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BBenenue

AKTyaJabHOCTH TeMBbI. Jlornueckoe MmporpaMMUpPOBaHUE IOSBUJIOCH B KOH-
e 60-x romoB OJaromaps UCCJaeIOBaHUsIM B 00JIACTH UCKYCCTBEHHOI'O MHTEJIEKTa U
ABTOMATUIECKOIO JIOKa3aTe berBa Teopem [1—4]. UMmenHo 10/1x0/1bl aBTOMaTH4eCKO-
r'0 JIOTUYIECKOTO BBIBOJ/IA, U3HAYAJBHO SIBJISIIOIIUECST KOMIIOHEHTOM HCKYCCTBEHHOTO
MHTE/IJIEKTa W CHCTEM aBTOMaTHYECKOTO J0Ka3aTeIhCTBA TEOPEM, CTAJ OCHO-
BOIl JIOTWYIECKOrO mporpaMMmupoBanus, Omaromaps paboram R. Kowalski [5] u A.
Colmerauer [6]. CoBpeMeHHBIE SI3BIKH JIOTHIECKOTO MPOTPAMMUPOBAHIUS, CPEJIH KO-
TOPBIX CAMBIM M3BECTHBIM siByisteTcst Prolog [7—9], cienytor naeam R. Kowalski [10]
O pasjieJieHnu JIIo0Oro ajropuT™Ma Ha JIaHHbIe, HeOOXOMMbIe JIJIsi PelieHns mpodJie-
MBI, ¥ CTPATEIWIO TIONCKA, PEITIeHNsI, TO3BOJISIIOT Pa3paboTInKy chOKyCHPOBATHCS Ha
ONMCAHWY 3391, OCTABUB TIONCK €€ PEeIeHnsT KOMIThIOTEPY. DTO 00eCceInBaeT Bhi-
COKYIO CTelleHb abCTPaKIMK JIOTMYECKUX sI3bIKOB KAK Ha yPOBHE KOHIIEIITA PEIICHUs
3aJ1a49d, TaK U HEIOCPEJICTBEHHO B KOJIE.

OcHOBHBIM IIpUMeHeHneM s3biKa Prolog siByisieTcst pazpaboTKa CUCTEM CHMBO-
JIMUECKUX TTPABUJI, B KOTOPbIX JEKJIAPATUBHBIEC 3HAHWS 3aKOJAMPOBAHBI B TEPMUHAX
JIOPMKK TiepBoro mopsiyika [11—13]. Z3bik onTuMu3MpoBaH il BbIPA3UTEIbHOCTH
1 3DPEKTUBHOCTH TAKOTO pOJIa 3aJa4, WHOTJA 3a CUeT OTCTYIIEHUH OT 0a30BHIX
uJieil, OCHOBaHHBIX Ha MaTeMaTU4IecKoii joruke. B yacTtHocTu, Kiaccuueckuii Prolog
COJIEPXKUT IPOU3BOJIUTENBHYIO, HO HEKOPPEKTHYIO C MaTeMaTHIECKON TOUKH 3PEHUsT
yuudukanuio 6e3 nposepku Bxoxjenus (“Occurs Check” [14]). Taxxke jiis Gosiee
s dexruroro u rubkoro noucka Prolog ucnosbsyer nouck B riuybuny [15; 16] u
oneparop orcevennst (“Cut” [17]), BesiesicrBue 4ero mouck pereHuii B KJIacCH1ecKOM
si3bike Prolog He sBJIsieTCs IIOJIHBIM.

Muorue Apyrue s3bIKH JIOTHYECKOIO IPOIPAMMUPOBAHUSI CTPEMSATCA K
OoJibIneit “morndeckoit uncrore’. MOXKHO yIIOMSIHYTH IIPEIMETHO-OPUEHTUPOBAHHBII
si3bik Datalog [18], upejnasnadenublii jiist co3jiaHusi 3alPOCOB K JI€/lyKTUBHBIM
b6azam Jjlannubix. A3bik Datalog, B otsinuue ot Prolog, He cojiep»KuT HEKOPPEKTHbBIX
C MaTeMaTWIeCcKOiW TOYKM 3PEHWsT KOMIIOHEHTOB, OJHAKO, KaK W MHOTHE JpyTHe
IIPEeJIMETHO-OPUEHTUPOBAHHbBIC SI3bIKH, ABJIsIeTCs HEIOJHBbIM 110 Thiopunry. Crejyer
TaK¥Ke ykasarh Ha sa3blK aProlog [19; 20|, mosBouisonuii paspabaTbiBaTh KOMITUIS-
TOPBI, HHTEPIPETATOPHI U CPEJICTBA JIOKA3aTEJbCTBA TEOPEM C MOMOIILI0 CHCTEMbI

HOMUHAJILHOU yHupuKauu, u Ha s13bik AProlog [21; 22|, koropbiit cozan st a¢-



pekTHBHOrO aHaIU3a MPOrpPaMM, UMEET JaCTUIHYIO MOJJIEPXKKY (PYHKIINN BBICIITIETO
MOpsIJIKA U YHUDUKAIINIO BBICIIETO TOpsaKa. Tak:Ke OTMETUM peaJin30BaHHBINA Ha
octose si3bika Haskell dynkiumonasibhbiii joruueckuii sisbik Curry [23], obuajiato-
U BO3MOXKHOCTBIO BbIOOpa crparerun noucka [24|. dAswik Curry npumensiercs
JUIsl aHaJM3a W CUHTE3a TPOrpaMM, paspabOTKHU JIeKJIAPATUBHBIX TOJIHL30BATE b
cKUX uHTepdEicoB U cuCTeM yhpaBieHus Oaszamu JaHHBIX [25—27|. Ynomsuaem
TUIM3UPOBAHHBIA (PYHKIIMOHAJBHBIA JIOTHYECKHil si3bIK Mercury [28], KOTOPDIX
ocuaméa cucremoit MosioB (“Mode System” [29]), mosBossiomieit mporpaMMuCTy
SIBHO OIMCATh BXOJIHbIE U BBIXOJHbIE HIAPAMETPhI, & TaKXKe OlPEJIeJIsATh KaTeropuio
JIETEPMUHU3MA, Pa3padaThiBAEMO TTPOrpaMMbl. DTa, WHMOPMAIsST HEOOXOINMa, JIJIsT
CTeIUAJIU3alluK JIOTUIECKON MpOorpaMMbl C IeJiblo onTuMusanuu. f3eik Mercury
SBJIAETCS SI3LIKOM OOITNEro Ha3HAYEHWsS W UCHOJB3YeTCS JIJis pa3pabOTKU MPUKJIA/I-
ubix mpusoxkennii [30]. Takske ykaxxeMm Ha JIOTHUECKHH sI3bIK OOIIEr0 HA3HAUCHUST
Godel [31], KoTOpBIi OpUEHTHPOBAH Ha CO3JAHUE METAITPOTPAMM JIJIs AaHAJU3A,
TpaHcOpMalii, KOMIWJISIIANA, BaJMJIAIMA U OTJIAJKA [IPOIPAMM Ha JPYIUX si3bl-
Kax. DTOT sI3bIK UMeeT CTPOTYI0 TUITU3AINIO, JEKJIAPATUBHBINA OMepaTop OTCEIEHUST
v JiekaapaTuBHyto yHuukanno. Hakoner, ormerum sizpik Twelf [32| ¢ saBucumoii
TUIIH3AIAeH, UCIOJb3yeMblil i (popMau3alu MaTeMaTHIeCKHX TEeOPHuil [33] 41
MEeTATEeOPHil SI3BIKOB TpOrpaMMupoBanus [34].

OJ1HaKO ciiejlyeT OTMETUTh, 9TO OJIMH U3 OCHOBHBIX KOMIIOHEHTOB “JIOIMYeCKOi
GUCTOTHI” — CUMMETPUIHOCTD JIU3BIOHKIMK U KOHbIOHKIINK (Da30BbIX OlIEPATOPOB B
SI3BIKAX JIOPUIECKOrO [TPOrPAMMUPOBAHMUST ), OKA3bIBAETCSI HEPEATN30BAHHBIM B 9THX
sa3biKaxX. Crieyer OTMEeTHTD, YTO B MaTEMAaTUIECKO JIOTUKE 9TH OTepalui He3aBUCH-
MBI OT MOP#AJIK& BHIYUCICHUS apryMEHTOB, a B CYIIECTBYOIMNUX A3bIKAX JIOTHIECKOTO
POrpaMMHUPOBAHUS TOPSIOK BBIUNCICHUS KOHBIOHKINN U U3 BHIOHKIINN BJIUAET HA
CXOJIUMOCTD 1 3(PPHEKTUBHOCTD NPONEAYPbhI orcKa. Oueparopbl ¢ M0J00HBIM aCHM-
METPUYHBIM MOBEJCHUEM OyJIeM Ha3bIBATH HECNPABCONUCHIMU ONEPATMOPAMAU.

st ycrpaHeHusi  HECHpPaBEJIMBOCTU  JIMZBIOHKIMK B JIOTHYECKOM
IpPOrpaMMUPOBaHUK Obla BbIjeJeHa OTJeNbHasg 00JacThb — PeIANHOHHOe IPO-
rpamMupoBanue [35]. Ha jgaHHBIH MOMEHT 3716Ch BeIyTCS HCCJIEIOBAHUS IPYIIIOQ
oy, pykosopctom William E. Byrd (CIIIA), a rmakxke kadenpoit cucreMHOro
nporpammupoBanusi CIIOI'Y mop pykosojgcrBom JImurpusi Bysbraesa. Pessinnon-
HOMY IPOIPAMMUPOBAHUIO MTOCBAIIEH €XKEroHbiil Mex1yHapo Hblit cemunap “The
miniKanren and Relational Programming Workshop” nipu uzsecrHoit Kondepeniium

1o s3bikaMm 1porpammuponanus [CEFP.



['1aBHOI OTJIMUKUTEIBHONR OCOOEHHOCTHIO PEJIANMOHHOIO IIPOIPAMMUPOBAHUS
SIBJISIETCSI  CIIPABEIJIMNBAsI JIM3BIOHKITUS, Oa3UPYOIIasics Ha METOJAE UepeIOBaHUsI
(“Interleaving Search” [36; 37]): npouecc noucka perienuii Jiyist KazkJoro Ju3bIOHK-
Ta MPOrPaMMbl Pa3OMBAETCs Ha MapaAHTHPOBAHO KOHEUHBIE IIArd, 9TO MO3BOJISIET
MPOU3BOIUTH MOJHBIN TTOMCK JIJIsT TTPOU3BOJIHLHOTO KOJUUIECTBa JN3bIOHKTOB. Crpa-
BEJIJIMBOCTb PEJIANMOHHON JIM3BbIOHKIMK [I03BOJISIET OIUCHLIBATH PEIIaeMyIo 3ajady
B BHJIE IIPOIPAMMbI, COCTOsIIEH U3 HAbOpa JeKJapaTHUBHBIX HEHAIIPABJICHHBIX OTHO-
menuii [38; 39]. OCHOBHBIM $I3BIKOM DEJISIITHOHHOTO TPOTPAMMUPOBAHUST SIBJISTETCST
miniKanren [35; 40]. U3nauajibHo 9T0T s13biK OblJI MUHUMAJMUCTUYHBIM PACIIAPE-
nueM si3bik0B Scheme u Racket [41] u cojeprkas Bcero nsrhb oneparopos, a ero
MPOCTEMINas peann3alus COCTaBJIsIa MeHee deM CTO CTPOK Koja. Ha rekyrumit
MoMmeHT miniKanren siBisiercsi ceMeiiCTBOM SI3BIKOB, IIPEJCTABUTEH KOTOPOI'O CO-
JlepKaT pasjIndHble PACIIUPEHUs], IPU3BAHHBIC YBEJIUUIUTH €r0 BHIPA3UTEIbHOCTDH U
JIEKJIAPATHBHOCTD [42—45].

PazpaboTka pessiiimoOHHbIX ITPOrPaMM SIBJISIETCsT CJIOXKHON 3a/1a49eil, ITOCKOJIbKY
oT pazpaboTunka TpPeOyIoTCs creruduIecKue 3HaHusl ¥ HABBIKK, a TaK»Ke N1yboKoe
MOHMMAHNE CEMAaHTUKN KaXKJ0T0 PEJISIIIHOHHOr0 Oreparopa. Belio 3amMedeno, 1o Ha
IpaKTHKe pa3pabOoTKa PesIsIuOHHONE IPOrPaMMBbI IIPOUCXOIAT B JIBA dTAIla: CO3/IaHNE
IporpaMMbl Ha (DYHKIIMOHAJIBLHOM S3bIKE U MOCJEyIoIee “pyaHoe” Ipeodpa3oBaHue
9TOH POrpaMMbl B peJisiiiOHHY 0. IIpuueM BTopoii Talr OKa3bIBAeTCsl MEXaHUCTU Y-
CKUM ¥ €IMHOOOPa3HBIM, CJIEJIOBATEIHLHO, OH MOXKET ObITh aBTOMATU3UPOBaH. TakuM
00pa30M BO3HMKAET 3aJlada, CO3JaHnsl aBTOMATU3MPOBAHHOTO METojia Mpeodpa3oBa-
HUsi (DYHKIMOHAJIBHBIX IIPOIPAMM B PEJIAINMOHHBIE.

Cnenyer oTMeTuTh, 4TO B ODINEM CJydae HCXOjHas (PYHKIMOHAJIbHAs IIPO-
rpaMMa He COJIEPXKUT JIOCTATOUYHON MHMOPMAIUU JIJI OJHO3HAUHOTO MMOCTPOEHUSI
eé peJisdimoHHOro obpasa. B gacrHOCTH, 1IPU HOCTPOEHUHM TaKOIrO 0Opas3a He MOXKeT
OBITH OIPEJEIEH ONTUMAJIBHBIA MOPSAJIOK KOHBIOHKTOB, SIBJISIIOIIUACS KJIIOUEBBHIM
dakTopoMm 3PMEKTUBHOCTH W CXOAUMOCTH MPOIECCA WMCIOJHEHUS PEJIsiiHOHHON
porpaMMbl. BaKHOCTb IOpsiJIKa KOHBbIOHKTOB ODYCJIOBJIEHA HECIIPaBETUBOCTHIO
KOHBIOHKITUH, YHACJIEJOBAHHONI OT JIOTMYECKOIO IporpaMMupoBanus. [losromy as-
TOMATHYIECKH MOCTPOCHHAsT PeJISIIIMOHHAs IporpaMMa TpedyeT “pydHoro” pegakTu-
POBAHMSI JIJIsI KarKJIOI'0 KOHKPETHOI'O PEJIAIKOHHOIO 3ampoca. OJIHaKO OITUMaJIbHbII
MOPs1JIOK KOHBIOHKTOB MOXKET OBITH YCTAHOBJIEH BO BPEMsl MCIIOJHEHUSI, UCXO/s U3
TEKYIIEr0 COCTOSTHUST PEJISIIUOHHON TporpaMmMbl. [TogobHoe nuHaMuYIecKoe yrpas-

JieHue IOopAJKOM KOHBIOHKTOB IIO3BOJIZIET IIOBBICHUTD Sd)(beKTI/IBHOCTb NCIIOJTHEHU A



ABTOMATUYIECKN TIOCTPOEHHBIX PENIANMOHHBIX IIPOrPAMM, a TaKyKe YCTPAHUTH BJIUsI-
HUE HOPsIIKA KOH'bIOHKTOB Ha CXOAUMMOCTH IIpoIecca uciojinenus. Vexojisi u3 3Toro,
BO3HUKAET 3a/ia4a CO3JIaHus CIPABEJJIMBOIO METOJIa YIIPABJICHUS MOPSIIKOM KOHb-
IOHKTOB TIPU WCIIOJHEHUN PEJISIUNOHHBIX TPOTPAMM.

Crenens paspaboranHoctn tembl. W. E. Byrd npejioxun meroj mpe-
obpazoBanust (GYHKIHOHAJBHBIX Tporpamm B pessmuonnbie (“Unnesting” [40]).
JlaHHbI MeTOoJ| OCHOBaH Ha 1PEOOPA30BAHUU KAXKJIO0H (DYHKIKUKU B PEJISIIIUOHHOE OT-
HOIIIEHKE [TyTEM J00aBJICHHUsI JOIOJHUTEIBHOIO apryMeHTa, YCTPAHEHUS BJAOYKEHHbBIX
BBI3OBOB M 3aMEHbI COIOCTABJIEHUSI ¢ 00pa3IOM Ha JN3BIOHKINIO YHU(UKALWI ¢
KazKJIbIM 00pas3ioM corocTapjeHus. /laHHbI MeToJ II03BOJisieT 10 (DYHKIIMOHAJb-
HOI1 IIporpaMMe IOCTPOUTH PEJIANMOHHYI0, OJIHAKO IIOJJIEPXKUBAET TOJBKO (DYHKITUN
IIEPBOrO MOPsIKa, He uMeeT (hopMaJIbHOIO ONUCaHus 1 He ObLT peanuzoBad. W. Bird,
M. Ballantyne, G. Rosenblatt u M. Might paccmarpuBasm 61u3Ky10 38189y — HCIHOJI-
HeHne (PYyHKIMOHAJIBHOM TPOrPAMMbI IIOCPEJICTBOM PEJISIITMOHHOIO HHTEPIIPETATOPA.
JlaHHBIN TTOXO0/, TO3BOJISIET PEJISIIIUOHHO UCIOJHATH (DYHKIIMOHAJILHBIE TPOIPAMMBI,
IIOCPEJICTBOM BHEIPEHUsI CBOOO/IHBIX JIOTMUECKUX IIEPEMEHHBIX B UCXOJIHYIO IIPOrpaM-
My. TakxKe HpeJJIOXKEHHBIM IIOJXO0J, IIO3BOJISIET CUHTE3UPOBATH (DYHKIMOHAJbHBIE
MporpaMMbl 10 HabOPY TecToBbIX manubix [46]. HemocraTrkom mamrOro mojgxosa
SIBJISIETCSL HUBKasd 9P (DEKTUBHOCTD BCJIEJICTBHE JIOMOJHUTEIBHOIO YPOBHSI HHTEPIIPE-
TAIUH.

[Tpobiiema 3 dekTuBHOrO yrpaBjieHus TMOPsiJIKOM KOHbIOHKTOB B 00J1acCTH
PEJIANMOHHOTO MTPOrPAMMUPOBAHI MHOTOKpATHO paccMarpuBajach [40; 46; 47).
OJIHEM M3 acCIeKTOB HECIPAaBEe/JINBOIO MOBEJIEHNS KOHBIOHKIIMH SIBJISETCS IPUOPHU-
TH3AIUs] BHIYUCJICHISI HE3aBUCUMbBIX JIN3BIOHKTOB, MOPOXKIaEMbIX KOHbIOHKIINEH. B
JACTHOCTH, B KJIACCMYIECKOH peasmsarnuu miniKanren OoJibinmit npropurer Bbljie-
Jsiercst Oojiee paHHUM JIM3BIOHKTAM, MOPOXKaeMbIM KoHbOHKIHMEH. Cymecrnyer,
oanako, moaxon, npegmoxkennbiii K.-C. Lu, W. Ma n D. P. Friedman, xoro-
pblil OajlaHCUpyeT BpeMsi BbIUMCJCHHUSA Pa3JUUHBbIX JIU3bIOHKTOB, ITOPOXKIaeMbIX
KOHBIOHKIIHEH [48]. D10 mermaer KOHBIOHKIHNIO 0OOJee CIpaBEJIUBON, HO TOPSs-
JIOK KOHDBIOHKTOB MO-TIPEXKHEMY BJIMgeT KaK Ha IIPOU3BOJUTEILHOCTH, TaK M Ha
CXOJIMMOCTD BBIYMCJICHHSI PEJIAIMOHHON TporpaMMbl. Kpome Toro, moBejieHne KOHb-
IOHKIIMM MOXKHO CjiesiaTh OoJiee ClipaBeJInBbIM, eCJii OOHAPYKUBATH PACKOIAIIIECs
KOH'BIOHKTBI M OTKJaJbiBaTh uX Bbhrauciaenue. . Posmmoxac u [I. Bysnbraes 00-
HAPYKUBAIOT PAaCXOXKJIEHUE KOHDBIOHKTOB BO BpEMs BBIIOJHEHUS PEJIAIHMOHHOI

MPOrPAMMbI ¥ PEJJIAraloT WX JINHAMUYECKH Iepeyrnopsaounsath [49]. B stom



caydae JaHHble, MOJIYIEHHLIe BO BPEMsl HCIOJHEHWS PACXOJSINErocsi KOHbLIOHKTA,
CTUPAIOTCS. DTOT MOJAX0JI OKazaJicst 3PPEKTUBHBIM Ha PAKTHUKE, OJJHAKO KOHCEPBa-
TUBHAs MEPECTAHOBKA KOHBIOHKTOB HE MCIOJIb3yeT NHMOPMAIHIO, TOJYyIeHHYIO TIPU
UCIIOJTHEHUU KOHBIOHKTA, 710 MePerpynnupoBKu. VIMeIoTcst Tak»Ke MpuMephl, KOTia, B
paMKax 9TOr0 IOXO0Ja MOPSIAOK KOHBIOHKTOB BCE €Ile BJIUSIET Ha CXOIUMOCTD.

B 06osee mmpoKOM KOHTEKCTE IIOMOOHBIE 33Ja9l TaK:Ke PACCMATPUBAJIHUCD.
Crour OTMEeTUTh, YTO MHOI'ME PE3YJIbTarbl, HOCBIIEHHbIE 1PODJIEeMaM yIIPaBIeHKs
HOPsIJIKOM BbIaucjeHusi B Prolog, ¢Bsi3aHbI ¢ 1peoiosieHreM MPUCYINeil eMy HeroJ-
HOTBHI MOMCKa B Tiyomny. Hampumep, st jiydiinero KOHTPOJISI CTPYKTYPBI JepeBa,
noucka T. Schrijvers, M. Triska u B. Demoen npejoxuiu 6ojiee ClpaBeJInBYIO
musbronkiuio [50]. s obecnedenus mosHOTH moucka B Prolog B psiyie cirydaes
ucrnosibsyercst tabynuposanue (Tabling) [51—53], koTopoe, opHAaKO, He SBJISETCS
YHUBEPCAJbHBIM PEIIeHUEeM BBHJLY OOJIbIIMX HAKJ/IAJIHBIX PACXOJ0B ITOIO MOXO0JA.
OrmerrM, 9TO MHOIHE IIPOOIEMBbI JIOTHIECKOIO IIPOrPAMMUPOBAHUS 110 YIIPABJICHUIO
MOPSIIKOM BBIUHMCJIEHUSI HE aKTYaJbHBI B CIy9ae PeIsiIIHOHHOTO MPOrPaMMUPOBAHUSI,
IOCKOJIBKY JIJTs TTOCJIETHETO UMEETCsl TIOJIHAs TPOTeaypa moucka |54; 55.

CyIecTByeT oIpeesleHHOe CXOACTBO MEXKIY IpoOIeMaMu, KOTOPbIE MbI pPe-
maeM, # pobjieMaMi, BO3HHKAIOIIMMI B MHOIOIOTOYHBLIX peaju3aiusx Prolog.
G. Gupta, E. Pontelli ¢ kosuteramu npejyioxkuin “3apucumblii V-napasiennsm”
(“Dependent And-parallelism”), koTopblii 03BOJIsIET UCIOJMHATH KOHBIOHKTHI TTapaJi-
JIEJIbHO W uMeeT J1eJ10 ¢ 3P heKTaMu, BBISBAHHBIMU MU3MEHUMBOCTHIO MCIIOJTHEHMUST
KOHBIOHKTOB B 3aBHCHMOCTH OT mopsiyika [56]. Onuako, B oTyindne oT HAIIEro CJIy-
Yasi, OCHOBHDIE YCHJINsI 3/1eCh HAIIPABJICHDI Ha [MOBLIIIEHNE TPOU3BOINTEILHOCTH IPH
COXPAHEHUH CeMAHTHUKH 00Xo/a B TJIYOWHY CJIeBa HaIpaso.

Takum obpazom, ucciejlyemasi Hamu 3ajiada dPMEKTUBHOIO PEJIAIIUOHHOIO
npeoOpa3oBaHnsl U KCIOJHEHUS (PYHKIIMOHAIBHBIX MPOrPaAMM Clenudpuana mMeH-
HO JIJIST PEJISIIIMOHHOTO MPOrPAMMHUPOBAHUS, a €€ pelleHne MO3BOJIUT 3HATUTEILHO
CHU3WUTD CJIOXKHOCTH paspabOTKU PEJIAIMOHHBIX IIPOIPAMM.

IMeapro nammoit pabOTHI ABJSIETCS CO3JaHUE IOAXOMa K IIOCTPOSHHWIO U HC-
MOJIHEHUIO PEJISIIHOHHBIX IPOIPAMM IIOCPEICTBOM PENISIIOHHOTO MPeoOpPA30BAHNS
JYHKIMOHAIBHBIX IIPOIPAMM ¥ JMHAMUICCKOIO YIIPABJICHUSI OPSJIKOM UCIIOJTHEHUST
PEJISIIIMOHHBIX KOHBIOHKTOB.

st tocTryKennst MOCTaBACHHOM 11eJ11 OBLIN TTOCTaBJIEHBI CJIEIYIONIE 3a0amn.

1. Paspaborka wmeroma pessIMOHHOIO Mpeodpa3oBaHUsl TUIN3HPOBAHHBIX

(pYHKIMOHAJIBHBIX IIPOIPAMM ODINEro BUJIA B PEJISAIMOHHDIE,



2. JlokazaTejbCTBO CTATUYECKON M JIMHAMUYECKONR KOPPEKTHOCTH PEJIsiliiOH-
HOT'O 1IPe0OPA30BAHMSI.

3. Paspaborka cemanTuku sizbika miniKanren ¢ nporeaypoit JInHaMUIECKOTro
yIpaBJIeHUs MOPSIKOM BBITUCIECHUA KOHBIOHKTOB.

4. JlokazaTeJbCTBO CIIPABEINBOCTHA KOHBIOHKIIAY JIJIA TIPEJIJIOKEHHON ceMaH-
THKH.

OcHOBHBIE TI0JIO’KE€HWHA, BBIHOCUMbIE Ha 3aIUTYy.

1. Ilpemioxken HOBBII METOJI PEJIAIMOHHOTO IpeodbpasoBaHus (PyHKIIMOHAJIb-
HBIX [IPOrpaMM ODIIEro Buja, JOKa3aHa €ro cTaThdeckas U JUHAMUYecKast
KOPPEKTHOCTb.

2. Beegena QopmasibHasg aHreJnvecKass CeMaHTHKa, PEeJIANMOHHOIO SI3bIKa
miniKanren, jokazaHa 3KBUBAJECHTHOCTb 3TOH CEMAHTUKM HCKJIaPATUBHOI
cemaHTHKe sizbika miniKanren. BeejeHo mnonsitue crupaBeijnBOCTH KOHb-
IOHKIIMY KaK CBOMCTBa aHreJIMYeCKON CeMaHTUKU.

3. Omnpenenena dopMmaibHas CeMaHTHKa PeJSIIMOHHOrO si3bika miniKanren
¢ TPOTEYPOil TUHAMUIECKOTO YIIPaBICHUSA MOPSJIKOM BBIYUCIECHUS KOHb-
IOHKTOB, JIOKa3aHa CIPaBeIIMBOCTH KOH'BIOHKITMU B JIAHHON ceMaHTHUKE.

4. Boinosnena peasusanus Ha si3bike OCaml peststiimonHoro npeobpasoBaHust
JUUIsT TIOJIMHOXKeCTBa, (pyHKIMOHAILHOIO si3bika, OCaml, a Tak>ke mpoBeeHo
9KCIEPUMEHTAJIbHOE UCC/Ie/IOBaHKE, T0KA3aBIIee BLICOKYIO d3(D(MEKTUBHOCTH
aBTOMATHIECKHN TOJYIEHHDBIX PEJATUOHHBIX IPOrPaMM IIPH UCIOJIb30BAHNN
CIIpaBEJIINBON KOHBIOHKITUN.

5. Brimonmneno BcTpamBanme s3bIKa, miniKanren ¢ mponenypoii JTuHaMuUe-
CKOI'O YIIPaBJICHHUSI IOPsJIKOM KOHBIOHKTOB B (DYHKIIMOHAJIbHBIA SI3bIK
OCaml un mpoBejieHO SKCIEPUMEHTAILHOE HCCIEI0BAHUE, JIEMOHCTPUPYIO-
1ee BhICOKYIO 3(P(PEKTUBHOCTH MPOIEAYyPbl B CPABHEHUHU C KJIACCUUIECKOI
peaquzarueii miniKanren npm HeonTHMaJbHOM MOPSAIKE KOHBHIOHKTOB U
HE3HAYUTETLHOCTh HAKJIAIHBIX IIPH ONTUMAJHLHOM MOPSJIKE KOHBHIOHKTOB.

Hayuynass HOBU3HA pe3ylbTaToOB, MOJYYEHHBIX B paMKaxX MCCJIEJIOBAHUS, 3a-

KJIIOYAETCs B CJIEJLYIOIEM.

1. Buepsbie mnpejicTaBieH MeTOJ, PeJIsIHOHHOIO IpeodpasoBaHust (OyHKIMO-

HaJbHBIX MPOrpaMM ODINEero Buja, JJisi KOTOPOro ObLaa JIoKa3aHa CTaTH-

YeCKad U JNHaMHNYICCKad KOPPEKTHOCTD.
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2. Brnepble opMaJbHO ONUCaHa aHTeJNYecKas CEMAaHTUKa PeISIUOHHOTO
a3bIKa miniKanren, mo3BOJIMBINAA BIEPBbIE BBECTH TOHSITHE CIIPABEJTUBO-
CTU KOH'bIOHKITUH JIJIsI PEJISIIIMOHHOTO TPOIPAMMUPOBAHUSI.

3. Briepoie onucana QopmasibHasi CeMaHTHKa  PEJISIIHOHHOIO  SI3bIKa
miniKanren ¢ mpormeaypoit IHHAMUYIECKOTO yIPABIEHWST TTOPSIKOM KOHb-
IOHKTOB.

IIpakTuieckas 3HAIUMOCTD Pa0OTHI 3aKTIOYAETCS B CO3JAHUN U Pean3a-

IIUU METOJIa PEJIAIMOHHOTO Mpeodpa3oBaHnsd (DYHKIMOHAJIBLHBIX MPOTPaMM OOIIEro
BUJIa. DTOT METOJ MOYKET ObITh WCIOJIH30BAHO JIjIs YIPOIIEHUS CO3JIaHUs Pe-
JIAIMOHHBIX TIPOTPAMM BILIOTH JIO IOJHOTO WUCKJIOUeHUs “pydHOil’ paszpadoTKu
PEISIIMOHHOTO KO/a. TakyKe MPaKTUIECKOH 3HATMMOCTHIO 00J1aIaeT MpPeICTABICH-
HBIf B JIAHHOM JTUCCEPTAITMOHHOM HCCJIEJIOBAHUU METOJI UCIIOJTHEHUS PeIATMOHHBIX
IporpamMM ¢ TIPOIEIYPOil JIMHAMUYIECKOTO YIIPABJICHUs MOPIJIKOM KOHBIOHKTOB,
TO3BOJIIONTHH 9D DEKTUBHO HMCIOTHATH PEISIIMOHHBIE TTPOTPAMMBI U MCKJIIOUUTH
HEOOXOIMMOCTh PEJIAKTUPOBAHKS TTPOIPAMM JIJIsi PA3IUIHBIX PEJISIITAOHHDBIX 3aI11PO-
COB.

MeTogosiorusi 1 MeTOABbI MCCJAeJ0BaHUSA. Meronomornst mcciemoBanmst
basupyeTcs Ha TMapajurMe (popMaJbHOTO IMOAX0Ja K OIMMCAHUIO CEMAHTHKW 3bI-
KOB ITPOTpaMMUpOBaHus. B paboTe MCnob3yercss KIacCHIeCKue METOJ bl ONUCAHMS
ceMaHTUK OOJILIIOIO ¥ MaJoro IiaroB B Buje Habopa lLpaBu/ BbiBOAa. B pado-
T€ TaK)Ke MCIOJIB3YI0TCs 0a30BbIe KOHIENIIMH JIOTHIECKOr0 MPOrPAaMMUPOBAHNS —
MeTo]T YHU(DUITUPOBAHUST JIOTHIECKNX BBIPAKEHWI, aBTOMATHIECKNN TIOUCK periie-
HUl 1 HeJleTepMUHUpOBaHHOEe ucnonenue. Tak:ke B paboTe UCIOJb30BaH allapar
PEJIAIMOHHOTO MTPOrPAMMHUPOBAHUS: ONepaTOpbl YHU(DUKAIUN ¥ OTPaHUIEeHUS Hepa-
BEHCTBOM B KadecTBE OCHOBHOTO WHCTPYMEHTA TOCTPOCHUS PENICHUN W TOJTHBIM
[OMCK PEIIeHuit MeTo/IOM depejioBanus. [IporpaMMuast peajmsaiust TeOPeTHIeCKuX
Pe3ysIbTaTOB BBINOJIHEHA Ha (PYHKIIMOHAJBHBIX si3bIKax 1mporpaMmupoBanust OCaml,
Haskell n Scheme.

J1oCTOBEPHOCTD TOJIyUEHHBIX PE3YJAbTATOB HCCIEOBaHUs 00eCIeunBaeTC s
(opMaNbHBIMU JIOKA3ATETHLCTBAMH, & TaK»Ke KOMITBIOTEPHBIMY dKcIiepuMeHTaMu. [1o-
JIy9eHHBIE Pe3yJIbTaThl COIVIACYIOTCS € pPe3YJabTaTaMW, YCTAHOBJICHHBIMU JIPYTUMU
ABTOPAMHU.

Anpobaius paborbl. OcHOBHBIE Pe3ybTAThl PAbOTHI JTOKJIABIBAJINCH HA

CJEJIYIOIINX HaydHbIX MeponpusiTusix: Ha kKoudepennnun PLC 2017 (3-5 anpess
2017 r., Pocros-na-lony, Poccus), na cumnosuyme TFP 2017 (19-21 urons 2017 r.,
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Kenrepbepu, Besinkobpuranust), na cemunape ML 2017, copmerennom ¢ koHdepet-
nmeit ICFP 2017 (3-9 cenrsiopst 2017 1., Okcedopa, Besmkobpuranust), Ha cemuHape
miniKanren 2019, copmenientnom ¢ kondepenimein ICFP 2019 (18-23 cenrsibpst 2019
r., Bepsun, lepmanns), na cemunape miniKanren 2020, copmernienroM ¢ KoH]EpeH-
nueit [CFP 2020 (20-28 asrycra 2020 r., Hero-/lxxepen, CHIA), ma cummosuyme
APLAS 2020 (30 nosiopst - 2 mekabpst 2020 r., @ykyoka, dAnonus), Ha ceMuHape
PEPM 2021, comemientom ¢ cumnosuymom POPL 2021 (17-22 sausaps 2021 1.,
Konenraren, anusi).

JImgaHabIl BKJIAJ, aBTOpa B MyOJMKAIUAX, BBITOJHEHHBIX C COABTOPAMHU, Pac-
npejiesién  coreyromum  obpazom. B paborax [57; 58| aBrop pazpaborai Mero/
PEJIIIIMOHHOTO IIpeobpazoBanust (PYHKIMOHAJBHBIX IIPOIPAMM, BBIIOJHUI JOKa3a-
TEJILCTBO CTATUYECKON U JMHAMUYECKOH KOPPEKTHOCTH MPeoOpa30BaHMSI, a TaKxKe
BBILOJIHIII peasinzaluio Ha s3bike OCaml [59] u nocranosui sxciiepumentbl. CoaBTo-
PhI yIaCTBOBaAJIM B 00CYXKAeHUN njieil, (popMasn3ain MeTo/ia, a TakKKe Y1y I
TekcT crarbu. B pabore [60] aBrop ydacrBoBaJ B CO3JI@HMU OCHOBHOIO TOJXO/IA,
IIPEJICTABJIEHHOI'O B CTaThe, a TaKxKe paspadoras pyHKIMOHAJbHBI HHTEPIPETaToOP
Juish monMHoXKecTBa si3bika, OCaml, pessiuoHHbIil 00pa3 KOTOPOI'o IO3BOJIMI pe-
maTh 3aa4y noucka. CoaBTOPHI MPEII0XKMINA UJIC0 KCIOJb30BAHNS PEISIIIMOHHBIX
MHTEPIIPETATOPOB JIJIsl PEIeHUsT 3a/a49 MOWCKa W aJallTUPOBAJN METOJ, KOHbIOHK-
TUBHON YaCTUYHON JIeJyKIMK JIJisi CIydasi PeJIsiiiMOHHBIX nporpaMm. B pabore [61]
ABTOD TIPEIOKWI 1 (hopMaIn30Bal ceManTnKy miniKanren ¢ manpaBaeHHOW KOHD-
IOHKIIMEl Ha OCHOBE Pa3BEPTKM BBLI3OBOB, ceMaHTHKY miniKanren c¢ mporenypoit
JIMHAMUYECKOT'O YIIPaBJICHHS IOPJIKOM KOHBIOHKTOB Ha OCHOBE CBODOJIHBIX IIepe-
MEHHBIX B apryMeHTaX BbI30OBOB, a TaK»Ke BBIIOJHMJ peaju3ainio Ha s3bike Haskell
1 poBEJ dKcrepuMenThl. CoaBTOp yd9acTBOBaJ B ODCYXKJIEHUM OCHOBHBIX WJIEH, B
paborax 10 (opMasu3anr CEMaHTUKHU, a TaKXKe YJIy4IIuJ TEeKCT cTaTbu. B pa-
bore |62] By aBTOpa 3aKyI0YaeTcss B (DOPMATU3AIN AHTETMIECKOH CeMaHTHKN
Juis miniKanren, ¢popmasinzaiuu cemanTuky miniKanren ¢ HalpaB/ieHHON KOHbIOHK-
1ueit, I0Ka3aTeIbCTBE CIIPABEIJIMBOCTI KOHBIOHKIIUN B IPEJJIOKEHHON ceMaHTUKe,
BbINIOJTHEHUK peasiu3aliun Ha s3bike Haskell u nposejienun sxcrepumentos. CoaBrop
PEJJIOXKUIT UCITOTH30BAThH aHICJIMIECKYI0 CEMaHTUKY JIJIsT ONPEJICICHUST CIIPABE T~
BOCTH KOHBIOHKIINW, YIaCTBOBAJ B JIOKAa3aTENbCTBE CIPABEINBOCTH KOHbBIOHKIINN
¥ yJIyUImI TeKCT cratbu. B pabore [63| aBTOp MpeIoRKUI UCIOTB30BATE PEJIsi-

IIUOHHOE IIpeoOpa30BaHKe C IEJIbI0 CO3JIaHUs PEJISIIMOHHOTO UHTEPIIPETATOPa, JIJIst
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COIIOCTABJIEHUsI ¢ 00pa3IOM, YIaCcTBOBAJ B OOCYKJIEHUU OCTAJbHBIX HJIeil CTaTbH.
CoaBTopbl pa3zpaboTajy MeTOJl ¥ MPOBEJN SKCIEPUMEHTHI.

ITy6nukammmu. OcHOBHBIE PE3yJIbTATHI 110 TEME JIMCCEPTAIMA U3JI0KEHbI B 6
HayIHBIX paborax, 1 U3 KOTOPHIX U3JlaHa B »KypHaJe, pekomergopannom BAK, 3 —
B MEPUOIMIECKIX HAYIHBIX yKypHaJax, nujaekcnpyembrx Web of Science n Scopus.

O6beM m cTpyKTypa paboThl. /luccepraliys cOCTOUT U3 BBejeHus, 6 Ias,
3aKJIFOUCHUSI.

[Tonublit 06bEM nuccepTanuu cocrasiser 109 crpanutl, BKao4dast 16 pucyHKOB
u 2 Tabsmipbl. Crincok jureparypbl cojepkut 105 HanMeHOBaHMIA.

BaaromaprocTu. Ilpexje Bcero s Obl xores mobsarogaputsh JIMurpusi
FOpnesraa BysbraeBa 3a BO3MOYKHOCTH TIO3HATH KPACOTY PEISIIIAOHHOTO TTPOTPaM-
MHUPOBaHUsI, PYKOBOJICTBO Ha PAHHMUX dTallaX JAHHOI'O MCCJIEI0BaHUsA, HEOIEHUMbIil
BKJIaJI B MOIO PabOTy, FOTOBHOCTDb IIOJJIEPXKATH U IOJEJUTHCS CBOUM OIBITOM. ¢l
osarogapio Yuubsma Bépja 3a camo co3anne pesginroHHOIO MporpaMMUIPOBAHUSI,
MHOT'OYHCJIEHHBIE Oeceibl 0 MOl JIUccepTalui U TIOMOIIb B UCCJIEIOBAHUSIX.

C GouibIIoit TermIoTOM X049y CKa3aTh CJI0BaA OJAr0IapHOCTH CBOEMY HAyIHOMY
pykoBojuTenio, JAvurpuio Braguvmupornay Ko3HOBy, 3a ero HenccskaemMyio sHep-
I'UI0, IPOHUIIATE/IbHOCTD U JIaJbHOBUIHOCTb, KOTOPLIMU OH JEJIUJICS Ha MPOTIKECHUN
BCeil Hareir paboThI.

4 Breipaxkaio OsarogaprHocts Anjpero Hukosaesuuy TepexoBy u Kadeape cu-
cremuoro nporpammupoBanust CIIOIY, a Takxke kommanusim JetBrains u Huawei 3a
YHUKAJbHYIO BO3MOYKHOCTH 3aHUMATHCsST HAYKOH KaK OCHOBHOMN IesATeIhbHOCTHIO.

A 6naronapen Imurpuio Cepreesuuy KocapeBy 3a ero OeCIieHHYO I0JIJIEPIKKY
U IIOMOIIb B IPAKTUIECKO# cocTaBJisiioleil janHoi padborsl. OTienbHyo biaromap-
HOCTH XOUETCsT BLIPA3UTh Moeil nesecre, Anacracuu Ammapeesnoit CaIbIKOBO, BeIb
OHa JlapyeT MHE BJIOXHOBEHME M dHEPIHUIO JijIst BCero, 4ro s jenato. Hakonern, s OJia-
roJlapeH PoJIUTEsIAM, KOTOPBIE ABJIAIOTCA MOEH OITOPOI HA MTPOTSAKEHUN MO KU3HA

" IPOSABJIAIOT HEUCCAKAEMbBIH MHTEPEC K MOeil HayIHON JesATeIbHOCTH.
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I'maBa 1. O630p npeamMeTHOI1 obJiacTu

B jilannoii ryiaBe npuBejieH 0030p pessimoHHOro s3bika miniKanren, npusejie-
Hbl TIPUMEPDHI €0 UCIOJIL30BaAHUS, a TaKXKe PACCMOTPEHbI CYIIEeCTBYIONINE TTO/IX0/IbI
K PEJISIIMOHHOMY UCIIOJIHEHHUIO (DYHKIIMOHAJILHBIX IIPorpaMmM. Kpome Toro, BBeJI€HbI
OCHOBHBIE TIOHSATHSI, UCIOJb3yeMble B JIAHHON JIMCCepTaIlMOHHONI paboTe — olepa-
IMOHHAs CeMaHTHKa OOJIBIIOr0 M MAaJIOrO Iara, pasjndHble BUJbI OINEPAIIMOHHBIX

ceManTuk B HOTanun Maruaca @esuieiicena [64].

1.1 Peasanuonnoe nporpamMupoBanue n miniKanren

['naBmnoii orymmamTesbHON 0cObeHHOCTRIO f3biKa miniKanren [35; 40| sBiserca
HEHAIPABJIECHHbIE BBIYUCICHUS PEJISIMOHHBIX MPOTPAMM: apTyMEHTBI W Pe3yJbTaT
PEAIMOHHBIX OTHOIIEHN HE PA3/InYaloTCs Ha YPOBHE CHUHTAKCHCA, UTO MO3BOJISET
OIMCHIBATH HEHAIPABJIEHHBIE TPOIPAMMBI U HCIOJIHATH UX B PA3JIMIHBIX ‘HAIPaB-
jennsix’. TlogoOHBIM TI0/IX0) OKa3bIBAETCsl II0JIE3EH Ha ITPAKTHKE, Be/b 3aJa4du
dopmynupyioTes Topaszio mpole B BHUJE 3aMPOCOB K HEHANPABIECHHBIM PEJISII-
OHHBIM MpOTrpaMMaM. IDTO HaOJIOJIEHHUe TOJTBEPXKIaeT Tesblil psj npuMepos. B
KadecTBE WILTIOCTPAIN TTPUBEJEM 3a1a49y BBIBOJA TUIOB JIJIs TTPOCTO THITH3UPOBAH-
noro JistmOya-ucaucaienus (Simply Typed Lambda Calculus [65]), a Takxke 3ajauy
O BbisiBJleHMM HacesienHocTr Kakoro-ymbo tuna (Type Inhabitation [66]). D1u 3a-
Jladd BBIPa3uMbl B (popMe 3alpocoB K OoJjiee MPOCTOI B peaju3aliui pessiiuonHOl
IporpamMmme, ITpoBepsIoNeil KOPPeKTHOCTh TUITU3AIIY JIAMOIa-BblpaXKeHusl.

Emme ool wimocTpariueii siByisietcst 3ajada MoCTpoeHus ‘kKpaiinos” [38] —
POrpaMM, UCIOJTHEHUE KOTOPBIX BO3BPAIAET TOYHYIO KOIUIO UX MCXOJHOT'O TEKCTA.
Ora 3a/ia4a PeJICTaBUMa B BUJIE 3a11POCa K PEJISIIUOHHOMY HHTEPIPETATOPY SI3bIKA,
H& KOTOPOM HEODXOJIMMO MOCTPOUTH KBaiiH. [IpuieM paszpaborka pesisiiiMOHHOIO UH-
TeprpeTaTopa siBjsieTcst 6oJiee mpocToit 3ajiadeil o cpaBHEHUIO C UCXOJIHOM 3aj1aueit
nocTpoeHus KBaiiHoB. Hakomer, pemenne 3ajadnd MOCTPOEHUs BCEX MEPECTAHOBOK
9JIEMEHTOB 3a/JaHHOTO CIIMCKa MOYKET OBITh BBIPaXKEHO B BHUJIE 3aIlpoca K OoJiee mpo-

CTO B peaJn3aliiu peJAlMOHHON COPTUPOBKE CIINCKA.
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B KoHTekcTe JaHHOI pabOThl MbI OyJIeM paccMaTrpuBaTh KOHKPETHYIO pe-
anmsanuio s3pika miniKanren, xoropas maspiBaercs OCanren [67] u saBiserca
paciiupenuem dyukiuonasibioro sisbika, OCaml [59; 68]. dAsbik OCanren coor-
BETCTBYET KJIACCHYECKON peasmzanuy sisbika miniKanren [41; 69] ¢ orpanudenuem
nepaercrom [70]. Or kiaccuueckoit peasusaiuu sizbika miniKanren jannast
BepCUs OTJIMYAETCs HAJUYKMEeM CTPOroil TUIIM3allMM, IIO3BOJIAIOIIEH Ha dTale KOM-
HUJISAIAY UCKJIOUYUTD PsiJi OIMIUOOK, JOIMYCKAEMbBIX IIPU pa3pabOTKe PesIsiiiIOHHBIX
IIPOTPAMM.

Hanee mbr uzyaum sizbik OCanren ¢ TOYKM 3pEHUsI IOJIH30BATEIIS, PACCMATPH-
Basi TOJIbKO MHTYUTHBHOE OTPEJIEJIEHNEe ero KOHCTPYKIHii; (hopMaJibHOE ONncaHue
OCanren Oymer mpejcraBieno B riae 2. Takyke B 9TOH W TOCIEAYIOINIMX TJla-
BaxX MbI OyJIeM HKCIIOJIb30BaTh YIIPOIIEHHbI CHUHTAKCUC, KOTOPbI HE3HAUUTEJIHHO
OTJINYAETCS OT aKTyaJbHOro cuHTakcuca peasusarnuun OCanren ¢ IeJibIO yIIpoO-
IIIeHUsI ero BOCHPUATUsT duTaTeseM. Mbl ocraBuM 0e€3 pacCMOTPEHUsT OlepaTOpbI
WCIIOJIHEHUST PEJISIIUOHHOIO 3ampoca run N m run®, aByXmapamMeTpudecKuii Twui
MPeICTABJICHNs JIOTHIECKUX BhIPAYKEHWH, TOJTHOCTHIO TTOJUMOPMHBIE TUITHI JTAHHBIX
(Fully-Polimorfic Datatypes), weobxomnmMble jijisi OJHOBPEMEHHOTO HCTOIH30BAHWS
BbIparkeHuil B (PYHKIMOHAJIHLHOM U JIOIMYECKOM JIoMeHax u Jip. BoJiee mojapobHo n
noJiHo cuaTakcnc si3pika OCanren mpescrasien B padore [67].

OcHoBHOe 1oHsiTHe si3bIKa miniKanren siBjisiercst yeas. B sizbike OCanren nesib
MOYKeT OBbITh TPOM3BOJILHBIM BbIPAXKEHUEM 3ape3epBUPOBAHHOIO Tuiia 1ean &. Pe-
3yJIBTATOM BBIUMCJICHUS [IEJIN SBJSETCs TTOTOK JIAHHBIX (BO3MOXKHO GECKOHEUHBII),
coJiepKallliii OTBETHI, YAOBJETBOpsiiomye ycjaoBusaM 1esu. CylnecrByeT BCero IsiTh
CUHTaKCHIeCKHX (PopM Iiesieit, 0603HaUaeMbIX HUXKE KaK ¢, §1, o U T. JI.

e VHuudukalus — nepBblil 0a30BbIi OIepaTop JJIsd CO3/IaHusI 1eJieil, KOTOPbIii
onpejendercd Kak t1 = 19, 1Je t1 u to ABAAIOTCA HEKOTOPbIMU TE€PMaMU,
COCTOSIIIUMU U3 KOHCTPYKTOPOB U nepementbix [71]. Eciu repmbl ¢ u ty
MOTYT OBITH YHU(DUIMPOBAHBI, TOTJIA, IEJbh CAUTACTCS YCHENTHON, U B 3TOM
caydae pe3ysibTaToM yHU(DUKAIKUKU SBJIACTCA OJHOIJIEMEHTHBIN IIOTOK, CO-
JleprKalnii Haunbobnii oot yuudukaTop TepMoB t u to. B mpoTuBHOM
caydae Ieb CUATAeTCsl HEeYCIeIIHOH, 1 e€ pe3yJbTaTOM sIBJISeTCs IIYCTOi
OTOK.

e OrnepaTop orpaHnyeHnsi HEPABEHCTBOM HEOOXOJMM JIJIsT TIOCTPOEHUST Tieseit
u umeeT obparTHoe yHuduKanun mopegenne. O onpeensercs Kak tp Z to,

rje t1 1 to ABAAIOTCA HEKOTOPBIMU T€PMAaMU.
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o JIM3bIOHKIMST — 9TO ONEPATOP BUJIA §1V go, TJIE g1 U (o SBJISIIOTCS TIEJISAMU, U
00e TeJIM BBITTOJHSIOTCsT HE3aBUCUMO (TaK Ha3biBaeMast ClIPABE/JINBast JIN3b-
FOHKIHsT ). Pe3ysbraToM MCIOMHEHUsT U3 HIOHKIN SBJISETCS 00beMHEeH e
OTBETOB IeJIeil g1 U go.

o KOHDBIOHKIMS — 3TO omepaTop BHUAA §1 A go, TJE §1 U §o SIBISIOTCS TIEJIsI-
mu. IIpy BeIOTHEHUN KOHBIOHKIIUK B IIEPBYIO OUYepelb MCIIOJHAETCs Ie/hb
g1, 3aTeM IIeJib (o UCIIOJIHSIETCS B KOHTEKCTE KarKJ0r0 M3 OTBETOB IEJIU §q
(TakuM 0Opa30M, KOHBIOHKI[MsI He siBJIsieTCst ClipaBeiiinBoii). B pesysibrare
MOJIyIaeM MOTOK OTBETOB, YIOBJIETBOPSIOMINX KaK IeJN ¢, TaK W HEIn (5.

e Omeparop Ui BBEJIGHHS CBEXKeil IIepeMEeHHOI  olpejielisieTcss  Kak
fresh (x) ¢, e x gBjsieTCss HEKOTOPOM IepeMEeHHOH, a g — HEKOTO-
poii 1enbio. JlaHHBIA omepaTrop HEOOXOIUM JIJIs BBEJICHHS IepeMeHHOH x,
OTCYTCTBYIOIIEH B TEKYIEM KOHTEKCTE, KOTOpas WMCIOJb3yeTCsi B IEIU ¢
(maJsiee B janHol pabore OyJeM Ha3bIBATH TAKUE MEPEMEHHBIE CEEMHCUMU).

TepMmbl, nCHoaL3yeMble B oneparopax yHUMUKAIMA W OPAHMIYCHUSIX Hepa-
BEHCTBOM, $BJISIOTCs IIPOU3BOJIbHBIMU BBIPAXKEHUSIMHU MTOJUMOPGHOIO JIOTHIECKOI'O
tuna «°. [Hocrduke [1° gBigercsa TpaJulMOHHBIM CIIOCOOOM 0003HAUEHUS PeJIsIi-
OHHBIX CYHIHOCTEH, 1 MbI OYJEM MCIOJIb30BATH €r0 U JiJIsi UMEH OTHOLICHUMA, ¥ JIJIsi
TUnoB!.

[Tpocreiitiiee BhIparkeHne JIOTWIECKOTO THUIA — JTO NEpPeMEeHHasi, BBEJICHHAs
oreparopom fresh. /Ipyrum npumepom sBJISIETCS IPUMHUTHBHOE BbIPayKeHUE, BBe-
JIEHHOE B JIOPMYECKHUI JIOMEH C IOMOIIbI0 BCTPOEHHOI'O IPUMUTHUBA 1”7, Takoe Kak
13 (ero tun int?) wim ftrue (ero tunm bool?). Ilpoune Tumbl (KOPTEXKHU, CIUCKH,
10JIb30BATEBCKIE aJIreOpAnIeCKue THIIbl JIAHHBIX U JIP.) TakKKe MOryT ObITh WC-
[OJIb30BAHBI B PEJIAIMOHHBIX IIPOIPAMMAaX, €CJAU UX BHECTH B JIOTMIECKHUI JIOMEH C
MOMOIIIBIO TOTO ke npumuTuBa. K npumepy, Boipaxxkenue T(1, "abc") umeer tut (
int * string)? a Boipaxkenue 1[1; 2; 3] umeer Tun (int list)?. Opnaxo, Tak
KaK YHU(UKAIUA U OrpaHnYeHrue HEPABEHCTBOM PEKYPCUBHBI U PAbOTAIOT TOJILKO C

“O” noJiKeH ObITH MPUMEHEH KO

BbIpazK€HHUAMU JIOTHIECKOTI'O THIIa, JOTUYECKUI TUII
BCEM dJIEMCHTaM THIIA. ﬂ;eﬁCTBI/ITeﬂbHO, JIOrn49eCcKasd IepeMeHHasd MO2KET ObITh pac-

110JIOYKEHA TOJIbKO Ha MO3UIMHU, TJie OXKujlaeTcs Jiorudeckuii tui. Takum obpaszom,

IB akryansmoit peasmsanmu sizpika OCanren TepMbr UMeIOT GOJI€e CIIOKHEBIN JIBYXITAPAMETPUTECKMiT
THT, KOTOPBIA KOIUPYeT TernpoBaHue, HeOOXOAMMOe JIJisl BHITIOJHEHNS YHUPUKATIE, 1 TpeobpasoBaHms
PE3YIBTATOB PEAANMOHHON TPOTPAMMEBI B (PYHKIIMOHAIBHYI0 (GOPMY /s TaJBHENIIero NCIoIb30BAHNS B
GYHKIIMOHAIBHOM KOHTEKCTE; 9TH JEeTaJIU, OJHAKO, He UMEIOT OTHOIIEHUS K [EeJIsIM JIaHHOH PaboThl, M MbI

OyaeM TpUAEepPKUBATHCA YITPOIIEHHOW BEPCHUT.
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npu yYHUDUKAIUA MOXKHO HCIIOJIB30BaTh 3HadeHwe THia (int * int)? Kak uenroe
3HAYEHUE, HO JIJISI PEIAIMOHHOTO YIIPABICHUS cO0epitcuMvim TAphl HEOOXOIUM THIT
(int?, int?)°. D10 sesaeT HEBOZMOYKHDBIM HCIIOJIH30BAHNE HEKOTOPHIX BCTPOEHHBIX
U CTAHJAPTHBIX TUIIOB B PEJISIIMOHHOM KOJIe — HAIPUMED, MTPEJIOIPeIeJIeHHbIN THTT
CITMCKa HEJOCTATOTHO TWOOK, TaK KaK B CTAHIAPTHOM OIPEIETeHUN XBOCT CITHCKA
He JIONOJIHEH THUIIOM JIOTHYECKOTO jJoMeHa. BMecTo 3Toro HeoOXOJMMO BBECTU THIT

JIOTUYECKOI'O CITMCKA:
type « 1list = [] | (::) of o’ * (x 1llist)’

C IIOMOIIIBIO JaHHOT'O OIIpeJeJICeHNA Mbl MOXKEM peaJin30BaThb pa3JIMYHbIEC OTHO-

HICHUS Ha/JI CIIMCKAMM, HallpUMep:

val append : (& 1list)? — (o 1list)? — (a 1llist)? — &
let rec append’ = A xz y 2y
(x =10 N zy=9y) V
fresh (h t ty)
x =1TCh :: t) A
xy = T(h @ ty) A
append’ t y ty

B sToM npumepe Mbl OLpEeIni TePHAPHOE OTHOIIEHWE KOHKaTEHAIMU pe-
JISIIUOHHBIX CMUCKOB append’, KaHOHWYECKWH TpuMep B OOJACTH PeSAIHOHHOTO
IPOrPAMMUPOBAHKUSI. DTO OTHOIICHHE IIOCTPOEHO C HUCIIOJH30BAHHEM pas3dopa CJiy-
4YaeB U PEKYPCUU.

1. Ecim mepBbIii CIOIMCOK IIYCT, TO BTOPOH M TPETHil CIMCKU JOJXKHBI OBITDH

paBHBbI.

2. B nporuBHOM cjyuae mepBbIil CIIMCOK MOXKHO pa30UTh Ha, I'OJIOBY M XBOCT,

1 JJIs1 X 0D03HAaYeHUs] HYYKHBI JIBE CBeXKue nepemennbie h n t. Ham Tak-
’Ke Hy»KHa HOBas IepeMeHHas 1y Jijid 0003HAUYeHHs CIIMCKA, KOTOPBIH Oy1eT
paBeH KOHKATEHAIIUK CIUCKOB ¢ 1 t. YT0oOBI 00eCIeYnuTh 3TO, Mbl HCIIOJIb3Y-
eM peKkypcuBHbIi Bbi30B append’. Hakownerl, Mbl 110J1ydaeM OKOHYATEIbHbIH
pesyJibrat, 00benuHsist h u ty.

Omnpejieniene append’ nmeeT B Ka4ecTBe apryMEHTOB TPHU JIOTUUECKHUX CIUCKA
X, Y U Xy ¥ OIHUCBHIBAET IeJib, KOTOpas MOXKeT ObITbh HCIIOJHEeHa WU CKOMOWHU-
poBaHa C JIDYTUMH LeJsgAMHU. Pe3yabraToM BbIUKC/IEeHHS OYyIeT IOTOK OTBETOB, IIPU

9TOM K&)K,ZH)Iﬁ QJIEMEHT ITOTOKa CONECPXKHUT OIMNCaHNne OI‘paHI/I‘-IeHI/Iﬁ JJIAd JIOTHYIECKUX
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IepeMEeHHbBIX, KOTOpPbIe HEODXOJUMO COOJIIOCTH JIJI TPUHAJJIEXKHOCTH apTyMeHTOB
OTHOIIIEHHUIO.
O603HaYMM NPUMHUTUB HMCIOJHEHHUST PEJIANMOHHOTNO 3alIPpOCa CUMBOJIOM “~~".

Torma 3armpoc
fresh (¢) append’ T(11 :: 1T[1) ¢ 1[0 ~ []

BEPHET IyCTON MOTOK, TaK KaK He CYIIEeCTBYET CIUCKA ¢, TPUCOEUHEHNE K KOTOPO-
my ciucka (1 :: []) npusejier K 1ycromy ciucky. B 10 ke BpeMsi BblUMCJIEHUE

3aIIPOCa
fresh (¢) append® ¢ 101 (1 :: T[11) ~ [g— 1 :: [1]

BEPHET OXKMJIaeMoe OT'paHUYeHue Jijisd MepeMeHHOl q.
Kax BUJHO M3 TUIIA OTHOIIEHUS, PEJIAIUNOHHAS KOHKATeHalnsd MoJUMOpP(dHa,

TaK»Ke Kak 1 ee (PyHKIMOHAJbHbIIH aHasor. OJHaAKO 3alpoc
fresh (q) append’ T(fAz.x :: 1T011) ¢ T(TAy.y :: T011)

3aKaHIMBAETCsl OIMIMOKONW BpEMEHW BBIMOJHEHWS H3-3a HEBO3MOXKHOCTU YHUDU-
IIIPOBATH BBIPAXKEHUS BBICHIETO TMOPAJIKA. ITO (PYyHIAMEHTAJIHHOE OTpaHUYEHUE,
UMEIOIIeecs ¥ B OpUruHaJibHOM miniKanren, rje ncrosib3yercs CHHTaKCUIeCKas yHU-
dbukanus neporo nopsijka [71]. Jauublit npumep JleMOHCTPUPYET, YTO, B OTJIHUUE
or gucroro OCaml, tummsamus B OCanren ciabee. UTobObI BOCCTAHOBUTH CTPO-
I'VIO TUIU3AIUIO, HEKOTOPbIe TIepeMeHHble TUTIA JIOJXKHBI OBITH OrPAHUIEHbl TOJTHKO
3HAYEHUSAMU MEPBOTO MOpsAiKa. OTCyTCTBUE IPSAMON MOJJIEPYKKN OTPAHUIEHHOTO TT0-
mumopdusma [72] B OCaml meaer mpoBepKy 9TOr0 OrpaHuIeHust TPOOJIEMATHIHBIM,
Oj1HaKO HAII OIBIT TIOKA3bIBAET, YTO HA MPAKTHUKE ITOT HEJOCTATOK PEJIKO MPUBOJUT
K OIluOKaM 1pu pa3padboTKe pesisiiiuOHHbIX porpamMM. B jtajibHeitiem Mbl mpejiiosia-
raem, 9To B TOJUMOP(QHBIX THIIAX HEKOTOPHIE TTePEMEHHbBIE THTIA MOT'YT ObITh HESTBHO
OrpaHMYeHbl MHOXKECTBOM THUIIOB MEPBOTO MOPSIJIKA, U TH OIPAHUIEHUs COOJTIONAIOT-

Cs BO BCeEX 3K3EMINJIAPpaX ITUX IMEePpEMEHHBIX THIIA.

1.2 Metoapl peJaINOHHOTO NCHOJHEeHNS PYHKINOHAJIBHBIX ITPOTPaAMM

Kak ObLj10 cKazaHO B MPEJbIAYINEM pasjielie, PeJsdlMOHHOe TPOrpaMMUPOBa-
HIe 1103BoJIsIeT 3D PEKTUBHO peIaTh MHOIME 3a/1a91 TTOCPEICTBOM HEHAITPABIEHHBIX

peIAIMOHHDBIX BBIUUCJICHUIA. O,HHaKO HalluCaHue HO,&O6HI)IX IIporpamMm fBJIAETCA
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HETPUBUAJBHON 3aj1a1ueii, KOTopas BKJIOYAET B ¢eOsI ONTUMUBAIUIO OTHOIIECHUN JIJIsT
BCEBO3MOXKHBIX BapMAHTOB MCIOJHEHUsI, MOCTpoeHNe 3PD(MEKTUBHBIX HEJIeTepMUHU-
POBAHHBIX BbIYUCICHUNA U T.JI.

B cBsa3u ¢ 9TUM aKTyaJIbHOR SIBJISIETCS BO3MOXKHOCTH PEJISIIMOHHOIO MCIIOJI-
HEHWs NIPOrpaMM, HAIMCAHHBIX Ha JAPYIUX s3biKax. Hajndue Takoil BOZMOXKHOCTH
IIO3BOJIUT HKCIIOJIb30BaTh JIJIsi pa3pabOTKU IPOrpaMM IPUBBIYHBIE SI3BIKHA IIPO-
rpaMMupoBaHus (Tpexkje Beero — (QYHKIUOHAIBHBIE B CHJIYy WX CXOXKECTH C
PEJISITUOHHBIME ), KOTOPbIE 3aTeM OyIyT UCIOJHEHbI PEJSIUOHHO. JlaHHbBIH MOIX0/
1I03BOJISIET, K [IPUMEPY, MOJIEJIMPOBATH BbIUKUCIEHUE 00paTHBIX (PYHKINA 0e3 11PsSIMO-
I'0 UCIIOJIB30BAHUsT PEJISIIIUOHHOTO TTPOTPAMMUPOBAHUSI. DTO ObJIerdaer pa3zpaboOTKy
B CcJydae, KOrja pereHne oOpaTHON 3aJadid 3HAUYUTE/HLHO IPOIIe B CPABHEHUHU C
pelrrenueM MCXOHON 3a/1a4u.

Ha Tekyrmuii MOMEHT CyIIIEeCTBYeT JIBa MOAXOMa K PEISIIOHHOMY UCIOJTHEHTIO
(OYHKITMOHATBHBIX TPOTPAMM: HCIOJIb30BAHUE DPEJISIIIHOHHOTO mpeobpasoBanus [40;
57|, co31a101Er0 PeJISIMOHHYIO IPOrPaMMYy, SKBUBAJIEHTHYIO UCXOJHON (hyHKIM-
OHAJILHOM, & TaK)Ke PEeJIsiIUOHHOE HCIOJHEeHNe (PYHKIIMOHAJIBHBIX IPOIPAMM C

MTOMOIIBIO PEJISAIMOHHBIX HHTEPIPEeTaTopoB [46].

1.2.1 CunTakcudeckoe peJIaIIOHHOE IMpeobpa3oBaHUE
G YHKIIMOHAJBHBIX HPOTrPaMM II€PBOr0 IMOPSIKA

JLJ1s1 ToCTpOeHUsl peJIsAIMOHHOM ITPOrpaMMbl 110 (PYHKITMOHAJIBHON! OBLIT IIPEJIJI0-
keH Mero o HazBanueM “Unnesting” [35; 40]. aunbiii MmeTos He OBLT peajn30BaH,
[O9TOMY B JIAaHHON paboTe Mbl PACCMOTPUM €r0 B KadecTBe IPeodpa3oBaHUs, 1MPO-
BOJIMMOTO BPYUHYIO.

[annoe nmpeobpaszoBaHne OCHOBAHO Ha BBEIEHUN HOBBIX MEPEMEHHbIX JIJIST KayK-
JIOTO BJIOXKEHHOI'O npuMeHeHus pyHknuu. [locjie Toro, Kak Kaxkjioe I0JIBbIpaKeHue
Oy/leT CBsA3aHO C IEPEMEHHOM, BCe COIOCTaBJIeHHs ¢ 00pa3iioM HEeOOXOJIUMO IIpe-
obpazoBaTh B JIU3bIOHKIMIO. Jlajee, Bce BBeJeHHbIE paHee IepeMeHHbIe, a TaKxKe
[epEeMEeHHbBIE, HMCIOJIb3yeMbIe B COMOCTABJICHUSX C 00Pa3IoM, CJIeJyeT O0bsiBUTH
nocpejicrBoM oreparopa fresh. Hakoner, kakjiomy npuMeHeHuio (DyHKIMUKU HEOO-
XOAMMO J00aBUTh B KAYECTBE JOMOJHUTEILHOTO apryMeHTa COOTBETCTBYIOIIYIO €My

IIEPEMEHHY0, a KaKJIyio IIpeodpasyemMyto (pYHKIUIO JIOIOJHUTH apryMEeHTOM, KOTO-
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let rec append = A = y. let rec append = A = y.
match x with match x with
| 0 — y | 0 — vy
| A 2t — | A 2t —
h :: append t y let ty = append ¢ y in
h :: ty
a) 6)

let rec append’ = Az y zy.
(x=10 N zy=1y) V
(fresh (h t ty)
x =T :: t) A
xy =TCh : ty) A
append’ t y ty)

)

Puc. 1.1 — TIpumep BbINoOJIHEHNST PYYHOTO TTPEOOPA30OBaHMUsI

pblil HEOOXOJIMMO YHUDUIUPOBATH C PE3YJIbTATOM BbluuCjeHus. TakxKe B Cjydae
sizbika OCanren Kak blif KOHCTPYKTOP B MCXOJIHO# MpOrpaMMe HEOOXOMMO JIOTIOJ -
HUTH BCIIOMOTATEbHBIM KOHCTPYKTOPOM T JlJIsi TIepeHoca BCeX KOHCTPYKTOPOB B
JIOTUYECKHIl JIOMEH.

B kauecTBe miuTIOCTpanuy Mpeobpa3soBaHus BHOBb PACCMOTPHUM (DYHKITUIO KOH-
KaTeHAIMN JIBYX cIicKoB (puc. 1.1, a). B sTom npumepe mpejicTaBiena KiaaccuiecKast
peaJsin3aliys 1103JIEMEHTHO IIePEeMENAaeT JIEMEHTbhl U3 11ePBOI'0 CIIKMCKa BO BTOPO# n
B UTOlE BO3BpAIAET CIHUCOK, COJEPXKAIUil BCe 3JIEMEHThI UCXOJAHBbIX clinckoB. [lo-
cje Jo0aBJIeHUs] UMEH JIJIsi BCEX BJIOYKEHHBIX TPUMEHEHWH (PyHKIWH — B JIaHHOM
puMepe, 3TO epeMeHHas ty Jiisd eJMHCTBEHHOTo puMenenus append ¢ y — TOJy-
auM HYHKIUIO, S9KBUBAJICHTHYIO ucxo1HOi (puc. 1.1, 6). [lajiee BBITOJIHIM OCHOBHOI
mar mpeoOpa3oBaHus: 3aMEHUM COIIOCTaBIeHNEe ¢ 00pa3IoM Ha JU3BIOHKIINIO; J100a-
BUM JIONOJIHUTE/IbHBIA apryMeHT XY U JIo0aBUM YHUMUKAIUIO TOH 11epeMeHHOl ¢
pPeE3YJIbTATOM B KaKJIOM JIM3bIOHKTE; BCE IIEPEMEHHbBIE COIIOCTaBJIECHUs C 00Pa3IOM 1
BBEJICHHYIO JIJIs1 BJIOYKEHHOTO TIPUMEHEHUS TIePeMEeHHYI0 1y 00bsIBUM C TTOMOIIBIO OTle-
paropa fresh; npuMeHUM BJIOXKEHHBII BBI30B K COOTBETCTBYIOIIEH €My MepeMeHHO

ty ¥ MOJIyYInM UTOTOBYIO PEJISAIUOHHYIO mporpaMmmy (puc. 1.1, B).
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let bar = A x. let bar® = A y r.
let f=Az. z in let f=Axzr. z=rin
let g =Aa. fin let g=Aar=f=rin
g Ay gthyr

a) 6)

Puc. 1.2 — HekoppekTHblil ciiydait Jijisi pydIHOro Ipeodpa3oBaHus

OHaKO BCJIEJICTBUE CHHTAKCHIECKON MPUPOJLI TPEOOPA3OBAHNS HE KaXK0€e
olpejiesIeHIe MOXKHO IIpeo0pa3oBaTh B PEJIANMOHHYI0 (POPMY € IOMOIIbIO JIAaHHOI'O
MeTo/a. JTO IIpeodpazoBaHue KOPPEKTHO PadoTaeT JUIIL ¢ (DYHKIIUSIME IIEPBOIO 110~
psika. B ciydae ucnonb3oBanust (pyHKIINH BBICIIETO MOPsIIKA JAHHBI METOJ MOYXKET
CO3JIaTh HEKOPPEKTHYIO PEJISIMOHHYTO IIporpaMMy. PaceMorpum, Hanpumep, onpe/ie-
Jenne Ha puc. 1.2, a (9ra nporpaMma HEOOXOJAUMA JIUIITb JJisi MIUTIOCTPAIli PabOThI
npeobpa3oBaHnsl U HOCUT MCKYCCTBEHHbIH xapakTep). Paccmarpupaemoe mpeobpaszo-
BaHUE BbIJIACT IIPOrpaMMYy, IIpejcTaBjieHHyo Ha puc. 1.2, 6. OueBuHO, ITO ITOT
pe3yabTaT sIBJISETCS HEKOPPEKTHBIM, TaK KaK II0JyUYeHHOE OTHOIIEHUE COJIEPIKUT
yaupukanuio GyHKnun f 1 Jorndeckoil mepeMenHo# r. UYToObl B TaHHOM cjydae
9TOT METOJ| MOCTPONUJI KOPPEKTHYIO PEJISIIUOHHYIO TPOrPpaMMy, HEOOXOJMMO B Ka-
YecTBE MPEJIBAPUTEIHHOTO TIara MCIOJb30BaTh T)-PACIIUPEHre K ONPEJIeTeHII0 ¢,

CUHTAKCUYECKN SIBHO OTOOparkasi ero (pyHKIMOHAJIBHYIO TTPUPO/LY.

1.2.2 PeasmmonHoe mcrojHeHNE (PYHKINOHAJBHBIX ITPOTPAMM C
MNOMOIIBbIO PEJAIMOHHBIX NHTEPOPETATOPOB

Pejisiiinonable MHTEPIPETATOPHI — MOIMHBLIA U I'MOKHI MHCTPYMEHT I da-
CTUYHOIO MJIM IOJHOTO CHHTE3a MporpaMM OJarojapsi BO3MOXKHOCTH BHEIPEHUs B
MHTEPIPETUPYEMYIO IPOIPAMMY JIOTHIECKUX TIEPEMEHHbBIX. DTO 1O3BOJISAECT CHHTE3M-
poBaTh KakK 4YacTu MPOI'paMM, Tak U HEDOJIbIITUE TTPOrPAMMbI IEJTUKOM.

[Tycth eval® sBisiercss HEKOTOPHIM PEJISIIUOHHBIM UHTEPIIPETATOPOM, KOTO-
PbIil IPUHUMAET B Ka4eCTBE apr'yMEHTOB MHTEPIPETUPYEMYIO IIPOrPAMMY, BXOJIHbIE

JaHHbIEC 1 O}KI/I,II;aeMbIﬁ pe3yJibTar. Toma MbI MO2KEM HEIIOCpeACTBECHHO MCIIOJIHHUTDL
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HekoTopyto nporpammy PROG nipu BxojHbIX JaHHbIX [N ¢ TIOMOIIBIO CJIEYIOIIEro

3arpoca:

fresh (¢) eval® PROG IN gq.

DTOT 3alIPOC CBAXKET IEPEMEHHYIO ¢ ¢ pe3ysbraroM uHreprnperanuu. O HaKo, HoMY-
MO MHTEpIpPeTalldi IpOrpaMM, JOCTYIHON B JII0OOM JPYyroM HHTEPIPETATOPE, MBI
MOXKEM HCIIOJIL30BATH PEIAINUOHHBIA MHTEPIPETaTop JIJisl PA3IMYHbLIX 33124 CUHTe-
3a M IPOBEPKHU 1porpaMm. K npumepbl, Mbl MOXKEM CHUHTE3MPOBATH IIPOIPAMMY 110
Habopy recrosbix jatubix (INy, OUTY), ... (IN,, OUT,) nocpejcrsom cjieyroiie-

o 3allpocCa.:

fresh (q) eval® q IN; OUTy N ... A eval? q IN, OUT,.

PesynbraToMm gaHHOrO 3ampoca OynyT Bce IporpaMMbl, KOTOpbie Ha Bxojax I N; Bo3-
BparaioT orBeTbl OUT;. Ecin e HAa MecTO IepeMeHHOI ¢ MOJCTAaBUTh JaCTHIHY IO
IPOTPAMMbBI, MBI TOJYUUM CHHTE3 IOJBBIPayKEeHMI MporpaMMmbl. B ciydae moJiHOi
[POrPAMMbBI MbI [TOJIyIUM IIPOBEPKY BHIITOJHEHUS] TECTOBBIX JIAHHBIX.

[ToMrMO 9TOrO, MOCPEICTBOM PEJISITMOHHOTO MHTEPIIPEeTaTopa Mbl MOXKEM pe-
IIUTHh HETPUBUAJBHYIO 3aJla1y CHHTE3a “KBaiHOB’. [ljis 9TOro JIOCTATOYHO OIKMCATH

CJIEJIYIOILY IO IIPOTPaAMMY, KOTOpas B KadecTBe OTBETa BO3BpPAIlaeT caMy ceOs:

fresh (q) eval® q O q.

JlaHHBII 3aIIPOC BEPHET BO3MOXKHO OECKOHETHYIO KOJLJIEKIINIO BCeX KBAHHOB JIJIsT MH-
TEPIPETUPYEMOI'O SI3bIKA.

B kourekcre jaHHOIl paboThl HamboJiee Ba)KHLIM I[PUMEHEHUEM PeJIsiii-
OHHBIX WHTEPIIPETATOPOB SIBJISIETCST PEJSIIMOHHOE WCIOJIHEHne (DYHKIIMOHAJIBLHBIX
nporpamm. JleiicTBUTENLHO, B 3aBUCHUMOCTH OT PACIOJIOXKEHUA JIOTUIECKHX IIepe-
MEHHBIX B apryMeHTaX BXOJHBLIX JIAHHBIX M PE3YJbTaTa WHTEPIPETAIUA Mbl MOYXKEM
MCIOJHATH (DYHKIIMOHAJBHYIO POIPAMMY B Pa3JIMUHBLIX HaIpaBIeHUIX. K mpume-
Py PaccMOTpeHHYIO paHee (PYHKIMIO KOHKATEHAIMK JIBYX CIHUCKOB append, MOXKHO

HUCIIOJIHUTH B IIPAMOM HallpaBJICHUN (ILJIH yupomeHust 9Tedns B JaHHOM 3allpoce
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nporpamma append mpejicraBiena B cuntakcuce g3bika OCaml; Ha mpakTuke HEOO-

XOJIUMO TIPEJICTABUTD 3Ty (DYHKIUIO B BUJIE CUHTAKCHIECKOTO JIEPEBa):

/lit@append=7\$y.\
match = with

fresh (¢) eval® 1 — v ([11, [21) ¢
h ::t —

\ h :: append t y )

Orserom Ha 9TOT 3anpoc byger [1; 2] — pesysbrar KOHKaTEHAIMNA CITUCKOB [1] n

[2]. Takzke MBI MOXKEM UCTOJHUATH (PYHKINIO append B 00paTHOM HaIpPaBJICHWN:

( let rec append = A y. )

match x with

fresh (q) eval’ 1 — v ([11, ¢ [1; 2]
h it —
h :: append t y /

B pesysibrare Mbl 110Jly4UM CHUCOK [2], KOTOPBIE HEOOXOUMO JIODABUTH K CIUCKY
[1], 4Tobbl nosiyuuts crucok [1; 2].

B npespiayimx npuMepax Mbl ONKACAJIN JI€TEPMUHUPOBAHHBIE 3armpochl. O Ha-
KO BO3MOXKHO W HEJIETepPMUHUPOBAHHOE WCIOJHEHNE WHTEPIPEeTUPYyeMOil Mporpam-

Mbl. B KadecTBe MITIOCTpalMH PACCMOTPUM 3allpoc:

(.lgg rec append = A = y. \
match x with

fresh (g¢) eval® 1 — v (p, q) [1; 2]
h 1t —

\ h :: append t y /

JlaHHBII 3alpoc OMHMCBHLIBAET BCE IMapbl CIHCKOB, KOHKaTeHAIMs KOTOPBLIX paBHA

cmucky [1; 2]. PesymbraroMm ero ucrnoJsiHeHusi OynerT KOJJIEKIWSA BCEX TaKWX Map
(e, [1; 215 (11, [2D); (f1; 21, [D1.

Kak MOXHO BHJIETH, 9TOT MOJIXOJ MMEET MHOXKECTBO INPUMEHEHUN u, Cpejin
IPOYEro, MO3BOJISIET PEJISAINOHHO UCTTOJTHUTH (DYHKIMOHAJBHYIO porpammy. O HaKO
BCJIEJICTBYE JIOTIOJIHUTEIHLHOTO YPOBHST MHTEPIPETAINY TTOL00HOEe MCTOIHEHe 00J1a-

JaeT HU3KO IIPOU3BOJUTEIILHOCTHIO IIO0 CPpaBHEHHIO C HMCIIOJIHEHHUEM PEJIANMOHHDIX
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IPOTrPAMM, IIOJIYIEHHBIX C IIOMOIIBIO PEJIANMOHHOIO IIpeobpa3oBanust (DyHKIIMOHA b

HBIX TIPOTPaAMM.

1.3 OmnepanmnoHHbIE CEMAaHTUKN

B Teopuun popMasibHBIX s3bIKOB (DOPMAJIbHBIE CEMAHTUKU SABJISIIOTCS KJIACCH-
YECKUM METOJIOM olncaHus “‘cMmbicjia’ nporpamMm. CylecTBYOT pa3jindHble CIIOCOObI
npejcTaBieHns (pOpPMaJbHBIX CEMAHTHK. Jlenomanuontvie cemanmuky COTTIOCTABIIS-
0T CHHTAKCUIECKOMY TIPEJICTABICHUIO TPOrPAMMbBl MaTeMaTUIeCKIe 00bEeKTHI, TTIPU
3TOM abCTPArupysich OT HPOLECCa UCHOJHeHUs nporpamm |73]. Axcuomamuveckue
CEMAHMUKY COCTOAT U3 HabOpa aKCUOM, TOCPEJICTBOM KOTOPBIX OCYIIECTBJISICTCs
BBIBOJ, PE3YJILTATOB BhINOJIHEHUsT TporpaMMbl [74]. Jlis npejcrasienus mporecca
UCIIOJTHEHUSI IIPOrpaMMbl B BHJie HabOpa IIpaBUJ Iepexoja HPUMEHSIOTCI 0nepa-
yuonnvie cemanmury |75]. B kouTekcTe maHHON pabOThHI JIJIs OMUCAHUS CEMAHTHK
(hYHKITMOHATILHOTO U PEJIAIMOHHOIO SI3BIKOB MCIOJB30BAHBI ONEPAITMOHHbIE CeMaH-
TUKM, TIOCKOJIbKY JI@HHOE IpeJicTaBjienre HauboJjiee 10JJpOOHO OIKUCHIBAET ITPOIECC
BBITIOJTHEHWST TTPOTPAMMBI. DTO MO3BOJISIET COXPAHUTH COOTBETCTBUE MEXKJY Teope-
THUYECKMM OIIMCAHUEM S$I3bIKa, B BHJIC OIEPAIMOHHON CEMaHTHKHU M IPAKTHICCKOI
peajuzalnyeil B BUJe WHTEPIPETATOPA.

BhIiengioT jBa KJjacca ONepalMoOHHBIX CEeMaHTHK: CEMAHTHKH OOJIBIIOTO Ia-
ra (TakyKe Ha3bIBAEMbIE €CTECTBEHHBIMU CEMAHTUKAMHU) U CEMAHTUKU MAJIOIO Iiara
(Tak>Ke Ha3bIBAEMbIE CTPYKTYDHBIME OlEpaIMOHHbIMU ceMaHTHKaMmu ). Kpome Toro
BaXKHBIMU TTOAKIACCOM CEMAHTUK MAJIOTO TIara siBISIOTC CeMaHTUKU B HOTarmn Ma-
traca Qesteiicena |64|, Apyroe HazBaHUE KOTOPHIX — PEJIYKIIMOHHBIE CCMAHTUKH.

B nannHoii paboTe Mbl HUCIIOJIb3YeM OIlepalOHHbIe CEMAHTUKN BCEX TPEX KJIAC-
coB. [losTomMy jajee MBI pacCMOTPUM KaxKJblil KJjacc mojpobHee. B kaudecrse
pUMeEpPa si3bIKa, JIJIsi KOTOPOI'O MbI OIUIIEM PA3JIMYHbBIE BUJIbI ONEPAIIMOHHBIX CEMaH-
THUK, Oy/leT MCIOJIb30BaH sI3bIK OMHAPHBIX apU(PMETHIECKUX BbIPAKEHW, KOTOPOi
JIOCTATOTHO JIAKOHUIEH, HO MO3BOJIAT HAM MPOJIEMOHCTPUPOBATH OCHOBHBIE OCOOEH-
HOCTH Pa3JIMIHBIX KJACCOB OMEPAIMOHHBIX CeMaHTHK. [y ymporieHus mpuMepoB
MBI OyJIeM HCIIOJIBb30BATh TOJBKO OJIHY OMHAPHYIO ONEPAINI0 — CJIOXKEHHUE, TaK KaK

CEMAHTUKA OCTAJIbHBIX OINEPATOPOB OIpEJIeisdeTcss CXOIHBbIM obpaszoMm. CHHTAKCUC
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SI3BIKA ApUPMETHICCKUX BLIPAXKEHUI BKJI0UaET HATPYPAIbHBIE YNCIA, [TIEPEMEHHDIE
v OunapHblil omeparop caoxennss L = N | X | L + L.

Takoke Jij1si BBIYUCICHUsT 3HAYEHU I IIePEMEHHbBIX B KaXK/0i U3 CeMaHTUK HEOD-
XOJMMO B Ka4eCTBE OKPYXKEHUsI OIPEJIEJNThL OTODParkeHne U3 MMEH [TePEMEHHBIX B
HaTypaJibHble Yncia 0 @ X = N.

Haxkomnerr, oneparus cjaoxkeHnusi oboznadaercs “+’. CemanTudyeckas (pyHKIUs
CJIOYKeHUsI 0bo3HaTaeTcs B ¥ NPUHUMAET JBa HATYpPaJbHBIX UMCJIa ¥ BO3BPaIIaeT
TaKXKe HATYPAJLHOE UUCTIO, SIBJISIONIECECS PE3YIbTATOM CIOKEHUSI.

Terepb y HAC ecTh BCE HEOOXOAMMOE JIJIsT OTPEJICJICHUsT ONEPAIIMOHHBIX CEMaH-
TuK. B ciepyommx pasjenax Mbl BBEJIEM CEeMaHTHUKY OOJIBITIONO Tiara, CeMaHTUKY
MAaJIOTO Tara u ceManTuky B HoTarmn Qejeiicera 1 pacCMOTPUM WX OTIUIUTE -

Hble OCOOECHHOCTH.

1.3.1 CemaHTuku O0JIBIIIOTO IIIara

Omneparnuontasi ceMaHTHKa, 00Jibinoro mara Obuia BeegeHa Kumiem Kanowm
Jutst tipesicraBiaenust sizbika Mini-ML, siBistiomerocst jnajieKToM (DyHKITMOHAJJIBLHO-
ro s3pika ML [76]. [maBHO# oTiimduTebHON OCOOEHHOCTBIO CEMAHTHKU OOJIBIIIOTO
mara fABJgeTCs MpsAMoe 0TOOpakKeHne MporpaMMbl B pesysibrat. [losTomy mogobnbie
CEMAHTHUKHN OMPEJIETAIOTCA OTHONIECHNEM Ha MHOYKECTBE TTPOTPAMM M B OIpeiesieH-
HOM  CEMANMUUECKOM JOMEHE, IJIEMEHTbl KOTOPOI'O OLPEJENAIOT BCEBO3MOXKHbIE
pe3yJibTaThl BBIOJHEHWs] MIPOrpaMMbl. B ciydae paccMaTpuBaeMoro mnpumepa ce-
MaHTUYECKUM JIOMEHOM sIBJISIETCSI MHOXKECTBO HATypPaJbHbBIX YUCEJ.

OTHomIenne ceMaHTUKH OOJIBIIIOTO Iara, KaK MpaBujio, IPeJICTaBIseTCs B BU-
Jie PeKyPCUBHOTO HabOpa MpaBuJl BbIBoJA. [Ipruem Kaxki0e MpaBUIo CONOCTABIIAET
OKPY?KEHMIO U TPOTPaMMe, COOTBETCTBYIOINIEH 3a/JaHHOMY Ta0JI0HY, PE3yJIbTaT BbI-
YUCJeHUs 3TOH porpaMMbl. TakKe 4acTh PaBUJl COJIEPKUT Psijl yCJIOBUN, KOTOPbIM
JIOJIZKHBI YJIOBJIETBOPSATH TO/BbIPaXKeHus nporpammbl. Ilpasniia 6e3 yciaoBuii Ha3bl-
BafOTCs aKCHOMAaMHU.

CemanTtuka 6osbiioro mara (00603, “=") /s g3blKa apudMETHIECKUX BbI-
pajKeHUil TpeJicTaBieHa Ha puc. 1.3. /lannas ceMaHTHKAa COCTOUT M3 TPEX TPABUI
BbIBOJIa. AKcroma jiytsd KoHcTaHT NUMp CONOCTABIISAET KOHCTAHTE €€ JKe 3HAUeHUe.

Bropasi akcuoma Jijist iepeMeHHbiX VARp € HOMOIIBIO OKPYXKEHUsI O 3aMeHsier Iie-
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(o,n) =mn [N
(0,2) = o() [vanz]

(O', 61) = N (0',62) = N9
[ADDB]

(0,614 e3) = ny & ny

Puc. 1.3 — CemanTuka 60JIBINIONO 1Mara Jjist si3bIKa, apuMETHIeCKIUX BhIPaXKEHU I

pemenuyio Ha eé smadenwe. llocmenmee mpasmio st caokenus ADDp TpebGyer
BBIYHMCJICHNST 3HAYCHUI KaXK/JIOTO CJIAraeMOr0 1 OIPEJIEsIsieT B KaueCTBe Pe3ysbraTa
CYMMY 3THUX 3HAQUYEHUN C MOMOIbI0 PYHKIUN “B.

Kak MOXHO BHIETH, MPEVMYITIECTBOM CEMAHTHKHU OOJIBITIOTO Tara siBIseTcs
IPOCTOTA TPEJICTABICHUS: sl €€ ONUCAHusT TPEOyeTCs MEHbIee KOJMIECTBO Tpa-
BHJI BBIBOJIA B CDABHEHUW C JIPYTHMH OTIEPAIMOHHBIME CeMaHTUKaMu. B cmry sroro
OoJiee TIPOCTBIMU CTAHOBATCS U JIOKA3ATEIbCTBA PA3JIMIHBIX CBOWCTB CEMAHTHUKH,
HAIPUMED JI0Ka3aTeIbCTBA KOPPEKTHOCTH U MOJHOTHI.

OjiHako B ceMaHTHWKe OOJIBITIOrO Iiara Jis PACXOJSIINXC BBIYUCICHUN He
CYIIECTBYET JIEPEBbEB BBIBOJIA, UTO JEJIAET HEBO3MOXKHBIM OIpEJeeHre U JI0Ka3a-
TEJHCTBO CBOICTB TAKWX BBIYUCIEHUHA. Takyke ceMaHTHKa OOJIBINOTO IMara He Jaer
TIOJTHOTO KOHTPOJIST HaJT TIOPSIKOM BhItucsienus. K mpnmepy, B mpasuie BoiBoga AB
OPSAJIOK BBIMMCICHUST CJlaraeMbiX He 3a/laH. B Toxke BpeMmsi yupasiieHue 1mopsi KoM
BBITHMCJICHNST HEOOXOIMMO MDY ONPEJICICHNN CEMAaHTHKY sI3bIKa: HAIIPUMED, B CJIydae
A-VICUMCIICHUST PA3IIHbIC CTPATETHH BHIYUCICHWS apIyMeHTOB (DYHKIH, & MMEHHO
BBI30B 110 3Hadenuio (call by value) u B30 o umenu (call by name), Borpakator-
¢Sl MMEHHO 9Yepe3 YIOPSIOUNBAHUE BBITUCJCHHU apryMeHToB n Tea dbynknuii |77).
Jist Gostee eTasIbHOTO OTMPEIETCHNST CEMAHTHKH SI3BIKA UCIIOJB3YIOT OTIEPAITMOHHBIE

CEMaHTUKHN MaJIOI'O IIarla.

1.3.2 CemaHTUKU MaJIOr'O IIIara

CemanTuka maJioro mara Obiia Beejiena Lopmonom [lnorkuneim [78]. B nanuoii
HOTAITUN BMECTO COIOCTABJICHHUS IIPOrPaMMe pe3yJbTaTa €€ BBITUCICHUS Mbl UTEpa-

TUBHO YIIPOIAEM TPOTPAMMY, BBIUUCIAST TOJHKO HEKOTOPOE €€ TMOJIBbIpaKeHue.
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(0,2) — (0, 0(x)) [VaRs]
(0,n1 4+ n2) = (0,11 B no) [ADDV ]
(0,e1) = (0,€71) .
(0-7 €1+€2) — (G, 61+62) DDLg
(0,e2) = (0,¢3)
(0‘, ny + 62) — (G, ny + 62) [ADDRS]

Puc. 1.4 — CemaHTHKa MaJIOro Iara JiJisd si3blKa apu(pMeTUIeCKUX BbIparKeHH

CemaHTHKa MaJIOTO TITara, Tak»ke MpeJICTABIsSIeTCs B Brjie HabOpa MPaBU/I Bhi-
BOJIa, B KayKJIOM U3 KOTOPBIX MCXOJIHOM TpOrpaMMe COTOCTABJISAETCS YIPOIIEeHHAS
BepCHUs 3TOI NMporpaMMbl. [IJIsT MOJTHOTO BBIYHC/IEHUST TPOTPAMMBI HEOOXOJIUMO MTe-
PATUBHO IIPUMEHSITH [IPABUJIA CEMAHTUKM, 1TOKA XOTs Obl OJJHO U3 HUX HPUMEHUMO.
Hanubrit mporecc onpejiesisiercst pepJIeKCHBHO-TPAH3UTUBHBIM 3aMbIKAHUEM OTHOTIIE-
HUsI, OTIPeJIeJIsIeMOTO TTPAaBUJIaMU BBIBO/IA CEMAHTUKH.

CemanTuka majioro irara (0603H. “—") st s3biKa apupMETUICCKUX BbIPaA-
JKeHW# TpeJicTaBleHa Ha puc. 1.4 u cOCTOUT W3 YeThbIpexX MpaBUJ BbIBOjA. [lepBoe
MPaBUJIO JIJIsT TIEPEMEHHBIX VARg SBJISIETCS aKCUOMON M, KaK B CJIydae CeMaHTH-
KU OOJIBIIIOTO Iara, COMOCTABJISIET MepeMeHHol e€¢ 3uadenune. OTMmeTum, 9TO JIjIst
UTEPATUBHOIO MPUMEHEHUsI CEMAHTUKKM OKPYXKEeHHe O HEOOXOIMMO MEePEHECTH U B
pe3ysIbTaT BBITIOJHEHUST TTPaBuIa BhIBOIA. BTopoe mpaBusio, mpuMeHsieMoe JJIsi CJIO-
YKEHUsI BBIYUCJICHHBIX cyiaraeMbix ADDV g, TaKKe siBJISIETCA aKCUOMOI U BBITIOJTHSIET
cioxkenue. [IpaBuio ymporrienust jeporo ciaraemoro ADDLg TpebyeT BBITOJTHUTD
mar CeMaHTHKW JIJI JIEBOTO CJAraeMoTo, €CJii OHO He sSBJisieTcsd KOHCTaHTOi. [lo-
CJIe 9TOrO YIPOIIEHHAs BEPCHUsT BbIPAXKEHUs 3aMEHsIeT HCXOJIHOE JIEBOE CJIAraeMoe.
[Tocsienee npasuiio yruporierust npaBoro ciaaraemoro ADDRg Tpebyer, 9T00bI Jie-
BOE cJlaraeMoe ObLJI0O KOHCTaHTOM, a MpaBoe cjiaraemoe — HeT. B aroM ciydae Oyjer
YIPOIEHO paBoe ciaaraemoe. OTMETHM, UTO B JIAHHON CeMaHTHUKE HeT MpPaBUJIa, CO-
OTBETCTBYIOITET0 HATYPAJHHOMY YUCTYy — TaK KaK YHUCJO SABJSETCA MPOTPaMMOii,
KOTOpasi He TpeOyeT HUKaKWUX JEHCTBUII JIJId BBIYMCJIEHUs, B OTJCTHHOM ITPaBUJIE
HET HEOOXOJIMMOCTH.

Bhipasum nTOroByo CeMaHTHKY C TOMOIIbIO pedIeKCHBHO-TPAH3UTHBHOTO 3a-

MbIKaHus. [lycrs p — HEKoTOpoe apudmernydeckoe BbIpaykeHue, 0 — HEKOTOPOe
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OKPY2KEHUE U M — HEKOTOPOE HaTypabHOE YKCJI0. TOrjia BhIPAXKEHUE P B OKPYKe-
HUK O BBIYUCINMO B CEMAHTHUKE “— 1 PEe3y/IbTaTOM BbIUNCJICHUS SIBJISETCS 3HAUCHNE

¥ — pedJIeKCUBHO-TPAH3UTUBHOE 3a-

n, ecau Bepro, uro (0,p) —* (o,n), rie “—
MBIKAHIe OTHOIICHUS “— .

IIpexke Bcero ormMeTruM, 4TO B JIAHHON CeMaHTHKe OOJIbIle IpaBU B CPaB-
HEHUN C CeMaHTHUKOI OOJILIIOro IIara JJis OJHOTO U TOTO ¥Ke s3blKa. B ciieacrsue
TOr0 JI0KA3aTeJILCTBO OOJILIIMHCTBA CBOMCTB CEMaHTHMKU MAJoOro iiara Oyjer 00-
jiee O0OBEMHBIM M CJIOXKHBIM B CPABHEHUU C AHAJOTMIHBIM JIOKA3aTEJIbCTBOM JIJIsT
ceMaHTUKK OoJbioro mara. C Jpyroit ¢TOPOHBI, JaHHAS CEMAHTHKA 338 CYET TPEX
IpPaBUJ JIJIsSI CJIOXKEHUST CTPOrO OIIpPEeJIeisieT HMOPSII0K BLIUMCJIEHHUSI [10BLIPAXKEHUIA:
cHauaJja JieBoe cjaraemoe, 3aTeM IpaBoe. B ciyuae A-MCUUCIeHUsS UMEHHO 3Ta 0CO-
OEHHOCTD MO3BOJISIET OMNCATL PA3JINYHLIE CTPATETMH BLIUNCICHUsI. TakKe 3aMeTHM,
YTO PACXOJSIIUECsS BBIYUCACHUS B JIAHHOW CEMaHTHKE UMEIOT XOTh U DECKOHEYHYIO,
HO CTPYKTYPHUPOBAHHYIO IETIOYKY BBIBOJIA, UTO ITO3BOJISIET OIMMUCHIBATE U JIOKA3bIBATH
CBOMCTBaA PACXOIAIINXCST MTPOTPAMM.

Opnako, B JaHHOI ceMaHTHKe OJUH IIar He sBJsSeTCs aToMapHbIM. Jleii-
CTBUTEJILHO, B OOIEM cCjaydae OJWH INar BKJOYAeT B cedd TakxKe MIard Jijist
nojBbipaxkennit. HedpopmasibHO roBopst, OJMH 1Al CEMAHTUKU MAaJIOIO IIara BKJIIO-
yaeT B ce0sl KaK IOMCK BbIPaXKEHHsI, KOTOPOe HEOOXOIUMO YIPOCTUTh, TaK U CAMO
VIPOIIEHNE. DTO YCAOKHSAECT aHAJN3 U JIOKA3aTEIbCTBO CBOWCTB SI3bIKA, JIJISI KOTO-
poro paszpaborana cemanTuka. jis onpucanus, B KOTOPOM KaXK/IbIil IIar aToMapeH,

ObLIM paspaboraHbl ceMaHTHKU B HoTaruu Deseiicena.

1.3.3 CemanTuku B HoTtanuu PeseiiceHa

Cemantuku B HOTaimn DesieiiceHa sBIAIOTCH ATbTEPHATUBHBIM CIIOCOOOM
ONUCAHUsT CeMaHTUKK MaJsoro rmara. OCHOBHBIE Wjen ObLIN TIpeJioXKeHbl [opoHoM
[Inorkunpim [77] 1 0606mens Matnacom @eseficeriom B ero PhD nncceprarmu |79)].
CemanTtuka B nHotanuu Qesseiicena npecrapiena B Bujie Habopa MPABUIT PEJIYKITUH,
KazKJ10€ M3 KOTOPDIX OMPEIEsieT OINH TOTEHIMATBHBIN 1Tar peayKimu. [naBHoi oT-
JMYIUTESLHON OCOOEHHOCTBIO JIAHHON CEMAHTUKK $IBJISETCSH ATOMAPHOCTH KaXKJI0ro
mara. 9To JIOCTUTAETCs OJArojapst Pas/ieJeHUI0 MOUCKA T0/IBBIDAYKEHHsI, KOTOPOE

HEOOXOIMMO YIPOCTUTH, Ha HAOOP aTOMAPHBIX ITAroB.
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(C:S,0,n)~ (S,0,C[n]) [Nump]
(S,0,2) ~ (S,0,0(x)) [Varp]

(S, 0,11 + ng) ~ (S, 0,n1 O ng) [ADDV £]
(S,0,e14+e) ~ (O+er:S5,0,€) [ADDL ]
(S,0,n1 + e3) ~ (ny+0:5,0,e9) [ADDR £]

Puc. 1.5 — Cemanruka B HoTanmn Qejureiicena Jijist i3bIKa apUPMETHIECKIX BbIPa-

JKeHUu#

st onmcanusi cemanTuku B HOTanuu Desieiicena HeOOXOMMO BBECTH ITOHSI-

THEe KOHMEKCMa — BBbIPaXKeHHUsi, colep Kaliero “Japipy’:

K=0+L|L+0O.

OKpy»KeHrne CeMaHTHKH TO-TIPEXKHEMY OyIeT cojep:KaTh (PYHKIUIO JIJIsT OBe-
IIECTBJICHUST IEPEMEHHBIX, OJHAKO OHO TOMOJHUTCS CMEKOM KOHMEKCMO8, COJIePIKar-
UM OTJIOXKEHHBbIE BbipaxkeHusi Buja S = € | K : 5.

KonTeker BO3HWKaET Mpu HEOOXOINMOCTH BBLITUCIATH TTOABBIPAYKEHNE NCIOJI-
HsieMOil mporpaMmbl. B 3TOoM ciiydyae B KCIIOJIHSAEMOMR IIpOrpaMMe IIOJIBbIpasKeHue
3aMeHsIeTCsI Ha “JIbIpY’, a caMO IIOJ[BbIparKEHUE 3aHUMAET MECTO HCIIOJIHSIEMOTO BbI-
PasKeHUsI.

“as”) ist si3bIKa apudmernye-

Cemanrtuka B HoTaiun Desuieiicena (0003H.
CKUX BBIPAXKEHWUil TpejicTaB/ieHa Ha pUc. 1.5 U CONEPXKUT TATh TMPABUI PELYKITHH.
B ciyuae, ecsin BRIMUCIISIEMBIM BBIDAYKEHUEM SIBJISIETCST HATYPaJbHOE 9UCIO (TTpaBu-
70 NUMp), a CTeK KOHTEKCTOB HEIMyCT, U3BJeUeM TOJOBHON SJIEMEHT M3 KOHTEKCTA
U TOJICTABUM 3TO UKCJIO HA MECTO “JbIPhI’, TaK KaK BBIYUCJISIEMOE BbIpayKeHue He
MoxeT ObiTh yupoiieHo. [Tpu Bbraucsienun nepementoit (npasuio VARp), Kak u B
y2Ke PACCMOTPEHHBIX CEMAaHTHUKAaX, OBEIIECTBUM TIEPEMEHHYIO C TOMOIIBIO (DYHKITHH
0. Konreker B 9TOM Cciiydae OCTaércst HEM3MEHHBIM. Kciim HeoOXOIMMO MCTIOJHNATH
CJIOKEHEE JIBYX HATYPAJbHBIX duces (npaBmwio ADDV p), TO IPOU3BE/IEM CJIOKEHUE
OCPEJICTBOM (PYHKIMHU B, TaKxKe OCTaBUB KOHTEKCT 0e3 m3menenus. Ocrapiine-
ca1 aBa npasmia ADDLy m ADDR g onpenenstior mopsiiok BLITHCICHHAS CIAraeMbIX:
eCJIM JIEBOE CJIaraeMoe He sIBJISICTCs IMCJIOM, BBIYUCJIMM €0 B IIEPBYIO O4Yepejib, a B

HPOTUBHOM CJIydae BbIUMCJIMM BTOpOE ciaraemoe. B oboux mpaBujiax CTeK IMOIOJIHSI-

eTCdAd KOHTEKCTOM, COOTBETCTBYIOIIMM PAaCCMaTPUBACMOMY OINEPATOPY CJIIOXKEHWUHA, B
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KOTOPOM 3aMEHUJIA OHO U3 CJaraeMbIX “Ibipoit”. OTMeTuM, 9TO B JIaHHON ceMaHTUKe
BCe IIPAaBUJIA SBJISIOTCS aKCHOMAaMU, IIOCKOJILKY OHU He CoJepxKaT yeaosuii. Takxke me
COOTBETCTBYET HU OJJHOT'O IIPABUJIA CJIYUalO, KOIJIA UCIIOJIHSIEMOE BhIPAXKEHUE sIBJISIeT-
¢s1 HATYPaJbHBIM YHCJIOM, U CTEK KOHTEKCTOB IycT. IMEHHO 9TOT ciydail sBiisieTcst
CUTHAJIOM JIJIS 3aBEPIIEeHNsT MCITOJTHEHMUSI.

MTorosast ceMaHTHKa OMIPEIEISIETCS C TIOMOIIBIO PedIeKCUBHO-TPAH3UTUBHOI'O
3aMbBIKAHNSA, TaK YK€ KaK I CeMaHTHKa MaJioro mara. Ilycrs p — Hekoropoe apudme-
TUYIECKOE BLIPAXKEHNe, 0 — OKPYKEHHE 1 1 — HEKOTOPOe HATYpPaJIbHOE INCI0. Toraa
BBIDAYKEHUE P B OKPYKEHUU (DYHKIHUK O M IIYCTOI'O CTEKA KOHTEKCTOB € BbIYMCJ/IU-
Mo U npuHuMaer 3HaUeHUE n, ecjau BepHO, uTo (€, 0,p) ~>* (g,0,n), rjue “~*" —
pedIeKCUBHO-TPAH3UTUBHOE 3aMbIKAHUE OTHOIIEHUS “~".

JamHasi ceMaHTHKA [TO3BOJIAET HOAPOOHO OIMUCATH MPOIECC BBITUCJICHUS IIPO-
rpaMMbl, T.€. 3aJaTh MOPSJIOK BBIUHCJICHUS IIOABLIPAYKEHUI U 3alOMHHUTL IIyTh
K HCIOJHSIEMOMY MOJBBIPAXKEHUIO MOCPEJICTBOM CTEKa KOHTEKCTOB. TakKKe CTeK
KOHTEKCTOB 1103BOJIsieT BbIPA3UTh TaKne 0COOEHHOCTH si3bIKa, KaK 00pabOTKa MCKJII0-
aennii (exceptions) u npojospkenuii (continuations). Hakowner, nogobroe mpejcras-
JIEHe CEeMaHTUKN YIPOIIAeT aHAJIU3 CBOHCTB BBIUMCISIEMON ITPOrpaMMbl 33 CUET

ATOMApPHOCTH KazKJIO0TI'0 IIal'a MCIIOJIHEHHI.
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I'maBa 2. PengimmonHoe nmpeodpa3oBaHne TUMN3MTPOBAHHBIX
G YyHKITMOHAJILHBIX TPOTPaAMM

[IpemaraeMblit MOJX0OJT MOJpa3yMeBaeT TpeodOpa3oBaHue (YHKINOHAJILHBIX
IporpamMM B PeJIAINMOHHBIE, NPUYEM IPEJIIONIAraeTcs, YTO Y HCXOJHOTO (DYHKITU-
OHAJILHOTO S3bIKA UMEETCS PeAAUuOHHoe pacuiuperue. VIMEHHO ¢ MOMOIIBIO 3TOTO
pacCITUpeHnst U 3alMChIBAIOTCS MTpeodpa3oBanuble TporpaMMbl. [1oxom ¢ pessannon-
HBIM PACIIMPEHUEM BBITJISIUT €CTECTBEHHDBIM, MOCKOJBKY OCHOBHOM peJIIIUOHHBIM
a3blK — miniKanren — sBJsleTcss BCTpaMBaeMbIM IPEIMETHO-OPUEHTHPOBAHHBIM
SI3BIKOM: B JIAaHHBI MOMEHT WMMeIOTcs peajum3anuu miniKanren, BcTpoeHHBIE B
Scheme [40], OCaml [67], Haskell! u npyrue aspiku. Takum o6pa3oMm B pesisuoOHHOM
SI3BIKE YIAETCS TTOBTOPHO MCIMOJIB30BATH MHOTO KOHCTPYKIIHH UCXOHOTO S3bIKA W HE
OTNpPEJIENIATh WX 3aHOBO, YTO MPUIILJIOCH ObI JIeJaTh MPU CO3JAHUHN OTJIEIHLHOTO pe-
JISIIUOHHOTO s13bIKa. [IOBTOPHO MCMONMB3YIOTCA, HATPUMED, Ompejesienne (byHKITH,
A-abcTpakiisi, KOHCTPYKTOPHI U T.J1. KpoMe Toro, mojxo/i ¢ pessiiiuOHHBIM PaCITH-
PEHUEM OIPaBJIaH C HMPAKTUICCKON TOYKHM 3PEHUsi, MOCKOJIbKY ITPEJIIOIAraeT, aTo
IPOrPAMMUCT PAbOTAET B OJIHON A3BIKOBON MHMPACTPYKTYPE — CHAYaJIa OH MUIIET
porpaMMy Ha, OObITHOM (DYHKI[MOHAJHHOM $I3bIKE, & IOTOM OH aBTOMATHUYECKH 110-
Jy9daeT peISIUOHHYIO IPOTPaAMMY JIJId PEIATIMOHHOIO PACIIUPEHUsT STOTO XKe SI3BbIKA.
B sToii rytaBe mpejicraBiieHo (popMabHOE OMUCAHWE PEJISIMOHHOTO Mpeodpa-
30BaHUsT TUMU3UPOBAHHBIX (PYHKIIMOHAJBHBIX TTporpaMm. [lanHoe mpeobpaszoBaHue
COCTOUT U3 CJIEAYIONINX KOMIIOHEHT:
— CUHTAKCHUC, CUCTeMa, TPaBUJI TUIU3AINNA U CeMaHTHKa UCXOTHOIO (hYHKIINO-
HAJILHOTO SI3BIKA,

— CHHTAKCHUC, CHCTeMa MPABUJI TUIIU3AINY U CEMAHTUKA PEJIAITUOHHOTO PACIITH-
PEHUST UCXOJIHOTO SI3bIKA,

— CHCTEMa TPaBUJ MpeoOPa30BaHNUsA TUIIOB W MPOTPAMM B PEJIAINOHHYIO (Op-
My.

B kadecTBe MCXOJHOIO (PYHKIIMOHAJBHOI'O $13biKa ObLJIO B3dTO IpOCTEiiiiee
MOJIMHOXKECTBO, BKJIOUAIONIee A-UcUucIenne, let-cB3bIBannst W COMOCTaBJIEHNE M
obpasioMm. Bce 3Tu KOMIIOHEHTBI cojiepKaTcs B OOJBIINHCTBE peabHbIX (DYHKITH-

OHaJIbHBLIX #A3bIKOB, Takux Kak ML, Haskell, Racket, F# u ap. Baaromapst sTtomy

'Ha ocdunnansuom caiire s3bika miniKanren [80] upescraBienbl BerpanBaHus Kak B 1I€PEUUCIICHHBIE

A3BIKN IPOrPAMMUPOBaHU, TAK U BO MHOTHE /IpYTHE.
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HpeJijiaraeMblil ITOIX0 1 10 IIPeodpa3oBaHuio (PYHKIIMOHAJBHBIX IIPOI'PAMM B PeJIsIi-
OHHBIE He IIPUBA3aH K KOHKPETHOMY S3bIKY, HO MOXKET OBITH JIETKO PeaJU30BaH JIJIst
TpebyeMoro (pyHKIMOHAJILHOIO si3bIKa. DoJjiee TOro, HECMOTPsl Ha, MUHUMAJIMCTH Y-
HOCTD, JIAHHDII $I3bIK COJEPXKUT BCE HEOOXOAMMOE JIJIsi BCTPAMBAHUS PEJISIIIUOHHOIO
pacimupenusi. B pesyibrare Mbl MOXKEM MEPEUCIIOIH30BATH CHHTAKCUC, CUCTEMY TIPa-
BUJI TUIIU3AIMU ¥ CEMAaHTHKY MCXOIHOIO (DYHKIIMOHAJILHOI'O SI3bIKa IIPU ONKUCAHUI

CEMaHTHUKHN DPEJIAINOHHOI'O PpaCHInpeHMd.

2.1 MHNcxoanblii pyHKITMOHAJIbHBIN A3bIK

CHHTAKCHC MCXOAHOrO (PYHKIMOHAJIBLHOIO sI3bIKa IpejcTaBieH Ha puc. 2.1. B
MEPBYIO OUepejib, SI3bIK BKJIIOUAET A-MCUNUCJIEHUE, COCTOosIIee N3 (PYHKIIMOHATBHBIX
[epeMeHHbIX, NpUMeHeHus u abcTpaknnu. /[laHHoe nucUmucaeHre HEOOXOIUMO JIJIs
OIMCAHUsT AHOHUMHBIX (DYHKIIMNA — OCHOBOIIOJIArAIONIEr0 MHCTPYMEHTa, ONKUCAHUSI
HEPEKYPCUBHX BBIYUCICHU JIFOOOrO (DYHKIIMOHAJIBHOTO SI3bIKa TPOrPAMMHIPOBAHUSI.
[ToMrMO aHOHUMHBIX (DYHKITU SI3bIK JOIIOJHEH BO3MOXKHOCTbHIO OIMCAHKS KMEHOBAH-
HbIX (PYHKIMI ¢ TOMOIIBIO let-cBs3bIBaHMsI, TO3BOJISIIOIINX CChLIATHCS Ha, (DYHKIUN
10 UX HMEHAM M ABJIAMOINIUXCS KJACCHIECKUM CIIOCOOOM OIMCAHUS PEKYPCUBHBIX
BBIYUCJICHUMA.

[ToMuMO 3TUX KOHCTPYKIMI JTaHHBIN SI3BIK CONEPXKUT KOHCTPYKTOPBI ¢ (DUK-
CUPOBAHHBIM KOJMYIECTBOM apryMmenToB C", HeoOXoiuMbIe JJIsi KOHCTPYUPOBAHUSI
3HaUeHM s3bIKa. OTMETUM, 4YTO CPeJd KOHCTPYKTOPOB OIPEJeIeHbl JBa HYJIb-

MECTHBIX KOHCTPyKTOpa true u false, a cpeju (DYyHKIMOHAJIBHBIX TTEPEMEHHbBIX

oIIpeJiesieH OllepaTop paBeHcTBa “=". B COBOKYIIHOCTH JIaHHbIE KOHCTPYKTOPbI 1 Olle-
pPaTOp JIOMOJIHAIOT sI3bIK MOJUMOP(MHBIM CpaBHEHHEM, IIOBEJIEHIE KOTOPOI'O CXOJ/IHO C
pensiinonHoit yuudukamnueit. IToatomy nonumopdHoe cpaBaenne nmeeT 3hHeKTrB-
HbI{ peJIsiIIMOHHbIN 00pas.

Hakonerr, ncxomHbIil SI3bIK BKJIIOUaET B ce0sI COIOCTaBJIEHHE ¢ 00pa3IIoM — OC-
HOBOTIOJIATAIOIIN o1tepaTop (PyHKIIMOHAJILHOTO ITPOrPaAMMIPOBAHMS, HCIIOJIb3YyEeMbIit
JlUIsl BETBJIGHUS IIOTOKA MCIIOJHEHMS IPOrPaMMBbl M JICKOHCTPYKIKUK 3HadeHuit. Or-
METHM, UTO B KOHTEKCTE JJAHHOM PabOThI IPU COIOCTABICHUHU ¢ 00Pa30M JOMYCTUMbI
TOJILKO TPUMHUTUBHBIE 0OPA3IIbl, COCTOSINE U3 KOHCTPYKTOpa M HabOpa IepeMeH-

ubix Buga C"(xy ... z,). D10 orpaHuyeHre HeOOXOJAUMO JIJisi YIPOIIEHUsT CEMAHTUK K
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KOHCTPYKIIUU COIOCTaBJeHUs ¢ obpa3noM. OHO He sIBJIIeTCs CYIIEeCTBEHHBIM, BEJlb
00pa3Ibl OOIIEro BUIA MOT'YT OBITH BHIPAXKEHbI ¢ TIOMOIIBIO TPUMUTUBHBIX 00pa3IOB.
. 44 : 79 44 79
Takzke cpejin 06pasIoB OTCyTCTBYET clieluaibhblil obpaser “wildcard” (o6ozn. “ ),
[IOCKOJIbKY €0 HAJIM4Iue TpedyeT CyIEeCTBEHHO MHOIO COIMOCTABJICHUsT ¢ 00PA3IOM.

B anHOM SI3BIKE NCIIOIHL30BAHA CH-

crema TunoB Xuwmu-Muiaepa [81; 82|, E = =«
TOJIJIEPXKUBAIOTIAS TOJTUMOP(MUIM U STB- Ax.e
JISTIOTIAsACsS  Je-paKTO OCHOBOW CHCTEM €1 €2

TUIIOB JIJIsi  peaJibHbIX (DYHKIMOHAJIb- C™(e1,...,ep)
HBIX sI3bIKOB. VTOrOBast cucreMa THUIIOB true

BUJI — CcM. puc. 2.2. Kpome nepeMeHHBIX let £ = €1 in ey

TUIa U (PYHKIMOHAJLHBIX THIIOB 3Ta let rec f = Az.e; in ey

CUCTE€Ma COJCP2KHUT MHOXKECTBO HEABHO

|
|
|
|
A3BIKA Hpe'Z[CTaBJIeHa B BUJEC Ha6opa Hpa— | faﬁ
|
|
| e1 = e
|

OIIPEJICJIEHHBIX aJIreOpaniecKux THUIIOB match e with {pi — ei}

T*, npuuéM Kask[blii KOHCTPYKTOP IIPH-
HAJJIEKUT  TOJIBKO K OJIHOMY  THITY. P = C"zy,...,x)
B npasune CONSTRy npenanogaraerca, Puc. 2.1 — CHHTaKCHC BXOJHOTO S3bIKA
aro tun t¢ umeer Gopmy TF(ty, ... 1),
IJ1e KasKJIblil M3 THIIOB t; MOXKeT ObITh BOCCTaHOBJICH M3 t$ Kak THIl COOTBETCTBYIO-
Iero apryMenTa KOHCTPYKTOPa THUIIa T*. Tlomumo 310r0 B npasuse MATCHp THIIBI
BCex 00OpasIoB Czk(azzl, o ,x}%) JOJKHBI ObITH paBHbl 1€ a t? SIBJISIETCST TUIIOM j-OT'0
aprymenTa KoHcrpykropa Cj, ucmoJsb3dyemoro B obpasme. [Ipasmio EQpr onpeness-
eT, 9To 0ba aprymMeHTa ollepaTopa pPaBeHCTBa JIOJXKHbI UMETh OJIMHAKOBbLIH, XOTh U
IPOU3BOILHBIN, TUI. TakKuM 00pa3oM, 5TOT OIEPATOp SBJSIETCS OIepaTOPOM “TIOJIHU-
MopdHoro pasencrna’.

CeMaHTHKa HCXOJHOTO si3bIKa (pUC. 2.3) NPeJCTaBIeHa B BUJIE CUCTEMbI TTepe-
XOJIOB HaJI MHOXKECTBOM COCMOAHUT, COCTOSIIIIAX W3 WCITOJHEHWST BHIPAYKEHUsT € CO

creKoM KOHTeKCTOB S. OTHOIIEeHHe Iepexojia OIPeIessieT OUH IIar:

(S,e) = (S, ¢).

PGSyﬂbTaTOM 9TOIO 11ara ABJIACTCA HOBBIA CTEK KOHTEKCTOB Sl 1N HOBO€ BbIPDa>KCHHUEC
61. Konrekcr saBistercst BbIpazKeHnem, COoAepzKallliM yHI/IKa.HbeIfI CUMBOJI, Ha3bIBat-
o9

MbIii “apipoit” (0603u. [J); HedopMaibHO, CTEK KOHTEKCTOB MOYKHO OMPEIETNTh KakK

I[IYyTb BbIYUCJICHUA BbIPpa2KC€HMA OT BHEIIHEI'O YPOBH:A JO IIOSHMIHH, I'/IC B TeKyH_l;I/If/’I
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Twuner:
= o B,...

(
= bool, Tn, e (TULBL KOHCTPYKTOPOB)
o | TF(ty, ... ) |t — ta (

MEepeMEeHHbIE THUIIA)

THUIIBI)

thh 49 =
I

= Vot (3aMKHYTBIE THIIBI)

ITpaBnaa Tunm3anumn:

Fl—elzt F|_€22t

['F true, false : bool [Boous] Ep—— [Eaqr]
Fl—ei:tic
['ECm(er,. .. en) : t¢ DoVt x:t[& < ] [Varg]
[CONSTRT]
F|_f1t1—>t2 Fl‘@:tl F,[Eitll_fitg [A ]
TF fe:ty TFATf t — T
{APPT]

Fl—el:tl F,x:V&.tll—eQ:t
I'Fletx =e; iney:t

,o=FV(t))\ FV(I')  [Lers]

F,fﬁtl I—Ax.elztl F,f:V&.tl }_egit
['F1let rec f =Ax.e; iney:t

;o= FV(t))\ FV ()
[LETRECT]
I'Fe:t¢ F,:L"i:tlci,...,xii:tkcjl—ei:t

I+ match e with {CF (2% ... Ty,) e}t

[RAATCHT]

Puc. 2.2 — IlpaBuna Tunusanuy JJIsg KCXOTHOI'O S3BIKA

MOMEHT MPOUCXOUT Bhrancsenue. 1o konrekcry C' m BBIPaXKEHWIO € MOYXKET ObIThH
MTOCTPOEHO TToJIHOE Bhipakerne C'e] MeTosoM MojIcTaHOBKY BHIPAYKEHUST € Ha MECTO
yuukajbHoil “npipbl” B kKoHTeKCTe C. st moboro cocrosuus (Ch: Cy @ ... : Cy,e)
MoXkKeT ObITh ocTpoeno Buipakenue Cl. . . [Co[Cle]]] . . . ], KoTopoe sBiseTcs mpome-
JKYTOUHBIM PE3YJILTATOM BBIUUCJIEHUS] B COOTBETCTBUU ¢ CEMAHTUKOR MAJIOro mara.
[Tojiobnasi popma onucanusi ceMaHTUKK, KaK ObLJIO CKa3aHO B rjiaBe 1, Ha3bIBaeT-
cst Horanueil Maruaca Deseiicena [64] s cemantuk magsioro mara. Ona Gblia
BbIOpaHa U3-3a TOTO, YTO MMEETCs BO3MOXKHOCTb PACIPOCTPAHUTH €€ Ha CIydail pe-

JIATUOHHOI'O PaCHIMPEHUA.
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3Ha4deHue:
V=C"vi,...,v,) | Av.e | ufAz.e | true | false

KonTekcr:
C = Oe|vOd|C"(v,0e) | O=e | v=00
| let x = 00 in e |match [0 with {p,—e;}

CTeK KOHTEKCTOB:

S=¢|C:S

CocrogHue:

<S , €> (cTeK KOHTEKCTOB, BbIDarKEeHHE) <€,€> (HagaIbHOE COCTOAHUE), <£,1)> (bunanproe cocrosinue)

IIpaBusa mepexoaoB:

(C:8,v) = (S,Cv)) [Varug]
(S, fe)—(de:S,f) [AppL] (S,vey) = (vO: 8, e9)
(S,e1 =e€9) > (O=-¢e3:85,e1) [EqL] (S,v=e) > (v=0:8,¢)
(S§,v=1v) = (S, true) [EQTruE]
(S§,v1 = vy) — (S,false), v; # v9 [EQFaLsE]
(S, (Ax.e) v) = (S, e[x + v]) [BETA]
(S, (WfAz.e) v) — (S elf <+ wfAz.e,x < v]) [Mu]
(S§,C"™(V1, .+ Uk—1,€ky - - »€5)) = (C™"(v1, ..., up—1,0, ... ven) = S, ex)
(S,letx =e; iney) — (letx =0 iney: S,eq) [COTiiﬂ
(S,let x =v ine) — (S, e[z < v]) [LETVAL]
(S,1let rec f =Azx.e; iney) — (S, es|f + wfAz.eq]) [LETREC]

(S,match e with {p,—e¢;}) — (match O with {p;—e;} : S,e)  [Marc]

(S,match C}* (v ... v,,) with {C]"(2]...2% ) — e;}) = (S, ek[x;? — v;])

[MATCHVAL]

Puc. 2.3 — CemanTHKa UCXOTHOTO I3BIKA

[APPR]

[BaR]

JlaHHasi ceMaHTHUKa OIMCHIBACT BBIYUCJCHUE apryMEHTOB (YHKIMI cjeBa-

HaIIpaBO CO CTpaTerueil BeIIucaennsd 1mo 3Hadenuio. [Ipasuma BETA, MU, LETVAL,
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LETREC and MATCHVAL oTBedaloT 3a IMOJICTAHOBKY B COOTBETCTBUU C WMEHAMU
nepeMeHHbIX B abcrpaknusax u let-cBaspiBanugax. B mpasume MATCHVAL npenno-
JlaraeTcst, 4To POBHO OJIMH 0Opazel, COOTBETCTBYET COIOCTABJISAEMOMY BbIParKEHUIO
— 9TO BaykKHOE OTJIMUME OT KJIACCUUYECKOW CEMAaHTHUKK COIOCTaBJIEHUs ¢ 0OPa3IoM,
KOIJIa 00pa3Iiibl MTPOBEPSIOTCS MOCJIE0BATEILHO CBEPXY-BHU3 JIO MMEPBOTO yCIIEITHO-
ro cornocrapjienud. [Ipasuna EQTRUE nu EQFALSE npeanosaraior, 4To 3HaYeHUS v,
U1, V9 HE UMeT (popMmy AT ... uam Qf....

Haxomerr, /Il 3aMKHYTOTO BLIPAsKEHHSI € U 3HAUCHHS U ONPEIeeHo € ~»/ v

TOrJla M1 TOJIbKO TOr'/la, KOI'Jlaw BBIIIOJIHEHO CJICAYIOIEe:

(e,e) =" (e,v),

IJle € — 9TO IyCTOM CTEK KOHTEKCTOB a “—™*" sipjisiercsi pedpJieKCUBHO-TPAH3UTUBHBIM

3aMbIKQHUEM JIJIsT “— .

2.2 PeasdiumoHHOe paciiupeHue

Penstiinonnoe paciupenune j100aBJisgeT B UCXOMHBIN (DYHKITMOHAJIBHBIN SI3BIK
IsITh KJIACCUYECKUX OIEePaTOpOB si3biKa miniKanren jyisi onucanust pesisiiiOHHBIX
1eJieit: yHuQUKaIuo, orpaHnIeHne HEePABEHCTBOM, JIM3bIOHKIIMIO, KOHbIOHKIUIO U
OTIepaTop BBEJICHUS CBeXKeil repeMeHHoit. PacimmpeHHblii CHHTaAKCUC PEJISIIIHOHHOTO
pacuiipenus IpejcTaBieH Ha puc. 2.4.

OrmernM, 4YTO Jo0aBjeHuE pe-

JIAMMOHHBIX ~ OIEPATOPOB  MTO3BOJIAECT & += fresh (x) e
KOHCTPYHPOBATh HEKOPPEKTHbHIE BbIPa- | e =e
XKenusi, HanpuMep A x.(x A A y.y). | e1 Z e
Hnst  ycrpanenust TOJIOOHBIX — CJIydaeB | e1 Ve
ObLJIO pa3pabOTaHO ClielaIbHOE PACIIU- | e1 Aeg

€HHe CHCTEMbI THUIHM3AINH HCXOTHOTO
P H a Puc. 2.4 — CuHTaKCUC PeIsIIOHHOTO Pac-

si3bIKa. JIaHHBIA TOJXOJ] COOTBETCTBYET
A AXOI Y U PEHUsT
akTyasabHoil peanuzamumun OCanren —

pesisinuonnoro pacinupenus sisbika OCaml [83]. AkkyparHblii BHIOOD THUIIOB Jiist
npejcraBiaenns Boipaxkenuii u mesneit B OCaml peasimsannu 1mo3BoJisieT OTKJIOHSTH

OOJIBLIIINHCTBO HEKOPPEKTHLIX IIPOI'paMM Ha 3Talle KOMITUJIAIINN.
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Twuner:

L = « ‘ (Tn(ll, c ,ln))o (JIorugeckue THIIbI)
T += &
IIpaBnaa Tunm3anumn:
l'rz:lFe:®
['Ffresh () e: ®
I'Fer:l T'hes:l
I'+ €1 ?é €9 . t5)

[FRESHT]

Fl—el:l F|_€2:l

U
I' = €1 = €9 t5) [ NIFYT] [DISEQUALITYT]
I'Fep:® TI'kFey:® I'Fep:® TI'key:®
Fl_el/\€22® F}_€1V6226
[CONJUNCTIONT] [DISJUNCTIONT]

Puc. 2.5 — IlpaBuna tunuszanum i peasiiiOHHOIO paCIInpEHUsT

[l pacmupenust CUCTeMbl TUITU3AIlUK ObLT BBEJIEH TTOJUMOPMHDBIN KOHCTPYK-
tTop Tuia [1° ¢ cCoOOTBETCTBYIOMKUM €My KOHCTPYKTOPOM JioTndecKux TepmoB T. st
BBIPAXKEHUsT PEJIANMOHHBIX IeJieil ObLT BBEJCH CHENUAJbHBIH YHUKAJBHBIH THI &.
[TpaBuia Tunmsanuu jijist PeasiiiuOHHOIO PACITUPEHKST TPEJICTABICHBI Ha puc. 2.5.

[anubie npaBusia HAKJIQALIBAIOT CJACAYIOMNAE OTPAHUYCHUS: B CIydae yHU-
dvKanmuy w orpaHnyueHnsi HEPABEHCTBOM JOMYCTUMBI TOJHKO TEPMbI OJWHAKOBOTO
JIOTUYECKOT0 THITa; KOHBIOHKIWA U JU3BIOHKIIAA TPUMEHUMa TOJBKO K PesISIHOH-
HbIM Te1aM. OTMEeTUM, 9TO B paMKax MpPeJIOYKEHHOTO PACHIUPEHUS TEePM MOXKET
ObITh BBIYMCJICH KAK PE3YJITAT BBIIOJHEHUsI ITPOU3BOJILHOIO BbIPAXKEHUS HA UCXO/I-
HOM (DYHKIMOHAJILHOM si3biKe (IIPU YCJIOBHUH, 4TO 9TO BbIPAKEHUE UMEEeT OXK 1 [aeMblii
gorwdeckuii Tui). OpHaKO Takue TepMbl, UMes “GoJiee BHICOKUIT TOPsiIOK”, HE MO-
I'yT OBITH MOJIYUeHbl B pe3yJibTaTe peJisaiuoOHHoro npeodpasosanus. Cire10BaTeIbHO,
JIAHHOE PEJIAIMOHHOE pacllipeHue olpejieseT 0DoJiee OOrarblil S3bIK, UeM TpedyerT-
cda ST PeIIIMOHHOTO TTPeobpa3OBaHUSI.

CemaHTHKa PaCIIMPEHHOrO sI3bIKa IpejcrapieHa Ha puc. 2.6. [Ipexie Bcero
PaCITMPEHO COCTOsTHNE UCXOAHON ceMaHTHKN. [[oMUMO cTeKa KOHTEKCTOB 1 TEeKYIIEro
BBIPDAYKEHUsI OHO COJIEPYKUT MHOXKECTBO CEMAHMUYECKUT NEPEMEHHLLT i U A02UYE-
ckoe cocmoanue 0. CeMaHTUUIECKHe TepeMeHHble BBIIEIAIOTCA W IMOJICTABIISIIOTCS
BMECTO JIOTHIECKUX MePEeMEHHbBIX, KOT/Ia UCIIOIHsIeTCs Bhipaxkenue fresh B mpaBuiie

nepexonoB FRESH. Jloruueckoe cocTossHue 0OHOBJISIETCsI, KOT'Ia, UCIIOJIHSIETCsT YHU(DU-
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CemaHTUYeCcKne nepeMeHHbIe:
S = sy, 59,...

! S
Z, 2 cee C 2 (MHO}KeCTBa BBIJICJICHHBIX CEMAHTUYECKHUX HepeMeHHbIX)

<E/,5> < new E, Y =XU {5}, 5 ¢ . (BBLIETCHHE HOBOM CEMAHTIYECKOH TEPEMEHHO)

3HaveHUd:
V += success | §

KonTekcr:
CH=0O=e|lv=0|0Zce|vZ0|0Ae|end
CocrogHue:
<E,S ,e,0 > (MHOXKECTBO CEMaHTUYECKUX MMEPEMEHHBIX, CTEK KOHTEKCTOB, BHIPAXKEHHUE, JIOTMYECKOE COCTOSHIUE )

<@ ,€,€, L> (HaaIBHOE COCTOSHIE)

ITpaBusia mepexomoB:

(2,8, fresh(z) e,0) ~ (XS, elx < s],0), (¥')5) < new X [Fresn]
(3,8,e1 = €9,0) ~ (X, 0=¢ey:8,e1,0) [UnirvL]

(3, S,v=e,0)~ (X,o=0:8,¢,0) [UnirYR]

(3,8, v1 = vy, 0) ~ (3,8, success, 0'), unify (0,v1,v9) =0 [Unwy]
(3,8,e1 £ e9,0) ~ (U, 0F ey:S,e1,0) [DisEqL]

(3, S, v#e0)~ (X, vZEO:S, e 0) [DiIsEQR]

(3,8, v1 # v, 0) ~ (X, S, success, 0'), diseq (0,v1,19) =0 [DisEq]
(3,S8,e1V ey 0) ~ (3,8,e1,0) [DissL]

(3,8,e1V ey, 0) ~ (3,8, e9,0) [DisJR]

(3,8,e1 Neg,0) ~ (N, 0Ney: S eq,0) [ConsSTaRTL]
(3,S,e1 Ney,0) ~ (3, e A : S, e, 0) [ConsSTARTR]
(33,S,success Ne,0) ~ (X,S,e,0) [ConsL]

(33, S,e A success, 0) ~ (X,S,e,0) [ConaR]

Puc. 2.6 — CeMaHTHKa PEJISITMOHHOIO PACIIPEHUSI

Kalligd UJIM Or'paHnYeHrne HEPpaBEHCTBOM. Bce onucannnie paHnee IIpaBuJia IIepexoa0B
JJIAd NCXOAHOI'O A3blKa COXPaHAIOTCHA, OJJHAKO Tpe6YIOT JOIIOJIHUTDH COCTOAHNE MHOXKE-

CTBOM CEMaHTHUYECKUX NEPEMEHHbLIX W JIOTUYECKUM COCTOAHUEM. SV r[LO6aBJIeHHbIe
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KOMIIOHEHTBI COCTOsIHMS OCTAlOTCs Oe3 M3MEHEHM IIPU MCIIOJHEHUN PABUIT JIJIA UC-
XOJIHOTO SI3BIKA.

MHuoxKecTBO 3HAYEHUI JIONOJIHEHO JIByMsI HOBBIMU THUIIAMU 3HAYEHUI: CeMaH-
TUYECKUMHU TIEPEMEHHBIMU U CliennajbHbIM 3HadeHrneM success. CeMaHTHUIECKHE
nepeMeHHbIe STBJISTIOTCST PE3YJIHTATOM UCITOJTHEHUST CBODOIHBIX JIOTUIECKUX MEePEMEH-
HBIX, 3HAUCHUE SUCCESS SIBJIAETCH Pe3yJIbTaTOM KCIIOJHEHUs YCIICIIHON IEeJIH.

OnpejiesieHrie KOHTEKCTa TaK»Ke PACIINPEHO YeThIPbMs HOBBLIMU TUIIAMHU BhIPa-
>KeHuit ¢ “npipoit”. HoBble KOHTEKCTBI OIPeessioT JeTePpMIHIPOBAHHOE UCIIOJIHEHNE
yHU(DUKAIMKA 1 OIPAHUYIEHUST HEPABEHCTBOM CJieBa-HalpaBo. McnosHenne jqu3boHK-
[N 1 KOH'BIOHKI[MK HeJeTepMUHUPOBaHo. [Ipy ucnosnennn qu3blOHKIMNA TPOU3BO-
JMTCsT BBIGOP ToJbKO ofHoi noauenn (mpasusia DISJL u DISJR), npu ucnosnnennu
KOHBIOHKITMY HeJeTePMUHUPOBAHO OIIPEJessieTcs, KakKas M3 Iojleseil Oyjer Bbl-
anciaena meppoii (mpasuima CONJSTARTL u CONJSTARTR). Ilocse Bbrancienus
BBIOPAHHOM TIOJIEIN JI0 3HAUCHHSI SUCCESS, HATHETCsI BLITUCIEHUEe BTOPOM IMOIEIN
(npasua CONJL u CONJR).

CymectBytonue peanusanny miniKanren ncnosib3yoT pa3anaHbie METOIbI M0-
ncka. B mammnoit pabore ObLT BRIOpaH HeZeTepMUHUPOBAHHBIN BapWaHT CEMaHTUKN
C TeM, YTOOBbl YCTPAHUTb 3aBUCUMOCTL OT JleTaJjeil KOHKpeTHOil peasu3anuu. O0-
PATHO# CTOPOHOI STOr0 pelIeHusl SIBJISIeTCs TO, YTO JIJI KOHKPETHOH IIporpaMMbl 1
KOHKPETHO# peasim3aliun miniKanren pe3y/ibrar BbIYUCICHUS MOXKET HE COBIIAIATh C
peIMChiBAEMbIM CeMaHTUKON. Hampumep, B KOHKpeTHO# peaju3aliny mporpamma
MOYKET PACXOIUThCsI, B TO BPeMsi KaK HEJeTEPMUHUPOBAHHAsT CEMAaHTHUKA, OyIeT Mo-
npexkHeMmy 3apepiiarbesd. OJIHAKO B 9TOM CJIydae HIporpaMma WM UHTEPIPEeTaTop
miniKanren moryr ObITH IepenucaHbl TakK, YTOObI OHU CXOJMJINCH B COOTBETCTBUU
C TUM CIIeHApUEM.

Teriepb paccMOTPUM CTPYKTYPY JOTHUECKOI'O COCTOSIHUST U CEMAaHTUKY yHUQU-
KAl U OrpaHWYeHuns] HepaBeHCTBOM. [laHHasi ceMaHTHKa, BO MHOIOM COOTBETCTBY-
eT peaju3alun s3bika miniKanren, JOMOJHEHHOrO OpaHWYEHWEM HEPABEHCTBOM,
npejicraBieHsoro B 70|, a Tak:ke cTaHIAPTHBIM MOJIXOaM K DEATH3aun yHIpUKA-
nuu |71; 84|. Jasee GymayT HCIOTB30BAHBI CJIEIYOIINE CTAHJIAPTHBIC TOHATHSI:

— moJIcTaHOBKA (0), COMOCTABISAIONAS JIOTUIECKHE TEPMbI CEMAHTHIECKUM 16~

PEMEHHDIM;
— npuMeHeHre TojicTaHoBKN O K TepMy ¢ (1 0) Juist 3aMeHbl ceMaHTHIeCKuX

NepeMEeHHbIX B TepMe t B COOTBETCTBUU C TMOJICTAHOBKOI 0
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— KOMLO3UIUs 1OjCTanoBOK (007), npumenenue KoTOpol K repMy t cooTBeT-
CTBYET HOCJIEJ0BATEILHOMY IIPUMEHEHMIO MOCTaHOBOK 0 n 0

— wanbosiee 061wt yandukarop jaByx TepMoB (mgu (t1,ts)), onpepessonuii
nanbosiee OOTIYIO MONCTAHOBKY 0, mpu koTopoil Tepmbl (t10) u (t20) cun-
TAKCUUYECKU PABHLIL.

Jlormueckoe cocrosinne ceMaHTUKHU COCTOUT U3 ABYX CJIEJYIOIMNX KOMIIOHEHTOB!

o=(0,07),

e O gBseTcs TOACTAHOBKON, a ©T — 370 HabOP HEraTWBHBIX TOJCTAHOBOK,
OIUCBHIBAIONINX Or'PaHUYEHUs] HEPABEHCTBOM, KOTOPBIE IMOTEHIIHAJHLHO MOTYT OBIThH
Hapymensl. Vcxomgnoe cocTognne ceMaHTHKH COJIEPXKUT HEOIPEeIeJIEHHYIO0 MOJ/ICTa-

HOBKY H IIYCTOE€ MHO2KECTBO:

L= (L1,2).

Omneparus yHudguKaluy IPpUHAMaeT Ha BXOJ, JIBa TepMa U JIOTHYECKOe COCTO-

AHHNE B Ka4€CTBE apI'yMEHTOB:

unify (0,1, 12) = unify ((6,07), 11, 12).

Boirosinenne yHugUKalum OCyecTBIIsIeTCs 38 HECKOJILKO T1aron. I1pex e Bee-
ro, HeOOXOJAMMO BBIUKUC/IUTHL Hanbosee oOIMit YHUDUKATOD JJisT TepMOB t1 1 ty ¢

y9IeTOM TeKYIel MojcTaHoBKu O:

p = mgu (t1 0,2 0).

Eciin nonodbnoro ynudukaropa p He cyuiecrByer, yHuUKaIUs 3aBepiia-
ercst npoaJioM. OTMeTuM, 9TO JJIsi 9TOrO CJydasi B CeMaHTHKe PEeJIsIHOHHONO
PaCIIUPEHUsT IPABUJI HET, [IOITOMY BLIUHCJICHHE PEeJISIIUOHHON IPOrpaMMbl TaKKe
3aBepinaeTcsa 6e3 MoJydeHns orBeTa. B ciaydae ycrmemmnoro 3apepiinenns yHUMUKA-
IIIHU TIOJCTAHOBKY P HEOOXOIUMO MPOBEPUTH Ha COTJIACOBAHHOCTL C ONPAHUICHUSIMA
HEPABEHCTBOM, 11PEJICTABJICHHBIMU € TOMOIIBbI0 O~ (eciu Habop O mycr, npoBepka
HEME/JICHHO 3aBEPIIAeTCs yCIEeXOM).

Paccmorpum napy Tepmon

tl = 517-"75k)7
tr p(51>7"'7p(5/€))7



40

rie {s;} = dom(p). Hua kaxjoit nojcranoBku 6~ € O BbIUMCIUM
mgu (t;07,t, 07). [Ipu 570M BO3MOXKHBI CJIEJIYIONINE BADUAHTHI.

1. Vuaudwnkalius 3apepiiuaach mpoBaJioM. V3 3Toro ciejyer, 94To orpaHndeHue
HEPABEHCTBOM, IIPEJCTaBJICHHOE C IIOMOIIbI0 07, OoJibllle HE MOXKET ObITh
HapyIieHo. B gannoMm ciydae ypaaum 07 u3 ©7 W NPOJIOIKUM MTPOBEPKY
CO CJICJIYIOIMM ONPAHUYEHUEM HEPABEHCTBOM.

2. VYaudukannsi 3aBepiinjioch yCIEexXoOM € MyCTON MOJICTAHOBKOW B KadecTBe
pesysibTara. TO 03HAYAET, YTO OIPAHNYIEHNE HEPABEHCTBOM, MPEJICTABIICH-
Hoe ¢ nomoipio 07, mapymeno. CjieloBaTelbHO, TPOBEPKA 3aBEPIIAETC U
MCXOJTHAs Ollepalys yHU(PUKAIUY 3aBePIIaeTcs TPOBAJIOM.

3. Yuudukanus saBeplImiach yCIeXoM ¢ HemycToil nojcraHoBkoii 0'~. B
JIAHHOM CJIydae, 9To0bl HE HapyHIMTbh IpejcTaBieHHoe 07 orpaHudeHue
HEPABEHCTBOM, HEOOXOAUMO 11pU OYYIIUX YHUPUKAIUAX TPOBEPATH COJIa-
copannocTh ¢ /7. 3amenum 0~ ma 07 B ©7 ¥ NPOJNOJIKUM NPOBEPKY CO
CJIeJTYIONTUM OTpaHMIYeHNEeM HEPABEHCTBOM.

PesysnbTaToMm ycremnHoii npoBepKN HEPABEHCTB sIBJISETCsT MOIMDUITUPOBAHHbIi

Habop ©'", 4TO ABJSETCS BTOPBHIM M IIOCAEJIHUM KOMIIOHEHTOM HTOIOBOIO JIOIHUE-

CKOI'O COCTOAHNA:

unify ((6,07),t1,t2) = (8p,0").

Omnepaliust orpaHuYeHNs] HEPABEHCTBOM HCIIOJIHSIETCS CXOXKUM 00Opa30M M TaK-

2Keé IPUHUMaET IIapy TEPMOB U JIOTHYIECKOE COCTOAHHE B Ka9€CTBE apryMEHTOB:

diseq (0, t1,2) = diseq ((0,07),t1,2).

Kak u B ciiydae ¢ yaudukaiueit, B nepByto ouepejib Bbraucanm mgu (t1 0,to 0)
1 PACCMOTPUM TPHU CJETYIOMHIX CIIydas.
1. Yuudukaiusa 3aBepIiniach ¢ OTPUIATETHLHBIM PE3yJIbTATOM, W 9TO O3HATA-
eT, UTO OTpaHUYEHUE HEPABEHCTBOM YK€ BBITOJTHEHO B TEKYIIEH MOICTaHOB-
Ke.
2. Yuudukalus ycClelrHo 3aBepliuiach ¢ MyCTOi 1O0JICTAHOBKONW B KavecTBe

pesynbrara. CiieoBaTessbHO, OTpAaHUIEHIEe HEPABEHCTBOM HAPYIITEHO.
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3. Yuudukanus yClemHo 3apepumiach ¢ HEeImycToil nojcranoskoit 0/~. 9ro
O3HAYaeT, 4YTO JIaHHas MOJCTAHOBKA ONKMCHLIBAET OrpaHUYCHUE HEpPaBEH-
CTBOM, KOTOPOE JIOJIZKHO BBINOJHATLCA B OYJyIIEM, MOITOMY J00aBUM eé

B O,
PesynbraToM yCHemnoro BuIYUCICHUST OMPAHUYEHUS HEPABEHCTBOM ABJISICTCSI
(norennuasbuo) MojuduUpoBantblii Habop O 1H03TOMY HEOOXOJUMO OOHOBUTH

JIOTHYE€CKOE COCTOAHHUC!

diseq ((67@7)7 tl; t2) - (979/7)'

Hakomert, /i1t 3aMKHYTO# TIeJIH ¢ U JIOTHIECKOTO COCTOSTHUST O OTIPEJIETUM § ~~
0, eciu (D,€,g,1) ~»* (X, €,success,0) st HEKOTOPOTO JIOTHIECKOTO COCTOSTHUST 3,
e “~»*" — 910 pedIeKCUBHO-TPAH3UTUBHOE 3aMbIKAHUE OTHOIICHUS ~".

MokHO 3aMETHTH, YTO MPaBUIa THITH3AINN PEJISIIMOHHOTO PaCIIHPEHust 100aB-
JISTIOT HEKOTOPhIE MHTEPIPETHPYEMbIE THITHI U CUMBOJIBI 110 OTHOIIEHUIO K CHCTEME
TUIIOB MCXOJIHOTO si3biKa. TakuM 0Opa3oM, MOXKHO OXKWJIaTh, ITO PEJISIIHOHHOE pac-
IMIPEHNe HACJeyeT BCe CBOWM IMOJIE3HBbIE CBONCTBA (Takue Kak 3aBepPIIaeMOCTh
(progress) n coxpaneHme Tuma (type preservation) [85]). Ognako 310 He Bep-
HO. JleficTBUTE/IbHO, €IMHCTBEHHBIM 3HAYCHUEM [IJIsl [IEJIM SIBJISIeTCsl SUCCess, HO,
OYEBH/THO, HE KaXKJIasl [1eJIb 3aBepIaeTcs ycrnexoM (K npuMepy, A = B Bcerja 3aBep-
mmaercst poaJsiom). TaknM 00pa3oM pessiMOHHOE paCHIUpeHre JIMIIEHO CBOWCTBA
3aBEPIIAEMOCTH — CYIIECTBYET He sIBJISIONIAsICI 3HATCHUEM KOPPEKTHO THUIIN3UPYe-
Masl TIeJib, JIJIsT KOTOPO# He BBIIOJHAM HHU OJMH Imar ceManTuku. OJHAKO JaHHOEe
00CTOATE/ILCTBO HE HPEISATCTBYeT JAHHOW PadoTe, lI0CKOJIbKY B JIIOOOM CJlyvae 3Ha-
qeHre OMMOKK JIJIsI 1eJieii MoykeT ObITh JI00ABJIEHO K SI3bIKY BMECTE C IIPaBUJIAMU

pacipocTpaHeHus OIMINOKH.

2.3 PeasanuonHoe npeoOpa3oBaHUE

Kak mpaBujio, (pyHKIHOHAJbHBIE MTPOrPAMMBI PAOOTAIOT CO 3HAUYCHUSMU BbI-
COKOI'O 1I0psijiKa, B TO BpeMs kak miniKanren orpanuden yHudukaluein 1epBoro
nopsijika. Ilosromy He Kak)iylo (DyHKIMOHAJILHYIO HPOrpaAMMy MOXKHO Ipeobpa-

30BaTh B PEJSIMOHHYIO C TIOMOINBIO MPOCTHIX Tpeobpazoannit. Cdopmynnpyem
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HECKOJILKO OTPAHMYCHUI JJIst MCXOJQHBIX MPOrPAMM TEPEJ] TeM, KAK BBECTH PeJis-
IIMOHHOE IIPeodpa3oBaHue.
BeBesem MHOXKeCTBO 3a3eMJIEHHBIX TUMNOB (ground types) G ciemyomumm

00pazoM:

G=o|T"g1,....q0)-

[Ipudem Bce BbIparkeHUs 3a3€MJICHHOIO THUIIA, JIOJ2KHBI OBbITH JIONOJTHEHBI KOH-
CTPYKTOPOM JIOPHUECKUX BbIPaxKeHuii T, 9T0 Ha YPOBHE TUIIOB MOXKET ObIThH OIUCAHO

¢ TIOMOITbIO TTpeobpasoBamus [e]°:

[[CX]]O = «,
[T*(g1, -, 90)l° = (Tl - - T9]°)”.

Hedopmaabao TOBOpsi, 3HAYEHME 3a3€MJIEHHOI'O THIIA, HE MOXKET COJEPXKaTh
MOJIBBIPAYKEHNi BBICITEro mopsijika. 1loaTomy BBejieM Ceayiolme Tpiu OrpaHnIeHnst
Ha [IPOrpaMMBI, IpeJHa3HAUCHHbIE [IJIsT IPeoOPA30BAHUS B PEJIANIOHHYIO (DOPMY.

1. IlapameTpnbl KOHCTPYKTOPOB THIIA JIOJKHBI OBITH MEPEMEHHLIMHI THUIIA.

2. Tlomumopduoe paBeHCTBO 1 KOHCTPYKTOPDLI MOT'YT OLITH MPUMEHEHDBI TOJIHLKO

K BBIPAXKEHHUSIM 3a3€MJIEHHOI'O THIIA.

3. Jlioboe BhIparkeHue corocTaBjeHusi ¢ 00PaA3IOM JIOJIXKHO ObITH 3a3€MJIEHHO-

ro THIIA.

[lepBoe orpannuenue TpedyeT, 4TOOLI BCe aaredOpandecKue THUIMBI TPOTPAMMBbI
OBLIN TIOJHOCTBIO TOJUMOPQHBL. Birarogapst 3ToMy BTOpoe OrpaHuvIeHne MO3BOJISIET
OrPAHUYUTD HMOJUMOP(MU3M ISl PEJIAINMOHHBIX HIPOIPAMM: BCE IIEPEMEHHbIE THUIIa,
COJIEPKAIINECS B KOHCTPYKTOPAX THIIA, MOTYT ObITh 3aMEHEHbI TOJIHLKO Ha 3a3eMJIEH-
Hble TUIIBL. OTMeTHM, 9TO 3TO YCJIOBHE SIBJISIETCST JIOCTATOIHBIM, HO HEe HEOOXOIMMBIM.

Tperbe orpannvenne BBEIEHO il YIPOIIEHUs IIPEJICTABICHUST PEIAIIOHHO-
ro npeobpasoBanus. Eciau comocrapienne ¢ oOpasioM HMeeT He3a3eMJIEHHBIA THII,
OHO BCE K€ MOXKeT OBITH TPeodPA30BaHO B SKBUBAJCHTHOE BhIPasKEHNE, COJIEPIKAIIEe

TOJILKO COTIOCTaBJIEHUE ¢ 00PA3IOM 3a3€MJIEHHOTO THUIIA, C TIOMOIIBIO T)-PACITUPEHUSL:

match e with {p; — e;} ~» A T.match e with {p; — e;7},

re T sBJIseTCs BEKTOPOM HOBBIX IEPEMEHHBIX, He COJEpPXKallliXCsl B BbIPAXKEHUSIX
e, e;, u p;. [Ipuuem peasmzalius MpeJjiaracMoro pesisiliiOHHOTO 1peodbpa30oBaHMsI,
olycaHHass B IJiaBe 6, BBIIOJHSAET T-pacliMpeHue Jiid JIO0ro CONOCTaBJICHUS

¢ obpasmoMm HezazeMJieHHOro Tuma. OTMeTHM, UYTO 3TO €JUHCTBEHHBLIN CcJrydai
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MCIIOJIL30BaHMsT THITA, UCXOAHONW TTPOrPAMMbl U BBLITTOJHEHUsI N-PacIUpeHns TIPpU pe-
JAIUOHHOM IIpeoOpa3OBaHUH.

OCHOBHYIO HJICIO PEJIAIMOHHOIO MPeoOpa3oBaHus MOXKHO OINMCATH Ha YPOBHE
TUIIOB: BbIPaXKeHUe UCXOJHOIO dA3blKa ¢ TUIOM T 11peobpasyercs B BblpayKeHUe pe-
JIsIMOHHOrO paciiupenns ¢ Tunom [t]!, rue npeobpasosanue tuna [o]]° oupeseneno

CJIEJIYIOIIUM 00pa30M:

[q]" = [gl° — &,
[[tl — t?]]t = [[tl]]t — [[tg]]t.

nade roBopsi, BblpakKeHHe 3a3eMJIEHHOIO THIIA Hpeodpas3yercs B OJIHOMECT-
HYI0 (DYHKIUIO, IPUHUMAIOIIYIO BbIPAXKEHUE COOTBETCTBYIONIErO JIOTHUIECKOrO THUIIA,
1 BO3BpAIAONy0 1ejb. Janaas (DyHKIHUsT COIMOCTABIISAET JIOTHIECKYI0 (hopmy
HCXOJIHOIO 3HAUEHUsT ¢ IepelaHHbIM apryMeHToOM. IlOCKOIbKY apryMeHT MOXKeT
COJIEpXKATh HECKOJIBKO BXOXKJIEHUH CBOOOIHBIX MEPEMEHHBIX, JaHHast (DyHKIINAS [ThITa-
eTCsl COIIOCTAaBUTH STUM II€PEMEHHBIX COOTBETCTBYIOININE O/IBbIPAXKEHHS MCXOJIHOT'O
BbiparkeHusi. Hanpumep, koncrpykTop-koucTanTa Nil Oyier npeobpa3oBaH B (DyHK-
mo A g . ¢ = TNil.

Ternepb paccMOTPpUM PEJISIIIMOHHOE HIPeoOPas3oOBaHKUe Jijisi IPOU3BOJIBHOIO Bbi-
paxKenwus t, yAOBJIETBOPSIONIEr0 OMUCAHHBIM Bbillle orpanndenusMm. OO03HAYUM 9TO

npeobpazoBanmne kKak [t]°.

[z]© = =
Az.e]¢ = Ax. [e]°
[fel® = [/1° [e]
[let z =e; ine]® — let x = [e1]° in [eo]”

[let rec f =Az.e; ines]® = let rec f = [Az.e;]° in [eo]°

[TsiTh mepBLIX NpaBWJI MOJHOCTBIO COXPAHSIIOT CTPYKTYPY HCXOJHOI'O BbI-
payKeHuWsi W NPUMEHSIIOT TPeoOdPa30BaHUsi KO BCEM BJIOXKEHHBIM BBIPAXKEHWSIM.
CojiepKaresibHast 9acTh Ipeodpa30BaHmsl 3aKJI0UYAETCs B IIPEoOPA30BaHUU Pa3JIU -
HBIX IIPUMEHEHUI KOHCTPYKTOPOB, COIOCTABJIEHUS ¢ OOPA3IoM U IOJUMOPMOHOTO
oreparopa papercra. OTMeTUM, 4TO OLEPATOP CBeXkKeil nepemenHoit fresh B 1o-
CJACJYIONMX IPABUJIAaX BBOJUT cpa3y HabOP JIOIMYECKUX IepeMeHHbIX. JlaHHbIi
CUHTAKCUIECKHUI caxap BBEJIEH JJIsl YIIPOIIEHNUS BOCIPUATHsT IPABAJI U aHAJOIUIEH

Habopy oreparopoB fresh, BBOIANIMX 110 OJHON IIePEMEHHOII.
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A q . fresh (q...q)
(fea]® q1) A
[C¥(er, .. en)]® =
(fer] ar) A
(= 1C"aqr,--- )

[Ipu mpeobpazoBanny MpuMeHEHHsT KOHCTPYKTOPA M3BECTHO, UTO KarKJ0€ Bbl-
pakenue e; nMeeT 3a3eMJJICHHbIN Tuil. [loaToMy cooTBeTCTBYIONIME UM PEJISIIUOHHbIE
00pasbl SIBJSIIOTCS OJIHOMECTHBIMU (DYHKIMSIMU, BO3BPAIIAIOIIMMHK 1€Jh B Ka4eCTBe
pesysbrara. s KaXK0ro BuIpaXKeHusl €; CO3IaiM CBEXKYIO JIOTHIECKYIO epeMeH-
HYTO C TIOMOITIBIO oreparopa fresh u npuMennm dbyuknuu [e;] K 9TuM nepeMeHHbIM
JUUIST CBSI3BIBAHUST PE3YJIbTATOB BBIYHCJIEHUSI C COOTBETCTBYIOIIUME IEPEMEHHBIMHU.
PesynbraToM mpeobpasoBaHusi TPUMEHEHUsT KOHCTPYKTOPA TaKyKe sIBJISIETCS OJIHO-
MecTHast (PYHKIMsI, KOTOpasi BO3BpallaeT Ieshb. 1109ToMy JOMOJIHUM BbIpaskeHue
abcTpakiyeil o nepeMenHod ¢ 1 yHUQUIMPYeM 9Ty TTePEMEHHYIO ¢ KOHCTPYKTOPOM,
MPUMEHEHHBIM K COOTBETCTBYIONIMM JIOTHIECKUM TiepeMeHHbiM. [IpuMennm Takske
JIOTHIECKUN KOHCTPYKTOP T JIJIsT IPUBEJIEHUST K COOTBETCTBUIO MPABUIY TUIU3AIUH

YHUDUKAINN,

A q . fresh (q.)

([el® g A
match e with ‘ V; ((fresh <fﬁ---qzi>
(Cr(al,.. o) e} | (g = T CP(an, - an,)) A
Z A 2y...2;, . [e]9)
(= q{) ... (= qfn) q
))

[IpaBujio npeodbpazoBanusi cOOCTaB/ACHUS ¢ 00PA30M OPIaHU30BAHO CXOJHBIM
obpasom. CormocraBiisieMoe BbIPparKeHHE MMeeT 3a3eMJIEHHDBIA THII, TaK KaK OHO CO-
MOCTABJISETCS C KOHCTPYKTOpaM#. BBIJEINM CBEXYIO MEPEMEHHYIO ¢, W CBsI>XKeM
€€ CO 3HaYEeHUEeM COIOCTABJIAEMOI'O BbIPayKeHUdA KaK W B CJydae NPUMEHEHUs KOH-
CTPYKTOpa. 3aTeM JJjis BCeX BeTBeil co3/1aJuM 110 HaDOPY JIOTHYECKUX IepeMEeHHbBIX
(B KaXKJIO BETBU JJId KaXKJIOW MNepeMeHHOMI 06pa3ua) U BbLIPA3UM COIOCTaBJIE-
Hue ¢ 0Opa3IoM IIPU IOMOIIY YHU(PUKALKK C KUCIOJb30BAHUEM COOTBETCTBYIOIIEIO
KOHCTPYKTOPaA ¥ CO3/IaHHBIX JIOTMYECKUX TepeMeHHbIX. [ljis1 3aBepiiaionero mara
peodPa30BaHNsT 3aMETUM, 9TO €; SIBJSIeTCs] BhIPaXKEHUEM CO CBOOOIHBIMU TIEPEMEH-

HBIMU, COOTBETCTBYIOIIUMU TEM, 4TO COJIEPXKATCSA B HUCXOAHOM obpaste. Ilosrtomy
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npeobpasyeM e;, abcTparupyeMm pe3yJbTar abCTPaKIUAMHU 10 3TUM IIePEeMEHHBIM U
HOJIYIUM (DYHKITUIO, 3aMEHSIONIYIO JIaHHbIEe epeMeHHbIe MepelaHHbIMKI 3HAUCHUsI-
mu. OcTaeTcst CBsI3aTh IIePEeMEHHbIe q;- ¢ lIepeMEeHHbIMU 00pa3iia B 1PeodpPa3soBaHHOM
soipaxkenuu [[e;]¢. Cenaem 910 110CPEICTBOM IIPUMEHEHUST 0Ty YeHHON (DYHKIMU K

OJIHOMECTHBIM (DYHKIUIM (= q;) B urore cHOBa TOJIyUrM OJIHOMECTHYIO (DYHKIIHUIO,

KOTOPYIO IIPUMEHUM K BHEIIHEel pe3yJbTUPYIOIIeil ITepeMeHHoi q.

A q . fresh (q1¢2)
ledcqr A
lealq2 A
(g1 = @@ N q= Ttrue) V
(@ # @@ N q = tTfalse)

[er=e2]® =

SaKJII0UYATEIbHOE ITPABUIIO, KOTOPOE IPEHASHAYCHO JIJIsi ITPeodPa30OBaHUsl 110-
JINMOP(QHOr0O oliepaTopa PaBEHCTBA, MOBTOPSiET TOT »Ke IabJoH: 0Da apryMeHTa
UMEIOT 3a3eMJIEHHBII THII, MO3TOMY MpeodpasyeM WX B OJHOMECTHBLIE (DYHKIUH,
BO3Bpalllaolye 1ejib B KauecTBe pesysbraTa. [IpuMmeHuM 3T (GYHKIUN K CBEXKHUM
IIePpEMEHHBIM ¢1 U ¢ U PACCMOTPHM JIBa cjaydasi. B ciaydae paBeHCTBa 9THX IepeMeH-
HBIX COIIOCTABUM PE3YJILTUPYIOINIEH HepeMeHHOR ¢ KOHCTPpYKTOp true. B nporusHOM
CIydae ComocTaBuM KOHCTPpYKTOp false. 3aMernM, 9TO 3TO €IMHCTBEHHBIH CJIydaii
UCIIOJIL30BAHUS ONPAHUICHUsT HEPABEHCTBOM B PEJISIITUOHHOM TPEOOPA3OBAHNUMN.

B saBepiienne od6Cy MM HECKOJILKO IIPUMeYaTe/IbHbIX CBOMCTB pPEJIsAIMOHHOIO
1peoOpa3oBaHusd, MIPeJICTaBJICHHOTO B JlaHHO# TyiaBe. IlepBbIM CBOMCTBOM SIBJIsI€TCsI
IIOJTHOE COXpaHEHUe BBIPAXKEHUil, COCTOSIINX TOJbKO U3 MEePEMEHHbBIX, aOCTPaKIIUH,
npuMenennst 1 let-cBsa3ok. [IooroMmy MHOrHE noses3Hbie (PyHKIUKM BBICIIETO HOPSIKa,
(Harpumep, NprMeHeHre, KOMITO3UIKsl, OlePATOp HEMOJBUKHON TOUKU) yXKe sTBJIsi-
I0TCsT PEJISIIMOHHBIMKA ¥ MOTYT OBITh HCIOJIBL30BAHBI B PEJISIITUOHHBIX TPOrPaAMMAaX
6e3 U3MEeHEeHHs.

Bropoe cBoiicTBO siBJIsIeTCsT KOMITO3UITMOHAIBHOCTHIO [86]: pestsiinonmbrit 06pas
IpUMEHEHHSI sIBJISIETCS TpPUMEHEHHEeM PeJIANHOHHBIX 00pa3oB. VMeHHo Ojaromapst
KOMIIO3UIIMOHAJILHOCTH OIEPATOP IPUMEHEHUsT OCTaeTCs 0e3 M3MEHEHUSI [IPU PeJisi-
IMOHHOM TIpeoOpasoBannu. B pesyiabrare mociejnee MOAJAEPKUBACT Pas/lelbHOe
IpUMeHeHrne — HabOp MCXOJHBIX MPOrPpaMM MOXKET OBIThH Pa3jieJieH Ha HECKOJbHKO

yacTeil u npeobpa3oBaH HE3aBUCHMO C COXPAHEHHEM BO3MOXKHOCTH COBMECTHOI'O
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ucnoyiHeHus. Ha mpakTuke 3TO COOTBETCTBYET MPeoOPA30BAHMUIO IIPOTPAMMBI, Pas-
JIEJIEHHOI Ha HECKOJIbKO (aitjioB.

Hakouer, npumedare/ibHbIM SIBJIIETCS TOT (PaKT, 4TO pPE3y/brar PesisiliiOH-
HOT'O 1Ipeobpa30BaHMs HCIOJHSAECTCS JIETEPMUHUPOBAHO B IIPSIMOM HalpaBJICHUH,
COOTBETCTBYIOIIEM MCIIOJHEHUIO NCXOHOM mporpaMmbl. [loaTomy pestsiiimoHHOe 11pe-
obpa3oBaHue IIPUBOJUT K He DoJiee deM JIMHEHHOMY 3aMeJIJICHUIO [IPU UCIIOJTHEHUN B
IPSIMOM HalpaBJjieHuu. ApyruMu cjioBaMu, 3apoc, TpeOYIONuil BEIYUCIUTD ITOCTIE] -
HUI apryMeHT OTHOIICHU MPU 3a3€MJICHHOCTU OCTAJbHBIX apryMEeHTOB B TOYHOCTHU
COOTBETCTBYET BbIUMCJICHUIO MCXO/IHON (DYHKIIMU Ha TEX »Ke apryMenTax. Pejisiumon-
HbIIi 3aITPOC ¢ HE3a3eMJIEHHBIMU apI'yMeHTaMK B 00IIeM ciiydae OyIeT BhIUMCJIAThCS
HEJIETEPMUHUPOBAHO, [TO3TOMY BPeMs €0 BHIYUCJICHUSA 3aBUCUT IKCITOHEHIIUAJIBHO OT
pa3mepa aprymenToB. [Ipm sTom, cpaBHeHHE NPOU3BOIUTEHLHOCTH C COOTBETCTBY-
IOIEeil MCXO/IHOM (DYHKIIMEH He IPeJICTaB/IsieTCsl BO3MOXKHBIM, IIOCKOJILKY 3aIlpoc C
He3a36MJICHHBIMU apTyMEeHTaM#u He MOXKeT OBbITh COIOCTaBJIEH HU ¢ KAKUM BBI30OBOM

UCXOJIHON (DYHKIIMH,
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I'maBa 3. Crarudyeckass u AuHaAMHUYECKass KOPPEKTHOCTh PEJISIIMOHHOIO
npeobpa3oBaHUA

[Tpn npeoOpazoBaHUU MPOrPAMM BaXKHBIM SIBJISIETCS CBOMCTBO COXpaHEHMsI
X CeMaHTHKH, Ha3bIBAEMOE KOPPEKTHOCTLIO IpeobpasoBanus. JlanHoe cBOWCTBO
rapaHTUpyeT, YTO IPOrpaMMbl J0 U IIOC]e Ipeobpas3oBaHus OyIyT OJUHAKOBO HC-
MOJTHSITHCS, T.e. Ha OJHUX M TeX XK€ BXOJHBLIX 3HAUCHUSX BbIJaBaTh OJMHAKOBDLIE
BBIXO/IHbIE.

B nipeibiiy1neit riraBe Mbl OIIPEIeIUIN JBE CEMAHTUKI KaK JIJISI HCXOLHOTO S3bi-
Ka, TaK W JIJIsT PEJISIIIUOHHOTO PACITUPEHNs: CEMAHTHKY BBIBOJIA TUIIOB U CEMAHTUKY
ucnosiHeHus. Tpa uinoHHO, CeMaHTUKY BbIBOJIA THIIOB HA3bIBAIOT CTATHIECKOIl, TaK
KaK pe3ysjbTaT e HCIOJHEeHHs] He 3aBHCHT OT KOHKDPETHBIX apryMeHTOB. B c¢Boio
ouepeJib, CeMAHTUKY UCIOJHEHUsI HA3LIBAIOT JUHAMUYIECKOIA.

B janHOil riaBe npejicraBieHbl JOKA3aTeIbCTBA KOPPEKTHOCTH PEJISIIIMOHHOTIO
1peodbpa3oBaHus Jijisi 00ErX CeMaHTHUK: CTATUIECKON 1 guHaMudeckoi. Mbl paccMoT-
PUM JIOKA3aTEJbCTBO CTATHIECKON KOPPEKTHOCTU PEJISIIIUOHHOIO MPeoOpa30BaAHMSI
(coxpaHeHWsT TUNU3AIMN) U JOKA3ATEIbCTBO YACTUIHON JTUHAMUICCKON KOPPEKT-
HOCTH (COXpaHEHWsI CeMAHTHUKH DEJISAIMOHHOrO mpeobpasoBausi). OTMETHM, 9TO
JIMHAMUAYECKasT KOPPEKTHOCTD SIBJISETCS YaCTUIHON, TaK KaK CYIHIECTBYIOT 3aIIPOCHI
JUIsT PEJISIIUOHHOr0 00pasa, KOTOPble He MOI'YT ObITh BOCIPOU3BEJIEHBI B MCXOJIHOM

nporpamMmmMe.

3.1 CrarnyecKasgs KOPPEKTHOCTH PeJIAIIMOHHOIO ITpeodpa3oBaHuAd

CraTnyeckasi KOppEeKTHOCTb — BayKHOE CBONCTBO KaK C TEOPETUYECKOM, Tak
U ¢ HpaKTUIecKoi Touku 3penusi. C TEOPETHUECKOW TOYKM 3PEHHUs JIAHHOE CBO¥i-
CTBO $IBJISIETCSI HEOOXOJMMbIM TpeOOBaHUEM s TIOJITBEPXKJICHUS JIMHAMUYCCKOM
KOPPEKTHOCTH, TaK KaK PacCyzkKJaTh O COXPaHEHUN CEMAHTUKU B TUNU3UPOBAHHOM
SA3bIKe 0e3 TapaHTUW KOPPEKTHOCTH THUIU3AINUKA He IMPEeJCTABIAETCA BO3MOXKHBIM.
C mpakTuieckoil TOUKM 3pEHUs, CTaTHIeCKasd KOPPEKTHOCTH HEOOXOIUMA JIJIs Ta-
PaHTUN YCHEITHOI'O IIPOXOXKIeHNU IPOBEPKU TUIIOB IPU KOMIUJIAIINNA PEIAINOHHOIO

obpaza. B aTom pazjiesie mpejcTaBieHo JI0Ka3aTebCTBO TEOPEMbl O KOPPEKTHOCTH
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TUIH3AIAKA [IPpeoOpa30BaHHON IIPOrpaMMBbl IIPU YCJIOBUKU KOPPEKTHOCTU TUIINA3AIUN

UCXOTHON (DYHKITMOHAJIBHON! IIPOrPAMMBL.

Teopema 1 (o craTudeckoit KOppeKTHOCTH). [1ycTh B NCXOHOM SI3BIKE BBIDAYKEHNUE €
nMeeT Tui t. Torga B pefsaiinOHHOM pacHInPEHUH, TOCIe BRIIOJTHEHNA PEIIIIOHHOTO

npeobpazoBanus, obpas 3Toro Buipaxkenus [e] 6yaer umers Tum [t]°.

[Tpekjie vem npuCTyNnuThH K JIOKA3aTeIbCTBY TEOPEMbI, HEOOXOJMMO PACCMOT-
pPeTh, KAK COOTHOCATCS THUIIbI IEPEMEHHBIX, COJIEPKAIUXCA B KOHTEKCTaxX CeMaHTUKN
MCXOJIHOTO sI3bIKA U CEMAHTUKH PEJIANMOHHOIO paciupenus. s sroro cdpopmyiu-
pyeM OIIpeieIeHIe PesAtuoHH020 00pa3a KoHmeKcma CeMaHTHKI UCXOTHOIO SI3bIKa,
OlpeJIeISIONIEro 1peodbpa3oBaHe TUIIOB IIEPEMEHHbIX, COJIEPYKAIINXCH B KOHTEKCTE
CEMAHTUKK PEJISIIIMOHHOTO PACHIMPEHUsi, a TaKXKe JIEMMY, YTO Tpeodpa3oBaHue THu-
OB TIEPEMEHHBIX TTPU PEJISITMOHHOM Tpeobpa30BaHuK COOTBETCTBYET MPUMEHEHUIO
PeJIIIUOHHOr0 00pa3a KOHTEKCTa CeMaHTUKH. TakuMm 0Opa30M Mbl IOJTBEPIUM CO-
XpaHeHUe KOPPEKTHOCTHU THUIIOB JIJIs BCEX MEPEMEHHBIX, COMEPXKAIINXCA B UCXOHOM

lporpamMmmMe.

Omnpenesnenne 1. [lycth e — BbIpaXKeHHe UCXOJHOTO sI3bIKA, T — Y3€J B CHHTAK-
CHYECKOM JiepeBe BbipakeHust e, [' — KOHTEKCT, BO3HUKAOIMIl IPU BBIBOJE THIIA
Boipakenus € B ysae x. Torma 6ynem maswsars [I] = {(s : [¢]") | (s : t) € T}

PENAUUOHHBIM 00pazom KoHTeKcTa 1.

Jlemma 1. Ilycth e — BbIpakeHune MCXOJIHOTO S3bIKa, & — y3eJ B CHHTAKCUIECKOM
JlepeBe Bhipaxkenud e, [' - e : ¢ — cocTosnne mpu BBIBOJIE TUTIA BHIPAYKEHUS € B y3J1€
x, 'k &:t — cocrosinue 1pu BLIBOJE THIA NPEOOPA3OBAHHOrO Bhipaxkenus [e]° B

yaae [z]°, ssasromemes obpasom ysaa . Torma [[I] C T.

Jloxazamesvemeo. JlokaxkeMm JTaHHYIO JeMMY UHIYKIHEH O JTUHE MyTH OT KOPHS
CUHTAKCUUIECKOT'O JIEPEeBa BbIPAXKEHUsI € JI0 y3Jia .

B ciyuae 6a3bl MHJIY KUK Y3JI0M X SIBJISIETCS KOPHEM CHHTAKCUIECKOTO JIepEBa
BbIPayKEHUsI €. JTOMY Y3Jy COOTBETCTBYET KOPEHb CHHTAKCUUECKOTO JepeBa Ipe-
obpazoBanHOro Bhipaxkenus [e]¢. Ha mepBom mrare BbIBOjIA THIIOB KOHTEKCT IIYCT.
Crenoparenpio, I' = @ u ' = @. Tlostomy Bepro, uro [[] = [@] = @. Tak
Kak & C &, B pesyabrare noiydaem & = [[] € I’ = &, uro jnokaspiBaer Gasy

UHJLYKIUU.
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JLJ1s1 MHAYKITMOHHOTO MePexXo/1a HeOOXOAMMO YOeIUThCs, UTO JIJisi KaXKI0r0 Ipa-
BIJIA BBIBOJIA THIIOB MCXOHOTO s3biKa yTeepxaenne [['] C T’ coxpanserca nis Beex
IIPEJIOCHLLIOK MK yeiosun uerunnocrn yrsepxenns [I'] C T s ciaepersus.

Paccmorpum ciydaii, Korja Nmpu BbIBOJLE THIA y3Ja T IPUMEHHMO OJHO W3
npasui BOOLy, EQp, CONSTRy wiun APPp. Torma npuMensist 3Tu npaBu/ia, Mbl He
oo THIM KoHTeKeT [' HoBbIMuU mepeMentbiME. [1pu BoiBOsIe THIA y3i1a [2]¢ KoHTeKCT
[' MOXKeT TOJIBKO TIOMOMHATHCA, TT03TOMY cooTHomenne I’ C I coxpanuTes.

B cityuae npumenenus npasuwn VARy, ABSy, LETy u LETRECT y3mnbt x u [z]¢
UMEIOT UJACHTUIHBIN OlepaTop B Ka4eCTBEe KOPHsI, IOCKOJIbKY PEJISIIEOHHOE ITPeodpa-
30BaHKe He MEHSeT BbIPaykKeHre, eCIu OHO SIBJISIETCs TIEPEMEHHO, abcTpaKIneil niu
let-csizpiBanneM. Ilosromy KonrTekerbl I' n I OMOMHSATCS MIAEHTHIHBIMU HTEPEMEH-
HBIME 1 cooTHommenne I' C I' coxpanures.

Ocraéresa paccMoTpeTh npuMeHenue mpasuia MATCHp. B jgannoMm ciydae
KOPeHb y3JIa & SIBJISIETCS COMOCTABICHHEM C OOpas3loM W HMeeT CTPYKTYpy BHIA

match ey with {C’Zk(azﬁ,,x}ﬂ) — ¢;}. Coorsercreyomuii emy ysen [x]¢ Oy-

JAET PEJIAIMOHHBIM 06pa30M, IMO9TOMY B COOTBETCTBUM C IIPABUJIOM DEJIAIIMOHHOI'O

npeodpa3oBaHus JIJisi COMOCTARBIEHUs ¢ 00PA3IOM UMEEM CJIeJIyIoIee:

A q . fresh (gg,)
([eo]® gey) A
V; ((fresh (q¢}...q,)
[=]° = (4ey = TCT(dhs - 200)) A
A 2y 2l [e]®
(=q¢) ... (=4q)) q
).
HpI/I BBIBOJI€ THUIIOB y3Jla X BbIPAXKE€HUW:A € IJIsA KaxK/10T'O IMOJABbIPDAaKEHWA €; KOH-
Teker [N GyzieT MOMOHEH HepeMeHHbIME T

]7
$Ci C™. Heob 6
j ) HBJIHIOHLI/IGCH TUIIaAMU apFYMeHTOB KOHCprKTOpa i - (§]0) XO,D;I/IMO y e,II;I/ITbCS{,

KOTOPbIM 6y,ZI;yT COOTBETCTBOBATH TUIIDBI

aro st y3ia [z]¢ mpeobpasoBannoro Beipaxkenus [e]¢ masa KayIoro moaBbIpake-
i-
- J
runamn [t5°]". Kax mbi Mmoxem sujiers, kaxjioe sbipaxenue [e;]° aberparnposano

nust [e;]¢ konreker I' rakake Oyjer HOMOJHEH IEPEMEHHBIMU X', ¢ IPEOOPA3OBAHHbIM U

Mo BCEM TIEPEMEHHbLIM .%';, MMO9TOMY JdaHHbIE TEPEMEHHbIE ITOIMMOJIHAT KOHTEKCT r npun

BbIBOJIe TUIIOB. OCTaeTcs IPOBEPUTH, UTO UM OyJIeT COOTBETCTBOBATDL IIPAaBUJIbHBII

THII ﬂt]CZ]]t
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[Ipex e Bcero HaM HEOOXOUMO OIIPEJEJNTH TUILI BCEX JIOTHYECKUX IIePeMeH-

HBIX ¢j. DTH TUIBI onpejiensiores poipaxkenusvu (g, = 1 (g, - ,qy,)), Te
n;

JIAHHBIE IEPEMEHHBIE PACIIOJIOKEHbI Ha ITO3UIUAX apryMeHToB KoHCTpyKTOpos O]
[TosroMy TuIIbI TIEDEMEHHBIX ¢; PABHAIOTCH [[tjci]]o. 3 upasuia npeobpazoBaHmst

1

i
COTOCTABJIEHUS ¢ OOPAZIOM HEMOCPEJCTBEHHO Ciejlyet, uro abcrpaknusa (A x] ... ;.

[e:]©) upumensierca x nabopy aprymenTos (= ¢)), ..., (= qf“), q. Taxum obpaszom,
KaxkKJI0il [epeMeHHoi :c; Oy/ileT COOTBETCTBOBATH THUII BBIpAXKEHUsT (= q}) Tax Kak
epeMeHHO qj- COOTBETCTBYET THII [[tjq']]o, TO JIJIsT BhIpaxkeHusi (= q;) TIOJIy9aeM THII
[[tjci]]o — &. DTO B TOYHOCTH COOTBETCTBYET TPEOYEeMOMY THITy, MOCKOJIBKY T10 Mpa-
BIJLY 11PE00OPA30BaHMUs 3a3€MJIEHHOIO THIIA, UMEEM, UTO [[tfi]]t = [[tjc]]o — &. Takuwm

00pa30M MHIYKIIMOHHBIN MEePexo]l JIOKA3aH. []

JlaHHast jJeMMa, IOJITBEPK AT TOT (PAKT, UTO IPU BLIBOJIEC TUIIA PEJIAIIMOHHOIO
obpasa Bce IepeMeHHble UCXOHOM MporpaMMbl OYIYyT TUIIN3UPOBAHBI KOPPEKTHBIMI
TUIIAMU.

JlokazaTejibCTBO caMOil TeOpeMbl HETPY/HO BBIIIOJIHUTH 110 CXEMe JIOKa3aTe b
CcTBa JIeMMbl 1, MPUMEHUB CTPYKTYPHYIO WHAYKIIMIO C WCIOJH30BaHUEM JieMMbI 1
IIpU JIOKA3aTeJbCTBEe 0a3bl MHJIYKITUH.

JlaHHass TeopeMma IOJITBEP:KJIAET, UTO BBEJEHHOE pEJIAIMOHHOE IIPeodpas3o-
BaHUE COXPaHAeT KOPPEKTHOCTH THUIIM3AIINK, OJHAKO Teopema OOXOJHUT CTOPOHOI
BOIIPOC O COXPAHEHWM CEMAHTUKHU IPeodpa3oBaHHO rnporpaMmmbl. Creyromuii pas-

JleJl KaK Pa3 MOCBSIIEH PEIIeHUI0 3TOW 1MpobJieMbl.

3.2 YacTtuyHag AuHAMHUYECKasi KOPPEKTHOCTh PEJISIIMOHHOI'O
nIpeobpa30oBaHUSI

Bropasi Teopema, KoTtopas JloKkazaHa B JAHHOW IJlaBe, TOJTBEPYKIaeT JaCThY-
HYIO JUHAMUYECKYIO KOPPEKTHOCTD WJIH, APYTUMU CJIOBAMU, COXpaAHEHUE CEMaHTUKU
IpU PEJISIMOHHOM IpeoOpa30BaHUK KOPPEKTHOH IMIPOrpaMMbl HCXOJIHOIO SI3BIKA.
BaKHO OTMETHTB, UTO JOKA3bIBACTCS UMEHHO YaCmu4haA JAHAMIICCKAT KOPPEKT-
HOCTb, KOTOpasi I'apaHTUPyeT COXPaHEHHE CEMaHTUKHU PeJISIMOHHOIO 0o0pa3a 1pu
BBIUUCJICHUU B NPAMOM HANPasAeruy. VIHade roBopsi, €cjii MCXOJHas IporpamMmMa
COJZIEP>KUT TTPUMEHeHne HeKOoTopoit pyHknnn f K HabOpy apryMeHToB €, ..., €,, TO

coXpaHeHne ceManTuku rapanrupyercs juist npumenenus [f]. [ei]. ... [en]c ¢, rme
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g — cBexKag nepeMmenHasi. OJIHAKO B CJIydae PessIMOHHOr0 oOpa3a BO3MOXKHBI HoJiee
CJIOYKHBIE TTPUMEHEHUS: JTI000# apryMeHT MOXKeT ObITh 3aMeHEH CBexKeil mepeMeH-
HOM KaK IOJIHOCTBHIO, TaK M YaCTUYHO 3a CHeT 3aMEHbI 110J[BbIPAYKEHUsI apryMEeHTa,
cBexxeit nepemennoit. 1000610 pesisiinoHHOM porpaMmMe HEBO3MOXKHO COITOCTABUTH
KaKy10-/1M00 NCXOAHYIO (PYHKITMOHAJIBHYIO TTPOTPAMMY B KauecTBe poodpasa B CUITY

CTPOIroOii HAIIPABJIEHHOCTH BbIUMCJICHUA (DYHKIIMOHAJJIbHBIX IIPOI'PAMM.

Teopema 2 (0 4aCTHUHOI JIMHAMUYIECKON KOPPEKTHOCTH ). IIycTh BhIpaXkeHue rneppo-
O MOPSIJIKA € UMEET THUIL {, & TAKKE CYIIEeCTBYeT 3HAYEHUE IEPBOIO MOPsijIKa U TAKOe,
aro e ~/ v. Torna fresh (x) ([e]¢z) ~" (0,2), u 0(s) = v, Tie § aABsgeTCA Ce-

MaHTUYICCKON ITepeMeHHO, aCCOIMUPOBAHHON C X Ha MEePBOM IIare BbIYUCJICHUS].

[Tpexxie Bcero npoKOMMEHTUPYEM TOT (PaKT, UTO MHOXKECTBO OTPUIIATEIHHBIX
MOJICTAHOBOK sIBJIsieTCs TTyCcThiM. [lomnosiHene JJaHHOro MHOXKECTBA BO3MOYKHO TOJIb-
KO IIPU BBIOJTHEHUH KOHCTPYKITUU ONPAHWYEHUs] HEPABEHCTBOM. DTa KOHCTPYKITHS
MOYKeT OBITh UCIOJHEHA B TPeodpPa30BaHHON TPOrpaMMe, TOJBKO €CJTH HCXOJTHAS
LPOI'PAMMa COJIEPKUT CUHTAKCUYECKOe CPaBHEHUE, IIPUMEHEHHOE K CBOUM apl'yMeH-
taM. Bo Bpemsi uctoJinenust 11peoOpa3soBaHHON PEJISIIMOHHON TPOrPpaMMbl B IIPSIMOM
HallpaBJIeHUN (HOCﬂe;LHI/H?I apryMEHT ¢BJISICTCA CBEXKeWl MMepeMeHHOI, OCTaJbHbIE ap-
IYMEHTBI TTOJIHOCTBIO OIIPEJICJICHBI) MPU BLINTOJHEHUN KOHCTPYKIIUE OTPAHUICHUS
HEPaBEHCTBOM 00a apryMeHTa sIBJIAI0TCA 3aMKHYTBIME, UTO IPUBOJIUT K HEMEJIJIEHHO-
MY pa3pelieHuio OrpaHnueHns HepaBEHCTBOM O€3 MOTOJHEHUS U3HAYATBHO MyCTOrO
MHOXKECTBA OTPUIIATEIbHBIX 110JICTAHOBOK.

Tak>ke oT™MeTuM, 4TO JAaHHYIO TEOPEMY HeJib3sl JIOKa3aTh UHJLYKIUEH 110 JJIMHe
BBIBO/I, TTOCKOJILKY KaKJI0€ NPUMEHEHUE, COJIEPIKAIIEeCs B UCXO/IHOM MTporpaMme Co-
JIEPKUT (PYHKIUIO B KaUECTBE JIEBOTO MO/IBbIpazkeHus. U ara hyHKIUS 0ueBrUIHO He
SBJIETCS BhIPaXKeHUEM TIEePBOTO MOPSJIKA. DTO OrPAHUIEHIE MOXKHO OBITIO OBl CHATD,
ecam GBI MOYKHO OB1TIO JToKazaTh obobmenne p ~+/ f = [p]¢ ~" [f]¢ ana mpoussoms-
HOT'O P JIIOOOIro TUIA. DTO yTBEPXKJIEHUE, OJIHAKO, OKA3aJIOCh JIOXKHBIM, MOCKOJIBKY
Bhipaxkeuue C ((A x.x) A) MOXKHO IPEbsIBUTH B KAYECTBE KOHTPIIPUMEDA.

[Tpuunna janHoOl NpobJIEMbl 3aKJIIOUAETCS B TOM, YTO TPU ITPEodpa3oBaHun
MPOUCXOJIAT  (PYHKUUOHANU3 UL KOHCTPYKTOPOB, COMOCTABJIEHUN € 00pasloM wu
CUHTAKCUIECKUX CPaBHEHUN, W, CJIETOBATETLHO, U3MEHSIETCS TMOPAIOK BBITUCTIEHUS
PeJISIIMOHHOT0 00pa3a B CpaBHEHUHU C UCXOMHON (DYHKIMOHAJILHON mporpammMoii. Ta-

KUM 00pa30M LpH J0KA3aTe/ILCTBE HEOOXOIMMO PEIIUTh 3Ty Hpodemy.
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Jliist yerpaHeHusl Pas/iMauii B MOPsJIKEe BbIUYUCICHUST MCXOJHON HPOrpaMMbl 1
peJIsiiMOHHOr0 obpasa, Oblia paspaboTaHa MOAMMUIIMPOBAHHAS CEMaHTUKA (DYHK-
[MOHAJHLHOTO SI3BbIKA, TOPSIOK BBIYUCICHUST B KOTOPOH MPUOJMMKEH K TOPSIIKY
BBIUKCJICHUST PeJIIMOHHOr0 obpas3a. /laHHas ceMaHTUKa ObLjIa Ha3BaHa 0MKAGIL-
sarouleti, TaX KaK OHA OTKJIAJIbIBAET BBIYUCJCHUE KOHCTPYKTOPOB, COIOCTABJICHUS C
00pa30M U CHHTAKCUIECKOTO CPaBHEHUs. DTa CeMaHTHKa MOXKET OBITh MOJIyUYeHa U3
UCXOJIHOM (DYHKIMOHAJIBHOM CeMaHTUKM B JiBa mara. CHada/a HeoOXOIMMO PaccMOT-
peTh COKPAIEHHYIO BEPCUIO OPUTHHAIBHONE (DYHKIMOHAJIHHON CEMAHTUKU, KOTOPAast
obpabaTrbiBaeT KOHCTPYKTOPbI, COMOCTABJICHHUS ¢ 00PA3IIOM ¥ CHHTAKCUIECKIE CPaB-
HEHUsI KaK BBIYMCJCHHBIC 3HAUCHMA. 3aTeM OIPEJICJUTh OTJI0KEHHYI0 CEeMaHTHUKY
B BHUJIE UTEPATHBHOIO NpPUMEHEHHUsI COKPAIEHHOI CeMaHTHKU K apryMeHTaM 3TUX
HOBBIX 3HAUEHUIl (apryMEHTHI KOHCTPYKTOPOB UJIM CUHTAKCHIECKOTO CPABHEHWSI, a
TaKKe COMOCTaB/IsieMOe 3HaYCHUE CONOCTAaBJECHUs ¢ 00Pa3IoM).
[ajee, oTMEeTUM, 9TO €CJIM BbIPAyKEHHE MEPBOrO MOPs/IKa MPU BBIUYNCICHUN
BO3BpAIIaeT HEKOTOPOE 3HAYEHWE B MCXOJHONW CEMAHTHUKE, TO OHO TaK>Ke BLIUUCIsI-
eTcs K TOMY 2Ke 3Ha4YeHHIO B OTKJIA IbIBAIOIIEH ceMaHTHKe. DTO CBOMCTBO OCHOBAHO
Ha CJIeAYIOIINX HAOJIIOICHUIX:
— 0be ceMaHTUKHM 00J1aJ1aJ0T CTaHJAPTHLIMM CBORCTBAMU HPOABUXKEHUS
(progress) u coxpaneHusi Tunuanuu (type preservation) [85];

— Jist 0benx cemaHTUK BepHO cBoficTo Uepua-Poccepa [85; 87 st sisimbia-
UCUYUCIICHUS;

— OTKJIQJIbIBAIOIIAsI CEMAHTUKA IPUMEHSET MOJAMHOXKECTBO IIPABUJI MCXOJHO
CEMaHTHUKHU.

Tenepb NPUCTYIUM K JOKA3aTEJLCTBY TEOPEMbl. ByjieM HCII0Jb30BaTh METO/I
cumyJisiiuu [88; 89| uexo/iHOI POrpaMMOil B OTKJIA/IBIBAIONIEH CeMaHTUKe ¢ 110OMO-
IIHI0 PEJIAIIMOHHOr0 o0pasa B pessaiuonnoit cemanTrke. [lepe atum chopmyanpyem

HECKOJILKO JIEMM H onpeﬂeﬂeﬂnﬁ.

Onpenenenne 2. Onpejenrm JiBa MHOXKECTBA, KOHTEKCTOB HCXOJHOIO SI3bIKA, —
MHOACECTNBO PYNKUUOHAALHUT Konmekemos (1) n mMHoocecmeo amomaprolr kom-

mexcmos (2):

Cy=0e|vO]|let x = 0O in e, (1)

Cy,=match O with {p;—e;} | C"(v,0,e) | O=e | v=0. (2)
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OTMeTI/IMj 9TO MHOZKECTBa (bYHKIH/IOHaJIbeIX N aTOMapHbIX KOHTEKCTOB JU3b-
IOHKTbBI, a HuX O6"be,B;I/IHeHI/Ie B TOYHOCTH PpPaBHO MHOXKECTBY BCEX KOHTEKCTOB

NCXOJHOI'O A3bIKa.

Jlemma 2. [lycrsb (S, €) — MpOU3BOJIBHOE COCTOSTHEE TOCJIEI0BATEIBHOCTH BBIUNC-
JIEHWI B OTKJIa IbIBaloIell cemanTrke. Torjaa BIIOJHEHO cieayiomiee: S = C;C; .

Jpyrumu cjaoBaMu, B IIPOIECCE BBIUKUCJIECHUsI B OTKJIAJIbIBAIONICH CeMaHTUKN
CTeK KOHTEKCTOB MOYKHO Pa3JeJUTh Ha JiBa (BOBMOXKHO, IyCThIX) CEIMEHTa: BCE aTo-
MapHbIe KOHTEKCTHI PACIIOIOXKEHDI HIXKe BCeX (DYHKIIMOHAIbHBIX.

JleMMa Jlerko JIOKa3bIBaeTCs MHAYKIUEH MO JAJUHE BBIBOJA.

Onpenenenne 3. OupejennM JBa MHOXKECTBa BbIPAXKEHUH HCXOIHOIO sA3bIKA —
MHOHCECTNBO PYHKUUOHANDHUT SPadcenutl (3) U MHONHCECTNEO AMOMAPHHLT GbiPa-

orcenuti (4):
Ey=eres|Av.e | ufAz.e|let * = e; in ey | let rec f = Az.e; in ey, (3)

E, = (61 = e) | match e with {p; — e3}. |C* (e1...ep). (4)

OrmeTnM, YTO MHOXKECTBa (DYHKIMOHAJbHBIX M aTOMapHbLIX BbIparKeHUil
JIN3BIOHKTBI, & UX OObeJMHEHHE B TOYHOCTU pPABHO MHOXKECTBY BCEX BbIparKeHUIt

NCXOJHOT'O A3BbIKa.

Onpenenenne 4. st Mponu3BOJILHON TOJCTAHOBKU O pacwupentoe pessuuorntoe
npeobpazosanue BHIPAYKEHUsT UCXOHOTO sI3bIKa [@]g Ompesesnm Caeayonmm obpa-

h Il = LT

[v]le = Az.x =s),ecin O(s) = v.
3nech O — mojcraHoBKa, f — HpPOM3BOJIbLHOE (DYHKIMOHAJIHLHOE BBIPpAXKEHUE, U —

IPOM3BOJILHOE 3HAYEHUE [IEPBOIO MOPsIJIKA B UCXOJHOM ceMaHTHKe (T. €. KOMIIO3UIUsE

KOHCTPYKTOPOB).

3aMeTuM, 9TO pas3Hble CJydar B 9TOM OIPEICJICHUN HE M3 bIOHKTHBI, 8 BO
BTOPOM CJiydae MOXKeT ObITh OoJjiee OJIHOI TIepeMEHHO ¢ 3alPOIEeHHbIM CBORCTBOM,
MO3TOMY pacHIupernHoe mpeodpa3oBaHue onpejesser Habop PeTsaIMOHHbIX BhIpaske-

HUMN.

Jlemma 3. [lycts f n e siBIsiIOTCS TTPOMBBOBLHBIMU BHIPAYKEHUSIMU B HCXOHOM

si3bIKe, a 0 — 9TO IPOM3BOJIbHAS MOJCTAHOBKA. Torja cipaBej/InBoO CJeyoIee:
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Lf[z < e]lo = [flo[z < [e]e]-
B jgaHHOM Caydae PaBeHCTBO HEOOXOJAMMO TPAKTOBATHL KAK PABEHCTBO JBYX MHO-

2KeCTB.

DTa JleMMa JIETKO JIOKa3bIBAETCsS CTPYKTYPHON WHTYyKITHEH.

Onpegenenue 5. st 1pou3BOJIbHONE HOACTAHOBKY O OLpeeiuM npeobpasosarie

Pynryuonasvnozo konmerxcma [e]g ciepyromum ob6paszom:

[[De]]e = D[[e]]e,
[vOle = [v]eCs,
[Let x = O inep = let = = O in [e]e.

3/1ech € — Mpou3BOJILHOE (DYHKIIMOHAIBLHOE BhIPayKeHue, v — A-abCTpaKiius.

Onpenenenne 6. [l mpousBOJILHON CEMAHTUUECKON IIEPEMEHHON §1, S§o U IIPO-
M3BOJILHOI IOJCTAHOBKH O OIpeesiuM npeobpadosanue amomMapHblr KOHMeKCmos

[o]g** caepyroumm obpasom:

[[Ok(vl,.--,Ui—17D76i+17"’ k) 5152 =
LA
(lei+1]e si1) A

(lex]o s) A
(50 =1C*(s),...,80_1,81,501,...,5k)), ecin 0(s)) = vy, j <
[E=elg™ = OA
([e]o s7)A
(51 = ) A (5 = T true)) v
(51 % &) A (52 = 1 false)):
[o=0]g" = OA
(5 = 51) A (52 = Ttrue)) v
(' # o1) A (s = 1 alse))), ccan 8(s) = o
[match O with {C/"(y}, ...,y,) — e} =
AV,
(fresh (si...s))
(51 =1C7"(s1, -5 50,))
Ay - Ay, [[6]]6) (= si

). (= s,) 52).
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3mech § 1§, — MPOM3BOJBHBIC CEMAHTHUECKUE TEPEMEHHBIC, U; — MTPOU3BOJILHBIC
3HAUYEHUS B UCXOJLHOM SI3BbIKE, €; — IPOU3BOJILHBIE BBIPAXKEHUsT B UCXOJIHOM SI3bIKE.
Tax>ke norpebyem, aToObI O ObLIa HeEopejeneHa, JIJis BCeX YKa3aHHbIX CeMaHTHYe-

CKHX MMEpEMEHHBIX, €CJIN IBHO HE YKa3aHO ITPOTHUBOIIOJIOZKHOE.

Onpenesnenne 7. Jljisi 1pou3BoJILHOR 110JCTAHOBKU O, IPOU3BOJILHON CeMaHTHYe-
CKOM TIepeMeHHO §,, 1 (PYHKIMOHAJIHHOTO BBIPAXKEHUsT € OIPEJEIUM Npeobpasosa-

S
nue cmexa konmekcmos [o]g™ caenyoumm oGpazom:

[[gm]]Srnsm 1 ] [[gl]]félﬁo’ eclm N = 0 ec Eg

[fole-- - [fille(E 5m)[[gm]]5m§m fo ], nnade.

o o figm. - qlg™ =

3,[[6(3]3 S50 ...5p—1 ABJIAIOTCA [IPOU3BOJIbHbBIMHU YHUKaJbHBIMU CEMaHTUYCCKUMU IIepe-

MEHHbIMU.

Onpenenenne 8. [[yisi n1pousBOILHON MOACTAHOBKM O M IIPOM3BOJILHON CeMaH-
THYECKOH TTePEMEHHOIl §,, ONMPEIENIAM CUMYAAYUONHOE npeobpasosarue [o]g" mist

BbIpaxK€Hud NCXOJHOI'O A3bIKa CJICAYIOIIUM 06pa30M:

61]]9 51)/\
62]]9 52)/\
(81 = 85) A (s, = Ttrue)) Vv
51 £ 55) A (s = Tfalse)));

for = al = ([
[
(
(&

[or = vog” = (((s) = 82) A (80 = Ttrue)) Vv
((s) # 85) A (s, = T£false))), ecan O(s)) = vj;
[[Ck(vla . y Ui—1, €4, 7ek) gm —

(5m = TC"(s),...,8})), ecm 8(s);) = vj,§ < 4;
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[CF (v, .., op)]5m = (5 = C¥(s), ..., 8))), ecm 0(s}) = vj;

[CF (v, .., o) = (5m = &), ecm 0(8") = O (vy, ..., vp);

[match e with {C/"(y}, ...,y.) — edg" =
[elo 5" A Vi
(fresh (si...s!)
(& =1 C (st 5h)
(Ayt. .. .Ayzi.[[ei]]g) (=sh)...(= sf%) Sm);

N

[match v with {C}"(yi, ... ,Z/fl) — ey =

Vi

(fresh (si...s%)

(2

(= 1T (st 5h)
Ayt Ay eilo) (= 51) ... (= s),) m), ecan B(s) = v.

3yech Bee §' ¥ §; — TPOM3BOJNBHBIC CEMAHTHICCKUE IEPEMEHHbBIE, € — MPOU3BOTHLHOE

BbIPAXKEHUE MCXOJHOT'O SI3bIKA, U — HPOU3BOJILHOE 3HAYCHUE JIJII CEMAHTUKH MCXO/I-
HOT'O si3bIKa. Tak:ke morpedyem, 1uro0bl O Obliia HeolpeiesieHa sl BCeX YKA3aHHBIX

CEMaHTUYECKUX TIEPEMEHHDBIX, €CJIN sIBHO HE YKa3aHO ITPOTUBOITIOJIO2KHOE.

Omnpenenerne 9. [lycrs (S, €) siBjsieTcst COCTOSIHUEM B OTKJIAJ[bIBAIOIIEH CeMaHTH-
Ke, a, <E,S’, é, (0, @)> — 3TO COCTOSIHME B PEJIANMOHHON cemanTuke. HazoéMm sTu
COCTOSHHA C6A3AHHBLMU, CCTA CYIIECTBYeT TaKasd CEMaHTUICCKas IIepeMEHHAd ¢,
TaKasl, 9TO BEPHO CJIEIYIOIIEe:
- 8 € [ST5™
lelg" ., ecmee E,uSNCy =2

A~

— €c
lele , wnaue;

A

— Y COJIEPKUT BCe CeMaHTHIEeCKHe IepeMennble u3 €, S, u 0.

Jlemma 4. Ilycrs v = C¥(vy, ... ,v;) — 3HAYEHHE B TEPMHUHAX CEMAHTHKH HCXOI-
HOrO (DYHKITMOHAJILHOTO si3bIKa. Loria Jijisd MpousBoJbHbIX %, S, 0, 0 € [v]e u

CeMaHTUYECKON MepeMeHHoit § Takoii, uro § ¢ dom(0), Bepro (5) uau (6).

(3,8,(0s),(0,2)) " (X,S,s =CF(s),...,8),(0,2)) nd(s) =v;, (5)
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(3,8, (0s),(0,9)) ~ (X,8,s =¢,(0,9)) nb(s) =wv. (6)

DTa JeMMa, JIerKO J0Ka3bIBAeTCA MHJYKIIHMEH 110 BBICOTE 0.

Jlemma 5. [lyctb s = (S = g ... g1,€) — 9T0 COCTOsSTHUE B OTKJIAJIbIBAIOIIEH Ce-
MaHTHKe, §; — aTOMapHble KOHTEKCTBI, € — BLIPA’KeHHe NepBOro mopsijika, 0 —
HEKOTOpas IOJCTAHOBKA, Y — MHOMKECTBO BBIJICJICHHBIX CEMAHTHYECKUX IePeMEH-
HBIX, 6, — HEKOTOPas CeMAHTHIECKAs MepeMeHHad, a S € [SIg"", e € e]e m &
COUEPIKMT BCe ceManThuieckue nepeMennbe us S u 0. Torua cylecrsyer rakast
110CJIe/I0BATEILHOCTD 11ar0B B CeMaHTHKE PeJIsAlMOHHOIO PACHIUPeHUsl, YTO BEPHO

cleyIonee:

A A * A
<2,5, (€5m), (O, @)> w* 3,
rJle S U § CBA3AaHBL. DTO BEPHO B MPEJIIOJOKEHUN, YTO Y COIEPKUT BCE CEMaHTHYe-
ckue nepemernbie u3 S u 0.

JlokazaTebCcTBO 3TOI JIEMMBbI JIEI'KO BBIITOJHUTH Pa3dOPOM CJIydaeB Jijisi BhIpa-

»KeHUs e ¢ Uclojb3oBanueM JlemMMmbl 4.

Jlemma 6. Ilycrb S — S9 — OJiH LIAT' BBIYKCICHUS B OTKJIA IbIBAIONIEH CeMaHTUKE,
S$1 — COCTOsiHME B PEeJISIIIMOHHON CeMaHTHKe TakKoe, 4TO S1 M S; CBsA3aHbl. Torja
CYIIECTBYET TOCJeI0BATEILHOCTD IIATOB B PEJIAIIMOHHON CeMaHTHKe S ~=* So TaKasi,
UTO S9 U S9 CBA3AHDL.

Jloka3aTe/bCTBO TOM JIEMMBI JIEFKO BBIIOJHUTHL PA300pOM ClIydaeB JJid S U
KOHCTPYKTHBHBIM MTOCTPOEHUEM OTHOIeHUst cumyJistiinn [88; 89| ¢ ucmosb3oBatem
Jlemm 3, 4, 5.

Jlemma 7. Ilycts sy = (&, ¢,fresh (z) ([e]°xz),1) — magambHOe cocrosiue B
PEJIANMOHHON ceMaHTHKe. Torja cymecTByeT MOCIeI0BATEbHOCTD IAroB Sg ~~* §
TaKast, YTO HaUaJbHOE COCTOSIHUE B OTKJIQJbIBAIOIIEH ceMaHTuKe (€, €) U § CBsI3aHbl.

JlokazaTesibCcTBO 9TOM JIEeMMbl HEMEJJIEHHO cjiejyer u3 JleMMbl 5.

Bce HeobxonuMbIe onpe/ie/ieHns U JeMMbl cOpMYInpoBaHbl. Terneps JoKaxKeM
TEOpeMY O YACTHUIHON JUHAMUIECKONW KOPPEeKTHOCTH. IIycTh e — BhIparkeHne mepBoro
OPSIJIKA B HCXO/[HOM $13bIKE, KOTOPOE BBIUUC/IsIeTCs B 3HadeHne v = CF (v, ... ,v;) B
OpUI'MHAJIbHOM cemanTuKe. Toria 1mocje BbIUUCIeHUsT B OTKJIAIbIBAIONIEH CeMaHTHKE

BBIDAXKEHUsT € OyJIeT TOJIydeHo 9TO Ke 3HadeHue Caeayomum obpasoM: (€,e) —*

(e,v) .
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Torma o Jlemme 7 umeem

(&,¢e, fresh () ([e]¢ x),1) ~" 3,

rie (g,e) u § ceaszanbl. [lo Jlemme 6 cymiectByer cocrostue s' B PEISAIMOHHON ce-

MaHTHKe Takoe, 9To § ~>* ¢/ tie (e¢,v) u s’ cBazanbl. [lo onpejenennto oTHOIICHNST

cumysan, s npegcrasumo B (opume (7) wmn (8):

(S, 6,50 = 1CF (8], ... ,8,),(0,2)),0(s) = v;; (7)

(X, e,50=56,(0,2)),0(s") = 0. (8)

311ech §) — mepBasi ceMaHTHUIECKasl TIepeMeHHast, BBeJieHHas B 1, u §g & dom(0). B
000UX CJIydasix, OCTACTCs CAeIaTh OJIMH IIOCACHIHA 1Iar B PEJIAINOHHONR CeMaHTHKE,

KOTOPbIM U 3aBEpPIIAET ITO JIOKA3ATEHCTBO.
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I'maBa 4. CemanTuka a3bika miniKanren c mponeaypoit AMHAMIYECKOTrO
yIIpaBJIeHUS MMOPSIAKOM KOHBIOHKTOB

JnraMmdeckoe ympasienne TOpsIKOM BRITUCTEHUS OTIEPATOPOB B TPOTrpaMMe
ABJIACTCA KJIACCUYECKUM I10JIXOJIOM K OITUMU3ALUU [IPOrPAMM HE TOJIBKO B JIOI'M-
4ecKOM IporpammupoBanuu. JlaHHbI 1M0/X0/1 ylpol@aer pa3paboTKy Mporpamm,
yCTpaHsist HeoOXOJMMOCTh BhIOOPaA ONTUMAJBHOIO TOPSiJIKa ONEepaTOPOB BPYUHYIO.
Takxke JaHHBIN TOXOM OKA3bIBAETCS TOJIE3HBIM IMPU OTCYTCTBUM CTATHIECKOTO
ONTUMAJBLHOTO Tops/iKa. K mpuMepy, B ciiydae MHOXKECTBEHHOTO WCIOJHEHUS O]
HOW (DYHKIIMHM ONTHMAJIbHBIA TTOPSIOK OTepaToOpoB B TeJjie STOH (DYHKIUU MOXKET
ObITh pasjimdHbIM. JuHamMuveckoe yipaBjieHue I[OPsJKOM BbIYUCIEHUS TTO3BOJIUT
n36exKaTh CO3JIaHUsT HECKOJbKUX KOIMUN 9TON (DYHKIMU, PA3IUIAIONIUXCS JIUIIb [10-
PSJIKOM  OTIEPaTOPOB.

B kJjaccmieckoM pesisimuOHHOM TTPOTPAMMUPOBAHUM TOPSIOK BBIYUCTIEHUST
JII3DBIOHKTOB M KOHBIOHKTOB OIIPEJENAeTCd CeMaHTUKON OIepaTOPOB JU3BIOHKIINN
1 KOHbIOHKIMU. U eciin JIM3bIOHKIMS OlPejiesisieT HOPsiJI0K BbIYUC/IEHUs] HE3ABUCHU-
MbIX BeTBel, 3pMEeKTUBHO yIIpaBJisis MOPsJIKOM BbIYUCIEHUS JIM3bIOHKTOB METO0M
qyepejloBainsl, TO KOHBIOHKIMS OTBeYaeT 3a MOPAJOK BbIYUCJIECHUS OlepaTOpPOB B
KaKJI0l OTJEJbHON BETKE U CTPOTO (PUKCUPYET MOPSTOK BLIUUCTICHUS.

B nanHoli ryiaBe mpejcTaBiena popMasibHasd CeMaHTUKa A3bIKa, PEISIUOHHOTO
miniKanren ¢ kjaccuieckoil HanmpaBJIeHHON KOHbBIOHKIHE. Tak:Ke ommcaHa aHTe-
JMYEeCKasl CEMAHTUKA, IIO3BOJIAIONIAsl OLPEJIEJUTh [MOHATUE CIPABEIJIMBOCTUA JIJIsI
PeSISIIIMOHHOM KOHBIOHKIMU. OTpeiesiéH Ba)KHBI ¢ MPAKTHIECKOW TOUYKHM 3PEHUST
KJIACC JIETEPMUHUPOBAHHBIX CEMaHTUK s3bika miniKanren, napamerpuzoBaHHbBIX
peuKaTOM Pa3BepThIBAHUA JIJIsT BHIOOPA ONTUMAJbLHOTO TOPsIKa KOHBIOHKTOB. Ha-
KOHEIT, olpejieJieHa KOHKpeTHass (hopMa, 3TOrO MpeJInKaTa, OCHOBaHHAS Ha TOHITHN
BIIOJIHE KBas3UYNOPAJOYEHUsI, IIPeBpaliaiolasd MapaMeTpu30BaHHYI0 CEeMaHTHUKY B

CIIPABEJJINBYIO.
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4.1 KiaccuvecKad HalrpaBJeHHass KOHbIOHKIINA B si3blke miniKanren

B panHom pasjeinie Mbl pa3dbepéMm 0cOOEHHOCTH KJACCHYECKONW HalpaBJIeHHOM
KOHBIOHKIIMH B si3bIKe miniKanren Ha HECKOJILKUX MpUMepax PEJAIUOHHBIX OIPe/ie-
Jenuit u cnemupukanuii. Haunem ¢ paccmoTpenus onpejenenus append’, KOTopoe

ABJIACTCA OTHOIIEHHWEM KOHKATCHaIlUKW JIBYX CIIMCKOB.

append’ = Azyzxy . (e = [0 AN y= 2y) V
(fresh (e xs xys)
r =e:xs N
Ty = e : xys A
append’ xsy xys)

Tpu aprymenTa x, y U Xy COOTBETCTBYIOT TPEM TAaKHEM CIHCKAM, 9TO KOHKA-
TeHalusl r 1 Yy paBHa ry. OTHOLIEHNE OIPEJEIeTCs CJASAYIONUM 00pa30M: €CJIH T
mycto ([1), To xy mo/mKHO OBITH PABHO Y; B IPOTHBHOM CJIy9ae MbI Pa3obbeM T Ha
rOJIOBY € M XBOCT XS, TOTjia Xy OyjieT paBeH € : TyYsS, Tjie TYS —— TO KOHKATEHA~
IMst TS W Y, NOJydeHHAast PEKYPCUBHBIM BbI30BOM TOIO K€ OTHOIIEHUs! (37eCh Mbl

ucrnoabzyem “[17 m “:7

B KauecTBe WMEH KOHCTPYKTOPOB).

B konTekcre atoro onpejenenus 1neyab append’ [A] [B] x Beramcaut mojcra-
HOBKY x +— [A, BJ], uTo gBsgeTcs oXKujgaeMbIM pe3yabraToM. OJIHAKO, MOCKOJIBKY
KOHKaTeHaI s (paKTUIecKn paboTaeT B 000X HAIIPABJIEHUSIX, OJHO U TO YK€ OTHOIIe-
HUE MOXKHO KCIIOJIB30BATh U JIJIsI pelienns JApyrux mpobsem. Hanpumep, Boraucienne
nesn append’ [A] z [A, B] Bepuér nojgcranosky x +— [B], 9To coorTBeTcTByeT
noJiyvdenuio cydgdukca cnrcka. B 1o xke Bpewms, mnesab append® x y [A, Bl Bepnér

HA0OD U3 TPEX CJIEJYIOMUX MOJACTAHOBOK C TOYHOCTBIO JIO HOPSJIKA:

x — [] y+— [A, B]
x — [A] y +— [B]
x— [A, Bl y~— [1.

pyruMu cjoBaMu, OJIHO ¥ TO YKe OIIpeJieJIeHne OTHOIICHUST MOXKET OBITh UCIOJIB30-
BAHO JIJIsl IOMCKA B PA3JIMUHbIX “HallpaBJIeHUsIX B 3aBUCUMOCTU OT PACIPE/eJIeHUs
cBODOJIHBIX TIEPEMEHHbIX.

Bo Bcex BbINMIEYNOMSIHYTHIX MPUMEPAX MPU BbIUUCJICHUH ITIEJU BbIJIAETCS KO-

HEYHbIN HADOp OTBETOB 3a KoHeuHoe BpeMsdA. OjiHaKo 3T0 He Beerja Tak. Hamnpumep,
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ecJI Mbl TIOMECTHM PEKYPCUBHBIN BBI3OB B omnpejiesenne appendo’ nepevim B KOHb-
IOHKIMHU, TO Tiesth append’ x y [A, Bl Oymer pacrodumwcsa mocie Bo3BpaTa BCEX

oTBeToB. MLocTpaliys 9TOro moBeIeHrs IIPeJICTaB/IeHa Ha CJe/yIoel JuarpaMmme:

append’ x y [A, B]

N

append® zs y xys

y — [A, B] / \

xs — [1] , .
append’ xs" xys xys
Y — TYS ‘

! |
r — [A] :
y +— [B]

x— []

3/1ech JieBasi W MpaBasi BETBU y3JI0B COOTBETCTBYIOT BBIUWCJIEHUIO TIEPBOTO 1
BTOPOI'O JIN3bIOHKTOB append’ cooTBeTcTBeHHO. Mbl HAUMHAEM C IEPBOrO JIN3bHIOHK-
Ta append’, 4TO HEMEJJIEHHO JlaeT HaM TepBbiit otBer x — [],y — [A, B]. Bo
BTOPOM JIN3BIOHKTE MBI CTAJKABAEMCSI ¢ KOHBIOHKIIMEH ¥ HAUMHAEM BBIUUCIATH €r0
JIEBBIl KOH'BIOHKT, KOTODbIN siBJjisieTcsi puMeHenreM append’ K c60600HbM 1iepe-
MeHHbIM TS, Yy u xys. [locye nojcranoBkU Tejia oTHONIEHUs append’ Ha MO3UIUIO
MTPUMEHEHHST 3TOTO OTHOIIEHUST Mbl CHOBA CTAJIKNBAEMCST C A3 bIOHKIMEH. Ero jieBbrii
JIN3BIOHKT JIaeT HaM MOJCTaHOBKY xS —> [],y — xys, KOTOpas MMocje BO3BPAIICHHSI
13 PEKYPCUBHOI'O BBLI30BA, U BBLIYHCJICHUS OCTABIINXCS KOHBLIOHKTOB, JAeT BTOPOI
orBer = +— [A]l,y — [B]. Bropoii 1u3BIOHKT, OJHAKO, CHOBA SABJISIETCS KOHbIOHK-
Hyell, HauMHAIONIEH s ¢ PEKyPCUBHOIO lpuMeHenusi append’ K HOBbIM CBOOO/IHBIM
nepeMeHHbIM. ZICHO, 9TO 9Ta BETBh HUKOIJA HE TepecTaHeT PACTH, W TOCIe BOCCTa-
HOBJICHWST TPETHEr0 OTBETA BHIUUCJIEHNE PA30HIETCs. DTOT NMPUMED JeMOHCTPUPYET
XOPOIIIO U3BECTHBIH (hEeHOMEH Henoanomo, no onposepoicenuto [40] aToit KOHKpeTHOI
peasmsanun append’. Moxuo gokazars [90], uTo nepBoHavaibHas peajusanus (¢ pe-
KYPCUBHBIM BBI30BOM, MOMEIEHHBIM MOCJIETHUM B KOHBIOHKIINY) SIBJISIETCST TOJTHO
110 OITPOBEPKEHWIO, HO TOJBKO JIJIsT AUHETUHBIT TIEJei, T.e. TaKuX HeJeil, B KOTOPbIX
HU OJ[HA MEePEMEHHasl HEe BCTPEJaeTCs B apryMeHTax 0oJiee OJHOro pa3a.

Pazwmerrienre BRI30BOB OTHOIIEHNI B KOHIIE HAOOPa KOHBIOHKTOB SIBJISIETCST XO-

POIIIO M3BECTHBIM TPIOKOM B PEJIAIMOHHOM IIPOIPAMMHUPOBAHUM, KOTOPBI YacTO
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MIOMOTAeT YIYUIIUTb MPOU3BOAUTENHHOCTD MM JIAXKe CXOJUMOCTH BBLIUMCJICHUS I1e-
JIL. DTOT TPIOK, OJHAKO, IIOMOIaeT HE BO BCEX CJIydasix, HAIIPUMED, HE MOMOIAET,
KOrJla, B HabOpe KOH'BIOHKTOB 0OoJjiee 0JIHOI0 BbI30Ba. PaccMoTpum ciienyroliee 0THO-
menne revers®, KOTOPOE CTABUT B COOTBETCTBHUE ITPOU3BOJHLHOMY CIHCKY CIHCOK,

coJiepKallluii TaKKe »Ke 3JIEMEHThl B 00paTHOM IIOpsiJIKe.

revers’ = Azy . (x= [0 AN y= [1) V
fresh (e zsys)
r= e : x5 A
revers’ xs ys A

append’ ys [e] y

B 9TOM OTHOIIIEHNN TPUCYTCTBYIOT JIBa BHI30BA B OJIHOM HaOOpe KOHbHIOHKTOBR:
revers’ un append’; TakuM 00pa3oM, HEBO3MOXKHO TIOCTABUTH WX 00OOUX MOCJIETHUMHU.
C 5TUM KOHKPETHBIM MOPSJJIKOM BbI30BOB 1iesib revers’ [A, B, C] z cxomuTcs, HO
¢ 0OpaTHbBIM OPSIKOM Ta K€ 1€JIb PACXOUTCs 110C/I€ HaX0XK IeHsI oTBeTa. boJsiee To-
1o, 0OpaTHbIN HOPSIJIOK OTPULIATEbHO BJUsieT Ha 3P(MEKTUBHOCTDH OLIEHKU OTBETOB.
[Ipu srom menb revers® x [A, B, CJ] jeMOHCTpUPYET CUMMETPUUYHOE MTOBEICHNUE:
PACXOJUTC JIJIsi JIAHHOI'O IIOPSIJIKa KOHbIOHKTOB, U CXOJIUTCS JiJisi 0OPaTHOTO.

BaxkHoii 1esibio0 pa3paboTKu si3bIKa, miniKanren ObL10 mpepocTaBieHne IucTo
JIEKJIAPATUBHOIO CII0CO0A OIpeJieJIeHNsT MCIOJHAEMbBIX PEJIANUOHHBIX CIennuKa-
1M, KOTOPbIE OJMHAKOBO XOPOIIO PadoTajiu Obl HE3aBUCUMO OT “HallpaBJIeHHUsT
1oucka. B 9acTHOCTH, TOCKOJIBKY Mbl OXKHJIAEM, UTO KOH'bIOHKIIMS U JIU3HIOHKIMS
OYyLlyT KOMMYTATUBHBIMIA U aCCOIUATHBHBIMU, ITOPsIJIOK KOHHIOHKTOB U JU3bIOHKTOB
He JIOJI2KEeH OKa3bIBaTh 3aMETHOI'O BJIMAHKS Ha IoBejieHue crerudukaimu. Kak noka-
3BIBAIOT 3TU NIPUMEPHI, JAaHHAas 11eJb eIle He IOJHOCThIO JIOCTUrHYTa. dTo ere boJiee
UHTEPECHO, BCE 3TU CJIyUaH SIBJISIOTCS MPOABICHUSIME OJHOTO U TOT'O YKe HeJ0CTaTKA,
KJIACCUYECKOH PesIIIMOHHON CTPaTeIMu IIOUCKA — CMEULEHUE BAEB0 ITPU UCITOJTHEHUN
KOH'bIOHKIIMH. [IpojieMoHCTpUPYEeM 9TO Ha CJIeAYIONIEM KCKYCCTBEHHOM pumepe. Bo-
MepBhIX, MBI onpejiesaseM JBa orHommenns dive w fail®.

0 Ax . div® x

Axr . A= B

div
fail?

B 0oboux ciydasix apryMeHT & siBJISeTCs “HeCyleCTBEHHbIM IIapaMeTpPOM, KOTO-
pbIil HIKAK He BJIUSET Ha Pe3yJabTaT BLIUUCJICHHS STUX OTHOIeHni. fcuo, aro div®
pacxojiurcsi 6e3 orBeToB, a fail® 3a ojiuH Al BBIYUC/ISIETC KaK [1yCTOi HabOp oTBe-

TOB. TakuMm 00pPaszoM, MOXKHO ObLIIO ObI OXKKUIATH, YTO KOHbIOHKIIUS 9TUX OTHOIICHU I
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norepuuT Heyjady 3a ojun mar. JeicrBuresibHo, kKonblonkiusg fail® _ A div®
_ 3aBepIaeTcs 3a OJWH IIar ¢ MmycTbiM HAbOpoMm oTBeTOB. OJIHAKO dKBUBAJEHTHAS
KOHbIOHKIMs dive_ A fail’_ pacxogurcs 6e3 orBera (3jech noguepkupanue (¢ 7)
O3HAYAET MPOM3BOJILHBIN HECYIEeCTBEHHBINH aprymeHT). O6bsicHenue roro dakra
TPUBUAJIBHO — BO BpEMs BBIUHMCJICHUS KOHbBIOHKIIMKM Mbl CHAUaJa BBIUYHUCIAEM €6
JIEBBII KOHBIOHKT, IIOKa He OyHeT HaiijeH mepBblii oTBeT. B mepBoM ciiydae MbI
Ccpa3y MOJIy4YaeM IIyCTOW IOTOK, M BBIUYMUCJIHATH BCIO KOHBIOHKIMIO He yjaaercs. Bo
BTOPOM CJIydae Mbl HUKOTJIa HE TOJydaeM OTBeTa; B TO »Ke BpPeMsi y HaC BCerja
€CTh OCTABIIMECs MIAaru JIJIsT BHIUYUCIEHNAS JIEBOTO KOHBIOHKTA, W 3TO O3HATAET, UTO
BeCb IIOMCK PACXOJUTCsdA. 1aKoe IOBeJeHNE KOHBIOHKIMK HE TOJILKO IHPUBOJIUT K
PACXOXKJICHNIO B HEKOTOPBIX BaXKHBIX CJIyYasix, HO TaKKe CHUJbHO BJIMSET Ha IPO-
U3BOIUTEILHOCTD, 3aCOPAA JEPEBO MOUCKA OECKOHEUHBIMHU BETBSIMHU, KOTOPBLIE B TO
JKe BPeMsi He MO3BOJIAIOT IOJIYUYUTh HUKAKKX PE3YyJbTaToB. B HEKOTOPBIX CJIydasix
9TOT0 MOXKHO M30€KaTh, MI3MEHUB TTOPSIJIOK KOHBIOHKTOB B OIIPEJICJIEHNNA OTHOIIEHHUST
B COOTBETCTBUU C ONPEJIeJIeHHBIM HallpaBjIeHrueM BuaucaeHus. OHAKO, KaK ToKa3a-
HO B pabore [49], perenune psjia MPUKIQIHBIX 3a7ad TpeOyeT, 9TOObI OJTHO U TO XKe
oIIpejieJIeHIe BBLIIOJIHSIIOCh B PA3JNUHBIX HAIPABICHUAX OJHOBPEMEHHO.

Takxke B psijie CAyd9aeB HE CYIIECTBYET CTATHYECKOI'O IHOPsiJIKa KOHbBIOHKTOB,
IIPA KOTOPOM BBIUMCJIEHUE CXOJIMATCS, OJHAKO IPU JUHAMUIECKOM WM3MEHEHWH I10-
PSIIKA, KOHBIOHKTOB CXOJUMOCTH MOYKET ObITh JOCTUIHYTa. Hanpumep, paccMOTPUM
sarpoc (repeat’ A g A repeat’ B ¢) mo cBobOJHOl MEpEMEHHOM ¢ JJis OTHOIIIC-

HUd repeat’, KoTopas MpoBepsieT, 9YTO BCe 3JEMEHTHI CIIUCKa [ paBHBI TEPMY €.

repeat’ = Ael . ({=1[]) V
fresh (ls)
l=e : ls A

repeat’ e [s

Hanubiit 3amnpoc Tpedyer, 9T00ObI BCe 3JEMEHTHI CINUCKa [, ¢ OJIHOI CTOPOHBDI,
ObLIM paBHBI HYJbMECTHOMY KOHCTpyKTOpy A, a ¢ apyroit — koncrpykropy B,
ornmaaomy or A. ToJbKO mycToil CHMCOK CIHCOK YIOBJIETBOPSIET TAHHOMY Tpe-
ooBanuio. Jlerko BHUAETH, UTO HPU BLIYUCACHUN 3TOrO 3alpoca B CEeMaHTHUKE CO
CMEIIIEHHOM BJIEBO KOHBIOHKIMEH IPOILECC BbIYMCJICHHUSI Pa30iijercs Hpu JOOM
nopsiyike aprymentoB. OJiHAaKO ecjin 1epBbiii KOHbIOHKT repeat’ A ¢ BbIUUCIUTH
JACTUYIHO, OTJIOKWB BJIOXKEHHBIN BBI3OB repeat’, a 3aTeM BBIUNUCJINTH BTOPON KOHb-

IOHKT repeato B ¢ B KOHTEKCTE€ IIOJIYICHHBIX OT II€pBOI'O KOH'bIOHKTa HaHHbLIX, TO
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IIPOTIECC BBIUMCJICHUS 3aBEPIINTCSA, OOHAPYKUB €JIMHCTBEHHbIN IPaBUIbHBIIA OTBET.
JpyrumMu cjaoBaMu, B 9TOM CJIydae MbI HE TOJILKO HaiijleM peleHue Jjisi 3aIaHHOTO
3a11poca, HO TaK¥Ke JIOKaXKeM €ro eJIMHCTBEHHOCTD.

Onucanuble BbIIIe MPOOJIEMbI CMEIEHHON BJIEBO KOHBIOHKIINE aKTyaJIbHbI JJIsi
PEJISIIIMOHHOTO TTPeodbpa30BaHusi, OMUCAHHOTO B TJaBe 2. DTO TMPOUCXOINT H3-32
TOI'0, YTO PE3yJILTAT JIAHHOI'O IIPEOOPa30BaHUs ABJISETCS PEJANMOHHON IIporpam-
MOii, 1 3P DEKTUBHOCTD UCIIOJHEHHS STOH IPOrpaMMbl HEIIOCPEICTBEHHO 3aBUCUT OT
BBIOPAHHOI CTpaTeruy KCIOJHEHHUsI KOHBIOHKIINKU. Bojee Toro, mpu pessiiuoHHOM
1peodpa30BaHUK HE MOXKET OBbITh OIPEJEIEH ONTUMAJbHbBIA MOPSJI0K KOHBIOHKTOB
BCJIEJICTBHAE HEJ0CTATOUYHOCTH WHQOPMAIUN, COAepXKalleiics B MCXOHOH (DyHKIU-
oHaJILHOI 1porpamme. [loaromy st 3dppeKTUBHOIO MCIOJTHEHNST aBTOMATHIECKN
HOJIYYEHHOI Pe3yJIbTUPYIOIIeil IporpaMMbl B CEMaHTUKE CO CMEIEHHON BJIEBO KOHb-
IOHKIIMEH Tpedyercs “pydHoe’ pelaKTHPOBaHME KaXKJIOIO PEJISIIMOHHOIO 3aIpoca
9TOM MPOrPaAMMBI.

[TogBosst nror 3amMeTumM, 4To B 00IIEM CJydae IPU CMEIIEHHOR BJIEBO CTpaTe-
' BBIYUCIEHNST KOHBIOHKIMHE HE CYIIECTBYET ONTUMAIBLHOIO CTATHIECCKOTO TOPSIIKA,
KOHBIOHKTOB. MBI mpejjaraeM JIpyryio CTPaTeruio BBIYUCIEHWUs, KOTOpasl JINHa-
MHUYECKH OTKJIAJIbIBAeT BbIUKCJIEHHE HEKOTOPBIX BETBEi, MCIIOJb3Ysl JIUHAMUICCKU

aHaJIn3 BHYTPEHHUX CBOICTB BBIUMCJISIEMbIX OTHOIIIEHUNA.

4.2 Anrenquyeckas CeMaHTUKA W CHOPaBeJINBOCTD

B sTom pazjiesie Mbl BBOJIUM GH2EAUYECKYIO OIEPAIMOHHYID CEMAHTUKY IJIsi
si3pika miniKanren. Bmecro dpuKcUpoBaHHOIO MOPsIKa BbIYUCICHUS KOHBHIOHKTOB
JIaHHAs CEeMaHTHKa BBIOMpaeT CJIEIYIOMN Jijis HCIOJHEHHsI KOHBIOHKT HejeTep-
MUHHAPOBAHO, TEM CAMBbIM IEPEeYUCyssd BCE BO3MOXKHBIE MOPAJIKA WX BBIYUCJICHUSI.
Takum oOpasoM, ecjii PessiiMOHHbBIN 3alIPOC PACXOUTCA B aHIEJIMIECKOR CeMaHTH-
Ke, TO He CYIIECTBYET CXOJAIIErocs MOPsIKa BHIYUCIEHNS JIJIS 9TOTO 3aIpoca.

CemaHTHKa, KOTOPYIO MbI IIPeJjIaraeM, OCHOBaHA Ha PA36EpMKke NMPUMEHEHMUsI
oTHomennii. Ha KaxXjaoMm 1mare B TEKyIIeM COCTOAHUU IIPOrpaMMbl HeJIeTepPMHU-
HUPOBAHO BLIOMPAETCS M Pa3BEPTHIBACTCA HEKOTOPOE IPUMEHEHHE. DTOT IIPOIECcC
MIPOJIOJIZKAETCS JIO TeX TOP, TTOKa B TEKYIIEM MPEJICTABICHUN OCTAIOTCI TPUMEHEHUS.

Ecan na HEKOTOPOM Inare CoCrodHue OITyCTEJIO, TO BbIYUCJ/IICHUE 3aBEPIIACTCA.
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Pesysibrarer 9roro (u ciejyromiero) pasjeda onupaiorcs Ha crarbio [90], B
KOTOPO#i IIPeJICTaBJIEHbI JIBE CeMaHTUKK Jijis si3bika miniKanren: jenoranuonnas u
ornepanuonHast. JIeHOTalMOHHAsT CeMAHTUKA SIBJISIETCST TEOPETUKO-MHOXKECTBEHHOMN 1
Onu3Ka K HamMeHbleil mojesnn dpbpanma |[55]. Onepannontas ceMaHTHKA 33J1a8T
PEJISIIIMOHHbIH [IOUCK PEIIeHUs ¢ YepeJOBAHUEM B BUJIE CHCTEMbI IEPEXOJIOB ¢ MeTKa-
v |91], u HedpopmasbHO onucana B mpejiblayeM pasjese. KoppeKTHOCTD U MOJHOTa
[IOUCKA € YEePeJIOBAHUEM B OLIEPALMOHHON CeMaHTUKE JIOKA3aHbl ¢ UCHOJIb30BAHU-
eM MHTEPAKTUBHOIO MHCTPYyMEHTa jlokasaresbersa reopem COQ [92]. B crarbe [90]
TaKYKe YCTAHOBJIEHO, YTO JIjisl ONEPAIMOHHON ceManTuKU s3bika miniKanren neko-
TOpPbIE CHHTAKCUYECKHE MPeoOPa3OBaHUs COXPAHSIIOT CeMaHTHKY [peobpasyeMoil
PEJISIIIUOHHON TIPOrPAMMbI M He BJIMSIIOT HA MHOXKECTBO BBIUKCJISIEMBIX OTBETOB. DTH
npeobpazoBanus OyIyT UIPATH BasKHYIO POJIb B OO0OCHOBAHUH CIIPABEJIUBOCTH TIPE/I-
CTABJIEHHONH HAMM CEMAHTUKU, YeMy HOCBSIIACTCA CJEJYIONMHA pasjiet.

B kauecTBe 1epBOro sjieMeHTa aHreJ M IeCKON CeMaHTUKU Mbl OIPEJIeJIUM HabOP

CJIIeAYIOIINUX CEMAHMUYECKUT TIEPEMEHHDbIX:!

A= {060,061, ce }

OrmeruM, 9T0 CEMAHTUYECKUE EPEMEHHbIE JIMHEHHO YIOPSI0YeHbI, YTO [103BOJIsI-
eT UCIOJIL30BATh UX JIETEPMUHUCTUICCKAM 00Pa30M IIPU UCIOJHEHUU PEJIAIMOHHON
IPOrpaMMbl. 3aTe€M €CTECTBEHHBIM 00Pa30M OIpeIeINM HADOD CeMAHMUYECKUT MEP-
M08 T4, COCTOSIINKUX U3 KOHCTPYKTOPOB U CEMAHTUIECKUX IIEePEMEHHBIX. Mbl TakxKe
Oy/IeM UCII0JIL30BATh CJIe/IyIoNine 0003HaYeHHsI JIJIsi MHOKECTBa CBOOO/IHBIX IIepeMeH-
HbIX B TepMax u 1ensx: FV (o). [logcranoBry cemanmuyeckozo TepMa t HA MECTO
CUNMAKCUECKOT IEPEMEHHOI T B TepMax U 11eJisix OyjieM 00o3HauaTh Tak: @ [x <— t|.

HaJjiee onpejiesium HabOp cocmosanutl cemanmury S ciaeyommum odpa3oM:

G = x (koHEUHOE COCTOSTHUE)
| &° (IpOMEKYTOTHOE COCTOSTHHE)
S° = (0,i,7%) (mcToBoe cocTostHuE)
| &’ & (M3 bIOHKIMS )
r = RF(t,...tr) (upnMenenuwe oTHOMEHNS)
[TpomexyTouHOE COCTOSIHUE CEeMAHTUKH —— 3TO JIEPEBO JIMIBIOHKIUI ¢ Jiu-
crbsiMu Buga (0,4, 7%), mae © —— MOJCTAHOBKA CEMAHTHYECKUX [EPEMEHHBIX B
CceMaHTUYECKHEe TePMbI, ¢ —— HOMEp IepBOil He3aHATOH CceMaHTUIECKON IepeMeH-

HOM, a r* —— CImmMCcOK mpuMenennit orromennit R (t1, ... t;) (BO3MOXHO TycToit),
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rie RF gBngercs MMeHeM OTHOIIGHHMH, a t; — 5TO ceMaHTHUYecKue TepMmbl. Hedop-
MaJIbHO, COCTOSTHUE CEMAHTHKH MTPEJICTABJISIET COOON HEKOTOPOE TPEICTABICHUE TIC/TH
BO BpeMsi €€ BbIIIOJIHEHUST, KOI'JIa PE3YJIbTaThl BIYUCIEHUT KOH'BIOHKTOB COOMPAIOTCs
B 110JICTAHOBKAX, & OCTATOYHAs I1eJib IIPEJICTABICHA B JIN3IOHKTUBHOW HOPMAaJIbHOM
dopme (IHD). Ecau crincok npuMeHeHni OTHONIEHUH B JIMCTOBOM COCTOSTHUH TTYCT,
TO TOJICTAHOBKA IpeJcTaB/sgeT coboil oTBeT. Koneunoe cocTosiiue COOTBETCTBYET
OKOHYAHWIO BLITIOJTHEHUST PEJIAIMOHHOTO 3aIpoca.

BBejieM JiBe BcrioMoraTebHbIe (DyHKITUHT JIJIs PAOOTHI ¢ COCTOTHUAME. [1151 00b-

eJIMHEHNST JIBYX COCTOSTHUIT HeoOxonMa (DyHKIMST UNion, KOTOPYIO OIPeIe/InM TaK:

union (x,S) = 5,
union (S, x) = S,
union (51,5) = S1 @ 5.
Cnenyroras dyukimus push wucrnosb3yercs Jijisi BOCCTAHOBJICHUS COCTOSHUS

IIOCJI€ BBITIOJITHECHUA IIal'a OJHOT'O IIPpHMMEHEHNA OTHOIIICHWI:

push (_7 X) = X,
push (¢, S; & S,) = push (¢, S;) @ push (¢, S,),
push (pOm, (0,4,0)) = (0,4, pomn).

[Tepsoiii aprymenT dyHkimun push — 3T0 cnucok npuMeHeHuit OTHOIIEHMI,
KOTOpPBI cojiep:kuT duipy “[17. DTa Jiblpa oTMedaeT TO MECTO, B KOTOPOM paclioJia-
rajioch pa3BepHyTOe IIpUMEHeHUe OTHOIIeHUsI. BTopoit apryMeHT —— 3TO COCTOsSHUE,
IpeJICTABJIAONIee pPe3yJbTaT pa3BepThiBanus. Taxkum obpasom, ¢yuknus push
pacIpoCcTpaHsieT KOHTEKCT Pa3sBePThIBAHUS U€pPEe3 Pe3yJbTUPYIOINee JOKAJIbHOE CO-
CTOSTHHE.

Ternepn onuieM ceMaHTHKY JJIsl OJIHOIIANOBON Pa3BEPTKU MPUMEHEHWST OTHO-
menus. HedbopmasibHo, Mbl OepeM NpUMEHEHUEe CUMBOJIA, OTHOIICHUS K HEKOTOPBIM
CEMAHTHUYECKUM TePMaM U 3aMEHsIeM 3TU TePMBbI JIJIsi COOTBETCTBYIOIINX apI'yMEHTOB
B TeJie OIpeJie/IeHNs] OTHOIICHHSI, 1 JlaJiee BLIOJHsIeM Bce YHU(DUKAIINKE U IIpeodpa-
30BbIBaEM OcTajbHyio dacThb Teja B JIH®. B pesyibrare mbl 1mojydaeM HEKOTOPOE
cocrosiine ceMaHnTuKn. OTMETUM, 9TO Mbl HE BBITIOJIHSIEM Pa3BEPTKY MPUMEHEHUH OT-
HOTIIEHU BHYTPU Tejia oTHomeHus . Jajmnm popmasibHOe orpejiesieHne 0JIHOIIATrOBOi
pasBepTKe B TePpMHHAX CEMAHTUKU OOJILIIOIO Imara “=>" ¢ IOMOIIbIO CJIEIYIOIIEro

paBuUJIa;
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R=Azb  (0,i,e)Fbz+ 1~ S
0, FR(t) =S

31iech 1 Jlajiee @ 0603HAUAET BEKTOP TEPMOB HJIU IIEPEMEHHbBIX. B 3aKIt0uennn 3Toro

[UNFOLD|

NpaBuJia B KAUeCTBE OKPYKEHNs UCTIOIB3YeTCA Tapa, COCTOAIIA U3 MOJICTAHOBKA 1
HOMEpa 1epPBOil He3aHATON ceMaHTUYEeCKO# 1epeMenHol. B 1ocblike 1npaBuja 1npu-
MeHsIeTCsl elllé OJiHa CeMaHTHKa — CEeMaHTHUKa MaJioro Iara, 3ajaBaeMasl B BUJE
OTHOIIEHNS “~~" KOTOPOE UCIOJIL3YeT OlPeIeeHHOe paHee COCTOsIHIEe CEMaHTUKN B
KadecTBe OKPYXKeHHsd. DTO OTHOIIEHUE OMUCHIBAET JIOKAJbHbIE BRITUC/ICHUS BHYTPH
TeJla pa3BepHyTOro mpuMeHenus. OnpejiesieHue 3TOro OTHOIIEHU JTaHo Ha puc. 4.1.

[Ipasmio |[END| pacnpocTpalsieT KOHEUHOE COCTOSTHHE Ha BCE OCTAJTbHbIE
porancienust. [pasuia [UNIFYFAIL| u [UNIFYSUCC| komupyior srambl yHuduKa-
IUU: €CJU JIJIsl JIAHHBIX TEPMOB B TOJICTAHOBKE O cyIliecTByeT HAMOOJIBITIHI OOTImii
YHUMPUKATOP, TO OOHOBHM 3Ty TOJCTAHOBKY. B TPOTUBHOM cilydae pe3yabTaToM
BBIUHCIICHNST OyieT KoHeuHoe cocrosuue. [Ipasmio |[APP| coxpansier mpuMmeHeHue
OTHOIINEHUS, T0OABJIAS €ro B CIUCOK TPUMEHEHU I B TEKYIIEM JTUCTOBOM COCTOSTHWH.
[Ipasusio [FRESH| cooTBETCTBYET BbIICJICHUIO CBEXKEH CEMAaHTUUECKO 1epeMEeHHOII.
Bepéwm niepByio HepacnpeeieHHyI0 CeMaHTHIECKYIO IEPEMEHHYTO U 3aMEHsIEM €€ CBe-

KECBsA3aHHON CUMHTAKCUYECKOI; Mbl TaKXKe yBEJIMYNBaEM HOMED MePBOl HE3aHATON

X g~ X [END]
Amgu (t1,12,0)

(0,7,¢) Ft] =ty ~ X |[UNIFYFATL]
0 = t 400

mgu< 1,02, ) [UNIFYSUCC]

(0,1,¢) Ft1 =ty ~ (0,4, ¢)
(0,1,¢) F R(t) ~ (0,i,cR (1)) |APP]
0,i+1,c) Fglr < o] ~ S

F
(0,4,c) I fresh(z) g ~ S [FRESH]
<67?;,C> l_ gl ~ Sl <6,Z',C> |_ g2 ~ SQ
D
(0,7,¢) = g1V g2 ~> union (51, Ss) [D1sIGOAL]
S1F g~ 53 So g~ 8y
DISJSTA
S1@® So F g ~» union (53, Sy) [DISISTATE]
. B ~ - ~s S’
(0,i,c) F g1~ S St gy~ S Con

(0,i,¢) F g1 A ga ~ S

Puc. 4.1 — CemanTnka MaJjoro mara JOKaJbHbLIX BLITUCICHUN
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nepeMenHoi Ha ejunuity. [pasuia [DISIGOAL] u [DISISTATE| onmcbiBaior Bbiauc-
JIeHre JIn3boHKIUK. [lepBoe mpaBmiio BbIUKCISET 00a JU3BbIOHKTA U O0bEUHsIeT
PE3YALTUPYIOIINE COCTOSIHAS ¢ TOMOIIBIO GyHKIMU union. Bropoe npasmuio obpa-
ObaTbiBaeT Cjydaii, Korja TeKyllee OKpYy:KeHue sdABJjsgeTcs Ju3blonknueil. Kak u B
IIEPBOM CJIydae, Mbl IIPOBOJUM HE3aBUCHMbIC BBIUKMCJICHHUS U OObEIUHSIEM pPE3yJib-
tarel. Hakoner, mpasusio |[CONJ| onucbiBaer BeIYUCICHTE KOHBIOHKINNA. B manHoM
CJydae Mbl CHaYaJia BBIUMCJISEM JIEBYIO IOJIIIEJb, HOJIydasi coCTosHue S, a 3arem
BLIYKC/ISIEM [IPABYIO 1IeJIh B KOHTEKCTE S, MoJlydas OKOHYATEJbHbII pesyiabrar S’ .
Cremyer OoTMETHTH, UTO IOCKOJBKY Mbl HE JEJIaeM HUKAKUX Pa3BEPTOK, MPOIECC
BCEIJIa CXOJUTCSI K HEKOTOPOMY COCTOSHHIO.

HemocpeicTBeHHO caMy aHIeJIMYecKyl CEeMaHTHUKY OIPeJesisieM C HCIIOJIb30-
BaHUEM CEeMaHTHKH Pa3BEPTKU — CM. PHUC. 4.2. DTa CEMAHTUKA OIPEJEJISIeTCs B
TEPMHUHAX CUCTEMbI IIEPEXO0B ¢ METKAMHU HaJ[ MHOXKECTBOM cocTosinnii. Habop me-
TOK CeMaHTUKHU olpejiessiercs kak L = o | 0, rje “o” o3nadaer orcyTcrBre oTBeTa,

a 0 — orBer B BHUJE MOJICTAHOBKH.

(0,1, ¢) 5 x |ANSWER]
)
. ZZ c=5 |CONJUNFOLD|
(0,1, pcrt) — push (pOm, S)
Sl i) X
— |D1sJ]
S1P Sy — 5
X !
S S ol [DISJSTEP|

S1®S S SHaS8,

Puc. 4.2 — Anrennyeckasa ceMaHTHKa g3blKa miniKanren

[Tpasusio [ANSWER]| cooTBercrByer curyaluu, KOrja B pacCMaTpUBaeMOM CO-
CTOSIHNM HE OCTaJIOCh HM OJIHOIO INPUMEHEHWs] OTHOIICHWS. B 3TOM ciydae Mbl
BO3BPAIIAEM TEKYILYIO TTOJICTAHOBKY B KauecTBe OTBeTa. KM Tekylee cocrosHne
IpeJICTaB/IsIeT co0O0ii CIIMCOK ¢ HEIyCThIM CIIMCKOM IPUMEHEHUH OTHOLIEHUH, TO MbI
HeJIETePMUHAPOBAHO BLIOMpaAeM OJHO JIJIsI Pa3BEPTKHU B COOTBETCTBUU C IPABUJIOM
|[CONJUNFOLD]. ITocse pasBépTKu MbI CO3/IaeM HOBOE COCTOSTHUE, TOMEIAsT OCTaB-
HIMiica CIIMCOK PUMEHeHUi B pesyabTupyloniee cocrostine. Hakoner, ecim rekyinee
COCTOSIHUE — JIM3BIOHKIMSI, TO MblI BBITOJHACM Al CEMaHTUKU JIJIA JIGBOTO JA3h-
fonKkTa S1. Ecin pesynbraToM SIBISETCH KOHEYHOEe COCTOSTHUE, TO MbI 110 MPaBUJLY

|D1SJ| ycranasauBaeMm Sy B KadecTBe OCTATOTHOTO COCTOSIHES. B MPOTHBHOM Cirydae
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110 IIpaBUJLY [DISJSTEP] CTPOMM HOBOE OCTATOYHOE COCTOsiHKE IyTeM (hOPMUPOBa-
HUsl HOBOU JIM3BIOHKIMHU, B KOTOPOH IMPaBOe MCXOJHOE TOJICOCTOSHUAE MTOMEIaeTcs
BJIEBO, 4 OCTATOYHOE COCTOsIHWE IOCJI€ BBITUCIECHUS JIEBOTO TIOMEIIAETCS BIIPABO.
C moMmoIpio JTAHHON TepecTAaHOBKH PeaJiu3yeTcss METOJT UepeOBaHus, sABJISIOIIHi-
cs BayKHO#M OCOOEHHOCTHIO PEJIAIMOHHOTO Toncka. OTMeTHM, UTO 9TH JIBa MPaABUJIA
T3 BIOHKIIUY OBTOPSIIOT COOTBETCTBYOIMUE mpasuia B [90].

H1roObl IPUMEHUTDH aHIeJIMYECKYIOo ceMaHTuKy K cuenudukaiu Dy Dy ... Dy o
g, HaM HY>KHO 3aMEHUTbh BCE CBOOOJIHbIE I€pEMEHHbIE B ¢ Ha CEMaHTUYECKUE Iepe-

MEHHbIE U 1IPeobpa3oBaTh UX B HadajbHOE cocrosinne SY (9):

(A, e) Fglog < o, ..oy Tpq + 0tyq] ~ S° (g).

3ech Mbl ipesnosaraeM, aro FV (g) = {xo, . ..,x,_1}, A sBisiercs mycroii mojcra-
noskoit. Oupejenenus cruenudpuKannil UCIOAL3YIOTCS 11032Ke, Ha TallaX pasBepTKu
npumenennii B cocrosnun S° (g).

AHrenuueckast ceMaHTHKa COXpaHAeT JeTePMUHUPOBAHHOE Yepe/IOBAHKIE ClIeBa
HAIIPABO JJIs KJACCHIECKOro ITOMCKa A3bIKa miniKanren n obpabaTbiBaeT KOHBHIOHK-
M0 HEeJICTePMAHUPOBAHO, OINCBHIBASA BCE BO3MOMKHBIC CIEHAPDUU WX BBLITOJHEHUS.

Hamnpuwmep, nens (fail’ A div’ _) w3 upejbliylinero pasjesia coijgércst B coor-

BETCTBUU C QHT'CJIMYECKON CEMAHTUKOI, €CJIM Mbl PACCMOTPUM BETKY €€ BbIUUCJICHUA,

B KOTOPO# ObLI Pa3BEPHYT JIEBBI KOHBHIOHKT:

(A, 1,e) F A= B~ X
(A, 1) Ffailo o = x
(A1, faile o A div o) — X

HeitcTBurenbuo, pazsépTka fail® mpuBejeT HAC K KOHETHOMY COCTOSHHUIO 34

ojinn 1mar. B To ke BpeMsi, ecjii Mbl PEIIUM pa3BOPauUBaTh TOJLKO ITPaBbIfl KOHb-

IOHKT, TO BBbIYKUCJICHUE Pa30ijaeTcs:

(A, 1,e) Fdivv oy ~ (A, 1,div o)
<A, 1> Fdiv oy = <A, 1,div 060>
(A, 1, fail o A dive o) — (A, 1, failo oy A dive o)

[TockoJIbKY cOCTOsIHMSA JIO U ITOCJe pa3BépTKu div’ coBIIaaioT, TOT war oOyaeT

[OBTOPATLCSA OECKOHEYHOe UHCJIO pa3.
Cuenyrolmasi jeMMa, IOATBEPXK AT COOTBETCTBHE MEXKJY JEHOTAIIMOHHON ce-

MaHTUKOM si3bika miniKanren uz paborer [90] u anresnueckoil ceManTUKOI.
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Jlemma 8 (KoppexkrHocTh 1 10JiHOTA). AHresinueckast ceMaHTHKa 00J1aiaeT CBOii-

CTBaMM KOPPEKTHOCTU M ITOJIHOTDI.

[TostHOTA HEMOCPEICTBEHHO CJIEYeT U3 MOJIHOTHI JIETEPMUHUPOBAHHON ceMaH-
TUKH, jJoKazaHHoii B pabore [90]. B camom jese, yi06oit BBIBOJ B JIETEPMUHEPO-
BAHHOM CEMaHTUKE MOXKET ObITh BOCIPOM3BEJCH B aHresnueckoil. JJokazarenberso
KOPPEKTHOCTH TOBTOPSIET JIOKA3ATENHLCTBO KOPPEKTHOCTH ONEPAIMOHHON CeMAaHTH-
ku B pabore [90].

Anresinueckast ceMaHTHKA TTO3BOJISIET (DOPMAJIBLHO OMPEIEUTh TO, YTO Mbl MO-
KEeM Ha3BaTh Cnpasediusocmvlo CTPATErud BbIYUCIeHHsT KOHboHKIMK. CHadasa

OIlIpeJIeJIMM 1IOHATHUE cxodumocmu.

Omnpenenenne 10 (Cxomumocts). Lens g czodumes (obosmadenwe: g ), ecan
CYITIECTBYET MOCIE0BATEILHOCTD BHIBOJIA W3 HAUAIBHOTO COCTOSHUS ¢ B KOHETHOE

cocrostame, Te. (S%(g), x) € =",

Tenepb y Hac ecTb BCE HEOOXOJMMOE, UTOOBI (POPMAJBLHO OIPEJIECUTh IIOHS-

THue CﬂpdGGdJL’LLGOCmU.

Omnpenenenne 11 (Crpaseminocts). KoppekTHasi u nmosiHasi ceMaHTHKa B BUJIE
CUCTEMBI TEePEXO/I0B ¢ METKaMW SIBJISAETCS Cnpasediucoti, eclv Tedh ¢ CXOIUTC K

KOHEUHOMY COCTOSIHUIO BCSKUI pa3, Korja g ).

B caenyromeM pasjiesie Mbl paCCMOTPUM CHPABEJJIUBYIO U JETEPMUHUPOBAH-

HYIO0 CeMaHTUKY I si3bika miniKanren.

4.3 (O0obOmenHas ceMaHTUKA g3bika miniKanren, ocHamieHHas
mpeIMKaToM BbIOOpaA

B sToMm pa3zjene MBI IpeJicTaBjseM JeTepMUHUPOBAHHYIO CIIPaBEJJINBYIO Ce-
MAHTUKY JJis1 s3biKa miniKanren. C Teoperudeckoil TOYKN 3peHUs B ITOH 3ajade
HET HUYErO CJIOXKHOI'O: 1IOCKOJbKY METOJ| 4epPe/IOBaHMsl 1IPU BbIUMCJACHUN U3 bIOHK-
MK 00ECIIeYNBACT IIOJIHOTY IOMCKA, YePeJIOBaHME IIPU BbIYKUCJICHUN KOHbIOHKI[UN
0DeCcIeunT ero CrpaBeyiInBOCTh. JpyruMu cjioBaMu, JOCTATOYHO TepeMeriarh ‘(ho-

KYC” BbIducCJIeHA C OJJHOI'O KOH'BIOHKTa Ha ﬂpyroﬁ II0CJI€ BBLIIIOJIHEHNA OJHOI'O IIara
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(min J1106OI0 KOHEYHOI'O YUCJIA HIAIOB), Y4TOObL JIOCTUYL LEJU. YBbl, Ha IPAKTUKE
TAKOH 110/1X0/)] IPUBOJIUT K KPUTUUECKOMY CHUXKEHUIO ITPOU3BOjiuTeibHOCTH. [Tpodiie-
Ma 3aKJI04YaeTcs B TOM, YTOOBI yraJiaTh MOJXOAAIINI MOMEHT JIJIsi TPUOCTAHOBKY
BBIUKMCJICHUSI KOHBIOHKTA: €CJIM KOHBIOHKT ‘cobupaercs’ JiaTh OTBET, TO €ro BbI-
JUCJICHNE JIOJPKHO OBITH TPOJIOJKEHO. TakuM oOpa30M, MBI HIEM OIpeJeeHHbIi
JIMHAMUYCCKWI KPUTEPHUil, KOTOPBIN ObI 3aJlaj HY»KHOE BPeMs MPUOCTAHOBKH BbI-
YUCJIEHUs KOH'bIOHKTA, IPUHKUMAs BO BHUMaHUE BHYTPEHHUE CBOMCTBA UCIIOJIHAEMON
POrpaMMbl.

urepecHo, 910 TOYHO Takas »Ke 1MpodJieMa BO3HUKAET U B ODJIACTU MEMa-
soivucaenut. B cynepkommussinuu (93] cuMBosEtUecKoe BBIIOJHEHEE TPOrPAMMBI
MOYKET MPUBECTH K MOTEHIUAJIHLHO OECKOHEUHOI pa3BepTKe. UTOOLI CIIPABUTHCSA C
9TOM TPYAHOCTDHIO, CYIECTBYET TEXHUKA 0600wserus [94], KoTopas ucmoab3yercs st
rapaHTuu CXojuMocTu 1porecca. OHaAKO HeX)esaTelbHbl KaK MPEeXJICBPEMEHHbIE,
TaK M OTCPOUYEHHbIE 0DO0OIIEHUsI, BeJIb MPU TaKUX ODODINEHUSIX METOJ| CYIepKOM-
NUJISIUA  TPUBOJISAT K TIOCTPOEHWIO Hed(pdEeKTUBHBIX mporpamMm. Ha mnpaxThuke
MOJITBEP/IMIIA, CBOIO MPUMEHUMOCTH CYNEPKOMITHJIATIAA ¢ 0000IeHneM, OCHOBAHHBIM

Ha MOHATHU 6noane keazuynopadovenus |95; 96].

Onpenenenune 12. Briosine KBa3uynopsijlodeHUe Ha MHOXECTBE X — 3TO Ta-
Kol mpejmnopsagok <’ 4To B INPOU3BOJILHOI OECKOHEYHOMI II0CJIe/I0BATEIbHOCTU

Z1, T2, ... JIEMEHTOB X HallJlyTCd TaKue 3JIeMEHTBbl T; U Tj, 9T0 1 < j u x; J @;.

C mpakTUYIeCKO# TOUKM 3PEHWsT BIOJHE KBAa3MyMOPSIOUYEHNE MOYKET TOMOYh
ODHAPYYKUTHh PACXOJIMMOCTH OINPEJICJIEHHON MOCIEI0BATEIHLHOCTH BhIUUCIUTEIHHBIX
maros. B Hamem moixo e Mbl OJIB3yeMCs 3TOM ujeeil 171 Moy deHnsT CIIPpaBeIInBOM
CeMaHTUKK. Bo-epBbIX, MBI OIpeJie/isieM OYeHb ODINYI0 JIeTePMUHUCTUUECKYIO Ce-
MAHTHUKY, CHADXKEHHYIO OlIPEJICJIEHHBIM 1PEJIMKATOM, KOTOPbIN OlIPEJIe/IsieT 1OPsiJI0K
HEPEKJTIOYCHNST MEXK/y KOHBIOHKTAMHU. 3aT€M Mbl JIOKA3bIBAEM, UTO MTPU ONPEIETICH-
HBIX TPEOOBAHUSIX K MPEJINKATY CEMaHTUKa CTAHOBUTCS cripaBe iinBoil. Hakownerr, Mbr
IpeJicTaBasgeM KOHKDPETHBIN MTPeJIMKAT, OCHOBAHHbI Ha KOHKPETHOM BIIOJIHE KBa3U-
VIOPSAJIOUEHNN U [TOKA3bIBAEM, UTO OH YJIOBJIETBOPSET STUM TPEOOBAHUSM.

BeeneM MHOXKECTBO donoanennvis COCTOSHUR SRA:
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H = (0,r) HCTOPUSA Pa3BEPTOK

R = X KOHEUYHOE COCTOSIHUE
| R? HE KOHEUHOE COCTOsTHUE

Re = (0,4, (r,H)") samcroBoe cocTosiHUe ¢ UCTOPUAMU Pa3BEPTOK
| RO DR JIA3BIOHKITUS

[lanHoe orpejiejieHue JIONOJHEHO MOHATUEM ucmopuu padsépmork. Vcropus
Pa3BEPTOK — 3TO CIUCOK Map MOJACTAHOBOK U IPUMEHEHUIT OTHOIIEHU (BO3MO}KHO,
nycToit). B smcroBom cocrosiHum Teneph Kaxk0e MpuMeHeHne OTHOIIEHNST OCHATIIEHO
HCTOpHUEN pa3BEPTOK, KOTOPDLIE NMPUBEIN K 9TOMY NPUMEHEHUIO.

Oynknuu union u push, BBeJIEHHBIE BBIIIE, COXPAHSIIOT CBOE ONpEJICTICHUE JIJTsT
PACIIUPEHHBIX COCTOSTHU, MOCKOIBLKY HAJUINEe UCTOPUN HEe MEHsSeT WX TMOBeJeHUs.
Kpome toro, nam HykHa HoBast (pyHkiusi set, Koropast HpuHUMaeT OObIYHOE CO-
CTOSIHME W MCTOPUIO, KOHCTPYUPYs PACHIUPEHHOE COCTOSIHUE ITyTEM MPUCOETUHEHU ST

NCTOPHUHN K KaxXJIOMY IPHUJIO?KEHUTO OTHONIEHUA B 9TOM COCTOSHWUMU:

set (x, ) = X,
set (51 @ S5, h) = set (S1,h) ®set (52, h),
set ((0,4,71...71,),h) = (0,4, (r;,h)...(ry, h)).

Hama cemantuka (puc. 4.3, ornomenune nepexoja obosnadaercs “—,”) ma-
pamerpusyercs npejukarom P (0,7 h), rae 0 — nojcraHoBka, T — NPUMEHEHUE
oTHoteHust U h — ucropust passéprok. Hedbopmasnho rosopsi, P (0,r, h) omnpee-
JISIeT, YKeJlaTeJIbHO JIM pasBopaduBarh npuMenenue r. CaMa ceMaHTHKA, IIOJHOCTHIO
IOBTOPSIET OJJHOIIATOBOE OTHOIICHNE pa3BEépTKu “=" u mpasmwia |[ANSWER]|, [DI1SJ]
u [DISISTEP| u3 onpeienenust anrenaeckoil cemantuku. OHOMAroBas paspéprka
BO3BpalaeT 0ObIYHOE, HEJIONOJHEHHOE COCTOsIHIE, B TO BPpeMs KaK IpaBuJia 0dpada-
THIBAIOT ODOTAIEHHbIE COCTOSTHUS (HO CHHTAKCUYECKH STH TIPaBUJIA MOJHOCTHIO CO-
xpaHsttor cBoto dhopmy). Ho npasuiio st obpaborkn kouboakimn [CONJUNFOLD]
samensgercs apyMs apyrumu npasmiamu: [CONJCLEAR| u [CONJUNFOLD|. Eciou
P ucTuHHO XOTsI ObI JIJIs1 OJIHOTO IIPUMEHEHUsI OTHOLICHUsI, MBI IPUMEHSIEM IIPABH-
710 [CONJUNFOLD*| u pasBopaunmBaeM caMoe JieBOe TaKoe TPUMEHEHUe, 3a/1aBasi
MCTOPHUIO MOJIYYEHHBIX TPUJIOKEHUI ¢ nomouibio Gynkiun set. Ecaun npegukar jno-
JKEH JIUIST BCeX NMPUMEHEHUil OTHOMICHUi, U eCTh XOTs Obl OJHA HEMyCTas UCTOPUs
pa3BépTOK, TO puMmensiem mpapuio [CONJCLEAR/, KoTopoe yiaJjsieT UCTOPHio JIJisi

KaXXJ10T0o IIPpUJIO2KEHUA, 3aMCHAA Ha IIYCTYIO UCTOPHUIO E.
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Vieihi#e Ny =P (6,75, k)
(0,6, (r1. 1) - (1 o)) 5 (8,4, (7€) - (ras )

|CONJCLEAR]

N =P (0,75,h;)  P(O,ri k) (0,i) Frp = R

(0,4, (r1, h1) .. (i1, hp—) (ri, B ) T0) =5,
push ((ry, hy) ... (rk_1, hg—1)O7m, set (R, (0,7%) : hi))

|CONJUNFOLD?|

Puc. 4.3 — O06o0miénnas ceManTuKa s3bIKa miniKanren, nmapamerpusoBaHHasl Ipe-

JINKaTOM BbIOOpa P

[Tapamerpusanust npeuKaToM BHIOOPA AT HAM IEJI0e CEMEfiCTBO CeMaHTHK,
¥ He BCE 3JIEMEHTBI ITOro cemeifctBa xopomu. Hampumep, ecim mpeaukar Bee-
718 OCTACTCS JIOXKHBIM, TO U3 cocTosguus (A, i, (r,€)) HEIB3sT BBIMOIHUTL HUKAKAX
IIATOB, YTO CTABAT 10J] yrposy nosrory. Ciejyomast JeMma npelocTaBiiser Heod-

XoauMoe ycCJIoBue€ IOJTHOTHI.

Jlemma 9. Ecnu Bepro, uro V 0, r : P (0,7, ¢€), Torma st r060r0 MpOMEXRYTOU-

/ X /
HOI'O cocroAnusd I cymecrsyer cocroguue [’ takoe, 4To biosndercd R —, R

Joxasamesvcmeo. JIoKazkeM 3TO yTBEPXKJICHUE METOIOM CTPYKTYPHONR HHJIYyKIUHU
o R.

Cuyuait R = Ry @ Ry nokpbiaercs npasusiamu [DISJ| u [DISISTEP].

Cayuait R = (0,1, €) nokpbiBaercst npasujiom [ANSWER)].

Cayuait R = (0,1, (r1,h1) ... (rs, hy)) npu yeioBuu \/?:1 P (0,7, h;) noxpbI-
Baercs npaBuioM |[CONJUNFOLD™|.

Cuyuait R = (0,4,(r1,h1)...(rn, hy)) Tpu yciaoBusix \/?:1 hj # € n
Nj—1 =P (0,7, h;) moxpeisaerca npasuiom [CONJCLEAR].

Ejuncrsennbiii ocrapimiicst cayvaii — sro R = (0,4, (r1,h1) ... (1, hy)) npn
yenosun N5y hy = € u N;_;, =P (8,75, h;). Orciona, B qacrHocTH, Cileayer, uTo

=P (0,71, €), HO 1O ycsaoBuio jgemmbl V 0, : P (0,7, €), 4T0 HEBO3MOXKHO. O

Bce 1ipejiukarbl, KOTOpble Mbl OyjleM paccMaTpuBaTh JjlaJjee, Oy1yT TpUBUAJIbHO
YJIOBJIETBOPSATH YCJIOBUSAM JieMMbl 9.
BoiOupast npejiukar, Mbl MOXEM TOJIYYUTh Pa3JIMIHbIC CYIIECTBYIOIINE Ce-

maHTuKu. Hanpumep, BoIOpaB B KadecTBe IMIPeUKaTa TOXKJIECTBEHHYIO HUCTUHY, MbI



74

IoJIy9uM CEMaHTHUKY CO CMGLU;GHHOfI BJIEBO KOH%IOHKIJ;HG?I. Ecim npejnKaT OrpaHH-

YUBaeT pasMep MCTOPHUHU, T.e.
Py (0,7, h) = length (h) < N,

TO MBI TIOJIY4aeM CEeMaHTHUKY, KOTOpas MOCIeI0BATEILHO Pa3BOPAuNBaeT IPUMEHe-
HUsI OTHOIIEHWH cJieBa HAINpPaBo JI0 HEKOTOPOi riybuubl N > 0. Dra TexHuka
HAlOMKUHAET u3bezatoujue onycmowenus nomoru [40] — peasnsainus MOTEHIUAILHO
OECKOHEUHBIX CIMCKOB, OCHOBAHHAS Ha MCIOJL30BAHUM ONPEJICJICHHON CTPYKTYPHI
JTaHHBIX, HasbiBaeMmoi “bepuamu’ (“ferns” [97]), xoropas paspaborana s TOro,
9TOOBI OTKJIAAbIBATL PACXOJSAIINCCH BHIUUCJICHUS.

B xonTekcre jannoi paboThl BaXKHBIM KJIACCOM IIPEIUKATOB SABJISIOTCS 670.4H¢E
K6a3UYNOPAIONUBAIOULUE NPEIUKAMDI, KOTOPHIE Mbl PACCMOTPUM B CJIEJLYIOIIEM Pa3-

JieJie.

4.4 Cemantuka sa3bika miniKanren, ocHaleHHasi BIIOJIHE
KBa3WYIIOPSI0YNBAIONINM IIPEANKATOM BbIOOpA

[Iycrs “<” —— BHoJiHe KBa3UyNnopsioueHre Ha MHOXKECTBE TTap MOJICTAHOBOK 1
npuMeHeHuit oTHomenuit. Torga onpejiesisieM BIIOJTHE KBa3WYIOPsTOTUBAIOINI TIpe-

JINKAT CJIEIYIOMMUM 00pa30M:

P<(8,7,h) =A(00,70) €h : (00,70) J(O,7).

JaHHBI# KJIacC MPEeUKATOB TapaHTHPYET, UTO KaxKJoe IMpUMEHEHUe OTHOIIe-
HUsi, COJiepaKallleecss B COCTOSAHUU, OyjieT B KOHEYHOM WTOI'€ Pas3sBEPHYTO I10C/IE
KOHEUHOI'0 4ucJia maros. JlanHoe yTBeprkjieHue JIOKa3aHO B IyiaBe .

Kak obcy»k1a10ch paHee, co3/1aHne CIIPaBeJIMBON CEMAaHTHKN He TTPEICTABIIs-
eT CJIOXKHOCTH, €CJIM He MPUHUMATh BO BHUMAaHUE BOMPOCHI Tpou3BouTeabHocTr. O
9TO¥ TOUKM 3pEHUs BCS KOHCTPYKITUS CIIPABE/IJINBON CEMAHTHKH C IIOMOIIBIO BITOJTHE
KBa3MyIOPAI0UCHIST HUUYETO He JIAeT, €CJU He MPeJICTABICHO KOHKPETHBIH MpeuKaT
BIIOJIHE KBa3UYIOPsJI0UEHUsI, KOTOPbIH 1MO3BOJIUT JIOOUTHCH 3D DEKTUBHON peasin3a-
[UU. DTO BIIOJIHE KBAa3WYIOPsI0YEHIE, BO-TIEPBHIX, HE JOJKHO TPeOOBATH OOIHITTNX
BBIUHMCJIUTE/ILHBIX 3aTPaT W, BO-BTOPHIX, OHO JIOJIP)KHO ODECIIeurBaTh XOpoIlee Mpe/l-

CKa3aHWe pPACXOXkK/JIeHUs KOHbIOHKTOB. Hampumep, 2omeomopgroe eaoocenue |98],
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4aCTO WCNOJb3yeMOe B KadeCTBE KPUTEPHUS OCTAHOBKHU Pa3BEPTKU TPOTPAMMBI B
MeTOJ/Ie CYIePKOMIIMJISIUY, B HalleM cjaydae ¥ TpeOyeT 3HaYUTEJIbHBIX BbIYUCJIU-
TeJIbHBIX 3aTpat, 1 HeA(PEKTUBHO MPEICKA3BIBACT PACXOXKICHIHE KOHHIOHKTOB,
Tenepb Mbl HPEJICTABISIEM [IPEJUKAT BIOJHE KBA3UYIOPsJI0UYEHUs, KOTOPbI
NPEJIOCTABUT HAM IPAKTUYECKU BaXKHYIO BEPCUIO CIIPABE/JIMBON CEMAHTUKMU.
7

Bo-11epBbIX, Mbl OIpeJie/isieM CJiejlylolnee OTHOIIeHue “<;” Ha KOopTexKax ce-

MaHTHY€CKHUX TEPMOB.

Onpenenenne 13. Ilycro <t%, ce ,t}l> 171 <t%, . ,t%> —— 3TO KOPTEXKU ceMaHTHUYe-

CKHX TEpMOB. TOF,B;& cieayromue yIrBep2KJCeHUA ABJIAOTCA PaBHOCUJIbLHBIMMA!

(th, ) <y (8, 82) & Vi height (t}) < height (£2)

Ornomenne “<p” cpaBHUBaET TepMbI 110 UX BbicoTe. OHO Tpedyer, 4T0ObI XOTsi
Obl OJIMH TEPM JIEBOI'O KOpPTeXKa, ObLI CTPOIrO MEHbIIEe, YeM COOTBETCTBYIOIIUI TepM
n3 npaBoro Koprexa. OcrajbHbIe JIEBBIE TEPMBbI JIOJYKHBI OBITH HE OOJIBITIE COOTBET-

CTBYIOIIUX TEPMOB B IIPABOM KOPTEXKE.
Jlemma 10. Ornomenue “<,” sBJIsI€TCs BIIOJIHE KBa3UYyIIOPsI0UCHUEM.

JlokasbIBaeTCst MHAYKIMEH 110 CyMMe BBICOT TEPMOB.

Temepb MBI MOXKEM OIPEJEIUThL OTHOIIeHHe ‘<L, Ha MHOXKECTBE Iap IOJI-
CTAHOBOK W IpuUMeHeHuil orHornennii. IlpeaBapurenbHo s KaxKI0r0 OTHOIIEHUS
BbISIBJISIEM MHOXKECTBO €r0 CTPYKTYPHO-PEKYPCUBHBIX apryMeHToB. st HeKoToporo
OTHOIIEeHNS R apryMeHT siBJIsSIeTCsl CTPYKTYPHO-PEKYPCUBHBIM, €CJIN P KarXKJOM
€ro PEeKypPCUBHOM BBI30BE 3HAUEHNE apryMeHTa CTPYKTYPHO YMEHBITAETCSI. DTO MPO-
CTOE CHHTAKCHIECKOe CBOMCTBO OTHOIIECHUs, KOTOPOE MOXKHO IIPOBEPUTDH CTATUICCKI

JJIA Ka2KJI0I'O OTHOIIICHU A peﬂHHI/IOHHOﬁ IIporpaMMbI II€epell BBIYUCJIICHUEM.

Onpenenenne 14. [lycrn 01, 0y spnsiorca nojcranoskamu, r; = R (i1, ... 1)
u ro = R(t3,...,t2) — NpousBOJbHBIC NPUMEHeHHs OTHOMeHHA R, ji,...,Jr —
HOMEpa CTPYKTYPHO-PeKypcuBHbIX aprymentos B R. Torja onpejeaum orHouie-
Hue “<g, Uil IPUMEHEHui OTHOLIeHMsT [ B KOHTEKCTE COOTBETCTBYIONIMX UM
nmojicTaHoBOK. [lpumenenust 1y w ro yjaoBJaerBopsitor orHoOmeHwuoo (01,71) <
(02,79), eciim WX CTPYKTYPHO-PEKYPCHBHBIE apryMEHThI YIOBJIETBOPSIOT YCJIOBHUIO
(t,81,....t501) <p (t7,0,... .15 02)

Jlemma 11. Orsomenne “<, sBJIsI€TCs BIIOJIHE KBa3UYIIOPSsIOUCHUEM.
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JlokazaTeibCTBO HEHOCPEICTBEHHO ciejlyer u3 JjeMmbl 10.

JIerko BUJETH, 9TO B 9TOM JI0Ka3aTe/JbCTBE (DAKTUIECKN HE HCIOJIb30BaJIach
CTPYKTYPHasi PEKypCHsT; Ha caMOM Jiejie OTHOIeHue ‘<.~ OCTaeTcs BIOJHE KBa3u-
YIODPSIOUCHHBIM, JIaXKe €CJIH Mbl BBIOMPAEM BCE apryMEHTHI (MJIM TPOU3BOJIBHBIE).
BeIO0Op IMEHHO TAKOTO ONpeJeIeHrs 3aKII09IaeTCsI B TOM, UTO CTPYKTypHas PeKyp-
CHST TIPOJIEMOHCTPUPOBAJIA HAUTYUIITHE PE3YIbTATHI Ha TTPAKTHKE; IPYTUME CJIOBAMH,

9TO XOpomiasd IBPUCTUKA JIJIA BbI60pa BIIOJIHE KBa3WYHOPAJOYCHMA.
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I'maBa 5. CopaBeajimBOCTh KOHbIOHKIIUM B CEMAHTHUKE S3bIKA
miniKanren, ocHaIeHHO1 BIIOJIHE KBAa3UYIIOPSII0YNBAIOIIIIM
MIpeaAnKaToOM BbIOOpa

B janHoit ryiaBe mpejcrapieHO (hOpMaJibHOE JI0KA3aTeJIbCTBO CIIPaBEJIINBO-
CTH KOHBIOHKIIMK B CeMaHTHKe si3blka miniKanren ¢ nporenypoit juHaMUIECKOro
yIIpaBJeHUs MOPSJIKOM KOHBIOHKTOB B CIIyYae MCIMOJIh30BaHUs BITOJIHE KBA3WYyTOPSI-
JIOUUBAIOIIErO IIpeuKara BbIOOpA.

[Ipexxe Bcero caenmaeM psji YOPOIIAOIINAX JaJbHEHIINE PacCyKICHU 3a-
MedaHu#il O 3aBUCHUMOCTU CXOJIMMOCTH COCTOSIHUSI M €I'0 JIMCThEB W O MOIOJIHEHUU

INOJCTaHOBKH IIPU Pa3BEPTKE INPHUMEHEHHNS OTHOIICHWMA.

5.1 CXoamMOCTh JINCTHhEB COCTOSHUS AHTEJINYECKOl CEMaHTUKU U
CEMAaHTHUKM, OCHAIIEHHOI KBa3MyMOPHAJ0YNBAIOIINM IIPEeANKATOM BBIOOpA

Ham Hy»>XHO cBsizaTh JiBe CEeMaHTUKKM — AHIEJINYECKYIO, NPEJICTABJICHHYIO
B pazjsiesie 4.2, U CIPaBeJJIUBYI0 CEeMAaHTHKY, OCHAIEHHYIO BIIOJHE KBa3UYyIOps-
JIOUUBAIONINM IIpEJIMKATOM BbIOOpa, IpejcTaBieHHyo B pasjene 4.3. Mbl Takxke
HaMepeBaeMcsl J0Ka3aTh, 9TO B 0DOMX CeMaHTHUKaX I[IPOU3BOJIbHAS IIeJIb OJHOBpE-
MEHHO CXOJUTCHA WU PACXOIUTCH.

Obe ceMaHTHKHU TPEJCTABIISIIOTCA KaK CUCTEMBI TIEPEXOI0B C OJIHUM U TE€M XK€
aJipaBUTOM METOK M JIPEBOBUIHBIMHU COCTOSTHUSIMK, B KOTOPBHIX BHYTPEHHUE Y3JIbI
COOTBETCTBYIOT JU3DBIOHKIMAM, & JIMCTbA COJICPKAT YIOPAJTOUCHHBIE KOHBIOHKIIUN
IpUMEHEHNIl OTHOIICHWA, MOJICTAHOBKY U HOMEpP IIEPBOIl CBEXKeil CeMaHTUYECKOU ITIe-
peMenHoii. Bojiee Toro, obe ceMaHTHKM HCIOJL3YIOT WJAEHTUUHBIH HAOOp IIPaBHII,
COOTBETCTBYIOIMIUX CJIydal0 MCIOJHEHUS JU3bIOHKIMU. TakxKe 00e ceMaHTUKU KOP-
PEKTHBI U [OJIHBI OTHOCUTEIHHO JIEHOTAIMOHHOM cemanTKH si3bika miniKanren [90].
[TonHoTa o3Ha9aeT, 9TO B COCTOSIHMM HU OJWH JIUCT HE MOXKET ObITh MCKJIUYEH 13
PACCMOTPEHUsT — KayK/Iblii JINCT COCTOsiHMsA OyJieT PacCMOTPEH 3a KOHEUHOE UKCJIO
IIaroB U, CJIeJ0BaTeJIbHO, HEKOTOPOEe NPpUMEHEHNEe OTHOIIEHUs OyIeT pa3BepHYTO B

KK JIOM JIKCTE. DTO MO3BOJISAET HAM aDCTPArdipOBATbCs OT KOHKPETHBIX (DOPM COCTO-
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AHUI U BMECTO 3TOI'0 paCccCMaTpuBaTb UX KaK Ha60pb1 JINCTBHEB. CJIQ,ILyIOHLaH JIEMMa

OIIPpaBAbLIBaACT I3TOT IIEPEXO/.

Jlemma 12 (o cxommmocTw JmcTheB). Ilycth s siBistercst cocrostHueM ¢ HabOpOM
muctbeB {w;}. Torma s cxomurcs (B aHTeIMYECKON W CIPABEJIMBON CeMAHTHKE)

TOTJIa U TOJILKO TOT/a, KOIJIa KaXX bl JINCT (W; CXOJIUTCS.

Hoxasameavemeso. Jlemma BoITeKaeT n3 ciieayrolero dosee odiero gakra.

[lyctb s — 1 — S9 — ... gBagercda (KOHETHOI Wi OECKOHETHOM) TOCTe-
JIOBATEJIHHOCTHIO BBIBOJIA B AHTEJIMUECKON WJIM CIPABEJINBOI CeMAHTHUKE (MOXKHO
PACCMOTPETh TOJLKO AHTEJUYCCKYI0 CEMaHTHKY, IOCKOJILKY CeMaHTHKA, OCHAIeH-
Hasl BIOJIHE KBa3UYNOPSJIOYMBAIOIIUM IPEIUKATOM, SIBJIACTCS YACTHBIM CJIydaeM
anresmaeckoit). Torga BepHo caeyiornee:

— KaXKJI0€ COCTOsIHUE §; MOYKET ObITh MpeJICTABICHO B BUJE S; (Wi, ..., Wy,

rjie {w;} fBIAETCS JU3BIOHKTHLIM HAOOPOM IOJJIEPEBLEB COCTOSIHUA S; 1
COJIEPXKUT BCE €r0 JILCTbsI B MOPSIIKE, COOTBETCTBYIOIIEM JIEBOCTOPOHHEMY
00XO0J1y COCTOSIHUS S;;
— KaKJIpIil 1ar aHreJuveckoil CeMaHTHKU MOXKET ObITh NPEJCTABICH B BHU-
ae Sil...wjm1, Wi, wist, ..] = Sit1]... wg._l,w]l, :
HabOp JIUCTHEB (BO3ZMOXKHO IYCTOI ) {w]l, ., W'} TOMyIeH U3 Pa3BEPTKH

m /
cowitwlg ], e

HEKOTOPOTO MPUMEHEHHUsT OTHOIIEHNUS, COIEPIKAIIEr0Cs B JINCTE Wj, U OCTAJIb-
HBIX PUMEHEHWIl OTHOIIEHWH 13 JINCTa w; mocpeacTBoM byHKnun push, a
HA0OP JIMCTBEB {W], ..., W) 1, Wy, ..., Wy} ABISETCS NEPECTAHOBKON Ha-
6Opa’ {wly s Whio1, Wiy - - 7w/<i}7

— JUIsT KayKJIOTO JIKCTA Wj MOYKHO BBIIEJINTH MOCIIE[OBATEBHOCTD €r0 BBIBOJA

Wy — -+ — Wj, HAYAJIOM KOTOPOro Oy/ieT HEKOTOPBIH JIUCT W), COCTOSHMUS
S.

JTokaxkeM 3TOT (paKT WHIYKIME 110 JJIMHE IyTH MKy COCTOAHUAME S 1 S;. B
ciydae 0a3bl MHIAYKIMU BCE JIUCThs COCTOSIHUSL § B TOYHOCTH COBIAJIAIOT ¢ HADOPOM
{w;}, ss1eMeHTBI KOTOPOTO YJIOBJIETBOPSIIOT BCEM TPEOOBAHUSIM.

I[TycTh 110 MHJLYKIMOHHOMY TIPEJIIOJIOMKEHUIO €CTh MPOMEXKYTOUHOE COCTOSTHIE
si [wy, ..., wg], Bce nucTHE KOTOPOrO Yi0BIETBOPsIOT Tpebosanusm. [Ipumenenue
NPABUJI JIU3BIOHKIUE TIPORIET O COCTOSIHUIO §; OT KOPHsI K HEKOTOPOMY JIKCTY (ec-
JIV COCTOSTHUE He COJCPKAT M3BIOHKIWNA, TO BECh CYUail BEIDOKIACTCA B §; = W1 U
YTBEPKJICHUE CTAHOBUTCS TPUBUAJILHBIM) U, CJIEJOBATEILHO, IIPUIET K ONPEIeJIeH-

oMy Jicty wj. OJHO U3 MpUMeHeHuit B JucTe w; OyJeT pa3BepHYyTO MO MPABUILY
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JJIAd KOH'BIOHKIINUA. TOF[L& ciaeayromee COCTOAHNE MO2KHO IIPEACTaBUTH KaK

1

Wi W) ],

/

rJie Ha MecTe JILCTa w; OyJlyT IOMEIIeHbI JUCTbs pe3ysbTaTa pa3BEpTKU w;, JOIO0JI-
HeHHbIe OCTAJbHBIMU IPUMEHEHUSMHI OTHOLICHUN U3 JIUCTa Wj, KOTOPbIe He ObLIn
Pa3BEPHYTHI.

Hpyrumu cjoBamu, JiI0O0E BbIYUCJIEHUE COCTOSTHUS MOXKET ObITh Pa3JI02KEHO Ha
HE3aBUCUMbIE BBIYUC/IEHUs €0 JIMCTheB 1 HAaobopoT. [Tosromy cxoaumMocTb cocTosi-
HUsI TapPaHTUPYET CXOJMMOCTH KarKJIOT'0 JINCTa, KaK U CXOJAUMOCTh KaXKJ0r0 JINCTa,

rapanTupyeTr CXOJNMOCTL BCEI'O COCTOAHNMAA. []

5.2 CoxpaHeHne CXOJIUMOCTH aHTeJMYIEeCKOl CeMaHTUKN

Cueptyromiee HaOIIOACHUE KACACTCsd ‘KOMMYTATHBHOCTH —IOCJIEIOBATEHLHBIX
nndukamnnii. Ilycrs p1o, g1 o —— Hekoropble TepMbl. Torma crnpaBeijinBo CJEIYIO-
b ) b

mee yTBeEp2KJ/IECHUE:

mgu (p1, p2) - mgu (q1, ¢2) = mgu (q1, g2) - mgu (p1, pa).

HeitcTBUTEBHO, TIOCTE0BATEILHOCTH YHUDUKATUI mgu (p1, p2) - mgu (q1, ¢2)
umgu (g1, g2) - mgu (py, p2) ABJISIIOTCs HAKOOJIBIIUM OOIIUM YHUDUKATOPOM JIjist [IAD
TepMOB (p1,p2) U (q1, ). Eciau onu pasmuunbl, 1o repmbl C' (p1,q1) u C(pa, ga),
riae C gBJIAeTCs HEKOTOPLIM OMHAPHBIM KOHCTPYKTOPOM, OYIYT UMETh pPa3AuuHble

HaHOOJIbIINe ObIe YHUPUKATOPBI, YTO HEBOZMOXKHO' .

. UL U U
C ydeToMm 3TOro mMpuXoJuM K cjeayoreMy cBoiicTBy. Ilycth 6 ———— 0

SIBJIIETCS TTOCJIEIOBATETBHOCTHIO YHUMDUKAIINH U1, Ug, . . . , U, TPEOOPASYIONTIX MO/

cranosky 0 B nojgcranosky 0'. Torna s 11000 nepecTraHoOBKU 7T BEPHO, UTO

U (1) Um(2)5---Um(k)

) » 0.

EH.[G O/IHa TOHKOCTb KaCa€TCidA 1OPAJJKa BBEJACHUA CBE2KMX CEMAHTUYCCKUX I1€-

pementbix. [Iycrb y Hac ecrb smcroBoe cocrosinue (0,4, ab), rjge © — nojcraHoBka,

LCrporo rosopsi, 060CHOBAHHOCTL ITUX YTBEPKACHUN 3ABUCHT OT IIPEACTAB/ICHH HOACTAHOBKM. Ha-
mpUMep, B KOHKPETHOM TIPEJCTABICHUN TIOJICTAHOBKHU [x — y| u [y — ] MOTYT OBITH He PABHBIMHU, HO

SKBHUBAaJICHTHBIMHU.
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a 1 b — npuMeHeHHUs] OTHOILIECHUI, a ¢ — CJeJyIoIas CBOOOIHAA CeMaHTHIeCKasl
nepeMeHHasg. B aHresmyeckoil ceMaHTHUKE MBI MOYXKEM BBIIOJHATH Pa3BEPTKY G U
b B 1pousBoJibHOM 1Opsijike. [TocKoJibKy Tejia OTHOIIEHUI, UCIOJIb3YEMbIX B IIPHU-
MEHEeHHsIX a u b Moryr cojepxKarb KOHCTpyKIuuM fresh, TO 3TW KOHCTPYKIUN
OYLyT BBIUUCISTHCS B PA3HOM MOPSIIKE, TIPEIOCTABIISIS PAa3Hble KOHKPETHBIE CeMaH-
THYECKHE IIepEeMEHHbIe U pas3Hble 10oJcTaHOBKU. OJIHAKO STHU IOJICTAHOBKU OYIYT
X-3KBuBaJIeHTHBI. JlaHnHOe HabJIlo/IeHre OTPaXKaeT CAEAYIONNA NHTYUTHBHO TPUBU-
AJILHBIN (DAKT: MOPSIIOK BBEJICHUSI CEMAHTUIECKUX TePEMEHHDBIX He BajKeH, [MOKa HI
OJIHA IIepEMEHHasI HE BbIJEJsieTcss DoJiee OJIHONO pas3a [PU BbIUYKMCJICHUNW B OJHON U
TOM »Ke BeTBU. TakuMm 0OpPa3soM, Mbl MOXKEM HE YUUTHIBATH KOHCTPYKIMIO fresh n
paccMaTpuBaTh BCE MOJCTAHOBKM ¢ TOYHOCTHIO JIO X-9KBWBaJIEHTHOCTH. B pamkax
JAJIbHEHINNX PACCYKJICHUN 3TO MO3BOJUT HaM HUCKJIIOUYUTH U3 COCTOAHUNI BCE Olepa-

TOPBI BBEJICHUA CBEXKE TepeMeHHO.

Jlemma 13 (o nonosHeHnn MojICTaHOBKH TpH pasBepTke). Ilycth 7 — npuMeHenue
oTHOIIeHust u 6 — nojcranoBka. Passéprka npeobpasyer cocrosgnue (0, 7) B HAOOD
cocrosiamit {(0;, p;) }, T/ie P; KOHBIOHKIUS MPUMEHEHHH, 0; —HEKOTOpasi MOJICTaHOB-
. o i
ka. Torsa Ay1st Kaxk10To 4 CymecTByeT NOCIeIoBaTe/lbHOCTD YHUpUKATIH U] . . . Uy
TaKast, YTO BBIIOJHEHO CJIe/yIolee:
s
0 ——0;.
DTy JeMMy JIErKO JIOKA3aTh WHJYKIIME 10 BBICOTE BLIBOJA B CEMAaHTHKE Pas-

BEPTKH.

Takum 06pa3oMm, Mbl MOXKEM BBeCTH 0DO3HaueHue [r — ;] jiJist BbIIOJHEHUST
MOCJIeJIOBATEILHOCTH YHU(pUKALMI BO BpeMsi pa3BEPTKHU NPUMEHEHHUsI T, KOTOPOe

IIPpUBOAUT K JIMCTOBOMY COCTOAHHIO (;.

Jlemma 14 (0 coxpaHeHUH CXOJUMOCTH AHIEJINICCKONH CeMAHTUKU TIPU yTOUHEHUH] ).
[Tycrs © — mnojcranoBka, W —— HAOOP TpPUMEHeHHi OTHOIIeHW, u mycTh (0, W)
cxomuTces K {} (MycroMy COCTOSAHMIO) B aHTeIMTIECKON cemanTuke. Torjga Jis mpo-
M3BOJIBHOMI IIOJICTAHOBKU O M IIPOM3BOJILHOIO HabOpa IpUMEHEeHHi oTHOIIeHHi 1
BepHO, 1TO (0 - 0, W) Takxke cxomurcs K {}.

JTlanHyo JieMMy JIErKO JIOKa3aTh WHJyKIUeild 1o jyimae BoiBoja (0, w) —* {}.
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DTa JIeMMa JIOKa3bIBaeT TOT (aKT, ITO HAJIOXKEHUE JIOINOJHUTEJILHBIX OTpa-
HudeHnil (6oJiee KOHKpeTHAsl TOJCTAHOBKA ¥ JOOABJICHUE JOMOJHUTEIbHBIX KOHb-
FOHKTOB) HE MOXKET CJIEJIaTh CXOJAILYIOCs 1IPOrpaMMy pacxojsiieiics. Dror dakr

OKazKeTCdA BazKE€H IIPHU JOKa3aTCJIbCTBE CJIG,ZLyIOH_LGI'/JI JIEMMBI.

Jlemma 15 (0 coxpaHeHHM CXOIMMOCTH AHTEJHUECKoil cemanTuku). Ilycrs @a@’
— Habop HPUMEHEHUI OTHOINEHUN C BbBIJIEJCHHBIM 3jeMeHToM “a” u 0 — mnoj-
cranoska. Ilycrs {(0 - [a — o], o;) } siBasiercst pesysibraToM pasBEPTKU COCTOSIHUSE

(0, a). Torga (0, @a@’) cxopurcst Torja U TOJIBKO TOMJIA, KOIJA KaXKJ0€ COCTOSHUE

{(0-|a — o], po;@’) } exomures.

Jokazamenvcmeso.

< Ilycers Bee cocrostnus u3 nabopa {(0 - [a — o], o @)} exopsresa. Torpa
pa3BépTKa TpUMeHeHus: a B coctosianu (0, @a@’) nmpuBoauT Hac K HAOOPY
CXOSAUXCs 10 yesoBuio cocrosauii {(0 - [a — o], eo;@’) }.

= Ilycrs (0, @a@’) cxomures. Torma BO3MOXKHBL JBa CJIydasi.
Cayuati 1. Tlpu cxopgmemest BbIBOJE UPUMEHEHUE a He ObLIO pasBEpHyTO.
Torga (0, @a@’) cxomures k {} (Tak Kak KaxKj0e MPOMEXKYTOTHOE COCTO-
SIHUEe COJIEPXKUT NpuMenenne a). Bosee Toro, cocrosinne (0, @@’) rakke
cxonutest K {} (MBI MOXKeM MOBTOPHUTDH cxogiuiics BbiBos (0, @a@’) s
cocrosinust (0, @@')). Ilo memme 14 n3 cXoMUMOCTH BBIBOJA JUIST COCTOSTHHS
(0, @’) caemyer, ato Bee cocrostaus (0 - [a — o], oy @’) cxomares x {}.
Cayuat 2. Tlpu cxopsiineMest BbIBOJIE NPUMEHEHHE @ ObLIO pa3BEPHYTO Ha

nekoropom tmare. Torya jist cocrosinust (0, @a@’) cyiecrByer BbIBO

(6, pag’) =" (0 - 0,map), (*)

re O SBJISETCS HEKOTOPBIM HAOOpPOM yHUDUKANUA U CJEIYIONIM
MATOM 9TOH TMOCTEOBATEIHLHOCTH OyJeT pa3BépTKa NpUMEHeHus a. 1o-
I pe3ysibTaToOM pa3BEPTKM I[IPUMeHeHusi a Oyjer HabOp COCTOsiHUi
{(0-0-[a— o], T;p) }. Tlosropum jyist cocrostuuii (0 - [a — ], ;@)
pa3BEPTKHU U3 BBIBOJA (*) mosiyunm cocrositiue (0 - [a — o] - 0, o p). D1o
COCTOSTHHE CXOANTCS, TaK Kak 0 - [a = o] -0 =00 [a — o]

[]

Caencrsue 1. Ilycrs (0, w) — mekoropoe cocrosinue, a {(0', w’)} — mHOKECTBO

COCTOSIHUIA, TOCTHKUMBIX U3 COCTOsHUs (6, W) 3a KOHEUHOE YuCI0 pa3BépTok. Toria
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cocrositue (6, W) CXOUTCs TOIJIA U TOJBKO TOJA, KOIJA BCE COCTOSHUST U3 MHOXKE-

crBa {(0/, w’)} exonsrest.

5.3 CropaBeJINBOCTh KOHBIOHKIINN B CEMAHTUKE, OCHAIIEHHOI BIIOJIHE
KBa3MyHOPI0YNBAIONINM IPEeANKATOM BBIOOPA

Tenepb y Hac uMeeTcsi BCE HeOOXOMMOE JIJIsI JIOKA3aTeIhCTBA, CIIPABEJINBOCTH
0DODIIEHHOM CeMaHTUKHU, OCHAIIEHHON BIIOJIHE KBa3HYIIOPSIOUMBAIONIUM IIPEIIKa-

TOM BBIOOpA.

Teopema 3. Ilycth P4 — Briosne Kpazuynopsiiounsaomuii npegukar. Torga “—p_”

ABJISIETCA CIIPABEJINBOI CEMAaHTUKOI.

Hoxasameavemeo. Ilyctb cocrosiiue ¢ CXOJAMTCS B aHIEJIMYECKOW CeMaHTHUKE.
PaccMorpum mpuMeHeHne OTHOIIEHWsST 7, KOTOpoe Oyjer pa3BEPHYTO IEPBBIM B
CXOJIAIIEMCs BbIBOJIE ODOOIIEHHON CeMaHTUKHU, OCHAIIECHHON BIIOJIHE KBa3UyIIOP:I0-
YUBAIOIIAM IIPEJIMKATOM BbiOOpa. Bo3MOXKHBI j1Ba ciiydasi.

7

Cayuati 1. CemanTuka “—p_” BBIIOJHAT B TOYHOCTH 3TY YK€ DA3BEPTKY MPH-
MeHEeHHUsi OTHOIIeHus: 7. B 9aroMm ciydae obe ceMaHTHKKM BbIITOJHUJIA MACHTAIHBIA
Irar.

7 BbIOpaJia HEKOTOPOEe JIPyroe MpuMeHEeHUe OT-

Cayuati 2. Cemantuka “—p_
Hotrenus. [[o cBOMCTBY BIOJIHE KBa3HIIOpSIKa OYJET BBIIOJHEHO KOHEYHOE UKCJIO
Pa3BEPTOK, MPEXKJe UeM IpuMeHenne r Oyjier pa3sepHyTo. IloBropum 3T0 KOHEUIHOE
YUCJIO PA3BEPTOK B CIIpaBeinBoil ceManTuku. Ilo caeacreuio 1 pesyiabraT pa3BeépT-
Ky OyJieT IpUHa/JIeKaTh MHOXKECTBY CXOJISAIIMXCS COCTOsIHUIA.

Takum obpasoM cemanTuKa “—>p_” BBIIOJHUT BCE MIAIM CXOJSIIETOCs BhIBO-

29

Jla AHTeJIMIeCKON CEeMaHTUKW W, CJIJIOBATEJHHO, BBIBOJ CEMAHTUKN “—>p_~ TaK¥Ke

coiercs.
[

[aHnHast TeopeMa, TOJTBEPKJIAET TOT (PAKT, UTO MPU MCIIOJH30BAHUK BIIOJIHE
KBa3UYyIIOPsI0YEBAIOIIEI0 IIPEJINKaTa B KauecTBe IapaMeTpa 00600I1eHHOi ceMaHT-

K1 ga3blka miniKanren mMbl mosydaeMm cpaBejJIuBYIO CEMAHTHUKY.

Caencreue 2. Cemantuka “—p_ 7 sBJIAETCs CHPABEJIMBOIL.
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Hoxasamenavemeo. Tlpenukar <y, sBJIsIETCS BIIOJIHE KBAa3UYIIOPsI0YEBAIOIIUM IIPe-

jukarom 1o Jjiemme 11. TTosromy ycsoBue Teopembl 3 BbIINOJHEHO JIjisi CEMaHTUKU

“%P 77‘ D

gST

[Tojseném nroru. CemaHTHKa, OCHAIIEHHAST BIIOJIHE KBA3UyOPSI0UNBAIONIAM
[IPEJIMKATOM BBICOTBI CTPYKTYPHO-PEKYPCUBHBIX apryMEHTOB, SIBJISICTCA CIIPaBE/l-
JIMBOW M, KaK Mbl yBUJMM B CJIEJyIOIIei TJiaBe, okadbiBaeTcs 3(DEPEKTUBHON Ha

NpaKTUKE.
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I'maBa 6. Peasmm3alius u 3KCnepUMeEHTHI

J/lanHag raaBa MocBIeHa TPOTPAMMHON peau3allin MPeIJI0XKEHHOTO PeJIaIy-
OHHOT'O TIpeodpa30BaHus U CIIPaBEJINBON ceMaHTHKHU s3bika miniKanren, a Tax:ke

pe3yJibTaraM dKCIIEPUMEHTOB.

6.1 Peanusamusa

Peajinzaius pesigiimOHHOI0 IIpeodpa30BaHus BLIIIOJHEHA B BUJE TPAHCIATODA
G YHKIMOHAJBHBIX IIPOIPAMM B peJisiliMOHHbIe. Peajinzalius omnepalnoHHOl ceMaHTU-
KI s13bIKa miniKanren, BKIIoUas Iponenypy JHHAMAYECKOTO YIIPABICHUS TOPSITKOM
KOH'bIOHKTOB, BBINIOJTHEHA, B BUJIE peJisilinoHHOro pacmmpenus si3bika OCaml. B ka-

decTBe s3bIKa peasusanuu 661 Beibpan OCaml Bepcun 4.13 [99].

6.1.1 TpancaaTop PpyHKIIMOHAJIBHBIX TPOTPAMM B PEJISAITNOHHBIE

B kauecTBe MCXOHOIO S3bIKA JJIsI TPAHCIUPYEMBIX IIPOrPpaMM ObLIO BHIOPAHO
110 IMHOXKeCTBO si3bika, OCaml, KoTopoe cojepKuT Bee KOMIOHEHTH! (DYHKIIMOHAJIb-
HOT'O $I3bIKa, OIUCAHHOIO B IVIaBe 2: A-MCUYUCICHUE, PEKYPCUBHBIE U HEPEKYPCUBHbBIE
let-pUBSA3KM, KOHCTPYKTOPbHI BhIPAXKEHUH AJIreOpandecKuX TUIIOB JAHHBIX, OIepa-
TOP COIIOCTABJICHUS C 00PA3IIOM, IIPeIOIpe/ie/IeHHbIC JJOIMUYeCKe KOHCTAHThI true u
false u nosumopdHOE cpaBHEHKE BbIpaXKeHUIl IepBOro mopsijika. B KadecTse 1eJe-
BOro si3bika BeiOpan OCanren (83|, BKIIIOUAIONHIT BCe KOMIOHEHTHI PEJISIITUOHHOTO
LPOrPAMMUPOBAHKSI, HEOOXOUMBbIE JIJIsi TPAHCJISIIUN.

Boibop si3bika OCaml B KauecTBe sI3bIKa pPeaJM3alliid U UCXOJHOTO SI3bIKa,
rpanciasitopa u OCanren (pessinmortoro paciupenusi sizbika OCaml) B KavecTse
IIEJIEBOI'O sI3bIKA OOYCJIOBJIEH BO3MOXKHOCTBIO HCIIOJIL30BAHMS KOMIIOHEHT HHOpa-
CTPYKTYPBI CTaHgapTHOrO KoMmmuisatopa s3bika OCaml [68; 100] mpu paspaborke
TpaHcasTopa. [Ipexe Bcero mcmoib30BaHbl IPOMEXKYTOUHBIE IPEICTABICHUS PO~

rpaMm Jijist Kommuiisitopa sizbika OCaml — abempaxmmnoe cunmakcuveckoe depeso
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k[J Habop ¢aitnos ¢ McxoaHOW NporpaMmoi

Jlekcnuecknin aHanms E

@{5) Ha6op nekcem ncxoaHoi nporpaMmbl

CHWHTaKCcUYecKnin aHanumsa E

\([BJ ACT ncxonHomn nporpamMmel

BeiBog TMNOB E

TpaHcnAuuma E

@J ACT npeofpa3oBaHHO1 Nporpammbl

OnTummsauum E

BbinonHexue 6eta-peaykuyui E

O ACT

Hopmanusauyuna oneparopos E
BBEAEHMA CBEXMX NMEPEMEHHbIX

I
\(Ji_); ACT

leHepaymna penaunoHHbIX E
onpeaeneHnin TMNoB

leHepauyma koaa E

(5 dawn ¢ penAuMoHHON NPOrpamMmMon

Puc. 6.1 — UML-uarpamMmma KOMIIOHEHT TPaHCASITOPa (DYHKIMOHAJIBHBIX TTPOrPaMM

B peJIdAIMOHHDbIE

nporpammbl (ACT) u munusuposannoe abcmparxmmnoe cunmarcusweckoe depeso Tpo-
rpammMbl (TACT). Ob6a mpejicraBieHust OMUCAHBl B BUJE HaOOpa ajareOpamdecKux
TUNOB JaHHBIX s13bIka OCaml 1 sBISIOTCS KIaCCHIECKHM CIIOCOOOM OIMUCAHUS PO~
MEXKYTOYHOI'O IPEJICTABICHUs] IPOrPAMMBbl. Takrke Ipu pa3zpabOTKe TPAHCJISATOPa,
OBLJIO KCIIOJB30BAHO HECKOJILKO T'OTOBBIX KOMIOHEHT KommuisgTopa OCaml: jiekcu-
YECKUil aHaJIN3, CHMHTAKCUIECKU aHaJIN3, BLIBOJ, THUIIOB W MeHEPAIUsT KOJIA.
ApxuTekTypa TpaHCAATOpa (DYHKIHMOHAJILHBIX IIPOIPAMM B DPEJIAINNOHHBIE
npejicrasiena Ha puc. 6.1 B Buyge UML-uarpaMMbl KOMIIOHEHT, KOMIIOHEHTBI, pa3pa-

OOTaHHBIE aBTOPOM JAHHON PabOTHI BbIAEJIEHBI MyHKTUPHOM JnHKei . OTMeTuM, ITO
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APXUTEKTYPa TPAHCIATOPA NMEET KJIACCUIECKIH BV ONTTUMU3UPYIOIIETO TPAHCISTO-
pa [101]| u coepKUT TPaTUIMOHHBIE KOMIIOHEHTDI JIEKCHIECKOTO U CHHTAKCHIECKOTO
aHaJIn3a, BHIBOJIA TUIIOB MCXOMHON MPOrPpaMMBbl, OIITUMHU3AINNA U FeHEPAIMH KOJIa.

Komnonenra Jlekcuveckutd ananus OTBEYACT 3a BbIJACJICHUE JICKCEM SI3bIKA B
TEKCTE HMCXOJHON IIPOrpPaMMBbI.

Kommnonenta Cunmarcuveckuti anarud popmupyer no Habopy jexkcem ACT
ACXOJIHOU TPOrPAMMDI.

Koumnonenta Bu6od munos BeIMECIET ¢ MOMOMIbI0 ajroputma Pemun [102;
103] Tumbl st Bcex BCEX BBIPAXKEHUii MPOTPAMMBIL; 9Ta KOMIIOHEHTa OCHOBAaHA Ha
asiropurme Xusyim-Musnepa [81]. Pesyibrarom eé paborbi siisiercs TACT —
npejcrapienne nporpammbl, coorsercrByiomee ACT, mosmydeHHOMY Ha NPEIbITy-
I[I[eM 9Talle, B KOTOPOM KayKJIOMY BBIParKEHUIO COMOCTABJIEH BHIBEIEHHDBINA THIIL.

KomnonenTta Tpancasyus sABIASETCS OCHOBHOW M BBIIOJIHAET IIOCTPOEHUE
PeJISIIIUOHHOM IIPOrpaMMBbl 110 (DYHKIMOHAJIBHON. DTa KOMIIOHEHTA Peasu3yeT peJis-
IIOHHOE ITpeobpa3oBaHue, pe/icTaBJIeHHOe B IyIaBe 2. Byiarogaps ToMy, 4To 1e1eBoit
SI3BIK SIBJISIETCS PACIIMPEHUEM HCXOJHOI0, HET HEOOXOIMMOCTH BBOJUTHL €I OJUH
BIJI, IIPOMEXKYTOTHOIO IIPEJICTABICHUsT TPOIPAMMBI, U TIOITOMY PE3YJILTAT TPaHCJIsI-
1 MoxkHO npejcraBuTh B Buge ACT s si3pika OCaml.

KommnonenTa Onmumu3auus BbIIIOJHSAET HECKOJBKO SKBUBAJEHTHBIX IIPEodpa-
sopannit ACT jy1st onTUMu3aImy HTOrOBOIM MPOTPaMMBI ¢ TOUKHK 3pEHUsT €€ pasMepa
u sddexkruBnoctn. Kommnonenra Bunoanenus [B-pedykuyuti, KOTOpas BXOIUT B
coctaB Onmumu3dayus, OTBEIaeT 33 YIPOIIEHNE MOCTPOCHHON TTPOrpaMMbl TOCPE/I-
CTBOM TIpUMEHEHHsT Beex A-abCTpakIuili K apryMeHTaM. DTo HeoOXOINMO BCIEJICTBIE
BO3HUKHOBEHUSI BO BPEMsl TPAHCISIIINA MHOXKeCTBa A-abCTpakInii, KOTOpbIE MO-
ryT ObITh IPUMEHEHbI cTaThdecKu. JlaHHas KOMIIOHEHTa 3HAYUTEJILHO YJIyUIlIaeT
KaueCTBO PE3YJIbTUPYIOIIeil MporpaMM KaK ¢ TOUKH 3PEHUsl KPATKOCTU U y10009H-
TAEMOCTH, TaK ¥ IPOU3BoauTeabHOCTH. KoMmmonenTa Hopmaausauuro onepamopos
66eJeHUA COENCUT NEPEMENHDIL, TAKIKE STBIISIIONIAICT 9acThio Onmumusayuu, Hale-
JIEHA Ha KJIACTEPU3AINIO0 BBOAUMBIX JIOTHIECKUX TIEPEMEHHBIX C TEThI0 COKPAIEHUST
pasmepa MTOTOBOI MPOrpaMMbl W HAKJIAJHBIX PACXOJ0B, CBSIZAHHBIX C BBEJICHUEM
CBEXKUX IepeMeHHbIX. OTMeTHM, YTO TPAHCSITOP COACPXKUT JIOIOJHUTEIbHYIO KOM-
MOHEHTY ONTUMU3AINKN, PAHXKHUPYIONIYI0 KOHBIOHKTBHI B 3aBUCUMOCTH OT OIICHKU
CJIOXKHOCTH WX BBIIOJHEHUsI U CTEIEHU HEJIeTEePMUHU3MA, BOSHUKAIOIIEIO MMOCIE UX
ucnosiHernsi. K npumMepy omneparopbl yHUPUKAIMNA U OIPAHUICHNsT HEPABEHCTBOM Pa-

3yMHO MEPEMECTUTh B HadaJi0 Habopa KOH'bIOHKTOB, TAK KaK OHU JIeTEPMUHUPOBAHbI
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u OoJjiee MPOCTHI B UCIIOJHEHUN B CPABHEHMH C IpUMEHEHUsIMU oTHoIIeHun#. O 1HaKo
JIAaHHA ONTUMU3AIUT HEOOXOUMa, TOJLKO B CJIyUae UCIOJHEHUST PEeJISITUOHHON TPO-
I'PAMMBI C MCIIOJIB30BAHUEM KJIACCHIECKON JIEBOOPUEHTUPOBAHHON KOHBIOHKIMK. B
CIydae Ke MCIOJHEHNS ¢ UCIOJb30BAaHUEM CIIPABEINBON KOHbIOHKIINN, B JAHHOM
KOMIIOHEHTE ONTUMHUBAINK HET HEOOXOIMMOCTH.

Komnonenra [enepayuu pessuyuonnoir onpedesenuts munos odbobdIaeT aared-
pardecKue THUIIbl JAHHBIX KCXOJIHON IpOrpaMMbl JIjisi KOPPEKTHOIO BLIBOJA THUIIOB
UTOTOBOW PEJAIIMOHHON TPOrPaMMBI.

[Tocnennsist komnonenTa [enepauyuu kxoda 1PeoOPA3OBLIBACT IOJIYUIEHHOE B
pesyiabrare paborbl npeabayinmx KoMmrnonenT ACT B pessinroHHYIO Hporpammy,
KOTOPYIO MOYKHO WMCIOJIHUTH C KCIOJb30BAHNEM KaK KJIACCHIECKON JIeBO-OPUEHTH-
POBAHHOI KOHBIOHKIIMH, TaK U CIPABEJJINBOI KOHBIOHKIIMH, & peaju3aliii KOTOPOit
HO¥IeT pedub B CJIELYIONEeM pasJiele.

Ob6muit 00BLEM peasn3aluu JaHHOrO TpaHcaaTopa cocraua 1800 cTpok Koma

na si3pike OCaml, peasuzanus jgocrynna 3jaech [104].

6.1.2 PenammonHoe pacmupenne a3bika OCaml, ocHalieHnHoe BIIOJTHE
KBa3MYIIOPSAI0U€BAIOIIAM MPEeINKATOM BBIOODA

st peanmsanuy pesisiiinOHHOTO PACTITMPEHNsI, OCHAIIEHHOTO TTPEJINKATOM BhI-
bopa, Obw1 BbIOpaH #A3blk OCaml mo ciaegyrorum npudnHaMm. Bo-IepBbIX, 3TOT
SI3BIK TI03BOJIIET MKCIIOJb30BATh IIPEJICTABJICHUE PEJISIIIMOHHBIX TEPMOB, OIEPaTO-
pbl YHU(DUKAIUNA U OTpaHUUEHUS HEPaBEHCTBOM, PEAJIM30BaHHbBIE B CYIIECTBYOIIEM
PEJISIIIMOHHOM PACHIMPEHUN C JieBo-opueHTupoBanHoit Koubionkmnueir OCanren. Bo-
BTOPBIX, JIJISI MHTETPAIMHE PEJISAIIMOHHOTO PACIINPEHUsT ¥ TPAHC/ISITOPA, OMMCAHHOTO
B NIPEJIBIIYINEM pasjese, HeoOXOINMO COOTBETCTBUE IEJIEBOTO SI3hIKA TPAHCISITOPA 1
peaJyimzyeMoro paciiupenusi. I1o 3Toii ke npuinHe CHHTAKCUC PEJIAIIMOHHOIO PACIIU-
peHusi, OCHAIIIEHHOT'O IPEJIMKATOM BbIOOpPA, COBIAJIACT ¢ CUHTAKCHCOM PACIIUPEHUsI
OCanren.

BerpauBanue pesisinnonHoro paciupennsi B si3bik OCaml ObL10 BBITOJTHEHO
caepytomumM obpaszom. CTPyKTypa COCTOSTHUST PEJISIIIMOHHON TPOrpaMMbl ObLIa OTH-
caHa B Buje ajredpamdeckoro Tuia gAaHHbiX. Jlamee, Bce omepaTopbl paciimpenwst

ObLIM BBIpaXKeHbI cpejicrBaMu ucxoauoro s3bika OCaml B Buje pyHKIMI BBICIIETO
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Puc. 6.2 — UML-narpaMma KOMIIOHEHT PEJIsiIIHOHHOIO PACIIMPEHUsI, OCHAIIEHHOI'O

BIIOJTHE KBAa3SHUYIIOPAJOYEBAIOIINM ITPEINKATOM BbI60pa,

nopsijika. Takum 0oO6pazoM Jiodas pesidinoHHas MPorpaMMa, siBJITeTCsT KOMOMHATIeH
PEJISIIUOHHBIX OIIepaToOpPoB U, Kak ciejgcrBue, ynknmein s3pika OCaml. Tak xak
PeE3YJIbTATOM PEJISIIMOHHON TTPOrPpaAMMbl SIBJISIETCS TOTEHIMAJILHO OECKOHEUHBIN Ha-
O60p OTBETOB, TO JIJIsSI U3BJICUEHUsI YACTU OTBETOR ObLia pa3paborana (DyHKIWS run,
MO3BOJIATONTAS U3BJEYb KOHEUHYIO YaCTh OTBETOB B BUJIE CITHCKA.

ApxuTekTypa pessiuOHHOTO pacIIMpeHus NpejcTaBieHa Ha puc. 6.2 B Buje
UML-jnarpammbl komionent. Komionen b, pazpadoraHHble aBTOPOM JIaHHOM pa-
60Thl BbIJIEJEHBI TIyHKTUPHOW JIMHUE.

[Tpexxjie Bcero, paccMOTpuUM BCIIOMOTaTe/IbHbIE KOMIIOHEHTBI, SIBJISIOIIAECS
JacThio pessiiuonnoro pacmupennss OCanren. Komnonenta IIpedcmasaenue nozu-

YECKUL TNEpmo6 OTBECYACT 3a IIOCTPOEHHE M KOPPEKTHYIO THUIIM3aIlWIO JIOTMYECKHUX
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TEPMOB, COJIEPXKAIINX KaK KOHCTPYKTOPHI, TaK U JOrnieckue nepeMennbie. [1oapoo-
HOCTH JIAHHOTO TIPEJICTaBJIeHus Omucanbl B pabore [67]. Jamnoe mpejcraBienue
UCIIOJIB3YETC BO BCEX KOMIIOHEHTaX, 00pabaTbIBAIONIMX TEPMbI, & MMEHHO B KOM-
noHeHTe yHU(DUKAINKA, KOMIIOHEHTE OIPaHMYeHUs] HEPABEHCTBOM, KOMIIOHEHTE BbI-
YUCJIEHNsT BBICOTHI TEPMOB M KOMIIOHEHTE M3BJICUEHUS PE3YIbTATOB.

KommnonenTol Ynugpurauus u Ozparnuienue HepaseHcmeom OTBEUYAIOT 32, Bbl-
HOJTHEHUE PEJISIIAOHHBIX OIIepATOpPOB YHU(DUKAIIMU U OIPaHMYEHUsS] HEPABEHCTBOM
cooTBeTcTBeHHO. [IprHIUI UX paboThl MOAPOOHO OIUCAH B pasjene 2.2.

Kowmmionenrta [locmpoenue Ha4aAb1020 COCMOAHUA NPOZPAMMDL  COJIEPIKHAT
peam3aliyl BCeX OIePaTOPOB PEJISIIUOHHOrO paciiuperusi. Biarogapst 1anaoil Kom-
MOHEHTE JTAll WHTEPIPETAINH PEISIIIUOHHBIX TPOTPAMM UCKJIIOUEH W3 PEean3alinu,
TaK KaK BCE peJIsIMOHHbIE OIepaTopbl sABJATCA (yHKmuaMu sA3bika OCaml.
B kauecTBe HavaJbHOIO COCTOSIHMSI BBICTYIIAET PEJISIUOHHBIN 3a1Ipoc, cojeprKa-
il TIepeMennble 3ampoca — MepeMeHHbIe, UTOTOBLIE 3HAYEHWS KOTOPLIX OyIyT
PEe3yJIbTATOM BBIIOJHEHMs] HPOrpaMMbl. Takrke JaHHAs KOMIIOHEHTa, COJIEPIKUT
AJICOPUTM aBTOMATHUICCKOTO OOHAPYKEHUSI CTPYKTYPHO-PEKYPCUBHBIX apryMeHTOB
oTHOtIeHni. B ciiyuae oTcyTCTBIST TAKMX apryMeHTOB, ITPOU3BOINTCS OOHADYKEHNE
apryMeHTa,CTPYKTYPHO YOBIBAIOIIEI0 B MaKCHUMAaJbHOM KOJUYECTBE JIU3BIOHKTOB
oTHotIenns. HakoHel, B JaHHON KOMIIOHEHTE Pa3pabOTUMKOM OIIPEJIE/IsieTCsl MaK-
CUMaJIbHOE KOJIMYECTBO PE3YJILTATOB, KOTOPOE HEOOXOIUMO BhIYUCINTE. Ecau dncio
He 3aJ1aHO0, MCIOJIHEeHNEe OyJ1eT MPOJI0JKATHCS JI0 TIOJHOTO WCUYEPHAHUsS COCTOSTHUS
IPOTPAMMBI.

OcHOBHOII KOMIIOHEHTOI 1peobpazoBanus sBjsiercss Q0HosAeHUue COCTMOANUA
nPo2pammvl, KOTOpas OTBEYAET 3a IOMIATOBOE IIEPECTPOEHHE COCTOSIHUSI MOCPE/I-
CTBOM BBIUKMCJIEHHSI OTJEJbHBIX dacTeil cocrosHusi. OHa BKIIOYAaET B cebs KOM-
nonenTy Buibop npumenenus ommowenus, KOTOpast ONPEJEIsieT JIMCT COCTOSTHUS
IPOTrPaAMMbI, HEOOXOIMMBI J1J1s OOHOBJIEHKSI, BLIOMPAET ¢ MOMOIIBIO MIPEIKaTa IPHU-
MeHEHNe OTHOIEHUSI U OTJEJSIeT €ro OT COCTOSTHUsI. Pe3ysbraTroMm paboThl JAHHOTO
KOMIIOHEHTa, SIBJIAETCA OTJICJIEHHOE I[PUMEHEHUE U COCTOSHHUE IIPOrPAMMbI C “JIbl-
poit” Ha Mecte 3TOr0 NpuMeHenusd. [Ipegukar BLIOOpa OCHOBAH Ha CPABHEHUU BLICOT
APryMEHTOB, 38 KOTOPLI OTBEYaeT KOMIIOHEHTa BuiuucaeHui 6bicom mepmos, OI-
palomasicss B CBOIO OYepejib Ha IPEJICTABICHUE JIOTHIECKUX TepMoB. KomioHneHTa
Passépmra ommowenus BBHITOJTHSIET 3aMEHY NMPUMEHEHUsT OTHOIIEHWST Ha TeJO OT-
HOIIIEHWE U TOJICTABJISIET apIyMEHThI B TeJIO OTHOIeHus. Pe3yibraroMm pa3BépTKu

SIBJISIETCSI COCTOsIHME IIPOTrPAMMbI, KOTOPOE HEOOXOJIMMO IIOJICTABUTh HA MECTO Pas-
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BEPHYTOI'O TPUMEHEHKST OTHOIIEHHUsI. 3a 9TO OTBe4YaeT KoMionenta Bocemanosaenus
cocmoanua npozpammo.. Jlasee BO3MOXKHBI JiBa Ciydasi. K cocrosinne nporpam-
MBI COJIEPYKUT HEOOXOIMMOE HUHCJIO JINCTHEB C Pe3yIbTHPYIONMMHI TTOACTAHOBKAMM,
TO IIPOIECC OOHOBJICHUS 3aBepiaeTcs. B IpoTUBHOM cilydae HeOOXO/IMMO BbIIIOJTHUTH
OOHOBJIEHHE HOBOI'O COCTOsIHMS IPOTPAMMBI €IIé pas.

[Tocnenmsiss KomnonenTa Masaeuenue pesyavmamos BLIOUpaET U3 pe3yIbTUPY-
IOIIUX OJICTAHOBOK TEPMbI, COOTBETCTBYIOIIUE MEPEMEHHBIM MCXOJHOIO PEJISAINOH-
HOTO 3arpoca. st u3BaedeHust pe3yabTaToB MCIOAb3YIOTCS (DYHKIUS YTOTHEHWST
TepMOB Wwalk, cojeprKalasicss B KOMIIOHEHTE TPEACTABICHNS JIOTHIECKUX TEPMOB.

O06muit 06bEM peau3aluy PeJANMOHHOIO PACIIUPEHKS, OCHAIIEHHOI'O IIPE/I1-

KaToM BbIOOpa, coctaBmit 1200 ¢Tpok Koja, peaausaiys goctynHa 3aech [105].

6.2 SKCHepuMeHTHI

KoppekTHOCTH TPEJIOKEHHOTO PEJISIIIHOHHOT0 ITPe0dPA30BaHUs U CEMaHTUKI
peJIanronHoro si3bika miniKanren dpopmanabHo j0Ka3aHa B rjiaBax 3 U O COOTBET-
crBeHHO. OJIHAKO MX IMPOU3BOJIUTEIHLHOCTh TPeOyeT SKCIEPUMEHTAJIbHON OICHKH.
B ciyuae pessiimoHHOro Ipeodpa3oBaHUsi HEOOXOJMMO OIEHUTH 3(PMEKTHBHOCTD
11peodpa30BaHHbIX HPOrpaMM. Jljist 9T0ro Mbl OLTUMU3UPYEM 1IPEOOPAZOBAHHYIO 1IPO-
rpaMMy BPYUYHYIO M CPaBHUM IPOU3BOJUTEIBHOCTH ONTUMHU3UPOBAHHON U HEONTH-
MUBUPOBAHHOW Bepcun. B ciiyuae ceMaHTHKM, PeaJn30BaHHON B BUJE PACIIHPEHUSI
s3pika OCaml, Heobxonumo cpaBHUTH (PMEKTUBHOCTH CIPABEJINBOM KOHbIOHK-
M1 B CPaBHEHUU C KJIACCUYECKON KOHDIOHKIMEN B CYIIECTBYIOIIECH peain3aluei
OCanren.

Takum o0OpasoMm, ueAblo JIAHHOIO SKCIEPUMEHTAJIBHOI'O MCCJICOBAHUS SIBJISI-
ercst cpapHeHne 3Pp(OEKTUBHOCTH CIPABEJIMBOA M KJIACCUIECKON KOHBIOHKIIMH TIPU
UCIIOJTHEHU U ONTUMU3UPOBAHHBIX BPYIHYIO ¥ HEONTUMU3UPOBAHHBIX TPEOOPA3OBaH-
HBIX I[IPOI'PAMM.

st TocTrKeHus JJAHHOMI 11eJIi HeoOX0IMMO OTBETUTH Ha, CJIEIYIOIIHE 60NPOCDL.

[Q1] KakoBbl HaK/IAAHBIE PACXOJBI CIIPABEJIHBON KOHBIOHKITHN !
[Q2] KakoBa npousBoureibHOCTD ClIPABEIMBON KOH'BIOHKIIUK 110 CDABHEHUIO €

KJIaCCUYeCKOit?
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[Q3] KakoBa crabuiibHOCTH CLIPABEIJIMBON KOHBIOHKIIUK 110 CDABHEHUIO ¢ KJIAC-
CUIECKOi !

[Q4] KakoBa 11pousBojuTe/bHOCTL HEOITUMU3UPOBAHHBIX TPOTPAMM 110 CPaBHE-
HUIO ¢ ONTUMU3UPOBAHHBIMU MPU UCHOJTB30BAHUYU CIIPABEITNBON KOHBHIOHK-
nu’

[lis1 mosTydennst OTBETOB Ha TTOCTABJEHHBIE BOMPOCHI HEOOXOIUMO BBITHCIUTH
JIBE CJIEJIYIONIUE MeMmpPUKU:

[M1] Bpewmst ucniosinenusi Habopa ONTUMU3MPOBAHHBIX POIPAMM € UCIIOJIb30Ba-
HUEM KJIACCUYECKON M CIIpaBe/JINBON KOH'BIOHKIIUN;

[M2] Bpemst ucnosnnenusi Habopa HEONTUMHU3MPOBAHHBIX MPOIPAMM C HCIIOJIB30-
BaHUEM KJIACCUYECKON U CIPaBeJJINBON KOHBIOHKITUH.

st 9KcnepuMeHTOB OB BBIOPAHBI JIBE ITPOCTHIE MPOTPAMMBbI, KOTOPBIE UC-
HOJIHSIJIUCh KaK B IPsIMOM TakK U B OOPATHOM HallPaBJIEHUU: OTHOIIEHUE Pa3BOPOTA
cnucka revers’ u OTHOIEHUE COPTUPOBKHU crincka sort’. Takke ObLin BhIOpaHbI
Tpu HoJIee CII0XKHBIE TTPOTPAMMbI: TlepBasi hanoi? perrraeT roj10BoJIOMKY “XaHOCKHe

"l propas bridge’ pemaer rogososoMKy “o MocTe u daxene’?, U Tperbd

barHm
porpaMMa water’ pelmaeT roJIOBOJIOMKY “¢ mepeimBaHHeM Bojabl . Bce st mmpo-
IpaMMBbl OBLIM peain30BaHbl Ha MOAMHOXKeCTBe (yHKIMOHAIbHOrO s13bika OCaml
JUIST UX TTOCJIEIYIOIIETr0 PessiiinoOHHOro 1peobpasosanusi. [lociie gero Obuim 1oy de-
HbI PEJIAIMOHHBIE 00Pa3bl JAHHBIX MPOTPAMM U 3aTeM ONTHMU3UPOBAHBI BPYUIHYIO
IIOCPEJICTBOM II€PEYIIOPsI0UNBaHNs KOHBIOHKTOB.

1 onTuMusupoBaHHBbIE, ¥ HEONTUMU3UPOBAHHbBIE PEJIANMOHHBIE POIPAMMbI
ObLIM CKOMIIMJIMPOBAHLI KaK € HcHojb3oBanueM pacmupenns OCanren, Tak u ¢
UCIIOJIB30BAHUEM Pa3pabOTAHHOIO PEJISIUOHHOrO paciuperusi. st yMeHbIIeHust
HOTPEITHOCTH [P U3MEPEHUK BPEMEHU PabOThI, KarK/asl IMPOrPaMMa 3allyCKaIach
20 pa3 ¢ 1eJIbI0 BBIYUCJIEHUSI CPEJIHEIO BPeMeHU e€ PadoThI.

B rabmumie 1 B coorBercrBum ¢ Merpukoit [M1] mokasaHbl pesysibraTbi
BBIIIOJIHEHUS ONTHUMU3UPOBAHHBIX BPYUHYIO IIPOIPAMM C KCIOJb30BaHUEM KJIACCHU-
YeCcKOi M CIpaBeJIMBOI KOHDBIOHKIMU. Kak MOXKHO BHUJIETh, BpPeMsi MCIOJHEHUsI
HPOrPAMM € MCIOJIb30BAHUEM KJIACCUYECKON KOHBIOHKIIMU HE3HAUYUTEIbHO MEHbIIEe
110 CPABHEHUIO C BPEMEHEM HCIIOJHEHHUs IIPOrpaMM ¢ HCIOJIL30BAHKEM CIIPABeIn-

BOt KOHBIOHKIINN. Tak kak JdaHHBIC IIPOT'PaMMbI OIITUMU3NPOBaHbI IJIs1 KOHKPETHOI'O

'https://en.wikipedia.org/wiki/Tower_of_Hanoi
’https://en.wikipedia.org/wiki/Bridge_and_torch_problem
Shttps://en.wikipedia.org/wiki/Water_pouring_puzzle


https://en.wikipedia.org/wiki/Tower_of_Hanoi
https://en.wikipedia.org/wiki/Bridge_and_torch_problem
https://en. wikipedia.org/wiki/Water_pouring_puzzle
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Pazmep | Kiaccuueckasi | CrpabeminBast
[Tporpamma
BXO/1a KOHBIOHKITHST KOHBIOHKITHST
revers’ 30 0.002 0.002
B IIPAMOM 60 0.012 0.012
HallpaBJIeHUN 90 0.044 0.045
revers’ 30 0.002 0.002
B 00paTHOM 60 0.014 0.014
HallpaBJIeHUN 90 0.054 0.055
sort’ 30 0.031 0.032
B IIPSIMOM 60 0.357 0.362
HalpaBJIeHUN 30 1.324 1.388
3 0.001 0.001
sort?

4 0.001 0.001

B 0OpaTHOM
5 0.012 0.012

HaIIpaBJICHUN
6 0.150 0.158
hanoi® - 0.597 0.620
bridge’ - 0.074 0.075
water? - 1.247 1.317

Tabsmna 1 — Bpewmsi ucniosinenust (B cekyHjiax) Habopa ONTUMU3UPOBAHHbBIX BDY -

HYIO ITPOrPaMM € UCIHOJB30BAHUEM KJIACCUYCCKON U CIIPABEJINBON KOHBIOHKIIUN

3aIpoca ¢ IOMOIIBIO MOAO0Pa OMTUMAJLHOTO MOPSIKA KOHBIOHKTOB, CIIPABEIHBASI
KOH'bIOHKIIMSI HE IPUBOJAUT K IIPUPOCTY HPOUBBOAUTEILHOCTH, OJIHAKO €€ UCIOJIb30Ba-
Hie J00aBJIAET HE3HAYUTEIbHbIE HAK/IAIHBIE PACXOJIbI, KOTOPbIE COCTABJISIIOT MEHee
6% ot obiero Bpemenn ucnosrenusi. Takum obpaszom, orser wa Bonpoc [Q1] BeI-
DJISIAT TaK: HAKJIAHble PpacxXo/bl He3HAUYUTEIbHBI U He IpeBocxoiaT 6% or obIiero
BPEMEHH! WMCIIOJTHEHHS.

B rabuuie 2 B coorsercrsun ¢ merpukoii [M2] nokasatbl pesysibrarbl Bbi-
HOJIHEHUsI HEONTHMU3UPOBAHHLIX [POIPAMM € HMCIOJIb30BAHUEM KJIACCUYECKOH 1
CIIPABEJIMBOI KOHBIOHKIIMK. B ciyuae MCIOJIb30BaHUS KJIACCUUYECKONR KOHBIOHK-
Y [IPH HEONTHMAJHHOM IOPsJKEe KOHbBIOHKTOB HCIOJHSEMas MPOrpaMMa HMeer
9KCIIOHEHITUAIBLHY 0 ACHMITOTHIECKYIO CJIOXKHOCTH 110 BpeMeHu. B arom ciydae uc-
MOJTHEHUe MporpaMMbl ObLI0 orpannydero 300 ceKyHJIaMu, TO3TOMY TOYHOE BpPEMSI
UX UCIOJIHEeHKsI HeM3BECTHO. B TabJiuiie 9ToMy Cjiydaro cooTBeTCTBYeT 0003HAUEHUE

“>300”. B janHoM cjiyvae MCIOJIHsEeMbIe ITPOrPAMMbl TTOJIYUYE€Hbl aBTOMATUYIECKU U
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Pazmep | Kiaccuueckasi | CrpabeminBast
[Tporpamma
BXOJI2 KOHBIOHKITHST KOHBIOHKITHST
revers’ 30 0.002 0.002
B IIPAMOM 60 0.012 0.012
HallpaBJIeHUN 90 0.044 0.046
revers’ 30 0.016 0.003
B 00paTHOM 60 0.176 0.015
HallpaBJIeHUN 90 0.860 0.060
sort’ 30 0.034 0.035
B IIPSIMOM 60 0.363 0.377
HalpaBJIeHUN 90 1.350 1.417
3 0.001 0.001
sort?

4 6.785 0.001

B 0OpaTHOM
5 >300 0.013

HaIIpaBJICHUN
6 >300 0.161
hanoi® - >300 0.644
bridge® - 34.165 0.075
water’ - >300 1.326

Tabsmna 2 — Bpewmst ucriosinenust (B cekyH/iax) Habopa HEONTUMU3UPOBAHHBIX 11PO-

rpaMM C UCHOJIB30BAHUEM KJIACCUYCCKON W CIIPABEJINBON KOHBIOHKIIUN

HE ONTUMHU3UPOBAHBI JIJIsi KOHKPETHOIO 3aIlIPOCa, MOITOMY BPEMSsI UCIOJHEHUSI [1PO-
rpaMM C HCIOJb30BAHUEM KJIACCHUECKOW KOHBIOHKIMK 3HAUYUTEILHO BBIIIE, 9eM
BpeMsI UCIIOJIHEHHUSI IPOIpPaMM C HCIOJb30BAHUEM CIIpaBEJIMBOIl KOHDBIOHKIMHU. B
JIydIIeM cjaydae JJjis HeONTHMUBUPOBAHHBIX IIPOIPAMM IIPOU3BOJIUTENIbHOCTD CIIPa-
BEJIJINBOI KOHBIOHKIIMN MPEBOCXOJUT KJACCHUECKyI0 bojiee deM B 450 pas3. Takum
obpazom, orer Ha Boupoc [Q2] BbiruisiuT Tak: B Cjyuae HEOUTUMUUPOBAHHbBIX Pe-
JISIHAOHHBIX TPOTPAMM ITPOU3BOJATEILHOCTD CIPABEJINBOM KOHBIOHKIINK BBIIIE B
CPaBHEHUN C KJIACCUIECKOH, N B MMKOBOM CJIyYae MPEBOCXOIUT KIACCHIECKYIO KOHb-
IOHKIMIO OoJiee dyeMm B 450 pa3s.

st mosyuenusi orBeta Ha Bompocskl [Q3] u [Q4] cpaBuuM mokazaresnu Bpe-
MEHU CIIPABEJJINBOI KOHBIOHKITUHU JIJIsI HEONITUMU3UPOBAHHDBIX U ONTHMU3APOBAHHBIX
nporpaMm. Kax BujiHo u3 Tabiuir 1 u 2, BpeMsi UCIOJHEHHSI [IPOIPAMM ¢ KCIIOJIb30Ba-
HUEM CIPaBEJIMBOI KOHBIOHKIINKA HE UMeeT 3HAUUTEIbHBIX Pa3Iudnil U MO3BOJISIET

orseruth Ha Bonpoc [Q3] ciemyromum obpasoM: crpaBejIMBas KOHLIOHKIIUS Jie-
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MOHCTPUPYET BBICOKYIO CTAOUJBbHOCTH U HE 3aBUCHT OT IIOPsJIKA KOHbIOHKTOB B
nporpamme. OJHOBPEMEHHO € S5TUM MBI MOXKEM OTBeTUTh W Ha Bompoc [Q4] rak:
IIPU MCIIOJb30BaAHUN CIPABEIJINBON KOHBIOHKIIMU TTPOU3BOJIMTEIHLHOCTH HEOITHUMU-
3UPOBAHHBIX ITPOTPAMM COOTBETCTBYET MPOU3BOJAUTEIHHOCTH ONTUMU3NPOBAHHBIX
MPOTPaMM.

[TogBomsa wuror, ciuemaeM caeayIoOmnii BBIBOJ: CIPaBe/JIMBas KOHDBIOHKITHSI,
OCHOBaHHasI Ha CTPYKTYPHOI PEKypPCHUHU, COIOCTaBUMA 110 3(PPEKTUBHOCTU C KJac-
CHYEeCKONl HallpaBJEHHON KOHBIOHKIMEH B cjydae ONTUMU3UPOBAHHBIX TPOTPaAMM,
a Tak>Ke JIeMOHCTpUpyeT 0oJiee BBICOKYIO ITPOU3BOJIUTENBHOCTH B CJlydae HEeOIlTH-
MUBUPOBAHHBIX TporpamMM. B TO »Ke BpeMmsi IpM HUCIOJb30BAHUU CIIPABEJIJINBOI
KOHBIOHKIINY, TTPOU3BOANTETHHOCTH HEOTMTUMU3UPOBAHHBIX TTPOTPAMM COTIOCTABUMA,

C IIPpOU3BOJUTECJIbHOCTBIO OIITUMHU3UPOBAHHBIX BPYYHYIO IIPDOI'DAaMM.
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3akJIo4eHue

B kadectBe nTOroB choOpMyIupyeM pe3yJbTaTbl, JOCTUIHYTHIE B X0OJI€ BBIIIOJI-

HEHUA JaHHOT'O HUCCJIEJOBaHUA.

1.

[Tpejioxken HOBbIN MeTOJ| PEJISIIIMOHHOIO 11peodbpazoBaHust (DyHKIMOHAJb-
HBIX [IPOrpaMM OOIIEro Bujia, JOKa3aHa €ro CTaTudecKas U JUHAMUYEecKast
KOPPEKTHOCTb.

Bejiena ¢opMaJjibHas aHre/JndecKas CEeMaHTHKa PeJIANMOHHOIO sI3bIKa
miniKanren, goka3zaHa KBHBaJICHTHOCTb 3TOI CEeMaHTHKH JIEKJIapaTUBHOI
ceMaHTHKoO# s13biKa miniKanren. Beemeno nmonsiTue crpaBeJitBOCTH KOHD-
IOHKIIMM KaK CBOMCTBaA aHIeJIMYeCKON CEMaHTUKU.

Omnpenenena ¢opMabHasi CeMaHTHKA PEJAIMOHHOrO sidblka miniKanren
C TPOIEYPOil TUHAMUIECKOrO YIITPABIECHUS MMOPSIJIKOM BBIYUCIEHHUST KOHb-
IOHKTOB, JIOKa3aHa CIPaBEeJIMBOCTb KOH'BIOHKIUN B JIAHHONI ceMaHTHKE.
Boinosinena peasuzanust Ha s3bike OCaml pessinnonHoro mpeodpasoBaHust
JUUTsT TIOJIMHOYKeCTBa, (pyHKIKMoHAILHOTO s13bika OCaml, a Tak:ke mpoBeieHo
9KCIIEPUMEHTAJIbHOE UCC/IE/IOBAHKE, [TI0KA3aBIIee BICOKYIO 9D (MEKTUBHOCTH
ABTOMATUIECKHU TTOJIYIEHHBIX PEJISIIMOHHBIX IPOIPAMM IIPUA UCIIOJIH30BAHUN
CTIPABEJINBON KOHBIOHKITNN.

BoinosineHo BcTpauBaHue si3bIKa, miniKanren c¢ mporenypoit guHamutde-
CKOr'O yIpaBJIEHUS MOPSAJKOM KOHDBIOHKTOB B (DYHKIMOHAJbHBIN 3BIK
OCaml u npoBejieHO SKCIEPUMEHTAJILHOE HUCCIEJI0BAHUE, JIEMOHCTPUPYIO-
1ee BbICOKYIO 3(PDEKTUBHOCTD IPOIE/YyPbl B CPABHEHUHU € KJIACCHYECKOI
peanuzainueii miniKanren npu HeonTMMaJIbHOM MOPSIIKE KOHBIOHKTOB MU

HE3HAYIUTEJIbHOCTDb HaKJIaJHbIX IIPDHU OIITUMaJIbHOM IIOPAIKE KOH'BIOHKTOB.

B kauecrse peKOMeH,Z[aHI/II';I AJId MCIIOJIb30BAaHHUSA ITOJIy1Y€HHbIX Pe3YyJib-

TATOB B IIPOMLIINIJIEHHOCTU W HaY4YHLIX HCCJIEJ0BaHNAX YKaxKeM CJeJIyIoIlee. Ha

TEKYIIUI MOMEHT Pa3pabOTKa PEJISIIIUOHHbBIX HIPOIPAMM $IBJISIETCS CJIOXKHOM 3a 1a4€ei,

Tpebyloieit 0T pa3paboTYnKOB 1JIyOOKUX IIO3HAHKI B jlaHHO obJsiacTu. B pesyibrare

peJaAIMOHHOE TPOTPaMMUPOBaHNE HUCIIOJIbB3YETCA NPEMMYIICCTBEHHO B HayYHBIX HC-

CJIEAOBAaHUAX OTAECJIbHBIMUA SKCII€PTaMK JJIdAd PEIIeHNA Y3KOI'O KJIaCCa 3adad IIOMCKa

peIeHuii, BaJauIanuy u cuaresa mporpamum [38; 46; 60]. Orako, 6aarogapst mpeio-

’KeHHBIM B JIAHHO# paboTe MeTolaM peNSIHOHHOE MPOrPaMMUPOBAHUE CTAHOBUTCS

HJOCTYIIHEE M1, KaK CJICJCTBUE, IIPUBJICKATC/IbHEE JIJIA boJtee HIMPOKOI'0 Kpyra I0JIb-
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zoBaresieit. Kpome Toro aproMaTusnpoBaHHOE HOCTPOEHUE PEJIAIMOHHbBIX POIPAMM
110 (PYHKIMOHAJILHBIM TI03BOJIUT Pa3pabaTbiBaTh KOMILJIEKCHbBIE IEJIeBbie PEIeHus,
coBMelaIye (PyHKIMOHAJILHOE U peJIsiliMOHHOEe (parMeHThl B paMKax WH]pa-
CTPYKTYPBI OJTHOTO SI3BIKA.
B kadecTBe mepCHEKTUB daJibHeiirieii pa3paboOTKM TeMaTUKH MOXKET
OBITH OTMEYEHO CJIEJTyIoITee:
— JlaJibHelfIIee uccieloBanre 0COOEHHOCTEN ClIPaBe/IJIMBOrO UCIIOJTHEHWST PEeJis-
IMOHHOW KOH'bIOHKIUHU, BKJIIOUast TTOUCK 3D PEKTUBHBIX MPEJINKATOB BHIOOPA
JUIsl PEJISIIUMOHHBIX TTPOrPAMM CITeIMaJIbHOTO BUJa, W3YUYeHUE ITPEIUKaTOR
BLIOOpaA TIOMUMO BIIOJTHE KBa3WYMOPAIOUUBAIONINIX TPEIUKATOB, PACCMOT-
PEHHBIX B JAHHOM JINCCEPTAITMOHHOM WCCJIEIOBAHUN;
— 00001IeHne CBOWCTBA CIPABEIMBOCTH JIJIsT PEIAIIMOHHON JIN3bIOHKITHH;
— paciIMpeHue UCXOJHOIO SI3bIKa JIJIsi PEJIAIMOHHOIO IPeodpa3oBaHust, B 4aCT-

HOCTH, JI0DABJIEHNE OIlepaTOPa COIOCTABJICHUSI ¢ 00PA3IIOM ODIIEro BHUIA.



10.

97

Criucok aurepaTypbl

Prawitz, D. An Improved Proof Procedure |Texcr| / D. Prawitz // Theoria. —
1960. — Vol. 26, no. 2. — P. 102—139.

Gilmore, P. C. A Proof Method for Quantification Theory: Its Justification
and Realization [Texcr| / P. C. Gilmore // IBM Journal of Research and
Development. — 1960. — Vol. 4, no. 1. — P. 28—35.

Davis, M. A Computing Procedure for Quantification Theory [Tekcr| /

M. Davis, H. Putnam // J. ACM. — New York, NY, USA, 1960. — Vol. 7,
no. 3. — P. 201—215.

Hewitt, C. PLANNER: A Language for Proving Theorems in Robots |Texcr]| /
C. Hewitt // Proceedings of the 1st International Joint Conference on Arti-

ficial Intelligence. — Washington, DC : Morgan Kaufmann Publishers Inc.,
1969. — P. 295—301.

Kowalski, R. Predicate Logic as a Programming Language [Texkct| / R. Kowal-
ski // Information Processing. — Stockholm, North Holland, 1974. —
P. 569—574.

Un systéme de communication homme-machine en Frangais [Texkcr| /
A. Colmerauer |et al.] // Groupe de recherche en Intelligence Artificielle. —
Marseille, France, 1973.

Information Technology — Programming Languages — Prolog — Part 1:
General Core [Tekcr| : Standard / International Organization for Standard-
ization. — 1995.

Information Technology — Programming Languages — Prolog — Part 2:
Modules [Tekcr| : Standard / International Organization for Standardiza-

tion. — Geneva, Switzerland, 2000.

Colmerauver, A. The Birth of Prolog |Texcr| / A. Colmerauer, P. Roussel. —
1996.

Kowalski, R. Algorithm = Logic + Control [Texcr| / R. Kowalski // Commun.
ACM. — New York, NY, USA, 1979. — Vol. 22, no. 7. — P. 424—436.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

98

Merritt, D. Building Expert Systems in Prolog [Tekcr| / D. Merritt. — Berlin,
Heidelberg : Springer-Verlag, 19809.

Beckert, B. leanTAP: Lean Tableau-based Deduction |Tekcr| / B. Beckert,
J. Posegga // Journal of Automated Reasoning. — 1995. — Vol. 15. —
P. 339—358.

Clocksin, W. F. Clause and Effect: Prolog Programming for the Working
Programmer [Tekcr] / W. F. Clocksin. — Secaucus, New Jersey, USA :
Springer, 1997.

Weijland, W. Semantics for Logic Programs without Occur Check [Tekcr| /
W. Weijland // Theoretical Computer Science. — 1990. — Vol. 71, no. 1. —
P. 155—174.

Knuth, D. E. The Art of Computer Programming: Combinatorial Algorithms,
Part 1 [Tekcr| / D. E. Knuth. — 3rd. — Addison-Wesley Professional, 1997.

Arbab, B. Operational and Denotational Semantics of Prolog [Tekcr| /
B. Arbab, D. M. Berry // The Journal of Logic Programming. — 1987. —
Vol. 4, no. 4. — P. 309—329.

Stroetmann, K. A Declarative Semantics for the Prolog Cut Operator
[Texcr| / K. Stroetmann, T. Glak // Proceedings of the 5th International
Workshop on Extensions of Logic Programming. — Berlin, Heidelberg :
Springer-Verlag, 1996. — P. 255—271.

Ceri, S. What You Always Wanted to Know About Datalog (And Never
Dared to Ask) [Tekcr] / S. Ceri, G. Gottlob, L. Tanca // IEEE Transactions
on Knowledge and Data Engineering. — 1989. — T. 1, Ne 1. — C. 146—166.

Cheney, J. Nominal Logic Programming |Tekcr| : quc. ... kan. / Cheney J. —
Valencia, Spain : Cornell University, 08.2004.

Cheney, J. «Prolog: A Logic Programming Language with Names, Binding,
and o-Equivalence [Tekcr| / J. Cheney, C. Urban // Proceedings of the 20th
Intl. Conf. on Logic Programming. — Saint-Malo, France, 2004. — Mapr.

Nadathur, G. An Overview of Aprolog |Texcr| / G. Nadathur, D. Miller //
Logic Programming, Proceedings of the Fifth International Conference and
Symposium / oy pej. R. Kowalski, K. Bowen. — Seattle, Washington, USA :
MIT Press, 1988. — C. 810—827.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

99

Nadathur, G. The Metalanguage Aprolog and Its Implementation [Texcr| /
G. Nadathur // Proceedings of the 5th International Symposium on
Functional and Logic Programming. — Berlin, Heidelberg : Springer-Verlag,
2001. — C. 1-20.

Hanus, M. Curry: A Truly Functional Logic Language [Tekcr| / M. Hanus,
H. Kuchen, J. J. Moreno-Navarro //. — 1995.

Hanus, M. Search Strategies for Functional Logic Programming [Tekcr| /
M. Hanus, B. Peemdller, F. Reck // Software Engineering 2012. Workshop-
band / ed. by S. Jdhnichen, B. Rumpe, H. Schlingloff. — Bonn : Gesellschaft
fiir Informatik e.V., 2012. — P. 61—74.

Hanus, M. A Generic Analysis Environment for Declarative Programs
|Texcr| / M. Hanus // Proceedings of the 2005 ACM SIGPLAN Workshop on
Curry and Functional Logic Programming. — Tallinn, Estonia : Association
for Computing Machinery, 2005. — P. 43—48.

Hanus, M. A Typeful Integration of SQL into Curry [Texkcr| / M. Hanus,
J. Krone // Electronic Proceedings in Theoretical Computer Science. —
2016. — Dec. — Vol. 234. — P. 104—1109.

Hanus, M. Declarative Programming of User Interfaces |Texcr| / M. Hanus,

C. Kluf //. — 01/2009. — P. 16—30.

Somogyi, Z. The Execution Algorithm of Mercury, an Efficient Purely Declar-
ative Logic Programming Language |Tekcr| / Z. Somogyi, F. Henderson,
T. Conway // The Journal of Logic Programming. — 1996. — Vol. 29,
no. 1. — P. 17—64. — High-Performance Implementations of Logic Pro-

gramming Systems.

QOwerton, D. Precise and Expressive Mode Systems for Typed Logic Program-
ming Languages [Tekct| : PhD thesis / Overton David. — Department of

Computer Science, Software Engineering, The University of Melbourne, 2004.

Hanus, M. Ontology Driven Software Engineering for Real Life Applications
|Texcr| / M. Hanus, J. Krone //. — Innsbruck, Austria, 2007.

Hill, P. The Godel Programming Language [Texcr| / P. Hill, J. W. Lloyd. —
The MIT Press, 1994.



32.

33.

34.

35.

36.

37.

38.

39.

40.

100

Pfenning, F. System Description: Twelf — A Meta-Logical Framework for De-
ductive Systems |Texcr| / F. Pfenning, C. Schiirmann // Proceedings of 16th
International Conference on Automated Deduction. — Berlin, Heidelberg :
Springer Berlin Heidelberg, 1999. — P. 202—206.

Crary, K. Higher-Order Representation of Substructural Logics [Tekcr| /
K. Crary // Proceedings of the 15th ACM SIGPLAN International Conference
on Functional Programming. — Baltimore, Maryland, USA : Association for
Computing Machinery, 2010. — P. 131—142.

Lee, D. K. Towards a Mechanized Metatheory of Standard ML [Tekcr| /
D. K. Lee, K. Crary, R. Harper // Proceedings of the 34th Annual ACM
SIGPLAN-SIGACT Symposium on Principles of Programming Languages. —
Nice, France : Association for Computing Machinery, 2007. — P. 173—184.

The Reasoned Schemer [Texkcr| / D. P. Friedman [et al.|. — 2nd. — The
MIT Press, 2005.

Backtracking, Interleaving, and Terminating Monad Transformers: (Func-
tional Pearl) |Texcr| / O. Kiselyov |et al.] // SIGPLAN Not. — New York,
NY, USA, 2005. — Vol. 40, no. 9. — P. 192—203.

Rozplokhas, D. Scheduling Complexity of Interleaving Search [Texcr| / D. Roz-
plokhas, D. Boulytchev // Proceedings of the 16th International Symposium

on Functional and Logic Programming. — 2022.

Byrd, W. E. MiniKanren, Live and Untagged: Quine Generation via Re-
lational Interpreters (Programming Pearl) [Tekcr] / W. E. Byrd, E. Holk,
D. P. Friedman // Proceedings of the Annual Workshop on Scheme and Func-
tional Programming. — Copenhagen, Denmark : Association for Computing
Machinery, 2012. — P. 8—29.

Near, J. P. «leanTAP: A Declarative Theorem Prover for First-Order Clas-
sical Logic [Texcr] / J. P. Near, W. E. Byrd, D. P. Friedman // Logic
Programming / ed. by M. Garcia de la Banda, E. Pontelli. — Berlin, Heidel-
berg, 2008. — P. 238—252.

Byrd, W. E. Relational Programming in miniKanren: Techniques, Applica-
tions, and Implementations [Tekcr| : PhD thesis / Byrd William E. — Indiana
University, 09/2009.



41.

42.

43.

44.

45.

46.

47.

48.

49.

0.

101

Hemann, J. uKanren: A Minimal Functional Core for Relational Program-
ming |Tekcr| / J. Hemann, D. P. Friedman // Proceedings of the 2013
Workshop on Scheme and Functional Programming. — Alexandria, VA, 2013.

Swords, C. rKanren: Guided Search in miniKanren [Texcr| / C. Swords,
D. P. Friedman // In Proceedings of the 2013 Workshop on Scheme and
Functional Programming. — Alexandria, VA, USA, 2013.

Hemann, J. A Framework for Extending microKanren with Constraints
|Texcr| / J. Hemann, D. P. Friedman // In Proceedings of the 2015 Workshop

on Scheme and Functional Programming. — 2015.

Byrd, W. E. «Kanren A Fresh Name in Nominal Logic Programming [Tekcr]| /
W. E. Byrd, D. P. Friedman // In Proceedings of the 2007 Workshop on
Scheme and Functional Programming. — 2007. — P. 79—90.

Moiseenko, E. Constructive Negation for miniKanren [Tekcr| / E. Moi-
seenko // Proceedings of the 2019 miniKanren and Relational Programming
Workshop. — 2019. — P. 58—T78.

A Unified Approach to Solving Seven Programming Problems (Functional
Pearl) [Tekcr] / W. E. Byrd [et al.] // Proceedings of ACM Program.
Lang. — New York, NY, USA, 2017. — 8:1—S8:26.

Guarded Fresh Goals: Dependency-Directed Introduction of Fresh Logic Vari-
ables [Tekcr| / C. E. Alvis [et al.| // Proceedings of the 2021 miniKanren and
Relational Programming Workshop. — 2021.

Lu, K.-C. Towards a miniKanren with Fair Search Strategies [Tekcr| /
K.-C. Lu, W. Ma, D. P. Friedman // Proceedings of the 2019 miniKanren
and Relational Programming Workshop. — 2019. — P. 1-—15.

Rozplokhas, D. Improving Refutational Completeness of Relational Search via
Divergence Test |Texcr| / D. Rozplokhas, D. Boulytchev // Proceedings of
the 20th International Symposium on Principles and Practice of Declarative
Programming. — New York, NY, USA : Association for Computing Machin-
ery, 2018. — 18:118:13.

Schrijvers, T. Tor: Extensible Search with Hookable Disjunction |Tekcr| /
T. Schrijvers, M. Triska, B. Demoen // Proceedings of the 14th Symposium
on Principles and Practice of Declarative Programming. — Leuven, Belgium :
Association for Computing Machinery, 2012. — P. 103—114.



ol.

52.

93.

o4.

99.

96.

S7.

o8.

99.

60.

61.

102

S.M.A., P. Tabling in contextual abduction with answer subsumption
|Texcr| / P. SM.A., S. A, P. LLM. // 2017 International Conference on
Advanced Computer Science and Information Systems, ICACSIS 2017. —
2018. — P. 459—464.

J., A. Evaluation of the Implementation of an Abstract Interpretation Algo-
rithm using Tabled CLP [Tekcr| / A. J., C. M. // Theory and Practice of
Logic Programming. — 2019. — Vol. 19. — P. 1107—1123.

Tamaki, H. OLD Resolution with Tabulation [Tekcr| / H. Tamaki, T. Sato //
Proceedings of the Third International Conference on Logic Programming. —
07/1986. — P. 84—98.

Naish, L. Automating Control for Logic Programs |Tekcr| / L. Naish // J.
Log. Program. — 1985. — Vol. 2. — P. 167—183.

Lloyd, J. W. Foundations of Logic Programming |Tekcr| / J. W. Lloyd. —
Berlin, Heidelberg : Springer-Verlag, 1984.

Parallel Execution of Prolog Programs: A Survey |[Texcr| / G. Gupta [et al.| //
ACM Trans. Program. Lang. Syst. — New York, NY, USA, 2001. — Vol. 23,
no. 4. — P. 472—602.

Lozov, P. Typed Relational Conversion |[Tekcr| / P. Lozov, A. Vyatkin,
D. Boulytchev // Trends in Functional Programming. — Springer Interna-
tional Publishing, 2018. — P. 39—58.

Jlozoe, II. TIpeobpazoBanue TUIM3UPOBAHHBIX (DYHKIMN B PEJISIMOHHYTIO POp-
my [Tekcr| / TI. Jlosos, /1. Bynbues // Tpyubt Mucruryra cucreMHOro
nporpammupoBannst PAH. — 2018. — T. 30, Ne 2. — C. 45—64.

Minsky, Y. Real World OCaml: Functional Programming for the Masses
|Texcr| / Y. Minsky, A. Madhavapeddy, J. Hickey. — O’Reilly Media, 2013.

Lozov, P. Relational Interpreters for Search Problems [Texkcr| / P. Lozov,
E. Verbitskaia, D. Boulytchev // Proceedings of the 2019 miniKanren and
Relational Programming Workshop. — 2019. — P. 43—57.

Lozov, P. On Fair Relational Conjunction [Texcr] / P. Lozov,
D. Boulytchev // Proceedings of the 2020 miniKanren and Relational
Programming Workshop. — 2020. — P. 1—12.



62.

63.

64.

65.

66.

67.

68.

69.

70.

103

Lozov, P. Efficient Fair Conjunction for Structurally-Recursive Relations
|Texcr| / P. Lozov, D. Boulytchev // Proceedings of the 2021 ACM SIGPLAN
Workshop on Partial Evaluation and Program Manipulation. — Association
for Computing Machinery, 2021. — P. 58—73.

Kosarev, D. Relational Synthesis for Pattern Matching [Texcr| / D. Kosarev,
P. Lozov, D. Boulytchev // Programming Languages and Systems / ed. by
B. C. d. S. Oliveira. — Springer International Publishing, 2020. —
P. 293—310.

Wright, A. A Syntactic Approach to Type Soundness [Tekcr| / A. Wright,
M. Felleisen // Inf. Comput. — Duluth, MN, USA, 1994. — Vol. 115,
no. 1. — P. 38—94.

Barendregt, H. P. Handbook of Logic in Computer Science (Vol. 2) [Texcr| /
H. P. Barendregt ; ed. by S. Abramsky, D. M. Gabbay, S. E. Maibaum. —
Oxford University Press, Inc., 1992. — Chap. Lambda Calculi with Types.
P. 117—3009.

Urzyczyn, P. Inhabitation in Typed Lambda-Calculi (A Syntactic Approach)
|Texcr| / P. Urzyczyn // Proceedings of the Third International Confer-
ence on Typed Lambda Calculi and Applications. — Berlin, Heidelberg :
Springer-Verlag, 1997. — P. 373—389.

Kosarev, D. Typed Embedding of a Relational Language in OCaml [Tekcr| /
D. Kosarev, D. Boulytchev // Proceedings Electronic Proceedings in Theoret-
ical Computer Science. Vol. 285 / ed. by K. Asai, M. R. Shinwell. — Nara,
Japan, 2016. — P. 1—22.

Rémy, D. Objective ML: A Simple Object-Oriented Extension of ML.
|Texcr| / D. Rémy, J. Vouillon // Proceedings of the 24th ACM SIGPLAN-SI-

GACT symposium on Principles of programming languages. — 1997. —
P. 40—53.

A Small Embedding of Logic Programming with a Simple Complete Search
|Texcr| / J. Hemann et al.] // SIGPLAN Not. — New York, NY, USA,
2016. — Vol. 52, no. 2. — P. 96—107.

cKanren: miniKanren with Constraints [Tekcr| / C. E. Alvis [et al.| //
Proceedings of the 2011 Annual Workshop on Scheme and Functional Pro-
gramming. — 2011.



71,

72.

73.

74.

70.

76.

7.

78.

79.

80.

81.

104

Baader, F. Handbook of Automated Reasoning [Tekcr| / F. Baader, W. Sny-
der ; ed. by A. Robinson, A. Voronkov. — Amsterdam, The Netherlands, The
Netherlands : Elsevier Science Publishers B. V., 2001. — Chap. Unification
Theory.

Cardelli, L. On Understanding Types, Data Abstraction, and Polymorphism
|Texcr| / L. Cardelli, P. Wegner // ACM Comput. Surv. — New York, NY,
USA, 1985. — Vol. 17, no. 4. — P. 471523,

Schmadt, D. A. Denotational Semantics: A Methodology for Language Devel-
opment |Texcr| / D. A. Schmidt. — USA : William C. Brown Publishers,
1986.

Winskel, G. The Formal Semantics of Programming Languages: An Introduc-
tion |Texkcr| / G. Winskel. — MIT Press, 1993.

Ferndndez, M. Programming Languages and Operational Semantics: An In-
troduction [Tekcr| / M. Fernandez. — King’s College Publications, 2004.

A Simple Applicative Language: Mini-ML [Teker| / D. Clément |et al.| //
Proceedings of the 1986 ACM Conference on LISP and Functional Program-

ming. — New York, NY, USA : Association for Computing Machinery,
1986. — P. 13—27.

Plotkin, G. Call-by-name, call-by-value and the A-calculus [Texcr| /
G. Plotkin // Theoretical Computer Science. — 1975. — Vol. 1, no. 2. —
P. 125—159.

Plotkin, G. A Structural Approach to Operational Semantics [Tekcr| :
tech. rep. / G. Plotkin. — University of Aarhus, 1981. — DAIMI FN—19.

Felleisen, M. The Calculi of lambda-nu-cs Conversion: a Syntactic Theory
of Control and State in Imperative Higher-Order Programming Languages
|Texcr| : PhD thesis / Felleisen Matthias. — Indiana University, 1987.

Oficial miniKanren web-page [Tekcr]. — URL: http://minikanren.org (vis-
ited on 06/01,/2022).

Hindley, R. The Principal Type-Scheme of an Object in Combinatory Logic
|[Texcr| / R. Hindley // Transactions of the American Mathematical Soci-
ety. — 1969. — Vol. 146. — P. 29— 60.


http://minikanren.org

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

105

Milner, R. A Theory of Type Polymorphism in Programming [Texcr| / R. Mil-

ner // Journal of Computer and System Sciences. — 1978. — Vol. 17,
no. 3. — P. 348—375.
OCanren web-page |Texkcr|. — URL: https:/ /github.com / JetBrains -

Research/OCanren (visited on 06/01/2022).

Lassez, J.-L. Foundations of Deductive Databases and Logic Programming
|[Texcr| / J.-L. Lassez, M. J. Maher, K. Marriott ; ed. by J. Minker. —
San Francisco, CA, USA : Morgan Kaufmann Publishers Inc., 1988. —
Chap. Unification Revisited. P. 587—625.

Pierce, B. Types and Programming Languages |Texcr| / B. Pierce. — MIT
Press, 2002. — Chap. 8.3 Safety = Progress + Preservation.

Hodges, W. Formal Features of Compositionality [Texcr| / W. Hodges //
Journal of Logic, Language, and Information. — 2001. — Vol. 10, no. 1. —
P. 7—28.

Church, ~A. Some Properties of Conversion [Tekcr| / A. Church,
J. B. Rosser // Transactions of the American Mathematical Society. —
1936. — Vol. 39, no. 3. — P. 472 482.

N. A. Lynch, F. W. V. Forward and Backward Simulations: 1. Untimed
Systems |Texcr| / F. W. V. N. A. Lynch // Information and Computation. —
1995. — Vol. 121. — P. 214—233.

N. A. Lynch, F. W. V. Forward and Backward Simulations, II: Timing-Based
Systems [Tekcr| / F. W. V. N. A. Lynch // Information and Computation. —
1996. — Vol. 128. — P. 1-—25.

Rozplokhas, D. Certified Semantics for Relational Programming [Texcr| /
D. Rozplokhas, A. Vyatkin, D. Boulytchev // Programming Languages and
Systems / ed. by B. C. d. S. Oliveira. — Springer International Publishing,
2020. — P. 167—185.

Keller, R. M. Formal Verification of Parallel Programs [Tekcr| /
R. M. Keller // Commun. ACM. — 1976. — Vol. 19, no. 7. — P. 371384.

Bertot, Y. Interactive Theorem Proving and Program Development - Coq’Art:
The Calculus of Inductive Constructions [Texkcr| / Y. Bertot, P. Castéran. —
Springer, 2004. — (Texts in Theoretical Computer Science. An EATCS

Series).


https://github.com/JetBrains-Research/OCanren
https://github.com/JetBrains-Research/OCanren

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

106

Turchin, V. F. The Concept of a Supercompiler [Tekcr| / V. F. Turchin //
ACM Trans. Program. Lang. Syst. — New York, NY, USA, 1986. — Vol. 8,
no. 3. — P. 292—325.

Sorensen, M. H. An Algorithm of Generalization in Positive Supercompilation
|Texcr| / M. H. Sgrensen, R. Gliick // Proceedings of ILPS’95, the Interna-
tional Logic Programming Symposium. — MIT Press, 1995. — P. 465—479.

Kruskal, J. B. Well-Quasi-Ordering, The Tree Theorem, and Vazsonyi’s Con-
jecture [Tekct| / J. B. Kruskal // Transactions of the American Mathematical
Society. — 1960. — Vol. 95, no. 2. — P. 210—225.

Higman, G. Ordering by Divisibility in Abstract Algebras [Tekcr| / G. Hig-
man // Proceedings of the London Mathematical Society. — 1952. —
No. 1. — P. 326—336.

Friedman, D. P. Fancy Ferns Require Little Care [Tekcr| / D. P. Friedman,
D. S. Wise // Symposium on Functional Languages and Computer Architec-
ture. — 1981. — P. 124—156.

Leuschel, M. On the Power of Homeomorphic Embedding for Online Termi-
nation [Tekcr| / M. Leuschel // Static Analysis / ed. by G. Levi. — Berlin,
Heidelberg : Springer Berlin Heidelberg, 1998. — P. 230—245.

OCaml 4.13.0 Release Notes [Texcr|. — URL: https://ocaml.org/releases/4.
13.0 (visited on 06/01/2022).

The core OCaml system web-page [Tekcr|. — URL: https://github.com/
ocaml/ocaml (visited on 06/01/2022).

Aho, A. V. The Theory of Parsing, Translation, and Compiling |Texcr| /
A. V. Aho, J. D. Ullman. — USA : Prentice-Hall, Inc., 1972.

Wright, A. K. A Syntactic Approach to Type Soundness |[Tekcr| /
A. K. Wright, M. Felleisen // Inf. Comput. — 1994. — Vol. 115. —
P. 38—94.

Rémy, D. Using, Understanding, and Unraveling the OCaml Language From
Practice to Theory and Vice Versa [Tekcr| / D. Rémy // Applied Semantics /
ed. by G. Barthe [et al.]. — Berlin, Heidelberg : Springer Berlin Heidelberg,
2002. — P. 413—536.


https://ocaml.org/releases/4.13.0
https://ocaml.org/releases/4.13.0
https://github.com/ocaml/ocaml
https://github.com/ocaml/ocaml

107

104. noCanren web-page [Tekcr|. — URL: https:/ /github.com /Lozov- Petr /
noCanren (visited on 06/01/2022).

105. OCanren with fair conjunction web-page |Texkcr|. — URL: https://github.
com/JetBrains-Research /OCanren /tree/fair (visited on 06/01/2022).


https://github.com/Lozov-Petr/noCanren
https://github.com/Lozov-Petr/noCanren
https://github.com/JetBrains-Research/OCanren/tree/fair
https://github.com/JetBrains-Research/OCanren/tree/fair

1.1
1.2
1.3
1.4
1.5

2.1
2.2
2.3
2.4
2.5
2.6

4.1
4.2
4.3

6.1

6.2

108

Crincok pucyHKOB

[Ipumep BBITOJHEHUSI PYTHOrO peodpa30BaHUST .

HekoppeKkTHblil cjiydail jijist pydHOIro 1peodpa3soBaHusi

CemaHnTrKa OOJIBIIOTO MIAra JJIsl SI3bIKa, apUPMETHIECKUX BhIPAYKEHWH

CemaHTHKa MaJIOTo IMmara JJjst si3bika, apuMeTHIeCKIX BhIPAXKEHU .

CemanTuka B HoTarnuu Pejeiicera s a3bIKa, apudMeTHICCKUX

BbIpaykKeHuil

CHHTAKCHC BXOJIHOTO SI3BIKA,

[IpaBuna Tunm3amuu sl NCXOHOTO S3BIKA,
CeMaHTUKa UCXOTHOIO S3BIKA .

CHHTAKCUC PeJISIIIIOHHOTO PACITAPEHNT

[IpaBuia Tunusamnuu JjJjisi PeasdimOHHOIO PACIIIMPEHMs

CemaHTHKa PEJISIIAOHHOTO PACITHPEHMS

CeMaHTHKaA MaJIOro Miara JIOKaJbHbIX BbIUUCICHUI
Anrenmmueckast ceMaHTHKa, si3bika miniKanren .
Ob6o0bmEnHast cemanTrKa sizbika miniKanren, nmapamerpusoBanHasi

IpeJUKaTOM BuiOOpa P . . .

UML-jimarpaMmma, KOMIIOHEHT TPAHCJIATOPA, (DYHKIIMOHAJbHBIX
porpaMM B PEJISIMOHHBIC
UML-marpaMmma KOMIOHEHT PEJISIIIIOHHOIO PacIInpeHusd,

OCHaIll€HHOI'O BIIOJIHE KBA3UYIIOPAJOYCBAIOINUM IIPEINKATOM BbI60pa

19
20
25
26

28

32
33
34
35
36
37

67
68

73

85

88



109

Cnoncok TabJinig

Bpewmst ucrosnenusi (B cekyHiax) Habopa ONTUMU3UPOBAHHBIX BPYUHYIO
[IpOrpaMM C UCIOJIb30BaHueM KJIACCUICCKON U CIIpaBe/JInBOM
KOHBIOHKITUUN

Bpewmst ucnonenust (B cekyHax) Habopa HEONTUMU3IHPOBAHHBIX
[IPpOrpaMM C UCIIOJIb30BaAHUEM KJIACCUYECCKON U CIIPABE/IJINBOI

KOHBIOHKIINN

92

93



SAINT-PETERSBURG STATE UNIVERSITY

On the rights of the manuscript

Peter Lozov

Automated Synthesis and Efficient Execution of Relational
Programs

Scientific specialty
2.3.5. Mathematical and software support

for computers, complexes and computer networks

DISSERTATION
for the degree of Candidate of Physico-Mathematical Sciences

Translation from Russian

Scientific supervisor:
Doctor of Science, Assistant Professor

Dmitry Koznov

Saint Petersburg
2022



Contents
Page
Introduction . . . . . .. ... 4
Chapter 1. Background . ... .. ... ... ... ... . ........ 12
1.1 Relational Programming and miniKanren . . . . . . . .. ... ... 12
1.2 Methods of Relational Execution of Functional Programs . . . . . . 16
1.3  Operational Semantics . . . . . . . . . . ... ..., 20

Chapter 2. Relational Conversion of Typed Functional Programs . 27

2.1 Source Functional Language . . . . . . ... ... . ... ... ... 28
2.2  Relational Extension . . . . . . . . . .. . .. 32
2.3 Relational Conversion . . . . . . . . . . ... 37

Chapter 3. Static and Partial Dynamic Correctness of Relational

Conversion . . . . . . ... 42
3.1 Static Correctness of Relational Conversion . . . . . . . . . . . ... 42
3.2 Partial Dynamic Correctness of Relational Conversion . . . . . . .. 45

Chapter 4. The miniKanren Semantics with Dynamic Control of

Conjunct Order . . . . . . . . .. ... .. ... ....... 53
4.1 Classic Left Biased Conjunction in miniKanren . . . . . . . . . . .. 53
4.2  Angelic Semantics and Fairness. . . . . . . .. ... ... 58
4.3 General miniKanren Semantics with Selection Predicate . . . . . . . 63
4.4  Fair miniKanren Semantics by Well Quasi-Ordering . . . . . . . .. 67

Chapter 5. Conjunction Fairness in miniKanren Semantics
Equipped with a Well Quasi-Ordering Choice Predicate 69
5.1 Convergence of State Leaves of Angelic Semantics and Semantics
with a Quasi-Ordering Choice Predicate . . . . . . . . .. ... ... 69
5.2 Preserving Convergence of Angelic Semantics . . . . . .. ... ... 71
5.3 Conjunction Fairness in Semantics with a Well Quasi-Ordering
Choice Predicate . . . . . . . .. .. 73

Chapter 6. Implementation and Experiments . . . . . . . ... .. .. 75

6.1 Implementation . . . . . ... .. ... ... ... 75



Page

6.2 Experiments . . . . . . .. ... L 80
Conclusion . . . . . . . . .. 85
References . . . . . . . . . . . 87
List of Figures . . . . . . . . .. . .. . .. 98

List of Tables . . . . . . . . . . . . 99



Introduction

Actuality. Logic programming first appeared in the late 60’s, resulting
from the research in the fields of artificial intelligence and automated theorem
proving (ATP) [1—4]. Namely, the approaches of automated reasoning, originally
a component of artificial intelligence and ATP systems, laid the foundation of logic
programming thanks to the work of R. Kowalski [5] and A. Colmerauer [6]. Modern
logic programming languages, among which Prolog [7—9] is the most well-known,
follow the idea of R. Kowalski [10] that consists in dividing any kind of algorithm
into the data necessary to solve the problem and the solution-searching strategy.
This allows the developer to focus on the description of the problem, leaving the
search for its solution to the computer. This provides logic programming languages
with a high degree of abstraction both at the level of conceptual problem solution
and in their code.

The main application of Prolog is the development of symbolic rule systems,
in which declarative knowledge is encoded in terms of first-order logic [11—13]. The
language is optimized for expressiveness and efficiency of such tasks, sometimes
via deviating from basic ideas of mathematical logic. In particular, classic Prolog
contains a high-performance, but mathematically incorrect unification without
“Occurs Check” [14]. For more efficient and flexible search, Prolog uses depth-first
search [15; 16] and the cut operator [17], as a result of which solution search in
classic Prolog is not complete.

Many other logical programming languages strive for higher “logical purity”.
We can mention the domain-specific language Datalog [18], designed to create queries
for deductive databases. Datalog, unlike Prolog, does not include mathematically
incorrect components. However, like many other domain-specific languages, it is
non-Turing-complete. We should also note oProlog [19; 20|, which is intended
for compiler, interpreter and theorem proving tool development with the use of
a nominal unification system and AProlog [21; 22|, which is designed for effective
program analysis, and partially supports higher-order functions and higher-order
unification. Additionally, note the functional logic programming language Curry [23]
based on Haskell, which allows its user to choose a search strategy [24]. Curry is
used for program analysis and synthesis, as well as development of declarative user

interfaces and database management systems [25—27]. Next, we have to mention



Mercury [28], a typed functional logic language equipped with a mode system [29]:
this allows the developer to explicitly describe input and output parameters, as well
as declare the determinism categories of the developed program. This information
is necessary for the specification of the logic program for the purpose of optimizing
it. Mercury is a general-purpose language used for application development [30].
Further on, we note Godel [31], a general-purpose logic programming language,
which is intended for creating metaprograms for analyzing, transforming, compiling,
validating and debugging programs in other languages. This language is strictly
typed, and has a declarative cut operator and unification. Finally, we would like
to mention Twelf [32] with dependent typing, used to formalize mathematical
theories [33] and metatheories of programming languages [34].

However, it should be noted that one of the main components of “logical
purity” — the symmetry of disjunction and conjunction (which are basic operators in
logic programming), is not implemented in these languages. It should be noted that
in mathematical logic, these operations are independent of the order of calculation
of arguments, and in existing logic programming languages, the order of calculation
of conjunctions and disjunctions affects the convergence and efficiency of the search
procedure. Operators that exhibit such asymmetric behavior will be called unfair.

A separate research area has been established in order to eliminate
the wunfairness of disjunction in logic programming — namely, relational
programming [35]. Currently, this area is researched by the group led by William E.
Byrd (USA), as well as the Department of System Programming of St. Petersburg
State University under the guidance of Dmitri Boulytchev. ICFP, a major
programming language conference, hosts the annual international miniKanren
and the Relational Programming Workshop.

The main distinguishing feature of relational programming is fair disjunction,
which is based on interleaving search [36; 37|: the solution search for each disjunct of
the program is split into steps that are guaranteed to be finite. This makes possible
conducting a complete search for an arbitrary number of disjuncts. The fairness
of relational disjunction allows us to describe the problem at hand as a program
that consists of a collection of declarative, non-directed relations [38; 39]. The main
language that is used in relational programming is miniKanren [35; 40|. Initially, it
was a minimalistic extension of the Scheme and Racket [41] languages and contained

only five operators. Its simplest implementation consisted of less than a hundred lines



of code. Today, miniKanren is actually a family of languages which contain various
extensions designed to increase its expressiveness and declarativeness [42—45].

The development of relational programs is a difficult task, since the developer
is required to possess special knowledge and skills, as well as a deep understanding
of the semantics of each relational operator. It was noticed that in practice, the
development of a relational program consists of two stages: first, a program is written
in a functional language and then it is “manually converted” into a relational one. The
second stage turns out to be mechanistic and repetitive, thus, it can be automated.
Thus, the task arises of creating an automated method for converting functional
programs into relational ones.

[t should be noted that in the general case, the original functional program
does not contain sufficient information necessary to unambiguously map it to its
relational image. In particular, when constructing such an image, the optimal order
of conjuncts cannot be determined, which is a key factor in the efficiency and
convergence of the relational program execution process. The importance of the
order of conjuncts is due to the unfairness of the conjunction inherited from logic
programming. Therefore, an automatically constructed relational program requires
“manual” editing for each particular relational query. However, the optimal order of
conjuncts can be set during execution based on the current state of the relational
program. Such dynamic control of conjunct order increases execution efficiency of
automatically constructed relational programs, as well as eliminates the influence
of conjunct order on the convergence of the execution process. This gives rise to
the task of creating a fair method of managing conjunct order in the execution of
relational programs.

Background. W. E. Byrd proposed wunnesting: a method for converting
functional programs into relational ones [40]. It consists of converting each function
into a relation by adding an additional argument, eliminating nested calls and
replacing the pattern matching with a disjunction of unifications with each pattern.
This method does in theory construct a relational program from a functional
program, but it supports only first-order functions, has no formal description and has
not been implemented. W. Bird, M. Ballantyne, G. Rosenblatt and M. Might have
considered a similar task: executing of a functional program by means of a relational
interpreter. This approach enables relational execution of functional programs by
introducing free logical variables into the source program. The proposed approach

also enables synthesis of functional programs using a set of test data [46]. The



disadvantage of this approach is its low effectiveness due to the additional level
of interpretation.

The problem of effective management of conjunct order in the field of relational
programming has been considered in many various ways [40; 46; 47]. One aspect
of the unfair conjunction behavior is prioritizing the computation of independent
disjuncts generated by the conjunction. In particular, in the classic implementation
of miniKanren, the highest priority is given to earlier disjuncts generated by the
conjunction. There is, however, an approach proposed by K.-C. Lu, W. Ma and
D. P. Friedman, which balances computation time of various disjuncts generated
by the conjunction [48]. This makes the conjunction fairer, but the order of the
conjuncts still affects both the performance and the convergence of the computation
of the relational program. In addition, the behavior of the conjunction can be made
more fair by detecting divergent conjuncts and postponing their calculation. D.
Rozplokhas and D. Boulytchev discover the divergence of conjuncts during the
execution of a relational program and propose to dynamically reorder them [49].
In this case, the data obtained during the execution of the divergent conjunct is
erased. This approach proved to be effective in practice, however, the conservative
permutation of conjuncts does not use the information obtained during the execution
of the conjunct before the rearrangement. There are also examples where, within
this approach, the order of conjuncts still affects convergence. Similar tasks were also
considered in a broader context. It is worth noting that many of the results dedicated
to the problems of controlling the order of computation in Prolog are focused
on overcoming the inherent incompleteness of depth-first search. For example, to
better control the structure of the search tree, T. Schrijvers, M. Triska and B.
Demoen proposed a fairer disjunction [50]. To ensure the completeness of the
search in Prolog, tabling is used in some cases [51—53], which, however, is not
a universal solution due to its large overhead costs. Note that many problems of
logic programming for managing the evaluation order are not relevant in the case of
relational programming, since for the latter there is a complete search procedure |54;
55]. There is a certain similarity between the problems we tackle and the problems
that arise in multithreaded Prolog implementations. G. Gupta, E. Pontelli and their
colleagues proposed “Dependent And-parallelism”, which enables parallel conjunct
execution and deals with the effects caused by the variability of the execution of

conjuncts depending on their order [56]. However, unlike our case, their main efforts



are aimed at improving performance while preserving the semantics of left-to-right
depth-first search.

Thus, the considered problem of effective conversion and execution of

functional programs is specific for relational programming, and its solution will

significantly reduce the complexity of relational program development.

Aim of this work is to create an approach to construction and execution of

relational programs via relational conversion of functional programs and dynamic

control of execution order of relational conjuncts.

We have identified the following tasks that are necessary to achieve this goal.

1.

Development of a method for relational conversion of typed general-form

functional programs.

2. Proof of static and dynamic correctness of relational conversion.

3. Development of miniKanren semantics with a procedure for dynamic control

4.

of conjunct calculation order.

Proof of conjunction fairness for the proposed semantics.

The main results submitted for defense.

1.

We propose a new approach to relational conversion of general-form
functional programs and prove its static and dynamic correctness.

We introduce formal angelic semantics of the miniKanren and prove their
equivalence to declarative miniKanren semantics. We propose the notion of
conjunction fairness as property of angelic semantics.

We define formal semantics of relational miniKanren with dynamic control
of the conjunct calculation order and prove conjunction fairness.

We implement on OCaml relational conversion for a subset of OCaml,
and conduct an experimental study that shows high effectiveness of
automatically obtained relational programs.

Finally, we implement on OCaml an embedding of miniKanren with
dynamic control of conjunct calculation order in functional language
OCaml, for which our experimental study indicates high efficiency in
comparison to the classic implementation of miniKanren with a non-optimal
order of conjuncts and the insignificance of overhead with an optimal order

of conjuncts.

Scientific novelty of the results obtained in the study is as follows.

1.

We are the first to present a method of relational conversion of general-form

functional programs with proven static and dynamic correctness.



2. The angelic semantics of miniKanren are formally described for the first
time, which lets us be the first to introduce the concept of conjunction
fairness in relational programming.

3. The formal semantics of miniKanren with dynamic control of conjunct order
are described for the first time.

Practical influence of the work consists in creating and implementing a
method of relational conversion of general-form functional programs. This method
can be used to simplify the creation of relational programs up to the complete
exclusion of “manual” development of relational code. Furthermore, the proposed
method of execution of relational programs with dynamic control of conjunct order
is also of practical significance: it enables effective execution of relational programs
and eliminates the need to edit programs for various relational queries.

Methodology and research methods. Our research methodology is based
on a formal approach to the description of programming language semantics.
The paper uses classic methods for describing the semantics of large and small
steps in the form of a set of inference rules. We utilize the basic concepts of
logical programming, such as the method of unitying logical expressions, automatic
solution search, and non-deterministic execution. The presented work also uses the
relational programming apparatus, referring to unification operators and disequality
constraints as the main tool for constructing solutions, complete interleaving search.
The software implementation of the theoretical results is conducted in OCaml,
Haskell and Scheme, all of which are functional languages.

Approbation. The main results of our research were reported at the following
scientific events: the PLC 2017 conference (April 3-5, 2017, Rostov-on-Don, Russia),
the TFP 2017 Symposium (June 19-21, 2017, Canterbury, UK), the ML 2017
seminar, combined with ICFP 2017 (September 3-9, 2017, Oxford, UK), the
miniKanren 2019 seminar combined with ICFP 2019 (September 18-23, 2019, Berlin,
Germany), the miniKanren 2020 seminar combined with ICFP 2020 (August 20-28,
2020, New Jersey, USA), at the APLAS 2020 Symposium (November 30 - December
2, 2020, Fukuoka, Japan), the PEPM 2021 workshop, combined with the POPL 2021
Symposium (January 17-22; 2021, Copenhagen, Denmark).

The author’s personal contribution in publications made with co-authors is
distributed as follows. In the works [57; 58|, we have developed a method of relational
conversion of functional programs, proven its static and dynamic correctness, and

also created an implementation in OCaml [59] and conducted experiments. Its co-
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authors participated in the discussion of ideas, formalization of the method, and
improved the text of the article. In [60], we have participated in the creation of
the basic approach presented in the article, and developed a functional interpreter
for a subset of the OCaml language, the relational image of which solved the
search problem. Its co-authors proposed the idea of using relational interpreters to
solve search problems and adapted the method of conjunctive partial deduction for
relational programs. In [61], we proposed and formalized the miniKanren semantics
with directed conjunction based on unnesting, miniKanren semantics with dynamic
control of the order of conjuncts based on free variables in call arguments, as well
as implemented the proposed ideas in Haskell and conducted experiments. The
article’s co-author participated in the discussion of the main ideas as well as the
formalization of semantics, and, additionally, improved the text of the article. In
|62], our contribution consists of formalization of miniKanren’s angelic semantics and
semantics with directed conjunction, a proof of conjunction fairness in the proposed
semantics, and an experimentally tested implementation in Haskell. The co-author
suggested using angelic semantics to determine conjunction fairness, participated
in its proof, and improved the text of the article. In [63], we have proposed using
relational conversion in order to create a relational interpreter for pattern matching,
as well as participated in the discussion of the other ideas proposed in the article.
Our co-authors developed the method and conducted the experiments.

Publications. The main results on the topic of the dissertation are presented
in 6 scientific papers, 1 of the publications in a journal recommended by the Higher
Attestation Commission, 3 — in periodic scientific journals indexed by Web of
Science and Scopus.

Scope and structure of work. The dissertation consists of an introduction,
6 chapters and conclusion.

The full scope of the dissertation is 99 pages including 16 figures and 2 tables.
The list of references contains 105 titles.
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Chapter 1. Background

This chapter provides an overview of the miniKanren relational language,
provides examples of its use, and discusses existing approaches to relational
execution of functional programs. In addition, the basic concepts used in this
thesis are introduced: big-step and small-step operational semantics, various types

of operational semantics in the notation of Matthias Felleisen [64].

1.1 Relational Programming and miniKanren

The main distinguishing feature of the miniKanren [35; 40] language is non-
directional evaluation of relational programs: the parameters and the result of
relational relations do not differ at the syntax level, which makes it possible to
describe non-directional programs and execute them in different “directions”. This
approach turns out to be useful in practice because it is much easier to express tasks
as queries to non-directional relational programs. This observation is confirmed by
a number of examples. As illustrations, consider the problem of type inference for
Simply Typed Lambda Calculus [65] and the problem of Type Inhabitation [66].
These tasks can be expressed as queries to an easier-to-implement relational program
that checks the correctness of lambda expression typing.

Another illustration is the task of constructing “quines” [38] — programs whose
execution returns an exact copy of their source text. This task is represented as a
query to the relational interpreter of the language in which the quine is to be built.
Moreover, the development of a relational interpreter is simpler compared to quine
construction. Finally, the solution to the problem of constructing all permutations
of a given list can be expressed as a query to relational list sorting, which is easier
to implement.

In the context of this paper, we will consider a specific implementation of
the miniKanren language, which is called OCanren [67] and is an extension of the
OCaml [59] functional language. OCanren conforms to the classical implementation

of miniKanren [41; 68] with a disequality constraint [69]. This particular version
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differs from it in strict typing, which makes it possible to prevent some of errors that
could be made during the development of relational programs during compilation.

Next, we will examine the OCanren language from the user’s point of view,
considering only the intuitive definition of its constructions; a formal description of
OCanren will be presented in Chapter 2. In this and subsequent chapters, we will
use a simplified syntax that differs slightly from the actual syntax of the OCanren
implementation in order to make the text more readable. We will not consider
relational query execution operators run N and run*, the two-parameter type of
representation of logical expressions, fully polymorphic data types necessary for
simultaneous use of expressions in functional and logical domains, etc. The syntax
of OCanren is presented in more detail in [67].

The basic concept of the miniKanren language is a goal. In the OCanren
language, a goal can be an arbitrary expression of the reserved goal type &. The
result of evaluating the goal is a data stream (possibly infinite) containing answers
that meet the conditions of the goal. There are only five syntactic forms of goals,
denoted below as g, g1, ¢o, etc.

e Unification is the first basic operator for creating goals, which is defined
as t; = t9, where t; and ¢y are some terms consisting of constructors
and variables [70]. If the terms ¢; and t9 can be unified, then the goal is
considered successful, and in this case the result of unification is a singleton
stream containing the most general unifier of the terms ¢; and ¢5. Otherwise,
the goal is considered unsuccessful, and its result is an empty stream.

e The disequality constraint operator is necessary for constructing goals. Its
behaviour can be characterized as inverse to unification. It is defined as
t1 # to, where t; and t, are some terms.

e Disjunction is an operator of the form ¢, V g9, where g; and gy are goals,
and both goals are evaluated independently (the so-called fair disjunction).
The result of executing disjunction is a union of the answers of the goals ¢,
and go.

e Conjunction is an operator of the form g; A g, where g; and g are goals.
During evaluation, ¢; is evaluated first, then g is evaluated in the context
of each of the answers of ¢; (thus, the conjunction is not fair). As a result,
a stream of answers that satisfy both ¢g; and g¢- is produced.

e The operator for introducing a fresh variable is defined as fresh(x) g,

where x is a variable and ¢ is a goal. This operator is necessary to introduce
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variable x missing in the current context, which is used in the goal g (further
on in this paper we will call such variables fresh).

The terms used in unification operators and disequality constraints are
arbitrary expressions of the polymorphic logical type «°. The postfix [1° is the
traditional way to denote relational entities, and we will use it for both relation
names and types!.

The simplest logical type expression is a variable introduced by the fresh
operator. Another example is a primitive expression introduced into the logical
domain using the built-in primitive “1”, such as 1 3 (its type is int°) or ftrue
(its type is bool?). Other types (tuples, lists, user algebraic data types, etc.) can
also be used in relational programs if they are introduced into the logical domain via
the same primitive. For example, the expression 7(1, "abc") has the type (int *
string)?, and the expression T[1; 2; 3] hasthe type (int 1list). However, since
unification and disequality constraint are recursive and work only with logical type

o”

expressions, logical type must be applied to all elements of the type. Indeed,
a boolean variable can only be located at the position where a boolean type is
expected. Thus, when unifying, you can use a value of the type (int * int)° as
integer value, but for relational management of contents of the pair, the type (int
¢, int?)? is required. This makes it impossible to use some built-in and standard
types in relational code — for example, the predefined list type is not flexible enough,
since in the standard definition the tail of the list is not supplemented by the logical

domain type. Instead, you need to introduce a logical list type:
type o« 1list = [] | (::) of o’ * (x 1llist)’
With this definition, we can implement various relations over lists, for example:

val append : (& 1list)? — (o 1llist)? — («a 1llist)? — &
let rec append’ = Az y 2y .
(x=10 AN zy=y) V
fresh (h t ty)
x =1TCh :: t) A
xy = 1T(h @ ty) A
append® t y ty

'Tn the current implementation of OCanren, terms have a more complex two-parameter type that
encodes the tagging necessary to perform unifications and convert the results of a relational program into
a functional form for further use in a functional context; these details, however, are irrelevant to the goals

of this work, and we will adhere to the simplified version.
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In this example, we defined the ternary concatenation relation of relational lists
append?, a canonical example in relational programming. This relation is constructed
using case analysis and recursion.

1. If the first list is empty, then the second and third lists should be equal.

2. Otherwise, the first list can be split into head and tail denoted by two fresh
variables h and t. We also need a new variable ty to denote a list that will
be equal to the concatenation of y and ¢. To ensure this, we use a recursive
call of append®. We get the final result by combining A and ty.

The definition’s of append® parameters are three logical lists x, y and xy. It
describes a goal that can be executed or combined with other goals. The result of
the evaluation is a stream of answers, and each element of the stream contains a
description of the constraints for logical variables that must be satisfied in order for
the parameters to belong to the relation.

We will denote the primitive of relational query execution with the “~v

symbol. Then the query
fresh (¢) append’ T(11 :: 1[1) ¢ 1[0 ~ []

will return an empty stream, since there is no list ¢, the concatenation of which with

(1 :: [1) will result in an empty list. At the same time, evaluation of query
fresh (¢) append® ¢ 101 (1 :: T[11) ~ [g— 1 :: [1]

will return the expected constraint for q.
As can be seen from the type of relation, relational concatenation is

polymorphic, as is its functional counterpart. However, query
fresh (q) append’ T(fAz.x :: T011) ¢ T(TAy.y :: T011)

ends with a runtime error due to the inability to unify higher-order expressions.
This is a fundamental limitation that exists in the original miniKanren, which uses
first-order syntactic unification [70]. This example demonstrates that, unlike in pure
OCaml, typing in OCanren is weaker. To restore strict typing, some type variables
must be limited to first-order values only. Lack of direct support for bounded
polymorphism [71] in OCaml makes checking this constraint problematic. However,
our experience shows that in practice this disadvantage, although rarely, leads to
errors in the development of relational programs. In the following, we assume that
in polymorphic types, some type variables can be implicitly restricted to a set of
first-order types, and these restrictions are adhered to in all instances of these type

variables.
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1.2 Methods of Relational Execution of Functional Programs

As mentioned in the previous section, relational programming facilitates
effectively solving many problems via non-directional relational evaluation. However,
writing such programs is a non-trivial task, which includes optimizing relations for
all possible execution options, building efficient non-deterministic evaluation, etc.

In this regard, the possibility of relational execution of programs written in
other languages is relevant. Such an opportunity will makes it possible to use familiar
programming languages for program development (primarily of functional programs
due to their similarity to relational ones), which will then be executed relationally.
This approach provides the ability, for example, to simulate evaluation of inverse
functions without direct use of relational programming. This makes development
easier in the case when the solution of the inverse problem is much simpler in
comparison with the solution of the original problem.

Currently, there are two approaches to relational execution of functional
programs: relational conversion [40; 57|, which creates a relational program
equivalent to the original functional program, as well as relational execution of

functional programs using relational interpreters [46].

1.2.1 Syntactic relational conversion of first-order functional programs

The “Unnesting” method [35; 40| was proposed in order to build a relational
program based on a functional one. This method has not been implemented, so in
this paper we will consider it as a manual conversion.

This conversion is based on introducing new variables for each nested function
application. After each subexpression is associated with a variable, all pattern
matchings must be converted to a disjunction. Further, all previously introduced
variables, as well as variables used in pattern matching, should be declared using
the fresh operator. Finally, a corresponding variable must be added as an additional
parameter to each function application, and each converted function must be
supplemented with an argument that must be unified with the result of the

evaluation. In the case of the OCanren language, each constructor in the source
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let rec append = A = y. let rec append = A = y.
match x with match x with
| 0 — y | 0 — vy
| A 2t — | A 2t —
h :: append t y let ty = append ¢ y in
h :: ty
a) b)

let rec append’ = Az y zy.
(x=10 N zy=1y) V
(fresh (h t ty)
x =T :: t) A
xy =TCh : ty) A
append’ t y ty)

c)

Figure 1.1 — Example of Unnesting conversion

program must be supplemented with an auxiliary constructor 1 to transfer all
constructors to the logical domain.

Consider again concatenation of two lists (Fig. 1.1, a). This example shows
a classic implementation that moves elements from the first list to the second one
step by step and eventually returns a list containing all the elements of the source
lists. After adding names for all nested function applications — in this example,
this is the variable ty for the only application of append t y, we get a function
equivalent to the original one (Fig. 1.1, b). Next is the main conversion step: replace
the pattern matching with a disjunction; add an additional argument xy and add
unification of this variable with the result in each disjunction; declare all the pattern
matching variables and the variable ty introduced for nested application using the
fresh operator; apply the nested call to the corresponding one variable ty and we
get the final relational program (Fig. 1.1, c).

However, due to the syntactic nature of the conversion, not every definition can
be converted into a relational form with this method. This conversion works correctly
only with first-order functions. However, if higher-order functions are used, this

method can construct an incorrect relational program. Consider, for example, the
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let bar = A x. let bar® = A y r.
let f=Az. z in let f=Axzr. z=rin
let g =Aa. fin let g=Aar=f=rin
g Ay gthyr

a) b)

Figure 1.2 — An invalid case of Unnesting conversion

definition in Fig. 1.2, a (this program is provided only to illustrate the functioning of
the conversion and is artificial). The conversion in question will produce the program
shown in Fig. 1.2, b. Obviously, this result is incorrect, since the resulting relation
contains unification of function f and logical variable r. In order for this method
to build a correct relational program in this case, it is necessary as a preliminary
step to use an n-extension to the definition of g, explicitly revealing its functional

nature syntactically.

1.2.2 Relational Execution of Functional Programs Using Relational
Interpreters

Relational interpreters are a powerful and flexible tool for partial or complete
program synthesis due to the possibility of introducing logical variables into the
interpreted program. This makes it possible to synthesize both parts of programs
and whole small programs.

Let eval? be some relational interpreter whose parameters are the program to
be interpreted, input data, and the expected result. Then we can directly execute

some program PROG with input data I N using the following query:

fresh (gq) eval® PROG IN q.

This query will associate the ¢ variable with the interpretation result. However, in
addition to interpreting programs, which can be done by any other interpreter,
we can use a relational interpreter for different tasks of program synthesis and
validation. For example, we can synthesize a program from a set of test data
(INy, OUTY), ...(IN,, OUT,) via the following query:
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fresh (¢) eval® ¢ IN; OUTy N ... N eval® q IN, OUT,.

The result of this query will be all programs that return OUT; answers with IN;
inputs. If we substitute a partial program in place of ¢, we will synthesize the
subexpressions of the program. In the case of a full program, we will get a check
of whether test data holds. In addition, using a relational interpreter, we can solve
the non-trivial task of quine construction. To do this, it is sufficient to describe the

following program which returns itself as an answer:

fresh (q) eval® q O q.

This request will return a possibly infinite collection of all quines for the interpreted
language.

In the context of this work, the most important application of relational
interpreters is relational execution of functional programs. Indeed, depending on
the location of logical variables in the parameters of the input data and the result
of interpretation, we can execute a functional program in different directions. For
example, the previously considered concatenation function of two lists append can
be executed in the forward direction (for better readablity, append is presented in

OCaml syntax; in practice, it is necessary to represent this function as a syntax tree):

(lit@append=7\xy.\
match x with

fresh (g) eval® 0 — v (11, [21) ¢
h it —

\ h :: append t y )

The response to this query will be [1; 2] — the result of concatenation of [1] and

[2]. We can also execute the append function in the opposite direction:

(litr_ecappend=7\:€y-\

match x with

fresh (q) eval’ 1 — v ([11, ¢ [1; 2]
h ::t —
h :: append t y /

As a result, we will get the list [2], which must be added to the list [1] to get
[1; 2].
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In the previous examples, we described deterministic queries. However,
nondeterministic execution of interpreted programs is also possible. Consider the

following query:

(lﬂ&append=7\ajy.\
match x with

fresh (gq) eval® 0 — v (p, @ [1; 2]
h ::t —

\ h :: append t y /

This query describes all pairs of lists whose concatenation is equal to [1; 2]. The
result of its execution will be a collection of all such pairs [([], [1; 21); ([1],
[21); ([1; 21, [D].

As it can be seen, this approach has many applications and, among other
things, provides relational execution of a functional program. However, due to the
additional level of interpretation, such execution has low performance compared to
the execution of relational programs obtained via relational conversion of functional

programs.

1.3 Operational Semantics

In the theory of formal languages, formal semantics are the classical method
of describing the “meaning” of programs. There are various ways to represent formal
semantics. Denotational semantics map mathematical objects to the syntactic
representation of a program, while abstracting from the process of program
execution [72|. Axiomatic semantics consist of a set of axioms by means of which
the inference of the program execution results is carried out [73]. To represent the
program execution process as a set of transition rules, operational semantics are
used |74]. In the context of this work, operational semantics are used to describe
the semantics of functional and relational languages, since this representation
describes the process of program execution in the most detail. This makes it possible
to maintain the congruence between the theoretical description of the language
represented as operational semantics and the practical implementation represented

as an interpreter.
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There are two classes of operational semantics: big-step semantics (also called
natural semantics) and small-step semantics (also called structural operational
semantics). In addition, an important subclass of small-step semantics are semantics
in Felleisen notation [64|, another name of which is reductive semantics.

In this thesis, we will use operational semantics of all three classes. Therefore,
we will look at each class in more detail. We will use the language of binary arithmetic
expressions as an example to describe various types of operational semantics for. It
is quite concise, but it will allow us to demonstrate the main features of various
classes of operational semantics. To simplify the examples, we will use only one
binary operation — addition, since the semantics of the other operators are defined
in a similar way. The syntax of the arithmetic expression language includes natural
numbers, variables, and the binary addition operator L = N | X | L + L.

To evaluate the values of variables in each of the semantics, it is necessary
to define as an environment a mapping from variable names to natural numbers
o: X = N.

Finally, addition is denoted by “+”. The semantic addition function is denoted
by “@®”. It takes two natural numbers and returns a natural number that is the
result of addition.

Now we have everything we need to define operational semantics. In the
following sections we will introduce big-step semantics, small-step semantics, and

semantics in Felleisen notation and consider their distinctive features.

1.3.1 Big-step semantics

The operational big-step semantics was introduced by Gilles Kahn to represent
the Mini-ML language, which is a dialect of the ML functional language [75]. The
main distinguishing feature of the big-step semantics is the direct mapping of the
program into the result. Therefore, such semantics are defined by a relation on a set
of programs and in a certain semantic domain, the elements of which determine all
possible results of program execution. In the case of the example under consideration,
the semantic domain is the set of natural numbers.

The big-step semantics relation is usually represented as a recursive set

of inference rules. Moreover, each rule compares the result of the evaluation of
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m [NUMB]
(0,2) = o(a) [Var

(0,61) = mq (0,e9) = no
[ADDB]

((Y,@l —|—€2) = N1 D ne

Figure 1.3 — Big-step semantics for the language of binary arithmetic expressions

this program to the environment and the program corresponding to the specified
template. Some of the rules contain a number of conditions that the subexpressions
of the program must satisty. Rules without conditions are called axioms.

The big-step semantics (denoted “=-") for the arithmetic expression language
is shown in Fig. 1.3. This semantics consists of three inference rules. The axiom for
constants NUMp maps a constant to its own value. The second axiom for variables
VARp with the help of the environment o replaces the variable with its value.
The last rule for addition ADDp requires evaluating the values of each term and
determines the result as the sum of these values using the “@®” function.

As it can be seen, simplicity of representation is an advantage of big-step
semantics: its description requires fewer inference rules in comparison with other
operational semantics. Because of this, proofs of various properties of semantics, for
example, correctness and completeness, also become simpler.

However, in big-step semantics, there are no inference trees for divergent
evaluations, which makes it impossible to define and prove their properties. Also,
big-step semantics does not provide full control over evaluation order. For example,
in the inference rule AB the evaluation order of the terms is not specified. At the
same time, controlling the evaluation order is necessary in defining the semantics of
the language: for example, in the case of A-calculus, various strategies for evaluating
function arguments, namely call by value and call by name, are expressed precisely
through ordering the evaluation of parameters and function bodies |76]. For a more
detailed definition of semantics of a language small-step operational semantics are

used.
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(0,2) — (0, 0(x)) [VaRs]
(0,11 +n9) — (0,11 O n2) [ADDV]
(0,e1) — (0,€1)
(0,e1 +e3) — (0, €1 + e3) [ADDLg]
(0,e3) = (0,€3) -

(o,n1 +e3) — (0,n1 + €3)

Figure 1.4 — Small-step semantics for the language of binary arithmetic expressions

1.3.2 Small-step semantics

Small-step semantics was introduced by Gordon Plotkin [77]. In this notation,
instead of mapping the result of its evalution to the program, we iteratively simplify
the program by evaluating only some subexpression of it.

The small-step semantics is also represented as a set of inference rules, in each
of which a simplified version is mapped to the source program. To fully evaluate
the program, it is necessary to iteratively apply the rules of semantics, as long as
at least one of them is applicable. This process is defined by the reflexive-transitive
closure of the relation defined by the semantics inference rules.

The small-step semantics (denoted “—”) for the language of arithmetic
expressions is shown in Fig. 1.4 and consists of four inference rules. The first rule for
variables VARg is an axiom and, as in the case of big-step semantics, maps a variable
to its value. Note that for iterative application of semantics, the o environment must
also be transferred to the inference rule execution result. The second rule used for
addition of the evaluated terms ADDVyg is also an axiom and performs addition.
The rule for simplifying the left term ADDLg requires performing a semantics step
for the left term if it is not a constant. After that, the simplified version of the
expression replaces the original left term. The last rule of simplification of the right
term ADDRg requires that the left term is a constant, and the right term is not. In

this case, the right term will be simplified. Note that in this semantics there is no



24

rule corresponding to a natural number — since a number is a program that does
not require any actions to be evaluated, there is no need for a separate rule.

Let us express the final semantics using a reflexive-transitive closure. Let p
be some arithmetic expression, o be some environment, and n be some natural
number. Then the expression p in o is computable in the semantics of “—” and the
result of the evaluation is n, if it is true that (o,p) —=* (0,n), where “—*" is the
reflexive-transitive closure of the relation “—".

First of all, we note that there are more rules in this semantics in comparison
with big-step semantics for the same language. As a consequence, the proof of most
properties of small-step semantics will be larger and more complex in comparison
with a similar proof for big-step semantics. On the other hand, this semantics, due
to three rules for addition, strictly determines the subexpression evaluation order:
first the left term, then the right. In the case of A-calculus, it is this feature that
allows us to describe various evaluation strategies. Note that divergent computations
in this semantics have an infinite, but structured chain of inference, which makes it
possible to describe and prove the properties of divergent programs.

However, in this semantics, a single step is not atomic. In general, a single step
also includes steps for subexpressions. Informally speaking, one step of the small-step
semantics includes both the search for an expression that needs to be simplified, and
the simplification itself. This complicates the analysis and proof of the properties of
the language for which the semantics are developed. Semantics in Felleisen notation

have been developed in order to provide a description in which each step is atomic.

1.3.3 Semantics in Felleisen Notation

Semantics in Felleisen notation are an alternative way of describing small-step
semantics. The main ideas were proposed by Gordon Plotkin [76] and generalized
by Matthias Felleisen in his PhD thesis [78]. Semantics in Felleisen notation is
represented as a set of reduction rules, each of which defines one potential reduction
step. The main distinguishing feature of this semantics is the atomicity of each step.
This is achieved by dividing the search for the subexpression to be simplified into

a set of atomic steps.
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(C:8S,0,n)~ (S,0,Cn]) [NuMg]
(S,0,2) ~ (S,0,0(x)) [Varp]
(S,0,n1 + ng) ~ (S,0,n1 D ny) [ADDV £]
(S,0,e14+e3) ~ (O+eg: S, 0,¢) [ADDL ]
(S,0,n1 + e2) ~ (ng+0:5,0,e9) [ADDR £]

Figure 1.5 — Semantics in Felleisen notation for the language of binary arithmetic

expressions

To describe semantics in Felleisen notation, it is necessary to introduce the

concept of contert — an expression containing a “hole”:
K=0O+4+L|L+0

The semantics environment will still contain a function for replacing variables
to numbers, but it will be supplemented with a stack of contexrts containing deferred
expressions of the form S = ¢ | K : 5.

A context arises when it is necessary to evaluate a subexpression of the
executed program. In this case, in the executed program, the subexpression is
replaced by a “holeand the subexpression itself takes the place of the executed
expression.

Semantics in Felleisen notation (denoted “~~”) for the language of arithmetic
expressions is shown in Fig. 1.5. It contains five reduction rules. If the evaluated
expression is a natural number (rule NUMp), and the stack of contexts is not
empty, we extract the head element from the context and substitute this number
in place of the “hole”, since the evaluated expression cannot be simplified. When
evaluating a variable (the VARp rule), as in the aforementioned semantics, we will
replace the variable to the number using the o function. The context in this case
remains unchanged. If it is necessary to execute addition of two natural numbers
(the ADDVp rule), then we will conduct it using the “@” function , also leaving

the context unchanged. The remaining two rules ADDLp and ADDRp determine
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the order of term evaluation: if the left term is not a number, evaluate it first, and
otherwise evaluate the second term. In both rules, the stack receives the context
corresponding to the addition operator in question, in which one of the terms was
replaced by a “hole”. Note that in this semantics, all rules are axioms, since they
do not contain conditions. Also, not a single rule corresponds to the case when the
executed expression is a natural number and the stack of contexts is empty. It is
this case that signals the completion of the execution.

The final semantics is determined using a reflexive-transitive closure, as well
as small-step semantics. Let p be some arithmetic expression, o be an environment,
and n be some natural number. Then the expression p in the environment of the
function o and an empty stack of contexts € is computable and takes the value n

if it is true that (e, o,p) ~* (¢, 0,n), where “~~*" is the reflexive-transitive closure
of the relation “~~".

This semantics makes it possible to describe in detail the process of evaluation:
i.e. to set the order of evaluation of subexpressions and to save the path to the
executed subexpression using of a stack of contexts. The stack of contexts also makes
it possible to express such language features as exception handling and continuations.
Finally, such a representation of semantics simplifies the analysis of the properties

of the evaluated program due to the atomicity of each step of execution.
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Chapter 2. Relational Conversion of Typed Functional Programs

Our approach is based on the conversion of functional programs into relational
programs, and it is assumed that the source functional language has a relational
extension. This extension is used to write down converted programs. The relational
extension approach appears to be natural, since the primary relational language,
miniKanren, is an embedded domain-oriented language: there are miniKanren
implementations embedded into Scheme [40], OCaml [67], Haskell! and other
languages. Thus, in a relational language, it is possible to reuse many of the source
language constructs instead of redefining them, which would have to be done when
creating a separate relational language. For example, function definition, abstraction,
constructors, etc. In addition, the relational extension approach is justified from a
practical point of view, since it assumes that the programmer works in a single
language infrastructure — first, they write a program in a functional language, and
then they automatically obtain a relational program for the relational extension
of the same language.

This chapter provides a formal description of relational conversion of typed
functional programs. The conversion consists of the following components:

— syntax, type system, and semantics of the source functional language,

— syntax, type system, and semantics of relational extension of the source

language,

— a system of rules for converting types and programs into a relational form.

As our source functional language, we have utilized the simplest subset that
includes A-calculus, let-bindings and pattern matching. All these components are
present in most real functional languages, such as ML, Haskell, Racket, F#,
etc. Due to this, the proposed approach for converting functional programs into
relational programs is not constrained to a specific language. Instead, it easily can be
implemented for the required functional language. Moreover, despite its minimalism,
this language contains everything necessary for embedding a relational extension.
As a result, we can reuse the syntax, the type system, and the semantics of the

source functional language when describing the semantics of a relational extension.

!The official website of miniKanren [79] contains the full list of its embeddings.
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2.1 Source Functional Language

The syntax of the source functional language is shown in Fig. 2.1. First of
all, the language includes A-calculus consisting of functional variables, application,
and abstraction. Lambda-calculus is necessary to describe anonymous functions —
a fundamental tool for describing non-recursive computations of any functional
programming language. In addition to anonymous functions, the language is
provided with the ability to describe named functions using let bindings, which make
it possible to refer to functions by their names and are a classic way of describing

recursive computations.

Furthermore, this language
contains constructors with a fixed E =z
number of parameters C", which are Az.e
necessary for constructing language €] €
values. Note that we define two nullary C"(e1,...,6n)
constructors true and false among the true

44 2

=" among the functional variables. let £ = e; in ey

Together, they supply the language let rec f = Ax.e; in ey

with  polymorphic comparison, the

|

|

|

|
constructors, and the equality operator | false

|

|

| e = e

|

behavior of which is similar to relational match e with {p; — e;}

unification.  Therefore, polymorphic

comparison has an effective relational P = C™xy,...,x,)

image. Figure 2.1 — Source language syntax
Finally, the source language

includes pattern matching — a fundamental functional programming operator

used to branch the program execution flow and deconstruct values. Note that

in the context of this work, pattern matching only allows primitive patterns

consisting of a constructor and a set of variables C"(zy...x,). This constraint

is necessary to simplify the semantics of pattern matching. However, it is not

significant, because generalized patterns can be expressed with primitive patterns.

Furthermore, the “wildcard” () pattern is absent, since it requires a fundamentally

different approach to pattern matching.
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Types:
X = op,... (type variables)
D = bool, T", ... (constructor types)
T = o TF(ty, ... ;) | t1 — ta (types)
S = Vat (closed types)

Typing rules:
'kFey:t T'heg:t

[' - true, false : bool [Boory] TF o1 — 5 ool [Eqr]
[ke;:tf
[ Cr(er, .. en)  t¢ Do :Vat bz t[a « ] [Varg
[CONSTRT]
Fl‘fit1—>t2 Fl-e:tl F,xitll_fltg [A ]
TFfe:t TFAz.f:t — to wr
[APPT]

I'Fe:ty Taz:VatiFeg:t
I'Fletx =e; ineg:t

,au=FV(t)\ FV(T') [Lers]

F,f:tl |‘7\£C.€12t1 F,f:V&.tl i_eglt
I'Flet rec f =Ax.e; iney:t

, o= FV(t))\ FV(T)
[LETRECT]
I'ke:t¢ F,:I;’i:tlci,...,xii:tkcfl—ei:t

I+ match e with {CF (2% ... xy,) e}t

[MATCHT]

Figure 2.2 — Typing rules of the source language

This language uses the Hindley-Milner type system [80; 81|, which supports
polymorphism and is the de facto basis of type systems for real functional languages.
The resulting type system is presented as a set of rules in Fig. 2.2. In addition to
type variables and functional types, this system contains a set of implicitly defined
algebraic types T%, and each constructor belongs to only one type. The CONSTRy
rule assumes that type t¢ has the form T*(¢, ... ,t;), where each of the types t; can
be recovered from t¢ as the type of the corresponding argument of the constructor of
type T". In addition, in the MATCH7 rule, the types of all patterns sz(xll, o ,x}{)
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must be equal to t¢, and tjC is the type of j-th argument of the C; constructor used
in the pattern. The EQp rule specifies that both arguments of the equality operator
must have the same, albeit arbitrary, type. Thus, this operator is a “polymorphic
equality” operator.

The semantics of the source language (fig. 2.3) is a transition system over a set
of states, each of which consists of execution of expression e with a stack of contexts

S. The transition relation is defined by a single step:
(S,e) = (S, ¢).

The result of this step is a new stack of contexts S" and a new expression €’. A context
is an expression containing a unique symbol called a “hole” (O); informally, a stack of
contexts can be defined as the path of evaluating an expression from the outer level
to the position where the evaluation is currently taking place. Using context C' and
expression e, the full expression C'e] can be constructed by substituting e in place of
a unique “hole” in C. For any state (Cy : Cy : ... : Cy,e), it is possible to construct
expression Cl...[Cy[Cile]]]...], which is an intermediate result of the evaluation
in accordance with small-step semantics. This type of semantics description is called
the Matthias Felleisen notation [64] for small-step semantics. Our choice of it was
motivated by the fact that it can be extended to the case of the relational extension.

This semantics describes left-to-right evaluation of function parameters using
a call by value evaluation strategy. The rules BETA, MU, LETVAL, LETREC
and MATCHVAL are responsible for substitution according to variable names in
abstractions and let bindings. The rule MATCHVAL assumes that exactly one
pattern corresponds to the matched expression — this is an important difference
from the classic semantics of pattern matching, in which patterns are checked
sequentially from top to bottom until the first successful match. The rules EQTRUE
and EQFALSE assume that values v, v1, v do not have the form Ax ... or uf....

Finally, for a closed expression e and value v, e ~»/ v is defined if and only
if the following holds:

(e,e) =" (e,0),

where ¢ is an empty stack of contexts, and —* is a reflexive-transitive closure for —.
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Value:
V=C"vy,...,0) | Ar.e | ufAz.e | true | false

Context:
C = Uel|ovO|C™(v,0,e) | O=e | v=O
| let x = O in e |match O with {p;—e;}

Stack of contexts:

S=¢|C:S

State:
<S, €> (stack of contexts, expression); <€,€> (initial state); <€,U> (final state)

Transition rules:

(C:8,v) = (S,Cv]) [Varug]
(S, fey = (de:S,f) [AppL] (S,ve9) = (vO: S, e9) [APPR]
(S,e1 =€) > (O=1¢e3:8,e1) [EaL] (S,v=¢€) > (v=0:8,e) [EqeR]
(S,v=v) = (S, true) [EQTruE]
(S,v1 = v9) — (S,false), v1 # o [EQFaLs]
(S, (Az.e) v) — (S, e[z + v]) [Brra)
(S, (WfAz.e) v) = (S,e[f < wufAz.e,x < v]) [Mu]
(S,C™" (V1 Vk—1,€ks - - -sn)) = (C™(v1, ..., op-1,0, ... yen) + Sy ex)
S.dste = med o Lsbo <O dnersSie) Lo
(S,let x =v ine) — (S, e[z <+ v]) [LeTVad]
(S,1let rec f =Ax.e; iney) — (S, es[f < wfAz.eq]) [LETREC]

(S,match e with {p,—e;}) — (match O with {p;—e;} : S,e)  [Marcu]

(S,match O} (v ...v,,) with {C]"(z}...2%) — e;}) = (S, ek[xf — vj])

[MATCHVAL]

Figure 2.3 — Semantics of the source language
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2.2 Relational Extension

Our relational extension adds five classical miniKanren operators to the source
functional language in order to describe relational goals: unification, disequality
constraint, disjunction, conjunction, and the operator for introducing a fresh
variable. The extended syntax of the relational extension is shown in Fig. 2.4.

Note that adding relational

operators makes it possible to construct E += fresh (z) e
incorrect expressions, for example, A | e =e

x.(x AN y.y). To eliminate such | e # e
cases, a special extension of the source | e1 Ve
language typing system was developed. | e1 Aes

This approach corresponds to the Figure 2.4 — Relational extension syntax
current implementation of OCanren —

the relational extension of OCaml [82]. A careful choice of types to represent
expressions and goals in the OCaml implementation makes it possible to prune
most incorrect programs during compilation.

To extend the type system, we introduce a polymorphic constructor of type
[1° with a corresponding logical term constructor 1. Additionally, we introduce a
special unique type & intended to express relational goals. The typing rules for the
relational extension are shown in Fig. 2.5.

These rules impose the following constraints: unification and disequality
constraint allow only terms of the same logical type; and conjunction and disjunction
are applicable only to relational goals. Note that within the framework of the
proposed extension, the term can be computed as the result of executing an arbitrary
expression in the original functional language (provided that this expression has the
expected boolean type). However, such terms of a “higher order” cannot be obtained
as a result of relational conversion. Therefore, this relational extension defines a
richer language than is required for relational conversion.

The semantics of the extended language is shown in Fig. 2.6. First of all, the
state of the original semantics has been expanded. In addition to the stack of contexts
and the current expression, it contains a set of semantic variables 3 and logical state
0. Semantic variables are allocated and substituted instead of logical variables when

the expression fresh is executed in the FRESH transition rule. The logical state is
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Types:

L o’ ‘ (Tn(ll, R ,ln))o (logical types)
T += 6

Typing rules:
l'z:lFe: &

't fresh () e: &
Fl—elzl Fl_egil

[FRESHT]

Fl—el:l F|_€22l

'Fe Zey: B
U T
I'= €1 = €9 15) [ e ] [DISEQUALITYT]
I'Fep:® TI'kFey:® I'Fep:® TI'kFey:®
I'FeiANey : & I'FeiVes: ®
[CONJUNCTIONT] [DISJUNCTIONT]

Figure 2.5 — Typing rules of the relational extension

updated when unification or disequality constraint is executed. All the transition
rules of the source language are preserved, but they require supplementing the state
with a set of semantic variables and a logical state. These added state components
remain unchanged when executing the rules for the source language.

The set of values is extended with two new types of values: semantic variables
and a special value success. Semantic variables are the result of executing free
logical variables, the value success is the result of executing a successful goal.

The definition of context has also been extended with four new types of
expressions with a “hole”. New contexts define deterministic left-to-right execution
of unification and disequality constraints. The execution of disjunction and
conjunction is non-deterministic. During the execution of a disjunction, only
one sub-goal is selected (rules DISJL and DIiSJR). For a conjunction, it is
determined nondeterministically which of the sub-goals will be evaluated first (rules
CONJSTARTL and CONJSTARTR). After the evaluation of the selected sub-goal to
the success value, the evaluation of the second sub-goal will begin (rules CONJL
and CONJR).

Existing miniKanren implementations use various search methods. In our
work, we have chosen a non-deterministic version of semantics in order to eliminate
dependence on the details of a specific implementation. The downside of this solution

is that for a specific program and a specific implementation of miniKanren, the
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Semantic variables:
S =s51,59,...
E, ... C 28 (sets of allocated semantics variables)
<Z/, 5> — new X, Y =3U {5}, 5 §é Y. (allocation of a new semantic variable)

Values:
V += success | §

Context:
CH+=UO=c|lv=0|0#Ze|vEDO|ONe|enO

State:

<Z,S ,€,0 > (set of allocated semantic variables, stack of contexts, expression, logical state)

<@ ,€,€, L> (nitial state)

Transition rules:
(3,8, fresh(z) e,0) ~ (X' S, ez + s],0), (X' )5) + new & [Fresn

]

(3,8,e1 =€9,0) ~ (X, 0=¢ey:8,e1,0) [UntFYL]

(3N, S,v=e,0)~ (X,v=0:8,¢,0) [UnTFYR]

(2,8, v1 = vy, 0) ~ (3,8, success, 0'), unify (0,v1,v9) =0 [Unwy]
(3,8,e1 Z e9,0) ~ (N, OF ey:S,e1,0) [DisEqL]

(3, S, v#e0)~ (X,v£EO:S, e 0) [DIsEQR]

(3,8, v1 # v9, 0) ~ (X, S, success, 0'), diseq (0, v1,v9) = 0 [DisEq]
(3,8,e1V ey, 0) ~ (3,8, e1,0) [DisyL]

(33,8,e1 Ve, 0) ~ (5,8, e9,0) [DissR]

(3,8,e1 Neg,0) ~ (U, 0Ney: S eq,0) [ConsSTaRTL]
(3,S,e1 Neg, 0) ~ (3, e A : S, e, 0) [ConsSTARTR]

(3,8, success Ne,0) ~ (X, S,e,0) [coniL]

(33, S,e A success, 0) ~ (2,8, e,0) [ConaR]

Figure 2.6 — Semantics of the relational extension

result of the computation may not coincide with that prescribed by the semantics.
For example, in a particular implementation, a program may diverge, while non-

deterministic semantics does terminate. However, in this case, the miniKanren
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program or interpreter can be rewritten so that they converge according to this
scenario.

Now let us consider the structure of the logical state and the semantics of
unification and disequality constraint. This semantics in many aspects corresponds
to the implementation of miniKanren, extended with the disequality constraint
presented in [69], as well as standard approaches to the implementation of
unification [70; 83]. Further on, we will use the following classic concepts:

— substitution (0) that maps logical terms to semantic variables;

— application of the substitution 6 to a term with (¢0) to replace semantic

variables in term ¢ in accordance with the substitution ©;
— composition of substitutions (00’), the application of which to the term ¢
corresponds to the sequential application of substitutions 0 and 0;

— the most general substitution of two terms (mgu (t1,t2)), defining the
most general substitution of 0, in which the terms (¢;0) and (£, 0) are
syntactically equal.

The logical state of semantics consists of the following two components:

o= (0,07),

where 0 is a substitution, and ©~ is a set of negative substitutions describing
disequality constraints that can potentially be violated. The initial state of semantics

contains an indefinite substitution and an empty set:

L= (L1,9).

The unification operation accepts two terms and a logical state as input
parameters:
unify (0, t1,ty) = unify ((60,07),t1,1s).

Unification is conducted in several steps. First of all, it is necessary to evaluate
the most general unifier for terms ¢; and 5, taking into account the current

substitution O:

p = mgu (t1 0,2 0).

[f such a unifier p does not exist, unification ends in failure. Note that there are
no rules in the semantics of the relational extension for this case, so the computation

of a relational program also ends without an output. In case of successful completion
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of unification, the substitution p must be checked for consistency with the disequality
constraints represented by ©~ (if the set ©~ is empty, the check immediately
succeeds).

Let’s consider two terms

tl 51,...,5k),
t?‘ p(51)7 <. 7p(‘5k’))7

where {s;} = dom (p). For each substitution 6~ € ©~, compute mgu (t; 07, 07).

In this case, the following options are possible.

1. Unification ended in failure. It follows from this that the disequality
constraint represented by 0~ can no longer be violated. In this case, we
remove 0~ from ©~ and continue the check with the next disequality
constraint.

2. Unification was successful with an empty substitution as the result. This
means that the disequality constraint represented by 0~ is violated.
Consequently, the check is completed and the initial unification operation
ends in failure.

3. Unification was successful with a non-empty substitution of 6. In this
case, in order not to violate the disequality constraint 07, it is necessary to
check consistency with '~ in future unifications. Replace 6~ with 0~ in
©~ and continue the check with the next disequality constraint.

The result of a successful check of disequality constraints is a modified set of

©’~, which is the second and last component of the final logical state:
unify ((8,07),t,t;) = (6p,07).

The disequality constraint operation is executed in a similar way and also

takes a pair of terms and a logical state as parameters:

diseq (0-7 tl) tQ) - diseq ((67@_)7 tla t2)

1. Unification ended with a negative result, which means that the disequality
constraint has already been met in the current substitution.

2. Unification was completed successtully with an empty substitution as the
result. Therefore, the disequality constraint is violated.

3. Unification was successfully completed with a non-empty substitution 0'~.
This means that this substitution describes an disequality constraint that
must hold in the future, so we add it to ©~.
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The result of a successful evaluation of the disequality constraint is a

(potentially) modified set of ©'~ so it is necessary to update the logical state:

diseq ((8,07),11,t2) = (8,07).

Finally, for a closed goal g and a logical state o, we define g ~~" o if

Y

(@,e,9,1) ~* (3,e,success,o) for some logic state X, where “~~*" is the reflexive-
transitive closure of the relation “~~".

It can be noticed that the relational extension typing rules add some
interpreted types and symbols in relation to the type system of the source language.
Thus, it can be expected that the relational extension inherits all its useful
properties, such as progress and type preservation [84|. However, this is not true.
Indeed, the only value for a goal is success, but obviously not the goal succeeds
(for example, A = B always fails). Thus, the relational extension lacks the progress
property — there is a correctly typed non-value goal sometimes cannot make a step
of semantics. However, this circumstance does not obstruct our work, since in any
case the failure value for goals can be added to the language along with failure

propagation rules.

2.3 Relational Conversion

In general, functional programs operate with high-order wvalues, while
miniKanren is limited to first-order unification. Therefore, not every functional
program can be converted into a relational one with simple conversions. We will
formulate a few constraints for source programs before introducing relational
conversion.

Let us introduce the set of ground types G as follows:

Moreover, all expressions of ground type must be supplemented with the

logical expression constructor 1, which at the type level can be described using
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the conversion [e]:

[ = o,
[T%(g1,- - 9] = (T*([ga°, - [9e])°-

Informally speaking, a ground type value cannot contain higher-order
subexpressions. Therefore, we will introduce the following three constraints for
programs designed to be converted to a relational form.

1. Parameters of type constructors must be type variables.

2. Polymorphic equality and constructors can only be applied to ground type

expressions.

3. Any pattern matching expression must be of ground type.

The first constraint requires that all algebraic types of the program be
completely polymorphic. Because of this, the second constraint limits polymorphism
for relational programs: all type variables contained in type constructors can only be
replaced with ground types. Note that this condition is sufficient, but not necessary.
The third restriction is introduced to simplify the representation of relational
conversion. If a pattern matching has an non-ground type, it can still be converted
to an equivalent expression containing only a pattern mapping of ground type using

the m-extension:

match e with {p; — e;} ~» A T.match e with {p; — e¢;7},

where ¥ is a vector of new variables not contained in expressions e, e;, and p;.
Moreover, the implementation of the proposed relational conversion described in
chapter 6 executes the n-extension for any pattern matching of an non-ground type.
Note that this is the only case of using the source program type and executing the
1 extension during relational conversion.

The basic idea of relational conversion can be described at the type level:
an expression of the source language with the type ¢ is converted to an expression
of a relational extension with the type [t]?, where conversion of the type [e] is

defined as follows:

ol = lg]° — &,
[t: — o]t = [ti]! — [t2]"

In other words, an expression of ground type is converted to an unary function
that accepts an expression of the corresponding logical type and returns a goal. This

function matches the logical form of the original value with the passed parameter.
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Since the argument can contain several occurrences of free variables, this function
tries to match the corresponding subexpressions of the original expression to these
variables. For example, the constant constructor Nil will be converted to the
function Aq. ¢ = TNil.

Now let us consider the relational conversion of an arbitrary expression ¢ that

satisfies the constraints described above. Let us denote this conversion as [t]°.

[z]* = =
Az.e]¢ = Ax.[e]°
[fel® = [f]° [el
[let =€ ine]® = let = = [e1]° in [eo]

[let rec f =Az.e; ine)]® = let rec f = [Az.e1] in [eo]

The first five rules completely preserve the structure of the initial expression
and apply conversions to all nested expressions. The essential part of the conversion
consists in the conversion of various applications of constructors, pattern matching,
and the polymorphic equality operator. Note that the fresh variable operator fresh
in the following rules introduces a set of logical variables at once. This syntactic
sugar is introduced to simplify the perception of rules and is similar to a set of

operators fresh, introducing one variable at a time.

Aq . fresh (q1...qx)
(fea]® 1) A
[[Ck(elv s 76k’)]]c - ce
(fer] ar) A
(= 1C"q1,---,qr))

Converting constructor application, it is known that each expression e; is of
ground type. Therefore, the relational images corresponding to them are unary
functions that return a goal as a result. For each expression e;, create a fresh boolean
variable using fresh and apply [e;] to these variables to macth the evaluation
results with the corresponding variables. The result of the conversion of constructor
application is also an unary function that returns a goal. Therefore, we extend the
expression with an abstraction for the variable ¢ and unify this variable with the
constructor applied to the corresponding logical variables. We also apply the logical

constructor 1 to bring it into compliance with the unification typing rule.
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A q . fresh (q.)

(el q) A
match e with ‘ V; ((fresh <qi-~q7izi)
N {C’fz(xﬁ,...,xfl,)—)ei}]] h (g = TG (a1 0,)) A
Z A 2.l fe]®
(Eq{) (qu%) q
)

The pattern matching conversion rule is organized in a similar way. The
matched expression has a ground type, since it is mapped to constructors. Select
a fresh variable g, and associate it with the value of the matched expression, as in
the case of constructor application. Then, for all branches, create a set of logical
variables (in each branch for each pattern variable) and express pattern matching
via unification using the appropriate constructor and the created logical variables.
For the final step of the conversion, note that e; is an expression with free variables
corresponding to those contained in the original pattern. Therefore, we convert e;,
abstract the result with abstractions that close these variables and get a function
that replaces these variables with the passed values. It remains to associate the
variables q;. with the pattern variables in the converted expression [e;]. This is
achieved by applying the resulting function to unary functions (= q;) As a result,

we get an unary function again, which we apply to the external resulting variable q.

A q . fresh (qq2)
leifa A
leal®q2 A
(g1 = @@ N ¢g= Ttrue) V
(n # @@ N q = Tfalse)
)

[er=ea]¢ =

The final rule, which is intended to convert the polymorphic equality operator,
is based on the the same pattern: both arguments have a ground type, so we convert
them into unary functions that return a goal as a result. Apply these functions to
the fresh variables ¢; and ¢» and consider the two following cases. If these variables
are equal, we associate constructor true with the resulting variable ¢. Otherwise,
we will associate the constructor false. Note that this is the only case of using an

disequality constraint in a relational conversion.
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In conclusion, we will discuss a few notable properties of the relational
conversion presented in this chapter. The first property is the complete preservation
of expressions consisting only of variables, abstraction, application and let
bindings. Therefore, many useful higher-order functions (for example, application,
composition, fixed-point operator) are already relational and can be used in
relational programs without modification.

The second property is compositionality [85]: the relational application image
is an application of relational images. It is due to compositionality that the
application operator remains unchanged during relational conversion. As a result,
the latter supports separate application — a set of source programs can be divided
into several parts and converted independently while maintaining the possibility of
joint execution. In practice, this is conversion of a program divided into several files.

Finally, it is worth noting that the result of the relational conversion is
executed deterministically in forward direction corresponding to the execution of
the original program. Therefore, relational conversion leads to no more than a
linear slowdown when executed in forward direction. In other words, a query that
requires evaluating the last parameter of a relation when the remaining ground
parameters exactly corresponds to the evaluation of the original function with the
same parameters. A relational query with non-ground parameters will generally
be evaluated nondeterministically, so its evaluation time increases exponentially
with the size of the parameters. At the same time, it is not possible to compare
performance with the corresponding source function, since a query with non-ground

arguments cannot be compared with any call of the source function.
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Chapter 3. Static and Partial Dynamic Correctness of Relational
Conversion

Preserving program semantics, which is called conversion correctness, is an
essential part of program conversion. This property guarantees that programs before
and after conversion will be executed in the same way, i.e. they will produce the
same output on the same input values.

In the previous chapter, we defined two semantics for both the source language
and the relational extension: type inference semantics and execution semantics.
Traditionally, type inference semantics is called static, since the result of its execution
does not depend on specific parameters. In turn, execution semantics is called
dynamic.

This chapter presents proofs of correctness of relational conversion for both
static and dynamic semantics. We will prove static correctness of relational
conversion (type preservation) and partial dynamic correctness (preservation of
semantics of relational conversion). Note that dynamic correctness is partial, since
there are queries for the relational image that cannot be reproduced in the source

program.

3.1 Static Correctness of Relational Conversion

Static correctness is an important property both from a theoretical and
practical point of view. From a theoretical point of view, it is a necessary requirement
for confirming dynamic correctness, since it is not possible to preserve semantics in
a typed language without a guarantee of typing correctness. From a practical point
of view, static correctness is necessary to guarantee successful type checking when
compiling a relational image. This section presents a proof of the theorem on the
typing correctness of a converted program, provided that the typing of the original

functional program is correct.
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Theorem 1 (Static Correctness). Let expression e be of type t in the source
language. Then in the relational extension, after relational conversion, the image

of this expression [e]¢ will be of type [t]".

Before proceeding to the proof of the theorem, it is necessary to consider how
the types of variables of the contexts of the source language semantics and the
relational extension semantics are related. To do this, we formulate the definition of
relational image of the context of the source language semantics, which defines the
conversion of types of the variables contained in the context of relational extension
semantics. Furthermore, we formulate a lemma that conversion of variable types
during relational conversion is in compliance with the application of the relational
semantics context image. Therefore, we will confirm that all types are preserved

correctly for all variables contained in the source program.

Definition 1. Let e be an expression of the source language, x be a node in the
syntax tree of expression e, I' be the context that occurs when the type of expression
e is inferred in the node z. Then we will call [I'] = {(s : [¢]") | (s : ) € T} the

relational image of the context I'.

Lemma 1. Let e be an expression of the source language, x a node in the syntax
tree of the expression e, I' - e : t be the state during type inference of expression e in
the node =, I' - @ : t be the state during type inference of the converted expression
[e]¢ in the node [z]¢, which is the image of the node z. Then [I'] C T.

Proof. We will prove this lemma by induction in the length of the path from the
root of the syntax tree of expression e to the node .

In induction base case, the node x is the root of the syntax tree of the
expression e. This node corresponds to the root of the syntax tree of the converted
expression [e]¢. At the first step of type inference, the context is empty. Hence I' = &
and ' = @. Therefore, it is true that [I'] = [@] = @. Since @ C @, the result is
@ = [I'] € T = @, which proves the base case of induction.

For the induction step, it is necessary to make sure that for each type inference
rule of the source language, the statement [I'] C T is preserved for all antecedents,
provided that the statement [I'] C I is true for their consequent.

Consider the case when one of the rules BOOLy, EQr, CONSTRy or APPy is
applied during type inference of the node x. Applying these rules, the context I' will
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not receive new variables. When type of node [z]¢ is inferred, the context T’ can
only be supplemented, so the relation I' C T' will be preserved.
If the rules VARy, ABSy, LETr and LETREC are applied, the nodes x and
[x]¢ have an identical operator as the root, because a relational conversion does not
change an expression if it is a variable, an abstraction, or a let-binding. Therefore,
the contexts I and T will be supplied with identical variables and the relation I' ¢ T
will be preserved.
[t remains to consider the application of the MATCHy rule. In this case, the
root of node x is a pattern matching and has the following structure: match ey
with {CF(zi, ... ;) — ei}. The corresponding node [z]° will be relational,
therefore, in accordance with the rule of relational conversion for pattern matching,

we have the following:

A q . fresh (g.)
([[60]]0 QG()) /\
V; ((fresh (q¢}...q.)

[z]¢ = (qee = TCM (g}, d0,) A
QN N )
(=q¢) ... (=4¢.) ¢q
D).

When inferring the node types x of the expression e for each subexpression e;,

the context I'" will be supplied with variables xg-, which will be of types tjc"’, which

are the types of parameters of the constructor C}". It is necessary to make sure
that for the node [x]¢ of the converted expression [e]¢ for each subexpression [e;]¢,
;
As we can see, each expression [e;]¢ is abstracted across all variables z

with converted types [[tfi]]t.
i ]
variables will replenish the context of I' when inferring types. It remains to check
that they will match the correct type ﬂtfl]]t

First of all, we need to determine the types of all logical variables q; These

the context I' will also be replenished with variables

so these

types are defined by expressions (ge,=1 C;"(qi,...,q})), where these variables
are parameters of constructors C". Therefore, the types of variables q§ are equal
to [[tjc]]o It follows directly from the pattern matching conversion rule that the
abstraction (Azf...xz .[e;]¥) is applied to the set of parameters (= q), ..., (=
j
Since type [[thi]]o corresponds to variable q;", then for expression (= q;) we obtain

qf%), q. Thus, each variable z. will have a corresponding type of expression (= q;)
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type [[tjc]]o — &. This exactly corresponds to the required type, because according
to the rule of conversion of ground type we have that [[tjc]]t = [[tf]]o — 6. Thus,

the induction step is proven. ]

This lemma confirms the fact that during type inference of the relational image,
all variables of the source program will be assigned correct types.

The theorem itself is easily proven in accordance with the proof scheme
of Lemma 1 by applying structural induction using Lemma 1 when proving the
induction base case.

This theorem confirms that the introduced relational conversion preserves the
correctness of typing, but it bypasses the issue of preserving the semantics of the

converted program. The next section is devoted to solving this problem.

3.2 Partial Dynamic Correctness of Relational Conversion

The second theorem proven in this chapter confirms the partial dynamic
correctness or, in other words, the preservation of semantics during the relational
conversion of a correct program of the source language. It is important to note
that we prove partial dynamic correctness, which guarantees the preservation of
the semantics of the relational image evaluated in the forward direction. In other
words, if the source program contains the application of some function f to the set
of arguments eq, ..., e,, then the preservation of semantics is guaranteed for the
application of [f]. [ei]e --- [en]e ¢, where ¢ is a fresh variable. However, in the
case of a relational image, more complex applications are possible: any parameter
can be replaced by a fresh variable either completely or partially by replacing the
subexpression of the parameter with a fresh variable. It is impossible to match any
original functional program to such a relational program as its inverse image due to

the strict direction of functional program evaluation.

Theorem 2 (Partial Dynamic Correctness). Let the first-order expression e be
of type t, and let there exist a first-order value v such that e ~»/ v. Then
fresh(z) ([e]¢z) ~" (0,9), and O(s) = v, where s is the semantic variable

associated with x at the first step of evaluation.
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First of all, note that the set of negative substitutions is empty. Addition to
this set is possible only when a disequality constraint is executed. This construction
can be executed in a converted program only if the source program contains
a syntactic comparison applied to its parameters. During the execution of a
converted relational program in the forward direction (the last parameter is a fresh
variable, the remaining parameters are fully defined), if the disequality constraint
is executed, both parameters are closed, which leads to the immediate resolution of
the disequality constraint without addition to the initially empty set of negative
substitutions.

Note that this theorem cannot be proved by induction in the length of
derivation, since each application of the source program contains a function as
a left subexpression. And this function is obviously not a first-order expression.
This constraint could be removed if it were possible to prove a generalization of
p ~1 f = [p]¢ ~" [f]¢ for an arbitrary p of any type. This statement, however,
turned out to be false, since the expression C ((A x.x) A) can be presented as
a counterexample.

The reason for this is that during the conversion, constructors, pattern
matching and syntactic comparisons are functionalized, and, consequently, the
evaluation order of the relational image changes in comparison with the original
functional program. Thus, it is necessary to solve this problem for the proof.

To eliminate the differences in the evaluation order of the source program and
the relational image, we developed a modified semantics of the functional language,
the evaluation order in which is close to the evaluation order of the relational image.
This semantics was called deferred, since it postpones the evaluation of constructors,
pattern matching, and syntactic comparison. This semantics can be derived from
the original functional semantics in two steps. First, it is necessary to consider an
truncated version of the original functional semantics, which treats constructors,
pattern matching, and syntactic comparisons as computed values. Then define
deferred semantics as iterative application of truncated semantics to the parameters
of these new values (parameters of constructors or syntactic comparison, as well as
the scrutinee of pattern matching).

Further, we note that if a first-order expression evaluates to some value in the
original semantics, then it is also evaluated to the same value in deferred semantics.

This property is based on the following observations:
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— both semantics have standard properties of progress and type
preservation [84];
— the Church-Rosser property [84; 86] for A-calculus is true for both semantics;
— deferred semantics uses a subset of the rules of the original semantics.
Now we will proceed to the proof of the theorem. We will use the simulation
method [87; 88| for the source program in deferred semantics by a relational image
in relational semantics. But beforehand, we need to formulate several lemmas and

definitions.

Definition 2. Define two sets of contexts of the source language: set of functional

contexts (1) and set of atomic contexts (2):

Cr=0e|vO|let x = 0O in e, (1)

Cy, =match O with {p;—e;} | C"(v,0,e) | O=e | v=0. (2)

Note that the sets of functional and atomic contexts are disjuncts, and their

union is exactly equal to the set of all contexts of the source language.

Lemma 2. Let (S, e) be an arbitrary state of a sequence of evaluations in deferred
semantics. Then the tfollowing holds: § = C3Cy.

In other words, during evaluation in deferred semantics, the stack of contexts
can be divided into two (possibly empty) segments: all atomic contexts are located
below all functional ones.

This lemma is easily proven by induction in the length of derivation.

Definition 3. Define two sets of expressions of the source language: set of functional

expressions (3) and set of atomic expressions (4):
Ey=ejes|Av.e | ufAz.e|let * = e; in ey | let rec f = Az.e; in ey, (3)

E, = (e1 = e) | match e with {p; — e} |C* (e1...ep). (4)

Note that the sets of functional and atomic expressions are disjuncts, and their

union is exactly equal to the set of all expressions of the source language.

Definition 4. For an arbitrary substitution 0, extended relational conversion of an

expression of the source language [o]g is defined as follows:

[fTe = [/1%
[v]e = Az.z =5s),if 0(s) =v.
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Here 0 is a substitution, f is an arbitrary functional expression, and v is an arbitrary

first-order value in the source semantics (i.e., constructor composition).

Note that different cases in this definition are not disjunctive, and in the
second case there may be more than one variable with the requested property, so

the extended conversion defines a set of relational expressions.

Lemma 3. Let f and e be arbitrary expressions in the source language, and 0 an

arbitrary substitution. Then the following is true:

[f[z < ello = [flelz « [e]e].

In this case, equality must be interpreted as the equality of two sets.

This lemma is easily proven by structural induction.

Definition 5. For an arbitrary substitution of 8, we define conversion of functional

context [o]g as follows:

[[De]]e = D[[e]]e,
[vOle = [v]eC,
[Let x = O inelp = let z = O in [e]e.

Here e is an arbitrary functional expression, v is a A-abstraction.

Definition 6. For arbitrary semantic variables s1, so and an arbitrary substitution

0, we define conversion of atomic contexts [o]g** as follows:

[[Ck(vla ey Vi1, D? Ci+1,y- -, ek)]]glsz -
A
(Teiv1]e 551) A

(Lex]o 53) A
(52 =1CM(sh,...,8]_1,81,87,,...,8)),1f 0(5}) = v, j < i

[B=efg™ = OA
([elo 8)A

(((s1 =6") A (52 = Ttrue))
((s1 £5') A (52 = Tfalse)));
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[v=0]3" = OA
(((s"=s1) A (2 = ttrue)) Vv
((s" # 51) A (82 = Tfalse))),if O(s) =

[match O with {C(yl, ...,u.) — e}]3% =
O AV,
(fresh (si...s))
(51 =1C"(s),...,5)))
Ayi- - Ayp,-leie) (= 81) ... (= s3,) 52).

Here ' and s, are arbitrary semantic variables, v; are arbitrary values in the source

language, and e; are arbitrary expressions in the source language. We will also
require that 0 be undefined for all specified semantic variables, unless the opposite

is explicitly stated.

Definition 7. For an arbitrary substitution 0, an arbitrary semantic variable s,
and a functional expression e, we define conversion of stack of contexts [o]g™™ as

follows:

[[gm]]gmﬁm oo Jon]g®e, ifn=0and e € E,

[fade - - [filo(Csm)[gmla™™ " - .. [g1]°, otherwise.

[fooe figm- . qilg™ =

Here s ...s,, 1 are arbitrary unique semantic variables.

Definition 8. For an arbitrary substitution 8 and an arbitrary semantic variable s,,,,

we define simulation conversion [e]lg" for a source language expression as follows:

[ea]lo 51)A
[eallo 52)A
(51 = 83) A (8 = Ttrue))V
(81 # 85) A (8,0 = Tfalse)));

[er = el

(
(
(
(




20

[[Ck(vly e Ui14,€4y ooy ekj)]]gm —
(Leillo s7) A

(lexle %) A
(5m =1C"(s), ..., 8})),1f 6(8)) = vj,5 < i

[CHvr, .. vp)lgr = (sm = CF(sY, ..., 8,)),if B(s)) = vj;

[[C’k(vl, conu)er = (s = §),1E0(s8) = C’k(vl, e UR);

[match e with {C/"(y}, ...,y.) — e}g" =
[elos” AV
(fresh (s}...s))
(8" =1C(st,...,sh)
Ayt .. Ay [eilo) (=51) ... (= 5L) sm);

[match v with {C]"(yi, ...,y,) — eXg" =
Vi -
(fresh (s}...s;)
(8" =1C (s, 80,)
Ayt Ay [eilo) (= s1) ... (= sh) sm),if 0(s) = v.

Here, all §" and §] are arbitrary semantic variables, e is arbitrary expression of the
source language, and v is an arbitrary value for the semantics of the source language.
We will also require that 8 be undefined for all specified semantic variables, unless

the opposite is explicitly stated.

Definition 9. (S, e) be a state in deferred semantics, and <E,$’,é, (9,@)> be a
state in relational semantics. We will call these states connected if there exists a
semantic variable g,, such that the following holds:
- S e[She™;
[elg" . fee Ejand SNCy =@
—e€
leloe , otherwise;

— X contains all semantic variables from é, S , and 0.
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Lemma 4. Let v = C*(vy, .. .,v;) be a value in terms of semantics of the source
functional language. Then for arbitrary 3, S, 0, 0 € [v]e, and semantic variable s
such that s & dom(0), (5) or (6) is true.

(3,8, (08),(0,2)) ~* (X',8S,s =CV(s),...,8),(0,9)) and &'(s;) = v;, (5)

(5,8, (05),(0,2)) ~ (3,8,5 =5, (0,2)) and 0(s') = v. (6)

This lemma, is easily proven by induction in the height of v.

Lemma 5. Let s = (S = g, . . . g1, €) be a state in deferred semantics, g; be atomic
contexts, e be a first-order expression, 0 be some substitution, and X be the set
, € € [e]o
and Y contain all semantic variables from S and 0. Then there is such a sequence

of selected semantic variables, s,, be some semantic variable, S € [S]g ™"

of steps in the semantics of the relational extension that the following holds:

<2,$, (€5m). (e,@)> S

where s and § are connected. This is true under the assumption that > contains all
semantic variables from S and 6.
The proof of this lemma can be easily conducted by considering the cases for

expression e using Lemma 4.

Lemma 6. Let s; — s5 be a single evaluation step in deferred semantics, and s; be
such a state in relational semantics that s; and s; are connected. Then there is a
sequence of steps in relational semantics s; ~»* S5 such that sy and sy are connected.

This lemma is proven by analyzing the cases for s; and constructing the

simulation relation [87; 88] using Lemmas 3, 4, and 5.

Lemma 7. Let sy = (&, ¢, fresh(x) ([e]° x),1) be an initial state in relational
semantics. Then there exists a sequence of steps sg ~»* § such that the initial state
in the deferred semantics of (e, e) and § are connected.

The proof of this lemma immediately follows from Lemma 5.

All the necessary definitions and lemmas are now formulated. Thus, we are
now able to prove the partial dynamic correctness theorem. Let e be a first-order

expression in the source language, which is evaluated as the value v = C¥(vy, . . ., vp)
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in the source semantics. Then, after evaluation of e in deferred semantics, the same
value will be obtained as follows: (e,e) —* (g,v).

Then by Lemma 7 we have

(@,¢e, fresh () ([e]¢ x),1) ~" 3,

in which (g, e) and 5 are connected. By Lemma 6, there exists a state s’ in relational
semantics such that § ~* ', in which (e, v) and ' are connected. By definition of

the simulation relation, s’ can be represented as (7) or (8):

(S, e,80 = 1C" (], ...,8,),(0,9)),0(s]) = v;; (7)

(¥, e,50=5,(0,9)),0(s) = 0. (8)

Here s is the first semantic variable introduced in ¥ and sy & dom(0). In both cases,

it remains to take one last step in relational semantics, which completes this proof.
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Chapter 4. The miniKanren Semantics with Dynamic Control of
Conjunct Order

Dynamic control of operator order in a program is a classic approach to
program optimization not only in logic programming. This approach simplifies
development by eliminating the need to select the optimal order of operators
manually. It also turns out to be useful in the absence of a static optimal order.
For example, in case of multiple executions of a single function, the optimal order
of operators in the body of this function may vary. Dynamic control of evaluation
order helps to avoid creating multiple copies of this function that differ only in
operator order.

In classic relational programming, the order of evaluation of disjuncts and
conjuncts is determined by the semantics of disjunction and conjunction operators.
And if disjunction determines the evaluation order of independent branches,
effectively controlling the evaluation order of disjuncts by interleaving, conjunction,
in its turn, is responsible for the operator evaluation order in each separate branch
and strictly fixes the evaluation order.

This chapter presents the formal semantics of relational miniKanren with
classic left-biased conjunction. We also describe angelic semantics which makes it
possible to define the concept of fairness for a relational conjunction. We define
an important from a practical point of view class of deterministic semantics of
miniKanren, parameterized by the unfolding predicate for choosing the optimal
order of conjuncts. Finally, a specific form of this predicate is defined, based on

well quasi-ordering, which turns parameterized semantics into fair semantics.

4.1 Classic Left Biased Conjunction in miniKanren

In this section, we will analyze the features of the classic conjunction in
miniKanren using several examples of relational definitions and specifications. Let

us start with the definition of append®, which is the concatenation of two lists.

let rec append’ = A z y xy .
(x =10 N zy=9y) V
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fresh (e xs xys)
r =1 :: xs) A
xy = T(e :: zys) A
append’ t y ty

The three parameters x, y and xy correspond to three such lists that the
concatenation of x and y is equal to xy. The relation is defined as follows: if x
is empty ([1), then xy must be equal to y; otherwise we will split z into head e
and tail xs, then zy will be equal to e : xys, where xys is a concatenation of
xs and y obtained by recursively calling the same relation (here we use ‘[]"and
“:"as constructor names).

In the context of this definition, the goal append® [A] [B] z evaluates
to the substitution x + [A, B], which is the expected result. However, since
concatenation works in both directions, the same relation can be used to solve
other problems as well. For example, evaluating the goal append® [Alx [A,B] will
return a substitution x — [B], which corresponds to getting the suffix of a list. At
the same time, the goal append® x y [A, B] returns a set of the following three

substitutions up to order:

x — [] y— [A, B]
x — [A] y — [B]
xr+— [A, B] y~— [].

In other words, the same definition of a relation can be used to search in
different “directions” depending on the distribution of free variables.

In all the above examples, when evaluating the goal, a finite set of answers
is given in a finite time. However, this is not always the case. For example, if we
put a recursive call in the definition appendo? first in conjunction, then the goal
append’zy [A, B] will diverge after returning all the answers. An illustration of

this behavior is shown in the following figure:
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append’ x y [A, BI]

N

append’ zs y xys

y — [A, B] / \

xs — [] , .
append’ xs" xys xys
Y — TYS ‘

|
x — [A]
y +— [B]

x— []

!
|
|
|
|
|
|
v

Here, the left and right branches of the nodes correspond to the evaluation of
the first and second append’ disjuncts, respectively. We start with the first disjunct
of append’ , which immediately gives us the first answer x — [1,y — [A,B].
In the second disjunction, we encounter a conjunction and begin to evaluate its
left conjunct, which is the application of append’ to free variables xs, y and zys.
After substituting the body of the relation append’ to the position of applying this
relation, we again encounter a disjunction. Its left disjunct gives us the substitution
xs — [1,y — xys, which, after returning from a recursive call and evaluating
the remaining conjuncts, gives the second answer x +— [A],y + [B]. The second
disjunction, however, is again a conjunction starting with the recursive application
of append’ to new free variables. It is clear that this branch will never stop growing,
and after restoring the third answer, the evaluation will diverge. This example
demonstrates the well-known phenomenon of refutational incompleteness [40] of
this particular implementation of append®. It can be proven [89] that the initial
implementation (with a recursive call placed last in conjunction) is refutational
complete, but only for linear goals, i.e. such goals in which no variable occurs in
arguments more than once.

Placing relation calls at the end of a set of conjuncts is a well-known trick
in relational programming that often helps to improve the performance or even
convergence of goal computation. This trick, however, does not help in all cases. For
example, it does not help when there is more than one call in the set of conjuncts.
Consider the revers? relation, which matches an arbitrary list with a list containing

the same elements in reverse order.
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revers’ = Azy . (x =10 A y=10) V
fresh (e xsys)
xr=1(e : xs) A
revers’ xs ys A

append’ ys (e : 1[1) vy

In this relation, there are two calls in the same set of conjuncts: revers® and
append’; thus, it is impossible to put them both last. With this particular order of
calls, the goal revers® [A, B, C] x converges, but with the reverse order, the same
goal diverges after finding the answer. Moreover, the reverse order negatively affects
the effectiveness of the answer evaluation. At the same time, the goal revers® = [A
, B, C] demonstrates symmetric behavior: diverges for a given order of conjuncts,
and converges for the opposite.

An important purpose of miniKanren is to provide a purely declarative way
to define executable relational specifications that would work equally well regardless
of the “direction” of the search. In particular, since we expect conjunction and
disjunction to be commutative and associative, the order of conjuncts and disjuncts
should not have a noticeable effect on the behavior of the specification. As these
examples show, this has not yet been fully achieved. What is even more interesting,
all these cases are manifestations of the same drawback of the classical relational
search strategy: left bias during conjunction execution. We can demonstrate this
with the following artificial example. First, we define two relations: div® and fail®.

div® = Ax . div® x

fail® = Ax . TA=1B

In both cases, x is a “non-essential” parameter that does not affect the result of
evaluating these relations in any way. It is clear that div® diverges without answers,
and fail® is evaluated as an empty set of answers in one step. Thus, one would
expect that the conjunction of these relations would fail in one step. Indeed, the
conjunction fail®_ Adiv’_ completes in one step with an empty set of answers.
However, the equivalent conjunction div’_ Afail®_ diverges without an answer
(here the underscore (“_”) denotes an arbitrary non-essential parameter). The
explanation of this is trivial: during the evaluation of a conjunction, we first evaluate
its left conjunct until the first answer is found. In the first case, we immediately
get an empty stream, and it is not possible to evaluate the entire conjunction.

In the second case, we never get an answer; at the same time, we always have
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the remaining steps to evaluate the left conjunct, and this means that the whole
search diverges. This conjunction behavior not only leads to discrepancies in some
important cases, but also greatly affects performance by clogging the search tree
with infinite branches which do not produce any results. In some cases, this can
be avoided by changing the order of conjuncts in the definition of the relation in
accordance with a certain evaluation direction. However, as shown in the work [49],
solving a number of applied problems requires that the same definition holds in
different directions simultaneously.

In some cases, there is no static order of conjuncts at which the evaluation
converges, however, with a dynamic change in the order of conjuncts, convergence
can be achieved. For example, consider a query (repeat’® A ¢ A repeato® B ¢) on
the free variable q for the relation repeat’, which checks that all the elements of

the list are [ are equal to term e.

repeat’ = Ael . (U =1[1) V
fresh (ls)
I=1C : Is) A

repeat’ e [s

This query requires that all elements of the list [, on the one hand, to be equal
to the nullary constructor A, and on the other, to the constructor B, which differs
from A. Only an empty list satisfies this requirement. It is easy to see that when
evaluating this query in semantics with a left-biased conjunction, the evaluation
will diverge with any order of arguments. However, if we partially evaluate the first
conjunct repeat® A ¢ by postponing the nested call repeat®, and then evaluate
the second conjunct repeat’ B ¢ in the context of the data obtained from the
first conjunct, then the evaluation will end in finding the only correct answer. In
other words, in this case we will not only find a solution for a given query, but
also prove its uniqueness.

The problems of left-biased conjunction described above are relevant for
the relational conversion described in chapter 2. This is due to the fact that
the result of this conversion is a relational program, and its effectiveness directly
depends on the chosen conjunction execution strategy. Moreover, with relational
conversion, the optimal order of conjuncts cannot be determined due to insufficient
information contained in the original functional program. Therefore, “manual”

editing of each relational query of this program is required for effective execution
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of the automatically obtained resulting program in semantics with a left-biased
conjunction.

Summing up, we note that in the general case, there is no optimal static order
of conjuncts with a left-biased conjunction evaluation strategy. We propose another
evaluation strategy that dynamically postpones the evaluation of some branches

using dynamic analysis of the internal properties of the evaluated relations.

4.2 Angelic Semantics and Fairness

In this section, we introduce angelic operational semantics for the miniKanren
language. Instead of a fixed conjunct evaluation order, this semantics selects the
next conjunct to be evaluated nondeterministically, thereby enumerating all possible
orders. Thus, if a relational query diverges in angelic semantics, then there is no
convergent order of evaluation for it.

The semantics we propose is based on the unfolding of the application of
relations. At each step, in the current state of the program, some application is
nondeterministically selected and unfolded. This process continues as long as there
are applications remaining in the current state. If the state is empty at some step,
then evaluation is complete.

The results of this (and the following) section are based on the article [89],
which presents two semantics for the miniKanren language: denotational and
operational. Denotational semantics is set-theoretic and is close to the least Herbrand
model [55]. Operational semantics defines a relational search for a solution with
interleaving in the form of a transition system with labels [90], and is informally
described in the previous section. The correctness and completeness of interleaving
search in operational semantics have been proven using COQ [91] — an interactive
tool for proving theorems. The article [89] also found that for the operational
semantics of miniKanren, some syntactic transformations preserve the semantics of
the transformed relational program and do not affect the set of evaluated answers.
These transformations will play an important role in justifying the fairness of the
semantics that we present. The next section is devoted to this issue.

As the first element of angelic semantics, we define a set of the following

semantic variables:
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A= {060,061, .. }

Note that semantic variables are linearly ordered, which makes it possible to use
them in a deterministic way when executing a relational program. Then we will
naturally define a set of semantic terms T4 consisting of constructors and semantic
variables. We will also use the following notation for the set of free variables in terms
and goals: FV (e). Substitution of a semantic term t in place of a syntactic variable
x in terms and goals will be denoted as follows: e [x < t].

Next, we define the set of states of semantics G as follows:

G = x (final state)
| &° (intermediate state)
S° = (0,i,17) (leaf state)
| &°p&° (disjunction)
r = RF(t,...t;) (relation application)

The intermediate semantics state is a disjunction tree with leaves (0,1, r"),
where 0 is a substitution of semantic variables into semantic terms, ¢ is the number of
the first unoccupied semantic variable, and r* is list of uses of relations R* (¢4, ... t;)
(possibly empty), where R* is the name of the relation, and ¢; are semantic terms.
Informally, the state of semantics is some representation of the goal during its
execution, when the results of evaluating conjuncts are collected in substitutions,
and the residual goal is represented in disjunctive normal form (DNF). If the list
of applications of relations in the leaf state is empty, then the substitution is the
answer. The final state corresponds to the end of relational query execution.

We introduce two auxiliary functions for working with states. The union

function combines two states:

union (x,S5) = S,
union (S, x) = S,
union (51,5) = S1 & 5.
The push function is used to restore the state after performing a step of one

relation application:

push(  x) = x,
push (¢, S; & S2) = push (¢, S;) ® push (¢, S,),
push (pOm, (0,i,0)) = (0,4, pom).
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The first argument of the push function is a list of relation applications
that contains a hole “[J7. This hole marks the place where the unfolded relation
application was located. The second parameter is the state representing the unfolding
result. Thus, the push function propagates the unfolding context through the
resulting local state.

Next, we are going to describe the semantics for a one-step unfolding of relation
application. Informally, we take an application of the relation symbol to some
semantic terms and replace these terms for the corresponding arguments in the body
of the relation definition, and then perform all the unifications and transform the rest
of the body into DNF. As a result, we get some semantics state. Note that we do not
unfold relation applications inside the relation body. Let us give a formal definition

of a one-step unfolding in terms of big step semantics “=" using the following rule:

R =Az.b (0,i,e) Fb[T < t]~ S
0,i) F R(t) = S

Hereafter @ denotes a vector of terms or variables. In the conclusion of this rule, a

|[UNFOLD|

pair consisting of a substitution and the number of the first unoccupied semantic
variable is used as an environment. In the premise of the rule, small step semantics is
used in the form of a relation “~~”, which uses a previously defined state of semantics
as an environment. This relation describes local evaluations inside the body of the
unfolded application. The definition of this relation is given in Fig. 4.1.

The [END] rule extends the final state to all other evaluations. The rules
|UNIFYFAIL| and |UNIFYSUCC| encode the unification stages: if there is a most
general unifier in the 0 substitution for these terms, then we will update this
substitution. Otherwise, the evaluation will result in the final state. The |[APP]
rule saves the relation application by adding it to the list of applications in the
current leaf state. The [FRESH] rule corresponds to the allocation of a fresh semantic
variable. We take the first unallocated semantic variable and replace it with a freshly
linked syntactic one; we also increase the number of the first unallocated variable by
one. The rules [DISJIGOAL| and [DISISTATE| describe the evalution of disjunction.
The first rule evaluates both disjuncts and combines the resulting states using the
union function. The second rule handles the case when the current environment is
a disjunction. As in the first case, we perform independent evaluations and combine
the results. Finally, the [CONJ| rule describes the evaluation of conjunction. In this

case, we first evaluate the left sub-goal, obtaining state S, and then evaluate the
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right goal in the context of S, getting the final result S’. It should be noted that
since no unfoldings are conducted, the process always converges to some state.

We define the angelic semantics itself using unfolding semantics, see Fig. 4.2.
This semantics is defined in terms of a transition system with labels over a set of
states. The set of semantics labels is defined as £ = o | 0, where ‘o"denotes the
absence of an answer, and 0 is an answer in the form of a substitution.

The |[ANSWER]| rule corresponds to a situation when there is not a single
relation application left in the considered state. In this case, we return the current
substitution as an answer. If the current state is a list with a non-empty list
of relation applications, then we nondeterministically select one for unfolding in
accordance with the [CONJUNFOLD]| rule. After unfolding we create a new state by
placing the remaining list of applications in the resulting state. Finally, if the current
state is a disjunction, then we perform the semantics step for the left disjunction
S1. If the result is the final state, then we set Sy as the residual state according to
the rule [D1sJ]. Otherwise, according to the [DISJISTEP| rule, we construct a new
residual state by forming a new disjunction, in which the right initial substate is

placed to the left, and the residual state of evaluating the left initial substate is

X b g~ X |END]
Amgu (t1,t2,0) [UNIFYFATIL|
(0,i,¢c) Fty =ty ~ X
0 = t1,12,0
mgu( 1, L2, ) [UNIFYSUCC]

(0,1,¢) Fty =ty ~ (0,4, ¢)
(0,3,¢) = R (L) ~ (0,4,cR (%)) |APP|
0,i+1,c)Fglr« o]~ S

F
(0,i,c) I fresh(z) g ~ S [FRESH]
<e,i,C>|—g1«~>Sl <e;i,C>|_gg«/~>Sz
D
S1kg~ 53 So kg~ Sy
D
S1® Sy F g ~» union (S5, Sy) |[DISISTATE]
. . o

(9,z',c> l_gl/\QQWS/

Figure 4.1 — Small step semantics of local evaluations



62

(0,1, ¢) 5 x |ANSWER]
)
0. Zz c=5 |CONJUNFOLD|
(0,1, pcty — push (pOm, S)
Sl i) X
— [D1sy]
S1 P Sy — S
X oo !
175 S F X |DISJSTEP|

S1® 8 5SS,

Figure 4.2 — miniKanren angelic semantics

placed to the right. With the help of this permutation, the interleaving method is
implemented, which is an important feature of relational search. Note that these
two disjunction rules repeat the corresponding rules in [89].

To apply angelic semantics to the specification DD, ... Dy ¢ g, we need to
replace all free variables in g with semantic variables and convert them to the initial
state S (g):

(A, e) F glag < o, ..y Ty + 0ty_q] ~ S° (g).

Here we assume that FV (g9) = {zo,...,xn_1}, A is an empty substitution. The
definitions of the specifications are used later, at the stages of the unfolding of
applications in the state S°(g).

Angelic semantics preserves deterministic left-to-right interleaving for classic
miniKanren search and processes conjunction nondeterministically, describing all
A div_) from the

previous section will converge in accordance with angelic semantics if we consider

possible scenarios of execution. For example, the goal (fail®

the branch of its evaluation in which the left conjunct was unfolded:
(A, 1,e) F A= B~ X
(A, 1) Ffailo oy = %
(A1, failo oy A div o) — X

Indeed, the unfolding fail® will take us to the final state in one step. At
the same time, if we decide to unfold only the right conjunct, then the evaluation

will diverge:

(A, 1,e) Fdivv oy ~ (A, 1,div o)
<A, 1> Fdiv oy = <A, 1,div (Xo>
(A, 1, failo o A dive o) — (A, 1, failo g A div o)
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Since the states before and after the unfolding div’ are the same, this step
will be repeated an infinite number of times.
The following lemma confirms the correspondence between the denotational

semantics of the miniKanren language from [89] and angelic semantics.

Lemma 8 (Correctness and completeness). Angelic semantics is correct and

complete.

Its completeness follows directly from the completeness of deterministic
semantics proven in the paper [89]. Indeed, any inference in deterministic semantics
can be reproduced in angelic semantics. The proof of correctness repeats the proof
of the correctness of operational semantics in [89).

Angelic semantics allows us to formally define what we can call the fairness

of a conjunction evaluation strategy. First, we define the concept of convergence.

Definition 10 (Convergence). Goal gconverges (denoted as g ) if there is a
inference sequence from the initial state g to the final state, i.e. <SO (9), ><> € =%,

Now we have everything we need to formally define the concept of fairness.

Definition 11 (Fairness). Correct and complete semantics in the form of a
transition system of with labels is fair if the goal g converges to the final state

whenever g ).

In the next section, we will consider fair and deterministic semantics for the

miniKanren language.

4.3 General miniKanren Semantics with Selection Predicate

In this section we present deterministic fair semantics for the miniKanren
language. There is nothing complicated in this problem from a theoretical point of
view: since the interleaving method ensures the completeness of the search during
disjunction evaluation, interleaving during conjunction evaluation will ensure its
fairness. In other words, it is enough to move the “focus” of evaluation from one
conjunct to another after completing one step (or any finite number of steps) to

achieve the goal. Alas, in practice, this approach leads to a critical decrease in
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performance. The problem lies in guessing the right moment to pause conjunct
evaluation: if the conjunct is “going to” to produce an answer, then its evaluation
should be continued. Thus, we are looking for a certain dynamic criterion that would
identify the right time to suspend the evaluation of a conjunct, taking into account
the internal properties of the executed program.

Note that exactly the same problem occurs in the area of metacomputing.
In supercompilation [92] symbolic execution of a program can lead to a
potentially infinite unfolding. To cope with this difficulty, there is a technique
of generalization 93], which is used to guarantee the convergence of the process.
However, both premature and delayed generalizations are undesirable, because then
the supercompilation method leads to the construction of inefficient programs.
In practice, supercompilation generalized based on the concept of well quasi-

ordering [94; 95| has confirmed its applicability.

Definition 12. A well quasi-ordering on X is such a pre-order “<J” that in an
arbitrary infinite sequence of x1,xs, ... elements of > there will be elements x; and

x; such that ¢ < j and z; < ;.

From a practical point of view, well quasi-ordering can help to detect the
divergence of a certain sequence of computational steps. In our approach, we use
this idea to get fair semantics. First, we define a very general deterministic semantics,
equipped with a specific predicate that determines the order of switching between
conjuncts. Then we prove that under certain predicate requirements, the semantics
becomes fair. Finally, we present a specific predicate based on a specific well quasi-
ordering and show that it satisfies these requirements.

Let us introduce a set of extended states $R:

H = (0,r) unfolding history

R = X final state
| R¢ non-final state

R° = (0,1, (r,H)") leaf state with unfolding history
| R DR disjunction

This definition is supplemented by the concept of wunfolding history. The
unfolding history is a list of pairs of substitutions and applications of relations
(possibly empty). In the leaf state, each relation application is now equipped with
the unfolding history that led to this application.
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Vieihi#e Ny =P (6,75, k)
(0,6, (r1. 1) - (1 o)) 5 (8,4, (7€) - (ras )

|CONJCLEAR]

N =P (0,75,h;)  P(O,ri k) (0,i) Frp = R

(0,4, (r1, h1) .. (i1, hp—) (ri, B ) T0) =5,
push ((ry, hy) ... (rk_1, hg—1)O7m, set (R, (0,7%) : hi))

|CONJUNFOLD?|

Figure 4.3 — Generalized semantics of the miniKanren language, parameterized by

choice predicate P

The union and push functions introduced above retain their definition for
extended states, since the presence of history does not change their behaviour. In
addition, we need a new function set, which takes a normal state and a history and
constructs an extended state by attaching the history to each relation application

in this state:

set (x, ) = X,
set (S1 @ Sy, h) = set (S1,h) P set (S, h),
set ((0,4,71...m),h) = (0,4, (r1,h)...(rn, h)).

Our semantics (see Fig. 4.3, the transition relation is denoted by “—”)
is parameterized by the predicate P (0,r,h), where 0 is a substitution, r is a
relation application, and h is an unfolding history. Informally speaking, P (0,7, h)
determines whether it is desirable to unfold the application of r. The semantics itself
completely repeats the one-step unfolding relation “=" and the rules [ANSWER],
|D1sJ| and [DISJSTEP] from the definition of angelic semantics. A one-step unfolding
returns a usual, incomplete state, while the rules process the enriched states (but
syntactically these rules retain their full form). However, the rule for handling
the conjunction |[CONJUNFOLD| is replaced by two other rules: |[CONJCLEAR]
and |[CONJUNFOLD*|. If P is true for at least one relation application, we apply
|[CONJUNFOLD*| and unfold the leftmost such application by setting the history
of the obtained applications using the set function. If the predicate is false for all
relation applications and there is at least one non-empty unfolding history, then
we apply the rule [CONJCLEAR]|, which deletes the history for each application,
replacing it with an empty history e.
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Parameterizing with a choice predicate produces a whole family of semantics,
and not all elements of this family are good. For example, if the predicate always
remains false, then no steps can be performed from the state (A, 4, (r,¢€)), which
endangers completeness. The following lemma provides the necessary completeness

condition.

Lemma 9. If it is true that V 0, r : P (0,7, €), then for any intermediate state R
there exists a state R’ such that R >, R'.

Proof. Let us prove this statement by structural induction in R.

The case of R = Ry @& Ry is covered by rules [DisJ| and [DISISTEP].

The case of R = (0,4,¢) is covered by the [ANSWER] rule.

The case of R = (0,4, (r1, h1) . .. (T, hy)) provided \/7_; P (0,75, h;) is covered
by [CONJUNFOLD*|.

The case of R = (0,4, (r1,h1) ... (rn, hy)) under the conditions \/_, h; # €
and Aj_; =P (0,7}, h;) is covered by the [CONJCLEAR] rule.

The only remaining case is R = (0,4, (11, h1) ... (7n, hn)) provided \j_; h; = ¢
and /\?:1 =P (0,75, hj). It follows, in particular, that =P (0, ry, €), but by the lemma
VO,r : P(0,r ¢), which is impossible.

[]

All the predicates that we will consider next trivially satisty the conditions
of Lemma 9.

We can get various existing semantics by selecting a predicate. For example,
by choosing an identical truth as a predicate, we get semantics with a left-biased

conjunction. If a predicate limits the size of history, i.e.
Py (0,7, h) = length (h) < N,

then we get a semantics that sequentially unfolds the application of relations from
left to right to some depth of N > 0. This technique resembles bottom-avoiding
streams [40], which are an implementation of potentially infinite lists based on a
specific data structure called “ferns” [96], which is designed to postpone divergent
evaluations.

In the context of this work, well quasi-ordering predicates are an important

class of predicates, which we will consider in the next section.
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4.4 Fair miniKanren Semantics by Well Quasi-Ordering

Let “<” be a well quasi-ordering on the set of pairs of substitutions and relation

applications. Then we define a well quasi-ordering predicate as follows:

,Pg (G,T,h) :/§<60,7‘0> c€h : <eo,7’0> < <9,T>.

This class of predicates ensures that every relation application contained in
the state will eventually be unfolded after a finite number of steps. This statement
is proven in chapter 5.

As discussed earlier, creating a fair semantics is not difficult if performance
issues are not taken into account. From this point of view, the whole construction of
fair semantics with the help of a well quasi-ordering does not provide any benefits
unless a specific predicate of a well quasi-ordering which will help obtain an effective
implementation is presented. This well quasi-ordering, firstly, should not require
computational costs and, secondly, it should provide a good prediction of conjunct
divergence. For example, homeomorphic embedding 97|, often used as a criterion
for stopping the program unfolding in the supercompilation method, in our case
both requires significant computational costs and ineffectively predicts conjunct
divergence.

Now we can present a well quasi-ordering predicate which will provide us with
a practically important version of fair semantics.

7

First, we define the “<;” relation on tuples of semantic terms.

Definition 13. Let <t%, o ,t711> and <t%, e ,ti> be tuples of semantic terms. Then

the following statements are equivalent:

(. ) < (8, 2) & Vi height () < height (12)

The “<;,” relation compares terms by their height. It requires at least one
term of the left tuple to be strictly smaller than the corresponding term from the
right tuple. The remaining left terms should not be longer than the corresponding

terms in the right tuple.

Lemma 10. The “<;” relation is a well quasi-ordering.
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Proven by induction in the sum of term heights.

Now we can define “<,,” on the set of pairs of substitutions and relation
applications. Preliminarily, for each relation, we identify the set of its structural-
recursive arguments. For some relation R, an argument is structurally recursive if
the value of the argument decreases structurally with each recursive call. This is
a simple syntactic property of a relation that can be checked statically for each

relation of a relational program before evaluation.

Definition 14. Let 01, 05 be substitutions, r; = R(t1,... tL)andro = R(#3,... 12)
be arbitrary applications of relation R, and ji,...,Jr be numbers of structurally
recursive arguments in R. Then we define relation “<,” for applications of relation
R in the context of their corresponding substitutions. Applications r1 and ro satisfy
(01,71) < (02,79) if their structurally recursive arguments satisfy the condition.
(t,01,...,1,01) <p (t7,02,...,15 0)

Lemma 11. The “<,,” relation is a well quasi-ordering.

The proof follows directly from Lemma 10.

It is easy to see that structural recursion was not actually used in this proof; in
fact, “<,,” remains well quasi-ordered, even if we select all parameters (or arbitrary
ones). The choice of such a definition lies in the fact that structural recursion has
demonstrated the best results in practice; in other words, it is a good heuristic for

choosing a well quasi-ordering.
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Chapter 5. Conjunction Fairness in miniKanren Semantics Equipped
with a Well Quasi-Ordering Choice Predicate

This chapter presents a formal proof of conjunction fairness in the semantics
of the miniKanren language with a procedure for dynamically controlling the order
of conjuncts in the case of using a well quasi-ordering choice predicate.

First of all, we will simplify further reasoning, noting the dependence of
convergence of a state and its leaves and replenishment of the substitution during

unfolding of relation applications.

5.1 Convergence of State Leaves of Angelic Semantics and Semantics
with a Quasi-Ordering Choice Predicate

We need to connect two semantics: angelic semantics, presented in Section 4.2,
and fair semantics equipped with a well quasi-ordering choice predicate, presented
in Section 4.3. We also intend to prove that in both semantics an arbitrary goal
converges or diverges simultaneously.

Both semantics are represented as transition systems of with the same alphabet
of labels and tree-like states, in which internal nodes correspond to disjunctions, and
leaves contain ordered conjunctions of applications of relations, a substitution and
the number of the first fresh semantic variable. Moreover, both semantics use an
identical set of rules corresponding to the case of disjunction execution. Also, both
semantics are correct and complete with respect to the denotational semantics of
the miniKanren [89] language. Completeness means that in a state no leaf can be
excluded from consideration — each leaf will be considered in a finite number of
steps and, consequently, some relation application will be unfolded in each leaf.
This allows us to abstract from specific forms of states and instead, treat them as

sets of leaves. The following lemma justifies this transition.

Lemma 12 (leaf convergence). Let s be a state with a set of leaves {w;}. Then s

converges (in angelic and fair semantics) if and only if every leaf w; converges.
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Proof. The lemma follows from a more general fact. Let s — s; — s9 — ... be a
(finite or infinite) sequence of inference in angelic or fair semantics (we may consider
only angelic semantics, since semantics equipped with a well quasi-ordering predicate
is a special case of angelic semantics). Then the following is true:

— each state s; can be represented as s; [wy, ..., w], where {w;} is a disjunct
set of subtrees of s; and contains all its leaves in the order corresponding to
left-to-right traversal of s;;

— each angelic semantics step can be represented as s; [. .. wj_1, w;, wji1, ...] =

1 /

Sivt [ Wi, wy, o, wiwhy .. ], where a set of leaves (possibly empty)

{wjl, . ,w;"} is obtained from the unfolding of some relation application
contained in leaf w; and other relation applications from leaf w; using
push, and the set of leaves {w}, ..., wi_j,w’ 4, ..., w} is a permutation
of the set {wy, ..., wj_1,wjt1, ..., wi};

— for each leaf w;, you can select the sequence of its inference wy, — - - - = wj,

the beginning of which will be some leaf wy, of state s.

Let us prove this fact by induction in the path length between states s and s;.
For the induction base case, all leaves of state s are exactly equal to the set {w;},
the elements of which satisty all the requirements.

Let by induction assumption there be an intermediate state s; [wy, ..., wy], all
leaves of which satisfy the requirements. The application of the disjunction rules will
pass the state s; from the root to some leaf (if the state does not contain disjunctions,
then the whole case degenerates into s; = wy and the statement becomes trivial)
and, therefore, will come to a particular leaf w;. One of the uses in the w; leaf will
be unfolded according to the rule for conjunction. Then the following state can be

represented as

1

m /
by e W Wy

Siv1 |- .w;_l, w I
where the leaf w; will be replaced by the leaves of the w; unfolded result,
supplemented by the rest of the relation applications from the leaf w; that have
not been unfolded.

In other words, any state evaluation can be decomposed into independent
evaluations of its leaves, and vice versa. Therefore, the convergence of a state
guarantees the convergence of each leaf, just as the convergence of each leaf

guarantees the convergence of the entire state. ]
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5.2 Preserving Convergence of Angelic Semantics

The following observation concerns the “commutativity” of sequential

unifications. Let p; 2,12 be some terms. Then the following statement holds:

mgu (p1, p2) - mgu (q1, ¢2) = mgu (q1, q2) - mgu (p1, p2).

Indeed, the unification sequences mgu (p1, p2) - mgu (g1, g2) and mgu (¢1, g2) -
mgu (p1, p2) are the most general unifier for pairs of terms (p1,p2) and (q1, o). If
they are different, then the terms C' (p1, ¢1) and C (pa, ¢2), where C' is some binary

constructor, will have different most general unifiers, which is impossible!.
U1, U25... Uk

e/

is a sequence of unifications of wi, ..., ,u, that transform substitution 0 into

With this in mind, we come to the following property. Let ©

substitution 0’. Then for any permutation 7t it is true that

Up(1); Ure(2) e+ Ure(k)
0 - > 0.

Another nuance concerns the order of introduction of fresh semantic variables.
Say we have a leaf state (0,7, ab), where 0 is a substitution, a and b are applications of
relations, and 7 is the next free semantic variable. In angelic semantics, we can unfold
a and b in any order. Since the relations used in the a and b applications may contain
fresh constructs, these constructs will be evaluated in different order, providing
different specific semantic variables and different substitutions. However, these
substitutions will be x-equivalent. This observation reflects the following intuitively
trivial fact: the order of introduction of semantic variables is not important, as long
as no variable is allocated more than once during evaluation in the same branch.
Thus, we can ignore fresh and consider all substitutions up to a-equivalence. In
further reasoning, this will allow us to exclude all the operators of introducing a

fresh variable from states.

Lemma 13 (replenishment of substitution during unfolding). Let r be an
application of relation and 6 be a substitution. Unfolding transforms the state (0, r)

into a set of states {(0;, p;)}, where p; is a conjunction of applications, 0; is some

IStrictly speaking, the validity of these statements depends on the representation of the substitution.
For example, in a particular representation, the substitutions [z — y] and [y — x] may not be equal, but

equivalent.
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substitution. Then for each 4 there is a sequence of unifications u} . .. u}C such that
the following is true:
0 —— 0,.
This lemma can be easily proven by induction in the height of unfolding

semantics.

Thus, we can introduce the [r — p;] notation to perform a sequence of

unifications during the unfolding of application r, which leads to the leaf state of p;.

Lemma 14 (weakening in angelic semantics). Let © be a substitution, w be a set
of applications of relations, and let (0, w) converge to {} (empty state) in angelic
semantics. Then for an arbitrary substitution o and an arbitrary set of applications
of relations 1, it is true that (0 - o, w) also converges to {}.

This lemma can be easily proved by induction on the derivation (0, w) —* {}.

This lemma proves the fact that imposing additional constraints (a more
specific substitution and introducing additional conjuncts) cannot make a convergent

program divergent. This fact will be important in proving the following lemma.

Lemma 15 (preserving the convergence of angelic semantics). Let @a@’ be a set
of applications of relations with a selected element “a” and 0 be a substitution. Let
{(0-[a — o], ;)} be the result of the state unfolding of (6,a). Then (6, pa@’)
converges if and only if each state {(0 - [a — o], e;@’) } converges.

Proof.

< Let all states from the set {(0-[a — o], @x;@’)} converge. Then the
unfolding of the application of a in the state (0, @a@’) leads us to a set
of conditionally convergent states {(0 - [a — o], pox;@') }.

= Let (0, @a@’) converge. Then, two cases are possible.
Case 1. During convergent inference application a was not unfolded. Then
(0, ea@’) converges to {} (since each intermediate state contains an
application of a). Moreover, the state (0, @@’) also converges to {} (we
can repeat the convergent inference (0, @a@’) for the state (6, @@’)). By
Lemma 14, it follows from the convergence of inference for the state (0, @ @’)

that all states (0 - [a — o], ;@) converge to {}.
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Case 2. During convergent inference, application a was unfolded at some

step. Then for the state (0, @a@’) there is an inference

(0, ag@’) =" (6 - 0,map), ()

where o is some set of unifications and the next step of this sequence will
be the unfolding of a. Then the result of unfolding a will be a set of states
{(0-0-[a— o], mx;p) }. Repeating unfoldings from inference (x) for states
0 [a— o], px;@"), we get the state (0 - [a — ;] - 0, mx;p). This state
converges because 0 - [a — o] -0=0-0"[a — oy].

O

Corollary 1. Let (0, w) be a certain state, and {(6’, w’) } be a set of states reachable
from the state (0, w) for a finite number of unfoldings. Then the state (0, w)

converges if and only if all states from the set {(0’, w’)} converge.

5.3 Conjunction Fairness in Semantics with a Well Quasi-Ordering
Choice Predicate

Now we have everything we need to prove the validity of generalized semantics

equipped with a well quasi-ordering predicate of choice.

7

Theorem 3. Let P4 be a well quasi-ordering predicate. Then “—p_ 7 is a fair

semantics.

Proof. Let state g converge in angelic semantics. Consider application of relation
r, which will be unfolded first in the convergent inference of generalized semantics
equipped with a well quasi-ordering choice predicate. There are two possible cases.

7

Case 1. The semantics “—p_” will perform exactly the same unfolding of
application of relation r. In this case, both semantics performed an identical step.
Case 2. The “—p_” semantics chose some other relation application. By the
property of well quasi-ordering, a finite number of unfoldings will be performed
before the application of r is unfolded. Let us repeat this finite number of unfoldings
in fair semantics. By Corollary 1, the result of the unfolding will belong to the set

of converging states.
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Thus, the “—p_” semantics will perform all the steps of a converging inference
in angelic semantics and, consequently, the inference in “—p_” will also converge.

]

This theorem confirms that using a well quasi-ordering predicate as a

parameter of the generalized semantics of miniKanren, we obtain a fair semantics.
Corollary 2. The “—p__” semantics is a fair semantics.

Proof. Predicate <y, is a well quasi-ordering predicate by Lemma 11. Therefore,

Theorem 3 holds for the “—p__ 7 semantics. ]

To sum up: semantics equipped with a well quasi-ordering predicate of height
of structurally recursive arguments is fair and, as we will see in the next chapter,

turns out to be effective in practice.
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Chapter 6. Implementation and Experiments

This chapter is dedicated to the software implementation of the proposed
relational conversion and fair semantics of miniKanren, as well as the results of

experiments.

6.1 Implementation

Relational conversion is implemented as a translator of functional programs
into relational ones. The implementation of the operational semantics of miniKanren,
including the procedure for dynamic control of the order of conjuncts, is a relational
extension for OCaml. OCaml version 4.13 |98] was chosen as the implementation

language.

6.1.1 Functional Program Translator

A subset of the OCaml language was chosen as the source language for
translated programs, which contains all the components of the functional language
described in chapter 2: A-calculus, recursive and non-recursive let-bindings,
constructors of expressions of algebraic data types, the pattern matching operator,
predefined logical constants true and false and polymorphic comparison of first-
order expressions. OCanren [82] is selected as the target language, which includes
all the relational programming components necessary for translation.

The choice of OCaml as the implementation language and the source language
of the translator and OCanren (a relational extension of the OCaml language) as the
target language is due to the possibility of using the infrastructure components of the
standard OCaml compiler [99; 100] in the development of the translator. First of all,
we used intermediate representations of programs for the OCaml compiler — abstract
syntax tree (AST) and typed abstract syntax tree (TAST). Both representations are

described as a set of OCaml algebraic data types and are a classic way of describing
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Figure 6.1 — UML diagram of translator components

an intermediate representation of a program. In the development of the translator,
several ready-made components of the OCaml compiler were used: lexical analysis,
syntactic analysis, type inference and code generation.

The architecture of the translator is shown in Fig. 6.1 as an UML component
diagram, in which the components developed by the author of this work are
highlighted with a dotted line. Note that the architecture of the translator is a classic
optimizing translator [101] and contains traditional components of lexical and syntax
analysis, inference of source program types, optimization and code generation.
Lexical Analysis is responsible for highlighting the lexemes of the language in the text

of the source program. Syntaz Analysis generates the AST of the source program
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using the set of its lexemes. Type Inference evaluates types for all expressions of
the program using the Remy algorithm [102; 103]; this component is based on the
Hindley-Milner algorithm [80]. The result of its work is a TAST — a representation
of the program corresponding to the AST obtained at the previous stage, in which
the inferred type is associated with each expression.

Translation is the main component which constructs a relational program
based on a functional one. This component implements the relational conversion
presented in chapter 2. Due to the fact that the target language is an extension
of the source language, there is no need to introduce another kind of intermediate
representation of the program, and therefore the translation result can be represented
as an AST for the OCaml language. The Optimization component performs several
equivalent AST transformations to optimize the final program in terms of its
size and efficiency. The [3-reduction component, which is part of Optimization, is
responsible for simplifying the constructed program by applying all A-abstractions
to arguments. This is necessary due to a set of A-abstractions that can be applied
statically occurring during translation. This component significantly improves the
quality of the resulting programs both in terms of brevity and readability, and
performance. The Normalization of Fresh Variable Operators, which is also part of
Optimization, is intended for clustering the introduced logical variables in order
to reduce the size of the final program and the overhead associated with the
introduction of fresh variables. Note that the translator contains an additional
optimization component that ranks conjuncts depending on the assessment of
the complexity of their execution and the degree of non-determinism that occurs
after their execution. For example, it is reasonable to move the unification and
disequality constraint operators to the beginning of the set of conjuncts, since they
are deterministic and easier to execute in comparison with relation applications.
However, this optimization is necessary only if a relational program is executed
using a classical left-biased conjunction. In the case of using fair conjunction, there
is no need for this optimization component.

The Relational Type Definition Generation component generalizes the
algebraic data types of the source program for the correct inference of the types
of the final relational program.

The last component, Code Generation, transforms the resulting AST obtained

via the work of the previous components into a relational program that can be



78

executed using both classical left-biased conjunction and fair conjunction, and the
implementation of which will be discussed in the next section.

This translator is implemented in 1800 lines of OCaml code, which is available
here [104].

6.1.2 Relational Extension of the OCaml Language with a Well
Quasi-Ordering Choice Predicate

We used the OCaml language to implement a relational extension with a
choice predicate for the following reasons. Firstly, this language makes it possible
to use the representation of relational terms, unification operators and disequality
constraints implemented in the existing OCanren relational extension with left-
biased conjunction. Secondly, in order to integrate the relational extension and the
translator described in the previous section, it is necessary to match the target
language of the translator and the extension being implemented. For the same
reason, the syntax of a relational extension with a choice predicate coincides with
the syntax of the OCanren extension.

The embedding of the relational extension into the OCaml language was
conducted as follows. The structure of a relational program state has been described
as an algebraic data type. Further, all extension operators were expressed by
means of the OCaml source language as higher-order functions. Thus, any relational
program is a combination of relational operators and, thus, a function of the OCaml
language. Since the result of a relational program is a potentially infinite set of
answers, the run function was developed to extract a finite part of the answers
as a list.

The architecture of the relational extension is shown in Fig. 6.2 in the form
of a UML diagram. The components developed by the author of this work are
highlighted with a dotted line.

First of all, consider the auxiliary components that are part of the OCanren
relational extension. The Representation of Logical Terms component is responsible
for the construction and correct typing of logical terms containing both constructors
and logical variables. The details of this representation are described in the work [67].

This representation is used in all components that process terms, namely in
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Figure 6.2 — UML diagram of components of relational extension with a well quasi-

ordering choice predicate

the unification component, the disequality constraint component, the term height
calculation component, and the result extraction component.

Unification and Disequality Constraint are responsible for executing relational
unification and disequality constraint operators, respectively. The principle of their
operation is described in detail in Section 2.2.

The Initial Program State Construction component contains implementations
of all relational extension operators. Thanks to this component, the stage of
interpretation of relational programs is excluded from implementation, since all
relational operators are functions of the OCaml language. The initial state is a
relational query containing query variables — variables whose final values will

be the result of program execution. Also, this component contains an algorithm
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for automatic detection of structural-recursive relation arguments. In the absence
of such arguments, an argument is found that is structurally decreasing in the
maximum number of disjuncts of the relation. Finally, in this component, the
developer sets the maximum number of results to be evaluated. If the number is
not set, execution will continue until the program state is completely exhausted.

The main component of the conversion is Program State Update, which is
responsible for step-by-step rebuilding of the state by evaluating its individual
parts. It includes the Relation Application Selection component, which defines the
program state leaf required for the update, selects the application of the relation
using the predicate and separates it from the state. The result of this component is
a separated application and the state of the program with a “hole” in the place of this
application. The selection predicate is based on a comparison of the heights of the
arguments, for which the Term Height Evaluation component is responsible, which
in turn relies on the representation of logical terms. Relation Unfolding replaces an
application of a relation with the body of the relation and substitutes arguments
in the body of the relation. The result of the unfolding is the program state which
must be substituted in place of the unfolded relation application. The Program
State Recovery component is responsible for this. Next, there are two possible cases.
If the program state contains the required number of leaves with the resulting
substitutions, the update process is completed. Otherwise, the new state of the
program has to be updated again.

The last component, Result Extraction, selects from the resulting substitutions
the terms corresponding to the variables of the original relational query. To extract
the results, the term refinement function walk, contained in the logical term
representation component, is used.

The relational extension with a choice predicate is implemented in 1200 lines
of code, available here [105].

6.2 Experiments

The correctness of the proposed relational conversion and semantics of
miniKanren is formally proved in chapters 3 and 5, respectively. However, their

performance requires experimental evaluation. In the case of a relational conversion,



81

it is necessary to evaluate the effectiveness of the converted programs. To do this,
we optimize the converted programs manually and compare the performance of the
optimized and non-optimized versions. In the case of semantics implemented as an
extension of the OCaml language, it is necessary to compare the efficiency of fair
conjunction in comparison with the classical conjunction in the existing OCanren
implementation.

Thus, the goal of this experimental study is to compare the efficiency of fair
and classical conjunction in execution of manually optimized and non-optimized
converted programs.

To achieve this goal, we need to answer the following questions.

[Q1] What are the overhead costs of fair conjunction?

[Q2] What is the performance of fair conjunction compared to the classical one?

[Q3] What is the stability of fair conjunction compared to the classical one?

[Q4] What is the performance of optimized programs compared to the non-
optimized ones using a fair conjunction?

To answer these questions, it is necessary to calculate the following two
metrics:

[M1] run time of a set of manually optimized programs that employ classical and
fair conjunction;

[M2] run time of a set of non-optimized programs that employ classical and fair
conjunction.

We selected two simple programs for experiments, which were executed both in
the forward and reverse directions: list reversal relation revers? and list sort relation
sort’. We have selected three other, more complex programs: the first, hanoi?,
solves the Tower of Hanoi puzzle 1, the second, bridge?, solves the bridge and torch
puzzle?, and the third program, water?®, solves the water pouring puzzle3. All of these
programs were implemented in a subset of the OCaml functional language for their
subsequent relational conversion. After that, relational images of these programs
were obtained and, then, manually optimized by reordering the conjuncts.

Both the optimized and non-optimized programs were compiled using both

the OCanren extension and the developed relational extension. To reduce the

"https://en.wikipedia.org/wiki/Tower_of_Hanoi
’https://en.wikipedia.org/wiki/Bridge_and_torch_problem
Shttps://en.wikipedia.org/wiki/Water_pouring_puzzle


https://en.wikipedia.org/wiki/Tower_of_Hanoi 
https://en.wikipedia.org/wiki/Bridge_and_torch_problem 
https://en.wikipedia.org/wiki/Water_pouring_puzzle 
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Input Classical Fair
Program : . L
s1ze conjunction conjunction
revers®’ 30 0.002 0.002
in forward 60 0.012 0.012
direction 90 0.044 0.045
revers®’ 30 0.002 0.002
in reverse 60 0.014 0.014
direction 90 0.054 0.055
sort’ 30 0.031 0.032
in forward 60 0.357 0.362
direction 30 1.324 1.388
3 0.001 0.001
sort?
_ 4 0.001 0.001
in reverse
. 5 0.012 0.012
direction
6 0.150 0.158
hanoi? - 0.597 0.620
bridge’ - 0.074 0.075
water? - 1.247 1.317

Table 1 — Run time (in seconds) of an array of manually optimized programs using

classical and fair conjunction

measurement error, each program was run 20 times in order to calculate its average
run time.

Table 1 in accordance with [M1] shows the results of the manually optimized
programs using classical and fair conjunction. As one can see, the run time of
programs using classical conjunction is slightly smaller compared to the run time of
programs using fair conjunction. Since these programs are optimized for a specific
query by selecting the optimal order of conjuncts, fair conjunction does not lead
to an increase in performance, but its use adds minor overhead, which is less than
6% of the total run time. Thus, the answer to [Q1] is as follows: the overhead is
insignificant and does not exceed 6% of the total execution time.

Table 2, in accordance with [M2], shows the run time results of non-optimized
programs that use classical and fair conjunction. In the case of using a classical
conjunction with a non-optimal order of conjuncts, a program has exponential

asymptotic time complexity. The run time of the program was limited to 300 seconds,
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Input Classical Fair
Program : . L
s1ze conjunction conjunction
revers®’ 30 0.002 0.002
in forward 60 0.012 0.012
direction 90 0.044 0.046
revers®’ 30 0.016 0.003
in reverse 60 0.176 0.015
direction 90 0.860 0.060
sort’ 30 0.034 0.035
in forward 60 0.363 0.377
direction 90 1.350 1.417
3 0.001 0.001
sort?
_ 4 6.785 0.001
in reverse
. 5t >300 0.013
direction
6 >300 0.161
hanoi? - >300 0.644
bridge® - 34.165 0.075
water’ - >300 1.326

Table 2 — Run time (in seconds) of a set of non-optimized programs using classical

and fair conjunction

so the exact value is unknown. In the table, “>300" denotes this case. These programs
are obtained automatically and are not optimized for a specific query, so the run
time of programs using classical conjunction is significantly larger than the run time
of programs using fair conjunction. In the best case, for non-optimized programs, the
performance of fair conjunction exceeds the classical one by more than 450 times.
Thus, the answer to the question [Q2] is as follows: in the case of non-optimized
relational programs, the performance of the fair conjunction is higher compared to
the classical one, and in the peak case it exceeds by more than 450 times.

To get an answer to the questions [Q3] and [Q4], let us compare fair
conjunction run times for manually optimized and non-optimized programs. As can
be seen from Tables 1 and 2, the run time of programs using fair conjunction has
no significant differences and answers the question [Q3] as follows: fair conjunction
demonstrates high stability and does not depend on the order of conjuncts in the

program. At the same time, we can answer the question [Q4] as follows: when using
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fair conjunction, the performance of non-optimized programs corresponds to the
performance of optimized programs.

Summing up, we draw the following conclusion: fair conjunction based
on structural recursion is comparable in efficiency with the classical directed
conjunction in the case of optimized programs, and also demonstrates higher
performance in the case of non-optimized programs. At the same time, when using
fair conjunction, the performance of non-optimized programs is comparable to the

performance of optimized programs.
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Conclusion

As a result, we formulate the main results achieved in this work.

1. New approach to relational conversion of general-form functional programs
was developed and its static and dynamic correctness was proven.

2. Formal angelic semantics of the miniKanren was impleneted and their
equivalence to declarative miniKanren semantics was proven. The notion of
conjunction fairness as property of angelic semantics was defined.

3. Formal semantics of relational miniKanren with dynamic control of the
conjunct calculation order was implemented and conjunction fairness was
proven.

4. Relational conversion for a subset of OCaml was implemented on OCaml,
and an experimental study was conducted that shows high effectiveness of
automatically obtained relational programs.

5. An embedding of miniKanren with dynamic control of conjunct calculation
order in functional language OCaml was implemented on OCaml, and
experimental study was conducted that shows high efficiency in comparison
to the classic implementation of miniKanren with a non-optimal order
of conjuncts and the insignificance of overhead with an optimal order of
conjuncts.

As recommendations for the use of the obtained results in industry
and scientific research, we indicate the following. At the moment, the development
of relational programs is a complex task that requires developers to have deep
knowledge in this area. As a result, relational programming is used mainly in
scientific research by individual experts to solve a narrow class of problems of finding
solutions, validating and synthesizing programs [38; 46; 60]. However, thanks to the
methods proposed in this work, relational programming becomes more accessible
and, as a result, more attractive to a wider range of users. In addition, automated
conversion of relational programs according to functional ones will allow developing
complex target solutions that combine functional and relational behaviors within
the infrastructure of one language.

The following can be noted as prospects for further development of the

topic:
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— further researches of the features of the fair execution of a relational
conjunction, including the search for effective choice predicates for relational
programs of a special type, the research of choice predicates in addition
to the completely quasi-ordering predicates considered in this dissertation
research;

— a generalization of the fairness property for relational disjunction;

— extension of the source language for relational conversion, in particular, the

addition of a pattern matching operator with non-disjunct patterns.
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