I/IHcepHI/IOHHOE IporpaMmMHupoOBaHHuEC
A.AJlernueBckuii, FO.B.Kanuronosa, B.A.Bonkos, B.B.Beimemupckuii, A.A.JleTuueBCKuii MiI.

BBenenue

Jiis YKpanHCKOTO TPOTpaMMHUPOBAHUs, OJHUM U3 BBIJAIOIIUXCS JTUIEpOB KoToporo Obuia Exarepuna
JlorBunoBHa IOmieHko, XapakTepHbIM Bcerja ObUIO CO3/1aHHE HOBBIX OPHUTHMHAIBHBIX HAIpPaBIICHUH,
CBOEBPEMEHHOE BKIIOYEHHE B pa3pabOTKy KIIOYEBBIX MNPOOJIEM MHPOBOI IMPOrPaMMHCTCKOW HAYKH H
npakTHKU. Tak, emie Ha 3ape pa3BUTHS BbIUMCIUTEIBHONW TEXHHKU B KoHIE 50-X romoB B YKpaumHe ObLIO
CO3JIaHO aIPECHOE MPOTPaMMHPOBAaHKE, OAHUM U3 aBTOpoB KoToporo Owuia E.JI.FOmenko, B 70-x rogax c¢ ee
yyacTueM Obula pa3paboTaHa TEXHOJIOTHS HPOTrpaMMHUpPOBaHMs Ha 0a3e CHCTEM alrOPUTMHUYECKHUX aiaredp
B.M.I'mymikoBa, MHOTO 3HaYUTEIbHBIX TOCTHKEHUM OBLIO MOJIy4eHO B 00s1acTH 0a3 TaHHBIX U 3HAHUH.

NHcepunonHOE mporpaMMUpOBaHue MPOJOJDKACT TPAJULUHU anreOpanyeckoro noaxoa B IPUKIAIHON
TEOPUU aNTOPUTMOB W MPOrPAMMHUPOBAHHMH, OCHOBBI KOTOPOro ObuM 3anokeHbl B.M.IymkoBeIM u ero
mkojoi. OHO 00o0OmaeT B3I Ha MporpaMMmy, Kak Ha anreOpandeckd OINpeesieHHOE MpeoOpa3oBaHUE
MHO’KECTBa COCTOSIHUI MH(MOPMAITMOHHOM Cpelibl Ha 00BEKTHI, 00IaJaroIIne moBeAeHneM. BMecto maccuBHOM
Cpelbl, Takoil Kak, HampuMep, MaMATh, paccMaTpUBAaeTCs aKTHUBHAs cpelna, B KOTOPOW MpeoOpazoBaHUe
nH(pOPMALMK CUCTEMON B3aMMOJEHCTBYIOIUX areHTOB, OIpENENsieT MOBEACHUE ATOW cpelibl, HabIogaeMoe
MOJIb30BaTesIMA ~ MHGOpPMALMK, TPOU3BOAMMOM  BHYTpH cpensl. IIporpamMmma B HMHCEpPIMOHHOM
MIPOrpaMMHUPOBAHUU pacCMaTpPUBAETCs KakK areHT 00Jajaoluil noseeHueM. Ero norpyxenue B cpery MeHseT
noBeseHue 3ToM cpeabl. llepexon or mporpamm, kKak mnpeoOpa3oBaTenell COCTOSIHMM, K Iporpammam, Kak
npeoOpa3oBareisiM TOBEACHUN, MOXKHO CpPaBHHTh C TMEPEXOJOM OT TOUYEYHBIX K (YHKIHOHAIHHBIM
IIPOCTPAHCTBAM B MaTeMaTHKe.

WHcepunoHHOE MPOrpaMMUpPOBAHKUE — 3TO NMPOTrPaMMUPOBAHME HA 0a3e MOJENIN NOBENEHUS areHTOB B
cpenax [7]. B ocHOoBe Monenu nexar MOHATHS PAa3MEUEHHON TPaH3ULUOHHOM CHUCTEMBI M OTHOILUEHHUS
OMCHMYIIILIMOHHONW SKBUBAJIEHTHOCTH. OTH TMOHATUS MNPOUCXOIAT U3 paboTbl Munnepa [4], oHu Obun
HCIIOJIL30BaHbI yke B coBpeMeHHOl (opme B padote J.Ilapka [9] mns usydenust mpoOieMbl pacro3HaBaHUs
CBEPXS3bIKOB (S3bIKOB COCTaBJICHHBIX M3 OECKOHEUHBIX CJOB) M, HAKOHEI] MOJOXEHbl B OCHOBY CEMaHTHKHU
B3aUMOJCHCTBYIOMNUX cUcTeM B pabote Mumnuepa [5]. B Hacrosiiiee BpeMs NOHSITHE TPAH3ULIUMOHHOM CHCTEMBbI
HCIIOJIb3YETCS B KaYECTBE OCHOBHOI'O CTaHAApTa B MOBEACHYECKON TEOPHM B3aMMOJEHUCTBYIOLIUX IPOIECCOB
[3] B coueTaHuu C pa3IMYHBIMHU NOHATUAMH YKBUBAJEHTHOCTH HA MHOKECTBE COCTOSIHUI CUCTEM.

CopnepxarenbHple MOTHBBI HMHCEPLMOHHOTO IPOIPaMMUPOBAHUS CTPOSATCS HAa IPEIACTABICHUSAX O
MOBE/ICHUU CHUCTEM (areHTOB), B3aMMOJICHCTBYIOIIMX CO CBOUM OKpyxeHHeM (cpezoii). [ToaTromy Onmxe Bcero
K HMHCEpPLMOHHOMY NpPOrpPaMMHUPOBAHUI0 HAaXOJSATCS COBPEMEHHbBIE JEKJIApaTHBHBIE SA3BIKM MOJEITUPOBAHUS
tuna UML, SDL, MSC, a Takxe s3bIkM OCHOBaHHBIE Ha anreOpax B3aummojeicTByromux mpoueccos (CCS,
CSP ,u T.m.). AreHTtHoe mNporpaMMHUpPOBaHHE KOHLEHTpUpYyeTCsi B OoJiblieil cTenmeHu Ha mpoliemax
MHTEJJIEKTyalu3aluy, OJHAKO €ro II0OBEJEHUYECKUE aCIEKTbl €CTECTBEHHbIM OOpa3oM IOKpPHIBAIOTCS
MHCEPUUOHHBIM IIPOTPAMMHUPOBAHUEM.

OTnUuuTeNbHON YepTON MHCEPLIMOHHOTO IPOrpaMMHUPOBAHUS SABJSETCS (popMan3alys MOHSATHS CPEIbl
u QyHKIIMU norpyxeHus (insertion) areHToB B cpeny. OyHKIMS MOTPYKEHUS ONpeIesieT KOMIO3HUIIUIO CPEeIbl
U areHTa, pe3yJlbTaToM KOTOpOH SBISETCS HOBasl cpela, TOToBas [UIsl OTPYKEHUS APYTrUX areHTOB. ATEHTHI U
Cpelbl paccMaTpUBAIOTCA KaK OOBEKTHl pa3HbIX THUIOB, OOJAJAIONIME IOBEIECHUEM, IPEICTABISIEMBIM C
MOMOILBI0  TPAaH3UIMOHHBIX CHUCTEM, COCTOSIHUSI KOTOPBIX pacCMaTpUBAIOTCS C  TOYHOCTBIO  JO
OUCHMYIIALIMOHHON SKBUBAJIEHTHOCTH.

JApyroii Ba)XHOM 4YEPTOW HHCEPLHUOHHOIO IIPOrPaMMHPOBAHMS SBIACTCA HENCTEPMHUHHPOBAHHOCTH
MOBEJICHUSI areHTOB U CpeJ, NMPUCYLas peaJbHbIM CUCTEMaM, KOTOPbIE MOJAEIUPYIOTCS WHCEPLUUOHHBIMHU
nporpamMmmamu. [loaromy, peanuzanus cucTeM MHCEPLUOHHOIO MPOrpaMMHUPOBaHMsI, B 00LIEM cilyyae, TpeOyeT
MPUMEHEHHUS MOJEIUPYIOMINX MPOrpamMM (CHUMYJISATOPOB) BMECTO HHTEPIPETATOPOB, a TaKKE MOCTAaHOBKHU
Hesel Ui MoJydeHUs] KOHKPETHBIX Pe3yIbTaToOB.

B cratee mpepnaraercs OCHOBHAs KOHILEIIUS HHCEPLHUOHHOTO MPOTPaMMHUpPOBaHHA, (hopMasibHAas
CeMaHTHKa S3bIKa JeHCTBHM, oOmiee moHATHE 00 MHCEPIHOHHOW MallWHEe, MOHATHE O TEXHOJOTUU
MCI0JIb30BAaHUSI MHCEPLIMOHHOTO IPOrpaMMHUPOBAHUS ISl pa3paOOTKU CUCTEM.



OcHoBHAfl KOHLENMIUA

B stOoM paznene paccmarpuBaeTcsi OCHOBHAsl KOHLIENIHMS MHCEPLUUOHHOIO IporpamMmupoBanus. OHa
OCHOBBIBA€TCSI Ha TEOPUM areHTOB M Cpell, KOTopas BKIIOYAeT B ceOs Takue MOHSTUS, KaK MpaH3UYUOHHAS
cucmema, azewm, cpeod, QYHKYUs NocpyxceHus, a TaKKe TNOHSATHE nogedeHus areHToB U cpel. Bee atn
MOHATHUSA YK€ 0O0CyKIanuch B padotax[6, 7, 8]. B pabote [8] dhakTrdecku comepKUTCs MpUMEP MPUMEHEHHS
MHCEPLIMOHHOTO MPOTpaMMHUpPOBAHUS (TaM 3TOT TEPMHUH €lIe HE YHNOTpeOJsuIcs, peub Ljga O MPUMEHEHUU
MOJIeIM B3aMMOJICHCTBUS areHTOB M Cpea) Ui pa3paboTKU MalluHbI J0Kas3arenbcTB. llpennaraemas 3aech
KOHIICTIIIHS MPEICTaBISET COO0H HEKOTOPOE YCOBEPIICHCTBOBAHUE U IETATU3AIMIO KOHIENuu [6] u [§].

CemMaHTHYeCKM  UHCEpLMOHHAas INporpamMma IpeAcTaBiseT co0oOll  HeIeTepMHUHHUPOBAHHYIO
TPaH3ULUOHHYIO CUCTEMY, IIPEICTABJICHHYI0 B BUAE KOMIIO3MLUU CPEIbl U CHUCTEMBI B3aMMOJCHCTBYIOLINX
areHToB, MOTPYKEHHBIX B 3Ty cpeny. Kak cpeaa, Tak ¥ areHTbl caMH IPEJICTaBISIIOT cO00# TpaH3ULIMOHHbBIE
CUCTEMBI, COCTOSIHMSI KOTOPBIX PAacCMaTpHUBAIOTCS C TOYHOCTBIO, IO KpalHEHl mepe, 10 OUCUMYJISALUOHHON
SKBUBAJIEHTHOCTH (Ha caMOM JeJ€ TEOPETHYECKM BO3MOXKHO CYIIECTBEHHOE ocialleHue 3ToH
SKBUBAJIEHTHOCTU Kak JJs areHToB, Tak U Juid cpen). [loBeneHne MHUIMAIW3UPOBAHHBIX areéHTOB €CTh
OCHOBHOI MHBapHaHT OMCUMYJISIIMOHHON SKBHUBAJICHTHOCTH, MIOATOMY areHThl U CPe/bl B TEX Cllydasx, KOTJa
MBI XOTUM aOCTparupoBaThbCs OT KOHKPETHOTO IPEACTaBICHMS, MOKHO OTOXKIECTBISATh C UX IMOBEACHHUEM
(KOHEUHBIM MM OECKOHEUHBIM JIEPEBOM, YT KOTOPOIO Pa3MEYeHbl IEHCTBUSAMMU).

@OyHKIMSA TOrPY:KeHHMsl OIpeseNnseT 3aKoH (YHKIHMOHMPOBAHUS Cpelbl C IOrPYKEHHBIMH B Hee
arentamu. OHa JOJDKHAa OBITh HENPEPHIBHOM, T.€. 3aBHCETh JIMIIb OT IOBEJIEHHUS Cpelbl M areHTOB Ha
HEKOTOPOM KOHEYHOM OTpE3KE BETBSILErocs BpPEeMEHHM (4YacTb JiepeBa MOBEIEHHs KOHEYHOH TIIIyOMHBI).
Hanucars mHCEpIMOHHYIO MPOrpaMMy O3Ha4yaeT HamucaTh (QYHKIHUIO MOTPYKEHUS U ONpPENeIuTh HauyalbHOE
COCTOSIHUE CPEJIbl U areHTa, IOrpyKeHHOTo B Hee. [Ipu 3TOM ecTeCTBEHHO HCIOJIb30BaTh HEKOTOPYIO 0a30BYIO
CUCTEMY NPOTPaMMHPOBAHMS JUIsl NIPENCTABICHUS COCTOSIHUI areHTOB M CPel B BHJE CTPYKTYp JaHHBIX, a
TaKkKe JUIsi IporpaMMUpoBaHus (QYHKUMH TOrpyXeHus. B nanpHedmem Ui AeTailu3aldd KOHLENIUU B
KadyecTBe 0a30BOI Oy/eT MCIOJIb30BaHa CUCTEMA alredpanyueckoro nporpammupoBanus APS [1,2].

CHHTAaKCHYeCKH TI0JHas MHCEPLMOHHAs IporpaMma COCTOMT W3 TpeX YPOBHEH: IIOBEIEHUE
VMHULMAIN3UPOBAHHON MHOTOYPOBHEBOM CpeJibl ¢ MOIPYKEHHBIMH B HE€ areHTaMM, (QYHKIMS, OIpPEAestonias
OTHOLICHMS TEPEX0J0B areHTOB (MHUp areHTOB) M sApO (DYHKUHMU MOTpYKeHHs — (YHKLHS pa3BepThIBAHUE
MIOTPYKEHUM.

BepxHuii ypoBeHb (HaualnbHOE COCTOSIHME Cpellbl) MpPENCTaBIsIET COOOH TEKCT MporpamMmbl B
paciupenHoM si3bike neifcTuil (AL"). Ba30BbIME CHHTAKCHYECKHMH KOHCTPYKIHSAMHU 3TOTO A3bIKA ABIAIOTCS
HeJeTepMUHUPOBAaHHBINA BbIOOp P+, npedukcunr a.P u norpyxenue s[P]. Mbl naem 31ech aOcTpakTHBIN
CHHTAKCUC. B KOHKpPETHBIX peanu3alusx KOHCTPYKIMH MOTYT H300paxkaTbcs mo-apyromy. B peanmuzanuu Ha
0aze APS, paccmarpuBaemoii HWXe, BMecTO s[P] mcmoib3yeTcsi Beipakenue env(s,P). 3mece P u Q — yxke
IIOCTPOEHHBIE MPOrpaMMBbl, @ — AEWCTBUE, S — COCTOSIHUE cpelbl. B KaduecTBe «CHHTAaKCMYECKOTO caxapay
HCIIOJIb3yeTCs Torpyxenue s[P,Ps,...] HeckoJIbKkUX areHToB. OTpaHMYeHHBIN s3bIK AeiicTBUN AL He coaepkut
KOHCTPYKIMH MOTPY>KEHHUS U UCIOJIb3YEeTCs Ul MPOrpaMMHUPOBAHMS OJTHOYPOBHEBBIX areHTOB. BripaskeHus B
OTPaHMUYEHHOM SI3bIKE JAEWCTBUH HA3bIBAIOTCS TAK)KE OrPAHMYEHHBIMU areHTHBIMH BBIPQXEHUSIMH WIN
COCTOSIHUSIMH (OJTHOYPOBHEBBIX) ar€HTOB, BHIPAXKEHUS B PACIIMPEHHOM fA3bIKE AEHCTBUI — COCTOSTHUSMHU CPEIb
WIM COCTOSIHUSIMU (MHOTOYPOBHEBBIX) areéHTOB, B 3aBHCHMOCTH OT CEMaHTHUYECKHUX HIOAHCOB. B kauecTBe
NEPBUYHBIX TMPOTPAMM OTPAHUYEHHOTO S3bIKa JEWCTBUH HCHOJB3YIOTCS areHTHbIE (PYHKIIMOHAIbHBIE
BbIpakeHUs (B [6] OHM Ha3pIBANIMCh BHI30BAMHU TpOIENyp), AEHCTBHUA, 3aBeplieHHas mporpamma Delta,
TynukoBas nporpamma 0 u HeonpezneneHHas nporpamma bottom (bot). Ilpu 3Tom nporpamma, cocrosimas u3
OJHOTO feficTBMS a, dKBMBaleHTHa mporpamme a.Delta. Cunrakcuc ssbika AL', Takum 06paszoMm, MOMKHO
MPEJICTABUTh C MOMOIIBIO CIETYIOIUX CUHTAKCUYECKUX OTPEIeICHUH.

<areHTHOe BbIpaxxeHue> ::= Delta | bot | 0 | <nmeiicTBue> | <areHTHOE (YHKIIMOHAIBHOE BBIPAKCHHUE™ |
<MmorpyXeHue> | <nelcTBHe™>.<areHTHOE BBIPAKEHHE™> | <areHTHOE BhIpaKEHNE™> + <areHTHOE BBHIPAKECHUE™

<morpyxeHue> ::= env(<COCTOSIHHE CPE/bI>,<areHTHOE BhIPAKECHUE™>)

<COCTOSIHME Cpebl> ::= <BHYTPEHHEE COCTOSIHHE™> | <areHTHOE BhIpa)KEHUE™>

Takum o0Opa3om, MbI TOJIB3yeMCsS TEPMUHOM areHTHOE BBIPAXKEHHE KaK JJIsl OTPaHHYEHHBIX areHTHBIX
BBIPAYKEHUH, TaK U AJI1 MHOTOYPOBHEBBIX ar€éHTOB, UMESI B BUJly TO, YTO BCSKYIO CpEJly MOXHO pacCMaTpuBaTh
KaK areHT, €clId OTBIeYbCAd OT (YHKIMM morpyxeHus. CHHTaKCHC OTPaHUYEHHOIO s3blKa JeWCTBUM
MOJIy4aeTcsl 0TOpachlBAaHUEM aJIbTEPHATUBBI <MOTPY)KEHHUE™> B ONpPEACICHUH MOHATUS <ar€HTHOE BBIPAKEHUE™.
Bripaxkenus Delta, bot u 0 Ha3pIBatOTCS TEPMUHAIBLHBIMA KOHCTAaHTAMHU.
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PacmmpenHslit 361K AeMCTBUIM SBIIsSETCS MOpoxkaaonuM (generic). Ero mapamerpamu sBISIOTCS:

1. CuHTtakcuc AecTBUM (ar€HTOB U Cpen);

2. CHHTaKCHC areHTHBIX (PYHKIIMOHAJIBHBIX BBIPAXKEHUII;

3. CHHTaKCUC BHYTPEHHHX COCTOSIHUM CpE/bl;

4. ®yHKUMA pa3BepTHIBAHUS areHTHBIX (DYHKIIMOHAIBHBIX BHIPAXKECHUH;

5. ®OyHKIUA pa3BepThIBaHMS IOTPYKEHHIA.

[lepBrle Tpu mnapamerpa Ha3bIBAIOTCS CHHTAKCHMUECKUMH, OCTAJbHBIE [Ba — CEMAHTUYECKUMU
napameTrpamu s3bika. [lapamerpuzanust s3blka JeHCTBMH BXOIMT B IpOLECC Pa3pabOTKU HHCEPIMOHHON
MpOrpaMMbl KakK €ro cocraBHas 4acTb. Kak ¥ B OOBIYHOM MpOrpaMMHpOBAHHUM, MHapaMeTpu3alus S3bIKa
JNEUCTBUM CIYy’KUT OCHOBOW IMOBTOPHOI'O KCIIOJIb30BAaHUS I Pa3IMUHBIX KJIACCOB MHCEPLIUOHHBIX MPOTPAMM.
Camo MOHATHE MHCEPLIMOHHOM MpOrpamMMbl 3aBUCUT OT TOTO, KaKue U3 MapaMeTpoB 3a(pUKCHPOBAHbI, a KaKkue
MEHSIOTCS IPU MEPEX0/JIe OT MPOrpaMMBbI K IporpaMMe. MOoKHO pa3inyaTh CIAeAYHOIINE CIyqau.

1. Bce cuHTakcuyeckue M CEeMaHTHYECKUE MapamMeTphl 3aduKcHpoBaHbl. IIporpaMma — 3T0 HavaibHOE

areHTHOE BBIPAJKEHUE.

2. 3aduKcUpoBaHbl CHHTAKCHC AECWCTBUM M BHYTPEHHUX COCTOSIHMM Cpelpl, a Takxke (QyHKIUSA
pasBepThiBaHusl morpyxeHuil. IlporpamMma mnpencraBiasier co0Ol CHHTAKCHC (DYHKIIMOHAJIBHBIX
BBIpOKEHUI M (YHKIHIO UX pa3BEpPTHIBAHUS, BMECTE C HayaJbHBbIM areHTHBIM BBIPAXEHHEM. DTOT
Cllydail COOTBETCTBYET pa3pabOTKe NHporpaMMbl B 33JaHHOM S3bIKE BMECT€ C OHOIMOTEKOU
(GyHKIMOHATIBHBIX OlpeiesieHni. Pazymeercs, HauanbHas OMOIMOTEKa MOXKET OBbITh yXKe 3a/laHa.

3. Bce mapamerpsl pa3pabaTbIBalOTCS COBMECTHO. OTOT Cilydyall COOTBETCTBYET pa3paloTke
IIPOrpaMMbl BMECTE C SI3bIKOM, B KOTOPOM OHa MHUIIETCS.

CriocoObl 3aJaHMsi CMHTAKCUYECKUX TapaMeTpOB S3bIKAa JIEHCTBUM 3aBHCIAT OT 0a30BOM CHCTEMBI
MPOTPaAaMMHUPOBAHUS U MOTYT IPOCTO 33/1aBaThCsl C MOMOMIBIO COOTBETCTBYIONIUX (PYHKIUH pacrio3HaBaHHUSL.
ITockonabky mpu pa3paboTKe HWHCEPLIMOHHONW MpOrpaMMbl 4acTo HEOOXOAWMO J00aBJIATH HOBBIE
CHUHTAKCHUYECKHE KOHCTPYKIMH, CHUHTAKCHYEeCKas MapaMeTpu3alus s3blka ACUCTBUN JOJDKHA OBITH JIETKO
HacTpauBaeMOM U paCIIUPSAEMO.

BTopoii ypoBeHb HHCEPIIMOHHON TPOrpaMMBbI IPEACTaBIIsAET COO0H (QyHKIIMS pa3BepThIBAHUS areHTHBIX
(YHKIMOHAJIBHBIX BBIPAKEHUH. DTO €CTh CHHTAaKcHuecKas (YHKIMs, KOTopas MpeoOpa3yeT HpOU3BOJIbHOE
areHTHoe (YHKIMOHaJIbHOE BbIpakeHHe B AL-mporpammy. Hipke OyzmeT mnoka3aHo KakuM oOpa3oM Ha
MHOKecTBe AL-nporpamm onpenenuTs OTHOUICHUE NEPEX0/10B, MPEBPATUB ATO MHOKECTBO B TPAH3ULIMOHHYIO
cucremy. Takum o0pazoMm, QYHKIHS pa3BepTHIBAHHMS areHTHHIX (YHKIMOHAJIBHBIX BBIPAKCHUN ONpeaeNseT
ceMaHTHKy AL-nporpamm kak nmporpamm (pyHKIIMOHUPOBAHMsI areHTOB HE3aBUCUMO OT CpPe/ibl, B KOTOPYIO OHU
MOTYT MOTPYXaThCsl.

[TockonbKy areHTHble (YHKIHMOHAIbHBIE BBIPAKEHHS MOTYT COJIEpXkKaTh B KauyeCTBE COCTABIISIOIIUX
Jpyrue areHTHbIE BBIPAKEHHUS, C TOMOLIbI0 (DYHKIUM pa3BEpThIBAHUSA MOXHO OIpPEIeNsiTh HOBBIE
CUHTAKCUUYECKUE KOMIIO3MIIMH, HANpUMEP MOCJIEI0BATEIbHYI0 KOMIO3ULUIO (P;0) WM pa3inuyHble BUIbI
napajieNbHOW KOMIO3MLIMK (MHTEPIUBUHI, CHUHXPOHM3AalMIO M T.N.). Pa3BepThiBaHue (YHKIMOHAIBHBIX
BBIPAYKEHUI, €CTECTBEHHO, MOXKET OBITh PEKYPCHUBHBIM.

Hakonen, Tpetnii ypOBEHb HWHCEPIMOHHON MNpOrpaMMbl MHpPEACTaBIsIeT (YHKUIUS pPa3BepPTHIBAHUS
norpyxenuii. COCTOSHUS Cpejibl C TIOTPY/KEHHBIMU B Hee areHTaMy 3aJaloTcs ¢ momolnsio AL -mporpamm, a
(yHKIMA pa3BepTHIBAHUS MOTPYKEHUH 000 BEIpakeHue Bua s[P] nmpeobpasyeT B HOByIo AL -mporpammy.
Huxe Oyaer mokasaHo KakuMm oOpa3oM Ha MHoxecTBe AL'-mporpamm ompejienuTh OTHOLIEHHE TEPEXOJIOB,
3ajaBasi TEM CaMbIM (YHKIHUIO TOTPYKEHUSI.

Cucrema MHCEPpUMOHHOIO MNPOrPAMMHMPOBAHHSI OOECIEYMBAET BBINOJHEHUE HMHCEPLHOHHBIX
IporpaMM, IMOpOXKAas BO3MOXKHbIE HaOJIOfaeMble MOCIEI0BATENBHOCTU JEHCTBUM, BBINOIHIEMBIX Cpeaoi
(Tpacc). IlopokaeHue Tpacc BBIINOJIHAETCS CHUMYJSTOPOM, COCTaBJISIOIIMM SIIPO CHUCTEMbl MHCEPLUOHHOTO
nporpaMMupoBaHus. IIpu 3TOM, NMOCKOJBKY HMHCEPLMOHHBIE NMPOTrpaMMbl HEIETEPMHUHHUPOBAHBI, BO3MOXHBI
pa3IM4YHbIE CTPATETHH YIPABIEHUS MPOLECCOM MOPOKACHUA. OTMETUM HEKOTOPBIE U3 HUX.

HNuTepakTUBHOE mNOpoXAeHHe. JleTepMUHHPOBAHHBIE IMEPEXOAbl MPOXOAITCS O€3 OCTaHOBKH. B
TOYKaxX BETBJICHMS CUCTEMa OCTAHABJIMBACTCS M 3allpallldBaeT M0JIb30BaTENs, B KAKOM HalpaBJIeHUU TpebyeTcs
npojoikath. [Ipm 3ToM cucrema MoOKeT JaTh Tpedyemyro HHGPOpPMAIUI0O O COCTOSHUU WHCEPLUUOHHON
IPOrpaMMbl M, €CIM HYKHO, BEpPHYTbCSd B IpeAblayllee cocTosiHue. VHTepakTHUBHOE MOPOXKACHUE
UCIIOJIb3YETCA, B YACTHOCTH IIPH OTJIAJKE HHCEPLUOHHBIX TPOIPAMM.



Ilouck cocrosiHmii, o6JagalOUMUMX 3aJaHHBIM CcBOiicTBOM (1esieBas (YHKIMS Ha MHOXECTBE
COCTOSIHUM) U JOCTMKMMOTI'O U3 3aJJaHHOTO HAYaJIbHOTO COCTOSIHMSI (MJIM MHOXKECTBA HaYaJIbHbIX COCTOSIHUI).
BapuaHThl: 0JTHOTO J11000T0, BCEX TAKUX.

IMouck Tpacc, odaga0MMX 3aJaHHBIM CBOIiCTBOM (T1e1eBasi GyHKIMS HA MHOXKECTBE Tpacc). 37ech
TaK)K€ BO3MOKHBI BADUAHTBI: OJIHA WJIN BCE.

[Ipocreiimume crpaTternd MOryT OBITh BCTPOEHHBIMM, OOJiee CIIOKHBIE MOXKHO pa3zpalaTbIBaTh Kak
MHCEPLIMOHHbIE NPOTpaMMbl B TOM € caMON CHCTEME HHCEpLUOHHOro mporpammupoBanus. Ilpu sTom
uccielyeMass MHCEpIMOHHAs MporpaMMa pacCMaTPUBAETCS KaK areHT, MOTPYKEHHBIH B cpely CTpaTeruu
MOMCKA WU TIOPOXKICHHUS.

IIpoBepka mopeneii (model checking). MHcepunonHas mporpamMMa paccMaTpuBaeTcs Kak MOJEb
CHCTEMBI, LieneBas (PyHKLHMs 3alaeTcs CpelcTBaMHM TeMIopanbHOW Joruku. Cpena Ui MpOBEpKU Mojeleit
BKJIFOYAET B ceOs HEOOXOAMMBIC IeTyKTHBHBIE CPEICTBA.

dopmaibHAs CEMAHTUKA A3bIKA J1efiCTBU

OrpannyeHHble areHTHbIe BbIpaKeHHs. 3adUKCHPYeM HEKOTOPBIM HAOOp IapaMeTpoB s3bIKa
nercTBui. C KaXJbIM areHTHBIM BBIPQKEHUEM CBS3BIBAECTCS MOBEAECHUE HEKOTOPOW TPAH3UIIMOHHOM CHCTEMBI
B COOTBETCTBYIOLIEM COCTOSIHMM. PaccMOTpuUM CHayana OrpaHWYEHHbIE areHTHble BbIpakeHus. Ilycte U —
GyHKIIMS pa3BepThIBaHUS (DYHKIIMOHAIBHBIX areHTHBIX BBIpOKEGHHUU. PacmpocTpaHuM ee Ha NMPOHM3BOJIBHBIC
AreHTHBIE BBIPAKEHUSI C MOMOILBIO CIAEAYIOIINX ONMPEICTCHUM:

Ulutv) = Uu)+U(v),
Ulu) = u,
€CJIM U HE CyMMa M He areHTHOE (PYHKIIMOHAIbHOE BhIPAKEHUE.

PaccMOTpuM TpaH3UIIMOHHYIO CHUCTEMY, COCTOSIHUSIMH KOTOPOM SBJISIOTCS OTpaHUYEHHbIC areHTHBIC
BBIP@KEHHS, PACCMaTPUBAEMbIE C TOYHOCTBIO JO AacCCOUMATHUBHOCTH W KOMMYTaTUBHOCTH OIE€pallUU
HE/IeTepMUHUPOBAHHOTO BbIOOpa +, a Taike cooTHomeHn x + 0 = x u a.Delta = a. OTHOLIEHHE TIEPEX0I0B
ATOM CUCTEMBI ONPEAEISAETCS CACAYIOIUMU MTPaBUIIaMHU:

u — Uu) (1)
——>ay +w,
. (2)
U ——>v

3I[eCB —*) CCTb TPAH3HUTHUBHO pC(I)JIeKCI/IBHOC 3aMbIKaHMC OTHOIICHUA HCPA3MCUYCHHLIX IICPEXOO0B. HOpOI[I/IB
BCC pasMCYCHHBLIC IIEPEXOAbl C IIOMOIIBIO BTOPOIro IpaBujia H OT6POCI/IB HCpa3MCUYCHHLBIC, ITOJYYHUM
Pa3MCUYCHHYKO TPAaH3UIIUOHHYKO CUCTCMY. B HOHy‘ICHHOﬁ CUCTEMEC BBIACIUM  3aKIIOYUTCIBHBIC U
HCOMPCACICHHBIC COCTOSHUA. CocrostHue u ecThb 3aKIIOYHUTCIIBHOC, CCIIU I/l—*) Delta+v. CocTosHue u ecthb

HEOpeIeNeHHoe, eci u——> bot + v (3aMeTuM, 4TO, TOCKONBKY Vv MOXeT ObiTh paBHo 0, Delta ectsh
3aKIIIOYUTENbHOE, a bot HeompeneneHHOE cCOCTOSTHUE.

CoctosiHue (BBIpaXXK€HUE) Ha3bIBACTCS onpeodeneHHviM, ecan oHo umeer Bun 0, Deltatv, a.u +v.
CocTrosiHME BHUAA a.u Ha3bBIBACGTCS OemepMUHUpPOBAHHbLIM, A (KOHEYHass MM OeCKOHEeYHas) cymma
JIeTEePMUHUPOBAHHBIX COCTOSIHUNA U TEPMUHAIBHBIX KOHCTAHT — 810./IHe OnpedeieHHblM. BIonHe onpeneneHHoe
COCTOSIHME HAa3bIBACTCS KOHEYHBIM, €CIIH OHO TIPENCTABISET COO0M KOHEYHYIO CYMMY JE€TEpMUHHPOBAHHBIX
COCTOSTHUI M TEPMHUHATBHBIX KOHCTAHT. K HeompeeneHHbIM COCTOSIHUASM MBI OTHOCHUM TaK)Xe€ CyMMY areHTHBIX
(YHKIIMOHATBHBIX BBIPOKEHUH, U3 KOTOPBIX HE BBIBOJUTCS HU OJTHO OMIPE/ICIICHHOE BRIPAKEHUE.

O6o3naunm yepes U' n-10 wrepanuio (QYHKIHK pa3BepThiBaHus. Torga uWMeeM CIIEAyIOIIUe
YTBEPKACHUSA:

l. u——>v < U'(u)=avtw,

2. CocrosiHUE u €CThb 3aKII0UYUTENbHOE cocTosiHne <> U'(u) =Delta+w;

3. CocrosiHHe u €CTh TYITHKOBOE coctosiane <> U'(u)=0;

4. CocrostHUE U €CTh HeolpeaenenHoe cocrosiane <> U'(u) = bot + w nnm i Beex n U'(u)ects cymma

areHTHBIX ()YHKIIMOHAJIHHBIX BHIPAKEHUH.

Takum o6pa3oM, eciiu ¢pyHkuMst U BBIYUCIMMA, TO MHOKECTBO BCEX Pa3MEUEHHBIX MEPEX0/I0B TaK XKe, KaK
U MHOXECTBAa BCEX 3aKIIOUUTENBHBIX W TYMUKOBBIX COCTOSSHHW TEPEYHCIUMBI JaKe eclu (QyHKIuUs
pa3BepThIBaHUS Ha HEKOTOPBIX BBIPAXKEHUSIX UMEET OECKOHEYHO MHOTO HETPUBHAIBHBIX UTEpalluil (s BCeX n
U'(u) umeer arenTHoe (YHKIIMOHAJIBHOE BBIPA)KEHHE B Ka4eCTBE CllaraeMoro). B To ke BpeMs, MHOKECTBO
BCEX HEOMPEIEIIEHHBIX COCTOSHII MOKET U He OBITh MEePEUUCTUMBIM.
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Pazymeercs, CIOKHBIX TEOPETUYECKM BO3MOXHBIX CHUTyallMil Ha NpaKTHKe >KeJaTreJpHO u30eraTtbh W,
HarpuMep, OrPaHUYMBATHCS TAKMMU (DYHKIHMSAMH pa3BEepTHIBAHHSA, UTEPAIIMM KOTOPBIX BCET/Aa OOPBIBAIOTCS
1ocje KOHEYHOrO YHMClla [IAaroB KOHEYHBIM BbIpakeHHEM. Takue (QYHKIMM pPa3BepThIBAHUS HA3bIBAIOTCA
KOHEUYHBIMH.

IloBenenne arenroB. IlycTh © ecTh OrpaHHYEHHOE areHTHOE BbIpakeHHe. PaccmoTpum (BooOiie
TOBOPsI, OECKOHEYHYIO) CYMMY

Dau e,

rae a.u;€{ a.u; }ie; < IS HEKOTOporo n umeer mecto U'(u) = a.u; + v, € €CTh CyMMa TEPMUHAIBHBIX
KOHCTaHT, IPHYEM KOHCTAHTa T BXOJHT B 3Ty CYMMY, €CJIH ISl HEKOTOporo #n uMeet mecto U'(u)= 7 + v. Eciu
e U'(u) Bcerma ectb cyMMa (YHKIIMOHAIIBHBIX BhIpakeHuid, T0 [ = & u ¢ = bot. PaccMoTpuM Terneps JIeMeHT
anreOpsl moBeaeHUM beh(u), peKypCUBHO OTIPEEIsIEMbIii CUCTEMON YpaBHEHUI

beh(u)= Y a beh (u )+¢,

iel

Teopema. DnemeHT anreOpsl oBeAeHUH beh(u) ecTh NOBEIEHNE HHUIMATBHOTO areHTa u.

BoiTekaeT U3 CBOMCTB HENPEPHIBHOCTH alreOpbl OBEIEHUI.

IIpousBoibHbIEe areHTHble BbIpaxkeHMsA. IlycTte Tenepp ins ecTb (QYHKUUS pa3BEepThIBaHUS
NOTPY)KEHHH. ITO eCTh (PYHKIHS OT JABYX apr'yMEHTOB: COCTOSIHUE CPE/Ibl U COCTOSIHHE TIOTPY)KEHHOTO B Hee
arenTa. [lepeonpenenum GyHKIHIO pa3BepThiBanus U, BKIIIOYHMB B Hee (PYHKIIMIO Pa3BEPTHIBAHUS TOTPYKEHUI:

Uutv) = U(u)+U(v),
U(s[P])=ins(s,P),
U(u) = u,
€CIIM U HE €CTh MOTPYKEHHE W areHTHOE (PYHKIIMOHAILHOE BhIpasKEHHE.

@OyHKIMS TOTpY)KeHHUsI — 3T0 (DYHKIHMSA, ONpenesieHHas Ha IMOBEACHUSX cpenbl W areHTa. OIHAKO MBI
TOBOPUM O CHHTAKCHYECKOM IMPEACTAaBICHUHM (YHKIMM TOTpyXKeHHs, T.e. (YHKUUH, ONpEIeIeHHOW Ha
areHTHBIX BBIPAKEHUIX M BO3BpAIAIONICH areHTHOE BhIpakeHHe. Tak 3aJaHHast GYHKIUS MTOTPYKESHUS JODKHA
YIIOBJIETBOPATH CIEIYIOUINM YCIOBHSIM KOPPEKTHOCTH:

1. Ona 10JDKHA 3aBUCETh TOJIBKO OT IOBEJCHUI areHTa 1 Cpeibl.

2. Owna noypkHa OBITh HEPEPBHIBHOM (PyHKIIMEN MOBEIEHUI.

Jns Toro, 4to OBl 3TH OrPAaHUYEHUS UMENU CMBICI, HEOOXOIMMO ONpEAEIUTh OTHOIICHHE MEPeXOJ0B Ha
MHOKECTBE pACIIMPEHHBIX areHTHBIX BBIPAKEHUH, IpEeBpaTHB, TAaKUM oOOpa3oM, 3TO MHOXXECTBO B
TPAaH3ULIUOHHYIO CUCTEMY.

PacmiupyuM MHOXXECTBO JeHCTBMH cpelbl, 3aJaHHOE COOTBETCTBYIOUIMM IapaMeTpoM, IIyTeM
BKJTIOYCHUS B HETO BHYTPEHHUX COCTOSHHI cpelibl. Terepsh, eciu s €CTh BHYTPEHHEE COCTOSIHUE CPEeIbl, TO €ro
MOKHO OTOXJECTBUTb C areHTHbIM BbIpakeHueM s.Delta. Omnpenenum Temeph OTHOIIEHHE IEPEXOJOB C
nomo1ibo ripaBui (1) u (2) ucnosib3ys 00e GyHKIIMK pa3BEPThIBAHKS. 3aMETHM, UYTO (PYHKIIHIO Pa3BEPTHIBAHUS
MOTPYKEHHI MOKHO pacCMaTpUBaTh Kak pa3BepThIBaHNE (PYHKIIMOHAILHOTO BRIpaKEHUS S[P].

Heo0xoaumoe ycioBrue KOPpeKTHOCTH (PYHKIIMU MOTPY>KEHHSI COCTOUT B TOM, UTO
s[P], U(s)[P] u s[U(P)] nomxHbl ObITh OMCUMYISLIMOHHO 3KBUBAJICHTHBI. {151 HEMPEPBHIBHOCTH HEOOXOAUMO,
9T0 OBl pa3BepTHIBAHME TMOTPYKEHHs ObUIO HEMPEPbIBHBIM (€CIM  COCTOSIHHUS OTOXJAECTBISATH C
COOTBETCTBYIOIIMMHU MOBEJCHUSAMHU).

B [7] paccMoTpeHBl HECKOJIBKO CIIOCOOOB 3a/laHuUsl HEMIPEPHIBHBIX (PYHKIUI MOrPYKEHUsI, OCHOBaHHbIE
Ha CHCTEMax IMepenuchiBaHUs TepMOB. OHM MOTYT OBITH TIIOJIO)KEHBI B OCHOBY IIOCTPOCHHUS CHUCTEM
MHCEPIMOHHOT0 IporpamMmmupoBanus. OJlHa U3 TaKUX CUCTEM pacCMaTPUBAETCS B CIEYIOIIEM pa3Jiele.

HNucepunonnass mamuua. PaccmMoTpuM (QyHKIWIO pa3BepTBHIBAHHS IOTPYKEHHHA, 0O0IaJaronyto
CIIEAYIOIMMHU CBOUCTBAMM:

ins(s,bot) = bot;

ins(s,u+v) = ins(s,u)+ins(s,v);
ins(s+t,u) = ins(s,u)+ins(t,u);
ins(a.s,u) = a.ins(s,u),



€CIIM @ HEe SBIIIETCS BHYTPEHHUM COCTOsSIHUEM cpejbl. COOTBETCTBYIONIYIO (DYHKIIMIO MMOTPYKEHHUS HA30BEM
QITUTUBHON. AmmuTuBHAasS (QYHKIUS TOTPYKEHUS, TaKUM 00pa3oM, OJHO3HAYHO OMPEICISICTCS CBOUMU
3HAYCHHUSAMHU JUI Hap (s,u), TJe s €CTh BHYTPEHHEE COCTOSHUE CPE/Ibl MIIM TEPMUHAIbHAS KOHCTAHTA, a U = .V
WIK eCTh TEPMHHAJbHAS KOHCTaHTAa (B OCTAIBHBIX CIIyYasX MPUMEHSIEM JalbHEUIee pa3BepThIBAHUE).
JloGaBuM eliie 0JHO OTPAaHUYCHHE:

YV v(ins(s,a.v) = Fs ,(v)[Gs..(V)]),

rae Fsq(x) u Gsu(x) cyTh ONpeneneHHble areHTHbIE BBIPAXXEHUsI, B KOTOPbIE V MOJICTABISETCS BMECTO X yXkKe
1ocjie X MOCTPOCHHA. DTO OrpaHHUYEHHE COOTBETCTBYET HEKOTOPOMY DPACIIMPEHHIO KIJIACCAa OHOIIArOBBIX
nmorpykeHuii  (one-step-insertion, [7]). ApmuThBHas onxHOIIAroBas (YHKIUS TOTPYKCHHS MOXKET
paccMaTpUBaThCS KaK MallldHA JUIsl MHCEPIIMOHHBIX MPOTPaMM, TPEICTABICHHBIX ar€HTHBIMU BBIPAKCHUSMHU.
WMHCTpYKIIUSMU TaKUX MPOTPAMM SIBIISIFOTCS ACWCTBHUSL ar€HTOB, Pa3BEPThIBAHUE COOTBETCTBYET MAKPO YPOBHIO
UHTEpIpeTauuu, GyHKUuu Fi,(x) u Gsq(X) — MUKPO YpOBHIO (HOBOE COCTOSIHUE Cpe/bl U MoAU(UIMpPOBaHHAs
OCTaTOYHas Tporpamma). 3aMeTUM, YTO TIEPEeXOJbl TOCJIE BBINOJHEHUS HMHCTPYKIHHA MOTYT OBITh Kak
CKPBITBIMH, TaK M pa3MedeHHbIMH. Kpome TOro, MOCKOJBKY vV MOXET COAEpKaTh MOTPY>KEHUs, JOMYCKAIOTCs
MHOTOYPOBHEBBIE ITPOTPAMMBEI.

CucremMa MHCEPIIHOHHOTO MPOrpaMMHUpoBaHus Ha 0a3ze APS

@yHKUIHUA NOrpy:KeHHus. SIpomM cUCTeMbl sBseTcs (PYHKIUS MOTPYXKEHHs insert, KOTopas MPUBOIUT
MPOM3BOJIFHOE AareHTHOE BBIPAXKEHUE K OIMPENIEJICHHOMY WM BIIOJHE ONpENeIEHHOMY (KOHEYHOMY) BHIY.
[Ipeamnonaras, 94to (QYHKIUS pa3BepThIBaHUA (DYHKIMOHAIBHBIX BBIPAKCHUH SIBIISETCS KOHEYHOU, (QYHKIIUIO
MOTPYKEHUSI MOKHO OTIPEJEIIUTH C MOMOILBIO CIEAYIOIIEH CUCTEMBI TEPENUCHIBAIOLINX ITPABHIL.

insert:=rs(X,y,a,insi)(
x+y = turn_right(insert(x)+insert(y)),
env (x,y) = insert ins(x,ins_ag y),
is_function(x) -> (
x = insert unfold new(x)
),
is_action(a) -> (
a =new(a).Delta
)
);
ins_ag:=rs(X,y,a)(
env(X,y) = insert env(X,y),
is_function(x) -> (
x = insert unfold new(x)
)
);

3necy ins — (QyHKIMS pa3BepThiBaHUs TOrpyxkeHui, unfold — QyHkuus pasBepTbiBaHUS (QYHKIMOHAIBHBIX
BBIpQ)KEHUH, 1s_action a ompexaenser, sABIsAETCs I a JeiictBueM, is function a — sBugercs mm a
(GyHKIIMOHAIBHBIM BhIpakeHHeM. DyHKIMA ins ag oOecrneyrBaeT MHOTOYPOBHEBOE PEKYPCUBHOE HMOTPYXKEHHUE.
CemaHTHYECKHE TTApaMETPhI sI3bIKa JEHCTBUI, T.€. QYHKIIMHM pa3BepThIBaHUS (YHKIMOHAIBHBIX BBIPAXKEHUH 1
MOTPYKEHUM, TAKXKe ONPEAEIAIOTCS CUCTEMaMU IIEPENUCHIBAIOILNX ITPABUIL.

unfold:=proc(x)(
appls (x,unfold_rs);
return x

);

unfold rs:=rs(X,y,...)(
(X y) = seq(x;y),



X[y = synchr(x,y)+Imrg(x,y)+Imrg(y,x),

Cucrema mnepenucsiBanusi unfold rs s pasBepThiBaHUS (DYHKIMOHAIBHBIX BBIPAKEHUH HPUMEHSETCS
utepatuBHO (cTpaterus appls). IlepBble 1Be CTpOYKM BBOAAT (PYHKUHUOHANBHBIE BBIPAXKECHHUS IS
MIOCJIEZIOBATEIbHON U MapajiebHON KoMIO3UIMU. OHU peaau3yloTcs COOTBETCTBYIOIIMMM NPOTpaMMaMU B
s3pike APLAN. Ilo ymonmuanuro ¢ynkums is_function crpourtcs aBToMarmuecku mo (ynkiuu unfold rs.
JIeWCTBUTENHHO, JIEBBIE YAaCTH ATOW CHUCTEMBI INEPEMUCHIBAHUS OIPEICISIOT CHHTAKCUC (YHKIIMOHAIBHBIX
BBIPQKEHUI W MOTYT OBITH HCIIOJIb30BAHBI Ul IOCTPOCHUS IMPEIUKaTa, PACIO3HAIOMIETO 3TOT CHHTAKCHC.
OyHKIUsA 1s_action Takke MO yYMOJYAHHWIO CTPOUTCS KaK OTPUIIAHHME MpeaukaToB is_function u is trm —
pacrio3HaBarTelb TEPMUHAIBHBIX KOHCTAHT. OHA TaKkKe UCKITI0YAeT MPEeQUKCHHT U TIOTPY)KEHHE.

Crenyromiasi cucTeMa IMpeiCTaBIIseT MEPBbIE CTPOUYKH CHUCTEMbI MEPENUCHIBAHUS JIsi pa3BEepThIBaHUS
MOTPYKEHUI UHCEPIIMOHHONW MaIINHBI.

ins:=rs(x,y,z)(
(env(x,y),z) = new_insertion(Xx,y,z),
(xty, z) = env(x,z)+env(y,z),

(0, z) =0,

(bot, z) = bot,

(x, ytz)=env(x,y)tenv(x,z),
(%, 0)=0,

(x, Delta) = final.env(x,Delta),

[lepBoe mpaBuiio ompeaensieT MHOTOYpPOBHEBOe mMmorpyxeHue. Cienyromue MpocTbie CHCTEMBI ONPEAESIOT
HEKOTOpPBIE YIMOTPEOUTENbHBIE BapHaHTHl (TOCIEAOBATEIbHOE W TMapajulelIbHOE NOTPYXEHUEe, TMOBTOPHOE
pa3BepThIBaHUE):

new_insertion:=rs(X,y,z)(
(x,y,2) = env(x,(y;2))
);

new_insertion:=rs(X,y,z)(
(x,y,z) = env(x,(z;y))
);

new_insertion:=rs(X,y,z)(
(x,y,z) = env(x,y|[z)
);

new_insertion:=rs(X,y,z)(
(x,y,z) = env(insert env(X,y),z)

)

Cumyasitop. OyHKIMSA NOTPYKEHUS Pa3BEPTHIBAET Ar€HTHOE BBIPAKEHUE JI0 BIIOJIHE OINPEAEIECHHOTO.
JanpHeliliee BUKEHUE B MPOCTPAHCTBE COCTOSHHI MOJACIHPYEMOM CpEAbl BBINOJHIETCS C MOMOILIBIO
cumynsatopa. [Ipocreiinmii (0a30BbIi) CUMYJIATOP UMEET CIASAYIOMINNA BT

simulate:=proc(E)loc(m)(
loop(
E-->insert E;
m--> show_alt E;



E--> transition(m,E);
is_trm E->(put("\ntermination "E);return)
)
);

CuMynaTOp HHTEPAaKTUBHBIN. BXxo cuMyisaTopa — areHTHOE BelpaxkeHHe E. CUMyIAnus COCTOUT B IOBTOPEHUNU
CJIEYIOLIUX YETBIPEX IIAroB:

1. Pa3BepTbIBaHME TEKYIIETO BRIpAXEHUS 10 BIIoJHE onpeaeneHHoro (E--—>insert E).

2. BriOop HanpaBneHus aBuxkeHus. OCyIIecTBIsSETCS MOJIb30BaTeNIeM UM CUCTEMOM 0ojiee BHICOKOTO
YpOBHS TpH BbINOJIHEHUH ¢yHKIuH show E. @®yHkums Bo3Bpamaer HoOMEp BBIOPaHHOTO
CJIaraeMoro.

[lepexon. Beimomnnsercs ¢ nomoribio pyHkuuu transition(m,E).
4. llpoBepka He SABIAETCS JU HOBOE BBIPAXEHHE TEPMUHAIBHON KOHCTaHTOW. Eciu na, To cumynsatop
OCTaHAaBIIMBAETCH.
@yHKIMS epexoa:

(98]

transition:=rs(m,a,u,v)(
(1,Deltat+v) = Delta,
(1,bot+ v) = bot,
(lLLaut v)=u,
(1,Delta ) = Delta,
(1,bot ) =bot,
(l,au )=,
(m, utv ) =transition(m-1,v)

)

bonee crnoxHble CHUMYASTOPHl MOKHO CTPOMTh KaK MHCEPIHOHHBIE NIPOrpaMMBI, CO3/aBas Cpeay
MozenupoBaHus (cumyisnuu). Huke mokasaHa (QyHKUMS pa3BepThIBAHUS MOTPYKEHUH Cpelbl CUMYJIALHUU.
HauansHoe coctosiHue cpensl cumymsaiuu ectb env(Nil, E), rme E MHOroypoBHeBoe areHTHOE BBIpaKCHHE,
MIPEACTABIISIONIEE HAdadbHOE COCTOSIHHE MoOJenupyemMon cuctembl. HawampHoe coctostHue Nil cpemsr
MOJCIMPOBAHUA MNPCACTABIACT NYCTYHO HCTOPUIO JABUKCHHA MOI[CHpreMOi/JI cucreMbl. B I[aJILHeI\/JIH_ICM oTa
uctopus 6yznet GopMUPOBATHCS, YTO MO3BOJIUT BBHIIOJIHATH BO3BPATHI Ha3a/ U BRIOMPATh Jpyryue HampaBieHUsI.

ins:=rs(a,u,v,w,hist,x,y,z)(
(sim Nil, v ) =env(sim_show v Nil,v),

(sim hist,  Delta) = Deltatmenu.show menu(hist),
(sim hist,  bot )= bot+menu.show menu(hist),
(sim hist, 0 )=dead lock.back stop hist,

(simhist, u )=env(sim_show u hist,u)+menu.show menu(hist),
(sim_show u hist, v+w) = env(sim_show u hist,v)+env(sim_show u hist,w),

(sim_show u hist, a.v ) = a.env(sim(u,hist),v),
(sim_show u hist, Delta) = Delta,
(sim_show u hist, bot ) = bot,

BepxHuii ypoBeHb ynpasiieHus: — 6a30Bblil cumyssitop. Cpeu albTepHATUB, KOTOPbIE BEIOMPAET M0JIb30BATENb,
BBIOOp HanpaBiIeHUs IBM)KCHUS MU BEIOOP OJHOTO U3 TPeX IMYHKTOB MEHIO: JIBIKEHHUE Ha3a/l, K MPEeAbIIyeMYy
COCTOSIHUIO, OCTaHOBKAa MOJEIUPOBAaHUSA M BO3MOXHOCTb MOTPY)KEHHs HOBOro areHTa. DyHKIUU MEHIO
peanu3yroTcsi GyHKIIMOHAIbHBIMU BBIPOKEHUSIMU U COOTBETCTBYIOLUIUMHU ompenaeieHusiMu B unfold rs:



unfold_rs:=rs(u,hist)(
back stop(u,hist) = back.env(sim hist,u)+stop.Delta,
show_menu(u,hist) = back stop(u,hist)+insert new agent.ins agent(u,hist),
ins_agent(u,hist) = insert_agent(u,hist),

OyHkuuA insert_agent UCMOJB3YET MPOLEAYPY answer AJIsl MOJIy4eHHs] HOBOI'O areHTHOTO BBIPAXKEHUS, KOTOPOe
BBOJIUTCS C KJIIABUATYPBI:

insert_agent:=proc(u,hist)loc(
answer (agent);
return env(sim hist, env(u,agent))

);

B HexkoTopeix ciydasx yaoOHO paboTaTh C HECKOJIBKMMH CpedaMH M HECKOJBKUMHU (HYHKIUSIMHU
MOTPYKESHHUSI, TIEPEXOst OT OJHOU Cpelbl K Apyroi mo mepe HeoOxoaumoctu. [Ipocreimuii ciocod paborats B
TaKOW CUTYaIlH COCTOUT B TOM, UTOOBI 00bETUHUTH BCE Cpe/ibl B 0J1HY. OTHAKO BO3MOKHOCTh BO3HUKHOBEHHUS
KOJUTM3UH JIeJIaeT MPEANOUYTUTEIbHBIM PEaTbHOE pa3/ieJIeHuEe Cpell. DTOr0 MOXKHO JIOCTUYbL IyTeM COOMpaHHS
BCEX Pa3BEPTHIBAHUU MOTPYXKEHUI B OJIHY CTPYKTYPY JAaHHBIX M 00paIiathcs K Heil Mo Mepe He0OXOAUMOCTH.
Bo3MoskHOE pelieHne COCTOUT B UCTIOJIB30BAHUU allJIAHOBCKUX OOBEKTOB:

ins_obj:=obj(
insl:rs(...)(...);
ins2:rs(...)(...);

Wms pynkuuu pazsepThiBanus (insl, ins2,...) MOXKHO BKIIIOYAaTh B CHHTAKCHYECKYIO CTPYKTYDPY MOTPYKEHUS U
M0JIb30BAThCS CIeAyome Moaudukanuei insert:

insert:=rs(X,y,a,insi)(
xty = turn_right(insert(x)+insert(y)),
env (x,y) = insert ins(x,ins_ag y),
is_function(x) -> (
x = insert unfold new(x)
),
is_action(a) -> (
a =new(a).Delta
)
);

ins_ag:=rs(X,y,a)(
env(X,y) = insert env(X,y),
is_function(x) -> (
x = insert unfold new(x)

ABTOMaTHYeCKHIl mouck. PaccMoTpum mpumep cpeapl aBTOMAaTHYECKOTO ITOMCKA COCTOSIHUM,
TOCTIDKAMBIX M3 33/IaHHOTO COCTOSIHUSL CPEeZbl, M OOJIQAaloNINX 33JaHHBIM CBOMCTBOM. CBOWCTBO 3amaercs
pacno3Haromiet APLAN ¢yHkiuel, 3a1aHHO# Ha areHTHBIX BeIpakeHusaX. Hampumep, pyHKIus

dead lock:=proc(x) return equ(insert x,0);



pacIio3HaeT TYIMHUKOBBIE COCTOSTHHUS, a (PyHKIHA

terminate:=rs(u,v)(

Delta+u=1,

u + v = terminate v,
Delta=1,

v=0

)
pacro3HaeT 3aKITIOYUTEIIbHBIC COCTOSTHUS cpeibl. DYHKITUS pa3BepThIBAHUS MOTPYKESHUM (IEMEHT ins_obyj):

search_ins: rs(hist,a,s,u,v)(
(start. (s,Nil), u )=envsearch ins(def.(s,Nil),insert u),
(def. (s,hist), u )= check(s u,(s,hist),u),
(select.(s,hist), u+v)=env search ins(select.(s,choice:v,hist),u),
(select.(s,hist), a.u ) =env search_ins(def.(s,a,hist),insert u)

)9

check:=rs(hist,s,u)(
(1,(s,hist),u) = found_trace(u,hist).Delta,
is_trmu -> (
(0,(s,hist),u) = back up(s,hist)
),
(0,(s,hist),u) = env search_ins(select.(s,hist),u)

)9

back up:=rs(hist,a,s,v)(
(s,choice:v,hist) = env search_ins(def.(s,hist),v),
(s, Nil) = not_found.Delta,
(s, a,hist) = back up(s,hist)

);

PaBYMeeTCH, 9Ta HaWBHasA TIMOHUCKOBasA IporpaMmma (cpena) TOoguTCA TOJBKO [JId IIOMCKAa B KOHCYHBIX
66CHI/IKHOBHX TPaH3UIHUOHHBIX CHCTCMax. IIJ'IH KOHCYHBIX CUCTCM CJICAYCT Z[OGaBI/ITB IIPOBCPKY IMOBTOPHOI'O
BXOXKICHHA B OJJHO U TO XK€ COCTOSAHHEC, a OJIA CUCTEM C OCCKOHEYHBLIM YHCIIOM COCTOSHHI CIICayCT HO6aBI/ITB
OI'paHUYCHUSA Ha FJ'IY6I/IHy IIOHUCKaA. KpOMe TOrO, CICAYCT pa3jindaTh ABC 3a/la4r: IIOUCK IIEPBOIO COCTOAHHA, HA
KOTOPOM BBIIIOJTHACTCA 3aIaHHOC CBOMCTBO MJIM MOUCK BCEX TaKUX COCTOSHHH.

IIpoBepka aHHOTHPOBAHHBIX AT€HTOB

AHHOTHPOBAHHBIH areHT — 3TO areHT, COCTOSIHHUS KOTOPOTO MOTYT OBITh aHHOTHPOBAHBI YCIOBHSIMH,
3aJJaHHBIMU Ha COCTOSIHUSAX cCpeAbl. AHHOTAlUS OCYIIECTBISETCS C TOMOUIbIO CHEIHANbHBIX JCHCTBUIA,
KOTOpBIE BXOJSAT B COCTaB JEMCTBUM areHTa. AHHOTUPYIOIIME ACUCTBUS UMEIOT CHHTAKCHC anno p, i€ p €CcTh
ycrnoBue. IlpoBepka ocyiecTBisieTcss MyTeM MOPOKICHHS HWCTOPUM M MPOBEPKH AHHOTALMKA C MOMOIIBIO
npoBepouHoi ¢pyHkuuu check anno(p,s), rzie p €CTh aHHOTALIMOHHOE YCIIOBUE, a S — cocTosiHuE cpenpl. Cpena
IIPOBEPKU AHHOTHPOBAHHBIX AareHTOB HMEET TaKyl0 XK€ CTPYKTypy, Kak M cpela IOMCKa COCTOSIHHH,
oOanaronInx 3aJaHHbBIM CBOMCTBOM. B KadecTBe 11€/1eBOro CBOMCTBA BBICTYIMAET HapyIICHHE AaHHOTAIM, T.€.
MOMCK COCTOSTHUM env(s, anno p.u), it KoTopsix check anno(p,s)naet oTpunarenbHelil pe3yasTat. Ecnm Takux
COCTOSTHUI HE HaWJeHO, TO MPOBEpPKa JaeT MOJOXKUTEIbHBIN pe3yabTaT, B MPOTHUBHOM Cllydae MOPOKIAAETCS
KOTp-TIpHUMeEp.

OcoOblif MHTEpEC MPENCTaBIsAET CHTYyaIUs,, KOTAa COCTOSHHE Cpelbl 3aaeTcs B CHMBOJIBHOM BHJE,
HampuMep B BUJE JIOTUYECKUX (DOPMYI, XapaKTepU3YIOIIUX COCTOSHUE HEKOTOPOH APYroid, MoAerupyeMoin
aTpuOyTHOM cucTteMbl. B 3TOM ciydae mpoBepka aHHOTALMM COCTOUT B MPOBEPKE BBIBOAUMOCTH S |[— p U
¢byukumst check anno(p,s)cama MOXeT ObITH MOCTpOeHa Ha 0aze MHCEPIIMOHHOTO MPOTPAMMHPOBAHHUS, T.C.
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BbIpakeHue check anno(p,s) paccmarpuBaeTcsi Kak (PYHKIHMOHAIbHOE areHTHOE BbIpaKe€HUE. ATreHT
IOTpy)KaeTcs B Cpely IIOMCKa BBIBOAA W Pa3BEPTHIBACTCS B J0KA3aTEIbCTBO MWJIIM  OIPOBEP)KEHUE
COOTBETCTBYIOIIETO YTBEPKACHUS, KakK 3TO Jiesaercs B [8].

B Hactosimee BpeMs ONHMCAHHBIM MOAXOJM peajJu30BaH B JIBYX NpOrpaMMax, IPOBEPSIONINX
KOPPEKTHOCTHh aHHOTHpoBaHHBIX MSC auarpamm, Ha 6a3e HHCEPIIMOHHON CEMaHTUKH, IpeacTaBieHHOH B [10].
ITpoBepka KOPPEKTHOCTH JIOTMUECKMX aHHOTauuil paspaborana C. IloTueHko, npoBepka KOPPEKTHOCTH
BpeMeHHbIX crienupukannii — B. Paquenko. CooTBeTCTBYIONINE MaTepUabl TOTOBSITCS K MyOIMKaIMH.

B cnywae kornma, aHHOTauMoOHHas (opMysa MPUHAIISKUT OOBIYHOW JOTHMKE (IEpBOTO MM BBICIIUX
MOPSJIKOB), B3aUMOJICHCTBUE JBYX Cpell, CpPelbl MOUCKA U CPelbl JO0Ka3aTeNbCTB, TOCTaTOYHO MpocTo. bonee
CIIO’KHBIE B3aMMOJICHCTBHA HEOOXOJMMO OpPraHM30BBIBATh, KOTJAa AHHOTAIMOHHAs (GopMyia MPUHAIICKUT
TEMIOPAILHOM JIOTHKE.

TexHonornyeckue acCleKThl HHCEPUMOHHOIO NPOrPaMMHUPOBAHUS

[Ipu npruobpereHnn HEKOTOPOTO OMBITA UHCEPIIMOHHOTO MPOTPAMMHUPOBAHUSI, CTAHOBUTCSI OUEBUIHBIM,
YTO Takas TEXHOJIOTHS TO3BOJSET CO3/JaBaTh IMPOTPaAMMbl €CTECTBEHHBIM [UIsi MaTeMaTHKa CIOCOOOM
MOJICIMPOBAHUS CHCTEM. JTa TEXHOJIOTHS TO3BOJIIET aKIEHTHPOBATh BHUMAHHE Ha TMOBEJACHUU Pa3TUYHBIX
areHTOB W CpeJl MOAETUPYEMON CHCTEMBI, a TaK)Ke Ha WX B3auMmojaelcTBuu. Ho is TOro, 4roObl MOTyYUTH
peaibHO TMPUMEHUMYI0O B IMPOU3BOJCTBE MPOTpamMMy, TpeOyeTcsl JOTOJHUTENLHO ONUCATh CEMaHTHKY
OT/AETBHBIX JICHUCTBUUA M 00ECIEeUUTh B3aUMOJCUCTBHE 3TON MPOrpPaMMbl C MOJIb30BATEIHCKAM OKPYKEHHUEM.
Takass gopaboTka mporpaMMbl BBIXOJUT 32 paMKH pa3paboTku monenu. [1oaTomy, JTOTHYHO paccMaTpuBaTh
WHCEPIMOHHYIO MPOTPaMMy KakK npomomun OKOHYATEIBHOW MPOTPaMMBbl, KOTOPBIM MpPO3padyHbIM 00pa3om
cnenu@UIMPYeT MOBEJACHHUE MOCIETHEH.

JlomKHO OTMETUTh, YTO MoJ00Has crenudukanus obianaeT psAAOM MOJE3HBIX ocobeHHOocTed. Bo-
MEPBBIX, 3Ta CICHUPUKALMS SBISCTCA UCNOJIHUMOLU, TO €CTh, €€ MOYXHO BBITIOJHUTH B CPEle MHCEPITMOHHOTO
nporpaMMupoBanus. CBOMCTBO MCHOTHHUMOCTH CHENUUKAIUN 3HAYUTEIHHO YIPOIIAeT UX BEPHUPHUKAIUIO,
MIOCKOJIBKY K HHUM MOXHO IPUMEHUTh METOJbl TECTUPOBAHUS MNpPOrpaMM. Bo-BTOpPBIX, OHA OIMUCHIBAET
MporpaMMy Ha JIOCTaTOYHO BBICOKOM YPOBHE aOCTPAKIUH, YTO MO3BOJISIET JETKO aJaiTUPOBATh ATY MPOTrpaMMy
IUI  Pa3NUYHBIX Cpel €€ UCIHONb30BaHUS. B-TpeThux, Takyo chenuuKaluio Jerko pa3BUBaTh U
MOIU(GUIIMPOBATh, BEb JACUCTBUTEIHHO PEIKO CHerudUKAIUS MHUIIETCS IS PEIICHUs] OJHOW KOHKPETHOM
3a/la4i, U TaKO€ CBOMCTBO MHCEPIMOHHBIX MPOrpaMM IMO3BOJIIET MOJIb30BATHCS MOBTOPHBIM HCIOJIb30BAHHEM
cnernuduKanui.

PaccmoTpuM  HEKOTOpBIE AaCMEKThl TEXHOJOTHH pPa3pabOTKM TporpaMM B paMKax MapaaurMbl
MHCEPLUOHHOTO MPOTPaMMUPOBAHUSL.

[TepBbIM 3TanoM pa3pabOTKU SABISIETCA MOCTpOEHUE 0a30BOM MOJETU B3aMMOJICHCTBHS ar€HTOB U CPe/l.
Takast MoI€TTb MOKET MHOTOKPATHO 3BOJIIOIIMOHUPOBATH JJI1 HanboJee aeKBATHOTO OMKMCAHUS CUCTEMBI. YKe
Ha ATOM JTame BaXXHO MPUMEHITh METOAbl BEpHU(PHUKAIUU MPOrpaMM Ui OTIAJKHU TOJTYYEHHOW MOJIEINH.
TexHoMoTHsI WHCEPIMOHHOTO MPOTPAMMHUPOBAHUS ~ COCTOUT B TIOCTPOCHHHM CHUCTEMBI  MHCEPIIMOHHBIX
nporpaMM. OTHOCHTENTBHO 3THUX NPOTpaMM MOTYT OBITh 3aJIaHbl CIIEAYIONIME BOIMPOCHI: HAXOIHUTCSA JIU
OCHOBHAsl TMporpamMma B yKa3aHHOM COCTOSIHUH, 00Ja/laeT JIU COCTOSIHME OCHOBHOM MPOrpaMMBbl 3aJaHHBIMU
CBOMCTBaMH, OO0NaNaIOT JIM TPacChl, IMOPOXKIAEMbIE MporpaMMaMi, 3aJaHHBIMH CBOWCTBaMHU, HAKOHEII,
MpaBUJIbHA JIU MOJIEJIb OCHOBHOM MHCEPLIMOHHOM MPOTPaMMBI.

Mopens TporpaMMHOM CHCTEMBI HEOOXOJMMO ONTUMHU3UPOBATH JUISI JOCTHOIKCHHS HYXKHOUM
MPOU3BOIUTENBHOCTH KOHEUHOUM MporpaMMbl. O4eHb BaXKHO MPOBOJAMUTH 3TY ONTUMH3ALMIO HAJl TPOTPaMMO,
HaIllUCaHHOM Ha $S3bIKE BBICOKOTO YpoBHsA. [IpuMepoMm Takol ONTHUMH3ALMU MOXET CIYKUTh HNOHWKEHHUE
KOJIMYECTBA YPOBHEH ITyTEM IMOCTAHOBKU MEPEITUCHIBAIOIITUX MTPABUIL.

CrnenyrommumM 3TarnoM pa3pabOTKH TPOTPaMMBI SBISETCS €€ peanuszayusi Ha s3bIKe OoJiee HU3KOTO
ypoBHs, Hanpumep C++. Ha 3ToM miare BakHO 0OpaTUTh BHUMaHHE Ha TaKOM acleKT MPOTOTHUIIA: CTPYKTYPHI
JAHHBIX, KOTOPBIE HCIIOJB3YIOTCS B MpOrpamMMme, B MPOTOTHUIIEC 33al0TCS aOCTPAKTHBIMHU TUIIAMHU JaHHBIX, a,
CIIEZIOBATENBHO, MPU peaTu3aluid He0OXOIUMO TOCTPOUTH MOJENH Ui STUX THUIIOB AaHHBIX. OYEBUIHO, YTO
YHUBEPCATHHON MOJEIBI0 MOKET CIYKUTh rpadoBOE MPEACTABICHUE JaHHBIX, HO MPUMEHEHUE 0oJiee Y3KUX
TUTOB JIaHHBIX TMO3BOJISIET 3HAYUTEIBHO MOBBICUTH MPOU3BOJUTENBHOCTh MHporpamMmbl. Hampumep, eciu B
crelu(pHUKAIIMN UCTIONB3YIOTCS CIIMCKU TEPMOB, U BCE DJIEMEHTHI 3TUX CHHCKOB CEMAaHTHYECKH 3aJal0T IeNIbIe
YHCJIa, TO MCIOJB30BAaHUS THMA JMAHHBIX vector<int> Ha mpakTuke maetr O6osee ueM 100 kpaTHOe ycKopeHue
00paboTKU MO CPAaBHEHUIO € IPa(OBBIMU CTPYKTypaMH.

11



I/I, HaKOHEI, H€06XO)II/IMa THIaTeJIbHas BepI/I(i)I/IKaIII/IFI HOHy‘IHBIHCﬁCSI mporpamMmmsl, Ijsd TOIO, 4TOOBI

y6CI[I/ITBC$I, 4TO €€ NOBCACHHUEC COOTBCTCTBYCT MOBCACHHNIO, 3aJTAHHOMY MO/JCIIBIO.

I[.]'ISI TOoro, YTOOBI YCKOPpHUTh IIpoHecC peaiuzayuu HHCCPLHUOHHBIX IIpOorpaMM, MOKXHO 4YaCTUYHO

UCIO0JIb30BaTh CPEJACTBA ABTOMATHYECKON TPAHCIALMKM HMHCEPLUOHHBIX MOJEIEeH Ha S3bIKU 0ojiee HU3KOIro
ypoBHs. B Hacrosiiee BpeMms 3amjaHMpoBaHa pa3pabOTKa CpEACTB, KOTOpbIE MO3BOJSAT aBTOMATHYECKU
TPaHCIUPOBATh pa3iMyHble YacTH NMOJ0OHBIX cnerudukanuii. Kpome Toro, BaxxHO pazpaboTaTh CTPYKTYpPY
TEXHOJOTMYECKHUX CPEACTB MHCEPLIMOHHOTO NMPOrpaMMHUPOBAHHUS, KOTOpasi 10JDKHA COAEPKATh:

D

A

10.

HE00XOIUMbIE CTPYKTYpPHI JaHHBIX B BUJIE ar€HTHBIX BBIPAXKECHUH U Cpefl,

(GyHKIUY TOTPYKEHHUS,

CUCTEMY CUMYJISITOPOB U, BO3MOKHO, HHTEPIIPETATOPOB,

HEoOXOUMble JeTyKTUBHBIE CPEICTBA, KyAa OTHOCSTCA  CpEJCTBAa JIOTUKM MEPBOTO M BBICIIUX
HOPSAJIKOB MOPsAKA, TEMIIOPATbHOM JIOTUKH,

QJITOPUTMBI OUEBUAHOCTH, OPUECHTUPOBAHHBIE HAa POOIEMHBIE 00IACTH.
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