UCXOTHOM OHTOJIOIUM, HO HEOOXOIUMBIX JIIA 3aJIaHUs CHeNnpuIecKnx
OI'PaHUYEHUIT OTHOIIEHUI MeXK/Iy HACJIEJIYIONIMMU KJacCaMu, U aKCHUOM, OI'DaHUYINBa-
IOIUX 3HAYEHWsT aTpUOYTOB 3TUX KJIACCOB M OTHOIIEHUsI Mexky Humu. HaciemoBanue
3J1eCh OIIPEJIEICHO KaK PACIHIMPEeHre HCXOJHBIX KJIACCOB JICKJIAPATUBHLIMU IIPEIMETHO-
crieruudeckuMu arpubyramMu (K KOTOPBIM TaKKe OTHOCHUTCSI W WMsi HOBOTO KJIACCA).
B cuity jekapaTuBHOCTH TaKOIO Hac/IeI0BaHusd, (popMajbHas CeMaHTUKa CUCTEMbI IIPO-
I[ECCOB, OIMCAHHBIX HOBBIMY KJIACCAMMU, HE M3MEHSETCs, IIOCKOJILKY OHA 3a1a8TCs TOJIHLKO
B TepMHUHAX KJy1accoB oHToornn PO, a HOBbIE JIeK/IapaTHBHBIE KJIACCH HE NCITOIb3YIOTCA.
HoBble akCHOMBI OrpaHUYINBAIOT KaK 3HAYEHUS HACJIELyEeMbIX, TaK U HOBBIX JIEK/JIapaTUB-
HBIX aTpUOYTOB, YTO TaKKe He BJIMAeT Ha pOpMaIbHYyIO ceMaHTHKY. [losToMy Takast cie-
nuaau3anust PO i 3a1aHHO IpeIMeTHOI 001aCTH COXpaHsieT BO3MOXKHOCTE (hbopMaJib-
HO# BepUPUKAIINU CUCTEMBI TIPOTIECCOB CIEIUAJIM3NPOBAHHON oHTOI0THH. VTaK, crerua-
JIN3UPOBAHHAS OHTOJIOIMS IIPOIIECCOB OTINYAETCs OT UCXOIHON OHTOI0rHK IIporeccos PO
JIeKJIADATUBHBIMU [TPEIMETHO-CIIeNnbUIecKUMU aTpuOyTaMu KJIaccoB (BKJIOYas HEHa-
CJIeJIyIOIIe KJIACChl) U HAOOPOM AKCHOM U IPABUJI, KOTOPbIE OIPEJIEISIIOT CreruduaHble
OorpaHMYeHHs Ha aTpuOyThI KJIACCOB M OTHOIIEHUS. AKCHOMBI M IIPaBUJIa MOI'YT OBIThH
HCIIOJIb30BaHbl KaK JdJIA HaCTpOﬁKH Ha Hpe,ZLMeTHyIO O6HaCTb CHUCTEMbI U3BJICUHCHUA WMH-
dopmanum u3 TEXHUIECKOH JOKYMEHTAINH, TaK U JIJIsi IPOBEPKHU IEJIOCTHOCTH U COTJIaCcO-
BAHHOCTH COJIEP:KaHUsI OHTOJIOMUU. B HalmeM cjiydae OHTOJIOMUSI CIIYKUT JIJIst IPeICcTaB-
JIeHVsI TIapaJIIeIbHOMN / PACIIPEJIEIEHHON CUCTEMBI, TI09TOMY IEJIOCTHOCTH U COIJIACOBAH-
HOCTH O3HAYAIOT, UTO IK3EMILIAPHI MPOIECCOB COOTBETCTBYIOT IPOIECCAM IIPEIMETHOMN
00J1aCTH, TO €CTh UMEIOT Bce HeOOXOIMMbIE IIepeMeHHbIe, KAHAJIbI 1 JIeCTBHI.

OHako JieKJIapaTuBHBIA MeToJ He JaéT crocoba 3a1aHus COAePKaHusl CIeIIa 31~
poBaHHOIT oHTOJIOTHH. [o3TOMY MBI TIp€e//TaraeM KOHCTPYKTUBHBIN MeTOJI, KOTOPBI MO-
KeT 6bITb HCIIOJIB30BaH IJId CO3JaHNA Hpe,[[‘MeTHO—OpI/IeHTI/IpOBaHHOFO CO,Z[‘ep}KaHI/IH OH-
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TOJIOTUH IIPOIECCOB C MCIOJIB30BAHUEM HOBOW OHTOJIOIHH IIPEIMETHO-OPUEHTHPOBAHHBIX
mabsionoB. [locTpoenne aToro copepzkanms BKIOYaeT B cebsd HECKOJIBKO TarnoB. Ha rep-
BOM 3Talle MbI UCIIOJIb3yeM aOCTPAKTHYIO OHTOJIOIHIO IporeccoB PO 1ja co3aHus HO-
BOI OHTOJIOTMY CEMAaHTUYECKH Pa3MeUYeHHbBIX IIPOIIECCOB, 3a CYET 00OralleHns e€ KIacCcoB
aTpuOyTaMi CeMaHTHYECKOIl Pa3sMEeTKH, COJEpXKalllUMK CTPOKOBOE OIMCAHIE TEPMHHOB
pe/IMeTHO 001acTH. DTa HOBas OHTOJIOIH JaHa B pasfese 3. 3aTeM MHOMKECTBO K-
3eMILISIPOB 1IPEIMETHO-OPHEHTUPOBAHHBIX IIPOIIECCOB MOKET OBITH OIIPEJIEJIEHO C HCIIOIb-
30BaHNEM OPUEHTHPOBAHHOI Ha IIPOIECCHI OHTOJIOIMH CEMAaHTUYECKOIl pa3MeTKH, OIICAH-
HOII B pazjese 4. DK3eMIIAPHI 3TOIl OHTOJIOTMH OIPEJE/ISIOT IPABHU/IA, ¢ IOMOIIBIO KO-
TOPBIX 33/1aeTcs HabOp IK3EMILISIPOB CIIEIHAIN3UPOBAHHBIX IIPOIeccoB. leKmapaTuBHbI
METO/I CHEeNNAIN3NPOBAHHON OHTOJIOIUH IIPOIECCOB HOIXOUT JIJIsi HACTPOMKH IIPOIiecca
U3BJIEYCHUS JAHHBIX O l1apaJlJIeIbHOI CucTeMe U I IPOBEPKU KOPPEKTHOCTH OIIMCAHUIT
yZKe CO3JaHHBIX MJIM U3BJICUYEHHBIX cucTeM. 7151 co3manus HOBOM clienuam3upOBaHHOIN
OHTOJIOTMH IIPOIIECCOB U €€ HAIIOJHEHUS JIydIllle NCII0/Ib30BaTh KOHCTPYKTUBHBIN METOJI,
IOCKOJIBKY OH IIO3BOJISIET HA OCHOBe ITa0JI0HOB CTPOUTH SK3EMILIAPBI HOBOI OHTOJIOTUH.

MbI nmrocTpupyeM Hallll METOBI Ha IIpUMepe IPeIMEeTHOI 06/IacT! CHCTEM aBTO-
matudeckoro yupasienns (CAY). nsg mwimocrpanuy J1eKIapaTHBHOIO METOAa pas3pa-
OOTaHBI OIMCAHHUs KIACCOB THIOBBIX 371eMeHTOB CAY, a Tak:Ke HX CBOIICTB M aKCHOM,
cpeacreamu a3bika OWL (Web Ontology Language [11]) B penakrope Protégé [12] ¢ uc-
nosib3oBanueM a3bika npasmit SWRL (Semantic Web Rule Language [13]). 91u npasuia
3a/1aI0T YCJIOBUsI, KOTOPBbIe obeciiednBaioT B Protégé mposepKy KOPPEKTHOCTH OHTOJIO-
I'HYECKOI0 OIIMCAHUS CIEIMAIN3UPOBAHHBIX IIPOIIECCOB € IIOMOIIBIO MAIIUHbI JIOITYECKO-
ro soiBoga Hermit [9]. Paspaborka oHTOMOrHM HPOIECCOB /I 9TOH 06IaCTH OCOOCHHO
BayKHa, IIOTOMY YTO Y/I00HAs I IOJIb30BaTess (opMasbHasd CHelbuKaIua U Bepu-
bukarys cucTeM aBTOMATHYECKOTO yIIPABJICHUS U, B IIeJIOM, Kubep-OU3ndIecKnx CHCTEM,
HMEIOT BarKHOE IPaKTUYECKOe 3HAUYEHHUE.

1. OmnToJsiorus mIpoIeccon

MpbI paccmaTpuBaeM 0HMOA02UI0 KaK CTPYKTYPY, KOTOpash BKIIOYaeT B ce0s CJIeIyIoIue
ssteMeHThI: (1) KOHEeYHOe HeIyCcTOe MHOXKECTBO KAacco8, (2) KOHeUHbIH HeycToil Habop
ampubymos darHuT U ampubymos omuowerud, 1 (3) KOHEUHBINH HelycToit Habop dome-
106 ampubymos dannuir. KaxKapiil Kiace onpejerisercsd HabopoM aTpudbyToB. Kaacc ¢
asasemes nodkaaccom apyroro kiacca C' (¢ < C' HacaeyeT poIuTeIbCKUil KIace), ecim
BCce aTpuOyThI KJIACCA-POIUTENS IPUHALIEKAT TaKxKe KJIacCy-HaC/JIeIHUKY. ATpuOyTh
JIAHHBIX TOJIyYal0T 3HAUEeHHUsI U3 JJOMEHOB, a 3HaYeHUd aTPUOYTOB OTHOIIEHU SIBJISTIOTCS
9K3eMILITPAMI KJIACCOB. IKIEMNAAD KAACCA ONPeesseTcss HabOpoOM 3HavdeHuil aTpudy-
TOB I 9TOro Kjacca. Codeporcarue OHTOJIOTUNA — 3TO HADOP IKIEMILIAPOB €€ KJIaCCOB.
Axcuomn, u npasu.sa OTPAaHTINBAIOT 3HAYEHUS ATPUOYTOB KJIACCOB.

Conepxkanne oHTOI0TAN IporeccoB PO mpeacTaB/isieT OHTOJIOIMIECKOe OIMCAHNE Ta-
paJuIeIbHOM / paciipe ieieHHoli cucreMbl. Mbl paccMaTpuBaeM TaKyro CUCTEMY KaK MHO-
JKECTBO B3aMMOJIeficTBYOMUX MporeccoB. IIporeccel (omuceiBaemble Kiaaccom Process)
XapaKTepu3yITCs HADOPOM JIOKAJIBHBIX U PA3JIe/IsieMbIX IIePEeMEHHbIX, CITUCKOM JefcTBIi
HaJl STUMH II€PEMEHHBIMHU, KOTOPbIe MEHSIOT UX 3HAYEHUsI, CIIMCKOM KaHAaJIOB JIJIs B3au-
MOJIEICTBHSI, a TaKKe CIIMCKOM KOMMYHHUKAITMOHHBIX JeficTBUI 110 OTIIPaBKe COOOIIEHMIA.
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Fig. 1. The Process Ontology

[Tepemennsie (kmacc Variable) m xoncrantsl (kiaacc Constant) mporeccoB IpHHEMA-
10T 3HAYECHUsT B 00/1aCTAX 6A30BBIX TUIIOB. B 3aBucuMocTi 0T (hOpMAIBHON CEMaHTUKH,
[IPUIICHIBAEMOTl OHTOJIOTUH [TPOIECCOB, 6A30BbIE TUIIBI U OIEPAINH, ONPEIEJIEHHbIE s
[EePEMEHHBIX 9TUX THUIIOB, MOTYT pPa3/IMuaThCd. B 4acTHOCTH, TPHU 3aaHUU CEeMaHTHU-
KM KaK KOHEYHOl CHCTeMbI MOMEYEHHBIX 1epexoJioB [4] B KadecTBe GA30BBIX TUIIOB MBI
paccMaTpuBaeM OYJIEBCKUI THI, KOHETHBIE MTOJMHOXKECTBA IEJIbIX U CTPOK JIJIsi TIepe-
YUCJIMMBIX THIIOB, a TaKyKe KOHEYHBIE THIIBI, ITPOU3BOHBIE U3 IepeduncieHHbx. Jlasee
B CTaTbe MbI CUMTAEM, UTO MPEJIMETHBIE O0JIACTH TAKOBBI, UTO UX CHCTEMBI ITPOIECCOB
JIOITYCKAIOT YIOMSIHYTYIO (DOPMAIBHYIO CEMAHTHUKY, T.€. He MCIOJIB3YIOT, HaIpumMep, dec-
KOHEYHbIEe MHOYKECTBA JIeCTBUTEIbHBIX Ynce . HadabHble 3HAYEHUST IEPEMEHHBIX MOTY'T
OIpeJIeNISIThCs CpaBHEHHEM ¢ KoHcTanTamu. [leficTBus mporeccos (kiaace Action) nsme-
HSAIOT 3HAYEHUS TIEPEMEHHBIX. YCJI0BHE CpabaThiBaHUS st KaXKIOrO JEHCTBUS OIpeie-
JIsTeTcst Kak oxpanHoe ycsoBue (kiaacce Condition) OTHOCHTETIHHO 3HAYECHUIT TIEPEMEHHBIX
U COJIEPYKUMOT0O KaHaJIoB. 1Iporeccsr MOTYT HOCBLIATE COOOIEHNs Yepe3 KaHAJbI (KJIace
Channel) npu BbIIOJHEHIN OXpaHHBIX ycaoBuil (kiaacc Condition). Kananbr kKoMMyHE-
KAI[H XapaKTePU3y0TCst THIIOM YTeHHUsT COOOIEHN, EMKOCTBIO, DEXKIMAMU 3aIlUCH / dTe-
HUS W HaJIe’KHOCTHIO. OTMeTnM, 9To mpu BbIGOpe (hOpMATbHON CEeMAHTHKH OHTOJIOTHH
KaK KOHEYHON CHCTEMBbI IIOMEYEHHBIX ePEX0/I0B, EMKOCTh KAHAJIOB JIOJI?KHA, OBITH Orpa-
HuYeHa. PucyHok 1 mpejcraBisieT OHTOJIOIHIO TporieccoB. Kiacchl 0ToOpazkaloTes Kak
6esibie oBasibl. OTHOIIEHUST MEK/TY KJIACCAMU TOKA3aHBI Iy HKTUPHBIMU CTPEJIKAMU C UMe-
HAMU B CEPBIX OBajlaX. DTU CTPEJKHU ABJIAIOTCS CILIONTHBIMU, €CJIU OTHOIIEHKE “OJINH KO
MHOTUM, ¥ TIyHKTUPHBIMU, €CJTU OTHOIIEHUE “OiH K 0THOMY . ATpHOYTHI JTaHHBIX KJIac-
COB, TIOMEMICHHBIE B MITPUX-IIYHKTUPHBIE PIMOYTOJBHUKHI, CBA3AHBI C COOTBETCTBYIO-
UMK KJIACCAMHE MITPUX-TIYHKTUPHBIMU CTPEJIKAME. Y HUBEPCAJBHBIE KJIACCHI OHTOJIOIHH
PO abcrparupyrorcst or ocobeHHOCTEl TpeiMeTHol ob1actu. B cesyrorem pasjiesie Mbl
OIPEJIETM METOJI, CIEIUATN3AINN 1 PACITUPEHUST OHTOJIOTUU [TOCPEJICTBOM JT0OABICHUST
CIIEIUATM3UPYIOMIAX KJIACCOB U OTPAHUIMBAIOIINX AKCUOM JIJIsl IPEJMETHON O0JIACTH.
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2. CoenmaJm3mpoBaHHAasA OHTOJIOTHS ITPOIECCOB

Crerprainzalysi OHTOJIOTMH — 9TO MOCTPOeHHe mepapxuu Kiaaccos |7]. B ciyuae creru-
AJIN3AIMA OHTOJIOTUU IIPOIECCOB Mbl CTPOMM HOBYIO CIEIUAJIN3UPOBAHHYIO OHTOJIOIHUIO,
pacIIupsis MCXOMHYIO OHTOJIOIMIO CJIEIYIOIMMME 3JIeMeHTaMU. Bo-IepBbIX, HEOOXOIIMO
3aJ1aTh MHOXKECTBO KJIACCOB JIjI OIMCAHUs ClielndUIeCKuX i [IPeJIMeTHOR objacTu
ITPOIIECCOB, TTEPEMEHHBIX, KOHCTAHT, KaHAJIOB, JeMCTBUI MPOIECCOB W T.I., KOTOPbIE Ha-
CJIEJIYIOT KJIACChl MCXOMHON OHTOJIOrMK. [Ipu 3TOM J0Mo/IHUTE/IbHBIE aTpUOyTHI KJlacca-
HACJIEHUKA SIBJISIIOTCA YHCTO JIEKJIAPATUBHBIME, T.€. CBA3bIBad aOCTPaKTHBIE OHSITHUST
OHTOJIOI'MH IIPOIECCOB C IMOHATUSIMU IIPEIMETHON 00JIacTH, OHU HE OKA3bIBAIOT BJIMSHUS
Ha (opMaJIbHYIO0 CeMAaHTUKY (B GOJIBIIMHCTBE CJIydaeB JONOJTHUTEIbHbIE ATPUOYTHI OT-
cyrcTBytor). Hanpumep, jis ipeiMeTHoit 06/1acTH aBTOMATHIECKUX CUCTEM YIIPABJICHUS
HOBBII arpubyT SpecSen B ONMUCAHUU MPOIECCA-TATINKA CIIYKUAT JIJIA CHEIU(MUKAIN
BHJIa U JUANIa30HA 3HAYEHWI HAO/II0JaeMOil UM BeJUYUHBI. BO-BTOPBIX, OIPEIesseTcs
MHOKECTBO KJIACCOB, HE HACIEIYIOMMX KJacchl oHTOM0orun PO, HO HEOOXOIUMBIX I
OIMCaHMUsI OHTOJIOIMYECKUX OrpaHuYeHuil mpeaMeTHo obaact. Hanpumep, SK3eMILISphb
kitacca Physical Quantity siBiasieTcst 3HadeHHIMEI aTpudyTa SpecSen mnporecca-IaTanKa
U MOT'YT CJIYKUTb JIJIsI IIPOBEPKH COOTBETCTBUSI THIIA €0 HabJ Ito1aeMoii Beinaunbl. U, Ha-
KOHEIl, HeOOXOIMMO OIMCATh aKCHOMBI U IIPABUJI&, OIPAHUINBAIONINE 3HAYEHUS aTpUOy-
TOB HOBBIX KJIACCOB. B 9acTHOCTH, SIBHBIM 0Opa30M HYKHO 3aJaTh, YTO CIeNU(UKAIIST
BUJIa ¥ JMalla30Ha 3HAYEHMI IpOIecca-IaTduka U clenuduKaius BUAa U JUalla30Ha
3HaUYEeHNN HAOIIOIaeMON UM BEJIMIUHDBI JO/IXKHBI COBIAIATD.

dopMaIbHO ClenuaIn3alys OHTOJIOIMN IPOIeccoB PO ONUCHIBACTCA CJICAYIOMNM 00-
pasom. O603HAYNM CIeNMaIn3uPOBAHHYI0 OHTOJIOTNI0 Kak SpecP(,; MHOXKeCTBO aKCH-
om onrostorun O kak Azioms(O), muoxecrso kinaccoB ontosorun O xak Classes(O),
MHOYKECTBO arpubyToB Kiacca ¢ Kak Atr., rme ¢ € O u O € {PO, SpecPO}. Hns
outojoruu O MHOXKECTBO aTpUOyTOB KJIACCOB, 3HAYEHMs KOTOPBIX HCIOJIL3YIOTCH MPH
ormcaHnu eé HopMaIbHON ceMaHTHKH, obosHaunM Kak FormSem(O). Ormernm, 9To
FormSem(PO) = Uceciasses0)(Atre \ 1d), T.e. naentudukaropsl He BIHAOT Ha dop-
MaJibHYI0 ceMaHTHKY (cM. puc. 1 u [4]). Torma:

1) Classes(SpecPO) = InhClsUSpecCls, tae Ve € InhCls 3C € Classes(PO) : ¢ < C
u Ve € SpecCls PC € Classes(PO) : ¢ < C. Ilpu stom FormSem(SpecPO) C
FormSem(PO).

2) Azioms(SpecPO) = Axioms(PO)USpecAxs, npu srom Ve € Classes(SpecPO) Ja €
SpecAxs : a(uses)c, rjae a(uses)c o3HaYaeT, YTO B OMUCAHUN aKCHOMBI @ YHOMUHAETCS
KJIACC ¢. AKCHOMBI MOT'YT HAKJIQIbIBATH OIPAHUYEHUsT HA KOJIMIECTBO 3HAUEHUiT aTpuby-
TOB U HA UX BO3MOXKHBIN JIMana3on (BK/IOYasg TOUHOE cOOTBETCTBUE). B ciydae arpuby-
TOB OTHOIIEHUI 9TOT JUANIA30H OIPE/IeJIFeT BO3MOKHbIE KJIACChI (BKJIIOUas OrPDAHUYEHUs
Ha MX aTpuUOyThI), ¢ KOTOPHIM JAHHBIH K/JIACC CBA3aH OTHOIEHUSIMU.

Takum 06pazoM, KJIacChl UCXOTHOM OHTOJIOTUH CJIYKAT HATTEPHAMEA OHTOJIOTHIECKOT'O
POEKTUPOBaHUS | 7| Jyisi CO3/IaHUsI CIIENUATU3UPOBAHHBIX OHTOJIOT U TIPOIECCOB, UTO UJI-
JIIOCTPUPYETCS TPUMEPOM OHTOJIOTHUH JIjIsl TUTIOBBIX 9JIEMEHTOB CUCTEM aBTOMATUIECKOTO
yIpaBJienus B pasjiesie 5. Jlajgee Mbl onuieM KOHCTPYKTUBHBIN ITOXO0/ K CIIETIHATA3AINN
a0CTPaKTHOW OHTOJIOTUU ITPOIECCOB JIJI IIPEIMETHBIX 00/1acTell.
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3. CemaHTHYecKn-pa3MedeHHass OHTOJIOTHUS IIPOIIECCOB

B srom pazsene Mbl (hopMasIbHO ONPEIE MM HAIIl METOJT CEMAHTUYIECKOH Pa3MEeTKI OHTO-
JIOTWH TIPOIECCOB. DTa Pa3MeTKa UCIOJIb3YeTCs I COMOCTABICHUS aOCTPAKTHBIX MIPO-
meccop PO co cruermduyecKuMI IPOIeccaMi BBIOpAHHON IpeaMeTHo# obsactu. Pas-
MeTKa 3aK/JII09aeTcs B J00aBeHnn K Kjaccam oHtojsioruun PO crenuajabHBIX CeMaH-
TUYECKUX METOK W aTPUOYTOB, CBA3BIBAIOIINX UX C MOHATHUSIME [PEIMETHON 0OJIACTH.
Ob6oraménnpie KJIacchl BMECTE ¢ HECKOJBKUMU BCIIOMOTaTETLHBIME KJIacCaMu 0Opas3y-
I0T HOBYIO CEMaHTHYECKHU-Pa3MeIeHHY 0 OHTosIorui0 (oHTOsI0rHI0 S M PO). DK3eMILIsIpbhI
IpEeAMETHO-OPUCHTUPOBAHHBIX ITPOIECCOB MOI'YT KOHCTPYUPOBATBLCA, UCIIOJIB3Yd OHTOJIO-
ruto SM PO u nporecc-opueHTHPOBaHHYIO OHTOJIOTHIO IMTA0JI0HOB CEMaHTUIECKON pas3-
metku (oHTONOrUI0 POSM PO), onncanHyto B CJIeLyOMEeM pasJere.

Onmonozus SM PO comepxut nomennsl Classes, Domains, Types, Values, S Label
u S Attribute, kiraccet AV alue, Element, T u Element T s kaxxmporo T € Domains.

Homennr Classes u Domains BKJIIOYAIOT UMEHa KJIaCCOB U goMeHoB oHTosiorun PO,
coorBercrBenno. lomen Types = Classes U Domains BKIIOYaeT BCe UMEHa, OHTOJIOIUN
PO. Homen Values BrIOYaeT Bce 3HadeHns arpudyToB n3 onrosorun PO: Values =
UrerypesVal(T'), tae Val(T) — MHOXKecTBO 3Hadennit 1y 1, KOTOPBIE SIBJISIOTCH 9K3€M-
mwisipamu 1T € Classes i cOOTBETCTBYIONMME 3HadeHuAME 1jist 1T € Domains.

Homen S Label — 3T0 KOHEYHOE MHOXKECTBO CEMAHTUICCKUX METOK, IPEICTABICHHBIX
crpokamu. Merku crermudunupyor nHGOPMAIUIO, CBI3aHHYIO ¢ SK3EMILIAPAME KJIACCOB
ourojorun PO. Dra undopmarus MoxkeT ObITh 0 TpejaMeTHO obaactu (“sensor” wim
“pressure”) miam 0coGEHHOCTSX MOJeMpyomuX mporeccos (“periodic start”).

Homen SAttribute — 3T0 KOHEYHOe MHOYKECTBO CEMAHTUYECKUX aTpuOyToB (S-at-
pubYTOB), MpeIcTaBIeHHbIX cTpokamu. [1om106H0 MeTKaM, S-aTpubyThI CreruUIIpPYOT
nH(MOPMAIIIO O TPEJMETHO 00/IaCTH, CBI3aHHYIO C 9K3EeMILIAPAMH KJIACCOB OHTOJIOTUN
PO. Pasuuna cocrour B TOM, 9TO CeMaHTHYecKue arpuOyTbl umeror 3uaderus (“1007,
“true” mmm “sxzemiusap Kaacca Controller”).

Kiace AValue nmeer npa omHO3HAYHBIX aTpubyTa: Attribute co 3HadeHUsiMEU B J10-
mene SAttribute nu Value co 3nadenusvu B Values, KoTopble CHEUMUIUPYIOT UM S-
aTpubyTa u ero 3HavdeHne. Ero sK3eMILisspbl Ha3bIBAIOTCA aTPUOYTHBIMU 3HAUCHUSIMHA.

Knace T onronorun SM PO — 310 kiacc T onrosiorun PO, oboraméHHblil JIBYMsI
MHOTO3HAYHBIMEU aTpudytamu: SLabels co snauenusmu B S Label u S Aattributes co 3ua-
qeHusgMu B AV alue. 9t aTpubyThl CeMaHTUIECKH pPa3MedaioT dK3eMILISPBI KJIaCCOB
ourosioruu PO, cuenuajn3upysi ux Jijisi KOHKPETHON IPEIMETHON 00JIACTH, W HA3bIBa-
1oTcst pazmedaiomumn arpudyramu (M-arpubyramm). Arpubyrt S Labels crierudurmpyer
MHOYKECTBO CEMaHTHIECKUX MeTOK. ATpubyr SAttributes cuenudunupyer MHOKECTBO
S-aTpubyTOB ¢ UX 3HAYEHUSIMU C €CTECTBEHHBIM OI'DAHUYEHUEM, UTO JII000H S-aTpudyT
MOKET BXOJUTH B €ro 3HadYeHue He OoJiee OHOrO pasa. ATpubyThl Kiacca 1, He SBJISIIO-
muecd M-aTpubyTamu, Ha3bIBAIOTCA 0A306bLMU GMPUOYMAMU.

Kimace Element T umeer toabko M-aTpubyThl u ojHO3Ha4YHBIN aTpudyr Value
co 3HadenueM B 1, cenudunupyromnuii 3aadenue u3 jgomena 1. Takum oO6pa3omM, B OHTO-
goruu S M PO 3nadenus 1oMeHoB oHTOIOrHH PO MOTYT BKJIIOYATH HH(MOPMAIIIIO O TIPE/I-
MeTHOIT obJracTu, 3ajjaBaemyo M-aTpudbyramu.

Knace Element nmeer Tobko M-aTpubyThl. DK3eMILIAPHI 9TOI0 KJIACCA OMUCHIBAIOT
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MHMOPMAIIIIO O TIPEJIMeTHOM 00/1acTi, KOTOpasi He BBIPAXKaeTCsl eCTECTBEHHBIM 00pPa3soM
Kak crernuajansanys Kiaaccos onroaoruu PO.

[IpomtocTpupyeM godaBjieHne HHMOPMAIIMU O MPEJIMETHOH 00/1aCTH K dJIeMEeHTaM
ourosornn PO Ha mpuMepe JaTunKa, U3MEePAIoIIero TeMieparypy B rpajycax embens
B smarazone ot 0 jgo 1000. Takoit maTdmk 3a/1a€Tcd CAEIYIONIMM SKIEMILIIPOM KJIacca
Process OHTOJI0rMH S M PO:

Process (BAVs, SLabels:{"sensor"},

SAttributes:{AValue (Attribute:"Dimension", Value:"temperature"),
AValue (Attribute:"unit", Value:"Celsius"),

AValue (Attribute:"range",

Value:Element (SLabels:{"range"},

SAttributes:{AValue (Attribute:"left", Value:"0"),
AValue (Attribute:"right", Value:"1000")})})

Jluctunr 1. Dk3eMIuIsgp gaTanKa
Listing 1. The Instance of a Sensor

Baecw snement T(A; @ Vi,..., A, : V,) obosHadaer sK3eMILIsp Kjaacca 1’ co 3HAYEHU-
savu Vy, ..., V,, atpubyros A, ..., A,, maoxectBo {Vi,...,V,} nepeunciser 3uavdeHus
MHOTrO3Ha49HOTO arpubdyra, 1 BAV s — 6azosble arpudyThl n3 onroaorun PO.

Takum obpazom, orTosoruss SM PO 1M03BOJIAET ONUCHIBATH IK3EMILIAPBI TOHATHI
IpeIMeTHBIX obJacTeil B kKontekcre ontosiorun PO. OjHako, oHa He IMO3BOJISIET OIUCHI-
BaTh ONpaHUYEHUs] HA 9TH IK3EeMILIIPBHI. B ciemayromem pasjese Mbl OIPeIe UM OHTO-
goruto POSM PO, KoTopasi HAKJ/IaIbIBACT OIPDAHUYEHUS] HA CEMAHTUIECKYIO PA3METKY,
U TeM CaMbIM Ha 9K3EMILIAPBI MOHATHI ITPeMeTHOH 00/1acTh, crenuduimupyeMbie ¢ 10-
MOIIIBIO 9TOI pa3MeTKN. DTa OHTOJIOTHUST OIPEIE/ISIeT TOHITHS TIPEeMEeTHOH 00IaCTH, MC-
[IOJIb3YS IA0JIOHBI JIjI HAKJ/Ia IbIBAHUA OrpaHUYIEHUl B 9K3eMILIgpax ontojoruun SM PO
Ha MECTHOCTDb M 3HAYEHHUS UX aTPUOYTOB.

4. Ilporecc-opuenTupoBaHHasi OHTOJIOTUA MIAOJIOHOB
CEMAHTUYECKOI pa3MeTKM

Onmonozus POSM PO Bkitodaer Bce JOMeEHBI U Kjacchl oHTooruu S M PO, nononn-
resibHBIe JoMeHbl AMatchSizes u AMatchOperations, a Takxke kinacc AMatch.

[Iycte m, m — HeoTpumareabHbie neabie dncia. Jomen AMatchArities = {"m”,
"m|0","m —k”,"m—k[0”,"m—","m—[0",” —m” } onuceiBaeT OrpaHIYuCHUs HA TUCIIO
3HavUeHuil arpudbyToB KJtaccoB onrosorun SM PO.

Homen AMatchOperations = {? =77 < 7,7 <="71 =77 > 77 => "7 7ip"

“oneof”,”all”} onucbiBaeT MHOXKECTBO onepaluii cornocrasienusi. OHU COMOCTABIIAIOT
3HAYCHNE aTpudyTa dK3eMILIsgpa Kiacca onrogorun SM PO co 3HadeHueM COOTBETCTBY-
fo1ero arpubyTa sK3eMILIsIpa Kiaacca oaroaorun POSM PO. MuoxkecTBO 3HaAYEHUIT 9TO-
ro JJOMeHa MOKET PACIIUPATHCS JJjIsI KOHKPETHON IIpeIMEeTHON 001aCcTH.

OK3eMILIApbl KaaccoB onrosgorun POSM PO nasbBaroTcs mabIOHAMI CeMaHTHIe-
ckoit pazmeTku. Kazkiprit a0 108 crienuuinupyer MHOXKECTBO 9K3EMILISIPOB KJIACCOB OH-
tosiorun SM PO, conoctaBisgembix ¢ atuM mabsionom. Kiace T ontonorun POSM PO
nMeeT Te Ke caMble aTpuOyThl, Kak u KJjacc 1 ourongoruun SM PO, HO 1pu 9TOM HX
sHadenns cojepxarca B AMatch. Knace AMatch cuemmduiupyer mpaBuia st CO-
[IOCTaBJIeHUsT 3HaYeHuil aTpudyToB oHTO0rHu SM PO ¢ mabjionamMu i HUX U HMEET
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Tpu arpudyrta. OpHosHauHblil aTpubyT Ar co snadenusvmu B AMatchArities orpanu-
YUBAET UUCJIO COTOCTAB/IsIeMBIX 3HadeHwit. OqHO3HATHBINH aTpubyT Op CO 3HAYECHUSIMI
B AMatchOperations onpejieisieT Oneparuo ComocTaBiennd. MHOTO3HAUHBIH aTpulyT
Pat co snauennsamu B Values[SM PO] 3a1aét mabaoHbl /11 3HAYEHUIT aTPHOYTOB.

[Tycrs V.A obosnauaer 3Hauenne arpudbyrta A sxsemiiapa V u |\S| obo3HagaeT Morr-
HOCTH MHOXKecTBa S. Dk3eMiutap V kjiacca T onroorun SM PO comoctaBiisiercs ¢ mad-
jgoaoMm P kmacca T onromorun POSM PO Torma m TOJBKO TODIA, KODAa I KayKI0ro

arpubyra A mabmona P rakoro, uro P.A = AMatch(Ar : R,Op : O, Pat : {V4,...,V,,}),
BBIIIOJIHEHBI CJICAYIOIINE CBONCTBA:

—~ Ecimm R ="m", to |V.A| =m.

—Ecmm R="m—", 1o |[V.A| > m.

—Ecm R="—m", to [V.A] <m.

~Ecm R="m—k", o k <|V.Al <m.

— Ecmr R ="m|0”, to |V.A| = m, umu |V.A| = 0.

~Ecmm R="m — |07, to |[V.A| > m, ummu |[V.A| = 0.

— Ecm R="m —k|0”, o n < |V.A| <m, nmm |[V.A| =0.

~Eecm O =7 =7 1on =1, uV' =V, qna kaxgoro V' € V.A. Cinyuaun, Kormga
Oece{?P=",7<7,7 <=77"1=""7>77>"1 onpenesiorcs aHAJOIUIHO. DTH
caydad OrpaHUYMBAIOT CPaBHUBaeMble 3HAYEHHUS aTPUOYTOB.

—Ecm O ="in”, ron =1,u V' €V} mua kaxzaoro V' € V.A. ot ciydaii onpejesnsger
IPUHA/JIEXKHOCTh 3HAYEHUIT aTprOyTOB.

— Ecin O = "oneof”, To V' conocrasmsiercst ¢ upd(P, A, V;) nyst Hekoroporo 1 < i < n,
rie upd(Q, B,U) obo3nauaer pesysbrar npucBanbanus 3uadenus U arpubyry B sk3em-
wigpa (). DToT ciaydail BBIOMpaeT HEKOTOPOe 3HAUYEHUE IMab/I0HA JIJIsi aTPUOYTOB.
—Ecim O ="all”, To umerores Sy, ..., S, takue, uro V.A = {Sy,...,S,}, SiNS; = 0 s
Si #0,5; #0, uupd(V, A, S;) conocrasnsiercst ¢ upd(P, A, V;) mius kaxgoro 1 < i < n.
DTOT cJiyvail BEIOMpaeT BCce 3HaAYEeHUs MIabJIOHA JJIsT aTPUOYTOB.

— Ecmun O ue onpeneneno, u A # SLabels, nim T = AValue, u A # Attribute, To V'
coniocrapysiercs ¢ P.A st kaxkjaoro V/ € V.A. Drot ciydail CBOAUT CONOCTaBIEHNE MHO-
»KeCTBa 3HAYEHMIT aTPUOYTOB K COIIOCTABJIEHUIO OTJIe/IbHBIX 3HaYeHuil arpudyTos. OcTas-
Iecsd Caydan — CHeluaabHble caydan g Kiaccos SLabels, AValue u S Attributes.
— Ecimm O we onpenenerno u A = SLabels to P.SLabels C V.S Labels.

— Ecim O ne onpeneneno, T'= AValue, u A = Attribute ton=1,u V.A = V.

— Eciim O me onpeneneno u A = SAttributes n sattributes(P) = sattributes(V'), tae
attributes(i) — MHOXKECTBO MMEH S-aTpUOYTOB B 9K3EMILISIPE i HEKOTOPOTO KJIACCA.

Mg ompenenunun ouromoruio POSM PO, xoropass KoMOuHuUpyeT oHTOJ0THI0 PO
C ONMCAHUSMU MOHATUH NpeaMeTHON obsactu. KOHKpeTHOe MHOMXKECTBO IK3EMILISIPOB
9TO# OHTOJIOTHH 3aJIaeT MPABUJIA JJIs TOCTPOEHUSI COOTBETCTBYIOIIEH ITPeIMETHO-OPUEH-
THUPOBAHHON oHTOJIorun 1poreccoB. Kiaccol u jgomennst ontosiorun POSM PO 3anaior
SI3BIK JIJIT KOHCTPYKTHUBHOI'O UCIIOJIb30BAHUsT AKCHOM, KOTOPBIE OIPAHUINBAIOT aDCTPaKT-
HbIE KJIaCcChl OHTOIorun PO OTHOCUTE/IBHO IIPEIMETHON 00/IaCTH, TaK KaK 9TH AKCHOMBI
MOTYT CHEIIMPUITNPOBATE TOJIBKO THUCJIO 3HATEHUN aTpUOYTOB U MX 00JIACTH M3MEHEHNUS.

KoncTpyKTuBHBIN METO/I, KAK U JIEKJAPATUBHbIN, cOXpaHsdeT (hopMaIbHYIO0 CeMaHTU-
Ky ucxojiHoit onTosorun PO, MOCKOJIbKY OH He U3MeHsIeT 0a30BBIX aTPUOYTOB KJIaCCOB
9TOI OHTOJIOTUU, B TEPMUHAX KOTOPBIX OMUCHIBaeTCd (popMajibHas OllepAllMOHHAS CEeMAaH-
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tuka ourosiorun PO [4], a TobKO j100aBIIsieT HOBble CeMaHTHIECKIe aTpUbyThl, 0TOOpa-
JKAFOIIIe IK3EeMILISIPhI KaaccoB oHToiorun PO Ha MOHATHUS IPeIMETHON 00JIacTH.

JlexapaTUBHBIA U KOHCTPYKTUBHBINA METO/bI CHEIUAJIN3AINH CBI3aHbl CJIeIYIONUM
oOpa3oM: B JIeKJIaApATHBHOM METO/Ie MMEeHA HOBBIX KJIACCOB, HACJIEIYIOMMNX KJIACCHI OH-
TOJIOTUN TIPOIIECCOB, & TaK»Ke MMEeHa UX HOBBIX aTPUOYTOB COIVIACYIOTCS CO CTPOKOBBIMMI
sHaveHussMu goMeHoB S Label n S Attribute. ITockobKy meKJIapaTUBHBI METOJ 3aa-
éT ceMeiiCTBO CHCTEM IIPOIECCOB, & KOHCTPYKTHBHBIA ITO3BOJIET CTPOUTH KOHKPETHYIO
CUCTEMY, TO 3HAUYEHHS aTPpUOYTOB, COOTBETCTBYIOIIE CTpoKaM u3 jgomeHa SAttributes,
COTJIACYIOTCSI TOJIBKO ¢ TUIIMYHBIMU JIJI 9TOINO CeMeiiCcTBa OrpaHNnIeHUSIMI Ha 3HAUECHUS
arpubyToB. Kiacchl JekmapaTuBHON Crieluam3alui, He Hac/IeIyoNnme KIacChl HCXO/I-
HOIl OHTOJIOI'MH, COIVIACYIOTCS C 9K3eMILIgpaMu Kiacca Flement B Toit Mepe, B KOTOPOIi
3HAYEHUSI UX CEMaHTUIECKIUX METOK OIMCBIBAIOT ODIINE OrpaHUYEHIs CEMEHCTBa CUCTEM.
JlexapaTuBHbIE ONpaHMYEHUs CIEIUAIN3alUd Ha 3HAYEeHUs] aTpPUOyTOB, T.€. aKCHOMBI
U IpaBMIa, COIJIACYIOTCA ¢ 9K3eMintgpamu Kiacca AMatch B Toit Mepe, B KOTOPOIii 3Ha~
YeHNs UX aTPUOYTOB OIMMCHIBAIOT OOIINE OrPAHUYEHHs CEMECTBa CHCTEM.

B cnenyromem pasjese Mbl OIMUIIEM TUIIOBBIE 3JIEMEHTHI CUCTEM aBTOMaTHYIECKOTO
yupasierns (CAY) mocpescTBOM MeToja JIeKJIapaTUBHON CIeNUuaIn3aul OHTOJOI U
IIPOIECCOB M CKOHCTPYUPYEM 3THU IJIEMEHTBI, UCII0/Ib3ysl Kjacchkl onTosorun POSM PO.

5. CnoenmmaJm3mpoBaHHAsdg OHTOJIOTHs ITPOIECCOB
JJIsi TUIIOBBIX 3JIEMEHTOB CHUCTEM aBTOMATHUY€CKOI'O
yIIpaBJIEHUHA

B sToMm pasesie MbI ompeesinM KJiacChl, aKCHOMBI 1 I1a0JIOHBI CEMaHTUIECKONW Pa3sMeTKI
JJIsT TUTIOBBIX 3JIEMEHTOB CHUCTEM aBTOMATHYECKOI'O YIIPABJIEHUS, TAKUX KaK JaTYUKH,
KOHTPOJIJIEDBI, HCIOJIHATE/IbHBIE YCTPOCTBa (AKTYaTOPbI) U OOBHEKT YIIPABJICHHUS.

IIpocmuie u carooichvie damuuky XapaKTEPU3YIOTCA CJIELYIOIUMU OrPAHUIEHUSMA.
JlaTauku JIOJKHBI CIMTHIBATH HAOJIIOaeMble 3HAYEHUs U3 [MEPEMEHHBIX, Pa3/IeIaeMbIX
¢ 00BEKTOM yIPABJICHUs, U HE MOI'YT UX U3MEHATh. JIjIs 1aTIuKOB JOKHDBI OBITH 3a/1aHbI
KOMMYHUKAIIMOHHBIE JICHCTBUS J1JIs1 OTIHPABKK COODOIIEHUI KOHTPOJLIEPAM depe3 NCXO I~
e KaHaJIbl. ¥ KayKJI0ro JaTduKa JI0JIZKHa OBITh XOTs ObI OJ[Ha pasje/isieMas IepeMeH-
Hast ¥ CBA3L C XOTs ObI OJHUM KOHTPOJIIEPOM. Y IPOCTHIX JATYMKOB HET JIOKAJIbHBIX
nepeMeHHbIX 1 jieficTBuii. OHu MOryT HabJII0JaTh POBHO OJHY Pa3Je/lseMyo epeMeH-
HYIO U OTIIPaB/IATh HAD/IIOMaeMOe 3HaUeHNe KOHTpoJLiepaMm 0Oe3 mameneHuii. CiioxKHbe
JQTYNKA MOI'YT TPaHCGOPMUPOBAThH HAO/II0IaeMble 3HAYCHUST HECKOJbKUX Pa3Ie/IaeMbIX
HEPEMEHHBIX JJI [epeJad KOHTPOJLIePY, MCHOIL3Ys JIOKAJbHBIE IepEeMeHHbIe U el
cTBus. Jljis JaTUYNKOB JOMKHDBI OBITH ONpeeIeHbl (PU3MIECKNEe BeJIMIUHBI, KOTOPLIE OHK
00pabATHIBAIOT. DTH BEJINIMHBI XaPAKTEPU3YIOTCA Pa3MepaMu ('temperature", "pressure", "
density", €tC.), eJIMHUIIAME U3MEPEHHUSI ("centimeter", "kilogram", "volt", €{C.) U JIMANA3OHAMU.
DTH OrpaHUYeHust ¥ COIYTCTBYIONIUE MOHATUS OHTOJIOIMH OIIPEIE/ISIOTCS JeKIapaTUuBHO
KJIACCAMU U aKCHMOMaMK U3 JIMCTHHIA 2 U KOHCTPYKTUBHO — MAabJOHAMU U3 JIMCTUHTA 3.
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NewClass Sensor: Process
NewAttribute:
SpecSen: PhQuantity;

NewClass SimSensor: Sensor;

NewClass PhQuantity
Attributes:
Dimension: String;
Unit: String;
Range: {Int,Int};

SimSensor: local exactly O Variable
shared exactly 1 Variable

actions exactly O Action

specSen exactly 1 PhQuantity

Sensor (?s) ~Variable (?v) ~Shared(?s,?v) -> ControlledObject (7o) ~Shared(?o0,?7v)

Sensor (?s) “Channel (?ch) “Channels (?s,?ch) “ComAction(?ca) “From(?ca,?s) " To(?ca,?ch) ->
Controller (?c) ~Channels (?c,?ch)

Sensor (7s) “Variable (?v)~Shared(?s,?v) "PhQuantity(?s,?q) -> Type(?v,?7q)

JIuctunr 2. JlekmapaTuBHoe OnucaHmne JaTINKOB
Listing 2. Declarative Description of Sensors

B smcrurre BbINIE ONMMCAHBI TPU HOBBLIX KJIACCA, JBa U3 KOTOPBHIX HACIEIYIOT KJIACC
Process ncxoanoit oHTOIOIUN. 3/1€Ch U Jlajiee JIeKIapaTUBHbIE OIPAHUYCHUsT Ha KOJIHYIe-
CTBO 3HAYEHUI aTpUOYTOB MPUBEICHBI B TOU (hopMe, B KAKOIl OHM O0TOOpaXKaroTcd B pe-
nakTope oHTosormii Protégé, Tak kax dopmasibHoe omnucanue Ha si3bike OWL BbIDIs-
T rpoMo3akuM. [IpaBuia, orpaHIYINBAIOIIIE UCTIOIb30BAHNE KaHAIOB, OMIMCAHBI HoJIee
dopmasbHO Ha s3bIKe 3adanns mpasumit SWRL.

Process( // Simple sensor

Local:AMatch("0"),

SharedRead:AMatch("1", Variable(SLabels:{"Observed value"})),

SharedWrite:AMatch("0"),

Actions:AMatch("0"),

Channels:AMatch("1-",

Channel (SLabels:{"Channel from sensor to controller"})),

ComActs:AMatch("1-", ComAction(SLabels:{"Sending observed value from simple sensor"})),
SLabels:{"Simple sensor"},

SAttributes: {AValue("Physical quantity", Element(SLabels:{"Physical quantity"})})

Element ( // Physical quantity

SLabels:{"Physical quantity"},

SAttributes: {AValue("Dimension", AMatch(Op:"in", Pat:Dimension)),
AValue ("Unit", AMatch(Op:"in", Pat:Unit)),

AValue ("Range", Element{SLabels:{"Range"}})1})

Element ( // Range

SLabels:{"Range"},

SAttributes: {AValue("Left", AMatch(Op:"in", Pat:Float)),
AValue ("Right", AMatch(Op:"in", Pat:Float))})

Variable( // Observed value

Users:AMatch(0Op:"all",

Pat:{AMatch("1", Process(SLabels:{"Controlled Object"})),

AMatch("1-", Process(SLabels:{"Simple sensor"}))}),

SLabels:{"Observed value"},

SAttributes: {AValue("Physical quantity", Element (SLabels:{"Physical quantity"})})

Channel( // Channel from sensor to controller

From:AMatch("1", "oneof", {Process(Slabels:{"Simple sensor"}),
Process (Slabels:{"Complex sensor"})}),

To:AMatch("1-", Process(SLabels:{"Controller"})),
Type:AMatch("l”, "=n_ “"EFIFO"),

Capacity:AMatch("1", "=", 1),

Write:AMatch("1", "=", "01d"),

Read:AMatch("1", "=", "Keep"),

Reliable:AMatch("1", "=", "true"),

SLabels:{"Channel from sensor to controller"})

ComAction( // Sending observed value from simple sensor
From:AMatch("1", Process(Slabels:{"Simple sensor"})),
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To:AMatch("1-", Channel (SLabels:{"Controller"})),
Message:AMatch("1", Expression(Opl:AMatch("1", Variable(SLabels:{"Observed value"}))))
SLabels:{"Sending observed value from simple sensor"})

Process( // Complex sensor

SharedRead: AMatch("1-", Variable(SLabels:{"Observed value"})),
SharedWrite:AMatch("0"),

Channels:AMatch("1-",

Variable (SLabels:{"Channel from sensor to controller"})),

ComActs:AMatch("1-", ComAction(SLabels:{"Sending message from complex sensor"})),
SLabels:{"Complex sensor"},

SAttributes: {AValue("Physical quantity", Element (SLabels:{"Physical quantity"})})

ComAction( // Sending message from complex sensor
From:AMatch("1", Process(Slabels:{"Complex sensor"})),
To:AMatch("1-", Channel (SLabels:{"Controller"})),
SLabels:{"Sending message from complex sensor"})

JIuctunr 3. KoHCTpyKTHBHOE ONUCAHUE JTATIHKOB
Listing 3. Constructive Description of Sensors

B sToMm n CJIeAYIONIUX JIMCTUHIaX MbI HUCIIOJIB3YEM CJIEAYIOIUE COKPAIIlEHUA: SLabels:S
JJIf SLabels:AMatch(Value:S), AMatch(R, 0, P) JIJISI AMatch(Ar:R, op:0, Pat:P), I'JIC R, 0, UJIML P MOI'YyT
OIIYCKaTbCd, AMatch(R, 0, P) JIJIA {AMatch(R, 0, {P})}, AValue(A, V) JIJIA AValue(Attribute:A, Value:V)
N T OJId AMatch(Op:"in", Pat:T).

OFpaHI/I‘IeHI/IH Ha KOHMPOAAEPDL, GKMYATOPL U obsexmol YynpasaerUus COCTOAT B CJIC-
sytoreM. KOHTpoJLIepbl 1 aKTyaTOpbl He JIOJIKHBI UMETh OOIINUX MepeMeHHbIX. KoHTpoI-
JIEPbI JOJIZKHBI UMETDH BbIXO/IHbIC KaHaJIbl, COEAUHAIOIMUE UX C APYIUMU KOHTPOJIJIEpaMn
1 aKTyaTOpaMM, 1 BXO/IHbI€ KaHaJIbl, COEJUHAIONINE UX C JaTYUKaMi 1 aKTyaTOpaMH. Ax-
TyaTOPbI AOJI2ZKHBI UMETb BbBIXO/JIHBbIC KaHaJIbl, COCJUHAIOINE NX C KOHTPOJIJIEpaMi 1 00b-
€KTOM YIIpaBJIEHUA, U BXOJHBbIC KaHaJlbl, COCIUHAIOINNE X C KOHTPOJLJIEpaMu. JIOH)KQH
OBITH, IO MEHBINEH Mepe, OJIMH JATYUK U, [0 MEHbINeHl Mepe, OJIMH aKTyaTop, COeJIH-
HEHHBII C KOHTPOJIJIEPOM Y€epe3 BXOJHOW M BBIXOJHON KaHAJbI COOTBETCTBEHHO. JloJi-
JKeH OBITh XOTs OBbI OJIMH KOHTPOJLIED U €IMHCTBEHHBIN 00bEKT yIIpaBICHNS, CBA3aHHDbIN
C aKTyaTOpPOM Y€epPE3 BXQHHOﬁ n BHXOAHOﬁ KaHaJIbl COOTBETCTBEHHO. OOBEKT YiipaBJie-
HHudg J0JIZKEH OBLITL CBA3AH C aKTyaTOpaMHM BXO/HBIMU KaHaJIaMHA. C obbekTOoM YiipaBJie-
HUS JIOJIZKHBI OBITh CBsI3aHbI 110 KpafiHeil Mepe ojHa o0Iasl 1epeMeHHasi, OJINH JIaTIuK
n OIUH aKTyaTOop. STI/I OrpaHUYeHUs OIIMCHIBAIOTCA JCKJJIapaTUBHO KJlaCCaMMU U aKCHMOMa-
MU U3 JIICTUHTA 4 1 KOHCTPYKTUBHO — mrabI0HaMi U3 JIMCTUHTA, D.

NewClass Controller: Process
NewClass Actuator: Process
NewClass Object: Process

Controller: shared exactly O Variable
Actuator: shared exactly O Variable

Object: shared min 1 Variable
actions min 1 Action

Controller (?c)~Channel (?ch) "Channels (?c,?ch) “ComAction(?ca) "From(?ca,?c) ~To(?ca,?ch)
-> Controller (?7d) “Channels (?d,7ch)

Controller (?c) ~“Channel (?ch)~Channels (?c,?ch) ~ComAction(?ca) "From(?ca,?c) To(?ca,?ch)
-> Actuator (?7a) " Channels (?a,?ch)

Controller (?c)~Channel (?ch) -~ Channels (?c,?ch) ~ComAction(?ca) "From(?ca,?c) "To(?ca,?ch)"
Actuator (?7a) " Channels (7a,?ch)

-> Channels (7a,?chl) " ComAction(?cal) ~From(?7cal,?a) " To(?cal,?chl)~ Channels(?c,?chl)
Controller (?c) -> Sensor(?s) " Channel (?ch)~Channels(?s,?ch)"

ComAction(?ca) ~From(?ca,?s) " To(?ca,?ch) Channels(?c,?ch)

Actuator (7a) ~Channel (?7ch) "Channels (7a,?ch) “ComAction(?ca) "From(?7ca,?a) To(?ca,?ch)
-> Controller (?c) "Channels (?c,?ch)

Actuator (?7a) "Channel (?7ch) "Channels(7a,?ch) " ComAction(?ca) "From(?ca,?a)"To(?ca,?ch)"
Controller (?c) " Channels (?c,?ch)
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-> Channels(?c,?chl)~ComAction(?cal) "From(?cal,?c) " To(?cal,?chl)~ Channels(?a,?chl)
Actuator (?a) -> Object(?o0) " Channel(?ch)"
Channels (?a,?ch) "Channels (?70,?ch) “ComAction(?ca) "From(?ca,?a) " To(?ca,?ch)

Object (7o) “Channel (?ch) ~Channels (70, 7ch)
-> Actuator (?a) " Channels(?a,?ch)” ComAction(?ca) "From(?ca,?a) " To(?ca,?ch)
Object (70) ~Variable (?v)~Shared(?0,?v) -> Sensor(?7s) Shared(?s,?v)

JIucrunr 4. JleknapaTuBHOe OIMCaHNEe KOHTPOJIIEPOB, aKTyaTOPOB 1 00bEKTOB
Listing 4. Declarative Description of Controllers, Actuators and Objects

B ymmcrunre BhINIe mepedncieHbl TPH HOBLIX KJjacca, HACICLYIOMNX Kiaace Process uc-
xo/HOit onToI0rHMuU. IIpaBnia, 3a1aronye orpaHIYeHNsl Ha, KaHAJIbI COOOIIEHNMIl, OKa3bIBa-
I0TCSl JJOBOJILHO ITPOMOBIKUMHE, ITOCKOJIBLKY JIOJIZKHBI OIUCHLIBATL KAK BXOJHDIC, TAK U Bbl-
XOJIHBbIe KaHaJbl JleK/IapaTHBHOE OIMCAHUE KJIACCOB M OrPAHUYEHHIl, CIIeNUuaIu3upyIo-
mux abCTPAKTHYIO OHTOJIOIHIO IIPOIECCOB, JIAST BO3MOXKHOCTL YTOYHUTEL JICTATH METO-
JI0B U3BJIeYeHns NHMOPMAIUK, UCIOIL3YIOIMINX OHTOJIOTUIO I COXPAHEHUS Pe3yJIbTaTa
(mampumep, [5]), a TakKe TPOBEPUTH KOPPEKTHOCTD JIAHHBIX O CHCTEMAaX MPOIECCOB, W3-
BJICUEHHBIX U3 TEXHUYECKOH JOKYMEHTAIUN.

Process( // Controller
SharedRead: AMatch("0"), SharedWrite:AMatch("0"),
Channels:AMatch("all",

{AMatch("1-", Channel(SLabels:{"Channel from sensor to controller"}),
AMatch("0-", Channel(SLabels:{"Channel from actuator to controller"},
AMatch("1-", Channel (SLabels:{"Channel from controller to actuator"},
AMatch("0-", Channel(SLabels:{"Channel from controller to controller"})}),
ComActs:AMatch("1-", ComAction(SLabels:{"Sending message from controller"})),

SLabels:{"Controller"})

Process( // Actuator
SharedRead: AMatch("0"), SharedWrite:AMatch("0"),
Channels:AMatch("all",

{AMatch("1-", Channel(SLabels:{"Channel from controller to actuator"}),
AMatch("0-", Channel (SLabels:{"Channel from actuator to controller"},
AMatch("1", Channel (SLabels:{"Channel from actuator to controlled object"})}),
ComActs:AMatch("1-", ComAction(SLabels:{"Sending message from actuator"})),

SLabels:{"Actuator"})

Process( // Controlled object

SharedRead:AMatch("0"),

SharedWrite:AMatch("1", Variable(SLabels:{"Observed value"})),

Channels:AMatch("1-", Channel(SLabels:{"Channel from actuator to controlled object"}),
ComActs:AMatch("0"),

SLabels:{"Controlled object"})

JIuctunr 5. KoHCTPYKTUBHOE OllMcaHue KOHTPOJLIEPOB, aKTYaTOPOB U 00bEKTOB
Listing 5. Constructive Description of Controllers, Actuators and Objects

Ha pucynke 2 mnpejcrapiieHa nepapxusi KJIaCCOB CIENUAJIM3UPOBAHHON OHTOJIOMUN
IIPOIIECCOB JI/IsT TUIOBBIX 3jieMenToB CAY, onmcanHasi ¢ MOMOIIBIO pefgakTopa Protégé.
OparMeHT OmMUCAHUS Kjaacca SimSensor COIEpPKUT OrPpaHNIeHNsT Ha KOJMIEeCTBO 3HAUE-

HUN ero aTpudyTOB, MEPEUNCICHHBIX B JIUCTHHTE 2.
Kazkiplit mmabsion jgaer npasuiia i onpeaenenns 3jiementa CAY B KOHTeKcTe OH-

toJsiorun 1poreccoB PO. Tlo nabopy Takux IabI0HOB MOXKHO 3aJaTh CHCTEMY IapaJi-
JIEJIBHBIX IIPOIECCOB, KOTOpbIe peann3yioT Tunudnbie 1eMmeHTsl CAY. Takum obpaszom,
MBI TIOKa3aJii1, KaK KOHCTPYKTUBHBIN METO/ CIIEIUAIU3AINNA MOXKET HCII0Ib30BaAThCs JIJIsT
orpeieIeHUs CIeIU(PUIECKIX MPOIECCOB B 33 IaHHOM IIPeIMETHOI 00JIACTH.
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Active Ontology x Entities x| Individuals by class x DL Query x SWRLTab x

Individuals OWL/XML rendering SimSensor — http://www.semanticweb.org/IIS/
Annotation properties Datatypes Class Annotations | Class Usage

Data properties

Classes Object properties

Annotations

Asserted <

v OWI;r:ti_ng Equivalent To
ion -
Channel local exactly O Variable
ComAction specSen exactly 1 PhQuantity
Condition actions exactly 0 Action
Constant

N shared exactly 1 Variable
Expression

IniCondition

PhQuantity SubClass Of
v Process Sensor
v Sensor
Actuator General class axioms
Controller
Object o lace OF (A mammaie Amcacran

Puc. 2. ®parmenT onmcanusi CleruaIn3npOBAHHON OHTOJIOIMH TPOIECCOB
Fig. 2. A fragment of the Specialized Process Ontology

SaKJII0UeHue

MeTopl pa3zpabOTKU CHEIUATU3UPOBAHHBIX OHTOJIOTHI, OCHOBAHHBIC Ha TPEX 0A30BLIX
OHTOJIONHSX [8], MMeeT HECKOJIBKO TOJIe3HbIX CBOicTB. OpreHTupoBaHHas Ha BepuUKa-
MO OHTOJIOTUS IIPOIECCOB CIIENUPUIPYET KOMITAKTHYIO YHUBEPCAIBHYIO MOJIE/Ib IIPO-
IIECCOB C BO3MOXKHOCTBIO OIIpejie/IeHus (DOPMaJIbHON CeMaHTHKU KaK ITOMEYEeHHOMN Cu-
CTeMBI TIePEXOJIOB, UTO CJeaaHo B pabore [4], Tak u Apyrux hopMaam3MoB, HAIPUMED,
MaIliH abCTPaKTHBIX cocTosgHuil [1] u ap. Dra cemanTuKa obecrednBaeT BO3MOKHOCTh
npuMeHeHus: (OpMaIbHBIX METOI0B BepUMUKAIIHT, B 9aCTHOCTH, JIeTYKTUBHYIO BepudU-
KaIlMIO U IPOBEPKY Mojeseil. /lekmaparuBras cueruan3alys HeoOXouMa JIjIst 38 IaHns
[IpaBUJI U3BJIeUeHNA WHMOPMAIIUN U3 TEXHUIECKON JTOKYMEHTAIUH METOIaMU, OCHOBAH-
HbIME Ha oHTOJI0THAX. OHTOMOrNA SM PO obecriednBaeT BO3MOXKHOCTD CBA3BIBAHUA a0-
CTPAKTHBIX IIPOIECCOB U MX 3JEMEHTOB C HMOHATUAMU IIPEJIMETHON 00JaCTU W OITHMCAHUS
HOBBIX IIPEJIMETHO-OPUEHTUPOBAHHBIX KJaccoB. Kpome Toro, pazmerka 3HAYEHUIH JTOMe-
HOB oHTOJIorun PO J1aéT BOBMOXKHOCTH OIMCHIBATH CEMAaHTUIECKH-HAIPYyKeHHbIE 3HaTe-
HUsl, HAIPUMED, UMEHOBAHHBIE YUC/Ia (YUC/Ia ¢ yKa3aHUeM eJMHUIbl usMmepenus). OH-
tosioruss POSM PO 1mab/i0HOB ceMaHTUIECKOH pa3MeTKH 3aJaéT OrpaHuYeHHs] Ha Cce-
MaHTHYECKYIO PasMeTKy 3K3eMILIApoB oHToaoruu SM PO, onpenessas MOHITHS IIPe-
MeTHOI 00JIaCTH, CBsI3aHHBIE C 9TUMH SK3eMILIsgpaMu. B oTindme oT J1eKjIapaTUBHOIO
10/IX0/1a, OIUCHIBAIOIIETO MPEIMETHO-OPUEHTUPOBAHHYIO OHTOJIOTUIO ITPOIECCOB MHOYKE-
CTBOM HOBBIX KJIACCOB, aKCHOM U IIPABUJI, STOT IOJIXOJ, 3a/[aéT OHTOJIOIHIO0 KaK MHOXKe-
cTBO MabI0OHOB (9K3eMIuIsipoB ouTosorun POSM PO) jyist onpejie/ieHust mpeIMeTHO-
OPHMEHTHUPOBAHHBIX IIPOIECCOB KOHCTPYKTHUBHO KaK 3K3EMILISPOB IA0JOHOB M3 3TOT'O
MHOXKecTBa. Bce Tpu oHTONIOrMN 0Aa3MpyrOTCss Ha MPOCTHIX IMOHSITHUSIX, KOTOPbIE MOT'YT
OBITH MCIOJIb30BAHbI KaK OHTOJIOTHYECKHE MabJIoHbl MpoekTrpoBanus (2,7, 10].

B Oynymem Mbl manupyeM yTOYHUTH OHTOJIOTHIO PO U Pa3BUTH METOJbI CIIEIy-
ann3aluil Kak JIeKJIapaTUBHBINA, TaK U KOHCTPYKTHUBHBIN, JJIS IIOCTPOCHUSA PA3IUIHBLIX
[IPE/IMETHO-OPUEHTUPOBAHHBIX OHTOJIOTUI TIpoTieccoB. TakzKe MbI JJ06aBUM HOBBIE BU/IbI
omepanuii cornocrapieHrsi B KOHCTPYKTHBHOM MeTojie (HampuMep, TeKyIee MHOXKECTBO
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oreparuii He TO3BOJISIET HAM BbIPAXKATH CBONCTBO, UTO PA3/IMYHbIE aTPUOYTHI UMEIOT
OJIUH U TOT K€ YK3EMILISIP B KAUeCTBE 3HAUCHUS ).
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Abstract. User-friendly formal specifications and verification of parallel and distributed systems
from various subject fields, such as automatic control, telecommunications, business processes, are active
research topics due to its practical significance. In this paper, we present methods for the development
of verification-oriented domain-specific process ontologies which are used to describe parallel and dis-
tributed systems of subject fields. One of the advantages of such ontologies is their formal semantics
which make possible formal verification of the described systems. Our method is based on the abstract
verification-oriented process ontology. We use two methods of specialization of the abstract process
ontology. The declarative method uses the specialization of the classes of the original ontology, intro-
duction of new declarative classes, as well as use of new axioms system, which restrict the classes and
relations of the abstract ontology. The constructive method uses semantic markup and pattern matching
techniques to link sublect fields with classes of the abstract process ontology. We provide detailed on-
tological specifications for these techniques. Our methods preserve the formal semantics of the original
process ontology and, therefore, the possibility of applying formal verification methods to the specialized
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process ontologies. We show that the constructive method is a refinement of the declarative method.
The construction of ontology of the typical elements of automatic control systems illustrates our meth-
ods: we develop a declarative description of the classes and restrictions for the specialized ontology in
the Protégé system in the OWL language using the deriving rules written in the SWRL language and
we construct the system of semantic markup templates which implements typical elements of automatic
control systems.

Keywords: process ontology, specialization, ontology axioms, pattern matching, semantic markup,
automatic control system, formal verification
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Hampagiisiemblii cBOIiCTBOM IONCK PeISIIMOHHBIX
MHBAPUAHTOB
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Awnnoranums. JlocTrKnuMocTh, Hanmpasisemasi cBoiicrBoM, (Property Directed Reachability, PDR)
— 3¢ deKTUBHBIN U MacIITabUPyeMblil MOAX0/ K PEIIEHUIO CUCTEM CHUMBOJIBHBIX OIDAHUYEHU, U3BECT-
HBIX Kak au3bloHKThl XopHa ¢ orpanndenusmu (Constrained Horn Clauses, CHC). B cayuae nenuneii-
HBIX CACTEM U3 bIOHKTOB, KOTOPBIE MOTYT BO3HUKHYTH, K IIPUMEPY, U3 33139 PEJISIIUOHHON BepuduKa-
nuu, PDR BBIBOAUT MHIyKTUBHBIE MHBAPUAHTHI JJI KayKJOTO HEMHTEPIIPETUPOBAHHOIO IPEIUKATHOIO
CHUMBOJIA. TeM HE MeHee Ha IIpaKTUKe aBTOMAaTUYECKUIA BbIBO/I, TAKHX peHIeHI/Iﬁ HE y)laéTCH, T.K. "HBapu-
AHTBI JOJI?>KHBI BBIBOJUTHCS JJIsl TPYIII IPEIUKATHBIX CHMBOJIOB BMECTO MHIMBUYaIbHbBIX [IPEeIUKATHBIX
CUMBOJIOB. B cTaTbe onmcaH HOBBII ajJrOpuTM, aBTOMATHIECKN OIPEIEISIONINil TaKie IPyIIbl 1 0006~
maomuit cymecrBytonmit nogaxon PDR. KiroueBasi ocobeHHOCTD ajropurmMa COCTOUT B TOM, 9TO OH
He TpebyeT MOTEHIMAIBHO JOPOTOil CHHXPOHU3UPYIONIEH TpaHC(hOPMAINA CUCTEMbBI T3 BIOHKTOB XOp-
Ha. AnropurMm ObLI peasm30BaH HaJl COBPEMEHHBIM peIlaTesieM JU3bIOHKTOB XopHa SPACER. DKCIepu-
MEHTBI IIOKA3bIBAIOT, YTO IOJIyUEHHAs] Peajiu3allis yCIIEITHO BBIBOJUT PEJISIIMOHHBIE WHBAPUAHTHI JIJIsI
HEKOTOPBIX CUCTEM U3 BIOHKTOB, Ha KOTOPBIX CYIIECTBYIOIINE PEIIATe/ I He 3aBEPIIalOTCs.

KiroueBnbie ciioBa: pessimonnast BepuduKaIus, N3 bIOHKTHI XOPHA C OTPAHTIEHUAM, HAIIPABJIsAe-
Masi CBOUCTBOM JIOCTHZKUMOCTh, PEJISIIMOHHBIE NHBAPUAHTEI
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BBenenue

C pasBuTHEM IOJXOJ0OB K aBTOMATHIECKOH (hopMasibHON BepudUKaIUi MPOrpaMM OT-
HOCUTEJLHO (bYHKIMOHAJIbHBIX crerudukarmit [1-8|, pacrer moTpe6GHOCTL TPUMEHEHMSsI
9TUX HOAXOJIO0B K BepupUKAIMU CBOICTB, ONUCHIBAIOIIUX OTHOMIEHUS MEZKLYy BXOIAMHU-
BBIXOJIAMH PA3JIMIHBIX HporpaMm [9-12|. Dra nuciuimHa, Ha3bBaeMas pPeAAtuonHol
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sepudurayueti, MIPOKO MPUMEHIMa B UTEPATUBHOM IIPOIECCe pa3pabOTKU ITPOTPaAMM-
HOTO obecliedeHus], KOrja TeKyIas W IIPeJIblAyIias BEPCUN CPABHUBAIOTCS W ITPOBEPS-
I0TCA Ha TPEJIMET OTCYTCTBHS HOBOBBEICHHBIX OMMOOK. JIpyroit mpuMep mIpuMeHeHusT —
JIOKA3aTe/IbCTBO CBOMCTB O€30IMacHOCTU TOTOKa MHMOPMAIUN, TAKUX KaK HEBMENIATe b
cTBO 1 GasraHcupoBKa BpeMeHH [13], B KOTOPBIX UCIIOTHEHNST OJJHOM 1 TOfi 7K€ MPOTrpaMMBbI
CPABHUBAIOTCS JIJI PA3JIMIHBIX BXOJIOB.

Mmuorue aBToMaTHYECKUE MMOAXOIbI K PEIAIMOHHON BepudUKaIn OCHOBBIBAIOTCS HA
[IOCTPOEHUU NPoussedenus cpaBHuBaeMbIx mporpamm (9, 14-18|. B Takom ciryuae pesis-
[MOHHAs! CrerudUKaIyst HaJl HECKOJIBKIMHI [TPOrpaMMaMy (MJIH HECKOJTBKUME HCIIOJIHE-
HUSIMU OJTHO¥ IPOIPAMMbI) CTAHOBHUTCs (DYHKITMOHATBHOMN crieriduKaIyeil Haj mpon3se-
JIEHWEeM 3TUX HporpamMm. B Teopum Taxoil 1mo/ixo/1 Mo3BOJIIeT BePUPUITUTPOBATD PEJIATIH-
OHHBIE CHEIU(MUKAIINNA CYIIECTBYIONUMHE TIOIXOJIaMHU, OJTHAKO Ha ITPAKTUKE OOJILIITIHCTBO
CYIIECTBYIOIIMX TEXHUK HE MOTYT CIPABUTHCS C MOTEHIMAIBHO CJIOXKHOW CTPYKTYPOit
nporpamMmmbI-ipon3Bejienns. [[pobieMy MOXKHO CMATYUTD CAUAHUEM ONPEJICTIEHHBIX K-
JIOB B IPOU3BEJIEHUU IPOrpaMM (T.e. MPUMEHEHHEM T.H. cmpame2ull CUHIPOHUSAUUL),
HO 3a4aCTYI0 OHM OOHAPYKUBAIOTCA JUOO BPYUHYIO, JTUOO UCIOTH30BAHUEM HETOYHBIX
CUHTaKCUYECKUX IBPUCTUK. /Ipyroit HeJOCTATOK COCTOUT B TOM, UTO KOJUYIECTBO BO3-
MOXKHBIX CTPATEruil 9KCIIOHEHIINAIbHO 3aBUCUT OT KOJMYECTBA CJAUBAEMBIX ITPOTPAMM.
Crarbs ONUCHIBAET HOBBIH MOJTHOCTHIO aBTOMATUYECKUN MTOJIX0/I K OIPEJIC/IEHUI0 CTPa-
Ternii CUHXPOHW3AIINN, KOTOPBIA BeJIET K 3(PMEKTUBHOMY HAXOXKIECHUIO DEAAUUOHHLT
UHBAPUAHMOE JIJIS TIPOU3BEJICHUI ITPOrPaMM.

[IpeoxkeHHBIN 1101X01, 0000IAET OJIHY M3 caMbIX yCIelmHbIX peannsaruit PDR
A. Typdunkenem u ap. [3| mon nassiBanuem SPACER. PDR MHKpeMeHTAILHO yCHIIN-
BaeT (hyHKIMOHAJBHYIO CreluduKanmo (T.e. CBORCTBO 6€30MAaCHOCTH) JI0 TeX MOP, MOKa
oHa JubO HE CTaHeT WHIYKTUBHOM, 00 Oymer obHapyxkeH koHTprpumep. OH Mojeu-
pyeT mporpaMMbl HAOOPOM JIOTUYECKUX MMILIAKAIIUN HaJl MHOXKECTBOM HEUHTEPITPETHU-
POBAHHBIX MPEJINKATHBIX CUMBOJIOB, Ha3bIBAEMBIX JIU3BIOHKTAMHI XOPHA C OrpaHUYEHU-
avu. HedopmasibHO TOBOPs, JU3BIOHKTHI 33/1al0T CEMAHTUKY HEUHTEPIPETHPOBAHHBIX
CUMBOJIOB, U IIPM HaXOXKJIECHUU UHTEPIPETAIIMU STUX CHMBOJIOB, BBIIOJJHAIOIIIE MHO-
2KECTBO JIM3BIOHKTOB, MOYKHO OIPEJICTUTh WHIYKTUBHBIE NHBAPUAHTHI BepUMpUIIMPYEeMOii
nporpamMMbl. SPACER UTEPATUBHO AIIIPOKCUMUPYET CEMAHTUKY HEMHTEPIPETHPOBAHHBIX
CUMBOJIOB CBEPXY U CHU3Y; allllPOKCUMAITINU CBEPXY UCIIOJIb3YIOTC JIJIA OJIOKMPOBKH JIOZK-
HBIX KOHTPIPUMEPOB, AlIPOKCUMAIINNA CHU3Y — JIJIs aHaJIM3a BETOK IPOrpaMMbl 6€3 pac-
KPYTKH OTHOIIEHUsT TIEPEX0/Ia.

JIN3BbIOHKTHI, TTOCTPOEHHBIE JIJIs ITPOU3BEIEHUS TPOIPAMM, HEJIMHENHDI, IJ1e HEMHTEP-
MPETUPOBAHHBIC CUMBOJIBI COOTBETCTBYIOT CPaBHUBAEMBIM IporpamMMam. B craTtbe mpe/i-
JIaraeTCd HOBBIN HAIIPABJIAEMBIA CBOMCTBOM MOJIXO, MOIAECPKABAIOIIAN alllIPOKCUMAIAN
CBEpXYy W CHU3Y CEMaHTUK 2pynn npeaukaToB. OH paboTaeT CXOTHBIM 00pa30M C OOBIY-
HBIM HCCJICOBAHUEM IIPOU3BEICHUS IIPOIPAMM, HO 6€3 A6H020 GblYUCAEHUS NPOUGEIE-
HUA npo2pamm. Bojiee BazKHO, YTO aJI'OPUTM aBTOMATUYIECKU OIPEJIe/IgeT PeleBaHTHbIE
IPYIIBI [IPEJIMKATOB, aHAJU3UPYd KOHTPIPHUMEPHI K WHIYKTUBHOCTH, IOJIyYE€HHbIE Ha
PA3IMYHBIX CTAINAX IIporecca BepuUKAINI. JTO HMO3BOJAET 3HPEKTUBHO OTCEKATH
HPOCTPAHCTBO IMOUCKA PA3JIUIHBIX CTPATEIUIl CUHXPOHU3AIINK, YTO IIPUBOJIUT K yBEIUIe-
HUIO TIPOU3BOIUTENbHOCTH. be3 npuMmeneHus mpeioxkenHoro moaxojia, PDR mnbrraercs
BBIBOJINTH MHBAPUAHTDI JIJI KarXKJIOTO CUMBOJIA B OTJIEJIBHOCTH, YTO 3a9aCTYIO HE TIOJIy-
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JaeTcs, T.K., HallpUMeD, KeJlaeMble NHBAPUAHTHI HE BBIPA3UMBI B SI3bIKE MO/IEJINPOBAHNS
IIOBEJIEHNIT TPOrPAMMBL.

[Tonxom 6bLT peam3oBan Ha Oa3e Spacer U anpoOUPOBAH HA TECTAX, MOJIYIEHHDBIX
U3 PA3IUIHBIX 33J1a49 PEISIIUOHHON BepudUKaIium. JKCIEPUMEHTBI [TOITBEPKIAIOT, ITO
JUIsT MHOTHX CHUCTeM JU3IbIOHKTOB XOpHA, Ha KOTOPBIX SPACER He 3aBepINaeTcsi, HAIll
IO/IXOJ1, CITOCOOEH OBICTPO BBIBOJUTH PEJISIIIMOHHBIE MHBADUAHTHI.

Crarpg ycrpoena ciemyiomuM obpaszoM. B ceknuu 1. coOpaHbl mpeaBapuTebHbIE
CBEJIEHUS, B CEKIUU 2. JAHO OIpeJleJieHne PeJIAIMOHHBIX WHBAPUAHTOB CUCTEM JIN3b-
IOHKTOB XOpHA C OTPaHUYCHUSIMU, PaHee He IPeJICTaB/IEHHOE B JUTEPATYpe. AJITOPUTM
olpejiesieHns cTpareruii cuaxponusarun, obodmaromuit PDR, npejicrapien B cekiun 3..
B cekmun 4. npejicTaB/ieHbl SKCIIEPUMEHTAJIbHBIE JIAHHBIE, CEKIUU H. U 6. 3aBepIiaioT
CTAThIO.

1. IlpeaBapurejibHBIE CBEJIeHUA

1.1. 43pIKk orpaHmdyeHmii

[IycTh 3 — curnarypa g3bIKa IIepBOro MOPSIIKa C PABEHCTBOM, U IIYCTh M — Y-CTPYKTYpa
c HocuresieM |M|. M — modeav Y-tipesyiozkenust ¢ (T.e. L-hopMyIibl 6e3 CBOOOIHBIX mepe-
MEHHBIX ), €CJIN (¢ BBINOJHsIETCs B M, 1T0 obo3Hadaercss M = ¢. Byjaem HasbIBaTh S3BIK
[IEPBOrO TOPSJIKA, OIPEJIEIAeMbIil 2, A3bKoM o2parudenud. s d-dopmysisl ¢ n cBo-

60,HHBHVH/I IIepeMeHHbIMHA gO(I'l, . ,Z‘n), O6O3HaLH/IM M(QO) MHOXKECTBO OIICHOK CBO60,B;HBIX
def

[EPEMEHHBIX, BBINOTHAIONWX ¢ B M, T.e. M(p) = {(a1,...,a,) | M = ¢(ay,...,a,)} C
|]".

1.2. JIn3bIOHKTHI XOpPHA C OrPAaHNYEHUSIMU

[Iycts R ={Fy, P\, ..., P,} — KoHEUYHOE MHOMKECTBO NMPEJINKATHBIX CUMBOJIOB, KOTOPbIE
OyJleM HAa3bIBATh  PEAAUUOHHUMY (WU HEUHMEPNPEMUPOSAHHLMY) — CUMBOJIAMU.
Jussronxm Xopha ¢ oeparuvernuem — 310 X U R-dopMmysia Buia

A Rl(fﬁ VAP Rm(fm) = R<6R)7

rie ¢ — OeckBanTopHas Y-dopmyna, R, R; € R, Ur U T; — BEKTOPbI 1epeMeHHbIX. []o-
ChUIKA UMINIHKAIN HAa3bIBAeTCs meaom mu3bionkTa C' u obosuataercs body(C'), 3akitio-
vyenne R(Ug) Ha3bIBAETCs 2040601 nu3bioHkTa. Cucmema du3sionkmos — 3T0 KOHEUTHOE
MHOKECTBO Tu3bIOHKTOB. CuMBOI Py — crenuaabHbIiI CUMBOJ “3allpOCOB”’, KOPEHb BCEX
JIEPEBBEB BBIBOJIA CHCTEMBI I3 bIOHKTOB. EC/in B TeJI0 U3 bIOHKTA BXOIUT He D0JIee OJTHO-
ro0 TPUMEHEHHUsI HEMHTEPIPETUPOBAHHOIO CUMBOJIA, TU3BIOHKT HA3BIBAETCS AUHETHbIM,
B IIPOTUBHOM cJjiydae — Heaunettoim. CucremMa JIM3bIOHKTOB JIMHEHA, €CJIM KarK bl
JIM3BIOHKT B HEll JINHEEH.

1.3. IIpobisiema 6e3omacHOCTHI

[Tapa (P, psefe) Ha3bIBaETCE NPoOAEMOT  OE30NACHOCMU  CACTEMbI  IH3BLIOHKTOB
P ={C4,...,C,} OTHOCUTETIBHO c60TUCMEA OE30NACHOCTNU Psqfe — L-(DOPMYJIBI HAT IIEPE-
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MEHHBIMH Up,. MHOXKECTBO npasu.s PEISIUOHHOrO cuMBojia R, obo3Hadaemoe
rules(R), — MHOXKeCTBO JIM3BIOHKTOB P ¢ npuMeHeHneM R B rojioe. Bes morepu obmr-
HOCTH OyJIEM CYUTATh, 9TO B MOJIOBE KayKJOTO TPABU/IA OJHOIO M CUMBOJIa R HaXOIsaTCs
npuMeHeHus R K OJIHOMY U TOMY Ke HaDOpy IepeMEeHHBIX Upg, T.€. €CJIA U3 bIOHKTHI
C;, C; € P umeror ronossl R(TUg) u R(T), 10 U = V.

Pacmupum sHoTarmio body, 0603ua4duB 3a body(R) MU3BIOHKIMIO TeJT IpaBuil s R:

body(R) = \/ body(C).

Cerules(R)

Teno cauanus pesISIUOHHBIX CUMBOJIOB Ry, ..., R, € R — 3T0 KOHBIOHKIIUS UX TeJI
def t +
body(Ry, ..., Ry) = body(Ry) A ... A body(R,,),

+
rjie ¢ A1) — KOHBIOHKIIHUS ( U 1), TAPAHTUPYIONIAs, YTO CBOOOHBIEC TIEPEMEHHDIE OIePaH-
JIOB Pa3/IMIHbI @ A -
— + —\ def — —
p(T) AN YY) = (P A ) (TWT).
{r 00603HAYAET BEKTOD IK3UCTNEHUUAALHHE (WX AOKGADHOIT) TEePEeMEeHHBIX R,
T.€. CBOOOJIHBIX 1epeMeHHbIX body(R), He BXOJLAIIUX B IEPEMEHHBIE TOJIOBBL UR.

IIpumep 1. Ilycts M — KomMOMHAIIMA CTAHJIAPTHON MOJIE/IM JIMHEHHON 11e/I0UUC/IEHHOMN
apruMeTUKN 1 HaYaJIbHON MOJEIN TEOpUU ajredpandecKux THUIOB JIAHHBIX C COPTOM
tree, 3ajlaHHBIM KOHCTpYyKTOpamu leaf : tree u node : N X tree x tree — tree. Paccmorpum
CJIEJIYIONIYI0 TIpobJieMy Ge30MacHOCTH, KOTopast 1) CYMTAeT KOJUIECTBO Y3JI0B JIEpeBa
(PEJIAIMOHHBIN CUMBOJI Size), 2) CyMMUDPYeT 3HAYCHHs B y3JaX JepeBa (pessiiuoHHbIH
CUMBOJI $um) W 3) CTPOMT HOBOE JePeBO, MOJydeHHOe U3 CTAPOr0 yBETMIEHHEM BCEX
3HaYeHUil B y3/jax Ha 2 (PeIAMOHHbBII CUMBOJ inc):

T=leaf An=0 = size(T,n)
T=node(v,L,R) An= 1+n +nBAsize(L,n") Asize(R,n) = size(T,n)
T=leaf Ns=0 = sum(T,s)
T =node(v,L,R) As=v+s"+sTA
sum(L,s¥) Asum(R,sT) = sum(T,s)
T =leaf NU=leaf = inc(T,U)
T =node(v,L,R)\U =node(v+2,L’ ,R')A
inc(L,L")Ninc(R,R’) = inc(T,U)
size(T,n) Asum(T,s) Ainc(T,T") Asum(T',s") = Po(T,n,s,s’)

def
Psafe = =s+2n

Tpebyercst 10Ka3arTb, 9T0 CyMMa 3HAYEHUII B y3JlaX BTOPOIO J€pPeBa PABHAECTCH CYM-
Me B y3JlaX OPUTHHAJBHOIO IUIIOC YJBOCHHOE KOJIMYECTBO Y3JIOB B JiepeBe. 31ech R =
{P07 size, sum, inc}, 5Po = {T7 n,s, 5/}7 gPo = {T/}a Usize = {T7 n}> gsize = {U7 L7 Ra nLa nR}a
body(size) = (T =leaf An=0)V (T =node(v,L,R)An=1+n"+n"Asize(L,n") Asize(R.n%).
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1.4. CemaHTHUKa HEIIOJBU2KHOI TOYKMN

Iycrs ko, ki, ..., k, — apuoctu cumsoios Py, P, ..., P, coorsercrBenno. Ilyctn X =
(Xo, X1,...,X,) — KOpTex) oTHOmeHUIT Ha HOCcuTene | M|, X; C |M ki 3a (M,Y) 06o-
sHaunM oboramenne M { Py — Xo, Py — Xy,..., P, — X, }.

Cemarmuka cucTeMbl TU3BIOHKTOB P B CTPYKTYpe M — (HOTOUETHO) HAMMEHBINAsT
(n + 1)-ka ornomrennii X, Takad, 4To A1 Beex P € R,

(M, X) | Vop Ulp. (body(P) = P(Tp)).

CeMaHTHKa P — HauMMeEHbIIad HEIIO/IB2KHasdA TOYKa OllepaTOopa HEMEIJICHHBIX IIOCJICI-
cruii P |20]; ona Bceryma cymecryer o teopeme Kuacrepa-Tapckoro [19,20]. Bymem
HA3BIBATH 3JIEMEHTBI KOPTEXKA CEMAHTUKH BCEH CHCTEMBI CEMaHTUKAMU COOTBETCTBYIO-
II[ero CUMBOJIa, 1 0003Ha49aTh ux [FP],; TakuM 06pa3oM, CeMaHTUKO CHCTEMBI SIBJIAETCS
KOpTexX <[[P0]]M ) [[PIHM R [[Pn]]M>

Cucrema IU3BIOHKTOB 6€30NACHG 10 OTHOMIEHHIO K Qsqfe, €cn [Fy],, C M (Pgqpe).
Hamnpumep, cucrema Ju3bIOHKTOB B IpuMepe 1 Oe3oracHa 10 OTHOIIEHUIO K CBOWUCTBY
6ezonacuoctu s’ = s+ 2n.

1.5. /loka3aresbCcTBa 0€30MACHOCTH

Cumsosvhas unmepnpemavus (manee npocto uarepnperarus) 11 orobpakaer P € R
B Y-bopmyity mag X U Up. Jnsa ¥ U R-bopmyist ¢, [¢]; — sro dopmyita, norydentas
OJIHOBPEMEHHOI ITOICTAHOBKO# BCEX MPUMEHEHUN PesISIIMOHHBIX CHMBOJIOB B 1 (hopMy-
slamu ux 1[-06pa3oB ¢ COOTBETCTBYIONIUM TIEPENMEHOBAHUEM T€PEMEHHBIX.

Nnrepuperarus 11 — dokazameavcmso bezonacrnocmu mpodieMsl (P, Pgqafe), ecau 11
Oe3omacHa U WHIYKTUBHA:

M = Vop, II(P) = Qsafe (6e3omacHOCTD )
nia Beex P € R, M |= Vop U lp.([body(P)]y = (P))
(MHyKTHBHOCTB )

IIpensoxkenue 1. Ecim cymmecTByeT 10Ka3aTeIbCTBO 6E30MACHOCTH IPOOIIEMBI (P, Psafe ),
TO P Ge301acHa 10 OTHOMICHUIO K Pggfe -

oxazameavcmeo. llyctb I — nokaszarenbcTo 6e3omnacnoctu. [lo mraykTuBHOCTH, 1

koprexa Y = (M (I1(Fy)), M (IL(P,)),..., M (I1(P,))) mreem
(M,Y) |=Vop U lp. (body(P) = P(vp))
st Bcex P € R. Tk ([Pol, . [Pillass-- -5 [Pul,y) — HOoTOYedHO HamMeHBbIMiE Takoil

koprex, umeeM [F],, € M (11 (F)). o 6esonacuoctu, M (I (M)) C M (sqfe). Taxum
obpazom, umeeM [Fo],, € M (@safe)- O
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2. PensgnumoHHble THBAPUAHTHI

CI/ICTGIVH)I JN3BIOHKTOB XopHa C OIrpaHUMYEHUAMHN IMUPOKO HCIIOJIB3YIOTCA B aBTOMATU-
YeCcKOi BepudUKaIlul Jiid JI0Ka3aTeIbCTBA KOPPEKTHOCTU TMPOTPAMM IO OTHOIICHUIO
K crernudukanusM KoppekTHocTr. OHaKO, KOIjia pedb 3aX0UT O BepuUKaIuu PeJis-
IIMOHHBIX CBOMCTB HECKOJBKHX IIPOIPAMM, MOJIENPYEMBIX HEJIMHEHHBIMI U3 bIOHKTaMI
XopHa, paccyKJarhb 0 TaKUX CHCTEMaX CTAHOBHUTCS CJIOKHEe. 3a9acTyio J0Ka3aTesIb-
cTBa 0OE30IIACHOCTH HEe BBIPA3WMbI B fA3bIKe orpanmdenuii. Hampumep, mecMoTpst Ha TO,
9TO cucTeMa B ripuMepe 1 Ge3omacHa, He cyuecmsayem 0oka3amesbemaea 6e30nachocmu,
npedcmasumozo 6 aAsvike ozpanuserud npumepa (T.e. HOPMYIION, TTOCTPOEHHOMN 13 apud-
METHYECKIX CHMBOJIOB, PABEHCTBA M CUMBOJIOB leaf u node).

ITpumep 2. Paccmorpum 60siee mpocToit mpumep:

z=0A2z2=0= mul(z,y, 2)
T>0AT =z —1Az=2"4+y Amul(2,y,2") = mul(z, y, 2)

x::r/ /\y:y/ /\mul(m7 y’ Z) Amul(rl7yl’z/) :> PO(:E’ y? 27 xl?y/”z/)

def ’
Psafe = 2=2

Nusapuant mul(z,y,z) = (2 = £ -y) He UPEJCTABAM B JIMHEHHON 11€JI09UCICHHON apud-
MEeTHUKe, KaK 1 I[IO6aH TEOPETUKO-MHOXKECTBEHHaA MO/IE/Ib 9TOI CHUCTEMHBI.

B sr1oit cekiuu 06001maeTcst KJIacCuueckKoe MOHITHE JI0KA3aTe/IbCTBA 0€30MaCHOCTU
TaKUM 00Pa3oM, 9TO B OOOUX ITUX CJIyUasdX CYIIECTBYET IIPEJICTABUMOE JTOKA3aTETbCTBO.
KiroueBag mjiest cocTonT B TOM, 9TOOBI COTIOCTABIATD (POPMYJIBI 2PYNNaM PeTAITHOHHBIX
CHMBOJIOB, & He KaXKJIOMY CUMBOJIY B OTJC/IHHOCTU. DTO TO3BOJISIET OIPE/IETIATH B I3bIKE
OTPAaHUYCHUI 0OMHOWeHUA MEXKTY IIePEMEHHBIMA PA3JIMYHBIX BBIYUCIICHUN BMECTO PE3I0-
MHUPOBaHNA KaXKJOI'0 BBIYUCJICHAA B OTJICJIbHOCTH.

2.1. OmnpenesieHne peJassIMOHHBIX MHTEPIIPETAINIA

O6o3sraunM 33 NX MHOXKECTBO MyJILTHMHOMKECTB Ha X, T.e. MHOMKECTBO BCEX OTOOpaKe-
Huit X Ha MHOXKECTBO HaTypaJbHBIX uncea. Ecim ¥ = xq,...,x, — BEKTOpP 3JI€MEHTOB
X (BO3MOYXKHO HOBTODSIIOIINXCST ), MBI GYJIeM OTOXKJECTBIISITH €r0 ¢ MYJIBTUMHOKECTBOM
{z), — #x}, te #x; — qucso BXokaeHuit z; B T. MyIbTUMHOKECTBA YACTUIHO YIIOPSi-
JIOYEHBbI BKJIOUeHueM: Jitst mi, my € NX my C my, ecim Vo € X, my(z) < my(z).

Onpenenenune 1. Ilycts P — cucrema JIU3BIOHKTOB HaJ [ MHOXKECTBOM PEJISIIUOHHBIX
cuMBOJIOB R. Peasuuonnas unmepnpemayus — dactuanoe orobpaxkenne NX ma mmo-

kecTBO (hopMyJl A3blKa orpanudenuii, orobpaxaomee R = {Ry +— ny, ..., Ry — ng}
—  def _ — — —
B popMyJIy HaJI IEPEMEHHBIMU VR = Up, W.. . WUg W.. . JUg W...UUR,.
N -~ 7 A ~~ g
n1 times ng times

[Iycrs E — pensinmonnast uarepnperanus. OboznadunM 3a dom(FE) eé obiactb ompe-
nenenus. bes morepu obmHocTH Oynem caurarh, 9to R C dom(E): eciiu R € R\ dom(FE),
to orobpazum R B T. Ilycte Ry, ..., R, € R, ¢ — dopmysta. OnupeieinM petarinunoHHy O
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IIO/ICTaAHOBKY MHIYKTHUBHO:

o A Ry(@) A A Rn(@) ] 2 (1)

@ A\ /\E(Rua ceey RZk)(EZN N ,flk)
Ril,...,RikE{Rl,...,Rm}
<Ri1,---7Rik>ed0m(E)

ﬁ/\\/anm =V [Fuh- AFgly (2)

i=1j=1 1<j1<my
1<jp <my,

Hedopmasnbho, (1) mepebupaer Bce BO3MOMKHBIE BAPHAHTHI “TPYIIIOBLIX MOJICTAHO-
BOK B T€JIO OJTHOTO U3BIOHKTA Ry (T1) A ... A Ry (Ty). B (2) onpeensiercst pessimonnast
IIOJICTAHOBKA B TEJIO CJUSHUS HECKOJbKHX CHMBOJIOB, KOTOPOE, IO OIPEJIEJIEHUIO, €CTh
KOHBIOHKIIUSI JIN3BIOHKINI TeJT U3 bIOHKTOB. B (2) 00beINHAIOTCS OHUM U3 1M « . . . - My,
BO3MOXKHBIX CIIOCOOOB, C Jla/IbHENIIEel IPYIIIOBOI II0/ICTAHOBKON B KaK/0€ U3 00beJIn-
HEHHBIX TeJI JIN3BHIOHKTOB.

IIpumep 3. PaccmoTpuM cjie1yIoniyio CUCTeMyY JIM3bIOHKTOB:

1= f(z1,22)

w2 A f(@h,25) A flaf,25) = fz1,22)
1 = g(y)
Y2 A g(y) = 9(y)

" CJIGILYIOH_IYIO peﬂHHI/IOHHYIO I/IHTepHpeTaHI/HOZ
E={f—T,9—=my),(f,q9) — n(z1,22,9)}.

Pesynbrar nojcranosku E 8 body(f, g) Takos:

[body(£. 9 = [ (01 v (027 Fh,21) A St ) )
(1/11 \ (lﬂz A g(!/)))]]E:

o1 Ale Vet Abe A g(y)] g Vv
L2 A1 A (@, 25) A fa,25)] BV
[o2 Atba A (2, 25) A (2, 25) A gy)]e=
(1 A1) V (o1 Aba Ami(y') V (2 A1)V
(92 Aha Ami(y') Ama(ah, 25, 9') Ama(a, 25,9))

Pensimmonnble  mHTepnperamun  0000IMAOT  “Kjaccuyueckne’  HHTePIpeTalliu:
ecin E — pensnuonnass nHTEpIpeTalus, onpeaeéHHasd TOJbKO Ha eJUHUYHBLE MYJTb-
TUMHOXKECTBaX (T.e. MYJBTUMHOXKECTBAX, COCTOSIINX M3 OJHOIO 3JIEMEHTA, BXOJISIIETO
onuH pa3), a [I — “kiaccudeckas’” nHTEpIpETAIUs, OTOOPAXKAIOIIASI T€ YK€ CUMBOJIBI B T€
Ke dopmyisl, TO 1y Beex X U R-bopmyi ¢, [¢]  dormdeckn paBHOCHIBHO [¢];.
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2.2. Penanuonnble JokKa3aTejIbCTBa 0€30IaCHOCTHI

Pensinuonnas unrepuperanus E — dokazameavcmeo 6ezonaciocmu mpodieMsl (P, Qsare),
ecsim oHa Oe30IacHa W WHIYKTUBHA:

M = N0p,.E(FPy) = @safe (6e30macHOCTD )
st Beex P € dom(E), M =Vop U lp.( [body(P)] ,= E(P)).
(MH/TyKTHBHOCTD )

Kpome persanmoHHbIX I0ICTAHOBOK, IIaBHAs Pa3HUIlA MEXKIY “KJIACCHYECKUMU U pe-
JISIIMOHHBIMHU JIOKA3aTeIbCTBAMU 0€30IIaCHOCTH COCTOUT B TOM, YTO IIOCJIE/IHUE JOJIZKHBI
OBITH MHIYKTHBHBI OTHOCHTEIBHO Tenl cauanuti cumpsonos. T.e. ecm P € dom(E) ns
Hee IMHITTHOTO MYJIBTUMHOMKeCTBa P, T0 E MOJKHO GBITh WHIYKTHBHO OTHOCHTETHHO

body(P).

ITpumep 4. Xors Jjis cUCTeMbI B IPUMEpPE 2 He CYIIECTBYET ‘KJIACCUIEeCKOro~ J0Ka3a-
TeJILCTBA OE30IIACHOCTH, ITPEJCTABUMOE B A3bIKE JIMHEWHON TETIOYNCIEHHON apudMeTHKH,
CYIIIECTBYET PEJISIIMOHHOE JJOKA3aTeTbCTBO O€30ITacHOCTN:

E={Py~ 2=/, mul — T,

(mul, mul> — (xmull :xmulg/\ymull :ymul2 = Zmull :Zmulg)}

[Ipumep 1 Takke nmeeT G€CKBAHTOPHOE PEAIIMOHHOE JIOKA3aTEIbCTBO O€30IMaCHOCTH:

E={Pyr— s=5+2n, sum— T, incw T,
(size, sum, sum, inc) s T2¢ =T34 =\

Tsume _ [yince o, gsum2 _ gsumi _|_2nszze}

2.3. KoppekTHOCTH

Teopema 1. Ecau cywecmeyem peaauuorntoe doka3zamesbecmeo 6e3onachocmu npoobie-
Mot (P, Psafe), MO P 6E30NACHA NO OTMVHOWEHUI K Psafe -

Jokasamenvcmeo. Ilo 6esonacuocru E, nocrarodno nmokasars, 410 [Fyll,, € M (E (1)).
JloKazkeM 3TO, IOCTPOUB APYTYIO CUCTEMY U3 bIOHKTOB P’ 1 “Kiraccudeckoe’ JoKa3aTe lb-
cTBO €€ Oezomacunoctu 11, ncobsysa E.

Tl1st Kazxgoro P € dom(FE) BBe1éM HOBBIIT pesIAIMOHHBINA ciMBOJT R, Otipeiesinm pe-
JAMIOHHYIO HHTepHpeTanuio E', Kotopas oTobpazkaer P na Ry(vU5). Ternepnb ompemesmm

P’ nay pensmponEbME cuvBosamu {Rp | P € dom(E)}. Jlna kaxaoro Ry, TOTOKIM
body(Rp)= [body(P)] ,,; ronosa xaxoro npasuia ais Ry — 1o Rp(Up).
Hanpumep, it cucreMbl P U PeJISIIUOHHON nHTepuperaiun £ B ipumepe 3, P’ cie-

JTyTOITIas:
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w1 = Ry(z1,22)
w2 A Rf(:l?ll,$/2) A Rf(xlllﬂwg) = Rf(wl,itz)

1 = Rg(y)
Y2 A Rg(y') = Rg(y)

w1 Ap1 = Ry g(z1,22,y)
01 A2 A Rg(y') = Ry g(x1,22,)
w2 A1 A Ry(@,a5) A Ry (2], 25) = Ry g(z1,22,y)
w2 Ao A Rf(ﬂhl,mg,) A Rf(x1"7 z2") A Rg(y')A
Ry gz’ @2',y) ARy g(x1”, 22" ,y) = Ry g(21,22,9)

CemanTuka Rp B P’ eCThb JIeKAPTOBO IPON3BEIEHNE Xp <P [pl,,, mx. Rp npuMensiercs
K [I€PEMEHHBIM PA3JIMYHBIX OTHOMIEHUH U “ocTUraeT” KaxK/I0ro COCTOSHUS, TOCTUTAeMO-
ro KaxKjaeIM p € P. B wactnocru,

[Fola = [Rpo ] - (3)
Haxonemn, onpenemM “Kiaccmieckyto’ wuHTepupetarnuio II, orobpakatomyio Ry

Ha F(P). Il — nokazaresnbcrBo Ge3onacHocTr P’ oHa Ge30macHa U MHIYKTHUBHA 10 TIO-
crpoernio. O6paTuM BHUMAHUE, YTO

(Rp,) = E(Fo). (4)

T.x. cemanTuka P’ — MOTOYEYHO HAMMEHBINNNA WHYKTUBHBI KOPTEXK OTHOIIEHUIA,
nMeeM

[Bry]s © MIL(RE,)). (5)

ITo (3), (4) u (5) momywaem:

[Pollar = [Bp]a © MIL(RR,)) = M(E(F)) S M (Psape)-

2.4. DbpicTpas MOJICTAaHOBKA

ITo (2), nauBnas peanusanus [¢]p TpeOyeT BLIMHCIEHHS My - . . . - My, IPABIIL, ITO HMe-
eT SKCIHOHEHIMAJILHYIO CJIOXKHOCTH ¢ POCTOM k. B 3TOM pasjesie JeMOHCTPUPYETCs allb-
TEePHATUBHBINA METOJI, MO3BOJISAIONINI N30€2KaTh IBHOIO NMEPEINCICHIA BCeX KOMOMHAIMI
CJIMBAEMbIX IPABUJI, YTO IMO3BOJISIET MPEOIoJeTh Haubosee caabyio CTOPOHY IOIXOJI0B
K CHHTaKCHYIeCKOMY Ipeobpa3oBaHuio cucTeMbl [16,17].

KimoueBast njiest COCTOUT B IIOCTPOEHUH IKEUSHINOAHUMOT (DOPMYJIBI BMECTO TOTHOTO
BBIUUC/IEHUsI, UCIIOJIb3Ys npasuia (1) u (2).

[Iycts Ry(Z1), ..., Rm(Tym) — BCe MpUMEHEHUs] PEIAIMOHHBIX CHMBOJIOM B . s
KaykJ0ro npuMmeHenusi R;(T;) 3aBeéM IPONO3UITMOHAIBHBI aToM (T.e. HYJIbMECTHBIN
[PEeJIMKATHBIN cuMBOI) a;. 1lycts ¢ — dopmyra, moydeHHas 3aMeHO BCeX BXOXK/Ie-
uuit R;(T;) Ha a; 171 BCeX i B . 3aMeTnM, 9T0 [¢] ; SKBUBBIIOIHEMO C

QO/ A /\ (ail/\. . ./\CLZ'k:>E(RZ'17 ey Rik)(Eh? c 7flk>)
Riy s Riy €{R1,...Rim}
(Riy,.. Riy, ) €dom(E)
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IIpumep 5. s npumepa 3, cremyiomast bopMynia SKBEBBIIOIHIMA ¢ [body(f, g)] 5

(o1 V (p2 Aar Aaz)) A (1 V (P2 Aag)) A (az = m(y))A
/\(a1 A az = mo(x], Th, y’)) A (a2 A az = mo(z], xg,y’))

Dror Merox ucnosb3yercss B peanusaiuun RELRECMC (cMm. cekrmio 3.); OH MO3BO-
JIAET COXPaHUTH KOMIIOSUIIUMOHAJILHOCTL B BBLIBO/IE PEJIANMOHHBIX JIEMM M 3HaYUTE/ILHO
IIOBBIIIAECT CKOPOCTDH BBIYUCJICHUA peJIHL[I/IOHHOﬁ IIOJCTaHOBKHU II0 CpaBHEHUIO C HaUBHOI
peann3anuei.

3. Ajaropurm

B nammoit ceKumn omuchbIBaeTC HAIPAB/ISIEMbINt CBORCTBOM aJITOPUTM aBTOMATHYIECKOTO
BBIBOJ[A PEJISIIIUOHHBIX MHBapHanToB. Ayropurm pacumpsier RECMC u3s [3]; mbl 3anm-
CTBYeM OTTYJia HOTAIMIO M ODIIYIO0 CTPYKTYPY aJrOPUTMa U OTChLIAEM YUTATENHd JIJIsd
60J1ee 110/ IpOOHBIX OObSICHEHUN U JIOKA3ATE/ILCTB KOPPEKTHOCTH.

3.1. JlemMmbl 1 BeTBU

AropuT™ 1o/iIep:KUBaeT JBe CTPYKTYPBI JIAHHBIX p U 0, B KOTOPBIX XPAHUT JOCTUMNCU-
Mble 8eMBYU CUCTEMbI U AeMMbl O cucTeMe cooTBeTcTBeHHO. [lepBas orobpaxkaer P € R
U HATypaJIbHOE YUCJIO b HA MHOXKECTBO (DOPMYJI HAJ| Up, BTOpasg OTOOparKaeT MYJIbTH-
maokecTBo P € N® i1 narypamsroe amcsio b Ha MHOMKecTBO hopMyTT Hal Up.

AJIropuT™M UCIOIB3YeT p JjIs HAXOXKJIEHUST KOHTPIPUMEPOB K O€301TaCHOCTU U 0 JIJIs
MMOCTPOEHUST PEJIATIMOHHBIX /I0Ka3aTe/IbCTB. B gacTHOCTH, B p pasMeraTcs gaxmo, o do-
CIMUNCUMOCTU, T.e. JIOCTHZKUMbIe BeTBH cucteMbl; p(P,b) — mMHOKecTBO hopmydI, ar-
MPOKCUMUPYIONIUX CHU3Y ceMaHTuKy P ryryounsr b, T.e. 00beuHeHe BCeX BBIBOJIOB CH-
CTeMbI CBEPXY BHU3 BHICOTHI b. JIBOfiCTBEHHO, B 0 pa3MeIialoTcs pakThl, Pe3oMupyrouue
CHCTEMY, KOTOpPbIEe HA3BIBAIOTCS Aemmamu. Popmysibl B 0 (P, b) anmpoKCHMUDYOT CBEPXY
ceMaHTUKy P TyiyOMHBI b, OHU UCIOJIL3YIOTCS JIJIsi TIOCTPOCHUS PEJIAIIMOHHOIO JIOKA3a-
TEJILCTBA OE30IIACHOCTH.

p U 0 HESBHO ONPEJICNIAIOT “KIaccuiecKyio” nnrepnperanuio Uy b 1 peranmonnyio wH-
TEPIPETAIUIO Ob COOTBETCTBEHHO, AlIIPOKCUMUPYIOITHAE CeMaHTI/IKy CUCTEMBI TJIyOuHbI b
CBEpXy U cHm3y':

U},’(P>d°f\/{5€p( c)|c<b},
b(P)= N{9€o(R.c)| R e dom(o), RCP,c>b}.

JIeMMBI J171s1 MyJIBTUMHOXKECTBa P BKJIIOYAIOT B ceOs JIeMMBbI TIOJIMHOXKECTB P.
b b
Mpbr cokparmaem [[W]]Ug u [7]oy no [x], u 7], coorsercrsenno. s npocrorst mo-

JIOZKIM 3HAMEHNs WHTepHpeTanuii Ha yposre —1 U (P) = 1w O, (P)= L mrs Beex
PeRuP ecNX,

1KOH1)IOHKLLHH IIyCTOI'O MHOXKECTBa — T, JN3BbIOHKINA — 1.
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Anroputm 1: IlceBmokon RELRECMC

Bxon : IIpoGiema GezomacHOCTH (P, Ygqafe)
Beixon: out € (BE30MACHO/HEBE30MACHO, pesIAIMOHHOE JOKA3ATEIBCTBO, KOHTPIIPUMED)

1 b+ 0;p+0; 0«0
2 TIOKa true

3 (res, p, o) < RELBNDSAFETY((P, @sqfe) b, p, 0);

a ecau res = JOCTHXVMO BepHy T (HEBE30MACHO, ., p);
5 vHa4ve

6 inductive < true;

7 s Beex P such thai<?, b) € dom(o)

8 OJIst BCeX § € 0 (P,b)

9 ecym [[body(ﬁ)]]l; =6

10 L U(—JU{<?,b+1>H5};

11 uHaue inductive < false;
12 ecau inductive BEDHYTh <BE30HACHO, oL, _>;
13 | b b+ 1

3.2. Bxenrnmii nmmukJi

B anropurme 1 mpejcraBien mnces1oko 1 mporeaypbl RELRECMC, KoTopast nTepaTuBHO
J100aBJIIeT HOBbIE BETBU B 0 M YCUJIMBAET JIEMMbI 0 JI0 T€X 10D, IOKa, JITOO p He 3acBuU/Ie-
TeJIbCTBYET KOHTPIIpUMED (CTpOKa 4), Win ¢ He CTaHeT HHIyKTUBHBIM (cTpoka 12). Wre-
parmus nHomep b RELRECMC npoBepsieT oCTHKUMOCTD HAPYIIIEHHUS CBONCTBA 3a b 11aros.
Ecaun Hapytenust #e mocTizKuMBbL (cTpok 6 - 11), 0 cofepKuT JoKa3aTeabcTBo Ge3omac-
HOCTH BCEX BBIBOJOB CHCTEMbBI CBepXY-BHI3 BbICOTHI b. 3areMm RelRecMc pacrpocrpansier
BCe MHIYKTHUBHBIE JIEMMbI U3 0 Ha yPOBeHb b+ 1 U uTepupyercs, ecjin UX He JTOCTATOTHO
JIJIS JIOKA3aTe/IbCTBa 0€30IAaCHOCTH CUCTEMbBI B IIEJIOM.

3.3. BHyTpeHHUil NMUKJI

[Ipornerypa RELBNDSAFETY, nipe/icTaB/ieHHAasI B aITOPUTMe 2, TpOBepsieT 0e3011acHOCTh
BCEX BBIBOJIOB CHCTEMBI CBEPXY-BHU3 BBICOTHI, OrpaHnvdeHHoi ceepxy B. Ona dopmysn-
pyeT U perraeT 3anpocol <F, , b>, rae P € N® 7 — orpunanue cBoiicTBa 6€30IIaCHOCTH
st P, and b € N. HedopmanabHo, oTBer Ha, <ﬁ,7r,b> COCTOUT B OIIPEJIeICHUN TOTO,
nocruraet ju P m 3a b maros.

3ampochl TIOMEIAOTCAd B odepedb (), KOTopas B Hadaje COMEP:KAT TOJIBKO
(Po, = safe; B). Kaxgas nrepanus Haunnaercst ¢ BBIOOPa 3a11poca ¢ HanMeHbImM b (cTpo-
Ka 3), HA KOTOPBIil MOXKET OBITH JaH TOJIOKUTEIbHBIH (cTpoKa 12) mim oTpuriare bHbIi
(cTpoka 8) orBer, SO0 KOTOPBINA MOXKET MOPOJIUTD JOYEPHIE 3AIIPOCHI, HA KOTOPBIE HY K-
HO OTBETHTB IS OTBeTa Ha JaHHBIN 3ampoc (crpoka 31). Korma Ha Bce 3ampochl naH
OTBeT, aJIrOPUTM Bo3BparnaeT pesysibrar (HE-)IOCTUXMMO (ctpoka 34 wmim 32 coOoTBET-
CTBEHHO).

BreiBoa, BerBeit Eciau 7 J0CTHXKHMMO 32 OJMH IIAr OT IPEJIIeCTBEHHUKOB, OrDaHU-
YEHHBIX BBICOTOH b — 1 (cTpoKa 4), aJropuT™M BBIBOJMT 110 HOBOil BEeTBH 11 Beex Pli
(crpoka 7). HedopmasibHo, BMeCTO HccieioBaHust Becex BeTBeit Pli], aaropura ncciemy-
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Agropurm 2: IlceBnokon RELBNDSAFETY

Bxon  : IIpoGiema GesomacHOCTH (P, Ysafe), YPOBEHb B, XpaHuwinima p, o
Beixon, : out € (IOCTUXVMO/HELOCTUXMMO, p, o)
Hannabre: Ouepesb 3am1pocos

1 Q — {<P07_'(psafeaB>};
2 moka (Q # ()

3

4

5

10

11

12

13

14

15
16

17

18
19
20
21
22

23

24

25
26
27
28

29

30
31

BBIOpATH <?,7r, b> u3 Q;
ecau Im.m = [body(P)] f:l AT
nasii < 1 go |?‘
Uy MBP ([body(PLD], " Ty m);
p pU{(Pli]b) = vpy | 1< i< n};
_ _ +|R]
B Q<+ Q\ {<Ra7770>| R C P,CZb,/\izlzZ)E[i] An ALY

nnade ecan [body(P)] l:l AT =1
mycrs ¢ Takas, ato [body(P)] l:l SyupArT=1;
o o U{(P,b)— v}
QQ\{(Ron.) | PCRoe <b, [\ Rlilwgy)] An=L]):
MHa4e
nycrs cti = [body(P)]
Y
apps « ;
nas i« 1 go |?‘
let C' € rules(P[i]) be s.t. cti = [[body(C’)]]z;_l;
NARL(T1) A ... A Ry(Tm) < body(C);
Y= YA
ayda j < 1 mom
ecau cti = [[Rﬂ@)]]f;l

| v oA IR @I
uHave apps < apps U {Rj (fj)};

b—1

o

VAW

Groups < PARTITION(apps, 7, 1);
Agst Beex {iy,...,ix+ € Groups
rels < (R, , ..., R, );
vars < Tiy ... Tiys
b-1
P =P A [[/\Rj(@)Eapps Rj(@)ﬂ ;
J@{it,... ik} 7
¢ < MBP (¢/, 05 Ul \ vars, cti);
Q +— QU {(rels,y'[vars < Tyeis], b — 1) };

32 ecJm [[Po]]Z A =@safe 7L BepHYTH (JOCTHXUMO, p,0);
33 yTBepauTb [P)]” A ~@sare = L;
34 BEpHYTb (HEJOCTHXUMO, p,0);

€T 3a pa3 TOJIbKO OJHY BETBDL ¢py;, BBIONPACMyIO B HAlpaBJICHUN K CBOICTBY. Kazkapiii

3alpoc <R, 7, c> € (), e 1 JOCTHAKHUMO B OOHOBIEHHON mHTepnperanun Uy, cunraercs

OTBEYEHHBIM U yjaJsiercs u3 () (B yacTHOCTH, <F, , b>)

ILJ'IH IIOJIy4YEeHUA CHUMBOJIBHOI'O IIPpEACTaBJICHUA JIJId BETBU wﬁ[i]? AJI'OPUTM HCIIOJIb-
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3yer npoekyuto Ha ochose modeau (model-based projection, MBP) [3,21]. Tlo nauuoit
dbopmysie IZ.7, e T — HeckBanTopHast dhopmysna u mogeaun m, MBP (7,7, m) crpour
6eCKBAHTOPHYIO KOHBIOHKITHIO JINTEPAJIOB 7' Takyio, uro m = 7/, 7/ = JT.7, u ecmu M
JIONYCKAeT SJIMMUHAIMIO KBAHTOPOB, TO JJIA KaxKJI0H (OPMYJIbI T CyINIECTBYET KOHEUHOE
MHOZKECTBO MOJIEICH My, ..., My, 9T0 IT.T & \/f:1 MBP (7,Z, m;). HedopmanbHo, mo-
CJIEJIOBATEJILHOCTD MIPOEKIMI Ha OCHOBE MOJE/CH AeHUG0 yCTPAHSIOT KBAHTOp U3 JI.T.
IIpn mannoit m, MBP <[[b0dy(?[i])]] f:l ,me,m> MOZKET pacCMaTPHBATBCA KAaK BLIOOD

BETBU ﬁ[i], BBITIOJIHSIONIEN M, U yCTpaHEeHNe U3 He€ BCEX JIOKAJBbHBIX ITepEMEHHbBIX gﬁ[i}'
JIeHnBOCTH B 9/ IMMHUHAIINNA KBAHTOPOB MTO3BOJIET COXPAHITH pa3Mep CUMBOJILHBIX IPE/I-
CTaBJIEHUII MaJIEeHbKUM U I103BOJISET pacCMaTpUBaTh TOJIBKO DeJIEBaHTHbIE MOBEJIEHU
cucreMbl. B wacTHOCTH, XOTd dT.7 9KBUBaJEHTHO JIM3bIOHKIIUN BETBEH, aJrOpUTM pPac-
CMaTPUBAET JIUIIb OJHY BETBb 3a 3aIPOC; JIPYTHUE BETBU OY/IYT PACCMOTPEHBI IO TPeOO-
BaHUIO B CJEMYIONINX UTEPAIAAX.

BeiBon stemMm Ecim o 1ocTaTovHO CHIIBHA JIJIS JOKA3aTEIbLCTBA HEJOCTUZKUMOCTH T
(ctpoka 9), RELBNDSAFETY BBIBOJUT HOBYIO JieMMY BbluucjeHreM KpeifiroBckoro m-

Tepriosisinta 2 (nanee oboznadaercst ITP) dbopmyn [[body(?)]] l:l n —m. B pesysnbrate
HOBas JIeMMa AaIlllIPOKCUMUPYeT CBEPXY CeMaHTHKy P riyOomubl b, BCE emé moKasbIBas
eé 6e30I1aCHOCTh OTHOCUTEJILHO 7. BaxkHo, 9To HOBas jieMMa cOPMYyINPOBaHA TOTIBKO
HaJl TIlePEeMeHHBIME P, BBIDasKas omHowenus Mexry snementamu P. Kax st sampoc
(R,n,¢) € Q TaKoii, uTo OCHOBIEHHAs 0 JOKA3BIBACT HEBBIIOIHIMOCTD 1), CIMTACTCH

OTBEYEHHBIM U YJIAJISETCs U3 OYepesin (B 9aCTHOCTH, <P, , b>)

Tenepanus 3anpocos Ecom nn [body(P)] f:l A 7 BbimoanumMo, u [body(P)] 1:1 AT
HEBBLINOTHUMO, (DOPMYJIBI B p Ha YypOBHE b — 1 CJIUIIKOM CHJIBHBI JIJI TOTO, ITOOBI 3a-
CBUJIETEIHCTBOBATH KOHTPIIPAMED, a JIEMMBI Ha YPOBHE b — 1 cimmmkoM ciabbl s J10-
KazaTesbCTBa 6e30macHoCTh. B 3moM cirydae cyiecTByer MOTeHIMATbHbBIH KOHTPIPUMED
(konmpnpumep x undyxmuernocmu B Tepmunax 1C3 [22]) cti, mosrydaemblii aJropuTyMom
Ha CTpOKe 14, KOTOPBIil J0JKeH ObITh 3aCBUIETEIHLCTBOBAH 0 WK 3a0J0KUPOBaH 0. AJro-
PUTM HOPOZKJIAET J0UEPHIE 3aIIPOCHI, OTBETHI Ha KOTOPBIE OMOTIYT oTBeTuth Ha (P, 7, b)
JI0O0 JI0KA3aTEe/IbCTBOM HEJIOCTHXKUMOCTHU Cti, JIMOO CBUJIETEIBCTBOM €10 JIOCTHKUMOCTH.

JIIst KazK/I0r0 OTHOIIeHHs B P ajropuTM BLIGHPAeT Mu3BLIOHKT C', BBINOIHAIONIMIL-
cst B cli (ceudemeavemeyrowuds cti) (crpoka 18). Takoil JU3BIOHKT rapaHTHPOBAHHO
cymecteyer, T.K. cti = [body(P)] l:l. Ilycte Ry(T1), ..., Rp(Tm) — Bce mpumeHeHns
pensionnbix cuMBoJioB B C' (crpoka 19). Ha ciieyromux marax aaropurM HbITaeTcst
YCUJIUTH JIEMMbI, 9TOOBI 3a07I0KUpOBaTh cti. JIjist 9TOr0 aJropuT™M OLPEJIEssieT, KaKie
JaeMMbl ypoBHA b — 1 cammmkoM rpy6sr, pasienss Ry (T),. .., Ry (T,) Ha JBe IpYyIIbE:
IpUMEHEHWsI, CBUJIETEIbCTBYIONME cti (CTpoKa 22) W JApyrue MpUMeHeHHus apps (CTpo-
ka 24). T.k. BeTBU IpUMEHEHUIl B IEPBOI IPYIINE yKe CBUJIETETbCTBYIOT KOHTPIPUMED,

2K peitropckuit mHTepIOIART ABYX bopmya A u B Takux, uto AA B HeBbInosHIMO, — 370 hopMya, I,
yZI0BJIETBODsitoMIast TpéM yeroeusiM: 1) A=-1, 2) I A B HeBbInosHNMO, 3) I COCTOUT TOJBKO M3 OOIIUX
it A u B cUMBOJIOB.
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HE uMeeT CMbIC/Ia YCUJIMBATDh UX JIEMMBI, IIO9TOMY aJITOPUTM IIbITaCTCAd YCUJIUTH TOJIBKO
JIEMMBI JIJISA apps.

Ha srom miare amropurm Beaér cebs ommdanbiM oT [3] obpasom. Bumecro yemmenus
JIEMM 1715 KazKJI0T0 OTHOIIEHUs B OT/IEJIbHOCTH, OH IILITAeTCs BBIBECTH JIEMMY JIJIA 2pYynnol
IPEJUKATOB B apps.

Anroput™ mapamerpr3oBaH opakysioM PARTITION (cTpoka 25), KOTODBIH pas3/iesiser
BXOJIHOE MHOZKECTBO QTOMOB Ha CIHCOK MYJIBTUMHOXKECTB IpuMenenuit. Hampuwvep, mmo-
xkectBo aroMoB { f(T7), f(Tz), 9(¥) } Mmoxker 6bITh IOzes1eHO Ha rpyts! [{f — 2}, {g — 1}]
OTHOIIIEHUIT U CIMCOK BEKTOPOB [(T1,T9) , Y] HepeMeHHBIX. B pesyibrare crmcok rels co-
JIEPKUT BCE MYJIBTHMHOMKECTBA CUMBOJIOB, KOTOPbIE GyjIyT MCC/IE0BAHbl Ha B JOUEPHUX
3a1pocax.

B nameit peasmusaiun PARTITION pazjesigeT NpUMeHeHUs Ha PeKypPCUBHYIO U Hepe-
KypcuBHyIo rpynub’. Ecin B pekypcusHOit rpymme Goee |F| 9JIEMEHTOB, OHa B CBOIO
odepeib pa3buBaeTcs Ha MOAPYIIBI pasMepa He OoJiee ’?’ DTO OCTaHABINBAET HEOTDA-
HUYEHHBIA POCT Pa3MePOB MYJILTUMHOMKECTB 3alIpOCOB. PARTITION yrablBaeT I10IX0/1s-
1ee pa3bueHne peKypPCUBHBIX IPUMEHEHU OlpeIesIeHIii CHEXPOHU3AIMI, COXPAHSIONINX
WH/IyKTHBHOCTH CBOficTBa B jyxe [17] (ceknms 3.4. memoHCTpHpyeT ero paboTy Ha mpu-
mepe 1).

JIns KazKioro MyJILTUMHOMKECTBA B rels TeHepupyeTr JOYEepHMil 3alpoc, allpOKCH-
MUDPYIONUH CHU3Y MHOXKECTBO OIMUOOYHBIX COCTOsIHUN TpyIiibl. CBOWCTBO H6€3011acHOCTI
J-Oii IPYIITBI — KOHBIOHKITHSI POJIUTETHCKOTO CBOICTBA GesomacHocTH 7 (cTpoKa 15) orpa-
HUYEHWH BCeX JU3bIOHKTOB, CBUJIETEILCTBYIOMUX cti (cTpoka 20), JOCTHAKUMBIX JOUep-
HUX COCTOSIHUIA, CBUJIETEJILCTBYIOMUX cti (cTpoka 23) ¥ JIeMM OCTABIIMXCH MYJIBTUMHO-
ecTB B pasbuenun (crpoka 29). Hedbopmasibuo, RELBNDSAFETY ycuinBaer CBOHCTBO
6e3omacHocT T UHMOpPMaIed 0 JOCTUKKUMBIX COCTOAHUSAX U JIOUEPHUX JIEeMMaX, CBsi-
3aHHBIX ¢ cti. Jlajee, ajropuT™ IPOEKTUPYET CBOWCTBO GE30IIACHOCTH, YCTPAHSASA BCE
HiepeMeHHble, KpoMe vars|j|, UCIoJb3ys IPOeKIHo Ha ocHOBe Mojesu (crpoka 30), mepe-
MMEHOBBIBaeT IlepeMeHHbIe U [TOMEIAeT HOBBIH 3apoc B ouepeib (crpoka 31). Toueprue
cBoiicTBa (hOPMYIUPYIOTCA HaJL EPEMEHHBIME JIOUE€PHUX OTHOIIEHUI, JIJIsT 3TOTO Mepe-
MEHHbIE [IePENMEHOBBIBAIOTCA (CTpoKa 31). AHAJOIMYHO BBIBOJLY BETBEl, NCIOIb30BAHNE
IIPOEKIIUY Ha OCHOBE MOjIe/eli He TIOPTUT KOPPEKTHOCTD, IIO/Iep:KUBast pasmMep (popMyI
B 3alpocax HEOOJIbIITIM.

3.4. llpumep

B sToMm pazmesne mokasaHbl HECKOJIBKO UTEpAIldil aJrOPUTMa sl 3aJa49i B IpuMepe 1.
[Tocne cuHTAKCHYECKON MPeoOPabOTKN aJITOPUTM PADOTAET CO CJIEJIYIONIEH CUCTEMOI,
B KOTOPOIi TTepeMeHHbIe PA3JTNIHBIX OTHOIIEHUN Pa3InIHbIL:

3Jlpa cumBosTa (B3aHMHO) DEKYDCHBHBI, €CJIM OHU TIPHHAJIJIE’KAT OJTHON CUIIBHO CBA3ZHOM KOMIIOHEHTe
B oprpade (V,E) ¢V = R u (P,R) € E, ecitu u TOJIBKO ecim R BXOAUT B TEJIO HEKOTOPOTO TIPABHIIIA
st P.
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T =leaf An=0 = size(T1,n)
T =node(v1,L1,R1) An = 1+nl+nBA
size(L1,n") A size(R1,n) = size(T1,n)
To=leaf Ns2 =0 = sum(T2,s2)
Te=node(ve,L2,R2)As2=v2 + s£“+s§/\
sum(La,s5) Asum(Ra,s8) = sum(Ts,s2)
Ty=leaf NU=leaf = inc(T4,U)
Ty=node(va,La,Ry) AU =node(vs+2,L" ,R')A
inc(La,L ) ANinc(R4,R') = inc(Ty,U)
A=To AB=To ANC=Ty AN D=FE A size(A,no)A
sum(B,s0) A inc(C,D) Asum(E,s() = Po(To,m0,50,50)

def
Psafe = 30:5()"1‘2”0

Yposenb 0 AjropurMm HadmHaeT ¢ Bbi3oBa RELBNDSAFETY it ypoeHs 0, KOTOPBIit
KJIa1ET 3anpoc (P, sg # so+2n0,0) B Q. U [body(Fp) ;1, u [[body(Py)]," mozsr, mosTo-
My aJITOPHTM Iomajaer Ha cTpoky 11, rae mobasisiercst ITP(L, —pgafe) =L B 0(5,0).
RELBNDSAFETY 3aBepriiaercs ¢ pesyiabrarom UNREACHABLE, Ho T.K. J00aB/eHHAS
Jslemma He nuaykTuBHa, RELRECMC npojsiomkaer cBoro pabory Ha yposhue 1.

VpoBenb 1 RELBNDSAFETY maumnaer ¢ @ = {(F,s) # So+2n9,1)}. 3mecw
[body(Po)]o = L, [body(Ro)]g = w0 = A = TyANB =Ty ANC =Ty ND = E.
TK. @9 A 7sqefe BBIIOMHEMA, ajnropur™m mosydaer cti = {A,B,C,D,E, Ty > leaf;
no — 1; 50 — 0; s;, — 1} u mepexomut Ha cTpoky 14. 3arem BbIOMpaeTCs €MHCTBEHHOE
BO3MOZKHOE IPABUIIO Jyisi Py ¢ TesioM g A size(A,ng) Asum(B,so) Ainc(C,D) A sum(FE,sp).
Teneps cti = [[size(A,no)]]g = A=leaf Nnog=0, cti |= [[sum(B,so)]]g, cti = [[mc(C',D)]]g,
cti - [[sum(E,sg)]]g, orkyna apps = {size(A,ng), sum(E,sp)} 1 Y = 2pgepe A po N B =
leaf N\ so=0AC=leaf N\ D=leaf. T.x. u inc, u sum He peKypcuBHbl ¢ Py, PARTITION
HUYero He jiesiaer: PARTITION (apps) = {{1,4}}.

O6osnaunm ay = {size — 1,sum +— 1}. g nosnydenus: 3ampoca JUisd (v, ajro-
PHTM CTPOHT HPOEKINIO 1), yCTpaHsisd BCe MepeMeHHble, Kpome A, ng, E, u sj, moaydas
' = MBP(, {To, B,C, D, so},cti) = A=leaf N E = leaf N\ s # 2ngy, KoTOpast mMocye
IIepeuMeHOBaHUsI IIePEMEHHBIX CTaHOBHUTCS 1) ET = leaf N\'Ty = leaf A sy # 2n. Takum
obpazom, ) cranoButcs {(Fy, “@safe, 1), (a1, 11, 0) }, 1 aIropur™ yxXoauT Ha CIEAYIONLYIO
UTEPAIHIO.

Ha Bropoii urepanuu aaropur™ Boibupaer u3 ouepean (aq, 1, 0) Kax 3ampoc ¢ Hau-
MeHbIIIM ypoBHeM. Ilyers 3 = [body(a)],* = [body(ar)],' = Ty = leaf A =
0NTy=leaf N sy =0. T.k. 1 A1y He BBIOJHUMA, AJTOPUTM BBIBOJIUT HOBYIO JIEM-
My 0 = ITP(By,¢n) = Th =Ty = leaf A n = sy =0. Takum obpasom, o(ay,0) = {0},
zarpoc Ha yposHe () oTBeueH u youpaercs u3 ().

Ha tperneil mrepammm aaroput™ cHOBa BbIOHpaeT ([P, “@saf,1). Ha stor pas
[body(Po)]> = wo A 01(A,n, B, so) A 61(A,n, E, sh). Tx. teneps [body(Po)]> A ~@safe
He BbIioyiHuMa, B 0( Py, 1) mobassercs ITP([[bOdy(PO)]]S , Psafe) = Psafe- HOBOE OKPY-
JKeHne He WHYKTUBHO, mo3ToMy RELRECMC nepexojut na ypoBeHb 2.
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Yposenb 2 3ampoc (Fy, 7@sqfe, 2) Beibupaercs us (). Ha sror pas cti={A, B,C, T, —
node(0,leaf leaf); D,E >  leaf;ng, so,s, + 1} Tk cti -~ [[size(A,no)]]fl),
cti W [[sum(B,so)]];, cti [[mc(C',D)]]llj7 cti [[sum(E,s{))]];, HOJTy 9aeM
apps = {size(A,ng), sum(B,sg), inc(C,D), sum(E,s})}. T.K. HI 0JJUH U3 CUMBOJIOB He pe-
Kypcuser ¢ Py, noixygaem Groups = {{1,2,3,4}}. s noytyuenus Jo9epHEro CBONCTBa,
6e3011aCHOCTU aJITOPUTM ycTpaHsaeT T IPOeKIuel U yXOJAUT Ha CJIEIYIOILYI0 UTEePAIUO
¢ {{(Po, "¥safe, 2) , (0,12, 1)}, Trie g = {size > 1, sum+— 2 inc— 1} u 1y T =T,=
T4/\U:T3/\537£82+2n.

Ha crenyromieit urepaiu (am, 1o, 1) Boibupaercs uz (). RelRecMc npumensier moj-
xo/1, omucanubiii B Cexkiun 2.4. 111 9¢bHEKTUBHOTO BHIYUCIEHUS TTOJCTAHOBKEA 0. [10J10-
JKIM

=9

ef

Bsize =(Th =leaf An=0)V
(Th =node(v1,L1,R1) An = T+nf+nf Aagp A ag)
Bsumy =(To=leaf Asa=0)V
(Ty=node(va,La,Ra) Asa =12 + sh+s¥ Abr Abp)
Bsums =(T3=leaf As3=0)V
(Ts=node(vs,L3,R3)\s3=v3 + s§+s§ Acp A cR)
Bine d:ef(T4 =leaf NU =leaf )V
(

Ty node(v4,L4,R4)/\U: node(v4—|—2,L',R’) ANdp N dR)

3neck ar,, ar, by, br, cr, cr, dr, 1 dg — IPONO3UITUOHAIbHBIE AOCTPAKITUI ITPUMEHEHUI
PEJSIIMOHHBIX CUMBOJIOB. Torma:

[[body(ag)]]g Eﬁsize A Bsuml A ﬁsqu A Binc/\
((ZL A bL = (51(L1,7’LL, L27 85))/\
((ZL A\ bR = (51(L11 nr, RQ) 55))/\

((ZL Ncep = 51(L1,7’LL, L37 Sé)) ce

" 0
Ecitr BMecTO sT0TO HpsiMosuaeiino mepesectu gopmyiy [body(as)], B JHD u 3ame-
HUTH BCEBO3MOXKHBIE KOMOMHAIIMY IPUMEHEHUH PEeJISIIIMOHHBIX CUMBOJIOB (hOPMYJIOH 07,
Mbl nostyanM opmyity B 2 pas Gosbiiero paszmepa.
0
[body(a2)], A 12 BeIOMHNME C

cti={Ty— node(1,leaf leaf); T5, U — node(3,leaf leaf; ...}

st k€ {1,2,4}. Takum o6pa3oM, Ha cTpoKe 18 aaropurs™ BuIOUPAET 110 BTOPOMY (pe-
KYPCUBHOMY ) TIPABUJIY JIJIs KAXKJ0TO OTHOIIEHUsT B K.

[Ipeamoioxkum Temephb, 9TO ¢ti He BBINOJHIET HU OJHY U3 BETBE B p HU OJIHO-
ro npuMmenenust B Tenax npasui. Torma nomydaem apps = {size(Li,nt), size(Ry,n™),
sum(Lo,s%), sum(Ry,sit), sum(Ls,sk), sum(R3,sL), inc(Ly,L'), inc(Ry4,R')} e Bee mpu-
MeHeHUs PeKYPCUBHBL, 1 1) = u ATy =node(vi,L1,R1)An = 1+nE+nfin. . .

Eciiu PARTITION BepHeT €IMHCTBEHHYIO IPYIITY U3 BCEX MPUMEHEHU, MbI Oy TUM
3aIPOC JIJIsT MYJIBTUMHOXKECTBA pa3Mepa 8, 9TO B Pe3yJ/ibTaTe MOMKET MOPOIUTH 3aIlpoC
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Jig 16 oTHotenuit u T.71.; B pe3yiabrare, RELBNDSAFETY pacxogurcs. YToObl KOHTPO-
JINPOBATH Pa3Mep MYJIbTUMHOXKeCTB, PARTITION pas0uBaeT apps Ha Dyl pasMepa,
He MPeBOCXoiANIero |ay| = 4. Omnako cymecrsyer Cq = 70 BapuaHTOB y¥Ke JIs pa3-
Ouenud 8 OTHOIIEHWI Ha JiBe IpymIibl pa3mepa 4. J[jis Beibopa HAMIydIIero pasoueHus,
PARTITION nipuMeHsieT CJIe/IyIOIy0 SBPUCTHKY.

Tax kak dpopMmysia cBoiicTBa 6€30MACHOCTH B KaxKJIOM 3ampoce B () (KpoMe KOpHEBO-
r0) eCTh PE3yJIbTAT MPOEKIHN, OHA MPEJICTABISET COOO0I KOHBIOHKINIO JIuTepasoB. s
kazx 1010 ojmuokecTBa apps, PARTITION onpenensier makcumanrvroe undyxmusHoe
NOOMHONCECTNEO JTUTEPAJIOB.

B nanHOM ciiydae MHOXKECTBO JuTepasioB B e sBaserca {17 = Ty, Ty = Ty, U =
Ty, s3 # s34+ 2n}. Hanpumep, qmrepan T A Ty unaykTusen orHocutesbno size(Ry,n')
u sum(Ry,s%). Yrobbl ybeaurhes B aToM, nepeumenyem 1y =Ty B Ry = Ry (T.k. Ty, Ry
u Ty, Ry — TepBble apryMeHThl COOTBETCTBYIOIINX HPUMEHEHUN Size W Sum) U 3ame-
THM, UTO uMeeT MecTo ¢ = R; = Ry. B namem cirydae, Bes dgopmysia vy MHIYKTUBHA
ornocurenso rpymn {size(Ly,n%),sum(Lo,sk),sum(Ls,st),inc(Ly, L))} u {size(Ry,n%),
sum(Ry,sit), sum(Rs,s%),inc(Ry,R')}, mostomy PARTITION Bozepamaer Groups =
{{1,3,5,7},{2,4,6,8}}. lusa obeux rpymn B ) 106ABIAIOTCS 3aIIPOCHL (vy YPOBHsT 0.

Ha ciemytomux urepanusax, aJroput™ BbBoguT jgemmy 17 =T, =Ty ANU =T, =
S3=S9+2n U 3aBepIIaeT MOCTPOEHNE PEJISIIIHOHHOIO J0KA3aTeIbCTBA O€30ITaCHOCTH.

3.5. Obuiue cBoiicTBa

B sroit cekiun yrBepxkgaiorcs BaxKubie cBoiictBa RELRECMC u RELBNDSAFETY.

Teopema 2. Aszopumm RELRECMC xoppexmen, m.e. ecau on ocmana8Au8aemcs 0Asf
npobaemovt (P, Psafe), MO 0NA 0E30NACKHE, MO200 U MOALKO M020a, K0204 AAOPUMM 6ep-
nyn BESOMNACHO.

Teopema 3. Aszopumm RELBNDSAFETY koppexmen, m.e. ecAu OH 8038PAULAET OAA
npobaemvl (P, Psafe) Ha ypoere B HEJOCTHKUMO, mozda u moavko mozda, k020a 6ce 6vi-
600bl CUCTMEMDL CEEPTY-BHUS GHICOMDBL, 02PAHUMEHHOT ceepry B, beszonachul.

Ob6a anropuT™ma IPOBEPSIOT Ha BBIIOJIHUMOCTH (DOPMYJIBI A3bIKA OlpaHuvIeHUil (Ha-
upumep, B crpoke 9 RELRECMC nim B crpoke 4 RELBNDSAFETY). HazoBém opakysiom
BBITTOJTHUMOCTH B M TIPOTIe Ty Py, KOTOpas I 10001 (DOPMYIIBI I3bIKa OTPAaHUIEHUI ¢ 3a
OJINH IIAr rapaHTUPOBAHHO IpoBepsieT M F ¢. Takke nojpasymeBaeTcs, 9TO TaKO opa-
KYyJI CIIOCOOEH BbIJIaBaTh Mojiesn hopMmyli, KpeiiroBckre HHTEPIOIAHTHI U IIPOEKTUPOBATH
dopMyJIbl HA OCHOBE MOJIeIell; Ha MPAKTUKEe TaKUM OpaKysaoM spisercsa SMT-pemares.

Teopema 4. RELBNDSAFETY noAHa OMHOCUMEABHO OPAKYAL GHINOAHUMOCTIU 6 M,
m.e. NPU HAAUNUL OPAKYAL BLINOAHUMOCTIU 6 M Oan 4100070 Npobaemvl 6E30NaCHOCTMU
(P, Vsafe), yposua B € N u nyemox 0 u p, RELBNDSAFETY ocmanasiusaemcs u 603-
epawsaem JOCTHXUMO, aubo HEJOCTHXVMO.

Teopembl, anajgorndnbie 2, 3 u 4 nokazanbl B Teopemax 1 u 2 paborst [3]. s To-
ro, 9TOOBI NMPEBPATUTH JIOKA3ATEIBCTBO, HPEJICTABICHHOE B [3], M0CTATOYHO 3aMEHUTH
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BCce mHTeplpeTanyuy U CEMaHTHUKNW CHMMBOJIOB Ha HX peJIdIUMOHHBbIEC aHaJIOT'H. HaHpHMep,
HMHBapUaHT TPaJIUIIUOHHOI'O aJI'OpUTMa

st Beex P € R, [P, € M(OL(P))
cranoBuTcs naBapuanTom RELRECMC
s Beex (Py, ..., Py € dom(a), [Pl % -+ x [Pu]ly € M(OL((Py, ..., P))).

Teopema 5. Ilpu Haruvwuu opakryasa svinosnumocmy 6 M RELRECMC asasemcsa xo-
paspewaroweti npouedypoti npobiem bezonacnocmu Qu3BIOHKMOS, Mm.e. ecau P nebes-
onacHo, npouedypa 2aparmuposarno ocmanosumcs u eeprém HEBE3OITACHO.

Joxazamenvcmeo. Jliobas nebe3omacHas cUCTeMa JIU3BIOHKTOB MMEET PEe30/TIOTHBHOE
OIIPOBEPIKEHNE C JIEPEBOM BBIBOJ@ HEKOTOPOl KOHEYHOU BBICOTHI. Ilycth H — HamMmeHb-
mas BbICOTa CPeJI BceX TaKnX JiepeBbeB. T.K. amroputm RELRECMC nrepatusro yBem-
YUBaET IVIyOUHY b, TO 10 KOPPEKTHOCTH U OTHOCUTEJILHOM nosiHoTe RELBNDSAFETY Bce
BbI30BbI RELBNDSAFETY B crpoke 3 ocranoBsiTcs u BepuyT HELOCTUXUMO (B ipoTUBHOM
cilydae, CyIIeCTBYeT Pe30JIIOTHBHOE OIPOBeprKeHne MenbIeii rryounsr). Ha mare b = H
ocranoBuTca RELBNDSAFETY u Bepuér orser HEBE3OITACHO. O]

g cucrteM ¢ KOHEYHBIM ITpocTpaHcTBOM cocrognuit RELRECMC — mosinaa paspe-
IIAOIIAs TPOIEIYPa; /ISl HUX aJTOPUTM TOJNHOMHUAJEH OT KOJUIEeCTBA COCTOSTHUIA.

Ecyii ipu BeImostHeHUN CTPOKH 25 ajaroput™ma 2 Groups COIEP:KUAT TOJTBKO €IMHIIHBIC
MYJIBTEMHOXKECTBA, 1oBejienne RELBNDSAFETY coBirajiaet ¢ nosejienneM BNDSAFETY
u3z [3]. pyrumum cjioBamu, MpeJCTaBIEHHBI aJropuT™M BeJET cebs  aHaJOTHIHO
BNDSAFETY Ha aunetinbr cucTeMax MU3bIOHKTOB U 0006ujaem ero moBejieHne Ha HeJld-
HEWHBIX cucTeMax: ecjii PARTITION pa3buBaeT BXO/IHbIE IPUMEHEHUsI Ha IPYIIIIbI pa3Me-
pa 1, To aaropuTM BBIBOJANT “Kjaaccuueckne’ HoKa3aTe/IbCTBa 0€30IMaCHOCTH aHAJIOIUIHO
OPUTMHAIBLHOMY AJITOPUTMY.

B nekoropbix ciyuasx, korjga RECMC [3] He MoxKeT BbIBECTH JOKA3aTEILCTBO Ge3-
OIIACHOCTH HEeJMHENHBIX CHUCTEM, T.K. KazK/lasd TEOPETUKO-MHO2KECTBEHHaA MOIAEJIb HE IIPE/I-
CTaBUMa B dA3bIKE OFpaHquHHﬁ, Hall aJITOPUTM CIIpaBJIdeTCd C IIOMCKOM DPeJIAIIMOHHO-
ro JioKazaresbcTBa Oezomacuoctn. Hamporus, ecim RECMC ycrenHo 10Ka3bIBaeT W
orpoBepraeT 6€30MacHOCTb CUCTEMBI, HAI aJrOPUTM TaKzKe CIPaBJISIeTCs.

4. DKcIepUMEeHTbI

Anroput™m 6611 peasm3oBaH Ha SPACER, COBDEMEHHBIM pellaTesieM JU3bIOHKTOB XOpHA
B SMT-pemarese Z3 [23]*. Mbi cpasuniu peanusanuio co SPACER u HOICE 8] na asyx
Habopax TecToB’. DKCIePUMEHTbl ObLIN IPOBEJeHbl Ha KOMIbIOTEpe HOJ YIpPaBIeHueM
OC Arch Linux ¢ nporeccopom Intel(R) Core(TM) 15-6200U CPU @ 2.30GHz.

[Tepesiit HAGOp TecToB cofep:kut 840 mpobiem u3 (8|, He ABJISOMUXCS TPOOJIEMAME
pensnnonHoi Beprudukamui. Mbl cpaBHIIM HAIT aaropuT™ co SPACER u HOICE u noka-
3aJI1 €ro YKU3HeCIIocOOHOCTh. TaiiMayT /st 3Tux TecToB 0bLT 30 ceKyH 1. SPACER peImI

4Peasm3arius JOCTYIIHA, IO CCHLIKE https://github.com/dvvrd/z3.
STecTn JIOCTYIIHBI 110 CCBIIKE https://github.com/dvvrd/spacer-benchmarks.
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Puc. 1. CpaBaerne RELRECMC ¢ npyrumu pemrarensmu. Kaxkgast Touka rpaduka mpeji-
CTaBJISIET Mapy BPEMEH UCIOJHeHus TecTa (cek. X cek.) aaropurmMoM RELRECMC (ock
X) ¥ JApYTUM aaropuT™oM (ock y). TaliMayThl yKa3aHbl BHYTPEHHE [IyHKTUPHOMN JINHUENH;
Ha BHEITHUX MyHKTUPHBIX JUHUIX JIEY)KAT TECTHI, Ha, KOTOPBIX PEIlaTe/ Il 3aBEPIITUIUCE C
OImMuOKON BPpEMEHU UCIIOTHEHMUSI.

Fig. 1. RELRECMC vs competitors. Each point in a plot represents a pair of the run
times (sec x sec) of RELRECMC (x-axis) and a competitor (y-axis). Timeouts are placed
on the inner dashed lines; and crashes are on the outer dashed lines.

788 u3 840 npobisiem ¢ 50 TaiimayramMu u 2 ormuOKaMu BpeMeHnu ucroJinenud. Harra pe-
am3anusd permmita 807 mpobiiem ¢ 34 Taiimayramu. HakimajiHble pacxo/ibl 110 BpeMeHU
B cpaBHEHUU O SPACER HesHauurTesbhbl (Menee 0.1 cekynmupt Ha 87% npobsem). Hama
peau3aliig peruiaa O0JbIITHHCTBO IPodIeM, peréHubix SPACER. Tem #e menee, 10 ObI-
Jin perteHbl SPACER, HO He Halleil peajmsariueil; Mbl OObSICHSIEM 9TO HECOBEPIIIEHCTBOM
rekyiei peanusaruu. HOICE perut 808 npobiiem ¢ 26 Taiimayramu u 6 ormudKamMu Bpe-
MEeHU UCIOJHEHUsI, HO 1 SPACER, un Harra peanusaiusst RELRECMC 3arparnia MeHbIIe
BpeMenn, yeM HOICE Ha peméHHbIX mpobJiemMax.

Bropoit Habop TectoB comep:KuT 37 mpodeM PesIsiiuOHHON BepuUKAINN, B3ATHIX
u3 [24]|. Mbl cpaBanm Hamry peasmsanuio co SPACER, HOICE u amropurmom CHCPRO-
DUCT u3 [17], peanmsoBaHHBIM KaK CHHTAKCHYECKOE MPEOOpPA30BaHUE BXOHOW CHCTE-
MBI JIN3BIOHKTOB C IOCJEIYIONIUM PEIIeHUEeM IIPeoOPa30BAHHON CHUCTEMBbI PeliaTesieM
SPACER. CxeMaTU4IHOEe CpaBHEHHE ITOKA3aHO Ha puc. 1.

SPACER u HOICE pemman tosbko 11 w3 37 3aja4d ¢ H-MUHYTHBIM TaiiMayTOM.
CHCPRODUCT pemun 24 3aga4n, a RELRECMC pemmur 32 3ama4n u3 37. Baxkuo, uro
RELRECMC pemmn 3ama4un, ¢ KOTOPHIMH He CIpaBHicss SPACER IOCJIEe sIBHOTO CHH-
TAKCUIECKOIO CJAUAHUS U3 BbIOHKTOB. [Ij1s1 O0IbIMX HeOe30IaCHBIX IIPO0JIEM, HAIIPUMED,
point-location*, CHCPRODUCT mopoxKjaer SKCIOHEHINAIbHOE KOJIUIEeCTBO TPABUII,
pacxojiyst BCE OTBEJIEHHOE BpeMsi, B TO BpeMs KakK JAPYyTHe pelaTen HaxXoAaT KOHTPIPHU-
Mep 38 CEKYHJIbI.

5. (O0630p JuTeparTypbl

BosbmunceTBo moaxo0/10B K PEISIMOHHON BEPUMUKAIINE OCHOBAHBI HA aBTOMATUYIECKOM
WJIN MHTEPAKTHBHOM aHAJII3e [porpaMM-riponsseienuii [9-12,14-18,25]. Bee takue mos-
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XOJbI TPAKTYIOT BePUPUKATOP (DYHKITMOHATBHBIX CHEMMUKAINN KaK YEPHBIT AIIHIK.
[TosToMy OHU BBIHY K I€HBI TPEIOIIPEIEIATh CTpAaTernio cunxponnsanun. Hamporus, Harm
IO/IXOJ1, He CTPOUT IIPOU3BEJIEHUE TTPOrPAMM SIBHO, a uctoJibzyetr SMT-pemaress s mo-
CTPOEHUS U CTPATErnii CHHXPOHU3AIINN, U PEJIAINOHHBIX HHBAPUAHTOB OJTHOBPEMEHHO.

Hexaprosa jioruka Xoapa [26, 27| nis jokazareabers k-CBOWCTB 6e30IIACHOCTH CO-
CTOUT U3 MHOYKECTBA TPABUJI U IBPUCTUK IS BHIDABHUBAHUS IMKJIOB CPABHUBACMBIX
nporpamM. OHM aHAJM3UPYIOT YCJIOBUS IUKJIOB, BETBJIEHUSI, PEJISIIMOHHBIE TIPEJI- U I10-
crycnosusi. Jlyist BeIGOpa cTparTernu CHHXpoHU3aImu B pabore [27| ompeesnsercs mak-
CUMAJIbHOE MHOXKECTBO IUKJIOB, 3aBepIIeHne KayKJI0ro M3 KOTOPBIX BJIEUET 3aBEPIIIEHUE
JIpyrux (MHAYEe PeIIIUOHHBbIE HHBAPUAHTHI HE OOHAPYIKUBAIOTCS, JazKe eCJIM OHU CyIIe-
crBytoT). Hammporus, Hall mo/[xoj He yIUTHIBACT 3aBEPIICHHs] [MKJIOB 1 MOXKET CTPOUTH
PeJISIIIUOHHbIE MHBAPUAHTHI JIJIsT IUKJIOB C PA3JIUIHBIMU KOJTUICCTBAMU UTEPAITHA.

Cy1iecTByI0T MOJAXOABI K TpaHCHOPMAIINN HEJIMHEHHBIX CHCTEM U3 bIOHKTOB, KOTO-
pBIe UCIOJIB3YIOT CYIIECTBYIONINE PEIIaTeNN I aBTOMATHIECKOTO TIOCTPOEHUS PeJIsAIy-
oHHbIX nHBapuaHToB [16,17]. IIpeobpazoarme CHCPRODUCT [17] cTpouT mekapToBO
[IPOM3Be/IEHNe MHOXKECTBA MPAaBUJI CUCTEMBI TN3BIOHKTOB. Korma mpaBuia mepeMHOXKa-
€MBIX PEJISIUOHHBIX CHUMBOJIOB UMEIOT 0OJiee OJIHOTO PEKYPCUBHOIO MPUMEHEHUS B Te-
se, npeobpazosanne CHCPRODUCT omnpejie/ieHO He eMHCTBEHHBIM oOpa3om. Jliis sro-
I'0 IIPUMEHSIETC PACHIMPEHHAs TEXHUKA CUHTPOHH020 NPOU36edenus, KOTOPas IbITaeTCs
BBIOPATH MTPOU3BEJIEHUE, COSIMHAIONIEE CTPYKTYPHO CXOXKHUE PEKYPCUBHBIE TPUMEHEHUS.
AunbrepraTuBHo, [16] npemaraer TpancOpMaIiO, OCHOBAHHYIO HA H3BECTHOM IIOJXOJIE
FOLD/UNFOLD. X0Tsl pe3y/JIbTHPYIOIIas CUCTeMa, IUIbIOHKTOB PEIaeTcsl TMPOIIE, CJIOXK-
HOCTH TPaHCHOPMAIUU PACTET IKCIOHEHITUAIHHO OT UHCJIa [IEPEMHOXKEHHBIX [TPEINKAT-
HBIX CUMBOJIOB. [ljisi cpaBHeHusi, HAI 10/X0J, 00padAThIBAET PEKYPCUBHBIE I'DYIIIBI 110
TpebOBaHUIO, UCIIO/IB3Ysl MOje/H, orydeHHbie oT SMT-3a1pocos, u mo3TOMy He BeJIET K
9KCIIOHEHITHATBbHOMY B3PBIBY B CJIOKHOCTH.

Henasruit nomxozn [18] mHambosiee 6sin30K K jmanuoit pabore. OH aHAIN3UPYET KOHTD-
MIPUMEPHI J1JTs OTIPeIe/IeHNsT HeTPUBUAIBHBIX CTPATETWI CHHXPOHU3AIINN, HO UCIIOJIB3YeT
3a/TaHHOE TTOJTh30BaTEIEM MHOYKECTBO MPEIUKATOB I TIOCTPOSHUS PeIANMOHHBIX NHBA~
puanTos. Ham mojixos He TpeOyeT MpeInKaToB M CTPOUT WHBAPUAHTHI MHTEPIOJIATIAEN,
3bHEKTUBHO UCTIONB3Ysl TIPEUMYIIECTBa, yHacaegoBanube or [3|. B Gymymiem Mbl 1ia-
HUPYEM I0/IJIEPYKATH OIPeie/IeHne JAPYTUX CTPATErnil CHHXPOHU3AIINN.

6. 3akJrodyeHUWe 1 JaJIbHeHIIne ILJIaHbl

B crarbe ObLI IIpecTaB/IeH HOBBIM MOAXO0 K PEIICHUI0 HEJIMHEHHbIX CUCTEM U3 bIOHK-
ToB XOpHA, OCHOBaHHBII Ha HAIPaBJIIEMOil CBOHCTBOM JOCTHKUMOCTU. KEro KitodeBast
0CODEHHOCTH COCTOUT B @BTOMATUYIECKOM BBIBOJIE PEJISIIMOHHBIX MHBAPUAHTOB, alllIPOKCH-
MUPYIOIIIX CBEPXY CEMAHTUKY I'PYIIT HEMHTEPIPETUPOBAHHBIX CUMBOJIOB. [loxosm cro-
cOOEH aBTOMATUYECKU OIPEICTIATh, KaKUe IMPEeTUKAThI JIOJXKHBI OBbITH CI'PYIIIHPOBAHBI,
a JIJIsi KaKux OyJ/IeT JIOCTATOYHO BBIBECTH WHMBHU/LyaJbHble WHBapuaHTHI. [loaxom ObLI
peam30BaH MOBepX pemaress SPACER, Oblla IIOKa3aHa €ro MpakTHYecKas IOJIe3HOCTD
Ha TECTOBLIX HADOpaX Pa3/IMYHBIX 3aJa4 PEJIAIMOHHON BepupUKaIum.

B 6ymymem miaHupyercs paspaboTKa IMOAX0Ja K aBTOMATHIECKOMY OIIPeIeIeHUIO
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HETPUBUAJBHBIX CTPATETNIl CUHXPOHU3AIINM, HIYIIETr0o pPa3/IMuHble PACKPYTKH dacTel
[IPOrPAMM-TIPOU3BEJIEHUIT; TO JIACT BO3MOXKHOCTH 00J1€e THOKOTO ITOUCKA PEJIAIMOHHBIX
WHBApPUAHTOB.
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OcobeHHOCTH BHMUCINTENLHOI pealn3ann
aJITOpPUTMa OIEHKH JIAIIyHOBCKUX ITOKa3aTeJIei
CUCTEM C 3ama3/JbIBaHNEM

T'opionos B. E.
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Iocae dopabomku 6 Hosbps 2019
Ipunama x nybaukayuu 27 nosabpa 2019

Annoramus. PaccmarpuBaercst BBIYUCIUTEIbHAS PEAJTA3AINS AJITOPUTMa OIIEHKY CIIEKTPA ITOKa3a~
teneit JIamynosa s cucrem auddepeHnuaabHbIX YPABHEHUN ¢ 3AIIa3bIBAIONIAMA apIyMEHTaMU. Y 9u-
TBIBasI, YTO JIJIsI TAKAX CHCTEM, & TAKXKe JIJIsT KPAeBbIX 3aJ1a4 HE YJIaeTCsl JIOKA3aTh W3BECTHYIO TEOpeMy
Ocesnefienia, Kotopas 1mo3BossteT 3(PPEKTUBHO BBIYUCIATH UCKOMBIE BEJIMYUHBI, IPUXOJINTCS TOBOPHUTH
JIMIb 00 OIEHKAX XapaKTEPUCTUYECKUX ITOKa3areJieil, B KAKOM-TO CMBbIC/IE OJIU3KUX K JIAITYHOBCKUM.
B nanHOi1 pabore mpeIoKEHbI JBe METOIUKN 00PabOTKM PEIIeHuil TUHEeAPU30BAHHBIX HA aTTPAKTOPE
cucTeM, OfHA M3 KOTOPBIX OCHOBaHA Ha 0Oa3mce MMITYJILCHBIX (DYHKIHIL, a aApyras — Ha Oa3uce TPUTOHO-
Merpudeckux byukiuit. [IpomeMoncTpupoBana rubKOCTh MPUMEHEHUsI YKA3AHHBIX AJITOPUTMOB B CJIydae
KBa3MyCTONYINBBIX CTPYKTYP, KOTJIa HECKOJBKO ToKaszareseit JlamyroBa 6/m3ku K Hymio. Paspaboran-
HbIE METO/Ibl TECTUPYIOTCs Ha JIOTUCTHUYECKOM YPABHEHHUH C 3ala3ibliBaHueM. 1lojrydeHHble pe3yIbTaThI
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BBenenue

PacemarpuBaercst pacimpeHre CTaHIAPTHOIO ajroputMa |1| BbIUMC/ICHHS HECKOJIBKHX
IepBLIX ToKazareseil JIsmnyHoBa st cucrem guddepeHnnabHbIX YPaBHEHUI ¢ 3amas-
JBIBAIONIAMH apryMeHTaMU.
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OrmeTuM, 9TO JIAIYHOBCKHE IOKA3ATE/H JIjIs CUCTEM C 3alla3/IbIBAHUEM MOTYT He
BIIOJIHE KOPPEKTHO OIEHUBATHCA YUCIEHHO. /le10 B TOM, YTO /11 KOHETHOMEPHBIX CHCTEM
nMeeT MecTo u3BecTHast Teopema Ocesefienia |2, B KOTOPOit yTBepKIaeTcst, 4TO JINHeAPH-
30BaHHAas Ha YCTOIYMBOM PENEHNN CHUCTEMA BCErTa sBJIeTC PABIILHOI 1Mo JIamyHOBY.
DT0 MO3BOJIAET B OLPEJIETIEHIN JISIIyHOBCKUX TI0Ka3arejieil (3] 3aMeHuTs BepxHuii mpejiest
HA OOBIYHBIN U YMCJIEHHO OIIEHUBATH ITH BEJIMUYUHBL. B cjydae ypaBHEHUIT ¢ 3ama3/ibBa-
IOMUMHU apryMeHTaMU M KPaeBbIX 3aJad TaKylo TeopeMy JlIoKa3aThb He yjgaercs. [loaTo-
My IpH pa3pabOTKe aJrOPUTMOB BBIUUC/IEHUS JIATTYHOBCKUX ITOKa3aTe/ell BaXKHO UMeTh
MOJIeJIbHOE yPaBHEHME C 3amla3/bIBAHUEM, JJIs KOTOPOTO CIIEKTP MOYKET OBITH BBITHC-
JIeH KaKNM-JIn00 ApyruM crocoboM. Hamame Takoit 3a/1a4u O3BOJISET IPOTECTUPOBATH
paspaboTaHHBIil aIropuT™ U yOeuThest B ero paborocrnocobnoctu. B crarbsax [4-6] Bbi-
YUCJIAIOTCS CIIEKTPBI JIAIYHOBCKUX TIOKa3aTesell, 0JHAKO 0DOCHOBAHUS ITPEII0KEHHOTO
aJTOpPUTMa, KakK, BIPOYEM, W TECTUPYIOIIErO MIpUMepa aBTOPhI He IPUBOMILAT, B OTJIN-
qie oT paboThl |7], KOTOpasi MOCTyKUIa OCHOBOI JIJIsl TIPEJICTABJIEHHBIX B JIAHHON CTa-
The MeTouK. OTIe/bHO yroMsiHeM [8] — ojiHy U3 mepBbIX paboT Mo JaHHO TeMaTuKe.
OtrmeTnM, 9TO BCEe PE3yJIbTAThI, OMUCAHHLIE B 3TOU CTATbe, HOCAT IKCIIEPUMEHTATLHDII
XapakTep.

1. OmnwmcaHue ajaropurmMma

OrmmieM poriece Mo Ty IeHust OTIeHOK 1epBhIixX K mokasaresteit JIsmyHoBa B ciydae cucreM
b depeHInaIbHBIX YPABHEHUN ¢ 3aIa3/IbIBAIOIIIMI apTyMEHTaMU CJICIYIONIEro BUIa:

i =F(z,2(t — h),z(t — ha),...,x(t — hy)), (1)

e s Vi x(t) € RY, N — pasmepnocts cucrembl, by € R (i = 1,...,5), hy > hy >
... >hg>0.

B kauectBe (azoBoOro MpoCcTPAHCTBa MPUMEM MPOCTPAHCTBO HENPEPHIBHBIX HA OTPE3-
ke [—hy,0] dynkmmit 8 RN, a umenno C([—hy, 0]; RY).

Jjist aucsieHHoro pertenusi cucreMbl (1) ¢ HAYAIBHBIME YCIOBUSIMU

vo(t) = f(t), t€[~hi,0], f(t) € C([~h,0RY) (2)

6ynem ucnosb3osath Meton Jopmana—IIpunca msroro nopsaka (DOPRIS4) ¢ nepemen-
HOIT JiTrHO# Tara |9)].

Takum obpazom, Oyem permarh cucremy (1) ¢ COOTBETCTBYIONMM HAYATLHBIM YCJIO-
BueM (2) BBIODAHHBIM METOJIOM JIO MOMEHTa BpeMeHH ©, J0CTATOYHOrO JjIsd MpubIn-
JKEHNSI TPAEKTOPHUHU DeIleHusl K H3ydaeMOMy arTTpakTopy. [Ipm sToM Ha mpoMexyTKe
t € [© — hy, O] momyunm dbynxkimo 2V (t) € C([© — hy, ©]; RY), koropas craner HOBBIM
HAYATbHBIM yCIOBHEM cucreMbl (1).

Honomnum cucremy ypasuenuit (1) caeaytonmmu K MICHTHIHBIME CHCTEMAMU:

_OF OF

= . e —
Ui 0T lz=a.(t) 43 Ox(t — hy)

cui(t—hy) .+
x(t—h1)=wx«(t—h1) J( 1)

OF
Ox(t — hy)

(3)

+ 'uj(t_hs)v

z(t—hs)=x+(t—hs)
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rie j = 1,..., K, z,(t) — pemienne cucrembl ypasHenuii (1) ¢ HadaJbHBIM YCJIOBUEM

z(t) = 2O (t) npu t > O. Oy npecTaBIAIOT COOOI JTMHEAPU30BAHHbIC HA PEITCHNH T, (1)

cucremsl ypasrenuii (1). Jasee Oymem obosnadars u; = u;(t) o (u; (), ..., un; (t))T,

JJId KOTOPOI'O BBEJIEM HOPMY
t t
def
e [ g+t [ sy () 0
t—hy t—h1

Jst KazK10ii crCTeMbl ypaBHEeHHiT (3) UCIOIb3yeM HavaJbHbIe YCIOBHs B BHJE OPTO-
HOPMUPOBAHHBIX UMITY/IbCHBIX (DYHKIIHIT, HAIpUMED:

K )
Np, P te [(@ —h)+ (- 1Dh/K,

ui(t) = (© —h)+jh/K|, j=1,...,K, (5)

0 nHave,
Jinbo B BUJIE OPTOHOPMUPOBAHHBIX TPUTOHOMETPUIECKUX (DYHKITHIA:

1, j=1,
ui(t) = < sin (jm(t — ©) /M) /V2,  j=2,4,6,... (6)
cos ((j — D7(t —©)/M)/V2, j=3,5T,...

Pemas cosmectro cucremy (1) ¢ mauambubiv yeaosuem x(t) = z(0(t) u cucrembr
ypasrenuii (3) ¢ nadaapabiMu yesouamu (5) nim (6) Ha nmpomexkyTke t € (0,0 + T,
rge T > hy, nosydaeMm Jyist KaxKJI0i U3 JIMHEAPU30BAHHBIX CUCTEM DeIlleHue ugl)(t) =

1 )T .

(W), ... 1), i =1,... K.

1
YYuTbhIBas, 9TO PEIICHUS u; )(t) BeJIyT ceOsi IKCIOHEHITUAIBLHO, HeOOX0IMMO UX Iepe-

HOPMUPOBBIBATD Y€PE3 OMPE/IEJCHHBIE TIPOMEXKYTKN BPEMEHH. 3aMETHUM, 9TO IPODOIeMy
IIPEJICTABJIAIOT KaK HEOTDAHUYEHHBII POCT pPeIeHnil, Tak 1 UX cTpeMJeHne K Hymo. Ta-
KM 0Opa3oM, Ha mpoMmexyTke t € [© + T — hy, © + T ycpeaasieM BHYTpH KaXKJI0r0O U3
M paBHBIX BPEMEHHBIX HHTEPBAJIOB JUIMHBI hi /M BBIYHACICHHBIC DENICHUs JTHHEAPU30-

(1) (1)
BaHHBIX CHCTEM Uy (), ..., uy;(t), B pesyibTaTe 4ero mosyvaemM KycoqHO-HelpPephIBHbIe
(1 (1
dbynkmn ugj) (t),... ,usvz (t) COOTBETCTBEHHO, KOTOPBIE UCIIOJIB3YEM B OJJHOM W3 OIMCAH-

HBIX HUZKE METOI0B.

Memod umnyavcuur Gynruul.
e IIpumensem meron I'pama—IImurra [10] x &;l)(t).

e [Ipu sToM mocCIe mponEAYpPLl OPTOrOHAIM3AIME KazKA0i (DYHKIMN, HO IIepej ee
" @O _ 5@

NIePEHOPMUPOBKOM BRIMHC/IACM BeTnIuHbI & = ||ty 4|, T71€ || - || — HOpM™a, ompe-

(1)

ort j (1) — OpTOTOHAM3MpPOBaHHAA cucTeMa (pyHKIHiL &gl)(t).

nesierHas B (4), U

e IIponosmkaem pemats cucreMsl (1), (3), mpu 5TOM B KadecTBe HAYATBHBIX YCJIOBHI
s JIMHEAPU30BAHHBIX CHCTEM UCIOJIb3YeM IOy 9eHHY0 OPTOHOPMUPOBAHHYIO CHi-
creMy DYHKITHIA.
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Jl1st npuMeHeHus JIAHHOTO METO/1a TPedyeTcs B KaeCcTBe HAYAJIbHBIX YCIOBUI JIJIs JTMHea-
PHU30BAHHBIX CHCTEM BBIODATH CUCTEMY OPTOHOPMUPOBAHHBIX UMITYIbCHBIX (DyHKITHIA (5).

Memod mpuzonomempuveckur dyHryud.

e IlpenBapuTesbHO EPEBOUM cbyHKuHH ﬂ(l)(t) B CHCTEMY BEKTODOB v(-l) € RMN
IO CJIEJIYTOIIEMY [TPABUILY: USL] = u (@+T hi+(m—=1/2)hy /M), m =1,..., M,

n=1,...,N,j=1,....K.

o K mosryumBineiics cucremMe BEKTOPOB IPUMEHsIEM JTUCKPETHOE IpeobpazoBanme Py-

1
pbe [11], B pe3ymbraTe gero mosydaeM KOMILUIEKCHO3BHATHBIE BEKTOPBI cg- ) e CMN/2HL,

1 o
o BeKTOpI)I Cg ) pa3jgeideM Ha ITapbl JEUMCTBUTEC/JIbHO3HAYHBIX BEKTOPOB, COCTOAIIIUE
o o 1
n3 JCUCTBUTE/IbHbBIX 1 MHHUMBIX 9aCTeu dg ) € RMN+2.

1
e K cmcremMe BEKTOPOB dg ) npuMensgem Metos ['pama—IImumgra.

e [Ipu sTOoM mocje mporeypbl OPTOrOHAIU3AINKA KazKJIOI0 BEKTOpPa, HO Iepej] ero
EPEHOPMUPOBKOI BBIUUC/IAEM BEJIMUUHBI

K NM+2 1
® _ M } : } : 2
gj - Hdort 7 H - dort zg‘
1 .
r7e dort ; — OPTOIOHAJIM3MPOBAHHAsL CHCTEMa BEKTOPOB dj ,j=1,..., K.

o IlosyueHHBIE OPTOHOPMHUPOBAHHBIC JECTBUTEILHO3HAYHBIC BEKTOPBI IIEPEBOIIM
06PaTHO B KOMIJICKCHO3HAUHBIC, K KOTOPBIM IIPHMEHseM 06paTHOE JIMCKPETHOE ITpe-
1
obpazosanue Oypbe, TaKIM 00pPa30M II0Jy4as BEKTOPLI wj(. ) ¢ RMN,

e Crpoum cucremy yHKIH ﬁ(-l)(t) 10 TIPABLILY: ﬁgllj) (t) = w! )] nput € [© +T —

j Wi,

hi+(m—1)hy/M;©0+T—h;+mhy/M],m=1,... M,n=1,....N,j=1,..., K.

e Ilpomomxaem pemars cucreMst (1), (3), mpu 9ToM B KauecTBe HaYaIbHBIX YCJIOBHI
JUTsT JIMHEAPU30BAHHBIX CHCTEM HCIOJIB3YeM CHCTeMY (DyHKITHit u( (1)

i mpuMeHeHus JJAHHOTO MeTojia TpeOyeTcs B KadecTBe HAYAJbHDBIX YCJIOBUN I JIn-
HEAPU30BAHHBIX CHUCTEM BBIOPATH CUCTEMY OPTOHOPMUPOBAHHBIX TPUTOHOMETPUUIECKUX
dbyuxmit (6).

[ToBTOpSsieM OIICaHHBII ITPOTIECC Ha BpeMeHHbIX nHTepBasax [O+kT —hy, O+kT], k >
1, B pe3ysibraTe gero oopaboTKe aJropuTMOM IO/IBEPraloTCs COOTBETCTBYIONINE PEIICHUST
u§-k)(t). Onenka nokaszareseil JIgmynoBa B TaKOM ciiydae BBIUUCIETCH 110 hopMyJIe

L k
Ao — lim Dbt 1115](' ) 1 K (7)
j = Hm T . g oo, K
OrmeTuM, 9TO BBIOOP BPEMEHU TIEPEHOPMUPOBKHU 1’ MOYKHO OCYIIECTBIISTD JIBYMS Pa3-
JIMIHBIMU CIIOCODAMIL: Yepe3 PaBHbIE TPOMEXKYTKI BpeMeH! nin guHaMudeckn [12]. B mo-
k

cJIeJTHEM CJTydae Ha KaykJIOM IMare ajropuTMa IpUIeTCs XPAHUTD He TOJIBKO & J( ), wou 1j,.

Torna dbopmysia onenku nokazateseit JIsamynosa Oyier nMeTh BU/I
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k
A; = lim Zé:l lngj( )/Tk
;=

L—oo L

K.

, Jg=1...

Onmcannasi CTPYKTypa aJrOpUTMa MMO3BOJISACT HAYMHATH BBIYUCJICHHUS U JI0 BBIXO/A
pellleHrsl Ha M3y4YaeMblil aTTpakTop, OCOOEHHO KOIJIa CaM IIPOIECC NMPHUOJINKEHUS Pe-
IIEHNsT K aTTPAKTOPY MOKET OBITH CONPSZKEH ¢ OOJBIIUME BHIYUCIUTEILHBIMUA TPYIHO-
CTSIME, KaK 9TO TOKa3aHo B 13| /s ciryuast HeCKOJIbKUX OJIM3KUX K HYJIIO MOoKa3aTe el
JIstyHoBa y KBa3uyCTORIUBBIX CTPYKTYP. B TakoM cirydae nepBble mard, COOTBETCTBYIO-
e BpeMEeHHBIM HHTEPBaJIaM, B KOTOPBLIX PelIeHne ele He IPUOJIN3UIOCh K aTTPAKTOPY
Ha JIOCTATOYHOE PACCTOSHUE, JOJIKHBI OTOPACHIBATHCS U HUKAK HE YIUTBHIBATHCSA B CYMMe
u3 opmysibl (7). Takzke pekoMeHyeTcst OTOPAChIBATH HECKOJIBKO [IEPBBIX IMIANOB 1 B 00-
eM cjiydae, MOCKOJIBKY MpoIece (hpOpMUPOBaHKS HOBOTO OPTOHOPMUPOBAHHOTO Oa3mca
JINHEAPU30BAHHBIX CUCTEM MOYKET 3aMEeTHO OTPa3UThCs Ha CIHEKTpe loKa3aTeseil Ipu He
CJIUITKOM GOJIBIIIOM KOJIMYECTBE YITEHHBIX IMAarosB L (cM. mogobHblil mpuem B [14]).

Teneps nepeitaeM K pesyabTaTaM TECTHPOBAHMS OINCAHHBIX METOIOB.

2. TectumpoBaHue Ha mpuMepe ypaBHeHHd XaTUYNHCOHA

Borauciurebuble SKCIIEPUMEHTHI TPOBOIUINCD JIJIA yPABHEHUST XATUYNHCOHA [15], KOTO-
poe uMeeT CJIeIYIONU BUJI:

= rz(t)(1—z(t - 1)). (8)

B pab6ore [16] nmokazano, 94TO HeHyJeBble pellieHus] ypaBHeHHsl (8) aCHMITOTHIECKH
yeroitanent ipu 7 € (0, 7/2), npudem npu r € (0, e1) Mmonoronno, a npu r € (e7!,7/2)
KoJIebaTeIbHBIM 00Pa30M pelleHre CTPEeMUTCs K eauuuie. KpoMe Toro, eumHIIHOE pe-
menue obJazaeT robaabHOi yeroiidusocrbio npu r < 37/24 [16-18], a B 19, 20| npu-
BEJICH AJrOPUTM, KOTODBIH JIOIyCKaeT yJIydIleHne 9TOH OIeHKH. B ciydae eMHUTHOIO
COCTOsIHVSI PABHOBECHsI IpH 1 < 7 /2 mokasaresn JIsmyHoBa Jjisi ypaBHeHNsT XaTINHCOHA
COBIIAJIAIOT C BEIECTBEHHBIMU YaCTSIMU KOPHEH XapaKTepUCTUIeCKOr0 KBA3HITOTMHOMA
P(A) = XA+ rexp(—A), A =7+ iw. 115 UX BBIUACIEHUA UCIIOIB3YeTCs CHCTeMa ajreb-
panvecKux ypaBHEHHUIL:

T+re "Tcosw=0, w—re sinw=0.

OKpyTrJIeHHbIE KOMIOHEHTBI PEIIECHNs] T; JAHHONW CHCTEMBI IIPU PA3HBbIX 3HAYEHUAX Hapa-
MeTpa " IIPeCTaBIeHbI BO BTOPOM cToJ0ne Tabun 1-3. ByeM HasbIBaTh UX 3TaJIOHHBIMU
SHAYCHUSMU.

YpaBHerue (8) JOMOTHSIETCST CHCTEMOI JTMHEAPH30BAHHBIX yPABHEHHIA:

uj=r(1—z(t—1)u(t) —re@)u;t-1), j=1,... K.
ﬂﬂﬂ BCE€X OIIBITOB IIPUMEHAJIMCH CJCAYIOIINEC IIapaMETPbI:

® KOJIMYECTBO BBIUUC/IAEMBIX IToKazareseil Jlamynosa K = 10;
e BpeMs BbIXOJa Ha arTpakTop © = 150;
® BpeMd JI0 IEPEHOPMUPOBKH PEITeHnil TUHeapU30BaHHBIX cucTeM 1’ = 4;

® KOJIMYECTBO IepecdeToB nokazareseit Jlamynosa L = 5000.
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Tabmuna 1. Ilepsoie 10 omnenok mokaszareseit JIsamyHnosa (5\2- — METOJIOM HMITYJIbCHBIX
byHKImiT, \; — METOIOM TPHIOHOMETPHIECKIX dyukmit) s ypaBHeHHsT XaTINHCO-
Ha upu r = 1.5, a Takzke abCOJIOTHASI PA3HOCTD 0; U OTHOCUTE/IbHAST PA3HOCTD ; MEYKLY
HUMY 1 TAJOHHLIMU 3HAYCHUAMMU.

Table 1. The first 10 estimates of Lyapunov exponents (5\1- — by the method of impulse
functions, \; — by the method of trigonometric functions) for the Hutchinson equation
at r = 1.5 as well as the absolute difference o; and the relative difference p; between the

obtained and the reference values.

i i A J; Pi A J; Pi
M =100
1 —0.0328 —0.0338 0.0010 0.0305 —0.0335 0.0007 0.0213
2 —0.0328 —0.0338 0.0010 0.0305 —0.0336 0.0008 0.0244
3 —1.6509 —1.6544 0.0035 0.0021 —1.6540 0.0031 0.0019
4 —1.6509 —1.6544 0.0035 0.0021 —1.6541 0.0032 0.0019
5 —2.2447 —2.2491 0.0044 0.0020 —2.2488 0.0041 0.0018
6 —2.2447 —2.2491 0.0044 0.0020 —2.2489 0.0042 0.0019
7 —2.6130 —2.6179 0.0049 0.0019 —2.6178 0.0048 0.0018
8 —2.6130 —2.6179 0.0049 0.0019 —2.6179 0.0049 0.0019
9 —2.8811 —2.8866 0.0055 0.0019 —2.8868 0.0057 0.0020
10 —2.8811 —2.8866 0.0055 0.0019 —2.8869 0.0058 0.0020
M = 1000
1 —0.0328 —0.0329 0.0001 0.0030 —0.0326 0.0002 0.0061
2 —0.0328 —0.0330 0.0002 0.0061 —0.0327 0.0001 0.0030
3 —1.6509 —1.6513 0.0004 0.0002 —1.6509 0.0000 0.0000
4 —1.6509 —1.6513 0.0004 0.0002 —1.6510 0.0001 0.0001
5 —2.2447 —2.2452 0.0005 0.0002 —2.2448 0.0001 0.0000
6 —2.2447 —2.2452 0.0005 0.0002 —2.2449 0.0002 0.0001
7 —2.6130 —2.6134 0.0004 0.0002 —2.6132 0.0002 0.0001
8 —2.6130 —2.6134 0.0004 0.0002 —2.6132 0.0002 0.0001
9 —2.8811 —2.8815 0.0004 0.0001 —2.8813 0.0002 0.0001
10 —2.8811 —2.8815 0.0004 0.0001 —2.8813 0.0002 0.0001
M = 2000
1 —0.0328 —0.0329 0.0001 0.0030 —0.0325 0.0003 0.0091
2 —0.0328 —0.0330 0.0002 0.0061 —0.0326 0.0002 0.0061
3 —1.6509 —1.6512 0.0003 0.0002 —1.6507 0.0002 0.0001
4 —1.6509 —1.6512 0.0003 0.0002 —1.6508 0.0001 0.0001
5 —2.2447 —2.2450 0.0003 0.0001 —2.2446 0.0001 0.0000
6 —2.2447 —2.2450 0.0003 0.0001 —2.2447 0.0000 0.0000
7 —2.6130 —2.6132 0.0002 0.0001 —2.6130 0.0000 0.0000
8 —2.6130 —2.6132 0.0002 0.0001 —2.6130 0.0000 0.0000
9 —2.8811 —2.8812 0.0001 0.0000 —2.8811 0.0000 0.0000
10 —2.8811 —2.8812 0.0001 0.0000 —2.8811 0.0000 0.0000
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Tabnuma 2. Ilepsoie 10 onenok mokasareseir JIdmynosa (Xi — METOJIOM HMITYJIbCHBIX
dbyHKIMiT, \; — METOIOM TPHIOHOMETPHUCCKIX dbyukumit) g ypaBaeHust XaTInHCO-
Ha ripu r = 1.0, a Takzke abCOIOTHASI PA3HOCTb 0; U OTHOCUTEIbHAST PA3HOCTH f); MEXKLY
HUMY U 3TAJOHHLIMU 3HAYCHUSIMMU.

Table 2. The first 10 estimates of Lyapunov exponents (5\Z~ — by the method of impulse
functions, \; — by the method of trigonometric functions) for the Hutchinson equation
at r = 1.0 as well as the absolute difference o; and the relative difference p; between the
obtained and the reference values.

i T A 0; Pi A 0 Pi
M =100
1 —0.3181 —0.3195 0.0014 0.0044 —0.3192 0.0011 0.0035
2 —0.3181 —0.3196 0.0015 0.0047 —0.3194 0.0013 0.0041
3 —2.0623 —2.0663 0.0040 0.0019 —2.0659 0.0036 0.0017
4 —2.0623 —2.0663 0.0040 0.0019 —2.0660 0.0037 0.0018
5 —2.6532 —2.6580 0.0048 0.0018 —2.6578 0.0046 0.0017
6 —2.6532 —2.6580 0.0048 0.0018 —2.6578 0.0046 0.0017
7 —3.0202 —3.0257 0.0055 0.0018 —3.0256 0.0054 0.0018
8 —3.0202 —3.0257 0.0055 0.0018 —3.0257 0.0055 0.0018
9 —3.2878 —3.2938 0.0060 0.0018 —3.2943 0.0065 0.0020
10 —3.2878 —3.2938 0.0060 0.0018 —3.2943 0.0065 0.0020
M = 1000
1 —0.3181 —0.3183 0.0002 0.0006 —0.3180 0.0001 0.0003
2 —0.3181 —0.3184 0.0003 0.0009 —0.3181 0.0000 0.0000
3 —2.0623 —2.0628 0.0005 0.0002 —2.0622 0.0001 0.0000
4 —2.0623 —2.0628 0.0005 0.0002 —2.0624 0.0001 0.0000
5 —2.6532 —2.6537 0.0005 0.0002 —2.6533 0.0001 0.0000
6 —2.6532 —2.6537 0.0005 0.0002 —2.6534 0.0002 0.0001
7 —3.0202 —3.0207 0.0005 0.0002 —3.0204 0.0002 0.0001
8 —3.0202 —3.0207 0.0005 0.0002 —3.0205 0.0003 0.0001
9 —3.2878 —3.2882 0.0004 0.0001 —3.2880 0.0002 0.0001
10 —3.2878 —3.2882 0.0004 0.0001 —3.2880 0.0002 0.0001
M = 2000
1 —0.3181 —0.3182 0.0001 0.0003 —0.3178 0.0003 0.0009
2 —0.3181 —0.3184 0.0003 0.0009 —0.3180 0.0001 0.0003
3 —2.0623 —2.0626 0.0003 0.0001 —2.0620 0.0003 0.0001
4 —2.0623 —2.0626 0.0003 0.0001 —2.0622 0.0001 0.0000
5 —2.6532 —2.6534 0.0002 0.0001 —2.6531 0.0001 0.0000
6 —2.6532 —2.6534 0.0002 0.0001 —2.6531 0.0001 0.0000
7 —3.0202 —3.0204 0.0002 0.0001 —3.0202 0.0000 0.0000
8 —3.0202 —3.0204 0.0002 0.0001 —3.0202 0.0000 0.0000
9 —3.2878 —3.2879 0.0001 0.0000 —3.2877 0.0001 0.0000
10 —3.2878 —3.2879 0.0001 0.0000 —3.2877 0.0001 0.0000
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Tabmuna 3. Ilepsoie 10 onenok mokaszareseit JIsamynosa (5\2- — METOJIOM HMITYJIbCHBIX
dyHKINIA, \; — MeTomoMm TPUTOHOMETPUYIECKUX (DYHKIIU{T) I ypABHEHUsT XATIUHCO-
na nipu 7 = (0.5, a TakxKe abCOIOTHAA PA3HOCTH 0; U OTHOCUTEIbHAS PA3HOCTD 0; MEXKILY
HUMUI U 9TAJOHHBIMU 3HAYCHUSIMIU.

Table 3. The first 10 estimates of Lyapunov exponents (5\1- — by the method of impulse
functions, \; — by the method of trigonometric functions) for the Hutchinson equation
at r = 0.5 as well as the absolute difference o; and the relative difference p; between the

obtained and the reference values.

i i A J; Pi A J; Pi
M =100
1 —0.7941 —0.7959 0.0018 0.0023 —0.7957 0.0016 0.0020
2 —0.7941 —0.7961 0.0020 0.0025 —0.7957 0.0016 0.0020
3 —2.7721 =2.7770 0.0049 0.0018 —2.7766 0.0045 0.0016
4 —2.7721 —2.7770 0.0049 0.0018 —2.7767 0.0046 0.0017
5 —3.3533 —3.3591 0.0058 0.0017 —3.3588 0.0055 0.0016
6 —3.3533 —3.3591 0.0058 0.0017 —3.3589 0.0056 0.0017
7 —3.7173 —3.7237 0.0064 0.0017 —3.7237 0.0064 0.0017
8 —-3.7173 —3.7237 0.0064 0.0017 —3.7237 0.0064 0.0017
9 —3.9835 —3.9906 0.0071 0.0018 —-3.9914 0.0079 0.0020
10 —3.9835 —3.9907 0.0072 0.0018 —3.9914 0.0079 0.0020
M = 1000
1 —0.7941 —0.7942 0.0001 0.0001 —0.7939 0.0002 0.0003
2 —0.7941 —0.7944 0.0003 0.0004 —0.7940 0.0001 0.0001
3 —2.7721 —2.7726 0.0005 0.0002 —2.7722 0.0001 0.0000
4 —2.7721 —2.7726 0.0005 0.0002 —2.7723 0.0002 0.0001
5 —3.3533 —3.3539 0.0006 0.0002 —3.3536 0.0003 0.0001
6 —3.3533 —3.3539 0.0006 0.0002 —3.3537 0.0004 0.0001
7 —-3.7173 —3.7178 0.0005 0.0001 -3.7177 0.0004 0.0001
8 —3.7173 —3.7178 0.0005 0.0001 -3.7177 0.0004 0.0001
9 —3.9835 —3.9840 0.0005 0.0001 —3.9839 0.0004 0.0001
10 —3.9835 —3.9840 0.0005 0.0001 —3.9839 0.0004 0.0001
M = 2000
1 —0.7941 —0.7941 0.0000 0.0000 —0.7937 0.0004 0.0005
2 —0.7941 —0.7943 0.0002 0.0003 —0.7939 0.0002 0.0003
3 —2.7721 —2.7724 0.0003 0.0001 —2.7719 0.0002 0.0001
4 —2.7721 —2.7724 0.0003 0.0001 —2.7720 0.0001 0.0000
5 —3.3533 —3.3536 0.0003 0.0001 —3.3533 0.0000 0.0000
6 —3.3533 —3.3536 0.0003 0.0001 —3.3533 0.0000 0.0000
7 —3.7173 —3.7175 0.0002 0.0001 —3.7173 0.0000 0.0000
8 —3.7173 —3.7175 0.0002 0.0001 —3.7173 0.0000 0.0000
9 —3.9835 —3.9836 0.0001 0.0000 —3.9835 0.0000 0.0000
10 —3.9835 —3.9837 0.0002 0.0001 —3.9835 0.0000 0.0000
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Boranciiennbie OIEHKY JIAIYHOBCKUX IOKasaTeseil, abCoI0OTHAS U OTHOCUTE/IbHAS
Pa3HOCTH /IS yI00CTBa OKPYTJIEHBI /10 9eTBEPTOIO 3HAKa IOCTe 3aIATON.

Kak Bumano nz tadsui 1-3, TOYHOCTH BBIYHUC/IEHUS ITOKa3aTe/ell 3aBUCUT OT BEJIMIH-
HbI BeIOpannoro pazouenud. [Ipu ysesauuenun M B 10 pa3 co 100 g0 1000 orHOCHTE/IbHAS
MOTPEITHOCTh YMEHBIITUIACh Ha TOPsAJIOK. B KpaiiHeM ciiydae, KOrjia KOJUIeCTBO TOYEK
pasdueHns paBHO KOJIMYECTBY BBIUUC/IIEMbBIX MTOKa3aTeseil JIsamyHosa, Jocturaemas Toq-
HOCTH MaJia. OTMeTHuM, YTO B HEKOTOPBIX CJIydasdX, HAIPUMED, JJIg PEKUMOB MOJIEN
u3 [13], mMeros TpuroHOMeTpHUECKHX (DYHKIMA MOXKET OKa3aThCs HEIPUMEHWM BBUILY
norepu nHAMOPMAIMK Ha dTalle TPUMEHEHUs JTUCKPETHOro IpeobpazoBannsg Dypobe.

SaKJII0UYeHue

Taxum oOpa3oM, IPOBEIEHHbIE YUCIEHHBIE SKCIEPUMEHTHI ITOKA3BIBAIOT, ITO IIPU BHIOO-
pe JIOCTATOYHOI'O KOJIMYECTBa To4ueK paszouenus M oreHnBaeMble XapaKTePUCTUKU MOTYT
0Ka3aThCsI KaueCTBEeHHO OJIM3KUMU K MoKazaTe M JIsmyHnosa. B cirydae HebosibImmoir pas-
MepHOCTH cucteMbl (1) BBIGOP METOMKY BJIUSIET HA CKOPOCTH PACYETOB B 3aBUCUMOCTH OT
XapakTepa UCCJeyeMoro pemienns. B qacTHOCTH, ec/ii peleHne sB/IsieTcsi OTHOCUTE b=
HO CIVIaKEHHBIM, TO METOJI TPUI'OHOMETPHUUIECKuX (hyHKIN paboraeT ObICTpee MeTojia
UMITYJIbCHBIX (pyHKImil. FEcimm ke perenune coyep:Kut OOJIBIIOE KOJTUYECTBO YYaCTKOB
C JIOCTATOYHO OCTPBIMU ITMKAMU, TO METOJI UMITYIbCHBIX (DYHKITNN SBJIAECTCS TPEIITOYTU-
TEeJbHBIM 110 CKOPOCTH BBITIOJTHEHUsI. Kpome Toro, mpu yBeJIMIeHUN KOJIMYECTBA BBITHC-
JITeMbIX ToKas3aTesieit JIsamnynosa K u uncia Touek pazbuenus M, a TakKe pasMEepHOCTH
ucceryemoit cucteMbl N cTaHOBUTCS 3(DPHEKTUBHBIM ITPUMEHEHNE MHOT'OIIPOIECCOPHBIX
apaJiIeIbHBIX CUCTEM.
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Abstract. We consider the computational implementation of the algorithm for Lyapunov expo-
nents spectrum numerical estimation for delay differential equations. It is known that for such systems,
as well as for boundary value problems, it is not possible to prove the well-known Oseledets theorem
which allows us to calculate the required parameters very efficiently. Therefore, we can only talk about
the estimates of the characteristics in some sense close to the Lyapunov exponents. In this paper, we
propose two methods of linearized systems solutions processing. One of them is based on a set of im-
pulse functions, and the other is based on a set of trigonometric functions. We show the usage flexibility
of these algorithms in the case of quasi-stable structures when several Lyapunov exponents are close
to zero. The developed methods are tested on a logistic equation with a delay, and these tests illustrate
the “proximity” of the obtained numerical characteristics and Lyapunov exponents.
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