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IIpeauciosue

Hccienopanne cCUCTEM THUIIOB, 8 TaKXKe€ S3bIKOB IIPOIPAMMHUPOBAHUS C TOYKHU
3peHus TeOPUU THIIOB, B IIOC/EJIHEe BPeMsl LIPEBPATUIIOCH B SHEPIMYHO Pa3BUBaA-
IOIIYIOCS HAYYHYI0 OUCIHUILIAHY, KOTOpAas WMEET BAYKHBIE MPUJIOKEHUS B MPOEK-
THPOBAHUHN MPOrpaMM, B pa3pabOTKe sI3LIKOB IMTPOrPAMMUPOBAHNSA, B PEATA3AINN
BBICOKOIIPOM3BOAUTENBHBIX KOMIIIISITOPOB U B obtactn 6e3omacHoctu. Hacrosrmast
KHHTa [PEeICTaB/sgeT coD0i noapoOHOe BBEIEHHE B OCHOBHbBIE IIOHATHS, JOCTHAXKE-
HHUSA U METOJBI 9TOH JUCHUAILIMHDI.

IIpeanmosiaraemast ayauTopus

Kuwra npeanasnadena /i JByX OCHOBHBIX I'DYIIN 9ATATEsEH: C OIHOI CTOPO-
HBI, /I ACHUPAHTOB M HCCJEJ0BATENeN, KOTOPbIE CIIENUATU3UPYTCs HA A3BIKAX
MPOTPAMMUPOBAHUS W TEOPUM THIIOB; C JAPYTOil CTOPOHBI, I ACMUPAHTOB U MPO-
JBUHYTHIX CTYIEHTOB W3 JAPYrux obacTeil mHPOPMATHUKHU, KOTOPHIE XOTEIU ObI
U3y9IUTh OCHOBHBIE MTOHSTHS TEOPUHU A3bIKOB IporpamMmupoBanus. IlepBoit rpytmme
KHHUTA JaeT OOIUPHBIA 0030p PacCMAaTPUBAEMOM 00TACTH, JOCTATOYHO TTyOOKMHIt,
9TO0BI IIO3BOJIUTH YTEHHE HCCJIEeI0BATEIbCKOM juTeparypbl. Bropoit rpymme ona
MPEIOCTABIISET TOAPOOHBIN BBOJIHBIN MaTepuas u OOIMUPHOE COOPAHWE TPUMEPOB,
VIOPaXKHEHWH W TMPAKTUIECKUX cuTyannii. KHUra MOXKeT WMCHOIb30BATHCS KAK B
BBOJIHBIX KypCaxX aCIUPAHTCKOIO YPOBHS, Tak U B O0Jiee MPOABUHYTHIX CEMUHAPAX
O A3bIKAM TPOrPAMMUPOBAHUSI.

Henn

OcHoBHOIT MOell 3a7a4eil ObLI OXBaT OCHOBHBIX TE€M, BKJIIOYas 0A30BYIO OIre-
PAIMOHHYIO CEMAHTHUKY W CBS3aHHBIE C HEH CIOCOOBI TOCTPOEHUS [TOKA3ATEHCTB,
6ecTuIoBoe JIAMOIA-UCIUCIIEHNE, ITPOCTHIE CUCTEMbI THIIOB, YHUBEPCAJIBHBIN U K-
3UCTEHINAIBHBIN TOMMOPGU3M, PEKOHCTPYKIUIO THUIIOB, IOATHUIBL, OIPAHUYEH-
HYI0 KBaHTU(DUKAINIO, PEKYPCUBHBIE THUIIHI U OMEPATOPHI HAJ, THUIAMU, 3 TAKIKE
KpaTKOe 00CYKIEHNE HEKOTOPBIX IPYTUX BOIIPOCOB.

Bropoit 3agadeit Ob11 mparmaTu3M. Kaura cocpegoTodeHa HaA HCIOIb30Ba-
HUW CHCTEM THUIOB B $I3bIKAX MPOTPAMMHUPOBAHUS W MPEHEOPEraeT HEKOTOPHIMU
TeMaMu (HampuMep, JEHOTAIMOHHONW CEMAaHTUKOM), KOTOPBIE, BEPOITHO, ObLIU Obl
BKJIIOYEHBI B DOJiee MaTeMATHIECKH-OPUEHTUPOBAHHBIA TEKCT 110 THUIH3WPOBAH-
HBIM JIIMOJA-UCUUCTEHnAM. B KadecTBe 0A30BOTO BBIYHCIUTETHHOTO (POPMATHA3-
Ma BbIOPAHO JIAMOJA-UCYUCIIEHHE C BBI30BOM 110 3HAYEHUIO, KOTOPOE UCIIOJIb3yeTCs
B OOJIBINIMHCTBE COBPEMEHHBIX S3BIKOB MPOTrPAMMUPOBAHUS U JIETKO PACIITUPSIETCS
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12 OriaBiaenue

MMIIEPATUBHBIMU KOHCTPYKIMSIMU BPOJIE CCHLIOK U ucKiaodenuii. [Ipu pacemorpe-
HUU KaXKJIOM BO3MOXKHOCTH $3bIKA OOCYK/JIAIOTCS TAKHE BOIPOCHI, KAK: MPAKTH-
qecKas MOMUGAUUA [JIsT BBEIEHUS TOW BO3MOYKHOCTH; METOMbI TOKA3ATEIbCTBA
bezonacnocmu sI3BIKOB, COMEPXKAIIUX ITY BO3MOXKHOCTH; & TaKyKe TPYIHOCTH, C
KOTOPBIMU MPUXOIUTCS CTATKUBATHCS TPU €6 Peanudanyuy, — B 0CODEHHOCTH, MO-
CTPOEHUE U AHAJM3 AJITOPUTMOB [IPOBEPKHU THIIOB.

B umcio Moux 3a/a49 TakyKe BXOJIUIIO YBaXKEHUE K Pa3HOOOPa3UIo B PACCMAT-
pUBaeMOil IUCIUILINHE; KHUTA OXBATHIBAET MHOXKECTBO OT/IEJIbHBIX TEM U HECKOJIb-
KO XOPOIIO MCCIIEIOBAHHBIX UX COYE€TAHUIN, HO IPHU ITOM HE IPEIIPUHUMAECTCS 110~
MBITOK COOPATh BCE B €IMHYIO METOCTHYIO cucTemy. CyIecTBYIOT eIUHBIE TIOIXOIbI
K HEKOTOPBIM TOIMHOXKECTBAM HADOpa TeM — HAIPUMEDP, MHOTHE PA3HOBUIHOCTH
«(YHKIMOHAIBHBIX TUMIOB» MOYXKHO KOMITAKTHO W U3SIIHO OMUCATH B €IMHOOODA3-
HOU HOTAIUU “UCmur cucmem munos. OQIHAKO, TUCIUIIAHA B MEJIOM MOKA 9TO
Pa3BUBAETCs CTOJb OBICTPO, YTO CHCTEMATU3UPOBATH €€ MEJTUKOM HEBO3MOXKHO.

Kaura nmocrpoena tak, 9To0bI 0OJIETYUTH €€ MCIOJb30BaHMe, KaK B PAMKaX
YHUBEPCUTETCKUX KYPCOB, TAK U MPU CAMOCTOATETHHOM H3ydenuu. K OOJIbIITHH-
CTBY YNparKHEHWI MPUIATAIOTCS TOJHBIE PEIleHnsi. Ba30Bble ONpeneseHus IJIst
yI00CTBA OPraHU30BAHBI B BHE TAOIWI. 3aBUCHMOCTH MEXK/Y TMOHATHUSIMU U CH-
CTEMaMU TI0 BO3MOXKHOCTH yKa3bIBalOTCs gBHO. K TekcTy mpusaraercs oOImupHast
oudbmorpadus u MPeIMETHBIA YKA3aTeb.

Haxkomer, mocjieauM Opranu3yoIuM TPUHITUIOM [IPY HANMCAHUN KHUTH ObLIA,
4ecTHOCTDb. Bce 06CyKuaeMbple B KHUrE CUCTEMbI (KPOME HEKOTODbIX, YIOMSHY-
TBHIX JIMIIb MEJIbKOM) PEAIM30BaHbl Ha IpakTUKe. [{iis KaxK /10§l r1aBbl CyILECTBYeT
[IPOIPAMMA [IPOBEPKU THUIIOB ¥ HHTEPIIPETATOD, U BCE IPUMEPDL ObLIIM MEXAHUIECKU
MPOBEPEHBI € WX TIOMOIIBI0. * DT MPOrpaMMBbl JIOCTYIHBI Ha BeO-CaliTe KHUTH, X
MOXKHO HCIIOJIb30BATh MPU MPOrPAMMUPOBAHUH YIIPAYKHEHUI, /JI IKCIIEPUMEHTOB
0 JAJbHEHIIeMy PACIIUPEHUIO U B YIeOHBIX TPOEKTAX.

Y100BI TOCTUYD TOCTABIEHHBIX I€JIeH, MPUIIOCH MTOXKEPTBOBATH HEKOTOPBIMU
JpyruMu acrekTamu Kauru. Hanbosee BaskHOE M3 HUX — MOJHOTA PACCMOTDEHUS.
[Monubrit 0630p JAUCIHUILIUHBL S3IKOB IPOIPAMMUPOBAHUS U CHCTEM THUIIOB, BEPO-
ATHO, HEBO3MOKEH B PAMKaX OJHOI'O TEKCTa — TeM Oojee, B paMKax ydeOnuka. 71
COCPEIOTOUMIICS HA TIIATETHHOM PACCMOTPEHNN 6A30BBIX MOHSATH; MHOTOYUCIEH-
HBIE OTCHLIKH K HAYYHOU JIUTEPATYPE CJIYXKAT OTIPABHBIMUA TOYKAMHU IS JAJTb-
Helimux uccaegoBanuii. Takyke He ObLIA MEIBI0 TpaKTHYeCKas 3P PEKTUBHOCTD
AJITOPUTMOB MTPOBEPKHU THIIOB: 9TAa KHWUTA HE SIBJISIETCS MOCOOHEM TIO PEATU3AINN
KOMITUJISTOPOB WU CPEACTB MPOBEPKU TUIIOB IPOMBIILIEHHOIO YPOBHSI.

CTpyKTypa KHUTHA

B gactu I obcyxnarorcs bectunosbie cuctembl. OCHOBHBIE TIOHATHST aDCTPAKT-
HOT'O CHHTAKCHCa, WHIYKTUBHbIE OMPEIEICHNS U JOKA3ATEIbCTBA, IPABUJIA BHIBOIA
¥ OIIePAIMOHHAA CEMAHTUKA CHAYAJIA BBOJAATCH B KOHTEKCTE YPE3BBIYANHO IIPOCTO-
T0 sI3BIKA [IJTsT PAOOTHI C YUCIAMHU W JIOTUYECKUMU 3HAUEHUSMY, & 3aTEM TTOBTOPSI-
foTCs Ay 6ecTunoBoro JgsMmbma-ncuncienns. B wacru II paccmarpusaercs mpo-
CTOE TUMU3UPOBAHHOE JIAMOIA-UCIUCICHNE, & TaKXKe HAOOP 0A30BBIX S3BIKOBBIX
KOHCTPYKIIWI: THUMBI-IIPOU3BEIEHNUsI, TUIBI-CYMMBbI, 3aIUCH, BAPUAHTHI, CCHIIKU U

*TIpu BePCTKe TEPEBOJA ITO MPABUIJIO He COOMIONAN0Ch. — NPUM. NEPES.
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WCKJIIOYeHusi. BBOHAS TyIaBa O TUNMU3UPOBAHHBIX APU(PMETHIECKUX BBIPAKEHUSTX
[1JIaBHO LOABOJMUT K KJIOYEBOH ujee THIloBoil be3onacnocru. B oxuoit us rias (Ko—
TOPYIO MOYKHO IIPOMYCTUTE) MeTonoM Tefita JoKa3pIBAeTCs T€OpEMa 0 HOpMaJIn3a-
WK I TIPOCTOr0 THITH3UPOBAHHOTO JissMOma-ncuncienns. Yacrs 111 mocsamena
OCHOBOIIOJIATAIOIIEMY MEXAHU3MY ITOJTHUIIOB; OHA COAEPXKUT MOIPOOHOE 0OCYyKIe-
HU€ METATEOPUH U [IBA pacuimpeHHbix npumepa. B wactu IV paccmarpuBaiorcs pe-
KYPCHUBHBIE THUIIbI, KAK B IIPOCTOU U30peKypcueroli GpopMynpOBKe, TaK u B Oosiee
XUTPOYMHOM axeuperypcueroti. Bropas riaBa 3To# 9acTu pa3BUBAET METATEOPHUIO
CUCTEMBI C YKBUPEKYPCUBHBIMU TUIIAMHU U TOATUIIAMHA B PAMKAX MATEMATHIECKO-
ro meroma KomHayknuu. Temoit wactu V sBisiercs nmogumopdusm. OHa COmepKuT
TJIaBBI O PEKOHCTPYKIINK TUIOB B ctuyie ML, o 6osiee MOITHOM MMIIPEINKATHBHOM
nosmmopdusme Cucrembl F, 00 9K3UCTEHIIUATBHOM KBAHTU(DUKAIMA U €€ CBA3IM
¢ abCTPAKTHBIMU TUTIAMHU JAHHBIX, & TAKYKE O KOMOWHAIMH TOJIUMOPGMU3Ma, U TTOJI-
THUIOB B CHCTEMaxX C OorpanmdenHoit kpautudukamueii. B gwactu VI peus umer 06
OTepaTopax HaJ TUMAMU. B mepBoii ryiaBe BBOAATCS OCHOBHBIE MMOHSATHUS; B CJIE/TY-
forreit paspabarsiBaercs Cucrema Fy, u ee Merareopust; B TpeTheil omepaTopbl HAL
TUIIAMA CKPEIUBAIOTCSA C OIPAHWYEHHON KBaHTH(UKAIMEH, JaBasi B Pe3yIbTaTe
Cucremy F¢,; mocnennas riasa npeacrasiger coOo# PACIIMPEHHDII IPUMED.

OcHOBHBIE 3aBHCHMOCTH MeXK/1y riaBamu nu3obpazxkenbt Ha puc. 1. Cepbie crpel-
K{ O3HA4YAIOT, YTO TOJIBKO 4acTb OOJjiee 103/1Hel 1yaBbl 3aBucuT OT Oosiee PaHHE.

O6cyxkeHne KaxKa0i sa3bIKOBOM KOHCTPYKIIUH, [IPEJCTABICHHON B KHUTE, CJle-
ayer obmeit cxeme. CHadaga WIYyT MOTHBUPYIOIIME MPUMEPHI; 3aTE€M W3JIara-
oTcst hbOpMAIbHbIE ONPEIeIEHNsT; 3aTeM TPUBOAATCS TOKA3ATEIbCTBA OCHOBHBIX
CBOICTB, TAKUX KaK TUIOBas GE30HaCHOCTH; 3areM (0OBIYHO B OT/IEJIBHOMN IJIaBe)
ciemyer Gosee TIyOOKOE MCCIIEIOBAHUE METATEOPHH, KOTOPOEe BEJET K AJTOPUT-
MaM I[IPOBEPKHU THUIOB U JOKA3ATEIHCTBY X KOPPEKTHOCTH, MOJHOTHI U FapAHTUN
3aBeplIeHus; HaKoHel, (OUsTb 2Ke, B OTJEJNbHON [ylaBe) LPUBOJUTCH KOHKPETHAs
peajiu3alus 3TUX aJrOPUTMOB B Buze mporpammbl Ha a3bike OCaml (Objective
Caml).

Ha nmporsizkennu Beeil KHUTH BasKHBIM UCTOYHUKOM TIPUMEPOB CJIYKHUT aHAJINA3
¥ TIPOEKTHUPOBAHHUE SA3BIKOBBIX BO3MOXKHOCTEH 71T OObEKTHO-OPHEHTHPOBAHHOIO
MPOrpaMMUPOBaHUsA. B 4eThIpex TiaBaxX ¢ PACIIMPEHHBIME MPUMEPAMHU JETATHHO
PA3BHUBAIOTCS PA3IUYHDBIE MMOJIXOJIbI: POCTAs MOJENb ¢ ODBIYHBIMUA UMIIEPATUBHBI-
Mu O0beKkTaMu 1 Kiaaccamu (riaasa 18), 6a30B0e UCHHUC/ICHUE, OCHOBAHHOE HA Java
(rmaBa 19), Gojiee TOHKMIA MOIXOM K UMIIEPATUBHBIM OOBEKTAM C UCIOIH30BAHUEM
orpannveHHoi kpanTudukanuu (raasa 27), a TakkKe pacCMOTPEHHE OObEKTOB U
KJIACCOB B paMKax 4ucTo ¢yHkimoranbuoi Cucremsr FY, npu momomntn sK3ucTeH-
[MAIbHBIX TUIOB (rIaBa 32).

Yrobbl MaTepua s KHATH MOKHO OBLIO OXBATHUTH B PAMKAX OTHOCEMECTPOBOTO
MPOJBUHYTOrO Kypca — a caMy KHHUTY MOP IHOJHATH CPEeJHUNl aCHUpPAHT, — HIPH-
[IJIOCh UCKJIIOYUTH U3 PACCMOTPEHUST MHOI'ME MHTEPECHbBIE U BayKHbIE TeMbl. JleHo-
TAIMOHHBIA ¥ aKCHOMATHIECKHUl TTOIXOAbl K CEMAHTHUKE OMYIIEHbI TTOJIHOCTHIO; MO
9TUM HANPABJIEHUSAM yIKe CyIIECTBYIOT 3aMevaTebHble KHUTH, U 9TH TeMbI OTBJIe-
KaJi ObI OT CTPOrO MPArMATHYECKOM, OPUEHTUPOBAHHON HA PeaTn3aIuio, IepCieK-
THUBBI, IPUHSTOM B 3TOH KHUTe. B HECKOTBKUX MECTaxX yIIOMUHAIOTCS DOraThie CBI3U
MEXKJIy CHCTEMaMU TUIIOB U JIOTUKOI, HO B JETAJH 51 HE BJAIOCh; STU CBA3U BAXKHBIL,
HO OHM YBeJU ObI HAC CJAMITKOM /TaJIeKO B CTOPOHY. MHOTrMe MpoIBUHY ThIe BO3MOK-
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14 OriaBiaenue

Puc. 1. 3aBucumMocT MeXKIy TIaBAMU

HOCTH 4A3bIKOB IIPOrpaMMHUPOBAHUA W CHCTEM THIIOB YIIOMAHYTDLI JIMIIb MEJIBKOM
(nanpumep, 3aBUCUMbIE THIIbI, TUIIbI-IEPECEUEHHUs], a TAKzKe cooTHolienue Kappu-
ToBapa); Kparkue pa3ze/bl 110 ITUM BOLPOCAM CJIy2KAT OTHPABHLIMU ILyHKTAMU
JJIA ,ZLaJIBHeﬁLHeFO CaMOCTOATEJIBHOTO U3YyYE€HUA. HaKOHeH, HE CUYHUTad KPaTKOro
9KCKypca B Java-110106ubIit 6a30BbIi a3k (r1aBa 19), B KHUTE PACCMATPUBAIOTCS
NUCKJIIYUTETIbHO 4d3bIKU Ha OCHOBE J'[HM6,Z[&-I/ICLH/ICJIGHI/IH; OJHAKO IIOHATHUA U Me-
XaHW3MBbI, UCCIEIOBAHHBIE B 9TUX PAMKaX, MOT'YT OBITh HAIPSAMYIO ITEPEHECEHbI B
coceanue O6HaCTI/I, TaKH€e KaK THUIIN3UPOBAaHHbIE IIapaJljiIeJIbHbIE A3bIKW, TUIIU3UPO-
BaHHBIE aCCQM6ﬂepr " CIenuaJIN3nPOBAHHBIEC NCYUCTIEHUA O6’beKTOB.
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TpebyeMasi mOATOTOBKA

JlaHHbBIA TEKCT HE MPENoIaraeT HUKAKUX 3HAHUHN 110 TEOPUU ST3bIKOB IIPOrPaM-
MHUPOBAHWS, OHAKO YUTATEh TOJIXKEH B W3BECTHOMN CTemeHn 00Ia1aTh MaTeMaTH-
YECKOI 3pPeIoCThI0 — & WMEHHO, UMEeTh OIBIT CTPOroil yueOHO# pabOThl B TaAKUX
00J1aCTSX, KaK JUCKPETHAs MaTEMATHKA, AJTOPUTMBbI U 3JIeMeHTapHAast JIOTHUKA.

Yuraresnb M0/2KEH ObITH 3HAKOM, IT0 MEHBINEH Mepe, ¢ OMHUM (DYHKIIHOHAIb-
HBbIM #3bIKOM BbICOKOrO ypoBHs (Scheme, ML, Haskell u 1. n.) u ¢ ocuoBHbiMU
HOHSATUSMU TEOPUM S3bIKOB IIPOIPAMMUPOBAHUS U KOMIIMIATOPOB (abCTPaKTHBI
cunrakcuc, BNF-rpammaruku, soraucsienue, abCrpakTHble MAILIUHDL U T. I1.). DTOT
Marepuas JOCTYTeH s W3YHUeHWs BO MHOYKECTBE 3aMevdaTeIhHBIX YIeOHUKOB;
s ocobenHO 1eHI0 «OCHOBHBIE TOHATHS sI3BIKOB NMPOrpaMMUpOBaHusy ®Ppuama-
ua, Banga u Xeiinca («Essentials of Programming Languages», Friedman, Wand,
and Haynes, 2001), a rakxke «IIparmartuky s3blk0B nporpaMmmupoBanusiy CKOT-
ra («Programming Language Pragmatics», Scott, 1999). B Heckosbkux rsiaBax
TMPUTOIUTCST OMBIT PAOOTHI ¢ KAKUM-JTHOO0 O0bEKTHO-OPUEHTUPOBAHHBIM SI3BIKOM,
uanpumep, ¢ Java (Arnold and Gosling, 1996).

['maBbi, MOCBAIIEHHBIE KOHKPETHBIM PEATU3AIMSM TPOTPAMM TPOBEPKU THUIIOB,
couepxar Gonbinue dparmentor koaa Ha OCaml (on ke Objective Caml), mormy-
napaoM auanekTe sa3bika ML. /I arenns 3TuX riiaB MOJE3HO, HO He aOCOJTIOTHO
neobxonumo, 3aarb OCaml; B Tekcre MCIOIb3yeTcs TOTHKO HEOOJIBIIOE TOAMHO-
2KECTBO $I3bIKA, W €10 KOHCTPYKIMK OObACHIIOTCs [IPU UX IIEPBOM HCIIOJIb30BAHWH.
OTu r71aBbl 00PA3YIOT OTAETbHYI0 HUTh B TKAHW KHUTH, U TIPHU JKEJTAHUN UX MOXKHO
MTOJTHOCTHIO TMPOMYCTHUTh.

B nacrosimee Bpems ayunmuit yueonnk no OCaml — kuwmra Kysuno u Mo-
uu (Cousineau and Mauny, 1998). Kpome TOro, BIOJHE NPUTOAHBI [ dTe-
HUsI U y4eDHbIe MAaTepPHUasbl, KOTOpble mocraBisiorcs ¢ gucrpudyrusom OCaml
(http://caml.inria.fr wiau http://www.ocaml.org).

st auraresieil, 3HAKOMbBIX ¢ ApyruM KpyrabiM auaiekrom ML, Standard ML,
dparmenrbr kKoua Ha OCaml ve nosKHBL HpejcTaBisAaTh TpyaHocTU. Cpey noiy-
napubix yaebuaukos o Standard ML moxuo Hazsarh kuuru [oynascona (Paulson,
1996) n Yapmana (Ullman, 1997).

IlpuMepHbIil KJIaH Kypca

B pamkax acnmmpaHTCKOTO Kypca CpeIHero MM TPOJBWHYTOTO YPOBHS MOK-
HO MPOHTH OOJIBINYI0 YaCTh MarepuaJja KHUTH 3a cemectp. Ha puc. 2 moka3zana
IpuMepHasl CxeMa IPOJIBUHYTOr0 Kypca JJjis aclUpaHToOB IleHcniapBaHCKOrO yHH-
Bepcurera (aBe jekuuu 110 90 MUHYT B HEZEJIO; IPEAIOIATAETC HAJIMINe MUHY-
MAJIBHOI [TOJIIOTOBKY B TEOPUU SI3BIKOB [IPOIPAMMUPOBAHUS, OJHAKO [TPO/IBUKEHUE
o4eHb ObICTPOE).

IIpu cocraBienun Kypca Jjist CTYJEHTOB WJIM BBOIHOIO KyPCa JIJisi ACIUPAHTOB
MOYKHO BBIOpPATh HECKOJIHKO CITOCODOB Tofadn Marepuasa. Kypc mo cucmemam mu-
n06 6 NPOPAMMUPOSaHuY OYIEeT COCPETOTOYEeH Ha IJIaBaX, B KOTOPHIX BBOMISATCS
Pa3IUYHbIE OCOOEHHOCTH THIIOBLIX CUCTEM W WUJLTIOCTPUPYETCS WX UCIOTb30BAHUE;
6OJIbIIAS YACTH METATEOPHH W IJIABbI, B KOTOPBIX CTPOSTCS DPEATTU3AIUU, MOXK-
HO npoiyctuTb. C Apyroit CrOpoHbI, B Kypce O 0CHOBAM MEOPUL U Peaiu3auul
cucmem Munoe MOYKHO NCTTOTH30BATh BCE PAHHNE TJIABBI, BO3MOYKHO, 33 HCKIIIOUE-
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JIEKIMa TEMA MATEPUAJI
1. 0630p Kypca; ucropus; aJIMUHUCTPATUBHBIE (DOPMAIBHO- 1, (2)
cTH
2. IIpenBapurenbuas wH@OpPMAINI: CHHTAKCHAC, OMEPAIIMOH- 3,4
Has CEMAHTHUKA,
3 Beenenue B nmsaMOpa-ucauciieHne 5.1, 5.2
4 Dopmasnuzanus IAMOIA-NCIUCTEHUA 5.3, 6.7
5 Tuner; npocToe TUMU3UPOBAHHOE JITMOIA-NUCUNCTIEHUE 8,9, 10
6. IIpocTbie pacmupenusi; TPOU3BOAHBIE (HOPMBI 11
7 Jpyrue pacumpenus 11
8 Hopmammzarmus 12
9. CChLIKY; UCKITIOYEHUS 13, 14
10. Tlogruib 15
11. MeraTeopusi MOATUTIOR 16, 17
12. NmumeparuBabIE 00BEKTHI 18
13. Obuseruennas Java 19
14. Pekypcusmbie Tuiib 20
15. Merareopusi peKypPCUBHbBIX TUIIOB 21
16. MeraTeopust peKypCUBHBIX THUTIOB 21
17. Pekoncrpykiusa TumoB 22
18. YHuBepcaabHbIN TOIuMOpPdu3M 23
19. Or3ucrennuanbubii momumopduszm; AT 24, (25)
20. Orpanudennas KBanTu(pUKAIINAL 26, 27
21. Merateopusi OrpaHUYeHHOW KBAHTU(DUKAIINN 28
22. OmnepaTopbr HaL TUTTAMHT 29
23. Merareopus F, 30
24. TloaTunbl BBICIIHX TOPSIIKOB 31
25. Yucro dyskimonasbubie 06bEKTHI 32
26. Jlekuus 1po 3amnac

Puc. 2. Ilpumepnas cxema IpOABUHYTOrO aCIHPAHTCKOTO Kypca

HueM viasbl 12 (emie, Moxker ObiTh, 18 u 21), upuHOCs B 2KeprBy 0OJI€E CJIOKHBII
MarepuaJl B KOHIE KHUTH. MOXKHO Takke moCcTpouTh D0Jiee KOPOTKUE KYPChI, BbI-
Ompasi OTIeIbHBIE TJIABBI U CJIeys AuarpaMMe Ha puc. 1.

Kaury Tak:ke MOXKHO HCIIOIB30BATH KaK 6Q30BBIi TEKCT DoJ/Iee MUPOKO OPraHm-
30BAHHOI'O ACIIUPAHTCKOI'O KyPCa 10 TEOPUH A3bIKOB IIporpamMmuposanus. B Takom
KypCe MOKHO TIOTPATHUTH TOJIOBUHY WJIM JIBE TPETU CEMECTPA Ha u3ydeHue OOJb-
et 9aCTh KHUTH, 3 OCTATOK BPEMEHU MOCBATUTH, CKAYKEM, PACCMOTPEHUIO TEOPUH
napaJiieiu3Ma Ha ocHoBe Kauru Musnepa 1o nu-ucaucienuto (Milner, 1999), sse-
JIEHUIO B JIOTUKY Xoapa M akcuoMarudeckyio cemanTuky (mamp., Winskel, 1993)
i 0030DPy IPOJBUHYTHIX SI3BIKOBBIX KOHCTPYKIMII BPO/I€ IIPOOJ2KEHUIN WU CH-
CTe€M MOIYJIEH.

Ecnu cymecrBennas poiab OTBOAUTCS KYPCOBBIM ITPOEKTAM, MOXKET OKa3aThCs
[OJIE3HBIM OTJIOKHUTh YaCTh TEOPETUIECKOro MaTepuasia (CKayKeM, HOPMAaJIU3alHIo,
U, BO3MOXKHO, HEKOTODbIE [JIABbI 110 METaTeOPHUU), YTOObI LPOJIEMOHCTPUPOBATH
MIIAPOKUIA CTIEKTP MPUMEPOB, TIPEXKIE UM CTYIAEHTHI BHIOEPYT ceOe TeMBI KYPCOBBIX.
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Yupaxueuus

BosbmuaCcTBO 171aB CHAOXKEHO MHOTOYUCIEHHBIMU TpuMmepavu. Hekoropbie
paccYnWTaHbl HA PEIleHne C MOMOIIbI0 KaPpaHJAnia U OyMaru, HeKOTOpbie TPEOYIOT
NPOrPAMMUPOBAHUSA 6 OOCYKIAEMbIX MCYUCIIEHUSAX, 4 HEKOTOPbIE KACAIOTCHA pea-
JIN3AIWY ITUX UCYUCIeHwnit Ha s3bike ML. OpueHTupoBOYHAST CIOKHOCTh YIParK-
HEHU yKa3bIBAETCH MO CAEAYIONIEH IKaJe:

* Konrpoasusiit Bonpoc ot 30 CeKyHI 10 5 MUHYT
*k IIpocroe < 1 gac

* % K Cpenneii CIOXKHOCTH < 3 gaca

* % %k Taxemnoe > 3 4acoB

ViuparkHenus, OTMEIEHHbIE 3HAKOM %, IPEAHAZHAYEHBI /1151 OBICTPO# IPOBEPKU I10-
HUMAaHUS BayKHBIX KOHIEMIWH. ¢l COBETYIO YMTATENIO OCTAHABINBATHCA W PEIaTh
"X, MpeKJe UeM MPOJI0IKATEL uTeHne. B kaxKao0it rimase cioBoM PEKOMEHIYETCS
OTMeY€eH HADOP yIparKHEHWH pa3MepoM IIPUMEPHO C JTOMAIHEE 3a/IaHuE.

B mpunoxennn A TpUBENEHBI TOJHBIE PEITEHUS OOIBINUHCTBA, YITPAYKHEHUIH.
YT00bI n30aBUTH YUTATEIS OT HAPACHOTO MOUCKA B TE€X HEMHOTUX CJIy4YasX, KOTIa
WX HET, UCTHOJIb3YyeTCHd 3HAYOK —.

Tunorpadckue corsarmenus

BoJiblurHCTBO IJ1aB KHUI'M IIOCTPOEHO TaK: CHAaYajia OCODEHHOCTH HEKOTOPOM
CUCTEMBI TUIIOB OMHUCHIBAIOTCS B TEKCTE, 8 3aTEM 3Ta CUCTEMa, OMpeensercs: (pop-
MaJIbHO B BHJE HAOOPA MPABUJI BHIBOA, CBEJICHHBIX B OJIHY WU/ HECKOJIHKO TAOJIHII.
YT00bI 00IErYUTh WX MCIOIB30BAHNE B KAYECTBE CIIPABOYHUKA, ITH OIMPEIC/ICHUS
OOBIYHO IIPUBOIATC IIOJTHOCTHIO, BKIOYAs HE TOJILKO HOBBIE IIPABHIIA, JI1s1 BO3MOXK-
HOCTEl, 00CY2K/IaeMbIX B JaHHbI MOMEHT, HO U OCTaJbHbIE, CKOJIbKO UX TPeDyeTCs
JIJIs [IOCTPOEHUs 1IOJIHOrO ucducaerus. Hopble (pparMeHThbl CUCTEMbL 11€4aTAIOTCs
Ha cepoM (bOHE, ITOOBI OTIUYHUS OT TMPEABIAYIIUX CUCTEM ObLIH O0Jiee 3aMETHBI.

Heobbramo#t 0COGEHHOCTHIO ITOW KHUTH SABJISETCA TO, UTO BCE IMPHUMEPHI ObI-
JIM MEXAQHUYIECKU TPOBEPEHBI TIPU BEPCTKE: C MOMOIIBI0 0CODOTO CKPUIITA U3 KarK-
JIOl TJIABBI M3BJIEKAJINCH MPUMEPHI, CTPOMUIACH M KOMITHINPOBAJIACH CIEIHATbHAS
MpOTrpaMMa, MPOBEPKHU THIIOB, COJEpXKallias 00CYKIaeMble B TJIaB€ OCOOEHHOCTH,
9Ta IpPOrpaMMa IPOrOHAIACh HA IPUMEPAX, U Pe3yJIbTaTbl IPOBEPKU BCTABJISINACH
B TekcT.™ Bcro cioxuyio paboTy BbIIOIHSIA IPU ITOM CHCTEMa II0J, Ha3BAHHEM
Tinker Type, nanucannas namu ¢ Maiikiom Jlesunom (Levin and Pierce, 2001).
Cpencrsa Ha ee pa3paboTky ObuLtu mosydenbt or Harmonagsaoro Hayunoro ®@ou-
ma no rpantam CCR-9701826 «[Ipunuyunuasbhole 0CHOEbL NPOZPAMMUPOSAHUA C
obsexmamus u CCR-9912352 «ModyavHbie cucmemsv, munoes.

DJIeKTPOHHBIE PECYPCHI

Beb-caitT, moCBAIEHHDBINH 3TOI KHATE, MOXKHO HANTH 10 aJIpecy

http://www.cis.upenn.edu/ becpierce/tapl

*TIpu BepCTKe TEPEBOAA 3TO MPABUIIO He COOMIOAAN0Ch. — NPUM. NEPES.
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Ha »Tom caiite pacnosioyKeHbl CJIeyolue PeCyPChl: CIUCOK ONTUOOK, HAMIEHHBIX B
TEKCTE, IPEJIOKEHUs 110 BO3MOYKHBIM KYPCOBBIM IIPOEKTAM, CChLIKH HA JIOMOJHI-
TEJbHBI MaTepuaJ, MPeIOCTABICHHbII YNTATEIIMA, & TaKyKe HaOOp pean3annii
(mporpamMmbl IPOBEPKY TUIIOB U TIPOCTHIE HHTEPIIPETATOPDI) [JIf UCIUCTCHUN, pac-
CMOTPEHHBIX B KaXKJIOH M3 TJIaB KHUTH.

OTH peanu3aluy IpejCcTaBIaioT co00i cpemy st SKCIEPUMEHTOB ¢ IIPUMepa-
MU, [IPUBE/ICHHBIMI B KHUI'E, U JIJIsl IIPOBEPKH OTBETOB HA yipakHenusi. OHU HAIIM-
CaHBI C YITOPOM Ha yA0OCTBO YTEHWs ¥ BO3MOXKHOCTH Moawmdbukamnmii. Cayiarenn
MOWX KYPCOB YCIEIITHO MCIOJIB30BAIM WX B KA4eCTBE OCHOBBI KaK JIJIsi MPOCTHIX
YIpaXKHEeHui, Tak U JJist KYPCOBBIX MPOEKTOB DOJIee COMUTHOIO pazMepa. DT pea-
suzaruu Hanucanbl Ha QOCaml. Becrumarabiit kommmisitop OCaml MOXKHO HalTH IO
azapecy http://caml.inria.fr; ma 60apunHCTBE 1aT(OPM OH yCTAHABIUBAETCH
6€30 BCAKOTO TPYIA.

YuraTensM CTOMT TakyKe 3HATH O CYIIECTBOBAHWM CINCKa pacchliku Types
Forum, mocBSIIEHHOrO BCEM aCMEeKTaM CHCTEM THIOB M uX peanu3anuu. Coucok
MOJIEPUPYETCsl, 9TO TO3BOJISIET MOJIEPKUBATH OTHOCUTEIHHYI0 KOMIIAKTHOCTH U
BBICOKOE OTHOIIEHHE TOJE3HOr0 CUIHAIA K IIyMy. APXUBBI PACCHLIKU M MUHCTPYK-
AW JJIsT TTOATNMCYMKOB MOXKHO HaliThm 1o ajapecy http://www.cis.upenn.edu/
“bcpierce/types.

Baaromapuoctn

Yuraresnn, KOTOPbIE HARIYT 9Ty KHUTY MOJIE3HOM, TOKHBI IPEXK /1€ BCErO OBITH
6naromapust yerbipem yauresasm — Jlyke Kapnesnnu, Boby Xapmepy, Pobuny Mu-
uwepy u Jxkony PeitHosibacy, — KOTOpbIE HAYYUJId MEHS [IOYTU BCEMY, 9TO S 3HAIO
0 sI3BIKAX MPOTPAMMUDOBAHUS U TUIMAX.

OcranpHble 3HAHUS $ TPUOOPE B OCHOBHOM B COBMECTHBIX MTPOEKTAX; IIOMUMO
JIyku, Boba, Poouna u /I>koHa, cpeay MOMX MapTHEPOB B ITUX MPOEKTAX ObLIN
Maprun A6aau, lopnon ITnorkun, Psaau Ilomnak, dseun H. Tépuep, dunve Pe-
mu, Jasune Canmpkopiku, Anpuana Komnanboru, Maprun Xodwman, xy3ermne
Kacranbsa, Maprun Credden, Kum Bpioc, Haoku Kobasicu, Xapyo Xocost, Airycu
Urapacu, ®uaun Yoajep, [lurep Brroneman, Banaanmup lameer, Maiiks JlepuH,
[Murep Corosmr, Ixepom Bywuiton u Ditgsupo Cymun. COTpyaHHYECTBO C HUMU
MTOCJTY2KUJIO JIJTsi MEHSI HE TOJIbKO UCTOYHUKOM TOHWMAHUs, HO U YAOBOJbCTBUS OT
paboOThI HAJ ITOI TEMOIA.

CTpyKTypa u OpraHu3alns TOTO TEKCTA CTAJN JIYUIe B PE3YIbTATE TIeTArOrt-
yeckux KoHCyabTarwit ¢ Topcrenom Asbrepkupxom, Bobom Xaprepom u JI3KOHOM
Peitronpacom, a caM TEKCT BBIUTPAJ OT 3aMEYaHWA W HMCIPABJIEHUN, aBTOPAMU
koropbix Obmm JIxkum Anekcangep, dxom Bepaun, Tonu Bonnep, dxon Tanr
Boitnann, Jsite Knapk, duero Haitneze, Onusbe lansu, Marroio [dsBuc, Bramu-
mup lanees, Bob Xapuep, 9pux Xuncaeiur, Xapyo Xocos, Aiycu Urapacu, Pobept
Upsun, Takascy Nro, Acadp Kdypu, Maiikn Jlesun, Bacunuit JIursuwnos, I1abno
Jlomec OmmuBac, Ipite Makkyun, Hapcuco Mapru-Omuer, @uiannn Menne, Pobun
Munuep, Martu Hiokganen, lopmomn ILnorkum, Txxou Ilpesoct, @epmun Peiir, Tu-
abe Pemu, Txxon Peitnonbic, Txeiivc Pumu, Oxan Poge, FOpren Hlnerenbmuibx,
Anan MImurr, Quapio Cxoumakep, Ouun lusepce, [eapura Crusenc, Kpuc Cro-
yu, Diinzupo Cymun, Ban Tounen, Txxepom Bywuiion u @unun Yommep (g mporry
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LPOILIEHUs, €CJIU KOTO-TO CJIy4aiiHO 3abblil BKIIOYUTH B 3TOT cnucok). Jlyka Kap-
gesn, Pomkep Xunpa, it Makkyun, Jlxon Peitnosbic u Jxxonaran Cenun
TTO/IEJTUJIACH UCTOPUYECKOM MEPCIEKTUBON HEKOTOPBIX 3aITyTAHHBIX BOITPOCOB.
Yd9acTHUKH MOWX AaCNMPAHTCKAX CEMUHAPOB B VMHInaHCKOM yHHBEpCHTETE B
1997 u 1998 romax u B IlencunbBanckom yamsepcurere B 1999 u 2000 romax pa-
6oTa M C PAHHUMHU BEPCUSAMU ITON KHUTH; UX MHEHHS U KOMMEHTAPWUH TOMOIJIH
MHE NPUIATDH €if OKOoHIaTe pbHyo ¢opmy. Bob IIpaitop u ero corpysaHuku B n3ma-
tensctBe «The MIT Press» Bechma mpodecCrOHATIBHO MPOBEINH PYKOMKUCH Y€pe3
BCEe MHOTOYUC/IEHHBIE CTauu myOsuKkanuu. /u3aiiH KHUTH OCHOBAH HA MAKPOCAX
KTEX, koropsre pazpabdboras mis «The MIT Presss Kpucrodbep Manuunr.

Jloka3aTespCTBa IPOTPaMM
HACTOJIBKO CKYYHBbBI, 9TO
COITMaJIbHBIEC MEXaHU3MbI
MaTEMAaTHUKH Ha HUX HE pa6OTaIOT.

Pugapn le Musnmo, Puuapn
Jlunron u Ajtan Ilepauc, 1979

... IHostomy mpu Bepudukanmm
He CTOUT PacCUUTHIBATDH Ha
conUaJ/ibHble MEeXaHU3Mbl.

Hasua dumm, 1999

DopMasbHbIe METOIBI He OyIyT
IIPUHOCHATH CyIIEeCTBEHHBIX
pPe3yabTaToOB JI0 TeX TOp, MOKa MX
HE CMOTYT HCIOJIb30BaTh JIIOIH,
KOTODBIEe X He ITOHUMAIOT.

npunuckiBaerca Tomy Menxamy
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I'maBa 1

BBenenue

1.1. Twunbl B nHdOpMaTHKE

CoBpeMeHHbIe TEXHOJOTHH TTPOrPAMMHOIO 00eCHedeHus PACcloIaraioT Mupo-
KUM perepryapom @opmasvrns memodos (formal methods), koropbie nomorator
yOeuThCs, 9TO CHCTEeMA BeJieT cebsd B COOTBETCTBHUHU C HEKOTOPO crenuduranuei
ee TIOBEJIeHWs, sIBHOW Win HessBHOW. Ha OJHOM KOHIE MIKAJIbI HAXOMSATCS MOIII-
Hble KOHCTDYKIIUH, TaKne KakK JIOTMKa X0apa, sS3bIKM ajredpantdeckoil crernudu-
KAIlUU, MOJIAJIbHBIE JIOTUKH U JEHOTAIIMOHHBIE CEMAHTUKU. Bce OHU CIIOCOOHBI BbI-
pa3uTh caMble NIUPOKUE TPEOOBAHUS K KOPPEKTHOCTH MPOrPAMM, OJHAKO YaCTO
O4Y€Hb TPY/HbBI B UCIIOJIB30BAHUU U TPEOYIOT OT POIPAMMUCTOB BbICOYAiIIEHl KBa~
mudwmkammu. Ha ApyroM KOHIE CIIEKTpa PacroaraioTcs HAMHOTO Dojiee CKPOMHbBIE
METO/IbIl — HACTOJILKO CKPOMHBIE, YTO aBTOMATHYECKHE aJTOPUTMBI TPOBEPKHU MO-
ryT OBITH BCTPOEHBI B KOMIIHUJISATOPHI, KOMIIOHOBIIIUKU MJIA ABTOMATHYIECKUE AHA-
JIU3ATOPBI MPOTPAMM, & MPUMEHSATH UX MOTYT JIarKe MPOrPAMMUCTDI, HE 3HAKOMbBIE
C TEOPETHYECKUMH OCHOBAME 3THUX METOJIOB. XOPOIIO U3BECTHBIN MPUMEP TAKHUX
obaezuennvir Popmanvros memodos (lightweight formal method) — npoepammo
nposepru modeaeti (model checkers) — MHCTPYMEHTBI J1j1s HOMCKA OMHUOOK B TAKUX
KOHEYHBIX CHUCTEMAX, KAK WHTETrPAJIbHBIE CXEMbI WM KOMMYHUKAIIMOHHBIE TIPOTO-
KoL, JIpyroit mpumep, mpuoOpeTraroniuii cefirac MOmyasapHOCTD — MOHUMOPUH2
60 8pems ucnoanenus (run-time monitoring), HabOp NPUEMOB, IIO3BOJISIOIIUX CHU-
cremMe JIMHAMUYECKU ODHAPYKHUBATH, Y9TO [MOBEJAEHUE OIHOINO U3 €€ KOMIIOHEHTOB
oTkJIoHSIeTCsT OT crienudukanuu. OTHAKO ¥Ke, CAMBIN TOMYISPHBIN U UCITBITAHHBIH
obierderHblil HOpMANBHBII METOI — 3TO cucmemv munos (type systems), Koro-
PBIM B OCHOBHOM W TIOCBSIIEHA 3Ta KHUTA.

Kak u MHOrHE Ipyrre TepMHUHBI, HCIIOJIb3YEMbIE B OOJIBIINX COODIIECTBAX, TEP-
MHUH «CHCTEeMa THUIIOB» TPYIHO OINPEIETUTDH TaK, YTOOBI OXBATUTH €r0 HedOpMaJIh-
HO€ WCIIOJIb30BaHMUE B Cpejie Pa3pabOTYMKOB M aBTOPOB SA3BIKOB IPOIDAMMHUPOBaA-
HHS, HO YTOOBI IIPH 3TOM OIPEIeTeHre ObLIO JOCTATOYHO KOHKPETHBIM. BoT, Ha-
pUMeEp, OJTHO M3 BO3MOXKHBIX OIPEIETIeHMIA:

Cucrema THIIOB — TO IMOKO yIPABJISEMbI CHHTAKCUYECKUN Me-
TOJ, JOKA3aTeIhCTBA OTCYTCTBUS B TIPOTPAaMMe OTpeIeJeHHBIX BHUIO0B
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22 1.1. Twuner B nua¢popmaTuke

[TOBEJICHUST TIPU [TOMOIIU KJiacCu(DUKAIMU BbIPAKEHU S3bIKA 110 Pa3-
HOBU/IHOCTAM BbIYUC/IAEMbIX UMM 3HAYECHUN.

Hekoropble MOMEHTBI 3aC/IyKHBAIOT JIOMOJHATEIBHONO MOsiCHeHus. Bo-
TIEPBBIX, B 9TOM OTPEIEJICHUN CUCTEMBI THUTIOB HA3BAHBI CPEICTBOM IJIsi PACCYIK-
Jgenuit o npoepammaz. Takoi BHIOOP CJIOB OTParKAET OPUEHTAIIMIO STOW KHUTH HA
CHCTEeMBI THUIIOB, WCIOJIb3yeMble B s3bIKaX MporpaMMupoBanus. B 0ojee obiiem
CMBICJIe, TEDMUH Cucmemb, munos (Wi meopus munos, type theory) ornocurcs x
HAMHOTO 00J1ee OOIMIUPHOH 00JIACTH HCCAEIOBAHUI B JIOTUKE, MATEMATHKE U (PO~
coduu. B srom cmbiciie Tuiibt Ob11u Buepsbie (popMasbHO onucanbl B Hadasne 1900-x
rOJIOB KaK CPEICTBO M30eXKATH JIOTMUECKUX TMapaI0KCOB, YIPOKABIINX OCHOBAHUSIM
MaTeMaTuKu, HanpuMep, mapaaokca Paccena (Russell, 1902). B Teuenue apasia-
TOrO BEKA THUIBI TIPEBPATUINCH B CTAHAAPTHBIN WHCTPYMEHT JIOTHKH, OCOOEHHO B
reopuu sokazarenbers (eM. Gandy, 1976 u Hindley, 1997), u riy6oko nponukin
B s3bIK pumocodpun u HAyKu. B 3T0# 00/1aCTH OCHOBHBIMHU JTOCTUZKEHUAMHA OBLIH
meopus munoe Pacceaa (ramified theory of types) (Whitehead and Russell, 1910),
npocmas meopus munoe (simple theory of types) Pamces (Ramsey, 1925) — oc-
HOBA JIjisl IPOCTOrO TUIU3UPOBAHHOTO JisiMOna-ucuucyaenus Yépua (Church, 1940),
KoHcmpykmuenas meopus munoe (constructive theory of types) Mapruna-JIéda
(1973, 1984) u wucmuie cucmemsvs munos (pure type systems) Benapau, Tepioy u
Bapenaperra (Berardi, 1988; Terlouw, 1989; Barendregt, 1992).

Buyrpu camoii nudOpMaTUKN KaK HAYYHONW JUCIUIINHBI U3y YEHUE CUCTEM TH-
OB pasiensercda Ha ase BerBu. OCHOBHOW TEMOH 3TOH KHHUTH SBIIAETCA OoJiee
MIPAKTUYECKAs BETBb, B KOTOPOI UCCIEAYIOTCS TPUIOKEHHS K sI3bIKAM IIPOTPAMMEUE-
poBanusi. Bosiee abcTpakTHAS BETBb M3y9YaeT COOTBETCTBUS MEXKJLY PA3TUIHBIMU
«YUCTBIMYM TUIU3UPOBAHHBIMU JIAMOIA-UCIUCICHUSAMEIY U PAZHOBUTHOCTIME JIO-
ruku, depes uzomoppusm Kappu-Tosapda (Curry-Howard correspondence) (§9.4).
B o6oux cooliecTBax MCIOMB3YIOTCA AHAJTOTHIHBIE TOHSTHS, CHCTEMBI 3AMUCH U
METO/IbI, OTHAKO €CTh BAXKHbIE PA3INYUs B moaxoje. Hanpumep, uccie1oBaHus TH-
MTU3UPOBAHHOTO JIMOIA-UCIUCTIEHU ST OOBITHO UMEIOT JIEJIO C CHCTEMAMM, B KOTOPBIX
JIJTsl BCSKOrO IPABUIBLHO TUIIM3UPOBAHHOIO BHIYUCJIEHUSI TADAHTHPOBAHO 3aBEPIe-
HUE, B TO BPEMsI KaK OOJILITHHCTBO SI3BIKOB MPOTPAMMUPOBAHUS YKEPTBYIOT ITUM
CBOWCTBOM paJi¥i TAKUX WHCTPYMEHTOB, KAK PEKYPCUBHBIE (DYHKITHIH.

Eme 01HO BayKHOE CBOMCTBO BBHIMEYKA3aHHOTO OMPEIEIEHUsT — YTIOP Ha KAGC-
cudurayuro TepMoB (CUHTAKCUYECKUX COCTABJIAIONINX) B COOTBETCTBUU CO 3HAYE-
HUSIMH, KOTOPbIE OHU TOPOXKIAIOT, Oy/ay4du BeraucaeHHbiMu. CUCTEMY TUIIOB MOXK-
HO pacCMaTPUBATL KAK cmamuveckylo (static) anmpoKCHManuio MOBeJCHUs TPO-
rpaMMbI BO BpeMs BoinojHerus. (Bosiee Toro, TUIIBI TEPMOB 0OBIYHO BBIYUC/ISAIOTCS
KOMTO03UuLuoHaAbHo (compositionally), To ecTh TUN BbIpayKeHHs 3aBUCUT TOJIBKO
OT THIIOB €ro HOABbIPAYKEHHUIA. )

WNuorma cioBO «CTaTUIecKuiiy 100ABISIETCS SBHBIM 00pa30M — HAIIPUMED, IO-
BOPSAT O «sI3bIKAX HPOIPAMMUPOBAHKMS CO CTATUYECKONW THIHM3anueil», — 9100bl
OTJINYUTH TOT AHAJN3, KOTOPBIH MPOU3BOAUTCS MPU KOMIIUJISIIIAN, U KOTOPBIA MBI
paccMaTpuBaeM 37eCh, OT dunamuseckot (dynamic) wiu aamenmmuot (latent) Tu-
nu3auu B a3bikax Bpoze Scheme (Sussman and Steele, 1975; Kelsey, Clinger, and
Rees, 1998; Dybvig, 1996), B koTopbix mezu munos (type tags) UCIOJIb3YIOTCH
JIJTsl PA3IM9€eHust BUOB OOBEKTOB, HAXOJLMIIUXCA B Kyde. TepMUH «IMHAMUYECKH
TUNIM3UPOBAHHBIN», IO HAIIEMY MHEHUIO, HEBEPEH (€r0 CJIeI0BAJIO Obl 3aMEHUTD HA
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1.1. Twunmer B uH(pOpMATHKE 23

«JMHAMMYECKH IIPOBEPEMbIil» ), HO Takoe ynorpedieHue yzKe o0IEenpUHsITO.

Byny4uu crarudeckumu, CHCTEMbl THUIOB  OOS3aTEIBHO  KOHCEPBATNUGHDL
(conservative): OHE CIOCOGHBI OHOZHAYHO JTOKA3ATH OMCYMCMEUE ONPEIETCHHBIX
HEYKEJIATE/IbHBIX BUJIOB MOBEEHNS, HO HE MOTYT J0KA3aTh WX HAJWYWE, U, CJIEI0-
BaTEIHHO, WHOT/JIA BBIHYKJIEHBI OTBEPraTh MPOTPAMMBI, KOTOPBIE HA CAMOM Jeje
MIPY BBITIOJTHEHUN BeayT ceOs KOppeKTHBIM oOpaszoMm. Hampumep, mporpamma

if <cmoxmas mpoBepka> then S else <ommbra Tuma>

Oyzer OTBepruyTa KaK HEBEPHO THUIHU3UPOBAHHASA, JaXKe ecjd <CJIOXKHAs
[IPOBEPKA> BCEr/Ia BbLIAET 3HAYEHHE UCTUHA», MOCKOJIbKY CTATUYECKUN aHAIM3
HECTIOCOOEH 3TO 3aMeTHTh. Basanc MeX /1y KOHCEPBATHBHOCTHIO M BHIPA3UTEIHHO-
cThi0 — yHIaMeHTaabHbI (hakTOp mpu pa3paborke cucrem Tumnos. CrpemMienue
TUMHA3UPOBATH KAK MOYKHO OOJIBIIIEE YHCI0 MPOrPAMM IyTEeM MPUCBOEHWS UX BbI-
pazkeHusiM Bce 60Jiee TOYHO ONMPEETIEHHBIX THIIOB — OCHOBHAs JIBUXKYIIAS CHJIA B
JAHHOW HAy4YHOU JUCHUILIMHE.

AHAIOTMYHO, OTHOCUTEIHLHO HE3AMBICIIOBATHIE BUIbI AHAJIN3A, BOIJIOIIEHHLIE B
GOJIBIITMHCTBE CUCTEM THUIIOB, HECITIOCOOHBI 3ANPETUTH COBCEM JII0O0E HEeyKesaTellb-
HOE MOBEJEeHNE TPOrPAMM; OHU TapAHTUPYIOT TOJIBKO OTCYTCTBHE B MPOTPAMMAaX
onpedesennvir BuaoB ommboK. Hanpumep, G0JIBIIMHCTBO CUCTEM THIIOB MOLYT CTa~
THYECKH [IPOBEPUTH, 9TO B KAYECTBE APTyMEHTOB 3JIEMEHTAPHDBIX apu(pMETHIECKIX
oTrepanmii BCeria NCrmoab3yI0TCs YNCIa, ITO O0HEKT-TTOIyIaTesh B BHI30BE METOIA
BCErJa MMeeT COOTBETCTBYIOIIWI METOM, U T. 1., HO HE MOTYT OOECIeYNTh, ITOOBI
JIeJINTEIh BCEraa He ObLT PAaBEH HYJI0 WM YTOObI WHIIEKCHI MaCCHBA HUKOTIA HE
BBIXOJIMJIA 34 MPe/ie/IbHbIe 3HAYCHUSI.

Buibl HEKOPPEKTHOIO MOBEIEHNUST, KOTOPbIE B KAXKJIOM KOHKPETHOM SI3BIKE MO-
ryT ObITb YCTPAHEHBI IIPU IIOMOIIMM THUIOB, YaCTO HA3BIBAIOT OWUOKAMU MUNOE
epemenu eunoanenus (run-time type errors). BakHO TIOMHUTH, 9TO HAOOP TAKUX
OmmOOK B KaXKIOM si3bIK CBOW: HECMOTPS HA TO, 9TO HAOOPHI OMMUOOK BPEMEHU
BBITIOJIHEHUST B PA3HBIX S3BIKAX CYIIECTBEHHO MEPECEKAIOTCA, B MPUHIIUIE KarK-
Jlasg CHCTEMa THUIIOB COMPOBOXKIAETCS OMMCAHUEM OIMUOOK, KOTOPbIE OHA JIOJXKHA
upegorspaiarb. Besonacnocmos (safety) (wiu xoppexmmocmsb, soundness) cucre-
MBI THTIOB [TOJIZKHA OTIPEIESTHCS TTO OTHOIIEHNIO K €€ COOCTBEHHOMY HabOpy OITH-
OOK BPEMEHU BBITIOIHEHUS.

Bubr HempaBuIbHOTO MTOBEEHYIS, BBISIBJIIEMbIE Y€DE3 AHAJIN3 THUIIOB, HE Orpa-
HUYUBAIOTCS HU3KOY POBHEBBIMU OITMOKAME BPOJIE BBI30BA HECYIIECTBY IOIIUX METO-
JIOB: CUCTEMbBI THUIIOB UCIOJIL3YIOT TaKXKe JJist 00eCledeHrsi BbICOKOYPOBHEBOM MO-
dyavnocmu (modularity) u s 3amuTer nesocraocTH abemparyuti (abstractions),
orpeenaemMbx nojb3osareiem. Hapyrienne cokpoitus undopmaryu (Hanmpumep,
npsMoe oOpalleHne K TOJIAM O0bEKTa, peaan3alis KOTOPOro JIOJKHA OBITH ab-
CTPAKTHOl1) sIBJIeTCs OIUOKAMYU TUIM3AIMU B TOW XKe Mepe, KaK M, CKAXKeM, UC-
MMOJIb30BAHUE TIEJION0 YUCIa KAK YKa3arels, YTO MPUBOIUT K aBAPUHHOMY 3aBep-
MIEHUIO pabOThI IIPOrPAMMABI.

IIpoueaypsl MPOBEPKHU TUIIOB OOBIYHO BCTPOEHBI B KOMITUISATOPHI WJIM KOMITO-
woBiuku. CJre10BATEIbHO, OHU JOJIZKHBI YMETh BBIMOJHATH CBOIO PAabOTy a6mo-
mamunecky (automatically), 63 pydHOro BMEIIATEIbCTBA UM B3AUMOJIEHCTBHSI C
MPOrPAMMHUCTOM, — T. €., OHH JIOJIXKHBI COJEPKATH BBIYUCITUTETIHLHO PA3PEULUMbLE
(tractable) asropurmbt ananuza. OLHAKO, ITO HO-IIPEKHEMY OCTABJISET [IPOIPAM-
MHUCTY MHOXKECTBO CTIOCODOB TIOBIMSATH HA pabOTy aHAIN3aTOPA C TIOMOIIBIO STBHBIX
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annomayul munose (type annotations) B nporpammax. OObIYHO 3TH AHHOTALMU
JIeJIAI0T JOCTATOYHO HPOCTHIME, YTOOBI IPOrPAMMbI ObLIO Jierde MUCaTh U YATATD.
B mpunnumne, ogHako, B AHHOTAIMSAX TUIOB MOYKHO 3aKOAUPOBATH MOJHOE JOKA-
3aTeJILCTBO COOTBETCTBUS MPOTPAMMBI HEKOTOPOU TTPOM3BOJIBHON CrelnduKanum;
B 9TOM CJIy4ae, MPOrpPaMMa MPOBEPKH THUIOB IPEBPAIIAETCS B MPOrPAMMY IMPO-
Bepku dokazameavcms (proof checker). Takue rexnosnorun, kak Extended Static
Checking («pacumpennas craruudeckas posepkas) (Detlefs, Leino, Nelson, and
Saxe, 1998), HABOJAAT MOCTHI MEKIy CHCTEMAMHU TUTIOB U METOJAMU BCEOOHEMIIIO-
meil BepuuKAIUU TPOrpaMM. DTH TEXHOJOTUU PEATU3YIOT MOJTHOCTHIO aBTOMa-
TU3UPOBAHHYIO MPOBEPKY HEKOTOPOIO IMIMPOKOTO KJIACCA KEJIATEbHBIX CBOMCTB,
HCIIONIB3Ysl i PAOOTHI JIAIb «IOCTATOYHO JIETKOBECHBIE» AHHOTAIINU.

Emgé 3amernm, 910 HaM TMPEXKIE BCETO WHTEPECHBI METO/IbI, KOTOPHIE HE TPOCTO
B MPUHIIAIE TIOIAIOTCS aBTOMATU3AINN, HO KOTOPbIE 00ECIeYnBaiOT fdermus-
Hble aJTOPUTMbI IPOBEPKHU TUIIOB. Bpoduem, BOIPOC O TOM, 9TO UMEHHO CUYUTATH
3¢ PEeKTUBHBIM, OCTAECTCSA OTKPBITHIM. Jlazke B IMIHPOKO HCIOIb3YEMBIX CHCTEMAX
tunos, Bpoge ML (Damas and Milner, 1982), BpemMsi IPOBEPKU B HEKOTOPBIX TIa-
TOJIOTMYECKUX CIydaax Moxker Obith rpomagabiv (Henglein and Mairson, 1991).
NmeroTcst maxke s3bIKU, B KOTOPBIX 33/1a9a MTPOBEPKY UM PEKOHCTPYKIUU THUIIOB
HE SBJISETCS PA3PEITUMOii, HO B KOTOPBIX €CTh aJTOPUTMbI, BEAYIIHE K OBICTPOMY
OCTAHOBY «B OOJIBITMHCTBE CJIyYa€B, MPEICTABILIONINX [PAKTUIECKUII HHTEPEC

(naup., Pierce and Turner, 2000; Nadathur and Miller, 1988; Pfenning, 1994).

1.2. Jlnasa 4dero roadaTcs TUIMbI

BrigaBienue ommbok

Camoe 049eBUIHOE JIOCTOMHCTBO CTATHYECKON MPOBEPKU THUIIOB — 3ITO TO, Y4TO
OHA TIOMOTAET PaHbIe OOHAPYKWBATH HEKOTOPHIE OIMIUOKKA B MPOrpaMMmax. PaHo
OOHApYKEHHBbIE OMMOKU MOTYT OBITH HEMEIJIEHHO MCIPABJIEHBI, 8 HE MPATATHCS
JIOJITO B KOJIE, 9TOOBI MOTOM HEOXKHUJAHHO BCILIBITH, KOT/IA TPOTPDAMMUCT 3aHAT
9eM-TO COBEPIIEHHO JPYIrUM — WX JaXKe IIocje TOro, KaKk IporpaMma mepeja-
Ha mosIb3oBaresisiM. Bosiee TOro, 3a4acTyio MECTO BOSHUKHOBEHUs OMIMOKN MOYKHO
TOYHEee OIIPEJIeJIUTh 1IPU 1IPOBEPKE TUIIOB, & HEe BO BPeMsd BbIIOJIHEHUA, KOIJIa UX
TTOCJIEICTBUST MOTYT OOHAPYXKUTHCA HE CPa3y, & JIUIIb CIyCTS HEKOTOPOE BpPEMs
TOCJIe TOTO, KaK MPOrPaMMa, HAUMHAET PAdOTATh HEMPABUIHHO.

Ha mpakTuke crarnyeckasi MpOBEPKa TUIIOB OOHAPYKUBAET YIWBUTEIHLHO TIIH-
POKwHit criekTp omuboK. [IporpaMmMucTsl, paboTaIne B I3bIKax ¢ O0TaToii cucTe-
MO#1 THTIOB, 3aMEYaI0T, YTO UX ITPOrPAMMBI 3a9aCTYI0 «CPa3y HAYUHAIOT pabOTaATh»,
€CJIH TIPOXOJIAT IIPOBEPKY TUIIOB, IPUYEM IIPOUCXOIUT ITO JlazKe dallle, YeM OHU Ca-
MU Moruu Obl 661 02KUIATH. OTHO U3 BO3MOXKHBIX 00'bSICHEHUT COCTOUT B TOM, 9TO B
BU/I€ HECOOTBETCTBUM Ha yPOBHE TUIIOB 4aCTO LIPOABJIAIOTCH He TOJIbKO TPUBUAJIb-
HBIE HETOUHOCTH (CKAKEM, KO/l TPOrPAMMUCT 3a0bIBAET MPeoOpa30BaTh CTPOKY
B YHCJIO, TIPEXK/IE U€M U3BJIeUb KBAIPATHBIN KOPEHD), HO U 0oJiee TIyO0KHe KOHIIEI-
TyaJibHbIe OIKUOKU (HAPUMED, IPOIYCK MPAHUIHOIO YCJIOBUS B CJIOXKHOM pa3bope
CJly4aeB, WK CMELICHUE eJMHUIL U3MEPEHHs B HayYHOM Bbluncsenuu). Cuia 31oro
3¢ dekTa 3aBUCUT OT BBIPA3UTEIHLHOCTH CUCTEMBI THIIOB M OT PEIIAEeMO Iporpam-
MHUCTCKOM 33a49n: TTPOrPAMMBI, paboTaroIme ¢ DOJbIUM HAOOPOM CTPYKTYD JaH-
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HBIX (CKaKeM, KOMITHJIATOPBI) JAOT GOMBITE BO3MOKHOCTEH /7151 TIPOBEPKU THIIOR,
YeM IIPOrPAMMbI, KOTOPbIE PAfOTAIOT JIMIIL ¢ HECKOJbKUMH IIPOCTHIMH THIIAMH,
CKAYKEM, HAydYHbIE BLIYUCIUTEIbHbBIE 33a4u (XOTs U TYT MOTYT OKA3aThCA TIOJIE3-
HbI TOHKHME CUCTEMbI TUIIOB, TIOJIEPKUBAIOIINE aHaau3 pasmeprocmet (dimension
analysis); cm. Kennedy, 1994).

V3Bneuenne MaKCUMAIBHON BBITOIBI N3 CHCTEMBI THITOB, KAK ITPABUJIO, TpeOyeT
OT IPOTPAMMHCTa HEKOTOPOTO BHUMAHUS W TOTOBHOCTH B TIOJTHOW MEpE MCIIOIb30-
BaTh BO3MOXKHOCTH fA3BIKA; HAIIPUMEP, €CJIH B CJIO2KHON IIPOrpaMme BCe CTPYKTY-
PbI JJAHHBIX IIPEJICTABJICHBI B BHJIE CIIMCKOB, TO KOMIIMJIATOP HE CMOXKET IOMOYb B
TIOJTHOIM Mepe, Kak eciim Obl IS KaykKI0H W3 HUX ONpPEeNENIsICS CBOH THM JAHHBIX
nan abCTPAKTHBIA TUT. BhIpasuTeNbHbIE CHCTEMBI TUTIOB MPEIOCTABIAIOT CIEIN-
AJILHBIE «TPIOKW», TIO3BOJIAIONIAE BHIPAXKaTh HH(MOPMAIMIO O CTPYKTYPe JTaHHbIX B
BHJIC THIIOB.

J1J1s1 HEKOTOPBIX BUIOB MPOrPaMM MPOIEIypa TPOBEPKHU THIIOB MOXKET CJLY KHUTh
WHCTPYMEHTOM conposodicdenus (maintenance). Hanmpumep, mporpamMmuct, KoTo-
poMy TpeOyeTcs M3MEHHTh OIPEesIeHNe CIOXKHON CTPYKTYPBI, MOKET He UCKATh
BPYYHYIO BCe MECTa B IIporpamme, e TpeOyercd W3MEHUTb KOJI, MMEoUMi Jie-
JIO ¢ 3TOH CcTpyKTypoii. Kak TOIbKO M3MeHsieTcs onmpeIeenne THTA JaHHBIX, BO
BCeX 3TUX (PparMeHTax KOJa BO3HUKAIOT OMIMOKH TUIIOB, B UX MOYKHO HAATHU IyTeM
IIPOCTOrO TIPOTOHA KOMITHJISTOPA W UCIPABJICHUS T€X MECT, TJe MPOBEPKA THIOB He
IIPOXO/IHT.

Abcrpakius

Ee om0 BazkHOE TOCTOMHCTBO MCIOJIH30BAHUS CHCTEM THUIIOB TTPU PA3PA0OTKE
MPOrpaMM — 3TO MOJep:KAHUE IUCIUILIMHBI TPorpaMMupoBanus. B gacTHoCTH, B
KOHTEKCTE MOCTPOEHUsI KPYITHOMACIITAOHBIX MTPOrPAMMHBIX CHCTEM, CHCTEMbI TH-
LIOB SIBJIAIOTCS CTEPXKHEM A3bK068 onucanus modyaet (module languages), upu
TTOMOIIH KOTOPBIX KOMTIOHEHTHI OOJIBINNX CUCTEM YTAKOBBIBAIOTCS W CBIA3BIBAIOTCS
BoemHO. Tunbl nosiBisitorcs B uaTepdeiicax Momyseil (uiu GIU3KUX O CMBICITY
CTPYKTYD, TAKUX, KAK KJIACChl); B CYIIHOCTHU, caM UHTEP(dEHC MOXKHO paccMaTpu-
BATh KaK «THUI MOJYJs», COMEPXKAIUI WHMOPMAIUIO O BO3MOXKHOCTIX, KOTOPBIE
MO/IyJIb PEJOCTABIISIET — KAK CBOEIO POJIA YaCTHIHOE COTJIAIIEHUE MEXKIY pa3pa-
OOTUYMKAMHU ¥ TTOJIH30BATEISIMHA.

Pazbuenne 6ombInx cuCTEM HA MOJIYJIH C sICHO ONpeaeeHHbIMEA mHTepdeiica-
MU TIPUBOAUT K OoJiee aDCTPAKTHOMY CTHJIIO MPOEKTUPOBAHUS, B KOTOPOM WHTEP-
deiichl pa3pabaThIBAIOTCA W 00CYKIAIOTCSA OTIEIBHO OT BOMPOCOB MX PEATH3AIUN.
Boitee abcTpakTHBIN CTUIIB MBIIIJIEHNS TOBBIITAET KAYECTBO MTPOEKTOB.

JokymeHTamusa

Tunel OIE3HBI TaK¥Ke opu YmerHuu IIPOrpaMM. O6"bHBJIeHI/IH THUIIOB B 3aro-
JIOBKaX TIpOTeyp U mHTepdeiicax MOmy el — 3T0 pa3HOBUIHOCTD JOKYMEHTAITHH,
KOTOpas JaeT MeHHY0 HHGOPMAIMIO O ToBeaeHnn mporpammbl. Bomree Toro, B oT-
JIngue OT OHHC&HI/Iﬁ, CIIPATAaHHBIX B KOMMEHTAPHUAX, TaKad JOKYMEHTalud HE MO-
2KeT yCTapeTh, HOCKOJIbKY OHA IPOBEPAETCH IMPU KAXKJIOM IPOTOHE KOMIIAIATOPA.
9Ta posib THITOB OCOOEHHO CYIIECTBEHHA B CHTHATYPAX MOIYJIei.
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BesonacuocTs a3b1K0B

K coxanenuio, repmun «6e30macHbIi A3bIK» erie 60see paCcIIbIBIAT, 9€M «CH-
creMa TUTOBy. Kak mpaBujio, MpOrpaMMHUCTaM KaYKETCs, 9TO OHU MOTYT MIPU B3TJIsA-
Jle Ha SI3bIK CKa3aTh, be3oraceH n oH. OIHAKO, UX MHEHHE O TOM, YTO MMEHHO BXO-
JWUT B TMOHSTHE «OE30MACHOCTH SA3bIKAY, BAPBUPYETCS B 3ABUCUMOCTH OT S3BIKOBO-
0 COOOIEeCTBa, K KOTOPOMY OHM mpuHaAIekar. HedopmaabHO, BIpodeM, MOXKHO
CKa3aTh, 9TO O€30MAaCHBIN S3BbIK OI'PaK/IaeT IIPOrPAMMUCTA OT cOoBepiieHus da-
TAJIBHBIX TUIYTIOCTEIA.

HemHoro yro4nsis MHTYMTUBHOE OIpeJe/ieHne, MOXKHO CKa3aThb, 4TO He30nac-
HOLT A3BLK — 9MO A3BLK, KOMOPLIT 3GULUULLEM CE0U CODCMEEHHbIE AOCMPAKUULU.
Besikuii  s136IK - BBICOKOTO YPOBHSI TIPEJIOCTABJISET TPOCPAMMUCTY abCTPaKTHBIN
B3I HA PA0OTy MaImWHbI. BE30MacHOCTh O3HAYAET, YTO SA3BIK CIIOCODEH rapaH-
TUPOBATH IEJOCTHOCTh ITHX AOCTPAKIWii, & TakxkKe abcTpakimii 60/iee BHICOKOTO
YPOBHSI, BBOAUMBIX IIPU IIOMOIIY OIKCATE]bHBIX CPEJACTB A3bIKa. Hampumep, a3bIK
MOXKET IIPEJOCTAB/IATh MACCUBbI, C OllepalusaMy JOCTYIa K HUM U UX M3MEHEHUs,
abcTparupyst HUXKEJIEXKAIIYI0 MAMUHHYIO TaMATh. [[porpaMMuCT, UCTIOIB3Y FOITHH
TaKOH A3bIK, OKUIAET, UTO MACCUB MOXKHO MOTM(DUIIUPOBATEH TOJTHKO ITYyTEM SBHOTO
WCIIO/IF30BAHUS OMepalyii OOHOB/IEHUST — @ HE, CKaYKeM, IIyTeM 3aIuCh B MaMsATh
3a PpaHUIAMK KaKOH-1M00 APYroii CTPyKTYPbI JaHHLIX. AHAIOIHYHO MOKHO OXKH-
J1aTh, YTO K IEPEMEHHbBIM CO CTaTHYEeCKON 00/IaCThbI0 BUAUMOCTH MOKHO ODpaTUTh-
C#d TOJIbKO M3HYTPHU TO 00/1aCTH, YTO CTEK BbI30OBOB JEHCTBUTENLHO BeleT ceds
KaK CTEeK U T. 1. B 6e30macHOM SI3bIKe ¢ TAKUMU aOCTPAKIIUSIME MOYKHO OOpAIAThCsT
abcmparmmuo, & B HEOE30MACHOM — HEJIb3s: B HEM, YTOOBI TIOJIHOCTHIO OHATH, KAK
MOXKET IIOBECTHU ceDsi IporpaMMa, TpedyeTcs Nep:KaTh B FOJIOBE MHOKECTBO Pa3HO-
00pa3HBIX HU3KOYPOBHEBBLIX JeTajieil, HalpuMep, pa3MelleHue CTPYKTYDP JaHHBIX
B IIAMATH M [OPAJOK MX BblJIEJI€HUsI KOMIMJIATOPOM. B mpejenbHoM ciydae mnpo-
TPAMMBI, HATTMCAHHBIE HA, HEOE30MACHBIX S3BIKAX, MOTYT MOJIOMAThH HE TOJHKO CBOU
COOCTBEHHBIE CTPYKTYPHI JAHHBIX, HO U CTPYKTYPBI CBOEH CPE/Ibl NCIIOJHEHNUST; TPU
9TOM PE3yJIbTAThl MOTYT OBITH COBEDIIEHHO HEIPEICKA3YEeMbIMHU.

BezomacHocTh s3bIKa — 3TO HE TO YKe caMoe, 9TO cTaThdeckas 0e30TmacHOCTh
TUMNOB. be3omacHocTH A3bIKa MOXKHO JOCMU%b TMPU TOMOIIN CACTEMbI THIIOB, HO
MOXKHO JJOOUTBHCS €€ U C TIOMOIIBIO TPOBEPOK HA CTAINU BBHITIOJHEHHUS, KOTOPBIE OT-
JIABJINBAIOT OECCMBICIEHHBIE OMEPAIMH TP HOMBITKE WX UCIOJHEHUs, 1 OCTAHAB-
JIUBAIOT [IPOrPAMMY WJIM MOPOXKator uckiodenue. K npumepy, Scheme siBiisiercst
0e30MaCHBIM SI3BIKOM, HECMOTPST HA OTCYTCTBUE CTATUYECKONW CHCTEMBI THIIOB.

C z1pyroit cTOpOHbBI, B HEHE30MACHBIX A3bIKAX YACTO UMEIOTCS CTATHIECKHE PO~
BEPKH THUIIOB, KOTOPbIE «II0 BO3MOXKHOCTH» OTJIABJIMBAIOT XOTHA Obl CaMble Ode-
BUJHDBIE OTPEXU TTPOTPAMMUCTOB. BripovueM, Takme S3bIKM HE MOTYT CUNUTATHCA U
0e30MacHBIMU C TOYKU 3PEHUS TUIOB, MOCKOJIBKY B ODIIEM CJIy9ae OHU HE MOTYT
2aPAHMUPOBAMDb, ITO KOPPEKTHO TUMU3IUPOBAHHBIE MPOrPAMMBI BEIYT ceOs KO-
PEKTHO — IPOBEPKA TUIIOB B TAKOM SI3bIKE MOYKET IIPE/IIOIOKUThH HAJTUIUE OIHO0K
BO BpeMsl BbIIOJIHEHUs (410, 6E3yCI0BHO, JIydllle, YeM HUYEro), HO He JOKa3aTh UX
OTCYTCTBHE.
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] H Craruyeckas mMpoBepKa \ Junavmumdeckasi IpoBepKa ‘

Bezomacubie ML, Haskell, Java u T. . Lisp, Scheme, Perl,
Postscript u T. 1.

He6esonacuwre || C, C++ u T m.

IIycrory npaBoii HUXKHEH KJIeTKH TabIUITbI MOKHO OObACHUTD TEM, UTO IPU Ha-
JIMIUU CPECTB obeciedenns 0€30IACHOCTH IIPH BBIIOJTHEHUU O0AbWUHCMEA OTIEPa-
Ui HeTPYIHO TPOBEPATH uX ece. (Ha camMoM fesie, CyIecTByeT HECKOIBKO A3BIKOB
C IMHAMUYECKOM TTPOBEPKOiT, HAIPUMED, HEKOTOPbhIE TUAIEKTHI beficuka, 1j1st MuK-
POKOMIIBIOTEPOB C MUHUMAJIBHBIMU OMEPAIMOHHBIMY CHCTEMAMHU, B KOTOPBIX €CTh
HU3KOYPOBHEBbBIE IPUMUTHBBI JIJIs 9T€HUs U 3AMUCH IPOU3BOJIbHBIX STICEK TAMSITH,
[PU [OMOLIY KOTOPBIX MOXKHO HAPYILIUTH LEJOCTHOCTH CPE/Ibl BbIIOJIHEHUSI. )

Kak mpaBuiio, 1ocTwdb 0€301MaCHOCTH BBIMTOJHEHNS TIPU TOMOIIU TOJIBKO JIUIITh
CTATUYECKOW TUIMHU3ANNN HEeBO3MOXKHO. Hampumep, 6ce si3bIKd, yKa3aHHbIE B Tab-
JIUIE Kak 6e30MacHble, HA CAMOM JIeJie [IPOU3BOJIAT NPOGEPKY 6bLX00a 30 2PAHULbL
maccusoe (array bounds checking) mumamwaeckn.! Anajornano, A36IKHM €O CTATH-
YECKOH MPOBEPKOI THIIOB MHOT/IA MIPEIOCTAB/ISIOT ONEPAIui (CKAKEM, HUCTOdAULEE
npeobpasosarue munos (down-casts) B Java — cm. §15.5), HEKOppPEKTHBIE C TOY-
KU 3DEHUsI TPOBEPKU THIOB, a GE30MACHOCTH SI3BIKA MPHU TOM JOCTUTAETCS TIPU
MTOMOIIY JUHAMUYECKON TPOBEPKHU KAXKJIOr0 yroTpebaeHus: TaKOi KOHCTPYKIIUH.

BezonachocTh si3bIKa pesko ObIBaeT abCOIIOTHON. Be3onacHble s3bIKH 9acTo
MPEJOCTABISIOT TPOrPAMMUCTAM «9€PHBIE XO/IbI», HAPUMED, BHI30BbI (DyHKIIHH
HA JIPYTUX, BO3MOXKHO HEDE30MACHBIX, s3blkax. VHOrma takue KOHTPOJUPYEMbIe
YEPHbBIE XO/IbI JIAZKe COJAEPKATCS B CAMOM si3bike — Hanpumep, Obj.magic B OCaml
(Leroy, 2000), Unsafe.cast B Hbio-/Izkepcuiickoii peanusanuu Standard ML, u
. 1. dzexm Modula-3 (Cardelli et al., 1989; Nelson, 1991) u C# (Wille, 2000) uxyT
ellle JIATbINE W BKIIYAIOT B cebs «HEOe30MaCHbIe O bI3bIKN Y, TPeIHAZHAYEHHBIE
JIJTsl Pean3alui HU3KOYPOBHEBBIX Gubimorek Bpoje cbopiukos mycopa. Ocobbie
BO3MOXKHOCTH 9TUX IOAbA3bIKOB MOXKHO HCIIOJIB30BATH TOJBKO B MOJYJISIX, SIBHO
MTOMEUEHHBIX CJIOBOM unsafe («HeGE30TACHBIY ).

Kapuemniu (Cardelli, 1996) cmorpur Ha 6e301aCHOCTD sA3bIKA C APYIOil TOYKU
3peHus, UPOBOAs pasiudue Mexy duaznocmupyemsvimy (trapped) u neduazro-
cmupyemvuimu (untrapped) ommuOKaMu BpEeMEHM BBINONHEHUA. JIMarHOCTUpyeMas
OIMOKa, BBI3HIBAET HEMEJIEHHYIO OCTAHOBKY BbIUUC/IEHUSA (UJIM MOPOXKIAET WUC-
KJII0OYEeHHe, KOTOPOE MOKHO 00paboTaTh BHYTPH MPOrPAMMBbI), B TO BPEMSs KaK IIPU
HEIMArHOCTUPYEMOH OINUOKE BHIYUCIIEHUE MOXKET eIlE IPOI0KATHCH (110 KpaiiHeit
Mepe, B TeYeHre HEKOTOporo spemenu). IIpumep nepuarnocTrupyemoii ommbku —
obparrienne K JaHHBIM 3a TpenesamMn MaccuBa B s3bike C. Besomachbrit s3bIK, €
9TOI TOYKHU 3PEHWs, — ITO sI3bIK, KOTOPBIA MPEJOTBPAIAET HEeINATrHOCTUPYEMbIE
OIUOKU BO BPEMSsI BBITIOJTHEHMWS.

Erie ogra Touka 3peHust OCHOBaHA Ha TMOHSITHN TTEPEHOCHMOCTH; €€ MOXKHO BbI-

! Verpanenne mpoBepoOK T'DAHHIT MACCHBA CTATHYECKUMH CDPEJICTBAMH — XODOIIO H3BECTHAS
eJIb MPU NPOEKTUPOBAHUU CHUCTEM THUIIOB. B mpuHuume, HeOOXOAMMBIE IS 3TOTO MEXaHU3MBL
(a ocHoBe 3asucumwvir munos (dependent types) — cm. §30.5) XOpOIIO H3y9eHBI, OAHAKO HX
ncnoIp30Banue ¢ cobrogenneM GagaHCa MEXKAY BBIPA3HTENBHOH CHIION, IPEACKA3YeMOCTBIO M
Pa3pelIIMOCThIO IPOBEPKU THIIOB, & TAKXKE CJIOKHOCTHIO HIPOrPAMMHBIX AHHOTALMH OCTaercs
CJIOXKHO 3a7aueil. O HeKOTOPBIX HEAABHUX TOCTHKEHHUIX B 9TOH 06JaCTH MOXKHO IpounTarh y Cu
n Ilenmnnra (Xi and Pfenning, 1998, 1999).
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pasuTh JO3yHroM «Be3omacHblil S3bIK MOJHOCTHIO ONPENENsercs PYKOBOJACTBOM
nporpammucray. Caenaem tak, 9T00bl IPOrPAMMUCTY OBLIO JIOCTATOYHO HOHSATH
onpedeaenue (definition) s3bIKa, 9TOOBI YMETh TPEICKA3BIBATEH TIOBEIEHUE JIFO0OM
MIPOrPaMMBbI Ha JIAHHOM si3bIKe. Torma pyKOBOJICTBO pOorpamMMmucTa Ha s3bike C He
ABJISIETCS €r0 OIPEJIEJIEHUEM, TTOCKOJIbKY MOBEJIEHHEe HEKOTOPBIX Hporpamm (CKa-
JKeM, TeX, TJIe BCTPEYAETCsl HEIPOBEPEHHOE OOpAaIlleHne K MACCUBAM WJIH HCIIOJIb-
3yercsd apudmeruka ykaszareseil) HEBO3MOXKHO IIPEJICKA3aTh, HE 3HAH, KAK KOH-
kpeTHbiit kKommuiasitop C pacrmosiaraeT CTpYKTYphl B TIAMSTH W T. 1., a OIHA U
Ta YK€ MPOrpaMMa MOXKET BECTH cebsi Mo-pa3sHoMy, Oyaydnm oOpabOTaHa Pa3HBIMU
kommnusisitopamu. Hamporus, pykosozcrsa 10 Java, Scheme u ML onpeznensior (¢
PA3JIMYHON CTEIeHbI0 CTPOrOCTH ) TOYHOE [OBeIeHHe JII000i NPOrpaMMbl, HAIIUCAH-
HOW Ha 3TUX A3bIKaxX. KOPPEKTHO THNHU3UPOBAHHAS MPOrPAMMA MMOJYIUT OIHU U
Te e Pe3yJbTAThI B JI000H KOPPEKTHON PEATM3AIINYA ITUX S3BIKOB.

DddekTUBHOCTH

IlepBbie cucreMbl TUIIOB B MH(POPMATHUKE HOABUJIUCH B 50-X 101X B TAKUX S3bl-
kax, kak @oprpan (Backus, 1981), u 6bLIn BBEJEHBI JJIsi TOrO, YTOOBI OBLICUTH
3¢ HEKTUBHOCTD BBIYUCJICHWH TIyTeM DA3INYEHUs apU(PMETHIECKUX BBIPAKEHUIA
C LEJBIMUA ¥ BEIIeCTBEHHBIMHM YUCIAME; 3TO [IO3BOJISIO KOMIIMIATOPY HCIOIb30-
BaTh pa3J/IMYHbIE I[IPEACTABIECHUS YUCE] U [€HEPUPOBATH COOTBETCTBYIOIIUE Ma-
LIMHHbIE KOMaH/bl JJjisl 3JIeMEHTapHbIX onepanuii. B 6e301acHbIX s3bIKaxX MOKHO
J0oCTUYb OombIneil 3PMEeKTUBHOCTH, YCTPaHsisd MHOTHE JIUHAMUYECKUE MPOBEPKH,
KOTOpbIe MHAaue MOTPeOOBAIUCH Obl it obecredenus Ge30MacHOCTH (CTaTUIeCKU
JIOKA3aB, 4TO IPOBEPKA BCETa JACT MOJIOKUTEIbHbI pe3yibrar). B Haine Bpems
GOJIBIIAHCTBO BHICOKOIIPOU3BOAUTE/IbHBIX KOMIUISTOPOB CYLIECTBEHHBIM 00pa3oM
OIMPAIOTCs LPU ONTUMUBALMKU U DEHEPALMK KOJAa Ha HMH(MOPMALMIO, COOPAHHYO
MPOIEAY POl TPOBEpKY TUIOB. Jlazke KOMIUISATOPHI [JIs S3BIKOB, B KOTOPHIX HET
CHCTEeMBbI THUITOB CaMoil 10 cebe, TTPOIEIBIBAIOT OOJIBINYI0 PadOTy, ITOOBI XOTs ObI
9aCTUIHO BOCCTAHOBUTH WH(MOPMAIHIO O TUIAX.

Nudopmarnus o TUIaX MOXKET IIPUHECTU BBIUTPHIII B 3(PHEKTUBHOCTH B CAMBIX
HEOXKUIAHHBIX MecTax. Hampumep, HeTaBHO OBLIO TOKA3aHO, YTO C TOMOIIBIO MH-
dopmanum, TOpPoXKIAEMOil IPY MTPOBEPKE TUIIOB, MOTYT OBITH YJIYUIIIEHbI HE TOJTHKO
peIlieHnst O TeHepaIuu KOJa, HO W MPECTAB/ICHNE yKa3aTesel B Mapasjien3npo-
BaHHBIX Hay4HbIX BhrauciaeHusx. A3k Titanium (Yelick et al., 1998) ucnomnb3yer
BBIBOJI, TUIIOB /I aHAIU3a ODJACTUH BUIMMOCTH yKa3areseil u crnocoOeH MpUHH-
Marh Oostee 3hp(PEKTUBHBIE PElIeHus HA OCHOBE ITHX JIAHHBIX, 9€M IIPOTPAMMHU-
CTBI, ONTUMU3UPYIOIINE MTPOTPAMMBI BPYUYHYIO (3TO TOATBEPKIAETCS U3MEPEHHU-
avu). Kommunarop ML Kit ¢ moMOIIbi0 MOIIHOIO aIrOpuTMa 6616004 PE2UOH06
(region inference) (Gifford, Jouvelot, Lucassen, and Sheldon, 1987; Jouvelot and
Gifford, 1991; Talpin and Jouvelot, 1992; Tofte and Talpin, 1994, 1997; Tofte and
Birkedal, 1998) 3amensier 60JbIIMHCTBO BbI30BOB cOOpLIKMKa Mycopa (a uHorua Jia-
7K€ BCE BBI30BBI) ONEPAIUAMHU yIIPABJICHUS MAMATHIO B CTEKE.
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Apyrue nmpniaoykeHus

CucreMbl TUIIOB, IIOMUMO TPAJAMIMOHHbLIX 00/1aCTell IpUMEHEH s B IIPOrPaMMU-
POBaHWY M TPOEKTUPOBAHUH SI3BIKOB, B TIOCIEIHEE BPEMSI UCTOJIB3YIOTCSA B HHGOP-
MaTHKe W OJM3KUX IUCIUILINHAX CAMBIMHU Da3HBbIME criocobamu. Qdueprum Kpyr
3TUX CIIOCODOB.

Bce Gomnbiiee 3navenne npuobdperaeT UCMHOJL30BAHNE CHCTEM THUIOB B 00JIACTH
0e30MacHOCTH KOMIIBIOTEPOB U cereii. Hampumep, craTnyeckasi TUMU3AIUS JIEKUT
B OCHOBE MO/IeJIU 0€30MaCHOCTH Java U apXUTEKTYPbl aBTOMATHIECKOr0 KOHMUTY-
puposanus (plug and play) ceresbix ycrpoiicrs JINT (Arnold et al., 1999), a Takzxke
urpaer KJo4deByio poib B Meromuke Proof Carrying Code («koia, comepzkaiiero
JmokazareabetBo», Necula and Lee, 1996, 1998; Necula, 1997). B 10 ke Bpemd,
MHOTHE (DYHIAMEHTAJIBHBIE WU, BO3HUKIINE B CPENe CIEUATUCTOR 10 Ge30mac-
HOCTH, TOBTOPHO UCIOJIH3YIOTCS B KOHTEKCTE SI3BIKOB TPOrPAMMUPOBAHUS, U 9ACTO
peasiu3yioTcs B BUJE CHCTeMbl aHajau3a tunos (mamp., Abadi, Banerjee, Heintze,
and Riecke, 1999; Abadi, 1999; Leroy and Rouaix, 1998; u t. a.). C apyroii cropo-
HbI, PACTET UHTEPEC K [IPSIMOMY IIPUMEHEHHUIO TEOPUH A3bIKOB IPOI'DAMMUPOBAHMSA
B 00JIaCTH KOMIbIOTEpHOH Gesonacuoctu (Hamp., Abadi, 1999; Sumii and Pierce,
2001).

AJiropuTMbI IPOBEPKU M BBIBOJIA TUIIOB BCTPEYAIOTCS BO MHOIMX MHCTPYMEHTAX
aHaJIn3a MporpaMM, TMOMUMO KOMOUIATOpoB. Hampumep, yrunura AnnoDomini,
AHAIM3UPYOIIAsS mTporpaMMbl Ha KoOoje Ha mpeaMer COBMECTUMOCTH C TPOodJIe-
moit 2000 roga, mocTpoeHa Ha Ga3e MexaHu3Ma BbiBoa TuoB B cruiie ML (Eidorff
et al., 1999). Mero/pl BbIBOJIA TUIIOB UCIIOJIL30BAINCH TAKKE B UHCTPYMEHTAX JJIst
aHayn3a ncesgornMos (pointer aliasing) (O’Callahan and Jackson, 1997) u ana-
mu3a uckmouenuii (Leroy and Pessaux, 2000).

[Mpu aBrOMaTHYECKOM JOKA3ATEILCTBE TEOPEM s TPeICTABIEHUs JIOTHYe-
CKUX YTBEpPKIEHUN 1 JOKA3ATEIbCTB OOBIYHO UCIOIB3YIOTCS 09€Hb MOIIHBIE CHCTE-
Mbl THIIOB, OCHOBAHHBIE HA 3aBUCUMbBIX TUIAX. HeKOTOpbIe MOIyIspHbIE CPecTBa
paborsl ¢ mokasarenabcrBamu, Biaodas Nuprl (Constable et al., 1986), Lego (Luo
and Pollack, 1992; Pollack, 1994), Coq (Barras, Boutin, Cornes, Courant, Filliatre,
Gimenez, Herbelin, Huet, Munoz, Murthy, Parent, Paulin-Mohring, Saibi, and
Werner, 1997) u Alf (Magnusson and Nordstrom, 1994), npsimo ocHOBaHbI Ha TeO-
puu tunos. Koucrebis (Constable, 1998) u Ilbennunr (Pfenning, 1999) uzaraior
B CBOUX pabOTaxX MCTOPHUIO STUX CUCTEM.

Pacrer mHTEpEC K CECTEMaM THIIOB M B COOOIIECTBE CIEIHATMCTOB IO Oa3am
JAHHBIX. DTO CBA3aHO C MHOIMYJISPHOCTHIO «CETEBBIX METAJAHHBIX», HCIOJb3YIO-
MAXCSA JJIsT OMMUCAHUSA CTPYKTYPUPOBAHHBIX maHHBIX Ha XML, Takmx kak DTD
(Document Type Definitions, XML 1998) u apyrux BUIOB cxeM (Takux, Kak HO-
Boiii cragmapr XML-Schema, XS 2000). Hosbie si3biku s 3anpocoB Kk XML u
obpaborkn XML-maHHBIX 007aJa10T MOITHBIMA CTATHYECKAMA CHUCTEMAMU THIIOB,
IpsMO OCHOBaHHBIMU Ha 31X sa3bikax cxem (Hosoya and Pierce, 2000; Hosoya,
Vouillon, and Pierce, 2001; Hosoya and Pierce, 2001; Relax, 2000; Shields, 2001).

CoBepIieHHO OTIeTbHAST 00IACTD MPUIOKEHUsI CHCTEM THIIOB — BBIYHCIUTEThb-
Hasl JUHTBUCTUKA, TJe TUITU3UPOBAHHDIE JIAMOIA-MCIUCTIEHUs JIEKAT B OCHOBE Ta-
kuX HOPMAIU3MOB, KAK KAMe20puasbras epammamura (categorial grammar) (van
Benthem, 1995; van Benthem and Meulen, 1997; Ranta, 1995, u T. x.).
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1.3. CucreMbl TUIIOB 1 NPOEKTUPOBAHNE SI3bIKOB

BcerpanBanue cucTeMbl TUTIOB B CYINECTBYIOIIWI S3bIK, B KOTOPOM OHA HE ObI-
Jla TIPEeIyCMOTPEeHa M3HAYAIHHO, MOXKET OKa3aThCd HEMPOCTOH 3a/akeil; B neasie
MIPOEKTUPOBAHKE SI3BbIKA JOJKHO WJITH OJHOBPEMEHHO C MPOEKTUPOBAHUEM CHCTE-
MbI THIIOB.

OpHa w3 TPUYUH DTOTO B TOM, UTO SI3BIKU 0€3 CHCTEM THUIIOB — Jaxke 0e3-
OTIACHBIE SI3BIKW C JUHAMWYECKHMU MPOBEPKAMU, — KaK IIPABUJIO, COJEpPKAT Ta-
Kr€ KOHCTPYKIIUU WM PEKOMEHYIOT TAKHE MIMOMATUYIECKHUE MTPUEMbI, KOTOPBIE
OCJIOKHSIIOT MPOBEPKY THIIOB WK JAXKe JealoT ee HeBO3MOXKHOU. B Tunusupo-
BAHHBIX K€ sI3bIKAX CHCTEMa THUIOB caMa [0 cebe 4acTo PacCMATPUBAETCH KAk
dbyHIaMEHT TPOEKTa S3bIKA, KAK €r0 OPraHu3yOIIWi TPUHIINAI, B CBETE KOTOPOTO
OIIEHMBAIOTCS BCE MPOEKTHBIE PEIEHUs Pa3paAOOTINKA.

Eme onuna dakrop 3aKkI09aeTCsT B TOM, 9TO, KAK MPABUJIO, CHHTAKCUC TUITH-
3UPOBAHHBIX S3bIKOB CJIOXKHEE, 9€M y HEeTHIIU3UPOBAHHBIX, IIOCKOJIbKY TPUXOUTCS
OJIIEPKUBATH O0bsiBJIeHUs TUHOB. [loCTPOUTH KPACUBBIH ¥ IOHATHBIA CUHTAKCHC
MIPOIIIE, ECJIN CPA3y YUUTHIBATH BCE ITH BOMPOCHI.

VrBep:KaeHne, 9TO THUNbI JOJKHBI SBISATHCA HEOTHEMIIEMON YacThiO sI3bIKA
MIPOrPAMMHUPOBAHUS, OPTOTOHAIBLHO BOMPOCY O TOM, B KAKUX CIydYasx MMPOTPAM-
MUCT JIOJ2KEH sIBHO yKa3bIBATH AHHOTAIIUU THIIA, 4 B KAKUX CIIy4YasiX UX MOXKET
BBIUHUCJIATH KOMITHJISITOP. XOPOIITO CITPOEKTUPOBAHHBIN CTATHUYIECKY THITH3UPOBAH-
HBII S3BIK HUKOLJIA He OyaeT TpeboBaTh OT MPOTPAMMUCTA BPYYHYIO BBIMUCHIBATH
JIJIMHHBIE U Yy TOMUTEJIbHBIE JeKJIapanuy TUoB. BrpodeMm, mo BOmpocy O TOM, KaKoe
KOJIMYECTBO sIBHOU WH(DOPMAIUH CIUTATH YPE3MEPHBIM, CYIIECTBYIOT PA3IHIHBIE
muenwusi. Cozmarenu a3bIKOB ceMeiictBa ML TiaTenbHo crapainch CBECTH AaHHOTA-
UMY K CAMOMY MUHMMYMY, UCIIOJIb3YSI JJIsI TIOJIy YeHUsT HegocTaoneil nudopmanmun
METO/IbI BRIBOJA TUTIOB. B s3bikax cemeiicrsa C, BRIOUas Java, IpUHAT HECKOIHKO
00J1e€ MHOTOCJIOBHBIH CTHIIh.

1.4. Kparkasa ucropus

CamMble paHHE CHCTEMBI TUTIOB B MH(DOPMATHUKE UCIIOIb30BAINUCH I TTPOCTET-
[IEro Pas3JjInyeHusi MKy HEeJIbIMU YUC/IAMU M YUCIaMHU C ILJIABAIOIIEeH TOIKOi (Ha-
upumep, B @oprpane). B konne 1950-x u navase 1960-x sra kinaccudukaims Opuia
PaCIIMPEHa HA CTPYKTYPUPOBAHHbIE JaHHble (MACCUBbBL 3alMCell U T. 11.) U PYyHK-
MW BBICITIEro mopsiaka. B madase 1970-X mosBUINCH erre 60J1ee CI0KHBIE TTOHATHST
(mapamerpuueckuii moauMopdusM, abCTPaKTHBIE TUINBI JAHHBIX, CUCTEMBI MOJLY-
Jiell ¥ TOJATUIIBI), U CUCTEMbI THIIOB [IPEBPATHJINCH B OTAEJIbHOE HANDPABJICHUE UC-
cremoBanuii. Torma ke CIenuaancTs Mo HHGOPMATHKE OOHAPY KUK CBI3b MEXK Iy
CHUCTEMAMU THUIIOB B SI3bIKAX [POrPAMMHUPOBAHUAS U TUIAMH, U3y9aEMbIMU B MaTe-
MATUYECKOH JIOIMKE, U 3TO IPUBEJO K ILUIOAOTBOPHOMY B3aUMOJIEHCTBUIO MEXKLY
JByMs 00JIACTSIME, KOTOPOE MPOIOIXKAETCS O Ceil TIE€Hb.

Ha puc. 1.1 npezacrasiena kparkas (1 4pe3BblYaiiHO HENOJHAs!) XPOHOIOrUs
OCHOBHBIX JOCTHXKEHUI B uCTOpmu cucreMm Tunos B uHdopmaruke. Kypcusom or-
MEY€HbI OTKPBITHS B 00JIACTU JIOTUKHU, YTOOBI IIOKA3ATh BaXKHOCTh JAOCTHU2KEHUI B
oroit obsactu. CchIKYM HA PAOOTHI, YKA3AHHBIE B TTPABON KOJIOHKE, MOXKHO HANTH
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B Oubamorpadun.

1.5. JlomosiHuTe/JbHad JIUTEPATypa

XoTst g MBITAJICS CJIETATH 9Ty KHUTY CAMOIOCTATOYHON, OHA JAJIEKa OT BCEOXBa~
THIBAIOIIEH; 00JIACTD UCCIIEIOBAHUI TEOPUU TUIIOB CJIMIIKOM IMUPOKA, ¥ TOBOPUTH
O Hell MOYKHO C Pa3HbIX TOYEK 3PEHWS, TTOITOMY BCE €€ aCTeKThl HEBO3MOXKHO 10~
CTOITHO OCBETUTH B OJHOM KHure. B 3TOM pa3szene s yKaxKy HEKOTODBIE IPYyTue
BBO/IHBIE TEKCTHI.

B o630opubix crartbsx Kapaemm (Cardelli, 1996) u Mnruemna (Mitchell,
1990b) comepxkurTcs Kparkoe Beegenue B guciuimuy. Crarbs Bapenaperrta
(Barendregt, 1992) npenna3nadena ckopee Juist YUTaTes, CKIOHHOIO K MaTeMaTHh-
ke. O6bemucroiii yaedbuuk Murdesra «OcHOBaHUS S3bIKOB IPOrPAMMUPOBAHUS>
(«Foundations for Programming Languages», Mitchell, 1996) ouucbiBaer ocxo-
BBI JIIMO/Ia-MCUUCIEHUsI, HECKOJIBKO CHCTEM THUIIOB M MHOTHE BOIIPOCHI CEMAHTH-
ku. OCHOBHOE BHUMAHUE yIEISIETCS CEMAHTHUKE, & He JAeTajisiM peaju3armu. Kuura
Peiinonbaca «Teopuu si3bikoB nporpammuposanusi» («Theories of Programming
Languages», Reynolds, 1998b) — 310 0630p Teopuu s3bIKOB [IPOrPAMMUPOBA-
HUsl, IPEJIHA3HAYCHHBIN [IJIsd ACHUPAHTOB U COJAEPXKAINMY M3SIIHOE OIMUCAHUE I10-
JuMmopdu3Ma, MOATUIIOB W THUNOB-Tiepecedennii. «CTPyKTypa TUNU3UPOBAHHBIX
a3bIkoB mporpammupoBanusy Imuara («The Structure of Typed Programming
Languages», Schmidt, 1994) pa3BuBaeT OCHOBHbBIE IIOHSATHS CUCTEM THUIIOB B KOH-
TEKCTe MPOEKTUPOBAHWS S3BIKOB, W COMEPIKHUT HECKOJBKO IJIaB 10 OOBIKHOBEH-
HBIM UMIIEPATUBHBIM si3bIKaM IporpammupoBanusi. Mounorpadus Xuumim «OcHo-
BbI Teopun mpocThix Tunos» («Basic Simple Type Theorys, Hindley, 1997) sasng-
€TCsT 3aMevaTeIbHBIM COOPAHNEM PE3YIhTATOB TEOPUH TPOCTOTO THUIHU3UPOBAHHOTO
JIAMO/IA-NCAUC/IEHUs] U OJIM3KOPOACTBEHHBIX cucTeM. OHO OTIMYaeTCs CKOpee TiIy-
OMHO#, HEXKeTH IMIPOTOH OXBATA.

«Teopus o6bekroB» Abamu u Kapmemmu («A Theory of Objects», Abadi and
Cardelli, 1996) pasBuBaeT BO MHOIOM TOT K€ MaTepUaJl, YTO U HACTOAIIASA KHHU-
ra, ¢ MEHBIIMM YIOPOM Ha BOMPOCHI peajm3anuu. BMecTo 3Toro oHa moapob-
HO OINHUCBHIBAET IIPUMEHEHME OCHOBHBIX HJEH JJis HOCTPOEHUs OCHOBAHUII T€Opuu
00bEKTHO-OPUEHTHPOBAHHOTO TporpammupoBanusi. Kawra Kuma Bproca «Ocuo-
Bbl O0'bEKTHO-OPUEHTUPOBAHHBIX sI3bIKOB: TUIbI U ceManTuka» («Foundations of
Object-Oriented Languages: Types and Semantics», Bruce, 2002) nokpbiBaer npu-
OIU3UTETLHO TOT K€ MaTepuas. BeejeHne B TEOPUI0 0ObEKTHO-OPUEHTHPOBAHHBIX
CHCTEM TUIIOB MOXKHO Takxke Haiitu B kuurax [Tancbepra u I[IIsapubaxa (Palsberg
and Schwartzbach, 1994), a rakxke Kacransn (Castagna, 1997).

CeMaHTHYECKHE OCHOBBI KAK OECTUIIOBBIX, TAK ¥ TUIU3UPOBAHHBIX SI3BIKOB IO~
21pobHo paccmorpenbt B yuebnukax Lanrepa (Gunter, 1992), Yuunckens (Winskel,
1993) m Mwuruenna (Mitchell, 1996). Kpome Toro, omeparoHHasi ceMaHTHKa Jie-
rasbHO omucana B kaure Xenneccn (Hennessy, 1990). OcHOBaHUS CeMaHTHKH TH-
[IOB B pPAMKaX MareMaTH4ecKoii meopuu xamezopudi (category theory) MoxHO Haii-
TU BO MHOXKECTBE MCTOYHUKOB, BKJ0Yas Kuuru SIko6ea (Jacobs, 1999), Acnepru u
Jlouro (Asperti and Longo, 1991) u Kpoyaa (Crole, 1994); kparkoe BBejenue ume-
ercs B «OCHOBAX TEOpUU KATErOpwuii Jis crienuaaucTos no ungopmarukes («Basic
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Category Theory for Computer Scientists», Pierce, 1991a).

Kuura ZKupapa, Jladonra u Teiiopa «/Jokazarenbcrsa u tunbty («Proofs and
Types», Girard, Lafont, and Taylor, 1989) mocssirena JJOrHIeCKAM BOIIPOCAM T€O-
puu Tunos (u3omopdusm Kappu-Tosapaa u T. i1.). Kpome Toro, ona BK/I0O4aeT onu-
cauue Cucrembl F, cIe/IaHHOE €€ CO3ATeNIeM, U IPUJIOKEHNE ¢ BBEJEHUEM B JTHHET-
HyTO JOruKy. CBsi3u MeK/Iy TUIIAMHU U JIOTUKOM MCCIEIYIOTCS TaK¥Ke B KHUTE «Bbi-
yuciaenne u genykuusy Ildennunra («Computation and Deductions, Pfenning,
2001). «Teopus Tunos u pyHKINOHAILHOE TporpaMMupoBanues Tommcona («Type
Theory and Functional Programming», Thompson, 1991) u «KoucTpyKkTuBHbBIE
ocHOBaHus (DYHKIMOHAJILHBIX #3bIKOB» Tépuepa («Constructive Foundations for
Functional Languages», Turner, 1991) nocssienst cBa3saM MeXKy (DYHKIMOHAb-
HBIM [IPOrPAMMUPOBaHKUEM (B CMbICJIE «4UCTO (DYHKIMOHAJIBLHOIO IIPOIPAMMUPO-
BaHWsi», Kak B si3bikax Haskell m Miranda) m KOHCTpYKTHBHO# TeOpwii THIIOB,
paccMaTpuBaeMoil ¢ TOYKM 3peHust JOrUKH. MHOXKECTBO BONPOCOB TEOPUU JTOKA-
3aTeIbCTB, UMEIOIINX OTHOINEHNE K MPOrPAMMHUPOBAHUIO, PACCMOTPEHBI B KHUTE
«Teopus Tunos u apromaruyeckas geaykius» [obonbr-Jlappeka u Makku («Proof
Theory and Automated Deduction», Goubault-Larrecq and Mackie, 1997). cro-
pus TunoB B Jjioruke u ¢purocodpun O6osee moaApOOHO ONMUCaHa B cTaTbax KoHcTeb-
na (Constable, 1998), Yommepa (Wadler, 2000), 03 (Huet, 1990) u Ildbenuumnra
(Pfenning, 1999), a rak:ke B muccepranuu Jlaana (Laan, 1997) u B kuurax ['parran-
TFunnecca (Grattan-Guinness, 2001) u Commapyru (Sommaruga, 2000).

Kaxk Boisgcagercs, 4robbl
u3bexKaTh JOCAAHBIX OMKOOYHBIX
YTBEPKICHUNH 0 KOPPEKTHOCTH
THUIIOB B A3BIKAX
HPOrpaMMuUpoBaHus, Tpedyercs
HeMaJIas T0JIsi TIATETHHOTO
aHasm3a. BeiieacrBue 3Toro
Kiaccudukanys, OHUCAHUE U
WCCJIE/IOBAHNE CUCTEM THIIOB
PEBPATUIUCH B (DOPMATIHHY IO
OACHUILIAHY.

JIyxa Kapgemm (1996)
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1870-e  Hauana HoOpMarLHOT A0ZUKY

1900-e  Popmarudayus mamemamury
1930-e  becmunosoe aambda-ucuucienue
1940-e  npocmoe munuduposanroe aamboa-
ucwucAeHUe
1950-e  Doprpan
Asron-60
1960-e  npoexm Automath
Cumyuta

udomoppusm Kappu-T'osapda
Anron-68

1970-¢ Ilackaun

Teopus munoe Mapmuna-JIépa
Cucmemuv, F, F,,
nonuMopgHOoe TAMOIA-NCINCTIeHIe

CLU
O TUMOP(HBIH BBIBOJI TUIIOB

ML

munvi-nepeceverHuA

1980-e  mpoekt Nuprl

IIOATHUIIBL

AT/T xaKk 9K3UCTEHITUATBHBIE THUITHI
UCHUCAEHUE KOHCMPYKYUUT

AUHETUHAA NO2UKG

OTpAHMYEHHAST KBAHTU(DUKAIIAS
LF (Edinburgh Logical Framework)
Forsythe

YUCTBLE CUCTNEMDL TMUNOS
3aBUCHMbIE TUIIBI ¥ MOIYJIBHOCTD

Quest
cucreMbl 3¢ deKToB
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1990-e

IIOATUIIbI BbICHINX ITOPAJIKOB

Frege (1879)

Whitehead and Russell (1910)
Church (1941)
Church (1940),
(1958)

Backus (1981)
Naur et al. (1963)
de Bruijn (1980)
Birtwistle, Dahl,
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I'1aBa 2

MaremaTndeckuii anmapar

IIpex e vem HadMaTh, HAM HY?KHO JIOTOBOPHUTHCS 00 HMCIOJB3yEeMbIX 0DO3HATE-
HUSX U COOOIIUTH HECKOJIBKO OA30BBIX MATEMATHYECKUX YTBEPIKIEHUI. BOIBITTIHH-
CTBO YnTaTE el MOXKET OEryIo MPOIJIAAeTh ITY IVIaBy W 3aTE€M BO3BPAINATHCS K HEl
110 Mepe HeOOXOIMMOCTH.

2.1. MHoxecTBa, OTHOIIIEHUS 1 (PYHKITUN

Ompeznenerue 2.1.1 Mo noav3dyemca cmandapmuvimu 0003HAMEHUAMY 0L MHO-
orcecne: Puzyproie CKOOKU UCTIOAb3YIOMCA, %0200 INEMEHTNOL MHOHCECTEA Ne-
peuucasromes, aenolm obpazom ({...}) uau xozda omno 3adaemcs BbLIEIEHUEM
(comprehension) us dpyzozo mmuoorcecmea ({x € S| ...}), & obosnauaem nycmoe
MHO02HCECTNB0, 4 suipasicenue S \ T — MmeopemuKo-mHONCECTNBERHYIO PA3HOCTL S
u T (muoocecmeo anemenmos S, ne asasowuzca aremenmamu T). Mowmnocmo
(Koaunecmeo asemenmos) mmooicecmasa S obosnavwaemca |S|. Muoocecmeo ecex
nodmmootcecms S oboznavwaemes P(S).

Onpenenenve 2.1.2 Mwuooicecrneo  HarypaabHbix  umcena  (natural numbers)
{0,1,2,3,4,5,...} obosnawaemcsa cumsosrom N. Munooscecmeo nazveaemes cuer-
HbiM  (countable), ecau meocdy €20 INEMEHMAMU U HAMYPAADHOMU HUCACGMU
CYwecmsyem 63aumMHo-00H03HAUHOE COOMBEMCMEUE.

Oupenenerue 2.1.3 n-mecmuoe orHowenue (relation) wna nabope mmoocecms

S1,89,...,5, — amo muoocecmeo R C S x Sy x ... x S, xopmeosiceti snemenmos
S1,.,8n- Ecau (81,...,8,) € R, 2de s1 € S1,...,8, € Sp, mo 2zoeopumca, wmo
S1y---,8, cBa3aHbl (Telated) ommowenuem R.

Ompegmenernue 2.1.4 Odnomecmnoe omnowernue Ha MHoxHcecmee S HA3bBAENCA
upeaukarom (predicate) na S. T'osopumes, wmo P ucmunen na s € S, ecau s € P.
Ymobvl noduepkHyms 9mo UHMYUMUEHOE NOHATUE, MbL HAcMO Oydem nucams
P(s) emecmo s € P, paccmampueas P xax dynxyuro, nepesodsuyro ssemenmot S
6 UCTNUHHOCTIHDLE 3HAYEHUSA.
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36 2.1. MHuoxkecTBa, OTHOHICHHUST U (DYHKIHH

Ompenenernue 2.1.5 Jleymecmnoe omuowenue R na mmoorcecmeax S vl nazwviea-
emcs Gunapubiv ornowenueM (binary relation). Mo, wacmo 6ydem nucams s R t
emecmo (s,t) € R. Ecau S u T coenadaom (nazosem smo muoscecmeo U ), mol
bydem zosopumov, ymo R — 6unaproe ommnowenue Ha U.

Onpenenenve 2.1.6 Ymobv, obaezuums wmenue, MHozomecmmbie (mpex- u boaee)
OMHOWLEHUA 4ACTNO 3ANUCHLEAIOMCA 6 <CMEULGHHOMS CUHMAKCUCE, K0200 dNeMEH-
Mol OMHOWEHUA PA30EAAIOMCA NOCAEIOBATNENDHOCTNBIO CUMBOAO8, U IMU CUMBO-
AbL BMecme 06pasyom uma omuowenus. Hanpumep, omuowenue munudayuy 044
NPOCMO20 MUNUSUPOBAHHO20 AAMOOA-UCHUCAEHUS U3 24060 I 3ANUCHLBAEMCA KOK
I'+s:T — makas gopmysa osnavwaem «mpotixa (I';s, T) nazodumes 6 omuowe-
HUU MUNU3AUUULS.

Onpegenerue 2.1.7 OGiacrbio onpenenenust (domain) ommowenus R mesrcdy
mroocecmeamu S u T HA3LLEGEMCA MHOHCECTNEO INEMEHMOE S € S, MAKUL, 4MO
(s,t) € R dan nexomopozo t. Obaacmo onpedeserus R obosnauaemea dom(R).
O6macrbio 3HadeHuit (codomain) R naswieaemes muostcecmso aremenmos t € T,
maxuz, wmo (s,t) € R daa nexomopozo s. Obaacms 3nauenuti R o6osnauaemcsa
range(R).

Ompenenerue 2.1.8 Omuowenue R na mroocecmeax S u T Hasvieaemces 1acTud-
Hoit dyukuueit (partial function) uz S ¢ T, ecau u3 (s,t1) € R u (s,t2) € R
caedyem t1 = to. Ecau, kpome mozo, dom(R) = S, mo R nazweaemcs BCiOLy
onpenenenHoil byuknmeii (total function), uau npocmo byuxmeir (function), us
SeT.

Oupenenernue 2.1.9 Yacmuunas dynxuyus R uz S 6 T oupenesena (defined) na
apeymenme s € S, ecau s € dom(R), u ne onpedesena 6 NPOMUCHOM CAYUAE.
3anuce f(x) T uau f(x) =1 osnauwaem «f ne onpedeaena na x», a f(x) | osnavaem
«f onpedenena Ha T ».

B nexomopuix 21664, NOCBAUEHHHE NPOZPAMMHOT DEAAUSAGUUL CUCTNEM M-
n06, HaM MmaKxHce nompedyemcs onpedeasms GYHKYUY, KOMOPuE HA HEKOMOPHLT
apeymenmazr tepuar weynady (fail) (cm., wanpumep, puc. 22.2). Bascno omau-
wams weydawy (wacmmvil cay ati paspewentozo, Habaodaemozo pesyibinama) om
pacxoxuenus (divergence); Pynryus, cnocobHas nomepnemv Heyoawy, Moxcem
6oime Aubo wacmuwnol (M. e., Modicem Maxsice pacrodumvpces), Aubo boims 6cro-
dy onpedesennoti (m. e., ona 6cez20a AUbO 6036PAWLGEM PEZYALMAM, AUOO MEPTUM
neydauy) — 6 CYWHOCTIU, “ACTO HaM OYdem HYNHCHO J0KA3BIBAMb, “MO MAKAL
pynryua ecrody onpedeaena. Ecau [ so3epawaem neydauy npu npumMeHeHus K T,
Mol 6ydem nucams f(x) = neydaua.

C dopmaavrott mouru 3penus, pyukyus ud S 6 T, Komopas moocem eep-
HYMb HEYOAuY, ABAALTCA Ha camom dese Pynryuet us S 6 T U {neydaua} (Mol
npednosazaem, wmo weydaswa ne sxodum 6o muoocecmeo T).

Ompegmenernue 2.1.10 ITycme R — Ounapmoe ommoweHnue Ha muoxcecmee S, a
P — npeduram na S. Ecau us s R s u P(s) caedyem P(s"), mo z2o06opumcs,
wmo R coxpausier (preserves) P.
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2.2. YropsigoueHHbIE MHOXKECTBA 37

2.2. YnopaaodeHHbIE MHOXKECTBA

Ompegmenerue 2.2.1 Bunapnoe omuowenue R na mmoocecmse S pedieKCHBHO
(reflexive), ecau kaoicoutd sanemenm S ceazan omuowenuem R ¢ camum coboti —
mo ecmo, das ecex s €S, s R s (uau (s,8) € R). Omnowenue R CUMMETpUYHO
(symmetric), ecau dasn ecex s,t € S us s Rt caedyem t R s. Omnowenue R
TpaH3UTUBHO (transitive), ecau uz s Rt u t R u caedyem s R u. Omnowenue R
AHTUCUMMETPUYHO (antisymmetric), ecau u3 s Rt ut R s caedyem s = t.

Ompenenernue 2.2.2 Pegpaexcusnoe u mpanzumuenoe omuowenue R na mmoorce-
cmee S Haswvieaemcs upeunopsgakom (preorder) na S. (Beaxuid pas, xozda mol
2060puM 0 <«nPedynopadoueHHoM MHoMHcecmee S», Mbl umMeem 6 6udy KaAKOU-MO
Konkpemmuvili npednopador na S.) Ilpednopadsu 00biuno 0603HAUAIOTNCS CUMBOA-
Mu < uau E. 3anuce s < t osnauaem, wmo s <Kt As £t («s cmpozo menvwe t» ).

Ecau npednopadox (na S) x momy oice aHMUCUMMEMPUIEH, OH HA3BLEALTNCS
YaCTUYIHBIM TOpAAKOM (partial order) na S. Yacmuuwnvil nopadox < Ha3wvleaemcs
JMHeHHbIM TIopaakoM (total order) wa S, ecau dasn ar0bwx s,t € S swnoansemes
aubo s < t, aubo t < s.

Ompegnenernue 2.2.3 [lycms < — yacmuunsl nopsadox na S, a s u t — snemen-
mo, S. Daemenm j € S nasweaemca obbenunenueM (join) (usu TOUHON BepxHeit
rpauuueii, least upper bound) s u t, ecau:

1. s<j ut<j, a maxoce
2. Oas 6caxozo ke S, ecau s <k ut<k, moj<k.

Ananozuuno, saemenm m € S nazweaemcsa nepecedenueM (meet) (uau TOIHOM
HuxKHell rpanuneit, greatest lower bound) s u t, ecau:

1. m<sum<t, a makoce

2. dan ecakozon € S, ecaun<sun<t, mon<m.

Ompeznenerue 2.2.4 Pefaexcusnoe, mpan3umueHoe U CUMMEMPULHOE OTHOULE-
Hue Ha MHodcecmee S Ha3vieaemes OTHOIIEHWEM SKBHBAJEHTHOCTH (equivalence
relation) na S.

Ompegmenernue 2.2.5 Ilycme R — bunaproe ommuowenue na muoccecmee S. Pe-
dbrekcusnoe 3ambikanue (reflexive closure) R — smo naumenvuwee pedaexcus-
noe omuowenue R', codeporcawee 6 cebe R. («Haumenvwees 3decv o03nava-
€m, Mo, ECAU UMELTNCA KaKoe-mo dpyzoe pedaexcuenoe ommnowenue R, exaro-
warouee 6ce napve u3 R, mo R  R”.) Ananrozuuno, TPAH3UTUBHOE 3aMbI-
kanue (transitive closure) R — 2mo Haumenvuwee MPAH3UMUSHOE OMHOULE-
nue R, codepocawee R. Tpansumuenoe samvxanue R wacmo oboznavaemes RT.
PeduiekcuBro-rpansurustnoe 3aMmbikanue (reflezive and transitive closure) R —
MO HauMeHbUEe pePaeKcusHoe U MPAH3UMUBHOE OmHouweHue, codepocauwee R.
Ono wacmo obosnauaemces R*.
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38 2.3. llocrenoBareibHOCTH

Vupaxuerue 2.2.6 [k* -»] Jano omuowenue R na muoorcecmse S. Onpedesum
omnowenue R’ max:
R'=Ru{(s,s)|se S}

To ecmwv, R' codeporcum ece napvs u3 R naroc ece napv éuda (s, s). Iokascume,
wmo R’ saeasemcs pedaexcuenvim samvikaruem R.

Vupaxuenue 2.2.7 [kk -»] Bom 6oaee xoncmpyxmusno cnocob onpedeserus
MPAH3UMUEBHOZ0 3AMBIKAGHUA omuowerus R. Chavana onpedesum caedyrouyro no-
CAL008AMEADHOCTND MHOHCECTNE NAP:

Ry = R
Ri1 R; v {(s,u) | daa nexomopozo t, (s,t) € R; u (t,u) € R;}

To ecmv, Ha kascdom waze i + 1 mor dobasasem x R; éce napvl, KOmopovle MOHCHO
NOAYHUMD <30 00UH Wa2 MPAH3UMUSHOCTIUS> U3 Nap, 6xodsuur 6 R;. Haxoneu,
onpedeaum omnowenue R xax obsedunenue scex R;:

R*zURi

Homzofcume, umo .RJr HA CAMOM dese ABAALTMNCA mpaH3umMmuUuBHIM 3AMBIKAHU-

em R — m. e., wmo ono ydossemeopaem ycaoeuam, 3adarnvim 6 onpedene-
nuu 2.2.5.
Vipaxuenue 2.2.8 [k —»]| Ilycmb R — Ounaphnoe ommnouieHue Ha MHONHCE-

cmee S, u amo ommnowenue coxrpansem npeduxam P. Tloxascume, wmo R* maxorce
coxpansem P.

Ompegmenernue 2.2.9 Ifycmoe y mac ecmv npednopadox < Ha MmHoocecmee S.
VYoébiaomias uenouka (decreasing chain) wa < ecmv  nocaedosamesvrocmy
51,82, 83, .. dAEMENMOE S, MAKAA, YMO KAHCIVT INEMEHT NOCAEIOB8AMENLHOCTIU
CMPo20 Mmenbue NPedUecmeyUe20: ;11 < S; 0as 6cakoeo i. (Llenouxu moezym
6oLMb KOHEUHBLMU UAU DECKOHEUHBLMU, 0OHAKO 05 HAC MPEICTNABAAIOM 6OALWUT
unmepec beckonennbie, Kak 6UdH0 U3 CALOYIOUWE20 ONPEIeseHUA.)

Ompenenerune 2.2.10 Ilycme y wac ecmov Mmuooicecmeo S ¢ npednopadkom <.
IIpednopsador < nasweaemcs nonubiv (well founded), ecau on ne codeporcum Gec-
KoHeunbnx yowearowur yenover. Hanpumep, o06viunvil nopador Ha HAMYPAALbHBLL
yucnar, 0 <1 <2 <3 < ..., AGAAEMCA NOAHBM, G MOM HCE CAMBLY NOPAIOK HA
YEAVLT YUCAAT, ... < —3 < -2 < —-1<0<1<2<3<... —nem. Hnozda mo ne
YNOMUHAEM < AGHO U TPOCTNO HA3b8GeM S BIOJHE YIOPIIOUEHHBIM MHOXKECTBOM
(well-founded set).

2.3. llocaemoBarejbHOCTU

Onpenenenue 2.3.1 ITlocienoBarenbHoCTh (Sequence) 3anucvieaemcs nymem ne-
DEUUCAEHUA IAEMEHMOB wepe3 3anamyro. 3anaman UCNoAv3Yyemca Kax i dobas-
ACHUA INEMEHMA 8 HAYUAAO (GHAAOZUNHO ONEPAYUY cons 6 Advike Lisp) uau xo-
Hey nocaedo8AMEALHOCTNU, MAK U 0L CKACUBAHUA J8YT nocaedosamesvrocmed
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2.4. HNuayknms 39

(ananroeuuno append 6 Lisp). Hanpumep, ecau cumeon a 0bosnadaem nocaedosa-
meavrnocms 3,2,1, a cumeon b obosnauaem nocaedosamenrvrocms 5,6, mo 0,a —
amo nocaedosameavrocms 0, 3,2, 1, sanuce a,0 0bosnauaem nocaedosamesbHOCMb
3,2,1,0, a sanuce b, a obosnauaem 5,6,3,2, 1. (Hcnoavszosanue sanamot das 0eyx
PABHBLE ONEPALUTT — aHAN0206 cons U append, — He CO30aem NYMAHUYbL, eCAU HAM
HE HYIHCHO BECTNU PEUb 0 NOCAEIOBAMEALHOCTAT Nocaedosamenvrocmeti.) ITocae-
dosamenvrocme wucea om 1 do n obosnavwaemesn 1..n (vepes dee mouku). 3anuco
|a| osnavaem dauny nocaedosamesvrocmu a. Iycmasn nocaedosamesvrocms 060-
BHAYAETNCA BHAKOM ® UL NPobesom. OOHa Tocaed08aAMEALYHOCTND HA3DLEAETNCS TIe-
pecTaHoBKOi (permutation) dpyzot nocaedosamesbHOCTIU, ECAU OHY COOEPAHCATN 6
MOYHOCTU 00HU U ME JHCE FNCMEHMDBL, KOMOPLE MO2YM ObiMb PACNOAONHCEHDL 6
HUT 6 Pa3HoM Nopsdke.

2.4. WNuapyknus

JlokazaTebCTBa M0 WHIYKIUUA BCTPEYAIOTCSA B TEOPUHU S3BIKOB IPOrPAMMUPO-
BaHHWS OYEHb IACTO, KaK W B OOJBIIHMHCTBE pa3ienoB umHpopMmaruku. Muorue u3
TUX JOKA3ATEIHCTB OCHOBAHBI HA, OJHOM U3 CJIEAYIOMUX TPUHITUTIOR:

Arcuwoma 2.4.1 [IIPMHIMIT OBBIKHOBEHHON WHAYKIIMW HA HATYPAJIbHBIX

4ucJIAX] Hyemo P — npeduram, 3a0arnoili ha MHONACECTNEE HATMYPANOHOLL YUCEA.
Toz0a

Ecau P(0)
u das 06020 i, uz P(i) caedyem P(i+ 1),
mo P(n) ewnoansemcs 0ia 6cex n.

Axcuoma 2.4.2 [IIPMHIMIT TIOJIHOM WHAYKIIMA HA HATYPAJIbHBIX YMCJIAX]
ITyecmv P — mpeduram na muoxcecmee Hamypasvholx wuces. Tozda

Ecau 0as ka01c0020 Hamypaisbtozo wucia n,

npednoaazas, wmo P(i) das ecex i < n,
MbL MOdICEM NOKA3aMB, wmo P(n),

mo P(n) ewnoanaemcs 0aa 6cex n.

Onpenenenve 2.4.3 Jlekcukorpaduueckuii  (Wim  «CJIOBapHbI»)  MOPSIOK
(lexicographic order) wna napax HAMYPANLHOIL “UCEA ONPEIEARETNCA CACOYI0-
wum obpazom: (m,n) < (m',n’) moeda u moavko mozda, xozda aubo m < m/,
aubom =m' un<n'.

Axcuoma 2.4.4 [IIPUHIUII JIEKCUKOTPA®UYECKON UHAYKIUU]| Ifycmo P —
npedumzm Ha MHOIMCECTNBE TLAP HATNYPAAODHBIT YUCEN. Toz0a

Ecau das xaoicdot napve namypassros wucea (m,n),

npednoaazan, wmo P(m',n') dasn ecex (m',n') < (m,n),
Mbl MOCEM NOKA3amb, wmo P(m,n),
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40 2.5. CrpaBodHast JIHTEPATYPA

mo P(m,n) ewnoansemecs das ecex m,n.

[Mpunnun jgekcukorpaduIeckoil WHAYKIWKA CJIYyKAT OCHOBOM [Jis JAOKa3a-
TEJIbCTB C 6400ceHH0l undykyued (inner induction), Koraa Kakoi-u6o IIyHKT UH-
JIYKTUBHOTO JIOKA3aTEeJIbCTBA UCHOJIb3YeT WHYKIUIO «BHYTPHU cebsi». DTOT MPUH-
LM MO’KHO PACHPOCTPAHNUTH HA MHJLYKIMIO 110 TpoOiikam, yerBepkam u T. . (Vn-
JYKITUS TI0 TTapaM HYXKHA JOCTATOYHO YaCTO; MHIYKIIUS TT0 TPORKAM WHOTA MOYKET
ObITH MOJIE3HON; UHIYKIHs 110 YeTBEPKAM U JIAJIe€ BCTPEYAETCH PEJIKO.)

B Teopeme 3.3.4 BBoAUTCA €11e OMH BAPUAHT JOKA3ATEILCTB 10 WHIYKIIWH, Ha-
3bIBAEMbILl cmpykmypHnot undykyued (structural induction). On ocobenHo nose3exH
JJ1s1 TOKA3aTeIbCTBA YTBEPK/IEHHHN O IPEBOBUIHBIX CIPYKTYPaX BPO/ie TEPMOB WU
JepeBbAX BBIBO/IA TUMOB. MaTeMaTndyecKne OCHOBAHWS WHIYKTUBHBIX PACCYKIe-
HUi OyIyT OApoOHee paccMOTpeHbl B ryiase 21. Mbl yBUIMM, 9TO BCE YIIOMSHYTHIE
MPUHIATIBI UHAYKIUU SBISIIOTCS YaCTHBIME MPOSABJICHUSME €IWHON, 6ostee oOrieit
139 (51

2.5. CnpaBouyHas JIUTEPATypa

Tem, KOMy TOHATHSA, IEPEUNCTIEHHBIE B ITO TylaBe, OKA3AINCH HE3HAKOMBIMH,
BEPOSITHO, UMEET CMBICT O3HAKOMUTBLCS CO CIPABOYHOM Jiureparypoii. Cymnecry-
€T MHOXKECTBO BBOJHBIX KypcoB. B uacrhocru, kuura Bunckesna (1993) nomora-
€T Pa3BUTb WHTYHIMIO B BOlpocax muaykiuu. Hadanpubie riaser B kaure Jleii-
Bu u [Ipuctiu (1990) comep:Kar 3amMedaTe/bHBIA 0030p MO YIOPSIIOUEHHBIM MHO-
skecTBaM. Xasmoc (1987) ciysKuT XOpOINM BBEJIEHHEM B 3JIEMEHTAPHYIO TEOPUIO
MHOZKECTB.

Jloka3aTeabCTBO €CTh
BOCIIPOM3BO/IMMBIH OIIBIT B JIejIe
yOex IeHUs.

kv XOpHUHT
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Yacte 1

becTumnmoBsbie cucreMbl
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I'maBa 3

bBecTumnosbie apudmMerndeckune
BbIPaKeHU s

J171s1 KOpPEKTHOrO OOCY?KIEHUs CUCTEM TUIIOB M WX CBONCTB MBI TIPEXKIE BCETO
JOJIKHBI HAYIUTHC (POPMATHHO 00pAIAThCA C HEKOTOPBIMU 0A30BBIMU XapaKTe-
PHUCTHKAaMHU S3bIKOB IIPOrpaMMHUpPOBaHusi. B dacTHOCTH, HAM TPEOYIOTCS 4YeTKHE,
SICHbIE M MaTeMaTHYeCKU TOYHbIE MEXaHU3MbI, I03BOJIAIOIINAE ONKNCHIBATH CUHTAK-
CUC U CEMAHTHKY ILIPOIPAMM, & TAKXKE€ CIPOUTH PACCYXKJIEHUs O HUX.

B sroii u mocieayromeil riaBax Mbl pa3paboTaeM TakKhe MeXaHU3Mbl J1JIs
HEOOJILLIOIO A3bIKA, COAEPKALIEIO YUC/Ia U Jorudeckue 3nadenns. Cam 9101 sa3bIK
HACTOJIbKO TPUBHUAJIEH, YTO MOYTH HE 3aC/IYy’KUBAET PACCMOTPEHWS, OJHAKO C €ro
TIOMOITBLI0O MBI BBOJINM HEKOTOpbIE 0A30BbIe MOHATHSA — AOCTPAKTHBINA CHHTAKCHC,
MH/IYKTHBHBIE OIPEIeIeHNs U JOKA3aTeIbCTBA, BLIYUCICHNE, & TaKKe MOIEJHPO-
BaHMe OIMNOOK BPEeMEHHU BBITIOTHEHUsI. B rmaBax ¢ 5 mo 7 Te »Ke caMble [ard Ipojie-
JIBIBAIOTCs] JIjIs HAMHOI'O 00J1ee MOIIHOIO SI3bIKa: OECTUIIOBOIO JIIMO1a-UCIUCICHUS,
B KOTOPOM HaM TaKyKe MPUXOINTCSA WMETh JeJ0 CO CBA3BLIBAHWEM WMEH W TIOJ-
cranoBkamu. /lajee, B riaaBe 8, Mbl HAYWHAEM COOCTBEHHO M3YyUEHUE THIIOB, BO3-
BPAIAsiCh K MPOCTOMY SI3bIKY U3 9TOW TJIABHI M BBOJSA C €r0 MOMOIIbI0 OCHOBHBIE
MOHSATHS CTATHYIECKOH TuHu3anuu. B riaase 9 3Ty mMOHATHA OyayT MIPUMEHEHBI K
JAMO/1a-UCUUCIICHUTO.

3.1. Bsaenenmue

B A3bIKe 3TO# IJIaBbl IMEETCs JTUIIL HECKOJIBKO CHHTAKCHYECKAX KOHCTPYKIIHIL:
OyJieBcKue KOHCTaHTbI true (ucruna) u false (10XKb), yCIOBHbBIE BbIPAKEHUST, YUC-
J0Bas KOHCTaHTa 0, apudMeTHIeCcKre OIepaTopsl succ (Caeayromnee 9ucio) u pred
(IpeabIayIee YnucI0) U onepanys MPOBEPKU iszero, KOTOpas BO3BPALIAET 3HAYUE-

B 310t raBe uzyudaercs GeCTUIIOBOE MCUMCIICHHE JIOTMYECKMX 3HA4YeHu# n uucen (puc. 3.2
Ha c¢. 60). CoorsercrByromas peannsanus Ha OCaml XpaHuTcs B Be6-PEIO3UTOPUH L0 HMEHEM
arith n ommceiBaerca B rnase 4. HCTpYKIMK IO CKaYMBAHUIO ¥ COOPKE IPOTPaMMEI IPOBEPKHI
MOKHO HaiiTu mo azpecy http://www.cis.upenn.edu/ bcpierce/tapl.
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44 3.1. Bgenenne

Hue true, Oymyun npumereHa K 0, u 3nadenue false, KOrga IPUMEHSETCS K JIIO-
OOMY JAPYrOMY YUC/Y. DTH KOHCTPYKLUMAKA MOXKHO KOMIIAKTHO OLKCATH CJIELyIOLIei
TPAMMATHUKOMN.

t = mepmbot.
true KOHCTARMG <UCTNUHG»
false KOHCMARMEA <AOHCH»
if t then t else t YCAOBHOE GIPAAHCEHUE
0 KOHCTARMG <HONAD»
succ t caedyrousee wucao
pred t npeovioyusee wucao
iszero t nPosepKa Ha HOAb

®opmar omucaHus TOH rpaMMaTUKU (M IPYIUX TPAMMATHUK BO BCEM TEKCTE ITOM
kuuru) 61mM30K K crangapTaoil hopme Bakyca-Haypa (cm. Aho, Sethi, and Ullman,
1986). B nepsoit crpoke (t ::=) onpeupenserca Habop mepmos (terms), a Tak-
Ke O0bABIIAETCS, ITO st 0003HAYEHUs] TEPMOB MbI OyJieM yIoTpeOaaTh OyKBY t.
OCTaHbeIe CTPOKU OIUCHIBAIOT CUHTAKCUYECKUE (bOprI, A0IYyCTUMBIE JIJIst TE€P-
MoB. Bceiogy, r/ie BcTpedaercs CUMBOJT t, MOYKHO TTOJICTABUTH J11000#t TepMm. B mpa-
BOI KOJIOHKE KyPCHBOM HAOPAHBI KOMMEHTAPUH.

CuMBOJ t B MTpaBoif 9acTy OMUCAHNS TPAMMATHKN HA3BIBAECTCS MEMANEPEMeEH-
not (metavariable). 9To nmepemMeHHass B TOM CMBICJIE, YTO t CIyXKUT B KA4ECTBE
3aMEeCTUTEJISI KAKOTO-TO KOHKPETHOI'O TepMa, HO 3TO «MEeTa»-TIePEMEeHHasT, TIOCKOJIb-
KY OHA He sIBJIAeTCs [IePeMeHHOl 06sexmnozo asvika (object language) — to ecrb,
CaMOro S3bIKa MPOrPAMMUPOBAHKS, CHHTAKCUC KOTOPOIO MbI OIUCHIBAEM, — & Me-
massvike (metalanguage), 3HaKOBOI cucrembl, UCLOJIL3YeMOil Ay ouuncanus. (Ha
CaMOM JIejie, B 3TOM OOBEKTHOM SI3bIKE [TayKe HET MEPEMEHHBIX; Mbl WX BBEIEM
b B riaase 5.) IlpucraBka mema- IPOUCXOIUT U3 Mmemamamemamury (meta-
mathematics) — orpaciu J0ruku, KOTopas M3y4aeT MaTeMaTHYecKue CBOWCTBA
CHUCTEM, IIPEeJIHA3HAYEHHBIX /I MATEMATHYECKUX U JIOTUYECKUX PacCyKiaeHuil (B
YACTHOCTH, #3bIKOB IporpaMmupoBanus). OTryia e NpoUMCcXOAUT TeEPMUH Mema-
meopus (metatheory); oH 03HAYAET COBOKYNHOCTH UCTUHHBIX yTBEPYKICHWM, KO-
TOPBIE MBI MOYKEM CIEJIaTh O KAKON-T100 JIOrHIecKoiil cucreme (MJiu O sI3bIKE PO-
rPaMMUDPOBAHUsA), & B PACIIUPEHHOM CMBICJIE — UCCJICJIO0BAHUE TaKUX yTBEDIK/Ie-
uuit. To ecThb, Takoe BhIpaXKEHHE KAK «METATEOPHSs HOATUIIOBY B 9TONH KHUIE MOXKET
MMOHUMATHCHA KaK «(POPMATBHOE UCCIIEIOBAHUE CBOWCTB CUCTEM C MOITUIIAMEY.

B rekcre 3roit kKHUrm Mbl GyaeM HCIOTH30BATH METAIIEPEMEHHYIO t, a TaKkKe
coceqame OyKBbI, CKAXKEM, S, U M T, U BAPMAHTHI BPoje t1 mau s, mis obo3Hade-
HUsI TEPMOB TOI'0 OOBEKTHOI'O 13bIKA, KOTOPHIM MbI 3AHUMAEMCs B JTAHHBIA MOMEHT;
Jajsiee OyIyT BBEIEHBI U IpyTHE OYKBBI 1151 0003HAUEHUS BHIPAYKEHUN IPYTUX CHH-
TaKCUIeCKUX KaTeropuit. IloHBIN CMUCOK COTIAIEHN IO MCTOJIH30BAHUIO METa-
MePEeMEHHBIX MOYKHO HAfTH B MpujoxKeHuun B.

IToka uTO ci0Ba mepm ¥ 6vipasicerue 0O03HATAIOT OFHO U TO ke. Hauwmnas c
TJIaBBI 8, B KOTOPOIl MBI CTAHEM W3yYaTh UCIUCIICHUS, 00JIa1aro1me 6oee boraTbiM
HAaBOPOM CHHTAKCUYECKUX KATeropuil (TaKuxX, Kak 1Mmumnst), CJIOBOM 6bpadiCeHUe
MblL Oy/J1eM Ha3bIBATH JIOObIE CUHTAKCUYIECKUE OOBEKThI (B TOM YHUC/e BbIPAZKEeHUs-
TE€PMbl, BbIPA’KEHUs-TULIbI, BbIPAXKEHUSA-BUJIbL U T. 1I.), a mepm Oyaer yunorpeb-
JIITHCS B 0OJIEE Y3KOM CMBIC/IE — 0D03HAYAST BRIPAYKEHNS, KOTOPHIE MPEICTABIISIOT
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3.1. Baenerne 45

co6oii BblYuCsIeHus (T. €. TAKUE BbIPAzKeHUsl, KOTOPbIE MOXKHO II0JCTABUTH BMECTO
MeTalepeMeHHOH t).

IIporpaMma Ha HallleM HbIHENIHEM SI3bIKE — 3TO BCEro JIMIIb TE€PM, IIOCTPO-
€HHbIA IIpY [IOMOIIY IIEPEYUCIEHHBIX BbILIe KOHCTPYKimii. Bor mapa upumepos
MPOTPAMM U PE3YJIBTAT WX BBIYUCIEHUs. J[JIsT KPATKOCTH MBI WCIOJIB3yeM CTaH-
JapTHBIE apabCKue MU(pHI IJI 3AMMCH IUCe], KOTOpbIe (POPMATILHO TMPEICTABIIS-
IOTCsI KaK HabOp TOC/IeI0BATEILHBIX IPUMEHeHni onepanuu succ kK 0. Hampuwmep,
succ(succ(succ(0))) 3ammuchIBaeTCI Kak 3.

if false then 0 else 1;

iszero (pred (succ 0));
> true

CuMBOJIOM B> B TEKCT€ KHUI'M ODO3HAYAIOTCH PE3YJIbTATHl BbIYUCICHHUS IIPUMEDOB.
([Iy1s1 KPATKOCTHU PE3Y/IBTATHI OMYCKAIOTCSA, KOTJIA OHU OYEBUIHBI UM HE UIPAIOT
HUKaKoi posiu.) Ilpu BepcTKe pe3ysibrarThl aBTOMATUIECKH BCTABJISIIOTCS Pean3a-
ueil Toit GopMaIbHOI CUCTEMBI, KOTOPasi PACCMATPUBAETCA B JIAHHBIA MOMEHT (B
5TOit r1aBe — arith); HaleyaTaHHbIE PE3YJILTATHI IPEJCTABIAIOT CO0O0I peasibHbIil
BBIBO/JI, IIPUJIOKEHM . ™

CocraBHble apryMeHTbI succ, pred W iszero B IpUMepaxX MPUBEIEHbBI, JJIsd
ymoberBa urennus, B ckobkax.! CKOOKH He yIOMHHAIOTC B IPAMMATHKE TEPMOB;
OHA OLpeJesster ToIbKO abempaxmund cunmarcuc (abstract syntax). Pasymeer-
Cs1, IPUCYTCTBUE CKOOOK WJIM WX OTCYTCTBHE WIPAET BECbMA MAJIYI0 POJIb B UPe3-
BBIYANHO MPOCTOM SI3BIKE, C KOTOPBIM MBI CE€Yac MMeeM JIeJI0: OOBIYHO CKOOKH
CIy2KaT JJis Pa3perieHnsi HeOJHO3HAYHOCTEHl B IPaMMAaTHWKe, HO B HAIleil rpam-
MaTHKe HEOHO3HAYHOCTEN HEeT — Ji00ast MOCJIEI0BATEIbHOCTh CHMBOJIOB MOXKET
ObITh MHTEPIPETHPOBAHA KAK TEPM MAKCHMYM OIHUM crocobom. Mbr BepHEMCS K
06CY K IEHNIO CKOOOK M abCTPAKTHOrO CHHTAKCHca B riase 5 (c. 73).

PesynbraTom Bhraucsenuii ciryzKar T€PMbI CAMOI'O IIPOCTOrO BUA: 3TO BCELJIA
b0 GyIeBCKMe KOHCTAHTHI, b0 unca (M0C/e/10BaTe/IbHbIE BBI30BbI SUCC HOJIb
usu Gosee pas ¢ aprymentoM 0). Takue TepMbl HA3BIBAIOTCA 3Hauerusmu (values),
¥ OHHU OyJIyT UrpaTh 0COOYIO POJIh Mpu (hOPMATUBANNUY TOPSIIKA BEITUCICHUS TEP-
MOB.

3amMeTuM, 9TO CHHTAKCHUC TEPMOB MTO3BOJISIET 0OPA30BBIBATH TEPMbBI COMHUTE b~
HOT'O BHJA, Bpojie succ true mau if O then 0 else 0. MbI TOroBOpUM O TAKUX
TepMax IO3/IHee — B CYIIHOCTH, UMEHHO WX HAJUYUE EJIAeT ITOT KPOIIeIHBIH
sA3bIK MHTEPECHBIM JIJIs HAIIUX [€JIeil, IOCKOIbKY OHU SBJIAIOTCH [IPUMEPAMU NMEH-
HO TeX DECCMBICIIEHHBIX TPOrPAMM, KOTOPBIX MBI XOTHM W30€KATh MPU TOMOIIN
CUCTEMBI TUTIOB.

*TIpu BepCTKe MEepeBo/ia 3TO MPABUIIO HE COBIIONATOCH. — NPUM. TEPES.

1Ha camoM jesle HHTEPIPETATOP, KOTOPHIM 0GpaBaTHIBAINCH TIPUMEPBI H3 3TOH IJIaBbl (Ha
caiiTe KHUIW OH HA3bIBAETCA arith) mpebyem CKOOOK BOKPYT COCTABHBIX 4PTyMEHTOB succ, pred u
iszero, JaXke HECMOTPS HA TO, YTO UX MOXKHO OJHO3HAYHO pa3obpaTh U 6e3 CKOOOK. DTO C1eJaHO0
JUIST COBMECTUMOCTH € TIOCJIEYIOMUMHA UCIUCTEHUSIMU, TJe TOJOOHBI CHHTAKCUC UCTIOJIB3YEeTC S
NpU OIPUMEHEHUH (PYHKIUH K apryMeHTaM.
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3.2. Cunrakcuc

EcTb HECKOHKO 9KBUBAIEHTHBIX CIIOCOOO0B ONPE/IEJINTh CAHTAKCHC HAIIETO sA3bI-
ka. OJIMH U3 HUX MbI Y2Ke BUJIEH — 9TO IPAMMATHKA, IPUBEeHHas Ha, ¢. 44. T'pam-
MAaTHKa 3T, B CYIIHOCTH, BCETO JIUITh COKPAIIEeHHAsT (DOPMA, 3AMUCH CJIEIYIONIETO
WHTYKTUBHOTO OTIpEIeTIeHUS :

Ompezenerne 3.2.1 [TEPMBI, MHIYKTUBHO|: Mnooicecmeo TepMOB — M0 HAU-
Merbuee Mroocecmeo T makoe, 4mo:

1. {true, false, 0} S T;
2. ecau t; € T, mo {succ ti,pred ti,iszero t1} S T;
3. ecau t1 € T, to € T, ts € T, mo ’Lf t1 then ty else ts€ T.

Takve MHIYKTUBHbBIE ONPE/IEJIEHIS TOBCEMECTHO BCTPEYAIOTCS IIPU UCCIEIOBAHUN
sA3bIKOB IIPOrPAMMUPOBAHUA, TAK YTO UMEET CMbBICJI OCTAHOBUTHCS U PACCMOTPETH
Hallle onpeaeenue noapoduee. IlepBoiil TyHKT 33a8T TPU MPOCTHIX BHIPAYKEHWS,
comepxkamuxcs B 7. BTopoit u TpeTuii myHKTHI yKA3bIBAIOT MPABUIIA, C TIOMOIIHIO
KOTOPBIX MBI MOYKEM BBISICHUTD, COIEPIKATCH JI HEKOTOPHIE CJIOXKHBIE BHIPAYKEHS
B 7. HakoHerl, CJIOBO «HAMMEHbIIIEE» MOBOPHUT, YTO B ] HET HUKAKUX JJIEMEHTOB,
KpoMme TpeOyeMbIX STUMU TPEMsl IIyHKTAMU.

Kak »n rpammMarwka, mpuBeJieHHas Ha €. 44, 3TO OmMpe/ie/ieHNe HUYEro He To-
BOpHUT 00 MCIOIL30BAHNN CKODOK JIJIsI BBIAEIEHHUS COCTABHBIX moarepMoB. C dop-
MaJIBHOM TOYKHU 3pEHUsl, Mbl ONpeesiseM | Kak MHOXKECTBO depesbes, a He MHO-
kecTBO cTpok. CKOOKM B mpuUMepax HCHOIb3YIOTC JIJisi TOrO, 4TOObI MOKA3aTh,
KakK JuHeitHas popMa TepMOB, KOTOPYIO Mbl 3aIUCHIBAEM HA OyMare, COOTHOCHUTCS
¢ BHYTpPEHHEH TpeBOBUIHOMN (HopMOii.

Emme oaun cocob npeicTaBieHns TOrO Ke WHIYKTUBHOTO OIIPEIe/IEHNsT TEPMOB
UCIIOJIB3YET JIBYMEPHYIO 3alluCh B Buze npacus eweoda (inference rules), wacro
HCIIO/IB3YEMYIO B (DOPME «eCTECTBEHHOTO BHIBOJAY JJIsI IPEICTABICHIS JIOTHIECKUX
CHUCTEM:

Oupenenenue 3.2.2 [TEPMBI, YEPE3 [IPABUJIA BBIBOJA]: Mnooicecmeo mepmos
onpe0e/mem0ﬂ cnedymwwwu npasuiamu.’

truee T falsee T 0eT
t1 € T t]1 € T t1 € T
succ t1 €T pred t1 €T iszero t1 €T

tleT tQET tgeT
if t; then to else tz3 €T

[TepBhie Tpu mpaBmia TOBTOPSIOT MEPBbIH MyHKT onpeaenerus 3.2.1; ocTambHbe
derblpe cOOTBeTCTBYIOT IyHKTaM (2) u (3). Kak1oe mpaBuio BbIBOZA YHTAETCH
tak: «Ecim Mbl ycTaHOBUIIM MCTHHHOCTD IIPEAIOCHLIOK, YKA3aHHBIX HAJI YePTOi,
TO MBI MOYKEM TIPUITH K 3aKJIOYEHWIO O] YepToify. Y TBEp:KIEHNe O TOM, 9TO T
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JOJIZKHO ABJIATHBCA HAUMEHODUW UM MHOXKECTBOM, yAOBJETBOPDAIOUIUM 3THM IIDpaBH-
JIaM, 3a4aCTYIO He LPUBOAUTCH SBHO (KAK B JIAHHOM CJly4ae).

CrouT ymoMsHyTh B3 TEPMUHOJOTHIECKUX MOMEHTA. Bo-mepBbix, mpasusa 6e3
NPE/INOChUIOK (KaK MePBbIE TPU B HAINEM ONPEIETICHAN) TaCTO HA3BIBAIOT GKCUOMA-
mu (axioms). B 3Toil KHUTE TEPMUH NPa6UAO 6616004 UCIIOIB3YETCH KK JIIs «Co0-
CTBEHHO IIPAaBUJI BBIBOJAA», JAJid KOTOPBIX UMEETCA OJHA UJIN HECKOJIBKO IIPDEAIIOCDhI-
JIOK, TaK "1 JJId aKCHUOM. AKCI/IOMBI O6I)I'~IHO 3aMUCBIBAIOTCA 663 YepThI, TOCKOJIBKY
HaJ Hell HeYero mmucarTh. BO-BTOPBIX, €CJIM BBIPAXKATHCSA AOCONIOTHO TOYHO, Ha-
W «MPABHJIA BBIBOJA> HA CAMOM JIEJI€ TPEJCTABISAIOT COBOH cxemovi npasus (rule
schemas), IOCKOJIbKY NPEIIIOCHUIKY ¥ 3aKJII0YeHHs B HUX MOLYT COJEPIXKaTh Me-
ranepementbie. C (POPMAIBbHON TOUKM 3PEHHUs], KaXK/as CXeMa IPeIcTaBiser 6ec-
KOHEUYHOE MHOKECTBO KOmKpemuuT npacua (concrete rules), 10Jy4aeMbiX IyTem
3aMEHbI Ka)K,HOI./’I MeTaHepeMeHHOI.;I PA3INYIHBIMUA BBIPDAXKEHUAMU, KOTOPbIE ITPpUHA/I-
JIe2KaT COOTBETCTBYIONIEH CHHTAKCHIECKONH KaTerOpud — T. €., B JIAHHOM CJIydae,
BMECTO KazKJI0ro t IIOACTAaBJIAIOTCA BCE€ BO3MOXKHbBIE€ TEPMBbI.

Hakomer, To ke camoe MHOXKECTBO TEPMOB MOYKHO OIIPEIEUTDH eI OIHUM
c110co60M, B GOJIEe «KOHKDETHOM» CTHJIE, ABHO yKA3aB LIPOLELYDY NOpOsHCcOeHus
(generation) snemenTon T.

Onpeznenenue 3.2.3 [TEPMbI, KOHKPETHBIM OBPA3OM]|: Jlas kasicdozo mamy-
PAABHOZ0 YUCAG T ONPEIEAUM MHONHCECTNEO S;:

So =
Sit1

{true, false, 0}
U {succ ti,pred ti,iszero ti|t; €S5;}
U {%f t; then ty else t3 | t1,ta, t3 € S,L}

Haxoney, nycmo

S=USZ-.

Sy mycTo; S7 COAEPXKUT TOJBKO KOHCTAHTHI, So COMEPKUT KOHCTAHTHI M BbIPA-
2KeHUd, KOTOPble MOXKHO IIOCTPOUTH W3 KOHCTAHT IIyTeM IIPUMEHEHUdA OJHONU u3
omepanuii succ, pred, iszero uiu if; S5 COAEPKUT BCE ITU BbIPAKEHUS ILITIOC T€,
KOTOpBbIEe MOXKHO IIOCTPOUTH 3a OJHO IIPUMEHeHue succ, pred, iszero mim if K
smemenTaMm So; U TaK majee. S cOOMpPAeT BMECTE BCE TU BHIPAXKEHUS — T. €., BCE
BBIPAYKEHN ST, KOTOPHIE MOYKHO MOJIy9YUTh MPUMEHEHNEM KOHEYHOrO 9rcJia, apudme-
TUYECKUX U YCJIOBHBIX OIIEPATOPOB, HAYUHAA C KOHCTAHT.

Vupaxuenue 3.2.4 [kxk]: Ckoavko snemenmos codepoicum Sz ?

Vupaxuerue 3.2.5 [kk]|: I[okaoscume, wmo wmnooicecmea S; KyMyJsaTUBHbBL
(cumulative) — mo ecmo, das 4106020 i svinosnsemea S; S Siy1-

PaccmoTpennbie HaMu OIIpeIe/IEHAST XapaKTEPU3YIOT OTHO M TO YK€ MHOKECTBO
TEPMOB C PA3HBIX TOYEK 3peHus: ompeneneHus 3.2.1 m 3.2.2 mpocTo onucwviearom
MHOKECTBO KaK HaHMEHbIIIee, MMEIOIee HEKOTOPhIE «CBOMCTBA 3aMBIKAHUI ; OIIpe-
Jesienue 3.2.3 MOKa3bIBAET, KAK NOCMPOUMsd MHOXKECTBO B BU/IE IIPEIEsIa IOCIe10-
BaTEJILHOCTH.
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3agepiiras Haie 00CYKIeHUE, TIOKAXKEM, 9YTO ITH JiBe TOYKH 3PEHUS OIPeI1es-
10T OIHO M TO 2K€ MHOXKeCTBO. Vbl pacuuiieM 10Ka3aTebCTBO BO BCEX MOIAPOOHO-
CTSX, 9TOOBI MPOJEMOHCTPUPOBATEH, KAK PA3JIUIHBIE €r0 YaCTU COOTHOCSTCS JPYT

C IpyTOM.

VrBepxnenue 3.2.6 7 = S.

JlokazarenbcTBO: T onpedeasemcs Kax HOUMEHbULLE MHOHCECMBO, YIOBAEMBOPS-
wee Hekomopvim Yycaosusm. Taxum obpazom, docmamowno nokasams, wmo (a)
amu ycaosus ewnoansromes na S; u (6) arboe mmoocecmso, ydosaemeopsrousee
yeaosuam, codeporcum S xax nodmmoscecmeo (m. e, 4mo S — HANMEHbBIEE MHO-
2ACECTNBO, YOOBAEMBOPAIOUEE YCAOBUAM,).

B wacmu (a) nam mpebyemcs npogepums, wmo 6éce mpu Ycaosus u3 onpede-
aenusa 3.2.1 ewnoanaomes na S. Bo-nepewx, nockoavky S1 = {true, false, 0},
ACHO, MO KOHCMaHMY, codepocamcs 6 S. Bo-emopuz, ecau t1 € S, mo, no-
ckonvry S = |J; Si, donocno umemnca nexomopoe i, maxoe, wmo t; € S;. Ho
mozda, no onpedesenuro S;i1, Mvl umeem succ t; € Sii1, 4 caedosamenvHo,
succ t1 € S; ananoeuuno, pred t1 € S u iszero t; € S. B-mpemvuz, ama-
A02UMHOE Paccydcdenue nokasvieaem, umo ecau t1 € S, to € S, u t3 € S, mo
if t1 then ty else t3€S.

Has wacmu (6) npednosoorcum wmo nexomopoe mmosicecmeo S’ ydosaemeopsi-
em 6cem mpem Ycaosuam u3 onpedeaerus 3.2.1. ITpu nomouwsu nosnot uHOYKYyUY
no i mu. dokasicem, wmo ece S; € S’, omxyda ovesudno caedyem, wmo S < S”.

Aonycmum, wmo S; € S das ecex j < i; moL doadrcrbe noxazamo, wmo S; < S’
Hockonvry onpedeaenue S; cocmoum us deyr nywkmos (das i = 0 w i > 0),
mpebyemca paccmompems 0ba cayuan. Ecau i = 0, mo S; = J; owesudno, wmo
g < 5'. B npomuenom cayuae, i = j + 1 das nexomopozo j. Iycms t — wnexo-
moputi anemenm Sjyi1. Iockoavky Sji1 onpedessemces wax obsedunenue mpex
MEHDWUT MHONACECTNE, MPEOYEMCA PACCMOMPEMD MPU BO3MONCHUT CAYHasi. (1)
Ecau t — wonemanma, mo t € S’ no ycaosuro 1. (2) Ecau t umeem 6ud succ
t1, pred t, usu iszero ti, daa nexomopozo ti € S;, mo, no npednoroscenuro
undyryuu, t1 € S, u moeda, no yeaosuro 2, t € S’. (3) Ecau t umeem eud if
t1 then ty else t3 daa nexomopwzx ti, ta, tz € S;, mo, onamov dice, co2aaCHO
npednososicenuro uHdyKyuu, t1, to u tz codeporcamcs 6 S', u, no yeaosurw 3, 6
HeM codeporcumcs maksice u t.

Taxum ob6pasom, mv. nokazasu, wmo ece S; C S’. Ilockorvky S onpedeneno xax
obsedunenue ecex S;, mor umeem S € S’, umo u 3asepwaem 0oKa3aAMENLCMEO.

Crout 3aMeTnTh, 9TO JIOKA3ATEIHCTBO UCIIOIH3YET NOAHYI0 UHIYKIIUIO IO BCEM
HATYPAJIbHBIM YHUCIaM, & He GoJiee IPUBBIYHBIA O6pasel «6a30Bblii ciydail / mar
UHIYKIUn». 171 KaXK 1010 ¢ Mbl IIPEJIIIOIATAEM, YTO HYyKHO€E YCJIOBUE BBITOJIHIETCS
JIJIsl BCEX YUCEJI CTPOrO MEHBIIIE 4, ¥ JJOKA3BIBAEM, U4TO U JIJIsi § OHO TOXKE BBIIIOJIHIET-
csa. B cymaocTH, Kaorcduill Mar 316eCh SBJISETCS MIaroM WHIYKIUMH; eIUHCTBEHHOE,
9TO BBIAEAET ciaydail ¢ = 0 — 3TO TO, YTO MHOXKECTBO UHCEJI, MEHBINUX §, JJIs
KOTOPBIX MBI MOXKEM WCIOJb30BATh WHIYKTHUBHOE MPEIIIOTIOKEHUE, OKAZBIBACTCS
nycteiM. To Ke coobpaxkenwe OyneT OTHOCHTHCSA K OONBIMUHCTBY WHIYKTHBHBIX
JIOKA3aTeJIbCTB HAa BCEM HPOTSKEHUH TONH KHUIM — OCODEHHO K JI0KA3aTeIbCTBAM
MO «CTPYKTYPHON WHIYKIIAUS.
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3.3. Muayknusda Ha TepMax

ABHas xapakrepusalys MHOKeCTBa TepMOB T B YrBepxkaenuu 3.2.6 m03B0Is-
er HaM CHOPMYINPOBATH BaXKHBIH MPWHIIWIT U3y YEHUS ero 3jieMeHToB. Ecm t € T,
TO JOJIKHO OBITH UCTHHHO OJHO M3 CJELyIomuX yrBepxkiaenuii: (1) t saBisercs
KOHCTAHTO#, 1100 (2) t nmMmeeT BAJ succ tj, pred t; mam iszero t;, npuyeMm t;
MeHbwe, 9eM t, smbo, nakoner (3) t umeer Buxg if t; then to else ts, npuuem
t1, to m t3 menvbwe, 9eM t. OT0 HAOMIOAEHUE MOXKHO KCIIOJIb30BATh JAByMs CIIO-
cobaMu: BO-TIEPBBIX, MBI MOYKEM CTPOUTHL uhndyrxmuehvie onpedesenus (inductive
definitions) dbyHKImii, TEHACTBYIOMUX HA MHOXKECTBE TEPMOB, 8 BO-BTOPBIX, MbI MO~
KeM naBarhb undykmnuensie dokasamensvemea (inductive proofs) cpoiicTs TepmoB.
Bor, nHanpumep, uHAYKTUBHOE Ompejienerue PyHKIUH, KOTOPAs CTABUT B COOTBET-
CTBUE KayKJOMY TEPMY MHOXKECTBO KOHCTAHT, B HEM HCIOJb30BAHHBIX.

Onpeznenenve 3.3.1 Mnooicecmeo Koncmanm, 6CMPenaOUUICcs 6 mepme t (3anu-
cueaemes Consts(t)), onpedeasemesa max:

Consts(true) = {true}

Consts(false) = {false}

Consts(0) = {0}

Consts(suce t1) = Consts(ty)

Consts(pred t;) = Consts(ty)

Consts(iszero t;) = Consts(ty)

Consts(if t1 then ty else t3) = Consts(t1) u Consts(ta) U Consts(ts)

Eme ogna xapakTepucTuKa TepMa, KOTOPYIO MOYKHO BBIYUCIUTH MPU TTOMOIITH
WHYKTUBHOIO OIpeJeJIeHNs — €ro pa3Mep.

Onpenenenve 3.3.2 Pasmep (size) mepma t (3anucweaemcs size(t)) onpedens-
emcs mak:

size(true) = 1

size(false) = 1

size(0) = 1

size(suce t1) = size(t1) +1

size(pred ty) = size(t1) +1

size(iszero ti) = size(t1) +1

size(if t1 them to else t3) = size(ty) + size(t2) + size(ts) +1

Taxum 06pasom, pasmep t — 3MO “UCAO GEPWUH 6 €20 AGOCTNPAKIMHOM CUHMAKCU-
weckom depese. Ananozunno, tnyouna (depth) mepma t (3anucweaemcs depth(t))
OnNPedensemCs, MaK:

depth(true) = 1

depth(false) = 1

depth(0) = 1

depth(succ t;) = depth(t1) +

depth(pred t1) = depth(t1) +

depth(iszero ty) = depth(ty) +

depth(if t1 then ty else t3) = max(depth(t ) depth(ts), depth(ts)) + 1
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50 3.3. Uunykmms Ha TepMax

pyeoe, sxsusarenmnoe, onpedeaenue, maxogo: depth(t) — amo naumenvuwee i,
makoe wmo t € S; cozaacro onpedeaenuto 3.2.1.

Bor npumep WHAYKTHBHOTO JIOKA3aTeJIbCTBA ITPOCTOTO COOTHOIIEHUS MEKY
YUCIOM KOHCTaHT B TepMe u ero pasmepom. (Camo cBoiicTBo, pasymeercs, coBep-
meHHo oveBuaHO. VIHTEepec mpencrasiisier (pOpMa WHIYKTHBHOIO PACCYKICHWUS,
KOTOPYIO Mbl €I1e HEOAHOKPATHO BCTPETHUM.)

Jemma 3.3.3 Jucao passuvnvi KoHCManm 6 mepme t ne boavwe e20 pasmepa
(m. e., |Consts(t)| < size(t)).

Jloka3arebeTBo: uHdYKyuA no eaybure mepma t. B npednoaosicenuu, wmo ceot-
CMBO BLINONHAETNCA OAA BCEL TMEPMOS, MeHbWUT t, caedyem dokazamv €20 Mo
ommuowenuro % camomy t. Tpebyemesa paccmompems mpu 6apuanma:

Bapuanm: t — xoncmanma.
Ceoticmeo swnoansemea nenocpedcmeenno: |Consts(t)| = [{t}| =1 = size(t).

Bapuanm: t = suce ti, pred ti uau iszero ity
Cozaacro undyxmuernomy npednososicenuro, |Consts(ty)| < size(t1). Paccyorcda-
em max: |Consts(t)| = |Consts(t1)| < size(t1) < size(t).

Bapuanwm: t = if t; then ts else tj
Coznacno  undyxmuernomy npednososicenuto, | Consts(ty)] < size(ty),
|Consts(ta)| < size(ta), |Consts(ts)| < size(ts). Paccyorcdaem maxk:

| Consts(t)| |Consts(t1) U Consts(tz) U Consts(ts)]
|Consts(t1)| + |Consts(ta)| + | Consts(ts)]
size(ty) + size(ta) + size(ts)

size(t)

N ININ

IIpunnumn, sexammii B OCHOBE 9TOr0 JOKA3aTEILCTBA, MOXKHO mmepedOopMy/In-
pOBaTh €Ié siCHee, B Ka4yecTBe OOIIEro MPWHINIA paccykaeHus. Jlobasum mjis
IIOJTHOTHI €I111€ IBa HO,HO6HBIX TPpUHITUTIA, TaCTO UCTOJIB3yEeMbIX B JJOKA3aTEJIbCTBAX
YTBEPKIEHUN O TepMax.

Teopema 3.3.4 [[IPUHIMIIBL UHAYKIUW IO TEPMAM] ITyems P — npedukam,
onpeﬁe/beHHua HA MHOHCECTNBE TNEPMOB.

WNunyknusa mo rimyoume:

Ecau das wascdozo mepma s,

npednonazas, wmo P(r) daa ecex r, maxuz, 4mo
depth(r) < depth(s),
MootcHo dokasamo, wmo P(s),

mo P(s) ewnoansemes dan 6cex s.

Nugyknma no pa3mepy:

Ecau das xasicdozo mepma s,
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npednoaazas, wmo P(r) das ecex r, makxuzx, wmo
size(r) < size(s),
MooicHO dokasams, wmo P(s),

mo P(s) ewnoansemes as ecex s.
CrpyKTypHAas WHIYKIUS:

Ecau das xastcdozo mepma s,

npednoaazas, wmo P(r) das ecex nenocpedcmeen-
HOLL NOOMEPMOS S, MOdHCHO dokazamv, wmo P(s),

mo P(s) ewnoansemes das 6cex s.
JokazarenbcrBo: YIIPAYKHEHUE (k%).

Nuaayknus no riiyOwHe mid pa3Mepy TEePMOB AHAJIOTMYHA TOJHON WHIYKIIAA
Ha HATypaybHbiX unciaax (2.4.2). OObIKHOBEHHAS CTPYKTYPHAsl WHILyKIHUSA COOT-
BETCTBYeT NPUHIUIY OObIKHOBEHHOH MHIYKIWU Ha HATYyPaJbHbIX uuciax (2.4.1),
B KOTOPO#l war uuaykuuu rpedyer, urobsl P(n + 1) BbIBOAKIOCH UCKIIIOYUTEILHO
u3 mpeznonokenns P(n).

ITomobHO pa3IUYHBIM BHIAM WHIYKIIMA HA HATYPAJbHBIX YUCJIAX, BEIOOD KOH-
KPETHOTO TIPWHIINATIA, WHIYKIMH JUKTYETCs TeM, KaKOi W3 HUX TPUBOAWUT K OoJjiee
MPOCTO CTPYKTYPE KOHKPETHOTO JOKA3aTeIbCTBA — C (POPMAIBHON TOYKH 3pe-
HUs, OHU BBIBOJATCS IPYT U3 Apyra. B mpocThix 10Ka3aTebCTBax OOBITHO HEBAK-
HO, IIPOBOAMM JIM Mbl MHIAYKIMIO 110 IyiyOuHe, pasmepy wju crpykrype. C rou-
KU 3PEHWs CTUJIsA, KAK MPABUJIO, MO BO3MOXKHOCTHU MPEANOYUTAIOT CTPYKTYPHYIO
WHIYKIIUIO, TOCKOJIbKY B TaKOM CjIydae paboTa BeIeTCs MpsiMO C TepMmamu, 0e3
MIPOMEXKYTOYHOTO OOPAIIEeHNsT K IUCIIaM.

BosibmuacTBO 10KA3aTENBCTB IO MHAYKIMKA HA TEPMaX MMEET OJHY U Ty 2Ke
crpykrypy. Ha kaknom miare wHaykuuu jaercsd TepMm t, Jis KOTOPOIrO Hy KHO
MTPOJIEMOHCTPUPOBATH HEKOTOPOE CBOMCTBO P, B TPEANOJIOKEHUH, YTO P BBINOJ-
HAETCS HA BCEX €ro moiarepMax (WM Ha BCEX TEPMAaxX MEHBIIEr0 pa3Mepa). DTo
JIeJIAeTCS MyTEeM PACCMOTPEHHUS BCEX BO3MOXKHBIX (hOPM, KOTOPHIE MOXKET UMETh
t (true, false, 0, yCJOBHOE BbIpazKeHHE U T. II.), IOKA3bIBAs B KAaXKIOM CJlydae,
4910 P [I0/2KHO BBINOJHATHCS HA BCeX Tepmax 3roro Buza. [lockonbky or omgHoro
JIOKA3aTeIhCTBA K APYTOMY MEHSIOTCS JIUIh IeTAN PACCYKIEHUI B KOHKPETHBIX
CydasX, MPUHSITO OMYCKATh MOBTOPSIOIINECS 9aCTH TOKA3ATENHCTB, U 3aITUCHIBATH
X TAKAM 00pa3oM:

Loxaszameavcmeo: Nuaykims 1o t:

Bapuanm: t = true
... JOKas3biBaeM, uro P(true)...

Bapuanm: t = false
... ToKa3biBaeM, 9to P(false)...

Bapuanm: t = if t; then ty else tg3
... JoKazbiBaeM, 4ro P(if t; then to else t3), ucuonbdys P(ti),
P(tg) n P(tg). ..
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52 3.4. CemaHTHYeCKHE CTHIA

(11 Tak ke /i OCTAJIbHBIX CUHTAKCUYeCKUuX (HhopM.)

Bo MHOruX MHAYKTHBHBIX J0Ka3aTeabCTBax (BKioYas 3.3.3) naxke Takoil ypo-
BEHb NOAPOOHOCTH M3JUIIEH: B 0A30BBIX CIydasx (A1s TepMOB t, He MMEIOIHX
noxrepmos) P(t) oueBuuHO, & B UHAYKTUBHBIX ciydasx P(t) BbIBOAUTCS LyTeM
MPUMEHEHNST WHIYKTUBHOTO TIPE/IIOJIOXKEHNs] K TIOATEPMAaM t M COUeTaHNsl Pe3yIib-
TATOB HEKOTOPBIM OYEBHIHBIM CIOCOOOM. UHMTATENI0 OKA3BIBAETCS NpoUse BOCCO-
3/1aTh JJOKA3aTeIbCTBO Ha XO4y (mepefupast MpaBuiia IPAMMATHKHA U IePXKa B yMe
MHIYKTHBHOE [PEIIONOKEHNE), 9eM [POYUTATh SBHO 3allMCAHHBbIE IIard. B Ta-
KHX CHTYAlUsX B KAYECTBE JJOKA3ATEIbCTBA BIOJIHE IpueMieMa hppasza «HHILyKIHs
mo t».

3.4. CemaHTHM4YeCcKue CTUJIN

CdhopMynupoBas ¢ MATEMATHYECKON TOYHOCTHIO CHHTAKCUC HAIIETO sI3bIKA, MbI
JOJIZKHBL Tellepb JATh CTOJIb K€ CTPOroe OIpPeJeieHue TOMY, KaK BbIYHUC/ISIOTCH
TEPMBI — T. €., cemanmurke (semantics) vamiero s3pika. CymecTByer Tpu OCHOBHBIX
o/IX0/1a K (POPMAIN3AIUN CEMAHTUKU:

1. Onepayuonnas cemanmura (operational semantics) cnerudunupyer nose;ie-
HUE s3bIKa MTPOrPAMMUPOBAHUS, OMPEIEIsisa JIJIsi HEro MPOCTYIO abcmparm-
HYy10 mawuny (abstract machine). Mamuna sta «abcTpakTHay B TOM CMBICIIE,
YTO B KAYECTBE MANTUHHOIO KOJA OHA UCIOJIB3YET TEPMbI sI3bIKA, a He HAOOP
KOMaH/I KAKOIO-TO HU3KOYPOBHEBOIO MUKPOIIpoiieccopa. iist npocTbix s3bi-
KOB cocmoanue (state) MaIrmuHbl — 3TO MPOCTO TEPM, a MOBEJCHUE €€ OIpe-
nensiercsa Pynryuet nepexoda (transition function), Koropas mjia KaxKI0ro
COCTOSTHUST JTUOO YKA3BIBAET CJIEIYIOIIEE COCTOSHUE, TIPOM3BE/Is IIar yIpoIre-
HHUsI CTApOro TepMa, OO0 00bIBIIeT MAIIUHY OCTaHOBUBIIEHCs. Cmbleaom
(meaning) repma t 0ObABIAETCH KOHEYHOE COCTOAHHUE, KOTOPOIO MALIUHA
JOCTHUTAET, OGN 3aMyIIeHs, ¢ HAYaTbHEIM COCTOSHHEM t.”

Wnorma mose3no JaTh M1 OJHOTO M TOTO K€ A3bIKA HECKOJIBKO PAa3JINIHBIX
OIIEPAIIMOHHBIX CEMAHTUK — a) GoJiee abCTPaKTHBIX, MAIIUHHBIE COCTOSHUS
KOTODbIX IOXOXKHM HA TEPMbI, 3allUChIBAEMbIE IIPOIPAMMUCTOM, u 6) GoJiee
O/IM3KHUX K CTPYKTYyPaM, KOTOPBIMU MAHHUIYJIUPYET HACTOAIIUN KOMITUIISITOD
WJIA MHTEPIPETATOD #A3bIKA. Jl0Ka3aTesbCcTBO TOr0, YTO Pe3yJibTarbl PAbOThHL
3TUX PA3JIMYHBIX MAIWH MPU BBITTOJTHEHUN OIHON M TOI K€ TPOrpaMMBbI B
HEKOTOPOM CMBICJIE COOTBETCTBYIOT JIPYT JIPYTY, PABHOCUIBHO JIOKA3aTEJb-
CTBY KOPPEKTHOCTHU peajin3alluu A3bIKa.

2. Jenomayuonnas cemanmura (denotational semantics) paccmarpusaer
CMbICJI ¢ Dojiee aOCTPAKTHOU TOYKH 3PEHUs: CMbBICJIOM TE€PMa CIUTAETCH HE
TOCJIETOBATEIBHOCTh MAMIMHHBIX COCTOAHM, & HEKOTOPHIM MaTeMaTUIeCKU

2CTporo roBopst, TO, UTO MBI 3/1eCh OTIHCHIBAEM, — TO TAK HA3HIBACMAS ONEPAUUOHHAL CEMAH-
muka ¢ maavim waeom (small-step operational semantics), u3BecTHasi TakKe KakK CMpyKmyp-
HaA Onepayuonnaa cemanmuka (structural operational semantics) (Plotkin, 1981). B ynpasxne-
uuu 3.5.17 BBOJUTCA aJbTePHATUBHEINA CTHIb ¢ boavwum wazom (big-step), HazpiBaeMblil TaKXKe
ecmecmeennoti cemanmuxot (natural semantics) (Kahn, 1987), rae eauHcTBeHHBIN Iepexo ab-
CTpaKTHOfI MAMNIWHBL CPA3y BBIYUCIAECT OKOHYATE/JbHOE 3HAYEeHNEe TepMa.

Rev: —revision—, November 28, 2010 52 —sourcefile—



3.4. CemaHTHYeCKHE CTHJINA 53

00bEKT, HATPUMEp, IUCT0 win pyHKIus. [locTpoenne meHOTAIIMOHHON ce-
MAHTHKHU Il $3bIKA, COCTOMT B HAXOXKJIEHUM HEKOTOPOro Habopa cema-
muueckuxr domenos (semantic domains), a TakyKe ONUpeNECHUN GHYHKUUU
unmepnpemayuu (interpretation function), Koropasi CTaBUT JIEMEHTHI HTUX
JIOMEHOB B COOTBETCTBHE TepMaM. [IOMCK MOIXOMAMINX CEMAHTUIECKUX J0-
MEHOB JIJTsl MOJIEJTAPOBAHUS PA3TUIHBIX S3bIKOBBIX KOHCTPYKIIHI MPUBEST K
BO3HUKHOBEHUIO CJIOKHON U M3AMIHON 00JIaCTH UCCIEI0BAHN, M3BECTHON KAK
meopus domenos (domain theory).

O/1HO U3 BasKHBIX MIPEUMYIIECTB JEHOTAIMOHHOW CEMAHTUKYN COCTOUT B TOM,
9TO OHA ADCTPATUPYETCs OT MEJIKUX /I€TAJIel BHITOJTHEHNS ITPOrPAMMBI U KOH-
EHTPUPYET BHAMAHUE HA OCHOBHBIX IOHATHHAX s3blka. Kpome Toro, cBOii-
CTBa BBIOPDAHHOIO HAOOpPA CEMAHTUYECKUX JOMEHOB MOTYT HCIOJIH30BATHCS
JJ15 BBISBJIEHUS BAXKHBIX 3aKOHOB TTOBEJIEHNA MTPOTPAMM — HAIIPUMeED, 3aKO0-
HOB, YTBEPKIAIOIINX, 9TO JIBE MPOTPAMMBI BEIYT CeOs OAMHAKOBO, WJIM 9TO
TOBEJIEHNE TTPOrPAMMBI COOTBETCTBYET HEKOTOPOii crerudukanuu. Hakowrerr,
73 CBOHCTB BBHIOPAHHOTO HAOOPA CEMAHTUYECKUX JOMEHOB HaCTO HEIOCPe-
CIBEHHO $ICHO, YTO HEKOTODbIE (2KeJIaTe/IbHbIEe UJIM HEXKEJIATeJIbHbIE) BellU B
JAHHOM 3bIKE HEBO3MOYKHBI.

3. Axcuomamuueckas cemanmura (axiomatic semantics) mpezamomnaraer 6osee
IPAMOH OAXOJ, K 3THM 3aKOHAM: BMECTO TOr0, YTOOBI CHAYaJIa OLPEeINTh
MOBeJIeHNe TPOTpaMM (C TOMOIIHIO OTIEPAIIMOHHON MW IEHOTAIMOHHON Ce-
MaHTHKH), & 3aTe€M BBIBOAUTH M3 3TOTO ONPEJIENICHUs] 3aKOHbBI, aKCHOMATH-
YeCKHe MeTOIbI UCIONb3YIOT caMU 3aKOHBI B Ka9eCTBE OIpe/eeHuA A3bIKa.
CwMbICT TEpMA — 3TO TO, ITO O HEM MOXKHO JJOKA3aTh.

Kpacora akCHOMATHYECKWX METOJOB B TOM, YTO OHM KOHIIEHTPUDPYIOT BHH-
MaHWe Ha MpOIeCCe PACCYKIEHWH O mporpaMmax. VIMEHHO 3Ta Tpajuius
MBIIIeHNsT 0foraTuia WHGOPMATHKY TAKHMU MOIIHBIMA HHCTDYMEHTAMH,
Kak uneapuanms (invariants).

B 60-e u 70-e TOABI CYNTATIOCH, UTO ONEPAIMOHHAA CEMAHTUKA YCTYIAET JIBYM
JIDYTUM CTHJISIM; 9TO OHA, [OJIe3Ha JJjIsi OBICTPOro U rpy0Oro OnpeiesieHus XapaKTe-
PHUCTHK s13BIKA, HO B IIEJIOM MEHee M3AIHA U C1aba ¢ MATEMATHYECKON TOYKH 3pe-
nus. Opnako B 80-€ ToabI G016 AOCTPAKTHBIE METOIBI CTAIH CTAJTKHBATLCSA CO BCE
GoJiee HENPUATHBIMU TEXHUYECKMMU CJAOKHOCTAMM,” U IIPOCTOTA U IMOKOCTD Olle-
PAIMOHHO CEMAHTUKY CTAJIU 110 CPDABHEHUIO ¢ HUMU BBITJISIIETD Bee 60jiee mpuB/ie-
KaTeJbHBIMU — OCODEHHO B CBETE HOBBIX JOCTUKeHUil, HaunHasa co « CTpyKTypHOI
omnepannonHoi cemanTukuy» (Structural Operational Semantics) ITmorknua (1981),
«EcrecrBennoit cemantuku» (Natural Semantics) Kana (1987) u pador Munse-
pa uo «Ucuucienuto B3aumozneiicreyomux cucrem» (Calculus of Communicating
Systems, CCS; (1980; 1989; 1999)). B sTux paborax ObLIA BBEICHBI B 00pAIIEHUE
HOBbIE U3ANIHBIE (GOPMATIU3MBI, U OBLIO MOKA3AHO, KAK IIEPEHECTH Ha, ONePalluOH-
HYIO TI0YBY MHOI'ME€ MOIIHbIE METO/bI, U3HAYAJbHO Pa3paboTaHHbIE B PaMKaXxX Jie-
HOTAMOHHOH cemanTuKU. OIEepaMOHHAs CEMAHTHKA CTaaa ObICTPO PA3BUBATHCS
M 9aCTO BbIOMPAETCS B KAYECTBE CPEJCTBA JIJisl ONPEIEIEHUs SI3bIKOB IPOrPAMMHU-
POBAHUS U U3YYEHUs UX CBOHCTB. VIMEHHO OHAa UCIOJIBL3YETCs B 3TON KHUTE.

3Jlna JeHOTAIIMOHHOM CeMAHTHKH KaMHeM IMPeTKHOBEHMS OKA3AIICH HeJeTeDMUHUCTCKHE BEI-
YUCJIEHUS ¥ MAPATIIETN3M; IS AKCHOMATHYIECKOH CEMaHTUKH — MPOIEYPHI.
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B (6ecmunosoe)

Cunmarcuc Buiwucaenue t -t
t n= mepmot.
true KOHCMARMA <UCTMUHG>
false KOHCMAHMGA <NOAHCD > if true then ty else t3z — to
if t then t else t YCA06-
Hoe
evpasicerue (E-IFTRUE)
if false then ty else t3 — t3
v o= 3HAYEHUA: (E-IFFALSE)
true KOHCMARMA <UCTMUHG>
false KOHCMAHMA <AOHCDH > t; >t}
if t; then t, else tj
— if t'1 then ty else tg
(E-Ir)

|

Puc. 3.1. Bynesckue Boipaxkenus (B)

3.5. Bpruucienue

3aby/ieM Ha BpeMsi O HATYPAJIbHBIX YUCIAX U PACCMOTPUM OINEPAIMOHHYIO Ce-
MaHTHUKY TOJILKO OyJIEBCKMX Bbiparkeumii. Ompenesienne mpuBeaeHo Ha puc. 3.1.
PaccmoTrpum ero B metandx.

B neBom crombue puc. 3.1 mpuBegeHa rpaMMaTHKA, B KOTOPOI OMPEIe/IAI0TCs
nBa Habopa Bbipazkeruii. Bo-niepsbix, nosropsiercs (/i ya00cTBa) CHHTAKCUC TE€P-
MOB. Bo-BTOpBIX, Ompenensercs MOAMHOXKECTBO TEPMOB — MHOYKECTBO 3Ha%eHUl
(values), KOTOpbBIE SABJIAIOTCS BO3MOXKHBIMU Pe3yJIbTaTaMK BbluuCieHus. B Hauem
Caydae 3HAYEHUSIMU SBJISIIOTCST TOJIBKO KOHCTAHTHI true u false. Ha mporskenun
BCel KHUTH I 3HAYEHUI UCIOIH3YeTC METANepeMEeHHAsT V.

B 1upasoM crosbue ompenensercs omuowenue svruucaerus  (evaluation
1“ela‘cion)4 Ha TepMax. OHO 3anKCBIBAETCA B BUIE t — t’/ 1 yuTaerca «t 3a OJIUH I11ar
BBIYHCAAETCSA B t'>. IHTYUTUBHO SICHO, 9TO €CJIM B KAKOW-TO MOMEHT abCTPAKTHAS
MAIIIMHA, HAXOUTCH B COCTOSHUU t, TO OHA MOXKET [IPOU3BECTH LAl BHIYUCJIEHUS U
nepeiiTn B cocTostAme t/. DTO OTHOIEHNE OTIPEIEIAETCS TPEMsl TPABUIAMH BHIBOIA
(wnu, ecam yroiHo, AByMsl aKCMOMAMU M OJHUM IIPABUJIOM: NEPBLIE JIBa MPABU/IA
HE MMEIOT TIPEJIIIOCHLIOK).

IIepsoe npaBuio, E-IFTRUE, TOBOPHUT, ITO MPH BBIUNUCIEHUH YCJIOBHOTO BBIPa-
JKEHUs, B KOTOPOM YCJIOBHEM CJIy?KUT KOHCTAaHTAa true, MAIIAHA MOXKET BHIKUHYTh
9TO YCJIOBHOE BbIPDA>KEHUE, OCTABUB HCTHHHYIO BETBb to B KAa4eCTBE COCTOSHUSI
(T. €., CJIEIYIOMIEr0 MOIJIEKAIIEr0 BBIYUCICHUIO TEpMa). AHAIOIUYHO, MTPABHIIO
E-IFFALSE ToBOpPHT, YTO yCJIOBHOE BBIpayKeHWE C KOHCTAHTON false B KadecTBe

4HekoTOpBIE CIIEIUAIUCTEI IPEAIOYHTAIOT HA3BIBATH 3TO OTHOLICHHE pedyryueti (reduction),
a TepMUH ewnucaerue (evaluation) cOXpaHsaTh JJs1 BAPHAHTA «C GOJBIINM IMATOM», KOTOPBIH
OMUCAH B ynparkHeHunu 3.5.17 ¥ HAUPSAMYIO COTOCTABJISET TEPMBbI U UX OKOHYATEJIbHBIE 3HAUCHUS.
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YCJIOBHS MIEPEXOIUT 33 OJUH ITar B CBOIO JIOKHYIO BeTBb t3. IIpedukc E- B Ha3Ba-
HUAX 3TUX [1PABUJI HAIIOMUHAET, YTO OHU ABJIAIOTCA 4aCTbIO OTHOLLIEHUS BbIYUC/Ie-
HUSI; Y TPABUJI, OMPEIEISIONINX IPYTHe OTHOIIEHNS, OYAyT B HA3BAHUSX IPYTHE
npeduKCHI.

Tperbe mpaBwuio Beraucienusi, E-IF, 6o1ee marepectao. OHO rOBOPUT, 9TO €CIn
yCJIOBHE t1 MEPEXOAUT 33 OJMH Iar B t}, TO ycjoBHOe Bbipaxkenue if t; then
to else t3 HEJUMKOM IepexouT 3a mar B if t’1 then to else t3. Paccyxnas B
TepMHUHAX aOCTPAKTHBIX MAIIKH, MAIIWHA, HAXOAIIAACSI B cocrosiunn if t; then
to else tg, MOXKET 3a OIWH IAr MeperTu B cocTosgHue if t’1 then ty else tg,
ecau Jdpyzas MAIUHA, W3 COCTOSHUS t1, MOXKET 33, IIar mepeiitu B t'l.

To, o0 uem 3Tu IpaBUIa He 2080pAM, HE MEHEE BAZKHO, I€M TO, YTO OHU TOBOPST.
KoncranTe! true n false HA BO UTO He BBIYUCIAIOTCS, TOCKOJBKY OHU HE MPUCYT-
CTBYIOT B JIEBOI 9aCTU HUKAKOTO M3 MPAaBWUJI. Bojiee TOro, He CyIEeCTBYeT IPABUIIA,
KOTOPO€ ObI TIO3BOJIUJIIO BHIYHCIISITh UCTUHHYIO UJIU JIOKHYIO BeTBb if-BhIparkenus,
[I0Ka He BbIYUCJIEHO YCJIOBUE: HAallpUMep, TepM

if true then (if false then false else false) else true

He mepexonuT B if true then false else true. EamncTBeHHad pasperieHHast
BO3MOXKHOCTb — BBIYHCJIATH CHAYAJIA BHEIHEE yCJIOBHOE BBIPAXKEHHE, MCIIOJIb3Ys
E-IFTRUE. Takoe B3amMome#icTBHEe MEXKIy MPABUIAMH OIPEIEIAeT KOHKPETHYIO
cmpamezuio evvucaenus (evaluation strategy) mist yCIOBHBIX BBIDAXKEHUIT, COOT-
BETCTBYIOIIYIO MPUBLIYHOMY TOPSIKY BBIYUCEHUI B OOJIBITUHCTBE S3BIKOB MPO-
rPAMMHUPOBAHUSA: YTOOBI BBIYHUC/IUTH YCJIOBHOE BHIPAYKEHNE, HYKHO BBIYUCIUTD €70
YCJIOBHE; €CJTU YCJIOBUE CAMO sIBJISIETCS YCJIOBHBIM BBIPAaXKEHUEM, TPeOyeTcs BbIUUC-
JUTh e20 ycaosue; u Tak gasee. [Ipasuna E-IFTRUE u E-IFFALSE rosopsar mHawm,
9TO HY2KHO CZeJ1aTh, KOIJA Mbl JOCTULJIM KOHIA ITOrO [POIecca u OOHADYKUIN
YCJIOBHOE BBIpaXKeHHe, yCJIOBHE KOTOPOTO yiKe TOJHOCTHIO BhIUnciaeHo. B HekoTo-
pom cmbicie, E-IFTRUE u E-IFFALSE npomesnbiBaloT paboTy IO BBIYUC/IEHWIO, B
TO BpeMmsa Kak E-IF momoraer ompenmennThb, rae 3Ta pabOTa MOMXKHA BBIMOTHATH-
ca. norma pas3mblii XapakTep 3THX MPaBUJ MOSYEPKUBAOT, Ha3biBag E-IFTRUE
u E-IFFALSE pabowumu npasuaamu (computation rules), B ro Bpems kak E-IF
ABJISETCSA NPasusom coomsememeus (congruence rule).

715t TOrO, 9TOOBI BHIPA3UTH HAIN WHTYUTUBHBIE MOHATHS O0JIee TOYHO, MOYKHO
dbopMaIBLHO ONPENETUTh OTHOIIEHNE BHIYUCICHNS TAK:

Onpenenenve 3.5.1 Dx3eMiap (instance) npasuaa 6b600a NOAYHAENCE NPU 3a-
MeHe KaoHcdott memanepemennoti 00HUM U MeM HCE TEPMOM 6 3AKAOUEHUY TPa-
6UAG U 60 BCET €20 NPEINOCHAKAT (€CAU OHU eCMmb).

Hamnpumep,
if true then true else (if false then false else false) — true

ABJIsIeTCs AK3eMInisgpoM mpasuia E-IFTRUE, B KoTopoMm 00a BXOKIEHHSA to 3aMe-
HAIOTCA Ha true, a t3 3aMeHdercd Ha 1f false then false else false.

Oupenenerue 3.5.2 I[Ipasuso Bbinosusiercs (is satisfied) na ommowenuu, ecau
0nd KaHCO020 IKIEMNAAPL NPABUAL €20 3AKAOUEHUE ABAAEMCH INEMEHMOM OM-
HOWeEHUA, AUOO 00Ha U3 €20 NPEINOCHINOK HE ABAAETNCA MAKOBOU.
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Oupenenenue 3.5.3 OuHomaroBoe oTHOLIEHME Bbluucienus (one-step evaluation
relation) — ecmb HaumenbUwee OUHAPHOE OMHOULEHUE HA TMEPMAT, HA KOTMOPOM
BHINOAHANMCA 6C€ MPU NPasusa us puc. 3.1. Ecau napa (t,t') asasemes snemen-
MOM OMHOWEHUA BOIUUCAEHUA, TNO Mbl 2060PUM, 4O YTBEPIKIeHNe (MIIH CyIKIe-
Hue) o Bbluucsenun t — t’ BoiBoguMmo (the evaluation statement (judgement) is
derivable).

3HadyeHwe CJIOBA <«HAWMEHBINEE» B HTOM OIMPEIEJIEHUN TAKOBO: YTBEPIKIEHUE
t — t’/ BLIBOIUMO TOI/Ia U TOJBKO TOTIA, KOL/IA OHO ODECIIEUEHO MPABMIIAMHE: JTHOO
9TO0 3K3eMILTAp oaHo n3 akcnoMm E-IFTRUE wnu E-IFFALSE, mu60 310 3akmouenne
sK3eMIIsgpa mpasuia E-IF ¢ BbIBOAuMOIl mpemanochblikoii. BeiBoauMmocTs yTBEp-
KJIEHUsE MOXKHO 0bocHOBaTh uepe3 depeso 6wneoda (derivation tree), B KoTOpOM
JINCTBAMU CIYZKAT IK3eMIIAphl mpaBua E-IFTRUE n E-IFFALSE, a BHyTpeHHUMHT
BepITUHAMHU — 3K3eMTIapbl pasuaa E-1r. Hampumep, ecam MbI BBezeM coKparie-
HUS

s = if true then false else false
= if s then true else true

if false then true else true

(qTo61)1 BBIBO/I, TIOMEIAJICS Ha, CTpaHI/Iue), TO BBIBOJJUMOCTD YTBEPKIECHUS
if t then false else false — if u then false else false

MOXKHO 0OOCHOBATH MPU TIOMOIIY T€PEBA

—— E-IFTRUE
s — false
E-IF

t—u
E-Ir

if t then false else false — if u then false else false

MozkeT 1moka3arbCsd CTPAHHBIM, YTO MbI HA3bIBAEM TAKYI0 CTPYKTYDY [I€PEBOM,
BeJlb B Heil HeT HUKAKOTO BETBJIeHUs. J[efiCTBUTENBHO, I€PEBbs BHIBOIA, 000CHOBHI-
BAIOIINE YTBEPKIEHUs O BBIUYUCIEHUH, BCErIa OyIyT MMETh TaKyIO BHIPOKICHHYIO
dopMy: MOCKOIBKY B IIPABUJIAX BHIYUC/ICHUS BCET1a HE O0sIee OHOI MPEAIOChIIKH,
TO BETBJIEHUIO B JiePeBe BBIBOJA B3dAThCA HEOTKyna. Harmma TepMuHOIOrus CTaHeT
6oJiee OCMBICJIEHHOM, KOI/1a PACCMOTPEHUE JO0WIeT 0 APYTUX WHIYKTUBHO OIpe-
JICJIEHHDBIX OTHOIIEHW, HALIPUMED, TUIM3AIUN — TaAM HEKOTODbIE IIPABUJIA MOLYT
nMeTh 0oJiee OHOM MTPEeATOCHIIKH.

Tor ¢daxT, 9TO yTBEpKIEHUE O BHIMUCJIEHUA t — t’ BBIBOJMMO TOr/IA M TOJBKO
TOyIA, KOIJA CyLIECTBYET JIEPEBO BbIBOJA ¢ t — t' B KOPHE, 4aCTO OKa3bIBAETCH
TTOJIE3HBIM TIPU UCCIEJOBAHUN CBOMCTB OTHOIIEHUST BHIYUCIEHUs. B 9acTHOCTH, 3TO
HEMEJJIEHHO I0/ICKA3bIBAET MeTOJ, JI0KA3aTeIbCTBA, HA3bIBAEMbIH undykyued no
ewn6odam (induction on derivations). JlokazaTesbCTBO CieAyIONIel TEOPEMbI MOXKET
CJY2KUATH WIJTIOCTPaLUeil 3TOH METOIUKU.

Teopema 3.54 [,ZLETEPMI/IHI/IPOBAHHOCTB O/JHOIIIATOBOI'O BbI‘-H/ICJIEHI/IH]
Ecrut—>t ut—t', mot =t".
JoxkazarenscTro: Undyxyua no ewsody t — t'. Ha xascdom waze undyxyuu mot
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npednoaazaem meopemy 00Ka3aHHOT OAA 6CET MEHDUIUL 0EPEBLES 6bL600G, U GHA-
AUSUPYEM NPAGUAO GULYUCAEHUA, HATOOAUEECH 6 KopHe depesa. (3amemum, 4mo
undyryua 3deco He udem no JAUHE UENOYKU BHLYUCAEHUA: Mbl CMOMPUM TNOALKO
Ha 0dun ee waz. C mem oHce YCcnerom MoHCHO 0biao Ol CKA3aMb, YN0 UHOYKUYUA
npogodumcs no cmpykmype t, NOCKOALKY CMPYKMYPL <«6bL8000 UaA20 GHLUUCAE-
HUA> NPAMO NOBMOPAEM CMPYKMypy pedyyupyemozo mepma. Kpome mozo, mol
MO2AYU BBl TNOWHO TaK dice NPosecmu urIYKYuI0 no 6u80dy t — t".)

Ecau nocaednuti waz, ucnoasv3osannoili 6 evneode t — t', aeasemcsa sxzemniai-
pom npasuaa E-IFTRUE, mo acno, wmo t umeem eud if t, then ty else tg,
npuvem t; = true. Ho mozda nonammo, wmo nocaednuti waz 6 eweode t — t”
ne mooicem 6uems E-IFFALSE, nockoavky pasencmea t1 = true u t1 = false ne
MO2YM, BHINOAHAMBCA 00H08pemento. Boaee mozo, nocaednee npasunio 60 6mopom
depese ev6oda ne mosicem 6vims u E-IF, nomomy wmo npednocowaka smozo npa-
susa mpebyem t; — t) das mexomopoezo t), odnaxo, Kax mu yoice 3amemunu,
true ne mooicem Hu 60 wmo nepetimu. Takum o6paszom, NOCAEIHUM TPABUAOM B0
emopom depese 6vieoda modicem Gvimov moavko E-IFTRUE, omxyda nemedrenno
caedyem, wmo t' = t”.

Touno max dice, ecau nocaednee npasuso npu evieode t — t' — sxsemnaap
E-IFFALSE, makoeo sice doastcho buoumsb u nocaednee npasuao npu eweode t — t”,
U PE3YADIMAM, ONAMD JHCe, 0UEBUIEN.

Haxoney, ecau nocaednum npu eweode t — t' npumensemcs npasuso E-1F,
Mo u3 €20 PoPMbL MOHCHO 3AKAIONUMD, ¥mo t umeem 6ud if t; then to else
ts, npuuem das wexomopozo ti ewnoansemesn t1 — ti. IIpu nomowu maxuzx swce
paccyscoenudl, 4mo u Gulle, Mbt MONCEM 3AKAONUMD, YMO NOCAEOHUM NPLEUAOM
6 6n6ode t — t” mooicem 6vimv moavko E-IF, omxyda acno, wmo t umeem eud if
t1 then ty else t3 (umo HAM YoHce U maK ussecmno), U %IMO 0AA HEKOTOPO20
t] ewnoansemea t; — t|. Ho mozda mv. mooicem npumerums npednoaosicenue
undyryuy (nockoavky depesvs 6vi6oda t1 — t) u t1 — t asasromes noddepesvsi-
MU 66160006 t — t' u t — t' coomeememeenno) u saxaowums t) = t7. Omeioda
sudno, wmo t' = if t| then ty else t3 = if t] then ty else t3 = t”, xax
HaM U Mmpedbyemca.

Vupaxuenue 3.5.5 [k]| Cdopmyaupytime 6 cmuae meopemo, 3.3.4 npunyun ux-
QYKUUU, UCTOAB3YEMBLT 68 NPUBELIEHHOM 6bLULE JOKA3AMEALCMEE.

Harmre ommomaroBoe OTHOIIEHWE BBHIYHUC/IEHUST MMOKA3BIBAET, KAK a0CTPAKTHA
MalllMHA MIEPEXOJIUT OT OJHOTO COCTOAHUA K JPYroMy IIPU BBIYUCIEHUU JAHHOIO
repMa. OIHAKO JJIs HAC, KAK sl IIPOrPAMMECTOB, HE MEHbBIIUN WHTEPEC Mpejl-
CTABJISIOT OKOHYATEIhHBIE PE3YIHTATHI BHIYUCIEHUS — T. €. COCTOSTHUS, B KOTOPBHIX
MaIlITHA He ModHcem ClIeaTh HUKAKUX JTaJbHEeUINX I1aros.

Onpeznenenve 3.5.6 Tepm t narodumcs 6 HopmanbHoii hopme (normal form), ec-
AU K HEMY HE NPUMEHUMO HUKGKOE NPABUND BLIYUCAECHUS — M. €., eCAU HE CYULe-
cmeyem maxozo t', umo t — t'. (Tas xpamrocmu mvr unozda 6ydem 2080pums
«t ABAACMCA HOPMAALHOT HOPMOT> 6mecmo <t ABAACTNCA MEPMOM 6 HOPMAADL-
notl hopmes.)

Mpbr y2Ke 3aMeThin, 9YTO B HAIEl Tekytel cucreme true u false — HOpMaJIb-
ubie (HPOPMBI (MOCKOIBKY BO BCEX TMPABUJIAX BLIYUC/ICHUS JIEBbIE YACTU ABJISIOTCS
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YCJIOBHBIMHU BBIPAYKEHUSAMU, OYEBUTHO, HEBO3MOXKHO IIOCTPOUTD IK3EMILISID IIPABU-
Jla, TJe B KadecTBe JIeBoil 4acru BbicTylaau Obl true miu false). Moxuo 0606-
IIUTH 3TO HAOIIOLEHNE B BUIE CBOWCTBA BCEX 3HAUECHMIA:

TeopeMa 3.5.7 Beakoe 3nauenue Haxodumcs 6 HoOpmarbhoti gopme.

Korga mbl oborarum Harny cucreMy apudMETHUYECKUME BbIDayKeHUsMu (a B
HOCJIEYIOIIMX [VIABaX ¥ JAPYTUMH KOHCTPYKIMAMM), Mbl BCerja OyueM CJeIuTh,
4100BI TEOpPEMA 3.5.7 OCTaBaIaACh UCTUHHOMN: CyIIECTBOBAHUE B HOPMAaJbHOI (popme
BXOJIUT B CMBICJI IOHATHUS 3HAYEHUS, ¥ BCAKOE OMPEIEIEHUE ST3BIKA, TIe ITO HE TaK,
0e3HaIeKHO UCIIOPYEHO.

B nameit renepernineii cucreme BEpHO U 0OPATHOE yTBEPK/ICHUE: BCSAKAS HOP-
MastbHas (opma ecth 3Hadenue. B obmemM ciaydae 310 OyIeT He Tak; B 9aCTHOCTH,
KaK MbI YBUIUM JAaJI€E B 9TOH IJIaBe MpU PACCMOTPEHUH apU(PMETHIECKUX BhIpasKe-
HU, HOpMAJIbHBIE (DOPMBI, HE SBJISIONINECT 3HAYCHUSME, OYIyT UTPATh BAXKHYIO
POJIb DU AHAIM3E 0WUOOK BPeMEHU 6binosHerus (run-time errors).

Teopema 3.5.8 Ecau t nazodumcsa 6 HOPMAAbHOUT opme, mo t — 3HaAvEHUE.
Hoxkazarensctso: Ilpednoaoocum, umo t He asasemces 3naveruem. Ipu nomouwu
CMPYKMYPHOT UHIYKUUU HA t A€2K0 NOKA3AMb, YN0 t — He HOPMAALHAA HOPMA.

Ecau t — ne snauenue, ono doascHo umems eud 1f t1 then to else tz das
Hekomopur ty, ta, tz. Paccmompum 603mooicHbie opmos t.

Ecau t, = true, mo, ouesudro, t He Aasemcs HOPMAALHOT HOPMOT, NOCKOAL-
Ky oH nodnadaem nod aesyro wacmsv npasuss E-IFTRUE. Ananozuuno 6 cayuae
t; = false.

Ecau t1 ne pasno nu true, nu false, mo ono ne asasemcs 3navenuem. B ma-
KOM CAYUGE NPUMEHUMO NPEINosoNHCEHUE UHIYKUUL, Yymeepocdatowee, ¥mo t; —
He HOPMAALHAA HOPMA, G UMEHHO, WO cywecmeyem nekul mepm t), maxod,
wmo t1 — ti. Ho mozda mu moorcem npumenums npasuso E-IF, noayuas
t—af t’1 then ty else ts. Taxum 06pa3om, t He ABAAETNCA HOPMANLHOU POP-
MOT.

WNuorpa okaszbiBaercs: ya00HO paccCMaTPUBATH HECKOJIBKO IMArOB BBIYMCJICHUS
KaK OJuH OOJIbIION Iepexoji MexK/y cocTogHusMu. [Ijis 3TOro Mbl OnpezesiseM
OTHOTIIEHNE MHOTONIATOBOTO BBIUNCIEHNSA, KOTOPOE COTIOCTABJISAET JAHHOMY TepMY
BCE TEPMBbI, TTOJIydaeMble U3 HErO 3a HOJIb UM OO0Jiee 1aros.

Onpezenerne 3.5.9 OrHOmeHHWe  MHOIOIIATOBOIO  BBIYUCIEeHHS  (multi-step
evaluation relation) —* — 5mo pedaercusHO-MPAH3UMUBHOE 3AMBIKAHUE OMHO-
wenusa (00Howaz06020) eviuucaenus. To ecmb, 3MoO HauMeHbWEE OMHOWEHUE,
maxoe, umo (1) ecau t — t', mo t ->* t', (2) daa ecex t evnoansemcs t —* t,
u (8) ecau t =* t' u t' >* t" mo t -* t".

Vupaxuerue 3.5.10 [*]| Ilepedpopmyaupyiime onpedesernue 3.5.9 6 eude nabopa
npasu.s 6616004,

dBHBI cIOoCcOO 3amnCH MHOTOIIATOBOIO BBIUHCIECHHUA 00erdaer (hOpMYIAPOB-
Ky, HAIPUMED, TAKUX YTBEPIKICHWI:
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Teopema 3.5.11 [EAMHCTBEHHOCTbL HOPMAJILHBEIX ®OPM| Ecau t —* u u
* o, npuuem u u, u U — HopmasvHble PopMbL, MO U = U’.

Hokazarensctro: Teopema caedyem us demepmMunupo8aHHOCTIY 00HOULAZ0E020 Gbl-
wucaenus (3.5.4).

t —

TTocmennee CBOMCTBO BBIYMCIIEHWI, KOTOPOE MBI PACCMOTPHM, TIPEKIE YeM 00-
PATUTHCA K apuPMETUIECKUM BBIPAYKEHUSM, TAKOBO: KaHCObi(i TEPM MOYKHO BbI-
YUC/IUTh W MOJYyYUTh 3HadeHue. IIOHATHO, 9TO 3TO eIe OJHA XapaKTEPUCTUKA,
KOTOPO# MOTYT He 0biamarh Oosiee DoraTble si3bIKM, B KOTOPBIX, HAIIPUME], MPH-
CYTCTBYIOT PEKypCHUBHBIE ompeenenus GpyHkiuit. Jaxe B ciydasx, /s KOTOPBIX
CBOMCTBO BEPHO, JIOKA3ATEHCTBO €r0 OOBITHO TOPA3/I0 CAOYKHEE, YeM HUKETPUBe-
JIEHHOE JI0KA3aTeThCcTBO. B ritaBe 12 MbI BEpHEMCS K 9TOMY BOMPOCY W MOKAYKEM,
KaK CHCTEMa THUIIOB MOYKET CJIy>KUThb OCHOBOI [T0KA3aTE/IbCTBA TAPAHTHH 3aBEPIIe-
HUsl JIJIsi HEKOTOPBIX SI3BIKOB.

BoapmuHacTBO 10KA3aTEIbCTB FAPAHTHN 3aBepIennsi B HH(MOPMATHKE UMEIOT
onny u 1y ke 6asosyio crpykrypy.” Cuauasa BbibepeM HEKOTOPOE BIIOJIHE yLIOpPH-
JIOYEHHOE MHOXKECTBO S 1 (DYHKIMIO [, MEPEBOIAILYIO « MAIMHHbBIE COCTOSTHUS> (B
HAIEM CIy4ae — TEPMbI) B 3JieMeHTHI S. 3aTeM IMOoKaXKeM, 4TO BCAKUIA pa3, Koraa
MAIIMHHOE COCTOSTHUE t MOYKET MEPEHTH B APYTOE COCTOSTHAE T, BBIIOTHAETCS HEPar-
BercrBo f(t') < f(t). Tenepp MOKHO 3aMeTUTh, 4TO GECKOHEYHAs LENOYKA IIAIOB
BBIYUCJIEHUs], KOTOPAsl HAYUHAETCA C t, MOXKET OBbITh [EPEeBe/IeHA B OECKOHEYHYIO
YOBIBAIOIIYIO TIOCTIEIOBATEILHOCTE d1eMeHTOB S. [locKOMbKY S BIOJIHE ymopsimo-
9€HO, TaKas OECKOHEYHAs yOBIBAIOMIAS IIETIOYKA CYIIECTBOBATH HE MOXKET, &, COOT-
BETCTBEHHO, HE MOXKET ObITh U OECKOHEUYHOI TOC/IEI0BATEIHHOCTH IIAr0B BBIUUC-
sgenns. DyHKmio f 9acTo HA3BIBAIOT MepPoli 3aéepuienus (termination measure)
OTHOIIEHUS] BbIYUCIICHUS.

Teopema 3.5.12 [BABEPLIEHUE BBIYUCJIEHUN] s kaorcdozo mepma t cyuse-
cmeyem Hopmasvhaa gopma t' maxas, wmo t —* t'.

HokazarenscrBo: Jocmamouno 3amemums, “mo Kancoul waz 6bvUCIeHUS
YMEHDULGEM, PASMEDP MEPMA, U YN0 PASMEDP MOHCEM CAYHCUMb MEPOT 3a6epuie-
HUA, NOCKOALKY 00bUHbLT NOPAIOK HA HAMYPAALHULT YUCAGT ABAAEMCA NONHYLM.

Vupaxuerue 3.5.13 [PEKOMEHIYETCH, % %|
1. IIpednonrostcum, wmo mu. 006a68UAL K NPABUAAM Ha puc. 3.1 ewe 00HO:
1f true then ty else t3 — t3 (E-FunNYl)

Kaxue us meopem 3.5.4, 3.5.7, 3.5.8, 3.5.11 u 3.5.12 ocmaromes ucmunmvi-
Mmu?

2. Tenepv donycmum, 4mo Mo, d00GBAAEM TNAKOE NPALEUAO:

ty — th
1f t1 then ty else t3 — i1f t; then t’2 else t3

(E-FunNY2)

Kaxue meopemuvi corpansaromesn 6 smom caywae? Tpebyemes au moduguiu-
posamv Kaxue-aubo dokazamenrbcmea?

5B rnmame 12 MBI YBUANM JTOKA3ATETHCTBO TAPAHTHHI 3aBEPITEHNs ¢ HECKOTLKO 6osee CIOKHOH
CTPYKTYPOii.
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B N (6ecmunosoe) Pacwupsem B (3.1)
\ \
Hosvie cunmarcucuveckue gopmot
t = mepmoL: pred 0 — 0 (E-PREDZERO)
0 KOHCTAHMA HOAD
succ t caedyrouiee wucao
e P y& w pred (succ nv;) — nvy
re npeouv €€ YUCN0
I" P v (E-PrEDSUCC)
iszero t NPOBEPKA HG HOAL
v ne= L BHAYEHUA:
nv YUCAOBOE 3HAMEHUE £ — t
nv - ... YUCNOBBLE 3HANEHUA: 7 (E-PRED)
pred t; — pred tj
0 HYAEB0€ 3HAUEHUE
succ nv 3HAYEHUEC-
nocaedosamens
iszero 0 — true (E-ISZEROZERO)
Hosvie npasuaia 8b4ucieHUs t -t
; iszero (succ nv;) — false
ti— 1t 5
: (E-Succ) (E-IszEROSUCC)
succ t; — succ t;
t] >t
iszero t; — iszero t}
(E-ISZERO)

|

Puc. 3.2. Apudmernveckue soipakenus (NB)

Crenyromeii narreit 3azadeil OyaerT pacIiiupeHre MOHATHS BBIYUC/ICHUS Ha,
apudmernydeckue Boipaxkenusi. Ha puc. 3.2 mpoaieMOHCTPUPOBAHBI HOBBIE KOMIIO-
Henrbl onpesenenus. (Ilomerka B npaBoM BepxHeM yruty puc. 3.2 HAIIOMUHAET, YTO
omnpeesienne pacmupser 3.1, a He PACCMATPUBACTCSA HE3ABUCHMO. )

Kak u pamnblrie, onpesneneHre TepMOB IIPOCTO IIOBTOPSIET CUHTAKCHC, KOTOPBIIl
MbL y2ke Bugenn B §3.1. Oupenesnenue 3HadeHnl HECKOJIBKO HHTEPECHEE, IIOCKOJIb-
KY [PUXOANTCS BBOIUTH HOBYIO KATEIOPUIO %UCA068bT 3haderud (syntactic values).
VuTynTrBHOE IpeicTaBIeHue TAKOBO: OKOHYATEIHHBIM PE3YJILTATOM BBIYUCICHHS
apudMeTHIECKOr0 BBIPAXKEHNAA MOXKET OBITh YHCJIO0, IPHYEM IO YHCIOM HOHHMA-
ercst tubo 0, MO0 3HAYEHME-TIOCIEIOBATEb YiCIa (HO He MOCIeJ0BATE b HPOU3-
BOJILHOI'O 3HaveHus: succ(true) J0JIZKHO CYUTATHCs OIIUOKON, & HEe 3HAYEHUEM ).

[IpaBuia BbIYUCIEHUS B TTPABOM CTOJIONE PUC. 3.2 MOCTPOEHBI MO TOW K€ CXe-
me, uro u Ha puc. 3.1. Yersipe pabounx npasuwia (E-PREDZERO, E-PREDSUCC,
E-ISZEROZERO u E-ISZEROSUCC) nokasbiBaioT, Kak oneparopbl pred u iszero
JIefiCTBYIOT HA YUCJIOBblE 3HAYeHMs, a Tpu upasuia coorsercrsus (E-Succ,
E-PRED u E-ISZERO) ylpaB/IsiOT BEIYUCIEHUEM «IIEPBOTO» MOATEPMa COCTABHOTO
TepMa.

Crporo rosops, ceifyac cienoBaio 6bl nosropurh onpezesenue 3.5.3 («Oupuo-
IIarOBOE OTHOIEHWE BLIYUCIIEHUST — €CTh HaMMEHbIlee OMHAPHOE OTHOIIEHNE HA
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3.5. Brpruncienne 61

TepMax, Ha KOTOPOM BBILOJIHAIOTCS BCe TPU lpaBuia u3 puc. 3.1 u 3.2...»). Yro-
ObI HE TPATUTH MECTO HA TAKOTO POJIA CJIY2KEOHBIE ONpeIeeHns], OObITHO CINTAIOT,
YTO TIPABMJIA BHIBOJIA CAMU TIO cebe MPEeCTABISIOT OnpeseeHue, a (popMyTnpOBKa
«HAMMEHBITIEe OTHOIIEHNE, COIEPIKAIIEE BCE IKIEMILISAPHL. . . » MOIPA3YMEBAETCS.

B sTux nmpaBuiax BaykKHYIO POJIb UI'DAET CUHTAKCHYECKAsT KATErOPHUs YMCIOBBIX
suadenuii (nv). Haupumep, 8 E-PREDSUCC rpeboBanue, 4robbl JieBas 4acrb ume-
sa Bug pred (succ nvy), aHe npocto pred (succ tp), IPUBOIUT K TOMY, UTO ITO
MPABUJIO HEJIb3s WCIOJIb30BATH /i nepeBoga pred (succ (pred 0)) B pred O,
MTOCKOJIBKY JIJIsi TAKOTO IIara moTpeboBaoCh Obl 3aMEHUTH METAIEPEMEHHYIO NV{
Ha TepM pred 0, KOTODbI HE SIBJISETCS YNCIOBLIM 3Ha4YeHneM. B pesysibrare eaun-
CTBEHHbBI PA3PEIIeHHbIH Mar Ipu Bbruuciaenuu tepma pred (succ (pred 0))
VMeeT CJIeyIolee NePeBO BHIBOIA:

——— E-PREDZERO
pred 0 — 0

E-Succ
succ (pred 0) — succ 0
E-PRED

pred (succ (pred 0)) — pred (succ 0)

Vupaxuenue 3.5.14 [k%| Ilokxasicume, wmo meopema 3.5.4 eepra u 0an ommouse-
HUA GBIYUCACHUA HA apuPmemuueckur evpadicenusr: ecau t — t' u t — t', mo
t=t".

Qopmasnu3aiiusi ONEPAUOHHON CEMAHTUKHU s3bIKa TPeOyeT OpeIesieHus II0-
BeJleHUsd 6cer TEPMOB, BKJIOYad TaKWe TePMbl HAIIEro s3blKa, KakK pred 0 u
succ false. Ilo mpaBumam puc. 3.2, mpeaIecTByIONmM duciaoM 0 cautaercs O.
C mpyroii cropoHbl, Hocjae0BaTeIb false He BHIYUC/ISAETCA HUKAK (IPYTUME CJIO-
BaMU, 3TOT TEPM $BJAETCH HOpMasbHON (Gopmoii). Takue TepMbl Mbl Ha3bIBAEM
MYNUKOSBLMU.

Oupenenenve 3.5.15 Tepm nazviaemcsa TynukoBbiM (stuck), ecau on narodumces
6 HOPMAALHOT POPME, HO HE ABAACTNCA ZHAYEHUEM.

[TousaTne «TynmuKOBOrO TepMay MPEICTAB/ISIET B HAIIEH MPOCTOH MAIIUHE 0ULUO-
KU epemeny sunoanenus (run-time errors). C MHTYUTUBHONW TOYKYM 3DEHUsI, OHO
OIIHMCHIBAET CUTYAIUHU, KOTJIA ONEePAMOHHAS CEMAHTUKA HE 3HAET, UTO JIEJATH JIATb-
e, MOCKOJIbKY MPOrpaMMa OKa3aJach B «OECCMBICIEHHOM» COCTOdHHME. B Oosiee
KOHKDETHON pean3allni s3bIKa TAKHE COCTOSHWS MOTYT COOTBETCTBOBATH DPa3-
JIMYHOTO PO/ OIMMUOKAM: OOPAIEHUSM IO HECYIIEeCTBYIOIIEMY aIpecy, MOMbITKAM
BBINOJIHUTH 3AMPEIIEHHYI0 MAIMHHYI0 KOMAHIy # T.1. Mbl 00bequHseM BCE 3TH
BU/Ibl HEITPABUJIBHOTO TIOBEJICHUS B €IUHYI0 KATETOPHUIO «TYIIUKOBOTO COCTOSTHUSI».

Vupaxzenue 3.5.16 [PEKOMEHIYETCSH, % % %]

Zpyaoti cnocob Gopmarudayuy, 6ECCMBLCACHHBIT COCNOAHUT abCMPAKMHOT MAULU-
HbL COCTNOUM 8 oM, 4MOobb, 66€CTNU HOEBLT MePpM Wrong (<«HENPasUAbHOE 3HAYE-
Hues) u JONOAHUMS ONEPAUUOHHYIO CEMAHMUKY NPAGUALMU, KOMOPBLE (bl AGHbIM
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62 3.5. Brprunciienne

06pazom NoPoNHcIaAU WTrong 60 6CEL CUMYGUUAT, KOMOPHIE 6 HOHEWHET CeMaH-
muke npueodsm ¥ mynuky. A umenHo, mo. 6600uM d6€ HOBBLE CUHMAKCUYECKUE
Kamezopuu

badnat = HEYUCAOBDLE HOPMAALHBLE HOPMbL
wrong owWubKa PEMEHU BOITMONHERUA
true KOHCMARMA <UCTNUHA>
false KOHCMARMA < AOHCD >
badbool ::= HeOYNEBCKUE HOPMANLHBLE HOPMDBL
wrong owubKa peMeny GbMOAHEHUA
nv YUCA0B0€ 3HAYEHUE

U JONOAHACM OMHOULEHUE EBIMUCACHUS, me&ymwumu npasunramu.;

if badbool then t; else ts — wrong (E-IF-WRONG)
succ badnat — wrong (E-Succ-WRONG)

pred badnat — wrong (E-PRED-WRONG)

iszero badnat — wrong (E-ISZERO-WRONG)

Ioxastcume, wmo smu 066 NodxX0da K GOPMAAUZAUUY OUWUOOK EPEMEHU BBINOAHE-
HUs cozaacytomces mestcdy cobot. Tas amozo nyocno (1) natimu cnocob mownozo
BLLPANCEHUS UHMYUMUESHOT udeu 0 Mom, 4mo <«06a MOOT00G COZAGCYWMCAS, U
(2) doxasamv ee. Kax 5mo wacmo 0bi6aem npu USYYEHUU A3bIKOE NPOZPAMMU-
DOBAHUSA, CAONHCHEE BCE20 CHOPMYAUPOBATND TMOYHOE YMEEPAHCIEHUE, NOOAEHCAUEE
00Ka3aMENLCMEY — CaMO QOKAZAMENDCMEO NOCAE IMO20 NOCMPOUMb HEMPYIHO.

Vupaxuenue 3.5.17 [PEKOMEH/IYETCS, % % %]

Obviuro UCTIONAB3YEMCA dea PASAUYHOLL CMNMUNAA Onep(l'U,UOHHO’lj, cemanmuru. B
2amoti KHuze UCNOAB3YEMCA MaAK HA3BLBAEMAA CEMAHMUKA C MaJIBIM ITaroM (small—
step): [¢] onpe(?e,/tenuu OMMHOWEHUA BDIYUCAEHUA TIOKA3AHO, KAK omaoeavHble ULG2U
BLIUUCAEHUA UCTIOALSYIOMCA OAA NEPENUCHLBAHUSA Yacmell mepma, dpazmenm 3a
Ppazmenmom, Moka 6 KOHUE KOHU08 He Mnoaywumcs 3uauenue. Ha 6base smozo
OMHOWEHUA MDbL onpede/mem MHO20UWaA2080€ OMHOWEHUE BbBLYUCAEHUA, KOMOPOE
No360OAAEM HAM 2060PUMDB O TMOM, KAK TMEPMDL (30, MHO20 waeoe) BbLYUCAANOTNCA
u darom snauenus. JIpyzot cmuasv — cemanmura ¢ 6osbiium marom (big-step)
(usau, unozda, ecrecrBeHHas ceMaHTHKa, natural semantics), npamo onpedessem
noxnAmMUE <«Mepm maxot-mo npu 6vLYUCAEHUY daem maxoe-mo 3HaYeHUE», KOMO-
poe 3anucouleaemcsA kKax t u v. Hpasu/za ¢ 0OADUWUM ULG2OM OAA HAULE20 A3BIKA C
6y/zeecnwwu u apugﬁMemuuecnumu 6L PAHCEHUAMU BbL2AA0AT, MAK:

vl v (B-VALUE)

t1 | true to || v
if t1 then to else t3 | v

t1 | false ts || vs
if t1 then ty else t3 | v

(B-IFTRUE)

(B-IFFALSE)
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3.6. lomosHUTE/IFHBIE 3aMEIaHUST 63

t nv
L d mon (B-Succ)
succ t1 || succ nvy
t 0
_ulbo (B-PREDZERO)
pred t; | 0

t succ nv
ha § suce mu (B-PREDSUCC)
pred ti || nvuy

t |0

iszero ti || true

(B-ISZEROTRUE)

t succ nv
1) ! (B-IsZEROFALSE)

iszero ti || false

Hoxascume, wmMo CEMAHMUKG ¢ MAABLM WA2OM U ¢ DOALUUM WA2OM OAS HAULE20
A3vika darom odur v Mom sice peayavmam, m. e., t —* v mozda u moavko mozda,
xozda t | v.

Vupaxzenue 3.5.18 [k% —»]

IIpednosooicum, 4mo HaM 3GTOMENOCH NOMEHAMD CMPAMERUI BOUUCACHUA OAS
HOWE20 A3BIKA, MAK, 4MOGb 6emeu then u else 6 YCAOBHOM BLIPANCENUU BbIUUC-
AAAUCD (8 YKA3AHHOM NOPAJKE) IO M020, KK 6uHUCAUMCA camo ycaosue. Iloka-
ofcuUme, KAK HYICHO USMEHUND MPABUAG SUNUCAEHUA, 4MOG J0OUMbCA MaK02o
nosedenua.

3.6. /lomosHUTEJIbHBIE 3aMeYaHUS

IMouaTus aGCTPAKTHOIO ¥ KOHKPETHOIO CHHTAKCUCA, CHHTAKCUYECKOIO aHAJIH-
3a U T. . OOBSICHSIOTCS BO MHOIMX y9YeOHWKAX MO KOMIUIATOpaM. VIHIyKTHBHBIE
OIIPEJIEJIeHN ST, CHCTEMbI ITPABUJI BBIBOJIA M JIOKA3ATEIbCTBA 110 WH/IYKINH PACCMOT-
peHbI Gomee oAPoOHO B KHurax Buuckens (1993) u Xenneccn (Hennessy, 1990).

Cruib ONEpaIoHHON CeMAaHTHKH, KOTOPBIM MBI 3/IECh ITOIb3yeMCs, BOCXOIHUT
K TexHudeckomy ordery Ilnorkuna (1981). Cruis ¢ 6osbmuM marom (3.5.17) ObLt
paspaooran Kanowm (1987). Bosee moapobuo onu omucansl y Acresuano (Astesiano,
1991) u y Xenneccn (Hennessy, 1990).

CrpykTypHyI0 nHIYKIMIO BBe B uHdopMaruky Bepcramn (Burstall, 1969).

B.: Bauem mokasbiBaTh CBOMCTBA
SI3BIKOB TIPOTPAMMUPOBAHUS?
Ecnu B onpenenennax Her
01mubOoK, 10KA3aTEIbCTBA IOYTH
BCEr/Ia, TOJIyYIAI0TCS 0YEHb
CKYYHBIMU.

O.: B onpegenenusx mouru
BCErJa €CTh OIIMOKM.

ABTOp Hem3BecTeH
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I'1aBa 4

Peanuzanusa apudmMmernieckKux
BbIpazkeHuii Ha sa3bike ML

C dopMaIbHBIME ONMPEJIETCHUSIME, TAKUMU KaK T€, 9TO Mbl BUIEIH B TPEIbI-
JyIed riaaBe, paboTarh 94acToO MPOIIE, eCIU WHTYUTUBHBIE TOHSATHS, KOTOPBIE 3a
HUMU CTOSIT, «IIOATBEPKICHBI> KOHKPETHOH peanu3arueii. B aToit riaBe Mbl onn-
CHIBAEM OCHOBHbBIE KOMIIOHEHTBI HHTEPIIPETATOPA JJIst HALIErO si3bIKA JJOIMYECKUX U
apudwmernyeckux Boipaykennii. (Te uurarenu, KOTOpbie HE COOUPAIOTCS PAOOTATDH
C ONMCAHHBIMHU B 9TOW KHHUIE DEAJUIANUSMH TPOrPAMM TPOBEPKU TUIOB, MOTYT
MPOIYCTUTH 3Ty TJIABY U BCE TOCTEAYIONINEe, B 3arjaBUUd KOTOPBIX yYIOMUHAETCS
«peanu3anys Ha sa3bike ML».)

Kopn, npesacrasiennsiii 3/ech (1 BO BCEX pasesiax 3TON KHUIH, TOCBSIIEHHBIX
peaJiu3alium ), HAIMCAH Ha HOIYJIapHOM a3bike u3 cemeiicrsa ML (Gordon, Milner,
and Wadsworth, 1979), koropsiii HaseiBaercsa Objective Caml, uiu, cCOKpaiieHHo,
OCaml (Leroy, 2000; Cousineau and Mauny, 1998). Vcnosub3yercs Juiib HeGOJIb-
woe noaMuozkecTBo a3bika OCaml; Bce nporpaMmbl JIEMKO MOXKHO IEPEUcaTh HA
J1t000# ApyTroit si3bk. OCHOBHBIE TPEOOBAHNS K S3BIKY — ABTOMATHYECKOE YIIPABJIIE-
HUEe naMaThio (COOpKa MycOpa) U IMPOCTOTA ONPEEIeHNUs PEKYDPCUBHBIX (DyHKIHI
gepes3 COmocTaBjieHne ¢ 0Opa3oM HA CTPYKTYPHBIX THUIIAX JAHHBIX. BIIOJIHE TOM-
xoigTr apyrue yHKIMOHAIbHbIE #3biKK, Hapumep, Standard ML (Milner, Tofte,
Harper, and MacQueen, 1997), Haskell (Hudak et al., 1992; Thompson, 1999)
uim Scheme (Kelsey, Clinger, and Rees, 1998; Dybvig, 1996) (¢ kaxum-mu60 pac-
HIMpEeHUeM JJisi COMOCTaB/IeHus ¢ 00pa3noM). SI3biku co cOopKoil Mycopa, HO 6e3
conocrasjienus, Hanpumep, Java (Arnold and Gosling, 1996) wiu yucraa Scheme,
JIJIsl HAIAX 337129 HECKOJbKO TSXKeJOBATHI. ZI3bIKH, B KOTOPBIX HET HH TOrO, HU
apyroro, kak C (Kernighan and Ritchie, 1988), nogxoaatT eme menbiie.!

Kom u3 3Toit ri1aBel XpaHUTCS B BeO-pPENO3UTOPUU IO ajapecy http://www.cis.upenn.edu/
“bepierce/tapl mox maspaHmeM arith. Tam ke MOKHO HaHTH MHCTPYKIMHU IO CKAYUBAHHUIO U
c6OpKe MHTEPIPETATOPOB.

1Pa3yMeeT(:5[7 SA3BIKOBBIE BKYCHI OBIBAIOT PA3HLIE, M XOPOLIXH IPOrPAMMHUCT CIOCOOEH paboTarh
¢ JII0OBIM MHCTPYMEHTOM; YUTATEJ]b MOXKET BBIOPATH TOT fA3BIK, KOTOPBIH eMy HpaButTcs. OTHAKO
cleayeT UMETh B BUAY, UTO IIPU CUMBOJIBbHOM 06paboTKe, XapaKTEePHOHN AJIsI IPOTPAMM IPOBEPKH
THUIOB, PYYHOE YIPABJIEHHE IAMSITHI0 OCOOEHHO YTOMUTEIBHO U IPEBATO OIMMHOKAMHE.
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66 4.1. Cunrakcuc

4.1. Cunarakcuc

Cuaugana neobxomumo omnpegesnts Tan OCaml-3HaveHuil, npencraBasgONMi
TepMbl. DTa 3a/a4a JIEKO PellaeTcs C [IOMOIIbI MEXaHM3Ma 3a/aHus TUIIOB B
OCaml: Bor 0ObsBIeHEE, HpeACcTaBIgONee COOOH NPAMON HEPEBOJ IPAMMATUKI
co c. 44.

type term =
TmTrue of info
| TmFalse of info
| TmIf of info * term * term * term
| TmZero of info
| TmSucc of info * term
| TmPred of info * term
| TmIsZero of info * term

KoncrpykTopsl oT TmTrue 10 TmIsZero COOTBETCTBYIOT PA3JIUIHBIM BHIAM BEp-
IIMH B CHHTAKCUYECKUX JePeBbAX TUINA term; THII, CJACAYIOMMI 38 CIOBOM of, N4
KaXkKJoro cJjydasd yKasblBaeT KOJIUYECTBO IOAJIEPEBbEB, PACTYLIUX U3 BEPIIUHBI
JAHHOI'O BUJIA.

Kazxaprit y3em abcTpakKTHOTO CHHTAKCHIECKOTO IepeBa CHAOKEH 3HATEHUEM TH-
1a info, B KOTOPOM 3ammCaHO MeCTO B (paiiyie u ums daiiia, B KOTOPOM OIIPeIesIeHa
9Ta BEPIIMHA. DTa HHMOPMAIIU CO3/IAETCs IPOLE/LY POl CHHTAKCUIECKOIO AHAJIA3A
MIPY 9TeHWH BXOTHOTrO (haiiyia v uCoab3yercs hYHKIUAME PACTIEIATKH, YTOOBI CO-
OOIIUTDH MOJIL30BATENI0 O MECTOHAXOXK ieHun OmuOKu. C TOYKU 3pEHUsT OCHOBHBIX
AJITOPUTMOB BBIYUCIIEHUS, TPOBEPKU THUIIOB U T. TI., 3TY HHMOPMAIUIO MOKHO OBLIO
ObI ¥ BOBCE HE XPAHWTDH; OHA BKJIIOYEHA B JIMCTUHIH, YTOOBI YATATEN, KOTOPHIM
3ax04ercd CaMUM IO3KCIEPUMEHTUPOBATH C peaju3aludMu, BUAEJU KO TOYHO B
TaKOM BHJE, B KAKOM OH Halle4aTaH B KHUTE.

IIpu onpeesnenun OTHONIEHNST BEIYUCIEHUS HEOOXOAMMO TPOBEPIThH, SBJISETCs
JIA T€PM 4YUCJIOBbIM 3HAYECHUEM:

let rec isnumericval t = match t with
TmZero(_) — true
| TmSucc(_,t1) > isnumericval tl1
| — false

OTO TUMUYHBIA PUMED PEKYPCHUBHOIO ONPEJIETCHUs] YePe3 COMOCTABICHHUE C
obpasnom B OCaml: isnumericval ompenessiercss Kak (DYHKIWS, KOTOpasi, OyLydn
BBI3BAHA C apryMeHTOM TmZero, BO3BPAINAET true; OyIdydnm MpWMeHEHa K TmSucc
C TIOJJEPEBOM t1, BBI3BIBAET C€Osi PEKYPCHBHO C apryMEHTOM t1, 4TOOBI TTpOBe-
PUThH, SABJISETCS JIX OH YUCJIOBBIM 3HAYEHWEM; & OyIydn BbI3BAHA C JIOOBIM APYTUM
apryMeHTOM, BO3BpaIaer false. 3HAKU TOAYEPKUBAHUS B HEKOTOPBIX OOpA3Iax
— METKH <HEBAaXKHO», OHU COIOCTABJIAIOTCH C JIIOObIM TEPMOM, KOTODBIH CTOUT
B YKa3aHHOM MECTe; B TEPBBIX ABYX MPEIJIOKEHUSIX C WX MOMOIIbI0 UTHOPUPY-
IOTCSl aHHOTAIWK info, & B MOCJIEIHEM MPEIJIOXKEHUU C TOMOIIBI0 TAKOH METKH
comocTapiisiercss i060it Tepm. KitroueBoe €10BO rec rOBOPUT KOMIHUIATOPY, 9TO
onpenesienne (hYHKIAA PEKYPCUBHO — T. €., YTO UAEHTU(DUKATOD isnumericval B
Tesie BYHKIUHA OTHOCHTC K CaMoil (DYHKIMH, KOTOPYIO CEf9ac OIpeessior, a He
K KaKOU-100 00jiee paHHell mepeMeHHON| C TeM Ke MMEHEM.
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Bamerum, uyro ML-KoJ B OPHUBEJIEHHOM ONPEIETEHUN IPU BEPCTKE HEMHOTO
«YKpalleH», KaK Jijigd IIPOCTOTbl YTEeHUsd, TaK U JJId COXPAHEHUdA CTUJA IIpUMe-
pPOB U3 JIAMOIA-UCUUCTEHVSA. B 9aCTHOCTH, MBI WCIOIH3yE€M HACTOSIINHUI CHUMBOJI
CTPeJIKI —, & He IBYXCUMBOJIbHYIO II0CJI€IOBATEIBHOCTD —>.

AHamorngHo BeINIAAUT (DYHKIHS, TPOBEPSIONIA, SIBJISIETCS JIH TEPM 3HAYEHH-
eM:

let rec isval t = match t with
TmTrue(_) — true
| TmFalse(_) — true
| t when isnumericval t — true
| — false

B rperbem npejiokeHun BCTPEYACTCH «YCJIOBHbBIM 0Opa3er»: OH COIOCTABIIS-
eTCsl ¢ JIIOOBIM TEPMOM t, HO TOJIBKO ecyii OyJIEBCKOE BhIpaskeHne isnumericval t
BO3BpalllaeT 3HAUYEHUE «UCTUHAS.

4.2. Beruuciaenue

Peanuzarus OTHOIIEHNST BBIYUCIEHUST TOYHO CJIEIYET MPABUIAM OTHOIIATOBO-
ro Bbramciaenus 1o puc. 3.1 u 3.2. Kak Mbl BUIEIHW, 3TU TpPaBUJa OMPEIEISIOT
wacmuwhyo gynkyuro (partial function), koropas, Oydydu npuMeHeHa K TEpMY,
HE SBJIAIOIIEMYCs 3HAYEHNEM, BLIAAET CJIEIYIONIUHA 1Al BLIYUCIEHNAS] 3TOrO TEPMA.
Eciu GyHKUUO HONBITATHCA IPUMEHUTH K 3HAYEHUIO, OHA HUKAKOIO PE3yJIbTara
e Bbigaer. [Ipu mepeBome npasui Borunciaenus ua OCaml Ham HYKHO pEIuTSH,
KaK efiCTBOBATH B TaKOM ciiydae. O4UeBuIHBIN BAPUAHT — HAUCATH (DYHKITHIO O
HOIIIArOBOT'O BBIYUCJIEHUS evall Tak, 9TOOBI OHA BBI3HIBAJIA MCKJIIOUYEHUE, €CJTH HU
OJIHO 3 IIPABUJI HEBO3MOKHO IIPUMEHHUTDH K TEPMY, IOJyYeHHOMY B Ka4eCTBe Iapa-
merpa. (Jpyroit ciocob neficTBuii 3aKII09aeTCs B TOM, 4TO0bI 32CTABUTDH BbIYHMCIIU-
TeJIb BO3BPALIATh 3HAYEHUE TUIIA term option, KOTOPOE Obl IOKA3BIBAJIO, ObLIO JIU
BBIUNCJIEHUE YCIEITHBIM, W €CJIU 1, TO KAKOB €ro pe3y/IbTaT; STOT BAPUAHT TOXKE
paboras 6bl, HO noTpeboBasl Obl Gosbine CIy:KeOGHOro Kofa.) Onpegenum cHadaia
HCKJIIOYEHUEe, KOTOPOE BbI3BIBAETCSI, €CJM HU OJHO MPABUJIO HE IPUMEHHMO:

exception NoRuleApplies

Tenepb MOZKHO HallUCaThb CaMy (byHKIlI/IIO OJHOIIIAroBOro BBIYUCJICHUAI.

let rec evall t = match t with
TmIf (_,TmTrue(_),t2,t3) —

t2

| TmIf(_,TmFalse(_),t2,t3) —
t3

| TmIf(fi,t1,t2,t3) —
let t1’ = evall t1 in
TmIf(fi, t1’, t2, t3)

| TmSucc(fi,tl) —
let t1’ = evall t1 in
TmSucc (fi, t17’)

| TmPred(_,TmZero(_)) —
TmZero (dummyinfo)
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| TmPred(_,TmSucc(_,nvl)) when (isnumericval nvl) —

nvl
| TmPred(fi,tl1) —
let t1’ = evall t1 in

TmPred (fi, t1?)

| TmIsZero(_,TmZero(_)) —
TmTrue (dummyinfo)

| TmIsZero(_,TmSucc(_,nvl)) when (isnumericval nvl) —
TmFalse (dummyinfo)

| TmIsZero(fi,tl) —

let t1’ = evall t1 in
TmIsZero (fi, t17)
| —

raise NoRuleApplies

3aMeTuM, 9TO B HECKOJIBKUX MECTaX MbI CO3/1a€M HOBbIE TEPMBI, a HE [IEePeIeIbI-
BaeM y2Ke CyIeCTBYIOIHe. TaK KaK 3TUX HOBBIX T€PMOB HET B IOJIb30BATEJIbCKUX
MCXONHBIX (haiijlax, TO aHHOTAIMU info B HUX HE MMEIOT CMbBICJIa. B Takux Tep-
MaxX MBI HCIOJb3yeM KOHCTAHTY dummyinfo. /Ij1g comocTaBieHNs C aHHOTAIIAAMHA B
obpasuax Bcerga ucnosib3yercsa nepemennas fi (file information, «undopmanus o
daite»).

Eime onna cymecrBennas geTasib B OIpPe/IesieHAN evall — UCIOJIb30BAHUE $B-
HbBIX BbIPAKEHUil when B 00pa3max /iis ME€PEJAYU CMBIC/IA MMEH METAIePEMEHHbBIX
BpOJie v ¥ nv B TIPABWJIAX, OMPEAESIAIONINX OTHOIIEHNEe BhIYUCIeHusA Ha puc. 3.1 u
3.2. Hampumep, B BbIpayKeHUN [ Bbraucjaenns TmPred(_,TmSucc(_,nv1)), ceMaH-
tuka oopasmnos OCaml mo3BoJIsieT nvl COMOCTABAATHCS C KAKUM YTOIHO TEPMOM, &
MBI TOT'O HE XOTHM; 100aBIeHne when (isnumericval nvl) OIrPAHHYIUBAET IIPABUIO
TaK, 4T0OBI OHO CPABATHIBAJIO TOJHKO €CJIH TE€PM, COOTBETCTBYIOIUH nvl, neiicTBu-
TEJIbHO SABJSETCS YUCIOBBIM 3HaueHueM. (Mbl, B TpUHIUIIE, MOTJIA OBl TEPENy-
CaTh MCXOJHBIE TTPABUJIA BHIBOIA B TOM K€ CTHUJIE, 9TO u 00pasinst ML, npesparus
HeABHBbIE OI'DAHUYEHUd, T0/Ipa3yMeBaeMble UMEHAMHU METAallepEMEHHBIX, B SABHBIE
YCJIOBUSA IPUMEHEHUs [IPaBUI:

t1 — 4ucaoBOe 3HAUYEHUE

(E-PREDSUCC)
pred (succ t1) — t

[Ipm 3TOM HECKOIBKO TOCTPa/iaia Obl KOMIIAKTHOCTH NMPABUI M UX yI00CTBO JJIst
YTeHMs. )

Haxkomern, dynknus eval 6epeT TepM U HAXOIUT €ro HOPMAJIbHYIO (POPMY, UK~
JIMYEeCKHU IMpuMeHsasa evall. Eciu evall Bo3BpaImaeT HOBBIH TePM t’, TO MBI BbI3bI-
BaeM eval PEKyPCHUBHO, 4TOOBI IIPOJOJIKATH BbIYUC/IeHHe, HaYnHasA ¢ t’. Koraa,
HaKOHeIl, evall JOCTUTHET COCTOAHWS, TJIe He MPUMEHNMO HUKAKOE TPABUIIO, OHA
BBI3BIBAET MCKIIIOUeHNE NoRuleApplies. IIpm 3TOM eval BBIXOAWT M3 IUKJIA W BO3-
BpalaeT 3aK/TIOUATEbHBIA TepM MOCIe0BATeTLHOCTH.

2Mer 3amuceiBaeM eval TakumM 06pa3oM m3 COOOpaKeHHi yoo6CTBA IS UTEHHs, ONHAKO H
caMOM JeJie TOMeIaTh 00paboT4YnK WCKIIYeHnil try BHYTPh peKypcuBHOrO nmkja B ML me
PEKOMEHTYeTCs.

Vupaxmenue 4.2.1 [%%]:
TTouemy? Kax Ovia0 6v npasusvhee danucams eval ?
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let rec eval t =
try let t’ = evall t
in eval t’
with NoRuleApplies — t

Pasywmeercst, Harm npoCTOii BRIYUCIUTENH 3AIUCAH TAK, YTOOBI YITPOCTUTH BO3-
MOXKHOCTb €r0 CPABHEHWS C MATEMATHYECKWM OIMPEIeJIeHNEM BLIYUC/ICHUs, & HE
TaK, 9TOOBI HAXOAWTH HOPMAJIbHBIE (DOPMBI KaK MOKHO ObicTpee. Heckosbko 60-
stee 3HGEKTUBHBIN AJTOPUTM MOXKHO MOJYYUTh HA OCHOBE MPABUJ BBIYUCIICHUS
«C OOJIBIITAM IIIArOM», KaK MPeIaraeTcsa B ynpakueHuu 4.2.2.

Vupaxzenue 4.2.2 [PEKOMEH/IYETCH, * * k —]:
Wzmenume onpedesenue Gynkyuu eval 6 npozpamme arith, ucnosv3ys cmuab ¢
boavwum wazom u3d ynpasrcrernus 3.5.17.

4.3. UYro ocraJjioch 3a KaJpoMm

Pasymeercs, B 11060M WHTEPIPETATOPE W KOMIUJISATOPE — TayKe B OYEHBb MPO-
CTOM, — MHOTO MOJyJIeil MOMHUMO TeX, KOTOpble Mbl OOCyauau Bbime. Ha camom
JieJie BBIYUC/ISIEMbIE TEPMbI M3HAYAJIBHO XPAHATCA B (hailylax Kak MOCJIeI0BATE b
HOCTU CHUMBOJIOB. VIX HyKHO cuuTarh u3 (HailsToBOi CUCTEMBI, TIEPEBECTH B IOCTIE-
JOBATEIbHOCTD JIEKCEM IIPU IIOMONIY JIEKCUYECKOI'0 aHaIU3aTopa, II0TOM C IIOMO-
b0 CHHTAKCUYECKOTO AHAJIN3ATOPA COOPATh M3 HUX AOCTPAKTHBIE CHHTAKCUUIE-
CKHUe JIePEBbsI, U TOJIHKO TOCJIE ITOTO TepeaaTh (DYHKIMAM BbIYUCIEHUs, KOTOPhIE
MBI BUJIEJIM B ITOU raBe. Bosiee TOro, mocie BLIUHUCIEHUS HYKHO pacledaTaTb
pe3ynbTaThl.

q)aﬁﬂOBbeI CHMBOJIbI .
Jlekcuueckuil ananns
BBOJI/BBIBOJT
JeKCeMbl
{ N
CuHTakcuueckuit
aHaJsus

7

l TEepPMBI
{ N

3HAYEeHUd

Ileuarb -~ Boruncnenus

7

MuTepecyromuecss 9uTarenm MOTYT HCCIEJIO0BATHL MMEMONIMHACS B CETH KOJ, BCEro
unrepuperaropa Ha OCaml.
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I'maBa 5

bectumoBoe
JIIMO1a-ncUYncaeHIe

B 3T0it riaBe MbI BCOOMHHM OIpEJETIeHHe W HEKOTOpbie 6a30Bbie CBOMCTBA
6ecmunosozo (untyped), wiu wucmozo (pure), asmboa-ucuucaenus (lambda-
calculus). BectumoBoe IsMOIa-UCUUCIEHUE CIIyKUT BBIYUCIUTENILHON OCHOBOIA,
«TIOYBOif», U3 KOTOPO# MOSIBUIOCH OOJILITUHCTBO CUCTEM THIIOB, OMUCHIBAEMBIX B
OCTaBIIECA 9aCTU KHUTH.

B cepeamnne 60-x rogos ITurep JIanawa oTMETHI, YTO CJOKHBIH S3BIK TTPOTPAM-
MHPOBAaHUSA MOXKHO M3y4aTh, CDOPMYIUPOBAB €0 SAPO B BUIE HEOOJBIITOTO DA30-
BOI'O HCYHCJIEHWS, KOTOPOE BBIPAYKAET CAMbIE CYIIECTBEHHBIE MEXaHU3MBbI SI3bIKA,
U JONOJIHKUB €ro HabopoM yaoOHBbIX npouseodnunr gopm (derived forms), nosese-
HUE KOTOPBIX MOXKHO BBIPA3HUTH IyTEM I[EPEBOJA HA S3bIK DA30BOTO HUCUMUCIICHUS
(Landin 1964, 1965, 1966; cm. raxxke Tennent 1981). B kauecrse 6a30B0oro si3bl-
ka Jlanaun ucnonb3osan asmbda-ucuucaenue (lambda-calculus) — dopmanbuyio
cucremy, uzobperennyio B 1920-e rogpt Ayonco Yépuem (Church, 1936, 1941), rue
BCE BBIYUCIEHUE CBOAUTCS K JEMEHTAPHBIM ONEPAIUsSM — OMpeIeeHui0 QyHK-
nuu u ee npuMenernto. [loa Bausiauem ueit Jlananna, a TakyKe HOBATOPCKUX pa-
6or Txxona Makkapru 10 a3biky Lisp (McCarthy, Russell, Edwards, et al., 1959;
McCarthy, 1981) naM6aa-uCUUCIEHUE CTATIO MIUPOKO UCTIOML30BATHCS JJIsi CIIEIH-
duKaAIIT KOHCTPYKIUH SI3BIKOB MPOrPAMMHUPOBAHUs, B Pa3pabOTKe U peaJn3alinn
SI3BIKOB, & TaK¥Ke B HMCCJIEJIOBAHUU CUCTEM TUNOB. BayKHOCTH 3TOrO HUCUMCICHWS
COCTOUT B TOM, 4TO €0 MOYKHO OJTHOBPEMEHHO PACCMATPUBATH KAK MIPOCTOM S3bIK
MIPOrPAMMHUDOBAHUS, HG KOMOPOM MOXKHO OINUCHIBATH BBIYMCJICHWS, ¥ KAK MaTe-
MATHYECKUH O0BEKT, 0 KOMOPOM MOYKHO JTOKA3BIBATH CTPOTHUE YTBEPIKICHUS.

JIsimbia-ucancienne — JUIIb OJHO U3 HECKOMHKUX (DyHIaAMEHTATBHBIX UCIUC-
JIeHUl, UCIIOIb3YeMbIX Ul 10100HbIX ueseil. [Tu-ucwucaenue (pi-calculus) Muui-
nepa, IIsppoy u Yokepa (Milner, Parrow, and Walker, 1992; Milner, 1991)) 3a-
BOEBAJIO TMOMYJISIPHOCTH KaK OA30BBIN SI3BIK I ONPEIEJICHUs CEMAHTUKU S3BIKOB
MapaJIJIeJIbHBIX BBIYUCIEHUI C OOMEHOM COOOINEHUSIMU, a UCHUCAEHUE 00BEKM08

IlpuMmepsr u3 3TOH IJIaBBI ABJISAIOTCS TEPMAMU YACTOrO OECTHIIOBOTO JIAMOIa-UCIUCICHUS, A
(eM. puc. 5.3), 1160 1AMOIA-UCUUCTEHUS ¢ 100ABIeHHEeM OYIeBCKUX 3HAYCHUH 1 apHUDMETUIECKUX
omepanmit, ANB (3.2). CoorBercreyromas peasnsanus Ha OCaml maseiBaercs fulluntyped.
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(object calculus) Abaau u Kapaesnu (Abadi and Cardelli, 1996) Bbipaxkaer cyTb
O0bEKTHO-OPUEHTUPOBAHHDBIX $3bIKOB. BOJIBIIMHCTBO W€l U METOI0B, KOTOPHIE
MBI OIHUIIEM U Pa3paboTaeM MJis JIIMOIa-UCUUCTIEHUs, MOXKHO 0e3 0co00ro Tpy-
Jla IEPEHECTH U Ha 3TH Apyrue ucuuciaenns. OquH U3 TPUMEPOB TAKOTO MEPEHOCA
mpeacTaBieH B raase 19.

JIgamOma-ucauciienre MOXXKHO PACIIUPUTh U O0OraTUTh HECKOJbKUMHU CIOCO0a-
mu. Bo-mepBbix, 9acTto s yaoOcTBa 1006ABIAIOT OCOOBIM CHHTAKCHUC IS GHCET,
KOPTEeXKel, 3a1uceii u 1. Il., Yb€ MOBEJICHUEe, B IPUHITUIIE, MOXKHO CMOJIETTUPOBATH U
B 6azoBoM si3bike. HTepecHee 106aBUTH 60/I€e CI0KHBIE BO3MOXKHOCTH, TAKHE KAK
U3MEHSIEMbIe CCBIJIOYHBIE sTYeHKU WM HeJIOKAJIbHas 00paboTKa, UCKIIOUYeHUH. DTu
CBOWCTBA, MOYKHO CMOJEIMPOBATH HA OA30BOM SI3BIKE TOJIHKO IIYTEM JOCTATOYHO
TSIPKEJIOBECHOTO TepeBo/ia. Takue paciiupeHus, B KOHIE KOHIIOB, IPUBOJISIT K s3bI-
kam Bpoze ML (Gordon, Milner, and Wadsworth, 1979; Milner, Tofte, and Harper,
1990; Weis, Aponte, Laville, Mauny, and Sudrez, 1989; Milner, Tofte, Harper, and
MacQueen, 1997), Haskell (Hudak et al., 1992) unu Scheme (Sussman and Steele,
1975; Kelsey, Clinger, and Rees, 1998). Kax Mbl yBUIUM B HOCJELYIONIUX TJIaBaX,
pacimpenust 6a30BOr0 s3bIKA 9aCTO TPEOYIOT PACIIUDPEHUST CHCTEMbI THIIOB.

5.1. OcHOBBI

IMpouenypuas (win dyHKIHOHANIbHAS) aOCTPAKIMS — KJIIOYEBOE CBOHCTBO MO~
YTHU BCEX A3BIKOB IIPOTPaMMHUPOBAHWA. BMeCTO TOTO, LITO6I>I BBIIUCHIBATH OJHO N
TO K€ BBIYUCJIEHNE PA3 33 Pa30M, MBI ITHAIIEM TPOIEAYPY UIu (DYHKINIO, KOTOPas
OPOAENTbIBACT 3TO BBIYUCIIEHHUE B O6H_IeM Buae, UCIOJIb3yd OAWH HJIN HECKOJIBKO
MMEHOBAHHBIX [TaPAMETPOB, & 3aTeM IPU HEOOXOAMMOCTH BBI3BIBAEM ITY IIPOIIEIY-
Py, KaxKIbIil pa3 3a/1aBas 3HadeHns mapamerpos. K npumepy, /i IporpaMmMucTa
€CTEeCTBEHHO B3ATH AJIUHHOE BBIYUCJICHUE C ITOBTOPAIINMUMUCA TaCTAMU, BPOIE

(5%4%3%2%1) + (7*6%x5%4%3%2%1) - (3%2%1)
7 mmepenucarh ero B Buae factorial (5) + factorial(7) - factorial(3), rme
factorial(n) = if n=0 then 1 else n * factorial(m-1)

s KaxK 1010 HEOTPUIIATETHHOTO YUC/IA N TOJCTAHOBKA APTyMEHTa N B (DYHKITHIO
factorial maer B pe3dymabrare ¢akropmana n. Vcmomb3ysd HOTAIUIO «An. ...»
0003HAYAIONIYI0 «(PYHKIUIO, KOTOPAsd /I KaXKJO0r0 N, IAET ...», OLPEIesIeHHe
factorial mMoKHO mepedOPMYIUPOBATH KaK

factorial = An. if n=0 then 1 else n * factorial(mn-1)

Temepns factorial(0) o3uadaer «dyukmusg An. if n=0 then 1 else ..., opu-
MEHEHHAsi K apryMerTy 0y, TO eCrb, «3HAYEHHEe, KOTOPOEe IOJIy4aercs, eCiau ap-
rymenT n B tesie Gyukimu (An. if n=0 then 1 else ...) 3amenurb Ha 0%, TO
ecTb, «<1f 0=0 then 1 else ...», TO ecTh, 1.

Jamboa-ucuucaenue (lambda-calculus) (mnm A-ucumciienue) Bomjomaer Ta-
KO# crmocob ompejenennss W IpuMeHeHnss (GpYHKIUA B Hamboee 9IuCTOil (opme.
B navmbpa-ucancnenun 6cé spisercs (QYHKIUIME: apTyMeHTbI, KOTOpble (PyHK-
MU IPUHAMAIOT — TOXKe (DYHKIUHU, W PE3yJbTaT, BO3BpallaeMblil (GyHKumeii —
ONATh-TaK¥W (DYHKIIWSA.
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CunTaKcuc 1aMOIa-ICIACIeHAs COCTORT U3 TpexX BEA0B TepMoB.' Ilepemennas
X cama 10 cebe ecrb TepM; abcrpakiys HePeMeHHON X B TepMe t1, (3aiucbiBaercs
KakK )\X.tl), — TOXKe TepM; 1, HAKOHeIl, TpUMeHeHne TepMa t; K TepMmy to (3aHI/I—
CBIBAETCA t1 t) — TpeTwii BUJ TEPMOB. DTH CIOCOOLI KOHCTPYUPOBAHUS TEPMOB
BBIPAKAIOTCH CJIEIYIOIIEl TPaMMaTUKON’:

t o= mepmot:
bq nepeMeHHan
AX. t  abcmpaxyus
tt npumenenue

B cremyromux mogpasmenax 3TO ONpenesieHre N3ydaeTcs AeTaTbHO.

AbGcTpaKkTHBIN N KOHKPETHBIA CHHTAKCHUC

IIpu 06Cy2KIeHNN CHHTAKCHCA A3BIKOB IPOrPAMMUPOBAHUS [IOJIE3HO PA3IHIaTh
JBa ypOBHA® CTPYKTYphl. Konkpemmnuiii cunmarcuc (concrete syntax, wam surface
syntax) si3bIKa OTHOCUTCS K CTPOKAM CHMBOJIOB, KOTOPBIE HEIOCPEICTBEHHO YHUTa~
IOT U [UIIYT ONPOrpaMMucTbl. Ab6cmpaxmmuoidi cunmarcuc (abstract syntax) — sto
HAMHOrO 6oJiee IPOCTOE BHYTPEHHEE IPEICTABICHHE IIPOrPAMM B BHJIE IMOMEYECH-
HbIX JIepeBbeB (OHU HA3BIBAIOTCH GOCTNPAKMHBMU CUHMAKCUNECKUMY JEPECLAMU
(abstract syntax trees) unu ACJ[ (AST)). IIpencrasienne B Bue I€PEBa I€IaET
CTPYKTYDPY TEPMOB OUYEBUIHON, U MOITOMY €r0 YIOOHO WCIOJIBL30BATH IJIS CJIOK-
HBIX IPE00PA30BAHKI, KOTOPBIE HYKHbI KaK IIPU CTPOrOM ONPEJIEJICHUN A3bIKOB (U
JIOKA3aTeJIbCTBE UX CBONCTB), TAK M BHYTPHU KOMIIMIATOPOB U MHTEPIPETATOPOB.

IIpeobpa3oBanme M3 KOHKPETHOTO B aOCTPAKTHBIA CHHTAKCHAC TPOUCXOINT B
nBa srana. Cuauana sexcuueckuli anaausamop (lexical analyzer) (uwnu asexcep,
lexer) mepeBOAMT MOC/IEAOBATENLHOCTD CUMBOJIOB, HAIIUCAHHBIX IIPOIPAMMUCTOM,
B LOCJIEIOBATEIBHOCTD Jsekcem (tokens) — uaeHTuUKATOPOB, KIIOYEBbIX CJIOB,
KOMMEHTapPHUEB, CHMBOJIOB IIyHKTYallu#, U T. II. JIeKCHIecKnii aHaam3aTop youpaer
KOMMEHTApUH, 06padaThIBAET MPOOEJIBI, PEITIAET BOMPOC C 3AIIABHBIMY U CTPOUHBI-
MU OyKBaMU, a TaKKe pacrno3Haer GopMaThl YUCIOBBIX U CUMBOJIBHBIX KOHCTAHT.
Iocse sToro epammamuyeckud anaausamop (napcep) (parser) npeobpasyer mo-
CIEeIOBATENBHOCTD JEKCeM B aOCTPAKTHOE CHHTAKCHIECKOe nepeso. Ilpm rpamma-
TudyeckoM pasbope corviaiienus o npuopumeme (precedence) u accoyuUAMUEHOCTIU
(associativity) omepaTopoB MOMOTalOT yMEHBITUTH KOJUUYECTBO CKODOK B ITPOTPaM-
Me, STBHO YKa3bIBAIOIINX CTPYKTYpPy COCTABHBIX BhIpaskenwii. Hampumep, omepa-
TOP * UMEET MPHUOPUTET BBINIE, YeM OTepaTop +, TaK 94TO aHAJU3ATOP MHTEPIPe-
THPYeT BhIpaxkeHue 6e3 CKOOOK 1+2*3 KaK aOCTPAKTHOE CHHTAKCHIECKOe IepPeBO,

1Bripaxenne <«aamba-mepm (lambda-term)» orHOCHTCA KO BCeM TepMaM JaAMOga-
ucunciaeHus. JIsaM6aa-TepMbl, KOTOpPble HAYUHAIOTCS € OYKBBI A, YaCTO HA3BIBAIOT <«AAMOOaG-
abcmparyusmu (lambda-abstractions)s.

20mnpeaenenns MOTHONEHHEIX A3BIKOB MHOLIA UCIOJB3YIOT elrne Gosblee ucao ypopneii. Ha-
npumep, Bcaen 3a JlanawHOM, 9aCTO OBIBAET MOJIE3HO OLNPENe/ISTh HIOBEIEHHE HEKOTOPBIX KOH-
CTPYKIHI S3BIKa B Ka4eCTBE MPOU3BOIHBIX (POPM, MyTEM MEPEBOJIa WX B KOMOWHAIMH IPYTHX,
0oJiee 3IEMEHTAPHBIXK, KOHCTPYKIUA. OrpaHuveHHBIH A3BIK, COCTOAMUAN TOIBKO H3 3THUX 6a30-
BBIX KOHCTPYKIHUI, 4aCTO HA3BIBAIOT 8HYMpPeHHuMm A3vikom (internal language), a monHBIR A3bIK,
KOTODBIH BKJIIOYAET B ce0s BCe NPOU3BOAHBIE (DOPMBI, HA3BIBAETCH GHEWHUM H3bikom (external
language). Tpancdopmanys ©3 BHEIIHErO S3bIKA BO BHYTPEHHUH BHIIOJHsIETC (10 KpaliHe# Me-
pe, KOHIENTYATIbHO) OTAENbHBIM IPOXOJOM KOMIHISITOPA, BCIET 33 CHHTAKCHUECKAM AHAJTIA30M.
TTpoussomubie (hopMbl 06CYRKAa0TCS B pasaesne 11.3.
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KOTOpOE IIOKa3aHO CJIEBa, a HE CIIpaBa:

+ *

/\ /\

1 * + 3
PR PR

B sToit kHUre MBI OOpalaeM OCHOBHOE BHHMAHWE HA aOCTPAKTHBIN, a HE KOH-
KPEeTHbBI CHHTAKCUC. ['paMMaruku, BPOJE TOH, YTO Mbl HPUBEIU I JisiMOma-
TEPMOB, CJIe/lyeT PACCMATPUBATDL KAK OIMCAHUA PA3PELIEHHBIX BUJOB JEPEBHEB,
a He TI0CJIeIOBATETLHOCTEN JIEKCEeM WJIM CHMBOJIOB. Pa3zymMeercs, Korma Mbl OymemM
3aMMChIBATh TEPMBI B MPUMEPAX, OMPEIE/IEHUSX, TEOPeMax W I0Ka3aTe/]bCTBAX,
HaM MPHUJIETCA BBIPAXKATh UX C NOMOIIBIO KOHKPETHOU, JUHEHHON 3alucu, HO MbI
BCErJa MMEEM B BU/y COOTBETCTBYIOIIE aDCTPAKTHBIE CHHTAKCUIECKHE JTEPEBb.

Yr00bI n30€:KaTh U3JIUITHUX CKOOOK, /IJIs 3AMUCH JIAMOIA-TEPMOB B JIMHEITHOMN
dopme MBI cieayeM IByM corJamienusiM. Bo-mepBoix, npumenenune pyHKIUT JIEBO-
aCCOIMATUBHO — TO €CTh, S t u 0003HAYAET TO XKe JepeBo, uro (s t) w:

apply

Bo-BTOphix, Tema abCTpakiuii MPOCTHUPAIOTCS HAMPABO KaK MOXKHO TAJlb-
e, TaK dYTO, HANpWMep, AX. Ay. X y X O3HAYaeT TO K€ CaMoe, UTO W
Ax. Qy. (xy) x)):

P

IlepemenHbie 1 MeTariepeMeHHbIE

Eme ogma TOHKOCTH B MPWBEIEHHOM OITPEIEJIEHNN CHHTAKCHCA KaCcAeTCsT WC-
MOJTL30BAHNUST MeTaNepeMEeHHBIX. MbI 6y/1eM MPO0IKATh HCIOIH30BAThH METATIEpe-
MeHHYIO t (a TakKe S W U, C HUXKHUMU MHJEKCaMu U 6e3 HUX), 0003HAYAIOIILYIO
pom3BOIbHLIH TepM.® Amasormuno, x (a Takxke y M z) 3aMeliaeT TTPOU3BOJIb-
HYIO TEePEMEHHYIO. 3aMeTHM, UTO 3/€Ch X — 3ITO MeTalepeMeHHas, 3HAYCHUIMH
KOTODOI#i siBiistiorcs apyrue nepemenubie! K coxaseHuo, 4ucio KOPOTKUX UMEH

3Camo coboit, B 3Toit rase t o6o3HauaeT aAMOIA-TEPM, 8 HE APU(PMETHUECKOE BHIPAZKEHHE.
Ha nporsaxennu Bceit kauru t 6yzer 0603Ha4aTh TEPM TOTO HCYUCIEHUS, KOTOPOe 00CYKAaeTCs
B JAHHBIA MOMEHT. B Hauale KaxKJ0H TIaBbl €CTh NPUMEYaHue, Tje YKA3aHO, KaKas CUCTEeMa
paccMaTPUBAETCA B TOH IyIaBe.
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OrpaHUYEeHO, ¥ HAM MOTPedyercss MHOIIa KCIOJIb30BATh X, Y U T. . JJis 0D03HA-
YeHUs IEePEMEHHbIX OObEKTHOIO #A3bIKa. B Takux Ciydasx, OJHAKO, U3 KOHTEKCTa
BCcerga OymeT sicHO, 9TO mMmeeTcs B Buay. Hampuwmep, B npemmokennn «Tepm Ax.
Ay. X y UMeeT BUJI AZ. S, TJIle Z = X, a4 S = \y. X y» UMeeM z U S — HMeHa
METANePEMEHHBIX, & X U § — UMEHA MEPEMEHHBIX 00BbEKTHOTO S3BIKA.

Ob6aacTh BUANMOCTH

IMocnenmee, u9ro wHam TpedyeTcs pa3bICHUTHL B CHHTAKCHCE JIIMOIA-
UCYHUCIEHUS, — 00aacmb 6udumocmu (SCOpe) NepeMeHHbIX.

IMepemennas x nasbiBaerca cesazannoti (bound), ecim oHA HAXOAUTCS B Tese t
abcrpakiuu Ax.t. (Tounee, oHO CBA3aHO 9mMotT abcTpakimeil. Mbl MOXKEM TakKe
cKa3arh, 9T0 Ax — ceasviearowee onpedesenue (binder) ¢ obnacrbio BUIAMMOCTH
t.) Bxoxzenue x c606odno (free), eciu OHO HAXOAMTCH B HO3ULMU, B KOTOPOI
OHO HE CBA3aHO HUKAKOM BbImenexkariei abcrpakmueil mepemennoit x. Hanpumep,
BXOXKJEHNUSI X BX ¥ M AY. X ¥ CBOOOIHBI, & BXOXKJIEHUS X B AX. X W AZ. AX. Ay.
x (y z) cea3ambl. B (Ax. X) X mepBoe BXOXKIEHWE X CBSA3AHO, 8 BTOPOE CBODOIHO.

Tepm 6e3 CBOGOIHBIX IEPEMEHHBIX HA3BIBAETCS damrnymoim (closed); 3aMKmy-
Thle TEPMbI HA3BIBAIOT TaKxKe Kombunamopamu (combinators). IIpocreiimmii Kom-
GunaTop, Ha3bIBaeMblil Pynryuets mooswcdecmsa (identity function),

id = Ax.x;

He BBIIOJIHACT HUKAKUX JefCTBUll, a IPOCTO BO3BPAILACT CBOA apryMeHT.

OmnepanmoHHass ceMaHTUKA

B cBoeit uncroit popme AaMOIA-UCINCTEHNE HE COAEPXKHUT BCTPOEHHBIX KOH-
CTAHT ¥ 3JIEMEHTAPHBIX OMEPATOPOB — HU YUCEJI, HU apUPMETUICCKUX OMepAInii,
HU YCJIOBHBIX BbIDAXKEHUH, HU 3AlUCEH, HU [UKJIOB, HU [OCJIEI0BATEIHHOIO BbI-
TTOJTHEHWST BBIPAYKEHUH, HU BBOJA-BHIBONA, W T. 1. EIMHCTBEHHOE CPEICTBO IS
«BBIYUC/IEHUSA> TE€PMOB — NpuMeHeHue (pyHKnuii K aprymentam (KOTOpbIE caMu
ABJsA0TCa PyHKIMAMY). KazK Aplil 1mar BEIYUCJIEHUs COCTOUT B TOM, YTO B T€pMe-
MPUMEHEHUH, B KOTOPOM JIEBBIM WIEH sBIsercs abCcTpaknueil, CBS3aHHAsS mepe-
MEHHAs B TeJie 3TOH abCTPAKIIUU 3aMEHSeTCs HA MPABbIil WieH. 3aluChbIBAETCA ITO
TaK:

(AX.tlZ) to — [X [and tg]t12

rae [x — tg]tlg O3HAYaEeT «TEepPM, IIOJy4dYaeMblid U3 tig IIyTeM 3aMeHbl BCeX CBO-
OOIHBIX BXOXKJEHWI X Ha to». Hampumep, Tepm (AxX. X) y 3a OJWH TIar BBIYUC-
JleHust mepexoauT B y, a TepM (Ax. x (Ax. x)) (u r) mepexomur B u r (Ax.
x). Benen 3a Yépuem, tepm Buga (Ax. ti) to HasbiBaerca pedexcom (redex)
(reducible expression (redex), «Cokpaiaemoe BbIPAsKEHHE»), a OIEepalus [epe-
MMUCHIBAHUS PEJIEKCA B COOTBETCTBHUU C YKA3AHHBIM IPABUIOM HA3bIBAETCS Hema-
pedykyuet (beta-reduction).

B redenue MHOrEX JjieT pazpabOTYUKH ¥ TEOPETUKH S3bIKOB IIPOIPAMMHUPOBA-
HUS U3YYAJN PA3IUYHBIC CTPATETHH BLIYUCICHUSA B JaMbna-ucunciaenun. Kaxnas

—sourcefile— 75 Rev: —revision—, November 28, 2010



76 5.1. OcHoBBI

CTPATErus OIPeessieT, KAKAE PEIeKChl B TePMe MOIYT CpaboOTaTh Ha CJIEILYIONEM
ware Bpluucienus.”

o IIpu noanoti 6ema-pedyrxyuu (full beta-reduction) B 060K MOMEHT MOXKET
cpaborarh J1000# perexc. Ha karkaoMm 1mare Mbl BhIOMpaeM KaKOW-HUOYIH
PEeIEKC Ie-TO BHYTPU BBIYMCISIEMOrO TepMa, W MPOBOJUM IIar PeayKIUu.
Paccvorpum, Hanpumep, Tepm

(Ax.x) ((Ax.x) (Az. (Ax.x) Z2))

KOTOPBIA MOXKHO 3amucarh I yaoocTBa urenus B Buge id (id (Az. id
z)). B 3TOoM Tepme comepKuTCS TPpHU peaeKca:

id (id (\z. id z))

id (id (\z. id z))
id (id (Az. id z))

IIpu momHoIt OeTa-peayKIuu MOXKHO, HAPUMED, HAYaTh C CAMOI0 BHYTPEH-
HErO peeKca, 3areM 00paboTaTh MPOMEXKYTOYHBIN, & 3aT€M — BHEITHUIA:
id (id (Az. id z))

id (id (\z.z))

id (\z.z)

A\z.z

T

e IlIpu crpareruu Hopmaavhozo nopsadka ewwucaenut (normal order) Bcerza
CHadYajia COKPAIAeTCsT CAMBIH JIEBBIH, caMblii BHemHMM pemexc. IIpn Taxoit
CTpaTeruu yKa3aHHBIN TepM obpabarbiBasicsa Obl TaK:

id (id (A\z. id z))

id (\z. id z)

Az. id z

Az.z

T

Ipu rakoii crpareruu (a Tak¥Ke BCEX MEPEUUCICHHBIX HUYKE) OTHOIIECHUE Bbl-
YHUCIEHUs HAa CAMOM Jejie ABSIeTCS YacTHIHON (PYHKITHEH: KaXK b TepM t
3a mar nepexoauT He Gosiee 4em B OuH TepM t'.

e Crparerus en306a no umenu (call by name) eme 6osiee crpora: ona He 103BO-
JisieT TPOBOJIUTH PEIyKIMI0 BHYTpU abcrpakimii. Haannas ¢ Toro ke camoro
TEPMa, MEPBbIE JIBE PEAYKIIUU Mbl IIPOBEIEM TAK K€, KAK U [IPU HOPMAJIbHOM
TOPSIZIKE BBIYUCJIEHUH, HO TIOTOM OCTAHOBUMCS M OyldeM cumTaTrh Az. id z
HOPMAJIBHOU (HOPMOii:

id (id (Az. id z))
— id (A\z. id z)
— Az. id z
+
BapuanTbl BbI30BA 1O MMEHHM HCIOJIB30BAINCh B HEKOTOPBLIX XOPOIIO H3-
BECTHBIX si3bIKax, B ToM umcye B Asrome-60 (Naur et al., 1963) n Haskell

4HeKOTOpre HCCIea0BaTe/J N HUCIIOJB3YIOT TEPMHUHBL «PEOYKIHUA» U <«BBIYUCJ/ICHHUE» KaK CH-
HOHHUMEI. ,Z[pyrne Ha3bIBAIOT <«BBIYUCJICHUEM» TOJBKO T€ CTPATEruu, rae KakKyro-TO pOJib UMeeT
TOHATHE «3HAYCHUAY», a B OCTAJIBHBIX CJIYYaaX I'OBOPAT O «PEOYKIIUH>.
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(Hudak et al., 1992). B Haskell, na camom jeJie, ucnosib3yercs onTUMU3U-
POBaHHAs BEpPCUsl, U3BECTHAA KaK 6613068 1o neobrodumocmu (call by need)
(Wadsworth, 1971; Ariola et al., 1995), B KOTOpO#i BMECTO TOrO, 4TOOBI TIEPE-
BBIUUC/IATH APIYMEHT TIPHU Ka¥KJIOM HCITOJIb30BAHUHN, TIPU TIEPBOM BBIYUCIIE-
HUU BCE BXOXKEHUS apTyMEHTa 3aMEHSIOTCS 3HAYEHHEM, ¥ TAKUM 00pa3oM
mpomnaaer HeoOXOAUMOCTh BBIYUCIATH €ro 3aHOBO B cleayomwii pa3. [lpu
TAKOM cTpareruu Tpedyercsi BO BpeMs BBIIOJHEHUsI COBMECTHO UCIOJIb30BATD
CTPYKTYPHI JAHHBIX MEYKIY MPEICTABJICHUSIMA TEPMOB — B CYIIHOCTH, TIOJIY-
9aeTCs OTHOIIEHUE peAyKuun Ha epadax (graphs) abcTrpakTHOrO CHHTaKCHUCA,
a He Ha CUHTAKCHYECKUX JePEBbIX.

e B GoubliuHCTBE $13bIKOB UCIIOJIB3YETCsd CTpAaTerus 6u.306a no 3nasvernuro (call
by value). B coorBercTBUN € Hell, COKPAIITAIOTCS TOJIBKO CAMbIE BHEITHUE Pe-
JIEKCHI, W, KPOME TOTrO, PEIEKC CpabATHIBAET TOJIHKO B TOM CIIy4Yae, €CJIU €ro
npaBag 9acTh y¥Ke CBeJeHa K snadwenuto (value) — 3aMKHYTOMY TepMy, KO-
TOPLI y2Ke BBIMHCTICH I He MOXKeT OBITh pemyrmuposad masee.” Ilpm Taxoit
CTpATEruy HAII NpuMep OyAeT pepayupoBaThCs TaK:

id (id (\z. id z))

— id (Az. id z)

—  Az. id z

1
Crparerusi BbI30Ba MO 3HAYEHUIO CMPO2d B TOM CMBICIE, 9TO APTyMEHTbI
dyHKIMY Beerga BbIYUCASIOTCs, HE3ABUCUMO OT TOI'O, MCIOJIb3YIOTCS OHU B
rene dbyukmuu uau #er. C apyroii cropoHsl, necmpozue (non-strict) (uwam
Aenueble, lazy) crpareruu BBIYUC/IEHUS — BbI30OB 110 UMEHUW WJIM 10 HEOO-
XOJIUMOCTH, — BBIUHUCISIOT TOJBKO T€ ApTyMEHThI, KOTOPbIE JIeHCTBUTETHHO
UCIOTB3YIOTCS.

Boibop cTparerny BBIYHCIEHHS MOYTH HU HA 9UTO HE BJIUSIET B KOHTEKCTE 00-
CyKJIEHHMs CUCTeM THIIOB. BOLpOChbI, KOTOpbIE BEAYT K HMCIIOJIb30BAHUIO TeX WJIU
WHBIX CBONCTB THUIIOB, ¥ METOIbI, UCIOJIB3YEMbIe IIJIsi OTBETA HA 3TU BOMPOCHI, I
BCEX CTpaTeruil MpakKTUYECKU OJMHAKOBBL. B 3TON KHUTe Mbl WCIOJIB3YeM BbHI30B
10 3HAYEHUIO: BO-IIEPBLIX, IIOTOMY YTO MMEHHO TaK paboraer GOJbIINHCTBO IIHPO-
KO M3BECTHBLIX S3BIKOB; U, BO-BTOPBIX, IIOTOMY YTO IIPU 3TOM JIEr'Ye BCEIO BBECTH
TAaKHe MEXaHW3Mbl, KaK UCKiodenus (miasa 14) u cepuiku (riasa 13).

5.2. IIporpammmpoBaHme Ha  d3bIKe JIAMOga-
NCUYUCJIEHUS

JIsMmbma-ucancienne — 3Ha9UTEIHHO G0sIee MOITHBIN (hOPMATI3M, I€M KAXKET-
Cs1 TIPHU TIEPBOM B3TJIsiJIe HA €r0 KPOIIETHOe ompeienenne. B 3roMm pasesie Mbl mpo-
JIEMOHCTPUPYEM HECKOJIbKO CTAHJIAPTHBIX IPUMEPOB HPOIPAMMHUPOBAHMS B PaM-
Kax 3Toro (hpopMajn3Ma. ITU MPUMEPHI COBEPIIIEHHO HE O3HAYAIOT, YTO JITMOIa-

5B mamem <«dyHIAMEHTAIBHOM» WMCIMCJICHHM 3HAMEHHSMH SIBJIAIOTCS TOJBKO JIsMBia-
abcrpakiuu. B Gosee 6oraThlx HCYHCIEHUSAX OYIyT IPUCYTCTBOBATH U JAPYTHE BUALI 3HAYEHUI:
YHCJIOBLIE U OyJIeBCKHE KOHCTAHTLI, CTPOKH, KOPTEXKHU 3HAYUEHHUH, 3aIIHCH, COCTOAIINE U3 3HAYE-
HUH, CIUCKU 3HAYEHUH 1 T. 1.
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HUCYHUCJIEHUE CJIEJYeT CYUTATH TMOTHONEHHBIM s3bIKOM MPOTPAMMHMPOBAHUS — BO
BCEX PACIPOCTPAHEHHBIX S3bIKAX TE K€ CAMbIE 3a/[a49K MOXKHO PEIIuTh 0oJiee 1mo-
HATHBIM U 3 dhekTuBHBIM 00pa3zoM. CKopee, 3T0 HEKOTOPasi pA3MUHKA, YTOOBI TaTh
YUTATENIO TIOYYBCTBOBATH, KAK YCTPOEHA, 9TA CHCTEMA.

(I)YHKIJ;I/II/I C HECKOJIBKMHI apryMeHTaMu

SaMeTuM JIJist HA9aJ1a, 910 B JISMOa-UCIUCIEHUU OTCYTCTBYET BCTPOSHHAS O]
JepkKka DYHKINA ¢ HECKOJIBKUMHU apryMeHTamu. Pazymeercs, ee ObLIO ObI HETPY/I-
HO 100aBUTH, OTHAKO TOTO YK€ CAMOr0 Pe3yJIbTaTa MPOIIe JOCTUYh Yepe3 GyHKyuy
soicwezo nopadka (higher-order functions), koropbie Bo3BpaIaoT GyHKIUU B Ka-
gecTBe pesysbrara. JJomycTum, y HAC ecTh TepM S ¢ JABYMsi CBOOOTHBIME TTEPEMEH-
HBIMU X U ¥, ¥ Mbl XOTUM HAIKCATH TaKyIO (DYHKIHUIO T, KOTOpas BbLIaBaIa ObI J1Jist
KaKJIOH 1mapbl apryMeHToB (v,w) pe3y/ibTar HOACTAHOBKU V BMECTO X U W BMECTO
y. Mbr mumrem ve £ = A(x,y) . s, KAK MbI CI€TAIH ObI 3TO B Oostee 6OraToM sI3bIKe,
af = Ax.\y.s. 970 o3Hauaer, uro f ecTh PyHKIUs, KOTOPAs, IOy IUB 3HAYCHUE
vV IS TapaMeTpa X, BbIAAET (DYHKIIUIO, KOTOPasi, MOJyYUB 3HAYEHHUE W I [apa-
METpa ¥, BBIAAET HYKHBIH pe3ysbrar. [locie 3Toro Mbl OOYEPEHO MPUMEHSTEM
f k aprymenraM, nosydas 3auuch ¥ v w (1. e., (£ v) w), KOropas IE€PexoiuT B
((\y.[x — v]s) w),u ganee B [y — w]|[x — v]s. Takoe npeoGpas3osamuue GyHKImil
C HECKOJbKUMW aPTyMEHTaM¥ B (DYHKIIMHU BBICIIIETO MOPSIKA HABBIBAETCS KAPPU-
posanuem (currying) B uectb Xackesuta Kappu, coBpemennuka Yépua.

BynesBckue koHcTanThl Yépua

Eme onna s3bIKOBasi KOHCTPYKIWS, JIETKO KOAUpyeMash B JIsaMOma-
WCYUCTIEHNN — OyJIEBCKWE 3HAYEHWsS W YCJOBHBIE BbIpakenus. Oupemennm
TepMbI tru u fls Takum 00pa3oM:

tru = At. Af. t
fls = At. Af. f

we we

(DTUM TepMaM ITaHbI COKPAIEHHBIE UMEHA, YTOOBI N30€KATH UX CMEIICHUs C 316~
MEHTAPHBIMU Oy/JIeBCKMMHU KOHCTaHTaMu true u false W3 ryaBbl 3.)

MoskHO cYuTaTh, 9TO T€PMBI tru u £ls npedcmasasrom coboit OyIeBCcKue 3HA-
YEHUsT «ACTUHA» U «JIOXKb» B TOM CMBICJIE, 9TO C UX TOMOIIBIO MbI MOYKEM BBIMOJI-
HATH ONEPAIUIO TPOBEPKHU OYIIEBCKOTO 3HAYEHUs] HA UCTUHHOCTH. A MMEHHO, MbI
MOXKEM OIpeIeuTh KOMOMHATOpP test, Takoil, 910 test b v w mepexomuT B V,
eciu b pasHO tru, u B w, ecau b pasno fls.

test = A1. Am. An. 1 m n;

KoMmbunarop test mourm HWYero He jejaer: test b v w IpoCTO MEPEXOINUT B
b v w. B cymmuocTu, OyneBckue 3HAUEHUS SIBIAIOTCS YCIOBHBIMU BBIPAYKEHUEMU:
OHU NPUHUMAIOT JBA APIyMEHTa U BhiOUpaer u3 Hux jubo nepsbiii (eciu a0 tru),
b0 Bropoit (ecau sro fls). Haupumep, rtepm test tru v w peayuupyercs
TaKUM 00pa30M:
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test tru v w

(Al. dm. An. 1 m b) tru v w 10 OIpeIETEeHUTO

— (Am. An. trumb) vw PEAYKIHS MOAIEPKHYTOrO BBIPAZKEHUS
— (An. tru v b) w PEAYKIMS MOAIEPKHYTONO BBIPAZKEHHS
- truvw PEIYKIUS MTOAYEPKHYTOrO BHIPAXKEHUS
= (Qt. M. t) vw IO OTPE/IeJIEHIIO

- (M. v) w PEAYKIHS MOAIEPKHYTOTO BBIPAKEHUS
- v PEeAYKIHs MOIEPKHYTOrO BbIPAYKEHUs

Hecnoxmuo Takzke onpenennts B Buae (GpyHKIHI Takne OyIeBCKre OmepaTophbl, KaK
JIOTUYECKAsk KOHbIOHKIIHS:

and = Ab. Ac. b ¢ fls;

To ectb, and — 310 (QyHKIMA, KOTOpas, MOJYINB ABa Oy/JIEBCKUX 3HAYECHUSA b U
c, BO3BpAIIaeT c, ecyim b paBHo tru u fls, ecsim b paBuo fls; TakuM 00pa3OM,
and b c Bbimaer tru, eciu u b, u ¢ paBubl tru, u fls, ecau gubo b, mbO c
OKaxKyTCs paBHbIMHU fls.

and tru tru;
> (At. Af. t)
and tru fls;

> (At. Af. f)

Vupaxzenue 5.2.1 []: Onpedesume nroeuueckue dymruyuu or (<usus) u not
(«nes ).

ITaps:

HpI/I IIOMOIITH 6y.7'[eBCKI/IX KOHCTAQHT MBI MOXKE€M 3aKOAWUPOBATH ITapbl 3Ha4YeHui
B BUJ€e TEPMOB:

pair = AMf.As.Ab. b f s}
fst = Ap. p tru;
snd = Ap. p fls;

9710 o3Hauaer, 4TO pair v w — QyHKIHWS, KOTOpas, OyaydW TPHUMEHEHA K
OyJeBCKOMYy 3HadeHnio b, mpumenser b Kk v u w. [lo ompezgenennio OyaeBCKuX
KOHCTAHT, TIPW TAKOM BBI30BE MOJIYYUTCS V, €CJH b paBHseTcs tru, u w, eciud b
paBusiercsa fls, Tak 9TO GYHKIUU MEPBO 1 BTOPOil mpoekrnu fst n snd MOXKHO
[IOJIy YU Th, IPOCTO HOJAB B APy COOTBETCTBYIONIUE OyjieBCKue 3Hadenus. Bor Kak
mpoBepuTh, uTo fst (pair v w) —* v
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fst (pair v w)
fst ((Mf.As.\b. b f s) v w) 1O OIpeeeHIIO

— fst ((As.\b. b v s) w) PeAYKIHS MOIIEPKHYTOrO BHIPAKEHUS
— fst (Ab. b v w) PEAYKIHS MOAIEPKHYTOIO BbIPAZKEHUS
= (Ap. p tru) (Ab. b v w) IO OTIPeIeJIEHNIO

— (Ab. b v w) tru PEAYKIHS MOIIEPKHYTOrO BHIPAYKEHUS
-  truvw PEeAyKIUs MOYEPKHYTOrO BbIPAYKEHUS
—* v KaK TOKa3aHO paHee.

Yucaa Yépua

ITocse Bcero, 4To MBI BHIENW, TTPEACTABICHUE YNCEN B BUIE JsAMOIA-TEpPMOB
Oyaer juib HeHAMHOrO cioxkuel. Queaa Yépua (Church numerals) c,, ¢, co, u
T. JI. MOXKHO OTIPEJEJINTh TaKUM 00pa30M:

co = As. Az. z;
c1 = As. Az. s z;
c2 = As. Az. s (s z);

c3 = As. Az. s (s (s z));

7 T. 1. 37eCh KaXKI0€ YHCJIO 7 TMPEJCTABISETCS KOMOMHATOPOM C,,, KOTOPBIH TPHU-
HUMAET J[BA apryMeHTa, s U z («DYHKIUIO CIeJOBAHUI» U «HOJb» ), U N Pa3 MpH-
MeHsieT s K z. Kak u B cjaydae ¢ Oy/l€BCKUMU KOHCTAHTAMU W TAPAMHU, TAKOE KO-
JMPOBaHUE MPEBPAIIAET YUCIA B AKTUBHBIE CYIITHOCTH: YUCJIO 1 IPEJCTABISIETCS B
Buze byHKINHA, KOTOPAsd YTO-TO JEJIAET 1 Pa3 — CBOEro POJA AKTUBHOE YUCJIIO IO
OCHOBAHMIO 1.

(Yurarenb MOT yiKe 3aMETUTD, 9TO Co M 1S 3alUCHIBAIOTCA OJHUM W TEM K€
TepmoM. Takmue «kajgaMOypbI» YaCTO BCTPEYAIOTCS B s3bIKaX acceMmOsepa, rie of-
Ha M Ta XK€ KOMOHHAIMS ONTOB MOKET IIPENCTABISITH COOOH MHOXKECTBO PA3HBIX
3HAYEHUI — IIeJI0e YUCIIO, YUCTIO0 C IJIABAIOMIER TOYKOU, aapec, YeTblpe CUMBOJIA U
T. I, — B 3aBUCUMOCTHU OT TOIO, KAK MHTEPIPETUPYIOTCS OUThI. AHATIOrMYIHAS CH-
Tyanusi B HU3KOYPOBHEBBIX si3bikax Bpoje C, rme 0 u false TOXKe MPeaCTaABISIOTCS
OJINHAKOBO. )

QOYHKIMIO C/IEOBAHUS HA YUCIAX U€pUa MOKHO ONPEIEIUTh TaK:

scc = An. As. Az. s (n s z);

Tepm scc — 310 KOMOMHATOP, KOTOPBIl IPUHUMAET YUCJIO Uépda n U BO3BpAIIa-
er npyroe unciao Yépua, — TO ecTh, BO3BpAIaeT (DYyHKINI0, KOTOpas MPUHUMAET
apryMEeHTHI S U Z, I MHOTOKPATHO NMPUMEHsET s K z. HyKHoe 4nciio npuMeneHuit
S K Z MBI TIOJy9aeM, CHAYaIa TepPeJiaB s U Z B KA4eCTBe apryMEHTOB 1, a 3aTeM
SIBHBIM OOPA30M IPUMEHUB S ele pa3 K pe3ysbrary.

Vupaxzenue 5.2.2 [kxk|: Hatdume ewé odun cnocob onpedeaenusa Pynkyuu cae-
dosarua Ha wucrax dépua.

IToxoxkum 0Opa3oM, CIOKEHNE HA YUCTAX 1EpUa MOKHO OCYIIECTBIATE C TIOMO-
IIBI0 TEPMA plus, KOTOPBIN MPUHUMAET B KAYECTBE APryMEHTOB IBa duciaa dépua,
m ¥ n, ¥ BO3BPAIIAET €Ile OIHO Yuciao Udépua — T. e., DYHKIHUIO, KOTOPas MPU-
HUMAeT apryMeHTbl S U Z, IPUMEHseT s K z n pa3 (uepejaBas s U Z B Ka4ecrse
apryMeHTOB n), a TIOTOM MPUMEHSET S €Ie M Pa3 K Pe3yJIbTaTy:
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plus = Am. An. As. Az. m s (n s z);

Jis peanmsanuyu yMHOXKEHUsI WCIOJb3yeTCs €Ile OJWH TPIOK: MOCKOJIbKY plus
[PUHUMAET APryMEHTBI 10 OJHOMY, IPUMEHEHUE €ro K OJHOMY apIyMEHTY N Jia-
er GYHKINIO, KOTOpas A00ABJISET N K JIOOOMY MaHHOMY et aprymenTy. MoKHO
mepesaTh 3Ty (GYHKINWIO B KAYECTBE MEPBOTO aPryMEHTa M, & B KA9€CTBE BTOPOTO
JaTh C(, U 3TO DyJEeT 03HAYATH «IIPUMEHUTH PYHKITUIO, TOOABJISIONIYIO I K CBOEMY
apryMeHTy, K HYJII0 U TOBTOPHUTH M Pa3», T. €., «CJIOKHUTH M KOMUN YUCIA Ny.

times = Am. An. m (plus n) co;

Vupaxuerue 5.2.3 [*k]: Moowcro au onpedeaums ymmuoocenue na wucaax 4épua
6e3 ucnoavzosanus plus?

Vipaxzenue 5.2.4 [PEKOMEH/IVETCH, kk|: Onpedeaume mepm dasn 6036e0eHus
wUucen 8 CMeneHs.

YTo6b! TPOBEPUTD, IBIAECTCA JU IUCTO UEpdua HyaeM, HyKHO HANTH KAKyIO-TO
MOJXOAAILYIO J1JId 3TOH 1ein 1apy apryMeHTOB, — & MMEHHO, Hy>KHO IIPUMEHUTDb
YKA3aHHOE 4UCJIO K I1aPe TEPMOB ZZ U SS, TAKUX 9TOObI HIPUMEHEHUE SS K ZZ OJUH
uym Gostee pa3 masasio £ls, a OTCyTCTBUE TpUMeHeHus naBajio tru. [lorsaTHo, 9T
B KQ4eCTBE ZZ HYKHO MPOCTO B3ATh tru. st ss xKe Mbl ucmosib3yem byHKIIHIO,
KOTOpad UTHOPUPYET CBOIl apryMeHT U Bcersa Bo3Bpamaer fls:

iszro = Am. m (Ax. fls) tru;
iszro ci;

> (At. Af. f)
iszro (times co c2);

> (At. Af. t)

Kak HE cTpaHHO, ONpeaeuTh BLIUATAHWE Ha YUCAaX Uépdya HaAMHOTO CJIOXK-
Hee, 4eM cjoKeHwne. [[jis 9TOro MOXKHO BOCIOJIB30BATHCS CIIEIYIOIIEH [TOBOIHHO
XuTpoil «dyHKIMeH mpe/ecTBOBaHN», KOTOPas BO3BPAIIAET C(, €CJIU IIePEeIaTh
B Ka4yecTBe apl'yMeHTa Co, U BO3BPAaIllaeT C;, €CJIu 1IePe/IaTh B KadeCTBe apryMeHTa

Ci+15t
zz = pair co Co;
ss = Ap. pair (snd p) (plus ci (snd p));

prd = Am. fst (m ss zz);

D10 onpejesieHne paboTaeT TAK: Mbl UCIIOJIb3YEM I B KadecTBe (DYHKIUU U [IPUMe-
HSIEM C ee TIOMOINBIO m Komuil (GYHKINN SS K HAYAJHHOMY 3HAUYEeHWIO zz. Kaxkmas
KOIud SS NPUHUMACT B KQ9EeCTBE apryMeHTa Iapy 4YUCeJ pair c; c; W BLIIAECT B
pesynbrare mapy pair c; cjyi (em. pmc. 5.1). Takum o6pasom, Ipu m-KPATHOM
MIPUMEHEHNN SS K pair cp cg moaydaercd pair cg cg, ecium = 0, u pair c,,—1
Cyp IIpH HOJIOKHUTEIHLHOM M. B 00omx cirydasx, B IEPBOM KOMIIOHEHTE [apPbl HAXO-
JUTCSA UCKOMBIN TIPEITeCTBEHHUK.
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pairco <o

ronua

Ss +1
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paircgy c1
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pairci; c2
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~

paircs c3
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Ss +1

YN N NN

P

paircs ¢4

Puc. 5.1. «Buyrpennnii nukia»> GyHKIUNA TPEAIIIECTBOBAHUSA.

Vupaxuerue 5.2.5 [kk]: Onpedeaume Pynryuio evuumanus npu nomowy prd .

Vupaxzenue 5.2.6 [kk]: Ckoavko NpumepHo waz208 Suivucierus (6 3a6UCUMO-
cmu om n) mpebyemcs, 4mobv, nosywums prd c,?

Vupaxuenue 5.2.7 [k%k|: Hanuwume dynryuto equal, komopas nposepsem 06a
YUCAQ HA PaBEHCMBO U 8o36pautaem dépuesy byresckyro koncmanmy. Hanpumep:

equal c3 c3
> (At. Af. t)
equal c3 c2

> (At. Af. f)

ITomobubiME Ke MeToaMU MOXKHO OIIPEIESIUTh IPYTUe PACIPOCTPAHEHHBIE TH-
IIbl JAHHBIX: CIIUCKU, /IePEBbdA, MACCUBDI, 3alIUCU C BaApUAHTaMU, U T. II.

Vupaxzenue 5.2.8 [PEKOMEH/IYETCH, k * k|: Cnucox moocro npedcmasums 6
aamboa-ucwucaenuu wepes e2o dynryuro ceepmru fold. (B OCaml sma dynxyus
nasvieaemes fold_left; ee unozda ewe naswearom reduce.) Hanpumep, cnucox
[z, y, z] cmanosumcsa pynkyued, Komopas npunHumaem 06a aGP2YMERMA C U n,
u 6o3epawaemn ¢ z (c y (¢ z n)). Kax 6ydem evieasdems npedcmasaerue nil?
Hanvwume Gynkuyuto cons, Komopas NPUHUMAE IAeMeRT h U cnucok (o ecmo,
Pynryuro ceepmiu) t, u 803epausaem nodobHoe NPEICMABACHUE CNUCKA, NOAYYEH-
Ho20 dobasaenuem h 6 zoaosy t. Hanuwume dynxyuu isnil u head, xascdas
U3 KOMOPHIT NPUHUMGEM CNUCOK 6 Kavecmse napamempa. Haxoney, nanuvwume
dynryuro tail 0aa MaKoz0 NPEICABACHUA CNUCKOS (MO HAMHOZO CAOHCHEE;
nPUdemca UCNOAb306AND MPIOK, GHAAOLUNHBLT TOMY, YN0 UCTOABIOBAACA TPU
onpedeseruu prd das wucen).
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Pacmmpennoe ncuymncjaeHune

Msr ybenuinch, 910 OyIeBCKUe 3HAYEHUS, YUCIA W ONMEPAIUU HAJ HUMUA MOTYT
ObITH 3aKOIUPOBAHBL CPEJICTBAME YUCTOrO JisiMOia-ucaucienus. CTporo roBopsi,
BCE HY?KHbIE HAM IIPOI'DAMMbI Mbl MOXKEM IIMCATH, HE BBIXO/HA 33 PAMKU ITON Cu-
crembl. OnHAKO pu paboTe ¢ TPUMEPAME YaCTO OBIBAET yIOOHO BKJIIOYNUTH B HEE
SJIeMeHTapHbIE OYJIEBCKUE 3HAYEHUS U YKCIIa (@ MOKET ObITh, U APyTUe TUIIBL JaH-
Hbix). Ecim HaM HYKHO COBEPIIEHHO TOYHO yKa3aTh, C KAKOH CHCTEMON Mbl B
JAHHBI MOMEHT paboTaeM, TO JJIs YUCTOrO JAMOIA-UCINCTICHNS, OIIPEIeIAeMOTO
Ha puc. 5.3, MbI OyJeM HCIIOIb30BATH OOO3HAYEHHUE A, A JIJId CUCTEMBI, B KOTOPYIO
J00aBIeHbI OyIeBCKUe U apudMeTHYecKne Bhipaxkenus ¢ puc. 3.1 u 3.2 — 0b603Ha-
qenne ANB.

B ANB 1o cytn ecth aBe pas3Hble peanu3anuu OyJIeBCKUX 3HAYEHUN ¥ B
peanu3aiuu Yucesl: HACTOSININE W 3aKOAMPOBAHHBIE METOIOM, OMUCAHHBIM B ITOM
riase. Mbl MOXKeM BBIOMpATH MEXKY HUMU IIPY HANMKUCAHWH Mporpamm. Pa3ymeer-
CsI, 9THU JIBE peann3aIinyd HeTPYIHO Ipeodpa3oBaTh APYT B Apyra. UToObI mepeBecTn
Oy/1eBCKOe 3HadeHne Mo UEépdy B jieMeHTapHOe OyIeBCKOe 3HAYeHHne, Hy2KHO MPH-
MEHUTH ero K 3HadyeHusiMm true u false:

realbool = Ab. b true false;

st obpaTHOro Mpeodbpa3oBaHUs UCIOMB3YETCS YCIOBHOE BBIPAXKEHHE:

churchbool = Ab. if b then tru else fls;

Mo>KHO BCTPOWTH 9T MPeOOpPA30BAHUS B OMEPAIMH BBICIIErO MOPsaKa. BOT mpo-
BepKa Ha PABEHCTBO JJd unces Uépdua, BO3BPAIIAIONIAS HACTOMAIIEE JIOTHIECKOE
3HaYeHue:

realeq = Am. An. (equal m n) true false;

AwanornaHo MBI MOXKeM TpeobpazoBarTh Ynca0 Uépua B COOTBETCTBYIOIIEE JIe-
MEHTapHOEe YUCJIO, MPUMEHUB ero K succ u 0:

realnat = Am. m (Ax. succ x) O0;

Mbl He MOXKEM HaIPAMYIO IPUMEHUTh M K SUCC, IOCKOJIbKY caMa 110 cebe 3aluch
Succ HEe WMEET CUHTAKCHYECKOTO CMBICIA: MBI ONMPEIeanIn apupMeTHIECKNe BhI-
PaKeHUs TaK, YTO SUCC BCET/IA JOJIZKEH K YEMY-TO IPUMEHSTHCS. DTO TPEOOBAHIE
MbI 00X0MM, OOEPHYB Succ B MaJIEHbKYIO (DYHKIUIO, KOTOPAsi BCETa BO3BPAIIAET
SUCC OT CBOEro apryMeHTa.

[Ipuanabl, IO KOTOPHIM IJIEMEHTAPHBIE OYJIEBCKUE W YUCIOBbIE 3HAYEHUS OKa-
3BIBAIOTCS IIOJE3HBI IPH PaboTe ¢ IPUMEpPaMH, B OCHOBHOM CBS3aHBL C IOPSIKOM
BbIumcienuii. Paccmorpum, HanpuMep, TepM scc ¢1. Vcxous u3 NpruBeIeHHOro Bbl-
e 00Cy2K 1eHusl, Mbl MOLJIM Obl O2KMIATh, YTO OH JOJI2KEH IIPU BbIYUCICHUH JIaBAThH
gucao Yépua co. Ha camom mesie 3Tor0 HE MPOUCXOIUT:

scc C1;

> (As. Az. s ((As?. Az’. s’ z’) s z))
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OTOT TEPM CONEPKHUT B cebe PEEKC, KOTOPDIH MPU BLIYUCJIECHUU TPUBET Obl HAC
(3a IIBa, Luara) K C2, OJIHAKO COIVIACHO IIPABUJIAM BbI30BA 110 3HAYEHUIO MbI €III€ He
MOXKEM CIIEJIATh ITO, MOCKOJIBKY PEIEKC HAXOIUTCS BHYTPH JIAMOIA-a0CTPAKIIAN.

Huxkakoit dynmamenTaabHOll TpOOIEMBI 37€Ch HET: TEPM, MTOJIYIaIONIHIiCs
MPU BBIYUCJIEHUH SCC C1, OYEBHIHBIM O0PA30M N0BEIEHUECKU IKGUBAAEHMEH
(behaviorally equivalent) co, B TOM cMbICI€, YTO IPUMEHEHHUE ITOrO TEPMA K Hape
ApPryMEHTOB V U W BCerJia JacT TOT K€ Pe3y/bTaT, 4YTO U IIPUMEHEHUE Cy K TeM Ke
aprymenTam. OIHAKO, HEOOXOIUMOCTh JOIEIAThH BHIYUCIEHNE 3aTPYIHSIET TTPOBEp-
Ky TOTro, 4To HaIa GYyHKIHSA scc BeaeT cebs Kak Hajo. B ciayuae 6osee CIOKHBIX
apudMeTHIeCKUX BBIYUCJIEHNIT TPYIHOCTH elne Bo3pacraer. Hampumep, times co
Co JAET B pPe3yabTaTe He C4, & TAKOE YYJIOBUIIHOE BbIPDAKEHUE:

times co co;

> (As.
Az.
(As?. Xz?’. s (s’ z?)) s
((Xs?.
Az,
(Xs??. Xz’?. 8?2 (s’ z??)) s°
((As?2. Az?2.27%) s z?))
s

z))

MoxkHO yOeauThCs, 9TO ITOT TepM BedeT ceds TakK 2Ke, KaK C4q, C IOMOIIBIO IIPO-
BEPKW HA PABEHCTBO:

equal c4 (times c2 c2);

> (At. Af. t)

Onanako 6osiee mpsMoit cocod — B3sTh times co Co ¥ MPeobPA30OBATH B JIEMEH-
TAPHOE YHUCJIO:

realnat (times co c3);

> 4

QyHKINA TPEoOPAZOBAHNS TIEPEIACT BRIPAKEHNIO times co Co ABa JOMOJTHUTETb-
HBIX apryMeHTa, KOTOPBIX OHO OXKUJAET, M 3aCTABJISIET BBIIOJIHUTH BCE 33/I€PKAH-
HBbIE BBIYMCJIEHUS B €0 TeJe.

Pexypcus

BcenomuwnM, 9TO TEPM, KOTOPBIiT HE MOYKET TPOIBUHYThCS TAJIBINE COTTACHO OT-
HOINIEHUIO BBIYUCIICHUS, HA3BIBAETCA HOPMaAbHol opmoti (normal form). JIro6Go-
MBITHO, 9TO HEKOTOPHIE TEPMBI HE MOT'YT OBITH BBIYUCJIEHBI 10 HOPMATBHOHN (hOPMBI.
Hanpuwmep, pacrodawutics xombunamop (divergent combinator)

omega = (Ax. x x) (Ax. x x);

COJIEPKUT TOJIBKO OJIMH PEJIEKC, HO 1Al BbIYMCJIEHUs 3TOMO PEJEKca JlaeT B pe-
syJbrare ondrh omega! IIpo TepMbl, HE UMEIOLIMEe HOPMAJILHONH (DOPMbI, FOBOPAT,
uTo OHU pacrodamcs (diverge).
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Kombunarop omega M02xkHO 0600IIUTDH /10 TOJIE3HOTO TEPMa, KOTOPbIN HA3bIBa-
ercs Kombunamopom rnenodsusichoti mouku (fixed-point combinator),’ ¢ momorpio
KOTOPOTO MOYKHO ONpPEIeJIATh PeKyPCHBHEIE (bYHKITHH, HampuMmep, factorial.”

fix = M. (Ax. £ (Ay. x x y)) (Ax. £ (A\y. x x y));

Kak u omega, komburaTop fix mmeeT CJI0KHYIO CTPYKTYPY C HOBTOPAMHU; TJIS/1A
Ha, ONpeIeJIeHNe, TPYIHO TOHSThH, Kak OH paboraer. BeposTHO, MOTyYInTh WHTYU-
TUBHOE TIPEICTABJIEHNE O €r0 MOBEICHNN YI00HEe BCEro, pACCMOTPEB €ro IeiHCTBIe
Ha KOHKpeTHOM mpuMepe.® JIOmycTHM, MBI XOTHM HAIHCATh PEKYPCHBHOE OIpe-
nesierve dbyHkuuu Buga h = (Temo, comepxamee h) — T. €., IOCTPOUTH TAKOE
oImpesiesieHre, B KOTOPOM MPaBast YaCTh UCIOIb3yeT caMy (DYHKIHIO, KOTOPYIO MbI
olpeiesisieM (Hapumep, Kak B oupejesnenuu dpakropuadna Ha c. 72). Uues cocrour
B TOM, 9TOOBI PEKYPCUBHOE OIPEIEJIEHIE «PA3BOPAYNBAJIOCHS TaM, TI€ OHO BCTPE-
turca. Hanpumep, bakTopraay WHTYUTHBHO COOTBETCTBYET OIMpPEICIICHNE:

if n=0 then 1
else n * (if n-1=0 then 1
else (n-1) * (if n-2=0 themn 1
else (n-2) * ...))

WIH, B TepMUHAX unces UYépua,

if realeq n co then c;
else times n (if realeq (prd n) co then c;
else times (prd n)
(if realeq (prd (prd n)) co then c;
else times (prd (prd n)) ...))

Taxkoro a¢pderTa MOKHO JOOUTHLCS TPH TTOMOIIN KoMOWHaTopa fix, cHavaia ompe-
JenuB g = <'1'eno , coJepxallee f>, a 3arem h = fix g. Hamnpuwmep, dyHnkImo
dakTopurasa MOKHO OMPEIEIUTb IEPe3

g = Act. An. if realeq n co then c; else (times n (fct (prd n)));
factorial = fix g;

Ha puc. 5.2 moka3amo, 910 MPOUCXOIUT MIPU BbIYuCIeHUU C TepMoM factorial cj.
KoueBoe cBoiicTBO, KOTOpPOE obecnednBaeT paboOTy 3TOr0 BHIYHUCIEHH, — 3TO fct
n —* g fct n. Takum obpaszom, fct — cBOeEro poma «CaMOBOCIPOU3BOIAIIUANCS
aBTOMAT», KOTOPBIi, Oydyun TPUMEHEH K apTyYMEHTY N, TIEPETAET CamM020 Ce0f U n
B KavecTBe apryMeHToB g. Tawm, rje mepBblil apryMeHT BCTPEYaeTCs B TeJe g, Mbl
TOJIy9MM €eIre OHy Komuio fct, KoTopasi, Oyaydn MIpuUMeHeHa K apryMeHTY, OIaTh
nmepesact camoe cebst U apryMeHT BHYTPb g, U T. J. IIpy KaxKI0M PeKypCHBHOM
BBI30BE C MOMOIIBIO fct Mbl PA3BOPAYMBAEM OYEPETHYIO KOIUIO g U CHAOXKAEM ee
odepeHbIMU KOonusiMu £Ct, TOTOBBIMU PA3BEPHYTHCS €IIIE JAJIbLIE.

6Ero Takxe 4acTo HAa3LIBAIOT Y -KOMOUHATOPOM C 6M3060M Mo 3Haxenuto (call-by-value Y-
combinator). Ilnorkun (Plotkin, 1975) ucnosb3osan o6o3HaveHne Z.
73aMeTI/IM, 410 6osiee MPOCTOM KOMOMHATOD HENOABUXKHON TOYKYU C BBI30BOM II0 UMEHU:

Y = Af. (Ax. £ (x x)) (Ax. £ (x x))

[IPY UCIOJIb30BAHUY BBI30BA II0 3HAYEHUIO OECIIONIe3€eH, IOCKOIbKY 1pH JII000M g Boipaxkenue Y g
PACXOIUTCS.

8Onpenenenme £ix TakyKe MOYKHO BHIBECTH HETIOCPEICTBEHHO U3 6a30BLIX MPUHITATIOB (HATIPH-
mep, B Friedman and Felleisen, 1996, riraBa 9), o4HaKO TaKOH BBIBOJ| TOKE LOCTATOTHO XUTPOYMEH.
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factorial cg3
= fix g c3
— h h cs

rmeh = Ax. g (\y. x x y)
— g fct c3

rae fct = Ay. hhy

- (An. if realeq n cp
then cy
else times n (fct (prd n)))
C3
— if realeq c3 cg
then cq

else times c3 (fct (prd c3)))

- times c3 (fct (prd c3))
—*  times c3 (fct cb)
rJie ¢l MOoBeIeHYeCKN IKBUBAJIEHTEH Co
—*  times c3 (g fct )
—*  times c3 (times ¢} (g fct c))

rJe ¢} HOBEIEHYECKN YKBHBAJIEHTEH C1
(Te ke marn noBTopsATCA Ny g fct ch)

—*  times c3 (times ¢} (times ¢} (g fct ¢()))
rJie c{, TOBEIEHYECKH IKBUBAJIEHTEH Cq

(anasioruvyno)
—*  times c3 (times c) (times c| (if realeq c{ c¢¢ then c;
else ...)))
—*  times c3 (times ¢} (times ¢} c1))
—* g

rae C/6 IIOBEICHYECCKH 3KBHUBAJICHTEH Cg

Puc. 5.2. Brruncnenne factorial cg

Vupaxzenue 5.2.9 [k|: ITouemy 6 onpedesenuu g Mol UCTIOAB30EAAU IAEMEHTNAD-
Hyto dopmy if, a me dyuxyuro test, pabomarowyro ¢ Uépuesvimu OGYAEBCKUMU
aunavenuamu? Iokascume, xax onpedesums Pynkyuto factorial npu nomouyu
test emecmo if.

Vupaxzenue 5.2.10 [k %]: Hanuwume dynxyuro churchnat, nepesodawyro sae-
MEHIMAPHOE HATMYPAALHOE YUCAO 6 npedcmasaenue dépua.

Vupaxuerue 5.2.11 [PEKOMEHAYETCH, %% |: IIpu nomowu fiz u xoduposarus
CNUCKO8 U3 YnpascHenus J.2.8 nanvwume GYHKUUIO, CYMMUPYOUYI CNUCOK, CO-
cmoswul us wuces dépua.

IIpencraBienue

IIpexme TeM 3aKOHYUTH PACCMOTPEHHE IPUMEPOB M 3aHATHCA (POpMATbHBIM
OTpeieJIEHIeM JITMOTa-UCUUCTIEHNST, CIIEIYET 3aJAThCS eITe OTHUM, TIOCIETHUM BO-
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HPOCOM: UTO, CTPOrO FOBOPsi, O3HAYAET yTBEPKACHHUE, ITO ducia Uépua npedcmas-
As10M OOBIKHOBEHHDBIE 4uC/Ia’

YT06HI OTBETUTH HA ITOT BOMPOC, BCMIOMHUM, YTO TAKOe OOBIKHOBEHHBIE YHCIIA.
CyrmecTByer MHOTO (9KBHBAJIEHTHBIX) ONpeEJENeHNi; B 9TOH KHHUIe MBI BbIODAIH
takoe (puc. 3.2):

e xoHcraunra 0,
e omepanus iszero, oToOparkarolnas 4ucjia Ha OyJIeBCKUe 3HAYEHUs , 1

e J[Be Omepaluu, succ u pred, OTOOPAYKAIONINE THCJIA, HA, IUCIIA.

[losenenne apudmerndeckux omeparuil Onpeessercs MPaBUJIAMU BbIYUCJIEHU
u3 puc. 3.2. ITHU MPABUIA TOBOPAT HAM, HATPUMEDP, YTO 3 CJEIyET 33 2, U UTO
iszero 0 WUCTUHHO.

KomnpoBanne mo Yépuy mpencTaBiageT KayKIbl W3 ITUX JIEMEHTOB B BUJIE
aambaa-repma (1o ectb, DyHKIMNI):

e Tepm cg mpeacrasasger aucyo 0.

Kak mbr Bumenn uHa c. 83, UMEIOTCS TaKXKe «HEKAHOHWYECKWE IMPEeCTaBIIe-
HUA» 9Hces B Buae repmoB. Hampumep, Tepm As. Az. (Ax. X) 2z, KOTOpPBIit
[TOBEJIEHYECKU IKBUBAJIEHTEH C(, TAKIKE IIPEJICTABIIAET YUCIO0 0.

e Tepwmbl scc u prd NpeACTaBaAOT apudMeTHIecKne onepanun succ u pred, B
TOM CMBICJIE, YTO, €CJIH t SIBJISETCS IPECTABIEHUEM YHC/IA I, TO SCC t JaeT
DK BbIYMUC/JICHUU LPEJCTaBIeHre Yucian + 1, a prd t Jaer upejacrapieHue
n - 1 (uawm 0, ecimt n pasHo 0).

e Tepm iszro mpejcrasisier OIepanuio iszero, B TOM CMbICJIE, 9TO, €cJu t
ABJIAETCA TIpeACcTaBIeHneM O, TO iszro t JaeT mpu BRIYMCIEHHH true,’ a
ecau t MpeaCcTaBideT HEHYJIeBOe 9HUCIIO, TO iszro t maer false.

VaurbiBas BCE BBIMIEH3IOKEHHOE, PEJACTABUM, 9TO y HAC €CTh MPOrpaMma, KO-
TOpasi MPOJEJIbIBAET HEKOTOPDIE CJIOXKHbIE YHCJIEHHDBIE BHIYUCIEHUS U BbLIaeT Oy-
JIEBCKMI pe3ynbrar. Ecn Mbl 3aMEHUM BCEe YUCIA W apuBMETHIECKIE OMePAINN
JIAMOIa-TEPMaM¥, KOTOPbIE WX TPEICTAB/ISIOT, W 3AMyCTUM MOJIYYUBIILYIOCS MPO-
rpaMMy, MBI TIOJIy9MM TOT K€ CaMbIii pe3yabrar. Takum 00pa30oM, C TOUKY 3PEHUs
OKOHYATeJIbHOI'O pe3y/bTaTa IPOorpaMM, HET HUKAKOH Pa3HUIIbI MEK/1y HACTOAIIN-
MU YUCJIAMH U UX IPEJCTABICHUAME 110 UEpuy.

5.3. dopmajbHOCTHU

B ocrapeiics 4acTu TIaBBI MBI Ja€M TOYHOE OMpPEIeIeHNe CHHTAKCUCA, U OTle-
PAIMOHHOM ceMaHTUKH JaMOaa-ucauciaenns. [1o 6osbImeii 9acTu, BCE yCTPOEHO TaK
Ke, KaK B rJiaBe 3 (4To6bl He OBTOPIATH BCE 3aHOBO, MbI 3/1€Ch OIPE/IEJISIEM TOJILKO
qucroe JgMbaa-ucauciaenue, 6e3 OyjaeBckux 3Hadenuii u uuces). OIHAKO oneparys
MTOJICTAHOBKH T€PMa BMECTO IIEPEMEHHO CBA3aHA C HEOXKUTAHHBIMU CJIOKHOCTSIMH.

9CTporo ropops, MO HAIIEMy OIPEIEIeHHIO, iSZro t BEIUHCILZETCS B NPedcmasienue true
B BHJE T€pMa, HO JJIsI IPOCTOTHI OOCYKJEHHS MbI 3a0yJeM [Ipo 3TO paziau4dune. MOXKHO aHa-
JIOTUYHBIM 006Pa30M BBICTPOUTH OOBSCHEHHE TOTO, KAK UMEHHO UépueBbl Oy/IeBCKME KOHCTAHTHI
MPeJCTABJISIOT HACTOSIHE OyJIeBCKUE 3HAYEHUSI.
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Cuurakcuc

Kaxk u B r1aBe 3, abCTPAKTHYIO IPAMMATHUKY, OINPEIEISIONLYI0 TepMbI (Ha C. 73)
CJlelyeT pacCMATPUBATH KAK COKPAIEHHYIO 3AIUCh WHIYKTHBHO OMPEIEICHHOTO
MHOZKECTBa aGCTPAKTHLIX CHHTAKCHIECKHX JIePEBLEB.

Onpeznenenue 5.3.1 [TEPMBI]: [Tycms umeemes cuemuoe mHoiHcecmeo umen ne-
pemennniz V. Muoocecmso mepmos — amo HaumeHblee mHodcecmeo T makoe,
wmo

1. z€ T Ons scex zeV;
2. Ecau ty €T uzeV, molz.t1€T;
3. Fcauti€T uto €T, mot; ta€T.

Pasmep (size) Tepma t MOXKHO ONPEIEJUTH TOYHO TAK K€, KAK MBI 3TO CEJa-
Jm 7718 apudMEeTHIeCKuX BbIpaxkenuii B onpeaenenun 3.3.2. lnrepecuee Tor daxr,
9TO MOXKHO JIaTh IMPOCTOE WHIYKTUBHOE OIPEIesIEHNe MHOXKECTBA CBOOOIHBIX IIe-
PEMEHHBIX, BCTPEYAIOMNXCS B TEPME.

Oupenenerne 5.3.2 Muoocecmeo cBobouubix niepemennbix (free variables) mep-
ma t sanucweaemces xax FV(t) u onpedeasemesa max:

FV(a) = (g}
FV(\e. t1) = FV(t)\{z}
FV(tl tg) = FV(tl) () FV(tQ)

Vupaxuerue 5.3.3 [kxk]: Ilocmpotime cmpozoe dokazameavbcmeo ymeepoicoenus:
|FV(t)| < size(t) das arobozo mepma t.

IToacranoBka

Omneparyst TOJACTAHOBKU TPU HOAPOOHOM PACCMOTPEHUH OKA3BIBAETCS JTOBOJIb-
HO HenpocToii. B 31oit kHure Ml OyeM KUCIOIB30BATH ABA PA3HBIX OLPEIEICHUSI,
KayKJI0€ U3 KOTOPBIX y/I00HO J7Is CBOMX Iesieii. B aToM pazesie Mbl BBeeM mepBoe
U3 HUX, KPATKOE W UHTYUTUBHO MOHATHOE. OHO XOpPOIO paboTaeT B MpUMeEpax,
B MaTEMATUYECKUX OMPEIEICHUAX U J0KA3aTeIbCTBax. Bropoe, paccmarpuBaemoe
B 1JiaBe 6, ucmosb3yer OoJiee CIOKHYIO HOTAIMIO U 3aBUCHT OT AJbTEPHATHBHOIO
«upejcrasienus ae Bpaynay st TepMOB, Ijle MMEHOBAHHBIE IIEDEMEHHbBIE 3aMe-
HSIIOTCST Ha, YUCJIOBbIE MHIEKCHI. DTO TPEICTABIeHNEe OKA3hIBAETCS Ootee yI00HBIM
I KOHKPETHBIX peasnu3anuii Ha ML, KoTopbie 00CYKIAIOTCA B MOCJIEIYIONITX
TJIaBax.

[Moyuurenbuo npuiiTu K ONpeeeHnio MOJICTAHOBKY, CAEJIAB Mapy HEYIa9HBIX
nonblTok. IIpoBepum cHadasia camoe HauBHOe pekypcusnoe onpeguesnenue. (C dop-
MaJIbHOW TOYKW 3peHwsi, MbI omnpesensieM hyHKINO [x — s8] WHIAYKIWEd 10 apry-
MeHTY t.):

[x — s]x = s

[x — s]y =y ecau x #y
[x—s](y. t1) = Ay. [x— s8]ty

[x = s](t1 t2) = ([x=s]t) ([x = s]ta)
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Taxkoe onpenenerne B 60IbIIMHCTBE CIydaeB paboraer mpasuiabHo. Hampumep, ono

Jlaer
[x— Az, z W](Ay. x) =XAy. A\z. z w

9TO COOTBETCTBYET HAIEMY WHTYHUTHBHOMY TPEICTABIEHUIO O TOM, KaK JOJIXKHA
cebst BecTu moacTanHoBKa. OMHAKO MPY HEYJIAYHOM BHIOOpE MMEH CBSI3aHHBIX TEpe-
MEHHBIX 9TO ompejeseHne He padboraer. Hampumep:

[x — y](Ax.x) = Ax.y

910 mporuBopednT 6A30BONH WHTYUTUBHON ujee (YHKIMOHATHLHOW abCTPaKIUu:
UMEHA CBAZAHHBLL NEPEMEHHBLT HE JOANCHBL HU HA 4MO BAuAMb — QYHKIUA
TOXKJECTBA OCTAETCs CAMOi cOoDOit, Oyap OHA 3alKCAHA B BUAE AX.X, A\y.y HJIH
Aranz.franz. Ecim 3t Tepmbl BenyT cebst MO-pa3HOMY MpPHU MOACTAHOBKE, OHU
MOBEIYT ceDsi MO-PA3HOMY U TPHU PEAYKIIUHU, & ITO IBHO HEMPABUIIBHO.

OueBngHO, 9TO TIEpBas OMMOKA, KOTOPYIO MBI JOMYCTUJIN B HAUBHOM OIIPE]IE-
JIEHUW [TOJICTAHOBKM, COCTOUT B TOM, YTO MbI HE OTJIHYATH C80000HOE BXOXKICHHE
LIepEeMEeHHOM X B TepM t (KOTOPOE LpU IIOJCTAHOBKE HYXKHO 3aMEHATDH) OT CBH3aH-
HOro (KOTOpOE 3aMeHATh He Hy:KHO). Korma Mbl moxomum 10 abCTpakIuu, CBs-
3BIBAIOINEH WMsi X BHYTDPH t, OMEpaIus MOJACTAHOBKY JIOJI?KHA OCTAHABIUBATHCH.
[Ipeanpumvem CI€AYIOMIYIO TOMBITKY:

[x — s]x = s

[x — s]y =y eCIn y # X
Ay. t1 ecim y = x

[x — s](\y. t1) { Ay. [z s]ty ecam y # X

[x = s](t1 t2) = ([x—s]t1) ([x— s]ta)
D10 yKe JIydllle, HO BCE-TAKH €Ile He BIOJHE MPaBUIbHO. [locMoTpuM, Hanpumep,
4TO [I0JIy4aeTcsd, KOrJla Mbl IIbITaeMCd II0JCTaBUTh T€PM Z BMECTO IIepeMEeHHON X B

TEPpME AZ.X:
[x— z](A\z.x) = Az. z

B sTOT pa3 MbI COBEpINWIN, B CYITHOCTH, TTPOTHBOIOJIOKHYIO OIMMOKY: MpeBpa-
T QYHKIUIO-KOHCTAHTY AZ. X B (DYHKIUIO TOXKAecTBal TO CHOBA CIIYUUIOCH
OTTOr0, 9TO MbI BHIODAJIH Z B KAYECTBE UMEHU CBS3AHHOIM [TePEeMEHHON B (DYHKIUH-
KOHCTAHTE, TAK YTO YTO-TO MbI JIO CUX IOD JIEJIA€M HE TaK.

Curyanusi, B KOTOPOii CBOGOHBIE TIEPEMEHHBIE TEPMA S CTAHOBSATCS CBSI3AHHbBI-
MU TIPU WX HAWBHOM MOJCTAHOBKE B T€PM t, HABBIBAETCS 3GLEGTMOM TEPEMEHHDLT
(variable capture). YTo6b1 u3bexkaTh €ro, Hy2KHO YOEAUTHCS B TOM, YTO UMEHA CBsi-
3aHHBIX IEPEMEHHBIX B t OTJINYAIOTCA OT UMEH CBODOIHBIX TepeMeHHbIX B s. Ome-
parusi OJACTAHOBKH, KOTOpasi paboTaer MMEHHO TakK, HA3BIBACTCS N0JCMaH06K0U,
€60600m0T om 3axeama (capture-avoiding substitution). (O6sraro0, Korma mpocTo
FOBOPAT <«IOJICTAHOBKA», UMEHHO TAKYIO MOJCTAHOBKY W MMEIOT B BHUY.) MbI MO-
KeM 100uThes Tpebyemoro addekTa, eciaun J00aBUM KO BTOPOMY BApHUAHTY EIIE
OJTHO YCJIOBHE TIPHU TOJICTAHOBKE B TEPM-a0CTPAKIIHIO:

[x — s]x = s
[x — sy = 5y \ ecin y # X
.t ec/in y = X
[ sl e = );. [x — s]ty ecnn?#xny¢FV(s)
[x = s](t1 t2) = ([x=s]t) ([x = s]to)
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Tenepb mouTw Bee MPABUILHO: HAIIE OIPE/IETEHNE TIOACTAHOBKY JIEJIAET TO, 9TO
Tpedyercs, Kozda ono 600b6ule wmo-mo deaaem. IIpobiiema 3ak/o4aercs B TOM,
9TO TOCIEIHEee W3MEHEHNe MPEeBPATUIIO MOJCTAHOBKY W3 MOJIHON (DYHKIMH B 4a-
cruanyio. Hampumep, HOBOe ompeje/ieHrne He BBIJAET HUKAKOTO PE3yJIbTaTa IJist
[x =y z](A\y. x y): cBg3aHHAas NepeMeHHAas y TE€PMa, B KOTOPBIH IPOM3BOIAUTCS
[TO/ICTAHOBKA, HE PABHA X, HO OHA BCTPEYAETCs KaK cBOOOmHas B Tepme (y z), u
HU OJIHA CTPOKA OIpEJIeJIeHNs K Hell He MPUMEHUMA.

Pacnpocrpanentoe perierre 3Toi TpoOJIEMbl B JIMTEPATYPE 1O CHCTEMAM TH-
OB ¥ JIIMO/Ia-UCUNCIEHUIO COCTOUT B TOM, UTO TE€PMbI PACCMATPUBAIOTCS «C TOY-
HOCTBIO JI0 NEPEMMEHOBaHUs IepeMeHHbix». (Uépu Ha3bIBaJ Omepanuio Ioc/e-
JIOBATEJILHOIO [IEPEUMEHOBAHNS [IEPEMEHHBIX B TepMe aabda-konsepcuets (alpha-
conversion). rorT TepMUH ynorpebiisdercs U 40 CUX 110D — Mbl MOLJIM Dbl CKa3aTh,
YTO PACCMATPUBAEM TEPMBI «C TOTHOCTHIO 10 ANb(a-KOHBEPCHUN». )

Cornamenue 5.3.4 Tepmovl, OMAUNAIOUUECA MOALKO UMEHAMU CEA3AHHLLT Nepe-
MEHHLT, 83GUMOZAMEHUMDL 80 6CET KOHMEKCMAT.

Ha mpakTuke 310 03Ha9aeT, 9T0 UM JIO00i A-CBA3aHHON IMepeMEeHHON MOXKHO
3aMEHHUTh Ha Jpyroe (MOC/IeI0BaATeIHbHO MPOBEIs ITO MEPEUMEHOBAHUE B TEJe \)
BCET/Ia, KOTJA 3TO OKa3bIBaeTcs yaoOubiM. HampumMep, e Mbl XOTHM BBIYUCJIATD
[x — vy z](Ay. x y), MBI cHauaja mepenucbiBaeM (Ay. X y) B BHJIE, CKaxKeM,
(Aw. x w). 3arem MbI BbUHCIsAEM [Xx — ¥ z](Aw. x w), 9r0 maer HaM (Aw. y z
Ww).

DTO CoTTIAIIIeHNE TEIAeT HATIE OMPEIEIEHNE «TPAKTHIECKN TIOTHBIM », TIOCKOJTh-
KY KaXKJblii pa3, KaK MbI TBITAEMCS €r0 IMPUMEHUTH K apryMeHTaM, K KOTOPBIM
OHO HENPUMEHUMO, MBI MOXKEM WCIPABUTH €0 TEPENMEHOBAHUEM, TAK, YTOOBI
BCE€ YCJIOBHS BBIIOJHSIACH. B CymIHOCTH, MPUHAB 3TO COTJIAIIEHUE, Mbl MOXKEM
chopMyIupPOBaATH OMpPEIETEHNE MOACTAHOBKA 9y Th KOpode. MbI MoxkeM OTOPOCHTH
NEPBbBIA BADUAHT B OLPEJEJIEHHUN /1 aDCTPAKIMiL, IOCKOJIbKY BCEr/Ia MOXKHO IIPE/I-
HOJIOKUTH (TIPUMEHSsI, €CITH HAJ10, IEPEMMEHOBAHNUE), YTO CBA3AHHASA TEPEMEHHA
Y OTJIMYAeTCsT KaK OT X, TaK W OT CBOOOJHBIX mepeMeHHbIX s. Ompemenenne npu-
HUMAET OKOHYATETbHBIH BUJIL.

Onpezienerne 5.3.5 [[IOJCTAHOBKA]:

[z — s]z = s

[z— s]y = y ecau Yy # o

[z— s](Ay.t1) = Ay. [z~ s]ty ecruy#zuy¢ FV(s)
[z—s](t1 t2) = ([z— s]t1) ([z— s]t2)

OmnepanmoHHas ceMaHTUKA

OneparpioHHas CeMaHTHKA JIMOIa-TePMOB BKPATIIE IPe/ICTaBIeHa Ha puc. 5.3.
MHuoxKeCcTBO 3HAYEHHII B 9TOM HCYUCIEHUH 0OJIee MHTEPECHO, YeM OBLIO B C/Iydae
apudMeTnIecKux BhipaskeHuii. [I0CKOJIbKY BbIYUCIEHHE (C BBI30BOM MO 3HAUEHHUIO )
OCTAHABJIUBAETCS, KOT/Ia, JOCTUTAET JIAMOIbI, 3HAUEHUSAMU SBJISIIOTCS TPOM3BOJIb-
HbIE JTIMOIA-TePMBL.

OrHolleHre BHIYUCIEHUS TOKA3aHO B IPABOM CTOJIONE pucyHka. Kak u B city-
4Jae apuPMETHIECKUX BbIPAYKEHUI, UMEETCs JIBA THUIIA [PABWIL paboywee npasu.so
E-APPABS u npasuaa coomeememeus E-ApPpl u E-App2.
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= (6ecmunosoe)

[ |

Cunmarcuc Buiuucaenue t -t
t n= mepmol.
X NnepemMeHHad t; >t
Ax.t abemparyus ot b (E-APP1)
1
tt npuMmeHerue
ty — t
v oo 3HANEHUA: 272 s (E-APP2)
AX.t  snauenue-abCmpaxyus LB =T

()\X.tlg) Vo — [x — Vg]tlg
(E-APPABS)

|

Puc. 5.3. Becrunosoe nambua-ucuuciaenue ()

O6paTnTe BHUMaHWE, KaK BHIOOP METATIEPEMEHHBIX B 9TUX MPABUIAX MOMOTA~
€T YIpaBJIATh MOPAIKOM BbraucaeHuil. [IOCKOTbKY Vo MOYKET OTHOCHTHLCS TOJHKO
K 3HAUEHUsM, JIeBask CTOpOHA npaBuia E-APPABS cOOTBETCTBYET BCEM MpPUMEHE-
HHSM TEPMOB, B KOTOPBIX TE€PM-apryMeHT SIBISETCS 3HAUYeHHeM. LTOYHO TaK Ke,
E-APP1 orHOCHTCH K T€M NPUMEHEHHSM, B KOTOPBIX JIEBAs YaCTb HE AGAACMCH
3HAYEHUEM, IIOCKOJbKY t1 MOXKET 0003HAYATD JII000H TepM, HO IPEAIOCHLIKA IPa-
BuUJIa Tpedyer, uTOObI t| MOT COBEPIIUTH Imar Bbiuncjienus. Hamporus, E-APP2
He cpabaThIBAEeT, MOKA JIEBAas YaCTh HE CTAHET 3HAYEHHEM, KOTOPOEe MOXKET ObITh
obo3HaueHo MeranepeMeHHOHR v. COBMECTHO 3TH IPaBHUJIA IIOJHOCTHIO OIPEIeis-
10T IIOPSAJIOK BBIYUCIIEHUS TepMa BUAa t; tTo: cHavas a pa60TaeT E—APPl, IIoKa tq
HE CBeJeTCd K 3HadeHuio, 3areM E-APP2 npumMeHsercs JI0 TeX 1L0p, [I0Ka to He
OKayKeTCs 3HAYeHWeM, M, HAKOHeIl, caMO mnpaBmwio E-APPABS mpous3BOIAT camo
IIpUMEHEeHue.

Vupaxzernue 5.3.6 [kxk]:

Moduguyupytime smu npaeusa max, wmobv. onucams mpu 0pyaue CMPame2ul
EHUUCAEHUA: NOARYI0 OEMa-PEOYKUUI0, HOPMAALHYIT NOPAJOK U AEHUBOE GBIUUCAE-
Hue.

SamMeTrM, 9TO B YUCTOM JISMOIa-UCIUCTIEHUN €IMHCTBEHHBIE BO3MOXKHbBIE 3HA-
YEHUS — ITO JIAMOIa-abCTPaKIMU, TaK 9TO, ecyiv E- APP1 10BOAMT t1 70 3HAYEHMUST,
9TO 3HAYEHHE JOKHO OBIThH TaMbaa-adbcTpakiueit. Pazymeercs, 310 yTBepK aeHne
mepecraer ObITh CIIPABEJINBBIM, KAK TOJIBKO MbI JI00ABIISIEM B S3bIK JIPYTHE KOH-
CTPYKIIMU, CKAXKEM, dJIeMEHTAPHbIE OyJeBCKUE 3HAYEHUs], TOCKOJIbKY IIPH ITOM Yy
HAaC MOSIBJIIOTCSA HOBBIE BUJIbI 3HAYEHUIA.

Vupaxzenue 5.3.7 [kxk,-»]:

B ynpasicnenuu 3.5.16 daemesa arsvmepramusHoe npedemasienie onepayuoHHom
CEMAHMUKY OYAEBCKUL U APUPMEMUNECKUT 8uPadtcerull, 8 KOMOPOM MYNUKoesLe
mepmot da10Mm NPU BLLYUCAEHUY 0COOYI0 Koncmanmy wrong. Pacnpocmpanume smy
cemanmury na AINB.
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Vupaxzernue 5.3.8 [kxk]:

B ynpastcnenuu 3.5.17 6600umcsa cmuab bl UCAIEHUSA AGPUPMEMUECKUT BbLPAIICE-
HUT «C OOADUWUM WLA2ZOMS, 8 KOMOPOM 0a3060€ OMHOWEHUE BHIYUCAEHUL 03HAUAE
«mepm t npu euluucAeHUU daem oKoruamerv ol peayavmam vs. Ilokaocume, Kax
CPOPMYAUPOBAMD NPABUAL BHLYUCAEHUA AAMOIA-MEPMOE 8 FMOM CMUNE.

5.4. JlomosHUTEJIbHBIE 3aMeYaHUs

BectunoBoe nambma-ucauncaenne 66110 padpaborano Uépaem u ero KoJjaeraMmu
B 20-e u 30-e roupt (Church, 1941). OchoBouosaraomuii Tpy/| 110 BCEM BOLPO-
caM 6ecTUroBOro JaMOIa-ucuncienus — kuaura Bapenaperra (Barendregt, 1984);
pabora Xungm u Cenmuna (Hindley and Seldin, 1986) yxke 1o oxsary, HO Jier-
ye g urenuda. Crarbs Bapenaperrta (Barendregt, 1990) B «Cupasounuke 0o
Teopernyueckoit nadopMaTukes mnpeacrapiaser coboit kparkuit 063op. Ceegenus o
JIAMO/IA-MCUUCTIEHUU MOXKHO HAMTH TAKXKE BO MHOYKECTBE y4eOHUKOB 110 (DYHKITH-
OHAJILHBIM si3bIKaM TporpaMmmvupoBanusa (Abelson and Sussman, 1985; Friedman,
Wand, and Haynes, 2001; Peyton Jones and Lester, 1992) u no cemaHTHKe A3bIKOB
nporpamMupoBanus (Hanp., Schmidt, 1986; Gunter, 1992; Winskel, 1993; Mitchell,
1996). Cucremaruveckuii MeTo] KOAUPOBAHUS PA3JIUYHBIX CTPYKTYD JAHHBIX B BU-
ze asmbaa-repmoB onucan B crarbe Béma u Bepapayuuu (Bohm and Berarducci,
1985).

Hecmvorps uva HasBauue, Kappu He cumTas cebsi aBTOPOM HIEW KapPUPOBAHUSI.
Eé orkpbitre 00bruno npunuckiBaor Hléndunkemio (Schonfinkel, 1924), ognaxo
ocHOBHAs ujes eme B XIX Beke ObLTa M3BECTHA HEKOTOPHIM MAaTEMATHKAM, B TOM
qucie @pere u Kanropy.

Bosmoxkwo, y 9T0i1 crcTembt
HAMLy TCH IPUJIOKEHUs HE TOJIBKO
B POJIM JIOTUYECKOTO UCIHCIICHMUSI.

Asionco Yépu, 1932
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I'maBa 6

IIpencraBienne repmoB 6e3
IICIIOJIb30BaHUSA MMeH

B mpeapiayimeit rmaBe Mbl pabOTAIA ¢ TEPMAMHA «C TOYHOCTHIO 10 ITEPENMEHO-
BaHUA CBA3aHHDBIX II€PEMEHHDBIX». Mubr JOrOBOPUJINCH, 9TO CBA3aHHbIE IIEDEMEHHbIC
MOXKHO B JII000# MOMEHT IIEPENMEHOBATD, YTOOBI IPOBECTH ITOJACTAHOBKY U/ €CJIH
HOBOE UM IO KAaKUM-TO TPUIUHaAM y;L06Hee. B CyHIIHOCTH, «BHEITHU1 BUO» UMEHHU
CBSI3AQHHOI MEPEeMEHHON MOXKeT ObITh JI00bIM. Takoe corsiameHne OTJInIHO pPabo-
TaeT IIpHu O6Cy}K,ZLeHI/II/I OCHOBHBIX I/Iﬂ@f/i HHM6,Z[&—HC‘IHCH6HHH 1 IIOMOI'a€T IIOHATHO
3AMUCHIBATD JIOKa3aTenbeTBa. OIHAKO, TPU PeaTn3aliui HCIUCICHUS B TPOrPaMMe
HaM HY2KHO UMETb eJUHOe IIPeJCTaBIeHue 1JId KazKJ0ro TepMa; B 4aCTHOCTU, Tpe-
OyeTCst peIUTh, KaK OYIyT MPEICTABIEHBI BXOXKIECHUS TEPEMEHHBIX. ECTh HECKOIh-
KO CITOCOOOB PEIUTh Ty 33/1a4y:

1. MoxXHO TIpeACTaBIATh MEPEMEHHBIE CHMBOJIMYECKN, KAK MBI 9TO IEIaIu 0
CUX TIOP, OJJHAKO BMECTO HESIBHOTO MEPEMMEHOBAHUS MbI MIPU HEOOXOIUMO-
CTH SIBHO 3aMeHsieM TPU TOJCTAHOBKE CBSI3aHHDBIE TEPEMEHHBIE «CBEKUMU»
MMEeHaMH, 9TO0bI n30eKaTh 3aXBaTa.

2. MOXHO TIpeCTaBIATh TIEPEMEHHbIE CHMBOIHYECKH, HO TOTPEOOBATH, YTOOBI
MMEHa, BCEX CBSI3AHHBIX MEPEMEHHBIX OTJIUYAJUCH APYT OT APYra U OT BCEX
re-ub0 BCTpeYaouXCs CBOOOIHBIX epeMeHHbIX. Takoe corsiamenue (MHO-
/I3 ero Ha3bIBaIoT cozaauwenue Bapendpeema, Barendregt convention) 6osiee
CTPOro, YeM HAIIe, IIOCKOJIbKY He PAa3PeIIaer MepernMeHOBbIBATD IEPEMEHHbIE
«Ha, XOIy» B TTPOU3BOIbHBIE MOMEHTHI. O THAKO 9TO MPABUJIO HE OE30TIACHO OT-
HOCHUTEJIHHO TOJCTAHOBKY (Ujin GeTa-peyKInu): MOCKOJIbKY MOICTAB/ISEMbIi
TepM KOIMUPYETCsT, TO HETPY/IHO MOCTPOUTH MIPUMEDPBDI, T€ B PE3YJIbTATE O~
CTAHOBKH ITOJIy9IAETCS TEPM, B KOTOPOM Y HECKOJIbKUX A-abcTpakmuit Oymer
OJIHO ¥ TO K€ UMs CB3aHHOM mepemennoii. CiienoBaTesibHO, TOCTe KaxKI10-
IO IIara BbIYMCJICHHS, BKIIOYAOIIErO MOACTAHOBKY, JOJI?KEH CJIEJI0BATD IIar
TEPENMEHOBAHN ST, BOCCTAHABIMBAIOIINN MHBAPUAHT.

B sroii rnaBe m3ywaerca Gectunosoe ssambpa-ucaucaenue, A (puc. 5.3). CooTBETCTBYIOMAL
peasmmzarusa Ha OCaml naserBaercss fulluntyped.

—sourcefile— 93 Rev: —revision—, November 28, 2010



94 6.1. TepMbl 0 KOHTEKCTBI

3. MoKHO CKOHCTPYHPOBATH HEKOTOPOE «KAHOHMYIECKOE» IIPE/ICTABJIIEHUE IIepe-
MEHHBIX U TEPMOB, [IPU KOTOPOM I1€PENMEHOBAHUE HE HYZKHO.

4. MoxxuO BOOOIIE M30EKATH MOHSATHUS MOICTAHOBKNA C MOMOIIBI0 MEXaHU3MOB
Bpojie Ashbixr nodcmanosor (explicit substitutions) (Abadi, Cardelli, Curien,
and Lévy, 1991a).

5. Moxno uzbexkarhb ucnosb3oBanus nepemennvix (variables), eciu paborarnb B
sI3BIKE, OCHOBAHHOM Ha KOMOMHATOPAX, HAIPUMED, KOMOUHGMOPHOT N02UKE
(combinatory logic) (Curry and Feys, 1958; Barendregt, 1984) — sapuante
JIAMOIA-UCUUCIEHNUS, B KOTOPOM BMECTO TIPOIEIYPHON abCTPAKIMU UCIIOJb-
3yI0TCsl KOMOMHATOPBI, — UK Ha s3bike Bakyca FP (Backus, 1978).

V KaxkJI0il U3 ITUX CXEM €CThb CBOW CTOPOHHWKHU, U BBIOOD MEXKJy HUMH — IO
HEKOTOPOii CreleHu Jesi0 BKyca (B CEPbE3HBbIX Peaslu3aluax KOMIMJISTOPOB CJle-
JIyeT TaK¥Ke YUUTHIBATH COOOPAXKEHUs MPOM3BOAUTEHHOCTH, HO HAC OHU Ceidac
He BOJIHYIOT). Mbl BbIOMpaeM TpeTuil BApUAHT, KOTODLIii, [0 HAlleMy OmbITY, Oy-
JeT JIydIle MacIITabHpOBaThCSA, KOrIa MOTpedyercsa paboTarh ¢ HEKOTOPBIMHU 6O0-
Jlee CJIOXKHBIMH HHTEPIPETATOPAMHU U3 ITONH KHUIHW. Kro mpemMyInecTBO B TOM,
49TO MPU OIMHUOKAX PEATU3ANUE AJrOPUTM CPa3y Ke BBbIIAET OYEBHHO OImubOY-
HBIE PE3YJIBTATHI B CAMBIX MPOCTHIX CIYYAAX. DTO MO3BOJISIET JOCTATOYHO OBICTPO
OOHAPYKUBATH U UCIPABJIATH OMnOKY. HampoTus, W3BECTHBI C/Tyvuan, KOTIA B pea-
JIN3ANMAX, OCHOBAHHBIX HA WMEHOBAHHBIX ITEPEMEHHBIX, OIMTHOKN 00HADYKUBAJUACH
CILyCTs1 MECSIIbI U ro/Ibl. Hara peanu3anusi HCIOIb3yeT XOPOIITO U3BECTHBIN METO/I,
usobperennbiit Hukosnacom ne Bpaynom (de Bruijn, 1972).

6.1. TepMmbl U1 KOHTEKCTHI

Unea ne Bpayna cocrosiia B TOM, 9TOOBI IIPEACTABIATL TEPMbI OOJiee ecre-
CTBEHHBIM — XOTsI W 0oJiee TPYAHBIM [JIs YTeHWst — 0Opa3oM, OOEeCTevnB BO
BXOKJIEHUSAX TTEPEMEHHBIX NPAMbLE YKA3GHUA HA WX CBI3bIBAIOIINE ONPEIEIeHN,
BMECTO TOTO, 9TOOBI HA3BIBATH WX MO UMEHU. J[Jg 3TOr0 MOKHO 3aMEHUTH HUMe-
HOBAHHBIE TIEPEMEHHBIE HATYPAJTHHBIMH YUCIAMH TaK, 9TOOBI YUCJIO K O3HA4YA-
JIO «IepeMeHHas, CBa3aHHas k-it oxBarbBatomeir A». Hampumep, 0ObIKHOBEHHBIIT
TEPM AX.X COOTBETCTBYET besvimaAnnomy mepmy (nameless term) A.0, a Tepmy
Ax.Ay. x (y x) coorBercTByeT A\.A. 1 (0 1). Be3bimsHHbBIE TEPMBI NHOTIA €II1e
Ha3bIBAIOT nepmamu de Bpayna (de Bruijn terms), a HyMepOBaHHBIE [IEPEMEHHBIE
B HUX HazbiBatoTCs undexcamu de Bpayna (de Bruijn indices).* Pazpaboryuku Kom-
MUJISATOPOB UCHOIB3YIOT JIJIs 9TOTO MOHITUS TEPMUH «CTATHIECKUE PACCTOSHUS Y.

Vopaxuenne 6.1.1 [X]: Jaa xaotcdozo u3 caedyrowuxr Kombunamopos

co = As. Az. z;

co = As. Az. s (s z);

plus = Am. An. As. Az. ms (n s z);

fix = AMf. (Ax. £ (Ay. (x x) y)) (QAx. £ (Ay. (x x) y));
(Ax. (Ax. x)) (Ax. x);

foo

*®ammiua de Bruijn uuraerca «me Bpayn». B pyccKoA3BIUHON MTUTEpaType BCTPEIAIOTCA Ba-
PHAHTHI TPaHCJHUTepanuu «ae Bpeitay, «ae Bproitay u «ae Bpoitay. — npum. nepes.
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6.1. TepMbl 0 KOHTEKCTBI 95

3anuwume coomeemcmsyuUul 6e3vMAHHLT MePM.

DOpMaIbHO MBI ONPENEIAEeM CHHTAKCHC GE3bIMSAHHBIX TEPMOB TOYTH TaK ¥Ke,
KaK OIPEIEJIAICS CUHTAKCUC OObIKHOBEHHBIX TepMOB (5.3). Enuncreentoe pasiu-
Y€ COCTOUT B TOM, UYTO TPEOYeTCs BHUMATENBHO CJIEIUTh, CKOJTBKO CBOOOIHBIX IIe-
PEMEHHBIX MOXKET COIep:KaTh KaxKIplil TepM. To ecThb, Tpebyercsa pa3jiudaTh MHO-
KecrBa, 1epMOoB 6€3 cBOOOIHBIX LepeMeHHbIX (KOTOPbIe Ha3bIBAIOTCs (-mepmamu,
0-terms), TepMOB, B KOTOPBIX €CTh MaKCUMyM OIHa CBOOOmHAs mepemennas (1-
TEPMBbI), U TaK JaJIee.

Onpezenerwne 6.1.2 [TEPMBI|: [Tycms T — naumenvuiee cemeticmeo mmoicecme
{767 7—17 7—27 .. ~}, maxoe, ¥mo

1. keT,, ecau 0 < k< n;
2. ecruti €T, un>0, moA.t1 € Tp_1;
3. ecau t1 €T, u ta €Ty, mo (t1 ta) €T,.

(Bamemum, wmo mo, umeem 3dectv cmandapimmoe UHOYKINUGHOE onpedesenue, Ho
onpedesem CeMEHCTBO MHONCECTNE, UHIEKCUPYEMOE HUCAAMU, 6 HE OOHO MHONHCE-
cmeo.) Daemenmol Kad#c0020 mHodicecmea T, Ha3b16aH0MCHA N-MEPMAMU.

DJieMeHTHI T, — TO TEPMBI C He boaee, 9eM N IePEMEHHBIX, TTPOHYMEPOBAHHBIX
or 0 10 n — 1: KaxKb1it 371eMeHT 7, He 00sI3aH COMEPHKATH CBOOOIHDIE TIEPEMEHHbIE
CO BCEeMHU ITHMHU HOMEpPaMH, da U BOOOIE He 00s3aH MMEeTh KaKue-TuOo CBOOOI-
HbIe TIepeMeHHbie. B gacrHOCTH, eciii t 3aMKHYT, OH SIBJISIETCS 3JIEMEHTOM T, J1Jist
711060710 N.

BamernM, 9TO BCAKMIT (3aMKHYTHII) OOBIKHOBEHHBIN TEpM MMEET DOBHO OIHO
npeacTaBjienue e bpayna, u 9T0 1Ba OOBIKHOBEHHBIX TEPMa SKBUBAJIEHTHBI C TOU-
HOCTBIO [I0 TEPENMEHOBAHNS CBA3AHHBIX IIEPEMEHHBIX TOTJA U TOJIHKO TOI/IA, KOTIa
y HEX O/IMHAKOBBIE IIpe/icTaBaeHud e Bpayna.

Yrob6br paboTaTh ¢ TEPMAME, COAEPAKAITUMEA CBOOOIHDBIE IIEPEMEHHbBIE, HAM I10-
TpebyeTcs TIOHATHE KoHmMmekcma umerosanus (naming context). Hampuwmep, momy-
CTHM, HAM HYXKHO TPEJCTABATH AX. y X B BUJE 0€3bIMSIHHOTO TepMma. Mbl 3HAEM,
9TO JeaTh C X, HO He 3HAaeM, KaK BecTu cebsi C y, MOCKOJbKY HEU3BECTHO, KAK
«JTaJIeKO» 3Ta MepeMeHHasi Oy[eT ONpeesieHa, W KaKOil eil COINOCTaBUTH HOMeED.
Pemenne cocrout B TOM, 9TOOBI BHIOPATH, PAa3 W HABCErJA, IIPUCBOCHUE UHIEKCOB
ne Bpayna cBoGOIHBIM TIEpeMEHHBIM (HA3BIBAEMOE KOHTEKCTOM UMEHOBAHMUS ), ¥ TIO-
CJIe/IOBATEJILHO MCIIOJIb30BATH 3TO MIPUCBOEHNE, KOraa Tpebyercs: BhIOpATh HOMED
st cBOOOIHO# tepemenHoii. Hampumep, mpeamnoioKuM, 9T0 Mbl PEIIIN paboTaTh
B CJIEIYIOIEM KOHTEKCTEe MMEHOBAHMUSA:

' = x—4
y—3
Z— 2
a—1
b—0

Torna x (y z) Oyaer upezacrasien kak 4 (3 2), B TO Bpemsd KakK Aw. y w Oyzer
TpeICTaBeH Kak A. 4 0, a Aw.la.x — Kak A\.\.6.
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96 6.2. CaBur m moACTaHOBKA

ITockonbKy MOpsiIOK, B KOTOPOM IEPEMEHHbBIE CJIeayoT B I', OHO3HAYHO Ompe-
JejideT UX 4UC/IOBble MHJIEKCbl, Mbl MOXKEM KPaTKO 3allucalb KOHTEKCT B BUJE
NIOCTIeJOBATEILHOCTH.

Onpepenerue 6.1.3 Jonycmum, xz,...T, — umena nepemeHunr ud V. Kon-
MEKCM UMEHOBAHUA || = Ty, Tp_1,...T1, Ty Npuceausaem kaxcdol T; underc de
Bpayna i. Bamemum, ¥mo camas npasas NEPEMEHHAH 8 KOHMEKCME NOAYHAEM UH-
dexc 0; amo coomeemcmeyem momy, Kak Mol CUUMGEM A-CEA3LIBAHUA — CNPABA
HaAE60, — K020a NPeobpasyem UMeH08aHHul mepm 6 besvimantol. Mroocecmeo
{zp,..., 20} nepemennviz, ynomanymuz 6 I'; mor oboznanaem dom(T).

Vupaxuenue 6.1.4 [k k k,—»]: [Hocmpolime aAbMEPHAMUSHYN KOHCMPYKUUIO
MHONCECTNG N-TEPMOE 6 cIuAe onpedeaehus 3.2.3, u nokascume (Kax 6 ymeep-
orcderuu 3.2.6), wmo sawe onpedeacnue IKGUBAAECHINHO BHLUETPUBEIEHHOMY.

Vupaxzernue 6.1.5 [PEKOMEHIVETCH, % % %|:

1. Onpedeaume Pynrxyuro removenamesr(t), KOMoOPaa NPUHUMAEM KOHMEKCM
umenosanua I u obvxnosennwmli mepm t (2de FV(t) € dom(T)), u nopootc-
daem coomeemcmeyowuti 03oMANHBLT TEPM.

2. Onpedeaume gynxyuro restorenamesr(t), Komopas npunumaem be3vimAN-
noull mepm t u kowmexem L', u nopootcdaem obuxrosennvil mepm. (B npo-
yecce 6aM NPUIEMCA <EHOYMBIEATNDS UMEHE TLEPEMEHHBIT, COAZANHOT a0-
cmparyuamu 6 t. Mooiceme npednososcums, wmo umena 6 V pasiudaiomecs
NONAPHO, U 4MO MHOHCECNBO UMEH NEPEMEHHBIT V YNoPpAdoueHo, Mmak 4mo
BUPANCEHUE «BOZDMEM NEPBOE UMSA TePementot, Komopoe euse He codep-
orcumes 6 dom (L) » umeem cmoica.)

Ima napa Gynryuld JoaAHcHa umemMb C80UCME0
removenamesr(restorenamesr(t)) = t

0as 106020 be3bLMANHO20 MEPMA t U, COOMEEMCMEEHHO,
restorenamesr(removenamesr(t)) = t

€ MOYHOCMBIO 00 NEPEUMEHOBAHUA CEAZAHHBLL NEPEMEHHBLT, OAA 4100020 00BIKHO-
6eHH020 mepma t.

CTporo roBopsi, HeJIb3s TOBOPHUTH O «HEKOTOPOM t € T » — Bcerga Hy»KHO yKa-
3BIBATH, CKOJBKO CBODOIHBIX MEPEMEHHBIX t MoxKeT uMerh. OHAKO HA TPAKTUKE
MbI 00BbIYHO OyJIeM UMETh B BHJLy HEKOTOPbIA 3apaHee 3aJaHHbIl KOHTEKCT HMEHO-
Bauus ['; MbI OyIeM HECKOJIBKO BOJIBHO OOpAIATHCS C HOTAIWMEH W mucarh t € T,
uMes: B Buny t € T, roe n — gmna [.

6.2. CaBur m 1moJaCTaHOBKA

Harmeit cmenyromeit 3agaqeit OymeT onpeeneHe Onepalnn MOACTAHOBKT ([k —
s|t) Ha Ge3biMsaHHBIX TepMmax. g 3Toro norpebyercst BCIOMOraresbHas Olepa-
[ys, HA3BIBAEMAA <«CIABUIOMY», KOTOPAs IIEPEHYMEPOBBIBAET HHIEKCHI CBOOOIHBIX
MMEPEMEHHBIX B TEpMe.
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6.2. CaBur m moACTaHOBKA 97

Korga noxcranoBka npoHuKaer BHYTpPb A-abcrpakiuu, K npumepy, [1 —
s](A.2) (r.e., [x+— s]\y.x, eciu UpeaIoNOKUTh, 4T0 1 — MHJIEKC IIEPEMEHHOI X
BO BHEIITHEM KOHTEKCTE), KOHTEKCT, B KOTOPOM MPOUCXOJUT TIOJCTAHOBKA, CTAHO-
BUTCS JJIMHHEE MCXOIHOTO HA OJHY NEPEeMeHHYI0; TpeOyeTcsl yBeIHIUTh UHIEKCHI
CBOOOHBIX TIEPEMEHHBIX B S, 9TOOBI B HOBOM KOHTEKCTE€ OHH CCHLIAJHCH HA T€
JKe mepeMeHHble, 970 U paHbiine. OIHAKO Ie7IaTh 9TO HYKHO OCTOPOKHO: HEJlb-
35 MPOCTO yBEJIMYUTH HA €JIUHUILy BCE UHJEKCHI IEPEMEHHBIX S, IIOTOMY YTO IIPU
9TOM CABUHYJINCH OBl M c6A3aHHble TIepeMeHHble BHYTpH s. Hampuwmep, mycth s
=2 (A.0) (re,s =z (\w.w), eciim 2 — MHJEKC Z BO BHEIIHEM KOHTEKCTe). B
9TOM cjIy4dae HaM Tpebyercs CABUHYTH 2, HO He 0. DyHKIMS C/IBUra, ONMCAHHAA
HUKe, TPUHUMAET MTapaMeTp «OTCEYKU» ¢, YIPABJAIONMIA TeM, KaKue MepeMeH-
Hble capuraiorcs. lcxonno o pased 0 (4T0 03HAYAET, YTO CABUIATH HYXKHO BCE
TIEPEMEHHBIE), W YBEJIMUNBAETCS KayKIbIi pa3, Korma (DYHKIWS CIBUTA, MepeceKkaeT
rpanmiy abcrpaxnun. Takuv obpasom, mpu serauciennn 19 (t) mbr 3maem, wTo
TepM t MPOUCXOIUT M3HYTPH C CJIOEB AOCTPAKIMH [0 OTHOIIEHUIO K HCXOIHOMY
aprymenty 1¢. ITomy<aercs, aro Bce naeRTH(HUKATOPHI k < ¢ BHYTPH t CBI3AHLI B
HCXOJIHOM apryMEHTE U CJBUTY HE TOJJIEXKAT, a UICHTUPUKATOPHL K = ¢ CBOOOIHBI,
U MX HY2?KHO CJIBUHYTb.

Oupenenerue 6.2.1 [CaBur]: Cdsuz mepma t na d nosuyud ¢ omcewkod c, 060-
anavaemuti 19 (t), onpedeasemea max:

Ti (k:) _ : ecau k < c
+d ecuk>=c

tEAt) = A1 ()

td(t o) = 12 (t1) 12 (¢2)

Banucwy 19 (t) osnavaem 13 (t).

Viupaxzernue 6.2.2 [k]:
1. Yemy pasnaemca 12 (A.\. 1 (0 2))?

2. Yemy paensemca 12 (A, 01 (\. 01 2))?

Vupaxuenue 6.2.3 [kk,—»]: [oxascume, wmo eciu t sA6AAEMCA N-MEPMOM U,
ecau d < 0, ece ceobodnve nepemennvie t ne menvwe |d|, mo 19 (t) asasemea
max(n + d,0)-mepmom.

Tenepb Mbl TOTOBBI OLPEAETUTb OLEPATOP 10ACTaHoBKY [j — s]t. Korua mbr
KCIOJIB3YEM MOJICTAHOBKY, HAC OOBIYHO MHTEPECYeT HOJACTAHOBKA NocaedHed nepe-
MeHHOI B KoHTeKcTe (T.e., j = (), NOCKOJIbKY MMEHHO 3TOT CAydail HaM HYKeH,
9TO0BI OIPEIE/IUTD Onepaluio oera-peaykiuu. OTHAKO [JIsi TOTO, 9TOOBI MOICTA-
BUTDH 3Ha4YeHue nepemernoit 0 B TepMe, KOTOPbI sBIAeTCs aaMb1a-abcTpaKiueit,
HYy?KHA BO3MOXKHOCTB ITO/ICTAHOBKY 3HAYEHUS IepeMeHHoi 1 B Tese 31oit abcTpak-
nuu. Takum obpa3om, onpeenenne IOICTAHOBKH JTOI?KHO paboTaTh C IPOU3BOIb-
HOI TepeMeHHOM.
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98 6.3. Brpruncienmne

Oupenenenue 6.2.4 [[I0ACTAHOBKA]: ITodcmanoska mepma s 6mecmo nepemen-
HOU Homep j 6 mepme t, 3anucveaemasn 6 eude [j— s|t, onpedeasemcs caedyro-
wWuM 00pasom:

> s]k _ s ecauk =]
k 8 MPOMUSHOM CAYHGE
[7— s](\.t1) Ao [7+ 11 8]ty

[ s](t1 t2) = ([5— s]ti [5 s]t2)

Vupaxuerue 6.2.5 [k|: Ilepesedume caedyrousue npumepv, nodcmanosox 6 besoi-
MAHHYW HOPMY 6 NpednososrceHut 2a00aavH020 Kowmerxema I' = a, b u 6viuuc-
AUME PE3YALMAMDYL NOICMAHOEKYU 1o onpedesenuto 6.2.4. Coomeemcmsyrom au

OMEEMbL UCTOOHOMY ONPEIEACHUIO TOOCTNAHOEKU HA OOLIKHOGEHHDLT MEPMAT U3
4 r?
§5.3.5¢

1. [b—a](d Az.\y.b))

2. [b—a (Az. a)](d (Az.b))

.l
1
3. [b—a](Ab. b a)
N

4. [b—a](a. b a)

Vupaxzenue 6.2.6 [k, —»]|: Iloxaoicume, wmo ecau s u t — n-mepmol, u j < n,
mo [j — s]t — n-mepm.

Vupaxuenue 6.2.7 [k, —»]: Bosomume aucm 6ymazu u, He 248054 HA ONPEIEALHUS
nOJCMAKO8KY U CO8U2A, CONUHUME UL 3GHOB0.

Vupaxzenue 6.2.8 [PEKOMEH/IVETCH, k % *|: Onpedeaenue nodcmanosky Ha
6E3BMAHHBLT MEPMAT JONNACHO OBIMD COZAACOBAHO € HAULUM HEPOPMAALHBIM OTPe-
deaeruem nodcmanosrky 1a 0bvikHo8erHux mepmaz. (1) Kakyo meopemy nyostcno
dokazamv das moz0, ¥mobv. cmpozo obocrkosamv amo ymeepoicdenue? (2) loka-
orcume ee.

6.3. Bprunciaenue

Eauncreennoe, 9To Tpebyercs caenaTh, 9TOObI OIPEIeTUTh OTHOIIEHNE BhITHC-
JileHus Ha OE3bIMSHHBIX TEPMAX — U3MEHHUTDH IPABUIIO OETa-PEeLyKIUK TaK, YTO0bI
OHO MCIIOJIL30BAJIO HAITY HOBYIO OMEPAIUIO TIOJCTAHOBKY (3TO €IUHCTBEHHOE TPa-
BUJIO B CTApOii cuCTeMe, B KOTOPOM YIIOMUHAIOTCS MMEHA TE€PEMEHHbIX).

Herpusuanpaoe 00CTOATEIHCTBO COCTOUT B TOM, 9TO PEAYKINS PEAEKCA «Pac-
XOJlyer» CBs3aHHYIO nepeMennyio: upu peaykuuu u3 ((Ax.t12)ve) B [x — va]tia
CBsI3aHHAs [EpeMeHHas X uc4de3aer. Takum o0pa3oM, IIepEeMEHHbIE B Pe3yJibTaTe
MTO/ICTAHOBKY HAJIO MEPEHYMEpPOBAThH, YTOOBI OTPA3UTH TOT (PAKT, UTO X OOJIBIIE He
SIBJISIETCS] 9aCTHI0 KOHTEKCTa. Hampumep:

(A\.102) (A. 00 =0 (A.0) 1 (amel (X.0) 2)
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Amnasornyno, rpebyercsi CIBUHYTH IIEPEMEHHbBIE B Vg MEPeJ TOJACTAHOBKON B tia,
[TOCKOJIbKY TePM t12 ompesesieH B 6ojiee KpyIHOM KOHTEKCTe, 4eM vy, Cobupas Bce
9T COOOPAKEHUsT BMECTE, TIOJIYIAeM TaKOe MPABUIIO OeTa-peryKITHu:

A.t12) vae =171 ([0 1! (ve)]ti2) (E-APPABS)
OcranbHble IpaBUIa OCTAIOTC TAKUMU K€, KaK U paHbIie (puc. 5.3).

Vipaxuenue 6.3.1 [k]: Joasicen au nac becnokoums mom daxm, wmo ompuuya-
meabHbill c0su2 8 NPaABUAE MOJCEM C030aMb HEKOPPEKMHBLE MEPMbL ¢ OMPULA-
MEALHBLMU UHIEKCAMU NEPEMEHHDBLL ?

Vupaxzenue 6.3.2 [k % k]: B uczodnot cmamoe de Bpayna onucano dea pasnolx
€nocoba NoAYHeHUA DE3BIMAHHOZ0 NPEICMABAEHUA TNEPMOS8: THICKCHI 1e BpayHa,
KOMOPHLE HYMEPYIOM, CEA3BDEAIOULUE BBPANCEHUSA «USHYMPU HAPYNHCY», U YPOBHH
ne Bpayna (de Bruijn levels), komopvie Hymepyom c6a3bi6a10uUsue 6bpartcenus
«cuapyorcu euympvy. Hanpumep, mepm Az. (\y. z y) = npedcmasasemcs um-
dexcamu de Bpayna 6 eude \. (A. 1 0) 0, a yposnamu de Bpayna — 6 sude
A. (\. 0 1) 0. Onpedeaume smom eapuahm ¢ 0AHCHOT CMPO2OCLIO, U NO-
Kascume, 4mo nPedcmasAeHUs MEPMOS € UCNONBIOBAHUEM UHOEKCO8 U YPoeHell
uzomopdmv, (m. e., Kascdoe U3 HUT MONCHO 0OHOZHAYHO BOCCMAHOBUMD, UCTOOA
u3 dpy2020).
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I'maBa 7

Peamm3anuga
agaMmona-ncunciaennsg Ha ML

B »sroit rmaBe MBI CO3J3AMM HHTEPIPETATOP [Jid OECTHIIOBOIO JisiMOIa-
WCUMCJIEHNsI, OCHOBBIBASICH HA, WHTEPIIPETATOPE I apU(PMETHICCKUX BLIPaYKeHMit
"3 TIaBbI 4, ¢ UCMOJIB30BAHNEM MMOAXOMA K CBA3BIBAHUIO TIEPEMEHHBIX W K MOJCTA~
HOBKE, OIIMCAaHHOMY B TJiase 6.

BroimosasieMbIii BEITUCIUTEIH OECTUTIOBBIX JISMOIA-TEPMOB MOYXKET OBITH ITOJIY-
yeH myTeM apocroro nepesoga Ha OCaml onpenenenunit u3 npeapiaymux rias. Kak
u B rmase 4, Mbl JIEMOHCTPUPYEM TOJBKO 0A30BbI€ AJITOPUTMbI, HTHOPUPYS BOIIPO-
CBI JIEKCHIECKOTO W CHHTAKCHYIECKOTO AHAJN3a, BBOJAA-BBIBOIA M TOMY TOIOOHBIE
JIETAJIN.

7.1. Tep™Mbl U KOHTEKCTBI

Tun nanHbIX, TPeACTABIAONINN a0CTPAKTHbIE CHHTAKCHYECKUE JIEPEeBbs I
TEPMOB, MOKHO I[OJIyYUTH IIyTEM IPAMOIO epeBosa oupenenenusd 6.1.2:

type term =
TmVar of int
| TmAbs of term
| TmApp of term * term

[Ipencrasmennem nepeMeHHO ABIsETCSA IUCI0 — ee uHaekc ae bpayna. [Ipencras-
JieHre abCTPAKIUU COJIEPZKHUT TOJBKO TEpM s Tesa adcrpaknuu. lIpumenenue
COZIEPKUT BA TEPMA, OIWH U3 KOTOPHIX TPUMEHSIETCS K IPYTOMY.

Onako onpeesenne, KOTOPOE PeaTbHO UCIOIb3yeTCs B HAIIIEM WHTEPIPeTaTo-
pe, COMEpKUT HECKOJIBKO 00bine nHdopMauu. Bo-mepBhiX, KAK U PAHbINE, KaXkK-
JBIA T€PM TIOTE3HO CHAOAWTD 3JIEMEHTOM THIa info, B KOTOPOM 3alMCAaHO, U3 Ka-
KOit mo3uriuu B ¢aiiie TepM ObLT CINTAH, YTOOBI IPOrPAMMBI PACIIEIATKH OIMIHO0K

B ocroBHOM B 3TO0# riase o6cyxKgaerca ducToe GecTHNOBOe NaAMOqa-ucunuciaenue (puc. 5.3).
CoOoTBeTCTBYIONIAA peaIu3anus Ha3biBaeTcda untyped. MuTepmperaTop fulluntyped COmEpXKHUT
PACIIUPEHUs], HAITPUMED, MOIEPXKKY YNCeN U OYJIeBCKUX 3HAYCHUI.
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102 7.1. TepMbI H KOHTEKCTHI

MOIJIM YKa3aTh HOJIb30BATEIIO0 (MOXKET ObITh, JaXKe aBTOMATUYECKH, C [HOMOLIHIO
TEKCTOBOI'O PEJAKTOPA) TOYHOE MECTO, B KOTOPOM ILIPOM30ILLIa, OlubKa.

type term =
TmVar of info * int
| TmAbs of info * term
| TmApp of info * term * term

Bo-BTOpPBIX, 7151 OT/IAAKK TOJIE3HO XPAHUTH B KayKJION BePITUHE-TIEPEMEHHON 10~
MOJHATETHHOE IHUCI0 71 TPOBEPKH TEJT0CTHOCTH. MbI 6y/1eM UCIOIb30BaTh TAKOEe
corJIallleHre: B 3TOM BTOPOM YHCJIOBOM IIOJI€ BCEL/IA COLEPIKUTCH NOAHGA OAUHG
KOHTEKCTa, B KOTOPOM BCTPETUJIACH ITA IIepeMEHHAs].

type term =
TmVar of info * int * int
| TmAbs of info * term
| TmApp of info * term * term

Kax apiit pa3 mpu pacmnedarke mepeMeHHON Mbl OyIeM MPOBEPATH ITO YUCIIO HA COB-
maJieHne C peasIbHOM JAJIMHON KOHTEKCTa, B KOTOPOM MbI HaXOINMCs; HECOBIIAICHIE
O3HAYAET, YTO MbI [7Ie-TO 3a0bLIN HO0OABUTH OMEPAIUIO CABUTA.

ITocennee ycoBepIiiieHCTBOBaHYE TOXKE OTHOCUTCS K pacrnedarke. Hecmorps Ha
TO, YTO BHYTPHU TEPMBI TIPEJCTABIAIOTCA U€pe3 WHIAEKCH e Bpayna, momb3oBaTe-
JII0, OHU, OYEBU/IHO, B TAKOM BH/I€ TTOKA3BIBATHCS HE JOJIKHBI: [IPU YTEHUU CIIEAYeT
MIPeoOPa30BLIBATH TEPMBI U3 OOBIKHOBEHHOT'O TIPECTABICHNSA B O€3bIMIHHOE, a TIPH
pacmedaTke — mpeodpPa30BbIBATD UX 00PATHO B OOBIKHOBEHHYTO (popmy. B aTom HET
HUYEro CJIOYKHOTO, OJHAKO TPOJEIBIBATH ITO COBCEM HAMBHBIM 0Opa3oM (CKazkeM,
HOPOXKIas JJisl BCEX TIEPEMEHHBIX COBEPIIEHHO HOBBIE MMEHA) HE CTOUT, MOCKOIBKY
TOT/Ia UMEHA, CBSI3AHHBIX [MEPEMEHHBIX B MEYATAEMbIX TEPMAX HUKAK He OyIyT CBs-
3aHBI C UMEHAMU U3 MCXOIHON MPOrPAMMBL. JTO 3aTPYAHEHUE MOKHO MTPEOIOTIETD,
€CJIM XPAHUTH [PHU KaXKJA0H abCTPAaKIUU CTPOKY-IIO/JICKA3KY C MMEHEM CBA3AHHOM
nepeMeHHOM.

type term =
TmVar of info * int * int
| TmAbs of info * string * term
| TmApp of info * term * term

OcHoBHbIe Oneparyu ¢ TepMaMu (B 4aCTHOCTH, TOACTAHOBKA) HUYEr0 OCOOEHHOTO
C 9TUMHU CTPOKAMHU He JIJAI0T: OHU MPOCTO TEPEHOCATCS B PE3YIBTAT B UCXOIHOMN
dopme 6e30 BCAKOH 3a00THI O COBIAIEHUHM HUMEH, 3aXBAaT€ MEPEeMEHHBIX, W T. .
Korna mporpamme pacrnedarku tpebyercss TOpOANTh HOBOE MM JIjIst CBSA3aHHOM
TTepeMeHHON, OHA CHAYAJIA THITAETCS WMCIOJb30BATH TOICKA3KY; €CJIN OKAXKEeTCH,
9TO ITO WMS yKE WCIOJB3YeTCsd B TEKYIIEM KOHTEKCTE, MPOIEAypa PaCIedaTKu
[BITAETCS TOPOJUTH IOXO0XKee UMsl, N0DaBisdd K uMeHu mrpuxu (), MoKa B KOHIIE
KOHIIOB HE HAMIeTCs WM, €lle He UCIOJIb3yeMOe B TAaHHOM KOHTeKcre. Biraroma-
Ps 9TOMY [PABHJIY HAIEYATAHHLIA TepM Oyjer BCerja OYeHb IOXOXK Ha TO, 4ero
OXKUJIAET TOJIb30BATE b, C TOYHOCTHIO 0 HECKOJIbKUX IITPHXOB.
Cama mporieiypa medary BbITJISIIUT TaK:

let rec printtm ctx t = match t with
TmAbs (fi,x,t1) —
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let (ctx’,x’) = pickfreshname ctx x in
pr "(lambday"; pr x’; pr ".,"; printtm ctx’ tl1; pr ")"
| TmApp(fi, t1, t2) —
pr "("; printtm ctx tl; pr ","; printtm ctx t2; pr ")"
| TmVar (fi,x,n) —
if ctxlength ctx = n then
pr (index2name fi ctx x)
else
pr "[badyindex]"

B meit ncnonn3yercs Tnn JAHHBIX context,
type context = (string * binding) 1list

KOTODBIi TTpecTaBisieT cOO0i MPOCTOM CIUCOK CTPOK W COOTBETCTBYIOIINX UM CBSI-
3bpiBanni. I[loKa 9TO CBA3BIBAHUS COBEPIIIEHHO TPUBHUAIBLHBI

type binding = NameBind

U HE HECYT HUKAKOil monosiauTebHoi urdopmarmu. Opaako nozadee (B riase 10)
MbI BBEJIEM B OIpejiesieHne THUla binding Apyrue BapuaHThI, KOTOPbIE OyIyT OT-
CJIeXKMBATDH CBEJIEHUS O THUIIE, CBI3AHHOM C IIEPEMEHHO, U APYTYIO MOI00HYIO WH-
dopmanuo.

IIponenypa pacmedaTkyn TaK:Ke WCHOJb3yeT HECKOJbKUX HU3KOYPOBHEBBIX
dbyHKIMA: pr BhIAET CTPOKY B CTAHIAPTHBIN MOTOK BbIBOAA; ctxlength BO3Bpa-
AeT JJIMHY KOHTEKCTa; index2name HAXOAUT CTPOKOBOE MMdA EPEMEHHON 1O ee
nngekcy. Camast wHTepecHas w3 3tux GyHKIuil — pickfreshname, Koropast mpu-
HUMAaET KOHTEKCT ctX W MMA-NOJACKA3KY X, HAXOIWAT UMd X’ TIOXOXKee HA X U He
BCTPEYAIONIEECs B ctx, M00aB/IsIeT X’ K KOHTEKCTY CtX, MOJIydasi P ITOM HOBBI
KOHTEKCT ctx’, 1 BO3BpAILAET Mapy, COCTOAIYIO U3 X’ u ctx’.

Peasibuas mporenypa medaru B HHTEPIpeTaTope untyped, UMEIOIIEMCS HA, BEO-
caliTe KHUI'W, BBINIAJAT HECKOJIBKO CJIOXKHee, IIOCKOJIbKY HPUHAMAET BO BHUMAa-
HEe eIre aBa 00CToATeNbCTBA. Bo-epBbhIX, OHA MO BO3MOXKHOCTH H30EraeT meda-
TaTh CKOOKH, CJI€ysi COIJIAIEHUIO O TOM, YTO IMPUMEHEHHE MMPaBO-aCCOIUATHBHO,
a Tena abcrpakiuil IPOCTUPAIOTCH HACKOJIBKO BO3MOXKHO BIpaBo. Bo-BTopbix, oHa
nopoxgaer Komauael popmaruposanus a1 OCaml-6ubanorekn Format — HE3-
KOYPOBHEBOI'O MOIYJISA Kpacusol newamu (pretty printing), KOTOpbI OTpUHUMAET
peleHruda O nepeBoax CTPOK M OTCTyIaxX.

7.2. CaBur m 1oJCTaHOBKAa

Oupenenenue casura (6.2.1) nepesomurcsa na OCaml npakTHYeCKU HOCUMBOIIb-
HO.

let termShift d t =
let rec walk ¢ t = match t with
TmVar (fi,x,n) —» if x>=c then TmVar (fi,x+d,n+d)
else TmVar (fi,x,n+d)
| TmAbs (fi,x,tl) — TmAbs(fi, x, walk (c+1) t1)
| TmApp (fi,t1,t2) — TmApp(fi, walk c t1, walk c t2)
in walk 0 t
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Buyrpennuii cisur 19 (t) 31ech npejicrasien BbI30B0M BHy TpenHeil dbynKnun walk
c t. Ilockonbky d He MeHsiercs, HET HYy Kbl LIE€PEIABATH €€ B KaK/blil BbHI30OB
walk: KOrga 3TO TpebyeTcs B BapUAHTE C MEPEMEHHONW BHYTpW walk, MBI MPOCTO
ucnosb3yeM BHemmHee casbiBanme d. Casur Bepxmero yposms 19 (t) npezmcras-
ngercsa Boipaxkennem termShift d t. (Bamerum, uro cama dyukius termShift
He IIOMe4YeHa KaK PEKypCHUBHadA, IIOCKOJIbKY €€ eJUHCTBEHHad 3a/iada — OJIMH pa3
BbI3bIBaTH Walk.)

Anasornyno, GyHKIHSA MOJACTAHOBKY TIOJIYYaeTCs MOYTH HAIPIMYIO U3 OIMpe-
nesienns 6.2.4:

let termSubst j s t =
let rec walk ¢ t = match t with
TmVar (fi,x,n) — if x=j+c then termShift c s else TmVar(fi,x,n)
| TmAbs (fi,x,t1) —» TmAbs(fi, x, walk (c+1) t1)
| TmApp (fi,t1,t2) — TmApp(fi, walk c t1, walk c t2)
in walk 0 t

IMoxcranoBka [j +— s]t Tepma s BMECTO [IEPEMEHHOI C HOMEPOM j B TepMe t 3aiu-
CHIBAETCs 371eCh B Buje termSubst j s t. Exunrcreennoe orsimvme or mCXOmMHOIO
olpe/ieJIeHUs 110/ICTAHOBKU COCTOUT B TOM, YTO BECh CABUI' S LIPOU3BOJUTCA Cpa3y,
B BeTBU TmVar, BMECTO TOTO, 9TOOBI CIBUTATH S HA, €IUHUILY TPHU KAYKIOM MTPOXOIE
qepe3 cBa3bIiBanue. [Ipw 3TOM mosrydaeTcs, 9To apTyMeHT j BO BCeX BbI30BaxX walk
OJIMH U TOT K€, U BO BHYTPEHHEM OIpPeIeIeHUN er0 MOXKHO OIYCTHUTb.

YuraTeab MOXKET 3aMEeTUTh, UTO Onpe/iesenns termShift u termSubst BechbMa
IIOXO0XKH, U OTJIMYAIOTCH TOJIBKO JefiCTBHeM, IPOU3BOJUMBIM, KOILJA IIPOIECC J10-
cruraer nepemennoit. urepnperarop untyped, nmeromuiicss Ha BeO-caiiTe KHUATH,
KCIIOJIb3YeT 3TO CXOJCTBO U BbIpasKaeT KakK CJBUL, TaK U 110/ICTAHOBKY B KadecTse
JaCTHBIX CiIy4uaeB Oosiee obmmeit ¢dbyukimn tmmap. Ilpunuvas Tepm t u OyHKINO
onvar, tmmap onvar t BBIZAET TepM TO# 2Ke (OPMBI, ITO t, B KOTOPOM KarKIast
mepeMeHHas 3aMEHEHA Ha PEe3yJIbTaT BbI30BA onvar OT ITOH mepemenHoil. B 60-
Jlee KPYIHBIX MCYHUCJIEHUSAX TAKON mpuem m30aBiiser HAC OT JIOBOJIBHO OOJIBIIIOrO
KOJIMYECTBA TIOBTOPEHUil; MOnIpoOHOCTH MOXKHO Haiitu B §25.2.

ExuncrBennoe MecTo B OnepanuoHHON CeMaHTUKE JsMO/1a-UCIUCIEHUs, B KO-
TOPOM HCIIOJIB3YETCs IIOJACTAHOBKA — 3TO HpaBuio bera-peaykimu. Kak mbr yxe
3aMedaJn, 3TO MPaBUJIO HA CAMOM Jejie IPOM3BOAUT HECKOJIBKO ONepaluii: TepM,
MO/ICTABJIAEMBIIl BMECTO CBA3AHHON IIEPEeMEHHON, CHAYaJja CABUTACTCA HA €IUHU-
Iy BBEPX, & 3aT€M pE3YJIbTAT CABUTAETCS HA €AWHUILy BHU3, YTOOBI OTPA3UTH UC-
YE3HOBEHWE HCIOJIB30BAHHON CBsi3aHHON mepementoi. Cremyioriee ompeaeneHue
OIIUCBIBAET 3Ty IIOCIEA0BATEJIbHOCTD JICHCTBUNA:

let termSubstTop s t =
termShift (-1) (termSubst 0 (termShift 1 s) t)

7.3. Bpruaucienue

Kaxk u B ritaBe 4, pyHKIINS BBIYUCIEHUS 3aBUCAT OT BCIIOMOTATEIHHOTO TIPEIH-
KaTa isval:

let rec isval ctx t = match t with
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TmAbs (_,_,_) —> true
| _—> false

DyHKIMS OHOMIAIOBOI'O BbIYUCJIEHUS [IPSAMO KOAUPYET [IPABUIIA BbIUYUCIEHUS, HO
pHA 3TOM, IOMUMO TEPMA, MPUHUMAET JIONMOJHUTEIbHBIM apryMEHTOM KOHTEKCT
ctx. B nameii ooimemntaeit Gyakmun evall 3TOT KOHTEKCT HE HCIOJIb3YETCS, HO
HEKOTOpPbIe 60JIee CIIOKHBIE BBIYUCIUTENN B TMOCIEIYIOIMNX I1aBax OyAyT K HeMy
0OpAIIATHCS.

let rec evall ctx t = match t with
TmApp (fi,TmAbs (_,x,t12),v2) when isval ctx v2 —
termSubstTop v2 t12
| TmApp(fi,vl,t2) when isval ctx vl —
let t2’ = evall ctx t2 in
TmApp (fi, vl, t27)
| TmApp(fi,t1,t2) —

let t1’ = evall ctx tl1 in
TmApp (fi, t1°, t2)
| _ —

raise NoRuleApplies

OyHKIINS MHOTOIIATOBOTO BBIYMCIEHUS TaKas ¥Ke, KaK PAaHbIIe, 33 NCKIIOYEHNEM
apryMeHTa ctx:

let rec eval ctx t =
try let t’ = evall ctx t
in eval ctx t’
with NoRuleApplies — t

Vipaxuenue 7.3.1 [PEKOMEHJIVETCS, k % % —]: Hamenume peasusayuro max,
YIMoObL OHA UCTIOABI0BAAE CTIUND BBIYUCAEHUA C <DOADULUM WaA2OM>, 66€0EHHLT 6
ynpasicnenuu 3.5.17.

7.4. JlonmoJsiHUTEJIbHBbIE 3aMEYAHUS

Peanuzammsa mocTaHOBOK, TPEICTABIEHHAS B 3TOH TyIaBe, XOTAd M JOCTATOY-
Ha JJId IeJieil Hallell KHWTH, HO JajieKa OT uieasia. B dacTtHoCcTH, TPaBuio bera-
PEAYKIMUY B HallleM HHTEPIPeTaTope «IHEePIUYHO» IIOJICTaBjideT 3HadeHue apry-
MEHTa, BMECTO CBA3AHHOH TEPEMEHHO# B Tese mponeaypbl. NuTepnperaropsl (u
KOMIUJIATOPBI) (PYHKIMOHATIBHBIX S3BIKOB, KOTOPBIE ONTHUMU3UPYIOT CKOPOCTH, a
HE MPOCTOTY YTEHWS KO/, MCIOJb3YIOT APYTYI0 CTPATETWI0: BMECTO TOTO, ITOOBI
MPOM3BO/IUTH MOACTAHOBKY, OHU IIPOCTO 3AMMKUCHIBAIOT WH(MOPMAIHIO O CBA3U MEXK-
Jly IMEHEM IleDEMEHHOH U 3HadYeHueM apryMeHTa BO BCIIOMOraTebHOR CTPYKType
JIAHHbIX, HA3bIBAEMOIl oxpyorcenuem (environment), u sra CIPyKTypa LeEpeLaeT-
Cs BMECTE C BBIYUCJIIeMbIM TepMoM. IIpm obpaleHnn K MepeMeHHOW MblI HIEM
ee 3HAUYEHWE B TEKYIEM OKpY:KeHuU. TaKyio CTpaTerwio MOKHO CMOJETUPOBATH,
€CJIM PACCMATPHUBATH OKPYXKEHHE KakK CBOEro poja #Aéhyto nodcmanosky (explicit
substitution) — T. e., mepeBecTU MEXaHU3M MOJACTAHOBKU U3 METAA3bIKA B 00bEKT-
HbII #3BIK, C/IEJIATh €ro 4acThi0 CUHMAKCUCE TEPMOB, C KOTOPbIMEA PabOTaeT BbI-
YUCIUTENh, a He BHEINTHEH orepalineii Ha TepMax. SIBHbIE MOACTAHOBKY TIOSBUINCH
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B uccaenopanuu Abanu, Kapuenu, Kypuena u Jlesu (Abadi, Cardelli, Curien,
and Lévy, 1991a) u crauu ¢ rex 1op aKTuBHO# 06/1aCTbI0 UCCIIEOBAHMIA.

Ecau BB 9T0-TO peasnn3oBain B
IporpaMmMe, 3TO elle He 3HAMUT,
9TO BBI 3TO IIOHHAJINA.

Bpaitan Kanrsenn Cvur
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Yacte 11

IIpocTbie TUNBI
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I'maBa 8

TunusupoBannble
apudMeTniecKne BhIparKeHUd

B rniaBe 3 MbI ¢ IOMOIIBIO TPOCTOrO A3bIKA OyJI€BCKUX U apUpPMeTHIeCKuX BbI-
pPaKeHUi TPOAEMOHCTPUPOBAIN OCHOBHBIE MHCTPYMEHTHI JJIsi TOYHOTO OMUCAHWS
CUHTAKCHUCA W BbIYUC/IeHnit. Ternepb MbI BEDHEMCS K 9TOMY SI3BIKY ¥ JOITOJTHUM €r0
crarmdecknmu tunavu. Kak u B riase 3, cama 1mo cede CHCTeMa TUIIOB COBEPIIIEH-
HO TPUBHAJTBHA, OJHAKO OHA MMOMOXKET HAM TIO3HAKOMUTHCS € TIOHATUSIME, KOTOPBIE
3areM OyJIyT MCIOJb30BATHCA HA MPOTIKEHUU BCEH KHUTH.

8.1. Tunbi

Hamomuanm cuaTakcuc apudMETHIeCKIUX BhIPAYKEHUN:

t u= mepmbot:
true KOHCMARMA <UCTNURG»
false KOHCTMARMA <A0HCH»
if t then t else t YCAOBHOE 6BIPAAHCEHUE
0 KOHCMARMA <HONb>
succ t caedyroulee wucao
pred t npedvidyulee WUCAo
iszero t nPo6ePKa Ha HONAb

B rnase 3 mmr BueJ/Id, 9TO IIPH BBIYUCJICHHU TE€PMa MOXKET b0 TOJIYIUTHCA
3Ha4Y€HHe:

Cucrema, u3ydaeMas B 3TOH TTaBe — THIM3NPOBAHHOE HCYUCIEHHE OYNEBCKUX 3HAYCHUH U
aunces (puc. 8.2). CoorBercraytomas peanusanus Ha OCaml HazeiBaeTcs tyarith.
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v = ... 3HAYEHUSA:
true KOHCMAHMA <UCTNUHA>
false KOHCMAHMA <AO0HCH >
nv YUCAOB0E 3HAYEHUE

nv = ... YUCAOBBLE 3HAYEHUA:
0 HYAEB0E 3HAUEHUE

sSucc nv  3HaueHUe-nocAedosament

Jin0b0O BBIYKCIIEHUE MOXKET HA KAKOM-TO Iare 3aiTu B MYNUK, HATKHYBIIUCH HA
TepM BpoJie pred false, K KOTOPOMY He TPUMEHNMBI HUKAKHWE MPAaBUJIIA.

TymukOBbIE TEPMBI COOTBETCTBYIOT OECCMBICIIEHHBIM WJIM OIMTHOOYHBIM IPO-
rpammam. [loaTomy, Mbr xOTEIM OBl MMETH BO3MOXKHOCTH YIOCTOBEPUTHCS B TOM,
9TO BBIYUCJIEHHE JAHHOTO TepMa HABEPHSAKA He 3aiidem B TYNUK, HE MPOW3BOJA
camo Bbraucsenue. s 3T0ro Mbl JOJKHBI YMETh OTJINYATH TEPMbI, 3HAYEHUE KO-
TOPBIX OyJer Yuc/I0BbIM (LOCKOJIbKY TOJILKO TH TEPMbl MOL'YT UCLOJIb30BATbCS B
Ka4ecTBe apryMEeHTOB [Jjif pred, SucC U 1szero) OT TeX, 3HAYEHUE KOTOPBIX OyIeT
Oy/IeBCKUM (TOJIBKO TAKHE TEPMbI MOI'YT CJIY?KUTh YCJIOBUEM B YCJIOBHOM BbIpazKe-
uun). Jng rakoit kiaccudukanyuu TepMOB Mbl BBOAMM JBa muna, Nat u Bool. Ha
MPOTsKEeHNH Beel Kuuru meranepemennnse S, T, U n 1. . 6yayT 0603HAYATD THIIHL.

VrBepxkienue «repMm t umeer tui T» (I/IJ'[I/I «t upuHaJIeKuT Tany Ty, nim «t
ABJISAETCA 3JIeMEHTOM T» ) 03HAYAET, UTO t «OUEBUIHBIM 00Pa30M» JaeT TIPU BHIUUC-
JIEHUW 3HAYEHUe HyKHOT'O BUA — IIPU STOM IO, CJIOBAMH «OYEBHIHBIM 00OpPA30M>»
MbI [OIPA3yMEBAEM, UTO IIPOBEPUTH ITO MOKHO cmamuuecku (statically), ne npo-
n3Boas camo Bbramcienue t. Hampumep, Tepm if true then false else true
umeer Tull Bool, a pred (succ (pred (succ 0))) umeer Tun Nat. OnHako Ham
aHaJIu3 TUNOB OYIET KoHcepsamushbim (conservative), To ecTh, OyaeT 00paInaThCs
TOJIPKO K CTaTH4ecKOil mHdopMaImu. ITO 03HAYALT, YTO MbI HE CMOYKEM OIIpesie-
JINTH, UMEIOT Jiu TepMbI Bpoze if (iszero 0) then 0 else false, wiu gaxe if
true then 0 else false Kako#-muOO THII, JaKe MMPH TOM, UTO X BBITUCICHNE
Ha CaMOM Jiejle B TYIUK He 3aXOJIUT.

8.2. OrHoIleHNe TUIIN3aIun

OrHouienue Tunu3anuu s apuMEeTruaeCKiuX BbIPAXKEHUN, 3alUCBIBAEMOE B
Buge' «t : T», ompemenserca HaGOPOM TPABUI BLIBOJA, MTPUCBAMBAIONINX TEp-
MaM THIBI. JDTU MPABUIA mepedncyienst Ha puc. 8.1 u 8.2. Kak u B myiase 3, Mbl
MTOMEIAeM TPABUIA i OyJIeBCKUX 3HAYEHUN W JJis 9UCET HA IBA PA3HBIX PH-
CYHKA, MOCKOJIbKY BIIOCJIEJCTBUYM HAM WHOTL/IA OyJeT HY?KHO CChLJIATHCH HA HUX II0
OT/1eJIbHOCTH.

IIpasuna T-TRUE u T-FALSE #Ha puc. 8.1 npucBanBaroT Oy/I€BCKUM KOHCTAHTAM
true u false Tum Bool. IIpasusno T-IF mpucBamBaeT THI YCIOBHOMY BBIPAKEHUIO
Ha OCHOBAHUM THUIIOB €r0 IOJBBIPAKEHUH: yC/JI0BUE t] JOIKHO IIPU BBIYUCTIEHUU
JlaBaTh OyJeBCKOe 3HAYeHUe, a to U t3 JOJKHBI JaBATh 3HAYEHUsS 00H020 U MO20
ofce Tumna. /Ia ynomunanus meramnepeMeHHoi T BbIPaXKaioT OrpaHuYeHue, COrIac-
HO KOTOPOMY THT pe3yJbTaTa BbIYUCIeHUd if coBMamaeT ¢ TUIIOM BeTBeil then u

lT‘IaCTO BMECTO : HUCHOJIB3YyEeTCsS CUMBOJI €.
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B (munusuposannoe) Pacuwupaem B (3.1)

[ |

Hoevie cunmarcuveckue dopmoe Hosuvie npasuaa munusayuu
T o= MUNbL:
Bool mun 6Yae8cKuT true : Bool
3HaYeHUT

false : Bool

t; : Bool to : T tg ¢ T
if t; then to else tg : T
(T-Ir)

|

Puc. 8.1. IIpaBuia Tunm3anun 15 OysieBckux 3Hadennii (B).

else, upuyeM 10T Tl MOXKeT ObITh J1100biM (1ubo Nat, subo Bool, a rakxKe, KO-
TIa MBI T06EpeMcs 10 UCIUCIEHUH ¢ 6ojiee MHTEPECHBIMI HabOpaMu TUITOB, JII0OO0IT
JIPYTOi THIT).

IIpaBusia myis gucesn na puc. 8.2 UMeOT aHAJIOrUIHbBIM Bua. T-ZERO mpucBan-
Baer koucrauTe O tun Nat. T-SUCC npucBamBaer BbipazkeHuio succ ti tun Nat
TpHu ycaoBun, uTo t1 uMeet tur Nat. Aunamornuno, T-PRED u T-ISZERO rosopsT,
910 pred gaer B pe3yibrare Nat, ecam ero aprymenT mMeer tun Nat, a iszero
JaeT pe3yJsbrar Tuna Bool npu aprymente tumna Nat.

Ompenenerue 8.2.1 C dopmasvnoltt mouwku 3penus, OTHOIIEHHUE THUITA3AIUN
(typing relation) dasn apudmemuyeckur evpasicenuis — Mo Haumenvuiee bunap-
HOE OMHOWEHUE MEHCIY MEPMAMY U MUNAMU, YIOBAEMBOPAIOULEE BCEM TUPABUAAM
¢ puc. 8.1 u 8.2. Tepm t asasemcs tunusupyembiM (typable) (uau KOPPEKTHO TH-
nu3upoBaHHbIM, well-typed), ecau cywecmeyem mun T maxot, wmo t : T.

B paccyxaeHunsax o6 OTHONIEHUSAX THIU3AIMH MbI 9acTO OyIeM JAeaaTh yTBep-
xJerus Bpoze «EKcim TepM Bujia succ ty uMeer Kakoi-HuOy b TUIL, TO ITO JOJZKEH
ObrTh TH Nats. Hukecnenyromas jemma gaer HaM HAOOP YTBEPXKIEHUH TAKOTO
Buma. Kaxk/ioe m3 HUX HEMEJIEHHO CJIeayeT 3 (pOpMBbI COOTBETCTBYIOIIETO TTPABH-
J1a TUITH3AIIH.

Jlemma 8.2.2 [VIHBEPCUA OTHOLUEHUSA TUIU3ALUAM]:

1. Ecau true : R, mo R = Bool.
2. Fcau false : R, mo R= Bool.
3. Ecau ©f t, then ty else t3 : R, mot; : Bool, t : Ruts : R

4. Fcau 0 : R, mo R = Nat.
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BN (munusuposarnoe) Pacuwupsaem NB (3.2) u 8.1
\ \
Hosuvie cunmakcuveckue $opmoe
T = ... MUNbL: t1 : Nat
N _ (T-Succe)
at  mun HAMYPAALHLLE HUCEA succ t; : Nat
Hosvle npasuia munu3ayuy
t1 : Nat (T p )
SR -FRED
0 : Nat (T-ZERO) pred t; : Nat
t1 : Nat
- (T-IsZERrO)
iszero t; : Bool

|

Puc. 8.2. [IpaBusa Tunuzanuu miga aucea (NB).

5. Ecau succ t1 : R, mo R= Nat u t; : Nat.
6. Ecau pred ty : R, mo R= Nat u t; : Nat.
7. Ecau iszero t; : R, mo R= Bool u t; : Nat.

Joxazameavcmeo: Henocpedemeenno caedyem u3 onpedesenus omHOWEHUSA Mil-
NU3AUUY.

JleMMy 0O WHBEpCHE THUMH3AIUU YaCTO HA3BIBAIOT AEMMOUT O NOPOAHCIEHUU
(generation lemma) st OTHOLIEHMS TUIIM3AIMY, IIOCKOJIbKY OHA [IO3BOJIAET, UMest
BEPHOE yTBEpzK/IEHUE O THUIIE TEPMA, IIOHATH, KAK MOXKHO IIOPOJUTH JI0KA3ATEJIb-
CTBO 9TOr0 yTBEpXKIeHus. JleMMa 00 WHBEPCUU HETOCPEICTBEHHO MPUBOIUT K Pe-
KYPCHUBHOMY aJTOPUTMY, BBIUYHUCISIONIEMY THUIBI TEPMOB, TOCKOJBKY IJIs TepMa
KaxKJI0il CUHTAKCUYIeCKON (hOPMBI OHA TTOKA3bIBAET, KAK BBIYUCJIUTH €ro TUIll (eciu
TAKOBOIl UMeeTCs ), UCXO/s U3 TUIOB ero moarepMoB. Mbl moapobHO paccMOTpUM
9TO yTBEPKJIEHUE B r1ase 9.

Vupaxuerue 8.2.3 [k —»|: Joxascume, wmo 6ce nodmepmo, Munu3upyemozo mep-
Ma MAKIAHCE MUNUSUPYEMBL.

B §3.5 Mbl 1I03HAKOMUJIMCH C IIOHATHEM JEPEBbEB BbIBOJA /i BbIYMCJICHUIA.
Awnanmoruunsiv o6pasoM, depeso 6bsoda munos (typing derivation) npeacrasisier
co00ii 1epeBo, COCTOosIIIEe U3 FKIEMILIIPOB paBu tunusanuu. Kax ot nape (t, T)
B OTHOIIEHHWN THIIM3AIUU COOTBETCTBYET JIEPEBO BLIBOJA TUIIOB C 3aKIIOYEHHEM t

T. Bor, HampuMep, IepeBO BBIBOJA i yTBEp:KIAeHns Tunm3annu «if iszero
O then 0 else pred O : Nat»:

——— T-ZERrO ——— T-ZErO

0 : Nat 0 : Nat

- T-ISZERO — T-ZERO —— T-PRED
iszero 0 : Bool 0 : Nat pred O : Nat

T-Ir

if iszero O then O else pred O : Nat
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Nuaue rosopsi, ymeeporcdenus (statements) — 310 (popMasibHble BHICKA3bIBA-
HUd O THIAX B LPOIPAMMAX, npasusc munuseyuy (typing rules) — 910 umiiu-
Kalluu MEXKJly YTBEPKICHUAMH, a depeva 6buieoda (typing derivations) — moxasza-
TEJIbCTBA, IIOCTPOEHHBIE ¢ ITOMOMIBIO MPABUJI TUIIN3AIAN.

Teopema 8.2.4 [EJAUHCTBEHHOCTb TUIOB]: Besakul mepm t umeem ne boaee
00nozo muna. To ecmo, ecau t munuaupyem, Mo Yy He20 ecMb eJuHCMEeHHbLT
mun. Boaee mozo, ecmb moavko odun cnocob eweecmu Imom mun ¢ NOMOULbIO
npasuna puc. 8.1 u 8.2.

oxazamensvcmeo: Ipamosunetinas cmpykmypras undyrkyua no t. B xaocdom
BAPUAHINE UCTIOAL3YEMCA COOMBEMCMBYIOULLE YMBEEPAHCICHUE AEMMbL UHBEPCUL U
NPeInosoMHceHUE UHIYKUUL.

B mpocroit cucreme THIIOB, ¢ KOTOPOiT MbI paboTaeM B 3TOM IVIaBe, y KaxKI0TO
TepMa TOJILKO OJMH THUIl (€CJM TULL Y HEro BOOOLLE eCTb), U Jlsl LOATBEPIK AeHMs
3TOTO BCETJA eCTh BCEr0 OIHO JiepeBO BhIBoAa. [lo3iKe, ckaykem B TyiaBe 15, KO-
Ta MbI J00epeMCs 0 CUCTEM C TMOATHUMIAMU, 00a ITUX CBOUCTBA OyIyT OCIa0IeHbI:
ONMH T€PM MOXKET MMEeTh HECKOJHKO THUIIOB, U B OOIIEM CIydIae MOMKET CYIIEeCTBO-
BaTh HECKOJIBKO CIIOCODOB JOKA3ATEIbCTBA YTBEPIKICHNSI O TOM, ITO JAHHBINA TepM
uMeeT JAHHBIA THIL.

CBoiicTBa OTHOIIEHUS TUMU3ANUUA YACTO OYIyT MAOKA3BIBATHCS TPHU MTOMOIIA
WHJYKIIMNA Ha JIEPEBbsX BBIBOJA THIIOB, TaK K€, KAK CBOWCTBA OTHOIIEHUS BbI-
quCIeHns OObITHO JTOKA3BIBAIOTCA MHIYKIIMEH HA JAePeBbIX BLIBOJIA, BBIYHC/ICHUSI.
Haumnasa co ciemyroriero pasaesnaa, Mbl BCTPETUM MHOTO MPUMEPOB WHIYKITUU Ha,
JEPEBbSIX BBIBOMA THUITOB.

8.3. DBe3zomacHocTh — INpoABUXKEHNE | COXpPaHEHUE

OcHoBHOE cBO#CTBO HarMel (1 1060 IPYTOit) CHCTEMBI THIIOB — 6E30MaCHOCMb
(Tak:ke HazbIBaeMas koppexmuocmoto (soundness)): MPaBUIBHO THITH3NPOBAHHBIE
TEPMBI «HUKOTJa HE JIOMaIOTCA». MBI y2Ke JOrOBOPUIHCH O hOpMalnu3aliy IOHH-
THA «IOJIOMKHU» T€PMa: 3TO 3HAYUT, 9YTO T€PM OKA3AICA B «TYIHKOBOM COCTOAHUH>
(Oupepnesienue 3.5.15), B KOTOPOM TE€PM HE SBJILETCH OKOHYATEIbHBIM 3HAYEHUEM,
HO TPAaBUJIa BBIUUCJIEHUS HUYETO HE TOBOPAT O TOM, UTO C HUM JejIaTh JAJIbIIe.
CilenoBaTeIbHO, MBI XOTHM OBITH YBEPEHBI B TOM, YTO IPABHJILHO THIN3UPOBAH-
HbIe TePMbI HUKOI/Ia He OKa3bIBAIOTCA B TynuKe. MbI JOKa3bIBAEM 3TO B JBA IIara,
KOTODBIE TPAJUIMOHHO HA3BIBAIOT TEOPEMAMH Npodeusicenus (Progress) u corpa-
nenus (preservation).?

IIpodsuorcenue: IIpaBuibHO TUNM3WPOBAHHBIN TEPM HE MOXKET OBIThH
TYIUKOBbIM (Ji10O0 3TO 3HAYeHUE, JIUOO OH MOXKET IIPOJENATh CIEIYIO-
il war B COOTBETCTBUU C [IPABUJIAMY BbIYUCJIEHUS ).

2 JTosyHT «6€30MaCHOCTb — 3TO IPOJBHKEHHE ILTIOC COXPAHEHHe» (C HCHOIb30BAHUEM JIeM-
MBI 0 KAHOHHIeCKUX dopMax) ObL1 chopMynupoBan XapnepoMm; BAPUAHT TOTO Ke JO3YHTa GBI
npeagoxken Patitom nu @esneiicenom (Wright and Felleisen, 1994).

)

—sourcefile— 113 Rev: —revision—, November 28, 2010



114 8.3. BesomacHOCTh = MpOJABHXKEHHE + COXPAHEHUE

Coxpanenue: Eciu IpaBIIbHO THIM3HPOBAHHBIH TEPM IPOIeIbIBA-
er 1Iar BLIYMCICHUH, HOJLY YafOIMiICa TepM TAKKe IPABUILHO THIIM3H-
posan.?

Bwmecte sTtu nBa cBoiicTBa rapaHTHPYIOT, YTO MPABUIBHO TUMW3WPOBAHHBIA TEPM
HUKOIZI3 HE NOIaJeT B TYIUK B IIPOLECCe BBIYUCJICHUS.

Jas moKazaresbCTBA TEOPEMbI O TMPOJABMYKEHNN YIOOHO 3aMUCcaTh HECKOIHKO
YTBEPXKJIEHWUI O BO3MOXKHOM BuJe kanonudeckur @opm (canonical forms) tunos
Bool u Nat (T. e., IpaBUJIbHO TUNM3UPOBAHHBIX 3HAUECHUAX ITUX THUIIOB).

Jlemma 8.3.1 [KAHOHUYECKUE ®OPMBI]:
1. Ecau v — 3nauenue muna Bool, mo v pasno aubo true, aubo false.

2. Ecau v — 3nauenue muna Nat, mo v ABAAEMCA YWUCAOBBIM 3HAYEHUEM CO-
2AGCHO 2pammamure, npedcmasientotl va puc. 3.2.

Joxasamenvcmeo: Qacmov (1): coeaacno epammamure, npedcmasieHrol HG
puc. 3.1 u 8.2, 3HaueHua 6 IMOM A3bLKE MO2YM UMEMDb Yemovipe Popmol: true,
false, 0 u succ nv, 2de nv — wucaosoe 3navenue. Ilepsvie dea sapuanma nemed-
Aenno darom nam mpebyemoili pesysvmam. /164 0cCmMaBWUTCA HE MOZYM B03HUK-
HYMb, NOCKOALKY U, MO NPEeONoA0AHCEHUI0, umeem mun Bool, a no nynkmam 4 u 5
AEMMBL 00 UHBEPCUU NOAYHAETCA, ¥M0o O U SUCC MY MOZYM UMEMDb MOALKO TUN
Nat, a ne Bool. Yacmov (2) dokasvieaemes aHaN02UNHO.

Teopema 8.3.2 [[IPOJABWKEHUE]: Jonycmum, wmo t — KOPpeKmHo munusupo-
sannvili mepm (mo ecmo, t @ T das nexomopozo muna T). Tozda aubo t asasemcs
sHavenuem, aubo cyuwecmeyem nexomopuitl t', maxot, wmo t — t'.

Zoxazameavcmeo: Hndyxuyus no depesy eweoda t : T. Bapuawmwv T-TRUE,
T-FALSE u T-ZERO darom mpebyemuviii pe3ysbmam HeMeIAerHo, Mak Kak 6 IMUL
CAYNAAT T — 3HA%EHUE. B 0CcmasvHux cayuaax Mo paccysxcoaem max:

Bapuanm T-Ir: t=4f t; then ts else tj3

t1 : Bool to : T t3 : T
Coznacto npednososcenuto uHdyKyuY, Aub0 t1 ABAAEMCA 3HAUEHUEM, AUDO CYUle-
cmeyem mepm t), makot wmo t; — t|. Ecau ty — snavenue, mo, xax caedyem ug
AEMMbBL 0 KAHOHUNECKUT Popmaz, t1 Aeasemces aubo true, aubo false, a caedo-
samenvro, ¥ t mootcno npumenums aubo E-IFTRUE, aubo E-IFFALSE. C dpyeot
cmoponnl, ecau t; — th, mo, no npasuay E-IF, t — 4f t| then ty else ts.

Bapuanm T-Succ: t = succ t; t1 : Nat

Cozaacto npednonosicenuto undyxkyuu, Aubo t1 A6AAEMCA 3HAYEHUEM, AUOO CY-
wecmeyem kaxot-mo t), maxot, wmo t1 — t). Ecau t1 asasemcs 3naveruem,
mo, No AeMMe 0 KGHOHUYECKUT (POPMAT, IMO JOANHCHO ObIMb YUCA0B0E 3HAUEHUE,
a moezda t — moowce 3nauenue. C dpyeoli cmoponwl, ecau t; — t), mo, no npasuay
E-Succ, suce t; — suce tf.

3B 60/IbITMHCTBE PACCMATPHBAEMBIX HAME CHCTEM BBIUHCJICHHE COXPAHAET HE TOJBKO THITH3U-
PYeMOCTh, HO B CaM THI TepMOB. OJHAKO B HEKOTODBIX CHCTEMAX THUIL IPU BBHIYUCJIEHUH MOXKET
MeHsAThCsA. Hampumep, B cucTeMax ¢ moATunaMu (TaaBa 15) THOBI B TIPOTECCE BHIYUCICHAS MOTYT
CTaHOBUTHCs MeHbe (Gosee MHDOPMATHBHBIME).
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Bapuanm T-PRED: t = pred t; t1 : Nat

Cozaacho npednoaosicenuto undyKyuu, Aub0 t1 ABAAEMCA 3HAYEHUEM, AUOO CY-
wecmeyem KaxoU-mo t'l, maxot, wmo t, — t'l. Fcau t1 asasemea 3navenuem,
mo, No AeMMe 0 KGHOHUYECKUTL POPMAT, MO0 JOANHCHO ObIMb YUCAOB0E 3HAUEHUE,
AUu00 0, aubo succ nuy 0A% HEKOMOPO20 Ny, U Mo20a ¥ t NPUMEHUMO 00HO U3
npasus E-PREDZERO usau E-PREDSUCC. Ecau, ¢ dpyzoii cmopons, t1 — ti, mo,
no npasusy E-PRED, pred t; — pred tj.

Bapuarnm T-1SZERO: t = iszero t t1 : Nat
Zloxasveaemes aHan02uNHbIM 00PA3OM.

Jloka3aTeabCcTBO TOTO, YTO THIBI COXPAHAIOTCSA TPU BBIYUCIEHUU, B TOU CH-
cTeMe TakKXKe He IIPeJICTaBJIAeT TPY/Ia.

Teopema 8.3.3 [COXPAHEHUE|: Ecau t : Tut—t, mot' : T
Zoxazameavcmeo: Undykuyusa no depesy svieoda t : T. Ha xascdom waze undyk-
YUY MbL NPEONOAARAEM, YMO ThpPebyemoe c80TCME0 BHNONHACMCA 0AA 6cer nodde-
peeves (m. e, ecaus : Sus— s, mos : S Kxoedas : Sdokazano 6 noddepese
mekyusezo 661600a), U PACCMAMPUBLEM BAPUAHMBL TOCAEOHE20 NPABUAL 6 BbLEOJE
muna (Mol 0eMOHCMPUPYEM AUULL HEKOTNOPBIE U3 BAPUAHINOSE; 0CTMANLHBLE YCTIPO-
EHDL AHANOZUYHO).

Bapuanum T-TRUE: t = true T = Bool

Ecau nocaednee npasuso eveoda — T-TRUE, mo u3 opmv. 9moz0 npasunsa Ham
useecmmo, wmo t — xoncmanwma true, a T — mun Bool. Ho 6 maxom cayuae, t
ABAACTNCA 3HAMEHUEM, TOIMOMY HEE03MONCHO, wMobb. 0AA Kaxozo-aubo t' ume-
a0cv t — t') u mpebosanus meopemv, NPOCMO He MO2YM HAPYULATTbCA.

Bapuanum T-1r: t = 4f t; then ts else tj t1 : Bool to : T t3
: T

Ecau nocaednee npasuno 6 evieode muna — T-1F, mo us dopmor 9mozo npasusa
HaM U3BECMHO, wmo t umeem 6ud if t; then to else t3 daa nexomopwx ty, to
u t3. Kpome mozo, doasichol cyusecmeosams noddepesvs 6vi600a ¢ 34KNMOUEHUAMU
t1 : Bool, to : Tu ty : T. Ilpu 632asde HG NPABUAG BBIYVUCAEHUS, 8 KOTMOPVLT
AE6GA CTMOPOHA TPEACMABAAEM COO0T YCAOBHOE BBIPAACEHUE, Mbl BUIUM TPU NPQ-
6UAA, KOTOPBLE MO2YM npueecmu k sakamovenuio t — t': E-IFTRUE, E-IFFALSE
u E-IF. Paccmompum uzx no omdeavnocmu (kpome E-IFFALSE, xomopoe anano-
2uuno E-IFTRUE):

Ilodsapuanwm E-IFTRUE: t; = true t' = t,

Ecau t — t' emeodumes no npasuary E-IFTRUE, mo us gopmv. 9moz0
npasusa mol 6udum, ¥mo t1 doascen pasnamses true, a Pe3ysbmam
t' doavicen pasnamuvca emopomy nodevpasicenuto to. Caedosamenn-
1o, mpebyemoe ymeeporcoenue OKa3ano, Mak Kak HaM u3eecmmno (u3
npednosooicenuti das sapuarnma T-IF ), wmo to : T, wezo mov. u 006u-
8AEMCA.

Hodsapuanm E-IF: t; — ¢} t'=4f t| then to else t3
U3 npednonooscenuti das eapuanma T-IF nam uszeecmmo, wmo 6 uc-
TodHOM depese 6b6oda ecmb noddepeso ¢ 3axaouenuem t1 ¢ Bool. K
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2Momy noddepesy Mvl MOHCEM NPUMEHUND NPEOINONOHCERUE UHOYKUUU
u noaywums ty : Bool. B cowemanuu ¢ uzeecmuoimu Ham (u3 npeo-
noaooicenuti 0as sapuanma T-1F) ymeeporcdenusmu, wmo to : T u t3
: T, amo daem nam npaso npumenums npasuao T-IF u saxaovumo,
wmo 1f t| then ty else t3 : T, uau, wmo mo owce camoe, t' : T.

Bapuanwm T-ZERO: t = 0 T = Nat
Heegosmootcro (no mem orce npununam, vmo u T-TRUE).

Bapuanwm T-Succ: t = succ ty T = Nat t1 : Nat

Pacemampusasn npasusa 8bluUCAEHUS HE PUC. 3.2, Mbl 8UIUM, %O ECMb TOALKO
00no npasuno, E-Succ, npuzodnoe das eweoda t — t'. Us dopmve smozo npa-
suaa acno, wmo t1 — ti. Iockoavky mol 3naem, wmo t1 : Nat, moL modrcem no
npednososicenuto UHOYKUUL 3aKaouums, wmo ty : Nat, a omcioda, no npasuay
T-Succ, succ t) : Nat, m.e, t' : T

Vupaxuenue 8.3.4 [kk -»]: Ilepecmpotime doxazameavbcmeo max, 4mobv, uH-
JYKUUA BEAGCH HE MO JePEBbAM 6616004 MUNUAUUU, G N0 JepesbAM 6616004 0aA
OMHOULEHUSA, BBLMUCAEHUS.

TeopeMy O COXpPAHEHHH YACTO HA3BIBAIOT TEOPEMOil 0 pedyxuyuu cybsexma
(subject reduction) (unmm o swuucaenuu cybsexma, subject evaluation). Uuryn-
TUBHOE [IPEJICTAB/IEHNUE 3/€Ch 3AKJ/II09aeTCs B TOM, YTO YTBEPXKICHUE O TUITU3AINU
t : T MOXKHO MHTEPIPETHPOBATH KaK MHpeioXKenme «t mmeer tum T». Tepm t
ABJsiercs nojyexkanmM (CyObeKTOM) 9TOro IPeJIOKEeHUs, U CBOMCTBO PelyKIuu
cyObeKTa TOBOPUT B TAKOM CIIy4dae, 9TO MCTUHHOCTH MPEIJIOKEHUS COXPAHIETCS
TIPU PEyKIINN CYyObeKTa.

B oTInYne OT €ANHCTBEHHOCTU THUIIOB, KOTOPAd MPUCYTCTBYET B OOHUX CUCTE-
MaX M OTCYTCTBYET B APYTUX, MPOABUZKECHUE U COXPaHEHUE OCTaHYTCA Ba>KHEHTIIN-
MI TpeOOBAHIAMHE /7T BCEX CHCTEM THIIOB, KOTOPLIe HaM IPECTONT PacCMOTpeTh.

Vupaxuenue 8.3.5 [k]: IIpasuno swnucaernus E-PREDZERO (puc. 5.2) ne coscem
CO2AACYEMCA C UHMYUMUESHM NPEICTNABAECHUEM: KANCEMCS, WMo ObLao bl ecme-
CMEBEHHET CHUMAMD, YMO NPEJUECTNEERHUK HYASL HE ONPEIeseH, 6 HE ONPEIestD
€20 Kax Hoav. Moowcno au dobumuvces, smoezo, npocmo yopas npasuso E-PREDZERO
u3 onpedeseHus 00HOWA206020 BHIHUCACHUA?

Vupaxuenve 8.3.6 [PEKOMEHIYETCH, k%|: Paccmompes ceoticmeo pedyxyuu
cybserma, MOHCHO 340YMAMBCSA 0 MOM, HACKOALKO BBINOAHACMCA 00pamHoe c60T-
cmeo — pacuupenue cybsexma. Bceada au, ecau t — t' u t' : T, eepro, wmo
t : T? Ecau da, dokasicume 3mo; ecau wem, npusedume KOHMPNPuMep.

4CymecTBYIOT S3BIKM, B KOTOPBIX 9TH CBOHCTBA He BBIIOIHSIOTCS, IPUTOM, UTO HX BCE IKe
MOXXHO CYMTATh 0E30MACHBIMHU C TOYKH 3peHud TUnos. Hampumep, npu (opmainsanuu onepa-
HOHHOM cemanTHKU Java B ctuie ¢ Manbim maroM (Flatt, Krishnamurthi, and Felleisen, 1998a;
Igarashi, Pierce, and Wadler, 1999), coxpanenue THIOB B OHHCAHHOH 31€Ch (HPOPME OTCYTCTByeT
(moxpobuocTu cM. B raase 19). OnHAKO 5T0 0GCTOATENBCTBO CJIELyeT PACCMAaTPUBATL KAaK 0CO-
GEHHOCTH KOHKPETHOTO TOX0/a K (hOPMATU3AINY, 8 HE KAK JAeMEKT CaMOro si3bIKa, MOCKOJIBKY
OHA HCYUE3aeT, HAIPUMED, IPU IEPEeX0e K CEMAHTUKE C OOJIBIIMM IITATOM.
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Vupaxuernue 8.3.7 [PEKOMEHAYVETCH, k% |: Jonycmum, wmo nawe omuowenue
BHLYUCAEHUSA ONPEJEAEHO 8 CINUAE € DOALUWUM ULG20M, KAK 6 YynpadtcHenuu 3.5.17.
Kax 6 maxom cayuae wysicno Gopmasu3osams uHmMYumueHoe ce0ticmaeo beszonac-
HoCcmu munos?

Vupaxuerue 8.3.8 [PEKOMEHAYVETCH, k% |: Jonycmum, wmo nawe omuowenue
BbLYUCAEHUA PACUUPEHO MAK, 4MOOBL BECCMBLCALHHBLE TEPMBL CBOOUAUCD K AGHOMY
COCTNOARUN Wrong, Kak 6 ynpaschenuyu 3.5.16. Kak 6 amom cayyae Popmasu3o-
6amb 6e30NaAcCHOCMb MUNOE?

IIyTe oT GecTumoBhix cucTeM K
TUNU3UPOBAHHBIM ObLJI IIPOHIEH
MHOTOKPATHO, B PA3JIMIHBIX

00/1acTaX 3HAHUSA W, BO MHOTOM,
110 OJHUM M TE€M K€ IIPHYUHAM.

JIyka Kapnemnmm u [Tutep Bernep
(Cardelli and Wegner, 1985)
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I'maBa 9

IIpocToe Tnnu3npoBaHHOE
JIIMOIa-NCYNCJIeHIE

B sr10i#t riaBe BBOAUTCS CAMBIM IIPOCTOI IPEICTABUTENH CEMEHCTBA THUIIN3U-
POBAHHBIX UCYUCJIEHWII, KOTOPBIE MBI OyIeM M3yd4aTh B OCTABIIENCS YACTH KHU-
I'M: IPOCTOE TUIU3UPOBaHHOE JiaMOaa-ucuuciaenue Yépua (Church, 1940) u Kappu
(Curry and Feys, 1958).

9.1. Tuner dyHKIMIA

B rnaBe 8 MBI Onpeseansn MpoCTy0 CTATHYIECKYIO CUCTEMY THIOB st apud-
METHYECKUX BBIPAXKEHUU C JBYMs THUIIAMH: TUIIOM Bool, KOTOpDBIII OTHOCUTCA K
TepMaM, BBIYUCIEHUE KOTOPBIX JaeT OyIeBCKue 3Ha4YeHus, u TUoM Nat, KOTopbIii
OTHOCHTCSI K TepMaM, IPU BBIYUCJIEHUN KOTOPBIX MOJydaloTcs ducia. K «mioxo
TUIIM3UPOBAHHBIM» TepMaM, He II0/I1a/IaI0IUM HU 110/ OJIUH U3 ITUX TUIIOB, OT-
HOCATCS BCe TePMbI, KOTOPBIE IPU BBIYUCJIEHUN MONAJAI0OT B TYIUKOBOE COCTOSHUE
(mampumep, if 0 then 1 else 2), a TakyKe HEKOTOPbIE TEPMbI, KOTOPBIE HA Ca-
MOM JieJie NIPU BBIMUCIEHUN BeayT ce0si KOPPEKTHO, HO JJIsi KOTOPBIX HAllla CTATH-
Jyeckasi KiaccuduKalms OKa3blBAETCs CIMIIKOM KECTKOM (ckaxkeM, if true then
0 else false).

IIpenmonoxum, 9T0 HAM HY2KHO [IOCTPOUTH HOJO00HYIO CUCTEMY THUIIOB JIJIs A3bI-
Ka, B KOTOPOM OyJIeBCKHUE 3HAYEeHUs (J1JIsI KPATKOCTH B 9TOi IJIaBe MbI 3a0y1eM PO
YHUCIIa) COUETAIOTCA ¢ IPUMUTUBAMHA YUCTOTO JIAMOIA-UCIUCTCHUsT. A UMEHHO, MBI
XOTUM BBECTH IPABUJIA TUIH3AINN JJIsI TEPEMEHHBIX, abCTPAKIIN 1 IpUMEHeHU i,
KOTODbIE &) MOJEPKUBAIOT TUIIOBYIO 0E30I1aCHOCTb — T. €. YJAOBJIETBOPSIOT TEO-
pemam o npoasukenun (8.3.2) u coxpanenun (8.3.3), u npu 3TOM 0) HE CJIHUIIKOM
KOHCEPBATUBHBI, T. €. [I0JKHbI YMETh IPUCBAUBATH THUIIbI OOJIBIINHCTBY [IPOIPAMM,
KOTOpBIE HAM Ha CAMOM JeJie XOTeJI0Ch Obl HANCATh.

Pasymeercst, mOCKOIBKY 4nCTOE JIAMOIA-UCTUCIEHNE TOJTHO MO T HIOPUHTY, MbI
HE MOXKEM JazKe H3IeAThCA, 9TO HaM yIACTCA IPOBECTU TMOYHbLT AHAJIA3 TUIIOB JIJId

B 970i1 raBe u3yvaercsa npocToe TUIH3UPOBAHHOE NamMbaa-ucuucaenne (puc. 9.1) ¢ 6ynescku-
mu 3HaueHusiMu (puc. 8.1). CoorBercrByomas peanmsanus ra OCaml maseBaercs fullsimple.
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BCex npuMuTuBOB. Hanpumep, HeT HUKAKOrO HAJEXKHOIO CIIO0CODa MOHATH, BO3BPa-
[1aeT Jiy IporpaMmma

if <gmomroe um ciaoxHoe BhuHMCIeHHe> then true else (Ax.x)

OyseBCKOe 3HaYeHne uin (PyHKIUIO, HE 3aMyCTUB CHAYAIA ITO JOJITOe U CIIOKHOE
BBIUHCJIEHUE U HE IOCMOTPEB, BHIJAJIO JIM OHO MCTUHHOE WJIU JIOXKHOEe 3Hadenue. B
o0ITIeM CIydae, JOJITOe M CJIOYKHOE BHIYHUCIEHNE MOXKET BOODIIE He 3aBEpIUThCS, U
TOT/Ia BCAKHIT BBIYUCINTENH, KOTOPBIN MOMBITAETCA TOYHO NMPEJICKA3aTh €ro UCXO,
TO2KE€ HUKOI/Ia He BBIJACT PE3yJIbTaTa.

fcHo, 9TO ecii MBI XOTHM PACIIUPUTEH CUCTEMY THIIOB C OYJIE€BCKUMHU 3HAUE-
HUSMU W J00ABUTH K Hel (DYHKIMH, TO HAM HYXKHO BBECTH TWII, OTHOCAIIUNCST K
TepMaM, BBIYHUCJIEHNE KOTOPBIX JaeT B pe3ysabrare ¢yukimio. B kagecrse mepBo-
ro npubiauzKeHus HA30BeM 3TOT Tuill — («cTpeskas). Eciu Mbl BBeJeM IpaBuio
TUNIU3AIUN

Ax.t @ —

JTAIOITIee BCSIKON A-a0CTPAKIUK THIT —, TO MbI MOXKEM KJIACCH(DUIINPOBATH MIPOCTHIE
TepPMBbI, HAIPHEMEP AX.X, a TaKKe CI0XKHBIe, HanmpuMep if true then (Ax.true)
else (Ax.Ay.y), KaK BO3BpAIIAIONIHE [IPU BbIYUCIEHUHN (DYHKIHIO.

Opnako Tako#t TpyObIii aHAIW3 SBHO 4YEpPECYyp KOHCEPBATHUBEH: HAPUMED,
dyuknpun Ax.true u Ax.\y.y HOIAJAOT B OJIHY IPYIIIY U TOJIy4YaiOT OJIUH U TOT
ke tum. [Ipu 3Tom urHopupyercs ToT (pakT, YTO IpUMEHEHne OTHOW (PYHKIUH K
aprymeHTy naer OyJeBCKOe 3HAa4YeHue, a IPUMEHEHHUe [IPYroil CHOBa Jaer (yHK-
nuto. B obmem caydae, 9T00BI TPUAATH OCMBICJIEHHBIH THI PE3yJIBTATy TPUMEHE-
HUsI, HY?KHO HE TPOCTO 3HATH, YTO €ro JIeBasi 4acTh — (DYHKIWS; HYXKHO 3HATH,
KaKo# MMEeHHO Tun dTa (pyHKIMa BO3Bpamaer. bojsee Toro, 9robbl ObITH yBEpPEH-
HbIMA, 9TO (byHKIUA mOBemeT cebs MPABUIBLHO IPU BHI3OBE, HYKHO BBISCHUTD,
apryMeHThl KaKOTO THIa OHA oxkumaeT. s cObopa 3Toi mHbOpMAIUN MBI 3aMe-
HfEM IIPOCTON THI — OECKOHEYHBIM CeMefcTBOM THIOB Buiaa T; — To, KaxKIbIit
U3 KOTOPBIX OMUCHIBAET (DYHKIINH, KOTOPbIE MPWHUMAIOT apryMeHThl Tuma Ti u
BO3BPAILAIOT PE3yJIbTaThl TULA To.

Oupenenenue 9.1.1 Muoowcecmeo upocrbix Tunos (simple types) na ocnose muna
Bool nopootcdaemcs caedyrowets epammamurots;

T == MUNGL:
Bool mun bYyae6ckuxr 3HaveHull
T—>T mun PyHKYuG

Koncrpykrop tunos (type constructor) — npaco-accouuamueen, mo ecmo 6bpa-
orcenue Ty — Ty — T3 obosnavaem Ty — (To — T3).

Hampuwmep, Bool — Bool — 310 Tun QyHKIHiT, TEPEBOAANINX OYIEBCKUE apTy-
MeHTHI B OyneBckue pe3ynbratbl. (Bool — Bool) — (Bool — Bool), mim, 9TO
TO XxKe camoe, (Bool — Bool) — Bool — Bool — 310 Tun (QyHKIWHA, TPUAHN-
Marmomux GYyHKIUH, epeBodinue OyjIeBCcKue 3Ha4eHns B OyJeBCKHUe 3HAYEHUs, U
BO3BPAIIAIOIINX TaKWe ke (DYHKIINHU.
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9.2. OrTHOIIIEHUE TUIIN3AIUN

Y061 opeaenTh THI aOCTPAKITNN BUIA AX . t, HY?KHO MOHSITh, YTO CJIYIUTCS,
KOT/Ia 3Ta abCTpakIus OymIeT mpuMeHeHa K KakoMy-aubo aprymenty. Hememrenno
BO3BHHMKAET BOMPOC: OTKY/IA Mbl 3HAEM, aPI'yMEHTOB KAKOI'O TUIIA CJEYET OKUIAThH T
Ha sToT BOIpOC BO3MOXKHBI 1B, OTBETA: JIMOO MBI TTPOCTO TIOMEYaeM A-abCTPAKITHIO
THUTIOM OXKWAEMOT0 aPryMeHTa, JIX00 MBI AHAJIU3UPYEM €€ TEJI0, CMOTPHUM, KaK UC-
MOI3YeTCsT B HEM APTyMEHT, U TBITAEMCH OMPEIEINTh, KAKOTO THUIA OH JIOJIYKEH
6biTh. Ceituac Mbl BbIOMpaeM mepBblit BapuaHT. BMecTo Bhipazkenusi AX.t Mbl Oy-
aeM nucarb Ax:Ty.to. AHHOTALMS IPU CBA3AHHON II€PEMEHHOI IOBOPUT HAM, YTO
apryMeHT uMmeeT Tum Tj.

SI3bIKM, B KOTOPBIX JJIsT TIOMOIIM TIPOIEIYpPe MPOBEPKU TUIOB HCIIOIb3YIOTCS
AHHOTAIMK Ha TepMaX, HA3bIBAIOTCH A6HO munusuposannvimy (explicitly typed).
SI3bIKuM, The mporpaMma IIPOBEPKHU THUIIOB mbITaeTcs eveecmu (infer) wiu pexon-
cmpyuposams (reconstruct) sty uHbOPMANMIO, HABBIBAIOTCA HEAGHO MUNUSUPO-
sannvimu (implicitly typed). (B sureparype 110 A-MCUUCIEHUIO UCIOIB3YETCs TAK-
JKE TEPMUH CUCTEMbl NPUCEOEHUA Munos, type-assignment systems.) TTo Gombieit
9aCTU B ITON KHUTE PACCMATPUBAIOTCS SBHO TUIM3WPOBAHHBIE S3BIKU; HESBHOM
TUTA3AIUA TOCBAIIEHA TJIaBa 22.

Korma m3BecTeH Tum apryMenTta, siCHO, 9YTO THI pe3yJbTara (PyHKIUU COBIA-
JIAeT C TUIIOM TeJa to, MOTYYEHHBIM UCXOAA U3 MPEIIOIOKEHNS, YTO BXOXK IEHUS
X BHyTpHU to 0003HAYAIOT TepMbI TUNA T1. DTa WHTYUTHUBHAS WIS BBIPAYKAETCSH
CJIeAYIOIIUM [IPABUJIOM THUIIM3AIIN:

x:Ty - t9:To
FAx:Ty.te ¢ Ty — To

(T-ABs)

ITockombKy TEPMBI MOT'YT COIEPKATDH BJIOXKEHHBIE \-abCTPAKIUH, B OOIIEM CIIydae
HaM MPUIETCS TOBOPUTH O HECKOJIBKUX MOMOOHBIX MPEANookeHusx. Takum obpa-
30M, OTHOIIIEHUE TUMHA3AINWY U3 ABYXMECTHOTO, t : T, CTAHOBUTCS TPEXMECTHBIM,
't : T, me I' — mabop mpeamnosokenuit 0 TUmax CBOOOIHBIX TIEPEMEHHBIX B t.

DopmasibHO, Konmekcm munuseyuu (typing context) (rakke Ha3bIBAEMbIi
okpysicenue munusayuu, typing environment) I' npeacrasiser coboil mocienoBa-
TEJIbHOCTH [TEPEMEHHBIX W X THUIIOB, a OEPATOp «3amdrasy pacuupser I, gobas-
Jisist K HEMy cripasa HOBoe cBs3biBanue. Ilycroil konTekcT mHOrga m300parkaercst
CUMBOJIOM &, OJHAKO YAIlle BCErO MBI MPOCTO OMYCKAeM ero u mwuimeM — t : T,
9TO O3HAYAET: «3AMKHYTHINA TepM t umeeT Tum T, UCXOs U3 IIyCTOTO MHOXKECTBA
OPEINOIOXKEHUNA ».

Yro6b! m36€:KaTh KOH(MIUKTOB MKy HOBBIM CBSI3bIBAHHEM W CBA3BIBAHUSIMHU,
yKe MPHUCYTCTBYIOMUMEA B 1', Mbl Tpebyem, 9TOObI UM X OTJINYAJIOCH OT Iepe-
MeHHbIX, ¢Ba3aHHbIX B ['. [TockosibKy y HAC eficTByer coriaieHue, 9To mepeMeH-
HBIE, CBSI3aHHBIE \-aOCTPAKIMSIMU, PA3PEIAETCs TIEPENMEHOBBIBATE, 3TO TpeOOBa-
HU€ BCErJa MOYKHO BBITIOJHUTH, TEPEMMEHOBAB, €CJIA HYKHO, CBI3aHHYIO TEPEMEH-
Hyo. Takum 0Opa3oM, BCerma MOXKHO HPEACTABAATH I KaK KOHEUHYIO (DYHKIIHIO,
MEPEBOIAIIY O TepeMeHHbIe B uX TUIibl. COrIACHO 9TOMY WHTYUTUBHOMY IIPEICTAB-
JIEHUTO, MHOZKECTBO [I€PEMEHHBIX, IPUCYTCTBYIONMX B [') MOXKHO 0003HAYUTH BbI-
paxennem dom(T).
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IIpaBumo g Tunu3aruyu aOCTPAKIH B OOIEM CIydae UMeeT BT

I'x:Ty - t2:To
' Ax:Ty.ty : Ty — To

(T-ABs)

T7e TMPEIMOChLIKA JO0ABISAET €I OHO MPE/MTOJIOKEHNE K TEM MPE/IMTOIOKEHUIM,
9TO YK€ MEePEeYNCIIeHbl B 3aKJII0YEHNN ITPABUJIA.

IIpaBuio Tunm3amuu Ay NEPEMEHHBIX TAKXKE HEMEJIEHHO CJIeyeT U3 STOro
00OCyKIeHHS: THII IEPEMEHHON HOMPOCTY TAKOB, KAK MBI CE{Yac IPeoiaraem.

x : Tel

- (T-VAR)
I'x T

IIpeanocbuika x:T € I' osuagaer: «Cornacuo I', mpenmosaraercs, 4ro X UMeEET
T T».
Haxkomer, aHy>kHO chOPMYyIUPOBATH TPABUJIO TUMHBAIWY IJIsT TPUMEHEHWIA.

'ty : Ty1 — Tio 'ty @ Ti3
'ty tg @ Tqio

(T-App)

Ecnu t1 gaer npu Burauciaennn GyHKIHUIO, IEPEBONAINLYI0 apryMeHThI THIa Ti1 B
pesysbrarbl Tuna Tio (MCXOHS U3 PEIIIOIOKEHUsT, YTO 3HAYEHUS, OOO3HAIAEMbIE
ero cBOOOJHBIMYU IIEPEMEHHBIMY, UMEIOT THIIbL, 3aJaHtbie B '), u ecsiu to gaer upu
BBIUNCJIEHUU PE3yJIbTaT TUMA T11, TO PE3yILTAT MPUMEHEHUs t| K apryMeHTy to
Oymer mmeTh Tut Tis.

[IpaBwia Tunm3anuu 1jis OYJIEBCKUX KOHCTAHT W YCJIOBHBIX BBIPAYKEHUI OCTa-
1orcst 6e3 uzmenenuit (puc. 8.1). 3amerum, oHaKO, 9YTO MeranepeMenHas T B 1pa-
BHJIE JIJIsl YCJIOBHBIX BBIPAzKeHUIA:

I'-t; : Bool 'ty ¢ T I'Ht3 : T
I'—~4if t; then to, else t3 : T

(T-Ir)

TEIIEPb MOZKET 3aMEIaThCA JIIOOBIMU (byHKI_[I/IOHa.HbHBIMI/I TUIIAMHU. DTO IMO3BOJISIET
TUMIU3UPOBATH YCJIOBHBIC BbIPazKE€HUSI, BETBU KOTOPBIX COAEPzKaAT (1)}/'HKI_H/II/ICl

if true themn (Ax:Bool. x) else (Ax:Bool. not x);
> (Ax:Bool. x) : Bool —Bool

Bce sru npasuiia TUnM3anuu cBeeHbl BMecTe Ha puc. 9.1 (M ZOmOJIHEHBI Onu-
CaHUWEeM CHHTAKCHUCA U TPABUJI Bbiuucjenus). CepbiM I[BETOM Ha PHUCYHKE Bbl-
JIeJIeH MaTepuasl, KOTOPbI OTJInYaeT HOBYIO CHCTEMy OT OecTHIoBOro JjsMOma-
HCYUCIEHNsS — KaK HOBbIE IIPABUJIA, TAK U (PPArMEHTbI, J00ABJIEHHBIE K CTAPBIM.
Kak u B ciiyuae ¢ Oy/JIeBCKUMU 3HAYEHUSIMU W YUCIAMY, Mbl pa30MIn Ompesese-
HUE UCYUCJIEHUS Ha JIBE YaCTH: wucmoe (pure) IMpocToe THIU3UPOBAHHOE JIAMOIa-
UCYUC/IeHNE, [/ BOODIE HeT HUKAKUX 0A30BBIX THIOB (OHO M300DPAKEHO Ha ITOM
PHUCYHKE), U OTJAEJIbHbIA HAOOp HpaBuil i OyJeBCKUX 3HAYEHUil, KOTODBIHA MbI
yxe Bujesaun Ha puc. 8.1 (pasymeercs, K KaxKJOMy IIPDABUILY TUIU3ALUK HA ITOM
pucyHKe Hy2KHO a0baBurb kourexkcr I).

1Haumgas ¢ 9TOro MOMEHTAa, B MPHMEPAX IIPOCTOrO B3AMMOIEHCTBHS C MHTEDIIPETATOPAMI
OBBIYHO By/IyT MOKA3aHBI HE TOJBKO PE3YIbTATHI, HO U UX TUIIB (HHOTJA MBI 6yJIeM UX POy CKATD,
€CJIM OHH OYEBHJHBI).
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—  (munusuposannoe) Ocnosano na A(5.3)
{ \
Cunmakcuc Boiuucaernue t ot
t n= mepmbwt.
!
X nepeMEeHHaA ti—t
\ g 6 —,1 (E-AppP1)
x:T.t abcmparyus t1 to > t] to
tt npumMererue
ty — th
—_— (E-ApP2)
v = 3HAYEHUA: vy to > vy ty
A x:T.t 3HaYEHUe-
abcmparyus
(A x:Ti1 . t12) vo =[x — valtio
T o= MUNbL: (E-APPABS)
T > T mun dynpyut | TUnusayua 't T
. . x : Tel
r == KOHMEKCMDL: (T-VAR)
(%] nYcmoUu KoHmexcm FEx o T

I''x:T ceasveanue mepmosod

nepemennot [,x:Ty —ty : Ta

' Ax:Ty.ty : Ty — To
(T-ABS)

'ty : Typ — Tio 'ty @ T1g

'ty tg @ Tyo

(T-App)

|

Puc. 9.1. Yucroe npocroe TunusupoBaHHoe JsgMbaa-ucuucienue (A_,)

Yacro myist 0603HAUEHWST MTPOCTOTO TUIMTH3UPOBAHHOTO JIAMOIA-UCUNCTIEHUS MbI
OyJeM HCII0/Ib30BATh CAMBOJI A_, (MBI OyJeM HCIIOJb30BATH OJUH CUMBOJI JJisl CH-
CTeM C pa3HBIMH HabGopaMu GA30BBIX THIIOB).

Vupaxuerue 9.2.1 [k]: Ha camom deae, wucmoe npocmoe munu3upo8aHHoe
aamba-ucuucaenue 6e3 6a306vbLT MUNOE A6AAEMCH BbIPOKIEHHbIM (degenerate),
6 TOM CMDBLCAE, YN0 6 HeM HeMm HU 00H020 KOPPEKTHO MUNUSUPOSAHHOZ0 MEPMA.
Howemy?

N3 5K3eMILIapOB MPABUJI TUIH3AIMN JIJIsI A_, MOYKHO KOHCTPYHPOBATH depesbs
en6oda (derivation trees), Kak y2ke ObLIO CEJAHO /i1t ApUDMETUUECKUX BbIPAZKe-
uwmii. HanmpumMep, BOT BBIBO, MOKA3BIBAMOMINM, 9TO TepM (Ax:Bool.x) true mmeer
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124 9.3. CpoiicTBa THIN3AIIHI

Tull Bool B IyCTOM KOHTEKCTE.

x:Bool € x:Bool
x:Bool |- x:Bool
T-ABS ——— T-TRUE
— Ax:Bool.x : Bool — Bool - true : Bool
 (Ax:Bool.x) true : Bool

T-VAR

T-Arp

Vupaxuenue 9.2.2 [k —»]|: Ilokasicume (nymem nocmpoenus depesves 6v.600a,),
YMO CACOYIOULUE MEPMbL UMEIOM, 3AAENEHHDIE MUTIDL:

1. f:Bool — Booll f (if false then true else false) : Bool

2. f:Bool — Bool |- Az:Bool. f (if = then false else z) : Bool — Bool

Vupaxzenue 9.2.3 [k]: Hatdume xonmexem I', 6 xomopom mepm f = y umeem
mun Bool. Mooiceme AU 6b. KpamKo ONUCGMd MHONCECTNE0 BCEX MAKUL KOHMEK-
cmos?

9.3. (CsBoiicTBa TUNN3AIINU

Kax m B rmaBe 8, mpexkie, ¥eM JIOKa3bIBATH THMOBYIO OE30MaCHOCTH, HYKHO
YCTaHOBUTH HECKOJBKO TPOCTHIX jeMM. [lo Gosbineit wacTu OHE TOXOXKHM HA Te,
YTO MBI y?K€ BUJIEIM paHee — HYKHO IPOCTO J00AaBUTh K OTHOINEHUIO THUIIH3a-
MU KOHTEKCTHI U B KAXKJIO€ JIOKA3ATEJbCTBO BBECTH IYHKTbHI, OTHOCSIINECST K A-
abCTpakIusiM, TPUMEHEHHSIM U IEPEMEeHHbIM. EiuHCTBeHHOE AeHCTBUTEIHHO HOBOE
rpeboBaHue — 10 aemma 0 nodemanosxke (substitution lemma) (9.3.8) s orno-
MIEHUST TUITIH3AIAH.

IIpexue Bcero, aemma 06 uneepcuu (inversion lemma) comepkur HaGOp Ha-
OJII0JIEHMIT O TOM, KaK CTPOSITCS JE€PEBhsi BBIBOJA THUIOB: MTYyHKT, OTHOCSIIUICST K
KaXKJIOM CHHTAKCHYIECKON (DOpMe TepMa, TOBOPHUT, UTO «ECJHU TEPM JTAHHOU (hop-
MbI KOPPEKTHO THUIU3WPOBAH, TO €ro IMOJITEPMBbI JIOJIZKHBI UMETh THIbI TaKOH-TO
GOPMBEIL. . . ».

Jlemma 9.3.1 [MIHBEPCUs OTHOLIEHUA TUIIU3ALIAN]:
1. EcauT' 2 : R, moz:ReTl.

2. Fcaul' = Az:Ty.to : R, moR= T, — Ry 0aa nexomopozo Ry, ul', z: Ty
tg N RQ.

3. Fcau ' = t1 to : R, mo cywecmeyem nexomoputi mun Ti1, makol, 4mo
Fl—tl s T11 - RUFI—tQ J T11.

4. Ecau T’ true : R, mo R = Bool.
5. Ecau '+ false : R, mo R = Bool.

6. Ecau I' +— 4f t; then ty else t3 : B, mo I' ~ t; : Bool u Il |-
t2, tg : R.
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Joxazamesvcmeo: Jlemma nenocpedcmeenno caedyem u3 onpedeseHus omuoue-
HUA MUNU3AUUY.

Vupaxzenue 9.3.2 [PEKOMEHJIVETCH, % % *|: Cywecmeyrom au makol koH-
mexem I' u maxotd mun T, wmo I' =z = : T? Ecau da, mo npusedume npumep I’
u T, u nocmpotime depeso eéweoda I' -z = : T; ecau nem, mo dokascume smo.

B §9.2 mbr BBIOpasIH [Ij1s1 HAIIETO UCYUCJIEHNS TTPEICTABICHNE C SBHOW TUMHA3A-
npeit, 9700l 00JIerYnTh 334349y MPOBEpPKHU TUNOB. Ilpu 3TOM HaM mpuUILIOCH 100a-
BUTb AHHOTAIIUKA THUIIOB — HO TOJILKO B OIIPEJIEIEHUX CBI3aHHBIX IEPEMEHHBIX U
Hurje bosibire. B Kakom cMbIcie 3T0oro «gocrarodno» ! OQuH u3 OTBETOB HA 3TOT
BOTIPOC JIaeT Teopema o0 eduncmeennocmu munoé (uniqueness of types), Koropas
YTBEPIK/IaeT, UYTO MPABUIBHO TUITM3NPOBAHHBIE TEPMbBI HAXOAATCA B OTHO3HATHOM
COOTBETCTBHUHU CO CBOMMMU JIEPEBbAMU BBIBOJA TUIIOB: IO TEPMY MOXKHO OJHO3HAYTHO
BOCCTAHOBUTH JIEPEBO €ro BhIBOJA (U, pasymeercd, Haobopor). B cymmocTu, coor-
BETCTBUE HACTOJIBKO IIPSIMOE, YTO HET MOYTH HUKAKON PA3HUIIbI MEXK/Iy TEPMOM U
€ro JIEpeBOM BbIBO/IA.

Teopema 9.3.3 [EAMHCTBEHHOCTb TUIIOB|: B at06om 3adanrom Kowmexcme
munudayuu I' mepm t (6 xomopom ece c60600HbLe NEpemertble AedHCAM 8 06AGCIU
onpedenenus I') umeem ne bosee odnozo muna. To ecmo, ecau mepm munusupy-
em, Mo Mun y ne2o moavko odun. Loaee mozo, cywecmeyem moavko 0dro depeso
601600G Ha OCHOBE NPABUN, NOPONHCIQIOUWUT OTNHOUWEHUE TNUNUSGUUL.
Loxasamesvcmeo: YNPAKHEHUE. /Joka3amenabcmeo, 6 CYuyHocmu, HACMOALKO
NPAMOAUHETHO, WIMO NOYMU HE 3ACAYHCUBLEM USAONHCEHUA; OOHAKO 6HINUCHLEA-
Hue 6cer demanets CAYHCUM TOPowel MPenuposKols nNo «BuCMPAUsaHU0» J0KaA3a-
MeABCNS, KACOIOUULCA OMHOUEHUL MUNUSLYUY.

Bo mHOrmx cmcremax THIOB, C KOTOPBIMH MBI BCTPETHMCS TO3THEe B KHHUTE,
TaKoe IIPOCTOE COOTBETCTBUE MEXKY TEPMaMU U JI€PEBbIMHU BLIBOJIA OTCYyTCTBYET:
OJIMH ¥ TOT K€ TEPM MO2KeT 00/1aJaTh HECKOJIbKUMU THIIAMU, M KaXKIAbIi U3 HUX
MOKHO ODOCHOBATH HECKOJbKUMU JEPEBbIMU BbIBOIA. B 3Tux cucremax gacro 6y-
JeT TpebOBAThCA HeTPUBHAJIbHASA PAbOTa, YTOOBI TTOKA3AThH, ITO U3 TEPMOB MOYXKHO
3¢ EKTUBHO TOMYIUTH I€PEBbS BHIBOJIA THUIIOB.

IIpuBenenHas HEXKe JEMMa O KAHOHHIECKHX (POpPMAX MOKA3BIBAET, KAKOH BH/I
MOI'YT UMETh 3HAYEHHS PA3JIUYHbBIX THUIIOB.

Jemma 9.3.4 [KAHOHUYECKHUE ©®OPMBEL|:
1. Ecau v — 3navenue muna Bool, mo v — smo aubo true, aubo false.
2. Feau v — 3navenue muna Ty — To, mo v = Az: Ty . ts.

JHoxazameavcmeso: He npedcmasasem caoscnocmu. (IIodobro dokazamenrvcmey
AEMMBL O KGHOHUNECKUT POPMAT 0as apudmemuneckus ewpascenud, 8.3.1.)

C mOMOIIBIO JIEMMBI O KQHOHMIECKUX (POPMaX MbI MOXKEM IO0KA3aTh TEOPEMY O
MPOJIBUKEHNN, AHAJIOTUIHYIO Teopeme 8.3.2. YTBEpKJIeHWe TEeOPEMbl HYKIAETCS
B HEOOJIBITION TTOIPaBKe: HAC MHTEPECYIOT TOJBKO 3aMKEHYMbLE TEPMBI, 6€3 cBOOOI-
HBIX IepeMeHHbIX. [l OTKPBITHIX TEPMOB TEOpEMA HeBepHA: TepM f true sBisger-
cs1 HOpMAJIBHON (hOpMOii, HO He 3HaueHneM. O IHAKO STOT MTPUMEDP He 03HAYAET, 4TO
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B sI3bIKE MMeeTCs AeMEKT, IOCKOJIbKY IOJHbIE POIPAMMBI — TE€PMBbI, BHIYUCIICHIE
KOTODBIX HAC Ha CaMOM /Jlejle uHTepecyer, — BCerJa 3aMKHYThL.

Teopema 9.3.5 [[IPOJABUKEHME]: ITycmo t — 3amrnymoil, NPABUALHO MUNU-
auposannoili mepm (m. e., dan mexomopozo muna T, — t : T). Tozda aubo t
ABAACMCA 3HAUEHUEM, AUO0 umeemces mepm t', maxot, wmo t — t'.
JHoxazamensvcmeo: Ipamorunetinas undyxyus no depesvam veoda munos. Bapu-
aHmoL ¢ OYALBCKUMU KOHCTMAHMAMU U YCAOSHBLMU BHLPAHCEHUAMUY MOYHO NOBMO-
DA J0KA3AMEABCTNEO MEOPEMBL O NPOIGUNCEHUY A MUNUSUPOSAHHLLT APUP-
memuveckur evpasicenuts (8.3.2). Bapuanm ¢ nepemennoti me mootcem 603HUK-
nymo (nockoavky t samrnym). Bapuawm c abemparyueli caedyem wnenocpeo-
CMBEHHO, NOCKOALKY GOCMPAKUUY — MO 3HAYEHUS.

Eduncmeennoiti unmepecuoili caywati — 9mMo npumeHrenue, 8 KOmopom t =
t1 to, npuuem — t1 @ T11 — Tio u b to : Ti1. Ilo mpednoaoorcenuro undyr-
yuu, t1 AUOO ABAACTNCA SHAYEHUEM, AUOO MOJHCETN TIPOUIBECTNU ULGZ GOIYUCAEHUA;
Mo JHCE camoe 8ePHO U 0As to. Ecau t1 mootcem cdesams waz, mo x t npuMeHuMo
npasuso E-APP1l. Ecau t; — 3nauenue, a to mooicem cdeaams waz, mo k t npu-
Mmenumo npacuso E-APP2. Haxoney, ecau u ti, u to — 3HAUEHUA, TO, NO AEMME
0 KaHOHUYECKUT Popmaz, t1 umeem 6ud Az:T11.t12, max wmo k t NPpuMeHuMO
npacunro E-APPABS.

Hameit cnenytoreit 3amadeit Oyaer 10Ka3aTeIbCTBO TOTO, IYTO BBIUHUCIEHAE CO-
xpansier tunbl. s Hadaga Mbl chOPMYJIUPYEM Mapy <«CTPYKTYPHBIX JIEMM» 00
orHorennn Tunusaryn. Camu mo cebe OHU He 0COOEHHO WHTEPECHbBI, HO B TTOCIIETY-
IOIIUX JI0Ka3aTeJbCTBAX OHU IMOMOLYT HaM IPOBOIUTH HEKOTOPBIE MOJIE3HbIE IIpe-
obpa3oBaHus C IePEeBbIMU BBIBO/IA THUIIOB.

IlepBasi cTpykrypHas jieMMa yTBEPXK/IAeT, YTO IJEMEHTbI KOHTEKCTA MOXKHO
[IepecTaB/IAaTh KaK YI'OJHO, HE U3MEHss [IPU 3TOM MHOXKECTBO YTBEDIK/IEHHI O Th-
max, BBIBOAUMBIX M3 3TOro KoHTekcra. Hamomunm (c. 121), 9To BCe CBS3BIBAHWS
B KOHTEKCTE JOJIZKHBI UMETh PA3JIMYIHbIE UMEHA, U UTO IMPHU KaXKI0M J00aBJIeHUN
K KOHTEKCTY HOBOTO CBSI3BIBAHWS MBI MOTIAJIUBO MPEATNOIAraeM, ITO HOBOE MM
OTJIMYAETC OT y2Ke [IPUCYTCTBYIONIMX B KOHTEKCTE (B CJlydae HEOOXOAMMOCTH Mbl
mozkeMm npumenutb Corainenue 5.3.4 U HepeMMEHOBATH HOBYIO LIEDEMEHHYIO).

Jemma 9.3.6 [[IEPECTAHOBKA|: EcauT' -t : T, u A npedcmasasem coboti ne-
pecmanosxy I', mo A+ t : T. Boaee moeo, 2aybuna depesa 6v.800a ocmaemca
HEUSMEHHOT.

Joxazameavemso: Hecroorcnan undysyusa no depesvam 6ve0da munos.

JTemma 9.3.7 [OCAABAEHME]: Ecau T' + t : T, u z ¢ dom(I"), mo I',z:S +
t : T. Boaee mozo, 2aybuna depesa 6b600a 0CMALMNCA HEUSMEHHOT.
IZoxazameavcmeo: Hecrooicnan undyxyua no oepesbam 6o.600a Munoe.

HpI/I TIIOMOIIA 3TUX BCIIOMOTATEJIBHBIX JIEMM MOXKHO JOKa3aTh KJIIOYEBOE CBOIi-
CTBO OTHOIIEHUA THUIIU3AIlUH: IIPABUJIbHAaA THUIIU3UPOBAHHOCTL COXPaHAECTCA IIPU
IIOJICTAHOBKE BMECTO II€PEMEHHBIX TEPMOB COOTBETCTBYIOIIIUX THIIOB. HO,D;O6HbIe
JIEMMbI HI'DAOT HACTOJIBKO 6OIII>IHyIO POJIb B OJOKA3aTEJIbCTBaX O 6e30IaCHOCTH
A3BIKOB IIPOrPpaMMHUPOBAHUA, 9TO YaCTO HUX IIPOCTO HA3BIBAIOT <«JIEMMaMH O IIOI-
CTAHOBKE>».
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Temma 9.3.8 [COXPAHEHWE THUIIOB TPU MOJICTAHOBKE]: Ecau I',z:S+t : T
ul'ks : S,mol+ [z st ¢ T.

Zloxazameavcmeo: Hndyxyus no eaybure eveoda ymeepocdenus I, z:S+t : T.
as Kaocdozo dannozo 6616006 Mol PACCMAMPUBLEM BAPUGHMDBL NOCAEIHEZ0 UC-
noavayemozo npasuaa munusayuu.’ Hauboree unmepecnvle cAyuau — nepemen-
HOA U ADCMPAKUUA.

Bapuanm T-VAR: t = z

20e z:Te (I',z:S)
Tpebyemcs pacemompems 06a nodeapuanma, 6 3a6UCUMOCTY O MO20, COBNA-
daem Au z ¢ T, uAu MO pasuvie nepemennne. Ecau z = ¢, mo [z — s]z = s.
Tpebyemuti pesyavmam moeda I' -+ s : S, a 9mo 00Ha u3 npednoculiok AeMMbL.
B npomusnom cayuae, [z — s|z = z, u pesyavmam caedyem nenocpedcmeenmo.

Bapuanm T-ABS: t = A\y:Ty. 1

= T2 i T1

Nz:Sy:To -t : 7Y

IIo coeaawenuro 5.3.4 mooicno cwumamo, wmo ¢ # y u y ¢ FV(s). Cozaacho
AeMME O nepecmanoske 0as 00H020 u3 noddepesves, noaywaem I, y:To, z:S
t1 : Th. Ilo aemme 06 ocaabaernuu das dpyzozo noddepesa (I' = s : .S) noaywaem
Fy:To + s : S. Coenacro npednoaosrcenuro undykuyuu, noasyyvaemcs I y:To
[z s|ty : Ti. ITo npasuay T-ABS: T+ Ay:Ta.[z— s|ty : To — Ti. Ho amo
UMEHHO MO Yymeepocienue, Komopoe Ham HYHCHO, NOCKOABEKY, NO ONPEIeAeHUO
nodcmanosku, [z — s|t = A\y:Tr.[z— s]t;.

Bapuanm T-App: t =t to

Iz:SHt, : Tho > T

Iz:SHty @ T

T-T,
Cozaacro npednoaosicenuro undykyuu, I' - [z — sty : To > Th ul + [z —
s|ty : To. Ilo npasuay T-App, T'+ [z s|ty [z s]te : T, m. e, T+ [z—
S](tl tg) :T.

Bapuanm T-TRUE: t = true

T = Bool
B smom cayuae [z — s|t = true, u mpebyemud pesysvmam I' = [c— s]t : T
caedyem HenocpedcmeerHo.

Bapuanm T-FALSE: t = false
T = Bool
Ananozuuno.

Bapuanm T-1Ir: t = if t1 then ty else t3
I'z:S+ t1 : Bool
I'e:SHty 0 T
I'z:SHt3 : T

Tpu pasa npumeHss NPeONOsOAHCEHUE UHIYKUUY, UMEEM

2Wnu, 9TO PaBHOCHILHO, BADMAHTHI BO3MOXKHOM (DOPMBI t, IIOCKOMBKY A/ KasKIOTO CHHTAK-
CHYECKOr0 KOHCTPYKTOPA CYI[eCTBYET POBHO OJHO IPABHUJIO THIU3AINA.
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' [z~ s]t; : Bool
Pz s]ty : T
'+ [z~ s]ts : T,
u ymeepoicoenue aemmuvr credyem no npasuay T-IF.

HCHOJIBSYH JIEMMY O MMOJCTAHOBKE, Mbl MOXKEM JI0Ka3aTh BTOPYIO MOJIOBUHY TE€O-
PEMBI O TUIIOBOM 0OE30MaCHOCTH — TO, 9TO BBIYHCJIEHHE COXPaHAET KOPPEKTHOCTH
THUIIN3aIIuN.

Teopema 9.3.9 [COXPAHEHUE|: EcauT'H—t : Tut—t , moT ¢t : T

okasameavcmeo: YTTPAXKHEHWE [PEKOMEHOYETCH, % % %|. Cmpyxmypa
00KaA3aMENDCNBA 0%EHD NOTOHCA HA 00KA3AMENDCINEO MEOPEMbL 0 COTPAHEHUU OAA
apupmemuueckur supasceruts (8.3.3), 34 UCKAIOUEHUEM UCTIONLIOBAHUS NEMMDBL
0 nodcmanosxke.

Vupaxuerue 9.3.10 [PEKOMEHAYETCA, %% |: B ynpascnenuu 8.3.6 mu uccaedo-
6a.U c60TcMe0 pacimpenus cyobekTa (subject expansion) das npocmozo ucuuc-
AEHUA, PAOOMAIOULE20 € MUNUSUPOSAHHHMU GPUPMEMULECKUMY BbIPANACEHUAMU.
Buoinoansemes au 9mo c60tUcmeo 0as « PYHKYUORAALHOT 4acusy NPOCmozo munu-
3upo6arHo20 Asmboa-ucuucrenus? A umenno: donycmum, wmo t we codepocum
yeaosuulx evipasicenuti. Moocno au, ucxoda us t — t' u T +— t' : T, cdeaamsn
eoeod I' -t : T?

9.4. Cooraomenune Kappu-I'oBapaa

Koncrpykropy Tuios «—» COOTBETCTBYIOT IBA BH/IA IIPABUIL

1. npasuso esedenus (introduction rule) (T-ABS), mokasbiBaroiee, Kak 3Jie-
MEHTBI THUIla MOT'YT COSaaGam’bCﬂ, nu

2. npasuso ycmpanenus (elimination rule) (T-APP), nokasbiBaroiiee, Kak sJie-
MEHTBI TUII& MOTYT UCNOAbB30GATNbCA.

Ecnu dopma, KoTopas BBOAUT 3jieMeHT Tuna (), sSBIAETCS HENOCPEACTBEHHBIM
nozxrepMoM (GopMbI, ycTpaHsioiieil ero (IpuMeHeHue), MOoJIyYaeTcst PeJeKC — Me-
CTO, B KOTOPOM MOZKET ITPOU30UTH BBIUHUCIICHUE.

PaCC}’)K,JeHI/IH O IIpaBuJlaxX BBEACHUA U YyCTPAHEHUA 9aCTO OKA3bIBAIOTCHA I10JIE3-
HBIMHU TIPH MCCJICJIOBAHUM cHUCTeM TUMOB. I103Ke, Korma MBI mobepemcs 10 OoJiee
CJIOZKHBIX CHCTEM, MbI yBuaum, q9To y KazKJI0Tr0 KOHCprKTOpa TUIIOB €CTh aHaJIO-
THYHbIEe, CBA3aHHbBIE C HUM, IIDAaBUJIa BBEICHUA U YCTPDAHEHUA.

Vupaxuenue 9.4.1 [%]: Kakxue u3 npasua das muna Bool na puc. 8.1 asasomces
NPABUAAMU 66€JeHUA, G KaAKUE — NPABUAGMU ycmpanenua? A das npasuna daa
muna Nat na puc. 8.29

TepMuHOIOTUST «IPABWJIA BBEJEHUs /yCTPAHEHUSA> TPOMCXOAUT U3 COOTBET-
CTBUSI MEXKJy TEOpWell THIOB W JIOTHKOH, H3BECTHOrO KaK COOMHOUEHUE
Kappu-T'osapda (Curry-Howard correspondence) uiu usomoppusm Kappu-Iosapda
(Curry-Howard isomorphism) (Curry and Feys, 1958; Howard, 1980). Bkparrie,
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ujiesi COCTOAT B TOM, YTO B KOHCTPYKTHBHBIX JIOTHKAX JI0KA3ATEJIHCTBO YTBEP-
xKuenust P cocrour B seMOHCTpALMU KOHKPETHOIO ceudemeavcmea (evidence) B
noms3y P.> Kappu u T'oBaps 3aMeTHIM, UTO 3TO CBUIETEILCTBO BO MHOTOM TIO-
XOXKe Ha BhramcjieHune. Hampumep, T0Ka3aTebCTBO yTBEpKaeHUusS P D () MOXKHO
paccMaTpuBaTh KAaK MEXAHUIECKYIO MPOIEIyPY, KOTOPas, MOJydas TOKA3ATE/Ib-
cTtBO P, crponT J0KA3aTenbeTBO () — WM, C APYTOil TOYKHU 3DEHUs, JTOKA3ATE b=
cTBO (), abcmpazuposartoe Or OKAa3aTebeTBA P. AHAJIOrHYHO, JOKA3ATEIbCTBO
P A Q cocront n3 nokazarenhctBa P B couetanun ¢ gokazareabcTBoM (). Takoe
HaOJIIOIEHNE TPUBOIUT K CJIEAYIOMIEMY COOTBETCTBUIO:

JIOTUKA A3BIKN TIPOTPAMMUPOBAHU A
YTBEP2KICHAS THUIIbI

yTBepxaenne P D Q) Tun P — Q

yrBepxaenue P A Q) tun P x Q (cm. §11.6)
JI0Ka3aTeIhCTBO yTBEpXKaeHus P repm t Tumna P

yTBepKAeHne P mokasyemo CYIIECTBYIOT T€PMBI THIIA, P

C 3roif TOUKM 3peHwusi, TepM B IPOCTOM TUITH3UPOBAHHOM JIIMOIA-MCINUCTEHUN SIB-
JISIeTCs JIOKA3ATEIhCTBOM JIOPWYECKOTO yTBEPXKIEHUST, COOTBETCTBYIOIIETO €10 TH-
my. Beraucsenue (peaykius Ha gamb1a-TepMax) COOTBETCTBYET JIOTHIECKOl onepa-
[[UK YIIPOIIEHUsI JOKA3ATEIbCTB METOJOM ycmpanerus cevenud (cut elimination).
Coornomerrie Kappu-T'oBap/ia Ha3bIBAIOT TAKKE AHAJOTHEH <«ymeepicienus Kax
munwy («propositions as types»). Ero noxpobHoe o6CyKieHHE MOXKHO HaiiTu
BO MHOI'MX MCTOYHUKAX, B TOM umcie B kuure 2Kupapa, Jladoura u Teitnopa
(Girard, Lafont, and Taylor, 1989), y Tanne (Gallier, 1993), Cépencena u Ykuuu-
Ha (Serensen and Urzyczyn, 1998), Ildbenuunra (Pfenning, 2001), T'y6o-JIappeka
u Makku (Goubault-Larrecq and Mackie, 1997), a takxke y Cummonca (Simmons,
2000).

Kpacora coorromrenns Kappu-T'oBapga 3akmouaercs B TOM, 9TO OHO He Or'pa-
HUYEHO KAKOU-TO OJHON CUCTEMOU TUIIOB U OJHOU JIOTMKOU — HAIIPOTUB, €r0 MOXKHO
PACIPOCTPAHUTH HA, MMUPOKUI CIIEKTP CHCTEM TUTOB U joruk. Hampumep, Cucre-
ma F (r1. 23), B KOoTOPO#i mapaMeTpudeckuii moJuMopdu3M CBs3aH ¢ KBaHTU(DU-
Kallieil mo TUmaM, B TOYHOCTH COOTBETCTBYET KOHCTPYKTHUBHOM JIOTHKE BTOPOrO
mopsiZiKa, B KOTOPO# pazperiena kBanTudukamus mno yreepxaeausam. Cucrema F,
(rsi. 30) coorBercTBYET JIOIMKE BBICIIMX HOPAAKOB. Bosiee Toro, aro coorsercrsue
YaCTO UCIOJb30BAJIOCH I IEPEHOCA PE3YJIbTATOB U3 OJHON 00JIaCTU B JAPYLYIO.
Tax, aunetinaa sozuxa (linear logic) 2Kupapa (1987) nIpuBOIUT K BIEE CUCTIEM AU-
netinor munos (linear type systems) (Wadler, 1990, Wadler, 1991, Turner, Wadler,
and Mossin, 1995, Hodas, 1992, Mackie, 1994, Chirimar, Gunter, and Riecke, 1996,
Kobayashi, Pierce, and Turner, 1996, u MmHOrue apyrue). AHAJIOrUIHO, MOJAALHDLE
aozuky (modal logics) ucnosb3oBaiuch npu pa3paborTKe CUCTEM 4ACTUYHOZO Gbl-
wyucaenusa (partial evaluation) u nopooicdenua xoda 6o epema ewunoanernus (run-

3XapakrepHOoe pazamue MeKIy KIACCHIECKHMH H KOHCTDYKTHBHBIMH JOTHKAMH COCTOUT B
TOM, 9TO B HOCIEJHHUX OTCYTCTBYET NPAGUAO UCKAOweHHo20 mpemvezo (excluded middle), xo-
TOpOe YTBEPXKAAET, ITO JIs BCAKOTO YTBEPXKAeHusA () HCTHHHO Jubo camo @, aubo —@. YTobsr
nokazaTth Q v —(Q B KOHCTPYKTHBHOH JIOTHKe, TpeOyeTcs MPEeNOCTaBUTh CBUIETENHCTBO JUOO B
nons3y @, 1160 B mosIb3y —Q).
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time code generation) (cm. Davies and Pfenning, 1996, Wickline, Lee, Pfenning,
and Davies, 1998, u apyrue uCTOYHUKU, LUTUPYEMbIE B YKA3AHHBIX TPYIAX).

9.5. CrupaHme THUNOB W TUIM3NUPYEMOCTbH

Ha puc. 9.1 MbI oupeiesiniiv OTHOLIEHUE BbIYUCJIEHUS HEIIOCPEICTBEHHO HA [IPO-
CTO TUMW3WPOBAHHBIX Te€pMaxX. HeCcMOTpst Ha TO, 9YTO AHHOTAIUU TUIIOB HE UTDAIOT
MIPY BBIYUCJICHWY HUKAKOW POJIM — BO BPEMs BBIMOJHEHWS MBI HE TPOBOIUM HU-
KaKUX MPOBEPOK TOrO, 9TO (DYHKIUU MPUMEHSAIOTCS K apryMEHTaM MOIXOIATIIX
THUIIOB, — MbI COXPAHseM 3TU AHHOTAIUU BHYTPU BBIYUCISIEMbBIX TEPMOB.

BoapmuHCcTBO KOMIUISTOPOB MPOMBIINLIEHHBIX SI3BIKOB TPOrPAMMHUPOBAHMS
u36erafoT COXPAHATH AHHOTAIIUU BO BPEMs BBIMOJIHEHUS: OHU HCIOJIB3YIOTCS MIPU
npoBepke TUnoB (1, B 00OJIEE CJA0XKHBIX KOMIMJIATOPAX, IPU IIOPOXKJIEHUU KOJA),
O/IHAKO B CKOMMUJIMPOBAHHON MpOrpaMMe WX HEeT. B CymHOCTH, mepes BBIMOJIHE-
HUEM MPOTPpaMMbI TPE0OpasyoTcs 00parHo B OectunoByio ¢dopmy. Takoit cTuib
CEMAHTHKU MOXKHO (pOpMasin30BaTh IpU moMoliu PyHKIuU cmuparus (erasure),
KOTOPast NEPEBOJIUT TUITU3UPOBAHHBIE TEPMbI B COOTBETCTBYIOIIHE OECTUIIOBBIE TEP-
MBI.

Onpenenenue 9.5.1 Dyukyus CTHUPAHUS NPOCMO MUNUSUPOBAHHO20 Mepma t
onpedessemeca max:

erase ()
erase (Az: Ty . to)
erase (t1 ta)

z
Az. erase(ts)
erase (t1) erase (t3)

Pazymeercsi, Mbl OxkuIaeM, 9TO JABa, CIIOCO0A MPEICTABIEHNS CEMAHTUKU MPO-
CTOTO TUMW3WPOBAHHOIO JIAMOIA-MCAUCIEHUs] COBIIAIYT: PE3YJIbTaT BBIUUCIICHUS
TUNIU3UPOBAHHOTO TepMa HAIPAMYIO He JIOJI2KEH OT/IUYaTbhCH OT pPe3yIbTaTa BbI-
qucieHnsi OECTUIIOBOrO TE€PMa, IMOJIYYUBIINErOCs B PE3YyJIbTaTe MPEeIBAPUTETHHOIO
CTUpaHUs TUIOB. 9TO TpeboBanue (opMasm3yercs B cielyomnieil Teopeme, KOTo-
pas opMaIu3yer HIEK TOTO, YTO «BBIYUCIEHWE KOMMYTHPYET CO CTHPAHUEM>.
31ech UMeeTCs B BULY, 9TO 3TH OMEPAIUH MOXKHO MPOBOIUTH B JIIOOOM TOPSIKE —
BBIYMCJINB, U MIOTOM CT€pPEB THUIIbI, MbI TOJy4YaeM TOT K€ CaMblil pe3yJbTaT, KakK
ecou ObI CHAYAJIa CTEPJIU TUMBI, & TOTOM BBIYUCJIMIA TEPM:

Teopema 9.5.2

1. Ecau t — t' coeaacno munusuposaniomy OMHOWEHUN) GbYUCAEHUSA, MO
erase (t) — erase (t').

2. Ecau erase(t) — m’ coeaacro 6ecunosomy 0OMHOWEHUIO GLINUCACHUA, TO
cywecmeyem munu3uposannull mepm t', maxotd, wmo t — t' u erase(t') =

m'.

Zoxazameavcmeo: Hecaoocnas uHdyKuus no 0epesvam 6vi6006 GuiuUCAEHUS.
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ITockonbky paccmarpuBaeMasi HAMHU «KOMIUJISIUS» HACTOJIBKO IIPOCTA, TEO-
pema 9.5.2 oueBuaHa 110 TpuuajbHOCTH. OmHAKO it 0OJIe€ MHTEPECHBIX A3bI-
KOB 1 00Jieeé WHTEPECHBIX KOMITUJISITOPOB OHA CTAHOBUTCS BAaYKHBIM CBONHCTBOM:
OHa YTBEPXKJAET, UYTO «BBICOKOYPOBHEBadA» CEMAHTHKA, HAIPAMYIO BbIDarKeHHAd
Ha A3bIKe, UCIOJIb3yeMOM IIPOrPaMMUCTOM, COBIIa/IaeT € aJbTePHATUBHOM HU3KO-
YPOBHEBOII CTpaTerueil BBIYUCIEHU, PEAJIbHO UCIIOJIb3YEMON B Pean3alii a3bIKa.

Ermie omun nHTEpECcHBI BOIPOC, CBA3aHHDIN ¢ (DYHKIHEH CTHPAHKS, TAKOB: €CJIN
Yy HAC €CTh OECTUTIOBBIM TEPM m, MOYKEM JIM Mbl HANTH MPOCTONH TUNW3NPOBAHHBIH
TepM t, JAOINI MPU CTUPAHUU TUMOB m?

Oupegenerue 9.5.3 Tepm m becmuno6ozo AAmMOIG-UCUUCIEHUS HA3BIBAETMNCA TH-
musupyembiM (typable) 6 \_,, ecau umeemea npocmoti munusuposantoll mepm t
muna T u kowmexem I' makod, wmo erase(t) =mul ¢ : T

K sTromy BOmpOCYy MBI BepHEMCsl B rjIaBe 22, KO3 PACCMOTPUM OJIM3KOPOJI-
CTBEHHYIO TPOOJIEMATUKY pekoncmpykyuu munos (type reconstruction) mysa A_,.

9.6. Cruabr Kappu n ctuap Uépua

Kak MBI Buie M, CEMAHTUKY IIPOCTOrO TUIIM3UPOBAHHOTO JIAMOIA-MCIMCIEHUST
MOKHO OIPEJIEJTUTH JIByMsI CIIOCOOAMU: KAK OTHOLIEHME BLIMUC/IECHUS, OLPE/IEIEH-
HOE TIPSIMO HA CHHTAKCUCE MTPOCTOTO TUITU3UPOBAHHOTO UCYUCICHUS, JTHOO KAK KOM-
MU0 B OECTUIIOBOE MCYUCICHUE B COUETAHWM C OTHOIIEHWEM BBIYUCICHUS] HA
GECTUIIOBBIX TepMax. BaKHoe CXOICTBO MEXKIy ITHMH ABYMsl CTHISMH COCTOMT
B TOM, 9TO MOXKHO TOBOPUTbH O INOBEJEHHWH TEPMA t BHE 3aBUCHMOCTH OT TOTO,
KOPPEKTHO JIi OH TUIIM3MPOBaH. Takas (hopMa OnpeeieHuns: A3bIKa HA3bIBAETCS
cmunem Kappu (Curry-style). Cuauasa Mbl 3a7aeM TPAMMATHKY TEPMOB, 3aTeM
OTIpeNIETISIEM WX TIOBEIEHNE, W, HAKOHEIT, TOOAB/IAEM CUCTEMY THUTIOB, OTBEPTAIOIILY IO
HEKOTOpbIE TEPMBbI, MTOBEIEHNE KOTOPHIX HaM He HpaBuTcs. CeMaHTHKa BO3HUKAET
PaHbIIIe, 9€M THIU3AIAs.

IIpusnunuanbHO APyroi crocod OPraHu3aIny ONPEIE/IeHHs I3bIKa COCTOUT B
TOM, 9TO0BI CHAYAJIA, OompeaeJnTh TEPMBI, 3aTEM BbI6paTI) M3 HUX TPABUIBHO TUTTN-
3UPOBAHHbBIE TEPMBI, 1, HAKOHEIT, OTIPEIETUTH CEMAHTUKY TOJBKO J1d HUX. B Taknx
cucTeMax, KOTopble Ha3bIBAIOTCS cucTeMamu 6 cmuae 9épua (Church-style), Tunm-
3alus WAET MPeXK/ie CEMAHTHKU: MbI JIaXKe He 3aJaéM BOIIPOC: «KaKOBO TOBEJIEHUE
HEBEPHO TUIIM3UPOBAHHOIO Tepma’». B cymnocTu, crporo ropops, B cucreMax, mo-
CTPOEHHBIX 110 UEpuy, Mbl BbIYKUC/IEM HE TEPMbI, a 0ePesbs 6b6006 MUNOE Jisd
uux. (ITpumep moxuo Haiitu B §15.6.)

Wcropuyeckn CAOXKUIOCH, YTO HESABHO THUNU3UPOBAHHBIE TPEICTABICHUS
JNAMOIa-UCIUCTEHUH 9acTO ONMUChIBalOT B cruie Kappu, a npeacrapienns Uépua B
OCHOBHOM BCTPEYAIOTCs JIJIsl IBHO THIMHU3UPOBAHHBIX cucTeM. OTCIOfa MPOUCXOIUT
HEKOTOpAs IMyTAHWIA B TEPMHUHOJIOTAU: MHOTJA «CTUIeM Uépduay HA3BIBAIOT SBHO
TUMU3UPOBAHHBIN cuHmMakcuc, a «cruiem Kappus — HESBHO TUNM3WPOBAHHBIM.
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9.7. JlomoysiHUTEeJIbHBbIE 3aMeYaHus

IIpocToe THMU3MpOBaHHOE JIAMONA-UCYUCICHAE M3yYaeTCs B KHATE XWHIJIHA
u Cenmuua (Hindley and Seldin, 1986) u, eme 6Gosee mnoapobHo, B Monorpaduu
Xunggu (Hindley, 1997).

IIpaBuabHO THUIM3WMPOBAHHBIE
IpOrpaMMbl He MOTYT
«CIIOMAThCS ».

Po6ur Mwmmaep (Milner 1978)
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I'maBa 10

PeaJII/ISaI_[I/IH IIPOCTHIX TUIIOB

Ha ML

Konkpernas peanusanus A_, B Buae mporpaMmmbl Ha ML cremyer Toii ke cxeme,
4TO U peasiu3alus 6ecTUIIOBOro JAMOa-ucuucienus B rase 7. OcHoBHoe 100aB-
senne — GyHKINS typeof jIs BRIUNMCJIEHUS TUIMQ JAHHOTO TEPMa B JAHHOM KOH-
Tekcre. Bripoyewm, mpexkie deMm MbI 10 Hee aobepemcsi, HaM TpeOyeTcs HANMCaThb
HECKOJIbKO HU3KOYPOBHEBBIX HPOLEAYP Ajsd paboThl ¢ KOHTEKCTAMU.

10.1. KourTekcrTsnl

Hanomuuwm (riasa 7, c¢. 103), 4ro koHrtekcr (context) mpejcrasiser coboil
MIPOCTO CITUCOK MMEH MePEMEHHbIX U CBS3bIBAHMIA:

type context = (string * binding) 1list

B ritaBe 7 KOHTEKCTHI HCMOIB30BAINCH UCKIIOYATETHHO JIJIsT TPEOOPABOBAHUS MEK-
JIy UMEHOBAHHON U Oe3bIMSIHHON (hOpMAMU TEPMOB TIPU UX CUYUTHIBAHUU U PACITE-
garke. /st 9TOr0 OBLIO TOCTATOYHO 3HATH TOJILKO MMEHA MepeMeHHbIX; binding
ObLT OIPesiesieH B BUJIE TPUBUAJIBHOIO THUIIA JAHHBIX C OJHUM KOHCTPYKTODPOM, HE
HECYIIIUM HUKAKOM nH(bOPMAIIH:

type binding = NameBind

IIpu peanmzaruu mporeypbl TIPOBEPKH THUIIOB HAM MOHAIOOUTCS HMCIOIB30BATH
KOHTEKCT JjI XPaHEeHWUs CBEJEHWI O THIIaX IMePeMeHHbIX. Pajau 3T1oro mbl 100aB-
JgeM K tuily binding HOBbBIA KOHCTPpYKTOP VarBind:

type binding =
NameBind
| VarBind of ty

Peasusarus, onncaHHas B 3TOMH [VIaBe, COOTBETCTBYET IIPOCTOMY THIH3HPOBAHHOMY JIIMOIa-
ucuncaenno (puc. 9.1) ¢ GyneBckumu 3uadenusMu (8.1). Kox u3 970l rnaBel MOXKHO HAHTH B
PEeno3uTOPUH o, UMeHeM simplebool.
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Kazxaprit sx3emiigp ¢ KOHCTpyKTopoMm VarBind cOAepKUT CBEIEHUSA O TUIE COOT-
BercrByIomei mepemennoit. I[lomumo KoncTpykTopa VarBind, Mbl cOXpaHseM CTa-
pbIit KoHCTPYKTOP NameBind paau yaoOcTBa (DYHKIHI YTEHUS W PACITEYATKHU, KO-
TOpBIM CBejieHUs O Ture He HykHbl. (IIpu Apyroil cTpaTeruu peajau3anuu MOXKHO
OBLIO OB OMPENEUTh IBA PA3IUIHBIX THMA context — ONWH /JId 9TeHWS W Pac-
[EeYaTKM, a JPYroi Jjis IIPOBEPKU THUIIOB. )

Oyukuys typeof BbbBaer ¢dyuknuio addbinding, 9Tobbl 100ABUTH B KOH-
TEKCT CtX HOBOE CBsS3bIBaHWE MepeMeHHO# (x, bind); MOCKOJBKY KOHTEKCTBI Y
HAC [IPEJICTABJAIOTCA B BUJE CIUCKOB, TO addbinding, B cymmocTu, paboraer npo-
CTO KaK cons:

let addbinding ctx x bind = (x,bind)::ctx

Hanpotus, dyukius getTypeFromContext HCIOIB3YyeTCs /st TIOMCKA CBEIEHUI
O TuIle, CBA3aHHOM C HEKOTODOIl INepeMeHHON i B KOoHTekcTe ctx (uHbopmarius
fi o mo3umuu B (haitye CayKuT [ pacnedarku coobIeHns 00 omudKe, KOraa i
OKA3bIBAETCH BHE KOHTEKCTA):

let getTypeFromContext fi ctx i =
match getbinding fi ctx i with
VarBind (tyT) — tyT
| _ — error fi

("getTypeFromContext: Wrong kind,of binding, for variable
~ (index2name fi ctx 1i))

Omneparop match npowsBOAUT MPOBEPKY HA BHYTPEHHIOI HEIPOTUBOPEYUBOCTD:
B HOpMaJIbHBIX ycjoBuax getTypeFromContext mojiKHA& BCerjia BBI3BIBATHCA U3
KOHTEKCTA, TJI€ i-€ CBA3bIBAHUE CO3JaHO KOHCTPpYKTOpoM VarBind. OamHako B mo-
CJIE/LYIOIIMX [JIaBaX Mbl BBEJIEM JPYIUe THIIbI CBA3bIBAHUI (B YaCTHOCTH, CBA3bI-
BaHUs U MUNOEHLT nepemennsir, type variables), u Moxer CiyduThCs TakK, 4TO
getTypeFromContext Oy/er BbI3BaHA C IEPEMEHHON HENPABUILHOIO Buia. B arom
CIydae OHa MEYATAET COODIIeHne 00 OMMOKEe MPY TIOMOIIYM HU3KOYPOBHEBO!N (DYHK-
WM error, mepemaBas e info, 4TOOBI COOOIMTH, B Kakoi mo3wimn B daiire
MTPOM30IILIA OIMTUOKA.

val error : info — string — ’a

Tum pesynbrara GyHKIINNA error — THIOBAs IEPpEMEHHas ’a, KOTopas MOXKeT IPH-
HUMaTh 3Havenue Joboro Tuna ML (4ro umeer cMmbICi, Tak KAK €TTor BCE PABHO
HUKOI/IA HE BO3BPAILIAETCs: OHA NEYATAaeT ONMOKY M OCTAHABJIMBAET IPOrPAMMY ).
B mamnoM ciydae ciemayer MpeamnoNioKUThH, YTO pe3yabTaT error WMeeT THUI ty,
TaK KaK MMEHHO ero BO3BpalllaeT JApyras BeTBb match.

3amernm, 9T0 HHGOPMAIWIO O TUIAX MBI UINEM IO UHOEKCY, TTOCKOIbKY BHYT-
PH TIPOTPaMMBbI TEPMBbI MPEJACTABISIIOTCS B OE3bIMAHHON (popMe, U TIepeMeHHbIE B
HUAX TPEICTABJIAIOTCA YUCIOBbIMU uHAeKcamu. Pynkuus getbinding wuimer i-oe
CBA3BIBAHNE B JJAHHOM KOHTEKCTE:

val getbinding : info — context — int — binding

Ee onpenenenne MOKHO HAWTH B peajm3anun simplebool Ha BeO-caiiTe KHUTH.
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10.2. Tepmbl 1 THIIBI

CHHTAKCHUC TUIIOB MPSMO TIEPEBOIUTCS U3 ADCTPAKTHOTO CHHTAKCHCA, TIPEICTaB-
nenroro Ha puc. 8.1 m 9.1, B onpeesieane tuma a3bika ML.

type ty =
TyBool
| TyArr of ty * ty

IIpencrasmenne TepMOB Takoe Ke, KaK OBLIO y HAC MPH PEATH3ANUH OECTHUIIOBO-
ro snambua-ucuucienus (c. 101), Ho ¢ nobapjeHneM aHHOTAMU TUIA K BaPUAHTY
TmAbs.

type term =

TmTrue of info

TmFalse of info

TmIf of info * term * term * term
TmVar of info * int * int

TmAbs of info * string * ty * term
TmApp of info * term * term

10.3. IIpoBepka TUMNoB

O yHKIMIO IPOBEPKYU THUIIOB typeof MOXKHO pacCMaTPHUBATH KAK IIPOCTON 1epe-
BOJI, TPABUJI TUTM3ANMA 1jid A_, (puc. 8.1 u 9.1), uun, TouHee, KaK NEPEBOJL JIEMMBI
006 unsepcuu (9.3.1). Bropoii moaxos TouHee, MOCKOIbKY UMEHHO JIeMMa, 00 WHBED-
CUU OIpeeNseT Jisi KaXKJI0i CUHTAKCHIeCKOU (DOpMBI, KaKue YCJIOBUS TOJIZKHBI
BBINOJIHATHCs, 9TOOBI TEPM CUUTAJICS MPABWIHHO Tunu3upoBanubiM. [IpaBmia Tu-
NU3AL0AA YTBEPZKJIAIOT, YTO TEPMbl HEKOTOPOrO BH/IA NPABUILHO THUIN3UPOBAHBI
TTPU HEKOTOPBIX YCJIOBUAX, HO TVIAIS Ha KayKJ0€ KOHKPETHOE TTPABUIO THUTTN3AIINH,
HUKOT/Ia HEeJIb3d 3aKJII0YUTh, YTO HEKOTOPBIH TepM He THUIHU3WPOBAH MPABUJIBHO,
TIOCKOJIBKY BCETJIa OCTAETCHA BO3MOYKHOCTD, UTO JJIA TUIU3AIUA TEPMa JOCTATOYHO
IPUMEHUTH KAKOe-TO Apyroe npasuiio. (B faHHbI MOMEHT 3Ta pa3HHIA MOMKET
[MOKA3aThCs HECYIIECTBEHHON, MOCKOJIbKY JeMMa 00 MHBEPCHH HEIOCPEICTBEHHO
caepyer u3 upasui runu3anud. OQJMHAKO 9TO pa3Jjiddue CTAHOBUTCS BAXKHBIM B
TOCJIEIYIONINX CUCTEMAX, B KOTOPHIX JOKA3ATEILCTBO JIEMMbI 00 WHBEpCUHU OOJjIee
TPYI0EMKO, 9eM B A_,.)

let rec typeof ctx t =
match t with
TmTrue (fi) —
TyBool
| TmFalse(fi) —
TyBool
| TmIf(fi,t1,t2,t3) —
if (=) (typeof ctx tl) TyBool then
let tyT2 = typeof ctx t2 imn
if (=) tyT2 (typeof ctx t3) then tyT2
else error fi "armsof ,conditional have different types"
else error fi "guardgof, conditionalgmnot_a boolean"
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| TmVar(fi,i,_) — getTypeFromContext fi ctx i
| TmAbs (fi,x,tyT1,t2) —
let ctx’ = addbinding ctx x (VarBind (tyT1)) in
let tyT2 = typeof ctx’ t2 im
TyArr (tyT1, tyT2)
| TmApp(fi,tl1,t2) —
let tyT1l = typeof ctx tl1 inm
let tyT2 = typeof ctx t2 in
(match tyT1l with
TyArr (tyT11,tyT12) —
if (=) tyT2 tyTi1l then tyT12
else error fi "parameter, typeymismatch"
| _ —> error fi "arrow,type,expected")

31ech MOJIE3HO CIEIaTh HECKOJIBKO 3amedanuii 0 s3pike OCaml. Bo-mepBbix, Mbr
zamucbiBaeM OCaml-0BCKy0 OmepaImio mpoBepKy Ha, PABEHCTBO = B CKODKAX, MO-
TOMY 9TO UCIOJIb3yeM e€ B TpedUKCHON MO3UINY, 8 He B HOPMAJIbHON WH(MPUKCHOMN.
D10 Hmenaercs JJis TOro, 9To0bI Jierde ObLIO CPAaBHUBATH HAIl KO, C IOCJIELY FOIIMUI
BepcusiMu typeof, B KOTOPBIX Oll€palys CPABHEHUs TUIIOB OyJieT 60siee u30IpeH-
HOMt, 1eM TpOCTOe cpaBHeHNe. Bo-BTOPBIX, onieparis CpaBHEHUS TTPOBEPSIET cMpyk-
MYpHOe PABEHCTBO COCTABHBIX 3HAYEHUH, a HE PABEHCTBO ykasameael. A MMEHHO,
BBIDasKEHUE

let t = TmApp(tl,t2) in
let t> = TmApp(t1,t2) in
(=) t ¢’

BCET1a BO3BPAIlaeT true, HeCMOTPs HA TO, YTO ABA dK3eMIIapa TmApp, UMeHyeMble
[IepeMeHHbIME t U t7, HOPOKIAIOTCA B PA3HOE BpeMs U UMEIOT Pa3Hble ajpeca B
TTaMATH.
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I's1maBa 11

IlpocThie pacuimupenus

IIpocToe TunusmpoBanHoe JsIMOIA-WCIUCIEHUE UMEET JOCTATOYHO CJIOKHYIO
CTPYKTYPY, 9TOObI OBLJIO MHTEPECHO U3ydYaTh €r0 TEOPHUI0, HO OHO HE CJIUIIKOM
[IOXOXKe HA HOPMAJIbHBIM S3bIK HporpaMmMmupoBaHus. B 3Toil ryiaBe mbl HadwnHa-
€M JIBUTAThCSI B CTOPOHY 0OJiee MPUBBITHBIX S3BIKOB M 100ABISEM K HCUNUCIEHUIO
HECKOJIBKO TIPUBBIYHBIX A3BIKOBBIX KOHCTPYKIIHI, KOTOPble MOXKHO THINU3UPOBATH
6e3 ocoboro Tpyaa. BaxkHoit Temoit Ha MPOTSKEHUN BCEH TJIABBI SIBISIOTCS NPOU3-
6odnvie opmu (derived forms).

11.1. bBa3oBbie TUIbI

Besikuit si3pIK IpOrpaMMupOBaHUs IPeAOCTaBIsgeT HAbop 6asoevr munos (base
types) — MHOXKECTB IPOCTbIX, HECTPYKTYPUPOBAHHbIX 3HAYEHUIl, HAIPUMED, YH-
cest, OyJIEBCKUX 3HAYEHUN WJIM CHMBOJIOB, 4 TAKXKE COOTBETCTBYIOIIUE JJIEMEHTAP-
HBIE ONepaIuy J11s pabOThI C STUMHU 3HAYEHUAME. MBI yKe IeTaJbHO PACCMOTPENIN
HaTypaJIbHbIE YUCJIa U OYJIEBCKUE 3HAUEHHUS; TPOEKTUPOBIIUK sI3bIKA, MOYXKET TOUHO
TAaKUM K€ 00pa30oM T00ABUTH B HETO CTOJIBKO JIOMOJHUTEIHHBIX THIIOB, CKOJIBKO
3axX0Yer.

ITomumo TumoB Bool u Nat, Mbl HHOTIA OyAeM i OXKHUBJIEHHS TTPUMEDPOB HC-
10J1b30BaTh 0a30Bble TuUllbl String (cTpoku, Hainpumep "hello") u Float (uucia
¢ mIaBaoIeit Toukoit, manpumep 3.14159).

B Teopermueckux 1messx 9acto ObIBaeT yI00HO abCTparmpoBaThCsl OT CBOWCTB
KOHKPETHBIX 0A30BbIX THUIIOB U WX OMEPAIWii, © BMECTO STOTO MOJIATaTh, YTO SI3BIK
cHA0XKEeH HEKOTOPbIM MHOXKeCTBOM A neunmepnpernupyemvix (uninterpreted), wiu
neuzeecmuniz (unknown), 6a30BbIX THIIOB, JJisi KOTOPBIX HE ONPEIEJIeHO BOODIIE
HUKAKHUX JIEMEHTAPHBIX OIeparnyii. ITOro MOXKHO JOCTUTHYTH, [OMPOCTY BKJIIO-
guB A B MHOYKECTBO THUIOB (C METANIEPEMEHHON A, KOTOpas NMPUHUMAET 3HAYCHUS
u3 A), kak nokazano ua puc. 11.1. JIjia 6a30BbIX TUIOB MbI UCTIOJIb3yeM OyKBY A,
a He B, 9To0bl m30eKaTh MMyTAHWUIIBI C CUMBOJIOM 1B, KOTODPBIA 03HAYAET MPUCYT-
crBue OyJIEBCKMX 3HAYeHMWH B JaHHOU cucreme. MoOXKHO cumrarb, 4ro OykBa A

B »sr0#i rsaBe paccMATpPHBAIOTCS PA3NAYHBIE PACIHIAPEHHS YHCTOTO THIH3HPOBAHHOTO
nambna-ucuucnenus (puc. 9.1). CoorBercrByiomas peanusaua za OCaml, fullsimple, comep-
JKHUT BCE 3TH PACIIUPEHHUS.
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— A Pacwupsaem A, (9.1)

M 1
Hosvie cunmarcuveckue Gopmot
T u=... MUNbL:

A ba30661l MUN

Puc. 11.1. Heunreprperupyembie 6a30BbIE TUITHI

OTCBHUIAET K amomaphvim (atomic) THIAM — 9TO HA3BAHUE TAKIKE YACTO MCIIOJIb-
3yIOT i OA30BBIX TUIIOB, IOCKOJIbKY C TOYKHU 3DEHUs CUCTEMbI THUIIOB, Y HUX HET
HUKAKOW BHYTpEHHEH CTPpYKTypbl. B KadecTBe mMeH 0A30BBIX THUIIOB MBI OyaeM
yrmoTpebsisiTh CuMBOJIBI A, B, C u 1. 1. 3aMeTnM, 9TO, KaK U paHee C UMEHAMH Mepe-
MEHHBIX ¥ MMEHAMU THUIOBBIX ITEPEMEHHBIX, A MCIOJB3YeTCS M KaK uMsi 0A30BOTrO
THUIIA, ¥ KAK MeTalepeMeHnHast, IPUHAMAIOIIAasi 0A30BbIe TUIIHI B KAYECTBE 3HAYCHUN.
Y10 KOHKPETHO MMEeTCs B BU/Y B KaXK/IOM CJIydae, siCHO U3 KOHTEKCTA.
Heykenn orT HEeMHTEPTPETUPYEMOTO TWIA HET HUKAKOM TOJb3bI? BoBce HeT.
XoTsT MBI HUKAK HE MOYKEM TPAMO HA3BATh €ro JEMEHTHI, MBI MOXKEM BBOIUTH
HepeMeHHbIe, TPHHNMAIONIHe 3HaueHnd 3Toro Tuma. HampuMep, dyaxmmsa’

Ax:A. x;
> <fun>: A— A

ecTh (PYHKIUS TOXKIECTBA, I JIEMEHTOB A, KAKOBBI ObI OHU HU ObLIN. AHAJIOrHY-
HO,

Ax:B. x;
> <fun>: B— B

ectb DYHKIMSA TOXKIECTBA 171 B, a

A A —>A, Mx:A. £(f(x));
> <fun> : (A— A) > A— A

ecTb (DYHKIWS, ABAXK/Ibl IPUMEHSIONAs HEKOTOPYIo nanuyio dyaknuio f K apry-
MEHTY X.

11.2. EamHUYHBIN THI

Eme ogun mose3nbiit 6a30BbIi THII, BCTPEYAIONINICSI B OCHOBHOM B sI3BIKAX Ce-
MmeiictBa ML — emuunanbenit tun Unit, onmmcamubiii Ha puc. 11.2. B orimame or
HEMHTEPIIPETUPYEMBIX 0OA30BbIX THIIOB U3 IMPEJBIAYINEr0 pa3iesa, dTOT THI HH-
TEPIPETUPYETCS HAWMPOCTEHIITUM 0Opa30M: MBI SIBHO BBOIWUM €IMHCTBEHHBIN €ro
9JIEMEHT: TEPMOBYIO KOHCTAHTY unit (MUIIETCs ¢ MAJIEHbKO OyKBbI 1), U IPABUIIO
TUNIA3AINH, TIpeBpamnaee unit B sgement Unit. Kpome Toro, mul mobaBisem
unit K COMCKY 3HAYEHWN, MOTYIIUX CJIYXKUTH Pe3yJIbTAaTOM BBIUHUCIEHUSA: B CYIII-
HOCTH, unit — eduncmeennvili BOSMOXKHbBIN Pe3yJIbTAT BbIYKUCJICHUS BbIPAKEHUS
Tuna Unit.

'Haummas ¢ 3TOTO MecTa, TIPH 3aITUCH PE3YAbTATOB BEITHCICHUH MBI OyfeM s SKOHOMHM
MeCTa 3aMEHSATH Teja A\-abcTpakiuil Ha 3anuchk <fund>.
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CBA3BIBAHUA-IIYCTBIIIKHI 139
— Unit Pacwupaem A, (9.1)
{ ]
Hosvie cunmarcuveckue gopmot Hosevie npasusa munusayuu|/ ' —t : T
t = mepmol.
unit KOHCManma unit I' - unit : Unit (T-UNIT)
Hosvie npoudsodnoe gopmuot
voon=— L. BHAYEHUA:
unit KOHCMAHMa unit
T tiste = (Ax:Unit.ts) tp
= MUNbL:
. . rae x ¢ FV (ta)
Unit eQUHUYHBLT MUN

Puc. 11.2. Eauauunbiii Tun

Haxke B uncro yHKIMOHAIHHOM si3biKe TUT Unit He JUINTeH HeKOTOPOro MH-
Tepeca,’ OJTHAKO B OCHOBHOM OH HPIMEHSETCH B A3BIKAX ¢ MOOOYHBIME 3pdeKTa-
MU, BpPOJI€ IPUCBAMBAHUII CCHIJIOYHBIM siueiikam (K 9TOH TeMe Mbl €Ile BepHEeMCs
B riase 13). B Takux g3blkax HAC 4aCTO MHTEPECYET B BHIPAXKEHUH HE PE3YJIbTaT
BBIYUCIEHNSA, a €r0 MOOOYHBIN 3P GEKT; AT MOM00HBIX BhIpazkenuit Unit CiryKuT
TTOIXOISITIIAM THTIOM Pe3yJIhTaTa.

Oto mpumenenue Unit aHAJIOTHYIHO POJiK TUMA void B sa3bIkax, momobubx C u
Java. Umg void HaBoguT Ha MBICJb O mycToM Tue Bot (cp. §15.4), HO uCIONB3Y-
eTcd OH CKopee Kak Ham Unit.

11.3. IIpou3Bomubie HOPMBI: II0CJIETOBATEILHOE
VCIIOJIHEHUE U CBA3BIBAHUA-ILY CTBIIIKN

B a3pikax ¢ mobounbiMu 3ddeKTaMu 4acTO OBIBAECT MOJE3HO BBIYHUCIUTD JBA
BbIpAXKEHUsT OJHO 3a JApyruM. KOHCTPYKIHUS NOCAEJ08AMEAbHO20 UCTIONHEHUA
(sequencing notation) t1; to O3HAYAET: «BBIYMCIUTH t1, UTHOPUPOBATH €ro (Tpu-
BUAJILHBIH) PE3YJIbTAT, 32T€M BBHIYUCIUTE to>.

DopmaIn30BaTh MOCJIEI0BATEIHLHOE HCITOTHEHE MOYKHO IByMs criocobamu. Bo-
MEPBbBIX, MOYXKHO CJIE0BATH TOU K€ CTPATErWH, KOTOPYIO MbI HCIOJIH30BAJIN IS
JIPYTUX CHHTAKCHIECKUuX hOpM: T00ABUTH t1; to B KAYE€CTBE HOBOM AJIbTEPHATHBLI
K CHHTAKCHUCY TEPMOB, a 3aT€M BBECTHU JIBA IPABUJIA BbIYUCICHUS

t] — t)

15 to—ty to

2MBI HaTEeMCs, 9TO YHTATEIIO JOCTABHT YI0BOJIBCTBUE CJIEAYIOIIAsA HeOOIbIIAs 3ara/IKa:

Vupaxuenue 11.2.1 [k k %|: Ecmo 4u cnocob nocmpoumo nocaedosamesorocms mepmos ti,
ta, ...HQ A3BKE NPOCMO20 MUNUSUPOBAHHO20 AAMOOa-ucwucienus ¢ Unit 6 kKavwecmee enmH-
CTBEHHOTO 60306020 MUNG Makx, wmobv, 0as Kaxcdozo n mepm tn umen pasmep ne Gosee O(n),
HO 0as docUANCENUA HOPMANLHOT Popmvs mpebosas ne menee O(2™) waz08 evivucaerud?
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140 CBA3BIBAHUA-ITy CTHIIIKA

Vi3t — ta (E-SEQNEXT)
" IIPpaBUJIO TUIIU3allUH

I'-1t; : Unit 'ty @ Ty
'ty 5 to @ Ty

(T-SEQ)

u Takum obpasom 3adukcuposarb TpebyeMoe LOBelJeHUe oneparopa ; («rodka ¢
3ansTo» ).

Jpyroit crocob dhopMaIM3anuE MOCIEI0BATEIHHOTO HWCIOJHEHNS COCTOUT
B TOM, 9TOOBI PacCMATPUBATH t1; to TPOCTO KAK COKPAULEHHYIO 3GNUCH
(abbreviation) s repma (Ax:Unit.ts) t1, B KOTOPOIi /jid IIEPEMEHHO X Bbl-
6upaercs nogoe (fresh) umsi — 10 ecrb, TaKOE, KOTOPOE HE COBLAJAET HU C OAHOMN
73 CBOOOIHBIX MEPEMEHHBIX to.

VHTYATHBHO JOCTATOYHO SICHO, 9TO C TOYKH 3PEHUs MPOrPAMMECTA, 004, CIT0Co-
6a m00aBUTDH B A3BIK MOCIEI0BATEILHOE MCIOIHEHUE MPUBOIAT K OMHOMY WU TOMY
K€ Pe3ysIbTaTy: BEICOKOYPOBHEBbIE MPABUIA TUITU3AIMN W BEIYUCIEHUS MOKHO 6bi-
eecmu (derive), ecau paccmarpuBarb t1; te Kak cokpamenue Jjs (Ax:Unit.ts)
t1. DTO COOTBETCTBUE MOXHO JoKasarh 6ojiee popMalibHO, POJEMOHCTPUPOBAB,
YTO W TWMU3AINWIO, U BHIYACICHUE MOXKHO <«MEHSTh MECTAMH» C PACKPBITHEM CO-
KpAaIIEHHSI.

Teopema 11.3.1 [IIOCJIEJJOBATEJIBHOE WCIIOJHEHUE KAK ITPOU3BOJHASA
®OPMA]: 0603HawuM NPOCTNOE MUNUSUPOBAHHOE AAMOIG-UCHUCAEHUE, JOTONHEH-
Hoe munom Unit, KOHCmPyKyuetd nociedo8amesbHo20 UCNOAHEHUA U NPABUAAMU
E-SEQ, E-SEQNEXT u T-SEQ, cumeonom \E (2de byrxea E esama us evipadice-
nus external language, «snewnuti A3viks ). O603HAMUM NPOCTNOE MUNUSUPOBAHHOE
aamboa-ucwucaenue, kyda dobaeaen moavko mun Unit, cumeorom A (internal
language, «enympennut azvr»). Iycmo umeemea e € \¥ — X | bynxuusa pac-
KpbITUs coKpainenuii (term elaboration function), xomopas nepesodum ewvipasice-
HUA C BHEULHE20 A3BIKG HA BHYMPEHHUT, 3AMEHAL KAHCIOE BTOHCIEHUE KOHCMPYK-
yuu t1 ;5 to e (Az:Unit.ts) t1 ¢ Hoeol nepemennoti . Tozda das kasrcdozo
mepma t asvra \¥ umeem

e t —>p t' moada u moavko mozda, kozda e(t) —y e(t’)
e I'Pt : T mozda u moavko mozda, xo2da T ' e(t) : T

20e OMHOWEHUA BUNUCAEHUA U MUNU3AUUY A30Kk08 A\E u AT nomeuenw, coomsem-
cmeenno, cumsosamu FE u 1.

Jloxasameavcmeo: kasicdoe nanpasaerue 6 obouxr “mozda u moavko mozda”’ doxa-
3bLBAETNCA C TOMOWDLI NPAMOAUHETUHOT UHIYKUUU 1O cmpykmype t.

Teopema 11.3.1 ompaBIbIBaeT MpUMEHEHWE TEPMUHA <«ITPOW3BOIHAsT (DOpMay
(derived form), nocko/IbKY OHA JEMOHCTPUPYET, YTO MOBEJECHUE KOHCTPYKIUH T10-
CJIeI0BATEIBHOTO UCIIOTHEHUST C TOYKYU 3PEHUs BBIYUC/ICHUS U TUIU3AIUU MOXKET
OBITH BbIBEIEHO 13 60stee 6a30BBIX omeparuii — abcTpakiuu U nmpuMeHerus. IIpe-
AMYIIECTBO BBE/IEHUsI TAKMX KOHCTPYKIWU, KAK I[IOC/IEI0BATEIbHOE HCIIOJIHEHHE,
B BUJI€ MPOU3BOIHBIX (POPM COCTOUT B TOM, UTO MBI TAKUM ODOPA30M PACITHPSIEM
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BHEIIHUI cUuHTAKCUC (T. €., A3bIK, PEaJbHO UCIOJb3yEeMbIi IPOrPAMMUCTAMU IIPU
HALMCAHUU LIPOIPAMM), HO LIPU ITOM u36eraeM yCJIOKHEHUsi BHYTDEHHErO s3bl-
Ka, JJIT KOTOPOTO HYYKHO IOKA3LIBATH TAKME TEOPEMbI, KAK TEOPEMY O THIIOBOH
6e3omacuocTu. Takoit mMeTom 6OpHOBI CO CIIOKHOCTHIO OMUCAHUS SI3BIKOBBIX KOH-
crpykimii MoxkHO HaiiTu yxke B «Oupenenenuu Algol 60> (Naur et al., 1963), u
OH MIMPOKO MPUMEHSETCS BO MHOTHX 0OJiee COBPEMEHHBIX OMUCAHUSIX SI3BIKOB, Ta-
kux, Kak «Oupenenenue Standard ML» (Milner, Tofte, and Harper, 1990; Milner,
Tofte, Harper, and MacQueen, 1997).

Yacro mpoussomgubie hOPMBI BCJIC 33 JIaHIMHOM HA3BIBAIOT CUHMAKCUYECKUM
cazapom (syntactic sugar). 3amena npousBOAHON (GOPMBI €€ HU3KOYPOBHEBHIM
olpe/ieJIeHueM Ha3bIBaeTCs ydasenuem caxapa (desugaring).

Eme omgma mpowusBogaas dhopma, KOTOPO MbI 9acTO Oy1€M MOJIH30BATHCS BITO-
CJIE/ICTBUM — COTJIAINEHHE O «CBA3BIBAHUSIX-IIYCTHIMKAX» B KOHCTPYKIIUSIX, CBSA3bI-
Baolux nepemenubie. Jacro OblBaeT Hy2KHO (HALPUMED, B TEPMAX, CO3JABAEMbIX
DY yJIAJEHUY CAXapa U3 KOHCTPY KM 1TOC/I€I0BATEIBHOTO UCTIOJHEHUS ) 3aITMCATD
JIIMOIa-a0CTPAKIINIO KAaK «3arIyIIKY», B TeJIe KOTOPOi CBA3LIBAEMAs MEPEeMEHHAA
HUTJIE He BCTPEYAETCs. B TaKuX CIydasx ObIBAET HEYIOOHO KaXKIbIH pa3 MpULy MbI-
BaTh HOBOE MMsI; BMECTO HTOT'O MBI Oy/IeM 3AMEHSITD €0 C8A3bLEAHUEM-NYCMBULKOT
(wildcard binder), koropoe BoiryisiauT Kak _ («noadepk» ). Takum obpaszom, Mbl Oy-
JIEM TI0JIb30BATHCS 3AIUCHI0 A_:S.t B KAYECTBE COKPAIIEHUs 3aIUCA AX:S.t, rie
X — HEKOTOpas TepeMeHHasl, He BCTPEUYAIoIAsiCsa B t.

Vupaxzernue 11.3.2 [k]: Banuwume npasusa 6buCIeHUA U MUNUSGYUY OAHL A0-
CMPAKYUT CO CB8A3VEAHUEM-NYCMBUKOT U JOKAAHCUME, YMO UT MOHCHO 6DLEECTIU
U3 NPABUNA PACKPUMUA COKPAGULEHUT, NPUBEIEHHBIT EbLULE.

11.4. IlpunuceiBaHue THUMIA

Eme omma mpocrast KOHCTPYKITHS, KOTOPasi BIIOCIEACTBUN 9aCcTO OYIET HAM MO~
Jie3Ha, — 3TO ABHOE npunuctiearue (ascription) onpepeseHHOr0 THUIIA OPEIeIeH-
HOMY TepMy (T. €., B IpOrpaMMe sIBHO 3aIUChIBAETCs YTBEPKICHUE, YTO JAHHBIN
TepM umeer JaHHbli Tui). Mbl nuimem «t as T», uMes B BUIY «Te€pPM t, KOTOPOMY
Mbl npunucbiBaeM tuil T». IIpaBuino tunusanuum T-ASCRIBE s 9T0l KOHCTPYK-
muu (cMm. puc. 11.3) mpocTo-HampocTo nposepsier, 9To T JeHCTBUTEIBHO ABJISIETCI
Tunom Tepma t. IlpaBusio Berunciaenust E- ASCRIBE CTO/Ib YK€ OYEBHIHO: OHO OT-
OpachIBaeT as-KOHCTPYKIWIO, U t MTOCJIE STOTO BBIYUC/IAETCS KaK OOBITHO.

[IpunuceiBamme TUTIOB MOYKET OBITH MOJIE3HO B HECKOJIBKUX CATyalusaX. 1acto
OHO CJIYXKHT JIJIsE dokymermuposarus. VIHOr1a uyuTare o ObIBAET TPYAHO YCAEIUTh
3a THIIAMH BCEX TOABBIPAKEHHH B CITOKHOM COCTABHOM BbIpazkeHnu. Pasymuoe
HCIIOJIb30BAHME SBHBIX IPUIHUCHIBAHUI THUIIA MOXKET 3aMETHO OOJIErduThb 33/1ady.
Boutee Toro, B 0COOGEHHO CJIOKHBIX BRIPAYKEHUAX JTAYKE G6MOPY MOXKET ObITH HESICHO,
KaKOBBI THIIHI BCEX TMOMABbIparkeHwil. [IpunucbiBanme THUIIOB HECKOJLKUM W3 HUX
MOXKET TIOMOYb MPOTPAMMHUCTY MPOSICHUTH COOCTBEHHbIE MbICTH. VI B camom mere,
WHOT/Ia IBHOE IPUITUCHIBAHKE THUIIOB MOMOTAeT HAWTU UCTOYHUK TPYIHOYJIOBUMBIX
OLIMUOOK TUIIU3ALAM.

Erme oaHo ncmonb3oBanne SBHOTO IMIPUANUCHIBAHUS TUIIOB — YIIPABJICHUAE Pacne-
wamxot (printing) cjaoKHBIX TUNOB. [IpOrpaMMbl IPOBEPKHU THUIIOB, KOTOPHIE MC-
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— |as Pacwupaem A, (9.1)
\ \
Hosuvie cunmakcuveckue gopmo Hosuvie npasuaa munusayuulI'—t ¢ T
t on= ... mepmo:
t as T npunuchearue muna
I — t; ¢ T
Hosuvie npasuaa ewwucienus |t —t (T-ASCRIBE)
'ty as T : T
vi as T— vq (E-ASCRIBE)
t] — t)

- (E-ASCRIBE1)
ti as T—>t; as T

Puc. 11.3. IlpunucwiBanme Tuma

[IOJIb30BAHBI JIjIs IIPOBEPKU IIPUMEPOB B 3TOI KHUIE, a TaKKe BCIOMOIaTesbHbIe
peasmzanuu Ha OCaml, umena koropbix Hadunaiorcs ¢ full («uosnblii» ), obecie-
YUBAIOT MPOCTOI MEXaHW3M JJI BBEIEHUS COKPAIEHNII BMECTO JIJINHHBIX BhIpaske-
uuii Tunos. (B ocraibHBIX pean3anugax MEXaHW3M COKPAIEHHUil OmyIieH, 4To0bI
UHTEPIIPETATOPbI Jierde ObLI0 YuTarh U Moaubunuposars.) Hanpumep, o0bssie-
HHE

UU = Unit — Unit;

npespaiaer uaeatudukarop UU B cokpaitmnenue i tuna Unit — Unit, KOTO-
POe MOXKHO HCITO/Ih30BaTh B MporpaMme. [ie Obl MbI HE BCTPETUIN UACHTUDUKATOD
UU, ero ciaeayeT moHEMATh Kak Unit — Unit. HampmMmep, MOXKHO HammncaTh

(Af:UU. £ unit) (Ax:Unit. x);

Bo Bpemst mpoBEepKM THUIOB 3TH COKPAIIEHUS 10 HEOOXOAMMOCTH PACKPBIBAIOT-
csa. C apyroit CTOPOHBI, MPOIEAYPHI TPOBEPKH THUTIOB MBITAIOTCS MO BO3MOXKHOCTU
STH ONpEJIe/IeHUsl CBEPHYTh. (A MMEHHO, KaxKIblil pa3, NpOBepss IOATEPM, OHU
CMOTPST, HE COBIIAIAET JIU €r0 TUIl B TOYHOCTHU C KAKMM-HUOY/Ib U3 U3BECTHBIX CO-
kpamienuii.) O6bIYHO IIPU ITOM IOJIy4AOTCH PA3yMHBIE PE3YJIbTATbI, HO U3PEIKA
HaMm Tpebyercs paciedarblBaTh TUI KAK-TO nHA4Ye: JubO u3-3a TOro, Y4TO IPOCTast
CTpaTErus COMOCTABJIEHUST C 00OPA3IIOM HE JAeT MpPOrpaMMe MPOBEPKU TUITOB WC-
[OJIb30BaTh COKpAIEHUe (CKaKeM, B CUCTEMAX, Il PA3PeIIaeTcs U3MEHATh 0ps-
JOK MMEHOBAHHBIX IMOJIEH THIOB 3allMCH, OHA He moiiMmer, uro {a:Bool, b:Nat}
MOXKHO CBODOJHO 3aMensaTh Ha {b:Nat, a:Booll}), mubo 1o Kakoii-uubyap Apyroii
npuuune. K npumepy, B

Af:Unit —»Unit. f;
> <fun> : (Unit — Unit) — UU

cokpairenue UU ucnonb3yercs B pe3yiabrare (PyHKIUH, HO HE HCIOJIb3yeTcs B
ee aprymente. Ecimu Ham xodercss, 9To0bl THIl oOo3HaYa cad Kak UU, HYKHO JubO
U3MEHUTH AHHOTAINIO TUMA HA BHIPAYKEHUN-AOCTPAKINN
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Af:UU. £,
> <fun> : UU — UU

00 ABHO MPUIUCATH THUI BCEH abCTPaKIH:

(Af:Unit »Unit. f) as UU — UU;
> <fun> : UU — UU

Korma mporenypa mpoBepKu THIOB 00pabaTHIBAET MPUMKUCHIBAHUE THUIIA t as
T, oHa pa3BopaduBaeT KaxkKJoe COKpalleHue B T, mposepdad, 4To t umeer Tum T,
OJTHAKO 3aTEM BO3BPAINAET B KAYECTBE THUIA BLIPAKEHUS-MPUIHUCHIBAHUS cam T,
B TOYHOCTHU TaK, KAK OH ObLT 3amucad. Vcnosib30BaHue MPUIUCHIBAHKUN THIIA [T
YIPABJIEHUS [I€YATHIO TUIIOB — OCOOEHHOCTH UMEHHO HHTEPIIPETATOPOB, UCIOJIb3Y-
€MBIX B 3TOI KHUTE. B MOJHOIEHHOM sI3bIKE MPOTPAMMUDPOBAHNUS MEXAHU3MBI JIJIsT
COKDAIIEHUS U PACIEYATKU THUIOB JUOO HE HYXKHBI (HampuMep, B Java BCE THUIIbI
[PEJICTAB/IAIOTCH KOPDOTKUMY UMEHaMK — Cp. B riaBe 19), b0 HaMHOro riry0xke
BeTpoenbl B a3bIK (kKak B OCaml — cm. Rémy and Vouillon, 1998; Vouillon, 2000).

Haxkomerl, mpunucbiBaHue TUIIOB MOYKHO UCIOJIB30BATH B KAYECTBE MEXAHU3MA
abemparyuu (abstraction). Dror cnocod noapodbuo 0beyxaaercs B §15.5. B cucre-
MaX, B KOTOPBIX OJWH U TOT YK€ TE€PM t MOMKET UMETh HECKOJIbKO TUIOB (CKAXKEM,
B CHCTEMax C HOATUIIAMH), 9€Pe3 MPUIUCHIBAHUE MOKHO «CIPATATH» HEKOTOPBIE
M3 HUX, YKa3aB IpOorpaMme TPOBEPKH, YTO t HYKHO PACCMATPUBATDH, KaK €CJIH Obl
on 06J1a1a1 MeHbITUM HabopoMm Tunos. Kpome Toro, B §15.5 Oymer obcyKaaTbes
CB#3b MEXKJy sBHBIM LPUIKMCHIBAHKEM TUIIOB U UX npeobpasosanuem (casting).

Vupaxsernue 11.4.1 [PEKOMEHAYETCH, k% |: (1) Hokaorcume, xax npunucoiéa-
HUE TUNOE MONCHO NPeIcmasums 6 sude Npousdeodnoti gopmol. Joxaxrcume, wmo
COPUUUAABLHBIE> NPABUAG MUNUZGUUY U BBIYUCAEHUA OOANACHBIM 006PA3OM COOM-
eemcmeyrom eawemy onpedeaenuro. (2) Ipednoaosicum, wmo émecmo napov, npa-
eun evuucaenus E- ASCRIBE u E-ASCRIBEL, Mol 66eau Obi «9HEP2UNHOES NPAGUAO

t; as T— t; (E-ASCRIBEEAGER)

HEMEOAEHHO OMOPACHLEAULEE NPUNUCHLBAHUE C KAHCA020 00HAPYHCEHHO20 MEPMA.
Mootcho au npu 9mom No-npescremy CHumams NPUNUCHEGHUE MUNG NPOU3EOOHOT
Ppopmoti?

11.5. Csa3biBaHue let

ITpu HamucaHuu CIOKHOTO BHIPAYKEHUS IACTO OBIBAET TIOJIE3HO TPUCBOUTH MMe-
HA HEKOTOPBIM €ro MOJBbIPAXKEHUAM (KaK [IJIf TOr0, YTOObI H30€KATh IIOBTOPEHMI,
TaK ¥ JJI IPOCTOTHI YTeHus ). B GOJIBIIMHCTBE S3bIKOB €CTh CIIOCOObI CIEJIATh JTO.
Hamnpumep, 8 ML 3amuch let x = t; in ts O3HAYAET «BBIYHCIUTH BHIPAKEHHE
t] U CBA3ATH MM X C HOJIyYMBINAMCS 3HAYEHUEM [IPU BBIYUCIEHUU to».

Harma xoucTpykius cBa3biBanus uepes let (npeacrasiennas qa puc. 11.4), no-
no6u0 ML, cimeayer mopsaKy BbIYHUCIEHHUS C BEI30BOM M0 3HAYEHUIO. DTO O3HAYAET,
9TO TEPM, CBA3AHHBIN Yepe3 let, TOIKeH ObITH TOTHOCTHIO BHITUCIEH, TPEYKIE 9eM
HAYHET BBIYUCAATHCA Temo let-dopmbl. [Ipasumo tunmsanum T-LET ykas3biBaer,
9TO THIl let-BbIPAXKEHWs MOYXKHO IOJYYUTh, CHAYAIA OIPEIEJIUB TUIl CBI3aHHO-
0 TEPMA, PACIIUPUB KOHTEKCT CBSI3BIBAHUEM C 3TUM THUIIOM, W BBIYUC/INB B 3TOM
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— let Pacwupsaem A, (9.1)
{ 1
Hosvie curmaxcuueckue Gopmoi Hoevie npasusra munusayuu L' =t : T
t = mepmol:
let x=t in t C8A3bL6aAHUE
let 't : T Ix:Ti Hty ¢ To
Hoswie npasuna evnucsenua |t — t' I't-1let x=t; in t3 : T
(T-LET)

let x=v; in ty — [x — vq]to

(E-LETV)

/
t]_—)t]_

let x=t; in to — let x=t'1 in to
(E-LET)

Puc. 11.4. CsasbiBanue let

PaCIIuPEHHOM KOHTEKCTE THII TejIa let, KOTOpbIH u OyIeT TOrga THIIOM BCero let-
BBIPAYKEHU .

Vupaxuerue 11.5.1 [PEKOMEHAYETCH, % % *|: I[Ipoepamma nposepku munos
letezercise (ee MOJCHO CKA%ATS WG CATME KHULU) ACAAECTCA HENOAHOT PEANU-
sayueti let-euipascenuti: 8 Hell UMEMCS NPocmovle GYHKUUL CUHMAKCUYECK020
AHAAU3A U PACTEYATMKY, HO 6 PyHKUuAT evall u typeof nem 6apuaHmos 0as
konempykmopa TmLet (Ha ux mecme HATOOAMCHA 3G2AYWKU, KOMOPyLE CPAOAMbL-
6a10M Ha A000T MeEPM, G NPU NONBIMKE UCTOAHEHUS 3ABEPULAIOT NPOZPAMMY C
coobwenuem o6 owubke). JJonuwume npozpammy.

MozkHO Jim ompeenuTh let B Buae mpom3BomHOi (opwmbl? [la, Kak mokazal
JlauauH; 0IHAKO JeTaju Pean3alny HECKOJIbKO CJIOKHEEe, YeM IS TOCJIeI0Ba-
TEJIbHOIO MCIOJIHEHUs] ¥ IPUIUChIBaHUA THUIOB. C HAMBHONW TOYKH 3PEHUS SICHO,
910 3 dekTa let-CBA3bIBAHUS MOXKHO JOCTUYb, COYETAs AOCTPAKIINIO U IIPUMEHEe-
HUE:

let x=t; in to S (Ax:Ty.t2) t;
3amMeTnM, OTHAKO, 9TO IPABAs YACTh ONMPEIEICHUS COAEPKUT aHHOTAIUIO Thma Ty,
KOTOpas B JIEBOM YacTH OTCyTCTByeT. TO eCTh, eCJIu MbI CIUTAEM, UTO ITPOU3BOI-
HbIe (DOPMBI TIOIBEPTAIOTCSA YAAJIEHHUIO CaXapa B IMPOIECCe CHHTAKCHIECKOTO aHAN-
3a KOMIIMJIATOPOM, TO HAM HY?KHO IOHSITH, OTKY/d CHHTAKCUIECCKAN AHATIA3ATOPD
Y3HAET, 9TO B KAQYECTBE AHHOTAIMW THIA B A-BBIPDAXKEHUHU I 00€CCAXapPEHHOTO
TepMa Ha BHYTPEHHEM S3bIKE OH JIOJI?KEH MOpOIUTh Ti.

OrBer Ha 3TOT BOIPOC, PA3yMEETCs, TAKOB: MH(MOpMAIUs IPUXOAUT U3 IIPO-
rpammbl npoBepku tuios! Tpebyemasi aHHOTAlMS THIOB IIOJLy4YaeTcs IyTeM Bbl-
yncaerns tumna tepma ti. C 6omee (popMaIbHONW TOUYKH 3pEHHsi, 3TO TOBOPUT O
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11.6. Ilapsr 145

TOM, 9TO KOHCTPYKTOp let — mpom3Bozanas (popma HECKOJTBKO WHOTO POJA, IeM
BUJIEHHBIE HAMHU JI0 CHX IIOP: €e HYyzKHO PacCMaTPHUBATh HE KaK 0beccaxapuBaio-
mee mpeobpa3oBaHre TEPMOB, a KaK MpeoOpa3oBaHne Ha, depesbAL 6b.600a MUnNoe
(uu, ecsu yoOHee Tak CYUTATH, HA TEPMAaX, KOTOPBIE IPOLEILyPa TPOBEPKU THIIOB
[OMeTHUIa Pe3yJibTaTaMy CBOEro aHasmu3a). Ilpu 3ToMm aepeBo, BKIoUaoliee let

't : T4 I''x:Ty -ty @ To
I'H1let x=t; in ty : Ty

T-LET

[IEPEBOMTCA B JE€PEBO, BKJIIOYAIOIIEe aOCTPAKIMIO U [IPUMEHEHUE:

I'x:Ty Hty @ Ty

T Ax:Ty .ty ¢ T T, P :
x:Typ. : — -
1.T2 1 2 Tt : T,
T-App
' (Ax:Ty1.t2) t1 @ To
Takum obpa3om, let — «HECKOJBKO MEHee IMPOoM3BOjaHAss» GopMa, YeM yKe BU-

JICHHBIE HAMU: €€ MOBEJIEHNE MTPU BHIYUCJIEHUH MOYKHO BBISIBUTH, YIAJUB Caxap, HO
ee TTOBEJIEHNEe C TOYKHU 3PEHUsT TUIU3AINN T0JKHO ObITh BCTPOEHO BO BHYTPEHHMIA
SI3BIK.

B riaBe 22 MbI BCTpeTuM elre 0JIuH J0BO/I IIPOTUB ONpe/jiesieHus let B KadecTBe
upou3BoAHOi (HOpMbL: B s3blKax ¢ nosumopdusmom 1o Xuuuu-Musuepy (1. e.,
OCHOBAHHBIX Ha yHU(DUKAIUKN) TPOrpaMMa POBEPKHU TUIOB 00pabarhiBaeT let-
opMbI 0cOOBIM 06pa30M 1 ¢ UX TTOMOIIBI0 0606uwaem (generalizes) mosmmopdHbIe
OTIPesIe/IeHNsI, TIOJIyYIas MPU ITOM THIIBI, KOTOPbIE HENIb3s CMOIEUPOBATH UEPE3
OOBIKHOBEHHYTO A-aOCTPAKIMIO ¥ IPUMEHEHHE.

Vupaxzernue 11.5.2 [k%]: Moowcno nonpobosame ydassamov caxap 6 dopme let
nymem ee HeMEINeHH020 <«BbIUUCAEHUAS, M. €. paccmampueams let z=t; in to
Kax coxpausernue dan [z — t1]te. Hackoavko zopowa sma udes?

11.6. Ilapnr

B GobIMHCTBE SA3BIKOB PO PAMMHAPOBAHASA WMEIOTCS PA3IAIHBIE CTTOCOOBI MTO-
CTPOEHHUST COCTABHBIX CTPYKTYP JaHHBIX. IIpocTeiiimas n3 TakKux CTPYKTYD — napbl
(pairs), uiu, B Gosiee obiieM ciydae, kopmesicu (tuples) 3nauenuii. B arom pasue-
Jle MBI PacCMaTpUBaeM Hapkl, a 0ojee o0Iue KOHCTPYKIAA — KOPTEXKHA W 3AIHCH
¢ MeTKaMu moJjieit — oTKaaapBaeM 10 §11.7 u §11.8.3

DopmasIbHOE OTIPEIEICHUE TIap €IBa JIU CTOUT MOAPOOHOTO OOCY K ICHUST — IIJIst
quTaTesst, JOOPABIIErocs IO 9TOr0 MECTa B KHHWTe, YTeHWe MpaBu Ha puc. 11.5
JIOJTIXKHO OBITH €/1Ba, JIU HE MPOIIE, 9eM TeKCT HA €CTECTBEHHOM SI3BIKE, COMEPIKAIIII
Ty ke camyio mHpopMammio. JasaiiTe, 0OOJHAKO, PACCMOTPHM BKPATIE PA3TAIHBIC
JeTAIA OIpPeNeeHns, 9TO0bI IOAYePKHYTh OOMIYI0 CTPYKTYPY.

3B peanmu3anuu fullsimple CHHTAKCHC ITap, NPUBOAUMBIN 37€Ch, He IOAIEPKUBAETCH, I0O-
CKOJIBKY KOPTEXXU BCE PABHO SIBJISIOTCS H0jiee OOIMUM pElnIeHreM.
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146 11.6. Ilaper

- X Pacwupaem A, (9.1)

\ \
Hoswie cunmakcuveckue Gopmot

t ou— ... mepmwi: t; — t] E.p
— -PRrRoJ2
{t,t} napa 1.2 > t,.2 ( )
t.1 NePeas NPoeKUUA
t.2 6MOpPaf NPOEKUUA,
t; > t]
. . E-Pair1l
voou— ... 3HAUEHUA: {t1,t2F — 1], ta} ( )
{v,v} 3HAUEHUE-NAPa
T ==... mundst: ty — t
T, x Ty mun-npoussedenue 2 (E-PAIR2)

{Vl ’t2} i {V]. ,tIQ}

Hoevie npasusa munuszeyuu| L' =t : T

Hoswie npasuna 8vblYUCNEHUA t -t

{vi,vo}.1 > v; (E-PAIRBETAL)

't : T 'ty @ Ty
' A{t1,to} : T4 X Ty

{v1,v2}.2 > vs  (E-PAIRBETA2) (T-PAIR)
t; — 1:'1 T—t; : T T
- (E-ProJ1) Ft1: T X Tio T-P
7 -Proijl
tl'l_)tl'l I'Ht1.1 : Ty ( )
'ty : T3 x T
LU - B (T-Pros2)

I't1.2 @ Tyo

|

Puc. 11.5. [Tapwr

Yrobbr 106aBUTH MAPHI K MPOCTOMY THUIIM3UPOBAHHOMY JIIMOIA-MCIUCICHHUIO,
TPeOYIOTCS JIBA HOBBIX BHJA TEPMOB: IIOPOXKJIEHHE IAPhI, KOTOPOE 3aIMCbIBAET-
ca B Bume {ti,ts}, W MpOEKIMs, KOTOpas 3alnChIBaeTCa B BUAE t.1, ecam 3To
mepBasi MPOEKIWs, W B BUIE t.2, €CJIW dTO BTOpas MNpoekims. Takxke HE0OXO-
JIMM HOBBIA KOHCTPYKTOP TUNOB T; X Ty, KOTOPBINl HA3BIBACTCS NPOU3BEIEHUEM
(product) (wmu, unorna, dexapmoswvim npouseedenuem, cartesian product) Tunos
T, u To. ITaper 3anuceiBarorcsa B (DUIYPHBIX CKOOKAx,! 4TOOBI IOZYEPKHYTH HX
CBsA3b ¢ 3anucsvu u3 §11.8.

4Cnoco6 3amucu ¢ GUrypHEIME CKOGKAME He BIOJHE YIAdeH [JIs ap U KOPTexXei, MOCKOIbKY
HAIIOMHUHAET CTAHJAPTHOE MaTeMaTHIeCKoe 0D03HAUeHne MHOXKeCTB. Yalne, Kak B HOIYJISPHBIX
s3pIKaxX Bpoge ML, Tak u B HCCIEI0BATENBLCKON JUTEPATYPE, UCHOMB3YIOTCS KPYI/ble CKOOKH.
Berpeuarorest Tak>Ke U Apyrue BUABLI HOTALMU, HANIPUMED, KBaAPaTHbIE UM yTJI0BBIE CKOOKH.
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11.7. Koprexn 147

B npaBunax BblYucieHus HY?KHO yKa3aTbh, KAK BEAYT CeOs mapbl M MX MIPOEK-
muu. IlpaBuna E-PAIRBETAL1 u E-PAIRBETA2 yka3bIBaior, 9TO HpHU COYETAHUU
TMOJTHOCTBIO BBIYMCJIEHHON Hapbl ¢ MEPBOH MM BTOPOIl MpOEKINeil pe3ysbTaToM
ABJISIETCS COOTBETCTBYIOMAsS KoMmoueHTa mapbl. E-PROJ1 u E-PR0OJ2 mo3BonsaoT
MPOM3BO/IUTH BHIYUCJIEHUS] BHYTPU MPOEKIUI, €CIIU TEePM, W3 KOTOPOro MPOU3BO-
JIATCsI TIPOEKIIHSI, eIle He MOMHOCThIO BhraucieH. E-PAIR1 u E-PAIR2 BoraucisgoT
YaCTH [1apbl: CHAYAJIA JIEBYIO, & 3aT€M — KOIJA CJIEBA OKAXKeTCs 3HAYeHue, — [pa-
BYIO 9aCTh.

Ilopsiok, BO3HUKAIONIMI M3 HMCIOJIH30BAHUS METAEPEMEHHbIX V U t B 3TUX
MpaBUJIaX, OOECTIeYMBAET IS Tap CTPATErwi0 BBIYKCIEHUs CJIeBa HampaBo. Ha-
IpuMep, COCTABHOU TepM

{pred 4, if true then false else false}.1

BBIUHCIIsieTCs (TOJIBKO) TaK:
{pred 4, if true then false else false}.1l
— {3, if true then false else false}.1
— {3, false}.1
- 3
Kpowme Toro, Hy?KHO /100aBUTH HOBBIII BADHAHT K OIPEJIEJIEHUIO0 3HAYEHU, 9TOObI
yKa3arb, 9T0 {vy, vo} saBiagercsd 3naderHneM. To, 9T0 KOMIIOHEHTHI MAPbI-3HAYCHHU ST
caMu 00sI3aHBbI OBITh 3HAYEHUSIME, 0OECIIEINBAET MTOTHOE BBIYUCICHNE IaPbI, IIepe-
JTaBaeMOoil KaK apryMeHT (DYHKIUH, IPEXK/Ie, YeM HAUHET BBITIOJIHITHCS TEI0 (OYHK-
. Hampumep:
(Ax:NatxNat. x.2) {pred 4, pred 5}

—  (Mx:NatxNat. x.2) {3, pred 5}
—  (Mx:NatxNat. x.2) {3,4}

—  {3,4}.2

- 4

TIpasuaa TuMU3aIMM AJI8 Map W WX TPOEKIINHA He MPEeICTABJISIOT CJIOKHOCTH.
[Ipasusio BBemenus T-PAIR ykaswiBaer, uto {t1, to} mmeer tum T; X To, mpu
ycaoBum, 910 t1 umeer tun Ty, a to — Tun To. COOTBETCTBEHHO, TTPABWUIIA YCTPa-
menns T-PR0OJ1 u T-PROJ2 roBopsT, 94TO €ciu t1 ©MeeT TUM-TIPOu3BeaeHue T11 X
T12 (T. €., ecim 3TOT TEPM JACT B KAY€CTBE 3HAYEHUs 11apy), TO TULIAMHU [IPOEKIH
sroit mapel OyayT T11 u Tia.

11.7. Koprexn

IlonsaTne ABYXMECTHOrO IPOU3BEIECHHUS THIOB W3 IIPEJBIAYIIETO Pa3iena
HETPYIHO PACHIMPUTH J0 N-MECTHBIX TPOU3BEICHUN, HAZBIBAEMBIX KOPMENCAMU
(tuples). Hanpumep, {1,2,true} — TpexMeCcTHBIN KOPTEXK, COJEPIKAIIUI BA THC-
J1a u OyneBckoe 3Hadvenue. Kro tumn 3anuceiBaercs kak {Nat,Nat,Bool}.

EnuncrBenHas TPYIHOCTD TIPU TAKOM 0OOOIIIEHUT COCTOUT B TOM, 9TO Tpedyercst
MPUIYMATh CIIOCOD 3aIUCH, € THHOODPA3HO OMUCHIBAMOIINA CTPYKTYPBI IIPOU3BOTb-
HOTO pa3Mepa; TaKWe COTJIAINEeHWs BCEerjia MPeJICTABIAI0T HEKOTOPYIO CIIOKHOCTH
n3-3a HeI/I36e}KHOFO KOMIIDOMHCCa ME2KAY TOYHOCTBIO U YU TAEMOCTDBIO. MI)I UCIIOJIb-
3yeM oboznauenue {t;'!""} naa KopTexa U3 N UIEHOB, OT tq A0 t,, m {T;*¢1-"}
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148 11.7. Koprexn

- {} Pacwupsem N, (9.1)

\ \
Hoswie cunmakcuvecxue gopmot

t u=... mepmol: t; — t’l (E-ProJ)
= Kopmesic t1.i —th.i
t.1i NPoeKyUA
Vo= ... 3HAMEHUA: 5 — &
{v;,’€1"}  xopmeorc-3nauenue IR =t t;, s
— {ViZ€1..]71, t;, tkkEJ—I—l..n}
T ==... MUNbL. (E-TUPLE)
iEl..
{1} Mun-Kopmesic  |\Hogwvie npasusa munudeyuu| I —t : T
Hosbie npasuaa 8bl4ucAieHUS t -t

I Kaxkmoro ¢, ' t; @ T;

‘ - {tiiEI”n} . {TiiEL'n}
{v;***"}.j > v; (E-ProJTUPLE) (T-TupLE)

- ty ot {TiiEI"n}
F |— tl-j ] Tj

(T-Proy)

|

Puc. 11.6. Koprexn

JIJIS €10 TUMA. 3AMETUM, 9TO MPU ITOM 72 MOYKET PABHATHCS HYJIIO; B TAKOM CJIY-
yae, nauanaszoH 1.n mycr, a {t;**1"} pasuserca {}, nycromy koprexy. Kpome
TOrO, 0ODpaTUTE BHUMAHUE HA PA3IMYNE MEXKJLy TPOCTHIM 3HAYE€HUEM BPOJe 5 u of1-
HO3JIEMEHTHBIM KOpTexkeM Bpoze {5}: eIMHCTBEHHAS Oneparys, KOTOPYI0 MOXKHO
MTPOM3BECTHU C MOCJEIHUM — W3BJIEUEHUE TIEPBOI KOMITIOHEHTHI.

Ha puc. 11.6 mano dpopmasibHOe onpemenenue Koprexeit. OHO mOX0XkKe Ha Ope-
Jlesienne TUNOB-npousseaenuii (puc. 11.5), HO ¢ 0600IIeHIEM KaXKJIOr0 MPaBUJIA
JJid map Ha caydail ¢ m 4jleHaMu, MpUYeM KaxKjas Hapa IMIPaBW JJsi TMepBOit
¥ BTOPOIl IPOEKIIMHU ITPEBPAIIAETCS B €IUHCTBEHHOE ITPABUJIO JIJI IPOU3BOJILHOMN
MIPOEKIINKE KOpTexkKa. ENuHCTBEHHOE MPAaBUIO, 3aC/ayKHUBAIOINIEE OTIEILHOIO BHU-
vannst — E-TUPLE, coueraioree u obobmatomee mpapuia E-PAIR1 n E-PAIR2
Ha puc. 11.5. Ha ecTecTBEHHOM $I3bIKE €0 CMBICJI BBIPAXKAETCSA TaK: €CJITU UMEETCst
KOPTEXK, B KOTOPOM BCE TIOJIsI CJIEBA OT IMOJIs j y2Ke MPeodbpPa30BaHbl B 3HAYEHUS, TO
MOXKHO IIpOJIeJIaTh OJMH Al BLIYUCICHUS 3TOrO [0Jid, U3 t; B t;. Kak u pambire,
IIPY IIOMOIIY METAIEPEMEHHBIX Mbl O0ECIIEIrBAEM CTPATEIUI0 BBIYUCICHHUS CJEBA
HaATPaBO.
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11.8. Bamucu 149

- { Pacwupaem A, (9.1)

{ \
Hoswie cunmakcuveckue gopmot

t =, mepmoL: t; — t
i€l.n —/1 (E-Proy)
{1,=t;*€L"} 3anuco t1.1—>t;.1
Bodl NPoeKYUA
voou— ... SHAMEHUA: 5 — &5
{1,=v;"€"}  3anucv-3nauerue {1=v, 1071 1i=t,, 1=t leitlny
— {li=Vilel"]71, 1j=t;': 1k=tkk6]+1“n}
T ==... MUNbL. (E-RcD)
L€l .
{1;:T;°""} mun sanuced  |Hogwie npasuaa munusayuu I —t : T
Hoswie npasuna eviuucierus t >t/ ;
I Kaskmoro ¢, I'—t; : T;
{1i=Vii61"n}.lj —V; '+ {1i=tii61"n} : {1i:Tii61"n}
(E-ProJRCD) (T-Rcp)

't : {17;:Tii€1"n}
Fl—tl.lj 3 Iy

(T-Proy)

|

Puc. 11.7. 3anucn

11.8. 3anucm

[Tepexon oT N-MECTHBIX KOpTeXKel K 3amucaM C MOMEYEHHBIMU TOJSIME TaK-
Ke He mpeicraBiser Tpyda. Mbl mpocTo crHafkKaeM Kaxkioe moje t; memrot
(label), BboiOupaemoii u3 Hekoroporo 3apasee 3aganioro muoxkecrsa L. Haupumep,
{x=5} u {partno=5524,cost=30.27} — 3amucu-3Havenus; ux Tunsl — {x:Nat}
n {partno:Nat,cost:Float}. MbI TpeGyeM, 4TOOBI BCE METKH TOJeH B KayKIOM
KOHKPETHOM TePMe-3aIiCH WM TUIE 3AMUCH OBLTH PA3THIHBL.

IIpaBusa muist 3anmceii ceenenst B Tabsuiy na puc. 11.7. Equncrsennoe mpa-
BUJIO, JOCTOMHOE OTAebHOr0 ynomunanus, — E-PROJRCD, B koropoMm mbl oru-
paemcst Ha He BroJHe hOPMATHLHOE COTIIAINIEHNE. JTO MPABHUIIO CIeAyeT MTOHNMAaTh
TaK: ecu ecth 3anuch {1;=v;*1"} ¢ merkoit j-ro mons 1;, To {1;=v;€1-"}.1; 3a
OZIMH IIAr MEPEeXOAUT B j-0e 3HadeHue mojst, v;. OT 9TOro coryamenns (1 OT aHa-
JIOPMYHOTO COrJalnenus /s koprexeil B npasuie E-PROJTUPLE) MoxkHO 6GbLIO
Ob1 m36aBUTHCs, EePePOPMYINPOBAB MPABUIO B OOjee ABHOM BHE; OTHAKO IIPHU
9TOM MBI CJHITKOM CHJILHO TPOUTPAIIN ObI B YI0OCTBE UTEHMS.

Vupaxuernue 11.8.1 [* —»]: Banuwume, das cpasnenus, E-PROJIRCD 6 boaee s6-
HOM 6ude.

O6paruTe BHUMaHWE, YTO B BEPXHEM YIJIy OJIOKA TMPAaBUJI, OMPEIESISIONINX
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150 11.8. 3Bamnucm

KOPTEXKM ¥ 3alliCH, CTOWT OJHA W Ta JKe «MeTKa KoHcTpykmum» {}. B ca-
MOM [Iejie, KOPTE€XKHM MOXKHO CYUTATh OCOOBIM CJIy9aeM 3alluceil, IpPOCTO pa3-
pPEeIlMB B KAYECTBE METOK I[OJIell KAaK HaTypaJibHble YHCJIA, TaK W CJIOBa-
uneHTHUKATOPLI. B ciaydae, Korma i-oe TOJe 3amuch WMEET METKY ¢, MBI 3Ty
MeTKy omnyckaeM. Hampumep, {Bool,Nat,Bool} cumTaercs COKpAIIEHHOH 3aInChI0
nast {1:Bool,2:Nat,3:Bool}. (Takoe corsamienue paspeniaer jazke CMEIIUBATH
MMEHOBAHHBIE IO/ C HyMEPOBAaHHBIMHE, U IucaTh {a:Bool,Nat,c:Bool} Kak co-
kparenne {a:Bool,2:Nat,c:Bool}, omHAKO 3TO Bpsi JIu OyI€T MOJE3HO HA MPaK-
Tuke.) Bo MHOIUX I3bIKaX KOPTEXKU U 3AIMCH CIMTAIOTCS PA3HBIMK TUTIAMHA U3 60-
Jlee PAKTUIECKUX COOOpPaKEHMIi: OHM MO-PA3HOMY PEATU3YIOTCS KOMITUISITOPOM.
3pIKy TPOrpaMMUPOBAHUS PA3IUIAIOTCSI TEM, KAK OHM OTHOCATCSH K TIOPSJI-
Ky mose#t B 3anucax. Bo MHOrumx s3bIKax HOPSOK IIOJ€fl KAaK B 3HAYEHUIX-
3aMucsaX, TaK W B OMPEJEJIEHUSIX WX THUNOB HUKAK He BJIUSET HA 3HAYCHUE —
T. €., TepMbl {partno=5524,cost=30.27} u {cost=30.27,partno=5524} o3Ha-
9ai0T OIHO W TO K€ W WMEIOT OJWH W TOT K€ THWIl, KOTOPBIA 3aIUCHIBACTCS JIU-
60 B Buae {partno:Nat,cost:Float}, mu60 B Bume {cost:Float,partno=Nat}.
Mpbr npunsisin apyroe pernenwe: B 3ToM Tekcre {partno=5524,cost=30.27}
u {cost=30.27,partno=5524} upexcrapiagiorT cOOOH pasHvie 3HAYEHUS, C TH-
mamnu {partno:Nat,cost:Float} u {cost:Float,partno=Nat}, coorBercrBen-
vHo. B rmmaBe 15 MBI mpuMeMm ApYryio, MeHee CTPOTyI0, TOUYKY 3DEHHsl Ha
MOPSIIOK TOJiell, W BBEJEeM OTHOIIEHWe TMOATANAPOBAHNS, B KOTOPOM THIIBI
{partno:Nat,cost:Float} u {cost:Float,partno:Nat} OyayTr sxeusarenmmui
(equivalent) — kaxpiil U3 HUX GyJeT LOATUIIOM APYIOrO, TAK YTO TEPMbl OJHOIO
THUTA BCETIa MOYKHO OyIeT WCIOJIH30BAThH TaM, T/Ie OKUIAETCS 3HAYEHUE IPYTOro.
(Ilpy HAMYUKM NOATUIIOB BBHIOOP MEXKY HEYNOPSAJOYCHHLIMU W yIOPSAIOYCHHDI-
MU 3AMUCAMY CEPHE3HO BJIMSET HA TPOU3BOAUTEILHOCTD; ITO OOCY K IAETCS JAIEe,
B §15.6. Eciiu npunATH pellienre B MOIb3Y HEYMOPSIOYEHHBIX 3amuceil, To BLIOOD
M€Ky BAPUAHTOM, B KOTOPOM 3AIACU CIYATAIOT HEYIIOPsTOYEHHBIMA C CAMOTO Ha-
4ajla, 1 BAPUAHTOM, B KOTOPOM 110J19 YIHOPAJOYEHbI HA HU3KOM yPOBHE, HO BBEJICHbL
MPaBUJIA, TIO3BOJISIONINE STOT MOPSIIOK UTHOPUPOBATH, CTAHOBUTCS JIEJIOM BKYCA.
Mpb1 BbIOpa/ Bropoil BApUAHT, YTO0BI MOJIYYUTh BO3MOKHOCTH 00CYAMUTEH 00a. )

Vipaxuenue 11.8.2 [* % k|: B nawem onucanuu 3anucel onepayus npoexyuy
TO36OAAET, U3BAEYD TOAA 3ANUCU 10 00HOMY. MHozue 6biCOKOYPOBHEBBIE A3BIKU
NPO2PAMMUPOSAHUA 00AGIAIOM, AALMEPHAMUBHOT CUHMAKCUYECKOT KOHCMPYKUU-
eti conocrassienus ¢ obpasuom (pattern matching), npu nomowsu £K0mMopoti 6ce NOAs
3ANUCY MOHCHO U3B.A%b 00HO8peMenHO. Taxaa KOHCMPYKUUA NO360AAEM CUNDHO
cokpamums muozue npozpammst. Kakx npasuso, obpasuyve mozym 6xAadbi6aMbCA
dpye 6 dpyea, u MAKUM 0OPAZOM MOIAHCHO AEZKO U3BACKAND OGHHBLE U3 CAONCHBLL
BAONCEHHDLT CPYKMYD OGHHDBLL.

Mootcro dobasums npocmyro pasHo8udHOCMD CONOCMABAEHUA C 00PA3UOM K
becmunosomy AAMOOG-UCHUCAEHUIO, BBEIA HOBYN CUHMAKCUMECKYIO KAME20PUI0
00pasuos (patterns), a maxoce noevili sapuanm (044 CaMOT KOHCTMPYKUUY CO-
nocmaeaenus) x cunmarcucy mepmos. (Cm. puc. 11.8.)

ITpasu.no eviuucienus OAL CONOCTNABAEHUA C OOPA3UOM ABAAEMCH 060OULLHHBLM
cayuaem OAf MPaBUAL C6a3b6aHUA Let ¢ puc. 11.4. Ono onupaemcsa ma 6cno-
MO2AMEADHYI «CONOCTNABAAOWYI0> GYHKUUIW0, KOMOPAs, NPUHUMASA 00pa3ey, p U
snauenue v, Aub0 mepnum Heydauy (4Mo 03HAMAEM, WMO ZHAUEHUE U HE COOM-

Rev: —revision—, November 28, 2010 150 —sourcefile—



11.8. Bamucu 151

— {} let [p (becmunosoe) Pacwupsem 11.7 u 11.4

[ |
Hosbie cunmarcuveckue éopmm

P = X 06pasely-nepemenas
(Li=piil-n} obpasey, dan JIs Kaxaorq 11, match (pZ’IVZ) = g;
3aNUCy match ({1;=p;"%" "}, {1;=v;""})
= 0'1 O+ 0 O’n
t ou=. mepmoL: (M-Rcb)
let p=t in t CBASVIBANRUC | [Tngne Npasusa bMUCACHUA t—t

¢ 0bpasuom

let [p=vy in ts — maich (p,v1) to

Hpaewm conocmasAerHuA, (E—LETV)

match (x,v) = [x — v] (M-VAR) ty — t)

let p=t; in ty — let |p =1:'1 in to
(E-LET)

|

Puc. 11.8. (Becrunosbie) obpa3ipl 1is 3aiuceii

eemcmeyem obpasyy), Aubo evidaem 6 Kavecmee Pe3yAbMama NOICMaH08KY, ne-
DPEBOOAWYIO MEPEMEHHDLE, COOEPHCAULUECA 6 P, 6 COOMBEMCMBYOULUE HACTY V.
Hanpumep, match({z, y+ {5, true}) nopoowcdaem nodcmanosxy [z — 5y —
true], conocmasaenue match(z, {5, true}) nopoowcdaem [z — {5, truel|, a
match({z} {5, true}) mepnum neydauy. Ipasuro E-LETV ¢ nomowgwro match
BHIUUCAALT, NOICNAHOBKY ONA NEPEMEHHVLT 6 P.

Cama dynxyus match onpedeasemcs omodesvHvm HAOOPOM NPAGUA 6bLEOOG.
IIpasuso M-VAR ymeepoicdaem, wmo conocmasaerue ¢ nepemennol ecezda 3a-
6EPULAETNCA YCNEUHO, U 6036PAULLET TOOCTNAHOBKY, NEPEEOIAULYIN EPEMEHHYIO 6
3HAMEHUE, C KOMOPbLM NPouseodumcs conocmassenue. Ipasuso M-RCD 2060pum,
wmo wmobv, conocmasums obpasey-zanuco {1;=p;"""} co snauenuem-3anUCHI0
{1;=v;"€1" } (0dumnaxosoti daunvi, ¢ 0OUHAKOGHLMU MEMKAMU NOAETL), HYHCHO NO
0MOIeALHOCTIU COMOCTABUMb KaHCIbLT N0J0OPaA3EY, p; € COOMBEMCMEYIOUUM TO0-
BHAYEHUEM VU, TOAYYHAA NPYU IMOM TOICMAHOBKY T;, U NOCMPOUML OKOHYAMEN-
HOLl PESYALINATI 6 6UJE KOMNOSULUU 6CET MAKUL Nodcnanosok. (Muv, mpebyem,
YMOOBL HU 00HG NEPEMEHHAA HE 6CMPEUANACH 6 00pasue bosee 00HO20 Pa3a, MAK
YMO KOMNO3UUUA NOICTAHO80K Oydem npocmo ux obsedunenuem. )

Hoxasrcume, xax x amoti cucmeme 006a6UMb MUNDL.

1. Bsedume npasuisa munu3ayus 0As HOBBLT KOKCMPYKUUL (Npu 9mom MOHCHO
BHOCUMD 8 CUHMAKCUC A00BLE HYHCHBLE USMEHEHUSL).

2. ITocmpoiime cxemamuueckoe JoKa3aGMEALCMEO MEOPEM O COLPAHEHUU U NPO-
dsuoicenuu 0as 6ce20 NoAYyueHHozo ucuucaenus. (Cmpoums noanve doxa-
30MEABCNBA HEOOAZAMENLHO; 00CTNAMOYUHO CHOPMYAUPOBATDL MPebyeMmbLe
AEMMDBL U DACTIOAOAHCUMD UL 6 NPASUNLHOM NOPAJKE. )
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11.9. Tunbi-cyMMbI

Bo muOrEX mporpammax Tpebyercs paboTarh ¢ pastopodusimu (heterogeneous)
nabopamu mauubIX. K mpumepy, BepiiuHa B OWHAPHOM JI€PEBE MOXKET OBITH OO
«JIECTOM», TU0OO BHYTPEHHEH BEPUINHOM C IBYyMS [JOYEPHUMU; AHAJIOTUIHO, TIEHKa
CIIUCKA, MOXKET ObITh b0 1ycToil (nil), mbo cons-sueiikoii, cocrosiueii u3 rojo-
BBI M XBOCTA;” BEPIINHA a0CTPAKTHOIO CHHTAKCHIECKOTO JePeBa BHYTPH KOMIIIIS-
TOPA MOXKET COOTBETCTBOBATDH IIEPEMEHHOM, aDCTPAKIMK, IPUMEHEHUIO (DyHKIMA
u T. 1. MexaHusM Teopuu THUIOB, MOIEPKUBAIOIINI TPOrPAMMUPOBAHNE TAKOTO
pojia, HAa3BbIBAETCS MuUnNamu-sapuarmamy (variant types).

ITpexue yem BBecTu BapuanThl B obmwem ciaydae (B §11.10), paccmorpum 6o-
Jiee 1poCTOoil ciiyvail GuHapHbixX Munos-cymm (sum types). Tun-cymma onucsiBaer
MHOXKECTBO 3HAYEHUI, BHIOMPAEMBIX M3 POBHO JIBYX TAHHBIX THUMOB. JlomycTum,
HAIPUMED, 9TO Y HAC €CTh THIIbI

PhysicalAddr = {firstlast:String, addr:String};
VirtualAddress = {name:String, email:String};

MIPEICTABIISIONINE COOOH Pa3MMIHbIe BHILI 3amuceil B aapecHoit kaure. Kcam Mbl
xorum obpabarbiBarh 06a BUIA 3anKcel eAuHO00pa3Ho (HAPUMED, €CJ HAM Tpe-
Oyercs OCTPOUTD CLUCOK, COAepKaIuMil 3auucu 000UX BUIOB), MOXKHO BBECTH THUII-
cymmy,’

Addr = PhysicalAddr + VirtualAddress;

KaXKJIpIH U3 3JIEMEHTOB KOTOPOTrO MPEICTaBseT coboil nbo PhysicalAddr, nubo
VirtualAddress.

DJleMeHTbI TOrO THUIIA CO3IAITCS IyTeM NOCMAH08KY, Mme206 (tagging) Ha siie-
MEHTbI TUIIOB-KOMIIOHEHT PhysicalAddr u VirtualAddress. Hanpumep, eciu pa
umeer Tun PhysicalAddr, To inl pa Gymer uMers tun Addr. (Wmena Teros inl u
inr cTaHOBATCS MOHSTHBI, €CJIN MPEICTABUTH UX KaK (DYHKIIUN:

inl: PhysicalAddr — PhysicalAddr+VirtualAddress;
inr: VirtualAddress — PhysicalAddr+VirtualAddress;

OPOU3BOJLAIINE  <«UHBEKIHIO» (BnO)KeHI/Ie) aneMeHTOB PhysicalAddr wnmm
VirtualAddress B JeBOe WM [OpaBoe MNOAMHOXKECTBO TuUIlla-CyMMbl Addr.
3aMeTuM, OJHAKO, 9TO B HaileM (DOPMAJbHOM OHNUCAHWEM OHM (DYHKIUSMH He
ABAAIOMCA,. )

B obrmiem ciiygae, smemenTst Tuna Ty + To cOCTOAT U3 31eMeHTOB T1, CHAOXKEH-
HBIX TEroM inl, u 37eMeHTOB To, CHAOKEHHBIX TErOM inr.

s ucnoab308aHuA TUTIOB-CYMM MBI BBOJIMM KOHCTPYKIIMIO case, TTO3BOJISIO-
Y0 pa3jndaThb, IPUHAJIEKAT JIU JAHHOE 3HAQUEHWEe JIEBOMY HWJIM IIPABOMY IO/I-
MHOXKeCTBY cyMMbl. Hampumep, nmsa n3 3uadennsd tuna Addr MOXKHO U3BJI€YDb TaK:

53i npuMepsl, M0J00HO GOJIBIIHHCTBY CJIYYaeB PEAJBLHOrO UCIOJb30BAHUS BAPUAHTHBIX TU-
[I0B, HCIOJIB3YIOT TAKXKe PeKypcusHuie muny, (recursive types) — XBOCT CIHCKA CaM SABJISIETCS
CIUCKOM, 1 T. 2. K peKkypcuBHBIM THUIIAM Mbl BepHeMC: B rjase 20.

6Peann3aumﬂ fullsimple Ha caMOM JeJjI€ HE NOAJEPXKUBAECT ONMNCAHHBIE 3/1¢Ch KOHCTPYKIIUH C
OMHAPHBIMHU CYMMaMU — BMECTO 3TOTO eCTh 60Jjiee 0611ass KOHCTPYKITUSA ¢ BAPUAHTAMHU, ONTUCAHHAST
HUXKeE.
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getName = Aa:Addr.
case a of
inl x = x.firstlast
| inr y = y.name;

Ecsiz B Buze napamerpa a Boictynaer PhysicalAddr c Terom inl, BhipakeHnue
case BbIIIOJIHAET IIEPBYIO BETBb U CBA3bIBAET II€PEMEHHYIO X CO 3HaYEHHUEeM TUIIA
PhysicalAddr; Teno nmepBoil BeTBH M3BJIEeKaeT n3 x nojie firstlast u Bo3BpaIa-
er ero. Amasornyno, ecim a ecth VirtualAddress ¢ TeroMm inr, Oyzger BhIOpaHa
BTOpas BETBb W BO3BPAIIEHO 110JIe name B 3Ha4YeHun tuna VirtualAddress. Takum
obpazom, Tum Beceit dynknun getName — Addr—String.

Onucanubie HAMA KOHCTPYKIHE (hOPMATIBLHO MpeacraBienbl Ha puc. 11.9. Mot
J00aBJIsIEM K CHHTAKCHUCY TEPMOB JIEBYIO W TIPABYI0 WHbLEKIINHN, & TAKKE KOHCTPYK-
muto case. K tumam Mbr 100aBjIsseM KOHCTPYKTODP CyMMbI. K mpaBuiaM BBIYHC-
JleHusi MbI 100aBJIsieM Ba BapwaHTa «0eTa-peayKIiuus» Jjis KOHCTPYKIUU case:
OJIUH /14 CJly4asd, KOrJia MepBbIii MOATEPM CBEJIEH K 3HAYEHHUIO Vg C Terom inl,
a BTOPO# — /s 3HAYEHUsS Vo C TeroM inr. B obomx ciydasx MbI BeIOHpaeM CO-
OTBETCTBYIONULYIO BETBb U BbIIOJIHAEM €e TeJlO, 110/ICTaBJIAA Vo BMECTO CBA3AHHON
mepemenHoi. OcTaJbHbIE TPABU/IA BHIYUCICHUS IEJAI0T IIAar B MEPBOM MOATEPME
BBIpAYKEHNS case, MO0 BHYTpu TeroB inl mjwm inr.

[IpaBuia Tunwusamuu A1 TETOB TPOCTHI: YTOOBI TOKA3aTh, 9TO inl t; mmeer
Tun-cymMmmy T; + Tg, JOCTATOYHO MIOKa3aTh, YTO t] IPUHAJJIEKUT IIEPBOMY Cjlara-
emomy Tuity, T, u cuesarb TO Ke camoe s inr. B ciaydae KoHCTpyKnum case
HYKHO yOEIUTHCSA B TOM, UTO MEPBLIi moarepm umeeT Tuml T; + Ty, a TakKe 9TO
Testa 00enx BeTBeil t1 Uty MMEIOT OJIWH U TOT ke Tul T, Mpearnojaras, 9To CBI3aH-
HbIE IIEPEMEHHBIEe X1 U Xo UMEIOT TUIIBI T1 U T, COOTBETCTBEHHO; PE3yIbTaT BCETO
case-poipaxkenus umeer tun T. Creaysi COrAIEHUsIM W3 TPEIBIAYIUX OMpejie-
senuit, puc. 11.9 He yTBepK/aeT siBHO, 9TO 00JIACTH BUIUMOCTHU IIEPEMEHHBIX X1
U X9 OIDAHMYEHA TeJlaMU BeTBe#d t; U to, HO 3TO MOXKHO HOHATH 110 TOMY, KakK
PaCIIUPSIOTCS KOHTEKCTHI B pasuiie Tunu3anun 1T-CASE.

Vipaxsernue 11.9.1 [k%]: Obpamume srumanue Ha cxodcmeo Mercoy Npasuiom
MUNUZAYUUY AR CasSe U NPABUAOM 0ad 1 f Ha puc. 8.1: 1 f MONHCHO paccmampusams
KaK c60€20 poda 6wvipodclentyto Gopmy case, 6 Komopol 6 eemeu He nepedaem-
ca nukaxaea ungopmayua. Popmaesudyiime 3mo UHMYUMUEBHOE NPEICMABAEHUE,
onpedesus true, false u if 6 sude NPou3sOOHHLLT HOPM HA OCHOBE MUNOG-CYMM
u Unit.

CyMMBI n €eJMHCTBEHHOCTb THUIIOB

BosbmuHCTBO  MONE3HBIX CBOMCTB OTHOIIEHUSI THUMW3AMUK JUCTOTO A,
(cm. §9.3) coxpansitores u B cucreme ¢ Tunamu-cymmamu. QHaKo, Tepaercs OIHO
BasKHOE CBOMCTBO: TeopeMa 0 eguHcrBenHoctd Tunos (9.3.3). CiioxKHOCTH BO3HH-
KaeT M3-3a KOHCTPYKIWI MOCTaHOBKM TeroB inl m inr. Hampumep, mpaBuio Tu-
mm3anuu T-INL roBOpHUT, 9TO 3Has, 9TO ti ABJSETCS d7TeMeHTOM Ti, MBI MOYKEM
BBIBECTH yTBEpIKIeHHe, 9TO inl t; sBasgercs 3smaemenToMm Ty + To, mmsa 4106020
tuna To. Hanpumep, moxuo BoiBectu inl 5 : Nat+Nat u inl 5 : Nat+Bool (u
6eCKOHEYHOE YuCJI0 ApYyrux Tunos). Hecobuionenue eiuHCTBEHHOCTH TUIIOB O3HA-
YaeT, YTO HEBO3MOYKHO TTOCTPOUTH AJTOPUTM TTPOBEPKH THTIOB MTYTEM «CUUTHIBAHUS
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[IPaBUJI CHU3Y BBEPX», KAK MbI 3TO JleJIaJIH JIj1d BCeX KOHCTPYKIM, PaCCMOTPEHHBIX
710 cux 1op. Mbl MO2keM BbIOPATH OJIMH U3 HECKOJIBKUX BAPUAHTOB:

1. MOXHO yCJIOKHUTD AJITOPUTM IIPOBEPKH TUIIOB, YTOOBI OH KAK-TO «J0rabl-
BaJicsi», Kakoe 3Hadenue Ty rpebyercs. Mbl MoxkeMm coxpansarsb Ty HEOLpejie-
JIEHHBIM ¥ TIOTMBITATHCS BIIOCJIEICTBUU OMPEIE/INTh, KAKONH M3 TUTIOB JI0JIYKEH
ObITH Ha ero Mecte. Takue MeToabl OyAyT MOAPOOHO PACCMOTPEHBI, KOTA MbI
OyJeM u3ydarTh PEKOHCTPYKIUIO TUIIOB (riaBa 22).

2. MOXKHO paCIIMPHUTD A3BIK TUIOB M €IMHOOODA3HO MPEJCTABIATD 6CE THUIIBI
T2 OZHOBPEMEHHO. DTOT BapUAHT OyeT M3ydeH IPH OOCYKICHUH IIOATUIIOB
(riaBa 15).

3. Mozkuo norpeboBaThb, 4T0OLI HIPOIPAMMHUCT O0ECIIEYUBAII IBHYIO GHHOMAUUIO
(annotation), yKa3bIBasA, Kakoil Tuml Ty MMeeTcss B BUIY. DTA aJbTEPHATUBA
camasi mpocTas — M, HA CAMOM JleJie, He CTOJIb HEMPAKTUIHAS, KAK MOTJIO ObI
NIOKA3aThCs, IIOCKOJIbKY B IIOJTHOIIEHHBIX A3BbIKAX ABHBIC AHHOTAIAW YaCTO
MOKHO <IIPULENNATH» K APYIAM KOHCTPYKIUAM U C/I€JIaTh OYTU HEBUJIUMbI-
Mu (MbI BEDHEMCsl K 9TOMY BOLPOCY B cienyomiem paszese). [Toka 4ro mbi
BBIOMPAEM UMEHHO STOT BAPWAHT.

Ha puc. 11.10 nmokazanbl TpebyemMble paCIIUPEHUsi S3bIKA 10 OTHOIIEHHWIO K
puc. 11.9. Bmecro npocroro inl t wium inr t mbl numem inl t as T wim inr
t as T, rme T 0003HAYAET MOJHOCTHIO TOT TUI-CYMMY, K KOTOPOMY MbI HAMEDEBa-
eMcs oTHecTH CHAOXKeHHBINH Terom 3jement. [Ipasuia Tunuzanun T-INL u T-INR
HCIIONB3YIOT YKA3AHHBIA THUI-CyMMY KAaK THII Pe3yJibTaTa WHBHEKIUU, MPEIBAPU-
TEJIbHO IIPOBEPsis, YTO 00pa3 TepMa AefCTBUTEIHHO IPUHA/JIEXKUT COOTBETCTBYIO-
LIEMY IIOJIMHOZKECTBY CyMMblI (4T00ObI HE OBTOPsATH B paBuiax T; + Tg 110 MHOIY
pa3, CHHTAaKCUYECKUE TTPABHUJIA MO3BOJISIIOT IPY WHBHEKIIUN YKA3BIBATH JIIOOOH THII
KaK amHoTanuio. [IpaBuiaa Tunu3amun mo3aboTATCS O TOM, YTOOBI ITOT THUIT BCE-
raa ObLT THIIOM-CYyMMOIi, DU YCJIOBUH, YTO UHBHEKIMs NPABUIBHO TUIIU3UPYETCH. )
CuHTAKCUC AaHHOTAIWI TUTIOB CIEIUATBHO TIOXOXK HA KOHCTPYKIUIO TPUITACHIBAHUS
TunoB u3 §11.4: B CylIHOCTH, 9TH aHHOTALKMKA MOXKHO PACCMaTPUBATh KAK CUHTAK-
CcUYecKu 00s13aTeIHbHOE MPUMHCHIBAHNE THUTIOB.

11.10. BapwuaHTBI

Bunapmuble THIBI-CYMMBI SIBIAIOTCSI YACTHBIM CIYIaeM TMunos-8apuaHmos
(variant type) ¢ Mmerkamu, non06HO TOMY, KAK OMHAPHbIE THUIIbI-IIPOU3BEIECHU B~
JIAIOTCA 9aCTHBIM CaydaeM 3anuceil ¢ merkamu modsieit. Bmecro T1+To Mbl Oyaem
mucath <11:Ty, 19:To> Tae 11 m 1o — MeTkHu moseit. Bmecto inl t as T1+Ts
Oyzmem mmcarh <lj=t> as <1;:Ty, 1s:To>. A Bmecro obo3Havenuit inl u inr B
BapMAHTAX KOHCTPYKIIMU case MbI OyIeM UCIOIb30BATh T€ XK€ METKH, 9TO U B CO-
orBercrByiomieM tuie-cymme. C rakumu o6o0meHusMu npumep GyHKiyn getName
73 IPEABIIYIIEro pa3iaesna Oy1eT BhITJISIETh TaK:

Addr = <physical:PhysicalAddr, virtual:VirtualAddress>;
a = <physical=pa> as Addr;
> a: Addr
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getName = Aa:Addr.
case a of
<physical=x> = x.firstlast
| <virtual=y> = y.name;
> getName: Addr — String

DopMaIbHOE OLIPEJIEJIEHIE TULIOB-BAPUAHTOB IpuBouTcs na puc. 11.11. O6-
paTuTe BHUMAHWE, 9TO, KaK U B 3anucax B §11.8, mOpsI0K METOK B BapHAHTHOM
TUTIE CIUTAETCA CYIIECTBEHHBIM.

Heobg3aTenpHble 3HaAYCHNA

OjHa n3 BeCchMa MOJIE3HBIX WIUOM C MCIOJIL30BAHMEM BAPHUAHTOB — He00A3G-
meavroe snavernus (optional values). Hampumep, sjemenTom Tura,

OptionalNat = <none:Unit, some:Nat>;

MOXKET ObITh OO TPUBHAJIbHOE 3HAYEHHE unit ¢ Terom none, JuOO IMEI0E THC-
J0 ¢ TeroMm some. /Ipyrumu cioBamu, tun OptionalNat mzomopden tumy Nat,
KOTOPOMY /T00AaBJIEHO BBIIEIEHHOE 3HAUYeHHe none. 1w

Table = Nat — OptionalNat;

[IPEJICTAB/IIET KOHEYHbLIE OTOOpPArKEeHUsI U3 YHUCeJ B 4HUCja: 00JaCTbIO OIpeese-
HHS TAKOIO OTOOpaXKeHUsl CJIY2KUT MHOXKECTBO apr'y MEHTOB, Ha, KOTOPBIX PE3YJIbTaT
UMeeT BHJI <some=n> ;g HeKoToporo n. Ilycras Tabauma

emptyTable = An:Nat. <none=unit> as OptionallNat;
> emptyTable : Table

9TO KOHCTAHTHAS (DYHKIMS, BO3BPAIIAIOIIAS none B OTBET HA, JII0O0E BXOIHOE 3HA-
qenne. KorcTpykTop

extendTable =
At:Table. Am:Nat. Av:Nat.
An:Nat .
if equal n m then <some=v> as OptionalNat
else t n;
> extendTable: Table — Nat — Nat — Table

6eper Tabsmiy u gobasisier B Hee (MM M3MEHsIeT UMEOILYIOCs) s4eliky, orobpa-
JKAIONLyI0 BXOJ m B BBIXOZ <some=v>. (DOyHKIMaA equal ONpEIEIeHa B PENICHUN
ympaxkuerns 11.11.1 Ha c. 542.)

Pesynbrat, momyderusit monckom B Tabsmre Tuna Table, MOXKHO HCIIOIB30BATH
B Bbipaxkenuu case. Hanpumep, eciu y HAC €CTh TaOIHIA t, ¥ MBI XOTHM [OJTY IUThH
3HAYEHUE, COOTBETCTBYIOIEE YUCIY 5, Mbl MOXKEM HAIUCATD

x = case t(5) of
<none=u> = 999
| <some=v> = v;

BuIIaBasg 999 B KadecTBe 3HAYEHUS X TIO YMOJYAHUIO Ha CIydvail, ecau t He ompe-
JeJIeHa, i 3HAYeHUd O.

Bo muOrux si3pikax mMeercs BCTPOEHHAs IOJIEPIKKA HEOO:A3ATEIbHBIX 3HAYe-
uwmii. Hanmpumep, B OCaml ects mpemonpeneeHHbiii KOHCTPYKTOP TUIIOB option, u
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MHOrHe (DYHKIMU B THIHYHbIX nporpamMMax va OCaml Bo3Bpamator Heobs3areib-
Hble 3HadeHus. Hanpumep, null B sa3bikax sBpoge C, C++ u Java, B cyumnocru,
TaKKe MPECTABJISET cODOi 3aMaCKUPOBAHHOE HEODS3aTeIbHOe 3HadeHne. B sTux
a3bIKax nepeMentas tuna T (B ciydae, eciii T — «CCBUIOYHBINA THII», TO €CTh €ro
3HAYEHUs BBIAEIAIOTCI B Kyde) MOXKET coiepxkKarb jubo ocoboe 3nadenue null,
b0 yKazarenb Ha 3Hadenue tuna T. To ecThb, THI TaKOil MepeMEeHHOH Ha CaMOM
neste ectb Ref (Option(T)), riae Option(T)=<none:Unit,some:T>. Koncrpykius
Ref moapobHO obCy:kmaeTcss B Tyiase 13.

Ilepeuncnenus

JIBa «BBIPOXKIEHHBIX CIydasi» THUIOB-BAPUAHTOB JOCTATOYHO TOJI€3HBI, 9TOOBI
YIOMSHYTDb UX OT/IEJIBbHO: TUIBI IEPEYUCICHII 1 BAPUAHTDHI C OJHUM ITOJIEM.

Tun-nepevucaenue (enumeration) — 910 BAPUAHTHBIA TUI, B KOTOPOM C KaXK-
JIBIM TIOJIEM acconmupoBaH tun Unit. Hampumep, Tum, mpeacTaBasomuii paboyune
JHU HeJeJIn, MOXKHO ONPEIEeIUTh TaK:

Weekday = <monday:Unit, tuesday:Unit, wednesday:Unit,
thursday:Unit, friday:Unit>;

DJIeMEHTaMH 3TOTO THTIA SBJSIOTCS TepMbI Bpojie <monday:Unit> as Weekday.
HeificTBUTETbHO, TOCKOMBKY B TUTE Unit BCEro onH 3JeMeHT, THI Weekday nmeeT
POBHO TIATH 3HAYEHHI, OTHOZHATHO COOTBETCTBYIOIIUX THAM Hemenu. Ipu momorn
KOHCTPYKIMU case MOXKHO OIPEJIEIATh BBIYUCIEHUA C UCHOJIL30BAHUEM IIEPEYnC-
JIEHUM.

nextBusinessDay = Aw:Weekday.
case w of <monday=x> <tuesday=unit> as Weekday
<wednesday=unit> as Weekday
<thursday=unit> as Weekday
<friday=unit> as Weekday

<monday=unit> as Weekday;

| <tuesday=x>

| <wednesday=x>
| <thursday=x>
| <friday=x>

Le iy

Pazywmeercsi, ucrnomp3yeMblii HaMu KOHKPETHBIN CHHTAKCHC TLIOXO TPHUCIOCOD-
JIEH K HAIMCAHUIO U YTEHUIO Takux nporpamm. Hekoropbie a3biku (Hauunas ¢ [Tac-
Kauisi) 00JIaJaI0T 0COOBIM CHHTAKCUCOM [17isi O0bsABJICHUS TIEPEYUCIeH 1 PAbOThI
c aumu. Ipyrue — mnanpumep, ML, cum. c. 159, — npeacraBisgioT nepedncieHus B
BH/IE YACTHOI'O CJIydas BAPUAHTHBIX TUIIOB.

BapI/IaHTBI C OJHUM II0JIEM

Eme omwe mHTEpECHBIH YACTHBIA CIydYail MPEICTABISIOT COOOM BapHAHTHBIE
THUIIBI C €JUHCTBEHHOU METKOH 1:

V = <1:T>;

Ha mepBbrit B3rIs, TaKO THIT HE KaXKETCsT OCOOEHHO TOJIE3HBIM: B KOHIIE KOH-
IIOB, BCE JIEMEHTHI V HAXONATCA BO B3aUMHO OJHO3HAYHOM COOTBETCTBHUHU C JJIC-
MEHTaMH THUIA MO T, MOCKOIbKY BCIKHMA d7eMeHT V mMeeT B TOYHOCTH (PopMy
<1=t> gs wekoroporo t : T. CylmecTBeHHO, OHAKO, TO, YTO CTAHJAPTHBIE OEPa-
nuu Hag T venpumenumor K dmeMernTaMm V 0e3 pacmakoBKH: HEBO3MOXKHO CJIyIaiHO
neperrytaTh V u T.
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IIpeamonoxumM, HAIPUMED, 9TO MBI IHUIIEM MIPOCPAMMY i JEHEXKHBIX Pac-
9eTOB B PA3JMIHBIX BAIIOTAX. B Takoil mporpaMMe MOTYT BCTPETUTLCS (DYHKIUN
JJId TIepeBoJia J0JLIapoB B €Bpo. Ecam u Te, u Apyrue mpecTaBIeHsl Kak Float,
9t DYHKIUKA MOTYT BBITJISIETH TAK:

dollars2euros = Ad:Float. timesfloat d 1.1325;
> dollars2euros: Float — Float

euros2dollars = Ae:Float. timesfloat e 0.883;
> euros2dollars: Float — Float

(rﬂe dyuknus timesfloat: Float -> Float -> Float CAy>KuT [IJisi TIEPEMHO-
JKEHUsI 9HUCeJI ¢ MJIaBaIomeil Toukoii). Eciu Mbl HaYHEeM ¢ CyMMBI B J0JI1apax,

mybankbalance = 39.50;
TO €€ MOXKHO IIEPEBECTU B €BPO U 3aT€M OOPATHO B JOJLJIAPHI TAK:

euros2dollars (dollars2euros mybankbalance)
> 39.49990125 : Float

Bce s10 Boiruisur Buosine pazymuo. Ho ¢ Takoii 2xe JIerkoCTbIo Mbl MO2KEM [IPO-
U3BOIUTDH W COBEPITIEHHO DECCMBICIEHHbBIE IeiicTBus. Hanpumep, MOXKHO mepeBecTH
CyMMY Ha CYeTe B €BPO JIBAK/IbI:

dollars2euros (dollars2euros mybankbalance);
> 50.660971875 : Float

IlockombKy AeHeXKHBIE CYyMMbI TPEJACTABIEHBI 3/I€Ch TPOCTO KaK YMCIa, CACTEMA
TUIIOB HE MOXKET MPEIOTBPATUTHL GeccMbIcyuily Takoro pozga. OmgHAKO, eClu Mbl
OlIPEJIeJIMM JIOJLUIAPBL ¥ €BPO KAaK Pa3JIMYHble BAPDUAHTHbIE TUIIbI (B3sB 4YHUCIA C
LJIABAIOLIEH TOYKON B KaUeCTBE BHYTPEHHEIO IIPE/ICTABIICHHS ),

DollarAmount = <dollars:Float>;
EuroAmount = <euros:Float>;

TO MbI CMOKEM OIPEJETUTD Oe301acHbie Bepcun (PYHKINN Ipeodpa3oBaHust BAJIOT,
B KOTOPBIX HA BXOJ HEMPEMEHHO JIOJIYKHA MOIABATHCS CYMMa, B COOTBETCTBYIOIIIEH
BaJIIOTE:

dollars2euros =
Ad:DollarAmount.
case d of <dollars=x> =
<euros = timesfloat x 1.1325> as EuroAmount;
> dollars2euros : DollarAmount — EuroAmount
euros2dollars =
Ae:EuroAmount.
case e of <euros=x> =
<dollars = timesfloat x 0.883> as DollarAmount;
> euros2dollars : EuroAmount — DollarAmount

Teneps nporeaypa MPOBEPKU TUTIOB CIIOCOOHA CIEIUTD 33 TEM, KAKHNe BAJIOTHI
HUCTOJIB3YIOTCA B BHIYUCIEHUAX, U HATOMUHAET, KAK UMEHHO CJIeJlyeT WHTEePIPeTH-
pOBaTh OKOHYATEJIbHBIA PE3YJIbTaT:

mybankbalance = <dollars=39.50> as DollarAmount;
euros2dollars (dollars2euros mybankbalance);
> <dollars=39.49990125> as DollarAmount : EuroAmount
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Bonee Toro, ecnu Hanmucarh 6ECCMBICTIEHHOE IBOWHOE TTPe0Opa30BAHIE, TO TUIIBI
He coiijyrcs u uporpamma Oyuer orsepruyra (Kak u J0JKHO ObITb):

dollars2euros (dollars2euros mybankbalance);
> Error: parameter type mismatch

BapI/IaHTbI n TUIIBI JAHHBIX

BapuanTHLIH THI <1;:T;*€1 "> npubausuTespHo cooTBeTcTByeT THIY ML, KO-
TOPBIA ONpeaeaaeTcd TaK:’

type T = 11 of T
| 1o of Tso
| ...

| 1, of T,

O,ZLHa,KO CTOUT YyIOOMAHYTHb HECKOJIBKO OTJINYIUHA.

1. Nmeercs TpuBraIbHOE, HO CIIOCOOHOE BHOCUTH MY TAHUILY PACXOXKIEHUE MEK-
JIy HAIUM¥ COTJIAIIEHUSIMHU 10 UCTIOIb30BAHWIO TTPOMUCHBIX OYKB U COTJIAIIE-
uusamu, npuagTbiMa B OCaml. B OCaml nvena TunoB g0/KHBI HAUUHATHCS
€O CTPOYHON BYKBbI, & UMEHA KOHCTPYKTOPOB (B HAIleH TePMUHOJIOIHMHU, MET-
KM BapUAaHTOB) — C [POIKCHOMN, TaK 4TO, CTPOrO I'OBOPs, O0biABIEHUE THUIIA
JIOJIZKHO 3AIIUCHIBATHCS TAK:

type t = L1 of t1 | ... | L, of t,

Yrobbl He cMmemuBaTh TepMbl t ¥ TUNBI T, Mbl Oy/1eM B 3TOM 00OCYXK/I€HUH
UrHOPUPOBATH cornamienns s3bika OCaml u mPoIOIKEM TOTH30BATHCS Ha-
LIKMMH COOCTBEHHbBIMU.

2. Camoe unrepecHoe paznuaue coctout B ToMm, uro OCaml ne mpebyem anno-
TAIMK THITA, KOTJA deMeHT Tuia T; ¢ HOMOIIbI0 KOHCTPYKTOpa 1; mepeso-
guTes B Tin T: MOXKHO TipocTo mmcaTh 1; (t). OCaml mo3sossieT Tak genars,
COXPAaHsist TIPYU 9TOM €UHCTBEHHOCTD THUTIOB, TPEOYs, 9T00b! THIl T vt/ 06546~
saen (be declared) nepen ucnonszosanuem. Bosiee Toro, Merku BapuanTos T
HE JIOJIPKHBI UCIIOJIB30BATHCSI HUKAKUMU JIPYTUMHU THIIAME B TOH ke obacTu
BuguMocTr. Takum 06pa30oM, KOrJa MpOIeaypa MPOBEPKU TUIIOB BCTPEYAET
Tepum 1; (t), OHA 3HAET, YTO MPABUIBLHON AHHOTAIMEH MOYXKET OBITH TOIBKO T.
B cymuocTH, aHHOTAIIUS «COPSATaHa» BHYTPU METKU BApUAHTA.

Taxoit npueM mMO3BOJIsIET N30ABUTHCSA OT MHOMKECTBA HEHYKHBIX AHHOTAIINIH,
HO BBI3BIBAET M HEKOTOPOE HEJOBOJBCTBO IOJIB30BATEJICH, MOCKOJBKY OIHY
MeTKY BapWaHTa HeIb3s HUCIIOJIH30BATh B HECKOJIBKUX THUIIAX — IO KpalHei
Mepe, B paMKax OZHOTO Mojyia. B rimase 15 MbI paccMOTpHUM APYTOit ciocob
n36eKaTh AHHOTAIINH, JIUIMEHHBIH 3TOr0 HeJOCTATKA.

"B 3ToM pasjeie HCIONb3yeTCs KOHKPETHEIH CHHTaKCHC THIOB manuerx OCaml, 94To6s1 cooT-
BETCTBOBATH TEM IJIaBaM KHUI'M, B KOTOPBIX 00CY K IaeTCs peasn3anus nHrepupetratopos. O gHako
TaKHe TUIIbl BO3HUKJK B paHHUX jauajekrtax ML, 1 ux npuMepHO B TO#l Ke (popMe MOKHO Haii-
T B Standard ML u B poacTBeHHBIX si3bIKax Bpoge Haskell. TUNbl TaHHBIX ¥ COMOCTABJIECHHE C
006pa310M — BEPOSITHO, CaMble GOJIbINNE MPENMYIIECTBA 3TUX S3BIKOB B eXKeJHEBHON pabore.
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3. Eme oxna xurpocts OCaml 3akodaercss B TOM, €CIM ¢ BADUAHTOM CBsI3aH
Tun gaHHEbX Unit, TO €ro MOXKHO He yKa3blBaTh. B pesysibrare nepeducienus
MOKHO OTIP€IEATH TaK:

type Weekday = monday | tuesday | wednesday | thursday |friday

BMECTO TaKOil 3ammucu:

type Weekday = monday of Unit
| tuesday of Unit
| wednesday of Unit
| thursday of Unit
| friday of Unit
Kpome toro, merka papuanra monday cama 10 cebe (a He merka monday,
NPUMEHEHHAS K BBIPOKICHHOMY 3HAYEHUIO Unit) CIMTACTCSA 3HAUCHUEM THUTIA
Weekday.

4. Haxkomern, tunsr gaaabix OCaml yBsA3BIBAIOT BADUAHTHBIE THUIIBI C HECKOJIb-
KUMH JOTOJHUATEIHbHBIMUA KOHCTPYKIIMAMH, KOTOPbIE MBI MCCJIEeIyeM IO OT-
JEeJIbHOCTH B IIOCJIEIYIONINX IJIaBaxX.

e Ompesesenne TUIIA JAHHBIX MOXKET ObITh pekypcueHbviLm (recursive), T. e.
WM OTIPEJIENIIEMOTO TUIIA, MOYKET BCTPEUIATHCA B Tesie onpeenenns. Ha-
IpHUMep, IIPU CTAHJAPTHOM OIIPEJIeJIeHUN CIIMCKA HATYPAJIbHBIX YHCEJ
3HA4YeHHe C TeroM cons — 3TO Iapa, BTOPOH 3JIEMEHT KOTOPOW HMMeeT
Turr NatList.

type NatList = nil
| cons of Nat * NatList

e Tun OCaml moxer 6birb napamempusosan (parametrized) TunoBoii ne-
peMeHHO, Kak, HAMpuMep, B ODODIIEHHOM ONPEIEI€HUN TUTA CITHCKA
List:

type ’a List = nil
| cons of ’a * ’a List

C TOYKM 3peHus TEOPUHU TUIOB MOXKHO paccMarpuBarh List Kak oco-
60ro pojia (bYHKIMIO, KOTOPasi HA3BIBAETCS ONEPAmMopom Had munamu
(type operator), u KOTOpas MEPEBOAUT KAXKIbIHA TUIT-APTYMEHT ’a B KOH-
KpeTHbIit Tun JaHHbX: Nat B NatList, u 1. 1. Tunosbie omepaTopsr 00-
CyKJaroTcd B TyiaBe 29.

BapuanTsl Kak HelepeceKawIuecss 00be/IMHEeHU s

Tunbl-cyMMBbl U BapUAHTHBIE THUIBI WHOTJIA HA3BIBAIOT HENEPECEKAULUMUC
obsedunenuamu (disjoint unions). Tun T;+Ty ecTb «00beaunHeHue» T1 U To B TOM
CMBICJIE, YTO JEMEHTHI 3TOr0 THUIA BKIIOYAOT B cebs Bee smeMenTsl Ty u To. 910
HerepeceKkaleecs 00beJUHEeHne, MOCKOJIbKY MHOXKECTBA 31eMeHToB Ty u Ty mepe
coOCTBEHHO OObEIUHEHNEM ITIOMEYIEHBI TEraM#, COOTBETCTBEHHO, inl n inr. Takum
00pa3oM, BCErIa MOYKHO JIETKO Y3HATH, TPOUCXOINT JIM TOT WA WHON DJIEMEHT W3
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Ty winu u3 To. Boipaxenue mun-obsedunenue (union type) Takke npuMeHsieTcs
K HElOMEYEHHbIM (LePeceKaoUMMCs) TuiaM 00beJuHeHuil, KOTOPbIe OLUCAHbL B

§15.7.

Tun Dynamic

Jaxke B I3bIKAX CO CTATUYECKON TUNHM3aluei ObIBaeT HEOOXOIUMO UMETD JIEJI0 C
JAHHBIMU, TUI KOTOPBIX HEBO3MOXKHO OMPEIE/IUTh Ha ITarne KOMIuasanuu. B qact-
HOCTH, TAKOE MPOUCXOIUT, KOT/IA JAHHBIE CYIIECTBYIOT HA HECKOJBKUX PA3IUIHBIX
MaIllMHAX WJIM B TE€YEHWE HECKOJIHKUX 3AMyCKOB MPOTPAMMBI — HAIPUMED, KOTA
9TU NAHHbIE XPAHATCH B 0a3e JAHHBIX WU MEPEIAI0TCs MO KOMIbIOTEPHOM cerw.
YT00bI CIIPABAATHCS C TAKIMHU CUTYAIUIMA Oe3011acHbIM 00pa30M, BO MHOTHX sI3bI-
KaX TPHUCYTCTBYIOT CPEICTBA, MO3BOJISAIOIINE OMPEIEIUTh THUI 3HAYECHUNH BO BpPEMsI
pabOThI MPOrPAMMBI.

OuuH U3 XOPOLIKMX CIIOCODOB JI0OUTHCS ITOrO 3aKJI0YACTCA B 100aBIEHUY THUIIA
Dynamic, 3Ha4eHNsT KOTOPOTO MPEICTABISIOT COOOI TMaphl U3 3HAYEHUN V U METOK
tuna T, rae v umeer tumn T. DjeMeHTs! TUa Dynamic cTpogTces mpu moMOIm 0co00i
KOHCTPYKIIUU MPUCBAUBAHUS METOK, & AHAIU3UPYIOTCS € TOMOIIBI0 OEe30MacHOM
KOHCTPYKIIUU OIpe/ie/ieHns: TUla typecase. B CyIHOCTH, MOXKHO paccMaTpPUBATD
Dynamic Kak Helepecekaoleecs obbeiuHeHrne OECKOHETHOrO Pa3Mepa, B KOTOPOM
Merkamu ciyxkar tunbl. CM. padorsl Topmona (Gordon, circa 1980), Maiikpodra
(Mycroft, 1983), A6amu, Kapaennu, [Tupca u Ilnorkuna (Abadi, Cardelli, Pierce,
and Plotkin, 1991b), Jlepya u Mouu (Leroy and Mauny, 1991), A6aau, Kapzaesu,
ITupca u Pemu (Abadi, Cardelli, Pierce, and Rémy, 1995), a rakxe Xenrieiina
(Henglein, 1994).

11.11. Pexkypcusa obirero Buaa

Eime omHa BO3MOXKHOCTD, JOCTYITHAS BO MHOTHUX SI3BIKAX MPOTPAMMUPOBAHUS —
omnpejesieEne pekypcuBHbix (yuknuii. Mol yxxe Buzenu (riasa 5, c. 84), 4to B
6eCTUIIOBOM JIAMOIA-UCIUCTIEHUN Takue (DYHKIIUH MOXKHO OTPEIETATH € TIOMOIIHIO
KoMOmHaTOpa fix.

B TunusupoBaHHOM $S3bIKE PEKYypPCUBHBIE (DYHKIIMA MOXKHO OIPEIEISITHh aHA-
noruvaHo. Bor, Hanmpumep, GpyHKIHA iseven, KOTOpas BO3BpAIaeT true, Oyaydn
BBI3BAHA C YETHBIM apryMeHTOM, u false B NPOTHUBHOM CJIydae:

ff = Aie:Nat —Bool.
Ax:Nat.
if iszero x then true
else if iszero (pred x) then false
else ie (pred (pred x));

> ff : (Nat —» Bool) — Nat — Bool
iseven = fix ff;

> iseven : Nat — Bool
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iseven 7;

> false : Bool

NuTynTnBHOE TIpEICTABICHUE 31€Ch TAKOBO: (DYHKIMS BBICIIErO MOpsiaka ff,
nepejaBaemasi aprymenTom B £ix, sBisierca zenepamopom (generator) mis DyHK-
nuu iseven: ecin ff mpuMensiercsa K QYHKINKA ie, MOBeIEHWE KOTOPOil mpubiin-
2KEHHO COOTBETCTBYET TPEOYEMOMY IIOBEIEHHIO iseven BILUIOTH 10 HEKOTOPOIrO YuC-
sa n (TO ecTh, K (bYyHKIMN, BO3BPAIIAIONIEH TIPABUILHbBIE PE3YIbTATHI, KOTIA €€ ap-
YMEHT MEHbIIE WU PABEH 1), TO OHA BO3BpaIaer 60jiee TOYHOE NPUDINKEHNE K
iseven — byHKIWIO, BBIIAIOIIYIO TTPABUWIHHBIE PE3YIbTATHI BILIOTH 0 APTyMEHTA
n + 2. [Ipumenenne £ix K 9TOMY reHEPaTOPY BO3BPAIIAET €r0 HEMOABUKHYIO TOY-
Ky — (YHKIUIO, BO3BPAIIAONLYIO [IPABUJIbHBIA PE3yJIbTaT s JIIOO0r0 BXOJHOTO
BHAYEHUST 1.

Ectb, omHako, OMHO BaykKHOE OT/IMYnE OT OECTUIIOBOTO S3bIKA: caMa, (bYHKIIUS
fix He MOXKeT OBITH OIMpeesIeHa B paMKaX MPOCTOr0 TUIU3WPOBAHHOTO JIAMOIa-
ucunciaenus. Bosee Toro, B riiaBe 12 MbI TOKaXKeM, 9YTO HUKAKOE BHIPAYKEHUE, CIIO-
COOHOE MIPUBECTH K HE3ABEPIIMAOIIEMYCS BbIYUCIEHUIO, HE MOYXKET ObITh TUIIU3UPO-
BAHO UCKJIIOYUTEILHO CPeACTBaMK pocThbiX Tuios.® IIosToMy BMecTo Toro, 4To6nt
ompenenaTh £ix Kak TePM HAIErO S3bIKA, MbI TPOCTO JO00AB/ISIEM €r0 B KAYECTBE
HOBOTO IMPUMHUTHBA, BMECTE C MPABUJIAMY BBIUUCJICHNS, IMUTHPYIOIAMHU TTOBEIE-
Hre GecTumoBoro koMbuHaropa fix, W TPABUIOM THUIIM3AIUU, OTPAKAIOIUM €ro
peaJsibHOE MCHOJIb30BaHue. DT npasuia uzobpaxkensl Ha puc. 11.12. (Cokparuen-
nas (opma letrec Gyjer onucana gasee.)

IIpocroe TunusmpoBaHHOE JIAMOIA-UCUUCIEHNUE C TOOABJIEHUEM UUCET W KOM-
omraropa fix MABHO yKe CIYKHUT JIIOOUMBIM O0OBEKTOM WMCCIEIOBAHUN IS CITe-
[MAJIUCTOB MO S3bIKaM MPOrPAMMUPOBAHUS, MOCKOJBKY 3TO MPOCTEHIHI SA3bIK,
B KOTOPOM BO3HHUKAET MHOYKECTBO TOHKMX CEMAHTHUYECKUX SIBJIEHUil, HAIPUMED,
noanas abcmparyus (full abstraction) (Plotkin, 1977, Hyland and Ong, 2000,
Abramsky, Jagadeesan, and Malacaria, 2000). YacTo 3T0 UCUUCIEHUE HAZBIBAIOT
PCF («Programming language for Computable Functions», «$I3bix mporpammvu-
POBaHUs BBIYUCIUMBIX (DYHKIHUIL» ).

Vipaxuernue 11.11.1 [%%]: Onpedeaume ¢ nomowwtro fiz Pynrkyuu equal, plus,
times u factorial.

Kak mpasusio, koncTpyKius £ix ucmosb3yercs s mocTpoenus dyukuuit (B
Ka4eCTBE HEMOABUKHBIX TOUeK (DYHKIHA, nepeBoaanmx GyHkuuu B GyHKIMNA), OJI-
HAKO MMeeT CMBICJI 3aMeTHTD, 9T0 Tull T B npasuie T-FIX He 00s13aTe1bHO TOIKEH
OBITH PYHKITMOHATBHBIM. VIHOTIA 9Ta JOTMOTHATEIbHAS THOKOCTH OKA3BbIBAETCS TI0-
nesnoit. Hampumep, oHa MO3BOJISIET ONMPEIETUTh 3aNUCH, COCTOAIIYIO M3 B3aUMHO
PEKypPCHUBHBIX (DYHKIINH, KAK HEMOABUKHYIO TOYKY (DYHKINN, PAOOTAIONIEH C 3a-
mucamu (comepamumu pyuknun). Creayiomas peajin3ays iseven UCIOIb3yeT
BCIIOMOTATEIbHYIO (DyHKIMIO isodd; 3Tu nBe (DYHKINK ONPEIETEHBI KAK MO/ B
3aInCH, TPUYEM OINpeeseHne TOM 3amucu abCcTparupyercs: OT 3aluch ieio, u ee
KOMITOHEHTBI HCIIOJIb3YIOTCSA /i PEKYPCHUBHBIX BBI30BOB M3 TeN MOJeil iseven u
isodd.

8B mambmeitmmem, B riase 13 u rimase 20, MBI BBeJEM B CHCTEMY IPOCTBIX THIOB HEKOTODHIE
PaCIIUpPEHusi, BO3BPAIIAIONHE CIIOCOOHOCTE OMpeaeuThb fix cpeacTBaMu CaMOi CUCTEMBI.
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ff = MAieio:{iseven:Nat —»Bool, isodd:Nat — Bool}.
{iseven = MAx:Nat.
if iszero x then true
else ieio.isodd (pred x),
isodd = Ax:Nat.

if iszero x then false
else ieio.iseven (pred x)1};

> ff : {iseven:Nat — Bool, isodd:Nat — Bool} —

{iseven:Nat — Bool, isodd:Nat — Bool}

Henoapmxmas Touka ¢dpyakmun £ — 310 3amuch u3 AByX PyHKIHIL,

r = fix £f£f;
> 71 : {iseven:Nat — Bool, isodd:Nat — Bool}

u oDpalleHue K MepBoii u3 HUX JaeT HaM camy (DYHKIINIO iseven:

iseven = r.iseven;
> iseven : Nat — Bool
iseven 7;
> false : Bool

Bo3moxkHOCTD CO3MaHMs HEMOABUKHOM TOUKU DyHKIMH Tuna T—T mj1st 11000-
ro T npuBOAMT K HEKOTOPHIM HEOXKUIAHHBIM IOCIeACTBUAM. B yacTHOCTH, OKA3bI-
BAETCs, YTO Ka2#COvLl TUIl MMEeT XOTd Obl OJUMH TePM 3TOro Tuma. UTobbl moKa-
3aTb 3TO, 3aMETUM, UTO /I KAXKJO0ro TUla T Mbl MOXKEM OIPeIeauTh (DYyHKIHIO
diverger:

diverger = A_:Unit. fix (Ax:T.x);
> diverger : Unit —T

Kaxkaprit pa3, korga diverge npuMeHsieTcs K apryMeHTy unit, Mbl Oy 9aemM
GECKOHEYHYIO [IOCJIEI0BATEILHOCTD BHIYUCIEHU, B KOTOPOil CHOBA M CHOBA IIPUMe-
usercsa npasuo E-FIXBETA, Bcerna gaBast onw u ToT ke TepM. [lomyuaercs, 1To
Jutst Kakaoro tana T Tepm diverger unit CiayKuUT HeonpedesernnoiM IAeMERTOM
(undefined element).

Ilocnennee ycoBepIeHCTBOBAHKME, KOTOPOE MBI PACCMOTPHM — Oojiee yaoOHbIi
KOHKPETHBI! CHHTAKCHC /IS 9aCTO BCTPEUAIONIEHC CHTYAINH, B KOTOPOil Tpedbyer-
Cs1 CBSI3aTh TMEPEMEHHYIO C PE3YJIBTATOM PEKYPCUBHOTO ONpeaeieHus. B OobimmH-
CTBE BBICOKOYPOBHEBBIX SI3BIKOB TEPBOE MPUBEIECHHOE HAMU OIpEJIeJIeHne iseven
OBLIO OBI 3aIMCAHO TPUMEPHO TaK:

letrec iseven : Nat — Bool =
Ax:Nat.
if iszero x then true
else if iszero (pred x) then false
else iseven (pred (pred x))
in
iseven 7;
> false : Bool

KoHCTPYKINIO pEKYyPCHBHOTO CBSI3bIBAHUS letrec HECIOKHO OMPEIE/INTh B Kade-
CTBE TTPOW3BOIHON (HOPMBI:

letrec x:T;=t; in t2 = 1let x = fix (A\x:Ty.t;) in to
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Vupaxuernue 11.11.2 [*]: [epenuwume ceou onpedeserus ynkuyud plus, times
u factorial us ynpascnenus 11.11.1 wepes letrec emecmo fiw.

Bonee moapobuyro mapOpMaInio 06 oneparopax HEMOIBUKHON TOYKH MOXKHO
najitu y Kiona (Klop, 1980) u Bunckens (Winskel, 1993).

11.12. Choucku

Paccmorpennbie HaMu KOHCTPYKIMK MOXKHO Pa3ienuTh Ha 6azosne muno, (base
types), rakue Kak Bool u Unit, u xoncmpyrxmopwe, munose (type constructors),
HaIPUMEpP, — W X, KOTOPbIE CTPOSIT HOBBIE THUIBI HA, OCHOBE CTapbiX. Eime omux
TOJIE3HbI KOHCTPYKTOp — List. Ina kaxporo tuma T, Tunm List T ommcwiBaeT
CIUCKYW KOHEYHOH [JIMHBI, COCTOAIINE W3 IJIeMeHTOB Tuna T.

Ha puc. 11.13 moka3anbl CHHTAKCHAC, CEMAHTUKA U [PABUJIA TUMU3AIUAA LI
cuuckoB. C TOYHOCTBIO 0 CUHTAKCUYECKUX PACXOXKIEHUI (List T Bmecto T list
U T. 11.), & TAKKE TOTO, YTO B HAIIIEM BAPUAHTE BCE CHHTAKCHIECKUE GOpMbI TpeOy-
[OT SBHOMW AHHOTAIINU TUIIOB, HAINK CIUCKHU, MO CYIIECTBY, COBIAJAIOT CO CIUCKA-
mu, umetonumMucst B ML u apyrux dyHKunoHanbubix s3bikax. [lycroit ciucok (c
snemenTamu tuna T) 3anuceiBaercd B Buze nil[T]. Cuucok, nopoxaaeMbril pu
n06aBsieHur HOBOroO 3jieMeHTa t1 (Tuna T) B HAYAJIO CIMUCKA to, 3alUCHIBAETCH B
Bune cons[T] t;1 to. [osioBa u xBOCT cuucka t 3anucbiBaiorcd Kak head[T] t u
tail[T] t. Bynesckuii npenukar isnil[T] t BBIZAET true TOTIA U TOJIHKO TOTIA,
KOT/Ia CTIACOK t Trycr.”

Vopaxuenue 11.12.1 [% % % |: [lokasicume, wmo 6 npocmom munuduposaHHOM
AAMOIA-UCHUCAEHUY € OYAEBCKUMU SHAYEHUAMY U CTUCKAMY BLITLOAHAIOMCS MEO-
PEMBL 0 NPOOSUNCERUU U COLPIHEHUU.

Vopaxuerne 11.12.2 [%%]|: IIpedcmasaennvill 30ect CUHMAKCUC CNUCKOS 6K.AMO-
aem MHOICECTNE0 AGHHOMAUUT, KOMOpPvle HA CAMOM Jese He HYNHCHDL, NOCKOALKY
NPABUNG TMUNUSGYUUL NE2KO MO2AU 0L 6BIEECTNU HYNCHBIT MUN U3 KOHMEKCMA.
(9mu annomayuy npednasHauentl 0 00AE2UEHUA CPABHEHUA € KOOUPOBAHUEM
cnuckos 6 §23.4). Moocno au usbaéumovcs om Bcex anHomayuii?

9MbI IPUHAE <IPECTABICHHEE CIIMCKOB Yepe3 head/tail/isnily pagm mpocrorsl. C TOUKH
3peHns NPOEKTHPOBAHUSA A3BIKOB, BEPOATHO, IPaBUIbHee OBLIO OBl PACCMATPHBATH CIHCKH KaK
THUI JAHHBIX U OOpAIIaThCa K UX KOMIOHEHTAM depe3 BLIPAXKEHUs case, IOCKOJIbKY DU 3TOM
00JIbIllee YUCJI0 TPOrPAMMUCTCKUX OMIHOOK CTAHOBATCS OIMUOKAME THIU3AI[AN.
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— . Pacwupsaem A, (9.1)

[

Hoswie cunmakcuveckue gopmot
t o= MEPMbL:
NOCMaH06Ka meaa

(ne6020)
NOCMAHOBKA Me2a

(npasozo) (E-CASE)

case
(E-INL)
voon=... 3HAYEHUA:
- BHAYEHUE C ME20M
(nesvim) (E-INR)
BHAYEHUE C ME20M
(npasvim)
Hoevie npasusa munuseyuul ' =t : T
T Mmunbl:

- MUN-CYMMG

Hosvie npasuaia 8bl4ucieHUs t -t

(T-CASE)

(E-CASEINR)

Puc. 11.9. Tuns-cymMMbI
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-+

Pacwupaem A, (11.9)

{
Hoswie cunmakcuveckue @Gopmot

t = mepmol.
inl t as T nocmanosxa meza
(ne6oz0)
inr t as T nocmaHoeka meza
(npasoeo)

voon= ... 3HAYEHUA:
inl v as T 3HAYEHUE C
mezom (neevim)
inr v as T 3HAYEHUE C

mezom (npasvim)

Hosvie npasuasa 8bl4ucAieHUs t -t

case (inl vg as Tp)
of inl x;=>t; | inr xo=>to

— [x1 = volty

\
case (inr vo as Tp)
of inl x;=>t; | inr x9=>tg

— [x2 = volta

(E-CASEINR)

t] — t)

inl t; as Ty — inl t/1 as Ty
(E-INL)

t] >t

inr t; as Ty — inr t’1 as To

(E-INR)

Hoewnie npasusa munudeyuu| 't @ T

(E-CASEINL) 'ty : Ty
I'inl t; las Ty + Ty : Ty + Ty
(T-INL)
'ty @ To
I'inr t; las Ty + Ty : Ty + Ty
(T-INR)
|
Puc. 11.10. CymmbI (¢ €AMHCTBEHHOCTHIO THIH3AINHN)
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-
[ |
Hosvie cunmarcuveckue gopmoe

Pacwupsaem A, (9.1)

t ou=... mepmut:
<1=t> as T nocmanosxa meza
case

vou=... SHAMEHUA
<l=v> as T suavenue ¢
meaom

mundst.

T u=...
Hoeuwie npasuaa munuseyuu| ' =t : T

Hosuwie npasuaa 6vlYUCAEHUA t >t

(T-VARIANT)

(E-CASEVARIANT)

Puc. 11.11. Bapuantst
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— fix

Pacuwupaem A, (9.1)

f

Hoswie cunmakcuveckue gopmot
t mepmol.

fix t wmenodsusicnas mouka t

Hosvie npasusa 6bl4ucieHUs t -t

fix (Ax:Tp.ts)
— [x > (fix (Ax:Ty.t2)) ]t

(E-FIXBETA)

t t/
A (E-FIx)

fix t; — fix ¢}

Hoevie npasuaa munuszeyuu) ' —t : T

:T1—>T1
:T]_

't
[+ fix t;

(T-Fix)
Hoevie npoudsodnvie gopmot

letrec x:T;=t; in tq

L let x =

fix (Ax:Tqy.tq1) in to

Puc. 11.12. Pekypcus obiiero Bumga
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11.12. Cnucknm

- B [List.

Pacwupaem \_,

(9.1) ¢ byaesckumu 3naveruamu (8.1)

M
Hoswie cunmakcuveckue Gopmot

t u=... mepmoL:
nycmol cnucox
KOHCMPYKMOP

CNUCKa
_ npoGepKa na

nycmotl Cnucox

201060, CNUCKG
TE0CM CNUCKG
voon=... 3HAYEHUA:
nycmol cnucox
KOHCMPYKMOP

CNUCKQ
T TMUNGL:

mun cnuckoe

~

t

!

Hoswie npasuna 68vL4YUCAEHUA

(E-CoNs2)

(E-ISNILNIL)

(E-IsNiLCONS)

(E-IsNIL)

(E-HEADCONS)

(E-HEAD)

(E-TAILCONS)

(E-TaIL)

Hoevie npasusa munuszeyuu| ' =t : T

(T-NiL)

(T-IsNIL)

Pwuc. 11.13. Cuucku
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I'maBa 12

Hopmaimzanus

B s710it rimaBe MbI paccMaTpuBaeM erre ogHO0 GyHIAMEHTATILHOE TEOPETHIECKOe
CBOMCTBO YMCTOTO IIPOCTOTO THIMH3WPOBAHHOIO JIAMOIA-NCINUCTEHN: TO, UTO BbI-
YUCJIEHUEe TPABUJIBHO TUIU3UPOBAHHON MPOrPAMMBI TAPAHTUPOBAHHO OCTAHABJIH-
BAaeTCs 33 KOHEYHOE YUCJIO IArOB — T. €., KAXK/bll MPABUJIbHO TUIH3UPOBAHHBIN
TepM Hopmasusyem (normalizable).

[MonuomEeHHBIE A3BIKA TPOrPAMMUPOBAHKSA HE 0OJAIAI0T CBONCTBOM HOPMAJIH-
3alliH, B OTJIMYHUE OT JPYIUX CBONUCTB THIIOBON HE30ITACHOCTH, PACCMOTPEHHBIX Ha~
MU paHee. ITO MOTOMY, UTO TAKWE S3BIKU MOYTH BCET/IA PACIIUPSIIOT TIPOCTOE TH-
MTU3UPOBAHHOE JIAMOIa-NCINCIEHNE KOHCTPYKIIMSIMU BPOJIe PEKYPCHH ODIIEro BiIa
(§11.11) wutkt peKypCUBHBIX THIIOB (i1, 20), C HOMOIIBIO KOTOPBIX MOYKHO CO3/IaBaTh
3anuKIUBaoNecs nporpaMmbl. OJHAKO TOHATHE HOPMAJU3AIUN CHOBA BO3HUK-
HET, y>Ke Ha ypoBHe munos, korma B §30.3 Mbl OyzaeM 0OCYXKIATh METATEOPUIO
Cucrembl F,: B 91001 cucreMme si3bIK THIIOB, 110 CYIIECTBY, AyOJupyer mpocroe Tu-
MTU3UPOBAHHOE JITMO/IA~-UCIUCTIEHNE, W 3aBEPITUMOCTH AJTOPUTMa, TIPOBEPKY THUITOB
1I0JIAraeTcsl Ha TO, YTO OTEpAINsi «HOPMAJIM3AIUN» HA BBIPDAYKEHHX, COCTABJIEH-
HBIX U3 THUIIOB, FAPAHTUPOBAHHO 3aBEPIIACTCS.

Errie onmm noBos n3yydaTh J0KA3aTEIbCTBA HOPMATIU3AIIH 3aKII0MAETCS B TOM,
9TO 3TO €/IBa JIN HE CaMble M3SIIHbIE W BOCXWTHTEIbHBIE MATEMATHIECKUE KOH-
CTPYKIMK BO BCeil JINTEPATypE 110 TEOPUU THIOB. 3a4acTyio (Kak B JAHHOM CJIy-
4yae), OHU UCIIOJIL3YIOT 6A30BbIil METO/ JOKA3ATEILCTB Y€PE3 A02UNECKUE OMHOULE-
nus (logical relations).

HekoropbiM guTarensM Oyger mpolle TpoMyCTUTh TAHHYI0 TIaBy MPU TepPBOM
YTEHUH; B TOCTIELYIOMNX MIABAX HUKAKUX CJIOXKHOCTEH M3-3a 9TOr0 HE BOZHUKHET.
(TTosinas Tabiuua 3aBUCUMOCTEH MEXK/Ly IJIABAMU LIPUBEJEHA HA C. 14.)

12.1. Hopwmajguzanusa JJjid OPOCTbIX TUIIOB

PaccmarpuBaemblit  37ech  #3bIK  — [POCTOE THUIIM3WPOBAHHOE JIAMOIa-
HCYUCIIEHNEe C eIMHCTBEHHBIM 6a30BbiM TuIIOM A. JloKazareabcTBO HOPMAIU3AIMH

B 30 raBe W3y9aeTcs A3BIK MIPOCTOTO THIU3UPOBAHHOTO JaMbma-ucaucaenus (puc. 9.1) ¢
opgauM 6a30BbIM THOM A (11.1).
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170 12.1. HopwmaJmzamnus JJIsT IPOCTBIX THIIOB

JJId 3TOI'O UCYUCJIEHUSA He BIIOJIHE TPUBUAJIBHO, IIOCKOIbKY IIPU KaXK/I0i pelyKIuu
TEepMa B 110/ITepMax MOI'yT CO3/laBaTbCd MHOXKECTBEHHbIE PeJIEeKChL.

Vupaxuernue 12.1.1 [*]: I'de umenno mepnum neydawy nonwmra doxkazams Hop-
MAAUGUUIO NPU NOMOWY NPOCTNOT UHOYKUUL NO PA3MEDY NPABUALHO MUNUSUPO-
6anH020 mepma?

OcHOBHast CJIOXKHOCTH 371€Cb (KaK M BO MHOIMX JAPYIUX JIOKA3aTelbCrBaX IO
UHIYKIAN) B TOM, YTOOBI HAMTH JOCTATOUHO CHJILHOE TIPEINOIOKEHNE WHIYKIUH.
C 310i1 11e/1hI0 OTIpeIeIuM IJIsi KaXKA0r0 Tua T MHOXKECTBO Ry 3aMKHYTHIX TEPMOB
tuna T. PaccMarpuBas 3T MHOKECTBA KaK [IPEIUKATHL, BBeJeM 0003Hadenue Ry(t)
s t e Ryt

Onpenenerue 12.1.2

o Ry(t) mozda u moavko mozda, Koeda t 3a6ePULAEMCA.

e Rr, , 1,(t) mozda u moavko moezda, Koeda t 3a6epwaemca u OAf 6CAKO20
s makozo, wmo Ry, (s), ewnoanaemea Rr,(t s).

DTO ompesesieHre naeT HaM TpedyeMoe yCUJIEHUE MPEeINOOKEHNS WHIYKITHH.
Hama riiaBHas mesb — J0Ka3aTh, 9TO 3aBEPIIAIOTCS BCE NpPOZpammol, T.€. BCE 3a-
MKHYTBIE TepMbI 6a30Boro tuma. OIHAKO 3aMKHYTHIE TePMbI GA30BOTO THUIIA MOTYT
COlepKATh MOATEPMbI (QYHKIIMOHATBLHOIO THIIA, TAK 9TO U 00 3THX TepMaX HYKHO
KOe-4TO 3HaTh. Bojiee Toro, HEJOCTATOYHO 3HATD, YTO ITH HOATEPMbI 3aBEPIIAIOT-
Cs1, TIOCKOJIbKY TPV TTPUMEHEHUN HOPMAJIN30BAHHON (DYHKIINY K HOPMATIU30BAHHO-
My apTyMEHTY MPOUCXOIUT TMOJACTAHOBKA, W ITA MOJACTAHOBKA MOXKET MPUBECTH K
HOBBIM IIIaraM BbraucjeHus. Takum 006pa3om, Ay TepMOB (DyHKITHOHAIEHOTO TUIIA
HEOOXOAUMO BOJIee CUITBHOE YCJIOBUE: OHU He TOJIBKO JIOJIKHBI 3aBEPIIATHCS CAMU,
HO U, OyJy4d IPUMEHEHHBIMHU K 3aBEPHIAIONIUMCS apTyMEHTaM, TAKKE IOJKHbBI
JIABATH 3aBEPIIAIOIIMECs] PE3YJIbTAThI.

®Dopwma ompenenenns 12.1.2 xapaKTepHa /I METOJA T0KA3aTEIbCTB Y€Pe3 A0-
2uveckue omnowenus (logical relations). (IlockosbKy celigac Mbl paboTaeMm TOIBKO
C OHOMECTHBIMU OTHOIIIEHUSIMU, IIPABUJIbHEE ObLIO Obl CKA3aTh A02UYECKUE Npe-
duramut, logical predicates.) Eciu Mbl X0THM 10Ka3aTh, YTO HEKOTOPOE CBOACTBO
P BoimosHsIeTCA [JI BCEX 3aMKHYTBIX TEPMOB THUIA, A, MBI C MOMOIIBIO WHIYK-
MY Ha, TUMAX JOKA3bIBAEM, UTO BCE T€PMbI Tuma A 0baadarom cBoiictBoM P, 4T0
BCe TepMbl Tua A—A coxpamsom csoiictBo P, uro Bce TepMbl Tuma (A—A) —
(A—A) coxpansarom ceolicmeo coxpanenus cBoiictBa P, m Tak mamee. Mbl moOu-
BAaEeMCsl 9TOrO, OLPeJIeisis CeMEHCTBO IPEIUKATOB, IPOUHIEKCUPOBAHHBIX TUIIAMH.
s 6azosoro tuna A 3ToT mpeaukar — npocto P. /Iy GyHKIINOHAIBHBIX TUTIOB
MPEINKAT YTBEPAKIAET, YTO (DYHKIWS TOKHA TEPEBOINTH 3HAUEHHUS, YIOBIETBO-
PAIOIIHE TPEINKATY [JIsi BXOIHOTO THWIA, B 3HAYEHWS, YIOBJIETBOPSIIONINE TTPEIH-
KTy JIJisl TUIA-PE3YIbTATA.

uorma MEOXKeCTBa R HA3LIBAIOT HACHUEHHBLMYU MHodcecmeamy (saturated sets) mam mro-
srcecmeamy Kandudamos na pedyyupyemocmo (reducibility candidates).

Rev: —revision—, November 28, 2010 170 —sourcefile—



12.1. Hopwmajm3anus JiIsT TPOCTBHIX THIIOB 171

IIpu momoIu 3TOro ompeneienns Mbl MPOBOAUM JOKA3ATETbCTBO HOPMAIU3a-
uuu B aBa wara. CHadasa yoeauMcs B TOM, YTO KaxK/IbIi 9JIeMEeHT KaxKJ0I0 MHO-
xecTBa Ry HOpMajm3yeM. 3aTeM MOKAXKeM, YTO KAXKIBIH MPABUIHLHO TUITH3UPO-
BaHHBIN TepMm T T sABJISETCA dJeMeHTOM [y.

Tlepsblii mar HEMOCPEACTBEHHO CAEAYeT U3 ompeaenenns Rr:

Jlemma 12.1.3 Ecau sepro Rr(t), mo t 3asepwaemcs.

Bropoit mar pa3out Ha ABe JIEeMMbBI. 3aMETHM CHAYAJIA, UYTO MPUHAIIEIKHOCTH
MHOYKECTBY Rt COXpaHSeTCd MPU BLIUYUCICHUH.

JTemma 12.1.4 Ecau t : Tu t — t', mo Re(t) mozda u moavko moeda, Kozda
Ry(t).

Zoxasamesvcmeo: Undykyusa no ecmpyxmype muna T. Bo-nepewz, 0ue6udHo, 4mo
t sasepwaemca mozda u moavko mozda, kozda sasepwaemca t'. Ecau T = 4, do-
Kasueams boavwe newezo. C dpyzoti cmopons, npednoaoscum, wmo T=T, — Ty
oas wexkomopux Ty u To. Jlas nanpasaenus, «<moavko mozdas (=) npednosogtcum,
wmo Ry(t), u wmo Ry, (s) daa nexomopozo npoussosvnozo s : Ti. Ilo onpede-
aenuro, umeem Rr,(t s). Odnaxo t s — t' s, u omcroda, no npednoaosicenuro
undykyuu das muna Ty, noaywaem Ry, (' s). Iockoavky 3mo eepro das 4106020
s, onpedeaenue Ry daem nam Re(t'). Paccyocdenue 6 nanpasaenuu «mozday (<)
NPOGOOUTNCA GHAAOLUYHO.

Temepb HAM HY2KHO IIOKA3aTh, 9TO KAaXKAbIA TepM Tuma T IPUHAIIEIKUT MHOXKE-
crBy Rr. Baech unjykuus Oyuer LPOBOAUTHLCS 110 JEPEBbsM BbIBOJAA TUIOB (Obl-
JIO OBI CTPAHHO, €Cjii ObI KaKOe-JIMOO IOKA3ATENHCTBO, CBA3AHHOE C TTPABUIHHO
TUTMMU3NUPOBAHHBIMU T€pMaMH, HE COACPZKAJIO MHAYKIWUUN IO AECPEBLAM BbBIBOJa TH-
nos!). EquncrBeHHas CIIOXKHOCTD 3/1€Ch 3aKJI04YaeTcs B 0OpaboTKe ciydasd ¢ A-
abcrpakmueit. IIocKoMbKY MBI MIPOBOANM HHIYKIMIO, TOKA3aTETHCTBO TOTO, 9ITO
TepM Ax: Ty .ty HupuHa/IeKuT MHOXKECTBY Rr, _, 1,, JOJ2KHO UCIIO/Ib30BATH LIPEJI-
IIOJIOXKEHNEe MHIYKITUH, YTOOBI IOKA3aTh, YTO to MPHUHAIJIEXKUT MHOXKECTBY Rr,.
Onmako Ry, ompejesnsieTcst KaK MHOYKECTBO 3GMKHYMbLL TEPMOB, B TO BpeMsi KaK
TepeMeHHast X MOYKeT ObITh CBOOOTHA B tg, TAK 9TO ITOT CIIOCOD JOKA3aTEIhCTBA
He paboTaer.

Ora npobsieMa peraeTcss ¢ MOMOIIBI0 CTAHJAPTHOIO MPUEeMa: HYXKHO HaiTh
TTOIXOIsAIIee 0OODIIEHNE MPEIMTOJIOKEHNST HHAYKIMU. BMecTo TOro, 94Tobbl TOKa-
3bIBATh yTBEPKIECHHE O 3AMKHYTBHIX TEPMAX, JOKAXKEM ero 00O00IIEeHHYIO (hopmy,
BKJIFOYAIOIIYI0 BCE 3AMKHYTHIE 9K3EMNAAPD, OTKPBHITOrO TepMa, t.

Jemma 12.1.5 Ecavuzy:Ty,..., 2T =t ¢ T,av,...,U, — 3aMEHYMDBLE 3HAYC-
nus munos Ty, ..., T, ¢ Rr,(v;) daa xascdozo i, mo Re([z1 — vi]--- [z — v,]t).
Zloxazameavcmeo: Hndyxuyua no depesy 6616004, ymeepotcdenus
z:T,...,2p: T, 1t & T. (Hau60/bee UHMEpecer 6apuarm ¢ a6cmpa7cuueﬂ.)

Bapuanm T-VAR: t=z; T=T;
Ymeeporcdernue aemmol caedyem HemedserHo.
Bapuanm T-ABS: t=Az:S1.s0 @ :Ty,...,¢n:Tp, :S1 sy ¢ So
T=58 — 5
Ouesudno, [ +— wvi]---[z, — vp|t daem npu ewuucienuu 3navenue, no-
CKOALKY yoice aeasemca snavenuem. Ocmaemces noxasams, wmo Rs,(([z1 —
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vi]---[zn = v,]t)s) daa ecaxozo mepma s : Sy maxozo, wmo Rg (s). Ilpeo-
noaoscum, 4mo s — makot mepm. Cozaacto semme 12.1.3, umeem s —* v dan
nexomopozo v. Cozaacro aemme 12.1.4, Rs, (v). Io npednoaoscenuro undyryuu,
Rs,([#1 — v1] - [n — vy][z — v]s2). Odnaxo

Az:S1. [z1— v1] - [z — vp]s2) s
—* [z o> v1] - [z o vn][z o v]s2,

a omcroda, no semme 12.1.4,
Rs,((Az:S1. [z — vi] - [zn — vn]s2) 8),

mo ecmv, Rs,([z1 — v1] - [z — v, ] QAz:S1. s3) s). Iockoavky s Ovia 6ui0pan
npouseoavho, no onpedeseruto Rg, s, , umeem

Rsl*’sz([ml = Ul] e [mn [and 'Un] ()\:I:.'Sl . 52)).

Bapuanm T-APP: t=t, to

L1 .'Tl,...(Bn.'Tn = tl N T11—>T12

T, ..z T =t 0 T

T=To
IIpednonoscenue undykyuu daem nam Ry, 7,([o1 — vi] [z, — vp]t1) u
Ry, ([z1 — v1] - [zn — wp]t2). o onpedeseruro Ry, 1,5,

Rr,((z1 = vi] - [®n — wp]t1) (x> vi] - [ — vn]t2))

m. e.,
R7'12([$1 = 'Ul] T [wn = 'Un] (t1 t2))

Teneppb CBOICTBO HOPMAJIM3AIUU SIBJISE€TCS TPOCTHIM CJIEICTBUEM, €CJIM CHUH-
TaTh, 4TO TepPM t B jsemme 12.1.5 3aMKHYT, a 3aT€M HCIOJIb30BATH TO OOCTOATEI b
CTBO, YTO BCE 3JIEMEHTHI [ HOpMAIU3YIoIIue /1 BCAKOro T.

Teopema 12.1.6 [HopManusauusd]|: Ecau b t : T, mo t nopmasusyem.
Joxazameavcmeo: Ri(t) no aemme 12.1.5; caedosamenvho, t HOPMAAUSYEM TIO
anemme 12.1.3.

Vupaxzernue 12.1.7 [PEKOMEHIYETCS, k % % |: C nomousro memodoe smoti 2aa-
66, NOKANHCUME, %IMO NPOCIOE TNUNUSUPOSAHHOE AAMOIG-UCHUCAERUE COTPIHAET
C60UCME0 HOPMANUZ AU, OYOYU PACWUPEHO DYAEBCKUMU 3HANEHUAMY (puc. 3.1)
u munamu-npouseedenuamu (puc. 11.5).

12.2. Jlomo/siHUTEJIbHbIE 3aMeYaHus

B rTeopermueckoii nmuTeparype CBOMCTBO HOPMATHU3AIUN dalle BCero popMmy-
JIpyeTcs KaK ¢mpozas nopmaausdeyus (strong normalization) jis ucaucienuii ¢
OJIHOM (He,ZLeTepMI/IHI/ICTCKOfI) Oera-peaykuueil. CranaapTHBIA METO/ J0KA3aTe b-
crBa 661 u306peren Teiirom (1967); ZKupap o606mmn ero na Cucremy F (1972,
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1989, cp. 1. 23); zarem Teiir ynpocrusn mokasarenscrso (Tait, 1975). B aroii
KHUI€ Mbl aJanTupyeMm Meroj TeiiTa jjid BbI30Ba 110 3HAYEHHIO, KAK ITO CIEIAJ
Maprun Xodman (vacraoe coobinenue). Cpeay KIacCUYECKUX CIPABOYHUKOB T10
MEeTO/y JIOTMYEeCKUX oTHOmenuii — paborst losapaa (Howard, 1973), Teiira (Tait,
1967), ®punmana (Friedman, 1975), Ilnorkuua (Plotkin, 1973, 1980) u Crarmana
(Statman, 1982, 1985a,b). 9ToT METO TaKXKE ONUCHIBAETCH BO MHOIMX Pab0Tax 1o
cemanruke, Hanpumep, B kaurax Muruesmia (Mitchell, 1996) u Fanrepa (Gunter,
1992).

JloKazaTeapCTBO CTPOTOii HOpMasam3amum 1o TelTy B TOYHOCTH COOTBET-
CTBYET AJTOPATMY BBIYMCJIEHHS TEPMOB C TIPOCTOH THIHM3AIUEH, W3BECTHOMY
KaK HOpMaAu3auus ewwucienuem (normalization by evaluation) winu wacmuunoe
svruucaenue, ynpasasemoe munamu (type-directed partial evaluation) (Berger,
1993; Danvy, 1998); cum. Takxke paborsl Beprepa m IIIsuxrenbepra (Berger and
Schwichtenberg, 1991), ®ununcku (Filinski, 1999, 2001) u Peitnonbaca (Reynolds,
1998a).
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CebliaKkn

Jo cux 1mop Mbl pacCMATPUBAJIU PA3JIUYHBIE wucmbie (pure) s3bIKOBBIE KOH-
CTPYKIH, B TOM d9HCIe (PYHKIIHOHAIHHYIO aOCTPAKIINIO, OA30BbIE THUIIBI, TAKHE
KaK 9ucia u OyJIeBCKue 3HAYEHUS, U CTPYKTYPUPOBAHHBIE THIIbI, TAKUE KAK 3AIHCH
Y BAPUAHTHBIE TUIBL. JTH KOHCTPYKIMH COCTABJSIOT OCHOBY OOJIBIIMHCTBA $13bI-
KOB TIPOTPAMMUPOBAHMUsI, BKJIIOYasi YUCTO (byHKIMOHAIbHBIE, Takne, kKak Haskell,
«(yuKIHOHAIBHBIE 110 GOJbIeil YacTuy, rakue, kak ML, umneparusabe (kak C)
u 00'bEKTHO-OPUEHTUPOBAHHbBIE (Kak Java).

B GosbrirHECTBE TPAKTUYECKUX SI3BIKOB MIPOIPAMMUPOBAHUS UMEIOTCS TAKKE
pasJsinunble Hewucmoie (Impure) KOHCIPYKUMU, KOTOPbIE HEBO3MOXKHO OLUCATH B
paMKax MpOCTOM CEMAHTUYECKOM MOIeJIN, NCTIOIB30BABINEHCS HAMY [0 CHX TOop. B
YACTHOCTH, MOMUMO TIOPOXKIEHUS PE3YJIbTATOB, BHIYUCICHUE TEPMOB B 9TUX SA3bI-
KaX MOXKET IIPUBOAUTH K IIPUCBAUBAHUIO 3HAYEHUI HU3MEHAEMbIM ePEMEHHbIM (a1-
pecyeMbIM siueiikaM, MacCUBaM, U3MEHSEMbIM [OJIAM 3aluceil, W T.11.); BBOLY U
BbIBO/LY B (hailiibl, HA IUCIJIEH, 110 CETEBBbIM COEIMHEHMSIM; HEJIOKAIBHON Iepegade
YIPABJICHUS C TOMOIIHIO UCKIIIOUEHUI, TIEPEXOI0B UJTH TTPOIOJIPKEHNH; CUHXPOHI3a-
nuu u 0bMeny mHbOpManueit MeX Iy MpoleccaMu, U Tak Jgajiee. B aureparype mo
sA3bIKAM TTPOrPAMMHUPOBAHUS TaKuE «MOO0TIHBbIE F(PDEKThI> BHIYUCIEHUS OOBITHO
HA3BIBAIOT 8bL¥UCAUMEAbHbMU IPpPexmamu (computational effects).

B »r0it maBe Mbl yBUAMM, KaK OJIHA U3 PA3HOBUIHOCTEH BbIYMCJIATEIbHBIX
3 dEKTOB — U3MEHsIeMble CChLIKM — MOYKET OBITH J00ABJIEHA B M3y4YaeMble HAMU
ucuncaenus. OcHOBHOE q00aBjeHre OYIeT 3aK/II09aTHCs B IBHBIX ONEPAIUSX C Ta-
mamwio (store) (unum xyued, heap). 1o pacuupenue HETPYIHO OIPEIEJUTD; CAMOE
WHTEPECHOE HAYHETCsl, KOTJa BO3HUKHET HEOOXOAMMOCTh YTOYHUTH TEOPEMY O CO-
xpasenuu tunos (13.5.3). Ewe oaun Bua 3 hEKToB, HCKIIOUEHNsT 1 HEJIOKAJIbHY IO
mepeIady yrupaBIeHus, Mbl PACCMOTPUM B TyiaBe 14.

B sT0if r1aBe paccMaTpUBAETCA MPOCTOE TUIMH3UPOBAHHOE IAMOIa-ucuncaenne ¢ Tunom Unit
n ccokamu (puc. 13.1). CoorBercreyromas peamnsanums Ha OCaml HaseiBaercsa fullref.
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13.1. Bsenenue

IouTH BCe A3LIKH IPOrPAMMEPOBAHEL' 0BIaJA0T B TOM I WHOM BHJE OIle-
panueil npuceausanus (assignment), KOTOpasi U3MEHET COAEPKUMOE 3aPAHEE Bbl-
JeneHHoro gpparmenta naMmaTa. B HEKOTOPBIX s3bIKax, B 9acTHOoCcTH, B ML u pos-
CTBEHHBIX €MY, MEXQHU3MBI CBSI3bIBAHUS UMEH W TTPUCBAWBAHUS pa3IeseHbl. Mox-
HO MMETh TIEPEMEHHYIO X, 3HAYEHUEM KOTOPOIl SIBJISETCS 9HUCJIO 5, a MOXKHO MMETh
[EePeMEeHHY 0 ¥, 3HaYeHreM KOTOPOii sBiisiercs ceuaka (reference) (uiu yxazamenn,
pointer) Ha M3MEHSIEMYIO sY€iiKy C TEKYIIUM COIEPKUMBIM 5, U HPOrPAMMUCTY
BHJIHO 3TO pazjm4aue. MOXKHO CJIOKUTHb X € JIDyIMM YHUCJIOM, HO IPUCBOUTH €My
HOBOE 3HAYEHNE HeJIb3s. [[epeMeHHy 0 y MOXKHO HATIPSMYO UCIOIB30BATH JIJIsT TTPHU-
CBaMBaHUS HOBOI'O 3HAYEHUS A9eiiKe, Ha KOTOPYIO OHA YKa3bIBAET (ITO 3aIUCHIBA-
ercd B BUjE y := 84), HO €e HeJIb3s IIPOCTO YINOTPEOUTh B KAYeCTBE apryMEHTa
plus. dug sroit uemu rpebyercsa siBHO passimenosams (dereference) ccpuiky, na-
nucaB !y muis oOpalleHus K ee TeKyIeMmy cojepkumomy. B GosbminncTse apyrux
SI3BIKOB — B YACTHOCTH, BO BceX uiaeHax cemeiictBa C, BKiowas Java, — Kaxmoe
UMs TIePEMEHHOI 0003HaYaeT M3MEHSIEMYIO sTUeiiKy, U Omepalus Pa3bIMEHOBAHUS
HepeMEeHHOH € TeIbI0 HOMYIeHNs ee TeKYIero 3HAIeHns IPOM3BOIUTCS HeABHO.

C Toukm 3penusi HOPMAIBLHOIO UCCJIEJOBAHUS TIOJE3HO PA3/IEIATh ITH MeXa-
HE3MBI;® Hallle OMHCAHEe B 3TOH IiTase OymeT 6Mmu3Ko cienoparh Mogean ML. Ypo-
KU 9TOTO OIMUCAHKS JIEFKO MOYXKHO [IEPEHeCTH Ha A3biku cemeiicrBa C, ecin 3a0bITh
HEKOTOPbIE PA3INYNS U CIeTIATh KOe-KaKWe OTePAIlni, BPO/Ie ODPAIIEHHS 1O CChLI-
K€, HesIBHBIMH.

OcHOBHEBIE [IOHATUA

OcHoBHbIe Onepanyum Ha CCbLIKaMu — éndesenue namamu (allocation), pasoi-
menosanue (dereferencing) u npuceausanue (assignment). /Ins BoigeeHus mams-
TH JJis CCHLIKM HCIOJIb3yeTCs Oomeparop ref, KOTOpOMY B KadeCTBE apryMEHTa
ITaeTcsl HadaJIbHOe 3HaYeHne HOBOI sTUYeMKU.

r = ref 5;
> r : Ref Nat

OTBer IPOrpaMMbl IIPOBEPKU THUIIOB YKA3BIBAET, YTO 3HAYCHUEM I HABJIAETCS
CCBHIJIKA Ha sI9eiKy, KoTopas Bcerzia 6yner cofepKarh Iucyio. UTobbl mpounTaTh Te-
KyIlee 3HAYEHNE ITON A9eiiKu, MbI HCIIOJIb3YEM OIEpaTop pasbiMeHoBaHus ! («Boc-
KJIMUATE/IbHBIA 3HAK> ).

1Taxke «4uCTO (DYHKIHOHAJILHBIE» A3bIKM, Takue Kak Haskell, 4epes pacrimpenus Bpoge
MOH/I,.

2Crporo ropops, IpaBUJIbHEE PACCMATPHUBATDH GOJIBIIMHCTRBO IepeMeHHbIX Tuna T B C mian Java
KaK yKa3aTenau Ha sueiiku, comepxkamue 3HadeHus tumna Option(T), MOCKOIBKY COHEPIKUMBIM
nepeMeHHOM MoxkeT ObITh Jub0 OBOBIKHOBEHHOE 3Ha4YeHHe, b0 ocoboe 3HadeHue null.

SMoxxHO TakKe IPHBECTH JOBOLEI B IOJB3Y TOTO, YTO TAKOE DA3geeHre OJArOTBOPHO U C
TOYKH 3PEHUsI IPOEKTUPOBAHMUS A3bIKOB. KOra HCIIOIb30BaHUE U3MEHSIEMBIX sSHeeK IaMsITH OKa-
3bIBAETCA SIBHOM omepamuel, a He yMOJYAHHEM, 3TO CTUMYIHPYeT IO Oosbineil wacTtu pyHKIHU-
OHAJIBHBIM CTHJIb IIPOIPDAMMHUPOBAHMS, B KOTOPOM CCBHLJIKHM HCIOJb3YIOTCS OTHOCHTEJIBHO DEJKO;
TaKasl MPAKTUKA 3HAUUTEILHO 00JerdaeT HAUCAHNE, TOIIePXKKY U aHAJIU3 MPOTPAMM, OCOOEHHO
€CJId B SI3BIKE €CTh KOHCTPYKIJUH BPO/e MaPaJIIen3Ma.
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'r;
> 5 : Nat

Yrobbl M3MEHUTHh 3HAYEHHE, COJAEpZKAIeecss B ddeiiKe, HCIOJNb3YeTCsa OIepaTop
TIPUCBAUBAHUS.

r := 7;
> unit : Unit

(Pe3ynbraToM nprCBauBaHWs SIBJISETCS BBIPOXKIECHHOE 3HaYeHHe unit; cm. §11.2.)
Ecnu Mbr cHOBa pa3bIMeHyeM T, MbI TIOJy9YUM HOBOE 3HAYEHUE.

'r;
> 7 : Nat

ITo6o4unbie 3pdekTHI 1 MOCaAEI0BATETIHLHOCTD AeiicTBuUil

To, 4TO pe3yabTaTOM BBIPAKEHUS MIPUCBANBAHUS SIBJISETCS BHIPOKICHHOE 3HA~
4YeHue unit, XOpOomIO coderaercd C HOTalUuell nocAedo6amesbH020 UCTIOAHEHUA
(sequencing), onpenenentoit B §11.3, KoTOpas MO3BOJIAET MUCATH

(r:=succ('r); !'r);
> 8 : Nat

BMECTO SKBUBAJIEHTHOIO, HO 00Jiee TPOMO3IKOTO

(A_:Unit. !'r) (r := succ(!r));
> 9 : Nat

JJIs TOrO, YTOOBI BBIMOJHUTH 1O MOPAIKY JBa BHIPAXKEHWUS W BEPHYTb 3HAYEHUE
Broporo. TpeboBanme, ryacsinee, 9TO TUIM IEPBOrO BLIPAXKEHUS TOJI2KEH OBITH
Unit, moMoraeT mporpaMme MpOBEPKH THTIOB BHIIOBUTH HEKOTOPHIE TJIYTIBIE OITHO-
KHU: TIeEPBOE 3HAYEHHE Pa3PeIiaeTcss OTOPOCHTH, TOJILKO €CJIN OHO JefiCTBUTEIHHO
rapaHTUPOBAHHO BBIPOXKIEHO.

3ameruM, 9TO, €C/IU BTOPOE BHIPAYKEHUE TAKKE SBJISETCS MPUCBAUBAHUEM, TO
THUII BCeil TocIe[oBaTeTbHOCTH CHOBA Oymer Unit. [TosToMy MBI mMeeM IpaBo OMMSITh
KCIIOJIH30BATH €r0 CJeBA OT TOYKW C 3AMATONH W IIOCTPOUTH erne OoJiee IJIHHHYIO
LIEII0YKY IIPUCBAUBAHUN:

(r:=succ(!'r); r:=succ(!r); r:=succ(!r); r:=succ(!r); !'r);
> 13 : Nat

CcblIKn u IICEeBAOHINMbI

Heo6xoauMo NOMHUTD O pa3iudun Mexay ccuakoli (reference), mpussizanHoit
K UMeHU T, U auelirol namamu (cell), Ha KOTOPYIO0 yKa3bIBAET Ta CCHLIKA.
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Ecim mbl cenaem konuio r, HampuMep, CBs3aB €€ 3HAYEHHUE C JAPYrOil mepeMeH-
HOH, s:

s = r;
> s : Ref Nat

TO CKOIUPYETCs TOJbKO CChLIKA (cmpeaka Ha quarpamMe), a He sueiika:

NS

OTO MOKHO OPOBEPUTH, IPHUCBOUB S HOBOE 3HAYCHHE:

s := 82;
> unit : Unit

U CHHUTaB €ro 4epes3 r.

'r,
> 82 : Nat

Ccebuikn r u s HasbiBalorcs neesdonumamy (aliases) opHOM U TOM ke AYeHKU.

Vupaxuernue 13.1.1 [*]: Hapucylime ananrozuunyo duazpammy, nokasvearousyio
peayavbmam evinosHenus ewpadicenuti a = {ref 0, ref 0} u b = (Ax:Ref
Nat. {x,x}) (ref 0).

PaznensgeMoe cocTogHne

Hanuawme mceBIOHMMOB CUIBHO YCIOXKHSET PACCYKJIEHWS O MpOrpamMMax, MC-
MOTB3YIOMMX CChIKM. Hampumep, Bbipaxkenue (r:=1;r:=!s), KOTOpOe MpUCBa-
ABaeT 3Ha4YeHMe 1 NMEepEeMEeHHOW T, a 3aTeM HEMEIJICHHO 3aTHUPaeT ITO 3HAYCHUE
TEKYIUM 3HAYEHWEM IePEMEHHOI s, paboTaeT TOYHO TaK Ke, KAaK IMPOCTOe IIPH-
cBauBaHue r:=!s, 3a ucka0veHUEM Cllydad, KOIJJA T U S dABJIAI0TCA CCbLIIKAMU Ha
OJIHY U Ty 2Ke A4elKy.

PaByMeeTCH, BMeCTE€ C 3THM, IMCEBIJOHUMBI — OJHO N3 OCHOBHBIX IIOJIE3HBIX
CBOIICTB CCBLIOK. B YaCTHOCTHU, OHH ITO3BOJIAIOT OPraHHU30BBLIBATH <«HEABHBIE Ka-
HaJIbl CBA3W» — Dpa3JaendeMoe COCTOAHHE — MEeXKJAYy PAa3IuYIHbIMH YaCTAMHU IIPO-

rpaMmbl. Hampumep, mpeamosioxkuM, 970 y HAC €CTh CChLIOYHAs s9eiKa U JIBe
dyaKIIIN, PAOOTAIOIIHE C €€ COCTOTHUEM:

c = ref 0;
> ¢ : Ref Nat

incc = Ax:Unit. (c := succ (!'c); !'c);
> incc : Unit — Nat

decc = Ax:Unit. (c := pred (!c); !c);
> decc : Unit — Nat

Br13os incc

incc unit;
> 1 : Nat
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MPUBOAUT K M3MEHEHWIO 3HAYEHHSA C, U TO H3MEHEHHEe MOXKHO HAOIIOIATDL IPH
BbI3OBE decc:

decc unit;
> 0 : Nat

Ecam Mbr ymakyeMm incc n decc B Buje 3anucu

o = {i = incc, d = decc};
> o0 : {i:Unit —» Nat, d:Unit — Nat}

TO BCIO 3Ty CTPYKTYPY MOYKHO MepeaaBarh u3 GYyHKIUA B QPYHKIUIO KAK €INHOE
[EJI0e W C TIOMOIIBIO €6 KOMIIOHEHT YBEJIUBATH U YMEHBINATH PA3IEIAeMyt0 sdeii-
Ky namsaru c. B cylmHocTH, MbI HOCTPOMJIM 1IPOCTOH BapuaHT obsexma (object).
[Toxpobuo sra uues Oyner ulydena B riase 18.

CchLIKHN Ha COCTaBHBIE THUIIBI

Ccputounas sdeiika He 00s3aHA COAEPAKATH BCETO JIUIIb YUCJIO: HAIIHA TPUMH-
THUBBI IIO3BOJIAIOT CO3/aBATh CCHIIKMA HA 3HAYEHUS IPOU3BOJIBLHOIO THUIIA, BKJIIO-
yag dyukuun. MoXHO, HANPUMED, TIPHU TIOMOIIM CCHIJIOK PEATu30BaTh (MpaB/a,
He ouenb dpdexrusao) Maccusbl uuces. O6o3naunm umenem NatArray tun Ref
(Nat—Nat).

NatArray = Ref (Nat — Nat);

YT0o0BI €O31aTh HOBBI MaCCHUB, BBIJEJNM CCHIJIOYHYIO S9€HKYy W 3AMUIIEM B HEe
dyHKIINIO, KOTOpas B OTBET HA JI000# nHaekc Bo3Bparmaet 0.

newarray = A_:Unit. ref (An:Nat.0);
> newarray : Unit — NatArray

YT0o06bI NOSTyIUTH IJIEMEHT MACCUBA, IPOCTO MPUMEHUM (DYHKIIUAIO K HYyKHOMY HH-
JEKCY.

lookup = Ma:NatArray. An:Nat. (!'a) n;
> lookup : NatArray — Nat — Nat

WNutepec B 3TOM KOIUpOBaHWM TpenacTasisier dyHkiws update. Ona npuHUMaeT
MAaCCHUB, HHJIEKC U HOBOE 3HaYEeHNEe, KOTOPOe Hy>KHO COXPAHUTh B A49€iiKe C 3TUM WH-
JIEKCOM. 3a/1a4y CBOIO OHA BBINOJIHAET, CO3JaBas (1 COXpaHss B CCLIIOYHOI sueiike)
HOBYIO (PYHKITHIO, KOTOpasi, OyAydHr CIPOIIEHa O 3HAYEHUH IO JAHHOMY HHIEKCY,
BEpHeT HOBOe 3Ha4YeHue, JJaHHOe B KadyecTBe aprymenTa update, a jijid BCEX OCTaJIb-
HBIX 3HAUEHWI WHIEKCA TEepemacT 330a49y MOMCKA (DYHKIIHH, KOTOPasi IO CUX IMOP
XPaHWJIACh B CCBHIJIOYHON d4Yeiike.

update = Aa:NatArray. Am:Nat. Av:Nat.
let oldf = 'a in
a := (An:Nat. if equal m n then v else oldf nj;)
> update : NatArray — Nat — Nat — Unit

Vupaxuernue 13.1.2 [k%k]: Ecau 6v mot onpedeauay pynryuro update boaee Kom-
naAKMHO:
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update = Aa:NatArray. Am:Nat. Av:Nat.
a := (An:Nat. if equal m n then v else (!'a) nj;)

bvLA0 ObL ee nosedenue mem sHce cambvim?

Cchuiky Ha 3HAYEHUS, COJEPAKAIINE IPYTUE CChLIKM, TAKXKE MOTYT ObITh OY€Hb
TOJIE3HBbI, U C WX MTOMOIIBI0O MOYKHO OIpPENeNsATh TaKhe CTPYKTYPbI JaHHBIX, KaK
u3Mensiemble cuucku u jgepesbd. (Kak npaBuiio, Takue CrpyKTypbl TAKKe MCIIOJIb-
3YIOT pexypcusHbe munv (recursive types), 0 KOTOPbIX Mbl 10roBopuM B riase 20.)

Cobopka mycopa

Ilocnenauit Bompoc, KOTOPBIH CleayeT YIIOMSIHYTh, IIPEXK/IE 9eM MbI Iepeaem
K (hOpMATLHOMY OTPEIEIEHUIO CChIIOK — oceoboorcdenue (deallocation) mamsaru.
MpsbI HE BBOAWM B s3bIK HUKAKWX JJIEMEHTAPHBIX OMEPANNi Ijisd OCBODOXKIEHUS
HEHYKHBIX CChLIOYHBIX g9eeK. BMeCTO 9TOro, Kak BO MHOTHX COBPEMEHHBIX sI3bIKAX
(Brurouast ML u Java), Mbl mosiaraemcst Ha TO, YTO CPeJa MCIIOJIHEHUS IIPOrPAMM
uposoauT cbopry mycopa (garbage collection), cobupasi u 0ocBOOOXK 1asi sTueliKu, KO-
TOPBIE IIEPECTATH ObITH JIOCTYIHBIME U3 IPOIPAMMbBI. DTO He NPOCMo BOIPOC BKYyCa
B TIPOEKTUPOBAHUN SI3BIKOB: €CJIM B S3bIKE UMEETCS SIBHAS OMEPAIlNsi OCBOOOMKIE-
HUS TAMSTH, TO JOCTUKEHNE TUIOBOI 0E30MaCHOCTH CTAHOBUTCS KPAaHEe CI0KHOM
3agadeii. [IppyunHa 3TOMy KpOeTCsi B IMIUPOKO M3IBECTHOU MPOOIEME SUCAUUL CCbi-
a0k (dangling references): Mbl BbLuesIsieM aMsTh 0O/ 9€HKY, COAEPKALILYIO YUCIIO,
COXPaHsieM CChLJIKY HA HEe B HEKOTOPOW CTPYKType JAHHBIX, KAKOe-TO BpeMms el
TTOJTE3YEMCsI, 3aTeM OCBOOOXKIaeM €€ W BBbIIEJIseM HOBYIO STUEHKY, COMEpPIKAIIYIO
OysneBckoe 3uadvenue. [Ipu 3TOM, BO3MOXKHO, UCIOJB3YETCS TO YK€ CAMOEe MECTO B
maMaTu. Tenepb y HAC MOXKET OKa3aThCS /IBA UMEHU JJid OTHOM W TOM Ke SIeifiku
namMaTu — ofHa ¢ TunoMm Ref Nat, a apyraa ¢ tunom Ref Bool.

Yupaxuernue 13.1.3 Ilokaoicume, xax M0 MOHCEM NPUBECTNU K HAPYWEHUIO MU-
no6oti 6e30NaACHOCTIIU.

13.2. Tunmzamuga

IIpaBuna Tunm3anun 11 ref, := u ! OpAMO CIeAYIOT U3 TOBEIEHN, KOTOPOTO
MBI OT HUX OXKHIAEM:
'ty = T
! : (T-REF)
I'ref t; : Ref Ty
I't; : Ref T
! ! (T-DEREF)
't : Ty
'ty : Ref Ty 'ty : Ty
(T-AssIGN)

' ty:=ty : Unit
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13.3. Bporuuncaenue

Bosiee ToHKHE BOMPOCHI CEMAHTUKHU CCHLIOK BO3HUKAIOT, KOIJIA Mbl HAYUHAEM
dopMaIn30BRIBATL WX OMEpAIMOHHOe ToBeaenne. Hampumep, 3amagnm cebe BO-
npoc: «Kak mo/KHBI BRITIAAETh 3Havenus Tuna Ref T?» OCHOBHON MOMEHT, KO-
TOPBIA HAM TPHUIAETCA YIECTb, COCTOMT B TOM, 9TO BBIYHUCJIEHHE Omeparopa ref
JIOJIZKHO YTO-TO deaamb (4 UMEHHO, BbIIEJSTh MAMATh) U PE3YJIbTATOM ONEPAIUK
JIOJ2KHA OBITHh CCHLIKA HA Ty MAMATh.

Tak 4T0 2Ke Takoe CCbLIKa?

[Mamsars Bpemeru ucnosHeHus B OGOJIBIIHNHCTBE Peau3anuii si3bIKOB IIPOTrPaM-
MHPOBAHHS IIPEICTABIIET COOOM, B CyIHOCTH, IIPOCTO OOJBIION MaccuB OAHTOB.
Cpena BpeMeHU WCMOJHEHWS CJIEIUT 33 TeM, Kakne OOJACTH B 3TOM MACCUBE WC-
MOJIB3YIOTCA B KaXKIblit MOMeHT Bpemenu. Korga Tpebyercss co3maTh HOBYIO CChI-
JIOUHYIO sT9eiiKy, MbI BBIIEISEM W3 CBODOIHOM 0OJACTH MAMATH CETMEHT HY>KHOTO
pa3mepa (4 Gaiita Jyis siueek ¢ NeJbIMU 3HaYeHUAME, 8 GAflTOB Jyisl s4eeK CO 3Ha-
yenusimu Tuna Float, u T. 1.), OrMEYaeM 9TOT CerMEHT KAK UCIOJIb3YeMblil, 1 BO3-
BPAIAEM UHJEKC ero Hauaja (Kak MpaBujo, B Buae 32- uan 64-6UTHOrO mesoro).
OTH MHIEKCHI U CIYXKAT CCHLIKAMH.

s mamumx meeil Takas KOHKPETHKA TMOKA He HyKHa. MbI MOXKeM paccMar-
pUBaTh MAMATH KaK MaCCHUB 3HGYeHUl, a He 0AWTOB, abCTPArupysiCh OT TOTO, 4TO
MIPU UCIOJTHEHUN PA3JUYHbIe 3HAYEHUs] UMEIOT pa3Hble pa3mepbl B Oaiirax. Kpo-
Me TOro, MOXKHO abCTPArupoOBaThCs OT TOrO, YTO CChUIKU (T. €., HHIEKChl MaCCUBA)
SIBJITFOTCS 9UCIaMu. TakuM 00pa30oM, Mbl CIUTAEM, UTO CCHLIKW SIBJISIOTCS 3JI€-
MEHTaM¥ HEKOTOpOro MuoxkecrBa L adpecoe namamu (store locations), Tounas
MPUPO/A KOTOPOTO HEeBakHA. BCE cOCTOsHME mMaMsaTh Mbl PACCMATPUBAEM MIPOCTO
KaK JaCTUYIHYI0 (DYHKIIMIO U3 aapecoB | B 3HaUeHus. L1 COCTOAHUI MaMITH MBI
HCIOJB3YyeM MeTarepeMeHnyio . Takum 06pasoM, CChLIKA SBJSETCS aIpecoM —
abCTPaKTHBIM yKa3aresjgeM Ha naMsaTb. C 9T0ro MOMEHTa Mbl HCIOJIb3yeM T€PMUH
adpec (location), a we ccwoaka (reference) wnu yxasamenv (pointer), cauras ero
6o71ee abCTpaKTHLIM.*

Teneps HY>KHO PACIITUPUTDH HAIIY OMEPAIMOHHYIO CEMAHTUKY U BKJIIOYUTDH B HEE
U3MEHEHUsI COCTOSTHUS TaMATH. [IOCKOBbKY pe3yIbTaT BHIUUCICHNST BHIPAYKEHUS B
obreM ciaydae Oyer 3aBUCETh OT COJIEPXKUMOTO TTAMSATH B MOMEHT BBIYHCIICHUSI,
[IPABUJIA BBIYUCIIEHUS JIOJIZKHBI B KAYECTBE APIYMEHTA IPUHUMATDh HE TOJIBKO TEPM,
HO W COCTOSTHHE TaMATH. Bojiee TOTr0, MOCKOJIBKY BBIUYHUCIEHUE TEPMa, MOXKET BbI-
3BaTh MOOOYHBIE P PEKTHI B MaMsaTh, U 3TU I(PDEKTH MOTYT 3aTE€M TOBJIUATH HA
BBIUMCJIEHUE JAPYTUX TEPMOB, MPABUJIA BBIYHUCJIEHUS JIOKHBI BO3BPAIIATh HOBOE
cocTosiane mamMaTh. TakuMm oOpa3om, oOIuii BUJ OIHOIIATOBOTO BBIMHCIEHUS U3
t — t’ upespamaerca Bt | p — t' | ¢/, tne pu g’ — HavanubHOE U KOHEYHOE
COCTOSITHVE TaMSTH. B CYIIHOCTH, MBI YCJIOXKHWIM CBOE TIOHSATHE aOCMPAKMHOU M-

4Tako# aBcTpaxTHBIH TOAXOM K aapecam He MO3BOIAET HAM CMOAEIUPOBATH aAPUPMEmMuKy
yrxasameaned (pointer arithmetic) B HUBKOypOBHEBBIX A3bIKax Bpoge C. DT0 HAMEPEHHOE OrPaHH-
wernne. HecmoTps HA TO, 9T0 apudMeTnka yKazaTened HHOrga GbIBAET OYeHb mOJe3Ha (0COOEHHO
IIPU peajin3alii HU3KOYPOBHEBBIX KOMIIOHEHTOB CPeJIbl BDEMEHH HCIIOJIHEHUS, CKaXKeM, cOOPIIu-
KOB Mycopa,), 6OJILIIMHCTBO CHCTEM THUIIOB HE MOTYT C Heil (hopMaIbHO PabOTaTh: JaXKe eCIH MBI
3HaeM, 4TO aJpec N B MaMATHU COJAEpKUT Float, 9TO HUYEro He TOBOPUT O THIIE 3HAYEHUS IO -
pecy n + 4. B a3bike C apudMeTnka ykasareseil — medanbHO U3BECTHBIN MCTOYHUK HAPYINEHUH
6€30MaCHOCTH THUIIOB.
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182 13.3. Bsruncsenme

wunv (abstract machine) Tak, 410 cocToOsiHME MAIUHBI COCTOUT TEHEPH HE TOJIBKO
u3 yKaszaress Komas (LIPEJACTABJIEHHOIO B BUJE TE€PMA), HO elle U U3 TeKylero
COZIEP>KUMOTO TaMSTH.

YT00bI OCYIIECTBUTDH ITO U3MEHEHUE, IIPEXK e BCEr0 HYKHO JIOIMOJIHUTH COCTO-
AHUSAMU TTAMATH BCE MMEIOIINEeCs MPABUJIA BHIYNCIEHUS:

(Ax:T11.t12) Vo | — [x— valtin | 1 (E-APPABS)

ty |-ty [y
t1 to | p—t) s |y

(E-AppP1)

to | p—th [
Vit | p o vty [

(E-ApPP2)

O6paruTe BHUMaHNE, YTO MIEPBOE W3 ITUX TMPABUJI BO3BPAIIAET COCTOSHIE TaMATH
[t HEM3MEHHBIM: TIpUMEHEeHne (DYHKIMU caMo Mo cebe HUKAKUX TODOIHBIX b deK-
T0B He nMmeeT. OCTajIbHBIE [IBA MIPABUJIA MPOCTO MEPEHOCAT TO00UHBIE I(DhEKTHI 13
MPENOCHIUIKU B 3aKJTI0YEHHE.

3arem Tpebyercss cresaTh HEOOJBINOE IOMOJIHEHWE CUHMAKCUCAG TepMOB. Pe-
3yJIbTATOM BBIYHCJIEHUsT BbIpaxkeHus ref Oymer HOBBII ajpec, MOITOMY HYKHO
BKJIFOYUTH aJ[peca B MHOXKECTBO BO3MOXKHBIX Pe3yJIbTATOB BLIYUCIECHWS, T. €. B
MHOXKECTBO 3Ha49eHUIA:

v oou= 3HAYEHUA:
Ax:T.t 3HaYEHUE-GOCTNPAKUUA
unit 3HaueHUEe eOUHUNHOZ0 TMUNG
l adpec 8 NAMAMU

HOCKOJIbe BCE€ 3HAYCHUA TaKxKe ABJAAI0TCA TE€PpMaMH, MHO2KECTBO TEPMOB TO2Ke
JOJIZKHO BKJIIOYATh aJpeca.

t = mepmbut
b'q nepemMeHHas,
Ax:T.t abcmparyus
tt npuMeHerue
unit KOHCMarMa unit
ref t noposcienue CCoLAKY
't PA3BLMEHOBAHUE
t:i= NPUCEAUBAHUE
l adpec 6 namamu

Pazymeercs, Takoe paciiuperne CHHTAKCHCa TEPMOB HE O3HAYAET, UYTO MbI XOTHM,
9TOOBI NPOZPAMMUCTIb, TTUCAJIH TEPMBI, B KOTOPBIX UCIOIB3YIOTCS KOHKPETHBIE aJl-
peca: Takue TepMbl BO3HUKAIOT TOJIBKO B KadeCTBe MPOMEXKYTOYHBIX PE3yIbTaTOB
BbIUMCJIeHUs. B CyIHOCTH, CJIOBO «A3BIK» B ITOH IJlaBe HYXKHO PaCCMATPUBATDH
KaK (hbopMaIM3alMI0 Npomedcymownozo asvika (intermediate language), nekoro-
phle BO3MOYKHOCTH KOTOPOT'O HATIPAMYIO MTPOTPAMMUCTAM HEJOCTYITHBI.
ITonp3ysich pacuimpeHHbIM CHHTAKCHCOM, MBI MO2KeM C(OPMYIUPOBATH IIPABH-
Jla BBIYUCJIEHUS [IJIsi HOBBIX KOHCTPYKIUi, KOTOPble paboTaloT € ajpecamu u COo-
JIEp’KUMBIM TTAMSATH. BO-TIEPBBIX, YTOOBI BHIUYUCIUTH BHIPAXKEHUE PA3BIMEHOBAHUS
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't1, Hy?KHO CHa4aJjla PeylupoBaTh TepM ti, IIOKa OH He IPeBPATUTCA B 3HAYEHHE:

ti|p—oty [
oy | p— ey [

(E-DEREF)

Korna t; Oyzer cBemeH K 3HAYEHHUIO, MBI ITOJYYINM BbIpakeHnne Buma !l, rme | —
HEKOTOPDIH ajpec. Tepm, nbITaouiics pa3bIMEHOBATD JIIOOOE JIPYTOe BhIPAZKEHHE,
ckazkeM, (PYHKIWIO win unit, ormmboduen. [IpaBuiia BRIYUCIEHUST B 9TOM CIIydae
MIPOCTO OOBABIIAIOT TEPM TYTUKOBBIM. Teopembl 0 TumoBoii 6e3omacuocTu u3 §13.5
TapaHTUPYIOT HAM, 9TO TPABUJILHO THITU3UPOBAHHBIE TEPMbI HUKOTIA HE OKAYKYTCS
B TAKOW CUTYyalluu.
p(l) =v

Wlp—v|p
YroObl BEIYUCIUTH BHIPAYKEHUE TIPUCBAMBAHUS t1 := to, MBI CHAYATA BHIYUCIAEM
t1, IOKA OH He CTaHeT 3HaYeHueM (T. €., aJAPecom),

(E-DEREFLOC)

ti|p oty |y
ty = to | p—ot] =t |y

(E-ASSIGN1)

a 3aTeM BBIYHCIISIEM to, TIOKA OHO TOXKE He CTaHeT 3HaueHneM (JI060ro BHia):

to | p—th |y
vy = to o vy o=ty |

(E-AssIGN2)

Korma Mbl 3aKOHINM BBIUHUCAATD t1 U to, TO MOJYYINM BbIpakKeHue BUAA [ :=
V2, KOTOPOE MbI BBIIIOTHIEM, U3MEHSA COIEPKUMOE IIAMSTH TaK, ITOOBI 110 aJapecy |
CO/IEPIKAJIOCH 3HAUYEHNE V!

I := vo|p—unit | [l — va]u (E-ASSIGN)

(Bauuce [l — vo]p 34€ch 03HAYAECT «COCTOAHUE LAMATH, LJe B | COAEPKUTCH Vo, &
O OCTAJBHBIM aApecaMm — TO ¥Ke, 9TO U B pu». OOparnTe BHUMaHWE, 9TO HA ITOM
Iare BBIYUCICHAS Pe3yIbTAPYIONIAM TEPMOM SIBJISIETCSA TIPOCTO Unit; MHTEpecHas
9ACTh PE3YNTBTATA — OOHOBIIEHHOE COCTOSTHUE TTAMSITH. )

Haxomner, 4ro6bl BHIMUCIUTE BhipazkeHue sujia ref ti, Mbl CHAYAJA BLIYKUCIIS-
€M TepM t1, II0Ka OH He LIPEBPATUTCS B 3HAUYCHUE:

ty | p -ty |y
ref ti|p —ref t) |y

(E-REF)

3arem, 4T06bI BEIYUCIUTH caM mar ref, Mbl BbiOpaem HOBbI azapec [ (. e., aapec,
KOTODbIil He BXOAUT B TEKYILIYI 00JIACTH OIPEIEJICHUs (i), U [OPOXKIAEM HOBOE
COCTOSIHHE IAMSTH, PACIIUPIAIONIEE (i HOBBIM CBI3bIBAHHEM [ — V7.

L ¢ dom(p)
ref vi|pu—l|[l— vi]u

(E-REFV)

Tepwm, nostygaomuiicsa B Pe3y/IbTare TaKOro I1ara, — 3T0 UM | CBE?KEBbIIEJIEHHOIO
ajzpeca B TTaMATH.
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3aMeTuM, 9TO HAIIW TMPABUJIA BBIYUCJIEHUS HE TPOU3BOJAAT HUKAKOW COOpKH
MyCOpa: MbIL IIPOCTO IO3BOJIAEM IAMATH OECKOHEYHO PACTH 110 MEPE BbIYHUCJIEHUS.
9TO HE BJIUAET HA MPABUIBHOCTH PE3YJIHTATOB BHIUUC/IEHUS (B KOHIIE KOHIOB, Ca-
MO OIlpefieJIeHue «MycOopay TO/IPa3yMeBaeT, YTO 3Ta YaCTh COJIEPKUMOTO MMaMATH
yzKe HeJOCTUKUMA U HEe UrPAeT HUKAKON posu B JasibHediiem Bbraucaenun). O-
HAKO, 9TO O3HAYAET, YTO HANBHAS PEAJINBAIMS HAIIErO BRIYUCIUTEIS HHOTIA Oy 1er
HCYEPIbIBATD MMEIOIIYIOCH IaMATh, B TO BPeMs KakK 0oJjiee Pa3yMHO yCTDPOEHHbIIH
BBIUKCJIUTETH CMOT OBl TPOJOJIKUATE PAOOTY, 3aHOBO MUCIIOIB3YsT aIpPeca, COMEPIKIU-
MO€e KOTOPBIX ITPEBPATUJIOCH B MYCOD.

Vopaxuerne 13.3.1 [* % k]| Kax MOJ®CHO YyMmoOwHumMb HOWU NPALEUAL BbLYUCAE-
HUA, ¥Mobv, cmodeauposams cbopry mycopa? Kaxyio meopemy nompebyemces do-
Ka3amo, 4mobvl NPoJeMOHCTIPUPOBATH, %O MaKoe YmouHeHue pabomaem npa-
BUALHO ?

13.4. Twunusaiumsa coAepP>kKMMOr0 MaMsATH

ITocsie Toro, Kak Mbl PACHIMPUIIN CHHTAKCHC W IIPABUJIA BBIYHCIIEHUS, J00ABUB
K HAM MOAJAEPKKY CCBLIOK, HAIlleH Caeaytomneii 3amadeil OymeT HamnCaHue MPaBIT
TUMU3AIUA I HOBBIX KOHCTPYKIWI — U, PA3yMeeTCs, IIPOBEPKA WX HEIPOTUBO-
peuuBocru. Ecrecreenno, nepsbiii Borpoc Oyzer: «Kakos tum agpeca?».

[Ipn BBIMUCIEHNU TEPMA, COAEDPIKAIIEr0 KOHKPETHBIE aIpeca, THIT Pe3yIbTaTa
3aBHCUT OT COJEPKMMOI0 HaMsTH B HadaJse BbluucieHus. Hampumep, eciam Mbl
BbruucsieM tepM !lo 1pu cocrosuuu namsatu (I3 — unit,ls — unit), To pesyib-
TaroM Oy/ier unit; ecu TOT 2Ke CaMblil TePM BbIYUCIIAETCS [IPU COCTOSHUH TAMSITH
(I1 — unit,ls — Ax:Unit.x), To pesyabrarom Oymer Ax:Unit.x. [To oTHOmEHUIO
K TIEPBOMY M3 3TUX COCTOSIHUH co/iep:KuMoe ajpeca lo nmeer Tun Unit, 1o oTHOIIe-
HUIO KO BropoMy — Tuil Unit — Unit. 9To HAOIIO/IEHIE HEMEIIEHHO TPUBOIUT
K TIEPBOii MOMBITKE MOCTPOEHUS MPABUJIA TUIIH3AIUHU JIJI A/ IPECOB:

F-p) : Ty
Tl : Ref Ty

To ecThb, YTOOBI HAUTY THI aaPECa [, Mbl CMOTPUM HA TEKYIIEE COAEPIKUMOE TICHKN
C 9THM aJPECOM W BBIYHCJIsieM TUI T1 9TOr0 COmepKUMOro. TumoM ajgpeca B 3TOM
caydae Oyzaer Ref T;.

Hauas takmm oOpa3oM, HAM MPHUAETCS €€ HEMHOrO mopaboTarb, 9TOOBI 10-
OMTHCST HEMMPOTUBOPEYUBOTO OMUCAHWSA. B CyIIHOCTH, CIE/IaB TUIM TEPMa 3aBUCH-
MBIM OT COCTOSTHUSI TIAMSITH, MBI TPEBPATUIA TPEXMECTHOE OTHOIIEHNE TUTH3AIIUN
(MexKy KOHTEKCTaMM, TEPMAMU U TUIAMH) B YETHIPEXMECTHOE (MEXKJy KOHTEK-
CTaMu, COOEPAHCUMBLM NAMAMY, TEPMAMU U TUNAMH). VIHTYUTUBHO SICHO, Y4TO CO-
CTOSTHWE MAMSATH SBISETCS YAaCThI0 KOHTEKCTA, B KOTOPOM MbI BBIUYHCJISIEM THUI
repMa. [loaromy mbl OyJeM 3aluChIBATH 9TO COCTOSHUE CJIEBA OT CHUMBOJIA |:
I'|pkt : T. IIpaBuio TMOM3ANNK [JIST CCHIJIOK TeMeph MMEeT TaKOH BHI:

DlpkEpl) : Ty
Flpuk1: Ref Ty
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¥ BCE TMPOYME MMPABUJIA THIM3AINN B CHCTEME TAKKe JIOMOJHAIOTCS, YTOObI YIeCTh
cocrosiaue mamsaTu. QCrajbHble [PABUIIA HE JEJIAI0T ¢ ITUM COCTOSHUEM HUYErO
WHTEPECHOTO — OHM TPOCTO TIEPEAI0T €ro OT MPEANOCHIIKN K 3aKII0UeHHIO.

OpHAaKO € 9THUM MPABUJIOM BO3HUKAIOT 1BE Mpodjembl. Bo-mepBbix, mpoBepKa
THUIIOB CTAHOBHUTCS JTOBOJBHO HEI(DDEKTUBHON, MOCKOIBKY BBIYHCICHHE TUTA aJl-
peca | BKIIOYAET BBIYHCIEHHE THIIA TEKYIIEro COCTOdHMS v 1o aapecy [. Ecmam [
BCTPEYAETC B TEPME t MHOIO pa3, Mbl Oy/IeM MHOTOKPATHO MEPECUYUTHIBATH THIL V
B TIPOIIECCE BHIBOIA JEPEBa TUMHW3AINHU s t. Xy>Ke TOTO, eC/IM CaM V COJEPIKUT
aJpeca, HaM TPUIETCS W WX THII TEPECYUTHIBATH KAXKIbIH pa3, KOTIa Mbl UX BCTPE-
tuMm. Hampumep, ecjim COCTOSHHUE MaMsATH TAKOBO:

(I3 » Ax:Nat. 999,

lo— Xx:Nat. (') x
I3 — Ax:Nat. (') x
Iy — Ax:Nat. ('l3) x
l5 — Ax:Nat. ('ly) x

~—

)

TO BBIYHUCJIEHUE THIA [5 TpeOyeT BHIYUC/ICHUS TUIIOB ly, I3, lo 1 1.

Bo-BTOpBIX, IpeNIOKEHHOE IPABUJIO THIU3AIMUA MOXKET BOOOIIE OKa3aTbCS
HECTTOCOOHBIM YTO-JIM0O0 BBIBECTH, €CIM B MaMsaTH mMeercs yuka (cycle). Hampu-
Mep, HeT HH OJHOIO KOHEYHOIO JIepeBa BLIBOJA THIU3ANUU JJd aapeca lz, ecan
COJZIEPKUMOE ITAMSITH TaKOBO:

(lh » Ax:Nat. (o) x
log — Ax:Nat. (1) x),

MMOCKOJIbKY BBIYUCJIEHUE TUTIA JJIst [o Tpebyer HAXOXKJIEHUsT TUIA, JJis [1, KOTOPIH,
B CBOIO O9€PE/ib, 0OPAIIAETCA K lo, U T. 1. Takue MUKINIeCKHe CTPYKTYPbI CCHLTOK
JIefiCTBUTEJbHO MHOL/IA BCIPEYAIOTCs HA IPAKTUKE (CKAKEM, € UX IIOMOLIBIO MOXKHO
MOCTPOUTD JBYCBA3HDIE CIIUCKH ), & HAM XOTEJI0Ch Obl, 9TOOBI HAIIA CHCTEMa TUTIOB
yMesa paboTraTh ¢ TAKUMU JTAHHBIMH.

Vupaxuernue 13.4.1 [%]: Moowceme au 6v natimu mepm, K0mopsili npu 6viyucae-
HUY 030G Obl MAKOE YUKAUYECKOE COCMOAHUE NAMAMUT

O6e 311 mpobIEMBbI BOBHUKAIOT U3-33 TOTO, UYTO MPEJIOKEHHOE HAMU MPABUIIO
TUIABAIUYI U8 AJIPECOB TPeOyeT MepecuynThiBATH TUIl a/IPEca KAXKIbIA pa3, KOraa
oH ynomuHaeTrcs B TepMe. OIHAKO MHTYUTUBHO SICHO, UYTO 3TO HeoDsaA3aTeanrHO. B
KOHIIE KOHIIOB, KO 4/IPEC BIIEPBBIE CO3AETCsI, MbI 3HAEM, KAKOB TUI HAYATHHOTO
3HAYEHMsI, KOTOPOe MbI 3aMMCHIBAEM IO ITOMY ajpecy. Bosiee Toro, HecMOTpsi HA
TO, 9TO BIOCJIEICTBUN MBI MOXKEM COXPAHATH B TOH Ke sveiike Jpyrue 3HAICHUsI,
9TU Jpyrue 3HAYEHHUs Bcerga OyayT TOro »Ke TUIa, 9TO W HadajibHoe. Ipyrumvu
CJIOBAMM, IS KAXKJIOTO aJpeca B MAMATH Mbl BCEIJA UMEEM B BUJY OJIMH KOH-
KPETHBII THII, ONPEIEISIeMbIi B MOMEHT BBIJEJE€HUS MAMSITH. DTU TUMBI MOKHO
cobparb BMECTE B CMPYKMypy Munu3ayuy namamu (store typing) — KoHeEUYHYIO
PYHKITHIO, 0TOOPAXKAIOIIYIO aapeca B TUIBL JIasa obo3HadeHusT TaKuX (DyHKIHi
MBI OyZeM HCIIOIB30BATh METAIEPEMEHHYO Y.

[Ipeamnonoxum, 970 HAM daHG CTPYKTYPA TUMU3AMUA HAMSITHA Y, OHUCHIBAIO-
asi COCTOSTHUE TIAMSATH (4, TIO OTHOIIEHUIO K KOTOPOMY OYJeT BBIUYMCIIEH TEPM t.
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Torma ¢ MOMOIIBIO ¥ MBI MOXKEM BBIUHUCIATDH TUII PE3YTHTATA t, HE OOPAIIAsCh MPsi-
Mo K . Haupuwmep, eciiu ¥ rakosa: (I3 — Unit,ls — Unit — Unit), 10 Mbl MO-
JKEM HEMEJJIEHHO 3aKJII0UNTh, 9TO !ly umeer tum Unit — Unit. B obmem ciyuae,
MOXKHO 11epedOpPMYyJINPOBATH MPABUIO THUITU3AINUN I aIPECOB U€Pe3 CTPYKTYPhI
TUMU3AIUN TTAMATH TAKUM 00pa30oM:

X)) =T
I'XHI : Ref Ty

(T-Loc)

Tunuzamusi OnsTh OKA3BIBAETCS YETHIPEXMECTHBIM OTHOIIEHWEM, HO MapaMer-
POM CIIyKHT CMPYKMYypa Munu3eyul IaMsaTh, & He KOHKPETHOE ee COIEePKUMOe.
OcrasbHble MPABUJIA TUIU3AMUE JOMOJHIIOTCH AHAJIOIMYHBIM 00PA30M € y4eTOM
CTPYKTYP TUMU3AINNA TAMSITH.

Pazywmeercsi, Takue npaBuiia tunusanuu OyAyT NPABUJIBHO MIPEICKA3bIBATH Pe-
3yJIbTATHl BIYUCJIEHUS TOJIBKO B TOM CJIy4ae, €CJIM KOHKPETHOE COCTOSHUE IaMATH
BO BpeMS$I BBIYUCJIEHUS JIEHCTBUTEIHHO OyIeT COOTBETCTBOBATH TUIU3AIUN MAMSI-
TH, KOTOPYIO MBI MPEIIOJaraeM B PAMKaX 33/[a9¥ MPOBEPKU THUTIOB. DTO YCJIOBUE
B TOYHOCTH TMOBTOPSIET CUTYAIWIO CO CBOOOIHBIMU TIEPEMEHHBIMUA BO BCEX HUCUUC-
JIEHU$IX, PACCMOTPEHHbBIX HAMU JI0 CUX 1I0D: JeMMa o nozacranoske (9.3.8) rosopur
HaMm, 410, eciim ' -t : T, TO MbI MOXKEM 3aMEHUTb CBOOOIHbIE [IEPEMEHHbBIE t 3HA-
YEHUSIMU THUTIOB, YKA3AHHBIX B [, ¥ MOJIyYnM 3aMKHYTHIH TepMm Tuna T, KOTOPbIii,
COTJIACHO TeopeMe O coxpaneHuu TUnoB (9.3.9), Ipu BHIYUCICHUN JACT OKOHIATE b
Hbiil pe3ysnbrar Tuna T (eciu Kakoi-mbo pesysnbrar BooOuie noayuaurcs). B §13.5
MBI YBUAMM, KaK (pOPMATA30BATH MOJOOHYI0 HHTYHUIUIO JJI COCTOSHUN TAMATH U
CTPYKTYD TUIU3AIMANA TAMSITH.

3amMeTuM, HAKOHEI, 9TO TP MPOBEPKE THUIOB [Jisd TEPMOB, KOTOPHIE MHUIIYT
IPOrPAMMUCTBI, HAM He Tpedyercd npuberarb HU K KAKMM XUTPOCTSM, YTOOBI BbI-
YUCJAUTH, KAKYIO THIIM3ANUIO IAMSITH HYXKHO HCIIO/Ib30BarTh. Kak yka3aHo BblIle,
KOHKDETHBIE 3IPECA-KOHCTAHTHI BOZHUKAIOT TOJIBKO B TEPMAX-TTPOMEIKYTOUHBIX Pe-
3yJIbTATAX BBIYUC/IEHUI; OHU HAXOIATCS BHE S3BIKA, MUCIOJB3YEMOr0 MPOrPAMMU-
CTaM¥ MPU HAMUCAHUY TporpamMm. Takmm 0O6pa30oM, B TEPMAX MPOrPAMMUCTOB MbI
MOXKEM IIPOBEPATH TUIIU3AINIO0 OTHOCUTEIBHO NYCMOU CTPYKTYDPHI TUMA3AINAA A~
maru. Io mepe xona BbrYucsenus u Co3/1aHus HOBBIX aIPECOB BCEI/1a MO2KHO YBH-
JIeTh, KaK PACHIAPUTH TUTU3AINIO TTAMSITH, TJISI HA TUIH HAYAJIHHBIX 3HAYEHU,
Pa3MeIIaeMbIX B CBEXKEBBIIEJIEHHBIX SYeiiKaxX; 9TO HHTYUTHBHOE PACCyKaeHne Oy-
zer GpopManu30BaHO B TeopeMe o coxpanexuu tunos (13.5.3).

Teneps, KOrga MBI Pa300pAINCH € aapecamu, chOPMyIUPOBATE MPABUJIA, TUIIH-
3anyu I OCTAJbHBIX HOBBIX CHHTAKCHYeCKuX (opm mocrarodno mpocto. Korma
MbI CO3/JIa€M CCBLJIKY Ha 3HadeHue Tuma Tp, cama ccbuika umeer tun Ref Tj.

F|Z|—t1 : Ty
| +ref t; : Ref Ty

(T-REF)

3aMeTuM, 9TO 37eCh HAM HE HYKHO PACIHIUPATH CTPYKTYPY TUMU3AIMH TAMSITH,
ITOCKOJIbKY UM HOBOIl S9eiiKu He OyIeT Olpe/IesI€HO BIJIOTH 0 BPEMEHH HCIIOJTHE-
HUd, & B X 3AIUCHIBAETCH TOJHKO COOTHOIIEHNE MEXK/y YK€ BbIIEJIeHHBbIMU sideii-
KaM¥ TTaMATH U UX THUTTAMH.
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CoorBercrBeHHo, ecau t, umeer 3HaderueM ajpec tuna Ref Tip, TO pa3biMe-
HOBaHUe ITOrO TepMa Beerjia JacT 3Hadenue Tuna Tiq.

F|EI—t1 : Ref Tq1
F|Z|—!t1 : Tll

(T-DEREF)
Hakomer, eciiv t1 obo3nadaer sdueiiky tuma Ref Ty1, B 9TOil sueiike MOKHO
COXPaHUTD to IIPU yCJIOBUHU, YTO tg TaKKe UMeeT THUIl Tij:

F'YkFty : Ref Ty D|Xkty & Ty
DY+t := tg : Unit

(T-AssiGN)

Ha puc. 13.1 uzobpaxkenbl NpaBujia TUNU3AUKM (& TaK¥XKe, [Jisd CIPABKH,
CHHTAKCUYECKHE ITIPABUJIA U NPABUIA BHIYUCIEHWs) IPOCTOr0 TUIM3UPOBAHHOIO
JIAMO/Ta-MCIHUCIIEHUS CO CCHLIIKAMU.

13.5. bes3onacHocTh

Ilocnenusisi mamra 3amaga B 9TOi ryiaBe — yOeaUTbCs B TOM, 9TO CTAHIAPT-
HbIE XaPAKTEPUCTUKK THUIIOBOH DE30IAaCHOCTH IIPOIOJIKAIOT BBIMOIHATHC JIJIs UC-
YHUCJIEHNSs, BKJIIOYAIONIEro B cebs cChliku. TeopeMy O MpOABUKEHUH (<«ITPABUIHLHO
TUNU3UPOBAHHBIE TEPMbI HE HAXOJATCA B TYIMHUKE ) MOKHO C(DOPMYTUPOBATD U JI0-
Ka3aTb NOYTH TaK K€, Kak u panee (cM. 13.5.7); rpebyercs Juiib pacCMOTPETH B
JO0Ka3aTeTbCTBE HECKOIBKO HOBBIX HECTIOKHBIX BAPUAHTOB, OTHOCAIIAXCA K HOBBIM
KOHCTPyKnusAM. Teopema 0 cCOXpaHeHHr HEMHOI'O MHTEPECHEe, TAK YTO MbI CHAYAJIA
obparumMcsi K He.

ITockoIbKY MBI PACIIUPUJIM KAK OTHOIICHUE BHIYUC/IEHUS (HAYAJbHBIM U KO-
HEYHBIM COCTOSHUSIMU IIAMTH), TAK U OTHOIIEHUE TUIU3Auu (CTPYKTYPO TUIIH-
3alMU AMATH ), TPeOyeTcs U3MEHUTh TEKCT TEOPEMbI O COXPAHEHUH, YIIOMIHYB 3TU
mapaMerpsl. ZlcHO, BIpodeM, 4TO HEb3d IPOCTO JTO0ABUTH COCTOAHUSA [MAMATHA U
CTPYKTYPBI TUITU3AINN, HE CKA3aB HUYETO O TOM, KaK OHU CBSA3AHBI MEKIY COOOI.

EcmT|X+t : Tut|p—t |y, ol |2+t : T (Hesepno!)

Ecnu MBI IPOBEPUM THIIBI, MCXO/IS U3 HEKOTOPDIX MPEJIIIONOKEHHH O TUIIAX 3HATE-
HUN B TAMSITH, a 3aT€M HAYHEM UCIOJIHATH MPOTPAMMY MO OTHOIIEHUWIO K TTAMSITH,
TJIe STH PENOJIOKEHN S HAPYIIAITCsA, pe3yabTraT Oyaer karacrpoduaeckum. Ciie-
Jyioriee TpebOBaHNE BhIpAYKAET HYXKHOE HAM OrpaHUIEHUE:

Oupegenerue 13.5.1 Cocmoanue namamu (i Ha356610M TPABIILHO THIU3HPO-
BaHHBIM (well typed) ommnocumenavro munosozo konmexcma I' u empyxmypo, mu-
NU3AUUY NAMAMU X, wmo 3anucueaemcs 6 eude I' | ¥ + u, ecau dom(p) =
dom(X) u T | F u(l) : (1) daa xaocdozo | € dom(p).

loBopst HedpopmasbHO, COCTOsiHME IAMATH [ KOPPEKTHO IIO OTHOIIEHUIO K
CTPYKTYPE TULIU3ALUKU X, €C/IU KaK/I0e 3HAYEHUe B LAMATH UMEET THII, [IPEeJIIIH-
CBIBAEMBIA €My CTPYKTYPO#l THIU3aInH.
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Vupaxuernue 13.5.2 [k*]: Mooiceme au 6v natimu xonmexcem I', cocmoanue na-
MAMY (L U J6€ PA3AUNHHET CMPYKMYPL MUNUSAUUYU L1 U Lo, MAK, ¥mobv, 00Ho-
epemerto 6bnoanasocy I' | X1 —p ul | Yo b p?

Teneps Mbr MOXKEM CHOPMYIUPOBATEH yTBEpKaAeHUE, Oojiee OJIM3K0e K HEOOX0-
JUMOMY CBOMCTBY COXPaHEHW:

Ecan
't :T
tlp—t | W
MY+ u

ol | S+t : T. (Jlywwe, no 6ce ewe nesepto.)

910 yTBEpXK/IeHHe PAdOTAET /Il BCEX MPABUJI BBIYUCJIEHUS, KDOME [TPABUIIA BbIJIE-
senus namsatu E-REFV. Ilpobiema 3/1ech B TOM, 9TO B Pe3yJibTaTe BbIIOTHEHUS
TTPaBHJIA MTOJTyYAETCS COCTOSTHNE MTAMATH ¢ 60JIee MTUPOKOiT 00TACTHIO OTIPeIETICHNS,
9€M B UCXOIHOM COCTOSIHWM, U U3-3a ITOTO OKA3BIBAETCS JIOYKHBIM 3aKJIIOUEHUE Ha-
IIEro yTBEPKACHUS: €C/U (1 BKIIOYAET CBA3BIBAHWE C HOBBIM aapecoM [, TO | He
MOzKeT ObITh B 00JIaCTU ONpE/esIeHNs Y, U yTBEPXKIeHue, 4T0 TepM t’ (KOTOpBbIit
HABEPHSKA yIIOMUHAET |) TUIU3UPYEM OTHOCUTEJLHO Y, Oy1eT HEBEPHbLIM.

fcHO, 9TO TIOCKOBKY COCTOSTHUE TAMSITH B TIPOIIECCE BHIUMCIEHUS] MOYKET Pac-
MAPATHCS, HYKHO PA3PENIUTh PACIIUPEHUE U I CTPYKTYpbl Tunu3anuu Y. Ot-
CIOZIa CJIe/lyeT OKOHYaTe IbHas (BepHas) (pOpMyIMpPOBKA CBOWCTBA COXPAHEHMUS:

Teopema 13.5.3 [COXPAHEHUE|: Ecau

'YXt :r
MY+ u
tlp—t |

mo daa nexomopozo L' 2 3,
IS¢ :T
'Y Fp.

3aMerum, UTO TEOpeMa O COXPAHEHHH YTBEDXKJAET TOJBKO, UTO CyIIECTBYeT
HeKomopoe cocrostHue mamaru Y’ 2 Y (T. e., COBIAJAIoNee ¢ X Ha BCEX CTapbIX
aJpecax), Takoe, 9YTO HOBbIH TepM t’ MPaBUIBHO TUMHU3UPOBAH OTHOCUTEILHO .';
OHA HWYETO He TOBOPHT O TOM, KaK MMeHHO Y. Boiraaant. Hedbopmaibho, pasymeer-
csl, MOHATHO, uTo Y/ siubo coBnaaer ¢ X, mbo pasugercd B rounocru (2,1 — Ty),
rje | — BHOBb BblIeJIeHHBIA ajpec (HOBBIA 3/jeMeHT 00sacTy onpejesenus ('), a
T — TN HAYAJILHOTO 3HAYEHWS, XPAHUMOTO TO aJpecy | B PACTITUPEHHOM COCTOS-
Hun maMaT (p,] — Vi), OHAKO SABHOE BHECEHUE THUX MOAPOOHOCTEH yCIOKHUIIO
OBl yTBEPXKJIEHUE TEOPEMBI, HE MPUHOCA HUKAKON JIOMOJHUTENBHONW MOJIB3BI: 6O-
nee cmabast BEPCHsl, IPUBEIEHHAST BBIIE, y2Ke C(hOPMYTHPOBAHA BEPHO (MOCKOIBKY
€e 3aKJII0UEHNe CJIEyeT U3 TPEMNOCHIIOK) B JOCTATOYHA JIJIsT TOTO, ITOOBI Iepes3
€e MHOIOKPATHOE IPUMEHEHUE 3aKII0YUTh, 9TO BCAKAA NOCACIOSAMEAbHOCTND LIa-
TOB BBIYUCIICHAS] COXPAHSET MPABAILHYIO THTU3ANMIo. B coueTannm co cBOWCTBOM
MTPOIBYYKEHUS MBI TIOJIYYaeM OOBIYHYIO TAPAHTHIO TOTO, 9TO «PABUJIBHO THITH3H-
POBaHHBIE TIPOrPAMMbBI HUKOTIA HE JTIOMAIOTCS».

Jljig ToKa3aTeIbCTBa COXPAHEHA HaM IIOHAI00UTCA €IIe HECKOIBKO IIPOMEXKY-
TOYHBIX JieMM. IlepBasg U3 HUX — HECJIOXKHOE PACIIMPEHHE CTAHIAPTHOM JIEMMBI O
nomcranoBke (9.3.8).
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Jlemma 13.5.4 [IIOACTAHOBKA]: FeauTyz:S| X+t : Tul' |+ s : S, mo
'YX+ [z—s|t : T
Zoxazameavecmeo: B mounocmu xax 6 aemme 9.3.8.

Crenyromasi JeMMa yTBEPXKIAET, ITO 3aMEHA COMEPKUMOr0o s9edKu MaMsTh
HOBBIM 3HAYEHWEM COOTBETCTBYIOIIErO THIIA HE U3MEHsieT ODIIyI0 CTPYKTYPY TH-
TTU3AIINA TaMsTH.

Jlemma 13.5.5 Fcau

MY+ u
S)=T
N'X+wv:T

mol | X+ [l — v]p.
oxasameavcmeo: Henocpedemeenno us onpedeserus omuowenus I | X+ p.

Hakomer, Hy»kHa cBOEro poma jgemma 06 OCIabIeHun JIJisi COCTOSTHUN TTaMSITH,
YTBEPKIAIOMIAA, 9TO, €CAN NMaMATh PACHIMPEHa HOBBIM JIPeCOM, PACIINPEHHOEe
COCTOAHHUE ITaMATHU HO—Hpe)KHeMy IIO3BOJIAET IIPUITUCBIBATH CTaPBbIM T€pMaM Te 2Ke
THUIIBI, YTO U HCXOJHOE.

Jemma 13.5.6 EcauT' | X+t : TuX' 2%, mo |X' ¢t : T
Zoxazameavcmeo: Hecaoorctas unlyKyus.

Tenepp MbI MOXKEM [[OKA3aTh OCHOBHYIO TEOPEMY O COXPAHEHUH:
Zloxazameavcmeo 13.5.3: Hecnoxknas MHAYKIUS IO JE€PEBbSIM BBIBOJIA, BBITHCTIE-
HU$ C UCIOJIb30BAHUEM BbINIENIPUBEIEHHBIX JIEMM W CBONCTBA MHBEPCUU IJIs MPa-
BuJI Tunu3anuu (3T0 NpsiMoMHETHOE paciupenue ceoiicTsa 9.3.1).

YrBepxaenue reopembl 0 npoasuzkenun (9.3.5) Takxke Tpebyercs pacilupUTh,
9TO0BI y4eCTh COCTOSHUS IAMATH U CTPYKTYPbl THIIM3AUU:

Teopema 13.5.7 [IIPOABUKEHME]: IIpednoaoorcum, wmo t — 3amrnymod, npa-
BUALHO MUNUBUPOBAHHBLT mepm (mo ecmv, & | X+ t & T) das nexomopwz T u
3. Tozda aubo t asasemcs 3HAUEHUEM, AUOO Ak 1100020 COCTNOAHUSL NAMAMU [L,
makozo wmo & | ¥ u, cywecmeyrom mepm t' u cocmoanue namamu p', maxue,
wmo t|u— t | .

Zoxazamesvcmeo: Ipsmosunetinas undyrxyus no depeévsam 6v600a MUN0G, no
moti vice creme, wmo u doKa3amesbecmeo meopemv, 9.5.5. (Jlemma o wanonuue-
ckuz popmax 9.3.4 mpebyem 06yxr donosrumesvHuL ymeepocienuli: ymeepotcde-
HUA 0 MOM, ¥MO 6ce 3navenus muna Ref T asasomces adpecamu, U GHANAO2UYHOZ0
ymeepotcderus das Unit.)

Vupaxuernue 13.5.8 [PEKOMEHAYVETCS, k % % |: feasemea au omuowenue 6oi-
YUCACHUS U3 ITOT 2AG6bL HOPMAAUSYIOWUM OAf NPAGUALHO MUNUSUPOEAHHHIT
mepmos? Ecau da, dokasrcume amo. Ecau nem, Hanuwume npasuibHO MUNU3U-
POBAHHYI0 PYHKUUIO BBINUCAEHUA HAKMOPUAIG 6 HAUWEM MEKYULEM UCHUCAEHUY
(PacwUpenHom YUCAAMUY U BYAEECKUMUY 3HAYEHUAMY,).
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13.6. /lomosiHUTEeJIbHBbIE 3aMeYaHus

Crocob mozaym marepuasia, BbIODAHHBIA B 9TOW TIJIaBe, OCHOBAH HA ITOAXOIE
Xapuepa (Harper, 1994, 1996). Onucanue B aHAJOIMYHOM CTUJIE JAHO B CTATHE
Paiita u @emeiicena (Wright and Felleisen, 1994).

Coueranue CChUTOK (WM APYTUX BBIYUCIUTENHHBIX 3GHEKTOB) ¢ moauMopd-
HBIM BBIBOJIOM THIOB B cTujie ML BeIeT K HEKOTOPBIM JOBOJIBLHO TOHKUM TIPOOJIe-
MaM (cM. §22.7). DTuM BompocaM y/IeJsI0Ch HeMaJloe BHUMAHUE B T€OPETHIECKO
sureparype. Cum. tpyabt Todre (Tofte, 1990), Xoaunra u ap. (Hoang, Mitchell, and
Viswanathan, 1993), ZKysesno u T'udbdopza (Jouvelot and Gifford, 1991), Tannuuna
u 2Kysesio (Talpin and Jouvelot, 1992), Jlepya u Baiica (Leroy and Weis, 1991),
Paiira (Wright, 1992), Xapnepa (Harper, 1994, 1996), a TakKe ynOMsiHyTbIE B HUX
HUCTOYHUKH.

Crarnyeckoe mpecKa3aHue BOZMOXKHOIO HAJIUYHUsS TICEBIOHUMOB — JABHO W3-
BecTHast HpobJieMa KaK B [IOCTPOEHUU KOMIIUJIATOPOB (U3BECTHAS KAK GHAAU3 TLCE6-
donumos, alias analysis), Tak u B TeOpuU sA3bIKOB LIPOIrDaMMuUpoOBanus. B okazas-
mieit Gosbinoe BausgHUE panHeil pabore Peitnonbaca mo sroit mpobmeme (Reynolds,
1978, 1989) BBeZEH TEPMUH CUHMAKCUYECKUT KOHMPOAL NAPASUTNHLL 63AUMO-
deticmeut; (syntactic control of interference). Ero uien HemaBHO BbI3BaJU HOBBII
Beiieck aktusHoctu — cM. paborbl O’Xepua u ap. (O’Hearn, Takeyama, Power,
and Tennent, 1995), a rakxke Cmura u ap. (Smith, Walker, and Morrisett, 2000).
Bosee obmine moaxombl K MCCICIOBAHUIO TICEBIOHUMOB ONMMCHIBAIOTCS B pabOTax
Peiinonbaca (Reynolds, 1981) u Umtnaka u O’Xepua (Ishtiaq and O’Hearn, 2001).
CM. TakzKe JUTEPATYPY, TPOIUTHPOBAHHYIO B 3TUX paboTax.

IToapobroe obcyzkaeHre METOIOB COOPKU Mycopa MOXKHO HadTh y JIKomca u
Jlunca (Jones and Lins, 1996). Bosiee cemanTuyecKu-OpUeHTUPOBAHHBIA OIXOL
upejicrasied paboroit Moppucera u ap. (Morrisett, Felleisen, and Harper, 1995).

Haitty mpuamny sToro addexra
Wmm, Bepreii, nedexra, moromy
910

HedexTHrit ceit apdext
HeOeCTTPUIHNHEH.

Tamner 11, ii, 101 (mepesos
M. Jlosumckoro)

ITasen, yka3pIBarOmuit Ha JIyHY —
He JIyHA.

Bynancrckas mocsioBuia
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191

— Unit Ref Pacwupaem A, ¢ munom Unit (9.1 u 11.2)
{ 1
Cunmarcuc Buiwucienue tlp—ot | W
t RES mepmat
X nepemMerHan
. 4 !
Ax:T.t abcmpaxyus t1|lp -t | p
tt npuMeHenue ; ; (E-APP1)
unit KOHCTNAHMA unit tito [ — vy to | p
ref t cozdanue ceoaKy
't Pa3vLMEHOB8GHUE i , i ;
o= t —t
Be=i NPUCEAUSAHUE 2f i 2 | K
; s P (E-Appr2)
! !
adpec 6 namamu v tol| o vy th |
v = 3HAYEHUA:
Ax:T.t  3navenue-abcmparyus
. PARUUA J(Ng:Ty) . t12) vo | g — [x — voltio |
unit KOHCManma unit
(E-APPABS)
l adpec 8 NaAmMAMU
L ¢ dom
T = TMUNDLL: ¢ (1)
T—>T mun GynKyus ref vi|p— 1| (p,l—v1)
Unit eduruwHbG TMUN (E-REFV)
Ref T mun ccorounbxr aveex
! !
r = : t -t
ﬁonmemmm | p 1w ___ (E-Rev)
(%] nycmot KoHmexcm ref ty | pu— ref t]|p
Ix:T  ceasweanue mepmosot
nepemerHot
- pl) =v
woon= COCMOARUA NAMAU: —_—— (E-DEREFLOCQ)
"Wip—vlp
(%] nycmoe
wl—v ceasveanue adpeca
ti|p— vy |y
X ou= CMPYKMYPdL MUNU3GUUY 7 (E-DEREF)
o1 [ p— 1t | p
NAMAMAU:
(%] nycmas
¥, 0:T MUNU3GUUS adpeca I i= vy | p— it | [ > valp
(E-ASSIGN)
! !
ti|p—oti|p
ty = to|p—ot] =t |y
(E-AssIGN1)
! !
to | p—th | p
+ 3! I /
Vi = L.Q|[,1,—'v1 6= L.
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Tunusayus 1". Ft : T

: Tel
LR (T-VaR) (T-Loc)
I‘- Fx : T
T, X:Tl- 1ty @ To
F- FAx:Ti.to : Ty — To (T_REF)

(T-ABs)
1-‘- l_ tl | Tll - T12 1-‘- l_ t‘ - (T_DEREF)
I‘-I—t1 ta : Tio
(T-App)

F- - unit : Unit (T-UnNIT)
(T-AsSIGN)
|

Puc. 13.2. Cebuiku (npodossicenue)
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I'maBa 14

Nckarouenuda

B rnaBe 13 Mbr yBuAenn, Kak MOYKHO PACIIHPUTH OMEPAIMOHHYIO CEMAHTHUKY
MPOCTOTO TUMHU3UPOBAHHOIO JIIMOIA-MCYNCIEHUsT U3MEHSIEMbIMU CChLTKaMu. Tak-
2K€ MBI UCCIIEIOBAJIN, KAK M3MEHHAIOTCS [IPABUJIA TUIU3ANNAN U JTOKA3BIBAJIN CBOIi-
CTBa TUIIOBOM 0€30IaCHOCTH 1IpU TAKOM paciuupenuu. B 310it ryiaBe Mbl paccmar-
pUBaEM IpPyroe pacuidupeHne HAIIEH UCXOIHOW BBIYUCIUTEILHON MOIEN: MOPOK-
JleHne u 00paboOTKy MCKIIIOYEHHil.

B mpakTuueckom mporpaMMUpPOBAHUHU HA KAaXK/IOM IMAry BCTPEYAIOTCS CHATYa-
Uyn, B KOTOPHIX (DYHKIUSA TOJ2KHA COODINUTH BBI3BIBAIOMIEN MPOrpaMMe, YTO IO
KaKOI‘/’I—J'II/I60 NPpUYMHE OHA HE MOXKET BBIIIOJIHUTH CBOIO 3a/Ja4dy: HU3-3a TOro, 4To
KAKO0e-TO BBIYUCJIEHNE CTAJKUBAETCS C JEJIEHUEM HA HOJb W apudMeTndecKum
MTEPETOTHEHUEM, U3-3a TOTO, YTO KJIIOY MOMCKA OTCYTCTBYET B CJIOBApE, WJIA M3-3a
TOrO, YTO MPOU3OIII0 KAKOe-Ir00 aBapuiiHOe COOBITHE — KOHYUJIACH CHCTEMHAS
MaMsAaThb WA [0JIb30BATEb [IPEPBAJ IPOIECC.

B HEKOTOPBIX CiIydasX MOYKHO MOJATH CATHAJ 00 STUX MCKIIOYUTEHHBIX CH-
Tyanusax, UCIOJb3yst (DYHKIWIO C BAPWMAHTHBIM BO3BPAIIAEMbBIM 3HAYEHUEM, KAK
mbl Bugean B §11.10. Ho eciu wckirouwnTebHAS CUTyalusi JAeHCTBUTENBHO UC-
KA0WUMEALHA, HEXOPOITIO 3aCTABJIATH MPOIPAMMHUCTA IIPU KaXKJI0M BBI30OBE HAIIIeH
GbyHKINN yIUTHIBATL BO3MOXKHOCTH €€ BO3HUKHOBeHusd. Jlydime, ecim wmCKIiOqm-
TeJbHBIE 00CTOATETbCTBA BI30BYT HEMEJIEHHYIO IIEPEJady yIIpaBaeHus obpabom-
YUKY UCKAO%eHUl, OTPEJJIEHHOMY B MIpOrpaMMe Ha 00jiee BHICOKOM YDPOBHE, WJIN
K€, eCJIM MCKJIIOYUTEIbHAS CUTYaIis JOCTATOYHO PEIKa WJIU €CJIM BbI3HIBAIOIIAS
MOANMPOrpaMMa BCe PABHO HUKAK HE CMOXKET C Heil CIPABUTHCS, MPOCTO BHI3OBYT
MpeKpaIleHne BbIMOIHEHUs TporpaMMbl. Mbl paccMOTpUM CHadYasIa 3TOT HOCTE-
nuii Bapuant (§14.1), B KOTOPOM BCHKOE UCKJIIOYEHUE HEME/JIEHHO OCTAHABIIUBAET
MPOTPAMMY, 3aTeM J0DABUM MEXAHWU3M JIJIsi IepexBara u 0OpabOTKU MCKIIFOUEHMIA
(§14.2), u, HakoHeIl, yCOBEPUIEHCTBYEM 004 3TH MEXaHU3MAa, OOECIEYUB MEPeIady
JIOTIOJTHATEIbHOM MHMOPMAIIUHU, ONPEIEIIeMO MPOrPAMMUCTOM, MEXKIY TOYIKOM
BO3HUKHOBEHHsI HCKJIIOYeHHs U obpadorunkoM (§14.3).

Cucrembl, u3ydaeMble B 3TOH TJlaBe — I[IPOCTOE THUIIM3UPOBAHHOE JAMOJa-UCHUCIEHUE
(pI/IC. 9.1), pacCIINPEeHHOE DA3NUIHBIMK NPUMHTHBAMA A HOPOXKACHHS U 0OpabOTKM HMCKIIIO-
genuit (puc. 14.1 u 14.2). Peasusanus nepsoro u3 stux pacmupenuit na OCaml HaspiBaercs
fullerror. $I3bIK, B KOTOPOM HUCKJIIOUEHHUS COMPOBOXKAAIOTCS 3HaUeHusaMu (puc. 14.3), e peasu-
30BaH.
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— error Pacwupsaem A, (9.1)
\ !
Hoevie cunmarcuyeckue $opmo Hosuvie npasuaa munusayuulI'—t ¢ T
t on= ... mepmoL:
error owubKa '+ error : T (T-ERROR)

BPEMEHU UCTIONHEHUA

Hosvie npasuaia 8bl4ucAeHUS t -t

error ty; — error (E-APPERRI)

v, error — error (E-APPERR2)

Puc. 14.1. Omubku

14.1. IlopokaeHne NMCKJIIOYEeHU

s Hagasia 100aBUM B JIAMOIA-MCIUCIEHAE TIPOCTERIITNI 13 BO3MOKHBIX MEXar-
HU3MOB OIOBeIeHUs 06 UCKIIIOUYEHUsX: TePM error («ommubKas ), KOTOpblii, Oy1ydu
WCIIOJIHEH, IPEKPAIAeT BbIYHUCJIEHUE TePMa, B KOTOPOM OH cozepxkurcs. Heobxo-
JVMbIE JOTOJTHEHNST n300paskeHnl Ha, puc. 14.1.

OcHOBHOE MPOEKTHOE pelleHre npu pa3paboTKe MPABHIL JIJjisi TEPMa, error —
9TO BOMPOC O TOM, KaK cieayeT (opMann3oBaTh «HEHOPMAJIbHOE 3aBepIlieHnes B
HaITeil omepannonHoi ceManTuKe. Vbl NCTTOTb3yeM MPOCTERIHI BAPUAHT: PE3YIh-
TaTOM MPEPBAHHON MPOrpaMMbI CJIyKUT caMm TepMm error. IIpasuma E-APPERR1
u E-APPERR2 peanusyior 310 nosegenue. [Ipasuno E-APPERRI1 ropopur, 4To
€CJIM Mbl BCTPEYaeM TE€PM error IPHU IIOIbITKE BBIYUCJIEHHS JIEBON 4acTu TepMa-
TIPUMEHEHN ST, MBI JOJI?KHBI HEMEJJIEHHO BO3BPATHUTH €rror B KauecTBE Pe3yabTara
npumenenus. Touno Tax ke, E- APPERR2 roBOpUT, YTO €CJIU MBI BCTPEYAEM TE€PM
error, MOMBITABIINCH BEIUYUC/IUTH 3HAUEHNE apTyMEHTa, TPUMEHEHNST, MbI JOJIZKHBI
MpeKpaTuTh 06padATHIBATH ITO MPUMEHEHNE W HEME/JIEHHO BEPHYTH €rror.

ObparuTe BHIMaHUE, 9YTO MbI HE BKJIIOUUJINA €Xrror B CIUCOK 3HAYEHUN — TOJIb-
KO B CIIUCOK TEPMOB. DTO HCKIIOYALT KOHMIUKT MEXKIY JIEBBIMU YACTIMHU MTPABUIT
E-ArPABS u E-APPERR2 — T.e., He Oyier HEOQHO3HAYHOCTH IIO IIOBOJY TOIO,
CJIETYEeT JIN BBIYUCIUTH TEPM

(Ax:Nat.0) error

KaK mpuMeHeHue (M BepHYTh B pe3yabrare 0) WM TNPEPBaTh BHIMOJHEHUE PO-
TPAMMBI: BO3MOXKEH TOJIBKO BTODOIl M3 ITMX BAPUAHTOB. 3AMETHM TaKIKe, UTO B
E-APPERR2 Mbl UCIOIB30BaJIM MeTALIEPEMEHHYIO Vi (a HE t1, UMEIOILYI0 3HaYe-
HUEM IIPOU3BOJIbHBIE TEPMbI). DTO 3aCTABJSET BbIYUCIUTENb XK/IATh, 1IOKA JeBast
4aCTh TepMa-lPUMEHEHUs OyJeT BbIYUCIIEHA, PEXKJIE YeM MPEPBATH UCIOJHEHHE,
Jlayke ecJIM B MPaBoil dacTu crouT error. Takmm 0O6pa3oM, TepM BUIA
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(fix (Ax:Nat.x)) error

npuBener He K OmmOKe, & K 3aIlMKJINBAHUIO. Bjaromapsi 3TuM yC/IOBUsIM HAIle
OTHOIIIEHUE BBIYUCJIEHUS OCTACTCHA JETEPMUHUCTCKUAM.

IIpasumo Tunusamnmu T-ERROR TakxKe mpeacTasasger narepec. [IockoabKy mo-
POXKIeHUE UCKJIIOYEHUH MOXKET MOTpeOOBATHCA B JIIOOOM KOHTEKCTE, TEPMY error
pazpernaercs UMeTh Kakoil yroguo Tum. B Tepme

(Ax:Bool.x) error
oH mmeer Tul Bool. B Tepme
(Ax:Bool.x) (error true)

oH umeer tun Bool—Bool.

Takasi rHOKOCTH B TUNHU3AIMUKI €rror IPUBOAUT K HEKOTOPBIM TPYIHOCTSIM IIPU
peanu3alu aJropuTMa MPOBEPKH THUIIOB, TIOCKOJIBKY TTPU 3TOM TEPSIETCsT CBOWCTBO,
LJIACHINee, YTO y KaxKI0ro TepMa ToJIbKo ofuu tun (Teopema 9.3.3). C s1uM MoxK-
HO CIIPABUTBHCS PA3IWYHBIMEA MeTonamMu. B s3bike ¢ moaTumnaMu Mbl MOXKEM J1aTh
TepMy error HauMeHbinuii Tun Bot (cm. §15.4), KOTOpPBIl npu HEOOXOAUMOCTU
nosvwaemcs (promotes) 40 J06oro Tuia. B s3bike ¢ napaMerpuuecKuM I110Jiu-
MopduzMoM (cM. rIaBy 23) TepMy error MOXKHO JaTh noauMopdubii Tum VX. X,
KOTODBIH Konkpemusupyemces (instantiates) moObiM apyrum tumnoM. B oboux ciry-
qasgX OECKOHEYIHOE YUCJIO BO3MOXKHBIX THUTIOB [IJIsi €rTror KOMIAKTHO ITPEJICTABIEHO
MIPY TIOMOIIU OJHOTO THUIIA.

Vupaxuerue 14.1.1 [%]: He 6ydem au npowe nompebosams om npozpammucma
NPU KAHCOOM UCTIONDIOBAHUL NOMEUATD eTToT €20 NPEINnosa2aeMmbLMm MUNOM?

CBOIICTBO COXpPAHEHUS JIJ1s1 sI3bIKA, C UCKJTIOYEHUSIMY BBITJISIIUT TAK YK€, KaK BCe-
Ta: €CJIU T€PM UMeeT THUIM T, ¥ MbI TO3BOJISIEM €My TPOUTH OJUH IIar BEIYUCIICHNS,
pesynbrar mo-npexuemy Oyaer umerb Tun T. OJHAKO 3TO CBOHCTBO MPOIBUKEHS
TpedyeTcst HECKOJIbKO YTOYHUTh. B mcxomuoit (popMe OHO rOBOPHJIO, UTO MPABHUIb-
HO TUMU3UPOBAHHAS MTPOTPAMMA, 003aHA MTPU BLIYUCICHUY BHIIATH 3HaYeHue (UIn
3anUKIATHCs ). OHAKO Tereph Mbl BBEJIM HOPMAILHYIO (hOPMY error, KOTopas He
SBJISIETCS 3HAYEHWEM, HO OE3YCIOBHO MOXKET CJIYKUTHh PE3yJIbTATOM HMCIIOJIHEHS
MPABWJIBHO THUIU3UPOBAHHONW mporpaMMbl. CBOWCTBO MPOABUKEHUS HYXKHO MEpe-
GOpPMYIHPOBATH C YIETOM 9TOTO ODCTOSATETHCTBA.

Teopema 14.1.2 [[IPOABUXKEHUE]: [Iycmv umeemcs 3amxnymoll, npasusbHo
MUNUSUPOSAHHBLT MepM t 8 HOPpMarbHOT dopme. Tozda aubo t — 3nauenue, aubo
t = error.

14.2. (OO6paboTKa MCKJIIOYEHU

IIpaBusa BbIYKCIEHUS /IS €rror MOXKHO PacCMaTpPUBATh KAK «OTKATHIBAHHE
CTEKa BBI30BOB» C OTOPACHIBAHMEM YKIVIIUX BBI3OBOB (DYHKIIHI 10 TE€X IOP, MOKa
ommOKa, He OKAaYKeTCs HA CaMOM BepXHEM ypoBHE. B HACTOSAIINX peaTn3anusax a3bl-
KOB C MCKJIIOYEHUSAMHA MUMEHHO 3TO U IPOUCXOJIUT: CTEK BBI3OBOB COCTOUT U3 MHO-
JKeCTBa 3anuceli axkmusayuu (activation records), mo omHOM HA KaXKIbIH AKTUBHBII
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— error try Pacwupsaem A_, ¢ owubkamu (14.1)
\ \
Hosvie cunmarcuveckue Gopmot
t u=... mepmot:
try t with t nepersam t =t (E-Trv)
owubox try t; with to
— try t} with to
Hosvie npasuaa 8bl4ucieHUs t -t
Hoeuwie npasuaa munuseyuu| ' =t : T
try vi with tg — v (E—TRYV) Tty : T Pty : T
' try t; with to : T
try error with to — ta (T-TRry)
(E-TRYERROR)

Puc. 14.2. O6paborka ormubor

BbI3OB beHKI_[I/II/I7 KOr'la BOSBHUKAECT UCKJIIOYCHUE, 3alliCH aKTUBAIITUN CHUMAIOTCA CO
CT€Ka BBI3OBOB, IIOKa OH HE OIIyCTEeT.

B GoabnmHCTBE S3BIKOB € MCKIIOYEHUSIMI TaKyKe MOXKHO YCTAaHOBUTH B CTEKE
BBI30BOB obpabomuuky uckaouenut (exception handlers). Korma Bosnukaer uc-
KJIIOYEHNe, 3aIiCH aKTHBAIMH CHUMAIOTCS CO CT€KA BBI30BOB J0 TEX IIOp, MOKA
HA BEPIUHE HE OKaXKeTcs 00pabOTYNK MCKIIOYEHUil, W TOTIA BBIYHCIEHHE MPO-
JOJIZKAeTCs ¢ 3TOro obpaborduka. JIpyruMu cioBaMu, HCKIIOYEHHE PAdOTAeT KaK
HEJIOKAJIbHAA [I€Peada YIPABJICHH, [IEIbI0 KOTOPOHl fABJISETCS yCTAHOBJICHHDIH
nocaeqHuM (T. e. GIVKANIIM Ha CTEKe BBI30BOB) 0OPABOTYNK MCKIIOUEHHIA.

Hama dpopmynnpoBka 06pabOTINKOB UCKIIOUEHHI, IPUBEIeHHAA Ha puc. 14.2,
moxoka Kak Ha ML, tak u na Java. Beipaxkenue try t; with to o3magaer «Bep-
HYTh PE3YJIbTAT BBIUYUCIEHUS ti, €CJIM MPU 3TOM HE BO3HWKHET OIMUOKA;, WHAUE
BBITIOJTHUTH 00paboTInK to». IIpasmio Berumciaennss E-TRYV roeoput, 9TO ec-
JIi TepM t1 CBEJIC K 3HAYEHWIO Vi, TO KOHCTPYKIIHIO tTy MOXKHO OTOPOCHTH, TO-
CKOJIBKY MBI y¥Ke 3HaeM, 4To oHa He moHaaoburcsa. C Ipyroit CTOPOHBI, MPABIIO
E-TRYERROR roBoput, 9TO €C/IM IPHU BBIMUCIEHUHN t1 MOy INIACH OMHUOKA error,
CJIeyeT 3aMEHUTHh KOHCTPYKIMIO try TEPMOM to U LIPOJOJKUTH €0 BbIYHUCJIEHUE.
E-TRY roBopwur, 94T0 10 Tex MOp, TMOKA t1 HE CBEJICS HU K 3HAYEHWIO, HU K €rror,
CJIeyeT TPOCTO MPOIOJIKATH €r0 BhIUUC/IATH, HE Tporas to.

IIpaBusio Tunuzaruu ajis try IpsAMO CJIeyeT U3 ero OIepParuoOHHOM CEMAHTUKHY.
PesynbraTom Beeit KOHCTPYKIMK tTY MOKET ObITH JIMOO PE3YABLTAT OCHOBHON YaCTH
t1, IubO pe3yabraT 00paboTUInKa to; HY>KHO MPOCTO MOTPEOOBATH, YTOOBI 0063, OHM
VMEJIH OJIMH U TOT Ke Thll T, KOTOpBIil TakxKe Oy/IeT TUIIOM BCero try.

CBoiicTBO TUIIOBOI 0GE30IIACHOCTH M €ro JIOKA3aTe]bCTBO, M0 CYIIECTBY, OCTa-
IOTCS HEM3MEHHBIMU TI0 CPABHEHUIO C TIPEJIBIIYIIINM PA3IETIOM.
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—  UCKAOYERUA Pacwupsem A, (9.1)

[ |
Hosbie cunmarcuveckue ¢0p.M,’bl,

t = mepmol.
raise t noposicdenue try vi with to > v; (E-TrYV)
uckA0veHul
try t with t obpabomxa
uckmoHenu try raise vy; with to — to vy
(E-TRYRAISE)
Hosvie npasuasa 8bl4ucieHus t -t

!/
tl—)tl

(raise vy1) tg — raise vy

. 1 .
(E—APPRAISEl) try t; with to — try t; with to

(E-TRry)
Hoevie npasuaa munusau,uu
v, (raise vg1) — raise vo
(E-APPRAISE2) It T
'1 exn (T-EXN)
I'-raise t; : T
t] — t
: - L ~  (E-RAISE)
raise t; — raise t; F't; : T Tkt Town — T

' try t; with to ¢ T
(T-Try)

raise (raise vjy;) — raise vy
(E-RAISERAISE)

Puc. 14.3. Vcknouenns, COMPOBOK,/IAeMble 3HATEHUSIMHU

14.3. MHMckiaodeHud, COIIPOBOXK/laeMble 3HaYeHUS-
MU

Mexanusmbl, Bejennbie Havu B §14.1 u §14.2, n03BoIA0T (DPYHKIMAM COOD-
IIATHh BBI3BIBAIONIEN MPOrpaMMe, 9TO «CJIYYWJIOCh HEYTO HeoObraHOe». Kak mpa-
BUJIO, MTOJIE3HO OBIBAET TAKXKE OTCHLIATH HEKOTOPYIO JOMOJHUTEIbHYI0 WHMOPMa-
IO O TOM, KaK0e UMeHHO HEOOBITHOE COOBITHE ITPOU3OIILIO, MOCKOIBKY AeHCTBHE,
KOTOPOE JOJI?KEH MPEIIPUHATH 00PAbOTIMK — MONBITKA UCIPABUTH CUTYAIUIO U
BBI3BATh (PYHKIWIO 3aHOBO, JTUOO BBIIAYA ITOJIB30BATEI0 BHATHOTO COODIEeHns: 00
ommbKe, — MOXKET 3aBUCETH OT 3TON MHMOPMAITUH.

Ha puc. 14.3 nmoka3ano, Kak Haim 0a30Bble KOHCTPYKIMY JJIs O0paOOTKH OIIIv-
0OOK MOTYT OBITH PACITUPEHBI, YTOOBI KAXKI0€ UCKJII0UeHNEe ObLIO CHAOKEHO 3HAUE-
aueMm. THIl 9TOro 3HAYEHUsT 3aNUCHIBACTCA B BUIE Teypp. [TOKA 9TO MBI OCTaBISIEM
OTKPBITHIM BOIIPOC O TOM, 9TO 3TO 3a THUIl; HUKE 00CYKIAETCS HECKOJIHKO BapraH-
TOB.

AromapHsrit TepM error 3aMeHsieTCsl KOHCTPYKTOPOM TepMa raise t, rme t —
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JOTIOTHATEIbHAS HHMOPMAIsd, KOTOPYI0 MbI XOTHM IepefaTh 0OpabOTINKY WC-
kifodennii. CHHTAKCUC KOHCTPYKIUU try OCTAETCs HMPEKHUM, HO 00pabOTYUK to
B try t; with t, Temepp WHTEPUPETUPYETCS KAK (PYHKYUSL, TPUHIMAOIIAS B Ka-
YeCTBE apryMeHTa JIONOTHUTEIbHY0 HHGMOPMAIIHIIO.

IIpaBusio Berauciennsi E-TRYRAISE peasm3yer Hy»KHOE HaM MTOBEJIEHUE, IIPU-
HAMAas JOMOJHUTEIbHYO nH(MOPMAIMIO, COIPOBOXKIAIONLYIO raise, u3 tena ti, u
nepenaBasi ee 00paboTunky to. [Ipasuia E-APPRAISEL u E-APPRAISE2 mpomo-
CAT MCKJIIOYEHUs Yepe3 MpUMeHeHusl, B ToYHOCTH Kak E-APPERR1 u E-APPERR2
Ha puc. 14.1. BamernuMm, OHAKO, 9TO ITU JAOMOJHUTEIbHBIE MPABUJIA MOLYT Pac-
MPOCTPAHATH TOJBKO UCKIIIOYEHNUS, B KOTOPBIX JAOMOJHUTEIbHAS HHPOPMAIINAS SB-
JIsieTCs 3HAYEHNeM; €CJIM Mbl IONpobyeM BBIYUCIUTH raise C A0MOJIHUTEIbHON MH-
dopmanmeit, KoTopast cama TpeOyeT BLIYUCIEHNS, STH MPABUIIA OKaXKyTCs 3a0710-
KUPOBAHBI, ¥ HAM TPUIETCS BBIYUCIATDH JTOMOJHATENIHHYIO WH(MOPMAIINIO TIPU 0~
vormu E-RAISE. [Ipasuno E-RAISERAISE pacnpocTpansieT UCKIIOYEHUsT, KOTOPbIe
MOTYT BO3HUKHYTH 60 8peMs BBIYUCIEHUS JOMOTHUTEIbHON HH(MOPMALNH, TTPE/I-
Ha3HAYEHHON /151 OTCHLJIKA C KAKUM-TO ApyruM uckiodenuem. E-TRYV rosopur,
9TO MBI MOXKEM OTOPOCUTH try, €Cjiu ero OCHOBHOE TEJIO y2Ke CBEeJIOCh K 3HAYEHUIO,
TaK ke, Kak MbI 370 nenann B §14.2. E-TRY yka3bIiBaer, 9TO BHIYUCINTETD JOIKEH
paboTarh C TEJIOM try, MOKa OHO HE BEPHYJIO /OO0 3HAUeHHue, 0o raise.

IIpaBuia Tunm3anuu OTPaXKAOT 3TU U3MEHEHHUS B IOBEJIEHUH KOHCTPYKIuil. B
T-RAISE mbt Tpebyem, 9T00bI fA0m0THUTEIbHAS HH(OPMAanns nMesia TUil Teyp; BCE
BBIPAYKEHNE raise IEJIUKOM TOJyYaeT 0ol Tun T, KAKoro TpedyeT KOHTEKCT. B
npasuiie T-TRY MbI TpoBepsieM, 910 00pabOTYNK to ABjsieTcs (ByHKIHEH, KOTo-
pasi, MoJIy4asi IOTOJIHUTEJbHY0 NHAPOPMAIHIO TUIA Teyp, BBIJAET PE3YIHTAT TOIO
Ke TUNa, 4To 1 tg.

Teneps, HAKOHEL, PACCMOTPUM BO3MOXKHbBIE AJIBTEPHATUBDI [1JI TULA Tegp .

1. Mox#o mpuHATH B KauecTBe Ty, TpocTo Tum Nat. 9TO COOTBETCTBYET COTJIa-
IIIEHWI0 €rrno, UCIOAb3yeMOMY, HalpuMep, B (DYHKIUAX OMEPAITHOHHON CH-
crembl Unix: KaKIbIif CHCTEMHBIH BbI30OB BO3BPAIIAET YHCIOBOMH «KOJI OIIHO-
Ku», npudeMm 0 obo3HAYAeT yCIex, a JApyrue 3Ha49eHus COOOIAIOT O Pa3/Ihd-
HBIX OMMOOYHBIX CUTYAIMAX.

2. MoxHO npuHsaTh B Kadectse Teyp, Tull String. 10 uzbapisger or HEOOXOIH-
MOCTHU TIOMCKa HOMEPOB OIMUOOK B TAOIHUIAX, & KOJ, TOPOKIAIONINN UCKITIO-
YEHWS, MOYKET MPH YKEJIAHUN TeHEePHUPOBATH JOCTATOYHO TOIPOOHOE OMTUCAHIE
curyanuu. Llenoi#t Takoil mONOSHUTENHHON THOKOCTH OyAeT TO, YTO 006padoT-
9UKaM OIIUOOK, BO3MOXKHO, IPUIAETCS Pa3dupamsd STH CTPOKH, ITOOBI IIOHATh,
YTO IIPOU3OLILIO.

3. MoKHO COXPAHWTH BO3MOXKHOCTH TEpPeIaBaTh WH(MOPMATUBHBIE HCKITIOYE-
Hus, m3berasg mpU ITOM Pas3dopa CTPOK, eciau OObABUTD Tepn KAK MUN-
sapuanm (variant type):

Teen — <divideByZero: Unit,
overflow: Unit,
fileNotFound: String,
fileNotReadable: String,
D 4
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Takast cxema mo3BoJisseT OOPAOOTUUKY Pa3aUIaTbh BUIALI MCKJIIOUEHUNH TIPH
oMol Boipakenus case. Kpome Toro, pazjuydnble BUIAbl UCKIIOYEHUIT MO-
T'yT HECTU PA3JIMYHBIE TUTIBI JOTOJTHUTEIHHON HH(MOPMAIWH: B UCKTIOYEHISTX
Bpoze divideByZero Hudero juirHero He Tpedyercs, BMecte ¢ fileNotFound
MOXKHO TiepenaTh nMs (aiisia, KOTOPbIH MBITAINCH OTKPBIThH, KOT/Ia BOSHUKIIA
ormmbKa, u T. .

[Ipobaema ¢ 3TUM BapUAHTOM COCTOUT B TOM, 9YTO OH HEJOCTATOYHO I'MOOK U
TpedyeT, 9TOOBI MBI 3apaHee 33IaJF MHOYKECTBO MCKJIIOYEHUN, KOTOPhIE MO-
JKET MOPOJUTD JII06as IporpaMmMa (T. €., MHOKECTBO TErOB BAPUAHTHOIO TUIIA
Texn)- IIporpamMmucram He JAETCA BO3MOXKHOCTH OIPEIEJIEHUs COOCTBEHHBIX
HUCKJIIOYEHUI.

4. Ty ke ume0 MOXKHO YJIy4IIATh, 00ECIIEYNB BO3MOKHOCTH CO3IAHUS MTOJIb30-
BATEJIbCKUX THUIIOB HCKJIIOYeHUi, ecin 00bABUTD Tepyp PACUWUPAEMBIM BAPU-
anmuwom munom (extensible variant type). Tak cmemano 8 ML, B koTopom
IMeeTCs eTMHCTBEHHEIH PaCIIIpAeMBbIil BApHAHTHEI Tum exn.! O6bapIeHne
exception 1 of T B a3pike ML MOXKHO B Halmell TEpMHHOJIOTHHA IOHIMATH
TaK: «yOeauThCs, 9T0 1 OTJINYaeTCs OT BCEX TErOB, yIKe MMEIOIINXCs B BaPH-
anTHOM TuIe Tep,? W, HAUUHAS C 9TOTO MOMEHTA, CIATATh, 9TO Tep, PaBEH
<1;:Ty, ...1,:T,,1:T> rae Bapuanrbl oT 11: Ty 10 1, : T, ObLIM BO3MOXKHBI
0 TQHHOTO OObABJICHUS .

Cunrakcuc ML 1y mopoxKieHusT UCKJIIOYEHUH BBINIAAUT Kak raise 1(t),
rme 1 — Ter MCKIIYeHns, OMpeIeeH bl B TeKyIeid 00JacTh BUIUMOCTH.
ITy KOHCTPYKIIUIO MOYXKHO TOHUMATh KaK COYETAHUE OIepaTopa HABEInBa-
HU¢ T€ra W HAIIEro OOBIYHOIO raise:
raise 1(t) % raise (<1=t> as T..,)
AnajorngsbiM 00pa30M, KOHCTPYKIUS try si3bika ML MoxKeT ObITH 3amuca-
Ha 0e3 caxapa B BHJIe TPOCTOrO try B COYETAHUU C case.
try t with 1(x) ->h < try t with
Ae:Tepn. case e of
<l=x> => h
| _ => raise e
Koncrpykius case mposepsier, IOMEYEHO Jid BO3HUKIIEE UCKIIOYCHIE TErOM
1. Ecam 5T0 Tak, TO OHA CBS3BIBAET C MIEPEMEHHOM X 3HAUEHNE, TIEPEIAHHOE C
WCKJIIOYEHUEM, U BBITIOIHSIET 00padboTank h. B mporuBHOM ciaydae ympasiie-
HUE TIOJIy9aeT BAPUAHT, IPUHATHIA IO YMOIIAHUIO, KOTOPBIH N06MopHo Opo-
caem (re-raises) uckiodenue. Vckirogenue mpogozKUT PACIPOCTPAHATHCS
(BO3MOKHO, 1Ipu 5TOM Oy/ydn HECKOJIBKO Pa3 IOWMAHO U IOBTOPHO Opoiie-
HO), 110Ka OHO JiubO He jJocruruer obpabordyuka, roTOBOIO ¢ HUM PaboTarh,
0O HE OKAYKETCS Ha CAMOM BEDXHEM YPOBHE W He TIPUBEIET K 3aBEPIIEHUIO
BCe# IporpamMMBl.

"Mozxro moifTu eme fganbme u BOOGIIE CeaTh PACIINPIEMbIC BADHAHTHBIC THITB PA3PerieH-
HOM S3BIKOBOM KOHCTDYKI[HEH, HO IPOeKTHPOBIKYA ML Ipesnodsn npocTo CYUTaTh eXn 0COBBIM
CIIydaeM.

2TlockosbKy bopMa exception CBA3BIBAET MAEHTHMUKATOD, MBI BCEIa MOXKeM CIAeNaTh Tak,
9TO0BI 1 OTJIMUANICA OT YK€ UCIONb3YEMBIX B Tegzy TETOB, IPOU3BE/IS HAJl HUM IIPH HEOOXOAUMOCTH
asbda-KOHBEPCHIO.
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5. B Java BmMecTo pacmmpsieMblx BapHAHTOB /IS IIO/JIEPKKHU HCKJIIOYEHMUIT,
OIIPEe/IeJIAEMBIX [IPOrPAMMUCTOM, HCIOIb3YIOTCH KJjacCbl. B sa3bike ecrb
BCTpOeHHBIN Kjacc Throwable; sk3emmiap Throwable wiam J060TO U3 €ro
HOJIKJIACCOB MOXKHO HCIIOIb30BaTh B KOHCTPYKIMHU throw (aHAJIOrMYHO Ha-

nlemy raise) wiu try ...catch (amajorumuno namemy try ...with). Ho-
BBI€ UCKJIIOYEHUS MOKHO OOBSBIATH, IPOCTO ONPEEss HOBbIE ITOAKIACCHI
Throwable.

CylecTByer TeCHOE COOTBETCTBHE MEXK/ly TaKUM MEeXaHu3MOM 00paboT-
KU WCKJIIOYeHWi u Tem, KOTopbwii mpuusaT B ML. I'py6o roBopsi, 0ObeKT-
HCKJTIOUeHre B Java BO BpeMs MCIIOJTHEHUS TIPEJICTABISIETCS TEroM, YKa3bIBa-
OIIUM €ro KJIAcC (4T0 HPsMO COOTBETCTBYET TErYy DACIIUPIEMOrO BapUAHTA
B ML), a Tak:ke nepeMeHHbIME 3K3eMILIIPa KIacca (4T0 COOTBETCTBYET J10-
HOJTHUTENIbHOI uH(MOPMAIUY, IIOMEYEHHONH STUM TEroM).

Uckmioyennst Java B HEKOTOPBIX OTHOINEHUSX HJIYT HECKOJIBKO JAJIbIIE,
gem B ML. Bo-mepBbiX, CymecTByeT eCTeCTBEHHBIN YaCTUYIHBIA IOPI0K
TEroB WCKJIOYEHUH, OMpeesieMblii MOpSIIKOM HACIeIOBAHUS N0JKAGCCO8
(subclasses). O6paboTuuk /i UCKI09YeHus 1 OyIeT nepexBaTbiBaTh BCE UC-
KJIIOUEHHNsT, UMeIOIne Kjacc 1 mam Jo0oi m3 momkiaaccoB 1. Kpowme Toro,
Java paznmuaer uckaovenus (exceptions) (MOAKIACCH BCTPOEHHOIO KIacca
Exception — noxkiacca Throwable), KOTOpbie MOI'YT ObITh IEPEXBAYEHBL U
UCTIPABJICHBI TIPUKIAIHBIME TPOTpaMMaMu, U owubky (errors) (MomKIacCh
kjacca Error — apyroro nozkjacca Throwable), o003HaualolIue Cephes-
HbIE HEMOJIQ/IKW, KaK MPABUJIO, BEAyIHe K OCTAHOBKE MPOrpaMMbl. [J1aBHOE
paznugme MexK/ly HUME COCTOMT B MPABUIAX MPOBEPKY TUIIOB, KOTOPBIE TPe-
6ytor, 4T0ObI METO/BL ABHO O0bSIBJIIIN, KAKKE UCKIIOYeHus (HO He olubKu)
OHU MOL'YT ITOPOJIUTD.

Vipaxzernue 14.3.1 [k % k]|: Onucarue pacwupAemoir 6apUGHINHOLT TUNOE 8 6a-
puarme Homep 4 nedocmamouro dopmanrvho. Ilokascume, xax cdesams e2o0 mou-
HOILM.

Vupaxuernue 14.3.2 [k % *k|: Mw ynomanyasu, wmo uckarovenus ¢ Java (me,
KOTOPbIE AGAAOMCA NOJKAGCCamyu ETception) omeaescusaiomes Cmpooice, “em
uckamonwerus 6 ML (uau me uckmonvenus, wmo mo. onpedesusu 3decv): Kastcdoe
UCKAOUEHUE, KOTNOPOE MOHCEM ObLMb NOPONHCOEHO MEM UM UHBLM MEMOIOM KAAC-
ca, doadicno Obmb yKazano 6 mune 3mozo memoda. Pacwupvme ceoe pewenue
ynpasicnenus 14.3.1 mak, umobv, mun, yrxasveaemvlli 0aa YHKUUU, CO0ePHCA
HE MOALKO TUNDL €€ APLYMEHMOE U PE3YALTMAMA, HO U MHONCECTNEO UCKMOUEHU,
Komopbie 6 neli mo2ym 603nuxHuyms. Joxascume, wmo sawa cucmema cobarodaem
MUNOEYI0 6E30NaACHOCD.

Vupaxuenue 14.3.3 [k % %]|: C nomowwpro memodos, nodobnuz obcysrcdaemoim
6 9Motl 24a6€, MONCHO POPMAALHO onpedesumsb MmHozue dpyzue YnpasAAIOULUE
KOHCMPyKyuy. Jumameru, 3HAKOMBLE C ONEPAMOPOM <BbI30E € MEKYULUM NPO-
donoicenuem» (call-with-current-continuation, call/cc) u3 aswxa Scheme
(cm. Clinger, Friedman, and Wand, 1985; Kelsey, Clinger, and Rees, 1998; Dybuig,
1996; Friedman, Wand, and Haynes, 2001), mozym nosyuums yooeosbcmeue, no-
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NOMABWUCH CHOPMYAUPOBAMD NPABUAL MUNU3AUUY 048 Mmuna T-npodossicenud
Cont T — m.e., muna npodossicenuti, oscudarowus apzymenm muna T.
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I's1aBa 15

IloaTunsr

Ha mpoTsikeHnn HeCKOMBKUX MOCIEIHUX TJIAB MbI 3aHUMAJIUChH UCCIIEIOBAHUEM
BOITPOCOB TUMHU3AINH PA3HOOOPA3HBIX A3BIKOBBIX KOHCTPYKITUI B pAMKaX MPOCTOTO
TUIMIA3UPOBAHHOTO JAMOIa-ucIncaIennsa. B 9Toit rmase BBoAuTCs OoJiee CymmecTBeH-
Hoe paciupenue: nodmunss (subtyping) (uHOrIa Ha3bIBAEMOE TMOAUMOPPHUIMOM
wepes nodmunot, uiau subtyping polymorphism). Bee upeapiayiiue usyuennbie Ha-
MU KOHCTPYKIIMHM MOYKHO ObLI0 chOpMyJnpoBaTh Oojiee Wi MEHee HE3ABHCHMO
Jpyr or apyra. B orimume oT HuX, HaJIWYWE MOATUIOB TPEOYET CYIECTBEHHOTO
pAaCIIUpEHUsT T3bIKA U 3aTPATUBAET DOJIBIMYIO YaCTh A3BIKOBBIX JIEMEHTOB HETPHU-
BHAJTBHBIM OOPA30M.

IMoprunbl, KAk TPABUIIO, BCTPEYAIOTCA B 008eKMHo-0puenmuposanusx (object-
oriented) #3bIKaxX, U YACTO PACCMATPUBAIOTCH KAK CYILECTBEHHBIN 3J1eMeHT OObeKT-
HO-OPUEHTUPOBAHHOIO CTHJIsA. DTa CBsA3b UCCIEILYeTCs B IiaBe 18; OIHAKO IOKA 9TO
MBI OMMKUCHIBAEM TIOATHUIIBI B OTPAHUYEHHOM 00beMe, 3aTparuBas TOJIHKO (DYHKIIAN
¥ 3AMUCU. YK€ TYT BO3HUKAET OOJIBITUHCTBO WHTEPECHBIX BOIMPOCOB, CBSI3AHHBIX
¢ HagugueMm noATunoB. B §15.5 omuckiBaeTcsi coueTanune MOATHUIIOB C HEKOTOPBIMU
JAPYTUMU KOHCTPYKIHUSME, KOTOPBIE MbI PACCMATPUBAJIHN B IIPEAbIAYIINX TyiaBax. B
nocsieaHeM paszede raasbt (§15.6) Mbl JlerajbHee uccieyeM CeMaHTUKY HOATHUIIOB,
B KOTOPOW WX WCIOJIH30BAHWE COOTBETCTBYET IO0ABJIEHWIO B WCITOJTHSEMBIH KO,
npeobpasosaruti muna (coercions).

15.1. Bkurouenue

Be3 nomrunos mpaBmiia mpoCTOro TUMM3UPOBAHHOIO JIIMOIA-MCIUCTEHUST MO-
ryT ObiTh upe3mepHo xkecrkumu. Cucrema TUIIOB TPeOyeT, YTOObI TUIIBI APy MEH-
TOB TOYHO COBIIAJIVM C TUTAMU 00J1acTell onpeneeHus PYHKIHH. ITO MTPUBOIUT
K TOMY, YTO IIPHU TPOBEPKE OTBEPTAIOTCS MHOIHE MPOrPAMMbBI, KOTOPBIE TTPOTPaAM-
MHUCTY KaXKyTCs OYEBHHO MPABUIBHBIMU. BCIOOMHUM, HANPUMED, TPABUIO JJIsd

B »sro#l rnaBe m3y4aercs A<, IPOCTOE THNU3UPOBAHHOE JAMOIA-HCIUCIEHHWE C IOATHIIA-
mu (puc. 15.1) u 3amucamu (puc. 15.3); coorBercrByoomas peanudanus #Ha OCaml Ha3bBaeT-
ca redsub. (B HEKOTOpBIX IpUMepax TakKe HCIOJIb3YIOTCS YUCIA; AL UX IPOBEPKH Tpebyercs
fullsub.)
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npuMenenus: pyHKIui:

'ty @ Typ — Tio 'ty @ Ti3
'ty tg @ Tqio

(T-App)

BriosiHe KOppeKTHBII TepM
(A r:{x:Nat}. r.x) {x=0,y=1}

HE YJOBJETBOPSET STOMY NPABUIY THUIU3ANUU, MOCKOJbKY THII ApryMeHTa —
{x:Nat,y:Nat}, rorga kak ¢dpyukuus npuaumaer {x:Nat}. dcuo, oguako, 9ro ais
dyHKIME CYyNIECTBEHHO TOJBKO TO, 9TOObI APIYMEHT ObLI 3aMKUCHIO € HOJIEM X; UMe-
FOTCsI JIU APYTHE TIOJIsT M KAKOBBI OHU, eif 6e3pas3anyno. Bosee Toro, 3To TpedboBanme
MOKHO PACIO3HATH MO THUIY (DYHKIMM — HE HYYKHO TPOBEPSATH €€ TeJI0 U yOexK-
JaThCs B TOM, 9TO IMOJIs KPOME X HE HMCHOJb3yIoTcs. Ilepenada aprymenTa Tuma
{x:Nat,y:Nat} B dynkimio, oxxugaonyo Tun {x:Nat}, ecezda GezomacHa.

[Tess BBEIEHUS TOATUIIOR B A3BIK — YTOYHUTE MTPABUIIA TUIIU3AINN TAK, YTOOBI
TaKWe TEPMBbI CTAJIN pa3permeHubiMu. Mbl qo0uBaeMcst 3Toro, (hopMain3ys HHTYH-
TUBHOE TIPEJCTABICHIE O TOM, YTO HEKOTOPbIE TUIIbI DOIee «HH(MOPMATUBHBIY, 9€M
JIPyrHe: Mbl FOBOPUM, 4TO S sBiigercd noomunom T (subtype) (3anucbiBaercs Kak
S <: T), umest B BU/LY, YTO BCAKUI TEPM THIIA S MOXKHO OE3011ACHO UCIIOJIb30BATH B
KOHTEKCTE, B KOTOPOM oxkumaercs Tum T. Takyio TOUKY 3peHus Ha, MOATUIHI 4aCTO
HA3BIBAIOT NPUHUUNOM besonacnol nodcmanosky (principle of safe substitution).

Boiee mpocroe uaTynTHBHOE OObSCHEHHE TAKOBO: 3aUCh S <: T 03HAYAET, 94TO
«KAXKJ0€ 3HAYEHHE, COOTBETCTBYIONIEE TUILY S, COOTBETCTBYET TAKKe TUily T», TO
€CTh, «JIEMEHTHI S ABIAIOTCS MOIMHOXKECTBOM 3jieMeHTOB T». B §15.6 MbI yBH-
JIUM, 9TO WHOIJIA, TOJIE3HBI Ipyrue, 00jiee TOHKWME, WHTEPIPETAINH MOATHIIOB, HO
Takas cemanmura nodmmoscecms (subset semantics) mocrarouna s GOJIBIIAH-
CTBa HYXK/I.

CB#3b MKy OTHOITIEHUEM TUITU3AINN W HAIITMM HOBBIM OTHOIIIEHUEM TTOITHITH-
pOBaHUsT OOECIEYNBAETCS HOBBIM MPABUJIOM TUIU3AIMA — TaK HA3BIBAEMBIM 1A~
suaoM eKAt0venus (subsumption):

't : S S <: T

(T-SuB)

DTO MPaBWIIO TOBOPUT, 4TO €ciau S <: T, TO BCAKUN dTEMEHT S TakkKe sBIsIeTcs
snementom T. Hanpumep, eciv Mbl ONpeIe M OTHOIIEHUE [TOITUITHPOBAHKS TaK,
qrobbl {x:Nat,y:Nat} <: {x:Natl}, To npu nomornu npasuia T-SUB Mbl CMOXKEM
BeiBecTH F {x=0,y=1} : {x:Nat}, u Takum 0Opa30M TPUCBOUTH THUIT HAIIEMY UC-
XOTHOMY TIPUMEDY.

15.2. OTHOIIEHME TTOATUTTNPOBAHUS

OrHomeHre NOATHINPOBAHUA (POPMAIBHO OMUCLIBAETCH depe3 Habop IpaBui
BBIBOJIA, C TIOMOIIBIO KOTOPBIX MOYKHO MOJYYUTh yTBepKAeHusd Buga S <: T, 9To
YyuTaeTcd KakK «S — moaTuil T» (I/IJII/I «T — HaaTHI S>>). MBI pacCMOTPUM IO OTAETb-
HOCTH KaK/IyI0 PA3HOBUIHOCTH TUTIOB (TUIBI (DYHKIUI, TUITHI 3AIIUCEH U T. 11.); I
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KaxK/I0i U3 HUX MbI (DOPMAJIU3YEM MIPABUIIA, B COOTBETCTBUH C KOTOPHIMU MOYKHO
pa3peniuTs UCIOJb30BAHKE JJIEMEHTOB OJIHOTO THUIIA IIPU TOM, 9TO OKUIAETCH JPY-
TO# THII.

IIpexyie yem npucTynurh K HPABUJIAM JJjIs KOHKPETHBIX PA3HOBHIHOCTEN TH-
OB, MbI CIEJIAEM JIBA OOIIUX TPEIIOJJOKEHUs: BO-TIEPBBIX, OTHOIIEHNE TTOITHUIIU-
POBaHUS JOJKHO ObITH pedIIEKCUBHBIM:

S <: 8 (S-REFL)
a BO-BTOPBIX, OHO JOJIZKHO 6BITB TPAH3UTUBHBIM:

S<: U U<: T
S <: T

(S-TRANS)

OTu mpaBUja MPAMO CAEAYIOT W3 HAIEr0 WHTYUTWBHOTO TPEICTABIEHUS O 0e3-
OTACHOCTH MOJCTAHOBKH.

B caywae TumnoB 3ammceil, KaK MbI YK€ BHJEJNW, Mbl XOTHM CYUTATH THUII
S=9k1:S1 ...kpn:Sp}y mogrumom T = { 11:Ty ...1,:T,3}, ecim T comepKuT
MeHbIme mosiei, vem S. B gacrHOCTH, 6€30macCHO «3a0bIBATHY» IOCJETHUE TOJS B
THIIAX 3a0ucefl. DTa UHTYUTUBHAS WJEs OTPAXKEHA B TAK HA3bIBAEMOM IPABUIIE
nodmunuposanue ¢ wupuny (width subtyping):

{1;: T, "tk <o {1,:T;€" ") (S-RCcDWIDTH)

Moker moka3aTbCs CTPAHHBIM, YTO «MEHBIIUI» THUI — MOATUI — COAEPIKUT
boavwe 1osel. JTO MpOIe BCEro MOHATH, IIPUHIB MEHEe CTPOryI0 TOYKY 3PEHUs
Ha THUIHI 3amuceii, uem B §11.8, corytacHo koTopoit Tum {x:Nat} omuckiBaer «MHO-
JKECTBO 3aIUCEll, UMEIONNX, N0 MeHhbuwel mepe, mojae x Tuna Naty. Daemerntamu
9TOrO THIA SIBJIAIOTCH HE TOJBKO Takue 3HadeHus Kak {x=3} u {x=5}, HO Takxke
¥ Takue 3Hadenus Kak {x=3,y=100} u {x=3,a=true,b=true}. Ananorudno, Tum
{x:Nat,y:Nat} omnucbiBaer 3amucu, UMeIOIHE NO KPalUHel mepe MoJd X u y, 0ba
tuna Nat. 3HAYEHUAMHU ITOrO THUIA ABJIAIOTCS TaKue 3amucd, Kak {x=3,y=100}
u {x=3,y=100,z=true}, vo He {x=3} u He {x=3,a=true,b=true}. Takum obpa-
30M, MHOYKECTBO 3HAYEHUI, TPUHA/JIEIKAIINAX KO BTOPOMY THILY, SIBJISETCS CTPOTUM
MMOJIMHOYKECTBOM MHOXKECTBA 3HAYEHUH, MPUHAIEKANUX K mepBomy Tumny. Bosee
JUIUHHBIA THI-3aMHACh COOTBETCTBYET DOJiee KEeCTKOM, T. e. bosiee nH(MOPMATHBHOM,
crenuduKaIUu; TAKUM 00Pa30M, OH OIUCHIBAET MEHbIIEE MHOXKECTBO 3HAYEHUN.

[IpaBuio moaTUNUPOBaHKUS B IMUPUHY MPUMEHUMO TOJBKO K THIAM 3aIUCEH,
JIJIsl KOTOPBIX THIIbI OOIMX [0JIedl cOBNagaroT. MOKHO TakKe MO3BOJIATH PA3JId-
9aThCs TUMAM OTHEJHHBIX IMOJIeH, eCIM THUIHI KaXKI0r0 COOTBETCTBYIOIIETO MTOJIS
SABJIAIOTCS TMOATUTIAMY. DT UHTYUTUBHAS KOHIIENIINS BhIPAYKAETCS TTPABUIIOM 100-
munuposanus 6 eaybuny (depth subtyping):

JIJIsL KaXKJI0r0 4, S;<:T;
{li . Siiel..n} <: {11 :Tiielun}

(S-RCDDEPTH)

Cuenyroniee  J1epeBO  BBIBOJA — [MOATUIIUPOBAHKUS — HUCIOJIbL3YeT — [PABUIIA
S-RcDWIDTH u S-RCDDEPTH, mAeMOHCTpUDYS, HYTO THI BJIOYKEHHBIX 3alld-
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ceit {x:{a:Nat,b:Nat},y:{m:Nat}} asnserca nogrumom {x:{a:Nat},y:{}}:

S-RcpWIDTH ——— S-RcpWIDTH
{a:Nat,b:Nat} <: {a:Nat} {m:Nat} <: {}

{x:{a:Nat,b:Nat},y:{m:Nat}} <: {x:{a:Nat},y:{}}

S-RcpDEpTH

Ecan mpr xotnMm ¢ momortpbio S-RCDDEPTH yTOYHNATH THIT TOJIBKO OIHOTO TIO-
Jig 3anucu (a He BCeX HoJieil, Kak B HPEJBIAYIIEM IIPUMEDPE), TO IJIf OCTAJIbHBIX
[I0JIefl MOYKHO IOJYYUTh TPUBUAIbHBIE OTHONIEHHS OJTUINPOBAHHS C HOMOIILIO
npasmwia S-REFL:

S-RcpWibTH S-REFL
{a:Nat,b:Nat} <: {a:Nat} {m:Nat} <: {m:Nat}

{x:{a:Nat,b:Nat},y:{m:Nat}} <: {x:{a:Nat},y:{m:Nat}}

S-RcpDEepTH

C mOMOIIBIO TTPABUJIA TPAHBUTUBHOCTH S-TRANS MOKHO COYETATH MOATHITHPO-
BaHWe B IMUPWHY U B riiybuny. Hampumep, MOXKHO MOTYy9IUTh HAATHUIL, PACIIAPUB
THII OJHOTO TI0JIsi U OTOPOCUB JAPYTOe:

———  S-RcpWIDTH
{a:Nat,b:Nat}
S-RepW <: {a:Nat} S_RenD
-RcDWIDTH -RCDDEPTH
{x:{a:Nat,b:Nat}, y:{m:Nat}} {x:{a:Nat,b:Nat}}
<: {x:{a:Nat,b:Nat}} <: {x:{a:Nat}}
S-TRANS

{x:{a:Nat,b:Nat},y:{m:Nat}} <: {x:{a:Nat}}

IMocnennree mpaBuIo [jisi MOATUTTHPOBAHNS 3AMKUCEI BHIBOIUTCS U3 HAOIIOIEHUST
O TOM, 4TO TOPAJOK TOJIeil B 3alIMCH HE OKa3bIBAET HUKAKOTO BJIMAHUSA HA TO, KaK
ee MOXKHO 0OE€30IaCHO WCIOJIb30BATh, MOCKOIbKY E€IMHCTBEHHAS OIEpPaIus, KOTO-
PYIO MOYKHO MPOU3BOJUTD C 3AIMUCHIO TOCJIE ee CO3JaHUs — MPOEKIN ee Mojeil —
HEYYBCTBUTEIbHA K OPAJIKY IOJIEH.

{kasjja.n} SIBJISIETCST TIepecTanoBKoi {1, : ;1" }
{kj . Sijl.An} < {li . TiiEL'n}

(S-RCDPERM)

Hanpuwmep, cornacuo npasuiry S-RCDPERM, tun {c:Top,b:Bool,a:Nat} sBis-
erca moarunoMm {a:Nat,b:Bool,c:Top}, u maobopor. (Orciona cremyer, 4To OT-
HOITIEHUE TIOATUIIUPOBAHUSL He Oydem aHTUCUMMETPUIHO. )

MozkHuo wucmonb3oBarh S-RCDPERM coBmectHo ¢ S-RCDWIDTH n S-TRANS,
9T100BI OTOPACHIBATH TOJISA B JTIOOOM MECTe 3aIliCH, & He TOJbKO B e KOHIIE.

Vupaxuenue 15.2.1 [%]: Hapucyiime depeso e6we6oda, mnokaswearusee, 4mo
{z:Nat,y:Nat,z:Nat} saeasemcsa noomunom {y:Nat}.

Kazknoe u3 npasun S-RCDWIDTH, S-RCDDEPTH u S-RCDPERM nmaer nam or-
JETbHYIO CTeleHb CBOOOIBI MpH paboTe C 3amucaMu. B 1mensax oOCyKIeHnsT nMeeT
CMBICJI OCTABUTH UX B BUJIE TPEX OTAEJIbHBIX Hpasui. Hanpumep, cymiecrBytoT si3bi-
KU, B KOTOPBIX Pa3pPeIieHa TOJbKO YaCTh ITUX MpaBuj. Hampumep, OOJBITMHCTBO
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BapUaHTOB ucwucaenus obsexmos (object calculus) A6amu u Kapuennu (Abadi
and Cardelli, 1996) ne ucuosb3yior nojrunuposanue B riyouny. OgHako upu pea-
JIM3AINK S3bIKA TIOJIE3HO COYeTaTh TH MPABUJIA B OJHOM MAaKPOIPABHIIE, KOTOPOE
obpabaThIBaeT BCe TPH BHJIA MOATUIIMPOBAHUS CPa3y. DTO MPABUIO 0OCYKIAETCS
B creayomeii rnase (cp. c. 237).

Tak Kak MbI paboTaeM C sI3bIKOM BBICIIErO MOPSAIKA, IJe B KA4eCTBE apryMeH-
TOB B (DYHKIMIO MOTYT IEPeIaBaThCsd He TONBKO YHCIA W 3allUCH, HO M JAPYIHe
dbyukImU, TO TPEOyeTCs TaKKe NPHUIYMATh IPABH/IA MOATHIMPOBAHAS s (DY HK-
[MOHAJILHBIX THIOB — T. €., MbI JOJDKHBI yKa3aTb, B KAKAX CIy4adX Oe30LacHO
MCMONB30BaTh (DYHKIMIO OTHOTO THIA TaM, T7e oXKuaaeTcss GyHKIUS IPYyroro TH-
na.

(S-ARROW)

3amMeTuM, 9TO OTHOIIIEHNE TTOATUIINPOBAHNS «CPAOATHIBAET B 0OPATHYIO CTOPO-
Hy» (kowmpasapuanmmo, contravariant) s TUIIOB apryMEHTOB B JIEBOI IIPEIIIO-
ChLJIKE, HO MMEET OJIHO M TO K€ HallpaBjieHue (Kosapuanmmuo, covariant) /s TUIIOB
Pe3yIbTATOB U I CAMHUX (DYHKIIMOHAIbHBIX TUIIOB. IHTYUTUBHOE IIpEICTABICHIE
COCTOUT B TOM, 9TO, nMest pyHKIHIO f Tuma S; — So, MbI 3HaEM, 9T0 £ TPUHUMAET
apryMeHThl THIA Sp; ACHO, YTO f MOXKeT TaKxKe MPUHATH apryMeHT Tuta Ti, T/e
Ty — nroboit mogTun S1. Tum £ coobiaer HaM Tak»Ke, 9TO dTa DYHKIMA BO3BPA-
IAeT 3JIeMEHThI TUIIA So; MBI IMEeeM MIPAaBO CYUTATH, YTO OHU TaKzKe MIPUHAJIeKAT
u K To, rme To — mioboit HaaTum Se. To ectsb, g0bas Gyakmusa £ tuna S; — So
MOYKET TAK¥K€ PACCMATPUBATHLCS Kak GyHKIus tuna T — To.

Jlpyrasti BO3MOXKHasI TOYKA 3PEHHS COCTOUT B TOM, 9TO OE30MACHO PA3PEIINTh
WCTONb30Banne PYHKIINNA TUTA S; — Sy B JIOOOM KOHTEKCTE, B KOTOPOM OXKUIA-
ercsa tun Ty — T, €C/IM HU ONWH APTYMEHT, KOTOPBII MOXKET ObITh MEpeIaH B
dyukuuio, e Oyner s Hee HeORUAAHHBIM (T <: Sp), ¥ HU OJUH €e Pe3y/IbTar
HE OKayKeTCs HEOXKMJAHHBIM Jjisi KOHTEKCTa Bbi3oBa (Sg <: Ta).

Hakomer, y1006HO nMers THUII, ABJISIOMIUICT HAATATIOM BCEX OCTAJBHBIX TUIOB.
Ms1 BBOZMM HOBYIO THUIIOBYIO KOHCTAaHTY Top, a Tak»Ke MPABUIIO, KOTOPOE Ie/IaeT
Top HAMOOJILIIAM JIEMEHTOM B OTHOIIEHUH MOTUIIMPOBAHUS:

S <: Top (S-Topr)

Twun Top moapobuee obcykaaercs B §15.4.

C dopmanbHOit TOYKHY 3peHIst, OTHOIIEHNE TOATUITNPOBAHNS €CTh HANMEHDIIIEE
OTHOIIIEHUE, 3AMKHYTOE OTHOCUTEIBHO YCTAHOBJIEHHBIX HaM¥ TpaBui. s ymo6-
CTBa CCBUIOK, Ha puc. 15.1, 15.2 u 15.3 npuBeiIeHO MOJHOE ONpeeIeHIe IIPOCTOrO
TUIIU3UPOBAHHOI'O JIAMO/IA-MCYUCTCHUS] C 3AUCAMEI ¥ MOITULIAMU, IPUIEM CHHTAK-
cuyeckre (pOpMBI M MPABUJIA, BBEIEHHBIE HAMU B STOW TJIABE, BBIIEJIEHBI CEPHIM.
3aMeruM, 4TO MPUCYTCTBUE MPABUI PehIEKCUBHOCTH U TPAH3UTUBHOCTU O3HAYTA~
€T, YTO OTHOIIIEHHUE TIOATUIIUPOBAHUS siBJIsieTcs npednopsdrom (preorder). Oguako,
M3-3a MMPABUJIA IEPECTAHOBKHU MOJIEHl B 3aIlMCH, YACTUIHBIM MOPSIIKOM OHO HE $B-
JISETCs: UMEETCsi MHOIO [Aap PA3JIMYHBIX THUIOB, IJE KAXK/IbI JIEMEHT Hapbl —
TOJITUT IPYTOTO.

Sasepiiiasi 06Cy K I€HUE OTHOIIEHUS TIOJATUIIMPOBAHUSL, YOEIUMCs B TOM, YTO T€-
mepb MBI MOYKEM TPUCBOUTH THIT TEPMY-TIPEMEPY, C KOTOPOTO HAYAIACH ITA TIIABA.
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210 15.2. OtHoIIeHNe MOATHITHPOBAHIS

— <: Top Ocnosano na A, (9.1)
{ \
Cunmarcuc IToomunat S<: T
t u= mepmbat.
X nepemerHas S <: S (S-REFL)
Ax:T.t abcmparyus
tt npumeHreHue
- S <: U U<:T
v o= 3HAYEHUA: (S-TRANS)
Ax:T.t 3Hauenue-abcmparyus S < T
T = munbst: S <: Top (S—TOP)
Top MAKCUMAALHBT TUN
T—>T mun GYHEYUU
Pyrrcy T, <: S1 So <: To
r == KOHMEKCTIbL: 51 = 82 <t Ty — To
%] nYycmot KORMeKcm (S-ArRROW)
I'x:T cea3v8aHue Mmepmosoti Tunusayusa
nepemerHot
x : Tel
; - (T-VaR)
Buvucaenue t—ot '—x:T
t] —t)
e — (E—APPl) I'x:Ty - to:To
t] to > t] to (T-ABs)
' Ax:Ty.tg ¢ Ty — Ty
ty — t!
2—2/ (E-Appr2)
vy to — vy Ty
'ty : Ty1 — Tio 'ty @ T1q
'ty to : Tio
(Ax:Ti1.t12) Vo — [x = valtio (T-AppP)
(E-APPARBS)

't : S S <: T
't : T

Puc. 15.1. IIpocroe TunusuposaHuoe jissMOaa-ucaucienue ¢ nogrunamu (A<.)

YT00BI HE BHIXOAUTDH 34 MPEIEIbl CTPAHUIIBI, BOCIOIB3YEMCS CJIEAYIOMUMEA COKPA-
MEeHnIMU:

def def

f = Ar:{x:Nat}. r.x Rx = {x:Nat}

def def

xy = A{x=0,y=1} Rxy = {x:Nat,y:Nat}

Hpe;monaraﬂ OOBLIYHBIE nIpaBujIia TUIIU3AIMUN JJIAd YUCJIOBBIX KOHCTAHT, MBI MOXKEM
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15.2. OrHoIIeHNEe MOATHITHPOBAHHS 211

- {3} Pacwupsem A, (9.1)

[ |
Hosbie cunmarcuveckue éopmm

/
t ou— ... MepMmbL: t1— 1t (E-Proy)
{1,=t;%€L"} sanuce t1.1 > t).1
t.1 NPoeKyUA
!
e . t; =t
Vo= 3HAYEHUSA! —— J —
{1,=v;"¢"}  3anucv-3nauerue {1=v;"¢ TN, 1=ty LSty . )
N {1’L'=V1l7461“j71’ ljzt;, lkztkkEJJrl..n}
T ==... MUNbL: (E-Rcb)
{117} mun 3anucelt  |Hoewe npasusa munusayuu| I —t : T
Hosvie npasuaa eviuucaenus |t — t/

Jas Kaskmoro ¢, I'—t; @ T;

I+ {1i=tii61“n} . {1i :Tiiel..n}
{lizviiel..n}.lj —v; (E-ProJRcD) (T-Rep)

Fl_tl . {1i:Tii€1..n}

(T-Proy)
T Ft1.1; @ Ty

|

Puc. 15.2. 3amucu (coBnazaer ¢ puc. 11.7)

TIOCTPOUTDH TAKOE JIEPEBO BBIBOMA /IS YTBEPIKAeHud Tunusanuu — £ xy : Nat:

0 : Nat 1 : Nat

T-Rcp —— S-RcoWIDTH
Fxy : Rxy Rxy <: Rx
T-SuB
Fxy : Rx
—f : Rx — Nat
T-Arp

f xy : Nat

Vupaxuernue 15.2.2 [k]|: Heasemea au npusedennoe depeso 6v.600a Oz
f zy : Nat eduncmeermnvim?

Viopaxuenue 15.2.3 [%]|: (1) Ckoavko  pasauswnsir — nodmunos  umeem
{a:Top,b:Top}? (2) Mootcro au matimu OECKOHEUWHYIO HUCTOOAUWYIO UENOWKY 6
OMHOWEHUL TOOMUNUPOBAHUA — MO eCMb, DECKOHEYHYI0 NOCAEI0EAMEALHOCTVD
munoe Sy, S1, u m. 0., MaKyro, wmo kaxcowl S;y1 Asasemcs noomunom S;? (3)
Mootcno au vatimu beckoHeuHyo 80CTo0AWY0 Yenoury ?

Vipaxuenue 15.2.4 [%]: Cywecmeyem au mun, A64410UWUGCA NOOMUNOM 1100020
dpyeozo muna? Cyuecmseyem At GYHKUUOHAALHOIT MUT, ABAAOULUTCA HAOMUTLOM
A106020 IpY2020 GYHKUUOHANLHO20 MUNG?
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212 15.3. CBoticTBa MOATHIOB H THITH3AI[HI

- {} < Pacwupaem A<. (15.1) u npasusa das npocmoz 3anuced (15.2)

\ \
Hoswie npasuna NOOMUNUPOBAHUSA

{k;:8,7¢""} apaserca nepecranoskoit {1;:T;"¢'"}
{kj :Sjjel..n} <: {li :Tiiel..n}
(S-RcDPERM)

{li:TiiEL'n"'k} <: {li:Tiiel,.n}
(S-RCcDWIDTH)

JJIA KayKaoro ¢, S; <: T;
{li:Siiel..n} <: {1i:Tii61“n}
(S-RCDDEPTH)

Puc. 15.3. 3anucy u noarunbl

Vupaxuenue 15.2.5 [kx]: Jonycmum, wmo mu. PaCwupuiy HOWeE UCHKUCAEHUE
KOHCMPYKmopom munos-npouseedenuti Ty x To, xax onuceno 6 §11.6. Ecme-
cmeenHo 006a6UMb NPABUAO NOOMUNUPOSAHUSA

S <: T Sy <: T
Sy X Sy <: T4 X Ty

(S-PRODDEPTH)

coomeemcmeyrouiee S-RCDDEPTH das 3anucet. [Ipasusvro au 6ydem dobasumob
MaKHCE U MAKOE NPABUAO:

T, x T, <:' Ty (S-PRODWIDTH)

15.3. C(CsBoiicTBa HOATUIIOB U TUIIN3AIINN

DOopMaILHO OMPEIeNNB JAMOIA-UCINUCTIEHNE C TIOATUIAME, MbI IOJI?KHBI TETeph
MIPOBEPUTH, YTO 3TO ONIpeEJieieHre HUYeMy He MPOTUBOPEYUT — B YACTHOCTH, UTO
TEOPEeMbI O COXPAHEHWH W TPOIBUKEHUH [IJTsl TPOCTOrO TUMTU3UPOBAHHOTO JIsiMO1a-
HUCYUCJIEHUSA [IPOJIOJIZKAIOT BBIIOIHATHCA [IPU HAJIWYHUU [TOATHUIIOB.

Vupaxsenue 15.3.1 [PEKOMEHJYETCS, k% |: IIpestcde wem wumamo dasvuwe, no-
npobytime npedyzadams, 20e 6 00KA3AMENLCMEAL MO2YM GO3HUKHYMD CAONCHO-
cmu. B wacmmocmu, npedcmasum, 4mo mbt 0wWUbAUCD NPU ONPEEAHUU NOOMU-
NUPOBAHUA U D06ABUNU K UMEIOULUMCS Y HAC eUe 00HO, He6ePHOE NPAGUAO NOOMU-
nuposanua. Kaxue ceoticmea cucmemv. mozym npu smom nomepamoca? C dpy-
201 CMOPOHDBL, NPEONONOACUM, 4IMO Mb, OTOPOCHIH 00HO U3 NPABUAL NOIMUNUPO-
BAHUA — MOZYN AU NPU IMOM UCHEIHYML KaKue-aubo ceolicmea?

Brauase chopmynupyem 0IHO KiIl04eBOe CBOMCTBO OTHOMIEHUS HOATHINPOBA-
HUS — aHaJIOr JIeMMbl 00 HHBEPCUY [JI OTHOLIEHUS TUIIM3AUHE B IIPOCTOM TUIIH3U-
poBaHHOM JisiMOTa-ucanciaennn (aemma 9.3.1). Ecim HaM n3BecTHO, 9T0 S sIBJIsIETCS
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15.3. CBoiicTBa MOATHIIOB H THITH3AI[HHT 213

noaTunoM (GyHKIHOHAIBHOIO TUIA, TO JJeMMa 00 HHBEPCHH C HOJTUIAME [OBODHUT,
9T0 U caM S 10/2KeH ObITh DYHKIMOHAIBHBIM THIIOM; O0JI€e TOr0, OHA yTBEPKIAET,
YTO THIBI CJIEBA OT CTPEJIOK JOJIKHBI OBITH CBSI3aHBI OTHOIEHHEM MOITHITHPOBa-
HUsl KOHTDABapMAHTHO, a THITBI CIPaBa OT CTPEJIOK — KOBapWaHTHO. IlomobHBbIe
coobparkeHusi paboTaOT U B CIydae, KOIJA U3BECTHO, 9TO S ABISETCS HOJTHIOM
Tula 3anuceil: Mbl 3HaeM, 410 S cogepxkuT Gosbiie nosieil (S-RCDWIDTH) B npo-
u3B0bHOM 1Opsike (S-RCDPERM), n Tunbl 06mux moseil cBA3aHbl OTHOIEHHEM
noxrunuposarust (S-RCDDEPTH).

Jlemma 15.3.2 [IIHBEPCUSA OTHOLIEHWS IIOATUNNPOBAHUA|:

1. Ecau S <: Ty —> Ty, mo S umeem 6ud S — So, npuvem Ty <: Sy u Sy <:
T,.

2. Ecau S <: {1;:T;¥"}, mo S umeem 6ud {k;j:S;?"™}, npuuem codep-
orcum no kpatinetd mepe memxu noaedr {1;€1"F — m. e, {1;€17} C
{k; 7€M} u daa xaowcdoti obweti memmu noas 1; = k;, S; <: T;.

Hokasamesvcmeo: YIPAYKHEHUE [PEKOMEHIYETCH, %% |.

YT00bI 10KA3aTh, 9TO TUIBI COXPAHAIOTCS TTPU BBIYUCIEHUN, HAYHEM C JIEMMBbI
00 MHBEepCHUU OTHOLIEHWs TUIU3AIUu (Cp. ¢ JeMmoii 9.3.1 1yist IPOCTOro TUIU3UPO-
BaHHOrO JisiMOa-ucuncienus ). Bmecro Toro, 4robbl chopMyIupoBaTh 3Ty JIeMMY
B caMmoii obrreit popme, MBI IPUBOANM 3/€Ch TOJIBKO T€ YACTHBIE CJIyYad, KOTO-
pble HEOOXOIUMBI I TOKA3aTeIhCTBA TeopeMbl 0 coxpanenun. Qo6mryio dhopmy
MOXKHO TIOJIYYUTh, U3yIUB AJTOPUTMUIECKOE OTHOIIEHNE TUTN3AIINN, OMUCAHHOE B
caeaytomeit riase (cuM. onpenenenue 16.2.2).

Jlemma 15.3.3
1. EcaruT = Az:S1. sg ¢+ Ty = To,mo Ty <: S, ul,z:S1 F sy ¢ To.

2. Ecau T [ {kazsaael..m} . {Z'i :niel..n}, mo {liiel..n} C {kaael..m}’ ul -
sq ¢ T; 0as xaocdol obuetlt memxyu noas kg = 1;.

Zoxazameavcmeo: Hecaooicnas undysyus no depesvam 6616004 MUNO6 ¢ UCNOAb-
3o06anuem aemmor 15.3.2 daa npasuna T-SUB.

3arem HaMm TOTpEOyeTCss jeMMa O TOJCTAHOBKE I OTHOINEHUS] TUMW3AIWH.
DopMyIIPOBKa JTEMMBI OCTaeTcs TOH Ke, 9YTO U B CJIydae IPOCTOrO THIN3UPOBAH-
HOro JAMOga-ucuucienus (reMma 9.3.8), u JOKA3aTeIbCTBO TaKXKe HPAKTHIECKH
COBITa,TaeT.

Jemma 15.3.4 [IIOOCTAHOBKA]: Ecau I'yz:S+ t : Tul' s : S, mo T +
[z— s]t : T.

Loxazameavcmeo: Hudyxyus no depesvam evsoda munos. Tpebyemces pacemom-
pems Hoevie sapuarmu, 0as npasua T-SUB u das npasus munusayuu 3anucet
T-RcD u T-PROJ, ucnoavdys ouesudusim obpazom npednososicenue undyxyuu. B
0CMANDHOM 00KA3AMEALCTNEO MaKoe dice, Kak dan 9.3.8.
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214 15.3. CBoticTBa MOATHIOB H THITH3AI[HI

Teopema o coxpaneHuu (POPMYTUPYETCs TOTHO TAK YK€, KaK 1 panbiie. O IHAKO
HaJIM4ue IIOJTUIIOB YCJIOKHAET ee JJOKA3aTeJbCTBO B HECKOJIbKUX MeCTax.

Teopema 15.3.5 [COXPAHEHME|: Ecaul' - t: Tut—t, moT 1t : T
Jorazameavcmeo: Ipamorunetinas undyryua no depesvam 6ueoda munos. Boav-
WUHCMBO CAYHAES NOTONCU HA 00KAZAMEALCMBO COTPAHEHUA OAA NPOCMOZO MU~
nU3uPosarHozo aambla-ucwucrenus (9.3.9). Hyocro auws paccmompems HOSbie
6aAPUANMbL OAA NPAGUA TMUNUSGUUY 3aNUCET U 0AA BKAIOUEHUL.

Bapuanum T-VAR: t =z
He moorcem 603HukHymMb (HE CYULLCTNBYEM NPABUA BLINUCAEHUS 0% NEPEMEHHBIT).

Bapuanm T-ABS: t = \z:Ty .ty
He mooicem 8o3nukuymo (t yoice A6AAEMCA 3HAYEHUEM).

Bapuanm T-APP: t = t1 to ' - t; : Ty — Tio '+ to ¢ Tq
T=Tg

Hexods us npasun evuucienus va puc. 15.1 u 15.2, mor 6udum, wmo umeemcs
mpu npasusa, nozeossouur eseecmu t — t': E-Appl, E-APP2 u E-APPABS.
Pacemompum amu sapuarmaot.

Hodsapuanm E-APPL: t; — t] =t t
Hyotenoili nam pesyavmam caedyem u3 npeonosodtcenus uHoyKuuy u
npasuaa T-APP.

Iodsapuarnm E-APP2: t; = v to — th t = t
Ananrozuuno.
Ilodsapuarnm E-APPABS: t1 = Az:Sy1.1t1o to = vy t =

[m > 'UQ] tlg

Io aemme 15.3.8(1), T11 <: S11 u Iyz:S11 + tie : Tia. Coeaacho
npasuay T-SUB, T' + to : S11. Omcroda, ucnosvs3ys aemmy o nood-
cmanoexe (15.3.4), noayuaem T' =t @ Tys.

Bapuanwm T-RceD: t = {1;=t;*¢"} ' t; : T; daa kasicdozo i

T = {L’L . Tiiel..n}
Eduncmeentoe npasuno sviwucaenus, codepacaulee 6 Ae60U YACMU 3GNUCH, — IMO
E-RcD. Hczoda us npednocwaku smozo npasusa, mvr 6udum, wmo t; — t;- ora
Hexomopozo noas t;. Tpebyemuiti peaysvmam caedyem u3 npednosostcenua unoyk-

yuu (npumenennozo K coomeememsyrowet npednocvake I' - t; Tj) U NPasunaG
T-Rcb.

Bapuanwm T-PROJ: t = t;.1; 'ty : {1; : T;%€1"} T=T;
Hexoos us npasus eviuucasenus wa puc. 15.1 w 15.2, mor eudum, wmo t — t'
Mmootcem Ovimsb euieedeno u3 deyx npasus: E-PROJ u E-PROJRCD.

Iodsapuanm E-PROJ: t; — t) t=1t).1;

Pesyavmam caedyem u3 npeonososcenus UHOYKUUL U NPAEUAG
T-ProJ.

Iodeapuanm E-PROIRCD: t; = {kq=v "™} 1 =k t =
vp

Io nemme 15.3.3(2), umeem {1;/€1"} S {k, "}yl b v, : T; das
xasncdozo k, = l;. B uacmmnocmu, I' - v, : T, xax nam u mpebyemca.
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15.3. CBoiicTBa MOATHIIOB H THITH3AI[HHT 215

Bapuanm T-SuB: t : S S <: T
Cozaacro npednonovicenuto undyxyuu, I' — t' : S. Io npasuay T-SUB, T'
t : T

YT00bI MOKA3AThH, YTO TPABUILHO TUMTN3NPOBAHHBIE TEPMbI HUKOTI3, HE OKA3bI-
BaIOTCs B TYIMKe, Mbl (KaK U B IyiaBe 9) CHAYa/Ia JOKAKEM JIEMMY O KAHOHUYECKUX
dopmax, Koropasi puKCUpyeT BOIMOKHBIE BBl TEPMOB-3HAYCHUI, TPUHAITEKA-
X QYHKIMOHAJIHHBIM TUIAM U THMAM 3aITHCei.

Jlemma 15.3.6 [KAHOHUYECKUE ®OPMBI]:

1. Ecau v — samxnymoe snavenue muna Ty — To, mo v umeem 6ud A\z:Sy . to.

2. Ecau v — 3amkHymoe 3HAUEHUE MUNG {li:TiiEI" }, mo v umeem 6ud
)
{ka_'l}aa61“m}, npuvem {Lizel..n}c {kaael..m}'

JHoxazameavcmeo: YTIIPAXKHEHUE [PEKOMEHIVETCS, % % % |.

Y TBepKIEHHE TEOPEMbI O TPOJABUKEHHN W €€ 10KA3aTEJIbCTBO JOCTATOTHO
O/IM3KM K TOMY, YTO Mbl y2K€ BHJIEJU /Il IPOCTOrO TUIIM3UPOBAHHOIO JisiMO/1a-
ucuncaeHus. BOJbIMUHCTBO TPYIHOCTEH, CBA3AHHBIX C MOATUIAME, BBIBEJIEHO B
JIEMMY O KQHOHWYECKHX (DOpMax, W Ternepb TpeOyeTcs BHECTH TOJBKO HECKOJIBKO
HeOOJIBIINX U3MEHEHMIA.

Teopema 15.3.7 [[IPOABUKEHUE]: Ecau t — 3amKEHymoLl NPaBUALHO MUNUSU-
POBAHMBLT MeEPM, MO AUOO t ABAAEMCA 3HAYEHUEM, AUDOO CYUWELCMBYEM HEKOMOPbLL
mepm t' maxoti, wmo t — t’.

oxazamenvcmeo: Ipamorunetinas undyxyua no depesvam éveoda munos. Bapu-
AHM ¢ NEPEMEHHOT BO3HUKHYML He Modicem (nockoavky t samxnym). B eapuan-
me ¢ AAMbOIa-abcmparyuets UCKOMBLT PE3YALMAM CACOYEM HEMEIAEHHO, MAK KaAK
abCmPaKyuY A8AA0OMCA 3HA%eHUAMY. OCMaswWuecs 6apuaHmMvL bosee UHMEPECHDL.

BapuaHm T-AppP: t = t1 to =t 2 T11 — Tio =t ¢ T4 T = Tio
Coznacro npednonosiceruro undyrkyuu, mepm t1 aubo aAeiaemca 3HaveHuem, AUOO
cnocoben npodesams waz eviwucienus. To oce camoe 8ePHO U NO OMHOWEHUN K
ta. Ecau t1 cnocoben mpodesamsv waz, mo npumerumo npasuso T-APPLl. Ecau
t1 — sHauenue, a to cnocoben npodeaams waz, Mo NPuUMeHUMO Npasuso T-APP2.
Haxoneu, ecau oba mepma t1 u to ABAAOMCA 3HAYEHUAMU, O, COZAACHO NEM-
Me 0 Kanonuseckur gopmar (15.3.6), t1 umeem eud Az:S11.t12, mak wmo & t
npumerumo npasusro E-APPABS.

Bapuanm T-Rcp: t = {1;=t;€-"} oaa kaotcdozo i€ 1.n, - t; : T;

T = {li . Tfa""}
Cozaacto npednososcenuro uHdYKuuL, KaHcovld u3 mepmos t; Aubo ABAALMCA
3Haueruem, Aubo cnocoben npodesams waz evuucienus. Ecau ece amu mepmor —
3HaveHUA, MO t cam Aasemcs 3navenuem. Ecau orce xKaxot-aubo u3 nux cnocoben
npodesamsv waz, mo % t npumerumo npasuso E-RCD.

Bapuanm T-PROJ: t =t;.1;  +t; : {1;:T,M"}  T=T,
Coznacto npeonososceruto uHIYKUuY, mepm t1 AUOO ABAAEMCA ZHAYEHUEM, AU~
60 cnocoben npodesamv waz ewvuucsenus. Ecau ti moocem npodesamv wae,
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216 15.4. Twuner TOP u BOTTOM

— <: Bot Pacwupsem A<, (15.1)
{ 1
Hosvie cunmarcuveckue Gopmot [Hoswie NPasuG noOMUNUPOBAHUS
T ==... TMUNGL: S<: T
Bot MUHUMAADHDLT MUN
Bot <: T (S-Bot)

|

Puc. 15.4. Hanmensmmit Tumn

mo, no npasusy E-PROJ, moorcem u t. Ecau oce t1 — 3HaueHUe, MO, CO2AGC-
HO AeMMe 0 Kanonuveckuz gopmax (15.5.6), t1 umeem 6ud {k,=v, €™}, npu-
wem {117} S {k, 1™} u das waorcdozo 1; = kj umeem - v; : T;. B uacm-
nocmu, 1; éxodum 6 nabop memox {k,"“'™} mepma ti, omxyda, no npasuay
E-PROJRCD, mbt 6udum, umo u cam mepm t cnocoben npodesamsv waez 6blyucie-
HUSA.

Bapuanm T-SuB: 't : S S <: T
Pesyavmam npamo caedyem u3 npeonosoncenus uHoyKuuL.

15.4. Twunsel Top u Bottom

Haubomnpumit Tun Top He sABjgeTCs HEOOXOAUMBIM 3JIEMEHTOM [IPOCTOIO THIIH-
3UPOBAHHOTO JIIMO/IA-MCUNCIIEHNsT C TIOATUTIAMH; €r0 MOYKHO yOpaTh, He HapyInasa
6a30BbIX CBOICTB cucTeMbl. OIHAKO OOJIBITMHCTBO OMUCAHUIN BKJIIOYAIOT 3TOT THII,
IO HECKOJIBKUM TpudrHaM. Bo-1mepBbix, OH cooTBercTByeT THiy Object, umerorie-
MyCsi B OOJIBIIAHCTBE OOBEKTHO-OPUEHTUPOBAHHBIX S3BIKOB ITPOIPAMMUPOBAHUSI.
Bo-Bropsix, Top ciiyKuT yg00HBIM TEXHUYECKUM HHCTPYMEHTOM B 00JI€€ CII02KHBIX
CUCTeMax, B KOTOPBIX MOATHIHI codeTaioTcst ¢ moanMopduamom. Hampumep, B Cu-
creme F.. (rnaset 26 u 28) nanuuue Tuna Top MO3BOJISAET MOTYYUTH OOBIKHOBEHHYIO
HEOTPAHUYEHHYI0 KBAHTU(DUKAIMIO HA OCHOBE OTPDAHWYEHHON KBAHTU(MOUKAIUU W,
TakuM 00pa3oM, yIpomaer BCio cucreMmy. bomee toro, B Fe, MOXHO 3akommpo-
Barb JIaxKe 3AIKUCH U, TAKKMM 00pa3oM, ere GOJblle YIPOCTUTh LOBeCTBOBaHUE (1O
KpaiiHeil Mepe, ¢ aKaJIeMIUIECKONH TOUKH 3PEHNS); TAKOE KOIUPOBAHNE HEBO3MOYKHO
6e3 Top. Hakomner, mockosnbKy mosesenne Top yCTPOEHO HECJIOKHO, & UCTIOTH30Ba-
HUE 3TOT0 THIA B IPUMEPAX YacTO ObIBAET IOJIE3HO, HET OCOOBIX MPUYHH OT HEro
OTKA3bIBATHCA.

EcTecTBenHO cipocuTh, MOXKHO JIN TaK¥Ke JOMOJHUTH OTHOIIEHNE TOATUIINPO-
BaHUA HAUMEHDUWUM FJIEMEHTOM — TUIOM Bot, KOTODBIH ABJIgeTCA IOJTUIIOM BCA-
KOI'O JIPYTOro THIA. JTO BO3MOXKHO: TAKOE paciiupenne (popMasibHO IPE/ICTABIEHO
Ha puc. 15.4

IIpexxnie Bcero, cnemyeT 3aMeTHTh, UTO THH Bot mycT; 3aMKHYTBHIX 3HAUEHM
Tuna Bot me cymectByer. Ecin 661 Takoe 3HaueHUe, HAIPUMED, V, CYNIECTBOBAJIO,
TO TMPABUIO BKJOYEHHUS BMECTE C MPABUIOM S-BOT mo3Bomuwim Obl HAM BBIBECTH
v : Top — Top, OTKy/a, 0 JeMMe 0 KaHoHudeckux (opmax (15.3.6, koropas
LO-1[PE?KHEMY BbIIIOJIHAETCH B HAILIEM DACIIUPEHHU), CJIEA0BAJIO Obl, YTO TEPM V
JIOJIPKEH UMETh BUI AX: S . to IJIsT HEKOTOPBIX S U to. C mpyroii CTOPOHKI, 1O Tpa-
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BUJIYy BKJIIOYEHWS, Mbl TaKKe uMeeM — v : {}, OTKy/Ja 1o JieMMe 0 KAHOHHIECKUX
dopmax cieayer, 9T0 TEPM V JIOJIZKEH ObITh 3amuchio. Ho u3 mpaBu cmHTaKCHCA
SICHO, UTO V HE MOXKET OJHOBPEMEHHO SIBJIATHCA (PYHKIIMEH W 3aMMChI0, TAK 9TO
MIPE/ITOIOKEHEe — v : Bot BeJeT K MpOTUBOPEYHIO.

IIycrora Tunma Bot me o3madaer ero Gecrosnesnoctu. Hamporus: Bot maer mpo-
TPAMMHUCTY YA00HBIH CIIOCOO BHIPA3UTH HH(POPMAIIHIO O TOM, 9TO HEKOTOPBIE Oepa-
1y (B YACTHOCTH, MOPOXKICHUE UCKIIOUCHNS WU BBI30B MPOIOJIKEHNUS) HE JTOJIK-
HBI BO3BPAINATh HUKAKOTO 3HAYEHWs. ECIM MBI TPUCBOMM TAKWM BBIPAYKEHUSIM
Tun Bot, TO MOIyYnM HaM B TOJE3HBIX PE3YJIbTaTa: BO-NMEPBBIX, ITO COODIIAET
IPOrPAMMUCTY, YTO HUKAKOIO PE3yJIbTaTa He OXKUAAETCs (IIOCKOJIbKY €C/iu Obl Bbl-
DaXKEHUE UMEAO PE3YJILTAT, TO OKA3aJI0Ch Obl 3HaYeHue THlla Bot); BO-BrOpbIX, 3T0
JIAeT 3HATDH POIPAMME [IPOBEPKH THUIIOB, YTO TAKOE BHIPAXKEHUE MOXKHO OE3011acHO
WCIIO/IHF30BATh B KOHTEKCTE, OXKWIAIOIIEM JII000i Tum 3uadenus. Hampumep, ecin
TepM error w3 TJIaBbl 14, BHI3BIBAIONIMI UCKJIIOYEHNE, IOy IUT TUT Bot, TO TepM
BpOJIE

A x:T.
if <mpoBepka, YTo X KMMeeT pa3yMHoe 3HaueHHe> then
<BHYHCIUTb PE3yIbTaT>
else
error

GyIeT TpaBIILHO THIIM3UPOBAH, MOCKOJBKY, HE3ABICHMO OT TOT0, KAKOB THII HOD-
MAaJIbHOTO Pe3yabTaTa, TePM error MOMKET IIOIyUHTL TOT YK€ CAMBIH THI depes3
BK/IIOYEHMe, TAK YTO [BE BETBH YCJIOBHOIO BLIPAJKEHHS COBMECTUMBI, KAK TOTO
rpebyer npasusio T-IF.!

K coxasnenuio, Hajuume Bot CyIECTBEHHO YCIOXKHSIET PA3pabOTKy IIPOrpaM-
MBI TIPOBEPKM THUTIOB I Harmieil cucteMbl. [IpocToit aaropuTM mpoBepKH THIIOB
B 43bIKe C MOATUIIAMU JOJI2K€H OIUPATLCA Ha PACCYXKJICHUA BPOIE <«ECJIU TEepPM-
MpUMeHeHne t1 to MPAaBUILHO TUIM3UPOBAH, TO t1 JOKEH UMETh (DYHKIITMOHATIb-
HbIHA Tuny. [Ipn Haaudrn Bot MPUXOAUTCS yTOYHATDH 9TO YTBEPKICHUE 0 CJIETY-
IOIIEro BUJA: «ecau ti to mMpaBUIBHO TUOU3UPOBAH, TO t; TOJIKEH UMEThH b0
dbyHKIHOHAMBHBIN THUIT, 1100 Bots; 3TOT BOmpoc moapobuHee obcyx)maercs B §16.4.
CroxuocTu erme 60j1ee BO3PACTAIOT B CHCTEMAaX C OIPAHMIEHHOM KBAHTU(DUKAINEH;
cm. §28.8.

OTH CIIOKHOCTH MOKA3bIBAIOT, 9TO 00aBjeHue B cucreMy Bot — Gosiee cepbes-
HBII mar, gem gobasienne Top. B cucremax, pacCMaTpuBaeMbIX B 3TOM KHUTE, MBI
€ro OIlyCKaeM.

1B asmkax ¢ mommMopdH3MOM, HampuMmep, B ML, B KadecTBe THIA pe3y/ibTaTa A8 €rror
U OPYTUX OOZOOHBIX KOHCTPYKIHM TAaKKe MOXKHO HCHOab30Barh Tun VX.X. Ilpm stom ToT %€
CaMBIil pe3yJbTAT JOCTUTAETCS APYTHMHU CPEICTBAME: BMECTO TOTO, YTOOBI IIPHCBAWBATH €Xror
THUII, KOTOPBIA MOXKeT OBbITh N08biweH 10 JIEOOOr0 APYroro, eMy HPUCBAMBAIOT CXEMy THUIA, KO-
TOpasi MOXKET ObITh KOHKDEMU3UPOSaHE 0 JII000r0 THUHA. XOTd STH JBa PEIICHUs OCHOBAHBI HA
Pa3IMYHBIX MEXaHU3MAX, OHM B TO YK€ BPEMs BEChbMa MOXOXKH: B YACTHOCTH, Tun VX.X Takke
myCT.
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15.5. IloaTumnbl u Apyrue 3JieMeHTHI A3bIKa

ITo mepe TOro, KaKk Mbl BBOJAMM MHOJTHIBL B HAIlE IIPOCTOE MCYUCJIEHUE, IIPO-
JIBUTAsT €r0 B HANPABJICHWN TOJHOIECHHBIX S3BIKOB TPOTPAMMUPOBAHWSA, KAzKIbIi
HOBBII 3JIEMEHT SI3bIKA HEOOXOIWMO TINATEIHHO HMCCIEIOBATH, YTOOBI BBISCHHUTD,
KaK OH B3aHMOJEHCTBYeT ¢ MOATUIIAMH. B 3TOM pasmene MbI pacCMOTPUM HEKO-
TOpbIe KOHCTPYKIINH, BBEJIeHHbIC HaMH Ha 9TOT MOMEHT.? B mociemyonmx riapax
Gyaer obcyxaaThes (3HAaYuTeNbHO GoJlee CII0KHOE) B3aMMOAEHCTBUE [OJATHUIIOB C
TAKUMU JIEMEHTAMU s3bIKA, KaK MapaMerpudeckuii nojgumopdusm (raaser 26 u
28), pekypcusnbie Tunbl (rasbl 20 u 21) u oneparopst Tunos (riasa 31).

HpnnncmBaHne n nmpmBeaeHNE TUIIOB

Omneparop npunucvieanus muna (ascription) t as T 6bu1 BBegen B §11.4. Oun
MTO3BOJISIET TMPOrPAMMUCTY 3AMUCATH B TEKCTE MPOrPAMMBI ABTOMATHYECKU IPO-
BepsieMOe YTBEPAKIEHWE O TOM, YTO HEKOTOPBIH MOATEPM COCTABHOIO BHIPAYKEHUS
uMeeT onpejeseHubil tuil. [IpunucbiBanre TUIIOB TAKKE UCIOIb3YeTCsl B MIPUMe-
pax B TEKCTE 9TON KHUTH JJIs yIPABIEHHs] PACIEYATKON TUIIOB — C €ro IOMOIIBIO
TTPOTPAMMBbI TPOBEPKH THIOB TOIYYIAIOT YKA3aHHUsI, YTO CIEyeT MCIOIb30BaAThH 60-
Jlee JIETKYIO JIJIs 9TEHWs COKPAIIEHHYIO (hOpPMy, & HE TOT THUII, KOTOPbIH ObLIT BbI-
9UCJIEH JIJIS TEPMa, BO BHYTPEHHEM IIPECTAB/ICHUN.

B a3bikax ¢ nogrunaMu, Takux, kak Java i C++, NpunuchiBaHUEe THIIOB OKa-
3BIBAETCS HAMHOTO DOJIee HHTEPECHOI onepariiueil. B aTux s3plkax OHO 9acTo HA3bI-
Baercs npusedenuem munoe (casting) u 3auucsiaercs B suge (T)t. Umerorcs use
COBEPILEHHO Pa3/JudHble (GOPMBI MPUBEIEHUS TUTIOB — 6oczodsuwee (up-casts) u
nuczodawee (down-casts). IlepBasi pa3HOBUAHOCTH HE TIPEJCTABIISET CJIOXKHOCTEI;
BTOpas, BKJOYaoas dunamuueckyto nposepky munoe (dynamic type-testing),
Tpebyer CyNeCTBEHHOIO PACIITUPEHUs sI3bIKA.

Bocxopsinee npuBesieHre, B KOTOPOM TePMY [PUIUCHIBAETCH  HAIMUN
(supertype) Toro Tumna, KOTOpbIil GBI OBl €My MPHUCBOEH €CTECTBEHHBIM 00PA30M,
SIBJISIETCST YJACTHBIM CJIyIaeM OOBIKHOBEHHOIO OTEPATOPA MTPUIUCHIBAHNS THUTIA. VBT
COO00ITaeM KOMIUJIATOPY TepM t u Tuml T, ¢ TOUKM 3PEHUs KOTOPOrO MbI XOTUM
«paccmarpuBaTh» t. [IporpaMma mpoBepku THIOB y6exgaercs, 9vo T — nelicTBu-
TEJIbHO OJIUH W3 THUIIOB TEPMa t, MbITAsCh MOCTPOUTH JEPEBO BHIBOJA

't : S S <: T
't : T
'kt asT:T

T-SuB

T-ASCRIBE

C WCIIOJIb30BAHUEM «ECTECTBEHHOrO» Tuia T, mpaBuia BKodeHus T-SUB u mpa-
BUJIA, IPUIMChIBaHus Tuna u3 §11.4:

Fl—tl : T
'ty as T: T

(T-ASCRIBE)

2BoABMIIHCTBO pacHImpennii, 06CYKIAeMbIX B 3TOM pa3jiene, He Peaau3o6ats. B TPOTPAMME
nposepku Tunos fullsub.
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Bocxogsiee mpuBeneHne TUMOB MOKHO PACCMATPUBATH KAK PA3HOBUIHOCTDL a40O-
cmpazuposanus (abstraction) — 1. e. Kak cuocob cuUpATATh HEKOTOPBIE AETAJIU
3HAYECHUA, t‘ITO6bI UX HEJIb34 6bIJIO UCTIOJIB30BATH B HEKOTOPOM OKPYZKaKIIIeM KOH-
rekcre. Hanpumep, eciu t saBigercs 3anucbio (uiu, B 6osiee obieM ciaydae, 00b-
€KTOM), TO IPU MOMOIIU BOCXOJSIIErO IPUBEIEHNs MOXKHO CKPBITh HEKOTOPbIE U3
ee 1noJiedi (1 MeToIoB).

C 1pyroit crOpOHbBI, HUCXOIIEE IPUBEEHUE TTO3BOJISET IIPUITUCHIBATH TEPMaM
THUIIBI, KOTOPHIE MTPOTPAMMAa, IPOBEPKU CTATUYECKH BHIBECTH HE MOXKET. UTOOBI pa3-
PEIIUTDH HUCXOAAIEE MPpUBEJIEHNE, Mbl BHOCUM HECKOJIBKO HEOZKUJaHHOE N3MEHEHNE
B IIPABUJIO TUIIU3allUU JIJId as:

't : S
'ty as T: T

(T-DOWNCAST)

To ecrb, MblL IPOBEPsiEM, YTO T€PM t1 IPABUIILHO TUIU3UPOBAH (T. €., UMEET HEeKO-
TOpBIN TN S), a 3aTeM NpUCBAMBAEM €My TUT T, He BBIIBUTAS IIPU ITOM HUKAKUL
TpeboBaHuii 0 B3anMHOM oTHOIeHnn S u T. Hampumep, ¢ TOMOIIBI0 HUCXOISIIETO
MPUBEIEHUS MbI MOXKEM HAMUCATH (DYHKIIAIO, TPUHIMAIONLYI0 KAKOH YrOIHO BOOO-
111e apryMeHT, IPUBOJAIILYIO 3TOT aPI'yMEHT K THUILY 3allUCHU, COJepzKalleil YucaioBoe
110JIe, ¥ BO3BPAIIAIONLYIO 3TO I10J1e

f = X (x:Top) (x as {a:Nat}).a;

B cymmocTy, nporpaMMUCT rOBOPUT IIPOrpaMMe IpPOBepKu Tuios: «$1 3uaro (u3
co00OpazkeHuil, CJUMIKOM CJIOXKHBIX, YTOObI OObACHUTD UX B PAMKAX IIPABUJI THIIH-
3anuu), 9To f 6cezda OyIET MPUMEHATHCSI K apryMEHTaM-3aMUuCIM, COIEPKAIIUM
9UCIOBOE TIOJIE &) s X049y, YTOOBI ThI MHE TTOBEPUIIAY.

Pasymeercs, cienasi Bepa B Takue yTBEDKICHUS WMEJA Obl y>KACAIOIIHUE IMO-
CJIeCTBUSA 17151 OE30MMACHOCTH HAIIErO sI3bIKA: €CJIM IPOrPAMMHUCT OYEMY-JIi00 10~
IyCTUT OMINOKY U IPUMEHHUT f K 3a1ucu, He COAepPKaIIeil M0Jid a, Pe3yJIbTAT MOXKET
(B 3aBUCHMOCTH OT yCTpORCTBA KOMIHIATOPA) ObITH COBEPIIEHHO HEMpPEICKa3ye-
MbIM. BMeCTO 3TOr0, MBI JOMKHBI PYKOBOJICTBOBATHCSA MpUHIIUTIOM «/loBepsit, HO
mpoBepsity. Bo BpeMs KOMIHIATINT TPOTpaMMa TPOBEPKHU MTPOCTO MPUHUMAET THI,
YKa3aHHBIA B HUCXOAsAIEM npuBejennn. OIHAKO OHA BCTABJISET B KOJ| MPOBEPKY,
KOTOpasi BO BPeMs BbIIIOJIHEHUS JIOJI2KHA yOEIUTHCs, 9TO MPE/ICTABIEHHOE 3HAYE-
HU€ HA CAMOM JIeJle UMEET HyKHbIi Tuil. JIpyruMu cjioBaMu, MPaBUIIO BHIYUCICHHS
JIJIS BBIDAYXKEHUH TPUMUCHIBAHUS TUIMA HE TOJKHO MPOCTO OTOPACHIBATH AHHOTA-
U0, KaK JIeJIaJI0 Hallle UCXOJHOe NMPABUIIO:

vi as T— vy (E-ASCRIBE)

a BMECTO 9TOI0 JOJIZKHO CPABHUBATH PEAJIbHO HAO/II01aeMblil (BO BpeMsi BbLIIOJIHE-
HU#) TUO 3HAYEHUSA C O0bABJIECHHBIM THUIIOM:

vy ¢ T
- (E-DOWNCAST)
vi as T— vy

Hanpumep, ecim Mbl nmpuMeHsieM BbllleyKazaHHylo ¢yHKmuio f K ap-
rymenry {a=5,b=true}, 10 Hame upaBuio (yCLELIHO) IIPOBEPUT, HUYTO
{a=5,b=true} : {a:Nat}. C gpyroii CTOPOHBI, €CIH MBI €e TPUMEHUM K
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{b=true}, To mpasusio E-DOWNCAST 6yneT HEIPUTOJHO, U BHIYUCIEHHE OKAZKET-
cs B Tynuke. Takas npoBepKa BO BPeMs BbBIIOJHEHMsS BOCCTAHABIMBAET CBOUCTBO
COXPAHEHUS TUTIOB.

Vupaxzernue 15.5.1 [k* —»]: Joxasrcume smo.

Pazymeercsi, mpu 9TOM MBI TEpsieM CBOCTBO MPOIBUMKEHWS, MOCKOJIBKY TMpa-
BUJIbHO THUIMU3WUPOBAHHASA MPOrPAMMA, MOXKET OKA3aThCs B TYIHKE MPU IMOIMBITKE
BBITIOJIHEHUS HEBEPHOTO HUCXOJSINErO TPUBEIEHUS THUIMA. Z3bIKH, COAep:KaIye
HHUCXOISAIIEe MPUBEIEHNE, OOBIYHO PEINal0T 9TO OJHHM U3 JABYX CIOCODOB: OO
HEYJAYHOE HUCXOJISINEE MPUBEICHIE MOPOXK/IAET JIUHAMUYECKOE UCKIIOYEHUE, KO-
TOpOE TPOrPAMMa, MOYKET TIEPEXBATUTEL U 06paboTaTh (cM. raasy 14), 6o BMecTo
OTIEPAITNY HUCXOISAIIErO TPUBEIEHUS UCIOIb3YETC IUHAMUIECKAS TPOBEPKA TUTIA:

'ty : S I'x:THty : U I'Htg : U
I'if t1; in T then x—ty else tg3 : U

(T-TYPETEST)

vy o T

if v; in T then x—ty else t3 — [x — V1]t

(E-TYPETEST1)

vy ¢ T

- - (E-TYPETEST2)
if vi in T then x—ty else t3 — tj3

B rakwx s13p1kax Kak Java HUCXOOAIINE MPUBEIEHUS] TUTIOB BCTPEYAIOTCS 0-
BOJILHO 1YacTo. Hampumep, ¢ UX TMOMOINBIO OPTaHU3YETCs CBOErO POIA «TIOJUMOP-
dbusm g begabixs. Hanmpumep, «KIacchl-KOHTEHHEDBI», TAKUe Kak Set uin List,
B Java MoHOMODPGHBL: BMECTO TOro, 4ro0bl uMerh Tul List T (crucok, comepxka-
it siementsl Tuna T) mis kaxkaoro Tuna T, Java Jaer nmporpaMMHUCTy TOJILKO
List — TwWII CHHCKOB, YbM 3JIEMEHTbI HPUHAJIeKAT HaubosibireMmy tuiy Object.
ITockoabky B Java Object sBjIsieTcst HAATUTIOM JIIOOOTO THITA 0OBHEKTOB, 3TO O3HA-
9aeT, YTO HA CAMOM JejIe CIIUCKHA MOTYT COJAEPXKATh 9TO YIOAHO: KOTIa HAM Tpe-
Oyercs 70DABUTH KAKON-TO 3JIEMEHT K CIIUCKY, MBI TPOCTO UCIOJIB3YEM BKIIOYCHUE
¥ TOBBIIIAEM THII 3TOTO 3jieMenTa 10 Object. OgHAKO KOIA MBI U38AEKAEM dTIE-
MEHT W3 CIIUCKA, [POIE/yPa MPOBEPKU THIIOB 3HAET TOJIHKO TO, YTO OH 00JIa/j1aer
tunoM Object. DTOT TUM HE TTO3BOJISET BHI3BIBATH OOIBIITUHCTBO METOIOB OO HEKTA,
TOCKOJIbKY omnucanne Object ymoMHUHAET TOJIHKO HECKOJIBKO CAMBIX OOIIAX METO-
JIOB, UMEIOIINXCA Y BCeX 00bekToB Java. UTobbl cresarh ¢ 3JIEMEHTOM 9TO-Iu00
[TOJIE3HOe, IPUXOIUTCSH IPUBOIUTD €0 BHU3 K HEKOTOPOMY OXKugaeMoMy Tuiry T.

MHOrokpaTHo IpeaTaraaioch — HAIPUMED, pas3paboTduKaMu s3bIKOB Pizza
(Odersky and Wadler, 1997), GJ (Bracha, Odersky, Stoutamire, and Wadler,
1998), PolyJ (Myers, Bank, and Liskov, 1997) u NextGen (Cartwright and Steele,
1998), — BBecTH B cucremy TUNOB Java nacmoawut noaumopdusm (cp. raasy 23),
TOCKOJIbKY OH u Oe3omacHeit, n 3hdexTuBHEN TpreMa ¢ HUCXOIAIUM TPUBEICHN-
€M THIIOB, a KPOME TOro, He TpebyeT HUKAKUX MPOBEPOK BO BpeMsi ucnomaHerus. C
JPYTOi CTOPOHBI, TAKKE PACIINPEHUS YBEJIUIUBAIOT CI0KHOCTD sA3bIKA, U 0€3 TOTO
JIOCTATOYHO I'POMO3/IKOI0, U HETPUBUAJIBHO B3AUMOAEUCTBYIOT C IPYTUMU SJIEMEH-
TaMu A3bIka (CM., Hampumep, padorsl Urapacu, [upca u Yonnepa (Igarashi, Pierce,
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and Wadler, 1999, 2001)); 3r0 ycunupaer mo3uiuu Tex, KTO CYUTAET HUCXOHAIIUE
[PUBENEHUA PA3YyMHBIM [IPAKTUYECKUM KOMIIPOMHCCOM MEK/ly 0Oe30IaCHOCTHIO U
CJIOYKHOCTHIO.

Hucxonsmne mpuBeieHns UTPAIOT KJIIOYEBYIO POJIb TAKKE U B MOIIEPKKE pe-
paercuu (reflection) B Java. Ucnonb3ys pediiekcuio, IporpaMMUCT MOXKET IIOTPe-
60BaTH OT CPE/Ibl UCIIOJHEHUS Java JUHAMUYECKH 3arpy3uTh air ¢ 6aiiT-komom
¥ CKOHCTPYHUPOBATH IK3EMILIAP COepKalierocs B 3rom daiisie kiacca. Zcuo, aro
MpOIEeIypa MPOBEPKU THUIIOB HUKAK HE MOYKET CTATUYECKW MPEICKA3ATh, KAKOM
KJiacc OyJer 3arpyzkeHbl TakuM obpasoM (K mpumepy, 6alT-Kojg MOKET ObITh T10-
JIy4eH OTKYJa-HUOY/Ib U3 CeTH), TAaK YTO OHA MOXKET TOJBKO IPUCBOUTH HOBBIM
sK3eMIigpaM Haubosbimit Tl Object. OmsaTh ke, 9T0ObI OCYMIECTBUTH KAKYTO-
b0 1MoJe3Hy0 paboTy, MPUXOJAUTCS MPUBOIUTH HOBBIA OOBEKT K HEKOTOPOMY
oxumaemomy tumy T, oOpabarThiBaTh MCKJIIOUYEHUST, KOTOPhIE MOTYT BO3HUKHYTh,
ecyu KJIacc B OaifiT-KOme HA CAMOM Jiejie He COBMECTUM C STUM THUIIOM, W, HAKOHEII,
HCIOJIb30BATh 3TOT 00bEKT ¢ TunoM T.

B 3akurrogenue pa3roBopa npo HUCXO/SIIIE TPUBEIEHUS HYKHO CAEIaTh 3aMe-
qaHue 0 peasm3anuu. VIcxoms u3 JaHHbIX HAMU [IPABUJ, KAXKETCs, YTO UX BBEJCHHE
B sA3bIK Tpebyer J10OABIEHNS BCEX MEXAHW3MOB MTPOBEPKH THUIIOB B CPEIY BPEMEHU
BBITIOJIHEHNUS. Xy2KE TOrO: TIOCKOJIbKY, KaK TPABUJIO, BO BPEMS BBITIOJTHEHUS 3HAYUE-
HUs [IPEJCTABJISIOTCI HHAYE, YeM BO BPEMs KOMIUJIANMK (B 9acTHOCTH, DYyHKIMU
KOMIUJIUPYIOTCH B GAflT-KOJ MM B KOMaH/bl MAIIMHHOIO $3bIKA), HaM, BUIMUMO,
MPUJETC HAIMCATD 0MdeAbHyto TPOIELyPY s BbIYUCIEHUs TUIIOB, IPOU3BOIM-
MOTO TIPH MPOBEPKE BO BPEMSI BBIMOJTHEHUA. UTOOBI M30€KATh 9TOT0, B PEAIHHBIX
A3bIKAX HUCXOJMAIINE NPUBEICHUs COYETAIOTCs C mezamu munoe (type tags) —
TEraMu Pa3sMepoM B OIHO CJIOBO (JIOBOJIbHO MOXOXKUMH Ha KOHCTPYKTOPBI THUIIOB
nanabix B ML v va Tern Bapuantos B §11.10), KOTOpbIE NPEIOCTABISAIOT «METKY >
rH(MOPMAIUY O TUIIAX, UCIIOJIb3yEeMbIX IPU KOMIUJIAINH, U CIy2KAT I THHAMUIe-
CKOIl TpoBepKY moATuupoBanus. B rimase 19 moapobHO pacCMATPUBAETCS TTPUMED
TaKOr0 MEXaHW3MA.

BapuanaTsl

[Tpasusia nogTunupoBanus s BapuanToB (cM. §11.10) mouru coBmajaioT C
MpaBUIAMU JJid 3amuceil; eIUHCTBEHHOE DA3/IWNdhe COCTOUT B TOM, UTO IIPABU-
JIO MOATUIMPOBaHUs B mupuny, S- VARIANTWIDTH, no3Bosisier 006a844mb, a HE
OTOpPACKHIBATH, HOBBIE BAPUAHTHI MPHU TMEPEXOAe OT MOATHNA K Haarwumy. 110 wH-
TYUTUBHOMY IPEJICTABJIEHUIO, BbIpA’KEHUE ¢ TeroM <1=t> NpUHAJJIEKUT K TUIY
BapUaHTOB <1i:Tii€1“”>, ecJii ero MeTka 1 — OJHa U3 BO3MOXKHBIX METOK {li},
MMEPEYNCITIEHHBIX B ONMPEIEICHUN THUIIA; J00ABJIEHNE HOBBIX METOK K 9TOMY MHOXKe-
CTBY yMeHbIaer mH(MOPMAIHIO, KOTOPOH MBI pacrmosjaraeM 00 3JIeMEHTaX THIIA.
OpnnoBapuadTHbI ThIl <17:T1> TOYHO YKa3bIBAeT, KAKOW METKOH 0003HAYAITCs
€r0 3JIEMEeHTBI; IBYXBAPUAHTHBIIN TN <1;:T;,15:T2> rOBOPUT, 9TO €r0 3JE€MEHTHI
OoTMeUeHbI 00 METKOH 11, b0 MeTKO# lo, u T.a. C ApPyroil CTOpOHBI, KOTIA
MBI UCNOAb3YEM BAPUAHTHBIE 3HAUEHUS, ITO BCETJA TPOUCXOIUT € MOMOIIHIO BbI-
pakeHus case, B KOTOPOM Ha KaK/Iblil BAPUAHT, YKA3AHHBIN JJIS THIIA, TMEeTCs
onHa BeTBb. Ecim BapmanToB Oymer O0Jbllle, 9TO IPUBEIET TOJBKO K TOMY, UTO
MPEIJIOKEHUsT case OyayT BKJIIOUATH HEHYYKHBIE JOTOJHUTEIHHBIE BETBH.
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— <> < Pacwupsem A<. (15.1) u npocmuie npasusa 0aa eapuanmos (11.11)
\ \
Hoevie cunmarcuyeckue Gopmol Hosvie  npasuaa — nodmunuposanus
t o= mepmot. S<: T
<l=t> (6e3 as) NOCMAHOEKA
meza

<1i:Tii€1"n> <: <1i:Tii€1"n+k>

S-VARIANTWIDTH
HOBT)L@ npasuna munusauuu ( )

'ty @ Ty ;
JJid Kaxkjaoro ¢, S; <: T;

<11;:Sii€1"n> <: <1i:Tii€1"n>

(S-VARIANTDEPTH)

I <lyp=tp> @ <11:Ty>
(T-VARIANT)

<kj:Sj]€1""> SIBJI. IIEPECTAHOBKOM <1;:T; 1 ">
. jel.n . =
<kj.Sj‘7 > <: <1;:T; >

(S-VARIANTPERM)
|

Puc. 15.5. BapuauTsl ¥ MOATUTIBI

Eme omuo ciencrBue coderanus MOATUIIOB U BAPUAHTOB — TO, 9TO MbI TEIEPh
MOKEM OTKAa3aThCsd OT aHHOTAIWI B KOHCTPYKITMM HABEINTUBAHUS Tera, W MHUCATh
npocTo <1=t> BMmecTo <1=t> as <1;:T;*€1""> kak HAM IPUXOIUIOCH JEJaTh B
§11.10. Temepb MBI MOYXKEM YIPOCTHUTH MPABUJIO TUOU3AIUU [ ITOM KOHCTPYK-
WM U CKa3aTh, 9TO <11=t1> mMmeeT ToUHbIH Tun <11=T;>. JIt000it Gomee KPyTHbIT
BAPUAHTHBIA THUII II0J1y4aeTCs Ye€pe3 BKJAYEHHe U IpaBuio S- VARIANTWIDTH.

Crouckn

Ms1 yrke BuI€IM HECKOJIBKO IPUMEPOB KOBAPUAHTHBIX KOHCTPYKTOPOB THIIOB
(3aumcu ¥ BapuaHTbl, & TakKe (PYHKIMOHAJIbHBIE TUIIbL 110 LPABONH YaCTH THUIIA)
U OJIMH KOHTPABAPUAHTHBIN KOHCTPYKTOP (CTpeska, mo JjieBoit yactu tuma). Kon-
cTpPyKTOp List Takyke KOBApMAHTEH: €CJIM Y HAC €CTh CIUCOK, 3JIEMEHTHI KOTOPOTO
MMEIOT TUM S1, u mpu 3ToM S; <: Ty, TO MBI MOXKeM 0e3 OMaCKU CYUTATH, 4TO
CIIUCOK MMeeT 3JieMeHThbl Tuna Tj.

S <: Ty
List S; <: List Ty

(S-LisT)

CcoLiku

He Bce KOHCTPYKTOPBI THIIOB SBJIAIOTCS JIHOO KOBAPUAHTHBIMHE, JTUO0 KOHTPABA-
puanTHbIMA. K mpuMepy, KOHCTPYKTOp Ref mosKeH ObITh UHEAPUGHITHbIM, TTOOBI
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COXPAHUTH TUIOBYIO OE30IACHOCTD.

S1 <: T4 Ty <: Sy
Ref S; <: Ref T

(S-REF)

Yrobwt Ref S; cumrascs mogrumom Ref Ty, Mbl Tpebyem, aTobbl S u Ty ObLIN
axeusaacnmmb, (equivalent) ¢ TOUKU 3peHUsi OTHONIEHUS TIOITUIIUPOBAHUS — KazK-
bl U3 HUX JOJIZKEH ObITh HOATUIIOM JPYLOro. JTO IMO3BOJISET HAM ME€PEeyIOPsIo-
9UBATD MOJTs 3aMKUCeH BHYTpH KOHCTPYKTOpa Ref — ckaxkem, Ref {a:Bool,b:Nat}
<: Ref {b:Nat,a:Bool}, — HO HEHYIEro DOJIbIIIE.

[IpaBuyio MOATUNMPOBAHKS TAK CUJIBHO OTPAHUYEHO MTOTOMY, YTO B JIIOOOM JTaH-
HOM KOHTEKCTe 3HadeHue Tuma Ref T; MOXKET MCHOIB30BATHCS JABYMS CIOCODAMMU:
s arenus (omeparop !) u 3anucu (:=). Korma 3HaueHne UCHoIb3yercs [yl d4re-
HHs, KOHTEKCT OXKHUIAeT IOJIy4YuTh 3Hadenue Tuna Ti. [TosTomy, eciau Ha camom
JleJie CChLIKA BEpHET 3HadeHue Tuia Si, HyzKHO, 4T0bbl Obwio S <: Ty, a uHade
OXKWJIAHUS KOHTEKCTa, OyayT HapyiineHbl. C Ipyroil CTOPOHBI, €CIU Ta YKE CaMast
CCBLIIOYHAS SA9eHKa UCIOIb3yeTCs /I 3AMUCH, TO HOBOE 3HAYEHUE, TTPEIOCTABJIIE-
MOe KOHTEKCTOM, Oyzaer umers tun Tp. Ecau tun cchuikm Ha camom mesie Ref Sy,
TO KTO-HUOY/Ib IIOTOM MOKET IIPOYUTATH 3HAUYEHHME II0 CChLIKE W MCIIOJIL30BATDH €r0
Kak S1; 970 O6ymer 6€30macHO TOJIBKO B TOM ciaydae, ecan T; <: Si.

Vupaxsernue 15.5.2 [k -] (1) Hanuwume £0pomkyo npozpammy, Komopasa npu-
6edem ¥ owubke 6PEMEHU GHINOAHENUA (M. e., ewvucienue 3alidem 6 mynux),
ecAU Mo omKasxcemes om nepeoti npeonocuary S-REF. (2) Hanuwume dpyeyro
npozpammy, Komopas npusedem % owubke, ecau 6ydem ombpowena 6mopas npeo-
NOCHLAKG.

Maccusbl

fcHOo, UTO IPUYNHBI, TOOYANBIINE HAC TPUHATH HHBAPUAHTHOE ITPABHJIO TTO/ITH-
NUPOBAHUA 14 CCBIJIOK, JEUCTBYIOT U B CIydae ¢ MaCCUBAMU, TOCKOJIBKY OIepaIun
C HAMU BKJIIOYAlOT KaK Pa3bIMEHOBaHMWE, TAK U NPUCBAWBAaHUE.
Sl <: T1 Tl <: Sl
Array S; <: Array T,

(S-ARRAY)

WaTepecno, uTo Java paspemaeT KOBapUAHTHOE MOATUITUPOBAHUE JJIsI MACCHBOB:

S <: Ty
Array S; <: Array T,

(S-ARRAYJAVA)

(B cunrakcuce Java, S1[]1 <: Ty[]1). Takag koHCTpyKIMs MCXOAHO ObLIa BBEIE-
Ha, 4TOObI BO3MECTUTH OTCYTCTBHE IIAPAMETPUYECKOrO IOJUMOPQPHU3MA IPU THU-
[MU3aIMKY HEKOTOPbIX 0a30BbIX olepaiuii, Bpoje KouupoBanusd maccupos. Ceiivac
GOJIBIITUHCTBO CIEIUAJINCTOB CINTAIOT €€ OIMMOKOH B MPOEKTHPOBAHUN SI3BIKA, T0-
CKOJIbKY OHA, CEPbE3HO CHUXKAET MPOM3BOAUTEHHOCTH MPOTPAMM, MCITOIB3Y FOIINX
MAaCCHBBI. JTO IPOUCXOAUT IOTOMY, YTO HEOE30IACHOE MPABUJIO IIOATUINPOBAHUS
[PUXOAUTCS KOMIIEHCUPOBATH IIPOBEPKON BO BPEMs BBLIIOJHEHHS, IIPH KAHCOOM
[IPUCBAUBAHUU KaAX#CIOMY MAaCCHUBY, 4TOObI yOEAUTHCA B TOM, YTO 3alUCHIBAEMOE
3HAYEHNE MTPUHAIIEKUT TOATHUITY AEHCTBUTEIHLHOTO THUIIA 3JIEMEHTOB MACCUBA.
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Vupaxuernue 15.5.3 [* % *x —»]: Hanuwume xopomxyio npozpammy na Java c
UCTLOAB30BAHUEM MACCUBOB, MAK, YN0, OHA NPOTOOULL NPOBEPKY MUNOE, HO AO-
manacy (noposicdas ArrayStoreEzception) 60 6pema GHLNONHEHUA.

CHOBa CcCbLIKI

ITyrem BBeAEHNS JBYX HE3ABUCHMBIX KOHCTPYKTOPOB TUMOB, Source («Kpam» *)
u Sink («CaMB»), MOXKHO MOJIYIUTh 60OJI€E TOHKYIO PEATM3AIMIO CCHLIOK, BIEPBbIE
uccienosannyio Peiinonbacom (Reynolds, 1988) B sa3bike Forsythe. C unrywurus-
HOIl TOYKHU 3peHud, Source T mpesocTraBiideT BO3MOXKHOCTb CUYUTHIBATHh 3HAYEHUA
tuna T u3 gueiiku (HO HE NPUCBAUBATH 3HaYeHue), a Sink T mpeocTaBiser BO3-
MOXKHOCTb 3alMCBIBATH 3HA4UEHNE B siueiiky. Ref T coueraer obe 3ru BO3MOXNKHOCTH
U JaeT pa3pelleHre KaK Ha YTeHHe, TaK U Ha 3aIUCh.

[TpaBuia Tunusaiuu i pasbIMeHOBaHUs U npucBauBanus (puc. 13.1) moxu-
dunupyorcs Tak, 9T00bI MTPOBEPATH TOJIBKO COOTBETCTBYIOIIYIO KAXK/IOMY U3 HHUX
BO3MOKHOCTb:

' ¥ Fty : Source Ty

(T-DEREF)
r | Y1t Ty

F|Z|—t1:SinkT11 F|Z}—t2:T11

- (T-AssIGN)
'Y+ t; := ty : Unit

Teneps, eciu y HAC €CTH TOJIBKO BO3MOXKHOCTb CYUTBHIBATH 3HAYEHUE A49€iKU, U
TapaHTUPYETCsl, 9TO ITH 3HAUEHNA OyIyT UMETh TUIT S1, TO MBI MOXKEM 0€3 OITacKu
«CY3UThb» 3Ty BO3MOXKHOCTH JI0 BO3MOXKHOCTHU YUTATh 3HaUYeHUd Tura Tp, ecan S;
saBasiercs noarumom Tp. Takum 06pa3oM, KOHCTPYKTOP Source KOBAPUAHTEH.

S1 <: Ty

Source S; <: Source T;

(S-SOURCE)

C 1apyroif CTOpOHBI, BO3MOXKHOCTH 3AMKUCHIBATH 3HAYEHUS TUIA S| B JTAHHYIO
AYEHKY MOXKET OBITh MMOHUKEHA I0 BO3MOXKHOCTH 3aIUCHIBATH 3HAUYECHUS HEKOTO-
poro menvbwezo Tana T1: KOHCTPYKTOP Sink KOHTpaBapuaHTEH.

Ty <: Sy

. - (S-SINK)
Sink S; <: Sink Ty

Haxkomerr, BpIpa3uM WHTYUTUBHOE TIPECTABIECHTE O TOM, 9TO TuT Ref Ty mpen-
CTaBJIAET KOMOMHAIINIO BO3MOXKHOCTEN K YTEHWIO W K 3AMKCH, MTPU TIOMOIIN IBYX
OpaBUJI TOATUIIMPOBAHUSA, KOTOPbIE MTO3BOJAIOT CY3UTh CChbLIKY Ref 110 «kKpana»
Source nam g0 «camBay Sink.

Ref T; <: Source T (S-REFSOURCE)

Ref Ty <: Sink Ty (S-REFSINK)

*ByKBATbHO «HUCTOYHHK». 3/1eCh HCTIOMb3yeTcs MeTadopa BXoAAmed W BhIXoAAmeil Tpyb B
bacceiine. — nNpum. nepes.
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Kanagaw:

Ha rakom »Ke MHTYUTMBHOM IpeJCcTaBjeHuH (M Ha TeX Ke CAMBIX IPaBHJIAX
LHOATUIMPOBAHKS) OCHOBAH LOAXO0J K munam kananos (channel types) B cospe-
MEHHBIX SI3BIKAX JIJIs MApaJLIeIbHOrO POrpaMMUPOBaHus, Takux Kak Pict (Pierce
and Turner, 2000; Pierce and Sangiorgi, 1993). I'aBublii T€31uC 31€Ch COCTOUT B
TOM, YTO C TOUKHU 3PEHUs TUIU3AMMN KAHAJ MEKITPOIIECCHOTO B3auMOIEHCTBUS Be-
Jer cebst TOYHO TaK Ke, KAK CChLIOYHAs s9eiiKa: ero MOYKHO WCIOJb30BATD s
YTEHUs W JIJIs 3allMCH, U TOCKOJbKY TPYJIHO CTATUYECKU OIPEIE/UTh, KAKUEe OIe-
palyu 9TeHUs COOTBETCTBYIOT KAKMM OLEPAILUAM 3alUCU, €MHCTBEHHbBIA TPOCTON
crocob 00ecreunTh THUMOBYIO 0E30MaCHOCTh — TPeOOBATH, YTOOBI BCE 3HAUEHWS,
mepeaBaeMble 0 KAHAJLY, MPUHAJIEKANN K OJHOMY THITY. Temepsb mpu mepemsade
KaKOMY-JTHOO TMPOIECCY TOTHKO BO3MOXKHOCTH 3AIMCH B OTPE/IETEHHbIH KAHAT, Ta-
KOt TIpoIiece MOXKeT Ge30MaCHO MePeIaBaTh ITY BOZMOXKHOCTD JAPYrOMY MPOIECCY,
KOTODbIH ODEIaeT 3alUChIBATh B KAHAJ 3HAYEHUs] MEHBIIErO0 TUIA — KOHCTPYK-
TOP «KaHaJ [IJIs 3aliCh» KOHTPABapUaHTeH. AHAJIOTMYHO, MPU TIEpeIade TOIHLKO
BO3MOXKHOCTU YTEHUS W3 KAHAJA €€ MOXKHO O€30MacHO Cy3uTh 10 BO3MOMKHOCTH
9TeHUs 3HAYEHUHN JI060r0 GOJIBIIEro THUIMA — KOHCTPYKTOP <«KAHAJ JIs UTEHUS>
SIBJTSIETCST KOBAPUAHTHBIM.

BazoBrie Tunni

B nosronenroM si3bike ¢ 6orarbiM HAOOPOM 0A30BBIX THIIOB 9aCTO OBIBAET IIO-
JIE3HO BBECTH OTHOINEHNE TOATUINPOBAHISA MEXKIY dTuMu 6a30BbiMu Tunamu. Ha-
mpuMep, BO MHOTUX s3bIKAX OyJeBCKue 3HadeHusi true m false HA caMoOM Jejie
MPeCTABIAIOTCA B BuAe ducesa 1 u 0. MbI MOKeM, €C/ii TTOXKeJIaeM, COOOIuTEL 00
9TOM MPOrPAMMHUCTY, BBE/Isd aKCHOMY moarunuposanus Bool <: Nat. Torma mox-
HO IIMCATh KOMIIAKTHbIE BbIpakeHus BpoJe 5 * b Bmecto if b then 5 else 0.

15.6. CemaHTHMKa MNOATUIIOB, OCHOBaHHas HAa Mpe-
obpa3oBaHUAX THUIIOB

Ha nporsizkenuu 310# raBbl Mbl CJIEOBAIM UHTYUTHBHOMY [IPECTABIEHHUIO O
TOM, UTO TIOJTUIIBI «HE BIUSIOT HA CEMaHTUKY». Hajm4yne mogTunoB HUKaK He BJIU-
sI€T HA TPOIIECC UCIIOJHEHUS TIPOrPAMM; OHO JIMIIH TO3BOJISIET J0DABUTH HEKOTOPY O
ruOKOCTD B MpPABUJIA TUIU3AIUU. Takas WHTEPIpEeTaIns MPOCTa U €CTECTBEHHA, HO
BeJeT K HEKOTOPOMY CHHKEHHUIO 3(PPEKTUBHOCTH, OCOOEHHO MPH YUCIEHHBIX PAC-
gerax W OPH JOCTYIEe K MoJisiM 3aruceii. Takue morepu MOryT OKa3aThCsl HEIPH-
e€MJIEMBIMHU JJIsI BBICOKOITPOM3BONUTEIBLHBIX peanmn3aluii. B arom pasaese Mbr ciae-
saeM HaOpPOCOK AaJILTEPHATHBHON CEMAHMUKY MG 0CHOBE NPeobpasosarus Munos
(coercion semantics) u 00CyZUM HEKOTOPBIE BOIPOCHI, BO3HUKAOIIUE B CBI3U C
9THUM HOBBIM MOAXOA0M. [Ipu KeTaHuu 3TOT Pa3aes MOXKHO MPOMYCTHTb.

IIpoGaemMbl ceMaHTUKNU, OCHOBAHHOI Ha TMOJIMHO>KECTBaX

Kak wmbt Bugesm B §15.5, wacro ObiBaer yao0HO pPa3pPEINUTh HOJTUIUPOBA-
HUE MEXKJy pa3JIudHbiMu 06a30BbiMu Tumamu. OQIHAKO HEKOTOPHIE <«UHTYUTHUB-
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HO TOHSATHBIE» CBA3U MeXK/y Oa30BbIMH THUIAMH MOTYT OTPUIATEIbHO MOBJIH-
AThb HA IIPOU3BOAUTENbHOCTH. JlOIycTHM, HAIpUMED, YTO Mbl BBEIEM AKCHOMY
Int <: Float, 94T0OBI MOXKHO OBLIO MCIOJB30BATH IIEJIBIE UUCIA B BBIUUCIEHUSX
¢ TIABAIOIIEil TOUKOM Oe3 SBHBIX MpeoOpa3oBaHUit — HAIpUMeEp, nucarh 4.5 + 6
BMecTo 4.5 + intToFloat(6). Ilpu cemanTnke, OCHOBAHHOM HAa MOIMHOMXKECTBAX,
9TO O3HAYAET, 9YTO MHOXKECTBO IIEJIBIX YMCJIOBBIX 3HAYEHUN [TOIKHO OyKBAJIBHO SB-
JIATHCA IIOJMHOXKECTBOM 3HA4YeHMH ¢ miasaomei Toukoil. OqHako B OOJIbIIMHCTBE
peasbHBIX MAIlIWH KOHKDPETHBIE MTPEICTABIEHU MEeJbIX YHCesl W Yhcesl ¢ TIIaBalo-
el TOYKON COBEPITEHHO PA3JIMYHbBL: IIEJIble OOBITHO MPEICTABJIEHBI B hOpMATE C
JOTIOJTHEHHUEM /10 JIBYX, a YMCJIa C IJ1aBaloIIeil TOYKON COCTOAT U3 MAHTHUCCHI, TTOKa-
3aTelis CTElEeHU M 3HAKa, ILUIIOC HEKOTOPbIe ocobbie cirydan Bpoje NaN (He-uucio).

Yr0o06bI COrIaCOBATH TAKOE PACXOXK/IEHUE B IPEJ/ICTABIEHUSX U CEMAHTUKY HA
OCHOBE TTOJIMHOYKECTB, MBI MOYKEM MPUHATH 001Iee mezosoe (tagged) (wmm ynaxo-
sannoe, boxed) mpencTaBIeHnE I YUCEIT: [EJIOE THUCIIO TIPEJICTABISIETCA KAaK Ma-
NIMHHOE [EJIOe, CHAOKEHHOE TeroM (pacrojiararoiuMcs U0 B OTAEIbHOM CJIOBe-
3aroJIOBKe, JMb0 B CTAPINUX Pa3psllaX CIOBa, CONEPKAIIEro CaMo Iej0e YUCIo),
a YUCJI0 ¢ IJIABAIOMIENl TOYKOI NpecTaBasgeTcsd KaK MAIIMHHOE YUCIIO C IIIABAIO-
meit TOYKOi, CHAOXKEeHHOe ApyruM Terom. B Takom ciywdae tun Float orHOCHTCs
KO BCEMY MHOXKECTBY TTOMEYEHHBIX TeraMW YNCes, & TUT Int OTHOCHTCS TOJBKO K
TIOMEYEHHBIM TIEJIBIM.

Takas cxeMa BIIOJHE PA3yMHA: OHA COOTBETCTBYET CTPATETUU IMPE/ICTABICHUS,
peasbHO MPUMeEHIEeMO BO MHOTUX COBPEMEHHBIX Pean3alisaX I3bIKOB, B KOTOPBIX
Terosble OUTbI (MJIM CJ0BA) HY2KHbI TakzKe 1pu cOopke mycopa. Hezpocrarok ee co-
CTOWT B TOM, UTO BCE dJEMEHTApPHbIE OTEPAINN HAJ INCJIAMU HYKHO DPEATN30BHI-
BaTh KaK IOCJIEI0BATEIHHOCTD U3 MAIIMHHBIX KOMaHJ TIPOBEPKH Tera apryMeHTOB,
KOMAaH/, JJId U3BJIEYEHUA CaMOTO YMCJa, O/IHOM KOMAaHJbI JIjId CaMOil omepaluu, u
mapbl KOMAH/I [IJI HABEIIMBAHWS Tera Ha pe3yabrar. VI30IpeHHble ONTUMABAIAN
B KOMIHJIATOPE MOTYT YCTPAHUTH YaCThb JIUIIHUX JeUCTBUIl, HO JaKe C JIy4Ild-
MW W3 WMEIOIIUXCS METOJIOB MPOU3BOANTEHHOCTh CUJIBHO CTPAIAET, OCOOECHHO B
KOJIE, COMIEPIKAIIEM MHOTO UHUCAEHHON PabOTHI, BpOe IrpadUIeCKUX WM HAY THBIX
BBIYUCJIECHUN.

Hpyras mpobyiiema ¢ MPOU3BOAUTETHHOCTHIO BOSHUKAET, KOT/A MOATHUIIBI COYe-
TAIOTCA € 3AUCAMH, B YaCTHOCTH, IPU IPUMEHEHNH IIPABUIIA IEPECTAHOBKY MOJIE.
Haire npocroe npaBuiio BBIYUCIEHAS I IPOEKIUH [TOJIs

{1;=v,"1"}.1; — v, (E-ProJRcD)

MOKHO YHTaTh TaK: «HAHTH Cpeld METOK IOje# 3amuch 1; W BEpHYTh COOTBET-
CTByIOIee 3HadeHne Vv;». OJHAKO B HACTOAIIEH pealn3allii MBI, 6e3yCIOBHO, He
XOTHM TIPOBOAUTH JIUHENHBINA IPOCMOTP MOJIEH 3alMCHA B TMIOMCKAX HYYKHOU METKH.
B a3bike 6e3 nogrunos (i ¢ nogruinamu, Ho 6e3 NpaBuiIa IEPECTAHOBKHU) MOXKHO
HOTy4YHUTh 3HadeHHe HaMHOTO ObICTpee: ecim MeTKa l; maer Tperbeil B mune 3a-
TMCHU, TO MBI yKe BO BPeMs KOMTIWJIAINN 3HAEM, UTO BCE 3HAUYEHWHA JTAHHOTO THUIIA
OyIoyT COmeprKaTh B TPETheM Mojie 1j, TaK 9TO BO BpeMs BBITOJTHEHNS HAM BOBCE
HE HY>KHO CMOTPETb Ha MeTKH (MbI BOODIIE MOKEM MCKJIIOUUTH UX U3 [IPECTABIIe-
HUsl 3a1UCeil BO BpeMsl BbIIIOJIHEHUS, B CYLIHOCTH, [IPEBPAILAst 3AIKCH B KOPTEXKN ).
YUT00BI MOMYYUTH 3HAMEHHE T0JIA 14, MBI FeHepUpyeM KOMaHIy KOCBEHHOH 3arpys-
KU 4Yepe3 PErucTp, YKa3bIBAIOIIUIT Ha HAYAJIO 3aIUCH, CO CMeEIeHueM B 3 CJIOBA.
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Hanuyue npaBumsia mepecTaHoOBKHU JI€JI1a€T 3TOT METO HEBO3MOXKHBIM, IIOCKOJIbKY
uadopMalysg O TOM, 9YTO HEKOTOPOE 3HAYEHME 3ALUCH IIPUHAJIEKUT THUILY, B KO-
TOPOM 1; SIBJIAETCA TPETHUM TOJIEM, HIYero He TOBOPUT HAM O TOM, I'ZI€ Ha CAMOM
Jlele BHYTPH 3amnch XpaHuTcd none 1;. OmATh XKe, CIOXKHBIE TPHEMbI ONTHMH-
3anuy ¥ KOJAWPOBAHUS MOTYT YMEHBIUATH MOTEPHU, HO B ODIIEM CJIydYae MPOEKIHs
HOJIA MOMKET TaK IJIH HHade HOTPebOBATh MOMCKA BO BPeMs BHINOTHEeHHS.

CeMmaHTHKa, OCHOBaHHAad Ha IIpeoOpPa30BaHUU TUIIOB

O06e 3Tu TPOOIEMBI MOYKHO PEIUTh, €CJIN MPUHATH JAPYTyI0 CEMAHTHUKY, B KO-
TOPO# MOATUINMPOBAHUE «UCUE3AET MPU KOMIWIANUA> U 3aMEHSeTCsl mpeodbpa3o-
BAHUSIMU THUIA BO BpeMsl BbIMOJHEHUsA. ECau, ckaxkeM, BO BpeMs MIPOBEPKHU THUIIOB
Int nosbimaercsa 10 Float, To0 BO BpeMsi BBIMOJHEHUsST Mbl (DPU3HIECKU U3MEHSIEM
[PEeJCTABICHUE YHUCJIA C MAIIMHHOIO IEJ0r0 HA MAIIMHHOE YHCJIO C ILIABAONIEH
TOYKOM. AHAJIOTUYHO, UCTIOIH30BAHNE TTPABUIIA TTEPECTAHOBKY TIPU MOATUITHPOBA-
HUW KOMOUJIUPYeTCs B (pparMeHT KOJd, KOTOPBIH (DU3NIECKH U3MEHSET MOPSII0K
moJieit 3ammcu. [locse IToro smeMeHTapHbIE YUCJEHHBIE OMEPAIUH W TOCTYI K IO~
JISIM MOTYT BBIOJTHATHCS 063 JTOMOTHUTENHHBIX PACXOIOB HA CHATHE TErOB WA
MTOUCK.

C MHTYUTHUBHOI TOYKY 3pEHUsI, CEMAHTHUKA, OCHOBAHHAS HA TPEOOPA30BAHUAX
THITA, JIJIs1 I3bIKa C TOATUIIAMEI BbIPAYKAETCS B BUJIE (PYHKIMH, KOTOPAs TIEPEBOIUT
TEPMBbI 3TOI'O SA3BIKA B S3bIK HUXKHETO YPOBHsI, B KOTOPOM IOATHUIIbI OTCYTCTBYIOT.
B koHewHOM cueTre, 3TOT HM3KOYPOBHEBBIN SI3BIK MOYKET OBITH MAIMHHBIM KOJIOM
HEKOTOPOTO KOHKPETHOrO mporeccopa. OTHAKO B MENAX U3JI0KEHUS MbI TPOIOJ-
KM 00CyzKeHne Ha Dojlee abCTpakTHOM ypoBHE. B KaduecTBe MCXOTHOTO S3BIKA
MBI BO3bMEM SI3BIK, UCIIOIb3yEeMbIil HaMU B OOJBINEH 9aCTH 3TOM IJIaBbl, — IIPOCTOE
TUIMU3UPOBAHHOE JIAMOIA-UCIUCIEHIE C OATUIIAMY U 3alucsMu. B KadecrBe HU3-
KOYPOBHEBOTO IIEJIEBOTO SI3BIKA MBI BHIOMPAEM SI3BIK YHCTOrO MPOCTOTO TUITH3UPO-
BAHHOrO JIAMOIA-UCIUCIICHNS C 3AMUCAMHA U TUIIOM Unit (KOTOpPBIH mCHoIb3yercs
J1s MojJesiupoBanus Top).

DopMaTEHO KOMIUISIUS TIPEICTABIISETCS TPeMsi (DYHKITUIMU TEePeBOIA — It
THUIIOB, JIJIS TOATUIINPOBAHUS U [ Tunu3anuu. B ciyuae Tunos yHKIusS mepe-
BOZ@ MPOCTO 3amMeHsieT Top Tumom Unit. Mbr 3amuchiBaeM 3Ty (QyHKIUIO B BUIE
.

[Top] Unit
[Ty — To] [T1] — [T:]
[{11,:Tiiel..n}]] — {11‘:[[Ti]]i61""}

Hanpumep, [Top—{a:Top,b:Top}] = Unit—{a:Unit,b:Unit}. (Ocranbuble
dbyuxmmu nepesoga takxke OymyT 0003HAMATHCS CHMBOJAMHU [—]; M3 KOHTEKCTA
Bceryia OyIeT sCHO, KaKas UMEHHO (DYHKIIUSA UMEETCS B BUIY.)

3 AHasToruvHbIe HaBTIOIeHNs TPUMEHEMbl B K TIOUCKY TIOJTell U MeTOA0B O6heKTOB B A3bIKAX,
B KOTOPBIX MOATUIHPOBAHNE O0BEKTOB JAOMYCKAET MEPECTAHOBKY moJiel. MIMeHHO mo3ToMy, Ha-
npuMep, Java OrpaHHYMBAET IOATHIHDPOBAHKME MEXKJY KJIACCAMH TaK, YTO HOBBIE IIOJS MOLYT
106aBIATECA TONBKO B KOHIE. IlogrunupoBanue mexxay uaTepdeficaMmm (a Takxke MeXIy Kac-
coM u uHTepdeiicoM) paspeniaeT IepecTaHoBKy — HHade HHTepGheNHCch 0Ka3aIuch OBl IPaAKTHIe-
cku Gecronesusl. [Ipu 9TOM PYKOBOACTBO MO A3BIKY SIBHO NMPEAYIPEXKIAET, 9TO MOUCK METOAA B
unTepdeiice B 061eM ciydae IPOUCXOAUT MeJJIEHHEe, IeM B KJIACCe.
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Yrobbl 1IepeBECTH TEPM, MbI JIOJIZKHBI 3HATD, [JI€ [IPU BBIBOJIE €r0 THITA, HCIIOJb-
3yercs [PABUJIO BKJIIOYEHMS, IOCKOJIbKY UMEHHO B 9TUX MeECTax Oyzer J100aBJI€HO
mpeoOpa3oBaHre TUTA BO BpeMs BbimojHenus. Oauu u3 ymaoOHBIX CIOCOO0B (hop-
MaJIM3AIAN ITOTO HADJIIONEHUST COCTOUT B ONpPEJEJCHUH TIepeBoia Kak (DYHKIIUU
Ha depesbar 6616000 YTBEPXKIEHUH O TUOU3AIUU. AHAIOIMYHO, YTOOLI IIOPOSUTH
dyHKIMIO Mpeodbpa3oBaHus, MEPEBOIIINY0 3HAYEHU TUIA S B TUI T, MBI JOJK-
HBI 3HATH HE TOJHKO caM (aKT TOro, 4ro S dBjsgercs noaTunom T, HO U nouemy
970 Tak. MbI TOOGUBAEMCST 3TOTO, MOPOXK A TTPEOOPA3OBAHNS U3 IEPEBHEB BHIBOIA
MO TUTTHPOBAHKSA.

s dbopmanm3aiuu mepeBoga Tpedyercs TOTMOJHUTEIHHOE COTJIAIEHUE 10
MMEHOBAaHMIO JepeBbeB BbiBoda. Jamuch C :: S <: T Oyzer o3Hadarb: «C — A€peBo
BBIBOJA IOATUIIMPOBAaHKA C 3akJjodenueMm S <: T». Anasormusno, D :T'Ht : T
Oymer 3HAUNTH: «D — mepero BHIBOIA TUTIOB C 3akjaiouenueM 't : T».

Pacemorpum cragasa GyHKINIO, KOTOpas HA OCHOBE JepeBa BbhiBoma C ist
YTBEPK/IeHHsT 0 moaTunupoBanun S <: T mopoxzaer mnpeobpaszosanue [C]. dto
npeobpa3oBaHue — HE YTO MHOE Kak (DyHKIMs (B [eJeBOM s3bIKe MepeBoia A, )
u3 Tuia [S] B tun [T]. Oupenenum ero, paccMarpuBasi 1O OTAEIBHOCTH KAz IbLil
citydail (puHAJIBHOIO mpaBmiia, UCIoab3yemoro B C.

T (SRe) = Ax:[T]. x
S < Top (S-Top) = Ax:[S]. unit
|[Cl S <: U . CoU<: T (S_TRANS)H = x:[s]. [C] ([Gi] ©
S<: T
R G IR R
(S-RcpWiDTH) = Ar:{1;: [T, R}, {1=r.:

{1i:Tii€1..n+k} <: {li:TiiEI..n}

ATr: {li : [[Si]]iEL'n} . {lz=[[cz]] (:

|[mm Kaxkgoro ¢ C; S <: Ty

i ; S-RcpDEPTH
{11‘:Si1€1"n} <: {11,:'1'1,261..71} ( ):ﬂ

Z{kj H [[Sj]]jEL'n} . {1i=r. 11'1

]

|[{kj :8;7€1"} nepecranopka {1;:T;*€!"}

{ijSijL'”} <: {1,:T, €} (S-RCDPERM):H = X

Jemma 15.6.1 EcauC:: S <: T, mo + [C] : [S] — [T]-

JokazarensctBo: IIpamorunetinas undyxyus no C.
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JlepeBbsi BHIBOJA THIIU3AIMH TIEPEBOIATCA aHAJIOTuIHO. Eciu D — nepeBo BbI-
BOZa A yrBepxaenus I -t : T, To ero nepeson [D] — Tepm mesneBoro si3bika
tuna [T]. Takast GyHKIMS MepeBoaa 9acTo Ha3bBaeTcst [lencuab8anckoli mparc-
aayuet (Penn translation), B uects ucciemoBaTeibekoil rpynnbt [leHcuibBanCKO-
ro yHUBEpCHTETa, KOTOpas Buepsbie ee uccienoBaia (Breazu-Tannen, Coquand,
Gunter, and Scedrov, 1991).

x:Tel
HFI—X:T (T-VAR)H = X
e o - e
|[D1 SN Tlill_—t’l T;z : TZQ 2Lt Tu (T-APP)H = [Di][D:]
[Frosmstamms ow] - oo
HDI . Fl_"_'_tél jlj{lj:TTjELn} (T—PROJ)]] = [D4].1
|[D T tr:'_St : S S <: T (T—SUB)H - [ClID]

Teopema 15.6.2 EcauD =T+t : T, mo [I'] - [D] : [T], 2de [T] — nomoueuroe
pacwuperue GynKyuu nepesoda munos na Konmekxcmo, munudayuu: [ = & u
[T,z:1] =[], z:[T].

Hokazarenscrso: IIpamosunednas undyxyus no D, ¢ ucnosv3osanuem sem-
Mo 15.6.1 dasa eapuanma T-SUB.

Omnpenenus 3tu DYHKIUH TEPEBOIA, MOKHO OTKA3ATHCS OT MPABUJI BHIUUCIIE-
HUs JIJIsi BBICOKOYPOBHEBOTIO SI3bIKA C MOATUIIAME ¥ BMECTO 3TOrO BBIUUCISTH TEP-
Mbl, O/IBEPras UX CHAYAJIa [IPOBEPKE TUIIOB (U€pe3 IPaBUJIa THIIU3AIMKA U [OITH-
LIUPOBAHUSL JIJ1s1 BICOKOYPOBHEBOLIO A3bIKA), LIEPEBO/Is JI€PEBbsl IIPOBEPKU TUIIOB B
HU3KOYPOBHEBBIN IEJIEBOM A3BIK, W, HAKOHEII, OMPEeIe/Isisi UX OMEPAIMOHHOE TTOBE-
JIeHVE 9€pe3 OTHOINEHNE BBIYUCIEHUS JJIs 9TOrO HI3KOYPOBHEBOIO s3bIKA. Takas
CTpaTerus AeHCTBUTEHHO UCIOIB3YETCsl B HEKOTOPBIX BHICOKOITPOU3BOIUTETHHBIX
peanu3aluax a3blKOB ¢ HOATUIIAMU: HAIPUMED, B IKCIEPUMEHTATHHOM KOMITUIIS-
Tope sA3bIKa Java, paspaboranaom Veabckoit rpymmnoi (League, Shao, and Trifonov,
1999; League, Trifonov, and Shao, 2001).

Vuopaxuenue 15.6.3 [* % %, »]: Moduduyupyime npusedennyro namu Gynryuro
nepesoda max, 4Mmobbl UEAEBHLM AZBKOM CAYHCUAO NPOCMOE MUNUSUPOSAHHOE
aAmbda-ucwucaenue ¢ Koprexamu (6 me ¢ 3anucamu). Yoedumecn, wmo meope-
Mma 15.6.2 no-npescremy 8vinoAHAEMCA.
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KorepeaTHocThb

IIpu paspaboTke CeMaHTHWKW TOATHUIIOB, OCHOBAHHON HA MPEOOPA30BAHUU TH-
OB, HEOOXOAUMO W30eraTh ONHOM MOTEeHINAIbHOM JIOBYIKH. Hanpumep, mpeamno-
JIOXKUM, 9TO MBI PaCIIHpsieM HAIl A3bIK 0a30BbIMH THIaMu Int, Bool, Float u
String. Ham moryT npuroaurbes cieayrolnye jeMeHTapHbIe MPeodpa30BaHMS:

[Bool <: Int] Ab:Bool. if b then 1 else 0
[Int <: String] = intToString

[Bool <: Float] Ab:Bool. if b then 1.0 else 0.0
[Float <: String] floatToString

3nech intToString u floatToString — HPUMHUTHUBLI, PEHEPUPYIONIHE CTPOKOBOE
TIpeIcTaBjIeHme unces. /i mpuMepa npeamnonaoknm, 9to intToString(1) = "1",
a floatToString(1.0) = "1.000".

IIpeamonokuM Temepb, 9TO MBI MBITAEMCST BBIYUCIUTH TEPM

(XA x:8tring.x) true

C TOMOIIBI0O CEMAHTHKY MPEOOPA30BAHUS TUIOB. DTOT TEPM THUIUIUPYEM, €CJIU
MPUHATH BO BHUMAHUE BBIMIETIEPEIUCIEHHBIE aKCHOMBbL. OHAKO, €ro MOXKHO TH-
MU3UPOBATH ABYMS PA3HBIMHU CIIOCOOAMU: OO MBI IepeBoauM Bool B Int, m 3a-
TeM B String 4depes3 BKJ/IOYEHHE, I0Ka3blBad, 9TO true — NOAXOAANINN apryMeHT
nnst bysknpm trna String — String, ambo cHadasa MbI epeBoauM Bool BO
Float, u orryzna B String. OnHako npu mepeBojie 3THX IpeoOpa3oBaHuit B A,
TOJIy9aeTcss pa3indnoe noseenne. Kcim Mbr nepeBoauM true B Int, momxydaercs
1, orkyza depe3 intToString BeixomuT cTpoka "1". OmHAKO ecyiu MbI CHAYAJa
nposesieM mpeobpazosanue Bo Float, a 3arem, yepe3 floatToString, B String
(cnemys cTpyKType JiepeBa BBIBOIA THUMA, rue true : String JHOKa3bIBAETCSA Ue-
pe3 Float), mbl mosyuum "1.000". Ho "1" u "1.000" — COBEpPINEHHO PA3JIUIHBIE
CTPOKY; JaXKe [JINHA, y HUX pasHas. pyrumu ciooBaMu, BHIOOP crocoba mokas3a-
tenbcTBa i - (Ax:String.x) true : String BiusieT Ha TO, KaK Bemer cels
orTpanciaupoBantas nporpammal OHAKO 9TOT BRIOOP IETUKOM COIEPKUTCS BHYT-
PH KOMTIHJISITOPA — MPOTPAMMHUCT PADOTAET TOJIHKO C MePMaAMU, & HE C TePEBbAMA
BBIBO/IA, — YTO O3HAYAET, YTO MbI CIIPOEKTUPOBAJIN A3BIK, KOTOPHII HE TTO3BOJIAET
MIPOTPAMMHUCTY HE TOJIBKO yIIPABJIATH ITOBEJEHUEM HAIKUCAHHBIX UM IIPOTPaMM, HO
JaXkKe U IPeJICKa3bIBaTh ero.

[IpaBusibHOE perenue mpodseM TAKOrO POJA 3aKIIOYAETCH BO BBEIEHUU KO2€-
penmnocmu (coherence) — JONOJHUTEILHOIO TPEGOBAHKS, KOTOPOE HAJIAIAETCS HA
ompeseieHust (PyHKIUI epeBoa.

Onpenenenve 15.6.4 Dynxyusa nepesoda [—] us depesves 6ui6oda munos 00Hozo
A3BLKG 6 Mepmb, 0PY2020 KOIEPEHTHA, eCAU OAL 8CAKOU Napv. Jepesvbes 6wv.e0da
Dy u Dy ¢ 00num u mem oice 3axarovenuem I — t o T nepesodn [D1] u [D2]
ABAANOMCA NOBEIEHUECKY IKEUBAACHMHIMYU TNEPMAMYU ULAEE020 A3DIKA.

B wacrHOCTH, BblILEnpuBeneHHbIe (yHKIUM nepeBoga (6e3 0a30BBIX TH-
HOB) KOrepeHTHbI. UTOGBbI BOCCTAHOBUTH KOMEPEHTHOCTH mmocje JobaBieHus 6a-
30BBbIX THIOB (C BbBIIEYKA3AHHBIMU AKCHOMAMM), JAOCTATOYHO HM3MEHHTH OIpe-
nesienve 3sementapuoit dynknum floatToString Ttak, 9T00bI BBIIOJIHAJIOCH
floatToString(0.0) = "0" u floatToString(1.0) = "1".
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JlokazaTeabCTBO KOIePEeHTHOCTH, OCOOEHHO /i 00Jiee CIOKHBIX A3BIKOB, MO-
ket ObiThb Hesterkoil 3aa4ueit. Cm. paborst Peitnosbaca (Reynolds, 1980), Bpeasy-
Tanuena u ap. (Breazu-Tannen, Coquand, Gunter, and Scedrov, 1991), Kypuena
u Fesumn (Curien and Ghelli, 1992) u Peiinonbaca (Reynolds, 1991).

15.7. Twunei-tiepecevyeHns U TUNHI-00beTMHEHUS

MOKHO CyIIEeCTBEHHO YTOYHUTH OTHOINEHHE IOATUIIMPOBAHUS , €CJIH JODABUTH B
A3bIK THUIIOB oliepaiuio nepecevenus (intersection). Tumbi-nuepeceyenus uzobpere-
ubt Konmo, Jlesanu, Canne n Iorruarepom (Coppo and Dezani-Ciancaglini, 1978;
Coppo, Dezani-Ciancaglini, and Sallé, 1979; Pottinger, 1980). docTymnHoe BBeIE-
HUE B 9Ty TeMmy MOxKHO Haiitu y Peitnombaca (Reynolds, 1988, 1998b), Xummiu
(Hindley, 1992) u ITupca (Pierce, 1991b).

Tun-niepecedenne T; A Ty COAEPIKUT TEPMbI, IPUHAJIEKAIINAE K 000UM TUTIAM
T1 u To — 1O ectb, T1 A To aBadeTCd, B CMbICJIE TEOPUU HOPAILKOB, IIepeceYeHueM
(Tounoit uuxkmuei rpanbio) Ty u To. Takas UHTYUIMSA OTPAYKAETCS B TPEX HOBLIX
MpaBUJIaX TOATUITUPOBAHUS:

Ty ATy <: Ty (S-INTER1)

Ty ATy <: Ty (S-INTER2)

S <: Ty S <: Ty
S <: Ti1 ATs

(S-INTER3)

OAHO JOTIOJTHUTEJIbHOE TPAaBUJIO OTPazKaeT eCTEeCTBEHHYIO B3aMMOCBA3L MEXKIYy
TUIIaMHU-TIEPECECUICHUAMU U (byHKIlI/IOHaJIbeIMI/I THUIIaMH.

S >T1 A S > Ty <: S — (T1 A Ty) (S-INTER4)

NurynruBHadg wies, JeXKaIas B OCHOBE STOTO MPABUJIA, TAKOBA: €CJIU MbI 3HAEM,
9T0 TepM mMeeT PYHKIMOHAIBHBIE TUNBL S — Ty u S — Ta, TO MbI, 6€3yCIOBHO,
MOKeM TepeIaTh B 3Ty (HDYHKIMIO TEPM TUIA S U OXKUJATH B KAYECTBE PE3yIbTaTa
Kak Ty, Tak u Ta.

MoIHOCTb HOHATUS TUIIOB-IIEPECEYCHIE MOXKHO [IPOJEMOHCTPUPOBATE YTBEP-
JKJIEHUEM, UTO B BAPUAHTE MPOCTOTO TUTTH3UPOBAHHOTO JIAMOIA-UCTUCIEHUS C TIO-
TUITAMY, TUTAMU-TIEPECEYCHUSIMU U BBI30BOM 0 MMEHH, MHOYKECTBO HETUITU3UDPO-
BAHHBIX JTIMOIA-TEPMOB, KOTOPBIM MOXKHO MPUCBOUTH TUIIBI, B TOYHOCTH COBIIAIA~
€T C MHOXKECTBOM Hopmasusyemsx (normalizing) repmos. T.e., Tepm Tunusupyem
TOIJIA ¥ TOJIBKO TOrJA, KOIJ/IA ero BblaucjeHue 3asepinaercs! Orcioga HemeieHHo
cJIelyeT, 9To mpobIeMa PEKOHCTPYKITMH THIOB (CM. TaBy 22) IJisl UCUUCJICHUS C
TUTAMU-TIEPEIUCIICHUSIMIA HEPA3PEIITIMA.

C mparMaTuveckoil TOYKM 3PEHHUs I[EHHOCTHb THUIOB-NEPECEYEHU COCTOUT B
TOM, 9TO OHU HOJJIEPKUBAIOT HEKOTOPYIO GOPMY KoHewHOl nepezpysry onepamo-
pos (finitary overloading). Hanpumep, mbr Mmoxkem npucsourb tun (Nat — Nat
— Nat) A (Float — Float — Float) Takoii omepamun CJIOXKEHHs, KOTOPYIO
MOXKHO TMPUMEHUTHh KAaK K HATYPAJIbHBIM YHMCJIaM, TaK U K YHUCJIAM C TIABAMOIIEH
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TOYKOl (HalpUMep, UCHOJIb3ysl TErOBble OUTBI B IIPEICTABIEHUU aPI'yMEHTOB JJisd
BbIOOPA LIPABUILHON MALIMHHON KOMAH/Ibl BO BPEMSs BbILIOJIHEHUSI).

K coxajenuio, MOIIHOCTH THIOB-TIEPECEUEHUI BEJIEeT K HEKOTOPBIM MPAKTH-
YEeCKUM TPYIAHOCTAM I Pa3pabOTUYMKOB S3bIKOB. [loKa d9TO JIMIb ONWH MOJI-
HoneHublil 736K, Forsythe (Reynolds, 1988), comep:KuT TUIbI-TIEpeCeYeHUs] B UX
nanbonee obiem Buge. Orpanudentas (HopMa, Ha3bIBAEMAas MUNL-YMOYHEHUA
(refinement types), moxer okazarbcs Oosiee pazymuoil (Freeman and Pfenning,
1991; Pfenning, 1993b; Davies, 1997).

JlBoiicTBenHOE TIOHATHE TNUN06-006edunenud (union types) T; v To Tak¥Ke OKa-
3BIBAETCs BECHMA, MOJIE3HBIM. B OT/IMYMe OT TUIIOB-CYMM U BApUAHTOB (KOTODBIE
TaKKe MHOIA HA3BIBAIOT «O0bEeIUHEHUIMU», YTO IPUBOAUT K myTanuie), T; v Ty
obo3HaTaeT OOBIKHOBEHHOE OObEINHEHNEe MHOXKECTBA 3HAYCHU, ITPUHAITEXKAIITIX
K Tuny T, 1 MHOXKECTBA 3HAYCHUH, IPUHA,/IIEKAIUX K TUIYy To, 6630 BCIKOrO Tera,
YKa3bIBAIOIIEr0 HA MCTOYHUK JAHHOTO djeMeHTa. Takum obpa3om, Nat v Nat —
BCero Jinib rnceBaornM a1 Nat. [lepecekarormecss THIBI-00beIUHEHNS Y KE TABHO
UTPAIOT BaXKHY0 POJib 1ipu anasu3e nporpamm (Palsberg and Pavlopoulou, 1998),
HO IO CHX 110D PEJKO BCTPEYAJUCH B A3bIKAX [IPOrPAMMUPOBaHUs (BAXKHOE UCKJIIO-
qenune — Algol 68, cp. van Wijngaarden, Mailloux, Peck, Koster, Sintzoff, Lindsey,
Meertens, and Fisker, 1975). Bupodem, B mocjennee BpeMsl WX BCE dalle MPU-
MEHSIOT B KOHTEKCTE CHCTEM THUIIOB Jjisi 00pabOTKU <«IMOJIYyCTPYKTYPUPOBAHHBIXS
dopmaros 6a3 manubix, Takux kak XML (Buneman and Pierce, 1998; Hosoya,
Vouillon, and Pierce, 2001).

OcuoBHOE (HOPMATBEHOE PA3TUINE MEXKY HEIEPEeCEKAIONUMUC U ePeCeKaro-
HUMUCSH TUIAMHU-00bEIMHEHUAME COCTOUT B TOM, YTO JJisl IIOCIEIHUX OTCYTCTBYET
KAKOM-/T100 aHAJIOr KOHCTPYKIIHU case: eCJIM U3BECTHO, YTO 3HAYEHNE V UMEET THII
Ty v Ty, TO MBI MOXKeM 0E30MACHO MPUMEHITHh K HEMY TOJIBKO T€ OMEPAIluu, KOTO-
pbI€ UMEIOT CMBICT Kak nis Ty, max u qist To. (Hanpumep, ecoiu Ty u To — 3anucy,
TO MOXKHO 0OpaIarbcs K ux obimuM modisM.) Becrerospiii Tun union B a3bike C
[PUBOJAUT K HAPYIIEHUIO TUIIOBON GE30I1aCHOCTH MMEHHO IIOTOMY, 9TO B S3bIKE UI-
HOPUPYETCS 3TO OTpaHWYEHWe, W HAJ, djeMeHToM tuma T v Ty pasperrnena jrobast
oneparms, IMEOIast CMBICT Aub0 st T1, aubo njs To.

15.8. /lomosHUTEJIbHBbIE 3aMeYaHUs

WNnesa moaTwmoB B A3BIKAX MPOTPAMMHPOBAHMS BOCXOAUT K 1960-M Tomam,
K a3biky Simula (Birtwistle, Dahl, Myhrhaug, and Nygaard, 1979) u ero poxu-
crBennnkaM. IlepBbre monbITKE (POPMATBHOTO aHAIN3A MPUHAAIeKAT PeitHobacy
(Reynolds, 1980) u Kapaennu (Cardelli, 1984).

IIpaBuna Tunusanum u, 0COOEHHO, MOATUIUPOBAHUA, PADOTAIONINAE C 3AIUC-
MU, HECKOJIBKO CJIOZKHEE, 9€M T€, 4YTO MbI BUJEJIU JI0 CUX IOP, IOCKOJbKY B HHUX
00 MMEeTCsl TIEPEeMEHHOe YHUC/IO TIPEANOCHLIOK (M0 OfHON Ha moje), Jubo uc-
TTOJTB3YIOTCS JIOMOJTHATEIHHBIE MEXAHIM3MbI BPOJE MEPECTAHOBOK WHIEKCOB IMOJIEH.
CyImecTByeT MHOYXKECTBO JAPYTUX CIIOCOOOB 3alMCH TUX TMPABUI, OJHAKO BCE OHU
OO CTOMDb K€ CIOXKHBI, MO0 M30ErarT CI0KHOCTH, IMOJarasch Ha HedOpMaIb-
HbIE€ COLJIAIIEHUS (HaHpHMep, mHOroroume: «17:T; ... ln:Tn»). HenosBoubcrso
TaKUM ToJI0keHueM nen1 mpuseno Kapaemmm nu Mutyesia K pa3paboTKe UCIuCe-
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Hus onepayul nad 3anucamu («Operations on Records», Cardelli and Mitchell,
1991), B KOTOPOM MakpooOLEepalus CO34AHUS 3ALUCU C MHOIMMU II0JISIMU BbIDAzKar-
ercst 4epe3 0a30BO€ 3HAUEHWE — MYCTYIO 3AIMUChH, 8 TAKYKE OMEPAIUI0 T0OABJIEHIIS
OHOTO TOJIst 33 pa3. C 9TOM TOYKHU 3PEHUsST MOKHO TAKXKE PACCMOTPETH JOMOJIHU-
TeJbHBbIE OMEPAINH, BPO/Ie U3MEHEHUS 3HAYCHUS TIOJIsl MJIM KOHKATEHAINY 3aIuCei
(Harper and Pierce, 1991). IIpaBuiia Tunusanyu ijist 3TUX Ol€panuii OKa3bIBAIOTCs
JOCTATOYHO TOHKUMH, OCOOEHHO [PU HAJUYUU IAPAMETPUYUECKOro IoJuMopdus-
Ma, TaK YTO pas3spabOTUNKU S3BIKOB MPEANOYUTAIOT PADOTATH C OOBIKHOBEHHBIMU
zanucamu. Tem e Menee, cucrema Kapaennmm n Mutdenna octaercd BakKHBIM KOH-
HENTyaJ bHBIM TOCTHXKeHUEeM. AJIbTepHATHBHBIN aHAIU3 3aMuceil, OCHOBAHHBINA Ha
noaumoppuzme cmpownur nepemennnr (row-variable ploymorphism), paspa6o-
rad Bangom (Wand, 1987, 1988, 1989b), Pemu (Rémy, 1990, 1989; Rémy, 1992)
¥ JIPYTUMHU, U CIYKUT OCHOBOI IJIsT 00bEKTHO-OPUEHTUPOBAHHBIX KOHCTPYKIIW
a3pika OCaml (Rémy and Vouillon, 1998; Vouillon, 2000).

OcuoBHag 3a/a49a, peniaemMas
Teopmeil TUTIOB, COCTOUT B TOM,
9TOOBI 00ECIIeYnTh HAJIUINE
cmbicia y aporpamm. OQcHoBHAA
mpobIeMa, TOPOXKIAEMast Teopueit
THUIIOB, COCTOUT B TOM, 9YTO
HEKOTOPBIM OCMbBIC/IEHHBIM
TporpaMMaM HUKAKOT'O CMBICTIA
He mpunucbiBaercs. Ilouck 6ostee
GoraTblX CHUCTEM THUIIOB
TTPOUCTEKAET U3 ITOTO
IPOTUBOPEYIUA.

Mapxk M»smnacc
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I'mtaBa 16

MertaTeopusi HoATUIIOB

Onpepesenne MPOCTOr0 THIU3UPOBAHHOTO JISIMOIA-MCINCICHHS C TIOITHIIAMHI
"3 TPEeIbIAyIei TIaBhl HE TMOAXOINT I HEMOCPEACTBEHHON peann3arun. B oT-
JuYue OT JAPYIUX PACCMOTPEHHBIX HAMU HMCYUCJIEHUH, IIPaBUJIa B 3TOU cucreme
HE Ynpasasomces cunmarcucom (syntax directed) — uX HeIb3st TIPOCTO <«IIPOYH-
TaTh CHI/IBy BBEPX>», B pe3yanaTe HOJIy‘II/IB AJITOPUTM IIPOBEPKU TUIIOB. CJIO)KHOCTI/I
JJId OTHOIICHUA THUINU3AIIUW IIPOUCXOAAT B OCHOBHOM H3-3a IIPDaBHJIA BKJIIOYEHHUA
T-SUB, a AJjisi OTHOIIEHUS MOATUIIUPOBAHUS — W3-32 MPABUJIA TPAH3UTHUBHOCTH
S-TRANS.

T—SUB BbI3bIBAECT pr,ZLHOCTI/I n3-3a TOro, 9TO TEPM B €ro 3aKJIIOUYCHUUN BbITJIA-
JUT KakK IIpocTasd MeranepeMeHHad t:

't : S S <: T
't : T

(T-SuB)

Bce ocranbHble TTpaBHiia THMH3ANWE COAEPXKAT B 3aKJIIOYEHHH TEPM HEKOTOPOTO
onpeaeseHHoro Buga: T-ABS OTHOCHUTCA TOJNBKO K asmOma-abcrpakumsam, T-VAR
TOJILKO K MEPEMEHHBIM, U T. 1., — a T-SUB mpuMeHuMO K TepMaM 4106020 BUIA.
OTO 3HAYMAT, YTO €CJAU y HAC €CTh T€PM t W TpPeOyeTrcss BBIYUCAUTH €r0 THUIl, TO
Bceraa OyJeT MOXKHO IPUMEHUTh Kak npaBuio T-SUB, Tak M Ipyroe mpaBuUio,
3aKJII0YEHIEe KOTOPOTrO COOTBETCTBYeT (hopMme t.

IIpaBuio S-TRANS BBI3BIBAET 3aTPy/IHEHHUS TIO TOH Ke CAMON TPUIUHE — €ro
3aKJII0YEHHE [MEPECEKACTCS C 3aKTI0UEHUAMEA APYTUX MPABHUI.

S<: U U<: T
S <: T

(S-TRANS)

IMockoabky S u T — mpocTo MeranepeMeHHbie, TO B npuHnume, S-TRANS MoxKeT
OKAa3aThCs TOCIEIHUM MPABUJIOM IIPU BBIBOJE JIIOO0OTO yTBEPXK/IEHUs O ITOITHUIIN-
poBanuu. Takum 06pa30M, HAMBHAS Peau3alius IPABUJI IOATUIINPOBAHUS «CHU3Y

B oroit ryaBe mW3ydaeTcs IpOCTOe THIN3UPOBAHHOE JAMOJa-HCYHCIEHHE C IOATHIIAMHI
(puc. 15.1) n sammucamu (puc. 15.3). CoorsercrByomas peanmusamus na OCaml HaseiBaeTcs
rcdsub. B §16.3 ynomunarorcs tak:ke OyJeBCKHe 3HAYEHHUs U YCJIOBHbIE BbIpaxkenus (puc. 8.1);
JUIST 9TOTO pasjiesia UCIOIb3yeTcs peaawsanus joinsub. B §16.4 mobasnsercsa tun Bot; cooTsert-
CTBYIOIIIas peajn3alus Ha3bIBaeTCH bot.
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BBEPX» HE CMOXKET PEIUTh, CJIEIyeT JIU MOMbITATHCS IPUMEHUTH 3TO MIPABUIIO, JIH-
60 2K€ pyroe mpaBuiio, 6oJiee KOHKPETHOE 3AKJ/II0YEHHE KOTOPOrO TAKKE COOTBET-
ctByeT (bOpMeE TeX ABYX TUIOB, UJIEHCTBO KOTOPHIX B OTHOIIIEHUH MTOATUITHPOBAHUS
MBI TIBITAEMCS YCTAHOBUTh.

Tpyauaoctu, cBazanubie ¢ S-TRANS, stum He ucuepmbiBaiorcs. Obe ero mpej-
[IOCBUIKH CO/IepzKaT MeramepeMennyio U, Koropasi He YIIOMUHAETCs B 3aKJIIOYE€HUN.
Ecau Mbl HAWBHO YnMTaeM MPABUJIO CHU3Y BBEPX, TO TOJYYAETCs, 9TO MBI JTOJYKHBI
yeadamo Tun U, a 3aTeM TOMbITAThCS J0Ka3aTh yTBepxkIaeHus S <: Uu U <: T.
Tak KaK 9UCI0 TUMIOB-KAHIUIATOB HA POJb U OECKOHETHO, HAAEXK 1 HA, yCIIEX MIPU
TAKOW CTpaTeruu HEBeJIMKA.

Saksouenne mpaBumiia S-REFL Tak:ke MepecekaeTrcss ¢ APYTUMHU TPABUIAMU
MOATUIUPOBAHUS. DTOT Ciaydail mpoire, geMm caydait T-SUB u S-TRANS: B mpa-
Bujie S-REFL HET MPeANnOChLIOK, TOITOMY, €CJIM OHO COOTBETCTBYET YTBEPKIEHUIO
O TOJTUNUPOBAHUH, KOTOPOE CJIEyeT J0KA3aTh, TO Mbl 3aKAHIYNBAEM HEME/JIEHHO.
OaHaKo, 9TO ere oJHA IPUIMHA, [I0YeMYy HAIIYW IPABUJIA HE YIPABJIAIOTCS CUHTAK-
CUCOM.

YTo0BbI CHpPABUTHCS CO BCEMH STUMHU MTPOOJIEMaMU, 3aMEHUM OOBIKHOBEH-
ubie (dexaapamuensie, declarative) OTHOIIEHHMsS] TUOM3AUMU M HOATUIMPOBAHUSI
JIByMsi HOBBIMH OTHOILICHUSIMU: GAZOPUMMUMECKUM OMHOUWEHUEM NOOMUNUPOSA-
nus (algorithmic subtyping) u aszopummuueckum omHOWEHUEM MUNUSGUUL
(algorithmic typing). Cuucku mpaBusl BBIBOJA ITUX JIBYX OTHOIIECHWH YyHOPaBJIsi-
IOTCSl CHHTAKCHCOM. ATOOBI 0OOCHOBATH Ty 3aMEHY, TMOKAXKEM 3aTeM, YTO HCXO-
HbIE OTHOIIIEHUSI TOATUIUPOBAHUS W TUMU3AINUHA COBIIAJAIOT C COOTBETCTBYOMIAMHA
AJITOPUTMUYECKUMU BapUAHTaMU: yTBepzk/aeHue S <: T Torna u TOJbKO TOTJIA BbI-
BOJUMO U3 AJITOPUTMHUYECKUAX [PABUJ IOATUIAPOBAHUS, KOIJA OHO BHIBOJUMO M3
JIEKJIAPATUBHBIX MPABUJI, & TEPM TOTIa W TOJBKO TOT/Ia TUMU3UPYETCS IO aJjro-
PATMHUYECKUM MTPABUJIAM, KOTIA OH THUINM3UPYETCS COMVIACHO IEeKIAPATUBHBIM MPa-
BUJIAM TUTABAIINHN.

AJropurMuYeckoe OTHOLIEHHE TOATUIIMPOBAHUS TIpe/icTaByieHo B §16.1, a anro-
pUTMHUYECKOe OTHOIeHne tTunu3annn — B §16.2. B §16.3 paccmarpuBaercss ocobast
pobJieMa MPOBEPKHU BETBAIINXCST KOHCTPYKIUH Bpoe if . . .then. . .else, mjs KO-
TOPBIX TPEOyeTcs AOMOJHUTEIbHA CTPYKTYPA (HAJIMYUE TOYHBIX BEPXHUX TPAHEi,
obsedunenud (joins), B orHouenuu noarunuposanus). B §16.4 paccmarpusaercs
HauMeHbLIM# Tun Bot.

16.1. AuaropuTMuYecKoe OTHOIIEHUE MOATUIINPO-
BaHUHA

IIpu peanuzanuu 1106010 A3bIKA C MOATHIIAMHU KJIIOYEBYIO POJIb UIPAET AJIO-
PUTM i OLPEeJIeHNs TOrO, ABJILAETCS JIA OJUH THll noaruioM apyroro. IIpore-
Jypa TPOBEPKU TIOJTUTIOB BBI3HIBAETCS MPOTPAMMOI MPOBEPKU THUTIOB, HATIPUMED,
KOrJa Tpedyercs 00paboTaTh TepM-TIpUMEHEHnE t1 to, rae t1; mmeer Tun T—U, a
to — Tun S. 3a7a9a TPOIELyPhl MPOBEPKHU HOATUIIOB — OIMPEIETUTh, BBIBOIUMO JIHA
yrBepxkaenue S <: T u3 mpaBuJ HOATUIKMPOBaHKA 110 puc. 15.1 u 15.3. Sagaua sra
peliaercs IyTeM [IPOBEPKU LHpUHaJIexkHOCTU tapbl (S, T) APyroMmy OTHOLIEHHMIO,
KOTOpOe obo3Hagaerca S <: T («S aBaserca noaTunoMm T ¢ aaropuTMUAIECKOI
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- {} < Pacwupsem 15.1 u 15.3
[ \
S<:8S (S-REFL)
Ty <: S Sy <: To
(S-ARROW)
S<:U U<:T 81 =8 <t 1 =T
(S-TRANS)
S <: T
i€l.n Jjel.m
S <: Top (S-Tor) {Li e }

npu Kaxjaom k; = 1; umeem S; <: T;
{k] . S]]Elm} <: {ll . Tiiel..n}
(S-Rcb)

L |

Puc. 16.1. OrHomeHre TOTHIMPOBAHUS JIJIs 3amuceil (KOMIAKTHAs BEPCHs)

TOYKHA 3peHI/IH>>). STO OTHOIIEHHE OIPEACJIEHO TaK, 9YTO YJIEHCTBO B HEM MOXKHO
OIIPeIeIUTh, IIPOCTO PacCMaTpUBad CTPYKTYPY THIIOB, U COAEPZKUT TE Ke CaMble
apbl TUIIOB, 9TO U UCXOJHOE OTHOIIeHUe HoaTuiupoBanus. CyIiecTBeHHOe Pa3iu-
que Me}K,ELy JEKJIAPATUBHBIM U aJITOPUTMHUYIECCKUM OTHOIMEHUAMU IMMOATUTTUPOBAHU A
COCTOMUT B TOM, YTO B OIPEACJICHUHU AJITOPUTMHUYIECCKOTO OTHOIIECHHA HET IPAaBUJI
S-TRANS u S-REFL.

st magana tpebyercs HEMHOIO MEPECTPOUTD JIEKIAPATHBHYIO CUCTEMY IIPa-
Bus1. Kak Mbr Bujesnn Ha, . 208, TPAH3UTUBHOCTH HEOOXOAMMA, ITOOBI «CKIEHBATDY
JIepeBbsi BBIBOJA MOATUIMPOBAHUS [IJIsi 3AITUCEH, TPU OJHOBPEMEHHOM HCITOJIH30-
BAHUU MOATUIINPOBAHUS B ITUPUHY, B TJIyOWHY ¥ C TIepeCTaHOBKO#M moJteii. [Ipex e
geM MbI OTKaxKkeMcsi OT S-TRANS, HYKHO do6a6umsb MPABUIO, O0bEIUHSIONIEE STH
TPU BUJIA TOATUIITMPOBAHUS:

{1,€1-m} {kjjel“m} Ipu KaKIoM k; = 1; umeem S; <: T;
{kj:Sj'j€1"m} <: {17;:-1-1_1'61..71}

(S-Rcb)

JlemmMa 16.1.1 Ecau S <: T eweodumca u3 npasus nodmunupoeaHus, 6KAN0-
yasa S-RCDDEPTH, S-RCDWIDTH uw S-RCDPERM, Ho ne exatouwas S-RCD, mo
aMO YymeepoicoeHue MaKice MONCHO BHLBECTNU C UCTOAb308aHUEM S-RCD (Ho He
S-RcpDEePTH, S-RCDWIDTH u S-RCDPERM), u naobopom.

Loxazameavcmeo: Ipamorunetinas urnoyKyus no 0epesvam 6u.600a.

Baaromapst jmemme 16.1.1, MbI MOXKeMm 3aMeHuTh mpaBmiaa S-RCDDEPTH,
S-RcDWIDTH u S-RCDPERM na S-RCD. Ilonyuennas cucrema npejcTaBieHa HA
puc. 16.1.

Tenepsb Mbl MO2KEM [IOKA3aTh, YTO B cucreme 1o puc. 16.1 npasuia pediekcus-
HOCTH W TPAH3UTUBHOCTHU HECYIIECTBEHHBI.
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—>{}<:

[
A/Leopummu%ecnoe ommowenue nodmu-

nuposaHUA =S <: T A A
p LT T {lizel..n} c {kjjel..m}
S <: TOp (SA—TOP) ecjin k]: li, TO > S] <:' Tz
[ {kj :Sjjel..m} <: {1, :Tizel..n}
(SA-Rcp)

=Ty <: S > Sy <: To
Sy =Sy <: Ty —Ts
(SA-ARROW)

|

Puc. 16.2. AjnropurMudeckoe OTHOINIEHUE MOATHITAPOBAHUS

Jlemma 16.1.2

1. s xaotcdozo muna S MoocHO evieecnu, wmo S <: S, 6e3 ucCnosb306aHUA
S-REFL.

2. Ecau ymeepoicdenue S <: T 6b1600UuMO, MO €20 MOAHCHO 6bLEECTIU 0e3 Uc-
noav3oearus S-TRANS.

JHoxazameavcmeo: YTIPAYKHEHUE [PEKOMEHIVETCS, % % % |.

Vipaxuenue 16.1.3 [*]| Kax usmenames smu ceoticmea npu 006a6AEHUY MUNG
Bool?

9To IPUBOAUT HaC K OIIPEACTIEHUIO aJITOPUTMHUYIECCKOrO OTHOIIECHUA ITOATHUIIMPOBA-
HUA:

Ompegmenerue 16.1.4 Omnowenuem AJITOPUTMUYECKOIO MOITUIIUPOBAHUS HA3bl-
8AEMCA MUHUMAADHOE OMHOULEHUE MENCOY MUNAMU, 3GMEHYMOE OMHOCUMENHO
npasus no puc. 16.2.

MbI roBOpUM, YTO AATOPUTMUYECKHE MpaBUia koppekmuo, (sound), mOCKOJIb-
KY BCAKOE yTBEPXKJECHHUE, BBIBOIUMOE Yepe3 HUX, MOXKHO BBIBECTH M IIPU MOMOIIN
JIEKJTAPATUBHBIX TIPABII (AJITOPATMUYECKUE TIPABAJIA HE JTOKA3BIBAIOT HUIErO HO-
BOIO), & TaKxKe noans, (complete), HOCKOIbKY KazK/0€ YyTBEDXKIEHUE, BLIBOJUMOE
W3 NEeKJIAPATUBHBIX TPABWII, MOJKET OBITH BLIBEIEHO W TIPU TTOMOIINA AJITOPUTMIYIE-
ckux (QJIrOpUTMHUYECKHE TIPABUJIA CIOCOOHBI I0KA3ATh BCE, Y4TO OLLIO 0KA3yeMO
DaHbIIE).

Vrsepxnenue 16.1.5 [KOPPEKTHOCTL U TOJIHOTA] S <: T mozda u mMoAbKo
moeda, xozda S <: T.

Joxasameavcmeo: B 060Uz HANPaBAEHUAT 00KAZAMENLCMBO CMPOUMCH NO UHOYK-
YUU HG 0EPEBLAT 6bL600a, € NOMOULLIO 00HOT U3 06YT NPeILLdYULUT NEMM.
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ITockonbKy —AIrOPUTMHYECKHE PABWJIA YIPABASIOTCA CHHTAKCHCOM, X
MOKHO HEIOCDEJCTBEHHO DPACCMATPUBATL KAK A/INODUTM HPOBEPKU OTHOLLE-
HUsl AJTOPUTMHWYECKOTO TOATHUINUPOBAHNs (& CIIeIOBATEIbHO, M JEeKJIapaTHB-
HOTO OTHOINEHWs TOJTHIMPOBaHNs). B ICeBIOKOAE ajrOPUTM BBHINVISAIAT TaK:
subtype (S,T) =

ecau T = Top, TO ucmuna
nHade ecii S =S1 > SouT =Ty —» T

1o subtype (T1,S1) A subtype (S, Ts)
unave ecm S = {k;:S;7"} u T = {1,: T}

TO {liiﬂ"n} c {kjjel..m}

A JlJlg KaxKJIOro ¢ UMeeTcd Hekoropoe j € 1..m rakoe, 4ro k; = 1
u subtype (S;,T;)

WHAYE A0IHCD

KoukpeTHyio peanmsaiuio 3TOro ajaropuTMa Ha a3bike ML MoxkHO HaliTH B TUIa-
Be 17.

Hakomer, Ham HY2KHO yOeIUTHCS B TOM, 9TO aJITOPATMUIECKOE OTHOITEHUE TTO/I-
TUNMPOBaHUs 8ctody onpedeaeno (total), T.e. yro pekypcusHas GyHnkuus subtype
[IOCTPOEHHAS HA OCHOBE AJITOPUTMHUYECKUX [IPABUJI, BO3BPAIIAET JJId KAXK/I0H 11apbl
BXOHBIX TTAPAMETPOB JIN0O0O 3HAYEHUE UCTUHA, JTHOO A0CH, TTPUUEM 33 KOHEYHOEe
BpeMsi.

VrBepxnernue 16.1.6 [3ABEPIIEHUE]| Ecau swodumo ymeepocdenue S <: T,
mo Pynryua subtype (S, T) seprnem snauenue uctuua. B npomusnom cayuae ona
6EPHEM 3HAUEHUE JIOKD.

Ima meopema, COBMECTHO C YMEEPHCOEHUAMU O KOPPEKMHOCTIU U NOAHOME

AA2OPUMMUNECKUT NPAGUN, NO CYWELCBY, ymeepoicdaem, umo dGynruyus subtype
cayorcum pasperuatolieii upouenypoit (decision procedure) das dexaapamuerozo
OMHOWEHUS NOIMUNUPOBAHUSA.
Joxasamenvcmeo: Ilepeoe ymeepocdenue aezxo noddaemca nposepke (nymem
npamosunetinot undykyuu no depesy evsoda — S <: T). C dpyeoli cmoponol, mak
orce aeeko yoedumocsa, wmo, ecau subtype (S, T) ozeépausaem 3navenue UCTUHA, MO
evnoanaemca b S <: T. Taxum o6pazom, wmobv. NPoSEPUMb 6MOPoe yYymeepircde-
nue, docmamouno noxazams, wmo subtype (S, T) 6ceeda XOTH 9TO-TO 6036pawLaem,
m. e. 6cezda 3a6ePULGETNCA. DMO20 Mbl MOACEM Q0OUMBCA, 3AMEMUS, YMO CYMMA
pasmepos 6rodnoli napv, apeymenmos S u T ecezda cmpozo Goavuie, 4em CYMMA
PABMEPOS APRYMEHMOE 6 A060M DEKYPCUSHOM 6bL306€, NPOU3EBOOUMOM AA20PUM-
mom. Iockoavky sma cymma — 6ce20a KOHEUHOE NOAOHCUMENLHOE HUCA0, BECKO-
HEUHAA NOCACIOBAMEALHOCTVD PEKYPCUBHBLL GbL30606 HEGO3MONCHA.

Yuraresb CPOCHUT, HEJIB3S JIK COKPATUTH PAbOTY, TPOJAETIAHHYIO HAMHA B STOM
pasjiee, eciu Cpa3y B34Tb 3a OCHOBY aJI'OPUTMUYECKOE OlIpe/iesieHrue OTHOLIeHU
MOITUTTUPOBAHUSI, U JTaXKe HE YIOMWHATH JIEKJIapaTuBHOE ompezenenne. OTBeToM
OyZeT «MOKHO, HO C OTOBOpKaMU». Pazymeercsi, mpu KeJJaHuu MBI MOYKEM BBIODATH
JJd onpejie/IeHNs HaIlero UCYUCIeHNs ajJrOPUTMUYECKOe OTHOIIEHWe B KadecTBe
ocaoBHOro. OHAKO B pe3ysbTarTe MbI MOYTH HE IKOHOMUM YCUJIUs, TTOCKOJIBbKY,
4T06bI 110KA3aTh, YT0 OTHOLIEHUE TUNM3ALMU (3ABUCHALIEE OT OTHOILEHUS [1O/TH-
MUPOBAHUSA) BeJET ce0si KOPPEKTHO, HEOOXOAUMO 3HATH, UTO OTHOUIEHUE TOITHIIH-
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poBanus pedJIEKCUBHO U TPAHZUTUBHO, a ITU JTOKA3ATEIHCTBA TPEOYIOT IPUMEDPHO
TAKoro ke obbema paborbl, Kakoil Mbl upogesanu 3uecb. (C apyroit cropousl, B
OIpeJleJIEHUAX A3BIKOB YaCTO UCIOIb3yeTCs aJrOPUTMHUYECKOe IPeJICTaBIeHIe OT-
HOIeHus Tunu3anuu. Ilpumep 3Toro Mbl yBuauM B ryase 19.)

16.2. AJjaropurMmuYecKoe OTHOIIEHWE TUITU3AIUN

PazobpaBimch ¢ OTHOIIEHWEM TOATHIHPOBAHMSI, MbI JOJIXKHBI TEIeph MPOIe-
JIaTh TO K€ caMoe C OTHOIIeHWeM Tunm3aruu. Kak Mbl BHIEH Ha C. 235, eInH-
CTBEHHOE [IPABUJIO TUIU3AIUU, HE YIPaB/IIeMOe CHHTAaKCUCOM, — 310 T-SUB, Tak
YTO MMEHHO C HMM HaM W IIPEeJACTOMT uMeTb nejio. Kak u B ciydae S-TRANS B
MPEIBIAYINEM PA3Iesie, Mbl He MOYXKEM MPOCTO yOpaTh U3 CUCTEMBI MPABUIIO BKJIIO-
YeHWs: HyXKHO CHAYaJIa BBISCHUTH, TJE 3TO MPABUJIO UTPAET CYIIECTBEHHYIO POJIb,
¥ PACIIUPUTD APYTHE MPABUJIA TAK, YTOOBI T€ 2KE CAMBIE PE3YJIHTATHI JOCTUTAJUACH
0oJiee CHHTAKCUIECKH YIPABIAEMBIM CIOCOOOM.

OueBuIHO, YTO OUH BAXKHBIN CIy4Yail, B KOTOPOM MIPUMEHSETCS TTPABIIIO BKJTIO-
YeHUsd, — ITO YCTAHOBJIEHNE CBA3€N MeXKJy TUIIAMU apryMEeHTOB, KOTOPbIE OXKU/1a-
er GyHKIN, U TUIAMU €€ PeAJbHBIX apryMeHTOB. Takoit TepM, Kak

(Ar:{x:Nat}. r.x) {x=0,y=1}

6e3 IpaBuUIa BKJIIOYEHUs] HE TUITM3UPYETCH.

Bo3moKHO, 3TO MOKayKeTCst CTPAHHBIM, HO YKa3aHHAS CUTYAINsT — eJuHCMEeH-
HaA, TIe TPABUJIO BKJIIOYEHUsT HEOOXOMWMO mpu Tunm3anuu. Bo Bcex oCTabHBIX
Cydasix, KOTJa MPU JTOKA3ATENbCTBE TUIU3AINMA BCTPEUAETCS TO MPABUIO, TO
JKe caMOe YTBEpXKIEHHe MOYKHO TOJYYUTh U3 JIPYTOro JepeBa BBIBOAA, B KOTO-
pom ucnonb3oBaaue T-SUB «OTKIIAABIBAECTCs », OyAydd CABAUHYTO BHU3 10 JEPEBY
K KOpHIO. YTOOBI B 3TOM yOeIUTHCsI, TTOJIE3HO HEMHOTO TO3KCIIEPUMEHTUPOBATD C
JIEpEBhSIMU BBIBOJIA, COMEPKAIUMHA MMPABUJIO BKJIIOUEHUS, PACCMATPUBAST KAXK 0
MPABUJIO TUIH3AIUHU 110 OUYEPEIN W PASMBIINILIsA, KAK MOXKHO TEPECTPOUTH BBIBO/I,
3aBEPIIAIOIIUNICS STUM TPABUIOM, TAK YTOOBI OJUH U3 HEITOCPEICTBEHHBIX €r0 MO/~
BBIBOJIOB 3aBepiiiajics Obl npumenenuem T-SUB.

IIpeanoaoKM, HAPUMEP, YTO Y HAC €CTh JEPEBO BBIBOJA, 3aBEPINAIOIIeecs
npasmioM T-ABS, IprdYeM ero HenoCpeICTBEHHBIA IOABLIBOL, 3AKAHIABACTCH IIPH-
Menennem T-SUB:

I''x:S1 82 @ So Sy <:
I''x:S; 89 @ Ty
' Xx:S1.82 : S; Ty

(T-SuB)

(T-ABs)

Takoe JepeBo MOXKHO TIEPECTPOUTH TAK, UTOOBI MPABUJIO BKJIIOUEHUST UCIOIb30BA-
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JIOCh nocae TpaBuia abCTPAKIUNU, U IOy YUTH TO K€ 3aKJII0OYeHNe, 9TO U PAHbIIIE:

——— (S-REFL)
S1 < §4

Sy <: To

S1 >S9 <: 51 &7y

I''x:Si1 sy : Sy
' Ax:Sy.s2 : S; —S9

(S-ArRROW)

(T-ABs)

(T-S

' Xx:Sy.89 : S —Ts

BoJiee unrepecusiii ciaydail — npasuiio npumenenuns T-APP. 3xech umeercs
JIBA TIOJIBBIBOA, KAYKIBI U3 KOTOPBIX MOXKET 3aKaHYMBATHCA mpaBuaom T-SUB.
Cuagajia pacCMOTPHUM CJIy9aii, KOT/a MPABUIO BKJIIOYEHUsS] BCTPEYAETCS B KOHIIE

JIEBOTO TIO/IBBIBO/IA.-

S I — T (S-ArRROW)
11 o212 < 111 112
T = S1 ¢ Sll —>Slg
I+ Ty —T (T-Sur)
S1 ¢ L1 712 =
FI— So ¢ T11 (rj
I'—81 89 ¢ Tqo
VuaursiBasi pe3yabTaThl W3 MPEIbIAYIIEro Pa3/ieid, Mbl UMEEeM MPABO MPEITOJIO-
JKWTh, 9TO TOCJIETHUM MPABUJIOM B BBIBOIE S1; —S12 <: Ty; —Tio He Oyaer Hu
S-REFL, uu S-TRANS. Vcxons u3 ¢hoOpMBbI €ro 3aK/II0UEHNs, TAKUM TIPABUIOM MO-
KeT OBITh TOJBEKO S-ARROW.
Typ <: S11 S12 <: Ty
S I T (S-ARROW)
11 —o12 < 111 112
F = S1 ¢ Sll —>Slg
I T1y —T (T-Suw)
s1 ¢ T —=Ti2 o
I'ksy ¢ T
I - s1 so : Tlg
[lepemnucap npaBuia u ycrpanus T-SUB, MBI MOJIy9aeM WHTEPECHBINH PE3YJIbTAT.
I'sy @ T11 T11 <: S11
(T-Sus)
I S 3 I+ s2 ¢ Si1
S1 ¢ 911 7012
(T-Arp)
I's; s9 : Si9 _
Si2 <: T2

FI—Sl S99 ¢ T12

[Ipapblit TOABBIBOM, HCXOIHOTO IK3EMILIApa S-ARROW CABHHYT BHU3 B KOPEHb Jie-
peBa, rie HOBbLIH 3k3eMILTsip T-SUB moBbimaer Tl Bcero repma-npumenenus. C
JPYyroil CTOPOHbBI, JIEBbIH 11OJBbIBOJL IIEPEIBUHYT 66€PT 110 JIEPEBY, TY/1a, I/e Ollpe-
JeJigeTcsa TUTI apTyMeHTa So.
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[Ipeamnonoxum remnepb, 410 sK3eMiuigp T-SUB, nojexariuii nepeHocy, pacio-
JIO?KEH B KOHIIE [IPABOIO 0/IBBIBOJIA JEPEBa, 3aBepUIAIONIerocs npasuiom T-APP.

Fl_SQ : T2 T2 <: Tll
FI—SQ . T11

(T-SuB)

'8y @ Ty1 —»Tio

(T-App)
FI—Sl So ¢ T12

EnuncTBEeHHOE, 9TO MBI MOXKEM CJIEJIATh ¢ TAKUM IK3eMIigpom T-SUB — 3To me-
PE/BUHYTH €ro B JIEBBIH IOJBBIBO, YACTUYHO OTMEH:s IMPEeIbLIyIee mpeodbpa3o-
BaHUeE.

———— (S-REFL)
— Tio <: Tqo
Ty <: Tqy

(S-ARROW)
T11 —=T12 <: To —T12

I = S1 ¢ T11 —>T12

(T-Sus)
'+~ S1 @ TQ —>T12

FI—Sl S99 ¢ T12

NTak, Kak MbI BHJIUM, SK3EMILIAP MPABUJIa BKJIIOYEHUS, KOTOPBIN MMOBBIITAET TUT
pe3ynbTaTa TepMa-MPUMEHEHNsI, MOKET ObITh MEePEIBHHYT BHU3 CKBO3b IIPABUJIO
T-APpP. OnHakKo, 5K3eMILIAP, B KOTOPOM BKJIIOUEHUE HCIOJIb3YeTCs JJisi COrJia-
COBAHUS MEXKJy THUIOM apryMeHTa (PyHKIMH W THIOM OOJIACTH €€ OINpE/Ie/ICHUST,
YHAYTOXKUTL HEMb3sA. MOXKHO epeIBUHYTH €ro U3 OIHON MPEINOCHLIKT B APYTYIO:
TaK, MbI MOYKEM PACIIUPUTH TUI APTYMEHTA, 9TOOBI OH COOTBETCTBOBAJI TUITY 00JI1a-
CTH OmpeJiesieHus, JIubo paciupuTh Tuil GyHKIuu (Cy3UB THUIL €€ apIyMeHTa) TakK,
9T00BI OHA OXKM/IAJIa APTYMEHT, KOTOPBIH MBI HA CAMOM Jiejie COOMpaeMcsi B Hee
pBectu. OaHaKo, BOOOIIE M30aBUThCs OT [IPABUJIA BKJIFOYEHHS 3/1€Ch HEBO3MOXKHO.
970 HAOIIOIEHNE B TOYHOCTH COOTBETCTBYET HAINEMY WHTYUTHBHOMY IMPEICTaB-
JIEHHIO O TOM, 9TO TAKOE WCIOJIb30BaHWe 1-SUB u fe/laeT HAITy CUCTEMY CTOJIb
MOIITHOH.

Takke TpebyeT paccMOTpeHHS Caydaii, B KOTOPOM IOCJIETHUM IIPABUIOM B JI€-
peBe BBIBOJIA ABJAETCA BKJIIOUYEHWE, 3 €r0 HEMOCPEACTBEHHBIN MOABBIBOJ TaKXKe
3aBepITaeTCd TPABUJIOM BKJIOUEHHSA. B 3TOM cirydae JBa CIEAYIONIAX MOAPA K-
3eMILISIPa BKJIIOYEHUsI MOYXKHO CJIUTH B oiuH. T.e., Bcakuil BBIBOJ BUIA

I's : S S <:

(T-SuB)
I's : U

U <:

(T-SuB)
I's : T
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MOXKHO IIepenncaTrb Kak

S<: U U<: T
S <: T

: (S-TRANS)
'—s : S

(T-SuB)
I's : T

Viopaxuenue 16.2.1 [* —»]: [laa 3a6epwenus sKCnepuMenma nokaxcume, Kax
npoudsodums nodobHoe NepeynopAdOUeHUE NPaBUL 6 6b6004T, 6 KOMOPHLLL NpPa-
euno T-SUB ucnoavsyemca neped T-RCD aubo neped T-PROJ.

[Ipumenws 3T npeobpa30oBaHus MIaAr 3, IIATOM, Mbl MOYKEM TPUBECTU MTPOM3-
BOJIBHOE JIEPEBO BBIBOJA TUIA K (opme ocoboro Buia, B Kotopoit T-SUB BeTpeda-
eTcs TOJBKO B JIBYX MECTaX: B KOHIIE IIPABOTO MO/IBBIBO/IA JIJIsi TEPMOB-TIPUMEHEHU I
¥ B CAMOM KOHIIE BCero jJepesa. Bosee Toro, eciiu Mbl IpOCTO 0MOPOCUM IK3EM-
mwisip T-SUB B camMOM KOHIIE, HUKAKOTO OCOOEHHOTO BPEJIa, 9TO HE TPUHECET: y HaC
MTO-TIPEKHEMY OCTAHETCS JE€PEBO BBIBOA, MPUCBAUBAIOIIEE TUI TOMY YK€ CAMOMY
TepMy — C T€M eIWHCTBEHHBIM OTJIUYUEM, 9TO THUII, IPUCBANBAEMBI TepMy, Oymer
menbiie (To ecrb Jiyutie!). Ocraercs JIUlilb OHO MECTO — TEPMbI-IIPUMEHEHHUS, [/IE
BCE eIlle MOI'YT BCTPEYAThCs YK3EMILISIPhI IPABIIIA BKIIIOY€HUs. UTOOBL y4ecTb 311
CIydau, 3aMEHUM TIPABUJIO JJjIs TPUMEHEHUH HECKOJIHKO 60Jiee MOIITHOM Bepcueit,

'ty @ Tyg »Tio 'ty @ To Ty <: Tqq
'ty tg & T2

y2Ke COofepIKaIeil NCIoIb30BaHNe BKIIOUEHNs B KAYEeCTBE MPeIIOChITKY. KaxK mprit
TTO/IBBIBO/T BHUJIQ, «[IPUMEHEHUE C BKJIIOUEHUEM TIEPE HUM » MOYKHO 3aMEHUTD Ha, K-
3EMILISP ITOTO MPABUIIA, B PE3YIbTATE YerO y HAC HE OCTAHETCS HUKAKUX CJIYIaeB
ucnonp3oBanusg T-SUB. Bosee Toro, pacimuperHnoe mpaBuio TPUMEHEHUS yIIPaB-
JIeTCsl CUHTAKCHCOM: (DOPMA TepMa B €r0 3aKJIOYEHUH HE [IEPECEKACTCs ¢ OCTAb-
HBIMU TTPABUJIAMH.

Takoe mpeobpasoBanme maeT HaM HAOOpP MPABUJ TUIM3AINAH, YIPABISEMbIi
CHHTAKCHUCOM, W TIPU TOM MPUCBAUBAIOMIAN THUIIBI TEM XK€ CAMbBIM TEPMaM, 9TO
¥ WCXOOHBIE TPABUJIA TUNW3AIuu. HOBbIE MpaBuia CBEIEHBI B HUKECIIELYIOIIEM
ompenenennn. Kak v B cjIydae ¢ alrTOpUTMAIECKIMU TPABUIAMHU TOATATHPOBAHNS,
MBI 3AMUCHIBAEM AJITOPUTMHUYECKOE OTHOIIEHNE TUIW3AIUU C MOMOIIBIO CHMBOJIA
«mrronopay, 't ¢ T, 9T00BI HE TyTATh €ro C [IEeKJIAPATUBHBIM OTHOIIIEHUEM.

Oupenenerue 16.2.2 OrHolieHue anropuTMuyeckoii runusauuu (algorithmic
typing relation) ecmv HaumenvUee OMHOWEHUE, 3AMEHYMOE OMHOCUMEALHO NP~
eun ¢ puc. 16.3. Ilpednocviarxa Ty = Ty1 —Tio 6 npasuse 0as npumenenuts —
NPOCMO AGHOE HATIOMUHAHUE 0 TOCAECO0BATNEALHOCTNY ONEPAUUT TPU NPOBEPKE M-
Nn06: Mbl CHAUAAG Sbivucasem mun T) das ti; 3amem nposepaem, umo T umeem
eéud Ty1 — T2, u m. 0. Ilpasuro pabomano 6vb, MOUWHO 6 MET HCE CAYUAAT, ECAU
ObL MDL UCKAIOWUAY ITNY NPEINOCHIAKY, 6 BMECTNO NEPBOT NPednochAKY HANUCAAU
ow I't> t1 @ T11 —Tio. To sice 3amevanue éepro u das TA-PROJ. Kpome mozo,
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—>{}<:

Anrzopummunecrkan MUNU3GYUUS
't : T
Oas Kaxkgoro ¢ L' t; @ T;
x:Tel F'—){11=t1...1n=tn} : {llle---ln:Tn}
Fbx : T (TA-VAR) (TA-Rcp)

I''x:Tibty @ Tq
I'b Ax:T1.ty ¢ Ty —>To
(TA-ABS)

't @ Ry Ry ={1::Ty...1,,:T,}
I'et,.1; : T;
(TA-PRrOJ)

'ty : Ty Ty =Ty —»Tq9
I'bty @ Ty = To <: Tqq

I'bt, to @ Tio

(TA-App)

Puc. 16.3. AnropurMudeckast TUIA3ALKA

nPEINOCHINKG 0 NOOMUNHOCTIU 6 NPABUAE OAA TPUMEHEHUT 3ANUCAGHA € UCTIONL-
306GHUEM CUMBONG <UWMONOPA»; NOCKOALKY MbL 3HAEM, UMO GA20PUMMUYECKOE
OMHOWEHUE NOOMUNUPOBAHUS IKEUBGAEHMHO JEKAAPAMUBHOMY, MaKOT 6b160p —
deno sKyca.

Vupaxuenue 16.2.3 [k —]: ITokascume, 4mo mun, npuceausaemvili mepmy ai20-
PUMMULECKUMY NPABUAAMU, MOACEM YMEHBITTUTHCT NPU SblYUCAEHUY. aa Imo20
natidume 9d6a mepma s u t ¢ aszopummuseckumy munamu S u T, wmobo, s —»* t
uT <: S,n0S «: T.

Hawm ere HykHO (DOPMATIBHO TTPOBEPUTH, UYTO AJITOPUTMUYECKUE TTPABUIA, TH-
U3AIMHA COOTBETCTBYIOT UCXOAHBIM JIeKIapaTuBHbIM npasusiaM. (IIpeobpazoBanust
JIEPEBBEB BBIBOJA, MEPEYUCTEHHBIE HAMHU BBIIIE, CJOUNIKOM He(OPMATbHbBI, ITOOBI
CUMTATHCS JOKA3ATEIHCTBOM. X MOXKHO HPEBPATUTH B TAKOE JIOKA3ATETHLCTBO, HO
Takas pabora OyIeT CIUIIKOM JIOT0H U TPYA0EMKOI: IPOIe, KaK OOBIYHO, IIOCTPO-
UTH WHIYKIMIO 110 JEPEBbAM BbIBOJA.) Kak U B Cjydae ¢ MOATUIUPOBAHUEM, MbI
JIOKA3bIBAEM, 9TO AJTOPUTMHUIECKHE MPABUIIA, KOPPEKTHBI U MOJIHBI 110 OTHOIIEHIIO
K MCXOJHBIM JIEKJTAPATUBHBIM TTPABUIAM.

CBOCTBO KOPPEKTHOCTH MMEET MPEeKHUN BUJ: KaXK/I0€ yTBEPXKIEHUE O THIIH-
3allU, BBIBOJIUMOE U3 AJTOPUTMUYECKUX HPABUJI, TAKXKE CJIEAYeT U U3 HPABUJI
JIEKJTAPATHBHBIX.

Teopema 16.2.4 [KOPPEKTHOCTL| EcauT't : T, mol' ¢ : T
Zoxazameavcmeo: IIpamosunetinas uHOYKUUSL NO AA20PUMMUYECKUM 0EPESLAM
6b1800a MUNOS.
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Yro kacaercs CBOHCTBA MOJHOTHI, TO OHO BBINISAUT HEMHOrO uHade. QOObIKHO-
BEHHOE OTHOIIEHUE TUIIU3AIUI MOXKET IIPUCBOUTH TEPMY MHOXKECTBO THIIOB, TOLJ1A
KaK aJrOpUTMUYECKOE MPUCBANBAET He 60jiee OJHOrO (ITO HETPYIHO MPOBEPUTH).
Takum obpaszom, mpsimMoe mpeodpa3oBanue TeopemMbl 16.1.5 ObLTO OB IBHO HEBEP-
HbIM. BMeCTO 3TOro Mbl MOXKEM TOKAa3aTb, 9TO €CJIM TePM t MMeeT MO OOBIKHO-
BEHHBIM MIPABUJIAM THUIU3AIUHA TUN T, TO MO aJITOPUTMUYECKUM IMIPABUIAM y HETO
BCerma ecTh Tun S, jydmmuit, veMm T B ToM cmbicae, 910 S <: T. pyrumu ciaoBa-
MU, aJITOPUTMHUYECKNEe TPABUIA MPUCBAMBAIOT KAXKIOMY TEPMY €ro HauMeHbwul
(minimal) tun. Teopemy O MOJHOTE YaCTO HA3BIBAIOT TEOPEMOH O HAMMEHBIIIEM
THIE, OCKOJIBKY (BMecTe ¢ Teopemoii 16.2.4) oHa 03HAYAET, YTO BCAKHN THIN3H-
PyeMblil TepM B J€KJIApPpATUBHONU CUCTEME UMeeT HAMMEHbBIIUNA THII.

Teopema 16.2.5 [[10JIHOTA, U1 MUHUMAJILHOCTb TUIIOB] Ecau T+t : T,
mol'bt : S das nekomopozo S <: T.
JHoxazameavcmeo: YTIIPAXKHEHUE [PEKOMEHYETCH, %%|.

Vupaxuenue 16.2.6 [*%|: Ecau ombpocums npasuso nodmunuposanus, 0
Pynryuld S-ARROW, @ ocmasbHbie 0EKAGPAMUBHBLE NPAGUAL TOOMUNUPOSAHUSL U
MUNU3AYUY OCTNABUMD HEUSMEHHBIMU, bYydem AU cucmema no-npestcHemy o0aa-
damv c80tcmeom munumarvrocmu munos? Ecau da, mo doxastcume smo. Ecau
HEM, Mo NPUEEIUME NPUMED MUNUSUPYEMO20 MEPMA, Y KOMOPOZO OMCYMCIMEYenm
HAUMEHLWUT TUN.

16.3. IlepeceueHus m o0'beAMHEHUS

IIpoBepka THIIOB BbIpAXKEHUN C HECKOJIBKAME BO3MOXKHBIMY PE3y/IbTATaAMU, Ta-
KHUX KaK YCJIOBHbIE BbIPAarK€HUA UJIM BblpazKeHUs case, B A3bIKe C LIOJTUIIAMU Tpe-
OyeT HEKOTOPBIX IOMOJHUTEIBHBIX XUTPOCTeH. BemoMuuM, Hampumep, aekjaapa-
THUBHOE TIPABUJIO TUMHU3AINHN JIJI YCJIOBHBIX BbIPDAXKEHUIA:

I'-ty : Bool 'ty = T I't3 : T
I'—if t; then ty else t3 : T

(T-1r)

IIpaBumo Tpebyet, 9ToObI THII 0OEMX BeTBEl OBLT OMWHAKOB, M MPHUCBAWBAECT 3TOT
THIT YCJOBHOMY BbIpazkeHuio B mneaoM. OQIHAKO ec/id B CHCTEME UMEETCs TPABUIIO
BKJIIOYEHHS, TO MOXKET ObITh MH020 CIIOCOOOB JATh OOEMM BETBIM OJUH U TOT K€
tun. Hampuwmep,

if true then {x=true,y=falsel} else {x=false,z=true}

nuMmeer THI {x:Bool}, ©OCKOABKY BeTBb then wuMeeT HAWMEHBIIWA THII
{x:Bool,y:Bool}, KOTOpbIil MOXKHO TOAHATH 10 {x:Bool} ¢ momompio T-SUB,
a BeTBb else, aHAJOIMYIHO, MMeeT HamMeHbmmii Tun {x:Bool,z:Booll}, Koro-
pBIii TOXKe MOXKHO MOmHATH 1m0 {x:Bool}. Tor ke camblii TepM WUMEET U TH-
mel {x:Top} um {} — B cymuOCTH, A1060U THUI, OJTHOBPEMEHHO SIBJISIOIIUIi-
cst HaaTunoMm {x:Bool,y:Bool} u {x:Bool,z:Bool}. CnemoBarenbHO, HANMEHD-
IIIAM THIIOM BCEr0 YCJIOBHOI'O BBIPAXKEHUsI SBJISIETCH HANMEHbINUN OOIIMit HAITHII
{x:Bool,y:Bool} u {x:Bool,z:Bool}, T.e. {x:Bool}. B obmem cayuae, 4ro-
OBI BHIYUCIUTH HANMEHBIINH TUTT TPOU3BOJIHLHOTO YCIOBHOTO BBHIPAYKEHUSI, CIIEAYET
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HaliTM HaMMEHbIIUE TUIIbI ero BersBeil then u else, a 3areM HAWTU UX HAUMEHb-
winii odmui Haarun. Takoil THI 4acTo HA3bIBAIOT 00BedUHEHUEM TUIIOB BETBEH,
MOCKOJIbKY OH COOTBETCTBYET OOBIYHOMY OObEIMHEHUIO (TOYHON BepXHE# rpaHu)
JBYX 3JIEMEHTOB B YaCTUYHOM IIOPSJIKE.

Onpenenenve 16.3.1 Tun J nasveaemcs oObenuuenueM (join) napv, munos S u
T, ymo sanucvieaemca 6 eude Sv T=J, ecau S <: J, T <: J, u 0aa 6cex munos
U ecau S <: UuT <: U moJ <: U Ananroeuurno, mun M nasveaemcs mepece-
yenuem (meet) S u T, wmo obosnauaemcs kax SAT=M, ecau M <: S, M <: T, u
oas ecarxozo muna L, ecau L <: SulL <: T, moL <: M.

B 3aBucumocTH OT TOro, KAk B KOHKPETHOM S$I3bIKE OIPEJITIEHO OTHOIIEHWE
MOJITUITNPOBAHNS, HE BCENA JJI BCAKOM Mapbl TUIIOB MOXKET CYIIECTBOBATH O0b-
eauHeHne. [oBoOpAT, 4TO OTHOLIEHWE [IOJATUIIMPOBaHUs 00Aadaem 00BedUHEHUAMU,
ecau st BCAKUX S v T CyIIeCTBYeT HEKOTOPBIH TUT J, SBIISIIONIUNCT 00beINHEHN-
em S u T. AHAIOrUYIHO, OTHOIIEHNE TOATHIINPOBAHUS 00.4adaem nepecesveHuimu,
ecnn nyrd Kaxkaoro S m T mmeerca HEKOTOpbIA M — mepecedenne S u T.

OTHOIIeRNe TOATHIHPOBAHHS, PACCMATPHBAEMOE HAMH B 3TOM pasjesne,’ obmia-
JaeT obbeuHeHusMu, HO He nepecedenusivu. Hanpumep, y tunos {} u Top—Top
BOODOIIIE HET OOIINX TOATUITOB, TaK YTO HET W HAaMOOJbITero obirero moarumna. Q-
HAKO0, HECKOJIBKO DoJiee c1aboe yCIOBUE BCE €IE BBIMOHIETCsS. Mbl TOBOPUM, 9TO
napa TunoB S u T ozpanuuena crusy (bounded below), eciu umeerca Tun L ta-
koit, ato L <: SuL <: T. OTHOIIEHHE MTOATUITHPOBAHUSA 004a00EM 02PAHUMEHHbL-
mu nepecevenusmu (has bounded meets), ecsiu aJist KazK 10 Hapbl OrPAHUYEHHBIX
cuudy tanos S u T umeerca M — nepecedenue S u T.

O0benuHenns u mepeceveHns He 00I3aTebHO TOIKHBI OBIThH YHUKAJIHHBI. Ha-
npumep, kak {x:Top,y:Top}, Tak u {y:Top,x:Top} ABIAIOTCSH OObEINHEHUAMN
mapel tunoB {x:Top,y:Top,z:Top} u {x:Top,y:Top,w:Top}. Ognako aBa pas-
JIMYHBIX 00beuHenus: (MU [epeceveHusi) OAHON U TOI K€ Mapbl THIOB BCErIA
JIOJ2KHBL OBITH MOJTUIIAME JIPYT JAPYra.

YrBepxnerue 16.3.2 [CYI_HECTBOBAHI/IE OB’bE,ZLI/IHEHI/II?I 1 OTPAHNMYEHHBIX HEPECE‘{EHI/II/"I]
1. Jlas xascdot napv munos S u T umeemes mun J, maxotd, wmo Sv T = J.

2. Jlasa xaosrcdoti napo. munos S u T, umeouwur obusuti noomun, umMeemcs mun
M, maxot, wymo SA T =M.

[Hoxazameavcmeo: YTIIPAXKHEHUE [PEKOMEH/IVETCS, % % % |.

C nomonipio onepanyuyu 06beJMHEHHS Mbl MOXKEM 33/1aTh aJIrOPUTMUIECKOE IIpa-
BUJIO 1J1d BbIpakeHuii if B cucreme ¢ noATUIIAMU:

't : T4 Ty = Bool 'ty @ Ty I'Ht3 : T3 TovTyg=T
I'—if t; then ty else t3 : T

(TA-IF)

LA umenno, orHOIIeHMe, Onpeenennoe Ha puc. 15.1 u 15.3, u pacmmpennoe Tunom Bool. B
OTHOILIEHNHY NOATUINPOBAHKA Bool BeseT cebaA MPOCTO: B JeKIaPaTHBHOE OTHOIIEHUE IO THIIHPO-
BAHNA HUKAKUX CBA3aHHBIX C HUM IPABHUJ He J0OOABISIETCA, TAK UTO €r0 e IMHCTBEHHBIM HAJATUIOM
aBJsiercsa Top.
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Vupaxuernue 16.3.3 [k x]|: Kakos naumenvwuil mun ewpadcenus if true then
false else {}? Xopowo au smo?

Vupaxuenue 16.3.4 [% % x|: Jlezko au pacwupums aa20pummss 045 6bLHUCACHUS
Munoe-o0seduHeHul U MUNO-nepecewerutl Ha UMNEPAMUBHDLT ALK CO CCHLAKA-
MU, onucarnbimy 6 §15.5 (na c. 222)7 A ecau npunamov nodrod ¥ CCoAKGM U3
§15.5 (c. 224), ede moL pasdesnem uneaPUAHMHBbLT KOHCMPYKMOpP Munos Ref Ha
Kosapuanmubll Source U KOHMPASAPUAHMHHIT Stnk?

16.4. AunropurMuyeckKasi TUTIU3AIUA U TUM Bot

Eciv B orHOIEHWe moATHNHpPOBAaHWS [10OABIISETCS HAUMEHbINWNA TUI Bot
(§15.4), Tpebyercs HECKOJIBKO PACIIUPUTD AJIOPUTMbL JJisl IIOJTUIIUPOBAHUS U TH-
nuzauuu. JJobaBum 0410 (04€BUAHOE) UPABUIIO B OTHOLIEHUE LOJATUIIMPOBAHUSL:

FBot <: T (SA-BorT)

¥ JIBA HECKOJIBKO 0OJIee CITOXKHBIX MPABUIA B aJTOPUTMUIECKOE OTHOIIEHNE TUIIN-
3aIiu:

'et; : Ty T1 = Bot I'bty @ Ty
'ty to : Bot

(TA-AppPBoT)

'ty ' Ry R; = Bot
I'>t1.1; : Bot

(TA-ProiBor)

[IpaBumo s moaTUNWPOBaHWS OYeBUIHO. VIHTYNTUBHAS Wes, CTOAIIAs 33 Mpa-
BUJIAaMU TUNHU3AIUU, TAKOBA: B JIEKJTApPATUBHOM cHUCTEMe Mbl MOYKEM IPUMEHHUTH
obbekT THna Bot K 4yemy yroaHo (mpu HOMOLIM BKJIIOYEHMs NPOABUHYB Bot 1o
JIIOOOI0 MHTEPECYOLIEro HaC PYHKIMOHAIBHOIO TUIIA), U IPEALOJIOKHUTb, YTO 110-
JIyYEHHBIH PE3yILTAT UMEET JII000H APYroif TUil. AHAJOTHYHO MOXKHO PaCCy¥KIaTh
¥ B CJIy4dae TPOEKITUH.

Vupaxuerue 16.4.1 [%]: Jonycmum, 4mo 6 sa3vike MaKice uMeOMCA YCA08HbLE
evipasicenus. Hyocno au dobasums ewe 00H0 aa20pummuieckoe npasuao ot 1f?

Homnosaennsi, Tpebyemble [Jisi MOAJAEPKKA Bot B 3TOM $3bIKe, HE CJIAMIKOM
cioxkubl. Onnako B §28.8 Mbl yBUMM, YTO IIPU codeTaHuu Bot ¢ orpanmyveHHOR
KBaHTH(UKANNENH BO3HUKAIOT 00JIee CEPHhE3HBIE CIOXKHOCTH.
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I'maBa 17

Peammn3anuga nonrunos Ha ML

B s70it raBe wumHTEpmpeTaTrop /Ui MPOCTOrO THUIMU3UPOBAHHOTO JIAMOIa-
ucuucaeHus, pa3paborannubiii B rase 10, pacumpsaercs AOMOJIHUTEIbHBIMUA MeXar
HU3MAaMU, HEOOXOIUMBIMU JJIS TOAAEPKKH TOATUIIOB — B YACTHOCTH, (DYHKITHEH
JJ1s IPOBEPKY OTHOIIEHUS TOITUITMPOBAHUS.

17.1. Cuntrakcuc

Oupesiesieansi TANOB JAHHBIX JJIsl THIIOB U T€PMOB 3alUCAHBI C MMOMOIIBIO ab-
CTPAKTHOTO CHHTaKCHCA Mo puc. 15.1 m 15.3.

type ty =
TyRecord of (string * ty) list
| TyTop
| TyArr of ty * ty

type term =
| TmRecord of info * (string * term) list
| TmProj of info * term * string
| TmVar of info * int * int
| TmAbs of info * string * ty * term
| TmApp of info * term * term

ITo cpaBHEHUIO € YUCTHIM TPOCTHIM THUITU3UPOBAHHBIM JIAMOIA-UCIUCTICHIEM, 3/1ECH
nobassrenbl Tuil TyTop, koncrpykrop TunoB TyRecord m KOHCTPYKTOPBHI TEPMOB
TmRecord u TmProj. 3anucu u WX TUIHI MPEICTABISIOTCS MTPOCTEHITTAM CIIOCODOM,
B BHJIE CIIUCKA TOJIel U CBSA3AHHBIX C HUMU T€PMOB JIHOO THUIIOB.

17.2. Iloarunsl
Hpe,[[CTaB.HeHI/Ie AJITOPUTMHUIECCKOrO OTHOIIEHU A IIOATUIIMNDOBAHUA B BUJIE IICEB-
JOoKozAa co c. 239 mpsamo nepeoautca Ha OCaml ciemyromum 06pa3om:

let rec subtype tyS tyT =
(=) tyS tyT Il
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match (tyS,tyT) with
(TyRecord (£S), TyRecord(fT)) —
List.for_all
(fun (1i,tyTi) —
try let tySi = List.assoc 1li fS in
subtype tySi tyTi
with Not_found — false)
fT
| (_,TyTop) —
true
| (TyArr(tyS1,tyS2),TyArr (tyT1,tyT2)) —
(subtype tyT1 tyS1) && (subtype tyS2 tyT2)
I (2,20 —

false

IlIo cpaBHenuio C ICEBIOKOIOM MbI BHECJIU B AJTOPUTM HEOOJIbIIOE M3MEHEHUE,
J100aBUB B HAYAJIO TPOBEPKY Ha pediiekcuBHOCTL. (Onepanus (=) — 3T0 OOLIKHO-
BEHHAs MMPOBEPKA HA PABEHCTBO; 3/1€Ch OHA 3AIMUCAHA, B TMPEMUKCHON HOTAIWH IMO-
TOMY, YTO B HEKOTOPBIX JIPYTUX PeaJu3aludX IOATUIIOB PABEHCTBO IIPOBEpPAETC
BbI30BOM npyroit ¢dyukmmu. Oneparus || — 970 Oy/I€BCKOE «UIU» € ONTHMH3A-
upeil: eciu 1epBas BETBb JaeT 3HAYEHHE «UCTHHA», TO BTOPAasi HE BbIUUCJISETCH ).
Ctporo roBopst, 3Ta TpoBepka He HyKHA. OIHAKO B PEATBHBIX KOMITHISTOPAX
9Ta ONTUMHU3AINS OYEHb BAXKHA. B OOJBITMHCTBE PEATHHBIX MPOTPAMM MOITHITHI
HCIIO/IB3YIOTCA JIOBOJIBHO PEIKO — B OOJIBITHHCTBE CJIy49aeB, KOIA BBI3HIBAETCS
IPOBepPKa Ha MOJTUINPOBAHUE, CDABHUBAEMbIE THIIBI HA CAMOM Jiejie OJUHAKOBBI.
Boustee Toro, ecsiv THIIBI IPEACTABIAIOTCS TAK, YTOOBI CTPYKTYPHO OJIMHAKOBBIE TH-
bl BCerJa uMesn (PU3nYecKu UACHTUIHbIE IPEACTABJIEHA — CKAXKEM, Y€PE3 COns
¢ zowuposanuem (hash consing) (Goto, 1974; Appel and Gongalves, 1993), — To
3Ta MPOBEPKA MPOU3BOAUTCA OJHOII MAIIMHHON KOMAaHION.

EcrecTBenno, npoBepka Ha MOATUIMPOBAHUE /s 3amuceil TpedyeT HEKOTOPOi
paborel co cnuckamu. Pyuxnus List.for_all npumensier npeaukar (CBOil mep-
Bblii apIyMeHT) K KaXK/IOMY 4JIeHY CIIUCKA, ¥ BO3BPAILAET true, eciid BCe STH MPH-
MEHEHHsI JAI0T pe3yabrar true. Boipaxkenne List.assoc 1i £S mmer merky 1i
B crucke moseit £S M BO3BpaIaeT COOTBETCTBYIOMIMM Tun tySi; ecim ke 1i He
BCTpedaeTcda cpeam MeTok fS, Bo3HuMKaeT uckiodenue Not_found, KoTOpoe MbI
repexBaTbhIBaEM U IIpEeBpalllaeM B BO3BpalaemMoe 3HadeHue false.

17.3. Tunmzanusa

QyHKIWSA TPOBEPKY TUIIOB €CTh TPAMOJINHENHOE paciupenne GpyHKIun typeof
73 IPEIbLIYIUX HHTEPTPeTaTopoB. OCHOBHOE W3MEHEHNE KOCHY/IOCh BETKH C TIPHU-
MEHEHUEM, MTOCKOIBKY TPeGyeTcs TPOBECTH MPOBEPKY HA MOATUIIHPOBAHUE MEXKY
THUIIOM apryMEeHTa W THUIIOM, KOTOPbIH oxkumgaer GpyHKIiusa. Kpome Toro, Mbl 106aB-
JisieM JIB€ HOBBIX BETBH JIjIsi KOHCTPYUPOBAHUS 3ALUCEH M UX IPOEKITUH.

let rec typeof ctx t =
match t with
TmRecord (fi, fields) —
let fieldtys =
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List.map (fun (li,ti) — (1li, typeof ctx ti)) fields imn
TyRecord (fieldtys)
| TmProj(fi, t1, 1) —
(match (typeof ctx tl) with
TyRecord (fieldtys) —
(try List.assoc 1 fieldtys
with Not_found —» error fi ("label_ ""1-"_ not,found"))
| _— error fi "Expected,record,type")
| TmVar (fi,i,_) — getTypeFromContext fi ctx i
| TmAbs (fi,x,tyT1,t2) —
let ctx’ = addbinding ctx x (VarBind(tyT1)) in
let tyT2 = typeof ctx’ t2 im
TyArr (tyT1, tyT2)
| TmApp(fi,tl1,t2) —
let tyTl1l = typeof ctx tl in
let tyT2 = typeof ctx t2 in
(match tyT1 with
TyArr (tyT11,tyT12) —
if subtype tyT2 tyT1l1l then tyT12
else error fi "parameter, typeymismatch"

| _ > error fi "arrow,type_expected")

B BeTBsIX, OTHOCAIIMXCS K 3aMHCAM, BBOAATCH HOBble KOHCTpYKImn OCaml, koro-
pble TIpexk e HaM He BCcTpedasnch. B BerBu TmRecord MbI BLIYUCISIEM CIIICOK UMEH
nonell ¢ ux tunamu fieldtys m3 cnmcka nosneir ¢ repmamu fields, ¢ moMompbIo
List.map npumensiss QyHKIUIO

fun (li,ti) — (1li, typeof ctx ti)

O ouepenu K KaxkJoil nape ums/repM. B Bersu TmProj Mbl CHOBA UCIOJIB3yeM
List.assoc, Ha 3TOT pa3 4ToObI HAWTH THI BbIOHpaemoro mnoJis. Eciau Bo3HuKaeT
uckouenne Not _found, Mbl TOPOXKIAEM HAITIE COOCTBEHHOE COODITeHNE 00 OImmnoKe
(cuMBOMI ~ 0003HAYAET KOHKATEHAIUIO CTPOK).

Vipaxuenue 17.3.1 [k k %|: B §16.3 noxasano, xax npu 006a6AEHUU YCAOBHOLE
6bLPAACEHUT 8 A3BIK € NOOMUNAMU B03HUKAET, HYHCIG 6 JOTONHUMEALHBLT BCTO-
MOZATNEAOHBL PYHKUUAL OAA SBINUCAEHUA HAGUMEeHbWET 6eprHel 2pany Jannol
napo, munos. B doxasameavcmee ymeepoicdenusn 16.3.2 (cm. c. 553) daemes ma-
MeMAMUECKOe ONUCAHUE MPEOYEMBLET AN20PUMMOS.

IIpoepamma mposepru Munos joinezercise — MO HENOAHGA DEAAUSGUUA
NPOCMO20 MUNUUPOBAHHOZ0 AAMOIA-UCHUCAEHUA € NOIMUNGMU, 3ANUCAMY U
YCAOBHBLMU BHLPAAHCEHUAMU: aHDL OCHOBHBLE PYHKUUL 0AA CUHMAKCUYECKO20 GHA-
AU3G U Pacnenamru, Ho 6 Pyuxyuu typeof omcymcemeyem eapuanm das TmIf.
Hem maxorce ynryuu join, om xomopot smom sapuanm 3asucum. /Jobasvme 6
IMOM UHMEPNPEMAMOP OYAECBCKUE 3HAUEHUS U YCAOBHBLE GLPANCEHUA (G TaKICe
008e0UHEHUA U NEPECEUCHUR,).

Vupaxuerue 17.3.2 [%%]|: Jobasvme 6 unmepnpemamop rcdsub mMuHUMAAbHOLT
mun Bot, 0CHOBBLIBAACH HA ONUCAHUY, NpusederHom 6 §16.4.
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Vupaxuernue 17.3.3 [* % %, »]: Ecau nposepra na nodmunuposarue 6 npaguie
nPUMEHEHUA 3a6ePULAEMCA Heydavel, Mo Nevamaemoe HAUWUM UHMEPTPEMAMO-
pom coobulenue 06 owubre Mmoodcem Ovimb HENOHAMHO noav3osamento. Moowcro
€20 YAYHUWUMD, PACIEYATNLEAA 6 COCTase coobulenus 06 owubke odtcudaemolli u
PEANBHO UMEIOUSUTICA MUNBL NAPAMEMPA, HO JAHCE MAKYIO 3aNUCH MOHCEM, Hbimb
mpydno nonams. Hanpumep, ecau osrcudaemes mun

{x:{},y:{},z:{},a:{}F,b:{},c:{},d:{},e:{},£:{},g: {}}
a4 PeasdbHo MOAYHEH MU
{y:{},z:{},£:{F,a:{},x:{},i:{},b:{},e:{},g:{},c:{},n:{}}

daA€eK0 HE CPA3Yy MOAHCHO €c000pa3ums, wmo nponyuieno noae d. Moowcno 3ua-
YUMENBHO YAYHWUMb OUAZHOCTIUYECKUE COOOWEHUA, eCAU 3ACTNABUMbL PYHKUUIO
subtype emecmo snauenul true u false aubo 6038paUWATID TMPUBUALOHOE 3HA-
wenue (3nauenue () muna unit), aubo nopooscdamv uckarouenue. Ilockorvky uc-
KAIOMEHUE NOPONHCIGEMCA 6 MOM MECME NPOGEPKU MUNOS, 20€ PEarbHO 00HAPY-
JHCEHO HECOOMBEMCMBUE, MO Mbl MONHCEM MOYHEE ONUCAMD CYULHOCTID OWUOOY-
HOU CUMYAUUY. FaMemum, “Mmo Mo udMeHerue He 3ampazusaem Habaodaemoe
U3BHE MOBEJEHUE NPOPAMMbL NPOBEPKU: ECAU TPOBEPKI NOMUNUPOBAHUA 8036Pa-
waem false, mo npoyedypa npoepry MunNo8 6ce PasHo Nopodusra 6vl 68 3Mom
mecme dpyzoe uckaroverue (uepes 63068 PyHKUUL error).

IHepenuwume dynxyuu typeof u subtype mak, wmobv, Bce coobwenus 00
owWubKAT oAU KAK MOIAHCHO boaee UHPOPMaMUu6HbL.

Vupaxuerue 17.3.4 [* % %, »]: B §15.6 mv, onpedeausy ceMaHTUKY HA OCHOBE
npeoOpa3oBaHusl TUTIOB (coercion semantics) OAf A3bIKG € 3GNUCAMU U TOOMU-
NaAMU, NEPEBOIA 6b600b, MUNUIGUUY U NOOMUNUPOBAHUS 6 TNEPMBL HYUCTNO020 NPO-
CMO20 MUNU3UPOSAHH020 AAMOIa-ucuucsenus. Pearusyiime smu npeobpazosarus,
Mmodupuyuposas Pynkyuto subtype uz amoti 244661 Mak, ¥MOObL, OHA NOPOIHCIANG
U 6036pausana PYHKUUI NPeobpazosanus (8upadcennylo 6 sude mepma), 6 MaK-
orce usmenus GyHkyuo typeof max, wmobv, OHG 6036PAUANAG KAK MUN, MK U
nepesedennovili mepm. Ilocae 3moeo HyscHo euinosnums nepecedentvili mepm (a
He UCTOOHBLT MePM), a4 PE3YALIATN, KAk 00bIUHO, HYHCHO PACTIEYAMATIVG.
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Pacmupennslit mpumep:
nMIepaTuBHble 00bEKThI

B 3T0it rmaBe MBI MOCTPOMM MEPBBIH TPUMEp HETPUBUAILHOI cucTembl. Mbl
HCIIOJIH3YEM ITOYTU BCE KOHCTPYKIIUH, ONPE/IejIeHHbIe paHee — (DYHKIWUW, 3aINCH,
peKypcuio oOIiero Bua, U3MEHsSeMble CChLUIKM K IIOJTHUIbI, — U C UX I[IOMOIIHIO
co31aauM HAOOpP MPOTPAMMHBIX UIUOM JIJTsl TIOAAEPYKKNA O0BEKTOB U KJIACCOB BPO-
Jie TeX, 9YTO €CTh B O0bEKTHO-OPUEHTUPOBAHHBIX S3bIKAX MPOrPAMMUPOBAHUS, Ta-
kux Kak Smalltalk nnm Java. B 3Toil ryiaBe Mbl He 100aBJIsseM HOBBIM CHUHTaKCHUC
71 OOBEKTOB: HAIEH 1EIbI0 OyAeT NOHAMY ITU HOCTATOYHO CIOKHBIE SI3BIKOBHIE
KOHCTDYKIWH, I0KA3aB, KAK UX IIOBEJEHNE MOXKHO PeajiM30BaTh HA OCHOBE OoJiee
HU3KOYPOBHEBBIX DJIEMEHTOB S3BIKA.

Ha nporsizkenun 6osbineii 9acTu ri1aBbl peanu3arus OyaeT JTOBOJbHO TOIHOM:
MBI CMOXKEM TOJIYYHUTh YIOBJIETBOPUTEIBHYIO (DYHKIIMOHAIHHOCTH OOJIBITHHCTBA
BO3MOXKHOCTEl 00bEKTOB U KJIACCOB, PACCMATPUBAs WX KAK MPOU3BOIHBIE (DOPMBI,
TIepeBOIMMbBIE Uepe3 y/IajleHne caxapa B MPOCTbIE COUETAHUs Y2Ke PACCMOTPEHHBIX
namu Koucrpykiwmii. Orako Korga B §18.9 MbI 106epeMcst 10 BUPTYaTbHBIX METO-
0B U self, Mbl CTOJIKHEMCS C HEKOTOPBIMHU CJIOKHOCTSIMU, CBA3AHHBIMU C [TOPS/I-
KOM BBIYUCJEHU, U W3-3a ITOTO TOAXOJT € yIaJEeHNEeM caXapa OKaXKeTCs HeCKOb-
KO HEpeaJMCTUIHBIM. Bojiee yIOBI€TBOPUTENHHOE OMUCAHNE TUX KOHCTPYKIIW
MOXKHO TOJIYy9UTh IIYyTEM MPAMOI aKCHOMATHU3AIMNYA UX CHHTAKCHUCA, OMEPAITMOHHON
CEMAHTHUKY ¥ MPABUJI TUIU3AINN, KOTOPYIO MBI Ipou3BeneM B ryiase 19.

18.1. Yto Takoe 0ObEKTHO-OPHMEHTUPOBAHHOE IIPO-
rpaMMupoBaHue?
BoJibinHCTBO CrIOpoB Ha TeMmy «B deM CylHOCTH TAKOrO-TO sABJIEHHAT» CKOpee

TMPOSIBJISTIOT TIPEAPACCYIKN WX YYACTHUKOB, YeM TMPOSICHSAIOT KAKYIO-JTHO0 0O0HEK-
TUBHYIO UCTUHY, KACAIONIYIOCd TeMbI cropa. [IombITKN TOYHOTO OmpeeseHust Tep-

IIpuMmeper ©3 9TOH rJaBBL SIBJISIOTCA TEPMAMH NPOCTOrO THIH3HPOBAHHOIO JMOGIa-
ucuncaenus ¢ nogrunamu (puc. 15.1), samucamvu (15.3) u ccpikamu (13.1). CooTBercTByomas
peanuszainus Ha OCaml nasweiBaercs fullref.
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254 18.1. Yro takoe 06beKTHO-OPHEHTHPOBAHHOE MPOrPAMMHUPOBAHIE!

MHUHA «O00bEKTHO-OPUEHTUPOBAHHBINY B 9TOM CMbBICJIE HE SIBJIAIOTCS UCKIIIOYEHUEM.
Tewm He MeHee, MO2KHO OTMETHTDH HECKOJIbKO OCHOBHBIX KOHCTPYKIUil, KOTOPbIE HMe-
FOTCsT B OOJIBIITMHCTBE O0bEKTHO-OPUEHTUPOBAHHBIX sI3IKOB, I KOTOPHIE BCE BMECTE
CJIy2KaT OCHOBOM [IJ1s XapaKTEPHOT'O CTUJIA TPOIPAMMHUPOBAHUA C XOPOIIIO U3BECT-
HBIMHU JOCTOWHCTBAMH W HEJIOCTATKAMH.

1. MHo>kecTBeHHbI€e IIpeJicTaBJieHus. BeposiTHo, camas dbyHIaMeHTATbHAS
XapaKTEPUCTHUKA O0BEKTHO-OPHEHTHPOBAHHOTO CTUJISI — 3TO TO, UTO KOTJA
10 OTHOITNIEHNIO K OOBEKTY TPHMEHSIETCs] HEKOTOpasi onepalus, 00beKT cam
OTIPEJIeISIET, KAKOH KO ee OCyIIecTBisieT. /Ipa oObeKTa ¢ OJHUM U TeM JKe
MHOXKECTBOM orepanuii (T. e., ¢ OIMHAKOBbIM uHmepgdeticom, interface) mo-
I'yT UMETh COBEPIIEHHO PA3HBIE BHYTPEHHUE IIPEJICTABJICHUS, €CIH KAXK bl
M3 HUX COJEPYKUT PEATM3AINIO OTepaIinii, paboTaIONINX C ero KOHKPETHHIM
OpPEJCTABIEHUEM. DTU PeaJnu3aluy HA3BIBAIOTCA Mmemodamyu (methods) 06b-
exra. [Ipumenenue onepayu K 00bekTy (661306 memoda, method invocation)
usu, 6oJiee KPACOUHO, NOCLLAKA 006exmy coobujenus, sending a message) npu-
BOJIAT K MMOMCKY UMEHH METOJA B TabJIUIE METOJIOB, CBA3aHHON ¢ OObEKTOM.
IIpotiecc mowncka MPOW3BOANTCS BO BPEMsI MCITOIHEHUST W HA3BIBAEGTCS JUMA-
muneckotl ducnemuepusayuet memodos (dynamic dispatch).

B npoTuBomnoI0:KHOCTL 3TOMY, OOBIKHOBEHHBIH abcmpakmmviii mun JaHHbL
(AT/]) (abstract data type, ADT) cocrour uz nabopa 3uHadeHuil, CBA3AHHbIX
¢ eduncmeennotli peasusauueil onepauuii Haj druMu 3Hadenusimu. (Takoe
CTATUYIECKOE OMPEIEIeHIe PeATn3alnii IMeeT KaK JOCTOMHCTBA, TaK U HEII0-
CTATKH 0 CPABHEHUIO C OOBEKTAMHU; MBI ITOAPOOHO PACCMOTPHUM 3TOT BOIIPOC
B §24.2.)

2. NMukancynsiqus. BHyTpenHee npencraBieHne 00hLEKTa, KaK MTPABUIIO, HEIO-
CTYITHO 33 MPEJEJAMHU ero ONpeIeIeHNs: TOJbKO COOCTBEHHBIE METOIBI 00b-
€KTa MOTYT IIPIMO CUHTHLIBATE IJIH H3MEHATH ero Iojida.! DTo o3HadaeT, ITo
M3MeHEeHHs] BO BHYTPEHHEM IIPEICTABICHNN 00bEKTa MOTYT MOBIUATD JIMIIIH
Ha HEOOJIBINO, SICHO OMPE/IEIEHHBIN YIaCTOK MPOrPAMMBbI; TAKOE OrPAHIIe-
HH€ 3HAYUTETbHO OOJIErdaeT YTeHue U MOAIEPKKY OObIINX CHCTEM.

B HEKOTOPLIX O0OBEKTHO-OPHEHTHPOBAHHEIX #A3BIKAX NOPOIPAMMHPOBAHHUS, TaKHX KaK

Smalltalk, nHKancynsanusa o6sa3aTesbHa — HU3BHE OIpejeseHns] 00beKTa HEBO3MOXKHO JIaXKe Ha-
36amb ums ero nosiei. B npyrux aseikax, ckaxem, C++ mim Java, 1mosss MOryT ObITH IOMEYEHbI
kak obmegnoctynHsie (public) mum npusareee (private). C apyroit croporsr, B Smalltalk Bce
MeTObl 00beKTa MyOIuYHO JOCTYHHBI, Torna Kak C+-+ u Java MO3BOJISAIOT OTMeYaTh Memodo
Moau(UKATOPOM private, KOTODBLIH pa3pemIaeT HX BBI30B TOJbLKO U3 ADYTHX METOLOB TOTO Ke
ofbekTa. B HaImelt KHUTe MBI 9TH JI€TAJIH OMYCTHM, HO OHH IMOAPOGHO PACCMATPUBAJIUCH B HCCITE-
noBaresnsckoil sureparype (Pierce and Turner, 1993; Fisher and Mitchell, 1998; Fisher, 1996a;
Fisher and Mitchell, 1996; Fisher, 1996b; Fisher and Reppy, 1999).
XOTb B 6OJIBH_H/IHCTB6 OG’beKTHO—OpI/IeHTHpOBaHHbIX A3BIKOB WHKAIICYJIAIUA CIUTACTCA HE3aAMECHU-
MO BO3MOXKHOCTBIO, B HECKOJIBKUX S3BIKAX 9TO He TakK. Myavmumermnodws (multi-methods), ume-
omuecsa B CLOS (Bobrow, DeMichiel, Gabriel, Keene, Kiczales, and Moon, 1988; Kiczales, des
Rivieres, and Bobrow, 1991), Cecil (Chambers, 1992, 1993), Dylan (Feinberg, Keene, Mathews,
and Withington., 1997; Shalit) u KEA (Mugridge, Hamer, and Hosking, 1991), a Takxe B
nambpa-&-ncancnernu Kacranvu, lesun u JIorro (Castagna, Ghelli, and Longo, 1995; Castagna,
1997) xpaHsT cOCTOsIHHE OO'bEKTOB OTJEIBHO OT METO/OB, M BHIOHPAIOT HYKHBIH BapUAHT Teja
MeTOOga BO BpeMsdA erO BbI30Ba IIPpU IIOMOMIIU OCOGI’IX METOK THIIA. BHyTpeHHI/Ie MEXaHHM3MbI CO-
3/1aHIsI OOBEKTOB, BHI30BA METOMOB, OMPEEJIEHHs KJIACCOB U T. II. B 9TUX A3BIKAX COBEPIIEHHO
OTJIUYHBI OT OMUCHIBAEMBIX HAMH B 3TOW TJIaBe, OJHAKO OHH MPUBOISAT MOUTH K TAKUM YK€ BBICO-
KOYPOBHEBBIM NAUOMAM IIPOTPAMMUPOBAHUA.
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AbGcTpakTHbIE THIIBL JAHHBIX TAKXKe JOIYCKAIOT AHAJOTMYHbIE (POPMBbI MH-
kancynsanuu. OHU [es1al0T KOHKPETHYIO (DOPMY NPEJCTABICHUS TULIA BUJIU-
MOii JIUIIIH BHYTPH OMPEIEIEHHOTO yUACTKA IPOrPaMMBbI (HAIIPUMED, MOLYJIS,
usm onpenenenus AT/T). Koa BHe 5TOro yyacrka MOKeT paboTaTh CO 3HaUe-
HUAMU THUIIa JAaHHBIX TOJBKO C IIOMOIIIBIO OHepaHHﬁ, OIIpeae/IEHHBIX BHYTPH
3TOH cHenuaJbHON 00JIACTH.

3. Hoarunsni. Tun obbekTa — ero unmepgdetic (interface), — 310 MPOCTO MHO-
JKeCTBO WMEH W THUIIOB ero omeparmii. BHyTpenmnee npeacTaBieHne 00beKTa
ne uzypupyem B ero THIIe, MOCKOILKY OHO He BIHSET Ha Habop AeficTsuii,
KOTOPBIE MOTYT OBITH MPOJETIaHbI HAJ 0OHEKTOM.

Nutepdeiickl 00bEKTOB €CTECTBEHHBIM 00pPA30M OMPEIeNsiOT OTHOIIEHWE
moaTunupoBanus. Eciun o0bekT ymoBierBopsier uuaTepdeiicy I, To OH, pa-
3yMeeTcs, YIOBJIETBOPSAET U BCakoMy mHTepdeiicy J ¢ bosee y3kum HAOOPOM
omneparmii, 1eMm I, MOCKONbKY BCIKWM KOHTEKCT, OXKHUIAMOMNI J-00beKT, MO-
JKEeT BBI3bIBATH Y HErO TOJILKO J-Omepaiuu, W UCIoIb30Banue I-o0bekra B
TAKOM KOHTEKCTe siBjisiercs 6ezonacubiM. (Takum 06pazom, nogruinuposanue
00BEKTOB MOIOOHO MOATHITHPOBAHMIIO 3amuceii. Bosee Toro, B Momenn o0bex-
TOB, pa3pabaThIBAEMOli B 3TOM IJIaBe, 9T MOHATUS OyIyT PABHO3HAYHBIMH. )
CrocoGHOCTh UTHOPUPOBATH YacTh HHTEp(deiica 00beKTa MO3BOJISIET THCATD
KO/, 00pabaThIBAIOMIMI MHOTHE PA3/UIHbIE BHILI OOBLEKTOB €InHO0OPa3HO,
Tpebys IPU ITOM TOJBKO OIPEIEIEHHOr0 001Iero Habopa oneparuii.

4. HacnenoBaume peanusanuii. O0bekTbl, B uHTEpPdEiicax KOTOPBIX €CTh
001ast 9acTh, 9acTo OyAyT UMeTh OOIITHOCTD U B ITOBEICHUH, U HAM XOTETOCH
OBI 3Ty OOIIYIO YACTh TOBEIEHUST PEATTN30BATh JIUITH OHAXKIHI. B O0IhIIH-
CTBE 00'bEKTHO-OPUEHTHPOBAHHBIX A3BIKOB TAKOE MOBTOPHOE MCIOJH30BAHUE
ITOBEIEHUST IOCTUTAETCS IPH MOMOIIH CTPYKTYP, KOTOPbIE HA3BIBAIOTCS KAGC-
camu (classes) — obpasuamu, CIryKAIlIUMK JJIs CO3IaHUsl SK3EMILUIAPOB 00b-
€KTOB, — U MeXaHu3Ma nodrsaccossubclassing, mo3BoMONEro mOPoOKIATH
HOBBIE KJIACCHL U3 CTAPbBIX, J0DABIIsAs PEAIN3AIUI HOBbIX METO/IOB U 110 HEOb-
XOJMMOCTH TIEPEOTIPE/Ie/Isis Pean3allui HEKOTOPBIX cTapbix MeTonos. (Heko-
TOpbIe 00BEKTHO-OPUEHTHPOBAHHBIE SI3bIKH BMECTO KJIACCOB UCIIOIBH3YIOT Me-
xanusm deaezamos (delegates), coueraromuii cBoiicTBa 0ObEKTOB U KJIACCOB. )

5. OrkpsbiTast pekypcus. Eme ogna ynobHast KOHCTDYKIUSI, UMEIOIIASICS B
GOJIBIINHCTBE SI3BIKOB C O0OBEKTAMHU W KJIACCAMU, — BO3MOYKHOCTH BBI3BATH
73 Tejia OJHOIO METOMA APYro#l MeTOJ TOrO 2Ke O0BbEKTa C MOMOIIBI0 OCO-
60ii 1lepeMeHHOiT, KoTOpas Ha3biBaercd self (B HEKOTOPbIX s3blKax — this).
OcobennocTs moBeieHust self COCTOUT B TOM, UTO OHA UMEET No30Hee C8A3bL-
sanue late binding, ¥To Mo3BOISIET OAHOMY METO/LY KJIACCA BHI3BIBATH JAPYTOi
MeTO/I, KOTODBIH OIpeiesideTcd M032Ke, B HEKOTOPOM IIOJIKJIACCe 3TOrO KJac-
ca.

B ocraBmmxcs pasgesax 3TOH TJIABBI TMOCJIEI0BATEIHFHO BBOIATCS 3TH KOH-
cTpyKImu. BHagame paccMaTpuBarOTCs OYeHDb IMPOCTHIE «CAMOCTOATETbHBIEY O0b-
€KTBI, & 3aTeM OIMCBIBAIOTCS BCe HOJIee CIOKHBIE BAPHUAHTHI KJTACCOB.

B mocienyomux rinaBax HUCCAEAYIOTCSA APYTUE MOIXOAbI K 00bEKTaM U KJIac-
cam. [imaBa 19 omucbiBaer nmpsimoe onpesenenne (4 He KOAUPOBaHUE) 00BEKTOB U
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KJIaccoB B cTuJie Java. B riraBe 27 Mbl BO3BpaIaeMcs K CXeMe KOJIMPOBAHUSL, Pa3pa-
OOTAaHHOI B 9TO r1aBe, u MOBLIMAEeM 3POEKTUBHOCTH KOHCTPYHUPOBAHUS KJIACCOB
TIpY TIOMOIIYM OTPpAaHNYEeHHON KBauTH(dmKauu. B riase 32 paspabarsiBaercs bosiee
aMOuIIMO3HasT BEPCUS CXEMbI KOJAMPOBAHUS, PAOOTAMONIAS B YUCTO (DYHKINOHAIb-
HOM KOHTEKCTE.

18.2. O0OBeKTHI

B npocreiimem Bapuante 06sexm (object) — 3TO MPOCTO CTPYKTYpa JAHHBIX,
coJepKaliias HEKOTOPOe BHyTpeHHee cocmosnue (state) u npeocraBisiomas J10-
CTYII K 9TOMY COCTOSHUIO Yepe3 Habop memodos (methods). Buyrpennee cocrosinue
OOBIYHO COCTOUT U3 HECKOJBKUX U3MEHAECMBIX Nepemenhbil sksemnaapa (instance
variables) (unmu noset, fields), coBMECTHO UCIOMB3YEMBIX METOJAMU U HEIOCTYII-
HBIX OCTAJBHBIM YaCTSIM MPOTPAMMObI.

B »r0it rmaBe HaIUM OCHOBHBIM MPUMEPOM OyIyT O0BEKTHI, MTPEACTABISIONIAE
mpocThie caeTdnku. KasKpli OObEeKT-CUeTUYNK CONEPKUT OHY UHUCJIOBYIO Mepe-
MEHHYIO U UMeeT JBa MeToja (T. ., pearupyer Ha JiBa coollieHus) — get, 3acras-
JAIOIIUHA ero BepHyTh TeKylllee 3HaYeHue, U inc, yBeJu4YuBaloOIIUNi 3TO 3Ha4YEHUe.

IIpocreiimmmit crrocod obecrednTh ITO MOBEJAEHUE MPHU MOMOIIM KOHCTPYKITHIA,
OINMMCAHHBIX HaMM B IPEAbIAYIINUX TJlIaBaX, — MCIIOJIb30BaATh CCbIJIOYHYTIO H‘Ief/'le B
KaIeCTBe BHYTPEHHETO COCTOSHWS OOBEKTa W 3AlNCh, COAEPKAILYI0 (DYHKIUU, B
KadgecTBe MeToJ0B. OOBEKT-CIYETINK, TEKYIee COCTOsTHUE KOTOPOro paBHsieTcs 1,
BBITJISITUT TaK:

c = let x = ref 1 in
{get = A_:Unit. !'x,
inc = A_:Unit. x:=succ('x)};

> c : {get:Unit — Nat, inc:Unit — Unit}

Temna 060UX METOMOB 3AMUCHIBAIOTCS KaK (DYHKINHU C TPUBUAILHBIMU TIAPAMETpPa-
MU (OHH 3AIMCBIBAIOTCS C TIOMOITBIO _ (CUMBOJIA «IIOIYEPKa» ), IIOCKOJIbKY HAM HE
Tpebyercst 00paaThCsd K HUM W3HYTPH Tesl DYHKIWIA). DTr abCTPaKIUK IPeIoT-
BPAIAIOT BBIYUCIEHUE TEJT METOJOB B MOMEHT CO3JaHUs O0bEKTA, W TO3BOJSIOT
[O3/{Hee MHOTOKPATHO BBIYHCJISTH 3TU TeJia, CHOBA W CHOBA NPHMEHsis UX K ap-
rymenTy unit. Takeke oOparuTe BHEUMAHHE, UTO COCTOAHHE OODBEKTA COBMECTHO
UCTIOJIB3YETCS €r0 METOIaMU M HEIOCTYITHO OCTAJILHON TporpaMMe: WHKATICYJISIIAs
COCTOSTHUST TIPSIMO BO3HUKAET W3 JIEKCUYECKOM 00JIACTH BUIMMOCTH TIEPEMEHHON X.

YT00BI BBI3BATH METOJ OOBHEKTA C, MBI TPOCTO W3BJIEKAEM IOJI€ U3 3aIUCH U
MPUMEHSIEM er0 K COOTBETCTBYIOIEeMy aprymenty. Hampumep:

c.inc unit;
> unit : Unit

c.get unit
> 2 : Nat

(c.inc unit; c.inc unit; c.get unit)
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> 4 : Nat

To, ¥To MeTom inc BO3BpAIaeT unit, MO3BOJISAET HAM 3AMUCATH TOCIEI0OBATE b~
HOCTH 3aIPOCOB HA YBEJIUYEHNE CUETYUKA C IOMOIIHIO OIIEPATOPA «TOYKA C 3alls-
roii» (§11.3). Be3 Hero MoxkHO 6bLIO ObI 3aMUCATH IOCIEJHIO CTPOYKY B SKBUBA-
JIEHTHO# (bopme:

let _ = c.inc unit in let _ = c.inc unit in c.get unit

Hawm mozker moTpeboBaThCs CO3ATh HECKOJIBKO CUETIUKOB U paboTaTh ¢ HUMU
Bcemu. JIj1st 3TOTO ymo0HO Oy/IeT BBECTH COKPAIEHHOE NMEHOBAHUE WX THUIIA:

Counter = {get:Unit — Nat, inc:Unit — Unit}

B s7oit rmaBe mbl oOparmaeM OCHOBHOE BHHMAHWE HA TO, KAK OOBEKTBI yCmpo-
eHbl, & He Ha TO, KAK OHW UCNOAB3YIOMCA JIJIsT OPTAHN3AIINN OOJIBITHX MPOTPAMM.
ITonesno, onHako, MoKasaTh XOTs ObI O/IHY (DYHKIIMIO, KOTOPasi UCIOIL3YET 00b-
€KTbhI, 9TO0BI YOEAUTHCS, YTO OHA MPABWIHHO pabOTAET ¢ OOBEKTAMHU, ¥ KOTOPBIX
PAa3INYaloTCsa BHYTPEHHUE TIpejicTaBienus. Bor npocreiimuit npuMep — GyHKIMS,
KOTOpPast MPUHUMAECT OObEKT-CIETUNK U TPUK/IbI BBI3BIBAET €10 METOJ, inc:

inc3 = Ac:Counter. (c.inc unit; c.inc unit; c.inc unit);
> inc3 : Counter — Unit
(inc3 c; c.get unit);

> 7 : Nat

18.3. TI'eneparopbl 00 bEKTOB

Msr1 y3Ha/MM, KAK CO3/1aTh OAWH 00beKT-cueTdnkK. CTOJb 2Ke TPOCTO HATACATD 2eHe-
pamop cuemyuxos — (GYHKINIO, KOTOPAs CO3[A€T W BO3BPAIAET HOBBIA CUETUNK
[IpY KaK/OM BBI3OBE.

newCounter =
A_:Unit. let x = ref 1 in
{get = A_:Unit. !x,
inc = A_:Unit. x:=succ(!'x)};

> newCounter : Unit — Counter

18.4. Iloarunsl

OnHa M3 IPUYWH MOMYJISIPHOCTH O0HEKTHO-OPHEHTHPOBAHHOTO CTHUJISI TPOIPAM-
MHPOBAHUS 3aKJI0YAETCsS B TOM, YTO OH IO3BOJSAIT 00pabaThiBATh DA3JIMYHbBIE
OOBEKTBI OJHUM M TEM K€ KJIMEHTCKHM KOAOM. IIpemosoKuM, HAPUMED, 9TO
HNOMHMMO ONPE/IE/IEHHBIX BbINIE 00BHEKTOB THHA Counter Mbl CO3a€M TAKZXKe HEKO-
TOPOE KOJIIE€CTBO OOBEKTOB, y KOTOPBIX €CTh JIONOIHUTEIbHbIH MeTOx Ajist copoca
cueTuMKa B HAUAJIbHOE COCTOsTHUE (CKaykeM, 1).
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ResetCounter = {get:Unit — Nat, inc:Unit — Unit, reset:Unit —
Unit};

newResetCounter =
A_:Unit. let x = ref 1 in
{get A_:Unit. !'x,
inc = A_:Unit. x:=succ(!'x),
reset = A_:Unit. x:=1};

> newResetCounter : Unit — ResetCounter

Tak kak tun ResetCounter couepxur Bce 1OJd Tuia Counter (usioc
eIlle OJHO), TO IO TPABUIY NOATUIUPOBAHUSA s 3aluceil TOIydaeM, 9To
ResetCounter <: Counter.ITO O3HAYAET, YTO KIMEHTCKHUE (DYHKIINK BpOIe inc3,
MPUHAMAIOIINE B KAYeCTBE aPIyMEHTOB CIETYNKM, O€30MACHO MCIOIB30BATH U CO
cOpaACHIBAEMBIMHU CIETINKAMHU.

rc = newResetCounter unit;
> rc : ResetCounter
(inc3 rc; rc.reset unit; inc3 rc; rc.get unit);

> 4 : Nat

18.5. I'pynnupoBka mepeMeHHBIX IK3eEMILIAPA

o cux mop cocTosiHMEeM BO BCEX HAMMUX OOBEKTAX CJIYKUIIA BCETO OTHA CChLIOY-
Has sdeiika. Pazymeercs:, B 60/1ee MHTEPECHBIX 00bEKTAX IACTO OYAET 10 HECKOTb-
KO IIEPEMEHHBIX IK3eMILIApa. B maspHeiineM ya1o0HO OyaeT uMeTb BO3MOXKHOCTH
0o0paIaThCs CO BCEMU ITUMU MEPEMEHHBIMYU KaK C €IUHBIM IeIbIM. UT0OBI 0becre-
YUTH 3TO, U3MEHNM BHYTDEHHee MpeICTaBIeHNe CIETUNKOB: CAIaeM ero 3anucsio,
KOTOpasi COEPKUT CChLIOYHBIE s4ueiiku, U OymeM 0Opamarbcsd K MePEMEHHBIM K-
3eMILIAPa B TeJIaX METOAOB 4Yepe3 MPOEKIHIO I0JIeid ITON 3alucCu.

c = let r = {x=ref 1} in
{get = A_:Unit. !(r.x),
inc = A_:Unit. r.x := succ(!(r.x))};

> ¢ : Counter

Tun sroit 3amucu, comepskaiieil mepeMeHHBIE K3eMILIAPA, HA3BIBAETCH 1MUNOM
npedcmasaenus (representation type) obbexra.

CounterRep = {x: Ref Nat};

18.6. IIpocTbie Kjacchl

Oupenenenns: TunoB newCounter u newResetCounter OJMHAKOBBI, 33 UCKJIIO-
JeHHeM MEeTOJIa reset BO BTOPOM u3 HUX. Pa3zymeercsi, 00a 3TH ONpeaeaeHus CTOb
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KPaTKHU, 9TO IIOBTOPEHUE HE CO3/1aeT OCOOBIX TPYAHOCTEH, HO, €CJIU MPEICTABUTD
cebe, 9TO ITU OLPEJEIeHNs 3AHUMAIOT MHOI'O CTPAHUIL, KAK 3TO YaCTO CJIy4aer-
Csl HA TMPAKTUKE, TO CTAHOBUTCS $ICHO, UTO OBLIO OBI TOJIE3HO YMETh OMUCHIBATH
001TTy10 (hYHKIIMOHAJBHOCTh B OXHOM MecTe. Mexanw3m, MO3BOJISIONIHI TO JIe-
J1aTh, B OOJBITHHCTBE OOHEKTHO-OPHEHTUPOBAHHBIX S3bIKOB HA3BIBAETCH KAGCCAMU
(classes).

MexaHu3MbI ONpe/IeieHns KJIACCOB B HACTOAIINX O0bEKTHO-OPUEHTUPOBAHHBIX
SI3BIKAX, KAK MPABUJIO, OUEHDb CJIOKHBI M MEPErPy’KEHbI nerajgsamu — self, super,
AHHOTAIMY BUIAMOCTH, CTATUYECKHE TOJIS W METObl, BHyTPEHHNE KJIACCHI, aH-
HoTaruu Bpoje final u Serializable u T.1. u r.1.> Ha OOJIBIITYI0 9aCTh ITUX
JeTaseil Mbl ToKa He OyaeM o0paiarh BHUMAHHUs, 1 COCPEIOTOINMCS Ha CAMBIX Oa-
30BBIX CBOWCTBaX KJIACCOB: IMOBTOPHOE HCIOJIb30BAHUE KOZA Yepe3 HAC/IeI0BAHUE
peanu3aruii, a TakzKe MO3/IHEe CBA3bIBaHue nepemennoii self. Haumem ¢ mepsoro
BOIpPOCA.

B cBoeit mpocreiimieit hopme Kaacc — ITO MPOCTO CTPYKTYpa JAHHBIX, KOTO-
pasi colepKUT HAOOp METOJOB. Y 3TOH CTPYKTYDPBI MOYKHO €030a1mb IK3EMNAAD
(instantiate), mosydasi Opu TOM HOBBIH OOBEKT, & TAKKE €€ MOKHO PACUWUPUMD
(extend), 1oOJyYMB 1IPU ITOM HOBBIA KJ1aCC.

Ilogemy MBI HE MOXKEM MTOBTOPHO UCIIOIB30BATH METOIbI KAKOTO-THO0 005eKma-
CYETUNKA, eCJIM XOTHM CO3JaTh COpachiBaeMblii cuetdnk’ /la moTomy, 9To B KaxK-
JIOM KOHKDETHOM O0'bEKTe-CIeTUNKE TEJIA METOIOB COMEPKAT CChIJIKU HA KAKYIO-TO
KOHKPETHYIO 3aMKCh C TePEMEHHBIMY IK3EMILIAPA. ICHO, 9TO eCim MBI XOTUM HC-
MTOJTb30BATH TOT K€ CAMBI KOJ[ C APYTOil 3aIMChIO MIEPEMEHHBIX IK3EMILIIPa, HaM
rpebyercs abcmpazuposams (abstract) Mero/ipl 110 OTHOLIEHUIO K [IEPEMEHHbIM K-
3eMILISIPA. JTO MPUBOIUT K paszbuennto pyHknun newCounter Ha JBE YACTH, OTHA
73 KOTOPBIX OIpeJIesIseT Tejla METOIOB OTHOCUTEIBHO Npou3soabHol 3aIUCH Tepe-
MEHHBIX K3EMILIAPA,

counterClass =
Ar:CounterRep.
{get = A_:Unit. !(r.x),
inc = A_:Unit. r.x = succ(!(r.x))};
> counterClass : CounterRep — Counter

a BTOpas CO3MAET HOBYIO 3AIMCh MEPEMEHHBIX dK3EMIIIApa U NepelaeT ee TelaM
METO/IOB, MOJIydast B Pe3yJsibTaTe 00beKT:

newCounter =
A_:Unit. let r = {x=ref 1} in
counterClass r;
> newCounter : Unit — Counter

Tena meronosB u3 counterClass MOXKHO HCIIOJIb30BaTh JJisl OIPEIE/ICHUs HO-
BBIX KJIACCOB, HAa3bIBAEMbIX nodkaaccamu (subclasses). Moxno, nanpumep, onpe-
JeINTH KJIACC COPACHIBAEMBIX CIETINKOB:

2QcHOBHAS IPHYHHA STOM CIOXKHOCTH B TOM, UTO B GOIBIIHHCTBE STHX A3BIKOB KJIACCHI CJIyKAT
eduHCMEEHHbM MEXAHH3MOM CTPYKTYPHU3AMUE IPOrPAMM B Ies10M. JefiCTBUTENIBHO, €CTH TOIBKO
OJIUH IMUPOKO KCIOJb3yeMblIil a3bIK — OCaml, rje nMeroTca Kak KJIaCChl, TAK U MOIIHAS CUCTEMA
Mozyseii. M13-3a 3TOTO B GONBITUHCTBE I3bIKOB KJIACCHI IPEBPAIIAIOTCS B CBAJKY BCEX S3BIKOBBIX
KOHCTPYKIMH, IMEIOINX KAKOe-TO OTHOIIEHNE K CTPYKTYPUPOBAHUIO KPYIIHBIX IIPOTPAMM.
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resetCounterClass =
Ar:CounterRep.

let super = counterClass r in
{get = super.get,
inc = super.inc,
reset = A_:Unit. r.x:= 1};
> resetCounterClass : CounterRep — ResetCounter

Kaxk u counterClass, 3ra GyHKIUS IPUHUMAET 3AMUCH TIEPEMEHHBIX YK3EMILIIPA
7 BO3Bpamaer 00beKT. BHyTpu OHa CHadYaja CO3Jaer Mpu MOMOIMM counterClass
00bEKT-CUETUMK C MOT dice Camoli 3AIKUCHI0 NEPEMEHHBIX SK3eMILIAPa T (TOT «po-
JUTEJNbCKUIT OO BEKT» PUBA3aH K [IePEMEHHOl super). 3areM OHa CO31aéT HOBBbII
0ObEeKT, KOIUPYs 110J1d get u inc u3 nepeMeHHoil super, a B Ka4eCTBe 3HAYEHUs [10-
Jisi reset nepenaer HOBYIO GyHKINIO. Tak Kak super OCHOBAH HA MPEICTABJIEHNN T,
BCE TPU METO/JIa COBMECTHO MCIOJb3YIOT OJHU U Te K€ MepEeMeHHbIe SK3eMILIAPA.

YTo0bl €O31aTh HOBBIH OOBEKT-COPACHIBAEMBI CUYETYMK, MbI, ONATb K€,
IIPOCTO BbLJIeJIAeM IMaMATh JJid €ro II€PEMEHHBIX 3SK3eMILIApPa U BbI3bIBAEM
resetCounterClass, KOTOPBIH U MPOIETLIBAET OCHOBHYIO PabOTYy.

newResetCounter =

A_:Unit. let r = {x=ref 1} in resetCounterClass r;
> newResetCounter : Unit — ResetCounter
Vupaxuernue 18.6.1 [PEKOMEHIAYETCSH, h%k|: Hanvwume nodxaacc

resetCounterClass, Komopuili umeem 0ONOAHUMEALHOLT Memod dec, YMEeHbULA-
owul Ha eduHUYY mekywee snavenue cuemyuka. IIposepvme ceol HOBVIT KAacCC
npu nomouyu urwmepnpemamopa fullref.

Vupaxuernue 18.6.2 [k* —»]: Henoe Konuposarue 60abwWuHcmMEa noael Hadkiac-
€a 8 3anuUcb Memodos NOIKAACCA 8bL2AA0UM D0CTNAMOYHO HEYKAIONHCE — NPU IMOM
MblL YCMPAHAEM NOGTNOPEHUE TMEKCTNG Memod08 HadKAacca 6 nodkaacce, HO 6ce
pasHo mpebdbyemca Habpams mHozo mexcma. Ecau 6w mur cobupasucsy paspaba-
MHuLBAMb 8 IMOM CMUALE DOABUWUE 006EKMHO-0PUEHMUPOBAHHBLE NPOZPAMMDL, HAM
0%eHb CKOPO 3ATOMENOCH Obl UMemMb KOHCMPYKyuo 8pode «super with {reset
= A_:Unit. r.z:=1}s, 03HAYAIOWYN <«3ANUCH, MAKAA JiCe, KAK SUPET, MOALKO
¢ donosnumenvHvm nosem reset, codepocauwjum PGynryuro A_:Unit. r.xz:=1s.
3anuwume CUHMAKCUC, ONEPAYUOHHYI0 CEMAHMUKY U TPAIBUAL TNUNUIGUUY OAL
MO KOHCMPYKUULU.

Hy»k#Ho 0c060 TOAYEPKHYTH, UTO KJIACCHI SBISIOTCST 3HAYEHUAMU, & HE Mu-
namu. Kpome Toro, eciam morpedyeTcsi, MOXKHO CO37aTh MHOYKECTBO KJIACCOB,
MOPOXKJAMOMKUX O0OBEKTHI OIHOTO W TOIO K€ THUIA. B MOmyJIsapHBIX OO0BEKTHO-
OPUEHTUPOBAHHBIX s3bikax Bpogae C++ m Java craryc kimaccoB Gosiee CJIOKeH —
OHM HMCHOJIb3YIOTCs U KAK TUIIbI BO BPEMsi KOMITUJISIAN, U KAK CTPYKTYPbI JAHHBIX
BO BpEeMsl MCIOJIHEHUSI. DTOT BOMPOC MOAPOOHEee paccmaTpuBaercs B §19.3.
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18.7. JlobaBjieHMEe HOBBIX MEPEMEHHBIX YK3EMILId-
pa

Tak MosyvnaIoCh, YTO y 00OMX HAIMNX 00HEKTOB, CYETINKA U COPACKIBAEMOTO
CUETYNKA, IIpeJICTaBjIeHne oauHaKoBO. OJHAKO B OOIIEM CIIydae MOJKIACCY MOYKET
OTPebOBATHCS PACIINPUTH HE TOJILKO CIIMCOK METOOB, HO U CIIUCOK IT€PeMEHHBIX
110 CPABHEHHUIO C HAJIKJIACCOM, OT KOTOPOI'O OH Ipou3Be/ieH. Jomnycrum, HaupuMep,
YTO MbL XOTHM OIPEJE/UTh KJIACC «CYETUYUKOB C BOCCTAHOBJIEHUEM», Y KOTOPBIX
MeTOJ reset BOCCTAHABIMBAET COCTOSHEE HE K 3apaHee 33JaHHOHM KOHCTAHTE, &
K TOMY 3HAUEHUIO, KOTOPOE OOBEKT MMeJI Ha MOMEHT IIOCJIE€THETO BBI30BA METOJIA
backup:

BackupCounter = {get:Unit — Nat, inc:Unit — Unit,
reset:Unit — Unit, backup:Unit — Unit};

Yrobbl peann30oBaTh TaKWe CUYETUYUKH, HYKHA JIOIOJHUTEJbHAS HEePEMEHHAS K-
3eMILISIPA, B KOTOPOIi OYIeT XPAHUTHCS KOMWS 3HAYEHUS COCTOSTHIIS:

BackupCounterRep = {x:Ref Nat, b: Ref Nat};

Tak ke, Kak MbI Tpom3Besin resetCounterClass 3 counterClass, CKOMUPO-
BaB MeTO/bl get 1 inc u 100aBUB reset, mpoussezeM Ternepb backupCounterClass
u3 resetCounterClass, konupys get m inc m mobaBisisg HOBOE TEIO reset u
backup.

backupCounterClass =
Ar:BackupCounterRep.

let super = resetCounterClass r in
{get = super.get,
inc = super.inc,
reset = A_:Unit. r.x:=!(r.b),
backup = A_:Unit. r.b:=!(r.x)};
> backupCounterClass : backupCounterRep — BackupCounter

B sTom ompenenennn nHTEpPECHDI ABE MOAPOOHOCTH. BO-IepBhIX, HECMOTPs Ha TO,
9TO B POJIUTEIHCKOM OObEKTE Super MMEeeTCs MeTos reset, Mbl IUIIEeM HOBYIO pe-
aIM3aIIIio, TOCKOJIBKY HAM HYKHO JPYTOe TOBeIeHne 3Toro Merona. Hosbrit kimacce
nepeonpedeasem (override) meros reset cBoero Haak/aacca. Bo-BTOpbIX, mpu THIU-
3amuy BhIPAYKEHN ST, KOTOPOE CTPOUT Super, CyIeCTBEHHBIM 00Pa30M UCIIOJIb3YEeTCs
noarunuposanune: resetCounterClass oxkuaaer apryMenta tana CounterRep, kKo-
TOpPBII aABjigercd HaaTunoM BackupCounterRep — Tumna, KOTOPBII Ha CaMOM Jese
uMeeT aprymMenT r. JIpyrumu cjioBaMu, Mbl TIEPEIAEM POIUTETHCKOMY OOBEKTY 3a-
MUCh TEPEMEHHBIX IKIEMILISIPA € OOJIBITUM KOJUIECTBOM TIOJIEH, UYeM TpedyeTcs
€ro MeTO/IaM.

Vupaxuenue 18.7.1 [PEKOMEHIYETCH, %%|: Onpedesume nodksacc xaacca
backupCounterClass ¢ d6ymsa Hosvmu memodamu, reset2 u backup2, ynpas-
ASOUUMU BMOPBLM <DE3EPEHBLM PE2UCTNPOMS. IMOm pezucmp doadicen bvomsb co-
6EPULEHHO HEZABUCUM 0T Pezucmpa, dobasaennozo 6 backupCounterClass: w306
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reset doasicen 80CCMAHABAUBAMS COCMOAHUE CUEMUUKE K 3HAYEHUID, UMEGULE-
MYCs NPU nocaednem 6v306e backup (kak amo u celinac npoucrodum), a 6v306
reset2 doadtcen 60CCMANABAUBATNG COCTNOAHUE CHEMYUUKG K 3HAYEHUIO, UMEGULE-
MYCA 80 8peMA nocaednezo 6u306a, backup2. Ilposepvme €601 KAACC ¢ NOMOULHIO
urmepnpemamopa fullref.

18.8. BpI130B MeT0o10B HaaKJIacca

C 1OMOILIBIO [IEPEMEHHON Super Mbl KONUPOBAIM (DYHKIMOHAJIBLHOCTh U3 HA/l-
KJIaCCOB B HOBBIE TOAKJIacchl. Kpome TOro, MbI MOYKEM HCIOJIH30BATh Super B
TeJIaxX OIpENesIeHui MeTOIOB, 9TOObl pacwupams (extend) nosenenue HaaKIaCCa
9eM-TO HOBbIM. [IpeirmosokumM, HAIPUMEpP, YTO HAM TPeOyeTCs BAPUAHT KJIACCA
backupCounter, B KOTOPOM KazKAblil BBI3OB METOJIa inc IpeaBapaeTcda BBI30BOM
backup. (CoBepLIEHHO HENIOHATHO, 3a4eM Obl TAKOE MOLJIO LIOHAI00UThCs HA LIPAK-
THKE — 3TO BCETO JIMIIb TIPUMED. )

funnyBackupCounterClass =
Ar:BackupCounterRep.
let super = backupCounterClass r in
{get = super.get,
inc = A_:Unit. (super.backup unit; super.inc unit),
reset = super.reset,
backup = super.backup};

> funnyBackupCounterClass : BackupCounterRep — BackupCounter

ObparuTe BHMMAHWE, KaK C TOMOINBIO BBI30BOB super.inc u super.backup B
HOBOM OIpeJIe/IeHI: inc MbI u3beraeM MOBTOPEHHS KO HAIKIACCA JIis inc u
backup. B npumepax 6osbiiero pasmepa 6arogapsi TOBTOPHOMY HCIIOJIb30BAHUIO
GYHKIMOHATIBHOCTY BBIUTPBIII B TAKUX CUTYAIUSX MOYXKET ObITh OU€Hb 3HAYUTE b=
HBIM.

18.9. Kuaccel ¢ nepemenHoii self

ITocnennee naie pacimupenue COCTOUT B TOM, YTOOBI TO3BOJIUTH METOAM KJ1aC-
Ca CChUIAThCH JIPYT HA Apyra depel3 nmepemennyio self. /lis yero HykHO 3TO pac-
mupenue? IIpennonokum, 970 Mbl XOTHM PEAJIU30BATH KJIACC CIYETIUKOB C METO-
JOM set, C TTOMOIIIHI0 KOTOPOTO MOYKHO W3BHE YCTAHABJIMBATH 3HAUYEHUE CUETUNKA
B OIIpeJieJIeHHOE YHUCJIO.

SetCounter = {get:Unit — Nat, set:Nat — Unit, inc:Unit —

Unit};

Kpowme Toro, JOTMYCTUM, UYTO MBI XOTUM HANMCATh METOJ, inc B TepMuHAX set u
get, a He Yepe3 IpAMOE CIATHIBAHNE U IPACBANBAHNE IEPEMEHHON 9K3EMILIAPA X.
(Hpe,Z[CTaBbTe cebe OIPOMHYIO CHCTEMY, B KOTOPOI onpejieneHnd set u get 3aHu-
MAaIOT MHOI'O CTpaHI/IIL) HOCKOJIbe get, set u inc onpenesieHbl B paMKaxX OJHOTO
U TOr'O K€ KJIaCCa, Mbl, B CYIIHOCTH, XOTUM CIE€JaTh METOAbI KJIacCa B3aUMHO pe-
KYPCUBHBIMMU.

Rev: —revision—, November 28, 2010 262 —sourcefile—



18.10. Orkpsitas pekypcus depe3 SELF 263

Mbr yzxke Bugenu B §11.11, Kak B3auMHO PEKYPCUBHBIE 3AIIMCHA WM (DYHKIUN
cTposdArcs ¢ nomonipio orneparopa fix. Mbr npocro abcrparupyem 3amuch METOIOB
Yepes3 mapaMerp, KOTOPBIH CaM ABJSETCs 3anuCchio GyHKIui (MbI 3Ty 3aMUCh Ha-
3piBaeM self), a 3aTeM C MOMOMLIBIO oreparopa fix «3ardruBaeM y3ej», 4TOObI
3alnCh, CO3JaBaeMad HAMU, caMa IepegaBanach kKak self.

setCounterClass =
Ar:CounterRep.
fix
(Aself: SetCounter.
{get = A_:Unit. !(r.x),
set Ai:Nat. r.x:=1i,
inc = A_:Unit. self.set (succ (self.get unit))});

> setCounterClass : CounterRep — SetCounter

VY 3TOro KJiacca HET POJAUTEJIs, TAK YTO [IeEPEMEHHAs super He Tpedyercs. Bmecro
9TOTO, TEJI0 METO/IA inc BHI3BIBAET get, a 3aTeM set M3 3amncH ¢ METOAMHU, Mepe-
JTAHHOI €My B Ka4ecTBe mapameTpa self. 9To ucmoisb30Banne £ix 3aMeTHO TOJIBKO
u3HyTpy peanu3anuu setCounterClass. CueTunKn ¢ TPUCBAMBAHUEM MOXKHO CO-
371aBaTh KakK OOBIYHO.

newSetCounter =
A_:Unit. let r = {x=ref 1} in
setCounterClass r;

> newSetCounter : Unit — SetCounter

18.10. OrTkpbiTasg pekypcus 4depe3 self

B GonbimuHCTBE 00BEKTHO-OPUEHTHPOBAHHBIX S3bIKOB MOIEp:KUBaeTCs Oosiee
obrmast popMa PEKyPCUBHBIX BBI30BOB MEXKIY METOJAMY, W3BECTHAs IO/ Ha3Ba-
HUeM pexypcun obusezo suda (general recursion), uiu nozdnezo ceasvsanus (late
binding) nepemennoit self. Moxno 1oburbcs 31oit 60siee 0bieli HOpMbI 1IOBE/Ie-
HUsI, N30aBUBIHUCH OT WCTOJH30BaHUs fixX B OTMpeIeeHnn KIacca,

setCounterClass =
Ar:CounterRep.
Aself: SetCounter.
{get = A_:Unit. !(r.x),
set = Ai:Nat. r.x:=i.
inc = A_:Unit. self.set (succ(self.get unit))};

> setCounterClass : CounterRep — SetCounter — SetCounter

¥ TIOMECTHB €r0 BMECTO 9TOTO B (DYHKITHIO CO3IAHUS OOHEKTA.

newSetCounter =
A_:Unit. let r = {x=ref 1} in
fix (setCounterClass r);
> newSetCounter : Unit — SetCounter
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Bamerum, uro nepenoc fix uzmensier tun SetCounterClass: Temepb OH abcTpa-
TUPYeTCs He TOJbKO OT 3AIMCUA C [EPEMEHHBIMU 3K3EMILISAPA, HO U OT «O0BbEKTa
selfs. I Tor, m npyroit mapamMerp mepesaloTcsS €My B MOMEHT CO3JaHUS IK3EeM-
ndpa.

OrkpbiTas pekypcus yepe3 self WHTEpecHa TOTOMY, 9TO OHA MO3BOJISIET METO-
JlaM HadK.AaCCa BBI3BIBATD METOMbI NO0KAGCCA, HECMOTPS HA TO, YTO HOJKIACC eIle
HE CYIIECTBYET B TOT MOMEHT, KOI'/1a OLPEJesdeTCsa HaaKIacc. B cymmocTu, Mbl u3-
MEHWJIN WHTEPIPEeTAINIO epeMeHHO self Tak, 9TO BMECTO «METOIOB TEKYIIEro
KJIaCCa» OHA JAeT JIOCTYI K «METOJAM KJACCa, IK3EMILIAPOM KOTOPOTO ABJIAETCH
TeKyIuil 00BEKT [a 970 MOXKeT OBITH MOKJIACC TEKYIIETO Kiacca]».

Hanpuwmep, npeamnosoxum, 910 HAM HY2KHO ITOCTPOUTH MOMAKIACC HAIIAX CIET-
YUKOB C MPUCBAWBAHUEM TAaK, 4TOOBI IIPOBOIUIICS IO/CYET BBHI30BOB METO/Ia set.
Nutepdeiic 31010 Kaacca COMEPKUT JOMOTHUTETHHYIO OMEPAINA0 I JTOCTYTa K
CYETYUKY JTOCTYIA,

InstrCounter = {get:Unit — Nat, set:Nat — Unit,
inc:Unit — Unit, accesses:Unit — Nat};

a TIPEeJICTaBJIEHNE COMEPKUT MEPEMEHHYIO IK3EMIIIIpa, B KOTOPOM XPAHUTCS CHET-
YUK JOCTYyIIA:

InstrCounterRep = {x: Ref Nat, a: Ref Nat};

B ompenenernn m3MeHEHHOTO KJlacCa CIETINKOB METOIBI inc U get KOMUPYIOTCA
"3 ompeaeaeHHoro Boile setCounterClass. Meroa accesses IHUIIETCS OOBITHBIM
crmocobom. B merone set MbI cHadasa yBEMIHMBAEM CUYETYHK JOCTYIA, & 3aTE€M
4epe3 super BbI3bIBaeM MeToJ, set HaJiKsacca.

instrCounterClass =
Ar:InstrCounterRep.
Aself: InstrCounter.

let super = setCounterClass r self in
{get = super.get,
set = Ai:Nat. (r.a:=succ(!(r.a)); super.set i),
inc = super.inc,
accesses = A_:Unit. !(r.a)}l};
> instrCounterClass : InstrCounterRep —

InstrCounter — InstrCounter

W3-3a oTKpBITO# pekypcun depe3 self, BbI30B set B Tejle inc MpPUBEIET K yBe-
JIMYEHUIO 3HA4YEHUd [IePEMEHHOR 3K3eMlljidpa a, HeCMOTpdA Ha TO, YTO 3Ta 4acTb
TMOBEEHNs set OmNpejiesleHa B MOAKJIACCE, & ONpeleleHNe inc HaAXOAWTCA B HAJI-
KJacce.

18.11. OrTKpbiTagd peKypcusd 1 IOPSI0K BbIYHCJIE-
HUMN
YV mamiero ompezesnennsi InstrCounterClass ecTb TOJIBKO OfHA IIPoOIEeMa —

ero HEeBO3MOXKHO HCIIOJIb30BaTh Jid CO3JaHUuA 3K3eMHm{pOB! Eciu Mbl Hanumem
newInstrCounter OOBIYHBIM CIIOCOOOM
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newInstrCounter =
A_:Unit. let r = {x=ref 1, a=ref 0} in
fix (instrCounterClass r);

> newInstrCounter : Unit — InstrCounter

a 3aTeM MOMBITAEMCS CO3/IaTh CIETUNK C MOACIETOM JOCTYIIA, IPUMEHNB 3Ty (DYHK-
muo K Unit,

ic = newInstrCounter unit;

TO BBIYHCJIEHHUE 3TOI'0O BbIPDAKEHHUA 3alIUKJIUTCA. YrobnI IOHATH, IIOYEMY 3TO TakK,
PaCcCMOTPHUM ITIOCJIE€AOBATEJIbHOCTD IIAr'OB BBIYHUCJICHUA, BBIIIOJTHAEMbBIX IIPDXU 3alIlyC-
Ke 3TOro repMa.

1. Cuagasa mbl npuMensieM newInstrCounter K unit, mosaydas

let r = {x=ref 1, a=ref 0} in fix (instrCounterClass r)

2. BaTeM MBI BBIAEIAEM JIBE CCHITIOYHBIX H‘Iel./,IKI/I, yYmakKOBBIBa€M WX B BUJE 3a-
mucy (Ha30BeM ee <ivars>) W mojCTaBisgeM <ivars> BMECTO MepeMeHHON T
B OCTaBIIEHCA 9aCTH TEPMA.

fix (instrCounterClass <ivars>)

3. Ilepenaem <ivars> B instrCounterClass. Ilockompky instrCounterClass
HAYWHAETCS C IBYX JsMO1a-abCTpakIuii, Mbl HEMEJIEHHO MOJIydaeM (DyHK-
U0, O2KUJAIOULYI0 3Ha4YeHud self,

fix (Aself:InstrCounter.
let super = setCounterClass <ivars> self in <imethods>)

rae <imethods> — 3amuch, comepzKaliad METOAbl KjJacCa CYETUYUKOB C ITO/I-
caeroM gpocryna. Hazosem sty dyukmmio <f>, n 3amuinemM TeKyInee COCTOsI-
Hue B Buje (fix <£>).

4. Tpumensiem npasuio Bbrauciaenus niug £fix (E-FIX mo puc. 11.12) c. 167).
910 npasuio «paspopaunBaery fix <f>, moxcrasigs (fix <£>) Bmecro me-
pemennoit self B Teme <£>. [lomyuaem

let super = setCounterClass <ivars> (fix <f>) in <imethods>

5. Temepb MbI peaynupyem npuMmenenne setCounterClass K <ivars> u mosy-
qaeM

let super = (Aself:SetCounter. <smethods>) (fix <f>)
in <imethods>

riae <smethods> — 3ammch, cocTodIasg U3 METOJOB CYETINKA C TPUCBANBA-
HUEM.

6. ITo mpaBwiam BBIYUCITIEHUS /111 TEPMOB-IIPAUMEHEHUH, MBI HE MOYKEM PeJIyIlu-
poBarh npumMmenerne (Aself:SetCounter. <smethods>) x (fix <f>), moka
repm (fix <£>) He cBesen K 3nadenuto. [Toaromy Ha ciemyoeM mare Bbi-
YUCJIEHUs] MbI CHOBA pa3BopadmBaeMm fix <f>, mosydas
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let super = (Aself:SetCounter. <smethods>)
(let super = setCounterClass <ivars> (fix <f>)
in <imethods>)

in <imethods>

7. TTockONbKY apryMeHT BHEITHEH JgMOIa-a0CTPAKIUK TO-TIPEKHEMY He sB-
JIST€TCsT 3HAYEHUEM, MbI JOJIZKHBI MTPOIOJI’KAThH BBIUUCIEHNE BHYTPEHHEN a0-
crpakmyuu. IIpumensem setCounterClass kK <ivars> m moaydaeMm

let super = (Aself:SetCounter. <smethods>)
(let super = (Aself:SetCounter. <smethods>)
(fix <£>)
in <imethods>)
in <imethods>

8. Temeps y HAC MOJYUUJICS BHYTPEHHUI TEPM-TIPUMEHEHNE, TTOM00HBIN BHEIII-
memy. Kak u panbime, 3T0T BHYTPEHHU TEPM HE MOYKET ObITH PEIyIInPOBaH,
[TOKA TIOJIHOCTHIO HE BBIYUCJIEH ero apryment, fix <f>. Takum obpazom, Ha
CJTeTyTOIEM Iare MbI CHOBa pa3BepHeM fix <f>, mosy4as erre 60stee ry6o-
KO BJIOXKEHHOE BBhIpasKeHue TOoil ke (hopMbr, uTo u HA mmare 6. Teneps m01%K-
HO OBITH TMTOHSATHO, 9TO Mbl HUK020a HE T0OEPEMCS 10 BHIYHUCIEHUST BHEITHETO
TepMa-TIPUMEHEHHS.

NuaTtynTuBHO IcHO, 9TO TPOOIeMa BOZHUKAET W3-33 TOTO, YTO APTyMEHT OIepaTopa
fix CAMIOIKOM pPAHO HCHOJIB3yeT CBOW coOcTBeHHBIH aprymenT self. Ouepanmon-
Has ceMaHTHKa fix ompenesena B NPEANOIOKEHNN, YTO KOTA MBI TpuMeHseM fix
K HEKOTOPO# (DYHKIUH AX.t, MeEpEeMEHHAs X JOJI’KHA BCTPEYATHCS B TeJle t TOJIbKO
B «3aIWIIEHHBIXY TO3UIMAX, TAKUX KAK TEJIA BJIOYKEHHBIX JIAMOIa-a0CTPAKIIHA.
Hanpuwmep, na c. 161 mbr onpegennin iseven myreMm npuMenenns fix K GpyHKIUN
BUIA Aie.AX. ..., IJie PEKYPCHUBHOE YIIOMHHAHKE ie OBLIO 3aIMUINEHO abCTpak-
uueit o x. Oupezesenue instrCounterClass, HAIPOTUB, [BITACTCH HEMEJIEHHO
WCTOIb30BaTh self NMpu BBIYMCIEHUN 3HAYEHUS SUper.
MsbI MOXKEM TBITATHCS MTPEOIOJIETh TY CJIOXKHOCTH HECKOJIBKUMHE CIIOCODAMU:

e MoxxHo 3amuTuTh CcChLIKy Ha self B Teme instrCounterClass, n3Gexkan
TaKuM 00pPa30M ee CIIMIIKOM PaHHero Bhraucienus. Hanpumep, MoxkHO BCTa-
BUTbH aOCTPAKIHUIO- «3AIVIYIIKY » CIIENUAJIbHO /st 310l 1esu. Mbl paccmarpu-
BaeM 3TO perienne HuzKe. Kak MbI yBUJIMM, OHO HE BIIOJIHE Y/IOBJIETBOPHUTEH-
HO, HO €ro JIETKO ONNCATh U MOHATH C IIOMOIIBIO YK€ PACCMOTPEHHBIX HAMU
MEXaHU3MOB. DTO DEIEeHUE TaK¥KEe OKAYKETCS MOJE3HBIM TO3Hee, KOTJa MbI
paccMoTpuM 9ucTO (DYHKIMOHAIBHOE IIPEICTaBIeHne OOHEKTOB B TJiaBe 32.

e MOXKHO MONMBITATHCS HAWTH WHBIE CIIOCOOBI MOIEIMPOBAHIS CEMAHTUKU KJIAC-
COB HA OCHOBE HU3KOYPOBHEBBIX KOHCTPYKIHMi si3bika. Hampumep, BMecTo
TOrO, 9TOOBI CO3/aBATh TAOJMILy METOAOB Kjacca mnpu momormu fix, Mox-
HO IOCTPOUTDH ee Oojiee SIBHBIM 00pa30M, 4epe3 CChLIKHU. MbI pa3BUBAEM ITY
umeto B §18.12, u emé pa3 — B riiase 27.

e MoKHO 3a0BITH O MIPEACTABIECHNN OOBEKTOB U KJIACCOB B TEPMHUHAX JIIMOIa-
abcrpakruit, 3amuceii 1 £ix, a BMECTO 3TOr0 PACCMATPUBATH UX KaK 3Je-
MEHTapHbIE KOHCTPYKIIUK sI3bIKA, C COOCTBEHHBIMU TTPABUJIAMY BBIUUCJICHUST
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(u Tunuzanuu). B arom ciydae Mbl MOXKEM POCTO BbIOPATH TaKUe IIPABUIIA
BBIYUCIEHNS, KOTOPbIE TOYHO COOTBETCTBYIOT HAIIUM TPEOOBAHUAM K IIOBE-
JIeHNI0 OOBEKTOB M KJIACCOB, & HE THITATHCSA ODOUTH MPOOJIEMBI C CYIIECTBY-
IONUMY TIPABUJIAMH JJIs TpuMeHeHus u fix. DTOoT moaxom o0CyKIaeTcsa B
riase 19.

Ucnosib3oBanue abCTpaKIUii-3aIuIyIeK /st YIPABIEHUs MOPSIIKOM MCIOJIHE-
HUsI — TIPUEM, XOPOIIO U3BECTHBIA B co00IecTBe (byHKIMOHATBHBIX TPOrPAMMEIE-
croB. zest coctout B TOM, 94TO TPOU3BOJBHOE BBIPDAXKEHUE t MOXKHO MPEBPATUTH
B GyHKINI0-00EpTKY A_:Unit.t, kKoropas nHaszweBaercs thunk. Takas «06EpTkas t
C TOYKHU 3PEHUs CHHTAKCUCA SBJISETCS 3HAYEHWEM; BCE JEHCTBUS, CBA3AHHBIE C
BBIYUCJIEHNEM t, OTKJIAJBIBAIOTCS JO TeX I0p, Noka (YHKIUI-00EpTKa He Oyier
IpuMeHeHa K apryMmenTy unit. Takum obpa3om, MbI MOXKEM pabOTATh C t B HEBBI-
YUCJIEHHOM BHJIE, a 3aTEM, T032Ke, 3alPOCUTH €r0 Pe3yJIbTar.

Ceituac mHam Tpedyercst 3azepxkarb Bbraucienue self. Mbr qobuBaemces 310ro,
CMEHHUB ero TuM ¢ 00bekTa (Hanpumep, SetCounter) Ha GyHKIUIO-06EPTKY, COIED-
)Karyo 06bekT (Unit — SetCounter). IIpw 3T0M Hajo a) M3MEHWTH THI Mapa-
Mmerpa self, nepesaBaeMoro B Kiacc, 6) 100aBUTH abCTPAKIUIO-3arIyIIKY IE€PE]
TeM, KaK BEPHYTb OObEKT-PE3YJIbTaT, U B) 3aMEHHTb KayK/0e BXoxjeHue self B
Tesiax MeronoB Ha (self unit).

setCounterClass =
Ar:CounterRep.
Aself: Unit —SetCounter.

A_:Unit.
{get = A_:Unit. !(r.x),
set = Ai:Nat. r.x:=i,
inc = A_:Unit. (self unit).set(succ((self unit).get unit))}
> setCounterClass : CounterRep —

(Unit —» SetCounter) — Unit — SetCounter

IMockosbKy MBI HE XOTUM HU3MEHATHL TUn newSetCounter (sra dyHKIMS MTO-
IPEKHEMY JOJIXKHA BO3BPALIATh 00HEKT), HaM HY?KHO HEMHOIO MOAUMDUIUPOBATH
ee omnpeiesieHne, 9To0bl OHA [TEPEIaBasa apryMeHT unit B pyHKIHIO-00EPTKY, KO-
TOpad MOJy4YaeTcd IPpU CO3JaHUU HEIOIBUKHOI Touku setCounterClass.

newSetCounter =
A_:Unit. let r = {x=ref 1} in
fix (setCounterClass r) unit;

> newSetCounter : Unit — SetCounter

Amnasornynbie u3menenus Tpedyorcs u B onpejeseHnn instrCounterClass. 3a-
METHM, YTO 3TH U3MEHEHUs He TPeOyIOT OT HAC HUKAKUX TBOPYECKUX CIOCOOHO-
cTeli: KaK TOJBKO MBI M3MeHUJN Tl self, BCe OCTAJbHOE BBITEKAET U3 MPABUJI
TATA3AIUHA.

instrCounterClass =
Ar:InstrCounterRep.
Aself: Unit —InstrCounter.
A_:Unit.
let super = setCounterClass r self unit in
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{get = super.get,

set = Ai:Nat. (r.a:=succ(!(r.a)); super.set i),
inc = super.inc,
accesses = A_:Unit. !(r.a)};

> instrCounterClass : InstrCounterRep —

(Unit » InstrCounter) — Unit —
InstrCounter

Haxoner, mbr momumdmuimpyem newInstrCounter Tak, 9YTOOBI OH TiepeaaBas
apryMeHT-3aryymKy B bYyHKIHIO-00EPTKY, TIOPOXK/IEHHYI0 KOHCTPYKIne#h fix.

newInstrCounter =
A_:Unit. let r = {x=ref 1, a=ref 0} in
fix (instrCounterClass r) unit;

> newInstrCounter : Unit — InstrCounter

Temepnb ¢ momorpio newlnstrCounter MbI MOXKEM CO3aTh OOBHEKT.
ic = newInstrCounter unit;

> ic : InstrCounter

HamomumM, 9TO MMEHHO MONBITKA CO37aTbh OOBEKT 10 gaobaBienus QyHKIU-
OOEPTOK ¥ HE MOTJIA 3aBEPIITUTHCS B MPEIBIIYINEH BEpCUU KOIA.

Crenyromnme TecTbl IOKA3LIBAIOT, YTO METO/] accesses IOJACYUThIBAeT obpaile-
HUS U K set, ¥ K inc, KaK Mbl U JOOMBAJIKUCD.

(ic.set 5; ic.accesses unit);
> 1 : Nat
(ic.inc unit; ic.get unit);
> 6 : Nat
ic.accesses unit;
> 2 : Nat
Vupaxuernue 18.11.1 [PEKOMEHAYETCH, % % % |: IIpu nomowu unmepnpemamo-
pa fullref peanusylime caedyrujue PacCWUPEHUA K UMEOUUMCH Y HAC KAGCCAM:

1. Ilepenuwume instrCounterClass mak, ¥mobv, 0K MAKHCE NOICUUMBLEAN U
obpawenua K get.

2. Pacwupvme uamenennvili instrCounterClass nodkaaccom, xomopoili do-
basasem memod reset, Kax 6 §18.4.

3. Jobasvme ewe odun nodkaacc, Komopuil noddepacusaem eule U pPe3epeHvle
suauenus (memod backup, §18.7).
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18.12. Bouee adpdpeKkTnBHAA peaan3anus

TecTbl B KOHIE MPEABIAYIIETO PA3/Ieaa MOKA3BIBAIOT, YTO HAIA PEATH3AINS
KJIACCOB OCYIIECTBJISET «OTKPBITYIO PEKYPCHUIO» MPH BBHI30BE METOIOB Yepe3 self,
KaK 9TO IPHUHATO B TaKKX si3bikax, Kak Smalltalk, C++ umu Java. Crenyer, onna-
KO, 3AMETHUTh, YTO PEAJTU3AIUs IT HE BIIOJHE YIOBIETBOPUTEIHHA C TOUKHU 3PEHIS
sddexTuBrOCTH. Bee QyHKINN-00EpTKU, BCTABIEHHBIE HAMU, 9TOOBI 3aCTABUTH
Bhrumc/ieHre fix 3aBEPINAThCS, OTKJIAIBIBAIOT BBIYUCJICHNE TAOJINI] METOIOB IS
KJIACCOB. 3aMEeTHM, B YaCTHOCTH, 9TO BCE BbI30BbI self B Tejax MerojoB mpe-
Bpamaiorca B (self unit), — TO ecTb, METOMBI TepeMeHHO# self BBIIUCIIIOTCS
3aHOBO MPU KAYKIOM PEKYPCHUBHOM BBLI30BE JIIOOOTO M3 HUX!

OTHUX HOBTOPHBIX BBIYUCJICHUH MOXKHO U30€2KATh, €CJIU JIJIsi TOrO, YTOObI «3aBsi-
3aTh y3e1» B MEPAPXUHU KJIACCOB TPU MOCTPOEHUN OOHEKTOB, BOCMOJIH30BATHCS HE
HEIOJBMYKHLIME TOYKAMH, 4 CCLUIOUHBIME gdeiikamu.” BMecTo Toro, 9Tobnl cTpo-
UTh aOCTPAKIWIO KJIACCOB HA 3aIUCH C METOJaMu, KOTOpas Ha3biBaercs self u
KOTOpAas BITOCJIEICTBUHU DyJeT CO3/1aHa mpu noMomw £ix, Mbl CTPOUM aDCTPAKIIAIO
HA CCbLAKe HA 3alMCh C METOJAMHU, W CO3/aeM 3Ty 3alUCh ¢ CAM020 HA%aAQ. A
WMEHHO, MBI CTPOUM 3K3EMILISAD KJIACCA, BBIJEsAS SUEHKY IJIsi er0 MeTOIOB B Ia-
MaTH (M TIpUCBamMBas €if 3HAYEHUE-3ATJIYINKY ), 3aT€M CTPOMM HACTOSIINE METOMIbI
(u mepesiaemM UM yKazarTelib Ha A9eiKy TaMsaTH, 9epe3 KOTOPYIO OHU JIEJIa0T PEKYP-
CHBHbBIE BbI30BbI), U, HAKOHEIl, MEHseM 3HAYEHUe B g4elike, YTOObI OHA CoAepzKasa
HacToOsIe MeToabl. Bor, HanpuMep, cHoBa setCounterClass:

setCounterClass =
Ar:CounterRep. Aself: Ref SetCounter.
{get = A_:Unit. !(r.x),
set = Ai:Nat. r.x:=1,
inc = A_:Unit. (!self).set (succ ((!self).get unit))};

> setCounterClass : CounterRep — (Ref SetCounter) — SetCounter

ITapamerp self — ykasarejb Ha sA4eilKy, KOTOpas COILEP2KUT METOJbl TEKY-

y Y y
mero oobekrta. IIpu Bb3oBe setCounterClass 3dra sf4Yeiika WHUNIHATIM3UPYETCS
3HAYCHUEM-3arJIyIIKOM:

dummySetCounter =
{get = A_:Unit. O,
set = Ai:Nat. unit,

inc = A_:Unit. unit};
> dummySetCounter : SetCounter
newSetCounter =
A_:Unit.
let r = {x=ref 1} in
let cAux = ref dummySetCounter in
(cAux := (setCounterClass r cAux); !chAux);

3B CYIIHOCTH, 3TY 2Ke UJEI0 MBI HCIIOJb30BAJH [IPYU pellleHnu yupaxkuHenus 13.5.8. £ 6imaroga-
per [IxkeitmMcy Pumau 3a MBICTB O TOM, 9TO 3TOT IPUEM MOXKHO IIPUMEHUTH [IPU KOHCTPYHUPOBAHUN
KJIACCOB, UCIOJIB3YS KOBAPUAHTHOCTEL THUIIOB Source.

—sourcefile— 269 Rev: —revision—, November 28, 2010



270 18.12. Bosee 3¢hpexkTHBHAS peaTn3allis

> newSetCounter : Unit — SetCounter

O HaKO TIOCKOJIBKY BCe omepanuu pa3biMeHoBanus (!self) samuinenst TaMOmIa-
abcTpakmusIMu, HUKAKIX 0OpaIeHuii K stIeiiKe He OyIeT 0 TeX Mop, MOKa (pyHKITHs
newSetCounter He 3amuIIeT B HeE HACTOAIIEe 3HAYCHUE.

Yrobpr obecrnednTh BO3MOXKHOCTD CO3aHus MOAKaaccoB setCounterClass,
Tpebyercs ele HEMHOTO YTOYHWTH ero Tuil. KaKablii KJIacC OXKHUIAET, U9TO ero
mapamerp self Oyger uMeTh TaKOH Ke THIl, KAK 3aliCh METOI0B, KOTOPYIO OH CO-
31aét. To ecTh, eciiu MBI OMPEeIsieM TOAKJIACC CIETINKOB C MOICIETOM JIOCTYIIA,
mapamerp self B aToM Kacce OymeT yKazareaeM Ha 3aliCh C METOJAME CIETINKOB
¢ nozcaerom gocryna. Omuako, Kak Mbl Bujesun B §15.5, tunbl Ref SetCounter
u Ref InstrCounter HECOBMECTUMBI — HEBO3MOMKHO MPOJABUHYTH BTOPON M3 HUX
U TOJIyYUTh TEPBBIA. DTO NPUBOAUT K OUIHOKE (T. €., HECOOTBETCTBUIO THUIIA TTApa-
MeTpa) MpH IONbITKE CO3J[aHus Super B onpejesnenun instrCounterClass.

instrCounterClass =
Ar:instrCounterRep. Aself: Ref InstrCounter.

let super = setCounterClass r self in

{get = super.get,
set = Ai:Nat. (r.a:=succ(!(r.a)); super.set i),
inc = super.inc,
accesses = A_:Unit. !(r.a)};

> Error: parameter type mismatch

Paspemiurs 31O 3arpysHenne MOXKHO, 3aMeHHB KOHCTPYKTOp Ref B TH-
ne self ma Source — T. e. IepelaB B KJIACC TOJbKO pas3pelieHue Yu-
TaTh 3HAUYEHWE II0 CChLIKE HA MeTOAbI, HO He pa3pelreHue Tyaa OHUCATh
(omo kjaccy Bce paBHO He HyxkHO). Kak wmbl Bugenu B §15.5, KOHCTPYKTOD
Source paspemiaeT KOBaApUAHTHOE IMOJTUIHPOBAHUE — T. €. BBIIOJHAETCH YCIIO-
Brue Source InstrCounter <: Source SetCounter, mo3TOoMy CO3JaHHE Super B
instrCounterClass OyaeT MpaBUILHO TUITH3HPOBAHO.

setCounterClass =
Ar:CounterRep. Aself: Source SetCounter.
{get = A_:Unit. !(r.x),
set = Ai:Nat. r.x:=1i,
inc = A_:Unit. (!self).set (succ ((!self).get unit))};

> setCounterClass : CounterRep — (Source SetCounter) —
SetCounter

instrCounterClass =
Ar:InstrCounterRep. Aself: Source InstrCounter.

let super = setCounterClass r self in
{get = super.get,
set = Ai:Nat. (r.a:=succ(!(r.a)); super.set i),
inc = super.inc,
accesses = A_:Unit. !(r.a)};
> instrCounterClass : InstrCounterRep —
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(Source InstrCounter) — InstrCounter

Y100kl MOCTPOUTH OOBEKT-CIETUHMK C MOACIETOM JOCTYIA, MBI CHAYAIA, KAK
¥ paHbIIE, ONpEIeIsieM 3arjIyliKy-HaDOp METOJO0B TAKOIO CYETYMKA, B KAIECTBE
HAYaJIbHOIO 3HAYeHUd yKa3aresd self.

dummyInstrCounter =
{get = A_:Unit. O,
set = Ai:Nat. unit,

inc = A_:Unit. unit,
accesses = A_:Unit. 0};
> dummyInstrCounter : InstrCounter

3arem MbI cO37aeM O0bEKT, BbIJEIsis B TAMSITH MECTO JJisl IePEMEHHBIX IK3EMILIs-
pa um MeTo10B, BbI3biBaeM instrCounterClass, 9TOOBI CO3/IaTh HACTOSIIINE METO-
IbI, U 3aMeHdeM 3HAUEeHNE B CCHIJIOYHON ddeiike.

newInstrCounter =

A_:Unit.
let r = {x=ref 1, a=ref 0} in
let cAux = ref dummyInstrCounter in
(cAux := (instrCounterClass r cAux); !cAux);
> newInstrCounter : Unit — InstrCounter

Kox pmna mnocrpoenmst Tabmurpr MeronoB (B instrCounterClass u B
setCounterClass) Tenepb BbI3bIBAETCsS OJWH PA3 IIPU CO3JaHUH O0bEKTA, & He
MPHU KarkKJIOM BBI30BE MeTOAa. TakuM 0Opa3oM, MBI JOOMBAEMCS CBOEH IETH, Ofl-
HAKO, IMO-TIPEKHEMY, He CTOJIb 3(PPEKTUBHO, KAK HaM TOTO XOTEJIOCh ObL: BEIb
TabJIMLa, METOLO0B, KOTOPYI) Mbl KOHCTPYUPYEM [JIsi KAXKJA0I0 O0bEeKTa-CYETUUKA C
MTO/ICYETOM JOCTYIIA, BCErIa OHA U TA YK€, TAK YTO, KA3aJOCh ObI, MBI MOTJIN OBI IO~
CTPOUTH €€ 0duH Pa3 TPU OIpPeesIeHny Kjacca u O0JIbile He TporaTh. B rimase 27
MBI YBHINM, KaK JOOUTHCS TOrO MPH TMOMOIIKA OTPAHUICHHON KBAHTH(DUKAIMI
(koropas ommncana B riase 26).

18.13. Pesmome

B nepBoM pasnesne 3Toit TyIaBhl OBLIN TEPeYNCIeHbI HECKOIBKO OTIHYNTETHHBIX
0CObOeHHOCTEl 00BLEKTHO-OPHEHTHPOBAHHOTO CTHJIsI. BCITIOMHNM 3TH XapaKTepUCTH-
KM ¥ KPATKO OOCYJMM, KaK OHH COOTHOCSTCS C IMPUMEPAMH, IPEICTABICHHBIMA B
3TOM IJIaBe.

1. MHo>kecTBeHHbIe TIpeacTaB/ieHus. Bce 00beKThI, pACCMOTPEHHBIE HAMHA
B 9TOI IjlaBe — CUETUWKW, T. €., TPUHaIIekar K Tuly Counter. OmHako ux
MPEJCTABIEHNA CUJIBHO Pa3JIMYalOTCA: OT €IMHCTBEHHON CChLIOYHONU A4YEeiKU
B §18.2 510 3amucu, comep:kaieil HeCKOIbKO cChbLIoK, B §18.9. Kaxkapiit 06b-
€KT IIPeICTaBIsgeT cOOOM 3aINCh, COCTOSIIY O U3 PYHKITHH, KOTOPBIE CIyKAT
JU1sl peanu3anuu MeTonos tuia Counter (1, BO3MOXKHO, KAKMX-TO €lle), CO-
OTBETCTBYIOIIE BHYTPEHHEMY MPEICTABIEHUIO ITOTO 00HEKTA.
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2. Nakancyagamnusd. To, 910 mepeMeHHble 9K3eMILIAPa KaXKI0I0 00bEKTa 10-
CTYIHBL TOJIBKO BHYTPH €r0 METOJ0B, HEIOCPEICTBEHHO CJIE/yeT M3 HAIIEro
crocoba TOCTPOEHMST OOBEKTOB — HYepe3 Mepeady 3aluCh MePEMEHHBIX K-
3eMILIsIpa B (PYHKIHIO-KOHCTPYKTOP, CO3IAMONIYI0 MeTonbl. O4UeBuIHO, 9TO
UMEHA TIEPEMEHHBIX 9K3EMILIIPA MOXKHO YBUIETH TOJBKO U3HYTPU METOI0B

3. llogTunmpoBaHue MeXKay THUIAMU OOBHLEKTOB B HAIEHl peajn3amuu — ITO
POCTO OOBIKHOBEHHOE TIOATHIIMPOBAHUE MEKIY TUIIAMH 3AMUCEH, COCTOSIITNX
n3 QYHKIHIL.

4. HacaemoBaHue peajim3aliuii. Mbl MOIETMPOBAIN HACIEIOBAHNE PEATn3a-
nuii 4epe3 KOIMPOBAHUE PeaiM3aluil MeTOA0B U3 CyIIEeCTBYIOIIEro HaK/1ac-
ca B HOBbI nojkaacc. [Ipu 3T0M BO3HMKAET HECKOJIbKO MHTEPECHbIX TeX-
HAYECKUX JIeTajiel: CTPOro roBOps, KaK HAAKJIACC, TaK W HOBBIH TMOIKJIACC
MIPEICTABISIOT COO0H PyHKyuY W3 MEPEMEHHBIX IK3EMILISAPA B 3aIUCh, CO-
CTOSAIILYI0 U3 MeTOI0B. IIoaK/Tace IPUHUMAET CBOHU [IEPEMEHHBIE SK3EMILIIPa
B KQ4eCTBE IIapaMeTpa, 3aTeM CO3AeT SK3eMILIIP HaIKIacca C IOy YeHHbI-
MM II€EPEMEHHBbIME K II0J1y4aeT 3alliCb METOJO0B HaJKJacca, paboTatomux ¢
TEeMHU YK€ CAMBIMH TTePEeMEHHBIMH.

5. OTkpsbiTasi pekypcus. OrTkpbiTas peKypcus, obecrneduBaeMas B HACTO-
SIMAX 0OBEKTHO-OPUEHTUPOBAHHBIX 3bIKAX Yepe3 MepeMennyio self (um
this), MozenupyeTca HaMu depe3 abCTPAKIMIO He TOJHKO MO MePEeMEHHbIM
3K3eMILIgpa, HO U 1O nmapaMeTpy self, KOTOPBIA METOJbl MOTI'YT UCIOJb30-
BaTh JjIsl OOpAIEHKs K IPYTUM METOJAM TOrO Ke 00beKTa. JTOT mapamerp
[IOJIy4aeT 3HAYeHue IPU CO3JAHUH OOBbEKTA, KOTJA Mbl «3aBA3bIBAEM Y3€JI»
npu nomomm fix.

Vupaxuernue 18.13.1 [* % k]|: Ewe odno ceolicmso 06sekmos, KOmMopoe 4acmo
0Ka3bL8AEMCA NOAE3HBLM, — NOHAMUE TOKIECTBA 00bEKTOB (object identity), one-
payus samelbject, xomopas 6o3spaujaem true 6 mom cayuae, ecau oba ee ap-
2ymMenma npu evvucaenuy darom odun u mom oce obsexm, u false, ecau onu
UMEIOT, 3HAYEHUEM 00BEKMBL, COZ0AHHDBIE 6 PAZHOE BPEMA (DASAUNHBLMYU GbL306a-
mu Pynkyul new). Kax moocno pacwupumsd modeas 006eKmos u3 Imotli 2aae6bl,
ymobov, esecmu noddepsicky moosicdecmea 0bsexmos?

18.14. JlomoJsiHUTeJbHbIE 3aMeYaHUsd

IIpencrapnerne 00HEKTOB — HEUCCAKAECMBINH MCTOYHUK TTPUMEPOB W 33149 ISt
COO0IIECTBA UCC/IeA0BaTE el A3bIKOB mporpammupoBanus. OIHO U3 nepBblii pere-
Huii 66110 Jano Peitnosbacom (Reynolds, 1978); Bceobuuii uarepec K 910it 3a1aue
upobyauna crarbs Kapnesun (Cardelli, 1984). Tlonstue o self Kak 0 HENOABUK-
HO#T Touke 610 paspaborano Kykom (Cook, 1989), Kykom u ITasnc6eprom (Cook
and Palsberg, 1989), Kamunom (Kamin, 1988) u Pegau (Reddy, 1988); cBasu mex-
Jly 9TUMU Mozeamu uccienoBasmch Kamunom u Pegau (Kamin and Reddy, 1994),
a rakxke Bprocom (Bruce, 1991).

Hekoropslie Baxkuble panaue paboThl B 3T0i obiactu cobpanbl B kKaure Gunter
and Mitchell, 1994. O630p 6Gosiee MO3THUX MOCTHAKEHHH MOXKHO Haiitu y Bpro-
ca, Kapmennu u Iupca (Bruce, Cardelli, and Pierce, 1999), a takxke y AGagu u
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Kapuennu (Abadi and Cardelli, 1996). Bpioc (Bruce, 2002) gaer coBpemMeHHYIO
KapTUHY MCCJIEIOBAaHUE B 3T0i 0bJjiacTu. AJibrepHATHBHbBIE [IOAXO/AbI K OCHOBAM
00BEKTOB U WX CUCTEM TUTOB MOKHO HaiiTu y [anc6epra u Isapnbaxa (Palsberg
and Schwartzbach, 1994) u y Kacrausu (Castagna, 1997).

JlomoTHuTETbHBIE NCTOPUYIECKUE 3aAMEYAHUsT MOYKHO HAWTH B KOHIIE TJIABBI 32.

Hacnemosanuio peamm3armii
MPUIAECTCA IPE3MEPHO OOJIBIIOE
3HAQUEHUE.

T'pagn By«
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I'maBa 19

Pacmmmpennslit mpumep:
O0OJteryennag Java

B 1. 18 MBI Buzmenn, Kak ¢ MOMOIIBIO JITMOIa-UCIUCTIEHUST C TIOITUTIAMU, 3a-
MUCAMHU W CCHIIKAMU MOXKHO CMOJEINPOBATH HEKOTOPHIE KJIIOUYEBbIE KOHCTPYK-
mu 0O0'beKTHO-OPUEHTHPOBAHHOIO NporpaMmMupoBanus. Hammeil menpio ObLI0 110-
OuTbCst OoJiee ryOOKOro MOHMMAHMS 3TUX KOHCTPYKIUH IIyTeM HUX KoOouposaHus
(encoding) B Tepmunax 60siee MPOCTHIX JIEMEHTOB s3blKa. B 5T0il riiaBe Mbl uc-
[OJIb3yeM JAPYIOf MOJXO/ U IMOKAXKEM, KAK AJAITHPOBATH UJEH U3 IIPEJIbLAYIIIX
TJ1aB, YTOOBI HANPAMYI OMHCATH GA30BBIH 00HEKTHO-OPUEHTHPOBAHHBIN SI3BIK HA
ocHoBe Java. [Ipeanonaraercst, 9To YuTaTes b y¥e 3HAKOM ¢ Java.

19.1. Bsenenmue

DopMaIbHOE MOIETNPOBAHNE MOXKET OKA3ATh OOJIBIITYIO TOMOIIb B MTPOEKTHPO-
BAHUU CJIOXKHBIX UCKYCCTBEHHBIX 00bEKTOB, TAKUX KAK SI3bIKM TPOTPAMMUPOBAHMS.
C nomorrpio GopMaTbHONR MOIETH MOXKHO TOYHO OMUCATH HEKOTOPBIN ACIIEKT MPO-
eKTUPyeMOro 00beKTa, ChpOpMyIHPOBATL U JOKA3aTh €r0 CBONCTBA, W OOPATUTH
BHUMAHWE HA, MPOOJIEMBI, KOTOPBIE B IPYTOM CJIYYAe OCTAJUCH Obl HE3AMEUEHHBI-
mvu. OIHAKO TTPU MOCTPOEHUN MOJENN BCETIa HAJIMIECTBYET TPOTHBOPEUNE MEXKTY
MMOJTHOTON W KOMIIAKTHOCTHIO: YeM OOJIbINIE ACIEKTOB O0BHEKTA MOJEIb OTPAYKAET,
TeM 0OJiee TPOMO3JIKONW OHA OKA3BIBAETCA. 1aCTO MMEET CMBICH TPEINOYecTh MO-
JIeJib MEeHee TIOJHY0, HO Dojiee KOMITAKTHYIO, U HOJIYYUTh MAKCUMAJIBHYIO 0TIy
[IPU MUHUMAJIbHBIX 3aTPATax. DTy CTPATErnio MOXKHO HAOIIOMATh BO MHOXKECTBE
HEJABHUX CTaTel Mo (popMaIbHBIM CBOHCTBAM Java, B KOTOPHIX UTHOPUPYIOTCS Ta-
KU€ CJIOYKHBIE 9e€PThI I3bIKA, KAK Mapasiean3M u pedJeKcus, a OCHOBHOE BHUMA-
HUE KOHIIEHTPUPYETCs Ha TeX (PparMenTax si3blKa, TJe MOXKHO IIPUMEHUTH XOPOIIO
MU3YYEHHBIE TEOPETUIECKUE MEXAHU3MBbI.

TIpumeper B 3T0# riase sBsiorcs repmamu Obnersennoit Java (pmc. 19.1-19.4). Coorser-
cTBytomeil peanuzanuu Ha OCaml He cymecTByeT, HO, HOCKOJbKY OOJsierdyenHas Java CIpOek-
THPOBAHA KaK CTPOTOe MOAMHOXKECTBO Java, mobas peanusanust Java rOLUTCs IS BHITOJIHEHHS
IpUMEpPOB.
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Ob6sergyennas Java (Featherweight Java, FJ) 6bu1a npegnoxena B crarbe Ura-
pacu, ITupca u Yomuepa (Igarashi, Pierce, and Wadler, 1999) B kauecrse oguoro
U3 BAPUAHTOB MUHUMAAbH020 Adpa (minimal core), Ha OCHOBE KOTOPOrO MOYKHO
CMOJIETUPOBATH CUCTeMy THUTIOB Java. F'J ManmakanbHO puiep:KuBaeTcs MpUHITA-
ma, KOMIIAKTHOCTH, OT/AaBas €My IIPeAIOYTeHne Tepes MOTHOTOH. B 3ToM sA3bIke
OCTaEeTCS TOJIHKO MATHh BUIOB TEPMOB: CO3/IaHNE O0BHEKTA, BHI30B METO/IA, JOCTYII K
IIOJIT0, IPUBEJIEHNE TUIIA U 1tepeMenHasi. CHHTAKCUC, PABUIIA TUIIU3AIUEA 1 Ollepa-
[IMOHHAS CEMAHTUKA, SI3BIKA JIETKO YMEIIAIOTCS Ha OXHON cTpanuie ¢gpopmara A4.
B cymHocTH, 1mespi0 mpoekTa ObLIO0 OTOPOCUTH KaK MOYKHO OOJIbIe€ KOHCTPYKITUM
(BKJIIOUAs IPUCBAUBAHKE), HO COXPAHUTH OCHOBHBIE uepThl Tunu3anuu B Java. Cy-
IIECTBYET MPOCTOe coorBeTcTBUe Mexkay FJ u 4dmcro GbyHKIMOHAIBLHBIM SIPOM
Java, B Tom cmbiciie, 94TO BCskasd nporpamma Ha FJ asiserca OyksasibHO ere u
mporpamMMoii Ha Java.

FJ numbp HEHAMHOTO TPEBBIIIAET MO PA3MEPY JIAMOIA-UCIUCICHNE UIU 00b-
extHoe ncuucienne Abaan u Kapaemmn (Abadi and Cardelli, 1996). FJ namno-
ro MeHble, Yem napyrue ¢GopMasbHble MOjeaun Java-mo00HbIX S3BIKOB, OCHO-
BAHHbIX Ha KJlaccax, B TOM w4ucjie mozuesnu Jlpoccomysy, Aiizenbaxa u XypLiuia
(Drossopoulou, Eisenbach, and Khurshid, 1999), Caiima (Syme, 1997), Hunkosa
u Oxaiimba (Nipkow and von Oheimb, 1998), a takxke ®aarra, Kpummamypru
u Qenneiicena (Flatt, Krishnamurthi, and Felleisen, 1998a,b). Baiaronaps csoemy
pasmepy, FJ MoxkeT KOHIEHTPUPOBATHCS TOJBKO HA HECKOJIbKUX KJIIOYEBBIX BOIIPO-
cax. Hanpumep, Kak Mbl yBU/UM, [IPUBEICHUE TUIIA B Java ONUCHIBACTCS CIIOXKHEE,
9eM MOXKHO OBLIO OBbI MPEITONIOKHUTD.

OcuoBroe npumenenne FJ — momenupoBanue pacimupennii Java. ITockombky
cama FJ odenb masna, B €€ paMKax MOXKHO Y/JIEJTUTh BCE BHUMAHHUE KJIFOYEBBIM
acreKkTaM KOHKPETHOIO PACIIMpeHust. BoJiee TOro, moCKoJIbKY JIOKA3aTeIbCTBO TH-
moBoit Ge3omacuoctu FJ BechbMa mpoOCTO, MOYKHO MOCTPOUTEH CTPOTOE TOKA3ATE b
CTBO JaxKe IJIs JOBOJLHO Oobimoro pacmmpenns. Ilepsast ke cratba o FJ mpo-
JEeMOHCTPHUPOBAJIa 9TO CBOKCTBO, M00apuB B F'J 0000IeHHbIE KIACCHI K METOIBI 110
obpasuy GJ (Bracha, Odersky, Stoutamire, and Wadler, 1998). B cienyroueii cra-
rbe (Igarashi, Pierce, and Wadler, 2001) 6b110 nocrpoeso (opMasibHOE OLUCAHKIE
coipvir (raw) Tunos, BBedeHHBIX B GJ, 9TOOLI OOIErYUTH TEpenuchIBanue Java-
nporpamum Ha GJ. Urapacu u ITupc (Igarashi and Pierce, 2000) ucnonb3osanu FJ
KaK OCHOBY JIJIl U3y4Y€HUsI CBOWCTB 6HYympennus kaaccosé (inner classes) B Java.
Kpowme Toro, FJ ucnonp3oBanach a1 n3ydenns KOMIUISIME C COXPAHEHUEM TH-
nos (League, Trifonov, and Shao, 2001), a Takke ceMaHTUYECKUX OCHOBaHUil Java

(Studer, 2001).

Hespio pazpaborku FJ 0110 MaKCHMATHHO BO3MOXKHOE YIIPOIIEHUE 1 COKPAIIE-
HUE JI0KA3aTeThCTBA THIIOBOU OE30MACHOCTH, TPH COXPAHEHUN BO3MOXKHOCTH JIET-
KO PaCIPOCTPAHUTDH €r0 HA OCHOBHBbIE KOHCTPYKIMH MOJTHON Bepcuu Java. Besakas
KOHCTPYKIIUsl, KOTOPas YOAUHAAG TOKAZATETHCTBO, CYIIECTBEHHO HE UBMEHAA €10,
O/IJIeXKAJIA, yaaaeHnio. Kak v B IpyTUX MCCIEI0BATETHCKUX MTPOEKTAX TAKOTO PO-
ma, B FJ oTcyTCcTBYIOT Takme MpPOABUHYTHIE BO3MOXKHOCTHU $3bIKA, KAK MMapaJlie-
mu3M u pednekcus. Takke OTCYyTCTBYIOT W MHOTHE APYyrue KOHCTPyKIuu Java:
MpUCcBauBaHue, WHTEP(MERChI, neperpy3ka (YyHKINHA, TOCBLIKA COOOINEHHUA mepe-
MEHHOli super, HyJsieBble yKazaresu, 6a3osble Tuiibl (int, bool), oObsBienus ab-
CTPAKTHBIX METO/IOB, BHYTPEHHUE KJIACCHI, 3aMEIIeHrne MojIei HAIKIACCA TOIIMU
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[OJIKJIACCA, KOHTPOJIb gocTyiia (public, private u 1. [1.), a Tak:Ke MCKJIIOYEHUS.
CsoiicrBa Java, koropbie ocraiorcst B FJ, — B3auMHO peKypCUBHBIE ONpe/IeIeHus
KJIACCOB, CO3J[aHNe OOBEKTOB, JOCTYT K IOJISIM, BHI30B METOJIOB, MEpeoIpeiese-
HU€ METO/IOB B MOJIKJIACCAX, PEKYPCUS MEXKIy METOJAMU C MCIOIb30BanueM this,
MOJTUITUPOBAHNE W [TPUBEIEHNE THUIIOB.

I'naBuoe ynporenwne, npuasgroe B FJ — orcyrcrsue npucBausanus. Mbr mpes-
[IOJIAraeM, YTO 3HAYEHHS BCEX I0Jieil 0ObeKTa yCTaHABIMBAIOTCA B KOHCTPYKTODE
u OoJtee He MeHsitoTcst. Takum obpasom, FJ okaspiBaercs «GyHKIIMOHATIBHBIM TO-
MHOXKECTBOM>» Java, B KOTOPO#l MHOTHE MAMOMBI S3bIKA, HAIIPUMED, UCIOIb30BAHNE
MMEPEYNCIICHIIT, TPEICTABUTh HEBO3MOXKHO. 1TeM He MeHee, 3TO MOIMHOXKECTBO BbI-
YUCIUTEIHHO MOJIHO (HECIOXKHO 3aKOIUPOBATh B HEM JIisIMOJa~-UCIUCIEHUE) U JIO-
CTATOYHO BEJIMKO, YTOObI BK/IIOYATH OJIE3HBIE IIPOIPAMMBI — HAIPUMED, MHOTHE
mporpaMmMbl u3 Kuuru @esnmeiicena n Opuamana (Felleisen and Friedman, 1998)
HAIUCAHBI B 9MCTO (DYHKITMOHATIHLHOM CTHJIE.

19.2. O630p

IIporpamma uwa FJ cocrour u3 mabopa ompeneseHuii KjIacCoOB W TEPMA, IOJ-
JIEZKAIIEr0 BBIYUCIEHUIO, KOTOPBIA COOTBETCTBYET Tey MerTosaa main B Java. Bor
HECKOJIbKO THIIMYHBIX ornpejesenuil kiaccos Ha FJ.

class A extends Object { A() { super(); 1} }
class B extends Object { B() { super(); 1} }

class Pair extends Object {
Object fst;
Object snd;
// KoHcTpyKTOp :
Pair (Object fst, Object snd) {
super (); this.fst=fst; this.snd=snd; }
// OmpegmeneHune MeTogza:
Pair setfst(0bject newfst) {
return new Pair (newfst, this.snd); } }

Paau cunrakcuyeckoro eamHoobpasus Mbl BCETa yKa3blBaeM HaJKJIace (Ia-
ke ecim 910 Object), Beerya 3alUcbBa€M KOHCTPYKTOD (JaxKe Jijist TPUBUAJIbHbBIX
KJ1accoB A u B), u Bcerga yKa3bniBaeM 00bEeK T-TOIyYaTe b TPU JOCTYIE K MOJII0 UIN
BBI3OBE METO/IA (CKa)KeM, this. snd), Jazke ecam 3T0 this. KomncrpykTops! Beerma
UMEIOT OJIHYy W Ty YK€ YKeCTKYI0 CTPYKTYpPY: €CThb IO OJHOMY apTyMeHTy Ha KaiK-
Ji0€e TIoJIe, C TeM Ke UMEHeM, 4TO U y I0Jid; B HadaJje J/1d WHANHAIU3AINNA Toaei
Ha/IKJIaCCA BbI3bIBAETCA KOHCTPYKTODP Super; 3aTeM OCTAaBLIUeC:d I10JI1 MHUIUAIN-
3UPYIOTCHd 3HAYEHUSIMUA COOTBETCTBYIONMX lapaMerpos. B mamem npumepe naj-
KJIACCOM BCEX NMPUBEIEHHBIX KJIACCOB CIyKUT Object, B KOTOPOM HUKAKHX MOJEi
HET, TAaK YTO BBI3OBBI SUper He MMEIOT apryMeHTOB. KOHCTPYKTOpPHI — €IMHCTBEH-
HOE MEeCTO, B KOTOPOM B mporpammax Ha FJ Bcrpedaiorcs super m omeparop =.
ITockoneky B FJ mer omepanmii ¢ mobounbivu 3ddekramu, TeI0 MeToaa Beera
COCTOUT W3 OIEPATOpA return, KOTOPbIA BO3BpAIIAET TePM, KaK m300PasKeHO Ha
npumepe setfst ().
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B FJ ecrb narb Bugos Tepmos. B namem npumepe new A(), new B()
u new Pair(...) — xoucmpyxmopws, obsexmos (object constructors), a
<...>.setfst(...) — 6n306 memoda (method invocation). B Tesie setfst, repm
this.snd sBisgercs obpaweHuem % noarw, a newfst m this — HepeMeHHbIe.1 B
KOHTEKCTE TIPUBEIEHHBIX OMPEIeIeHU, TeEPM

new Pair(new A(), new B()).setfst(new B())

JaeT npu Beluuciaennn new pair(new B(), new B()).
IMocnenunii, narsiii Bug TepMoB — npusedenue muna (cast) (eM. 15.5). Tepm

((Pair)new Pair (new Pair(mew A(), new B()),
new A()).fst).snd

mgaer mupu Berauciaennn new B(). Ilomrepm (Pair)t, rae t paBHsAETCS new
Pair(...).fst, aBisercs NpUBEIEHUEM THUIA. DTO TPUBEIEHUE HEOOXOAMMO, M0~
CKOJIBKY t — obpaiiienre K noJiio £st, mpo KoTopoe 00bsBIECHO, YTO OHO COINEPKUT
obbekT Tuma Object, Torma Kak Cieayomiee odpalieHne K Mmoo snd OmpeIesieHo
TOJIBKO [jIsi 00beKTOB Tuna Pair. Bo Bpems BBIMOJHEHVS TPABUJIA BBHIYUCICHUS
IPOBEPST, MPUHAJIEKUT Jiu 00bEKT Kiaacca Object, xparumbiii B mosie £st, Kiaccy
Pair (B JaHHOM Ciy4ae IIPOBEPKa OyJer yCIemHoii).

Orka3 or mo609HBIX 3DMEKTOB caM MPUBOIUT K MPUATHOMY MOOOUHOMY -
dekTy: BBIUMCIEHWE MOXKHO IIEJUKOM (OpMann30BaTh B paMKaX CHHTAKCHCA
FJ, me obpamasich K AONOJHUTETHHBIM MEXaHU3MaM JIJIsi MOJETUPOBAHUS KY4IU
(cm. 1. 13). Ecrb Tpu OCHOBHbBIX LIPABUJIA BHIYMCIEHH: OIHO /Uit ODpAalleHus K
TTOJTI0, OJTHO JIJIsi BHI30BA METOIA W OJIHO JJIsi TIPUBEIEHUsT TUNA. HamoMHUM, 9TO
B JIAMO/1a-UCUUCIEHUY TTPABUJIO BBIYUCIEHUS I MPUMEHEHUN MPE/IMTOIaraeT, dTo
dyHKIMS CBeeHa K IaMOma-abcrpakiun. Auajornano, B FJ npasusia Beraucaenus
MIPEIOIATAI0T, 9TO O0BEKT, Hal KOTOPBIM BedeTcs paboTa, CBeeH K TepMy new. B
JIAMO/Ia-MCUUCIIEHUT JIECTBYET JIO3YHI «BCe Ha cBere — (DYHKIIUU», 37ECh — «BCE
Ha CBeTe — OOBEKTHI».

Crenyronmii npuMep MOKA3bIBAET MHPABUJIO s OOpAIleHUus K MOJIM
(E-PROINEW) B seiicTBuu:

new Pair(new A(), new B()).snd — new B()

[TockoabKy meHCTBYeT KECTKUi CHHTAKCUC KOHCTPYKTOPOB OOHEKTOB, TO MBI 3HA-
€M, 9TO KOHCTPYKTOP COAEPZKUT IO OJHOMY TTapaMeTpPy JJjisd KayKIOTO IMOJIs, B TOM
JKe MOpsIAKe, B KOTOPOM 3TH IMOJsI O0bABJIEHBI. 37eCh 3TO moJsa fst u snd, u 00-
parmenue K mosio snd BHIOMPAET BTOPOIl mapamerp.

Bor kak meiicTByeT npaBuiio Jisi Bbi3oBa MeronoB (E-INVKNEW):

new Pair (new A(), new B()).setfst(new B())
newfst — new B(),
this — new Pair(new A(),new B()) ]
new Pair(newfst, this.snd)

T. €., new Pair(new B(), new Pair(new A(), new B()).snd)

1B omrmume ot Java, B cunrakcuce FJ this camTaercst mepeMenHoif, a He KJIIOYEBBIM CIOBOM
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Ilonygarenem mpum BbI30BE MeTOAA sBasgeTcsS 00beKT new Pair(new A(), new
B()), Tak 4ro Mbl umeMm meron setfst B kiacce Pair u BuauM, 9TO 9TOT Me-
Tox umeer hbOpMaTHHBIN mapaMerp newfst u Tejio new Pair(newfst, this.snd).
Br130B MeTOma CBOAMTCS K TeNy, B KOTOPOM (DOPMAaJIbHBIN MapaMerp 3aMeHSeTCs
Ha peanbHBIl, a ocobas mepeMeHHas this 3aMeHseTcs Ha OO0bEKT-TOYIaTeNb.
Oro noxoxe Ha npasuio 6era-peaykuuu (E-APPABS) B ssimbua-ucuncienuun. Oc-
HOBHbBIX OTJIMYMH JBA: a) KJIACC IIOJIy4Yaress Olpeleser, IAe CJlelyeT UCKATh
Tes0 MeTona (MpHU 3TOM TOJIEPKUBACTCS TIEPEONIPEIE/IEHNEe METOIOB B MOIK/IAC-
cax) u 0) mepemennas this 3aMensierca Ha 00bEKT-IIOJIyYIaTe b COO0mEeHus (Ipu
3TOM TIOJIEPKMBAETCA «OTKpBITasg pekypcus depes self»).? Kak u B 1ambia-
ucunciaennu, B a3bike FJ curyanums, korma mapamerp BcTpedaercs B Tese Oosee
OJIHOT'O Pa3a, MOXKET IIPUBECTU K PA3MHOKEHHIO 3HaYeHuil aprymenTa. Ho mockosb-
Ky He nMeeTcsd MOOOTIHBIX 3D HEKTOB, 3TO pa3Inydre CO CTAHIAPTHON CeMaHTHKOIT
Java HEBO3MOXKHO OOHADYKHUTH.
Bor kak geiicrByer npasusio Jis npusegenus tunos (E-CASTNEW):

(Pair)new Pair(new A(), new B()) — new Pair(new A(), new B())

IToce Toro, Kak apryMeHT MPUBEIEHUST CBEIEH K OOBEKTY, HETPYIHO MPOBEPUTH,
YTO KJIACC KOHCTPYKTOPA SIBJISIETCS TTO/IKJIACCOM KJIacca, K KOTOPOMY OH TIPUBO/IAT-
csa. Ecym 970 Tak (Kak B HAIEM CJIy4ae), IPABUJIO DEAYKIUHN yOUPAEeT IpUBEICHUE.
B nmporusmom ciywae, kKak B Tepme (A)new B(), HHKaKOe MPABUIO HE IPUMEHIMO,
U BblUUCJIEHUE OKa3biBaercd 6 mynuxe (stuck), uro npusogur K coobuienuio 06
omubKe BPEMEHH BbIIOJHEHMS.

Broranciienve MoKeT 0Ka3aThCs B TYIIMKE B OJHOM U3 TPEX CJIYYAeB: MPHU MOIMTBIT-
Ke 00paTUTHCS K TOJII0, He 00bIBIEHHOMY B JAHHOM KJIACCE; TPU TOMBITKE BHI3BATH
MEeTO/l, He OIpeJIeIeHHbIH /it JAHHOrO Kiacca (<«HEeNOHATHOe cOOOLIeHues ), 1ubo
[IPH TOTBITKE MPUBECTH OOBEKT K 9€MY-TO, 9TO HE SBJISETCA HAJKIACCOM TEKYIIEro
KJ1acca oobekTa. Mbl JOKaXKeM, 9T0 [epBbIe JIBA CIy4das HUKOL/A He BCTPEYAIOTCs
B MPaBUJIBHO TUMU3UPOBAHHBIX MPOTPAMMAX, & TPETHIl HUKOTIA HEe BCTPEYAELTCS
B IPaBWJIHLHO TUINU3UPOBAHHBIX IIPOrpaMMax 0€3 NmpuBeieHus BHU3 (a TakkKe 6e3
«TJIYOBIX TPUBENEHUIT» — TOT TEXHUYECKUH TEPMUH PA3bACHIETCH HUKE).

MbI mpuHUMAEM CTAHJAPTHYIO CTPATETHWIO0 BBIYUCIEHUs] C BBI3OBOM MO 3HAYE-
Huio. BOT miaru BuIYUCIEHHsT BTOPOrO IIPUBEIEHHOrO HAMU TepMa-iipumepa. [loz-
JIEIKAIUN PEIYKIINU TIOATEPM HA KAXKIOM IMare TOTIEPKHYT.

((Pair) (new Pair(new Pair(new A(),new B()), new A()).fst.snd
—  ((Pair)new Pair(new A(),new B())).snd
— new Pair(new A(),new B()).snd
— new B()

19.3. UwmeHHBIE U CTPYKTYPHbIE CUCTEMbI TUMOB

[Ipex e gem nepeiitu k popmanbaoMy onpeaenenuio FJ, cienyer ucciemoBars
O/IHO CYILECTBEHHOE CTHIUCTUYecKoe pasiauuue mexay FJ (u Java), ¢ oguoii cro-
DOHBI, U BADUAHTAMU THIIU3UPOBAHHOIO JIAMOJa-Ucuucienus (PaccMarpuBaeMoro

2YuraTenns, 3HAKOMBIH ¢ ucuncaenneM obbekToB Abamm m Kapmenmu (Abadi and Cardelli,
1996), yBuamT MHOTO OBIIETO K C UX MPABHJIOM G-DEAYKIIUH.
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B 9TOil Khure), ¢ Apyroil. Paziuuune 310 Kacaerca craryca umen munos (type
names).

B npeapraymux riiaBax Mbl 9acTO BBOJW/IM KPATKWE MMEHA JJIs JJIUHHBIX WA
CJIOXKHBIX THIIOB, YTOOBL YJIyYIIUTh YUTAEMOCTb IPUMEDPOB, HALIPUMED:

NatPair = {fst:Nat, snd:Nat};

Posnb stux ompeaenennit aucto Kocmerndeckas: uMs NatPair CiiyKAT MPOCTBIM
cokpamennem s {fst :Nat,snd:Nat}, u gBa 3TUX BIpAXKEHUS B3aNMO3aMEHUMbI
B m0boMm koHTekcTe. Hamm dopMmasibHble OMUCAHUS PA3IUIHBIX WCIUCICHUN He
YIIOMUHAIOT TaKue COKPAaIlleHUs.

Hamporwus, B Java, Kak 1 BO MHOTUX JIPYTHUX ITUPOKO PACTPOCTPAHEHHDBIX S3bI-
KaX, ONpee/IeHrsl TUIIOB UT'PAIOT HAMHOTO Hojiee BaXKHYI0 POsib. Kaxkapiit cocTas-
HO# THII, UCHIOJIb3YEMbIil B IporpamMme Ha Java, mMeeT uMsi, U KOTJa Mbl OObSIBIIs-
€M TUIl JIOKAJIbHOH 11epeMeHHO, 110J14 UJId l1apaMeTpa MeTOo/1a, Mbl BCerjia Jiejaaem
970, maBas emy ums. «Lombiey Tumel Bpoge {fst:Nat,snd:Nat} mpocto He MOryT
OKa3aTbhCA B 3TUX CUHTAKCAYECKUX MO3UIMUAX.

Mmena TUTIOB UTPAIOT KJIIOYEBYIO POJIb B OTHOIIEHUN TOATUITUPOBAHUS B Java.
Kaxnpiii pa3, Korja BBOAUTCA HOBOE MMs (B ONpPEIEJIEHAHM KJIAcCa WM WHTED-
eiica), IporpaMMHUCT JOJIZKEH SBHO OObIBUTH, KaKhe KJIACCHI U UHTEPdEHchl
pacumpsier (uiid, B CiIydae HOBOIO KJIAcca M y2Ke CyllecTByoliero unrepdeiica,
«peanu3yery) HOBblil Tuil. Komuuisarop uposepsier stu oObsiBieHust u ybexia-
€TCsi, 9YTO BO3MOXKHOCTH, TPEIOCTABJIsIEMbIEe HOBBIM KJIACCOM WM WHTEpdeiicoMm,
JEUCTBUTEJIBHO PACHIAPAIOT BO3MOXKHOCTH, UMEIOIINECd B KarK/IOM HAJKJacCCe U
HagbprHTEPdEiice. DTa MPOBEPKA COOTBETCTBYET MOATUIMPOBAHUIO 3AMKCEN B TUIIHU-
3UpOBAHHOM JiaMOaa-ucaucaenun. OTHOIIEHHE TOATUITUPOBAHUS OMPEIETEHO MEXK-
Iy UMEHAMU TUIOB, KAK PedQJieKCHBHOE U TPAH3UTUBHOE 3aMbIKAHUE OTHOIIEHUS
HEMOCPEICTBEHHOTO MOATUITA. ECIn OMHO UMs He 00bsIBJIEHO KaK TOATHUT IPYTOTo,
OHO UM U HE ABJIAETCH.

CucremMbl THITOB, TIOIO0OHBIE cucTeMe Java, B KOTOPHIX UMEHA TUTIOB CYIIECTBEH-
HbBI, & MIOATUIIUPOBAHUE ONPEIEIIACTCS ABHO, HA3BIBAIOTCA UuMernbomy (nominal). B
9TOI KHUTE 10 OOJIBIIEll YaCTH BCTPEYAIOTCS CHCTEMBI THUIIOB, B KOTOPHIX UMEHA HE
ArParOT OOJIBINOI POJH, & MOATUIUPOBAHUE ONPEIEIISIETCS MPSAMO HA CTPYKTYpPax
Tunos. Takue cucreMbl TUIIOB HA3BIBAIOTCS cMpykmyphsmy (structural).

YV UMEHHBIX CHCTEM THIIOB €CTh KaK IMPEUMYIIEeCTBA, TAK U HEJOCTATKU B CPAB-
HEHUU CO CTPYKTypHbIMH. BO3MOXKHO, camMoe DOIbIIoe MPEenMyIIeCTBO COCTOUT B
TOM, 9YTO UMEHA TUMOB B UMEHHBIX CUCTEMAaX MOJIE3HBI HE TOJIHKO HA CTAIUH MTPOBED-
KU THUIIOB, HO M BO BPeMs BBINOJIHEHUsI. B OOJIBIMMHCTBE NMEHHBIX T3BIKOB KAXK IbIii
OOBEKT BO BpeMsl BBITIOJIHEHUST TTIOMEIAETCS CJIOBOM-3Ar0JI0OBKOM, TPEICTABIEHHOE
KaK yKa3aTeJb Ha CTPYKTYPY BPEMEHU BBIIIOJTHEHNUHA, KOTOPas COIEPKUT UM THUIIA
¥ YKa3bIBaeT HA €ro HEeIOCPEeICTBEHHbIE HAATUIBL. TaKue METKH THUIIOB IIOJIE3HBI
B HECKOJIbKUX OTHOLIEHUHAX, B TOM 4uCJIe, /Ul [IPOBEPKU BO BPEM#A BbIIIOJHEHUA
(mampumep, B Java, Jys Tecra instance0f u mpu omepanuyu NPUBEICHUS BHU3),
JJI TIedaTw, JJisd CePUAU3AlUK CTPYKTYP JTaHHBIX B OMHADHBIE MACCHUBBI, ITPEI-
Ha3HAYEHHBIE /I XPaHeHWs B (ailiax wid Mepesadn 1o CeTH, & TaKXKe s pe-
dutexcun, MO3BOJIAIONIEN TPOrPaMMe JUHAMUYECKN MCCJIEOBATH TOJIS U METOJIbI
JaHHOTO eii o0bekTa. Merku Tuna, HpucyTCTBYIONINE BO BPEMS BBIIOJHEHUS, MO-
IYT MOJJIEPKUBATHCA U B CTPYKTYpHBIX cucremax (cm. Glew, 1999; League, Shao,
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and Trifonov, 1999; League, Trifonov, and Shao, 2001, a Tak»Ke CIUCKH JHATEPA-
Typbl B 9TUX PaboTax), OJHAKO TAM OHU LIPEACTABJIAIOT CODON JIOLOJHUTE/IbHDIHA,
OTEJbHBIN MEXaHW3M; B UMEHHBIX CHCTEMAX METKU THUIA COBMAIAIOT C TUIAMU,
MTPOBEPSIEMBIMU Ha, CTAIUU KOMITHJISIITUH.

Memnee cymiecTBeHHOE, HO TOXKE MPUATHOE, CBOWCTBO MMEHHBIX CHUCTEM COCTO-
AT B TOM, YTO OHU IlIpeJjlaral0T €CTeCTBEHHbIH M MHTYUTUBHO ACHBIH IIOJX0JL K
pexypcueHvim munam (recursive types), — TUOAM, B ONPEIEIEHUN KOTOPHIX YIIO-
munaercsa cam Tuil. (Mbl GyemM mogapo6HO 00CyKIaTh PEKYPCUBHBIE TUIIBI B TJ1. 20.)
Takme TUTIBI BCTPEYAIOTCS MPHU CEPHE3HOM MPOTPAMMUDPOBAHUN HA KaXK/IOM IIIary,
oHU TPeOYIOTCS [IJIsi ONMMCAHUS TAKUX PACIPOCTPAHEHHBIX CTPYKTYD, KAK JI€PEBbs
U CIIUCKHU, U B UMEHHDBIX CUCTEMaX OHU I10JJIEP2KUBAIOTCA CAMbBIM €CTECTBEHHBIM U3
BO3MOXKHBIX CIOCOOOB: B Te€Jie €ro COOCTBEHHOTO OOBSIBIIEHUS COCIATHCS Ha List
CTOJIb K€ TIPOCTO, KAK U Ha, JTI000#1 apyroit Tur. Jlaxke 63aumHO PEKYPCUBHBIE TUITHI
HE TPEOYIOT HUKAKWX CIENUAIbHbIX ycunii. MHOKECTBO UMEH THUIIOB PACCMATPH-
BaeTcd Kak 3ajaHHOe ¢ camoro Hadama. [lostomy ecnm B ompezenennn Tuma A
ynoMmuHaercd Tull B, a B onpenenenun tuna B — tun A, TO He BO3HUKAET BOIIPOCA
0 TOM, «KTO M3 HUX OILIPEJeJIeH PaHble». Pa3dymeercs, peKypCUBHbBIE THIIbI MOKHO
OmMCcaTh W B CTPYKTYPHBIX CHCTEMAaX TUMOB. Bojiee TOTo, BHICOKOYPOBHEBBIE S3BIKT
Bpoae ML 00bI9HO KOMOMHUPYIOT PEKYPCUBHBIE TUIIBI C IPYTHUMHU BO3MOKHOCTSAMHU
A3bIKa, MIO3TOMY JJIA MPOTPAMMUCTA UX HUCIIOJb30BAHUE BBIMJIAIUT TaK K€ ecTe-
CTBEHHO, KAK W B UMEHHbBIX si3biKax. OQHAKO B HCUYUCICHUAX, [PETHASHAYCHHBIX
st 6osiee byHIAMEHTAIBHBIX 33/1a4, HAIIPUMED, JJid [IOCTPOEHUS JOKA3ATEIHbCTB
TUTMOBON 0E30MAaCHOCTH, MEXAHU3MBI CTPOTOil pabOTHI C PEKYPCHUBHBIMU THUIAMU
MOTYT OKa3aTbhCsl JIOCTATOYHO I'DOMO3JIKHME, OCOOEHHO €CJIM pPa3peIreHbl B3amM-
HO peKypcuBHBbIE TUIBI. 10, YTO B UMEHHBIX S3bIKAX MBI MOJYYaeM DPEKYDPCHBHDIE
THIIBI, TI0 CYIIECTBY, «OECILIATHO» — WX HECOMHEHHOE ITPENMYIIEeCTBO.

Eie oamHO MpenMyInecTBo0 MMEHHBIX CHCTEM COCTOUT B TOM, UTO MPOBEPKA TO-
T0, SBJISIETCS JIM OJWH THI TIOATHUIIOM [IPYTOr0, OKA3BIBAETCS TOYTH TPUBUAJIB-
HO#. Pazymeercsi, KOMIUJIATOD MO-TIpeKHEMY 00s3aH yOeauThCst B TOM, 9TO 00b-
SIBJIGHHBIE OTHOIIEHUs TOJATUIUPOBAHUsT OE30MACHBI. DTa paboTa, MO CYIIEeCTBY,
AyOnupyer CTPYKTyPHOE OTHOIIEHUE MOJTHIMPOBAHUsA, HO eé Tpedyercs mnpoje-
JlaTh TOJIBKO OIWH Pa3 JJjIs KaXKJIOrO TWIA, — TaM, TI€ STOT TUI ONPEIeseH, —
a He TP KaxXKJ0i mpoBepke Ha moaTunupoBanue. [losTomy B mporpammax mpo-
BEPKY THWIIOB [jI UMEHHBIX CHUCTEM THUIOB HECKOJIBKO TPOIE MT0OUTHCS XOPOIIei
MpoM3BOAUTEbHOCTH. Bripouem, B 60jiee CEPHE3HBIX KOMIUIATOPAX CTAHOBUTCS
TPYyZHEe OINPE/eINTh, BIUIET JId PA3IUIue MeXK/y CTPYKTYPHBIMH U MMEHHBIMH
cUCTEMAMU HA IPOU3BOIUTEILHOCTD, [IOCKOJIbKY IPABUIIBHO CIPOEKTADOBAHHBIE
MPOTPAMMBI IPOBEPKU TUTIOB [IJIsi CTPYKTYPHBIX CHCTEM BKJIIOYAIOT METOIbI TIPEI-
CTaBJIEHUS JAHHBIX, KOTOPBIE CBOJAAT OOJIBIMMHCTBO MIPOBEPOK HA MOATUINPOBAHNE
K MIPOCTOMY CPaBHEHUIO, — CM. C. 250.

Haxkowser, ere 0HO 4aCTO yIOMUHAEMOE MPEUMYIIECTBO SIBHBIX OObSBICHUN
OTHOIIIEHUsT TIOATUMUPOBAHUS COCTOUT B TOM, YTO OHUW W30ErarT «CJIydaifHOro
BKJIIOYEHUST», KOTJIA TPOBEPKA TUIIOB OIMTUOOYHO O00PSAET MPOrpaMMy, B KOTOPOIi
BMECTO 3HAYEHHUS OJHOTO THITA UCIOIB3YeTCsl 3HAYEHUE JIPYTrOro, CTPYKTYPHO COB-
MECTHUMOTrO C MEPBBIM. DTOT BOMPOC BBI3BIBAET GOJIBIIE CIIOPOB, Y€M MPEIbIIYIIHE,
IIOCKOJIBKY €CTh JAPYTHue, BEPOATHO, O0see U3AIMHbIE, CIIOCOObI N30eraTh CJIydaiiHo-
T'0 BKJIIOUEHWS: HAPUMED, C MOMOIIbI0 THIOB JAHHBIX C OJHUM KOHCTDPYKTOPOM
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(c. 156) mwiu abcTpaKTHBIX THIOB JAHHBIX (DiI. 24).

ITpu Bcex Tux upeumymecrsax (0COGEHHO METOK THIIA U IIPOCTOrO 0OpalleHUst
C PEKYPCUBHBIMY THIAMH) HEYIMBUTENHLHO, YTO MUMEHHBIE CUCTEMbI THIOB 6oJjiee
PaCIpOCTPAHEHBI B POMBIIIIJIEHHBIX A3bIKaX TporpammupoBanus. C apyroit cro-
POHBI, UCCJIEI0BATENbCKAS JTUTEPATYPA 1O A3BIKAM IMTPOTPAMMHUPOBAHUS TIOCBATIIE-
HA MOYTH UCKJIIOIUTETHHO CTPYKTYPHBIM CHCTEMAaM THIIOB.

OxHa U3 HEIOCPEJCTBEHHBIX HPUYKMH ITOIO0 COCTOMT B TOM, 4TO (10 KpaijiHeii
mepe, 6€3 yudera PEeKyPCUBHbBIX THUIIOB) CTPYKTYPHbIE CHCTEMbl M3SLIHEE U 1IPO-
me. B cTpykTypHO#T cucTeme BhIparkeHue, 00O3HAYAONIEE TUII — STO 3aMKHYTAs
CYIIIHOCTB; OHO COIEPIKUT B ce0Oe BCe HEOOXOIMMOE IS MOHMMAHUS €r0 3HAYEHUS.
B umennoii cucreme pabora Bcerga BeIETCS € YyIETOM HEKOTOPOTO TIOOATBHOTO
coOpaHust UMEH TUIIOB U CBSI3AHHBIX C HUMU onpeenenuii. Kak npasuio, u ompe-
JICJICHNs, ¥ JTOKA3ATEIbCTBA M3-32 9TON0 OKA3BIBAIOTCS MHOI'OCIOBHEE.

Bosiee unrepecnas npuduHa COCTOUT B TOM, YTO UCCIIEOBATEIbCKAS JIATEPA-
Typa OOBIYHO WMeEET NIeJI0 ¢ O0jIee CIOXKHBIMU KOHCTPYKIUSAMHU — B YaCTHOCTH, C
MOIIHBIME MEXaHU3MaMU a0CTPAKIUKU THUIIOB (HapaMeTpudecKuil noauMopdusm,
abCTpaKTHBIE THUIIBI JIAHHBIX, OMPEEIsieMbIe MOTh30BATEIEM OMEePATOPBI HAJl TH-
namu, GyHKTOPBL U T. 11.), — u ¢ sa3bikamu Bpoge ML wiu Haskell, B koropsix aTu
KOHCTPYKIMU BCTpedaroTcs. K coKaleHuio, 3Tu KOHCTPYKIMK I1JI0X0 COBMECTHMbI
C UMEHHBIMH CHUCTeMaMu Tumnos. Hampumep, takoi twum, Kak List (T), kaskercs
HECBOJMMO COCTAaBHBIM — T/Ie-TO B MPOTrpPaMMe OyJeT TOJHKO OFHO OMpEIesIeHIe
KOHCTPYKTOpa List, U K 3TOMY OIpeIeeHunio TpedbyeTcs 00pamarbcs, 9T00bI 1mMo-
HATH noBenerne List (T), mosromy paccmarpuBarh List (T) Kak aroMapHOe HMs
He nosryanTcs. Hekoropbre mMeHHbIE SA3bIKH ObLITH PACIIHPEHbI TAKAME «0000IIEH-
ubiMu» KoHCTpyKumuamu (Myers, Bank, and Liskov, 1997; Agesen, Freund, and
Mitchell, 1997; Bracha, Odersky, Stoutamire, and Wadler, 1998; Cartwright and
Steele, 1998; Stroustrup, 1997), HO B pe3y/IbTaTe TUX PACUIUPEHUT CUCTEMbI TUIIOB
ePecTaT ObITh YUCTO UMEHHBIMH, U MOy YAI0TCSA JIOBOJBHO CIOXKHbBIE COYETAHWS
AByX 1moaxomoB. IlosroMy pa3zpaboTdnKkm sA3bIKOB ¢ OOraThIMU CHCTEMAMU THUIIOB
OOBIMHO HPENOYUTAIOT CTPYKTYPHBINA HOAXO/.

[IposicHenne OTHONICHWH MEKIY UMEHHBIMU U CTPYKTYPHBLIMH CHCTEMaMU TH-
MTOB OCTAETCs TPEIMETOM AKTHUBHBIX MCCJIETIOBAHMIA.

19.4. OmnpeneaeHus

Mps1 npucrymaem K GOpMaJIbHOMY onpeeaeruio FJ.

Cuurakcuc

Cunrakcuc FJ npusenen na puc. 19.1. Meranepementbie A, B, C, D u E umeror
CBOMMM 3HAUEHUAMU UMEHA KJIaccoB; f U g — uMeHa noseit; m — uMeHa MEeTO/IOB;
X — WMEHa MapaMeTpoB; S U t — TepMbl; u U v — 3HaueHus; CL — oObsABJIEHNS
KJIACCOB; K — 00bsBJIEHNS KOHCTPYKTOPOB; M — 00bsABIeHNS METOIOB. MbI mipe-
TOJIAraeM, YTO MHOXKECTBO MEPEMEHHBIX BKJIIOYAET 0co0yio mepeMeHHyio this, HO
970 this HEKOrIa HE CAYKUT MMeHeM apryMmenta meroza. IIpm stom this cum-
TAETCH HESABHO CBA3AHHON B TeJsie Ka)KJA0ro o0bsaBsenus merona. lIpasuio Bbrauc-
Jienuss 1y Bb3oBa Meromos (npasuso E-INVKNEW Ha puc. 19.3) mozcrasiser
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[ 1

Cunmarcuc TTodmunwt D
CL == 006ABAEHUA KAACCOB:
class C extends C {C f; K c<: C
M}
K = 005A6AEHUA c<: D D<: E
KOHCTPYKMOPOS: C<: E
C (C £f) {super(f);
this.f=f;} CT(C) = class C extends D {...}
C<:D
M n= 00BABNCHUA MEMOO0E:

C m(C x) {return t;}

t n= mepmoL:
X nepemerHa
t.f obpawerue K noa
t.m(t) 6613068 Memoda
new C(t) cosdanue obsexma
()7 npueederue MuUnNa
v n= 3HAYEHUA:
new C(v) cosdanue obsexma

Puc. 19.1. OGiueruennas Java (CHHTAKCHC W TIOITHITHI)

COOTBETCTBYIOIINI OObEKT BMECTO MEPEMEHHON this, a TakKe MOACTABJISIET 3HA-
YeHUsd apryMeHTOB BMECTO MMEH IapaMeTpOB.

Mer nmmem £ B KagecTse cokparienus 1, . . . , £, (amagormano, C, X, t 1 T. 1L.),
a Takxke M B kKauecTBe cokpalnenud M;...M, (6e3 BaHHTBIX). AHajoru4Ho MBI CO-
KpallaeM U OIepaIfui Ha,l MapaMHy IIOC/Ie0BATeIbHOCTEH, a MMeHHO: «C £» BMECTO
«Cy £1,...,C, f,», rIe N — IJIMHA TOCJIEI0BATEIBHOCTENR Cu f, «C ?;» BMECTO
«Cy £15;...C,, fo3» m <<this.§=g;>> BMmecto <«this.fi=fy;...;this.f,=f, ;>
[Ipenmonaraercs, 9T0 B OCIEA0BATEIBHOCTIX OObABIEHU 101, UMEH IapamMer-
POB u OObSABJIEHUIT METO/IOB HET ITOBTOPSIOIIUXCHA UMEH.

O6bssienne class C extends D {C f; K M} BBomauT kjiacc ¢ mmeneMm C u
Haakaaccom D. HoBblit kiacc uMeer moss £ ¢ Tumamun 6, €JUHCTBEHHBII KOHCTPYK-
top K u mHabop meromos M. Ilepemennbie 3x3eMiuispa, oObsBIeHHbIE BHYTpH C,
JODABIISIIOTCST K TeM, 9TO ObIIn 00bsiBJeHbI B D 1 ero Haakaccax. VIMeHa HOBBIX
HepeMEeHHDIX JIOJKHBI OTJIMYATLCA OT CTaphiX.” HampoTus, MeToas! C MOTYT JIH-
00 TEePEeONpEIEISIThH METOABI C TEM XK€ WMEHEM, yKe TPHUCYTCTByromme B D, aubo
J[00aBIIATH HOBYIO (PYyHKIIMOHATIBHOCTD, MIPUCYIILYIO0 UCKIIOYUTETHHO C.

O6mnssnenne koncrpyktopa C (D g, C f) {super(g); this.f=f;} mokasn-

3B Java mepeMeHHBIE 9K3eMIIIAPA HAJAKIACCA MOr'yT OOBbABIATHCS 3aHOBO — TAaKOE OIIpejiesIe-
HEE CKPBIBAET UCXOAHYIO TIEPEMEHHYIO B TEKYIEM Kiacce u ero moaknaccax. B FJ Mb1 omyckaem
3TO CBOMCTBO A3BIKA.
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BaeT, KaK CJejyeT MHUIUAIA3UPOBATH 1o dk3emigpa C. Popma KOHCTPYKTO-
Pa HOJIHOCTBIO OLPEIENAeTCH OObABJIEHUSIMU [IEPEMEHHbIX dK3eMilisgpa C u ero
HAIKJIACCOB: KOHCTPYKTOP 0043GH TPUHUMATH B TOYHOCTH CTOJIHKO MapaMeTpoB,
CKOJIbKO MMEETCsT TIePEMEHHBIX IK3EMILIAPA, U €ro TeJI0 00A3GHO COCTOSITH N3 BbI-
30Ba, KOHCTPYKTOPA HAJIK/IACCA, KOTOPBI MHAIHAIU3UPYET 108 HapaMEeTPaMu g,
a 3aTeM IapaMeTpbl f IPUCBAMBAIOTCA MOJIAM C TEMH K€ UMEHAMH, O0'bABICHHLIM
B Kisiacce C. (Dru orpaHuyenus HPOBEPAIOTCH B LPABUJIE TUIIU3ALUK JJisd KIACCOB
Ha puc. 19.4.) B mosHoit Java KOHCTPYKTOp MOAKJIACCA JOKEH COIEPKATH BHI30B
KOHCTPYKTOpa HAIK/IACCA (€C/IU KOHCTPYKTOP HAKJIACCA IIPUHUMAET APy MEHTHI);
MMEHHO MO0ITOMY 3/IeCh TEJI0 KOHCTPYKTOPA BBI3BIBAET SUper I WHUIHATA3AINN
mosieit sxk3emmisapa. Eciu 661 Mbl He crpemusuch caenars FJ crporum moamuO-
2KECTBOM Java, Mbl MOIJIH Obl OTKA3aTbCd OT BbI30BA SUPEr U 3aCTABUTD KaXKIbIii
KOHCTPYKTOD HAMPSAMYI0 WHUIIMAIH3UPOBATH BCE TTEPEMEHHBIE.

O6mbasienne MeronaD m(C x) {return t;} BBOIUT METOZ C IMEHEM M, THIIOM
pesyabrara D u napamerpamu x tunos C. TeoM MeToja SBISETCH €IMHCTBeHHbIH
oneparop return t. Ilepemennbre X CBHA3AHDI BaHyTpu t. Kpome Toro, camraercs,
9TO BHYTPHU t CBsA3aHA 0cobas mepeMeHHas this.

Tabsmna kiaaccoB CT — orobpaxkeHue uMeH KjiaccoB C HA OObABICHUS KJIAC-
cos CL. IIporpamma upexcrasisier coboit napy (CT,t), cocrosinyo u3 tabiuiibl
KJIACCOB W TepMa. UTOOBI yIPOCTUTH HOTAIUIO B MOCTIEAYIONEM W3JIOXKEHUU, MBI
Bcerga OymeM mpeamnoJararh gurcuposartyro Tabmuiy kmaaccoB CT.

V KaxKJI0ro Kjiacca ecTb HaJIKJIACC, O0bsABIIsieMblil yepe3 extends. Orcioma Bo3-
HUKaeT BOIPOC: Kakoi HaJkjIacc nmeer kiacc Object? EcTh HeCKOTHKO Crtocob6oOB
PEIeHNs STOrO BOMPOCA; MPOCTEHINee Pernenne, KOTOPOe MbI 37€Ch MPUHUMAEM —
cuntarh Object 0cobO BBIIEIEHHBIM UMEHEM KJIACCA, OIPeesieHne KOTOPOro om-
cymemeyem B Tabauie KaaccoB. BcermomorarenbHas (YHKIUS, UIIYINAS TOIA B
tabsinne Kiraccos, paccmarpusaer O0bject Kak ocoObiil ciy4ail, 1 BO3BPAIIAET J1JIs
HETO TYCTYIO MOCIe0BATEIHLHOCTD TOJeH, 0003HAYaeMyI0 CHMBOJIOM e TIPE/ITOoJIa-
raeTcsd Takzke, 9TO y kjacca Object mer MeTooB.*

Ilo Tabsinne K1accOB MOXKHO BBISBUTH OTHOIIEHUE IIOJTUIIMPOBAHUS MEXKLY
kyaccamu. 3amuch C <: D Oymer o3nauarh, uro C siBiasercsa momrunom D. To
€CTh, OTHOINIEHNE TOJATUIUPOBAHUS — ITO TPAHIUTUBHO-PEQIEKCHBHOE 3aMbIKA-
HU€ OTHOIIEHNUS HETOCPEICTBEHHOIO MOATUITNPOBAHNS, 33/[aBAEMOT0 BbIPAKEHUSI-
mu extends B C'T. @opmasibHO OHO ompenensercs aHa puc. 19.1.

[Ipennonaraercst, 4To naHHas HaM TAOJNIA KJIACCOB YIOBJIETBODSIET HEKO-
TOPBIM MHUHAMAJBHBIM ycioBusim: a) CT(C) = class C... jus Kaxkjoro C €
dom(CT); 6) Object ¢ dom(CT); B) mna KaxIoro mMeHu kiacca C (Kpome
Object), Berpevatomerocs riae-ntubo B CT, Bemonusercs C € dom(CT); r) B o1-
HOLIEHUH HOATUIIMPOBAHUS, IOCTPOEHHOM Ha ocHoBe CT') HET UKJIOB — T. €., OT-
HOIIIEHUE <: AHTUCUMMETPUIHO.

3aMeTuM, 9TO TUIAM, OIpeesieMbIM TaDJIUIEH KIACCOB, pa3pewaemcs ObITh
PEKyPCHUBHBIMU B TOM CMBICJIE, 9TO OIIPejesieHne A MOXKeT HCIIO/Ib30BaTh A Kak
THUT CBOUX METOJIOB U TIEPEMEHHBIX K3eMILIsApa. Pa3perniena u B3anMHast peKypPCHs
MEXKTy OIpeIeIeHUs MU KJTaCCOB.

4B nosmo#t Java y kmacca Object ecTh HECKONBKO MeTOAOB. B sa3bike FJ MBI HX UTHOpUDYEM.
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f

Ilouck noneti

fields(Object)

1

Iouck men Memodoe

mbody(m, C) = (x,t) ‘

CT(C) = class C extends D {C f; K M}
Bm (Bx) {return t;}eM

mbody(m,C) = (x,t)

CT(C) = class C extends D {C f; K M}
fields(D) =D g
fields(C) =D g,C £
ITouck Munos Memo0os

‘mtype(m,C) =6—>C‘

CT(C) = class C extends D {C f; K
Bm (Bx) {return t;}eM

CT(C) = class C extends D {C f; K M}
m He ompejesieH B M

mbody (m,C) = mbody (m, D)

MJoppexmnoe nepeonpedeserue memodos

override (m,D,C — Co)

mtype (m,C) =B — B

CT(C) = class C extends D {C f; K
m He onpenesgeH B M

u3 mtype (m,D) = D — Dy,
caenyet, 9To0 C =D n Cy = Dy

M}

override (m,D,C — Cg)

mtype (m, C) = mtype (m,D)

Puc. 19.2. O6sergennas Java (BcmoMorarebHbIE OIPEIETCHNU)

Vupaxuernue 19.4.1 [%]: Ilo anarozuu
UCHUCAEHUL € NOOMUNAMU MOAHCHO GVLAO

¢ npasusom S-TOP, 6 nawem asmbda-
0L 001CUAAMD HAAUNUL NPABUAA, YMEED-

arcdarowezo, wmo Object asaaemca nadmunom a106020 Kaacca. Ilovemy ono nam

3dect me HyocHo?

Bcnomorarennabie ornpeaesgieHnd

B mpaBuimax tunmsanuu v BBIYHACIEHUSA MBI Oy/IeM TOJb30BATHCSI HEKOTOPBHIMU
BCTTOMOTATEILHBIMA OMPeeIeHUsIMHU, KOTOphIe TTpeacTaBaennl Ha puc. 19.2. Tloas
kjacca C, obosnagaeMble Kak fields(C), mpeacraBisior coboil m0C/Ie10BATEIbHOCTD
C f, CBA3BIBAIONIYIO TUII KAsKJOIO IOJIS C €ro MMEHeM Jis BCeX Mojieil, 0ObsaB-
JIEHHBIX B KJytacce C u ero Hagksaaccax. Tum meroma m B Kaacce C, 0603HaaeMbIit
mitype(m,C) — 570 napa, KOTopas 3allUChIBACTCH KaK B— B, cocrogdimaa u3 mocue-
JIOBATEJIHOCTH THIIOB aPIyMEHTOB B 1 OJHOrO THIA Pe3yabraTa B. AHAIOTHYHO,
TeJ0 MeTona m B kaacce C, obosnagaemoe mbody(m, C), ecTb napa, 3anuchiBaeMast
Kak (x,t), COCTOMAmAs U3 IOC/IEIOBATEILHOCTH IAPAMETPOB X U TepMma t. IIpe-
JAKAT overm‘de(m,D,E — Cp) pelaeT, MOXKHO JIM OIPEJEJUTh METOJ M C THIAMU
apryMmenTtoB C i THIIOM pe3yibraTta Cy B momksaacce kiaacca D. B ciydae mepeompe-
JeJIEHUS], €eCJIU MeTOJ, C TAKUM Ke UMEHEM OIpeJleIeH B Ha/IKJIaCCe, HOBBII METO/I,

00s3aH UMETh TOT »K€ CaMbIil THII.
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[

Buiuucaenue t -t
to =~ (E-INVK-RECV)
lds(C) =C £ T A
fie SE ) (E-PROJNEW) to-m(t) — tg.m(t)
(new C(v)).f; > v;
t; >t BT A
_ — — -INVK-ARG
mbody(miC) = (j(,to) vo.m(v, ti, t) ( )
(new C(v)).m(uw) —vo.m(v, ti, t)
— [x+ u,this — new C(v)]to
(E-INVKNEW)
i E-NEW-A
— — -NEW-ARG
C<:D new C(v, t;, t) ( :
(D) (new C(v)) — new C(v) —new C(v, t}, t)
(E-CASTNEW)
/ to = o (E-CAST)
™% (E-FisLD) (©)tg — (Ot}
to.f — ty.f

Puc. 19.3. O6neruennas Java (BbIaucieHue)

Briuuciaenune

MsI uCnoib3yeM CTaHIAPTHYIO ONEPAMOHHYI0 CEMAHTUKY C BBI30BOM IO 3HA-
vyenuto (puc. 19.3). Tpu npasusia BeraucieHus — Jjis OOpalleHus K MO0, BbI30Ba
METOJIa W MPUBEJEHUs THla, — Obuin paccmorpenbl B §19.2. Ocranbhble mpaBu-
Jia (POPMAIIU3YIOT CTPATErui0 BbI30BA [0 3HAYEHWIO. 3HAYEHHUs, KOTOPbIE MOTYT
MOJIyYUThCS TTPU HOPMAJIBHOM 3aBEPIIEHUN BBIYUCIUTENS — 3TO TMOJHOCTHIO BbI-
YHCJIEHHBIE TEPMbI CO3/IaHNd 00HeKTOB Biaa new C(v).

YTo6bI COBEPIINTH ONEPAINIO TPUBEIEHUS THUIIA, HY?KHO [IPOBEPUTD, SIBJISET-
Csl JIM HACTOALIUN TUIl OOBEKTA, [10ABEPTAIOIIEr0OCHd IPUBEIEHHUIO, TOATUIIOM THIIA,
YKA3aHHOTO B BHIPAYKEHWM TMPUBEIEHUs. KCIU 9TO TaK, TO ONEpAIys MPUBEISHIS
OTOPACKHIBAETCSI, & CAM 00BEKT OObABJISAETCS €€ PE3YABTATOM. ITO B TOYHOCTHU COOT-
BETCTBYET CEMAHTHKE Java: MpuBeeHre BO BPEMs BBIMOJIHEHUS HUKAK HE M3MEHSET
00BEKT, — OHO JTUOO 3aBEPIINAETCS YCIIENIHO, JTHOO TEPIHUT HEyIAdy W MOPOXKIAET
uckiiodenue. B FJ, BMecTo Toro, 4robsl OpoxKAaTh UCKIIOYEHIE, HEYIA9HOE IIPH-
BeJIEHME MPOCTO OKA3BIBAETCS TYMHUKOBBIM TEPMOM, MOCKOJBKY HUKAKOE MPABUIIO
BBIUKCJICHUST K HEMY HE MPUMEHUMO.

Tunn3amus

IIpaBuma TUOIU3ANME 71T TEPMOB, OOBABICHUA METOI0B U OODLABICHUNH KJIAC-
cos npusezenbl Ha puc. 19.4. Konrekcr I' nmpencrasisier coboit KoHedHOe 0TOD-
pazkeHue IepeMeHHbIX Ha THIbI, 3alUChIBAEMOe KaK X:C. YTBEp2KIeHus O TUIIU-
3amuu JjIst TepMOB uMeroT Bug I — t : C, 94TO umraercs «B KOHTEKCTe I’ TepMm
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f

Tunusayus mepmos 't : C
x:Cel 'ty : D C<:D C#D
Trx:c (T-Vag) TF ©t 5
(T-DCasT)
'ty : Cy ﬁelds(Co) =Cf
I'tg.f; = C; P'to : D C <D D 4:C
(T-FIELD) npedynpescdenue 0 2AYNOCU
'~ (@to : C
(T-SCasT)

'ty : Co T
20 unusayus memodos M OK B C
RN ’
't : C C <: o
T ty.m(t) : C x:C,this:CF tg:Eg Eg <: Cy
CT(C) = class C extends D {...}

override(m,D,C — Cp)

ﬁelﬁls(cl= Bi B Co m (Cx) {return to} OK B C
't : C C<:D TN
I'new C(t) : C (T-New) Tunusayua xraccos C OK
Ity : D D <: C K=C(Dg, Cf) {sufgr(é)i this.f=f}
(T-UCAsT) fields(D)=Dg M OK B C

'+ (C)to : C

class C extends D {Cf; K M} OK
|

Puc. 19.4. ObGueruennas Java (Tunnsarms)

t mMeeT Tun C». IIpaBmiia THNH3AINE YHIPABILIOTCA CHHTAKCICOM,” HIPHYEM I
KaXKJIOr0 THIA TEPMa MMEETCH MO OJHOMY MPABUJIY, KPOME MPUBEICHWH, I KO-
TOpBIX €CTh Tpu npapuia (oHu obcyxiarorcsa uuzke). [IpaBuna Tunuszanuum Jjis
KOHCTPYKTOPOB U JiJis BbI30BOB METOOB IIPOBEPSIOT, YTO TUIl KAXK/IOI'O apryMeH-
Ta SIBJISIETCS TIOATHUIIOM TOTO, KOTOPBIA OOBSBIEH IJisi COOTBETCTBYIOIIETO (hOpP-
MaJIbHOTO TIapamerpa. MbI COKpalaeM yTBEPKIEHWUS O TUMU3AMNN IJIsi TTOCIEI0-
BaTEJILHOCTEH OYeBHIHBIM 00pa3oM, a uMeHHO: I — x:C CIy’KHT COKpAIleHHEeM
ana ' x1:Cq, ..., ' %, :Cpy, aC <: D g Cp <: Dy, ..., Cy <: Dy.
Heb6oubmioit rexanaeckoii nnnosanueii B FJ sBisiercs monsgTue «riiynoroy mpu-
BeseHus TUA. ECTh TpU UpaBuiia Ul HPUBEAEHUil: eocrodsausee npusederue
(upcast), B KOTOPOM THII TIPUBOAUMOrO O0HEKTA, ABJIAETCS TOIKJIACCOM IEJIEBOTO
Tuna, nucrodswee npusedernue (downcast), B KOTOPOM THUI NPUBOIUMOTO OOBHEK-
Ta — HAJKJIACC 1I€JIEBOrO THIA, U 24ynoe npusedenue (stupid cast), B Koropom
MEK/y JABYyMs TUIAMH HET HUKAKOTO OTHOIIEHWs HNOATUNupOoBaHus. KoMmmiarop
Java orBepraer tepm, copepKaiuii «riaynoe npuBeseHuey, kKak Hepepubiit. OpHa-

5Kak u B mosmoit Java, Mbl BHIGHPAEM AJrOPHTMUYECKYIO (hOPMYIHPOBKY [JIS OTHOIICHHS
Tunus3anuu. IHTepecHo 3aMeTUTh, 9TO B HACTOSIIEH Java TONIBKO TaKyo (hOPMYTUPOBKY U MOXKHO
Bei6pars. CMm. ynparkuexue 19.4.6.
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KO, MBI BBIHYZKJIEHBI PA3PeIIuTh «IJIylble npuBefenus» B FJ, eciau xorum obecre-
4uTb GE30IIACHOCTD THIIOB C IOMOIILI0 TEOPEMbI O COXPAHEHUU TUIIOB B CEMAHTHKE
C MAJIBIM IIArOM. DTO TMPOUCXOAUT TMOTOMY, UTO PA3YMHBIA TEPM MOXKET MPHU Pe-
JYKITHH TPEBPATUTHCS B TEPM, COIEPYKAIIUI «TJIyToe MpuBeeHues. PaccMoTpuM,
HAIIPUMED, CIEIYOIIee BhIPAsKeHNe, B KOTOPOM HCIIONb3YIOTCA KIacchl A n B, onpe-
genernbe B §19.2:

(A) (Object)new B() — (A)new B()

Mu1 ykas3biBaeMm Ha 0COOYIO IPHUPOLY <«IJIYIbIX IPUBEACHU>, 100aBiss npedynpe-
otcdenue o eaynocmu (stupid warning) B npasuino T-SCAST; runusauus B FJ
COOTBETCTBYET THUIIHM3AIUU B Java TOJbKO B TOM CJy4dae, €CJIM ITO IIPABUIIO HE
BCTPEYAETCS TIPU BBIBOJIE.

YTBep:KIAEHNsT O TUIH3AINK JJisi 00bsIBIeHUIT MeTomoB uMmeioT Bua M 0K B C,
9TO YUTAETCH KaK «O00bsaBieHne meroma M chopMymmpoBaHO BEPHO, €CJIM OHO
BcTpevaercd B Kiacce C». IIpu BbIBOAE MCIIOIB3yeTCsi OTHOIIIEHNE TUITM3AIUHT 11T
Tejla METO/a, B KOTOPOM CBOOOHBIMU IIEPEMEHHBIMH CJIy?KAT apr'yMEHTbhI MEeTO/a
¢ OOBSIBJIEHHBIMU [IJIS HUX TUIAMWY, TII0C 0cobasi mepeMmennast this tuma C.

YTBep:KIAEHUsT 0 TUMHA3AINN 111 00bsaBIeHuiT KiaaccoB umeior Bua CL 0K, 9To
9UTAETCH KaK «00bsaBienne kjaacca CL chopmynupoBano BepHos. [Ipu BeiBOIE TpO-
BepsIeTCs, 9TO KOHCTPYKTOP BBI3BIBAET SUPEY C MOJISIMU HAIKJIACCA ¥ WHUINATIU3H-
pyer 1oss, oObsBIEHHBIE B CAMOM KJIACCE, & TAKXKE 4TO BCE OObSBIICHUS METOIOB
B KJIACCE BEPHBI.

Tun TepMa MOXKET 3aBUCETh OT THIA JIOOOr0 METOIa, KOTOPBIH BHI3LIBAETCS
BHYTDHU T€pMa, a THUIl METOJA 3aBUCHT OT Tuna TepMa (ero resa). Ilosromy mbl
JIOTIKHBI yOeIUThCsH, 9TO 37eCh HE BO3HHWKAET MOPOYHOro Kpyra. B camom gmere,
[MOPOYHBIA KPYr HE MOXKET IOsiIBUTHCH I[MOTOMY, YTO THII KAaXKJIOTO MeToma 00b-
ABJIseTCd ABHO. JleficTBUTEIbHO, MOXKHO 3arpy3uTh TabJIMILy KJIACCOB LEJIUKOM U
WCIIO/IF30BATH €€ I TPOBEPKY TUTIOB, He Tpedysi, 9TOOBI BCE KJIACCHI B ITOM TA0-
Jatie ObLIH POBEPEHBI. J{0CTATOYHO, 9TOOBI KAXK IbIH KJIACC ObLI PAHO WJIU TIO3/IHO
MTPOBEPEH.

Vupaxuerue 19.4.2 [*%]: Hexomopwie npoexmuoie pewenus 6 FJ npoduxmosano
JHcenanuem COeAamd A3vLK NOOMHONHCECNEOM Java 6 MoM cMbicae, 4MOobbL KadHC-
004 NPABUABHO UAY HENPABUNLHO TMUNUSUPOSAHHAA Npopamma Ha FJ bviaa 6o,
COOMBEMCMBERHO, NPABUNDHO UAU HENPABUALHO MUNUSUPOSAHE Ha Java, U nose-
denue NPasuAbHO MUNUSUPOBAHHBLE NPO2PAMM 00AHCHO OblMb 00UHAK0B0 8 060UL
asvkazx. [Ipednonostcum, Mol 0MKEA3BIBAEMCHA OM IMO20 MPEOOBAHUAL — M. €. Nped-
nOA0AHCUM, HAM docmamouno umems Java-TomobHoe 6a3o6oe ucuucaenue. Kax
MOHCHO UMeHums FJ, wmobv azvk cmaa npouse uau udsugnee?

Vupaxuernve 19.4.3 [PEKOMEHIAYETCH, % % % —]: Onepayus npuceausanus Ho-
6020 3HAMEHUA NONO 0bBeKxma onywena 6 FJ padu npocmomul usoscenus, 00HaKo
MOAHCHO €€ 006a6UMb, HE CUNLHO USMEHAA Taparmep ucuucaenus. Cdesatime smo,
UCTIOADB3YA 6 Kauecnee 00pasua nodrod Ko Ceoakam usd aa. 13.

Vupaxuernve 19.4.4 [* % % —»]: Pacwupvme FJ ananozamu xoncmpyryud try

u raise u3 Java. Hcnoavdytime 6 Kavecmee 0b6pa3ua onUCGHUE UCKANYUEHUT U3
an. 14.
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Vupaxuernue 19.4.5 [** —»]: Kax u Java, FJ npedcmasasem omnowenue munu-
3ayuu 6 arzopummuneckol gopme. IIpasuso sxatouenUs OMCymemsyem; emecmo
9MO20, HECKOALKO OPY2UT NPABUA COOEPIHCAMm CPedU CE0UT NPEINOCHIAOK NPOSEPKY
nodmunuposarus. Moocro au nepecmpoumd cucmemy 6 bosee JeKAAPAMUSHOM
CMuULe, UCKANOYUS 8CE UAU DOALUWUHCTE0 U3 IMUT NPeINnocuiok, U dobaeus eme-
€MO 9M020 edUHOE NPABUAO BKANYUEHUA?

Vupaxuenue 19.4.6 [k %]|: B noanot Java napsady ¢ KAGCCAMU UMEIOMCA UHTED-
deiicol (interfaces), komopwie onpedeastom munsv, Memodos, HO He UL PEAAU3AUUIO.
Hrmepdetico, noaeams, NnOCKOALKY € UT NOMOULHIO MOAHCHO NOCPOUMD boaee 60-
2amoe omHuowerue NOOMUNUPOBAHUA, HE 02PanuMerHoe Ipesosudnot Popmot: y
Kaotc0020 KAGCCE €Cb TNOALKO 00UH HaAKAGCC (U3 KOTNOPO2o OH Hacaedyem nepe-
MEHHDLE IKIEMNAAPA U MEAT MEMOD08), HO KPOME MO020, OH MONHCEM PEaNU308HL-
6aMb NPOU3BOALHOE KOAUNECTNEO uHmepPheticos.

Hanuvwue unmepgeticos 6 Java dukmyem aszopummuseckuts nodrod € omHo-
WEHUIO MUNU3AUUL, NOCKOADKY UMEHHO NPU MAKOM NOOT0Je Y KaHC0020 MUNU3U-
DPYeM0o20 mepma umeemcs eduncmeennnll (haumenvwui) mun. IIpununa aesrcum
60 63aUMO0CTCTEUY YCAOSHBLT 6bipadicenul (Komopue 6 Java 3anuUcHl8aOmces KaK
ty ? ty @ t3) ¢ unmepdeticamu.

1. Ioxascume, Kax moocno pacwupums FJ unmepgeticamu 6 cmune Java.

2. Iokascume, ¥mo npu HAAUNUY UHMEPPHeTcos OMHOWEHUE NOIMUNUPOBAHUA
HEOBASAMENLHO 3AMKEHYMO omHocumervho obsedunenut. (Hanommum, wmo
6 §16.3 cyuecmeosarue 00oedunenul uzpano Kiwesyro poib 6 0Ka3amens-
€cmee Mo20, WMo YCAOBHBLE BHLPANCEHUSA UMEIOT, MUHUMAALHbLT MUN. )

3. Kaxoeo npasuso Java 0is MUunu3auyuy Ycao8HuT evpaxcerutt? Pasymmo au
ono?

Vupaxuernue 19.4.7 [k % k|: B FJ noddeporcusaemca katouesoe ca060 this us
Java, Ho He noddepocusaemces super. Tlokaosicume, kak ezo dobasums.

19.5. CsoiicTBa
Hna FJ moxkHO M0Ka3aTh CTAHIAPTHYIO TEOPEMY O COXPAHEHUHN THUTOR.

Teopema 19.5.1 [COXPAHEHUE|: EcauT' -t : Cut > t’, mol + t’ : C’
oas wexkomopozo C? <: C.
Joxazamesvcmeo: YIPAXKHEHUE [% % %].

Kpowme Toro, MOXKHO AOKa3aTh OAWH W3 BAPUAHTOB CTAHIAPTHONW TEOPEMBI O
MIPOJIBUKEHUN: €CTIM IIPOrpaMMa IPABUIbHO TUIW3UPOBaHA, TO OHA MOXKET OKa-
3aTbCd B TYIHUKE TOJIBKO B CJIy4ae HEYAAYHON IMONBITKU NPUBEAEHUsS BHU3. B 3TOM
CJlydae Mbl JJis BbISBJIEHUS OMIMOOYHOIO IIPUBE/IEHUS IOJIH3YEMCS MEXAHU3MOM
KOHMEKCMO8 SbLUUCACHUA.
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Jlemma 19.5.2 Ilycmb umeemcs npasusbHO MUNU3UPOBAHHVLT Mmepm t.
1. Ecau t = new Cy(t).f, mo fields(Co) = C f u fe f.
2. Ecau t = new Cy(t).m(s), mo mbody(m, Cy) = (z, to) u |z| =|s|.
Hoxazamenavcmeo: He npedcmasasem mpyda.

Onpenenenue 19.5.3 Mnoosicecmeo KOHTEKCTOB Bbluucienus (evaluation contexts)
oasa FJ onpedeasemcs caedyrougum obpasom:

E = KOHMEKCTNDL 8BIMUCACHUA:
(] «Ovpasy
E.f obpawerue K nos
E.m(t) 661306 MeMO0a (NOAYHAMEND)
v.m(v,E,t) 601306 memoda (apeymenm)
new C(v,E,t) cosdanue obsexma (apeymenm,)
(C)F npusederue muna

Konmexem swwucaenus — 2mo mepm ¢ dupot enympu (0603navaemot xax []).
3anuce E[t] obosnauwaem o6viknosernvili mepm, Nosyuwaowutics npu samene Jopo
6 F na t.

KoHTeKCTbl BBIMMCIEHHSA COOTBETCTBYIOT MOHSATHIO <«CJELYIOIIEro MOATEpMa,
TOJJIEKAIIETO BBIYUCIEHUIO», B TOM CMBICHIE, 9TO, IMes t — t?, MBI MOXKEM BbI-
pasuth t u t’ B Buge t = E[r] u t’ = E[r’] ana yHukambHOl Tpoiiku E, r
M r’, Tak, 9TOOBI BBIMOJHSAJIOCH T — T’ COMJIACHO OJHOMY W3 NTPABUJI BHIYHMCIICHUS
E-PrROINEW, E-INVKNEW 1u60 E-CASTNEW.

Teopema 19.5.4 [[IPOABUXKEHUE]: [Tycmb umeemcs 3amEHYMbE NPAEUALHO
Munu3uposarusli mepm t 6 Hopmasvhol gopme. Tozda aubo a) t asasemcs
anauenuem, Aub0 6) s HEKOMOPO2o Konmekcma 6vvucienus E umeem t =
E[(C) (new D(v))], npuuem D <: C.

Hoxazamesvcmeo: Ilpamoruneiinas undyxyus no depesbam 6v.6004 MUNOE.

CRBOIiCTBO MPOABUKEHNS MOYKHO HECKOJIBKO YTOYHUTD: €CJIA B TEpMe t BCe MpH-
BeJICHNs HAIIPABJIEHbI BBEPX, OH HE MOXKET OKa3aThCsd B Tynuke (KpOMe TOro, ecjiu
B IIPOrpaMMe COAEPIKATCS TOJTHKO MPUBEJIEHUST BBEPX, IPU €€ BHIYUCICHUH HE MO-
I'YT BOBHUKHYTb HUKAKue Apyrue npuseaenus ). OHAKO KaK IPABUIIO, IPUBEIEHMs
UCIOJIB3YIOTCS JJIst TOTO, 9TOObI CY3Umsd CTATUIECKUIl THI 00bEKTA, U HAM [IPUXO-
JIUTCS MUPHUTHCS ¢ BO3MOYKHOCTBIO TOTO, YTO BO BPEMsI BBITIOJTHEHUS TTPUBEICHUE
MOXKET OKa3aThCs HEYAAIHbIM. Pa3ymeercs, B OIHOI Java HEyga<dHOE TpUBEIeHTE
HE TIPUBOANT K HEMEJIEHHON OCTAHOBKE IMPOrPAMMbI: MOPOXKIAETCS UCKIIOYCHIE,
KOTOPOE MOXKET OBITH MEePEXBAYEHO AKTUBHBIM OOPAOOTINKOM HMCKJTIOICHMIA.

Vupaxuenue 19.5.5 [k % % —»|: Henoavsys 6 kauecmee 3a20mosku 00ny u3 npo-
2paMM NPOGEPKU MUNOE OAA KAKO20-AUDO 6APUAHME AAMOOIG-UCHUCLEHUA, T0-
cmpotime npozpammy nmposepru munos u unumepnpemamop dan Obaezuennoti
Java.
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Vupaxzernue 19.5.6 [k k *k —»|: B ucrodnot cmamve no FJ (Igarashi, Pierce,
and Wadler, 1999), nomumo npovezo, 6640 GopMmasu306aH0 NOHAMUE NOAUMOPEH-
Hno20 muna, xak 6 GJ. Pacwupvme npozpammy nposepru munos u ukmepnpema-
mop u3 ynpavickernusa 19.5.5, exarowue 6 nezo omu xonempykyuu. (Ileped evinos-
HEHUEM IMO20 YNPAdCHEHUL HEOOT0UMO npovecms 2a. 23, 25, 26 u 28.)

19.6. OOBeKTHI: KOAMPOBAHNE WJIN 3JIEMEHTAPHOE
nmoHsTue?

MbI pacecMOTpesnu JiBa pa3JIMIHbIX MOAX0AA K CEMAHTUKE U THITA3AIUY J1J1sl [IPO-
CTBIX O0bEKTHO-OPUEHTUPOBAHHBIX S3BIKOB. B 1. 18 MBI 3aKOAMPOBAIN OOBEKTHI
¥ HACJIEJIOBAHWE DEAIU3AIUil C MOMOIIBI0 TAKUX KOHCTPYKITUN MPOCTOrO TUTH3U-
POBAHHOTO JITMOIA-UCUUCTICHNST, KAK 3aIl¥CH, CCBLIKKA W MOATUILI. B 310l rnase
MbI U3JI0KUJIA TPSAMOE OIMUCAHUE MPOCTOrO sI3bIKA, B KOTOPOM OOBEKTHI U KJIACCHI
SIBJITOTCS 9JIEMEHTAPHBIMI MEXAHU3MAMH.

Kaxaprit u3 3TuX MOAXOM0B MOXKET ObITH IO-CBOeMy mosie3eH. VccemoBanne
KOIMPOBAHUS O0BEKTOB OOHAYKAET DA30BbIE MEXAHI3MbI WHKAICY/ISIIIUN W TOBTOP-
HOT'O WCIOJIb30BAHUS U MTO3BOJISIET CPABHUTH WX C APYTUMHU MEXAHU3MAMU, TPEI-
HA3HAYEHHBIMY [IJIsT AHAJOTMIHBIX Tiesieii. Kpome TOro, KOmmpoBaHHE TOMOTAET
MOHSTH, KAK 00BEKTHI TIEPEBOISITCA KOMITMISITOPAMEU B A3BIKH elle 6ojiee HU3KO-
IO YPOBHSI, a TaK¥Ke KaK OObEKThbl B3AUMOJEHCTBYIOT C APYTUMHU BO3ZMOKHOCTSAMUA
s3bika. C Ipyroii CTOPOHBI, TTOAXO] K OOBEKTaM KaK K 3JIEMEHTAPHBIM MEXAHU3-
MaM TTO3BOJISIET TPSAMO PACCYKIATH 00 WX OMEPAIMOHHON CEMAHTHUKE U TIOBEIEHUN
C TOYKW 3PEHUs TUITU3AINN; TAKOE IPEICTABIEHUE JIyUIle MPUCITOCOOIEHO 15 BbI-
COKOYPOBHEBOI'O TPOEKTUPOBAHUS SI3BIKOB U HAIMCAHWS JOKYMEHTAIIUH.

Pa3ymeercs, B KOHEIHOM CUETE€ XOTENIOCH ObI COXPAHUTH 00€ TOUYKH 3PEHUST —
UMETb BBICOKOYDOBHEBbBIN $3bIK, BKIIOYAIOIIMN JIEMEHTAPHBIE KOHCTPYKIMU C
KJIACCAMU, OOBEKTAMU U T. J., ¢ COOCTBEHHBIMU IPABUJIAME TUIIU3AIUU U OLEPAIH-
OHHOW CEMAHTHUKON, & TaKKe MPABUJIA MEPEBOIA ITOTO ST3BIKA B HEKOTOPBIN SI3BIK
6oJiee HU3KOIO YPOBHS, B KOTOPOM €CTh TOJIbKO 3amucu ¥ pyHKuuu (Wjim naze
SI3BIK elre DOoJee HI3KOr0 YPOBHS, B KOTOPOM HET HUYEro, KPOMe PErucTpoB, yKa-
3aTesieli U [0CJIeI0BATEILHOCTEl KOMAHL), U, HAKOHEI, JOKA3aTeIbCTBO TOr0, YTO
[IEPEBOJ] HA CAMOM JIejie SBJISeTCs KOPPEKTHON peasin3alineil BbICOKOYPOBHEBOIO
SI3BIKA, B TOM CMBICJIE, YTO TTEPEBOJI, COXPAHSIET CBONCTBA BHIYUCIEHNUS U TUITA3AINN
BBICOKOYPOBHEBOTO si3bIKa. CyIIEeCTByeT MHOTO peAJM3aliii 3TOM MCCIeI0BATEb-
cKoit iporpamMmbl — s camoit FJ aro npogesanu Jlur, Tpudounos u llao (League,
Trifonov, and Shao, 2001), a nis apyrux o6bEKTHO-OPUEHTUPOBAHHBIX GA30BBIX
ucuuciennii — Xobman u [Mupc (Hofmann and Pierce, 1995b), Bpioc (Bruce,
1994, 2002), Abamu, Kapmennu u Bummsanaran (Abadi, Cardelli, and Viswanathan,
1996), a Tak¥Ke ApyTue aBTOPDL.

19.7. JlomoaHUTEJIbHBIE 3aMeYaHUS

Ora rytaBa Hanucana Ha 6aze crarbu Urapacu, [Tupca u Yomrepa, rje Bunepsbie
ynomunascs a3bik FJ (Igarashi, Pierce, and Wadler, 1999). Ocuosroe oTiudue
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B [PEICTABIEHUU MAaTEPHUasa COCTOMT B TOM, YTO 3J1€Chb, KaK U BOODIIE Ha MPO-
THXKEHUU 9TOW KHUIM, Mbl MCIIOJIb30BAJIM OIEPALUOHHYI0 CEMAHTUKY C BbI30BOM
10 3HAYEHWIO, TOTIA KaK B MCXOIHON CTAThE MCIOJIb30BAIOCH HEIETEPMUHUCTCKOE
OTHOIIEHUE OeTa-PeyKIINH.

CyI1ecTByeT HECKOIHKO PA3TUIHBIX I0KA3ATEIHCTB THITOBOH G€30TIACHOCTH JJ1sI
moaMHOXKecTB Java. B camom pamnem m3 Hux JIpoccomyny, Aiizenbax u Xyprmmz
(Drossopoulou, Eisenbach, and Khurshid, 1999), ucnosb3ys meTon, BOOCJIeACTBIUMR
mexanudecku nposepensbiii Caiimom (Syme, 1997), nokasbiBaror 6e301acHOCTD
JIsl CYIIECTBEHHOTO MOAMHOXKECTBA, AuaeKTa Java 6e3 mapasienu3ma. 11omobuo
FJ, o paboTaroT B paMKax OMEPAIHOHHON CEMAHTUKHU C MaJIbIM IIAroM, HO n30e-
Tal0T TOHKOCTEH «TJIyIOrQ MPUBEIEHUsT», MEJIMKOM yOupas u3 si3bIKa, MPUBEICHUS.
Hunkos n Oxaiim6 (Nipkow and von Oheimb, 1998) npuBoAAT MEXaHHYECKH PO~
BEPEHHOE [I0KA3aTeIbCTBO 0€30IAaCHOCTH JIJIsi HECKOIBKO D0JIee IMupoKoro 6a3oBoro
sa3bIKa. VX A3bIK BKJIOYaeT B ce0s IMpuBEAeHHs, HO C(hOPMYTUPOBAH CPEICTBAMUI
OTIEPAITNOHHON CEeMaHTUKU «C OOJIBINUM IIArOM», ¥ MPOOJIeMa C «TJIYIBIMU TTPHU-
BEJICHUSIMU» B TAKOM KOHTEKCTe He Bo3Hukaer. @mart, Kpumunamypru u @emeii-
cer (Flatt, Krishnamurthi, and Felleisen, 1998a,b) ucrosb3yior oneparyuoHHyIO
ceMaHTUKY ¢ MajbiM marom. Ouu (HOPMATU3YIOT MOIMHOKECTBO, BKIIOYAIOIIEE
npucBauBaHue u npupeneHus. «[Uynble NpuBeIeHusT» PACCMATPUBAIOTC TaK ¥Ke,
kak B FJ. IIx cucrema neckonbko 6osbime FJ no pasmepy (npasunia cunrakcuca,
TUNU3AIMA ¥ OMEPAIMOHHON CeMaHTUKK MPUMEPHO BTPOE GOJbINE Mo 00beMy), a
JI0Ka3aTeIbCTBO 0€30MacHOCTH, Oyyun 3HAYNTENIbHO JJINHHEe, UMeeT HPUMEpPHO
TaKyIO XK€ CJIO2KHOCTb, Kak Jys FJ.

W3 stux tpex pabor, pabora ®@marra, Kpumuamypru n Pesteiicena Ommxke
Bcero K FJ B 0lHOM BaXKHOM acrekTe: 9TH aBTOPbI, KAK U MbI, CTABAT CBOEH Tie-
JIbIO BBIOOD KAK MOXKHO MeHbULe20 GA30BOr0 MCIUCIECHUS, OTPANKAIOIIEN0 TOIBKO
Te cBoiicrBa Java, KOTODble BaKHbI /IJIsi HEKOTODPOIl KOHKPEeTHO# 3asaun. B ux
caydae, 3anadeil ObL1 anaau3 paciupenus Java xaaccamu-npumecamy (mixing) B
cruste Common Lisp. Hanporus, 1neibio AByX APYruX YyIOMSHYTBIX CHCTEM OBLIO
HCCIIEIOBATD KaK MOXKHO 604bUiee TOAMHOKECTBO Java, MOCKOJIbKY OCHOBHOM WX
WHTEPEC 3aKJII0YAJC B JTOKA3ATEIbCTBE HE30MACHOCTH Java KaK TaKOBOMA.

B nureparype mo ocHoBaM 00bEKTHO-OPUEHTHPOBAHHBIX 3BIKOB MOYKHO HANTH
MHOXKECTBO crareii o (opManu3anuu 0ObeKTHO-OPUEHTUPOBAHHBIX S3bIKOB, OC-
HOBAHHBIX HA KJIACCAX, JUOO PACCMATPUBAIOIIMX KJIACCHL KAK 3JEMEHTAPHBIIT Me-
xanu3m (manp., Wand, 1989a, Bruce, 1994, Bono, Patel, Shmatikov, and Mitchell,
1999b, Bono, Patel, and Shmatikov, 1999a), qub0 nepeBOAsIMX KJIACCHI B 0O-
Jlee HU3KOypOBHEBble KOHCTPyKiumu (Hanp., Fisher and Mitchell, 1998, Bono and
Fisher, 1998, Abadi and Cardelli, 1996, Pierce and Turner, 1994).

PoacrBennoe nHampaBieHne MCCIEIOBAHUN PACCMATPUBAET MOIEH OOBEKTHO-
OPUEHTUPOBAHHBIX S3bIKOB, B KOTOPBIX KJIACCHI 3aMEHSIIOTCS KaKOH-n00 (hopmoit
nepeonpedenenus memodos (method override) uinm desezayuu (delegation) (Ungar
and Smith, 1987), mpu KOTOpPBIX OTIEIbHBIE OOBLEKTHI MOTYT HACIEIOBATH IIOBE-
JleHue apyrux obsexmos. [lomyaaroniuecs NCUUCIEHNsT 9acTO OBIBAIOT MIPOIIE, YeM
JITsT SI3BIKOB, OCHOBAHHBIX HA KJIACCAX, TIOCKOIBKY pabOTaoT ¢ MEHbITUMHE HAabOpa-
Mu 6a30BbIX mousaTwi. CaMoe pa3BUTOE W CAMOE M3BECTHOE U3 HUX — UCHUCAECHUE
o6sexmos (object calculus) Abamu u Kapnennu (Abadi and Cardelli, 1996). Eme
OJIHO TIOYJISIPHOE UCYucaeHune padpadorano @umepom, Xoucemiom u Mutyesaaom
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(Fisher, Honsell, and Mitchell, 1994).

Cy1ecTBEeHHO OTIMYAIIMACA OAX0 K O0beKTaM, KJIaCCaM U IIOITUIIAM, U3~
BECTHBIN MO/ Ha3BaHUEM Mmyavmumemnods (multi-methods), 611 dhopmanuzoBan
Kacranbeii, Tejuin u Jlonro (Castagna, Ghelli, and Longo, 1995). JdononauTeis-
HbIEe CCBITKA MOXKHO HAUTH B TPUMeYaHUH Ha C. 254.

B kaxa0Mm 60/1b1IOM SI3bIKE
3aKJ/II09€H MAJICHbKUA, KOTOPBIit
CTPEMUTCS BBIOPATHCS HAPYXKY.

Wrapacn, Ilupc n Yognep
(Igarashi, Pierce, and Wadler,
1999)

B kaxkm0it 60s1b1110#1 IporpamMmme
3aKJIIOYEHA MAJIEHbKAsT, KOTOPAS
CTPEMUTCS BBIOPATHCS HAPYXKY.

Touu Xoap, «Ippexmuenoe
nPou3eodcmeo 6oALWUT
npoepamms (1970)

4l TosCTHIH, HO BHYTPH 9 XyIOil.
Bam mukorma me npuxomuio B
TOJIOBY, YTO y KaxKJOr0 TOJICTAKA
BHYTPH CHIUT XyIOil desioBex’

Ixxopmx Opyasmnn, «3a eaomxom
ceeorcezo 6030yzas (1939)
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YHactep 1V

PeKprI/IBHI)Ie TUIIbI
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I'maBa 20

PekypcuBnbie THIibl

B pazzene 11.12 MBI BuaeM, KaK MOXKHO PACHIUPUTH MPOCTYIO CUCTEMY THUTIOB
KOHCTPYKTOPOM TUTOB List (T), KOTOPBIH OMUCHIBAET CIIUCKU C JIEMEHTAMHU TUIA
T. Crucku — JIAIb OWH MpuMep OOJIBIIOro KJIacCa PACIPOCTPAHEHHBIX CTPYKTYD,
B KOTOPBIil TAK2KE BXOJISIT OY€Pen, ONHAPHBIE JePeBbs, TIOMEYEHHbBIE 1eDEBbs, JIe-
peBbs aOCTPAKTHOIO CHHTAKCHUCA U T. II., KOTOPbIE MOI'YT PACTH 0 IPOU3BOJIHHOIO
pa3Mepa, HO TTPU 3TOM UMEIOT TIPOCTYIO, PETYIAPHYIO CTPYKTYypy. Hampumep, site-
menT tuna List(Nat) Bcerma sissgerca jmbo myctbiM (nil), mubo napoit («saueii-
KOii cons» ), cocrosiuieil u3 yucsa u List (Nat). OueBuaHO, He MMEET CMBICIIA TIPEJI-
CTaBJIATDH BCE TaKUe CTPYKTYPHI B BUJE OTJAETbHBIX 3JIEMEHTAPHBIX A3BIKOBBIX KOH-
crpykiuit. Bmecto 3Toro nam HyzkeH obuiuii MEXaHU3M, C IIOMOIIBI0 KOTOPOro UX B
caydae HeoOXOIMMOCTH MOXKHO OLPEIe/IUTh HA OCHOBE O0Jiee IPOCTHIX JIEMEHTOB.
DTOT MEXaHU3M HA3BIBAETCA PexypcucHbmy munamu (recursive types).

PaccMOTpEM eIre pas THI COHCKOB dmcen'. YTBep:KIeHre, 9TO CIHCOK ABJId-
ercs qubo nil, OO mapoii, Mbl MOXKEM IPEACTABATDH IIPHU IMOMOIIU BAPUAHTHBIX
TUTIOB M TUTIOB KOPTEXKeil, KOTOphIe ompeiesiensl B pas3aenaax 11.10 m 11.7:

NatList = <nil:Unit, cons:{...,...}>;

3HadeHue, CBA3aHHOE C METKOI BapuaHTa nil, TpPUBHAIBHO, MIOCKOJIbKY yKe cama
MeTKa nil coobmaer HaMm Bce, 9YTO Tpedyercs 3HATH O IIyCTOM CIucKe. B To ke
BpeMd, 3Ha4YeHue, CBA3aHHOE ¢ METKON cons, ABJdeTCd 11apoi, COCTOALIECH U3 4ucja
u npyroro cnucka. [lepBblit KOMTTOHEHT 3TOi maphkl nMeeT Tun Nat,

NatList = <nil:Unit, cons: {Nat, ...}>;

a BTOPOIf KOMIIOHEHT ABJIAETCA CIUCKOM YHUCe, T. €. 3JIEMEHTOM TOI'0 CaMOI'o THUIIA
NatList, KOTOpPBIA MbI B JAHHBII MOMEHT OLpPeEJesIdeM:

NatList = <nil:Unit, cons:{Nat,NatListl}>;

B 3Toii Ty1aBe paccMaTpUBaETCH IPOCTOE TUIIM3UPOBAHHOE MCHHUCIEHNE C PEKYPCUBHBIMU TH-
naMu. B npuMepax HCIOIB3YIOTCH PA3J/IMYHble KOHCTPYKIIUU U3 IPEABbIIYIIUX I71aB; COOTBETCTBY-
OIUN HHTepupeTaTop Ha3biBaeTcsa fullequirec. Jlna paspena 20.2 MHTEpPHIPETATOPOM CIIYKHUT
fullisorec.

1B 3701 r1aBe MBI HE Oy/1leM KacaTbCd BOIPOCA O TOM, KaK JaTh €/IMHOe 0000IIEeHHOE OIIpeie-
JIeHHe CIHACKOB C 3JIeMEeHTAMU IPOU3BOILHOTO TUIA T. JIJIs 3TOTO OmpeieieHus HaM IOHAT0OUTCS
MEXaHHU3M onepamopos nwad munamu (type operators), kOTopeiil Oyzer BBeneH B riase 29.
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910 ypaBHEHUE He sIBJISIETCS OOBIKHOBEHHBIM ONPEJIEJIEHUEM B TOM CMBICJIE, 9TO B
HEM MbI HE JIaeM HOBOE MMsi BbIPAXKEHUIO, 3HAYEHUE KOTOPOrO HAM 3aPAHEE IMOHHAT-
HO, — MOCKOJIBbKY B MPABOI 9aCTU UCIOJIB3YETCS TO CAMOE UMsi, KOTOPOE MO/IJIEIKUT
ompenesieano. Hamporus, 3T0 ypaBHEHNE MOKHO PACCMATPUBATH KaK OMPEIEICHIE
OECKOHEYHOTO JIEPEBa:

<nil: ,cons: >
AN
Unit { , \ }
/
Nat <nil: ,cons: >
AN
Unit { , \ }
/
Nat <nil: ,cons: >
Unit

PexypcuBHoe ypaBHeHMe, OIpeessiolnee 3TO OECKOHEYHOe JIEPeBO, IOXOKe Ha
ypaBHEHHE, KOTOPBIM OIpeieisieTcs: pekypcuBHas GyHKIMsA (HaKTOpUAIa, TPUBe-
nennoe Ha c. 72. Kak u tam, nam Oymer ymobHo mpeobpazoBaTh 3TO ypaBHEHUE
B TPaBUJILHOE OTpEJIENIeHIe, TEPEMECTHR «IIMKJI» B MPABYIO UACTh BBHIPAYKEHMS.>
Mpu1 caesaeM 3TO, BBOIS SIBHBIM OMEPATOP PEKYPCHUU [IJIsT TUIIOB — OIEPATOP [4:

NatList = pX. <nil:Unit, cons:{Nat,X}>;

WNaTynTusHO 31O BhIpakenune antaerca Tak: «IIycrs NatList 6ymer GeCKOHEIHBIM
TUIIOM, YJ10BJeTBOpAomuM ypaBHenuto X = <nil:Unit, cons:Nat,X>».

B pasznmene 20.2 MBI yBUIWM, 9TO CYIIECTBYIOT JBa HEMHOTO Pa3HBIX CIIOCODA
bopMauzauy PeKypCUBHBIX TUIIOB — TaK HA3BIBAEMbIE sKeuperypcusHoe (equi-
recursive) u usopexypcusnoe (iso-recursive) npencrapienus. OHU OTIUIAIOTCS KO-
JIN9€CTBOM AHHOTAIUN TUIOB, KOTOPBIE TPOrPAMMHUCT JOJI?KEH BBIUCATH, ITOOBI
[IOMOYb CHCTEME MPOBEPKHU. B mpumepax, IPUBEIEHHBIX B CJIEIYIONIEM DPa3iele,
MblL Oy/1eM HCII0JIb30BATh O0JIee IIPOCTOE IKBUPEKYPCUBHOE [IPE/ICTABIECHUE.

20.1. IIpumepsl

Cnouckn

IIpexk e Bcero, 3aKOHYUM MMPUMED CO CITUCKAMU YUCEJT, HAYATHIA HaMU B TIPE/IBI-
ayiiem paszese. UTo0bl UCIoIb30BATh ITU CITMCKH MIPU MTPOrPAMMHUDPOBAHAN, HAM
Hy?KHA KOHCTAHTA nil, KOHCTPYKTOP cons [jisi A00ABJIEHUS JIEMEHTOB B HAYAIIO

2Takoe nepemenienue yj00HO MOTOMY, YT0 OHO TIO3BOJIAT HAM MOBOPHTH O PEKYDCHBHBIX TUIIAX,
He uMeHy# ux. OZHAKO, pa60Ta C SIBHO HMEHOBAHHBIMY PEKYDCHBHBIMI THIIAMH TAKKE HMEET CBOU
NPEUMYIEeCTBa — CM. OOCYKIeHHe umennniz (nominal) u cmpyxmypruoz (structural) cucrem
Tunos B §19.3.
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CYLIECTBYIOIIEIO CIUCKA, olepanusd isnil, KOTOpad NPUHUMAaET B KadecTBe ap-
IyMEHTA CIUCOK Y BO3BpAInaer Oy/ieBO 3HAYEHUE, 4 TAKXKE OLEPAIMH JIEKOMIIO3H-
mn hd n tl gya u3BjgedeHus, COOTBETCTBEHHO, TEPBOTO JJIEMEHTA W OCTATKA U3
Hemycroro crucka. Ha puc. 11.13 mbr onpegenuin 3tu GYHKIUA KaK BCTPOEHHBIE
OTIePATOPHI; TENeph HAIla 333493 3aKJII0YAeTCs B TOM, 9TOOBI MOCTPOUTH UX W3
06a30BBIX IJIEMEHTOB.

Ounpenenenus nil U cons HEMEIJIEHHO CIEAYIOT U3 ompejesenns NatList de-
pe3 IBYX3JEeMEHTHBIIT BAPUAHTHBII THII.

nil = <nil=unit> as NatList;
> nil : NatList
cons = An:Nat. Al:NatList. <cons={n,1}> as NatList;

> cons : Nat — NatList — NatList

(Hamomuum u3 §11.12) uro Bbipaxkenue Buja <l=t> as T UCHONb3YeTCd IJIsd CO-
3JJaHUdA 3HAYEHU BAPUAHTHOTO THUIIA: 3HAYEHUE t OMedaeTcd MEeTKON 1 U «BKJa-
JbIBAETCS» B BapUAHTHLIA Tun T. 3aMeTHM TakzKe, 4TO HIPOLEAypa IPOBEPKU THU-
OB aBTOMAaTU4YECKU «pa3BepHeT» pekypcuBHblid Tun NatList B BapuanTHBIA TUI
<nil:Unit, cons:Nat,NatList>.)

OcranpHble 6a30BbIE OMEPAIUY HA/T CIIMCKAMY TPOBEPSAIOT WX CTPYKTYPY U W3-
BJIEKAIOT OT/EIbHBbIE X JacTu. Bce OHM peanm3yroTcd B TepMHUHAX case.

isnil = Al:NatList. case 1 of

<nil=u> = true
| <cons=p> = false;

> isnil : NatList — Bool
hd = Al:NatList. case 1 of <nil=u> =0 | <comns=p> = p.1;
> hd : NatList — Nat

tl

Al:NatList. case 1 of <mnil=u> =1 | <cons=p> = p.2;

> tl : NatList — NatList

st ompeiesleHHOCTH MBI PEIIUIH, YTO BBI30B hd 71 IMyCTOro CnmcKa OyIeT BO3-
sBpatarsb 0, a BbI30B tl jyid LyCTOO ClUCKA — IIyCTOH CHMCOK. B 31ux ciygasx
TaK»Ke MOXKHO ObLTIO ObI BO30YKIATH MCKIIIOUEHHUS.

C moMoIbio BCEX ITUX ONPE/IeJIeHNH MOYKHO HAIMCATh PEKYyPCUBHYIO (DYHK-
U0, KOTOPas CYMMHUPYET 3JIEMEHTHI CITHCKA!

sumlist = fix (As:NatList —Nat. Al:NatList.
if isnil 1 then 0 else plus (hd 1) (s (t1 1)));

> sumlist : NatList — Nat
mylist = cons 2 (cons 3 (cons 5 nil));
sumlist mylist;

> 10 : Nat
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Bamerum, aro xors cam NatList — 6eCKOHEYHOE THIIOBOE BBIPAYKEHUE, BCE €r0 dJIe-
MEHTBI SIBJISIOTCH KOHEYHbLMU CIUCKAME. DTO IOTOMY, YTO HU IPUMHUTHUBBL [IOCTPO-
€HUA Napbl ¥ TOMETKNA BAPUAHTOB, HU KOHCTPYKINA fiX ¢ BBI30BOM MO 3HAYEHUIO
HE TIPUTOIHBI [IJIsi TIOCTPOEHNS DECKOHEYHO OOJIBITNX CTPYKTYP.

Vopaxuerne 20.1.1 [*x]: Odun u3 cnocobos npedcmasarenus nomewennus 060-
UUHBLT 0ePeBbES COCTNOUM 6 oM, 4Ino depeco moxcem boimo aubo aucmom (0es
MEKY), AUOO BHYMPEHHUM Y3A0M C YUCAEHHOT MEMKOT U 08YMA JdovepHUMU de-
pesvamu. Onpedesume mun NatTree u coomeememsyrouuti Habop onepayuti 0as
co30anua, YHUNMONCEHUA U Nposepku depesves. Hanuwume dynryuio, xomopas
bydem 6vinoanAMB 06200 0epesa «6 2AYybUHY > U 6036PAULAMD CNUCOK HATLOCHHDBLL
Mmemok. Jlas mecmuposanus Koda ucnosvsytime unmepnpemamop fullequirec.

«2Kanuvie» byHKIINN

Jpyroii npuMep, JEMOHCTPUPYIONINN HECKOJIBKO DOJIEE XUTPOE UCIOIb30BAHIE
PEKYPCUBHBIX TUIIOB — TUIT «ZKAJHBIX d)yHKHHﬁ», KOTOpbI€ MOTYT IPpUHUMATH JIIO-
00€ KOJIMIECTBO YNCIEHHBIX aPI'yMEHTOB, U BCET/Ia BO3BPAIIAIOT HOBYIO (DYHKIIHIO,
CTOJIb 2K€ «2KaJTHYIO»:

Hungry = pA. Nat —A;
DIEMEHTBI HTOT0 THUIIA MOTYT OBITH ONMPEIESIEHBI C HCIOIb30BaHNeM oneparopa fix:

f = fix (Af: Nat —Hungry. An:Nat. f);
> f : Hungry
f 0123 4 5;

> <fun> : Hungry

Iloroknu

BoJiee 1mo/ie3HbIi BApUAHT BBLINIEONUCAHHOrO TUa Hungry — Tun Stream (mo-
TOK), cocTodnmmii u3 GbyHKIMHA, KOTOPbIE MOIYT HOTPEOIATH JII060Ee KOJIUIECTBO
3HaYeHuil unit, KaxKAblil pa3 BO3Bpallad Hapy, COCTOLAILYI0 U3 YUCJIa U HOBOIO
IIOTOKA.

Stream = pA. Unit —{Nat,A};

MpbI MOXKEM OIpEeIE/UTh JBE ONEPANNHA AEKOMIIO3UIMH /i MOTOKOB; €CJIH S —
MOTOK, TO PE3yJabTaTOM BbI30Ba hd s Oyzer mepBoe 49mcjio, KOTOPOE OH BEPHET,
KOTJIa MBI NIepeauM eMy unit.

hd = As:Stream. (s unit).1;
> hd : Stream — Nat

Amnajorngno, pe3yabraroM t1 s OymeT HOBBIM MOTOK, KOTOPBIH MbI ITOJIYIUM, €CTH
nepejgaguM unit B s.

tl = As:Stream. (s unit).2;
> tl : Stream — Stream
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st co3manns MOTOKa MBI CHOBA, MCIIONIb3yeM omepaTop fix:

upfrom0 = fix (Af: Nat —»Stream. An:Nat. A_:Unit. {n,f (succ n)}) O0;
> upfrom0 : Stream

hd upfromO;
> 0 : Nat

hd (t1 (tl1 (tl upfrom0)));
> 3 : Nat

Vupaxzenue 20.1.2 [PEKOMEHIYETCS, k% |: Cozdatime nomox, sudarousut sae-
Mmenmov, nocaedosamenvrocmu wuces Qubonawwu (1, 1, 2, 3, 5, 8, 13, ...).

IMorokm MOXKHO Jasbiie O0OOIMMTH O TPOCTOH  (DOPMBI  NPOUECCO8
(processes) — GyHKIMH, TPUHAMAIONMX YUCJIO, & BO3BPAINAIONIUX YHUCJIO U
HOBBII TIPOIIECC.

Process = puA. Nat —»{Nat,A};

Bot, manmpumep, mporiecc, KOTOPbI Ha KaXKJIOM ITIare BO3BPAIIAET CYMMY BCEX dJIe-
MEHTOB, TTOJTYy9eHHBIX UM 0 CUX TIOp:

p = fix (Af: Nat —»Process. Aacc:Nat. An:Nat.
let newacc = plus acc n in
{newacc, f newaccl}) O0;
> p : Process

Kak u 1y moTOKOB, MOXKHO ONPEIEUThH BCIOMOTATEIbHbIE (DYHKIIUU IS B3aM-
MOJEHCTBUA C IPOIECCaMu:

curr = As:Process. (s 0).1;
> curr : Process — Nat

send = An:Nat. As:Process. (s n).2;
> send : Nat — Process — Process

Ecau mb1 mepegaamm nporecey p aucaa 5, 3 u 20, TO 9UCI0, KOTOPOE OH BEPHET B
OTBeT Ha Iocjeanee obpaienne, oymzer 28.

curr (send 20 (send 3 (send 5 p)));
> 28 : Nat

O0BeKThI

Hebosbmoe mepeocMbiciieHne MOCAeIHero MpuMepa JaeT HAM €Ile OJWH 3Ha-
KOMBIil $I3bIK B3aMMOJIEHCTBUS C JAHHbIMU — O00beKThbl. BoT, Hanpumep, tum mjis
00BEKTOB-CIETYNKOB (counter), KOTOPbIE XPAHAT BHYTPHU CeOs IUCIO U TIO3BOJIS-
0T JIU0O 3AMPAIUBATH TEKYIEe 3HAYEHUE ITOTO UUCIIA, JUOO YBEJMYUBATH €r0:

Counter = uC. {get:Nat, inc:Unit —C};
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BameruM, 4TO Hpe/CTaBieHrne OObEKTOB 31eCh — 4YUCTO (PYHKIMOHAIbHOE (KaK
u B rase 19, u B ormdue or Toro, Koropoe 6buI0 B riase 18): orupaska coob-
MEHUsT inc OObEKTY-CIETUYNKY HE BHI3BIBAET M3MEHEHUS BHYTPEHHETO COCTOSHUS
00bEKTa; BMECTO ITOTO OMEPAINS BO3BPAIIAET HOBBINA 00HEKT-CIETINK, B KOTOPOM
BHYTPEHHEe COCTOSIHHE yBEJIUYEHO. B 3TOM Ciiydae WCIIOIh30BAHUE PEKYPCUBHBIX
THUIIOB MO3BOJIIET YKA3aTh, YTO BO3BPAIAEMbIil OOBEKT UMEET TOT K€ CAMbII THII,
9TO ¥ OPUIHMHAJ.

EmurcTBeHHOE OT/IMYME MEXKIY STUMHU 00bEKTaAMU U TIPOIECCAMU, KOTOPHIE MBI
00CY2KTaJIH BBIIIE, COCTOUT B TOM, 9TO OOBEKT SABJISETCS PEKYPCHUBHO OIIPEIEICH-
HOIT 3anucvio (comepxxkalneii pyHKIUIO), TOrIa Kak IMPONECC — PEKYPCUBHO OIpe-
nesenHas @ynkyus (BosBpamaoinas Koprex). [losb3a o Takoil cMeHbl TOYKH
3peHus B TOM, YTO MbI MOXKEM DACIIMPUTDH HAIIY 3alKUCh U BKJIOYATH B Hee Oosiee
oHOM (DYHKITNN, HATTPUMED, JTOOABUB OTIEPAIINIO YMEHBIIEHNUST 3HAUCHUS:

Counter = uC. {get:Nat, inc:Unit —C, dec:Unit — C};

s co3manms o0bekTa counter Mbl HCIIOIb3yeM KOMOMHATOP HEIOIBU2KHON TOY-
KM, KaK Mbl 9TO JleJ1aJId BbIILLIe.

c = let create = fix (Af: {x:Nat} —Counter. As: {x:Nat}.
{get = s.x,
inc = A_:Unit. f {x=succ(s.x)},
dec = A_:Unit. f {x=pred(s.x)} })
in create {x=0};

> ¢ : Counter

[Ipu BBI3OBE Omeparmit HaT C MBI IIPOCTO BBIAEJISIEM COOTBETCTBYIOIIEE IOJIe:

cl = c.inc unit;
c2 = cl.inc unit;
c2.get;

> 2 : Nat

Vupaxuerue 20.1.3 [*%]: Pacwupvme mun Counter u cuemuwux c, npusedernnvil
sovLwie, Mak, 4mobb, OHU BKAI0UAAY OTePayuL backup u Teset (Kax Mol 9M0 denaiu
6 §18.7): npu ewinosneHuYU Onepayuy backup CuEMYUK COTPARALTN C60E MEKYULEE
3HAYEHUE 6 CNEUUAALHOM SHYMPEHHEM De2ucmpe, G 661306 Teset npusodum K
B60CCTMAHOBACHUIO SHAYEHUA U3 IMO20 PELUCTNPA.

PeKprI/IBHbIe 3HaA4YCHUA Ha OCHOBE PEKYPCHUBHbBIX THUIIOB

Bosee ynuBuTenbHOE MCMOJIB30BAHNE DEKYPCUBHBIX THUIIOB, SICHO TTOKA3BIBAIO-
I[ee WX BBIPA3UTENBHYIO CHJIy — 3TO TMOCTPOEHWE MPABUJIBHO THUIIH3MPOBAHHOTO
KOMOWHATOpA HEMOABUKHOM Touku. [j1s1 /1106010 THa T MBI CIeAYIOMUM 00pa30M
MOZKEM OIPEIEUTh KOHCTPYKTOP HENOABUKHON TOYKY Jiist byHKIMr HaT T.

fixp = AM:T->T. (Ax:(ph.A->T). £ (x x)) (Ax:(pA.A—
). £ (x x));

> fixy : (T ->T) — T
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3aMeTuM, 9TO €CJId Mbl COTPEM THUIIbI, TO ITOT TE€PM OY/IET BBIMISIIETh B TOYHO-
CTH KaK OECTUIIOBBIM KOMOMHATOD HENOABUKHON TOYKH, PACCMOTPEHHBIN HAME Ha
c. 85.

3/1ech OCHOBHOW TPIOK 3aKJIOYAETCs B HCIOJb30BAHUU PEKYPCUBHOTO TUIIA
JUIs THIW3AIUU IBYX YIOMHUHAHUI BbIDakeHUs X X. Kak Mbl BUE/Id B yIIPazK-
vennu 9.3.2, TUNW3AIMsg 3TOTO TepMa Tpedyer, 9To0bl X uMesa DYHKIMOHATHHBIH
T, 00JIACTHI0 3HAYEHUN KOTOPOrO SABJSETCA CaM X. ZICHO, 9TO KOHEYHOrO THUIA
C TAKUM CBOICTBOM HE CYINIECTBYeT, HO bOeckoneunwili tun pA.A -> T mpekpacHo
COpaBdeTCd C 3TOW 3a/1a49ei.

W3 storo mpumepa ciemyer, 9TO MPUCYTCTBUE PEKYPCHUBHBIX THUIIOB JIOMAET
CBOMCTBO CTPOrO# HOPMATH3AIMH: C MOMOIILI0 KoMOnHaTopa fixy MOXKHO HAIu-
caTh NPABUJILHO TUIIU3UPOBAHHDIN T€PM, BHIYUCIEHHE KOTOPOIo ([P IPUMEHEHUN
K unit) HUKOI/A He 3aBEPLIMTCH.

diverger = A_:Unit. fixy (Ax:T. x);

> diverger : Unit —T

Bonee Toro, mockombKy Takue T€PMbI MOXKHO ITOCTPOUTDH sl JIIOOOTO THIIA, OTCIO-
Ja CJIEIYeT, 9TO KaK/Iblil TUII B 9TOH CHCTEME COJAEPKUT KaKHe-HUOYyIb TEPMbI, B
OTIIHUNe OT A_,.°

HNnrepunperarnusga 6€cTHIOBOro JaM0aa-NCUUCTIECHUS

Bo3MmoxkHO, /TydIiie BCEro Culy peKypCHBHBIX THUIIOB WUJLIIOCTPUPYET TOT (haxT,
970 OECTUTIOBOE JISTMO/Ia-UCINCTIEHUE MOXKHO TTOJTHOCTHIO BKIIIOYUTH, — TPABUIHHO
TUIU3UPOBAHHBIM 00PAa30M, — B CTATHMYECKU TUMU3NPOBAHHBINA SI3bIK C PEKYDPCHUB-
HpiMu Tunamu. Jomnycrum, uro D — 310 ciaemyomuii Tum:?

D = puX.X —X;

Onpenenum «QyHKIUIO BIOKeHHUsT» lam, orobpazkaoriryio dyHkiuu u3 D B D Ha
3JIEMEHTHI D:

lam = Af:D—D. f as D;
> lam : D

s npuMenenus oaHOrO 3djemMeHTa D K APyromMy MbI IPOCTO PACKPHIBAEM THII
EePBOTO, BhIIEIsIeM (DYHKIWIO W TPUMEHSIEM €€ KO BTOPOMY:

ap = Af:D. Aa:D. f a;

> ap : D

3STOT (baKT AeslaeT CHCTEMBI C PeKYyPCUBHBIMHU THUIIaMU 66CHOJI€3HBIMI/I B Ka4veCTBe JIOTHUK,
eCcJIM MBI PACCMATPUBAEM THIIBI KaK JIOTHYECKHE YTBEPKJEeHUs COTJIACHO COOTHOIIeHHI0 Kappu-
T'oBapma (CM. §9.4), W AHTEPIPETHPYEM «THUIl T CONEPAKHUT TePMbI» KaK «yTBepxkaeHue T aBgercs
nokKaszyeMbIM». IIpu 3TOM eciu KaKABIil THUI COJEPXKUT TEPMBI, TO 3HAYUT, YTO KaXKJ0€ yTBED-
2KJEHUE B JIOIMKE JOKA3yeMO — TO €CTb, YTO JIOTMKA, IIPOTUBOPEYUBA.

4YyraTens, 3HAKOMBIH C [EHOTAIMOHHON CEMAHTHKOM, 3aMETHT, 9TO OIpeieseHHe D B TOU-
HOCTH COBIIQJIAET ¢ OMPEIEISTIONUM CBONCTBOM yHusepcasvbrur domenos (universal domains),
UCIOJIB3YEMBIX B CEMAaHTUYCCKUX MOJE/JIAX YUCTOTO J'IHMG,ZL&—I/IC“H/IC.HQHI/I?I.
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[Ipeanonoxkum Temepb, YTO M — 3aKPBITBHIA JAMOAA-TEpPM, COAEPKAIMMUI TOTHLKO
epeMeHHble, a0CTPAKIMK U IpuMeHeHus. B TakoMm ciiydae, Mbl MOXKEM CKOHCTPY-
UPOBATH 3JIEMEHT D, npeicTaBagommii M (O603H3HI/IB €ro Kak M*), €IMHOOOpA3HBIM
METOJIOM:

x* = x

(Ax.M)* lam (Ax:D. M*)

(M N)* = ap M* N*

Bor, nampumep, 6eCcTUMOBO KOMOMHATOP HEITOABUYKHOW TOYKHN, BHIPAYKEHHBIN KaK
3jJeMeHT D:

fixD = lam (Af:D.
ap (lam (Ax:D. ap f (ap x x)))
(lam (Ax:D. ap f (ap x x))));

> fixD : D

OTO BHEIpPEHHE UUCTOrO JIIMOIA-UCUNUCTCHNS MOYKHO PACITUPUTH U BKJIIOYNTH B
HErO JIPYTHe JIEMEHTHI, HAIPUMED, YHuCjia. 3aMEHUM Ompeesienre D Ha BapuaHT-
HBIA THUI C OTHAM BAapPHUAHTOM [IJII 9UCET W OJHUM st PyHKITHIA:

D = puX. <nat:Nat, fn:X —X>;

Takum obpazom, snemenT D sBisercsa jmbo gucaom, udo yuknueir u3 D B D,
COOTBETCTBEHHO MOMeUYeHHOM nat mywm fn. Peanm3amus koHCcTpykTOpa lam mpak-
TUYECKN TaKas Ke, KAK U BBIIIIe:

lam = Af:D —D. <fn=f> as D;

> lam : (D— D) - D
O/‘_IHa,KO peanmmn3anud ap UMEET MHTEePECHOE OTJINYIHE:
ap = Af:D. Aa:D.
case f of
<nat=n> = divergep unit

| <fn=f> = f a;
>ap : D> D— D

[Ipexx e yem HAM yIACTCSI TPUMEHUTD f K &, Hy?KHO BBIIEIUTH (DYHKIHIO £ C TTOMO-
mpio case. [Ipu 9ToM TpebyeTcs yka3aTh, KaK HaIllle TPUMEHEHNE BeJeT cebs, ecym
f He aBnsierca dynkuueil. (B 3T0M mpuMepe Mbl IPOCTO 3AIMKIMBAEMCS; MOXKHO
66110 Obl TaK:Ke BO30YIUTh UCKJIIOYEHUE). 3aMerbre, HACKOIbKO IPOBEPKA METKU
B 9TOM I[PUMEPE IOXOXKA HA IIPOBEPKY METKH BO BPEMs BBIIOJHEHUS B JIMHAMU-
YeCKU TUMM3UPOBAHHBIX sI3bIKAX Bpoae Scheme. B 3ToM cMmbIcae MOXKHO CKa3aTh,
9TO THIIOBOE BBIYUCJIEHNE «BKJIIOYAET B CeOs» OECTUIIOBOE WU JTUHAMUYECKH TH-
MU3UPOBAHHOE BBIYHMCICHUE.

Anasornynasi TpoBepKa METOK HEOOXOAMMA MPH ONpeeseHu: (DYHKIUU Crie-
JIOBAHUS JIJIsl 3JIEMEHTOB D:

suc = Af:D. case f of
<nat=n> = (<nat=succ n> as D)
| <fn=f> = divergep unit;

> suc : D— D
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Bkrouernune 0 B D TpuBHAIbHO:

zro = <nat=0> as D;

> zro : D

Vipaxuenue 20.1.4 [%]: Jonoanume smo xoduposarue 6Yie6bMU SHALEHUAMY U
YCAOBHBLMU BLPAHCEHUAMU, U 3arkodupytme mepmoi, 1f false then 1 else Owu
if false then 1 else false 6 kauecmee anemenmos D. Umo npoucrodum npu
BHINUCAEHUY IMUT MEPMOE ?

Vupaxuenue 20.1.5 [PEKOMEHAYETCH, %% |: Pacwupvme mun dannwz D max,
4MOobbL 01 6KAIOUAA 3ANUCY

D = puX. <nat:Nat, fn:X —X, rcd:Nat — X>;

u peanusyiime cosdanue sanucets u npoexyuro noset. las npocmomo, 8 Kawecmee
MEMOK NOAET UCTIOAL3YTME HATNYPAALHBE YUCAG, — 1. €. 3GNUCY TPEeICTNABAAIOM -
CA KAK PYHKUUU U3 HOEMYDAALHUE wuces 6 asemenmo, D. Ilposepvme ceoe pacuiu-
perue unmepnpemamopom fullequirec.

20.2. ®dopmajbHBIE OIIPEIeJIEHUS

B Jmreparype 1o cucremMam THUIOB IIPEJCTABJIEHBI JBA OCHOBHBIX IIOJI-
XOMa K peKypcuBHbIM TumaM. (QCHOBHOE OTINYHE MEXKIYy HUMH 3aKJII0YAET-
¢Ad B OTBeTe HA INPOCTOH BONPOC: KAKOBO OTHONIEHHE MeXKJy THANOM uX.T
U ero omHomarosoil pas3seprkoii? Hampuwmep, kak coorHocarca Natlist u
<nil:Unit,cons:Nat,NatList>?

1. TIpu sxeuperypcuerom (equi-recursive) moJxome 3TH 1Ba THIOBbIX BbIpazKe-
HUsl PACCMATPUBAIOTCH KAK dK6usasenmusie no onpedeseruto (definitionally
equal) — B3amMO3aMeHsieMbIe BO BCEX KOHTEKCTaX, — IMOCKOJBbKY OHH 000-
3HA9AlOT OJHO M TO yKe GeckoHedHoe gepeso.” Ilporemypa TpOBEpKH THTIOB
OTBEYAET 33 TO, YTOOBI TEPMBI OJHOTO THUMA OBLIN JOMYCTAMBI B KA4ECTBE
apryMeHToB (QyHKIIUU, OKUJAIONIEH TEPMBI APYTOro, U T. II.

[MpusaTHON 0COOEHHOCTHIO IKBUPEKYPCUBHOTO MTOAX0/I, SBISETCS TO, YTO OHU
OTJINYIAIOTCA OT AECKJIapPpAaTHUBHBIX Hpe,ZLCTa,B.HeHI/H‘/JI YK€ U3BECTHBIX HaM CH-
CT€M TOJIBKO TEM, YTO TPEOYIOT Pa3PEIInTh, ITOOBI THUIOBBIE BBIPAKEHUS
6urmn GeckoneunnivMu.® CymecTByromue onpeeseHns, TeOpeMbl O THIIOBORH
6E30IIACHOCTH M TOKA3ATEIbCTBA OCTAIOTCS 063 M3MEHEHU, eCJIM OHU HE 3aBH-
CAT OT UHJIYKIMH 110 TUTIOBBIM BBIPAXKEHUAM (KOTOpast, ECTECTBEHHO, OOJIbIIe
He paboTaer).

Koneuno, peasudayus IKBUPEKYPCHUBHBIX THUIIOB TPeOyeT HEKOTOPO# pabo-
THI, TOCKOJIBKY AJITOPUTMBI MPOBEPKHU TUIIOB HE MOTYT HAMPSAMYIO pabOTATh
¢ OECKOHEYHBIMY CTPYKTypamu. Jleranm TakuxX peajn3amnyuy OMUCAHBI B TJIa-
Be 21.

50r06pakenne U3 Y-TUIOB B GECKOHEYHBIE JepeBbd (hOPMAIbHO OmpejenseTcsa B §21.8.
8Crporo roBops, CIemyeT CKa3aTh PE2yYAAPHBLMU (regular) — cm. §21.7.
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2. C apyroii CTOPOHBI, IPU U30PeKYPcu6Hom (iSo-recursive) noixo/e PeKypCuB-
HBIH THII 1 PE3YJIHTAT IIAra €r0 Pa3BePTKU CYUTAIOTCH PABJIUIHBIME, HO U30-
MOPHHOLMU TUTTAMUA.

C dopmanbHOl TOYKM 3peHrsi, PACKPBITHEM PEKypPCHUBHOTO THNA uX.T AB-
JI€TCA THI, MOMy4YeHHBIH MyTeM B3AThd Teta T U 3aMeHbI BCEX BXOXKICHUIT
X Ha BeCb PEKYDPCHUBHBINA THII, T. €., HCHOJb3ysd CTAHJAAPTHYIO HOTAIUIO /IS
nozcranosku, [X — (uX.T)]T. Haupumep, tun NatList, T e.

pX.<nil:Unit,cons:{Nat,X}>,

pPacKpbIBaeTCs B

<nil:Unit, cons:{Nat, wpX.<nil:Unit,cons:{Nat,X}>}>.

B cucreme ¢ n30peKypCUBHBIMU TUMAMU JJIs KayKJIOTO PEKYPCUBHOTO THIIA
pX.T Mbr BBOIUM Tapy QyHKIHIT

unfold[pX.T1 : pX.T— [X+— pX.T|T
fold[pX.T] : [X - X . T]T — pX.T

KOTODbIE «CBHIETEIbCTBYIOT 00 m3oMopdusme» depe3 orobpaxkenue (B 0be
CTOPOHbI) 3HAYEHUN MEXK/y [ABYMs TUIIAMH:

unfold[uX.T]
/"—"\

pX.T [X — puX.T] T
\w/

fold[uX.T]

Orobpazkennsi fold u unfold peajm30BaHBI B KAYECTBE MPUMUTHUBOB S3bI-
Ka, Kak 310 mokazano #a puc. 20.1. To, yro onm obpazyior mzomopdusm,
orpaxaercs B npasuiie Borauciaeans E-UNFLDFLD, yaudroxaromem Bbipa-
kenne fold, KOrma OHO OKa3bIBAETCA B Hape C COOTBETCTBYyOmUM unfold.
(IlpaBusio BbIuMC/IeHUs He Tpedyer, YTOObl AHHOTAIMK THUIOB i fold u
unfold ObLIN OMWHAKOBBIMU, MOCKOJIBKY IJIs MPOBEPKU TAKOTO OrpaHUYe-
HUsl HAM TPHUIIOCH OBl 3aIyCKaTh MPOIEAYPY HPOBEPKH THUIOB BO BPEMsi
BoinosiHerus. OMHAKO, IPU BBIYUCICHUH TPABUJIBLHO TUITHM3UPOBAHHON MPO-
IPAMMBI 9TH JIBE AaHHOTAIUMU TUIIOB O6YJym paéhv, IPU BCAKOM IIPUMEHEHUH
E-UNFLDFLD.)

006a nomaxo1a MUPOKO UCTOMB3YIOTCS KAK B TEOPETHIECKUX MCCIEIOBAHUIX, TAK
¥ TIPU TTPOEKTUPOBAHWUY $3bIKOB MPOTPAMMUDOBAHNSA. DKBUPEKYPCUBHBIN CTUJIb,
OXKAJIYH, Jierde MOHAThH WHTYHUTHUBHO, HO OH OoJiee TpeOOBATENIEH K MPOIELyPe
MIPOBEPKU THUIIOB, MOCKOJIBKY OHA JOJI2KHA 3DPEKTUBHO HAXOAUTH TOYKH, B KOTO-
peix crenyer mobasuth anHoramuu fold m unfold. Bosee Toro, B3anMoseiicTBme
MeXK /1y 9KBUPEKYDPCUBHBIMYU TUIIAMYU U JPYIUMUA HETPUBUAJIbHBIMU TUIIOBBIMHU BO3-
MOXKHOCTSIMH, TAKUMHU, KaK OTPAHUYEHHAsST KBAHTU(DUKAINSA U OTIEPATOPHI HAJI, TH-
maMu, ObIBAET JOCTATOYHO CJAOYKHBIM M MPUBOIUT K 3HAYUTETHHBIM TEOPETHIECKUM
rpyanoctam (cM., nanpumep, Ghelli, 1993; Colazzo and Ghelli, 1999) unu naxe
TOMY, 4TO 33Jla4a IIPOBEPKHU THUIIOB OKa3blBaeTcsd Hepaspemumoii (Solomon, 1978).

W30pekypcuBHbIil CTHIb HECKOJIBKO THAXKEJIee [0 YacTh 0D03HAYEHUI — OH Tpe-
OyeT, 9TOOBI MTPOrPAMMBI COMTPOBOK IAINUCH WHCTPYKIusMu fold u unfold Be3ne,
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— 1 Pacwupsaem A, (9.1)
{ \
t = mepmal
fold [T] t ceepmra
unfold [T] t Pa3eepmKa
voou=— ... 3HAYEHUA
fold [T] v ceepmra
T o=... mumnl t] >t
X MUNOBAA TEPEMEHHAA fold [T] t; — fold [T] t}
puX. T PERYPCUSHBIT MUN, (E-FLD)
Hosvie npasuna 8biuucieHus t -t ;
t1 — tl
unfold [T] t; — unfold [T] t}
unfold [S] (fold [T] vy) — vy (E-UNFLD)

(E-UNFLDFLD) Hosvie npasuaa munusauuu

U=pX.Ty Tkt : [X=UTy
I'Hfold [U] t; : U
(T-F1p)

U=puX.T;, DIrt;:U
' unfold [U] t; : [X—TU|Ty
(T-UNrLD)

|

Puc. 20.1. V3opekypcuBHbie TUTBL (ALL)

rIe ymoTpeOsIsiOTCs PeKypCuBHBbIE TUTHI. OIHAKO HA TPAKTUKE 3TH AHHOTAINH
YaCTO MOYKHO <«CIPATATH», CJAUB UX C AHHOTAIMSIME JIpyroro poja. Hampuwmep,
B a3bIkax cemeiictBa ML kaxkmoe onpeenenne datatype HesIBHO BBOJIUT PEKYp-
cuBublii Tun. Kaxnoe ucmonpb30BaHne KOHCTPYKTOPA MU MOCTPOEHUU 3HAYEHUS
KOHKPETHOI'O TUIIA JAaHHBbIX HeABHO BKJIIO4YaeT fold, a KOHCTPYKTOD, UCIOJIb3ye-
MbIil IIpH COLIOCTABJIEHUK C 00Pa3LoM, HessBHO HpuMeHser unfold. Anajiorudto, B
Java kaxkoe ompejesienne KJIacca BBOJIUT PEKYPCUBHBIN TUI, a BBITIOJHEHWE Me-
TOZA 00BEKTA BKJIIOYAET HEABHBIN unfold. 9TO yIadHOE TIEPEKPHITHE MEXAHIU3MOB
JIeJTaeT M30PEKYPCUBHBIHN CTHIb JOCTATOYHO YAOOHBIM /1151 TPAKTHIECKOTO HCITOThb-
30BaHUA.

Bor mpumep NatList B M30peKypCHBHOM BHE. YIO00HO OyIeT CHAJYAJA OTpe-
JeJINTH COKPAIIEHUe /i pa3BepHyToit (popmbr NatList:

NLBody = <nil:Unit, cons:{Nat,NatList}>;

—sourcefile— 307 Rev: —revision—, November 28, 2010



308 20.3. IloaTumer

Teneppr MOxkHO OmpemesntTh nil, mocrpous BapwanT ¢ TunoMm NLBody, a 3arem
cBepHYB ero 70 NatList; cons CTPOUTCS aHATOTHIHBIM 0Opa30M.

nil = fold [NatList] (<nil=unit> as NLBody);
cons = An:Nat. Al:NatList. fold [NatList] <comns={n,1}> as NLBody;

CoorBercrBenno, omnpejeienus onepanuit isnil, hd u t1 Tpebyfor B3saTh NatList
¥ PACCMOTPETDh ero KaK BAPUAHTHBIN THII, YTOOBI 00paboTaTh KaK/Iblii BAPUAHT I10
OTIETHFHOCTH. DTO JEIAETCs MyTeM PAa3BEPTKU apryMeHTa 1:

isnil = Al:NatList.
case unfold [NatList] 1 of
<nil=u> = true
| <cons=p> = false;
hd = Al:NatlList.
case unfold [NatList] 1 of
<nil=u> = 0
| <cons=p> = p.1;
tl = Al:NatList.
case unfold [NatList] 1 of
<nil=u> = 1
| <cons=p> = p.2;

Vupaxuenue 20.2.1 [PEKOMEHIAYETCH, k% |: ITepedpopmyaupyiime nexomopoie
npumepv, us §20.1 (6 wacmmocmu, npumep fizp co c. 302) ¢ ASHLM UCTIOABI0EA-
nuem arnomayuti fold u unfold. Ilposepbme ux ¢ NOMOWDBIO UHMEPTPEMANOPG
fullisorec.

Vupaxuerue 20.2.2 [k%k]: Cdeaatime nabpocox doxazamesvcmea meopem 0 npo-
0BUNCEHUY U COTPAHEHUY OAL USOPERYPCUSHOT CUCTIEMDL.

20.3. Iloarunsi

[Tocenmmit BOTpoc, KOTOPHIt CIEAyeT 0OCYIUTH B TOI IryiaBe, KACAeTCs cove-
TaHUSA PEKYPCHUBHBIX TUIIOB C JAPYTUM, YK€ PACCMOTPEHHBIM, BAaXXHBIM PACIIIpe-
HUEM IPOCTOr0 TUIIM3WPOBAHHOIO JisiMO/1a-ucunciaennss — nogrunamu. Hanpumep,
MIPE/IOI0KIM, 9TO Tull Even siBisercs mogrumnom Nat. Kak m0/mKHbB COOTHOCHTH-
cst tunbl 1X.Nat -> (Even x X) u pX.Even -> (Nat x X)7

IIpome Bcero paccMaTpuBaTh TaKWe BOIMPOCHL, U3ydasd UX «B IIpefesiey, — T.e.
HCIIO/IB3Ysl YKBUPEKYPCUBHOE TOJIKOBAHWE PEKYPCUBHBIX THUIOB. B mpemcrasien-
HOM IIPUMEPE 3JIEMEHThI OOOMX THUIIOB MOI'YT PACCMATPHUBATHLCH KAK IPOCTHIE Pe-
akTuBHble npoueccobl (cp. ¢. 301): HOLyYUB YKCJI0, OHU BO3BPAILAIOT JAPYIOe YuC-
JIO M HOBBIH IIPOIECC, TOTOBBI MOJYINThL UNCy0, 1 T. 4. IIpomeccsr, oTHOCAIIIECS
K [epBOMY THUIY, BCErJa BBIIAIOT UETHBIE UNCIA, & B KAIECTBE apryMEHTOB MO-
TyT IPUHUMATH JI00bIe ducia. IIporeccor, OTHOCAIIHECS KO BTOPOMY THILY, MOTYT
BBIJIABATH IIPOU3BOJIBHBIE YUCJIA, HO BCErIA OXKWIAIOT, YTO UM EPEIaayT IE€THOE
qucso. g nepsBoro tuna JeiictByior 0oJiee KeCTKHe OrPAHUYEHUs HA TO, KAKHe
apryMeHTHI MOTYT OBIThH TiepefaHbl (QYHKIMH, U KaKne Pe3yIhTATHI MOTYT ObITh
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BO3BPaIILEHbl; [I03TOMY Mbl HHTYUTHUBHO IIP€/III0JIaraeM, YTo IepBbIi TUIl ABJIAeTCH
[OJITUIIOM BTOPOIrO. DTH BbIYUCJIECHUS MOXKHO M300PA3UTh CJIEIYIONUM 00pa30oM:

<:
AN S s N
Nat < X o " Even > X
Even — "> Nat >
Nat <" x 7 Even =~ > X
A <. A
Even R > Nat :

Mo>KHO Jiu CIEIaTh 9TO UHTYUTUBHOE PACCYXKaeHrne TOIHbIM? Jla, 9T0 BO3MOXKHO,
KakK MblI YBUIUM B TiaBe 21.

20.4. JlonmosHUTEJbHBIE 3aMEYaHUA

[Mpumenenre peKypCUBHBIX TUIOB B WH(MOPMATUKE BOCXOIUT KAK MUHHMYM
k Moppucy (Morris, 1968). IIx OCHOBHbIE CHHTAKCMYECKME U CEMAHTHYECKHUE
cBoiicTBa (6e3 momrunos) cobpaunst y Kapmone u Konmo (Cardone and Coppo,
1991). O630p cBOICTB GECKOHEYHBIX U PEryJIAPHBIX JepeBbes npusenen y Kypcens
(Courcelle, 1983). OCHOBHBIE CHHTAKCUYECKHE U CEMAHTUYECKUE CBOICTBA PEKYP-
CHBHbBIX TUIIOB 6€3 IIOTHUIIOB ObLIKM yCTaHOBJEHbI B panuux ybiaukanusx FOs (Huet,
1976), a rak:xke Makkyuna, Ilnorkuna u Ceru (MacQueen, Plotkin, and Sethi,
1986). (Eme 6osee panussa crarba Kiona IMepa (Claude Pair), koropast na3sisaer-
ca «O cunrakcuce Anrona 68> («Concerning the Syntax of Algol 68 ), comep:kur,
MTO-BUUMOMY, TIEPBOE TOKA3ATEIHCTBO PA3PEITUMOCTH PABEHCTBA JJIsI SKBUPEKYP-
cuBHBIX TumoB. Opurunas, omybiukoBanubiil B Kypraie «Algol Bulletiny Ne31
3a mapt 1970 roma, Tpyamnomocrynen, oguako Ilbep Jlekan si06e300 npemocTaBmi
JIOCTYTI K OTCKaHupoBaHHOMy (baiiy Ha cBoem BeO-caiire.)

Moppuc (Morris, 1968, ¢. 122-124) nepBbiM 3aMETHUJI, UTO P IOMOIIU PEKYD-
CUBHBIX THUIIOB MOYKHO TIOCTPOUTH TPABUILHO THIIM3UPOBAHHBIN ormeparop fix miis
repmoB (§20.1).

OrHomieHre MeXKy U30PEKYPCUBHON ¥ 9KBUPEKYPCUBHON CHCTEMAME WCCe-
nosasioch Abajsu u @Poope (Abadi and Fiore, 1996). Isa noxxona x dpopmasiusa-
MU PEKYPCUBHBIX THUIIOB TOSIBUJIMCH Y3KE B PAHHUX PabOTax B 9TOM 00JaCTH, HO
XOPOIIIO 3AMOMUHAIOIINECS] TEPMUHBI «U30PEKYPCUBHBIN> U «IKBUPEKYPCUBHBIN»
HNOABUJIMCH Jiuinb HeqasHo y Kpapu, Xapuepa u Ilypu (Crary, Harper, and Puri,
1999).

CcbLIKY Ha JIONOTHUTEIBHYIO JTUTEPATYPY OTHOCHTEIBHO PEKYPCUBHBIX THITOB
¢ TTIOATUTIAMA MOXKHO HaWTH B paszesne 21.12.
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I'maBa 21

MertaTeopusi peKypCuBHbBIX
TUIMOB

B rirase 20 6pwin BBEIEHBI ABA AJbTEPHATUBHBIX MIPEICTABICHUS PEKYPCUBHBIX
THUIIOB: SKBUPEKYPCUBHbBIE THUIIbI, KOTOPbHIE IO OIPE/IEJIEHUI0 SIKBUBAJIEHTHBI CBOUM
pa3BepTKaM, W W30PEKYPCUBHBIE THUIBI, TJ€ SKBUBAJEHTHOCTH SBHO OTMEYAETCS
npu momoru TepmoB fold u unfold. B 310ii rraBe Mbl pa3pabaTbiBa€M TEOPETUYIE-
CKHUe OCHOBAHWUsI [IPOIEIYD IPOBEPKHU TUTIOB [jIsl 9KBUPEKYPCUBHBIX TUIIOB. (Peaju-
3alysi U30PEKYPCUBHBIX TUIIOB JOCTATOYHO HpsiMosiuneiina). Mbr Gyzem paborars
C CHCTEMOii, MO/ IePKUBAIOIIEH OITHOBPEMEHHO U PEKYPCUBHbBIE THUIIbI, U IOATHUIIDI,
MTOCKOJIHKY HA TTPAKTUKE OHU YACTO MUCMONB3YIOTCA BMecTe. CucreMa ¢ SKBUPEKYP-
CUBHBIMU TUTIAMH, HO 0€3 MOITHUIIOB, ObLIa ObI JIUITH HEHAMHOT'O TIPOIIE, TIOCKOIBKY
BCE PABHO HEOOXOIMMO TPOBEPATH IKBUBAJEHTHOCTh PEKYPCUBHBIX THUIIOB.

B rurase 20 mMbl Buziesin, 9TO HOATUIIMPOBAHKUE SKBUPEKYPCUBHBIX THIIOB MOXKHO
WHTYWUTUBHO TIOHUMATH B TEPMHWHAX OECKOHEYHBIX JIEPEBHEB BBIBOIA TOITHUIIUPO-
BaHUsI, OMEpPUpPyOMuXx OeckoHedHbIMU TunaMu. Harmeit 3amadeii Oymer yTOYHUTH
9THW WHTYUTHUBHBIE NOHATHS TMPU TOMOIIH MATEMATHIECKOTO METONA KOUHOYKUUL
(coinduction), u 0603HAYUTH YETKYIO B3aUMOCBA3b MeXK/y GECKOHEYHBIMU Jlepe-
BbsIMU ¥ OECKOHEYHBIMU BBIBOJAMU, C OJHOM CTOPOHBI, © KOHEYHBIMU IIPE/ICTABJIE-
HUSIMH, C KOTOPBIMEA PA0OTAET peasbHBIN aJTOPUTM TOATUITUPOBAHNS, C IPYTO.

Mbr mauneMm B §21.1 ¢ paccMoTpenust 6a30BOi TEOPUH WHIYKTHBHBIX U KOMHILY K-
TUBHBIX OIPE/IEJIEHUH, a TAKXKE CBA3aHHDLIX C HUMU IIPUHIUIIOB JOKA3aTEIbCTBA.
B §21.2 u §21.3 sra ob0mas Teopusi IPUMEHSIETCS K CAYYal0 MOATHUIIOB, W JAIOTCS
OTIpeIe/IeHNsT KaK YK€ 3HAKOMOTO HaM OTHOIEHUS TOATUTHPOBAHNS HA KOHETHBIX
THUMAX, TAK ¥ €r0 KOWH/IYKTHUBHOIO PACIIUPEHWS HA Caydail OECKOHEYHBIX THIIOB.
B §21.4 MbI HECKOJILKO OTKJIOHSIEMCS OT T€Mbl U PACCMATPUBAEM HEKOTOPLIE BO-
LIPOCHI, CBA3AHHBIE C TPAH3UTUBHOCTHIO (KOTOPbIE, KAK Mbl YK€ BUJIEIJIHU, ABJIAIOTCSH
CYLLECTBEHHBIM UCTOYHUKOM TPYAHOCTEH B cucremax ¢ noarunamu). B §21.5 Bbiso-
JSATCS TPOCTHIE AJITOPUTMBI [IJIsT TPOBEPKY MTPUHAIJIEKHOCTH K UHIYKTUBHO W KO-
WHIYKTUBHO ONpPEIeIeHHBIM MHOXKecTBaM; Oosee 3dEKTUBHBIE aJrOPUTMBI PAC-

B sT0ii r1aBe paccMaTpPEBAETCSA MPOCTOE THIMU3HPOBAHHOE JIAMO1a-HCIRCICHIE C TIOATHIIAMHA
(puc. 15.1), tunamu-npoussenerusamu (11.5) U SKBUPEKypPCUBHBIMU TUNAMU. COOTBETCTBYIOIIUN
WHTEPIIPETATOP HA3BIBAETCS equirec.
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312 21.1. Wunyknus o KOUHIYKIIS

cmarpuBaforcs B §21.6. B §21.7 sru asropurMbl IPUMEHSIIOTCS K BAYKHOMY 49aCT-
HOMY CJIy4ai0 HOATUIMPOBAHUS — <«PEryJisipHbIM» OecKoHedHbiM Turnam. B §21.8
BBOJISITCS [i-THUIIBI KAK KOHEYHBIH CITOCO0 3amucu OECKOHEUHBIX TUTIOB, U JOKA3bIBa~
ercs, 4To Gojiee CI0XKHOe (OIHAKO Peajn3yeMoe KOHEYHbIM 00pa30M) OTHOIIEHWE
TMOTUITUPOBAHUS [IJIsI [~-TUIIOB COOTBETCTBYET OOBIKHOBEHHOMY KOWHIYKTHBHOMY
OIIPEIeJIEHUIO IIOATUIAPOBAHMSA i OeCKOHeYHbIX TuioB. B §21.9 mokasbiBaer-
€, 9YTO AJITOPUTM [POBEPKU HOATUINPOBAHUS U1 [~TUIIOB BCEIIA 3ABEPIIACTCH.
B §21.10 3TOT anropuT™ CpaBHUBAELTCS C OPYTUM, pazpaboTanubiM Amaano u Kap-
nesun. B §21.11 kpaTko 00CYKIaI0TCS W30PEKYPCUBHBIE THUIIHI.

21.1. Waaykiud u KOUHIYKITAA

HomyctuM, Mbl  3aUKCHPOBATIN  HEKOTOPOE YHUBEPCAALHOE MHONHCECTMEO
(universal set) (unm ynusepcym) U B KagecTBe 00IaCTU PACCMOTPEHUS 715 HAIIUX
WHIYKTUBHBIX W KOWHIYKTHUBHBIX ONpejeseHuil. U mpencraBiser coboit MHOXKe-
CTBO «BCeX Belleil B Mupes. Pojib WHIYKTUBHBIX U KOWH/IYKTUBHBIX ONPEIETeHU
OyJer 3aKJII04aTbCs B TOM, 4T00bI BbIGpaTh HEKOTOpOE noaMuoxecrso U. (B gasib-
HeifeM B KadecTBe U MBI OyIeM WCIOJIH30BATH MHOXKECTBO BCEX Map THIOB, TaK
9TO TIOAMHOXKECTBA U OyayT oTHOMEHnsME Ha, Tunax. OJHAKO IS TEKYIIero oo-
CY2KJIEHUSI HaM TOZOH/IET IPOU3BOJILHOE MHOKECTBO U.)

Ompezmenerne 21.1.1 Pynxyusa F € P(U) — P(U) monoronna (monotone), ecau
us X €Y caedyem, wmo F(X) € F(Y). (Hanomnum, wmo P(U) — mnoscecmeo
6cex nodmmosicecms U.)

B manbreitmem MbI peanosaraeM, 9to ' — HekoTopast MOHOTOHHAS (DYyHKITHS
Ha P(U). Mbr uacro Gyuem nasbiBarb F' nopoorcdaroweti dynkyued (generating
function).

Onpenenenue 21.1.2 [Tycms X — nodmmoorcecmeo U.
1. X asasemesa F-3amxuytbiv (F-closed), ecau F(X) € X.
2. X asasemes F-xoucucrentuniv (F-consistent), ecau X € F(X).

3. X asasemes HeMOABUKHOM Toukoi (fized point) F, ecau F(X) = X.

B stux onpenenenusix ya06HO pacCMaTPUBATE 3JIEMEHTHI I KaK HEKOTOPOTO PO-
Ja YTBEPZKICHU A NJIN BbICKA3bIBAHUA, a F— KaK OTHOIIICHHUE <<O6OCHOB&HI/I$I>>, KOTO-
poe, NoJIydas HEKOTOPOE MHOYKECTBO BbICKA3bIBAHUIl ([IPEIIIOCHLIKY), TOBOPUT, Ka-
KHe yTBepKIeHus (3aK/II0UeHUs) U3 HUX CJeLyoT. B TakoM ciyuae, F-3aMKHY THIM
ABJIAETCA TaKO€ MHOXKECTBO, KOTOPO€ HEBO3MOXKHO YBE/IUYUTD, ,HO6ELB.T[H5{ JJIEMEH-
TbI, 0OOCHOBAHHBIE C IIOMOIIBIO ' — 3TO MHOXKECTBO y2K€ COMEPKUT BCE 3aKII0Te-
HUsI, KOTOPbIE MOYKHO CIEJIATh U3 €ro WIEHOB. F-KOHCUCTEHTHOE MHOYKECTBO, CO-
OTBETCTBEHHO, «CAaMOODOCHOBAHO»: KaXKJ0€e YTBEPKICHNE B HEM 0OOCHOBAHO JPY-
THMH YTBEPXKIACHUAMH, KOTOPbIE TaKzKe€ ABIAIOTCA €ro 4jIeHaMH. HeHO,ZLBI/I)KHaH
Touka F' — MHO>KEeCTBO, OAJHOBPEMEHHO 3aMKHYTO€ U KOHCUCTEHTHOE: OHO BKJIIOYa-
er Bce 00OCHOBaHMSA, TPEOYEMbIE €0 UJIeHAMH, BCE 3aKII0YEHHsI, KOTOPbIE CJIEIYIOT
U3 ero 4JIEHOB, M HUYEro HoJee.
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Mpumep 21.1.3 Paccmompum caedyrowyro nopostcdarowyro GyHKyuo Ha mperaae-
MEHIMHOM YHUBEPCAAbHOM mHodicecmee U = {a, b, c}:

Ef(@) = {¢ E({ab}) = {c}
Ei(fa}) = {c} Ei({a,c}) = {b¢}
Ei({p}) = {c¢t  Ei({b,e}) = Hab,c}
El({c}) = {b7 C} El({a’vb’ C}) = {avb’ C}

Hmeemea moavko odno Eq-zamrnymoe mmooicecmeo {a,b,c} u uemwpe
E1 -xoncucmenmmunix mnoorcecmea — &, {c}, {b,c}, {a,b,c}

Ey mooicno wommnaxmno npedcmasums nabopom TPABHI BBIBOIA (inference
rules):

Kaorcdoe us smux npasus ymeepaicdaem, 4mo ecau 6ce saemenHmo, Had wepmoti
6200AM 8 UCTOOHOE MHOHCECTNBO, TO INEMEHIT T00 YepmOoT 8LOOUT 6 PE3YNbINU-
pyrouLee MHOAHCECMBO.

Teopema 21.1.4 [KHACTEP-TAPCKUI (TARSKI, 1955)]:

1. Ilepeceuenue scex F-3aMEHYMBLLT MHONHCECTNE ABAALTNCA HAUMEHDULET HENO-
deustcrotli moukot F.

2. Obsedunenue 6cex F-KoHCUCMERMHDIT MHONCECTNE ABAACNCA HAUOOALWET
nenodsuscroti moukot F.

Joxasamenvcmeo: Mu paccmampusaem moavko wacmo (2); wacmo (1) dokaswvi-
saemcs cummempuunvim obpazom. Iyemsv C = {X | X € F(X)} ecmw co-
soxynHocmy ecex F-xoncucmenmuur mrnoscecms, u nycmsv P ecmv obsedune-
HUE BCET MAKUTL MHOdCecms. Yuumwieas, wmo F monomonna, u wmo das 6cs-
K020 X € C mow 3naem, wmo X F-xoncucmenmmuo u wmo X < P, noayuaem
X € F(X) ¢ F(P). Caedosamenvrno, P = |Jy.e X S F(P), m. e., muoorce-
cmeo P F-xoncucmenmmo. Boaee mozo, ucrods us onpedesenus, P — nauboasvuiee
F-xoncucmenmmuoe mroosrcecmeo. Crosa ucnoav3ys monomornrocms F, noayuwaem
F(P) < F(F(P)). 9mo osnauwaem, no onpedeaenuro C, wmo F(P) € C. Cae-
dosamenavno, Kax u 0 1106020 waena C, umeem F(P) S P, m. e., P asasemcs
F-samxnymom. Mo, yemanosuau, wmo P — nauboarvwee F-koncucmenmmoe mHo-
orcecmeo, u wmo P — nenodeuoicnan mouwka F'. Taxum obpazom, P — naubosvwan
HENOJBUNCHAA TMOWKQ.

Oumpegmenerue 21.1.5 Haumenvwas nHenodsusicuas movka F 3anucweaemcs 6 6u-
de pF. Hauboavwas Henodeusicnas mouka F 3anucvieaemcs 6 sude VvF.

Ipuvep 21.1.6 /Jaa eviwenpusedennoli nopostcdarouteti pyurkuyuu Fp  umeem
wEy = vE, = {a,b,c}.

Vupaxuernue 21.1.7 [%]: Jonycmum, nopoocdarowasn gynryus Es das ynueepcy-
ma {a, b, c} onpedeasemca caedyrowumu NPaBUAAMY 651600G:

c a b

—sourcefile— 313 Rev: —revision—, November 28, 2010
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S6HO 6BINUWUME MHONHCECTNBO NAP, COCMABASOUWUTL omuowenue FEo, xak
Mo amo npodeaaau eviwe das FEi. Ilepeuucaume ece Fs-zamknymovie u 6ce
Es-koncucmenmmuvie muoosicecmea. demy pasuv, pFo u vEo?

3ameTuM, 9TO0 MHOXKECTBO i F camo mo cebe F-3aMKHYTO (C/1e10BaTeIbHO, OHO
ABJISIETCA HAUMEHBIITUM F-3aMKHYTHIM MHOYXKECTBOM), & VF F-KOoHCHCTEHTHO (CJie-
JIOBATEJILHO, OHO $IBJISETCH HAWGOJBbIIUM F-KOHCUCTEHTHBIM MHOXKECTBOM). DTO
HaOJIIO/IEHNE JIaeT HaM [1apy OCHOBOIIOJIATAIONIUX CIIOCOOOB PACCY K IEHMS:

CneznctBue 21.1.8 [u3 21.1.4]:
1. Ipunyun uwnoykyuu: Ecau X asasemca F-3amxnymom, mo pF € X.

2. Hpunyun xoundyxyuu: Ecau X asasemcesa F-woncucmenmmoim, mo X C
vF.

NHTYWTHBHO 3TV TPUHIUNBI MOYXKHO ODOCHOBATH TAK: MHOMXKECTBO X — 3TO TIpe-
JIMKAT, OMPEIEJCHHBIH CBOMM XAPAKTEPUCTUIECKUM MHOXKECTBOM — IOIMHOXKE-
ctBOM U, A1 KOTOPOTO TpeaukaT BepeH. [lokazars, 91o cBo#cTBO X BBITOTHSAETCS
JIJTsl HEKOTOPOTO JIEMEHTA T — TO YK€ CAMOE, 9TO MOKA3aTh, YTO T MPUHAIEKUAT
muoxkecTBy X . [IpuHIMI HHYKIIMU POBOPUT, YTO BCAKOE CBOHCTBO, XaPAKTEPUCTH-
YECKOE MHOXKECTBO KOTOPOTO 3aMKHYTO OTHOCUTEIbHO F (T.e. F' coxpaHsaeT CBOii-
crBo X ), BEPHO JjIs BCEX JIEMEHTOB WHIYKTUBHO OIPEEJ€HHOrO MHOXKeCTBa (F .

CoOTBETCTBEHHO, TNPWHIWI KOWHAYKIIWW ITO3BOJISIET MPOBEPUTH, MTPUHAIJIE-
JKUT JIH & KOUHIYKTUBHO OIpeeIeHHOMY MHOXKecTBy VF. UToObl moKa3arh, 910
r € vF, mocratouHo Haiitm MHOXKecTBO X Takoe, uto * € X m X sABIseTCs
F-xoucucrentasivM. HecMOTpst HA TO, YTO KOWHIYKIHS HECKOJIBKO MEHEe W3BECTHA,
9eM WHIYKIWS, TPUHITUT KOWHIYKIINA UTPAET BAXKHYIO POJIb BO MHOTHX O0JIACTIX
nH(MOPMATHKA; HAPUMED, OH SBJISIETCS OCHOBHBIM MPUEMOM TOKA3ATE/ILCTBA B
TEOPUAX MAPAJIIEIN3Ma, OCHOBAHHBIX HA bucumyassyuu (bisimulation), a Takxke
JIEXKUT B OCHOBE MHOI'MX aJIrOpUTMOB npogepru modeseti (model checking).

[IpuHIMIbI MHAYKIMY U KOMH/LYKIUH [ITUPOKO IIPUMEHSIOTCs B 91O riiase. Mbt
HE BBIMUCHIBAEM KAXKJI0€ WHIYKTUBHOE PACCYKIEHIE B BUIE MOPOXKIAOMNX (DyHK-
Wil ¥ MPEINKATOB; HATIPOTUB, MbI JJI KPATKOCTH 33a9aCTYIO UCIOIb3yeM yKe U3~
BECTHBIE HAM WHCTPYMEHTbBI, HAIIPUMED, CTPYKTYPHYIO WHIYKIN0. KOWHIyKTUB-
HbIE AJITOPUTMBI M3JIATAI0TCA MOIPOOHEE.

Vupaxuernue 21.1.9 [PEKOMEHAYETCH, % * *|: Ilokaorcume, wmo npunyuns
00vLKEHO6EHHOT, UHOYKUUY HA HAMYPAALHUT wuciaz (2.4.1), a maxsice aexkcukozpa-
Puneckol UHOYKUUU NO NAPAM HATNYDAALHOLT wuces (2.4.4) caedyom u3 npunyuna
undykyuu 21.1.8

21.2. KoHeuyHbIe U DECKOHEYHBbIE TUIIbI

Mbl HaMepeHbI KOHKPETH3MPOBAThH OOIIMe OIpeeseHist HanbOoJIbIell Hero-
JIBUZKHON TOYKYM M KOWHYKTUBHOTO METOMA NOKA3ATETbCTBA MOAPOOHOCTAMH, OT-
HOCAIUMHUCS K noarunuposanuio. OaHako cHadana tpebyercs HopManbHO MOKa-
3aTh, KAK MOXKHO PACCMATPUBATDL TUIILL B BUJE /IEPEBbEB (KOHEUHBIX MO0 GECKO-
HEYHBIX).
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Jljist KpATKOCTH B 3TOH NIaBe Mbl HMEEM JIEJI0 TOJBKO C TPEMsi KOHCTPYKTOPAMHU
TunoB: —, X u Top. Mbl upejcrasiisiem Tuiibl Kak (BO3MOXKHO, GECKOHEUYHbIE) Jiepe-
Bbsi, YU BEPITUHBI TOMEYEHBI OMHUM U3 TPEX CUMBOJIOB: —, X uyu Top. Onpenese-
HU$ TIOJOTHAHBI K HAIMMM KOHKDETHBIM MOTPEOHOCTSIM; U3JI0KEHNE 00IIell Teopun
GECKOHEYHBIX [TOMEYEHHBIX JepeBbeB MoxkHO Haiitu y Kypcens (Courcelle, 1983).

Mbr ucnosnb3yem 3anuch {1,2}* mius 0603HaYEHHsT MHOXKECTBA [IOCJIEA0BATEI b
HOCTEH, COCTOSAIUX W3 €JUHUIL U JIBOeK. HarmoMHuM, 9T0 IycTasi MoCaes0BaTeib-
HOCTb M306PasKaeTCsl 3HAKOM o, a 3alich i° o3nauaer k xomuil i. Ecimm 7 1 0 —
TOCJIEIOBATEILHOCTH, TO 7,0 0003HAYAET KOHKATEHAINIO T U O.

Onpenenenme 21.2.1 JIpesosuanbiii Tun (tree type)' (uau npocmo nepeso, tree)
ecmsv wacmusnas ynrkyus T e {1,2}* — {—, x, Top}, ydosaemeoparowasn caedy-
OULUM 02ZPAHUMEHUAM.

e T(e) onpedesena;

e ecau onpedesena T(m, o), mo onpedesena u T(m);

e ccau T(m) =—, aubo T(w) = x, mo onpedeaenv, T(mw,1) u T(m,2);
e ecau T(m) = Top, mo T(m,1) u T(m,2) ne onpedeaeroL.

pesosudnnii mun T koueueH (finite), ecau xonewen dom(T). Mnooicecmeo ecex
OPEBOBUIHBLL MUNOE 0003HAUAEMCA CUMBOAOM T ; NOOMHONCECTNEO KOHEUHBLL MU-
nos sanucwvieaemca Kax Tf.

Hna ynobersa 3amucu Top Oymer o3uadarh gepeso T, rae T(e) = Top. Ec-
qu Ty m To — mepeBbs, TO TyXTy 0OOO3HATAET TAKOE HIEPEBO, MIJis KOTOPOTO
(TyxTy)(e) = x, a (TyxTo)(i,m) = Ti(m); T1—T2 obo3HaYaeT JEpeBo, s
koroporo (TqxTy)(e) =—, a (Ty =T2)(i,7) = Ti(m), ana ¢ = 1,2. Hanpu-
mep, (TopxTop) —»Top obo3nadaer KOHEUHBIN JpeBOBuHbIA Tun T, oupesesse-
Mbiil dyukumeii, gawormeit T(e) =—, T(1) = x u T(2) = T(1,1) = T(1,2) = Top. C
TTOMOIIBI0 MHOTOTOYUN MbI HE(DOPMAIHHO ONMUCHIBAEM OECKOHEYHbBIE IPEBOBUIHBIE
tunel. Hanpumep, Top— (Top— (Top—...)) coorBercTByer Tumy T, y KOTOPOro
T(2%) =— ana Beex k = 0, a T(2%,1) = Top s Beex k > 0. DTu cornamenus
[oKa3aHbl Ha puc. 21.1.

MHO0XeCTBO KOHEUHBIX JTPEBOBUIHBIX THIIOB MOKHO DOJIee KPATKO OMPEIe/UTh
IPAMMATUKOMN:

T == Top
TxT
T-T

®opmasnbao, Ty — HaMMeHbIIAd HENOJBUKHAA TOYKA HOPOXKIaromieil (yHK-
W7, 337aBAEMO IIPU MTOMOIIY [PAMMATHKHI. ¥ HUBEPCYMOM 3TO# IOPOXKIAIONIei
(byHKIlI/II/I CJIy2KUT MHO?KECTBO BCEX KOHEYHbIX U 6eCKOHe'~IHbIX JePEBLEB, YbU BEP-
MIMHBI TOMEYEHBI CUMBOJIaMu Top, X u — (T.e€., MHOMKECTBO, IOJIyuYeHHOe 0000-
mieruem onpegesenns 21.2.1 yepe3 orGpacbiBaHue JAByX MOCAeAHUX ycjaoBuii). Bee

1BripaskeHne «IpeBOBUIHBIN THII» BBEITJISAINT He CJIHIIKOM KPACHBO, OJHAKO €ro Oy/ieT o4eHb
VI06HO UCTIOTB30BATE, KOT/A B §21.8 MBI GymeM 06CYKAaTh aIbTePHATHBHOE MPEICTABICHUE De-
KyPCHUBHBIX THIIOB B BH/|¢ KOHEIHBIX BBIPAKEHHH, COLEPIKAIMX CUMBOJ L ((-THIBL).
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— —
1 2 1 2
(TopxTop) —»Top o / \Top Top/ \_) Top— (Top— (Top—. .
1
N RN
Top Top Top —

/e
Top

Puc. 21.1. Ilpumepsl ApeBOBUIHBIX THUIIOB.

MHOXKECTBO 7 MOKHO IIOJIYYUTh M3 TOH K€ caMOi IMOpoXKaromei pyHKIUU, B3sIB
HanOOJIBIIYI0 HEMOIBUAKHYIO TOYKY BMECTO HAWMEHDIIEH.

Vupaxuenue 21.2.2 [PEKOMEHJYETCH, k% |: Passusas udeu, usaodicennvie 6
npedudyuem absaue, mpedaoocuime yrusepcym U u moposcdarwyro Gyrryuo
F e P(U) —» PU) marue, 4mobo, MHONHCECMBO KOHEUHBLT OPE6OSUIHBLL MUNOE
6b110 Haumenvbwel HenodeusicHol moukod F, a mmoocecmeo ecex dpesosudmvr
munos T — nauboavueld nenodeuscnot moukol F.

21.3. Iloarunsl

Mbr omnpe/iesisieM OTHOIIEHUS [MOJITUIIMPOBAHUS JIJIsi KOHEYHBIX JPEBOBU/IHBIX
THUTIOB U I IPEBOBUIHBIX THUIIOB OOIIErO B3 KaK, COOTBETCTBEHHO, MIUHUMAJIb-
HYIO U MAKCUMAJIbHYIO HETTOIBUKHBIE TOUYKNA MOHOTOHHBIX (DYHKIIAN HA HEKOTOPBIX
yHuUBepcyMax. B ciiyuae moaTUNUpOBAHUS I KOHEYHBIX JIPEBOBUIHBIX TUIIOB B
Ka4ecTBe YHUBEPCYMa BBICTYNAET MHOXKECTBO T X Tf 1ap KOHEUHBIX JPEBOBUIHBIX
THUIIOB; HAIIA MOPOXKIaiomas (PyHKINUA OyaeT O0TOOpaKaTh IMOAMHOXKECTBA ITOTO
yHUBEpCyMa (TO eCTh, OTHOIEHNS Ha T) Ha Ipyrue TOAMHOMKECTRA, W HEMOIBIIK-
HBIE TOYKN 3TOH (DYHKIMN TakkKe OyIyT OTHOMeHUAMY Ha T¢. B cayvae moxrnmnm-
POBaHUs JJisi TIPOU3BOJILHBIX (KOHEUHBIX UJIU GECKOHEUHBIX) JIEPEBLEB YHUBEPCY-
MoMm Oyzer T x T.

Onpezienerne 21.3.1 [KOHEYHOE NMOJATUIIMPOBAHUE]: /Jléa koneunwr Opeeo-
6udnoir muna S u T HATOOAMCA 6 OMHOWEHUU NOMUNUPOSAHUL («S ABAALTNCA
noomunom T»), ecau (S, T) € Sy, 2de monomonnas dynxyua Sy € P(Ty x Tf) —
P(T; x Ty) onpedeanemea max:

Sy(R) {(T, Top) | Te Ty}
{(Sl X 527 T1 X TQ)

| (81, T1), (82, T2) € R}
{(851 = 8,1 —» Ty) |

V)
U (T1,51),(S2, T2) € R}

Ima nopowcdmou;aﬂ (ﬁymcu,tm 6 MOYHOCTU 8blpaXcaem 3HaveHue 00BL4H020 onpe-
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21.3. Iloarumbr 317

desenus OMHOWEHUA NOOMUNUPOBAHUS Yepe3 HabOP NPasus 6b1600a:

T <: Top

S <:' Ty Sy <: T
S1XSy <: T1xTy

T, <: 5 Sy <: Ty
S1—Sy <: Th—Ts

Ymeeporcdenue S <: T nad uepmoti 60 6MOPOM U MPEMBEM TIPABUALT CACOYE
wumams kax <ecau napa (S, T) exodum e apeymenm Sy», a nod wepmol — KoK
«mo (S, T) exodum 6 peaysvmams.

Onpezenerve 21.3.2 [BECKOHEYHOE TIOJTUTIMPOBAHUE]: Jl6a (koneunwx au-
60 beckoneunnr) opeeosudnor muna S u T HATOOAMCA 6 OTNHOWEHUU NOJTNUTIU-
posarua, ecau (S, T) € vS, ede S € P(T x T) — P(T x T) onpedeanemca max:

S(R) = {(T,Top) | TeT}
V) {(Sl X SQ, Ty X TQ) | (51, Tl), (SQ, Tg) € R}
U {(Sl — S9, T} — TQ) | (Tl,Sl), (52, T2) € R}

3aMemum, umo npe@cmae/beﬂue 2M020 OMHOWEHUA 6 Gude npasun 66000 MOUHO
maxoe oJce, Kak ons BmwenpusedeHHoeo UHameUBHOZO OMHOWEHUA; U3MEHEHUA
COCTMOAMM MOADBKO 6 MTMOM, YN0 Mbl PACCMATMPUBALEM boaee wupomni YHUBEPCYM
munoe, u 6Mecmo HAUMEHbULET 6'bt6upa€.M, ’HGU60./way'IO Henodeuwcnym movwry.

Vupaxuenue 21.3.3 [%]: Iloxaorcume, wmo vS ne cosnadaem co ecem T x T, npu-
6eds npumep napu (S, T), ne aescawet 6 vS.

Vupaxuenue 21.3.4 [k]: Cywecmeyem au napa munos (S, T), ceasannas omo-
wenuem vS, no ne uS? A napa munos (S, T), céasannas ommowenuem vSy, Ho
ne Sy ?

Cnenyer cpa3y mpoBepuTh 6A30BOE CBOMCTBO OTHOINEHUS MOATUIUPOBAHUS HA
GECKOHEYHbIX JIPEBOBU/IHBIX TUIIAX — TpaH3urusBHOCTb. (B §16.1 Mbl yke Buje-
JIM, 94TO MOATUIIUPOBAHUE HA KOHEYHBIX TUTAX TPAH3UTUBHO.) Ecim Obl oTHOIIE-
HU€ TOATUNUPOBAHUS He OblA0 TPAH3UTUBHBIM, HEMEJIEHHO OBLJIO OBl yTPAdeHO
KpaifHe BayKHOE CBONCTBO COXPAHEHUS TUIIOB IIPU BhIUUCICHAU. ITOOBI yOeIuThCs
B 3TOM, IPEJANOJIOZKUAM, 4TO uMeroTcd Tunbl S, T u U, takue, uto S <: T, T <: U, HO
meBepHO, ut0 S <: U. Ilyctp s — 3navenue tumna S, a £ — byuxkuusa tuna U—Top.
Torga mmst tepma (Ax:T. f X) S MOYKHO HAWTHU THUIT, YIOTPEOWB TTPABUJIO BKJTIO-
YeHWS OWH Pa3 I KaxKJ0r0 MPUMEHEHNST, OTHAKO 33 OJWH IIar OH MEePEXOIUT B
HEBEPHO TUMHN3UPOBAHHBIN TepMm f s.

Ompezenerne 21.3.5 Omuowenue R © U x U tpan3uTuBHO (transitive), ecau
OHO 3AMKEHYMO omHocumesvro monomonnot gynkyuu TR(R) = {(z,y) | Iz €
U.(z,2),(z,y) € R} —m. e, ecau TR(R) € R.
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318 21.3. Iloarumer

Temma 21.3.6 IIycmo umeemes monomonnas gynkuyus F € P(U x U) — PU x
U). Ecau TR(F(R)) € F(TR(R)) daa amobozo R € U x U, mo omnowenue vF
MPAHIUMUEHO.

Loxasameavcmeo: Hockoavky VvF asasemca nenodeuscnoti mowkot, mo vF =
F(vF), a omcroda TR(VF) = TR(F(vF)). Caedosamenvho, cozaacro npednono-
orcenuro aemmvt, TR(VEF) € F(TR(VF)). Apyeumu caosamu, omuowenue T R(VF)
F-xoncucmenmmo, a caedosameavro, no npunyuny xoundyxuyuu, TR(VF) € vF.
Hocaednee ymeseporcdenue no onpedeaeruro 21.3.5 IK6UBAAEHMHO MPAHIUMUEHO-
cmu vE.

JokazarenbcrBo Toi JeMMbl HAIIOMUHAET TPAAUUMOHHBIA METOJ, KOTOPbIM
YCTAHABIUBAIOT W30LITOYHOCTD MPABUJIA TPAH3UTUBHOCTH B CHCTEMAX JIOTHYE-
CKOTO BBIBOZA. DTOT METOJ, YaCTO HA3BIBAIOT <«J0KA3AMEALCNEOM NOCPEICTNEOM
yempanenus cevenutdi» (cut elimination proofs) (cm. §16.1). Yeaosue TR(F(R)) <
F(TR(R)) cooTBeTCTBYET KIIOYEBOMY IIAI'Y B TAKHUX JOKA3ATEIBCTBAX: ECIIN JIAHO,
YTO HEKOTOPOE YTBEPKIECHHUE BHIBOAMMO IIyTEM HUCIIOJIb30BAHUS HEKOTOPBIX YTBED-
XKaenuit u3 R, npumenenus npasui u3 F', a 3arem npasusia rpansurusaHoctu T R,
TO MBI OKA3bIBAEM, YTO MOXKHO TaKK€ U3MEHUTD MOPSIIOK MPUMEHEHUS TPABUIT —
CHAYAJIa, WCIOJIb30BAThH MPABHUJIO TPAH3UTUBHOCTH, a 3areM mpaswuia u3 F. C mo-
MOIIBIO 9TOM JIEMMbI Mbl YCTAHABIMBAEM TPAH3UTUBHOCTH OTHOIIEHUS OATUIIUPO-
aBHMUSI.

Teopema 21.3.7 Ommnowenue vS mpaH3umueHo.

ZHoxazameavcmeo: Coznacho aemme 21.3.6, docmamouno nokazams, 4mo
TR(S(R)) < S(TR(R)) daa arbozo R < T x T. Ilyemv (S, T) € TR(S(R)).
Coznacno onpedeaenuro TR, cywecmsyem wexomopud mun U € T makod, wmo
(S,0),(U, T) € S(R). Ham nyscno noxazams, wmo (S, T) € S(TR(R)). Paccmom-
PuM 603M0xHCcHBLEe Phopmot U.

Bapuanwm: U= Top

Hockoavry (U, T) € S(R), uz onpedesenusn S caedyem, wmo T doasicen pagHAmbCsa
Top. Odnaxo (4, Top) € S(Q) daa awobwx A u Q; 6 wacmuocmu, (S, T) = (S, Top) €
S(TR(R)).

Bapuanm: U=U; x Uy

Ecau T = Top, mo (S, T) € S(TR(R)), xax 6 npedudywem sapuarme. B npomus-
nom cayuae, us (U, T) € S(R) caedyem, wmo T = Ty x To, npusem (Uy, T1), (Uz, Tz) €
R. Ananaoceuuno, us (S,U) € S(R) caedyem, wmo S = S; X Sy, npuuem
(S1,01),(S2,Uk) € R. Cozaacuo onpedesernuro TR, umeem (S1,Ti),(S2, Te) €
TR(R), omxyda no onpedesenuro S caedyem, wmo (S x So, Ty X To) € S(TR(R)).

Bapuanwm: U=U; — Uy
Ananozuuno.

Vupaxuernue 21.3.8 [PEKOMEHAYETCH, k% |: [loxascume, wmo omuowenue noo-
MUNUPOBAHUA 1A DECKOHEUHBLL 0EPEELAT MAKN’CE PEPACKCUCHO.

B crenyiomem paszene mbl mpogosiKaeM OOCYKIATh TPAH3UTHUBHOCTH, CPaB-
HHUBagd [OJXO0J K Hell B CTaHJAPTHBIX OINUCAHUAX KOHEYHbIX TUIIOB U B HallleM Te-
[IE€PEITHeM M3JI02KEHUU TEOPHUH IIOATUIIOB [J1si DECKOHEYHBIX [IPEBOBHU/IHBIX THIIOB.
[Tpu mepBOM YTEHWU 3TOT PA3IES] MOKHO MPOMYCTUTE WU OETJIO TPOCMOTPETH.
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21.4. OrcrynyieHue O TPAH3UTUBHOCTHU

B riase 16 mbl y3uasu, aro crangaprabe GOpMYyIuPOBKY HHIYKTUBHO OIpee-
JITEMBIX OTHOITIEHWH TOATUTTHPOBAHNS, KAK MMPABUJIO, U3JIAral0TC B IBYX (hOpMax:
dexnapamueroe TTPeICTaBIeHNE, OMITUMUA3UPOBAHHOE C TOYKW 3PEHUST YNTAEMOCTH,
U aazopummudeckoe, KOTopoe Oojiee NN MeHee HANPSMYIO COOTBETCTBYET DeaJiu-
3anuu. B mpocThIx cucTeMax 3TH JBa MPEICTABIEHUS JOCTATOYHO TOXOXKH JAPYT
Ha Apyra; B 60Jee CI0KHBIX OHU MOTYT CYIIECTBEHHO PA3/IMYaThCH, U [TOKA3ATEb-
CTBO MX 9KBUBAJEHTHOCTU MOxer Obirh Hempocroi 3auadeii. (IIlpumep sroro Mot
YBUIUM B IJIaBe 28; CyMIECTBYET TAK¥Ke MHOYKECTBO JIPYIHX MPUMEPOB.)

OxHO U3 HAMOOJIEE CYIIECTBEHHBIX PA3INIUN MEXKY AEKIAPATUBHBIMA U aJIrO-
PATMUYECKUMHU TPEACTABICHUSIMA COCTOUT B TOM, YTO B JEKJIAPATUBHBIX PE-
CTaBJICHUSX COMEPIKUTCH $SBHOE MPABUJIO TpaH3uTuBHOCTH — ecau S <: U u
U<: T, 108 <: T, — a B aJIFOPUTMUYECKUX €r0 HeT. DTO MpaBmyio Gecroses-
HO JIJIsT aJITOPUTMA, TIOCKOJIbKY IJIsi €ro MPUMEHEHWSI TTPU BBIBOIE MPUIILIOCH OBbI
yragasiBaTh U.

B nmexjapaTuBHBIX CHCTEMAaX TPABUJIO TPAH3UTUBHOCTY BBIMTOIHSAET JBE MOJIE3-
wble pyHKIUH. BO-MepBhIX, OHO C 0YE€BUIHOCTHIO MOKA3BIBAET YUTATEIIIO, ITO OTHO-
[IIEHUE [TOITUIINPOBAHNUS IeHCTBUTEIHHO TPAH3UTUBHO. BO-BTOPBIX, IPaBUIIO TPaH-
3UTUBHOCTH YaCTO II03BOJISET LPOIIE U IPUMUTHUBHEE CHOPMYIUPOBATH JPYyIHe
MPaBUJIA; B AJITOPUTMUYECKUX MTPEICTABJIEHUSX TPUXOIUTCS COYETATH ITH MPOCTHIE
MPABUJIA U TOJIyIaTh TSAXKETOBECHBIE METAPABUIIA, YTOOBI YIECTh BCE BO3MOKHBIE
KOMOMHAIMY MPOCTHIX Tpasui. Hanpumep, eciiu B cucreme eCTh TPAH3UTUBHOCTD,
TO MPABUJIA «[IOATUITUPOBAHUS B TUIyOMHY > [JIs1 TIOJIEll 3aIIUCEH, «IOATUINPOBAHUS
B LIUPUHY » IIyTeM /100aBI€HN HOBBIX 1TOJIeH U «IIePECTAHOBKM» 110JIeil MO2KHO BBO-
JWUTH 10 OTAENHHOCTH, YTOOBI WX OBLIO TPOIIE TIOHSATh; MBI CIAejaau Tak B §15.2.
Be3 Tpam3uTuBHOCTH MPUXOAUTCS OOBEIUHATH BCE TH TPU MPABUJIA B OTHO, YUM-
THIBAIOIIEE OTHOBPEMEHHO TJIyOUHY, IMUPUHY U MEPECTAHOBKY, KAK MBI 9TO C/I€/IAJN
B §16.1.

Jlo HEKOTOpOil CTENeHN yIUBUTEIbHO, YTO CAMa BO3MOXKHOCTH IIOCTPOHUTDH JI€-
KJIADATUBHOE IIPEJCTABJIEHUE C I[PABUJIOM TPAH3UTHUBHOCTH OKA3bIBAETCHA CJIEJ-
CTBHEM «TPIOKA», KOTOPBINl MOXKHO TPOIENIATh C WHAYKTUBHBIMU, HO HE C KOMHIYK-
TUBHBIMU ONpeIeeHuAMU. ITOOBI MOHATH MPUIUHY ITOTO, 3AMETUM, YTO CBOWCTBO
TPAH3UTUBHOCTH €CTHh C80UCMB0 3aMbKAGHUSL — OHO TPEOYeT, YTOOBI OTHOIIEHHE
MMOATUNIUPOBAHUS OBLIIO 3aMKHYTO OTHOCHUTEIBHO MPABUJIA TPAH3UTUBHOCTH. TaK
KaK OTHOMIEHWE MOATUIIMPOBAHUSA JIJIsi KOHEYHBIX THUIIOB CaMO IO ceDe Oorpe/iesis-
eTCs KaK 3aMBIKaHWEe OTHOCHUTEIHHO HEKOTOPOrOo HAOOpA MPABUJI, TO 3aAMBIKAHS
TPAH3UTUBHOCTH MOYKHO TOOUTHCS, TPOCTO JOOABUB €ro K Habopy mpaBuii. TakoBO
obI1iee CBOWCTBO MHIYKTUBHBIX ONPEIETEHUN U CBONCTB 3aMbIKAHUS: 00bEINHEHIE
JBYX HAOOPOB TPaBWUJI, OyAydn MPUMEHEHO WH/IyKTUBHO, OPOXK/IaeT HANMEHbIIIee
OTHOIIIEHUE, 3AMKHYTOE OTHOCUTEJIHHO 000nX HAOOPOB MPAaBUJI, B3ATHIX 110 OT/IE/Ib-
HOCTU. DTO CBOMCTBO MOXKHO ChOpMyanpoBarh 00jee abCTPAKTHO, B TEPMUHAX
TTOPOXKJAIONINX (DYHKITHH:

VrBepxnenue 21.4.1 Jlonycmum, umeromces monomownwe pynkyuu F u G, u
nyemo H(X) = F(X) v G(X). Toeda ptH — naumenvuee MHOIHCECMBO, KOMO-
poe odnoepemento F-zamrnymo u G-3amrnymo.

—sourcefile— 319 Rev: —revision—, November 28, 2010



320 21.5. IlpoBepka MpHHAAIEIKHOCTH

Loxazameavecmeo: Bo-nepsux, nokasicem, wmo pH 3amknymo ommocumesvro F
u G. Ilo onpedenenuro, pH = H(puH) = F(pH) v G(pH), max wmo F(pH) € uH
v G(uH) < pH. Bo-emopwz, nokasicem, wmo pH — HauMmeHbllee MHodCe-
€Meo, 3aMKEHRYymoe ommuocumenvno odnospemenno F u G. Jonycmum, umeem-
ca mexomopoe mmooicecmso X maxoe, wmo F(X) € X u G(X) € X. Tozda
H(X) = F(X) uG(X) € X, mo ecmv, X aeasemca H-samxruymowm. Ilo-
cxoavky pH — naumenvwee H -3amrnymoe mmnoosicecmeo (no meopeme Knacmepa-
Tapcxozo), umeem uH < X.

K coxasenuio, sTor npuem s MOJIyYeHUs] TPAH3UTUBHOTO 3aMBIKAHUS HE
paboraer B ciiydae KOWH/IYKTHBHBIX orpesenenuii. Kak nokaspiBaer ciieyroree
yIpaykKHEeHWe, eCIu J00ABUTh TPAH3WUTHUBHOCTH K MPABUJIAM, TOPOXKIAIOIINM KO-
WHIYKTUBHO OIPEIEJIEHHOE OTHOIIEHUE, TO TOJYIEeHHOE OTHOIIEHNE BCerma Oymer
BBIPOK/IEHO.

Vupaxuernue 21.4.2 [*]: Jonycmum, umeemcs nopooicdarowas dynwkyus F na
ynusepcyme U. Ioxascume, wmo naubosvwas renodeusicras mouxa vETE no-
poorcdarouwett PYHKUUY

FTE(R) = F(R) u TR(R)

npedcmasasem coboti BCIOAY onpenenentoe (total) omuowenue U X U.

HOSTOMY B CiIy49ae KOMHIAYKTHUBHBIX OTHOMIEHUN MbI OTKA3bIBAEMCS OT JEKJIapa-
THUBHbIX Hpe,H,CTaBIIeHI/II‘/'I u pa60TaeM TOJIBKO C aJITOPUTMHUYICCKHUMU.

21.5. IIpoBepka mpuHaAJIEKHOCTHU

Tenepb CKOHIIEHTPUPYEM BHUMAHUE HA TJIABHOM BOIIPOCE ITOM IJIABbL: KAK OIPe-
JIeJIUTh TPU JaHHON mopoxkgatonieil dpyukuuu F Ha HEKOTOpOM yHuBepcyme U u
ameMenTe T € U, IPUHAIIEKAT T T HAMOONbIIe#H HenmompuzkHOH Touke F. ITpo-
BEPKa NMPUHA/JIEZKHOCTU B HAMMEHBINNX HEIOIBUKHBIX TOYKAX PACCMATPHBAETCS
6o0siee kparko (B yup. 21.5.13).

B obmiem caywae nammbiit siement € U moxker nopoxiaarbes dynkuumein F
MHOTHMHU Pa3JUIHBIMEA criocobamu. TO eCTh, MOXKET CyIIECTBOBAThH 60JI€e OJHOTO
muOXKecTBa X C U rmakoro, uro x € F(X). HazoBeMm BcsKOe Takoe MHOXKECTBO
nopooicoarowum muooicecmeom (generating set) ays x. Ilockonbky F MOHOTOHHA,
M060€e HAIMHOXKECTBO MMOPOKIAIONMIEr0 MHOKECTBA [ X TAKKE OyIeT MOPOXK Iai0-
MM MHO2KECTBOM JIJIsI ', TAK 9TO MMEET CMBICJ TOBOPUTH TOJIHKO O MUHMMAJbHbBIX
[OPOXKIAIOIIMX MHOKEeCTBaxX. Jlesias enie o/uH mar, Mbl OrPAHMYMBAEM HALIE BHU-
MaHHE KJIACCOM «O00PATUMBIX» TIOPOKIAIOIIUX (DYHKIIUI, B KOTOPBIX JIJI KaK OO
T MeeTcs He 6oJIee OHOTO TTOPOXKIAIOIIErO MHOXKECTBA.

Ompegmenernue 21.5.1 Iloposwcdarousan Pynkyus F  nasweaemesa oOpaTuMoit
(invertible), ecau das Kasrcdozo x € U nabop mmoscecms

G. = {XcU|zeF(X)}
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AUb0 nycm, Aubo co0epIlCUM POSHO 00UH YAEH, ACAAOUUTCA NOOMHONCECTNEOM
ecex ocmanrvhoix. Ecau F obpamuma, mo 0aa nee onpedesena 4acmusnan Gymk-
yus noddeporcku supporty € U — P(U):

X eecmwXeG,uvVX' eGx. XX
support p(x) = ' ecau Gy = &

Dynryua support onpedessemes MaKtce Onid MHONCECNE:

support p(X) = { Usex supportp(x)  ecau Yo € X.supportp(x) |

6 NMPOMuUGHOM CAYUae

Ecau F acna u3 xonwmexcma, mor 4acmo 6ydem onycrkamv unlekc 6 Ha36aHUY
pynryuu supporty (a makoce dpyeur Pynkyull, ocnosarnus na F, xomopovie mot
onpedesum nuoce).

Vupaxuerue 21.5.2 [kx]: Y6edumecw, wmo Sy u S, noposcdarouyue dynxyuu daa
omnowenut nodmunuposanusi ud onpedesenutd 21.3.1 u 21.3.2, obpamumot, u Ha-
nuwume uxr PyYHKYUU noddepscru.

Haumreit mesipio siBasgercd pa3paboTKa aJrOpUTMOB sl IPOBEPKU IPUHAIEK-
HOCTU B HAUMEHBINEH 1 HAMOOJIBINEH HEMOABUKHOW TOUKE TOPOXKIAIoNiei (hyHk-
nuu F'. DjemMeHTapHbIE IMIaru 3TUX aJTOPUTMOB OyIyT BKJIIOYATH «0OpATHOE TPH-
MeHeHue F's: 9T0ObI MPOBEPUTH UJIEHCTBO 3JIEMEHTA X, TPeOyeTcs: y3HATh, KaK &
Mor ObITh OpoxkaeH dyuknueit F. [Ipemmytectso obparumoit F' cOCTOUT B TOM,
9TO BCEra CyIecTByeT He 6ojiee OJHOTO CIIOCoba MOPOANTDh JaHHbIM . B ciaydae
HEeOOpaTuMoit F' 3JIeMEHTBI MOTYT MOPOKIATHCA PABIUIHBIMUA CIOCODAMU, U ITO
MOXKET TPUBOJWTH K KOMOWHATOPHOMY B3PBIBY KOJIMYECTBA MyTei, KOTOPBIE AJl-
TOPUTM JI0JI?KeH TTpoBepuTh. C 9TOro0 MOMEHTa MBI OIDAHMYMBAEM PACCMOTPEHUE
caydaeM OOpPATUMBIX MOPOXKIAONINX (YHKITAIL.

Onpenenenve 21.5.3 Daemenm 1« F-nogumepxusaerca (F-supported), ecau
support p(x) |; 6 npomuenom cayuae r nazweaemes F-sucsaum (F-unsupported).
F-noddeporcusaemoiti  anemenm masweaemes F-onopubim (F-ground), ecau

supportp(x) = .

Bamerum, uro BUCAuuii smeMent x He BxomuT B F(X) Hu ans kakoro X, a
OIOpHBIH x, HA00OPOT, ABsgercs daementoMm F(X) mua jawo6oro X.

Ob6parumyo DYHKITIIO MOXKHO MIPEICTABUTH B BUE zpada noddeporcku. Hampu-
mep, Ha puc. 21.2 byukuus E na yausepcyme {a,b,c,d, e, f, g, h,i} onpenenser-
Csl yTe€M JEMOHCTPAIME TOIO, KAKUE SJIEMEHTbI TPeOYHTCs, YTOObI MOIIEPKATD
KaxK /bl JIAHHBI 9JIEMEHT YHUBEPCYMa: JJIsi KAXKJIO'0 & MHOXKECTBO support p(x)
COZIEPIKUT BCE ¥, K KOTOPBIM OT T BEIyT CTPEIKH. Bucsamii ameMenT 0603Ha9aeTcs
MEPEYEPKHYTHIM KPY?KKOM. B 3TOM IpuMepe i — eIMHCTBeHHBIA BUCAYIHA SJIEMEHT,
a g — eIMHCTBEeHHbII OnopHbIi sjement. (Obparure BHUMaHKE, 9TO h, O HAIIEMY
OIIPEJIENIEHNIO, MTO/JIEPKUBAETCS, HECMOTPS HA TO, 9TO €r0 MHOXKECTBY HOIEPIKKH
LPUHAJIEKUT BUCHUUIT DIIEMEHT. )

Vupaxuernue 21.5.4 [%]: IIpusedume npasuara 6w80da, coomsemcmeyrousue 9mot
dynryuu, xax mve 9mo cdesanu 6 npumepe 21.1.3. Yoedumecn, wmo E({b,c}) =
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Puc. 21.2. [Ipumep dyuaxmun support.

{g,a,d}, wmo E({a,i}) = {g,h}, u wmo mHoocECTNBA IAEMEHMOB, OMMEUEHHDIE
na creme kax pFE u vE, delicmeumenvho aeamomcea naumenvweli u nauboavwed
HenodeusicrbLMY mouxamu F.

B3arsg #a puc. 21.2 HABOAUT HA MBICJb O TOM, 9TO IJEMEHT & IPUHAIICIKHAT
K HanOOJIBINEH HEMOABUKHON TOYKE TOTJIA W TOJHKO TOT/IA, KOTIa W3 HEro B rpa-
de moaaepKKU HEJOCTUXKUM HU OJWH Bucaduii 3mement. OTCroma Caeayer ajiro-
pATMHUYECKAs CTPATErus MPOBEPKY MPUHAJIEKHOCTH T K MHOXKECTBY VF': HyKHO
[IEPEYUCIUTD JIEMEHTHI, JOCTHKUMbIE U3 & 4epe3 (PyHKIUO support; o0bsABUTD
OTPULATEJIbHBIN PE3y/IbTaT, €CJU JOCTUTHYT BUCAYUIl 3JIEMEHT; nHade O0bABUTDH
TTOJIOYKUTEIbHBIN PE3YIHTAT. 3aMETHM, OJHAKO, YTO MEKIY 3JEMEHTAMHU MOTYT
UMEeThCS UKJIBI JOCTUKUMOCTH, U TIPOIEYPA ePEUnCIeHU TO0IKHA M03a00TUTh-
¢ 0 TOM, IYTOOBI HE MONACTh B OECKOHEUHBIH MUKJI. B ocTasimeiicsa gacTu pasiesia
MBI HCCJIEIyeM 3Ty CTPATETHio.

Ompegmenernue 21.5.5 Jlonycmum, y nac umeemcs obpamumas noporciarouasn
Pynryua F. Onpedeaum 6yaesckyro dynrkyuro gfpp (uau npocmo gfp; amo co-
kpawenue om greatest fixed point — «Haubosbwas HENOIBUINCHAA TOUKAS) CAe-
dyrousum 0bpasom:>

afp(X) = ecau support(X) T, mo aoorco
unaue ecau support(X) € X, mo ucmumna
unave gfp(support(X) v X)

Paccyoicdasn neopmanvro, gfp nawunaem ¢ X u pacwupaem €20 npu nomouu
support 0o mex nop, NoKA MHONCECTNEO He CAHEM KOHCUCTNEHHBIM, AUOO NOKAE
ne obnapyoicumces eucawull snemenm. Onpedeaenue gfp MONCHO PACUUPUIL Ha
omdeavhnovie saemenmos, npunas gfp(x) = gfp({x}).

Vupaxuenue 21.5.6 [k|: Ha ocnosanuu puc. 21.2 moocho cdesamo ewe 00HO Ha-
barodenue: aremenm T muoscecmea VE we BxomnT 6 ik, ecau wepes nezo npoxo-
Jum yuka 6 zpagde noddeporcky (UAU eCcAU CYUECTBYEm NYMb OM T K dAemenmy

231eCh MBI IOJIB3YEMCS CTAHIAPTHBIM CIOCO00OM OIpeNeeHns PeKyPCHBHEIX (DYHKIHIA, T. €.,
CUUTAEM, UTO gfp — HGUMEHLUWAA TACTHIHAST DYHKITUSI, YIOBIETBOPSIIONIAs JAHHOMY YDABHEHHIO.
TaKI/Ie OHpe,ZI;eJ'IeHI/Iﬂ caMu I10 Ceﬁe MOXKHO paCCManI/IBaTb KaK HAMMEHbIINEe HEIIOABU>KHbBIE TOYKH
COOTBETCTBYOINUX IOPOXKpatomux (hpyakmnuit. [logpodbrocTH MOXKHO HalTH B JII060M y4uebHUKE 11O
JMEHOTAIIMOHHOM ceMaHTHKe, Hamp., y Ianrepa (Gunter, 1992), Vurckena (Winskel, 1993) nunn
Muruesura (Mitchell, 1996).
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21.5. llpoBepka MpHHAIICKHOCTH 323

yukaa). Bepro au obpammoe — mo ecmo, ecau x asasemces waenom vE, no ne pF,
6cezda AU OM T €CMb NYMb K YUuKAY?

B ocraBmieiicst yacTu 3TOr0 pasiesia MbI JOKA3BIBAEM MPABUIBHOCTH OIpPEe-
Jienns HYHKIMU ¢fp, a Tak¥kKe TO, 4TO ee BhlumcjeHne Beerya 3asepinaerca. (Ilpu
MEPBOM YTEHWU ITOT MaTepuas MOXKHO HPOIMYCTUTH U CPa3y MEpPedTH K CJIeIyro-
memy paszedy.) Jduis Hadasa ycraHOBUM HEKOTODPbIE CBOHCTBa (DYHKIMU SUPPort.

Jlemma 21.5.7 X < F(Y) mozda u moavko moezda, xozda supportp(X) | u
supportp(X) € Y.

Jloxasamenvcmeo: Hocmamouwno nokasams, wmo © € F(Y) moeda u moavko
moada, kozda support(x) | wu support(x) S Y. Ipednososicum enauase, wmo
x € F(Y) ToedaY €e Gy ={X cU |z € F(X)} —m. e, Gy # . Caedo-
sameavho, nockoavky F obpamuma, support(x), noumenvwud ssemenm G, cy-
wecmeyem, u support(z) €Y. B obpammnom nanpasaenuu, ecau support(z) €Y,
mo F(support(x)) € F(Y) us-3a monomonnocmu F. Odnaro x € F(support(x))
cozaacko onpedesenuto Gynkyuy support, max wmo x € F(Y).

Jlemma 21.5.8 Jlonycmum, P — nenodsusicnas mouxa ¢ynkuyuu F. Tozda X € P
mozda u moavko mozda, Kozda support p(X) | u supportp(X) € P.
Hoxasamenvcmeo: locmamouno ecnommums, wmo P = F(P), u npumenums
aemmy 21.5.7.

Temepb MBI MOXKEM JTOKA3aTh MPABAILHOCTD OMPEIETCHNUA ¢fp KaK JaCTUIHOI
dyukuuu. (IlosHas npaBUIILHOCTD HAC LIOKA HE UHTEPECYET, IIOCKOJIbKY [IPH HEKO-
TOPBIX MOPOXKIAINX (hyHKIUSIX ¢fp Oymer pacxomuThes. Jlasee B 9TOM pasiese
MBI JOKazKeM, YTO JJid OTPAHHYEHHOI'O KJIaCCa IMOPOXKIAIOIINUX (byHKL[I/Iﬁ BBIYUC-
JieHue ¢fp BCerja 3aBepIuaeTcs. )

Teopema 21.5.9

1. Eecau gfpp(X) = ucruna, mo X C vF.

2. Ecau gfpp(X) = noxn, mo X € vF.

Joxazameavcmeo: Jlokazamersbcmeo kaxicdozo u3 ymeepstcoenuti nposodumcs uh-
QyKyuets nNo PeKYPCuUBHOl CMPYKMYype 630608 AA20PUMMA.

1. U3 onpedesenus gfp saeeko eudemv, wmo 3ma QYHKUUS MOHCEM GEPHYMD
snauenue ucmuna 6 06yx cayuasr. Ecau gfp(X) = ucmuna nomomy, wmo
support(X) € X, mo, no aemme 21.5.7, mo, umeem X € F(X), m. e., mHo-
arcecmeo X asasemcs F-woncucmenmmuvim; maxum obpazom, X S vE no
npunyuny xoundykyuu. Ecau owce, ¢ dpyeoli cmoponv, gfp(X) = ucmuna
nomomy, wmo gfp(support(X) u X) = ucmuna, mo, cozaacHo NPednosdICe-
nuto undykyuu, support(X) u X € vF u, maxum obpasom, X S VF.

2. Onamw orce, ecmo dea cnocoba noayuwums gfp(X) = aoorcw. Chavana npedno-
aootcum, wmo gfp(X) = aoorce nomomy, wmo support(X) 1. Toeda X € vF
no aemme 21.5.8. Ilpednosooicum, ¢ dpyeoti cmoponv, wmo gfp(X) = aooico
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324 21.5. IlpoBepka MpHHAAIEIKHOCTH

nomomy, wmo gfp(support(X)uvX) = aooce. Cozaacho npednososcenuto un-
dyxuuu, support(X) v X &€ vF. Omo ymeeporcdenue pasrocurvno X E vF
aubo support(X) € vF. B aobom caywae, X € vF (60 emopom eapuanme —
no aemme 21.5.8).

Tenepb Mbl JTOJIZKHBL HAATH TOCTATOYHOE YCIOBUE 3aBepiiuenusi gfp, u Takum 00-
Pa30M MOIYYUTH KJIACC MOPOKIAIMNX (DYHKIIWIA, JIJIT KOTOPHIX AJITOPUTM OIpe-
JeeHns TPUHAJJIEKHOCTH TapaHTUPOBAHHO 3aBepinaeTrcd. s onmmcanmsa 3TOTO
KJTacCca HaM TMOTPeOyeTcs HEKOTOPAas JOMOTHUTETbHAS TePMUHOIOTHS.

Ompegmenerue 21.5.10 Ecau umeemcs obpamumas nopostcdarouas pynkyus F u
anemenm x € U, muootcecmeo pred p(x) (usu npocmo pred(z)) nenocpedecmeennuix
NPeSWECMEEHHUKO8 T ONPEJEAALTNCA KAK

(o ecau support(x) 1
pred(f) = { Suppo’{’t(]}) ecal support(m) !

a pacwuperue 3moz20 NOHAMUA HaG MHOHCECTNEA XCcU — xax

pred(X) = U pred(x).
zeX

Mmnoorcecmso reachabler(X) (uau npocmo reachable(X)) saemenmos, docmuoicu-
MOT U3 mHooicecmea X wepes support, onpedesnemcs Kax

reachable(X) = U pred™(X).

n=0

@ Pacwupenue Imoz0 NOHAMUA HA OMIeAbHbe daemenmo, T € U — KaK
reachable(x) = reachable({x}).
Aaemenm y € U nocruzkum (reachable) us snemenma x, ecau y € reachable(x).

Ompezenerue 21.5.11 Ob6pamuman nopoocdarowas Pynkyua F  Haswveaemca
dbyHKIMeH ¢ KOHEYHBIM MHOXKECTBOM COCTOsHME (finite state), ecau mmoosicecmeo
reachable(x) xKoneuwno das a060z20 x € U.

s mopoxk marortedt (pyHKIMN ¢ KOHEIHBIM MHOXKECTBOM COCTOSTHUH TPOCTPaH-
CTBO ITOWCKA, TPOCMATPUBAEMOE AJITOPUTMOM ¢fp, KOHETHO, U ¢fp BCEria 3aBepia-
ercs:

Teopema 21.5.12 Ecau reachablep(X) xoneuno, mo gfpp(X) onpedesena. Cae-
dosamenvno, ecau F' — dynkyua ¢ Konewnom MHOIHCECTIBOM COCTNOAMUL, MO
9fp (X)) sasepwaemes dasn 6carozo xKonewnozo X S U.

Hoxasameavcmeo: aa kascdozo pexypcuenozo ensosa gfp(Y) 6 epage sni3os0s,
NoOPOAHCOEHHOM UCTOOHBLM 6b3060Mm gfp(X ), umeem Y C reachable(X). Boaee mo-
20, MHodtcecmeo Y npu Kascdom 6vi306e cmpozo yseaunusaemces. Ilockorvky mmo-
orcecmeo reachable(X) woneuno, m(Y') = |reachable(X)| — |Y| moorcrno ucnoavso-
6aMb KAk MepY 3a6epuwerus i gfp.
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Vupaxuernue 21.5.13 [* % k]|: Jonycmum, umeemcs o6pamumas noporcoaousas
Pynkyus F. Onpedeasum dynryuro ifpp (uau npocmo Ilfp) xax

Ifp(X) = ecau support(X) T, mo aootco
unaue ecau X = @, mo ucmuna
unave Ifp(support(X)).

Hegopmanvro, Ifp nawunaem ¢ mmoorcecmea X u ymewvuwaem ez20 do mex nop,
noka oMo He cmanem nycmum. Jlokadcume wacmuuHy0 NPaBUALHOCMD IT020
AN20PUMME 8 MOM CMbBLCAE, YMO

1. Eeau lfpp(X) = uemuna, mo X € uF.
2. Ecau lifpp(X) = aooco, mo X & uF.

Mooicro au ykaszamov kaacc noposcdarowur Gyrnkyut, das Komopwx fp p eapam-
MUPOBAHHO 3A6EPULGENCA ONA BCET KOHEUHBLT 6L00067

21.6. DBouee apdpeKTUBHBIE AJITOPUTMBI

XoTb aJIrOpUTM ¢fp IaeT NpaBUJIbHLIA Pe3yJbTar, OH He odeHb 3(ppeKTuBeH,
[IOCKOJIbKY TPEOyercst HePEeBbIUUC/IATh 3HAYCHUE Support 1Jis BCero MHOXKecTBa X
pY KaXKJOM DEKYPCHUBHOM BbI30Be. Hampumep, B Cieayroreil mocjemnoBaTeIbHO-
cTH BBI30BOB (fp mis dyuknuu E ¢ puc. 21.2,

gfr({a})
= gfp({av bv C})
gfp({a,b,c,e, f,g})
gfr({a, b, c,e, £, g,d})

= ucmuHa.

Obparure BHuManue, 4ro support(a) Bbluucisiercs derbipe pasza. MoxHo yco-
BEPIIEHCTBOBATh AJITOPUTM U U30ABUTHCA OT W3JIUIITHUX TE€PEBBIYUCICHUN, ecyu
MOJIIEPKUBATD MHOXKECTBO 2unomes (assumptions) A, mjis 3J€MEHTOB KOTOPOIO
MHOKECTBA, [OAJEPKKH Y2KE PACCMOTPEHbI, U MHOXKeCTBO yeael (goals) X, mus
3JIEMEHTOB KOTOPOI'O0 MHOXKECTBA, MOAEPKKHU eIle He PACCMOTPEHBI.

Oupezenerune 21.6.1 Ilycmo umeemca obpamumas noposxciarwes dynrkuyus F.
Onpedeaum Pynryuro gfps (uau npocmo gfp®) caedyrouwum obpasom (seprrud
uHOEKC a 03HaAMGEM assumpPtions — <2unomesnis):

afp“(A, X) = ecau support(X) T, mo aoocow
unave ecau X = &, mo ucmuna
unave gfp®(A v X, support(X)\(A u X))

Ymobw, nposepums ymeepocdenue x € vF, docmamouno ewvwucaums

g (D, {x}).
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Oror anropurM (Kak U JBa APYIMX AJIOPUTMA U3 TOO PA3/esa) BbIUUCJIIeT
MHOKECTBO IIO/JIEPKKHU JJIsi KazK/I0r0 JIEMEHTA TOJIbKO OfuH pa3. Boramcienume
TIPEJIBIIYIIETO MPUMepPa BBITJISAINT TaK:

9fp® (S, {a})
= gfp*({a}, {b,c})
gfr*({a,b,c}, {e, f,9})
gfp“({a,b,c,e, f,9,d}, &)

= ucmuHa.

EcrecrBenno, yrBepKaenre 0 KOPPEKTHOCTH ITOTO AJITOPUTMA BBITJIAIAT HEMHOTO
CJIO’KHee, 4eM TO, YTO Mbl BUJIeJIM B LIPEeJbLIyIIeM pa3JeJie.

Teopema 21.6.2
1. Ecau supportp(A) € Au X u gfp% (A, X) = uemuna, mo Au X C vF.
2. Ecau gfp% (A, X) = aooco, mo X & vF.

Loxazameavcmeo: Anarozuuno 21.5.9.

B ocraBmeiics wacTu pasmena paccMaTpPUBAIOTCH €Ile /[Ba BAPWAHTA aJrOPUT-
Ma gfp, Koropbie 6oJiee TOYHO COOTBETCTBYIOT M3BECTHBIM AJITOPUTMAM [IPOBEPKHU
TIOATUTTMIPOBAHUS JJIsT PEKYPCUBHBIX TUTOB. [Ipm mepBOM YTEHWHM OCTATOK ITOTO
pazesia MOYKHO TPOIYCTUTD W TTePEHTH K HAYATy CJIETYIOIIETO Pa3/iesna.

Onpenenenue 21.6.3 Heboavwas eapuayus na memy gfp® cocmoum 6 mom, wmo-
61 Ha Kastcdom waze 6pamMb MOALKO 00UH Iremenm X U PacKpueams e20 PyHKuuo
support. Dmom noewii arzopumm nazmeaemces gfpg (uauw npocmo gfp®; byxea s
osnauaem single — «odunouHbLL> ).

afp® (A, X) = ecau X = &, mo ucmuna
UHGYe NYCMs T — HeKomopuill snemenm X, 044 KOMOPO2o
ecau € A, mo gfp®(A, X\{z})
unaue ecau support(x) T, mo aodco
unaue gfp® (A v {x}, (X v support(z))\(A U {z})).

Ymeepoicdenue o kKoppexmuocmu (m. e., UHBAPUAGHM PEKYPCUBHO20 <UUKAQ>) OAR
2M020 AAZOPUMMA 8 TMOYHOCTU MAKoe dHce, Kak 6 meopeme 21.6.2.

B ornwume or BBIMENTPUBEIEHHOTO AJTOPUTMA, MHOTHE CYIIECTBYIOIINE aJIr0-
PUTMBI JJId ONPEIEIEHUS PEKYPCUBHOTO MOATUIINPOBAHNS IPUHUMAIOT B KA94€CTBE
apryMeHTa BCEro OJWH 3JIEMEHT, a He UX MHOXKecTBO. Firne onHa HeDOIbINas MOIH-
duKaIMsa HAIIEro aJrOPUTMA MPUOIUZKALT ero K TAKUM IporeaypamM. M3MeneHHbrit
asiroput™ 6oJibiue He 06J1a1aeT CBORCTBOM XBOCTOBOM PEKypPCHHU,® HOCKOJIbKY CTEeK

3 Xeocmosvim ewszosom (tail call) Ha3BIBAETCS PEKYPCUBHBIH BBI30B, ABJISIONTHICS TIOCTEIHEM
neficTBUEM BBI3BIBAIONIEH (DYHKIMU — T.€. TAKOH, 9TO Pe3yJbTaT, BO3BPAIAeMbIil U3 PEKYPCUB-
HOTO BBI30Ba, Oy[eT Pe3ysJbTaTOM H BBI3bIBaomell ¢hyHKuuu. XBOCTOBLIE BEI30BLI IPEACTABIIAIOT
HHTEpeC MOTOMY, YTO BOJIBIIMHCTBO KOMIHJISATOPOB sl DYHKIITUOHAJIBHBIX $I3BIKOB DEAJTH3YIOT
MX KAK IIPOCTBIE IEPEXOAbI, U IIPU ITOM 33HOBO HCIIOJB3YETCS MECTO HA CTeKe, 3aHATOE BBI3bIBa-
roreit dyHKIHell, a He BbIIe/IsSeTCs HOBBIH Ka/Ip cTeKa. BeseacTBre 3TOr0 NUKJ, peajln30BaHHbIH
B BHUJE XBOCTO-DEKYPCUBHOI (DYHKIUU, KOMIMIUPYETCS B TAKOH K€ MAIWHHBIN KOJ, KAK 9KBU-
BaJIEHTHBIN emy UKy while.
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BBI30BOB HCIIOJIb3YeTCs i XpAaHEeHHUs eIlle He MPOBepeHHbIX mnojnesnei. Emie ox-
HO M3MEHEHHE COCTOUT B TOM, YTO AJIPOPUTM HPUHUMAET MHOXKECTBO runore3 A
7 BO3BPAINAET HOBOE MHOYKECTBO TMIIOTE3 B KAYECTBE PE3yabTaTa. ITO MO3BOJISET
3alOMUHATH TUTOTE3bI O MOATUITHPOBAHNN, TOPOXK ICHHBIE B YK€ 3aBEPIIUBIITHXCS
PEKYPCUBHBIX BBI30BAaX, W CHOBA WX HCIOJH30BATH B MOCIEAYIOMMX BBI30Bax. B
CYIIHOCTH, MHOXKECTBO I'MIoTe3 «ipoumsBaercs» (is threaded) ckBo3b rpad pekyp-
CHBHBIX BBI30BOB; OTCIOJIa HA3BAHKE HOBOIO AJIFOPUTMA, gfp’.

Onpezenenue 21.6.4 Ecau dana obpamumas noposicdarowsas gynxyus F, mo
dynryus gfps (uau npocmo gfp'; 6yrea t oznavaem threaded — «npowumuviiis)
onpedessemca caedyruum 00pa3om:

gfp'(A,z) = ecruzxze A, mo A
unaue ecau support(z) T, mo neydavwa
unae
nyems {1, ... x,} = support(x), u

nycmo Ag = A U {z}, u
nyemo Ay = gfp' (Ao, 1), u

nyemv Ap = gfp' (An—1,2,), u
moada pesyavmamom b6ydem A, .

Ymobv, nposepums ymeepoicdenue r € VF, mpebyemca 6vl4uciums gfpt(Q,x).
Ecau smo eviuucaenue 3asepuiaemcs yenewno, mo x € vF. Ecau ono Heydau-
Ho, mo x ¢ VE. Mol ucnoavdyem 0as Heyoau caedyrousee CozAqUIEHUE; ECAU 6bl-
wucaenue evpascenus B neydauno, mo «nycmv A = B, u mozda pesyavmamom
bydem C'» maxorce neydaurno. Taxum 06pazom mo, usbezaem A6HHLT OA0K0S «0Opa-
GOMKY UCKAOUERUT> 6 KadcIoM PERYPCUBHom en3zose gfp'.

YTBepKAeHNE O KOPPEKTHOCTH JJIsE STOTO AJTOPUTMA TPEDYETCH eIre pas3 m3-
MEHHUTb 10 CPABHEHHWIO C Te€M, YTO MbI BUJIEIW BBIIE, HA 3TOT Pa3 MPUHSIB BO
BHUMAHWE €r0 He-XBOCTOPEKYPCUBHYIO (DOPMYIUPOBKY U HOCTYJIMPOBAB JAOMOJIHY-
TEJIBHBIH «CTEK» X JTEMEHTOB, MOJIEPIKKY KOTOPBIX TIPEICTOUT MPOBEPUTD.

Jlemma 21.6.5
1. Ecau gfp'a(A,z) = A, mo Au {z} € A'.

2. Jlaa waocdozo X, ecau support p(A) € Au X U {z} u gfp'(A,x) = A', mo
supportp(A') € A’ U X.

Hoxazameavcmeo: Yacmov (1) npedecmasasem coboti npocmyio undyrkyuio no pe-
KYPCUueHotll CmpyKmype 6b30606 aA20PUMMA.

Qacmo (2) maxorce dokasveaemes undykyued no PeKyYPCueHot CMpPYKMype 6bi-
30606 anzopumma. Ecau x € A, mo A’ = A, u mpebyemuiii 6v1600 caedyem u3
npednososicerun nemedaenno. C dpyzoti cmoponvl, npednososcum, umo A’ # A,
u pacemompum wacmmvil caywal, Kozda support(x) codepotcum dea saemenma Ty
u To. Obwull caywail, 30ech He NOKA3aHHbL, JOKA3BLBAEMNCA AHANOLUYHO € TLOMO-
wWp0 6HYmMpennet uHIYKyuY no pasmepy support(x). Aazopumm swuucasem Ag,
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Ay u As, u eozepausaem As. Hyowcno noxasamsv das npouseosvrozo X, 4mo ecau
support(A) € Au {z} u Xo, mo support(Asz) € Az u Xo. Hyemo X1 = Xo v {z2}.
Iockonvry
support(Ao) = support(A) v support(x)
support(A) v {1, x2}
Avu{z}u XU {22}
Ao v Xo v {1‘1,332}
AO v X1 v {Il},

i

MO Mbl MOHCEM NPUMEHUMD NPEONOLOHCEHUE UHOYKUUL K NEPEOMY PEKYDPCUSHOMY
613061, KOHKPEMUSUPOGAE YHUEBEPCAALHO KEAHMUPUUUPOESAHHYIO nepemernyto X
anavenuem X1. IIpu amom noaywaem support(A;) € Ayu Xy = Ay u{za}uXy. Te-
neps MONCHO NPUMEHUMD NPEONONOHCEHUE UHOYKUUL KO 6TMOPOMY PEKYDCUSHOMY
6b1306Y, KOHKPEMU3UPo6as nepemennyto X snavenuem Xg U noaywums mpebye-
morll pesyavmam: support(As) € As U Xp.

Teopema 21.6.6

1. Ecau gfp's(B,x) = A', mo x € vF.

2. Eeau gfp'n (B, x) = neydana, mo x ¢ vF.

Hokasameavcmeo: B wacmu (1) 3amemum, wmo no semme 21.6.5(1), x € A’'. Kon-
kpemusupys wacmo (2) aemmos wepes X = &, nosyuaem support(A’) = A" —
m. e., mmuooscecmeo A asasemca F-xoncucmenwmmum coeaacro aemme 21.5.7,
u nosmomy A" € vF no woundykyuu. B wacmu (2) mu paccyorcdaem (npume-
HAA HECAONCHYIO UHOYKUUIO NO 2AYOUHE 6bL30606 NPU BHIMUCALEHUY AN20PUMMA
gfp% ¢ ucnoavzosanuem semmos 21.5.8), wmo ecau das mexomopozo A mul umeem
gfpt(A, ) = neydaua, mo x ¢ vF.

ITockonbKy Bce ajaropuT™Mbl 3TOTO Pa3/esaa 3aHUMAIOTCH MPOCMOTPOM MHOMXKe-
CTBA JOCTUZKUMBIX 3JIEMEHTOB, JOCTATOYHOE YCJIOBHE 3aBEPIICHUS JJis BCEX ITUX
AJITOPUTMOB TAKOE YK€, KAK W JIJIsT MCXOTHOTO AJTOPUTMA ¢fp: OHU 3aBEPIAIOTCS
mpu JII000M BXOe, ecau MyHKIuA I uMeeT KOHEYHOE MHOYKECTBO COCTOSHUH.

21.7. PerynapHble nepeBbs

K sTomy MomeHTy MBI pa3paboTasu obIme aJIrTOPUTMbI TPOBEPKHU MTPUHAIIEHK-
HOCTHU MHOXKECTBY, OIPEJEJICHHOMY KaK HAMOOJIbINAs HEMOIBIKHAST TOYKA TOPOK-
Jaroreit pyakiun F', B mpeanonokennn, 9To F oOpaTnMa u nMeeT KOHEIHOe IUCII0
COCTOSIHUI; OTJETBHO MBI IMOKA3aJI1, KaK OMPeIeuTh MOATUIINPOBAHNE Ha OECKO-
HEYHBIX JE€PEBbsIX B BUIAE HAUOOJIbINEH HEITOABUAKHON TOUYKNA HEKOTOPOI MOPOXK Ia-
roreit dyukimn S. OUeBUIHBIM CIEAYIONNM MArOM OyIeT KOHKPETH3AIUs OJHOTO
73 HAIUX AJITOPUTMOB TIPU €ro npuMenenun K S. Pazymeercs, 370T KOHKpETHBIH
anropuT™m OyIeT 3aBepIIaThCcsa He TMPH BCEeX BXOAHBIX JAHHBIX, TOCKOJIbKY B OOIIEM
cydae MHOXKECTBO COCTOSHHUM, MOCTHKUMBIX M3 HEKOTOPOil Mmapbl OECKOHEYHBIX
THUIIOB, MOXKeT ObITb DeckoHedHbIM. OJHAKO, KAK Mbl yBUJIUM B 9TOM pasiee, ec-
JIM MBI OTPAHUYUM PACCMOTPEHWE OECKOHEYHBIMU THUIAMM HEKOTOPOH pa3yMHOI
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dopMbl — Tak Ha3bBaeMbIMU pezyasprumu munamu (regular types), To mosy-
YUM TapPAHTHIO TOT'O, YTO MHOXKECTBO JOCTHKMMBIX COCTOAHUI Oyjer KOHEYHO, U
AJITOPUTM MPOBEPKY MOATITUPOBAHNUS BCErIa OyIeT 3aBepIaThCs.

Oupenenerue 21.7.1 /JIpesosudnviii mun S seasemcs uonuepesom (subtree) dpe-
606udnozo muna T, ecau S = Ao .T(w,0) 044 HEKOMOPO20 T — MO €CMb, €CAU
Pynryuro S us nymets 8 CUMBOAbL MOHCHO NOAYHUMb U3 Pynryuu T nymem dobas-
AEHUA HEKOMOPO20 GUKCUPOBAHHO20 NPpedurca T K NYMAM-AP2YMEHMAM, KOMOPHLE
Mol nepedaem dynryuu T; npedurc T coomeememeyem nymu om kopus depesa T
K Kopnio depesa S. Mnootcecmeo 6écex noddepeeves muna T movt 0603Ha%aEM KAK
subtrees(T).

Oumpegmenenue 21.7.2 Jlpesosudnwniti mun T € T na3viaemcs peryiaspHbIM
(regular), ecau mroscecmeo subtrees(T) Konewno — m. e. ecau y T KOHEUHOE YUCAO
pasauuHsr noddepesves. Mnootcecmeo pe2ysaprols munoe 0603Haaemcs Kax Jy.

[pumepn 21.7.3

1. Beaxull KoHeunvili dpeso6UIHbLT MUN PERYAAPEH; YUCAO €20 PASAUNHVLE NO0-
depesves He boAbULE YUCAG BEPULUH. dUCAO PA3AUNHBLL noddepesbes mak-
orce mookcem Obimb CMpo20 MeHbwe wucaa eepwun. Hanpumep, y muna
T = Top— (TopxTop) namv 6epuwsuh, HO 6CE20 MPU PA3AUYHLIL N0JJepesa
(camo T, Topx Top u Top).

2. Hexomopwie beckoneunvie dpegosudusie munsv, peeysapro.. Hanpumep, depe-
60
T= Top x (Top X ...))

umeem 6cezo 064 passuHulx noddepesa — camo T u Top.
3. Jlpesosudnviii mun
T=BXx (AXx (BXx (Ax (Ax (Bx (Ax (Ax (Ax (Bx...)

20e napv. nocaedosamesv ol 6Toxcdenuti B pa3desaromes 6ce boAbUWUM KO-
AUNECTNBOM 6LodHCIenutl A, ne asasemces peeyssprvim. ITockoavky T ne peay-
aapen, mroocecmeo reachables(T, T), codeporcawsee 6ce napv. ymeepoicoenu
0 nodmunuposaruu, mpebyemvie ora dokazamesvemea T <: T, beckoneuno.

YrBepxnerue 21.7.4 Oezpanuvernue S, nopooscdarwel Gynkyuu S Ha MHOICE-
CME0 PE2YAAPHHLL OPEGOBUIHBLT MUNOE UMEEM KOHEUHOE HUCAO COCTNOAHUT.
oxasameavcmeo: Tpebyemcesa nokazamv, wmo 04s 6CAKOT NAPL PELYAAPHOLL Ipe-
so6udnvir munos (S, T), mroorcecmeo reachables, (S, T) koneuno. 3amemum, 4mo
reachableg, (S, T) © subtrees(S) x subtrees(T); nocaednee mHoxHceCMB0 KOHEWHO,
nockoavky Koneunv, subtrees(S) u subtrees(T).

DTO 03HAYAET, UTO MBI MOYKEM TOJIyIUTh MPOIEAYPY TPOBEPKY /I OTHOIIEHUSI
MOJITUITUPOBAHUST HA PETYJISAPHBIX JPEBOBUIHBIX THUIMAX, KOHKPETU3UPOBAB (DyHK-
nwmeit S 1000 U3 AJITOPUTMOB MPOBEPKH NTPUHAMIEKHOCTH. Pa3zymeercs, 9T100BI
970 paboTaio B KaKOH-M0O0 TPAKTUIECKONH PEATTU3AIIH, HYKHO [IPEJICTABIATE Pe-
DYJISIPHBIE JIEPEBbs € MOMOIIBIO KAKUX-TO KOHEYHbIX CTPYKTYDP. O/MH 13 BADUAHTOB
TAKOTO TIPE/ICTABJIEHNS, [1-HOTAIN, 0DCY K /IaeTcs B CIEIYIONIEM pa3iere.

—sourcefile— 329 Rev: —revision—, November 28, 2010



330 21.8. p-tHOBI

21.8. p-Tunbl

B srom pasznesne pazpabarbiBaercs KOHEYHAs [~HOTAILMS, OIPEIEJIS€TCH 10/~
TUTIUPOBAHNE HA [4-BBIPAYKEHUAX, U YCTAHABIMBAETCI COOTBETCTBUE MEXKY HUM U
TIOATUTTTPOBAHUEM JIJIST TPEBOBUIHBIX TUTIOB.

Ompenenenue 21.8.1 ITycms X 6ydem obosnauwenuem das 210601 u3 cuwemHo-
20 mHodicecmea munosur nepemenunr {X1,Xs,...}. Mnoowcecmeo T,n*" cbIpbix
U-TUIIOB (Taw p-types) ecmb MHOAHCECTNBO 8bPAdCENUT, ONPEdEAAEMBT CAedYtoUeT
2pamMmamuroti:

T == X
Top
T
T-T
uX.T

Cunmarcuveckutl onepamop [ 0603HaA%AEM C8A3BLEAHUE, U YEPE3 HE20 CMAH-
dapmuvm 00PA30M ONPEIEAFIOMEA NOHAMUS C80000HOT U CB8A3AHHOT NepemenHo,
3AMEHYMOLT CHPHLT [U-TNUNOG, G TMAKIHCE IKEUSAAEHMHOCTNY COPOLT [L-TMUNOE C
MOYHOCTBI0 J0 TEPEUMEHOBAHUA CEAZAHHBIL nepemennns. 3anuce FV(T) obo-
3HAYAET, MHONCECTNBO C60000HbIL nepemennvr copozo [i-muna T. Ilodcmanoera
[X — S|T ¢ usbezanuem 3ax8aMa NEPEMEHHLT CHIPO2O (-MUNG S 8 CHIPOTE [L-MUN
T maxoice onpedessemcs Kax 00biuHO.

Yrobbl JOCTHYD AOIXKHOTO COOTBETCTBHS C PErYIAPHBIMHU JIEPEBbAMHU, TPEOY-
€TCs HECKOJIbKO OTPAHUYUTH MHOXKECTBO ChIPBIX [~THIIOB: HAM XOT€JIOCH ObI «CYu-
THIBATH» JPEBOBUIHBIN THUIT KAK OECKOHEUHYIO PA3BEPTKY JAHHOTO [-THUIIA, OTHAKO
CYIIECTBYIOT CBIPBIE [i-THUIBI, KOTOPHIE HEBO3MOXKHO Pa3yMHBIM 00pa30M WHTEPIIPE-
TUPOBATH KAK IPEJCTABJICHUs IPEBOBUIHBIX TUIOB. B 3TWX THIAX BCTPEYAIOTCS
noaseipazkennd suga p(X. pX . .. puX, . X, roe Bce nepeMeHssle ¢ X 110 X,, OTJIUYHBL
ot X. Paccmorpuwm, nanpumep, T = pX.X. Pa3seprka T cuoBa maer T, Tak 9T0 C 110-
MOIIBIO TAKOI ONEPAIUU HUKAKOE JEPEBO «CUUTATHY HEBO3MOXKHO. DTO HPUBOIUT
HAC K CJIEAYIONIEMY OTPAHUYIEHUIO.

Onpenenenue 21.8.2 Cupot p-mun T Haswieaemcs COKpATUMbIM (contractive),
ecau das 106020 nodevpascenus T euda puX.pXy .. .uX, .S meao S ne pagnaemcs
X. 9xeusanrenmmnoe onpedeserue: coipoli [L-MUN COKPAMUM, ECAU BCAKOE 8X0dHCIe-
HUE [1-CA3AHHOT NEPEMENHOT 8 mese OMIENEHO OM C8A3BLBANULET KOHCTPYKUUL,
no Merbuel Mepe, 00HUM INEMERMOM — UMY X.

Colpotli [1-mun Ha3bL8AEMCA TPOCTO [-TULIOM (fi-type), ecat OH COKpPamuM.
Mmnootcecmso p-munos 0bosnavaemca To, .

Ecau T — p-mun, mo p-height(T) obosnaswaem xoauuecmeo [1-c643b6aHUTll 6
€20 HaYale.

OObIYHOE OHUMAHUE [I-TUIOB KAK KOHEYHOIO MPEJCTABJICHUS J1Jisi ODECKOHed-
HBIX PETYJISIPHBIX JE€PEBbEB (DOPMATU3YETCS MPU MOMOIIHU CJIEAYIONEH (hbyHKIINN.
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12
treeof (uX. ((XxTop) =X)) = — N N
1/ \2 1/ \2
— Top X :

/N TN
1/\2 : :

Top

Puc. 21.3. Ilpumep npumenenns GbyHKIuu treeof

Ompegmenenue 21.8.3 Pyuruyus treeof , omobpastcarOwas 3amMEHYMbLE [L-MUNDBL HA
dpesosudnvle munv, UHIYKMUBHO onpedessemcs mak:

treeof (Top)(e) = Top

treeof (1—>T2)(e) = —

treeof (T1—>To)(i,m) = treeof (T;)(m)
treeof (Ty x Tz)(e) = X

treeof (Ty x To)(i,m) = treeof (T;)(m)

treeof (uX. T)(m) treeof ([X — pX.T|T)(r)

Umobv, y6edumvbes 6 mom, wmo Imo onpedesenue KoppeKmHo (Mo ecms Yuumbol-
6aEMm 6CE 6APUAHTLL, U 6C€200 00ECTIENUBAET 3A6EPULEHUE EBUUCAEHUA PYHKUUL,),
samemum caedyrousee:

1. Bcaxoe pewypcuenoe ucnoavsosanue treeof 6 npacoti 4acmu onpedeseHus
ymenvwaem aexcurozpapuseckul pasmep napovs (||, p-height(T)): sapuan-
mot 0as S—T u SxT ymenvwarom |r|; eapuanm daa pX.T ocmaeasem ||
HeUusMeHHbIM, HO Ymenvwaem (i-height(T).

2. Bce pexypcuervie 86130686t COTPAHAIOM COKPAMUMOCTD U 3AMBIKAHUE MUNOE-
apeymenmos. B wacmmocmu, mun pX.T cokpamum u 3amkHym mozda u
MoAbKO Mo20a, £020a COKPAMUMA U 3aMKEHYMa €20 padsepmra [X — puX. T|T.
Imo cayosrcum obocrosanuem waza padsepmru 6 onpedesenuu treeof (uX. T).

Onpedeaenue  dynxyuu treeof — pacnpocmpansemcsa Ha  NAPLL  MUNOS:
treeof (S, T) = (treeof (S), treeof (T)).

[Mpumep npumenenus treeof K p-Tumy npuBeneH Ha puc. 21.3.
OrHolIEHNE MOITUITUPOBAHKUS sl JIPEBOBU/IHBIX THIIOB OBLIO OIPEIETIEHO B
§21.3 xkak HAMOOJIBINAS HEMOABMKHAS TOUYKA TOpoXKaaromieit byuknun S. B sTom
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pasjiesie Mbl PACUIUPUIN CUHTAKCUC TUIIOB [I-TUIIAMH, II0BE/IeHue KOTOPbIX UHTYHU-
TUBHO OLLUCBHIBAETCH LpaBUjaMu (COOTBETCTBEHHO, LIPABOH U JIEBOIT) [-CBEPTKU:

S <: [X+ pX.T]T [X+— pX.S]S <: T
n
S <: pX.T pX.S <: T

DopMaIbHO MBI OMPEIEIsSeM TOATATHPOBAHNE [IJIs [4~TUIIOB Yepe3 MOPOK JAOIITY IO
dbyuKIHIO S;);y, B OMpEIeJIeHN KOTOPOH TP BAPUAHTA COBIAIAIOT C OPEICIEHUEM
S, a elie ABa COOTBETCTBYIOT MPABUJIAM [i~-CBEPTKH.

Ompenenenue 21.8.4 Jléa p-muna S u T Harodamcsa 6 OMHOWEHUU NOOMUNU-
posanus, ecau (S, T) € vSy,, 2de monomonnas pynxyus Sy, € P(Tm X Tm) —
P(Tin X Trm) onpedeasemces ypasnenuem

Sm(R) = {(Sv TOP)|SG7;7L}

{(81 x 82,11 x T2) | (S1,T1),(S2, T2) € R}

{(51 = 82,1 = T2) | (T1,51),(S2, T2) € R}

(5.42.7) | (5, [X > pX.7]T) € R)

{(px.8,7) | ([X— pX.S]|S,T) e R,T+# Top u T# puY. T}

Cc C CCcC

3amemum, wmo Mo onpedeseHue HE 6 MOUHOCTNU COOMEEMCEMBYEM SbLUENDU-
BE0EHHBIM NPABUAAM [L-CEEPTIKU: Mbl 66EAU ACUMMEMPUIO MENCOY NOCACOHUM U
npednociednum 6apuanmom, +mobu, cdeasamsv Pyrkyuio obpamumot (unase 6a-
PUAGHMBL NEPEKPBLEaAUCH Obi). O0HAKO, KaK NOKA3BIEAEM CACOYIOULE YNPAACHEHUE,
S mopostcdaem mo dHce camoe OMHOWEHUE NOIMUNUPOBAHUA, Mo U boaee ecme-
cmeennas noposcdaowas Pynxyus' S, Yy KOMOPOT KOMNOHEHMB Onpedeserus
NPAMO COOMEEMCMBYIOM NPAGUNAIM GBLEOI.

Vupaxuenue 21.8.5 [k % k|: Bunuwume onpedeserue 6bueynomanymots dymr-
yuu Sq U nokascume, Mo OHG He Asafemca obpamumot. Jloxascume, wmo
vSy =vSp.

ITopoxknaroras pyukmusa S, oOparnMa, MOCKOJbKY OIpeIeIeHa COOTBETCTBY-
fO1ast (PYHKITHS MOIIEPIKKIT:

|G} eciiu T = Top
{(Sl,Tl), (SQ,TQ)} ectm S =81 XSom
T=T; xTs
{(Tl,Sl), (SQ,TQ)} ecam S = Sl — SQ u
supportg (8,T) = 1 T=T; > T

{(S,[X— pX.T1]T1)} ecom T = pX.Ty
{([X — pX.S1]S1,T)} ecau S = puX.S; u

T # puX.Ty, T # Top
) B OCTaJIbHBIX CJIydasAx

Ornomenue MMOATUININPOBAHUA Ha U-THUIIAX IIOKa 9TO OBLIIO BBE€IE€HO OTAEJIbHO
OT OIIpeeJIeHHOI'O paHee OTHOINEHUA IIOATHUIIMPDOBAHUA AJidA APEBOBUAHDBIX THUIIOB.

4Byxsa d B Sy HamoMmmHaeT, 9TO 3Ta GYHKIIHA OCHOBAHA HA «IEKIADATHBHBIX> (declarative)
NpaBUIaX BBIBOJA JUJISI (i~-CBEPTKU, B OTIUIUE OT <AJTOPUTMUUECKUXY MPABUII, UCIOJB3YEMBIX
B S
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ITocko/ibKy MbI paccMarpuBaeM [-THUIIbI BCErO JIMIIb KAK CIIOCOO IIpe/CcTaBjIeHns
PErYJIAPHBIX TUIIOB B KOHEYHOM BM/Jle, HEOOXOAUMO yOeUThCs, YTO ITU JBA OTHO-
[IeHUs COOTBETCTBYIOT Apyr Apyry. Cienyomas Teopema (21.8.7) ycranasiuBaer
310 cooTBeTcTBHE. ONHAKO CHadasa TpedyeTcd T0Ka3aTh TEXHUUECKYIO JTEMMY.

Jlemma 21.8.6 /lonycmum, omuowenue R c Tm % Tm asagemca
S -woncucmenmuvim. Jas moboli napw (S,T) € R umeemcas HEKOMOPaA
napa (S, T) € R makaa, wmo treeof (S, T) = treeof (S,T), u wu S, nu T ne
HANUHAIOMCA C [L.

JZoxazameavcmeo: Hnoyxkyus no cymme Koausecmea 6Lodclenuti (i 6 nawane S u
T. Ecau nu S, nu T He Hauunatomcs ¢ i, mo moocro ezamo (S, T) = (S, T). C dpy-
201 cmoponwl, ecau (S, T) = (S, uX.T1), mo, ucroda us Spy,-koncucmenmmuocmu R,
umeem (S, T) € Sy (R), max wmo (8", T") = (S, [X— pX.T1]Th) € R. Tux xax T co-
xpamum, mo T, peayavmam pazeepmxu T, codepimcum 6 HaAaAe Ha 00HY L MeHD-
we, wem T. Cozaacho npednososcenuto UHOYKUUL, CYULLCTEYEem HEKOOPAs Napa
munos (S, T), maxasn, wmo nu S, nu T' He wawunaromes ¢ [, u treeof (S", ") =
treeof (S, T'). Hockoavxky, no onpedeaenuro treeof, treeof (S, T) = treeof (S”, T"), na-
pa (S, T) — mo, wmo nam nyscrno. Bapuanm ¢ (S, T) = (uX. Sy, T) dokaswvieaemncs
aAHAN02UNHO.

Teopema 21.8.7 ITycmo (S,T) € Ty X T Tozda (S, T) € vS,, mozda u moavko
moeda, kozda treeof (S, T)) € vS.

Zoxazameavcmeo: Paccmompum cHAMAAAL HANPAGAEHUE <MOABKO ECAU> — TNO-
xaorcem, wmo us (S,T) € vS, caedyem treeof (S,T) € vS. Ilycmv (4,B) =
treeof (S, T) € T x T. Cozaacto npunyuny xoundyxyuu, mpedyemoili pesyisbmanm
bydem noayuen, ecau Mot NPOOEMOHCTPUPYEM S-KOHCUCTNEHMHOE MHONCECTNEO
Qe T x T makoe, wmo (4,B) € Q. Mo, ymeepoicoaem, 4mo marum MHOACECTIEOM
asasemes Q = treeof (v.Sy,). Umobu ybedumovcs 68 IMOM, HYIHCHO NOKAZAMB, 4MO
(4,B) e S(Q) dan scex (4,B) € Q.

ITyemv umeemes napa p-munos (S, T) € vSy,, makasn, wmo treeof (S, T) =
(4',B). Hcxods usz aemmvr 21.8.6, mooicro npednososicums, wmo wu S, wu T ne
nawunatomea ¢ . Hockoavky mmooicecmeo vSy, Sy -woncucmenmmno, napa (S, T')
00191CHA 6BMB NOAIEPHCANHA OOHUM U3 BAPUAHMOE 8 ONPEJENeHUL Sy, M. €. 00AIHC-
HG UMEMDB 00HY U3 CACOYIOWUL Hopm:

Bapuanm: (S, T) = (S, Top)
Toz20a B' = Top, u (4',B') € S(Q) no onpedeaenuro S.

Bapuanwm: (S, T) = (S1 x S2, Ty x To), ede (S1,T1), (S2, T2) € VS,

Cozaacno onpedeaenuto treeof , umeem B = treeof (T') = By X By, 20e xaoicoviii B; =
treeof (T;). Ananoeuuno, A' = Ay X Aa, 2de A; = treeof (S;). IIpumenenue Pynryuu
treeof ® smum napam daem (41, Bi),(42,B2) € Q. Ho mozda no onpedeaenuro S
Mot noayuwaem (4, B) = (41 X A3, By X Bs) € S(Q).

Bapuanm: (S, T)=(S1 > S2, T1 = Ta), 20e (T1,51),(S2, T2) € vSm,

Ananozuuno.

Tenepv nposepum Hanpasserue <ecauy — noxagicem, wmo u3 treeof (S, T) €
vS caedyem, wmo (S, T) € vS,,. Cozaacko NpuHyuny KoundyKUuy, 00CMAMOYHO
NPOGEMOHCMPUPOSATL Sy -KOHCUCTIEHMHOE MHodcecmeo R € To, x Tp, maxoe,
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wmo (S,T) € R. Mw ymeepocdaem, 4mo maxum MHONCECNBOM sBAsemCH R =
{(S',T) € T xTp, | treeof (S', T') € vS}. Heno, wmo (S, T) € R. Imobv 3asepuiums
dorazamenbcmeo, ocmaemcs noxasamsv, wmo us (S, T) € R caedyem (S, T) €
Sm(R)

3amemum, wmo nockoavky vS AGAAEMCA S-KOHCUCTNEHMHLIM, GCAKAA NAPA
(4',B) € vS doavicna umems 0dny us mpex gopm: (4', Top), (41 X Az, By X By) uau
(41 — A3,By — Bs). Omcioda u u3 onpedeaenus treeof mul 6udum, 4mo 6CAKAA
napa (S', T') € R doavsicna umemv odny us gopm (S, Top), (S1 X Sz, Ty X Tz), (S1 —
So, T1 — To), (S, uX.T1) aubo (uX.S1, T'). Paccmompum 6ce amu 6apuanmov, no
ouepeou.

Bapuanm: (S, T) = (S, Top)
B amom caywae (S, T) € Sp(R) nenocpedemeenmo no onpedenenuto Sy, .

Bapuanm: (S, T) = (81 x Sz, T} x T»)

Iyemoy (4',B) = treeof (S',T'). Tozda (4',B') = (41 X 43,B1 X By), 2de 4; =
treeof (S;), a B; = treeof (B;). Iockoavky (4',B) € vS, us S-koncucmenmuocmu
mHooicecmea VS caedyem (4;, B;) € vS, a omewoda (S;, T;) € R no onpedeaeruro R.
Tenepv onpedesenue S, daem nam (S, T) = (S1 X Sz, T1 X T2) € Sin(R).

Bapuanm: (S, T)=(S1 — S, T1 — T)
Ananozuuno.

Bapuanwm: (S, T) = (S, uX.Ty)

Hyemo T = [X — pX.T1|T1. ITo onpedenenuro, treeof (T') = treeof (T'). Cuae-
dosamenvro, no onpedeseruro R, moe umeem (S, T') € R, u, makum obpasom,
(S, T) € Sm(R), no onpedenenuio S,.

Bapuanm: (S, T) = (uX.5,T)

Ecau T = Top uau T HAWUHAEMCA C (1, TO NPUMEHUM 00UH U3 NPeduidYUUT
64PUAHMOE; 6 NPOMUEHOM CAYUAE, 00KAZAMEALCTNEO GHAAOZUNHO NPEONOCAEIHEMY
6apuanmy.

CooTBeTcTBHE, YCTAHOBIEHHOE STOM TEOPEMOIA, SIBJISIETCS YTBEPIKICHUEM O KOP-
PEKTHOCTU U MOJIHOTE OTHOMEHUA TOATUIIUPOBAHUA JIJIA U-TUTIOB, ONIPEJCIEHHOTO
B 3TOM pa3zeJie. OHO AHAJIOTUYIHO O6bIKHOBeHHOMy OTHOIICHUIO IMOATHUIINPOBAHUA
It OECKOHEUHBIX JIPEBOBUIHBIX THUIIOB, KOTOPbIE OrPAHUYEHBI TUITAMHU, PEICTa-
BHUMBIMHU B BHJ1€ KOHEYHbIX ﬂ—Bpra}KeHHﬁ.

21.9. lloxcder moaBBIpaXKeHUIA

Ipu nogcragoske B oOuwmit asropurm gfp' (21.6.4) konkperHoit byHkiMU
supportg — NJist OTHOUIEHUS MOATUIMPOBAHIS HA [i-TUIIAX (21.8.4) monyuaerca aj-
TOPUTM TIPOBEPKY MOATUIIUPOBAHNUs, N300parkeHublii Ha puc. 21.4. Paccyxnenns,
npuBeneHHbE B paszesne 21.6, mOKa3bIBAOT, YTO JJIs STOTO AJIrOpuUTMa Oyaer ra-
DAHTHPOBAHO 3aBEPILEHUE B Cilydae, eciu MHOXKecTBO reachableg, (S,T) KoHedHO
JJ1st J1I000# Taphl [4-~THUIIOB (S,T). Hacrosmuit pa3aen mocBineH q0Ka3aTeIbCTBY
TOrO, UTO TO YCJIOBHE BhIMOIHsIeTCs (yTBep:kaenne 21.9.11).
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subtypes (A,S8,T) = ecmu (S,T)€ A, 10
A
unaue mycrtb Ag = A U {(S,T)}, u Torga
ecan T = Top, TO
Ao
uHade ecau S =351 X So u T =T; X Tg, TO
uycrb Ay = subtype(Ag, S1,71), u Torua
subtype(Aq, S, To)
uHade eciu S =87 = Sou T =T; — Ty, TO
nycrb Ay = subtype(Ag, Ty, S1), u Toraa
subtype(Ay, Sz, Tz)
nnaue ecan T = pX.Tp, TO
subtype(Ao, S, [X — pX.T1]T1)
nHaue ecnn S = pX.Sq, TO
subtype(Ao, [X — puX.S1]S1,T)
MHATe
Heydava

Puc. 21.4. Koukpersbiii aJirOPUTM IPOBEPKH [OJATUINPOBAHUS /IS [L~THUIIOB

Ha mepsbrit B3y, 9TO CBONCTBO KaXKETCS MOYTHA OYEBHUIHBIM, OJHAKO €r0
CTPOroe JIOKA3ATEIbCTBO OKA3bIBACTCS YAUBUTEIHHO TPYH0eMKuM. CII0KHOCTD CO-
CTOWT B TOM, YTO €CTh JBa CIIOCODA OMPEIE/IEHNsT MHOKECTBA «3aMKHYTBIX TOJI-
BhIpazkenuity y-tuna. OauH U3 HUX, KOTOPBIA MBI HA30BEM <ITOJBBIPAYKEHUS TIPU
B3TJIAIE CBEPXY BHU3», MPSAMO COOTBETCTBYET IOIABBIPAYKEHUAM, MOPOKIAEMBIM
qepe3 supportg . Jlpyroit, KOTOpBIit MBI HA30BEM <«IIOIBLIPAKEHUS TIPHU BITJISLIE
CHU3Y BBEPX», MPUBOAUT K IPOCTOMY JOKA3ATEIbCTBY TOTO, YTO MHOXKECTBO 3a-
MKHYTBIX TTOABBIPAYKEHNN BCAKOTO [4-TUTA, KOHEUHO. /[0Ka3aTeIbCTBO 3aBepIIIeHU s
aJITOPUTMAa CTPOUTCS TAK: CHAYMAJIA OMPEIeISIIOTCs 06a 3TUX crnocoda, a MOTOM ITo-
Ka3bIBAETCS, YTO MHOYKECTBO TIOIBBIPAXKEHUIT 110 TIEPBOMY OIPE/IEIEHUIO SABJISIETCS
[OJIMHOXKECTBOM MHOXKECTBA, NO/BbIpazkeHuil 1o sropomy (yreepxkzaenue 21.9.10).
Takoit cnocob mokasaresnbcrBa B3dr Hamu y Bpanjara u Xenrueiina (Brandt and

Henglein, 1997).

Onpepenenue 21.9.1 p-mun S aesasemcs  1O/JBbIPAKEHUEM (top-down
subexpression) p-muna T Tpu B3ISAAE CBEPXYy BHU3, w40 3GNUCHIBACTNCA
kax S & T, ecau napa (S, T) npunadiescum Haumenvwel HenodsudicHol movke
caedyrousets nopoorcdarowets Gynryu:

TD(R) = {(T,T)|TeTn
) {(S, T1XT2) | (S, T1) € R}
U {(S, T, x TQ) | (S, Tg) € R}
O {(5.Ti>T) | (S,T)) € R)
v {(S, T1—>T2) | (S7 TQ) € R}
u {(SpX.T) | (S,[X— pX.T]T) € R}
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Vupaxuernue 21.9.2 [*]: Jatime sxeusarenmnoe onpedesenue omuowenus SE T
6 eude Habopa Npasu.s 6616004.

Ucxona us onpenenienns supportg, , HETPYJHO BUJIETh, YTO JIJIst JTIOOBIX [i~THIIOB
S u T BCe maphl, COAEPIKAITIECS B Supportg, (S,T), coCTOAT U3 MOABBIPAKEHUI S U
T npu B3rJide CBepXy BHUS3.

Nemva 21.9.3 Ecau (S, T) € supportg (S, T), mo aubo S' E S, aubo ' = T, a
maxoce aubo T' T S, aubo T T T.
Aoxasamenvcmeo: Caedyem nenocpedcmeenno us onpedeaenus supports .

Kpowme Toro, oraorenre nonBeIpakeHuit pu B3TJIsiI€ CBEPXY BHUA3 TPAH3UTUB-
HO:

Jlemma 21.9.4 Ecau SEUuUET, mo SET.

Jokasamenvcmeo: Ymeepoicdenue aemmol, sxsusasenmuo YU, T. UE T=> (VS. SE
U= SE T). Apyeumu caosamu, mpebyemcs nokazamo, wmo u(TD) € R, 2de
R = {(UT) | VS. SE U= S C T}. Ilo npunyuny undyxyuu, docmamou-
HO nokazamb, wmo omnowenue R aeasemes T D-3amrnymoim — mo ecms, 4mo
TD(R) € R. Ipednonooicum, wmo (U, T) € TD(R). IIposedem paszbop eapuarmos
no onpedeaernuro T'D.

Bapuawm: (U, T) = (T, T)
Seno, wmo (T, T) € R.

Bapuanwm: (U, T) = (U,T1xTe) u (U,T1)€ER

Hockonvky (U, T1) € R, doasicro 6oums ST U= SE Ty das awbozo S. Ilo onpe-
deaenuro &, das ecex S 0oadxcHo 6vinoanamves makoice S & U = S & Ty xTs.
Caedosamenvno, (U, T) = (U, Ty xTz) € R, coenacto onpedesenuio R.

Ocmanvhvie 6aPUAHMDL:
Ananozuuno.

Coderanve IByX TOCTEIHUX JIEMM JAET HAM YTBEPKIEHUE, PAIU KOTOPOTO MbI
BBeJIU IIOHATHE IIOJBbIPAYKEHUS IIPU B3IJIA/le CBEPXY BHU3:

Vreepxnenue 21.9.5 Fcau (S, T) € reachableg
T, a maxoice aubo T © S, aubo T' = T.
Hoxaszamenvemeo: Undyxuyua no onpedenenuro reachableg, , ¢ ucnoavdosaruem
mpar3umueHocmu .

(S, T), mo aubo S’ = S, aubo S' =

m

Kouneunocrs reachables, (S,T) 6yner ciaemosars (B yrBepxKaennn 21.9.11) u3
HOCJIEJIHErO JOKA3AHHOTO yTBEPIK/ICHUS U U3 TOro (haKTa, IT0 y BCSKOrO p-Tuna U
HMEETCsl TOJIBKO KOHEYHOE YHCJIO HOJBbIpayKeHuii pu B3mis e csepxy suu3. K co-
JKATEHUIO, 9TO TIOCIIEHEE YTBEPKACHHE HEOUEBUIHO U3 onpenenenns C. [Tonbirka
JIOKA3aTh 9TO IyTeM CTPYKTYPHOH muaykuuu 1o U, ucnons3ys onpeaenenne T'D,
TEPLUT Hey/ady, IOCKOJIbKY Hocieanuii Bapuant B oupeaenenun 1I'D nomaer uu-
JYKIMIO: JIJIsi TIOCTPOeHHst o/BbIparkennit U = pX.T HCIONB3yeTcs: BbIPAsKEHHe
[X — pX.T]T, a 0HO, BOBMOXKHO, oAbuwie IO Pa3Mepy.

B anbrepHATHBHOM NOHSTHH NOJBBIPAXKEHHIl IIPU B3IVISAE CHA3Y BBEPX 3Ty
npobremy yzaaercs 0G0HTH, HOCKOIbKY IOICTAHOBKA (-THIIOB BMECTO IIEPEMEHHbIX
PEKypCHU IIPOBOAUTCS TOCAE BBIMUCJIECHUA NOABbIPAxeHuil, a ne 10 mero. Taxoe
M3MEHEHNE JaeT HaM MPOCTOE JOKA3ATEICTBO KOHETHOCTH.
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Oupenenenue 21.9.6 p-mun S asasemcs  nousbipaxkenueMm  (bottom-up
subexpression) p-muna T upu B3LIAAE CHU3Y BBEDX, W4MO 3GNUCHIEAETNCH
kax S < T, ecau napa (S, T) npunadsesicum x naumernvuet HENodsuncHol movke
caedyrouset; nopoorciarowets Gynryu:

BU(R)

{(T,7)| Te T}

{(S, T1XT2) | (S, Tl) € R}

{(S,Tix D) | (S,To) € R}
{(5,1—>T) | (S, T1) € R}

{(57 T1—>T2) | (S, TQ) € R}

(([X = uX.1]S, uX.T) | (S, T) € R}

Cc CcCccc

DTO HOBOE ONPEEIEHNE TIOABBIPAYKEHUN OTINYIAETCS OT CTAPOr0 TOJIBKO B Ba-
pUaHTE /I TUTIOB, HAYWHAOIINXCS C CUMBOJIA, ft. A TOOBI TIOJIY YUTH MTOIBBIPAYKEHIS
TAKOTr0 THUIIa NPH B3IVIAJE CBEPXY BHU3, Mbl CHAUAJIa €0 Pa3BOPAYUBAJIN, & 3aTEM
coOMpasu MOABBIPAYKEHNS PE3YIbTATA PA3BEPTKU. BHIYNC/IsSsA MOABBIPAXKEHUS TIPU
B3IJIsi/Ie CHU3Y BBEPX, Mbl CHavaJia cobupaeM (He 00s3aTe/bHO 3aMKHY ThIe) 10/BbI-
paxKkeHud TeJjla, a 3aTeM 3aMbIKaeM UX, IPUMEHAS Pa3BePThIBAIOLLYIO [10/CTaHOBKY.

Vupaxuernue 21.9.7 [k%]|: Jaime sxeusarenmmoe onpedeaenue omuowernus S <
T 6 eude nabopa npasus 6v60da.

Bes TPpyAa JOKA3bIBAETCA, YTO BCAKOE BbIPpAazK€HNE UMEET JINIIb KOHEYHOe IUCJIO
HO,HBI)Ipa)KeHI/II'/’I Ipn B3MJIAE CHU3Y BBEPX.

Jemma 21.9.8 Mnoowcecmeo {S| S < T} xonewno das arwbozo T.
Zoxasameavemeo: Ilpamosunetinas cmpyxmyphas undykyus no T, UCnosb3ys
caedyrowgue nabarodenus, xomopwe caedyrom usd onpedesenuti BU u ommuowe-
HUA <

e ecau T= Top uau T=X, mo {S|S<T}={T};

o ccau T=TiXTp aubo T=T1—>T, mo{S| ST} ={Thu{S| ST} u{S|
S < To};

e ccau T=pX.T, mo{S|S<T}={Thu{[X—T|S| S T}.

Yr006b! 1OKA3ATH, YTO HOABBIPAYKEHU THUIIA IIPU B3IJIsA/I€ CHU3Y BBEPX BKJIIOYa-
10T €r0 IIO/IBbIPAYKEHUS [P B3IUIA/IE CBEPXY BHU3, HAM IOTpe0yercs Cjemyomast
JIeMMa, CBA3BIBAIOIIAS TTOABBIPAYKEHN TIPU B3TJIAAE CHU3Y BBEPX M MOJCTAHOBKY.

Jemma 21.9.9 Ecau S < [X — G|T, mo aubo S < @, aubo S = [X — ]S dan
nexomopozo S maxozo, wmo S' < T.

Hoxasamenvcmeo: Cmpykmypras undykyusa no T.

Bapuanm: T = Top

B onpedesenuu BU moavko sapuanm ¢ pedaercusenocmoio donycraem Top 6 Ka-
Yecmee nPasozo NeMenma napv, max wmo doastcno bvims S = Top. Tpebyemuid
pesyavmam nosyuwaemes npu S = Top.
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Bapuanwm: T=17Y

Ecau Y = X, umeem S < [X — (|T = §, u mpebyemwiii pesysvmam caedyem u3
ycaosua aemmo. Ecau Y # X, umeem S <X [X — ]T = Y. Toavko eapuanm c
pedaexcusrocmoro 6 onpedeaenuu BU moorcem damv nam smy napy, max 4mo
S = Y. Tpebyemuili peaysvmam nosyuaemca npu S = V.

Bapuanwm: T=TixT,

Hmeem S< [X— QT = [X— {]Ty x [X — {]T2. Cozaacro onpedeaenuro BU, ecmo
mpu cnocoba, KOMOPuMU S MOHCEM OKA3AMBCA NOJBHLIPAAHCEHUEM IMO20 TMUNA-
npouseederus npu e3zaade crnudy eeepr. Paccmompum smu cnocobo, no ouepedu.

Iodsapuanm: S=[X— {|T
Bosvmem S' = T.

Iodsapuanm: S < [X— Ty

Cozaacro npednosoorcenuro undykyuu, aubo S < § (u mozda mwv yorce
umeem mpebyemoe ymeepoicderue), aubo S = [X — {|S' das nexomo-
poeo 8 <X T1. B nocaednem cayuae nosyuaem mpebyemviii pesysbman
S < [X+— §] no onpedeseruro BU.

ITodsapuanm: S < [X— {]|T2
Ananrozuumo.

Bapuanwm: T=T,—T1
AHanozuwHo 6apUAHMY € MUNOM-NPOU3EEJEHUEM.

Bapuanwm: T=puY?.T
Hmeem S < [X — Q)T = pY.[X— Q]T. Ecmo dea cnocoba, komopvmu S modicem
0KA3AMBbCA NOJBHLPAICEHUEM IMO20 MUNG NPU 632A40€ CHU3Y BBEPL.

Hodeapuanm: S =[X— g|T
Bosvmem S' = T.

Hodsapuanm: S =[Y— pY.[X— {|T]|S, 20e S; < [X— |T
IIpednonoocenue undykyuu daem Ham 06e 803MOHCHOCTIIU:

e S < . Hecxoda us nawur cozaauweruti 00 UMEHAL CEA3AHHLL
nepemennoir, uzeecmno, wmo Y ¢ FV(§), u omcroda Y& FV(Sy).
Ho mozda S= [Y— puY.[X— ]T]S1 = S1, max wmo S < G.

T. B makom cayvae, S = [Y — uY.[X— TS = [V —
pY. [X— QIT][X — §]S: = [X — Q|[Y — pY.T]S:. Tpebyemoid
pesyavmam noaywaemecs npu S = [Y— pY.S|S,.

e S = [X — (§]S2 dan mexomopozo Sy maxozo, wmo S <

B 3akII0UNTEbHOI YacTH TOKA3ATEIHCTBA MBI TTOKA3bIBAEM, UTO BCIKOE TIOJI-
BBIpA’KEHUE [1-TUTIa TIPU B3IVIAJAE CBEPXY BHU3 MOYKHO HANUTHU CpEJN €ro MO/IBbIpa-
2KeHUil NP B3IJIALE CHU3Y BBEpX.

YrBepxnmerne 21.9.10 Ecau SE T, mo S< T.
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Loxazameavemeo: Tpebyemcsa noxazamv, wmo puT'D < pBU. Ilo npunyuny
undykyuu, docmamourno mokazamo, wmo uBU seasemces T D-3amrnymoim, mo
ecmov, wmo TD(uBU) € uBU. ZIpyzumu cao8amu, HAM HYHCHO NOKA3ATND, 4INO
us (4,B) € TD(uBU) caedyem, wmo (4,B) € pBU = BU(uBU). Ilocaednee
ymeepoicdenue bydem eepro, ecau 0as Kaxcdozo eapuarma T D, xomopwii moz 6ot
nopodums napy (4, B) uz uBU, natidemcsa eapuanm 6 onpedeaenuu BU, xomopoui
maxoice nopooicdan oo, (4, B) us pBU. Imo mpusuasbHo 6epro 0as 6CExT 6aPUAH-
mos 6 onpedesenuu T D, xpome nocaednezo, NOCKOALKY oHu CO6NAIAIOM C COOM-
sememeyrowumu sapuatmamu BU. B nocaednem sapuarme (4,B) = (S,uX.T) €
TD(uBU) u (S,[X— pX.T|T) € pBU, uau, wmo mo osice camoe, S < [X+— pX.T|T.
IIo aemme 21.9.9, aubo S < pX.T, mo ecmw, (S,uX.T) € uBU, wmo nam u nado,
aubo S = [X — puX.T|S das nexomopozo S maxoeo, wmo (S', T) € uBU. H3 nocaed-
nezo ymeeporcdernua caedyem, wmo (S, uX.T) € BU(uBU) = uBU, no nocaedrnemy
sapuarmy 6 onpedesenuu BU.

KomOunmpyst yTBep:KIeHus, JOKA3aHHbIE B 9TOM PA3Ie/Ie, MbI ITOJIy9aeM OKOH-
qaTeIbHbIA pe3yJibTarT.

Vrepxnerne 21.9.11 Jlaa w006z pi-munoe S u T, muootcecmeo reachableg, (S, T)
KOHEUHO.

Zoxasameavcmeo: Ilycmo das S u T, Td 6ydem mnoocecmeom ux nodevipasrcenut
npu 63zaade ceepxy enu3, a Bu — mmuoocecmeom uxr nodswvipascenuti npu 632a4-
de cnusy esepx. Cozaacno ymeepoicdenuro 21.9.5, reachables, (S, T) € Td x Td.
Cozaacro ymeepoicdernuro 21.9.10, Td x Td € Bu x Bu. Ilo aemme 21.9.8, nocaed-
Hee muootcecmaeo Koneuno. Caedosamenvno, muooicecmeo reachableg, (S, T) max-
oce KOHEUHO.

21.10. OrcrynyieHue: SKCIOHEHIUWAJbHBIN aJro-
pUTM

Asropurm subtype, npeacrasiennbiii 8 nadase §21.9 (puc. 21.4), MoxHO eie
HEMHOI'O YIPOCTUTDH, 3ACTABUB €0 BO3BPAIIATH OYyJI€BCKOE 3HAYEHUE, a HE HOBOE
MHOKeCTBO runore3 (cM. puc. 21.5). Tlosyuennas mpu 3ToM mponeaypa, subtype®s,
coorBeTcTByeT ajroputmy Amamno u Kapaeaan ijis mpoBepKU TOATUITHPOBAHUS
(Amadio and Cardelli, 1993). OHa BBIYHCISET TO K€ CAMO€ OTHOINEHHE, YTO 1
subtype, HO HAMHOTO MeHee 3(PPEKTUBHA, MOCKOIbKY HEe 3aIOMUHAET Maphl TUIIOB
B OTHOIIIEHUY OATUIINPOBAHNS BO BPEMsI PEKYPCUBHBIX BbI30BOB B BAPUAHTAX JIJIsI
— u x. Takoe, Ka3aj0cb Obl, HEBUHHOE U3MEHEHUE [PUBOIUT K B3PHIBHOMY PO-
CTy KOJINYECTBA PEKYPCUBHBIX BBI30BOB, BBIMOJIHAEMBIX aJIrOpuTMOM. KosmaecTBo
PEKYPCHUBHBIX BBI30BOB B ajaroputrme subtype MpOMOPIHOHAIBHO KBAIPATy ODIIEro
KOJINYECTBA MOABBIPAXKEHUH B IBYX THIAX-apryMeHTax (MOXKHO 3TO NPOBEPUTH,
UCCIeN0BaB Jlokaszarenbersa gemmbl 21.9.8 u yreepxkaenus 21.9.11), rorna kak B
cityuae subtype®® oHO pacTer SKCIOHEHLMAJbHO.

DKCIOHEHIMAILHOE TIOBEJeHNE subtype® MOKHO SICHO TIOKA3ATH HA, CJIELYIOIIEM
npumMepe. UHIyKTUBHO ONpeaenM ceMeiicTBa TUIoB S, u T, ClIeAyonumM 00pa3oMm:

So pX.TopxX Sn+1 = pX.X—>8,
To = pX.Topx(TopxX) Tpi1 = pX.X-T,
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subtype®(A,S,T) = ecmm (S,T) € A, T0 ucrmuna
unave nycrs Ag = A v (8,T), u Torga

ecau T = Top, TO ucmuna

nHade ecim S = Sy XSo u T = Ty XTy, TO
subtype®(Ao,S1,T1) u
SUbtypeac(A07 S27 T?)

uHave ecau S = S1—So u T =T —Tg, TO
subtype® (Ao, T1,81) u
subtype®©(Aop, S2,T2)

nHave ecau S = puX.Sq, TO
subtype™® (Ao, [X > pX.81]81,T)

nuave ecau T = pX. Ty, TO
subtype®(Ag, S, [X — uX.T1]Ty)

UHAYE A0HCD

Puc. 21.5. Anropurm nposepku noarunuposanus Amaano u Kapemim

Ilockompky S, u T,, comepzKaT MO OTHOMY BXOXKJIEHUIO S,,—1 U Tp—1, COOTBETCTBEH-
HO, UX pa3Mep ([ocjie PACKPbITHs COKpallleHuii) jauneiino 3apucur or n. OgHako
nposepka S, <: T, HopoxzgaeT BbIBOJI, PACTYIIUI SKCIIOHEHIIUAJIBbHO, KAK MOXKHO
BUJIETH 110 CJIEJLYIOMIeHl 110C/1e/10BaTe/IbHOCTU PEKYPCUBHBIX BbI30BOB

subtype®(, Sn, Tn)

subtype®(A1,8,—Sn_1,Tn)

subtype®“(Aa, 8, —Sn—1,Tn—>Th_1)

subtype®“(As, Ty, Sp) u subtype®(As, Sp—1,Tn—1)
(
(
(

subtype®(Ay, Tp—Tp_1,S,) 1 ...
subtype®“(As, T, —Tn_1,8,—Sp_1) U ...
subtype®“(Ag, S, Tpn) u subtype®(Ag, Tp—1,Sn—1) ¥ ...

T 1.,
rue
Al = {(STMTTL)}
A2 = Al v {(Sn_)sn—laTn)}
AS = Ayu {(Sn_)snflan_)Tnfl)}
A4 = A3 v {(Tn,Sn)}
Ay = MU {(Tn_’Tnfla Sn)}
A6 = A5 v {(Tn_’Tn—la Sn_’sn—l)}

Obparure BHUMaHHUE, YTO UCXOAHBIH BBI3OB subtype®* (D, Sy, T,) OPUBOAUT K
IByM (IOAYEPKHYTHIM) PEKYPCHUBHBIM BBI30BAM TAKOIO YK€ BUJIA, HO C apryMeHTa-
Mu S,_1 u T,_1. Kaxaprit u3 HEUX, B CBOIO O4Y€pe/ib, IPUBEIET K JABYM PEKYPCHUB-
HBIM BBI30BAM C apryMeHTaMu S, o u T, o, u Tak masmee. Takum obpasom, obiree
KOJINYECTBO PEKYPCUBHBIX BBI30BOB MPOTMOPIMOHAIBLHO 2™.
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21.11. IloaTunupoBaHue AJisd N30PEKYPCUBHBIX THU-
OB

B §20.2 mMbl ymoMmsiHy/#, 9TO HEKOTOPBIE CHCTEMBI C PEKYPCUBHBIMU THUIAMU
UCIIOJB3YIOT u3opexypcushoe (iso-recursive) LpeicTaBieHHe, B KOTOPOM CBEPTKA
¥ Pa3BepTKa PEKYyPCUBHBIX THUIIOB ABHBIM 00PA30M IIOMEYAIOTCHA KOHCTPYKTOPAMHU
TepMoB fold m unfold. B Takmx g3bIKaX KOHCTPYKTOP THUIIOB [ SABJISETCH <«KECT-
KHM» B TOM CMBICJIE€, UYTO €ro TOJIOXKEeHWe B THUIE BIUAET Ha TO, KAK MOYKHO HC-
MOTb30BATh TEPMbI JAHHOTO THUIIA.

Eciu Mbr 106aBUM TOATUTIHPOBAHNE B CHCTEMY C W30PEKYPCUBHBIMU THUIIAMHU,
JKECTKOCTh KOHCTPYKTOPA [t OyJeT BJIMATH TAKXKE HA OTHOIIEHWE MOITHIINPOBA-
Husi. BMECTO MHTYUTHBHOIO MOHATHUS «PAa3BEPHYTH M0 MPEJesa, a 3aTeM MPOBe-
PUTH MOATUIIUPOBAHKE», KOTOPOE MbI IPUMEHSIA HA MPOTsKeHnn OoJIbIeil yacTu
9TOI TJIaBbI, HEOOXOAMMO HAMPSIMYIO OMPEIEIUTh TMPABUIIA TOATUTHDOBAHUS JIJIsT
PEKYPCHUBHBIX THIIOB.

Hawnbomnee pacmpocTpaneHHOe OMpeeneHne W30PEKYPCUBHOTO TMOATUTIMPOBA-
HUS — TaK HA3BIBAEMOE «AHmMapHoe npasuaos (Amber rule), Koropoe Ha3bIBaeTCS
TaK, HOCKOJIbKY CTaJI0 M3BECTHBIM 10 #3bIKy Amber («saHTapb» ), co3gannomy Kap-
nennu (Cardelli, 1986):

Y, X<:YH-S <: T
Y pX.S <: pY.T

(S-AMBER)

WHTYUTHBHO 3TO MPaBUIO MOXKHO YUTATH Tak: «ITOOBI mOKa3arh, 9T0 uX.S sB-
ssiercs noarunom Y . T Ipu HEKOTOPOM MHOYKECTBE MPEIIIOJIOKEHU X, T0CTATOY-
HO HOKa3aTh, 9T0 S <: T IOPH JONOJHETEILHOM IPEIIONoKeHn:, 910 X <: Y».5
) 371eCh TPEICTABIISIET COOOI MPOCTO MHOXKECTBO Tap MEPEMEHHBIX PEKYPCUH, T
XPAHATCS yKe PACCMOTPEHHBIE TAPhl PEKYPCUBHBIX TUIMOB. DTH ITPEITIOJIOKEHS
HUCIOJIB3YIOTCA €Ile B OJHOM IIpaBUJIE NOJTUIINPOBAHNA:

(X <: Y)eXx

—_— (S-ASSUMPTION)
YHX<: Y

[IO3BOJIAIOLIEM HaM 3aKJIIOYUTb, YTO X <: Y, €C/id MbI y2Ke 3TO LPEeIIoaraeM.

B cymuocTH, 1obaBieHne 3THX ABYX MPABUI K OOBITHOMY aJTOPUTMY IIPOBEPKI
HOATUIMPOBAHUA U3 IJiaBbl 16 (1IpU 3TOM HAJO elle PACHIUPUTH OCTAJIbHbIE LPa-
BuJIa, 4TOObL OHU 1EPEJABAJIU IIPEJLIOJOKEHUs OT LPEAIOCHUIOK K 3aKJII0YEHHIO)
JaeT HAM AJITOPUTM, KOTOPBIH BemeT ceOs TIPUMEpPHO Kak anropuTtM subtype®S mo
puc. 21.5, rae ¥ urpaer posb A. PazHuna cocrout B TOM, 9TO a) «pa3BepTKay pe-
KYPCHUBHBIX THIIOB IIPOBOIUTCS TOJBKO TOTIA, KOTIA OHH OKA3BIBAIOTCSA CPA3y IO
00e CTOPOHBI OTHOLIEHU <:, 1 §) HE [IPOBOAUTCS MOACTAHOBKA PEKYDPCUBHbBIX TH-
1OB B Tes1a (OHU LPOCTO OCTAIOTCs B BUJE LIEPEMEHHDIX ), U [I09TOMY JIEIKO BUJIETD,
9TO aJTOPUTM BCETJIa 3aBEPITAeTC.

53ameTHM, 9TO HTO IPABHUIO, B OTJIHYHE OT OOJIBIIMHCTE, IPABUI, B KOTOPHIX B 00EHX YaCTAX
HPHUCYTCTBYIOT CBS3bIBAIOIHE KOHCTPYKImuK (Hampumep, S-ALL Ha puc. 26.1), Tpebyer, 4TOOHL
nepes IpUMEHEeHNeM IMPABUJIA CBI3aHHBbIE mepeMeHHbIe X U Y ObITM IePENMEHOBAHBI TaK, YTOOBI
PABAUYGNDCA.
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342 21.12. JlomosHUTEIBbHBIC 3aMEIAHHS

[TpaBuiia noATUIUPOBAHUS, BCTPEYAIONIMECH B UMEHHBIX CUCTEMax THUIIOB (Ta-
kux, kak Obuierdennas Java, cm. riasy 19) 6M3KOPOACTBEHHBL «IHTAPHOMY LIPa-
BUJLY .

Vupaxzenue 21.11.1 [PEKOMEHAYETCH, %% |: Hatidume pexypcusnoie muno, S u
T maxue, ymo S <: T No IKBUPEKYPCUBHOMY ONPEIEAECHUIO, HO HE NO <AHMAPHOMY
npasusy s.

21.12. /lomosiHUTeJIbHbIE 3aMeYaHus

Ora mraBa OCHOBaHA Ha crarbe-camoyumrese lameesa, Jlesuna u Ilupca
(Gapeyev, Levin, and Pierce, 2000).

OcHoBHBIE CBeJIeHMsT O KOUHIYKITUU MOXKHO Haiitu B «Ilopounbix kpyrax» Bap-
Baiiza u Mocca («Vicious Circles», Barwise and Moss, 1996), camoyuurese Topuo-
HA 110 KOMHIYKIUA U QyHKIMOHATbHOMY mporpammuposanuio (Gordon, 1995), a
TakKe BO BBOAHOM ctarhe Musaepa u TodTe M0 KOMHIYKINY B CEMAHTHUKE S3bI-
koB niporpammupoBanug (Milner and Tofte, 1991a). Uudopmanuo 0 MOHOTOHHBIX
dbyHKuusX U HenoaBuUKHbIX ToUKax cM. y Auess (Aczel, 1977) u 'y JTosu u Ilpucriu
(Davey and Priestley, 1990).

Kounnykrusubie noKazareabCTBa CTAJIXA HCIOJIB30BATHCH B HMHMOPMATHKE B
1970-e roapr, Hanpumep, B paborax Muanepa (Milner, 1980) n ITapka (Park, 1981)
Mo MapaJjuIe/iu3My; CM. TaK¥Ke KaTeropuajbHble paccyyxkaenus Apouba u Meiinca
o ayasbHocTH B Teopun aBromaros (Arbib and Manes, 1975). Oxnako uHIyKImst
B €€ JIBOWCTBEHHOU «KO-» (hopMme ObLIa N3BECTHA MATEMATHKAM HAMHOIO DAHBIIIE;
OHA B BHOM BHJIE MCIIOJIL30BAJIACH, HAPUMED, B AOCTPAKTHON asirebpe u Teopun
kareropuit. OcHoBononaramommas kaura Agens (1988) o He BrosiHe 06G0CHOBAHHBIX
MHOYKECTBAX COIAEPKUT KPATKUI MCTOPUIECKUA 0030D.

Awmagno n Kapmennn (Amadio and Cardelli, 1993) moctponan mepssiii anro-
PUTM TPOBEPKY MOATUIMHUPOBAHUS [JIsi PEKYPCUBHBIX THIOB. B uX crarbe ompe-
JIeJIAIOTCS TPU OTHOIIEHUS: OTHOINEHWE BKJIIOYEHUsT HA OECKOHEYHBIX IEPEBhIX,
AJITOPUTM, TPOBEPSAIONINN TOATUITUPOBAHUE I L~TUIOB, U OTHOIIIEHUE CCHLIOYHO-
I'0 IOITUIMPOBAHUS [IJIsI [U~TUIOB, OIIPeIesieMOe KAK HANMEHbIIAs HEeIOqBUKHAS
TOYKA /Ui HAOOpa JEKIaPATUBHBIX [IPABUJI BbIBOZA; /I0KA3BIBAETCH, YTO ITU TPH
OTHOIIIEHUs] SKBUBAJIEHTHBI, ¥ BCE OHU CBS3BIBAIOTCS C MOIEIBHON KOHCTPYKIIHEI,
OCHOBAHHOW HA OTHOIIEHWSX YACTUYHON IKBUBAJEHTHOCTH. KOWHIyKIms HE uC-
MTOTb3YeTCsi; BMECTO ITOTO JJIs PACCYKIEHUN 0 OECKOHEYHDBIX JIEPEBbIX BBOIUTCS
MOHSITHE KOHEYHOIO MPUOIUKEHUST K OECKOHETHOMY JIEPEBY. DTO MOHITHE 3aTeM
WArPaeT KJII0YEBYIO POJIb BO MHOIHX JOKA3aTEIbCTBAX.

Bpauur u Xenruneiin (Brandt and Henglein, 1997) o6Hakuiu KOUH/Iy K TUBHYIO
cyrb cucrembl Amazuo u Kapzeiiu, 1aB HOBYIO MHIYKTUBHYIO AKCHOMATUBAIUIO
OTHOIIEHUs MOATUITMPOBAHNS, KOPPEKTHYIO U TTOJTHYIO 10 OTHOIIEHUIO K AKCHOMaM
Awmammo n Kapzaenmn. Tak HasbiBaemoe npasmio ARROW /FIX B 9roit akcnomarn-
3amyy BOILIOMIAET KOMHYKTUBHOCTD CUCTEeMBI. B 3T0i cTarhe onuckiBaercs ooImii
METOJI, IIOCTPOEHUS WH/IYKTUBHOW AaKCHOMATH3AIUY JJis OTHOIIIEHWIT, KOTOPbIE HAW-
6oJiee eCTeCTBEHHO ONKCHIBAIOTCH 4YepPe3 KOMHIYKIMIO, W HPUBOIUTCS IIOAPOOHOE
JIOKA3aTeIhCTBO 3aBEPINEHNUs IS JITOPUTMA TPOBEPKY noaTunupoBanus. B §21.9
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MbI OJTU3KO CJIeyeM XOMIY ITOrO0 JO0Ka3arenbcTBa. bpaumar u XeHrmeilH moKa3biBa-
10T, 9TO CJIOZKHOCTD ux ajropurma — O(n?).

Kosen, Ianc6epr u HIsapnbax (Kozen, Palsberg, and Schwartzbach, 1993) no-
JIY9AIOT U3AINIHBIN KBaAPATUYHBIA AJITOPUTM MTOATUITHPOBAHNS, 3aMeUasi, 9TO Pe-
TYJISPHBIA PEKYPCUBHBIN THII COOTBETCTBYET ABTOMATY € HOMEYEHHBIMH COCTOSTHH-
svu. QHE ONpPeeaIoT TOHATHE TPOU3BEIECHUS I JBYX ABTOMATOB U MOy 9ai0T
OOBIKHOBEHHBIH aBTOMAT HAJ|, CJIOBAME, KOTOPBIH PUHUMAET CJIOBO TOLJA U TOJIb-
KO TOTJA, KOTIA TUIHI, COOTBETCTBYIOIINE UCXOAHBIM aBTOMATAM, HE HAXOIIATCS B
OTHOIIIEHUH MOATUTTHPOBaHUs. [10cse 3TOro MpoBepKa Ha, MyCTOTY, TTPOBOIUMAST 34
JIHHEeMHOe BpeMsi, Pellaer 3a/ady MPOBEPKH MOATUIUPOBAHUS. DTO, B COUETAHUN
C KBAJPATUYIHBIM BPEMEHEM [IJisi TIOCTPOEHMsT ABTOMATA-IIPOU3BEJCHUs] U JIHHEH-
HBIM BPEMEHEeM PeobpPa30BaHUs THIIOB B aBTOMATHI, /Iae€T OOIILYT0 KBAJPATHIHYIO
CJIO¥KHOCT.

Xocoiig, Byiion u ITupc (Hosoya, Vouillon, and Pierce, 2001) ucnonb3yoT pos-
CTBEHHBIN TOJXO/, OCHOBAHHBIN HA TEOPWH aBTOMATOB, W YCTAHABIMBAIOT CBI3b
MEeKJ1y PEeKyPCUBHbIMU TUNAMU (C OObEJIUHEHUAME) U [IPEBOBUIHBIME ABTOMATA~
MU, 9TO HO3BOJISIET TOCTPOUTH AJITOPUTM [TPOBEPKHU MOJATUIINPOBAHUS, TIPUCIOCOO-
JIeHHBIH 11 3a7a41 obpaborku XML.

Ixum u Tanc6epr (Jim and Palsberg, 1999) peraior 3a1a9y pexorcmpyryu
munoe (type reconstruction) (cMm. rii. 22) mjis A3bIKOB C TIOATUNAMHU U PEKYPCUB-
HBIMU TUNaMU. Kak u MbI B 9TOH TJIaBe, OHU MCIOJb3YIOT KOWHIYKTUBHYIO TOUYKY
3peHnsi Ha OTHOIIEHWE MOATUITUPOBAHUS J1Jisi OECKOHEYHBIX JIEPEBbEB, U O0DOCHO-
BBIBAIOT AJTOPUTM I[IPOBEPKHU IMOITUIIUPOBAHKUS KAaK HPOIEHLYyPY, KOTOpas CTPOUT
MUHAMAJIBHYIO CUMYJIANAIO (T. €., B HAIIEH TEPMUHOJOTWH, KOHCUCTEHTHOE MHO-
JKECTBO) I JTaHHO# napsl TunioB. OHU ONPEAEIAIOT TOHATHA KOHCUCTEHTHOCTH U
Pl-3aMbIKaHus JJI OTHOINEHUS HAJT TUIIAMU, COOTBETCTBYOIIUE HAIITNM TTOHSITHSIM
KOHCUCTEHTHOCTH U MHOXKECTB JOCTUKHUMBIX JIEMEHTOB.

IIpu mocrarouno so/irom
Pa3MBIIILJIEHUN 3TO YTBEPK IEHUE
OYEBHUIHO.

Cox TI'opu
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I's1aBa 22

PGKOHCTPYKI_[I/IH TUIIOB

AJIrOpuUTMBI TPOBEPKU THUIIOR JIJIsT BCEX BUIEHHBIX HAMY O CUX TIOP UCUUCICHUH
3aBUCAT OT SBHBIX AHHOTAIIWN TUIA, — B YaCTHOCTH, UM HYYKHO, 9YTOOBI B JIsTMO/1a-
abCTpaKIMAX YKa3bIBAJICA THUII apryMenTa. B 9Toii rimaBe Mbl pazpabarsiBaem Oosiee
MOIIHBIA aJrOpUTM pekorcmpykyuy munos (type reconstruction), criocoGHbIN BbI-
quCauTh 24a6kull mun (principal type) repma, B KOTOPOM aHHOTALUK [IOJHOCTHIO
WM 9aCTUYHO OTCYTCTBYIOT. AJIPOPUTMbBI, POJACTBEHHBIE HAILEMY, JIE2KAT B OCHOBE
TakuX si3bIKOB, Kak ML uan Haskell.

Coueranre peKOHCTPYKIIUY TUTIOB C IPYTUMHU SI3BIKOBBIMU KOHCTPYKIMSIMY Ya-
CTO TpebyeT OCTOPOKHOCTH. B 9acTHOCTH, 3aMUCH W TIOATUIIBI TPEICTABJISIOT 3a-
METHBIE TPYJAHOCTU. ATOOBI YyIPOCTUTH W3JI0KEHUE, MBI B 9TOUW KHUTE PACCMATPU-
BaeM PEKOHCTPYKITHIO TOJBKO [IJIsi TPOCTHIX THUIOB; B §22.8 MOXKHO HANTH CCHLIKA
Ha 6osee MOAPOOHBIE UCCTETOBAHUS APYTUX KOMOMHAIIHIA.

22.1. Tunosble IepeMeHHbIE 1 MOJACTAHOBKU

B HEKOTOPHIX HMCUNCICHUSAX W3 TPEABIAYIIAX TJIAB MBI TPEINOIAraan, 9To
MHOKECTBO THUIIOB BKJIIOUAeT B cebsi DECKOHEUHBIH HA0OD HEeUHmMepnpemupyemoLs
(uninterpreted) 6a3oBbix Tunos (§11.1). B owmmuue or unTepnperupyemMbx 6a3o-
BbIX TUNOB, TaKuX Kak Bool wmym Nat, y 3TUX TUIIOB HET HHUKAKHUX Ollepalnuii co-
3IAHUS WA yHUYTOXKEHUS TEPMOB; MHTYUTUBHO, OHU CJIy2KAT IPOCTO 3ArJTy IIKAMA
JIJIsT KAKNX-TO KOHKPETHBIX THIOB, HACTOMAIIAS MPUPOIA KOTOPHIX HAC B JAHHBIH
MOMEHT He mHTepecyeT. B 3T0il riaBe Mbl OyzneM 3a7aBaTh BOnpockl Bpoae «Ecin
MBI 3aMEHUM 3aIVIyIIKy X B TepMe t KOHKPETHBIM TAIIOM Bool, MO/IyduTCs Jiu y HAC
TUNU3UPYEMbIil TepM?». JIpyrumu ciaoBamu, Mbl OyJIeM paccMaTpUBATL HEHHTEP-
uperupyembie 6a30Bble TUIILL KAK Munosoie nepemerusie (type variables), koropbie
MOYKHO Konkpemusuposams (instantiate) ¢ momompio nodemanoery (substitution)
JPYTUMH TUTTAMHA.

C TexHWYECKOW TOYKHW 3PEHHs] B ITON TJIaBe TOJIE3HO PA3ENNTh OMEPAITHIO
TTO/ICTAHOBKH THUIIOB BMECTO THUIIOBBIX MTEPEMEHHBIX Ha JBE YACTU: HYKHO ONUCAMb

B sroii riaBe paccMaTpUBaeTCs IPOCTOE THUIH3KPOBAaHHOE JaMOGa-ucuucienue (puc. 9.1) ¢
GyseBCKUME 3HaUYeHUAMHE (8.1), HATYpaNbHBIME YucIaMu (8.2) u 6eCKOHEIHBIM HAOOPOM 6A30BBIX
tunos (11.1). Coorsercrytomue peanusanyun va OCaml nassiBatorcs recon n fullrecon.
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0TOOpaXKEHHe 0 TUIIOBBIX MEPEMEHHBIX HA THUIIbI, HA3BIBAEMOE N0JCMaHOEKOT Mmu-
nos(type substitution), u npumenums 1o orobpaxkenue K KOHKpeTHOMY tuiy T,
nonyvas Koukperuzanuio oT. Hampumep, MOXKHO ONpeiesiuTh o = [X — Bool], a
3aTeM MPUMEHUTH o K tuny X—X, moiydast o(X — X) = Bool — Bool.

Onpenenenue 22.1.1 C @opmanrvoti mouku 3penus, MOJCTAHOBKA THUTIOB (UAU
NPOCMO TIOJACTAHOBKA, ECAU U3 KOHMEKCMA NOHAMHO, YN0 Peysb udem o munax)
npedcmasasem cobol KOHEUHOe 0MOOPANCERUE U3 TUTLOBBIT NEPEMEHHBIL 6 TNUTIbL.
Hanpumep, mvi 3anucvieaem 6 sude [X — T, Y — U] nodecmanosxy, conocmasasnio-
wyro T nepemennoti X u U nepemennot Y. Sanucwy dom(o) 0603nanaem mHuoocecmeo
MUNOBVLT NEPEMEHHBIT, BCMPEUAIOWUTCA 8 Ae80T “wacmU nap, 06Pa3yrUUT T, a
range(o) 0603HAMAEM MHONHCECTNEO TUNOE, BCTNPEHAOULUTCS 6 NPacot wacmu. 3a-
MEMUM, 4MO 00HA U A HCE NEPEMEHHAA MONACET NPUHAOAENHCAMb KAK 004aCTIU
onpedesenus, max u obaacmu 3navenut nodcmarnosku. Kax u 6 cayvwae nodcma-
HOBKU MEPMO8, NPeInosa2aemcs, 4mo 6Ce KOMNOHEHMbL NOICMAHOBKY NPUMEHI-
1omes 00nospemento; nanpumep, [X — Bool, ¥ — X—X| nepesodum X 6 Bool, a Y
nepesodum 6 X—X, a ne 6 Bool—Bool.

[Ipumenenne 1OACTAHOBKY K TUIY OIIPEIEJISI€TCH OYEBUIHBIM 00Pa30M:

T ecm (X—T)€eo

o®) X ecuu X ¢ dom(o)
o(Nat) = Nat

o(Bool) = Bool

o(Ty »T3) = 0Ty —> 0Ty

3ameTnM, 9TO IPH MOJCTAHOBKE THUIIOB HET HEOOXOAMMOCTH MPUHUMATE MEPBI JIJIsT
TOro, 4TobbI H30EKATH 3aXBATA IIEPEMEHHBIX, I0OCKOJIbKY B A3bIKE BbIDAXKEHUT HA/L
TUIIAMU HET KOHCTPYKIUH, C6A3bL6AI0UUT 1IePeMEHHbIe (TaKue KOHCTPYKIIUM 110-
ABATCA B TJIaBe 23).

IMomcTaHOBKA THIIOB TIOTOYETHO PACIIUPSACTCA HA KOHTEKCTHI TPH MOMOIIHA CJIe-
JIYIOIIEro Olpe/IeIeHHs:

o(x1:T1, ..., %0 Ty) = (%1:0Tq, ..., Xp:0Ty,)

AHasornyHo, NOJACTAHOBKA NMPUMEHSETCS K TEPMY t IyTeM IPUMEHEHHs KO BCEeM
TUTIAM, BCTPEYAIONINMCS B €r0 aHHOTAIINAX.

Ecin numeroTcst OACTAaHOBKY 0 U 7y, MbI 0003HAUNM 3AITHCHIO 0 07 TIO/ICTAHOBKY,
KOTOpad MOJIydaeTcsd UX KOMIO3UIINEH 10 CAeIYIONINM IIPaBUIaM:

o= X+— o(T) ansaBeex (X—T) e
TeTT x> T nist Beex (X — T) mpu X ¢ dom(vy)

Bamernm, ato (o o ¥)S = o(¥8).

KroueBoe CBOHCTBO MOJCTAHOBOK THIIOB COCTOUT B TOM, YTO OHH COXPAHSIOT
KOPPEKTHOCTD YTBEPKIACHUI O TUIM3AIMI: €CJIM TePM, COAEPIKAIIMIl TUTIOBbIE TIe-
PEMEHHbIE, IIPABUJIBHO TUIU3UPOBAH, TAKOB 7K€ OyJeT U Pe3yJbTaT IPUMEHeHUs. K
HEMY TIPOM3BOJIBHOI MOICTAHOBKH.

Teopema 22.1.2 [COXPAHEHUE TUIU3AIUMU IIPU TIOJCTAHOBKE TUIOB]: FEec-
AU 0 — KaKaA-Aubo nodcmarnosxa munos, a '—t : T, mool'+~ot : oT.
Hoxazamenvcmeo: Ilpamorunetinas undykyus no depesbam 6v.600a MUNOG.
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22.2. JIBe TOYKHU 3peHHdA HA TUIOBBLIE IIePEMEHHEBIE

IIpeamonoxkum, y HaC €CTh TEPM t, COAEPKAIIUI TUITOBBIE IIEPEMEHHBIE, U CBs-
BAHHBINA C HUM KOHTEKCT I (KOTOPBIil TaK:Ke MOXKET COIEP:KaTh TUIOBbLIE MEPEMEH-
ubie). MOXKHO 33]aTh /1Ba CYNIECTBEHHO PA3JIMYHBIX BOIPOCA, KACAIOMIUXCS t:

1. «Bce am KOHKpETU3AIWH t TPaBUILHO THIH3UPOBAHbI?» To ecTh, BEpHO JIH,
910 TpH JII000i o Mbl Oymem umerh ol - ot : T ans mexoroporo T7

2. «Hmerwomes U NPAaBUIBHO THNU3UPOBaHHBIE KOHKperu3amuu t7» To ecrs,
MOYKEM JIM MbI HAWTHU TaKyio o, 910 ol + ot : T mjas wekoroporo T?

CorylacHO 1epBOil TOYKE 3PEHUs, TUILL IIEPEMEHHBIX JOJKHBL 0CMABAMbCsS 00-
CMPAKMHLLMY BO BPEMsI IPOBEPKU TUTIOB; TAKUM 00pPa30M, MBI MOYKEM OBITH yBe-
PEHBI, YTO TPABWIHLHO TUITU3UPOBAHHBIN TepM OyIeT TPABUIBLHO Ce0si BECTH, KAKHe
ObI TUIIBI MBI HY TIOJCTABUIN BMECTO €r0 TUIOBBIX TepeMeHHbIX. Hampumep, Tepm

AM:X >X. da:X. £ (f a);

nmeer i (X—X) ->X—X u, KAKUM Obl KOHKPETHBIM TUMOM T MbI HU 3aMEHUJIN
ObI X, KOHKPETU3AIUs

AM:T>T. Na:T. f (f a);

OKa2KeTCsl IPABUJILHO THNU3upoBaHa. OTHOIIEHNE K THIIOBBIM IIEPEMEHHBIM KaK K
abCTPaKIUAM THUIIA TPUBOIUT K NAPAMEMPUUECKOMY nosumopPusmy (parametric
polymorphism), mpu KOTOPOM TUTIOBBIE IEPEMEHHbIE UCIIOIB3YIOTCA JJIsl TI€PeIaun
Toro pakKTa, 94TO TePM MOXKHO HCIOJIb30BATH B PA3JUYHBIX KOHTEKCTAX C PA3/IdY-
HBbIMU KOHKPETHBIME THIIaMU. MBI BEpHEMCH K MapaMeTPHYECKOMY HOTHMOPMH3MY
najee B 91oi ruase (§22.7), a rakxke, 6osee n1oapobHO, B riiase 23.

Co BTOpPOIi TOYKW 3peHus, TepMm t Jaske He 00s3aH OBITH MPABWIBLHO THTTH3N-
POBaH; Mbl XOTUM Y3HATh, BO3MOMKHO JIU KOHKPEMU3UPOGANH €r0 0 MPABUILHO
THIIM3APOBAHHOTO TEPMA, BHIOPAB IOAXOIAIINE 3HAYEHNS [IJIsT KAKAX-JIN00 U3 €T0
THIOBBIX IIepeMeHHbIX. Hampumep, Tepm

AMf:Y. da:X. f (f a);

B IIDUBEJECHHOM BH/JIC HE TUIU3UPYEM, OJHAKO, eciau Mbl 3aMeHuM Y Ha Nat—Nat,
a X — na Nat, MbI nOJIy9YuM TepM

Af:Nat —»Nat. Aa:Nat. f (f a);

tuna (Nat—Nat) —»Nat—Nat. Wau xe, npu npoctoit 3amene Y Ha X—X, MbI TOJTy-
9UM TEepM

AM:X —>X. da:X. £ (f a);

[IPABUJIBHO TUIIM3UPOBAHHBINA, HECMOTP:A Ha Hajmdue repeMeHHbix. Ha camowm Je-
Jie, 9TOT TepM ABJIAeTCs hauboaee obweti (most general) konkperusamumeit Af:Y.
Aa:X. f (f a) B TOM CMBICIE, UTO TaKas MOACTAHOBKA MPUHIMAET HANMEHDIITHE
00s13aTe/IbCTBA OTHOCUTE/IBHO 3HAYEHHWH THIIOBBIX II€PEMEHHBLIX, CPeIu BCeX IIOJ-
CTAHOBOK, JAIOIIMX B PE3Y/IbTATE [PABUILHO TUIN3UPOBAHHBIA TEPM.

ITouck KOppEeKTHBIX KOHKPETHU3ALMIA J1JIsi TUIIOBBIX IIEPEMEHHbIX ABJISeTCH OCHO-
BOIi Hzen pexoncmpyryuu munos (type reconstruction) (WHOTIA €€ €I1e HA3BIBAIOT
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ev60dom munos, type inference), B paMkax KOTOPOH KOMIIMJIATOD IIOMOIaeT BOC-
cTaHOBUTH MH(MOPMAIUIO O THIAX, ONYIIEHHYIO IPOrPaMMHUCTOM. B mnpeienbHoM
caydae MOYXKHO, Kak B ML, MO3BOMUTH TPOrPAMMUCTY OMYCKATH 6CE AHHOTAIIUU
THUTA W TMHUCATh HA sI3bIKE YHUCTOTO, OECTUIIOBOrO JIsMOma-ucaucaeHus. Bo Bpems
CHHTAKCHIECKOTO aHAIN3a MBI CHAOXKAEM KaXKIYI0 «TOJIYI0» JaMOIa-abCTPAKIIHIO
AX.t mepemeHHOI THma, moay4das Ax:X.t. IIpm stom X BbIOHMpaercs Tak, ITOOBI
OTJIMYATHCS OT THIIOBBIX MEPEMEHHBIX BCEX JAPYruX abCcTpaknuii B mporpamme. 3a-
TeM MBI TTIPOBOJINM DEKOHCTPYKIIAIO TUTIOB M HAXOIUM CAMbIe OOIINE 3HAUESHUST JIJ1sT
BCEX 3THUX MEPEMEHHBIX, MO3BOJIMIONINE TepMy HpoiTH mpoBepKy tunos. (Cxema
HECKOJIBKO YCJIOXKHSIETCs, €CIu B a3bIKe, Kak B ML, mpucyrcryer nosumopdusm
4yepe3 let; Mbl BepHEMCs K 9TOMY Bonpocy B §22.6 u §22.7.)

Yrobpr (popmann3oBaTh PEKOHCTPYKIMIO THIIOB, HAM IIOTPEOyeTcs Crocod
KpPaTKO ODO3HAYUTH BO3MOXKHBIE CITOCOOBI TMOJCTAHOBKU THUIIOB BMECTO THUITOBBIX
MEPEMEHHBIX B T€PME W CBA3AHHOM C HAM KOHTEKCTE, TTPU KOTOPBIX ITOJIY9aeTCs

IPpaBUJIBbHOE YTBEPXKIAEHHE O TI/II'[I/IBELI_[I/II/I.1

Ompepenenue 22.2.1 Ilycmv umeemca konwmexkem I' u mepm t. Pemenmem
(solution) das (T, t) nasweaemca napa (o, T) maxas, wmo ol — ot : T.

Ipumep 22.2.2 [Tyems I' = f:X,a:Y, a t = f a. Tozada
([X — Y—Nat], Nat) ([x > ¥—2],2)
([X—> Y—>2Z,Z— Nat], 2) ([X —» Y—>Nat—Nat], Nat—Nat)
([X — Nat—Nat, Y — Nat], Nat)

cymo pasausnvie pewenus (T, t).

Vupaxuerue 22.2.3 [* —]: Hatidume mpu pasausno peusenus 0as mepma
Ax:X. Ay:Y. Az:Z. (x z) (y z)

6 NYCmMom KOHIMEKCTNE.

22.3. Tunms3amuda HA OCHOBE OrpPaHUYEHUI

OrmuiieM anropuT™, KOTOPBIM MPUHWMAET HA BXOJ TepM t m KOHTEKCT ') u
BbIUUC/IET HAOODP OpAHUYEHUH, T.€. ypaBHEHUil U3 BbIpayKeHUN TUma (BO3MOXK-
HO, COIEPZKAIIMX THUIIOBbIE IIEPEMEHHbIE), KOTOPbIM JOJI?KHbI yJOBJIETBOPATH BCE
pewenus i (I')t). Uaryurusnas uues, jexalias B OCHOBE 3TOIO ajropuT™Ma, B
CYLHOCTH, Ta K€, 4YTO U B OCHOBE aJI'OPUTMa IIPOBEPKU TUIIOB; OJHAKO HOBbIHA aJjl-
TOPHUTM HE NpoeepAem OTPAHWYEHUS, a TPOCTO 8bNUCHEaAEM UX I JATbHeHTIero
paccmoTpenns. Hampumep, eciii aaropuTM MOy IaeT TepM-TIPUMeHenne t1 to, rae
'ty : Tyul  ty : Ty, TO BMECTO TOrO, 9TOOBI TPOBEPUTDH, ITO T mMMeeT

1STI/I onpenesieHusad MOXKHO OPTraHU30BATh MHAYE. Hpem,qe BCEro, MO>XHO HCIIOJIB30BaTh MeXa-
HU3M 9K3UCTNENYUGILHUT Yrudurandos (existential unificands), npemmoxenusiit Kupxuepom u
2Kyarno (Kirchner and Jouannaud, 1990), BMECTO OTe/bHBIX yCJIOBUH HOBH3HBL B IPABHJIAX IO~
POK/IeHHsI OTpaHuYeHu Ha puc. 22.1. Enre ogH0 BO3MOXKHOE yIydIlleHHe, KOTOpOe MOXKHO HaiiTh
y Pemm (Rémy, 1992a,b, nonras Bepcus Rémy, 1998, ri. 5), — pacCMOTPEHHE CAMHUX yTBEPXKIE-
Huil 0 THIH3aNUYN KaK yHIGbUKAH0B; HauuHast ¢ Tpoiiku (I', t, T), B KOTOPOii Bce TpU KOMIIOHEHTA
MOTYT COJIEPKAThH TUIIOBbIE IIePEMEHHBIE, MBI HINeM IIOJCTAHOBKY o Takue, 4to ol - o(t) : o(T),
T. €. TOJICTAHOBKY, YHU(DUITUDYIOIINE CXeMy YTBep>KjeHust o tunu3anuu [ —t : T.
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x:Tel 'ty : T|xC
Thx:Tl|y{} (CT-VAr) C'=C U {T = Nat}
'+ pred t; : Nat |y C’
Ix:Ty -ty @ Ty |XO (CT-PRED)
' Xx:T{.ty : Ty Ty |XC
(CT-ABs) Ft1 : TlxC

C'=C u{T =Nat}
I} iszero t; : Bool |y C'
(CT-ISZERO)

Fl—t1:T1|chl Fl—tz:T2|X‘CQ
XlﬁX2=X1ﬁFV(TQ)ZXQQFV(Tl)ZQ
X¢ X1, X5, Ty, T2, C1, C2, I, €1 mmm £
C/=01U02U{T1 =T2 —>X}
Pttt Xy oo O
(CT-APpp)

I true : Bool |y {} (CT-TRUE)

I'-0 : Nat |g {} (CT-ZErO)| I' - false : Bool |z {} (CT-FALSE)

Pty : T|x C

C’' = C u {T = Nat} C'Ht; @ Ty la, Oy
I' - succ t1 : Nat |X Cl '+ ty ¢ To |X2 02 I'- t3 : T3 |X3 CS
(CT-Suca) X1, As, X3 He nepecekaroTcs

C'=CyuCyuC3u {T; =Bool, Ty = T3}

I'if t; then ty else tg : To |X1UX2uX3 c’
(CT-Ir)

|

Puc. 22.1. IIpaBuia TUNMU3AINN C OTPAHUIECHUSIMI

Bux To — T2, 1 BepHYTH T12 B KAUECTBE THUIIA [EJOT0 TEPMa, OH BHIOMPAET HOBYIO
TUIIOBYIO IIepeMeHHYIO X, BblIucbiBaeT orpanudenue Ty = To —X, u Bozspataer X
B Ka4eCTBe TUIA TepMa-NIPUMEHEHNS.

Onpenenenve 22.3.1 MuoxecrBo orpanudenuii (constraint set) C — amo nabop
ypasnenuti {S; = T}, IModcmanoska o ymudunmpyer (unifies) ypaenenue
S =T, ecau pesyavmamo. nodcmanosxu S u oT cosnadarom. M, 2060pum, wmo
nodcmanoska o yaudunupyer C (uau yIOBIETBOPSIET eMYy), €CAU OHG YHUPUUU-
pyem ece ypasuenus 6 C.

Onpeznenenve 22.3.2 OTHOIIEHUE TUIM3AIUY C OPPAHUYEHUIMU (constraint typing
relation) ' = t : T |x C onpedeasemcs npasusamu, NpedcmasieHHbMYU HG
puc. 22.1. Bupasicenue I' = t : T |x C mootcno nepopmanrbmo npovumaems Kax
«mepm t umeem mun T 6 xowmexcme munusdayuu I’ 6ceeda, kozda evinosrems
oepanuserusn C». B npasuae T-APP sanucvy FV(T) 0bosnawaern muoocecmeo ecex
MUNOBVLT NEPEMEHHBLT, YNOMAHYMBLT 6 T.

Nuaexcer X mOMOTaioT OTCIE2KUBATH THIIOBBIE IIEPEMEHHbBIE, BBEIEHHBIE B KaXK-
JoMm moaBeIBoze. C MX MTOMOIIBIO MBI JOOUBAEMCST TOTO, YTOOBI HOBBIE TIEPEMEHHbIE,
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BBEJIEHHBIE B PA3HBIX MOJIEPEBbsIX, ObLIH BCErIa pa3audHbl. [Ipyu nepBoM mpodre-
HUU NPABUJI MOYXKHO HE ODpAIATh BHUMAHWS HA 9T WHJEKCHl U HA IIPEJIIOCHLIKH,
B KOTOPBIX OHHU ynomuHaioTcs. IIpu cienyiomem arennn oOpatnte BHUMAaHUE, UTO
AHHOTAIIMH U TIPEJIIIOCHIIKN 0DECIIeYnBaIOT BA YCIOBUs. Bo-TIepBbhIX, KaxK/Iblil pas,
KOIJIa B TIOCJIETHEM MTPABHJIE HEKOTOPOTO BBIBOJIA BBIOMPAETCS UMsI TUIIOBOI mepe-
MEHHOM, 9TO MMl JIOJIZKHO OTIUYATHCS OT UMEH, YIOMUHAIONIUXCA B KAKOM-JIN00
U3 MOJBBIBO/IOB. BO-BTOPBIX, KOI/IA B MPAaBUJIE YIIOMSHYTbI IBA WK 0OJIEe HOABbI-
BOJIOB, MHOYKECTBA TTEPEMEHHBIX, UCTTOIH3YEMBIX B THX TOABBIBOJAX, HE JOTKHBI
TepeceKkaThCsl. 3aMeTUM TaKXKe, UTO 3TH OrPAHWYEHUs He 3aNpEIiaroT HaM CTPO-
UTh KaK0U-HubYyds BHIBOJ, JAHHOI'O TepMa; OHU TOJIBKO 3AIPEINaioT HaM CTPOHUTH
BBIBOJIBI, B KOTOPBIX OJIHA U Ta YK€ «HOBasg» MEPEMeHHasl BBOIUTCS B HECKOJIHKHUX
mecrax. ITOCKOJIbKY 3amac MMEeH THIOBBIX IEPEMEHHBIX OECKOHEYeH, HAM BCEria
y/IaCTCST BBHITTOJIHUTH TPEOOBAHNE HOBU3HBI.

[Ipu urenun cHU3Y BBEPX MPABWUJIA TUMU3ANNNA C OTPAHUICHUSIMU OMPEILTISTIOT
HECJIOXKHYIO TPOIEeNypy, KOTopasi, TpuHuMas Ha Bxozae I' u t, Berancisier T u C
(a Takxke X), rakwe, uro I' =t : T |y C. OnHako B oTsindne OT OOBIKHOBEHHOTO
AJITOPUTMA TUIHU3AIUHU JJIsi TPOCTOrO TUIIU3UPOBAHHOIO JIAMOIA-UCIUCTIEHUs], HO-
BbIil aJICOPUTM HUKOLJA HE TEPIUT HEyJady: jis Jiodbix [ u t Bcerga umeroTcs
kakne-m6o T u C, tak uto ' - t : T |y C. Bomee toro, T u C' onHO3HAYHO
omnpeaensaoTcs npu 3agauubix I' u t. (CTporo roBopsi, aaropuT™ ABJISETCS JeTep-
MUHUCTCKHAM, TOJBKO €CIU €r0 PacCMAaTPUBATL «C TOYHOCTHIO 0 BBIDOPA HOBBIX
umeH Tunay. Mbl BepHeMCst K 9TOMY BOmpocy B ynpazkuenuu 22.3.9.)

Yrobbl yIpOCTUTH HOTAIMIO B MOCJIEAYIONUX PACCYXKICHUAX, Mbl HHOLIA OILYC-
kaem X w mumem npocto 't ¢ T | C.

Vupaxuenue 22.3.3 [k —»]: [Tocmpotime 61600 Munu3auyuu ¢ 02PAHUNEHUAMU,
UMENUWUT 3GKAOYEHUE

FAz:X. Ay:Y. Az:Z. (z2) (y 2) : S|xC
oaa nexomopwzr S, X u C.

Wnest OTHOIIEHNMST TUNW3AIMN C OTPAHWYEHUSIMYU COCTOUT B TOM, YTO MBI MO-
JKEM TPOBEPUTH, TUMHU3UPYEM JIU TEPM t B KOHTEKCTE [, Ciemyrommm oOpa3oM:
cHagasia cobmpaem orpanuderus C, KOTOPBIM HYKHO Y/IOBJIETBOPUTH, YTOOBI t
UMeJ THIT, ¥ OJHOBPEMEHHO TOJIydYaeM TUl S, copepxKaiuii nmepementbie u3 C' u
XapaKTePU3Y IO BO3MOXKHBIE TUIIBL t ¢ TOYHOCTHIO JI0 ITUX [EPEMEHHBIX. 3ATEM,
9TOOBI HANTH PEIeHus st t, MBI TTPOCTO WINEM TOJICTAHOBKY O, YIOBIETBOPSIIO-
mue orpanundenusm C (T. e. mpesparnaomue Bce ypasHenus u3 C' B TOXKIECTBA);
JIJI KaKI0 TaKoi ¢, TUT oS €CTh BO3MOXKHBIN Tun t. Kcim mbr 0OHAPYKHAM, 9TO
HEM TOACTAHOBOK, YIOBIETBOPSIOMUX orpanndenusM C, 3HAYUT, t HEBO3MOXKHO
KOHKPETU3UPOBATH TAK, YTOObI OH CTAJI TUIU3UPYEMbBIM.

Hanpumep, MHOXKECTBO OrpaHuydeHuil, MOPOXKIAEMbIX AJITOPUTMOM JIJIsi TEPMA
t = Ax:X—>Y. x 0, paBuo {Nat—Z = X—Y}, a CBA3AHHDIA C STUM MHOXKECTBOM
tun pesynbrara — (X—Y)—Z. IlogcranoBka o = [X — Nat,Z — Bool,Y — Bool]
npesparmaer ypapaerane Nat—Z = X—Y B TOXIECTBO, W, TAKUM 00PAa30M, MBI BU-
gaM, 910 0 ((X—Y)—Z), 1. e. (Nat—Bool) —»Bool, sBjsgeTcs BO3MOKHBIM THIIOM
g t.

Ota naes GopMaThHO BBIPAKEHA B CJIEIYIONEM OTPEIeTeHNN:
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Onpegenerne 22.3.4 Jlonycmum, I' = t : S | C. Pemennem (solution) das
(T, ¢, 8, C) nasweaemca napa (o, T) maxas, ¥mo o Yyoo8AEMBEOPAEM 02PAHU%EHUAM
C,aocS=T.

AsnropurmMuyeckas 3a1a49a MOUCKA TIOJACTAHOBOK, YHUMDUIIUPYIOIINX JTAHHBIN Ha-
6op orpanunyenuii C, OyaeT pacCMOTpeHa B cieayiomemM paszaesie. OaHako cHagaaa
TpedyeTcst IPOBEPUTH, UTO HAII AMTOPUTM THIIU3AIMH C OTPAHUYEHUSIMA COOTBET-
CTBYET U3HAYAJIbHOMY AEKJ/JIAPDATHUBHOMY OTHOINCHWIO THUIIU3AIIWH.

ITpu mamabix KoHTEKCTE [ M TepMe t y HAC €CTh JIBa CIOCODA OXaPAKTEPU30BATH
BO3MOZKHbBIE CHOCO6LI KOHKPETU3aluu THUIIOBBIX IIEPEMEHHBIX B I'n t, JaloIiue B
pe3yJbTaTe KOPPEKTHYIO0 THIU3AIMIO:

1. [JEKJIAPATUBHBII]| Kak MHOXKecTBO Beex pemenuit aias (I',t) B cumbicne
onpenenenus 22.2.1; mmubo

2. [AITOPUTMUYECKUIA]| Yepe3 OTHOLIEHME TUIU3AUMU C OUPAHUYCHUIMEU —
Hy2kHO Hafitu S u C rakue, uro I' =t : S| C, a 3arem B3dTb MHOXKECTBO
pemenuii (T',t,8,C).

Mpr 10Ka3BIBAEM SKBUBAJCHTHOCTH 3TUX XapaKTepu3anwii B apa mara. CHada-
Jia nokaxkem, uro Beskoe pemenue (I')t,S, C) asaserca takxke perreanem (') t)
(reopema 22.3.5). Barem nokazkem, 4ro Beskoe perenue s (I, t) MoxHO pacusu-
pums no pemenus (I, t, S, C) nyreMm npucBauBanus 3Ha4€HUIl TUIIOBbIM [1€PEMEH-
HbIM, BBEJEHHBIM B ITPOIECCE TTOPOXKJIEHUS OIDAHUYEHUT.

Teopema 22.3.5 [KOPPEKTHOCTDL TUIIMBAIMM C OTPAHUYEHUAMU|: IIpedno-
aooicum, wmo I' =t : S| C. Ecau (0,T) asasemea pewenuem (I, t, S, C), mo
ono maxoice asasemcsa pewenuem (T t).

JIAA 9020 HANPAGAEHUA PACCYNHCOCHUT] MHONCECTEA HOGVLL NEPEMEHHLIT X
HECYULLCTNEEHHDL, U UL MONCHO ONYCMUMD.
JHoxasameavemeso: Hndyxuyus no 0annomy Ham 6600y MUNUIGUUL € 02paHUde-
nuamu [' = t : S| C. Paccmampueaem 6apuanmo, nocaednezo NpumeHnennozo
nPasuna.

Bapuanm CT-VAR: t =2z z:SeT’ C={}

Hano, wmo (o, T) aeasemca pewenuem (I', ¢, S, C); nockoavky C nycmo, amo npo-
cmo o3nauaem, wmo oS = T. Ho mozda no npasuary T-VAR mv nemedrenno no-
aywaem ol =z : T, wmo u mpebyemcs.

Bapuanm CT-ABs: t = Az: Ty . to S=T1 =5 F,:z::Tl Fty 0 S | C

Hano, wmo (0,T) asasemcs pewenuem das (I',t,S,C), m.e. o ynuduyupy-
em C, a T = oS = o771 — 08. Toeda (0,05) sasasemcs pewenuem
(T, z:T1), ta, Sa,C). Cozaacno mpednososicenuto undyxyuu, (o,0Ss) AGAAETNCA
pewenuem (O, z:Ty), t2), m.e., ol z:0Ty + oty : 0Sy. Ilo npasuay T-ABS,
o'+ Az:0Ty .0ty : 0Ty > 08y =0(T) — S2) = T, Kax Ham u mpebyemca.

Bapuanm CT-ApPpP: t =1t to S=X
F}—t1:51|01 Fl—t2:32|02
0201U02U{51:SQ—)X}

Io onpedenenuro, o ynupuyupyem C1 v Cy, u 051 = (S —X). Taxum obpasom,
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(0,051) u(0,082) asaaomes pewenuamu dan (') t1,81,Cr) u (T, ta, Sz, Cs). Om-
croda no npednososicenuro uHdykuuy umeem ol oty : oSy uol oty : 0Ss.
Odnuaxo, nockoavky 0S; = oSy — X, Mol noayuwaem ol oty : oSy — 0X u, no
npasusy T-APP, oT' - o(t; t3) : 0X=T.

Ocmanvhvie 8aPUAHMDL:
Ananozuuno.

/JOKaBaTeHbCTBO noaromdy, TUIIN3allUU C OTPAHUYCHHUAMH II0 OTHOIIECHHUIO K
O6bIKHOB€HHOMy OTHOMIECHUIO TUNHU3AIlNU HECKOJIBKO CJIOZKHEe, TTOCKOJIBKY TTPUXO-
JUTCA TIIATEJIbHO OTCIIE2KUBATh HOBBIE KMEHAa THUIIOB.

Onpenenenue 22.3.6 3anuce o\X o0b03nauwaem nodcmanosky, Komopas He onpe-
deaena das nepemenuvir ud X, a 6 ocmasvHom eedem cebs Kax o.

Teopema 22.3.7 [[IOJIHOTA TUIM3AIUU C OTPAHUYEHUSMU]:  Jonycmum,
't : S|x C. Ecau (0, T) asasemes pewenuem (I, t), u dom(c) n X = &, mo
cywecmeyem pewenue (o', T) daa (T, t,S,C) makoe, wmo " \X = o.
Joxazameavemeso: HUndyxyus no dannomy depesy 6u.6006 MUNU3AUUL € 02PAHU-
YEHUAMU.

Bapuanm CT-VAR: t =2 =z:Sel

B npeodnonosicenuu, wmo (o, T) asasemca pewenuem (L', z), semma 06 uneepcuu
ommowenua munudayuy (9.3.1) z06opum, wmo T = 0S. Ho moeda (o, T) aseasemca
maxoice pewenuem (I, z, S, {}).

BapuaHm CT-ABs: t = Az:Ty. to F,!B.‘Tl =t 1 S |X C S=T1 —Ss

B npednonoosicenuu, wmo (o, T) asasemca pewenuem (I'y Az: Ty . t2), aemma 06 un-
eepcul omuowenus munudayuu daem ol ,z:0T) + oty : To u T = oT; —7T,
0aa nexomopozo Ty. Co2aacho Npeonososjcenuto UHOYKUUY, CYULECTNEYEM PEULEHUE
(o', T2) daa (T, z:T1), ta, S, C), makoe, wmo nodecmanosra o’ \X cozracosana c o.
Ipu smom X mne mosicem codepricamvp Hukaxue munosvie nepemennvie ud Ty. Ilo-
amomy 0'Ty = 0Ty, a 0'S=0'(T1 5S) =0T > 0'Sy =0T — T = T. Taxum
o6paszom, mvr sudum, wmo (o', T) asasemea pewenuem (I, (Az: Ty . t2), T =53, C).

Bapuanm CT-APP: t =t to Tt : Sy, Cr THte & Solx Co

Xl N XQ = @

Xl N FV(SQ) = Q

XQ N FV(Sl) = Q

X ne scmpeuaemesa 6 X1, Xo, S1, S, Cq, Co

S=X X=X1UX2U{X} 0201U02U{51=SQ—>X}
B npednoaoorcenuu, wmo (o, T) asasemcs pewenuem (T, t1 t2), semma 06 un-
eepcul omuowerus munudayuu daem ol +— oty : Ty >T u ol - oty : Tq.
Cozaacto  npednososicenuto  undykyuy, cywecmeytom pewenus (o1, T) —T)
ona (F, tl,Sl,Cl) u (O’Q,Tl) ona (F, tQ,SQ,CQ), npuvem 01\)(1 = 0 = O'Q\XQ.
Tpebyemcs npodemoncmpuposams nodcmanosry o', maxyro, wmo: (1) o'\X co-
anacosana ¢ o; (2) o' X = T; (3) o' ynuduyupyem C1 u Cao, u (4) o’ yrnuduyupyem
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{S1 =Sy —>X}, m.e., 0'S; = 0'Sy — o'X. Mo onpedeasem o’ max:

Y>U ecul¢Xu(Y—Ueo
, NeU eaulheX) u(¥y—U)€Eo
o> Uy ecau Yo € Xy U(YQHUQ)GO'Q
X—T

Yenosusa (1) u (2) swnoanaiomea ovesuduoim obpasom. Yeaosue (3) evinoamsems-
ca, nockoavky X1 u Xo e nepecexaromes. Jas nposepru ycaosus (4) samemum
CHAYAAG, YO DONONHUNEAbHBLE YCAOBUA HOBUSHYL MUNOBHLL NEPEMEHHBLL 20PAH~
mupyrom nam FV(81) n (Xe U {X}) = &, max wmo 'Sy = 01S1. Tenepv nposedem
makoe npeobpasosanue: 0'S; = 018 = T =T = 0255 — T = 0'Sy — o'X =
o'(Sy —X).

Ocmanvhbie 6apuarmoL:
Ananozuuno.

Cnenctaue 22.3.8 Jonycmum, '+t : S| C. Pewenue das (', t) cywecmeyem
mozda u moavko mozda, Kozda cyuecmeyem pewenue das (L) ¢, S, C).
Jloxasamenvcmeo: Ilo meopemam 22.3.5 u 22.3.7.

Vupaxuenue 22.3.9 [PEKOMEHIAYETCH, %k % % |: B npomviuusenom KoMnuasmo-
pe, KaK npasus0, 6MeCcmo HedemepMuHUCTCK020 6b160pa HOB0T MUNOBOT nepemeH-
noti 6 npasuse CT-APP npumensemes DYHKIUA, NOPOACOGOULAL HOBYO MUNO-
BY10 NEPEMEHHYIO NPU KANCIOM CE0EM GbBL306E, OTMAUNHYIO O BCET OCMANLHBLL
nepeMEeHHbIL, noposicdaemoir mot sce Gynryuetd npu IpY2ur 6613064L, G MAKHCE
0Mm 6CET MUNOBHLE NEPEMEHHHLT, AGHO YNOMAHYMBLL 68 KOHMEKCME NPOBEPAEMO20
muna. Iockoavky makue 2400a1bMble ONEPAUUY «gensym» pabomMaiom ueped no-
bounbvle sPdermo, u CKPOLIMYI 2A008ADHYN NEPEMEHHYIO, 0 HUT MPYIHO PACCYIHC-
damv popmanvro. OdHaro, uT nosedeHue MOHCHO CHLMUTIUPOBANL QOCTIAMOYHO
MOYHO, U NPU IMOM 00CMaAmMOYHO YIOOHO ¢ MAMEMATNUYECKOT TMOYKY 3PEHUA,
ECAU «NPOOPOCUMBS> NOCALIOBAMEALHOCTD HEUCTONDIOBAHHHLL UMEH NEPEMEHHBLL
CK603b NPAGUAG NOPOHCIEHUSA 02PAHUMEHUT.

Hycmov F ob603nanaem nocaedosamesbHOCMDd HEUCTIOADI0BAHHHLL UMEH MUNO-
evx nepemennvix. Toeda, emecmo mozo, ¥mobv, 3aNUCHLEAND OMHOULEHUE TLOPOIHC-
denus oepanuvenutd kaxk ' — t : T |X C, muo ezo 3anucweaem kaxk ' —p t ¢ T |F/
C, 20e T, F u t caysicam 6xodnvimu dannvimu anrzopumma, o T, F' u C — pe-
ayavmamamu e2o pabomo. Kaotcdwil pas, kozda arzopummy mpedbyemcs HO6GA
nepemennas, on bepem nepewt ssemenm F u eozepawaem ocmamox xax F'.

3anuwume npasuaa 0as amozo arzopumma. loxagxcume, 4mo oMU IKEUGA-
AEHMHBL, 8 COOMBEMCMNEYIOULEM CMBLCAE, UCTOOHBLM TIPABUAAM TLOPOAHCIEHUA 02Pa-
HUYEHUU.

Vipaxuenue 22.3.10 [PEKOMEHAYETCSH, kx%|:  Peaausyiime anzopumm  u3
ynpastcnenusa 22.3.9 nwa ML. Ucnoavsytime mun darHoLr

type ty =
TyBool
| TyArr of ty * ty
| TyId of string
| TyNat

—sourcefile— 355 Rev: —revision—, November 28, 2010



356 22.4. Yungurais

oas munos u
type comnstr = (ty * ty) list

oas mHooicecms ozpanuderut. Kpome moeo, nompebyemcs npedcmasaenue 0as
beCKOHEUHBLT NOCAE00BAMEALHOCTNET HOBBIL UMeH nepemennbx. Ecmb mmuooice-
CMB0 €Nocobos 0pP2aHU308aMb MAKUE NOCACIOBAMEALHOCTNU; 60M AOCTAMOUHO
npocmoti cnocob, UCNoAL3YUWUT PEKYPCUSHBLT MUN JGHHOIL:

type nextuvar = NextUVar of string * uvargenerator
and uvargenerator = unit — nextuvar

let uvargen =
let rec £ n () = NextUVar("?X_" ~ string_of_int n, f (n+1))
in £ 0

To ecmv, ecau swazeams gyrkyuro uvargen ¢ apeymermom (), Mo oHa 6036PaULG-
em snavenue suda NextUVar(z,f), ede £ — Hosoe uma nepemennoli, a f — eue
odHna PyrKryus marozo dce suda.

Vupaxuenue 22.3.11 [%%|: Ilokasicume, Kak MOHCHO PACWUPUMD GAZOPUMM NO-
pootcdenus ozparudenuti, 4¥mobo, OH MO2 PabOMaAMb ¢ ONPEICACHUAMY PEKYPCUE-
oLz Pynryul obusezo euda (§11.11).

22.4. Yaudwukanus

ITpu moucke perneHuii 1yt MHOYKECTB OTPAHHYEHUI MBI HCIIONb3YEeM HICI0, BbI-
ckazannyio Xunjgm (Hindley, 1969) u Musnepom (Milner, 1978), koropasi cocrour
B ucnosb3oBanuu yruguraeyuy (unification) (Robinson, 1971) uiis nupoBepku Heiry-
CTOTHI MHOYKECTBA, PEIEHNil, U, €CJIN 3TO TaK, HAXOKICHUS «HANIYUIIECTO» U3 €ro
9JIEMEHTOB B TOM CMBICJIE, 9TO BCE OCTAJIbHBIE PENIeHUsI MOTYT OBITH HEMOCPeI-
CTBEHHO TIOJIy9YeHbI U3 HEro.

Onpenenenve 22.4.1 I[lodcmanoska o Hasvieaemcs MeHee KOHKpeTHON (less
specific) (uau Gomee obobiennoit (more general)), "wem mnodemanoska o', ecau
o' = yo0 das HekomM