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IIpenuciioBue

Ucropus s3pika Haskell Haunnaetrcsa B 1987 rogy. B 1980e roasl Habsroaaics BCIUIECK MHTEpeca K JIEHUBOM
cTpaTeruy BhYMc/IeHni. OQuH 3a APYTUM HOSBJIAINCH HOBBIE QYHKITMOHAJIBHBIE 3BIKY IPOrpaMMHUpoBaHus. IIpo-
rPaMMUCTHI 33[yMaJINCh Y peInid, OObeUHUB yCIIINA, HalTH obmuii A3bIK. Tak nosasuiica Haskell. On 6bu1 Ha3BaH
B 4eCTh OAHOTO U3 OCHOBaTeJseil KoMOUHATOpHOI Joruku Xackessa Kappu (Haskell Curry).

HoBplll A3BIK JODKEH OB CTaTh CBOOOAHBIM A3BIKOM, NMPUTOAHBIM [AJIA HCCJIEIOBATEIbCKOM JeATeJIbHOCTU U
peleHusA NpakTUYeckKux 3aaad. CBOOOAHBIE A3BIKA OCHOBAHBI Ha CTaHAApTe, KOTOPHIN (GOpMyJHUpyeTcsa KOMUTe-
TOM pa3paboTurKoB. Jlasbiie JTI000H XeJIarui MOXET 3aHAThCA peayin3alyell CTaHAapTa, HallucaTh KOMITUIATOD
si3pika. [lepBas Bepcus craHpapra Obiia omyOsmkoBaHa 1 ampensa 1990 roga. Haskell mpoposrkaeT pa3BuBaThCA
u ceroaHs, 6pU10 3aduKcrpoBaHo ABa craHaapra: 1998 u 2010 roga. OTo crabuiibHble Bepcuu. Ho Kpome HUX B
Haskell BkyI09aeTcss MHOXECTBO pacUIMPeHUH, IPOXOAUT oOKaT nHTepecHbIX uzeil. Ceronusa Haskell nepexuBaet
OypHBIN POCT, K COXXaJIeHUI0, SNIULIeHTPHl Aajieku oT Poccuun, sto AHrius, Huaepianael, AMepuka u Apctpaius. UH-
Tepec k Haskell BrI3BaH NOMyJIIPHOCTHI0O MHOTOIIPOIIECCOPHBIX TexXHoJIoruil. Mopess Beruncyienuil Haskell xopomro
MIOAXOAUT AJ1A pacnapasuienuBaHus. Y celfuac npoBoJATCA UCCIel0BaHUA B 9TOH 00J1acTu.

Haskell oueHp KpacuBbIil 1 JJAKOHUYHBIN A3BIK. OH NPUAETCA MO [ylle MaTeMaThKaM, IporpaMMHCTaM, CKJIOH-
HBIM K [TOVICKY 3JIEraHTHBIX pellleHui. B apceHasie mporpaMMucTa: cTporas TUIIHU3alys ¢ BBIBOJIOM TUIOB, GYHKINNI
BHICIIIETO IOPsAJKa, ajarebpanyeckyde TUMBI JaHHBIX, ajrebpanyeckue CTPYKTyphbl. Ecim noka Bc€ 3TO 3BYUMT Kak
HabOp CJIOB, HUYETO CTPAIIHOTO, BBl Y3HAETE YTO ITO [0 XOY YTEHUA KHUTU.

CTpyKTypa KHUTH

Haskell ciraBuTCs BBICOKMM TOPOrOoM BXOXAeHusA. OH CUHUTAETCA TPYAHBIM A3BIKOM JJ11 HAUMHAKIKX. Bo MHOTrOM
3TO CBA3aHO C TeM, YTO HauMHAOIIKe yXKe UMel0T IPUJIMYHBIH ONBIT IPOrpaMMHPOBAaHNA Ha UMIIeDAaTUBHBIX SA3BIKAX.
W ipy nepBOM 3HaKOMCTBe OKa3bIBAETCs, YTO STOT OIBIT HUYEM He MOXeT UM IIoMo4b. OHU He MoryT Haiitu B Haskell
aHaJIOTrOB NMPUBBIYHBIX CUHTAKCHYECKUX KOHCTPYKIMH 1 NpUéMOB nporpammMupoBanusa. Haskell cuibHo oTiimyaercs
OT pacIpoCTPaHEHHBIX A3BIKOB IpOrpaMMupoBaHus. Ho eciu Bel cCOBCEM-COBCEM HAaYMHAIOMINI, CKOpee BCero B 3TOM
1aHe BaM OyZieT ropaszo npoie. Ecu Bl BCE e He HauWHaIoMU, IoNpo0yiiTe NOAOUTH K MaTepruaily 3TOM KHUTH
¢ oTKpHTHIM cepareM. He nmure B Haskell asiemeHTHI Batero Jil06MMOro s3bka 1, BO3MOXHO, TAKUM SI3BIKOM CTaHET
Haskell.

Emié oHa TPy JHOCTh CBsI3aHa C TE€M, YTO MHOTHE MOHATHUA TeCHO neperieTeHsl, Haskell He Tak mpocTo pa3ouTh
Ha MaJIEHbKHE YaCTH U M3y4YaTh UX OT MPOCTOTO K CJIOKHOMY, YK€ B CAMBIX IPOCTEHIINX 3JIEMEHTAX KPOIOTCS Y€PTHI
HOBBIX U HETNPUBHIYHBIX Ued. Ho, s HaJeloch, YTO MBI CMOXEM NPEOI0JIETh U 3TOT 6aphep, MBI He OyJeM U3ydaTh
Haskell mo kycoukam, a OKyHEMCsI B HET'O C TOJIOBOM, YK€ B IEPBOI IJIaBe MBI IIPOOEXKUMCS 10 BCEMY S3BIKY U Jjajiee
OyneM yriyOJiAaTbCsA B OTAeJIbHble MOMEHTEL.

B xuure mHoro npumepoB. Haskell ocHamén nnrepnperaropom. UHTepnperaTop (Takxe Ha3biBaeMsiil REPL, oT
aunrJ1. read-eval-print loop) no3BosiseT mucaTh IPOrpaMMBbl B JUAJIOTOBOM pexumMe. Mbl HabrpaeM BEIpaXeHHE SA3BIKa
U cpa3y BUAUM OTBeT — BBIYMCJIEHHOE 3HaueHue. FIHTepnpeTaTop NOMOXeT HaM pa3o6paTbCs BO MHOTHMX TOHKOCTAX
sA3plka. MbI OyziemM obpamaTthes K HeMy O4eHb 4acTo.

KHI/IFy MOXHO p¢’:136I/ITb Ha HeCKOJIbKO YacTeH:

* OcHoBHI sA3bIKa (1-13). V3 mepBbIx TPUHAI[ATU TJIaB Bl y3HaeTe, uTo Takoe Haskell u uem oH xoporir.

» Teopetuueckas yactb (14-16). Haskell mutaeTcsa cokamu MaTeMaTHKH, MHOTHE KpaCcHBEIE HAyYHBIE HIeU He
TOJIBKO HAXOZST B HEM BOIUIOLIEHNE, HO U SIBJIIIOTCSA QYyHIAMEHTOM sI3bIKa. 13 3TUX IJIaB Bbl y3HAeTe HEMHOTO
TEOpUH, KOTOPAsi CJIyXXUJIa UCTOYHUKOM BIOXHOBeHHUs pa3paboruukoB Haskell.

+ Paspa6otka Ha Haskell (10,17-20). B 3Tux rjiaBax Mbl I03HAKOMUMCS C pacInpeHusAMH A3b1Ka (17), MBI y3Ha-
eM Kak nucatb 6ubIMoTeku U JoKyMeHTanu (18), mpoBOAUTh TECTHPOBAHNE U OLIEHUBATh OBICTPO/IENICTBHE
nporpamm (19), Takxe MBI IOTPEHUPYEMCSA B HANMICAHUY UMIIepaTUBHOro koAa Ha Haskell (20). Y3 riaBer 10
MBI y3HaeM Kak pa6oraer GHC, ocHoBHO#1 kommuisaTop AJsis Haskell.
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* IIpumepsi (13, 21). B 3TuX rjaBax Mbl IOCMOTPUM Ha HECKOJIbKO MpUMepoB npuMeHeHus Haskell. B riBase
13 MBI HanuIEM TIPOTPaMMY [JTs UTPHI B MATHAILIKY, a B rJ1aBe 21 — midi-cekBeHCOp ¥ HEMHOT'O MY3BIKH.

PeKOMeH,E[yIO CHa4aJia U3yUYUTb OCHOBHI s3bIKa, a 3aTEM o6pamaTbca K OCTaJIbHBIM YacCTsM B JII0O0OM nopAaake.

OCHOBHBbBIE IIOHATUA

Haskell — yncTo GOyHKIIMOHAIBHBINA, TUIN3UPOBAHHBIN A3BIK IPOrPaMMHUPOBaHUs. 51 6yy O4eHb 4acTO rOBOPUTH
cioBa yHKIMA, THUIBL, 3HAYeHUs, TUMBL, QYHKUNSA, QYHKIUA, TUIB — OYKBaJIbHO NOCTOAHHO. Ilepesy TeM Kak MBI
OKYHEMCs C IOJIOBOH B IIPOIPaMMHBIH KO/, 51 OBl XOTeJI CJIOBaMU NOACHUTD, YTO BCE 5TO 3HAYUT.

Mzl cobrpaeMcs U3yYUTh HOBBIN S3BIK, XOTb U MCKYCCTBEHHBII, HO BCE e A3BIK. fI3BIKU CITyXKaT ONUCAHUIO AB-
JIeHU#, cJI0BaMU MBI MOXeM 3a(UuKCHpoBaTh MBICIM 1 4yBCTBa U NepefaTh UX APyromy. IIpeasioxeHue A3bIKa ONU-
CBIBaeT 4YTO-TO. ¥ Hac OyIOyT [Ba pa3HBIX BuJa omnucaHuil. OJHU roBOPAT O 4€M-TO KOHKPETHOM, UX MBI OylieM
HasbIBaTh 3HAUeHUAMU, a APYTHe TOBOPAT O caMMX onucaHusAax. HanpumMep aTo cjioBa “4yucia”, “1era” win “Jogu”.
EcTh KOHKpeTHOE 4KCJIO: OIVH ABa WIN TPH, a €CTbh Bce 4rcia. Takue onrcaHus Mbl Oy1eM Ha3blBaTh munamu. TUIBL
OIKCBHIBAIOT MHOXXECTBO 3HaUeHUN. DyHKyulU ONKICHIBAIOT ONHU 3HAYeHU Yepe3 Jpyrue. JTo Takue mabJIoHbI onyca-
HUH. TUnu4HeI npuMep GYHKINM, 5TO “BbIYMCIIEHIE IUTOMAU TpeyroabHuKa”. OYyHKINA KaK Ob TOBOPUT: €CJIU ThI
MHe I[TOKaXelllb TPEYTOJIbHUK, TO f Tebe CKaxy ero momasp (urncio). OyHKIysa “BeUMC/IeHNe [JIOMAAN TPEYToJib-
HUKa” CBA3BIBAET JiBa TUIA MeXy cOOOI: TUII BCeX TPEYroJIbHUKOB U THUII unceJl (3HaueHHe 1iomanun). Moryr 6bITh
U He MaTteMaruyeckre GyHknuy. Hanpumep ¢yHKuusa “nBeT rja3” roBOPUT HaM: €CJIM THI [TOKaXeIlb MHe YesoBe-
Ka, TO s CKaXx<y Kakoro IBeTa y Hero rjasa. JTa (QpyHKIUA CBA3BIBAeT TUN “Jogu” v Tun “1Bet”. IIpyu 3TOM CBA3b
yMeeT HampasiieHre. DYHKINA CHavyasla clpamuBaeT y Hac, 4ero efl He XBaTaeT, a IOTOM roBOpPUT OTBeT. OTBeT
Ha3bpIBAIOT 3HaueHueM QyHKIUM (MM BhIxoAoM QYHKINM), a TO Yero eil He XBaTaeT apryMeHTamMu QyHKuuu (Wi
BxoAamu). MaTeMaTuKu TOBOPAT, YTO 3Ta PyHKIMA oToOpakaeT 3HaUeHU TUMNA “JII0AU” B 3HaUeHUA TuIa “I[BeT” .
B Haskell dynkimu Toxe sABIA0OTCA 3HaYeHUAMU. DYHKIUA MOXET IPUHUMATh B KaUeCTBE apryMeHTa QyHKIUIO 1
BO3BpamaTh GyHKUHUIO.

OyHKIMHU OBIBAIOT YUCMbIMU U € N0O60UHBIMU 3 Pexmamu. YncTole GYHKINM — 3TO IpaBAvBbIe GyHKLINU. FIX OCHOB-
Has 0COOEHHOCTH B TOM, YTO /I OAHAKOBBIX OTBETOB HAa UX BONPOCHI, OHU CKaXYT OJUHAKOBbIEe OTBEThl. DYHKIINN
¢ no6ouynsMu dbdexTaMu Tak He [1eJ1alT, HallpuMep ecJI MBI CIIPOCUM Y TakoH (PYHKIIMM KaKoro LiBeTa rjasa y
Kosin? B oivH [IeHb OHA MOXET CcKa3aTh roJiy6rie, a B Apyro 3eyiéHeie. B Haskell Takum QyHKIMAM He JOBEPAIOT U
OTOPaXHUBAIOT UX OT YUCTHIX QYHKIINI, HO A YBJIEKCSA, 060 BCEM 00 3TOM BBl y3HaeTe 13 3TOM KHUTH.

baaromapHocTu

S GBI XOTeJ1 mobJyrarogapuTh poAUTENIel 3a TeplieHre U MOAAepXkKy, coobiiectBo Haskell, Bcex Tex miomei, y
KOTOPHIX 51 MOT' cBOGOAHO yuntes sa3biky Haskell. Korma s TOJIbKO HauMHAaJI MHE OYeHb MOMOTJIM KHHUra MupaHa
JIlunoBaua (Miran Lipovaca) Learn You A Haskell for a Great Good u kuura Xas Jama (Hal Daume III) Yet another
Haskell Tutorial. Cnacu6o mutrpuio AcramoBy, Jdyriacy Mak Wipoto (Douglas Mcllroy) u xxoHy Xpio3y (John
Huges) 3a BeJIMKOyLIHOE COTJIacHie Ha MCIOJIb30BaHUEe MPUMEPOB U3 UX craTell. Bosbmoe cnacu6o Kare Crosisapo-
BOI1 32 ujielo HanrcaHusA kHury. Crnacu6o Asekcanapy Mo3ryHOBY 3a pacuivpeHue Moero kpyrosopa B Haskell u He
Tosibko. Cnacu6o OkcaHe CTaHeBUY 3a PeAaKTUPOBaHNE U NPAaBKU NepBOM I'JIaBHL.

Texuuueckue GaromapHoctu: komanae GHC, 3a xommuisarop Haskell, komanne TexLive, aBTopam XeLatex,
aBTopam mnakeroB diagrams g LaTeX (ITos Tatnop (Paul Taylor)) u diagrams muia Haskell (Bpent I710p1"1/1 (Brent
Yorgey), Paitan Maiitc (Ryan Yates)), Bce KapTMHKH HApHCOBaHbl B 3THX HPUJIOXKEHHAX, aBTOPY makera minted
Konapany Pynonsdy (Konrad Rudolph) u aBTopam Pygments 3a mofcBeTky cuHTakcuca B LaTeX, aBTopamM IakeToB
¢ Hackage: QuickCheck (Koan Kiaeccen (Koen Claessen), BeopH Bpunrepr (Bjorn Bringert), Hux Cmon6oyH (Nick
Smallbone)), criterion (Bpatian O’CasumBas (Bryan O’Sullivan)), HCodecs (Ixopmx I'mopraase (George Giorgidze)),
fingertree (Pocc ITaTepcon (Ross Paterson), Panbd Xunue (Ralf Hinze)), Hipmunk (®esune Jlecca (Felipe A. Lessa)),
OpenGL ([Ixaiicon Jamxut (Jason Dagit), CBeH IIsuH (Sven Panne) u GLFW (ITost Jlio (Paul H. Liu), Mapk Caner
(Marc Sunet)).
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I'maBa 1

OcCHOBBI

Ectp MHeHme, yto Haskell ouens Gospmioit sA3sik. OTO M npapnaa tak. B Haskell MHOro pa3HbIX KOHCTPYKIHH,
CHHTAKCUYECKOT0 caxapa, KOTOphle JesaiT Kon Gosee HarisaaueiM. Takxe B Haskell mHoro 6n6inorek Ha pas-
HBble CJIydau Xu3HU. OHaKo, oOMaHy JIM A Ballld OXHUAAHUS, CKa3aB, YTO BCE 3TO MMeeT AOCTATOYHO KOMIAKTHYIO
OCHOBY? DTO W IpaBja TakK, BaM OCTAJIOCh JIULIb yOeAUTbCA B HArJIAAHOCTH U npoctoTe Haskell. B aT0i1 riaBe Mbt
poOeXUMCs 10 HEMY, OXBAaTUB OAHUM B3TJIAIOM IIEJIMKOM BeCh 3bIK. HeCKOJIbKO HaTJIAAHBIX KOHCTPYKIUE, HEMHO-
ro MOMX IOICHEHUI, 1 BBl IIOMIMETe, 4TO K yeMy. Ecjii 4To-TO cpa3y He CTaHeT ACHO, WJIU I'Zle-TO A ONyIIy KaKue-To
osICHEHUs], OyAbTE YBEPEHH! — B CJIEAYIOLINX IJIaBaX MBI 0053aTeIbHO 00paTUMCA K 3TUM MOMEHTaM U 00CYAUM UX
nofpobHee.

1.1 OOmasa kapTuHa

ITporpammer Ha Haskell GeiBatoT aBYX BUOOB: 3TO nputodxceHus (executable) u 6ubiuomexu (library). Ilpuoxe-
HUA NPEeACTABJIAIT co00H HCmoHAeMble (Gaiiyibl, KOTOPHIE PelIaloT HEKOTOPY0 33aJady, K IPUMEPY — 3TO MOXET
OBITH KOMITUJIATOP A3BIKA, COPTUPOBIIVK JAHHBIX B IUPEKTOPUAX, KaJIeHAaph, WJIM IUTATHUK HA KaXIBIH IeHb, JI0-
6as mosieaHas yTUJINTA. BUOJINOTEKN TOXe pelaloT 3a/layy, HO pelaloT UX BHYTPU camoro sA3bika. OHU comepxat
OT[eJIbHBbIE 3HAYeHUs, PYHKINY, KOTOPble MOXXHO IOAK/II0YATh K Apyroi nporpamme Haskell, 1 KOTOpHIMU MOXHO
I10JIb30BaThCA.

[Tporpamma coctout u3 modysteti (module). I 3mecs paboTaeT npaBujio: OAVH MOAYJIb — 0AWH daiii. UMsa Moyis
coBnazaer ¢ uMmeHeM ¢ara. imsa Moy HaunHaeTcs ¢ 60JbmIoi OYKBHI, Toraa Kak (aiiyibl IMeT paciiipeHre
.hs. Hanpumep FirstModule.hs. [TocMoTpuM Ha TUNUYHBIE Moaysib B Haskell:

module WUms(onpepenenuel, onpepenenue2, ..., onpepeneHueN) where

import Mogynbl(...)
import Mogynb2(...)

-- onpepenexus

onpepenexuel
onpepenenue2

Kaxapiii MoayJsib coaepXuT Habop onpedesieHn. OTHOCUTEIBHO MOAYJIA olpedesieHus AeJIATCA Ha SKCcnopmu-
pyemble U GHympeHHUe. DKCIIOPTUPYeMble onpeAesieHns MOT'yT ObITh HCIOJIb30BaHHl 3a IIpeJieiaMu MOAYJIA, a BHYT-
PeHHHe — TOJIPKO BHYTPU MOJYJIs, 1 OOBIYHO OHU CJIYXAaT JJIA BEIPAXXEHUS IKCIOPTUPYEMBIX OIpe/ieJIeHIH.

MopyJib COCTOUT U3 ABYX YacTeil — IANKU U onpeeseHN.

IIanka
B manke nocse cioBa module oObABIIAETCA UM MOAYJIA, 32 KOTOPBIM B CKOOKax cjaefyeT CIHCOK 3KCIOPTU-
PYeMBIX onpezesieHU; ocjie CKOOOK CTOUT cjIoBO where. 3aTeM nayT UMIoOpTHUpyeMble MOy Ii. C IOMOIIBI0
UMIOpTa MOAYyJiell Bbl 1MeeTe BO3MOXHOCTb B JJAaHHOM MOJYyJIe I0JIb30BaThCsA ONpefesieHUsAMU U3 ApYyroro
MOAYJIA.
Kak nocsre nmeHu MOAYJIA, TaK U B QUPEKTUBE import cKOOKU C ompeaeseHUsIMA MOXHO He HHCaTh,TaK KakK B
9TOM CJIydae CYMTAETCA, YTO SKCIOPTUPYIOTCA/UMIIOPTUPYIOTCA BCE OIpeiesIeHN .
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OnpedesteHus

JTa 4yacTh COEPXKUT BCE onpeeJIEHUA MOAYJIA, IIPU 3TOM NOPAOOK CJIEAOBaHUA OHpeI[eJIeHI/Iﬁ HE MeeT 3Ha-
yeHus. To ecTb, He 00s13aTeJIbHO I0JIb30BaThCS B ,E[aHHOﬁ CI)yHKI.II/II/I JIMIIb TEMHW 3HaY€HUAMU, YTO (@317 omnpe-
JI€JICHBI BBIIIE.

Mojy/iu B3auMOJAEHCTBYIOT APYT € APYTOM C IMOMOIIBI0 SKCIIOPTUPYEMBIX OompeesieHuil. OAUH MOAYJIb MOXET
CKa3aTh, YTO OH XOYEeT BOCIIOJIb30BaThCA KCIIOPTUPYEMBIMU OTIPEAEJIEHUSAMU APYTOro MOIYJIsA, AJIs 3TOTO OH MUIIET
import Mopynb (onpepenenus). Moaysb — 3To aiicOepr, Ha BEpUIMHE KOTOPOro — Te QYHKIMHU, pald KOTOPBIX OH
cozaBajics (KCIOPTUPYEMBIe), a TIo BOAOU — Bce cJiykeOHbIe JleTajiu peaju3anuu (BHyTPeHHUE).

I/ITaK, nporpaMma COCTOUT U3 Mo,uyneﬁ, MOAOyJI COCTOAT U3 OHpeﬂeHeHHﬁ. Ho uto Takoe OHpeJ:[eJ'IeHI/IH?

B Haskell onpenesneHns MOTyT ONHCHIBAaTh YETHIPE BUIA CYLIIHOCTELL:

e Turmsl.
« 3HaueHUs.
« Kitaccel TUIIOB.

* 3K3eM1’IJ’IHpI)I KJIaCCOB THIIOB.

Teneps faBaiiTe pacCMOTPUM HX NMOAPOGHee.

Tunsl

Tursl NpeJCTaBJIAIT cOO0H KapKac nporpaMMel. OHU KPaTKO ONMCHIBAIOT BCE BO3MOXHBIE 3HaUeHusA. OTO OUeHb
yAo6Ho. OnbITHBIH mporpaMmuct Ha Haskell MoxeT mOHATH cMBIC PYHKIIUU IO €€ HAa3BaHUIO U TUITY. DTO HE OYEHD
cJioxHO. Hanpumep, Mel BUAUM:

not :: Bool -> Bool

BreipaxkeHue v :: T O3HayaeT, 4TO 3HaueHue v uMeeT Tun T. CTpesikaa -> b o3HavaeT GYHKIIMIO, TO ECTh U3 @ MBI
MOXeM NoJIyuuTh b. UTak, nepen Hamu GyHKIMA u3 Bool B Bool, mox HazBaHueM not. MBIl MOXeM MPeMOI0KUTh,
YTO 3TO JIOTMYecKas oneparnusa “He”. Wiy, nepe] HAMu TaKkoe ONpejiesieHre TUMa:

reverse :: [a] -> [a]

Mel BuuM QYyHKIHIO ¢ IMEHEM reverse, KOTOpas NPHUHUMAET CIMCOK [al v Bo3BpamiaeT crnucok [al, u MBI
MOXeM JI0TaJlaThCs, 9TO 3Ta QYHKIMA IepeBOpaYuBaeT CIIUCOK, TO €CTh MBI [T0JIy4aeM CIIHCOK, Y KOTOPOT'O 3J1eMeHTHI
uayT B o6paTHOM nopsiake. MasieHbkas OykBa a B [a] sABjsAeTcs IapaMeTpOM THIIA, HA MeCTO IapamMeTpa MOXeT OBbITh
rocranJieH J1i060i Tur. OHa FOBOPUT O TOM, YTO CIMCOK COAEPXKUT 3JIeMeHTH Tuna a. Hanpumep, Takasa GyHKINA
CcorJIamaeTcs epeBopayuBaTh TOJIBKO CIHCKU JIOTHYeCKUX 3HAYeHUI:

reverseBool :: [Bool] -> [Bool]

[Tporpamma mpejicTasJjisieT co00i onycaHre HEKOTOPOTo SIBJIEHUs WM Iporiecca. TUMsl onpeiesAl0T OCHOBHBIE
CJIOBa WM TEPMUHBI U CIOCOOBI UX KOMOWHUPOBAHUA. A 3HaYeHUs NMPeACTaB/IAIT co00M KOMOMHANUM 0a30BbIX
ciioB. Ho 3HavyeHUs KOMOMHUPYIOTCA He MPOM3BOJIBHEIM 006pa3oM, a Ha OCHOBE OIpeesIEHHBIX MPABIJI, KOTOPHIE
3a/1al0TCA TUIIAMHU.

HaHpHMep, TAaKO€ BBIpAXEHNE OIIpeAeaAaAeT TUIl, B KOTOPOM ABa 0a30BBIX TEepMHHa True wim False

data Bool = True | False

CiioBo data KJII0oYeBOe, C Hero HauMHaeTcs Jo6oe olpejesieHre HOBoro Tuma. CUMBOJI | o3HavaeT wiau. Ham
HOBBII THN Bool sByAerca smbo cioBoM True, jibo cjioBoM False. B 3TOM TuIe eCTh TOJIBKO IOHATHA, HO HET
croco60B KOMOGMHHPOBAHMS, IOCMOTPUM Ha THUII, B KOTOPOM €CTb U TO, U Ipyroe:

data [a] =[] | a : [a]

OTOo ompefeJieHue cnrcka. Kak MBI yxe MOHAIU, a — 3T0 napameTrp. Cnucok [a] MoxeT ObITh JIMOO IMyCTHIM
cruckoM [ ], mbo komOuHanuer a : [a]. B 3Toil koMOMHAIUK 3HAK : O0ObeAUHSAET dJIEMEHT TUIA a U ellé OJUH
crucok [a]. DTo pekypcuBHOe ompefesieHue, oHU BerpedaloTcs B Haskell ouens wacto. Eciiu 3T0 moka Kaxercs
HEIMOHATHBIM, He IIyTraiiTech, B CJIeAyIOIINX I1aBax OyieT IpeCcTaBJIeHO MHOIO IIPUMEPOB C HNOACHEHUAMH.

[TpuBeiéM emé HECKOJIBKO IIPMMEPOB OIpe/ieIeHNUIT; HIPKe THIIBI ONlpe/lesIAl0T 6a30Bble MOHATHA JJIA MHUpa Ka-
JIEHAApsA: TO YTO CTOMT 3a - - ABJIAeTCA KOMMEHTapueM U UTHOPUPYeTCs IIPH BBHIIIOJIHEHNH [TPOrPAMMBIL:
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-- Hata
data Date = Date Year Month Day

-- Topn
data Year = Year Int -- Int 3710 uenvle yucna
-- Mecsuy
data Month = January | February | March | April
| May | June | July | August
| September | October | November | December

data Day = Day Int

-- Hepensa

data Week = Monday | Tuesday | Wednesday
| Thursday | Friday | Saturday
| Sunday

-- Bpewms

data Time = Time Hour Minute Second

data Hour = Hour Int -- Yac
data Minute = Minute Int -- MuHyTa
data Second = Second Int -- CekyHpa

OJHOI1 3 OCHOBHBIX IeJteli pa3paboTurikoB Haskell 6Gpi1a sicHocTh. OHU CTPEMUJIHCH CO3/]aTh A3BIK, MPEJIOXKe-
HUA KOTOpOro 6yAyT MPOCTHIMYU U MIOHATHBIMU, OJIN3KUH K A3BIKY criefuduKamn.

C CUMBOJIOM | MBI yXe [T03HAaKOMUJIMCh, OH YKa3bIBaeT Ha aJIbTepHATUBHI, 00beJUHEHNUE MTUILIETCS Yepe3 Mpobert.
Tak, ¢ppasa

data Time = Time Hour Minute Second

O3HaYaeT, YTO TUN Time — 3TO 3HaUeHUe C METKOH Time, KOTOpOe COCTOMT M3 3HaUYeHWH TUIOB “4yac”, "BpeMa” U
”cexyHpaa”, u 6oJipiie HIYero. MeTKy IpUHATO HA3BIBATH KOHCMPYKMOPOM.

®pasa
data Year = Year Int

O3HAYaeT, YTO TUM Year — 3TO 3Ha4eHUEe C KOHCTPYKTOPOM Year, KOTOpPOe COCTOUT U3 OAHOTO 3HaueHus Tuma Int.
KoHCTPYKTOp OGBIYHO UJET MEPBBIM, a 32 HUM 4Yepe3 [polOes1 cjieAylT Apyrue TUmsl. KOHCTPYKTOP MOXeET OBITh 1
CaMOCTOATEeJIPHBIM 3HaUeHreM, Kak B cjIy4ae True uiu January.

Turbl AeJIAT BBIIOJHEHNE IPOTPAMMBI Ha JIBe cTafum: komnwiayuto (compile-time) u gviuucrenue (run-time). Ha
JTane KOMNWIALUY NIPOUCXOAUT NpoBepKa TUMOB. [IporpamMma, KoTopas He IIpPOILIA [IPOBEPKY THUIIOB, CYUTAETCH
6ecCMBICJIEHHON M He BBIUMCIIAETCA. [IpritokeHre, KOTOPOe BBINOJIHAET KOMITMJIALIUIO, Ha3bIBAIOT KOMNUIAMOPOM
(compiler), a To npuoxeHue, KOTOPOe IPOBOJAUT BHIYKCJIEHNE, HA3BIBAIOT @bluucsiumertem (run-time system).

Tunamu MBI ollpeiesisieM OCHOBHbIE ITIOHATHUA B TOM SIBJIEHHMH, KOTOPOE Mbl XOTUM OINKCATh, & TAKKe OCMBICJIeH-
HbIe CIIoco0bl UX KOMOUHMPOBaHUA. Mbl TOBOPUM, KaK U3 IIPOCTEUIINX TEPMUHOB I10JIy4aloTCcA cocTaBHble. Eciu Mbl
MIOTIBITAEMCS IOCTPOUTD GECCMBICJIEHHOE MTPeIJIOKEHNE, KOMITUIIATOP A3bIKA aBTOMATHYECKU HANAET TaKoe MpesJio-
XKeHre 1 coo0ImuUT HaMm 06 3TOM. DTOT NPOLeCC 3aKJII0YAETCSA B IPOBEPKE TUIIOB, K IPUMEPY €CJIN Y Hac eCTh GYHKIUA
CJIOXKEHU YMCeJI, ¥ MBI IIOIBITaeMCs [lepeiaTh B He€ CTPOKY MJIN CIMCOK, KOMITUJIATOP 3aMeTUT 3TO U CKaXXeT HaM
00 3TOM neped TeM KakK MPOrpaMMa HAYHET BRINOJIHATCA. Y BaXXHO TO, YTO 3TO IPOU3OUAET 04eHb ObICTPO. Ecity Mbl
cJIy4yaiiHO omMOJIMCh B BBIPaXKeHUH, KOTOpoe OyAeT BEIYMCJIEHO Yyepe3 yac, HaM He Hy>KHO XAaTh II0Ka BEIYMCJIUTEIIb
JOUAET A0 OmKOKY, MBI y3HaeM 06 3TOM, He yCIleB MOPTHYTh, IIOCJIe 3alyCcKa MpOrpaMMBL.

HTak, ecyii Mbl HONpoOyeM COCTaBUTh BpeMs U3 MeCsALeB U JIOTUYeCKUX 3HaUeHUI:
Time January True 23

KOMITWJIATOP NpeAyIpeanT Hac o6 ommbke. HaBepHoe, BEI AyMaeTe, YTO IPUBEAEHHBIN IpUMep HaAyMaH, BeJib KOMy
3aX0YeTCs COCTaBJIATh BpeMsA U3 JIOTMYecKUX 3HayeHui? Ho Korja Bbl uIieTe porpaMmy, 9acTo nporecc paboTs
CKJIaJIbIBaeTCA TaK: Bbl AyMaeTe HaJl OAHUM, IIMILIeTe Apyroe, a TakKe IJIJaHUpyeTe BepHYThCA K TpeTbeMy. Y 3HaHue
TOTO, YTO €CTh HAJIeXHBII KOMIMJIATOP, KOTOPBI HE MPOMYCTUT IJIYIBIX OIIUOOK, OCBOGOXK/IAET PYKU, BBl MOXETE
He 3a00TUTHCSA O TAKUX IYCTAKAX, KaK IPaBUJIBHOE [TIOCTPOEHMUE MpeAIOKeHNUs .

OTMeTHM, YTO TaKOH HOJXO[ C pas/iesieHHeM BBIYMCJIEHUS Ha /IBe CTaAuM U IPOBEPKOI THUIOB Ha3bIBaeTC:H
cmamuyeckoti munuzayueti. ECTb 1 pyrue A3bIKYM, B HUX TUIIBI JIUIIb II0Jpa3yMeBaTCs U IporpaMMa cpa3y HaurHaeT
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BBIUMCJIATHCS, €CJIU €CTh KaKHUe-TO HECOOTBETCTBHUA, 00 OIMIMOKE MPOrPaMMIUCTY COOOIIUT BBHIYUCIIUTEh, NPUYEM
TOJIbKO TOT/Ia, KOTAa BRIUKCIIEHNE JOUAET 0 omnbku. Takol Moaxo ] Ha3bIBAIOT OUHAMUYECKOL munu3ayuetl.

Tunsl TpeOyI0T cepbE3HbIX Pa3MBIIIJIEHNI HA HaYaJIbHOM 3Talle, aTarne onpezeseHns 6a30BbIX TEPMUHOB U CIIO-
co6oB nx KOMOMHUpoBaHUA. He yryckaeM Ji MBI 4TO-TO BaXXHOE M3 BUJY, UJIU, MOXET OBbITb, TUIIBI UMEIOT CIIUIIKOM
00IMiT XapaKTep U JOMyCKAalT HeHyXXHble HaM IpeayioxeHuA? [Ipuxoaurcs 3aaymeiBatbesa. Ho ecu tumbl momo-
6GpaHbl yOa4HO, OHU CAMU HAYMHAIOT MOJCKAa3bIBaTh, KAK CTPOUTD [IPOrPAMMY.

3HaueHusn

WTtak, MBI onipeieJININ TUIIaMU 6a30Bble MOHATUA U CIIOCOOB KOMOMHNpoBaHUA. O6BIYHO 3TO He6OJIBIION Habop
cioB. Hampumep B JIOTUYECKUX BHIPAXEHUX BCETO JIMIIb /IBA CJI0Ba. MOXEM JIM MBI Ha 4TO JIUOO pacCYUTHIBATD C
TaKUM CJIOBApHBIM 3aracoM? OKasbIBaeTcs, 9TO Ja. 3/1ech Ha MOMOIIb IPUXOAAT CHHOHUMEL. Celfyac y Hac B aKTHUBe
JIMIIB [Ba CJIOBA:

data Bool = True | False

U1 MBI MOX€EM OIlpeJieJIUTh IBa CHHOHUMA:

true :: Bool
true = True

false :: Bool
false = False

B Haskell cuHOHMMBI HIIYTCA C MaJjIeHbKOM OyKBbl. CHHOHHM ONpefiesifeTcs Yyepe3 3HaK =. O6paTuTe BHUMaHUe
Ha TO, YTO 3TO He IPOLeCC BHYMCIIEHNA 3Ha4eHNs. MBI BCEro JIMIIb 0ObABIIAEM HOBOE MM IS KOMOMHAIIY CJIOB.

Teneps MBI IMeeM LieJIBIX YeThIpe cjioBa! TeM He MeHee, YIILTU MBI He AajIeKO, U JBa HOBBIX CJIOBA, B CYLTHOCTH,
He JIeJIal0T A3BIK BbIpasuTesibHee. Takye CHHOHUMBI Ha3bIBAIOT KOHCMAHMAMU. JTO 3HAYUT, YTO OJHUM CJIOBOM MBI
6yzeM 0603HaYaTh HEKOTOPYI0 KOMOMHAIIHMIO IPYT'UX CJIOB. B JTaHHOM ciIy4ae KOMOMHAIUN OYeHb IPOCTHIE.

Ho Hamim cMHOHUMBI MOT'yT OIIpEAEJIATh OAHU CJIOBA Y€pe3 Apyrue. CUHOHUMBI MOr'yT IpUHUMAaTh IIapaMeTpPhbl.
HapaMeprI MUYy TCA Yepe3 npo6en MeEXOy HOBBIM MMEHEM 1 3HAKOM PAaBHO:

not :: Bool -> Bool
not True = False
not False = True

MB&i onipeiesTuyiv HOBOe UM not ¢ Tumom Bool -> Bool. OHo onpefnesisieTcs AByMs ypagHeHusmu (clause). CieBa
OT 3HaKa paBHO JieBas 4acTh YpaBHEHUs, a ClipaBa — [ipaBad. B mepBoM ypaBHeHUM MBI TOBOPUM, YTO coueTaHue (not
True) o3Hauaet False, a coueranue (not False) o3HauaeT True. OmATH Xe, Mbl HUYETO He BEIYHCJISIEM, MbI JaéM
HOBbIE UM€EHA HallMM KOHCTaHTaM True U False. TOJIbKO B 3TOM cJiydyae MMeHA COCTaBHBIE.

Ec/ii BBIYMCINTEII0O HY’KHO y3HaTh, YTO KPOETCS 3a COCTAaBHBIM MMeHeM not False oH nocsiedogamesbHO Mpo-
aHaIM3upyeT ypaBHEHUs CBepXy BHHU3, O TeX MOp, IIOKA JieBas YyacTh ypaBHEHMA He COBINAAET CO 3HaueHHeM not
False. CHavuasia MBI CBEpUM C II€PBBIM:

not True == not False -- HeT, nownu pganbuwe
not False == not False -- 2BpMKa, BEpHEM MpaByl 4acTb
=> True

OnpefenM ellé ABa COCTaBHBIX UMEHU

and :: Bool -> Bool -> Bool
and False _ = False

and True x = Xx

or :: Bool -> Bool -> Bool
or True _ = True

or False x = x

OTHU CMHOHUMEI OIIpeIesIAI0T JIOTHYecKye onepanuu "u” u "unmn”. 31ech HeCKOJIbKO HOBBIX KOHCTPYKIIUI, HO BB
He ITyraiTech, OHU He TaK TPY/JHHI [JiA MOHNMaHuA. HauHéMm c _:

and False _ = False
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3mech CUMBOJI _ O3HAYaeT, YTO B 3TOM YpaBHEHUM, eCJIM NIepBHI NapaMeTp paBeH False, To BTOpOil HaM yxe He
BakeH, MbI 3HaeM oTBeT. Tak, ecjii B JIOrH4eckoM “u” OOUH U3 apryMeHTOB paBeH False, To Bcé BeIpakeHre paBHO
False. Tak ke u B cjiydae c or.

Tenepp apyras HoBasA KOHCTPYKLUA:
and True Xx = X

B sTOM cilyyae mapamMeTp X CJIYXHUT JJIs TOrO, YTOOBI epeTaliTh 3HaUeHle U3 aprymMeHTa B pe3yJibTar. Kon-
KpeTHOe 3HaUeHre HaM TakXXe He BaXXHO, HO B OTOM CJIyYae MBI I0JIaraeM, 4TO CJIeBa U CIpaBa OT =, X UMeeT OJHO
¥ TO Xe 3HaueHUe.

Hrak y Hac yxe IeJbIX ceMb UMEH: True, False, true, false, not, and, or. iin He ceMmb? Ha camom fese, ux
yXxe 6eckoHeuYHOe MHOXecTBO. [TOCKOJIbBKY TpU U3 HUX COCTaBHBIe, Mbl MOXXeM CO3JaBaTh caMble pasHOOOpa3HbIe
KOMOMHAIH:

not (and true False)

or (and true true) (or False False)

not (not true)

not (or (or True True) (or False (not True)))

OOpaTuTe BHUMaHNe Ha MCIOJIb30BaHNe CKOOOK, OHU IPYNNUPYIOT 3HaueHuA. Tak, ecau Obl Mbl Hanucaau not
not true BMecTo not (not true), Mbl OBl MOJTyYWJIM OMIMOKY KOMIIWJIALUY, IOTOMY 4TO Not OXKAAaeT OAVH Mapa-
METp, a B BRIpaxkeHHU not not true ux fBa. [lapameTpsl JONKCHIBAIOTCA K UMeHU Yepe3 npobeJt.

[TocMoTpUM, Kak NPOMCXOAAT BBIYMCJIEHHUs. B cymHOCTH, Npoliecca BHUMCIIEHUH HET, eCTh Mpolecc 3aMeHB
CHHOHHMOB Ha OCHOBHEBIE ITOHATHSA COTJIACHO YpaBHEeHUsAM. ba3oBele MOHATHA MBI ONpeie/INIIN B TUNAxX. Tak naBaite
”BeruKcIMM” BeIpaxeHue not (and true False):

- - BblpaxeHue --  ypaBHeHue
not (and true False) -- true = True

not (and True False) -- and True x = X => and True False = False
not False -- not False = True

True

CneBa B CcTOJIOMK HaMMCaHBI MIAaTW “BBHIUMCJIEHUA”, a ClpaBa ypaBHEHUs, IO KOTOPHIM CMHOHUMBI 3aMeHAITCS
Ha KOMOUHaIuu cJioB. I[Ipoiecc 3aMeHbl CHHOHMUMA (JIEBOM YacTU ypaBHEHUsI) Ha KOMOWHAIUIO cJIOB (IIPaByIo 4acTh
ypaBHeHUs) HasbiBaeTcs pedykyueti (reduction).

CHayaJjia MBI 3aMeHWIN CHHOHUM true Ha NpaBylo YacTh €r0 ypaBHEHUs, T.e. Ha KOHCTPYKTOp True. 3aTeM Mbl
3aMeHWJIU BeIpaxeHHe (and True False) Ha mpaByIo YacTh U3 ypaBHeHUs: A1 cMHOHMMA and. O6paTuTe BHUMaHUe
Ha TO, YTO MepeMeHHas X Oblla 3aMeHeHa Ha 3HaueHue False. [TocsieqHUM maromM Gbljia 3aMeHa CMHOHMMA not. B
KOHIIe KOHIIOB MBI IPUILIY K 6a30BOMY MOHSATHIO, @ UMEHHO — K OJHOMY U3 IBYX KOHCTPYKTOPOB. B maHHOM ciiyuae
True.

HHTepecHO, YTO HOBBlIE CMHOHMMEI MOTYT OBITh MCIIOJI30BaHBl B MPABBIX YacTAX ypaBHeHUH. Tak MBI MoxeM
omnpeJeJIMTh Ollepalliio “HCKJIIovalollee Wi’

xor :: Bool -> Bool -> Bool
xor a b = or (and (not a) b) (and a (not b))

OTUM BBIpA’XX€HUEM MBI TOBOPUM, YTO XOr a b 3TO0 mym orpunjanue a u b, uiu a u orpuniasue b. 3To U ecThb
ompefiesieHre “HCKII0YAloero mim’”.

MoeT nokasaThbcs, 4TO ¢ TUIIOM Bool MBI 3a1[MKJIEHBI HA ABYX KOHCTPYKTOPAaX, U €AMHCTBEHHOE, YTO HaM OCTa-
€TcsA — OTO JaBaTh BCE HOBBIE M HOBBIe MMeHa cjioBaM True u False. Ho Ha camom feJjie 3To He Tak. C IIOMOIIbIO
TUIOB-TIapaMeTPOB MbI MOXeM BBIMTH 3a 3TU paMKU. OnpeAenuM QyHKIMIO BeTBieHusA ifThenElse:

ifThenElse :: Bool -> a -> a -> a
ifThenElse True t _ =1t
ifThenElse False _ e = e

Ora ¢yHKUMsA NepBEIM apryMeHTOM NPUHUMAeT 3HaueHHe Thma Bool, a BTOPEIM U TPETHUM — aJIbT€PHATUBHI
HEKOTOPOTo TUIIa a. Eciiu nepBBIi aprymMeHT — True, BO3BpaIaeTcs BTOPOH apryMeHT, a ecyiu — False, TO TpeTHI.

HHTepecHo, uto B Haskell Huvero He nmpoucxonur, mup Haskell-3Hauenuii crout Ha mMecte. MBI IpOCTO AaéM
“MeHa pa3HbIM KOMOMHAnuAM cj10B. OnpefiesisieM HOBbIE TeEPMUHEL [I0TOM Ha 3TUX TEpMUHAX ONpefessieM HOBBIE
TEPMUHEL, U TaK fajee. KaxeTcs, ecyii HUYEro He MEeHsIeTCs, TO 3a4eM A3BIK? W 4To MBI cOGMpaeMcs IporpaMMUpO-
BaTh 6e3 BBIYMCJIEHUI?
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Pasrajgka kpoetcs B GyHKIUAX hot, and u or. J[o TOro Kak Mbl UX OIpeJIe/InIy, y Hac ObUIO YeThipe UMeHU, HO
rocJjie UX olipejiejieHNsA UMEH cTajio 6eckoHeuHOoe MHOXecTBO. Tpy CUHOHMMA IOIIOJTHUJIN Halll 31K 6€CKOHEeYHBIM
HabopoM koMOuHaIlui. B aToM cyTh. MBI omnpefiesiieM 6a30Bble 3JIEMEHTHI 1 CIIOCOOBI COCTaBJIEHUS HOBBIX, TIOTOM
MBI IPOCUM ”BBIYUCJINTH” KOMOUHALMIO 13 HUX. MBI He oIlpeJie/IAyid IBHO, YeMy paBHa KoMOuHauusA not (and true
False), aTo caesas 3a Hac BeruucanTess Haskell I

BBIYMCJIUTH CTOUT B KaBBIYKaX, [IOTOMY YTO Ha CAMOM JieJie BBIYMCJIEHUI HET, eCTh 3aMeHa CHHOHMMOB Ha KOM-
OMHaLUM [TPOCTENIINX 3JIEMEHTOB.

Emeé oqun npuMep, IOJI0XHUM y HAC eCTh THUIL:
data Status = Work | Rest

OH ompefesisfeT, 4TO AesaTh B JaHHBIN feHb: paboTath (Work) mim otaeixaTh (Rest). Y pasHbix pabounx pasHbIN
rpaduk. Hampumep, ecTb PyHKIMN:

jonny :: Week -> Status
jonny x =

colin :: Week -> Status
colin x =

KoHKpeTHOe olpefiesieHre ceiiuac He BaXHO, BAXHO, YTO OHU ONpPeAessioT 3aBUCUMOCTh craTyca (Status) ot
nusa Hepenn (Week) must pabotaukoB xoHHM (jonny) u KoomHa (colin).

Taxxe Y HaAC €CThb IIoJIe3HaA (I)yHKI.II/Iﬂl

calendar :: Date -> Week
calendar x =

Omna onpefiesifeT 10 AaTe AeHb Hefesn. Y Teneps, 3Has JIUIIb 3TH QYHKIWHN, MBI MOXKEM CIIPOCUTD Y BBIYUCIUTEJIA
6ynmer s y J>xoHHU BeIxoAHOU 8 aBrycra 3043 roga:

jonny (calendar (Date (Year 3043) August (Day 8)))
=> jonny Saturday
=> Rest

I/IHTepeCHO, Y HacC OonATh BCEro JIMIIb ABa 3HAY€HUA, HO, aB TaKoe 0oJibllIoe UM OJHOMY Hu3 3Ha‘leHHﬁ, MbI
CMOI'JIA IIOJIYYUTH IIOJIE3HYI0O HAM I/IH(I)OpMaI.lI/IIO, HHUYEro He BbIYMCJIAA.

Knaccsel Tunos

Ecyii TUOBI ¥ 3HaY€HUs — PUBBIYHBIE TIOHATHSA, KOTOPbIE MOXHO HAalTU B TOM WJIM MHOM BHZE B JIIOOOM SI3bIKE
[IPOrPaMMHPOBAHMS, TO TEPMUH KJIACC TUIIOB BCTPEYAETCA He 4acTO. Y Hero HeT aHaJIOTOB M B OOBIYHOM A3BIKE,
[I03TOMY S CHayaJjla IoCTapawch OOBACHUTH €ro CMbICII Ha IIpUMeDpe.

B TunmusnpoBaHHOM A3BIKe y KaXJ0H QYHKIMU eCcTh THUI, HO OBIBAIOT QYHKIMM, KOTOpEle MOTYT OBITh OIpefe-
JIEHBI HAa apryMeHTax pa3HbIX THUIIOB; 110 CYTH, OHU ONHKCBHIBAIOT CXOXHeE IMOHATUA, HO OIpeJeJIeHbl AJI 3HaYeHUH
pasHbx THNoB. HanpumMep, GyHKIMA cpaBHEHU Ha PAaBEHCTBO, TOBOPSALIAA O TOM, YTO J{BA 3HAYEHUs OJJHOTO THUIA
a paBHB], UMeeT TUIl @ -> a -> Bool, win QyHKIMA neyaTH BHIpAXEHUA UMeeT TUIl @ -> String, HO 4TO Takoe
a B 3TUX TUnax? Tum a sABJAeTcA JI0OBIM TUIIOM, JJIA KOTOPOTO CpaBHEeHHe Ha paBeHCTBO WJIHM Iedatsb (rpeobpaso-
BaHUe B CTPOKY) UMEIOT CMBICJI. DTO IOHATHE KaK pa3 U KOAUPYeTCsA B Kjlaccax TUHOB. Kitaccet munog (type class)
MTO3BOJIAIOT ONpeAesATh GYHKIMH C OQUHAKOBBIM UMEHEM JJIs pa3HBIX THUIOB.

¥V KJ1accoB TUIIOB ecTh MMeHa. Takxe Kak M MMeHa KJIacCOB, OHU HauuHaIoTcsA ¢ 6osbmoi 6yksel. Hanpumep,
KJIacC CpaBHEHUI Ha paBeHCTBO HasbiBaeTcsA Eq (OT aHIJI. equals — paBHAETCs), a KJIACC IeYaTy BEHIPAXEHUI MeeT
ums Show (OT aHIJI. show — nokassiBaTh). [locMOTpUM Ha UX oIpefeleHUs:

Knacc Eq:

class Eq a where

(==) :: a -> a -> Bool
(/=) :: a -> a -> Bool
Kinacc Show:

class Show a where
show :: a -> String

1Bbis10 GBI TOUHEe HA3bIBATH BEIYMCIIUTENb PEAYKTOPOM, MOCKOJIBKY Mbl HPOBOANM PEAYKLMH, T.€. 3aMeHy SKBUBAJEHTHBIX 3HAUEHHEI, HO
3aKpenusIoch 3To Ha3BaHue. K ToMy Xe, pelyKTop Takxe 0603HaYaeT mpubop.
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3a KJII0YeBHIM CJIOBOM class cielyeT UM KJjlacca, TUI-TapaMeTp U ellé OJHO KJIIoueBoe cjIoBo where. [lanee ¢
OTCTyNaMU IHIIYTCA UMeHa ONpeIeJIEHHBIX B KJlacce 3HaUeHUIl. 3HaUeHUs KJIacca Ha3bIBAIOTCA Memooamul.

MBI ompeieJisieM JIUIIb TUIIBI METOJIOB, KOHKpeTHas peajn3anys OyeT 3aBUCeTh OT TUIIa a. MeToasl onpeesis-
I0TCS B 9K3eMIUIApax KJIacCcoB THUIOB, MBI CKOPO K HUM IepeiaéMm.

[MporpaMMuCTCKas aHAJIOTUS KJlacca TUIOB 3TO nHTepdetic. B uHTepderice onpenenén Habop 3HaUeHUN (Kak
KOHCTaHT, TaK U QYHKIME), KOTOpEle MOT'YT OBITh NPHMEHEHHbl KO BCeM THIIaM, KOTOpBIe NOAIEePXXUBAIOT JaHHbII
unTepdeiic. K nprumMepy, B uHTepdetice “cpaBHeHNe Ha paBeHCTBO” /1J11 HEKOTOPOI'O TUIIA a olpefesieHbl e QYHK-
LI1Y: PaBHO (==) U He paBHO (/=) C OAMHAKOBHIM TUIIOM @ -> a -> Bool, uiu B uHTepdelice “mevatu” Ajs JH0GOTO
TUIA a onpejesieHa ogHa GyHKIMA show Tuma a -> String.

MareMaTtuyeckas aHaJIOTHs Kjlacca TUIIOB 3TO ayirebpandeckas cucreMma. Asre6pa n3ydyaeT CBOHCTBA 00beKTa B
TepMHHAX Ollepanyi, onpeaeIEHHbIX HA HEM, 1 B3aUMHBIX OTPAaHUYEHMSX dTUX ollepanuil. Anrebpandeckas CUCTe-
Ma mpejicTaBisaeT coboil Habop onepanuil U CBOMCTB 3TUX OIeparuil. OTOT MOAXO0J IO3BOJIsIeT abCTparupoBaThCs
OT KOHKDETHOTO IpejcTaByieHus o6beKToB. HanpumMep rpymna — 3To Bce 0ObEKTH JaHHOTO THUIIA a, AJIS KOTOPBIX
ornpeziesieHbl 3HaYeHNA: KOHCTAHTA — eIMHUIA TUIA a, OMHAapHasA olepanys TUMAa @ -> a -> a U omepalys B3ATUA
06paTHOro 3JIeMeHTa, TUMa a -> a. [Ipyu 3TOM Ha oleparyy HaKJIaJsBalTCA OrpaHUYeH s, Ha3bIBaeMble CBOKCTBA-
Mu omneparnuii. Hanpumep, acconuaTiBHOCTh OMHAPHOI oneparuy, Wik ToT GakT, YTO eMHULA C JIIOOBIM JPYTUM
3JIeMEeHTOM, IPUMeHEHHBIe K OHAPHO!H ollepalyy, JAI0T Ha BBIXOJe UCXOMHBIN dJIeMeHT.

JaBaiiTe onpezeuM KJiacc AJjisA TPYIIIBL:

class Group a where

e iy a

(+) :: a ->a ->a

inv :: a -> a

Kiace ¢ umeneM Group nMeeT AJj1A HEKOTOPOro TUIA a TPU MeToJia: KOHCTAHTy e :: a, olepaunum (+) :: a ->
a -> a U omepaluio B3ATHA 00paTHOro dJjieMeHTa inv :: a -> a.

Kak u B anre6pe, B Haskell ks1acchl TUIIOB ITO3BOJIAIOT ONMKCHIBATH CYI[HOCTU B TEPMHUHAX ONpeAesIEHHBIX Ha HUX
omepanyii Win 3Ha4eHUi. B mpuMepax MBI yKa3blBaeM JIMIIb HAJIMYKE ONepaluil ¥ UX TUIbL, TaK Xe U B Kjaccax
tunoB. Kjlace Tunos copepxut Habop UMEH ero 3Ha4eHUH ¢ MHGopMaIuell o TUax 3Ha4eHUN.

OrmpefienuB Ky1ace Group, MBl MOXXEM HauyaTh CTPOUTDH PA3jIMYHBIE BBIPAXeHHdA, KOTOpHe OYAyT MOTOM HUHTEp-
IIpeTHpOBaThCA crenudruIecKuM IJIs TUIIA 00pa3oM:

twice :: Group a => a -> a
twice a = a + a

isE :: (Group a, Eq a) => a -> Bool
isE x = (x == e)

ObpaTuTe BHUMaHUe Ha 3anuch Group a =>u (Group a, Eq a) =>. DTO Ha3bpIBaeTCsA KOHTEKCTOM OObABJIEHUA
TUna. B KOHTeKcTe MBI TOBOPHUM, YTO JAHHBIM THI JOJDKEH OBITh M3 KJiacca Group WM U3 KjiaccoB Group u Eq. 3To
3HAYMT, YTO [JIA 3TOTO TUIA MBI MOXEM I0JIb30BaThCA METOLAMM 13 3TUX KJIACCOB.

B nepBoii pyHKIMM twice MBI BOCIIOJIb30BaJIMCh METOZOM (+) U3 Kj1acca Group, M03ToMy GYHKIUA MeeT KOH-
TeKCT Group a =>. A BO BTOpOH QyHKIMHU iSE MBI BOCIIOJIb30BAJIUCh METOIOM € U3 Kjiacca Group U MeToJIoM (==)
u3 kJ1acca Eq, nostomy QyHKIUA UMeeT KOHTeKCeT (Group a, Eq a) =>.

KoHTeKCT KJIacCOB THIIOB. Cynepxnaccm

Kitacc TUNOB Takxe MOXeT COAepXaTb KOHTeKCT. OH yKasblBaeTCsA MeXAy CJIOBOM class M MMeHeM KJiacca.
Hanpumep

class IsPerson a

class IsPerson a => HasName a where
name :: a -> String

DTO ompefesieHe TOBOPUT O TOM, YTO MBI MOXeM cAesIaTh 5K3eMIIAp kjiacca HasName TOJIBKO AJiA TeX TUIOB,
KOTOphle conepxarca B IsPerson. MbI roBopum, uTo kJ1acc HasName copgepxurca B IsPerson. B aToM citydae kjiacc
13 KOHTeKcTa IsPerson HasbIBaIOT Cynepkyiaccom AJIA JAaHHOIo Kiyiacca HasName.

OTo cKka3blBaeTcs Ha KOHTeKCTe 00bABJIeHNs Tuna. Teneps, ecjid Mbl IAIIEM

fun :: HasName a => a -> a

DTO O3HAYaeT, YTO MBI MOXEM IT0JIb30BAThCA IJI 3HAUEHUH THUIA a KaK MeToJamMu u3 kjacca HasName, Tak u
MeTtoAamu U3 kjacca IsPerson. [T0cKoJIbKY ecyiv TUII IPUHAJIEXUT Kkitaccy HasName, TO OH Takxe IPpUHAAJIEXUT U
IsPerson.

3amuch (IsPerson a => HasName a) HeMHOro oOMaHBIBaeT, ObLJIO ObI TOUHee nmucaTth IsPerson a <= HasName
a, eCJIM TUI a B Kj1acce HasName, To OH TOYHO B KJiacce IsPerson, Ho B Haskell 3akpenuiach apyras 3amnuch.
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3K3eMl’[JI}Ipr KJIaCCOB THUIIOB

B sx3emnitapax (instance) K1accoB TUIIOB MBI JaéM KOHKPeTHOE HaIOJIHEeHMe 11 METOAOB Kjiacca TUroB. Ompe-
JeneHre 3K3eMIUIApa NUIIeTCs TaK Xe, KaK U olpefesieHre Kjlacca TUMa, HO BMecTo class MHI IumieM instance,
BMECTO HEKOTOPOI'O TUIIA Halll KOHKPETHBII TUII, @ BMECTO THUIIOB METOJOB — ypaBHEHUs JJIA HUX.

Omnpeennm 3K3eMILIAPH 411 Bool

Kiacc Eq:

instance Eq Bool where

(==) True True = True

(==) False False = True

(==) _ _ = False

(/=) a b = not (a == b)
Kiacc Show:

instance Show Bool where

show True = "True”
show False = "False”
Knace Group:

instance Group Bool where

e = True
(+) ab=and ab
inv a = not a

OTMeTUM BaXXHOCTh HAJIMYMA CBONCTB (OrpaHUYeHMIl) y 3HAYEHUH, ONpefesIEHHbIX B Kjlacce TUMOB. Tak, Ha-
prMep, B KJIacCe TUIOB “CpaBHEHNE Ha PaBEHCTBO” IJIA JIIOOBIX JBYX 3HAYEHUII JAHHOTO TUIIA OJJHA M3 Ollepar{uil
JOJDKHA BEPHYTh "MICTHHY”, a ipyras ”JIoXb”, T.e. ABa 3JIeMeHTa JaHHOTro Tuna J1ubo paBHEHL, JI60 He paBHEL. Hefo-
CTAaTOYHO ONpeAesIUTh PaBeHCTBO JIsI KOHKPEeTHOro Tuna, Heo6xoAumo yoeauThCsA B TOM, YTO JIJIS BCEX 3JIeMEeHTOB
JaHHOTO TUIIA CBOMCTBA MOHATHA PaBeHCTBA He HapyIIAITCA.

Ha camom [iesie mpuBeZiéHHOeE BhIIlIe ONpejiesieHre 3K3eMIUIApa i Group He BepHO, XOTs II0 TUIIaM OHO IOJ-
xomuT. OHO He BepHO KakK pa3 M3-3a HapylleHUsA CBOKCTB. [[jiA rpynisl HeoOXOAUMO, YTOOH! AJ1A JII000ro a BBIIOJI-
HAJIOCH:

inv a + a == e
V¥ Hac sinmb ABa 3HaYeHUs, U 3TO CBOMCTBO He BBHINOJIHAETCA HU AJ1A oAHOro u3 Hux. [IpoBepnm:

inv True + True
=> (not True) + True

=> False + True
=> and False True
=> False

inv False + False
=> (not False) + False

=> True + False
=> and True False
=> False

[TpoBepATh CBOKCTBA OYE€Hb BAXHO, IOTOMY YTO JPYIUe JIIOAW, YMTasA Ball KO U KUCIOJb3ys Bamy GYHKINH,
6yIyT Ha HUX PACCUUTHIBATh.

1.2 Anpo Haskell

@yyyyxx. MbI 3aKkoHYMIN Ham mpober. Ternepp MOXXHO OCTaHOBUTbHCSA, OTJBINATHCA U IOABECTU UTOTU. JlaBaiiTe
BCIIOMHMM CHHTaKCH4eCcKHe KOHCTPYKIUY, KOTOpble HaM BCTPETUJINCh.
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Mopynau

module New(edefl, edef2, ..., edefN) where
import Old1l(idefll, idefl2, ..., ideflN)
import 0ld2(idef21, idef22, ..., idef2M)
ié;ort 0ldK(idefKl, idefK2, ..., idefKP)
-- onpepeneHus

KomioueBble cioBa: module, where, import. MbI onpefeanin Moayiab ¢ uMeHeM New, KOTOPBIM 3KCIOPTUPYET
onpefesieHus edefl, edef2, ..., edefN. U umnoprtupyet onpefeaeHus us moayJieii 0ldl, 0ld2, u 1.4., onpefeeHUs
HamnycaHbl B CKoOKax 3a KJII0YeBBIMU CJIOBAMM import ¥ MMeHaMu MoJyJieil.

Tumnsl

Twun onpenesisieTcs ¢ IOMOILIBIO:

» IlepeunciieHns ajJbTepHATUB Yepes |
data Type = Altl | Alt2 | ... | ALtN
DTy onepanuio Ha3blBalT CyMMOL TUIIOB.

» CocraBJjieHUA CJIOKHOTO THUIIA M3 NOATHUIIOB, MMIIIEM KOHCTPYKTOP MEePBBIM, 3aTeM depe3 npobest MOATUIIBL:
data Type = Name Subl Sub2 ... SubN

DTy omneparyio Ha3bBalOT npouseedeHueM TUIIOB.

Ectp OIHO MCKJIIDUEeHHE: eCJIN THUIl COCTOUT M3 ABYyX NOATUIIOB, Mbl MOXEM AaTh KOHCTPYKTOPY CHMMBOJIbHOE
(a He 6yKBeHHOB) UMsA, HO OHO OOJIKHO HAYMHATHCA C ABOETOYMUA :, KaK B CJIyuae CIIMCKa, HallpyuMep, MOXHO
AeJjilaTb TaKUeE OIIpEeNeJIEHNUA TUIIOB:

data Type = Subl :+ Sub2
data Type = Subl :| Sub2

M KOM6I/IHaL[I/II/I CyMMBI Y1 IPOU3BEACHUA TUIIOB:

data Type = Namel Subll Subl2 ... SublN
| Name2 Sub21l Sub22 ... Sub2M
| NameK SubKl SubK2 ... SubKP

Takue TUIBI HA3HIBAIOT aieeOpauyeckumu munamu 0aHHbiX. C IOMOIIBI0 TUIIOB MBI OIIpejieisieM OCHOBHEBIE ITOHA-
THUA U CIIOCOOBI X KOMOUMHUPOBAHUS.

3HaueHUs

Kak aTo HUM CTpaHHO, HaM BCTpETUJIacCh JIMIIb OHA onepanuAa CoO34aHusa 3HaUeHU: onpeaeﬂeﬂue curoHuma. OHa
NUINETCA TaK

name x1 x2 ... xN = Exprl
name x1 x2 ... xN = Expr2
name x1 x2 ... xN = Expr3

CiieBa OT 3HaKa PaBHO CTOUT COCTABHOE MM, a CIpaBa OT 3HaKa PAaBHO HEKOTOPOE BBIPAXEHHE, IIOCTPOEHHOe
corsiacHo Tunam. PazHele KOMOMHAIMM IMEHU name ¢ TapaMeTpaMy OIpeiesIAT pa3Hble ypaBHEHUA JJIA CHHOHIMA
name.

Tak>xe MBI BUAEJIA CUMBOJI _, KOTOPBII O3HayaeT ”BCE, YTO yrOOHO” HA MeCTe apryMeHTa. A TakXe MBI yBUIEJI,
KakK C IIOMOIIIBI0 IeEpEMEHHBIX MOXXKHO [epeTAaCKUBATh 3HAUYEH s U3 apIr'yMEHTOB B Pe3yJIbTaT.

Anpo Haskell | 21



Kiaccel TUIIOB
Hawm BcTpeTmsiach oqHa KOHCTPYKI[HS ONpefie/IeHUs KJIacCOB THUIIOB:

class Name a where
methodl :: a ->
method2 :: a ->

methodN :: a ->
DK3eMILJIAPHI KJIACCOB TUINOB

Hawm BcTpeTusiach ofHa KOHCTPYKINA OIpe/iesIeHHs S9K3eMILJIAPOB KJIaCCOB TUIIOB:

instance Name Type where

methodl x1 ... xN =
method2 x1 ... xM =
methodN x1 ... xP =

THmbl, 3HaYEHUA M KJIACCHI TUIIOB

Kaxmoe 3HaueHre uMmeet tui. 3HayeHue v uMmeet tun T Ha Haskell:
v i T

OyHKIMOHAJIBHBIY TN 0003HAYaeTCs CTPeJIKoi: a -> b
fun :: a -> b

Twun 3HaYeHUA MOXET UMETh KOHTEKCT, OH TOBOPHUT O TOM, YTO NapaMeTp AOJIXKEH IIPpUHAAJICXAaTh KJIacCy THUIIOB:

funl :: C a =>a -> a
fun2 :: (C1 a, C2, ..., CN) =>a -> a
CyniepkJiacchbl

Takxe KOHTEKCT MOXeT ObITh U Yy KJj1aCCoB, 3aIlvChb

class A a => B a where

O3HayaeT, 4TO KJjacc B LeJIMKOM COAEpXUTCA B A, U Nepe]] TeM Kak 0ObABJIATh SK3eMILIAP AJIA Kjacca B, HeoO-
XOZMIMO OIIPeNEeINTh IK3EMIUIAP 1A Kjacca A. [Ipu 3ToM Kitace A HasblBalT CylepKJiaccoM uiA B.

1.3 JIByMepHBIIi CHHTAKCUC

HasepHoe Bl 06paTniii BHUMaHue Ha To, 4To B Haskell HeT pa3menuresieil CTpOK M JONOJIHUTEIBHBIX CKOOOK,
KOTOpHIe Obl YKa3bIBAJIM T'PAHUIBI OIpeesieHus KiaccoB win byuknuil. Kommmiatop Haskell opuenTupyercs mo
repeHocaM CTPOKU U 3HaKaM TalyJIALUH.

Tax eci MBI IIMIIEM B KJiacce:

class Eq a where
(==) :: a ->a ->a
(/=) :: a ->a ->a

[1o oTcTymaMm 3a IepBOIl CTPOKOIT ONpefiesIeHHs] KOMITAJIATOP MOHUMAET, YTO KJIacC COEPXKUT Ba MeToAa. Ecu
OBbI MBI HamucaJu:

class Eq a where
(==) :t a ->a ->a
(/=) :: a ->a ->a

To cMeics GbL1 GBI cOBceM ApyruM. Tenepb MBI onpefesigeM KJjacc Eq ¢ OfHUM MeTOOM == U yKa3blBaeM THUII
HEKOTOpOro 3HaueHus (/=). OCHOBHOe NMPaBUJIO TaKOe: KOHCTPYKIIMH, PACIIOJIOXKEHHbBIE HA OJHOM YPOBHE, BBIpaB-
HUBAIOTCA C TOMOIIBI0 TabyiAnuy. YeM npaBee HAXOJUTCA ONpeiesIeHNe, TEM ITy0xe OHO BJIOXKEHO B KaKy0-HUOY b
CHenHaIbHYI0 KOHCTPYKIHIO. IIoKa HaM BCTPETUJIOCH JIMIIb HECKOJIBKO CIIeI[MaJIbHBIX KOHCTPYKIIHI, HO JaJIblie Ho-
ABATCA U ApYyTHE.
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1.4 Kpartkoe conmepxaHue

UTak mojBeIéM UTOTH: y HAC €CTh [IB€ ONepaluy 415 Ope/eieH!s TUMOB (CyMMa U IIPOU3BeJeHIE) U 10 OJHO
17151 3Ha4eHUH (CMHOHUMBEI), KJIACCOB TUIIOB U 3K3EMIUIAPOB. A TakXe GeCKOHEYHOe MHOXECTBO X KOMOUHAIWIN, U3
KOTOPBIX ¥ COCTOUT yBJIeKaTe ibHbIi Mup Haskell. KoHeYHO He TOJIBKO M3 HUX, €CTh HIOAHCHI, CHHTAKCUYECKHII caxap,
pacupenus si3bika. O6 3TOM ¥ MHOTOM JIPYTOM MbI Y3HaeM M3 3TON KHUTH.

HHTepecHo, uro B Haskell, HecMoTps Ha o6uiirie KOHCTPYKIHE U GUGINOTEK, THI YyBCTBYElllb, YTO 32 HUMU CTOUT
HeYTO M3 MHpPa HayKH, MUPA YUCTOrO 3HaHUA. Tl HE IPOCTO YYHIIBCA M0JIH30BATHCA ONPeNeIEHHBIMU (DYHKIHAMU
WJIY KJIACCaMHU, a Y3HAEIIb YTO-TO HOBOE U KPacUBOe.

1.5 VYnpaxHeHus

[ToTpeHUpyITECH B OMMCAHUAX B PaMKax CHCTEeMbI TUIIOB. Bel omnpepesnsere 6a30Bble MOHATHA U CIIOCOOBI UX
KOMOMHMPOBaHUA. Y Bac ecTb TPH Ollepariiu:

» Cymma tunos data T = Al | A2. [lepeunciieHre aJbTepHATHB
+» Ilpoussenenne tumos data T = S S1 S2. OTUM MBI TOBOPUM, 4TO IIOHATHE COCTOUT 13 HECKOJIBKUX.

* Basarue B crucok [T]. O6o3HaUYaeT MHOXECTBEHHOE YIHCJIO, DJIEMEHTOB THIIA T X MOXET ObITh HECKOJIBKO.

OnuumTe 4T0-IM60: KOMHATY, AOPOTY, FOpPOJI, YeJIoBeKa, IJI1aBy U3 KHUTH, MaTeMaTUYECKYI0 TEOPUIO, BCE 4TO
yTOAHO.

Huxe npuseféH npumep AJiA NOHATUH U3 3TOU IJIaBhI:

data Program = Programm ProgramType [Module]
data ProgramType = Executable | Library

data Module = Module [Definition]

data Definition = Definition DefinitionType Element
data DefinitionType = Export | Inner

data Element = ET Type | EV Value | EC Class | EI Instance

data Type = Type String
data Value = Value String
data Class = Class String

data Instance = Instance String

ITocJte TOro Kax BBl 3aKOHYHUTE C ONMKCAHUEM, IOAyMaliTe, KaKue PON3BOAHbIE CBA3K MOTJIU OBl Bac 3auHTEpe-
coBath. Kakue GyHKIMM BaM OBl XOTEJIOCh ONPEAe/IUTh B 3TOM ONKUCAHUU. BRmUImyTe UX TUIB 6e3 onpefeseHun ,
HanpuMep Tak:

-- Bce obbfiBNieHMs TUMNOB B Mopyrne
getTypes :: Module -> [Typel]

-- MNpoBecTn pefyKuuio 3Ha4YeHus:
reduce :: Value -> Program -> Value

-- NpoBepuTb TuMbl:
checkTypes :: Program -> Bool

-- 3aMeHUTb BCe OMpeaeneHus B MOAYJSie Ha HOBble
setDefinitions :: Module -> [Definition] -> Module

-- YNopapounTb onpefenieHns no Kakomy-nbo npuHuuny
orderDefinitions :: [Definition] -> [Definition]

[MomymaiiTe: ecau y Bac ecTb BCe 3TH (PYHKIMHU, KaKue IIPOM3BOJHbBIE 3HaUYeHUs MOIJIM OBl BaM CKa3aTb YTO-
HUOYb UHTEPECHOoe.
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I'maBa 2

IlepBasa nmporpamMmma

51 BOT rOBOPIO-TOBOPIO, @ BAPYT 5 Bac 0OMaHbIBAK0, M HUYETro 3TOr0 HEeT. B 3TOM rjiaBe Mbl epeiiéM K nporpam-
MHPOBaHUIO U 3allyCTHM Hauly nepsylo nporpammy B Haskell. Byaer MHOro nprMepos, Ha KOTOPBIX MBI 3aKpelM
Hallly 3HAHUA.

2.1 HuTepnperaTop

Jl1s 3anycka koa Mel 6yieM noJsib3oBaTthes npuioxenreM GHC (Glorious Glasgow Haskell Compiler) HauGostee
pasBuToii cucteMoii nuntepnperanuu Haskell nporpamm. B GHC ects komnuisaTop ghc u untepnperarop ghci. [Toka
MBI OyJIeM [0JIb30BaThCA JIUIIb NHTEepIpeTaTopoM. Ecyiu BBl He 3HaeTe KaK yCTAaHOBUTH ghC 3arjiAHUTE B MIPUJIOXKe-
Hye. Takxe HaM IOHAJOGUTCA TEKCTOBBIN peJJaKTOP C MTOJICBETKON cuHTakcuca. [TofacBerka cuntakcuca fyia Haskell
M0 YMOJIYAHUIO eCTh B pefjakTopax Vim, Emacs, gedit, yi. Ects IDE qiia Haskell Leksah. Mo Gy jem mucaTh MOy TN
B daiiyiax u 3arpyxarb UX B MHTeprpeTaTop. Eciiu Bbl He 3HaeTe IPOABUHYTHIX TEKCTOBBIX peaKTOpoB Bpoje Vim
niu Emacs, jtyuiie Bcero 6yaer Hayath ¢ gedit.

WHTepnpeTaTop MO3BOJIAET 3arpyXaTh MOJYJIb C ONpeeseHNuAMU U HabupaTh 3HaUYeHUs B KOMaHAHOU CTPOKe.
M=l HabrpaeM 3HaYeHHe, a THTEPIIPETATOP PeAyLHPYeT ero 1 oKa3bBaeT HaM OTBeT. IHTeprnpeTaTop 3aryCcKaeTcsa
xoMaHzol ghci B TepMuHae. Onpe/iesieHusA U3 MOAYJIA MOTYT OBITh 3arpyKeHbl B MHTepIpeTaTop AByMs: crocoba-
MU, 16O NpH 3anycKe UHTeprpeTaTopa koMaHaoi ghci UmsMopyns.hs amubo B caMoM MHTepIpeTaTope KOMaH0i
:1 UmaMopyns.hs

PaccMOTpUM HEKOTOPBIE [T0JIe3HbIe KOMaH/Ibl MHTEPIpeTaTopa:

BeIBOAUT Ha 5KpaH CHMCOK JOCTYIHBIX KOMaH/
:t Expression
BosBpamiaeT TUI BEIpaXkeHUs.
iset +t
[Mocsie BHINOJIHEHUS KOMAaHABl MHTEpIpeTaTop Oy[eT BEIBOAUTH HA 3KPaH He TOJIBKO pe3yJbTaT BBIYMCJIEHUS
BBIpQXXEHUs, HO U €ro THUIIL.
iset +s
IMocJie BHINOJIHEHUsI KOMAHAB UHTEpHpeTaTop OyeT BBIBOOUTH HA YKPAaH HE TOJIBKO Pe3yJIbTaT BBIYMCJIEHUS
BBIPQXEHUS], HO Y CTATUCTUKY BBIYMICJIEHUH.
:1 UmaMopyns
3arpyxaeT MOAYJIb B MUHTepIIpeTaTop.
:cd [lupektopus
[MepeiiTy B JAaHHYI0 JUPEKTOPUIO.

Iepe3arpyxaet, ocJeJHAN 3arpy>KeHHbII MOAYJIb. DTOM KOMaHAON MOXHO NOJIb30BaThCA MOCJIe BHECEHUA B
MOJyJIb U3MEeHEeHUH.

:q
Brixon u3 nHTEpHpeTaropa.

2.2 Y-Ben

CorjiacHO JaocaM OCHOBHOW IIPUHITUII XU3HU 3aKJII04aeTcsA B HeJlessHUU (y-Bel). Bcé MponcxoauT ecTeCTBEHHO U
CJIOBHO caMo co60¥. JlaBaliTe co3qaauM MOAYJIb KOTOPBIN HUYero He fesaeT. Co3gaanM MyCTON MOAYJIb U 3arpy3UM
€ro B MHTEepIpeTarop.
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module Empty where

import Prelude()

3auyem Mmbl Hanwcasau import Prelude()? OToil ¢pa3oil MBI TOBOPUM, YTO HE XOTUM HUYEro NMIIOPTHPOBATH
u3 moAyJia Prelude. ITo ymosiuanuio B Jir060i MOAYJIb 3arpyxaercs MoAyJib Prelude, KOTOPHIN COIepXXUT MHOTO
NoJIe3HBIX onpefeseHuil. K npumepy TaM onpepensercs Tul Bool, cnycku U QYHKIUN A1 HUX, CUMBOJIBI, KJIaCChI
TUIOB [JIs1 CPaBHEHMA Ha paBeHCTBO U [leYaTH 3HauyeHUil 1 MHOro, MHOTO JpPYTHX ollpefiesieHi. B nepBhIX ryiaBax
51 X04y cZesiaTh aKkleHT Ha caMoM s3bike Haskell, a He Ha MpOU3BOAHBIX BBIpAXXEHUAX, IIO3TOMY IIOKa MbI Oy1eM B
SIBHOM BHJ€ 3arpy>kaTb U3 MoAyJis Prelude aumb caMmble HeOOXOAUMBIE ONpeesIeHUA.

CoxpaHuM MoAyJib B ¢aiiie Empty.hs, caesaeM OUPEKTOPUI0 MOZYJIS TEKYIIEH U 3alMyCTUM UHTEPIPETaTOP
koMaHpaoi ghci Empty (MMs paciivpeHusi MOXHO He mrcath). Takke MOXHO MPOCTO 3allyCTUTh MHTEPIPETATOD
KOMaHJI01 ghci, mepexIounThCA Ha AUPEKTOPHUI0 KOMAHAOM : cd U 3arpy3uTh MOZYJIb KOMaHaou : 1 Empty.

$ ghci

GHCi, version 7.4.1: http://www.haskell.org/ghc/ :? for help
Loading package ghc-prim ... linking ... done.

Loading package integer-gmp ... linking ... done.

Loading package base ... linking ... done.

Prelude> :cd ~/haskell-notes/code/ch-2/

Prelude> :1 Empty.hs

[1 of 1] Compiling Empty ( Empty.hs, interpreted )
Ok, modules loaded: Empty.
*Empty>

CjieBa OT 3HaKa IpUIJIallleHuA K BBOAY > 0TOOpaxxarTcs 3arpyXeHHBle B MHTepIpeTatop moAyJju. [To ymosn-
YaHUIO 3arpyxaercsa MoAyJib Prelude. [Tocsie BHIOJIHEHMS KOMaHAB! : 1 MBI BUAWUM, 4TO Prelude cMeHWIOCH Ha
Empty.

Tenepsp faBaiiTe MOTpeHUpYeMCs epe3arpyxarb MoAyJiu. JlaBaiiTe n3MeHUM Hall MOAYJib, CeJlaeM ero He Ta-
KUM IyCThIM, YOpaB nocjiejHue q8e ckoOku oT MoayJisa Prelude B qupekTuse import. Temeps cOXpaHUM M3MeHEHUS
U BBINIOJIHUM KOMaHAy : rI.

*Empty> :r

[1 of 1] Compiling Empty ( Empty.hs, interpreted )
Ok, modules loaded: Empty.

*Empty>

BaBepH.II/IM CeCCHI0 MHTEpIIpeTaTopa KOMaH,Z[Oﬁ :q.

*Empty> :q
Leaving GHCi.

BHemrHre MOZy/M OJDKHBI HAaXOAUTCS B TeKyIIel NUpeKTopuu. JlaBaiiTe MOTPEHUPYEMCS C MOAKITIOUEHHEM
ompeesieHNI U3 BHEITHUX MoAyJteil. Co3qaiM MOAYJ1b 6JIi3Her] MoAyJis Empty . hs:

module EmptyEmpty where

import Prelude()

U coxpaHuM ero B TOH Xe AUPEKTOPUH, YTO U MOAYJIb Empty, Temepb Mbl MOXXeM BKJIIOUMTE BCe OIIpejiesIeHNs
u3 MoayJsisa EmptyEmpty:

module Empty where
import EmptyEmpty

Korpa y Hac 6yZjleT MHOrO MOAyJiell MBI MOXeM PasMeCTUTb UX N0 AupekTopusM. Co3gaauM B OJHOU AUpeK-
TOpUM C MofayJieM Empty nupekTtopuio Sub, a B Heé moMecTUM Komnuio MoAyJia Empty. CymecTByeT oJjHa TOHKOCTb:
TIOCKOJIBKY MOZYJIb HAXOAUTCA B MOAOUPEKTOPHUU, JIs TOTO YTOOBI OH CTaJI BUJIEH U3 TeKyIell NUPeKTOpUuM, Heob-
XOJIMO JOIMCAaTh yepe3 TOUKy UMs AUPEKTOPUN B KOTOPOI OH HaXOqUTCSH:

module Sub.Empty where

Tenepb MBI MOXeM 3arpy3UTh 3TOT MOAYJIb U3 UCXOJHOIO:
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module Empty where

import EmptyEmpty
import Sub.Empty

OG6paTuTe BHUMaHue Ha TO, 4YTO Mbl IIPUINKCBIBaeM K MOJYJII0 B NoAAUpeKTopry Sub nMsa noaaupexkropun. Eciam
GBI OH OBUT 3aJI0KEH B el OJJHOHM AUPEKTOPHH, TO Mbl HANMKCAJIU OBl Yepe3 TOUKY MMA U 3TOU MOAIUPEKTOPUH:

module Empty where

import Subl.Sub2.Sub3.Sub4.Empty

2.3 Jlornuyeckue 3Ha4YeHUsA

[TycToit MOIYJIb 3TO XOPOIIO, HO CJIUIIKOM CKY4YHO. JlaBaiiTe mepemnwuiieM oObsBJIEHHbIE B 3TOH IJIaBe Ompee-
JIeHUsI B MOJIYJIb, 3aTPY3UM €ro B MHTEPIPETaTOp U MOHA0UpaeM 3HaYeHMUsI.

Haunéwm c jornyeckux onepanuii. JlaBaiite He 6yzeM nepeomnpenesatb Bool, Show u Eg, a mpocTo BO3bMEM X
u3 Prelude:

module Logic where

import Prelude(Bool(..), Show(..), Eq(..))

JIBe TOUKM B CKOOKax O3HA4yaloT “Bce KOHCTPYKTOPH!” (B ciIydyae TUMA) U “Bce MeToAbI” (B ciIyyae Kjlacca TUIIA).
CTpouKy

import Prelude(Bool(..), Show(..), Eq(..))

Cnepnyet uutarth Tak: UMnoprtupy# us moayiA Prelude Tun Bool u Bce ero KOHCTPYKTOPHI U Kjacchl Show u
Eq co Bcemu ux Meromamu. Eciiu O6bI MBI 3aX0TeJIM UMIOPTUPOBATh TOJIBKO KOHCTPYKTOP True, Mbl OB Hanucasu
Bool(True), a ecsiu 6B MBI 3aX0T€JIM UMIIOPTUPOBATH JIMIIb MMA TUIIA, MBI OBl HaNKCaIU IpocTo Bool 6e3 cKoOOK.

CHavaJjia BHITUIIIEM B MoAyJib Hallli CHHOHMMBI:

module Logic where
import Prelude(Bool(..), Show(..), Eq(..))

true :: Bool
true = True

false :: Bool
false = False

not :: Bool -> Bool
not True = False
not False = True

and :: Bool -> Bool -> Bool
and False _ = False

and True Xx = x

or :: Bool -> Bool -> Bool
or True _ = True

or False x = x

xor :: Bool -> Bool -> Bool
xor a b = or (and (not a) b) (and a (not b))

ifThenElse :: Bool -> a -> a -> a
ifThenElse True t _ =t
ifThenElse False _ e = e

Tenepp COXpaHUM MOAYJIb U 3arpy3UM €ro B MHTepIpeTaTop. I HarJIAAHOCTH MBI yCTaHOBUM (uiar +t, npu
sTOM OyJleT BO3BpallleHO He TOJIbKO 3HayeHue, Ho U ero TuIl. [lonabupaeM pa3Hble KOMOMHALUK 3HAYEHUI:
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*Logic> :1 Logic

[1 of 1] Compiling Logic ( Logic.hs, interpreted )
Ok, modules loaded: Logic.

*Logic> :set +t

*Logic> not (and true False)

True

it :: Bool

*Logic> or (and true true) (or False False)
True

it :: Bool

*Logic> xor (not True) (False)

False

it :: Bool

*Logic> ifThenElse (or true false) True False
True

it :: Bool

Pasymeetcs B Haskell yxe onpenesieHsl Joruyeckyie onepaluu, 34ech Mbl IPOCTO TpeHupoBasuch. OHU Ha3bIBa-
oTca not, (&&), | |. Onepanus xor 3To TO Xe caMoe, 4To U (/=). i1 Bool onpenenéH sk3eMIiAp kiacca Eq. Takxke
B Haskell ecTh KOHCTPYKIIHA BETBJIEHUs OHA MUIIETCA TaK:

x = if cond then t else e

CsioBa if, then u else — kioueBsle. cond uMeeT Tum Bool, a t ¥ e OAMHAKOBHIN THII.
B xofe nporpaMmbl OOBIYHO MUILITYT TaK:

x =if a > 3

then "Hello”

else (if a < 0
then "Hello”
else "Bye”)

OTcTynsl 00A3aTeIbHBIL.

JlaBaiiTe 3arpy3uM B HHTepIpeTaTop MoAyJib Prelude 1 HabepéM Te ke BhpaXXeHHUs CTaHAAPTHBIMU QYHKLIUA-
MH:

*Logic> :m Prelude
Prelude> not (True && False)

True

it :: Bool

Prelude> (True && True) || (False || False)
True

it :: Bool

Prelude> not True /= False

False

it :: Bool

Prelude> if (True || False) then True else False
True

it :: Bool

BunapHBIe onepalnyy ¢ CUMBOJIBHBIMM HMeHaMU NUIIYTCA B MHPUKCHON dopMe, T.e. MeXAy apryMeHTaMH Kak
Ba && bwumu a + b. 3HaueHue c GyKBeHHBIM MMeEHEM TakXe MOXHO NucaTh B UHPUKCHON ¢popMe, IJi 3TOTO OHO
3akJiovyaercs B anocTpodsl, HanpuMep a ‘and’ b wiu a ‘plus’ b. AnocTpodsl 06BIYHO HAXOAATCA Ha OOHOM
kHomKe ¢ GykBoil “é”. Takxe CUMBOJIbHBIE (PYHKIIMU MOXHO MPUMEHATh B MpedUKCHON GopMe, 3aK/IIOYMB UX B
cKoOKY, Hanpumep (&&) a b u (+) a b. IlonpoGyem B nHTepIipeTarope:

Prelude> True && False
False

it :: Integer

Prelude> (&&) True False
False

it :: Bool

Prelude> let and a b = a & b
and :: Bool -> Bool -> Bool
Prelude> and True False
False

it :: Bool

Prelude> True ‘and’ False
False

it :: Bool
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O6partute BHUMaHUe Ha CTPouky let and a b = a && b. B Hell MbI OIlpeesInIi CHHOHUM B UHTEPIIpeTaTope.
CHauaJsia MBI IMIIeM KJII04eBoe ¢JI0BO Let 3aTeM 0ObIYHOE oIpeiesieHre CHHOHMMA, kak B iporpaMMe. Ho He coBceM
00BIYHOE CUTHOHUM J0JDKeH ObITh OJHOCTPOYHBIM. Y Hac He MOJIyYUTCA HallpUMep ONpeAesuTh Takol CUHOHUM Kak
not. [ToroMy 4TO B HEM JBa ypaBHEHUA.

2.4 Kiacc Show. CTpoKH ¥ CHMBOJIbI

Mzel HabupaeM B MHTEpIIpeTaTope Kakoe-HUOyAb CJIOKHOE BhIpaXXeHHe, WJIM COCTaBHON CUHOHUM, NHTepIIpeTa-
TOp IPOBOJUT PEAYKLMIO Y BRIBOJUT OTBET Ha 3KpaH. OTKy/ja MUHTePIIPeTaTOP 3HAET KaK OTOOpakaTh 3HAUYEHUS THUIA
Bool? BHyTpu uHTepIpeTaTopa BeI3bIBaeTcs MeTo[ kjacca Show, KOTOPHII IIepeBOAUT 3HaUeHUe B CTPOKy. 1 3aTeM
MBI BUAUM Ha dKpaHe oTBeT. [lj1a Tuna Bool sk3eMmuisAp kjacca Show yxe omnpefes€H, IO3TOMY MHTepIPeTaTop
3HaeT Kak ero orobpaxarb.

O6paTI/ITe BHUMaHUE Ha 3Ty 0Cc00EeHHOCTh A3bIKa, B 3HAYEHUs OIIpe/leJIA€TCA II0JIb30BaTeJIEM, B 3K3EMILJIAPE
kJ1acca Show. U3 C006pa)1(6HI/Iﬁ HarJi1iAHOCTH BU/J] 3HAYEHUA MOXET CUJIbHO OTJIMYATHCA OT €ro BHYTPEHHErO IIpea-
CTaBJIECHUA.

B aTOM pasjesie Mbl paCCMOTPUM HECKOJIBKO IPUMEPOB C KJIACCOM Show, HO Tiepei STUM MBI IIOTOBOPUM O CTPO-
Kax 1 cuMBoJIax B s3bike Haskell.

CTpOKI/I U CMMBOJIbI

[TocMOTpUM B MHTEPIIPETATOPE UTO U3 ceOsl MPeACTABJISIOT CTPOKH (TUMl String), [JiA 3TOrO MBI BOCIIOJIb3yeMCS
KoMaH[IoH :1i (cokpameHue oT :info):

Prelude> :i String
type String = [Char] -- Defined in ‘GHC.Base’

HHTepnpeTaTop Nokasajl olpejie/ieHHe TUIla U B KOMMEHTapUaX yKasaj B KakoM MoOAyJie TUIl onpefesiéH. B
9TOM OIIpe/ieJIEHN Mbl BUJMM HOBOE KJII0UeBoe CJIoBO type. Jlo 3TOro 1A ompejiesieHus TUIIOB HAM BCTPeYyasioch
aumb c1oBo data. KimoueBoe cj10BO type ompefesiseT CMHOHUM Tumna. I[Ipy 3TOM MBI He BBOOVIM HOBBIM THI, MBI
JIVIIb OTpefiesisieM JUIA Hero IceBJIOHUM. String sAByigeTcs CMHOHKMMOM JUIA CNMCKa 3HavyeHW# tuna Char. Tum
Char mpeacTaBjseT CUMBOJIBL. MTak CTPOKa — 3TO CIKCOK cMBOJIOB. B Haskell cuMBOJIBI IUIIYTCA B OpAUHAPHBIX
KaBBIYKaX, a CTPOKU B JIBOIMHBIX:

Prelude> ['H’',’e’,’1’,’1l’,’0"]
"Hello”

it :: [Char]

Prelude> "Hello”

"Hello”

it :: [Char]

Prelude> '
"

it :: Char

’

+

[ 0603HaueHNs IepeHoca UCIOIb3YEeTCA ClIeUaIbHBIA CMBOJI '\n’. EC/IM CTpOKa CJIMIIKOM JJIMHHAA U He
roMeljaeTcs Ha OJHOH CTPOKe, TO €€ MOXHO IepeHecT! Tak:

str = "My long long long long \
\long long string”

[TepeHOC OCyIIeCTBJIAETCA C TOMOIIbI0 KOMOMUHAIIUY CJIeAYIOMMNX APYT 3a APYyTroM OOpaTHBIX CJISIIEN.
Ham noHago6buTcsa GyHKIMA KOHKaTeHal[MU CIIMCKOB (++), OHa omnpe/iesieHa B Prelude, ¢ eé MOMOIIbI0 MBI Oy1eM

00be AUHATD CTPOKU:

Prelude> :t (++)

(++) :: [a] -> [a] -> [a]

Prelude> "Hello” ++ [’ '] ++ "World”
"Hello World”

it :: [Char]
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IIpumep: OToOpaxeHHe JaT U BpeMeHHU

I[IpuBeniéM, IprMep B KOTOPOM OTOOpakaeMoe 3HaueHNe He COBIaJaeT ¢ BUJOM 3HaueHUs B Koje. Mbl oTo6pa-
3UM 3HAUEHUA U3 MUpa KajleHaaps. [ljisa Havasa JaBaiite COXpaHUM ONpeJesieHus B OTAeIbHOM MOJyJIe:

module Calendar where
import Prelude (Int, Char, String, Show(..), (++))

-- Hata
data Date = Date Year Month Day

-- Topg

data Year = Year Int -- Int 3710 uensie yucna

-- Mecsauy

data Month = January | February | March | April
| May | June | July | August
| September | October | November | December

data Day = Day Int

-- Hepens

data Week = Monday | Tuesday | Wednesday
| Thursday | Friday | Saturday
| Sunday

-- Bpewms

data Time = Time Hour Minute Second

data Hour = Hour Int -- Yac
data Minute = Minute Int -- MuHyTa
data Second = Second Int -- CekyHpa

Teneps cOXpaHUM Hall MOJYJIb 0[] UMeHeM Calendar.hs u 3arpy3umM B HHTEPIIPETATOP:

Prelude> :1 Calendar

[1 of 1] Compiling Calendar ( Calendar.hs, interpreted )
0k, modules loaded: Calendar.

*Calendar> Monday

<interactive>:3:1:
No instance for (Show Week)
arising from a use of ‘System.IO.print’
Possible fix: add an instance declaration for (Show Week)
In a stmt of an interactive GHCi command: System.IO.print it

CMOTpUTE MBI IONBITAJINCH pacreyaTarth 3HadeHue Monday, HO B OTBeT MOJIyurin omubKy. B Hell mHTepripe-
TaTOp CcOOOIIAaeT HaM O TOM, 4TO JJiA Tuna Week He ompepneséH dk3eMIUIsIp Kjiacca Show ¥ OH He 3HAeT KaK ero
pacrievaTteiBaTh. JlaBaliTe nojckaxeM emy. OOBIYHO JHU Heflesd B KajeHJapsAx IedaTaloT He IMOJHOCThIO, B MM
[ONA/IAI0T JIUIIB TPU IEPBBIX OYKBHL:

instance Show Week where

show Monday = "Mon”
show Tuesday = "Tue”
show Wednesday = "Wed”
show Thursday = "Thu”
show Friday = "Fri”
show Saturday = "Sat”
show Sunday = "Sun”

Orcrynsl nepex show o6s3aTesIbHBL, HO BRIPABHUBAHUE 110 3HAKY PABHO He 00513aTeJIbHO, MHE IIPOCTO HPABUTCS
Tak nucaTh. I1o oTCcTynaM KOMIWIATOP INOHHUMAaeT, YTO BCe OIpefesIeHUs OTHOCATCA K OIpejieJIeHHIo instance.
Tenepp 3anuieM 5K3eMIUIAP B MOJYJIb, COXpPaHUM, U Nlepe3arpy3uM B MHTepIIpeTaTop:

*Calendar> :r
[1 of 1] Compiling Calendar ( Calendar.hs, interpreted )
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0k, modules loaded: Calendar.
*Calendar> Monday

Mon

it :: Week
*Calendar> Sunday
Sun

it :: Week

Tenepp Hamy JHU oTOOpaXkaloTcA. I BEINUIIY emé oJuH IIpUMep 3K3eMILIApa JjiA Time, a ocTabHble JOCTaHyTCA
BaM B KaYeCTBe yIpPaXHEHUs.

instance Show Time where
show (Time h m s) = show h ++

w.n n.n

++ show m ++ ++ show s

instance Show Hour where
show (Hour h) = addZero (show h)

instance Show Minute where
show (Minute m) = addZero (show m)

instance Show Second where
show (Second s) = addZero (show s)

addZero :: String -> String
addZero (a:[1) = '0’" = a : [1]
addZero as = as

Oyukuel addZero Mbl jo6aBjiseM HOJIb B Ha4asIo CTPOKH, B TOM CJIyyae ecJId 4YMCJIO OAHO3HAYHOe, TaKXe B
3TOM OTpe/ieJIeHMU Mbl BOCIIOJIb30BAJIUCh TE€M, UTO IJIA TUIA IeJIbIX yucesl Int sk3eMIuiap Show yxe ompeneséx.
IIpoBepuM B UHTEPIPETaTOPE:

*Calendar> Time (Hour 13) (Minute 25) (Second 2)
13:25:02
it :: Time

2.5 ABTOMaTHYeCKHUH BBIBOJ 3K3eMILJIIPOB KJIACCOB THUIIOB

JIJ11 HEKOTOPBIX CTAHAAPTHBIX KJIACCOB 9K3eMILIAPH! KJIACCOB THUIIOB MOTYT OBITh BBIBEJIEHBl aBTOMATHYECKHU.
OTo AesiaeTcs ¢ MOMOMIbI0 AUPeKTUBH deriving. OHa nmumercsA cpasy nocje o0bsABJeHUA Tuna. Hampumep Tak Mbl
MOXEM ONpeNEeTUTh TUI U SK3eMIUIAPHI AJIA K1accoB Show u Eq:

data T=A | B | C
deriving (Show, Eq)

Orcryn 3a deriving o6s3aTesieH, ocjIe KII0YeBOro CJI0Ba B CKOOKAX yKa3bIBAIOTCA KJIACCH, KOTOPbIe MBI XOTUM
BBIBECTU.

2.6 Apudmertuxka

B aTrom pazpnesie Mbl 06cyAnM OCHOBHBIE apudmernueckue onepanuu. B Haskell MHOro cTaHmapTHBIX KJ1acCOB,
KOTOpbIe IPYNNUPYIOT Pa3JIMYHbIe TUIIHI OLIEPANNE, €CTh KJIACC JJIA CPABHEHUS Ha PaBEHCTBO, OT/IeJIbHBIH KJIacc I
cpaBHeHHA Ha 6oJibllle/MeHblIIe, Kjlace JiJId YMHOXeHHUs, KJIacc AJIA JeJIeHNs, KJIacc AJIA YIOpAJOYeHHBIX Kcesl, U
MHOT0 APYTUX. 3a4eM Takoe U306uine KIaccoB?

Kax b1l 13 KjlaccoB OTBedaeT He3aBHUCHUMOM rpyirie onepanuil. EcTb MHOro 06beKTOB, KOTOpble MOXHO TOJIBKO
CKJIa[IbIBATh, HO HEJIb35 YMHOXATh VI AeJUTh. ECTh 06 BEKTHI, /151 KOTOPHIX CPaBHEHNE HA PABEHCTBO UMEET CMBICTI,
a cpaBHeHUe Ha 0oJibIe/MeHbIIe — HeT.

JJ1s wuuTIocTpany Mel BOCIOJIb3yeMcs yrcaamMu IleaHo, y HUX KOMITAKTHOE OIpejieieHre, BCero ABa KOHCTPYK-
TOpa, KOTOPHIX TeM He MeHee JOCTAaTOYHO JJIA ONKCAHNA MHOXeCTBA HaTyPasIbHbBIX YHCEJT:

module Nat where

data Nat = Zero | Succ Nat
deriving (Show, Eq, Ord)
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KoHCTpYyKTOp Zero yka3pBaeT HA YKCJIO HOJIb, @ (Succ n) Ha YKUCIO cileAyollee 3a AAHHBIM YHCJIOM n. B
mocJie/IHell CTPOYKe MBI BUIUM HOBBIH Kj1acc 0rd, 3TOT KJTacC CONEPKUT ONepalny CpaBHEHNsA Ha 00JIblile/MeHbIIIe:

Prelude> :i Ord
class (Eq a) => Ord a where

compare :: a -> a -> Ordering
(<) :: a -> a -> Bool

(>=) :: a -> a -> Bool

(>) :: a -> a -> Bool

(<=) :: a -> a -> Bool

max :: a -> a -> a

min :: a -> a -> a

Tun Ordering KOgUpyeT pe3yJIbTaThl CPaBHEHUA:

Prelude> :i Ordering
data Ordering = LT | EQ | GT -- Defined in GHC.Ordering

OH COAEPXKUT KOHCTPYKTOPHI, COOTBETCTBYIOIIME€ TaKNM IIOHATUAM KaK MEHbIIE, paBHO 1 0oJibIIIE.

Kiacc Eq. CpaBHeHre Ha paBeHCTBO

BcrioMHUM ormpefiesieHne Kiacea Eq:

class Eq a where

(==) :: a -> a -> Bool
(/=) :: a -> a -> Bool
a ==b = not (a /= b)
a /=b =not (a ==b)

[MosBusnch ABe AeTasy, O KOTOPHIX s yMOJIYaJ B Ipelblaylleil rjaBe. JOTO [iBe IOCJIe[HNE CTPOYKU. B Hux
MBI BUIVIM OMpefiesieHre == yepe3 /= 1 Ha000pOT. DTO ompeAesieHHs] METOAOB 0 yMOTYaHMUI0. Takue onpeaeneHus
JaloT HaM BO3MOXHOCTb OTIpeJIeJIATh He BCe MEeTOBI KJIacca, a JIUIIb YaCTh OCHOBHBIX, a BCE OCTAJIbHBIE MbI TIOJTYY1M
aBTOMAaTHUYECKU U3 OIpeAesIEHUH 10 YMOJIIAHUIO.

Kazasiocp 6Bl moueMy He OCTaBUTh B Kjiacce Eq OJUH MeTOJ a JPYroi MeToJl ONpeesUTh B BUJie OT/eJIbHOHN
GyHKOUU:

class Eq a where
(==) :: a -> a -> Bool

(/=) :: Eq a => a -> a -> Bool
a /= b =not (a == b)

Tak He fesnaioT no coobpaxeHUAM 3ddekTuBHOCTU. ECTh THUNBI AJIA KOTOPHIX IPOIIE BBIYMCIUTD /= YeM ==,
Torpa Mbl OIpeieJIuM TOT METO/I, KOTOPBIN HaM IPOIIle BEYUC/IATh U BTOPOU MOJIyYUM aBTOMATHYECKU.

HaGop 0CHOBHBIX METOOB, Yepe3 KOTOPHIE ONpe/ieJIeHbl BCe OCTa/IbHbIE HAa3bIBAIOT MUHUMMIbHbLM NOJIHBIM ONpe-
desteHuem (minimal complete definition) kiacca. B cityuae kiacca Eq 3T0 MeTO] == WJIM MeTOf /=.

Mk yxe BhIBEJIM 3K3eMIUIAp A1 Eq, MO3TOMY MBI MOXeM M0JIb30BaThCA MeToAaMU == U /= [JI 3HaYeHUl Tuna
Num:

*Calendar> :1 Nat

[1 of 1] Compiling Nat ( Nat.hs, interpreted )
0k, modules loaded: Nat.

*Nat> Zero == Succ (Succ Zero)

False

it :: Bool

*Nat> Zero /= Succ (Succ Zero)

True

it :: Bool
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Knacc Num. CiioxXeHue U YMHOXeHHe

CiioxeHUe ¥ YMHOX€EHHe olpeiesieHsl B kiacce Num. [TocMOTpUM Ha ero omnpejesieHue:

*Nat> :i Num
class (Eq a, Show a) => Num a where

(+) :: a ->a ->a

(*) :: a ->a ->a

(-) :: a ->a ->a

negate :: a -> a

abs :: a -> a

signum :: a -> a
fromInteger :: Integer -> a

-- Defined in GHC.Num

Metons! (+), (*), (-) B npecTaBjieHUM He HyKAAl0TCA, MeTO[ hegate ABIsAeTCA yHAPHBIM MUHYCOM, €r0 MOXHO
oIpeJesIMTh uepes (-) Tak:

negate x = 0 - X

Merton abs sBJisgeTcA MOAYJIeM 4YMcJia, a METO Signum BO3BpallaeT 3Hak yuciia, Metoa fromInteger mnossosiser
co3aBaTh 3HAUYEHMA JAHHOIO TUIA U3 CTaHAAPTHHIX LiesblX uncesa Integer.

9TOT KJIacc ycrapesi, 6bUI0 OBl JIyullle c/iesiaTh OTEeJIbHBIM KJlacc I CJIOKEHUs Y BBIYMTAHUA U OTAEJIbHBIN
KJIacc [jid yMHOXeHMsA. Takke KOHTEKCT Kjlacca, 4acTo CTaHOBUTCA MoMeXxoi. EcTh 06beKTH, KOTOpble HET CMBICJIa
rnevaTtaTth HO, €CTh CMBICJI ONpeesIUTh Ha HUX CJIOXKeHHe U YMHOXeHue. Ho moka B IieJiiX COBMECTUMOCTH C yXe
HaIKUCaHHBIM KOZOM, kj1acc Num ocTaétcs MpexHUM.

OmnpeneanM 5K3eMILIAP AJ1A unces IleaHo, HO faBaiiTe cHadasia pa3bepéM GyHKLINU M0 4acTAM.

CiioxxeHue

HauyHéM co cJI0KeHHUs:

instance Num Nat where
(+) a Zero = a
(+) a (Succ b) = Succ (a + b)

[TepBoe ypaBHEHHE FOBOPUT O TOM, YTO €CJIM BTOPOH apryMeHT paBeH HyJII0, TO Mbl BEDHEM IEPBEHIN apryMeHT
B KayecTBe pe3yJbTaTa. Bo BTOpOM ypaBHEHHUU MBI “TIepeKH/IbIBaeM”’ KOHCTPYKTOP Succ U3 BTOPOro apryMeHTa 3a
npeziesibl cyMMBbl. CxeMaThyecku BBIYHCJIEHHE CYMMBI MOXHO IIPeJICTaBUTh TaK:

342=21+0B+1)—=14+(1+(340)) —
1+4(143)=1+(14+1+(1+(140))—5

Bce Hamu yrcsia umetoT By 0 uiu 1+n, Mbl IpUHUMAaeM Ha BXOJI IBa YKCJIa B TAKOM BHE U XOTUM B pe3yJjibTaTe
COCTABUTh YMCJIO B 3TOM Xe BHJE, [JIS 3TOTO MBI [OCJIEJOBATENIBHO NepeKuzbBaeM (1+) B HAYasIo BHIpaXeHUs U3
BTOPOTO apryMeHTa.

Brruuranue

Omepanusa OTpPULIAHUA He MMeeT CMBICJIA, [TOITOMY MBI BOCIIOJIb3yeMCs CIelUaIbHON (YHKIMeH error ::
String -> a, oHa NMpUHUMAaeET CTPOKY c coobiieHneM o0 omubKe, IIpU €€ BHYUCJIEHUU IpOrpaMMa OCTAHOBUT-
cA ¢ omuOKol U coobiieHre OyfeT BbIBeJeHO Ha DKpaH.

negate _ = error "negate is undefined for Nat”

YMHOXeHue
Tenepp NOCMOTPUM Ha YMHOXEHUE:

(*) a Zero = Zero
(*) a (Succ b) a+ (a *b)

B nepBoM ypaBHEHHHU MBI BEDHEM HOJIb, €CJIM BTOPOI apryMeHT OKaxkeTcsA HyJIEM, a BO BTOPOM MBI 3a KaXKAbII
KOHCTPYKTOP Succ BO BTOPOM apryMeHTe NpuOaBsieM K Pe3yJIbTaTy IEPBHI apryMeHT. B uTore, mocjie BbIYKCIIE-
HUA @ * b MBI IOJIyYMM apryMeHT a CJIOXKEHHBIH b pa3. DTo u ecTh YMHOXeHUe. [Ipy 3TOM MBI BOCIIOJIb30BaJIICh
orneparueil CJI0XeH!s, KOTOPYI TOJIBKO YTO Onpefesvi. I[IocMOTPUM Ha CXeMy BBIYHCJIEHUA:

3x2—=3+3%1) =3+ (3+(3%0)) =
3+(34+0)—3+3—
1+4B34+2)=1+(14+B+1)—=1+1+1+(3+0)) —
1+4(14+143)=1+(1+1+1+1+(140))))—6
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Omnepanuu abs u signum

HOCKOJ’Ibe 4yrcja y HacC IIOJIOXUTEJIbHbIE, TO METObL abs u signum IIOYTH HUYEro HE AEJIal0T:

abs X = X
signum Zero = Zero
signum _ = Succ Zero

IIeperpyska yucen

OcraJicsa nmocienuuil Mmeton fromInteger. OH KOHCTPYUPYET 3HaUeHUE HAIETO TUIMA U3 CTaHJapTHOTO:

fromInteger 0 = Zero
fromInteger n = Succ (fromInteger (n-1))

3auem oH HykeH? [TonpoOyliTe y3HaTh THUI 4Kcja 1 B MHTepIIpeTaTope:

*Nat> :t 1
1 :: (Num t) =>t

WHTepnpeTaTop TOBOPUT O TOM, TUII 3HaU€HUs 1 ABJIETCs HEKOTOPHIM THIIOM 13 Kjacca Num. B Haskell o603Ha-
yeHUA JUIA 4ucesi neperpyxeHsl. Korga Mel numem 1 Ha camoM fesie Mbl umeM (fromInteger (1l::Integer)).
[TosToMy Tenepb MBI MOXEM He IMCaTh I[EMOYKY Succ-0B, a BOCIOJIb30BaThcsa MeToAoM fromInteger, Juig 3TOro
COXpaHUM ollpeJiejieHNe 3K3eMIUIsApa A1 Num 1 3arpy3nM OGHOBJIEHHBIN MOAYJIb B MHTEpIIpETaTop:

[1 of 1] Compiling Nat ( Nat.hs, interpreted )
Ok, modules loaded: Nat.

*Nat> 7 :: Nat

Succ (Succ (Succ (Succ (Succ (Succ (Succ Zero))))))

*Nat> (2 + 2) :: Nat

Succ (Succ (Succ (Succ Zero)))

*Nat> 2 * 3 :: Nat

Succ (Succ (Succ (Succ (Succ (Succ Zero)))))

Brl MoxeTe yOeauThcs HACKOJIBKO TMOKMMU ABJIAIOTCA yncia B Haskell:

*Nat> (1 + 1) :: Nat
Succ (Succ Zero)

*Nat> (1 + 1) :: Double
2.0

*Nat> 1 + 1

2

MBI BBIKCAJIN TPU OJMHAKOBBIX BRIPaXKeHNA U MOJIYYJIN TPU PAa3HBIX Pe3yJibTaTa, MeHsAs 00bsABJIeHHe TUIOB. B
rocJieJHeM BhIpakeHUU TUM ObUI IpUBEJEH K Integer. OTo noBefeHNe NHTepNpeTaTopa 1o yMoadaHuo. Eciu Ml
Hanumem:

*Nat> let g =1+ 1
*Nat> :t q
q :: Integer

MEs!I BUANM, 4TO 3HaUeHue ¢ ObLI0 epeBefieHo B Integer, 3TO IPOUCXOAUT JIMIIb B MHTEPIPETaToOPe, eIk TaKkasa
rnepeMeHHas BCTPETUTCA B IIporpaMMe ¥ KOMIMJIATOP He CMOXXeT ONpeJeIUTh e€ TUI U3 KOHTEKCTa, IPOU30HAET
omubKa NpoBepKU THUIIOB, KOMIMJIATOP CKaXkeT, YTO OH He CMOT oNpeAesuTh TUIl. [ToMO4b KOMIUJIATOPY MOXHO,
106aBUB 0OBABJIEHHUE THUIA C TOMOIIBI0 KOHCTPYKIMH (v :: T).

ITocmoTpuM emé pa3 Ha onpejiesieHre sk3eMiuiapa Num i Nat meskom:

instance Num Nat where

(+) a Zero =a

(+) a (Succ b) = Succ (a + b)
(*) a Zero = Zero

(*) a (Succ b) =a + (a * b)

Zero
Succ (fromInteger (n-1))

fromInteger 0
fromInteger n

abs X = X

signum Zero = Zero

signum _ = Succ Zero

negate _ = error "negate is undefined for Nat”
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Kinacc Fractional. [lesieHue

Jesnetinie onpenesieHo B kiacce Fractional:

*Nat>:m Prelude
Prelude> :i Fractional
class Num a => Fractional a where

(/) :: a ->a ->a
recip :: a -> a
fromRational :: Rational -> a
-- Defined in ‘GHC.Real’
instance Fractional Float -- Defined in ‘GHC.Float’
instance Fractional Double -- Defined in ‘GHC.Float’

®dynkuuA recip, aTo a”asnor negate asa Num. OHa genuT equHUIy Ha AaHHOe uncyio. dyHknua fromRational
CTPOUT YMCJIO JAHHOIO TUNa U3 ApoOHOro uucia. Eciay Mbl numeM 2, TO K HeMy NOACHyAHO OyaeT NpuMeHeHa
¢yuknua fromInteger, a ecnu 2.0, To 6yaeT npuMeHeHa dyHkuusA fromRational.

CranaapTHble 4yHUciIa

B aTOM moppaszesie MBI paCCMOTPUM HECKOJIBKO CTAH[APTHBIX TUIMOB [iA yucesn B Haskell. Bce aTu yucna sg-
JISIFOTCA K3EMIUIAPAMH OCHOBHBIX YMCJIEHHBIX KJIaccoB. TeX KOTOpble Mbl PaCCMOTPEH, 1 MHOTMX-MHOTUX JIPYTHX.

Lesnsie yucia

B Haskell mpegycMoTpeHo [Ba ThMa OJIA Lesbix unces. OTo Integer u Int. UeM OHU OT/IMYAOTCA? 3HAYEHUs
Tuna Integer He OrpaHUYEHbl, Mbl MOXXEM IIPOBOAUTD BBIYKCIIEHNS C OUeHb-OUeHb-0UeHb OOJIBIINMU YUCIIAMU, €CJIN
aMATHU Ha HallleM KOMITbIoTepe XBaTUT. Yrcsia u3 Tuna Int orpanudensl. Kaxaoe Yucyio 3aHUMAaeT OnpeIesIEHHbII
pasMep B aMATH KOMIIbIoTepa. JlnanasoH 3HaveHuit s Int cocrasiser ot —229 o 22° — 1. Berumcsenus ¢ Int
60s1ee 3G PEKTUBHEL.

JlelicTBUTEJIbHBIE YUCTIA

HeticTBuTenbHBIE yncia OpIBal0T ApobHBIMU (THN Rational), ¢ opauHapHOH TO4HOCTBIO Float u ¢ JBOMHON
TouyHOCThIO Double. Yncia us tuna Float 3aHMMAaIOT MEHBIIIE MeCTa, HO OHM He TaKue TOouHble Kak Double. Ecyiu BoI
COMHEBaeTech YeM IMOJIb30BaThCs, BbhiOMpaiiTe Double, 06biyHO Float MCIOJIb3yeTCss TOJIBKO TaM, IAe HeoOX0aUMO
XPaHUTh OI'POMHEIE MACCHBHI YKCeJ. B 3TOM cjry4ae Mbl 5JKOHOMUM MHOTO TaMSATH.

IIpeoGpa3oBaHue YUCIIEHHBIX THIIOB

Bo MHOrMX sA3bIKaX MPOrpaMMUPOBAHUS IPU CJIOKEHUU MUJIV YMHOKEHUN YKCEJT PA3HbIX THUIIOB IPOBOJUTCS aB-
TOMAaTHYECKOe MprBefeHre TUIOB. OGBIYHO IIeJIble YKCJIa CTAHOBATCS AelcTBUTENbHBIMY, Float mpeBparaeTcs B
Double u Tak gajiee. DTO IPOTUBOPEUYUT CTPOroi TUNU3aIK, nodToMmy B Haskell atoro HeT:

Prelude> (1::Int) + (1::Double)

<interactive>:2:13:
Couldn’t match expected type ‘Int’ with actual type ‘Double’
In the second argument of ‘(+)’, namely ‘(1 :: Double)’
In the expression: (1 :: Int) + (1 :: Double)
In an equation for ‘it’: it = (1 :: Int) + (1 :: Double)

JIro6oe mpeobpa3oBaHye TUIOB KOHTPOJIUPYeTCA IoJib3oBaTesieM. Mbl JOJDKHBI BBI3BATh CHeNUaIbHY0 QYHK-
L{HIO0.

OT 1eJbIX K AeHCTBUTENIbHBIM: YacTo BO3HMKaeT He0OX0JMMOCTb IPUBE/IEHU 1[eJIBIX YnceJI K 1efICTBUTEJIbHBIM
npu JiesieHuu. JIJ1s1 3TOro MOXHO BocCIoJIb30BaThes GyHkuueit: fromIntegral

Prelude> :i fromIntegral
fromIntegral :: (Integral a, Num b) =>a -> b
-- Defined in ‘GHC.Real’

OHPEI[EJ'II/IM (I)yHKI.II/II() IMOUCKa CpeaHEro Mexay AByMsA LeJIbIMU YKCJIaMU:

meanInt :: Int -> Int -> Double
meanInt a b = fromIntegral (a + b) / 2

B sT0¥1 dyHKIMEM ABOIiKa nMeet TuUll Double. O6paTyTe BHUMaHNE HA CKOOKU: COCTABHON CUHOHMM BCer/ja Ipuy-
TATMBaeT apryMeHTHl CujIbHee yeM OMHapHas onepanus.
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OT eliCTBUTEJIBHBIX K IeJIbiM: B 3ToM Ham nmomoxeT kyiacc RealFrac. MeTozbl rOBOpAT caMu 3a cebs:

Prelude GHC.Float> :i RealFrac
class (Real a, Fractional a) => RealFrac a where
properFraction :: Integral b => a -> (b, a)
truncate :: Integral b =>a -> b
round :: Integral b =>a -> b
ceiling :: Integral b => a -> b
floor :: Integral b =>a -> b
-- Defined in ‘GHC.Real’
instance RealFrac Float -- Defined in ‘GHC.Float’
instance RealFrac Double -- Defined in ‘GHC.Float’

Metop properFraction oTaenser 1eJiyio YacTh YKMCJIa OT JPOOGHOIL:
properFraction :: Integral b => a -> (b, a)

i Toro, yTOOBI BEpHYTh Cpa3y ABa 3HaYeHUs MCITOJIb3YeTCsA KOPTeX (KOPTEXH MUIIYTCA B OOBIYHBIX CKOOKAaX
3HaueHUs CJIEAYIOT Yepe3 3amiaTyio):

Prelude> properFraction 2.5
(2,0.5)

s map (KOpTex, COCTOALINI 13 ABYX 3JIEMEHTOB) OIpe/iesIeHH! IBe YI00HbIe PYHKINY N3BJIeUYeHIs 2JIEMEHTOB,
WX CMBICJT MOXXHO MOHSATD [0 OJHUM JIMIIb THUMIAM:

fst :: (a, b) -> a
snd :: (a, b) -> b

ITposepum:

Prelude> let x = properFraction 2.5
Prelude> (fst x, snd x)
(2, 0.5)

Mgl ObI 1 cCaM{ MOTJIA OonpenesInTb Takue (I)yHKI.II/II/IZ

fst :: (a, b) -> a
fst (a, ) = a

snd :: (a, b) -> b
snd (_, b) =b

Mexay AeWCTBUTEJIBHBIMHM duciaaMu: KTo-TO Hamumcasl O4eHb XOpoulylo (YHKIMI0, HO OHA oOIpefeseHa Ha
Double, a BaM npuxoauTca ucnosib3osath Float. Kak ObiTh? Ham nmomoxet pyHkuua realToFrac:

Prelude> :i realToFrac
realToFrac :: (Real a, Fractional b) => a -> b
-- Defined in ‘GHC.Real’

Ona npuHMMaeT 3HaueHre u3 Kjacca Real u MpUBOOUT €ro K 3HAYEHHI0, KOTOPOe MOXHO JeUTh. UTO 3TO 3a
kjacc Real? MaTtemMaTHKU HaBEPHOE CMEKHYT, YTO 3TO IPOTHUBOIMOJIOKHOCTh KOMILJIEKCHBIM 4KcsiaM (r1e-TO JOJIKeH
OBITh OIpefieIéH TUIl MK Kyiacc Complex, ¥ OH IMpaBja ecTb, HO 06 3TOM B cjlefyiolleM pasfesie). IIpu nepexone
K KOMILIEKCHBIM YHCJIaM MbI TEPSIEM CIIOCOGHOCTh CpaBHEHUsS Ha 6O0JIbllle/MeHbIlle, HO COXpaHseM BO3MOXHOCTh
BBIUMCJIEHUA apupMeTHIeCKUX Onepaluii, mo3ToMy kjiacc Real 3To mepecedenue kiaaccos Num u Ord:

Prelude> :i Real
class (Num a, Ord a) => Real a where
toRational :: a -> Rational

3nech “nepeceueHrie” o3HauaeT " TOT U Apyroi”. [lepeceueHne KjIaccoB KOAUPYETCA C MOMOIIbI0 KOHTEKCTa.
BepHéMcs K HalleMy [IepBOMY IPHUMepY:

Prelude> realToFrac (1::Float) + (1::Double)
2.0
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OTMeTHM, 4TO 3TOi GYHKIHEH MOXHO IOJIb30BaThCA HE TOJIBKO Jis TUNOB Float u Double, B Haskell Bo3aMoxxHbBI
caMble 5K30TUYeCKHe YKciia.

Ecnu npeoOpa3oBanus MexAay Float u Double mpoucxodAT o4eHb-OYEHb 4aCTO, BOBMOXHO MMeeT CMBICII BOC-
10JIb30BaThCA CleluaabHBIMU Aj1A GHC dyHknuamu: OHU onpefesieHbl B MoayJie GHC.Float:

Prelude> :m +GHC.Float

Prelude GHC.Float> :t float2Double
float2Double :: Float -> Double
Prelude GHC.Float> :t double2float
double2Float :: Double -> Float

2.7 JlokymMeHTaums

K 21011 ry1aBe MBI yxe paccCMOTpesIi OCHOBHBIE KOHCTPYKITUU sA3bIKa U 6a30Bble TUMBL Eciii y Bac ecTh kakasa-To
3ajava, BBl yXke MOXeTe HauaTh e€ pemarts. JIJIA 5TOro cHayasa HyXKHO OyJeT onucaTh B TUIaxX IpobjeMy, 3aTeM
BBIPA3UTh C IOMOIIBI0 QYHKINII €€ pelleHue.

Ho He cTouT nmucath Bce GYHKUMHM CaMOCTOATEbHO, ecii (GYyHKUUA AOCTAaTOYHO obmmas e€ HaBepHsAKa KTO-
HUOyabp yxe Hamucaa. Camble mosie3Hsle PYHKIMU U KJIacChl ollpefiesieHbl B MoAyJie Prelude 11 OCHOBHBIX CTaH-
JApTHBIX OMOJIMOTEYHBIX MOAYJIAX. BBIsI0 OBl M3JIMIIHKMM ONUCBIBATh KAXAYI0 QYHKLMIO, KHUra IpeBpaTUach Obl
B CIIPAaBOYHMK. BMecTo 3TOro fapaiitTe Hayyumcs McKaTh QyHKIMU B JOoKyMeHTanuu. Ham noHazmoburcsa ymeHue
COCTaBJIATH TUIBI QYHKIMI 1 HeOOJIbIlIOe 3HAHWE aHTJIMHCKOTO A3bIKa.

Jna Havana o ToM, Iie HaXOAUTCA AOKYMeHTalMsA K CTaHAAapTHEIM MoAyJiAM. Ecim BB ycTaHOBMIM ghc BMe-
cte ¢ Haskell Platform mom Windows ckopee Bcero Bo Bkjagke lyck, TaMm re MKOHKa ghc Tam e HaXOJUTCs
U JokyMeHTanus. B Linux HeoOxoAuMMO HalTW NUPEKTOPUIO C JIOKyMeHTaluel, ckopee BCero OHa B IUPEKTOPUU
/usr/local/share/doc/ghc/libraries. Takxe AOKyMeHTaI1I0 MOXHO HalTH B MHTepHeTe, HabepuTe B IIOUCKO-
Buke Haskell Hierarchical Libraries. Ha r;iaBHoIt cTpaHuile JOKyMeHTAIMM Bbl HAlIETE OrPOMHOE KOJIUYECTBO MO-
ayJeii. Hac noka uHTepecyloT pasfesnsl Data u Prelude. Pa3gesiel pacnosioxkeHsl o andasuty. To 4To BB BUAUTE
3TO CTAHJAPTHHIN BUJ AokyMeHTtanuu B Haskell. JTokymeHTarnmsa AesaeTcs C MOMOIIBIO CIIEIIHAJIBHOTO MPHUJIOXe-
HuA Haddock, MBI TOXe HayuuMcsA Takue [eJiaTh, HO MO3Xe, I0Ka MbI Iopo0yeM pa3o0paThesa ¢ TeM KaK UCKaTh B
JOKyMeHTanuu QyHKLINAN.

[TpeAnosioxkuM HaM HYXHO BBIUHCJIUTH AJMHY cnucka. Ham HyxHa QyHKIuA, KOTOpas NpUHUMAET CIHMCOK U
BO3BpalllaeT I[eJioe YncJio, ckopee Bcero e€ tum [a] -> Int, oObIYHO BO Bcex OuOIMOTEeYHBIX QYHKIUAX IJIA Iie-
JIBIX 4MCeJI UCMOJIb3yeTcs TUMl Int, Takxke HAa MecTe MapamMeTpa MCHOJIb3yITcsA OYKBHI a, b, ¢. MBI MOXeM OTKPBITh
JOKyMeHTanu1o K Prelude HabpaTth B cTpoKe noucka tum [a] -> Int. WMiu nouckath Takyno QyHKUUIO B pasfe-
e GyHKUMH A7id cnuckoB List Operations. Torma Ml yBUOAUM eQUHCTBEHHYI0 (YHKIIHIO C TAaKUM TUIIOM, TOJ
ropopsmuM nmMeHeM length. Tak MBI HalllJId TO, YTO MCKAaJIU.

Wy Ml nieM QyHKIMIO, KOTOpas epeBopavrBaeT CIHCOK, HaM HyXHa QyHKIWA ¢ TunoM [al -> [a]. Takux
¢yHkui B Prelude HecKoJIbKO, HO UMA reverse OJHON U3 HUX MOXeT HaMeKHYTb Ha eé CMBICJIL.

Ho opnHoti Prelude mup crannaptHeix ¢yHkiuit Haskell He orpaHn4uBaeTcs, €CJM Bbl HEe HaILTA HEOOXOAUMYIO
BaM GyHKNOUI0 B Prelude eé cToUT monckath B APYrux OMOIMOTEYHBIX MOoAyJIsaX. OObIYHO PYHKLIUM pasfesisaioTcA
110 TOMY Ha KakUX TUIax OHU omnpejeseHbl. Tak Hanpumep ¢yHknuA sort :: Ord a => [a] -> [a] onpenernena
He B Prelude, a B oTAeIpbHOM 6UOJIMOTEYHOM MOJYJIe AJIA CIMCKOB OH HasbiBaeTcA Data.List. Tak e ecTb MHOTO
APYryUx MojAyJiell IJiA pa3HBIX TUIIOB, Takux kak Data.Bool, Data.Char, Data.Function, Data.Maybe u MHorue
npyrue. He myraiitech n300/THsI MOZYJIEH TIOCTEIEHHO OHU CTAHYT BaIleH OIOPO.

J1a noucka B CTaHOApPTHBIX OMOJIMOTEKAaX €CTh 3aMevaTesIbHBIN HHTepHeT-cepBuc Hoogle (http://www.
haskell.org/hoogle/). Hoogle MoxeT mcKaTh 3HaYeHHUs He TOJIBKO IO MMEHH, HO W IO TumnaMm. Hampumep Mel
XOTUM y3HaTh LIeJIOYNCJIEHHBIN Ko cuMBoJIa. [Touck no tuny Char -> Int BBIAa€T nckoMyto pyHknmio digitToInt.

2.8 Kparkoe conepxaHue

B 5T0#1 ry1aBe MBI NO3HAKOMUJIUCH C MHTEPNPETAaTOpPoM ghci M OCHOBHBIMU THIaMH. PaccMOTpesr MHOTO Ipu-
MepOB.

Tunsl
Bool — OcHoBHBIe oneparuu: &%, ||, not, if ¢ then t else e
Char — 3HaueHus NUINYTCA B ODAVHAPHBIX KaBblUKax, Kak B 'H', '+’
String — 3HaueHusa NUIIyTCA B JBOMHBIX KaBblUKax, kak B "Hello World”
Int — OddexTrBHbBIE LieJIble Yrcia, HO OrpaHUYeHHbIe
Integer — He orpanuuennsle LeJble yrciia, HO He 3 GeKTUBHbIE
Double —  Ywucsa ¢ ABOMHOM TOYHOCTHIO
Float — Ywucsia ¢ opgUHAPHOU TOYHOCTHIO
Rational — Jpobusle uncia
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Hawm BroepBbie BcTpeTuiinch KopTexu (Ha dyHkunu properFraction). Koprexu UCHOJIBb3yIOTCA 471 BO3BpAllle-
HUYs 13 GYHKI[UN HECKOJIBKUX 3HAUEeHUH. DJIEMEHThI KOPTEeXa MOTYT UMETh pa3Hble TUIBL. J[Jif U3BJIeUeHNs dJIeMeH-
TOB U3 KOpTeXeii-nap ucnosb3yioresa Gyakmun fst u snd. KopTexu nuimyTces B ckoOKaX, U 3JIEMEHTHI pa3[esieHbl

3anAThIMU:
(a, b)
(a, b, c)
(a, b, c, d)
Kmnaccer
Show — Ileyarts
Eq — CpaBHeHUe Ha paBeHCTBO
Num — CioxeHue ¥ yMHOXeHUe
Fractional — [eneHue

Oco6eHHOCTU CUHTaKCHUCa

[TpedukcHasa u nHGUKCHaA 3anKuCh IpUMeHeHNUA QyHKINN

add a b (+) a b

a ‘add’ b a+b

Taxxe MbI Hay4YUJIMCh NPUBOAUTH OAHU YHCJICHHBIC TUIIBI K JPYTYM U IIOJIb30BATbCA I[OKyMeHTaLIPIefI.

2.9

YupaxHeHus

Hanumwure ¢yHknuio beside :: Nat -> Nat -> Bool, xkoTopas OyaeT Bo3BpamaTh True TOJIBKO B TOM
cjiy4ae, ecJIi IBa apryMeHTa HaXOAATCs PAAOM, T.e. OJUH M3 HUX MOXHO IOJIyYUTh Yepe3 APyTo onepanuei
Succ.

Hanummure pynkmuio beside2 :: Nat -> Nat -> Bool, xotopas 6yaeT Bo3Bpamarh True TOJIBKO eCcJId
apryMEeHTHI SABJIAIOTCA COCEASIMU Yepe3 HEKOTOPOe IPYroe 4KCJIO.

Mpe! Hanmcany oueHb He 3(pdeKkTUBHYI0 QYHKINIO CJIOXKEHUA HaTypaJlbHbIX urcesl. [Ipobiiema B TOM, 4TO YKUCJIO
PeKypCUBHBIX BBI30BOB QYHKLMM 3aBUCUT OT BeJIMUMHEI [IepBOT0o aprymMeHTta. Ecjii Mbl 3aX0TUM NpHGaBUTh
€[IJMHUILly K COTHe, TO MOPAJOK CJIeJOBaHUA apryMeHTOB CyLECTBEHHO MOBJIMAET Ha CKOPOCTb BBIYMCJIEHUS.
Hamnmure QyHKIMI0, KOTOpas JIMIIeHa 3TOro HeJJocTaTKa.

Hanumwure ¢yHKIMI0 BO3BeleHUA B cTenleHb pow :: Nat -> Nat -> Nat.

HamuimTe THI, ONMCHIBaOIINE GMHApHBIE qepeBbsa BinTree a. BuHapHOe AepeBO MOXET GBITh JINGO JIMCTOM
CO 3HaUeHUeM THMaA a, MO0 XpaHUTh ABa MOAAEepeBa.

Hanummure pyHkumio reverse :: BinTree a -> BinTree a, KoTopas nepeBopavyuBaeT JepeBo. OHa MeHsET
MecTaMU ABa 3JieMeHTa B y3Jie JiepeBa.

Hanumure dyHkmnuio depth :: BinTree a -> Nat, koTopas BeIUKCIIAET IJIyOUHY iepeBa, T.e. caMblil AJIMHHBINI
MyTh OT KOPHA AepeBa K JIUCTY.

Hanummre dyHkiuo leaves :: BinTree a -> [al], koTopasd nepeBoaAUT OMHApHOEe AePEeBO B CIKCOK, BO3-
Bpallas Bce 3JIeMEeHTHI B JIMCThAX JiepeBa.

OG6paTuTe BHUMaHHe Ha pasfes List Operations B Prelude. [TocmoTpuTe Ha pyHKIMU 1 ux TUNHL [Tompo-
OyiiTe moragaThCsA MO THUIY QYHKIMN Y Ha3BaHUIO YTO OHA JeJIaeT.

IMonpoGyiiTe pa3obpaTbcsa O AOKyMeHTaluu ¢ kjaaccamu Ord (cpaBHeHHe Ha 0oJiblle/MeHblle), Enum (epe-
uyncsieHusa) U Integral (mesble yncaa). Takxke ctouT oTMeTuTh kjacce Floating. Ecim y Bac He noJsyuuTcs,
He 6efa, oHU 00513aTeIbHO BCTPETATCA HaM BHOBb. TaM u pa3zbepémcs.

Haiigure QyHKIMIO, KOTOpas [lepecTaBIsAeT 3JIeMEeHTHI Taphl MecTaMHU (3JIeMEeHTHI MOTYT OBITh PA3HBIX TUIIOB).
IMoTpenupyiiTecs ¢ koprexamu. Onpefesnure aHasoru GyHkui fst u snd mia He nap. O6paTuTe BHUMaHUe
Ha TO, YTO COYeTaHHe CUMBOJIOB (,) 9TO GYHKIMA-KOHCTPYKTOP Maphl:

YnpaxHenwus | 37



Prelude> (,) "Hi"” 101
("Hi"”,101)

Prelude> :t (,)

(,) :: a->b ->(a, b)

Taxxe onpepnenens (,,), (,,,) 1 apyrue.
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I'maBa 3

Tumnel

C IOMOIIBIO TUIIOB MBI OIIPe/ieJisieM BCE BO3MOXKHBIE 3HAYEHH B HAllleH mporpaMmMe. Mbl onpe/iesifieM OCHOBHEBIE
MIPUMUTHUBHL U CIOCOOH! X KOMOMHMpPOBaHusA. Hampumep B Tumne Nat:

data Nat = Zero | Succ Nat

OJMH KOHCTPYKTOP-IIPUMUTHUB Zero, U OJUH KOHCTPYKTOP Succ, C IIOMOIIbI0 KOTOPOrO MbI MOXeM fejiaTh CO-
cTaBHbIe 3HaueHUA. OnpeesvB THN Nat TakuM 06pa3oM, Mbl TOBOPUM, YTO 3HAa4YeHUs TUNa Nat MOTyT GBITh TOJIBKO
TaKUMU:

Zero, Succ Zero, Succ (Succ Zero), Succ (Succ (Succ Zero)),

Bce 3HaueHus ABJIAIOTCA [[eNIOYKaMU Succ ¢ Zero Ha koHIe. Eciu rae-HUOy b MBI IONBITAaEMCS IIOCTPOUTH 3Ha-
4yeHue, KOTOpoe He COOTBETCTBYeT HallleMy THILy, MBI IIOJIyYlM OMMOKY KOMIWIALMY, T.e. IporpaMma He IpOHAET
[IPOBePKY THUNOB. Tak TUIBI ONKCHIBAIOT MHOXECTBO JOITYCTUMBIX 3HAYEHMU.

3HaveHMs, KOTOpbIe IPOXOAAT IPOBEPKY TUIIOB Mbl 6y/ieM Ha3bIBaTh 001y CMUMbIMU, a Te, KOTOPEle He IPOXOAAT
COOTBETCTBEHHO Hedonycmumbimu. Tak HarpuMep cilefylomye 3Ha4eHIA HeoNyCTUMBI AJiA Nat

Succ Zero Zero, Succ Succ, True, Zero (Zero Succ),

HepmomycTuMBIX 3HaYeHUIT KOHEYHO ropa3fo Gosbiie. Takoe MPOSBIIAETCA U B €CTECTBEHHOM S3BIKE, 6ECCMBIC-
JIEHHBIX KOMOWHAIMH cJI0B ropa3zo 60Jibllle, YeM OCMBICJIEHHBIX ITpejiyiokeHui. ObpaTtuTe BHUMAaHKeE Ha TO, YTO MBI
TOBOPUM O 3Ha4YeHUsAX (He)IOMyCTUMBIX JIJI HEKOTOPOTO THUIIa, HapuMep 3HaueHue True JOmyCcTUMO IJiA Bool, HO
HepomycTumo Ay Nat.

Camu THIBI CTPOATCS He MPOU3BOJIBHEIM 06pa3oM. MEI y3HaIH, YTO IIPH X NOCTPOEHUU HUCIOJIb3YIOTCA [IBE OC-
HOBHBIE OIIEpAlY, 3TO CyMMa U IPOU3BeJleHre THUIOB. DTO FOBOPUT O TOM, YTO B TUIAX JJOJDKHBI OBITh KaKue-TO
3aKOHOMEPHOCTH, KOTOPbIe PaCpOCTPAHSAIOTCA Ha BCe 3HAaYeHUA. B 9TOM rjiaBe Mbl IOCMOTPUM Ha 3TU 3aKOHOMep-
HOCTH.

3.1 CrpykTypa ajredbpaniyecKux TUMOB JaHHBIX

Wrtak y Hac Jidmb JiBe Oollepanuy: cyMMa U Ipou3BefieHue. JlaBaiiTe I Hayaja pacCMOTPHM JBa KpalHUX
cayyas.

» TosibkO npousBeAeHNe TUIIOB

data T = Name T1 T2 ... TN

MeI roBOpUM, 4TO 3HaueHUe Hallero HOBoro Tumna T COCTOUT U3 3HaueHuu tunos T1, T2, ..., TN 1 y Hac ecTb
JIVIIb OJWH CIOCO0 COCTaBUTh 3HAUEHNe 3TOro TUMa, eJUHCTBEHHOE, YTO MBI MOXeM cJieJIaTh 3TO IPUMEHUTH
K 3HaUeHUAM TUNOB Ti KOHCTpPyKTOp Name.

[Tpumep:
data Time = Time Hour Second Minute
» TonbkoO cymMMa THUIIOB

data T = Namel | Name2 | ... | NameN
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Msbl rOBOpHM, YTO y HAllero HOBOrO THma T MOXeT GbITh JIMIIb HECKOJIBKO 3HAYEHHI, U [epeynciisieM UX B
aJITepHATHBAX yepe3 3HaK |.

[Ipumep:
data Bool = True | False

CnesiaeM mepBoe HaOJII0[jeHUe: KaXJOe IPOU3BeJleHHEe TUIIOB OIpejesiAeT HOBBI KOHCTPYKTOpP. UYMCJIO KOH-
CTPYKTOPOB B TUIIE PaBHO YHCJTy ajJibTepHATUB. Tak B MEPBOM cJiyyae y Hac ObljIa OfHA ajbTepHATHUBA U CJIe/IOBa-
TEJBHO y Hac OB JIUITH OJUH KOHCTPYKTOP Name.

ViMeHa KOHCTPYKTOPOB AOJDKHBI OBITh YHUKAJIbHBIMU B Mpefesiax MOAYJis. Y Hac HET TaKUX JIByX THUIIOB, Y KO-
TOPBIX COBIAJIAI0T KOHCTPYKTOPBL DTO TOBOPUT O TOM, 4TO [0 UMEHU KOHCTPYKTOpPA KOMOMJIATOP 3HAeT 3HAYeHe
KaKOTo THUIA OH MOXET IOCTPOUTb.

[IpousBejeHr e TUIIOB COCTOUT M3 KOHCTPYKTOPA, 32 KOTOPHIM Yepe3 mpobest uayT noarumsl. Takas cTpyKTypa
He CJIyvaiiHa, OHA KOMUPYET CTPYKTypy PyHKuuu. B kayecTBe MMeHU (PYHKIMU BBICTYHAET KOHCTPYKTOP, a B Ka-
YecTBe apryMeHTOB — 3HaYeHUsA 33/IaHHBIX B POU3BeJeHNUU MOATUIOB. OYHKIUA-KOHCTPYKTOP IHOCJIe IPYMeHEeHUs
”obopaurBaeT” 3HaUeHUs apTyYMEHTOB U CO34aéT HOBOe 3HaueHue. 3a CUET 3TOr0 MbI MOTJIU OBl ONpeieJIUTh TUIIbI
no-pyromy. MbI Morjii GBI OIIPEIEIUTh UX B CTHUJIE KJIACCOB THUIOB:

data Bool where
True :: Bool
False :: Bool

Msi BuguM “kyacc” Bool, y koToporo Ba Metofa. Wu onpeiesiuM B TakoM cTuie Nat:

data Nat where
Zero :: Nat
Succ :: Nat -> Nat

M-a1 nepenvchiBaeéM IMOATHUIIBI 110 NMOPAAKY B apryMEHTBI METOAA. Unu ornpenesimM B TaKOM CTUJIE€ CIINCKU:

data [a] where
[] :: [al
(:) :: a -> [a] -> [a]

KoHcTpyKTOp mycToro crucka [] siBjiseTcsi KOHCTaHTOM, a KOHCTPYKTOP 0ObeJHEeHNA 3JIEMEHTa CO CIHCKOM
(:), aBnaerca pyHkuueil. Korga A roBopusi, 4To TUIBL ONPeAesiAl0T IPUMUTUBEL U METOABI COCTaBJIEHUA U3 TPUMU-
TUBOB, 51 UMeJI BBU/Iy, YTO HEKOTOPBbIe KOHCTPYKTOPHI IO CYTH SABJIAIOTCSA KOHCTAHTaAMM, a Jpyrue (pyHKIUAMI.

OTu “MeTobl” onpedesiAIT 6a30BBle 3HAUEHU THUMA, BCce APyrue 3HaueHus OyAyT KoMOuHauuAMU 0a30BbBIX.
IIpu 3TOM CyMMa TUIIOB, ONpeJesieT YKMCJI0 METOAOB “Kyiacce” THUMa, T.e. YUCJIO GA30BHIX 3HAYEHUH, a MPOU3Be-
JieHVe TUIOB B KaXION ajibTepHaTHBe olpefesiAeT MMs MeToJa (MMeHeM KOHCTPYKTOpa) U COCTaB apryMeHTOB
(nepeurciieHreM MTOATHUIIOB).

3.2 CrpyKTypa KOHCTaHT

M=l yxe 3HaeM, 4TO 3HaueHusA MOTYT ObITh QYHKIMAMU U KOHCTaHTaMU. OObABIIASA KOHCTAHTY, MBI 1aéM M-
CHHOHUM HEKOTOPO KoMOWHAIMN 6a30BbIX KOHCTPYKTOPOB. B GyHKIUM MBI TOBOPUM Kak 10 OJHUM 3HaYeHHUAM
MOJIyYUTh ApyTHe. B 3ToM U ciieAylomeM paszese Mbl IOCMOTPUM Ha TO, KaK THUIIBI OIIPeAeJIAI0T CTPYKTYPY KOHCTAHT
1 QyHKLUH.

JlaBatiTe IpUCMOTPUMCS K KOHCTaHTaM:

Succ (Succ Zero)

Neg (Add One (Mul Six Ten))

Not (Follows A (And A B))

Cons 1 (Cons 2 (Cons 3 (Cons 4 Nil)))

3ameHuM Bce QyHKI[MOHAIbHBIE KOHCTPYKTOPHI Ha OykBy f (OT cj1oBa function), a Bce IPUMUTHBHbBIE KOHCTPYK-
TOpHL Ha OyKBY ¢ (OT cJI0Ba constant).

f (f c)

f (fc (fcc))

f (fc (fcc))
fc(fc (fc (fcc)))

Te KTO 3HAKOM ¢ Teopuell rpadoB, BO3MOXHO yXKe y3HAJIM B 3TOH 3allKCH CTPOYHYIO 3aIKCh AepeBa. Bce 3Ha-
yeHus B Haskell ABistoTca AepeBbAMU. Y3eJl lepeBa COAEPXKUT COCTaBHON KOHCTPYKTOP, a JIUCT JiepeBa COAEPKUT
IIPUMUTHBHBIA KOHCTPYKTOP. Jlasiee OyaeT HeOOIBbIION TOAPa3 el IOCBAMEHHBI TEPMUHOJIOTUN Teopuu rpados,
KOTOpas HaM HOHanoourcs, OyJeT MHOrO KapTHHOK, €CJIU BaM 3TO U3BECTHO, TO BBl MOXETE CIOKOIHO €ro IpoIy-
CTUTb.
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HeckoJiibko cj10B 0 Teopun rpados

Ecnu BB He 3HAKOMBI ¢ Teopuell rpadoB, TO ceiiyac Kak pa3 caMoe BpeMsA ¢ Hell 03HaKOMMTCH, XOTA Obl Ha
yPOBHE OCHOBHBIX TepMHHOB. Teopus rpadoB usydaeT ANCKpPeTHble OOBbEKTHl B TepMUHAX 3aBHCHUMOCTEN MexXay
obbeKTaMu Ui cBasell. [Ipu 5ToM 00BeKTH 1 CBA3M MOXHO N300pa3uTh rpaduiecki.

I'pad cocrout us y3nos u pébep, KOTOpble COeAUHAIOT y3Jibl. [IpuBeném npumep rpada:

Puc. 3.1: I'pad

B s3TOoM rpade Bocemb y3J10B, OHU IPOHYMepOBaHEL, 11 BoceMb pébep, oHU 0603HaueHb! GykBaMmu. Teopuio rpados
npuayMa JleoHapa Diijiep, Koraa pemas 3agady o KEHMHrcOeprckux mocrax. OH pemast 3agady O TOM, MOXHO JIU
000MTH BCe ceMb KEHMHICOEPrcKMX MOCTOB TaK, YTOOBI IPOMTH MO KaXXAOMY JIMIIb OAWH pas. Diljiep ImpeAcTaBUJl
MOCTHI B B/ie pébep a y4acTKU CyIIH B BHJIe y3JI0B rpada 1 IoKa3aJl, 4To 3TO cJeJIaTh Heslb3:A. Ho MBI OTBJIEKJINCE.

A 4uTo0 Takoe fepeBo? /lepedo 3TO TaKOU CBA3aHHBIN I'pad, Y KOTOPOro HeT IUKJIOB. HecBsizaHHEIN rpad o6pasyeT
HECKOJIbKO OCTPOBKOB, UJIM MHOXECTB y3JI0B, KOTOPhEIe He coeJHeHbl pEOpaMu. I[UKIIbI — 3TO 3aMKHYThIe OCJIeH0-
BaTeJIbHOCTU pébep. HampuMep rpad Ha pucyHKe BbIllle He SBJIAETCA JAepeBOM, HO eCJId Mbl COTpEM pebpo e, TO y
Hac MOJIyYUTCA AePeBO.

OpueHTHpOBaHHBIH rpad — 3T0 Takoii rpad, y KOTOporo Bce pédpa ABJIAIOTCA CTpeJIKaMU, OHU OpHeHTHPOBaHHL,
oTciloAa 1 Ha3aHue. [Ipu 3ToM Teneph KaXkoe pedpo He IPOCTO CBA3BIBAET y3JIbl, HO MMeeT Havaslo 1 KoHell. B opu-
€HTUPOBAHHBIX [epPeBbAX OOBIYHO BBIAEJIAIOT OAVH y3eJI, KOTOPBIN Ha3bIBalOT KopHeM. Ero 0COO€HHOCTD 3aKIi04aeTcs
B TOM, 4TO BCE CTPEJIKA B OpPUEHTUPOBAHHOM JiepeBe Kak Obl “pa3berarTcsa’ OT KOpHA Wiu coeraTcs K KopHo. Ko-
peHb onpejiesiAeT Bce CTPeJIKU B AepeBe. OpueHTHPOBaHHOE /IepeBO MOX0Xe Ha hepapxuio. Y Hac ecTb KOPHEBOU
3JIEMEHT U Habop ero JOYepHUX MOAAEPEBbEB, KaX/J0e U3 NOANEPEBLEB B CBOIO OYePe/b ABJIAETCA OPUEHTHPOBAaH-
HEIM JIepeBOM U Tak Aajiee. [IpousumiocTpupyeM Ha KapTHHKe, faBaliTe COTpPEM pebpo e 1 Ha3HAYMM IepBHIH y3eJl
KkopHeM. Bce Hamm cTpesiku 6yayT UATH OT KOpHA. CHavasia Mbl IpoBeAEM CTPeJIKU K y3JIaM CBA3aHHBIM C KOPHEM:

3areM nmpeAcTaBUM, UTO KaXIbIH U3 3THUX Y3JIOB CaM sIBJIsIeTCA KOPHEM B CBOEM JiepeBe U IOBTOPUM 3Ty IIpoLeTy-
py- Ha sToMm miare Mbl JOpHCOBBIBaeM CTpeJIKHU B IIOJi/lepeBbsaX, KOTOpble HaXOAATCA B y3i1ax 3 u 6. Y3en 5 ABjfercs
BBIDOX/IEHHBIM JlepeBOM, B HEM BCero JIMIb OJHa BepirHa. Ml OyeM Ha3bIBaTh TakKue MOJJePeBbA JIUCMbAMU.
A HeBBIpOXJEeHHbIE OAepeBbs Mbl OyleM Ha3bBaTh y3jaMu. KopHeBoil y3es B JaHHOM IOJiiepeBe Ha3bIBalOT PO-
OUTEJIbCKUM. A ero coceHUE y3JIbl, B KOTOpBIE HAIPABJIEHBI MCXOMSAIE U3 HETO CTPEJIKA HA3BIBAIOT JOYEPHUMU
yanamu. Ha npefsigymieM mare y Hac NOSBUJICA OOVH POAUTEIIbCKUH y3es1 1, y KOTOporo Tpu Ao4YepHUX y3ia: 3, 6,
u 5. A Ha 3TOM I1lIare y Hac MOABUJIMCH ellé J1Ba POJUTesIbcKUX y3i1a 3 u 6. Y y31a 3 oquH novyepHuil y3en (4), ay
y3y1a 6 — Tpu JouepHUx y3ia (2, 8, 7).

OTMeTHM, YTO MOJIOKEHIE Y3JI0B U pé0bep Ha KapTUHKE He BAXHO, IJIABHOE 3TO TO, Kakue pébpa Kakue y3JIbl
coeauHAIOT. MBI MOXeM IEePepPUCOBATh 3TO JiepeBo B 6oJsiee NpUBBIYHOM Bufe (puc. 3.4).

Tenepb ecJii BB IOCMOTPHUTE Ha KOHCTaHTH B Haskell BbI 3ameTHTe, YTO OUeHb MMOX0OXU Ha AepeBbs. JIUCThS CO-
JepXaT NPUMUTUBHBIE KOHCTPYKTOPHI, a Y3JIbl — COCTaBHBIE. DTO MPOUCXOAUT M3-3a TOTO, UTO KaXIbIF KOHCTPYKTOP
COAEPXKUT METKY U HabOp MOATUIIOB. B 3TOM aHAJIOTNKM METKU CTAaHOBATCA Y3JIaMH, a HOATUIBI-apIyMEeHTH CTaHO-
BSATCSA MOAAEPEBBSIMUI.
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Puc. 3.2: [IpeBpamaem B gepeso ...

Puc. 3.3: IlpeBpaijaeM B Aepeso ...

Ho ecTh 0o/1Ha TOHKOCTb, B KOTOPOH 3akJiouaeTcs otyimuue koHctaHT Haskell oT mepeBbeB u3 Teopun rpacos.
B Teopuu rpaoB mopsAoK NOAAepeBbEB He BaXeH, HA puc. 3.4 MbI MOTJIM OB HAPUCOBAThH HOJ|IePEBbS B JIIOOOM
MopsiJiKe, TJIaBHOE COXpaHUTh cBsA3u. A B Haskell mopsaok ciiefoBaHusA apryMeHTOB B KOHCTPYKTOpe BaxkeH. Ha
puc. 3.5 B Bufie iepeBbeB U300pakeHb! 1Be KOHCTAHTHIL.

Ha puc. 3.5 uzo6paxeHbl iBe KOHCTAHTHI, 3TO Succ (Succ Zero) :: Nat uNeg (Add One (Mul Six Ten)) ::
Expr. Ho oHu nzo6paxeHbl HEMHOI0 o-ApyroMy. fl mepeBepHyJ1 CTpeJiKU 1 A00ABIJI KOPHEM elllé OAUH y3eJI, 3TO
TUI KOHCTAHTHIL.

CTpeJsiku nepeBEPHYTH TaK, YTOOBI CTPEJIKM Ha KapTHHKe COOTBETCTBOBAJIM CTpPeJIKaM B THUIIe KOHCTPYKTOpA.
Hanpumep no Buay y3ia Succ :: Nat -> Nat, MOXHO MOHATB, YTO 9TO QYHKUMSA OT OJHOIO apryMeHTa, B Heé
BIAJIaeT OJHA CTPEJIKA-apryMeHT U BHITEKAaeT OJIHA CTpeJiKa-3HaueHue. B KkoHcTpykTop Mul BHagaeT gBe CTPEJIKH,
3HQYUT 3TO KOHCTPYKTOP-OYHKIMA OT IByX apryMeHTOB.

KoHCTaHTE IOXOXHM Ha JIepeBbA 3a CYET CTPYKTYPHI ONepaljii NpOu3BeJieH!s TUIOB. B mpou3BeieHny THUIIOB
MBI NTAIIEM:
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Puc. 3.4: OpueHTHpOBaHHOE JiIepeBO

Expr
Nat
Neg
Succ
Add
Succ
Zero

Puc. 3.5: KoHcTaHTHI

data Tnew = Name T1 T2 ... Tn

Tak 1 mostyyaeTcs, 4TO y Halllero ysja New ofjHa BBITEKAIOL[As CTPEJIKA, KOTOPas CUMBOJIN3UPYeT 3HaUYeHre TUIa
Tnew 1 HECKOJIBKO BIIAQJAKOIIUX CTpesioK T1, T2, ..., Tn, OHY CUMBOJIN3UPYIOT apI'yMEHTbl KOHCTPYKTOpA.

[ToTpeHupyiiTech n300paxaTb KOHCTAHTH B BUJie JlepeBbeB, BCIOMHUTE KOHCTAHTHI U3 NpeIblaAyIieli IJ1aBbl, NN
npuayMaiiTe Kakue-HUOY b HOBEIE.

CTrpoyHas 3anuch JepeBbeB

WUrak Bce koHcTaHTH B Haskell 3a cuéT 0co60il CTPYKTYpH IOCTPOEHUA TUIIOB fABJIAIOTCA AEPEBBAMU, HO MBI
[IporpaMMHpyeM B TEKCTOBOM PeJJaKTOpe, a He B pelaKTOpe BEeKTOPHOH rpaduky, IO3TOMY HaM HyXeH yJOOHBIA
croco6 CTPOYHOH 3anucy JiepeBa. MBI UM yXe aKTUBHO II0JIb3yeMcs, HO cefiuac AaBaliTe ONMIIEM ero rno-noapodHee.

Mel cuiuM Ha KOpHe JlepeBa U CITycKaemcs o ero BepummHaM. HaM MOryT BCTPETUThCA BEpIIMHEL IBYX THUIIOB
y3JIBl ¥ JIicThA. CHavasia Mbl IUIIEM UM B TeKyIleM y3Jie, 3aTeM yepes [IpobeJI MMeHa B I0YepHUX y3JIax, ecIi HaM
BCTPeYaeTcs HEBBIPOXKAEHHEIN y3eJ1 MBI 3aKJII04aeM ero B ckoOku. JlaBatiTe nocjieJoBaTesIbHO 3alUIIeM B CTPOYHOMN
3alucH JepeBo U3 epBoro npruMepa:

Haunéwm c xopHsa u 6y1eM mocjieJoBaTeIbHO IONMCHIBATH [TOAePeBhs, TOUKAaMU 0003HAYAIOTCA JOUYEepHUeE Y3JIbL,
KOTOpBIe HaM eMlé NPeJICTOUT [JONMCaTh:

(1 . . )
(1 (3 .) 5 (6 . . .))
(1 (3 4) 5 (6 2738))
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Puc. 3.6: OpueHTHpOBaHHOE JIepeBO

Mbl MOXeM CTaBUTh JIF0OOe YKMCJIO NMPo6GesIoB MexXAy AOYepHUMH y3JaMu, 3/ech AJI HarjAJHOCTU TOUKU BHI-
poBHeHHI. Tak MBI MOXeM 3aKOANPOBATH UCXOJHOE IEPEBO CTPOKOM. YacTo camMble BHENIHYE CKOOKM OMycKawTcs. B
UTOTe [TOJIy4YNUJIach TaKas 3aluch:

tree =1 (34) 5 (627 8)

TTo 2TOi 3amKCH MBI MOXEM IOHATH, YTO ¥ HAC €CTh Ba KOHCTPYKTOPA TPEX apryMeHTOB 1 1 6, OZJUH KOHCTPYKTOD
OJIHOTO apryMeHTa 3 W MATh NPUMUTHUBHBIX KOHCTPYKTOPOB. TOYHO TaK e MbI CTPOMM U BCE JIPyTrHe KOHCTAHTHI B
Haskell:

Succ (Succ (Succ Zero))
Time (Hour 13) (Minute 10) (Second 0)
Mul (Add One Ten) (Neg (Mul Six Zero))

3a oJIHUM UCKJTIOUeHNEeM, ecJIi KOHCTPYKTOp GMHAPHBIN, CUMBOJIBHEIN (HaUYMHAETCs ¢ JBOETOYNSI), MBI IoMel1a-
€M ero Mexay apryMeHTOB:

(One :+ Ten) :* (Neg (Six :* Zero))

3.3 Crpykrypa QyHKIM

@DyHKIUY OIMUCHIBAIOT OJHY 3HaUYeHUA B TEDMUHAX JpYyTruX. [Ipy 3TOM BaXXHO IOHUMAaTh, YTO PYHKLUSA 3TO JIUIIb
HOBOEe UM, IIyCTh U cOcTaBHOe. MBI MOXXeM Hanucatb 5, Wi 2+3, 5TO JIUIIb ABa Pa3HbIX UMEHU [JI OJHOI KOH-
cTaHThl. Ternepb Mbl pa306pajuCh ¢ TeM, YTO KOHCTAHTHI 3TO AepeBbs. 3HAUUT QYHKLUUU CTPOAT OJHU AepeBbA U3
Apyrux. Kak oHu 3T0 fesnatot? i sToro sToro B Haskell ecTs ABe onepariyiu: 3T0 KOMIIO3UINA U JeKOMIIO3ULNA Je-
peBbeB. C IOMOIIBI0 KOMNO3UYUlLL MBI CTPOMM 13 IPOCTHIX AepPeBbeB CJIOXHEIE, a C IOMOILBIO Oekomno3uyul pa3duBaeM
cocTaBHbIE [lepeBbs Ha IPOCTEHIINe.

Komrmosurus u 1eKOMIO3UIHA 00beJUHEHE! B OTHOI ONepanyy, ¢ KOTOPOH MBI yXXe BCTPeYyasIich, 3TO ONepanus
omnpenesieHNsA CHHOHUMA. JlaBaiiTe BCIOMHUM Kakoe-HUOYab 00bsaBJIeHe GQyHKI[UN:

(+) a Zero a
(+) a (Succ b) = Succ (a + b)

CmMoTpuTe B 3TO GYHKIUHY CJIeBA OT 3HAKA PABHO MbI IPOBOAMM JIEKOMIIO3UIINI0 BTOPOT'O apryMeHTa, a B IPaBOH
YacTHU MBI COCTaBJIsieM HOBOE JEPEBO U3 TeX 3HAUEHUIl, YTO ObUIM HaMU IOJIyYeHBI CJieBa OT 3Haka paBHO. Wnn
IIOCMOTPUM Ha APYTrou mpuMep:

w.n n.on

show (Time h m s) = show h ++ ++ show m ++ ++ show s

CieBa OT 3HaKa paBHO MBI TAKXe BBIIEJIVJIN M3 COCTABHOIO JepeBa (Time h m s) Tpu ero JOYEpPHUX [JIA KOPH:A
y3J1a ¥ CBA3aJIM UX C epeMeHHBIMU h, M 1 S. A clipaBa OT 3HaKa PaBHO MbI COCTABUJIM M3 3TUX ME€PeMeHHBIX HOBOE
BBIpaXXeHUe.

Utak omepanuio 06bsIBIeHNs CHHOHUMA MOXHO MPEICTaBUTh B TAKOM BH/JIE:

name aeKomnosunuus = KoMno3uuusa

B KaxJOM ypaBHEHUU y HAC TPU YacCTH: HOBOE MMs, AEKOMIIO3UIMs, MOCTYMAKIINX Ha BXOJ apryMEHTOB, U
KOMITO3HUI[Ys HOBOTO 3HaueHus. Temneps AaBaiiTe OCTAHOBHUMCS MONOAPOOHEE HA KaXX A0 U3 3TUX OMEpaLHiL.
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KoMmo3unusa U 4aCTUYHOe InIpuMEHEHHUeE

Kommnosuiys CTpoUTCs Mo OUeHb MPOCTOMY IpaBUJIy, €CJIU Y Hac ecTh 3HaueHHe f Tuma a -> b u 3HaueHUe X
THUMA a, MBI MOX€EM IOJIyYUTh HOBOE 3HaueHHe (f x) Tuma b. 3TO OCHOBHOe MPAaBUJIO MOCTPOEHUS HOBBIX 3HAUYEHUH,
MO3TOMY [JaBaliTe 3aIUIIeM ero OTAeJIbHO:

CBepxy OT 4epThl, TO UTO y HacC eCcThb, @ CHU3Y OT YePTHI TO, YTO MBI MOXEM IOJIyYUTh. DTO OIlepalyis Ha3blBaeTcsa
npuMeHeHueM WJIN anlUIMKalyer.

BripaxkeHus, I0JTy4YeHHBIE TAKUM 06pa3oM, HAIIOMUHAIOT CTPOYHYIO 3aIMCh JepeBa, HO eCTh OJ{HA TOHKOCTh, KO-
TOPYI0 MBI O0OILIN CTOPOHOM. B ciiy4yae AepeBbeB Mbl CTPOUJIM TOJIBKO KOHCTAHTHI, ¥ KOHCTPYKTOP MOJIy4aJl CTOJIbKO
apryMeHTOB, CKOJIBKO y Hero ObLI0 JOUYepHUX y3JI10B (MM MOATUIOB). Tak MBI cTpOuyIN KoHCTaHTH. Ho B Haskell Met
MOXX€EM C TIOMOLI[BI0 IPUMEHEeHUs CTPOUTH PYHKI[MHY Ha JIeTY, lepefaBas MeHbIIee YHCJI0 ApIYMEHTOB, 3TOT IIPOLeCC
HAa3BIBAETCA YaACMUYHbIM NPUMeHeHUeM WU KappupoBaHueM (currying). ITosacHUM Ha npyuMepe, NPeAIoJIoXKUM Yy Hac
ecTh GYHKINA ABYX apIyMEHTOB:

add :: Nat -> Nat -> Nat
add a b =

Ha camom AeJie KOMIIUJIATOP BOCIIPHUMAET 3TY 3alllCh TaK:

add :: Nat -> (Nat -> Nat)
add a b =

@Oynkuus add sBjseTcsa GyHKIMEH OOHOTO apryMeHTa, KOTopasi B CBOIO oYepeb BO3BpallaeT GyHKLUU OJHOTO
aprymenTa (Nat -> Nat). Korga mbl nuiem B re-HUOYIb B IpaBoil YacTu GYyHKIIUM:

= ... (add Zero (Succ Zero))

KoMmnunATop BocprHUMAET 3Ty 3aIMCh TaK:

((add Zero) (Succ Zero))

[TpucMoTpuMCcA K 3TOMY BBIPaXX€HUIO, YTO M3MEHUJIOCh? Y HAacC NOSABUJINCH HOBBIE CKOOKM, BOKPYT BBIpaXXeHHA
(add Zero). [JaBaiiTe NIOCMOTPUM KaK IPOUCXOAUT IpPUMeHEeHMe:

add :: Nat -> (Nat -> Nat), Zero :: Nat

(add Zero) :: Nat -> Nat

Hrak npuMeneHue ¢GyHkmu add K Zero Bo3BpaujaeT HoByIo GyHKIU0 (add Zero), KOTOpas 3aBUCUT OT OAHOTO
aprymeHTa. Tenepb IpMMeHUM K 3TOH QYHKLIUU BTOpOe 3HaUeHUe:

(add Zero) :: Nat -> Nat, (Succ Zero) :: Nat

((add Zero) (Succ Zero)) :: Nat

U TOJIbKO Terephb MBI TIOJTy YMJTH KOHCTaHTy. OOpaTHTe BHUMAaHUeE Ha TO, YTO ITOJIyYMBILIASACSA KOHCTAHTa HE MOXET
MIPUHATH elé oguH apryMeHT. [I0cKoJIbKY B IpaBuie 41 npuMeHeHus GyHKIuA T dosicHa codepacams cmpenky, a
y Hac ecTb Jiviib Nat, 3To 3HaUeHHe MOXET Y4aCTBOBATh B PYTMX BRIPAXKEHUAX JIUIIIb HA MECTe apryMeHTa.

Toxe camoe paboraeT u [jid QYHKIUI OT OOJIBIIETO YKcja apryMeHTOB, €CJIM Mbl ITUIIeM
fun :: al -> a2 -> a3 -> a4 -> res

=funabcd

Ha camom jiejie MBI IIMIIIEM
fun :: al -> (a2 -> (a3 -> (a4 -> res)))

= (((fun a) b) c) d
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9T0 oueHb yAoOHO. Tak, onpeaenus jaulib ogHYy GYHKIMIO fun, MBI OJIyYWId B OAAPOK ellé Tpu QyHKIUU
(fun a), (fun a b) u (fun a b c). C pocToM uncsa apryMeHTOB pacTET U YKCJIO IoAapkoB. Eciiu cMoTpeTh Ha
dyHkuio fun, kak Ha GYHKLNIO OJHOTO apryMeHTa, TO OHa IpeACTaBJIsAeTCsA TaKUM reHepaTopoM GYHKIUI THUNA
a2 -> a3 -> a4 -> res, KOTOPHIM 3aBUCUT OT MapameTpa. [IpumeHeHne GYyHKIUI depe3 Mpobesl 3HaUUTeJIbHO
yHpOIIaeT mpoiecc KOMOMHUPOBAHUA QYHKIUN.

[Tostomy B Haskell aprymeHTsl GyHKIHE, KOTOpEE UTPAlOT POJIb IApaMeTpoB WM crerpdrieckux ¢Jaros,
T.e. apryMeHThl, KOTOpble MEHAITCA peAko OObIYHO NUINYTCA B Havasle GyHKuu. Hanpumep

process :: Paraml -> Param2 -> Argl -> Arg2 -> Result

JIBa mepBbIx aprymeHTa GyHKIUM Process BBICTYNAIOT B POJIM IMapaMeTpOB A TreHepanuy GyHKIUNI ¢ TUIIOM
Argl -> Arg2 -> Result.

JaBaiiTe moTpeHUpyeMCs C YaCTUYHBIM ITpUMeHeHHeM B MHTepnpeTarope. [[Jisg 3Toro 3arpy3um MoayJib Nat u3
npeAbIAyIei] TJIaBhl:

Prelude> :1 Nat

[1 of 1] Compiling Nat ( Nat.hs, interpreted )
0Ok, modules loaded: Nat.
*Nat> let add = (+) :: Nat -> Nat -> Nat

*Nat> let addTwo = add (Succ (Succ Zero))
*Nat> :t addTwo

addTwo :: Nat -> Nat

*Nat> addTwo (Succ Zero)

Succ (Succ (Succ Zero))

*Nat> addTwo (addTwo Zero)

Succ (Succ (Succ (Succ Zero)))

CHavaJia Mbl BBeJIM JIOKQJIbHYI0 IlepeMeHHyI0 add, 1 mpucBomn eil MeroA (+) u3 kyuacca Num g Nat. Ham
MIPUIILJIOCH BBINMKUCATH THUI QYHKIMHU, IIOCKOJIbKY ghci He 3HaeT AJIA KaKoro 5K3eMIIAPa Mbl XOTUM OIPeJIeJIUTh 9TOT
CMHOHMUM. B aHHOM ciiydae MBI OJ[CKa3aiy eMy, 4To 9T0o Nat. 3aTeM C ITOMOIIbI0 YaCTUYHOTO NIPHUMEHEHUs MBI
00BABUIIM HOBBIII CMHOHUM addTwo, KaK Mbl BUAUM U3 cJefylollell CTPOKU 3TO PYyHKIMA OHOro aprymMeHTta. OHa
nprUHUMaeT Jioboe 3HadeHue Tuna Nat u mpubaBisgeT K HeMy ABOHMKY. MBI BUAUM, YTO 3TOH (PYHKIHEH MOXHO
TI0JIb30BaThCA TakKe KaKk 1 OOBIYHON QyHKLNe.

[Tonpo6yem BBIIOJIHUTE TOXe caMmoe Iy QYHKIMU C CUMBOJIBHOH 3alKChI0 UMEHHU:

*Nat> let add2 = (+) (Succ (Succ Zero))
*Nat> add2 Zero
Succ (Succ Zero)

MsI paccMOTpesIu YacTUYHOe NpuMeHeHMe 1A QYHKIMI B pedukcHoll dopme 3anucu. B npedukcHoit dop-
Me 3anucu (QyHKIMA NUIIeTCA NepBOH, 3aTeM CJIeAyI0oT apryMeHTHI. J[y1a GyHKUMHE B MHOUKCHON dopMe 3amucu
CyILecTByeT ABa IIpaBuja NPUMeHeHHA.

OTO IpUMeHeHNe cJjieBa:

OOpaTuTe BHMMaHHe Ha THUIIBl apryMeHTa U BO3BpaljaemMoro 3HaudeHus. CKOOKM B BBIpAXEHHUAX (x*) U (*x)
obsA3aTesnbHbL. [IpuMeHeHueM ciieBa Mbl GUKcHpyeM B OMHApHOI olepalyy NepBbIll apryMeHT, a puMeHeHHueM
cIpaBa — BTOPOH.

[TosicHUM Ha npuMepe, AJIA 3TOTO AaBaiiTe BO3bMEM (QYHKIMI0 MUHYC (-). Eciu Mbl HanumeM (2-) 1 TO MBI
MOJIyYuM 1, a ecid Mbl HanumeM (-2) 1, To MBI HOJIy4uM - 1. IIpoBepuM B MHTepIpeTaTope:

*Nat> (2-) 1
1
*Nat> (-2) 1

<interactive>:4:2:
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No instance for (Num (a® -> t0))
arising from a use of syntactic negation
Possible fix: add an instance declaration for (Num (a® -> t0))

In the expression: - 2
In the expression: (- 2) 1
In an equation for ‘it’': it = (- 2) 1

Ox yx 3ToT MuHyc. He3agava. Ommbka Ipou30ILia U3-3a TOro, YTO MUHYC SBJISETCA XaMesleOHOM. Ecyiu MBI
MUIIEM -2, KOMIWIATOP BOCIPUHHUMAET MUHYC KaK YHAPHYIO ONepaluio, U AyMaeT, YTO Mbl HAMKUCAINU KOHCTaHTy
MUHYC ABa. DTO CJIeJIaHO A1 yA0OCTBA, HO MHOTAA 3TO MellaeT. DTO eAMHCTBEHHOe Takoe uckoueHre B Haskell.
JlaBaiiTe BBeJEM HOBBIF CHHOHUM [IJIs OIlepanuyl MUHYC:

*Nat> let (#) = (-)

*Nat> (2#) 1
1
*Nat> (#2) 1
-1

OTH mpaBUJIa JIEBOTO M IIPABOT0 IpUMeHeHHs paboTaloT U JiyiA OYKBeHHBIX UMEH B MHOUKCHOU popme 3anucu:

*Nat> let minus = (-)

*Nat> (2 ‘minus‘ ) 1
1
*Nat> ( ‘minus‘ 2) 1
-1

Tak ecsid MBI XOTUM Ha JIeTy NOJIyYUTb HOBYI0 QYHKIMIO, CBA3aB B (GYHKIIMM BTOPOIH apryMeHT MBI MOXeM
Hamnucartb:

= ... ( ‘“fun’ x)

YactuyHoe nprMeHeHUe Ui yHKIMN B MHPUKCHON GopMe 3anmicy Ha3bIBAIOT ceueHiuem (section), oHU GBIBAIOT
COOTBETCTBEHHO JIEBBIMU U IIPABBIMU.

CBsA3b C JIOTHUKOM

OTMeTHM CBsA3b OCHOBHOT'O IpaBuJjia NpMEHEHUA C Modus Ponens, M3BECTHBIM IIpaBUJIOM BbIBOJlAa B JIOTUKE!:

OHo TOBOPUT O TOM, UTO €CJIX Y HAaC €CTb BBIpAXE€HUE U3 a CJIeayeT b 1 MBI 3HaeM, 4YTO a NCTUHHO, MbI CM€EJIO
MOXEM yTBepXaaThb, YTO b Toxe nctunHo. Ecin IepeBeCcTy 3TO IpaBUJIO Ha Haskell, TO MBI IIOJTYYNM: Ecu Y Hac
omnpeznesieHa quHKI.H/IH TAUaa -> bu Y Hac eCTb 3Ha4Y€HHE TUIla a, TO Mbl MOXEM IOJIyYUTh 3HAYCHNE TUIIA b.

I[eKOMHOSI/II.II/I}I H COIIOCTaABJICHHE C OGPHBHOM

JlexoMIo3unus NpUMeHseTCs CJleBa OT 3HAaKa pPaBHO, MPHU 3TOM Hallla 3a/ja4ya COCTOUT B TOM, YTOOBI OTIO3HATH
JepeBo OTpeIeJIEHHOTO BUAA U BRIAEJIUTD U3 HETO HEKOTOPHIE oAAepeBbs. MHI yXXe M0JIb30BaJINCh AEKOMITO3UIINEHN
MHOTO pa3 B MPeIbIAYIINX TJIAaBaX, JaBalTe BRIIHUIIEM IPUMEPH! JeKOMIIO3UIIN:

not :: Bool -> Bool

not True =

not False =

xor :: Bool -> Bool -> Bool
xor a b =

show :: Show a => a -> String

show (Time h m s) =

addZero :: String -> String
addZero (a:[1])
addZero as

(*) a Zero =
(*) a (Succ b) =
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JleKOMIO3UIMI0 MOXHO ITPOBOJUTH B apryMeHTax QyHKLIMU. Tam Mbl BUAUM CTPOYHYIO 3alMCh AepeBa, B y3jax
CTOAT KOHCTPYKTOPHI (HAUMHAIOTCA ¢ 60JIbIION OYKBEHI), IepeMeHHbIe (C MaJIeHbKOI OYKBBI) MM CUMBOJI 6e3pa3siny-
HOMU mepeMeHON (MoguépKUBaHUE).

C nomompi0 KOHCTPYKTOPOB, MBI YKa3bIBae€M Te 4acCTH, KOTOPhble 003aTeJIbHO JOJIKHEI OBITh B iepeBe JiA JaH-
HOTro ypaBHeHHs. Tak ypaBHeHuUe

not True =

cpaboTaeT, TOJIbKO ecJId Ha BX0oJ QYHKIMH NOCTYIUT 3HaueHue True. Mbl MoxeM yriy6JiATbCA B lepeBO 3HaueHus
HACTOJIPKO HACKOJIBKO HaM ITO3BOJIAT THIIBL, TAK MBI MOXEM OIpPeAeUTh PYHKLHUIO:

is7 :: Nat -> Bool
is7 (Succ (Succ (Succ (Succ (Succ (Succ (Succ Zero)))))))
is7

True

False

C noMouiblo NepeMeHHbIX MBI AaéM CHHOHUMBI IOAAePeBbsAM. DTUMU CHHOHMMAaMU MbI MOXeM I10JIb30BaThCs B
paBo# yacTu GyHKIMU. Tak B ypaBHEHUH

addZero (a:[1])

MBI U3BJIEKAEM IIEPBHI 3JIEMEHT U3 CIIKCKA, M OAHOBPEMEHHO FOBOPUM O TOM, YTO CIIUCOK MOXET CONEPXKATH TOJIBKO
ouH 3J1eMeHT. OTMETHM, YTO €CJIM MBI XOTUM JaTh CHHOHUM BCEMY JepEBY a He KAKOI-TO YaCTH, MBI IPOCTO [HILIEM
Ha MecTe apryMeHTa [epeMeHHYI0, Kak B ciiyyae GyHKIUH Xor:

xor a b =

C nomolplio 6e3pa3yInyHON IepeMeHHOI rOBOPUM, YTO HaM He BaXHO, YTO HAXOAUTCA y JilepeBa B 3TOM y3Jle.
YpaBHeHUA B onpejie/ieHNY CHHOHMMA OOXOIATCA CBEPXY BHU3, IIO3TOMY 4acTO 6e3pa3yInyHOl [TepeMeHHON I0JIb-
3YIOTCA B CMBICJIE ”a BO BCEX OCTAJIBHBIX CJIydYasx’, KaK B:

instance Eq Nat where
(==) Zero Zero
(==) (Succ a) (Succ b)

(==) _

True

a ==

False

[TlepemeHHbIe U Ge3pas/iMyHble IepeMeHHbIe TakXke MOT'yT YXOAUTh BIJIyOb JepeBa CKOJIb YTOAHO Jajieko (Wi
BBBICH JIEPEBA, IOCKOJIbKY IIEPBHIIl YPOBEHD B CTPOYHOH 3aIKCU 3TO KOPEHB):

lessThan7 :: Nat -> Bool
lessThan7 (Succ (Succ (Succ (Succ (Succ (Succ (Succ _))))))) = False
lessThan7

True

JleKOMIIO3UIMI0 MOXKHO NPUMEHATh TOJIBKO K 3HaUeHHAM KOHCTaHTaM. IIposBiiseTcsa UHTepecHas 3aKOHOMeD-
HOCTb, €CJIM [JIA KOMIIO3ULIUY HeOOXOAUMBIM 3JIeMEeHTOM OBUIO 3HaueHHe CO CTPEJIOYHBIM THUIOM ((PYHKIHA), TO
B CjIyyae AeKOMIIO3UI[UM HaM HyXHO 3HadyeHUe ¢ TUIOM 0e3 cTpeJsIoK (KOHCTaHTa). DTO FOBOPUT O TOM, YTO Bce
dyHkuuy 6yAyT MOJIHOCTHIO IPUMEHEHE!, T.e. KOHCTAHTH OyAyT 3anKcaHbl B BUJie CTPOYHON 3anucu Aepesa. Eciu
MBI OXHUAAaeM Ha Bxofe (QyHKIHMIO, TO Mbl MOXeM TOJIbKO JaTh el CMHOHHMM C [TOMOIBIO C TIOMOIBI0 IT€PEMEHHON
WJIA IPOUTHOPUPOBATh €€ Ge3pa3IMyHON NepeMeHHO.

Kak B

name (Succ (Succ Zero))
name (Zero : Succ Zero : [])

Ho He

name Succ
name (Zero :)

OTMeTHM, 4TO I KOMIIO3UIMHU 3TO JONYCTHUMEIE 3Ha4eHHs, B IIepBOM ciIydae 3To pyHkuua Nat -> Nat, a Bo
BTOpPOM 3TO pyHKUMA Tuna [Nat] -> [Nat].

Emé onHa oco6eHHOCTh AEKOMIIO3ULIUY 3aKJII049aeTcsA B TOM, YTO NP JeKOMIIO3ULIUY MBI MOXeM I0JIb30BaThCsA
TOJIBKO "HACTOAIMMU” 3HAUYE€HUAMH, T.e. KOHCTPYKTOpaMH, oObsABJIEHHBIMU B TUNaX. B ciiydae KOMITO3UIUMN MBI
MOTJIM II0JIb30BaThCA KaK KOHCTPYKTOPaMu, TaK U CUHOHUMAaMU.

HampuMep MBI He MOXeM HamucaTh B JeKOMITO3ULIVN:

name (add Zero Zero)
name (or (xor a b) True)

B Haskell nekoMIio3uiuio npuHATO Ha3bIBaTh conocmassieHuem ¢ oopazyom (pattern matching). TepMuH HaMeKaeT
Ha TO, YTO B apryMeHTe MbI BhINNchbiBaeM 1ab10H (111 3aroTOBKY) AJ1A eJioro Habopa 3HaueHuil. Habopsl 3HaueHUH
MOTYT HOJIYYUTHCS, €CJIM MBI [T0JIb3yeMCs IepeMeHHbIMI. KOHCTPYKTOPHI Jal0T HaM BO3MOXHOCTD 3a(pUKCHPOBATH
BHJ] OXHAaeMOro Ha BXOJ] lepeBa.
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3.4 [IIpoBepka TUIIOB

B »TOM pa3zfesie MBI OroBOpUM 00 OmIMOKax MPOBEpKH TUMOB. [Io4TH Bce OMMOKH, KOTOPHIE IPOUCXOMAT B
Haskell cBsa3ansI ¢ npoBepko#l TUIOB. [IpoBepKa THUIIOB MPOMCXOJUT COTJIACHO IPaBUJIaM IPUMeEHEHUs, KOTOPEIe
BCTPETUJINCh HaM B pasjiesie 0 KOMIIO3UINY 3HaYeHUi1. MBI OCTaHOBUMCS JIMIIb Ha ciIydae [ npeduKcHO GopMel
3anucy, paBuJia AJid ceueHUH paboTaloT aHaJIOrn4YHo. JlaBaliTe BCIOMHHM OCHOBHO€ IPaBUJIO:

YTO MOXET IIpUBECTU K omnOKe? B 3ToM IpaBujie ecTh Ba UCTOYHHUKA OMIMOKU.

» Tun f He colepXUT CTPeJIOK, uiu f He ABsAeTCA GyHKIMEH.

e Tunsl x 1 apryMeHTa OJid f He coBnagarmT.

BoT u Bce ommbku. YHUBepcabHOe NpejicTaBiieHre Becex QyHKIUI B BUuae QyHKIUI OOHOrO apryMeHTa, 3Hauu-
TeJIbHO COKpAIIlaeT YKCJIO PAa3JINYHBIX BUOB OMNGOK. ITak MBI MOXXeM OIIMOUTHCA IPUMEHAA 3HAaYeHHE K KOHCTaHTe
U nepefiaB B GYHKIIUIO HE TO, YTO OHA OXHUAAET.

[ToTpeHUpyeMcs B MHTEPIIpETaTOpe, CHAaYasIa MONBITAEMCS CO3/4aTh OMMOKY [IEPBOTO THUIIA:

*Nat> Zero Zero
<interactive>:1:1:

\Fig{CuHonum-kouctauta}{../pic/3/vis2.ps}{Vis2}{0.3}
The function ‘Zero’ is applied to one argument,
but its type ‘Nat’ has none
In the expression: Zero Zero
In an equation for ‘it’: it = Zero Zero

Ecniu mepeBecTu Ha pyccKuil MHTEPIpeTaToOp FOBOPUT:
*Nat> Zero Zero

<interactive>:1:1:
OyHKuMa 'Zero’' npuUMEHsieTCS K OOQHOMY apryMeHTy,
HO eé Tun ’'Nat’ He umeeT aprymeHToB
B BbipaxeHun: Zero Zero
B ypaBHeHuu pna ‘it’': it = Zero Zero

KomnuiAarop yBugen npuMeHenue QpyHkiuu f X, gajgee OH MOCMOTPEJI, UTO X = Zero, U3 3TOr0 Ha OCHOBE
npaBuJjia NpUMeHeHNA OH cJiesial BRIBOA O ToM, uTo f umeeT Tun Nat -> t, Torga oH 3arjiaHyJj B f 1 Hamén tam
Zero :: Nat, 4TO M IpUBEJIO K HECOBNAAECHUIO THUIIOB.

CocTaBuM elll€ OHO BBIpAXXE€HME C TAKOU XKe OLINOKOII:
*Nat> True Succ

<interactive>:6:1:
The function ‘True’ is applied to one argument,
but its type ‘Bool’ has none
In the expression: True Succ
In an equation for ‘it’: it = True Succ

B aTOM BBIpaxkeHUU apryMeHT Succ umeet tull Nat -> Nat, 3HauuT 110 npaBuily BeIBoAA TUIl True paBeH (Nat
-> Nat) -> t, rae t HEKOTOpBIN IPOM3BOJIBHBIN TUII, HO MBI 3HAaeM, 4TO True uMmeeT TUIl Bool.

Teneps nepeiféM K ommoKaMm BToporo tumna. [Tonpobyem BRI3BIBATh GYHKINY C HEIPABUJIBHBIMU apryMeHTaMU:

*Nat> :m +Prelude
*Nat Prelude> not (Succ Zero)

<interactive>:9:6:
Couldn’t match expected type ‘Bool’ with actual type ‘Nat’
In the return type of a call of ‘Succ’
In the first argument of ‘not’, namely ‘(Succ Zero)'’
In the expression: not (Succ Zero)
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OmnuuieM AeHcTBUA KOMIMJIATOPA B TEPMHUHAX NpaBUJia IPUMEHeHUs. B 3ToM BbIpakeHUM y Hac ecTbh TpU 3Ha-
4yeHUsA not, Succ u Zero. HaMm HyXHO y3HATh TUI BRIPAXXEHUA U IPOBEPUTH IPABHUJIBHO JIM OHO HOCTPOEHO.

not (Succ Zero) - ?
not :: Bool -> Bool, Succ :: Nat -> Nat, Zero :: Nat
"""" fx, fonotwx= (sucezero)
"""" £ ¢ Bool -> Bool creosatensho x i Bool
 (Swczero) im0l

Bocnosp3oBaBIInch IPaBUJIOM IPUMeEHEHUA MBI y3HaJIM, YTO TUI BBIpaXXeHusA Succ Zero JOJDKeH ObITh paBeH
Bool, nmpoBepuM Tak Jiu 3TO?

(Succ Zero) - ?
Succ :: Nat -> Nat, Zero :: Nat

(Succ Zero) :: Nat

W3 3TOM IenoYKu cJieyeT, uTo (Succ Zero) umeeT Tum Nat, MBI NPULLIYA K MPOTHUBOPEYUIO U cOobIIaeM 06
3TOM II0JIb30BATEJIIO.

<interactive>:1:5:
He mory conoctaBuTb oxupaembii Tun 'Bool’ c BbiBepeHHbiM 'Nat'’
B Tune pesynbtarta Bbi3oBa ‘Succ’
B nepBom aprymeHnte ‘not’, a umeHHo ‘(Succ Zero)'
B BbipaxeHun: not (Succ Zero)

[ToTpeHupyiiTech B COCTaBJIEHUN HeNIPaBUJIbHBIX BBIPAXX€HMU, U IOCMOTpHUTE [TI0UYeMy OHU He IIpaBUJjIbHbIe. MbIC-
JIEHHO CBEPHTECH C MPABUJIOM IPUMEHEHUS B KaXX/I0M U3 CJIaraeMbIX.

Crnenyasi3anus THUIIOB IIPU IMOCTaHOBKEe

Ma1 TOBOPWJIX O TOM, 4YTO THUII apryMeHTa q)yHKI.II/II/I U TUII [IOACTABJIAEMOr'O 3HAaYE€HUA JOJIXKHBI COBIIaAaTh, HO Ha
caMOM feJie eCTh U Apyras BO3MOXHOCTb. Tun aprymMeHTa WUjin TUIl 3Ha4Y€HUsA MOT'yT OBITh HOJ'II/IMOP(I)HLIMI/I B 3TOM
cJIy4yae nNpoucxoquT crienraansanua 061.1.131"0 THIIA. HaHpHMep IIpU BBIIIOJTHEHUU BbIpa’X€HUA

*Nat> Succ Zero + Zero
Succ (Succ Zero)

[Mpoucxogut cnenunanu3anus obmen yHkuu (+) :: Num a => a -> a -> a go dyHkuuu (+) :: Nat ->
Nat -> Nat, koTopas onpepesieHa B sk3eMILIApe Num asis Nat.

IIpoBepka TUMOB C KOHTEKCTOM

[TpeanosnoxuM, 4T0 y GyHKINM T eCThb KOHTEKCT, KOTOPBIN TOBOPUT O TOM, YTO IIEPBBIN apryMeHT MPUHAAJIEXXUT
HeKoTopoMy kjaccy f :: C a => a -> b, Toraa 3HaueHue, KOTOpOe MbI IIOJICTABJIAEM B (PYHKINIO JOJIKHO OBITh
3K3eMILIApOM Kiiacca C.

j:[J'IH WUTIOCTpanmuunu }ZIaBaﬁTe HOHPOGYEM CJIOXKUTD JIOTHUYECKHE 3HAaYEeHUA:
*Nat Prelude> True + False

<interactive>:11:6:
No instance for (Num Bool)
arising from a use of ‘+’
Possible fix: add an instance declaration for (Num Bool)
In the expression: True + False
In an equation for ‘it’: it = True + False

KoMmusnATop roBoput o ToMm, YTo JiiA THIa Bool He onpeiesiéH 3K3eMIUIAp [JIA Kyacca Num
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No instance for (Num Bool)
3anuiieM 3TO B BHJe NpaBuiia:

f::Ca=>a->b, x :: T, instance C T

BaxHo OTMETHUTDH, YTO X UMEET KOHerTHhIfI TUN T, €CJIU X — 3HaUYeHue, Y KOTOpPOTI'oO THUII C MapaMeTpOM, KOMITUJISA-
TOPp HE CMOXET OIIpEeAECJINTh [JIA KaKOI'o TUIla KOHKPETHO MbI XOTHUM BBIIIOJIHUTH IPUMEHEHUE. Msu1 6y):[eM Ha3bIBaTb
TaKyl0 CUTyaluno HEOHpeI[eJ'IéHHOCTbIOZ

X :: Ta=>a
f::Ca=>a->b

f x 11 ??2 -- HeonpepenéHHocTb

MbI BUOUM, 9TO THH X, 3TO KaKOH-TO THI, OAHOBPEMEHHO MPUHAAJIEXaMMiN U kiaccy T u kiaccy C. Ho MbI He
MOXeM cKa3aTh KaKOH 3TO TUIL. Y 3TOro NoBeAeHNs eCTh NCKIII0UeHNe, 10 YMOJTYaHUIO YKcJia IpUBoAATcA K Integer,
ecJIM OHM He COAEpXkKaT 3HAKOB IOCJIe TOYKY, U K Double eciiu comepxar.

*Nat Prelude> let f = (1.5 + )
*Nat Prelude> :t f

f :: Double -> Double

*Nat Prelude> let x =5 + 0
*Nat Prelude> :t x

X :: Integer

*Nat Prelude> let x = 5 + Zero
*Nat Prelude> :t x

X :: Nat

YMos1yaHuA onpenesieHbl TOJIBKO [uiA kiacca Num. 119 3TOro ecTh CrenuabHOe KiodeBoe cjioBo default. B
paMKax MoAyJid Mbl MOXeM yKa3aTh KaKue TUIBI CYMTAIOTCA YKcjaMU 1o yMoJsryaHuio. HanpumMep Tak (Takoe ymoJi-
yaHue JelCTByeT B KaXJOM MoJyJie, HO Mbl MOX€eM IepeolnpeaesuTh ero):

default (Integer, Double)

Pa6oTaeTt npaBUJIO: €CJIM MTPOU30IILIA HEONPeAeIEHHOCTh U OAVH U3 YYaCTBYIOLIUX KJIACCOM sBJIsieTcs Num, a Bce
OCTaJIbHbIE KJIACChI — 3TO CTAHJAPTHBIE KJIACCHI, OIpe/ieSIEHHbIE B Prelude, KOMIWIATOP HAYUHAET MOCJIeJ0BATETHHO
MMO/ICTABJIATH B HEOTIPEEJIEHHBIN THUII BCE TUIIBI U3 TEX, YTO IEPEYMCIIEHBI 32 KITIOUEBBIM cJToBoM default, moka oauH
U3 HUX He noAoiA€T. Eciu Takoro Tuma He okaxeTcs, KOMIOWIIATOP cKaxeT 06 omuobke.

Orpanuyenue MOHOMOp@pu3Ma

C BBIBOZIOM THIIOB B KJIaccax CBsi3aHa OfHA TOHKOCTb. MBI rOBOPUJIM, YTO He 00sA3aTeJIbHO BBINKUCHIBATH TUIIBI
BbIpaXX€HU1, KOMITUJIATOP MOXeT BBIBECTH UX CAMOCTOATEJIbHO, HallpyMep, Mbl IOCTOSHHO 110JIb3yeMCsl 3TUM B UH-
Tepupertarope. Takxe KOrJja Mbl TOBOPUJIU O YaCTUYHOM IIPUMEHEeHUHU, MBI CKa3aJii 00 0YeHb 0JIE3HOM YMOJTYaHUH
B Tumnax GyHKui. O ToM, YTO 3a CYET YACTUYHOr'O IPUMEHEHNA Bce GYHKIUU ABJIAITCA QYHKIUAMU OAHOTO apry-
MeHTa. DTa 0COOEHHOCTH IT03BOJIAET 3aNKCHIBATH BEIPDAXXEHUA OYeHb KPaTKO. Ho MHOTja OHU ITOJIyYaoTCs Yepecuyp
KpaTKUMU, 1 BBOAAT KOMIMWJIATOP B 3a0iIyXaeHue, 3aliI€M B UHTEPIIPeTaTop:

Prelude> let add = (+)
Prelude> :t add
add :: Integer -> Integer -> Integer

MEl XOTesIN ONpeJeSIuTh CUHOHUM JUIA MeToJia IUIIC M3 Kjiacca Num, HO BMECTO OXHJJaeMoro obIero TUma
nostyunyin 6ostee yactHei. CpaboTasio ymMosdaHue A1 4ucjeHHoro tuna. Ho 3auem oHo cpabortano? Ecim Mbl
nonpobyeM AaTh CMHOHHUM MeTOAy U3 kjacca Eq, curyanus craHeT emlé 60Jiee cCTpaHHOM:

Prelude> let eq = (==
Prelude> :t eq

eq :: () -> () -> Bool

MBI IOJTyYnJIN KaKylo-TO epyHy. Eciii MBI onelTaeMcs 3arpy3uTh MOAYJIb C STUMU ONpeJeIeHUAMU:
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module MR where

add
eq

(+)
(==

TO IIOJIYYHIM:

*MR> :1 MR
[1 of 1] Compiling MR ( MR.hs, interpreted )

MR.hs:4:7:
Ambiguous type variable ‘a®’ in the constraint:
(Eq a0) arising from a use of ‘==’
Possible cause: the monomorphism restriction applied to the following:
eq :: a@ -> ad -> Bool (bound at MR.hs:4:1)
Probable fix: give these definition(s) an explicit type signature
or use -XNoMonomorphismRestriction
In the expression: (==
In an equation for ‘eq’: eq = (==
Failed, modules loaded: none.

KoMmusATop xajyeTcsa o TOM, YTO B ONpefie/IeHUH JJIA eq eMy BCTPeTWIach Heonpe1eJIEHHOCTb U OH He CMOor
BbIBECTHU THUII. Ecyin e MBI fonuiieM HeJoCTalole THUIIbL:

module MR where

add :: Num a => a -> a -> a
add = (+)

eq :: Eq a => a -> a -> Bool
eq = (==

TO BCE MPOMAET IJIaAKO:

Prelude> :1 MR

[1 of 1] Compiling MR ( MR.hs, interpreted )
0k, modules loaded: MR.

*MR> eq 2 3

False

Ho okassiBaeTcs, YTO e€CJId MBI JOIUIIEM apryMeHTH Y (PYHKLIUIT U COTPEM OOBABJIEHUS, KOMIHJIATOP CMOXET
BBIBECTU THUI U TUI OKAXETCSA 0OLUIMM. DTO MOXHO IPOBEPUTH B MHTEPIIPETATOPE, AJIsA 3TOT0 HAYHEM HOBYIO CECCHI0
WHTepIpeTaTopa:

Prelude> let eq a b = (==) a b
Prelude> :t eq

eq :: Eg a => a -> a -> Bool
Prelude> let add a = (+) a
Prelude> :t add

add :: Num a => a -> a -> a

3amnummuTe 5T BIpaXkeHNUsA B MoJIyJjie 6e3 TUIIOB U nonpobyiiTe 3arpy3uTs. [louemy Tak npoucxomut? ITo cMbicty
onpezeeHNus

add ab=(+) ab
add (+)

HUYEeM He OTJIMYAITCA APYT OT ApYyra, HO BTOpoe cOMBaeT KOMIIWJIATOP CTOJIKY. KoMnuaATop myraeTcs us-3a To-
ro, 4TO BTOPOH BapUaHT IIOXOX Ha OIpeesieHre KOHCTAaHThL. MBI ¢ BAMU 3HAeM, YTO BEIDAXXEeHHeE CIIpaBa OT 3HAKa
paBHoO sBJIsIeTCA GYHKIHEH, HO KOMIWJIATOP, TOCUMTAB apryMeHTEI CJIeBa OT 3HaKa PaBHO, AyMaeT, YTO 3TO BO3MOX-
HO KOHCTaHTa, IIOTOMY YTO OHA BBITJIAAUT KaK KOHCTAHTa. Y TaKUX BO3MOXHO-KOHCTAHT e€CTh CIellaibHOe KM,
OHU Ha3BIBAIOTCA KOHCTAHTHBIMU aNIlJIMKaTUBHBIMU (opmamu (constant applicative form wam cokpaménao CAF).
KOHCTaHTHI MOXHO BBIYMCJIATh OJAUH pa3, Ha TO OHU U KOHCTaHTHL. HO ecii THUII KOHCTaHTHI IeperpyXeH U Mbl He
3HAeM YTO 3TO 32 TUIl (€C/IM MOJIb30BATEJIb He MoACKa3al HaM 00 3TOM B OOBSBJIEHUM TUIA), TO HAM NPUXOJUTCS
BBIUMCJIATH €r0 KAl pa3 3aHOBO, IIOCMOTPUM Ha IpuMep:
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res = s + s
s = someLonglLongComputation 10

someLongLongComputation :: Num a => a -> a

3mech 3HaUeHUe S COAEPXKUT Pe3yIbTaT BEIYMCIIEHUS KAaKOU-TO OOJIbIION-TIpebostbion ¢dyHkuuy. [lepen koMmnu-
JIATOPOM CTOUT 3ajjauya BBIBOAA THIOB. IT0 TEKCTY MOXHO OIpPeNeJIUTh, YTO Y S 1 res HEKOTOPbII YMCJIOBOM THIL
[IpoGsieMa B TOM, UTO MOCKOJIBKY KOMIMJIATOP He 3HaeT KaKON TUIl y S KOHKPETHO B BBIPQXXEHUHM S + S OH BhI-
HyXeH BBIYMCJIUTD S JBaXbl. DTO mpuBeso pazpaboTunkoB Haskell Kk MBICIH O TOM, 4TO BCe BBIpaXX€HUsA, KOTOPHIE
BBITJIAAAT KaK KOHCTAHTHI JOJDKHBI BEIYUCJIATBCA KaK KOHCTAHTHI, TO €CTh JIUIIbL OAWH pa3. DTO OrpaHUYeHUs Ha3bIBa-
I0T OrpaHuYeHrneM MoHOMOpdu3ma. I10 yMOTYaHUIO BCE KOHCTAHTHI IOJDKHBI MMeTh KOHKPETHBIN THUII, €CJIU TOJIbKO
10J1b30BaTeJIb He YKaXeT oOpaTHOe B TUIIe WJIU He IOACKaXeT KOMITUJIATOPY KOCBEeHHO, [I0/ICTaBUB HeollpeieJIEHHOe
3HavyeHUe B Jpyroe 3HaueHUe, THUI KOTOPOro onpefesi€éH, HalpuMep Takoi MOAYJIb 3arpy3uTcs 6e3 omuoboK:

eqToOne = eq one
eq = (==

one :: Int
one =1

ToJIBKO B 3TOM CJIy4ae Mbl He IOJIyYMM OOIIEro THMa IJIA eq, KOMIMJIATOP [OCTApaeTcsi BHBECTH 3HAYEHHE,
KOTOpOE He COAEPXKUT KOHTeKCTa. [103TOMy mostyuutcs, yTo GyHKINA eq onpejesieHa Ha Int. DTa OYeHb CIOpHas
0COGEHHOCTD S3BIKa, TOCKOJIbKY Ha MPaKTHKE MMOJIyYaeTcsl TaK, YTO CUTyalluyd B KOTOPHIX OHA MelIaeT BO3HHUKAIOT
ropaszo vaige. HemHoro 3aberas Bnepéz, OTMETHM, UTO 3TO MOBeeHNe KOMIIIATOPA 10 YMOJITYAHUIO U €0 MOXHO
M3MEHUTb, KOMIIWJIATOP JaKe IMOJACKA3aJl HaM KaK 3TO CeJIaTh B cOO0meHny 06 omuoKe:

Probable fix: give these definition(s) an explicit type signature
or use -XNoMonomorphismRestriction

MsI MOXeM aKTHBHPOBATh pacHIMpeHMe A3bIKa, KOTOpOe OTMEHsAEeT dTO orpaHuyeHue. ChesaTrb 3TO MOXHO
HECKOJIBKUMH crioco6amul. Mbl MOXEM 3aIlyCTUTh UHTepIpeTaTop ¢ ¢gyiarom -XNoMonomorphismRestriction:

Prelude> :q

Leaving GHCi.

$ ghci -XNoMonomorphismRestriction
Prelude> let eq = (==

Prelude> :t eq

eq :: Eq a => a -> a -> Bool

WJIA B cCaMOM HavaJie MOAYJIsA HalncaTh:
{-# Language NoMonomorphismRestriction #-}

PacmipeHnune 6yeT AelicTBOBATh TOJIBKO B paMKaX JaHHOT'O MOIYJIA.

3.5 PexypcuBHBIE TUIIBI

O6cyaum emé oqHy oco6eHHOCTh cricTeMbl TUoB Haskell. TUnbl MOTYT GBITh PEKYPCUBHBIMU, TO €CTh OJJHUM U3
MIOATUIIOB B OIIpefieJIeHNU TUIa MOXeT ObITh caM ollpefiesiAeMbIll THII. MBI yke [T0JIb30BaJINCh 3TUM B OIIpefieIeHNU
A Nat

data Nat = Zero | Succ Nat
BuguTe Bo BTOpPOI1 ajibTepHaTUBe yyacTByeT caM Tull Nat. 9To mpuBoAUT K 6€CKOHEeYHOMY YKC/ly 3HaueHui. Ta-

KHM IIPOCTBIM ¥ KOPOTKHUM OIIpefieJIeHHEM MBI OIIMICHIBAaeM BCe IIOJIOKHUTE IbHEIE YKcJIa. PeKypCHBHBIE OIlpe/iesIeHUs
TUIOB NPUBOAAT K PeKypCUBHBIM (pyHKIHAM. [ToMHNUTe MBI OIIpeliesisl CJIoXKeHNe U YMHOXeHue:

(+) a Zero = a

(+) a (Succ b) = Succ (a + b)
(*) a Zero = Zero

(*) a (Succ b) =a + (a * b)
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W ta u apyras QyHKLMA NOJIyYUIACh peKypCUBHBIMU. OHU cJ1elyl0T 110 ONHOMY CLIeHapHI0: CHavyasla onpezesseM
6a3y peKypcUu — TOT CJIy4aii, B KOTOPOM MBI 3aKaHYMBaeM BHYMCIIeHNe QYHKINY, U 3aTeM olpefieisieM Iy Th K 6ase —
I[ETIOYKY PeKYPCHUBHBIX BBI30BOB.

PaccmoTpuM Tul mo-cyioxHee. CIHUCKU:
data [a] =[] | a : [a]

JepeBbs 3HaueHui1 Ayt Nat HANOMUHAIOT LENOYKY KOHCTPYKTOPOB Succ, KOTOpas BeHYAaeTCsl KOHCTPYKTOPOM
Zero. JlepeBo 3HaUEHUH JIA CNKUCKA OTJINYAETCS JIMIIb T€M, YTO Teleph ¥ KaXA0ro KOHCTPYKTOpa Succ ecTh OTPO-
CTOK, KOTODBI COZepKUT 3HaYeHHe HEOKOTOPOro THMa a. 3HaueHue 3aKaHYNBAeTCs IyCThIM CIIUCKOM [ ].

MBI MOXEM MPEATOJIOKUTD, YTO GYHKIUHU JIA CIIICKOB TaKXe OyIyT pPeKypCUBHBIMU. DTO U IIpaBAa Tak. IloMoT-
PYIM Ha TpU OCHOBHbIEe GYHKINU IS CIIMCKOB, BCe OHU onpe/iesieHs! B Prelude. HaunéM ¢ GyHKIMM npeobpa3oBaHus
BCEX 3JIEMEHTOB CIIHCKA:

map :: (a ->b) -> [a] -> [b]
TTocMOTpHUM KakK OHa paGoTaerT:

Prelude> map (+100) [1,2,3]

[101,102,103]

Prelude> map not [True, True, False, False, False]
[False,False,True,True, True]

Prelude> :m +Data.Char

Prelude Data.Char> map toUpper "Hello World”
"HELLO WORLD”

Teneps onuuieM 3Ty GyHKIMIO. Ba3oi pekypcuu GyneTr ciiydail Ajis MyCTOrO CHucka. B HEM MBI TOBOpPHUM, 4YTO
€CJIM 3JIeMEeHTHl 3aKOHYIJINCh, HaM Heuero 0oJibllle peoGpa3oBhIBaTh, U BO3BpAIaeM IIyCTOH CKUCOK. Bo BTopoM
ypaBHEHUHM HaM BCTPETUTCS y3eJI lepeBa, KOTOPhIi COAEPKUT KOHCTPYKTOD :, a B JOUEPHUX y3JIaX CUIAT dJIEMEHT
CIMCKa a U OCTAaBIIASCA YaCTh CIIMCKA as. B 3TOM ciiyyae MBI COCTaBJIA€M HOBBIE CITMCOK, JIEMEHT KOTOPOTO CO-
JIepKUT Tpeobpa3oBaHHbIN 3JieMeHT (f a) MCXOMHOTO CIIMCKA M OCTABIIYIOCS YacCTh CIHMCKA, KOTOPYIO MBI TaKXke
npeobpasyeM € MOMOIIBI0 GYHKIUH map:

map :: (a -> b) -> [a] -> [b]
map f [1] =[]
map f (a:as) = f a : map f as

Kakoe muintHHOe 00bsICHEHUE [J1s TaKOM KOpOTKo# ¢yHkuun! Haeocs, 4To MHe He yajioch COUTh Bac C TOJIKY.
O6paruTe BHUMaHUE Ha TO, YTO MOCKOJIbKY KOHCTPYKTOP CUMBOJIbHBIN (HAUMHAETCS C ABOETOYMs) MBI IIUIIEM €r0
MeXIy JOYepHUMU MOANePEBbAMY, a He cHavasia. HEeMHOTO OTBJIEKUTECH U [TOIKCIIEPUMEHTHUPYITE € 3TOH QYHKIH-
el B NHTEPIIPeTaTope, OHA OYeHb BakHas. COCTaBJIANTE caMble pa3HBIE CIIUCKU. YTOOH He nepeHabupaTh KaX bl
pa3 CIKCKY BOAWTE CHOHHMEI ¢ IIOMoIpio Let.

[Mepetiném k cnenyromeil GyHKIUU. 3T0 GyHKUUA GUIbTpan:
filter :: (a -> Bool) -> [a] -> [a]
OHa npyYHUMaeT NpeJuKaT U CIIMCOK, YIAaiTe YTO OHA AejaeT:

Prelude Data.Char> filter isUpper "Hello World”
"HW”

Prelude Data.Char> filter even [1,2,3,4,5]
[2,4]

Prelude Data.Char> filter (>10) [1,2,3,4,5]

[1

[a, OHa OCTaBJIAET JIUIIb T 3JIEMEHTHI, Ha KOTOPBIX IIPeJUKAT BepHET UCTUHY. [IoOTpeHUpPYHTECH U C 3TOI QYHK-
nueil. Teneppb onpezeseHue.

filter :: (a -> Bool) -> [a] -> [a]
filter p [] =[]
filter p (x:xs) = if p x then x : filter p xs else filter p xs

l'[or[p06y171Te pa306paTbc;{ C HUM CaMOCTOATEJIbHO IO aHaJIOTHKX C map. OHO MOXeT MMOKa3aThCsl HEMHOI'O rpo-
MO3OKHM, HO 3TO HUYEro, COBCEM CKOPO MbI y3HA€M KaK 3anucaTh €ro ropasao Impoiie.

PaccMmotpum emé ogHy GyHKIMIO IS CIIFICKOB, OHA Ha3bIBaeTcs QyHKIMEN CBEPTKIU:
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foldr :: (@ -=> b ->b) ->b ->[a] -> b
foldr f z [1] =z
foldr f z (a:as) = f a (foldr f z as)

BusyasibHO eé AeficTBHe MOXHO IPeJICTaBUTh KaK 3aMeHY BCeX KOHCTPYKTOPOB B JlepeBe 3HaUeHUs Ha IOAXO-
aampe no tany GyHKnuyu. B 9ToH MasieHpKOH (YHKIIMH KpoeTcs HeBeposiTHaA cuia. [IocMOTpHUM Ha HECKOJIBKO
[IPIMEPOB:

Prelude Data.Char> :m -Data.Char
Prelude> let xs = [1,2,3,4,5]
Prelude> foldr (:) [] xs
[1,2,3,4,5]

Msl 3aMeHUIN KOHCTPYKTOPBI HaA CaMUX cebs u MOJIyuYnJin I/ICXOI[HI)Iﬁ CIIMCOK, TEeIepb Z[aBaﬁTe caesaeM 4To-
HI/I6y,E[b OoJtee KOHCTPYKTUBHOE. Har{pHMep BbIYNCJIMM CYMMY BCE€X 3JIEMEHTOB WUJIM IIPOU3BEICHUE!:

Prelude> foldr (+) 0 xs

15

Prelude> foldr (*) 1 xs

120

Prelude> foldr max (head xs) xs
5

3.6 Kpatkoe comepxaHue

B 3TO¥1 TJ1aBe MBI IPUCMOTPEJINCh K THUIAaM M Y3HAJIM KaK OrpaHuyYeHus obliye A BCeX THUIIOB CKa3BIBAIOTCS
Ha CTPyKType 3HaueHuil. Mbl y3Hany, 4To KOHCTaHTH B Haskell oueHp moxoxu Ha JiepeBbs, a 3alKCh KOHCTAHT HA
CTPOYHYIO 3auch fiepeBa. Takxxe Mbl IPUCMOTPESINCh K GYHKIMAM. U y3HaIM, 4TO Oonepanys onpejesieHus CHHO-
HUMa pacnajiaeTcsA Ha JiBe — TO KOMITO3UIUA U IeKOMIIO3UINA 3HaUeHUN.

name ageKkomno3uuus = KoMno3auuunsa
Cy1iecTByeT HeCKOJIbKO MPaBUJI JJIs HOCTPOEHUS KOMIO3ULIMIA:

» OpgHo aia dyHkuui B npedukcHON GopMe 3anucu:

* U gBa qyia yHKIuil B HPUKCHON dopMe 3anucu:

DToO JieBoe ceueHue:

(*) a-> (b ->1c¢), X a

b
U npasoe ceuenue:

(*) a -> (b -> ), X b

"""""" (x)iasc

JlekoMnio3nnys MPOMCXOAUT B aprymeHTax GyHKIuH. C e€ IOMOIBI0 MBI MOXEM H3BJIeYb M3 COCTABHOM
KOHCTaHTHI-JlepeBa KaKylo-HuOyAb yacThb. WM yKa3aTh Ha Kakye KOHCTaHTH MBI pearpyeM B JaHHOM ypaBHEHUH.

Emé Mel y3HamM 0 yacmuuHom npumeHeruu. O ToM, 4To Bce ¢yHKIuU B Haskell ApyisgioTca QyHKIUAME OJHOTO
aprymeHTa, KOTOpPBIE BO3BPAIAI0T KOHCTAHTHI WJIX APYyrue GYHKIMHM OJHOTO apryMeHTa.

MBI IOTPEHNPOBAJINICH B COCTABJIEHUN HENPABUJIBHBIX BBIPAXXEHUI U IIOCMOTPEJIY KaK KOMIMJIATOP Ha OCHOBE
[IpaBUJI IPUMeHeHHs Y3HaET, YTO OHU HelpaBuJIbHbIE. MBI y3HaIM, YTO TaKoe OrpaHruYeHre MOHOMopdu3Ma U Kak
OHO nosBJIsieTcs. Takxke Mbl IPUCMOTPEJIMCh K PeKYPCUBHBIM GYHKIUAM.
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Puc. 3.7: KOHCTPYKTOpHI M CHHOHUMBI

= Nat

Succ

Zero

Puc. 3.8: CuHOHUM-KOHCTaHTa

Puc. 3.9: ®yHKI1A U3BJIeYeHUs IEPBOro 3JIeMeHTa CIHCKa

3.7 YupaxHeHUA

« CocTaBbTe B MHTepIIpeTaToOpe KaKk MOXHO 0oJibllle HelpaBUJIBHBIX BBIPAXKeHUU U IIOCMOTpPUTe, Ha cooliile-
HusA 00 ommbOkax. Pazbepurecs moueMy BrIpaXeHre 0Ka3aj0Ch HEMPABUJIBHBIM. JIJ11 3TOr0 IPOBEPHTE THUIIHI C
MOMOII[BI0 IPaBWJI NpuMeHeHUs. CocTaBbTe HECKOJIBKO BBIpaXeHUH, BeIyINX K ommnbKe 13-3a orpaHnYeHus
MOHOMOp(du3ma.

+ IloTpeHupyiiTech B MHTepHpeTaTope ¢ GyHKIuAMU map, filter u foldr. [TonpobyiiTe nX ¢ caMbIMU Pa3HBIMU
¢yHkuuAMU. Bocnosb3yiitech U TeMu QYHKIIUAMU, YTO ObLIM OIpefieJieHbl B IIPOLLJION IJlaBe B TeKCTe WU B
yIpaXXHEeHUsX.

* B 3T0I1 ry1aBe 661J10 MHOTO KAPTHUHOK U rpadMvecKyx aHaJIorui, MonpobyiiTe IOMPOrpaMMHPOBATh B KAPTUH-
kax. Hapucyiite onpezesénnble HaMu GYHKIUY WJIM Kakye-HUOY (b HOBBIE B BUjie lepeBbeB. Hanpumep 3To
MOXHO cfies1aTh Tak. Mbl OyAeM OTJIMYaTh KOHCTPYKTOPHI OT CMHOHUMOB. KOHCTpYKTOpH! 6yAeM pucoBaTh B
OPJAHAPHOM KPYXK€, 8 CHHOHUMBI B IBOITHOM:

Msi Gy geM Bce GYHKIMY MKCATh TAKXKE KaK U IPEX/e, HO BMECTO apryMEHTOB CJIEBA OT 3HAKA PABHO U BEIPa-
JKEHUII CpaBa OT 3HaKa PaBHO Oy/IEM PHCOBATH AE€PEBBSL.

Hanpumep 06bABHM NPOCTOI CUHOHUM-KOHCTAHTY (puc. 3.8). MbI 6y/ieM JOPHCOBLIBATH CBEPXY TUIIbI 3HaUe-
HUH, BMeCTO 00bABIEHNs TUIIA PYHKINN.
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©

Puc. 3.10: ®yHK1MA npeobpa3oBaHusA 3J1€EMEHTOB CIIKCKA

Heckosibko GyHKUME U CIIMCKOB. 3BJleueHue nepBoro ajeMeHTa (puc. 3.9) u GyHKIHA Ipeodpa3oBaHus
BCex 3J1eMeHTOoB crucka (puc. 3.10). ITonpoOyiiTe B TakoM e [yXe ONpeae/IMTh HeCKOJIbKO PYHKIUHN.
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I'maBa 4

JlekJIapaTUBHBINM 1 KOMIIO3UIINOHHBIHN
CTHUJIb

B Haskell cymecTByeT HeCKOJIBKO BCTPOEHHBIX BBIpaXXe€HUI, KOTOPBIE 00JIer4anT NocTpoeHne GYHKIMH U J1esia-
10T KOoJ| 60JIee HATJIAAHBIM. VX MOXHO pa3fesuTh Ha [Ba BUJIa: BRIPAXEHUs, KOTOPHIE IOANEPKUBAIOT 0eK/TapamuaHblLL
cmuwm (declarative style) onpeneneHuss pyHKLUUIA, U BRIpaXXEHUS KOTOPbIe MOAAEPKUBAIOT KOMNOZUYUOHHDIL CILTH
(expression style).

Yro 370 3a cTIin? B ekiapaTuBHOM cTuIe onpefiesieHns GyHKIME 60JIblle MOX0XH Ha MaTeMaTHYeCKyI0 HO-
TaIUI0, CJIOBHO 3TO IIPEJJIOXKEHNA A3BIKA. B KOMIIO3MIIMOHHOM CTHJIE MBI CTPOMM M3 MaJIeHbKUX BBIpaXeHUi OoJiee
CJIOXHBIE, IPUMEHSEM K 3TUM BHIPaXeHUAM ApPYyTYe BBIPAXEHUA U CTPOUM ellé GOJIbIINeE.

B Haskell ects mosiHOLIeHHAs MOAAEpXKa M TOTO U PYrOro CTHJIA, IO3TOMY KOHCTPYKIIMM KOTOPBIE MBI pac-
CMOTpPUM B 3TO¥ TJ1aBe GYIyT IO CMBICTY AyOJIMpoBaTh APYT Apyra. BeIGOp CTHIIS CKOpee [eJio BKyca, CYIIeCTBYIOT
IIPUBEPIKEHI[BI ¥ TOTO U JPYTOTO CTUJIA, MO3TOMY pa3paborurku Haskell He XOTen HUKOTO OTpaHUYMBATh.

4.1 JlokaJibHbIe IepeMeHHbIe

BcnoMmHMM ormpesiesieHre IJIOMIAAN TPeyroJbHUKA 10 TPEM CTOPOHAM:

S=Vp-(p—a)-(p-0)-(p—c)

T'ne a, b u ¢ — JJIMHBI CTOPOH TPEYTOJIbHUKA, a P 3TO HOJIyIEPUMETP.

Kak 6b1 MBI onpe/iesiviv 3Ty YHKINIO TEMU CpeJicTBaMU, YTO ¥ Hac ecTh? HaBepHoe MHBI OBl HallKcaIu Tak:
square a bc=sqrt (pabc* (pabc-a)*(pabc-b)*(pabc-c))
pabc=(a+b+c)/2

CorJyiacutech 3TO He MHOT'MM JIydllle 4YeM pellieHue B JI00:
square a b ¢ = sqrt ((a+b+c)/2 * ((a+b+c)/2 - a) * ((a+b+c)/2 - b) * ((a+b+c)/2 - c))

U B TOM U B IpyrOM CJIy4ae HaM IPUXOAUTCS AyOIMpoBaTh BhIpaXeHUs, HaM OBl XOTeJIOCh YTOOBI ONpefesieHe
BBITJIAJIEJIO TaK Xe, Kak U OObIYHOe MaTeMaTH4yecKoe olpefieieHue:

square a b c =sqrt (p * (p - a) * (p - b) * (p - c))
p=(a+b+c) /2

Ham HyXHO, 4yTOGBI p 3HaJIO, 4TO @, b 1 ¢ GepyTcsa U3 apryMeHTOB QyHKIUM square. B 3ToM HaMm nomMoryT
JIOKaJIbHbIE [TIepeMEHHBIE.

where-BbIpaxeHUs

B JAE€KJIapaTUBHOM CTUJIE OJIA 3TOro NpeayCMOTPEHDI whe re-BbIpaX€HUA. OnHu MUAIDYTCA TaK:

square a b c =sqrt (p* (p-a) * (p-b) * (p-c))
where p = (a+ b +c) /2
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Wnu tak:

square a b c =sqrt (p * (p - a) * (p -b) * (p - c)) where
p=(a+b+c) /2

3a ompepnenenueM OGYHKIMH CJeAyeT CIenuaJbHOe CJI0BO where, KOTOpoe BBOAUT JIOKaJIbHBIE HMeEHa-
CHHOHUMEL. [Ipu 3TOM apryMeHTH (QYHKINN BKJIIOYEHBI B 00JIaCTh BUAMMOCTU MMEH. CHHOHMMOB MOXET OBITh
HECKOJIbKO:

square a b ¢ = sqrt (p * pa * pb * pc)

where p = (a+b+c) /2
pa=p - a
pb=p -b
pc=p-c

OtMeTHM, 4TO OTCTYIIH 00s3aTesibHEL. Haskell mo oTcTynam noHnMaer, 94To 9TH BRIPAXXEHH OTHOCATCA K where.

Kak u B ciiyyae o6bsABsieHNsA QYHKIMI MOPAJOK CIeOBAaHUA JIOKAJIBHBIX IepeMeHHBIX B where-BblpakeHUU He
BaxkeH. ['J1aBHOe 4TOOBI B BRIpaXXeHUX CIIpaBa OT 3HAKa PaBHO MBI 10JIb30BAJINCh UMEeHaMU U3 CIIMCKa apryMeHTOB
HUCXOAHOW QYHKLMU UM APYTUMH ONpeieIEHHBIMU NMeHaMu. JIokaibHEle lepeMeHHble BUAHBI TOJIbKO B ITpefesiax
TOU QYHKI[UM, B KOTOPOI OHU BBOJATCA.

YTO MHTEPECHO, CJIeBa OT 3HaKa PaBHO B Where-BbIpaXXeHNAX MOXHO IPOBOJUTD AEKOMITO3UIMI0 3HAYeHU, TaK-
e KaK U B apryMeHTax QyHKINU:

pred :: Nat -> Nat
pred x =y
where (Succ y) = x

OTa QyHKIUA AeJlaeT TOXe caMoe 4TO U PyHKUUA

pred :: Nat -> Nat
pred (Succ y) =y

B where-BblpaxkeHUAX MOXHO OIpefiesIATh HOBbIe (DYHKIIUH a TaKKe BBINKMCHIBATD UX TUIIBL

add2 x = succ (succ Xx)
where succ :: Int -> Int
succ x = x + 1

A MOXHO U He BBIITUCBIBATh, KOMIIUJIATOP OAOTradaeTCA:

add2 x = succ (succ Xx)
where succ x = x + 1

Ho nHorga aTo 66IBaeT 1m0JIe3HO, IPY UCIIOJIb30BAHNH KJIACCOB TUIIOB, AJ1A N36eXaHus HeollpeaeIéHHOCTU IPU-
MeHEeHUs.

[TpuBeném ewmé oauH npumep. [locMoTpum Ha yHKIMIO GUIBTpALMU CIMCKOB, OHA onpejesieHa B Prelude:

filter :: (a -> Bool) -> [a] -> [a]

filter p [1] =[]

filter p (x:xs) = if p x then x : rest else rest
where rest = filter p xs

MpbI onpeie Tiin JIOKAJIbHYIO IepeMEeHHYI0 rest, KoTopas yKa3blBaeT Ha PEKYPCUBHBIN BEI30B (PYHKIIMY Ha OCTaB-
LIeHCs YacTU CIMCKa.

where-BbIpaXxeHUs ONpeIeJIAI0TCA AJIA KaXI0ro ypaBHeHNUA B onpeeseHun QyHKIIN:

even :: Nat -> Bool
even Zero = res
where res = True
even (Succ Zero) = res
where res = False
even X = even res
where (Succ (Succ res)) = x

KoHeuHO B 3TOM npumMepe where He HyXHBI, HO 3[1eCh OHU NPUBEJEHHI JJIA WJUIIOCTPALUU NPUBA3KU where-
BBIPAXEHU: K JaHHOMY ypaBHeHUI0. MbI onpeiesiniiy TPH JIOKAJIbHBIX IIePEMEHHBIX C OJHUM U TeM Xe MeHeM.

where-BbeIpaXXeHHsI MOT'YT OBITh M y 3HAYEeHUE, KOTOPbIE ONpeAeIAI0TCA BHYTPU where-BeipaxkeHui. Ho Jryuie
n3beraTh CUJIbHO BJIOXKEHHBIX BBIDaKEHUIL.
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let-BBIpakeHUA

B KOMITO3UIIMOHHOM CTUJIE (I)YHKI.II/IH BBIUMCJIEHNA IJIOIIaAN TPEYT'OJIbBHUKA 6y}1€T BBITJIANETH TakK:

square a bc=1letp=(a+b+c) /2
in sqrt (p * (p - a) * (p - b) * (p - ¢))

CioBa let u in — kyro4yeBsle. BEIrogHBIM OT/IYKEeM Let-BbIpaXkeHU ABJIAETCA TO, YTO OHU ABJIAIOTCA OOBIYHBIMU
BBIpAXEHUAMH U He [IPUBA3aHHI K OIIpe/IeJIEHHOMY MeCTy Kak where-BelpakeHHA. OHU MOTYT y4acTBOBATh B JIIOOOH
YacTU OOBIYHOT'O BHIpAXEHHUS:

square abc=T1letp=(a+b+c)/
in sqrt ((let pa=p - a in p * pa) *
(let pb =p - b
pc =p
in pb * pc))

B 3TOM mposBJifAeTcA UX NPUHAAJIEXHOCTh KOMIIO3UIMOHHOMY CTHJIIO. let-BBIpaXX€HHA MOTYT y4acCTBOBATh B
J1:060M MOJIBBIPAXXEHNU, OHU TaKXe IPYNNUPYITCA CKOOKamu. A where-BeIpaXeHHA NPUBSA3AHBI K YPAaBHEHUAM B
onpenenaeHNH GYHKIVH.

Takke kak U B where-BopakeHUsX, B Let-BeIpakeHUAX CJieBa OT 3HaKa PaBHO MOXHO IMPOBOAUTH IEKOMITO3ULIUI0
3HAYEHUMH.

pred :: Nat -> Nat
pred x = let (Succ y) = x
in vy

OnpegenuM QyHKIMIO GUIbTPaLUK CIIKCKOB uepes let:

filter :: (a -> Bool) -> [a] -> [a]
filter p [] = [1
filter p (x:xs) =

let rest = filter p xs

in if p x then x : rest else rest

4.2 JleKOMIIO3ULIMA

I[eKOMHO3I/ILII/IH WJIK COIIOCTaBJIEHUE C 06pa3u0M IIO3BOJIAET BBIACJIATH M3 COCTABHBIX 3Haqum71, r[poaeﬁu.me
3Ha4Y€HUA C IIOMOIIBI0 KOTOPHIX OHU ObLTU IIOCTPOEHBI

pred (Succ x) = X
U OpPraHU30BHIBATh YCJIOBHBIE BBIUMCJIEHUS KOTOPBIE 3aBUCAT OT BU/la IOCTYNAKIKUX Ha Bxod QYHKIUYU 3HaYeHUN

not True = False
not False = True

ComnocraBjieHue ¢ 00pa3nom

JlexoMrio3unuio B jekjJapaTUBHOM CTHJIE MBI yXXe M3Y4UJIM, 9TO OOBIYHBIN cJTydail pa3bopa 3HaueHUl B apry-
MeHTax GyHKIUK. PaccMOTpUM O/IHY MOJIE3HYI0 BO3MOXXHOCTH IPY AEKOMIO3UNuY. HOrja HaM X04eTcs IPOBECTHU
JIeKOMITO3UIMIO U AaTh NICEBAOHUM BCEMY 3HAYEHUI0. DTO MOXHO CAEJIaTh C IIOMOLIBI0 CIIeaJIbHOTO CMBOJIA @.

Har[pI/IMep onpenejaum (I)yHKLII/IIO, KOTOpasA BO3BpallaeT coceaHne Yrcja Ajisd JaHHOIro 4rcjia [TeaHo:

beside :: Nat -> (Nat, Nat)
beside Zero = error "undefined”
beside x@(Succ y) (y, Succ x)

B BelpaxxeHnu x@(Succ y) Mbl OJHOBPEMEHHO IPOBOAUM pa300p U JaéM MM BCeMy 3HaueHMUIO.
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case-BbIpa>XK€HUA

OxaspiBaeTcsi AEKOMIO3UILUI0 MOXXHO IIPOBOJUTH B JIIOOOM BBIpaXX€HUM, [JI 3TOrO CYyL[eCTBYIOT case-
BBIPAXXEHUS:

data AnotherNat = None | One | Two | Many
deriving (Show, Eq)

toAnother :: Nat -> AnotherNat
toAnother x =

case x of
Zero -> None
Succ Zero -> One
Succ (Succ Zero) -> Two

-> Many

fromAnother :: AnotherNat -> Nat

fromAnother None = Zero

fromAnother One = Succ Zero
fromAnother Two = Succ (Succ Zero)
fromAnother Many = error "undefined”

CiioBa case u of — KJII0YeBble. BBIFOJHBIM OTJIMYMEM Case-BRIPAXEHUI fABJIAETCA TO, YTO HaM He MPUXOIUT-
Cs1 KX pa3 BHIIMCHBATh UMsA GyHKIuN. O6paTuTe BHUMAaHUE Ha TO, YTO B Case-BbIPAXEHUAX TAKXe MOXHO
I10JIb30BAThCA OOBIYHBIMU IIepeMEHHBIMU U Ge3BIMAHHBIMU [IepeMeHHBIMHU.

J1 mpoBeieHA JeKOMITIO3ULMY 110 HECKOJIBKIIM IIepeMeHHBIM MOXHO BOCIIOJIb30BaThCA KopTexamu. Hanpumep
oIpeieJIUM 3HAKOMYI0 (PyHKIMIO paBeHCTBa JyiA Nat:

instance Eq Nat where

(==) a b=
case (a, b) of
(Zero, Zero) -> True
(Succ a’, Succ b’) ->a’ ==b’
-> False

MEel IpoBOAMM COINIOCTaBJIeHHE ¢ 00pa3lioM o KOpTexy (a, b), cooTBeTCTBEHHO cjieBa OT 3HaKa -> MbI IIpOBe-
psieM 3HauYeHHA B KOPTeXax, [JIs 3TOro MBI TakKe 3aKjoyaeM 3HaueHUsA B CKOOKU U MHILeM UX yepe3 3alATylo.

JHaBatite onpefenumM ¢yHKIuio filter B emé 6ojiee KOMIIO3UIMOHHOM CTHJIe. J[JI 3TOr0 MBI 3aMeHHUM B HUCXO[I-
HOM onpejiesieHUu where Ha let 1 AeKOMIO3ULMIO B apryMEHTaX Ha case-BhIpaXkeHue:

filter :: (a -> Bool) -> [a] -> [a]
filter p a =
case a of
[1 -> [1
X:iXS -> let rest = filter p xs

in if (p x)
then (x:rest)
else rest

4.3 VYcJjioBHbIE BhIpaXXeHUs

C yCJIOBHBIMU BBIpaXX€HHUAMH MBI YK€ CTaJIKUBAJIMICh B CONOCTaBJIeHUH ¢ oOpa3noM. Hanpumep B onpeesieHIN
dynkuuu not:

not True = False
not False = True

B 3aBUCHMOCTH OT NOCTYMNAIOIIEro 3Ha4eHUA Mbl BEIOMpaeM OJHY M3 ABYX aJbTe€pPHATUB. Y CJIOBHBIE BBIpaXXeHUN
B COIIOCTAaBJIEHUU € 06PasI[OM NO3BOJIAIOT pearupoBarh JIUIIb Ha YacTUYHOe (C y4€TOM IepeMeHHBIX) COBIaieHue
JiepeBa 3Ha4€HUsA B apryMeHTax QyHKIUH.

YacTo HaMm XoueTcs oNpefiesIUTh Gojiee CJIOXHbBIE YCJIOBUsA AJIA ajbTepHaTUB. HampuMmep, eciu 3HaueHUe Ha
Bxojle @yHKIuU Gosiblie 2, HO MeHbIle 10, BepHU A, a ecu 6oJibiie 10, BepHHU B, a BO BCeX OCTaJIbHBIX CJIydasx
BepHHU C. Wnn ecsiv Ha BXOA IOCTYIWJIA CTPOKa COCTOAIAs TOJIBKO U3 OyKB JIaTMHCKOro ajdaBuTa, BEpHU A, a
B NIPOTHMBHOM CJIy4ae BepHHU B. Ham OBl X0TesloCh pearnpoBaTth JIMIIb B TOM CJIydae, ecjii 3HaueHHe HeKOTOPOro
TUIA a yJIOBJIETBOPsAET HEKOTOPOMY NpeAuKary. IIpeaukaTaMy OOBIYHO Ha3blBAlOT PyHKIMU TUNA a -> Bool. Msl
roBOPUM, YTO 3Ha4YeHUe yOBJIeTBOPseT NpeAuKary, ecjii IpeuKaT A1 3TOro 3HaueHusA Bo3Bpaliaer True.

YcnoBHble BbipaXkeHus | 61



OxpaHHbIe BBIPpAXXKEHU

B nmexsiapaTHBHOM CTHJIE YCJIOBHBIE BRIPAX€EHUs NPEACTaBIIEHBI 0XPaHHWIMU gbipadiceHusmu (guards). [Tpenmosio-
UM y Hac ecTb THIL:

data HowMany = Little | Enough | Many
W MBI XOTUM HamucaTh QYHKLMIO, KOTOpas MPUHUMAaeT YKCJIO JII0[el, KOTOpble XOTAT MOCETUTh BBICTABKY, a
BO3BpallaeT 3HaueHre Tuna HowMany. 3Ta QyHKIMA OlleHHBaeT BMECTUTEIbHOCTh BEICTABOYHOIO 3as1a. C IOMOIIBI0

OXPaHHBIX BBIPDAXXEHUI MBI MOXXEM HamucaTh e€ Tak:

hallCapacity :: Int -> HowMany
hallCapacity n

| n<10 = Little
| n< 30 = Enough
| True = Many

CrienaJIbHBIE CUMBOJI | yXe BCTpevasics HaM B OIpeJesieHUH TUMOB. TaM OH Urpai pojib pasfenTesis ajb-
TEPHATHUB B CyMMe THUIIOB. 37€Ch X€ OH pasfiesisieT ajJbTePHATUBH B YCJIOBHBIX BhIpakeHUAX. CHavasia Mbl IHIIEM
| 3aTem BIpaXkeHHe-IPeMKAT, KOTOPOe BO3BpAIlaeT 3HaYeHNe TUIla Bool, 3aTeM paBHO U IIOCJIe PaBHO — BO3Bpa-
maeMoe 3HaYeHre. AJIbTEPHATHBEL TaK Xe KaK U B cJIyyae JIeKOMIIO3UINY apryMeHTOB QyHKINN O0XOAATCS CBEPXY
BHU3, [IO T€X MOp MOKa B OJHOI U3 aJlbTEPHATUB MIPEeJUKAT He BEpPHET 3HavYeHue True. O6paTuTe BHUMAaHUE Ha TO,
YTO HaM He HYXHO NHCaTh BO BTOPOI1 ajlbTePHATUBE:

| 106 <= n & n < 30 = Enough

Ecyn BeIumcIMTENTH OMIEN IO 3TOM ajIbTePHATUBEI, 3HAYNT 3HAUeHNEe TOYHO 60JIbIe JI60 paBHO 10. IIOCKOJIBKY
B IpeiblAyIeli aJbTepHATUBE IpeArKaT BepHyJI False.

[Ipegukat B mocjieqHel ajbTepHATHUBe ABJIAETCS KOHCTAHTOU True, OH MPOMAET coNoCTaBjeHNe ¢ JII0ObIM 3Ha-
yeHreM n. B jaHHOM ciiyuae, ecjii y4ecTb IIpeAblAylyie aJbTepHATHUBE MBl 3HaeM, YTO €CJIU BHIYUCJIATESIb JOMIEN
J10 IocJieHel ajibTepHATUBHL , 3HaUeHue n GoJiblie 160 paBHO 30. J[J14 MOBHIIeHNA HarJIAHOCTH kosia B Prelude
onpejieJieHa ClieljMabHasA KOHCTaHTa-CUHOHUM 3HayeHUIo True 1oJ uMeHeM otherwise.

Omnpenenum dyHkuuio filter ais cnvckos B 6oJiee eKIapaTUBHOM CTHJIE, /1 3TOr0 3aMeHUM 1if-BbipaxeHue
B MCXOHOU BEPCUM Ha OXpaHHBIE BhIpAKEHUs:

filter :: (a -> Bool) -> [a] -> [a]
filter p [1] =[]
filter p (x:xs)

| p x = x : rest

| otherwise = rest

where rest = filter p xs

Wnu Mbl MOXeM pa3sMeCTUTh OXpaHHbI€ BBIPpAXXE€HUA I10-[PYroMy:

filter :: (a -> Bool) -> [a] -> [a]
filter p [] =[]
filter p (x:xs) | p x = X : rest

| otherwise = rest
where rest = filter p xs

OTMeTHUM TO, YTO JIOKaJIbHasA lepeMeHHas rest BUHA U B TOU U B IPYroii ajibTepHaTHBe. Bbl CIIOKOITHO MOXeTe
10J1b30BaThCA JIOKAJIBHBIMU NTlepeMeHHBIMU B JI000! YacTH ypaBHEHHUs, B KOTOPOM OHM OIIpeieJIeHBl.

OrnpeiesiM € IOMOIIbI0 OXPaHHBIX BEIpaXXeHU! GyHKIMIo0 all, oHa IPUHMUMAeT NpeuKaT U CIIUCOK, ¥ IIpOBepseT
YAOBJIETBOPSIOT JIM BCE 3JIEMEHTHI CIIMCKA JJAHHOMY IIpenKaTy.

all :: (a -> Bool) -> [a] -> Bool
all p [1] = True
all p (x:xs)

| p x = all p xs

| otherwise = False

C IOMOII[bI0 OXPAHHBIX BEIPKEHHUI MOXXHO OYeHb HarJIAAHO ONMUCHIBATh YCJIOBHBIE BhIpaxkeHNs. Ho nHOrja Mox-
HO 0OOUTHCH U IPOCTHIMU JIOTUYecKMHU onepanusamu. Hanprvep dyHkiyo all MoXHO 65110 ObI OIpeAeTUTh TaK:
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all :: (a -> Bool) -> [a] -> Bool

all p [1] = True

all p (x:xs) =p x & all p xs
Wnu Tak:

all :: (a -> Bool) -> [a] -> Bool

all p xs = null (filter notP xs)
where notP x = not (p x)

Wnu gaxe Tak)
import Prelude(all)

®ynkuua null onpefesieHa B Prelude oHa Bo3BpawaeT True TOJIbKO €CJIM CIIUCOK ITyCT.

if-BpIpakeHU

B KOMIIO3NIIMOHHOM CTHUJIE B KAY€CTBE YCJIOBHBIX BI)Ipa)KeHI/Iﬁ HICITIOJIb3YIOTCA XK€ 3HAKOMbBIE HAM if-B])Ipa)KeHI/IH.
BcnoMHUM Kak OHU BBITJIAOAT:

a = if bool
then x1
else x2

CiioBa if, then u else — kimoueBsle. Tun a, x1 U X2 cOBIaAaroT.

JIro6oe oxpaHHOe BhlpakeHHe, B KOTOpPOM O0oJibllle OAHOIM aJIbTepHATHBBI, MOXHO INpeACTaBUTh B Buie if-
BhIpakeHHUs U Hao6opoT. [TepenuieM Bce QYyHKIMU UX IIPeAbAYIIero noApasziesia ¢ oMompbko if-BeIpakeHUIt:

hallCapacity :: Int -> HowMany
hallCapacity n =
if (n < 10)
then Little
else (if n < 30
then Enough

else Many)
all :: (a -> Bool) -> [a] -> Bool
all p [1] = True

all p (x:xs) = if (p x) then all p xs else False

4.4 Omnpepnenenue GyHKIUI

HO)I[ (I)yHKHHeﬁ MBI IOHHMAaeM COCTaBHOM CHHOHUM, KOTOprﬁ IIpUHUMAaeT apryMeHTbl, BO3MOXHO pa36MpaeT ux
Ha YaCTH U COCTABJISET U3 3TUX YacTell HOBbIe BbIpa’XX€HU. Tenepb IMOCMOTPHUM KaK TaKr€ CMHOHHMEI OIIpeIeJIATCA
B KaX10M U3 CTHUJIEN.

YpaBHeHUs

B nexsiapaTuBHOM cTuJIe GYHKIMH ONPeesIAITCS ¢ TIOMOLIbI0 ypaBHeHHUH. [Toka MbI BUJIeJIU JIUIIb 3TOT CIoco0
omnpezeeHusa GyHKIUN, IpUMepaMu MOTYT CJIyXUTbh Bce NpeAblAyIie IpUMephl. BkpaTiie HanoMHuUM, 4T0 QyHKIUA
ompejiesisieTcss HAOOPOM ypaBHeHHU! BUAA:

name pekomnosuuusal = kKomno3uuunal
name AEKOMNO3ULUA2 = KOMNO3ULUA2

name pekomno3uuusaN = Komno3uuusN

T'me name — uMsA yHKUUA. B nekomMnoz3uuumu MpouCcXoqUT pa3bop MOCTYMAIUX Ha BXO[ 3HAYEHUI, a B KOMIMO -
3UL MY IPOUCXOAUT COCTaBJIEHME 3HAYEHUSA pe3yJibTaTa. Y paBHEHUA 00XOAATCS BHIUMCIUTENIEM CBEPXY BHU3 [0 TEX
IOp TI0KA OH He HaWJET TaKoe ypaBHEHUE, I KOTOPOTo NepeJaHHble B GYHKIMY 3HAYeHUs He TIOAOUIYT B yKa3aH-
HBII B JEKOMIIO3UIIMU 1a0JIOH 3HaUeHUH (ecjid comocTaBjieHHde ¢ 06pa3lioM apryMeHTOB NMPOUAET ycremrHo). Kak
TOJIbKO TaKOe ypaBHEHMe HaliJIeHO, COCTABJIAETCS BhIpakeHUe CIIpaBa OT 3HaKa paBHO (KoMno3uuus). DTO 3HAUYEHLe
OyneT pe3yJsibTaToM GyHKIMH. Ec/iv Takoe ypaBHeHUe He GyIeT HaiileHO MporpaMMa OCTaHOBUTCS C OIIMOKOI.

K npumepy nonpoGy¥iiTe BEIYMCIUTD B UHTepIpeTaTope BepaxeHue notT False, qjiA Takoil QyHKIUN:
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notT :: Bool -> Bool
notT True = False

UYTo MBI yBUAUM?

Prelude> notT False
*** Exception: <interactive>:1:4-20: Non-exhaustive patterns in function notT

HHTepnperaTop cOOOLMII HAM O TOM, YTO OH He HallléJI ypaBHeHUs [JIA [lepeJaHHOro B PYHKIMI0 3HaYeHU.

Be3siMsaHHbIe GyHKINU

B xoMno3uIOHHOM cTuje GQYHKLUHAU ONpefesiAloTcA MO-APYyromMy. DTO HEOOBIYHBI MeTOJ, OH NPUILIET B
Haskell u3 nambpa-ucuniciienns. OYHKIMHM CTPOATCA € MOMOIIBIO CIIEI[UAJIbHBIX KOHCTPYKIUI, KOTOpble Ha3bIBa-
oTes Jambaa-gyakauamu. [o cytu gambaa-GyHKINY ABIIAITCA 6e3bIMAHHBIMY QyHKOUAMH. [[aBaiiTe HOCMOTPUM
Ha Jj1AamMba QyHKIMIo, KoTopas NpubasiiAeT K apryMeHTy eIUHULY:

\X => x + 1

Jiia Toro, 4yToObI MpeBpaTUTh JIAMOAa-PYHKLUMIO B 0OBIUHYI0 (QYHKIMIO MBICJIEHHO 3aMeHUTe 3HaK \ Ha UMA
noName, a cTpeJIKy Ha 3HaK paBHO:

noName x = x + 1

Ms1 nostyyrin o6bruHyro dyHkiuio Haskell, ¢ TakuMy MBI y’e MHOT'O pa3 BCTPeYaIUCh. 3aYeM CIelHasIbHbIA
CHHTaKCHC JIs onpeiesieHNs 6e3pIMAHHBIX GYHKUNH? Belb MOXHO onpeliesiuTh eé B BUjle ypaBHeHUM. K ToMmy xe
KOMY MOT'YT ITOHafo0uThCs 6e3bIMAHHbBIe GyHKIMN? Belib cMbICSI PYHKINN B TOM, YTOOBI BBIAEJIUTH OIIpeAeIEHHBII
mabJIoH NMOBeJIeHNsA U 3aTeM CChUIAThCA Ha Hero Mo MMeHU QyHKLUMN.

Cwmblcs1 6e3bIMAHHON (QYHKIMU B TOM, UTO €l0, TakXe Kak U JIOObBIM APYTMM 3JIeMeHTOM KOMIIO3UIIMOHHOTO
CTHJIAA, MOXHO I10JIb30BaThCA B JIIO0OH YacTU OOBIYHBIX BeIpakeHMH. C eé IOMOIIbI0 MBI MOXeM co3aBaTh QYHKI[UN
”Ha jieTy”. [IpeAn0JI0KUM, YTO MBI XOTUM NMPOGUIBTPOBATh CIIMCOK YKCeJI, MBI XOTUM BBIOpaTh M3 HUX JIUIIb Te, YTO
MeHblIe 10, HO OoJiblie 2, U K TOMY X€ OHM JOJDKHBI OBITh Y6THBIMU. MBI MOXeM HalucaTh:

f :: [Int] -> [Int]
f = filter p
where p x = x > 2 & x < 10 && even x

I[Tpy 5TOM HaM IPUXOAUTCSA AaBaTh Kakoe-HUOY b UM IpeJuKaTy, Harpumep p. C momMounipio 6e36IMAHHON PyHK-
LMY MBI MOIJIA OBl HanucaTh TaK:

f :: [Int] -> [Int]
f = filter (\x -> x > 2 & x < 10 && even x)

CMOTpHUTE MBI COCTaBUJIA IIpeANKAT cpa3y B apryMeHTe ¢GyHkuuM filter. BelpaxkeHne (\x -> x > 2 && x <
10 && even x) sABjsAeTCA OOBIYHBIM 3HAYEHHEM.

B0o3MOXHO y Bac MOABUJICA BOIIPOC, TAe apryMeHT QyHKIUU? I'ie TOT CIIMCOK 110 KOTOPOMY MBI IIPOBOAVM (UJIb-
Tpanuio. OTBET Ha 3TOT BOIIPOC KPOeTCs B YaCTMYHOM NpHMeHeHUHU. J[aBaliTe BRIYMCIIUM IO IPaBUIy IpUMeHEeHUs
tun Qynkuuu filter:

f :: (a -> Bool) -> [a] -> [a], X :: (Int -> Bool)

[Tocne npuMeHeHUA NapaMeTp a CBA3bIBaeTCsA ¢ TUIIOM Int, IOCKOJIbKY NPYU IPUMEHEeHNU [IPOMCXOIUT COMIOCTaB-
neHue 6oiee obuiero npegukara a -> Bool u3 pynkmuu filter ¢ TeM, KOTOPHIM MbI IIepeajIv IepBbIM apryMeHTOM
Int -> Bool. Ilocse aToro mel nosyvaem tum (f x) :: [Int] -> [Int] aT0 Kak pa3 Tun GyHKLNMHU, KOTOpas NpUHU-
MaeT CIMCOK ILIeJIBIX YKCeJl M BO3BpalaeT CIMCOK IeJibiX ynces. YacTuyHOoe npruMeHeHNre M03BOoJIsAeT HaM He N1caTh
B TaKUX BBIPAXEHUAX:

f xs = filter p xs
where p x =

MOCJIeJHUI apTyMeHT XS.

K nmpumepy BmecTo
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add ab=(+) ab
MbI MOXEM IIPOCTO HANNCATh:
add = (+)

Taxkoi#i cTUIb onpefiesieHnsa QYHKIMI HAa3BIBAIOT Oecmoueursim (point-free).

JaBatite BblpasuM GyHKLU0 filter ¢ momoiisio JAMOAA-QYHKININ:

filter :: (a -> Bool) -> ([a] -> [a])
filter = \p -> \xs -> case xs of
[] -> [1
(x:xs) -> let rest = filter p xs
in if p x
then x : rest
else rest

Mps1 onpegenuinu GyHKIMo filter noabp3ysAach TOJIBKO 3JIeMeHTaMU KOMIIO3UIIMOHHOTO cTujiA. OOpaTuTe BHUMA-
HIe Ha CKOOKU B 00bsABJIEHNH TUNA QYHKIMH. I XOTeI HAMOMHUTH BaM O TOM, 4TO Bce pyHkuuu B Haskell sBiisoTcs
(pyHKIMAMU OJHOrO aprymeHTa. JTo onpefeseHre yHkuuu filter Kak Hesb3A Jiydlle NOAYEPKUBAET 3TOT (QaKT.
Mpsi roBopuM, uto ¢yHKIUA filter ABiseTcsa QyHKIMell 0AHOrO apryMeHTa p B BEIpaXXeHUM \p ->, KOTopas BO3Bpa-
maeT Takxe QYHKLIUIO OJHOTO aprymMeHTa. MBI BHINIKCHIBaeM 3TO B ABHOM BH/Je B BBIpaXeHUHU \xs ->. Jlajee UAET
BBIpaXXEHUe, KOTOpOe COAEPXUT onpejesieHne QyHKINN.

OTMeTI/IM, 4To J'[}IM6I[a (I)yHKLII/II/I MOr'yT IpUHUMAaTh HECKOJIbKO apryM€E€HTOB, B IIPE€AbIAYIIEM OIIpEeNeJIEHNN Mbl
MOTJIU OBl HanucaTh:

filter :: (a -> Bool) -> ([a] -> [a])
filter = \p xs -> case xs of

HO 3TO JIMIIb CUHTAKCUYeCKUH caxap, KOTOprfI pa3BopauynBaeTCA B IIPpEAbIAYINYIO 3allVICh.

Jl71A TpeHrPOBKY OIlpefieIM HeCKOJIBKO CTaHJAPTHAIX (PYHKINHI A1 paboTH ¢ KOpTeXaMy ¢ IOMOIIbIo J1AMOaa-
dyHknui (Bce oHU onpefdesieHH B Prelude):

fst :: (a, b) -> a
fst = \(a, _) -> a

snd :: (a, b) -> b
snd = \(_, b) -=>b

swap :: (a, b) -> (b, a)
swap = \(a, b) -> (b, a)

OOpaTuTe BHUMaHUE Ha TO, YTO Bce QYHKIMU CJIOBHO ABJIAIOTCA KOHcTaHTaMu. OHU He cofepXaT apryMeHTOB.
ApryMeHTE MBI “"TIpHCTpPanBaeM” ¢ IIOMOIIbI0 O€3BIMAHHBIX (PYHKLUN.

OmnpenenmM QyHKIUM npeo6pa3oBaHUsA MMEPBOTO M BTOPOTO dJIeMeHTa Koprexa (3Tu GYHKIUU OompedesieHbl B
Mopysie Control.Arrow)

first :: (a -> a’') -> (a, b) -> (a’, b)
first = \f (a, b) -> (f a, b)

second :: (b -> b’) -> (a, b) -> (a, b")
second = \f (a, b) -> (a, f b)

Takxe B Prelude ecTp mosie3Hble GYHKIMM, KOTOpHIE IIpeBpamaloT GYHKIMHM ¢ YaCTUYHBIM IIPUMEHEHHUEM B
006BIYHBI PYHKINHU U HA000POT:

curry :: ((a, b) ->c) ->a ->b ->c
curry = \f ->\a ->\b -> f (a, b)

uncurry :: (a -=> b ->c) -> ((a, b) -> c)
uncurry = \f -> \(a, b) ->fab
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@OyHKIUA CUrry npuHuMaeT QyHKIMIO ABYX apryMeHTOB JJIA KOTOPOH 4acTUYHOe IIpUMeHeHNe HEeBO3MOXHO.
OTO UMHUTHPYETCS C MIOMOIIbI0 KopTexel. OYHKIYA IPUHUMAET KOPTEX U3 ABYX 3jieMeHTOB. DyHKIuA curry (ot
CJIOBa KappHpOBaHMe, YacTUYHOEe NPUMEHEeHUe) MpeBpamaeT Takyw GyHKnuio B o0buHyl0 (yHknuio Haskell. A
dyHKIMA uncurry BHIIOJIHAET 06paTHOe ITpeobpa3oBaHMUe.

C IIOMOIIBIO J'IHMﬁ)la-(I)yHKLII/Iﬁ MOXXHO MMHUTUPOBATHh JIOKAJIbHBIE [I€EPEMEHHBIC. Tak HalmpyuMep MOXHO IIeperu-
caTb CI)OpMy.TIy JAJIA BBIYHUCJICHUA IJIOaAW TPEYyTrOoJIbHUKA:

square a b ¢ =
(\p ->sqrt (p * (p - a) * (p -b) * (p-¢)))
((a+b+c)/ 2)

CMmoTpuTe MBI onpeneanan GyHKIUI, KOTOpas IPUHAMAaeT IapaMeTpPOM MOJIyNIepUMETpP p U Iepefau B Heé
3HavyeHue ((a + b + c) / 2). Eciiu B Hamell GYHKIMM HECKOJIbKO JIOKQJIbHBIX IIepeMEHHBIX, TO Mbl MOXeM
COCTaBUTh JIAMOAA-PYHKINIO OT HECKOJIBKUX IIepeMeHHbIX U [TOICTaBUTh B Heé HyXHble 3HaYeHU .

4.5 Kakou cTuib Jiyuymie?

OCHOBHO! KpuTepuil BBIOOpA 3aKJI0YaeTCA B TOM, CAesaeT JIU 3TOT 3JIeMeHT Kof GoJiee sacHbim. HarssaHocTh
KOJla CTaHeT 3aJI0rOM yCIellHOH nogaepxku. Ero 6yfeT jierye noHATh U YJIyYIIUTh IPU HEOOXOAUMOCTHU.

Jlanee MBI pacCMOTPHUM HECKOJIBKO IIPUMepPOB olpefiesieHui u3 Prelude u nogymaem, royemMy ObUT BBIOPaH TOT
WY UHOM cTuiib. Hauném c kiacca Ord ¥ IOCMOTPUM Ha oIpejiesieHUs 110 YMOJITYaHUIO:

-- Tun ynopspoynBaHua

data Ordering = LT | EQ | GT
deriving (Eq, Ord, Enum, Read, Show, Bounded)

class (Eq a) => Ord a where

compare :: a ->a -> Ordering
(<), (<=), (>=), (») :: a -> a -> Bool
max, min rra->a ->a

- - MUHMManbHoe MoJsiHoe omnpepesieHue:
-- (<=) wnu compare
-- Wcnonb3oBaHne compare MoxeT oka3aTbCs bonee
-- 90GEKTMBHLIM AN CHOXHBIX TUMOB.
compare X y

| x==y = EQ

| x ==y = LT

| otherwise = GT
X <=y = compare x y /= GT
X <y = compare X y == LT
X >=y = compare xy /= LT
X >y = compare X y == GT
max X y

| x <=y =y

| otherwise = x
min x y

| x <=y =

| otherwise =

Bce dyHKIMY Onpe/iesieHsl B IeKIapaTUBHOM cTrute. Tum Ordering KoAupyeT pe3yJibTaT olepanyuy CpaBHEHMS.
JlBa umcsa Moryt GBITh JI6O paBHEI (3HaueHHe EQ), OO mepBoe MeHblle BTOpOro (3HaueHue LT), ubo mepBoe
6oJiblile BTOporo (3HaueHue GT).

O6paTuTe BHUMaHue Ha GYHKIMI0 compare. Mbl He UIIeM JJOCJIOBHOe olpejiesieHNe 3HaueHuil tuna 0rdering:

compare X y

| X == = EQ
| x < vy = LT
| x> vy = GT
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B osToMm ciyuyae dyHkiua compare 6bi1a OBl ompefesieHa Yepe3 ABe Apyrux GyHKnum kiacca 0rd, a MMeHHO
GoJiblile > 1 MeHbIlle <. MBI ke XOTUM MUHHUMU3HUPOBATh 4Kcjo GYHKUUI B 3TOM olpefesieHuu. [TosToMy BMecTo
3TOrO oIpejiesieH!sA MHI [ToJIaraeMcs Ha 04epéqHOCTh 00X0/a aJlbTepHATUB B OXpPaHHOM BBIDaKEHHHU.

Ecyiu mepBeIii ciiydail He MPOIIEI, TO BO BTOPOM CJIydae HeT pPa3HUIBl Mexay GyHKIUAMU < U <=. A ecJid He
MPOIIEST U 3TOT CJIy4al, TO OCTaéTCs TOJIbKO BEpHYTh 3HaueHUe GT. Tak MbI onpenennian QyHKIMIO compare yepes
ofHy ¢yHKIuIO Kjacca 0rd.

Tenepp NOCMOTPHM Ha HECKOJIBKO IMOJIE3HBIX PYHKIWI IJIA CIUCKOB. [IocMOTpUM Ha TpU OCHOBHEIE (DYHKITMU
JJIA CIIMCKOB, OJJHA U3 HUX BO3MOXHO BaM y’Xe NOPAAKOM MOoJHajjoea:

-- Mpeobpa3oBaHue cnucka

map :: (a -> b) -> [a] -> [b]
map f [] = [l
map f (x:xs) = f x : map f xs

-- OunbTpaumnsa cnucka

filter :: (a -> Bool) -> [a] -> [a]
filter p [1] =[]
filter p (x:xs) | p x = x & filter p xs

| otherwise = filter p xs

-- CBépTKa cnucka

foldr :: (@ =>b ->b) ->b ->[a] ->b
foldr f z [1] = z

foldr f z (x:xs) = f x (foldr f z xs)

[TpuBeaéM HeCKOJIbKO NpUMepoB AJ1iA ¢yHknuu foldr:

and, or :: [Bool] -> Bool
and = foldr (&&) True
or = foldr (||) False

(++) :: [a] -> [a] -> [a]
[1] ++ ys = ys
(X:xs) ++ ys = x ¢ (XS ++ ys)

concat :: [[a]] -> [a]
concat = foldr (++) []

@®yHKIMU and M Or BHINOJIHAIOT JIOTMYECKHe Oepanuy Ha cnucKkax. Tak KaxAblll KOHCTPYKTOD (:) 3aMeHseTcsA
Ha COOTBETCTBYIOIIYIO JIOTMYECKYI0 OIlepalyio, a IyCTOH CIMCOK 3aMeHseTcs Ha 3HaueHUe, KOTopoe He BJIMAeT Ha
pe3yJIbTaT BHINOJIHEHNA AAaHHOU JIOrnyeckol omeparuu. UMmeercs BBUay, 4To GyHKuuu (&& True) u (|| False)
JaloT TOT Xe pe3yJsibTar, 4YTo U PyHknuA id x = x. OyHKIUA (++) oObeJUHAET ABa CIMCKa, a yHKIUA concat
BBIIIOJIHAET Ty XK€ OIepaLKio, HO Ha CIIMCKE CIIMCKOB.

@OyHKIUA z1ip IpUHUMAaeT [Ba CIMCKa 1 CMeIINBaeT UX B CNHUCOK nap. Kak ToJbKO OAUH U3 CIMCKOB 000PBETCA
000PBETCA U CNKCOK-pPe3yJsIbTaT. JTa (PYHKIMA ABJIAETCS YaCTHHIM ciIydaeM 6oJiee obmieli dyHkuuu zipWith, koTo-
pas npuHUMaeT QYHKIMIO ABYX apryMeHTOB U [iBa CIMCKA U COCTaBJIAeT HOBHIHM CHMCOK NONAapHBIX IPUMeHeHNH!.

-- zip-bl
zip :: [a] -> [b] -> [(a, b)]
zip = zipWith (,)

zipWith :: (a -> b -> ¢) -> [a] -> [b] -> [c]
zipWith z (a:as) (b:bs) = z a b : zipWith z as bs
zipWith _ _ _ =[]

[TocmoTpuM Kak paboTarT 3TU PYHKLUHM B UHTEpIpeTaTope:

Prelude> zip [1,2,3] "hello”
[(1,’h"),(2,7e"),(3,'1")]

Prelude> zipWith (+) [1,2,3] [3,2,1]
[4,4,4]

Prelude> zipwith (*) [1,2,3] [5,4,3,2,1]
[5,8,9]

OtmetumM, 4To B Prelude Takxe onpepesieHa obpaTHaA GyHKIMA unzip:
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unzip  :: [(a,b)] -> ([al, [b])

OHa 6epé€T crrcok nap u pa3buBaeT ero Ha AgBa CIMCKa.

[Toka 110 3TUM OIpeAeIeHUAM KaXXeTCs, YTO KOMITO3UI[MOHHBIE CTHJIb COBCEM HUre He npuMenseTcs. OH BCTpe-
TWICA HaM Jub B GyHKIMM break. Ho naBaiiTe mnocMoTpyuM U Ha GYHKIUY C KOMIIO3UI[MOHHBIM CTUJIEM:

lines :: String -> [String]
lines "” = [1
lines s = Tlet (1, s’) = break (== '\n’) s

in 1 : case s’ of
[] -> [1
(_:s’") -> lines s'’

O®yHknuA line pa3buBaeT CTPOKY Ha CIIMCOK CTPOK. OTU CTPOKH OBLIIY pa3/iesieHbl B UICXOHOH CTPOKe CUMBOJIOM
nepeHoca '\n’.

OyHKIMA break MpUHUMAaeT IPeAUKAT U CIIMCOK U BO3BPAILAET ABa CIMUCKA. B mepBoM Bce 3j1eMeHTH OT Havala
CIIMCKA, KOTOPhbIe He yAOBJIETBOPAIOT IIPeAUKaTy, a BO BTOPOM BCe ocTaJibHble. Ham npeaukar (== ’'\n’) BbAesIAeT
BCE CHMBOJIBI KpOMeE IIepeHoca KapeTKu. B cTpoke

let (1, s') = break (== '\n’) s

M-=I coxpaHsieM Bce cMBOJIBL 10 ' \textbackslash n’ or Hauasia cTpoku B iepeMeHHOH 1. 3aTeM MBI peKypCUBHO
BBI3BIBaeM (YHKIMIO lines Ha ocTaBIIelcs YacTy CIKCKA:

in 1 : case s’ of
[1 -> [1

(_:s'") -> lines s’’

[Ipy 3TOM MBI POITYyCKAaeM B S’ TEPBBII 3JIEMEHT, IIOCKOJIbKY OH COAEPXKUT CUMBOJI IEPEHOCA KAPETKU.
[TocMoTpuM Ha emé oaHy GYHKIHIO A1 paGoThl CO CTPOKaMHU.

words :: String -> [String]
words s = case dropWhile Char.isSpace s of
s

->w : words s'’
where (w, s’’) = break Char.isSpace s’

S

O®yHKIMA words AesiaeT TOXe caMoe, YTO U lines, TOJIBKO Telephb B KauecTBe pa3fe/inTesid BEICTynaeT npobert.
®ynkuua dropWhile orOpaceiBaeT OT Hayasa CIMcKa BCe 3J1eMEeHTHI, KOTOphIe yAOBJIETBOPAIOT IpeAuKary. B ctpoke

case dropWhile Char.isSpace s of

M-sl OTHOBpEMEHHO OTOpackiBaeM Bce IepBble [IPoOesIbl ¥ TOTOBUM 3HaueHue JJiA IeKOMIO3UINH. Jlaiblle MBI
paccMmaTpuBaeM [[Ba BO3MOXHBIX CJIy4as AJIA CTPOK.

"> ]

->w : words s'’
where (w, s’’) = break Char.isSpace s’

S

Ecnu cTpoka mycTta, To feJiath GoJibiie Heyero. Ecyiu — HeT, MBI TakXe Kak U B IpefsAyIell GyHKIUY nprMe-
HAeM GyHKIHIO break a1 Toro, 4To6H BBIEJINTH BCE 3JIEMEHTH KpoMe npobesia, a 3aTeM PeKypPCHBHO BBI3bIBAEM
dyHKIMI0 Words Ha OCTaBILIeNCA YacTU CIIMCKA.

4.6 Kparkoe conepxaHue

B 3TO¥1 ry1aBe MBI y3HAJIU OY€Hb MHOT'O HOBBIX CUHTAKCHYeCKUX KOHCTPYKLUI JJIA onpeaesieHus yHkuuit. OHU
TOABJISLTNCH TapaMul. CBeIEM UX B TaOIUILY:

DjeMeHT JlexsapaTUBHBIN CTUJIb KoMNO3UI[MOHHBIH CTUIIb
JlokasbHble IepeMeHHble || where-BbIpaXxeHus let-BBIpaxkeHUsA
JlekoMIo3unus ComnocrasiieHre ¢ 00pa3lioM B ypaBHEHUAX | case-BbIpaXeHUs
VYcnoBHBIE BEIpaXXeHUSA OxpaHHbIe BbIpaXXeHHs if-BeIpakeHUA
Onpepnenenve GyHKIUN YpaBHeHus naMbaa-pyHKInn
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Oco0eHHOCTH CUHTaKCcHuca

Hawm BcTpermsiach HOBask KOHCTPYKLHS B COIOCTABJIEHNH C 00pasLom:

beside :: Nat -> (Nat, Nat)
beside Zero = error "undefined”

beside x@(Succ y)

(y, Succ x)

OHa 1o3BOJIsIeET MIPpOBOAWTH AECKOMITIO3UIIUIO 1 AaBaTh UMA BCEMY 3HAYCHNIO OAHOBPEMEHHO. Takue BbIpaX€HUA

x@(. .

4.7

.) B aHIJIOA3BIYHON JIMTEPAType NPUHATO Ha3bIBaTh as-patterns.

YuopaxuHenus

B 5TOl1 r;maBe HaM BCTPETUJIOCh MHOT'O NOJIE3HBIX CTAHAAPTHHIX YHKIMI, NOTPEHUPYHTECh C HUMU B UHTEp-
mpeTaTope. BrI3biBaiiTe UX ¢ pa3jIMYHBIMU 3HAYEHUAMU, 3KCIIepUMEHTUpYITe.

IMonpobyiiTe onpeaeauTs GyHKINUN U3 IPEBIAYIINX IJIaB B YHCTO KOMIIO3UIIIOHHOM CTHUIE.

IMocmoTpuTe Ha Te QYHKIMU, KOTOPHIE MBI IIPOLLIN M IONPOOYHTE IepenucaTh UX ONpelesieHNs IIMBOPOT
Ha BBIBOPOT. Ecyi BBl BUJUTE, YTO 3JIEMEHT HANKCAaH KOMIIO3UI[IOHHOM CTHJIE IIepeNuIlnTe ero B AeKjapa-
TUBHOM UM Hao6opoT. ITosyuuBuiviecs QyHKIUKA MOTYT IOKa3aTbCd MOHCTPAMU, HO 3TO YIIpaXHeHUEe MOXeT
[IOMOYb BaM B 3aKpeIyIeHUM HOBBIX KOHCTPYKILMI M IOYyBCTBOBAaTb CHJIbHBIE U cJIabble CTOPOHBI TOrO MJIU
HHOTO CTWJIA.

OnpepnenuTte MOAYJIb, KOTOPHIE OyAeT BBIYMCIIATDH IJIOMIAAN IPOCTHIX GUIYpP, TPEYyTrOJbHUKA, OKPYXHOCTH,
IIpsAMOYTOJIbHUKA, Tpanenuu. [ToMHuUTe, YTO PUrypHl MOTYT 3a[]aBaThCA pa3JIMYHBIMU CclIocO6aMU.

IToTOK 3TO GECKOHEYHHBIN CIUCOK, T.€. CIHCOK, Y KOTOPOTO HeT KOHCTPYKTOpA MyCTOrO CIIHCKA:
data Stream a = a :& Stream a
Taxk HanpuMep MbI MOX€eM COCTaBUTh IIOTOK U3 Bcex uuce1 [leaHo:

nats :: Nat -> Stream Nat
nats a = a :& nats (Succ a)

Nnu IIOTOK, KOTOprfI COAEPXUT OAUH U TOT Xe€ 3JIEMEHT:

constStream :: a -> Stream a
constStream a = a :& constStream a

Hanumite MOAyJib Jis MOTOKOB. B mepByio ouepens HaM MOHAH006ATCA QYHKI[UU BbIIeJIEHUs YacTell IOTOKa,
MMOCKOJIBKY MBI HE CMOX€EM pacIevyaTaTh MOTOK [eJIMKOM (Beb OH GeCKOHEYHBIH):

-- MNepBbll 3NeMeHT MNoToKa
head :: Stream a -> a

-- XBOCT MOTOKa, BCE& KpoOMe MNepBOro 3J1eMeHTa
tail :: Stream a -> Stream a

-- N-Tbii 31EMEHT NOTOKa
(!!) :: Stream a -> Int -> a

-- BepéT M3 noToka HEeCKOsSIbKO MepBbIX 3/1EMEHTOB:
take :: Int -> Stream a -> [a]

WmeHa 3Tux QyHKIMI OyQyT COBIAAATh C UMeHaMU (YHKIUI JJIA CIIMCKOB YTOOH M36€XaTh KOJUIU3UN UMEH
MBI BOCIIOJIb3yeMcs KBINUIMPOBAHHBIM UMIIOPTOM (DyHKIUI. JleslaeTcA 3TO Tak:

import qualified Prelude as P( onpepenenus )

CrnoBa qualified u as — kio4eBsle. Tenepb AJIA HCHOJIb30BaHUA QYHKLUNN U3 MOAyJA Prelude Mbl OyeMm
nucathb P.umadynkuun. Takyue nMeHa Ha3bBIBAIOTCA KBAIM(DUIMPOBAHHBIMU. J[JI TOrO 4TOOBI MOJIb30BAThCS
KBaJMULUPOBAaHHBIMU UMEeHaMU TOJIbKO JJ1A TeX QYHKIUH, [J11 KOTOPHIX BO3MOJXHA KOJIJIU3UA UMEH MOXKHO
MOCTYIIUTh TaK:

import qualified Prelude as P
import Prelude
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KomnuiaTop pa3bepétcs, Kakyro GyHKIMIO MBlL IMeeM B BUY.
Jl71a yno06cTBa TeCTUPOBAaHUs MOXKHO ONpeAesUTh TaKylo (GYHKI[MI0 Ie9aTH MOTOKOB:
instance Show a => Show (Stream a) where

show xs = showInfinity (show (take 5 xs))
where showInfinity x = P.init x P.++

n ”

@yHKuMA P.init BhIgEJIAET BCe 3JIEMEHTHI CIIMCKa KpoMe IocjieHero. B JaHHOM cilyyae OHa OTKYCUT OT
CTPOKU 3aKphIBaILyl0csA CKOOKy. [Tocsie a3Toro Mel fo6aBjisseM TpOETOUNe, KaK CUMBOJI 6€CKOHEYHOCTH CIIHC-
Ka.

OyHKIMN TPeoOpa3oBaHUsA IIOTOKOB:

- - Npeobpa3oBaHue noToka
map :: (a -> b) -> Stream a -> Stream b

-- OunbTpauus noTtoka
filter :: (a -> Bool) -> Stream a -> Stream a

-- zip-bl o9 NOTOKOB:
zip :: Stream a -> Stream b -> Stream (a, b)

zipWith :: (a -> b -> ¢) -> Stream a -> Stream b -> Stream c
DyHKIMA reHepalyu MoToKa:
iterate :: (a -> a) -> a -> Stream a

Ota GyHKIMA IPUHUMAET JIBa apryMeHTa: QYHKIHIO CJIEAYIOIEro 3jeMeHTa MOTOKA M 3HauyeHue I1epBOro
3JIeMeHTa [IOTOKAa U BO3BpallaeT IOTOK:

iterate fa=a (& fa :& f (f a) :&f (f (f a)) :&

Tak ¢ IIOMOIIbIO 3TOU CI)yHKI.[I/II/I MOXHO CO31aTh IIOTOK BCEX YHCEJI IleaHo ot HYJA WIN MOCTOSIHHBIHN MOTOK:

nats iterate Succ Zero
constStream a = iterate (\x -> x) a

BoamoxHO Bac YAUBJIAET TOT (I)aKT, YTO B 3TOM YIPAXHEHHUU Mbl OII€EpUPYEM 0eCKOHEeYHBIMU 3HaYE€HUAMU,
HO IIOKa MbI HE 6yZ[EM BOaBaThbCA B AE€TaJiM TOr'O KakK 3TO pa60TaeT, IIpoCTO nonpoGyﬁTe OIIpeeJINTb 3TOT
MOAyJib 1 IIOCMOTPUTE B UHTEPIIPETATOPE, UTO IOJIYyUNUTCA.
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I'maBa 5

@DYHKIUU BHICHIETO MOPAAKA

DyHKyuetl @bicuieco nopA0ka Ha3bIBaOT GYHKLNI0, KOTOpasA MOXET IPUHUMATh Ha BX0J GYHKIIMY WJIM BO3BpALaTh
dyHKIMY B KauecTBe pe3yJsibTaTa. 3a c4éT yacTU4HOro npuMeHenus B Haskell Bce ¢yHKIMM, KOTOpBIE NPUHUMAIOT
60J1ee 0OJHOTO apryMeHTa, ABJIAITCA PYHKLUUAMY BBICIIEro NOpAAKa.

B 3T0i#1 ry1aBe MBI mOoAPOOHO 06Ccy MM cocoOBI cocTaByieHus GyHkuuii, HegapoM Haskell — dyHKImoHaIBHBIHN
s3bik. B Haskell dyHKImn ABIA0TCA 09eHb rMOKUM OOBEKTOM, OHU ITO3BOJIAIOT BBIAEIATH CJIOXKHBIE CIIOCOOBI KOM-
OMHUpPOBaHUs 3HaUeHuUI. YacTo 3a CYET pa3BUTHIX CPEACTB COCTaBJIeHUA HOBBIX pyHkuuit B Haskell mosib3oBaTesp
onpenessieT JviIb 6a30Bbie GYHKIMY, I10JTy4asi OCTAJIbHBIE “HA JIETy” IMpUMeHeHVeM ABYX-TPEX ONeparyi, 3TO Bbl-
IJIAOUT IPUMEPHO Kak (2+3)*5, rae BMecTo 4ucesl cTOAT 6a30Bble GYHKI[MMU, a Ollepalliyl + U * COCTaBJIAIOT HOBbIe
(yHKIMY U3 IPOCTEHIINX.

5.1 O6o6ménHbie GQYyHKIMHU

B sTOM pasnesie Mbl MO3HAKOMUMCA C HECKOJIBKUMU (QYHKIUAMM, KOTOPBIE IPUHUMAIOT OAHU (PYHKIIUN U COCTAB-
JIAIOT 110 HUM Jipyrure. OTu GyHKIuu ncnosib3yiores B Haskell ouens gacto. Bee onu xkuByT B MoayJte Data. Function.
MogayJib Prelude sxcnopTupyeT Ux U3 3TOI0 MOAYJIA.

(DyHKI.II/IH TOXOECTBa

Haunéwm c camotii npocroii dyHkuun. Oto dyHknua id. OHa HUUero He fiejiaeT ¢ apryMeHTOM, IIPOCTO BO3BpaliaeT
ero:

id :: a -> a
id x = x

3aueM HaM MOXeT IOHaA00UThCA Takaa pynkuua? Cama no cebe oHa OecnoJie3Ha. OHa npuoOpeTaeT LIEHHOCTh
[P COBMECTHOM MCIIOJIb30BaHUU € APYTUMU QYHKLUHUAMH, I03TOMY IT0OKa Mbl He OyJieM NIPUBOAUThL IPUMEpOB.
KoHcTanTHas yHKIUA

Crnenyrpomas ¢GyHKOUA const IpHHUMaeT 3HaueHKe 1 BO3BpallaeT NOCTOAHHY QyHKINUI0. OTa QyHKINUA Oyaer
BO3BpallaTh KOHCTAHTY AJIA JII0OOT0 NepeJaHHOro B He€ 3HaYeHU:

const :: a ->b -> a
const a _ = a

@OyHKUUA const ABJIAETCSA KOHCTPYKTOPOM HOCTOSAHHBIX (GYHKIMI, TaKk HalpuMep MBI HOJIy4aeM MATEPKU HA
J1I06011 apryMeHT:

Prelude> let onlyFive = const 5
Prelude> :t onlyFive

onlyFive :: b -> Integer
Prelude> onlyFive "Hi”

5

Prelude> onlyFive (1,2,3)
5

Prelude> map onlyFive "abracadabra”
[5,5,5,5,5,5,5,5,5,5,5]
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C e€ MOMOIIBI0 MBI MOXEM JIETKO ITIOCTPOUTH U MTOCTOAHHYI0 QYHKIIMIO IBYX apIryMEHTOB:
const2 a = const (const a)

BciomHuM onpenesnienue i &&:

(&) :: Bool -> Bool -> Bool
(&&) True X =X
(&%) False _ = False

C nomompo GYHKIME id ¥ const MBI MOXeM COKPaTUTh YHCJIO apI'YMEHTOB M YpaBHEHUI:

(&%) :: Bool -> Bool -> Bool
(&) a = if a then id else (const False)

Taxke MBI MOXeM OIpefesIuTh U JIOTh4YecKoe "Uin”:

(]]) :: Bool -> Bool -> Bool
(]]) a = if a then (const True) else id

DOyHKIUA KOMIIO3UIINH

OYHKIVA KOMIO3UIUY IPUHUMAET ABe GYHKINM U COCTAaBJIAET U3 HUX MOCIeq0BaTeJIbHOE IpUMeHeH e (PyHK-
LUI:

(.) :: (b =>¢c) -> (a -=>b) ->a ->c
(.) fg=\x->f (g x)

Ot0 oueHs nosie3Has GyHknyA. OHA [103BOJIAET HAHU3BIBATh QYHKIMY APYT HA Apyra. Msl HepexBaThIBaeM BEIXO/
BTOpOM GYHKIMH, cpa3y MOJCTaBJIseM ero B IepBYI0 U BO3BpallaeM e€ BBIXOJ] B KauecTBe pe3ysbrara. Hampumep
IepeBepHEM CIHICOK CHMBOJIOB U 3aTeM cjlejlaeM Bce OyKBbI 3arJIaBHBIMMU:

Prelude> :m +Data.Char
Prelude Data.Char> (map toUpper . reverse) "abracadabra”
" ARBADACARBA”

[TpuBenémM npuMep NoCJI0XKHee:
add :: Nat -> Nat -> Nat
add a Zero = a

add a (Succ b) = Succ (add a b)

Ecsm Mb1 onipeieniuM QyHKINIO CBEPTKY J1A Nat, KoTopas 6y1eT 3aMeHATh B 3HaueHnH Tuna Nat KOHCTPYKTOPEI
Ha COOTBETCTBYIOIIME 10 TUITy YHKIIHN:

foldNat :: a -> (a -> a) -> Nat -> a
foldNat zero succ Zero = zero
foldNat zero succ (Succ b) = succ (foldNat zero succ b)

To MBI MOXeM nepenucarb ¢ IOMOILIBIO (I)yHKLII/II/I KOMIIO3UILIUU 3Ty (I)yHKLII/IIO TakK:

add :: Nat -> Nat -> Nat
add = foldNat id (Succ . )

Kyna pgenuce aprymeHTH? OHU BhIpakaloTcA yepe3 ¢yHKIuU id u (. ). IloBegeHne 3Toll GyHKINUM JTydllle Ipo-
WJUTIOCTPUPOBATh Ha npuMepe. IlycTh y Hac ecThb ABa yucia tumna Nat:

two = Succ (Succ Zero)
three = Succ (Succ (Succ Zero))
Boerunciium

add two three

BenoMHUM 0 YacTUYHOM IIPpYMEHEHUU:
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add two three
=> (add two) three
=> (foldNat id (Succ . ) (Succ (Succ Zero))) three

Tenepb QyHKIMSA CBEPTKM 3aMEeHUT BCe KOHCTPYKTOPEI Succ Ha (Succ . ), a KOHCTPYKTOpPHI Zero Ha id:
=> ((Succ . ) ((Succ . ) id)) three
Yro 3TO 3a MOHCTpP?
((Succ . ) ((Succ . ) id))
®ynkuua (Succ . ) 3TO JIeBoe ceyeHMe onepauui (. ). OTa QyHKIUsA, KOTopasd NprHUMaeT GyHKIUU U BO3Bpa-

maeT yHkuny. OHa npuHUMaeT GYHKIMIO 1 HaBelBaeT Ha e€ BBIXOJ] KOHCTPYKTOp Succ. JlaBaiiTe yIpPOCTUM 3TO
60J1BIII0E BBIpPAXKEHME C IIOMOIIBI0 onpeaeseHnit GyHKIu (. ) u id:

((Succ . ) ((Succ . ) id))
=>  (Succ . ) (\x =-> Succ (id x))
= (Succ . ) (\x -> Succ x)

= \X =-> Succ (Succ x)
Temneps HaM OCTaJIOCh MPUMEHUTH K 3TOM (QYHKIIMU Hallle BTOPOe 3HaueHUe:

(\Xx => Succ (Succ x)) three
=> Succ (Succ three)
=> Succ (Succ (Succ (Succ (Succ x))))

Taxk MBI MOJIYYHJIM, YTO U OXHAAJIOCH OT CJIOXEHU:A. 3a KaX[blil KOHCTPYKTOP Succ B [IEPBOM apryMeHTe MBI
nobasiisieM NpUMeHeHHe Succ K pe3yJbTaTy, a BMECTO Zero IpoTackhBaeM uepe3 id BTOpPOIl apryMeHT.

AHaJjiorus ¢ 4ymucJjiaMu

C nomoutpo GYHKIIMM KOMIO3UIIMM MBI MOXEM HAaHU3BIBATh APYT Ha Apyra cnucku GyHKiuil. ITonpobyeMm B
WHTepIpeTaTope:

Prelude> let f = foldr (.) id [sin, cos, sin, cos, exp, (+1), tan]
Prelude> f 2

0.6330525927559899

Prelude> f 15

0.7978497904127007

Oyukiusa foldr 3aMeHUT B CIIMCKe KOKOBIH KOHCTPYKTOP (:) Ha (PYHKIMIO KOMITO3UINH, a MyCTON CIIMCOK Ha
dyHkmuio id. B pe3ysbpTare nojyyaercs KOMIO3UIUSA 13 BceX PYHKIUI B CIIVICKe.

ODTO ouyeHb NTOXO0XKe Ha CJIOKeHHe WM YMHOXeHHe drcesl B crnycke. [Ipyu 3ToM B KadecTBe HyJIA (1A CJI0XKEHUA)
WIA eJUHULB! (AJ11 YMHOXeHHA) MBI Hcnojb3yeM GyHkuuoo id. MBI moJjib3yeMcs TeM, YTO 10 OIpejesIeHHI0 AJIA
06011 GyHKIMY T BBIOJTHEHB! TOX/ECTBA:

f . id == f
id . f == f

HOC—)TOMy MBI MOX€eM MCIO0JIb30BaTh id B KaueCcTBe HaKOMMUTEJIA pe3yJjibTaTa KOMIIO3UILIMY, KaK B CJIy4ae:

Prelude> foldr (*) 1 [1,2,3,4]
24

Eciu cpaBHUTSH (.) ¢ yMHOXeHUeM, TO id moxoxe Ha eIMHUILY, a (const a) Ha HOJIb. B camoMm fieste [y1d 10601
dyHknuu f 1 J11060r0 3HaUeHUs a BHIIOJIHEHO TOXIECTBO:

const a . f == const a

MsI ¢710BHO yMHOXaeM (yHKIMIO Ha HOJIb, Jiejias e€ BhlYKcIIeHre 6€CCMBICTIEHHBIM.
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(DYHKI.II/IH nepecrTaHoBKH

@OyHKIUA nepecTaHoBKY flip npuHUMaeT GYHKIMIO JBYX apryMeHTOB U MeHseT apryMeHThl MeCTaMuU:

flip :: (@ ->b ->¢) ->b ->a ->c
flip f xy = fyx

K mpuwmepy:

Prelude> foldr (-) 0 [1,2,3,4]

-2

Prelude> foldr (flip (-)) 0 [1,2,3,4]
-10

I/IHOF,E[a 3TO OGbIBaeT IOJIE3HO.

DOyHKIHMA On

O®yHkuA on (0T aHIJI. Ha) Nepef IpUMeHeHHeM OMHapHOIN QYHKLHM MPONYyCKaeT apryMeHTHl Yepe3 yHapHYI0
$ynKLMIO:

on :: (b ->b ->c¢c) -> (a ->b) ->a ->a ->c
(.*.) ‘on f=\xy ->fx .* fy

OHa yacTo HCIOJIb3yeTcs B coueTaHuu ¢ PpyHkmen sortBy u3 moaynsa Data.List. 3ta QyHKIUA UMeeT TUIL:
sortBy :: (a -> a -> Ordering) -> [a] -> [a]

OHa copTupYyeT 3JIeMeHTHI CIIMCKA COrJIaCHO HeKOTOpoH GyHKuuM ynopsafgounsanua f :: (a -> a -> Ordering).
C nomopio GyHKIMKA 0N MBI MOXEM JIETKO COCTaBUTh TaKylo QYHKIMIO Ha JIEeTy:

let xs = [(3, "John”), (2, "Jack”), (34, "Jim”), (100, "Jenny”), (-3, "Josh”)]
Prelude> :m +Data.List Data.Function

Prelude Data.List Data.Function>

Prelude Data.lList Data.Function> sortBy (compare ‘on‘ fst) xs
[(-3,"Josh”),(2,"Jack”),(3,”John"),(34,”3im"), (100, ”Jenny”)]

‘on’ fst) xs)

‘

Prelude Data.lList Data.Function> map fst (sortBy (compare
[-3,2,3,34,100]

Prelude Data.lList Data.Function> map snd (sortBy (compare
["Josh”,”Jack”,”John”,”Jim"”,”Jenny” ]

‘

on‘ fst) xs)

Mbl KUMIOPTUPOBAJIM B UHTepIpeTaTop MoAyJab Data.List mna ¢yHknum sortBy a Takke MOAYyJb
Data.Function mia dyHkuuy on. OHM He NMIOPTUPYIOTCA MoAyJieM Prelude.

BripaxxeHuem (compare ‘on‘ fst) Mbl cocTaBuin GyHKLIUIO
\a b -> compare (fst a) (fst b)

fst = \(a, b) -> a

Tem cambIM BBesIM QYHKIIUIO YIIOPsI0UMBAHUA Ha [Tapax, koTopas 6yJieT cpaBHUBATh [Tapkl 110 IIEPBOMY 3JIeMeH-
Ty. OTMeTHM, 4TO aHAJIOTMYHOTO 3¢ deKTa MOXHO JOOUTHCA C TOMOLIBI0 GYHKIMY comparing u3 MoayJis Data.Ord.
(DYHKI.II/I}I NIpUMEHEHUA

Emgé ofgHoIl oueHb rosie3Hoi yHKI[Hel sABsgeTcsa GyHKUNA npuMeHeHus ($). [locMoTpuMm Ha eé onpepiesieHue:

($) :: (@ =>b) =>a ->b
fé$x = fx

Ha nepBhIil B3rIA/ €€ onpeiesieHre MOXeT IoKa3aThcs OeCCMBICTIEHHBIM. 3a4eM HaM CIelUaIbHBIA 3HAaK JJIA
[IpUMEHEeHUs, eCJIN Y Hac yXe ecTb pobes? [l oTBeTa Ha 3TOT BOIPOC HAM NPUIETCA IO3HAKOMUTHCH C IPUOPU-
TeTOM MHOUKCHBIX Olleparuil.
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5.2 IIpuopureT HHPUKCHBIX ONepaIui

B Haskell oueHp yacTo MCIOJIB3yIOTCA GUHAPHBIE ONEpalvy JIA cocTaByieHus QyHKIui “Ha JieTy”. B atom mo-
MOTaeT M YacTUYHOEe NPUMEHEHHE, MBI MOXEM B OJHOM BBIDAXXEHUU MPUMEHUTH K (PYHKIUU YaCTh apryMeHTOB,
MIOCTPOUTh U3 Heé HOBYIO (PYHKIIMIO C IIOMOIIbI0 KaKOH-HUOYAb Takoll OMHApHOU onepaiyy 1 BCE 5TO MepeaaTh B
ApyTyio QyHKIuio!

J1s1 cokpaleHus yrcyia CkoboK HaM IOHAJo0UTCA pa300paThCsa B IOHATUY IPUOPUTETA oneparuu. Tak Hampu-
Mep B BbIpaXXe€HUU

>2+ 3 %10
32

Mb1 noJjiara€éM, 4To yMHOXEHHNE NMEET OOJIBIINI NpUOPUTET YeM CJIOXKEHHE U CO cKoOKaMu 3TO BbIpaXX€HUe
6y/:[eT BBII'VIAAETDH TaK:

> 2 + (3 *10)
32

®paza “60IpIINI IPUOPUTET” 03HAYAET: CHAaYala YMHOXeHNe [TOTOM cJIoXeHre. MBI Bcerja MoXxeM N3MEHUTD
[I0BeJIeHVe 110 YMOIYAHUIO C IIOMOIIBI0 CKOOOK:

> (2 +3) *10
50

B Haskell npuopureTr QyHKIMIT CKJIaABIBAETCA U3 JBYX MOHATUI: CTAPIIMHCTBO U aCCONMATUBHOCTh. CTapIInH-
CTBO OIlpeJieJiseTcs YKicjaaMu, OHA MOryT ObITh OT O 10 9. Uem Gosibllie 3TO YMCJIO, TEM BhIIe IPUOPUTET QYHKIUI.

CTapIIMHCTBO MCMOJIb3YeTCA BRIUMCINTEIeM AJIA TPYNIUPOBKY Pa3HBIX ONepaluii, HanpuMmep (+) UMeeT cTap-
LIMHCTBO 6, a (*) nMmeeT cTapIMHCTBO 7. [TosTOMY MHTEpIIpeTaToOp CHavaja CTaBUT CKOOKU BOKPYT BHIPAXEHUS C
(*), a3aTeM BOKpyT (+). Cunraercs, 4To 00bIYHOE NpedrKCcHOe NprMeHeHNe nMeeT Beicmuii pruoputeT 10. Hesnb3s
3aJaTh IPUOPUTET BhIIlIe IIPUMeHeHNs], 5TO 3HAaUUT, UTO omepanusa “npobesn” OyAeT Bceraa BHIIOJIHATHCA IepBOM.

AcconuaTuBHOCTb UCNOJIb3yeTCs AJIA TPYNNUPOBKU OAMHAKOBBIX OIeparuii, HanpuMmep Mbl BUANM:

1+2+3+4

Kak HaMm ObITE? MBI MOXeM I'pyINHpOBaTh CKOOKH cJieBa HallpaBo:
((1+2)+3)+4

Wiy cripaBa HaseBo:

1+(2+(3+4))
OTBeT Ha 3TOT BOIPOC JAET acCOIMAaTHBHOCTh, OHa OBIBaeT JieBas U npasasd. Hanpumep onepauuu (+) (-) u (¥)
ABJIAIOTCSA JIeBO-aCCOLIMATHUBHBIMH, a ollepalys BO3BeJleH!s B CTeleHb () ABJIAeTCS IpaBO-acCOMAaTHUBHOM.

1+2+3==(1+2)+3
17273 == 1" (2" 3)

[TpuoputeT GyHKINYU MOXHO Y3HaTh B MHTepIIpeTaTope C IOMOIIbI0 KOMaH/HI : i:

*FunNat> :m Prelude

Prelude> :i (+)

class (Eq a, Show a) => Num a where
(+) :: a ->a -> a

-- Defined in GHC.Num
infixl 6 +
Prelude> :i (*)
class (Eq a, Show a) => Num a where

(*) :: a ->a ->a

-- Defined in GHC.Num
infixl 7 *
Prelude> :i (%)
(%) :: (Num a, Integral b) =>a ->b -> a -- Defined in GHC.Real
infixr 8 ©

MpropuTeT MHGUKCHbIX onepaumii | 75



[TpuopureT ykaspiBaeTcsa B cTpoukax infixl 6 +wu infix1l 7 *. [ludpa ykaspiBaeT Ha CTAPIIMHCTBO ONEpAIH,
a cypdukc 1 (ot anru. left — eBas) unu r (ot aHru. right — npasas) Ha acCOIMAaTUBHOCTD.

Ecyii MBI cO3[jaJTi CBOI0 (QYHKI[MIO, MBI MOXEM ONpPeJesIUTh IJis Heé acCOLUAaTUBHOCTD. [[Jif 3TOTO MbI MUIIEM B
Kofe:

module Fixity where
import Prelude(Num(..))

infixl 4 **x*
infixl 5 +++

‘ ‘

infixr 5 ‘neg
(FF¥) = (*)
(+4++) = (+)
neg = (-)

Ms&1 BBeJIM HOBBIE onepanv ¥ NOMEHAJIN CTapIIMHCTBO onepaunﬁ CJIOXEHUA U YMHOXEHUA MeCTaMU U U3Me-
HWJIN aCCOUAaTUBHOCTD y BbIYUTAHUA. HpOBepI/IM B MHTEpIIpETaTOpE:

Prelude> :1 Fixity

[1 of 1] Compiling Fixity ( Fixity.hs, interpreted )
Ok, modules loaded: Fixity.

*Fixity> 1 + 2 * 3

7
*Fixity> 1 +++ 2 *** 3
9
*Fixity> 1 - 2 - 3
-4
*Fixity> 1 ‘neg‘ 2 ‘neg‘’ 3
2
[TocMOTpHM Kak 3TO BBIYMCJIAIIOCH:
1 + 2 * 3 = 1 + (2 * 3)
1 +++ 2 ¥FF 3 == (1 +++ 2) *¥F 3
1 - 2 - 3 = (1 - 2 - 3
1 ‘neg’ 2 ‘neg 3 == 1 ‘neg’ (2 ‘neg’ 3)

Taxxe B Haskell ects qupextuBa infix 3To TOXe camoe, uto u infixl.

IIpuopuTeTr PyHKIINM KOMIIO3ULNH

[TocMoTpyM Ha mpruoOpUTET GYHKINN KOMITO3ULNN:
Prelude> :i (.)

(.) :: (b -=>¢c) -> (a ->b) ->a ->c¢ -- Defined in GHC.Base
infixr 9 .

Ona uMeeT BbIcIIMI IpuopuTeT. OHA OYeHb YaCTO MCMOJIb3yeTCs MpU onpefesieHnH GYHKIUU B 6eCcTOYeuHOM
ctuie. Takada QyHKIMA I0X0Xa Ha KOHBeliep QyHKIMN:

fun a = funl a . fun2 (x1 + x2) . fun3 . (+x1)

HpI/IOPI/ITeT (1)YHK]J,’I/II/I MNpUMEHEHUA
Tenepb NOCMOTPUM Ha IOJIHOE onpefesieHre GyHKIUN NPUMeHEeHUA:
infixr 0 $

($) :: (@ -=>b) ->a ->b
f$x = fx

OTBeT Ha BOIIPOC O MOJIE3HOCTH 3TON GYHKIMH KpoeTcs B eé npuopurere. Eil Ha3HaueH caMblil HU3KHUI [IPHO-
puter. OHa OyZeT UCIOHATHCSA B IOCJIEAHIOK odepeb. O4eHb YacTO BO3HUKAIOT CUTyalluy BpoJe:
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foldNat zero succ (Succ b) = succ (foldNat zero succ b)

C noMmomipio PyHKIUM IPUMEHEHNs MBI MOXeM MepenucaTh 3TO onpeesieHrue Tak:
foldNat zero succ (Succ b) = succ $ foldNat zero succ b

Ecyii 651 MBI Hanmcaau 6e3 CKoOOK:

= succ foldNat zero succ b

To BeIpaxxeHHe ObLIO OBl CTPYNIIHPOBAHO TaK:

= (((succ foldNat) zero) succ) b

Ho nockosibky MBI nocTaBuin 6apbep B Bue onepanuu ($) ¢ HU3KUM NPUOPUTETOM, TPYNNHUPOBKA CKOOOK
NPOM30ONIET TakK:

... = (succ $ ((foldNat zero) succ) b)

JTO KaK pa3 TO, 4YTO HaM HYXHO. HpeI/IMyH.IeCTBO 9TOro mnmoaxoda MpoOABJIAECTCA 0co6eHHO APKO eCJim 'y Hac
HECKOJIbKO BJIOXKEHHBIX ('I)yHKI.II/Iﬁ Ha KOHII€ BBIpa’XX€HUA:

xs :: [Int]
xs = reverse $ map ((+1) . (*10)) $ filter even $ ns 40

ns :: Int -> [Int]
ns 0 =[]
nsn =n:ns (n-1)

B cniucke xs MBI CHavaJia CO31aéM B (I)yHKIII/II/I ns YGBIBaIOHII/Ifl CIIMCOK 4YMcCeJI, 3aTeM OCTaBJIAEM JINIIb ‘IéTHI)Ie,
IIOTOM IIpUMEHAEM ABa apI/I(I)METI/I‘-IeCKI/IX ﬂeﬁCTBI/IH KO BCE€M 3JIEMEHTaM CIIMCKa, 3aTEM II€peBOpauYrBaeM CIIMCOK.

[IpoBepuM paGoTaeT Jix 3TO B MHTEPIPETATOPE, 320AHO OYIPAXKHAEMCS B KOMIIO3UI[IOHHOM CTHUIE:

Prelude> let ns n = if (n == 0) then [] else n : ns (n - 1)
Prelude> let even x = 0 == mod x 2
Prelude> let xs = reverse $ map ((+1) . (*10)) $ filter even $ ns 20

Prelude> xs
[21,41,61,81,101,121,141,161,181,201]

Eciu 661 He (I)yHKLII/IH MIpUMEHEHWA HaM NPUILJIOCh OBl HAIKCATh ITO BbIpaXX€HUE TaK:

xs = reverse (map ((+1) . (*10)) (filter even (ns 40)))

5.3 OyHKIUOHAJbHBIN KaJbKYJIATOP
MHe GBI XOTeJIOCh cAesIaTh aKIeHT Ha OJIHOM U3 BCTYIIUTEJIbHBIX IPpeJIoKeHNIT 3TOro paszesa:

3a cuéT pa3BUTHIX CPE/ICTB COCTaBJieHHsA HOBBIX (yHKuuil B Haskell mosib3oBartess onpenesisger Jummb
6a30Bble QYHKI[UY, IOJIyYas OCTajIbHble “Ha JIeTy” NMpUMeHeHUeM ABYX-TPEX olepanuii, 3TO BRIIJIAAUT
MPUMEPHO Kak (2+3)*5, rae BMeCTO 4nceJl CTOAT 0a3oBble (PYHKINU, a ONepanuu + U * COCTaBJIAIT
HOBBIe QYHKIMU U3 [IPOCTENIINX.

Takue 06061méHHbIe QYHKINHU Kak id, const, (.), map filter mo3BOJIAIOT OYeHb JIerko KOMOMHUPOBATh pa3Jiny-
Hble QyHKIUU. becToveuHbIl cTUIb 3anucu QyHKIUI npeBpamiaeT pyHKIUN B IPOCTHE 3HAYEHUA WJIM 3HaUeHUs-
KOHCTaHThI, KOTOPble MOXXHO IOJICTaBJIATh B Apyrue GyHKIUKU. B 5TOM pa3fesie Mbl HEMHOI'O IOTPEHUpPYeMCH B Iie-
perpyske YMCJIeHHBIX 3HAYeHUI U peBpaTuM uyucia B PyHKIUY, QYHKIMN U B CAaMOM jieJie CTaHyT KOHCTaHTaMH.
M= onipeiesiiM 3Kk3eMIUIAp Num 11 GyHKIME, KOTOphle BO3BpaljaloT yrcyia. CMBICII 3THX Ollepaluii 3aKjioyaeTcs B
TOM, UTO Telepb Mbl IpUMeHseM OOBIYHbIE Ollepaliy CJI0XeHUA YMHOXeHUA K PYHKUUAM, apr'yMeHT KOTOPBIX COB-
nagaet no tuny. Hanpumep A1 TOro 4To0bl YMHOXUTE PyHKIUM \t -> t+2 1 \t -> t+3 MBI coCTaBjisieM HOBYIO
dyukmuio \t -> (t+2) * (t+3), KOTOpas HoJiy4aeT Ha BXOJ 3HAUeHUe t IPUMEeHSET ero K KaxAou 3 GyHKIui 1
3aTeM YMHOXaeT pe3yJIbTaThl:
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module FunNat where

import Prelude(Show(..), Eq(..), Num(..), error)

instance Show (t -> a) where

show _ = error "Sorry, no show. It’s just for Num”
instance Eq (t -> a) where
(==) _ _ = error "Sorry, no Eq. It’s just for Num”

instance Num a => Num (t -> a) where
(+) = fun2 (+)

(*) = fun2 (*)

(-) = fun2 (-)

abs = funl abs
signum = funl signum

fromInteger = const . fromInteger

funl :: (a -> b) -> ((t -> a) -> (t -> b))
funl = (.)

fun2 :: (@ => b ->c¢) -> ((t ->a) -> (t ->b) -> (t ->c))
fun2 opab=\t ->at ‘op’ bt

®ynkuuu funl u fun2 npespamarT GyHKIMY, KOTOPBle IPUHUMAIOT 3Ha4eHUs, B GYHKIMYU, KOTOPble IIPUHU-
MamwT Apyrue QyHKIUU.

HM3-3a KOHTeKcTa kjaacca Num HaM MpUILIOCh OOBABUTH ABAa GUKTUBHBIX SK3eMILIApa AJA KjiaccoB Show u Eq.
3arpys3um MofgyJsib FunNat B MHTepIpeTaTop U MOCMOTPUM YTO Xe Y HacC MOJTy4YnJIOCh:

Prelude> :1 FunNat.hs

[1 of 1] Compiling FunNat ( FunNat.hs, interpreted )
0k, modules loaded: FunNat.
*FunNat> 2 2

2

*FunNat> 2 5

2

*FunNat> (2 + (+1)) 0

3

*FunNat> ((+2) * (+3)) 1

12

Ha mepBbIil B3TJIsA KaXeTCS YTO BbipaxkeHue 2 2 He [OJIKHO MPOUTH MPOBEPKY THUIIOB, BE€Ob MBI MPUMEHSIEM
3HavYeHUe K KoHcTaHTe. Ho Ha caMoM fieJie 2 3TO He KOHCTaHTa, a 3HaueHue 2 :: Num a => a U MOZACITYIHO K JBOIKe
npuMeHserca GyHkima fromInteger. [TocKoIBKY B HaleM MOJYJIE MBI ONPEAESTHIIN 3K3eMIUTAp Num Ui QyHKIHI,
BTOpOE YKCJIO 2 OBLJI0 KOHKPETU3UPOBAHO M0 YMOJIYaHUI0 10 Integer, a mepBoe 4Kcjio 2 6bLI0 KOHKPETU3UPOBAHO
no Integer -> Integer. KoMOWIATOp BBIBEJ M3 KOHTEKCTA, UYTO MOA 2 MbI MoOHMMaeM ¢yHKIuo0. OYHKIMA ObUIa
co3faHa ¢ nmomoiibio MeroAa fromInteger. Ota QyHKIMA IPUHUMAET JII000€e 3HAYEHKE 1 BO3BpAIIaeT ABOUKY.

Janee MBI CKJIaJipIBa€M U IepeMHOXaeM QYHKIIUU CJIOBHO 3TO OOBIYHbIE 3HAYEHUs. UTO MHTEPECHO MBI MOXEM
COCTaBJIATh U TaKue BhIPAKEHUS:

*FunNat> let f = ((+) - (*))
*FunNat> f 1 2
1

Kak 6bl1a BeIUMCIIeHA 3Ta GyHKUUA? MBI onpefesnin 5K3eMIUIAp QyHKIUN A4 3HaueHuH Tuna Num a => t
-> a. Ecsii MBI BCITOMHIM, 4TO QYHKIMA IBYX apryMEHTOB Ha cCaMoM JieJie ABJigeTcA GyHKIMeH OQHOro apryMeHTa:
Num a => tl1 -> (t2 -> a), MBI 3ameTuM, 4TO T!N Num a => (t2 -> a) npuHamIexuT Num, Telephb ecju Mb
0003HauMM ero 3a a’, TO MBI IOJIy4dM TUI Num a’ => t1 -> a’, 3To coBHafaeT C HallUM MCXOAHBIM 9K3eMILIAPOM.

[MosydaeTcs, 4To 3a CYET MeXaHU3Ma YaCTUYHOTO NPUMEHEHU MBI OAHMM MaXOM OIpeAesInIN 3K3eMILIAPLL Num
U GYHKIUH 1106020 YKc/Ia apryMeHTOB, KOTOpBle BO3BpAlaloT 3HaYeHue Tuma Num.

Hrax pynkuus f nmeer Bun:

\tl t2 -> (t1 + t2) - (t1 * t2)

[logcTaBuM 3HAYEHUS:
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(\tl t2 -> (t1 + t2) - (t1 * t2)) 1 2
(\t2 -> (1 + t2) - (1 * t2) 2

(1 +2) - (1*2)

3 -2

1

Teneps faBaliTe COCTABUM HECKOJIBKO BHIPAXXEHU! ¢ 0000mEHHKMY PyHKIMAMU. [ 3TOro 106aBuM B MOAYJIb
FunNat aupextuBy umnopTa GyHKINH 1u3 MoAyJiA Data. Function. Takxe 1o6aBUM HECKOJIBKO OCHOBHBIX (DYHKITMI
IIJI COUCKOB M KJiacc Ord:

module FunNat where
import Prelude(Show(..), Eq(..), Ord(..), Num(..), error)

import Data.Function(id, const, (.), ($), flip, on)
import Prelude(map, foldr, filter, zip, zipWith)

" 3arpy3viM MoOAyJib B UHTEPIIpETATOP:

Prelude> :load FunNat
[1 of 1] Compiling FunNat ( FunNat.hs, interpreted )
0k, modules loaded: FunNat.

CocTtaBuM (I)yHKLII/IIO, KOTOpaA NpyUHUMAaeET OAVH apryMeHT, YMHOXAET €ro Ha 1Ba, BbIYUTAET 10u 6epéT MoAyJib
qucia.

*FunNat> let f = abs $ id * 2 - 10
*FunNat> f 2

6
*FunNat> f 10
10
JlaBatiTe IOCMOTPUM Kak ObljIa cOCTaBJjieHa 3Ta PYHKIMA:
abs $ id * 2 - 10
=> abs $ (id * 2) - 10 -- NPUOPUTET YMHOXEHUSN
=> abs $ (\x -> x * \x ->2) - 10 -- pa3BepHéM id un 2
=> abs $ (\x -> x * 2) - 10 -- no onpepenexuw (*) gna QyHKUMRA
=> abs $ (\x -> x * 2) - \x -> 10 -- pa3BepHéM 10
=> abs $ \x -> (x * 2) - 10 -- no onpepenenunio (-) ana GyHKUWRA
=> \Xx ->abs x . \x -> (x * 2) - 10 -- no onpepenexHuw abs ona QyHKUMRA
=> \x -> abs ((x * 2) - 10) -- no onpepenexuio (.)

=> \x -> abs ((x * 2) - 10)
OyHKIVA BO3BeNeHNs B KBagparT:

*FunNat> let f = id * id

*FunNat> map f [1,2,3,4,5]
[1,4,9,16,25]

*FunNat> map (id * id - 1) [1,2,3,4,5]
[0,3,8,15,24]

OOpaTuTe BHUMaHKE Ha KPaTKOCTh 3anucu. B aToMm BelpaxeHuu (id * id - 1) mposBiAeTcA OCHOBHOE IIpe-
UMYIIecTBO 6eCTOYeYHOr0 CTUJIA, N36aBUBIINCH OT apTYMEHTOB, MBI MOXXeM I10J1b30BaThCA QYHKIUAMU TaK, CJIOBHO
3TO MPOCTHIE 3HAYeHUA. DTOT npuéM ucnosipbdyercs B Haskell ouenp akTuBHO. [Toka HaM BCTPETHJIUCH JIMIIb JBE
WHOGUKCHBIX oneparuu Ay GyHKIUA (3TO KOMIIO3UINA U IPUMEHEHHe C HU3KHUM IPUOPUTETOM), HO B Oy IyIieM BB
CTOJIKHETECH C [{eJIBIM MOpeM IToI00HBIX onepanuii. Bce oHU city’XaT OAHOM L{eJIy, OHU IPAYYT apryMeHThl GYHKINY,
I103B0JIAAA OBICTPO COCTABJIATh PYHKLUNU HA JIeTy M3 NPUMUTHUBOB. UTOOH! He 3axJIeOHyThCA B 3TOM MOpe IIOMHUTE,
YTO CKOpee BCEero HOBBI CHMBOJI O3HadaeT JIMOO KOMIMO3ULUI0 JIMOO NMpHUMeHeHue 1A QYHKUUH ClelnuaJbHOro
BUAA.

Bo3BeiéM B 4eTBEPTYIO CTENEHb:
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*FunNat> map (f . f) [1,2,3,4,5]
[1,16,81,256,625]

CocTtaBuM (PYHKIUIO ABYX apryMeHTOB, KOTOpas OyIeT BBIYMCJIATh CyMMY KBaApaToOB ABYX apI'yMeHTOB:

*FunNat> let x = const id
*FunNat> let y flip $ const id
*FunNat> let d = x * x +y *y
*FunNat> d 1 2

5

*FunNat> d 3 2

13

Tak MbI cocTaBuiv QyHKINIO, HA TpUberas K NIOMOIIY apTyMeHTOB. DTU BHIPaXXeHHs MOT'YT CTaTh YaCThi0 APYTUX
BBIpaXXE€HUI:

*FunNat> filter ((<10) . d 1) [1,2,3,4,5]

[1,2]

*FunNat> zipWith d [1,2,3] [3,2,1]

[10,8,10]

*FunNat> foldr (x*x - y*y) 0 [1,2,3,4]

3721610024

*FunNat> zipWith ((-) * (-) + const id) [1,2,3] [3,2,1]
[7,2,5]

B nocsiieqHeM BrIpaskeHUU TPYAHO IpeyrajjaTh pe3ysbTaT. B Takux BeIpaXKeHUAX BCE-TaKu JIyyllle 10Ib30BaThCA
CHHOHMMaMU. B 6ecTouedHOM CTHJIe MBI MOXXeM HECKOJIbKUMU ollepalusaMu cobpaTh 13 6a30BbIX PYHKINN CI0XKHYIO
dyHKIMI0 1 NepenaTh e€ apryMeHTOM B APYTyio QYHKINIO, KOTOpas TakXke MOXeT Ioy4acTBOBaTh B KOMOMHAIUN
apyrux GyHKIuii!

5.4 ®ynkuuu, Bo3Bpamjapnye HecKOJbKO 3Ha4YeHUHN

Kak 65U10 cka3aHO paHee GYHKINY, KOTOPbIe BO3BPALIAIOT HECKOJIBKO 3HAaYeHMH, peann3oBaHsl B Haskell ¢ mo-
MoOIIbI0 KopTexell. HanpuMep GyHKIMA, KOTOpasA paclielIsAeT IOTOK Ha T'OJIOBY M XBOCT BHIIJIAAUT TakK:

decons :: Stream a -> (a, Stream a)
decons (a :& as) = (a, as)

3pmech GyHKIMA BO3BpalaeT cpasy [Ba 3HaueHHsA. OTMETHM HECKOJIBKO YaCTHBIX CJIy4aeB g KopTexeil. Ho
BCer/ia JIM yMECTHO I0JIb30BaThCA KopTexaMu? J[id KoMIo3unuy GyHKIN, KOTOpble BO3BpAIaloT HECKOJIBKO 3Ha-
4YeHUI HaM NpuAéTcA pa3bupaTh BO3BpallaeMble 3HaYeHHUA ¢ IOMOIIbI0 COMOCTABJIEHUA ¢ 00pa3LioM U 3aTeM UC-

I10JIb30BaTh 3TU 3HAYEHUA B [APYI'UX (I)yHKIII/IHX. Hocy)m”re caMU eCJi1 y HacC €CTb (I)yHKHI/II/II

f::a -> (bl, b2)
g :: bl -> (cl, c2)
h :: b2 -> (c3, c4)

M= yxe He cMOXeM KOMOMHHPOBATh MX TakK MPOCTO KaK ecJik ObI 3TO ObLIM 0OBIYHBIE QYHKIMU 6e3 KOpTeXell.
g x = (\(a, b) -> (g a, hb)) (fx)

B ciiywae map HaMm MOTryT IpUATH Ha noMonls GyHKknuu first u second:
q = first g . second h . f

EcJii MBI 3aXOTUM COCTaBUTh KaKyI0-HUOYIb APYTYI0 GYHKIUIO U3 (, TO CUTyallHsl 3aMETHO YCJIOXHUTCSA. DYHK-
1Y, BO3BpALIaoI[yie KOPTEXH, CJI0XKHee KOMOMHUPOBATh B 6€CTOYEUHOM CTHJIe. 3/1eCh CTOUT BCIIOMHUTD MPABUIIO
Unix.

[MumwuTe GyHKOUM, KOTOPHIE AEIAI0T OJHY Belllb, HO JeJIal0T eé XOPOIIO.
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@DyHKIMA, KOTopas BO3BpalllaeT KOPTeX IBITaeTCA cAeslaTh cpasy HEecKOJIbKO fesl. W TepsAeT B rMOKOCTH, el
TPYAHO B3aMOZEHCTBOBATH ¢ APyruMU GyHKIMAMY. CTapaiiTech 4TO0bI TaKMX GYHKINI 65710 KaK MOXXHO MEHbIIIe.

Eciii GyHKIMA BO3BpalllaeT HECKOJIBKO 3HAYeHUH, MONbITaliTech pa3OUTh e€ Ha HeCKOJIbKO, KOTOPhle BO3Bpallja-
I0T JIMIIb OJJHO 3HavyeHHe. YacTo OBIBAaeT Tak, YTO STU 3HAYEHUsS TECHO CBA3AHH MeXIy cOOOH U Takyl GYyHKLUIO
He yJaércsa pa3bUTb Ha HECKOJIBKO COCTaBJLAmMX. Ecin y Bac moABJsAeTcss MHOTO TakuxX GYHKLUI, TO 3TO IOBOA
3a[[yMaThCs O CO3[JAaHNU HOBOTO THIA JaHHBIX.

Hanprmep B kauecTBe TOUKH Ha IJIOCKOCTH MOXHO HUCIOJIb30BaTh napy (Float, Float). B atom ciydae, eciiu
BBl HayHETe MucaTh MOJYJIb Ha FeOMeTPUYeCKyI0 TeMy y Bac MOSABUTCA MHOro (QyHKIMI, KOTOpble IPUHUMAIOT U
BO3BpalllaloT TOYKU:

rotate :: Float -> (Float, Float) -> (Float, Float)
norm :: (Float, Float) -> (Float, Float)
translate :: (Float, Float) -> (Float, Float) -> (Float, Float)

Bce oHm CTapalwTcAa AejiaTb HECKOJIbKO [eJI OJHOBPEMEHHO, BO3Bpalllasd KOPTEXHU. Ho MBI MOXeM M3MEHUTH
CUTyal1I0 OoIpeaejeHreM HOBBIX THUIIOB:

data Point = Point Float Float
data Vector Vector Float Float
data Angle = Angle Float

O6bsaBieHya GYHKIUN CTaHYT 60Jiee KPATKUMU U HaTJISAHBIMU.

rotate :: Angle -> Point -> Point
norm :: Point -> Point
translate :: Vector -> Point -> Point

5.5 KomOuHaTOp HENMOABM>XXHOU TOUKH

[MosnakomumMmces ¢ pyHknuen fix niam KOMOMHATOPOM HENOJABIXHOHN TOUYKH. I1o xopomemy 06 3Toi QyHKIUU
cyiefoBasio Obl pacckasaTh B pasfesie 0000meéHHbe GyHkuy. Ho A nponycTus e€ HapoIIHO, AJIA NPOCTOTHI U3JI0-
XeHUsA. B aToM pasnesie rpafyc CJI0XKHOCTH pe3KO MOACKaKUBaeT, eCI Bbl paHee He BCTpevyasIich ¢ 3TOH QyHKIMen
OHa MOXeT I0Ka3aTbCsA BaM OueHb HeoOBIYHOH. [IJ1A Hauasia IOCMOTPUM Ha e€ THUIIL:

Prelude> :m +Data.Function
Prelude Data.Function> :t fix

fix :: (a -> a) -> a

CrpanHo fix mpuHMMaeT GYHKIMIO ¥ BO3BpallaeT 3HaueHue, OObIYHO BCE MPOUCXOAUT HaobopoT. Teneps mno-
CMOTPUM Ha oIlpeieieHHe:

fix f = let x = f x
in x

Ecnu BB 3alyTaJncCb, TO IIOCMBICJIYy 3TO OIIpejeJIEHNE PABHOCUJIBHO TaKOMY:
fix f = f (fix f)

OyukuA fix 6epér GyHKIMIO 1 HAYMHaeT 6eCKOHEeYHO HaHU3BIBATh eé camy Ha cebs. Tak MBI IoJIy4aeMm, 9TO-TO
Bpoje:

fOFf (f (..0))))

3ayem HaMm TakasA ¢yHKIUA? [IoMHHTe B caMOM KOHIle YeTBEPTOH IJIaBhl B YNPAXKHEHUAX MBI COCTaBJIAIN Oec-
KOHEeYHbIe IOTOKU. MBI JieJ1ajid 3TO Tak:

data Stream a = a :& Stream a

constStream :: a -> Stream a
constStream a = a :& constStream a
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Eciiu cmoTpeTh Ha GyHKIMIO constStream oueHb JOJITO, TO PaHO WJIU [TO3/IHO B Hell nporJisHeT GyHkuus fix. f
HapOIIHO He OyAy BBHINKCHIBATD, & BBl MBICJIEHHO 0003HaubTe (a :&) 3a f u constStream a3a fix f. IToayuniocs?

Yepes fix MOXHO OYeHb IIPOCTO OIpeNesuTh OecKOHeUHOCTh AyiA Nat, 6eCKOHEeYHOCTh 3TO Ilenoyka Succ, Ko-
Topas HUKOrAa He 3akaHuuBaeTcs Zero. OkasniBaeTcs, uTo B Haskell Mbl MOXeM COCTaBJIATh BRIPAXXEHUS C TAKUMU
3HAUeHUAMHU (KakK 3TO MOJIyyaeTcs Mbl 00y UM IIOIO3XKe):

ghci Nat

*Nat>m + Data.Function

*Nat Data.Function> let infinity = fix Succ
*Nat Data.Function> infinity < Succ Zero
False

C nomougpio GyHKIMKU fix MOXHO BBIpa3uTh JIOOyH0 peKypcuBHyI0 GyHKIU. [IocMOTpHMM Kak Ha Ipumepe
¢yuknuu foldNat, y Hac ecTs peKypCUBHOE olipeJiesieHue:

foldNat :: a -> (a -> a) -> Nat -> a
foldNat z s Zero =2z
foldNat z s (Succ n) = s (foldNat z s n)

Heo6xojuMo nprBecTy €ro K BUJy:

x = f x

CiieBa U cripaBa Mbl BUIUM IOBTOPAIOTCA BepaxkeHus foldNat z s, o6o3HauMM ux 3a X:

Nat -> a
Zero
(Succ n) =s (x n)

X X

z

X

Tenepp nepeHecéM IeEpBHII apryMeHT B NPaBYyI0 4YacTh, CONOCTaBJIeHHE ¢ 0OpasIioM INpeBpaTUTCA B case-
BBIpaXXeHUe:

X Nat -> a
x = \nat -> case nat of
Zero -> z
Succ n ->s (x n)

B npaBoﬁ JaCTU BBIHECEM X M3 BbhIpa’XX€HMA C IIOMOIIbIO .TIHM6):[a CI)yHKI.II/II/IZ

X Nat -> a
X = (\t -> \nat -> case nat of
Zero -> z
Suce n ->s (tn)) x

CMOTpI/ITe MbI 0003HAYMIIU BXOXEHME X B BhIpA)X€HNU CIIpaBa 3a t u cozganu HHMﬁﬂa-CI)yHKLII/IlO C TaKUM ap-
TYMEHTOM. Tak MbI BBIHECIU X U3 BBIPpa’XX€HU.

HOJ'Iy"II/IJ'IOCb, MBI IpUIUJIN K BUOY KOM6I/IHaTOpa Hel'IOI[BI/I)KHOIjI TOYKU:

X Nat -> a
x = f x
where f =\t -> \nat -> case nat of

Zero -> z
Suce n ->s (tn)

[TpuBeném B 6Gosiee dyemoBeueCKUi BU:

foldNat :: a -> (a -> a) -> (Nat -> a)
foldNat z s = fix f
where f t = \nat -> case nat of
Zero -> z
Succn ->s (tn)
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5.6 Kparkoe conepxanue

OcHoBHbIe (PYHKIMHU BhICHIEro NopsaaKa

MbI TO3HAKOMMUJIUCH C (I)YHKI.[I/IHMI/I 3 MOAYyJiA Data.Function. X MOXHO pa361/1T1) Ha HECKOJIbKO THIIOB:

 IIpumuTuBHBIe QyHKIUU (FeHepaTopsl GYHKIUIL).

id \X -> X
const a = \_ -> a

* DyHKINUU, KOTOPble KOMOMHUPYIOT QYHKINY WiIK QYHKINY U 3HAYEHUA:

f.g =\x->1f (g x)
f $ x f x

(.*.) ‘on* f=\xy ->fx .* fy
+ IIpeoGpazoBateny PyHKIMHN, IPUHUMAIOT GYHKIMIO 1 BO3BpALIAlOT QYHKIILIO:
flip f = \xy -> fyx
+ KombuHaTtop HEMOABMXKHON TOYKH:
fix f = let x = f x
in X
IIpuopuTeT MHQUKCHBIX ONepaLuil
MpeI y3HaIU O clilelluaJIbHOM CUHTaKCHce AJ1A 3ajaHuA IpUopuTeTa npuMeHeHnA QYHKIMI B MHQUKCHOU popme:

infixl 3 #
infixr 6 ‘

‘

op

[IpuopuTeT ckIafpBaeTcsA U3 ABYX dacTeil: crapmmHcTBa (0T 1 10 9) m accouuatuBHocTU (ObIBaeT jieBast U
npasas). CTapIIMHCTBO OlpeiesisieT pacipe/esieHue CKOOOK MeXy pasHbIMU GQYHKIAMU:

infixl 6 +
infixl 7 *

1+2*3==1+ (2%*3)
A acconaTuBHOCTD — MeXOy OAVHAKOBBIMU:

infixl 6 +
infixr 8 *

1+2+3==(1+2)+3
172723==1"(2"3)

M=l y3Hany, 4to GYHKIUU ($) M (.) CTOAT Ha pa3HbIX KOHIAX MIKaJbl IPHUOPUTETOB (PYHKIMN U KaK 3TUM
TI0JIb30BAThCH.

5.7 VYupaxHeHUs

+ IIpocMoTpuUTe HamuMcaHHble BaMu QYHKIMY, WK QYHKIMU U3 npuMepoB. MOXHO JIM UX Mepenucarthb C Io-
MOII[BI0 OCHOBHHBIX GYHKIMH BhIcuiero nopsaxka? Ecim ga, To nepenummute. ITonpoGyiiTe onpenenTs UX B
6ecTo4eyHOM CTHUJIE.

» B mpomioii riase y Hac ObUI0 yIIpaXkHeHHe o oTokax. CaesaliTe NOTOK 5K3eMIIAPOM kjiacca Num. [[jig aToro
IIOTOK JOJDKEH CoAepXKaTh 3HaueHus 13 kyiacca Num. MeTobl 3 KJ1acca Num IPUMEHATCS I03J1eMeHTHO. Tak
CJIOXKeHHe IByX IOTOKOB Oy/ieT BHIIJIAAETh TaK:

(al :& a2 :& a3 :& ...) + (bl :& b2 :& b3) ==
== (al + bl :& a2 + b2 :& a3 + b3 :& ...)
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* Onpepenute npuopuTeT MHOUKCHON onepanuu (:&) Tak 4ToObl BaM ObUIO yAOGHO MCIOJIB30BATh €€ B covue-
TaHUU ¢ apudMeTHUeCKUMU OllepalysaMU.

+ JlonosiHUTE MOJYJIb IOTOKOB HOBBIM THUIIOM. DTOT THUII OyJieT coAepxkaTb QyHKIMHU IpeoOpa30oBaHusA IOTOKOB.

data F a b = F (Stream a -> Stream b)

OrnpefiennTe AJ1A 3TOTO TUIA OCHOBHEIE (DYHKI[UM BHICIIEro nopsAaka. UToOsl He BO3HUKAJIO KOH(MJINKTAa UMEH
¢ mofnyiem Data.Function mbl He OyeM ero MMIOPTHMPOBaTh. BMeCTO Hero Mel MMHOPTUPYEM MOJYJIb
Control.Category. OH COOepXUT Kjacc:

class Category cat where
id :: cat a a
(.) :: cat bc ->catab ->cat ac

Ecnu npucMoTpeThes K TuiaM GyHKIUIM, MOXHO ITOHATH, YTO TUI-3K3eMIUIAp cat mpuHKUMaeT JiBa IapaMeTpa.
CoBceM Kak TuIl PyHKLUUH (a -> b). dopMasibHO ero MOXHO 3anucaTh B mpeduKcHol ¢opMe Tak (->) a b.
ITosy4daeTcs, 94To TUNO cat 3TO 4TO-TO BpoJe PYHKLUM. DTO HEKOTOPhIE CYIIHOCTH, ¥ KOTOPBIX €CTh MOHATHUSA
TOX/IeCTBA Y KOMITO3UIINH.

Jis 06brYHBIX QYHKLME 3K3eMIUIAp Kilacca Category yxe onpenesnéH. Ho B aTom MoAyJie y Hac ecTh eé u
HeoObIYHBIe QYHKIMH, QYHKIMU Ha noTokax. dyHkuuu id u (.) MBI olpefesnM, cAesaB Hall TUI F 3K3eM-
IJIApoM kJjiacca Category.

JIns1 ocTasbHBIX (PYHKIUI MBI T€PEOIpeIesIUM UCXOAHbIE QYHKITIH:

const ::a->Fba -- KOHCTaHTa

ap :: Fab -> Stream a -> Stream b - - MNpUMeHeHune

flip :: Fa(Fbc) ->Fb (Fac) -- nepecTaHoOBKa

curry :: F (a,b) ¢ -=>Fa (Fbc) -- YaCTU4YHOE NpUMEHeHMue

IToTpeHupyiTeCh C TEM, YTO y Bac IOJIyYMJIOCh B MHTepIIpeTaTope Ha MaHep Hamlero GyHKIHOHAIbHOIO KaJlb-
KyJAaropa. [TompobyiiTe COCTABJIATh COUYETAHUSA BEIPAXKEHHE U3 3TOr0 MOIYJIA ¢ GYHKIMAMU U3 YIIPaXXHEHUsA
IIpebIAyIier IJ1aBbl.

* Cpenatite Tun (Num b => F a b) sk3emmiApoM kJiacca Num.

« IlepenumuTe c moMoIIpio fix HECKOJIBKO CTaHAAPTHBIX QYHKIWI 1A cnrickoB. Hanpumep map, foldr, foldl,
zip, repeat, cycle, iterate.

CrapaiiTech HalTH HauboJiee KPaTKOe BEIpaXXeHUe, [T0JIb3yiTech QYHKIUAMU BBICLIETO MOPAAKA U YACTUYHBIM
npuMeHeHueM. Hanprumep paccMoTpuM GyHKIHIO repeat:

repeat :: a -> [a]
repeat a = a : repeat a

3anumem ¢ fix:

repeat a = fix $ \xs -> a : xs

3ameTuM, YTO MBI MOXeM H30aBUTbCA OT apIyMEHTAa XS C IOMOIIBI0 CeUYeHUA:
repeat a = fix (a:)

Ho Mb1 MOXeM NOHTHU el Aasiblile, eI BCIIOMHUM, YTO (QYHKIUA ABYX apryMEHTOB ( : ) sABJisAeTcsa QyHKLIMEeN
OT ofgHOro aprymenrTa (:) :: a -> ([a] -> [a]), koTopas Bo3BpamaeT QPyHKI[UIO OOHOTO apryMeHTa:

repeat = fix . (:)

CMOTpuUTE B 3TOM BBIPaX€HUHM MBI COCTaBUJIM KOMIO3ULMIO ABYX GyHKIMNA. DyHKOUA (:) NpUMeT IepBhIid
apryMeHT U BEpHET PYHKLMIO, KaK pa3 TO, 4YTO U HYyXXKHO Ay fix.
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I'mtaBa 6

CrnenuasnbHble QyHKIINMN

Ms1 Hay4nIFICh KOMOUHMPOBaTh GYHKI[UY HanboJiee obIiero Tuma a -> b. B 3T0l ry1aBe MBI IOCMOTPYM Ha CIie-
nuagbHble QYyHKIMU U criocoObl nX KoMOuHupoBaHus. [lof criennajbHBIMU QYHKIMAMYU IOHUMAIOTCA Takue QyHK-
11U, pe3yJIbTaT KOTOPHIX MMeeT HEKOTOPYIo CTPYKTypy. Cpeaut HUX GYHKI[UY, KOTOPbIE MOT'YT BEIYMCJIMTD 3HaUeHLe
WJIN YIacTh, MK PYHKIMHU, KOTOPble BO3BPAILAl0T Cpa3y HECKOJIbKO BApUAHTOB 3HAaueHUH. [IJ14 cocTaBaeHUs TaKUX
dynkiuit u3 npocrerimux B Haskell nmpesiycMoTpeHO HECKOJIBKO KJIaCCOB THUIOB. OTO GYHKTOPH M MOHAAHBL. VX MBI
¥ PacCMOTPUM B 3TOH IJIaBe.

6.1 Kommosunusa QyHKIUN

LlenTpasibHON QYyHKIMEl 3TOM IJ1aBel 6yaeT PyHKIMA KOMIO3UIY. BcnoMHuM eé ornpefesieHre A QyHKINN
obmiero Tumna:

(.) :: (b ->¢c) -> (a ->b) -> (a -> c)
f.og=\x->f(gx)

Komnosurus asyx GyHkuui f 1 g 370 Takasa QyHKIA, B KOTOPOI MBI CHayasa IpuMeHseM g, a 3ateM f. [{j14 Toro
YTOOBI THUHI GYHKIMH CTajl 60Jiee HArJIAAHBIM, MBI OIpeJesTUM 3Ty GYHKIMI0 HEMHOTO HO-ApyroMy. Mbl HoMeHseM

ApryMeHThbl MeCTaMU.

(>>) :: (@ ->b) -> (b ->¢c) -> (a -> ¢)
f>>q9=\x->g (f x)

Ha puc. 6.1 sta pyHknuaA uzobpaxeHa rpadpuyeckyd. Mul OyieM nsobpaxaTh GPyHKIMN KPYXKaMH, a 3Ha4eHUA
— CTpeJIKaMU. 3HAueHUs CJIOBHO TEKYT OT y3Jia K y3JIy IO CTpesKaM. IIOCKOJIbKY TUIl CTpeJIKM BBIXOAAMmeNd u3 f
COBIIAJIaeT C TUIIOM CTPeJIKM BXOAAIEl B g MBI MOXeM COeIMHUTH UX U MOJIYYUTh COCTaBHYyI0 GyHKnuo (f>>g).

(r50)
a f>>g C
N

Puc. 6.1: Komnosunusa QyHKIUN
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Knacc Category

C NoMOIIBI0 Onepaluy KOMIO3UIMKA MOXHO O000ImUTh NMOHATHE (QyHKUMU. 1A 3TOro CyllecTByeT KJjiace
Category:

class Category cat where
id :: cat a a
(>>) :: catab ->catbc ->catac

OyHKIMA cat 3TO TUII ¢ ABYMs ITapaMeTpaMH, B KOTOPOM BBIZIeJIeHO clielliajibHOe 3HaueHue 1d, KoTopoe ocTas-
JIfeT apryMeHT 6e3 naMeHeHHil. Takxke MBI MOXXE€M COCTAaBJIATh M3 MPOCTHIX (PYHKINIT CJIOXKHBIE C TOMOIIBI0 KOMIIO-
3uIMY, ecu QYHKIUY COBMANAIOT MO THUITy. 3AeCh MbI Ui HATJIAAHOCTU TaKXe 3aMeHWIN MeTof (.) Ha (>>), HO
CYTh OCTaéTcs npexHei. [ Jo60ro 3K3eMIUIsipa KJiacca JOJDKHBI BHIITOJIHATHCS CBOKCTBA:

f >>id == f
id >> f = f
f > (g>>h) == (f >>g) > h

[TepBBle ABa CBOKCTBA FOBOPAT O TOM, YTO id sBJIseTCA HEUTPAJIbHBIM 3JIEMEHTOM AJA (>>) cjieBa U CIpasa.
TpeTbe CBOIICTBO F'OBOPUT O TOM, YTO HaM He BaXXHO B KaKOM IOpsAJIKe IIPOBOJUTH KOMITO3UIMI0. MOXHO IPOBEPUTD,
YTO 3TU IpaBUJIa BHIIOJIHEHH! 71 QYHKI[H.

CrnenuanbHbie GyHKIUN
Bce crienqraJibHbIe (I)yHKL[I/II/I, KOTOPpBIE MbI paCCMOTPHM B 3T0ﬁ rJjiaBe 6yﬂyT HNMeTb OAVH 1 TOT XK€ THII:
a->mb

CMoOTpuUTe BMeCTO NMPOM3BOJIBHOTO TUMNA b GyHKIuMA Bo3Bpamaer m b. EquHcTBeHHOE, YTO OyJAeT MEHAThCA OT
paszesia K pasfiesty 9To Tyl m. JJobaBUB 3TOT THI K pe3yJIbTaTy, MBI Cy3IH 06J1acTh 3HaYeHUH GyHKOuu. [IpocThiM
MIPYIMEPOM TaKuX QYHKIUI MOTYT OBITH QYHKINM, KOTOPHIE BO3BPALAIOT CIMCKU:

a -> [b]

Ecnm pasblie Hamy (GpyHKIAMA MOTJIM BO3BpALIaTh MPOU3BOJIBHOE 3HaUY€HUE b, TO Temepb MbI 3HAEM, YTO BCE
Pe3yJIbTUPYIOIIYE 3HAYEHU TaKUX QYHKIUHA OYIyT CIHUCKAMH.

[pu 3TOM JJ1s1 KQXXAOT'O TAKOrO M MBI MOIBITAEMCS IOCTPOUTh CBOM 3aMKHYTHIF MUP CHENUAIbHBIX QYHKIHH a
-> m b. OH GyZeT XUTh BHYTPU BCEJIEHHON BCEX MPOU3BOJIBHBIX (PYHKIMII TUMa a -> b. B 3TOM HaM MOMOXeT
CHeIMaJIbHBIN KJIACC TUIIOB, KOTOPHIE Ha3biBaeTcs kaTeropuer Kielicu (3Ta KOHCTPYKIUA HOCUT UM MaTeMAaTUKa
Xenpuka Kneticim).

class Kleisli m where
idKk :: a ->ma
(*>) :: (@ -=>mb) ->(b->mc) -> (a ->mc)

OTOT KJIacc ABJsieTcs kiaccoM Category B Mype Hamux crenuaiabHbIX GyHKuiA. Ecu Mbl cOTpéM Bee GYKBEI M,
TO MBI IIOJIyYHM OOBbIYHBIE THUIIBI JIJIA TOXECTBA 1 KOMIO3UIMH. B 5TOM MUpe JOJIKHBI BEITOJIHATHCA Te JXe MpaBiJa:

f *> idK == f
idK *> f == f
f *> (g *> h) == (f *> g) *> h

B3aumMogelicTBUEe ¢ BHENITHUM MHUPOM

C nmomomrpio kiacca Kleisli MBI MOXeM COCTaBJIATh U3 OJHUX CHeNUaJbHBIX QYHKIUN Apyrue. Ho kak Ml
CcMOXeM KOMOWHUPOBATh clienrajibHble GyHKINU C OOBIYHBIMU?

[TockoJibKy cJieBa y Hamleil criennajbHON (QyHKIMKU OOBIYHBIN OOLINII TUIIL, TO C 3TOM CTOPOHBI MBI MOXeM BOC-
0JIb30BaTHCS OOBIYHON QyHKIMEN KoMno3unuu >>. Ho kak ObITh pyu KoMno3unuu cupasa? Ham HyxHa GyHKIUSA
THMA:

(a->mb) -=> (b ->c) -> (a ->mc)

OxaspiBaeTcsA MBl MOXXEM COCTaBUTh e€ 13 MeTonoB kjacca Kleisli. Mbl Ha30BEéM 3Ty (PYHKIMIO KOMIIO3UINN
(+>).

(+>) :: Kleisli m=> (a ->mb) -> (b ->¢c) -> (a ->m c)
f+>9g=1f * (g >> idK)

C nomompio MeTos1a idK MBI MOXeEM MOTrpy3UTh B MUP CHEUATBHBIX QPYHKIMI JII06YI0 OOBYHYI0 QYHKIUIO.
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Tpu KOMIIO3UINU

Y Hac nosBUJIOCh MHOTO KOMIIO3UIIUI IIeJIbIX TPU:

aprymeHTbl | pesynbTaT
obblyHas >> o6blyHas == o6blyHas
cneuuanbHas +> oOblyHan == cneuuanbHas
cneumnanbHas *>  cneymanbHas == cneuuanbHas

HpI/I 3TOM Ba’XHO IIOHUMATb, YTO IO CMBICJTY 3TO TP OAVHAKOBBIE (I)yHKI.II/II/I. OHu 0003HAYAIOT onepanuio I1mo-
CJIeTOBaTeJIbHOIO MpUMeHeHUs1 QyHKUME. Pa3Hble 3HAUKY OTPAXAIT pa3Hble TUMIH QYHKIUE apryMeHTOB.
0O606ménnasn ¢popmyupoBka kareropun Kiericiiu

OtmMmeTuM, 4TO MBI Morjii Obl chopmysmpoBaTh kiace Kleisli u B Gosiee obimieM Buje C IOMOIIBI0 Kjacca
Category:

class Kleisli m where

idKk :: Category cat => cat a (m a)
(*>) :: Category cat => cat a (mb) -> cat b (m c) -> cat a (m c)
(+>) :: (Category cat, Kleisli m)

=> cat a (mb) -> cat b c ->cat a (mc)
f+>9g=1f* (g >> idK)

Msr 3ameHmIN GYyHKIMOHAIBHBIN TUI Ha ero obobmenue. 1A HarAgHOCTH MBI 6yAeM HOJIb30BaThCSA CHEIH-
abHOU GOPMYJIMPOBKOM CO CTPEJIOYHBIM THUIIOM.
s sToro Mel onpeAenuM Moayib Kleisli. hs

module Kleisli where
import Prelude hiding (id, (>>))

class Category cat where
id :: cat a a
(>>) :: catab ->cat bc ->cat ac

class Kleisli m where
idKk :: a ->ma
(*>) :: (@ -=>mb) ->(b->mc) -> (a ->mc)

(+>) :: Kleisli m=> (a ->mb) -> (b ->¢c) -> (a ->m c)
f+>9="f* (g >> idK)

-- Jk3eMnasp gns GyHKUUN

instance Category (->) where
id = \X -> X
f>>qg =\x->g (f x)

M=l He 6yeM MMIIOPTHPOBaTh PYHKIMIO id, a onpenesuM eé B kiylacce Category. Tawke B Prelude yxe ompe-
AeneHa QYHKIUA (>>) MBI CIIpAYeM e€ C IOMOIIBI0 CIeluaJbHON AUpeKTUBH hiding fsiA Toro, 4yToOb OHA HaM He
Menranack. [lasee Mbl OyieM JTOTIOJIHATD 3TOT MOJYJIb 9K3eMIUIApaMu kiacca Kleisli u npumepamu.

6.2 IIpumepsl cienuaJbHBIX QYHKITUN

YacTUYHO omnpezieJIEHHbIe PyHKIUHI

YacTu4HO onpefesiéHHble GYHKINY — 3TO Takue QYHKIUU, KOTOphIE ONpefiesIeHs! He 11 BceX 3HAa4eHUH apry-
MeHTOB. IIprMepoM Tako¥ GYHKIUY MOXeT ObITh GYHKINA ITOMCKA IPeIbIAYIIero Yricjia AJIs HaTypasibHBIX YHCell.
ITockosIbKY uMcJIa HaTypasibHble, TO JJIA HyJIA TaKOro yucja HeT. J[J1d onrucaHus 9TOro MOoBefeHUsA Mbl MOXeM BOC-
[10J1b30BaThCA cHenyuaabHbEIM TUIIOM Maybe. ITocMOTpUM Ha ero onpejeseHue:

data Maybe a = Nothing | Just a
deriving (Show, Eq, Ord)
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a m b

Nothing

Puc. 6.2: YacTuuHo onpepeséHHas QyHKINA

YacTtuuHo onpefeséHHaA GyHKIMA UMeeT TUI @ -> Maybe b, eciu Bcé B mopske 1 3HaueHUe ObLJIO BBIYKCJIEHO,
oHa BepHET (Just a), a B ciryyae omunbku O6yaeT Bo3BpalleHo 3HaueHHe Nothing. Ha puc. 6.2 uzobpaxxeHa cxeMa
YaCcTUYHO omNpefesIéHHON GyHKIUU. Tenepb Mbl MOXeM ONpefesIUTh Hally QYHKIUIO TaK:

pred :: Nat -> Maybe Nat
pred Zero = Nothing
pred (Succ a) = Just a

[TpenpiayImyil 371eMeHT He onpefesiéH I Zero.

CocrasiisieM QpyHKIUM BPYyYHYIO

3naueHue GyHkuuU pred 3aBEpHYTO B yakoBKy Maybe, 1 A1 TOro 4YTOOBI BOCIOJIb30BATHCA UM HaM NMPUAETCA
pasBopayuBaTh ero Kaxasli pa3. Kak 6yzeT BHIIAAeTh GYHKINA U3BJIeUeHN ABaXX b [TpeIblyIero HaTypaJbHOro
yuca:

pred2 :: Nat -> Maybe Nat
pred2 x =
case pred x of
Just (Succ a) -> Just a
-> Nothing

Eciu MBI 3aX0TUM onpefesuTsd pred3, Mbl 3aMeHUM pred B case-BhIpaXXeHHUU Ha pred2. Bpoae He Takoe yX U
JIMHHOe peileHMe. Ho Bcé xe MBI TepsieM Bce IIpeuMyliecTBa riOKkux GyHKIMEH, Bce IpenMyllecTBa 6eCTO4eyHOro
ctuiia. Ham 661 X0Tes10ch HanmcaTh Tak:

pred2 :: Nat -> Maybe Nat
pred2 pred >> pred

pred3 :: Nat -> Maybe Nat
pred3 pred >> pred >> pred

Ho KOMIINJIATOP 3TOI'0 HE JOIIyCTHUT.

KoMmnozunus

Jl71 TOoro 4TO6H! MOHATH KAaK YCTPOeHa KOMIIO3UIYSA YaCTUYHO OllpeleSIéHHbIX QYHKIMI 1300pa3uM e€ BhIuncie-
Hue rpadudecku (puc. 6.3). CBepxy n300pakeHbl ABe YJaCTUYHO oNpeesIéHHbIX QyHKIuU. Eciu @yHkuaA f BepHy1a
3HaueHue, TO OHO MOACTABJIAETCA B CIEAYIOIIYI0 YaCTUYHO OIpeAes€HHYI0 QyHKIu. Ecam xxe nepsas QyHKIUA He
CMOTJIa BBIYMCIIUTD pe3yJibTaT U BepHyJja Nothing, To cumraercs uro Bea ¢yHknus (f*>g) Bepuysia Nothing.

Tenepp maBaliTe 3akoaupyeMm 5To ompepesienve B Haskell. TIpu s3ToM MBI BOCIOJIB3yeMCs HaIIUM KJIacCOM
Kleisli. AHasioroMm ¢yHKuy id Uia 9acTUYHO omnpefesIéHHBIX GYHKIUH OyaeT GyHKHOMsA, KOTOpas MpOCTO 3a-
BOpauyMBaeT 3HaYeHUe B KOHCTPYKTOP Just.

instance Kleisli Maybe where
idK = Just
f *> g =\a -> case f a of
Nothing -> Nothing
Just b ->gb

CMoTpuUTe, B case-BhIpakeHHU MbI Bo3BpaijaeM Nothing, ecniu dynkuus f BepHysa Nothing, a ecsiu eft ynamoch
BBIYMCJIUTD 3HaUYE€HUeE U OHa BepHyJa (Just b) MBI nepeaaéM 3TO 3HaUeHUe B CJIEAYIOLIYI0 QYHKIMIO, T.€. COCTaB-
JisieM BhIpakeHue (g b).

CoxpaHuM 3TO olpefesieHre B MoayJe Kleisli, a Taxxke onpenesieHre Ay GyHKIMM pred U 3arpy3uM MOAYJIb
B MHTeprpeTtartop. [lepen sTuM HaMm NpuAETCA 4OOABUTH B CIIMCOK (PYHKITHNI, KOTOphle MBI HE XOTUM UMIOPTUPOBATh
u3 Prelude dyHKuMio pred, oHa Takxe yxe onpefeseHa B Prelude. [[s1a onpeAeneHus Hamell GyHKIUN HaM IO-
TpebyeTca Moy ib Nat, KOTOpHII MBI yXe onpefenuin. Ckonupyem ¢aist Nat.hs B Ty e AUPEeKTOPHIO, B KOTOPOH
copepxwurtca dait Kleisli.hs u nogkmounM 3TOoT MOy 1b. Illanka MOAYJIA IPUMET BUI:
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Nothing Nothing

20

Nothing

Nothing

Puc. 6.3: Komno3unus 4acTUYHO onpeAeséHHbIX GYyHKINHI

module Kleisli where

import Prelude hiding(id, (>>), pred)
import Nat

Jlo6aBuM omnpenesenue sk3eMiuiapa Kleisli gia Maybe B moaysps Kleisli a Taike omnpepeseHue QyHKINA
pred. CoxpaHuM OOHOBJIEHHBIN MOJYJIb U 3arpy3UM B UHTEpPIpeTaTop.

*Kleisli> :load Kleisli

[1 of 2] Compiling Nat ( Nat.hs, interpreted )
[2 of 2] Compiling Kleisli ( Kleisli.hs, interpreted )
0k, modules loaded: Kleisli, Nat.

*Kleisli> let pred2 = pred *> pred

*Kleisli> let pred3 = pred *> pred *> pred

*Kleisli> let two = Succ (Succ Zero)

*Kleisli>

*Kleisli> pred two

Just (Succ Zero)

*Kleisli> pred3 two

Nothing

OOpaTuTe BHUMaHNE Ha TO, KaK JIETKO ONpeAesAlTCa Nporn3BoaHble GyHKuY. XKesaemoe nopegeHue Ay 4a-
CTHUYHO OIpefleSIEHHBIX GYHKI[HUI 3aK0ANPOBAaHO B QYHKIMU (*>) Tereph HaM He HYXHO 3aBOpauuBaTh 3HAYEHUs U
pa3BopaumnBaTh Ux U3 Tuna Maybe.

[TpuBeném mpruMep PyHKIHM, KOTOpas cOCTaBJIeHa U3 YaCTUYHO onpeAeséHHON GyHKIMM 1 06b1yHON. Ompene-
M GQyHKIMIo beside, koTopas BeIUMCIIAET coceAiell Ay AaHHOro yucia [leaHo.

*Kleisli> let beside = pred +> \a -> (a, a + 2)
*Kleisli> beside Zero

Nothing

*Kleisli> beside two

Just (Succ Zero,Succ (Succ (Succ Zero)))
*Kleisli> (pred *> beside) two

Just (Zero,Succ (Succ Zero))

B BhIpaxkeHun
pred +> \a -> (a, a + 2)
MbI cHayasia BHIYUC/IAEM MPEABIAYILIEe YMCJIO, M €CJIA OHO €CTh COCTaBJIAeM napy us \a -> (a, a+2), B mapy

MOMaAéT JaHHOE YKCJIO M YMCJIO, CJIeAyIolee 3a HUM Yepe3 oAHO. [I0CKOJIbKY CHavasia Mbl BBIYMCJIVIIH MIPEAbIyIee
YHCJIO B UTOTOBOM KOPTEXE OKaXETCs MPEbIAYILEE YUCIIO U CJIeYIOIIee.
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Htak c nmomompbio GyHKIMH u3 kyacca Kleisli MbI MOXeM COCTaBJIATh YAaCTUYHO oNpefesi€HHble GYHKIUYU B
6ecToueyHoM cTusie. O6paTuTe BHUMaHUe Ha TO, YTO Bce QYHKIUU KpoMe pred OBLIN COCTaBJIeHB! B MHTepIIpeTa-
TODpE.

OtMmeTuM, 4TO B Prelude onpepesieHa crnenuaibHas QyHKINUA maybe, KoTopas noxoxa Ha dyHknuiw foldr ana
CIIIICKOB, OHA 3aMeHseT B 3HaueHUM Tuma Maybe KoHCTpyKTOphl Ha pyHKIMU. [TocMOTpyM Ha eé onpefeseHue:

maybe :t b -> (a ->b) -> Maybe a -> b
maybe n f Nothing n
maybe n f (Just x) f x

C momoipio 3ToN QYHKIIMY MBI MOXEM Iepenucarh onpezeseHue sk3eMirapa Kleisli rak:

instance Kleisli Maybe where
idM = Just
f *> g = f >> maybe Nothing g

MHoro3HavHbie pyHKIIUN

MHoro3HauyHble (YHKIUHM BETPEHBI U HEMIOCTOSHHHI. J[J11 HEKOTOPHIX 3HAYeHU! apryMeHTOB OHU BO3BPAIAIOT
OJIHO 3HaYeHUe, [UIA UHBIX JECATh, a AJI TPeThUX U BoBce HU4ero. B Haskell Takue ¢pyHKImm umelor tum a -> [b].
OyHKIMA BO3BpalllaeT cucok oTBeToB. Ha puc. 6.4 nzobpaxeHa cxemMa MHOI'O3HAYHOH QYyHKINN.

a /;\/b
<]

Puc. 6.4: MHorosHauHas QyHKLIUA

[MpuBeném npumep. Cuctemsl JInHaeHMakepa (MM L-crcTeMbl) MOJETUPYIOT Pa3BUTHE XHUBOTO OpraHu3Ma.
CunTaercs, 4YTO OPraHu3M COCTOUT U3 NOCJieloBaTeIbHOCTU OYKB (MJIM KJIETOK). B Kax bl MOMEHT BpeMeHU OJ{Ha
OyKkBa 3aMeHseTCs Ha HOBYIO IOCJIeJOBAaTeIbHOCTh OYKB, COTJIaCHO OTpe/Ie/IEHHBIM paBuiaM. Tak OpraHu3M XUBET
u pa3BuBaercs. [IpuBeiéM npumep:

a— ab
b—a

a
ab

aba
abaab
abaababa

¥ Hac ecTh ABa NpaBuja pa3MHOXEHHsA KJIETOK-OYKB B opranusMe. Ha kaxaoM sTane Mbl BO BCEM CJIOBE 3aMe-
HsAeM OykBy a Ha cyioBo ab u 6ykBy b Ha a. HauaB ¢ ofHO#1 OYKBHEL @, MBI 32 HECKOJIBKO LIAroB NPUIUIA K GoJjiee
CJIOXKHOMY CJIOBY.

Ormumem stoT nponecc B Haskell. [l aToro onpeennM npasujia pa3BUTHs OpraHu3Ma B BUjle MHOTO3HAYHOM
pynkunm:

next :: Char -> String
next 'a’ = "ab”
next 'b’ = "a”

HanowmHto, uto ctpoku B Haskell sBiAroTces cnvickamu cMBoJIOB. Teniepb HaM HYXXHO IPUMEHUTh MHOTO3HAYHYIO0
byHKIMIO K BBIXOly MHOIO3HAYHOH QYHKITHU. J[J1A 3TOr0 MBI BOCIIOJIb3yeMcs KiaccoM Kleisli.

KoMmnozunus

OmnpenesnM sk3eMIUIAp kitacca Kleisli giia cnimckoB. Ha puc. 6.5 n3obpaxkeHa cxemMa KOMIIO3UIIMU B cJIydyae
MHOT03HauHBIX QyHKIU. [Tocsie npuMeHeHus nepBoil GyHKIUY f MBI IpUMeHseM QYHKIUIO K KaXI0MY 3JIeMeHTY
CIIMCKA, KOTOPHIH ObuT mostydeH u3 f. Tak y HaC MOJIyYUTCS CHOMCOK CHHMCcKOB. Ho HaM HyXeH CIHCOK, IJIsI 3TOTO
MBI TIOCJIe TIpUMeHeHVs g 0ObeqUHsAEM Bce 3HAYeHUs B OJUH OOJbIION civicok. OTMmeTuM, uyTo QyHKIuU f 1 g B
3aBUCHUMOCTH OT 3HaUeHU! MOTYT BO3BpallaTh pa3HOe YKCJIO0 3HAUeHUH, T03TOMY Ha BbIXOJle y PYHKIHMI g pasHoe
YHCJIO CTPeJIOK.

3akoaupyem 3ty cxemy B Haskell:
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. Mbb (D)<

b

Puc. 6.5: Kommno3sunyis MHOTO3HAUHbIX QYHKIMH

instance Kleisli [] where
idK \a -> [a]
f *>gq f >> map g >> concat

@DYHKIVS TOXKAECTBA IPUHUMAET OJJHO 3HAYEHNE U HOTPYXKaeT ero B CIIMCOK. B KOMIO3uIuy Mbl CHaYasIa npu-
MeHsieM f 3aTeM K KaXA0My 3JIEMEHTY CIIHCKA pe3yJibTaTa IpUMeHsIEM g, TaK y Hac I0JIy4aeTcsl CIIMCOK CIIHCKOB.
TTocJie Yyero Ml CBOpavMBaeM €ro B OJUH CIKICOK C [TOMOIbi0 GyHKINU concat.

BecnomuuM THN GyHKIME map U concat:

map i (a ->b) -> [a] -> [b]
concat :: [[a]]l -> [a]

C noMomib0 KOMIIO3UIIUN MBI MOXeEM IIOJIYUYNTD N-TOE IOKOJIEHME TaK:

generate :: Int -> (a -> [a]) -> (a -> [a])
generate 0 f = f
generate n f = f *> generate (n - 1) f

W MBI MOXeM BOCIIOJIb30BaThC GYHKIMEN iterate u HanmucaTh 3TO onpejieieHNe TaK:

generate :: Int -> (a -> [a]) -> (a -> [a])
generate n f = iterate (*> f) f !l n

OyHkMA iterate npuHUMaeT GYHKIMIO BEIUKCIIEHNA cleAyIollero 3jlieMeHTa 1 HayajlbHOe 3HaueHNe U CTPOUT
GeCKOHeYHBI! CIIMCOK UTepalyii:

iterate :: (a -> a) -> a -> [al
iterate f a=[a, fa, f (fa), f (f (fa)), ...]

Eciu mbt IoACTaBMM Hallll aprymMeHThl TO Mbl IIOJIYyYHM CIIMCOK:
[f, fr>f, Profrsf, frofifof, ...]

[TpoBepuM kak paboTtaeT 3Ta GyHKIUA B UHTeprperaTope. [[Jig 3TOro Mbl CHayajia JOMOJIHUM Hall MOAYJIb
Kleisli ompenesieHreM 3K3eMILIsApa AJIA CIMCKOB U GYyHKIUAMU next U generate:

*Kleisli> :reload

[2 of 2] Compiling Kleisli ( Kleisli.hs, interpreted )
0k, modules loaded: Kleisli, Nat.
*Kleisli> let gen n = generate n next
*Kleisli> gen 0

"ab”

1o

a
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*Kleisli> gen 1
"aba
*Kleisli> gen 2
"abaab”
*Kleisli> gen 3
"abaababa”
*Kleisli> gen 4
"abaababaabaab”

”

[paBwia L-cucteMsl 3afjaloTcss MHOro3HayHo ¢yHKIueld. @yHKIUA generate mo3BoJiAeT IO TaKoH GYHKINHI
CTPOUTH IIPOM3BOJIBHOE [TOKOJIEHNE Pa3BUTHA OYKBEHHOIO OpraHu3Ma.

6.3 IIpumeHeHue QYHKIMHI

JaBaiiTe ompeJeanM B TEDMUHAX KOMIO3UIMU ellé OAHY MoJIe3HY0 QYHKIUI0. A UMeHHO QYHKI[UI0 IpUMeHe-
HUA. BCmOMHUM €€ THIIL:

($) :: (@ -=>b) ->a ->b

OTy GYHKIMIO MOXHO OIpeJesUTh Yepe3 KOMIIO3UIMIO, eCJIM Y HAaC eCTh B HaJIMYUU [TOCTOSAHHAsA QYHKUUA U
eqUHUYHBIA TUI. MBI 6y/1eM CYMTaTh, YTO KOHCTAHTA 3TO GYHKINA U3 eUHUYHOIrO THIA B 3HaYeHue. [IpeBpaTus
KOHCTaHTy B QYHKIHIO MBI MOXXEM COCTaBUTh KOMIIO3UIIHIO:

($) :: (@ -=>b) -=>a ->b
f $a= (const a>f) ()

B camoM KOHIle MBI IOJICTaBJIAEM clleljajibHOe 3HadeHue (). DTo 3HaueHue eJuHUYHOro Tuma (unit type) wim
KOpTeXxa C HyJIEM 3JleMeHTOB. ENQUHUYHBIN TUII MMeeT BCero OJHO 3HayeHKe, KOTOPBIM MBI M BOCIIOJIb30BaJIUCh B
3TOM ollpefieJIeHUU. 3a4eM TaKoe 3allyTaHHoe olpejiesieHre, BMecTo IpUBBIYHOro (f a)? OkasbiBaeTcs TOYHO TAKUM
ke cr1oco60M MBI MOXEM OIpPeIesIUTh IPUMEHEHHE B HallleM MUpe clenuaabHbX GYHKIWN a -> m b.

[TpuMeHeHNe B 3TOM MUpe IIPOUCXOAUT 0cOOeHHBIM o6pa3oM. Heo0xoA1Mo NOMHUTH O TOM, YTO BTOPOI1 apry-
MeHT QYHKINY IPUMEeHeHUs], 3HaueHue, KOTOPOe MbI IIOJICTaBJIAeM B (PYHKIHIO, TaKXe ObLUIO ITOJIy4eHO U3 KaKOH-TO
apyro#t ¢yuknuu. ITosTtomy oHO GyJeT MMeTh Takyl e GopMy, YTO M 3HAYeHUA CIOpaBa OT CTpPeJKU. B Hamem
cjydae aTom b.

[TocMOTpYM Ha TUIHI CHENUaIbHBIX GYHKIMI IPUMeHeHU:

(*$) :: (@ -=>mb) ->ma ->mb
(+$) :: (a -> b) -=>ma->mb

OyHKIUA *$ IPUMEeHsAeT CelNaIbHyI0 QYHKIUIO K ClIe[aIbHOMY 3HAaYeHHI0, a QYHKIUA +$ IpUMeHseT 00bId-
HyI0 GYHKIMIO K CIenUaJbHOMY 3HaudeHHI0. OmnpejesieHus BBIMJIALAT TaKkKe Kak U B cJiydae OObIYHON GYHKINU
[IpUMeHeHUsA, Mbl TOJIbKO MeHseM 3HaKH JJI1 KOMIIO3ULIN:

f $ a= (const a > f) ()
f *$ a = (const a *> f) ()
f +$ a = (const a +> f) ()

Tenepb MBI MOXeM He TOJIbKO HAHU3BIBATh ClieljiaibHble QYHKIMU APYT Ha Apyra HO U NIPUMEHATb UX K 3Haye-
HUAM. JJo6aBUM 3TH orpejesieHus B MoAyJib Kleisli ¥ mOCMOTPUM Kak MIPOMCXOAUT NpUMEHEeHHe B NHTepIpeTa-
Tope. OJJHAa TOHKOCTH 3aKJII0YAETCsA B TOM, YTO MBI OIIpe/ieJIsUIN IPUMeHeHNE B TepMuHax Kiacca Kleisli, moaTomy
[IPaBUJIBHO OBLJIO HANKCATh TUIB HOBHIX GYHKINI TaK:

infixr 0 +$, *$

(*$) :: Kleislim=> (a -=>mb) ->ma ->mb
(+$) :: Kleisli m => (a -> b) -=>ma->mb

Taxxe MbI onpeneynan NIpruoOpuTeT BBINTOJTHEHUA or[epaum‘/’l.

3arpysum B MHTEPIPETATOP:

*Kleisli> let three = Succ (Succ (Succ Zero))
*Kleisli> pred *$ pred *$ idK three

Just (Succ Zero)

*Kleisli> pred *$ pred *$ idK Zero

Nothing
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O6paruTe BHUMaHKe Ha TO KaK MBI [IOTpy’aeM B MUp CHeIHaJIbHbIX PYHKIMI 00bIYHOEe 3HAYeHUe C IIOMOIIBI0
yHkmny idK.

Brruncsinm TpeTbe IOKOJIeHUe L-cucTeMbr:

*Kleisli> next *$ next *$ next *$ idK ’'a’
"abaab”

MBI MOXeM HCIOJIb30BaTh U Apyrye QyHKIMU Ha CIHCKaX:

1o

*Kleisli> next *$ tail $ next *$ reverse $ next *$ idK
"aba

a

”

IIpumeHeHue GyHKIUIT MHOTUX ITEPEMEHHBIX

C nomouipio GYHKIMH +$ MBI MOXEM NPYUMEHATH K CIIe[[MaIbHBIM 3Ha4eHUAM OObIYHbIE QYHKIIMH OJJHOTO apry-
MeHTa. A 4TO ecjIi HaM 3aXOYeTCs IPUMEHUTh (PYHKIUIO ABYX apryMeHTOB?

Hanpumep ecsii Mbl 3aXOTHUM CJIOXKUTH [Ba YaCTUYHO OINpeesIEHHBIX YKca:
?? (+) (Just 2) (Just 2)

Ha mecte ?7? fospxHaA CTOATH QyHKIMA TUMA:
?22 :: (@a->b ->c) ->ma->mb ->mc

Oxka3ssIBaeTcs ¢ IOMOIIbI0 MeTo10B kilacca Kleisli MBI MOXeM OnpefeuTh Takyo GYHKIUIO AJi JI060 OObIY-
HOU GyHKIUH, a He TOJIBKO 1A GYHKIUY ABYX apryMeHTOB. Mbl OyeM Ha3wBaTh Takue PpyHKIuy cioBoM LiftN,

rae N — yucJio, ykassiBamllee Ha apHOcTh PpyHkuuu. OyHknua (LiftN f) “noguumaer” (ot anru. lift) oOGbruHyI0
dynkiuo f B MUp crieluajbHBIX QyHKIUN.

@ynkiua Liftl y Hac yxe ecTs, 3To npocTo PyHKIUA +$. Teneps gaBaiite onpefenuM QyHKIu0 Lift2:

1ift2 :: Kleislim=> (a ->b ->¢c) ->ma ->mb ->mc
lift2 fab= ...

ITockosibKy QYHKLIMA ABYX apryMeHTOB Ha caMOM JeJie ABjsAeTcs (QyHKIHel OJHOro aprymMeHTa Mbl MOXeM
IIPUMEHUTH IEPBHII apIyMeHT ¢ HoMOIbpi0 GyHKIuU 1iftl, HOCMOTPUM YTO y HAC MOJIYYUTCS:

1iftl :: (@’ =>b') =>m” a’ -=>m’ b’

f :: (a =>b -> )

a i ma

liftl f a ::m(b->c) --m"=m, a’"==a, b’"=Db->c

Teneps B HaleM onpejesieHUu AjA Lift2 noABUTCA HOBOe ciiaraemMoe g:

1ift2 :: Kleislim=> (a -=>b ->c) -=>ma ->mb ->mc
lift2 fab= ...
where g = liftl f a

OAuH apryMeHT MBI IPUMEHUJIN, OCTaJIOCh IPUMEHUTDh BTOPOI. HaM HyXHO cocTaBUTh BeIpaxkeHue (g b), HO
JUIA 9TOTO HaM HyXHa GYHKIUA TUMA:

mi(b->c) =>mb ->mc

OTa QyHKIMA IPpUMeHsAeT K CIenuaJbHOMYy 3HaueHUI0 QyHKIMIO, KOTopas 3aBépHyTa B TUI m. I[TocMoTpuM Ha
omnpejesieHre 3TON QYHKINHM, MBI HA30BEM e€ $$:

($$) :: Kleislim=>m (a -=> b) =>ma ->mb
mf $$ ma = ( +$ ma) *$ mf

Bel MoxeTe yOeaUThCA B TOM, UTO 3TO OINpefiesIeHre IPOXOJUT IPOBEPKY TUIIOB. [IocMOTPUM Kak 3Ta GyHKIUA
paboTaeT B MHTepIIpeTaTope Ha IprUMepe YaCTUYHO ONpPeIeJIEHHBIX U MHOT'O3HAYHBIX QYHKINM, [JIA 9TOT0 JaBaiTe
nob6aBum B Moayb Kleisli 3To onpefesieHue U 3arpy3uM ero B MHTepIIpeTaTop:

MpuMeHeHne byHKumn | 93



*Kleisli> :reload Kleisli

0k, modules loaded: Kleisli, Nat.
*Kleisli> Just (+2) $$ Just 2

Just 4

*Kleisli> Nothing $$ Just 2

Nothing

*Kleisli> [(+1), (+2), (+3)] $% [10,20,30]
[11,21,31,12,22,32,13,23,33]

*Kleisli> [(+1), (+2), (+3)] $% [1

[1

OG6paTuTe BHUMaHNe Ha TO, 4TO B CJIy4ae CIIMCKOB ObLJIM COCTaBJIEHbI BCe BO3MOXKHbBIe KOMOMHALMY IPUMEeHEeHUH.
MBI IPUMEHIJITN IEPBY0 (PYHKIMIO U3 CIIVICKA KO BCEM apryMeHTaM, II0TOM BTOPYI0 GYHKIIMIO, TPETHIO M 00be IMHIIIN
BCe pe3yJIbTaThl B CIIHCOK.

Ternepb MBI MOEM 3aKOHUUTDH Hallle onpejesaeHue i Lift2:

1ift2 :: Kleislim=> (a -=>b ->c) -=>ma ->mb ->mc
lift2 fab=1F" $$b
where f' = 1iftl f a

MsbI MOXeEM 3anucaTth 3TO oIpefesieHre 6oJiee KpaTKo:

1ift2 :: Kleislim=> (a -=>b ->c) -=>ma ->mb ->mc
1ift2 f a b = liftl f a $$ b

Teneps naBaiite Jo6aBUM 3TO onpejiesieHne B Moaysb Kleisli 1 MOCMOTPUM B MHTEpIpeTaTope Kak paboTaer
9Ta PyHKLIUA:

*Kleisli> :reload

[2 of 2] Compiling Kleisli ( Kleisli.hs, interpreted )
0k, modules loaded: Kleisli, Nat.

*Kleisli> 1ift2 (+) (Just 2) (Just 2)

Just 4

*Kleisli> 1ift2 (+) (Just 2) Nothing

Nothing

Kak Ha cuét pyHKIuil Tpéx u 60s1ee aprymeHTOB? Y Hac yxe ecTb yHknuu 1iftl u 1ift2 onpenesnyum GyHKLIMIO
1ift3:

1ift3 :: Kleislim=> (a -=>b ->c ->d) -=>ma->mb->mc ->md
lift3 fabc=...

[lepBbie fBa apryMeHTa MBI MOX€M IIPUMEHUTH ¢ oMobio GyHKIKU Lift2. [lTocMOTpUM Ha TUN MOJIy4YUBLIe-
rocs BeIpaXeHHA:

1ift2 :: Kleisli m => (a’ -> b’ -=>c¢’') -=>ma’ ->mb’ ->mc’
f :ta->b->c->d
lift2 fab ::m (c ->d) --a’'==a, b’"=b, ¢ ==c ->d

VY Hac onATh noABWJICA TUII M (C -> d) ¥ K HEMy HaM HyXKHO IPUMEHUThb 3Ha4eHHe m C, YTOOBI MOJIyYUTh m d.
OTUM Kak pa3 u 3aHumMmaercsa QyHkuua $$. itak uTorosoe onpezesieHre NpuMeT BUA:

1ift3 :: Kleislim=> (a -=>b ->c ->d) ->ma->mb->mc ->md
1ift3 f ab c = 1ift2 f a b $$ c

Tak MBI MOXeM ompefennTs o0y GyHkuuio LiftN depe3 pyHknuu LiftN-1 u $$.

HeckoJIbKO MOJIe3HBIX PYyHKIWI

Tenepb Mbl yMeeM IPUMEHATH K CIIe[UaIbHBIM 3HaUeHUsAM MPOU3BOJIbHbIE OObIYHEIE QYHKIUM. OTpeae/nM elé
HECKOJIbKO MOoJie3Hbix pyHKuuil. [lepBas GYHKIMA IPUHUMAET CIHUCOK CIENUaJIbHbIX 3HAYeHUI U COOMpAaeT UX B
crielfaJibHbIN CIMCOK:

94 | TnaBa 6: CneumanbHble GyHKUNN



import Prelude hiding (id, (>>), pred, sequence)

sequence :: Kleisli m => [m a] -> m [a]
sequence = foldr (lift2 (:)) (idK [])

Ms1 "cnpsiuem” u3 Prelude ogHouMEHHYI0 QYHKI[MIO sequence. [locMOTpUM Ha IpUMepBL:

*Kleisli> sequence [Just 1, Just 2, Just 3]
Just [1,2,3]

*Kleisli> sequence [Just 1, Nothing, Just 3]
Nothing

Bo BTOpOI1 KOMaH/e BcsA GyHKIUs BepHysa Nothing moTomMy 4To mpu o6beqUHEHNH CIKMCKA BCTPETHUJIOCH 3Ha-
yeHue Nothing, 5TO paBHOCHJIBHO TOMY, YTO MBI OOBEQUHSAEM B OAUVH CIHMCOK, 3HAUeHU MOJIyYeHHbIe U3 QYHKINH,
KOTOpBIEe MOTYT He BHIUMCIIUTD pe3yJIbTat. II0CKOJIbKY 3HaueHre OQHOTO U3 3JIEMEHTOB He OIpeziesieHO, BeCh CIIHICOK
He OIpefeJIEH.

ITocMoTpuM Kak paboTaeT 3Ta GYHKIMA Ha CIHCKaX:

*Kleisli> sequence [[1,2,3], [11,22]]
(r1,111,[1,22],[2,11],[2,22], [3,11], [3,22]]

OHa cocTaBJisieT CIMCOK BceX KOMOMHAIIUK 3JIEMEHTOB M3 BCEX MOCIKICKOB.

C nomo1Ib1o 3TOH PYHKIIMN MBI MOXKeM ollpeesIuTh GyHKIMI0 mapK. 3Ta GyHKLHA ABJIAETCS aHAJI0rOM 00BIYHOMN
(yHKIMM map, HO OHA NpHUMeHsAeT CllellaIbHy0 (PYHKIMIO K CIUCKY 3HAaYeHUH.

mapK :: Kleisli m => (a -> m b) -> [a] -> m [b]
mapK f = sequence . map f

6.4 @OyYHKTOpPHI U MOHAbI

B 3TOl1 r;1aBe MBI BBHIIMCAJIM BPYYHYIO BCe omnpejesieHus JyiA kiacca Kleisli. Mul cfesany 3TO IOTOMY, 49TO
Ha caMoM JieJie B apceHasle cTaHAapTHHIX cpenctB Haskell Takoro kitacca Het. Kimace Kleisli cTpOUT 3aMKHYTHIN
MUPp clielajibHbIX QYyHKIMN a -> m b. Ero 1esp NoCTPOUTD A3BIK B A3bIKE U ceJaTh IPOrpaMMHUpOBaHue co clie-
[UAJIBHBIMU QYHKI[UAMY TaKUM Xe yI0OHBIM KaK U ¢ OOBIYHBIMU GYHKIUAMU. MBI 0JIb30BaIUCh Ki1accoM Kleisli
VCKJIIOYUTEJIBHO B [[eJIAX o0JierdieHys IOHUMAaHUA 3TOro Mupa. BmpoueM HHUKTO He MellaeT HaM OIpeesIUTh 3TOT
KJIacC U MMOJIb30BAThCA UM B HAIIMX [IPOrpaMMax.

A noka mocMmoTpuM, 4TO ecTh B Haskell 1 kak 3TO COOTHOCUTCS C TeM, UTO MbI yXke yBuaesu. C OMOIIbI0 KJtacca
Kleisli MBI HAYyYWJIMCH [€J1aTh TPYU PA3JIMYHbIX Ollepaly IPUMeHeHU:

IIpumeHeHune:

* OOGBIYHBIX (PYHKLUIT OAHOTO apryMeHTa K CHelraIbHbBIM 3HaYeHUAM (QyHKIUA +$).

* OOBIYHBIX (PYHKLNIT TPOU3BOJIBHOTO YMCJIa apTyMEHTOB K CIleI[HaJIbHBIM 3HaueHusAM (yHkuuu +$ u $$)

* CHenuabHBIX (PYHKIMHI K ClienrajIbHbIM 3HaYeHusaM (pyHKmsa *$).

B Haskell qyis1 pemeHus sTux 3aa4 npefAHasHauYeHbl TPU OTAEJIbHBIX Kjlacca. DTO GYHKTOPHI, alllIMKATHBHEIE
(YHKTOPHI 1 MOHA/[TBL.
DOYHKTOPHI

ITocmoTpuM Ha omnpefesieHue Kjacca Functor:

class Functor f where
fmap :: (a ->b) ->fa->fb

Tun meromga fmap coBnagaeTt ¢ TUNOM AJiA QYHKIUAN +$:
(+$) :: Kleislim=> (a -=>b) =>ma ->mb

Hawm Tosibko Hy>XHO 3ameHuUTh m Ha f u 3aBucuMocTs oT Kleisli Ha 3aBucumocTs ot Functor:

Urak B Haskell y Hac ecTh 6a3oBas omnepanus fmap npumMeHeHUsi 0ObIYHOM GYHKINY K 3HAUEHUIO U3 MHUpa CIie-
nuanpHeIX GyHKIWA. B Moxayite Control.Applicative onpeesiéH HHQUKCHBIE CHHOHUM <$> IJIA 3TON (PYHKIMHU.
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AnmutnkaTtusHbie GyHKTOPHI

[TocmoTpyM Ha onpejiesieHre Kyiacca Applicative:

class Functor f => Applicative f where
pure :ra->f a
(<*>) :: f (@ ->b) ->fa->Ffhb

Eciu mpucMoTpeThes K TUIIaM MeTOJIOB 3TOr0 Kjacca, TO MBI 3aMeTHM, YTO 3TO HallW cTapble 3HakoMble idK u
$$. Ecyiu uis manHoro THna f onpenenéH sk3eMIuap Kiiacca Applicative, To M3 KOHTEKCTa cjieyeT, 9TO A1 Hero
TakXe oIpefeIéH U 9K3eMIUIAp Kjacca Functor.

3HauuTt y Hac ectb pyHKIuu fmap (rmm 1iftl) u <*> (i $$). C uX TOMOIIBI0 MBI MOXEM COCTaBUTH (PYHKITNU
1iftN, KoTOpble MOJHUMAIOT OObIYHbIE GYHKIINY IPOU3BOJIBHOIO YMCJIA APTYMEHTOB B MUP CIelNaJIbHbIX 3HAYeHUN.

Kiacc Applicative onpenesnén B MmoayJie Control.Applicative, TaM ke MBI cMOXXeM HalTu U QyHKIuU LiftA,
1iftA2, 1iftA3 u CUMBOJIbHBIN CUHOHUM <$> 1A pynkuuu fmap. @yHkiuu LiftAn onpenesieHsl Tak:

1iftA2 f a b = f <$>a <*> D
1TiftA3 f a b c = f <$> a <*> b <*> ¢

BuHO 4TO 3TU OnpefiesieHUs C TOYHOCTBI0O 40 0603HaUeHNI1 COBIAAAI0T ¢ TEMM, UTO MBI yKe IKcajiy JJiA KJjlacca
Kleisli.

MoHaabI

ITocmoTpuM Ha onpejiesieHre kyiacca Monad

class Monad m where
return :: a -=>m a
(>>=) :::ma-=->(a->mb) ->mb

HpI/ICMOTpI/IMCH K TUIIaM METOJO0B 3TOI'0O KJjiacca:
return :: a ->m a

Hx Tuna BUIHO, YTO 3TO HU YTO UHOe Kak GyHKIUA idK. B kiacce Monad y He€ TOUYHO Takoi ke cMbIc/I. Temnepb
byHKIMA >>=, OHa YnTaeTca Kak QyHKIuA ceasvigarua (bind).

(>>=) ::ma->(a->mb) ->mb
Tak BO3MOXXHO COBIafieHre He 3aMeTHO, HO AaBaiiTe “niepeBepHEM” 3Ty (PYHKIIHIO:

(=<<) :: Monad m => (a ->mb) ->ma ->mb
(=<<) = flip (>>=)

[TomMeHsAB apryMeHTHl MeCTaMU, MBI IOJIYYMJIU 3HaKOMY10 QYHKIUIO *$. UTak PYyHKLNA CBA3BIBAHUA 3TO PyHKIUA
MpYIMEHEHUs ClleNUaIbHON (PYHKIMY K CIIeNaJIbHOMY 3HAUYeHU0. Y Heé KaK pa3 TaKoU CMBICIL.

B Prelude ompegnesieHsl 3k3eMIUIApH kiacca Monad A tunos Maybe u []. OHUM onpefesieHBl 0 TaKOMY Xe
MPUHIUIY, YTO 1 Hamu onpefeyieHus i1 Kleis'li TobKO He AJIA KOMIIO3ULINUY, a AJIA IPUMeHeHUA.

OtMmeTuM, 4TO B MoAyJie Control.Monad onpepesieHsl GyHKIMKU sequence U mapM, OHU HECYT TOT XK€ CMBICJI,
yTo 1 QYHKIMU sequence U mapK, KOTopble MbI onipeAesisiin A1 kiiacca Kleisli.

CBoiicTBa KJIacCOB

ITocMoTpyM Ha CcBOHCTBAa GYHKTOPOB M alIINKATHUBHBEIX (PYHKTOPOB.

CpoiicTBa kjacca Functor

fmap id x == X -- TOXOecTBoO
fmap f . fmap g == fmap (f . g) - - KOMMo3uuusa

[TepBOe CBOIICTBO FOBOPUT O TOM, YTO €CJIM MBI IpUMeHseM fmap K pyHKIUY TOXAECTBA, TO MBI JOJIKHBI CHOBA
IIOJIy49UTh (PYHKIMIO TOXIECTBA, UJIU IO JPYTOMY MOXHO CKa3aTh, YTO IPUMeHeHre GYHKIMN TOXAECTBA K CIenu-
aJILBHOMY 3Ha4eHUI0 He U3MeHseT 3To 3HaueHue. Bropoe cBOICTBO TOBOPUT O TOM, YTO I1OCJIe/IoBaTeJIbHOE prMeHe-
HUe K CIlel[iaJIbHOMY 3HaueHUI0 IByX OOBIYHBIX (PYHKI[MIT MOXHO 3amucaTh B BUe IPMMeHeHNs KOMIIO3ULUU JIBYX
OGBIYHBIX PYHKLUI K ClIel[MaIbHOMY 3HaUY€eHHUIO0.

Ecsm Bc€ 9TO 3ByYUT TYMaHHO, NOIIPOOyeM Nepenncarh 3TH CBOMCTBA B TEPMUHAX KOMITO3UIUU:

mf +> id == mf
(mf +> g) +> h == mf +> (g >> h)

[TepBOe CBOIICTBO FOBOPUT O TOM, YTO TOXAECTBeHHAasA GYHKINA He N3MeHseT 3HaueHre IpY KOMITO3UInu. Bro-
poe CBOYICTBO YKa3bIBaeT HAa acCOLMATHUBHOCTh KOMIO3ULUY OJHOH crenuayspHoN ¢yHKnuyu mf M ABYX OOBIYHBIX
dyHKIMI g U h.
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CaoiicTBa Kiiacca Applicative

CaoricTBa kiacca Applicative, ayig HarygaHOCTH OHU cHOPMYJIMPOBaHBI He dyepe3 METOAB! KJlacca, a yepes
Npon3BOJHbIEe QYHKINU.

fmap f x == LiftA f x -- cBA3b ¢ Functor
1iftA id x == X -- TOXOecTBO
LiftA3 (.) f g x == f <*> (g <*> x) - - KoMMno3uuusa
1LiftA f (pure x) == pure (f x) - - rOMOMOp(M3M

[TepBoe CBOICTBO rOBOPUT O TOM, YTO IIPMMEHEeHHe crelyraabHON (QYHKLNUKU OJHOrOo apryMeHTa COBIadaeT C
MeTozioM fmap u3 kyacca Functor. CBOMCTBO TOXIECTBA UIEHTHYHO aHAJIOTMYHOMY CBOMCTBY AJIA Kjtacca Functor.

CBOMHCTBO KOMITIO3UITUN C(I)OpMyIII/IpOBaHO XUTpPO, HO ;[aBaﬁTe IIOCMOTPHUIM Ha THUIIBI apryMEHTOB:

(.) :: (b ->¢c) ->(a ->b) -> (a ->¢)
f m (b -> ¢)

g m (a -> b)

X m a

1TiftA3 (.) fgx ::mc

g <*> x

f (g <*> x)

CreBa B cBoiicTBe cTouT LiftA3, a He LiftA2, moTOMy YTO MBI CHaYaja IpHUMeHseM KOMIO3ULUIO (.) K AByM
¢yuknuaM f u g, a 3aTeM IpUMeHseM COCTaBHYI0 (PYHKINIO K 3HAYEHUIO X.

[TocieiHee cBOMICTBO TOBOPUT O TOM, YTO €CJIM MBI BO3bMEM OObIUYHYI0 QYHKIMIO 1 0OBIYHOE 3HaueHNe 1 OHU-
MeM UX B MUP CllelIaJIbHBIX 3HaUYeHH ¢ moMollpio Lift u pure, To 3TO ToXe caMoe ecJiv OBl MBI IIPOCTO TPUMEHUIIN
Obl QyHKIMIO f K 3HaUYeHUI0 B MUpe OOBIYHBIX 3HAUeHUI 1 3aTeM NOAHsIM OBl pe3yJIbTaT B MUP CHel[haJIbHbIX 3Ha-
YEeHUH.

ITosHOE ornpeneJsieHrue KJjaccoB

Ha camom pene A HeMmHoOro cxuTpuil. f pacckasas BaM TOJIBKO 00 OCHOBHBIX MeToAax kjaccoB Applicative
u Monad. Ho oHU codepar ellié HeCKOJIbKO JOIOJIHUTEIBHBIX METO/I0B, KOTOPhle BEIPAXXAIOTCA Yepe3 OCTaJIbHHIE.
ITocMoTpuM Ha HUX, HAYHEM c Kj1acca Applicative.

class Functor f => Applicative f where
-- | NopHWMaeM 3HayeHne B MUP CreuuanbHbIX 3HAYEHWUNd.
pure :: a -> f a

-- | MNpuWMeHeHne cneunanbHOro0 3HaYeHUs - GYHKLUN .
(<*>) 12 f (@ ->b) ->fa->Ffb

-- | KoHcTaHTHaa ¢yHkuusa. OTbpacbiBaeM nepsoe 3HayeHue.
(*>) :: fa->fb->fb
(*>) = LiftA2 (const id)

-- | KoHcTaHTHaa ¢yHkuusa, OTOpachiBaeM BTOpOE 3HaYeHue.
(<*) :: fa->fb->fa
(<*) = 1iftA2 const

JlBa HOBBIX MeTOfa (*>) U (<*) MMEIOT CMBICJI KOHCTAaHTHBIX GyHKIu. [TlepBas GyHKIMA UTHOPUPYET 3HaYeHUe
cJeBa, a Bropas GyHKINA UTHOPUPYET 3Ha4YeHue cripaBa. IlocMOTpUM Kak OHHM paboTalT B MHTepIpeTaTope:

Prelude Control.Applicative> Just 2 *> Just 3
Just 3
Prelude Control.Applicative> Nothing *> Just 3

Nothing

Prelude Control.Applicative> (const id) Nothing Just 3
Just 3

Prelude Control.Applicative> [1,2] <* [1,2,3]
[1,1,1,2,2,2]
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3HayeHre UTHOPUPYETCs, HO CIoco6 KOMOMHUPOBAHUA CHENUaIbHBIX GQYHKI[UN yuUThBaeTcsa. Tak BO BTOpOM
BBIPaXX€HUU He CMOTPs Ha TO, YTO MBI He YUUTHIBaeM KOHKpeTHoe 3HaueHue Nothing, MBI yuuTBIBaeM, 4TO eCjIi OJUH
U3 apryMEeHTOB YaCTUYHO Ollpe/ieIEHHON (QYHKIUU He ONpefesiéH, TO He onpefeieHO Bcé 3HayeHre. CpaBHUTE C
Ppe3yJIbTaTOM BHIIIOJIHEHUS CJIEAYIOIIEro BhIpaXKeHusl.

[To Toi1 Xe mpuYuHe B MHOCJeJHEM BBIpaXXK€HUU MBI MOJIYUWJIA TPU KOMHHU MEepBOro clucka. Tak MpoM30mILIO
IIOTOMY, YTO BTOPO¥ CIHMCOK COAepXaJsl Tpu sjeMeHTa. K kaxkaoMy 13 3jieMeHTOB Obljla IpuMeHeHa PyHKIMA const
X, TAe X mpoberaer o 3jeMeHTaM CIIKCKa cJieBa OT (<*).

AHaIoOrTHYHBIN MEeTO[ eCTh U B KJtacce Monad:

class Monad m where

return :: a ->m a

(>>=) ::ma->(a->mb) ->mb
(>>) t:ma->mb ->mb

fail :: String -> m a

m>> k = m >>= const k

fail s = error s

®yHKIUA >> B kjacce Monad, KOTOPYI0 Mbl IPATaJIM M3-3a CUMBOJIa KOMIIO3ULMH, ABJIAETCA aHAJIOTOM IOCTOSAH-
HoM yHKIMHU B kjacce Monad. OHa paboTaeT Tak xe kak 1 *>. @yHkiuaA fail ucnosb3yeTca AjiA CITyKeOHBIX HYX[
Haskell npu BeiBosie omu6ok. [TosToMy MBL €€ 31ech He paccMaTpuBaeM. [[JiA omnpefeseHusa 3K3eMIUIApa Kjacca
Monad JOCTAaTOYHO ONpeNesIUTh METOABL return u >>=.

Hcropuyeckue 3amMeyaHus

Hanpamwusaerca Bonpoc. 3aueM HaM QyHKIMU return u pure wiu *> y >>? Ecju BH 3arjiAHeTe B JOKyMeHTa-
uuio K MofyJio Control.Monad, To Tam Bbl HarinéTe pyHKIuU 1iftM, LiftM2, 1iftM3, KOTOpHIE BBHIIOJIHAIOT TE Xe
omepanuu, YTO U aHaJOTU4Hble QyHKUMU 13 MoAyjA Control.Applicative.

CraHfapTHBEE GUOJIMOTEKN YCTPOEHH TakK, MOTOMY 4YTO kjiacc Applicative mosBuicsa ropaszo mosxe Kijacca
Monad. Y K MOSIBJIEHUIO 3TOTO HOBOT'O KJIAcca yKe HaKOMMJIOCh OTPOMHOE UKCJIO GMOJIMOTEK, KOTOPble PACCYUTAHBI
Ha npexHue nMeHa. Ho B GyqyIeM BO3MOXHO MPeXHUe KJIACCH OYAyT 3aMeHEeHbl Ha TAKKe KJIACChL:

class Functor f where
fmap :: (a ->b) ->fa->fb

class Pointed f where
pure :: a -> f a

class (Functor f, Pointed f) => Applicative f where
(<*>) :: f (@ -=>b) ->fa->fb

(*>) : fa->fb->fb
(<*) : fa->fb->fa

class Applicative f => Monad f where
(>>=) :: fa->(a->fbh) ->fb

6.5 Kparkoe conepxanue

B s5TOl rJ1aBe MBI JOJIMOI 00XOQHOU AOPOroH ILIM K MOHATHUIO MOHAAB U QYHKTOpa. DTH KJIACCHl CIIyXaT AJA
obJierdeHus paboTH B MUpe ClIeNUaIbHBIX QYHKIUYI BUAA @ -> m b, B kKateropuu Kieliciu

C IIOMOIIBIO KJ1acca Functor MoXxHO IIPpUMEHATH CIlIe[aJIbHbI€ 3HAUYEHUA K OOBIYHBIM CI)yHKI.II/IHM OOHOro apry-
MEHTa:

class Functor f where
fmap :: (a -=> b) ->fa->fb

C momorpio kjacca Applicative MOXHO IPUMEHATH Clle{lajIbHble 3HAUeHNA K OOBIYHBIM (QYHKIMAM JII060T0
YlcJia apryMeHTOB:

class Functor f => Applicative f where
pure ::a->fa
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<*> :: f(a->b) ->fa->fb
1iftA :: Applicative f => (a -> b) -> fa ->fb

1iftA2 :: Applicative f => (a -> b ->c¢c) ->fa ->fb ->fc
1iftA3 :: Applicative f => (a -> b ->c ->d) ->fa->fb->fc->fd

C nomompio kJacca Monad MOXHO IPUMEHATH CHelMaIbHble 3HaueHUA K CllelaIbHbIM QYHKIHAM.
class Monad m where
return :: a ->m a

(>>=) ::ma->(a->mb) ->mb

OyHkuA return sapiferca GyHKIUeHn id B Mupe crienuajibHBIX GYHKIUH, a QYHKIMA >>= ABJseTcsa QyHKIMen
nprMeHeHus ($), ¢ oOpaTHBIM IOPSIKOM cJIeJoBaHHsA apryMeHToB. BermoMHuM Takoke kiace Kleisli, Ha npruMepe
KOTOPOM MBI Y3HAJI MHOTO HOBOT'O U3 XHU3HU CHENHNaIbHBIX (QYHKIIVI:

class Kleisli m where
idK :ra->ma

(*>) :: (@ =>mb) =>(b->mc) -> (a ->mc)

M-ab1 Y3HaJ/I1 HECKOJIBKO CTaHJapPTHBIX CIIEAaJIbHbIX (I)YHKI.[I/Iﬁi

YacTUYHO onpenesiéHHbIe QYyHKIUU

a -> Maybe b
data Maybe a = Nothing | Just a

MHoro3HauHnble GyHKIIUN

a -> [b]
data [a] =[] | a : [a]
6.6 YmnpaxHeHUs

B mepBBIX ynpaxxHeHUSAX BaM IIpeJijilaraeTcs 1o KapTUHKe clel[MaJbHON GYHKIMN HANKMCcaTh SK3eMIUIAP KJIACcCOB
Kleisli u Monad.

DOYHKIMH C COCTOAHHUEM

—>S

Puc. 6.6: ®yHKIUA C COCTOAHUEM

B Haskell Henb3s n3MeHATh 3HauUeHUs. HoBbIe CJI0OXKHBIE 3HAUEHUA OIMUCHIBAIOTCA B TEPMHHAX 06a30BbIX 3HAYe-
Huil. Ho Kak xe Torga Mbl CMOXEM ONMUCATh (PYHKLHUIO ¢ cOCTOsAHMEeM? (DYHKIMIO, KOTOpas MPUHUMAET Ha BXOJ|
3HauYeHUe, COCTaBJIsIET Pe3yJIbTaT Ha OCHOBE BHYTPEHHEr0 COCTOSHUSA U 3HAaUeHUA apryMeHTa v OOHOBJIAET COCTOS-
Hue. [TOCKOJIbKY MBI HE MOXEeM U3MEHATh COCTOSIHUE eJUHCTBEHHOE, YTO HaM OCTAETCs — 3TO MPUHUMATh 3HAUYEHe
COCTOAHMA HA BXOJ BMECTEe C apryMEHTOM U BO3BpallaTh OOHOBJIEHHOE COCTOsHME Ha BhIXOJe. Y HAC MOJIyYUTCS
TaKOU TUIIL:

a->s -> (b, s)

CDyHKLII/IH NpUHUMAET OAHO 3HAUYE€HME TUIIA a U COCTOsSHME TUIIA S, a BO3BpalllaeT Inapy, KoTopasda COCTOUT U3
pe3yJjibTaTa TUla b 1 o6HOBJIEHHOTO cocTOsAAHUA. Eciti MBI BBeI[éM CHMHOHUM!

type State s b =s -> (b, s)

W BCOMHUM 0O 4aCTUYHOM MIPUMEHEHHNH, TO Mbl CMOXEM 3alrcaTbh TUII q)yHKI.II/II/I C COCTOAHMEM TaK:
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a -> State s b
B Haskell nmonutu gasibiie v BRIAETAIN A1 TAKUX QYHKI[AN ClIELUAJIbHBIA THI:
data State s a = State (s -> (a, s))

runState :: State s a -> s -> (a, s)
runState (State f) = f

a >b b > C
—>S —>S
S S
a f j)
S
S S
a —> C
—>S
S

Puc. 6.7: Komno3unusa GyHKIUN C COCTOSHUEM

®ynkuuA runState npocro uspiekaet GyHKIMIO U3 00004k State.

Ha puc. 6.6 nsobpaxena cxemMa GQyHKI[MU C COCTOsAHNEM. B cpaBHeHNU ¢ 0OBIYHOY QYyHKIMel y Takol PYHKINN
OJIVH JIOTIOJIHUTEJIBHBIN BBIXO/ U OOUH JOIOJTHUTEJIBHBIA BX0J THUNA S. [10 HUM TeYéT U U3MeHseTCs COCTOsIHUE.

[Monpo6y¥iTe M0 cxeMe KOMIO3UIUH 1A GYHKI[UI C COCTOSHMEM HamKcaTh dK3eMIUTAPH A1 KiaccoB Kleisli
u Monad fiy1a Tuna State s (puc. 6.7).

IMoxckaska: B aToM ompenesieHUH ecTh OJHA XUTPOCTh, B OTJINYae oT TUNOB Maybe u [a] y Tuma State pgBa
rapamMeTpa, 5TO TapaMeTp COCTOSHUA U apaMeTp 3HayeHuA. Ho Mel fAestaem sk3eMIULIp He juiA State, a jia State
S, TO €CTb MBI CBSDKEM THUII C HEKOTOPHIM IIPOU3BOJIbHBIM TUIIOM S.

instance Kleisli (State s) where

d’yHKIII/II/I C OKpYX€e€HHueM

CHavaJia Mbl pacCMOTPUM GYHKIHH C OKpyxeHrneM. DYHKINY C OKPYXXEHHUEM — 3TO Takre QYHKIHH, ¥ KOTOPBIX
€CTh HEKOTOPOEe XPaHWJIUIIE JaHHBIX WJIN OKPYXeHHe, U3 KOTOPBIX OHU MOTYT 4MTaTh nHdopmaiuio. Ho B oT/imuve
OT QYHKIUI C COCTOSHHEM OHU He MOTYT 3TO OKpYXeHHe n3MeHATh. OYHKIUSA ¢ OKPYXeHHeM MMOX0Xa Ha (PYHKITHIO
¢ cocTtosiHMEM 6e3 0JHOTO BHIXO/a AJIs1 COCTOAHMA (puc. 6.8).

Puc. 6.8: ®yHKIUA ¢ OKpYyXEeHHUEM

@DyHKIHA ¢ OKpYXXeHHeM NIPUHIMAaeT apryMeHT a 1 OKpyXeHHe env 1 Bo3BpalaeT pe3yJibTaT b:

a ->env ->b
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Kak u B cityuae GyHKINI ¢ COCTOAHUEM BRAEINM 711 GYHKIUY C OKpYXeHueM oTesbHbIi Tull. B Haskell on Ha-
3pBaeTcs Reader (OT aHrJI yTen). Bce GyHKIMY ¢ OKpyXXe€HEM UMEIOT BO3MOXHOCTh YATATH U3 OOIIETO XPaHUJIUIIA
JaHHBIX. Harpumep oHU MOTYT UMETH JOCTYI Ha YTeHue K o0uiell 6a3e JaHHBIX.

data Reader env b = Reader (env -> b)

runReader :: Reader env b -> (env -> b)
runReader (Reader f) = f

Teneps GYHKINSA C OKPYXKEHUEM IpUMeT BUJI:

a -> Reader env b

Omnpenenute Oa GyHKIUI € OKpyXeHHeM 3K3eMIUIAp Kiacca Kleisli. Y Hac BO3HUKHET Ienovyka (PyHKIMH,
Kaxaas U3 KOTOPHIX OyAeT HyXJaThCsA B 3HAYEHUU OKPYXeHUs. IT0CKOJIbKY OKpyXeHue obiiee A1 BceX GYHKIME
MBI BceM GYHKIUAM IepeJaguM OJHO U TO Xe 3HavyeHHe (puc. 6.9).

env

env
Puc. 6.9: ®yHKIUA ¢ OKpYyXEHHUEM

(DyHKIII/II/I-HaKOIII/ITeJII/I

OYHKIMH-HAKONUTEJIN [IPU BBIYKUCIIEHNH 32 IIMPMOH HaKaIJINBAaOT HEKOTOpoe 3HayeHne. DyHKINA-HaKOIUTe b
10X0Xa Ha (PYHKIMIO C COCTOsSIHHEM HO 6e3 CTpesKY, IO KOTOpPOH cocTosHue nomaércs B ¢yHkouio (puc. 6.10).
OYHKLIMA-HAKONUTEJIb MMeeT TUIL: a -> (b, msg)

a /f\ b

Msg

Puc. 6.10: ®yHKIMA-HAKONUTEJIb
BrieniuM pe3ysibTaT PYHKUNHM B OTAEJIBHBIN TUII ¢ UMeHeM Writer.

data Writer msg b = Writer (b, msg)

runWriter :: Writer msg b -> (b, msg)
runWriter (Writer a) = a

Tun yHKINUN IPUMET BUL:
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a -> Writer msg b

3HaveHus TUIA MSg MBI OyJeM Ha3bBaTh cooOmeHusAMU. CMmbica yHKUME a -> Writer msg b 3aksrovyaercs
B TOM, 4TO IPU BHYMCJIEHUM OHU HAaKaIUJIMBAIOT B 3HAUYEHUU MSg KaKyo-HUOYy[p MHMOpMAaIu. OTO MOTyT OBITh
oTJIafiouHble coobmieHys. Mu 6a3a JaHHBIX, KOTOPas OTKPHITA JJIA BceX QYHKIMI Ha 3aIKCh.

Knace Monoid

Kak mMb1 6y1eM HakamInBaTh pe3yJibTar? [Toka MBI yMeeM JIMIIb BO3BpalaTh U3 PyHKUUYU Napy 3HaueHu. OJHO
13 HUX HaM HYXHO IlepefaTh B CJeAyIony0 GyHKIMIO, a YTO AeJiaTh ¢ Apyrum?
Ha momomgs Ham npuaéT xiacc Monoid, oH onpenesnéH B MoayJie Data.Monoid:

class Monoid a where
mempty :: a
mappend :: a -> a -> a

B 3TOM KJIacce ompe/iesieHO MycToe 3HaueHue mempty u GuHapHasA GyHKIUA COeJUHEHUs ABYX 3HAYEHHUI B OJTHO.
JTOT KJIacc oYeHb MOXOX Ha Kiyiacc Category u Kleisli. Tam Toxe GbUIO 3HaUYeHUE, KOTOPOE HUYEro He AeJlaeT U
oreparisa COCTaBJIEHUS HOBOTO 3HAYEHUSA U3 JBYX MPOCTEHIINX 3HaUeHni. Jlaxke CBOMCTBA KJlacca IOXOXKH:

mempty ‘mappend‘ f = f
f ‘mappend‘ mempty = f

f ‘mappend’ (g ‘mappend’ h) (f ‘mappend’ g) ‘mappend‘ h

msg msg

5 (g }—sc

a ()
j/ MsgG
MsgF ++ MsgG
\_/

++
MsgF

msg

Puc. 6.11: Komnosunusa GyHKIUN-HaKONUTEIel

[TepBble Ba CBOYICTBA rOBOPAT O TOM, YTO 3HA4YeHHeE mempty M BIPABAY ABJIAETCA MYCTHIM 3JIEMEHTOM OTHO-
CUTEJIbHO omepanuu mappend. A TpeTbe CBOICTBO TOBOPUT O TOM, YTO IOPAAOK IIpU 0ObeAUHEHUH 3JIEMEHTOB He
Ba’KeH.

ITocMOTpUM Ha ompejiesieHHe 3K3eMIUIApa JJIs CIHCKOB!

instance Monoid [a] where
mempty [1
mappend = (++)

WUTak mycToii 3JIEMEHT 3TO MyCTO# CMKCOK, a 00beJUHEHIE 3TO OIepalysa KOHKaTeHallMK CIIUCKOB. [IpoBepyM B
HHTEPIPETATOpPE:

*Kleisli> :m Data.Monoid

Prelude Data.Monoid> [1 .. 4] ‘mappend’ [4, 3 .. 1]
[1,2,3,4,4,3,2,1]

Prelude Data.Monoid> "Hello” ‘mappend‘ ” World” ‘mappend‘ mempty
"Hello World”

Hamumwure ax3emiuiap kiacca Kleisli s ¢yHKIui Hakonuresed no puc. 6.11. Ilpu 3Tom OygeM cumTars,
YTO THII MSQ SABJIAETCA K3eMIUIIPOM Kitacca Monoid.
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dK3eMILAPHI A1 PYHKTOPOB M1 MOHAM

[TpencraBeTe, uTO Y Hac HeT Kiacca Kleisli, a ects jsmumb Functor, Applicative u Monad. Hamumure sx3em-
IJIAPHI AJ1A 9TUX KJIACCOB [J1 BCeX PaCCMOTPEHHBIX B 3TOMH I'JlaBe cliellaIbHEIX GyHKINI (B TOM unciie U 1A Reader
u Writer). Dx3eMmuiApk Functor u Applicative Moryt GbITH ornpeesieHsl yepe3 Monad. Ho 114 TpeHHUPOBKU ompe-
JeJiiuTe 3K3eMIULAPH MoJHOCThI0. CHavasa Functor, 3atem Applicative u B mocjeaHiow ouepenp Monad.

HepeBbs

Hanmmmre sk3eMIuisapsl ky1accoB Kleisli u Monad ayisa ABYX THIOB, KOTOPHIE ONKCHIBAIOT JePeBbs. BUHapHEBIE
JlepeBbs:

data BTree a = BList a | BNode a (BTree a) (BTree a)
JlepeBbs ¢ HECKOJIbKMMU y3JIaMU:
data Tree a = Node a [Tree a]

C‘{I/ITaﬁTe, YTO CIIMCKU ABJIAIOTCA YaCTHBIMU CJIy4YasaMU OEPEBLEB. B sTOoM cmpbIcsIEe A€peBbsA 6yI[yT OIIMCBIBAThb
MHOT'O3HAYHbIE ('byHKI.II/II/I, KOTOpbI€ BO3BpallalOT HECKOJIBKO 3Ha‘IeHI/Iﬁ, OpraHN30BaHHBIX B NE€PAPXNYECKYIO CTPYK-

Typy.
CranpapTHble GQyHKIMHU
[MounTaiiTe JOKyMeHTanuIo Kk MoAyJisAM Control.Monad u Control.Applicative. [IpucmoTpuTech K GyHKIUAM,
nonpoOyliTe NpUMEHNUTh UX B HUHTEpIpeTaTope.
OxBuBaJieHTHOCTH KJaccos Kleisli u Monad

IMokaxwuTe, uTo kacchl Kleisli u Monad 3KBHUBaJIeHTHBI. J[J1 3TOT0 HY>XKHO /JIs1 IPOM3BOJIBHOTO THIA C C OAHUM
rapaMeTpoM M OIpe/IeJIUTh [1BA SK3eMILIPA:

instance Kleisli m => Monad m where
instance Monad m => Kelisli m where

Hy>HO oIpefesinTh 3K3eMILISIP OJJHOT'O KJIACCA C IOMOII[BI0 METOOB APYTOro.

CaoiicTBa KJj1acca Monad

Ecnm knacc Monad skBuBasieHTeH Kleisli, To B HEM JOJDKHBI BEIIOJIHATCA TOYHO TaKKe e CBOKMCTBA. 3anuuiTe
cBoricTBa kiacca Kleis'li yepe3 meto/ipl kj1acca Monad
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I'maBa 7

[IpuMepsI U3 MUpa ClleUAJIbHBIX (PYHKIITUUN

B 3To¥1 TJ1aBe MBI 3aKpenyM Ha IpUMepax TO, YTO MBI Y3HAIM O MOHajax u ¢yHKTopax. HanmomHro, 4To C 1o-
MOIIBI0 MOHAJl ¥ (GPYHKTOPOB MBI MOXeM KOMOMHHPOBATh cleluajibHble GyHKIUY BuAa (a -> m b) ¢ apyrumu
crienraJbHBIMU QYHKIUAMU.

Y Hac ecTh (I)yHKI.II/II/I TOXOECTBa U NIPUMEHEHUA:

class Functor f where
fmap :: (a ->b) ->fa->fb

class Functor f => Applicative f where
pure ::a->fa

(<*>) it f(a->b) ->fa->fhb

class Monad m where

return :: a ->m a
(>>=) ::ma-=->(a->mb) -=>mb
(=<<) t: (@ -=>mb) ->ma->mb

(=<<) = flip (>>=)

BcrmoMHUM OCHOBHEBIE IIpOn3BOAHBIC q)yHKI.II/II/I JJIA OTHUX KJIaCCOB:

Wnu B TepMuHax kiacca Kleisli:

-- KoMno3suuus
(>=>) :: Monad m => (a ->mb) -> (b ->mc) -> (a ->m c)
(<=<) :: Monad m => (b ->m<c¢c) -> (a ->mb) -> (a ->mc)

-- KOHCTaHTHble QYyHKLWUU
(*>) :: Applicative f => fa -> f b -> f b
(<*) :: Applicative f => fa ->f b -> f a

- - lpuMeHeHune 06bIYHBIX ¢yHKLI,I/IVI K cneunanbHbM 3Ha4YeHUAM

(<$>) :: Functor f => (a -> b) ->fa ->fb
1iftA :: Applicative f => (a -> b) ->fa->fb
1iftA2 :: Applicative f => (a -> b -> () ->fa->fb->fc

1iftA3 :: Applicative f => (a -> b ->c ->d) ->fa->fb->fc->fd

-- Mpeobpa3oBaHne 3/1eMEHTOB CNUCKa chneuuanbHon ¢yHKuuen
mapM :: Monad m => (a -> m b) -> [a] ->m [b]

Ham noHapo6uTcsa MoJyJib € onpejieJIeHUsAMU TUIIOB U 9K3eMIUIIPOB MOHA[[ JiJIs BCeX TUIIOB, KOTOphIe MBI pac-
CMOTpeJIY B IpeblayIel Ty1aBe. DK3eMIUIAPH 1J1A [ ] u Maybe yxe onpefesieHsl B Prelude, a Tunsl State, Reader u
Writer MoxHo HaliTu B 61bnoTeke mtl. [Toka MBI He 3HaeM KaK yCTaHABJIMBATh OUOJIMOTEKU ONpeie UM 3TU TUIIBI
U 5K3eMIUIApH 1A Monad caMoCTOATeIbHO. BO3MOXHO BEI yXe ONpeAesIii UX, BRIIOJIHAA OAHO U3 yIpaXHeHUN
TpebIAyIIel IJIaBhl, eCJIM 3TO TaK ceiyac Bl MOXeTe CBEPUTh OTBeThl. OnpeaeanM Moaysb Types:

module Types(
State(..), Reader(..), Writer(..),
runState, runWriter, runReader,
module Control.Applicative,
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module Control.Monad,
module Data.Monoid)
where

import Data.Monoid
import Control.Applicative
import Control.Monad

-- OYyHKUMM C COCTOSIHUEM

-- a -> State s b
data State s a = State (s -> (a, s))

runState :: State s a -> s -> (a, s)
runState (State f) = f

instance Monad (State s) where
return a = State $ \s -> (a, s)
ma >>= mf = State § \s0@ ->
let (b, sl) = runState ma sO
in runState (mf b) sl

-- OYHKLUUM C OKpyXeHuem

-- a -> Reader env b
data Reader env a = Reader (env -> a)

runReader :: Reader env a -> env -> a
runReader (Reader f) = f

instance Monad (Reader env) where
return a = Reader $ const a
ma >>= mf = Reader $ \env ->

let b = runReader ma env

in runReader (mf b) env

-- myHKLWIVI-HaKOI'IVITerIVI

-- Monoid msg => a -> Writer msg b

data Writer msg a = Writer (a, msg)
deriving (Show)

runWriter :: Writer msg a -> (a, msg)
runWriter (Writer f) = f

instance Monoid msg => Monad (Writer msg) where
return a = Writer (a, mempty)
ma >>= mf = Writer (c, msgA ‘mappend‘ msgF)
where (b, msgA) = runWriter ma
(c, msgF) = runWriter $ mf b

S mponycTuI onpeesieHus 41 9K3eMIUIAPOB KyiaccoB Functor u Applicative, UX MOXHO MOJIyYNTD U3 SK3EM-
wiApa A4 kiacca Monad ¢ momouipio cTaHAapTHBIX GyHKOuE 1iftM, return u ap u3 moayss Control.Monad.

Ham BcTpeTuiach HOBas 3amluch B JKCIOpPTe MoAyjasa. JUyis yaoOGCTBa MbI OKCIIOPTUPYEM MOIYJIU
Control.Applicative, Control.Monad u Data.Monoid menukom. [[jIg 3TOr0 MbI Hamucajd KJIIOYEBOE CJIOBO
module mepes SKCHOPTHUPYEMBIM MojyJieM. Temepb ecjiid MBI B KakKOM-HHOY[b IPYrOM MOJyJie HMMIIOPTHPYEM
MoAyJib Types HaM CTaHyT JOCTYIHBIMU Bce GYHKIUU U3 3TUX MOAYJIEH.

MsI onpefiesTiiy 3K3eMIUTApHEL 1A Functor u Applicative ¢ momomipio mpon3BogHbIX GyHKIME Kitacca Monad.
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7.1 CiyuaiiHble Yncja

C TIOMOILIBI0O MOHAIBI State MOXHO UMUTHUPOBATHb cnyqaf/’IHme yrcJa. Met GYLIEM T€eHeprpoBaThb CHy‘IafIHbIe qucia
U3 MHTEpBaJia OT 0 Ao 1c IIOMOIIBI0 aJIropruTMa:

nextRandom :: Double -> Double
nextRandom = snd . properFraction . (105.947 * )

@yukuus properFraction Bo3Bpaiaer napy, KOTopas COCTOUT U3 I€JIOH YacTU U OCTaTKa 4ucJia. B3saB BTOpoii
3JIEMEHT Iaphl C MOMOIIBI0 snd, MBI BhleJizeM ocTaTokK. DyHKIuA nextRandom mpezcraBiifeT coOOi reHepaTop
CJIy4alHBIX YHCeJI, KOTOPHII IPUHUMAaeT 3HaYeHre ¢ MpebIAyIIero mara 1 CTPOUT 10 HeMy cJle[yiollee 3HaYeHNe.

[TocTpouM THUI [J1A CJIy4aliHBIX YKCETT:
type Random a = State Double a

next :: Random Double
next = State $ \s -> (s, nextRandom s)

Tenepb onpegemm (I)yHKL[I/IIO, KOoTOopasa HpHﬁaBJ’[ﬂeT K JaHHOMY YUCJIy cnyqaﬁHoe YHnCJI0 U3 MHTEpBaJjia OT 0 Ao

addRandom :: Double -> Random Double
addRandom x = fmap (+x) next

[TocmoTpuM Kak 3Ta GyHKIMA paboTaeT B UHTepIpeTaTope:

*Random> runState (addRandom 5) 0.5

(5.5,0.9735000000000014)

*Random> runState (addRandom 5) 0.7

(5.7,0.16289999999999338)

*Random> runState (mapM addRandom [1 .. 5]) 0.5
([1.5,2.9735000000000014,3.139404500000154,4.769488561516319,
5.5250046269694195],0.6226652135290891)

B nociefHelt cTpouke MbI C TOMOIIBI0 GYHKIHY mapM mprubaBUII KO BCEM 3JIEMEHTAM CIIHICKA PAa3HbIe CJIyYaiiHbIe
yucJsia, oOGHOBJIEHHEe CUETYMKA [TPOVICXOIUIIO 32 KaApPOM, C HOMOIIbi0 GyHKIMYM mapM u sk3eMiusspa Monad ass State.

Taxxe MBI MOXeM OINpeNeJuTh (PYHKIHIO, KOTOpasA CKJIajblBaeT ABa CJIyYalHBIX YHCJIa, OAHO M3 HMHTepBaja
[-1+a, 1+al, a gpyroe us uHTepBaja [-2+b,2+b]:

addRandom2 :: Double -> Double -> Random Double
addRandom2 a b = 1iftA2 add next next
where add a b =\xy ->diapalx+diapb1ly
diap ¢ r = \x > X *¥2*r-r+c

O®yHknuA diap nepememaeT nHTepBaa oT 0 Ao 1 B mHTepBas OT c-r o c+r. OGpaTUTe BHUMAaHHE Ha TO KaK MBI
CHavasila CoCTaBWIM OOBIYHYI0 GyHKIMI0 add, KoTOopas nepeMelnaer 3HaYeHUA U3 UHTepBasa oT 0 10 1 B HyXHBII
AWamna3oH U CKJajabiBaeT. VI TOJIBKO B caMblil MOCJIeAHHUN MOMEHT MBI IPUMEHWIN K 3TOU QYHKIUM CITyYaiiHbIe
3HavyeHUs. [TocMoTpuM Kak paboTaeTr aTa QyHKLUA:

*Random> runState (addRandom2 0 10) 0.5
(10.947000000000003,0.13940450000015403)
*Random> runState (addRandom2 0 10) 0.7
(9.725799999999987,0.2587662999992979)

[TpuGaBuM JiBa cIMcCKa U MOJYYHUM CyMMY:

*Random> let res = fmap sum $ zipWithM addRandom2 [1..3] [11 .. 13]
*Random> runState res 0.5

(43.060125804029965,0.969511377766409)

*Random> runState res 0.7

(39.86034841613788,0.26599261421101517)

®yHkiuA zipWithM aeisercs aHasnoroM ¢yHkiuu zipWith. OHa yeTpoeHa Takxe Kak U GyHKIUA mapM, cHavasia
nprMeHseTcs oObrYHaA GyHknuA zipWith, a 3aTeM QyHKIUA sequence.

C nomomipbio THNa Random MBI MOXXeM onpeAesUuTb GYHKIUI0 IoA0packiBaHA MOHETKU:
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data Coin = Heads | Tails
deriving (Show)

dropCoin :: Random Coin
dropCoin = fmap drop’ next
where drop’ x
| x <0.5 Heads
| otherwise = Tails

VYV MoHeTkHu aBe cTOpOHHI opén (Heads) u pemka (Tails). [TockoJIbKY IIAHCH HA BBHIMAJaHUE TOU WJIM WHOU
CTOPOHBI PABHBI, MBI JIJIS OTIpe/ieJIeHNA CTOPOHHI pasfieisieM UHTepBasl oT 0 o 1 B paBHBIX IPONOPIUAX.

[Tog6pocuM MOHETKY HAThH pas:
*Random> let res = sequence $ replicate 5 dropCoin

@dyukuus replicate n a cOCTaBJseT CIKUCOK U3 N TIOBTOPSIOIIMXCS 3JIEMEHTOB a. [IoCMOTpUM UTO Y HAC MOJIy-
YIJIOC:

*Random> runState res 0.4
([Heads ,Heads,Heads,Heads,Tails],0.5184926967068364)
*Random> runState res 0.5
([Tails,Tails,Heads,Tails,Tails],0.6226652135290891)

7.2 KoHeuHbIe aBTOMAaThbI

C moMoInbio MoHafbl State MOXXHO onMchBaTh KOHeuHble aBToMaThl (finite-state machine). KoHeuHsIi aBTOMAT
HaXOAUTCA B KAKOM-TO Ha4aJIbHOM cOCTOSHUU. OH IPUHUMAaET Ha BXO/] JIEHTY cOObITHIA. OJJHO COOBITHE TPOUCXOIUT
3a npyruM. Ha xaxzjoe coObITHE aBTOMAT pearupyer epexooM U3 OAHOTO COCTOSHUSA B JIPYToe.

type FSM s = State s s

fsm :: (ev -> s ->5s) -> (ev -> FSM s)
fsm transition = \e -> State $ \s -> (s, transition e s)

OyHknuA fsm npuHUMaeT GyHKIMIO TepexoqoB COCTOAHUN transition u Bo3BpamaeT GyHKIMI0, KOTOpas Ipu-
HHMMAaeT COCTOsIHMe U BO3BpalljaeT KOHEeUHBIl aBTOMaT. B kauecTBe 3HaueHNsA KOHeUHBIN aBToMaT FSM 6yeT Bo3Bpa-
maTh TeKyllee COCTOsHUE.

C noMo1ipi0 KOHEYHbIX aBTOMAaTOB MOXHO ONMCHIBATh pasjIMuHble yCTpoiicTBa. JIeHTOI coOBITUI O6yAeT BBOX
oJib30BaTe s (HaxxaTHe Ha KHOIKY, BKJII0UeHVe/BhIKII0YeHNe TIUTAHNA).

[TpuBenéMm mpoctoii mpuMep. PaccMOTpUM KOJIOHKH, Y HUX €CTh PO3€TKa, KHOIKA BKJI/BHIKJI U PETyJIATOP I'POM-
KOCTH. BO3MOXHBIE COCTOAHUSA:

type Speaker = (SpeakerState, Level)

data SpeakerState = Sleep | Work
deriving (Show)

data Level = Level Int
deriving (Show)

Tun KOJIOHOK CKJIaAbIBaeTCsA M3 ABYX 3HAUeHUI: COCTOSHUSA U YPOBHA I'POMKOCTU. KOJIOHKM MOTYT OBITH BHI-
kJIoueHHBIMU (Sleep) nim paboTaTh Ha onpeAea€HHON rpoMkocTH (Work). CuutaeM, YTO MakCUMaJIbHBIN yPOBEHb
TPOMKOCTH cocTasJisgeT 10 eqUHUL, a MUHUMAaJIbHBIN HOJIb €AHUL. I'paHNIIBl AYana3oHa TPOMKOCTH OMHCHIBAIOTCS
TaKuMH QyHKIUAMU:

quieter :: Level -> Level
quieter (Level n) = Level $ max O (n-1)

louder :: Level -> Level
louder (Level n) = Level $ min 10 (n+1)

Ms1 6yaeM OGHOBJIATH 3HAUYEHUs YPOBHA I'POMKOCTH He HaIpsAMYIO, a C IIOMOIIBI0 BCIIOMOTaTeJIbHbIX (PYHKITNN
louder u quieter. Tak MBI He CMOXeM BBINITU 3a Mpejiesibl 33JaHHOT0 Juana3oHa.

Bo3MoXHbBIE COOBITHA:
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data User = Button | Quieter | Louder
deriving (Show)

[Tosp30BaTesIb MOXeT JINO0 HaXaTh HAa KHOMKY BKJI/BBIKJI MJIU MTOBEPHYTh peJie TPOMKOCTH BJIEBO, YTOOBI MPU-
ryymuTh 3ByK (Quieter) mim BopaBo, 4ToOH cAesiaTh morpomue (Louder). Bynem cumTaTh, YTO KOJIOHKU BCerga
BKJTIOUEHHI B PO3ETKY.

CocTaBuM QYHKIMIO IEPEXOO0B:

speaker :: User -> FSM Speaker
speaker = fsm $ trans
where trans Button (Steep, n) = (Work, n)
trans Button (Work, n) = (Sleep, n)
trans Louder (s, n) = (s, louder n)
trans Quieter (s, n) = (s, quieter n)

MsI cunTaeM, UYTO IPU BHIKJIIOYEHUN KOJIOHOK peJie OCTaéTcss HEKOTOPOM II0JIOKEHUU, TaK YTO NpHU cJieAyIoueM
BKJIIOYEHUM OHM OyAyT paboTaTh Ha TOM Xe IPOMKOCTH. Pejie MOXHO KPYTUTh U B cocTosiHMU Sleep. [TocMoTpuM
Ha TUNWYHYIO CECCUI0 paGOThl KOJIOHOK:

*FSM> let res = mapM speaker [Button, Louder, Quieter, Quieter, Button]

CHavaJia MBI BKJIIOYaeM KOJIOHKH, 3aTeM IpubaBJisieM I'POMKOCTD, 3aTeM JIBaXKbI [eJlaeM THIlle U B KOHI[E BbI-
xoyaeM. [ToCMOTPUM YTO MOJIYYHIIOCH:

*FSM> runState res (Sleep, Level 2)

([ (Sleep,Level 2), (Work,Level 2), (Work,Level 3), (Work,Level 2),
(Work, Level 1)], (Sleep,Level 1))

*FSM> runState res (Sleep, Level 0)

([ (Sleep,Level 0), (Work,Level 0), (Work,Level 1), (Work,Level 0),
(Work, Level 0)1, (Sleep,Level 0))

CMoTpHuTE, U3MEHUB HavyaJIbHOE 3HAYeHMe, Mbl U3MEHIJIN BeCh CIVCOK 3HaYeHUH. O6paTuTe BHUMaHNE Ha TO,
YTO BO BTOPOM IIPOTOHE MBI He YIUIM B MUHYC 10 TPOMKOCTH, He CMOTPS Ha TO, YTO NBITAJINCh KPYTUTD peJie 3a
yCTaHOBJIEHHBIN Mpefel.

OmnpenenymM KOJIOHKH Apyroro Tuma. Hamwy HoBble KOJIOHKY OyAyT Ge3onacHee mpeapqynux. IlpeacraBpre cu-
TYyaryio, YTO MBI BRIKJIIOYMJIN KOJIOHKH Ha BBICOKOM YPOBHE I'POMKOCTH. MBI CJIyIIaaIy JOMAIIHIOK 3aIHCh C HU3KUM
YPOBHEM 3ByKa. MBI BBIKJIIOUMJINA U 3a0bLIH. II0TOM MBI pellInjIv MocJIylmaTh APYyTyo MeJIOAuI0, KoTopas 3anucaHa
C HOpMaJIbHBIM YPOBHeM 3ByKa. [Ipy BKJIIOUEHUM KOJIOHOK Hac OTJIYLIMJI IIKBaJsI 3ByKa. YTOOBI 3TOro n3bexarb Mbl
PelInIA BOCIIOJIb30BaThCA APYTUMU KOJIOHKAMU.

KosioHky npu BHIKJIIOUEHUH OYAYT BBICTABJIATH YPOBEHb I'DOMKOCTH Ha HOJIb U peJjie MOXHO OyJeT KpyTUTb
TOJIBKO €CJIM KOJIOHKHU BKJIIOUEHBI.

safeSpeaker :: User -> FSM Speaker
safeSpeaker = fsm $ trans
where trans Button (Sleep, _)
trans Button (Work, _)
trans Quieter (Work, n) (Work, quieter n)
trans Louder (Work, n) (Work, Tlouder n)
trans _ (Sleep, n) = (Sleep, n)

(Work, Level 0)
(Sleep, Level 0)

HpI/I HaXaT Ha KHOIIKY BKJI/BBIKJI YPOBEHb 'POMKOCTU BBIBOAUTCS B IIOJIOXKEHUE 0. Kosouku pearupyroT Ha
3alpoChbl UI3MEHEHUA YPOBHSA 'POMKOCTU TOJIBKO B COCTOAHNU Work. HOCMOTPI/IM Kak pa60Ta10T HalIll1 HOBLIE KOJIOH-
Ku:

*FSM> let res = mapM safeSpeaker [Button, Louder, Quieter, Button, Louder]

M=l BKJIIO9aeM KOJIOHKH, AejlaeM MO-rpoMue, 3aTeM IMO-THUIlle, 3aTeM BBIKJII0YaeM U MBITAeMCs U3MEHUTh T'POM-
KOCTb IOCJIE BHIKJII0YeHHUA. [IocMOTpHM Kak OHU cpaboTaloT, MpeACTaBUM, YTO MBI BBIKJIIOUMJIA KOJIOHKH Ha yPOBHE
rpoMKoOCTH 10:

*FSM> runState res (Sleep, Level 10)
([ (Sleep,Level 10), (Work,Level 0), (Work, Level 1), (Work,Level 0),
(Sleep,Level 0)], (Sleep,Level 0))
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l'IepBoe 3HAYE€HUE B CIIMCKE ABJIACTCA CTAPTOBBIM COCTOSHUEM, KOTOPOE MBI 3aJaJIH. ITocJie 5TOro KOJIOHKU BKJIIO-
YawTCA U Mbl BUAVM, YTO YPOBEHb 'DOMKOCTH IIEPEKIIIOUNJICA Ha HOJIb. 3aTteM MBI yBeJIn4yrBae€M I'rpOMKOCTbD, cbaB-
JisieM e€ U BhIKJTIoYaeM. [1orbITKa M3MEHUTh T'POMKOCTDH BBLIKJIIOUEHHBIX KOJIOHOK HE IIPpOXOAWT. DTO BHJHO IO TO-
CJIEAHEMY 3JIEMEHTY CIIMCKAa Y U'TOTOBOMY COCTOAHUIO KOJIOHOK, KOTOPO€ HAaXOAUTCA BO BTOPOM 3JIEMEHTE I1aphl.

HpeZ[HOJ'IO)KI/IM, YTO KOJIOHKHN pa6OTaIOT C caMOro HayvaJjia, Toraa mnepBbIM Z[eﬁCTBHeM MBI BBIKJTIOUaeM ux. I1o-
CMOTPUM, 4YTO CJIYUHUTCA AaJIbIe:

*FSM> runState res (Work, Level 10)
([ (Work, Level 10), (Sleep,Level 0), (Sleep,Level 0), (Sleep,Level 0),
(Work, Level 0)], (Work,Level 1))

I[am)me MBI IbITA€MCA UBMEHUTDb 'POMKOCTD HO Y HAC HUYEro HE BbIXOAUT.

7.3 OTji0)XeHHOe BbIYUCJIeHHEe BbIpaXKeHUH

B sTOM mprmMepe Mbl OyZieM BBIIOJIHATH apudMeTHYecKre onepanuy Ha Iejblx yuciaax. Mel 6yaeM ux ckiia-
JIbIBaTh, BEIYUTATh U YMHOXaTb. HO BMecTo TOro, 4To6Bl cpa3y BBIYMCIIATH BEIPAKEHMA MBI OyJleM COCTaBJIATh UX
onucanue. Mel 6yZeM KOAUPOBaTh ollepaly KOHCTPYKTOpaMU.

data Exp = Var String
| Lit Int
| Neg Exp
| Add Exp Exp
| Mul Exp Exp
deriving (Show, Eq)

¥ Hac ecTb TUI Exp, KOTOPHIN MOXeT ObITh MO0 epeMeHHOI Var ¢ JaHHBIM CTPOYHBIM UMeHeM, JIM6O0 IeJIounc-
JIEHHOH KOHCTaHTOMH Lit, 1160 ogHOM 13 Tpéx omepanuiil: BerantanueM (Neg), cioxenueM (Add) vty yMHOXeHUEM
(Mul).

Takue TUIIBI Ha3bIBAIOT aGCMPaKmHbIMU cuHmaxcuyeckumu oepesvsamu (abstract syntax tree, AST). OHu comepxaT
onucaHue BelpakeHUH. Teneps BMeCTO TOI0O YTOOH! cpa3y NPOBOAUTE BEIUKCIIEHNS MBI OyZleM co0MpaTh BEIpaKeHNs
B 3HaueHuu tuna Exp. Coenaem sk3eMiuiAp AjiA Num:

instance Num Exp where
negate = Neg
(+) = Add
(*) = Mul

fromInteger = Lit . fromInteger

abs undefined
signum = undefined

Taxoke onpee M BcrioMoraresibHble QyHKIMH A1 0003Ha4eHUs TepeMeHHbIX:

var :: String -> Exp
var = Var

n Int -> Exp

n = var . show

@DYHKIUA Var COCTaBJIAeT IEPeMEeHHYI0 C JaHHBIM MeHeM, a GYHKIMA N COCTaBJIAeT IEPeMEeHHY0, ¥ KOTOPOH
M ABJIAETCA LeJIbIM 9rcjioM. COXpaHUM 3TH olpefiesieHNs B MoAyJie Exp. Terneps y Hac BCE rOTOBO JJI COCTaBJIe-
HUA BRIPAXEHUN:

*Exp> n 1

Var "1"

*Exp> n 1 + 2

Add (var "1") (Lit 2)

*Exp> 3 * (n 1+ 2)

Mul (Lit 3) (Add (var "1"”) (Lit 2))

¥Exp> - n2 *3 * (n1l+ 2)

Neg (Mul (Mul (var "2") (Lit 3)) (Add (var "1") (Lit 2)))
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Teneps gaBaiiTe co3aauM (GYHKIUIO JIA BRIYMCIEHUs TaKuX BeIpakeHUH. OHa Oy/leT IpUHUMATh BhIpaXeHue
Y BO3BpALIaTh LIEJIOE YUCIIO.

eval :: Exp -> Int

eval (Lit n) =n

eval (Neg n) = negate $ eval n
eval (Add a b) = eval a + eval b
eval (Mul a b) = eval a * eval b
eval (Var name) = 7?77

Kak 65ITh C KOHCTpYKTOpOM Var? HaMm Hy’KHO OTKy/1a-TO y3HATh KaKoe 3HAYeHUe CBA3aHO C epeMeHHOH. DYyHK-
nus eval OJXHA TaKKe IPUHUMATh HaO0op 3HAYeHUH [JI1 BCeX TepeMeHHBIX, KOTOPBIE HCIIOJIb3YIOTCS B BRIPAXKEHUH.
OtoTr Habop 3HaueHUH MbI 6yieM Ha3bIBaTh OKPYXeHHEM.

O6paruTe BHUMaHME Ha TO, YTO B KaXIOM COCTABHOM KOHCTPYKTODPE MBI PEKYPCUBHO BhI3bIBaeM GYHKIUIO eval,
MBI CJIOBHO 06X0IUM BCE€ iepeBo BhlpaxeHus. CryckaeMcst BHU3, O CAMBIX JINCTheB B KOTOPHIX PACIIOJIOKEHHI JIN60
3HaueHus (Lit), 6o nepemenHsie (Var). Ham 6110 661 yA0OHO MMETh BO3MOXHOCTD TIOJIb30BaThCS OKPYXEHUEM
u3 joboro y3sa gepesa. B aTom Ham nomoxeT Tuim Reader.

[IpencTaBUM UTO Y HaC eCcTh 3HaueHue Tumna Env u pyHKUMA, KOTOpas N03BoJIsAeT YNTATh 3HaYeHUsA epeMeHHbIX
110 UMEeHU:

value :: Env -> String -> Int
Teneps onpenenuM QyHKIMIO eval:

eval :: Exp -> Reader Env Int

eval (Lit n) pure n

eval (Neg n) 1liftA negate $ eval n

eval (Add a b) = 1iftA2 (+) (eval a) (eval b)
eval (Mul a b) 1iftA2 (*) (eval a) (eval b)
eval (Var name) Reader $ \env -> value env name

OmnpefiesieHrie CUJIBHO M3MEHUJIOCh, OHO CTAJIO He TaKUM HarJigHeIM. Tenepb 3HaueHUe eval cTajio crenuab-
HBIM, [103TOMY IIpU PeKypCHUBHOM BBI30Be PyHKIHU eval HaM NPUXOAUTCA IOAHUMATH B MUP CIlel[UaIbHbIX PyHK-
Uil OOBIYHBIE PYHKIUY BBIYUTAHUA, CJIOKEHUA U YMHOXEHUsA. MBI MOXEM 3amucaTh 3TO BBIPAXKEHHE HEMHOT'O IO
Apyromy:

eval :: Exp -> Reader Env Int

eval (Lit n) = pure n

eval (Neg n) = negateA $ eval n

eval (Add a b) = eval a ‘addA‘ eval b

eval (Mul a b) = eval a ‘mulA‘ eval b

eval (Var name) = Reader $ \env -> value env name
addA = TiftA2 (+)

mulA = LiftA2 (*)

negateA = liftA negate

Tun Map

I[J'IH TOTO YTOOBI 3aKOHYHTh onpeneseHue (I)yHKLII/II/I eval Ham HYXHO OIpeeJINTh TUIl Env u (I)YHKI.II/IIO value.
I[Jlﬂ 3TOr'0 MbI BOCITIOJIb3YEMCA TUIIOM Map, OH IIp€AHa3Ha4Y€H OJIA XpaHEHUA 3HaYeHUI 110 KJIIO4y.

OTOT THH XUBET B CTAaHAAPTHOM MozAyJie Data.Map. I[JocMOTpUM Ha ero onvcaHue:

data Map k a =

[TepBrIii mapaMeTp THUIIA k 3TO KJII0Y, a BTOPOI1 3TO 3HaUeHue. MBI MoXeM co3aTh 3HaueHue Tumna Map u3 crcka
nap KJII0Y 3HaueHue ¢ NoMols GyHkuuu fromList.

HOCMOTpI/IM Ha OCHOBHEIE (I)yHKLII/II/Il

-- Co3paéM 3HayeHus Ttuna Map -- CO3[0aéM
empty :: Map k a -- nycton Map
fromList :: Ord k => [(k, a)] -> Map k a -- Mo cnucky (KoY, 3HauvyeHue)

-- Y3HaéM 3HayeHue no Kiwvy
(1) :: Ord k => Map k a -> k -> a
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lookup :: Ord k => k -> Map k a -> Maybe a

-- [obaBnsieM 3neMeHTb
insert :: Ord k => k -> a -> Map k a -> Map k a

-- Ypansem 3fieMeHTbl
delete :: Ord k => k -> Map k a -> Map k a

OO6patuTe BHUMaHue Ha orpaHudenue Ord Kk B 9Tux QyHKIUAX, KIII0Y JOJDKEeH OBITh 5K3eMIIApOM Kitacca 0rd.
IMocMoTpuM Kak 3TH PyHKIUU paboTaroT:

*Exp> :m +Data.Map
*Exp Data.Map> :m -Exp

Data.Map> let v = fromList [(1, "Hello”), (2, "Bye”)]
Data.Map> v ! 1
"Hello”

Data.Map> v ! 3

"*** Exception: Map.find: element not in the map
Data.Map> lookup 3 v

Nothing

Data.Map> let vl = insert 3 "Yo”" v

Data.Map> vl ! 3

"o

OyukuA Llookup ABseTcsA cTabUIbHEIM aHaIoroM GyHKIMY !. B ToM cMBICiIe, YTO OHA OIpeiesieHa C IIOMOIIbI0
Maybe. OHa He pUBEET K MaJleHUIO TPOTPaMMBI, €CJIM JJIs JaHHOTO KJlloya He HaléTcsa 3HaueHue.

Tenepb MBI MOXeM onpeAeauTs GyHKUMIO value:

import qualified Data.Map as M(Map, lookup, fromList)

type Env = M.Map String Int

value :: Env -> String -> Int
value env name = maybe errorMsg $ M.lookup env name
where errorMsg = error $ "value is undefined for

"

++ name

O6pryHO pyHKUMK K3 MoAyJsiA Data.Map BKJIIOYAOTCA C JUPEKTHBOHN qualified, mMOCKoJIBKYy MMeHa MHOI'MX
yHKIMI 13 3TOro MOMYJIsA COBHAAAT C MMeHaMu U3 MofAyJiA Prelude. Temepp Bce olpenesieHUs W3 MOIYJIA
Data.Map numIyTcs ¢ IpUCTaBKoi M. .

COBZ[aZ[I/IM BCIIOMOraTeJbHYIO (I)yHKLII/I}O, KOTOpada YIIpOCTUT BbIYNCJIEHNE Bpra)KeHHfII

runExp :: Exp -> [(String, Int)] -> Int
runExp a env = runReader (eval a) $ M.fromList env

CoxpaHuM ornpejesieHre HOBbIX QYHKIMH B MoayJie Exp. U MOCMOTPUM 4TO Y HacC MOJIyYUJIOCh:

*Exp> let env a b = [("1", a), ("2", b)]
*Exp> let exp =2 * (n1+n2) -nl
*Exp> runExp exp (env 1 2)

5

*Exp> runExp exp (env 10 5)

20

Taxk MBI MOXeM I10JIb30BaThcsA QYHKIMAMU C OKpyXeHHeM JJIA TOro, YToObl YUTaTh 3HA4eHUsS U3 OOIIero mc-
TOYHHKA. BpoueM MBI MOXeM IPOCTO MEPeIaBaTh OKPYXXeHHe AOMOJHUTEIbHbBIM apryMEeHTOM U He M0JIb30BaThCs
MOHaJJaMU:

eval :: Env -> Exp -> Int

eval env x = case x of
Lit n ->n
Neg n -> negate $ eval’ n
Add a b -> eval’ a + eval’ b
Mul a b -> eval’ a + eval’ b
Var name -> value env name
where eval’ = eval env
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7.4 HaxkomeHue pe3yJbTarTa

PaccmoTpuM no-noapo6Hee tun Writer. OH BHIIOJIHAET 3a7a4y oOpaTHyI0 K TuIy Reader. Koraa Mbl osib3oBa-
JICh TUIIOM Reader, MBI MOIJIU B JII060OM MecTe GYHKIUM M3BJIeKaTh JaHHBIE U3 OKpyXeHU:A. Temeps xe Mbl OyiemM
He W3BJIEKATh JaHHblE U3 OKPYXEHHU, a 3alllChiBaTh UX.

PaccmoTpuM Takyio 3aady HaM Hy>KHO 0OOITH AepeBo Tuma Exp u noacumTarh Bce OMHApHbIe onepanuu. Mul
npubaBiisieM K HAaKOMUTEJII0 Pe3ysIbTaTa eQUHUIy 3a KaXIblii KOHCTPYKTOp Add mymm Mul. Tum coobueHuil Oymer
yncsioM. HaM HyXHO cfiesiath 3K3eMIULsAp Kyiacca Monoid ajis 4yucet.

HamomHI0, 4TO THUIT HAaKONUTEJIs AOJKeH ObITh 9K3eMILIApOM Kitacca Monoid:

class Monoid a where

mempty :: a
mappend :: a -> a -> a
mconcat :: [a] -> a

mconcat = foldr mappend mempty
Ho pu1s1 4rices1 BO3MOXHO HECKOJIBKO BAPHAHTOB, KOTOPHIE YAOBJIETBOPSIOT CBOMCTBAM. J[JI CJIOXEHUS:

instance Num a => Monoid a where
mempty = 0
mappend = (+)

" ymHOXeHU:

instance Num a => Monoid a where
mempty =1
mappend = (*)

Jna Hamell 3a1auy MOAONMAET MepBblll BapyaHT, HO He KCKJIIoYeHa BO3MOXHOCTh TOTO, 4TO AJIA APyroi 3aja-
Yl HaMm NoHaAoOuTcA BTopoil. Ho Torga Msl yxe He CMOXeM OIpelesIUTh TaKoN 5K3eMIUIAp. A pelieHUs 3Toi
npobJieMsl B MofayJie Data.Monoid onpeneneHo ABa TUna OGEPTKU:

newtype Sum a = Sum { getSum
newtype Prod a = Prod { getProd

B 3TOM ompe/iesieHNN eCTh ABA HOBHIX 3JIeMeHTa. [IepBBIii 3TO KITI0UeBOe CJIOBO newtype, a BTOPOH 3TO pUrypHbIe
CcKOOKU. UTO BCE 3TO 3HAUUT?

Tun-o6épTka newtype

KimoueBoe cj10BO newtype BBOOUT HOBBIH THUN-00EpTKY. TUM-06EpTKAa MOXET UMETh TOJIBKO OJILH KOHCTPYKTOP,
y KOTOPOr'O JINIIb OAHU apryMeHT. 3aluch:

newtype Sum a = Sum a

JTO TOXe camoe, 4TO U
data Sum a = Sum a

EnuHCTBEHHOE OTJIMYME 3aKJII04aeTcs B TOM, YTO B Cilydae newtype BBIUMCIWTE/Ib He BUAUT Pa3sHULBI MeXAY
Sum a u a. Eé BUAUT JIUIIh KOMIUIATOP. OTO O3HAYaeT, YTO Ha pa3BoOpauyrBaHUe U 3aBOpaurBaHKe TaKOro 3HaUeHUs

B THUII 06€pTKy HE TPaTUTCA HUKaKnUX ycmmﬁ. Takue Tunel NOAXOOAT AJIA pelieHrA ABYX 3aJady:

» BoJsiee TouHas npoBepKa THUIIOB.

Hanpumep y Hac eCTb TUIBI, KOTOPBIE ONHCHIBAIOT (PU3MYEeCKHe BEJIMYMHEL, BCe OHU ABJIAITCSA YHCJIaMH, HO Y
HUX TaKXe eCTb U pa3MepHOCTU. Mbl MOXeM HanucaTb:

type Velocity Double
type Time = Double
type Length Double

velocity :: Length -> Time -> Velocity
velocity leng time = leng / time
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B 3TOM ci1y4ae MBI CIIOKOHHO MOXeM IOACTaBUTh Ha MeCTO BpeMeHH Iy Th 1 Hao60poT. Ho ¢ IOMOII[bI0 TUIIOB
00EPTOK MBI MOXEM HCKJTIOUUTH 3TU CJTydYau:

newtype Velocity = Velocity Double
newtype Time = Time Double
newtype Length = Length Double
velocity :: Length -> Time -> Velocity

velocity (Length leng) (Time time) = Velocity $ leng / time

B atoMm CJIyyae Mbl IPOBOJVM MPOBEPKY IO pa3MEPHOCTAM, KOMIIUJIATOP HE AONYCTUT CMEIINBaHWA JAaHHLIX.

* OnpenesieHre HECKOJIBKUX 3K3eMIUIIPOB OAHOTO Kjlacca JJis OOHOTO THUMa. DTOT CJIydyail MblI KaK pa3 M pac-
cMaTpuBaeM Ui kiiacca Monoid. Ham HyXHO cenaTh ABa 3K3eMIULApa OJIA OJHOIO U TOro Xe Tuma Num a
=> a.

CpeytaeM aBe o6€pTku!

newtype Sum a = Sum a

newtype Prod a = Prod a

Toraa Mbl MOXeM OIpeAe/IuTh [Ba dK3eMIUIApa AJIA ABYX pa3HbIX TUIIOB:
OnuH 1A Sum:

instance Num a => Monoid (Sum a) where

mempty = Sum 0
mappend (Sum a) (Sum b) = Sum (a + b)

A npyroii nyis Prod:
instance Num a => Monoid (Prod a) where
mempty = Prod 1
mappend (Prod a) (Prod b) = Prod (a * b)
3anucu

Bropas HOBHHKA 3aKJII04asach B GUrypHBIX ckobkax. C nmomopio GurypHsix cko6ok B Haskell o6o3HagaoTCs
3anucu (records). 3amuch 3To pou3BejieHNe THUIIA, HO C BblJeJIeHHBIMU UMeHaMU [JiA HoJIek.

Hanpumep Mbl MOXeM cies1aTh TUIL [IJIA ONMCAHUA Iaclopra:

data Passport = Person {
surname 11 String, -- OGamunus
givenName :: String, -- Mg
nationality :: String, - - HauuoHanbHOCTb
dateOfBirth :: Date, -- [aTta poxpeHus
sex :: Bool, -- Mon
placeOfBirth :: String, -- MecTo poxpeHus
authority :: String, -- MecTo BblJauyM [OKYMeHTa
dateOfIssue :: Date, -- [laTta Bbigauu
dateOfExpiry :: Date -- [laTa OKOHYaHus cpoka
} deriving (Eq, Show) -- nencTeug
data Date = Date {
day :: Int,
month :: Int,
year 1t Int

} deriving (Show, Eq)

B ¢urypHbIx ckoOKax depe3 3alATyl0 Mbl yKasbiBaeM IoJiA. ITojie cocToUT M3 MMeHU U Tuna. Temepb HaMm J0-
CTYIIHBL [IBE Ollepaliu:

* YreHue moJiei

hello :: Passport -> String
hello p = "Hello, " ++ givenName p ++ "!”
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JI71a 9yTeHus MBI IPOCTO MOACTABJIAEM B UMA IOJIA JaHHOe 3HAYeHHe. B 3Toi QyHKIUM MBI IPUBETCTBYEM
yeJloBeKa U obpailjaemcs K HeMy 10 UMeHU. [171 Toro, 4ToObl y3HATh €ro UMs MBI IIOJICMOTpeJIH B [1acrlopT, B
noJie givenName.

» O6HoBJIeHMe NoJiel. J[J1a 0GHOBJIEHU II0JIel MBI [T0JIb3yeMCsl TAaKUM CHHTaKCHCOM:

value { fieldNamel = newValuel, fieldName2 = newValue2, ... }

Mps! nprcBauBaeM B 3HaueHNH value nostio ¢ umeneM fieldName HoBoe 3HaueHue newFieldValue. K npumepy
IIPOJJIUM CPOK [eMCTBHUA NaclopTa Ha JecATh JieT:

prolongate :: Passport -> Passport
prolongate p = p{ dateOfExpiry = newDate }
where newDate = oldDate { year = year oldDate + 10 }
oldDate = dateOfExpiry p

Bepuémcsa k Tunam Sum u Prod:

newtype Sum a = Sum { getSum
newtype Prod a = Prod { getProd

0 o
-

ODTOW 3anychi0 MBI OIIPeIeINIIN [IBA TUNA-00EPTKU. Y HAC ecTh JiBe PYHKIMU, KOTOPHIE 3aBOPAYUBAIOT OOBIYHOE
3HaveHue, oTo Sum U Prod. C moMolipio 3anuceil Mbl TYT JXe B ONpefieJIeHNH TUIa ONpesenin GYHKIUY KOTOphie
pasBopayuBarT 3Ha4Ye€HUA, 3TO getSum u getProd.

BcrioMHuM omnpenesieHue [iid tumna State:
data State s a = State (s -> (a, s))

runState :: State s a -> (s -> (a, s))
runState (State f) = f

BbLs10 GBI TOpa3io JIydllle ONpeAesuTh ero Tak:

newtype State s a = State{ runState :: s -> (a, s) }

HaxkomieHue yuces

Ho BepHéMcs k Hauell 3agade. Mbl OyieM HakaIJIMuBaTh CyMMY B 3HaueHHUU Tuma Sum. [TocKoJIbKy Hac MHTepe-
CyeT JIMIIb 3HaUeHHe HAaKOoMUTeJIA, Hama GyHKuus Oy1eT BO3BpaliaTh 3HaueHue eJUHUYHOTO TUMa ().

countBiFuns :: Exp -> Int
countBiFuns = getSum . execWriter . countBiFuns’

countBiFuns’ :: Exp -> Writer (Sum Int) ()
countBiFuns’ x = case x of

Add a b -> tell (Sum 1) *> bi a b

Mul a b -> tell (Sum 1) *> bi a b

Neg a -=> un a

B -> pure ()

where bi a b = countBiFuns’ a *> countBiFuns’ b

un = countBiFuns’

tell :: Monoid a => a -> Writer a ()
tell a = Writer ((), a)

execWriter :: Writer msg a -> msg
execWriter (Writer (a, msg)) = msg

[MepBas pyHknuA countBiFuns u3Biekaer 3HaueHUe U3 TUNOB Writer u Sum. A BTopas ¢yHKIusa countBiFuns’
BBIYMCIIAET 3HAUYEHHE.

Mbl onpeAenuand ABe BCIOMoraTesibHble GyHKIUM tell, KOTopas 3amuceiBaeT COOOIIeHHEe B HAKONMUTEJIb U
execWriter, KoTopas Bo3BpalaeT JMIIb coobiieHue. OTO CTaHAApTHHIE Ui Writer dyHKIUN.

[TocmoTpuM Kak paboTaeT 3Ta QyHKIUA:

*Exp> countBiFuns (n 2)

0

*Exp> countBiFuns (n 2 + n 1 + 2 + 3)
3
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HakoIruieHHe JIOTHYeCKUX 3HAUeHUH

B monyne Data.Monoid onpenesieHs! ABa TUMA AJIs HAKOILIEHUS JIOTUYECKUX 3Ha4eHUH. J1o Tumsl ALL u Any. C
noMoIipio Tuna A1l MBI MOXXeM IIPOBEPUTH BHIIIOJIHAETCS JI HEKOTOPOe CBOMCTBO I BceX 3HaUeHUH. A ¢ TOMOII[bI0
TUna Any Mbl MOXeM y3HaTh, YTO CyL[eCTBYeT XOTA OBl OAVH 3JIEMEeHT, I KOTOPHIX 3TO CBOVCTBO BHINIOJIHEHO.

[TocMoTpUM Ha ompeiesieHNe SK3eMIUIIPOB Kjacca Monoid a1 3TUX TUIIOB:

newtype ALl = A1l { getAll :: Bool }

instance Monoid All where
mempty = ALl True
ALl x ‘mappend’ ALl y = ALl (x && y)

B Tume A11 MBI HakaIIMBaeM 3HaUeHUs C IIOMOIIIBIO JIoruyeckoro "n”. HelTpajpHBIM 3J71eMEHTOM fBJISAETCSA KOH-
cTpykTop True. UTOroBoe 3HaueHrie HaKOMUTe A 6y AeT paBHO True TOJIBKO B TOM CJIyvae, eCJIM Bce HaKalJInBaeMble
coobieHus 6bLIM paBHHI True.

B tune Any Bcé Hao6OpOT:

instance Monoid Any where
mempty = Any False
Any x ‘mappend‘ Any y = Any (x || y)

[TocmoTpuM Kak paboTarmT 3Ty Tkl CocTaBUM GYHKIMIO, KOTOPas NPOBEPSET OTCYTCTBUE OIEpaTopa MUHYC
B BBIp@XEeHUMU:

noNeg :: Exp -> Bool
noNeg = not . getAny . execWriter . anyNeg

anyNeg :: Exp -> Writer Any ()
anyNeg x = case x of
Neg _ -> tell (Any True)
Add a b -> bi ab
Mul a b ->biab
_ -> pure ()
where bi a b = anyNeg a *> anyNeg b

@yHKIUA anyNeg IpOBepseT ecTb JIU B BBIPAXXEHUU XOTA OB OMH KOHCTPYKTOp Neg. B ¢yHKIunu noNeg Mbl
u3BJIeKaeM pe3yJbTaT U Oepé€M ero orpulja’ue, 4To0bl yOeUTbCA B TOM 4YTO B BBIpAX€HWHN He BCTPETUJIOCh HU
OAHOr0 KOHCTpyKTOpa Neg.

*Exp> noNeg (n 2 + n 1+ 2 + 3)
True
*Exp> noNeg (n 2 - n1l+ 2 + 3)
False

HakomieHue CIMCKOB

Ox3eMIUIAp Ki1acca Monoid onpezesiéH U A CIUCKOB. IIpearnosiokuM y Hac ecTb JepeBo, B KaXJOM y3Jie KOTO-
poro HaxomATCA 4KCia, AaBaiiTe cobepéM Bce unca 6osbie 5, HO MeHbIne 10. [lepeBbsi MBI BO3bBMEM U3 MOAYJIA
Data.Tree:

data Tree a = Node {
rootLabel :: a, -- 3HayeHue MeTKu
subForest :: Forest a -- HOJSIb WM HECKOJIbKO [0YepHUX [epeBbes
}

type Forest a = [Tree a]

UntepecHnii Tun. Tun Tree ompenesiéH yepe3 Forest, a Forest onpenenén uepe3 Tree. IIo 3TOMy TUILy MBI
BUIUM, YTO KaX/IBIH y3eJI COAEPXUT HEKOTOPOe 3HAUeHHE THUIIA a, Y CIHCOK JJOUePHUX JePEBBEB.
CocTtaBuUM AepeBo:

*Exp> :m Data.Tree

Prelude Data.Tree> let t a = Node a []

Prelude Data.Tree> let list a = Node a []

Prelude Data.Tree> let bi v a b = Node v [a, Db]

Prelude Data.Tree> let un v a = Node v [a]

Prelude Data.Tree>

Prelude Data.Tree> let treel bi 10 (un 2 $ un 6 $ list 7) (list 5)
Prelude Data.Tree> let tree2 = bi 12 treel (bi 8 treel treel)
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Tenepp cocTaBuM PyHKLINIO, KOTOpas OyeT oOXOAUTh AepeBO, ¥ cOOMpAaTh YMCJIia U3 3aJaHHOI0 Auana3oHa:
type Diap a = (a, a)

inDiap :: Ord a => Diap a -> Tree a -> [a]
inDiap d = execWriter . inDiap’ d

inDiap’ :: Ord a => Diap a -> Tree a -> Writer [a] ()
inDiap’ d (Node v xs) = pick d v *> mapM_ (inDiap’ d) xs
where pick (a, b) v
| (a <= v) & (v <= b) = tell [v]
| otherwise = pure ()

Kak u panbmie y Hac JBe GyHKINUY, O[HA BHIIOJIHAET BBHIYMCJIEHNA, ApyTras U3BJieKaeT pe3yssTar u3 Writer. B
dyHKIMY pick MBI IpOBEpseM YKCJIO Ha IPUHAJIEXHOCTh HHTEPBaJTy, €CJIM 3TO TaK MBI J0OaBJIsAeM YKCJIO K pe3yJib-
TaTy, a ecjIiy HeT IpolyckaeM ero, 100apJisAA HeUTpabHBIN 3j1eMeHT (B GyHKuuM pure). O6paTtute BHUMaHNe Ha TO
Kak Mbl 06pabaTeiBaeM CIKUCOK JouyepHUX noaAepBbeB. dyHKUMA mapM  sABJisseTcs aHajoroM GyHkiuu mapM, OHa uc-
N0JIb3yeTCs, ecJIv pe3yjIbTaT (PYHKUNHN He BaXXeH, a BaXHBI Te IelCTBYA, KOTOpble IPOUCXOAT pU IIpeobpa3oBaHUU
crmcKka. B HameM citydae 3TO HaKoIUIeHUe pe3yJibTaTta. [locMOTpUM Ha omnpejiesieHue 3TON QyHKINN:

mapM_ :: Monad m => (a ->m b) -> [a] ->m ()
mapM_f = sequence . map f

sequence  :: Monad m => [m a] ->m ()
sequence = foldr (>>) (return ())

OCHOBHOE OTJIN4Me COCTOUT B QYHKIMU sequence . PaHbllie MBI coOOMpany 3HaYeHUsA B CIIMCOK, a Tenepb oTopa-
CBIBAa€M HX C IIOMOIIbI0 KOHCTAHTHOHM GYHKIUM >>. B KOHIle MBI BO3BpaljaeM 3HaueHHe eqUHUYHOIo THma ().

Teneppb coxpaHuMm B MoAyJie Tree ompejeJieHre QYHKIUNA U BCIIOMOraTesibHble (PYHKLIUN CO3A4aHUA epEBbeB
un, bi, u list u mocMoTpuM Kak Hama QyHKIUA paboTaerT:

*Tree> inDiap (4, 10) tree2
[l0,6,7,5,8,10,6,7,5,10,6,7,5]
*Tree> inDiap (5, 8) tree2
[6,7,5,8,6,7,5,6,7,5]

*Tree> inDiap (0, 3) tree2
[2,2,2]

7.5 MoHanga usMeHsAaeMbIX 3HaueHun ST

Bo3morxHO unTaTesy, Aj1A KOTOPHIX “POAHBIM” ABJIAETCS OJUH M3 NMIEepPaTUBHBIX A3BIKOB, HEMHOI'O 3acKy4asiu
1o M3MeHseMbIM 3HaueHusM. Msl roBopuiy, uyto B Haskell Huuero He muameHsercs, Mbl JaéMm Bcé Gosiee u GoJiee
CJIOXKHbIE MEHA CTaTUYeCKUM 3Ha4yeHHAM, a IIOTOM BBIYHCJIUTENb PeylupyeT NMeHa K HACTOAIMM 3Ha4eHUAM.
Ho ecTb anroputMsl, KOTOpblE OYeHb 3JIETAHTHO ONKCBHIBAIOTCA B TePMHUHAX M3MeHAeMBIX 3HayeHuH. IIpuMepom
TaKoro aJropuTMa MoXKeT OBITh ObICTpas COPTHMpOBKa. 3ajlaya COCTOUT B IlepecTaHOBKe 2JIEeMEeHTOB MaccHBa Tak,
yTOOBI Ha BBIXOJe JII0OOI MMocjaeAyIomuil ajleMeHT MaccuBa 6bU1 GoJibllle IpeAblAyInero (i CIHUCKOB 3Ty 3aJady
pewianT GyHKIUU sort u sortBy).

Camo 1o cebe sBJieHHe OOHOBJIEHUA 3HaYeHUs ABJIsAeTcsA N000YHBIM 3ddekToM. OHO JioMaeT npeAcTaBJIeHue O
CTaTUYHOCTU MUPA, Y Hac NOABJAIOTCA ¢asbl: 40 0OHOBJIEHUA U Iocjie o0HoBJIeHHsA. Ho mpeacraBbTe, YTO OGHOB-
JieHHe IPOMCXOAUT JIOKAJIBHO, MBI IIOCTOSSHHO MeHseM TOJIbKO OJHO 3HaueHue, IPU 3TOM 3a BpeMsA OOHOBJIEHUA HU
oAHa Apyras nepeMeHHas He Modicem I0JIb30BaThCA IPOMEXYTOUHBIMU 3HAYeHUAMHU U OOHOBJIEHUS NMPOUCXOMAAT C
TOMOILBI0 uucmbix GyHKIMH. IIpeacraBbTe QYHKIMIO, KOTOpas NpUHUMAET 3HaUeHUe, BblesAeT BHyTpHU cebsa ma-
MATh, U IPYU [IOCTPOEHUM pe3yJibTaTa HaulHaeT OOHOBJIATh 3HAY€HHE BHYTPH 3TOH MaMATHU (C MOMOINBI0 YHCTHIX
byHKIMIT) ¥ CYUTATh YTO-TO ellé I0JIe3HOe Ha OCHOBE 3THUX OOHOBJIEHUI, KaK TOJIBKO BBIYMCJIEHUS 3aKOHYATCsH, Ma-
MATb CTUpaeTcsA, U Bo3BpalllaeTcs 3HaueHue. ByfeT su takaa QyHKIuA ynucToi? MHTyunuA nojckaseBaeT, 4To Ja.
OT0 6BUIO [OKA3aHO, HO JJIA peaju3anuu 3Toro tpebyercs HeOGOJIBIION TPIOK Ha ypoBHe Tunos. Ilojyyaercs, uyTo
He CMOTps Ha TO, YTO (PYHKIMA COAEPXKUT NoOoUHble 3(DQEeKTH], OHA ABJIAETCS YMCTOH, IIOCKOJIbKY BCce MOOOYHbIe
3G deK T JJOKaIbHbI, OHU IPOUCXOJAT TOJIBKO BHYTPY BbI30Ba GQYHKIMH U TOJIBKO B CaMOH GYHKIH.

Juia cumyssanyy o6HoBIeHNA 3HavYeHuA B Haskell Ham HyHO pemuTh iBe nnpo6JieMsl. Kak ynopago4uts 06HOB-
JleHne 3HaueHuA? U kak Jiokajin3oBaTh ero? B nMnepaTHBHBIX A3BIKAX MOPAJOK BBIYMCIIEHUA BBIpaXXeHUIH CTPOro
CBSI3aH C NOPSAKOM CJIeJOBaHU:A BhIpakeHNi, Ha IPUMHUTHBHOM YpPOBHe, rpy0o yIIpolas, MOXHO CKa3aTb, YTO BBI-
YHCJIUTEJIb YUTAET KO/ KaK JIEHTY U BHITOJIHAET BbIpakeHue 3a BepaxkeHreM. B Haskell Bcé coBcem no-mpyromy. Met
MOXeM IrcaTh QYHKIHH B JIIOOOM MOPAAKE, TaKXe B JII0OOM IOPAAKE Mbl MOXeM OOBABJIATE JIOKAJIbHBIE IIepeMeH-
Hble B where uiu let-BepaxxeHusax. KoMnuiATop omnpeesisger NOopAAOK peJyKINY CHHOHUMOB 110 QyHKI[MOHAIbHBIM
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3aBucuMocTAM. CHHOHUM f He OyJleT pacKpBIT paHbllle CHUHOHMMA g TOJIBKO B TOM cJIydae, ecjid pe3yJbTaT g Tpe-
6yetca B f. Ho c 06HOBJIeHHeM 3HaueHHs 5TOT BapHaHT He IPOHAET, TIOCMOTPUM Ha BBIpaXeHHe:

fun :: Int -> Int

fun arg =
let mem = new arg
X = read mem
y =X+ 1
?? = write mem y
z = read mem
in z

[Ipegnosnaraercs, 4YTo B 9TOH GYHKUMK MBI IIOJlyyaeM 3HaueHue arg, BblJesiAeM IaMATb mem ¢ IOMOIIbIO CIie-
HraabHON QYHKIMU hew, KOTOpas IIpMHUMaeT HayaJjibHOe 3HaueHUe, KOTopoe Oy[eT XpaHUThCA B MaMATU. 3aTeM
YyyTaeM M3 MaMATH, IprubasJisgeM K 3Ha4eHHUI0 eUHUIly, CHOBA 3aMKChiBaeM B IaMAThb, IOTOM OIIATh YATaeM U3 Ma-
MATH, COXPAaHUB 3HAa4YeHHe B IIepEMEHHON z, U B CaMOM KOHIle Bo3BpalaeM OTBeT. Hasuro aBe npo6semsl: z He
3aBUCUT OT Y, IO3TOMY MBI MOXeM CUMTaTh 3HaUeHUe z B JII0O0H MOMEHT IocJjie MHULIUAIN3al[uy IaMATH U BTOpas
npobJieMa: 4TO JOJDKHA Bo3BpamiaTh GyHKIMA write?

I[J'IH TOTO YTOOBI ynopsAAOYUThb 3T BBIYMCJIEHUA MbI BOCIIOJIb3YEMCA THUIIOM State. Ka)K,E[OE BbIpaXXeHue 6y,ueT
NpyHUMAaTh (1)I/IKTI/IBH06 COCTOsAAHHME 1 BO3BpallaTh €ro. Tor,z[a (l)yHKI.II/IH fun 3anumerca Tax:

fun :: Int -> State s Int
fun arg = State $ \s0 ->

let (mem, sl) = runState (new arg) s0
((), s2) = runState (write mem arg) sl
(x, s3) = runState (read mem) s2
y =x+1
((), s4) = runState (write mem y) s3
(z, s5) = runState (read mem) s4
in (z, s5)
new :: a -> State s (Mem a)
write :: Mem a -> a -> State s ()
read :: Mem a -> State s a

Tum Mem mapaMeTpU30BaH TUIIOM 3HAYEHUsA, KOTOPOE XPAHUTCA B MaMATH. B 3TOM BapuaHTe Mbl He MOXEM
U3MEHUTD MOPSAOK CJIeJOBAHUs BBHIPAXXEHUI, IOCKOJIBKY HaM MPUXOAUTCA MepeoBaTh cOCTOsAHME. MBI MOTJIN Obl
3amucaTh 3TO BhIpaXXeHUe ropasfo KOpoue ¢ IOMOLIbI0 MeTOI0B kjacca Monad, HO MHe XOTeJIOCh TOAYEPKHYTh KaK
nepefjaya COCTOSIHUS HaBS3BIBAET NOPANOK BhIUKCIeHNs. OYHKIMA write Termepb Bo3Bpamaer mycroit koprex. Ho
IIOPAMIOK He TepsieTcs 3a CYET cocTosAHMA. [TyCcTol KopTeXx HaMeKaeT Ha TO, YTO eINHCTBEHHOe Ha3HaYeHre QyHKINN
write — 9T0 OGHOBJIEHHE COCTOSHUS.

OnHaKo 3TOro He JOCTAaTOYHO. MBI XOTUM, YTOOB OOHOBJIEHNE 3HA4€HN OBIJIO CKPHITO OT I0JIb30BATeJIsA B YUCMOll
dynkiuy. Mel xoTuM, 4T0OOBI THI QyHKIMY fun He comepxas Tuna State. JIj1s 3TOro HaM OTKyZAa-TO HYy>XKHO B3ATb
HayaJIbHOE 3Ha4yeHHe COCTOAHMA. MBI MOXeM pellMTh 3Ty npobyieMy, 3adukcuposas TUI s. IlycTs 3TO OyAeT TUl
FakeState, CKpHITHII OT IOJIb30BATEJIA.

module Mutable(
Mutable, Mem, purge,
new, read, write)
where

newtype Mutable a = Mutable (State FakeState a)
data FakeState = FakeState

purge :: Mutable a -> a
purge (Mutable a) = fst $ runState a FakeState

new :: a -> Mutable (Mem a)
read :: Mem a -> Mutable a
write :: Mem a -> a -> Mutable ()

M&I npefocTaBuM NOJIb30BaTeI0 Jullb TN Mutable 6e3 KOHCTpyKkTOpa U QYHKIHIO purge, KOoTopas “ouuIia-
eT” 3HaueHHe OT NOOOYHBIX 3(PDEKTOB U NPUMUTHBHBIE PYHKINMU [J1 paboThHl ¢ MaMAThI0. Takkxe MBI OlpeAesnM
9K3eMILIAPHI KJ1accoB Ttumna State mya Mutable, caenaTes 370 OyeT coBceM He TPyAHO, Beab Mutable — 5TO mpocTo
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06€pTka. C IOMOIIBIO 3TUX 3K3eMILIAPOB 10JIb30BATEJIb CMOXXeT KOMOMHNPOBATh BEIYUCIICHNA, KOTOPBIE CBA3aHHI C
u3MeHeHHeM namATU. [Toka Bpojie Bc€ Xopolio, Ho obecrneurBaeM JIM MbI JIOKaJIbHOCTh N3MeHeHUs 3HaueHui? Ham
BaXHO, YTOOBI, OOVH pa3 HauaB paboTaTh C MaMAThIO TUMNA Mem, MBI He CMOTJIM OBl HUTZle BOCIIOJIb30BaThCsA 3TOM Ma-
MATBIO ITOCJIe BRIMOJIHEHUA QyHKnuu purge. OkasplBaeTcsA, YTO MBI MOXEM Pa3pylIUTh JIOKaJIbHOCTD. [TocMoTpuTte
Ha NpuMep:

let mem = purge allocate
in purge (read mem)

Ms=! Bo3BparmaeM 13 GYHKIHUH purge CChUIKY HA MaMATh U CIOKOMHO HOJIb3yeMCH elo B Ipyroii Betke Mutable-
BBIYMCJIEHNE. MOXHO 1 3TOro m3bexarb? OkasblBaeTcs, YTO MOXHO. [IpruéM pemieHue BecbMa 3JIETAHTHO. MBI
MOXeM IOCTPOUTh TUMEL Mem 1 Mutable Tak, 4TOOBI CCHIJIKE Ha NMAaMATh He YAAJI0Ch IPOCOYUTHCA Yepe3 (PyHKI[MI0
purge. [l;1s1 3TOro Mbl BepHéMcA K obueMy Tury State ¢ gBymsa napamerpamu. [Ipruém nepsblii epBHIE apaMeTp
MBI IPULIENUM U K Mem:

data Mem s a
newtype Mutable s a

new :: a -> Mutable s (Mem s a)
write :: Mem s a -> a -> Mutable s ()
read :: Mem s a -> Mutable s a

Tenepb npu co3ganuu tTumsl Mem u Mutable cBsA3aHbI 061MM TapaMeTpoM s. IlocMoTpuM Ha TUN QYHKLIUM purge
purge :: (forall s. Mutable s a) -> a

OHa nmMmeeT HeoObuHBIN THIL. Ci0BO forall o3HauaeT ”[JiA JiI0OBIX”. DTO CJIOBO Ha3bIBAIOT KBAHTOPOM BCeOoOII-
HOCTU. DTUM MBI TOBOPUM, YTO (PYHKIVA N3BJIeUEHS 3HAYEHU He MOXeT AeJIaTh HUKAKUX MPEANOJIOKEHU O TUIIe
¢dukTuBHOrO cocrosiHuA. Kak monosHutensHbel forall MoxeTr HaM noMoub? DyHKOUA purge 3a6piBaeT TUN HUK-
TUBHOTO COCTOsIHMA S 13 Tumna Mutable, Ho B ciiyyae Tuma Mem, 3TOT TapaMeTp IPOJOJIKAeT CBOE IyTellecTBHeE 10
nporpaMme B Tulle 3HaueHuA v :: Mem s a. Ilo Tunmy v KOMOWJIATOP MOXeET cKa3aTb, YTO CYIIECTByeT TakKoe S,
151 KOTOPOTO 3HAY€HUE V UMeeT CMBIC (IpaBUIBHO TUMHU3UMPOBaHO). Ho oHO He si060e! MyHKUMIO purge ¢ TPIO-
KOM VHTepecyeT He HEKOTOPHIH THII, a3 BCE BO3MOXHBIE TUIHl S, IO3TOMY IpPUMep He MPOHET MPOBEPKY THUIIOB.
KomnuiAaTop 6yzeT cjiefuTh 32 “4UCTOTON HAIINUX OOHOBJIEHU.

[Ipu TakoM MOAXOJie OCTAETCs BOIIPOC: OTKy/Zla Mbl BO3bMEM HauaJIbHOe 3HaueHUe, Belb Tellepb Y Hac HeT TUla
FakeState? B Haskell cienuaibHO [j1A 3TOr0 THMA OBUIO CAEIaHO UCKII0YeHre. Mbl BO3bMEM €ro U3 BO3[yxa. JTO
yrcTo GUKTUBHBIN TapaMeTp, HaM I'JIABHOE, YTO OH CKPHIT OT II0JIb30BaTeJIsl, 1 OH HUTE He MOXEeT UM BOCIIOJIb30-
BaThCA. ITOCKOJIBKY ¥ Hac HeT KOHCTpykTopa Mutable Mbl HUKOrja He cMoXeM JoOpaThes O BHYTpeHHeH QyHKI[UU
Tuna State u u3Bseub cocrossHre. CoCTOsHME CKPHITO 3a NHTepdelicoM kiacca Monad 1 oT6paceiBaeTcs B QyHKIIUU
purge.

Tun ST

Beilile s MOJIb30BAJICS BBIMBIILJIEHHBIMU TUIIAMU [JI51 YIIPOIlleHus o0bsCHeHUit, Ha camoM fesie B Haskell 3a 06-
HOBJIEHUE 3HAaUeHUIT oTBeyaeT TUM ST (coKpaiieHue oT state transformer). OH xuBET B MojyJie Control.Monad.ST.
W3 qokyMeHTanuu BUIHO, YTO y HETO JIBa MapaMeTpa, U HET KOHCTPYKTOPOB:

data ST s a

dto Ham Tun Mutable, Tenepp mocMotrpuM Ha Tunl Mem. OH HasbiBaeTcA ST-CCHUIKOU U OIpeliesIEH B MOJyJie
Data.STRef (cokpamenue ot ST reference). [TocMOTpUM Ha OCHOBHBIE QYHKITHH:

newSTRef ::a -> ST s (STRef s a)
readSTRef :: STRef s a -> ST s a
writeSTRef :: STRef s a -> a -> ST s ()

Taxkvie GyHKIYI MHOTJa HAa3bIBAIOT CMbIULTEHVIMU KOHCMpYKmopamu (smart constructors) OHU IIO3BOJISIOT CTPOUTh
3HaueHNe, HO CKPHIBAIOT OT MOJIb30BATEJIA PEAIM3ALIMI0 3 CUET CKPHITUA KOHCTPYKTOPOB THMNA (MOAYJIb SKCIOPTHU-
pyet b umsA Tuna STRef).

J1s mimrocTpanuu 5Tux GyHKIUNA peain3yeM OJlHy BCIioMoraTtesibHy GyHKINI0 u3 Moy Data. STRef, dyHK-
{110 OOGHOBJIEHNS 3HAUEHU 110 CCHUIKE:

modifySTRef :: STRef s a -> (a -> a) -> ST s ()
modifySTRef ref f = writeSTRef . f =<< readSTRef ref

MbI BOCIIOJIB30BAJIUCH T€M, YTO ST sBJIAEeTCS 3K3eMIUIsApoM Monad. Taxke kak u 1A State gy ST onmpeesieHbl
3K3eMIUIPH KjtaccoB Functor, Applicative u Monad. Kakoe coBnagenue! ITocMoTpuM Ha QYHKIHIO purge:

runST :: (forall s. ST s a) -> a
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I/IMHepaTI/IBHbIe IOUKJIbI

PeanusyeMm for 1uki us sA3sika C:

Result s;

for (i =0 ; i < n; i++)
update(i, s);

return s;

V Hac ecTh CTApTOBOE 3HAUEHNE CYETUNKA U pe3yJibTaTa, QYHKIMs OOHOBJIEHUS CIETUMKA, IPEJUKAT OCTAHOBA U
(yHKIMA 06HOBIEHYA pe3ysIbTaTa. Mbl HHUIIUAIN3UPYEM CUETUHMK U 3aTeM OOHOBJISIEM CYETUHK U COCTOSTHUE JIO TEX
Op MOKa MpeAUKAaT CYETYMKA He CTaHeT JIOKHBIM. HanuieM ynucTyio QyHKI[UI, KOTOpas peaju3yeT 3TOT mpoiiecc. B
3TO¥ (PYHKIUU MBI BOCITOJIb3YEMCs CIIELUAIBHBIM CUHTAKCUYECKUM caXapoM, KOTOPHIN Ha3biBaeTcs do-HOTaIusA, He
myraiTtech 3To Bcé emé Haskell, 111 noHrMaHuA 3TOro npuMepa 3arjisiHUTe B pas/jest “caxap Aj1 MoHa” riiassl 17.

module Loop where
import Control.Monad

import Data.STRef
import Control.Monad.ST

forLoop :: i -> (i -> Bool) -> (i -> i) -> (1 -> s =>5§) -> s -> 5§
forLoop i@ pred next update s@ = runST $ do
refI <- newSTRef i0
refS <- newSTRef s0O
iter refl refS
readSTRef refS
where iter refI refS = do
i <- readSTRef refl
s <- readSTRef refS
when (pred i) $ do
writeSTRef refl $ next i
writeSTRef refS $ update i s
iter refI refS

BripoyeM Ko/ BBIIIE MOXXHO ITOHATH €CJIM YUTATh €ro Kak OOBIYHBI MMIEPAaTUBHBIN KoA. BeipaxxeHus do-6j10ka
BBINTOJIHAIOTCA I10CJIeI0BaTEJIbHO, OJHO 3a ApyruM. CHavasa Mbl HHUIMAIN3UPYeM [Ba U3MeHsAeMbIX 3HaueHus, 111
CuéTYMKa I[UKJIA U JJIA COCTOSAHNUA. 3aTeM B PyHKINU iter Mbl yuTaeM 3Ha4€HUA U BHIIIOJIHAEM IIPOBEPKY [IpeAuKaTa
pred. ®yHKIUA when — 3TO cTaHAapTHas GyHKOUA U3 MoAysA Control.Monad. OHa npoBepsAeT NpeauKar, U eciii
OH BO3BpalIaeT True BEIIOJIHAET CEPUI0 JeHCTBII, B KOTOPBIX MBI 3allChIBaeM OOHOBJIEHHBIE 3HaYeHHsA. O6parture
BHHMMaHUe Ha TO, 4TO CBfA3Ka when-do 3TO He cmenuasibHass KOHCTPYKIMA A3bIKa. Kak ObUIO cKka3aHO when — 3TO
npocTo GYHKINA, HO OHA OXHUAAET OJHO JelCTBHe, a MBI XOTUM BBINOJIHUTE CPa3y HecKoJibKo. Criefyromiee 3a Hell
do HaunHaeT 6JI0K AelicTBUI (TpaHUIlB! 6JI0KA ONpeIesIsIIoTCs 10 OTCTYIaM), KOTOPhIE OyAeT NHTepIpeTUPOBATHCS
Kak OJ[HO AelicTBUe. B HacTosmmeM uMnepaTUBHOM LIMKJIe B OOHOBJIEHNH U IIpeJiuKaTe CUEéTYNKa MOXeT y4acTBOBaTh
nepeMeHHas pe3yJbTaTa, HO 3TO CUUTAETCSA MPU3HAKOM JYPHOTO CTUJISA, IIO3TOMY HAIlX GYHKLIUU OIpe/esieHbl Ha
TUIe CYETYNKA. PellinM TUINYHY0 3a7ady, IOCYUTAEM YKCJIA OT OJJHOTO 0 AECATH:

*Loop> forLoop 1 (<=10) succ (+) 0
55

[Tocuutaem paxkropua:

*Loop> forLoop 1 (<=10) succ (*) 1

3628800

*Loop> forLoop 1 (<=100) succ (*) 1
9332621544394415268169923885626670049071596826
4381621468592963895217599993229915608941463976
1565182862536979208272237582511852109168640000
00000000000000000000

Tenepp HanumeM while-IuKiIL:
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Result s;

while (pred(s))
update(s);

return s;

B satom LUKJIE yYaCTByeT OAVH IIpeAuKaT 1 OJHa CI)yHKI.[I/IH 0OGHOBJIEHUS pe3yjabTaTta, Mbl OOHOBJISIEM pe3yJibTat
A0 TEX IIOp IIOKa NpeJuKaT HE CTaHET JIOXKHBIM.

whileLoop :: (s -> Bool) -> (s ->s) ->5s -> s
whileLoop pred update sO@ = runST $ do
ref <- newSTRef s0O
iter ref
readSTRef ref
where iter ref = do
s <- readSTRef ref
when (pred s) $ do
writeSTRef ref $ update s
iter ref

[Tocuntaem cymmy unces yepe3 while-LUKiI:

*Loop> whileLoop ((>0) . fst) (\(n, s) -> (pred n, n + s)) (10, 0)
(0,55)

I[TepBbIii 371IEMEHT Haphbl UrpaeT PoJib CYETYMKA, @ BO BTOPOM MBI HaKaIlJIMBaeM pe3yJibTart.

BricTpas copTupoBKa

PeanusyeM nMIiepaTUBHBIN aJITOPUTM OBICTPOLI COPTUPOBKU. AJITOPUTM OBICTPOI COPTHPOBKU XOPOII He TOJIBKO
TeM, YTO OH paboTaeT o4eHb OBICTPO, HO M MHMHHMAJIBHBIM pacxooM naMAaTu. COpTHpOBKa IPOBOJUTCS B CAMOM
MaccuBe, C TIOMOIIbI0 oOMeHa 3J1eMeHTOB Mectamu. Ho [ 3Toro Ham noHago6aTcsA u3MeHsAeMble MacCUBBL. DTOT
TUII ONIpeieJIéH B MoAyJie Data.Array.ST. B Haskell ecTh HECKOJIBKO TUIIOB M3MEHSEMbBIX MacCUBOB (KaK BIIPOYEM U
HeU3MeHsAeMBbIX), 3TO CBA3aHO € Pa3/IMYHBIMU HI0AHCAMU pa3MellleHHs 3JIeMeHTOB B MacCHUBaX, O KOTOPBIX MBI IIOKa
ymoJuuM. [{71A npeocTBajieHus obero nHrepdelica K pasJMyYHbIM MaccUBaM OBLJI ONlpeAesIéH Kilacc:

class (HasBounds a, Monad m) => MArray a e m where
newArray :: Ix i => (i, i) -> e ->m (a i e)
newArray :: Ix i => (i, i) ->m (a i e)

MArray — 3TO cokpareHue oT mutable (u3meHseMsli1) array. Meton newArray CO3JET MAacCHB TUIA a, KOTOPBIH
3aBEPHYT B TUN-MOHaZAy m. [lepBBIil apryMeHT yKashBaeT Ha JuUala30H 3HAaYeHUI WHAEeKCOB MacCHUBa, a BTOPHIM
apryMeHTOM IepedaéTcs 3JIeMeHT, KOTOPHIN OyAeT 3amucaH Bo Bce AYeliKU MaccuBa. Bropas QyHKIUA 3anuChHBaeT
B MaccuB 3sieMeHT undefined.

HOCMOTPI/IM Ha BCIIOMOraTeJIbHbIE€ KJIaCChI:

class Ord a => Ix a where

range :: (a, a) -> [al

index :: (a, a) -> a -> Int
inRange :: (a, a) -> a -> Bool
rangeSize :: (a, a) -> Int

class HasBounds a where
bounds :: Ix i =>a i e -> (i, 1)

Krnacc Ix onmceiBaeT THII MHAEKCA U3 HeNpephBHOIO Auana3oHa 3HaueHUil. HaBepHsAka 1o MMeHHU (QYyHKIUU
U TUITy BB loraflaeTech O Ha3HAYeHUH METOI0B (MOXeTe CBepUTHCS C MHTEPIPETaTOPOM Ha Ttumnax Int wim (Int,
Int)). Kiacc HasBounds o603Ha4aeT MaccuBhI pa3Mep, KOTOPHIX ¢hukcrupoBaH. Ho BepHéMces Kk MaccuBaM. MbI MoXxeM
He TOJIbKO BBIIEJIATh NaMATh IOl MAaCcCHB, HO U UUTATh 3JIeMEHTH U OOHOBJIATD UX:

readArray :: (MArray aem, Ix i) ==>aie->1i->me
writeArray :: (MArray aem, Ix i) =>a ie ->1 ->e ->m ()

B ciydae ST-ccpuiok y Hac 6b1a GyHKnuA runST. OHa Bo3Bpallasia 3HaueHHe U3 aMATH, HO 4To OyieT BO3Bpa-
maTh aHajgornyHasa GyHKIuA 1A MaccuBa? [locMoTpuM Ha Heé:
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freeze :: (Ix i, MArray a em, IArray b e) =>a ie ->m (b i e)

Bo3MOXHO 3a BceMM KJjlaccaMM CXoXecTb ¢ (yHKIuel runST mpocjexuBaeTcsa He Tak 4€Tko. HOBBIN Kjacc
IArray o6o3HavyaeT HemsMeHseMsble (immutable) maccuBel. @yHKIMEN freeze Mbl peBpaiaeM U3MeHsIEMBIN Mac-
CUB B HeH3MeHseMbIl, HO 3aBEpHYTHI B CllellMaJIbHBII TUI-MOHaAy. B Hamem ciiydae sTuM Tunom 6yget ST. B
Mopayse Data.Array.ST ompefeseHa cliel{ajbHas Bepcusa 3TOH QYHKLINM:

runSTArray :: Ix i => (forall s . ST s (STArray s i e)) -> Array i e

3necwk Array — 3To OOBIYHBIN Hen3MeHseMBlll MaccuB. OH XKUBET B MoAyJie Data.Array Mbl MOXXeM CTPOUTH
MacCHUBBl U3 CIIMCKOB 3HAU€HUM, NpeoOpa3oBbIBaTh MX Pas3HBIMH cnocobamu, mpeBpamiaTe B 00paTHO B CIMCKUA U
MHoroe fpyroe. O6 o BCEM 3TOM MOXHO y3HaTb M3 JOKyMeHTalMu K MoAyJso. OOpatuTe Ha NMOsABJIEHHE CJIOBA
forall u B aT0ol pyHKIIN. OHO HECET TOT X€ CMBICJI, YTO ¥ B QyHKOMU runST.

Ju1a TpeHupoBKU HanumnieM QyHKINMIO, KOTOpasA MeHseT MecTaMU ABa 3JeMeHTa MacCcuBa:
module Qsort where

import Data.STRef
import Control.Monad.ST

import Data.Array
import Data.Array.ST
import Data.Array.MArray

swapElems :: Ix i => i -> i -> STArray s i e -> ST s ()
swapElems i j arr = do

vi <- readArray arr i

vj <- readArray arr j

writeArray arr i vj
writeArray arr j vi

[IpoTecTrpyeM Ha HEGOJIBIIOM MaCCUBE:

test :: Int -> Int -> [a] -> [a]

test 1 j xs = elems $ runSTArray $ do
arr <- newListArray (0, length xs - 1) xs
swapElems i j arr
return arr

Tup dyskunu test Huuem He BBHIAAET e€ coAepxaHue. Bpoage pynkumua kak QyHKIUA:
test :: Int -> Int -> [a] -> [a]
[TocMoTpyM Ha TO, KaK OHa paboTaerT:

*Qsort> test 0 3 [0,1,2,3,4]
[3,1,2,0,4]
*Qsort> test 0 4 [0,1,2,3,4]
[4,1,2,3,0]

Teneps nepetiiéM K coptrpoBke. CyTh MeTOAa B TOM, YTO MBI BEIOMpaeM OAVH 3JIEMEHT MacCHUBa, Ha3bIBAeMBIN
ocbio (pivot) U nmepecTaBJisieM OCTaJIbHBIE 3JIeMEHTHI MaccHBa TaK, YTOOBI BCe 3JIeMeHTHl MeHbIIle 0CEBOro ObLIU CJle-
Ba OT HeEro, a Bce, UTO 0oJIbllle OKAa3aJIMCh ClipaBa. 3aTeM MbI IOBTOpsieM 3Ty IIpollelypy Ha MaccuBax IIOMeHblIle,
TeX, YTO HaXOJATCA CJieBa U CIIpaBa OT OCEBOTO 3JIeMeHTa U TaK II0Ka BCe 3JIeMeHThl He OTCOPTUpYyoTCcsa. B anro-
pUTMe OuYeHb XWUTpas MpolleAypa NepecTaHOBKY 3JIEMEHTOB, Hallla 3aJavya [lepecTaBUTh 3JIeMeHTH B MaccuBe, TO
eCTh He IOJIb3YsCh HUKAKVMMMU JOMOJIHUTEJIBHBIMY CTPYKTYpaMu AaHHHIX. S He 6yAy rOBOPUTH KaK 3TO Aejlaercs,
MIPOCTO BBHINUILY KO/, @ BB MOXKeTe [MOYUTATh 00 3TOM rae-Huby/ib, B JIIOOOM Cilydae u3 Kofa OyeT OHATHO Kak 3TO
TIPOMICXOAUT:

gsort :: Ord a => [a] -> [a]
gsort xs = elems $ runSTArray $ do
arr <- newListArray (left, right) xs
qsortST left right arr
return arr
where left =0
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right = length xs - 1

qsortST :: Ord a => Int -> Int -> STArray s Int a -> ST s ()
gsortST left right arr = do
when (left <= right) $ do
swapArray left (div (left + right) 2) arr
vLeft <- readArray arr left
(last, _) <- forLoop (left + 1) (<= right) succ
(update vLeft) (return (left, arr))
swapArray left last arr
gsortST left (last - 1) arr
gsortST (last + 1) right arr
where update viLeft i st = do
(last, arr) <- st
vi <- readArray arr i
if (vi < vLeft)
then do
swapArray (succ last) i arr
return (succ last, arr)
else do
return (last, arr)

DTO [ajeko He caMblil OBICTPHIN BapUaHT OBICTPOI COPTUPOBKY, HO CaMBblil MPOCTOHN. MBI IPOCTO yuyuMcsl o6pa-
maThes ¢ U3MeHAeMBbIMU MaccuBaMu. IIpotectupyeM:

*Qsort> gsort "abracadabra”
"aaaaabbcdrr”

*Qsort> let x = 1000000

*Qsort> last $ gqsort [x, pred x .. 0]
-- [OBapuaTb neT cnycTts

1000000

7.6 Kparkoe conmepxxaHue

MEI moCcMOTpesIM Ha puMepax Kak NpUMeHAITCs Tumbl State, Reader u Writer. Takxe MbI IO3HAKOMUJIUCH
€ MOHAJI0N U3MeHseMbIX 3HaueHuH ST. OHa MO3BOJIAET MKCATh B MMepaTUBHOM ctiJle Ha Haskell. Mb1 y3nanu fBa
HOBBIX 3JIeMeHTa IIOCTPEHUs TUIIOB!

» Tunb-06EpPTKYU, KOTOPBIE OIIPe/IeJIAI0TCA Yepe3 KJIIo4eBoe CJI0BO newtype.

M SaHHCI/I, OHU ABJIAKTCA NPOU3BEACHNUEM TUIIOB C UMEHOBAaHHBIMU ITOJISAMU.
Taxxe MbI Y3HaJI1 HECKOJIbKO IOJIE3HbIX TUIIOB:

* Map — XpaHeHMe 3HaUeHUl 1o Kouy (13 MoayJid Data.Map).
» Tree — nepeBbs (u3 moayJia Data.Tree).
* Array — maccuBsl (U3 MmoAyJis Data.Array).

» Tunsl A1 HaKOIUIeHUA pe3ybTaTa (U3 Moy Data.Monoid).

OTMeTuM, 4TO 3K3eMIIAp kiacca Monad onpenenén u ana GyHknuil. Mel MoxeM 3anucaTh GyHKOUIO ABYX ap-
TyMEeHTOB (a -> b -> c) kak (a -> (->) b c). Torga Tun (->) b OymeT TUIOM C OAHUM IIapaMeTpOM, KakK pas
TO, 4TO HYXHO AJiA KJacca Monad. ITo cMblciy sk3eMmiAp kiacca Monad i GyHKIME coBnajaeT ¢ 3K3eMILJIAPOM
Tuna Reader. IlepBbIii apryMeHT CTPeJIOYHOTO THIIA b UTpaeT PoJib OKPYXeHUs.

7.7 YupaxHeHUA

* HanwummTe ¢ nmoMombio Tuna Random GyHKIMIO UTPH B KOCTH, [IBa UI'POKa GpOCAIOT M0 ovyepear KocTH (aBa
KyOUKa C IIeCcThI0 I'PaHAMH, TPaHU IPOHYMepoBaHkI 0T 1 10 6). OHu 6pocaroT Kyouku 10 pa3 BEIMTPHIBaET TOT,
y KOTO B CyMMe BHINa/ieT 6oJiblne 04koB. DYHKIUA IPUHUMAaeT HayaJIbHOe COCTOAHNE U BBIBOJUT pe3ysbTaT
WUTPBL: CyMMapHble 6aJijibl UTPOKOB.
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» HanumuTte ¢ noMmompio Tuna Random ¢yHkuMo, kotopas O6yaeT co3iaBaTh CjIydaiiHble AepeBbsA 3aJaHHON
ryOuHBL. 3HaueHHe B y3Jie ABJjisieTcA ciydalHbIM ynciioM oT 0 1o 100, Takxke 4YKCJIO JOYEepPHUX JepeBbeB B
KaxJIoM y3Jie ciIy4aliHo, oHo uaMeHsetcsa ot 0 go 10.

+ Onumure B BI/le KOHEYHOI'O aBTOMATa NoBefieHre aMEObL. AMEGa MOXKeT IBUraThCs Ha IJIOCKOCTH 110 YeTHIPEM
HamnpasJieHusAM. Ecii oHa 4yBCTBYeT CBeT B OIIpe/IeJIEHHOI CTOPOHE, TO OHA NOJI3ET Tyaa. Ecim nmo-6msoctu
HeT CBeTa, OHa I10JI3aeT B IPOM3BOJIbHOM HarpasjieHun. AMé6a yJiaBivBaeT MHTEHCHUBHOCTD CBETA, €CJIU IO
BCEM YeThIPEM CTOpPOHAM MHTEHCHMBHOCTb OAIHAKOBAasA, OHA CTOUT Ha MecTe U I'peeTcs.

» Kasasioch Obl, 3aueM HaM COXPaHATb BBIUMCJIEHNUA B BBIPAXKEHUAX, [ToYyeMy OBl HaM IPOCTO He BBIYMCJIUTD UX
cpasy? Ecyii y Hac ecTh onucaHue BbIpaXkeH!sA MBI MOXKeM IPUMEeHUTb pa3/InyHble TeXHUKH ONTHMU3aIIH, KO-
TOpble MOTYT COKpAIaTh YKCJIO BRIYMCIIEHMI. HanpumMep HaM M3BECTHO, YTO JBOMHOE OTPULAHUE HE BJIMSAET
Ha apryMeHT, Mbl MOXEM BBIPa3UTh 3TO TAK:

instance Num Exp where
negate (Neg a)
negate X

a
Neg x

Tak MbI COKpaTUJIN BBIYMCJIEHUA Ha ABE Onepalu. Bo3MOXHBI 1 60Jjiee CJIOXKHbIE TEXHUKU OIITMU3AlNH.
Ms1 Mmoxem Y4eCTb HOJIb 1 €AVUHULY IIPU CJIOKEHUHN U YMHOXEHUHN WUJIN I[I/ICTpI/IﬁyTI/IBHOCTb CJIOXKEHUA OTHO-
CUTEJIbHO YMHOXEHUS.

B aTtom ynpaXXHeHUH BaM Ipejiara€TcAa nmpoBeCTu HOI[OGHYIO OIITUMM3AIUI0 OJIA JIOTUYECKUX 3HaueHu. Y
Hac eCTb aﬁCTpaKTHOE CHUHTaKCHU4YeCKOEe AEPEBO:

data Log = True

False

Not Log

Or Log Log
And Log Log

Hanmnmure @yHKOMI0, KOTOpasi ONTUMHU3UPYeT BhipakeHue Log. OTa GyHKIMA NpUBOANUT Log K KOHBIOHKTHUB-
Holl HopMasibHOU popMme (KHD). [lepeBo B KH® o6sajaeT TakuMU CBOMCTBAMU: Bce y3JIbl ¢ Or HaxoAATCs
GJIrXke K KOPHIO 4eM y3JIbl ¢ And U Bce y3J1bl ¢ And HaxofATcs 6Jirke K KOpHIO 4eM y3Jibl ¢ Not. B KH® Bripa-
JKeHUA UMEIOT BUJ:

(True ‘And‘ Not False ‘And‘ True) ‘Or‘ True ‘Or‘ (True ‘And‘ False)
(True ‘And‘ True ‘And‘ False) ‘Or‘ True

Kak ObI MBI He IIUIK OT KOPHA K JIUCTY CHavyasia HaM OyAyT BCTpedyaThCs TOJIBKO onepanuu Or, 3aTeM TOJIBKO
onepauuu And, 3aTem TojbKO Not.

KH® 3ameuaresibHa TeM, YTO e€ BEIUMCJIEHHEe MOXeT IpoiTu focpouHo. KH® MOXHO IpeACTaBUTh TaK:

data Or’ a = 0r’ [a]
data And’ a = And’ [a]
data Not’ a = Not’ a
data Lit = True’ | False’

type CNF = Or’ (And’ (Not’ Lit))

CHavasia UAET CIMCOK BRIPAXKEHMI pa3/ieJIéHHBIX KOHCTPYKTOPOM Or (BBIYHCJIATE BeCh CIKCOK He HYXHO, HAM
HY’KHO HAHTH NEepPBbII 3JIEMEHT, KOTOPHIH BepHET True). 3aTeM UAET CIMCOK BhIpaXeHUl, pa3/iesiéHHbIX And
(omATH Xe ero He HAZO BBIYUCJIATD ILIEJIMKOM, HAM HYXHO HAalTU NIEPBOE BEIPAXXeHHE, KOTOpOe BepHET False).
B caMOM KOHIle CTOAT OTPULIAHUA.

B Hamewm ciyuyae npusefenue kK KH® coctout us AByX 3TaloB:

— CHavaJsia [OCTPOUM BBIpaXXeHHe, B KOTOPOM BCe KOHCTPYKTOPHL Or 1 And CTOAT GJIrKe K KOPHIO 4eM
KOHCTPYKTOp Not. [Iy1g 5TOoro He06X0AUMO BOCIIOJIb30BATHCA TAKUMU IIPABUJIAMIU:

-- ypaneHue ABOWHOTO OTpuULaHUS
Not (Not a) ==> a

-- npasuna pe MopraHa
Not (And a b) ==> Or (Not a) (Not b)
Not (Or a b) ==> And (Not a) (Not b)
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— Jlenaem Tak 4yTOOBI Bce KOHCTPYKTOPHI Or ObLs1N ObI OJIMKe K KOPHIO 4YeM KOHCTPYKTOpH And. [[j1a 3TOrO
MBI BOCIIOJIb3yeMCsI IIPaBUJIOM UCTPUOYTUBHOCTHU:

And a (Or b ¢c) ==> 0r (And a b) (And a c)
ITpu aTOM MBI OyZieM yYUTBIBATH KOMMYTATUBHOCTD And 1 Or:

And a b == And b a
Or ab ==0r ba

» Korpga BBl 3akoHYMTe olpefeneHre PyHKINN:
transform :: Log -> CNF

Hanummrte ¢yHKIMIO, KOTOpas 6y[eT CpaBHUBATh BRIYKC/IEHNE UCXOQHOTO BRIpaXXeHUsA HAaPsAMYIO U BBIUKC-
nenve yepe3 KHO. Ota ¢pyHkuus 6yieT NpuHUMATh UCXOQHOe 3HaYeHue Tuna Log u GyaeT Bo3Bpamath JBa
YHMCJIa, YUCJIO Ollepariii HeOOXOAUMBIX JJI BEIYMCJIEHUS BHIPAXKEHUS:

evalCount :: Log -> (Int, Int)
evalCount a = (evalCountLog a, evalCountCNF a)

evalCountLog :: Log -> Int
evalCountlLog a =

evalCountCNF :: Log -> Int
evalCountCNF a =

ITpu HanrcaHUY 3TUX GYHKIUH BOCHOJIB3YHTECh PYHKINAMU-HAKOMUTEIIAMU.

* B monysie Data.Monoid omnpenesi€éH cnienUajibHBIA TUI C TOMOIIBI0 KOTOPOTO MOXHO HAKaIIUBaTh QYHKI[UM.
ToJsibko QYHKIIUY TOJIKHEI OBITH Crie{rabHOro Tuna. OHU JOJDKHBI IPUHUMATH W BO3BPAIaTh 3HAYEHUS Ol
Horo tuna. Takue QYHKIIMY HA3BIBAIOT SHOOMOppuUIMamiL.

[TocmoTpuM Ha ux omnpepesieHue:
newtype Endo a = Endo { appEndo :: a -> a }

instance Monoid (Endo a) where
mempty = Endo id
Endo f ‘mappend’ Endo g = Endo (f . g)

B xauecTBe HeflTpaJIbHOl"O 3JIEMEHTAa BBICTYIIA€T (I)YHKL[I/IH TOXAECTBa, a (I)yHKI.IPIeI;’I OG’beI[I/IHeHI/IH 3HaYeHUH
ABJIAETCA beHKI.[I/IH KOMITIO3UI1HU. HonpoﬁyﬁTe nepenrucaTs IpUMephI M3 I'JIaBbl HAKOIIJIEHNE Y1 CeJl C IOMOILbIO
3TOI'0 TUIIa.

+ Peasnu3syiiTe C HOMOIIBIO MOHA/B! ST KaKOM-HUOYAb aJIFOPUTM B MMIIEpaTUBHOM cTule. Hanpumep anroputm
MOKCKA KOPHEHN ypaBHEHUs METOAOM JesieHus nonosiam. Eciiu ¢dyHKuus f HenpepbiBHA U B ABYX TOUKAX @ U b
(a < b) 3HaYeHUs QYHKUMHU MMEIOT Pa3HbIe 3HAKMY, TO 3TO TOBOPUT O TOM, 4TO Ie-TO Ha OTpe3Ke [a, b] ypas-
Henue f(z) = 0 umeer pewmenne. Mbl MoXeM HaiTH ero Tak. [IocMOTpUM KaKoii 3HaK y 3HAYeHHUs GYHKIUY B
cepefuHe oTpe3Ka. Ec/ii 3HaueHNe paBHO HYJIIO, TO HaM [I0Be3JI0 U MBI HalllJIU pellleHHe, eCJIU HeT, TO U3 IBYX
KOHIL[OB OTPe3Ka BHIOPEM TOT, y KOTOPOI'O 3HAK 3HA4eHUs PyHKUUY [ OTJINYAETCs OT 3HAKA 3HAYEHUS B Cepe-
JIUHe oTpe3Ka. Jlajiee MOBTOPUM 3Ty NpoOLeLypy Ha HOBOM OTpe3Ke. M Tak moka Mbl He HalAEéM KOPEeHb WJIN
OTPE30K He CTAHeTCA B TOUKy. BHyTpu (QyHKIMHU BbIjeIUTe IaMATh MO KOHIBI OTpe3Ka U 1ocJjieloBaTeIbHO
H3MeHsANTe UX BHYTpU THna ST.

124 | Tnasa 7: Mpumepbl U3 M1Pa CneunanbHbiX GyHKUNUN



I'staBa 8

I0

[Tokxa MBI He HaMKcaJIy eljé HU OJHOU NpOorpaMMBbl, KOTOPOI MOXXHO ObLJIO OBI I0JIb30BAThCs BHE HHTEPIIpeTaTo-
pa. Ilpegmosiaraercs, yTo IporpaMMa Kak-TO B3aUMOJIEMCTBYeT C I0JIb30BaTesieM (OXHaeT BBOJA C KJIABUATYPHI)
U U3MeHseT COCTOsIHYE KOMITbIoTepa (BBIBOAUT cOOOIeHNsA Ha 3KpaH, 3anychiBaeT JqaHHbEe B ¢aiiibl). Ho moka uto
MBI He 3HaeM KaK B3alMO/IeICTBOBATh C OKPYXAIOI[IM MUPOM.

Camoe BpeMs y3HaTh! CHavasia Mbl IOCMOTPUM Kakue MpobjieMbl CBA3aHBI C peajid3aliieil B3auMOAeNCTBIA C
nosis3oBaTesieM. Kak aTu npo6items! pematoTcs B Haskell. TIoTomM MBI Hay4nMcs pelaTh HECKOJIBKO TUMTUYHBIX 3a/1aY,
CBSI3aHHBIX C BBOJIOM/BBIBOJIOM.

8.1 Ymucrora u no6ounsie 3¢p¢eKThI

Korpa mel onpefiesiieM HOBble PYHKIUK MJIM KOHCTAHTHI Mbl JIIIb JaéM HOBBIE IMeHa KOMOMHAIMAM 3HaYeHUH.
B 3TOM CcMPbICJIe y HAaC HUYEro He uaMeHsercs. [lo-apyroMy aTo HasbiBaeTcs ¢yHkyuoHawHoll yucmomoti (referential
transparency). OTO CBOMCTBO T'OBOPUT O TOM, YTO MBI CBOOOJHO MOXeM 3aMeHUTh B TeKCTe MPOrpaMMBbl JII000i1
CHMHOHHM Ha €ro omnpejiejIeH’e 1 3TO HUKaK He CKaXeTCs Ha pe3yJibTaTe.

OYHKIUA ABJIAETCA YHUCTOM, €CJIN e€ BBIXOJ 3aBUCUT TOJIBKO OT e€ BXOJIOB. B j1r060i1 MOMEHT BBIIIOJIHEHUS I1PO-
rpaMMBl OJI1 OOHUX U TeX Xe BXOAOB OyJeT OWH U TOT e BHIXOJ. DTO CBOWCTBO OYeHb eHHO. OHO obJjierdaer
NoHHMaHue nosefieHUs GyHKIN. OHO TOBOPUT O TOM, YTO (PYHKIMA MOXET 3aBUCETh OT APYrux GYHKIUI TOJIb-
K0 sAgHo. Ecoii MBI BUAUM, 4TO Apyras GyHKIUA MCHOJIb3yeTcs B AaHHON QYHKUMH, TO OHA HCIIOJIb3yeTCA B 3TOH
(yHKIMU. ¥ Hac HET TaMHCTBEHHBIX IJI00aJIbHBIX IepeMeHHBIX, B KOTOpble MBI MOXeM 3alHChiBaTh JaHHBIE U3 OfI-
HOH (DYHKIIMU U YATATh UX C IOMOIIBI0 APyroii. Mel BooGIe He MOXXeM HIYEro 3alyChiBaTh M HUYEro YHUTaThb. MEI
He MOXeM U3MEeHATb COCTOSHMA, Mbl MOXeM JIUIIb JaBaTh HOBble MMEHA WJIM CTPOUTh HOBBIE BBIpAXXEHUS U3 yXe
CYIIECTBYIOIIUX.

Ho B 3TOT cTaTn4HBIN MUp OIKCaHUI He BIMCHIBAaeTCs B3auMOJeliCTBUE C IoJib30oBaTesieM. IIpernoaoxumM, 4To
MBI XOTHIM HalMcaTh TaKylo IpOrpaMMy: Mel HabupaeM Ha KjiaBuartype ums ¢daiia, HaxuMmaeM Enter u nporpamma
[TOKa3bIBaeT Ha 3KPaHe CoJlepKUMOe 3Toro daiiya, 3aTeM MBI HabHUpaeM TeKCT, HaxXxuMaeM Enter 1 TeKCT JONKCHIBa-
ercs B KoHel dariia, Ghaiiyl coxpaHsaeTcsa. DTO ONKCaHue IpearnojaraeT YIopsaq0YeHHOCTh AetcTBUi. MBI He MOXeM
CHayajla COXpaHUThb TEKCT, 3aTeM IIPOYUTaTh OOHOBJIeHUA. Tora TeKCT OCcTaHeTCs NPeXHUM.

Emé oaun npumep. [IpeanosioxumMm y Hac ecTb GyHKuUA getChar, koTopas umTtaer OYKBYy C KjJaBUaTyphl. U
dyHKnMA print, KoTOpas BEIBOAUT CTPOKY Ha 9KpaH M MOCMOTPUM Ha Takoe BEIpakeHUe:

let ¢ = getChar
in print $c: c : []

O uéM roBOPHUT 3TO BEIpakeHHe? BO3MOXHO, MpounTall ¢ KJIaBHaTypsl OyKBY UM BBIBeJU €€ Ha SKpaH ABAX/BL.
Ho Bo3MOXeH U Apyroil BapuaHT, ecJid B HallleM A3BIKe Bce ONpefiesIeHNA 3TO CHHOHUMBI MBI MOXEM 3alucaTh 3TO
BbIpaXkKeHHE TaK:

print $ getChar : getChar : []

DTO BEIpaXXeHHE y>Ke TOBOPUT O TOM, UYTO YMTATh C KJIaBUATyphl HEOOXOAVMO ABaXbl! A Befb MBI CAeJIaJI OObIY-
Hoe IIpeoOpa3oBaHue, 3aMeHIJIN BXOX/eHUsA CMHOHMMA Ha ero onpejeseHue, HO CMBICJI U3MeHwIcs. B3aumoneii-
CTBHE C I10JIb30BaTesieM HapyllaeT YiCTOTY (PyHKLHUI, HeurcThle PYHKIMN Ha3bIBAOTCA QYHKUHUAME C TOOOUYHBIMU
sbdexramu.

Kak 651Tb? MOXHO JIM BHECTH B MUP ONKCAHUI NOPSAOK BHIIOJIHEHN:A, COXPAaHUB IpenMyliecTBa GyHKINOHATIb-
HOU 4UCTOTH? JloJiroe BpeMs 3TOT BOIPOC OB OUeHb TPYAHBIM 1 YMCTHIX GYHKIIMOHAJIBHBIX A3BIKOB. Kak MOXHO
10JIb30BaThCs A3BIKOM, KOTOPHII He II03BOJIAET ceslaTh Takhe 6a30oBble Bellld KaK BBOJ/BBIBOJ?
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8.2 Mosnana IO

I'me-To MHI yKe BCTpeYasIich ¢ TaKoi npobyieMor. Koraa Mel FOBOPUIIH O TUIe ST 1 OGHOBJIEHUM 3HaYeHU. Tam
TOXe GBIV IPOGJIEMBI TOPAKA BEIYKCIIEHHE, HAM YJAJI0Ch IIPEOI0JIETh UX C IOMOIIBIO CKPHITOH Tepeiayrl GUKTHB-
Horo coctosHusA. Toraa Haly 06HOBJIEHNUA OBUIN YUCMbLMILL, MBI MOTJIN 6e300JIe3HEHHO CKPBITh UX OT [10JIb30BaTeIA.
Teneps Bcé ropasno TpyaHee. Ham Bcé-Taku XOo4ueTcs B3aMMOJENCTBOBATH C BHEIITHUM MHUPOM. {11 0603HaYeHUs
BHEITHEro Mypa MbI OIIpe/ieJIUM CIIeIfaJIbHBIN THI U Ha30BEM ero RealWorld:

module IO(
I0
) where

data RealWorld = RealWorld

newtype IO a = I0 (ST RealWorld a)

instance Functor I0 where
instance Applicative I0 where
instance Monad I0 where

Tumn I0 (oT aHrJ. input-output ujiu BBOA-BBIBOJ) 0603HAYAET B3aUMOJEHCTBYUE C BHEIITHUM MHPOM. BHemHuit
MHP CJIOBHO SIBJIAETCSA COCTOsSHMEM HalllUX BBIYMCJIEHNI. DK3eMILJIAPHI KJIACCOB KOMIO3UI[UY ClIelIaIbHBIX QYHKI[AI
Takue Xe Kak u 714 ST (a ciienoBaTesbHO U 1A State). Ho mpu 3TOM, IOCKOJIBKY MBI KOHKPETHU3UPOBAJIN MEPBEIE
napameTp Tuma ST, MBI yXKe He CMOXXeM BOCIIOJIb30BaThCs GyHKIMEH runST.

Tun RealWorld onpenenén B Mofgyse Control.Monad.ST, TaM e MOXHO HAUTH U (PYHKIIUIO:

stToIO :: ST RealWorld a -> I0 a

HHTepecHo, uTo Kyacc Monad ObUI IpUAYMaH Kak pa3 [JiAd pellleHNA NpobseMbl BBOJa-BbiBoAa. Kiaccel TUIIOB
M3HaYaIbHO 3aJyMBIBAJIMCh JJIA PEeLIeHHs PoGIeMBl onpeeieHnA apubMeTUYeCKHX ONEPANME Ha Pa3HbIX YHC/Iax
1 GYHKIMH CPaBHEHUA Ha PABEHCTBO JIA Pa3HBIX THIIOB, MaJjlo KTO TOTAa AOTaAbIBAJICS, YTO KJIACCHI TUIIOB CHITPAIOT
TaKyI POJib, CTAHYT OCHOBOIIOJIAraIell 0COGEHHOCTBIO A3BIKA.

a @ I0b b —>@—>IOC

o [Mocne

a ﬂ@—)IOc

a 10 c

Puc. 8.1: Komnosunus ajis moHagsl 10

[TocmoTpuM Ha puc. 8.1. 3To pucyHOK A kjacca Kleisli. 3aecs mof >> MoHNMaeTCsA KOMIIO3ULNA, KaK MBI eé
oTpefeJiAy B IJ1aBe 6, a He MeTo[ kjacca Monad, BCHOMHUM oIlpefiesieHHe:

class Kleisli m where
idKk :: a ->ma
(>>) :: (@a->mb) ->(b->mc) -> (a ->mc)
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Kommosurusa cnenuanbHbix GyHKIUHN THHA @ -> I0 b BHOCUT NOPAAOK BhluMcieHudA. CuuTaeTrcs, 4To cHavasIa
OyeT BHIUMCJIeHA (YHKINA cjleBa OT KOMIIO3UIIMY, a 3aTeM (PYHKIMA clipaBa OT KOMIO3UIUK. DTO IPOUCXOUT 3a
CYET CKPHITOI Nepefjaur GUKTUBHOTO cOCTOSAHUA. Teneps MepeliiéM k kiiaccy Monad. Tam koMno3uIys 3aMeHsAeTCs
Ha IpUMeHeHNe WM ollepalys CBA3BIBAHUA:

ma >>= mf

J1a Tuna I0 3Ta 3anuch FOBOPUT O TOM, YTO CHavasia OyJieT BhIIIOJIHEHO BhIpakeHHe ma U pe3yJsibTaT OyieT nof-
CTaBJIeH B BeIpakeHue mf 1 ToJIbKo 3aTeM OyAeT BhiNosiHeHo mf. OnepaTop CBA3BIBAHUA AJ1A CllelaIbHbIX QYHKINN
BHUA:

a->I0b

pacKaJbiBaeT HAll CTAaTHYeCKUN MUpP Ha “mo” u “mociyie”. OgHaXJbl MomnaB B ceTu 10, MBI HE MOXEM M3 HUX
BBIOpAThCs, MOCKOJIBKY Teneph Yy Hac HeT GyHKIuM runST. Ho 3To He Tak cTpamHo. Tun I0 poGuT HAIl CTaTUYECKUI
MUp Ha kaJipsl. Ho MBI CITOKOIIHO MO>eM cO3[aBaTh cTaTuyecKue YricTble QYHKINU U IOHUMATh UX B Mup 10 JIiiib
TaM rjie 3TO AeNCTBUTEIbHO HYXHO.

PaccMmoTpuM Takoi mpumep, MporpaMma 4uTaeT ¢ KJIaBUATyphl HayajibHOe 3HAaYeHIe, 3aTeM 3arpyxaet Qari
HacTpoek. [ToToMm 3anyckaeTcs, Kakasa-To CJIOXHAsA GYHKINA U B caMOM KOHIIe MBI BBIBOJVIM pe3yJibTaT Ha dKpaH.

CxeMaTHUIHO MBI MOXXEM 3aIMKcaTh 3Ty MIPOrpaMMy TakK:

program = 1iftA2 algorithm readInit (readConfig "file”) >>= print

-- QYHKUMM C NOo6OYHbIMU ddeKTamn

readInit :: I0 Int
readConfig :: String -> I0 Config
print :: Show a => a -> I0 ()

-- bonbwas M crnoxHas, Ho !uuctaa! QyHkuus
algorithm :: Int -> Config -> Result

Oyuknua readInit ynraer HavajgpHOe 3HAYeHHe, yHKIUA readConfig unTaer n3 daina HaCTPOUKY, PyHK-
uus print BEIBOOUT 3HaUeHNe Ha 9KpaH, ecyIv 9TO 3HaueHNe MOXHO Ipeobpa3oBath B cTpoKy. dyHkIuA algorithm
aT0 6osibmas GyHKLNA, KOTOpast BEIYMC/IAET KaKye-To AaHHble. DaKTUUecKH Hallle IporpaMma 3TO U ecTb QyHKIHSA
algorithm. B aT0#1 cxeme MBI 0OABUJIM B3aUMOJEHCTBUE C II0JIb30BaTeJIeM JIMIIb B OJHOM MecTe, BCs QYHKIUS
algorithm noctpoena mo npaBujiaM Mypa onucaHuil. Tak Mbl BHECJIM MOPAAOK BBIIIOJIHEHUA B IPOrpaMMy, coxXpa-
HUB BO3MOXHOCTD OIpeJieSIeHNs YHCThIX QYHKIMH.

Eciu y Hac Gy et emjé oquH "Kafp”, emé oJHO AeliCTBIe, HallpuMep Kak ToJIbKO QyHKIuA algorithm 3akoHunia
BBIUMCJIEHUA el HyXXHBI JONOJTHUTE/IbHBIE JaHHbIE OT NI0JIb30BaTeJIA, Ha OCHOBE KOTOPBIX MBI CMOXeM IPOJOJIKUTh
BBIYMCJIEHN C IOMOIIbI0 Kakoi-HuOyab Apyroi ¢yHskiuu. Toraa Hama nporpaMma IpuMeT BUA:

program =
1iftA2 algorithm2 readInit
(LiftA2 algorithml readInit (readConfig "file”))
>>= print

-- QyHKUMM C No6OYHbIMU IdPdeKTamn

readInit :: I0 Int
readConfig :: String -> I0 Config
print :: Show a => a -> I0 ()

-- bonbwue u CnoxHele, Ho !uyncTole! GyHKUWK
algorithml :: Int -> Config -> Resultl
algorithm2 :: Int -> Resultl -> Result2

Teneps y Hac ABa kafpa, IporpaMMa BBHIIOJIHAETCA B [iBa oTana. Kakaslil N3 HUX pa3fesiéH yyacTKaMH B3anuMo-
JAeHcTBUA ¢ nosb3oBaTesieM. Ho Tun I0 npucyTCTBYeT JIMIIb B IePBhIX IeCTH CTPOYKaX, OCTaJIbHble Ba MUJJIMOHA
CTPOK HaNNCaHBI B MUpe ONMCAHUM, NCKIIOYUTEIIBHO YUCTHIMU QYHKIMAMHI, KOTOPble IOAHUMAIOTCA B MUP CIeI-
apHBIX QYHKIUH ¢ momousio GyHKIUNA 1iftA2 U CTBIKYIOTCS C IOMOIIBI0 ONEPAIUN CBA3BIBAHUSA >>=.

[MonpoGyem Tum I0 B mHTepnpeTtaTtope. Mbl OyieM NOJIb30BaThCA ABYM:A CTaHAAPTHBIMU QyHKIUAMU getChar u
print

-- YMTaeT CUMBOJI C KJlaBMaTypbl
getChar :: IO Char

-- BbIBOOMT 3HAYEHME Ha 3KpaH
print :: I0 ()
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@yHKIUA print Bo3BpalaeT 3HaYeHHe eUMHUYHOro THIA, 3aBEPHYTOe B TUI 10, TOCKOJIBKY Hac NHTepecyeT He
caMo 3HayeHHe a OOOYHBI 3D PEKT, KOTOPHII BHIIOJIHAET 3Ta QYHKIMA, B JAHHOM CJIyYae 3TO BHIBOJ Ha 3KpaH.

3akoagupyeM ABa puMepa U3 NepBoro pasfesia. B nepBoM Mbl unTaeM OAUH CUMBOJI U [1IeYaTaeM ero ABAKIBL:
Prelude> :m Control.Applicative
Prelude Control.Applicative> let res = (\c -> c:c:[]) <$> getChar >>= print
Prelude Control.Applicative> res

9”99"

M=i cHauana BeI3biBaeM ¢yHKIMIO getChar yaBauBaeM pe3yJbTaT GyHKIMeNH \c -> c:c:[] U 3aTeM BBIBOAUM
Ha 3KpaH.

Bo BTOpOM IIpriMepe MBI ABaXAbl 3allpallliBaeM CHMBOJI C KJIaBUATyPHl a 3aTeM Ie4aTaeM Ux:
Prelude Control.Applicative> let res = liftA2 (\a b -> a:b:[]) getChar getChar >>= print

Prelude Control.Applicative> res
qu” qu”

8.3 Kak numyrcsa nporpaMmsbl

M-a1 yXxe ymeeM 4nuTaThb C KJIaBUaTypbl 1 BBIBOAWUTH 3HAUYEHUA HAa 3KPaH. ﬂaBaﬁTe Hay4YyuMCA IM1Ucatb CaMOCTOS-
TeJIbHbI€ ITPOTrpaMMBl. HporpaMMa obo3HavaeTcsa crenraJibHbIM IMEHEM:

main :: I0 ()

Ecyin Mmonysie Ha3eiBaeTcst Main vin B HEM HeT AupeKTuBH module ... where u B MoayJie ecTh QYHKIMA main
I0 (), To mocjie KOMIUIANUM OyAeT cAesaH UcIoJiHAeMbll ¢aiiy. Ero MoxHO 3amyckaTh He3aBHUCUMO OT ghci.
ITpocTo HaxkuMaeM ABaKAbl MBIIIKON MJIM BbI3bIBa€M M3 KOMaHAHON CTPOKMU.

Hanumewm nporpammy Hello world. EqMHCTBEHHOE, YTO OHa JeJlaeT 3TO BHIBOAUT HA 3KpaH IIPUBETCTBUE:

main :: I0 ()
main = print "Hello World!”

Temepb coxpaHUM 3TU CTPOUKH B (daiiyie Hello. hs, mepeiiném B AupekTopuio ¢daiiyia U ckoMnuiaupyem dai:
ghc --make Hello

[MosBunrch 06beKTHBIN U UHTepGeNCHBIN (ailybl, a TakXe MNOABUJICA TpeTui 6MHapHbBIH ¢aiii. Jto o Hello
6e3 pacmupenus (B Linux) uiau Hello.exe (B Windows). 3anyctum 3TOT Gaiii:

$ ./Hello
"Hello World!”

[Mostyunsiock! DTO Hallla nepBas nporpaMma. Ternepp HaMuUIIEM MPOrpaMMy, KOTopasi IPUHUMAaET TPU CUMBOJIA
C KJIaBUATYPHI U BRIBOAUT UX B OOPAaTHOM MOPSAKE:

import Control.Applicative

f :: Char -> Char -> Char -> String
f ab c= reverse $ [a,b,c]

main :: I0 ()
main = print =<< f <$> getChar <*> getChar <*> getChar

CoxpaHuM B ¢aiine ReverseI0.hs 1 CKOMOIWINPYEM:
ghc --make ReverseIO -o rev3

JlonoJIHUTEIbHBIM (pJ1arom -0 Mbl IONPOCKJIM KOMITWJIATOP YTOOB! OH COXPAaHMJI UCMOIHAEMBIN daiil noa uMe-
HeM rev3. Temeps 3anmycTUM B KOMaHIHOM CTpOKe:

$ ./rev3
qwe
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HabupaeMm Tpu cuMBoJIa U HaxXuMaeM BBOJ. Y nporpamMma nepeBopaduBaeT oTBeT. O6paTuTe BHUMaHUe Ha To,
YTO C MIOMOUIBIO Print MbI BRIBOJUM He IPOCTO CTPOKY Ha 3KpaH, a CTPOKY Kak 3HaueHue. [1o3ToMy J06GaBJIATCA
JIBOMHBIE KaBBIYKH. JIJI TOro 4TOGBl BRIBOJUTH CTPOKY cyliecTByeT yHKIuA putStr. 3ameHuMm print Ha putStr,
[IePEKOMITIUIMPYEM U IIOCMOTPYM YTO HOJTyYUTCH:

$ ghc --make ReverseIOstr -o rev3str

[1 of 1] Compiling Main ( ReverseIOstr.hs, ReverselOstr.o )
Linking rev3str

$ ./rev3str

123

321%

BuiHO, 4TO mOCJIe BBIBO/IA He IIPOM3O0IIET IEPEHOC KapeTKY, TEpMUHAJI IIpUTJIallaeT Hac K BBOAY KOMaH/Ibl Cpasy
3a OTBETOM, €CJIM IIepeHOC HyXeH, MOXHO BOCII0JIb30BaThCA GyHKuMel putStrin. ObpaTruTe BHUMaHHE Ha TO, YTO
KkpoMe GuHapHoro (aiiyia mosBUIINCH enlé nBa dariiia ¢ pacmupeHuaMa .hi u .o. IlepBriil daiin Ha3bpIBaeTcs UH-
TepdelicHBIM OH ONMCHIBAET KaKue B MOJYyJIe ollpefiesieHNs, a BTOpol (aiiy Ha3biBaeTcsA 06beKTHEIM. OH COZIepXXUT
CKOMIIVJIMPOBAHHBINA KOJT MOAYJIA.

8.4 Tumnuunsbie 3agaum 10

BeiBOoa Ha 3KpaH

Hawm yxe BcTpeTmiioch HeCKOIbKO GYHKI[MI BBIBOJA HA 3KpaH. OTo GYHKIUM: print (BBIBOJ 3HAaYeHUs U3 3K-
3eMIUIsApa kjacca Show), putStr (BeIBoA cTpoku) u putStrln (BEIBOA CTPOKU € IepeHocoM). Kaxaplii pa3 korja Mbl
HabupaeM Kakoe-HHUOYIb BEIpaXXeHUe B CTPOKe UHTepIpeTaTopa U HaxuMaeM Enter, UHTepnpeTaTop NpUMEHsAET K
BBIpaXXeHUI0 QYHKIMIO print ¥ MBI BUAMM €ro Ha dKpaHe.

W3 npocreiimux GyHKIMI BEIBOJA HA 3KpaH OCTaJIOCh He pacCMOTpeHHOM b GyHKiuA putChar, Ho A Aymato
BHI 6€3 TpyJja JorajaeTech 10 TUIy Y IMEHU YEM OHA 3aHUMAETCH:

putChar :: Char -> I0 ()

q)yHKLII/II/I BbIBOJ]a HAa 3KPpaH TaKXX€ MOXXHO BbI3bIBaTh B MHTEPIIPETATOPE:

Prelude> putStr "Hello” >> putChar ' ' >> putStrLn "World!”
Hello World!

OG6paTuTe BHUMaHKe Ha IPYMEHEHYE IOCTOAHHON GYHKIUY AJI1 MOHAL >>. B 3TOM BbIpa)keHUU HaC MHTEPECYET
He pe3yJIbTarT, a Te Mo6o4YHbIe 3D PEKTH, KOTOPhIE BHITOJHAIOTCA MPU KOMIIO3ULUK CHEUaIbHbIX QyHKIMi. Takxke
MBI TIOJIB30BAJINCh PYHKIMEN >> B COYETAHUM C MOHAI0! Writer [Jisa HaKOIUIEHUs pe3yJibTaTa.

BBoj mosib3oBaresia

M=l yxe yMeeM NIPHUHUMATD OT IT0JIb30BaTes A OyKBHL. DTO Aesaercs pyHkiuel getChar. dyHknuel getline Mel
MOXeM IIPOYMTATh LleJIylo CTpouKy. CTpoka ynTaeTcs A0 TeX IOop MOKa MBI He HaXXMéEM Enter.

Prelude> fmap reverse $ getLine
Hello-hello!
"1olleh-olleH”

Ecth emé ogHa QpyHKUMA AJIA YTEHUs CTPOK, OHA HasbiBaeTcs getContents. OcHoBHOe oTjmuue oT getline
3aKJII0YAeTCs B TOM, YTO COJepKaHye He YUTAeTCA cpa3y, a OTKJIAABIBAeTCA HAa MOTOM, KOr[ga COAepXXaHue Heu-
CTBUTEJIBHO MMOHANOOUTCS. DTO JIEHUBBI BBOJ. J[JIA 3a[jaYy YTEHUsA CMMBOJIOB C TEPMHHAIA 3Ta QYHKIVIA MOXET
10Ka3aThCs cTpaHHOU. Ho 4acTo B CUMBOJIBI BBOJAATCSA He BPy4YHYI0, a MepeaaioTcs u3 apyroro daiina. Hanpumep
ecJIi MBI HallpaBXM Ha BBOJI JIaHHBIE M3-KaKOro-Huby s 60b1Ioro-6oJibuioro dartia, gaiii He 6yieT yuTaThes cpa-
3y, ¥ MaMATh He Oy/IeT 3amoJIHeHa He HY)XHBIM TOKa cojiepXkaHueM. BMecTo 3Toro mporpaMmMa OTJIOXKHUT CUUTHIBAHLIE
Ha MOTOM U Oy/IeT 3aHUMAaThCA UM JIMIIb TOT/1a, KOTAa OHO MOHAJOOUTCS B BRIYUCJIEHUAX. DTO MOXET CYIIeCTBEHHO
CHU3UTH pacxoAd mamATu. Mel untaem ¢aia B 2I'6 MoMeHTaIbHO (MBI JejlaeM BUJ, YTO YUTaeM ero). A Ha caMoM
aesie coxpaHseM cebe 3afady Ha OyAayliee: YUTaTh BBOJ, KOrjaa IpUIET nopa.
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YreHue U 3amuch GaiyioB

Jiia ureHus u 3anuicu ¢aiyioB ecTh TPU IPOCThie PYHKIMU:
type FilePath = String

-- YTeHue ¢anna
readFile :: FilePath -> I0 String

-- 3anucb CTPOKKM B ¢aitn
writeFile :: FilePath -> String -> I0 ()

-- pobaBneHue CTpoKM B KOHeuu daina
appendFile :: FilePath -> String -> I0 ()

Hanumrem nporpaMMy, KoTopasi CHavaja 3ampalyBaeT oyTh K ¢afily. 3aTeM oKa3blBaeT ero cojepxaHue. 3a-
TeM 3allpalirBaeT BBOJ CTPOKU U3 TEPMHUHAJIA. A MOCJje 3TOro A0OaBJIAeT TeKCT B KOHel] daiia.

main = msgl >> getlLine >>= read >>= append
where read file = readFile file >>= putStrLn >> return file
append file = msg2 >> getlLine >>= appendFile file
msgl putStr "input file: ”
msg2 putStr "input text:

”

B camom sieBOoM BBI3OBe getlLine Mbl unTaem uMmsA ¢aiiyia, 3aTeM OHO HCIOJIb3YETCA B JIOKAJIBHON (GYHKINU
read. Tam MBI unTaem cofepxkanue daiia (readLine), BEIBoguM ero Ha 3kpaH (putStrln), u B camMoM KOHIIe MBI
Bo3BpamaeM u3 ¢yHkIiuy uMsa ¢daiiyla. OHO HaM NMOHAAoOUTCA B cjleAyloliell 4acTu IporpaMMbl, B KOTOPOM MBI
OyZieM YMTaTh HOBbIE 3amucu U Ao0aBsATh uX B (aitr. HoBas 3ammch ynTaercs ¢yHKuuei getline B JIOKaJbHOM
¢ynkuuu append.

CoxpaHuM B MofyJie File.hs u mocMOTpUM, 9TO Y HacC MOJIy4rJIoch. [lepesy 3TUM CO34aiUM B TeKyllell IupeK-
TOPHUU TECTOBBIH IycTOH (aiiy moa uMeHeM test. B Hero mMel 6yieM 406GaBIATH HOBBIE 3aIMCH.

*Prelude> :1 File

[1 of 1] Compiling File ( File.hs, interpreted )
0k, modules loaded: File.

*File> main

input file: test

input text: Hello!
*File> main

input file: test
Hello!

input text: Hi)
*File> main

input file: test
Hello!Hi)

B camom HavaJie Hail cpaf/’m IyCT, IIO3TOMY CHavaJia Mbl BUAVIM ITIyCTYyI0 CTPOUYKY BMECTO COAEpXaHNA, HO [IOTOM
Mbl HAYMMTHAaEM Z[O6aBJ'IHTI) B HEro HOBLIE 3allMCH.

ApryMeHTHI IPOrpaMMBbI

[Toxa nporpamMMel, KOTOpBIE MBI CO3/1aBaJIi IPOCUJIX [10JIb30BaTeJIsA BBECTH AaHHbIe BPYUHYIO DY BHIIIOJIHEHUU
NporpaMMEl, OHU paboTaji B MHTEPAaKTUBHOM peXuMe, HO yallle BCero IporpaMMbl IPHMHUMAIOT Kakue-HUOyAb
HavaJibHBlE JaHHBIe, YCTAHOBKYU WM (yaru. YutaTte HavasibHble JaHHBIE MOXHO C IOMOIIBI0 PYHKINN U3 MOAYJIA
System.Environment.

V3HaTh, 4TO epeaéTcs B MporpaMmMy MOXHO ¢yHKkimeir getArgs :: I0 [String]. OHa Bo3BpamiaeT CIUCOK
CTPOK. DTO Te CTPOKH, YTO MBI HaNKcaJIy 3a UMeHeM IIporpaMMBbl yepe3 IpobeJi Ipy BbI30Be B TepMuHasie. HanummeMm
IIPOCTYIO IpOrpaMMy, KOTopas pacledyaThiBaeT CBOM apryMeHTHI 10 OPAJKY, B BUe IPOHyMEPOBaHHOI'O CIKCKa.

module Main where
import System.Environment

main = getArgs >>= mapM_ putStrLn . zipWith f [1 .. ]
where f n a = show n ++ ": " ++ a
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B sioxanbHOI GyHKLMHU T MBI IpHCOeANHsAEM K CTPOKe HOMeD uepes ABoeToune. DyHKIuel mapM_ Mbl mpoberaeM
IO CIMCKY CTPOK, OTOGpaxas UxX ¢ HOMOILIbI0 GYHKIMY putStrLn. O6paTuTe BHUMaHUe Ha KPaTKOCTh IPOrPaMMEl,
C MOMOIIBI0 PYHKIMY KOMIIO3UI[UH MBI JIETKO COCTaBUJIN QYHKIIMIO, KOTOpas NPUNKCHIBAEeT K apryMeHTaM YuciIa, a
3aTeM BHIBOAUT UX Ha 3KpaH.

CKOMIIJIMpYeM NPOrpaMMy B UHTEPIIPeTaTope U BEI30BEM e€.

*Main> :! ghc --make Args

[1 of 1] Compiling Main ( Args.hs, Args.o )
Linking Args

*Main> :! ./Args hey hey hey 23 54 "qwe qwe qwe” fin
1: hey

2: hey

3: hey

4: 23

5: 54

6: gqwe qwe qwe

7: fin

Ecyit MBI XOTUM, 4TOGBI apryMEHT-CTPOKa COJiepKaJl MPOoOesIbl Mbl 3aKJII0YaeM ero B IBOMHBIE KaBbIYKU.

C nomorpio GyHKIHUU getProgName MOXHO y3HaTh MMsA mporpamMMel. Co3qaguM NporpaMmy, Kotopas 340po-
BaeTcs IpU BEI30Be. Y OTBeyaeT B 3aBUCHMOCTH OT HAaCTpPOeHUs IMporpaMmsl. HacTpoeHue 3a1aércsa apryMeHTOM
IIPOrPAMMEBI.

module Main where

import Control.Applicative
import System.Environment

main = putStrLn =<< reply <$> getProgName <*> getArgs

reply :: String -> [String] -> String

reply name (x:_) = hi name ++ case x of
"happy” -> "What a lovely day. What's up?”
"sad” -> "0oohh. Have you got some news for me?”
"neutral” ->

reply name _

"How are you?”

reply name ["neutral”]

hi :: String -> String
hi name = "Hi! My name is ” ++ name ++ ".\n”

B dyHkuuu reply Mbl cocTaBiifAeM pelUIMKy nporpaMMel. OHa 3aBHCUT OT UMEHU NPOrpaMMBl U NOCTYIAOMINX
Ha BXOJ] aprymeHToB. [TocMOTpUM, YTO y Hac MOJIy4HJIOCh:

*Main> :! ghc --make HowAreYou.hs -o ninja

[1 of 1] Compiling Main ( HowAreYou.hs, HowAreYou.o )
Linking ninja

*Main> :! ./ninja happy

Hi! My name is ninja.

What a lovely day. What’'s up?

*Main> :! ./ninja sad

Hi! My name is ninja.

Ooohh. Have you got some news for me?

BeI30B Apyrux nmporpaMm

MbI MOXeM BBI3BaTh JII0OyI0 IporpaMMy M3 Halllell IporpaMMbl. DTO fejlaeTcs C MOMOIbI0 GYHKIMK System,
KOTOpas XUBET B MOJyJie System.

system :: String -> I0 ExitCode

OHa MpUHUMAaeT CTPOKY U 3alyckaeT e€ B TepMuHaJie. Tak e Kak MblI JleJIajiv 3TO C MIOMOIIbI0 IPUCTABKH : | B
uHTepnpetaTope. 3HaueHue Tuna ExitCode roBopuUT 0 pe3yJsibTaTe BEIMOJIHEHUS CTPOKHU. OH MOXET ObITh YCIIEIIHBIM,
Tora GyHKuus BepHET ExitSuccess U 3aKOHUYUTHCA OMMOKOIA, TOT1a MBI CMOX€eM Y3HaTh KOJ OMIMOKHU 110 3HAUYEHUT0
ExitFailure Int.
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Ciy4aiiHble 3Ha4eHHUA

OYHKIUM JJ18 CO3/jaHKsA CTydaiiHbIX 3HAYEHUE olpe/iesieHsl B MoyJie System.Random!. CHavana faBaiiTe pas-
GepéMcs Kak TeHepupYIOTCsA cilydaiiHble yricia. CTaHapTHBIE CITyyaliHble 4ricjia O4eHb IIOX0XU Ha Te, YTO ObUIN y
Hac, KOrJ1a Mbl pacCMaTpUBaJIY IPUMEPHI CIeNUaIbHBIX GYHKIUHA. Y HAaC eCTh reHepaTop CJIyYaiHbIX YHCEs TUMA ¢
U C HOMOIIBI0 GYHKIUY next Mbl MOXEM HOJIyYUTh OOHOBJIEHHBIN F€HEPATOP U CJIyYaiHOe IieJIoe YKCJIO:

next :: g -> (Int, g)

He npaB[a JIK 3TOT TUII OUYE€HD I[IOXO0X Ha TUII pe3yJibTaTa q)yHKI.[I/Iﬁ C cOCTOsIHMEM. B kauecTBe COCTOAHUSA TEIepb
BBICTYIIA€T r€HeEPaTOp cnyqaﬁme quces g. dTo moBEAECHKE OIMMChIBAECTCA KJIaCCOM RandomGen:

class RandomGen g where
next i g -> (Int, g)
split tr g -> (g, 9)
getRange :: g -> (Int, Int)

OyHKIMA next 0OHOBJIAET reHepaToOp U BO3BpalljaeT ciydaiiHoe 3HaueHMWe Tuma Int. dynknusa split packa-
JIBIBaeT OJIUH reHepaTop Ha aa. MyHKIMA genRange BO3BpallaeT AUana3oH 3HAUYE€HU reHepUpyeMBbIX CIIy4aiiHBIX
uncesl. [lepBoe 3HaueHue B nape pesyJybTaTa genRange NOJDKHO OBITh BCerAa MeHbIIe BTOporo. Iy 3Toro KJjacca
onpejiesI€H OOVH 3K3eMIUIAp, 3T0 Tul StdGen. MBI MoXxeM cO31aTh IepBHIli reHepaTop I10 L[eJIOMY YHCJITY C TIOMOII[BI0
pynkunu mkStdGen:

mkStdGen :: Int -> StdGen
JlaBaiiTe IOCMOTPUM KakK 3TO IPOHCXOQUT B MHTepIIpeTaTope:

Prelude> :m System.Random

Prelude System.Random> let g0 = mkStdGen 0
Prelude System.Random> let (n@, gl) = next g0
Prelude System.Random> let (nl, g2) = next gl
Prelude System.Random> n0®

2147482884

Prelude System.Random> nl

2092764894

ME&I co3aa1M IepBBI FeHepaTop, a 3aTeM HavaJId [10JIy4aTh HOBBIE. J[J1 TOro, YTOOBI T0JIy4aTh HOBBIE CIIyYaliHbIe
YricJia, HaM NPUAETCS TacKaTh Be3Jie 3a coOO0I reHepaTop CJIyYariHbIX yricesl. MBI MoXeM 00epHYTh ero B GYHKIUIO
C COCTOSIHHEM U I10JIb30BAThCS MeToAaMU KJiaccoB Functor, Applicative u Monad. OGHOBJIeHNE reHepaTopa OyeT
TIPOMCXOAUTH 3a MINPMOI, BO BpeMs IpuMeHeHus GyHKIu. Ho y Hac ecTs U Jpyrou myTh.

BmecTo MoHazb State MbI MOXeM BOCIOJIb30BaThcA MOHaAoN 10. Eci HaM JieHb OnpefiesiaATh reHepaTop CIIy-
YyalHBIX 4KceJl, Mbl MOXXeM IOIIPOCUTh KOMIIbIOTED ONpeJeIUTh ero 3a Hac. B aToM cilyuyae Mbl B3auMoZeliCTByeM ¢
KOMIIBIOTEPOM, MBI 3aIpaliiBaeM IJ106abHOe [JIs CUCTEMEHI CJIydaliHoe 3HaueHNe, I03TOMY BO3BpalliaeMoe 3Haue-
Hue GyJeT 3aBépHyTO B TUI I0. [l 3TOr0 onpejesieHbl GYHKINU:

getStdGen :: IO StdGen
newStdGen :: IO StdGen

OyHknua getStdGen 3ampammBaeT ryio06ajbHBIA AJIA CHCTEMBl TeHepaTop CiIy4YalHbIX uucesl. DyHKIUA
newStdGen He TOJIBKO 3allpalldBaeT reHepaTop, HO Takxke M OOHOBJAET ero. Mbl moJsb3dyeMca 3TUMU (QYHKIU-
SIMU TaK Xe Kak 1 mkStdGen, TOJIBKO Telephb MBI CIpAIIBaeM EPBHIII apIyMeHT Y KOMIIbIOTepa, a He repejaéM ero
BpyuHy!0. Takxke ecTsh ell€ o[Ha NnoJjie3Has QyHKIUA:

getStdRandom :: (StdGen -> (a, StdGen)) -> IO a
[TocMoOTpHM, YTO NOJIyYUTCH, €CJIM IlepeaaTh B He€ QyHKIUI0 next:

Prelude System.Random> getStdRandom next
1386438055
Prelude System.Random> getStdRandom next
961860614

IMoayns System.Random BXoguT B 6u6uoTeKy random.Ecyiu B Baleii mocTaBke ghc ero He 0Ka3aJioch, BbI MOXETE YCTAHOBUTD €r0 BPYUHYIO
yepe3 NHTepHeT, HabpaB B KOMaHJHOH cTpoke cabal install random.
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U He Hal0 OOHOBJIATH HUKAKUX reHepaTopoB. Ho BMecTo ofHOro HeynoOCTBa MBI MOJIyYruId Jpyroe. Tenepb
3HaueHHe 3aBEPHYTO B 000JI0UKy I0.

Tenepatop StdGen fesaeT ciIy4aiiHble YKCJia U3 JUANa30Ha BCEX LeJIbIX yuces. UTO ec/Ii MBI XOTHM MOJIyYUTh
TOJIBKO YHCJIa U3 HEKOTOPOro MHTepBasa? U Kak MOJIyYUTh CJIy4aiiHble 3HaYeHUA APYTUX TUIIOB? J{JiA 3TOoro cylie-
cTByeT Ky1acc Random. OH sABJiAeTcA yI0OHOM HaACTPOMKON Haj kyiaccoM RandomGen. TIocMOTpUM Ha ero OCHOBHEIE
MEeTOMbI:

class Random a where
randomR :: RandomGen g => (a, a) -> g -> (a, g)
random :: RandomGen g => g -> (a, @)

Mertoz randomR mpUHUMAaeT AUANa30H 3HaYeHU, TeHepaTop CJIyYaiHbIX YKMCeJT M BO3BpaIlaeT CJTyvaiiHOe YHCII0
U3 YKa3aHHOTO qUana3oHa U 0OHOBJIEHHEIN reHepaTop. MeTo random sIBJIsAeTCSI CHHOHIMOM MeTO/a next 13 KJjiacca
RandomGen, TOJIbKO Terepb MBI MOXEM IOJIy4aTh He TOJIBKO ILIeJIble YKCJIa.

EcTb 1 gonoJsiHUTeNIbHBIE MeTOAbL. ECTb MeToAbl, KOTOpbIe MO3BOJIAIT IeHepHpPOBaTh CIMCOK BCEX BO3MOXHBIX
cJTyJaiiHBIX 3HaUeHUl [JIA JaHHOTO reHeparopa:

randomRs :: RandomGen g => (a, a) -> g -> [al
randoms :: RandomGen g => g -> [a]

3a CUET JIeHU MBI 6y):[eM ToJiydyaTb HOBbI€ 3HAaUY€HUA 110 Mepe HEOGXOI[I/IMOCTI/I.

randomRIO :: (a, a) -> I0 a
randomIO :: I0 a

OTu GYHKUUM BBHIIIOJHAIOT TOXE, YTO U OCHOBHBIE (PYHKIMM Kjlacca, HO UM He HyXeH reHepaTop CJIy4YaliHBIX
4uceJi, OHM CO3Jal0T ero ¢ noMoupio GpyHkiuu getStdRandom. Dx3emIiuiApsl Random onpefesneHsl i Bool, Char,
Double, Float, Int u Integer. Hampumep Tak Mbl MOXeM MOAOPOCUTH KOCTU JECATh pas:

Prelude System.Random> fmap (take 10 . randomRs (1, 6)) getStdGen
[5,6,5,5,6,4,6,4,4,4]
Prelude System.Random> fmap (take 10 . randomRs (1, 6)) getStdGen
[5,6,5,5,6,4,6,4,4,4]

O6partuTe BHUMaHUe Ha TO, 4TO QyHKIMA getStdGen He OOHOBIIAET reHepaTOp CIy4YalHbIX uyncesl. Mbl 3anpa-
muBaeM rijobanbHoe cocTosHue. IToaToMy, ABaXAbl MOAOPOCUB KyOUK, MBI OJIYUWIN OJHU U Te Xe pe3yJIbTaThl.
T'enepatop OyzieT 0OHOBJIATBCS, €CJIM BOCIO/Ib30BaThCsA QyHKIMeH newStdGen:

Prelude System.Random> fmap (take 10 . randomRs (1, 6)) newStdGen
[1,1,5,6,5,2,5,5,5,3]
Prelude System.Random> fmap (take 10 . randomRs (1, 6)) newStdGen
[5,4,6,5,5,5,1,5,5,2]

Co3gaguM ciiy4aliHble CJI0Ba U3 MATU OYKB:

Prelude System.Random> fmap (take 5 . randomRs ('a’, ’'z’)) newStdGen
"maclg”

Prelude System.Random> fmap (take 5 . randomRs (’a’, 'z’)) newStdGen
"nfjoa”

IMuraTHUK

Hanwumewm He6oJIbIIyI0 IPOrpaMMy, KOTOpas 6yeT BEIBOJUTH Ha SKPaH B CJIyYailHOM MOPAAKe OUTATHL. LluTaTe
XpaHATCA B BUJE CIIKCKa Iap (aBTop, BbicKasbiBaHue). CHayasia Mbl reHEpUpyeM CJIydaliHOe YKCJIO B AUana3oHe
JUIVHBI CITMCKA, 3aTeM BBIOMpaeM LIUTATy IO 3TUM HOMEPOM U BBIBOJIUM €€ Ha 9KpaH.

module Main where

import Control.Applicative
import System.Random

main =
format . (quotes !! ) <$> randomRIO (@, length quotes - 1)
>>= putStrlLn
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format (a, b) = b ++ space ++ a ++ space
where space = "\n\n”

quotes = [
("BbbépH Ctpayctpyn”,
"ECTb Nuwb ABa BUAa fA3bIKOB NpOrpaMmumpoBaHus: Te, \
\ Ha KOTOpble BEYHO XanywTcs, M Te, KOTOpble HMKOrga \
\ He wucnonb3ywTtca.”),
("MoxaTtMa laHan”, "Tbol ponxeH ObiTb TEMU MU3MEHEHUsMU, KoTopble\
\ Tbl Xo4yewb BuAeTb BOKpyr.”),
("Cokpat”, "fl 3Ha NMUWbL TO, 4YTO HMYero He 3Haw."”),
("Kutanckas HapopHas MyapocTb”, "CoxpaHuMB CMNOKOMCTBUE B MUHYTY\
\ rHeBa, Bbl MOXeTe n3bexaTb COTHM [OHEN coxaneHun”),
("XaH BaTtuct Monbep”, "MemneHHO pacTywue OepeBbs MPUHOCAT nNydwue nnopbl”),
("AHTyaH pfie CeHT-3k3tnepu”, "XuTb 3TO 3HAYUT MeAsIeHHO poxpaTbcs”),
("AnbbepT JWHWTEWH”, "OaHTa3us BaxHee 3HaHua.”),
("ToHn Xoap”, "BHyTpu nwboi 6onbwWoON nMporpamMMbl BCerpa ectb\
\ ManeHbkas, 4To pBETCA Ha cBobopy”),
("NMudarop”, "He roHsics 3a cyacTbeMm, OHO Bcerpa Haxogutcs B Tebe camom”),
("Nao U3bl”, "MyTewecTBue B TbLICAYY NI HAYMHaAETCA C OpHOro wara”)l

OyukuA format npuBOAUT UTATY K BUAY IPUATHOMY A1 4yTeHH:. [Tonpo6yeM nporpaMMy B UHTEpIIPETATOPE:

Prelude> :! ghc --make Quote -o hi

[1 of 1] Compiling Main ( Quote.hs, Quote.o )
Linking hi

Prelude> :! ./hi

llyTewecTBMe B THICAYY NIM HaYMHaeTCA C OOQHOro wara

Nlao L3bi

Prelude> :! ./hi
He roxsiica 3a cyacTbeM, OHO Bcerpga Haxoputcs B Tebe camom

Muédarop

HAckioueHus

Mbl yxe 3HaeM HeCKOJIBKO THIIOB, C IOMOIIbI0 KOTOPBIX YHKIHUKU MOTYT cKa3aTbh, YTO YTO-TO CJIy4HUJIOCH He
Tak. OTo Tunbl Maybe u Either. Ecim ¢yHkuuM He yjajoch BBIYMCJIATH 3HaueHHE OHA BO3BpalljaeT CllelrajIbHOe
3HavyeHue Nothing nnu Left reason, no kotopomy cieaymomas QyHKIHA MOXET ONO3HATh OMMOKY U IPeJIPUHATD
Kakue-HUOy b AeiicTBUsA. Tak oOpabaTheiBalOTCA OMKUOKU B YMCTHIX QYHKIUAX. B 3TOM pa3sfesie MBI y3HaeM O TOM,
Kak 06pabaTeIBAIOTCA OMIMOKY, KOTOPHIE IPOUCXOAAT IPY B3aUMOJEUCTBUY C BHEITHUM MUPOM, OMIOKY, KOTOPHIE
MPOUCXOAT BHYyTpU THNa I0.

Ommbku GyHKIUH ¢ 10609HBIMU a3 dexTamu obpabaTeBalOTCA € IOMOIIBIO ClIel[MaJbHON QyHKIUM catch, oHa
onpefnesneHa B Prelude:

catch :: I0 a -> (IOError -> I0 a) -> I0 a

OTa QyHKIMA IpUHMMaeT 3HaueHNe, KOTOpoe COAepPXUT oO6ouHble 3¢ deKTh 1 PyHKINI0, KoTopasa oopabaTsl-
BaeT UCKJII0UHUTebHBIe cuTyauuu. K mpuMepy ecyii Mbl IONBITaeMCA NPOYUTaTh AaHHBIe U3 daiisna, K KOTOpOMY y
Hac HeT JJOCTYIa, MPON30NaeT omubKa. Vbl MOXXeM He JaTh [IporpaMMe yracTh U 06paboTaTh OMMOKY C TOMOIIBI0
dynkuum catch.

Hanpumep nporpamma, B KOTOPO Mbl JONMCHIBAJIM JaHHBIE B Dailyl, yIafeT, ecu Mbl IepejaguM He CyIecTBY-
omuii daiin. Ho MBI MOXeM HCHpaBUTh 3TO MOBefeHHe ¢ momolpio GyHKImN catch. Mbl MoxeM nepe3anyckaTb
NporpaMmy, ecJIii Ipou3oljia omuoKa:

module FileSafe where

import Control.Applicative
import Control.Monad

main = try ‘catch’ const main

try = msgl >> getlLine >>= read >>= append
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where read file = readFile file >>= putStrLn >> return file
append file = msg2 >> getlLine >>= appendFile file
msgl = putStr "input file: ”
msg2 = putStr "input text: ”

Yacro GyHKIUM ABYX apryMeHTOB HA3bIBAlOT TaK, YTOOBI Ipu MH(UKCHOU dopmMe 3amuicy moJrydanachk ¢pasa
W3 aHIVIMICKOro A3blka. Tak ecu Ml 3anuiieM catch B MHGUKCHON hopMe NOJIyunTCs OYeHb HarjAgHOE BhIpaxe-
Hue. dyHK1KA 06paboTKH OIMOOK pearupyeT Ha Jo0y1o omuOKy nepe3annyckoM nporpaMMsl. ITonpo6yeM B3sioMaTh
NporpaMmy:

*FileSafe> main

input file: fsldfksld

input file: sd;fls;dfl;vll; d;fld;f
input file: dflks;ldkf ldkfldkfld

input file: lsdkfksdlf ksdkflsdfkls;dfk
input file: bfk

input file: test

Hello!'Hi)

input text: HowHow

OyHkuA Oyer 3anpamuBaTh Gais o Tex 1op, oka Mbl He BBeJIEM KOppeKTHoe 3HaueHue. Mbl MoxeM o6a-
BUTH coob1ieHre 00 omubke, HEMHOTO U3MeHUB QYHKI[UI0 00pabOTKU:

main = try ‘catch’ const (msg >> main)
where msg = putStrLn "Wrong filename, try again.”

A 4TO [les1aTh ecJIM HaM XO4eTcs pasjifnyaTh OMUOKU [0 THIY U NPpeANpPUHUMATh Pa3JINYHble NelICTBUA B 3aBU-
CHMOCTHU OT Tuna omubku? OmUOKY Pacno3HAITCSA C IOMOIIBIO CIIENAJIbHBIX IPEeANKATOB, KOTOPHIE ONpe/eJIeHb
B MopyJie System.I0.Error. PaccMOTpUM HEKOTOpbIE U3 HUX.

Hanpumep ¢ momormpio ¢ nmoMoupo npeaukara isDoesNotExistErrorType MBI MoOXeM ONO3HATh OLIMOKH,
KOTOpBIE CJIyYMJIMCh W3-3a TOTO, YTO OAWH M3 aprymMeHTOB QYHKIUU He cymecTByeT. C HMOMOIIBI0 MpeauKaTa
isPermissionErrorType MBI MOXeM y3HaTh, YTO OMIMOKA IMPOU3O0IILIA M3-32 TOTO, YTO MBI IBITAJINCH ITOJIyYUTh J10-
CTYII K IaHHBIM, Ha KOTOpBIe ¥ HAac HeT npas. Mbl MoXeM, HEMHOT'0 N3MeHUB (PYHKIHI0-06paboTurK MCKIII0UeHNI,
BBIBOJUTH GoJiee nH(OpMaTUBHBIE co00IIeHNA 00 omnbKax mepe] nepe3amnyckom:

main = try ‘catch’ handler

handler :: IOError -> IO ()

handler = ( >> main) . putStrLn . msg2 . msgl

msgl e
| isDoesNotExistErrorType e = "File does not exist. ”
| isPermissionErrorType e = "Access denied. "
| otherwise =""

msg2 = (++ "Try again.”)

B mopyiie System.I0.Error BB MOXeTe HAUTH ellé MHOI'O Pa3HbIX IPeJUKATOB.

IIoTOKU TEKCTOBBIX JAaHHBIX

OOMeH [MaHHBIMH, YT€HHE W 3alUCh MPOMCXOAAT C MOMOIIBI0 MOTOKOB. KaXABIil MOTOK MMeeT O0ecKpumnmop
(handle), yepe3 Hero Mbl MOXeM OOIIATHCA C IOTOKOM, HallpUMeEp CYUTHIBATh JAHHBIE WJIA 3aMUCHIBaTh. OYHKINAN
151 paboTHI ¢ MOTOKAMU JJaHHBIX OIpejiesIeHHl B Moy e System. I0.

B 1106081 MOMEHT B CHCTEMeE OTKPHITHI TPYU CTaHJAPTHHIX OTOKA:

* stdin — craHgapTHBIN BBOA
* stdout — crangapTHBIN BEIBOA
* stderr — moTOK omMOOK M OTJIAJJOYHBIX COOOIEHUH

Hanpumep korpa MBI BEIBOJUM CTPOKY Ha dKpaH, Ha CaMOM JieJie MBI 3allCHIBaeM CTPOKY B IOTOK stdout. A
KOTJ]a MBI YUTaeM CHMBOJI C KJIABUATYPbI, MBI CUMTHIBAEM €r0 U3 MOTOKa stdin.

@aiIel TakXke ABJAITCA MOTOKaMu. [Ipy OTKpHITHN (aiily MpucBamuBaeTcsA JECKPUITOP Yepe3 KOTOPHIH, MBI
MOXeM OOMEHUBAThCA JaHHBIMU. DAy MOXET OBITh OTKPHIT JJI UTE€HUsA, 3alNCH, JOMOJHEeHUA (3amucy B KOHell
daina) wn yreHns u 3anvicu. a1 OTKpeIBaeTcsa PyHKIMEN:
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openFile :: FilePath -> IOMode -> IO Handle

@OyHKUKA OIPUHUMAET IyTh K Qalily U pexuM paboTe ¢ ¢aiijioM M Bo3BpallaeT AeCKPUNTOP. PexXuM MoxeT
IIPUHUMATh OJJHO U3 3HAUEHUIL:

* ReadMode — uyTeHue

* WriteMode — 3anmch

* AppendMode — no6aBsieHue (3anuch B KoHel] dariya)
* ReadWriteMode — yTeHue U 3amUCh

OTKprB JAECKPpUIITOP, Mbl MOXEM HavaTb 00MeHUBaThCA JAaHHbIMU. I[J'Iﬂ 3TOr'0 OIIpeaeJI€HbI Cl)yHKI.[I/II/I aHaJIOTU4-
HbI€ TEM, YTO MBI YK€ paCcCMOTPEJIN. (DyHKI.II/II/I JJIA 3allMCyU JaHHBIX:

-- 3anucb cuMMBONa
hPutChar :: Handle -> Char -> I0 ()

-- 3anucb CTPOKM
hPutStr :: Handle -> String -> I0 ()

-- 3anucb CTPOKM C MEepeHOCOM KapeTku
hPutStrLn :: Handle -> String -> I0 ()

-- 3anucb 3HayeHus
hPrint :: Show a => Handle -> a -> I0 ()

Bce GyHKIIMY IPUHUMAIOT MEPBHIM apryMEeHTOM [JEeCKPUITOP MOTOKA. JECKPUIITOP AOJIKEH TIO3BOJIATH 3aTIMChl-
BaTh AaHHbE. HanpumMep A1 [eCKpUNTOpa, OTKPHITOro B pexuMe ReadlMode, BhIOTHEHHUE 3TUX QYHKIIME IPUBEOET
K omubke.

V3 IOTOKOB TaKXe MOXHO YUTaTh JaHHbBIE. DTU GYHKIMH MOXOXH Ha Te, YTO MBI YK€ PACCMOTPEJIH:

-- YTeHuWe O@HOro CMMBOJSIA
hGetChar :: Handle -> IO Char

-- YTeHne CTPOKM
hGetLine :: Handle -> IO String

-- JIEHUBOE YTEHUe CTPOKM
hGetContents :: Handle -> I0 String

Kak ToJibko, MBI 3aKOHYUM paboTy ¢ dariisioM, ero He06GX0AMMO 3aKpHEITh. HaM Hy’XHO OCBOOOUTH AECKPUIITOP.
CpesnaTh 3T0 MoXxHO pyHKIUel hClose:

hClose :: Handle -> IO ()

CranpapTHble QyHKIMY BBOJA/BBIBOJA, KOTOPBIE MBI pacCMOTpeJsIM paHee onpejiesieHbl yepe3 QyHKIUN paboThl
¢ AeckpuntopaMmu. Hampumep Tak Mbl BHIBOAUM CTPOKY Ha 3KpaH:

putStr :: String -> I0 ()
putStr s = hPutStr stdout s

A Tak ynutaem CTPOKY C KJIaBUaTyPhI:

getLine :: I0 String
getLine = hGetLine stdin

B 3THX QyHKIMAX UCNOJIb3YIOTCA AECKPUNITOPHI CTAHAAPTHHIX IOTOKOB JaHHBIX stdin u stdout. OTmeTum QyHK-
numo withFile:

withFile :: FilePath -> IOMode -> (Handle -> IO r) -> IO r

Ona oTkpeiBaeT Gaill B 3aJaHHOM peXUMe BBHIITOJIHAeT QYHKIMIO Ha ero JeCKpUNTope U U 3aKphiBaeT (aiil.
Hanpumep depes o1y ¢yHKIMI0 onpefesieHsl GyHKuuu readFile u appendFile:

appendFile :: FilePath -> String -> I0 ()
appendFile f txt = withFile f AppendMode (\hdl -> hPutStr hdl txt)

writeFile :: FilePath -> String -> I0 ()
writeFile f txt = withFile f WriteMode (\hdl -> hPutStr hdl txt)
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8.5 ®@opTouka B MuUp IO60YHBIX 3pPekToB

B camoMm Hauasie TJ1aBBI A1 CKa3aJl O TOM, 4TO U3 Mupa I0 HeT BeixoAa. Her ¢yHkuum ¢ tumom I0 a -> a. Ha
caMoM JeJie BBIX0[ ecTh. MYHKIUSA ¢ TAKUM TUIIOM XUBET B MoAyJie System.I0.Unsafe:

unsafePerformIO :: I0 a -> a

JnuaHOoe nMsa QyHKIMY HaMeKaeT Ha TO, YTO e€ HeoOXOAUMO HCIIOJIb30BaTh C KpatiHell OCTOPOXHOCTBIO. I1o-
CKOJIBKY ITOCJIEACTBUA MOTYT OBITh HeNpeACcKa3yeMbIMU.

OTa QyHKIMA UCII0JIb3yeTCs IPY YTeHUN KOHQUTYypalloHHBIX ¢aiiyioB. Ecu ecTh yBepeHHOCTD B TOM, UTO (aii
OyJeT TOJIbKO YUTAThCA U BO BpeMs: BHIIIOJIHEeHNA PpOorpaMMBl (aiisl He MoxeT ObITh U3MeHEH APYroi porpaMMoi,
TO MBI MOXXEM CUUTATh, YTO €ro 3HaYeHHe OKaXXeTCsA HeM3MeHHBIM Ha NIPOTKeHUH paboThl IPOrpaMMbl. DTO FTOBOPUT
0 TOM, YTO HaM He BaXXHO KOrjia YuTaTh AaHHHIe. [IoaToMy 3/1ech MbI Bpofie O6bI HHUUeM He prckyeM. "Bpoje Gb1”
IIOTOMY YTO OTBETCTBEHHOCTH 3a IIOCTOAHCTBO (aiiyia JIeXXUT Ha HalllKX Ijleyax.

DTa GYHKIMSA 4aCcTO UCTIOJIb3yeTcs npu BbizoBe dyHkuuii C yepes Haskell. B Haskell ecTs BO3MOXHOCTB BBI3bIBATh
¢ynkuuu, HanucaHHble Ha C. Ho no ymosiuanuto Takue QyHKIUM 3aBopaunBawTcsa B TUIl 10. Eciu yHKuA ABisgeTca
yuctoi B C, To 0Ha OyAeT YncToi 1 npu Bbi3oBe uepe3 Haskell. MbI MOXXeM HOPYYUTHCA 3@ €€ YMCTOTY U BBIYUCIIUTETTh
HaM noBepuT. Ho ecsii Mbl ero o6MaHyJIi, MBI IOXHEM ILJIOABI CBOEro oOMaHa.

OTJyiagka mporpamMmm

Pa3z yx peup 3amuia O “TrpA3HBIX” BO3MOXHOCTAX fA3BIKA CTOUT YHOMAHYTh (YHKIUIO trace U3 MOMyJIA
Debug.Trace. IlocMOTpuUM Ha e€ TU:

trace :: String -> a -> a

910 cayxebHaa QyHKLIMA dx0-TleyaTy. Koraa aesio JoXoauT A0 BeluMcaeHNA GyHKIUY trace Ha 3KpaH BBIBOJUT-
cs CTPOKa, KoTopas O6bljla lepefjaHa B Heé IepBbIM apryMeHTOM, IocJjie yero (pyHKINA Bo3BpallaeT BTOPOl apryMeHT.
9to ¢yHKIMA id ¢ mo6ouHbIM 3¢ PeKToM BhIBOAA COOOIIeHNs Ha dkpaH. E0 MOXHO 1MoJib30BaThCA AJ1A oT1aaky. Ha-
npuMep Tak MOXHO BepHYTb 3HaUeHUe U pacrnevaTarh ero:

echo :: Show a => a -> a
echo a = trace (show a) a

8.6 Kparkoe conepxaHue

HakoHen-To Mbl Hay4uIuch nucaTh nporpaMmsl! [IporpaMMsbl, KOTOpBE MOXHO HCIIOJIHATD 3a IMpefeslaMu UH-
TeprnpeTraropa. [jig 3Toro HaM MpHUILIOCh NO3HAKOMUTHCA ¢ TUMOM I0. Dx3eMIuIAp kjiacca Monad mjia aToro tumna
UHTepIpeTUpyeTcs cneluaabHeM 00pa3oM. OH BHOCUT yHOPAAOYEHHOCTh B BHIIOJIHEHME NpOorpaMMbl. B Hamem
CTaTA4YeCKOM MUpe ONHCAHUI MOABIAIOTCA TaKue NOHATHA KakK “CHadasa”, “3areM”, "mo” u “nocie”. Ho oHu He
CMOT'yT HAHECTH MHOT'O BpeJia.

BrrunicsieHue onepanuii ¢ no6ouyHeIMU 3¢ @ekTamu pazbuBaeT nporpamMmy Ha KaApsl. Ho aTo He MemiaeT Ham
nucaTbh OCHOBHEIE (DyHKIIMU B YMCTOM BUJE, IOACTABJIAA UX [I0 Mepe He0OXOAMMOCTH B U3MEHUYUBBIY MUP IOOOYHBIX
3 dexToB ¢ NOMOIIbI0 METOAOB U3 KitaccoB Functor, Applicative, Monad.

Mbi y3Hanu kak B Haskell o6cToAT fmesa ¢ TakMMy TUNMUYHBIMM 3afadaMyd Mupa MOOGOYHBIX 3(PGdeKTOB Kak
BBOJ/BHIBOJ, UTeHUe/3anuch (HaijioB, reHepalusa CJIy4aliHbIX 3HAUeHUH, BHIIOJIHEHNEe BHENIHUX IporpamMM, MHU-
nyaau3anys nporpaMm ¢ nomMomipio ¢piaros. Takxe MBI y3HaIU O TOM, Kak obpabaTheiBaTcs crenududeckue Ajd
Tumna I0 UCKIII0YeHUs.

8.7 VYmpaxneHus

Crapatitech cBeCcTU IpUCYTCTBHE QYHKINH ¢ T0O0YHBIMU 3¢ dekTamu K MUHUMYMY. VeasibHBIN ciTydai, Korga
Tun I0 BcTpeyaeTcs TOJIbKO B QYHKIMK main. YacTo mporpamMMsl yCTpOeHHl 6ojiee XUTPhIM 00pa3oM U GyHKIIUU
¢ mo6o4yHBIMHU 3¢ deKTaMu MBITAIOTCS PacHoJI3TUCh 1O BceMy KoAy. Ho maxe B aTOM cilydae IporpaMMmy MOXKHO
pa3fesUTh Ha JBE YaCTU: B OOHOU XXUBYT ITOAJIMHHEIE ICTOYHUKY TOOOYHBIX 3G (dEKTOB, Takue Kak yTeHue Gaiiios,
reHepanys CJIy4YalHBIX 3HAUeHUH, a B APyrod — uncTtele GyHknuu. CrapaiTech yCTPOUTh IMPOrpaMMy TakK, YTOOBI
oHa OblJIa MaKCUMAJIBHO YUCTON. YncThle GyHKIUY ropaszo npolle KOMOMHHPOBATh, IOHUMAaTh, U3MEHATb.
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» OTo ynpaxHeHHe AaéT BaM BO3MOXHOCTb IIOUYBCTBOBAaTh IpeHMMylecTBa YMCTOro Kofa. Benomuure QyHK-
I[MI0 TIOMCKA KOPHEIN METO/I0M HENOJIBIXXHOI TOYKU (3TOT MPUMEDP BCTPEYAJICA B IJIaBe O JIEHUBBIX BBIYKCIIE-
HuAX). Hanmmuyre Ha OCHOBe 3TOro IpuMepa nporpaMmy, Kotopas 6yeT pacneyaThiBaTh pelieHue 1 noce-
JI0BaTeJIbHOCTD MpUOJIKeHui. TocsiefoBaTeIbHOCTh NIPUOIFXEHNN COCTOUT U3 TEKYIero 3Ha4eHUsI KOPH:A
U PacCTOSHUM MeXAy KOPHAMHU.

Hanumure ABa BapuaHTa IPOrpaMMEbl, B OAHOM Bbl U3MEHHUTE aJITOPUTM TakK, YTOOBI IeYaTh MPOMCXOUIIA
OJHOBPEMEHHO C BHIYMCJIEHUAMU (He MOJIb3ysach QyHKIMeN u3 Moy Debug.Trace). A B IpyroM BapuaH-
Te aJrOpPUTM OCTaHeTcs NpeXHUM. Ho Temepb BMECTO pelleHNs HaliIUuTe CIHCOK MePBBIX MPHUOJIMKEHUH 0
pelieHusA. A 3aTeM nepefjaliTe ero B OTJeJIbHYI0 QYHKIIUIO [Te4aTy pe3yJIbTaToB.

B IIE€pBOM BapHaHTE aJIrTOPUTM CMEIIaH C Ie4YaTbio. A BO BTOPOM IIpOorpaMmMa pacrnagaeTca Ha Be 4aCTU, 4aCTb
BBIYKCJIEHUH U YacTh BbIBOJ]a PE€3yJIbTaTOB Ha 3KpPaH. CpaBHI/ITe ABa nmoaxona.

» Hamummre nporpamMmy [iis yragbiBaHus yuncesl. KOMIIbIOTEp 3arafasl 4rcjio B 3aJaHHOM JUamna3oHe U Mpo-
cut Bac yragathb ero. Eciu Bl ommbaerech OH MOJACKA3BIBAET: “XOJIOJHO-TOPAY0” wiy “6oJiblie-MeHbIne”.
[IporpaMMa MpUHUMAET ABa apryMeHTa, KOTOPhIE ONpeNesAl0T AUana3oH BO3MOXHBIX 3HAUE€HUI A1 HEU3-
BECTHOTO YHCJIa.

» C noMOILBI0 CTaHAAPTHBIX QYHKIMH [JI1A reHepaliy CIy4YalHbIX YyrcesI HalUIIkTe IporpamMMmy, KoTopas Ipo-
BOJUT COCTA3aHMUe M0 Urpe B KocTu. IIporpaMmma nprHUMaeT apryMeHTOM CyMMapHOe 4K CJI0 0UKOB HeoOX0u-
MBIX AJ1s no6eAdsl. JIBoe NTPOKOB GpPOCaloT IO ouepeay KOCTU oOexaeT TOT, KTO TepBbIM HabepéT 3afaHHyI0
CyMMy.

CpenaiiTe Tak 4YTOOBI Pe3yJIbTaThl BRIBOAWJIMCH HOcTeneHHo. C KaxpIM HaxaTtheM Ha Enter BH mojopacsl-
BaeTe KocTU (IBa IIeCTUrPAaHHBIX KyOmka). [Tocsie Kaxaoro payHaa mporpaMMa BBEIBOJUT IPOMEXYTOYHEIE
pe3yJbpTaTHL.

+ Hamummure nporpaMMy, KOTOpas IpUHUMAaeET ABa apryMeHTa: Habop CJIOB pa3AesI€HHBIX pobesaMu U ¢aiii.
A BHIBOOUT OHa CTPOKH (ailyia, B KOTOPHIX BCTpeyaeTcs JaHHOe CJIOBO.
Bocnosp3yiiTech cTaHAAPTHEIMU QYHKIUAMU U3 MOAyJid Data.List

-- pa3bueHne CTPOKM Ha MOACTPOKM MO MepeHocaM KapeTku
lines :: String -> [String]

-- pa3bueHne CTPOKM Ha MOACTPOKM no npobenam
words :: String -> [String]

-- BO3BpawaeT True TONbKO B TOM Cllyyae, ecnu
-- MNepBbIl CMUCOK MOJIHOCTbI COOEPXUTCSH BO BTOPOM
isInfixOf :: Eq a => [a] -> [a] -> Bool
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I'maBa 9

PenyKuusa BbIpaXXxeHUM

B aTOI1 ritaBe MbI IIOrOBOPYM O TOM KakK BBIYHCJIAKTCA IIPOrpaMMBbl. B camom Hauasie MBI ropopuji o ToOM, 4TO
nponecca BbIYMCJIEHUA 3HaYeHUH HeT. B ToMm CMBICJIE€, YTO Y HAaC HET HOBBIX 3Haq6HHﬁ, Y HaC HU4YE€ro He MEHAETCA,
MbI JIMIIb paCH.II/I(I)pOBI)IBaeM CUHOHMMBI 3HaYeHUH.

BKpaTue BCIIOMHUHM TO, YTO MBI YK€ 3Ha€M O BBIYMCJICHUAX. CHavaJia MHI C IIOMOILBbIO TUIIOB OoIlpeaeJisieM MHO-
’KE€CTBO BCEX BO3MOXXHBIX 3HAUEHUI. SHAUEHUS — ITO HAEPEBbs B y3J1aX KOTOPLIX 3alliCaHbl KOHCTPYKTOPBI, KOTOPbIE
MBI OIIpeieJIsAEM B TUIIAX. Tak HallpyyMep MbI MOXEM OIIPpEAEJIUTDh THUIIL:

data Nat = Zero | Succ Nat

OTUM TUIIOM MBI OllpefiesisieM MHOXeCTBO AONYCTUMBIX 3HaueHUil. B TaHHOM cJiydae 3TO 1[eNI0YKU KOHCTPYKTO-
POB Succ, KOTOpble 3aKaH4YMBAITCA KOHCTPYKTOPOM Zero:

Zero, Succ Zero, Succ (Succ Zero),

3aTeM HaurHaeM JAaBaTb M HOBbIE€ MM€Ha, co3/jaBaA KOHCTAaHThbI (HpOCTI)Ie I/IMeHa-CI/IHOHI/IMLI)

zero = Zero
one = Succ zero
two = Succ one

4 prHKI.II/II/I (COCTaBHbIe I/IMeHa-CI/IHOHI/IMI)I):

foldNat :: a -> (a -> a) -> Nat -> a
foldNat z s Zero =z

foldNat z s (Succ n) = s (foldNat z s n)
add a = foldNat a Succ

mul a foldNat one (add a)

3aTem MBI epefjlaéM Hally IporpaMMy Ha IPOBEPKY KOMIIUJIATOPY. MBI IPOCKM y Hero poBepuTh He CO3AaéM
JIV1 MBI CJTyYaiiHO Kakue-HuOyab 6eCcCMBIC/IEHHbIE BRIPQXKeHUA. BecCcMBIC/IeHHbIE IOTOMY, YTO OHU IIBITAIOTCSA CO3JaTh
3HaYeHue, KOTOpoe He BIIMCHIBAETCA B Hamuy TUNB. Hanpumep ecyiu Mbl rie-HUOyap MONPoOyeM COCTaBUTH BhIpa-
XKeHue:

add Zero mul

KoMmuiATop HamoMHUT HaM O TOM, YTO MBI IBITaeMCA OACTABUTh QYHKITHIO mul Ha MeCcTO OOBIYHOTO 3HAYeHU
tuna Nat. Torja Mbl HCIIpaBUM BBIpakeHue Ha:

add Zero two

KommnuATop coryiacutcs. Y nmepenacT BeipakeHre BHIUUCINUTENI0. U TYT MBI TOBOPUJIU, YTO BEIYMCIIUTEIIb HAUN-
HaeT IPOBOAUTH pacmn(ppoBKy Hallero onucanus. OH NOJACTaBJ/iAeT Ha MeCTO CUHOHUMOB UX ONpefesieHNs, [IpaBbie
YaCTU U3 YPaBHEHUH. DTOT MPOIECC MbI HA3BIBAJIH pedyKyuell. BEIMucIuTe Ih BUAUT JIBA CHHOHKMA U OHO 3HaUEHMeE.
C kakoro cuHoHMMa HavaTh? C add wim two?
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9.1 Crpareruu BbIYMCJIEHUU

OTOT BONPOC MPUBOIUT HAC K IIOHATHIO CTPATETUU BHIUMCIIEHNE. [I0CKOJIBKY BBIYHCIIIEM MBI TOJIBKO KOHCTaHTHI,
TO Halle BHIPAXKEHHE TAKKE MOXHO [IPEACTABUTD B Biie fepeBa. TOJIBKO Telephb y HaC B y3JIaX 3alMCaHBI HE TOJIBKO
KOHCTPYKTOPHI, HO ¥ CHHOHUMEIL. [Ipomecc peJyKIyy MOXHO IPEACTABUTh KaK IPOLIECC OYUCTKHU TAKOTO JepPEBa OT
CHHOHMMOB. [TOCMOTPHUM Ha [iepeBo HaIIero 3HaYEHU:

OxasblBaeTcs y HacC eCTh JB€ BO3MOXXHOCTH OYMCTKU CHHOHKMOB.
CHu3y-8eepx
HaulHaeM C JINCTheB U yOrpaeM Bce CHHOHHUMEI B JINCThAX JlepeBa BeIpakeHUA. Kak TOJIBKO B JaHHOM y3Jie U

BCEX JIOUYEPHUX y3J1aX OCTAJIMCh OJHU KOHCTPYKTOPH MOXHO NEPEXOAUTH Ha YPOBEHH BhIlIe. Tak MBI MOJHU-
MaeMcsI BBIIIE U BBIIIE [TOKA He JOMAEM IO KOPHS.

Caepxy-GHU3

HaylHaeM C KOPHs, caMOro BHeIIHero CMHOHKMA U 3aMeHseM ero Ha ompefiesieHue (C IOMOIIbI0 ypaBHEHNUA

Ha IPaByI0 YacTh OT 3HAKa PAaBHO), €CJIM HA BEPXy CHOBA OKAaXeTCs CMHOHMUM, MBI OIATh 3aMEHHM ero Ha
onpejiesieHNe U TaK [10Ka Ha BEpXy He MOSABUTCA KOHCTPYKTOP, TOTAA MBI CIyCTHMCA B JJ04epHUE JepeBbA U
OyzeM IIOBTOPATH 3Ty MpolieAypy Noka He AOHAEM J0 JINCThEB JepeBa.

[TocMmoTpuM Kak Kax[jas u3 cTpareruil 6yJeT peAyl[poBaTh Hallle BeIpakeHHe. HauHéM co cTpateruu oT Jiu-
CTheB K KOPHIO (CHU3Y-BBEpX):

add Zero two
-- BUOUM OBa CUHOHMMa add u two
-- packpbiBaeM two, Beflb OH HaXOOWUTCH HUXE BCEX CUHOHWMOB
=> add Zero (Succ one)
-- HMXe nofBMICA ewWwé OfWH CUHOHWM, paCKpPOEeM U ero
=> add Zero (Succ (Succ zero))
-- MOSBWICSH CUHOHUM Zero packKpoeM ero
= add Zero (Succ (Succ Zero))
-- BCEe Yy3Mbl HUXE COofepXaT KOHCTPYKTOPbl, MOJHMMAeMCs BBEPX A0 CUHOHMMA
-- 3aMeHsieM add Ha ero npaByw 4acTb
= foldNat Succ Zero (Succ (Succ Zero))
-- cambli HUXHUI cuHoHuM foldNat, packpoem ero
-- conocTaBnieHne ¢ obpa3uoM nNpoxoauT BO BTOpoM ypaBHeHuu pns foldNat

= Succ (foldNat Succ Zero (Succ Zero))
-- cHoBa packpbiBaeM foldNat
=> Succ (Succ (foldNat Zero Zero))

-- cHoBa packpeiBaeM foldNat, HO Ha 3TOT pa3 HaM nopxomuT
-- nepBoe ypaBHeHue u3 onpepenenna foldNat
=> Succ (Succ Zero)
-- CWHOHMMOB 6Osblle HET MOXHO BEpPHYTb 3HayeHue
-- pesynbTart:
Succ (Succ Zero)

B 51011 cTpaTteruu 1A kaxaon GyHKIUY MBI CHadasla BEIYMCIIAeM JO KOHI[A BCe apryMeHTEH], IOTOM IOACTaBJIsieM
pacmindpoBaHHEIE 3HaUeHNsA B onpefesieHre QyHKIUU.

Tenepb IIOCMOTPHM Ha BbIYMCJIEHNE OT KOPHA K JINCThAM (CBery-BHI/IS)Z

add Zero two
-- BMOWM fOBa CMHOHMMa add u two, HayuMHaeM C Toro, 4To OnmMxe BCeX K KOPHI0
=> foldNat Succ Zero two
-- Tenepb Bblwe Bcex foldNat, packpoem ero

Ho ns1s Toro uto6s! packpeiTh foldNat HaM HyXHO y3HaTh Kakoe ypaBHeHHE BHIOPATh JJIA 3TOr0 HaM HYXHO
MIOHATH KAaKOW KOHCTPYKTOP HaxOAWUTCH B KOpPHE Yy BTOPOro apryMeHTa, ecjid 3TO Zero, TO MBI BhIGepeM IepBoe
ypaBHeHHUe, a ecJId 3TO Succ, TO BTOpoe:

-- B ypaBHeHuu ansa foldNat BuguM pEeKOMMO3ULMI0O MO BTOPOMY
-- apryMeHTy. Y3HaeM KaKoil KOHCTPYKTOp B KopHe y two

=> foldNat Succ Zero (Succ one)
-- 3TO SuCC HaM HYXHO BTOpOe YypaBHEHue:
=> Succ (foldNat Succ Zero one)

-- B KOpHE M bINONYYUIN KOHCTPYKTOP, MOXEM CMYCTUTbCA HUXE.

-- Tam ™Mbl BupuMm foldNat, pna Toro 4tobbl pacKpbiTb €ro Ham

-- CHOBA HYXHO MOHATb KAkKOM KOHCTPYKTOP B KOpHE y BTOPOro apryMeHTa:
= Succ (foldNat Succ Zero (Succ zero))
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-- 970 onfATb Succ nepexoauMm Ko BTOpoMy ypaBHeHuio pgna foldNat
= Succ (Succ (foldNat Succ Zero zero))
-- CHoBa packpbiBaeM BTopoi aprymeHT y foldNat
=> Succ (Succ (foldNat Succ Zero Zero))
-- Ara 370 Zero, BbibupaeM nepsoe ypaBHeHue
= Succ (Succ Zero)
-- CWMHOHWMMOB OoNblle HEeT MOXHO BEPHYTb 3HaueHue
-- pe3ynbTaTt:
Succ (Succ Zero)

B aTOM cTpaTeruy Mbl Bcerjja pacKpbelBaeM CaMbIil BEDXHUI YPOBEHb BBIPAXXEHUs, MOXHO IPEJICTaBUTh KaK MBI
BHITATMBAaEeM KOHCTPYKTOPHI OT KOPHS IO IIeloYKe. Y 3THX CTpPaTeruii ecThb cliel{iajibHble MeHa:

* BBIYMCJIeHUe no 3HaueHuwo (call by value), korga Ml H1EM OT JICTbEB K KOPHIO.

+ Beruncienue no umeru (call by need), koraa Mbl BAEM OT KOPHS K JIUCTHSIM.

OTMeTHM, 4TO CTPATETHIO BHIUYMCJIEHHA [0 3HAUYEHHIO TAKXe NPHUHATO HA3bIBATh SHEPSUUHBLMLU GbIUUCTIEHUAMU
(eqger evaluation) nnu anniukamueroii (applicative) cTpaTerveii peqykuuu. BeravciieHue Mo MMEHU TakXe IPUHATO
HasbIBaTh HOpMaTbHOU (normal) cTpaTterueii peqyKLumu.

IIpenmMyIecTBa U HEAOCTATKU CTPAaTErui
B uéMm npenmyIecTBa, TOM U JPYTOU CTpaTeruu.
Ecu BeIpaxkeHe BRIYUCIIAETCSA HOJTHOCTBIO, IIepBas crparerus 6osiee 3bdeKTHBHA [T0 pacXoy NaMsATH.
Beruuicsisiemces noJHOCMb0 03HAYAET BCE KOMIIOHEHTHI BRIPAaXKEHUS YYaCTBYIOT B BhIUKCIeHNH. Hanprumep TO BBI-

pakeHUU, KOTOpOe MBI pacCMOTpPeJIH TaK OAPOOHO, BEIYKCIIAETCs OJIHOCThI0. [IprBe1éM npruMep BBIpaXXeHUs, IPU
BBIYMCJIEHUH KOTOPOI'0 Hy>KHa JIMIIb YaCcTh apryMeHTOB, JJIA 3TOro onpefeauM QyHKIUIO:

isZero :: Nat -> Bool
isZero Zero = True
isZero _ = False

Ona npoBepsieT ABJIAETCA JIU HyJIEM JaHHOE YKCJIO, Terepb MIPeACTaBUM KaK Oy/IeT BBIYMCIIATLCA BEIPAXXEHHUE, B
TOU U APYTOU CTPATeruu:

isZero (add Zero two)

[lepBas cTpaTerusa cHayaja BBIYMCJIUT Bce apryMeHTH y add notom pacuudpyeT add ¥ TOJIBKO B CAMOM KOHI[e
nobepétcs go isZero. Ha aTo yiaéTr Bocemsb maros (ceMb Ha BeluncjeHue add Zero two). B To BpeMms Kak BTO-
pas cTparerus HauHET ¢ isZero. [Ij1a BRIUMC/IeHUA 1sZero el norpebyeTcsa y3HaTh Kakoy KOHCTPYKTOP B KOpHe y
BhIpaxkeHUs add Zero two. OHa y3HaeT 3To 3a ABa mara. Fitoro Tpu mara. Hanumo skoHOMUA yCUINH.

[ToueMy BTOpas cTpaTerus S5KOHOMUT NaMATh? ITOCKOJIBKY MBI BCErAa BBIYMCJISAEM apryMeHThl (QyHKLHM, MBI
MOXEM He XPaHUTh ONMCAHUA B IAMATU a Cpa3y IPU NOACTAaHOBKe B QYHKIMI0 HAYMHATh PeAYKIMI0. DTy CUTyaljlio
MOXHO TOHATh Ha TaKOM IIpuMepe, [ToCYUTaeM CyMMY 4Hcesl OT OAHOTO IO YeTHIPEX C MOMOIIBI0 TaKOH GYHKIMU:

sum :: Int -> [Int] -> Int
sum [] res = res
sum (X:Xs) res = sum Xs (res + Xx)

HOCMOTPI/IM Ha TO KaK BbIYNCJIAET II€pBas CTpaTerusd, C y‘IéTOM TOI'O 4YTO MBI BhIUMCJIAEM 3HAUYE€HU IIPpU IIOACTAa-
HOBKE:

sum [1,2,3,4] 0O
= sum [2,3,4] (0 + 1)
=> sum [2,3,4] 1
=> sum [3,4] (1 + 2)
=> sum [3,4] 3
= sum [4] (3+3)
=> sum [4] 6
=> sum [] (6+4)
= sum [] 10
= 10
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Tenepp IOCMOTPUM Ha BTOPYIO CTPATErHIO:

sum [1,2,3,4] 0

=> sum [2,3,4] 0+1

=> sum [3,4] (0+1)+2

=> sum [4] ((0+1)+2)+3

= sum [] (((0+1)+2)+3)+4
=> (((0+1)+2)+3)+4

= ((1+2)+3)+4

=> (3+3)+4

= 6+4

= 10

A Tenepb NpeACTaBbTe, YTO MbI PEIIMJIA OCYMUTATh CYyMMy 4Mcesl OT 1 0 MUJIIMOHA. CKOJIBKO BHIYMCJIEHUI
HaM INpuAETca HakonuTb! B aTOM HefocTaTok BTOpoil cTparteruu. Ho ecTh U emé oAuH HEJOCTATOK, PACCMOTPUM
BhIPaXXEHMUE:

(\x -> add (add x x) x) (add Zero two)

[lepBas cTpaTerus cHavajia pegynupyeT BeIpakeHHe add Zero two B TO BpeMs Kak BTOpas MOACTaBUT 3TO
BBIpaXXeHUe B QYHKLUUIO U YTPOUT CBOIO paboTy!

Ho y BTOpOI1 cTpareruu ectb OJHO OYeHb BeCKOe IIPErMYIIeCcTBO, OHA MOXET BBIYMCJIATH OOJIbIle BHIPAXEHUH
yeM BTOpasd. OnpenesnM 3HaueHre OECKOHEUYHOCTh:

infinity :: Nat
infinity = Succ infinity

JT10 PEKYpPCHBHOE OIlpeesI€eHre, €CJIM MbI IIOIIbITa€MCA €ro pacrnedyataTb Mbl IIOJTy4YM 6eCKOHe‘IHyIO mocjieno-
BaTeJIbHOCTh Succ. YeM He 6€CKOHEYHOCTH? Tenepb IMOCMOTPHM Ha BbIpaXX€HUE!:

isZero infinity

[lepBas cTpaTerus 3axJ1e0HETCSA, BRIYUCIIAA apryMeHT QYHKINU isZero, B TO BpeMs Kak BTopas HalAET pellieHne
3a [iBa mara.
IMoaseném uroru. ITI0CH BBIYKMCIEHUA 10 3HAYEHHIO:

» OddexTUBHBII pacxo] NaMATH B TOM CJIydae ecJIM BCe COCTABJIAIIINE BIPaKeHNA yYacTBYIOT B BBIYUCJIEHUU.

* OHa He MOXeT ,uy6m/1p013aTb BBIYMCJICHUA, KaK CTpaTerus BhIYUCJIEHUS 10 UMEHU.
[11r0CHI BBIUMCJIEHUA IO UMEHU:

» MeHblile BHIYMCJIEHUH B TOM CJIy4ae, eCJid MPY BRIYUCIEHNUN BRIPAXXEHU yYaCTBYeT JIMIIb YaCTh COCTABJISA-
UX.

* Bospmas BBIPDA3UTEJIbBHOCTD. MbI MOXeM BBIYMCJIMTH O0JIbllle 3HaYeHUH.

Kakyo u3 Hux BeiOopaTs? B Haskell nomiu no BTopoMy myTu. Beé-Taku MpenMyIiecTBO BHIPa3UTEIBHOCTH S3bIKA
0Ka3aJIoCh caMbIM cyllecTBeHHBIM. Ho A1 Toro 4to6s! n3bexarh HeJOCTAaTKOB CTpAaTeruy BHIUMCJIEHNA 110 UMeHU
OHO ObLIO MoAudUIPoBaHo. J[aBaliTe MOCMOTPUM Kak.

9.2 BeruucJiieHHe M0 He0OOXOUMOCTH

BepHéMcA K BRIpaXEHUIO:

(\x -> add (add x x) x) (add Zero two)

Ham HyXHO Kak-TO pacckasaTb QYHKLHUU O TOM, YTO UMA X B e€ Tejle yKa3blBaeT Ha OJHO U TO Xe 3HauyeHue. U
ecJI B OJHOM U3 X 3HaueHMe OyieT BhIUKCJIEHO [TeperCIIoIb30BaTh 3T pe3yIbTaThl B APYTUX X. BMecTo 3HaueHUA MbI
Oynem nepefoBaTth B QYHKLHUIO CCbUTKY Ha 00JIaCTh NaMATU, KOTOpas COAEPXKUT pelieNT NOoJTy4YeH!sA 3TOro 3Ha4eHU 1.
HamoMHI0, YTO MBI IO-IIPEXXHEMY BBIYMCJISIEM 3HaUeHHe CBepXy BHU3, ceiiuyac MBI IPOCTO XOTHUM H30aBUTHCA OT
npo6sieMsl Ay0aMpoBaHusA. BepHUTECH K TpUMepPy € BEIYKMCIEHNEM II0 UMeHU 1 IPOCMOTpUTe ero emnié pa3. O6patute
BHMMaHUe Ha TO, YTO 3HAYEHUA BBIUYMCJLAJIMCH JIMIIb IIPU CONOCTaBJIeHUHU ¢ 00pas3roM. MEbl BEIYKCIIAEM BEPXHUI
KOHCTPYKTOP aprymMeHTa JIUIIb JJIA TOTr0, YTOObI HOHATH Kakoe ypaBHeHue A foldNat BeiOpats. Teneps Mbl 6yaemM
XPaHUTh CCBUIKY Ha (add Zero two) B aMATHU U KaK TOJIBbKO, BHEMIHAA QYHKIMSA 3alIPOCUT BepXHUIN KOHCTPYKTOP
MBI OOHOBUM 3HaueHMe B NAMATH HOBBIM BBIYMCJIEHHBIM J0 KOPHEBOrO KOHCTPYKTOpa 3HaueHHeM. Eciu B 11060M
ApyroM mecte GYHKINM MBI BHOBb 00paTUMCcs K 3Ha4€HUIO, MBI He OyZleM ero IepeBhYHCIIATh, a Cpa3y BepHEM
KOHCTPYKTOP. [TocMOTpHUM Kak 3TO NMPOUCXOAUT Ha IpHUMepe:
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--  BblpaxeHue | namatb:

(\x -> add (add x x) x) M
-- MOACTaBUM CCbIIKY B Teno ¢yHKUUK |
=> add (add M M) M |
-- pacKpoeM CaMbll BEPXHWUW CUHOHUM |
=> foldNat (add M M) Succ M |
-- pna foldNat y3HaeM BepxHWN KOHCTPYKTOp |
-- nocrnepHero aprymeHta (nponyckas |
-- MPOMEXYTOYHble Waru, Takue Xe Kak Bblue) |
| M = Succ M1
| M1 = foldNat Succ Zero one
-- no M BbibupaeM BTOpoe ypaBHeHuEe |
=> Succ (foldNat (add M M) Succ M1)
-- 3anpocuM crepylWmun BEPXHWA KOHCTPYKTOp: |
| M = Succ M1
| M1 = Succ M2
| M2 = foldNat Succ Zero zero
-- no M1 shibupaeM BTOpOE ypaBHeHue |
=> Succ (Succ (foldNat (add M M) Succ M2)) |
-- Tenepb gns onpepenenus ypasHeHnus foldNat |
-- packpoeM M2 |
| M = Succ M1
| M1 = Succ M2
| M2 = Zero
-- BblbupaeM nepsoe ypasBHeHue pna foldNat: |
=> Succ (Succ (add M M)) |
-- pacKpbiBAaeEM CaMbll BEPXHWUIA CUHOHUM: |
=> Succ (Succ (foldNat M Succ M))
-- Tenepb, MNOCKONbKY M yxe BbYMCNANOCH, B |
-- NamATU yXe 3anucaH BEpPXHWA KOHCTPYKTop, |
-- Mbl 3HaeM, 4YTO 3TO0 Succ u Bbibupaem BTOpOE |
-- ypaBHeHue: |
=> Succ (Succ (Succ (foldNat M Succ M1))) |
-- 1 M1 TOXe yXe BbIYMCNANOCH, Cpasy |
-- BblbMpaeM BTOpoe ypaBHeHUe [----+
=> Succ (Succ (Succ (Succ (foldNat M Succ M2)))) |
-- M2 BbluMcneHo, uaéM Ha nepBoe ypaBHEHue |----+
=> Succ (Succ (Succ (Succ (Succ M)))) |
-- panee OCTaéTcA TONbKO MNOACTABUTbL yXe |
- - BbIYMCIIEHHbIE 3HayeHus M |
-- W BEpPHYTb 3HauyeHwue. |

UTak HOACTABJIAETCS HE 3HAYEHHME a CChUIKA HA HEro, BBIYMCJIEHHAs 4acTh 3HAYEHUs KCIIOJIb3YETCs cpasy B
HECKOJIBKUX MeCTax. JTa CTpaTerus pedyKLUUU Ha3blBaeTCs BhIYMCJIEHHEM no Heobxooumocmu (call by need) wim
JteHueoll cTpaTerueii Boruncsienni (lazy evaluation).

Tenepb HEMHOI'O TEpMHUHOJIOT'1U. 3HaveHre MOXeT HaxoJuTCsA B qupréx COCTOAHUAX:

» Hopmanbsnas ¢dopma (normal form, ganee H®), korjia OHO MOJTHOCTHIO BHIUYMCIIEHO (HET CUHOHUMOB);

+ Cna6as 3arosioBouHas H® (weak head NF, ganee C3H®), xorga n3BecTeH XOTs Obl OJJUH BEPXHUI KOHCTPYK-
TOp;

* OtioxeHHOoe BbuncieHue (thunk), korga n3BecTeH JIMIIb peleNT BHIYNCIIEHS;

 Jxo (bottom, yacTo pucyioT KaKk 1), Korga U3BeCTHO, YTO 3HAUEHHE He ONpeesieHo.

Bl Moryu moHa6TI0AATh 32 3HAYEHHEM B ITEPBBIX TPEX COCTOSHUAX HA npuMepe Bbilte. Ho yto Takoe L ? Berom-
HUM olpefiesieHHe 1A PyHKIMN U3BJIeYeHUs roJIOBH crycka head:

head :: [a] -> a
head (a:_) = a
head [1] = error "error: empty list”

Bropoe ypaBHeHue Bo3Bpauiaer L. Y Hac ecTh ABe QYHKINU, KOTOPbIe BO3BPAIIAIOT 3TO “3HaueHue”:

undefined HE- |
error :: String -> a
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[TepBas — 3T0 L B unicTOM BHJIE, @ BTOpPAsA He TOJIBKO BO3BpAIAeT HeoNpeeIEHHOe 3HAUYeHUe, HO U IIPUBOAUT
K BBIBOJIY Ha 3KpaH cooluieHus o6 omubke. OOparuTe BHUMAaHUe HA THUI 3TUX GYHKIUH, pe3ysibTaT MOXeT OBITh
3HaYeHHeM JII000ro Tumna. JTo HabJlrogeHre IPUBOAUT HAC K ell[é 0JHON TOHKOCTU. Koraa Mbl onpefesiAeM THUIL

data Bool = False | True
data Maybe a = Nothing | Just a

Ha camowm fejie Mbl IIMIIIEM:

data Bool
data Maybe a

undefined | False | True
undefined | Nothing | Just a

KommnusnATop aBToOMaTnuecky rpubapiiseT emé oJHO 3HayeHue K JIIoOOMy onpefie/lEHHOMY I0JIb30BaTesieM TH-
my. Takue Tunsl HaszeiBawT nodHameimu (lifted type). A 3HaueHUA TaKWX TUIOB IIPUHATO HA3bIBATh 3aNAKOGAHHbLIMU
(boxed). He 3anakoBanHoe (unboxed) 3HaueHue — 3TO IPOCTOE IPUMHUTHBHOE 3HaYeHNe. Hanpumep 1iesioe muim fei-
CTBUTEJIBHOE YKCJIO B TOM BHJE, B KOTOPOM OHO XpaHUTCA Ha koMmbioTepe. B Haskell gaxe umcia “3anakoBaHbr”.
ITockosibKy HaM HeoO0xoauMo, yToOs! undefined MoryI0 BO3BpamaTh B TOM YKcJie U 3HaYeHue tuna Int:

data Int = undefined | I# Int#

Tun Int# — 3To HU3KOYpOBHeBOe IpejCcTaBJeHHe OrpaHHYeHHOro Lesoro yucia. [IpuHATO nucath He 3ama-
KOBaHHbIEe THUIIBI C PElIETKON Ha KoHIe. I# — 5To0 KOHCTPYKTOp. HaM npuxoauTcs 3anakoBBIBATh 3HAYeHUA ellé U
[IOTOMY, YTO 3HAYeHHe MOXeT IPUHUMATh HECKOJIBKO COCTOSHUH (B 3aBUCHMOCTU OT TOT'0, HACKOJIBKO OHO BBIYHIC-
JIEHO), BCE 3TO BEAET K TOMY, YTO Y HaC XpaHUTCA He IPOCTO 3HAUeHUe, a 3HaYeHUe C KaKOH-TO JOIOJTHUTEIbHON
nHopMaLrell, KOTopas 3aBUCUT OT KOHKPEeTHO! peanu3anuu s3pika Haskell.

MBI pemniu npo6JieMy AyOJIMpOBaHUA BRIYUCIEHUI, HO Hallle pellleHre yCyryouio npobieMy pacxoaa naMsTH.
Benp Temepb MBI XpaHHUM He IPOCTO 3HAY€HUs, HO ellé U JOIOJIHUTEJIbHYI MHGOPMaNMio, KOTopas OTBeYaeT 3a
[IpOBeJieHre BBIYMCJIEHNUI. JTa MpobsieMa MOXeT IPOABJIATHCA B OYeHb [IPOCTHIX 3ajadax. Hanpumep nonpobyem
BBIYMCJIUTH CyMMY YMCeJI OT OJJHOTO 10 MUJIJIMapAa:

sum [1 .. 1e9]
<interactive>: out of memory (requested 2097152 bytes)

WHTYUTUBHO KaXeTcs, UTO JJIA pellleHHs 3TOH 3afjaui HaM HY’XHO JINIIb ABe sSueliky namATU. B ogHoll MbI 6y-
JeM IIOCTOSHHO IpubaBJIATh K 3HAUEHUI0 eIUHUILY, ITOKa He AOWAEM O MWIJUIMAapZa, TakK MBI [IOCJIeqoBaTesIbHO
OyJeM MoJIyyaTh 3JIeMEeHTHI CIIMCKA, a B APYroi Mbl OyJeM XpaHUTh 3HaueHHue cyMMEbIL. MBI Ha4HEM ¢ HyJA U OyaeM
pubaBJIATh 3HAYEHUA [IEPBOM AYeHKU. Y JIeHUBOH CTpaTeruy Apyroe MHeHHe Ha 3TOT cYéT. Ecyu BB BepHETECH K
[IpUMepY BhIIIE, TO 3aMeTUTe, YTO SUM KONIUT OTJIOXKEeHHbIe BBIPakeH!:A [0 caMoro IocjieIHero MoMeHTa. I10CKOJIbKyY
aMsATh OrpaHUYeHa, TAKOM MOMEHT He HacTynaeT. Kak Ham ObiTh? B Haskell mo ymosuaHuio Bce BBIYKICJIEHUS TTPO-
BOJATCA IO HEOOXOANMOCTH, HO MpefyCMOTPeHbl U Cpe[icTBa JJI MMUTAIMN BBIUMCJIEHNA [0 3Ha4YeHuIo. JlaBaiiTe
TIOCMOTPUM Ha HUX.

9.3 AHHOTaAnUu CTPOrocTH

S3BIKY ¢ JIEHUBOM CTpaTerveil BHIUKC/IEHUIN Ha3bIBAlOT He CTPOrUMU (non-strict), a A3BIKK C SHEPrUYHOMN CTpa-
Tervel BBIYMCJIEHUI COOTBETCTBEHHO — CTPOTHIMU.
IIpunyxaenue k C3H® ¢ nomomsio seq

MBI rOBOPUJIM O TOM, YTO IPY BBIYMCJIEHUU II0 MMEHU 3HAaYeHUA BBIYUCIIAIOTCA TOJIBKO IPY COIIOCTABJIEHUU C
06pa3noM WM B case-BolpakeHUAX. EcTh cienuanbHas QyHKIUA seq, koTopasA ¢opcupyeT npusenenne Kk C3HD:

seq :: a ->b ->b

OHa nprHUMaeT ABa apryMeHTa, IpU BEIIOJIHEHNN GYHKIUM [epBHIll apryMeHT npusoauTtcs kK C3H® u zamem
BO3BpallaeTcs BTOpoil. Bepuémcs k mpumMepy c sum. ITpuBectu k C3H® urcsio — 03HayaeT BEIYUCIUTD €T0 MOJTHOCTHIO.
OnpenesnM QYHKIMIO sum’, KOTOpas Iepell peKypPCUBHBIM BBI30BOM BBIUHCJIsIET MPOMEXYTOUYHBIN pe3yJibTaT:

sum’ :: Num a => [a] -> a
sum’ = iter 0
where iter res [] = res
iter res (a:as) = let res’ = res + a
in res’' ‘seq’ iter res’ as
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CoxpaHUM pe3yJIbTaT B OTAEJbHOM MojyJie Strict.hs u monpoGyeM Tenepb BHYMCIUTD 3HaU€HUe, NPUAETCA
MMOI0KAATH:

Strict> sum’ [1 .. 1e9]

U Mb1 x1éM, U XAEM, U KkIEéM. Ho nepenosiHeHNs MaMATU He NIPOMCXOOUT. JTO xopoino. Ho mpaBaiite mpepBém
BeiurcieHnAa. Haxmém ctrl+c. OyHKIUA sum’ BBIUKC/IAETCA, HO BBIYMCIIAETCA OueHb MeAJIeHHO. Mbl MOXeM Cy-
I[eCTBEHHO YCKOPUTH €€, eciu ckomnwiupyem MoAayJib Strict. J[jia KOMOWIALIUK MOZYJIA MEepeKJIIoYMMCA B ero
TEKYIIYI0 JUPEKTOPUIO U BEI30BEM KOMIMIIATOP ghc ¢ ¢iarom - -make:

ghc --make Strict

IMosBuiuck g8a ¢aita Strict.hi u Strict.o. Tenepp MBI MOXeM 3arpy3uUTh MOYJIb Strict B MHTEpPIpeTaTOP
Y CPABHUTH BBHINOJIHEHUE ABYX GYHKITHIL:

Strict> sum’ [1 .. le6]
5.000005e11

(0.00 secs, 89133484 bytes)
Strict> sum [1 .. le6]
5.000005e11

(0.57 secs, 142563064 bytes)

OO6partuTe BHUMaHNe Ha IPUPOCT CKOPOCTU. YMeHUe TOHUMAaTh B KaKUX CJIy4asx CTOUT OTPAaHUYUTh JIeHb OUeHb
BaxxHo. U B mporpammax Ha Haskell Toxe. Takxke KOMIUIAPOBATh MOYJIM MOXHO U3 UHTeprpeTaTopa. JlJis 3Toro
BOCIIOJIb3yeMcs KOMaHAo! : !, OHa BHINOJIHAET CUCTeMHble KOMaH/Abl B MHTepnpeTaTope ghci:

Strict> :! ghc --make Strict
[1 of 1] Compiling Strict ( Strict.hs, Strict.o )

OTMeTUM Haju4ue clelyajbHol GYHKINM IIpUMeHeHUs, KOTopas MPOCUT Iepe]] IprMeHeHneM IIPpUBeCTU ap-
rymeHnT Kk C3H®, sTa ¢pyHknusa onpefesiena B Prelude:

($!) :: (a =>b) =>a ->b
f $! a=a ‘seq’ f a

C oTol1 QYyHKI[E MBI MOXeM OIpefesuTh GYHKI[UI0 SUM Tak:

sum’ :: Num a => [a] -> a
sum’ = iter 0
where iter res [] = res
iter res (a:as) = flip iter as $! res + a

OYHKIUH C XBOCTOBOH peKypcuein

OnpenenuM QYHKIMIO, KOTOpasd He OyAeT JIEHUThCA MPU BBIYMCJIEHUM MPOM3BeeHUs urcesl, Mbl HA30BEM eé
product’:

product’ :: Num a => [a] -> a
product’ = iter 1
where iter res [] = res
iter res (a:as) = let res’ = res * a
in res’' ‘seq’ iter res’ as

CmoTpuTe GQYHKIHA SUM M3MEeHUJIAach JIMIIb B ABYX MeCTaxX. OTO TOBOPUT O TOM, YTO IOpa 3aJyMaThCs O TOM,
a HeT Jii Takol obuiell QyHKIMN, KOTopas BKJIIoYaeT B cebd U TO U Jipyroe nosefdeHue. Takas GyHKUUA ecTb U
HasbiBaeTcs oHa foldl', BOT eé onmpefeJieHue:

foldl’ :: (a -> b ->a) ->a -> [b] -> a
foldl’ op init = iter init
where iter res [] = res
iter res (a:as) = let res’ = res ‘op‘ a
in res’' ‘seq‘ iter res’ as

ME&! BBIHEC/IM B apryMeHTHl GYHKINM OMHApHYI0 OIepanyio ¥ HavaJlbHOe 3HadeHue. Bcé ocrasibHOe 0CTaioch
npexHuM. JDTa GyHKUUA KUBET B MoyJie Data.List. Tenepp MbI MOXeM onpeAeanuTh GyHKOuM sum’ v prod’:
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sum’ foldl’ (+) O
product’ = foldl’ (*) 1

Taxxe B Prelude onpenenena ¢pynkuusa foldl. OHa HakamIMBaeT 3HAUYeHUS B apryMeHTe, HO 6e3 IpUHYXAeHHUsA
BBIUMCJIATh IPOMEXYTOYHbBIE PE3yJIbTaThI:

foldl :: (@ -> b ->a) ->a -> [b] -> a
foldl op init = iter init
where iter res [] res
iter res (a:as) = iter (res ‘op‘ a) as

Takas pyHKUUA HasbiBaeTcsa PyHKLUeEN ¢ xeocmosoll pekypcuell (tail-recursive function). Pekypcus xBocToBas
TOTJ]a, KOrla PeKyPCUBHBIH BbI30B QYHKLNU ABJIAETCA MOCJIeJHUM JeliCTBUeM, KOTOpOe BBINOJIHAETCA B QYyHKIUN.
ITocMoTpuTe Ha BTOpOe ypaBHeHUe QyHKIUY iter. MBI BEI3bIBaeM PYHKLMIO iter peKypCUBHO IIOCJIEAHUM AeJIoM. B
A3BIKAX C BBIUMCJIEHNEM II0 3HaYeHHUI0 YaCTO XBOCTOBasA peKypcHsA UMeeT IPenMYyIecTBO 3a CYET SKOHOMMU NaMATH
(TOT MOMEHT KOTOPBII MBI 0OCyXAaIi B caMOM Hauasie). Ho Kak BUIHO U3 3TOT0 pa3jiesia B JIEHUBBIX A3bIKaX 5TO He
Tak. bubimorteunasa @yHkOuA sum OyAeT HAKallJIMBATh BRIPDA’KE€HU Mepe]] BHIUYKCJIEHNEM C PUCKOM HCYepIaTh BCIO
JOCTYIIHYIO [TaMATb, IOTOMY 4TO OHa ompejeseHa yepe3 foldl.

ToHKOCTH IpUMEHEHUs seq

Xouy NOJ4epKHYTh, YTO QYHKIUA Seq He BBIUMCIIAET CBOU NEPBBINl apryMeHT MOJHOCThIO. [IepBhIil aprymMeHT
He NPUBOAUTCA K HOPMaJIbHOH (opme. MBI JIMIIb TPOCUM BBIYKMCJIUTEb Y3HATh KaKoi KOHCTPYKTOpP HaXOJUTCA B
KOpHe y NaHHOTro BhIpaxkeHUs. Hanpumep B BolpakeHnM isZero $! infinity 3Hak $! HMuYeM He OT/IMYaeTCA OT
MPOCTOr0 MpUMeHEeHU Mbl U Tak 6yfeM NpHUBOAUTh aprymeHT infinity k C3H®, korga HaM MoHaoOUTCA y3HATh
KaKoe U3 ypaBHeHMH JJiA isZero BeIOpaTh, BeAb B apryMeHTe QyHKLHUM eCTh CONOCTaBJIeHre ¢ 00pasIioM.

[TocMOTpHM Ha OJWH TUNWYHBIN IpuMep. BbluncieHue cpejHero [JiA chmcka yuces. CpefHee paBHO CyMMe
BCEX 3JIEMEHTOB CIIMCKA, pa3fe/I€HHON Ha JJIMHY cIucKa. J[1d Toro 4yToObl BEIYUCJINUTL 3HAaYeHNe 3a OAUH MIPOXOJ
Mbl Oy/ileM OJJHOBPEMEHHO BBIUMCJIATH U CYMMY 3JIEMEHTOB U 3HaueHue JUIMHBL TakxXe MBI IOHMaeM, 4TO HaM He
HY>XHO OTKJIa[IbIBaTh BBIYMCJIEHUS, BOCIOJIb3yeMcs GyHkIiuei foldl':

mean :: [Double] -> Double
mean = division . foldl’ count (0, 0)
where count (sum, leng) a = (sum+a, leng+l)
division (sum, leng) = sum / fromIntegral leng

[TpoxomuM MO COMCKY, KOIMM CyMMYy B IIEPBOM 3JIeMeHTe Naphl U AJIMHY BO BTOPOM. B camoM koHIle AenuM
TIepBHIH 37IeMeHT Ha BTOpoi. O6paTuTe BHUMaHUe Ha ¢pyHKIUI0 fromIntegral oHa mpeoOpa3yeT 3HaUeHUA U3 Iie-
JIBIX YHCeJI, B Kakue-HuOyap apyrue u3 kyacca Num. CoxpaHuM 3TO oIpefiesieHre B MoAyJie Strict ckoMnuiaupyem
MOAYJIb U 3arpy3UM B UHTepIpeTaTop, He 3aby/AbTe UMIOPTUPOBATh MOAYJIb Data.List, oH HyXeH A GyHKIUN
foldl’. IlocMOTpUM, YTO y HacC NOJIyYMJIOCh:

Prelude Strict> mean [1 .. 1le7]
5000000.5
(49.65 secs, 2476557164 bytes)

[Mosryunsock O4eHb MeJJIeHHO, CTPAHHO Be/lb MOPAMOK 3TOH (PYHKIMK NOJDKEeH ObITh TaKUM e 4TO Uy sum’.
ITocMoTpuM Ha CKOPOCTb sum’:

Prelude Strict> sum’ [1 .. 1le7]
5.0000005e13
(0.50 secs, 881855740 bytes)

B 100 pa3 OricTpee. Temeph npefcTaBbTe, yTO y Hac 10 Takux GyHKIMI Kak mean OHMA pa3bpOCaHBI IO BCEMy
KOAy U JleJIal0T CBOE€ YEpHOe JIeHNBOoe AeJs10. [IpuurHa Takoro NoBeAeHns: KpOeTCs B TOM, YTO MBI OIIATh 3aBEPHYJIN
3HaueHue B Ipyroyl TUI, Ha 3TOT pa3 B napy. Korja BeluncianTesb JOHAET A0 Seq, OH OCTAHOBUTCA Ha BbIpaXkeHUU
(thunk, thunk) BMecTo aByx unicesn. OH BHOBb OyAeT HaKaIlJIMBaTh OTJIOXKEHHBIE BHIUMCIIEHN A, a He 3HaUeHUs.

[TepenumeM mean, Temepb Mbl OyJeM BBIUMCJIATh 3HAUE€HUA Mapsl IO OTAEJIbHOCTU U MOIPOCUM BBIYMCIUTEJIb
npusectd Kk C3H® kaxaoe U3 HUX Nepef BBIYMCIEHNEM UTOTOBOTO 3HAaUeHUA:

mean’ :: [Double] -> Double
mean’ = division . iter (0, 0)
where iter res [1 = res
iter (sum, leng) (a:as) =
let s = sum + a
1=1leng + 1
in s ‘seq’ 1 ‘seq’ iter (s, 1) as
division (sum, leng) = sum / fromIntegral leng
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Takoit BOT MoHCTp. DYHKI[MA Seq [IPaBO ACCOIMATHBHA MO3TOMY CKOOKU OYyIOyT I'PYNNMPOBATHCA B HYXXHOM
nopsifike. B 3ToM onpeiesieHNY MBI IPOCKUM BBIUMCIINTEJb TpuBecTH kK C3H® uucia, a He mapsl ynces, Kak B IIPOILION
Bepcuu. g umcen C3H® coBnagaer ¢ H®, u BCé JOIKHO MPOWTU TJIAAKO, HO COXpaHUM 3TO OlipejesieHHe U
NIpOBEPUM pe3yJIbTaT:

Prelude Strict> :! ghc --make Strict

[1 of 1] Compiling Strict ( Strict.hs, Strict.o )
Prelude Strict> :load Strict

0k, modules loaded: Strict.

(0.00 secs, 0 bytes)

Prelude Strict> mean’ [1 .. le7]

5000000.5

(0.65 secs, 1083157384 bytes)

[Momyunsocs! CKOpOCTh YyTh XyXe 4eM y sum’, HO He B CTO pas.

OHepruyHble 06pa3Ibl

B GHC npenycMmoTpeHH! creljiaibHble 0603HaueHusA AJA NPUHYAUTeIbHOro IpuBefieHNs BhipakeHNs K C3HD.
OHu He BXOmAT B cTaHAapT s3bmika Haskell, mostoMy myis Toro, 4ToGel BOCHOJIB30BATHCSA MMH, HAaM HEOOXOOMMO
MOAKJIIOYUTD MX. PacmpeHns NOAKIIOYAIOTCA ¢ NOMOIIBIO CIIeaIbHOTO KOMMEHTapys B CaMOM Hadasie MOAYJIA:

{-# LANGUAGE BangPatterns #-}

OTa 3anuch aKTUBUPYET paclIMpeHUe A3bIKa ¢ MMeHeM BangPatterns. finpo s3sika Haskell pukcupoBaHo craH-
JapToM, HO KaX[blil pa3paboTUMK KOMIMJIATOpPA MOXXeT BHOCUTH CBOM JoNoJHeHHs. OHM MOAKJII0YAIOTCSA depe3
aupekTuBy LANGUAGE:

{-# LANGUAGE
Pacuupenunel,
Pacuupenune?2,
Pacwupenune3 #-}

MbI 3aKJII09aeM AUPEKTHUBY B ClienUajibHbie KOMMEHTApUM C peméTkoi, roBopuM LANGUAGE a 3atem uepe3 3a-
NATYI0 [lepeurcsAeM MMeHa paclIMpeHME, KOTopble HaM NOHaJo0ATcA. PacimupeHnsa akTHUBHBL TOJIBKO B paMKax
JaHHOro MoAyJis. Hanprmep ecii Mbl UIMIIOPTAPYEM PYHKLMHU U3 MOAYJIS, B KOTOPOM BKJIIOUEHBI pACIIMPEHNsA, TO
9TH pacIIpeHUs He PacIpoCTpaHAITCsA Aajiblile HA Apyrue MoAyJju. Takne KOMMeHTapyuu ¢ peléTkol Ha3blBaloT
npaemamu (pragma).

Hac uHTepecyet pacmmpenue BangPatterns (bang — BoCKJIMIIaTEIbHBII 3HAK, BBl ceiyac MONMETE IoYeMy OHO
Tak HasbiBaeTcsA). [lTocMOTpyUM Ha PYHKIHIO, KOTOPAs UCHOJIb3yeT S3HepPriuyHble 00pasIbl:

iter (!sum, !leng) a = (step + a, leng + 1)

B pexommnosnnuy napel nepej nepeMeHHBIMHU y HAC NOABUJIMCH BOCKJIMIATEIbHBIe 3HaKW. OHU TOBOPAT BBIYKC-
JIUTEJI0 O TOM, YTOOBI OH TaK yX U OBITh cAeJia ellé OqHO YCUJINe U 3arJiAHyJl B KOpeHb 3HaueHUH NepeMeHHbIX,
KOTOPBIE ObLIM IlepelaHbl B 3Ty QYHKIUIO.

BeryricsiuTesib roBOPUT JIAJHO-JIAHO cAesia. A Tam yucia! v nosydaercs, YTo OHU He HakaninBaoTcs. C nomo-
1bI0 SHeprUYHBIX 06pa3IioB MBI MOXeM IepenucaTh GyHKIuIo mean’ dyepe3 foldl’, a He BEIIMCHIBATH €€ IEJIMKOM:

mean’’ :: [Double] -> Double
mean’’ = division . foldl’ iter (0, 0)
where iter (!sum, !leng) a = (sum + a, leng + 1)
division (sum, leng) = sum / fromIntegral leng

[IpoBepyUM B MHTEPIIPETATOPE

*Strict> :! ghc --make Strict

[1 of 1] Compiling Strict ( Strict.hs, Strict.o )
*Strict> :1 Strict

0k, modules loaded: Strict.

(0.00 secs, 581304 bytes)

Prelude Strict> mean’’ [1 .. 1le7]
5000000.5

(0.78 secs, 1412862488 bytes)
Prelude Strict> mean’ [1 .. 1le7]
5000000.5

(0.65 secs, 1082640204 bytes)

OyHKIMA paboTaeT 4YyTh MeAJIeHHee, YeM HCXOHAs BepCcus, HO He CHJIBHO.
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BHepranme THUIIbI NAHHbIX

Pacmiipenue BangPatterns mo3BoJisieT yka3biBaTh Kakve 3HaueHUs npuBecTu kK C3H® He TOJBKO B 0Opasijax,
HO U B TUMAaxX JaHHBIX. MBI MOXeM CO3[1aTh THIL:

data Pab =P !'a!b

DTOT TUN o0O3HaYaeT mapy, 3JileMeHThl KOTOpoil o6a3aHbl HaxoauThcA B C3H®. Temepb MBI MOXeM HalucaThb
emé oqVH BapuaHT QYHKI[UU [TOMCKa CpeJHero:

mean’’’ :: [Double] -> Double
mean’’’ = division . foldl’ iter (P 0 0)
where iter (P sum leng) a = P (sum + a) (leng + 1)
division (P sum leng) = sum / fromIntegral leng

He3amakoBaHHbIEe THIIBI JAHHBIX

He3anakoBaHHBIe THUITBl JAaHHBIX ITO3BOJIAIOT XPaHUTh NIPUMUTHBHBIE TUIIBI JAHHBIX 6e3 JOMOJIHUTEIbHOH CJIy-
xe6HOM nHbopmaiuu. Kak ecsu 661 OHU GBUIU TMpeiCTaBJIeHbl B UMIIEPITUBHOM fA3bIKE NMPOrpaMMHUpPOBaHUsA (Ha-
npuMep TakoM kak C). Hanpumep B mopyJie Data.Array.ST, kpoMe OOBIYHBIX MacCUBOB STArray onpejiesieHs elfé
¥ MacCHBBI HeXallaKOBaHHbIX 3HaueHUM STUArray. Mbl 1 caMu MOXeM CO3jaBaTh He3allaKOBaHHbIE 3HaUYeHUs. DTO
JeaeTcs C MOMOIIBI0 CrenyaibHON mparmel UNPACK:

data P a b = P {-# UNPACK #-} 'a
{-# UNPACK #-} b

Teneps HaIa napa XpaHUT TOJIBKO IPUMUTHBHbIE TUIIB JaHHBIX. [IprMeHeHne 3TO IparMel UMeeT CMbICII TOJIb-
KO [lepe/i CTPOrMMHU THUNaMu (TeMU TUIIAMH, KOTOpble OTMeUYeHH BOCKIIMIaTeIbHBIMU 3Hakamu). Takue TUIsL GyayT
3aHMMAaTh ropasgo MeHblle Mecta. OqHAKO MBI TepsieM MPenMyIecTBa JIEHMBOI CTpaTEruy, CBA3aHHBIE C OTJIOXEH-
HBIMU BBIYHCJIEHUAMU. 3HAaUeHUs TAKUX TUIOB OyAyT BHIUMCJIEHH B JIIO60M cityuae. [logpoGHee 0 mpruMeHeHN! 3TOi
IIparMel MOXXHO NOYMTATh B ciaifax JxoaHa Taiibesna (Johan Tibel) High Performance Haskell.

9.4 IIpumep JIeHUBBIX BBIYUCJIEHUN

Y Bac MOXeT CJIOXUTbCA OIIMOOYHOEe IpeficCTaBJIeHHe, YTO JIEHHMBBbIe BBIYKCJIEHHUS CO3[1aHbl TOJIBKO JJIS TOTO,
4YTOOBI ¢ HUMHU 60poThes. [Toka MBI paccMaTpuBasy JIUIIb HEAOCTATKH, BCKOJIb3b YIIOMSAHYB O IIpeUMyIlecTBe BbIpa-
3UTEJBHOCTH. JIeHUBBIE BHIYMCJIEHHUSA MOTYT M 3KOHOMHTH aMATh! Mbl MOXEM CTPOUTH OTPOMHBIE IPOMEXYTOYHbIE
JnaHHble, 06pabaThiBaTh UX Pa3HBIMU CIIocO6aMU IIPH YCJIOBUM, YTO B KOHIlE MPOrpaMMBl HaM NOTpebyeTcs JIMIIb
YacTh 3THX JAHHBIX WJIM KOHEYHBIH ajiropuTM OyeT HaKalIuBaTh ONPe/IeJIEHHYI0 CTaTUCTUKY.

PaccMOTPUM Takoe BBIPAXEHIIE:

let longlList = produce x
in sum’ $ filter p $ map f longList

@yHKIUA produce CTPOUT OrPOMHBIN CIHCOK INPOMEXYTOUYHBIX JaHHBIX. J[ajee Mbl IpeoOpa3yeM 5TH AaHHBIE
dyHkuel f 1 GuabTpyeM Ux MpeaukaToM p. Bcé aTo genaercs 1A TOro, 4ToOB IOCYMTATh CYMMY BCeX 3JIeMEeHTOB
B crucke. [TocMoTpuM Kak mosesia Obl ce0s B TaKOH CUTyalldyd 3HepruyHasA cTpaTerus BhYMcjeHnH. CHavyasa ObL1
OBl BBIYMCJIEH CIIMCOK longList, mpu4yéM MOJHOCTBIO. 3aTeM Bce 3J1eMeHTH! ObUIM Obl Tpeobpa3oBaHsl GyHKUMen f.
Y Hac B maMATH yXe JBa OrPOMHBIX cnicKa. Teneps Mbl GUIBTPYeM BeCh CIIHMCOK U B CAMOM KOHIle CyMMUPYeEM.
Bb1s10 GBI OYEHb IJIOXO 3aCTaBJIATh S3HEPrUYHBIN BHIYMC/IUTENIb PeAyLPOBaTh TAKOe BEIpaXeHue.

A B 5TO BpeMms JIEHUBBIM BBHIUNCJIUTENb MMOCTYINUT Tak. CHavasa Bcé BhIpaxkeHUe OyZeT COXpaHeHo B BHJE OIU-
caHUs, 3aTeM OH CKaXeT pa3BepHY cHauasia sum’, 3Ta QyHKLMA 3alIPOCUT MEPBBIM 3JIEMEHT CIHCKA, YTO MPUBEAET
k BbI30BYy filter. duibTp OyAeT 3anmpalivBaTh CJIeAYIOMMN 3JIeMeHT CIHCcKa y MOAYMHEHHBIX eMy QYHKLUUH 0
Tex Mop, MOKAa MpeauKaT p He BepHET True Ha OOHOM M3 HUX. Bc€ 53T0 BpeMsa QyHKIUA map OydeT BHTATUBATh U3
produce 1o oJHOMY 3JieMeHTy. [Ipu4yém mamMATh, BeZieJIeHHasA Ha [IPOMeXyTOYHble He Hy)XHble 3HaueHUA (Ha HUX
p BepHyJ1 False) GyaeT nepencnoJsib3oBaHa. Kak Tobko sum’ nmpuGaBUT NepPBbIN 3J1eMEHT, OHA 3allpOCUT CJIe[yIo-
W, TPOCHETCA GUIIBTP U Tak fJasee. Bea dyHkms 6yaeT paboTaTh B IOCTOAHHOM OrpaHUYeHHOM 00bEMe MaMATH,
KOTOpBIH He 3aBUCUT OT BeJIMYMHBI crycka longlList!

[TpuMepaM JIeHUBBIX BEIUKCJIEHUI OyieT OCBAleHa OTAe/IbHasA IJ1aBa, a oka IpruBeiéM oAuH npuMep. Haiiném
KOpeHb ypaBHEHUA C NMOMOILBI0 MeTOAA HENMOABWXXKHON TOUKM. Y Hac ecTb yHknuA f :: a -> a, U HaM HYXXHO
HAUTU pelleHre ypaBHEeHUS:

fx=x
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Mo>xHO HayaTh C KAKOro-HUOYAb CTAPTOBOI'O 3HAUEHMU, U MOJCTABJIATh, IOACTABJIATh, IOJCTABJIATE ero B f A0
TeX Iop, MOKa 3HaYeHNe He IepecTaHeT U3MEHAThCA. Tak Mbl HAM/IEM pellleHue.

x1 = f x0
x2 = f x1
x3 = f x2
po tex nop noka abs (x[N] - x[N-1]) <= eps

HepBoe Ha6JIIOI[eHHe: (I)yHKLII/IH MIpUHUMAET HE NPOMU3BOJIbHBIE 3HAYCHUA, a TE€ AJIA KOTOPBIX UMEET CMBICJI OIle-
panuu: MUHYC, IIOVCK abCOoJTIOTHOT'O 3HAYEHUS U CpaBHEHMNE Ha 60J'IbH.Ie/MEHbH.Ie. Tun Hamen CI)yHKLII/II/IZ

f :: (Ord @, Num a) => a -> a
JleHuBbIe BBIYMCJIEHUS MO3BOJIAIOT HaM OTJIEJIMTH IIar reHepaluy pelleHui, OT I1ara IpoBepKU CXOJUMOCTH.
CHauvaJia MBI cJieJlaeM CIIMCOK BceX OACTaHOBOK PpyHKIuM f, a 3aTeM HaiiJEM B 3TOM CIIMICKe ABA COCEAHUX dJIeMeHTa

pacCTosAHNE MEXAy KOTOPhIMU NOCTAaTOYHO MaJIo. Urak HepBHﬁ mar, reHeprupyeM BCH0 ITOCJI€EA0BATEJIbHOCTD!

xNs = iterate f x0

MBI BOCIIOJIB30BAINCh CTaHAAPTHON PyHKIMell iterate u3 Prelude. Teneps uineM JiBa cCOCeJHUX YKCIA:

converge :: (Ord a, Num a) => a -> [a] -> a
converge eps (a:b:xs)

| abs (a - b) <= eps = a

| otherwise = converge eps (b:xs)

TTOCKOJIbKY CITUCOK G€CKOHEYHBIN MBI MOXXEM He TPOBepATh CJIyvau IJis MyCTOro crricka. UToroBoe pelieHue:

roots :: (Ord a, Num a) => a ->a -> (a -> a) -> a
roots eps x0 f = converge eps $ iterate f x0

3a cuéT JIeHUBBIX BEIYMCJIEHNH QYHKIMU converge U iterate pa6oranT cuHXpoHHO. OYHKIMA COnverge 3amnpa-
[IMBaeT HOBOE 3HAaYeHue U iterate nmepenaér ero, Ho TobkO oAHo! Haiiném peleHre Kakoro-HUOyAb ypaBHEHUA.
3amycTtum uHTepHpeTaTop. MBI JIEHHUMCS U He cO34aéM HOBBI MOZYJIb IJIA Takod “6oJspmon” ¢yHkiuu. Onpese-
JisieM eé cpasy B UHTepIIpeTaTope.

Prelude> let converge eps (a:b:xs) = if abs (a-b)<=eps then a else converge eps (b:xs)
Prelude> let roots eps x0 f = converge eps $ iterate f x0

Haiiném xopeHb ypaBHeHUs:

x(x—2)=0

22 -2 =0
1
51'2:25

Prelude> roots 0.001 5 (\x -> x*x/2)

MeTo[ 3aBUC, OCTAETCSA TOJIBKO HaxaTh Cctrl+c g ocTaHoBKU. Ha caMoM JieJie ecTh OAHO yCJIOBHE AJIA CXOAU-
MocTUu MeTofa. MeToa cOMAETCs, ecyii MOAYJIb MPOU3BOAHON PyHKIMHM f MeHbIIe eJUHULEL. FIHaUYe eCTh BO3MOX-
HOCTbB, 9TO MBI OyjeM GEeCKOHEYHO reHepHpPOBATh HOBbIE TOACTAHOBKY. BEIUMCIIMM MPOM3BOHYIO HamIeH QyHKINM:

1,
dz2”

Hawm ciiegyer oxxyuaTh pemeHusi B UHTepBajie OT MUHYC €JUHUIBI O €IMHUIBL:

=x

Prelude> roots 0.001 0.5 (\x -> x*x/2)
3.0517578125e-5

MBI HallTH pellleHie, KOpeHb paBeH HyJIio. B aToit 3amucu Ne-5 oznauaer N - 107°
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9.5 Kparkoe conepxanue

B 3TOii TJIaBe Mbl y3HAJIX O TOM KakK MPOUCXOAAT BbiumcyieHus B Haskell. Mbl y3HaIM, YTO OHU JieHUBbIEe. Bcé
BBIUMCJIAETCA KaK MOXHO M03XKe U KaK MOXXKHO MeHblIlle. Takve BBIYMCIICEHUS Ha3bIBAIOTCSA BBIUYMCJIEHUSAMU 10 HEOO-
XOJIMOCTH.

Taxxe mMbI Y3HaJIX O BBIYUCJIEHUAX 10 3HAUYEHWIO U BBIUYVICJIEHUAX 110 UMEHU.

* B @vluucieHuAx no 3HaveHuo peayKuus npoBOOAUTCA OT JIMCThEB A€peBa BbIPAXXEHUA K KOPHIO

* B @vluucieHuAx no umeHu peaykKuus NpoBOOAUTCA OT KOPHA A€peBa BbIPpAXEHUA K JINCThAM.

BhIuricjieHrEe 0 HEOOXOAUMOCTH ABJISETCS YJIyUllleHHeM BhIYMCIIEHHA [0 UMeHU. Ml He y6IMpyeM BhIpakeHUsI
BO BpeMs puMeHeHusA. Mbl cOXpaHsaeM 3HaueHUs B HaMATU U NOCTaBJIAeM B GYHKIIHIO CCHUIKY Ha 3HaueHus. [locie
BBIYMCJIEHNS 3HAUYEHWs MMPOUCXOOUT €ro OOHOBJIEHME B MaMATH. Tak ecjii B OQHOM MeCTe BhIpaxeHUe yxe ObLIO
BHIUMCJIEHO U MBI 06paTUMCsI K HEMY IT0 CCBIJIKE U3 APYroro MecTa, TO Mbl He OyieM IepeBHUYUCIATh €ro, a MPOCTO
CYMTaeM rOTOBOE 3HAYEHHE,

M5l TIO3HAKOMUJIMCh C TEPMUHOJIOTHEN Mpoliecca BRIYKUC/IEHUH. BbipaxeHre MOXET HAXOAUTCS B HOPMAIbHOU
¢opme. DTO 3HAYUT YTO OHO BHIYMCJIEHO. MOXET HAXOUTCA B €/1a60Ll 3a20JT10804HOLL HOPMATbHOU (hopme. DTO 3HAUUT,
YTO MbI 3HaEM XOTs ObI OIUH KOHCTPYKTOP B KOpHE BhipaxkeHUs1. Takke BO3MOXXHO BhIpaXKeHHUeE eIl He BHIYMCIIAIOCH,
TOrJa OHO ABJIAETCA omutodceHHbM (thunk).

CyTh JIEHUBBIX BRIYMCJIEHUI 3aKJII0YAETCSA B TOM, YTO OHHM IPOUCXOAT CUHXPOHHO. Ec/in y Hac ecTh KOMIIO3ULIUS
ABYX QYHKLIWH:

g (f =)

BuayTpeHnHusas oyHkius f He HAYHET BBIYKMCJIEHNA O T€X MOP IOKa 3HAYeHUs He MOHA00ATCs BHEIIHeH QyHKINN
g. O mocJieACTBUAX 3TOTO MBI OCTaHOBUMCS ITOAPOOHee B OTAeJIbHOH rjiaBe. 3HaUYeHUs MOTI'yT HOTpe6oBaThCA TOJIBKO
IpY CcoIoCTaBJIeHNU ¢ obpasuoM. Korjja Mel XOTUM y3HaTh KaKkoe N3 ypaBHEHUI HaM BHIOpATh.

WHorpa sieHuBbIe BRIYKC/IEHNA He 3P QEKTUBHBI [T0 pacXoAy NaMATH. DTO IPOUCXOJUT KOTAA BhIpaXXeHNe COCTOUT
13 GOJIBIIOrO YKCJIA TOABBIPaXeHUH, KOTophle OyIyT BBIUMCJIEHH B Ji060M citydyae. B Haskell y Hac ecTs criocoGsl
60phBOHI C JIeHbI0. DTO (QYHKIUA Seq, SJHepTUYHble 00pasIlibl U SHeprUYHbIe TUIbI JaHHbIX.

®yHKIUA Seq:
seq :: a -=>b ->b

CHavaJjia MpUBOAUT K cj1aboi 3arojioBO4YHOM ¢dopMe CBOI IMepBHINI apryMeHT, a 3aTeM BO3BpallaeT BTOPOMN.
B3peiBHBIE 06PA3I[bl BHIIOJHAIT Te XKe QYHKIUM, HO OHU UCIOJIb3YIOTCA B JEKOMITO3UIINN aApTyMEHTOB WJIM B 00b-
SIBJIEHUU TUIIA.

9.6 YmpaxHeHUsA

+ IloTpeHUpYHTECH B IOHUMAHUM TOTO KaK IPOMCXOJAT JIEHUBBIE BBIYMCIIEHUA. BbruncanTe Ha Gymare cieay-
IoI[1ie BBIpaXXeHUA (€CJIM 3TO BO3MOXHO):

— sum $ take 3 $ filter (odd . fst) $

zip [1 ..] [1, undefined, 2, undefined, 3, undefined, undefined]
— take 2 $ foldr (+) 0 $ map Succ $ repeat Zero
- take 2 $§ foldl (+) 0 $ map Succ $ repeat Zero

+ OYHKIMA Seq IPUBOAUT NepBeiil apryMeHT K C3H®, yGequrech B 3TOM Ha TaKOM 3KcrnepuMeHTe. Onpefienire
THUIL:

data TheDouble = TheDouble { runTheDouble :: Double }

OH 3amakoBBIBAeT JeCTBUTEJIbHBIE YKcja B KOHCTPYKTOp. OnpeAennTe AJA 5TOr0 TUIA 3K3eMIUIAP KJjlacca
Num 1 mocMmoTpuTe Kak OpicTpo OyfeT paboTaTth GyHKIMA Sum’ Ha TaKuxX yuciax. Kak nu3aMeHuTca CKOpoCTh
ecJI Mbl 3aMEeHUM B OllpejieJieHnu Tvmna data Ha newtype? Kak MU3MEHUTCS CKOPOCTh, €CJIi Mbl BepHEM data,
HO caesiaeM Tyl TheDouble sHepruuHbBIM? ITo3KCIIEpUMEHTUPYHTE.

» TTocmoTpuTte Ha npusefeHre kK C3H® B sHepruyHbIX TUNAaxX AaHHBIX. OnpejeauTe ABa TUIA:

data Strict a = Strict !a
data Lazy a = Lazy a
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W noBeuMcCIIANTE B UHTEPIIPETaTOPe pa3JinyHble 3HaueHus ¢ undefined, const, ($!) u seq:

vV V vV VvV

seq (Lazy undefined) "Hi”

seq (Strict undefined) "Hi”

seq (Lazy (Strict undefined)) "Hi”

seq (Strict (Strict (Strict undefined))) "Hi”

HOCMOTPI/ITE Ha TaKylo prHKI.II/IIO BbIYNCJIEHUA CYMMbI BCEX YETHBIX M HEYETHBIX YKCEJT B CITHCKE.

sum2 :: [Int] -> (Int, Int)
sum2 = iter (0, 0)

where iter ¢ []

C
iter ¢ (x:xs) = iter (tick x c) xs

tick :: Int -> (Int, Int) -> (Int, Int)
tick x (c0, cl) | even x = (cO, cl + 1)

| otherwise = (c0 + 1, cl)

Orta Q)YHKL[I/IH O4YeHb MeJIeHHas. KTO-TO CJIUIIIKOM MHOT'O JIEHUTCSA. Y3HaiTe KTO, 1 YCKOPbTE Q)yHKL[I/IIO.
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I'maBa 10

Peasin3amusa Haskell 8 GHC

Ha MOMeHT HanvcaHUA 3TOH KHUTY OCHOBHBIM KoMmruiiTopoM Haskell siBiisercsa GHC. OcrasibHblE KOHKYDEHTEI
OTCTalT O4YeHb cuJIbHO. OTMeTHM KoMmmiATop Hugs (ero xopomio mcnosbs3oBaTh Ay neMoHctpanuu Haskell Ha
Yy>KOM KOMIIbIOTEpE, eCJIM BBl He XOTUTe YyCTaHaBJIUBaTh TKEnbl GHC). B aToM riaBe Mbl 0630pPHO PacCMOTPUM
kak a3k Haskell peanuzoBan B GHC. GHC — kak HU mapaZjoKCaJIbHO 3TO 3BYYHUT, 3TO caMas yCIelIHas IporpaMmMa
HanucanHas Ha Haskell. GHC yxe nBaanats jiet. OTMETUM OCHOBHBIX pa3paboTyrkoB. O1o CaiiMoH IleiiToH J[KOHC
(Simon Peyton Jones) u Caiimon Mapsioy (Simon Marlow).

GHC cocrouT U3 Tpéx yacTeil. ITO caM KOMITUJIATOP, OCHOBHBIE OUGIMOTEKH sA3biKa (Takue Kak Prelude) u Hu3-
KOypOBHeBasA cHCTeMa BbIuMcjIeHUI (OHa OoTBeyaeT 3a ynpasjleHHe NaMAThbIo, TOTOKaMU, BbIUMCJIeHUe IPUMUTHB-
HBIX onepanuii). Becb GHC kpoMe cucTeMsl BeruncyieHni Hanvcad Ha Haskell. Cricrema BeluMcIeHH! HanycaHa Ha
C. Kommuisarop npuHuMaeT Habop (aiiyioB ¢ NCXOAHBIM KOJOM (a Takke BO3MOXHO OOBbEeKTHBIX U MHTep(delCHBIX
darinoB) u reHepupyeT KoJl HU3KOro ypoBH:A. CHCTeMa BBIYMCIIEHUN HU3KOI'O YPOBHSA KCIIOJIB3YETCA B 3TOM KoOJie
Kak 6ubamoTeka. OHa CTaTUYECKU MOAKITIOYAETCS K JII0O0MY HATUBHOMY KOJy, KOTOpPHIH reHepupyetcss GHC. anee
MBI COCPEJOTOYMMCS Ha U3yYeHUU KOMIIMJIATOPA.

Ho nepen 3TuM fjaBaiiTe 0CBeXUM B IaMATH (MM y3HaeM) HECKOJIBKO TEpPMUHOB. Y Hac ecTb koA Ha Haskell, uto
3HAUUT NepeBeCcTH B KOJ HU3KOro ypoBHA? Ko HU3KOro ypoBH:A IpefcTaBisgeT co60ii Habop MHCTPYKLUI, KOTOpPEIE
U3MEHAIT 3HaYeHUs B IaMATU KOMIIbIoTepa. Vi3MeHeHUe 3HaueHUi IPOMCXOAUT C NOMOIIbI0 6a30BbIX Ollepariui,
KOTOPpBbI€e BBHINOJIHAIOTCA B IIpolieccope KoMIbloTepa. [TaMATh KOMIbIoTepa IpejicTaBsiAeT coOo0ll JIEHTy AdeekK. Y Kax-
Jio¥i AYeliKU ecThb aAipec U coAepkaHue. ITo aapecy Mbl MOXXeM UUTATh JaHHBIE U3 TYEIKU U 3allChIBaTh UX TyAa. OTH
oIeparuy TaKxe BHITOJHAKTCA C IIOMOLIBI0 MHCTPYKUMA. Mbl 6yieM AesnTh mamATh Ha crek (stack), kyuy (heap)
U peructpsl (registers).

CTek — 3To ouepefib C MPUHLNUIIOM paboThl “NOCJIeAHUM IPUILIES, TepBbIM yIIén~. CTeK MOXHO NpeICTaBUTh KaK
CTONKY KHHUT. ¥ Hac ecThb [iBe Ollepal[iy: MOJIOXUTh KHUTYy HaBepX, U CHATh BepxHIOI KHUry. CTek oueHb yj006eH
JUJ1A IepeKJIloueHNsI KOHTEeKCTOB BeluMciIeHus. [IpeacTaBbTe, UTO y HaC ecThb (PYHKIMA, KOTOpas BHYTPU BHI3bIBA€T
JApyryto GyHKIHIO, a Ta ceAyomuy. Haxonsacs B BepxHell GyHKINY IPY 3aX0/ie BO BTOPYIO MBI COXpaHsAeM KOHTEKCT
BHemHel PyHKIUYU B cTeke. KOHTEKCT — 3TO Ta mHpOpManusa, KOTopas Hy’)kHa HaM [JIsl TOrO, YTOOHBI IIPOJIOJIKUTH
BbIUKCJIeHNA. Kak TOJIBKO MBI JOXOAUM JIO TpeTbell GyHKINM, MBI “KJIaJIéM Ha CTOIKY CBepXy”’ KOHTEKCT BTOPOI1
(yHKIMH, KaK TOJIBKO TpeThA QYHKI[MA BEIUMCIIEHA, MBI obpaljaeMcs K CTeKy ¥ CHIMaeM C Hero KOHTEKCT BTOPOI1
(yHKIMU TpOAOIKaeM BBIUUCJIATh U KaK TOJIBKO BTOpasA GyHKLMA 3aKaHUYMBAETCS CHOBa oOpaljaeMmcs K CTeKy. A
TaM CBepXy yxKe JIeXUT KOHTEKCT caMOl NepBoy GyHKINUU. MBI MOXeM IIPOJOJIKATh BEIYUCIeHUA. Tak IPOUCXOAUT
BbIUMCJIEHNE BJIOXKEHHBIX QYHKINI B UMIIepaTUBHBIX A3bIKaX IPOrpaMMUPOBaHUA.

B xyue MBI XpaHUM pa3Hble AaHHHIe. JJaHHbIe ObIBAIOT CTaTUUYeCKUMU (OHU HY>XKHBI HAM Ha IIPOTsDKeHUU BBIIOJIHe-
HUA BCEH NPOrpaMMBbl) U JUHAMUYECKUMU (BpeMs XU3HU JUHAMHYECKUX JaHHBIX 3apaHee HEU3BECTHO, HallpuMep
3TO MOTYT OBITh OTJIOXKEHHBIE BBIUMCJIEHNA, Mbl He 3HaeM KorJa HU HaM NOHafo0ATcA). Y Ky4yu Takke JBe olepa-
L[MU: BBIAEGIUTD OJIOK MaMATH, 9Ta ollepalnysa NIpuHUMaeT pa3Mep 0JI0Ka ¥ BO3BpallaeT ajpec, 10 KOTOPOMY yAaIoch
BBIAEJIUTD MaMATh, M 0CBOOOAUTD TaMATh 10 YKa3aHHOMY ajfipecy. PerucTpsl HaxoAsaTcs B Ipolieccope. B HIX MOXHO
3anMCBIBaTh M UYUTaTh JAaHHBIE, IPU 3TOM ollepaliiy oOpalleHus K perucrpaMm 6yayT NPOUCXOAUTh OUeHb OBICTPO.

[TocmotpuMm kak GHC cripaBiiseTcs ¢ epeBoJioM IIpoliecca peJyKIUY CUHOHUMOB Ha A3bIK NOHATHBIN HalleMy
KOMIIbIOTepy. fI3bIK OGHOBJIEHU cTeka 1 Ky4u. DTo 6oJIblias U TpyAHas IJ1aBa, YuTalTe He crnema. Eciy nokaxercs
COBCEM TPYIHO — IIPOITyCTUTE, BEPHETECh IOTOM, KOTJla 3aX0UeTcs McaTh He TOJIbKO KpacuBhble, HO U 3(pdeKTHBHbIe
NIpOTrpaMMBL.

10.1 DJOTtanbl KOMOUJIAIUU

PaccMmoTpuM 3Tansl KOMIMIIIANMY porpaMmel (puc. 10.1).

Ha nepBbIx Tpéx sTamax NpOUCXOAUT IpoBepka ommnbok. CHavasia MBI CTPOMM CHHTaKCUYecKoe J1epeBO Ipo-
rpamMmsl. Ecyii MBI HUr/le He 3a0bLIH CKOOKH, He OIIMOJINCh B IPOCTAHOBKE KJIOUEBBIX CJIOB, TO STOT 3Tall yCIEIIHO
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®daiina .hs

Y

’ ITocTpoeHre CUHTAaKCUYECKOro JiepeBa ‘

’ Paspemenue umeén ‘

Y

’ ITposepka THIIOB ‘

Y

’ yCTpaHEHI/IE CHHTaKCHU4YeCKOIro caxapa ‘

Core

Y

’ Yopoujenue Core ‘ _ ’ T'eHepanus koja s ghei

STG

Y

’ l'eneparua Cmm ‘

Puc. 10.1: Dtansl KOMIWIAIUN

3aBepmuTcA. Jlajee MBI IPUIKCEIBaeM KO BceM (QYHKIMAM HX MOJIHbIe MMeHa. JlonuceiBaeM nepej BCeMHU olpefe-
JIEHUSIMU UMA MOAYJIA, B KOTOPOM OHU omnpejesieHbl. OOBIYHO Ha 5TOM 3Tale HaM COOOIIA0T O TOM, 9TO MBI 3a0bLIN
ompeneNTh KaKy-HUOyAb QYHKIMIO, YaCTO 3TO CBA3AHO C IPOCTOH omevyaTKon. CiieyIomuil 3Tan — CaMbIH Bax-
HbIH. TIporcxoAUT BBIBOA TUIIOB [JIA BCeX 3HAU€HUI U IIpoBepKa IporpaMMsl 110 TUaM. Byiok koaa, oTBevaromuil
3a MMpPOBEpKy THUIIOB, sABJseTcA caMbiM GosbimuM B GHC. Haskell nmeeT oveHb pa3BUTy0 cucTeMy TUIOB. MHOTHUX
BO3MOXXHOCTe! MBI elllé He KOCHYJIMCh, YaCTh U3 HUX Mbl PAaCCMOTPUM B Ij1aBe 17. JlomycTUM, YTO MBI MCIIPaBUJIN
Bce OmMOKY CBA3aHHbIE C TUIIAMU, TOTJa KOMIMJIATOP HauYHET nepeBoauth Haskell B Core.

Core — 5TO QYHKLUHUOHAJIBHBIN A3BIK MPOrpaMMUPOBAHUSA, KOTOPHI ABJIAETCA CUIBHO YPe3aHHOH BepcHuei
Haskell. ITomauTe MbI roBopuiid, uto B Haskell mogaepxuBaeTcss HECKOIBKO CTUJIEH (KOMIIO3UIMOHHBIN U JeKJIa-
paTuBHBIN). UTO XOpOIIOo JJIA NpOrpaMMHUCTa, He OUYeHb XOPOMIO JJIA KOMIWIATOpa. KoMnuiIATOp ycTpaHseT Bech
CHMHTaKCUYECKUI caxap U BhIpaXkaeT BCE ONpeJleieHUsA Yepe3 MpOCTeine KOHCTPYKIuK A3sika Core. Jlajee mpo-
HUCXOOUT cepus ontuMu3anuil s3sika Core. Ha nepeBe omucaHus IpOrpaMMBbI BEINOJIHAETCA cepus QYHKIUN TU-
na Core -> Core. Hampumep IpOMCXOJUT 3aMeHA BBHI30BOB KOPOTKHX (DYHKIMI Ha WX IPaBble YacTH YPBHEHUH
(BcTpamBaHue wiy inlining), BEIpakeHUsl, KOTOPble IPOBOAAT JEKOMITO3UIIUIO B Case-BbhIPaXXEHUAX [0 KOHCTAHTaM,
3aMeHAITCA Ha COOTBETCTBYIOIME 3TUM KOHCTaHTaM BhlpaxeHUs. ITo TpeboBaHuio GHC MoXxeT [IpOBeCTH aHaIu3
crporocTH (strictness analysis). OH 3akouaercs B ToM, 4To GHC uiieT apryMeHTsl GYHKIHE, KOTOPbIe MOTYT OBITh
BBIYHCJIEHHI G0Jiee 3(EKTUBHO C IIOMOIIBI0 BBIYMCIIEHNS 10 3HAYEHUI0 1 PAcCTaBJIseT aHOTALUU CTPOrocTu. Y MHo-
rye MHOTHE Ipyr'ye ONTUMU3aluY KoJja. Bce OHM npeicTaBsieH ! B BU/ie Npeo6pa3oBaHus CHHTAKCUYECKOTO JepeBa
mporpaMmsl. Takxe 5TOT 3Tall Ha3bIBAIOT yNPOIIEeHHEM IIPOTrpaMMBL.

[Tocne storo Core nepesoautcs Ha STG. OTo QyHKI[MOHATIBHBIN A3BIK, MOBTOpsAONNML Core. OH COAEPXKUT AOIOJI-
HUTeJIbHY10 HHOpMaI1Io, KOTOopas HeoO0xoArMa HU3KOyPOBHEBBIM OMOUIMOTEKaM Ha 3Tale BEIUYKUCIeHNUA IPorpaMm-
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MBI 3aTeM u3 STG reHepupyercs Ko s3bika C- -. TO A3bIK HU3KOI'0 YPOBHA, "TIOPTHPYyeMEIl accembiiep”. Ha aToMm
s3bIKe He MUIIYT [IPOorpaMMEI, OH MpeqHa3HaueH JJIs aBTOMaTHU4YecKol reHepanuu Kofa. [lajee 13 Hero nojyvyaoT
JApyrue HU3KOypOBHeBble KOJbl. Bo3MoxkHa reHepauusa C, LLVM u HaTuBHOro xoda (Ko, KOTOPHIN HCIOJIHAETCA
OnepanroHHON CUCTEMOIT).

10.2 A3pik STG

STG pacmudposreBaeTcs kak Spineless Tagless G-machine. G-machine wim I'-MamuHa — 3TO HU3KOYPOBHEBOE
ommcaHue mnporecca penykiuuu rpadoB (ot Graph). IToka MBI Ha3sIBaJM 3TOT MpoLlecC PedyKIyeld CUHOHKMOB.
Spineless u Tagless — 3To TepMuHbl crernuduuHbie Ayt G-MalIvHbL, KOTopas OblIa MpuAyMaHa pa3paboT4vKaMu
GHC. Tagless oTHOCUTCS K 0CO60MY IpeICTaBJIEHUI0 OOBEKTOB B Ky4e (00beKTH peACTaBIeHbl €UHO00PA3HO, TaK
YTO UM He HyXXeH CIlel[MaJIbHBIN Ter 1A 0003HaYeHUs TuUna oObekTa), a Spineless OTHOCUTCA K TOMY, 4TO B OT-
JM4Mie OT MalllMH-TpeileCTBEHHUKOB, KOTOphIe ONUCHIBAIOT Mpoliecc peyKIny rpadoB Brjie TocjieoBaTeIbHOCTH
uHcTpykuuii, STG sABsisgeTca HeGoIpIMM QYHKIIMOHAIBHBIM A3bIkOM. Ha puc. 10.2 npefcTaBjieH CUHTAaKCUC A3BIKa
STG. CUHTaKCHC YIPOIEH U1 YTEeHUA JTII0AbMY. HecMOTps1 Ha yIpoIieHUs MBI CMOX€eM MOCMOTPETh KaK MPOUCXOIUT
BBIYKICJIEHVIE BHIPAXEHU.

[lepemenHre 1,7, f, g

KOHCTPYKTOPBI C OO6BABJIEHBI B ONPEAE/IEHHAX TUIIOB
JIutepasibt lit == il|d HesamakoBaHHbBIE LieJIbe
WM [efiCTBUTEsIbHEIE YUCIa
ATomBI a,v = lit|x AprymeHTH QYHKIMI aTOMapHBI
ApHocTs QpyHKINU k == e ApHOCTD HeusBecTHa
| n ApHOCTb U3BecTHa 1, > 1
BbipaxeHus e = a AToMm
| ffai...a, Bri3oB dyskuyuu (n > 1)
| @ai...an BEI30B IpUMUTHBHOM GyHKumu (n > 1)
| let x =0bj ine BeiziesieHrie HOBOro 0GbeKTa 0bj B Kyue
|  case e of {alty;...;alt,} IlpuBenenue Brpaxenus e k C3H®D
AJbTepHaTUBEI alt = Cuxy...2p — e Comnocrasnienne ¢ o6pasuom (n > 1)
| z—e AJTbTepHaTHBA 110 YMOJTIAHUIO
OGBEKTH B Kyde obj u= FUN(xy...z, —e€) ®yHKIMsA apHOCTH 1 > 1
| PAP(fay...an) YaCTUYHOE NPUMEHEHNE [ MOXET
ykasbiBaTh TOJIbKO Ha F'U N
| CON(Cay...an) ToJsiHOe mpuMeHeHue KoHCeTpyKTopa (n > 0)
| THUNKe OTJI0%€EHHOE BBIYKIC/IEHIIE
| BLACKHOLE Hcrnosip3yeTest TOJIBKO BO BpeMs

BBITIOJTHEHUS TPOTPAMMBI
[Tporpamma prog = fi=obj1;...; fn=0bjp

Puc. 10.2: Cunrakcuc STG

ITo cunTakcucy STG MOXHO MOHATH, KaKye BeipakeHus sizbika Haskell ABA0OTCA cCMHTaKcHMYecKUM caxapom. M
npocTo HeT MecTta B s3bike STG. HanpumMep, He BUAMM MBI conlocTaBsieHNs ¢ 06pa3ioM. OHO Kak U if-BblpakeHUs
repenvchiBaeTcs yepe3 case-BbipaxeHus. Vcuesnu where-BeipaxeHusa. KOHCTPYKTOPbI MOTYT NPUMEHATHCA TOJIb-
KO IOJIHOCTBIO, TO €CTh [ IPUMeHEHUA KOHCTPYKTOpa Mbl OJDKHEI IlepefaTh eMy Bce apryMmeHThl. B STG let-
BBIPQXXEHU pa3fesiAloT Ha He pekypcuBHBle (let) u pekypcusHbe (letrec). Pa3gesieHre IpoBOOUTCA B LeJIAX OI-
TUMM3ALMN, MBI e OyZleM CUMTaTh, 4TO 3TU CJIyyau ONKUCHIBAIOTCA OJJHOM KOHCTPYKIMeH.

Ha 4To cTouT 06paTUTh BHUMAaHUE? 3aMeTUM, YTO QYHKI[MU MOTYT MPUHUMATD TOJIBKO aTOMapHble 3HAYEHUS
(160 MPUMUTHBHBIE 3HAYEHMS, JIMGO MeEpeMeHHbIe). B TaHHOM cJiyyae epeMeHHbIe YKa3biBalOT Ha OObEKTHI B KyYe.
Tak ecsin B Haskell MbI miumem:

foldr f (g x y) (h x)

B STG 3T0 BhIpaXXeHue NpuMeT BUA:
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let gxy = THUNK (g x y)
hx THUNK (h x)
in foldr f gxy hx

Y pyHkuuii nosBuInch crereHu. Uto 3T10o? CTerneHU yKa3bplBalOT Ha apHOCTh QYHKI[UM, TO €CTh Ha KOJINUYECTBO
MpUHHUMAaeMBbIX apryMeHToB. KojinuecTBO NpUHUMaeMBIX apIyMEHTOB Olipe/iesifeTcs 1o JieBor yactu ¢pyHknuu. [o-
ckosbky B Haskell pyHKI[My MoryT Bo3BpaiaTh Apyrue pyHKIHUNU, OYeHb YaCTO Mbl HE MOXeM 3HaTh apHOCTh, TOT1a
MBI TIMIIEM ®.

OTMeTHM JiBa BaXXHBIX IpUHIMIA BbuKcieHusa Ha STG:

» HoBble 00BbEKTHI CO3/1AI0TCA B Kyue moJbko B let-BeIpaxeHuAX
* Bripaxxenue npusoautrcs kK C3H® mosbko B case-BhIpaXeHUAX

Beipaxenue let a = obj in e o3Havaer n06aBb B Kydy OOBEKT Obj IOJ MMEHEeM a U 3aTeM BBIUWCIIU €.
BripaxxeHue case e of {altl;...;alt2} o3Hauaer y3Hall KOHCTPYKTOp B KOpPHe € U IPOJOJIKU BBHIUKCJIEHUA B
COOTBETCTBYIOILIel ajbTepHaTuBe. OOpaTuTe BHUMaHUE Ha TO, YTO COMOCTaBJIEHUA ¢ 00paslOM B aJibTepHaTHUBax
UMeeT TOJIBKO OJUH YPOBeHb BJIOXKeHHOCTU. Takke apryMeHT case-BhIpakeHUs B OTJINUMe OT QYHKIMU He 00s3aH
OBITH aTOMapPHBIM.

Jna TpeHnpoBKu nepenumeM Ha STG nmpuMep 13 pasfesa Ipo JI€HUBbIE BIYUCIEHHUA.

data Nat = Zero | Succ Nat

zero = Zero

one = Succ zero

two = Succ one

foldNat :: a -> (a -> a) -> Nat -> a

foldNat z s Zero
foldNat z s (Succ n)

z
s (foldNat z s n)

add a = foldNat a Succ
mul a = foldNat one (add a)

exp = (\x -> add (add x x) x) (add Zero two)
Teneps B STG:

data Nat = Zero | Succ Nat

zero = CON(Zero)
one = CON(Succ zero)
two = CON(Succ one)

foldNat = FUN( z s arg ->
case arg of
Zero -> z
Succ n -> let next = THUNK (foldNat z s n)
in s next

add = FUN( a ->
let succ = FUN( x ->
let r = CON(Succ Xx)
in r)
in foldNat a succ

mul = FUN( a ->
let succ = THUNK (add a)
in foldNat one succ

exp = THUNK (
let f = FUN( x -> let axx = THUNK (add x x)
in add axx x)
THUNK (add Zero two)

in f a
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[TporpaMma COCTOUT U3 CBA30K BUJA MM = 00bekTKyuun. DTU CBA3KU HA3BIBAIOT I'JI00AJIBHBIMY, OHU CTAHOBSTCSA
cTaTuyeckKuMU 06beKTaMM Ky4dH, OCTaJIbHble 0O beKTHl BBIEJIAI0TCA AUHaMUYecku B let-BoipakeHUAX. I'106asIbHbIN
o6bekT Tuma THUNK Ha3BIBaIOT MOCTOSTHHON aNIIMKaTUBHOU GopMoii (constant applicative form nam coxpaiiéHHo
CAF).

10.3 Beruucijienue STG

UTaK y Hac ecTh yNpOUIEHHBIN QYHKIMOHAIBHBIH A3BIK. Kak MBI OyZieM BBHIYMCIIATH BeIpaxxeHusA? [IpucyTcrBue
YaCTUYHOTO NPUMEHEHUs YCJIOXKHAET 3TOT npouecc. [ MHOrMX GyHKINIT MBI He 3HaeM 3apaHee UX apHOCTb. Tak
HanpuMep B BBIPDQXXEHUHU

fxy

OyHknuA f MoXeT UMeTh OAWH apryMeHT B OollpejieJIeHNH, HO BepHyTh GyHKLMI0. ECTh ABa criocoba BEIYKCIEHNA
Takux QyHKIIN:

+ acmagka-6x00 (push-enter). Korma Ms! BUnM npuMeHeHe GyHKINY, Mbl CHAYaJIa 8CMag/iieM Bce apryMeHTHI
B CTeK, 3aTeM coBeplIaeM 6x00 B Teslo GyHKIuU. B nponecce Bxoga Mbl BeruKcisseM QyHKIuIO f 1 y3HaéM dnc-
JIO apryMeHTOB, KOTOpOe el HyXHO, I10CJIe 3TOr0 MBI M3BJIeKaeM U3 cTeka HeoOXOAUMOoe YHCII0 apIyMeHTOB, U
IIpUMeHAeM K HUM QYHKIIIIO, eCJIM MBI CHOBa IojIy4aeM (GyHKINIO, TOTJa MBI OIIATh JoOupaeM HeoGXoAnMoOe
YHCJIO apryMEHTOB U3 CTeKa. M Tak IoKa apryMeHTHl B CTeKe He KOHYATCSA.

* aviuucieHue-npumererue (eval-apply). Bmecte ¢ ¢dyHKUpell Mbl XpaHUM HHGOPMAIUIO O TOM, CKOJIBKO apry-
MEHTOB el HyxHo. Ecyin 370 cTaThyecku onpefiesiéHHas GyHKIuA (onpeiesieHre BBINCAHO [10JIb30BaTesIeM),
TO YHCJIO aPTYMEHTOB MBI MOXXEM IOHATH 110 JIEBOH YaCTHU ONpeneseHusa. B 3Toil cTpaTeruy, ecjid Yucjo ap-
I'YMEHTOB M3BECTHO, MBI CPa3y Gbluuc/IAemM 3HAYEHUE C HYXXHBIM YHCJIOM apryMeHTOB, COXPAaHUB OCTaBIINeCs
B CTeKe, a 3aTeM H3BJIeKaeM apryMeHTHl U3 CTeKa U NnpuMeHsAeM K HUM BBIYMCJIEHHOE 3HaYeHue.

Bosspainasce Kk MCXOOHOMY IIpUMepy, IPeANoJIOKUM, YTO apHOCTh GyHKIMK f paBHa equHule. Torga crpare-
r'usA BCTaBKa-BXOJl CHavaJsla fo0aBUT Ha CTeK X U Y, a 3aTeM OyjaeT AobupaTh U3 cTeka HeoOXOANMBIe apryMeHTHL.
CTpaTerus BeIYMCJIeHUe-TIpUMeHeHNe cHavasla BBIYMCIUT (f X), coXxpaHUB y Ha CTeKe, 3aTeM ITONpobyeT npuMe-
HUTbD pe3yJibTaT K y. IlodemMy Mbl roBOpUM IonpobyeT? MoxXeT Tak CIIyYUThCA, YTO apHOCTh 3HaYeHus f X okaxeTrcs
PaBHBIM TPEM, HO NOKA y HAC eCTh JIMIIb OAWH apryMeHT, TOTAa MBI cO3AaAuM 0O0BbeKT PAP, KOTOPHI COOTBETCTBYET
YaCTUYHOMY NPUMEHEHHUIO.

OTH cTpaTerny NpMMeHUMBI KaK K JIEHHUBBIM, TaK Y K SHEPIMYHbIM A3bIKaM. MICTOpHYeCcKy CJI0KUII0Ch, YTO JIEHU-
BbIe A3BIKM TATOTEIOT K [IePBOI cTpaTeruy, a 3HepruyHele Ko BTopoii. Jlo HegaBHero BpeMenu u B GHC npumeHsiiach
nepBas crpaterus. [Toka oanaxael paspabotunkyu GHC Bcé xe He pellInsid CPaBHUTH [iBe CTpaTeruu. PeannsoBas
obe cTpaTeruy, 1 IpoBepyB UX Ha OOJIBIIOM KOJINYECTBE Pa3HBIX IO CJIOKHOCTH NPOrpaMM, OHM NPUIILIU K BEIBOAY,
YTO HU OJ{HA U3 CTpaTeruii He AA€T CyLIeCTBEHHOIO NpeuMyIiecTBa Ha dTane BbiuncieHui. [TorpebeHue pecyp-
COB OKa3aJIoch NpUMepHO paBHbIM. Ho BTOpas cTpaTerus 3aMeTHO BHIUIPHIBajIa B IPOCTOTe peasusanuu. [Togpoob-
Hee 00 3TOM MOXHO MOYUTATh B cTaThe Simon Marlow, Simon Peyton Jones: Making a Fast Curry: Push/Enter vs.
Eval/Apply. Onucanue monenu BeruuciieHuin GHC, KoTopoe BH cefiyac yuTaeTe KONUPYeT ONMCAHKe IPUBEIEHHOE
B OTOH CTaThbe.

Kyua

OOBeKTH Ky4H IIPUHATO Ha3bBaTh 3ambikaHuamu (closure). X Ha3bIBalOT TaK, IOTOMY YTO OOBIYHO JJIA BBIYHC-
JIeHUs BBIpDaXeHHUA HaM He IOCTaTOYHO 3HATh €ro TeKCT, HallpuMep IOCMOTPUM Ha (PyHKIHIO:

mul = FUN( a ->
let succ = THUNK (add a)
in foldNat one succ

s Toro, yTo6s! Beruncsintb THUNK (add a) Ham HeoOXOAMMO 3HATh 3HAYEHHE a, 3TO 3HaYeHHe ONpefiesIeHo B Te-
Js1e dyHkimu. OHo onpefiesisieTcs U3 KOHTeKCTa. I10 OTHOIIeH!UI0 K 00beKTy TaKylo IepeMeHHYI0 Ha3bIBaIT c80000HO
(free). B xyue MbI OyjeM XpaHUTh He TOJIBKO BbipaxkeHre (add a), HO U CCBUIKU Ha Bce CBOOO/IHBIE IEpEMEHHBIE, KO-
TOPBIE YYACTBYIOT B BRIpAXXEHUHN 00beKTa. DTU CCBUIKY Ha3bIBalOT 0ogecok (payload). OGbeKT Kyuu COAEPXKUT CCHUIKY
Ha crenuajabHylo Tabauily U JoBecok. B Tabsmile HaxoOATcs uHpopmanusa o Ture o0beKTa U KoL, KOTOPHIN HeoO-
XOJMO BBIYMCJIATH, a TaKxke Apyras ciayxeOHasa nHopManus. IIpu BeUMCIeHUN 00beKTa MBI 3aMeHAeM CCBUIKU
HACTOAMMMHY 3HAYeHUAMH WJIN CCBUIKAMU Ha KOHCTPYKTOPBHL.

OOBEKT Ky4u MOXeT OBbIThb:
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* FUN - onpenesnienreM QpyHKLIUM;

e PAP — 4yaCcTUYHBIM NIPHMEHEHHEM;

* CON — mOJIHOCTBIO IPUMEHEHHBIM KOHCTPYKTOPOM;
* THUNK — OTJIOXKE€HHBIM BBIUMCJIEHUEM;

* BLACKHOLE — 3TO 3Ha4yeHUe UCIOJIb3yeTcsA BO BpeMs BhiuncaeHua THUNK. DTOT TproK IpeJoTBpaliaeT nossie-
HUE yTeueK MaMATH.

Msr 6yzeM cuuTaTh, YTO Kyda — 3TO TabJIMIa, KOTOpas CTAaBUT B COOTBETCTBHE ajipecaM OOBEKTH MJIU BBIYKC-
JIEHHbIE 3HAYEHUA.

Crek

CTeK CJIyXUT AJ1A GBICTPOro IepeKJIioueHrs KoHTeKeTa. Mbl 6y1eM I0JIb30BaThCsA CTEKOM P BEIYHCJIEHUH case-
BbipaxkeHUH 1 THUNK-06beKTOB. [Ipy BEIYMCIIEHUH Case-BhIPaXXeHUs MBI COXPaHAEM B CTeKe aJbTepHATHUBBI U MECTO
BO3BpaTa 3HaYeHUs, a caMy HayMHaeM BBIYMCJIATh apryMeHT case-BhIpakeHHA. IIpu BbrumcsieHnn THUNK-oObekTa
MBI 3alIOMHUM B CTeKe, afipec ¢ KOTOPHIM He00XOAUMO CBA3aTh MOJIy4eHHOe 3HaueHue.

[pu BEIYMCJIEHNUU B CTPAaTeruu BCTaBKa-BX0J Mbl OyJieM COXpaHATh B cTeKe apryMeHThl QyHKIMHU. A IIpY BBIYHC-
JIEHUM B CTpaTeruyl BHIYMCJIEHHE-IPUMEHEHNE MBI TakkKe OyJeM COXpaHATh apryMeHTH QyHKIuHU B cTeke. Kakas
pasHHIAa MeXAy STUMU BapuaHTaMu? B mepBoi cTpaTernu Mbl MOXEM JOCTaBaTh U3 CTEKa IPOM3BOJIBHOE YKCJIO
aprymMeHTOB, IIOCJIe ONpeJesieHHuA apHOCTU GYHKIUY MBI AOOMpPaeM CTOJIBKO, CKOJIBKO HaM HYXXHO, ITO3TOMY MBI
OyaeM XpaHWUTb apryMeHTHI I10 OHOMY. Bo BTOpOI1 e cTpaTeruy Ham Hy>KHO IIPOCTO COXPaHUTDH BCe OCTaBIIHeCH
aprymeHTB. MBI coxpaHseM U HU3BJeKaeM UX Bce cpasy. Yrpoluasa, 00beKThl cTeKa MOXXHO IIPe/ICTaBUTh TaK:

k = case e of {alty;...alt,} KOHTEKCT case-BbIpaXeHNU
| Upd t e OGHOBUTH OTJIOXKEHHOE BBHIYMCJIEHHE
| (eay...an) [IpuMeHUTh GYHKIUIO K apTyMEeHTaM, TOJIbKO JJiA
CTpaTerny BBIYMCIIEHNE-IPUMEHEHNE
|  Arga ApryMeHT Ha [IOTOM, TOJIBKO JJIs

CTpaTernu BCTaBKa-BX0o4

IIpaBuia o6mue qiia o6eux cTpaTeruil BBIYUCIICHUS

CocTosiHYe BBIYMCIIATENISI COCTOUT U3 TPEX yacTell. DTO BhIpaxkeHue AJiA BHIYKMCIIEHUS €, CTeK S U Kyda H. Mot
pPaccMOTpUM IIpaBUJIa [0 KOTOPHIM BBIYMC/IUTEND IEPEXOIUT U3 OJHOTO COCTOSHUA B Apyroe. Bce oHM UMeIOT BUA:

er; s1; Hi = es so; Ho

JleBas yacCTh IepeXOAUT B IIPABYI0, IPY YCJIOBUU, YTO JIeBas 4acTb MMeEET Olpe/iesIEHHbIN BUA. HauHéM c mpaBu,
KOTOpble OIMHAKOBHI U B TOW U B APYroil CTpPaTeruy BBIYMCJIEHUA. J[JIA IPOCTOTH IIOKAa MBI OyZieM Iojararb, 9To
00BEKTHl TOJIBKO J00aB/IAIOTCA B Kydy M HUKOrAa He ctupawnTcia. Mbel OyaeM o0o3HauyaTh Ao0aBjieHHe B CTEK Kak
nobasJieHe dJIeEMeHTa B OOBIYHBIN CIIMCOK: elem : S.

PaccMOTPHM TIPaBUJIO [IA Let-BhIpaxeHHUi:
let x = obj ine; s; H = e[2'/x]; s; H[z' — obj], 2’'-mnosoe umsa

B sTOM npaBuiie MbI JOGABJIsIEM B Ky4y HOBBIA 00BEKT obj moj vMmeHeM (unu mo afpecy) z’. 3anuch e[z’ /x]
O3HAYaeT 3aMeHy I Ha X’ B BHIPAXKEHUN c.

Tenepsb pa3bepémcs ¢ IpaBUJIaMU [JIsI Case-BhIpaKeHUH.

casevof {...;Cx1...2p > e;5...}; = ela/x1...an/zn]; s H
s; H[v— CON(C ay...ay)]

casevof{...;0—e}; s H = e[v/z]; s H
Ecy v — nurepan win H [v] - sHauenwe,
KOTOPOE He NOAXOANT HU 110 OAHON U3 aJIbTEPHATHB

caseeof {...}; s; H = e; caseeof {...} :s; H

v; case @ of {...} :s; H = casevof{...}; s H
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BhIyricsieHMs HaUMHAIOTCA € TPEThero MpaBujia, B KOTOPOM HaM BCTpedaeTcs case-BbhIpaXXeHUs C IPOU3BOJIbHBIM
e. B 3TOM mpaBuiie MBI COXpaHseM B CTeKe aJIbTepHATHBHI M a/ipec BO3BPAIlaeMOro 3HaYeHUA U MPOJOJIKAEM BhI-
4ucJieHre BbipaxeHus e. [Tocsie BRIUMCIIEHUA MBI IepeiiiéM K YeTBEPTOMY IPAaBHJLy, TOTAA MBI CHUMEM CO CTeKa
nHGOpMaLMI0 HEOOXOJUMYIO [JIA [IPOJOJDKEHN BBIUMCIIEHUA Ccase-BbIpaXeHusA. DTO IPUBENET HAC K OJHOMY U3
[IePBHIX BYX NPaBwi. B nepBoM npasusie 3HaYeHNe apryMeHTa COIePXXUT KOHCTPYKTOP, MOAXOJAIINI 10 OAHON 13
aJIbTepHaTUB, a BO BTOPOM MBI BbIOMpaeM ajibTepPHaTUBY [0 YMOJIYAHUIO.

Teneppb nocMoTpuM Kak BerYncIIA0OTCA THUNK-0OBEKTEL

x; s Hlx—THUNK e = e Updzxze:s; Hlx— BLACKHOLE)

y; Upd x @ : s; H = y; 83 Hlz — H[y]]
ecn H [y] sBisietes 3HaueHreM

Eciv mepeMeHHasi yKasblBaeT Ha OTJIOKEHHOE BHIUMCIIEHWE €, Mbl COXPAaHAEM B CTEKE aflpec Mo KOTOPOMY
Heo6X0ZIMMO OOHOBUThH 3HAYEHWE W BHIUMCJIAEM 3HAYEHHe €. B 3TO BpeMs MBI 3amuchiBaeM B MO afpecy T 00b-
ext BLACKHQOLE. Y Hac HeT Takoro npaBujia, KOTOPOe pearripyer Ha JIEBYI0 YacThb, €CJIM B HEN COMEPXKUTCS
oobext BLACK HOLE. Tloatomy Bo Bpems Boruncyiennss 1 HU N K Hu ofHo U3 npaBuji cpaboTaTh HE MOXET.
DTOT TPIOK HEOOXOAUM [ijIA N30eXKaHUA yTeueK NaMATH. Kak TOJIbKO BbIpaXHeHMe GyIeT BEIYMCIIEHO Mbl U3BJIEUEM
U3 CTeKa ajjpec & ¥ OOHOBUM 3HaUEHUE.

HpaBI/IJ'Ia NpUMEHEHUA Cl)yHKI.II/II;I, €CJIM apHOCTh CoBIIaAaeT C YMCJIOM apryMeHTOB B TEKCTE€ BbIPpA’)XCHUA:

ffai...an; s Hly— FUN(zi...x, — €)] = elar/x1...an/xn);s; H

®ay...an; s; H = a; s; H
a — pe3yJsibTat BeraucieHus (B aj . .. ay)

MEI IpoCTO 3aMeHseM BCe BXOXJE€HHsA apryMeHTOB Ha 3HaueHusA. BTopoe mpaBUJIO BBHIOJIHAET IPHUMeHeHHe
MIPUMUTHUBHON QYHKIINHU K 3HAaYeHUAM.

l'IpaBmIa AJIs1 CTPpATEeruyv BCTaBKa-BXOq

ffai...am; s H = f; Argay:...: Arga, - s; H

f; Argay:..: Argay, : s; H[f 5> FUN(zy...x, — ¢€)]
= elar/x1...an/xn); s; H

f; Argay:..: Argam :s; H[f > FUN(xy...2, —€)]
= p; s Hp— PAP(fai...an))
npu m > 1; m < n; BEepXHUIl 2JIEMEHT §
He ABJsAeTCs Arg; p — HOBHIM azpec

f; Argapyr :s; H[f - PAP(gaj...ay)]
= g, Argaj:..: Argan, : Argapnyr @ s; H

[TepBoe mpaBWUJIO BBHIOJIHAET 3Tal “BcTaBKa”. Ecymm MBI BUAUM npuMeHeHVe QYHKIMY, Mbl IIEPBBIM JEJIOM CO-
XpaHseM BCe apryMeHTH B cTeKe. Bo BTOpoM IpaBuJjie MbI BRIYUCIININ 3HaueHue f, OHO okazayiock GyHKIUEH C
apHocTbi0 1. Torma Mel JoOMpaeM U3 cTeKa N apryMEeHTOB U IOACTABJIIEM MX B MpaBylo YacTh GyHKIuU e. Ecin
B CTeKe OKa3aJIOCh CJIUIIKOM MaJio apryMeHTOB, TO MBI IIepeXOANM K TPETheMY IPaBUJTy U COCTAaBJIAEM YaCTHYHOE
mpuMeHeHue. ITociielHee MPAaBUIJIO TOBOPUT O TOM Kak paciindpoBHBaeTCsA YaCTUYHOE IpuMeHeHre. MBI BCTaBJsieM
B CTEK BCe apryMeHTH U HaYMHaeM BbluuciieHue GyHkuuu g us tena PAP.
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l'[paBmIa AJIA CTpAaTEeruv BbIYUCJICHUE-IIDUMEHEHHNE

feai...an; s; H[f - FUN(z1...x, — ¢€)]
= elar/x1...an/xy); sy H

ffai...an; s; H[f - FUN(zy...2, — ¢)]
= elar/x1...an/xn); (®@ani1...am) @ 55 H
opum > n

= p; s Hp— PAP(fai...an))
npu m < M, p — HOBHIH azpec

feai...am; s; H[f > THUNK ¢
= f; (eai...am) :s; H

fFans1...am; s, H[f = PAP(gay...a,)]
= g*ay...anGpy1.--Gn; S5 H

f; (eai...an) : s; H = feay...an; s; H
H|[f] sensercs FUN nnmn PAP

Pas6epémcs ¢ TepBRIMM BYMs IpaBUIaMU. B mepBOM IpaBuJie cTaTU4ecKash apHOCTh f HenM3BecTHa, HO 3Ha-
yeHue f yXe BBIYMCJIEHO, M1 MBI MOXEM Y3HaTh apHOCTH Mo 06bekTy F'U N, manee BO3MOXHBI TpU cJiydast. Unciio
apryMeHTOB MepeJaHHbBIX B QYHKIUIO coBMagaer ¢ apHoctsio F'U N, Toraga Mbl MpUMeHsieM apryMeHThI K paBoi
yact F'UN. Ecyiv B QyHKIMIO IepejaHo 60JIbliIe apryMeHTOB YeM HYXKHO, Mbl COXpaHAEM JIMIIHUE Ha cTeke. Ecm
e apryMEeHTOB MeHbIIIe, TO MbI co3/jaéM 06bekT P A P. TpeTbe mpaBuio TOBOPUT O TOM, YTO HaM JIeJIaTh, €CJIM 3Ha-
yenue [ emé He BoruricaeHo. OHo ssisiercst T HU N K. Toraa Mbl COXpaHHUM apryMeHTHI HA CTEKe U BBIYMCJIUM €ro.
B ciiefiyiolieM IpaBuiie Mbl PACKPBIBAEM YaCTUYHOE IIpUMeHeHKe. Mbl IPOCTO OpPraHn3yeM BhI30B (GYHKIUHU CO BCe-
MU aprymeHTamu (4 cO CTeKa U U3 YaCTUYHOro npuMeHeHus). [lociieiHee NpaBuiio cpaGaThBAET HOCJIE TPETHETO.
Korga met Beraucium T HU N K w yeugum tam FUN win PAP. Toraa Msl cOCTaBJisieM pUMeHeHre GyHKINU.

CJIOKHOCTB ITPUMEHEHH CTPAaTEerny BCTaBKa-BXOJ CBA3aHA C [IJIOXO NpecKa3yeMbIM U3MeHeHneM cTeka. Eciiu B
CTpaTeruy BhIYKCJIEHUe-BhIIIOJIHEHNE MBI OOABJIAEM U CHUMAEM BCE apI'yMEHTHI, TO B CTPATervy BCTABKAa-BXO/]| MbI
06aBJiAeM KX II0 OAHOMY U HEM3BECTHO CKOJIBKO CHUMEM B CJIeAYIOmUi pa3. Kpome TOro crparerus BhYMC/IEHHE-
NpUMEHEHHE MO3BOJIAET IPOBOJUTh ONTUMM3ALUIO IEPEMEIEHNS apT'YMEHTOB. BMECTO cTeKa Mbl MOKEM XPaHUTh
apryMeHTHl B perrcTpax. Torga ckopocTh 00paleHns K apryMeHTaM Pe3Ko BO3PacTET.

10.4 VYupasiseHue namaTbo. COOpIIUK Mycopa

B npomwioM pasfesie 1A NPOCTOTH Mbl CYUTAJIN, YTO OOBEKTHI TOJIbKO A00aBIIAI0TCA B Kydy. Ha camoMm fiesie aTo
He Tak. JlonycTuUM BO BpeMs BbluMciieHUA GYHKINM HaM HYXHO ObLIO BHIYMCJIUTh KaKHe-TO IPOMeXYTOUHbIe [JaH-
Hble, HallpuMep 0ObsIBJIeHHbIE B JIOKAJIbHBIX llepeMeHHBIX, TOr[a IIocJie BEIUKC/IeHNsA pe3yJibTaTa Bce 3TH 3HaYeHUs
6oJIbIIEe He HYXHBL. IIpM 5TOM B Ky4Ye BUCUT MHOTO-MHOT'0 OO BEKTOB, KOTOPHIE YK€ He HyXHbL. HaM Hy>XHO KakK-To OT
HUX n3baBuTCA. JDTON 3ajauell 3aHUMAETCA OTHeJIbHBIN OJIOK BBIYMCIIUTENISA, KOTOPHIN Ha3bIBAETCsA COOPLYUKOM MY-
copa (garbage collector), COOTBETCTBEHHO NPOIIECC ABTOMATUYECKOTO OCBOOOXKIEHNUA NaMATH Ha3bIBaeTCs COOPKOI
Mycopa (garbage collection mu GC).

Ha pannsiii MomeHT B GHC ucnosp3yeTcs KONUPYIOLMIUI IOCIeA0BaTeJIbHBIN COOPIIMK Mycopa, KOTOPbIH pabo-
Taet o asiroputMy Yeiinu (Cheney). Jlyia Hayasa pacCMOTPHUM IPOCTOH ajJIrOPUTM cOOPKH Mycopa. MsI BeliessieM
HeOO0JIBIION 00BEM NaMATH 1 HauMHAEeM HAaIlOJIHATH ero o0bekTaMu. Kak TOJIbKO MEeCTO KOHYMTCS MBI HalEM Bce
”uBble” 06BEKTHl, a OCTAJIbHOE MPOCTPAHCTBO MaMATH OyIeM cuuTaTh cBOOOJHBIM. Kak TOJIBKO IOcje ouepeJHON
OUYMCTKM 0Ka3aJIoCh, UTO HaM BCE Xe He xBaTaeT MecTa. Mbl HaiiléM Bce K1Bble OOBEKTHI, TOACUYNTAEM CKOJIBKO Me-
CTa OHU 3aHUMAIOT U 3alIPOCHUM Y CUCTeMBI 3TOT 06bEM namATHU. CKONMPYyeM Bce XUBble 0O0beKThl Ha HOBOE MeCTO, a
cTapy naMaATh OyfeM cuuTaTh cBOOOAHON. Tak HampuMep, ecjiu y Hac 66110 BeifesieHo 30 MO mamATH U oKa3asioch,
YTO XUBBIE 00BEKTH 3aHUMAIOT 10 M6, mbl BeigesinM emé 10 M6, ckonupyeM Tyaa Bce XKUBBbIE OOBEKTHI M OOIUIT
00b€M nmamATU cTaHeT paBHBIM 40 MO.

MBI MOXeM ONTUMU3UPOBATh cOOPKYy Mycopa. EcTh Takas rumoresa, 4To 60JIBIIMHCTBO OOBEKTOB UMEIOT OUeHb
KOPOTKYIO XH3Hb. DTO IPOMEXYTOYHBIE JaHHHBIE, JIOKAJIbHbIE [TepeMeHHble. HaM Hy’XeH JIMIIb pe3yJibTaT QyHKINY,
HO Ha NOAXO/Jie K Pe3yJIbTaTy Mbl CreHeprpyeM MHOro pa3oBoi MHGOpManuy. YCKOPUTh OYMCTKY MOXHO Tak. Mbl
BBIIEJTIM COBCEM HeGOJIBIION Y4acTOK NaMATH BHYTPH Halllel Ky4u, ero NpUHATO Ha3bIBaTh sAcramu (nursery area),
u 6yieM BBIAEJIATh U COOMPATh HOBble OOBEKTHI TOJIBKO B HEM, KaK TOJIBKO 9TOT yYaCTOK 3allOJIHUTCA MbI CKOIUPyeM
BCe XIUBble 00bEeKTHI 13 sIcJIel B OCTaJIbHYIO0 TAMATh U CHOBA OyieM HamoJIHATH AcjIu. Kak ToJIbKO BCA NaMATh 3aKOH-
YUTCA MBI IOCTYIIMM TaK JKe KaK U B NpeApAyIeM crieHapud. Korfa 3akaHYMBaeTcs MeCTO B SICJIAX, MBI IPOBOJAUM
[IOBEPXHOCTHY0 O4HCTKY (minor GC), a Korja 3akaHuYMBaeTCA BCA IaMATh B TEKYIIEH Kyde, Mbl IPOBOMM I'JTyOOKYI0
ounctKy (major GC). JTa cxema COOTBETCTBYeT cOOpKe ¢ JByMs IIOKOJIEHUSIMIL.
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10.5 CraTrucTuKa BBIIIOJIHEHUS IIPOrPaMMBI

I[ponecc ynpasjieHNUA NaMATHIO CKPHIT OT IporpaMmiricTta. Ho npu sTom B GHC ecTh pa3BuThie CpeJICTBA KOCBEH-
HOH arHoCTUKYU paboTsl IporpaMMsl. IIoka Mbl MOJIb30BaJIMCh CAMBIM IIPOCTBIM CIIOCOOOM IPOBEpKU. MBI BKJIIO-
yasnu ¢Jiar s B uHTepnperarope. [Ipuiio BpemMsA NO3HAKOMUTLCA U € APYTUMU.

CraTuCcTHKa BBHIYHCJIUTEA

Jl1A Havyasia Hay4rMCcsl CMOTPeTh CTaTUCTUKY PabOTHl BRIYMCIUTENIA. [IoCMOTpeTh CTaTUCTUKY MOXKHO € IIOMO-
ko duiaros s[file] u S[file]. Otu daru npegHa3HAYEHH AJ1 BRIYUCIIUTENIA HU3KOr0 YpoBHA (realtime system

nnu RTS, nanee mpocTo BHUMCINUTENb), OHU 3aKJII0YAIOTCA B OKpykeHUe +RTS ... -RTS, eciu ¢iaru uayT B KOH-
1le CTPOKM U CUYUTAETCsA, YTO Bce Mocseayomue ¢Jard npefHasHadyeHsl Jiig RTS MBI MoXkeM IPOCTO HanucaThb ghc
—make file.hs +RTS ... Hampumep CKOMIUJIMPYyeM TaKyl IIpOrpamMmy:

module Main where
main = print $ sum [1 .. 1e5]
Tenepp ckoMnuiInpyem:
$ ghc --make sum.hs -rtsopts -fforce-recomp

@uar rtsopts no3posseT nepefaBaTh CKOMIMIMPOBAHHON porpaMme (Jiarx AJis BBIYUCJIATEII HU3KOrO YPOB-
Hsl, flajiee JJIs KpaTKOCTH MBI Oy/leM Ha3plBaTh ero npocto BerancymresieM. C ¢uiarom fforce-recomp nporpamMmma
OyIeT Kax/blil pa3 3aHOBO IepecobupaThcsa. Termepp NOCMOTPUM Ha CTAaTUCTUKY BBIIOJIHEHUs mnporpammel (¢iar
s[file], B 3ToM mpuMepe MBI lepeHalpasjisieM BBHIXOA B IOTOK stderr):

$ ./sum +RTS -sstderr
5.00005e9
14,145,284 bytes allocated in the heap
11,110,432 bytes copied during GC
2,865,704 bytes maximum residency (3 sample(s))
460,248 bytes maximum slop
7 MB total memory in use (0 MB lost due to fragmentation)

Tot time (elapsed) Avg pause Max pause

Gen 0 21 colls, 0 par 0.00s 0.01s 0.0006s 0.0036s
Gen 1 3 colls, 0 par 0.01s 0.01s 0.0026s 0.0051s
INIT time 0.00s ( 0.00s elapsed)
MUT time 0.01s ( 0.01ls elapsed)
GC time 0.01s ( 0.02s elapsed)
EXIT time 0.00s ( 0.00s elapsed)
Total time 0.02s ( 0.03s elapsed)
%GC time 60.0% (69.5% elapsed)

Alloc rate 1,767,939,507 bytes per MUT second
Productivity 40.0% of total user, 26.0% of total elapsed

Brln pacnedaTaH pe3yJbTaT U OTYET 0 paboTe nporpaMmel. Pasbepémces ¢ nmokaszaTesisiMu:

bytes allocated in the heap -- uucno 6GaiiToB BbIAENEHHBIX B Ky4ye
-- 3a BCE BpeMs paboTbl NpPOrpamMMsl
bytes copied during GC -- YUCNIO CKOMWPOBAHHLIX HalToB
-- 3a BCE BpeMs paboTbl NPOrpamMMbl
bytes maximum residency -- B KakoM 06béme namaTu paboTtana nporpamma
-- B CcKObGKax yKasaHo 4ucno riyboKUX 04MCTOK
bytes maximum slop -- MaKCMMyM MnoTepb NaMsiTu MU3-3a dparMeHTauum
total memory in use -- CKONbKO BCero namsaTtu 6e1o 3anpoweHo y 0C

[TokasaTesib bytes maximum residency uaMepseTcs TOJIBKO IPU IJIyOOKOM OYMCTKe, TIOCKOJIbKY HOBas MaMATh
BbIJIeJIAeTCA UMEHHO B 3TOT MOMEHT. Pa3mep aMATHU BBIIGJIEHHOH B Kyde ropaszo 6oJiblie o61mero o6béma namaru.
Taxk NMpoucXoAuT MOTOMY, YTO 3TOT IIOKa3aTeJsb yKa3bBaeT Ha obllee YMCJIO IaMATU B Kyde 3a BCE BpeMs paboThI
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nporpaMmel. Beab MBI II€PEUCIOJIb3yeM He HYXXHYI0 HaM NaMATh. I1o 3TOMy IOKa3aTesl0 MOXHO CYJWUTh O TOM,
CKOJIBKO 3aMbIKaHMU! (06beKTOB) OBLJIO BHIJI€JIEHO B Kyue.

Crnepylomiye ABe CTPOYKU TOBOPAT 0 uncijie c6opok Mycopa. Mel BuanM, 4To GC BHITOJIHUI 21 MOBEPXHOCTHYIO
ounctky (moxosienue 0) u 3 riry6okux (moxkosieHue 1). Jasbplre uayT mokasaTean ckopocTd. INIT u EXIT — 3To
WHUIAIN3alya 1 3aBeplieHne nporpaMMsal. MUT — 5To nosie3Has Harpyska, BpeMs, KOTOpas Halla IporpamMma Tpa-
Tuia Ha n3MeHeHue (MUTation) 3HaueHuii. GC — Bpems c6opku Mycopa. JJanee GHC coo6mmuI HaM O TOM, 9TO MbI
nposesii 60% BpeMeHH B c60pke Mycopa. ITO 04eHb I1JI0X0. [IpoJyKTUBHOCTh IpOrpaMMBbl O4eHb HU3Kasd. 3aTpaTHa
riybokas cbopka Mycopa, IOBepXHOCTHas — 3TO JieJIo 06buHOoe. Ternepb NOCMOTPUM Ha IloKa3aTeJIk CTPOrol Bepcuu
9TOH IpPOrpaMMBI:

module Main where

import Data.List(foldl’)

sum’ foldl’ (+) O

main print $ sum’ [1 .. 1le5]

CKOMIIUJINpyeM:
$ ghc --make sumStrict.hs -rtsopts -fforce-recomp
[TocMOTpyUM Ha CTaTUCTUKY:

$ ./sumStrict +RTS -sstderr
5.00005e9
10,474,128 bytes allocated in the heap
24,324 bytes copied during GC
27,072 bytes maximum residency (1 sample(s))
27,388 bytes maximum slop
1 MB total memory in use (0 MB lost due to fragmentation)

Tot time (elapsed) Avg pause Max pause
Gen 0 19 colls, 0 par 0.00s 0.00s 0.0000s 0.0000s
Gen 1 1 colls, 0 par 0.00s 0.00s 0.0001s 0.0001s

INIT time 0.00s .00s elapsed)
MUT time 0.01s .01s elapsed)
GC time 0.00s .00s elapsed)

EXIT time 0.00s
Total time 0.01s

.00s elapsed)
.01s elapsed)

_—_ —_ -~
(ol ool o)

%GC time 0.0% (3.0% elapsed)
Alloc rate 1,309,266,000 bytes per MUT second
Productivity 100.0% of total user, 116.0% of total elapsed

Ms1 BUAMM, 4TO IIPOU3OIILIA JIUIIE OAHA IJIybokas coopka. M 3To cyliecTBeHHO cKa3ajoch Ha MPOAYKTUBHOCTHU.
Kpomke TOro Mel BUAUM, UTO IIporpaMma 3aHsasa jgumib 27 K6 namaTu, BMecTto 2 M6 kak B IIpOILIOM ciydae. Tenepb
AasaiiTe nokpyTuM pydkud y GC. B GHC MoxHO ycTaHaBIMBaTh pa3Hble IapaMeTphl COOPKU Mycopa C IOMOIIBI0
(¢aros. Bece ¢iaru MoxHO nmocMoTpeTh B AokyMeHTanuu GHC. Mbl oOpaTuM BHUMaHUeE Ha HECKOJIBKO (pjiaros.
@sar H Ha3HavYaeT MUHUMAaJIbHOE 3HaUYeHue U1 CTapTOBOro o0béma Kyuu. diar A HazHayaeT 00bEM NaMATU JIA
sAcyedt. [To ymosruanuio pa3mep siciielt paseH 512 K6 (sTa nudpa MoxeT U3MeHUThC). Fi3MeHeHNeM 3THX TapaMeTpoB
MBI MOXeM OTJaJINTh cOOpKy Mycopa. UeMm fosbiie paboTaeT nporpaMMa Mexay cO6opkamu, TeM BhIllle BEPOATHOCTh
TOTO, YTO MHOTHE OOBEKTHI y>Ke He HyXKHBI.

HaBaiite ybeuMca B TOM, 9TO ITOBEDXHOCTHEIE OYHCTKHU IPOUCXOAAT OYeHb OBICTPO M COBCEM He TOPMO3AT
nporpaMmy. YcTraHoBuM pasmep siciieir Ha 32 K6 Bmecto 512 K6 kak 1mo ymosgaHuio (pa3Mep MUIIETCA Cpasy 3a
dnarom, 3a udpoit uaét k mim m):

$ ./sumStrict +RTS -A32k -sstderr
Tot time (elapsed) Avg pause Max pause

Gen 0 318 colls, 0 par 0.00s 0.00s 0.0000s 0.0000s
Gen 1 1 colls, 0 par 0.00s 0.00s 0.0001s 0.0001s
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MUT time 0.01s ( 0.01s elapsed)
GC time 0.00s ( 0.00s elapsed)

%GC time 0.0% (11.8% elapsed)

Mbl BUJMM, YTO 3a CUET yMeHbIIeHUA NaMATU OYUCTKU CYIeCTBEHHO Y4acTUJIUCh, HO 9TO He cKa3asloch Ha 00-
meM pesysbraTe. C moMomibio ¢iara H[size] Mbl MOXeM yCTaHABJIMBATh PEKOMEHJyeMOe MUHUMAJIbHOE 3HaUeHe
JJ1s pazMepa Kyuu. OHO TOYHO He OyeT MeHbllle. BepHEMcA K IepBOMY BapUaHTy U BBIAEIUM aJIFOPUTMYy I1000JIblIe
namATy, HanpuMmep 20 M6:

./sum +RTS -Alm -H20m -sstderr
5.00005e9
14,145,284 bytes allocated in the heap
319,716 bytes copied during GC
324,136 bytes maximum residency (1 sample(s))
60,888 bytes maximum slop
22 MB total memory in use (1 MB lost due to fragmentation)

Tot time (elapsed) Avg pause Max pause
Gen 0 2 colls, 0 par 0.00s 0.00s 0.0001s 0.0001s
Gen 1 1 colls, 0 par 0.00s 0.00s 0.0007s 0.0007s

INIT time 0.00s .00s elapsed)
MUT time 0.02s .02s elapsed)
GC time 0.00s .00s elapsed)

EXIT time 0.00s
Total time 0.02s

.00s elapsed)
.02s elapsed)

_—_ —_ -~
o 0O © ©

%GC time 0.0% (4.4% elapsed)
Alloc rate 884,024,998 bytes per MUT second
Productivity 100.0% of total user, 78.6% of total elapsed

[Mpon3omniia JuImb 0fHA riTy6oKas ouncTKa (IOX0Xe, YTO 3Ta OYKCTKA COOTBETCTBYET HAYaIbHOMY BbIJI€JIEHUI0
[aMATH) U DPOAYKTUBHOCTh IPOTPaMMBbl CTayIa CTOHPOIeHTHOH. C nmoMompio ¢iara S BMECTO S MBI MOXeM IIO-
cMOTpeTh GoJiee eTasIbHyI0 KapTUHY yNpaBJieHUs NaMATH. ByAyT pacrneuyaTaHbl ToKasaTesIu MaMATHU [JIA Kaxaon
OUUCTKU.

./sum +RTS -Sfile

B ¢aiine file Mbl HalAEM Takyo TabauLy:

namsaThb Bpems
Bbile/IeHO0 CKOMUPOBAHO B XUBBIX GC Total Tun oYUCTKKU
Alloc Copied Live GC GC TOT TOT Page Flts
bytes bytes bytes user elap user elap

545028 150088 174632 0.00 0.00 0.00 0.00 0 0 (Gen: 1)
523264 298956 324136 0.00 0.00 0.00 0.00 0 0 (Gen: 0)

HTtak y Hac mosABWJICA OJUH CYIIeCTBEHHBIN IOKa3aTesb KayecTBa IIporpaMM. DTO KOJIMUECTBO IJIyOOKUX OYH-
CTOK. Bo Bpems rity00KOM OYMCTKY BBIYMCJIMTEIb IPOU3BOAUT [Be 3aTpaTHEIE Ollepaliil: CKaHUPOBaHNe BCell Ky4un
U 3aMpoC Yy CUCTEMBI BO3MOXHO 00JIbIIOro 6JI0Ka NaMATH. YeM MeHbIlle TAKAX OYMCTOK, TeM Jyuie. COKpaTUTh UX
YKCJIO MOXXHO y1auHOM KOMOMHalel rmokasateseil A u H. Ho He cTouT cpa3y HaulHaTh OOHOBJIATE IapaMeTphl 110
YMOJIYaHUIO, €CJIM Ballla porpaMma paboTaeT CJIMIIKOM MejjleHHo. Jlydile cHavaJjia nornpo6oBaTh U3MEHUTh aJl-
roputM. Haiitu @yHKIMI0, KOTOpasA CJIMIIKOM MHOIO JIEHUTCS U OrPaHUYUTh €€ ¢ MOMOILBI0O Seq MJIM SHePIUYHbIX
o6pa3s1oB. B aToMm npumepe y Hac 6bl1a Bcero ogHa GyHKIMs, TIO3TOMY IIOMCK He cocTaBuJil TpyAa. Ho uTo ecim ux
yXe oueHb MHOro? Ckopee Bcero tak u 6yzer. He crout ontuMusnposaTs He pabouyio nmporpaMmy. A B pabodeit
nporpaMme 066r9HO MHOTO GyHKIM. Ho 3TO He Tak cTpamiHo, IOMUMO CyMMapHBIX nokasaTesieii GHC mo3BoJisget
cobupaTh 60Jjiee KOHKPETHYIO0 CTaTUCTHUKY.

Crout oTMeTuTh QyHKIUI0 performGC u3 MoayJisa System.Mem, oHa GopcupyeT NOBEPXHOCTHYIO cOOPKY Mycopa.
JlomycTyM BBl UHCTaeTe Kakue-TO JaHHBle U3 ¢aiiyia U TyT e npeobpa3yeTe UX B CTPYKTypy AaHHBIX. [locjie Toro
KaK YTeHHe JaHHBIX 3aKOHYUTCS, BB 3HaeTe, 4TO IPOMeXyTOUHbIe JJaHHbIe CBA3aHble C YTEHHEM BaM yXKe He HyXXHBI.
BeinmosiHuB performGC BbI MOXeTe IoJicka3aTh 00 3TOM BBIYMCJIMTEJIIO.
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IIpodpunmposanmne GQyHKIMH
Bpems u o0yl 06b€M mamMATH

I[Tpouecc OTCIEXUBAHUA [TOKa3aTesIel MaMATh/CKOPOCTh Ha3bIBaeTCs Npo(UINpoBaHueM IIporpaMmsl. Beé Bpo-
ne 661 paboTaeT, HO paboTaeT CJIMIIKOM MeJJIEHHO, HeOOXOANUMO YCTaHOBUTH NPUYMHY. PacCMOTPUM TakKyw Mpo-
rpaMMmy:

module Main where

concatR = foldr (++) []
concatL = foldl (++) []

fun :: Double
fun = test concatL - test concatR
where test f = last $ f $ map return [1 .. le6]

main = print fun

V¥ Hac ecTb nojjo3peHue, YTO KaKasg-To U3 ABYX QYHKIUI concatX paboTaeT CIMIIKOM MejieHHO. MBI MoxeM
NIOCMOTPEeTh Kakasi, ecjii Jo0aBUM K HUM cllel{hajbHylo parmy SCC:

concatR {-# SCC "right” #-} foldr (++) []
concatL = {-# SCC "left” #-} foldl (++) []

HamomHIo, uTo nmparmMoii Ha3blBaeTcs cliel{iaIbHbIN GJI0YHBI KOMMEHTapUil ¢ peméTKoi. JTO clel{halbHoe COo-
obmeHne koMnuaATopy. [Iparmoii SCC MBI ycTaHaB/IMBaeM TaK Ha3blBaeMBIl IIeHTp 3arpart (cost center). OHa nu-
IeTcA cpa3y 3a 3HaKOM paBHO. B kaBBIUKax MUIIETCA UMsA, OJ KOTOPBIM CTaTUCUTHKA BOMJET B UTOTOBBIN OTYET.
[TocJie 3TOro BEIYMCIUTEIb Oy 1eT CJIeAUTh 32 Harpy3KOoH, KOTopas IPUXOAUTCA Ha 3Ty GyHKIuI0. Teneps HaM HyXXHO
CKOMIIMJIMPOBATh MOAYJIb ¢ dyiaroM prof, KOTOPHIN aKTUBHPYeT NOJCYET CTATUCTUKU B IIEHTpax 3aTpart:

$ ghc --make concat.hs -rtsopts -prof -fforce-recomp
$ ./concat +RTS -p

Bropoii KOMaH[I0i1 MBI 3amycKkaeM NporpaMMy U nepefaém BerauciauTeo ¢uar p. [Tocsie atoro 6yneT co3maH
¢daiin concat.prof. OTkpoem 3TOT daiir:

concat +RTS -p -RTS

total time 1.45 secs (1454 ticks @ 1000 us, 1 processor)
total alloc = 1,403,506,324 bytes (excludes profiling overheads)

COST CENTRE MODULE stime %alloc

left Main 99.8 99.8
individual inherited
COST CENTRE MODULE no. entries %time %alloc %time %alloc
MAIN MAIN 46 0 0.0 0.0 100.0 100.0
CAF GHC.Integer.Logarithms.Internals 91 0 0.0 0.0 0.0 0.0
CAF GHC.IO0.Encoding.Iconv 71 0 0.0 0.0 0.0 0.0
CAF GHC.IO0.Encoding 70 0 0.0 0.0 0.0 0.0
CAF GHC.IO.Handle.FD 57 0 0.0 0.0 0.0 0.0
CAF GHC.Conc.Signal 56 0 0.0 0.0 0.0 0.0
CAF Main 53 0 0.2 0.2 100.0 100.0
right Main 93 1 0.0 0.0 0.0 0.0
left Main 92 1 99.8 99.8 99.8 99.8

MBI BUAMM, YTO MOUYTH BCE BpeMs paboTHl IIporpaMmMa nposesa B GyHKnuuM concatl. dyHkIusa concatR 6bl1a
BBIUKICJIEHA MTHOBEHHO (time) 1 mouyTtu He nmoTpeboBasia pecycoB mamATH (alloc). Y HacC ecTh gBe Maphl KOJIOHOK pe-
3yabTaToB. individual yka3eiBaeT Ha BpeMs BeluMciieHns GQyHKIUY, a inherited — Ha Bpems BHIUKC/IeHNUA QyHKINN
U Bcex jouepHUX QyHKIui. KojioHka entries ykaspiBaeT uncJio BEI30BOB GyHKUMU. Ecjii MBI XOTHM ITPOBEPUTH BCe
(yHKIIMY MBI MOXeM He yKa3blBaTh QYHKIMN IparMaMu. JJisg 3Toro npy KOMIMWJIANNY yKasbiBaeTcA dJuiar auto-all.
OTMeTHUM TakXe, 4TO BCe KOHCTAHTHI ONpeieJIEHHBIN Ha caMOM BepXHeM ypOBHe MOAYJIA, CJINBAIOTCA B OAUH LIEHTP.
OHu Ha3bIBaTCA B 0TYéTe Kak CAF. J[J1 TOro 4ToOB! BEIYMCIINTEND CIIEANII 3a KaXJ0M KOHCTAHTOMH 10 OT/IeJIbHOCTH
HeoOxoauMoO ykasath ¢uar caf-all. [TonpoOyeM Ha TakOM MoJyJie:
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module Main where

funl = test concatL - test concatR
fun2 = test concatL + test concatR

test f = last $ f $ map return [1 .. led]

concatR = foldr (++) []
concatL = foldl (++) []

main = print funl >> print fun2
CxoMnupyem:

$ ghc --make concat2.hs -rtsopts -prof -auto-all -caf-all -fforce-recomp
$ ./concat2 +RTS -p

0.0

20000.0

[Tocsie 3TOro MOXHO OTKPHITh Gaiiyl concat2.prof ¥ MOCMOTPETh UTOrOBYI0 CTATHUCTHUKY II0 BCeM 3HAYEHUAM.
[IporpaMmMa ¢ BKJIIOYEHHBIM IpoduiirpoBaHueM OyaeT paboTaTh ropasfo MejJieHel, He MCKJIIOYeHO, YTO el He
XBaTUT NNaMATH Ha CTeKe, B 9TOM CJIydyae Bbl MoXeTe JoOaBUTh NaMATH C TIOMOLIBIO ¢iara BbIYMCIUTeIA K, BIlpoueM
ecsiu 910 npousoliaér GHC noackaxeTr BaMm 4TO AesiaTh.

JluHaMuKa u3MeHeHU:A 00béMa Ky4u

B npenpiayieM paszesie Mbl CMOTPEJIU O0IIee BpeMs U TaMATh 3aTpaueHHbIe Ha BRIUKCIIeHNEe GYHKIMH. B 3TOM
MBI Hay4YUMCs U3MEPATh JUHAMUKY U3MEHEHHUs pacxoja NaMATU Ha Kyde. II0 3TOMy IOKa3aTesil0 MOXHO ITOHATHh
B KaKOM MOMEHT B IIPOrpaMMe BO3HHKAIT YTEUYKH MaMATH. Mbl YBUAUM XapaKTepHble TOPOB HAa KapTHUHKAX, KO-
raa GC OymeT akTHBHO 3alpalmiyBaTh HOBYKO IaMATh. J[JIA 3TOro CHavasia Hy>XHO CKOMIIMJIMPOBATh IPOrpaMMy C
¢darom prof kak u B npefpAyIeM pasfesie, a IPYU BHIIOJHEHUU NIporpamMMbl 106aBUTh oAUH U3 ¢aros hc, hm,
hd, hy unu hr. Bce oHu HaunHaloTcs ¢ 6ykBH h, OT cyioBa heap (xyua). Bropas 6ykBa ykassiBaeT Tull rpaduka,
KaKUMH [T0Ka3aTesIIMUA Mbl MHTepecyeMcs. Bce OHM CO3[al0T clienuasibHbIN Gaiist nvsallpunoxenus . hp, KOTOPBIE MBI
MOXxeM Ipeobpa3oBaTh B rpaduk B ¢popmate PostScript c momormpio nporpaMMsl hp2ps, OHa yCTaHaBJIMBAETCs
aBToMaTtuuecku BMmecte ¢ GHC.

PaccMoTpuM THUIMUYHYIO yTEUKY MaMATU (U3 yIpaxXHeHUs K NpeblayIeli riiase):

module Main where
import System.Environment(getArgs)

main = print . sum2 . xs . read =<< fmap head getArgs

where xs n = [1 .. 10 * n]
sum2 :: [Int] -> (Int, Int)
sum2 = iter (0, 0)

where iter ¢ [] =cC

iter ¢ (x:xs) iter (tick x c) xs

tick :: Int -> (Int, Int) -> (Int, Int)
tick x (cO, cl) | even x = (cO, cl1 + 1)
| otherwise = (c0 + 1, cl)
CkomMmnuiupyem ¢ ¢piaroM npopuinpoBaHus:

$ ghc --make leak.hs -rtsopts -prof -auto-all

CTaTHUCTHUKA BBIYMCJIMTENIS MOKa3bIBaeT, YTO 3Ta MporpaMMa BhI3bIBaJla TJIyOOKYI0 OUKMCTKY 8 pa3 U BHINOJIHAIA
noJsie3Hylo paboty sumb 40% BpeMeHH.

$ ./leak 6 +RTS -K30m -sstderr
Tot time (elapsed) Avg pause Max pause
Gen 0 493 colls, 0 par 0.26s 0.26s 0.0005s 0.0389s

Gen 1 8 colls, 0 par 0.14s 0.20s 0.0248s 0.0836s

Productivity 40.5% of total user, 35.6% of total elapsed
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Tenepb NOCMOTPUM Ha IIpoPUIIb Ky4H.

$ ./leak 6 +RTS -K30m -hc
(500000,500000)
$ hp2ps -e80mm -c leak.hp

B nepBoii komaHAe MBI fo6aBuiu ¢Jar hc i Toro, 4ToOsl co3fath (aiii ¢ pacmupeHueM . hp. OH cogepXuT
TabIMLy ¢ IoKasaTeJIIMU pa3Mepa Ky4d, KOTOpbIe BEIUMCJIUTENIb 3aMepsieT yepe3 paBHble TPOMeXyTKHU BpeMeH!. Mbl
MOX€eM HM3MEHATh UHTEPBaJI ¢ MoMoInbio ¢uara iN, rae N — Bpemsa B ceKyHax. BTopoii komaH108 MBI peo6pasyem
npodub B KAPTUHKY. DJiar ¢, TOBOPUT O TOM, YTO Mbl XOTUM IOJIyYUTh LIBETHYI0 KAPTUHKY, a dJiar e80mm, roBOPUT
0 TOM, UTO MBI cobupaeMcsl BCTaBUTh kapTHUHKY B TekeT LaTeX. ITocyie e ykazaH pa3Mmep B MuUJUIUMeTpax. Mel BUIUM
xapakTepHsIii rop6 puc. 10.3.

[ leak 6 +RTS -K30m -hc 3,008,476 bytes x seconds Fri Jun 121:17 2012 |

I (203)tick/sum2.iter/sum2/m...

. (102)main.xs/main/Main.CAF

. (101)sum2.iter/sum2/main/M...

0.0 0.1 0.1 0.2 0.2 0.2 seconds

Puc. 10.3: IIpoduib Ky4uu [ yT€YKU aMATU

B KapTHHKY He MOMEeCTHJIMCh MMeHa (YHKIUI MBI MOXEM YBEJUYUTh CTPOKYy diiaroM L. Tenepp Bce nMeHa
noMecTtunch (puc. 10.4).

$ ./leak 6 +RTS -K30m -hc -L45
(500000,500000)
$ hp2ps -e80mm -c leak.hp

C nomompio (iara hd mocMoTpuM Ha 0OBEKTHI, KOTOPHIE 3acTpsiIv B Kyde (puc. 10.5):

$ ./leak 6 +RTS -K30m -hd -L45
(500000,500000)
$ hp2ps -e80mm -c leak.hp

Ha puc. 10.5 ky4a pasbuta mo tuny o6veKkToB (3aMbikaHuii). BLACKHOLE 3To crelyaabHbIll 00BEKT, KOTOPHIN
3ameHseT THUNK BO Bpems ero BeIUMCJIEHUA. I# — 5TO CKPHITHIA KOHCTPYKTOP Int. sat sUa u sat sUd — 3To umeHa
3aCTPABIIMX OTJIOXKEHHBIX BhIUMCJIeHUH. Eciu Obl Hama nporpaMma Obl1a ou4eHb GOJIBIION Ha 3TOM MecTe MBI Obl
3anycTuian npoduauposanue no ¢oyHknuaMm c duaarom p u u3 ¢aiisia leak.prof y3Hanu Ob B Kakux QyHKIUAX
IporpamMma TpaTut 6oJbliie Bcero pecypcos. ITocsie 3Toro Mul Obl MO CMOTPETh UCXOIHBIN KO N0JJ03PUTEIbHbBIX
yHKIMH U 1ocJle BHECEHHBIX U3MeHeHNII CHOBa IIOCMOTpesiy 65l Ha rpaduKu Ky4du.

Ecin mogymats, 9T0 MBI AiestaeM? MBI co34aéM OTJIOKEHHOE BRIUKIC/IEHNEe, KOTOPOe 00eIaeT IOCTPOUTH OOJIBIION
CIIMCOK, BHITATUBAEM U3 CIIHCKA I10 OHOMY 3JIEMEHTY U, eCJIM 3JIeMeHT OKa3bIBaeTCsA YETHBIM, pUbaBIisieM K OJHOMY
3JIeMeHTY Tapshl, a ecjy He YETHBIM, TO K Jpyromy. IIpobysema B TOM, 4TO BHYTPHU Iaphl IPOMCXOAUT HaKOILJIeHLe
OTJIOXKEHHBIX BBHIUKCJIEHNI, He0OXOAUMO Cpa3y BHIUKC/IATH 3HAaUEHU Mlepe]] 3allakoBbIBaHUEM UX B napy. MsMeHUM
KOZ:

{-# Language BangPatterns #-}
module Main where
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leak 6 +RTS -K30m -hc -L45 2,489,935 bytes x seconds FriJun 123:11 2012

D (103)tick/sum?2.iter/sum2/main/Main.CAF

. (102)main.xs/main/Main.CAF

. (101)sum2.iter/sum2/main/Main.CAF

00 00 00 01 01 01 01 01 02 02 02 0.2 seconds

Puc. 10.4: Ilpodpuiib Ky4u I yT€UYKU IIaMATU

leak 6 +RTS -K30m -hd -L45 3,016,901 bytes x seconds FriJun 1 23:14 2012

[ BLACKHOLE
12M ]

10M

B w

8M_|

6M_| . <main:Main.sat_sUa>

4M |

. <main:Main.sat_sUd>

2M |

oM
0.0 0.1 0.1 0.2 0.2 0.2 seconds

Puc. 10.5: Ilpodpuiib Ky4u I yT€UYKU IIaMATU

import System.Environment(getArgs)

main = print . sum2 . xs . read =<< fmap head getArgs
where xs n = [1 .. 10 ~ n]

sum2 :: [Int] -> (Int, Int)
sum2 = iter (0, 0)
where iter ¢ [] =cC
iter ¢ (x:xs) = iter (tick x c) xs

tick :: Int -> (Int, Int) -> (Int, Int)
tick x (!c0, !cl) | even x = (cO, cl + 1)
| otherwise = (cO + 1, cl)

Msr centanu GyHknuio tick crporoii. Tenepb MOCMOTPUM Ha IPOQUIIB:

$ ghc --make leak2.hs -rtsopts -prof -auto-all
$ ./leak2 6 +RTS -K30m -hc
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(500000,500000)
$ hp2ps -e80mm -c leak2.hp

He nosyuunocek (puc. 10.6). Kak xe Tak. [locMoTpuM Ha pacxof MaMATH OTAEJbHBIX GYHKIUU. tick crana
CTPOTroOM, HO 3TOTO He JOCTAaTOYHO, IOTOMY YTO B [IEPBOM apryMeHTe iter HakamIMBaloTcA BeI3OBH tick. Crenaem
iter cTporoii mo mepBoMy aprymeHTy:

leak2 6 +RTS -K30m -hc 1,854,625 bytes x seconds FriJun 1 21:38 2012

. (102)main.xs/main/Main.CAF

. (101)sum2.iter/sum2/main/M...

0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 seconds

Puc. 10.6: OnaTh ABOMKA

sum2 :: [Int] -> (Int, Int)
sum2 = iter (0, 0)
where iter !'c [] [¢
iter !'c (x:xs) = iter (tick x c) xs

Teneps CHOBa MOCMOTPUM Ha IPODUIIB:

$ ghc --make leak2.hs -rtsopts -prof -auto-all
$ ./leak2 6 +RTS -K30m -hc

(500000,500000)

$ hp2ps -e80mm -c leak2.hp

Ms1 Bugum (puc. 10.7), 4To namMATh pe3Ko MOACKAKUBAET U OCTAETCs MOCTOAHHON. Ho Tenepsh mokasatesn m3-
MepSIIOTCA He B MerabaiiTax, a B Kujiobaitax. Mel crpaBuwinchk. OcTaibHble Guiaru hX mo3BoJisIi0oT HaGII0AaTh 3a
pa3HbIMU crenuuieckuMu o6bekTaMu B Kyde. Mbl MOXeM Y3HATh CKOJIBKO MAMATY MPUXOJUTCS HA pa3Hble MOJY-
u (hm), CKOJIBKO IaMATH MPUXOOUTCS Ha pa3Hble KOHCTPYKTOPH! (hd), Ha pa3Hsle TuIbl 3aMbIKaHuH (hy).

TToMCK MCTOYHHKOB BHE3AIMHOM OCTAaHOBKHU

case-BbIpaXeHUs U EKOMIO3UIHA B apryMeHTax GYHKIUY MOTYT CTaTh UCTOYHUKOM OYeHb HEIIPUATHBIX OLIH-
60xk. [IporpaMma Ipoiia npoBepKy THIIOB, 3aBeJIach U BOT yXe paboTaeT-paboTaeT Kak BAPYT MbI BUAMM Ha dKpaHe:

**% Exception: Prelude.head: empty list
170071
*** Exception: Maybe.fromJust: Nothing
U coBceM He MOHATHO OTKyZa 3Ta olnOKa. B kakoM MofyJjie cuauT 3Ta PyHKIuA. MoxeT MbI €€ UMIOPTUPOBAIN

U3 4yX0H 6ubroTeky iy Hanvcanu camu. Kak pas asis Takux ciaydaeB B GHC npegycMOTpeH crienrajibHbIN (iar
XC.

[TocMOTpUM Ha BBHINOJIHEHHE TaKOH MPOTrpaMMBbl:
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leak2 6 +RTS -hc 5,944 bytes x seconds FriJun 1 21:51 2012

0
Q

=

a

30k |
[ suPINNED

25k |

20k | I (72)GHc.10.Encoding.CAF

15k
B (59)GHC.10.Handle.FD.CAF

10K |

B 58)GHC.Conc.Signal.cAF
5k |

0k
0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 seconds

Puc. 10.7: TIlpoduis Kyun 6e3 yTeuykd naMATu

module Main where

addEvens :: Int -> Int -> Int
addEvens a b
| even a & even b = a + b

q = zipWith addEvens [0, 2, 4, 6, 7, 8, 10] (repeat 0)

main = print q

Jl71 TOrO, 4TOOBI BOCTIOJIb30BAThCA (PJIarOM XC HEOOXOAMMO CKOMITMJIMPOBATh POrpaMMy C BO3MOXHOCTBIO ITPO-
GuIMpoBaHus:

$ ghc --make break.hs -rtsopts -prof

$ ./break +RTS -xc

*** Exception (reporting due to +RTS -xc): (THUNK_2_0), stack trace:
Main.CAF

break: break.hs:(4,1)-(5,30): Non-exhaustive patterns in function addEvens

Tak MBI y3HAJIM B KaKOM MecTe KOZAa IPOSIBUJICA 3JIOCYACTHHIN BBI3OB, 3TO CTPOKH (4,1)-(5,30). Yto cooT-
BeTCTByeT omnpefeseHno GyHkuum addEvens. He ouens nosiesHas uHdopmanusa. Msl u Tak 6bl 3T0 y3Hanu. Ham
OBl XOTeJIOCh y3HATh TOT MyTh, 10 KOTOPOMY IIlJIa TporpaMma K 3TOMY BbI30BY. [IpoGjieMa B TOM, YTO BCE BBI3OBBI
cauuch B oquH CAF 1u1a Moaysid. Tak pasjeuM ux:

$ ghc --make break.hs -rtsopts -prof -caf-all -auto-all
$ ./break +RTS -xc
#** Exception (reporting due to +RTS -xc): (THUNK_2_0), stack trace:
Main.addEvens,
called from Main.q,
called from Main.CAF:q
--> evaluated by: Main.main,
called from :Main.CAF:main
break: break.hs:(4,1)-(5,30): Non-exhaustive patterns in function addEvens

Tenepb MBI BUAVIM IIYTh K 3TOMY BbI3OBY, MbI IIPUILIJIN B HETO U3 3HYEHUA (, KOTOpPOE OBLJIO BRI3BAHO M3 mMain.

10.6 OnTuMusanys IporpamMm

B 3TOM paszesie MBI IOTOBOPUM O TOM 3Talle KOMIUJIALNY, Ha KOTOPOM IPOUCXOIAT NpeoOpa3oBaHus Core ->
Core. MBI Ha3BIBAJIM 3TOT JTAll YIPOI[EHUEM [IPOTPAMMEBL.
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dJjiaru onTUMHU3aLUU

MEI MOXeM 3a7aBaTh CTeleHb ONTUMU3ALUY IPOrpaMMBI crienyaabHbIMU ¢taramu. CaMble IpocTeie ¢uiaru Ha-
yuHaTcA ¢ 6ospmon 6yksel 0. EcTeccTBeHHO, yeM 60JIbIle MBI ONITUMU3MPYeM, TeM JIOJIblIe KOMITWJINDPYeTCs KOJ.
[TosTOMY HE CTOUT yBJIEKAaThCA ONTUMMU3AIMell Ha Ha9aJIbHOM 3Tare IPOeKTUPOBaHuA. IIoCMOTPUM KaKHe BO3MOX-
HOCTH Y Hac ecTb:

+ 6e3 -0 — MUHUMYM ONTUMHU3ALNH, KOJ KOMITIJINPYeTCcs Kak MOXHO ObIcTpee.
¢ -00 — BBIKJIOYUTH ONTHUMUIALIUIO ITIOJTHOCTHIO
* -0 — yMepeHHas ONTUMU3ALUA.

* 02 — aKTHMBHAasA ONTUMM3ALM, KOJ KOMIMJIUPYETCs A0JIbIlle, HO IT0Ka 02 He CHMJIbHO BHIMIPBIBAET y 0 1O IIpo-
AYKTABHOCTU.

Jl1A onTUMM3anuy Mbl KOMIWJINPYyeM NPOorpaMMy ¢ 3aJjaHHBIM ¢JiaroM, HanpuMep nonpooyiTe CKOMIUIMPO-
BaThb caMbIll NlepBBIi puMep ¢ ¢dJiarom 0:

ghc --make sum.hs -0

U yTeuka MaMATH UCYe3HeT.

[TocMmoTpeTh onmcaHre KOHKPeTHBIX IaroB ONTUMU3aluu MOXHO B fokyMeHTanuu k GHC. HanpumMep npu BKJTIO-
yéHHoN ontumusanuu GHC npuMmeHseT aHanu3 crporoctu. B xoge Hero GHC MoXeT MCHpaBUTh MPOCTBIE YTEUKU
naMATH 3a Hac. CTOUT OTMETHUTh ONTUMH3ALHUIO - fexcess-precision, OH MOXeT CyIIeCTBEHHO YCKOPUTb IPOTrpaM-
MBI, B KOTOPBIX MHOT'O BBIYMCJIeHU! ¢ Double. Ho nIpu 3TOM BBIUKCIIEHUA MOTYT NOTEPATh B TOYHOCTH, OKpYIJIeHHe
CTaHOBUTCA HellpecKa3yeMbIM.

ITparma INLINE

Ecyi MBI IOCMOTPUM B UCXOIHBIHN (daiil i MoayJisg Prelude, ToO MBI HalAEM TaKoe ONpejiesieHre JJiA KOMIIO-
3unuy QyHKIUN:

-- | Function composition.

{-# INLINE (.) #-}

-- Make sure it has TWO args only on the left, so that it inlines

-- when applied to two functions, even if there is no final argument
(.) it (b =>¢) -> (a -=>b) ->a ->c

(.) fg=\x->°f (g x)

[ToMrMoO 3HAaKOMOr'0 HaMm OIpefesieHrs U KOMMeHTapueB Mbl BUAUM HOBYI0 nparMy INLINE. OHa yka3biBaeT
KOMITWJIATOPY Ha TO, YTO Ha dTale yIpolleHNs IporpaMMbl HEOOXOAUMO 3aMeHUTh BBI30B (PYHKLNM Ha e€ MpaBylo
yacTh. DTOT MpoIlecc Ha3hBalT BcTpauBaHueM (QyHKIUI. 3aMeHa OyAeT Ipou3BefieHa TOJIBKO B CJIydae IOJIHOTO
prMeHeHUs PYHKINY, eCJIM CHHTaKCHYecKas apHOCTh (KOJIMYECTBO apIyMEHTOB CJIeBa OT 3HAKA PAaBHO) COBIAIAeT
C 4MCJIOM IlepeJaHHbIX B QyHKIMI0 apryMeHTOoB. [ToaTomy asia GHC ecTh cyuiecTBeHHas pa3HUIa MeXay onpezaesie-
HUAMU:

(.) fg=\x->1(gx)
(.) fgx=fFf (g x)

BerpauBaHueM GyHKINI MBI 5KOHOMUM Ha CO3AaHUU JINIIHUX OOBEKTOB B Kyde, HO IIPH 3TOM KOJ MOXeT Cy-
mecTBeHHO pa3byxHyTb. GHC nosib3yeTcs 3BpUCTUYECKUM aJIrOPUTMOM IIpU onpejiesieHNnU Korjaa GyHKIUI0 CTOUT
BCTpauBarTh, a KorAa — HeT. 1o ymosuanuio GHC mpoBoaWT BCTpanBaHNE TOJIBKO BHYTpU MOAyYJiA. Ecim MBI KOMIH-
nupyeM c ¢piarom 0, GyHKnumM 6yayT BCTpanBaTbes Mexay MoaysisaMu. s atoro GHC coxpaHsieT B mHTepdericHOM
(aiine (c pacmupenueM .hi) He TOJIBKO TUIB PYHKIMHN, HO U NaBble YaCTU JOCTATOYHO KpaTKUX QyHKIumH. J[mu-
Ha QyHKIUU onpefiesiAeTcs YKUCJIOM y3JI0B B CHHTaKCUYeCKOM JepeBe Koja eé npaBoil yactu. JJupektusoil INLINE
MBI nipukaseiBaeM GHC BcTpouts ¢yHKIio. Taike ecTh 6oJiee ciabas Bepcus aToi mparmel —INELINABLE. DToit
nparMoi Mbl peKOMeH/JyeM IIPOU3BeCTU BCTpanBaHue QyHKIUN He CMOTPS Ha €€ BeJIUYNHY.

3amaTh nopor BesauuuHB (GYHKIUMWA [JIS BCTpaWBaHUA MOXHO ¢ mnomompio ¢uara -funfolding-use-
threshold=16. OTmeTuM, uTO eciau (QYHKIMA He ABJIAETCS SKCIOPTUPYEMOH M HCMOJIb3yeTcs JIUIIb OAWH pas,
1o GHC BTpOUT €€ B j1il060M ciiy4yae, TIO3TOMY CTOUT OIpefesiATh CIHCKU SKCIIOPTHPYEMBIX Ollpefie/ieHU B IIalke
MOJyJifA, NHa4Ye KOMIUJIATOP OyAeT CUuTaTh, YTO SKCIOPTUPYIOTCA BCe OIpefesieHHUs.

[Tparma INLINE MOXeT CTOATH B JIIOOOM MecCTe, Ile MOXHO ObLJIO OBl OOBABUTH TUIN 3HAUeHHUsA. Tak Hampumep
MOXHO yKa3aTb KOMIIIJIATOPY BCTPauBaThb METOABI Kjlacca:

OnTrMmM3auma nporpamm | 169



instance Monad T where
{-# INLINE return #-}
return = ...
{-# INLINE (>>=) #-}
(>>=) = ...

BerpauBaHue 3HaueHHUI MOXeT CyleCTBEHHO yCKOPUTD NporpamMmy. Ho He cTOUT BeH4YaTh KaXayi0 9KCIIOPTUPY-
emylo GyHkuuio mparmoii INLINE, BosamoxxHo GHC BeTpouT ux aBTomarudecku. [TocMoTpeTts kakue GyHKIUY ObLII
BCTPOEHBI MOXHO II0 OllpejieJIeHuAM, NonaBmuM B ¢aiia . hi.

HampuMmep ecsii MBI CKOMIWJIMpPYeM Takod koA ¢ ¢iarom ddump-hi:

module Inline(f, g) where

g :: Int -> Int
gXx=Xx+2

f :: Int -> Int
fx=99%9gx

TO cpeJiy IPOYUX OIpeJiesIeHUI yBUAUM:

ghc -c -ddump-hi -0 Inline.hs

f :: GHC.Types.Int -> GHC.Types.Int
{- Arity: 1, HasNoCafRefs, Strictness: U(L)m,
Unfolding: InlineRule (1, True, False)
(\ x :: GHC.Types.Int ->
case x of wild { GHC.Types.I# x1 ->
GHC.Types.I# (GHC.Prim.+# (GHC.Prim.+# x1 2) 2) }) -}

B sToMm Bupe npovects GyHKIMIO He Tak npocTto. Ko BceM nMmeHaMm mobaBjieHBl uMeHa MopyJied. IIpuBeném
BBIBO/J] K 60Jiee MpOCTOMY BUAY C ToMolbio ¢Jiara dsuppress-all:

ghc -c -ddump-hi -dsuppress-all -0 Inline.hs

f :: Int -> Int
{- Arity: 1, HasNoCafRefs, Strictness: U(L)m,
Unfolding: InlineRule (1, True, False)
(\ x :: Int -> case x of wild { I# x1 -> I# (+# (+# x12) 2) }) -}

MsI BUAUM, 4TO BCe BBI3OBH QYHKIMU ¢ ObLIM 3aMeHeHHl. Eciu B BCE xe nogo3peBaere, uto GHC He crpas-
JIieTcsA ¢ BCTparMBaHMeEM BalllMX 4acTO MCNOJIb3yeMbIX QYHKIMI U 3TO cKasblBaeTcs, NonpoOyiiTe 106aBUTh K HUM
INLINE, HO mpH 3TOM JIydllleé Y3HaTh, IPUBEJIO JIX 3TO K POCTY IIPOU3BOLUTEJIbHOCTHU, IIPOBEPUTH C IIOMOIIIBIO IIPO-
punuposaHus.

ITparma RULES

Pazpa6otunku GHC xoTesu, 4TOOB UX KOMIMJIATOP ObUI pacmypseMbIM U MPOrpaMMUCT MOT OBl OIpedesATh
cnenuduryeckue A ero IPUIoKeH!s MpaBujia onTuMu3anuu. [y sToro 6b1a npuAyMaHa nparma RULES. 3a cuér
YUCTOTH QYHKIMI MBI MOXEM B O4eHb IIDOCTOM BH/Jie BbIpaXaTh MHBApHUAHTHI IpOrpaMMbl. MHBapUaHT — 3TO HEKO-
TOpOe CBOICTBO 3Ha4eHUs, KOTOpPOoe OCTaéTcs IOCTOSAHHBIM IIPU HEKOTOPHIX peobpa3oBaHusax. Haubosee pacnpo-
CcTpaHEHHBIe NHBapHaHTHl UMeIOT cOOCTBeHHBIe NMeHa. HanmpuMep, 3T0 KOMMyTaTUBHOCTD CJIOXKEHUA:

forall a b. a+b=>b+ a

3aech MBI IAIIEM: JJIs1 JTI0OBIX @ U b 3MeHeHne MOPAAKa cieJoBaHus apTyMeHTOB y (+) He BJIUAET Ha Pe3yJbTar.
C kit04eBBIM cj10BOoM forall MBI yke KOrga-TO BCTpedasnch, Korga ropopuiu o tune ST. [TomHuTe Tn GyHKIUU
runST? IIpumep cBoiicTBa GYHKIUM map:

forall f g. map f . map g = map (f . g)
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OTO CBOMCTBO NPUHATO Ha3bBaTh AUCTPUOYTUBHOCTHIO. MBI BUAUM, 4TO PYHKLMA KOMIO3ULUY AUCTPUOYTHUB-
Ha OTHOCUTeJIbHO PyHKIMY map. MHBapraHTH ONlpefesiAoT CKPhIThle 3aKOHOMEPHOCTH 3HaueHU. 3a CUéT YMCTOTHI
pynkuuit Mbl MoxeM 6e360Jie3HEHHO 3aMeHUTH B JII0OOM MecTe MpOorpaMMBbI JIEBYIO YacTh Ha IMpaByl WM Ha000-
pot. OnTUMH3anuA HaulHaeTCcsA TOTrAa, KOrga Mel IOHUMaeM, 4YTO OJHA U3 9acTell MOXeT OBITh BBIYKMCJIEHA ropasfo
sbdexTuBHEee qpyroi. Tak B mpuMepe ¢ map BEIpaXKeHHe CIIpaBa OT 3HAaKa paBHO ropaszo 3G deKTuBHee, TOCKOJIbKY
B HEM MBI He CTPOMM IIPOMEXYTOYHBIH crucok. Oco6eHHO APKO pasHulla NPOABJIAETCA B SHEPIMYHON CTpaTeruu
BBIUKCJIeHNH. i TOCMOTPHM Ha Takoe COBCeM IIPOCTOe CBOMCTBO:

map id = id

Ecnu MBI 3aMeHUM JIEBYIO YaCTh Ha NPaByI0, TO YMCJIO COKOHOMJIEHHBIX yCUIINii OyieT MPONOPLHUOHAIbHO AJIMHE
crycka. Bpsap s mporpaMMHCT cTaHeT ucaTh TaKKe BRIpaXKeHNs, OJHAKO OHU MOT'YT NOSBUTHCSA N1OCJIE BHIIIOJIHEHUA
JAPYTUX ONTUMH3ALUI, HAPUMED IIOCJIe MHOTHX BCTPANBaHUI Pa3IMYHBIX QYHKITHI.

MoxHO IpeacTaBUTh, UYTO 3TU NIpaBUJia ABJIAIOTCA AOIIOJITHUTEJIbHBIMU YPaBHEHUAMU B OIIpeI€JICHUN (I)yHKI.[I/II/I:

map f [] =[]
map f (x:xs) =f x : map f xs
map id a =a

map f (map g x) map (f . g) x

CJI0BHO Telepb MbI MOXeM IIPOBOAUTH CONOCTaBJIEHHE ¢ 00pa3I[0M He TOJIbKO II0 KOHCTPYKTOpaM, HO U IO BhIpa-
XKEHUAM CaMoro A3bIKa U QYHKIMA map cTajla KOHCTPYKTOPOM. UTO MHTEPEeCHO, 3aBUCUMOCTH MOI'YT OBITh KaKUMU
YTOHO, OHU MOTYT BbIpa)XkaTh 3aKOHOMEPHOCTH, IPHUCYIIUe TOH 06JiacTy, KOTOPYI0 MBI ONMCHIBaeM. B momosHu-
TeJIbHBIX ypaBHEHUAX MBI IOJ[CTaBJIsIeM apryMeHTHl TaK ke KaK 1 B OOBIYHBIX, eCJIU rAe-HubyAb B KoAe IporpaMMbl
HaxOJIUTCsA COOTBETCTBUE C JIEBOUM YaCThI0 ypaBHEHUsA, MBI 3aMeHseM e€ Ha npaByio. [Ipu 3ToM MBI nIHIeM npaBuia
TakK, YTOOBI JeICTBUTEJIBHO MPOXUCXOANJIa ONITUMU3AI[HA IPOrpaMMEl, IO3TOMY CJieBa NUIIETCA MeJJieHHas BepCus.

Takue JOMOJIHUTEIbHBIE TPABUJIA UIIYTCA B CIIeI[UaIbHOM nparMe RULES:

{-# RULES
"map/compose” forall f g x. map f (map g x) =map (f . g) x
"map/id” map id = id

#-}

[TepBBIM B KaBbIYKaxX MAET UMA npasuiia. OHO HUCIOJIB3YETCS TOJIBKO JJIA MTO/ICYETA CTATUCTUKU (Hampumep ec-
JI1 MBI XOTUM Y3HaTh CKOJIBKO NpaBuJI cpaboTajio B JaHHOM IIPOTOHe NporpaMMsbl). 3a UMeHeM IpaBuia MUILIYT
ypaBHeHHe. B ofiHOI1 mparme MoxeT ObITh HECKOJIBKO yYpaBHeHUH. [IpaBuiia pasfesiaioTcs TOUKOH C 3alATON WJIU
[epexo/IoM Ha APYTY CTPOKy. Bce cBOGOAHBIE IEPEMEHHbIE TIPABIJIa EPEYNCIIAIOTCA B oOkpyxeHuu forall (...)
. . Komnuiarop noeepsieT HaM a6cor0THO. [IpOM3BOAUTCSA TOJIBKO IIPOBepKa TUIOB. HUKaKuX APYrux NpOBEPOK He
[IPOBOAUTCH. BBINOIHAETCSA I HA CaMOM [ieJie 3TO CBOMCTBO, OyIeT JIM BEIYMCJIEHNE IPABOI YacTH AefCTBUTEJIBHO
IIpolIie IIPOrpaMMBbl BBIYHCIIEHUA JIEBOM — M3BECTHO TOJIBKO HaM.

OTtMmeTuM TO, uTO nIparMa RULES npuMeHseTcA A0 TeX MOP MOKa €CTh BO3MOXXHOCTD €€ IPUMEHATb, IIPXU 3TOM MBI
MOXX€EM BOHTH B OECKOHEUHBIM LINKJI:

{-# RULES
"infinite” forall a b. fab=fba
#-}

C nomombio mparmel RULES MOXHO peasii3oBaTh OueHb CJIOXKHBIE cXeMbl onTuMusanuu. Tak B Prelude peanusy-
etcs ciusaue (fusion) crmuckoB. 3a CYET 5TOI ONTUMHU3ALUY MHOTHE BRIPAXXEHUS BUIa CBEPTKA,/pa3BEépTKa He Oy Iy T
IIPOM3BOJUTH IIPOMEXYTOUHBIX CIIMCKOB. JTOM cxeMe OyJeT MOCBAlleHa OT/esIbHasA riaasa. Hanpumep eciu crnucok
npeobpasyetcsa cepuell GyHknui map, filter u foldr mpomexyTouHBIe CTICKU HE CTPOATCA.

[TocmoTpum kak paboTaet nparma RULES, monpoOyeM CKOMIUJIUPOBATh TaKOU KO
module Main where

data List a = Nil | Cons a (List a)
deriving (Show)

foldrL :: (@ -=> b =>b) -=>b -> List a -> b
foldrL cons nil x = case x of

Nil -> nil

Cons a as -> cons a (foldrL cons nil as)
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mapL :: (a -> b) -> List a -> List b
mapL = undefined

{-# RULES
"mapL” forall f xs.
mapL f xs = foldrL (Cons . f) Nil xs
#-}

main = print $ mapL (+100) $ Cons 1 $ Cons 2 $ Cons 3 Nil

dyHKIMUA mapl He onpejesieHa, BMECTO 3TOI'0 MBI C/ieJiaJii KOCBEHHOe onpe/esienue B mparme RULES. IIposepum,
s Toro 4toOs! RULES 3apaboTtasy, Heo6X0AUMO KOMITMJIMPOBATh C OJHUM 13 dJiaros ontTuMusanuii 0 wim 02:

$ ghc --make -0 Rules.hs
$ ./Rules
Rules: Prelude.undefined

Yro-To He Tak. Jleso B ToM, 4To GHC cUIIKOM MOTOPONMJICA M 3aMeHUJI IPOCTyIo PYHKLUI0 mapL Ha e€ ompe-
nestenrie. ®yHKIUA $ TakXe OueHb KOPOTKasd, ecjiv OB HAM yJ1ajIoch 3a/lepXaTh BCTpauBaHue mapl, Torga $ npespa-
THJIOCH OBl B OOBIYHOE NpUMEeHeHUe 1 Hallli NpaBuiia cpaboTaniu Obl.

®a3p1 KOMOUWIALUUA

J1a penteHus 3Toi npo6siems! B mparMbl RULES u INLINE 6bL1 BBeIeHbI CCBIIIKY Ha (a3sl KomnuyAnuu. C mo-
MOIIIBI0O HUX MBI MOXeM yka3aTb GHC B kakoM Nopsjike pearnpoBaTh Ha 3T nparmsl. ®aspl MULIYTCA B KBAAPATHBIX
CKOOKax:

{-# INLINE [2] someFun #-}
{-# RULES
"fun” [0] forall
"fun” [1] forall
"fun” [~1] forall ...
#-}

KoMmuJisAiysA BHIMOJIHAETCA B HECKOJIBKO (a3. dDa3bl ¢JIeAyI0T HEKOTPOro 3aJaHHOIO I[eJIOr0 Yncjia, Halpumep
TPEX, [0 HyJ1A. MBI MOXeM coc1aThes Ha a3y AByMsA criocobaMy: IPOCTO HOMEPOM Y HOMEPOM C TAJIbJON. CchliIKa
6e3 THJIbJBI TOBOPUT: MOMBITAaliCA IPMMEHUTD 3TO IPABUJIO KaK MOXHO paHblile 10 TeX [op II0Ka He HACTYNUT AaHHasd
¢dasa, nanee He mpuMeHAN. CchUIKA C TUJIbAOKN FOBOPUT: IOAOXKAX O HACTYIUIEHUA 3TON (a3l B Hamem npumepe
MBI 3aIeEpKUM BCTpauBaHue Jjid mapl u foldrL Tak:

{-# INLINE [1] foldrL #-}
foldrL :: (@ -=> b ->Db) -> b -> List a -> b

{-# INLINE [1] mapL #-}
mapL :: (a -> b) -> List a -> List b

[TocMmoTpeTh Kakue mpaBusia cpaboTaiy MOXHO ¢ oMotipio ¢siara ddump-rule-firings. Teneps ckoMIuInpy-
eM:

$ ghc --make -0 Rules.hs -ddump-rule-firings

Rule fired: SPEC Main.$fShowList [GHC.Integer.Type.Integer]
Rule fired: mapL
Rule fired: Class op show

$ ./Rules
Cons 101 (Cons 102 (Cons 103 Nil))

Cpeau npoYmx NMpaBuUJl, ONpeeIEHHBIX B CTAHAAPTHBIX OMOIMoTekax, cpaboTasio u Hame. CocTaBuM NpaBuJa,
KOTOpBle OyAyT MPOBOAUTH ONTUMHU3ALNIO CJIMAHKE AJIA HalUX CIMCKOB, OHU OyAyT 3aMeHATh NocJieJoBaTeIbHOe
npuMeHeHue mapL Ha ofuH maplL ¢ KoMmmo3unuell QyHKIMH, TakXe IPOMEXYTOYHBI CIHUCOK OyJeT yCTpaHEH B
cesaske foldrL/mapL:
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10.7 Kparkoe coaepxaHue

Ora ryiaBa 6puta nocesmeHa kommuwiAaTopy GHC. Mel roopum Haskell moapasymeBaem GHC, roBopum GHC
noapasyMmeBaeM Haskell. K coxasieHnio Ha JaHHBIN MOMEHT Y 3TOr0 KOMIIWJIATOPA HeT AOCTOMHBIX KOHKYDEHTOB.
A MOXeT u K cuacTbio, BeJib ecyiu Obl He 6p10 GHC, y Hac 6buia Ob1 OypHas KOHKypPeHLUA Cpeild KOMIUJIATOPOB
nortonie. Mel ObI He 3HaJIW, YTO OHU He Tak xopomu. Ho y Hac He GbLI0 OBl IPOrpaMM, KOTOPBIE CIIOCOOHBI TATaThCA
1o ckopoctu ¢ C. M MblI OBl TOBOPUJI: Hy AekjapaTHBHOe IIporpaMMHUpOBaHMe, YTO INoAeJaellb, 3a pafgocTh ab-
cTpakuuii npuxoaurcs miatutb. Ho ects GHC! Beé-Taku 3T0 oueHb TPYAHO: HAKMCATh KOMITUJIATOP [J1A JIEHUBOTO
A3BIKA

OtMmeTuM Jpyrue komnuwiasaTopsl: Hugs paspa6oran Mapkom [[’xoHcoMm (HamucaH Ha C), nhc98 ocHOBaHHBIH
Hukosnacom Paitomo (Niklas RGjemo) 3ToT KOMIMIIATOP 3ayMbIBAJICA KaK JIETKOBECHBIN U IPOCTOH B YCTaHOBKE, OH
paspabatsiBasica npu noaaepxke NUTEK, Hopkckoro yHuBepcuTeTa 1 TeXHIYeckoro yHIBepcuTera Yaamepca. OT
3TOro KOMIMIATOpa oTrnoukoBacsa YHC, Mopkekuit kommuaTop. UHC — KOMIHIATOP YTPEXTCKOTO YHUBEPCUTETA,
pa3paboTaH [Jis TECTUPOBAHUA MHTEpPeCHBIX uAeil B Teopun tuno. JHC (xon Muusm, John Meacham) u LHC
(MeBug Xummenscryn u OctuH Cumn, David Himmelstrup, Austin Seipp) KOMIUJIATOPH NpeqHAa3HAYEHHBIE IS
poBeJieHUs 6oJiee CII0XKHBIX ONTHUMU3AIME IIPOrpaMM ¢ IOMOIIBI0 TPe0Opa30BaHMil AepeBa NPOrpaMMBl.

B 3TO¥1 ryiaBe MBI y3HAJIM KaK BBIUUCIIAITCA porpaMmel B GHC. Mar y3Haimu 06 3Tanmax koMmwanuy. CHava-
Jia IPOBOAUTCS CUHTAKCUYECKUH aHAIN3 IPOrpaMMBL U IIpOBepKa TUIOB, 3aTeM Kox Haskell mepeBoanTcs Ha A3BIK
Core. D10 criIbHO ype3aHHas Bepcusa Haskell. ITocsie aToro npoBofATcsa ONTUMU3AIMY, KOTOPEE IIPeo0pasyIoT Je-
peso nporpammel. Ha nocieanem stane Core nepeBOAUTCA Ha elié 6oJiee HU3KOYPOBHEBHI, HO BCE ellé (QyHKINO-
HaJIbHBIN A3bIK STG, KOTOPHIH IIpeBpallaeTcs B HU3KOYPOBHEBBIN KO M UCIIOJIHAETCS BRIYMCINTeNIeM. [TocMoTpeTh
Ha TeKCT Ballell nporpaMmsbl B Core 1 STG MOXHO ¢ nmoMomipio ¢iaros ddump-simpl ddump-stg mpu 3ToM Jiydiie
BOCIIOJIb30BaThes dutarom ddump-suppress-all ais npomycka MHOTOUKC/IEHHBIX JleTasiell. XapAKOpHEIe pa3paboT-
ynky Haskell cMoTpAT Core A1 TOro 4To6H MOHATH HACKOJIBKO CTPOTOH OKa3asiach Ta WM MHaA QYHKLUA, KaK
aprymMeHTHl pa3MemanTcsa B naMATU. Ho 3To ye BBICHIME MIJIOTaX UCKycCcTBa onTuMu3armu Ha Haskell.

M=l y3HaIu 0 TOM Kak paboTaeT cOOpIIMK Mycopa M Hay4WIMCh IDOCMAaTpUBaTh pasHble MapaMeTphl paboThl
IIporpaMMmBbl. ¥ Hac IOABUJIOCH HECKOJIBKO KpUTEPHEB OLleHKY IPOU3BOAUTEIBHOCTH IPOrpaMM: MUHUMYM I'TyOOKUX
OUICTOK U OTCYTCTBHE rop0oB Ha rpaduke nsMeHeHNA Kyuu. Mbl IOTpeHUPOBAJIMCh B OXOTe 32 yTeyKaMy MamMATU
U1 NIOCMOTpeJIM KaK pasHble TUIH NpodUINpoBaHUA MOTYT NOJCKa3aTh HAM B KaKOM MecTe 3aTaujach OMuOKa.
OTMeTHM, YTO He CTOUT B KaXJON MeJIeHHOH NMporpaMMe HMCKaTh yTeuKy namMATHU. Tak B IpuMepe concat y Hac He
OBLIO yTeYeK MaMsATH, IPOCTO OAVH U3 aJITOPUTMOB paboTal 04eHb IJIOX0 U Yyepe3 NpodriripoBaHue PyHKITUN MbI
y3HaJI KaKoM.

Taxoxe MBI IO3HAKOMUJIMCh C HOBBIMU IIparMaMy ONTUMHU3aLAY IPorpaMM. JTO BecTpanBaeMble pyHkmn INLINE
U IpaBuJIa npeoOpa3zoBanHusA BeipaxkeHUH RULE. Pa3paborurku GHC 0TMeualoT, 9TO rpaMOTHOE HCITOJIb30BAHME Ipar-
Mbl INLINE MOXeT Cyl[eCTBEHHO OBBICUTh CKOPOCTh NporpaMMel. Eciiu MbI BecTparBaeM QyHKINIO, KOTOpasa UCIOJIb-
3yeTcs o4eHb YacTO, HAM He Hy>KHO CO3JaBaTh JIMIIHUX OTJIOKEHHBIX BBIYMCJIEHUN IIPYU e€ BBhI30BaX.

Haperoch, 4TO cofiepkaHre 3TOH IJIaBBl YIPOCTUT ITOHMMAaHUe mporpaMM. Kak OHH BBIUKCIIAIOTCA, KyAa UAET
amMsATh, IOYeMy OHa BHUCUT B Kyue. [Ipyu onTuMusanuy IporpaMm IMpeArnovrTaiTe n3MeHeHNe ajaropuTrMa nepe
HaCTPOWKOH mapaMeTpoB KOMITIJIATOPA MO IJIOXOU aJIrOpUTM. BermoMHMTe caMBlii ITepBhIii IpHMep, yBeJIndeHneM
naMATHU o c60pKy Mycopa HaM yAasIoch BHITAHYTH JIEHHMBYIO BEPCUIO sum, HO Belb cTporas Bepcus TpeboBaja B
100 pa3 MeHbllle MaMATH, IPUUYEM e€ 3alpoCchl He 3aBUCEJIU OT BeJIWYMHEI cnrcka. Eciau Obl MBI OCTaHOBUJINCH Ha
JIEHUBOU BEPCUH, BIIOJIHE MOTJIO OBI TaK CTAThCA, YTO IEPBHIN ol Hac Obl yCTpauBaIy pe3yJIbTaThl, HO IOTOM Halll
anmneTUTH MOTJIM BO3pacTu. Y BPYT nporpamMMa, Tak TIIATeJIbHO HaCTPOeHHas1, B30pBaJiachk. 3a rofl Mbl, KOHEYHO,
MHOT0€e 1103a0bIIN 0 e€é BHYTPEeHHOCTSX, CKAaTh OMMOKy 6bL10 OB ropa3fo TpyAgHee. Bipouem He Tak Ge3HaqEXHO:
BKJIIOUaeM auto-all, caf-all ¢ ¢parom prof ¥ cMoTpUM OTYET mocse ¢Jiara p.

10.8 VYmnpaxuHeHus

+ INonslTaliTech MOHATH NIPUYMHY YTEYKU IaMATH B IpruMepe ¢ GyHKIHeld sum2 Ha ypoBHe STG. He 3anoMunarite
9TOT NpUMep, BPoe, ara, TyT Y Hac KOIATCA OTJIOXKEHHBIe BBIYMCJIeHHUs B apryMmeHTe. [lepeseaute Ha STG u
IIOCMOTPUTE B KAKOM MeCTe IPOMCXOJUT CJIMIIKOM MHOI'O BHI30BOB let-BrlpaxeHui. IlepeBeanTe U npuMep
6e3 yTeuku aMATH, a Takke IPOMeXyTOUHBII BapruaHT, KOTOPHIN He cpaboTtas. [jiA 3Toro BaM noHagobuTcs
BBIPA3UTh SHEPrUYHBIN oOpasel] yepe3 QyHKIMIO seq.

IMoackaska: 3a C4ET ceMaHTUKH case-BbIpakeHHI HaM He HyXXHO CllelIiaJIbHBIX KOHCTPYKIUHI AJIA TOrO 4TOOHI
peanm3oBath seq B STG:

seq = FUN( a b ->
case a of
X ->b
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ITpu aToM BBI30B QyHKINYU seq OyaeT BcTpoeH. HeobxoarMo Gy ieT 3aMeHUTH B KOJIe BCe BBI30BH Seq Ha IIpa-
BYI0 YacTh onpejesieHus (6e3 FUN). Takxe obpaTuTe BHIMaHHUE Ha TO, YTO ILUIIOC HE ABJIAETCA NPUMUTUBHOM
dyHKIME:

plusInt = FUN( ma mb ->
case ma of
I# a -> case mb of
I# b -> case (primitivePlus a b) of
res -> I# res

B 5T0l1 pyHKUMM BCILIBLIA Ha [TOBEPXHOCTH OJJHA TOHKOCTh. Ecyii 661 MBI IHcasu 3TO BeIpaxeHue B Haskell,
TO MBI OB cpa3y BepHyJu pe3ysbTar (I#(primitivePlus a b)), Ho Mbl numeM B STG 1 KOHCTPYKTOP MOXeET
MPUHATH TOJIBKO aTOMapHOe BhIpakeHue. Torga Mbl MOrJid Obl MOAYMAaTh M COXPAHUTh €ro IO CTApUHKE B
let-BBIpaXkeHNN:

-> let v = primitivePlus a b
in I#v

Ho aT0 He npaBuibHOe BhipaxeHue B STG! KoHcTpykuuys B mpaBoii yactu let-BopakeHus HOJDKHA OBITh 00b-
eKTOM KyuYH, a Y Hac TaM npocToe BbipaxeHue. Ho 6b110 651 110X0 f06aBUTh K HeMy THUNK, ITOCKOJIBKY 3TO
BBIpaXXeHIe COIepXXUT BHI30B IPHMUTHBHON QYHKIMHM Ha He3allaKOBAaHHBIX 3HaUeHUAX. JTa ollepals BINOJI-
HsAeTCA oueHb ObICTPO. BB1I0 GBI JIOX0 CO3[aBaTh AJIA Heé crennasbHbI 00bekT Ha Kyde. [ToaToMy MBI cpasy
BBIUMCJISIEM 3TO BBIpaXXeHHe B TPeTbeM case. DTa GyHKIUA Takxe OyaeT BCTPOEHHOH, He0OOXOAMMO 3aMeHUTh
BCe BBI30BBI Ha ONpe/iesieHue.

HabeiiTe pyky B IpoUIMpPOBaHUY, IIyCTh 3TO CTAHET IPMBLIYKON. BbI A0JIT0 nycasu 6oJIbIIyIo IporpaMmy U
Ternepb BBl MOXXeTe Y3HaTb MHOTO IOAPOOHOCTEH U3 e€ KU3HU, YTO IIPOMCXOUT C Hell BO BpeMs BBIUNCIIEHUA
KoJja. BepHHUTECH K MPOIILIOH IjlaBe U NONpoINpyiTe pa3Hble IPUMepHl. B KOHIle TJIaBbl MBI pacCMaTpUBa-
JIV IpYIMep C IIOMCKOM KOPHEH, TaM MBI CO3/JaBaJIi GOJIBIION CIMCOK MIPOMEXYTOYHBIX PE3yJIbTaTOB U B HEM
KCKaIy pelieHye. S roBOPIJI, YTO TaKHe aJrOPUTMEI O4eHb 3GdEeKTHUBHEI NpY JIEHUBOI CTpaTeruy BBHIYKC-
JIEHWH, HO TaK JI1 3T0? ByabTe KpUTHUYHBI, HE BepbTe Ha CJIOBO, Be/lb Telephb y Bac €CTh MHCTPYMEHTHI U1
IIPOBEPKU MOUX TyMaHHBIX I'MIIOTE3.

» Otkporite fokymenTanuio K GHC. [Tposncratite eé€. [I[poHUKHUTECH yBaxeHreM K pazpabdoTturkaMm GHC. Haii-
nute ucxonuuky GHC u nouuraiite ux. [TocmoTtpurte Ha Haskell-koa, HanvcaHHbIE npodeccruoHatamu. Boi-
GepuTe PYHKIMIO HAyral U MOMBITANTECh TIOHATh KaK OHA CTPOUT CBOI pe3yJibTart.

+ OTKpoIiTe JOKyMeHTauuo BHOBb. Hac nuHTepecyert riasa Profiling. Haiinure B pasfesie npoduinpoBaHue
Ky4M Kak BBINOJIHAETCA retainer profiling. 3To cnennanbHbil TUN NPOGUINPOBAHNA HANPABJIEHHBIN Ha I10-
HCK JaHHBIX, KOTOPHIE YAEPXXUBAIOT B NaMATHU Jpyrye AaHHbe (TUINYHBIA CLeHapUil A yTeyek MaMATH).
Paz6epurech ¢ aTuM TUOM npodruinposanus (¢oar hr).

« IlocTpoiiTe cucTemMy NpaBuJI, KOTOPAas BHIIOJIHAET CJIMAHNE AJIA CIMCKOB List, onpeieI€HHBIX B IpUMepe A1
nparmel RULES. CpaBHHUTe ITOKa3aTeJIu IPOM3BOUTEIBHOCTH C IpaBWjIaMu U 6e3 (71 3TOro CKOMIMINPYUTe
ABaxapl ¢ gsiaroMm 0 u 6e3) Ha TECTOBOM BBIpaKEHNU:

main = print $ sumL $
mapL (\x -> x - 1000) $ mapL (+100) $ mapL (*2) $ genL 0 1leb6

OYHKIUA SUumL HAXOAUT CYMMY 3JIEMEHTOB B CIIHCKe, GYHKINA genl reHepUpyeT CIHCOK YKCeI ¢ eUHIYHBIM
IaroM OT MEPBOTO apryMeHTa 4O BTOPOTO.
IMoxckaska: BaM HYKHO BOCIIOJIb30BAaThCA TAKUMHU CBOICTBaMU (He 3a0y/ipTe 0 hazax KOMITHIIAINN)

mapL f (mapL g xs) =
foldrL cons nil (mapL f xs)

+ OTkpoiiTe NCXOAHBIHM Ko Prelude 1 MpUCMOTPUTECH K PA3IMYHBIM IparmMam. IlonsITaiiTech MOHATh IOYEMY
OHH TaM HCIOJIb3YIOTCA.
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I'maBa 11

JIleHUBBIE Uyzieca

B mpomuioi ryiaBe Mbl y3HajIM, YTO Takoe JIEHUBbIE BBIYMCJIEHUA. B 3Tol rjiaBe MBI IOCMOTPUM 4Y€M OHM XO-
poumi. C HUMH MOXHO JieJIaTh HEBO3MOXHBIe Ber . OOpamaTecs K ellé He BBYMCIEHHBIM 3Ha4eHUAM, paboTaTh
6eCKOHEeYHbIMU JaHHBIMU.

Mp&l nuIeM DporpaMmy, 4ToOb! pelIuTh KaKyo-HUOyAb CJIOKHYI0 3aJa4y. YacTo Tak ObIBaeT, 4To CJIOXKHAsA 3aja4a
OKasbIBaeTCs CJIOXKHOMH A0 TeX MOop MoKa eé He yAaéTcA pa3bUTh Ha OTAesIbHble He3aBUCHMBbIe ToA3agady. Mel pemaeM
3ajaud Mo-MeHbllle, IOTOM coOMpaeM U3 HUX pelleHUs, U3 3TUX pelleHUi coOupaeM Apyrue pelleHus U BOT yxe
rorosa nporpamma. Ho Mbl pemaeM 3ajjady He Ha JIMCTOYKe, HAM HEOOXOAUMO OOBACHUTH €€ KoMIbloTepy. Y ToT
SI3bIK, HA KOTOPOM MBI ITHIIIEM IIPOrpaMMy, OKa3blBaeT CHJIbHOE BJIMSHYE Ha TO KaK MbI Oy/1eM perath 3ajaqy. Ml He
MOXeM pa3buTh IporpaMmy Ha He3aBHCHUMBbIe II0/[3a/1a4l, €CJIM B TOM S3bIKe Ha KOTOPOM MBI coOMpaeMcs 00bACHATD
3aflauy KOMIIBIOTepYy HeT CpeAICTB JJIA TOT0, YTOOBI cOOpaTh 3T pelIeHUs BMecCTe.

06 sTOM roeopur [acoH Xe03 (John Huges) B cratbe "Why functional programming matters”. OH IpUBOAUT Ta-
Kyt Metadopy. Eciim MBI lestaeM CTyJI My Hac HeT Xopollero kjes. EquHCTBeHHOe 4TO HaM OCTaéTCs 3TO BhIpe3aTh
U3 JiepeBa CTyJI L[eJIMKOM. DTO HEBEPOATHO TPYyJHAsA 3afada. I'opa3fo mpole cfesaTh OTAesIbHbIe YacTU U IIOTOM
cobpatb BMecTe. DyHKIMOHAIBHBIE SI3BIKM IPOr'PAaMMUPOBAHNA IPEeJOCTABIIAIOT {BA HOBBIX ByuIa “kiiess”. 910 QyHK-
LMY BBHICIIEro NMOpsiiKa U JIEHWBbIe BBIUMCJIEHUA. B cTaThe MOXXHO HalTH MHOTO IIpuMepoB. HekoTopble U3 HUX MBI
paccMOTpHM B 3TOM IjlaBe.

C GyHKIMAMY BHICIIAX NMOPAAKOB MBI yXKe 3HAKOMBI, OHU MO3BOJIAIOT CKJIENBaTh HeOosbmMe pemeHus. C ux
[IOMOIIIBI0 MBI MOX€eM [TapaMeTpu30BaTh QyHKITHIO Apyroi dyHKIuel (nmoBegeHneM). OHU JA0T HaM BO3MOXHOCTh
BBIJIeJIATh CJIOXKHBIE 3aKOHOMEPHOCTH U cobupaTh UX B QyHKIMU. JIeHHBble BBIYMCIIEHUA Xe NpeJHa3HaueHsl I
CKJIeMBaHUA 60JIbIINX IporpaMM. OHU CMHXPOHU3UPYIOT BHIIOJIHEHMe Nof3aAay, u30aBJisaa Hac OT He0OXOAUMOCTH
BHINIOJIHATD 3TO BPYYHYIO.

OTa njes pa3bueHUs IporpaMMbl Ha He3aBUCHMbIe YaCTH NMPUBOAUT HacC K NOHATUIO MOAYJIbHOCTU. Korga met
pelaeM 3aauy MBI IIBITAEMCs Pa3JIOKUTh e€ Ha IPOCTellie cocTapalmye. IIpy 9TOM 4acTo OKashlBaeTcs, 4TO
3T COCTaBJIAIONINE IPUMEHUMBI He TOJIbKO JIJIA Halllell 3aJauy, HO M Ui MHOTUX Jpyrux. MBI nojiyyaem LieJIblid
OyKeT pelleHUH, TaM re NCKaJIkd OJHO.

11.1 YwciaeHHbIEe METObI

PaccMoTpyUM HECKOJIBKO YMCIEHHBIX MeTO0B. Bce 3TH MeToAbl NOCTPOEHBl Ha MOHATUH CXOAUMOCTU. Y Hac eCTh
[10CJIeJOBATEeIbHOCTh pellleHNI 1 OHA CXOJUTCA K OJJHOMY PelIeHMI0, HO MBI He 3HaeM Korjaa. MBI TOJIbKO 3HaeM,
YTO NPOMEXYTOUHbIe peleHNs OyayT Bcé Giirxke 1 OJIrKe K UTOTOBOMY.

[TockoJibKy y Hac JIEHUBBIH A3bIK MBI CHayaJsia IOCTPOUM BCce BO3MOXHBIE pellleHNs, a 3aTeM BbibepeM UTOroBOe.
Tak ke KaK MBI AeJIajIi 3TO B IIPOILIOH I'JIaBe, KOTAa UCKaJIM KOPHU ypaBHEHNA MeTOAOM HeNOABIXHOU TOUKU. DTU
npuMepsl B3ATH 13 cratbl "Why functional programming matters” J[xoHa Xbto3a.

AuddepennupoBanue

Haiiném nponsBoaHyo ¢yHKOUM B TOUYKe. [IocMOTPUM Ha MaTeMaTHYecKoe OIpejiejieHre TPOM3BOJHOM:

h—0 h
[Ipou3BOAHAsA STO MpeeSt IIOC/IEJOBATEIPHOCTY TAKUX OTHOIIEHUH, Tpy h cTpeMsiieMcs K HyJto. Ecyu npezent
CXOJIUTCSA, TO MPOU3BOJAHASA OmpeneieHa. [IJiA TOro 4ToObsl PELINTh 3Ty 3aJady Mbl HAYHEM C HeOOJIBIIOro 3Have-
HuA h u 6y).1eM NOCTEINEHHO YMEHbIIATh €ro, BRIYMCJIAA IPOMEXYTOYHBIE 3HAYECHUA HpOI/I3BO;[HOI>’I. Kak ToJIbkO OHU
nepecTanyT CUJIbHO N3MEHATHCA MbI 6y/:[eM CYHTaTh, YTO Mbl HAIllJIU IIpeeJI IOCJIEA0BAaTECJIbBHOCTU
3T1OT mpouecc HartoOMUHAaEeT TO, YTO MbI [€JIaJIv IIPU MONCKE KOPHA YpaBHEHUA METOAO0M HeHOZ[BH)KHOIZ TOYKU.
MBI MOXeM B3ATh U3 TOTO pemeHus (byHKHI/IIO ornpenesaeHusAa CXoANMOCTH ITOCJIEAOBATEJIbHOCTH:
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converge :: (Ord a, Num a) => a -> [a] -> a
converge eps (a:b:xs)

| abs (a - b) <= eps = a

| otherwise converge eps (b:xs)

Tenepb OCTaJIOCh TOJIBKO CO34aTh IIOCJIEA0BATEJIbHOCTD 3HaYeHUH IIPpON3BOJHBIX. Hanumem CI)yHKI.[I/IlO, KOoTOpaa
BbIYNCJIAET IIPOMEXYTOUYHbIE DEIIEHUA:

easydiff :: Fractional a => (a -> a) ->a ->a -> a
easydiff f x h = (f (x + h) - f x) / h

Mpe1 BO3bMEM HavasIbHOE 3Ha4yeHue Imara 1 OyaeM nocjeqoBaTeJIbHO YMEHbIIATh ero BABOE:
halves = iterate (/2)

CoGepéM Bce yacTu BMeCTe:

diff :: (Ord a, Fractional a) => a ->a -> (a ->a) ->a -> a
diff ho eps f x = converge eps $ map (easydiff f x) $ iterate (/2) hO
where easydiff f x h = (f (x + h) - f x) / h

CoxpaHuM 3TH OlpeJieJIeHNs B OTJIeJIbHOM MOJYJie U HAauAEM IPOU3BOAHYI0 KaKoH-HUOyAbp pyHkmu. IIpoTe-
CTHpYyeM pellleHHe Ha 3KCIIOHeHTe. I3BecTHO, YTO NIPOMU3BOIHAs SKCIIOHEHTHI paBHa caMmol cebe:

*Numeric> let exp’ = diff 1 le-5 exp
*Numeric> let test x = abs $ exp x - exp’ x
*Numeric> test 2

1.4093421286887065e-5

*Numeric> test 5

1.767240203776055e-5

HuTerpupoBanue

Teneps faBaiiTe ouHTerprupyeM GyHKIMN OAHOr0 aprymenTa. HTerpas sTo IJIomaab KpUBoi o rpadukom
dyHukuu. Eciu 651 KpyuBas GblIa MPAMO, TO MBI MOIJIM Obl BEIYUCJIUTH UHTerpaj o dopmyJie Tpanenuii:

easyintegrate :: Fractional a => (a -> a) ->a ->a -> a
easyintegrate f a b= (fa+ fb) * (b-a) /2

Ho MBI XOTUM MHTerpupoBaTh He TOJIbKO IIpsAMbIe JIMHUU. MBI IIpeAcTaBUM, YTO (PYHKIMA ABJIAETCA JIOMaHOU
IpAMOH JIMHKEH. MBI HocYnTaeM MHTerpaj Ha KaXI0M U3 Y9aCcTKOB U CJIOKUM OTBETHL. I1py 3TOM yeM GJIrrKe TOUKU
JPYT K APYTYy, TeM TOYHee MOXHO IpeJICTaBUTh (QYHKLMIO B BUJAE JIOMAHOW NpsAMOHN JIMHUM, TeM TOYHee OyJeT
3HauYeHUe UHTerpasa.

[Tpo6semMa B TOM, YTO MBI He 3HaeM 3apaHee HaCKOJIbKO OJIM3KHU AOJDKHEI OBITh TOYKU APYT K APYTY. OTO 3aBUCUT
0T PYHKIMH, KOTOPYIO MBI XOTHUM IPOMHTErprpoBaTb. Ho MBI MOXeM IOCTPOUTH IOCJIeI0BATEIbHOCTh PEelIeHUH.
Ha xaxxgom mrare Mbl 6ygeM npubiimkaTh GYHKI[MIO JIOMAHOH MPAMOM, M Ha KaXI0M Illare 4rcJio U3JIOMOB OyaeT
pactu BaBoe. Kak TOJIBKO pellleHNe niepecTaHeT MeHAThCsS MBI BEpHEM OTBET.

[TocTpouM mocJieJOBaTeJIbHOCTh PelIeHU:

integrate :: Fractional a => (a -> a) -> a -> a -> [a]
integrate f a b = easyintegrate f a b
zipWith (+) (integrate a mid) (integrate mid b)
where mid = (a + b)/2

I[TepBoe peleHue ABJIAeTCA IJIOMIAABIO IO IPAMOH, KOTOpas coeAUHAET KOHIBI OTpe3Ka. IIoOToM MBI [leJIUM OT-
Pe30K IoIoJ1aM, CTPOUM I0CJIeJoBaTeIbHOCTh NPUOIMKEHUH U CKyIafblBaeM YaCTUYHbIe CYMMBI C IOMOIIBI0 PyHK-
nuu zipWith.

Ota BepcuA GyHKIMY XOTh U HaryIAAHasA, HO He sddexTrBHaA. @yHKOuA f BEIUUCIIAETCA 3aHOBO IIPU KaXXOM pe-
KyPCUBHOM BBI30Be. Bb110 OBl XOPOILIO BEIYUCJIATD €€ TOJIBKO JJIA HOBBIX 3Ha4eHUH. J[J1A aToro Mul 6yZieM IepeiaBaTh
3HaueHUs C NpeblayIero mara:

integrate :: Fractional a => (a -> a) -> a -> a -> [a]
integrate f a b = integ f a b (f a) (f b)
where integ f a b fa fb = (fa+fb)*(b-a)/2 :
zipWith (+) (integ f a m fa fm)
(integ f m b fm fb)
(a + b)/2
fm=fm

where m
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B sT0l1 Bepcru MBI BBIUKCIIAeM 3HaUYeHUs B QyHKOUM f JIUIIb OAUH pa3 AJIsg KXo TOYKU. 3anuiieM UTOroBoe
peleHue:

int :: (Ord a, Fractional a) => a -> (a ->a) ->a ->a -> a
int eps f a b = converge eps $ integrate f a b

ME&I OIATh BOCIOJIb30BAJINCH GYHKIMEH converge, HAaM He HyXHO ObUIO e€ nepenuceiBaTh. I[IpoBepuM perieHue.
JI714 IpoBepKu TakXe BOCIIOJIb3yeMCs SKCIIOHEHTO. B MpoIuioii riiaBe Mbl y3HaIH, YTO

ele—i—/ etdt
0

HOCMOTPI/IM, TaK JIM 3TO AJIA HAIllero ajaropurMma:

*Numeric> let exp’ = int le-5 exp 0

*Numeric> let test x = abs $ exp x - 1 - exp’ x
*Numeric> test 2

8.124102876649886¢e-6

*Numeric> test 5

4.576306736225888e-6

*Numeric> test 10

1.0683757864171639%e-5

AnroputMm paboTaeT. B cTaThbe emé pacCMOTpPeHBl METO/bI IOBbIIIIEHN TOYHOCTU 3THUX aJIr'OPUTMOB. YTO HHTe-
pecHO AJiA yJlydllleHusA TOYHOCTH He HaJl0 MeHATh CyL[eCTBYIoMMi ko, OyHKIMA IpUHUMaeT 0C/IeJ0BaTeJIbHOCTh
TIPOMEXYTOUHBIX pellleHu! U Ipeobpasyer eé.

11.2 CreneHHbie psAAbI

Hanumem moAyJsib [Ji BBHIUKUCJIEHUA CTENEHHBIX PAAOB. JTOT IpuMep B3AT u3 cratbu Jlyriaca MakWipos
(Douglas Mcllroy) "Power Series, Power Serious”. CTeneHHOI psj NpeAcTaBisAeT coboil GyHKIMI0, KOTOpas omnpe-
JiesiseTcs CICKOM KO3(hPUIIEHTOB:

F(z) = fo+ fiz + fo2? + fa2® + faz* + ...

CTeneHHOH P COAEPXKUT OECKOHEYHOE YHCJIO cJIaraeMbiX. JIJid BEIYMC/IEHU HaM MoTpebyTea GyHKIUU CJ10-
KeHUA U yMHOXeHus. Psag F'(1) MOXHO 3anucaTh U M0-ApyroMy:

F(z) = Fy(z)
= fo+zFi(x)
= fo+z(f1 + 2F2(z))

JTO ompejiejieHWe O4YeHb IO0X0Xe Ha ollpefeJieHUe cnucka. Pan ects koadpduiyeHT fo u apyroi psag I (x)
YMHOXX€eHHBIN Ha X. [IoaToMy A1 npeAcTaBjieHusA PAAOB MBI BEIOepeM KOHCTPYKINIO IIOXO0XYI0 Ha CIHCOK:

data Ps a = a :+: Ps a
deriving (Show, Eq)

Ho B Hamiem ciiyyae CIMCKUA 6eCKOHEYHBI, I03TOMY Y HAC JIUIIb OJUH KOHCTPYKTOp. [Jajee Mbl 6yeM mucaTh
npocto f + xFy, 6e3 cko6GOK /i1 apryMeHTa.
OmnpenenuM BerioMorarteJibHble GYHKIUU IJIA CO3AaHUA PAAOB:

pO :: Num a => a -> Ps a
p0 x = X :4: pd 0O

:: Num a => [a] -> Ps a
ps [] = pod 0
ps (a:as) = a :+: ps as

O6paruTe BHUMaHUE Ha TO, KaK MBI JONKCHBaeM OECKOHEYHHIN XBOCT HyJIell B KOHell psifa. Temephb JaBaliTe
onpees M (PYHKITMIO BBRIYMCIEHYA psaAa. Mbl OyjeM BBIYKCJIATH JIMIIb KOHEYHOE YHMCJIO CTeNeHeNn.

eval :: Num a => Int -> Ps a -> a -> a
eval 0 _ =0

eval n (a :+: p) x =a + x * eval (n-1) p x

B mepBoM ciiyyae MBI XOTHM BBIYMCJIUTh HOJIb CTeNeHeH pAAa, M03TOMY MbI BO3BpallaeM HOJIb, & BO BTOPOM
ciydae 3HadeHue psga o+ x P ckiagpiBaeTes U3 yrcsia a v 3HaueHust psfa P yMHOXeHHOro Ha 3ailaHHOe 3HAUYeHHe.
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Apudmeruka psaaos

B pesysibTaTe cy10XKeHNA ¥ YMHOXEHUs PAAOB TaKxXe MosydaeTcs pAn. Takke Mbl MOXeM CO3AaTh PAL U3 YHCTIA.
OTH ollepallyi TOBOPAT O TOM, YTO MBI MOXeM c/leJIaTh CTelleHHOH psAf 3K3eMILIIpoM kjiacca Num.
CiioxxeHue

PekypcuBHOe mpefcrasiieHue psaga f + o F mosBosisieT HaM OYeHb KPaTKO BBIPAXATh OINEpalyH, KOTOPhIE MbI
XOTHM OIlpe/iesiuThb. Terneps y Hac HeT 6eCKOHEYHOro Habopa K03 UIMEHTOB, Y HAC BCErO JIMIIb OJHO YHCJIO U emé
onuH psaa. Onepanuu cyniecTBeHHO yrpoutanTcs. Tak cioxeHue AByX 6eCKOHEYHBIX PANOB UMeET BUL:

F+G=(f+zF)+(g+2G1) = (f+9) +a(F1+G)

[epeBeném Ha Haskell:

(f :+: fs) + (g :+: gs) = (f + g) :+: (fs + gs)

YMHOXeHHe

YMHOXUM JiBa psAfa:

FxG=(f+al)*(g+2G1) = fg+a(fG1+ F1xG)
[lepeBegém:

(.*) :: Num a => a -> Ps a -> Ps a
k .* (f :4: fs) = (k * f) :+: (k .* fs)

(f :+: fs) * (g :+: gs) = (f * g) :4+: (f .* gs + fs * (g :+: gs))

JlononHuTeIbHAA onepanus (. *) BBINOJHAET YMHOXeHHEe BceX KOd(QPHUIMEeHTOB psAAa Ha YKMCJIO.

Kinacc Num
Cobepém ompefiesieHUs JJis1 METOAOB Kjiacca Num BMecTe:

instance Num a => Num (Ps a) where
(f :+: fs) + (g :+: gs) = (f + g) :+: (fs + gs)
(f :+: fs) * (g :+: gs) = (f * g) :+: (f .* gs + fs * (g :+: gs))
negate (f :+: fs) = negate f :+: negate fs
fromInteger n = pO (fromInteger n)

(.*) :: Num a => a -> Ps a -> Ps a
k .* (f :+: fs) = (k * f) :+: (k .* fs)

MeTo/pl abs 1 signum He onpezeseHsl A psAgoB. O6paTUTe BHUMAaHUE Ha TO, KaK PeKyPCUBHOE ONpefiesieHre
PAOB MIPUBOJUT K PEKYPCUBHBIM ONpeiesieHUuAM QYHKIUI A1 pAAOB. DTOT MPUEM oueHb xapaktepeH i Haskell.
IToCKOJIBKY HAIll P/ 3TO YMCJIO U eLI€ OOUH PSf 33 CYET pEKYPCUU MBI MOX€eM BOCIIOJIb30BaThCSA ONleparfeii, KOTOPYI
MBI OllpeJiesisieM, Ha "XBOCTOBOM” psfe.

HNenenue

PeByJ'II)TaT ACJIEHUA Q YAOBJIETBOPAET COOTHOIIEHUWIO:

F=QxG

[epenucas F', G u () B HalIeM NPeJCTABJIEHNH, TOJIYyIUM

fHaeF =(q+zQ1)*G=qG+z2Q1*G =q(g+zG1) +2Q1 x G
=qg +2z(qG1 + Q1 *G)
CyiemoBaTeJIbHO
q =1[/g
Q1= (F1 —qG1)/G

Ecim g = ( fesieHre IMEET CMBICIT TOJIBKO B TOM ciiyyae, ecyim u f = (. [epeBeném na Haskell:
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class Fractional a => Fractional (Ps a) where
(0 :+: fs) / (O :+: gs) = fs / gs
(f :+#: fs) / (g :+: gs) = q :+: ((fs - q .* gs)/(g :+: gs))
where q = f/g

fromRational x = pO@ (fromRational x)

IIpousBogHaA U UHTErpaj

HpOI/ISBO,T.[Haﬂ OIHOI'0 WiIeHa psAaa BBIUMUCIIAETCA TaK:

a,
dz

U3 sToro BbIpaXe€Hus I10 CBOMCTBaAM HpOPIBBO,E[HOﬁ

no_ nmn—l

@)+ 9(0)) = -7 (w) + o g(a)

d d
(k) = ks 2 f ()

MbI MOXeM TOJIyIUTh GOPMyJTy [JIs1 BCEro psfa:

d
%F(:E) = f1 4+ 2fox + 3fsx® + Afsa + . ..

J1a peanu3anyuy HaM IOHAOOWTCA BerioMoraTesbHaA GyHKIUsA, KoTopas OyeT oOHOBJIATH 3HAYEHHUe J[ONO0JI-
HUTEJIbHOTO MHOXUTEJIS 70 B BRIPaXeHnH nr™  1:

diff :: Num a => Ps a -> Ps a
diff (f :+: fs) = diff’ 1 fs
where diff’ n (g :+: gs) = (n * g) :+: (diff’ (n+l) gs)

Takxe MBI MOXeM BBIYMCJIUTh U UHTErpaJl CTEII€eHHOI'o pAaaa:

int :: Fractional a => Ps a -> Ps a
int (f :+: fs) = 0 :+: (int’ 1 fs)
where int’ n (g :+: gs) = (g / n) :+: (int’ (n+l) gs)

dyieMeHTapHble GQyHKIMH

MBI MOXeM BBIPA3UTh dJIeMeHTapHble QYHKIUY dYepe3 Olepanyy B3sATHUA NPOM3BOJHON U MHTerpupoBaHus. K
pUMepy ypaBHeHUe i1 € BBITJIAOUT Tak:

dy _
dr

IIpouHTerpupyem ¢ HayaspHbM ycsouem y(0) = 1:

Teneps nepeBefém Ha Haskell:
expx = 1 + int expx

KaxeTcs HeBepOATHBIM, HO 9TO U €CTh OlpejesieHre SKCIOHEHTHI. Tak ke Mbl MOXeM ONpeJesuTh U GYHKIUU
JIA CUHyca M KOCHHYca:

4 sinz = cosz, sin(0) = 0,
J-cosx = —sinz, cos(0) =1

YTo npuBOAUT HAC K:

sinx int cosx
cosx = 1 - int sinx

U sto pabotaet! BrruncieHue 3TuxX GyHKINUI BO3MOXHO 3a CYET TOTO, YTO BHE 3aBUCHMOCTH OT apryMeHTa
dyHKIMA int BepHET psld, Y KOTOPOTO MepBhE KO3GOUIMEHT paBeH HyJII0. DTO 3HAYEHUe MTOAXBATHIBAETCA U UC-
[10JIb3yeTCsA Ha cJleAyIolleM Illare peKypCUBHBIX BBIUMCIIEHUH.

Yepes cHHYC ¥ KOCHHYC MBI MOXEM OIIPe/IeJINTh TAHI'€HC:

tanx = sinx / cosx
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11.3 Bogoc6opsl

B 5TOM npuMepe Mbl pacCMOTPUM OAHY UHTEPECHYI0 TEXHUKY PeKYPCUBHBIX BHIUKCJIEHUH, KOTOpasa Ha3hIBaeTCA
Memousayueti (memoization). OHa 3aKJTI0OYAETCA B TOM, YTO MBI 3alIOMIHA€EM BCe 3HAaUeHUsA, C KOTOPHIMU BBI3bIBAJIACH
dyHKIMA U, ecyu ¢ JaHHBIM 3HaUYeHHeM QYHKI[US yXXe BBIUHCIIAIAch, IPOCTO UCIOJIb3yeM 3HaueHue 13 NaMATH, a
ecJi 3HaueHUe ell[é He BBIUKCJIAIOCh, BRIUKCIIEM ero U COXpaHsaeM.

B JIeHUBBIX SI3BIKaX MPOTrPaMMUPOBAHUSA A1 MeMon3anuy GyHKIUE YacTO UCHOJIb3yeTCs TaKou nprém. MEI co-
XpaHsAeM Bce 3HaueHUs GyHKI[UYI B HEKOTOPOM KOHTelHepe, a 3ateM obpariaeMcs K 3jieMeHTaM. [Ipy 3ToM 3HaueHNs
COXPaHAIOTCA B KOHTeHepe 1 He NIepPeBRYUCIIAI0TCA. DTO IPOUCXOUT 3a CUET JIEHNBBIX BeIUMC/IeHUN. UTo nHTepec-
HO BBIYMCJIAIOTCSA He BCce 3HaUeHUs, a JIUIIb Te, KOTOpble HaM JeliCTBUTEIbHO HYXHBI, T€ KOTOPbIe MBI M3BJIEKaeM U3
KOHTeliHepa XOTs Obl OAUH pas.

[TocMOTpUM Ha TaKoU KJlaccuuyeckuil mpumep. BeruncieHue uvcen duboHauyuu. Kaxgoe nocieqyiolee 4rcjio
pana ®uboHavyuy paBHO CyMMe JIByX npeAplAymiux. HarBHOe onpejesieHye BBRITJIAAUT TakK:

fib :: Int -> Int

fib 0 = 0

fib 1 1

fib n = fib (n-1) + fib (n-2)

B sTOM omnpefesieHNN YKCJIO BEIYMCIEHNI PAacTET SKCIIOHEHI[HaabHO. 1A Toro 4yToOhl BRIUMCIUTD fib n Ham
HyXHO BeluncuTh fib (n-1) u fib (n-2), A4 TOro 4ToOBl BHIYUC/IUTE KaXxJoe M3 HUX HaM HYXXHO BBIYHCJIUTH
emé ABa YMCJIa, M TaK BEIUMCJIEHNA yABAUBAIOTCA Ha KaxAoM miare. Eciu Mbl BBI30BeM B MHTeprperaTtope fib 40,
TO BBIYMCJIATEJIb 3aBUCHET. UTO MHTEPEeCHO B 3TOM (PYHKIMHU BHIYMCIICHUS IePeceKalTcsA, OHU MOTYyT OBITh Iepe-
ucnosb3oBansl. Hanpumep fia BeuncsieHus fib (n-1) u fib (n-2) HyxHoO Bbruuciuth fib (n-2) (cHoBa), fib
(n-3), fib (n-3) (cuoBa) u fib (n-4).

Ecnu MBI cOXpaHuM Bce 3HaYeHUA GQYHKIMM B CIMCKe, KaXAbIH BbI30B QYHKIMU Oy/1eT BHIYKCIIEH JIUIb OAUH
pas:

fib’ :: Int -> Int
fib’ n = fibs !! n
where fibs = 0 : 1 : zipWith (+) fibs (tail fibs)

[MTorpoGyeM BBIUMCIINUTD AJIA 40:

*Fib> fib’' 40
102334155

*Fib> fib’ 4040
700852629

BrrunicieHns npoucxoAsaT MrHOBeHHO. Ecyiy 3a/jaya cOCTOUT U3 MHOXECTBA 10/13a/jay, KOTOPhle CaMOIOAOOHBI
U I BBIUKCJIEHNA MOCJIeAYIOINX MoA3aAad HCIIOJIb3YIOTCA pellleHNs U3 MpeAbAyIINX, CTOUT 3aAyMaTbcs 00 Hc-
10JIb30BaHUM MeMoun3auuu. Takue 3aaui Ha3bIBAIOTCA 3aJa4aMU OUHAMUYECK020 NPOZPAMMUPOBaHUA. BrruricieHne
yrces1 ®uOOHAYYM APKUH IpUMep 3aJayl JUHAMUAYECKOTO TPOrpaMMUPOBaHUS.

PaccmoTpuM Takyio 3afavy. JJaHa npAMOYroJjibHasg “KapTa MECTHOCTH”, B KaXAOU KJIeTKe IeJIbIM YKCJIOM yKa-
3aHa BeIcoTa Touku. Heo6xoAuMO pa3mMeTuTh MECTHOCTD 1O CJIEAYIOLIMM IIpaBUjIaM:

» W3 kaxaoil KJIeTKyu KapThl BoJa cTeKkaeT He Oojiee 4YeM B OJHOM M3 YeTHIPEX BO3MOXHBIX HampasjeHUl (“ce-
Bep”, “or”, ”3anajg”, "BOCTOK”).

» Ecsu y KJIeTKU HeT cocefie ¢ BBICOTOM MeHbllle eé cOOCTBEHHOM BBICOTHI, TO 3Ta KJIeTKa — BOAOCTOK, 1 BoJia 13
Heé HUKyJa AaJiblile He TeYeT.

* WMHaue Boga U3 TeKyI.L[efI KJIETKU CTE€KAE€T Ha COCECOAHIOI0 KJIETKY C MUHUMAJIbHOI BBICOTOM.

» Ecyn Takux cocefieil HeCKOJIbKO, TO BOZa CTeKaeT II0 [IepBOMY M3 BO3MOXXHBIX HalpaBjeHUI 13 cIircka “Ha
ceBep”, "Ha 3anaj”, "Ha BOCTOK”, "Ha 10r”.

Bce KJIeTKM U3 KOTOPHIX BOJIa CTEKAET B OJJUH U TOT e BOAOCTOK IPUHAJJIEXAT K OJHOMY acceiiHy Bomoc6o-
pa. Heo6xoqumMo OTMETHUTH Ha KapTe Bce OaccelHbl. PemieHue 3TOHM 3a/jayil BCTPETUIIOCh MHE B CTaThe JIMUTpUs
AcramnoBa "Pekypcus +MeMonsanus = AUHaMUYecKoe IporpaMMupoBaHue”. 31ech OHO U IPUBOAUTCA C HE3HAYU-
TeJIbBHBIMU N3MeHEHUsAMHU.

Kapra MecTHOCTU IpeficTaBJieHa B BHE JBYMEPHOTO MAacCHBa, B KaXJOH KJIETKE KOTOPOTO OTMeYeHa BhICOTA
TOYKY, HAM HE00XOAUMO MOJIYYUTh ABYMEPHBIN MacCCHUB TOT'O Xe pa3Mepa, KOTOPHII BMECTO BBICOT COAEPKUT METKH
BOJIOCTOKOB. MBI Oy1eM oTMeuaTh UX OYKBaMU JIATUHCKOro ayidaBuTa B TOM NMOPAJKE, B KOTOPOM OHU BCTPEYAIOTCS
mpu 06xo/ie KapThl CBEPXy BHU3, cJieBa Hanpaso. Hanpumep:
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123456 aaabbb
789245 aabbbb
3533617 -> ccdbbe
645531 fgdbee
224537 fgghhe

Jia mpepncraBieHus ABYMEPHOTO MacCHBAa MBI BOCHOJIb3yeMCA THUNOM Array M3 CTaHAAPTHOTO MOAYJIA
Data.Array. Tun Array nmeer ABa napamerpa:

darta Array i a
[TepBhIli yKka3biBaeT Ha UHAEKC, @ BTOPOH Ha cojepxaHue. MaccuBHl yXKe BCTpedasIliCh HaM B IJjlaBe O Tune ST.
HanowmHio, 4TO nofpasyMeBaeTcs, YTO 3TOT THUII ABJIAETCA SK3eMIUIAPOM Kjiacca Ix, KOTOPHIU ONKMChIBaeT IeJI0UKC-

JIEHHbI€ MH/IE€KCbI, BCIIOMHUM €0 onpeaejieHue:

class Ord a => Ix a where

range 11 (a, a) -> [al
index :: (a, a) -> a -> Int
inRange :: (a, a) -> a -> Bool
rangeSize :: (a, a) -> Int

[TepBEIil apryMeHT y BceX 3TUX GYHKIUH 3TO Iapa, KOTopas NpeACTaBAeT BEPXHIOW U HIDKHIOW I'PaHb IocJie-
noBaresibHOCTU. [TonpobyiiTe forafgaTses, 4YTO AesaloT MeTOABI 3TOro Kjlacca 0 TUIaM U UMeHaM.

I[J'IH ABYMEPHOI'O MaCCrBa MHAEKC 6y;[eT 3aaBaTbCA napoﬁ LeJIbIX YHCeJI:

import Data.Array

type Coord = (Int, Int)
type HeightMap = Array Coord Int
type SinkMap = Array Coord Coord

3HaueHue tuma HeightMap XxpaHUT KapTy BBICOT, 3Ha4YeHHe Tuna SinkMap XpaHUT B KaXJOH KOOpPAUHATE, Ty
TOUYKY, KOTOpas ABJIAETCS BOAOCTOKOM JUJIA TaHHON Toukyu. HaM Heo6XoAuMo MoCTpoUTh PyHKIHIO:

flow :: HeightMap -> SinkMap

Me1 Gyfem pemaTh 3Ty 3aJady peKypcuBHO. IIpeficTaBuM, YTO MbI 3HaeM BOJIOCTOKHU [JIsl BCeX TOUeK KpoMe
JaHHOM. J[Jig KaXIOM TOYKM MBI MOXXEM Y3HaTh B KaKyl0 CTOPOHY U3 Heé cTekaeT BoAa. [Ipy 3TOM BOJIOCTOK AJIS
CJIeTyIolIel TOUKY TaKOM e Kak U AJjs Tekymieid. Ecin ke m3 JaHHOU TOYKM BOAAa HUKyZa He TeY€T, TO OHA caMa
SIBJIAETCS] BOAOCTOKOM. MBI ompefieiiM 3Ty QYHKIMIO0 Yepe3 KOMOMHATOP HEMOABMKHON TOUKHU fix.:

flow :: HeightMap -> SinkMap

flow arr = fix $ \result -> listArray (bounds arr) $
map (\x -> maybe x (result !) $ getSink arr x) $
range $ bounds arr

getSink :: HeightMap -> Coord -> Maybe Coord

Mb&l yiieM pelleHue B BUJle HENOABIDKHON TOYKM GYHKINY, KOTOpas NPUHUMAaeT KapTy CTOKOB U BO3BpallaeT
KapTy cTokoB. ®yHKIMA getSink o JaHHON TOUKe Ha KapTe BEIYMCIAET COCEJHIOI TOUKY, B KOTOPYIO cTeKaeT BoAa.
OTa QpyHKIKA YaCTUYHO ONlpefiesieHa, IOCKOJIbKY AJ11 BONOCTOKOB HET TaKOI coceJHEel TOUKHU, B KOTOPYIO0 Ol yTeKasia
Boja. ®yHkmmA listArray KOHCTpyupyeT 3HaueHHe THIa Array U3 CHMCKa 3HaueHUil. IlepBeIM apryMeHTOM OHa
NpYHUMAaeT JYana3oH 3Ha4eHUH A1 MHAEKCOB. PazMepsl MaccuBa COBNAAAlOT C pa3MepaMU KapThl BEICOT, IO3TOMY
TepBBIM apryMeHTOM MEHI IlepeiaéM bounds arr.

Tenepp pa3bepéMcs ¢ TeM Kak 3alOJHAIOTCA 3HaueHUs B crnucok. CHavasa MBI CO3[aéM CIHUCOK KOOPAMHAT
HMCXOIHOM KapThl BHICOT C TIOMOIIBIO BBIPAKEHUA:

range $ bounds arr

I[Tocsie 3TOrO MBI II0 KOOpANHATAM TOYeK HaXOAUM BOLAOCTOKH, IPUUEM Cpa3y AJiA BCeX TOUeK. DTO MPOUCXOAUT
B J1AMOAa-QyHKIUN:

\Xx -> maybe x (result !) $ getSink arr x
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MpeI npyHHUMAaeM TeKyIyl0 KOOPAUHATY U C IOMOIIbI0 GyHKIMU getSink HAX0AUM COCEHIOI TOUKY, B KOTOPYIO
yberaet Boaa. Ecsin Takoil TOUKH HeT, TO B CJIeAyIoleM BEIpaXeHUN MBI BEpHEM HCXOJIHYI0 TOUKY, IOCKOJIBKY B 3TOM
ciay4ae oHa 1 OyJieT BOOOCTOKOM, a €CJIM TaKas CoCeIHsAA TOYKa BCE-TaKU eCThb MBI CIIPOCUM pe3yJIbTaT u3 Oyayiiero.
Ms1 o6paTuUMcA K pe3ysabTary (result !), IOCMOTPUM KaKuUM OKaXeTcs BOAOCTOK AJIA cOCeAHel TOYKU U BepHEM
9TO0 3HaYeHue. [J0CKOJIbKY 3a CUET JIEHWBHIX BHIUMCJIEHUI 3HAaYeHNs Pe3yJIbTUPYIOIIero MacCuBa BEIYUCIAIOTCA JINIIb
OJIUH pas, 1ocJjie TOro Kak Mbl Halii€M BOAOCTOK JJIA AaHHON TOYKHU 3THMM Pe3yJIbTaTOM CMOTYT BOCIIOJIb30BAThCsA
Bce coceHue TOukU. [Ipu 3TOM nopsaaok obpaiieHus K 3HaYeHUAM U3 OyAyLIuX BBIYMCJIEHUI He UrpaeT poJiu.

OcTaJjioch TOJIBKO ONpenesuTh (GYHKINIO ovcKa GIrKaiero cToka U (PyHKIMI0 pa3MeTKU.

getSink :: HeightMap -> Coord -> Maybe Coord
getSink arr (x, y)
| null sinks = Nothing

| otherwise = Just $ snd $ minimum $ map (\i -> (arr!i, 1)) sinks
where sinks = filter p [(x+1, y), (x-1, y), (x, y-1), (x, y+1)]
p i = inRange (bounds arr) i && arr ! i < arr ! (x, y)

B ¢GyHKIMM pasMeTKy MbI BOCIOJIb3yeMCA acCOIMaTHBHBIM MacCHUBOM U3 MofyJia Data.Map. ®yHKOuA nub m3
MonyJiA Data.List yObupaeT u3 cnucka NOBTOPSAOIIKeCA 3J1eMeHThl. 3aTeM Mbl COCTaBJIsIeM CIIMCOK Iap 13 KOOpIu-
HaT BOJOCTOKOB 1 METOK U B caMOM KOHIle pa3MedaeM UCXOAHbBIN MacCUB:

label :: SinkMap -> LabelMap
label a = fmap (m M.! ) a
where m = M.fromList $ flip zip ['a’ .. ] $ nub $ elems a

11.4 JlenuBee HeKyaa

MBbI BRISICHUJIH, YTO 3HAYEHHE MOXET PeIyLHPOBAThCS TOJIBKO MPU COMOCTABJIEHUY ¢ 06pA3I[OM U B CHIEINaJIbHOM
dyHkMYU seq. OYHKIMIO Seq MBI MOXXeM IIPUMEHATh, a MOXeM U1 He IpUMeHATh. Ho kaxeTcs, 9TO B IeKOMIO3UL[UN
MBI HE MOXEM YHUTU OT HeOOXOAUMOCTH MPOBeIeHUs XOTs Obl OAHOM penykiuu. Oka3biBaeTcs MoxeM, B Haskell s
3TOr0 NMPEeAYCMOTPEHHI CIIel{UaIbHBIE JieHUaBble 00pasysl (lazy patterns). OHM 0603HAYAIOTCA 3HAKOM THUJIBJA:

lazyHead :: [a] -> a
lazyHead ~(x:xs) = x

[Nepes ckOOKaMK COMOCTABJIEHUS C 06Pa3IOM MUIIETCS CUMBOJI THJIb1a. DTUM MBI TOBOPUM BBIYMCIUTEIO: JO-
BephCs MHe, 371eCh TOYHO TaKo¥ oGpasel], MOXEIb Jaxe He IPoBepATh Aajibiie. OH U MpaBAa JaJibllie He TOHIET.
Hanpumep ecjii Mbl HalUIIEM TaKO€e OMNpe/esieHueE:

lazySafeHead :: [a] -> Maybe a
lazySafeHead ~(x:xs) = Just x
lazySafeHead [] = Nothing

Ecnu MBI TOACTaBUM B 3Ty YHKI[MIO IIyCTON CIIMCOK MBI IIOJIyYUM OIINOKY BpeMEHHU BBIIIOJIHEHNU S, BBIYMCIIUTEIb
JloBepuJIcs HaM B IIepBOM ypaBHEHMH, a Mbl ero oomaHyd. CoxpaHuM B MofyJie Strict u npoBepum:

Prelude Strict> :! ghc --make Strict
[1 of 1] Compiling Strict ( Strict.hs, Strict.o )

Strict.hs:67:0:

Warning: Pattern match(es) are overlapped

In the definition of ‘lazySafeHead’: lazySafeHead [] = ...

Prelude Strict> :1 Strict
0k, modules loaded: Strict.
Prelude Strict> lazySafeHead [1,2,3]
Just 1
Prelude Strict> lazySafeHead []
Just *** Exception: Strict.hs:(67,0)-(68,29): Irrefutable
pattern failed for pattern (x : xs)

[Ipy1 KOMIWIALUYM HaM Jjaxe COOOLIMJIM O TOM, YTO 0Opa3ubl B AEKOMIIO3ULUU NepeceKkalnTcsa. Ho Mbl ObUIH
YIpsAMBL ¥ HAIOPOJIMCh Ha OMIMOKY, ecJId MbI IOMeHsAeM 06pa3sIisl MeCTaMU, TO BCE MIPOUJIET IJIaIKO:

Prelude Strict> :! ghc --make Strict

[1 of 1] Compiling Strict ( Strict.hs, Strict.o )
Prelude Strict> :1 Strict

0k, modules loaded: Strict.

Prelude Strict> lazySafeHead []

Nothing
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OTMeTuM, YTO comocTaByeHue ¢ 06pa3ioM B let u where BepaxxeHUsX sBJIsAeTCs JJeHUBBIM. OyHKIMIO lazyHead
MBI MOTJIM OBl HanucaTh U Tak:

lazyHead a = x
where (x:xs) = a

lazyHead a =
let (x:xs) = a
in x

[TocMOTpUM Kak HCIOJIB3YIOTCA JIEeHUBbIE 00pas3Iibl IpY IOCTPOEHNY [TOTOKOB, MJIN 6€CKOHEYHBIX CITUCKOB. MBI
6yZeM IpeCTaBIATh GYHKIUY OJJHOTO apryMeHTa II0TOKaMU 3HaYeHHH ¢ OIMHAKOBBIM IaroM. Tak Mel 6yJem mpej-
CTaBJIATh HeNpepheIBHbIe QYHKIMN JUCKPETHRIMYU curHajamu. CunraeM, 4TO IIar AUCKpeTu3anuu (MiIy mar Mexzay
COCeJHMMHU TOYKaMU) HaM U3BECTeH.

f:R—=R = f,=f(nt), n=0,1,2,...

I'me T — war AUCKpeTH3al[uK, a N mpoberaeT Bce HaTypasibHble unciia. Onpenenum QyHKIMO pemeHus audde-
PeHIMAIbHBIX YpaBHEHUHN BUIA:

dx
T f(t)
z(0) =2

CUMBOJI T O3HaYaeT HavyasbHOe 3HaueHue QyHKIuK . [lepeiiiéM K JUCKPETHBIM CUTHAIaM:

Tp — Tpn—1 ~
- f ny 'IO =T
T
T'ne 7 — war AUCKpeTu3alnu, a r 1u f — 3TO IOTOKM 4YHCeJI, MHOEKC N npo6eraeT OT HYJIA O0 0eCKOHEYHOCTH
II0 BCEM TOYKaAM (IJYHKI.II/II/I, HpeBpaH.IéHHOfI B J:[I/ICerTHI)IfI curHa. Takou MeTOo HpI/IGJ‘II/I)KeHI/IH }I[I/I(I)(I)epeHLII/IaJ'II)-
HBbIX ypaBHeHI/Iﬁ Ha3bIBAIOT METOAOM Bfmepa. Tenepb MBI MOX€EM BbIPAa3UTh CJ'Ie,E[y}OLLII/Iﬁ 3JIEMEHT CUTHaJla 4epe3

TIpe By IIN.

Ty = Tp-1+ Tfna Io=x

3akoaupyeM 3TO ypaBHEHUE:

-- war AucKpeTu3auum
dt :: Fractional a => a
dt = le-3

-- MeTop Jinepa
int :: Fractional a => a -> [a] -> [a]
int x0 (f:fs) = x0 : int (x0 + dt * f) fs

CmorpuTe B yHKIMM int MBI IpUHMMaeM HadaJibHOE 3HaYeHHe X0 M MOTOK BCeX 3HaueHu! GyHKIUY mpa-
BOI1 YaCTV ypaBHEeHUsl, IOTOK 3HaueHui Gyukuuu f(t). Mbl noMelaeM HayajIbHOE 3HAYEHHE B IEPBHIN 3JIEMEHT
pe3yJbTaTa, a OCTaJIbHble 3HaueHHUs [10JIy4aeM PeKypPCHUBHO.

OnpefesnM ABe BCoMoraTeJibHble QyHKINN:

time :: Fractional a => [a]
time = [0, dt ..]

dist :: Fractional a => Int -> [a] -> [a] -> a
dist na b = ( / fromIntegral n) $
foldl’ (+) 0 $ take n $ map abs $ zipWith (-) a b

@yHkuuA time npoberaer Bce 3HaYeHNs OTCYETOB IIara JUCKpeTHU3aLUHU 10 BpeMeHU. DTO ToXAecTBeHHasA QYHK-
I[uA NpeficTaBjeHHas B BUJie IIOTOKA ¢ Imarom dt.

@OyHKIWA IPOBEPKU pe3yJibTara dist mpuHUMaeT ABa NOTOKA U 10 HUM CYHTaeT pacCcTosgHKe MeXy HUMU. DTa
(dyHKIUA FOBOPUT, YTO pacCTOSAHME MeXIy ABYyMA MOTOKaMU B N MEePBHIX TOUKAX paBHO CyMMe MOJyJIell pa3HOCTHU
MexAy 3HaueHHAMU IOTOKOB. J[JIl TOro 4TOOBl OLIEHUTh CpefiHee pacxXoxeHue, Mbl JeJIMM B KOHIle pe3yJsbTaT Ha
YKCJIO TOYEeK.

Taxxe UMIIOPTUPYEM A1 yA0OCTBA CUMBOJIBHBIN CHHOHUM 1A fmap u3 moxyssa Control.Applicative.
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import Control.Applicative((<$>))

[Tposepum ¢yHKIu0 int. 1A 3TOro cCOXpaHUM Bce HOBble GyHKIMU B MoayJie Stream.hs. 3arpy3um MoayJib
B MHTepIIpeTaTop U BHIYMCIINM IIPOU3BOJHYI0 KakoH-HuOyAp GyHknuu. Haiiném pemieHue A1 NpaBoi 4acTU KOH-
CTaHTHI U [IPOBEPUM, YTO y HAC MOJIyYWJIaCh TOXAECTBEHHAA PYHKLIUA:

*Stream> dist 1000 time $ int 0 $ repeat 1
7.37188088351104e-17

DYHKINY TPAKTUYeCKH COBMAAIOT, HOPANOK omubku coctapisger 10716, Tak 1 momkHO GBITH AJIA JMHEHHBIX
¢yukmuii. [TocMmoTpuM, 9yTO GyAET €CIM B MPABOI YaCTU YPAaBHEHUA CTOUT TOXeCTBeHHas QYHKITUA:

*Stream> dist 1000 ((\t -> t72/2) <$> time) $ int 0 time
2.497500000001403e-4

2
PereHue 5TOro ypaBHeHHUA paBHO QyHKINN % 3mech MBI BUJIIM, YTO Pe3YJIbTATHI yKe He TaKye XOpOoIlue.

EcTh @yHKIMN, KOTOpHIEe ONpeiesiAioTCs PEKYPCUBHO B TepMHUHax AuddepeHNINaIbHEIX YpaBHEHNUI, HallpuMep
9KCIIOHeHTa OyAeT pellleHNeM TaKoro ypaBHeHUs:

Ormumem 3T0 ypaBHeHue B Haskell:
e=1int 1l e

Hare onrcanue KonupyeT UCXOAHOE MaTeMaTHYecKoe olpesiesieHre. Jlo6aBuM 3TO ypaBHeHHE B MOJyJIb Stream
U IPOBEPUIM PE3yJIbTaThL:

*Stream> dist 1000 (map exp time) e
~“CInterrupted.

K coxasienuo BeruricsieHre 3apuciio. Haxxméwm ctril+c u pasbepémcs noyemy. s 3TOro paciuiieM BIYHCIEHIE
[IOTOKA YHCe €:

e -- packpoeM e
=> int 1 e -- packpoeM int, BO BTOpPOM BaprymeHTte
-- int cTouT pekomnosuuus,
= int 1 e@(f:fs) -- pns TOro 4Ttobbl y3HaTb Kakoe ypaBHeHue

-- pns int BbibpaTb HaM HYXHO PacKpbITb
-- BTOpOW aprymeHT, y3HaTb KOPHEBOM
-- KOHCTPYKTOpP, PackpoeMm BTOPOW apryMeHT:

=> int 1 (int 1 e)
=> int 1 (int le@(f:fs)) -- Takaf Xe cuTyauus
= int 1 (int 1 (int 1 e))

[Tpo6JsieMa B TOM, YTO IEPBBII 3JIEMEHT pelleHus MBI 3HaeM, MBI IepeJlaéM ero nepBbiM apryMeHTOM U IPHUCO-
e[IMHAEM K pellleHHIo, HO cnpasa OT 3HaKa paBHO. Ho [171A TOro 4To6b! NepeiiTy B IPaBYI0 YaCTh BEIYMC/IUTEITIO HYKHO
[IPOBEPUTH BCE apryMeHTH, B KOTOPHIX eCTh JeKOMNo3unusa. M oH HauuHaeT NPOBepATh, HO CIMIIKOM paHo. Ham
6Bl XOTeJIOCh, YTOOBI OH CHayaJla IPUCOeANHNIII K pellleHUIO NIepBLIi apryMeHT, a 3aTeM BbINOJIHAI Obl BEIYUCJICHUS
CJIeAyIolLero ajieMeHTa.

C IIOMOIIBIO JIEHUBBIX o6pa3u013 MBI MOXEM OTJIOXKHNUTDH JE€KOMIIO3UIIMI0O BTOPOTO apryMeHTa Ha IIOTOM:

int :: Fractional a => a -> [a] -> [a]
int x0 ~(f:fs) = x0 : int (x0 + dt * f) fs

Tenepb MbI BUOVM:

*Stream> dist 1000 (map exp time) e
4.988984990735441e-4

Beruricsienus npoucxofAar. C MoMoIIbI0 B3aNMHO-PeKyPCUBHBIX GYHKIME MBI MOXEM OIpeAe/IUTh GYHKIUN CU-
HYyC U KOCHHYC:
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sinx = int 0 cosx
cosx = int 1 (negate <$> sinx)

ot (l)yHKLII/II/I OIIMCBIBAIOT TOYKY, KOTOpas Oeraet 1no OKPYXHOCTH. Bot matemaTuueckoe onpenesyIeHue:

de

a Y
dy

w o _ o,

dt
z(0) = 0

y(0) =

[TpoBepuM B MHTEpIIpETATOPE:

*Stream> dist 1000 (sin <$> time) sinx
1.5027460329809257e-4
*Stream> dist 1000 (cos <$> time) cosx
1.9088156807382827e-4

Tak ¢ moMo1bI0 JIEHUBBIX 00pa3L{0B HaM yAaJIoCch IONAcCTh B [IPaBYI0 YacTh ypaBHEHUA 1A QyHKIMU int, He pac-
KpBIBasA 0 KOHI[A apTyMeHTHI B JIeBOI yacTU. C IOMOIIbIO 3TOI'0 MBI MOTJIM CChLIATHCA B COMOCTABJIEHUHU ¢ 00pa3oM
Ha 3HaueHue, KOTopoe enié He ObLIIO BEIYNCJIEHO.

11.5 Kparkoe coaepxanue

JleHuBBIE BBIUMCJIEHNA IOBHIIIAIOT MOy IBHOCTh IporpaMM. Mel MOXeM B OJJHOH YacTU IpOrpaMMEI CO3/1aTh Bce
BO3MOXHBIE pelleHNs, a B APYroi BHIOpATh JIy4IIre M0 KaKoMy-JIu00 mpu3HaKy. Takkxe Mbl HOCMOTpeJId Ha UHTe-
PecHyI0 TEXHUKY HalMCaHUS PEKyPCUBHBIX QYHKI[MIA, KOTOpas Ha3bkBaeTcs MeMou3alueil. MeMousalus o3Havaer,
YTO MBI He BBHIUKCJIsIEM MOBTOPHO 3HAYEHUS HEKOTOPOU QYHKIMH, a COXpaHsIeM UX U HUCIOJIb3yeM B JAJIbHEHIINX
BBIYKCJIEHVAX. MBI y3HAJIM HOBYIO CHTAKCHYECKYI0 KOHCTPYKIMI0. OKa3bpIBaeTCss MBI MOXeM He TOJIBKO OHOPOTHCS C
JIeHbBI0, HO U MOOIIPATH e€. JIeHb MooUIpseTcs JJEeHUBHIMI oO0pa3naMu. OHU OTMEHSIOT IpuBeieHNe K cj1aboii 3arosio-
BOYHOH HOpMaJIbHOH dopMe IIpU AeKOMIO3UIUY apryMeHToB. OHM NMUIIYTCs Kak OOBIYHBIEe 06pa3iibl, HO CO 3HAKOM
TUIbAA:

lazyHead ~(x:xs) = x

MBI rOBOpPUM BBIUMCJIUTEJIIO: TIOBEPh MHeE, 3TO 3HaueHHe MOXeT MMeTh TOJIbKO TaKOH BUA, IOTOM ITIOCMOTPHIIb
TaK JI1 3TO, KOrda 3HaueHus Tebe moHanooaTcsA. [ToaToMy JieHnBBIe 0OpasLibl IPOXOAAT CONOCTaBJIeHNe ¢ 00pa3loM
B JII060OM cJIy4ae.

ComnocrasiieHue ¢ 06pasnoMm B let u where BeipaxkeHUAX ABJIsAeTCA JeHUBBIM. @yHKIMI0 lazyHead Mbl Morjiu OBl
HamucaTh U TaK:

lazyHead a = X
where (x:xs) = a

lazyHead a =
let (x:xs) = a
in x

11.6 YupaxuHeHuUs

M-zl no6biBasI Ha BhICTaBKe JIGHUBHIX NporpamM. IIpucMoTpuTech emé pa3 K pellleHHsAM 3afad 3ToH IJIaBbl U
noAgyManTe Kakylo poJib Chirpajii JIeHHBbIe BBIUKCJIEHHMA B KaXJAOM M3 cJIyuyaeB, Kakile MOTUBBEI OOBITPHIBAIOTCA B
3TUX NpuMepax. Takxe ImogyMaiiTe KakuM ObuIoO OBl pemeHue, ecsiu 6v1 B Haskell ncnosip3oBaniace crparerus Bhl-
YHCJIeHUs N0 3HaueHH0. Kputudeckn HacTpOeHHEBIE YMTATeJM MOTYT ¢ NMOMOIIbI0 NMpoGUINPOBaHUA NPOBEPUTH
3 deKTUBHOCTD IPOrpaMM U3 3TOMH IJIaBHL
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I'maBa 12

CTpyKTypHas peKkypcus

CTpyKTypHas peKypcus olpefiesiseT crocod NMocTpoeHusA U npeobpa3oBaHUs 3HaA4eHUI 1o BuAy Tuma (mo co-
CTaBy €ro KOHCTPYKTOpOB). MYHKIMH, KOTOpPble IPeoOpa3yloT 3HaueHusA Mbl O6yaeM HasbiBaTh caépmioil (fold), a
(dyHKINN KOTOPBIE CTPOAT 3HaUeHUs — pasaépmroli (unfold). DTa pekypcus BcTpedaeTcs OUeHb YacTO, MBI yoKe MOJIb-
30BaJIMCh €10 U He pa3, HO B 3TOMH IJlaBe MBI OCTAaHOBUMCA Ha Hell nmonoapobOHee.

12.1 Caéprka

CBépTKy 3HAYE€HUA MOXHO Hpe}ICTaBI/ITb KakK l'IpOI.IeCC, KOTOpLIfI 3aMeHAEeT B IIEPEBe 3HA4YE€HUA BCe KOHCTPYKTOPI)I
Ha NOAXOAALMe 0 TUIlY (PyHKI[UU.
Jlornyeckue 3Ha4YeHUA

BcnomHUM onpeesyieHue JIOTU4YeCKUX 3HaYeHUH:

data Bool = True | False

Y Hac ecTb iBa KOHCTPYKTOPA-KOHCTAHTHL. JIo60e 3HaueHHe TuUma Bool MOXeT COCTOATh JINOO M3 OJHOTO KOH-
cTpyKTopa True, In60 U3 OJHOTO KOHCTPyKTOpa False. ®YyHKIMA CBEPTKU B JAHHOM CJIyYae IPUHUMAET JIBe KOH-
CTaHTBHl OJMHAKOBOIO THUIA a M Bo3BpamaeT GYHKIMIO, KOTOpas NpeBpamjaeT 3HadeHHe Tuna Bool B 3HaueHue
TUIA a, 3aMeHsAA KOHCTPYKTOPHI Ha IlepeJlaHHble 3Ha4eHU:

foldBool :: a -> a -> Bool -> a
foldBool true false = \b -> case b of
True -> true
False -> false

Mps1 Hanucaay 3Ty QyHKIMI0 B KOMIO3UIIMOHHOM CTUJIE AJIA TOTO, YTOOBI IOAYEPKHYTh, UTO PYHKLMA Ipeobpa-
3yeT 3HaueHHe Tuma Bool. OnpenesiM HECKOJIBKO 3HAKOMBIX GYHKINH depe3 GYHKI[UIO CBEPTKYU, HAUHEM C OTpU-
LaHUA:

not :: Bool -> Bool
not = foldNat False True

MBI NOMeHAIN KOHCTPYKTOPHI MeCTaMHU, eCJIM Ha BXOA ITOCTYIUT True, TO Mbl BepHEM False 1 HaoGopoT. Tenepb
NIOCMOTPUM Ha "n” u "nnm’:

(]1), (&) :: Bool -> Bool -> Bool
(]]) = foldNat (const True) id
(&&) = foldNat id (const False)

OnpefnesieHre QyHKUUN "U” 1 "Uin” yepe3 CBEPTKU MOAUEPKUBAET, YTO OHU ABJIAKTCA B3aUMHO OOpaTHBIMU.
CMmoTpuTe, 3TU QyHKIMK IPUHUMAIOT 3HaUeHue Tuna Bool u Bo3ppamaloT ¢yHKu Bool -> Bool. dakTuuecku
dyHkmA cBépTKU 71 Bool sBJAeTcs if-BripaxkxeHHeM, TOJIBKO B 3TOT pa3 MbI IIUIIEM yCJIOBHE B KOHIIE.
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HaTypaJIbele qyucJja

¥ Hac ObLT TUN AJIA HAaTypasIbHBIX 4uceJ1 [TeaHo:
data Nat = Zero | Succ Nat
[ToMHUTE MBI KOTAa-TO 3aNMCHIBAJIA ONpeesIeHNs TUIIOB B CTUJIE KJIACCOB:

data Nat where
Zero :: Nat
Succ :: Nat -> Nat

Eciit MBI 3aMeHUM KOHCTPYKTOP Zero Ha 3Ha4YeHHe THUIla a, TO KOHCTPYKTOP Succ HaM NpUAETcA 3aMeHATb Ha
dyHkIMI0O TUNA @ -> a, UHaYe MBI He IPOMIEM IPOBEPKY TUMOB. IIpeacraBuM, yTo Nat 3TO Kjacc:

data Nat a where
zero :: a
succ :: a -> a

W3 sToro onpepnesienus ciaenyeT GyHKIUA CBEPTKU:

foldNat :: a -> (a -> a) -> (Nat -> a)
foldNat zero succ = \n -> case n of
Zero -> zero

Succ m -> succ (foldNat zero succ m)

O6paruTe BHUMaHUe Ha peKypcHUBHBIN BbI30B (yHKnum foldNat mMbl 06xoanM BCE epeBO 3HAYEHUs, 3aMeHssA
KaXIblll KOHCTPpYKTOp. OnpeiesiiM 3HaKOMBble PYHKINHU depe3 CBEPTKY:

isZero :: Nat -> Bool
isZero = foldNat True (const False)

[TocMOTpHM Kak BhIUKCI/IAETCA 3Ta QYHKIUA:

isZero Zero
=> True -- 3aMeHWUNIN KOHCTPYKTOp Zero

isZero (Succ (Succ (Succ Zero)))
=> const False (const False (const False True))
-- 3aMeHunu u Zero u Succ
= False

YTO MHTEpecHO 3a CUET JIEHUBLIX BHIYMCJIEHUH Ha caMOM Jiejie BO BTOPOM BBIpaX€HUH IIPOM30MET JIMIIb OJHA
3aMeHa. Mbl He 00X0AUM BCE JlepeBo, HaM 3TO U He Hy>XHO, a CMOTPUM JIMILIb Ha NepBblii KOHCTPYKTOP, €CJIN TaM
Succ, To IPOM30HJET 3aMeHa Ha IMOCTOAHHY QYHKIIHIO, KOTOpas UTHOPUPYET CBOM BTOPOH apryMeHT U PEKYPCHUB-
HOTO BBI30Ba DYHKIMY CBEPTKU HE NPOM30MIET, COBCEM KaK B MCXOJHOM OIpejesieHuH!

even, odd :: Nat -> Bool
even = foldNat True not
odd = foldNat False not
OTU QYHKIMU ONpeesiAI0T YETHOCTD YMCJIa, CeCh MBI II0JIb3yeMCsl TEM CBOMCTBOM, YTO hot (not a) == a.

OHPEZ[GJ'II/IM CJIOXKE€HUE U YMHOXEHHE:

add, mul :: Nat -> Nat -> Nat

add a
mul a

foldNat a Succ
foldNat Zero (add a)
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Maybe

BcrioMHUM omnpefiesieHye TUMNA AJ1A pe3yJIbTaTa YaCTUYHO ONpeeIEHHBIX QYHKIHI:
data Maybe a = Nothing | Just a

[lepenuilieM CJIOBHO 3TO KJ1acc:
data Maybe a b where

Nothing :: b

Just :ta->b

DTOT KJlacc IpUHHUMaeT JiBa MapaMeTpa, MOCKOJIbKY UCXOAHBIN Tul Maybe npruHuMaeT oguH. Tenepb HECJI0XHO
goragaTthbcesa Kak OyAeT BhIIVIAAEeTh QYyHKIMA CBEPTKU, MBI IPOCTO MOJIYYUM CTaHAAPTHYI0 QyHKOMI0 maybe. Jagum
ornpejiesieHNe sK3eMILIApa GYHKTOpA U MOHA/Ibl Yepe3 CBEPTKY:

instance Functor Maybe where
fmap f = maybe Nothing (Just . f)

instance Monad Maybe where

return = Just
ma >>= mf = maybe Nothing mf ma
Craucku

OyHKIMA CBEPTKU AJIA CIHUCKOB 5TO pyHKknuA foldr. BelBeieM e€ 13 onpejesieHUA TUMNA:
data [a] = a : [a] | []

[IpeacraBuM, 4TO 3TO KJ1acc:
class [a] b where

cons it a->b->b

nil it b

Teneps nostyuuts onpeneseHue s foldr coBceM npocTo:

foldr :: (a ->b ->b) ->b ->[a] -> b
foldr cons nil = \x -> case x of
a:as -> a ‘cons’ foldr cons nil as
[1 -> nil

Msi 06X01M IepeBO 3HaYeHNs1, 3aMeHss1 KOHCTPYKTOPHI METOAaMU Halllero Boobpaxaemoro kiacca. Omnpefe-
JIIM HECKOJIbKO CTaHAAPTHBIX QYHKIUHN [JIs CIIMICKOB Yepe3 CBEPTKY.

[TepBhIii 271EMEHT criycKa:

head :: [a] -> a
head = foldr const (error "empty list”)

OObelMHEHNE CIICKOB:

(++) :: [a] -> [a] -> [al
a ++ b = foldr (:) b a

B aT0#1 QyHKIMK MBI PEKOHCTPYUPYEM 3aHOBO IEPBHIH CIIMICOK HO B CAMOM KOHIIe 3aMeHseM ITyCTOH CIVCOK B
XBOCTe a Ha BTOPOU apryMeHT, TaK U [oJrydaeTcs oobefrHeHue crickoB. O6paTuTe BHUMaHME Ha 3Ty OCOGEHHOCTH,
CKOPOCTb BBHIITOJIHEHMS ollepalyu (++) 3aBUCUT OT JJIMHBI IepBOro cnucka. [ToaToMy Mexay AByMs BhIpaKeHUAMU

((a ++ b) ++ c) ++ d
a ++ (b ++ (c ++ d))

HeT pa3HuIlsl B UTOTOBOM pe3yJIbTaTe, HO €CTh OIPOMHAs pa3HUIla 0 CKOPOCTU BRIYMcIeHus! BTopoii ropasio
OpicTpee. Y6enutech B 3ToM! Peannsyem o0beqriHEHNE CIIMCKA CIIMCKOB B OOWH CIMCOK:

concat :: [[a]] -> [a]
concat = foldr (++) []
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Yepes CBEPTKY MOXKHO pean30BaTh U QyHKIMIO Ipeobpa3oBaHuA CIUCKOB:

map :: (a -> b) -> [a] -> [b]
map f = foldr ((:) . f) []

Eciiu cMbicn BelpaxeHus ((:) . f) He coBceM NMOHSATEH, JaBaliTe paclUIIeM ero THUIIHL:

a b : - ([b] -> [b])
Hanumewm pynkuuio GuabTpanuu:

filter :: (a -> Bool) -> [a] -> [a]
filter p = foldr (\a as -> foldBool (a:as) as (p a)) I[]

TyT y Hac Hesnslx ABe GYHKIUU CBEPTKU. Eciiy 3HaueHUe mpeAuKaTa p UICTUHHO, TO MBI BEDHEM BCe JIEMEHTHI
CIIMCKQ, a eCJI JIOXKHO OTOpOCHUM IepBhIi dj1eMeHT. Yepe3 foldr MOXHO [jaxe onpeneuTh QYHKINIO C XBOCTOBOM
pekypcueii foldl. Ho aTo He Tak mpocTo. Beé xe nmonpo6yem. [[jis 3TOro BCIIOMHUM OIlpe/ieJIeHHe:

foldl :: (a -> b ->a) ->a -> [b] -> a
foldl f s [1] =5
foldl f s (a:as) foldl f (f s a) as

Ham HyXHO mpuBecTH 3TO ompefeieHue K BuAy foldr, HaM HyXHO BBIAEJIUTH JBa MeToAa BOOOpakaemMoro
KJjIacca crnrcka cons 1 nil:

foldr :: (@ => b ->b) ->b -> [a] -> Db
foldr cons nil = \x -> case x of
a:as -> a ‘cons’ foldr cons nil as
[] -> nil

[lepeHecéM naBa nocjaegHUX aprymeHTra ompefeseHus foldl B mpaBylo uacTb, BOCHOJb3yeMmcs JaMOaa-
byHKIUAMY U case-BbhIpakeHUeM:

foldl :: (a -=> b -> a) -> [b] -> a -> a
foldl f = \x -> case x of

[] =>\s -> s

a:as -> \s -> foldl f as (f s a)

MBI NOMEHsJIM MeCTaMU NOPSAIOK CJIe[JOBaHUA apryMeHTOB (BTOPOIO M TPeTbero). Briaes MM ToXIecTBEeHHYI0
dyHKIMIO B IepBOM ypaBHEHUU case-BbIpakeHUA U QYHKI[MI0 KOMIIO3ULHA BO BTOPOM.

foldl :: (a -> b -> a) -> [b] -> a -> a
foldl f = \x -> case x of

[1 -> id

a:as -> foldl f as . (flip f a)

Teneps BeigeM QyHKIMU cons 1 nil:

foldl :: (a -=> b ->a) -> [b] -> a -> a
foldl f = \x -> case x of
[1 -> nil
a:as -> a ‘cons’ foldl f as
where nil = id
cons =\ab ->b . flip f a

\a -=> (. flip f a)
Teneps 3anumem yepes foldr:

foldl :: (a -=> b -> a) -> a -> [b] -> a
foldl f s xs = foldr (\a -> ( . flip f a)) id xs s

Kaxertca mMbl ommbIKCh B apryMeHTax, Befpb foldr mpruHHMaeT Tpu apryMmeHTa. [lejo B TOM, YTO B (PYHKIUU
foldr MBI cBOpaunBaeM CIMCKU B QYHKI[MH, IOCJeAHUN apryMeHT NpeJHa3HaueH KakK pas [Jisg pe3yJIbTUpYIolei
(yHknuu. OT™MeTUM, 4TO U3 OIpefesIeHWs MOXHO HCKJIIUNATh ABa MOCJIeAHUX apryMeHTa ¢ NOMOIIbI0 QyHKIUN
flip.
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BeruucauresibHbIe oco6edHocTH foldl u foldr

Ecsii mocMoTpeTh Ha BeIpaXkeHHe, KOTOpOe MoJIy4YaeTcs B pe3ybTaTe BerunciieHusa foldr u foldl MOXHO NOHATH
110YeMy OHU TaK Ha3bIBAIOTCA.

B steBoii cBépTke foldl ckoOKHM IpynnupyIOTCA BJIeBO, To3ToMy Ha KoHIe 1 (left):

foldl f s [al, a2, a3, a4] =
(((s “f* al) ‘f* a2) ‘f' a3) ‘f‘ a4

B npaBoii cBépTke foldr ckoOKU IPYIMIMPYIOTCA BOPABO, IOITOMY Ha KoHue r (right):

foldr f s [al, a2, a3, a4]
al ‘f' (a2 ‘f' (a3 ‘f' (a4 ‘f' s)))

Kaxercs, uto eciiu ¢yHknua f acconuatuBHa
(a ‘“f*b) ‘f* ¢ =a ‘f' (b ‘f* ¢)

TO HET Pa3HUIIbl KaKyl0 CBEPTKY NPUMEHATh. Pa3HUIIBI HET 10 CMBICJTY, HO MOXeT OBITh CyIeCTBEHHAs pa3HUIIA B
CKOPOCTH BBIUMCJIeHUA. PaccMoTpuM QyHKIMIO concat, HUDXe 1Ba ONpe/iesIeHI:

concat foldl (++) []
concat = foldr (++) []

Kakoe BriOpaTh? Pe3sysbTar 11 B TOM U B APYroM cjiyyae OAMHAKOBBIN (QYHKIUA ++ acconuaTruBHa). CTOUT BhHI-
OpaThb BapuaHT C NpaBoll CBEPTKOU. B mepBoM BapuaHTe cko6ku OGyOyT rpyNNUpOBaThCA BJIEBO, 3TO UyAOBUIIHO
CKaXkeTcsA Ha MPOU3BOAUTENIBHOCTU. OCcOOEHHO ecsii B KOHIle HeOOoJIbIlIe CIIUCKU:

Prelude> let concatl = foldl (++) []

Prelude> let concatr = foldr (++) []
Prelude> let x = [1 .. 1000000]
Prelude> let xs = [x,x,x] ++ map return x

[TocnegHUM BhIpakeHHEM MBI CO3/aJIM CIHMCOK CIIMCKOB, B KOTOPOM TPH CIIMCKA 110 MIJUIMOHY 3JIEMEHTOB, a B
KOHI[e MUJIJIMOH CIMCKOB II0 OAHOMY 3JleMeHTy. Tenepb nonpo6yiiTe BBINOIHUTD concatl u concatr Ha crucke xs.
Bbl 3aMeTHTe pasHUIY 110 CKOPOCTHU nevyaTu. Takxke JiJiA CpaBHEHUA MOXHO yCTaHOBUTD uiar: :set +s.

Taxoxe MHTepecHO! oco6eHHOCThI0 foldr ABsAeTcsa TOT GaKT, UTO 3a CUET JIEHUBBIX BEIUKcIeHnH foldr He HyXHO
3HaTh Bechb CIIMCOK, IIpaBasi CBEPTKA MOXeT paboTaTh U Ha OeCKOHEUHBIX CIMCKaX, B TO BpeMs kak foldl He BepHET
pesyJibTaT, IIoka He COCTaBUT BCE BeIpaxkeHHe. HanmpuMep Takoe BeIpaxkeHHe Oy[eT BHIUYMCIICHO:

Prelude> foldr (&&) undefined $ True : True : repeat False
False

3a cuéT JIeHVBBIX BBIYMCJIEHUI MBI OTOPOCHIIN OCTaBIIylocs (6eCKOHEYHyI0) 4acTh ciycka. I1o 3TuMm npuMepam
MOXeT [10Ka3aThCs, UTO JieBasi CBEPTKA TakasA He HyXHa CoBCceM, HO He Bce ollepaliuy acconuaTuBHbL. MHor1a noses-
HO coOupaTh pe3yjbTaT B 00paTHOM NOpsfKe, HampuMmep Tak B Prelude onpenesieHa GyHKIUA reverse, KOTopas
nepeBopavyyBaeT CIIUCOK:

reverse :: [a] -> [a]
reverse = foldl (flip (:)) []

HepeBbs

ME1 MOXeM OIlpeJieIUTh CBEPTKY U JJIA JepeBbeB. BcCnoMHUM THIL:
data Tree a = Node a [Tree a]

3anuiieM B BUe Kjacca:

data Tree a b where
node :: a -> [b] -> b

B sTOM cilydae ecTb 0JJHa TOHKOCTb. ¥ Hac JBa PeKypCHUBHBIX TUIIA: CaMO AePEeBO M BHYTPH HEro — CIUCOK. J[jiA
npeo6pa3oBaHUsA CIYICKA MBI BOCIOJIb3yeMcsl GyHKIHeN map:
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foldTree :: (a -> [b] -> b) -> Tree a -> b
foldTree node = \x -> case x of
Node a as -> node a (map (foldTree node) as)

HaiiiéM crrcok Bcex MeTOK:

labels :: Tree a -> [a]
labels = foldTree $ \a bs -> a : concat bs

Mub1 06'b€£[I/IHH€M BCE€ METKU U3 IOAAEPEBHEB B OAUVH CIIMICOK U ITPHYCOEAVHAEM K HEMY METKY N3 TEKyILIEero yaJja.

C;[enaeM A€PEBO 3K3EMIIJIIPOM KJiacca Functor:

instance Functor Tree where
fmap f = foldTree (Node . f)

OueHb [TOXOXe Ha Map [JIs CIHICKOB. BeruricauMm riryOuHy JepeBa:

depth :: Tree a -> Int
depth = foldTree $ \a bs -> 1 + foldr max 0 bs

B sTOl QyHKIMM 3a KaXOBIH y3es MBI NpubaBiifeM K pe3yJIbTaTy €UHUIY, a B CIIMCKe HAXOJUM MaKCHMyM
cpeny Bcex MOJiepeBbEB.

12.2 Pa3sBépTkKa

C moMoIbio pa3BEPTKU MBI IIOCTENIEHHO M3BJIeKaeM 3HaueHle PeKypCUBHOIO THIA U3 3Ha4eHUs KaKoro-Huoyab
JApyroro tTumna. DTOT IpolLiecc OYeHb IOXO0X Ha Ipollecc BbIYMCIeHNUA 1o uMeHH. CHavasa y Hac ecTh OTJIOKEeHHOe
BoyncsieHre win thunk. 3atem Mbl npuMeHseM K HeMy QYHKIUIO PeAYKIUN U Y HAC MOSBJIAETCS KOPHEBOM KOH-
CTPYKTOp. A B apryMeHTax KOHCTPYKTOpa CHOBa cufAT thunk’u. Mel nprMeHsAeM peAyKuuio K HUM. U Tak noka He
”pa3BepHéM” BCE 3HaUEHMUeE.

Crucku

A pa3BopauvBaHusA coucKoB B Data.List ects crienuanpsHas Gysknua unfoldr. IIpucMoTpumMces cHav9aIa K
eé TuIy:

unfoldr :: (b -> Maybe (a, b)) -> b -> [a]

@OyHKUMA pa3BEPTKY MIPUHUMAET CTApTOBHIN 3JIEMEHT, a BO3BpallaeT 3HaueHHe TUIa Mapsl oT Maybe. Tumom
Maybe MBI KOAUPYEM KOHCTPYKTOPBI CIMCKA:

data [a] b where
(:) :::xa->b->b -- Maybe (a, b)
[1 it b -- Nothing

KOHCprKTOp IyCTOro CIMCKa HE€ HyXOAa€TCA B apryMeHTax, [I03TOMY €ro Mbl KOAVPpyeEM KOHCTAHTOM Nothing.
O6’I)eILI/IHeHI/Ie OpyHUMaET ABa apryMeHTa rojioBy 1 XBOCT, IO3TOMY Maybe COAEPXKUT Iapy M3 roJIOBHL U CJIEAYIOLIETO
JJIEMEHTAa OJIs1 pa3BOpavYvBaHUs. SaKO,I[I/IpyeM 9TO OoIlpenesieHne:

unfoldr :: (b -> Maybe (a, b)) -> b -> [a]
unfoldr f = \b -> case (f b) of
Just (a, b'") -> a : unfoldr f b’
Nothing -> [1]

Wi MBI MOXeM 3amucarh 3To Gojiee KpaTKo C IOMOIIbI0 CBEPTKU maybe:

unfoldr :: (b -> Maybe (a, b)) -> b -> [al
unfoldr f = maybe [1 (\(a, b) -> a : unfoldr f b)

CmMmortpuTe, nepe HaMmu Kopobouka (tTuma b) ¢ mogapkoMm (Tumna a), MBI pa3BopavyuBaeM, a TaM Iapa: HOJapoK
(tuna a) u emé onHa Kopo6ouka. Torja Mbl HAYMHAEM Pa3BOPAYMBaTh CJIEAYIOI[YI0 KOPOOOUKY M Tak Jajiee Mo
L[ETIOYKe, TI0KA MBI He pa3BepHEM He oOHapyxuM Nothing, 3T0 03HavaeT 4TO MOJAPKU KOHYIINCH.

TunuYHEI OpyuMep pa3BépTKU 3To GyHKNUA iterate. Y Hac ecTh cTapTOBOe 3HaUeHUe THUMNA a U GYHKUUA MO-
JIy4eHUs CJIEAYIOIIEro 3jIeMeHTa a -> a
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iterate :: (a -> a) -> a -> [a]
iterate f = unfoldr $ \s -> Just (s, f s)

IMockosbky Nothing He McHoJib3yeTcs LenovyKka MoAapKoB HUKOraa He 060opBéTcsa. Ecyi Tosibko HaM He OyaeT
JIeHb UX pa3BopavymuBarh. Emé ofuH XapakTepHbIil puMep 3T0 GYHKIMA z1ip:

zip :: [a]l -> [b] -> [(a, b)]
zip = curry $ unfoldr $ \x -> case x of

(I1 , ) -> Nothing
(_ 1) -> Nothing
(aztas , b:bs) -> Just ((a, b), (as, bs))

Ecin OAVH 13 CIIMCKOB 06prBaETC${, TO IIpEeKpalaeM pa3BopauynBaTh. A ecnu o6a coepxart rojJiIopy 1 XxBoCT, TO
MBI TIOMEI[aeM B T'OJIOBY CIIFICKA IApy T'OJIOB, a B CJIEAYIOI[UI 3JIEMEHT JIJIs Pa3BOPAaYMBAHUA [1APy XBOCTOB.
IToToxu

J71s1 pa3BE€pPTKU XOPOIIO MOAXOAT TUIIB ¥ KOTOPBIX, BCEro OAMH KOHCTPYKTOP. Tora HaM He Hy’)KHO KOANPOBAaTh
asibTepHaTUBEL. Hanpumep paccMOTPUM IOTOKU:

data Stream a = a :& Stream a

OHU Takue Xe KaK U CIHCKU, TOJIbKO 6e3 KOHCTPYKTOopa mycToro crhvcka. MOyHKIYA pa3BEPTKU Ui OTOKOB
VMeeT BUI;

unfoldStream :: (b -> (a, b)) -> b -> Stream a
unfoldStream f = \b -> case f b of
(a, b') -> a :& unfoldStream f b’

U1 HaMm He HyXHO NoJib30BaThcA Maybe. HanumeMm GyHKI[MY reHepanuy NOTOKOB:

iterate :: (a -> a) -> a -> Stream a
iterate f = unfoldStream $ \a -> (a, f a)

repeat :: a -> Stream a
repeat = unfoldStream $ \a -> (a, a)

zip :: Stream a -> Stream b -> Stream (a, b)
zip = curry $ unfoldStream $ \(a :& as, b :& bs) -> ((a, b), (as, bs))
HartypaJibHbIe 4yHncCIIa

Ecnn npucMoOTpeThes K HaTypasIbHBIM 9HCJIaM, TO MOXHO 3aMeTUTh, YTO OHM O4YeHb ITOXOXXU Ha CIMCKU. CIMCKU
0e3 371eMeHTOB. DTO OoTpaxaeTcs Ha PyHKIUM pa3BEPTKU. [[J1a HaTypaIbHBIX YKcesl MBI OyZieM BO3BpallaTh He napy
a [IPOCTO CJIKEeYIOINI 3JIeMeHT AJIA Pa3BEPTKU:

unfoldNat :: (a -> Maybe a) -> a -> Nat
unfoldNat f = maybe Zero (Succ . unfoldNat f)

Hanumewm ¢ynKImMI0 peo6pa3oBaHusA U3 LeJIbIX YKceJs B HaTypaJsibHble:

fromInt :: Int -> Nat
fromInt = unfoldNat f
where f n

| n== Nothing
| n> 0 Just (n-1)
| otherwise = error "negative number”

OOpaTuTe BHUMaHue Ha TO, YTO B 3TOM OIlpefie/IeHUH He y4acTBYIOT KOHCTPYKTOPHI AJ1A Nat, XOTs Mbl M1 CTPOUM
3HavyeHue tumna Nat. KoHcTpyKTOpH [ Nat Kak ¥ B cjIy4ae CIMCKOB KOAUPYIOTCA TUNoM Maybe. Pa3Béprka uc-
[10JIb3YeTCA ropaszio pexe CBEPTKU. BO3MOXHO 3TO 00bsACHAeTCA HEOOXOAUMOCTBI0O KOJUPOBAHUA TUIIA Pe3yJIbTaTa
HEKOTOPBIM IIPOMEXYTOYHBIM TUIIOM. OmpefieieHus TepAT B HaragHocTu. CMoTpuM Ha QyHKIUI0, a TaM Maybe
U He cpasy IOHATHO 4mo Mbl CTPOMM: HaTypaJIbHble YKCJIa, CIIMCKU WX ellé YyTo-To.
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12.3 Kparkoe coaepxanue

B 5T0I1 r;1aBe MBI IO3HAKOMUJIMCh C OCOOBIM BUIOM peKypcr. MBI TO3HAKOMUJIMCh CO CTPYKTYPHO! PeKypCHeH.

Tunel onpenesiAlT He TOJIbKO 3HaueHUA, HO U criocoObl nx 00paboTku. CTpyKTypHas peKypcusa MOXeT ObITh BEIBeJe-
Ha U3 onpefiesieHNs Tuna. EcTh A3bIKM NporpaMMUpOBaHusA, B KOTOPBIX MBI OllpefiesisieM THUI U nosyyaeM GyHKIUU
CTPYKTYPHOH peKypcuu B ofapokK. ECTh A3BIKY, B KOTOPHIX CTPYKTYPHas peKypcus ABJIAeTCs eJUHCTBEHHBIM BO3-
MOXHBIM CITOCOOOM COCTaBJIeHUS PeKypPCHUBHBIX (PYHKITUN.

OG6paTuTe BHUMAaHHE Ha TO, YTO B 3TOM IJIaBe MBI ONPeAEIsIN PEKYPCUBHBIE PYHKI[MN, HO PEKYPCHUA BCTpEYa-

J1ach JINIIIB B ONpeAeseHnU i1 GYHKIUYM CBEPTKU U pa3BEPTKU. Bce ocTasibHbIe PYHKIIMY HE COAEPXKAIU PEKYPCUH,
60Jiee TOTO MOYTU BCE OHU OMpPeNesIsIINCh B 6ecToueuHOM cTujle. CTPYKTYpPHAs PEKYPCHSA 3TO CBOETO poAa KOMOU-
HATOP HENOJBIXKHOM TOYKH, HO He OOIMMH, a cnenuduiecKuil i JaHHOTO PEKYPCUBHOIO THUIIA.

CTpyKTypHas peKypcus ObBaeT CBEPTKOI U pa3BEPTKOM.

» Ceépmxoti (fold) Mbl mosryyaeM 3Ha4eHrie HEKOTOPOT'O IIPOM3BOJIBHOTO TUIA U3 JAHHOTO PEKYPCUBHOTO TUIA.
ITpu 3TOM Bce KOHCTPYKTOPHI 3aMeHAI0TCA Ha GYHKINY, KOTOPhle BO3BpAIaloT HOBBIN THUII.

* Pazgépmxoti (unfold) Mbl moJryyaem U3 NpOU3BOJIBHOTO TUIIA 3HAUeHNe JAHHOI0 peKyPCHUBHOrO TUna. MEI CJI0B-
HO pa3BopayMBaeM ero M3 3HaueHUs, STOT Ipoliecc OYeHb IOXO0XK Ha JIeHUBbIe BEIYUCIIEHU.

M=l y3HaI HEKOTOphle CTaHAapTHEIe GYHKI[UY CTPYKTYPHOH peKypcuu: cond munu if-BelpaxeHus, maybe, foldr,

unfoldr.

12.4 YupaxHeHUus

+ OmpepenuTe pa3BEPTKY JJIA lepeBbeB U3 MoayJid Data. Tree.

+ OmpepenuTe C MOMOIIBIO CBEPTKU cJiefylomye QyHKINN:

sum, prod :: Num a => [a] -> a

or, and :: [Bool] -> Bool

length :: [a] -> Int

cycle :: [a] -> [al

unzip :: [(a,b)] -> ([a],[b])
unzip3 :: [(a,b,c)] -> ([al,I[bl,[c])

» OmnpepnenuTe ¢ IOMOIIBIO pa3BEPTKU cieAymouie GyHKIUN:

infinity 1t Nat

map :: (a ->b) -> [a] -> [b]
iterateTree :: (a -> [a]) -> a -> Tree a
zipTree :: Tree a -> Tree b -> Tree (a, b)

M HOBKCHEPHMCHTprﬁTe B MHTEpIHpeTaTope C TOJIbKO 4YTO Ol'Ipe,E[e.TIéHHbIMI/I Cl)yHKI_II/IHMI/I 1 TEMU Cl)yHKLII/IHMI/I,
YTO MBI OIIpEAEIIAIIN B JTOM rJiaBe.

» PaccmoTtpumM emé oguH craHgapTHe Tum. OH onpefesiéH B Prelude. Oto Tum Either (gocsioBHO — oiuH U3
AByX). DTOT TUI IPUHMMAeT [1Ba MapaMeTpa:

data Either a b = Left a | Right b

3HaueHHe MOXeT OBITh JIMO0 3HaUeHHeM TUIA a, MO0 3HaueHHeM Tuna b. YacTo 3TOT THUI MCNOJIB3YIOT Kak
Maybe ¢ nuadopMmanueii o6 ommbke. KoHcTpykTOp Left xpaHUT coobieHne 06 omubke, a KOHCTPYKTOp Right
3HaYeHUe, eCJIU ero yJaJioCh BEIYUC/IUTD.

Hanpumep Mbl MOXeM ciejiaTh TaKue onpeesieHr:
headSafe :: [a] -> Either String a

headSafe [] Left "Empty list”
headSafe (x:_) Right x

divSafe :: Fractional a => a -> a -> Either String a
divSafe a 0 = Left "division by zero”
divSafe a b = Right (a/b)

Jliia 3TOoro TUMna Takke onpefesieHa GyHKIMA CBEPTKU OHA HasbiBaeTcA either. He noarssasBas B Prelude,
omnpejenunTe ee.

KpaTtkoe cogep><aHue | 193



» CIHCOK ABJIAETCA YACTHHIM ciiydaeM JepeBa. CIKCOK 3TO JIepeBO, B KaXAOM y3jie KOTOPOro, JIUIIb OAHUH
nodyepHuil y3es. JlepeBbsA u3 MofAyJisa Data.Tree MOX0oXH Ha CHOMCKY, HO eCThb B HUX OJHO CyIeCTBEHHOe
otimurie. OHU Bcerjja cofepXxar X0oTs Obl OAUH dJieMeHT. [IycToll ciicok He MoxeT OBITh IIpeJiCTaBJieH B BUjle
Takoro Aepena. Hampumep 3TO pazjnume ckasblBaeTcs, €CJIMM BBl 3aXOTUTE ONpedesuTh QYHKI[UI0-aHaJIOT
takeWhile A nepesnes.

OrmpefiesiuTe JepeBbs, KOTOpbIe He CTPAJAI0T OT 3TOro HeAocTarka. OmpejiesnTe I HUX GYHKIUN CBEPT-
KH/Pa3BEPTKY, a Takxe PyHKIMN, KOTOPbIe MBI OIIPeIeJINIIN AJIA CTaHAAPTHHIX JlepeBbeB. Onpenennre QyHK-
nuio takeWhile (B peKypcHBHOM BHAe U B BUAE Pa3BEPTKU) U CAeJIaliTe MX dK3eMIULIPOM Kjacca Monad,
MOXOXHE Ha 9K3eMILIAP JJIA CIIUCKOB.
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I'maBsa 13

Ilourpaem

BoT u 3aKkoHYMJIACH IepBas 4acTh KHUTU. MBI y3HaIu OCHOBHBIE KOHCTpyKIMM s3pika Haskell. B aToii riaBe
MBI HanMiieM 3aKOHYEHHYI0 IIPOrpaMMy IJIA WIPHl B MATHAIWIKWA. Hy WM MOYTH 3aKOHYEHHYIO, IJlaBa BeHYaeTCs
ynpaxHEeHUAMHU.

13.1 Crparerus HanucaHus IporpaMm

Onucanue 3agadyu

PemeHue 3afjaud HauYMHAETCA C ONHMCcaHuUA MpobsieMbl U Habpocka pelleHHs. Mbl XOTUM cO3[1aTh IPOrpaMMy,
B KOTOPOH MOXHO OyJeT urpaTh B nATHamKW. Eciu BaM He 3HaKoma 3TO Wrpa, TO B3rJiAHUTe Ha puc. 13.1. Urpa
HauMHaeTcs ¢ MO3ULMH, B KOTOPOil Bce duIky MepeMemaHbl. Heo6xoaumo, mepecTtapisaa GUIIKYU, BepHYThCA B
HUCXOJHOe MoJIoXeHue. B ncxoaHoM noJioxkeHnn GUIIKY UAYT 10 HOPAAKY.

13 11

\ 4

15114112

Puc. 13.1: Ciy4aiiHoe 1 KOHEYHOe COCTOsIHME UIphl MATHANIKU

[TporpamMma OyaeT nepeMemuBaTh GUIIKA U OTOOPaXaTh MoJie Ay urpsl. OHa OyAeT crpamuBaTh CJIeQyIOMni
X0 1 OOHOBJIATH NOJIe Iocsie XxoAa. Ecyiu Mbl paccTaBuM Bee GUIIKY 10 NOPAAKY, IporpaMMa coobuT HaM 00 3TOM
Y IPeJIOKUT HauaTh HOBYIO UTPY. B KaxIblil MOMEHT MBI MOXeM He TOJIBKO cZieJIaTh X0/, HO Y IOKUHYTb UT'Py WIN
HayvaTh BCE 3aHOBO. MI3BeCTHO, YTO He 13 JII000T0 MOJI0KEHN MOXXHO paccTaBUTh GUIIKY 10 nopAAKy. [losTomy Hamt
aJITOPUTM IlepeMelINBaHuA JOJDKeH reHeprpoBaTh TOJIBKO TaKHe MO3UINY, JJIsI KOTOPHIX pellleHre BO3MOXHO.

Ha6pocok pemieHuA

[TporpamMma, KOTOPYIO MBI XOTUM HamucaTh, OyJeT BeCTU AUAJIOT C Mojib3oBaTesieM. OHa MOKa3kIBaeT IMoJie I
UrpHL U CIIpalINBaeT X0 cjeAylomuil xof. [IoToM oHa pacno3HaéT XOJl, U MoKa3hiBaeT OOHOBJIEHHOe 1moJie. U Tak
nanee. Ham HyXHO KaK-TO OPraHU30BaTh 3TOT AUAJIOT.

[Tpu 3TOM B IporpaMMe MOXXHO BBIAEJIUTD ABEe He3aBHUcHUMbIe yacTu. OIHa OTBevaet 3a cam Auasior. OHa mpuHU-
MaeT PeIUIMKH [T0JIb30BaTe s M 0TOOpaxaeT MoJie Ui UTPHL. A Ipyras 4acTh OTBedYaeT 3a MPABUJIa UTPHI IATHAIIKI:
KakK XO[bl BJIMAIOT HA I0JIe, KaKoe MOJIOXKEeHUe SBJIAeTCs NOoOeqHBIM, KaK IepeMeIBaTh (UK.
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¥V Hac GyzeT [ABa OTAEJIbHBIX MOAYJISA: OAWH JJIA OMUCAHUs UTPHl, HA30BEM ero Game, a APYroil AJIs OMHCAHUA
Jauasiora c moJp3oBaTesieM. Mbl Ha30BEM ero Loop (MeTJsiA Wi LUKII), MOCKOJIBKY AUAJIOr 3TO 3alUKJIeHHasA Mpole-
Aypa MoJIyyeHUs PeIIMKUA U peaklUy Ha PeriuKy.

Taxkoii BOT HaGpOCOK-opreHTHp. [lociie 3TOro MOXXHO MPUCTYNATh K peayu3auun. Ho ¢ yero Havats?

Kapkac. Tunnl 4 Kjacchl

B Haskell nporpaMMbl 0GBIYHO HAYMHAKT CTPOUTH C KapKaca, T.e. C TUIIOB U KJaccoB. HaM HyXHO BBIAETUTH
OCHOBHBIE CYITHOCTH U MOAYMAaTh KaKye TUIIBI MOAXOAT AJIS UX OMMCAHUA JIy4Ille BCETO.

B namreii 3afjaue ectpb noJsie ¢ dumkamy 1 Xonsl. Mul gesaeM xoAsl u dumky geuraiTcs. [Tosie — 3To MaTpura
WIN ABYMEPHBIH MaccuB. Y Hac eCThb JIBa MHAEKCA, KOTOpBIE MPOOErawnT 3HAYEHUA OT HYJIA A0 TPEX. B kaxmoi
sYeliKe MaccuBa XpaHATcs Gumky. OUIKY 0603HAYAIOTCS HEJIBIMU YUCIaMU:

type Pos = (Int, Int)
type Label Int

type Board = Array Pos Label

[MycTyro ¢umky Mel OyeM Takxe o003Ha4aTh 4ucjaoM. @u3nyecku Korga Mbl XOAUM, MBI MeHsAeM I0JIoXeHue
oaHo¥ ¢umky. Ho B Halem onmvcaHuy Mbl MeHsIeM MecTaMu ABe (UIIKY, TOCKOJIBKY IycTas (uIka Takxe 0603Ha-
yaeTcs HoMepoM. Korga Mbl XOAUM, MBI MeHseM I0JIOKeHUe MyCcTON (QUIIKY, OJHUM XOJOM Mbl MOXeM CMEeCTUTh
eé BBepX, BHI3, BJIEBO WJIU BIPaBo. BBes1éM criennasibHBIN TUN A1 0603HaUeHUA XO(0B:

data Move = Up | Down | Left | Right

I[J'IH TOT'O YTOOBI IIpr KaXX0M Xo/Jl€ HE NCKaThb IyCTYIO KJIETKY, ;[aBaﬁTe COXpaHM eé TEKyllee MMOJIOXKEHUE. Tun
Game 6y,£[eT ColepXaTh TEKyIlee IOJIOKEHNE Hy(:TOﬁ KJIETKH U IIOJIOKEHME ('I)I/IH.IEKI

data Game = Game {
emptyField :: Pos,
gameBoard :: Board }

BoT u Bce Tumsl A onucanus urpbl. CoxpaHuM ux B MoayJe Game. Temepb mogyMaeM O TUINAxX AJIA AUaIora
¢ noJib3oBareJieM. B aToM MofyJie HaBepHsAKa OyZeT MHOro GyHKIMI ¢ TUIIOM I0, IOTOMY YTO B HEM IPOUCXOJUT
B3aUMoJelicTBUe ¢ UrpoKoM. Ho, uTo sBJIAeTCA KapKacoM JjiA auajiora?

Ecii MBI XOTUM € KeM-HUOyAb o0ImaThcs, Heo6XoAMMO 4TOOH y Hac ObLI ¢ cobeceJHUMKOM OOl A3BIK, OH U
OymeT KapkKacoM AJIsA Juajiora. BcmoMHUM, 4TO MBI OXHUAAeM OT MOJIb30BaTe A, [1oJIb30BaTeIb MOXET:

« CpheyiaTh X0
+ HavaTh HOByIO UTpy

* BeliiTH U3 UrpH

Ecyi mosib30BaTesib AesIaeT X0/ Mbl IOKa3bIBA€M HOBOE MOJIOXEHUE IMOJIA, €CJIM OH HAYMHAET HOBYI0 UTPY MBI
MOKa3biBaeM €My HOBYIO MepeMellaHHYI0 MO3UI[MI0, JaBaiiTe y Hac OyHeT pa3Has CTeleHb NepeMelaHHOCTH (u-
ryp. I[Ipu nepeMemnBaHUY MBI CTAPTyeM U3 MOOEAHOTO MOJIOXKEHUs Y HaUMHAeM CJTyYaiiHBIM 00pa3oM AejiaTh XO-
bl YeM GoJibliie XOJJOB MBI CAeJIaeM TeM cJIokHee OyaeT cobpats urpy. I10sToMy mosb3oBaTesib 6yAeT YKa3sBaTh
YKCJIO LIAroB [IJIA MepeMelIrBaHusA MPY 3arpoce HOBOK Urphl. Ec/iv moJib30BaTesib MOMPOCUT 3aKOHYUTH UTPY MBI
MOTIPOLTAEMCS M BBIAEM U3 UTPHL.

Ha ocHOBe 3TuX paccyXAeHUI BRIPHUCOBBIBAETCS CJIEAYIOMUI THUI OJIA COOOIIEeHMI:

data Query = Quit | NewGame Int | Play Move

3uauenue Tuna Query (3ampoc) MoxeT OBITh KOHCTaHTa Quit (BBIXOX), 3ampoc HOBOM Urpsl NewGame C YHCIJIOM,
KOTOpOE YKa3bIBAeT HA CJIOXKHOCTh HOBOH WIPhI, TAKXXE UT'POK MOXET MPOCTO cAesiaTh xoa Play Move.

A xakoB ¢opmaT Hamux OTBeTOB? Bce HamM OTBETH Ha camMoM Aesie OyayT Bei3oBamMu GyHKIUM putStrln Mbl
OyZieM oTBevaTh I10JIb30BaTeJsII0 N3MeHeHUAMU dKpaHa. [IoaToMy y Hac HeT clelMaJlbHOro TUMA JiJid 0TBeToB. MTak
y Hac ecTb KapKac, KOTOPHII MOXXHO HaUMHATh MOKPHIBaTh 3HaUeHUAMU. Ha 3ToM aTamne y Hac ecTb Ba MOAYJIA. DTO
MoAyJib Loop:

module Loop where
import Game

data Query = Quit | NewGame Int | Play Move
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W monyiib Game:

module Game where
import Data.Array

data Move = Up | Down | Left | Right
deriving (Enum)

type Label = Int
type Pos = (Int, Int)
type Board = Array Pos Label

data Game = Game {
emptyField :: Pos,
gameBoard :: Board }

JleHUBOE IpOrpaMMHpoOBaHUE

M=l yxe 3HaeM Kak IIPOMCXOJAT JIEHUBbIe BHIYMC/IEHNA. Mbl IPHHUMaeM BEIpaXeHVe U HaulHAaeM OYMIaTh ero
OT CHOHHMOB OT KODHA K JIUCTbAM WJIM CBepxy BHU3. OKa3piBaeTcA TaKUM CIIOCOO0M MOKHO NMHCATh IIPOrpPaMMBbl.
Bosiee Toro B GyHKUMOHAJIBHOM NPOrPaMMHUPOBAHUM 3TO O4YeHb PACIPOCTPAHEHHHIN moaxoA. Mbl HauMHaeM cO
cnenudukanuy 3agauy (HehopMaIbHOTO ONKCAHMA) U TOTUXOHBKY BHITATMBAaEM U3 Hero BelpakeHU s3bka Haskell.
HaumHaeM MBI C KOpH#A, C caMoll BepxHell GyHKINM. DTa QYHKIMA OyJeT COCTOATh M3 NMoABBIpaxkeHUN. Koraa Mbl
HanuieM BepXHIO (QYHKIMIO, MBI TepeiAéM K NOABEIpaxeHNAM. VI Tak Mbl Oy/ieM CITyCKaThCs IOKa He HamuieMm
BCIO IIPOTpaMMy.

Kaxercs, 4To Takoll MoAxo[d oueHb He HaJéxeH. Belb MBI CMOXeM 3allyCTUTh IPOrpamMMy TOJIBKO KOTja Halu-
meM eé resrkoM. Ha kaxJoM IIpOMeXyTOYHOM Ilare y Hac ecTb HeollpeAesI€HHble MoABbIpaxeHus. Ilosydaercs,
YTO OuYeHb J0JIroe BpeMsA Mbl OyleM MucaTth [IporpaMmy, He 3Has paboTaeT OHA WJIUA HeT.

OxkasbiBaetcs, yTo B Haskell ects permenue 3toit npo6iemsl. Ham momoxer 3HaueHue undefined. Mel 6yagem
nycaTh TOJIBKO TUN QYHKIUU (M MBICJIEHHO OyfeM roBOpUTh, IIyCTh OHA AejaeT TO-TO), a BMeCTO OnpeideseHus
o6yaeMm nucatb undefined. [Ipy 5TOM KOHEYHO MBI HE CMOXEM BBINOJIHATh IPOTPaMMYy, BHIUMCIIATEIb MOAOPBETCS
Ha IEePBOM e 3HQY€HNH, HO MBI CMOXXEM y3HAaTh OCMBICJIEHHA JIM Hallla IPOrpaMMa C TOUYKH 3peHUsA KOMIUIIATOPA,
IIPOXOJUT JIM OHA IpoBepKy TumnoB. B Haskell ato 6osbmoii mroc. Ecjiu nporpaMmMa npoiia npoBepKy TUIOB, TO
cKopee Bcero oHa 6ynetr paboTaTs.

TakoH NoJXo/ HalMCaHUA NPOrpaMM HasblBaeTCs HalucaHueM CBepxXy BHU3. MBI HAUMHaeM C caMOll BepXHeH
(pyHKINYM ¥ TOTUXOHBKY BhluMIiaeM Bce undefined. Ecii BCHOMHUTE JIEeHUBBIE BBIYMCIIEHNS, TO TaM poJib undefined
BBINOJIHAIN OTJIOKEHHBIE BHIYMCJIEHUA.

B uém mpeumyuiecTtBa Takoro noaxoga? I[Tocmorpum Ha AepeBo puc. 13.2. Eciu MBI UJI€M CBepxy BHHU3, TO B
caMoOM Hauajie y Hac JIUIIb OJHA 3a[aya, IOTOM HX CTaHOBUTCA BCE Oosibie U Gosbiie. OHU OpOOATCA, HO UCTOY-
HUK Yy HUX oauH. MBI Bcerja 3HaeM, YTO HaM HYXHO 4TOOBI 3aKOHYMThH Hamly 3adady. HamucaTb 3TO, 3TO U 9TO
noABeIpaxkeHue. befja TOJIBKO B TOM, UTO 3TO MOABBIpaXkeHNe COAEPXKUT elllé GoJbllle oABspaxeHuil. Ho ciioxHbie
IOJABBIPAXEHN MBI MOXKEM OCTaBUTh Ha IOTOM U 3aHATHCA APYTMMU. A IIOTOM, KOI'Zla Mbl UX Jl0JieJIaéM MOXeT BAPYT
0Ka3aThCsl, UYTO 3TO CJIOXKHOE BhIpaXXeHHe HaM U He HyXHO.

Puc. 13.2: [lepeBo 3agau
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Ecnu e Mbl HAUMHaeM UITH U3 JIMCThEB, TO Y HAC MHOI'O OTIIPaBHBIX TOYEK, KOTOPBIE JOJDKHBI COMTUCH B OJJHOH
nesnu. Ilpu 3TOM OHU MOTYT U He COMTHChH, MBI MOXeM 3aCTPATh B OQHOM TOYKe U MOTPATUTh CJIUIIKOM MHOTO
BpeMeHU. [ Ha ocTajibHBIE 33/1aUM Y HAC He XBaTUT CUJI WM MBI MOXeM IOTPaTUTh MHOTO BpeMeHH Ha pellleHue
3afjaum, KOTopas COBCeM He HyXXHa JJIsI UTOrOBOro pellleHHsA. Takxke KakK M B BRIUMCJIEHUAX 110 3Ha4eHHI0, Mbl MOXeM
3aCTpATh HA BBIYMCJIEHHM OECKOHEYHOro 3HaueHHs, [Jaxe ecjid B UTOrOBOM OTBeTe HaM IOHAJOoOWTCA JIUIIb ero
Majias 4acTh.

Emé oanH IJI0C pelieHNs CBepXy BHU3 COCTOMT B 3KOHOMUHU yCHIMH. MBI MoXkeM HamucaTh BCIO IPOrpaMMy B
Byujie GYHKIME, KOTOPBIE COCTOAT JIMIIb M3 ONpefesieHUi TUMOB. W yTpsAcTy o6Iyi0 cxeMy IIPOrpaMMBbl Ha THIAX.
MsI He TpaTuUM BpeMs Ha peajM3anuio, a CMOTPHUM Kak IporpamMma BeIJIAAuT “BrenoMm”. Ecym obumit Habpocok
Hac ycTparBaeT Mbl MOX€M HauaTb 3allOJIHATh OBIPH M AeTaJu3UpoBaTh OTAesIbHble BbhlpaxkeHHUA. Tak Mbl Oyaem
JeTan3upoBaTh-AeTaJIn3upoBaTh oka He MPUAEM K IepBOHAYaJIbHOMY pellleHMI0. Jlajiee ecy y Hac OCTaHeTcs
BpeMsA Mbl MOXeM CMEeHNUTh peasM3alnuio HeKOTOphIX yacTeil. Ho ob1as cxema ocTaHeTcs NpeXHeH, OHa yXe yCTos-
J1ach Ha YPOBHE TUIOB. YacTo TaKylo CTpaTEruio pa3paboTKU HA3bIBAIOT pa3paboTKoil yepe3 mpoToTtuisl (developing
by prototyping). IIpu 3TOM IIpolecc HaNyCaHUs NPUJIOXKEHI MOXHO IPEJCTaBUTh KaK MIPOIeCcC CXOAUMOCTH, IIpH-
OJ1KeHMA K Tpefiesty. Y Hac ecTh cepys IPOMeXyTOYHBIX pelleHHH U1 IPOTOTUIIOB, KOTOPBIE € KakKAbIM IIaroM Bcé
TOYHee U TOYHee OIMCHIBAIOT UTOTOBYI0 nMporpammy. Taxke ecsi Mbl paboTaeM B KOMaH/e, TO ApobjeHre 3aAaun
Ha [0/A3aJjauy MPOMCXOAUT eCTeCTBEeHHO, B XOJie JeTan3aluy, Mbl MOXeM paclpeesuTh HarpysKy, pacrnpefeans
pasHble undefined Mexay yYaCTHUKaMU IPOEKTA.

Ho paBaliTe mpucTymuM K peajusanuu Hameil urpsl. Camas BepxHAA QYHKIMA, 6yJeT 3amycKkaTh IporpaMmy.
Ha3zoBéwm e€ play. OTo QyHKIMA B3aUMOAENCTBUS € [10JIb30BaTesIeM OHA BeIET JUaJIOT, I03ToMY eé Tun OyaeT I0 ():

play :: I0 ()
play = undefined

Utak y Hac nosiBuJiack KopHeBas QyHKIuA. UTo MbI 6y1eM B Hell fesiaTh? J[J1A Hayasia Mbl IOTIPUBETCTBYEM UT'PO-
ka (pyHkuusA greetings). 3areMm mpemioXuM eMy Havath Urpy (GyHKIuA setup), IOCsIe Yero 3amyCTHUM IHKJT UTPBL
(bynkmua gameLoop). [IpuBeTCcTBHE 3TO POCTO HAANNCH HAa 3KpaHe, I03TOMY TUIl y Hero Oyzet 10 (). IIpensoxe-
HYe UrPhl BEPHET CTAaPTOBYIO MO3UILUIO JJIS UTPHI, T03TOMY TuUIl 6yaer I0 Game. LIMKJI UTPBl IPUHUMAET COCTOSHUE
U NIpoJioJIKaeT Auasor. B Tumax aTo BeIpakaeTcs Tak:

play :: I0 ()
play = greetings >> setup >>= gamelLoop

greetings :: I0 ()
greetings = undefined

setup :: I0 Game
setup = undefined

gameLoop :: Game -> I0 ()
gameLoop = undefined

CoxpaHUM 3TH olpefiesIeHNs B MoiyJjie Loop U 3arpy3uM MOAYJIb C IPOrPaMMO B MHTEPIIPeTaTop:

Prelude> :1 Loop

[1 of 2] Compiling Game ( Game.hs, interpreted )
[2 of 2] Compiling Loop ( Loop.hs, interpreted )
0Ok, modules loaded: Game, Loop.

*Loop>

Mopysp 3arpy3uiica. OH NOTAHYJ 3a co00il MoAyJib Game, IOTOMY 4YTO MBI BOCIIOJIb30BaJIUCh TUIIOM Move U3
aToro MoAyJiA. [IporpaMma mpoinia NpoBepKy THUIOB, 3HAYAT OHA OCMBICJIEHHA U MBI MOX€eM ABUTraThCA AaJIblie.

V¥ Hac Tpu BapuaHTa AajbHelIIel qeTaau3anum 3To QyHKIMN greetings, setup u gameLoop. Mbl oka npomy-
CTUM greetings Tam Mbl HanuileM Kakoe-HUOyAb IPUBETCTBHE U COOOLIMM UTPOKY KyJa OH MOMNaJI U KaK XOAUTh.

B dbyHknum setup HaM Hy>XHO HauaTh NepBylo Urpy. [yisd Hauaaa Urpbl HaM HYXHO y3HaTh e€ CJIOXKHOCTB, T.e. Ha
CKOJIBKO XOJI0B IlepeMelInBaTh MO3UIMI0. DTO 3HAaUUT, YTO HaM HY>XHO CIIPOCUTh y UTPOKa IiejIoe unciio. Mel ciipo-
cuM umncio GyHKIueld getline, a 3aTeM monpobyeM ero pacnosHaTb. Ecu mosib3oBaTesib BBEJ He UHCJIO, TO MBI
MIOIPOCHM ero HoBTOpUTh BBOJ. DyHKIMA readInt :: String -> Maybe Int pacmo3Haér umcyio. OHa BO3Bpalaer
LieJIoe 4ucyIo 3aBEpHyToe B Maybe, MOTOMy 4TO CTPOKa MOXET OKa3aTbCA HE YMCJIOM. 3aTe€M 3TO YKCJIO MbI MCTIOJIb-
3yeM B ¢yHkiuu shuffle (mepemerars), koTopas OyaeT Bo3BpalliaTh MO3UIMI0, KOTOpas NepeMelllaHa ¢ 3aAaHHON
rJIyOMHOM.

-- B Momoynb Loop
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setup :: I0 Game

setup = putStrLn "HayHéM HOByl urpy?” >>
putStrLn "YkaxuTe CNOXHOCTb (MONOXUTENnbHOE uenoe 4yucno): " >>
getlLine >>= maybe setup shuffle . readInt

readInt :: String -> Maybe Int
readInt = undefined

-- B Moaynb Game:

shuffle :: Int -> I0 Game
shuffle = undefined

®ynkuua shuffle Bo3Bpamaer cocTossiHrEe UTPH Game, KOTOpoe 3aBépHYTO B I0. OHO 3aBEpHYTO B 10, MOTOMY
YTO [lepeMennBaTh MO3UIUI0 MBI OyeM CJIydyaiiHBIM 06pa3oM, 3TO 3HAYUT, YTO MBI BOCIOJIb3yeMcs PYHKLIUAMU U3
Moy Random. Mel XOTHM 4TOOHI KaXXasi HOBasi Urpa HAYMHAJIACh C HOBOH MO3UIINH, IIO3TOMY CKOPEe BCero rae-To
B Hegpax pyHknuu shuffle Mer Bocnosb3yemces newStdGen, KoTopas U MOTAHeT 3a coboit Tum I0.

Hrpa nepemelrsaeTcs COrJIacHO IIpaBujam, 1o3ToMy GyHkuuio shuffle Mbl nocesmum B MoayJie Game. A QyHK-
nusa readInt 5To cKopee 3JIeMeHT B3aMOAECTBHA C I0JIb30BaTesIeM, BeAb B HEH MbI PACIIO3HAEM YKCJIO B CTPOYHOM
OTBeTe, OHA OCTaHeTCA B MoAyJie Loop.

[IpoBepuM pabGoTaeT Jii Hallla IporpamMma:

*Loop> :r

[1 of 2] Compiling Game ( Game.hs, interpreted )
[2 of 2] Compiling Loop ( Loop.hs, interpreted )
Ok, modules loaded: Game, Loop.

*Loop>

Pa6oraet! MoXHO cryckaTbCs IO JiepeBy BbipakeHUs Huke. Ceifuac HaM IpeJCTOUT HaNMcaTh OJHY U3 CaMBbIX
CJIOKHBIX QYHKIUI, 5T0 QyHKIMA gamelLoop.

13.2 IIarHamku

IIMKJI UrphI

OYHKIUA [[UKJIA UTPHI IPUHUMAET TEKYIyI0 mo3uiuio. [Ipyu 3ToM y Ha [Ba BapuaHTa. BO3MOXHO Urpa mpuiia
B KOHeYHOe roJioxxeHue (1isGameOver) 1 Mbl MOXeM COOOIIUTH UTPOKY O TOM, 4TO OH mobean (showResults), ecsiu
3TO He TaK, TO MBI [TOKaXeM TeKyllee mosoxeHue (showGame), cipocum xof (askForMove) u cpearupyeMm Ha Xo[
(reactOnMove).

-- B Moaynb Loop

gameLoop :: Game -> IO ()
gamelLoop game
| isGameOver game
| otherwise

showResults game >> setup >>= gamelLoop
showGame game >> askForMove >>= reactOnMove game

showResults :: Game -> I0 ()
showResults = undefined

showGame :: Game -> IO ()
showGame = undefined

askForMove :: IO Query
askForMove = undefined

reactOnMove :: Game -> Query -> IO ()
reactOnMove = undefined

-- B Mopgynb Game

isGameOver :: Game -> Bool
isGameOver = undefined
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Kak onpefiesinTh 3aKOHUYMJIACh UT'PA MJIU HET 3TO CKOpee AeJIo MoAyJis Game. Bece ocTanbHble QyHKUUY IpUHAJIE-
xkat Moy o Loop. dyHknusa askForMove Bo3BpalaeT pelIiuKy [I0JIb30BaTesId U TYT JKe HalpasJisdeT e€ B QYHKIHIO
reactOnMove. @yHkiuu showGame 1 showResults HAUEro He BO3BpalllalOT, OHU TOJIBKO MEHAIT COCTOSAAHUA SKpaHa.
ITocsie TOro Kak urpa 3aKOHYUTCSA MbI IPEAJIOKUM UTPOKY HayaTh HOBYIO.

ObpaTuTe BHUMaHUE Ha TO, KaK Jlaxe He JaB olpejeseHue QyHKIMU, MBI BCE Xe ouepurBaeM e€ CMBIC B
o6baByieHnH Tuna. Tak nocMoTpeB Ha QyHKIUIO askForMove 1 conocTaBuB THUII ¢ UMEHEM, MBI MOXeM MOHATb, YTO
aTa QyHKIUA [IpeJHa3HauYeHa JJIA 3alpoca 3HaueHus Tumna Query, Ajid 3anpoca PeIlyIuKY 0J1b30BaTesid. A Mo TUILY
dyHkuy showGame MBI MOXeM IOHATH, YTO OHA MPOBOAUT KAKOH-TO MOOOYHBIHN 3G (EKT, cyas IO UMEHU YTO-TO
MOKasblBaeT, U3 TUIA BUAHO 4TO MOKa3blBaeT 3HayeHue Thna Game WA TEKYL[YIO O3ULUIO.

OTobpakeHHUe MO3UIUU

Onpe}:[eJmM CI)yHKI.[I/II/I OTO6pa)KeHI/IH pe3yjabTaTa U IMO3ULNUU. Kor,ua urpa 3aKOHYUTCA MBI IIOKaXXeM HTOroBO€
MoJIOKeHUEe U 00BbABUM pe3yabTar.

showResults :: Game -> I0 ()
showResults g = showGame g >> putStrLn "Wrpa okoHueHna.”

Teneps onpenenum @yHknuio showGame. Ecyin Tun Game sIBJIA€TCA 3K3eMILIAPOM Kiiacca Show, To onpezeseHue
OKaXeTCA COBCEM IIPOCTHIM:

-- B Momoynb Loop

showGame :: Game -> IO ()
showGame = putStrLn . show

-- B Mopynb Game

instance Show Game where
show = undefined

Peaknusa Ha PEIUINKH IOJIb30BaTEeJIA

Teneps HyXHO ornpeaeauTb GyHkuuu askForMove u reactOnMove. IlepBasa pyHKIHA TpeOyeT YCTAHOBUTH IPO-
TOKOJI PeIUIMK I0JIb30BaTesiA, B KaKoM Bufle oH OyjaeT Habuparh 3HaueHus tuna Query. Ham moka JieHp 06 3TOM
AyMaTh U MBI IlepeiiiéM K GyHKIUY reactOnMove. BcrmoMHUM eé THIT:

reactOnMove :: Game -> Query -> I0 ()

@OyHKUKA IPHHUMAaeT TeKylllee II0JI0XKeHHe U 3aIpoc 110J1b30BaTesIsA. Y Huuero He BO3BpalliaeT, OHa IPOAOJIKaeT
urpy. B mo6om ciaydae B 3ToH GyHKIMM OyeT CONOCTaBJIEHHe ¢ 00pasloM IO 3arpocaM I0JIb30BaTeJIs TaK 4TO
MOXHO HalucaThb:

reactOnMove :: Game -> Query -> IO ()
reactOnMove game query = case query of
Quit ->
NewGame n ->

Play m ->
PaccmoTtpum kax[plil U3 ciaydaeB. B nepBoM cilyuae 1moJib3oBaTesib TOBOPUT, UTO €My HaJ0eJIo U OH yXe Haur-
paJsica. UTtox nomnpoiaeMcs U BepHEM 3HaueHUe eJUHUYHOIO THIIA.

Quit -> quit

quit :: IO ()
quit = putStrLn "[lo BCTpeuu.

n

>> return ()
B cnenytomiemM BapuaHTe MOJIb30BaTeJIb XOUeT HauaTh BCE 3aHOBO. Tak HauHEM!
NewGame n -> gameLoop =<< shuffle n

Me! BeI3Basiu PyHKIMIO nepemMemnBanusa shuffle ¢ 3agaHHBIM YpPOBHEM CJIOXKHOCTU. Y1 peKypCHMBHO BBI3BAJIU
LUKJI UTPHI ¢ HOBOH no3uIneil. Bcé Hauaock o HOBOM. B TpeThell ajibTepHATHUBE M0JIb30BATENIb AejIaeT X04, Ha 3TO
MBI IOJDXKHBI OOHOBUTS MTO3UIMIO 3alyCTUTH I[UKJI UTPHI C HOBBIM 3HA4YE€HUEM:
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-- B Mogynb Loop
Play m -> gamelLoop $ move m game

-- B Moaynb Game

move :: Move -> Game -> Game
move = undefined

(I)yHKHI/IH move OOHOBJISIET COTJIACHO InpaBuJIaM TEKYINYIO ITIO3ULUIO. C06epéM BCE OoIIpejeJIEHNA BMECTE:

reactOnMove :: Game -> Query -> IO ()
reactOnMove game query = case query of
Quit -> quit
NewGame n -> gameLoop =<< shuffle n
Play m -> gamelLoop $ move m game

CiryniaeM Urpoka

Teneps Bcé xe BepHEMcA K GyHKIMHM askForMove, Hay4yuMcs ciIymiaTth mosb3oBaTesid. CHavasia MBI CKaXXeM
KaKyo-HUOYIb BBOJHYIO dpa3sy, npejioxeHrne XoauTb (showAsk) 3aTeM 3apocuM CTPOKY CTaHAAPTHOHN GYyHKIMeH
getlLine, moToMm HaMm HyXHO OyZeT pacno3HaTh (parseQuery) B cTpoke 3HaueHue Tumna Query. Eciim pacnosHaTs ero
HaM He yAacTcs, Mbl HAallOMHUM I10J1b30BaTeJII0 Kak ¢ HaMu obmarbesa (remindMoves) 1 IOMPOCUM CXOAUTb BHOBb:

askForMove :: IO Query

askForMove = showAsk >>
getLine >>= maybe askAgain return . parseQuery
where askAgain = wrongMove >> askForMove

parseQuery :: String -> Maybe Query
parseQuery = undefined

wrongMove :: IO ()
wrongMove = putStrLn "He Mory pacno3HaTtb xop.” >> remindMoves

showAsk :: I0 ()
showAsk = undefined

remindMoves :: IO ()
remindMoves = undefined

MexaH13M paclio3HaBaHUA NOX0X Ha CJIy4al ¢ paclio3HaBaHMEM 4YKcJia. 3HaueHue 3aBEpHyTO B TUIl Maybe. U B
caMoM fesie GYHKIKA oIpeiesieHa JIUIIb YaCTUYHO, BeJlb He BCe CTPOKU KOAUPYIOT TO, YTO HaM HYXHO.

Oyukuu parseQuery u remindMoves TecHO cBA3aHEL. B mepBoii MBI paco3HaéM BBOJ I10JIb30BATEJIA, & BO BTO-
PoOI1 HalOMMHAaeM I10JIb30BaTeJII0 KaK MbI 3aKOJUPOBAJIM €ro 3anpochl. TYT CTOUT OCTAHOBUTHCA U CEPbE3HO NOJY-
matbh. Kak 3akoaupoBaTh 3HaueHHsA Tuma Query, 4ToOBI MOJib30BaTesl0 ObIO YIO0OHO Habupath ux? Ho naBaiite
OTBJIeUEMCSA OT 3TOM 3afayul, OHA CJIMIIKOM cepbé3Hasd. OcTaBuUM e€ Ha IIOTOM, a II0Ka NPOBepHM He YIUIM JIU MbI
CJIAIIKOM JaJIeKo, BO3MOXHO Hallla TporpaMma noTrepssna cMbeIcil. IIposepuM Tumnst!

*Loop> :r
[1 of 2] Compiling Game ( Game.hs, interpreted )
[2 of 2] Compiling Loop ( Loop.hs, interpreted )

0Ok, modules loaded: Game, Loop.

IIpuBeéM KO B MOPAAOK

Hawm ocTanoce onucatb GyHKINY paclo3HaBaHUA 3allPOCOB M HECKOJIBKO MaJIeHbKUX QyHKUUi ¢ dppa3amu u
MoAyJib Loop 6yner rotos. Ho nepea TeM Kak ciesiaTh 3TO JaBaiiTe ynopsanouuM GyHKIMU. BuaHO, 4TO Y Hac BbLe-
JINJI0Ch HECKOJIBKO 3aja4 110 TUILy OOIIeHHUs C T0JIb30BaTesieM. Y Hac eCThb 3a/1a4l, B KOTOPBIX MbI UTO-TO [TOKa3bIBaeM
[10JIb30BATEJII0, MEHsAEM COCTOSIHME SKpaHa U eCcTh 3a[a4l, B KOTOPHIX MBI IPOCUM OT I10JIb30BaTeJIsl KaKue-To [JaH-
Hble, OXHJaeM 3anpockl GyHKIuel getLine. Takxe B caMOM BepXy BBIPaXXEHH:A MPOTrpaMMBl ¥ HAC PaCIOJIOKEHBI
byHKIMY, KOTOpPBE KOOPAVMHUPYIOT JEHCTBUA OCTAJIBHBIX, 3TO TPeThbA rpynmna. CrpynnupyeM GYHKIHH 110 3TOMY
[IPUHIINILY.
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OcHoOBHbIE QYHKINU

play :: I0 ()
play = greetings >> setup >>= gamelLoop

gameLoop :: Game -> I0 ()
gamelLoop game
| isGameOver game
| otherwise

showResults game >> setup >>= gameLoop
showGame game >> askForMove >>= reactOnMove game

setup :: I0 Game

setup = putStrLn "HayHéM HOByW urpy?” >>
putStrLn "YkaxuTe CNOXHOCTb (MONOXMTENbHOE Lefioe 4YuUCno):
getlLine >>= maybe setup shuffle . readInt

n

>>

3ampocs! ot noJib3oBareJisa (getlLine)

reactOnMove :: Game -> Query -> IO0 ()
reactOnMove game query = case query of
Quit -> quit
NewGame n -> gameLoop =<< shuffle n
Play m -> gameLoop $ move m game

askForMove :: IO Query

askForMove = showAsk >>
getLine >>= maybe askAgain return . parseQuery
where askAgain = wrongMove >> askForMove

parseQuery :: String -> Maybe Query
parseQuery = undefined

readInt :: String -> Maybe Int
readInt = undefined
OTBeThI MoJIb3oBaTesio (putStrLn)

greetings :: I0 ()
greetings = undefined

showResults :: Game -> I0 ()
showResults g = showGame g >> putStrLn "Wrpa okoH4eHa.”

showGame :: Game -> IO ()
showGame = putStrLn . show

showAsk :: I0 ()
showAsk = undefined

quit :: I0 ()
quit = putStrLn "Oo BcTpeuun.” >> return ()

I[To 3TuM GYyHKIMAM BUJIHO, YTO HAM HEMHOIO OcTasioch. Ternepb BepHEMCSA K 3alpocaM [10JIb30BaTesIs.

@dopmMarT 3anpocoB

MoxxHO BHIBECTH € ImoMoIipio deriving sk3eMIuiap kiiacca Read g Tuna Query u yutaTh ux GyHKuuel read.
Ho 3To mioxas ujes, MOTOMY 4YTO I0JIb30BaTeJib HaIlleil IporpaMMbl MOXeT U He 3HaTh Haskell. JIyuie BBeméM
COKpaIIéHHbBIE UMeHa JIJIs BceX 3HaueHui. Hanpumep Takue:

left -- Play Left
right -- Play Rigth
up -- Play Up
down -- Play Down
quit -- Quit

new n -- NewGame n
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Mo>xHO 06paTUTh BHUMaHKe Ha TO, YTO Bce KOMaH/1bl HAUMHAIOTCA ¢ pa3HbIX OyKB. Bocrosibdyemes sTuM U AaauM
T0JIb30BATEJTI0 BO3MOXHOCTh HabMpaTh KOMaH/Ibl OAHO!N GYKBOH. DTO MPUBOJUT HA C K TAKUM ONpeeIeHUAM AJI
dyHKuumit pazbopa 3HaYeHUA U HATOMUHAHUA XOA0B:

parseQuery :: String -> Maybe Query
parseQuery x = case x of
"up” -> Just $ Play Up
"u” -> Just $ Play Up
"down” -> Just $ Play Down
"d” -> Just $ Play Down
"left” -> Just $ Play Left
e -> Just $ Play Left
"right” -> Just $ Play Right
"r” -> Just $ Play Right
"quit” -> Just $ Quit
"q” -> Just $ Quit
'n":'e’:'w':’ ":in -> Just . NewGame =<< readInt n
'n":" ":n -> Just . NewGame =<< readInt n
_ -> Nothing
remindMoves :: I0 ()

remindMoves = mapM_ putStrLn talk
where talk = [
"BO3MOXHble XO0fbl NYCTOW KneTku:”,

" left wim 1 -- Haneso”,

" right wnu r -- Hanpaso”,

" up wnM u -- BBepx”,

" down win d -- BHU3",

"0Opyrue pencteus:”,

" new int wnu n int -- HayaTb HOByW wurpy, int - uenoe uucno,”,
"yKa3blBawlee Ha C/OXHOCTb”,

" quit wnn q -- BbIXof M3 urpb”]

[TpoBepuM paboTOCIOCOOGHOCTE:

Prelude> :1 Loop
[1 of 2] Compiling Game
[2 of 2] Compiling Loop

( Game.hs, interpreted )
( Loop.hs, interpreted )

Loop.hs:46:28:

Ambiguous occurrence ‘Left’

It could refer to either ‘Prelude.lLeft’,
imported from ‘Prelude’ at Loop.hs:1:8-11
(and originally defined in ‘Data.Either’)

or ‘Game.Left’,

imported from ‘Game’ at Loop.hs:5:1-11
(and originally defined at Game.hs:10:25-28)

Loop.hs:47:28:
Ambiguous occurrence ‘Left’

Failed, modules loaded: Game.
*Game>

ITo ommbkam BUHO, YTO IPoU30IésT KoHGIMKT nMéEH. KoHeTpykTopsl Left u Right yxe onpenesieHs: B Prelude.
OTo KOHCTPYKTOpH THna Either. JlaBaiiTe ckpoeM ux, 106aBUM B MOZYJIb TAKyI0 CTPOYKY:

import Prelude hiding (Either(..))
Teneps nposepuM:

*Game> :r

[2 of 2] Compiling Loop

Ok, modules loaded: Game,
*Loop>

( Loop.hs, interpreted )
Loop.

Bcé paboTaet, MOXHO ABUraThCA AaJjIbIIe.
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ITocnennue HITPpUXHA

B Mozysie Loop HaM OCTasIoCh ONpeAesIUTh HECKOJIbKO MajleHbKuX PyHKIui. [Torick no cioBy undefined roso-
PUT HaM O TOM, 4TO OCTAJIOCh OIpeJeJUTh QYyHKINNU

greetings :: I0 ()
readInt :: String -> Maybe Int
showAsk :: 10 ()

Camasn npocTtas 3To CI)yHKLII/IH showAsk, ona IpurjiamaeT Urpoka caejaTth Xoma:

showAsk :: I0 ()
showAsk = putStrLn "Baw xogn:

Tenepb GYHKINA paclioO3HABAHUA 11€JI0T0 YHCIa:

import Data.Char (isDigit)

readInt :: String -> Maybe Int

readInt n
| all isDigit n = Just $ read n
| otherwise = Nothing
B nepBoii aspTepHaTHBE MBI C IOMOIIBI0 CTaHAApTHON dyHKInUM isDigit :: Char -> Bool mpoBepsieM, 4TO

CTpPOKa COCTOUT U3 OAHUX TOJIBKO urices1. EcJiv Bce CMBOJIBI YKCJIa, TO MBI ITOJIb3yeMcsl pyHKIMei u3 MoayJist Read
U YMTaeM I[eJioe 4KCJI0, Have Bo3BpamiaeM Nothing.

[Mocnenuasa GyHkuMA, 3To yHKIMA IpHBeTCcTBUA. Koraa Urpok BXOJUT B UTPY OH CTaJIKMBAeTCs ¢ e€ pe3yJibTa-
Tamu. OnpenesnM eé Tak:

-- B Mopynb Loop

greetings :: I0 ()

greetings = putStrLn "Mpuset! 3710 urpa naTHawku” >>
showGame initGame >>
remindMoves

-- B Mogynb Game

initGame :: Game
initGame = undefined

CHavajia MbI IIPUBETCTBYEM UI'DOKA, 3aTE€M IIOKa3bIBa€M COCTOSHHE (initGame), K KOTOpPOMY €My HYXHO CTpe-
MUWTbBCA, U HAaIIOMHWHaeM KakK JeJ1alTCA XObl. Ha stom ornpeesyIeH1Y Mbl PaCKPBIJIM BCE€ BbIpaXE€HW B MOAYyJIe Loop,
HaM OCTaJICA JIMIIb MOAYJIb Game.

IIpaBuiia urpst

OmnpenenM MOAyJib Game, HO MbI OyieM ONpeAesiATh ero He ¢ YACTOro jucta. Te GyHKIUY, KOTOphle HAM HyX-
HbI yXe ONpeJe/IJIMCh B XOJle ONMCAaHuA Auajiora ¢ noJb3oBaresieM. HaM HyXHO yMeThb COCTaBJIATh HavaabHOE
cocTossHMe initGame, ymMeTb COCTaBJIATH IlepeMellaHHOe COCTOssHWe Urphl shuffle, HaM HyXHO yMeTb pearupo-
BaTh Ha XOABI MOVe, OIpeAesATh KaKkas MO3MUIUsA ABJIAETCA BHIMTPHIIIHON isGameOver U yMeTh IOKa3blBaTh QUIIKU
B KpacusoM Bufe. [Ipuctynum!

initGame :: Game

shuffle :: Int -> IO Game
isGameOver :: Game -> Bool

move :: Move -> Game -> Game

instance Show Game where
show = undefined

TakoB Hail IIaH.
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HauvasipHOE cocTOAHNE

Haunéwm ¢ camoii nmpocToli GyHKUNMM COCTaBMM HavyaJbHOE COCTOSIHUE:

initGame :: Game
initGame = Game (3, 3) $ listArray ((0, 0), (3, 3)) $ [0 .. 15]

Ms1 6ynem koaupoBath dumky nudpamu oT HyJia 10 14, a nycras kietka 6yfer paBHa 15. 9TO IpoCTO corJia-
LIeHNUs 0 BHyTPEeHHEeM IpejicTaBjieHny QuIleK, T0Ka3bBaTh Mbl UX OyZieM COBCeM IO-pyroMy.

C oTHUM 3Ha4YeHHeM MBI MOXeM JIerKo onpeAesUTh GYHKIUIO olpefiesIeHNs KOHIA Urpsl. HaM HyXHO TOJIBKO
no6aButh deriving (Eq) k Tumy Game. Torga dyHknusa isGameOver mpuMeT BUL:

isGameOver :: Game -> Bool
isGameOver = ( == initGame)

HenaeMm xon
Hanumewm pynkuuio:
move :: Move -> Game -> Game

Ona 06HOBJIAET MO3ULUIO IT0CJIe X0Aa. B mATHamKax He BO BCEX MO3ULUAX JOCTYIHBI Bce X0 bl. Ecyiu mycThImka
HaXOJUTCA Ha Kpal, MBI He MOXeM BBIBECTH €€ 3a IIpeieJibl JOCKU. DTO HeOOXOOMMO KaK-TO y4decTb. Kaxmsiil xon
3a7aéT HanpasJieHre ooMeHa uiikamu. Ecyiu y Hac ecTh TeKyllee [oJIoXeHue ITyCTHIIKY U XOJI, TO II0 XOAY MBI MO-
’KeM y3HaThb HalpabJieHue, a [10 HallpaBJIeHUIo Ty GUIIKY, KoTopasd 3aiiIMET MeCTO IyCTHILKY Iocsie XoAa. [Ipu aTom
HaM He0OXOANMO NPOBEPATH HAXOAUTCSA JIHU Ta (UIIKA, KOTOPYI0 MBI XOTHM IIOMECTUTH Ha ITyCTOE MECTO B Ipejeiax
Jocky. HanpuMep eciy IyCTHIIIKA PACIOJIOXEHA B CaMOM BepXy U MBI XOTHUM cAesaTh xof Up, T.e. mepeJBUHYTh eé
emlé BhIlIe, TO IMOJIOXKEHVE UTPHl He TOJDKHO M3MEHUTHCA.

import Prelude hiding (Either(..))
newtype Vec = Vec (Int, Int)

move :: Move -> Game -> Game
move m (Game id board)
| within id’ = Game id’ $ board // updates
| otherwise = Game id board
where id’ = shift (orient m) id
updates = [(id, board ! id’'), (id’, emptyLabel)]

-- onpepeneHne TOro, 4YTO MHAEKCH BHYTPW HOCKMU
within :: Pos -> Bool
within (a, b) =pa & pb

where p x = x >= 0 && x <= 3

- - CMelleHne MnosioxeHue Mo HanpasBpeHuio
shift :: Vec -> Pos -> Pos

shift (Vec (va, vb)) (pa, pb) = (va + pa, vb + pb)

-- HanpasJieHne Xxofa

orient :: Move -> Vec

orient m = Vec $ case m of
Up -> (-1, 0)
Down -> (1, 0)
Left -> (0 ,-1)

Right -> (0 , 1)

-- MeTKa Ans nycTon Quwku
emptyLabel :: Label
emptyLabel = 15

Manenbkue GyHknuu within, shift, orient, emptylLabel genaioT kak pa3 To, YTO MOANNCAHO B KOMMEHTapUsX.
Jlymato, 4TO UX olpejieJieHHe He CJI0XKHO NMOHATh. Ho ecTh 0/HA TOHKOCTD, MOCKOJIBKY B PYHKIMHU Orient MBI IOJIb-
3yeMcs KoOHCTpyKTopamu Left u Right Heo6xoaumo crparats Tun Either u3 Prelude. Mbl BBesd JONOJIHUTEIBHBIN
Tun Vec JjiA 0003HaYeHUs CMelleHNsA, YTOObI CIy4aliHO He MTO/ICTaBUTh BMECTO Hero MHAEKCHI.

Pazbepémcs ¢ pyHknuen move. CHavasa Mbl BBIYMC/IAEM MOJI0XeHNe QUILKY, KOTOopas MONUAET Ha MMyCTOe MEeCTO
id’. Mu mesraeM 310, cMecTuB (shift) mosioxkenne nmycreimky (1d) mo HampasyieHuIo xoaa (orient a).

M-zl 06GHOBJISIEM MacCCHUB, KOTOPEIH OIMUCHIBAET JOCKY C IIOMOIIBIO crieluaibHON GyHKnuM //. [TocMoTpyuM Ha eé
THIL:
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(//) :: Ix 1 => Array i a -> [(i, a)] -> Array i a

OHa mpUHMMAET MacCUB U CIHUCOK OOHOBJIEHWH B 3TOM MaccuBe. OGHOBJIEHUS NpeJCTABJIEHBl B BHUAE MaphI
HWHJeKc-3HayeHue. B oxpaHHOM BhIpaX€eHUM MBI IPOBepsAeM, ecJIi MHAeKC IepeMelnaeMoi GUINKY B IIpejiesiax Joc-
KM, TO MBI BO3BpalllaeM HOBOE IOJIOXEHUE, B KOTOPOM IIyCTHIIIKA YK€ HaXOJUTCA B MOJIOKEeHUH id’ ¥ Maccus 06-
HOBJIEH. MBI cOCTaBJIsIEM CIMCOK OGHOBJIeHMH updates b3 AByX 31eMeHTOB, 3TO epeMeleHus GUIIKH U ITyCTHIIIKH.
Eciu ke ¢umika 3a npefesaMy JOCKH, TO Mbl BO3BpalllaeM HCXOJHOe MOJI0XKeHUe.

INepememuBaeM GUIIKH

Wrpa HauMHaeTCs ¢ TAaKOro MOJIOXEHNUA, B KOTOPOM Bce GUIIKY NepeMeniansl. Ho nepemenuBaTh GUIIKY po-
HU3BOJIbHBIM 00pa3oM ObLIO GBI HE 4eCTHO, ITOCKOJIBKY M3BECTHO, YTO B MATHAIIKAX ITOJIOBUHA PACCTAHOBOK He IIpU-
BOAUT K BRIUIPHITY. ITo3TOMy MBI GyZieM MepeMelnBaTh Tak: Mbl CTapTyeM K3 HayaJIbHOIO MOJIOXKEHUA U JeslaeM
HeCKOJIBKO XOZI0B IIPOU3BOJIbHBIM 06pa3oM. KosuecTBo X0A0B onpejiesisieT CJI0XKXHOCTh UIPHL:

randomGame :: Int -> I0 Game
randomGame n = (iterate (shuffle =<<) $ pure initGame) !! n
shuffle :: Game -> I0 Game

shuffle g = flip move g <$> (randomElem $ nextMoves g)

randomElem :: [a] -> IO a
randomElem = undefined

nextMoves :: Game -> [Move]
nextMoves = und

CHauasa pasbepémcs ¢ ¢pyHkiueli shuffle oHa nepemenrBaeT NO3UIUI0 OOUH pa3. MBI fejiaeM X0 B TeKyIIel
MO3ULUM, KOTOPEIN MBI BRIOpaU CJIy4aliHBIM 00pa3oM M3 CIHCKa AOCTYIHBIX XOAOB. BEIOOpOM ciiyuyaiiHOro sJie-
MEeHTA 13 CcIKcka, 6yaeT 3aHnMartbes GyHKusA randomElem. Teneps BepHEMCS K GYHKIHY COCTABJIEHUA CITyYalHON
no3unuu. B Hell MbI oJib3yemcs GyHKIMel iterate aA Toro 4To6s! N pa3 nepeMeniaTh no3unuio. Ho Mbl He MoxeM
NIPOCTO HaNucaThb:

iterate shuffle initGame

Tak y Hac He coBnaayT TUMsL. J{j1a QyHKIMY iterate HyXHO 4TOOB BXOJ 1 BHIXOA GYHKLMY NMeJI OAVHAKOBBIE
TUnbL [ToaToMy MBI oJib3yeMcs B GyHKIUN iterate GyHKIMEH NIpUMeHeHUA Clel[iaIbHbIX 3HaYeHNH.

Hawm ocrasnocs OIIpeJeJINTh BCEro aABe (IJYHKIII/II/I, U BCE TOTOBO IJIA UI'phIL. OHpeneJII/IM BI)IGOp CJ'Iy‘-IafIHOFO 2J1e-
MEHTa U3 CIIMCKa:

import System.Random

randomElem :: [a] -> IO a
randomElem xs = (xs !! ) <$> randomRIO (O, length xs - 1)

MsI reHeprpyeM CIy4YaiiHOe YKCJIO B AUana3oHe MHEKCOB CIMCKa U 3aTeM U3BJIeKaeM 3jieMeHT. Ternepb PyHK-
LU ONpe/ieJIeHNs XO40B B TEKYIIeM MOJI0XEeHUU:

nextMoves :: Game -> [Move]
nextMoves g = filter (within . flip shift (emptyField g) . orient)
[Up, Down, Left, Right]

MBI BBIMIOJIHAEM CXOXKe onepanuu ¢ TeMu, 4To ObLIU B (I)yHKLII/II/I move. MsbI CI)I/IJ'[pryeM M3 CIIMCKa BCEX XO010B
T€, 4YTO BBIBOOAT IIyCTYIO CI)I/IH.IKy 3a npeaesibl JOCKU.

OTo6pakeHHe MOJIOXKeHUA

f1 HeMHOTr0 IOTOPOINMJICSA, HaM OCTasach emé ogHa GyHKIusA. DTo oToOpaxeHue no3unuu. f He 6yay nogpo6HO
OCTaHaBJIMBAThHCA Ha TeJsle PYHKIMH, CKaXy JIUIIb TO, YTO OHA COCTABJIAET CTPOKY TaK KaK 3TO [T0OKa3aHO B KOMMEH-
Tapuu K QyHKIUU.
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B LR E T EE T T E
12 3] 4]
LT g R S
- 51 6] 7] 8]
B Tt e e e
-- ] 9] 10| 11 | 12 |
B LR E T EE T T E
-- | 13| 14 | 15 | |
B L LT T Tr e S

instance Show Game where

show (Game _ board) = "\n” ++ space ++ line ++
(foldr (\a b -> a ++ space ++ line ++ b) "\n” $ map column [0 .. 3])
where post id = showlLabel $ board ! id
showLabel n = cell $ show $ case n of
15 -> 0
n -> n+l
cell "0” =" "
cell [x] E S |
cell [a,b]l =" " a:Db :" ":[]
line = "+----+----+----+----+\n"
nums = ((space ++ "|"”) ++ ) . foldr (\a b -> a ++ "|” ++ b) "\n".
map post
column i = nums $ map (\x -> (i, x)) [0 .. 3]
space = "\t”

Teneps MBI MOXEM 3arpy3UTh MOAYJIb Loop B MHTepnpeTaTop U HabpaTs play. HeMHOro oTBiiedémcs u nourpa-
eM

Prelude> :1 Loop

[1 of 2] Compiling Game ( Game.hs, interpreted )
[2 of 2] Compiling Loop ( Loop.hs, interpreted )
0Ok, modules loaded: Loop, Game.

*Loop> play

NMpuset! 370 uMrpa nATHaWKn

R L L: SRR TR
[ 11 2] 3] 4]
B LT T Ty ap——
| 51 61 7] 8]
B
| 9] 10 | 11 | 12 |
R L L: SRR TR
| 13 | 14 | 15 | |
B LT Ty aep——

Bo3moxHble xoppl ﬂyCTOﬁ KNeTKu:

left unm 1 -- Haneso
right wnm r -- Hanpaso
up unm u -- BBEpX
down wnm d -- BHU3

fipyrue peicrtBuaA:

new int wmm n int -- HavaTb HOBYW urpy, int - uenoe uwucno,
yKasblBawliee Ha CJIOXKHOCTb
quit wam q - - BbIXOA W3 Wrpbl

HayHéM HoByW urpy?
YKaxuTe CJIOXHOCTb (MoJIOXUTeNbHOe Lesioe 4Yucho):

5
L RS e PR
[ 1] 2] 3] 4]
R s LT ET TS
| 51 61 71 8]
T T L TR 3
[ 9] [ 10 | 11 |
B s L EET TR
| 13 | 14 | 15 | 12 |
D s L LEE ST

Baw xop:
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B L L TR
[ 1] 2] 31 4]

B it Sl
I 51 61 71 8]
B b Sl 2
[ 9110 | [ 11|
L it Skt 2
| 13 | 14 | 15 | 12 |
B ek it Skl s

Baw xopn:

r
L ek it Skt 2
[ 11 2] 3] 4]
B ik it Skl 2
I 51 61 71 8]
B Ll ks s
| 9] 10 | 11 | |
L ek it Skt 2
| 13 | 14 | 15 | 12 |
B ik it Skl 2

Baw xopn:

d
L ek it St &
[ 11 2] 3] 4]
B e it Sl 2
I 51 61 71| 8]
B e L ks s
| 9 10 | 11 | 12 |
L ek it St &
| 13 | 14 | 15 | |
B D it Sl 2

Wrpa okoH4eHa.

VYpaa, nosyuusiocb. Mbl Tak JOJITO MHcad MPOrpaMMy, MPOBepsA JIMIIb TUIMB,, U B cCaMOM KOHIle, KOTJja MbI
3aKOHYIJIM OllpeJiesieHUe, Bcé paboTaeT. KoHeuHO He Bcé paboTaeT Tak IJIafKo, A yXXe Hamucasl 3Ty IporpaMMmy U
OOBSCHSIO TOTOBOE pellleHrie, HO Korja obmas cxeMa IporpaMMbl yTPSICIAach, BO3MOXHBIE OIIMOKU ONpeIeJIsI0TCs
Ha pa3. Msl MOIJIM BBI3BaTh OTOOpaXkeHre MO3UINK He B TOM IOPSKe M 3a0bITh IPOBEPKY KOHIIA UTPHI, BCE 3TO
HECKOJIBKO CTpPOYeK U3MeHeHUH.

CamMble HeIpUATHBIE OMKOKY MPOUCXOAAT, KOTAa B cepefJuHe BBIACHAETCS, YTO Mbl OIIUOJINCH ¢ TUNaMU. TUIBL,
KOTOpBIE MBI BEIOpaJIM HE MOTYT ONKCATh SIBJIEHNE, BO3MOXHO MBI HE MOXEM JieJIaTh KaKKe-TO Ollepanuy, KOTOphie
HaM, KaK HEeOXHUJJAaHHO BBIICHUJIOCh, OYeHb HYXXHBI. DTO 3HAYUT, YTO HYXXHO MEHATh Kapkac. MeHATh KapKac, 3TO
3HAYUT CHOCUTD BECh JIOM U CTPOUTH HOBHIN. BO3MOXHO pa3pymeHUs: OKaXyTCcs JIOKaJIbHBIMU, MBI CTPOMM He J[0M,
a ropof. M cHocuTh npuAETCa He BCE, a HeCKoJIbKO kBapTasioB. Ho aTo Toxe GoJsbiine nepemeHsl. [losTomy mar
ompejiesieHUs THUIIOB OYeHb BaxkeH. BrmpoueM cHocuth KBapTasisl B Haskell oqHO yI0BOJIBCTBYME, TOCOJIBKY CTOUT
HaM M3MeHUTh KaKoi-HUOyIb THUII, HalpuMep yopaTh KaKoW-HUOYAb TUI WM U3MEHUTb UM, KOMIIWIATOP TYT Xe
MOACKAXET HaM Kakue (PyHKImU ctajiu GeccMBICTIeHHBIMU. Bojlee KOBapHbBIEe M3MEeHEHUs CBSA3aHHI C J0OaBIeHNEM
KOHCTPYKTOpa-ajibTepHaTUBH. Hanpumep Ham BAPYT He MOHpaBWJICA TUM Bool M MBI pelInyu cfejiath ero 6oJiee
yeJIoBeUHbIM. MBI pemuin J00aBUThH elllé 0JHO 3HaueHue:

data Bool = True | False | IDonTKnow

OTO MOXET NPHBECTU K HEIOJIHOMY PAaCCMOTPEHUIO aJIbTEPHATUB B Case-BbIPAXXEHUAX U COIOCTABJIEHUAX C 00-
pasnoM B apryMeHTax ¢yHKOuH. Takye omUOKY KpaiH HENPUATHBL, IOCKOJIBKY OHU IIPOUCXOJAT HA dTarle BhIIOJI-
HEHUs NPOrpaMMBl, Korjja HoBoe 3HaueHre IDonTKnow JOHAET 10 case. B 3ToM ciyyae HaMm Ha BBIPDYYKY MOXET
NpUATH PYHKIMA CBEPTKY, €CJI Mbl BMeCTe C THUIOM HM3MeHUM U QYHKIUIO0 CBEPTKY, 3TO CKaXeTcsA Ha BcexX QyHK-
LUAX, KOTOPBle ObUIM OllpejiesieHnl Yepe3 Heé. YeM Goiblile Takux GYHKIMI, TeM 60Jiblile omMIb0oK MBI IOHIMaeM.

13.3 YmopaxHeHus

+ U3meHuTe Auasor ¢ noJsjp3oBaresieM. ChesaiiTe Tak 9TOObI Y WPl OBLUIO I'JIABHOE MEHI0, B KOTOPOM HI'DOK
BBIOMpaET pasHble NOO0YHBIE GYHKLINY, BPOJe BEIXO[]a, HAYaTh HOBYIO UTPY, MOJCKAa3Ka U UTPOBOE MEHI0, B
KOTOPOM UT'POK TOJIbKO IepezBuraer ¢umku. Korjja urpok cobupaer Urpy oH nonajaer B IJIABHOE MEHIO.
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+ JloGaBbTe B UTPy NOACUYET CTATUCTUKU. Ecii Urpok Jomés 1o moGeJHOM MO3UIUY OH Y3HAET 33 CKOJIBKO XO[0B
eMy yhaJsioch pemnTh 3amauy. Taikke BeAETCA MCTOPUA NPeblAYIINX HONBITOK, II0 KOTOPOH I0JIb30BaTeslb
MOXeT CJIeJUTh KaK U3MEHSIOTCA ero pe3yJbTaThl.

. HOﬂyMaﬁTe MOXHO JI BBIAEJIUTb I/IHTep(I)efIC UT'DHL B OTI[e.J'II)HI)IfI KJiacCcC Tak, YTOOBI MoAayJib Loop He 3aBucen
oT KOHKPETHOﬁ peanin3anviv Urpbl. YTOOBI MOXHO 6bIJ'IO, onrpasach Ha a6CTpaKTHbIe MeTO/bl, BpoJe show AJIs
Game, UIu peaKnum Ha XO[, BECTU AUaJIor C IIOJIb3OBATEJIEM. HOHpO6yﬁT€ nepenvcaTtb Urpy nATHalKy C
IIOMOIIBI0 TAKOI'0 Kjiacca.

+ IMonpobyiiTe HanucaTh APYIYI0 WUIPy, HAaNpHUMeEpP UIPy PAaCKJIAABIBAHUSA HAChAHCA, KPECTUKU-HOJIMKU WJIN
HIaliKy, He MeHsA Moy Loop. Tak 4To65! BH cesaju HeoOX0quMble SK3eMIUIAPH [JIA KJIacCOB U3 IpeJibl-
JYLIETO YIPAXHEHUA, a BCE OCTAJIbHOE MTOBE/IEHNE CJIeJOBAJIO U3 HUX.
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I'maBa 14

JIaMOga-ucumcjieHue

B sToil1 ry1aBe MBI y3HaeM o JiAMOOa-ucurciieHun. JIambaa-ucurciaeHrne ONMCHIBaeT MOHATUE ajropuTrMa. Emé
J10 OAIBJIEHUA KOMITbIoTepoB B 30-e roAbl ABaAIaTOr0 Beka MaTeMaTUKOB MHTepecoBaJl BOIIPOC O BO3MOXHOCTH CO-
3[aHusA aaropuTMa, KOTOPHI Mor OBl HA OCHOBe 33[JJaHHBIX aKCHMOM AaTh OTBET O TOM BE€pPHO WJIM HeT HeKOTOpoe
JIoTUYecKoe BhicKa3biBaHUe. HampuMep y Hac ecTh Ga30Bble YTBEPXAEHUS U JIOTMYECKHE CBS3KU Takue Kak “u”,
"nnn”, ”aina moboro u3”, “cymecTByeT OAuH U3”, ¢ MOMOIIBI0 KOTOPBIX MBI MOXEM CTPOUTH M3 GA30BBIX BHICKA3HI-
BaHUI cocTaBHble. HeKOTOpPBIE N3 HUX OKaXyTCs JIOKHBIMU, a Ipyrhe UCTUHHBIMA. HaMm nHTepecHO y3HaTh KaKue.
Ho nns pemenus 3To 3aauu pexze Bcero Heo6xoAuMOo ObLJIO MTOHATH A YTO JXe Takoe aJirOpUTM?

OtBeT Ha 3TOT Bompoc fganu AynoHco Yépu (Alonso Church) u Anan Teiopunr (Alan Turing). Yépu paspabotan
naMOaa-ucurciienye, a ThlopyHT Teopuio MamuH TelopuHra. Okasasock, 4YTO 3aJjaua aBTOMaTHU4YeCcKoro onpejesie-
HUSA UCTUHHOCTY (HOpPMyJI B OOIIEM CITyyae He UMEEeT pelleHus.

B ocHoBe yiAMOma-UcUrCIEHNE JIEXUT MOHATHE QYHKIMU. MBI MOXEM COCTABJIATH CJIOXHBIE QYHKIUU U3 TIPO-
CTeNINX, a TaKXe MOJACTABJIATh B QYHKI[UY apryMeHThl, KOTOpPEE MOTYT ObITh KaK KOHCTAHTaMU TaK U JPYTUMU
dyHkMAMM. Kak TOJIBKO MBI COCTaBUJIN BBIpakeHUe MBI MOXeM IlepefaTh ero BeluucauTeso. OH NoJcTaBJsgeT ap-
ryMeHTH B GYHKLINUM U BO3BpalllaeT Takoe BbIpakeHHe, B KOTOPOM HEBO3MOXHO Jjajiee MPOBOAUThH MOACTaHOBKU
apryMeHTOB. DTOT IPOIL[eCC IPOBeAeHUsA MOACTAHOBOK CUMTAETCS BRIULICJIEHHNEM aJITOPUTMA.

B pamkax Teopum MamuH ThIOpHMHTa aJIrOPUTM ONMCHIBAaeTCs Mo-ApyroMmy. MamwuHa ThIOpHHra MMeeT BHYT-
peHHee cocrosinre, COCTOsAHNE COAEPXUT HEKOTOPOe 3HAaYeHHe, KOTOpOoe M3MeHsEeTCA M0 X0Ay paboThl MAaIIHHL.
MamuHa XHUBET He caMa II0 cebe, OHa yuTaeT JIEHTY CUMBOJIOB. JIeHTa CMMBOJIOB — 3TO 0oJiblas Liernoyka OyKB.
Ha kaxnayio OykBy MallllHa pearupyeT cepuell felicTBuil. OHa MOXeT M3MeHUTh 3HaueHle COCTOsHNsA, 0OHOBUTH
OyKBY B JIGHTe WUJIM IIepelTH K cyeAyIoleMy WM NMpeAslaylieMy CUMBOJIy. ECTh cocTosHNA, KOTOpBle 0603Ha4aloT
KOHeIl paboTHI, OHU HA3hIBAIOTCS TEPMUHAIBHBIMU. Kak TOJIbKO MalIvHa JOUIET IO TEPMUHAIBHOTO COCTOSHUS MBI
cuMTaeM, YTO BBIUMCJIEHUE aJITOPUTMa 3aKOHYMJIIOCH. IIocjie 3TOro MBI MOXEM CYUTATh PE3YJIbTAT U3 COCTOSHUM
MaIIUHHL.

DyHKIMOHAJIbHBIE A3BIKK NMPOrPaMMUPOBAHUA OCHOBAaHH Ha JiAMOAa-ucuuciaeHuu. [1oatomy Mbl Oyem roBo-
PUTh UMEHHO 00 5TOM ONMCAaHUM aJITOPUTMA.

14.1 JIamO6na ucumcjieHue 6e3 TUIIOB

CocraBJjieHue TepMOB

MO>HO CYHTATh, YTO JIAMO/1a MCYMCIIEHUE 3TO TAKOH MaJIEHbKUIA A3BIK IPOrPAaMMUPOBaHUA. B HEM ecTh MHOXe-
CTBO CHMBOJIOB, KOTOPBIE CUMTAIOTCA NePEMEHHBIMY, OHU YTO-TO 0003HAYAIOT U HeleJIMMBL. B j1AM6aa-rucuncieHnu
[IpOrpaMMHBIN KO HasbiBaeTcs TepMoM. [[J1A HanucaHuA IPOrpaMMHOI0 Kofla Y Hac eCTh BCero Tpy IpaBuJa:

+ TlepeMeHHSBIE Z, Y, 2 ...ABJIOTCA TEPMaM.
* Eciu M u N - tepmsl, 10 (M N) - Tepm.

+ Ecin x — nepemenHast, a M — tepm, 1o (Ax. M) — Tepm

B dopmanpHOM onrcaHny A00ABJIAIOT eI1é OJJHO IPABIJIO, OHO FOBOPUT O TOM, YTO APYTUX TePMOB HeT. [lepBoe
[IpaBUJI0, TOBOPUT O TOM, YTO Y HAc ecTb ajidaBUT CHMBOJIOB, KOTOPHIN YTO-TO 0003HAYaeT, 3T CUMBOJIB ABJIA-
10TCsA 6a30BBIMM CTPOUTEJIbHBIMU 6JIOKaMH IporpaMMbl. BTopoe 1 TpeTbe paBujia FOBOPAT O TOM Kak U3 6a30BbIX
3JIEMEHTOB IIOJIyYal0TCA COCTaBHbIE. BTOpoe ImpaBujIo — 3TO NPaBUJIO NMpUMeHeHUs QYHKIUU K apryMeHTy. B HéM
M o6o3Hauaet ¢pyHkuuio, a N o603Ha4daeT apryMmeHT. Bee GyHKIMYU ABIAIOTCA QYHKIMAMEI OAHOTO apryMeHTa, HO
OHU MOTYT NPUHUMAaTh U Bo3Bpamarh pyHknuu. [103TOMy IIprMeHeHue TPEX apryMeHTOB K dyHKkiuu Fun O6ymer
BBHITJIAZETH TaK:
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(((Fun Argl) Arg2) Arg3)

TpeTbe MpaBUJIO TOBOPUT O TOM Kak co3fgaBaTh GQyHKiyu. ChoeluasibHblid CUMBOJI JiAMGAa (\) B BRIpaXeHUU
(Az. M) roBopurt 0 TOM, 4TO MBI cOGMpaeMcs OnpeeuTh GYHKIUIO ¢ apryMeHToM 2 U TesioMm ¢yukuuu M. C ta-
KuMY QYHKIUAMU MBI yXKe CTaJIKUBAJINCh. DTO Oe3bIMAHHbIE GyHKIUU. [IpruBe1éM HECKOJIBKO IPUMEpPOB QYHKIIHI.
Haunéwm ¢ camoro npocroro, onpeaesiuM TOXAECTBEeHHYI0 QYHKIIHIO:

(A\z. )

OyHKIUA NPUHUMAaeT apryMeHT X U TYT Xe BO3BpallaeT ero B Tesie. Ternepb MIOCMOTPUM Ha KOHCTaHTHYIO QyHK-
L{HI0:

(Az. (\y. x))

KoncrantHas GyHKuus siByisieTcss GyHKIMEN [BYX apryMeHTOB, O3TOMY HAlll TEPM IPUHUMAET HepEMEHHYI0
X ¥ BO3BpaIaeT Apyroil tepm dyHkumio (Ay. ). Ota GyHKUMA NpUHUMAET Y, a Bo3BpamaeT x. B Haskell mMbr G5t
HaMKCcajy 3TO TaK:

\Xx -> (\y -> x)

Touka cMeHWJIach Ha CTPeJIKY, a J1AMO/1a moTepsjia OAHY HOXKY. Terneps onpeesinM KoMrno3unuio. Komnosumus
[IpUHUMAeT JiBe QYHKI[MY OJJHOTO apryMeHTa U HallpaBJiAeT BBIXOJ BTOPOH (DYHKIMM HA BXOJ| IIepBOIL:

(Af- (Ag- (Az. (f(g2)))))

[lepemenHsie f U g — 3TO PYHKLUUHU, KOTOPHIE YYACTBYIOT B KOMIIO3ULUM, & X 3TO BXOZ PE3YJIbTUDPYIOLIEN DYHK-
uH. YKe B TaKOM IPOCTOM BBIPAXEHUU y HAC IATh CKOOOK Ha KOHIe. [laBaliTe BBeIEM HECKOJIBKO COTJIAIIEHMUI,
KOTOpEIe 00JIerdyar HalrcaHue TEPMOB:

[Mumem [TogpasymeBaem
OmnycTyM BHEIIHUE CKOOKU: L. x (Az. )
B npuMeHeHNH rpyNnupyeM CKOOKM BiaeBo:  fghx ((fg)h)x
@ QyHKUMSX TPyNIMpyeM cKoOKu BopaBo:  Az. A\y. x  (Az. (Ay. x))
[Mumem GyHKIMN HECKOJIBKUX apTyMEHTOB  ATLY. & (Az. (\y. z))
C OJIHOM JIAMOIOM:

C 3TUMMU corJialleHUsIMH Mbl MOXeM nepenrcaTb T€EPM AJI KOMIIO3UINU TaK:

Agz. f(gx)

CpaBHHUTe c BbIpaxkeHHeM Ha si3bike Haskell:
\f g x ->f (g x)

BripaxeHus oueHs noxoxu. Haskell nHorja Ha3bIBalOT 3acaxapeHHOI Bepcueil IAaMb/ja ucurciaeHus. B aamona-
VICYKCJIEHUH MBI He Oy[JeM CTaBUTh MPOOEJBl I IPUMeHeHUs apryMeHToB K ¢GyHKiuu. Mbl 6yaeM cuutarthb, 4TO
BCe MMeHa OAHOOyKBeHHbIe. [Ipyu 3TOM nepeMeHHbIe MbI OyIeM IHCaTh C MaJIeHbKOM OYKBHI, & COCTABHBIE TEPMBI C
6OJIBIIION.

OmnpenennM emnié HecKOJIbKO pyHkrui. Hampumep tak BormaauT dyHknus flip:

Afxy. fyx

Wnu MOXHO 3anucath B 60s1ee IBHOM BHJE, BbIIeJINM GYHKINIO ABYX apIryMEHTOB:

A Azy. fyx

OnpepenuM GYHKIUIO 0N, OHA NPUHUMAET QYHKIUIO ABYX apryMEHTOB * U QYHKIMIO OJHOTO aprymeHTa f, a
BO3BpaIgaer GyHKUHUIO JBYX apryMEeHTOB, B KOTOPOH K apryMeHTaM CHavajia npumensiercst GyHKuus f, a 3aTeM oHU
nepenarnTcs B QYHKIUIO *:

Ax fo Az x (fx)(fx)

B J1sM6Ja-UCUKCIIEHHH €CTh TOJIBKO NPE(QUKCHOE IIPUMEHEHHe oaToMy Mbl Hanucanu *( fx)(fx) BMecTo npu-
BbruHOro (fx) * (fx). 3necs onepanus * 3TO He TOJIBKO yMHOX€EHUE, a J1i6ast 6uHapHas GyHKIYA.
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AGcTpaknusa

DyHKIUY B JIAMOAA-UCUNCIEHU Ha3bIBAOT abcTpakuuaMu. Mer 6epém TepMm M 1 mapaMeTpusyeM ero 1o Ie-
peMeHHOI « B BelpaxeHun A\x.). IIpu 3ToM ecsu B TepMme )V BCTpedaeTcs ImepeMeHHas X, TO OHA CTAHOBUTCA
cBsA3aHHOI. Hampumep B TepMe Ax.\y.x [lepeMeHHas & ABJIAETCA CA3AHHOL, HO B TEpMe \Y.Z, OHA yXe He CBA3a-
Ha. Takue IepeMeHHbIe Ha3bIBAIOT c80000HbIMU. MHOXECTBO CBSI3aHHBEIX epeMeHHBIX Tepma M MbI 6yaem 0603Ha-
gate BV (M) ot anru. bound variables, a MHOXeCTBO CBOGOIHBIX TIEpEMEHHBIX MBI OyeM o6o3uadats F'V (M) ot
aHri. free variables.

Ha uHTyuTHBHOM ypOBHe mIpoljecc abCTpaKIUKU 3aKJI0YaeTCs B TOM, YTO MBIl CMOTPHM Ha HECKOJIBKO YaCTHBIX
cJly4aeB U BUJUM B HUX YTO-TO oOiiee. OTO obljee MbI BbliesisAseM B QYHKIMIO, KOTOpas napaMeTpu30BaHa 4aCTHO-
craMu. Hanpumep Mbl BUIUM BBIPQXKEHUA:

Ar. +xT, AL, *TT

U B TOM U B IpyroM y Hac ecTb GYHKIUSA IByX apryMeHTOB -+ HJIM * U MBI JlejlaeM U3 Heé QYHKIMI0 OJHOTO
aprymeHTa. MBI MoXxeM abcTparupoBaTth (TapaMeTpH30BaTh) 3TO NOBeJeHNeE B TaKyl0 QYHKIUIO:

Ab. \x. bxx

Ha Haskell mbI GBI 3ammcaim 3TO Tak:

\b ->\x -> b x x

Penykuus. BeruvcieHnue TepMoB

[Tponecc BBIYMCIIEHNA TEPMOB 3aKJII0YAeTCs B IOACTAHOBKE apr'yMeHTOB BO Bce yHKIMU. BeipakeHus Bua:

(Ax. M) N

3aMeHAI0TCA Ha

Mz = N]

Dra 3anuch o3HavyaeT, 4yTo B TepMe M Bce BXOXKIEHUs X 3aMeHs0TCs Ha TepM [N. DTOT HPOLEcC Ha3bIBAETCsA
pedykyueti Tepma. A Beipaxenus suaa (Az. M) N naswiBarotcs pedexcamu. [IpoBenéM K IpuMepy PeNyKLMIO TepMa:
(A\b. Ax. bxx)x*

Jly1s1 9TOro Ham HyXHO B TepMe (Az. bxx) 3aMeHUTh BCe BXOXIEHUSA [IepeMEHHOM b Ha mepeMeHHyIo *. [locie
3TOrO MBI [OJIyYUM TEPM:
AT, * xx

B atoMm T€pME HET PEOAECKCOB. OTO O3HAYaeT, YTO OH BBHIYMCJIEH WJIM HaXOQUTCA B HOPpMAJTbHOU d)opme.

Qa-mpeoGpa3oBaHUe

TIpu mocTaHOBKE HEOGXOMMO CJIEAUTH 3a TEM, YTOOH Y HAC HE HOABJIUINCH JIMIIHNE CBA3BIBAHUA [IEPEMEHHBIX.
Hampumep paccMOTPUM TaKoil pefeKc:

(Azy. )y

ITocsie moaCcTaHOBKU 3a CcyéT CcoBIajeHuA UMEH MEepEMEHHbBIX MbI IOJIYYUM TOXJECTBEHHYIO (byHKI.[I/IIO:

Ay y

[TlepemenHas y Obuta CBOOOJHOM, HO IOCJIe NMOACTAHOBKH CTajla CBA3aHHOH. HeoOXOOMMO HCKIIIOYUThH TaKue
ciay4au. [ToCKOJIBKY ¢ HUMH I0JIy4aeTcs, YTO MMeHa CBA3aHHBIX IepeMEHHBIX B onpejesieHny GYHKIUY BJIUAIT Ha
eé cmbicsl. Hanmpumep CMBICIT TAKOTO BBIpaXXeHUA

(Axz.x)y

[Tocsie nofacTaHOBKY OyAeT coBceM ApyruM. Ho MBI Bcero Jiviib U3MeHUIU 0003HaYeHNe JIOKaJIbHOM repeMeH-
HOM Y Ha 2. W cMBICTT U3MEHWJICA, JJIA TOrO YTOOBl MCKJIIOYUTD Takue CJIydau MOJIb3yIOTCA NeperMeHOBaHUeM Iie-
PEMEeHHBIX U (-npeobpaszodaHuem. A KOPPeKTHOU paboThl QYHKIMI HeoOXOOUMO CJIeJUTh 3a TeM, YTOOHI Bce
nepeMeHHbIe, KOTOpbIe ObLIM CBOOOJHBIMY B apryMeHTe, OCTaJINCh CBOOOJHBIMY U [IOCJIE IIOJICTAHOBKU.
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S-penyxuus

TIpowecc MOJCTAHOBKY apryMeHTOB B GyHKuuM HasbBaercs [S-pedykyueti. B pegexce (Ax. M) N Bmecto cBo6os-
HBIX BXOXJeHMi « B V] Mbl mofctasyseM [N. [TocMOTpUM Ha mpaBujia MOACTAHOBKI:

x|z = N] = N

ylz = N] =y

(PQ)lz =N] = (Plz=N]Q[z=N])

(Ay. P)[x = N] = (\y. P[lxt =NJ]), y¢ FV(N)
(Az. P)[x = N] = (\z. P)

I[lepBHIe Ba IpaBHMJIa ONpPEEIAI0T IOACTAHOBKY BMECTO IlepeMeHHbIX. Ec/ii epeMeHHas COBIIAAAET C TOi, Ha
MeCTO KOTOPOIi MBI mofcTaBisieM TepM [V, To Mbl Bo3Bpauiaem TepM [V, WHave Mbl BO3BpaIllaeM IepeMeHHYIO:

zlr=N]=N
yle=N] =y

[TogcraHoBKa NpHUMeHEHNs TePMOB paBHa IIPUMeHEeHHUI0 TepMOB, B KOTOPHIX IPOM3Be/ieHa [0/ICTaHOBKA:

(PQ)[z = N] = (P[z = N] Q[z = NJ)

[Ipu noacTaHOBKe B JIAMOAA-QYHKIMY HEOOXOAUMO YUUTHIBATh CBA3HOCTh IlepeMeHHbIX. Eciii nepeMeHHas ap-
IyYMEHTa OTJINYAETCA OT TOU IIepeMEeHHOH Ha MeCTO KOTOPOM IPOMCXOAUT IOACTAHOBKA, TO MbI 3aMeHsAEM B TeJle
GbyHKUMM BCe BXOXAEHUs 3TOM TiepeMeHHOM Ha [V

(A\y. P)[x = N] = (\y. Plx=N]), y¢ FV(N)

Yenosue y ¢ F'V(N) o3Hauaer, 4To HEOOXOAUMO CJIEAUTH 3a TeM, YTOOH B [N He 0Ka3asioch cBOGOAHOM epe-
MEeHHOIi ¢ UIMeHeM {1/, MHaye TIocJie MOJCTAHOBKM OHA OKaXeTcs cBA3aHHOM. Ecu Takasa nepeMenHas B N Bcé-Taku
OKaXkeTcs MbI IpOBeJIEM (-ipeobpasoBaHue B TepMe \y. M 1 3aMeHMM ¥y Ha KaKylo-HUGYAb APYTYIO IePEMEHHYIO.

B mocjieZiHeM IpaBuUJie Mbl HUYEro He MeHseM, IIOCKOJIbKy HepeMeHHas X OKa3hBAaeTCs CBA3AHHONW. A MBI IIPO-
BOZIMM MOJICTAHOBKY TOJIbKO BMECTO CBOGOIHbBIX epeMeHHBIX:

(Ax. P)[x = N] = (Az. P)

OTMeTI/IM, YTO He JII0O0H T€pPM MOXHO BBIUMCJINTDH, HAIIPDUMEDP y TAKOI'O T€pMa HET HOpMaJ'IbHOﬁ CI)OprIZ

Az, zz)(Ax. xx)

Ha KaXxaoM 1iare peayKuu1 Mbl 6y]1eM BHOBb Y BHOBb BO3BpallaThbCA K NCXOAHOMY TE€pPMY.

CrpaTeruu peayKnuu

B ryiaBe 0 JIeHUBBIX BBIYHMCJIEHUAX HAM BCTPETUJINCH [BE CTpaTErny BHIUMCJIEHUA BhIpakeHUI. JTO BHYMCIIEHNe
10 IMEHU U BBIYMCJIEHUE 10 3HAaYeHU0. TakXke TaM MBI Y3HaJIM O TOM, YTO JIEHUBBIE BEIYMCJIEHHSA 3TO YJIydIlIeHHAs
BepCH:A BBIYKCJIEHUS 110 UMEHH, B KOTOPOH apryMeHTHl PYHKLNI BEIYMCIIAIOTCA He 60Jiee 0JHOTO pasa.

OTU cTpaTeruu BBIYMUCJIEHUS NPUILIN U3 JIAMOAa-ucurciaeHus. Ecam HaM HyXHO M30aBUTHCA OT BCEX pelIeKCOB
B BBIp@XXEHUH, TO C KaKOro pejieKca JIydlle HauaTh? B BBIUMC/IEHUM 10 3HAYE€HUI0 (anrUTuKamuGHas cmpameeust) Mbl
HayMHAaeM C CaMOro JIeBOTO pejieKca, KOTOPHI He COEPXKUT JPYTUX pPefeKCoB, T.e. C CAMOro MaJIeHbKOT'O IO/IBHI-
paxeHMs. A B BBIYHCJIEHUU 10 UMeHU (HOpMWIbHAA cmpamezus) Mbl HAUMHAEM € CaMoTo JIEBOr'O BHEIIHero pefieKca.
JleBBIll peieKC O3HAYaeT, YTO B 3alKCH BIpAXXE€HU OH HaXOAUTCs OJIvKe BceX K HauaJly BRIPAXKEHUS.

Teopema 1 (Kappu) Ecsuy mepma ecnb HOpMATbHAA opMa, Mo NocTed08amesbHoe COKpaljeHue Camozo JieB020 GHelll-
Hezo pedekca npugodum K Hetl.

OTa Teopema roBOpUT O TOM, YTO CTpaTerys BBIYMCJIEHMA I1I0 MMEHU MOXET BBIUYMCJIUTh BCe TePMBI, KOTOPHIe
MMeIT HopMaJsbHy!o GopMy. B ToM, 4TO BRIYMCJIEHUE 110 3HAUYEHUI0 MOXeT He CIPaBUTLCA C HEKOTOPBIMU TaKUMU
TepMaMH MBI MOXeM Ha CJIeIyiolleM NpuMepe:

ODTOT TepM HMeeT HOpMaJibHylo GOpMy 2 HECMOTPS Ha TO, YTO MBI IlepefjaéM BTOPBIM apryMeHTOM B KOHCTaHT-
HyI0 QYHKIUIO TepM, Y KOTOPOrO HeT HOpMaJIbHON (POpMBI. AJITOPUTM BBIUMCJIEHUA IO 3HAUYEHUIO 3aBUCHET IIpU
BBIUMCJIEHUN BTOPOTO apryMeHTa. B To BpeMs Kak aJIrOPUTM BHIUMCJIEHHUA IO NMEeHU HayHET C caMoro BHEIHero
TepMa U TaM ONpeJiesINT, 4YTO BTOPOl apryMeHT He HyXeH.

Emé ouH BaXXHBIN pe3yJIbTaTt B JIAMOA-NCYHCIeHN ObUT cOPMYJIHMPOBaH B CJIeyIOLIEN TeopeMe:
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Teopema 2 (Uépua-Poccepa) Eciumepm X pedyyupyemcs k mepmam Y7 u Ys, mo cywecmayem mepm L, k komopomy
pedyyupyromes u mepm Y7 u mepm Yo.

OTa TeopeMa rOBOPUT O TOM, YTO TepMa MOXeT ObITh TOJIBKO OJHAa HopMaJsbHasA ¢opMa. ITockosbKy ecn Obl
ux OBLJIO ABE, TO CyL[eCTBOBAJ TPETUH TepM, K KOTOPOMY MOJHO ObLJIO OBl peJyLIpOBaTh 3TU HOPMaJibHEIE (GOPMHIL.
Ho no onpenesieHno HOpMasbHOH (GOPMBI, MBI HE MOXeM e€ peynupoBaTh. 3 3TOro cjieiyeT, 4TO HOpMaJbHBIE
(opMBI AOJKHEI COBNIAMATS.

Teopema Uépua-Poccepa ykaspiBaeT Ha criocod cpaBHeHHA TepMOB. [[ji1 TOro yToObl IOHATh PaBHBEI TEPMBI UJIN
HeT, Heo0XOAMMO IIPHBECTH UX K HOpMaJsIbHOH ¢opMe U cpaBHUTh. Ecii TepMBl cOBNIafjaloT B HOpMaJIbHOM GopMme,
3HAYWUT OHU DaBHBHIL.

Pexypcusia. KoMOMHATOP HENMOABUXKHOM TOYKU

B nambpa-ucunciieHuy Bce QYHKINUY ABJIAIOTCA Oe3bIMAHHBIMU. DTO 03HAYAET, YTO MBI HE MOXeM B TeJie QyHK-
LY BBI3BATh caMy GYHKINY, Be[b MBI He MOXEeM Ha Heé cocJIaThCs, KaXeTcs, YTO Y Hac HeT BO3MOXHOCTHU CTPOUTh
pekypcuBHble GyHKINN. OgHAaKo 3TO He Tak. Ham Ha nmoMos NpuaeT KOMOMHATOp HeMOABMXHOM TouKH. [To ompe-
JleJIeHUI0 KOMOMHATOP HEeMOABIKHON TOUKY pellaeT 3afavy: AJist TepMa F' Haiitu Tepm X Takoii, 4To

FX =X

CyuiecTByeT MHOTO KOMOMHATOPOB HEMOABIXHOI TOUKH. PaccMoTpuMm Y -KoMOUHATOP:

Y = A Qe fzx)(Az. f(zx))

Y6eaumcsa B TOM, uTO A1 Jiio6oro Tepma I, BeimosHeHo toxaectso: F(Y F ) =YF:

YF = (Az. F(zz))(A\x. F(zz)) = F(A\z. F(zz))(Az. F(zx)) = F(YF)

Tak ¢ moMomIbio Y -KOMOMHATOpa MOXHO COCTaBJIATh PEKYPCUBHbIE QYHKIINM.

KoaupoBaHue CTpYKTYp JaHHBIX

Bbl HaBepHOe 3aMeTUJIH, 9TO [TOKA MBI COCTABJIAIN JIMIIb 0000IEHHBIe GYHKINN. OTH QYHKIUY KOMOMHUPYIOT
Apyrue GyHKINUY, OHU He BBIIOJIHAIT HUKaKUX JeHCTBUI Ha/ 3jieMeHTaMu. YTo ecyii HaM 3aX04eTcs BBIYMCIIATH
Jiornyeckue 3HaueHus WA BOCIOJIb30BaThCA YUCIaMU?

OxkaspiBaeTcs, 4TO JIOTMUecKye 3HaueHus, YMcJa, aphl, COMCKYU U Apyrie KOHCTPYKIUU MOTYT OBITh 3aKOUPO-
BaHBI C IOMOIIBI0 TEPMOB JIAMOAa-ucuncaeHus. Tesuc Uépya yTBepxkaaeT, 4TO C IOMOIIBIO JIAMOAa-TepMa MOXHO
MpeCTaBUTh JIIOOYI0 BEIYMCIIMMYIO YUCJIOBYI0 PyHKIMI0. B 1936 rogy Yépu ¢ noMompio JAMOa-UCUUCIeHUA JOKa-
3aJ1 cyllecTBOBaHMe Hepa3pelluMbIX Tpo6jieM B Teopuu yucesl. M3 3Toro cijiefjoBaja Hepa3peurmocTb apudmeTuKu
1 Hepa3pelrnMOCTb MCUNCJIeHNA JIOTUKY [IpeANKaTOB NIepBoro nopsaka. CucreMa akcoM Ha3blBaeTCsA pa3pelnMoi
B TOM CJIyYae, ecjIi CyI[eCTByeT TaKOH aJrOPUTM, KOTOPHIN MTO3BOJIAET MO BUAY HOPMyJIbl OIPeesIUTh CaeaAyeT JI1
OHa M3 3aJJaHHBIX aKCHOM WJIU HeT.

[TocMOTpHM Kak € [TOMOIIBI0 TEPMOB KOAUPYIOTCA CTPYKTYPHI JaHHBIX. J[ajiee [JjiA COKpallleH!s 3amucy Mbl 0y-
JIEM CYHTATh, 4TO B JIAMOIA UCUKCIIEHUN MOXHO ONpeesIATh CHHOHMMEI C IIOMOIIbI0 3HaKa paBHo. 3amuck N = M
TOBOPUT O TOM, 4TO MbI Aayii o6o3Havyenrie N tepmy M. DToil onepaiuu HeT B JIAMOAa-UCIUCITIEHNUH, HO MBI OyeM
10J1b30BaThCA €10 AJ1A yAoOCTBa.

Jlornyeckuie 3HaYeHUA

CyTb JIOTUYECKUX 3HAYEHUH 3aKJII0YaEeTCsA B onepaTope [ f, ¢ mOMOIIbI0 KOTOPOro Mbl MOXXEM OPraHU30BBIBATh
BeTBJieHue anroputMma. Ecte nBa tepma T rue u False, koTopsie AJis jit06GbiX TEPMOB ¢ ¥ b, 06J1aJal0T CBOMCTBAMEIL:

IfTrueab =
I1f Falseab

I
S3

Tepmst True, False v I f, ynoBieTBopAIOIHE TAKUM CBOMCTBAM BBITJIALAT TAK:

True = Xt f.t
False = M f. f
If = MXbxy. bry
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[TpoBepuM BHINOJIHEHNE CBOMCTB:

If Trueab= (Abxy.bry)(At f.t)ab= (Nt f.t)ab=a

If Falseab= (Abxy.bxy)(M f. flab= (At f. flab=1b

CBolicTBa BHINOJIHEeHbL. Jlormyeckre KOHCTAHThI KOAWPYIOTCA NOCTOAHHBIMU (QYHKIUAMU ABYX apryMeHTOB.
@OyHKIuA True BO3BpaljaeT IePBHI apryMeHT, UTHOPUPYA BTOPOi. A dyHKIMA False AeaeT To ke caMoe, HO Ha-
060pOT. B Takoil MHTEpHIpeTAIH JIOTMYECKOe OTPULIAaHKE MOXHO 3aKOANPOBATh ¢ noMoIpio GyHkuu flip. Takxe
MBI MOX€EM BBIPa3UTh U APyrye JIOTHYeCKye ONepary:

And Aab.ab False
Or = MXab.aTrueb

MB&I oTnipeesTiIIN JIOTUYECKHe 3HaUeHUsA He KOHKPETHRIMU 3HAUYE€HUSMU, a CBOMCTBaMU QYHKIMiL. MBI HOCTPOMIIA
(dyHKIMY, KOTOPBIE BeAyT ce6s Kak JIOTUYeCKHe 3Ha4eHUs. DTOT CIocob onpefesieHNs] HallOMUHAET, ONpeesieHre
KJ1acca TUMOB. Mbl 06bsaBuM Tpu Metona 1 rue, False u I f u ckazanu, 4To 5K3eMIUIAP Kjiacca JOJDKEH yIOBJIE-
TBOPSATH ONPE/IEIEHHBIM CBOMCTBAM, KOTOPbIe HAKJIaAbIBAIOT B3aUMHbIE OTPaHUYEeHUs Ha METO/BI Kiacca. Hu oauH
13 METO/IOB HE MMEET CMBIC/Ia 110 OTJIEJIbHOCTU, BaXXHO TO KaK OHU B3aMO/IENICTBYIOT.

HatypasibHble ynciia

OxasblBaeTcs, 4TO € IIOMOIUIbI0 TepMOB JiAMOAA MCYMCJIEHUS MOXKHO 3aKOJUpOBaTh M HaTypajibHBlE 4KCJa C
apudmMernueckumu omneparpsamMu. Mer 6ynem koaupoBath yucia [leaHo. I 3TOro HaM NMOHAAOGHUTCS HyJIEBOM
a7eMeHT U QYHKIUA onpeeseHNs ceyolero djJeMeHTa. X MOXHO 3aKOJUPOBATh TaK:

ASZ. 2

Zero

Succ = Ansz. s(nsz)

Kak u B ciIy4yae JIOTUYeCKHX 3HaYeHHUH YMciIa KOAUPYITCA GYHKIUAME ABYX apryMeHTOB. UHCJII0 onpefesieTcs
10 TepMy, TOACYETOM I[ETIOYKH IIEPBHIX apI'YMEHTOB s. Hanpumep Tak BHIIJIAAUT YKCJIO [1Ba:

Suce (Succ Zero) = (Ansz. s(nsz))(Sucec Zero) = Asz. s((Succ Zero)sz) =
Asz. s((Ansz. s(nsz)) Zero)sz = Asz. s(s(Zero s z)) = Asz. s(sz)

W1 MBI osy4nyIa [iBa BXOX/AEHUA [IepBOro apryMeHTa B Tejle QyHKIuU. OnpenesnnM cJI0XeHHe U yMHOXeHUe.
CiioxeHue NpyuHUMaeT ABe GYHKIMY ABYX apryMeHTOB U BO3BpalaeT GyHKIMIO JBYX apryMeHTOB.

Add=Amnsz.ms(nsz)

B oT0l1 PyHKIMY MBI IPUMeEHAEM 17 pa3 apryMeHT S K 3HaueHUI0, B KOTOPOM apryMeHT S IPUMeHEH 7 pas, Tak
MBI U IIoJIy4aeM m -+ 1 IpuMeHeHnH apryMeHTa s. CioxuMm 3 u 2:

Add32=Xs2.35(2s2)=>Xs2.3s(s(s2))=Asz.5(s(s(s(s2)))=5

B ymHOXeHUU uuces m U N MBI OyieM m pa3 CKJIaAbBaTh YUCJIO 11

Mul = mn s z.m (Add n) Zero

KOHCTPYKTI/IBHaﬂ MaTeMaTHKa

B KOHCTPYKTHUBHOI MaTeMaTHKe CyleCTBOBaHUe 00beKTa MOXeT ObITh JoKa3aHO TOJIBKO OINMCaHUEM aJIrOPUT-
Ma, C IIOMOIIIbI0 KOTOPOTO MOXXHO IOCTPOUThH 00beKT. HampuMep oKka3aTesbCTBO METOOM “OT IIPOTHUBHOIO” OT-
Bepraercs.

JIam6a ncyuciieHre CTPOUT KOHCTPYKTHMBHOe omnucaHue QyHKIuu. I1o jAaM6aa-TepMy Mbl MOXEM He TOJIBKO
BBIYMCJIATh 3HAUeHUA QYyHKIMU, HO U NOHATh Kak OHa OblIa nocTpoeHa. B kiaccuueckoll Teopuu, QyHKLUA 9TO
mHOXecTBO ap (&, f(x)) aprymeHT-3HaueHue, KOTOpoe 06J1aaeT CBOUCTBOM:

r=y = f(z)=f(y)
[To aToMy omnpefesieHHI0 MBI HYero He MOXeM CKa3aTb O BHyTpeHHeH CTpPykType QyHkuuu. Mbl MoxeM co-

6uparb 13 oAHUX GYHKIME ApPyrye ¢ NOMOIIbIO ITOJACTAHOBKY 3HAYeHME, HO Mbl HUKaK He CMOXEeM IIOHATH, YTO
HaxoauTcA BHyTpU GyHKNuU. JIambaa ucuuciieHue pemaer 3Ty npodsemy.
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PacmnpeHne HﬂMﬁ,[[a HUCYHNCIJICHUA

[TpenoJIoXXuM, YTO MBI PELIVJIN HalKcaTh A3BIK IPOrpaMMUPOBaHUA HA OCHOBE JIAMOja-1curcIeHus. Boito 661
oueHb Hea(PGhEKTUBHO NPEJCTaBJIATh YKCJIa ¢ IOMOIbI0 yuces [TeaHo. Beap y Hac ecTh Ipolieccop U Mbl MOXeM
CIIPOCUTD y HEro YeMy paBHO 3HaueHHe U II0JIyYUTh OTBET OUeHb OBICTPO.

B sTOM cityyae moJsib3yloTcs pacuIMpeHHBIM JiAMO/ia ucurcjieHreM. B HEM ABa TMna IPUMHUTHBOB 5TO IlepeMeH-
Hble 1 KOHCTaHTHI. [IJ1 KOHCTAHT MBI MOXeM OIIpeJiesIATh clieljuaibHble IpaBuia peaykuny. HanpruMep Mbl MoxeM
JIONOJIHUTD WCYMCJIEHE KOHCTAHTaMU:

+, %0, 1,2, ...

Y BBecTH JUIA HUX NIpaBUJIa peAyKLIHY, KOTOpbIe 3alpalyBaioT OTBET y Ipolieccopa:

a+b = AddWithCPU(a,b)
axb = MulWithCPU (a,b)

Taxk xe MBI MOXeM onpeneyimTb 1 KOHCTAHThI JJIA JIOTUYECKUX 3HaYeHU:

True, False, If, Not, And, Or

u OonpenesInTh NpaBuJia peayKIun:

IfTrueab = a

If Falseab = b
Not True = False
Not False = True
Add Falsea = False

Add Trueb = b

Takye nmpaBuJia Ha3bIBAIOT O-peNyKIUeil ([eIbTa-peyKIys).

14.2 KomMmOuHaTOpHas JIOTUKa

OpHOBpeMeHHO ¢ JIAMOJa-lCcurcjieHueM pa3BUBajlach KOMOMHATOpHasA Jjoruka. OHa otinyaercsa 0ojiee KOM-
MAKTHHIM TIpeJicTaBjeHneM. ECTh Bcero JiMmp 0HO MPaBUJIo, 3TO IpUMeHeHNe (PYHKIMU K apryMeHTy. A GyHKIIUN
CTPOSATCA He M3 MPON3BOJIBHEIX TEPMOB, a U3 Habopa OCHOBHHIX GyHKIUI. Habop OCHOBHBIX (PYHKIMI Ha3bIBAIOT
basucom.

PaccmoTtpum j1AMO1a-TepMBIL:
Ar.x, Ay.y, Az.z

Bce 5T TepMBI HECyT OOWH U TOT ke cMbIc/I. OHU IpeACTaBJIAIT TOXAeCTBeHHY0 PpyHKIM0. OHU paBHBHL, HO C
TOYHOCTHIO 0 0603HaYeHNI. DTa HaBA34YMBas npobJieMa ¢ nepeobo3HAYEHEM apryMEeHTOB OblIa pelreHa B KOMOU-
HaTOPHOM Jioruke. [IocMOTPUM KakK CTPOATCSH TePMBIL:

» EcTp Habop nepeMeHHHIX T, ¥, 2, .... [lepeMeHHas — 3TO TepM.
+ Ectb Be KoHCTaHTH K U S, OHU ABJIAOTCA TEpMaMHU.

« Ecm M u N - tepwmsl, 10 (M N) — Tepm.

» Jlpyrux TepMOB HeT.

OnpepesieHsl IpaBUJla peAyKUUU AJi 6a3UCHBIX TEPMOB:

Kxy = «x
Sxyz = xz(yz)
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B 3THX mpaBUJIax Mbl IOJIb3yEeMCs COTJIALIEHHEM O PACCTaHOBKHM CKOOOK. Takxke Kak U B JIAMOJa UCYUCIEHUN B
[PUMEHEHNH CKOOKH IPYNNUpyIoTes BieBo. Korma mer mumem K xy, Mbl nonpasymesaeM ((Kx)y). TepMbl B KOM-
OMHATOPHOM JIOTHKE MPUHATO Ha3bhIBaTh KOMOMHATOpaMU. PeIyKIUsA MPOUCXOAUT A0 TeX IOp MoKa MbI MOXEM 3a-
MEHATH BXOXKIEHUA Ga3UCHBIX KOMOMHATOPOB. Tak eciv Mbl BumuMm cBsasky K XY i SXY Z,rne X, Y, Z npous-
BOJIbHBIE TEPMBI, TO MBI MO€EM HX 3aMEHUTH COTJIACHO TpaBUjIaM peayKiuu. Takue CBA3KU Ha3bIBAIOT peeKcaMHu.
Ecsu B TepMe HET HU OAHOTO peZieKca, TO OH HaXOJUTCA B HOpMaJIbHOI ¢opMe. 3aMeHy peieKca MPUHATO Ha3bIBaTh
ceépmkotl

WHTepecHo, uTo KoMOuHaTOpsl /X 1 S coBmaaaioT ¢ onpeaeseHneM Kiacca Applicative qia GyHKimii:

instance Applicative (r->) where
pure ar = a
(<*>) abr=ar(br)

B sToM onpeniesieHnu y GyHKIMIE ecThb obliee OKpYyXXeHHe 7', 13 KOTOPOro OHU MOTYT YMTaTh 3HaYeHUs, TaK ke Kak
U B ciiyvae tumna Reader. B Metofe pure (kom6uHaTop K') Mbl UTHOPUPYEM OKpYXeHue (3TO KOHCTaHTHAsA PYHKIM),
a B MeTo[ie <*> (koMOuHATOp S) nepenaéM OKpyxeHre B GYHKLHUIO U apIYMEHT U COCTABJIIEM IPUMEHeHre GYHKIUN
B KOHTEKCTe OKPYXXKEHUs I K 3Ha4eHHUI0, KOTOpoe ObLIO IOJIyYeHO B KOHTEKCTEe TOr'O e OKPYXKeHUs.

Bepuémcs k npobsieMe pa3IMYHOIO Mpe/CcTaBJIeHNs TOX/IeCTBeHHOH (QYHKIMU B J1AMOIA-NCYHUCIeHUU. B KoM-
OMHATOPHOM JIOTHKe TOXIecTBeHHasA (PYHKIMsA BEIpakaeTcs Tak:

I=5SKK

[TpoBepuM, ompefesiseT JIU 3TOT KOMOMHATOP TOXAECTBEHHYIO QYHKIIUIO:

In =SKKx =Kz(Kzx) ==

CHauasia Mbl 3aMeHW U | Ha ero onpejeseHue, 3aTeM CBEPHYJIU [0 KOMOUHATOPY S, 3aTeM 10 JIEBOMY KOMOH-
Haropy K. B uTore moJyiyumioch, 4to

CB:A3b ¢ JIAMOJa-ucUYrcJIeHuEeM

KomMm6uHaTopHas JIOTHKa U JIAMOAa-NCYHCIeHNe TECHO CBA3aHbl MeXAy co0o0il. MOXHO onpefenuTs GyHKIUIO
¢, KOTOpas NepeBOAUT TePMbl KOMOMHATOPHOI JIOTUKU B TEPMBI JIIMOAa-MCUNCIIEHUS:

o(z) x

d(K) = dy.x

d(S) = AIxyz. xzz(yz)
P(XY) = ¢(X)o(Y)

B nepBoM ypaBHEHUHM X — IepeMeHHas. Takke MOXHO OIpeneuTh GYyHKIUIO 1), KOTOpas NePeBOAUT TE€PMBI
AMOa-UCYNCIIEHNA B TEPMBI KOMOMHATOPHON JIOTYIKU.

=
>
=
I
=
>
=
=

3amwcs [z]. T, roe « — nepemennast, T — Tepm, oG03HaYaeT Takoi TepM D, U3 KOTOPOTO MOKHO MOJIyYUTb TEPM
T moJCTaHOBKOIT IEpeMEHHO! &, BEIIIOJIHEHO CBOKICTBO:

(). T)z =T

Ota 3anuch 03HaYaeT napaMerpusanuio Tepma 1’ mo nepementoit . Tepm [x]. T MOXKHO IOJIy9UTH C IOMOLLBIO
cJIeAyIoLiero ajaropyuTMa:
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r = SKK
[]. X = KX, z¢V(X)
[]. XY = S([z]. X)([=]. Y)

B 1mepBOM ypaBHEHHMU Mbl 3aMEHsIEM MIEPEMEHHYI0 Ha TOXIECTBEHHYI GDYHKIUIO, OCKOJIbKY NEPEMEHHBIE COB-
napawot. 3amuck V' (X) Bo BTOPOM ypaBHEHNU 0003HAYaeT MHOXECTBO BCEX MEpPeMeHHBIX B TepMe X . [10CKOIBKY
HepeMeHHast M0 KOTOPO# MBI XOTHM MapaMeTpru30BaTh TepM (M aGCTparupoBarth) He y4acTBYET B CAMOM TEPME,
MBI MOX€EM MPOUTHOPUPOBATH €€ C MOMOIIBIO IOCTOAHHON GyHKiuy K. B nocielHeM ypaBHEHUN MBI IapaMeTpu-
3yeM IpUMEeHEHNE.

C MOMOIIBI0 ITOrO0 AJIrOPUTMA MOXHO Ui JioGoro tepma 7', Bce MepeMeHHBIE KOTOPOTO COHEepXarcs B
{z1,...2,} cocraButp Takoit kombunarop D, uto Dy ...2, = T. J[iA 5TOro Mbl IOCJIEOBATENHHO IAPMETPH-
3yeM TepM T’ 1O BCEM MEPEMEHHBIM:

[x1,..., z,]. T = [z1]. ([z2,..., ). T)

Tak ToCTeneHHO Mbl IPUAEM K BHIPaXKeHUIO, CIUTAEeM YTO CKOOKM TPYNIUPYIOTCS BIIPaBO:
[x1]. [x2]. .. [xn]. T

HemHoro ucropuu

KombunaTtopHyto ioruky otkpsul Mouceti llefindunkess. B 1920 rogy Ha qokiiage B 'éTTUHTeHe OH paccKasall
OCHOBHBIE TI0JIOXKeHU:A 3Tol Teopun. KomMOuHaTOpHAas Jiornka HanpasjieHa Ha BbliesleHHe IPOCTeNINX CTPOUTEIb-
HbIX 6JI0KOB MaTeMaTH4YecKo! JIOTUKU. B 3ToM JokJiajie MOABIUJIOCH IOHATHE YacTUYHOro npuMeHeHus. [llefiHouH-
KeJIb [T0Ka3aJl Kak GyHKINN MHOTHX ITlepeMeHHBIX MOTyT ObITh cBefleHbl K GYHKIMAM OJHOTO NepeMeHHoro. Jlanee
B JOKJIaJle ONMCHIBAIOTCA MATh OCHOBHBIX QYHKIINI, Ha3bIBaeMbIX KOMOMHATOPaMU:

Ix ==z — (yHKIUA TOXKECTBA
Cay ==z — KOHCTaHTHasA QyHKIUA
Tryz = xzy — (yHKIUA NEePeCTaHOBKY
Zryz = x(yz) — QYHKLUA TPYIIUPOBKU
Szyz = x2(yz) — GYHKUUSA CIUAHMS

C nomoipio 3TUX GYHKOUI MOXHO N30aBUTHCA B GOpMyJiax OT IepeMeHHBIX, TaK HallpuMep CBOMCTBO KOMMY-
taTuBHOCTH GyHKuMKM A MoxHO mpeacTaBuTh Tak: T'A = A. DT KOMOMHATOPHI 3aBUCAT JPYT OT Apyra. MOXHO
y0equThCA B TOM, 4YTO:

I = scc
Z S(CS)S
T = S(ZZS)(CC)

Bce KOMOMHATOPHI BhIpaXkaoTcs yepes komGuHatopsl C v .S. PaHee Mbl I0JIb30BAJIUCH APYTUMU 0003HAUEHUSIMU
U1 9THX KoMOrHaTOpoB. OGo3Hauenus K u S BBén Xackess Kappu (Haskell Curry). HesaBucumo ot lleitHduHkest
OH I1epeoTKPbLI KOMOMHATOPHYIO JIOTHKY U CYIeCTBEHHO pa3BuJ e€. B coBpeMeHHO! KOMOMHATOPHOI JIOTHKE [JIf
oGosuauenus kombunaropos I, C, T, Z u S (no lleiinbuHKe0) MpUHATO McmoJib3osath uMmena I, K, C, B, S
(o Kappu).

14.3 JlamO0pa-ucumncjieHue ¢ TUaMu

MsI MOXeM J00aBUTh B JIAMOAa-UCUHCIIEHE TUTIBL. TIpeAnoI0KUM, YTO y HAC eCTh MHOXECTBO V' 6a30BbIX TUIOB.
Torpa tun 3T0:

T=V|T—T

Tun MoxeT ObITh MO0 OAHUM 3JIEMEHTOM U3 MHOXecCTBa 6a30BbIX THNOB. JI60 cTpesioyHbM (PyHKI[MOHATIB-
HBIM) THUIIOM. BeipaxeHnue "tepm M umeer Tvm «” npuHATO nucath Tak: M. CTpesiouHbIi TN v — (3 KaK U B
Haskell roBopur o ToM, 4TO ecjii y Hac ecTh 3HaYeHHe TUIA (v, TO C IIOMOIIBIO Ollepanuy IPUMeHeH!A Mbl MOXeM
Y3 TEpPMa C 3TUM CTPEJIOYHBIM TUIIOM IOJIyYUTh TepM TUma .

OnuiieM npaBuJia IOCTPOEHUA TEPMOB B JIAMOA-UCYNCIEHUN C TUIIAMU:
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« Mepemennsie %, y°, 27, .. ABNA0TCA TepMaMu.

+ Ecu M7 u N® - repmmi, To (M P N)8 — 1epm.

a—f

+ Ecm % — nepemennas u M? - tepm, To (Az®. M?) — TepM

« JIpyrux TepMoB HeT.

Tunusanua HakjIajplBaeT orpaHHUYeHNe Ha TO, KaKie BhIpaXXeHus Mbl MOXeM KOMOWHMpOBaTh. B 3ToM ecThb
ILUTIOCHL M MUHYCHL. Tenepp Hallla cucTeMa fABJIAETCA CMpo2o HOpMATU3yemoll, 3TO 0O3Ha4aeT, 4yTo JIo60H TepM HMe-
eT HopMaJibHy10 ¢opmy. Ho Tenepp MBI He MOXeM BBIpa3uTh Bce GyHKIMM Ha 4uciax. Hanmpumep Mel He MoxeM
COCTaBUTH Y -KOMOUHATOP, IOCKOJIBKY TEleph CAMONPHMEHEHHE (€e€) HEBO3MOXKHO.

MBI BBEJIM TUIBI, HO JIMIIWJIKNCh peKypcuu. Kak Ham OBITE? OTa mpoOjieMa peniaeTcs ¢ MOMOIIbI0 BBeJEHHA

. (r—=71)—>1
CrienyasbHOM KOHCTAHTH Y7
A Y:

, KoTopas o60o3HayaeT KOMOMHATOP HEMOABIXXKHO!N TOUKU. IIpaBuiio peayKiuu

(YTfT—>T)T — (f‘l'—)’T (YTfT%T))T

MoxHO yﬁeZ[I/ITbCH B TOM, 4YTO 3TO IIpaBUJIO POXOAUT IIPOBEPKY THUIIOB. TI/IHI/ISI/IPOBaHHOe J'IHMGI[a-I/IC‘II/ICJIeHI/Ie
AOIIOJTHEHHOE KOM6I/IHaT0p0M Hel'IO,E[BI/I)KHOIjI TOYKU CIIOCOOHO BbIpa3uTh BCE YKICJIOBbBIE Cl)yHKHI/II/I.

14.4 Kparkoe conaepxaHue

B 3T0¥1 ry1aBe MBI IIO3HAKOMUJIUCH C JIAMOJa-MCYHCIeHNEM 1 KOMOMHATOPHOH JIOTUKOM, ABYMS KOHCTPYKTHB-
HBEIMU TeopusaMHU GYHKIUNA. KOHCTPYKTHUBHBIMYU B TOM CMBICJIE, YTO ompenesieHre QYHKIMU COOepXUT He Habop
3HaAYeHUI, a pelleNT MOoJIyYyeHUs 3TUX 3HaYeHuH. B iAambaa-rcyricieHny Mbl BUAUM Kak QyHKIMA ObliIa IOCTPOEHa,
U3 KaKUX [IPOCTeHIINX YacTell OHa COCTOUT. PeiyKIris TepMOB I03BOJIAET BHIUNUCIIATh QYHKINMU.

Mpel y3HaH, 4T0 GYHKIUAMU MOXXHO KOAMPOBATh JIOTHYecKre 3HaueHusA U Yuciia. Y3Hasld, 4TO Bce YncJIeHHbIe
dyHKIIMY MOTYT GBITH 3aKOJVMPOBAHKI JIAMO 1a-TEpMaMH.

14.5 VYupaxuHeHus

+ C momoIpio peqyKnuu ybeaurecs B TOM, YTO BepHHI ¢GopMyJis (B TepMuHax Kappm) :

B = S(KS)S
C = S(BBS)(KK)

Bxyz = xzy
Czyz = z(yz)

+ TlonpoGyiiTe 3aKOAMPOBATH Haphl ¢ IOMOLIBIO JIAMOJa TEPMOB. BaM HEO6XOAUMO IIOCTPOUTH TPU (QYHKLIUK:
Pair, Fst, Snd, kotopbie 06J1afal0T CBONCTBAMMU:

Fst (Pairab) = a
Snd (Pair ab) = b

* B KOMOMHATOPHO JIOTHKE TOX€ €CTh KOMOMHATOP HENOABUKHOM TOUKH, HAKMIUTE €T0 ¢ TTIOMOMIBI0 AJITOPUTMA
NpHBEIEHNs] TEPMOB JIAMO,1a KCYKCJIEHUSA K TepMaM KOMOMHATOPHOM JIOTUKH. JIJI KpaTKOCTH JIydlIe BMECTO
S K K nwucats npocrto .

+ HammmmTte Tune! Lam 1 App, KOTOPEIE OIMCHIBAIOT JIAMOAA-TEPMBI U TEPMbI KOMOMHATOPHO! joruku B Haskell.
Hanumure GyHKIMN nepeBoAa U3 3HaYeHU Lam B App ¥ 06paTHoO.
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I'maBa 15

Teopusa kareropuu

Muorue nousartus B Haskell mo3aumMcTBoBaHBI M3 TEOpHY KaTErOPHE, HAIpuUMep 3T0 GYHKTOPHI, MOHAabL. Teopus
KaTeropuil — aTo ckopee f3blK, MaTeMaTHU4YeCKUH >kaproH, OHa HaCTOJIbKO 0O0Ias, YTO KaxeTcs eil HeT HUKaKOro
puMeHeHUA. BO3MOXHO 3TO U Tak, HO B 3TOM fA3BIK€ MHOTHE CYI[HOCTU, KOTOPbIE JINIIh Ka3aJIHCh POACTBEHHBIMU
U GBUIO CMYTHOE MHTYUTHUBHOE OIyIleHNe UX 6JIN30CTH, CTAHOBATCSA TOXIAECTBEHHBIMH.

Teopus kateropuil 3aHuMaeTca onucaHueM QyHKIUNA. B 1aM0aa-ncuncieHny OCHOBHOM onepanyel 6bl1a Ioj-
CTAaHOBKA 3HAaYeHNA B QYHKIHIO, @ B TEOPUU KaTeropyii Mbl COCPeOTOYMMCS Ha Oollepany KOMIo3uuu. Mel 6y ieM
COeJHATH pa3jnyHble OOBEKTHl TaK, YTOOBl CTPYKTypa 00beKTOB coxpaHsnack. CTpykTypa oObekTa OyAeT ompeje-
JIATbCA CBOMICTBaMU, KOTOPHIe NPOJIOJIXAIOT BHINOJIHATCA I0Cje Tpeodpa3oBaHusA 0ObeKTa.

15.1 Kareropus

M=1 6yneM ropoputb 06 0O0beKTax U CBA3AX MeXAy HUMH. CBA3M NMPUHATO HasblBaTh ~’CcTpesikaMMu” WM “MOp-
dusmamn”. lasee Mbl OyieM NOJIb30BATbCSA TEPMUHOM CTPesIKa. Y CTPeJIKU eCTh HayaJIbHbI 0ObeKT, ero Ha3blBaloT
oomerom (domain) ¥ KOHEUHBIH OOBEKT, €ro HashBawT KodomeHom (codomain).

A B

B sroii 3anucu crpesika f coenuHsaeT o6bekTol A u B, B TekcTe Mbl GyqeM mucath 910 Tak f : A — B, cjioBHO
crpesika 9T0 GYHKIYsA, a 0GBEKTH 3TO TUMBL. Mbl GyqeM 0603HayaTh 06beKTh Gosbinmuy Gykamu A, B, C, ..., a
CTpeJIKU — MajieHbkuMu 6ykBamu f, g, h, ...JJi TOro 4TtoGbl CBA3U OBLIO MHTEPECHEE U3yYaTh MBI BBEIEM TaKOe
NIpaBUJIO:

EcJiu KoHel[ cTpeJiKY f yKas3blBaeT Ha Hayaslo CTPEJIKU ¢, TO JOJDKHA OBITh Takas cTpesika f ; g, KoTopas 0603Ha-
YaeT coCMagHyio CTpeJIKy. BBoauTcs crierraibHas orepanys “ToukKa ¢ 3arAToi”’, KOTopasi Ha3bIBAeTCs KOMIO3UI[EH
CTpeJIOK: DTO NPABUJIO TOBOPUT O TOM, YTO CBSI3U PACIpPOCTPAHAIOTCA 10 oO0beKTaM. Temneps y Hac eCTh He POCTO
0OBEKTHI U CTPEJIKY, a Iiesiasg ceTbh 00beKTOB, CBA3aHHBIX Mexay coboil. ToT dakT, 4To cBA3U JeliCTBUTEJIBHO pac-

NPOCTPAHAITCA OTpaXXaeTcA CBOMCTBOM:

fs(gsh)=(fs9):h

OTO CBOMCTBO HA3BIBAIOT aCCONMATHUBHOCTLI0. OHO TOBOPUT O TOM, YTO CTPEJIKH, KOTOpble 00pa3yloT COCTaBHYIO
CTPEJIKY ABJIAIOTCA L[ENOYKOM U HaM He BaXeH MOPAAOK MX I'PYNIMPOBKY, BaXXHO JIMIIbL KTO 3a keM UAET. IToapa-
3yMEBAETCsA, UTO CTPeSIKU f, g U h UMEIOT MOAXOMAIIME THUIIBI [JI KOMIIO3ULUH, YTO UX MOXHO COEIUHATh. DTO
CBOICTBO IMOXOXXE Ha MHTYUTUBHOE NOHATHE IyTH, KaK L[ENOYKU OTPE3KOB.

CBs31 Mex/ly 06beKTaMU MOXHO TPAKTOBATh Kak peobpasoBanus 06bexToB. Ctpesika f : A — B —3T0 croco6,
C TIOMOIIBI0 KOTOPOI'O Mbl MOXeM IepeBecTty 00bekT A B 06beKkT B. KoMnosunys B 5TOM aHaJIoruy mpruobperaer
€CTeCTBEHHYI0 UHTepperanuio. Ecyiu y Hac ectsb cocob f : A — B mpeobpasoBanus o6bekta A B 06beKT B, u
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croco6 g : B — C npeo6pasoBanust o6bekta B B 06bekT C, TO Mbl KOHEYHO MOXEM, PUMEHUB cHadasa f, a
3areM ¢, moJiyunth u3 oobexra A o6pext C.

Korza MbI lymMaeM 0 CTpeJiKax Kak 0 IpeoOpa3oBaHM, TO €CTECTBEHHO NPEAIOJIOKUTD, UTO Y HAC eCTh Ipeobpa-
30BaHHe, KOTOPOe HUYETo He JIeJIaeT, KaK TOXAecTBeHHasa GyHKIuA. B 6yzeM roBopuTsh, 4TO JIA KaXIOro 00beKTa
A ectb crpesnka id 4, KOTOpasi HAUMHAETCS U3 3TOr0 0OBEKTA U 3aKAHUMBAETCS B HEM XKe.

idA:A%A

Tot CI)aKT, YTO CTpeJIKa ZdA HHUYEro He AeJiaeT oTpaXxaeTcAa CBOfICTBaMI/I, KOTOPBIE€ OOJI)KHBI BBITIOJIHATHCA AJIA
BCEX CTPEJIOK:

idasf =  f
fsida = f

Ecnu Mbl fo6aBuM K J1I060I CTpeJiKe TOXAECTBEHHYI0 CTPEJIKY, TO OT 3TOr0 HUYero He M3MEeHUTCS.

Bcé roroso AJIA TOTrO YTOOBI AaTb Q)opMaanoe onpenesIieHue MMOHATUA Kamezopuu (category). KaTEFOpI/IH 3TO:

» Habop o6vexmoa (object).
» HaGop cmpesok (arrow) nnu mopgusmos (morphism).

» Kaxzas cTpesika COeqUHSET JiBa 00bEKTa, HO OGBEKTH MOTYT cOBmajaTh. Tak 0603HAYANT, YTO CTpesiKa f
HauMHaeTrcs B o0bekTe A u 3akaHuMBaercsa B oObexTe B:

f:A— B
IIpu 3TOM CTpeJiKa COeJUHAET TOJIBKO JBa OOBEKTA:
f:A=B, f:A - B = A=A, B=D

+ OmnpefesieHa ornepanys KOMIO3UIUN UK COeANHEHUs CTpesiok. Eciii KoHel| OJHOM CTpeJIKU COBHafaer C
HayaJIoM JPYTOii, TO UX MOXHO COeIUHUTh BMECTE:

ftA—-B, g:B—-C = f;9:A-=>C

» Jlis1 Kaxaoro o6beKkTa eCcTh CTPeJIKa, KOTOpas HAauYMHAETCA U 3aKaHYMBAETCs B TOM OOBEKTe. DTy CTPEJIKY
Ha3BIBAIOT modcoecmaeHHoll (identity):

ida:A— A
JIOJDKHBI BBITIOJIHATHCA aKCHOMBIL:
» ToxmgecTBo id
id; f = f
[sid=f

* AcconMaTHUBHOCTD ;

fi(gsh)=(f59):h
[IpuBeiéM puMepbl KaTeropuil.

+ OnHa ToYKa C OOHOM TOXAECTBEHHOMN CTpeJIKOil 00pa3yloT KaTeropuio.

« B xarteropuu Set o0beKkTamu ABJIAIOTCA BC€ MHOXECTBA, a CcTpesikaMu — GyHKIuK. CTpesKU COeJUHAIOTCA C
MIOMOIIIBI0 KOMNO3ULIUY (YHKLNIA, TOXXAECTBEHHAs CTpeJsIKa, 3TO TOXAecTBeHHasA QyHKIHA.

+ B kareropuu Hask o6wvextamu sBiisaioTesa Tunsl Haskell, a cTpesnkamul — GyHKITUY, CTPEIKU COEUHAIOTCA C
[IOMOIIIBI0 KOMNO3ULINY GYHKINI, TOXAECTBEHHAs CTpeJsIKa, 3TO TOXAecTBeHHasA QyHKIHA.
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* OpueHTHUPOBAHHHIH rpad MoxeT olpefesATh KaTeropuio. OGBEKTH — 3TO BEPIINHEL, a CTPEJIKU 3TO CBA3aHHbIE
myTH B rpade. CoeinHeHNEe CTPeJIOK — 3TO COeJUHEeHMe ITyTel, a ToXAeCTBEeHHAs CTpeJIKa, 3TO IIyTh B KOTOPOM
HET HU OJHOTrO pebpa.

* YnopsAgouyeHHOe MHOXeCTBO, B KOTOPOM €CTh Olepaliisa cpaBHeHUs Ha 6osiblie MO0 paBHO 3aJaéT KaTero-
puto. OGBEKTHI — 3TO OOBEKTHI MHOXECTBA. A CTPEJIKU 3TO Mapbl 00BEKTOB TAKUX, YTO IIEPBEIN OOBEKT MeHbIIIe
BTOpOTO. IlepBhIii OOBEKT B Iape CUUTAETCA HaYaIbHBIM, a BTOPOI KOHEYHBIM.

(a,0):a—b euma<b

CTpeJsIK COeAUHSAITCA TaK:

(a,b); (b,c) = (a,c)

ToxnecTBeHHasA CTpeJiKa COCTOUT U3 ABYX OAMHAKOBBIX 00BEKTOB:

idg = (a,a)

MoxHO y6eAUTbCA B TOM, YTO 3TO AEHCTBUTEJBHO KaTeropus. [jiA sToro HeoOX0AUMO NPOBEPUTH aKCHOMEBI
aCCOLMATUBHOCTHU M TOXIECTBA. BaXXHO IIPOBEPUTH UTO Te CTPEJIKHU, KOTOPhIE IIOJIy4alTCs B pe3yJibTaTe KOM-
MO3UIMH, He Hapymay Obl OCHOBHOI'O CBONCTBA JAHHOH CTPYKTYpHI, T.e. TOT (aKT, 4TO BTOPOI dJIEMEHT
napsl Bcerga 6oJibliie JIM0O paBeH IepBOro 3jJeMeHTa Naphl.

OTMeTHM, YTO GBIBAIOT TaKHe 00JIACTH, B KOTOPBHIX CTPEJIKU MJIM IpeoOpa3oBaHUsA C OAMHAKOBBIMU MMEHAMU
MOT'YT COeIMHATHh pa3Hble HeCKOJIBbKO pa3HbiXx 06bekToB. Hanpumep B Haskell ects kiacchl v GyHKIMHM C OJHUMU
U TeMU Xe UMeHaMU MOTYT COeJUHATh Pa3Hble 00beKThl. Ec/IM Bce yCI0BUA KaTeropuu JjiA 0ObeKTOB U CTPEJIOK
BBIITOJIHEHBI, KPOME 3TOr0, TO TaKyl CHCTeMy HasbIBalOT npekameeopuell (pre-category). U3 060l npekaTeropuu
He CJIOKHO cfieslaTh KaTeropuio, ecjii BKJIIOYUTh UMeHa 0ObeKTOB B UM CTpeJIKU. Toraa y Kaxaol cTpesiku OyayT
TOJIBKO Of[HA Napa 00beKTOB, KOTOPhle OHA COeUHSET.

15.2 ®yHkTOp

BcriomHUM orpeeJsIeHre Kjacca Functor:

class Functor f where
fmap :: (a -> b) -> (f a -> f b)

B sToM onpepnesiennu yyactsyroT tyan f u meron fmap. MoxHO ckasaTbh, 4To TUIl T IIepeBOAUT NPOU3BOJIbHBIE
TUIIHI @ B cllelfiasibHble TUMH f a. B 3ToM cMbicite Tut f sABisAerca GyHKLMeH, KoTopas onpefiejieHa Ha Tumax. Mertop
fmap nepeBoauT GyHKUMM oOIero Tuna a -> b B cnennanbHele pyHknuu f a -> f b.

[Tpy 5TOM AOJIXHBI BBIIOJHATHCS CBOMCTBA:

fmap id = id
fmap (f . g) = fmap f . fmap g

Teneps BcnoMHUM 0 KaTeropuu Hask. B 3Toii kaTeropnu o6beKTaMU ABJIAIOTCA TUIIBL, & CTpPeJIKaMu QyHKI[HN.
®yHkTOp f 0TOOpakaeT 0OBEKTH U cTpeJiku Kateropuu Hask B 00bekTH U cTpesiku f Hask. IIpu aTom okassiBaercs,
YTO 3a cuéT cBoicTB ¢pyHKTOpa f Hask obpasyeTt kaTeropuro.

* OOBeKTH — 3TO TUNH T a.

* Crpenku — 310 pyHKkuuu fmap f.

» Kommnosuiys cTpesioK 3TO IPOCTO KOMNO3ULMA QYHKINN.
» ToxpectBeHHas cTpesika 310 fmap id.

IIpoBeprM aKCHOMBI:

fmap f . fmap id = fmap f . id = fmap f
fmap id . fmap f = id . fmap f = fmap f

fmap f . (fmap g . fmap h)
= fmap f . fmap (g . h)
= fmap (f . (g . h))
= fmap ((f . g) . h)
= fmap (f . g) . fmap h
= (fmap f . fmap g) . fmap h
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BuaHO, 4TO aKCHMOMBI BHINOJIHEHH], Tak GyHKTOp f nopoxnaer kateroputo f Hask. IHTepeCcHO, 4TO MOCKOJIBKY
Hask coaepxuTt Bce TUIBL, TO OHA cofepxUT U Tulkl f Hask. [Tosy4yaeTcs, 4TO MBI IOCTPOMJIM KaTErOpUI0 BHYTPU
KaTeropuu. OTO MOXHO MOSCHUTh Ha IIpUMepe CIUCKOoB. Tun [] morpyskaet Jiro60H THI B CIMCOK, a GYHKIHIO JIS
J1I000r0 TUIA MOXKHO NIPeBPaTUTh B QYHKIHMIO, KOTOpas paboTaeT Ha CIMCKax ¢ oMobsio MetoAa fmap. IIpu atoMm ¢
MOMOILBIO Kj1acca Functor Mbl mpoenupyeM Bce TUIB U Bee GYHKIUY B MUp cnrickoB [a]. Ho caM 5TOT Mup cnnckos
CcoJlepXXUTCs B KaTeropuu Hask.

C nomorrpio GYHKTOPOB MBI CTPOMIM BHYTPU OAHOM KaTErOpyUu APYTYI0 KaTeropuio, IPYU 3TOM BHYTPEHHSA Ka-
Teropus obyiafjaeT HEKOTOPOH CTPYKTYpol. Tak ecyiv paHsblle y HAC GBLIN TOJIBKO MPOM3BOJIBHBIE TUIIBI @ U MIPOM3-
BOJIbHBIE PYHKLIIMM @ -> b, TO Tenepp Bce 0OBbEKTH UMEIOT TUIl [a] u Bce GyHKIuY nMmerotT tym [a] -> [b]. Takxke u
dynkTop Maybe nepeBoguT MPOM3BOJILHOE 3HAUEHNE, B 3HaUeHUe, KOTOPoe 06j1a/laeT onpeAesIéHHON CTPYKTypoii. B
HEM BbIJIeJIeH JIOTIOJTHUTEBHEIH 3j1eMeHT Nothing, KOTOPEIM 0603HaYaeT OTCyTCTBHE 3HaYeHuA. Ecyu o tumy val
:: a MBI HUYEro He MOXeM CKa3aTh O COAepXaHUM 3HaueHusd val, To mo tumy val :: Maybe a, Mbl 3HaemM oguH
YPOBEeHb KOHCTPYKTOPOB. Hanmpumep MBI yKe MOXeM IIPOBOJIUTH COIIOCTAaBJIEHHE C 06pa3oM.

Teneps faBaiiTe BepHEMCA K TEOPUM KATeropuii U qaauM GopmasibHoe onpejesienue nouarus. [ycrs A u B -

Kareropu, Toraa ¢gyHkmopom u3 A B I3 HasbiBawT oToGpaxenue F', kotropoe nepeBoaut 06bekTh A B 00beKTH B
u crpenku A B cTpenku 3, Tak 4TO BHIIOJIHEHBI CJIEAYIOIIIE CBOHMCTBA:

Ff : FA—gFB emf:A—4 B
Fiday = idpa J1a moboro o6bekta A us A
F(f;g9) = Ff;Fyg ec (f 5 g) MOAXOAAT MO THUTIAM

3mech 3anuch —> 4 U — g O3HAYAET, YTO ITH CTPEJIKK B pasHbIX KaTeropusix. [locsie oTroGpaxeHus cTpesiku f
u3 Kateropuu A MBI TIOJIyuaeM CTpeJIKy B Kateropuu B3, aTo u otpaxeno B tune F'f : FFA —p FB. Ilepsoe
CBOVICTBO T'OBOPHUT O TOM, 4TO IIOCJIe OTOOpaKeHUsA CTPEeJIKU COeIUHSAIOT Te e OObeKTHl, YTO U A0 OTOOpaXkeHUs.
BTopoe cBO¥CTBa F'OBOPUT O COXPAaHEHHUH TOXIECTBEHHBIX CTPEJIOK. A IOCJie/IHee CBOYICTBO, TOBOPUT O TOM, YTO
“nyTi” Mexay o6beKTaMU Takke coxpaHsoTcs. Ecim Mbl Haxogumcs B kaTeropun A B o6bekte A u nepes Hamu
€CTh TyTh COCTOSIINI 13 HECKOJIbKUX CTPEJIOK B 00BeKT B, TO HEBAXHO KaK MbI MOMAEM B F'B 1160 Mbl npoiigém
3TOT MyTh B KaTeropuu A u B camoMm KoHIie nepemectumcsi B F'B v Mbl cHavana nepemectuMcst B F'A u 3atem
mpoiifém mo ob6pasy mytu B Kareropuu F'B. Tak v Tak MBI TIONaAéM B OQHO M TO Xe MecTo. CXeMaTHUYECKH JTO
MOXHO 13006pa3uTh Tak:

At g9 ¢
F F F
FA - FB F

Ff Fg ¢

CTpeJIKu CBepXy HaXOJATCA B KaTeropuu A, a CTpeJiku CHU3y HaxofaATcsA B kateropuu [B. @yuktop F : A — A,
KOTOPBII epeBoquT Kateropuio A B cebs HaswBaioT sHdo@yHkmopom (endofunctor). DYHKTOPHI OTOGPAXAIOT OAHU
KaTeropuyl B pyryue CoXpaHsAsa CTPYKTYPy [1epBOii KaTeropruy. MbI CJIOBHO FOBOPUM, YTO BHYTPU BTOPOH KaTeropuu
eCTb CTPYKTypa nofo6Has nepBoil. ViIHTepecHo, 4TO NocjefoBaTe/ibHOe NpUMeHeHre QyHKTOPOB, TakKe ABJIAeTCA
GbyHKTOpOM. MBI Gy1EM MUCATH HOCJIEA0BATEIBHOE IpUMeHeHne GyHKTOpoB F' u G ciutHo, kak F'G. Takxke MOXHO
OTpeliesINTh U TOXAeCTBeHHBIN (PYHKTOP, KOTOPHII HUUero He fiejlaeT ¢ Kareropueii, Mel 6yeM o003HauaTh ero Kak
I 4 wnu mpocto I, ecnu kaTeropuisi Ha KOTOPOIT OH ONpeesIEH MOHATHA U3 KOHTEKCTa. DTO TOBOPUT O TOM, YTO MBI
MOX€eM IOCTPOUTh KaTeropui, B KOTOpoi o0bekTamu OyAyT Apyrue KaTeropuu, a crpejakamu OyayT QYHKTOPBL.

15.3 EcrecTBeHHOe nIpeoOpa3oBaHue

B mporpaMMHpOBaHNHM 4acTO TPUXOJUTCS MEePEBOJUTHh JaHHbIe U3 OMHOM CTPYKTYpH B Apyryio. Kaxmas us
CTPYKTYP XPaHUT KaKHe-TO KOHKPETHbIe 3HaYeHUs, HO Mbl HUYEro ¢ HUMU He JieJIaeM MBI [IPOCTO MEPEKJ/IabBaeM
COJIEPXMMOE M3 OJJHOTO AI[MKA B Jpyroil. HampuMep B HallleM SIII[UKE TOJIBKO OJIUH OTCEK, HO BAPYT HaM IMPUIILIO
6GeCKOHEYHO MHOT'O TOJapKOB, YTO MOJEJIaTh HaM MPUXOJUTCA COXPAHUTh MEPBHIHA MOMABIIUICS, OTGPOCHUB OCTAJTb-
Hele. [J1aBHOE B 9TOM aHAJIOTMH 3TO TO, YTO Mbl HIYET0 He MEeHsIeM, a JIUIIb MePeKJIaBaeM COEPKUMOE U3 OTHOM
CTPYKTYPHI B APYTYIO.

B Haskell aTo MOXHO omucaTh Tak:

onlyOne :: [a] -> Maybe a
onlyOne [] = Nothing
onlyOne (a:as) = Just a
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B sToil PyHKIMYM MBI ITepeKjajbiBaeM dJIEMEHTH 13 CIKcKa [a] B 4aCTHMYHO ompelesi€HHOe 3HaueHHe Maybe.
Toxe camoe npoucxoauT U B GyHKIMU concat:

concat :: [[a]] -> [a]

DJIeMeHTHI NlepeKJIaiblBaloTCA U3 CIHMCKA CIIMCKOB B OJUH CIMCOK. B Teopuu kateropuil aToT npoliecc Ha3blBa-
eTCsl ecTeCTBEHHBIM Npeobpa3oBaHueM. CTPYKTypHl olpefAesAlTca GyHKTopaMu. IloaToMy B onpefesieHun Oyaer
ydacTBoBaTh ABa ¢pyHKTOpPa. B dyHKIMM onlyOne aTo 6611 GyHKTOPE! [ ] U Maybe. TIpu nepekiagsiBaHUN 3J1eMeH-
TOB MBI MOX€M IIPOCTO BEIOPOCHUTD BCEe 3JIEMEHTHI:

burnThemALl :: [a] -> ()
burnThemAll = const ()

MOXHO CKa3aTh, YTO €JUHUYHBIIN TUI TAKXe ONpeAesisieT GYHKTOP. DTO KOHCTAHTHBIN (GYHKTOP, OH IIEPEBOAUT
06011 TUT B eAUHCTBEHHOE 3HaueHue (), a GyHKIMIo B 1d:

data Empty a = Empty

instance Functor Empty where
fmap = const id

Torpma tun dyHknuu burnThemAll 6yeT napamMeTpU30BaH U CJIeBa U CIpaBa OT CTPEJIKU:

burnThemAll :: [a] -> Empty a
burnThemAll = const Empty

[lycTp gaubl ge kareropuu A u B u gsa dyuxropa F, G : A — B. IIpeo6pazosaruem (transformation) B B u3s
F' B (G Ha3HBaIOT CEMENCTBO CTPEJIOK E:

ea: FA—pGA nia soboro A uz A

PaccmoTrpuM npeo6pasoBanue onlyOne :: [a] -> Maybe a. Kateropuu A u 3 B jaHHOM cilyyae COBIAAAT —
910 Kareropus Hask. ®yukrop F' — ato crnucok, a ¢pyukrop G 310 Maybe. TlpeoGpaszosanue onlyOne it KaXa0ro
obObeKTa a U3 Hask onpefesiAeT CTPesKy

onlyOne :: [a] -> Maybe a

Tak MBI [TOJIy4aeM CEMeHCTBO CTPEJIOK, TapaMeTpHU30BaHHOe 00beKTOM 13 Hask:

onlyOne :: [Int] -> Maybe Int
onlyOne :: [Char] -> Maybe Char
onlyOne :: [Int -> Int] -> Maybe (Int -> Int)

Teneps gaBaiiTe OIpeesiiM, YTO 3HAYUT MEPEKJIaAbIBaTh U3 OAHON CTPYKTYPHI B IPYTYI0, HE MEHsAA coOepxka-
HusA. IIpeacraBuM, 4To GYHKTOP — 3TO KOHTeHHep. MBI MOXeM MEHSATh ero cojiepkaHue ¢ MOMOIIbI0 MeTona fmap.
Hanpumep MbI MOXXeM NPUOABUTh eJUHHILY KO BCEM 3JIEMEHTAM CIIHMCKA XS C TOMOIIBI0 BhIpaxkeHUs fmap (+1) Xs.
TOYHO TaK e MBI MOXeM IPUOaBUTh eANHUITY K YaCTUYHO ONpeAesIEHHOMY 3HaueHuIo0. C TOUYKY 3pEeHUs TeOpUH Ka-
Teropui cyTh OHATUSA “OCTaHeTCs HeM3MeHHBIM IIPU MepekyIafbIBaHNN” 3aKII04aeTcs B TOM, YTO €CJIM MBI BO3bMEM
J06y1I0 PYHKLHUIO K IPUMePY NprubaBJieHHe eqUHUIIBL, TO HaM HEBaXXHO KOrja eé mpuMeHATh 10 GyHkuuu onlyOne
wiy ocsie. U B TOM U B [PyrOM CJIy4ae MBI IIOJIyYMM OJIMHAKOBEIH OTBeT. JlaBaiiTe yOeJUMCs B 3TOM:

onlyOne $ fmap (+1) [1,2,3,4,5]
=> onlyOne [2,3,4,5,6]
=> Just 2

fmap (+1) $ onlyOne [1,2,3,4,5]
=> fmap (+1) $ Just 1
=> Just 2

PesyspTaThl conutnch, oOpaTuTe BHUMaHMe Ha TO, yTo GyHknuu fmap (+1) B ABYX BapuaHTax ABJIAIOTCA pas-
HeIMU GyHKIUAMU. [lepasa paboTaeT Ha CIMCKax, a BTOpas Ha 4aCTHUYHO ONpeJesIéHHBIX 3HaueHUsaX. CyTb B TOM,
YTO €CJIU NP NepeKJIaABIBAHNY 3HaueHHe He M3MEeHUJIOCh, TO HaM He BaXXHO KOTJa BHINOJIHATH NpeoOpa3oBaHue
BHyTpU dyHKTOpa [] mm BHyTpu dyHKTOpa Maybe. Teneps gaBaiiTe BBIpa3yM 3TO HA SI3bIKE TEOPUU KaTErOPUH.
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[IpeoGpasoBanue ¢ B Kareropuu 3 u3 dyHkropa F' B dyHkrop G HassBaloT ecmecmaeeHHsim (natural), ecyiu

Ff;ep = ca;Gf nis moboro f 1 A —4 B

OTO CBOMCTBO MOXHO M306pa3uTh rpadriecku:

FA 4. GA
Ff Gf
FB GB
B

I[To cMBIC/Ty SICHO, YTO €CJIM Y Hac eCcTb TPU CTPYKTYPHl AaHHBIX (WM Tpu QYHKTOPA), €CJIM MBI IIPOCTO Iepe-
JIOXXUJIU [aHHble U3 NepBOH BO BTOPYIO, a 3aTeM IepeJIOKUJIN JaHHble U3 BTOPOH B TPeThblo, HUYero He MeH:As. To
HUTOroBOe Ipeobpa3oBaHUe, KOTOPOEe COCTABJIEHO U3 IOCJIe0BaTe/IbHOIO IpHUMeHeHUs NepekyIaiblBaHuA JaHHBIX
TaKxe He MeHseT JaHHble. DTO TOBOPUT O TOM, YTO KOMIIO3UIMA ABYX €CTECTBEHHBIX IPeoOpa30BaHMUI TaKxKe ABJIA-
€TCs ecTeCTBEHHBIM Npeobpa3oBaHreM. Takke Mbl MOXEM COCTABUTHh TOXAECTBEHHOE Ipeo0pa3oBaHue, I ABYX
OJIMHAKOBHIX GyHKTOpOB F' : A — [B, 5T0 GymeT ceMeiCTBO TOXIECTBEHHBIX CTPEJIOK B KaTeropuu 3. [Tosyuaer-
cs1, yTo 1A AByX Kateropuil A u BB mbl MoxeM coctaButh Kateropuio Fir(A, B), B kotopoii o6bekTamu GyayT
dyukropst u3 A B BB, a ctpesikamu GyayT ecTecTBEeHHbIE MpeoGpa3oBaHus. [I0CKOJIbKY eCTeCTBEHHbIE Peobpa3oBa-
HUSA fABJIAIOTCA CTPEJIKAMH, KOTOPHIE COeUHAIT GYHKTOPHI, MBI OyZieM 0603HaYaTh UX KaK OOBIYHbIE cTpesku. Tak
3amucsk 1) : F' — G o6o3Hauaer npeoGpa3oBaHue 7}, KOTOpoe nepeeoaut GyHkTop F' B dyHkTOp G.

HHTepecHO, YTO N3HAYAJIBHO CO3JaTesu Teopun Kareropuii CayHaenepc MakieiiH n CaMi0aJ1b DijleHOepr npu-
AyMaJii IOHATHE eCTeCTBeHHOro Ipeobpa3oBaHus, a 3aTeM, YTOObI AaTh eMy 000CHOBaHMe ObLIO IPUAYMAaHO MOHA-
The PYHKTOpA, ¥ HAKOHeI] I TOro 4ToOsl AaTh o0ocHOBaHMe GpyHKTOpaM ObLIN NpUAyMaHbl Kateropuu. Karero-
puu cofepxaT 00BbEeKTH U CTPEJIKH, AJIA CTPeJIOK eCTh olepalusa KOMNo3uLuy. Takxke AJIA KaXXA0ro oobeKTa ecTb
TOXAECTBeHHAas cTpesika. MYHKTOPHI SBJIAITCA CTPEJIKAaMHU B KaTerOpPHH, B KOTOPOH 0ObeKTaMH ABJIAIOTCA PyTrUe
KaTeropuul. A ecrecTBeHHbIe IPe0Opa30BaHUsA ABJIAITCA CTPEJIKaMU B KATETOPUH, B KOTOPOI 0ObeKTaMU fABJIAITCA
dynkTOpHL [TosTyyaeTcs Takas uepapxus CTPYKTYp.

15.4 Monaasl

Moradoti HassiBatoT sHROGYHKTOp 1 : A — A, U151 KOTOPOTO OIpe/iesIeHBI [Ba ECTECTBEHHBIX IPEOOPa30BaHIsA
n:I —Twup:TT — T n BHIOJIHEHH ABA CBOHCTBA:

* Tnaspa = idra
e TUuA; UTA = UTTA HA

[TpeoGpa3oBaHue 1) — 3T0 GyHKIMA return, a npeobpasoBaHue [, — 3To GyHKIMA join. B Teopun kareropuii B
KkJ1acce MOHaJ Apyrue Metofsl. [lepenuiiem 3ty cBoricTBa B Bufe dynkuuii Haskell:

join . fmap return = id
join . fmap join

join . join

[Topsinok cjlefoBaHUA apryMeHTOB M3MEHWJICS, [TOTOMY YTO MBI IOJIb3yeMcsi OObIYHON Kommo3unuel (uepes
TOuKy). Beipaxenue 7' 4 o3HavaeT npuMeHeHne pyHkTopa 1 K cTpesike 1) 4. Beap mpeobGpa3oBaHue 3TO CEMERCTBO
CTPEJIOK, KOTOPEIe TapaMeTpu30BaHbl oObekTamu kateropun. Ha s3pike Haskell 3To o3Havaer npumenuts fmap
nosiMopdHoN GyHKIUY (GYHKIUY C TapaMeTpoM).

Taxxe 3TU CBOMCTBA MOXHO N300pa3nuTh rpaduyecku:

T
TA 24 1A HAL T4

T
TTTA Ha TTA
KT A Ha
TTA + TA
HA
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Kateropus Kieiiciaun

Ecsu y Hac ectb MoHazna T', onpenenéHHas B KaTeropuu LA, To MBI MOXEM TIOCTPOUTD B 9TOH KATErOPUM KaTe-
TOPHIO CTeNUabHbIX cTpesiok Buga A — T'B. ITy KaTeropuio Ha3sBaT KaTeropreii Kiericm.

+ O6bekTH Kateropuu Kieiiciu A7 — 3T0 06beKTH UCXOAHOM KaTeropun A.
* Crpenku B Ap s10 crpenku us A sugna A — T' B, mb1 6yaem o6osHauats ux A —7 B

+ Kowmnosunus ctpesiok f : A =7 Bu g : B —r C onpezesneHa ¢ MOMOIIBI0 €CTECTBEHHBIX TPe0GPa30BaHMi
MoHafs! 1

firg=[f:Tg;p

3Ha4YOK ;7 yKasblBaeT Ha TO, YTO CJIeBa OT PaBHO KoMnosunysa B Ar. Clipasa OT 3HaKa PaBHO HCIIOJIb3YETCs
KOMITO3ULUA B NCXOAHOM KaTteropun A.

+ Tox[aecTBeHHas CTPeJIKa — 3TO ECTECTBEHHOE IPeobpa3oBaHue 7).

I'padrueckn KoMIo3uIuio B kKateropuu Kireficiv MOXHO M300pa3uTh Tak:

At s o B 9.7C
At 19 pre PO 1o

A firyg TC

MoXHO IoKa3zaThb, YTO KaTeropus Kuneticau I[efICTBHTeJIbHO ABJIAETCA KaTeFOpI/Ieﬁ ¥ CBOMCTBa onepaum‘x’l KOMIIO-
3ULHN 1 TOXAECTBA BBIIIOJIHEHDI.

15.5 JlyaiabHOCTH

HUHTEpeCHO, YTO eciiv B KaTeropuu A nepeBepHyTh BCe CTPEJIKH, TO CHOBA MOJIyYUTCs KaTeropust. IlonpoGyiite
HapucoBaTb rpad co cTpesJIKaMM, M 3aTeM MBICJIEHHO IlepeBepHUTe HallpaBjieHHe BCceX CTpeJIoK. Bece myTu ucxon-
Horo rpada nepeiiiyT B nepeBépHyThe MyTH HOBOro rpada. Ilpu sToMm nytu OyAyT NPOXOAUTH Yepe3 Te e TOUKH.
COXpaHATCA KOMIIO3UIIUU CTPEJIOK, TOJIBKO BCe OHM OyayT mepeBEépHyTH. Takyio kateropuio o6osnaqair A°P. Ho
OKa3bIBAeTCs, YTO IEPEBOPAYMBATh Mbl MOXXEM He TOJIbKO KaTeropuy HO M CBOMCTBA KaTeropuii, NIk yTBepXKJeHUA
0 KaTeropusx, 3Ty oleparyio Ha3bpBaloT dyarusayuell. Onpeneaum eé:

dual A = A eciu A sBssieTcst 06bEKTOM
dual x = zx ecyii & 0603HAYAET CTPEJIKY
dual (f :A— B) = dual f:B— A  Awu B nomensanuch mectamu
dual (f;g) = dual g;dual f f ¥ g moMeHsIMCh MecTaMu
dual (idA) = idA

ECTh Takoe CBOMCTBO, €CJIM U B UCXOAHON KaTeropuu A BBIIOJIHAETCS KAKOe-TO YTBEPXK/IEHHE, TO B IEPEBED-
HyTOl Kateropuu A°P BHIMOJIHsAETCA MePeBEPHYTOE (yanbHOe) CBOMCTBO. YacTO B TEOPUU KATEropuil U3 OJHUX
MOHATUH MOJIy4yaloT Apyrue Ayanusanueil. IIpy sToM MBI MOXeM He NMpOBEpATh CBOVCTBA [JIsI HOBOTO IMOHATUS,
OHU Oy[yT BBIIIOJIHATBCA aBTOMaTH4ecku. K qyasibHEIM MOHATHAM OOBIYHO 00aBJIAIOT MpUCTaBKy “Ko”. [IpuBeiéMm
[IpuMep, MOJIyYUM ITOHATHE KOMOHA/bL.

1A Havasia BCOOMHUM olpefiejieHre MoHaibl. MoHaaa — 3To sHA0pyHKTOp (PYHKTOP, ¥ KOTOPOr'O COBIIAAAIOT
Hayajio ¥ KOHel win goMeH u kogomen) 1" : A — A u mBa ecrecTBeHHbIX npeoGpasoBauusa 1 : [ — T u
p:TT — T, Takye YTO BHIIOJIHAIOTCA CBOMCTBA:

*Tnsp=id
cTusp=p;p

IyanusupyeM 310 onpenesenue. Komonaaa — 1o sumodyukTop 1" : A — A u aBa ecTecTBeHHBIX IpeoGpaso-
BaHuA N : ' — [ u p : T'T' — T, Takue 4TO BBIIOJIHAITCA CBOHCTBA

e pw;Typ=1id
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s Tp=psp

MBI IPOCTO IepeBOpaYrBaeM JJOMEHH! U KOJJOMEHHI B CTPeJIKaxX U MeHsAeM MOPAA0K B Komno3unuu. IIpoBepsTe
couutych Ji TUNEL ITonpoOyiiTe HapuCcOBaTh rpadUYecKyl0 CXeMY CBOHCTB KOMOHAIB U CPABHUTE CO CXEMOH i
MOHA/IBL.

MOXHO TaKXe OnpeesuTh 1 KaTeropuio KoKieiiciu. B kareropuun koKieficiiv Bce ctpesiku umerot sug 1T'A —
B. Teneps nyanuzupyeM KOMITO3UIMIO U3 KaTeropuu Kiteficiu:

Firg=Ff:Tg;p

Tenepp MOJTyYrM KOMIIO3UIUIO B KaTeropuu KoKericin:

gir f=u;Tg; f

M-bl nlepeBepHyJIM I[eNIOYKH KOMIIO3ULMI cJieBa U clipaBa OT 3Haka paBHO. IIpoBepbTe coumiuch i Tunbl. He
3abbIBaliTe UTO B 3TOM OIpe/iesIEHUH 1) U [/ ecTecTBeHHble TpeoOpa3oBaHUsA AjiA KOMOHaAs. HaM He Hy>HO npoBe-
PATH ABJIAETCA JIU KaTeropus koKilelican felicTBUTeNIbHO kaTeropueii. Ham He HyXHO oNATh IPOBEPATh CBONCTBA
CTpeJIKU TOXAEeCTBA M aCCOLMAaTUBHOCTU KOMIIO3UI[AY, €CJIM MBI yke IPOBePHUJIU UX AJIA MOHaAbl. CiiefoBaTeIbHO
nepeBépHYTOE yTBepXeHHe OyAeT BHIIOJIHATHCA B MepeBEPHYTON KaTeropuu KoKieiicin. B 3Tom ocHOBHOe mpe-
HMMYILeCTBO oIpejieieHus yepe3 Ayalu3aluio.

DTUM NPHUEMOM MBI MOXEM BOCITOJIb30BaThes U B Haskell, nyanusupyem kiacc Monad:

class Monad m where
return :: a -=>ma
(>>=) ::ma->(a->mb) ->mb

[lepeBepHEM BCe CTPEJIKU:
class Comonad ¢ where

coreturn :: ca->a
cobind 2 cb->(cb->a) ->ca

15.6 HauyaJibHBIF U KOHEYHBIA O0BEKThI

HavaJsibHBIN 00BEKT

[IpencraBuM, 4TO B HAllEH KaTeropuu ecTh Takoil 06beKT (), KOTOpHIl coefUHEH co BceMu obbekTamu. [pu-
4éM CTpeJsika HauMHaeTcsA U3 5TOro o0beKTa U JJIA KaXJoro oObeKTa MOXeT ObITh TOJIBKO OfHA CTpesIKa KOoTopasd
coequHAT JaHHBIE 06BeKT ¢ (. [padudecku 3Ty cUTyannio MOXHO M300pa3UTh TaK:

Ay Ag

A
- 0 > Ag
e Ay

Takoii 06beKT Ha3bIBaIOT HauwtbHbM (initial object). Ero nmpuHATo 0603HaYaTh HYJIEM, CJIOBHO 3TO HAYaJIo OT-
cuéra. Jlnis moGoro obbekta A u3 kareropun A ¢ HavasbHBIM 06beKTOM () CYIIECTBYET M TOJIBKO OHA CTPEJ-
ka f : 0 — B. MoXHO cKa3aTh, YTO HAYa/IbHbIA OGBEKT OMpeesisgeT QYHKIMIO, KOTOPas MEPEBOAUT OGBEKTH A B
crpenku f : 0 — A. D1y GyHKIMIO 0603HAYAIOT CENUaIbHBIMU CKOOKaMH ( - |), OHa HasbIBAaeTCA Kamamoppusmom
(catamorphism).

(A)=f:0— A

Y HayasibHOrO 0OBEKTA eCTh HECKOJIbKO BaXXKHBIX CBOMCTB. OHU OYe€Hb YACTO BCTPEYAIOTCA B pa3HbIX BaprUanuAax,
B IIOHATHUAX, KOTOPBIE ONIPEAEIIAITCA Ye€pe3 IOHATHE HavYaJIbHOIO oObeKTa:
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(0) = ido TOXIECTBO
fi9g:0=-A4 = f=g YHUKAJIBHOCTB
f:A—=B = (A);f=(B) ciusaHue (fusion)

OTH CBOICTBA CJIEAYIOT U3 onpefesieHNs HauaabHOro oobekra. CBOMCTBO TOXAECTBA TOBOPUT O TOM, UTO CTpeJiKa
BeAyllas 13 HavyaJbHOro 00beKTa B HayasIbHBIN ABJIAETCS TOXAECTBEHHON CTpeJiKoi. B camoM fejie 1o ompefeJie-
HUI0 HAa4aJIbHOTO O0bEKTa IJIS KaXOoro 00bheKTa MOXET OBITh TOJIBKO OfHA CTpeJika, KoTopas HaunHaercs B 0 u
3aKaHyuBaeTcs B 9ToM o6bekTe. Crpesika (|0 ) HaumHaercs B 0 u 3akanuuBaercs B 0, HO y HAC yXe eCTh OJHA Ta-
Kas cTpeJika, 110 ollpeJieJIeHNI0 KaTeropru U1 Kaxaoro o6beKTa onpejiejieHa ToXAeCTBeHHas CTpeJika, 3HaUUT dTa
CTpeJIKa fABJIAETCA eJMHCTBEHHOM.

BTopoe cBOIICTBO ciiefyeT M3 eqUHCTBEHHOCTHU CTPeJIKU, BeAyllell U3 HavyaJbHOr0 00beKTa B JaHHBIN. TpeThbe
CBOWICTBO JIy4llle U300pa3uTh rpaduiecKu:

A / ~ B

(A) (B)

Tockosbky crpesiku (A)) u f MoxHO coeHUTB, TO JOJKHA GBITH onpeeneHa crpenka (A); f : 0 — B, Ho
MOCKOJIbKY B KAaTErOPUU C HavasbHHIM 06bEKTOM M3 HauaabHOro o6bekta ) B 06beKT B MOXeT BecTd JIUIIb OfHA
cTpernka, To crpeika (A ; f momkua coenamats ¢ ( B).

KoHeuHbIN 00BEKT

JlyaiusupyeM HOHATHE HayajbHOro obbekra. Ilycth B kaTeropuu A ecTh 06beKT 1, Takoi 4TO [JiA JIOGOrO
o6bexTa A cylecTByer v TOJIbKO OZJHA CTPEJIKa, KOTOpasA HAauMHAETCs U3 3TOT0 06bEKTa 1 3aKaHYMBAETCs B O0BEKTE
1. Takoit 06BeKT Ha3BIBAIOT KOHeuHbIM (terminal object):

Ay Ay
v
> 1 < A3
A
Ay

KoHeuHbI#1 00BEKT ollpefesisseT B KaTeropuu (pyHKINIO, KOTOpasA CTaBUT B COOTBETCTBHE OOBEKTAM CTPEJIKH,
KOTOpble HAYMHAIOTCA M3 JAHHOTO O0BbeKTa U 3aKaHYMBAIOTCA B KOHEYHOM oObekTe. Takylo GYHKIUI0 Ha3bIBAIOT
anamopguzmom (anamorphism), 1 0603HAYAIOT CHENUATBHBIMU CKOOKaMH | - ], KOTOPbIE OXOX!U Ha IePEeBEPHYThHIE
CKOOKU /11 KaTaMopdusMa:

(A]l=f:A—1

MoXXHO [yaJIM3upOBaTh U CBOICTBA:

(1] =1idy TOX/IECTBO
fLbg:A=1 = f=g YHUKAJIbHOCTB
f:tA=B = f;[B]=[A] cimszue (fusion)

[pyBeIEM MJLTIOCTPAIUIO JIsI CBOMCTBA CIIMSHUA:

(A] (B)
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15.7 Cymma u nnpousBezieHUe

JlaBHBIM-[JaBHO, KOTJa MBI €I€ TOBOPIJIN O TUIIAX, Mbl TOBOPUJIY, YTO THIIBI KOHCTPYHUPYIOTCS C IOMOIIBIO IBYX
6a30BBIX ONeparyil: CyMMBI U Tpou3BefieHNA. CyMMa roBOPUT O TOM, YTO 3HaYeHHe MOXeT OBITh JINOO OJHUM 3Ha-
YeHHEeM JI60 APYTUM. A npou3sBeieHre 0603HaYaeT cpa3y HeCKosbko 3HaueHuil. B Haskell ects Ba THIa, KOTOPEHIE
IIpe/ICTaBJIAIT co00i CyMMY U IIpor3BefieHre B obuieM ciydae. Tum A cyMMbl 3To Either:

data Either a b = Left a | Right b
[TpousBejeHNe B caMOM O0IeM BHE IPeACTaBJIEHO KOPTeXaMu:
data (a, b) = (a, b)

B Teopuu KaTeropuii cymma U pousBefieHre ONpeesIATCs KaK HauyaJIbHbIN 1 KOHEYHbIN 00BEKTH B CIIelaIb-
HBIX KaTeropusax. Teopus kareropuil usyyaeT o0beKTHl 10 TOMY KaK OHU B3aUMOJIEHCTBYIOT C OCTAJIbHBIMU O0OBbeK-
Tamu. BaanmogericTBue 0603HauaeTcs ¢ MOMOMIbI0 cTpesiok. CrelraibHble CBOMCTBA CTPEJIOK ONpeessaioT 00beKT.

Hampumep npefcTaBuM, 9YTO MBI He MOXeM 3aIyIAAbBaTh BHYTPb CyMMBI THUIIOB, Kak OB MBI MOTJIM B3aUMOJEH-
CTBOBATh C 0OGBEKTOM, KOTODPBIH IIPECTABJIAET cO00¥ cymmy AByX Tunos A + B? Ham Heo6X0quMo yMeTb CO3aBaTh
obbekT Thna A + B u3 o6bektoB A u B ussnekars ux us cymMmbl. Co3faHue 00beKTOB MPOUCXOAUT C MMOMOIIBIO
JIByX CIeLaJIbHBIX KOHCTPYKTOPOB:

inl: A— A+ B
inr: B— A+ B

Takxe HaM XOUETCA YMETh KaK-TO U3BJIEKaTh 3HaYeHwsL. I1o cMbicity BHYTpU cyMMBI A+ B XxpaHuTcs 1160 06beKT
A 1160 06bexT B 1 MBI HE MOXeM 3apaHee 3HATh KaKOW U3 HUX, OCKOJIbKY BHYTpeHHee cofiepxanue A + B ot
HAC CKPBITO, HO MBI 3HAEM, UTO 3TO TOJIbKO A mnu B. DTo rOBOPUT 0 TOM, UTO €CJIU Y Hac ecTb ABe crpeiku A — C'
u B — C, to mnl Kak-To MoxeM noctpoutb A + B — C. YV Hac ecTb onepanust:

out(f,g): A+ B—-C f:A—=C,g:B—C

[Ipu 3TOM [jisi TOrO, YTOGHI CTPEsIKHU inl, inr u out ObUIM COTJIACOBAaHBI HEOGXOAUMO, YTOOBI BHITOJIHSIUCDH
CBOWCTBA:

nl;out(f,g) = f
inr;out(f,g) = ¢
Jlis mo6bix GyHkuuii f u g. [paduyecky 3T0 CBOMCTBO MOXHO U300pasUTh TaK:

inl A+B<7B

RN

HUTak cymmoni iByx 06bekToB A u B HaswmBaetcs 06bekT A + B u e ctpenkuinl : A - A+ Buinr : B —
A + B Ttakue, uto asis o6sx qByx ctpesiok f : A — C u g : B — C onpefeneHa ojHa U TOJIBKO OfIHA CTPEJIKa
h: A+ B — (C Takas, 4TO BHIIOJIHEHH CBOMCTBA:

ml;h=f
inr;h=g

B stom onpefnesierun 06bekT A + B BMecrte co crpesikamu inl u inr, onpegesser (GpyHKIM0O, KOTOpas MO
HekoTopomy o6bekTy C' U JBYM CTpesikam f U ¢ CTPOUT CTPesiKy h, kotopas Benér us obbekta A + B B 00BEKT
C. OtoT mpomnecc onpefesieHNst CTPEJIKU 0 06bEKTY HANIOMUHAET OIpeiesieHre HauaIbHOro dJieMeHTa. [locTpoum
CIlenyasbHyI0 KaTeropuio, B KOTOPok 06beKT A+ B Gyner HauaisHbM. Torna yHkuus out 6y neT kaTaMophru3MOM.

OyHKIUA out IPUHUMAaET JBe CTPEJIKU U Bo3BpalljaeT TpeTbio. [IocMOTpUM Ha THUIIBL:

f:A=C inl:A— A+ B
g:B—=>C inr:B— A+ B
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Kaxxpnas u3 map CTpeJsioK B CTOJIOAX YKa3bIBAlOT HA OAUH U TOT Xe OOBEKT, 8 HAYMHAITCA OHU U3 ABYX Pa3HbIX
06bekTOB A 1 B. OnpenesMm KaTeropuio, B KOTOPOH 06beKTaMU ABJIAIOTCA MAPHl CTPEJIOK (a1, g ), KOTOPHIE Ha-
YMHATCA U3 00beKTOB A 1 B 1 3akaHuYMBaIOTCA B HEKOTOPOM 001ieM 06bekTe [). DTy KATErOPUIO ellé Ha3bIBaloT
kmHOM. CTpesikaMu B 9TOH Kateropuu OyayT Takue crpesku [ : (di,ds) — (e1,€s), 4TO CTpeJIKU B ClieAyromei
JauarpaMMe KOMMYTHUPYIOT (He BaKHO MO0 KaKOMY MyTU UATU U3 ABYX Pa3HBIX TOYEK).

A B
d1 €1 d2 ()
D E

f

KOMIO3ULUSL CTPEJIOK — 3TO OOBIYHAS KOMIIO3ULMA B UCXOJHOM KATErOPHH, B KOTOPOIT OnpejesieHbl 06bekThl A
u B, a ToxaecTBeHHas cTpesika I KaXJ0ro 00beKTa, 3TO TOXAECTBEHHAs! CTPeJIKa JjIs TOro 06beKTa, B KOTOPOM
cxofATcsa obe cTpeski. MOXHO IIPOBEPUTH, YTO 3TO AeHCTBUTEJIBHO KaTeropus.

EcJsit B 9TOM KaTEropuu eCTh HAa4aJIbHBIN OGBEKT, TO MBI OyeM Has3biBaTh ero cymmoin o6bektoB A u B. Jlse
CTpPEJIKH, KOTOPHIE COJIEPXKUT ITOT 0GBEKT MbI GyZieM Ha3sBaTh ¢nl U inr, a O0IIMi OGBEKT B KOTOPOM 3TH CTPEJIKU
cxomaTces Oynem HasbiBaTh A + B. Tenepb ecjiv Mbl BHIIUIIEM ONpPeJeSIEHNE JIJiA HAYaJ IbHOrO 0GBEKTa, HO BMe-
CTO NPOU3BOJIBHBIX CTPEJIOK 1 0OBEKTOB IOJCTAaBUM Halll KOHKPETHBIH CJIydali, TO MbI IIOJIYYUM KaK pa3 UCXOJHOe
ornpejiesieHrie CyMMBL.

Hauvasneubiii 06bext (inl : A — A+ B, inr : B — A + B) cTaBUT B COOTBETCTBUE JIIOOOMY OGBEKTY
(f:A—=C, g: B— C)crpenky h : A+ B — C TaKyIo, 4TO BHIIOJIHATCA CBONCTBA:

l ‘
mlo g g p

N

A xak Ha cuéT npousBefeHnA? OKa3bIBAETCSA, YTO IPOU3Be/IeHe ABJIAETCA IyaIbHBIM [TIOHATHEM 10 OTHOIIEHUIO
K cymMe. Ero nHorjja Ha3blBalOT KOCYyMMOM, MJIM CyMMY HasblBalOT KOIpou3BefieHHeM. Jlyannu3upyeM KaTeropuio,
KOTOPYI0 Mbl CTPOWJIN JIJIA CYMMBI.

Y Hac ectpb kateropus A u B Hell BoiiesieHo Ba o6bekTa A u B. OGbeKTamMu HOBO# KaTteropuu OyOyT Hapbl
crpesiok (ai,as), KoTophle HauuHaiomes B o6weM obbekte C' a 3akaHunBawTCA B 06bekTax A u B. Crpenkamu B
3TOM KaTeropuu Oy[yT CTPEJIKU MCXOAHON Kateropuu h : (e1,e3) — (di, d2) Takue 4to ciiemyomas quarpamma
KOMMYTHpPYeT:

A B
di| er dy | e

D E

f

KOMIIO3UI1SA U TOX/AECTBEHHbIE CTPEJIKU [T03aUMCTBOBAHbI U3 UCXOJHOM KaTeropun A. Ecin B 3ToOl KaTteropun
CYLIECTBYET KoHeuHblil 00beKT. To MbI Gy/IeM Ha3bBaTh ero npousseeHueM o0bekToB A u B. JIBe CTpPesiKu 3TOro
o6beKTa 0603HauATCA Kak (exl, exr), a o6l 00beKT U3 KOTOPOTo OHU HAYMHAIOTCA MBI HazoBéM A X B. Teneps
pacnuineM onpejesieHrne KOHEYHOr0 06beKTa [JIs Hallleld KaTeroOpyuu Iap CTPeJIOK ¢ OOIMM HayasioM.

Koneunsiii 06bekT (exl : Ax B — A, exr : Ax B — B) cTaBuT B COOTBETCTBHE JII0GOMY OOBEKTY KATErOpru
(f:C—= A, g:C— B) crpenky h : C' — A x B. IIpu 5TOM BBIIOJIHAIOTCS CBONCTBA:

A 4B p

)
f h g
C
HTak MBI onpefenniyd CyMMy, a 3aTeM Ha aBTOMarTe, [IepeBEepHYB BCE YTBEPXKAEHUsA, IOJIyYUIIU OIpeliesieHre
npousBeaeHusA. Ho 4to 5To Takoe? COOTBETCTBYET JIU OHO MHTYUTHUBHOMY IIOHATHIO [TPOM3BEAEHUA?
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Tak e Kak ¥ B CJIy4ae CyMMbI B TEOPUU KATETOPUIl Mbl OIIPE/IESISIEM MOHATHE, Y€PE3 TO KAK MBI MOXEM C HUM
B3aUMO/IEICTBOBaTh. [I0CMOTPHM, YTO HaM [OCTAjJOCh OT aGCTPAaKTHOrO OmpefesieHus. Y Hac ecTb 0603HaUYeHre
npousBegenus TinoB A X B. JlBe crpesiku exl u exr. Takke y HAaC eCTh COCOO IMOJIYYNUTH MO ABYM (DYHKIVAM
f:C—Aug:C — Berpenky h : C' — A x B. Jina Hayasia TIOCMOTPUM Ha THUIIB CTPEJIOK KOHEYHOTO 00BEKTA:

exl: AxB— A
exr: Ax B — B

[To TumaMm BUIHO, YTO 3TU CTPEJIKM pa3bMBaIOT Napy Ha cocTasJiiAmue. [1o cMbICTy Tpou3BeileHNs Mbl TOUHO
3HaeM, 4TO y Hac ectb B A X B 1 06bekT A 1 06beKT B. DTH CTPeJIKY MO3BOJIAIT HAM U3BJIEKATh KOMIIOHEHTHI
napsl. Tenepb MOCMOTPUM Ha aHaMOpU3M:

(f,g]:C—=AxB f:C—A ¢g:C—B

Ota GyHKLMA NO3BOJIAET CTPOUTH APy MO ABYM QYHKIMAM U HavaJIbHOMY 3HaueHu0. Ho, IOCKOJIBKY 3/1€Ch MBI
HUYETO He BBIYMCIIAEM, a JIUIIb CBA3BIBAEM 0OBEKTHI, MBI MOXEM II0 ITape CTPEJIOK, KOTOpble HAYWHAIOTCA U3 001Lero
WCTOYHUKA CBS3aTh UCTOYHUK C MAPOil KOHEYHBIX Touek A X B.

ITpy 5TOM BBHINOIHAIOTCA CBOKCTBA:

(f.g);exl=f
(f.g)sexr=g

DTH CBOHCTBA TOBOPAT O TOM, 4YTO (I)yHKI.II/II/I IIOCTPOEHUA ITapbl 1 U3BJIEYEHUA 3JIEMEHTOB 13 ITaphbl COTJIaCOBAHBI.
Ecay MBI IOJTOXKUM 3HauYeHNeE B Hemeﬁ 3JIEMEHT IIaphbl U TYT XK€ U3BJIEYEM €ro, To 3TO TOXe CaMO eCJIn OBl MBI HE
HCIIO0JIb30BaJIN IIapy COBCEM. To xe camoe u co BTOPBIM 3JIEMEHTOM.

15.8 DOkxcmoHeHTa

Ecu mpefcTaBuTh, YTO CTPEJIKY 3TO QYHKINMHU, TO MOXET [I0Ka3aThCsA, YTO Bce HAMY QYHKIUYN ABJIATCA QYHK-
[MAMM OAHOTO apryMeHTa. Belib y CTpeJIKU eCTh TOJIBKO OJWH HUCTOYHUK. Kak OBITh ecjld MBI XOTUM OIpeieIuTh
byHKIMI0 HECKOJIBKUX apryMEHTOB, YTO OHa cBs3biBaeT? Ecyiu B Hallleli kaTeropuu onpejesieHo Ipou3BeieHre 00b-
€KTOB, TO MBI MOX€eM IPeJICTaBUTh (PYHKIMIO ABYX apryMEHTOB, KaK CTPeJIKy, KOTOpas HauMHaeTCcsA U3 Ipou3Be/ie-
HUSA:

(4+) : Num x Num — Num

Ho B nAMOpa-ucuncieHny HaM ObUIN JOCTYIHEI OoJiee riuOkue GyHKIUY, GYHKIUY MOIJIM IPUHUMATh Ha BXOX
dyHkmy u Bo3Bpamarh GpyHkruu. Kak ¢ 3TuMm o6CTOAT Aesia B Teopuu Kateropuii? Ecjiu nmepeBectu ornpefesieHre
dyHKIMI BBICIIEro MOpsIKa Ha A3bIK TEOPUU KaTeropuii, TO Mbl OJIyYUM CTPEJIKH, KOTOpble MOTYT CBA3bIBATh JPY-
rue crpesiku. Kateropus ¢ GyHKUMAME BHICIIEro MOPAAKA MOXET cofepxXaTb CBOU CTPEJIKU B KauecTBe OOBEKTOB.
CTpeJIKi KaK 06BeKThl 0G03HAYAIOTCA ¢ TIOMOIIBIO CTENeHH, Tak 3amich B4 o3xauaer crpenky A — B. Ipu aToM
HaM HeoOXOJMMO yMeTb MHTepIpeTUpOBaTh CTPeJIKy, Mbl XOTUM yMeTb IOACTaBJIATh 3HaYeHus. Eciu y Hac ecTthb
00BEKT BA, TO JOJIXHA OBITh CTpeJiKa

eval : BA x A — B

Ha si3pike GyHKIMIT MOXKHO CKa3aTh, YTO CTPeJIKa eval mpuHuMaet GyHKIIO Beicuiero nopsaka A — B u 3Ha-
yeHue THMa A, a Bo3BpamjaeT 3HaueHue tuna 3. O6bext B4 HaspiBaioT sxcronenToit. Termeps AaauM GopMasbHOe
omnpeJesieHue.

IlycTh B KaTeropuu A ompeesieHo NpousBefeHne. JKcnoHeHma — 3To oGbext B BMecTe co crpenkoii eval :
B4 x A — B rakoi, uto ga moGoii ctpeku f : C' x A — B onpenenena crpenka curry(f) : C — B4 npu
3TOM CJIe[yIOIas AuarpaMma KOMMYTUPYET:

C CxA
curry(f)| (curry(f),id) f
B4 BA x A B

[Jasaiite pasGepémces, 4To 3TO Beé o3Hauaet. [1o embicity crpenika curry( f) aTo kappupoBaHHas GYHKUUS JBYX
apryMmeHToB. Bcnomuute o dynkinuu curry n3 Haskell. [luarpaMmma roBoput o ToM, 9TO €CJIM MBI KAppUPOBAHNEM
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(YHKIUM JBYX apryMeHTOB TOJIydYuM (yHKIuo Bhicmero nopsgka C' — B4, a 3atem ¢ nomousio GyHKmy eval
TI0JIy MM 3HAYEHHE, TO 3TO BCE PABHO, 4TO MOZCTABUTH JiBa 3HAUEHUS B MCXOHYI0 dyHKumo. 3ammcs (curry(f), id)
O3HayaeT MapaJulesIbHOe NIPYMEeHEHUE JIByX CTPEeJIOK BHYTpH Maphl:

(f,g): Ax A — Bx B, f:A—=B,g: A =B

Tak npumenus crpenku curry(f) : C — BAmid : A — A x mape C' X A, Mbl mojiyuum napy B4 x A.
[IpyMeHeHwe 3[eCh YCJIOBHOE MBI I0/Ipa3yMeBaeM NpUMeHEeHNe B QYHKIMOHAIBHON aHAJIOTHH, B TEOPUX KATETOPHi
[POUCXOUT CBA3BIBAHMUE Map OGBEKTOB C IOMOILBI0 cTpesiki ( f, g).

WHTEPECHO, YTO U 3KCIOHEHTY MOXHO IMOJIYYUTh KaK KOHEUHbIA 0OBEKT B ClIENUAaIbHON KaTeropuu. I[IycTh ecTh
karteropus A u B Heli ompefiesieHo npoussezienrie 06bekToB A u B. TlocTpouM KaTeropuio, B KOTOPOI 06beKTaMu
SIBJIAIIOTCSA CTPEJIKU BUAA:

CxA— B

rae C — 3TO MPOU3BOJIBHBIN OGBEKT UCXOJHON KaTeropun. CTpeskoit mexay oobektamu ¢ : C X A — Bud :
D x A — B B aroin kareropuu 6yaer crpeika f : C' — D u3 UCXOOHOM KaTeropuw, Takas, 4TO CJIEJyIoIast
Juarpamma KOMMYTHUDYET:

C Cx A

f (f,id) c

D DxA——2B
d

Ecsu B 9TO#1 kKaTeropyu CyllecTByeT KOHEUHBII 0ObEKT, TO OH sBJIAETCS SKCIIOHEHTON. A PYHKIMA curry ABJA-
eTcsA aHaMOp(OU3MOM AJIA SKCIIOHEHTHI.

15.9 Kparkoe coaepxanue

Teopus KaTeropuil N3y4aeT HOHATHUA Yepe3 TO KaK 3T MOHATUS B3aUMOJeHCTBYIOT APYT ¢ ApyroM. MeI 3abbiBaeM
0 TOM, KaK 3TH MTOHATUS peasin30BaHbl, a CMOTPUM JIMIIh Ha CBOMCTBA CBs3eEH.

MpsI y3Ha/IM 4TO Takoe kareropus. Kateropus 3To cTpyKTypa ¢ o0beKTaMu U cTpesKkamu. CTpeJiKu CBA3BIBAIOT
00beKTHI. [IpruéM cBA3U MOT'YT coeIUHATCA. Takke cCUUTAETCs, YTO 0OBEKT BCEerjja CBA3aH caM ¢ coboit. Mel y3Haw,
YTO eCTh TaKye KaTeropuu, B KOTOPHIX CaMU KaTeropuu fBJIAIOTCA 00beKTaMU, a CTPEJIKU B TaKUX KaTeropHsaX MbI
HasBanu ¢pyHKTOpaMu. Taxxke MBI y3HAJIN, YTO caMU (PYHKTOPHI MOTYT cTaTh 00beKTaMU B HEKOTOPOI KaTeropuw,
TOTrJ]a CTPeJIKU B 3TOM KaTeropuu Mbl 6yJileM Ha3hlBaTh €CTeCTBEHHBIMU ITpeobpa3oBaHUAMU.

Msl y3Ha/IM YTO TaKoe HayaJIbHBIM 1 KOHEYHbIH 00beKT U KaK C IMOMOIIbI0 3TUX IMOHATUN MOXHO OIpeNesiTh
CyMMy U Ipou3BefleHNe TUIOB. Takke MBI Y3HAJIU KaK B TeOpUU KaTeropHil ONMCHIBAIOTCA (PYHKIMN BBICHINX IIO-
PAOKOB.

15.10 YmnpaxnHeHus:n

+ TIpoBepbTe aKCHOMBI KaTeropuu (aCCOUMATUBHOCTD U TOXAECTBO) [JIs KaTeropuu GyHKTOPOB M KaTeropuu
€CTeCTBEHHbIX IIPe06pa30BaHMIA.

* Hisomopdu3smoM HasbiBaroT Takue cTpesiku [ : A — Bu g : B — A, 1JiA KOTOPBHIX BHIIIOJIHEHO CBOMUCTBO:

f;g:idA
g; f=1idp

OGbekThl A v B Ha3bBalOT M30MOPGOHBIMU, €CJI OHU CBA3AHBI N30MOPMU3IMOM, 3TO 0603HaYawT Tak: A = B,
JlokaxuTe, 4TO BCe HayaJIbHBIE M KOHEYHBIE 3JIeMEHTH N30MOP(HBL.

M HOCKOJ’IBKY CyMMa U IIpON3BEAECHUE TUIIOB ABJIAOTCA Ha4YaJIbHbIM U KOHEYHBIM o0beKTaMu B crienraJIbHbIX
KaTeropusax OJis HUX TaKXXe BBIINOJIHAIOTCA CBOMICTBA TOXOeCTBa, YHUKAJIbHOCTU U CJIINAHUA. Bemmummure 3tu
CBOMCTBA JAJIs1 CYMMBI U ITPOU3BECHUSA.

+ TogymaiiTe KaK MOXHO OIPeeIUTh SK3eMIUIAP Kiiacca Comonad [Jist IOTOKOB:
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data Stream a = a :& Stream a

MOo>HO Ji IPUAYMAaTh 3K3eMIUIAp JJ1A Kyiacca Monad?

» yaJsibHyio KaTeropuio st kareropuu A o6osHauawt A, Ecyiu F seisieres dpyHkTopoMm B Kateropun AP,
TO B MICXO/JHOM KATETOPUH €r0 HA3hIBAIOT KOHMPAGapUaHmHyIM GyHKTOPOM. BrmumuTe onpesesienre GyHKTO-
pa B AP, a 3aTeM ¢ MOMOILBIO AyaIM3aLUY OJIYyYUTE CBOMCTBA KOHTPABAPUAHTHOTrO (PYHKTOPA B MCXOJHOM
kareropuu A.
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I'maBa 16

KaTeropmuasibHble TUIIBI

B sT011 r71aBe MBI y3HaeM Kak B TeEOpUU KaTeropuil onpefesAloTcsA TUMLL. B Teopuu kaTeropuii TUIB ONIpeAesIAoT-
¢s KaK HavyaJbHble M KOHeYHbIe 00BeKTHI B CIelHaIbHbIX KaTeropraxX, KOTOphble Ha3bIBalOTCA anrebpamMu GyHKTOPOB.
JI1A noHUMaHuA 3TOM IJIaBbl XOPOIIO OCBEXUTH B IaMATHU I'JIaBy O CTPYKTYPHO! PEKypCHUH, TaM I'Jie Mbl TOBOPHJIN
0 CBEpPTKAaxX U pa3BEpTKax.

16.1 IIporpammMmupoBaHue B CTUJIE OpUTraMU

Opuramu — COCTOUT U3 ABYX CJIOB “cBépTKa” 1 “6ymara”. IIpu nporpaMMypoOBaHUM B CTUJIE OpUraMU Bce PyHK-
LU CTPOATCA Yepe3 PYHKLUUM CBEPTKU U pa3BEPTKU. ECTh Jake Takue A3BIKU MPOrpaMMpOBaHUsA, B KOTOPHIX 3TO
€UHCTBEHHHBIH CII0CcO0 OIpesiesieHNs peKypcruu. DTOT CTHJIb OY€Hb XOPOLIO MOAXOAUT AJIS JIEHUBBIX SA3BIKOB IIPO-
rPaMMUPOBAHMS, IIOCKOJIBKY B CBA3KE:

fold f . unfold g

(yHKIMU CBEPTKU M pa3BEPTKU pabOTalOT CUHXPOHHO. DYHKIMA pa3sBEPTKU He MPOU3BOAUT HOBHIX 3JIEMEHTOB [0
TeX HOp [IOKA OHU He MOHAA00ATCA BO BHEIIHEH QyHKINY CBEPTKHU.

[ToMHUTE B OAHON U3 I'JIaB MBI TOBOPUJIM O TOM, YTO PeKypPCUBHbIe GYHKIIUY MOXHO OIPeAesATh yepe3 QyHKIUIO
fix. Hampumep Tak BRIIVIAAUT peKypcuBHasA QyHKINA CJI0XEHUsA BCeX YKcesl OT OJHOI0 A0 N:

sumInt :: Int -> Int
sumInt 0 = 0
sumInt n = n + sumInt (n-1)

OTy GYHKIMIO MBI MOXeM Iepenucarh ¢ noMompio GyHkiuu fix. Ilpu Beuncienun fix f OyAeT cocTaByieHO
3Ha4YeHue

f(f (f (f...)))
Teneps nepenumnieM GyHKOu0 sumInt gepes fix:

sumInt = fix $ \f n ->
case n of
0 -> 0
n -=>n+f (n -1)

CmotpuTe yiamM6aa GyHKIMA B apryMmeHTe fix nmpuHuMaet GyHKUIMIO U YHCJI0, @ BO3BpamaeT yucio. Tum 3Ton
¢yskuuu (Int -> Int) -> (Int -> Int). Ilocse npumeHeHUs GyHKOUU fix MBI Kak pa3 U NOJIy4YnM (QyHKIIIO
Tuna Int -> Int. B iam6aa GyHKUNM peKypCUBHBIN BBHI30B OB 3aMeHEH Ha BbI30B GyHKIUHU-napamerpa f.

Oka3bIBaeTCs, YTO ITOT IPUEM MOXET OBITh IPUMEHEH U JJIA PEKYPCUBHBIX THIIOB JAaHHBIX. MBI MOXEM CO3AaTh
0000IIEHHBIN THI, KOTOPHII 0003HAYaeT peKypCHUBHBIN TUIIL:

newtype Fix f = Fix { unFix :: f (Fix f) }

B 51001 3anmcu MBI IoJTyyaeM ypaBHeHHe HeMoJBIKHOM Touku Fix f = f (Fix f), roe f 3To HeKOTOPHIH THUII
¢ napaMmeTpoM. OmpeAesuM THUII LeJIbIX YHCeJT:

data N a = Zero | Succ a

type Nat = Fix N
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Tenepsb co3qaArM HECKOJIBKO KOHCTPYKTOPOB:

zero :: Nat
zero = Fix Zero

succ :: Nat -> Nat
succ = Fix . Succ

CoxpaHUM 3T OIpefiesieHns B MoyJie Fix . hs 1 IOCMOTpHM B MHTepIpeTaTope Ha 3HAaYeHUs U UX TUIEL, ghc He
CMO’XEeT BBIBECTHU dK3eMIUIAp Show 11 Tuma Fix, MOTOMY 4TO OH 3aBUCHUT OT TUIIA C TApaMeTPOM, a He OT KOHKPETHO-
ro tumna. JIjis peleHus 3Tok mpo6JieMbl HaM IPUIETCA ONPeNEeTUTh IK3eMILISPHI BPYUYHYIO U IOJKJTI0UUTh HECKOJIBKO
pacmupeHuii a3sika. [IoMHUTE B IJ1aBe O JIEHMBBIX BHIYMCJIEHUSIX MbI IOAKJTI0OYAJIU pacirpenue BangPatterns? Ham
noHamobATCA:

{-# Language FlexibleContexts, UndecidableInstances #-}
Teneps onpenesnM 3K3eMIUIApH AjA Show u Eq:

instance Show (f (Fix f)) => Show (Fix f) where
show x = "(” ++ show (unFix x) ++ ")”

instance Eq (f (Fix f)) => Eq (Fix f) where
== b = unFix a == unFix b

OHPEJ:[eJ'II/IM CIIMCKU-OpUraMu:

data L a b = Nil | Cons a b
deriving (Show)

type List a = Fix (L a)

nil :: List a
nil = Fix Nil

infixr 5 ‘cons’

cons :: a -> List a -> List a
cons a = Fix . Cons a

B Tune L MBI 3aMeHUJI peKypCUBHBII THI Ha IapaMmeTp. 3areM B 3ammcu List a = Fix (L a) MBI npous-
BOJIMM 3aMBIKaHUe M0 napameTpy. Mbl GeckOHeYHO BKJIaJbiBaeM TUIl L a Bo BTopoii mapameTp. Tak mojydaercs
PeKypPCUBHBIN THUII JJIA CUCKOB. COCTaBUM KaKON-HUOYAb CIHCOK:

*Fix> :r

[1 of 1] Compiling Fix ( Fix.hs, interpreted )
0k, modules loaded: Fix.

*Fix> 1 ‘cons’ 2 ‘cons’ 3 ‘cons‘ nil

(Cons 1 (Cons 2 (Cons 3 (Nil))))

CrpamyBaeTcs, 3a4eM HaM 3TO HyXHO? 3ayeM HaM 3amychiBaTh peKypCHBHBIE TUIH Yepe3 Tul Fix? Oka3biBa-
eTcsA IIPYU TaKOH 3alKcy Mbl MOXXeM IIOCTPOUTh yHUBepcasibHble GyHKIuu fold u unfold, oHu 6yayT paboTaTh AsiA
J11060r0 PEeKypCHUBHOTO TUMA.

[ToMHHUTE KaK MBI COCTaBJIAIN (PYHKLUU CBEPTKU? MBI cTpory BooOpakaeMblii Kjlacc, B KOTOPOM CBOpavuuBae-
MBI} TUII 3aMeHsAJICA Ha napaMeTp. Hanpumep AJ1A crcka Mbl CTPOUJIM CBEPTKY TakK:

class [a] b where
(:) ::a->b ->b
[T ::b

[MocJie 3TOro Ml JIETKO MOJTyYaJId TUI AJ1A PYHKIMN CBEPTKU:
foldr :: (@ -=> b ->b) -> b -> ([a] -> b)

OHa nprHUMaeT MeTO/bl BOOGPaXkaeMoro KJjiacca, B KOTOPOM THII 3alllcaH C IIapaMeTpoM, a Bo3BpamiaeT GQyHK-
I[UI0 U3 PeKYyPCUBHOIO THIA B TUII TapaMeTpa.

Cefivyac MBI BHIIIOJIHAEM 3Ty IPOLieAyPY 3aMeHBI peKypCUBHOTO THIIA Ha IapaMeTp B 06paTHOM nopsike. CHavaIa
MBI CTPOUM THIIBI C TapaMeTPOM, a 3aTeM I0JIy4YaeM U3 HUX PEKYPCHBHBIE THUIIBI C IIOMOILIbI0 KOHCTPYKIMH Fix.
Teneps METOZHI KJIacca ¢ HapaMeTpPOM 3TO HAIlM KOHCTPYKTOPH! MCXOAHBIX KJIACCOB, & PEKYPCUBHBIN THUII 3aMMCaH
yepe3 Fix. Ecil MBI COITOCTABUM [IBa CIOCO0A, TO MBI CMOXXEM IOJIyIUTh TAKOU THI Jy1s1 GYHKI[UN CBEPTKH:

MporpamMmmMunpoBaHue B cTuie opuramm | 235



fold :: (f b -> b) -> (Fix f -> b)

CMmoTpuTe QyHKIUA CBEPTKU MO-NIPEeKHEMY IIPUHUMAET METObl BOOOpaxaeMoro Kjacca ¢ mapaMeTpoMm, HO Te-
neph KJjiacc nepecrtaj 6bITh BOOOpakaeMbIM, OH CTaJl TUIIOM C TapamMeTpoM. Pe3ysibTaToM QyHKLIHUY CBEPTKU OyaeT
($yHKIMA U3 pekypcuBHOro tuna Fix f B Tunm nmapamertp.

AmnanoruuHo ctpoutcsa U GyHkiua unfold:
unfold :: (b -> f b) -> (b -> Fix f)

B nepBo#l @yHKIMN MBI yKa3blBaeM OAVH IIar pa3BOpayMBaHUA PEKypCUBHOIO TUMA, a GyHKIMA pas3BEPTKU
PEKypPCHUBHO pacIpoOCTpPaHAeT 3TOT OJWH IIar Ha NOTEHIMAJIbHO OECKOHEYHYIO I0CJIeJ0BaTEeIbHOCTD IPUMEHEHUH
3TOro OAHOrO Ilara.

Teneps gaBaiitTe onpeaenuM 3Tu pyHknuu. Ho qiia sToro HaMm nmoHagoOutcs oT tumna f ogHo cBoiicTBo. OH
J0JDKeH ObITh GYHKTOPOM, OMUPAsCh HA 3TO CBOYMCTBO, MBI OyJeM peKypCHUBHO OOXOJUTH 3TOT THII.

fold :: Functor f == (f a -> a) -> (Fix f -> a)
fold f = f . fmap (fold f) . unFix

HpOBepI/IM Ty q)yHKI.II/II() 10 THUIIaM. I[J'IH 9TOI'0 HAapUCyeM CXeMy KOMIIO3UIUH:

. unFix . fmap (fold f) f
Fix f —— f (Fix f) ~ f a > a

CHayaJjia MBI pa3BopaurBaeM o6€pTky Fix u rmosyyaeMm 3HaueHue tumna f (Fix f), 3aTeM c momorisio fmap Ml
BHyTpHU Tuna f pekypcHBHO BbI3biBaeM (PYHKIIHIO CBEPTKU U B UTOre IoJIyyaeM 3HaueHue f a, Ha mocjaefqHeM Iiare
MBI BBIIIOJIHAEM CBEPTKY Ha TeKyllleM ypOoBHe BBI30BOM (pyHkuu f.

AnasornyHo onpepenserca u @yHkiusa unfold. Tosbko Teneps Mbl CHayajla pa3BepHEM IepBbIii ypOBeHb, 3aTeM
PeKypCHUBHO BbI30BEM pa3BEPTKY BHyTpHU TUMa f U TOJIBKO B caMOM KOHIle 3aBepHEM Bcé B TUN Fix:

unfold :: Functor f => (a -> f a) -> (a -> Fix f)
unfold f = Fix . fmap (unfold f) . f

CxeMa KOMIIO3UILINU:

. Fix . fmap (unfold f) f
Fix f «———————— f (Fix f) < f a < a

Bo3MOXHO BHI yXe Aoragaiauck o ToM, 4to ¢yHkiua fold gyanbHa mo oTHouweHuIo kK GpyHkuuu unfold, aTo
0cO0eHHO HarJIAAHO OTpaxaeTrcs Ha cxeMme komno3unuu. [Ipu nepexope ot fold k unfold MBI IPOCTO epeBepHYJIN
BCe CTpeJIKY 3aMeHIJIN pa3BopaunBaHue Tumna Fix Ha 3aBopauyuBaHue B Fix.

OmnpeniesiM HEeCKOJIbKO GYHKIUI I HATYpaJIbHBIX YKICEJ U CIIMCKOB B CTHJIe opuraMu. i Hadasia ciesiaeM
L u N s3xk3eMIUIApOM KJitacca Functor:

instance Functor N where
fmap f x = case x of
Zero -> Zero

Succ a -> Succ (f a)

instance Functor (L a) where
fmap f x = case x of
Nil -> Nil
Cons a b -> Cons a (f b)

OTO BCE YTO HAM HYXKHO [JI1 TOrO YTOOB! HA4aTh MIOJIb30BaThCA QYHKIMAMU CBEPTKU U pa3BépTku! Onpenenum
9K3eMIUIAp Num A1 HaTypasibHBIX YHCelT:

instance Num Nat where
(+) a = fold $ \x -> case x of
Zero -> a
Succ X -> succ X

(*) a

fold $ \x -> case x of
Zero -> zero
Succ x => a + X
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fromInteger = unfold $ \n -> case n of
0 -> Zero
n -> Succ (n-1)

abs = undefined
signum = undefined

CrioxeHre Y YMHOXEHUE OIpeJesieHbl uepe3 CBEPTKY, a GYHKIMA MOCTPOEHUs HATypabHOTO YKCJia U3 YHC-
a tumna Integer onpenesieHa yepe3 pa3BépTKy. CpaBHUTE ¢ TeMu (QYHKIUAMU, KOTOPbIE MBI NTMCAJIA B TJIaBE PO
CTPYKTYPHYIO peKypcuio. Terepp Mbl He epeaéM OTHeJIbHO ABe GYHKINH, HAa KOTOpPhle MbI Oy/1eM 3aMeHATh KOH-
CTPYKTOPHL DTU GYHKIUY 3aKOAUPOBAHKI B TUIIE C TapaMeTpoM. [IJ1s1 TOro yTo6sl 3TOT KOJI 3apaboTasl HaM NPUAETCs
n06aBUTh emé oqHO pacirpeHve TypeSynonymInstances Hamy peKypCUBHBIE TUIHI ABJIAIOTCSA CHHOHMMAMU, a He
HOBBIMH THUNaMu. B pamkax crtangapta Haskell Mb1 MoXeM onpeiesiATh 9K3eMIUIAPH TOJIBKO JIsi HOBBIX TUIIOB, AJIS
TOrO YTOOBEI 0O0MTU 3TO OrpaHUYeHHe Mbl J06aBUM eIlé OQHO paclIrpeHue.

*Fix> succ $ 142

(Succ (Succ (Succ (Succ (Zero)))))

*Fix> ((2 * 3) + 1) :: Nat

(Succ (Succ (Succ (Succ (Succ (Succ (Succ (Zero))))))))
*Fix> 2+2 == 2*(2::Nat)

True

Or{pe):[em/IM Q)yHKHI/II/I Ha CIIMCKax. I[J'Iﬂ HayaJia ornpenesM AB€ BCIIOMOraTeJIbHbIE q)yHKI.II/II/I, KOTOphBIE€ U3BJIE-
KarwT IroJIOBy 1 XBOCT CIIMICKa:

headL :: List a -> a

headL x = case unFix x of
Nil -> error "empty list”
Cons a _ -> a

tailL :: List a -> List a

taillL x = case unFix x of
Nil -> error "empty list”
Cons a b -> b

Teneps onpeiesIM HECKOJIBKO HOBBIX (DYHKIIMIA:

mapL :: (a -> b) -> List a -> List b
mapL f = fold $ \x -> case x of

Nil -> nil

Cons a b -> f a ‘cons’ b

takeL :: Int -> List a -> List a
takeL = curry $ unfold $ \(n, xs) ->
if n == 0 then Nil
else Cons (headL xs) (n-1, taillL xs)

CpaBHuUTe 5TU QYHKIUM C TEMH, YTO MbI OIIPeJieJIAJId B IJIaBe O CTPYKTYPHO!H pekypcuu. [IpoBepuM paboTaoT
JIA 9TU PYHKLIUM:

*Fix> :r

[1 of 1] Compiling Fix ( Fix.hs, interpreted )

0k, modules loaded: Fix.

*Fix> takelL 3 $ iterateL (+1) zero

(Cons (Zero) (Cons (Succ (Zero)) (Cons (Succ (Succ (Zero))) (Nil))))
*Fix> let x = 1 ‘cons’ 2 ‘cons’ 3 ‘cons‘ nil

*Fix> mapL (+10) $ x ‘concatL’ x

(Cons 11 (Cons 12 (Cons 13 (Cons 11 (Cons 12 (Cons 13 (Nil)))))))

O6patuTte BHHUMaHHe, Ha TO 4TO ¢ GoJypmuMu 6ykBaMu Mbl numeM Cons u Nil korga XoTHM 3aKOgUpOBAaTh
(yHKIMU 1 CBEPTKU-Pa3BEPTKY, a C MaJleHbKOU OyKBHI IIMIIeM 3HaueHHsA peKypcuBHoro Tuna. Hazeocs, 4To BB
pasobpanch Ha MpuMepax Kak ycrpoeHsl pynkruu fold u unfold, moToMy 4TO Temnepp MBI IEPEHAEM K TEOPUH,
KOTOpas 3a 5TUM CTOMT.
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16.2 HHAYKTUBHBIE U KOUHAYKTUBHbIE TUIIbI

C TOUKY 3peHUs TeopuU KaTeropuii GyHKIMs CBEPTKU ABJIsAeTCs kaTamMopdu3MoM, a GYHKIMsA pa3BEPTKU — aHa-
Mopdusmom. HanmomHio, 4To KataMopdu3M — 3TO (PYHKIMA KOTOpas CTAaBUT B COOTBETCTBHE 00beKTaM KaTeropuu
¢ HavyaJIbHBIM O0BEKTOM CTpeJIKH, KOTOpble HAaUMHAIOTCA M3 HayaJIbHOTO O0BbeKTa, a 3aKaHUYMBAIOTCA B JAHHOM 00b-
exTe. AHaMOpU3M — 3TO NepeBEPHYTHII HAaM3HAHKY KaTaMop(pu3M.

HavanbHBIM 1 KOHEYHBIM 00bEeKTOM OyJeT PeKypPCUBHBIH THIL. BCIOMHUM THUII CBEPTKU:

fold :: Functor f == (f a -> a) -> (Fix f -> a)

@OyHKUMA CBEPTKYU CTPOUT (DYHKIMK, KOTOPHIE BEAYT U3 PEKYPCUBHOTO TUINA B IPOU3BOJIBHBIN TUII, HOTOMY B
JIaHHOM CJIy4ae PeKypPCHUBHBIN TUI OyeT HaYaIbHBIM 00BbeKTOM. OYHKINSA Pa3BEPTKYU CTPOUT U3 NPOU3BOJIBHOTO
TUNA JaHHBIN PeKypCUBHBIN THUI, Ha A3BIKe TEOPUU KaTeropuil OHa CTPOUT CTPEJIKY U3 MPON3BOJIBHOr0 0O6BbeKTa B
PEKyPCUBHBIIA, 3TO 03HAYAET YTO PEKYPCUBHBIE THI OyJeT KOHEYHBIM OOBEKTOM.

unfold :: Functor f => (a -> f a) -> (a -> Fix f)

KaTeropuu, KoTophle onpeessAioT peKypCUBHbIe THUIIBI TAKUM 00pa3oM HasbIBaloTcs (ko)airebpamu GyHKTOPOB.
Bupaure B TUIle U TON U Apyroil GyHKIUM CTOUT TpeGoBaHUe o0 TOM, 4To f ABjAercsa dyHkTOpoM. Katamopdusm u
aHamMopdu3M oToO6paxaioT 06beKTH B cTpesiku. I1o Tuny dynkuuii fold u unfold Mbl MoXeM cAesiaTh BEIBOJ, YTO
o0beKTaMU B Hallel KaTeropuu OyayT CTpPeJIKU BHUAA

fa->a
WUJIU [JIS1 CBEPTOK:
a->fa

A ctpenkamu 6yayT oObdHbIe GYHKIUY OJJHOTO apryMmeHTa. Teneppb naaum GoJiee dopmasibHOe onpe/iesieHre.
Supodynkrop F : A — A onpenensier crpenku « : F'A — A, xoropsle HasbiBaeTcss F-aneebpamu. CTpesKy
h : A — B nasmBaiot F-comomopusmom, ecnv ciiefiyromas quarpaMMa KOMMY TUPYET:

FA A
Fh h
FB B

W1 MOXHO €Ka3aTh Mo Apyromy, ajisa F-amre6p o : FA — Awu §: FB — B BomnonHsercs:

FVl;ﬁ IICk;h

OTO CBOIICTBO COBIIAAAeT CO CBOMCTBOM €CTECTBEHHOTr0 NpeoGpa3oBaHusA TOJIBKO BMECTO OHOro 13 GyHKTOPOB
MBI [OZICTABIJIN TOXKAECTBEHHBIA GyHKTOp I. Onpenesm kareropuio Alg(F'), ais kateropun A n sHAODYHKTOpA

F:A— A
+ O6bextamu sBiswTces F-anre6pet FA — A, rae A — o6bekT kaTeropuu A

+ Ilsa o6bekta @ : FFA — Au 8 : F'B — B coequuser F'-romomopduam h : A — B. OTo Takas cTpesika us
A, 171 KOTOPO¥ BHITIOJIHAETCS:

Fh;8=a;h
+ KoMmosunus u TOX/eCTBEHHasA CTPEJIKa B3ATH U3 Kateropuu JA.

Eciiu B 9TOM KaTEropum €CTh Ha4aJIbHBIN 00beKT inp : FT — T, To ompemnenén kaTamopdusM, KOTOPbIA
nepeBoaut o6bekThl F'A — A B crpesiku T — A. Tlpuuém ciieayomas quarpaMMa KOMMYTUDPYET:

T 7
F(al (a)
FA A
«

dtot kaTamopdusm u Gyaer GyHKLpel cCBEPTKY AJist peKypcuBHOro tumna . [lousrue Alg( F') MOXHO iepeBepHyTh
U noJtyyuTh Kateroprio CoAlg(F).
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« O6bextamu sBisTcs F-xoamre6per A — FA, roe A — o6bexT kareropun A

+ lsa o6bekta @ : FA — Au 3 : FB — B coequnser F-koromomopdusm h : A — B. DTo Takas cTpeska
u3 A, 111 KOTOPO¥ BHIMIOJTHSAETCA:

h s Q0 = ,6 H F h
« Komrmo3unusa u ToXAeCTBeHHas CTpEeJIKa B3ATHI U3 KaTEroOpumn A.

Ecyu B 3TOi1 KaTeropuu eCTh KOHEYHBIN 00BEKT, ero HasbBawT outr : 1' — F'T', To onpenenén anamopdusm,
KOTOpBIH mepeBoaut o0bekThl A — A B crpesiku A — T'. TIpuuém ciieayoimas quarpaMMa KOMMYTUPYET:

A

Ecuiu puisa kareropun A u dyHkTopa F onpefiesieHsl CTPEJIKU i1 p U 0Ut i, TO OHU SIBJIAIOTCS B3aMMHOOGPATHHIMU
u onpenessT usomopdusm T = FT. Yacto o6bext T B ciryuae Alg(F') 0603HAYAKOT [if, OCKOJIBKY HAYAJIbHBINA
o6bekT onpegensiercs dyHkropom F, a B ciyuae CoAlg(F’) o6o3navant vp.

Tumsi, KOTOpbI€ ABJIAIOTCA Ha4YaJIbBHbBIMU O6’beKTaMI/I, IIPUHATO Ha3bIBaTh MHAYKTUBHBIMU, a THUIIbI, KOTOPbIE AB-
JIAIOTCA KOHEYHBIMH OObEeKTaMU — KOMHAOYKTHUBHBIMU.

CYH.IECTBOBaHI/Ie HavyaJIbHbIX M1 KOHEUYHBIX 00bEKTOB

MbI rOBOpUIIM, YTO €CJIM HadaJIbHBIN(KOHEUYHBIN) O0OBEKT CyI[ecTBYET, a KOIja OH cyllecTByeT? PaccMoTpuM
OVH BaXXHBIN ciiydall. Eciin kaTeropus sABJisieTcs KaTeropreti, B KOTOPOi 00beKTaMU ABJIAIOTCSA [TOJIHBIE YaCTUYHO
yHopsA0YeHHbIe MHOXECTBA, a CTPeJIKaMU SIBJIAITCA MOHOTOHHBIE GQYHKIINH, Takve Kateropuu HaseiBawoT CPO, u
(YHKTOp — MOJIMHOMUAJIBHBIH, TO HAYaIbHBIA 1 KOHEYHBIH OOBEKTHI CYIECTBYIOT.

ITosiHBIE YACTUYHO yrnopAao4eHHbI€ MHOXXECTBA

OxkaspiBaeTcA Ha 3HaUeHUAX MOXHO BBECTH YACTUYHBIH NOPAAOK. ITopsAaoK Ha3sIBaeTCs YaCTUYHBIM, €CJIM OTHO-
nieHye < olpeieJIeHO He JJIA BCeX 3JIEMEHTOB, a JIMIIb I HEKOTOPBIX M3 HUX. YaCTUYHBIN NOPANOK Ha 3HAYEHUAX
OTpaXaeT CTeleHb HeolpeIeJIEHHOCTY 3HaueH . CaMBblil MaJIeHbKUE 0OBEKT 3TO IMOJTHOCTHIO HEeoNpeIeJIEHHOe 3Ha-
yeHue | . Jlro6oe 3HaUEHUE TUIA CONEPXKUT OOJIbIIE OMPeaeIEHHOCTH YeM | .

I[J'IH TOTO YTOOBI He IIyTaThb ynopsaaoyrBaHUE 3HAYEHUI 10 CTeleH!U OHpeHeJ'IéHHOCTI/I C OOBIYHBIM YKCJIOBBIM
NOPpAAKOM, ITOJIb3YIOTCA ClieaJIbHbIM CUMBOJIOM E 3anuch

alb

o3Hauaer, 4to b GoJiee onpeesieHo (WM MHPOPMATUBHEE) UEM (.

Taxk pu1a jjoruyeckux 3HAUEeHUN onpeesieHbl Ba HETPUBHUAJIBHBIX CDAaBHEHUA:

data Bool = True | False

1 C True

1 C False

Mpi GyieM Ha3BIBaTh HETPUBUAJIBHBIMU CPABHEHUSA B KOTOPHIX, KOMIIOHEHTHI CJIEBA U CIIpaBa OoT L He paBHBL. Ha-
npuMep sicHo, uTo True & True umn L < 1. DTo TpuBMasbHbe CpPAaBHEHUA W MBI UX GY€M JIUIIb OAPa3yMeBaTh.
CuMTaeTcs, 4TO eCJIM [Ba 3HAYEHUS OIIpe IeJIEHbI IIOJTHOCThIO, TO MBI HE MOXEM CKa3aTh KaKoe M3 HUX HHGOPMATHUB-
Hee. Tak K IpuMepy [Jis JIOTMYECKUX 3HAYEHUI Mbl HE MOXEM CKasaThb Kakoe 3HaueHue Gosiee ompezesieHo 1rue
wm False.

PaccMOTpUM NpUMep I0-CJI0KHee. YacTHYHO onpe/ieIéHHbIe 3HaYeHH:

data Maybe a = Nothing | Just a
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1 C Nothing

1 C Just L

1 C Justa

Just a C Just b, ecsma C b

Ec/i1 BCIOMHUTD KaK MPOVCXOJUT BEIUMC/IEHNE 3HAUEHNA, TO 3HaYeHKe ¢ MeHee ONpeIesieHo 4eM b, ecyiv B3PhiB-
Hoe 3HavyeHue | B a HaxoAWTCA GJVKe K KOPHIO 3HaUYeHus, 4yeM B b. iTak moJiy4aercs, uto B Kateropuu Hask oGbex-
THI 3TO MHOXECTBA C YaCTUYHBIM NOPAAKOM. UTO 03HavaeT TpeGOBaHME MOHOTOHHOCTU QyHKIMN? MOHOTOHHOCTH B
KOHTEKCTe orepanuul L roBopuT o0 TOM, 9YTO 4eM OoJIbllle onpe/eiéH BXo GyHKINY TeM 60JIblile ONpenesiéH BBIXO:

alb = falfb

Oro TpeboBaHNe HAKJIAJBIBAET 3alpeT Ha BO3MOXHOCTD IIPOBEJIEHNS CONIOCTABJIEHNS C 06PA3IIOM 110 3HAYEHUIO
. MHave MBI MOXeM OIpe/iesIATh HEMOHOTOHHbBIe PYHKINY BpoJe:

isBot :: Bool -> Bool
isBot undefined = True
isBot _ = undefined

[TostHOTA YacTUYHO YInopsAAOYEHHOI'0O MHOXeCTBa O3HavaeT, 4TO Y J10060M ocjieJOBaTeJIbBHOCTU Iy,

ToEri Exa E ...

€CTb 3HaUeHUe T, K KOTOPOMY OHa CXOAUTCA. DTO 3HaueHHe Ha3blBaloT CyIpeMyMOM MHOXecCTBa. UTo Takoe NOJIHbIe
YaCTUYHO YIOPSAAOYEHHbIE MHOXECTBA MBI pa3o0pajiich. A 4TO TaKOe NOJIMHOMUAIBHBIN PyHKTOP?

IMosmmHOMMAIBHBIA GYHKTOD

IMosmHOMUANBHBINA QYHKTOP — 3TO GYHKTOP KOTOPHI IOCTPOEH JIMIIb C IIOMOIIBIO Ollepalyii CyMMBI, IpPOu3Be-
JleHus, IOCTOAHHBIX PYHKTOPOB, TOXAECTBEHHOr0 GyKTOpa 1 KOMNO3UIY GYHKTOPOB. OIpeJes MM 3TU ollepariu:

+ Cymma dynkropos F' u G onpegesisercs yepes Onepanuo CyMMbl 0ObEKTOB:

(F+G)X = FX +GX

+ TpousBenenue byHkTopoB F u GG onpenesisercs yepe3 ONeparyio Npou3BeJeHus I 0GbEKTOB:

(FxG)X=FXxGX

+ ITocTtosAHHBIN QYHKTOp OoTOOpaxaeT Bce 0OBbEKTHl KaTerOpHU B OJUH OOBEKT, a CTPeJIKK B TOXeCTBEeHHYOI0
CTPeJIKy 3TOro o0beKTa, Mbl OyZjeM 0003HauaTh NOCTOSHHBIN (PyHKTOP NOAUYE€pKHBAaHUEM:

AX = A
Af = ida

. TO)KI[ECTBGHHI)IIjI Cl)yHKTOp ocTaBJisieT OObEKTHI U CTpEJIKN HEN3MEHHbIMU:

IX = X
If = f

 Kommnosunus ¢yuktopos F' u G 3T0 nociefoBaTeIbHOE IPUMeHEHNE GYHKTOPOB

FGX = F(GX)
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ITo ompenesieHnIo GYHKIMY IOCTPOEHHBIE C IOMOIIBIO 3TUX Olepaliiii Ha3blBaloT NOJIMHOMUAIbHEIMU. Ompee-
JIIM HECKOJIBKO THIIOB TaHHBIX C MIOMOIIBIO MTOJIMHOMHAJIBHEIX GYHKTOPOB. OnpeiesiuM JIOTUYeCKHe 3HAUYEHUS:

Bool = pu(1+1)

O6bekT 1 ob6o3HayaeT JI00YI0 KOHCTAHTY, 3TO KOHEUHBI 00BEKT NCXOQHON KaTeropuu. HaMm He BaXXHbI UMeHa
KOHCTPYKTOPOB, HO BaXKHa CTPYKTypa TUIA. (i 0003HaYaeT HayajbHBIN 00beKT B F'-anrebpe.

OmnpeniesiuM HaTypaJibHbIe YHCJIa:

Nat = p(L+1)

Ora 3anuch o603HavaeT HavasIbHbIH 06bekT a1 F-anre6psl ¢ dynkropom F' = 1 + [. TlocMoTpuM Ha ormpefe-
JleHUe CIIMCKa:

List 4 Zu(l-l-AX I)

CIMCOK 5TO HaYaJIbHBIA 00beKT F-anre6prl 1 + A X I. Takxke MOXHO OIpeneInuTh GUHAPHbBIE [1ePEBb:

BTreeqs = u(A+1 x1)

OnpefesnM NOTOKU:

Streama = v(A x I)

[TOTOKM SABJIAIOTCA KOHEUHBIM 00bekToM F-koanre6psl, rae FF = A x 1.

16.3 T'unomopdpusm

OxkasbIBaeTcs, YTO € IOMOIIbI0 KaTamopdusMa 1 anaMopdursMa Mbl MOXEM OIpeNeuTh GyHKIU0 fixX, T.e. MbI
MOX€eM BBIPA3UTh JIIOOYI0 PEKyPCUBHYI0 (PYHKINIO C IOMOIIBIO CTPYKTYPHON PEeKypCHUU.

OyHkuA fix cTpouT 6eCKOHeYHyIo [TocjieoBaTeIbHOCTh IpUMeHeHul HeKkoTopoli dyHkuum f.
f(f(f...))

CHayaja ¢ IOMoIIbl0 aHaMopGr3Ma MBI IOCTPOUM O6eCKOHEeUHBIH CINICOK, KOTOPHIN coAepXuT GyHKuuo f Bo
BCEX 3JIEMEHTaXx:

repeat f =f : f : f:
A 3aTeM 3aMeHMM KOHCTPYKTOD : Ha IpMMeHeHHe. B uTore Mbl OJIy4nM Takylo QyHKIUIO:

fix :: (a -> a) -> a
fix = foldr ($) undefined . repeat

V6enumcs, uto sTa QyHKIMA paboTaeT:
Prelude> let fix = foldr ($) undefined . repeat
Prelude> take 3 $ y (1:)
[1,1,1]
Prelude> fix (\f n -> if n==0 then 0 else n + f (n-1)) 10
55

Teneps maBaiite onpefenuM ¢yHknuo fix yepe3 pyHkuum cata u ana:

fix :: (a -> a) -> a
fix = cata (\(Cons f a) -> f a) . ana (\a -> Cons a a)

Jra cBA3Ka aHaMOP(dU3M € NOCJIEAYIONM KaTaMopU3MOM BCTpeyaeTcs Tak YacTo, YTO el Jasiy clienuajIbHOoe
nMA. [wiomopdusmom Ha3hBAIT GYHKLHUIO:

hylo :: Functor f == (f b -> b) -> (a -> f a) -> (a -> b)
hylo phi psi = cata phi . ana psi

OTMeTHUM, 4TO 3Ty GYHKLHIO MOXHO BBIPA3UTh U MO-APYTOMY:
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hylo :: Functor f == (f b -> b) -> (a -> f a) -> (a -> b)
hylo phi psi = phi . (fmap $ hylo phi psi) . psi

OtoT BapuaHT 6osiee 3 deKTHUBeH 0 pacxoAy MaMATH, MbI He CTPOMM IIPOMEXYTO4YHOe 3HaueHue Fix f, a cpasy
obpabaTrsiBaeM 3HauyeHUs B GyHKIMU phi Mo X0y ux nocrpoeHus B GyHkuuu psi. JlaBalite BBeIéM MHPUKCHYIO
orneparnuio ruJioMopdu3M AJIA 3TOTO OllpefiesIeHUs:

(>>) :: Functor f => (a -> f a) -> (f b ->b) -> (a ->b)
psi >> phi = phi . (fmap $ hylo phi psi) . psi

Teneps JjaBaiiTe CKpoeM OJJHOMMEHHYI0 GYHKIMIO 13 Prelude 1 onpe/iesiiM HECKOJIBKO PEKYPCUBHBIX QYHKITHI
¢ moMolpi0 ruoMopdusma. Hauném ¢ GyHKIMM BBIUKCIIEHUA CYMMBI YMCeJs OT HyJIA A0 JaHHOro Yucia:

sumInt :: Int -> Int
sumInt = range >> sum

sum x = case x of
Nil -> 0
Cons ab ->a+b

range n
| n== Nil
| otherwise = Cons n (n-1)

CHavaJia Mbl co3/1aéM B GYHKIMH range CIIMCOK BCEX YMCEJI OT JAHHOTO YMCJIa 0 Hysd. A 3ateM B GYHKIUU
sum cKJIaZipiBaeM 3HaueHus. Termepb MbI MOXEM JIETKO OMpPeAeNTh GYHKIMIO0 BRIYKUCIeHUsA pakTopuaa:

fact :: Int -> Int
fact = range >> prod

prod x = case x of
Nil -> 1
Cons ab ->a*b

Hanmmewm ¢yHKIHIO, KOTOpas U3BJIEKaeT U3 MOTOKA N-ThII 3yileMeHT. CHavyasa onpefesuM THUM AJIA OTOoKa:

type Stream a = Fix (S a)

data Sab=a :&b
deriving (Show, Eq)

instance Functor (S a) where
fmap f (a :& b) =a (& fb

headS :: Stream a -> a
headS x = case unFix x of
(a :& _) -> a
tailS :: Stream a -> Stream a
tailS x = case unFix x of
(_:&b) ->b

Tenepb GYHKUMIO U3BJIeUeHNUA dJIeMeHTa:

getElem :: Int -> Stream a -> a
getElem = curry (enum >> elem)
where elem ((n, a) :& next)

|n== = a
| otherwise = next
enum (a, st) = (a, headS st) :& (a-1, tailS st)

B dynKIN enum Mel 106aBJIgeM K 3JIeMEHTaM IOTOKa yOBIBAIOMIYIO IIOCJIEJOBATEIBHOCTD YKCEJI, OHA CTapTyeT
U3 IaHHOTO YMCJIa. DJIeMeHT, KOTOPhIM HaM HyXeH, Oy/IeT cojiepXaTh B 3TO! I10CJIe/JOBAaTeIbHOCTU YKCJIO HOJIb. B
dyHkuMM elem MBI Kak pa3 U U3BJIeKaeM TOT 3JIEMEHT PAAOM C KOTOPBIM XPaHUTCS YKMCJIO HOJib. OOpaTuTe BHUMA-
HHe Ha TO, YTO peKypcusA BCTPOEHA B 3TOT aJITOPUTM, eCJId JaHHOe YKCJIO He PaBHO HYJII0, MBI IPOCTO U3BJIEKaeM
CJIe YOI dJIEMEHT.

C moMoIIbIo 3TON GYHKIIH MBI MOXEM BBIYMCIIUTD N-TOE YXCJIO U3 psafa uncesn @uboHayyn. CHavama co3gaguM
NoToK unces ®@ruboHaY4IM:
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fibs :: Stream Int
fibs = ana (\(a, b) -> a :& (b, a+b)) (0, 1)

Teneps NPOCTO M3BJIEYEM N-THIH 2JIEMEHT U3 IOTOKa yrices OuboHauqM:

fib :: Int -> Int
fib = flip getElem fibs

BeruncsinM MOTOK BCeX MPOCTHIX 4ricesl. Mbl 6yeM BBIUKC/IATH €ro no ajroputrmy “pemieto Oparocdena”. B
HayaJle aJITOPUTMA y HAC eCTh IIOTOK I[eJIbIX YKCesI ¥ U3BECTHO, YTO II€PBOE YHCJIO ABJIAETCA IPOCTHIM.

2,3,4,5,6,7, 8, 9,10, 11, 12, 13, 14, 15 ...

B nporuiecce 3TOro aaropuTMa Ml BRIYEPKHUBAEM BCe He MPOCThie yrcsia. CHavaia Mbl MIIEM [EPBOe He 3a4EPKHY-
TO€ YKCJIO U TIOMEI[aeM ero B pe3yJIbTUPYIONIUII MOTOK, a Ha CJIEAYION[UIA [IaT aJIrTOPUTMa MbI IepeJaéM NUCXO/THBIMH,
TOTOK B KOTOPOM 3a4€PKHYTHI BCE YKCJIa KPATHBIE TOMY, YTO MBI OJIOXUJIN MOCJIeJHUM:

p
3,45 6,7, 89, M, 11, 12, 13, 14, 15 ...

Teneps MBI HILEM IIEPBOE HE3AUEPKHYTOE YMCJIO U ITOMEIAaeM ero B pe3yJibTaT. A Ha CJIeAYIOUIUH Iar peKyCcuu
nepefaéM MOTOK, B KOTOPOM 3a4€PKHYTHI BCe YHCJIa KpaTHBIE HOBOMY IIPOCTOMY YHCJIY:

2,3
A5, 6,7, 8, 9, BN, 13, 14, 3 ...

U Tak gajiee, Ha KaXOM Ilare Mbl OyIeM MOJIy4aTh OJHO MPOCTOE YUCJIO. 3aUépKUBaHUeE MbI OyAeM UMUTHUPO-
BaTh ¢ IOMoIIbI0 TUna Maybe. Bcé HaunHaeTCs C MOTOKA LIEJIBIX YKCes, B KOTOPOM He 3a4épPKHYTO HU OJHO YKCJIO:

nums :: Stream (Maybe Int)
nums = mapS Just $ iterateS (+1) 2

mapS :: (a -> b) -> Stream a -> Stream b
mapS f = ana $ \xs -> (f $ headS xs) :& tailS xs

iterateS :: (a -> a) -> a -> Stream a
iterateS f = ana $ \x -> x :& f x

B cuity orpannyenuii cuctemsl Tunos Haskell Mel He MoxeM onpefesinTs Sk3eMIULp Functor s tuna Stream,
IIOCKOJIbKY Stream ABJIAETCA HE CAMOCTOATEJIbHBIM TUIIOM a TUIIOM-CUHOHUMOM. ITo3TOMy HaM IIpUXOAUTCA OIIpe-
AesuTh QyHKUUI0 mapS. OnpeesuM Lar peKypCcuu:

primes :: Stream Int
primes = ana erato nums

erato xs = n :& erase n ys
where n = fromJust $ headS xs
ys = dropWhileS isNothing xs

[TlepemeHHas n COAEPXUT IEPBOe He 3a4€PKHYTOE YMCJIO Ha JaHHOM Iuare. [lepeMeHHas ys ykasblBaeT Ha CIH-
COK 4HceJl, U3 Hauajla KOTOpOro yAaJieHbl Bce 3a4€pKHyThie urcya. @yHkiuy isNothing u fromJust B3ATH U3 cTaH-
AapTHoro moAyJia Data.Maybe. Ham ocTasioch onpeesnTs JidIIb ABe QyHKIMU. OTO aHauor ¢yHknuu dropwWhile
Ha chuckax. OTa QyHKOMA yJajasgeT U3 Havyasla CIHCKa Bce 3JIeMEeHTH, KOTOPhle YAOBJIETBOPAIT HEKOTOPOMY IIpe-
aukaty. Bropas ¢yHKIUA erase BEIUEPKUBaET BCE YMCJIA B IOTOKE KpaTHBIE JAHHOMY.

dropWhileS :: (a -> Bool) -> Stream a -> Stream a
dropWhileS p = psi >> phi
where phi ((b, xs) :& next) = if b then next else xs
psi xs = (p $ headS xs, xs) :& tailS xs

B 3701 GyHKIMM MBI CHaYaaa reHepupyeM CIMCOK Map, KOTOPHIM COAEPXUT 3HA4YeHUsA NpeAuKaTa U OCTAaTKU
CIMCKA, a 3aTeM HaXOJVM B 3TOM CIIHICKe [IEPBHIN TAKOH 3JIEMEHT, 3HaueHle KOTOPOro pasHo False.

rmnomopousm | 243



erase :: Int -> Stream (Maybe a) -> Stream (Maybe a)
erase n xs = ana phi (0, xs)
where phi (a, xs)
| a == Nothing :& (a’, tailS xs)
| otherwise = headS xs :& (a’, tailS xs)
where a’' = if a == n-1 then 0 else (a+l)

B dyHkiuu erase Mol 3ameHsieM Ha Nothing KaXsiil 3JIeMeHT, IOPANOK CJIeJOBAaHUs KOTOPOrO KpaTeH apry-
MeHTy n. [I[poBepuM, 4TO ¥ HaC MOJIYUYHIIOCH:

*Fix> primes

(2 :& (3 :& (5 :& (7 :& (11 :& (13 :& (17 :& (19 :& (23 :&
(29 :& (31 :& (37 :& (41 :& (43 :& (47 :& (53 :& (59 :&
(61 :& (67 :& (71 :& (73 :& (79 :& (83 :& (89 :& (97 :&
(101 :& (103 :& (107 :& (109 :& (113 :& (127 :& (131 :&

16.4 Kparkoe coaepxaHue

B 5To#1 ri1aBe MBI y3HaJIM, YTO JioOasA peKypcuBHasA QyHKLHA MOXeT ObITh BhIpakeHa depe3 CTPYKTYPHYIO pe-
Kypcuio. Mbl y3HaIu Kak B TEOPHU KaTerOpHUi ONpeJesIATCA TUMBL. TUIB ABJIATCA HavyaJbHBIMU U KOHEYHBIMU
0o0beKTaMU B CHEINAJIbHBIX KaTErOpusax, KOTOPble Ha3bBalOTCA anrebpamu GyHKTOpoB. CJIOraH Teopuu KaTeropuil
IJIaCUT:

YrpasJisomye CTPyKTYPhl ONPeIeJISIIOTCA CTPYKTY PO TUIOB.

OmnpenenuB TUIl, MBI IIOJIy9aeM BMeCTe C HUM JiBe (PYHKIIMY CTPYKTYPHOHI peKypcuw, 3TO KatramopdusMm (s
HavaJIbHBIX 00BEKTOB) M aHaMopduaM (11 KOHeyHBIXx 06bekToB). C momoIbpio KaTaMopduaMa MBI MOXeM CBOpa-
4ynBaTh 3HaueHUe JAaHHOI'O THUIIA B 3HaUeHU: JII0OOro Jpyroro TUMA, a C MOMOIIbI0 aHaMopdu3Ma MBI MOXeM pas-
BOpavyMBaTh 3HAUYEHUs JAHHOTO THIA U3 3HAYeHU JIIo6oro Apyroro tuna. Takxke Mbl y3HaIH, uTo KaTeropus Hask
sABJjsAeTcs KaTeropueii CPO, kaTeroprei MOJIHBIX YaCTUYHO YIIOPAJOYEHHBIX MHOXECTB.

16.5 VYnpaxHeHus

[ToTpeHupyiiTech B onpeaesieHNN peKypCUBHBIX PpyHKUIUI yepe3 ruyioMmopdusM. Ilonpobyiite nepenucaTh Kak
MOXHO GOJIbIIIe OIpedesIeHNi U3 TJIaBHl O CTPYKTYPHOM peKypcuu B TepMuHax Tuma Fix n GyHknuil cata, ana u
hylo. Takxe noTpeHUpyHTeCh HAa CTAHAAPTHBIX GYHKIMAX 13 Moy s Prelude. OnpenesnTe HOBBIE TUIIH Yepe3 Fix
Hanpumep JiepeBbs 13 MoAyJiA Data. Tree. [TonpobytiTe cBou cuiibl Ha GYHKUMAX N10-CJIOKHee HallpuMep aJropuTMe
9BPHUCTUYECKOr0 IOMCKa.
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I'maBa 17

I[OHOJIHI/ITCJILHI)IC BO3MOXHOCTH

B aT0I1 TJ1aBe MBI pacCMOTPUM HEKOTOPhIE AOMOJHUTEJIbHbBIE BO3MOXHOCTHU A3bIKa M PaCIIMpPeHUs, OHU 4acTo
WCIIOJIb3YIOTCA B CEPHE3HBIX MporpamMMax. MoXHO mycaTh MporpaMMbl U 6e3 HUX, HO C HUMU ropas3/io JIerye U yBJie-
KaTeJIbHEe.

17.1 Ilyn caxapa

B sToM paspesie MBI pacCMOTPMM CIIELUAJIbHBIN CUHTAKCHMYeCKUH caxap, KOTOPBIN N03BOJIAET GoJiee KpaTKO
3alUCchHBaTh ONepalyy JJji1 HEKOTOPBIX CTPYKTYP.

Caxap AJia CIIMCKOB
Ilepeuncinenus

Jna xiacca Enum onpefenéH criel{rabHBIN CUHTAKCHC COCTAaBJIEHUSA IOCJIeOBaTeJIbHOCTEN IepeurciisieMbIX
3HavYeHUi. Tak HalpUMepP MBI MOX€EM COCTABUTH CITMCOK IIeJIBIX YHCEJ OT HYJIA 10 AECATH:

Prelude> [0 .. 10]
[o,1,2,3,4,5,6,7,8,9,10]

A Tak MBI MOX€eM COCTaBUTh 6eCKOHe‘IHyIO nocjie0BaTeJIbHOCTD IIOJIOXKUTEJIbHBIX YHCEJI:

Prelude> take 20 $ [0 .. ]
[e,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19]

MBI MOXeM COCTaBJIATH IIOCIe0BaTEJIbHOCTH C Ol'[peI[EJ'[éHHbIM maroM. Tak MOXHO BBIEJIUTh BCE YETHBIE TIO-
JIOXHWTEJIbHBbIE YKCJIa:

Prelude> take 20 $ [0, 2 .. ]
[0,2,4,6,8,10,12,14,16,18,20,22,24,26,28,30,32,34,36,38]

A Tak MBI MOX€eM COCTaBUTh y6I)IBaIOH.IyIO mocjienoBaTeJIbHOCTDh YMCeJI:

Prelude> [10, 9 .. 0]
[10,9,8,7,6,5,4,3,2,1,0]

Uro HWHTEPECHO B CIIMCKE MOT'YT HaXOAWTHCA HE TOJIBKO 4YH1CJia, a J100ble 3HAUYeHUA 13 Kjacca Enum. HaanMep
ornpenesriM THUIL:

data Day Monday | Tuesday | Wednesday | Thursday
Friday | Saturday | Sunday

|
deriving (Show, Enum)
Tenepp MBI MOXEM HaIKUCaThb:

*Week> [Friday .. Sunday]

[Friday, Saturday, Sunday]

*Week> [ Monday .. ]

[Monday, Tuesday,Wednesday, Thursday, Friday, Saturday, Sunday]

Taxxe mar nocjieJoBaTe€JIbHOCTU MOXET OBITh U ;[pO6HbIM:

*Week> [0, 0.5 .. 4]
[0.0,0.5,1.0,1.5,2.0,2.5,3.0,3.5,4.0]
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I'enepaTophbl CIUCKOB

T'enepamopet cnuckog (list comprehensions) 06beAUHSAIOT B cebe PyHKIMN Ipeobpa3oBaHus U GUIbTPAIMH CITHC-
Kk0B. OHM 3aNMCHIBAIOTCA TAK:

[ fx | x<- list, p x]

B aroii 3anucu Mbl GrIbTpyeM cIrcok list mpegukaToM p U npeobpasyeM pesysibTaT GyHKIMel x. Hampumep
BO3BeJIEM B KBaApaT BCe YETHBIE 3JIEMEHTH! CIMCKA:

Prelude> [x*x | x <- [1 .. 10], even x]
[4,16,36,64,100]

Hpe}II/IKaTOB MOXeT OBITh HECKOJIbKO, TaK HalIlpUMePp Mbl MOXEM OCTaBUTbD JIUIID ITOJIOXKUTEJIbHbIE YETHBIE YKCJIa:

Prelude> [x | x <- [-10 .. 10], even x, x >= 0]
[0,2,4,6,8,10]

Taxoke 3JIeMeHThI MOTYT 6paThCA U3 HECKOJIBKUX CIIHCKOB, IOCMOTPUM Ha Bce BO3MOXHbIe KOMOUHAIN OYKB U3
naphbl CJIOB:

Prelude> [ [x,y] | x <- "Hello”, y <- "World”]
["HW”,"Ho”,”Hr"” ,"HL"”,"Hd","eW”,"e0”,"er"”,"el”,
"ed”,”W”,"lo”,”r"”, 11", "d"”, """, "o”,"r",
71, "id”, "oW”, "00"”,"or"”,"o1"”,"”0d" ]

Caxap aJyia MoHan, do-HoTanus

MoHa/ibl UCIOJIB3YIOTCSA CTOJIb YaCTO, UTO AJIS HUX NMPUAyMaJIU CIEUabHBIN CMHTAaKCHUC, KOTOPHIN o0jieryaer
MOACTAaHOBKY CIEIMAIbHBIX 3HAaYeHU B QYHKIIMY HECKOJIBKUX MepeMeHHbIX. MOHaAbl MO3BOJIAIT KOMOUHUPOBATH
crernuaibHele QYHKINY BUA

a->mb
Ecyu 6bl 3TU GYHKIMY BHITJIAAEIN KaK OObIYHbIE QYHKINN:
a->b

X MOXHO OBLJIO CBOGOJJHO KOMOMHUPOBATH C APYTMMU (PYHKIUAMH. A TaK HaM MOCTOSHHO NPUXOAUTCS MOJIb30-
BaThCA MeTofamMu kiiacca Monad. OueHs yacTo GyHKINUY ¢ OGOYHBIME 3¢ deKTaMu UMEIOT BUA:

al -> a2 -=>a3 -> ... =>an -=>mb

A Tenepsb npeAcTaBbTe, YTO BaM HYXXHO [TOACTABUTh CIelaIbHOe 3HaYeHNe TPeTbUM apryMeHTOM TaKoH QyHK-
1Y U 3aTeM IlepeaTh ellé B OAHY TakKylo xe pyHkuio. [y obyierdeHus yyacTy IporpaMMUCTOB ObUI0 IPUAYMaHO
crnernuagbHOe OKpyXeHue do, B KOTOpOM clieliajibHble GYHKIMN KOMOMHUPYIOTCS TaK CJIOBHO OHU ABJIAIOTCSA OOBIYU-
HBIMU. [{71 3TOTO HCIIOJIb3yeTcsA oOpaTHas cTpeska. [JocMoTpuM Kak onpefesiseTcsa GyHKIMA sequence B OKpyXe-
HUU do:

sequence :: [m a] -> m [a]
sequence [] = return []
sequence (mx:mxs) = do

X <= mx

XS <- sequence mxs
return (x:xs)

Bo BTOpOM ypaBHEHHH CHavaJjia Mbl TOBOPHUM BBIYHCJIUTEJIIO CJIOBOM do O TOM, YTO BBIPAX€HUA 3aIMCAHBl B MUPe
MOHA/IBI M. 3anuch ¢ NepeBEPHYTON CTPEJIKOM X <- MX O3HayaeT, YTO MbI Aasiee B do-6JI0Ke MOXeM I0JIb30BaThCA
3HauYeHUeM X TaK CJIOBHO OHO MMeeT TUII IPOCTO a, HO He m a. CMOTpuUTe B 3TOM OIIpejieJIeHUH Mbl CHayaJia u3BJie-
KaeM IepBHI 3JIEMEHT CIIUCKA, 3aTEM U3BJIEKAaeM XBOCT CIIHCKA, IPUBEIEHHBIN K TUITy M [a], ¥ B cAaMOM KOHIIE MBI
coeJlMHsEM r'oJIOBY U XBOCT M B CaMOM KOHIle 060paynBaeM pe3ysbTaT B ClIel[MaJIbHOe 3HAaYeHUe.

Hanpumep Mbl MOXeM ITOCTPOUTH GYHKINIO, KOTOpas JBAX/bl YNTAET CTPOKY CO CTaHAAPTHOIO BBOJA U 3aTeM
BO3BpallaeT o6beJuHEeH e JBYX CTPOK:
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getLine2 :: IO String
getLine2 = do
a <- getlLine
b <- getlLine
return (a ++ b)

B do-HOTauuy MOXHO BBOAUTH JIOKaJIbHBIE [IEpEMEeHHbIe C IOMOIIBI0 cjIoBa let:

t = do
b <- f a
c<-gb
let x=c+b
y =X+ ¢
return y

HOCMOTpI/IM Kak do-HOTalusA NepeBOAUTCA B BRIpakeHNe, COCTaBJIEHHOE C IIOMOIIBI0 METOAO0B Kjiacca Monad:

do
a <- ma = ma >>= (\a -> exp)
exp
do
expl => expl >> exp2
exp2
do
let x = fx => let x = fx
y = fy y = fy
exp in exp

HepeBenéM C MMOMOIIBIO 3TUX NIpaBUJI OIIpeaeJaeHe AJIA BTOPOI'O YpaBHEHUA U3 (I)yHKI.II/II/I sequence

sequence (mx:mxs) = do

X <- mx mx >>= (\x -> do
XS <=- sequence mxs => XS <- sequence mxs =>
return (x:xs) return (x:xs))

=> mx >>= (\x -> sequence mxs >>= (\xs -> return (x:xs)))

do wiu Applicative?

C nosBieHueM kiiacca Applicative Bo MHOrux ciaydaax do-HOTal[ys TepsieT CBOIO IIeHHOCThb. Tak HalpuMmep
Jio6o1 do-6J10K Buaa:

f mx my = do
X <- mx
y <- my
return (op x y)
MoxHO 3anucaTh ropasao Kopoue:
f = LiftA2 op
Hampumep HanumeMm dyHKIHIO, KoTopas o6beiuHAeT Ba daiijia B OqUH:
appendFiles :: FilePath -> FilePath -> FilePath -> I0 ()
C nomonibio do-HOTaIUU:
appendFiles filel file2 resFile = do
a <- readFile filel
b <- readFile file2
writeFile resFile (a ++ b)

A teneps ¢ momorpio Kyiacca Applicative:

appendFiles filel file2 resFile = writeFile resFile =<<
1iftA2 (++) (readFile filel) (readFile file2)
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17.2 PacmupeHus

PaciupeHye MOABJISETCA B OTBET HA POBJIEMY, ¢ KOTOPOI TPYIHO WJIM HEBO3MOXKHO CIIPABUTCS B paAMKaXxX CTaH-
nmapta Haskell. Mbl paccMOTPUM HECKOJIBKO HarGoJIee YacTo UCIOJIb3yEMBIX PACIIMPEHHUl. PacpeHys MoAKII04a-
I0TCS C IOMOIIBIO CIEIMAJIBHOTO KoMMeHTapusa. OH oMeIaeTcs B Havajie MOAyJiA. PacupeHre qefCTBYET TOJIBKO
B TEKyILleM MOJAyJIe.

{-# LANGUAGE ExtentionNamel, ExtentionName2, ExtentionName3 #-}

ObpaTuTe BHUMaHNE Ha CUMBOJI pellérka, obpamJiaioniie komMmeHTapuu. CiioBo LANGUAGE TroBOpPUT KOMITH-
JIATOPY O TOM, YTO MBI XOTHM BOCIIOJIb30BaThCA pacHIMpeHusAMM ¢ UMeHaMmu ExtentionNamel, ExtentionName2,
ExtentionName3. Takoil kOMMeHTapuil Ha3pBaeTcsA npaemoli (pragma). YacTo KoMmiATop ghe B cityyae omuOKu
npejJiaraeT HaMm MOJKJ/IIOYUTDH pacliipeHre, B KOTOPOM OIKOKa yxe He OyJieT OmMOKOH, a BO3MOXHOCTBIO A3bIKA.
OH roBOpUT BO3MOXXHO BBl MMeJIA B BUAY pacuiipeHue XXX. Hampumep monpo0OyiiTe 3arpy3uTbh B MHTEPIpPETaTOp
MOAYJIb:

module Test where

class Multi a b where

B sTOM CJlyuae Mbl yBUAUM OLIMOKY:

Prelude> :1 Test
[1 of 1] Compiling Test ( Test.hs, interpreted )

Test.hs:3:0:
Too many parameters for class ‘Multi’
(Use -XMultiParamTypeClasses to allow multi-parameter classes)
In the class declaration for ‘Multi’

Failed, modules loaded: none.

KommnusATop coobimaeTr HaM 0 TOM, 4TO y Hac CJIMIIKOM MHOTO TapaMeTpoB B kJjacce Multi. B pamkax cranaap-
ta Haskell MoxHO co3aBaTh Jniib Kjacchel ¢ ofHUM napaMmerpoM. Ho 3a coobmeHreM Mbl BUAUM MOACKa3KYy, €CJIN
MBI BOCIIOJIb3yeMcs pacumipenueM -XMultiParamTypeClasses, To Bcé 6ymeT xoporo. B aToMm coobieHuy nMs pac-
IIMpeHws 3aKoANPOBaHO B Bue duara. Ml MoxeM 3amyctuth ghe niu ghei ¢ aTuM darom u Torjja pacmupeHue
OyleT akTUBHPOBaHO, I MOAYJIb 3arpy3urcs. [Tonpobyem:

Prelude> :q

Leaving GHCi.

$ ghci -XMultiParamTypeClasses
Prelude> :1 Test

[1 of 1] Compiling Test ( Test.hs, interpreted )
Ok, modules loaded: Test.
*Test>

Moaysb 3arpysuiica! Y Hac ecTb U JpyrasA BO3MOXHOCTb IOAKJIIOUUTH MOAYJIb € IOMOIIbI0 nparMbl LANGUAGE.
ViMsa pacmmpeHus 3amucaHo Bo ¢Jiare mocje cuMBOJIOB -X. Jlo6aBuM B MoAyJib Test paciinpeHue ¢ MMeHeM
MultiParamTypeClasses:

{-# LANGUAGE MultiParamTypeClasses #-}
module Test where

class Multi a b where

Teneps 3arpy3uM ghci B 0OBIYHOM pexuMe:

*Test> :q

Leaving GHCi.

$ ghci

Prelude> :1 Test

[1 of 1] Compiling Test ( Test.hs, interpreted )
0k, modules loaded: Test.
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O6001uIéHHBIE areOpanyecKue TUMBI JaHHBIX

[TpeamnosioKuM, YTO MBI XOTUM HalKcaTh KOMIUJIATOP HeOOJIbIIOTO A3bIKa. Halll A3bIK COIepKUT Yrcia v JIoruye-
ckue 3HaueHusA. MBI MOXeM CKJIa[ibIBaTh YKcjia U YMHOXaTb. [[Jid JJorruueckrux 3Ha4eHU onpeaesieHa KOHCTPYKIUA
if-then-else. OnpenesuM TUI CUHTAKCUYECKOTO JlepeBa IJIs 3TOrO SI3BIKA:

data Exp = ValTrue
| ValFalse
| If Exp Exp Exp
| Val Int
| Add Exp Exp
| Mul Exp Exp
deriving (Show)

B sTOM onpefesieHnn KpoeTcs ogHa npobsiema. Hail Tun no3BoJisieT HaM CTPOUTh GecCMBICSIeHHbIe BBIpakeHUA
Bpoge Add ValTrue (Val 2) mau If (Val 1) ValTrue (Val 22). Ham Ttun Val BkJtouaeT B ce0s BCe XOPOIIeE BhI-
paXxeHus U MHOI0 IJIOXUX. JTa NpobJjieMa MposABUTCS OCOOEHHO APKO, €CJIU MBI [IONBITaeMCA ONpeAesuTb QYHKIHI0
eval, KoTopas BBIUHCJIAET 3HaUeHHe JJIA Hallero s3pika. [loyrydaeTcs, 4To TUI 3TON (PYHKIMHN:

eval :: Exp -> Either Int Bool

[ pelneHus 5Toi mpobJieMbl ObUTM NPUAYMAHB 0000wéHHbe aneeOpauteckue munsl OaHHulx (generalised
algebraic data types, GADTs). OHu MOAKJIIOYAIOTCs paciiupeHreM GADTs. [IoMHHUTE KOTAa-TO Mbl TOBOPHJIM, YTO
THUIIBl MOXHO IIPEJCTaBUTh B BUJE Ky1accoB. Hanpumep onpenesieHre Jis CIOKCKa

data List a = Nil | Cons a (List a)
MOXHO MBICJIEHHO Iepemnncarh Tak:

data List a where
Nil :: List a
Cons :: a -> List a -> List a

Tak Bor B GADT omnpeneneHusA 3anuChIBAalOTCA UMEHHO B TakoM Bue. O6oOmieHKe 3aKjodaeTrcsa B TOM, 4TO
Tellepb Ha MecTe ITPOU3BOJIBHOIO [TapaMeTpa a Mbl MOXeM IHcaTh KOHKpeTHble TUMbL. OnpenesuM Tun GExp

{-# LANGUAGE GADTs #-}

data Exp a where

ValTrue :: Exp Bool

ValFalse :: Exp Bool

If :: Exp Bool -> Exp a -> Exp a -> Exp a
Val :: Int -> Exp Int

Add :: Exp Int -> Exp Int -> Exp Int

Mul :: Exp Int -> Exp Int -> Exp Int

Teneps y Hamero Tuna Exp noABuscaA napaMeTp, depe3 KOTOPbIH MBI KOAMPYEM JONOJHUTEJIbHbIe OrpaHNYeHNA
Ha TUnsl onepanuii. Temeps Mbl He CMOXeM COCTaBUTH BelpakeHHe Add ValTrue ValFalse, moTOMy YTO OHO He
MPOUAET MPOBEPKY TUIIOB.

Omnpenenum pyHKOuIo eval:

eval :: Exp a -> a
eval x = case x of
ValTrue -> True
ValFalse -> False
Ifpte -> if eval p then eval t else eval e
Val n ->n
Add a b -> eval a + eval b
Mul a b -> eval a * eval b

Ecin eval mostyuut jioruyeckoe 3HaueHue, To Oy/1eT BO3BpaleHo 3HayeHue Tuma Bool, a Ha 3HaYeHue Tumna Exp
Int Gymer BO3BpalleHO HeJioe yncio. JaBaiite ybequMCcsa B 3TOM:
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*Prelude> :1 Exp

[1 of 1] Compiling Exp ( Exp.hs, interpreted )
0k, modules loaded: Exp.

*Exp> let notE x = If x ValFalse ValTrue

*Exp> let squareE x = Mul x x

*Exp>

*Exp> eval $ squareE $ If (notE ValTrue) (Val 1) (Val 2)
4

*Exp> eval $ notE ValTrue

False

*Exp> eval $ notE $ Add (val 1) (val 2)

<interactive>:1:14:
Couldn’t match expected type ‘Bool’ against inferred type ‘Int’
Expected type: Exp Bool
Actual type: Exp Int
In the return type of a call of ‘Add’
In the second argument of ‘($)’, namely ‘Add (val 1) (val 2)’

CHavayia MBI ONpeZIeJINIIN [IB€ BCIIOMOTaTesbHBle QYHKIMY. 3aTeM BBIUMCIJINIIN HECKOJIbKO 3HaueHuil. Haskell
OYeHb YaCTO IPUMeEHAETCA JJI MMOCTPOEHUS KOMIIMJIATOPOB. MBI pacCMOTpeJN O4eHb NPOCTOM fA3BIK, HO B OoJiee
CJIOXXHOM CJIy4yae CyTh OCTAHeTCs NpeXHel. J[ONoJHUTEe IbHBIN TapaMeTp II03BoJIAeT HaM 3aKOJUPOBaTh B IIapaMeT-
pe Tun GyHKIMI Hamtero sA3bika. CopanBaeTcs: 3a4eM HaM Ay6JIMpoBaTh BEIYMCIEHNUA B PyHKINUU eval? 3aueM HaM
CHavasia KOAUPOBATh BEIPAXXKEHHE KOHCTPYKTOPAMU, YTOOBI TOJIBKO [TOTOM HOJIyYUTh TO, YTO MBI MOTJIM BBIYKICJIUTD
U HampsMYyo.

[Ipy TakoM MOJXO[le y HAC €CTh IIOJIHBIN KOHTPOJIb 32 IEPEBOM BBIPAXKEHHs, Mbl MOXEM HPOBOAUTDH IOIOJIHU-
TeJIBHYI0 ONTHMHU3AIMI0 BEIPAXKEHUH, eCJI HaM U3BeCTHBI HEKOTOPHIe 3aKOHOMepHOCTH. Emé dyHkIua eval Moxer
BBIYHMCJIATH COBCEM JIPYTHe 3HaUeHus. Harpumep oHa MOXeT 0 BUAY BbIpaXKe€HHUsA COCTABJIATh KOJ| HAa APYTOM A3BIKE.
B03MOXHO 3TOT fA3bIK ropasao MormHee Haskell mo BeraucinTesibHEIM CIOCOOHOCTAM, HO GeflHee B IJIAHE BBIPa3U-
TeJIBHOCTH, THOKOCTH cuHTakcuca. Toraa Mel 6yaeM B GyHKUMY eval mpoenupoBaTh pas3Hsle KoHCTpykunu Haskell
B KOHCTPYKIUU JIPYToro s3biKa. Takye IporpaMMbl Ha3bIBAIOTCS NpedMenHo-0pUeHMuUpOBaHHbIMU A3bIKAMU NPOCPaAM-
muposarus (domain specific languages). Mbl KoaupyeM B Tume Exp HEKOTOpPyw 06JIacTh U 3aTeM HaJCTpanuBaeM
Haja tunoM Exp pasHsle mosie3Hsle GyHKIuH. Ha camoM mociiejHeM 3Tane GyHKUusA eval mepeBOaUT BCE AepeBO
BBIp@XXEHU B 3HAYEHHE WJIU KO JAPYroro sA3bIKa.

OTMeTHM, YTO He TaK JaBHO OBUIO NpeJJIoKeHO APYroe pemeHue 3ToH 3a1auul. Mbl MOXeM 3aKOAMUPOBATh THUIIEI
dyHKIMH B KJ1acce:

class E exp where

true 11 exp Bool

false :: exp Bool

iff :: exp Bool -> exp a -> exp a -> exp a
val :: Int -> exp Int

add :: exp Int -> exp Int -> exp Int

mul i1 exp Int -> exp Int -> exp Int

[TpeuMy1iecTBOM TaKOro NOAX0/1a ABJAETCA MOAYJIBHOCTb. MBI MOXeM CIIOKOMHO pa3/ieJINTh BhIpakeHle Ha JiBe
COCTAaBJIAIOIINE YaCTH:

class (Log exp, Arith exp) => E exp

class Log exp where

true :: exp Bool
false :: exp Bool
iff :: exp Bool -> exp a -> exp a -> exp a

class Arith exp where

val i Int -> exp Int
add :: exp Int -> exp Int -> exp Int
mul :: exp Int -> exp Int -> exp Int

WHTepIpeTanys AepeBa BHIpaXXeHVs B TOM IOAXOe 3aKJII0YaeTCs B CO3MAHNY dK3eMIUIApa kiacca. Hanpumep
co3qanM Kiacc-BhrapcauTess Eval:

newtype Eval a = Eval { runEval :: a }

instance Log Eval where
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true Eval True
false = Eval False
iff p t e = if runEval p then t else e

instance Arith Eval where
val = Eval
add a b = Eval $ runEval a + runEval b
mul a b = Eval $ runEval a * runEval b

instance E Eval

Teneps NpOBeIEM TaKyI0 XK€ CECCUI0 BEIYKCJIEHUs 3HaYeHNH, HO 1aBaliTe Telneph CHavaJIa OIpeesIiM UX B TEKCTE
[IPOrPAMMBIL:

notE :: Log exp => exp Bool -> exp Bool
notE x = iff x true false

squareE :: Arith exp => exp Int -> exp Int
squareE x = mul x x

el :: E exp => exp Int
el = squareE $ iff (notE true) (val 1) (val 2)

e2 :: E exp => exp Bool
e2 = notE true

3arpysuMm B MHTEpIPeTaTop:

*Exp> :r

[1 of 1] Compiling Exp ( Exp.hs, interpreted )
0Ok, modules loaded: Exp.

*Exp> runEval el

4

*Exp> runEval e2

False

HOJ'Iy‘—II/IJ'II/ICb TaKHeE Xe pe3yJIbTaThbl 1 B 3TOM CJIydyae€ HaM HE HY>XXKHO INOAKJII0YaTh HUKaKUX pach/IpeHMﬁ. Tenepb
co3gaauM TUII-TIPUHTEDP, OH 6y;[eT pacnedaTbiBaTh BbIpaXEHUE!

newtype Print a = Print { runPrint :: String }

instance Log Print where
true = Print "True”
false = Print "False”
iff p t e = Print § "if (” ++ runPrint p ++ ") {"
++ runPrint t ++ "}”
++ "{” ++ runPrint e ++ "}”

instance Arith Print where

val n = Print $ show n
add a b = Print $ ”(” ++ runPrint a ++ ”")+(” 4+ runPrint b ++ ”)”
mul a b = Print $ ”(” ++ runPrint a ++ ”)*(” ++ runPrint b ++ ”)”

Tenepb pacnedyaTaeM NpeablAyIive BhIpaXe€HUA:

*EXp> :r

[1 of 1] Compiling Exp ( Exp.hs, interpreted )

0k, modules loaded: Exp.

*Exp> runPrint el

"(if (if (True) {False}{True}) {1}{2})*(if (if (True) {False}{True}) {1}{2})”
*Exp> runPrint e2

"if (True) {False}{True}”

[Ipy TaKOM MOJXOJ€e HaM He MPUIIIOCh HUYEro MEHATh B BRIPAXKEHUSIX, Mbl IPOCTO 3aMEHMJIN THUIT BBIPasKeHMsI
U OHO aBTOMAaTHYeCK! MOJACTPOUJIOCH MOJ HYXHBIN pe3yJibTaT. IlogpobHee 06 3TOM MMOAXO[€ MOXHO MOYUTATh HA
caiite http://okmij.org/ftp/tagless-final/course/course.html wiu B cratbe XKaka Kape (Jacques Carette),
Ounera Kucenépa (Oleg Kiselyov) u Uynr-Ye Illena (Chung-chieh Shan) Finally Tagless, Partially Evaluated.
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CeMelicTBa THUIIOB
CemelicTBa TUIOB NO3BOJIAIOT BRIPAXATh 3aBUCUMOCTH TUIOB. Hampumep npefcTaBuM, YTO KjIacc OnpeiesseT

HE TOJIBKO METOZIbl, HO ¥ THUIHL. IIpr4éM HOBBIE THUIH 3aBHUCAT OT KOHKPETHOIO dK3eMILIApa Kiacca. [locMoTpuM,
HalnpuMep, Ha olpefieJieHHe JIMHEIHOTo IPOCTPaHCTBa U3 GHGIMOTeKN vector-space:

class AdditiveGroup v where

zeroV Y
(~+7) TV => Vo => VY
negateV :: v -> v

class AdditiveGroup v => VectorSpace v where
type Scalar v ¥
(*7) :: Scalar v -> v -> v

JIuHeTHOe MPOCTPAHCTBO 3TO MaTeMaTHhyeckas CTPYKTypa, OObeKTaMH KOTOPOU SBJIAIOTCA BEKTOpa U CKaJlsd-
pBL. /1A BEKTOPOB OIpejieJieHa Olepanys CJIOXKeHUs, a AJIs CKaJIIPOB Olepaluy CJIOXEHUA U YMHOXeHUus. Kpome
TOTO OIpeJieJieHa oneparusa YMHOXEHUs BeKTopa Ha ckaJsiAp. [Ipyu 3TOM [JOJIKHEI BBIIOJIHATCS OIpeiesIEHHbIE CBOM-
crBa. MbI He OyzieM NoJpoOHO Ha HUX OCTAHABJIMBATBHCSA, BKpATIle 3aMETUM, YTO 3TH CBOMCTBA T'OBOPAT O TOM, YTO
MBI JeHCTBUTEJIBHO N0JIb3yeMCsl ONepaluaMU CJIOKEHUA U YMHOXeHUsA. B kiacce VectorSpace Mbl BUAUM HOBYIO
KOHCTPYKIMIO, 00bsBJIeHNe TUNa. MBI TOBOPHM, YTO €CTh IIPOM3BOJHBIN TUII, KOTOPHI ciiefyeT u3 v. Jlanee yepe3
JIBOMHOE IBOETOYME MBI YKa3hlBaeM ero Bu/. B TaHHOM ciy4ae 3TO MpocToil TN 6e3 mapaMeTposB.

Bup (kind) aTto Tun tuna. [IpocToii Tum 6e3 mapameTpa o603HavaeTcsa 3BE3N0UYKOIL. Tum ¢ napameTpoM 0603Ha-
yaeTca Kak GyHKIuA * -> *, Ecyiy Obl TUN IpUHUMAJI ABa NapaMeTpa, TO OH o0o3Hayascsa Obl * -> * -> * Takke
rnapamMeTpsl MOTYT OBITh He IMPOCTHIMU THUIAMU a TUIAMHY C [TapaMeTpaMu, HalpuMep THUII, KOTOPHIN 0003HaYaeT
KOMITO3UIMI0 THUIIOB:

newtype 0 f ga =0 { un0 :: f (g a) }
UMeeT BUL (* -> *) => (¥ -> *) > * .5 %
Omnpenenyum Kjacc BEKTOPOB Ha IBYMEPHOU CeTKe U c/ieJlaeM ero 3K3eMILIApoM Kiiacca VectorSpace. [[iA Hava-

J1a cO34aaUM HOBBIM MOZYJIb C aKTUBHBIM pacimupeHreM TypeFamilies v 3anmuimeM B HEro KJIacchl A1 JIMHEHHOTO
MPOCTPaHCTBa

{-# Language TypeFamilies #-}
module Point2D where

class AdditiveGroup v where

Tenepsp onpeiesiM HOBBIN THI:

data V2 = V2 Int Int
deriving (Show, Eq)

CoenaeM ero 3K3eMIUIAPOM Kiacca AdditiveGroup:

instance AdditiveGroup V2 where

zeroV =V200
(V2 x y) ™4~ (V2 x" y’) = V2 (x+x') (y+y")
negateV (V2 x y) = V2 (-x) (-y)

M=l ckJjiagpiBaeM U BBIUMTaeM 3Hauye€HUsA B KaXJIOM U3 3JIEMEHTOB KOpTexa. HeﬁTpaJ’[bHBIM 3JIEMEHTOM OT-
HOCHUTEJIbHO CJIOKEHUA 6yI[ET KOPTEX, COCTOHH.II/Iﬁ U3 AOBYyX HYJTEI;'I. Tenepb onpenesimM 3K3EMIUIAPp OJIA KJlacca
VectorSpace. HOCKOJ’Ibe KOPTEX COCTOUT U3 ABYX LEJIBIX YNCEJI, CKAJIAP TaKXe 6y,£[eT OeJIbIM YKMCJIOM:

instance VectorSpace V2 where
type Scalar V2 = Int
s ¥ (V2 x y) = V2 (s*x) (s*y)

[TonnpoGyeM BBIYMCIIUTDL YTO-HUOYb B MUHTEPIIPETATOpE:
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*Prelude> :1 Point2D

[1 of 1] Compiling Point2D ( Point2D.hs, interpreted )
0k, modules loaded: Point2D.

*Point2D> let v = V2 1 2

*Point2D> v "+~ v

V2 2 4

*Point2D> 3 ** v ~+N v

V2 4 8

*Point2D> negateV $ 3 *~ v "+~ v
V2 (-4) (-8)

CemeiicTBa GYHKIMI JalOT BO3MOXHOCTh OPraHMU30BHIBATh BHIUMCJIEHUA Ha TuNax. [IocMOTpUM Ha TakoH KJjiac-
cuyeckuil npumep. Peanusyem B Tumax uncia [leano. Ham noHamo6saTcsa asa tuna. OguH st 0603HaYeHUsA HyJid,
a Ipyrou Jyia 0003HAYeHUs CJIeAYIOIero dJieMeHTa:

{-# Language TypeFamilies, EmptyDataDecls #-}
module Nat where

data Zero
data Succ a

3HaueHUs 5TUX TUIIOB HaM He MOHaA006ATCA, I03TOMY MBI BOCIIOJIb3yeMcsA paciinpeHueM EmptyDataDecls, ko-
TOpOe N03BoJIAET OIpeJesIATh TUIL 6e3 3HaueHeui. 3HaueHUAMHU Oy JyT KOMOMHaIMY TUIIOB. MBI onpefiesiuM ore-
paluu CJIOXeHUs U YMHOXEHUA JJIA Yrcesl. [[Jig Havasia OnpefesIuM CJI0XeHUe:

type family Add a b :: *

type instance Add a Zero
type instance Add a (Succ b)

a
Succ (Add a b)

[TepBoii cTpOUKOIl MBI ONpeiesniIn ceMelicTBo GyHKIUH Add, y koToporo /iBa napamerpa. OnpefesieHue ceMeli-
CTBa TUIIOB HauMHaeTcs ¢ KJoueBol ¢passl type family. 3a fBoeTOouMeM MBI yKa3aju TUI ceMelicTBa. B jaHHOM
cJiy4yae 3TO MpocToi Tun 6e3 mapametpa. Jajee caefyl0T 3aBUCUMOCTU THIOB AJiA ceMericTBa Add. 3aBucuMocTu
THUIIOB HAUMHAIOTCA € KJIIoueBoi ¢pasbl type instance. B aprymeHTax Mbl CJIOBHO IIOJIb3yeMCs COIIOCTAaBJIEHHUEM C
o6pasnoM, HO Ha 3TOT pa3 Ha Tunax. [lepBoe ypaBHeHUe:

type instance Add a Zero = a

T'oBOPUT O TOM, YTO €CJId BTOPOU apryMeHT MMeeT THUII HOJIb, TO MBI BEPHEM IepBhIil aprymMeHT. CoBceM Kak B
00OBIYHOM GYHKIMOHAJIBHOM OIpeJieJIeHNH CJI0XKeHU JJIA HaTypaJIbHBIX drces [leaHo. a BO BTOPOM YpaBHEHUU MBI
COCTaBJIsIeM PeKypCUBHOE ypaBHEHHUeE:

type instance Add a (Succ b) = Succ (Add a b)
To4HO TakXxe Mbl MOXEM OIPENEJIUTh U YMHOXEHME:

type family Mul a b :: *

type instance Mul a Zero = Zero
type instance Mul a (Succ b) Add a (Mul a b)

[Tpu 3TOM HaM NpUAETCSA MOAKJIIOYUTH emlé oaHo pacmupenne UndecidableInstances, MOCKOJIBKY BO BTOPOM
ypaBHEHUH MBI [IOJICTABUJIA OHO CeMelCTBO THIIOB B ipyroe. DTOT (Jiar 4acTo UCIOJIb3yeTcs B COYeTaHUM C pac-
mupeHueM TypeFamilies. CemelicTBa THUNOB (akTUUECKU MO3BOJIAIOT HaM OINpeleiaTh GYHKIMM Ha THUNaxX. JTO
BeIET K TOMY, YTO aJITOPUTM BBIBOZAA TUIIOB CTAHOBUTCA HeolpeAeEéHHbIM. Ecii TUIbI IpaBUJIbHbIE, TO KOMIIMNJIA-
TOp CMOJXeT 3TO yCTAHOBUTb, HO €CJIM OHU OKaXyTCsA HeNpaBUJIbHBIMM, MOXXeT BO3HUKHYThb Takasd CHUTyallds, YTO
KOMIUJIATOP 3alUKJINTCA U OyAeT 6eCKOHeYHO JOJITO MCKaTh COOTBETCTBME OJHOrO THMa ApyroMy. Temeps mpo-
BEepHM pe3yJIbTaThl. [IJIA 3TOro MBI CO3aAUM CIeluasbHbIN Kjlacc, KOTOPhIH OyeT nepeBOAUTb 3HAYEHUA-TUIIB B
OOBbIYHBIE [I€JIOYMCIIEHHbBIE 3HAUYEHUS:

class Nat a where
toInt :: a -> Int

instance Nat Zero where
toInt = const 0

instance Nat a => Nat (Succ a) where
toInt x = 1 + toInt (proxy x)

proxy :: f a -> a
proxy = undefined
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M-zl onpefiesiiiIn AJ1s KaXXJ0ro 3HaueHuA-TUIA 9K3eMIULAp kiiacca Nat, B KOTOpOM MbI MOXXeM I1epeBOAUTD TUIIBI
B yncsa. OyHKIUA proxy MO3BOJIAET HAM M3BJIeYb 3HAYEHHE U3 TUMA-KOHCTPYKTOPA Succ, TaK MBI MOSICHSAEM KOM-
MWJIATOPY TN 3Ha4YeHUs. [Ipy 3TOM MBI HUT/Ie He M0JIb3yeMCs 3HaUYe€HUAMY TUIIOB Zero U Succ, Belb y 3THUX TUIIOB
HeT 3HaveHU. [ToaToMy B 3K3eMILIApe AJIA Zero MbI II0JIb3yeMCs IOCTOAHHOM GyHKIMeH const.

Tenepp MOCMOTPHUM, YTO ¥ HAC HOJIyYUJIOCH:

Prelude> :1 Nat

*Nat> let x = undefined :: (Mul (Succ (Succ (Succ Zero))) (Succ (Succ Zero)))
*Nat> toInt x

6

Bupano, 4To ¢ momomrpio kiacca Nat MBI MOXeM K3BJIeyb 3HaUeHMe, 3aKOANPOBAHHOE B THUIle. 3a4eM HaM 3TU
CTpaHHbIe TUIbI-3HaYeHNA? MBI MOXeM HCII0JIb30BaTh UX B ABYX CJIydasx. Mbl MoXeM KOAMPOBATh 3HAUEHUS B TUIIE
VTN TIPOBOUTH 60Jiee TOHKYIO MPOBEPKY THUIIOB.

[MoMHHMTE KOT[1a-TO MBI ONpeaesisuii GYHKIUHN [JIS YMCJIeHHOTO MHTerpupoBaHusa. TaM TOYHOCTh MeToAa Oblia
XKECTKO 33/]aHa B TEKCTE MPOTPaAMMBI:

dt :: Fractional a => a

dt = le-3

-- MeTop Jdunepa
int :: Fractional a => a -> [a] -> [a]
int x0 ~(f:fs) = x0 : int (x0 + dt * f) fs

B sTom npuMepe Mbl MOXEM CO34aTh Cl'IeI.II/IaJ'IbeIIjI THUII IIOTOKOB, Y KOTOPBIX HIar AUCKpEeTU3anumn 6y,£[eT 3aKo-
AUPOBaH B TUIIE.

data Stream n a = a :& Stream n a

HapaMeTp N KOAUPYyeT TOYHOCTb. Tenepb MbI MOXEM M3BJIEKATh TOYHOCTH M3 THUIIA:

dt :: (Nat n, Fractional a) => Stream n a -> a
dt xs = 1 / (fromIntegral $ toInt $ proxy xs)
where proxy :: Stream n a ->n

proxy = undefined

int :: (Nat n, Fractional a) => a -> Stream n a -> Stream n a
int x0 ~(f:&fs) = x0 :& int (x0 + dt fs * f) fs

Tenepb MOCMOTPUM KaK MBI MOXEM CJeJIaTh IPOBEPKY TUIOB 6oJiee TIIATEIbHOM. [IpeicTaBuM, YTO y HAC eCTh
TUN MaTpul. V3BeCTHO, YTO CJIOXEeHHe ONpeesieHO TOJIBKO IJIA MAaTPHI] OANMHAKOBON JUIMHEI, a A/ YMHOXEHUS
MaTpHUI| YMCJIO CTOJIOIOB OJHOM MAaTPHI[Bl JIOJDKHO COBHIAAATh C YHMCJIOM KOJIOHOK JPYTOoM MaTpuIlbl. MBI MOXxeM
OTPa3uUTh BCE 3TU 3aBUCHUMOCTHU B LIEJIOUMCIIEHHBIX THUIAX:

data Mat n m a =

instance Num a => AdditiveGroup (Mat n m a) where
a ™" b =
zeroV
negateV a

mul :: Num a => Mat nma -> Mat mk a -> Mat n k a

I[Tpu Takux onpejeseHNAX Mbl He CMOXeM CJIOXKUTbh MaTpHUIIbl pa3HbIX pa3MepoB. [Ipuuém omubka 6yAeT BbIYKC-
JIeHa JI0 BBIIOJIHEHUS IPOTpaMMBbl. DTO 0CBOOOXAAET OT IPOBEPKYU IPAHUI] BHYTPU aJITOPUTMa YMHOXEHU MaTpUL.
EcJu ajfiropuT™ 3amyCcTuiIcs, TO MBI 3HaeM, YTO pa3Mephl apI'yMeHTOB COOTBETCTBYIOT.

Ckopo B ghc mnosABuUTCA MOAAepXKa dYncesJ Ha YpOBHe THUIOB. DTO OyAeT cleluaJbHOe pacliipeHue
TypelLevelNats, mpy BKJIIOYEHUU KOTOPOTO MOXHO OyJeT IOJIb30BaThCA YMCJIEHHBIMU JINTEpAJIaMH B THIAX,
Taxxe OyayT ollpe/iesieHbl Olepalyn-ceMelicTBa TUIIOB Ha YHCJIEHHBIX TUIAX C IPUBBIYHBIMU UMEHaMU +, *.

Kiacchl ¢ HeCKOJIbKMMH TUIIAMH

PaccMOTpUM HECKOJIBKO MOJIE3HBIX PACHIMPEHUI, OTHOCAIIUXCSA K ONpe/IeJIeHUI0 KJIaCCOB 1 DK3eMILISIPOB KJjlac-
coB. Pacmmpenue MultiParamTypeClasses Mo3BoJisieT OObABIATD KJIACCH ¢ HECKOJIBKUMU apryMeHTamu. Hanpumep
B3TJIAHUTE Ha TaKOMH KJIacc:

class Iso a b where
to it a->b
from it b ->a

Tak MBI MOXeM OIlpeiesINTh U30MOphU3M MeXy TUIIaMU a u b
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3K3eMl’[J’I}Ipr KJIaCCOB OJiA CHHOHHUMOB

Pacminpenue TypeSynonymInstances IIO3BOJIAET OIpeAEsIATh 3K3eMIUIAPHL [JiA CMHOHMMOB TUIOB. MBI yXxe
M0JIb30BAJIMCh 3TUM paclIMpeHreM, KOrjia olpefesisyIi pPeKypCUBHBIe TUIHI Yepe3 TUM Fix, TaM HaM HyXHO Obl-
JIO onpenesuTh 3k3eMIuIAp Num 11 cuHoHUMa Nat:

type Nat = Fix N
instance Num Nat where

B pamkax craHapTa Bce CynepKjacchl JOJDKHBI OBITh IPOCTHIMU. Bee onu nmerot BuA T a. Ecjii MBI XOTUM XOTUM
HCIIOJIb30BaTh CYIEepKJIaCCH ¢ COCTaBHBIMU TUIIAMU, HaM NPUAETCSA MOAKIIIOUNTH pacmupenue FlexibleContexts.
OTUM pacHipeHneM MBI 10J1b30BaJINCh, KOTJ]a ONpeAesain ak3eMIuLap Show aia Fix:

instance Show (f (Fix f)) => Show (Fix f) where
show x = "(” ++ show (unFix x) ++

wyn

(DYHKIII/IOHaJII)HBIe 3aBUCHUMOCTH

Kracc MOXHO npeicTaBUTh KaK MHOXXECTBO THUIIOB, JIJIs KOTOPHIX OIIpe/iesieHsl JaHHble onepanuu. C osBJIeHueM
pacmupenus MultiParamTypeClasses Mbl MOXeM ONpee/IATh ONepaliu Kjiacca JJis HeCKOJIbKUX TUIOB. Tak Harie
MHOXXeCTBO KJIaCCOB IIpeBpalaeTcs B OTHomeHue. Hamr kiace cBA3pIBaeT HECKOJIBKO TUIIOB MeXAy coboit. Eciu n3
O/IHOII KOMIIOHEHThl OTHOIIIEHHUs ONHO3HAYHO cJjieflyeT Apyras, Takoe OTHOIIeHue IPUHATO Has3bBaTh QYyHKIMeEH.
HamnpumMep 06bIuHYI0 GYHKI[UIO OJJHOTO apryMeHTa MOXHO IpeJICTaBUTh Kak MHOXecTBo nap (x, f x). A Toro
yTOOBI MHOXECTBO TaKUX Iap 66110 QyHKIMEel He0OOX0AUMO, YTOOH! BBIIIOJIHAJIOCH CBOMCTBO:

forall x, y. x == = fx=="Ffy

1A oiMHAKOBBIX BXOJIOB MBI IIOJIy4aeM OJIMHaKOBble BHIXO/bl. C GYHKIMOHAJIBHBIMU 3aBUCUMOCTSIMU MBI MO-
’KeM BBeCTU TaKoe OorpaHMuYeHle Ha KJIacChl C HeCKOJIbKHMH apryMeHTaMu. PaccMoTpuM mpakThyecKuil npumep.
bubnmoreka Boolean onpefesisier 00001EHHBIE JIOTUYECKHe 3HAUEHU S,

class Boolean b where
true, false :: b
notB b ->b
(&&*), (||*) :: b ->b ->b

Jlornueckue 3HaueHUA olpefesieHbl B TepMUHaX NMPOCTENIINX ONepaliii, Terepb MBI MOXeM 00600IUTh CBA3KY
if-then-else u knaccel Eq u Ord:

class Boolean bool => IfB bool a | a -> bool where
ifB :: bool -> a ->a -> a

class Boolean bool => EgB bool a | a -> bool where
==*), (/=*) :: a -> a -> bool

class Boolean bool => OrdB bool a | a -> bool where
(<*), (>=%), (>*%), (<=*) :: a -> a -> bool

Kax[pii1 13 KJ1acCOB OmpefesiéH Ha BYyX Tunax. OQVH U3 HUX UTPAET POJib OOBIYHBIX JIOTMYECKUX 3HAUEHUH, a
BTOPOI THII — 3TO TAKO# JXe MapaMeTp KaK U B OOBIYHBIX KJlaccax U3 MoAyJiA Prelude. B aTux onpefesieHUsX HaM
BCTPeTWJIach HOBasi KOHCTPYKLHUA: 3a TIepeMeHHBIMU KJIacca depe3 pa3AesnTelib "Muin” caefqyeT YTO-TO IIoX0oXee Ha
Tun GYHKIUK. B 3TOM THIIE MBI TOBOPHIM, YTO M3 TUIA @ CJIEAYeET TUIl bool, MJIM TUI @ OQHO3HAYHO ONpeIesiAeT THUI
bool. DTa nHdpopmarlusa moMoraeT KOMIUIATOPY BBIBOAUTD TUIIBL. ECJIM OH BCTPETUT B TEKCTE BHIPAXXEHUE V = a <*
b v TN OAHOTO U3 apryMEHTOB a WU b U3BECTEH, TO TUIM V OyAeT onpeesiéH 1Mo 3aBUCUMOCTH.

3ayeM HaM MOXeT MOHAJOOUTHCSA TaKas cucTeMa KjaccoB? Hanpumep, ¢ HEE Mbl MOXXEM OTPeIeJIUTh SKIEMILIIAP
Boo'lean Aj1s mpeIUKaToOB MIn GQYHKIUE BUAA @ -> Bool v 3aTeM Omnpee/IMTh TPU OCTAJIBHBIX Kj1acca IJis1 PyHKIUIA
BUAa a -> b. Mbl cpaBHUBaeM He OT/eJIbHbIE JIOTHUECKUe 3HaUeHs1, a GYHKINY KOTOPhIe BO3BPAIAIOT JIOTUYECKHIE
3HaueHus. Tak B BeIpaxeHnu ifB ¢ t e dyHKUOMA c urpaet poJib "MacKu”, ecjiid Ha JaHHOM 3Ha4eHUH (PYHKIUA C
BEPHT UCTHHY, TO MBI BOCIIOJIb3yeMcs 3HaueHneM GyHKIMH t, MHaYe BO3bMEM pe3ysibTaT u3 pyHkuuu e. Hanpumep
TaK MBI MOXEM OIpenesuTh GYHKIHUI0 MOOYJIS:

*Boolean> let absolute = ifB (>0) id negate
*Boolean> map absolute [-10 .. 10]
[10,9,8,7,6,5,4,3,2,1,0,1,2,3,4,5,6,7,8,9,10]
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MbI MOXeM yKa3aTh HECKOJIBKO 3aBHCUMOCTeN (depe3 3amAaTyI0) UM 3aBUCUMOCTh OT HECKOJIBKUX THUIIOB (4epe3
npobeJt, cjieBa OT CTPeJIKH):

class Cabc | a->b, bc ->a where

OTMeTuM, YTO MHOrHe (QyHKLIMOHAIbHBIE 3aBUCHMOCTHA MOXHO BBIDa3UTh yepe3 ceMelicTBa TUNoB. Hampumep
npumep u3 6ubanorexku Boolean MOXHO ObLIO OB 3anIKICATh TaK:

class Boolean a where
true, false HH!
(&&*), (]*) :ta->a ->a

class Boolean (B a) => IfB a where
type B a :: *

ifB :: (Ba) ->a ->a -> a

class IfB a => EqB a where
(==*), (/=*) ::a->a->Ba

class IfB a => OrdB a where
(<*), (%), (>=*), (<=*) :: a ->a ->B a

Ucropuuecku nepebivu B Haskell mosiBuivch GyHKIIMOHAIBHBIE 3aBUCUMOCTU. [103TOMy HEKOTOpbIE TAKETHI HA
Hackage onpenesneHsl B pa3HbIX BapraHTax. CeMelicTBa TUIIOB UCIIOJIb3YIOTCSA 60Jiee OXOTHO.
OrpanuyeHne MOHOMoOp@dHusMa

B Haskell mbr Moxxem He mucath Tunbl GyHknuil. OHU OyAyT BbIBeJIEHBI KOMIIUIATOPOM aBToMartuyecku. Ho
HanucaHye TUMOB PYHKLUI cuuTaeTcAa IPU3HAKOM Xopolero ctuiisA. [TockosbKy 10 TUIIaM MOXHO AorafaTbes 4eM
dyHkIuA 3aHuMaetcA. Ho ecTs B mpaBuJie BHIBOAA THUIIOB OJHO MCKJIIOUeHUe. Ec/Ii MBI HanumeMm:

f = show

To xoMIUIATOp cOOOIMUT HaM 00 omrbKe. TO BhIpakeHre IPUBOAUT K OIIMOKe, KOTOpas BhI3BaHa OrpaHUYeHU-
eM MoHoMop®du3ma. Mel TOBOPUJIN O HEM B IJIaBe O TUMNAax. YacTo B CHUJIbHO OOOOIIEHHBIX OMOJIMOTEKAX, ¢ OOJIbIIN-
MU 3aBHCHUMOCTAMH B THUIIAX BBINHCHIBAThH TUIBL KpaliHe HeyZjo0HO. Hanpumep B 6ubsnoTeKe CO3[jaHus apcepoB
Parsec. C 3TUM OorpaHu4yeHHeM IPUXOJUTCA NHCAThb OIPOMHBIE OOBABJIEHUA THUIIOB AJIA KPOXOTHBIX BBIpaXXE€HU.

Yro-To BpoAe:

fun :: (Stream s m t, Show t) => ParsecT s um a -> ParsecT s um [a]
fun =g . h (g x) vy

U Tak a1 a06oro BeIpaxeHusA. B 3ToM cilyyae Jiyumie ImpOCTO BBIKJIIOUWTH OrpaHHYeHUe, 00aBUB B HAYaJIO
daiina:

{-# Language NoMonomorphismRestriction #-}

IMonuMop¢u3M BBICHIUX MOPAIKOB

Korpma me!1 roBopusiu 06 ST HaM BCTpeTrJiach PYHKLUA ¢ HEOOBIYHBIM THUIIOM:
runST :: (forall s. ST s a) -> a

Cnoso forall o6o3HauaeT i J106bIx. JIto60it mosumopdHbiil Tum B Haskell mogpasymeBaert, 4To OH onpefeiéH
UL JII00BIX THIOB. Hanpumep, Koraa Mel MAIIEM:

reverse :: [a] -> [a]
map it (a ->b) -> [a] -> [b]

Ha camom JAeJie Mbl IMUIIeM:

reverse :: forall a. [a] -> [a]
map :: forall a b. (a -> b) -> [a] -> [b]
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[To nasBauuo csoBa forall MoOXeT IOKa3aThCs, YTO OHO HECET B cebe MHOro cBo60Abl. OHO FOBOPUT O TOM, 4TO
dyHKIMA onpenesieHa A Jo6bx THUNOB. Ho eci mpucMoTpeTthes, To 3Ta cBo6ofa OKa3bIBaeTcs XXECTKUM orpa-
HUu4yeHueM. ”J{Jis 1100bIX” O3HAvyaeT, YTO MBI He MOXeM JAejlaTh HUKaKUX MpeJNoJIoXKeHWH 0 BHyTpeHHel npupoje
3HaueHusA. MBI He MOXeM pa30uparh Takue 3HaueHHs Ha COCTaBJIAlIIMe YacTU. MBI MOXeM TOJIBKO MOZCTABJIAThH
UX B HOBBIe mojmMopdHbie GyHKIUY (Kak B map), orbpackiBaTh (Kak const) WM mepeKjaibiBaTh U3 OJHOTO Me-
cra B fipyroe (Kak B swap wiu reverse). Mbl MOXxeM HEMHOI'O CMAIUTH OTPAaHUYEHUe, ecId YKakeM B KOHTeKCTe
(yHKIMYM KaKue KJIacChl ollpefiesieHbl 111 3HaueHUl JaHHOro TUIa.

Bce crangapTHble IOJIUMOpP(QHBIE TUIBI UMEIOT BUA:
fun :: forall a b .. z. Expr(a, b, ..., z)

Ipuuém Expr He comepxuT forall, a TOJIBKO CTPEJIKM U IPUMeHeHNe HOBBIX TUIIOB K apameTpaM. Takoi THI
HAa3BIBAIOT NOJMMOPGHEIM TUIIOM IepBoro nopsagka (rank). Eciu forall cTouT copaBa OT CTPeJIKY, TO €r0 MOXHO
BBIHECTHU U3 BRIDQKEHU:A, HalIpUMep, CJleAyloliyie BhpaXKeH!s S5KBUBAJIEHTHBL:

fun :: forall a. a -> (forall b. b -> b)
fun :: forall a b. a -> (b -> b)

Tax MBI MOXeM IIPUBECTH He CTAaHAAapTHBIN THI K cTaHAapTHoMYy. Eciu e forall BcTpeuaercs ciieBa OT CTpesI-
KM, KaKk B QyHKIMHU runST, TO ero yXe HeJib3s BHIHECTU. DTO MPUBOJAUT K MOBHIIIEHUIO NOPSAAKA NOJUMOpdU3Ma.
IMopsagok nosuMopdusMa onpefiesigeTcsa KaKk caMblii MaKCUMYyM CpPeld BCeX IMOJABBIPAXEHUMH, YTO CTOAT cJieBa OT
CTPEJIKH IUTIOC OuH. Tak B THIE

runST :: (forall s. ST s a) -> a

CyeBa oT CTPEJIKM CTOUT THII IIEPBOI'0 NIOpsAAKa, HPI/I6aBI/IB eAHNLy, II0JYy4YrM IIOPAAOK OJIA BCEro BhIpAa’XX€HUA.
Ecnn BAPYT HaAM 3aX04€TCsA BOCIIOJIb30BATHCA TAKMMHU TUIIAaMU, MBI MOXXE€M BKJIIOUUTH OOHO U3 pacnmpeHmZ:

{-# Language Rank2Types #-}
{-# Language RankNTypes #-}

B ciiyuae paHroB Npou3BOJIbHOIO NOPs/IKa aJIFTOPUTM BBIBOJIa TUIIOB MOXET He 3aBepIINUThCA. B 3TOM cityyae Ham
NpUAETCA IOMOraTh KOMIMJIATOPY paccTaBJiAA TUIBL CJI0XKHBIX QYHKLNI BPyYHYIO.

Jlekcru4yecKHU CBsA3aHHbIE THUIIBI

M5l y>xe MPUBBIKJIN K TOMY, YTO KOTJJa MbI UIIEM
swap :: (a, b) -> (b, a)

KOMITWJIATOP MOHMMAET, YTO a U b yKa3pIBalOT HA OJMH U TOT K€ THUII CJIEBA U CIpaBa OT CTPeJIKU. IIpu 3TOM THUIBI
a u b He o6a3aTesibHO pa3Hble. 'HOT1a HAM XOYeTCs pacliipUTh AeHICTBUe KOHTeKCTa GYHKINY U pacIpOCTPAaHUTD
ero Ha Bcé Teso GyHKIuu. HanpumMep paHee B 3To¥ rJiaBe, KOrga Mbl IMUATHPOBAJIM YKCJIA Yepe3 TUIIbI, JJI TOrO
YTOOBI U3BJIeYb YKMCJIO U3 TUIA, MbI [10JIb30BAJIMCh TPIOKOM C PYHKILHE proxy:

instance Nat a => Nat (Succ a) where
toInt x = 1 + toInt (proxy x)

proxy :: f a -> a
proxy = undefined

EnuHcTBeHHOE HazHaueHNe QYHKIUN proxy — 3To Nepefaya uHopMauuu o tune. Beuto 65l ropaszo yaobHee
Hanmcarh:

instance Nat a => Nat (Succ a) where
toInt x = 1 + toInt (undefined :: a)

[Tpo6siema B TOM, 4TO IO YMOJIYaHUIO JIt060H nosimMopdHeii Tun B Haskell nmeeT nepBbIii paHr, KOMIWIATOD
YyTaeT Hamly 3amuch Kak (x :: forall a. a), U MOJIy4aeTcsi, YTO MBI TOBOPHM: X MMeeT JII00OM THUII, KaKOH
3axouemts! He ovyens nosiesHas nHdopmanus. KommnuistTop 3a6ayauicsa U CIpallMBaeT y Hac: "Kyma moutu?” A
MBI eMy: “ma KyJa 3axouenib”. Kak pa3 [y Takux cjiydaeB cyllecTByeT pacumupeHue ScopedTypeVariables. OHo
CBA3BIBAET THII, OOBABJIEHHBIN B 3ar0JIOBKE KJ1acca/QyHKIUY ¢ TUIIAMU, KOTOpBIE BCTpevaloTcs B Tejie pyHKknuu. B
ciay4yae QyHKIUI ecTb OJHO OTJINYME OT CJIy4yas C KjlaccaMy. Ecyi MBI XOTUM PacIIMpUTh AEHCTBHE NepeMeHHOH
u3 00bABJIeHNA TUNA QYHKINH, He0OX0AUMO YIIOMSAHYTh e€ B cyioBe forall B cTaHAAPTHOM IOJIOXKEHUU (KaK I
TUIA NEPBOTro Nopsaka). ¥ Hac GBI emé oJUH IMPUMEp C Proxy:
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dt :: (Nat n, Fractional a) => Stream n a -> a
dt xs = 1 / (fromIntegral $ toInt $ proxy xs)
where proxy :: Stream n a ->n
proxy = undefined

B satom CJIy4ya€e Mbl ITALIEM:

{-# Language ScopedTypeVariables #-}

dt :: forall n. (Nat n, Fractional a) => Stream n a -> a
dt xs = 1 / (fromIntegral $ toInt (undefined :: n))

O6parute BHUMeHHe Ha nosiBieHue forall B onpenenenuyu tumna. ITonpo0OyliTe CKOMIMIMPOBATh pUMep 6e3
HEro 1Jy NnepeMecTuTe ero B Apyroe Mecto. Bo MHOrux cily4asx NpUMEHEHUs 3TOr0 PCIIMPEHNA MOXHO U30exXaTh
C IOMOIIbI0 cTaHAapTHOHU PyHKIMM asTypeOf, mocMoTpuM Ha ompefesieHue u3 Prelude:

asTypeOf :: a -> a -> a
asTypeOf x y = x

®dakTruecku 3To GyHKOUA const, 06a THa KOTOPOI OAMHAKOBEL. OHa YacTO UCIOJIb3yeTcsA B UHPUKCHOU hopMe
U1 dUKcanyy TUIA IEPBOrO apryMeHTa:

qg="f $ x ‘asTypeOf‘ var

[Mosry4aeTcs: O9eHb HATJISIAHO, CJIOBHO 3TO MPeJIoXeHHe 0OBIYHOTO A3BIKA.

U npyrue yno6cTBa U yKpalleHUA

CTOUT yNOMSHYTh HECKOJIBKO pacmupeHuil. OHU JIETKWE AJIA MOHWMAaHWA, B OCHOBHOM CJTyXaT YKpAaIIeHUI0
3aMMCH WM OJIS1 COKPAIeHUs] pyTUHHOTO KOJja.

JupekTuBa deriving MOXeT MCIIOJIb30BATHCA TOJIBKO C HECKOJIBKMMU CTaHAAPTHHIMU KJIACCaMU, HO €CJI MBI
oTIpeieJINIIN TU-00EPTKY Yepe3 newtype WM MPOCTO CUHOHUM, TO Mbl MOXEM OY€Hb MPOCTO ONPEIeIUTh HOBBIM
TUM 3K3eMIUTAPOM JII060T0 KjIacca, KOTOPHIN JOCTYIeH 3aBEPHyTOMy THUITy. Kak pa3 [jif 3TOro CyLmeCTBYeT pacilu-
penue GeneralizedNewtypeDeriving:

newtype MyDouble = MyDouble Double
deriving (Show, Eq, Enum, Ord, Num, Fractional, Floating)

M=l TOBOpUJI O TOM, 4TO OOBIYHbIe yricya B Haskell meperpyxeHsl, MHOrAa BO3HHMKAaeT HEOOXOANMOCTD B Iie-
PerpyXeHHBIX CTPOKaX, KaK pa3 AJIsA 3TOro cyllecTByeT pacummpenue OverloadedStrings. IIpu 3ToM 3a OGBIYHOM
3aMHCHI0 CTPOK MOXET CKPHIBAThCA JIIOOOI THI M3 Kjlacca:

class IsString a where
fromString :: String -> a

PacmupeHnue TypeOperators o3BoJiseT onpeesiATh MHOUKCHbIE MeHa He TOJIBKO /I KOHCTPYKTOPOB TUIIOB,
HO U A1 caMUX TUIIOB, CHHOHMMOB THUIIOB U JjaXke KJIaCCOB:

data a :+: b = Left a | Right b

17.3 Kpartkoe conepxaHue

B 3TO#1 ry1aBe MBI 3aTPOHYJIM MAJIyI0 YaCTh BO3MOXHOCTE!N, KOTOphIe MpeAoCTaByIATCA cucteMmoit ghe. Haskell
AIBJISAETCS TOJIMTOHOM JIJIS ICIIBITAHMA CaMBIX pa3HOOOpa3HBIX HAeH. DTO SKCIIepUMeHTaJIbHBIN A3bIK. Ho B pakThye-
cKUX 1esiAx B 1998 rogy Obl1 3aduKcHpoBaH CTaHAAPT A3BIKA, ero 00BIYHO Ha3beBalOT Haskell98. JIroboe pacmupe-
He MOJK/II0YAeTCs ¢ IOMOIIBI0 CHEeNaIbHON nparMel Language. HoBeiii cranmapt Haskell Prime BkrouuT B cebs
HauboJsiee ycrosBIIrecsa pacupeHus. Takke Mbl pacCMOTpPesIM HECKOJIbKO IT0JIE3HBIX KJIACCOB M CMHTAKCUYeCKUX
KOHCTPYKLIUA, KOTOpbIe, BO3MOXHO, 00JIeryaloT HanrucaHye IporpaMm.

17.4 YupaxuHeHUs

OTo ObLIa cIIpaBOYHAaA IJIaBa, IPUCMOTPUTECH K PACCMOTPEHHBIM BO3MOXHOCTAM U MOAYMaliTe KaKue HyXHBI
BaM, a Kakve HeT. BO3MOXHO BBl BOBce He OyAeTe MMU IT0JIb30BAThCS, HO HEKOTOPBIE N3 HUX MOTYT BCTPETUTHCS
BaM B 4y>KOM KoJe WK B OubanoTeKax.
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I'maBa 18

CpencrBa paspaboTku

B 3ToOi1 ry1aBe MBI MO3HAKOMMMCSA C OCHOBHBIMHU CpeJICTBAMU pa3paboTKH OOJIbLIMX NporpaMMm. Mbl Hay4uMcs
yCcTaHaBJIMBaTh U co3AaBaTh OUOGIMOTEKH, MUcaTh JOKYMEHTALHUIO.

18.1 IIakets!

B Haskell ecTh emié oquH ypoBeHb OpraHU3aliy JaHHbBIX, Mbl MOXeM 00beIUHATh MOAYJIU B nakemst (package).
Taxxe Kak ¥ MOAYyJIA NakeTbl MOT'yT 3aBUCETh OT APYT'UX MAKETOB, €CJIM OHU IOJIb3YIOTCS MOIYJIAMU UX 3TUX Ma-
keToB. OQHMM [TAKETOM MBI yXe I10JIb30BaJIMCh U JIOBOJIBHO 4acTO, 3TO MaKeT base, KOTOPHII COAEPXKUT BCce CTaH-
JapTHBle MOAYJIM, HanpuMep Takue kak Prelude, Control.Applicative mym Data.Function. {nsa co3ganus u
YCTaHOBKU IIaKeTOB CYyILIeCTByeT NpuiioxeHue cabal. OHO ompejesifeT NPOTOKOJI OpPraHyu3aluy U paclpocTpaHe-
HusA mopyein Haskell.

Co3maHue nmakeToB

[TpeanoJIoKUM, 9TO MBI HaNKICAJIM NIPOrpaMMy, KOTOpasA COCTOMT M3 HECKOJIBKUX MoAyJiei. ITycTs Bce MoayIu
XPaHATCSA B JUPEKTOPUY C UMeHeM Src. J[JiA Toro 4To6sl NpeBpaTUTh HAG0p MOAYJIell B aKeT, HaM He00XO0JUMO
IIOMEeCTHUTb B OJJHY JUPEKTOPHIO ¢ src aBa ¢daiiia:

* umsllakeTa.cabal — ¢aiii ¢ onncaHneM makera.

» Setup.hs — ¢aiu1 c UHCTPYKUUAMHU II0 YCTAHOBKE TaKeTa

.cabal

[TocmoTpuM Ha mpocTelmuil ¢aii ¢ onucaHueM 61GIMOTEKY, 3TOT daill HAaXOAUTCA B OJHOU JUPEKTOPUU C
TOI AupeKTopuel, B KOTOPOU coAepxkarcs Bce MOAYJIM NPUJIOXEHUA U UMeeT paciiipeHue . cabal:

Name : Foo

Version : 1.0

Library
build-depends : base
exposed-modules : Foo

CHavajia uayT cBOIcTBa makera. O6muil ¢popmar onpeaeeHns CBOMCTBA:

UmaCBoiicTBa : 3HavyeHue

B npumepe MBI ykasanu UM naketa Foo, u Bepcuio 1. 0. ITocye Toro, kak Mbl yka3ajiy Bce CBOKCTBA, MbI OIpe-
nensieM OyZieT Ham nmakeT OGUOJIMOTEKOH WJIN MCIOJIHSAEMON IPOrpaMMOU WJIM BO3MOXXHO OH OyZeT U TeM U APYTHUM.
Ecnu naket 6yget 6u6IM0OTEKOH, TO MBI IIOMeljaeM 3a HabopoM aTpuOyTOB cJIOBO Library, a ecjiu 3TO UCHOJIHAe-
Mas IporpamMma, To Mbl IoMelaeM cjioBo Executable, mociie Mbl IuieM onyicaHue MOAYJIel NakeTa, 3aBUCHUMOCTU
OT APYTUX NaKeTOB, Kakye Moyu OyAyT BUAHHI T0JIb3oBaTeso. dopMaT cocTaBjieHHs ONMCAHUI B 9TON 4acTH Ta-
KOM xe Kak U B caMoM Hadasie daiina. CHauana UAET 3ape3epBUPOBAHHOE CJIOBO-aTpUOYT, 3aTeM depe3 JBOeTOoYHe
cyieayet 3HaueHue. O6paTyUTe BHUMaHNE Ha OTCTYIIHI 3a CJIOBOM Library, oHu 006A3aTesIbHEL U cAeJIaHbl C IOMOIIBI0
npobesios, cabal He BOCIpUHUMAeET TaOyJIALUIO.

®aiin . cabal MOXeT cofepxaTh KOMMEHTapUK, OHU JejlaloTcs Takxke Kak u B Haskell, 3akoMMeHTHUpOBaHHAsS
CTPOKa HauMHaeTcsA C JBOMHOIO TUpe.
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Setup.hs

®aiin Setup.hs comepxuT nHGOPMAIIUIO O TOM KaK yCTaHaBJIMBaeTcs O6ubiamoTeka. [Ipyu ycTaHOBKE MOTYT HC-
TOJIb30BaThCSA APYTHe MporpaMMel U 6ubaroreku. [Toka Mbl 6yeM MOJIb30BaThCS MPOCTEUIINM CJTy4aeM:

import Distribution.Simple
main = defaultMain

OToT daiiy mo3BoJsIeT HaM CO34aBaTh OMOJIMOTEKN U MPUJIOXEHUs, KOTOPhle CO3[AaHBl TOJIBKO C IIOMOIIBIO
Haskell. OTo He Tak yx u maJo!

Co3maéM OHOJIMOTEKH

TunuuHef ¢aiis . cabal gy 6UOIUOTEKU BHITJIAAUT Tak:

Name: pinocchio

Version: 1.1.1

Cabal-Version: >= 1.2

License: BSD3

License-File: LICENSE

Author: Mister Geppetto

Homepage: http://pinocchio.sourceforge.net/
Category: AI

Synopsis: Tools for creation of woodcrafted robots
Build-Type: Simple

Library

Build-Depends: base
Hs-Source-Dirs: src/
Exposed-modules:
Wood.Robot.Act, Wood.Robot.Percept, Wood.Robot.Think
Other-Modules:
Wood.Robot.Internals

dtuM ¢daiiyioM MBI onucaau OUOJINOTeKy ¢ MMeHeM pinocchio, Bepcusa 1.1.1, oHa ucnosb3yeT Bepcuio cabal
He HmXe 1.2. BubnuoTteka BoilynieHa noA JmneH3ueii BSD3. ®aiin ¢ auieH3uell HAXOAUTCA B TEKyIlel AUpPeKTo-
puu nox uMeHeM LICENSE. ABtop 6ubinorteku Mister Geppetto. Ilogpo6GHee y3HATh 0 GMOIMOTEKE MOXHO Ha eé
JoMaiHed crpanune http://pinocchio.sourceforge.net/. ATpubyT Category ykassiBaeT Ha IIUPOKYIO OTPACIIb
3HAHUH, K KOTOPOU NPUHAJJIeXUT Hamla 6ubnoreka. B fanHoM ciiyyae Mbl onmceiBaeM 6UOJINOTEKY [JIA TOCTpoe-
HUA poOOTOB U3 fepeBa, 06 3TOM MBI uIIeM B aTpubyTe Synopsis (KpaTKoe omucaHue), T0O3TOMYy Haiia 6ubsuore-
Ka IPUHAJIEXUT K KaTeropuy UCKYCCTBEHHBIN MHTEJIJIEKT WM cOKpaméHHo AL. ITocimenuuii aTpubyT Build-Type
yKa3bpiBaeT Ha Tun c6opku nmakera. Mbl 6yeM moJ1b30BaThCs 3HaUYeHeM Simple, KOTOPHIN COOTBETCTBYeT cOOpKe C
oMoIIbIo TIpocTetiniero ¢aiiyia Setup.hs, KOTOPBINT MBI paCCMOTPEJIN B IpebIAyIIeM pa3zeJie.

[Tocnie onmcaHus nakera, UAET cjioBo Library, Bemp Mbl co3maém Oubanorteky. Jlasnee B aTpubyre Build-
Depends MBI yKa3slBaeM 3aBHCHMOCTH JJIs Hallero nakera. 3/1eCh Mbl IIEpeYrCIIsieM Bce MAKeTHl, KOTOPHIE MBI HC-
noJib3yeM B cBoell 6ubmoTeke. B JaHHOM ciiydae MBI IIOJIb30BAaJIMCh JIMIIb CTAaHAAPTHOHN OHOIMOTEKOH base. B
arpubyTte hs-source-dirs Msel yKa3bBaeM, I'[ie UCKAaTh JUPEKTOPUIO C MCXOAHBIM KOJIOM OHOJIMOTEKU. 3aTeM MBI
yKa3blBaeM TPY BHENIHUX MOXYJIA, OHU OYAYyT MOCTYIIHHI ITOJIb30BATEJIIO IIOCJIE YCTAHOBKU Oubmoreku (aTtpubyTt
Exposed-Modules), u BHyTpeHHMe cKpbIThie MoayJsu (aTpubyT Other-Modules).

COBﬂaéM HUCIIOJIHAEMBIE ITPOrpaMMbI

TunuuHef Gais . cabal 4JiA UCIOJHAEMOUN MTPOrPaMMBIL:

Name: micro

Version: 0.0

Cabal-Version: >= 1.2

License: BSD3

Author: Tony Reeds

Synopsis: Small programming language
Build-Type: Simple

Executable micro
Build-Depends: base, parsec

260 | Tnasa 18: Cpeactsa pa3paboTtku



Main-Is: Main.hs
Hs-Source-Dirs: micro

Executable micro-repl
Main-Is: Main.hs
Build-Depends: base, parsec
Hs-Source-Dirs: repl
Other-Modules: Utils

B sToM datise MBI onuckiBaeM JiBe IIporpaMMbl. KOMIMIATOp A3BIKA U UHTEpIpeTaTop sA3bika micro. Eciu cpas-
HUTB 3TOT daiii ¢ paiiom as1a 6ubINOTEKH, TO MBI 3aMeTUM JIMIITh OAWH HOBBIH aTpubyT. OT0 Main-Is. OH yKka3biBa-
eT B KaKkOM MOJyJie cofepxxuTtca GyHkiuA main. ITocse ycTaHOBKY 3TOro nakeTa OyAyT CO34aHBI JBA UCIOJIHAEMBIX
¢daina. C nmeHamu micro v micro-repl.

YcraHoOBKa makera

[TakeTsl yCcTaHABJIMBAIOTCA C IOMOIIBI0 KOMaH/bl install. Heo6xoauMo nepedTyl B AUPEKTOPHIO [IAaKeTa, Ty,
B KOTOPOH HaxonATcsA JBa ciIyxeOHbIX daiina (.cabal u Setup.hs) u gAupeKTOpHA C UCXOOHUKAMHY, U 3aIyCTUTh
KOMaHJy:

cabal install

Ecyii MBI HUTZle He omMOJIMCh B ONMCAHUY [IaKeTa, He NepelyTaiy TabyJIAnuIo ¢ mpobesaMy IPU OTCTyNax, Uiin
ykasaau 6e3 omubOoK BCe 3aBUCHMMOCTH, TO IIaKeT YCIeIIHO ycTaHOBUTCA. Eciu 510 OubanoTeKa, To MBI CMOXEM
MOAKJIIOYATh SKCIIOPTUPYeMble el MOAyJIM B JII0OOM APYroM MoJyJie, IPOCTO yKa3aB UX B AupeKkTuBe import. IIpu
9TOM HaM yXe He BaXXHO, Ille HaxXxoAATcA MoAyau 6ubsnoreku. Mbl MeeM BO3MOXHOCTb MMIIOPTHPOBATh UX U3
mo6oro moayJiA. Eciu xe nakeT O6bUI MCIOJIHAEMON IPOrpaMMoli, OyyT co3fgaHbl OMHapHBle ¢aiiyisl nporpaMM. B
KoHIe cabal coofmuUT HaM Kya OH UX MOJIOXWIL.

HHoraa Bo3HUKAIOT ITPOGJIeMEI € TaKeTaMH, KOTOphIe reHepHpYIOT HCIoJIHAeMble (alijibl, a 3aTeM C UX IIOMOIIbIO
yCTaHaBJIMBAIOT Apyrue nakeTsl. [IpobyieMa BO3HMKaET 13-3a TOTO, YTO Cabal MOXeT MOJIOKUTh OMHAPHBIN (aiii B
JAUPEKTOPHI0, KOTOpasA He BUAHA CJIeAyIOIUM IIporpaMmaM, KOTOPEIe XOTAT IPOJOJDKUTh YCTAaHOBKY. B aTOM city-
yae He0OX0OVMO MO0 MePeIOXUTh CO3JaHHble OUHApHBIE GaiiyIbl B JUPEKTOPUI0, KOTOpas OyJeT UM BH/IHA, VI
n06aBUTh QUPEKTOPUIO ¢ HOBBIMU OuHapHbIMU ¢aiiiamu B PATH (mox UNIX, Linux). IlepemeHHas onepanuoHHOMN
cuctembl PATH cofiep>XuT CIMCOK Bcex IMyTeid, B KOTOPHIX cHCTeMa UIIeT MCIOJIHAeMble IPOrpaMMEl, ecjid yTh He
ykasaH sBHO. [TocMoTpeTts cofepxxaHrie PATH MOXHO, BBI3BaB:

$ echo $PATH

[MTosBuTCA CTpOKa AUPEKTOPUI, KOTOpHIE 3aMKcaHbl yepe3 ABoeToune. [JI1a Toro 4To6sl J0OaBUTh NUPEKTOPUIO
/data/dir B PATH HeoO6XOqUMO HamMcaTh:

$ PATH=$PATH:/data/dir

Orta xoMaHAa [06aBUT JUPEKTOpUI0 B PATH Ui TeKyllell cecCUU B TEPMHHAJIE, €CJIM Mbl XOTHM 3aIHCcaTh eé
HacoBCeM, MbI JOOABMM 3Ty KOMAaHAY B CIEIUAIbHBIN CKPBITHIE Gaiii .bashrc, oH HaXoAUTCA B JOMAIIHEN JUpeK-
Topuu noJib3oBaresis. [Ton Windows go6aButs qupekTopuio B PATH MOXXHO ¢ TOMOIIIbI0 Tpaduyeckoro uHtepderica.
KJIMKHWTE MpaBoil KHOMKON MBIMY Ha MKOHKY My Computer (Mo# KommbioTep), B HOSBUBIIEMCS MEHIO BHIOEpU-
Te BKJIQJKy Properties (CBoiicTBa). [TosBuTcsa okHO System Properties (CBolicTBa cucTeMsl), B HEM BeibepuTte
BKJIaJIKy Advanced 1 TaM HaXMUTe Ha KHONKY Environment variables (Ilepemennsle cpefsl). U B 3TOM OKHe OyeT
cTpoka Path, eé MBI 1 XOTUM OTpPeIaKTUPOBATh, 10OABUB HEOOXOAMMBIE HAM My TH.

JaBaiiTe noTpeHUpyeMcs U co3AaauM OMOIMOTEKY U UCIOJIHAEMYI0 porpamMy. Co3gaaumM 6M6IM0TeKy, KOTO-
pas BeIBOOUT Ha 3kpaH Hello World. Co3magum aupekropuio hello, v B Hell co3aiM JUPEKTOPHUIO Src. JTa IU-
pekTopus 6yaeT coepxXaTh UCXOAHBIN KoA. ['J1TaBHBIN MOyJIb OMOGINOTEKY SKCIOPTUPYeT PYHKIMIO IPUBETCTBYUSA:

module Hello where

import Utility.Hello(hello)
import Utility.World(world)

helloWorld = hello ++ ”, ” ++ world ++ "!”

I'naBHBEIN MOJZyJ1b IpOrpaMMebl Main.hs onpepesseT GyHKIMIO main, KOTOpas BEIBOAUT TEKCT NIPUBETCTBUA Ha
9KpaH:

MakeTbl | 261



module Main where
import Hello

main = print helloWorld

¥V Hac 6yAeT ABa BHYTPEHHUX MOJYJISA, KaX/bIil M3 KOTOPHIX OMpeJesisieT CHHOHUM [JIs OJJHOTO ¢JI0Ba. MBI mo-
MecTuM ux B nanky Utility. 3to momysp Utility.Hello

module Utility.Hello where
hello = "Hello”

U mopyspe Utility.World:

module Utility.World where
world = "World”

HcxXoJHUKY rOTOBBI, Tellepb IPUCTYIIUM K ONMcaHuIo nakera. Co3gaquM B KOPHEBOH ANPEKTOpHY NakeTa (aris
hello.cabal.

Name: hello

Version: 1.0

Cabal-Version: >= 1.2

License: BSD3

Author: Anton

Synopsis: Little example of cabal usage
Category: Example

Build-Type: Simple

Library

Build-Depends: base == 4.*
Hs-Source-Dirs: src/
Exposed-modules:
Hello
Other-Modules:
Utility.Hello
Utility.World

Executable hello
Build-Depends: base == 4.*
Main-Is: Main.hs
Hs-Source-Dirs: src/

B aToM (patisie MeI onrcany 6ubaM0TEKY U porpamMmy. B cTpoke base == 4.* MbI yka3asu Bepcuio Hakera base.
3anuce 4.* o3HauaeT Ji06as Bepcus, KOTOpas HauyMHaeTcs ¢ YeTBEPKU. OcTasoch TOJIbKO NIOMECTUTh B KOPHEBYIO
JUpeKTOopHIo nakera ¢aiis Setup.hs.

import Distribution.Simple
main = defaultMain

Tenepb MBI MOXEM IEPEKJIIOUYNTHCA Ha KOPHEBYIO AVPEKTOPHIO ITaKeTa 1 YCTAHOBUTD IIaKeT:

anton@anton-desktop:~/haskell-notes/code/ch-17/hello$ cabal install

Resolving dependencies...

Configuring hello-1.0...

Preprocessing library hello-1.0...

Preprocessing executables for hello-1.0...

Building hello-1.0...

[1 of 3] Compiling Utility.World ( src/Utility/World.hs, dist/build/Utility/World.o )
[2 of 3] Compiling Utility.Hello src/Utility/Hello.hs, dist/build/Utility/Hello.o )
[3 of 3] Compiling Hello src/Hello.hs, dist/build/Hello.o )

Registering hello-1.0...

[1 of 4] Compiling Utility.World
[2 of 4] Compiling Utility.Hello
[3 of 4] Compiling Hello

[4 of 4] Compiling Main

Linking dist/build/hello/hello ...
Installing library in /home/anton/.cabal/lib/hello-1.0/ghc-7.4.1
Installing executable(s) in /home/anton/.cabal/bin

Registering hello-1.0...

—_ —~

src/Utility/World.hs, dist/build/hello/hello-tmp/Utility/World.o )
src/Utility/Hello.hs, dist/build/hello/hello-tmp/Utility/Hello.o0 )
src/Hello.hs, dist/build/hello/hello-tmp/Hello.o0 )

src/Main.hs, dist/build/hello/hello-tmp/Main.o )

—_ o~~~
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Ms1 BuguM cooOlieHus O Mpoliecce yCTaHOBKU. Ilocjie ycTaHOBKM B TeKyIllell JUPEeKTOpUH MaKeTa NOosABUJIACh
AupekTopus dist, B KOTOPYI0 ObUIM NOMeIeHbl CKOMIWJIMpOBaHHble (dailibl 6ubanoTeku. B nmocieaHux crpokax
cabal coo0m HaM 0 TOM, YTO OH YCTAaHOBUJI GUOJIMOTEKY B JUPEKTOPUIO:

Installing library in /home/anton/.cabal/lib/hello-1.0/ghc-7.4.1
Y UCTHOJIHSAEMBIH (Al B JUPEKTOPUIO:
Installing executable(s) in /home/anton/.cabal/bin

C NIOMOILbIO PA3JIMYHBIX (I)J'Ial"OB MbI MOXEM KOHTPOJIMPOBATH IPOLECC YCTAHOBKU ITaKeTa. Hasznauath JAOIIOJTHU-
TeJIbHbIe NUPEKTOPUHU, YKa3biBaTb KyJda IIOMECTHUTb CKOMIINJINPOBaHHbIE Cpaﬁf[bl. HO):[p06HO 00 5TOM MOXHO IOYH-
TaThb B CIIPABKE, BBHIIIOJIHVB B KOMaH,I[HOI'/JI CTPOKE OOHY M3 KOMaHM:

cabal --help
cabal install --help

Ecnm y Bac He MOJIyYMJIOCHh CPa3y yCTAaHOBUTH IIaKeT HE OTYAMBANTECh U MOYHTANTe coobieHns 06 ommbkax
u3 cabal, oH NTHGOPMATHUBHO XaJIyeTcs O 3a0BITHIX 3aBUCHMOCTAX M HECIIOCOOHOCTY NPaBUJIBHO NTPOYUTATH Ghaiiii ¢
onucaHyeM IakeTa.

Y nanenue 6u06JIMOTEKH

YcTaHOBJIEHHBIE ¢ IOMOIIBIO Cabal ¢aiiyibl BUAHH U3 JII0O0ro MoAayJiA. FiMeHa MofyJiell perucTpupyITCs IJIo-
6aspHO. Ecoti HaM 3ax04eTcsl yCTaHOBUTH OHUOJIMOTEKY C yXXe 3apervcTPUPOBAHHBIM MMEHEM, MPOU30HIET Xaoc.
Bo3MoxHO npexH:aA OubanoTeka HaM yxe He HyxHa. Kak HaMm ygaauth eé? IIocMOTpUM Ha pelleHue i KOMIIU-
siaropa ghe. MBI MOXXeM IIOCMOTPETH CIHCOK BCEX 3aperuCcTPUPOBAHHBIX B ghc GUG/IMOTEK C TOMOIIBI0 KOMAH/IBL:

$ ghc-pkg list
Cabal-1.8.0.6

array-0.3.0.1
base-4.2.0.2

TMoABUTCA AJIMHHBIN CHMCOK C MMeHaMu 6ubsnoTek. i yajieHus OJHOHM U3 HUX MbI MOXeM BBIIOJIHUTD KO-
MaHAy:

ghc-pkg unregister umsa-6ubnuotekn
Hanpumep Tak Mbl MOXeM yAaJIUTh TOJIBKO YTO YCTAHOBJIEHHYI0 61broTeky hello:

$ ghc-pkg unregister hello

Peno3urtopuii nakeroB Hackage

Ecnm y Hac MoAKJIIoYeH MHTEPHET, TO MBI MOXeM BOCIOJIb30BaThcA HacienueM coobmecta Haskell u ycra-
HOBUTH nakeT ¢ Hackage. TaM pacnoJio)xeHO MHOTIO-MHOI'O-MHOIo nakeToB. JIro6oi1 paspaborunk Haskell moxet
no6aBuTh cBOII makeT Ha Hackage. [TocMOTpeTh Ha MaKeTHl MOXHO Ha CAlTe 3TOr0 PENO3UTOPUSL:

http://hackage.haskell.org

Ecru ni1s Bamet 3ajaurt HE06X0AMMO BBINOJIHUTH KaKy0-HUOY (b OBOJIBHO OOIYI0 3a/1auy, HallpuMep Hanucarb
TUI KPaCHO-YEPHBIX JePEBBEB WJIM MIOCTPOUTH Mapcep WM BO3MOXHO BaM HyXXeH BeG-cepBep, MOUIUTE dTOT HaKeT
Ha Hackage, OH TaM HaBepHsKa OKaXeTCs, ellé 1 B HECKOJIbKUX BapUaHTaX.

I ycraHoBKM makeTa ¢ Hackage HyXHO IMPOCTO HaMUCaTh

cabal install umsa-nakerta

B03MOXHO HaM Hy>XeH O4YeHb HOBBII IIaKeT, KOTOPHIH ObLI TOJIBKO YTO 3aJIUT aBTOpOoM Ha Hackage. Toraa BhI-
MIOJIHAEM:

cabal update

[TpoucxoauT OGHOBJIEHNE JAHHBIX O 3arpyXeHHbIX Ha Hackage. UTO XOpOIIO, BEI MOXeTe 3arpy3UTh UCXOJHUKU
u3 Hackage, HampuMep y Bac HUKaK He IIOJIy4YaeTcs HamnucaTb IakeT, KOTOPHI ycTaHaBinuBasics Obl 6e3 ommboK.
ITpocTo 3arpy3uM MCXOAHUKHU Kakoro-HUOyAb nakera u3 Hackage v mocMOTpUM Ha IpuMep paboyero rnakera.
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I[OIIOJIHI/ITEJIBHBIE anI/I6YTI:I ImakKeTa

B ¢aiise .cabal Takxe 4acTo yKa3plBalOT TaKue aTpUOYTHI KaK:

Maintainer

[MoJsie coepXUT afpec 3JIEKTPOHHOM IOYTH TeX. MoAAepXKu Stability

Craryc Bepcuu 6ubinoreku (cTabuiibHasA, SKCIlepUMeHTasbHasA, HecTabuiibHasa). Description

ITogpo6Hoe omnucaHre Ha3HavyeHUs nakera. OHO IIoMelaeTcs Ha [JIaBHYIO CTPaHUIly IakeTa B JOKYMEHTaL[HU.
Extra-Source-Files

B 3TOM mnoJie MOXHO 4epe3 mpobeJst yKa3aTh JOMOJIHUTEIbHBIE (haliyibl, BKJIIOYaeMbIe B [TAKeT. DTO MOTYT OBITh

IIpUMepHI UCII0JIb30BaHUA, onucaHue B popmaTe PDF min XpoHUKa U3MeHeHU! 1 Apyrue ciryxeOHble haiiibl.
License-file

[yTh K daiity ¢ IureH3nen.

18.2 Co3panue nokymeHTanuu ¢ nomombio Haddock

Ecnm met 3afiiém Ha Hackage, To TaM MBI yBUIUM JJIMHHBIH CIVICOK TAKETOB, OTCOPTHUPOBAHHBIX 110 KATETOPUAM.
K xakoil kaTeropuy Kakoi IakeT OTHOCUTCA MBI YKa3blBaeM B . cabal-daiise B aTpubyte Category. Jlayee psaaom ¢
UMeHeM I1aKeTa MBI BUJVM KpaTKoe OmycaHue, OHO 6epéTcsa 13 aTpubyra Synopsis. Eciy MbI 3aiiIéM Ha CTpaHULy
OJHOI'0 M3 IAKeTOB, TO TaM Mbl YBUAUM CTPaHUIy B TaKOM ke (opMaTe, 4TO U AOKYMEHTAIs K CTAaHAAPTHHIM
6ubmoTexkamM. MBI BUAMM OIMCaHMe [TaKeTa U HUXe HMepapxuio MofyJjei. Ml MoxeM 3aliTU B 3aHTEPeCOBABILINIL
Hac MOJyYJIb ¥ IOCMOTpeTh Ha 00bABJIeHHbIe (PYHKINH, TUIBI U KJIacChl. B caMOM HU3Y CTpaHUIBI HAXOAUTCSA CCBUIKA
K MCXOQHUKaM MaKeTa.

” [JomanHaAA cTpaHUNa” nakeTa Obljla co3aHa ¢ noMombio npunoxeHus Haddock. OHO reHepupyeT JOKyMeHTa-
uuio B popmare html no cneruanbHEIM KoMMeHTapuaM. Haddock BcTpoeH B cabal, Hanpumep MBI MOXeM ces1aTh
JOKYMEHTAIMI0 K Hamemy nakety hello. [[Jig 3TOro HyXKHO NEPEKJIIOUNATHCS Ha KOPHEBYIO NUPEKTOPUIO IIaKeTa 1
BBI3BATh:

cabal haddock

[Mocne storo B qupekTopun dist mosasurca qupekTopus doc, B KOTOPOH BHYTPH AUpekTopuM html HaxoguTcA
co3jaHHasA JOKyMeHTanws. Mbl MoxxeM OTKPHITh Gar1 index. html 1 TaM MBI yBUAUM “MiepapXyio HaIIero” MOAyJis.
B mopayJie moka HeT HU OAHOY QYHKI[UMY, TaK [IOJIYYMUJIOCh TOTOMY, yTo Haddock momeniaeT B JOKyMeHTALUIO JIUITH
Te PYHKINH, Y KOTOPHIX ecTh 00bsABIIeHNne Tuna. Eciu Mel fo6aBuM B MoAyJie Hello. hs: K eqUHCTBEHHON QYHKIINN
o0BsBJIEHNE TUMIA:

helloWorld :: String
helloWorld = hello ++ ", ” ++ world ++ "!”

U teneps nepesanyctuM haddock. To Mbl yBUAUM, 4TO B MoAyJie Hello nmosBuiach ofHa 3anuch.

I(()hdhdeIITTiI)IIII K ompeneJiecHuAM
HpOKOMMeHTI/IpOBaTb Jo6oe onpejesyieHrue MOXHO C [IOMOIIBI0 KOMMEHTapus CJAeAYIOIero spja:

-- | Here is the comment
helloWorld :: String
helloWorld = hello ++ ”, ” ++ world ++ "!”

OO6patuTe BHMMaHHe Ha 3HAUYOK “Win”’, cpa3y mocjle KOMMeHTapueB. DTOT KOMMeHTapuil OyAeT BKJIIOYeH B
JIOKyMeHTaIuo. Takke MOXHO NHCaTh KOMMEHTapUH II0CJIe ONpeiesIeH A AJIs TOr0 K KOMMEHTapHIo fo0aBsiAeTcsa
3HAYOK CTeIeHU:

helloWorld :: String
helloWorld = hello ++ ”, ” ++ world ++ "!”
-- ~ Here is the comment

K coxasieHuio Ha MOMEHT HalucaHusA 3TUX cTpok Haddock MoxeT BKJIIOUaTh B JOKYMEHTAIMIO JIMIIb JIJATUHCKHUE
cuUMBOJIBL.. KOMMeHTapuu MOr'yT IPOCTHUPAThCs HECKOJIBKO CTPOK:

-- | Here is the type.

-- It contains three elements.
-- That's it.

data T=A | B | C
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Taxxe OHU MOTYT OBITH OJIOUHBIMU:

{-1
Here is the type.
It contains three elements.
That's it.
-}
data T=A | B | C

Msbl MOXeM KOMMEHTHPOBATh He TOJIBKO OIlpefiesieHNe LIeJIMKOM, HO U OTAeJsibHble yacTu. Hanpumep Tak Mbl
MOXeM IOACHUTDb OTZesIbHble apI'YMEeHTHl Y QYHKLIUU:

add :: Num a => a -- ~ The first argument
-> a -- ”~ The second argument
-> a -- ~ The return value

MeTo/ibl KJ1acca U OTAesIbHble KOHCTPYKTOPHI TUIIA MOXXHO KOMMEHTHPOBATh KaK OOBIYHbIe PYHKIIU:

data T
-- | constructor A
= A
-- | constructor B
| B
-- | constructor C
| C
Win Tax:
data T = A -- ~ constructor A
| B -- ~ constructor B
| C -- ~ and so on

KommeHTapuu K Kjaccy:

-- | C-class
class C a where

-- | f-function
f::a->a
-- | g-function
g::a->a

ICODJBJG}TTaFHJPlICDA(LHyUIH)

KomMMeHTapuu K MOJyJIi0 IOMeIaTcA nepef 00bABIeHreM HMeHU MOy JIA. OTa uHpopManusa nonafgét B camoe
HavaJsio CTPaHUI[bl JOKyMeHTal1u:

-- | Little example
module Hello where

CTpyKTypa CTpaHUIbI JOKYMEHTAIU!

Ecim Moy Jsie 60J1bIIOH, TO ero O6piBaeT y0OHO pa3fe/InTh Ha YacTH, CJIOBHO pas/iesibl B rjiaBe KHUrU. Omnpenete-
HUA TPYNNUPYIOTCA 110 QYHKIMOHAIBHOCTY U OMEIIAI0TCA B pa3Hble pasjiesibl WK Aaxe noapaszessl. CTpyKTypa
JIOKyMeHTAaluH ollpefiesisieTCcs ¢ MOMOIIbI0 CIeliaIbHBIX KOMMeHTapyeB B 3KCIOpTe MoyJiA. [JocMOTpUM Ha Ipu-
Mep:

-- | Little example

module Hello(
-- * Introduction
-- | Here is the little example to show you
-- how to make docs with Haddock

-- * Types

-- | The types.
T(..),

-- * Classes
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-- | The classes.

C(..),

-- * Functions

helloWorld

-- ** Subfunctionsl

-- ** Subfunctions2
) where

KoMMeHTapuu co 3BE3JOYKOI CO3[AI0T pasfesi, a ¢ AByMs 3BE3[04YKaMu — moApasfes. Te ompenesieHUs, KO-
TOpbIE KCIIOPTUPYIOTCA 32 KOMMEHTAPUAMU CO 3BE3IOYKON MOMAaAyT B OJUH pasfes uiu noapasfei. Eciau cpasy
3a KOMMEHTapHeM CO 3BE3I0YKOU MAET KOMMEHTApHUl CO 3HAaKOM “WJjIM”, TO OH OyJeT MOMeIEH B caMOoe HayaJio
pasfesna. B HEM MBI MOXXeM MOSCHUTH TI0 KAaKOMY MPUHIUITY TPYNIUPYIOTCS ONpee/IeHNs B JAaHHOM pasJeie.

PasmMmetka

C IoMOUIBI0 CeIaIbHBIX CUMBOJIOB MOXHO BBIAEJIATD Pa3/IN4HbIe dJIEMEHTH TeKCTa, HallpUMep, CChUIKU, KyCKHU
Ko/la, Ha3BaHUsA olpefesieHui i MofayJell. Haddock ycTaHOBUT HeoOXOAMMBIE CCHUIKU U BBIAEUT dJIEMEHT B
JOKyMeHTal[1H.

IIpn aTom cumBoJIBL /, ', “, ", @, < ABJIAIOTCA CIIELAAJIbHBIMU, €CJIU BBl XOTUTE BOCIIOJIb30BATHCA OHUM U3 CIELU-
aJIBHBIX CIMBOJIOB B TeKCTe He0OX0IMMO HaIKCcaTh Iepe] HUM o0paTHBIN cyail \. Takke CHMBOJIBL 4711 0003HAYEHUS

KOMMEHTapueB *, |, " U > ABJIAIOTCA crienyaJibHbIMU, €CJIM OHU PAacCIIOJIOKEHBI B CaMOM HavaJie CTPOKH.

IMaparpadst

[Taparpadsl onpepeATCs MO MyCTONH CpoKe B KOMMeHTapuu. Tak HanpuMep Mbl MOXeM pa30ouTh TeKCT Ha ABa
naparpada:

-- | The first paragraph goes here.

-- The second paragraph goes here.
fun :: a -> b

BJsioku koga
CyuecTByeT ABa criocoba o003HaueHuA OJIOKOB KoJa:

-- | This documentation includes two blocks of code:

-- fx=x+x

-- > g Xx=x*42

B nmepBoM BapuaHTe MBI 3akjitouaeM OJIOK KoJla B OKpyXeHUe @. ..@. Tak MbI MOXeM BBIAEJIUTH LEJIbIil KyCOK
xopa. [y BeliesIeHUA OJHOU CTPOKU MBI MOXKEM BOCIIOJIb30BAThCA 3HAKOM >.
IIprMepsI BBIYMCIIEHHUs] B UHTEpIIpeTaTope

B Haddock MBI MOXeM IIPUBECTH IIPUMED BBIYMCJIEHHUA BHIPAXEHU B MHTEpIIpeTaTope. JTO JeJIaeTcs ¢ IOMOIIBI0
TPOMHOTO CHMBOJIA >:

-- | Two examples are given bellow:

-- >>> 243

CTpOKH, KOTOPbIEe UAYT Cpa3y 3a CTPOKOH C CMBOJIOM >>> [IOMEYAIOTCA KaK Pe3yJIbTaT BBIITOJIHEHNA BEIPAXEeHU
B MHTepIIpeTaTope.
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HWMeHa onpeaesieHNA

711 Toro 4ToGH! BHIEIUTH UM JII000TO onpeiesieHus, 6yab To GYHKINA, TUI WM KJIacc, HEOOXOAMMO 3aKJIi0-
YUTh ero B OpAMHApHbIe KaBBIUKY, kKak B 'T'. [Ipu aTom Haddock ycTaHOBUT CCBUIKY K OIpe/iesIeHUI0 1 MOJCBETUT
uMs B TekcTe. [{J1a Toro yTo6hl cocjiaThCs Ha olipejesieHre U3 APyroro MoAyJjid Heo6XoAMMO HamucaTh ero mojHoe
uMs, T.e. ¢ IPUCTABKOU UMeHU MOAyJidA, HanpuMmep GyHKIUA fun, onpeaeséHHas B MoayJie M, uMeeT MOJIHOe UMA
M. fun, Torga B KOMMeHTapuAX MBI 00o3HauaeM e€ 'M. fun’.

OpauHapHble KaBBIUKM YacTO KCMOJIb3YIOTCA B aHIVIMHCKOM A3bIKe KaK anocTpodbl, B TAKUX COUETAHUAX KaK
don’t, isn’t. [lepe TaKUMU BXOXIEHUSAMH OPJMHAPHBIX KaBBIYe€K MOXHO He MucaTh 06paTHbI ¢yt Haddock cymeer
OTJINYUTH UX OT uAeHTuduUKaTOopa.

KypcuB ¥ MOHOIIMPUHHBIA WIPUPT

J17151 BBI[IeJIeHUA TEKCTA KYPCHUBOM, OH 3aKJII0YAETCSA B OKPYXEHUe . . .. JIJIA HamucaHuA TEKCTa MOHOIIHMPUHHBIM
mpudTOM, OH 3aK/II0YAETCs B OKPYXeHUe @. . . @.
Mopynn

[ o6o3HaueHNsA MOyJIel UCIOJIb3YIOTCA JBONMHbIe KaBbIUKY, KaK B

-- | This is a reference to the "Foo” module.

Crnucku

Cnucok 6e3 Hymepauuu 0603HavYaeTcs ¢ MOMOIIbIO 3BE3J0YEK:

-- | This is a bulleted list:
-- * first item

-- * second item

[TpoHyMepOBaHHBIN CIHCOK, 0003HAaYaeTcs CMMBOJIAaMHU (n) wiu n. (n ¢ TOYKOH), IAe N — HEKOTOpPOe Ieyioe
YHICJIO:

-- | This is an enumerated list:
-- (1) first item

-- 2. second item

Cnucok onpezeseHuH

OmnpenesieHnsa 0603HAYAIOTCSA KBAAPATHBIMU CKOOKaMU, HallpuMep KOMMEeHTapU:

-- | This is a definition list:

-- [@foo@] The description of @foo@.

-- [@bar@] The description of @bar@.

B IOKyMeHTaluu OyIeT BHITJIAAETh TaK:
foo
The description of foo. bar

The description of bar.

I[J'IH BBII€JIEHNA TEKCTa MOHOIINPYHHBIM I.HPI/ICI)TOM MBI BOCIIOJIb30BaJINCh OKpPYyXeHHeM @. . .@.

URL

CCBUJIKM Ha CalTHl BKJIIOYAIOTCS C [IOMOIIBI0 OKPYXXEeHUA <. . .>
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CCBbUIKM BHYTPY MOAYJIA

711 Toro 4To6H! cocIaThCs HAa KaKOU-HUOYIb TEKCT BHYTPU MOAYJIA, ero Heo6X0AUMO OTMETUTh CChUIKOU. {71
3TOro MbI IIOMel[aeM B TOM MeCTe, Ha KOTOpOe MBI XOTHUM COCJIaThCs, 3aluch #label#, rae label — aTo naenTuduka-
TOP CCBUIKU. Ternepb MBI MOXEM COCJIAThCA Ha 3TO MeCTO U3 APYyroro MoAyJisA ¢ MOoMoIIplo 3anucu "module#label”,
rae module — MA MOAYJIA, B KOTOPOM HaXOAUTCA CChUIKa label.

18.3 Kparkoe coaepxanue

B 9T0#1 r71aBe MBI IO3HAKOMIJIMCh C OCHOBHBIMU 3JIEMEHTaMU apceHasia pa3paboryuka nporpamm. Mel Hay4u-
JIACh cO37aBaTh OUOIMOTEKN U JOKYMEHTUPOBATh UX.

18.4 YupaxuHeHuUs

BcnomHuTE OAMH K3 IPUMEPOB U IIpeBpaTUTe ero B 6ubinoreky. Hanpumep, Hanumute 6MOJIM0TEKy AJIA HATY-
pasnbHbIX ynces1 IleaHo.
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I'masa 20

OpueHTupyeMcs 1o Kapre

PaccmoTpuM 3ajady NOKMCKa MapLIpyTa Ha KapTe. Y Hac eCcTb KapTa MeTpPO U HaM HYXXHO NPOJIOXUTh MapUIpyT
OT OIHOM cTaHUUU K Apyroi. Kapra meTpo — 3To rpad, y3ssl 0603Ha4aloT CTaHIMU, a pébpa coeJUHSAIOT coceJHIe
craHiuu. [IpeAnosokXyuM, 4TO MBI 3HAaeM PACCTOSHUA MEXIY BCEMHU CTAaHLUAMHM U HaM HaJ0 HaWTH KpaTyauIlni
MyTh OT CTaHIMU IUIoMmMaAb baxa o cranuuy TauHCcTBeHHBIH Jec (puc. 20.1).

Kocmonpom 3anag TaWHCTBEHHbIN

(o] (o] O nec
Mpu3pak O/

yn.Byneiiésa QmumQ, i @ Tponnes MocT

—O Tvnnb
Cupuyc /ﬁ;-;ge-ma‘o Cesep

(e}
}OrO/ ﬁ fle Nao

nn.baxa O\o KpecT o na.lWekcnupa
lo PoaoHnk

o

BocTok

OHo 6osoTa

Puc. 20.1: Cxema MeTpOnoJIMTEHA
JlaBaiiTe nepeBeiéM 3TOT prucyHoK Ha Haskell. CHauasia onuiieM nMeHa JIMHUE U CTaHIIMEL:

module Metro where

data Station = St Way Name
deriving (Show, Eq)

data Way = Blue | Black | Green | Red | Orange
deriving (Show, Eq)

data Name = Kosmodrom | UlBylichova | Zvezda

Zapad | Ineva | De | Krest | Rodnik | Vostok

Yug | Sirius | Til | TrollevMost | Prizrak | Tainstvenniyles

DnoBolota | PlBakha | Lao | Sever

PlShekspira

deriving (Show, Eq)

[TpeAnosIoXyM, YTO HAaM U3BECTHBI KOOPAMHATHI KAXA0M U3 CTAHIMN. [10 HIM MBI MOXEM BBIYKCJIATH PACCTOSTHYIE
MEXIy CTAHIUAMHU IO IPSAMO:
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data Point = Point
{ px :: Double
, py :: Double
} deriving (Show, Eq)

place :: Name -> Point

place x = uncurry Point $ case x of
Kosmodrom -> (-3,7)
UlBylichova -> (=2,4)
Zvezda -> (0,1)
Zapad -> (1,7)
Ineva -> (0.5, 4)
De -> (0,-1)
Krest -> (0,-3)
Rodnik -> (0,-5)
Vostok -> (-1,-7)
Yug -> (-7,-1)
Sirius -> (-3,0)
Til -> (3,2)
TrollevMost -> (5,4)
Prizrak -> (8,6)
TainstvenniyLes -> (11,7)
DnoBolota -> (-7,-4)
P1Bakha -> (-3,-3)
Lao -> (3.5,0)
Sever -> (6,1)
PlShekspira -> (3,-3)

dist :: Point -> Point -> Double

dist a b = sqrt $ (px a - px b)®2 + (py a - py b)"2

stationDist :: Station -> Station -> Double
stationDist (St n a) (St m b)

| n/=mé&& a == = penalty

| otherwise = dist (place a) (place b)

where penalty =1

PaccrostHue MexAy ToukaMu Beramcisiercs no dpopmyse Eskinga (dist). Eciu y cTaHuil ofuHaKOBbIe IMeHa,
HO OHM pacIoJIoXeHbl Ha pa3HbIX JIMHUAX MBI OyJleM CYMTaTh, YTO PAacCCTOsIHUE MeX/y HUMU paBHO enHULe. Tenepb
HaM HeoOXOAVMO OIMCaTh CBA3HOCTb CTAHI[MIl. MBI ONMIIEeM CBA3HOCTh B BuJe QYHKIMM, KOTOpasd A JaHHOU
CTaHI[UU BO3BpalaeT CIMCOK BCeX COCEQHUX C HEl CTaHLUI:

metroMap :: Station -> [Station]
metroMap x = case x of
St Black Kosmodrom -> [St Black UlBylichoval
St Black UlBylichova ->
[St Black Kosmodrom, St Black Zvezda, St Red UlBylichova]
St Black Zvezda ->

[St Black UlBylichova, St Blue Zvezda, St Green Zvezdal

[IpuBefiéH NpUMep 3aMOJIHEHU TOJIBKO I OAHOM JMHUK. OcTasIbHble JIMHUY 3aMOJIHAITCA aHaIoruyHo. O6-
paTuTe BHUMAaHVE Ha TO, YTO HEKOTOPbIE CTAHIINY MMEIT OJUHAKOBbIE UMEHA, HO HAXOATCS HA PA3HBIX JINHUSIX.

Bcé rotoBo A1 TOro yTo0HI HanucaTh GYHKIUIO [TOVIcKa MapuIpyTa. i 3TOro MBI BOCIIOJIb3yeMCs aJITOPUTMOM
A*.

20.1 AJaropurTM 3BpHCTHYECKOrO Ioucka A*

Hama 3agaua oTHOcuTes K 3afjayaM Ioricka myTeil Ha rpade. Ilytém Ha rpade HasbpIBalOT TaKylo IIOCjIe[oBa-
TEJIbHOCTb Y3JI0B, B KOTOPOH [JJIA JIIOOBIX BYX COCEQHHUX Y3JIOB CyIecTByeT peOpo, KOTOpoe UX coequHsAeT. B Ha-
meM ciyvae rpadoM ABJIAETCA KapTa MeTpo, y3J1aMU — CTAHIUM, péOpaMy — JIMHUN MeXAY CTAaHIMAMU, a MyTAMU —
MapUIpyTHL.

[IpencraBuM, 9TO MBI HAXOAMMCA B y3jle A 1 HaM HeOoOXOJWMO IOIAacTh B y3esa B U eJUHCTBEHHOE, YTO HaM
HU3BECTHO — 3TO BCE COCEe/IHUE Y3JIbl C TeM, B KOTOPOM MBI HAXOAUMCH. Y Hac eCThb BO3MOXHOCTD ITepeiTH B OJJUH 13
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COCeJIHUX y3JIOB U IIOCMOTPEeTh HeT JIM cpefu UX cocefiell y3ia B. B 3ToM ciiyuae HaM HUYero He ocTaércsa KpoMe
TOro Kak 6poAuTh 110 KapTe OT CTAaHIMM K CTAHIUU B CJTyYailHOM MOPsAKe, TOKa Mbl He HAaTOJIKHEMC S Ha y3eJi B niu
BCe y3JIbl He KOHUYaTcs. Takoi MOMCK Ha3bIBAIOT CJIEMBIM.

Bot ecsu 651 y Hac ObI KOMIIac, KOTOPBIN B KaXXOOM TOYKe yKa3blBajl B CTOPOHY IeJid HaM ObLIO OBl ropasio
npoie. Takoil KoMIac MPUHATO Ha3bIBaTh 38puUcmukoll. DTO QYHKLMA, KOTOpasA NPUHUMAeT y3eJ M BO3BpallaeT
yucsio. YeM MeHbIlle 4KCJI0, TeM OJirke y3esl K nesd. OOBIYHO 3BPUCTHKA yKas3blBaeT He TOYHOE paccTOosHUE JI0
11eJ1, TIOCKOJIBKY MBI He 3HaeM Tfie LieJib, a IpUOJIM3UTesIbHYI0 OlleHKy. MBI He 3HaeM pacCTOsHUe A0 Liejiu, HO
JlorajibiBaeMcs, HaM KaXeTcs, YTO OHa IJie-TO TaM, elé 4yTh-4yTh U MbI HaiAéM eé. [IpuMepoM 3BPUCTUKHU IJIA
[IOMCKa II0 KapTe MOXeT OBITh QYHKINA, KOTOPas BBIYKCIIAET PACCTOAHUE IO MPAMOH 0 mesu. [IpenoJioxXuM, 9To
MBI He 3HaeM I/le HaxOquTcs Lesib (Kakas Jopora K Heil BeZIET), HO Mbl 3HaeM e€ KoOpAuHaThl. Takxe Mbl 3HaeM
KOODJMHATHI KaXXJ0! BepIINHbI, B KOTOPON Mbl HaxofuMcA. Toraa Mbl MOXXeM JIeTKO BBIYMCJIUTb PacCTOsHUE IO
NIpsAMOY1 A0 I{eJId U Hall MOKCK CTaHeT ropaszio 60Jjiee 0CMbICJIEHHBIM.

Tak HaxoAsACh B TOUKe A MBI MOXeM cpa3y NMONTHU B TOT COCeJHUH y3es, KOTOpHIN Oirke Bcex K Leau. Takoi
ITOVMICK HA3BIBAIOT IIOMICKOM I10 IEPBOMY JIy4IlleMy IpUOJIIKeHUIo. B norncke A* yuuThiBaeTcs He TOJIBKO PacCTOSHHE
J10 1leJId, HO U TO paccTosiHKe, KOTOpoe MbI y>e Ipouutyd. Mel BeIOrpaeM He Ty BepIINHY, KoTopas OJirxe K LieJi, a
Ty AJ1 KOTOPO¥ MOJIHBIN MyTh [0 Liesd OyaeT MMHUMAJIbHBIM. Beib moka MBI UIEM MBI MOXEM 3allOMUHATh KaKkoe
paccTosHUe MBI yXe Ipomuty. IIpn6aBuB K 3TOMY 3HaU€HUIO, TO KOTOPOE MBI IOJIyYUM C ITOMOII[BI0 3BPHUCTUKU MBI
MOJIyYMM TOJIHBIN (IIpeAnojiaraeMslii) IyTh 4O IeJIu.

[Mouck A* ropasio JIy4iiie IOKMCKa 10 IepBOMY JIydieMy MpubJIKeHNIo. Ero yacTo NpuMeHAI0T B KOMIIBIOTEPHBIX
Urpax A IOMCKa MyTHU WU NPUHATUA pelleHui.

[TpuHATO pa3aenATh MOMCK Ha rpade U mouck Ha fepese. Ecin Mbl uféM no rpady, TO BepUIMHB MOTYT IIO-
BTOpATCA (OHM 00pa3yioT IUKJILI). B ciIydyae moucka Ha JiepeBe MBI CUMTaeM, UYTO BCe BEPIIMHBI YHUKaJbHEL [Ipu
rouicke Ha rpade oyeHb BaXHO 3aIlOMUHATh T€ BEPIIMHBI, B KOTOPBIX MBI yXXe noObBaiu. MHaye Mbl OyieM OueHb
4acTO XOAUTb KPyTraMH.

B Haskell oueHp yao6HO paGoTaTh ¢ JaHHBIMU, KOTOPHIE UMEIOT UepapXU4ecKyl0 CTPYKTypy. X MOXHO mpeJ-
CTaBUTH B BHUE JAepeBa, OOBIYHO B TaKUX TUIAX y HAC eCTb KOHCTPYKTOPHI-KOHCTAHTH U KOHCTPYKTOPEI, KOTOpPhIe
co0HpaloT cocTaBHbBIe 3HaUeHUA. I'pad BBHIXOAUT 3a paMKH 3TOTr0 KJlacca AaHHBIX, IOTOMY 4TO pébpa rpadoB MOTyT
06pa3oBHIBaTh IUKJIBL. HO MBI CXUTPHUM U IpeJicTaBUM rpad novcka B Bufe AepeBa. KopHem Harmero fiepesa Oyaer
HavaJibHasA TOYKa IIOMCKa, a oAiepeBbsAMU I AaHHO BepUIMHHI y3ja OyAyT Bce BepIIMHbI-coceau. B TakoM ne-
peBe OyZieT 04eHb MHOI'O NOBTOPALINXCA y3JI0B, TAK HalIpUMep MBI MOXeM IONTU B COCEAHIO BepIIMHY, TOTOM
BEpHYTbCsA 0OpaTHO, ONATH IONTU B TyXe COCeTHIOI0 BEPIINHY, U TaK 0 6ecKkoHeYHOCTHU. J[Jig Toro, YTOOH 136exaTh
MOJAOOHBIX CUTyalUil MbI 6y/1eM 3allOMHHATh Te BEepIINHEIL, B KOTOPBIX MBI y)Xe MOOBIBAJIM U HE PacCMaTpUBaTh HX,
€CJIM OHU BCTPETATCA HaM elé pas.

Cdopmyspyem 3afady Norcka B TUNax. Y Hac ecTb JepeBo MOKCcKa, KOTOpOe COAEepPXUT Bce BO3MOXHEIE pas-
BETBJIEHUS, TaKXe Kax1as BeplIMHa COAEePXUT 3HaYeHe 9BPUCTHUKY, [T0 HeMy Mbl 3HaeM HacKoJIbKO Gj113Ka JJaHHas
BepIMHA K Lesu. Takke y Hac ecTh cllellajIbHBIN IpeNKaT, KOTOPHI olpeiesiéH Ha BeplIMHAX, 10 HEMy MBI MO-
KeM y3HaTh fABJIAETCA JIM JAaHHas BepliMHA Iesiplo. Ham HyXHO MOJIy4WuTh MyTh, WJIM LIENOYKY BEpIIMH, KOTOpas
Oy[eT HauMHAThCA B KOPDHE JlepeBa [TOVCKa M 3aKaHYMBAThCA B IIeJIEBOI BepIINHE.

search :: Ord h => (a -> Bool) -> Tree (a, h) -> Maybe [a]

3mech a — 3TO 3HaUYeHUe BEpIIMHB U h — 3HaueHue 3BpUCTUKU. OOpaTuTe BHUMaHUe Ha 3aBUcCMMOCTb Ord h B
KOHTEKCTe, Belb Mbl coOupaeMcsA CpaBHUBATh 3TU 3HaUYeHUs no 6m3ocTu K Heau. [Ipu ob6xone aepesa Mbl Oyaem
3allOMUHATh IOBTOPAIOIIMeECs BEPIINHEI, A/ 3TOT0 MBI BOCHOJIb3yeMCsA TUIIOM MHOXECTBO M3 CTaHJAapTHOI'O MoO-
ayns Data.Set. BHyTpu Set MoryT XxpaHUTCA TOJIBKO 3HauYeHM:A, AJIA KOTOPHIX ONpejiesieHbl onepalii CpaBHEHNA,
MO3TOMY HaM NpUAETcs J06aBUTh B KOHTEKCT ellé OJIHY 3aBHCUMOCTbD:

import Data.Tree
import qualified Data.Set as S

search :: (Ord h, Ord a) => (a -> Bool) -> Tree (a, h) -> Maybe [a]

[Mouick OyAeT 3aKJI04aThCA B TOM, YTO MBI OyZileM O00XOOUTh AepeBO OT KOPHA K y3yiaM. [Ipu 3ToM cpeu Bcex
y3JI0B-aJIbTePHATUB MBI Oy[leM NMpOoCMaTpUBaTh y3Jibl ¢ HAUMEHBIINM 3HaueHHeM 3BPUCTUKHU. B 3ToM HaMm momo-
XKeT ClleUaIbHasA CTPYKTYpa JaHHBIX, KOTOpas HAa3bIBaeTCA ouepedsto ¢ npuopumemom (priority queue). dta ouepean
XPaHUT 3JIEMEHTHI C YYETOM UX CTapHIMHCTBA (mpuopurera). Mbl MoxeM 106aBJIATh B HE€ 3J1eMeHTHl 1 U3BJIEKATh
asieMeHTHI. [Ipu 3ToM MBI Bcerpa 6yaeM U3BjieKaTh 3J1eMeHT C HauMeHBIIUM IIpHUopuTeToM. MBI BOCIOJIB3yeMcs
ouepenAMHU u3 6ubsmoreku fingertree. J{Jyig Havasga ycTaHOBUM OMOJIMOTEKY:

cabal install fingertree

Tenepp NIOCMOTPHM B IOKyMEHTALUIO M y3HAaeM Kakuve (PyHKIIUM HaM JOCTYNHBL. JJOKyMeHTAaIUI0 K [TaKeTy MOX-
HO HalTU Ha caliTe http://hackage.haskell.org/package/fingertree. Iloka OT/10XUM JieTajibHOE U3yUeHHEe UH-
Tepdetlica, OTMETHUM JIUIIb TO, YTO MBI MOXeM 00aBjIATh 3JIeMEHTH K o4epequ U U3BJieKaThb 3JIEMEeHTHl C YIETOM
npuopureTa:
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insert :: Ord k => k -> v -> PQueue k v -> PQueue k v
minView :: Ord k => PQueue k v -> Maybe (v, PQueue k v)

Bepuéwmcs k pyHKIuu search. 51 651 xoTes1 06paTUTH Ballle BHUMAaHIE Ha TO, KaK MbI 6y/ileM pa3pabaThBaTh 3Ty
dynkiu0. Bemomanm, uro Haskell — sieHUBEI A3BIK. DTO 03HAYAET, YTO IIPH 06pabOTKe PEKYPCUBHBIX THUIIOB TaHHBIX,
dyHukua "yriaybasercsa” B 3HaUeHHE JIMIIb TOTA, KorAa GyHKIUs, KOTOpas BbhI3Basia 3Ty GYHKIHIO IONPOCUT e€ 00
9TOM. JTO AAéT HaM BO3MOXHOCTh pabOTaTh C NOTEHINAJIbHO 0€CKOHEYHBIMHU CTPYKTypaMH AaHHBIX U, 4TO Oojiee
BaXHO, pa3/lesIATh CJIOXHBIM aJIFOPUTM Ha He3aBHCHMBIE COCTABJIAIONINE.

B dyHknum search HaM Heo6X0AMMO OOOMTH BCE 3JIEMEHTHI B MOPAAKE 3HAYEHU 3BPUCTUKH U OCTAHOBUTHCSA
B BepIlIMHe, HA KOTOPOH IlesieBoi npeaukaT BepHET True. Ho 1A Havasa Mbel o6aBUM K BepIIMHAM WX IMyTH W3
KOpHA, AJIA TOro YyTOOB! B KOHI[E MBI CMOIJIM y3HaTh KaK MBI NIONAJIM B TEKyIlylo BepHUIMHy. MTak Hama GyHKIUA
pasbuBaeTcsA Ha TpU COCTaBJIAIOILHE:

search :: (Ord h, Ord a) => (a -> Bool) -> Tree (a, h) -> Maybe [a]
search isGoal = findPath isGoal . flattenTree . addPath

BBIITMILIEM THIIBI COCTABJIAIUX YHKIMI U IPOBEPUM KO B MHTEpIIpeTaTope.

un = undefined

findPath :: (a -> Bool) -> [Path a] -> Maybe [a]
findPath = un

flattenTree :: (Ord h, Ord a) => Tree (Path a, h) -> [Path a]
flattenTree = un

addPath :: Tree (a, h) -> Tree (Path a, h)
addPath = un

data Path a = Path
{ pathEnd HE
, path :: [al
}

OOpaTuTe BHUMAaHKE Ha TO KaK IOCTyNawmllye Ha BXOA AaHHBIE pasfesuiinch Mexay GyHkuuamu. Mabopma-
LKA 0 IpUOpHUTeTe BeplUH He UAET nanbile GyHkuuu flattenTree, a mpegukaT isGoal Mcmosb3yeTcsa TOJIBKO B
¢yuknuu findPath. MoayJsb mpomés IpoBepKy TUIIOB ¥ MBI MOXeM AeTaJIu3UpoBaTh GyHKINN AajIbllle:

addPath :: Tree (a, h) -> Tree (Path a, h)
addPath = iter []
where iter ps t = Node (Path val (reverse ps’), h) $
iter ps’' <$> subForest t
where (val, h) = rootLabel t

’

ps = val : ps

B 5T0#1 pyHKIMU MBI IPOCTO IPUCOEANHAEM K JaHHOW BepIIMHe BCe POJAUTEIbCKHE BepIINHBI, TaK MBI COCTaBJIA-
€M MapIIpyT OT JaHHO! BEPIIMHEI 0 HaYaJIbHOH, IIOCKOJIBKY MBI BCE BpeMs A00aBJisieM HOBbIE BEPIIHHBI B HAYaJI0
CIMCKQ, B UTOTe Y HAC MOJIy4alTCs MepeBEPHYThIe MapIIPyTh, IO3TOMY IepeJ TeEM KaK OOepHYTh 3HaueHHe B KOH-
cTpykrop Path mbl nepesopaunBaeM cnucok. Ha camoM Jiejie HamM HYXXHO II€PEBEPHYTh TOJIBKO OAWH MyTh. IIyTh,
KOTOPBIN BeET K I[eJI1, HO 3a CUET TOT0, YTO SA3BIK y HAC JIeHMBHIHN, QYHKIIUA reverse 6yJeT IpuMeHeHa He cpasy, a
JIMIIb TOTAQ, KOTJa HaM JeliCTBUTEeJIbHO IOHAAO0OUTCA 3HaueHHe MyTH. DTO KaK pa3 U IPOU30NAET JINIIb OJWUH pas,
B CaMOM KOHIIe IPOrpaMMBl, JIUIIb AJIA OAHOTO 3HaYeHu!

HaBatiTe noka nmponyctuM ¢yHkmuio flattenTree u cHavyana onpegenuMm ¢yskiuio findPath. 3ta pyHkius
NpHYHUMAaeT BCe BepIINHBI, KOTOPhle Mbl 060nuIM eciy Obl Ut 6e3 Henu (yHKIUKU isGoal) U HIIeT cpeAu HUX
NepBy10, KOTOpas yAOBJIETBOPsET IpeAuKaTy. A 3TOro Mel BOCNOJIb3yeMcsa cTaHAapTHOH dyHknuel find u3 mo-
Ay Data.List:

findPath :: (a -> Bool) -> [Path a] -> Maybe [a]
findPath isGoal = fmap path . find (isGoal . pathEnd)

HanomHto Tun pynkuuu find, oHa NprHMUMaeT NpeAuKar U CIKCOK, a BO3BpallaeT [1epBoe 3HaYeHUe CIIUCKA, Ha
KOTOpOM IIpeAuKaT BepHET True:

find :: (a -> Bool) -> [a] -> Maybe a
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®ynkuua fmap npruMeHseTcsa U3-3a TOro, 4To pesyJsbraT GyHknuu find 3aBEpHYT B Maybe, 5TO YaCTUYHO ompe-
JAenéHHas QyHKIMA. B camoM fiesie Belb B CIIMCKE MOXET U He OKa3aThCs MOAXOASAIIEro 3HaUYeHHUs.

Ocrtasnocs onpeaeantsb ¢yHKIuI0 flattenTree. Belo 6B XOPOIIO ONpeIeINTh €€ Tak, YTOOBI OHA ObljIa pa3BEepPT-
Ko# auis cnucka. [Tockosibky pyukmusa find sBisercs cBépTkoii (MoxeT OBITH onpefesieHa yepe3 fold), BMecTe 3T
¢ynkuuu pabortanu Obl oueHb 3pdexTrBHO. MbI onpenenuM ¢yHkuio flattenTree yepes B3auMHYI0 PeKypCHIO.
JlBe dyHKuMK OyAyT 1O ovepeAu BHI3BIBAThH ApYr Apyra. OfHa u3 HUX OyAeT M3BJeKaTh cielylollee 3HaYeHue U3
ouepend, a fpyras — NIpoBepATh He BCTPEYaIOCh JIU HaM yXe Takoe 3HaueHUe, U J00aBJIATh HOBBIE DJIEMEHTH B
ouepenb.

flattenTree :: (Ord h, Ord a) => Tree (Path a, h) -> [Path a]
flattenTree a = ping none (singleton a)

ping :: (Ord h, Ord a) => Visited a -> ToVisit a h -> [Path a]
ping visited toVisit

| isEmpty toVisit = []

| otherwise = pong visited toVisit’ a

where (a, toVisit’) = next toVisit

pong :: (Ord h, Ord a)
=> Visited a -> ToVisit a h -> Tree (Path a, h) -> [Path a]
pong visited toVisit a
| inside a visited ping visited toVisit
| otherwise getPath a
ping (insert a visited) (schedule (subForest a) toVisit)

Tunsl Visited u ToVisit o603HauaT HAOOPH BEPIIKH, KOTOPHIE MBI YXKe [TOCETHJIN 1 KOTOPhIe TOJIbKO cobrpa-
eMcs rmoceTuthb. He BOaBasich B moagpobHoCTH NHTepdelica 3TUX TUIIOB, JaBaliTe IPUCMOTPpUMCA K GYHKIMAM ping u
pong ¢ TOYKH 3peHus PyHKUNHU, KOTopas uxX OyleT BRI3bIBaTh, a UMeHHO ¢yHkuu findPath. Ota QyHkIMA oXugaet
Ha BXOJe CIIKUCOK. BHyTpu oHa 00XOJUT CIIKCOK B MOUCKAaX HYXHOTO 3JIeMeHTa, I03TOMY OHa OyJieT IpUMEHATh CO-
rnocrasJieHue ¢ o0pasloM, pa3dupas cnucoK Ha yacTy. CHavaja OHa 3alIpOCUT COIOCTaBJIEHME C ITyCThIM CIHCKOM,
3amycTuTcs GYHKIUA ping ¢ MyCTHIM MHOXECTBOM IOCEI[EHHBIX BepIIVH (none) ¥ OJHUM 3JIEMEHTOM B odepeau
BepmuH (singleton a), KOTOpEIe NpeCTOUT MoceTuTh. DYHKUNA ping NpoBepUT He ABJIAETCS JIM ouepelb IIyCTOH,
ouepeqb COAEPXKUT OJUH 3JIEMEHT, IO3TOMY OHAa MePeNIET K CIIeIyIolleMy CJIy4Yar U U3BJIEUET U3 ouepeu OJUH
ayieMeHT (next), KOTOpHIN OyeT mepenaH B GyHKIMIO0 pong. DyHKIMA pong IPOBEpUT HET JIM B CIKCKE yXe Ioce-
MIEHHBIX 3JIEMEHTOB TOTO, KOTOPHIN ObLT TOJIBKO 4TO M3BJIe4€H (inside a visited). Ecim 3TO okaxercs Tak, TO
OHAa 3aIPOCUT CJIeAYIOUUIT 3JIeMeHT y GyHKImu ping. Eciu e MCXOMHBIN 371EMeHT OKaXXeTCs HOBBIM, OHA J00aBUT
ero B cnucok (getPath a : ...) u 3ammaHupyeTr o6xo[ Bcex AOYEPHUX JepeBbeB JaHHOro 3jeMeHTa (schedule
(subForest a) toVisit). IIpu nepBoM 3axofe UCXOAHBIH 2JIeMeHT okaxeTcs HOBBIM U GyHKuuA findPath moiimér,
YTO CIIMCOK He IMyCTOM U OCTAHOBUT BBIUMCJIeHHe. OHAa HEMHOIO MepeJOXHET U MPUMeTCs 3a CJIeAYIoMUN ciTydai.
Tam oHa O6yJeT u3BjeKaTh [IepBHI 3JIEMEHT CIIICKA U CONOCTABJIATD ero ¢ mpeukaToM. [Ipy 5ToM nepBbIii 371eMeHT
yXke BbluMcyeH. MBI BOCIOJib3yeMcs 3TUM, yOeAuMCs B TOM, UYTO OH He ABJIAETCA LeJIbI0 U PEKYyPCHUBHO BHI30BEM
dynkuuio find Ha xBocTe cnrcka. dyHkiua findPath 3ampocur cienymolee 3HaYeHUe U TaK Aajiee.

Hama ¢yHnknusa flattenPath He ABsAeTca pa3BEPTKOL, HO OUeHb II0X0Xa Ha He€ TeM, UYTO [I03BOJIAET BEIYMCIIATD
Ppe3yJIbTUPYIOIUI CIIUCOK YacTu4yHO. HanmpuMep @yHknuA length TpebyeT nosHoro o6xoaa cnucka. Mel He MOXeM
HICIIOJIb30BaTh €€ ¢ 6eCKOHEYHBIMU crrcKaMuy. Ternepp naBaiiTe pa3bepéMcs ¢ MOAYNHEHHBIMU QYHKIUAMU:

getPath :: Tree (Path a, h) -> Path a
getPath = fst . rootLabel

(I)yHKLII/II/I JAJIA MHOXECTBa BEPIINH, KOTOPbI€ MbI yX€ ITIOCETUJIN:

import qualified Data.Set as S

type Visited a = S.Set a

none :: Ord a => Visited a
none = S.empty

insert :: Ord a => Tree (Path a, h) -> Visited a -> Visited a
insert = S.insert . pathEnd . getPath

inside :: Ord a => Tree (Path a, h) -> Visited a -> Bool
inside = S.member . pathEnd . getPath
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@OyHKIUHU JJ1A oYeped TeX BepIlrH, YTO MBI TOJIbKO cOOMpaeMcs IOCeTUTh:

import Data.Maybe
import qualified Data.PriorityQueue.FingerTree as Q

type ToVisit a h = Q.PQueue h (Tree (Path a, h))
priority t = (snd $ rootLabel t, t)

singleton :: Ord h => Tree (Path a, h) -> ToVisit a h
singleton = uncurry Q.singleton . priority

next :: Ord h => ToVisit a h -> (Tree (Path a, h), ToVisit a h)
next = fromJust . Q.minView

isEmpty :: Ord h => ToVisit a h -> Bool
isEmpty = Q.null

schedule :: Ord h => [Tree (Path a, h)] -> ToVisit a h -> ToVisit a h
schedule = Q.union . Q.fromList . fmap priority

OTH (QYHKIUN OYeHb I[IPOCThle, OHM CIEeNUAJIM3UPYIOT OoJiee obmue GYHKUUM Ui TUNOB Set u
PQueue, BBl HaBepHsKa Jierko pa3bepérech ¢ HMMM, 3arjiiHyB B JOKyMeHTaluioo K MoAyJsaMm Data.Set u
Data.PriorityQueue.FingerTree.

OcTaJsoch TOJIbKO HamucaTh GyHKIMI0, KoTopas OyAeT COCTaBJIATh AepeBo Noucka A1 anroputma A*. OHa npu-
HUMaeT QYHKIMIO BETBJIEHNUS, a TakXe (QyHKIUIO PACCTOSHUA [0 L[eJI U CTPOUT 10 HUM JIepeBO MoKcKa:

astarTree :: (Num h, Ord h)
=> (a -> [(a, h)]) -> (a -=> h) -> a -> Tree (a, h)
astarTree alts distToGoal s@ = unfoldTree f (s0, 0)
where f (s, h) = ((s, heur h s), next h <$> alts s)

heur h s = h + distToGoal s
next h (a, d) = (a, d + h)

Ilorck MapuIpyToB B METPO
Tenepb }I[aBaf/'ITe MIOCMOTPHUM KaK Halla (I)YHKLII/IH CIIpaBUTCA C 3a)1a'-1e171 IMOorCKa MapuipyToB B METPO:

metroTree :: Station -> Station -> Tree (Station, Double)
metroTree init goal = astarTree distMetroMap (stationDist goal) init

connect :: Station -> Station -> Maybe [Station]
connect a b = search (== b) $ metroTree a b

main = print $ connect (St Red Sirius) (St Green Prizrak)
K mpumepy Haiiiém MapuipyT oT cTaHiuu ~JIHo BosoTa” fo craniuu “Tlpuspak™:

*Metro> connect (St Orange DnoBolota) (St Green Prizrak)
Just [St Orange DnoBolota,St Orange PlBakha,
St Red P1Bakha,St Red Sirius,St Green Sirius,
St Green Zvezda,St Green Til,
St Green TrollevMost,St Green Prizrak]
*Metro> connect (St Red PlShekspira) (St Blue De)
Just [St Red PlShekspira,St Red Rodnik,St Blue Rodnik,
St Blue Krest,St Blue De]
*Metro> connect (St Red PlShekspira) (St Orange De)
Nothing

B TpeThem ciryuae MapuipyT He GBI HalifleH, IIOCKOJIbKY Y HAaC HeT CTaHIuU De Ha OpaHXeBOH BeTKe.

20.2 TectupoBanue c nomombio QuickCheck

MEl IpOBepWJIM TPU CJIy4as, emié TP CJIydas, emié TPU CJIydasi, OXHUIAaeMBIN pe3yJsIbTaT CXOAUTCA C TeM, 4TO
BO3BpallaeT HaM MHTEPIPeTaTop, HO MOXeM JIK MBI OBITh yBEPEHBI B TOM, YTO aJITOPUTM JIeHiCTBUTEJIbHO paboTaeT?
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Jna Haskell 6si1a paspabotaHa cnenuaibHas 6ubinoTeka TectupoBaHusa QuickCheck, koTopas ympolnaer mpo-
1lecc MpoBepKU nporpaMM. Mel MoxeM cHOpMyJINPOBATh CBOMCTBA, KOTOPhle 003aTeIbHO JOJIKHBI BHIIOJIHATHCS,
a QuickCheck creHepupyeT ciy4yaliHblil HaOOp JaHHBIX U IPOBEPUT HAllll CBOMCTBA Ha HUX.

Hampumep B Harmiel 3afjadue nyTh U3 A B B JOJDKeH COBIIAIaTh C IEPEBEPHYTHIM ITyTEM 13 B B A. Takxe Bce CTaHINU
B MapIIpyTe JOJIXHBI OBITh cOceAHMMU. [laBaiiTe MpoBepyM 3THU CBOICTBA. J[JIs 9TOro HaM HyXHO cOpMYyJIMPOBATh
UX B BUJE IpeUKAaTOB:

module Test where
import Control.Applicative
import Metro

propl :: Station -> Station -> Bool
propl a b = connect a b == (fmap reverse $ connect b a)

prop2 :: Station -> Station -> Bool
prop2 a b = maybe True (all (uncurry near) . pairs) $ connect a b

pairs :: [a] -> [(a, a)l
pairs xs = zip xs (drop 1 xs)

near :: Station -> Station -> Bool
near a b = a ‘elem’ (fst <$> distMetroMap b)

YcranoBuMm QuickCheck:

cabal install QuickCheck

Teneps HaM HyXHO noAckas3aTthb QuickCheck kak reHepupoBaTh ciy4aliHble 3HaueHuA Tuna Station. QuickCheck
TecTUpyeT PYyHKIMHU, KOTOPEIEe IPUHUMAIOT 3HaYeHus U3 kjaacca Arbitrary u Bo3BpamatoT Bool. Kiacc Arbitrary
OTBeYaeT 3a reHepaIuio CIyYalHbIX 3HAaYeHUN.

OcHOBHOU MeTo[ arbitrary Bo3ppalaeT reHepaTop CJIy4YaliHBIX 3HAUEHUI:

class Arbitrary a where
arbitrary :: Gen a

M&I Bocnosib3yeMcs TeM, 4TO 3TOT KJlacc yke onpefeséH [ MHOTMX CTaHAApTHHIX TUNOB. Kpome Toro kiacc
Gen sABsIeTCA MOHAIOH. MBI creHeprpyeM CJIydaliHoOe IieJioe YMCJI0 U 0TOOpa3yuM ero B OAHy U3 craHuuil. Cuesatb
3TO MOXXHO pa3HBIMU crioco6aMu, Mbl HAQUHEM M3 OJJHOU CTaHIMU U OyAeM cJIydaiiHoO OJIy>XAaTh Mo KapTe:

import Test.QuickCheck

instance Arbitrary Station where
arbitrary = ($ s0) . foldr (.) id . fmap select <$> ints
where ints = vector =<< choose (0, 100)
s@ = St Blue De

select :: Int -> Station -> Station
select i s = as !! mod i (length as)
where as = fst <$> distMetroMap s

Ms1 Bocnosib30Bajvch ABYMs QYHKIUAMU 13 6ubunoreku QuickCheck. 3To vector u choose. IlepBas crpour
CIMCOK CJTy4aliHBIX YMceJl 3aJaHHON AJIMHEL, a BTOpas BRIOUpaeT cilyyaliHOe YMCJIo U3 3aJaHHOro AuanasoHa. Tenepb
MBI MOK€M IIPOTETCTUPOBATh HAIM NPeAUKATHl ¢ IOMOILbI0 GyHKIMU quickCheck:

*Test Prelude> quickCheck propl
+++ 0K, passed 100 tests.

*Test Prelude> quickCheck prop2
+++ 0K, passed 100 tests.

*Test Prelude>

CBolicTBa NpOLUIM TeCTHPOBaHMe Ha BbIOOpKe m3 100 koMOuHaIuUil aprymMeHToB. EcjiM HamM HMHTepecHO, MBI
MO2XeM ¢ ToMoIIbI0 QyHKIMM verboseCheck mOCMOTpeTh Ha KaKMX MIMEHHO 3Ha4YeHUAX IPOBOJUJIOCH TeCTUPOBaHMe:
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*Test Prelude> verboseCheck prop2
Passed:

St Black Kosmodrom

St Red UlBylichova

Passed:

St Black UlBylichova

St Orange Sever

Passed:

St Red Sirius

St Blue Krest

Ecyii 6B CBOMCTBO He BBINMOJHNUIOCH, QuickCheck coobmia 66 HaM 00 3TOM M IOKasaJl Obl Te 3JIEMEeHTHI, JJIs
KOTOPBIX CBOMCTBO He BBHINOJIHWJIOCH. J[aBaliTe COCTAaBUM TaKOe CBOHCTBO MCKyCCTBeHHO. Hampumep, mpoBepuw,
HaxOoATCA JIM BCE CTAHIIMKM Ha OJHOI JIMHUM:

fakeProp :: Station -> Station -> Bool
fakeProp (St a _) (Stb _) =a==0>

[TocMoTpuM, 4TO Ha 3TO ckaxeT QuickCheck:

*Test Prelude> quickCheck fakeProp

*%* Failed! Falsifiable (after 1 test):
St Green Sirius

St Blue Rodnik

IMTo ymomruanuio QuickCheck nmpoBepuT cBOMCTBO CTO pa3. [j1a n3MeHeHUs 3TUX HACTPOEK, Mbl MOXeM BOCIIOJIb-
3oBaThbcsA GyHKIMe quickCheckWith, qomosHNUTEIBHEIM TApaMeTPOM OHA IPHHUMAeT 3HaueHUe TUMa Arg, KoTopoe
CcoepXUT IapaMeTphl TecTHpoBaHuA. Hanpumep nporectupyeM nepsoe cBoiictBo 500 pas:

*Test> quickCheckWith (stdArgs{ maxSuccess = 500 }) propl
+++ 0K, passed 500 tests.

MbI BOCIIOJIB30BAJINCH CTAaHAAPTHBIMU HacTpolikamu (stdArgs) M U3MeHWIN OAUH MapaMeTp.

®opMHUpPOBaHUE TECTOBOM BHIGOPKH

[IpeamnosiokuM, 9YTO Mbl YBepeHBl B NPaBUJIBHON paboTe ajaropurMa AJjid rojyboil U 4€pHOI BEeTKU MeTpo, HO
COMHeBaeMcs B ocTaJIbHEIX. Kak pa3 A aroro ciydas B QuickCheck mpegycmorpena ¢dyHknusa a==>b. 9To GOyHK-
111A o003HavaeT yCJIOBHYIO POBEPKY, CBOMCTBO b OyAeT NpoTecTUPOBaHO TOJIBKO B TOM CJIydae, ecjid CBOICTBO a
oKaxeTcs BepHBIM. lHaue TecTOBble AaHHBIe OYAyT OTOPOIIEHEI.

notBlueAndBlack a b = cond a & cond b ==> propl a b
where cond (St a _) = a /= Blue & a /= Black

[Jasiee TecTupyeM Kak OOBIYHO:

*Test> quickCheck notBlueAndBlack
+++ 0K, passed 100 tests.

Taxxe ¢ nomompbio ¢yHkuu forAll Mbel MoxeM nofckasath QuickCheck Ha Kakux JaHHBIX TeCTUPOBATh CBOU-
CTBO.

forAll :: (Show a, Testable prop) => Gen a -> (a -> prop) -> Property

OTa QyHKIMA NPUHUMAaeT reHepaTop CJIyYalHBIX 3HaUYeHUI M CBOMCTBO, KOTOpPOe 3aBUCUT OT TeX 3HaueHUH,
KOTOpBIe CO3AAl0TCA 3TUM reHepaTopoM. K npumepy, mycTh HaC MHTEPECYIOT TOJIBKO BCe BO3MOXHBIE ITyTH MeXIy
yeThlpbMsA cTaHUuAMU: (St Blue De), (St Red Lao), (St Green Til) u (St Orange Sever). Bocmnosb3dyemcs
dyHknuen elements :: [a] -> Gen a, OHa Kak pa3 MIpHMHHUMAaeT CIHUCOK 3HAY€HU, W BO3BpallaeT reHepaTop,
KOTOPBIU CJIy4aliHBIM 00pa3oM BeIOHMpaeT Jirboe 3Ha4eHNe U3 3TOTO CIIICKA.

testFor = forAll (1iftA2 (,) gen gen) $ uncurry propl
where gen = elements [St Blue De, St Red Lao,

St Green Til, St Orange Sever]

[TpoBepumM, Te Ji1 3HAYEHU NONATN B BEIOOPKY:
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*Test> verboseCheckWith (stdArgs{ maxSuccess = 3 }) testFor

Passed:
(St Blue De,St Orange Sever)
Passed:
(St Orange Sever,St Red Lao)
Passed:

(St Red Lao,St Red Lao)
+++ 0K, passed 3 tests.

MBI MOX€EM HAacTPOUTh (POPMHUPOBAaHUE BRIOOPKH €I1l€é OAHUM CIIOCO00M. [Jis1 9TOT0 MbI CIeIaeM CHelraabHbIi
Tun o6EPTKY Haj Station u ompenennM i HEHTO CBOH dK3eMIUTAp kiacca Arbitrary:

newtype OnlyOrange = OnlyOrange Station
newtype Only4 Only4 Station

instance Arbitrary OnlyOrange where
arbitrary = OnlyOrange . St Orange <$>
elements [DnoBolota, PlBakha, Krest, Lao, Sever]

instance Arbitrary Only4 where
arbitrary = Only4 <$> elements [St Blue De, St Red Lao,
St Green Til, St Orange Sever]

ITocsie 3TOT0 MBI MOXeM OYeHb JIETKO KOMOMHHPOBATh pa3jIMyHble BEIOOPKY IIPU TECTUPOBAHUU.

*Test> quickCheck $ \(Only4 a) (Only4 b) -> propl a b

+++ 0K, passed 100 tests.

*Test> quickCheck $ \(Only4 a) (OnlyOrange b) -> propl a b
+++ 0K, passed 100 tests.

*Test> quickCheck $ \a (OnlyOrange b) -> prop2 a b

+++ 0K, passed 100 tests.

Knaccupukanus TeCTOBBIX CJIydyaeB

Mpst moxxeMm nonpocuTth ¥ QuickCheck, 9To65I OH pa36uJI TECTOBYIO BEIOOPKY Ha KJIACCHL U B KOHIIE TECTUPOBAHUSA
coobmus1 65 HaM CKOJIBKO 3JIEMEHTOB B KaKol KJjiacc Ionajy. DTo AesiaeTcs ¢ nomouibio GyHkiuu classify:

classify :: Testable prop => Bool -> String -> prop -> Property

OHa mpuHMMaeT ycJIoBHe kiaccubrkanuy, MeTKy Kjiacca U CBOMCTBO. HampumMep Tak Mbl MOXeM pa30UTh BbI-
6OpKy IO TUIAM JIMHUI:

prop3 :: Station -> Station -> Property
prop3 a@(St wa _) b@(st wb _) =

classify (wa == Orange || wb == Orange) "Orange” $

classify (wa == Black || wb == Black) "Black” $

classify (wa == Red || wb == Red) "Red” $ propl a b
ITpoTectupyem:

*Test> quickCheck prop3
+++ 0K, passed 100 tests:

34% Red

15% Orange

9% Black

8% Orange, Red
6% Black, Red

(9]
o°

Orange, Black

20.3 OueHka HIyCTPOOEMCTBUA ¢ MIOMOIIBIO criterion

HenaBHo nossuiack 6ubsuoteka unordered-containers. OHa npepjaraet 6osiee 53¢ PeKTUBHYI0 pean3aluio
HECKOJIBKUX CTPYKTYP U3 CTaHAAapTHOU 6ubinoTteku containers. HamprumMep Tam Mbl MoxeM HawTu tum HashSet.
[Touemy 6bI HAM He 3aMEHUTh Ha HEro CTaHAAPTHHINA THH Set?

OueHKa LWYCTPOAENCTBMA C MOMOLLbIO criterion | 277



cabal install unordered-containers

W3meHeHUs OTpasATCA JIMIIb HA KOHTEKCTaX OOBABJIEHUIN THUIIOB. DJIEMEHTHl IIPHHAJJDKeXallie MHOXECTBY
HashSet gosoxHBI OBITH 3K3eMIUIApaMu kjiaccoB Eq u Hashable. HoBbiil kitacc Hashable HyxeH JJis yCKOpeHUA
paboThl ¢ JaHHBIMU. [[aBaliTe MIOCMOTPUM Ha 3TOT KJjIacc:

Prelude> :m Data.Hashable
Prelude Data.Hashable> :i Hashable
class Hashable a where
hash :: a -> Int
hashWithSalt :: Int -> a -> Int
-- Defined in ‘Data.Hashable’

MHOro 3K3eMnnsipos

O6s3aTenbHBIN MeTo[ KJlacca hash 1aéT HaM BO3MOXHOCTh ITpeo6pa3oBaTh 3JIEMEHT B IieJioe YKCJI0. DTO YUCJIO
Ha3bIBAIOT XElI-KJII0YOM. XeIll-KJII0YU HCIOJIb3YelTCsA A/ XpaHEeHUs 3JIeMeHTOB B xem-tabsvmax. Mbel He OyneM
noApoGHO Ha HUX OCTAHABJIUBATHCA, OTMETHM JIMIIb TO, YTO OHU MTO3BOJIAIOT OYeHb OBICTPO U3BJIEKATh JAaHHbIE U3
KOHTeNHepOB 1 0OHOBJIATH JaHHEIE.

Teneps MPOCTO CKOMUPYITE MOAYJIb Astar.hs U3MeHUTe OAHY CTPOUKY, U 10OaBbTe ellé oAHy (B LIaNKe MOAY-
JIA):

import qualified Data.HashSet as S
import Data.Hashable

[MTorpoGyiiTe 3arpy3uTh MOAYJIb B HHTepIIpeTaTop. ghci BBIJACT AJIMHHBIN CIIHCOK OMMOO0K, 3TO — Xopoio. [To
HUM BBI CMOXeTe JIETKO JIorajaTh B KaKUX MecTax Heobxoaumo 3aMeHuTb Ord a Ha (Hashable a, Eq a).

Teneps 1J1s1 MoViCKa MapuUIPyTOB HAM HEOOXOAUMO OIpeleIUTh 3K3eMILIAp Kiiacca Hashable gy Tuma Station.
B mopayJie Data.Hashable yxe onpefesieHbl 5K3eMIUIAPH AJiA MHOTMX CTaHAAPTHBIX TUIIOB. MBI BOCIIOJIb3yeMCA
9K3eMIUIAPOM [JIA L[eJIBIX YMCeJl.

Jlo6aBuM B driving noqunMHEHHHBIX TUIIOB Kjacc Enum 1 BocmoJib3yeMcs UM B 3K3eMIUIsApe i Hashable:

instance Hashable Station where
hash (St a b) = hash (fromEnum a, fromEnum b)

Teneps onpenesiuM JiBe PyHKIUU ONpe/eieHUs MappyTa:

import qualified AstarSet as S
import qualified AstarHashSet as H

connectSet :: Station -> Station -> Maybe [Station]
connectSet a b = S.search (== b) $ metroTree a b

connectHashSet :: Station -> Station -> Maybe [Station]
connectHashSet a b = H.search (== b) $ metroTree a b

Kak Ham cpaBHUTH OBICTPOJENCTBHE ABYX aJropumrtoB? OreHKa OBICTPOAENCTBHUA IPOrpaMM, HalNKUCAHHBIX Ha
Haskell, moxeT TanuTs B cebe moBoxu. HanprmMep ecyiy MbI 3aIyCTUM 00a aJIrOpUTMa B OJJHOI IPOrpaMMe, BO3MOX-
HO CJIyYUTCSA Takas CUTyalusdA, YTO 4acTh AaHHBIX, OANHAKOBAA AJIA KaXA0ro U3 MeToJ0B OyAeT BhYMCJIeHa OAUH
pas, a BO BTOPOM aJIrTOpUTMe IIepPerCIoIb30BaHa, 1 HaM MOXeT I10Ka3aThCs, YTO BTOPOI aJIrOpUTM ropasfio ObicTpee
nepBoro. Taixe HeoOXOOUMO yUHUTHIBaTh BHelllHUe (aKTOpel. TecToBas IporpaMMa BBIUHMCIIAETCS Ha OJHOM KOM-
TBIOTEpe, U €CJIM aJITOPUTMBI TECTUPYIOTCA B pa3HOe BpeMs, MOXeT CTaTbCA TaK, YTO MbI CUAEIIN-CUAETIN U XAaIN
[IOKa TeCT 3aBePIINTCS, B 9TO BpeMsA paboTaJl IepBLIil aJITOPUTM, IIOTOM HaM HaI0€JI0 XAAaTh, MBI PEIINIIN BKIIIOYHTh
MY3BIKYy, IPOBEPUTH NIOUTY, 1 BTOPOMY aJIFTOPUTMKY JOCTAJIOCh MEHbIIe BRIYMCIIUTE/IbHBIX pecypcoB. Bece atu dak-
TOPHI HEOOXOAMMO YUUTHIBATh NIPU TeCTUpoBaHUU. Kak pas AJid 9TOro u cyliecTByeT 3aMeydaTrebHas Oubuianoreka
criterion.

OHa IpOBOJUT CEPUI0 TECTOB U [0 HUM OIIEHUBAET MOKa3aTesIu ObICTpoeicTBUA. [Ipy 3TOM YYUTHIBaeTCA J0-
CTOBEPHOCTbh TeCTOB. 10 pe3yjibTaTaM TECTMPOBAHUS MOKA3aTeIN CBEPSIOTCSI MEXy OO0, 1 ecii pa3bpoc OKa3bl-
BaeTCsA CJIMIIKOM OOJIBIINM, MPOrpaMMa coo0I[aeT HaM: YTO-TO TYT HE YMCTO, JaHHBIM He CTOUT JI0BepsATh. BoJsiee
TOTO pe3yJIbTaThl 0POPMIIAIOTCS B HarJIsiAHbIE rpadMKK, Mbl MOXEM Ha TJia3 OLeHUTh paclpeesieHus U pa3opoc
TmoKasareJiei.
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OCHOBHbIE THUIIBI Ccriterion

LleHTpaJIbHBIM 3JIEMEHTOM OMOMUIMOTEKU ABJsAeTcA Kiacc Benchmarkable. OH o6bequHAET JaHHBIE, KOTOPHIE
MOXHO TecTrpoBaTh. Cpequ HUX uricTele GyHKIyH (TUM Pure) 1 3HaYeHus ¢ no6oyHeMu 3¢ dextamu (tum I0 a).

Mb1 MOXeM IpeBpamaTh AaHHbIe B TecTsl (Tum Benchmark) ¢ momompio GyHKnmu bench:
benchSource :: Benchmarkable b => String -> b -> Benchmark

Ona nobapiisieT K JaHHBIM KOMMEHTapHi U npeBpamaeTr Ux B TecTsl. Kak GbUIO OTMeueHO, CyIiecTByeT OJHA
TOHKOCTb IIPH T€CTHPOBAHUY YUCTHIX PYHKIMI: yrcTble GyHKIuY B Haskell MoryT pas3ziesiATb NaHHbIE MEXAY CO-
6011, TO3TOMY /1 HEe3aBUCUMOI'0O TeCTHPOBAHUA Mbl o6opauyrBaeM GYyHKIMH B ClIel{MaJbHBIN TUI Pure. Y Hac ecTh
JiBa BapyaHTa TeCTHPOBAHUA:

MBI MOX€EM HNPOTECTUPOBATh NPUBEIEHNE pe3yJIbTaTa K 3aroJIOBOYHOU HOPMAaJIbHOM ¢opMe (BCIOMHHUTE TJIaBy
0 JIEHUBBIX BBIYUCJIEHUAX):

nf :: NFData b => (a -> b) -> a -> Pure
WK K cj1aboi 3aroJIoBOYHON HOpMasbHOU dopMe:
whnf :: (a -> b) -> a -> Pure

Anasornynsre pyukruu (nfI0, whnfI0) ects 1 A1 qaHHBIX ¢ no6oyHsIMU 3¢ dextamu. Kitace NFData o6o3Ha-
YyaeT BCe 3HAUEHMsA, /1A KOTOPBIX 3arojI0BOYHasA HopMaJibHas dbopMa onpefesieHa. DTOT Kj1acc IpUIIEs B 6MOMUIno-
TeKy criterion us 6ubsmoreku deepseq. CTOUT OTMETUTH 3Ty 6ubwIoTeKy. B Hell onpenenéH aHasor GyHKIIUNU
seq. OyHKLUA seq MPUBOAUT 3HA4Ye€HUsA K cJ1abOH 3arojioBOYHOM HOpMasibHOU (opme (MBI 3aryiAAblBaeM BIJIIOOb
3HAueHUs JIMIIb HAa OJUH KOHCTPYKTOP), a GyHKIUA deepseq IPOBOAUT MOJIHOE BHUMCIIEHNe 3Ha4eHHA. 3HaueHue
MPUBOAUTCA K 3ar0JIOBOYHON HOPMaJIbHOH dopMe.

Taxxe HaM npUroguTcsa QyHKLUUA FPYNNUPOBKU TECTOB:
bgroup :: String -> [Benchmark] -> Benchmark

C e€ noMoIbio Mbl 06beIHAEM CIIHCOK TECTOB B OJVH, IO HEKOTOPHIM MMeHeM. TecThupoBaHNe IPOBOAUTCS C
nomougpio pyHkuuu defaultMain:

defaultMain :: [Benchmark] -> IO ()

OHa NpUHUMAaeT CIIMCOK TeCTOB U BBIIOJIHAET MX. BEITOJIHEHNe TeCTOB 3aKJI0uaeTcs B KOMIJIALMY NpOorpam-
Mbl. [Tocsie KOMIWIAIMNA MBI IOJIYyYUM HMCIOJHAEMBIH (aiiy KOTOPHI NPOBOAUT TECTHPOBaHUE B 3aBUCHUMOCTH OT
napaMeTpoB, yKa3biBaeMbIX (psiaHaMmu. J{o HUX MBI emé qodepémcs, a oKa ONMIIeM Hallli TeCThL:

-- | Module: Speed.hs
module Main where

import Criterion.Main
import Control.DeepSeq

import Metro

instance NFData Station where
rnf (St a b) = rnf (rnf a, rnf b)

instance NFData Way where
instance NFData Name where

pairl (St Orange DnoBolota, St Green Prizrak)
pair2 = (St Red Lao, St Blue De)

test name search = bgroup name $ [
bench ”1” $ nf (uncurry search) pairl,
bench "2” $ nf (uncurry search) pair2]

main = defaultMain [
test "Set” connectSet,
test "Hash” connectHashSet]
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Ok3eMIIAp AJiA kiacca NFData nmoxox Ha sk3eMIuiAp AsA Hashable. Mbl Takke onpeAesinjy MeTO[ 3HaYeHUA
yepe3 MeTOAbl 1A TUIIOB, U3 KOTOPBIX OH cocTouT. Kitacc NFData ycTpoeH Tak, 4yTo [J1g TUNOB U3 Kjacca Enum Ml
MOXeM BOCIIOJIb30BaThCsA ONpefiesieHreM 10 yMOJIYaHuIo (Kak B ciiyvae 1Jis Way u Name).

Temneps nepeiifiéM B KOMaHAHYIO CTPOKY, IEPEKTIOUMMCS Ha JUPEKTOPUIO C HAIUM MOJYJIEM U CKOMITUIUPYyeM
€ro:

$ ghc -0 --make Speed.hs

®unar -0 roBopuT ghc, uTo He 06XOAUMO IPOBECTH ONTHMU3AIMI0 Kofa. [loABuTesa UcnosHAeMbIl daiin Speed.
YTo MBI MOXeM feJiaTh ¢ 3TUM ¢aiioM? Y3HaTh 3TO MOXHO, 3allyCTHB ero ¢ ¢JiaroMm —help:
MbI MOXeM y3HaTh Kakve PyHKLINU HaM JOCTYIHBI, HabpaB:

$ ./Speed --help
I don't know what version I am.
Usage: Speed [OPTIONS] [BENCHMARKS]

-h, -7 --help print help, then exit
-G --no-gc¢ do not collect garbage between iterations
-g --gc collect garbage between iterations
-I CI --ci=CI bootstrap confidence interval
-1 --list print only a list of benchmark names
-0 FILENAME --output=FILENAME report file to write to
-q --quiet print less output
--resamples=N number of bootstrap resamples to perform
-s N --samples=N number of samples to collect

-t FILENAME --template=FILENAME template file to use
-u FILENAME --summary=FILENAME produce a summary CSV file of all results
') --version display version, then exit
-V --verbose print more output
If no benchmark names are given, all are run
Otherwise, benchmarks are run by prefix match

W3 3TUX HaCTPOEK caMble MHTPECHBIE, 3TO -S U -0. -S YKa3bIBaeT YKCJIO COMILIOB BEIOOPKE (CTOJIBKO pa3 OyaeT
3amynieH Kax/blil TeCT). a -0 TOBOPUT, O TOM B KaKOU (aiil HOMECTUTh Pe3yJIbTAaThl. Pe3yJIbTaThl MPeICTaBJIEHb B
Buzie rpadukos, popmupyercs daiiyi, KOTOPHI MOXHO OTKDHITh B JII060M Gpay3epe. 3anucaTh JaHHBIE B TaOJINLy
(HanpuMep AJ1s 0TUETA) MOXHO C IoMolblio ¢dJiara -u.

IIpoBepuM pe3yJibTaThL:

./Speed -0 res.html -s 100

OTtkpoeM (aiin res.html u nocMoTpuM Ha rpaduku. Okasanoch, YTO AJIA AAaHHBIX ABYX CJIydaeB MEpBBIN aaro-
puTM paboTaj HeMHoro Jiyyiie. Ho BBIGOPKY U3 ABYX BapUAHTOB BPSAA JIM MOXHO CYUTATh yOequTesbHOMN. JlaBaiiTe
pacuipuM BBIOOPKY ¢ noMombio QuickCheck. Mbl 3anycTUM IIPOBEPKY KakOro-HUOyAb CBOMCTBA TeM U JIPYyTUM
MeTtonoM. B urore QuickCheck cam creHepupyeT AoCTaTOYHOe YKCJIO CJIyYaHHBIX JaHHBIX, a criterion oljeHUT
OricTpofelicTBre. MBI IpOBEPUM caMoe IlepBoe CBOMCTBO (0 NepeBEPHYTHIX MapUIPyTax) Ha TOM U APYTOM aJIrOpUT-
Me.

module Main where
import Control.Applicative

import Test.QuickCheck
import Metro

instance Arbitrary Station where
arbitrary = ($ s0) . foldr (.) id . fmap select <$> ints
where ints = vector =<< choose (0, 100)
s0 = St Blue De

select :: Int -> Station -> Station
select i s = as !! mod i (length as)
where as = fst <$> distMetroMap s

prop :: (Station -> Station -> Maybe [Station])
-> Station -> Station -> Bool
prop search a b = search a b == (reverse <$> search b a)

main = defaultMain [
bench "Set” $ quickCheck (prop connectSet),
bench "Hash” $ quickCheck (prop connectHashSet)]
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B aToM TecTe MeTon Set Takxke OoKa3asicad COBCEM HEMHOI'O 6bICTpee.

Kak nHTepnperrpoBaTh pe3yabTaThl? C JIeBO CTOPOHBI MBI BUAUM Ol[€HKY IJIOTHOCTY BEPOATHOCTH paclipejie-
JieHus GpicTpogelicTBusA. [log rpadgukom Ml BUAUM cpeHee (mean) u qucnepcuio 3HaueHus (std dev). [TokazaHbl
TpU YKcJIa. OTO HUXHSAA I'PaHb JOBEPUTEJIBHOTO MHTEPBAJIa, OlleHKa BeJINYMHBEI 1 BepXH:AA rpaHb JOBEpUTEIbHOTO
nHTepBaa (ci, confidence interval). CpeiHee 3HaueHUe MMOKa3bIBAET OLEHKY BEJIMYMHBI, MBI TOBOPUM, YTO aJIro-
putM paboTtaeTr npuMepHo 100 MustrceKyHA. Jlucnepcus — 3To pa3dbpoc pe3yabTaToB BOKPYT CPENHEr0 3HAYeHU.
C mpaBo# CTOPOHBI MBI BUAUM rpaduku ¢ Toukamu. Kaxgas Touyka oO6O3Ha4yaeT OT/EJIbHBIN 3aIlyCK aJropuTMa.
KosruecTBO 3amyckoB coOTBeTCTBYeT ¢uiary -s. B nocyiegHeé crpoke nof rpadukoM criterion cooOmaer creneHb
He/loBepus K pe3yJibTaTaM. B nocsiejHeM ombITe 3TOT IOKa3aTesIb JOCTATOYHO BEICOK. BO3MOXXHO 3TO CBS3aHO C TeM,
YTO Hall aJITOPUTM BBIOOpA CJIy4aliHBIX CTaHIMI MeeT CUJIbHBIN pa3bpoc 1o BpeMeHU. Belib cHauasia Mbl reHepu-
pyeM ciyaiiHoe uncso n oT 0 go 100, u 3aTem HaunHaeM OJIyXAaTh IO KapTe OT Ha4aJbHOM TOuKe n pa3. Takxe
MOXEeT BJIUATDH TO, YTO BpeMsA pabOTHl aJIrOPUTMa 3aBUCHUT OT MOJIOXEHUA CTaHIUI.

20.4 Kpartkoe coaepxaHue

B 5T011 Iy1aBe MBI peai30BaIN aJITOPUTM 3BPUCTUYECKOTro Horcka A*. Takxe Mbl y3HAJIU HECKOJIBKO CTaHaPT-
HBIX CTPYKTYP JAHHBIX. DTO MHOXECTBA U OYepeid C IPUOPUTETOM U OCBEXIJIN B IIAMSATH JIEHUBBIE BBHIYMCIIEHUA.

Mb1 HayYmJIICh IPOBEPSATH cBOMcTBA nporpaMm (QuickCheck), a Takxe oreHHBaTh OHICTPOAENICTBLE IPOIPAMM
(criterion).

20.5 YnpaxHeHUsA

+ I roBopw1 0 TOM, YTO [1Ba BapuaHTa aJrOPUTMOB JAIOT OJIMHAKOBbIe Pe3yJIbTAThl, HO TaK JI 3TO Ha CAMOM
nese? IIpoBepbTe 3TO B QuickCheck.

* AJITOPUTM 3BPHCTHUYECKOT'0 IIOMCKA MOXeT IPUMEHATCA He TOJIBKO 1A MOVICKa MapIIpyTOB Ha KapTe. Yacto
airoputM A* mpUMeHseTCA B uUrpax. Berpoiite aTOT anroputm B urpy nAtHamku (ryaBa 13). Ecsin urpok
3aIyTaJicA U He 3HaeT KaK XOAUTh, OH MOXeT IIOIIPOCUTh ¥ KOMITbIOTepa COBET. B 3Toi1 3a/1aue ayibTepHATUBEL —
9TO BepIINHH rpada, coceJHHE BEPLIIMHBI — 3TO Te BEPUIMHEI, B KOTOPbIe MbI MOXeM II0NacTh 32 OJUH XO/.

Ho,ucxaslca: BOCHOJ’IBSyﬁTecb MAaHX3TTE€HCKHNM pacCTOAHUEM.

M OI.[eHI/ITe BCI)CDEKTI/IBHOCTI) ABYX aJITOPUTMOB IIOMCKA B UI'P€ IIATHAIIKU. PaCCMOTpI/ITe 3aBHCHMOCTb 6bICTpO-
I[efICTBHH OT CTE€IE€HU CJIOXXKHOCTU UTPBHI.
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I'masa 20

WMnepaTuBHOE IPOrpaMMHUPOBaAHHUE

B sT011 r71aBe MBI HOTPEeHUpPYeMCs B YKpOIleHnY nMItepaTuBHoro koja. B Haskell Bce mo6ounsie a¢dekTh oropo-
JKEHBI OT YUCTHIX QYHKIMI 6eTOHHOH cTeHOoU 10. OqHaX bl OCTYIHUBIINCH, MBI HE MOXEM CBEPHYTH C Iy TH NOGOYHBIX
3¢bdexTOoB, MBI BRIHYX/I€HBl TalIUTh Ha cebe rpy3 I0 A0 caMoro KoHIa rnporpaMmmsl. Tun I0, XOTh U 0GBOJIAKMBAET
[IporpaMmy, BC€ ke MO3BOJIAET I0JIb30BaThCs 6J1araMy YHUCTHIX BBIYMCIEHHH. OT [IporpaMMuCTa 3aBHUCUT HACKOJIb-
KO cusbHa OyieT xBaTka 10. Heo6XoquMo yMeTh BbIIeJIATh TOYKY, B KOTOPBIX IPUMeHeH1e II0O0YHbIX BEIYMCJIEHUH
JeiCTBUTEJIbHO HeoOX0AuMO, MOAKIIIoYas B HUX YUCThle PyHKIMN Yyepe3 MeTobl KjaccoB Functor, Applicative
u Monad. Tun I0 HOXOX Ha OPOTY C KOHTPOJIbHBIMU IMYHKTaMH, B KOTOPBIX HEOOXOMMO OTYUTATHCA Iepes KOM-
MAJIATOPOM 32 “IpA3HBIN KoA”. IIpu HEyMeJIOM POEeKTHPOBAHUY HaVCAHKE IPOrpaMM, HaCHIIEHHBIX TTOO0OYHBIMU
abdexTamMy, MOXET IPEeBPATUTCA B NBITKY. KOHTPOJIbHBIE MYHKTHI OYyT BCTPEYATHCA B KXKAOH QYHKIUH.

EcTecTBeHHBIH NCTOYHUK [TOO0YHBIX 3G ()EKTOB — 3TO [10J1b30BaTeE b IporpamMmel. Ho, K coxasieHu:o, 3T0 He eJI1H-
cTBeHHBIN ncTouHUK. Haskell — OTKPHITHIN A3BIK IPOrpaMMUPOBAHUA. B HEM MOXHO MOJIB30BATHCSA IPOrpaMMaMu
U3 HU3KOypoBHeBoro s3bika C. OcHOBHOe npeumytiecTBo C 3aKkiIioyaeTcs B HeNpeB30HAEHHON CKOPOCTH ITPOTrpaMM.
ODTOT A3BIK II03BOJIAET NPOIPAMMUCTY paboTaTh ¢ NaMATHI0 KOMIIbIOTepa HanpaMylo. Ho 3a 3Ty crly IpUXOAUTCA
IIJIATUTh. BO3MOXHBI OUeHb HeNPUATHBIE U TPYAHOYJIOBUMBIE OMIKOKY. YTeUKU NaMATH, obpallieHre II0 HeBepHOMY
ajipecy B IIaMATH, HEOXHUAAaHHOe OOHOBJIeHHe NepeMeHHBIX. Emé oauH mmoc C B TOM, 4TO 3TO A3BIK C UCTOPUEH,
Ha HEM HaMMCAaHO MHOro Xopomux 6ubaroTek. HekoTopble 13 Hux BcrpoeHs! B Haskell ¢ moMomgpio crierpiaabHOTo
MexanusMa FFI (foreign function interface). O6cyxneHue Toro, kak ycrpoeH FFI BBIXOJUT 3a paMKH 3TO¥ KHUTU. UH-
TepecyILUICA YuTaTesib MoxeT o0paTUThes K KHUre Real World Haskell. Mbl sxe IOTpeHUpyeMCs B UCIOJIb30BAHUN
Takux 6ubsmorek. A3bk C ABJIATCA UMIIePAaTUBHBIM, [I03TOMY, IpuMeH:AA ero ¢yHKiui B Haskell, Mbl Henz6exHO
CTajIKuBaeMcs ¢ TUNOM 10, TOCKOJIbKY OOJIBIIMHCTBO MHTePeCHBIX GYHKIUI B C M3MEHAIOT COCTOsAHNE CBOUX apry-
MeHTOB. B C numyT 1 ynctele GyHknny, Takue ¢yHkuun nepeHocarcsa B Haskell 6e3 moTepy 4uCTOTHL, HO 3TO He
BCer/ia BO3MOXHO.

B oTol1 riiaBe Mbl HanuieM HeGoJiblnylo 2D-urpy, nogxiouus e FFI-6u6inoreky, 3To rpaduieckas 6ubiro-
Teka OpenGL u ¢pusnyecKuil ABMXKOK Chipmunk.

OnucaHue Urpsl

HWrpa nporcxoauT Ha OUJbApAHON Jocke. Irpok ynpasjsAeT KpacHBIM IAPOM, KJINKHYB B JII0O0YI0 TOUKY 9KpaHa,
OH MOXeT U3MEeHUThb HalpaBJjeHWe BeKTOpa CKOPOCTH KpacHoro mapa. Illap nokaturcsa TyAa, Kyia KJINKHYJI 10JIb30-
BaTeJIb B MOCJIeJHUI pa3. 13 j1y3 6yIyT BEUIETATH MIAPHI TPEX TUIIOB: CHHUE, 3eJIEHbIE U OpaHXeBbie. CTOJIKHOBEHLIE
KpPAacHOTO IIapa ¢ CHHUM O3HayaeT MUHYC OJHY XU3Hb, C 3eJIEHBIM — ILUTIOC OJHY XU3Hb, OPaHXEeBBIH IIap O3Ha4YaeT
6oHyc. Ecyin map urpoka cTaJKuBaeTcsA C OpaHXeBbIM LIapoM Bce MIaphl B OIpe/ieJIEHHOM pajidyce OT MecTa CTOJIK-
HOBeHMA MCYe3al0T U 3allMCHIBAIOTCA B G0HYCHBIE OYKY, 3a KaKABIH IIap 0 OAHOMY OUKY, IIPU 3TOM IIap ¢ KOTOPHIM
MPOM30ILJIO CTOJIKHOBEHHE He cuuTaeTcs. Bce CTOIKHOBEHUS — aOCOJIIOTHO yIpyTue, MO3TOMY NPU CTOJIKHOBEHUU
SHeprusA COXpaHAeTCs U Maphl HUKOrAa He OCTaHOBATCA. Ecyy map nonagaeT B JIy3y, TO OH ucue3aeT. Eciu B s1y3y
IomaJl ap Urpoka — 3To 0O3HayaeT, YTO Urpa oKoHueHa. Irpok cTapTyeT ¢ HeCKOJIbKUMU XU3HAMMU, KOrAa UX 4uc-
JIO NMOAXOAUT K HYJII0 UTpa ocTaHapjuBaeTcs. Ilocsie CTOJIKHOBeHHUs ¢ 3eI€HBIM LIapoM, IIap IponajaeT, a nocjie
CTOJIKHOBEHUA C CUHUM — HeT. B uTore Bce POTHB UTPOKA, KPOMe 3eJIEHBIX U OPaHXEBBIX IIapOB.

20.1 OcHOBHBIE OMOJIMOTEKU

KonTposupoBaTh GU3KUKy UTrpOBOro Mupa Oyaet 6mbsanoreka Chipmunk, a 6ubanoreka OpenGL OyaeT prcoBaTh
(KOHEYHO ecJii MBI €€ 3ToMy HayuuM). IIpuIIIo BpeMs ¢ HUMU IIO3HAKOMUTCH.
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HN3meHsAeMble 3HAYEeHUA

[epen TeM Kak MblI IEPEHIEM K O1GIMOTEKAM HaM HYXKHO Y3HaTh ellé Koe-uTo. B Haskell MbI He MOXXeM M3MEHSATH
3HavyeHUsA. Ho B C 3To AesaeTcs NOCTOAHHO, a COOTBETCTBEHHO U B 6MOJIMOTekax HanucaHHbIX Ha C Toxe. J[J1d Toro
yTOOBI MMUTHPOBaTh B Haskell MexaHu3m 0GHOBJIEHN 3HAaUE€HUI GBLTN IPUAYMAaHBI ClielrajIbHble TUIBL. MBI MOXeM
00BABUTH U3MeHsAeMoe 3HaueHHe U OOHOBJIATE ero, HO TOJIbKO B Ipejesax Tumna I0.

IORef

Twun IORef u3 moayJia Data.IORef onnceiBaeT N3MeHsieMble 3HaYE€HUA:
newIORef :: a -> I0 IORef

readIORef :: IORef a -> IO a
writeIORef :: IORef a -> a -> I0 ()
modifyIORef :: IORef a -> (a -> a) -> I0 ()

OyHknuA newIORef co3JaéT mM3MeHsAeMoe 3HaueHHWe U WHUILUAIU3NPYeT ero HeKOTOPHIM 3HaueHHeM, KOTO-
pble MBI MOX€eM CUUTaTh ¢ momousio GyHkmy readIORef wam oGHOBUTH ¢ MOMOINbI0 GYHKIUHA writeIORef mm
modifyIORef. [TocMOTpHUM Kak 3TO paboTaer:

module Main where
import Data.IORef

main = var >>= (\v ->
readIORef v >>= print
>> writeIORef v 4
>> readIORef v >>= print)
where var = newIORef 2

Teneps mocMoTpUM Ha OTBET ghci:

*Main> :1 HelloIORef

[1 of 1] Compiling Main ( HelloIORef.hs, interpreted )
0k, modules loaded: Main.

*Main> main

2

4

Camoe Bpe€MA BEPHYTHCA K I'JIaBE 17 1 BCHOMHUTH O dO-HOTaI.[I/II/I. Taxoit I/IMl'IepaTI/IBHI)IfI KO ropasjo HarJjisiagHee
nrcaTh Tak:

main = do
var <- newIORef 2
x <- readIORef var
print x
writeIORef var 4
x <- readIORef var
print x

JTa 3anuch BBITJIAAUT KakK I10CJIeJ0BAaTEJIbHOCTDH ]lefICTBI/Ifl. He npaB/Ja Ji1 OY€Hb ITIOXO0XE Ha OOBIYHBIN umiepa-
THUBHBIN A3BIK. Takue IepeMEHHbIE BCTPEUAKTCA OYE€Hb 4aCTO B 6I/I6J'II/IOTEKaX, 3auMCTBOBaHHBIX U3 C.

StateVar

B monysie Data.StateVar ompejesieHbl THIbI, KOTOPble HAKJIa[bIBAalOT OTpaHUYEHMe Ha MpaBa MO YTEHUIO U
3anucyu. Mbl MOXeM OTIpe/IeJIATh TlepeMeHHbIe TOCTYIHbIE TOJIBKO AJis uTeHus (GettableStateVar a), TOJBKO AJIs
3anucu (SettableStateVar a) wim oObiYHBIE N3MeHsIeMbIe lepeMeHHbIe (SetVar a).

Or{epauun YTEHHNA U 3allMCH OIIMCBIBAKTCA C IIOMOIIBI KJIaCCOB:

class HasGetter s where
get :: s a ->1I0a

class HasSetter s where
($=) :: s a ->a -> I0 ()
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Twun IORef npuHAAJIEXUT U TOMY, U APYIOMY KJIaccy:

main = do
var <- newIORef 2
X <- get var
print x
var $= 4
X <- get var
print x

OpenGL

OpenGL sABJIsieTCA APKUM IpHUMepoM O6UOJINOTeKH OCTPOEHHON Ha M3MeHsAeMbIX IepeMeHHBIX. 0penGL MOXHO
TpeACTaBUTh Kak 60JIbIION KOHEUHbIH aBTOMAaT. Kaxaas cTpouka KoJia — 3TOo 3alpoc Ha u3MeHeHue cocTosHuA. [Ipu-
yéM 3TOT aBTOMaT fABJIAETCA IJI00ajibHON NepeMeHHON. Ero Tekylree coCTosHNE 3aBUCUT OT BCel LIEMOYKU Npebl-
Aymux KoMaHz. ITapaMeTpsl prcOBaHUsA 3a0al0TCsA IJI00aJIbHBIMY ITepeMeHHbIMU (Tun StateVar).

OpenGL He 3aBHUCUT OT KOHKPETHOUW OKOHHON CHCTEMBI, OHa OTBeyaeT JIMIIb 3a pucoBaHue. s TOro 4ytobsl
CO371aTh OKHO U IlepexXBaThIBaTh B HEM [eVCTBUA II0OJIb30BaTEJIA HAM MOHAAOOUTCA OTHesibHaA GubiauoTeka. J{iis
3TOr0 MHI BOcmoJjib3yeMcs GLFW, aTo 6ubnnoTeka takxke npuiia B Haskell uz C. Uutepdeticsl GLFW 1 OpenGL oueHb
1oxoxu. Ml 6yieM OGHOBJIATh pa3IMyHbIe TapaMeTphl OMOJIMOTEKU ¢ MOMOIIBI0 TUMa StateVar. JJaBaiiTe co3gaaum
OKHO U 3akpacuM (poH OeJIbIM IIBETOM:

module Main where

import Graphics.UI.GLFW
import Graphics.Rendering.OpenGL
import System.Exit

title = "Hello OpenGL”

width = 700
height = 600

main = do
initialize
openWindow (Size width height) [] Window
windowTitle $= title

clearColor $= Colorda 1 111

windowCloseCallback $= exitWith ExitSuccess
loop

loop = do
display
loop

display = do
clear [ColorBuffer]
swapBuffers

M=l nHULManu3upyeM GLFW, 3agaém mapaMeTpsl OKHA. YcTaHaBuBaeM IiBeT ¢oHa. LIBeT uMeeT yeThlpe napa-
Metpa 3To RGB-1jBeTa 1 mapamMeTp [IpO3payHOCTU. 3aTeM MBI TOBOPHUM, YTO IIPOrpaMMe Jiej1aTh PY 3aKPhITUY OKHa.
Msl ycTaHaBmuBaeM GyHKIMI0 o6paTHOro Bbi3oBa (callback) windowCloseCallback. B camMoM KOHIle MbI BXOJUM B
L[MKJI, KOTOPHIH TOJIBKO U JieJIaeT, YTO CTHPaeT OKHO IjBeToM (oHa U fAesiaeT pabounii 6ydep BuanuMbIM. UTo Takoe
6ydep? Bydep — 3To MecTo B KOTOPOM MBI prcyeM. Y Hac ecTb JiBa 6ydepa. OquH MBI IIOKa3bIBaeM I10JIb30BaTEJIIO,
a B IpyTOM B 3TO B BpeMs pHcyeM, KOrjja IpUXOoAUT BpeMs 0OHOBJIATh KaPTUHKY MBI IPOCTO MeHseM UX MecTaMU
KOMaHJoM swapBuffers.

HOCMOTPI/IM, YTO y HacC IIOJIyYNJIOCh:

$ ghc --make HelloOpenGL.hs
$ ./HelloOpenGL

Hapucyem ynpoliiéHHOe HauasIbHOe I10JI0XKEHKe Halllell UTPBL: IPAMOYTOJIbHYI0 PaMKy U B Hell — KpacHBIH 1Iap:
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module Main where

import Graphics.UI.GLFW
import Graphics.Rendering.OpenGL

import System.Exit

titl

widt

widt
heig

w2,

w2
h2

dw2,

dw2
dh2

main

loop

disp

vert
vert

--cC
whit
blac

red

P

line ::

e = "Hello OpenGL”

h, height :: GLsizei

h =700
ht 600

h2 :: GLfloat

(fromIntegral $ width) / 2
(fromIntegral $ height) / 2

dh2 :: GLdouble

fromRational $ toRational w2
fromRational $ toRational h2

= do
initialize

openWindow (Size width height) [] Window

windowTitle $= title

clearColor $= Colorda 1 111

ortho (-dw2-50) (dw2+50) (-dh2-50) (dh2+50) (-1) 1

windowCloseCallback $= exitWith ExitSuccess
windowSizeCallback $= (\size -> viewport $= (Position 0 0, size))

loop

= do
display
loop

lay = do
clear [ColorBuffer]

color black

line (-w2) (-h2) (-w2) h2
line (-w2) h2 w2 h2
line w2 h2 w2 (-h2)
line w2 (-h2) (-w2) (-h2)

color red
circle 0 0 10

swapBuffers

ex2f :: GLfloat -> GLfloat -> I0 ()

ex2f a b = vertex (Vertex3 a b 0)

olors

e
k

Color4 (0::GLfloat)
Color4 (0::GLfloat) 0 0 1
Colord (l::GLfloat) 0 0 1

rimitives

GLfloat -> GLfloat -> GLfloat -> GLfloat -> IO ()
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line ax ay bx by = renderPrimitive Lines $ do
vertex2f ax ay
vertex2f bx by

circle :: GLfloat -> GLfloat -> GLfloat -> IO ()
circle cx cy rad =
renderPrimitive Polygon $ mapM_ (uncurry vertex2f) points
where n = 50
points = zip xs ys
xs = fmap (\x -> cx + rad * sin (2*pi*x/n)) [0 .. n]
ys fmap (\x -> cy + rad * cos (2*pi*x/n)) [0 .. n]

D ©@ Hello OpenéL

Puc. 20.1: HauasibHOe I10JIOXKeHHe

M= pucyeM c nomoiipio GyHKIUU renderPrimitive. OHa IpuHUMaeT MeTKy 3JIeMeHTa, KOTOPHI MBI cobupa-
emMcs pucoBaTh U Habop BepmnH. Tak MeTka Lines o603HavdaeT JMHUAY, a MeTka Polygon — 3akpallleHHbIe MHOTO-
yroJIbHUKY. B OpenGL HeT crierajbHON Olepaliiu 1JIs pUCOBAHNA OKPYXKHOCTE!H, I03TOMY HaM NpUAETCS [Ipe/icTa-
BUTh OKPYXKHOCTb B BHJIe MHOTOyToJibHUKA (circle). dyHKIusA ortho yeranasiuBaeT 06J1acTh BUAUMOCTH PUCYHKA,
niecTb apryMeHToB QyHKIMU 0003HAyaloT Naphl AUaNa3oHoB 110 KaXAON U3 TPEX KoopAUHAT. IIpy 3TOM BepUIMHEL
nepeAaTcsA He CNKUCKOM a B clienjajibHOM do-6s10ke. 3a C4ET 3TOro Mbl MOXKEM M3MEHUTh KaKue-HUOyab mapaMeT-
pHl OpenGL Bo Bpems pucoBanuA. O6paTuTe BHUMaHNe Ha TO, KaK MBI M3MeHseM I[BeT NpuMuTtHBa. [lepen Tem kak
prcoBaTh NIPUMUTHB MBI yCTaHABJIMBaeM 3HavyeHue 1Beta (color).

AHuManusa

O>xMBUM Hally KapTHUHKY. [Ipy KjMKe MBIIIKON IIApUK UTPOKa MocjeayeT B HalpaBjeHUHu Kypcopa. 1 Toro
yTOOBI KAPTUHKA 33/IBUTAJIach HAM HeOoOXOAMMO OOHOBJIATH PUCYHOK C ONpeesIEHHON YacToToi. MbI OyzieM pery-
JIMPOBAaTh YacTOTy OOHOBJIEHUA C MOMOIIb0 GYHKIMM Sleep, ¢ €€ MOMOIIBI0 Mbl MOXEM 3aJiepXXaTh BHINOJIHEHUE
porpaMmesl (BpeMs u3MepseTcs B CEKyHIax):

sleep :: Double -> I0 ()
3a mepexBaT AeliCTBUI II0JIb30BaTeJIs OTBeuaeT QyHKLINU:

getMouseButton :: MouseButton -> I0 KeyButtonState
mousePos :: StateVar Position

Oyukusa getMouseButton coobmiaeT Tekymiee COCTOSTHYE KHOIIOK MBIIITH, MBI OyZieM IlepeXBaThIBATh [TOJIOXKEHVE
MBIIIY BO BpeMs HaXXaTUs JIEBON KHOIIKHU:

286 | Mnasa 20: MnepaTMBHOE NPOrpaMMNpPOBaHNe



onMouse ball = do
mb <- getMouseButton ButtonLeft
when (mb == Press) (get mousePos >>= updateVel ball)

CranpaptHas ¢yHKnus when u3 moaysia Control.Monad BBIOIHAET AefICTBHE TOJIBKO B TOM CJIydae, ecJid Iep-
BBIN apryMeHT paBeH True. [[J11 OOHOBJIEHUs MOJIOXEHUA M HalpaBjeHUs CKOPOCTH LIapyKa HaM NpUIETCA BOC-
110JIb30BaThCA TJ100aJIbHON NepeMeHHoU Tuna I0Ref Ball:

data Ball = Ball
{ ballPos :: Vec2d
, ballvel :: Vec2d
}

Kon nmporpaMmmsr:
module Main where
import Control.Applicative
import Data.IORef
import Graphics.UI.GLFW
import Graphics.Rendering.OpenGL
import System.Exit
import Control.Monad
type Time = Double

title = "Hello OpenGL”

width, height :: GLsizei

fps :: Int
fps = 60
frameTime :: Time

frameTime = 1000 * ((1l::Double) / fromIntegral fps)

width = 700
height 600

w2, h2 :: GLfloat

w2 = (fromIntegral $ width) / 2
h2 = (fromIntegral $ height) / 2

dw2, dh2 :: GLdouble

dw2
dh2

fromRational $ toRational w2
fromRational $ toRational h2

type Vec2d = (GLfloat, GLfloat)

data Ball = Ball
{ ballPos :: Vec2d
, ballvel :: Vec2d
}

initBall = Ball (0, 0) (0, 0)

dt :: GLfloat
dt = 0.3

minVel = 10
main = do
initialize

openWindow (Size width height) [] Window
windowTitle $= title
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clearColor $= Colorda 1 111
ortho (-dw2) (dw2) (-dh2) (dh2) (-1) 1

ball <- newIORef initBall

windowCloseCallback $= exitWith ExitSuccess
windowSizeCallback $= (\size -> viewport $= (Position 0 0, size))

loop ball

loop :: IORef Ball -> IO ()
loop ball = do

display ball

onMouse ball

sleep frameTime

loop ball

display ball = do
(px, py) <- ballPos <$> get ball
(vx, vy) <- ballVel <$> get ball
ball $= Ball (px + dt*vx, py + dt*vy) (vx, vy)

clear [ColorBuffer]

color black

line (-ow2) (-oh2) (-ow2) oh2
line (-ow2) oh2 ow2 oh2
line ow2 oh2 ow2 (-oh2)
line ow2 (-oh2) (-ow2) (-oh2)

color red
circle px py 10

swapBuffers
where ow2 = w2 - 50
oh2 = h2 - 50

onMouse ball = do
mb <- getMouseButton ButtonLeft
when (mb == Press) (get mousePos >>= updateVel ball)

updateVel ball pos = do
(pOx, pOy) <- ballPos <$> get ball
v0d <- ballVel <$> get ball
size <- get windowSize
let (plx, ply) = mouse2canvas size pos
vl = scaleV (max minVel $ len vO) $ norm (plx - p0x, ply - pOy)

ball $= Ball (p0x, pOy) vl
where norm v@(x, y) = (x / len v, y / len v)

len (x, y) = sqrt (x*x + y*y)

scaleV k (x, y) = (k*x, k*y)

mouse2canvas :: Size -> Position -> (GLfloat, GLfloat)
mouse2canvas (Size sx sy) (Position mx my) = (x, y)
where d a b = fromIntegral a / fromIntegral b
x = fromIntegral width * (d mx sx - 0.5)
y = fromIntegral height * (negate $ d my sy - 0.5)

vertex2f :: GLfloat -> GLfloat -> IO ()
vertex2f a b = vertex (Vertex3 a b 0)

-- colors
. white, black, red

-- primitives
line :: GLfloat -> GLfloat -> GLfloat -> GLfloat -> I0 ()
circle :: GLfloat -> GLfloat -> GLfloat -> IO ()
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Tenepp pyHKIMA display IpHHUMAaET CCHUIKY Ha IJI00aJIbHYI0 IIEpEMEHHYI0, KOTOpas OoTBedaeT 3a JBHXeHHe
mapuka. QyHKIMA mouse2canvas NepeBOJUT KOOPAMHATHL B OKHe GLFW B koopanHaThl OpenGL. B GLFW Havaso Ko-
OpJAMHAT JIEXUT B JIEBOM BEPXHEM YIJIy OKHa M och 0y HampasJieHa BHMA3. MBI Xe IlepeMeCcTUIIM Ha4yalo KOOpAUHAT
B LIeHTp OKHa 1 ock Oy HalpasjieHa BBEpX.

ITocMOTpPUM YTO y HAC MOJIYYUIJIOCH:

$ ghc --make Animation.hs
$ ./Animation

Chipmunk

KapTuHka oxmia, HO MapuK JBIXeTCA He peasucTUYHO. OH IPOXOJUT CKBO3b CTeHHI. J[o6aBUM B Hally Npo-
rpaMMy HeMHoro ¢Gusuku. Bocnoss3yemcsa 6ubanoTexoi Hipmunk

cabal install Hipmunk

Ona gaér Bo3MoxHOCTh BbI3biBaTh u3 Haskell dynkuum C-6ubsimortexku Chipmunk. DTa 6ubiamoreka MO3BOJIA-
€T CTPOUTh AByXMepHble dpusndeckre mojen. OCHOBHBIM 3JIEMEHTOM MOZEJH SBJIAETCA MPOCTpaHCTBO (Space).
K HeMy MBI MOXeM [00aBJIATh pas3/inyHbie 00beKThl. OObEKT COCTOUT U3 JIBYX KOMITOHEHT: Tejia (Body) u popmbl
(Shape). Teso oTBevaeT 3a Takue QU3NYECKUE XaPAKTEPUCTUKU KaK Macca, MOMEHT UHEPIVH, BOCIPUUMYUBOCTD K
cunam. [To popme onpeesATCsA MOMEHTH! CTOJIKHOBEHUS TeJl. dopMa MOXET COCTOATh U3 HECKOJIBKUX TIPUMUTH-
BOB: OKPYXXHOCTEH, JIMHUI U BHITYKJIBIX MHOTOYTOJIbHUKOB. Takke MbI MOXeM [OOABJIATh Pa3jIMYHble OrpaHUYEeHMs]
(Constraint) oHM UMUTHUPYIOT TIPYKUHKY, MIAPHUPHL. Mbl MOXXeM Ha3Ha4aTh BHIMOIHeHMe I0-AefiCTBUI Ha CTOJIK-
HOBEHMSI.

OnuieM B Hipmunk Mozesib mapuka Gerarliero B 3aMKHYTON KOpoOKe:
module Main where

import Data.StateVar
import Physics.Hipmunk

main = do
initChipmunk
space <- newSpace
initWalls space
ball <- initBall space initPos initVel
loop 100 space ball

loop :: Int -> Space -> Body -> IO ()
loop 0 _ _ = return ()
loop n space ball = do

showPosition ball

step space 0.5

loop (n-1) space ball

showPosition :: Body -> IO ()
showPosition ball = do
pos <- get $ position ball
print pos

initwWalls :: Space -> I0 ()
initWalls space = mapM_ (uncurry $ initWall space) wallPoints

initwWall :: Space -> Position -> Position -> I0 ()
initWall space a b = do
body <- newBody infinity infinity
shape <- newShape body (LineSegment a b wallThickness) 0
elasticity shape $= nearOne
spaceAdd space body
spaceAdd space shape

initBall :: Space -> Position -> Velocity -> IO Body
initBall space pos vel = do
body <- newBody ballMass ballMoment
shape <- newShape body (Circle ballRadius) 0
position body $= pos
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velocity body $= vel
elasticity shape $= nearOne
spaceAdd space body
spaceAdd space shape

return body

nearOne = 0.9999

ballMass = 20

ballMoment = momentForCircle ballMass (0, ballRadius) 0
ballRadius 10

initPos = Vector 0 0
initVel = Vector 10 5

wallThickness = 1

wallPoints = fmap (uncurry f) [
((-w2, -h2), (-w2, h2)),
((-w2, h2), (w2, h2)),
((w2, h2), (w2, -h2)),
((w2, -h2), (-w2, -h2))]
where f a b = (g a, g b)
g (a, b) = H.Vector a b

h2 = 100
w2 = 100

OyuknuA initChipmunk nHMNManusupyer 6u6anorexky Chipmunk. OHa mospkHa OBITH BBI3BAHA OAMH pas Ao
0601 u3 QyHKui 6ubanoreku Hipmunk. @yHkuu new[Body | Shape | Space] cozmaioT 06beKTs MoAenau. Msl ce-
JIaJIv CTE€HBI HETIOABMKHBIMUY, IIPYCBOUB UM OECKOHEYHYI0 Maccy U MOMeHT nHepruu (initWall). Yopyrocts yaapa
ompepeseTcs nepeMeHHON elasticity, oHa He MoxeT ObITh 60JIbIe eqUHULEL. EquHuia o6o3HavaeT abCcoOJIIOTHO
yIpyroe cTojJKHOBeHHe. B gokymeHTanuu K Hipmunk He pekOMeHAyIOT NpUCBauMBaTh 3HauUeHUE paBHOe eqUHUIIEe
13-32 BO3MOXHBIX IIOTPENIHOCTel OKPYTJIeHUs, TI03TOMY MBI BEIOHMpaeM umcio 6jm3koe kK eguHune. Ilocie uHUIu-
ajM3anuu 3JIeMeHTOB MOJesIt MBI 3alyckaeM LHKJI, B KOTOPOM IIpOUCXOAUT OOHOBJIeHHe Mofenu (step) u nevaTsb
TOJIOKeHHUs mapuka. O6paTuTe BHUMaHNe Ha TO, YTO KOOPAWHATHI IapHKa HUKOIAA He BRIAAYT 3a yCTaHOBJICHHbIE
pPaMKH.

Teneps 06bequHUM OpenGL u Hipmunk:
module Main where
import Control.Applicative

import Control.Applicative
import Data.StateVar
import Data.IORef

import Graphics.UI.GLFW
import System.Exit

import Control.Monad

import qualified Physics.Hipmunk as H
import qualified Graphics.UI.GLFW as G

import qualified Graphics.Rendering.OpenGL as G

title = "in the box”

type Time = Double

-- frames per second
fps :: Int
fps = 60
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-- frame time in milliseconds
frameTime :: Time
frameTime = 1000 * ((1l::Double) / fromIntegral fps)

nearOne = 0.9999

ballMass = 20

ballMoment = H.momentForCircle ballMass (0, ballRadius) 0
ballRadius 10

initPos = H.Vector 0 0
initVel = H.Vector 0 0

wallThickness =1

wallPoints = fmap (uncurry f) [
((-ow2, -o0oh2), (-ow2, oh2)),
((-ow2, oh2), (ow2, oh2)),
((ow2, oh2), (ow2, -oh2)),
((ow2, -oh2), (-ow2, -0h2))1]
where f a b = (g a, g b)
g (a, b) = H.Vector a b

dt :: Double
dt = 0.5

minVel :: Double
minVel = 10

width, height :: Double

height = 500
width = 700

w2, h2 :: Double

h2
w2

height / 2
width / 2

ow2, oh2 :: Double

w2 - 50
h2 - 50

ow2
oh2

data State = State
{ stateBall :: H.Body
, stateSpace :: H.Space

}

ballPos :: State -> StateVar H.Position
ballPos = H.position . stateBall

ballvel :: State -> StateVar H.Velocity
ballVel = H.velocity . stateBall

main = do
H.initChipmunk
initGLFwW
state <- newIORef =<< initState
loop state

loop :: IORef State -> I0 ()
loop state = do

display state

onMouse state

sleep frameTime

loop state
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simulate :: State -> IO Time
simulate a = do
t0 <- get G.time
H.step (stateSpace a) dt
tl <- get G.time
return (tl1 - tO)

initGLFW :: I0 ()
initGLFW = do

G.initialize
.openWindow (G.Size (d2gli width) (d2gli height)) [] G.Window
.windowTitle $= title
.windowCloseCallback $= exitWith ExitSuccess
.windowSizeCallback $= (\size -> G.viewport $= (G.Position 0 0, size))
.clearColor $= G.Colorda 1 111
.ortho (-dw2) (dw2) (-dh2) (dh2) (-1) 1
where dw2 = realToFrac w2

dh2 = realToFrac h2

G
G
G
G
G
G

initState :: IO State
initState = do
space <- H.newSpace
initWalls space
ball <- initBall space initPos initVel
return $ State ball space

initWalls :: H.Space -> I0 ()
initWalls space = mapM_ (uncurry $ initWall space) wallPoints

initwall :: H.Space -> H.Position -> H.Position -> IO ()
initWall space a b = do
body <- H.newBody H.infinity H.infinity
shape <- H.newShape body (H.LineSegment a b wallThickness) 0
H.elasticity shape $= nearOne
H.spaceAdd space body
H.spaceAdd space shape

initBall :: H.Space -> H.Position -> H.Velocity -> IO H.Body
initBall space pos vel = do

body <- H.newBody ballMass ballMoment

shape <- H.newShape body (H.Circle ballRadius) 0

H.position body $= pos

H.velocity body $= vel

H.elasticity shape $= nearOne

H.spaceAdd space body

H.spaceAdd space shape

return body

-- graphics

display state = do
drawState =<< get state
simTime <- simulate =<< get state
sleep (max 0 $ frameTime - simTime)

drawState :: State -> I0 ()
drawState st = do
pos <- get $ ballPos st
G.clear [G.ColorBuffer]
drawWalls
drawBall pos
G.swapBuffers

drawBall :: H.Position -> IO ()
drawBall pos = do
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G.color red
circle x y $ d2gl ballRadius
where (x, y) = vec2gl pos

drawWalls :: I0 ()

drawWalls = do
G.color black
line (-dow2) (-doh2) (-dow2) doh2
line (-dow2) doh2 dow2 doh2
line dow2 doh2 dow2 (-doh2)
line dow2 (-doh2) (-dow2) (-doh2)
where dow2 = d2gl ow2

doh2 = d2gl oh2

onMouse state = do
mb <- G.getMouseButton ButtonLeft
when (mb == Press) (get G.mousePos >>= updateVel state)

updateVel state pos = do
size <- get G.windowSize
st <- get state
pd <- get $ ballPos st
vO <- get $ ballVel st
let pl = mouse2canvas size pos
ballVel st $=
H.scale (H.normalize $ pl - p0) (max minVel $ H.len vO)

mouse2canvas :: G.Size -> G.Position -> H.Vector
mouse2canvas (G.Size sx sy) (G.Position mx my) = H.Vector x y
where d a b = fromIntegral a / fromIntegral b

X = width * (d mx sx - 0.5)
y = height * (negate $ d my sy - 0.5)

vertex2f :: G.GLfloat -> G.GLfloat -> IO ()
vertex2f a b = G.vertex (G.Vertex3 a b 0)

vec2gl :: H.Vector -> (G.GLfloat, G.GLfloat)
vec2gl (H.Vector x y) = (d2gl x, d2gl y)

d2gl :: Double -> G.GLfloat
d2gl = realToFrac

d2gli :: Double -> G.GLsizei
d2gli = toEnum . fromEnum . d2gl

OYHKIMY He IpeTepIeBIIre 0COOBIX U3MeHEeHU! mpomynleHbl. Tenephb Haile rjiobajbHoe cocTosiHue (State)
COIepXUT TeJio mapa (OHO MPUTOJUTCA HaM JJIA BBIYMCIIEHUS ero MOJI0XKeHNs) U IPOCTPaHCTBO, B KOTOPOM JXHBET
Hama Mmofesib. CTOUT OTMeTUTh QyHKIMI0 simulate. B Hell mpoucxoauT oOHOBJIEHHUE cOCTOAHUA Mopdenu. [Ipu
3TOM MEHI BO3BpallaeM BpeMs, KOTOpoe yILIO Ha BeIUYMCIIeHHe 3Toi PyHKUuM. OHO HyXHO HaM JJI TOT'0, YTOOBI
MOKa3bIBaTh HOBblE KaJpbl paBHOMEpPHO. MBI BHIUTEM BpeMs CUMYJIANMU K3 00IIero BpeMeHu, KOTOpoe MBI MOXeM
MOTPaTUTh Ha oAuH Kanp (frameTime).

20.2 bopewmcs ¢ 10

KasxeTcs, YTO MbI [IOMAJIA B KAKOH-TO JPYTOH A3BIK. DTO COBCEM He TOT 3JieraHTHBIN Haskell, 3HakoMbiit HaM 1o
npeapAymuM riasaM. Ctospko do u I0 pa3bpocaHo no BceMy Komy. U Takoil IpUMUTHUBHBIN pe3yjIbTaT B UTOTE.
Ecyu Tak GyeT IpoAoJoKaThesA U JJajibllle, TO MBI MOXEM He BHITepIeTh U GPOCUTh U Hamly 3agavy u Haskell...

He otuamBaritech!

JaBaiiTe jyuiie nmogymMaeM Kak cBecTd 3TOT mceBmo-Haskell k munnmymy. IMomgymMaem kakue MCTOYHUKU 10
TOYHO OyZyT B Hamiel mporpamme. DTO MHUNUaIU3anus GLFW 1 Hipmunk, KMKy MbInrsi0, 0GHOBJIEHHE MOJEN B
Hipmunk, Takxe A1 prCOBaHUsA HaM OPUAETCA CUNTHIBATD IOJIOXKEHMA MapoB. Ham npuaércs yaaisaTs U co31aBaTh
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HOBBIe MIapkl, [06aBJIAA UX K IPOCTPAHCTBY Mofesu. Taxxke B I0 IPOUCXOAUT OTPUCOBKA UrpHL. Hipmunk 6yaeT KoH-
TPOJIMPOBAaTh CTOJIKHOBEHMA IapoB, 1 3TH JJaHHBIe HaM ToXe HaJo Oy/ieT CYMTHIBATh U3 IJI006aIbHBIX IepeMeHHBIX.
Cxosbko Bcero! I'ostoBa HOET KPYroM.

Ho nomuMo Bcero 3Toro y Hac ecTh JIOTHMKA WUIPHL. JIoruKa Urpsl OTBeYaeT 3a peakIiio NIPOBOTrO MUpa Ha pas-
Ju4Hble coObITHA. HanpuMep cTOJIKHOBeHUeE C ”IJIOXMM” IIApOM BJIEUET K YMeEHBIIIeHUI0 XU3HeH, ecJIi UTPOK CTaJl-
KHBaeTcs ¢ OOHYCHBIM IIApOM, OIpefesI€HHbIe aphl HeOOXOAUMO YAAJIUTh. I[IpUXOAUT MOMEHT U MBI BBIITyCTKaeM
HOBBI 1IAp U3 JIy3bl HOBBIM map. JlaBaiiTe mogyMaeM KaK COXPaHUTh JIOTUKY UTPHL B YHUCTOTE.

Tun I0 oGBIYHO OTBeyaeT 3a CBA3b C BHEIIHNMM MHPOM, 3TO IJIasa, YIIi, pyKH U HOT'M IporpaMMel. Yepes I0 Ml
nojiyyaeM MHGOpMaIHIo 13 BHELIHero Myupa 1 oTIpasJiseM eé o6paTHo. Ho B HaileM cijiydae OH IPOHUK B cepAle
nporpaMmel. 3a 0OHOBJIeHHEe 00bEKTOB OTBevyaeT HachimeHHasa 10 oubyimoTteka Hipmunk.

M=l nocrapaemcs no6opoTecs ¢ I0-kogoM Tak. CHauasa MBI BBAeJIEM Te IapaMeTphl, KOTOpble MOT'YT OBITH
0OHOBJIEHB! YUCTHIMU QYHKIMAMU. DTO BCe Te MapaMeTpHl, JJI KOTOPBIX He HyeH Hipmunk. DToT mar pas6uBaet

CRY

Halll MUp Ha J[Ba Jiareps: “4UCTBIA” U "TPA3HBIN

data World = World
{ worldPure :: Pure
, worldDirty :: Dirty }

YucTele JaHHbIE XOTAT KaK-TO Y3HATh O TOM, YTO IIPOMCXOAUT B I'PA3HBIX AAHHBIX. TakkKe YHCTHIE JaHHBIE MOTYT
pacckasaTh I'pA3HBIM, KaK UM HYXXHO U3MEHUTHCA. DTO NPUBOJUT HAC K ONpe/eIeHUI0 IBYX fA3BIKOB 3alpOCOB, HA
KOTOPBIX YMCTHIN U TPA3HBIN MUP OOIIAIOTCA MeXay COOOI:

data Query = Remove Ball | HeroVelocity H.Velocity | MakeBall Freq
data Event = Touch Ball | UserClick H.Position

data Sense = Sense
{ senseHero :: HeroBall
, senseBalls :: [Ball]l }

Yepes Query 4ucTHe JaHHBIE MOTYT paccka3aTh I'PA3HEIM O TOM, YTO HEOOXOAMMO YAAJIUTh HIap U3 UTPHL, 00-
HOBUTb CKOPOCTH IIapa UrpoKa MJIM cOo3aTh HOBBIN map (Freq oTBeuyaeT 3a mapaMeTphl CO3AaHUA mapa). I'psa3Hbie
JaHHBle MOTYT paccKa3aThb YHUCTHIM Ha s3bIKe Event u Sense 0 TOM, YTO OJWH K3 MIApOB KOCHYJICA AO LIapa Ur-
POKa, WJIM UTPOK KJINKHYJI MBIIIKOU B ONpeeIEHHON TouKe. Takxe MBI cooOmaeM Bce OOHOBJIEHHEIE MTOJIOXKEHUS
napameTpHl mapoB B Tune Sense. Tum Event oTBeuaer 3a cOOBITHSA, KOTOPBIE IPOMCXOAAT UHOTA, a TUI Sense 3a
Te IIapaMeTphl, KOTOpble Mbl HabJI0laeM HellpephlBHO (3TO TUIIHI TJIa3apyk), Query — 3To A3BIK AeHCTBUl (3TO TUI
pykoHor). Ham moHagobuTcs emé oguH MaJIeHbKUI A3bIK, HA KOTOPOM MBI 6y/ieM 00bsACHAThCA ¢ OpenGL.

data Picture = Prim Color Primitive
| Join Picture Picture

data Primitive = Line Point Point | Circle Point Radius

data Point Point Double Double
type Radius = Double

data Color = Color Double Double Double

OTH TpU A3BIKA CTaHYT 6apbepoM, KOTOPBIM MBI OTpaHUYMM BiuAHKe 0. Y Hac 6yayT GyHKIHM:

percept :: Dirty -> IO (Sense, [Event])

updatePure :: Sense -> [Event] -> Pure -> (Pure, [Query])
react :: [Query] -> Dirty -> IO Dirty

updateDirty :: Dirty -> IO Dirty

picture :: Pure -> Picture

draw :: Picture -> IO ()

Bes jioruka urpsl 6yJeT NpoucXoAuTh B yncTor GyHKIM updatePure, 0GHOBJIATH MOJEh MUPA MBI GYJeM B
updateDirty. [laBaiiTe onATh HAYHEM NPOEKTHPOBaaHNe cBepXy-BHU3. C 3TUMHU QYHKIIUAMU MBI yKe MOXXeM Hallu-
caTh OCHOBHYI0 QYHKIIVIO ITKJIA UTPHL

loop :: IORef World -> I0 ()
loop worldRef = do
world <- get worldRef
drawWorld world
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(world, dt) <- updateWorld world
worldRef $= world
G.addTimerCallback (max 0 $ frameTime - dt) $ loop worldRef

updateWorld :: World -> I0 (World, Time)
updateWorld world = do
t0 <- get G.elapsedTime
(sense, events) <- percept dirty
let (pure’, queries) = updatePure sense events pure
dirty’ <- updateDirty =<< react queries dirty
tl <- get G.elapsedTime
return (World pure’ dirty’, tl1 - t0)
where dirty = worldDirty world
pure = worldPure world

drawWorld :: World -> I0 ()
drawWorld = draw . picture . worldPure

20.3 OmnpenesisieMcs ¢ TUIIAMU

[JaBaiiTe mogymaeM, U3 4ero cocTosAT TUIbI Dirty u Pure. HauHém c Pure. Tam TouHO GyaeT Bcs nHbopmanus
HeoOxoauMas HaM AJIs PUCOBaHUsA KapTHUHKU (Bep GyHKIuUA picture onpenenena Ha Pure). [lJig pucoBaHUA HaM
HeoOX0QMMO 3HATH [T0JIOXKEHNS BCEeX IAPOB U UX TUIIH (OHU onpeesiaoT 1BeT). Ha kapTuHKe MBI 6y/1eM [TOKa3hIBaTh
PasHyI0 CTaTUCTUKY (HaHHbIE O XU3HAX, GOHyCcHble 0uky). Takke u3 Tuna Pure Mel GyZeM YIpPaBJIATh CO3AaHUEM
mapoB. Tak MBI IPUXOJUM K THUILY:

data Pure = Pure

{ pureScores 11 Scores

, pureHero :: HeroBall
, pureBalls i@ [Ball]

, pureStat :: Stat

, pureCreation :: Creation
}

YTo HaM HYXHO 3HaTh O LIape reposA? Ham HyXHO ero moJioxeHHe [JJIs OTPHUCOBKY M MOAYJIb BEKTOPA CKOPOCTHU
(oH noHaAOOUTCSA HaM PY OOHOBJIEHNUY BEKTOPA CKOPOCTH IIapa UTPOKa):

data HeroBall = HeroBall
{ heroPos :: H.Position
, heroVel :: H.CpFloat
}

JlJ1s1 ocTasIbHBIX IAPOB HaM HY’XKHO 3HATh TOJIBKO THII IIapa, ero NoJiokeHue u nieHTudukarop mapa. I[To uaes-
TUPHUKATOPY IOTOM MBI CMOXEM IOHATh KaKO! Map yAaIUTh U3 I'PA3HBIX JaHHBIX:

data Ball = Ball

{ ballType 11 BallType

, ballPos :: H.Position
, ballld 1 Id

}

data BallType = Hero | Good | Bad | Bonus
deriving (Show, Eq, Enum)

type Id = Int

CTaTHCTUKA UTPHl COCTOUT M3 YKMCJIA XXU3HEH U GOHYCHBIX OYKOB:
data Scores = Scores

{ scoresLives :: Int

, scoresBonus :: Int

}

Kak OyzeT npoucxoquTh CO34aHye HOBBIX apoB? Eciy m1oxux mapos OyAeT CJIUIIKOM MHOTO, TO UrpaTh OyAeT
He UHTEePeCHO, UI'POK CJIMIIKOM OBICTPO IpourpaeT. Ecjii xopoumx mapoB 6yJeT CIMIIKOM MHOTO, TO UT'POKY TaKke
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6nIcTpO HazoecT. ByneT ouens Jierko. Ham HeoGxoauMO MMOAAEPKUBATH ONpeiesIEHHBIN OanaHc mapos. Co3gaHue
mapoB O6yAeT IPOUCXOUTh CJIy4allHBIM 06pa3oM uepe3 paBHbIe IIPOMeXYTKH BpeMeHH, HO CO3[JaHNe HOBOTO Iapa
OyAeT 3aBUCETh OT MPOIOPIUU MIAPOB Ha JOCKe B JaHHBIN MOMeHT. Ecjii y Hac CJIMIIKOM MHOTIO IJIOXUX IIapoB,
TO CKOpee BCEro Mbl CO34aJuM XOpOoLInii map U Hao6opoT. Eciu obujee yncao mapoB BeJMKO, TO Mbl He OyaemM
YCJIOXKHATh UTPOKY XU3Hb HOBBIMU IIAPAMHU, JOXAEMCS IMOKA KaKye-HUOYb MIaphl He TOKUHYT IpeAeJIbl MOJIS W
He OyAyT YHUUYTOXEHB N'POKOM. DTU pacCyXJeHUs NPUBOAAT HAC K THUIMAM:

data Creation = Creation

{ creationStat 11 Stat
, creationGoalStat :: Stat
, creationTick 1 Int
}
data Stat = Stat
{ goodCount i Int
, badCount :: Int
, bonusCount : Int
}
data Freq = Freq
{ freqGood :: Float
, fregBad :: Float
, freqBonus :: Float
}

ITosie creationStat comepxuT Tekyliee YMCJIO MIAPOB HA 10JIe, noJjie creationGoalStat — uncsio mapos, K KO-
TOPOMY MBI CTPeMUMCH. 3HaueHue Tuna Freq coepXXUT Beca BepOATHOCTe! CO3/JaHKs HOBOTO IIapa OIpeiesIEHHOTO
Tuna. Ha kaxoM miare Mel OyieM npubaBiATh eAUHULY K creationTick, Kak TOJIBKO OHO JOCTUTHET OIpeJieIéH-
HOT'0 3HaueHHs MBI TONpobyeM co3AaTh HOBBIM HIap.

[MepeiigéM K rpsA3HBIM JaHHBIM. TaM Mbl 6yAeM XpaHUTh MHPOPMAIHI0, HeOOXOAUMYI0 AJIs1 0OHOBJIEHUS MOLEIU
B Hipmunk, u 3HaueHue, B KOTOpoe GLFW GyAeT 3amuchiBaTh COCTOSIHUE MBIIIN, TaKXe MBI OyeM CIeqUTh 3a TeM,
KTO CTOJIKHYJICS C IIAPOM UT'POKA B TAHHBI MOMEHT:

data Dirty = Dirty

{ dirtyHero :: Obj
, dirtyObjs :: IxMap Obj
, dirtySpace :: H.Space
, dirtyTouchVar :: Sensor H.Shape
, dirtyMouse :: Sensor H.Position
}
data Obj = Obj
{ objType :: BallType
, objShape :: H.Shape
, objBody :: H.Body
}

type Sensor a = IORef (Maybe a)

Ocobas cTpykTypa IxMap oTBeYaeT 3a XxpaHeHUe 3HAUYEHNI BMeCTe ¢ MHAeKcaMu. [Ioka OCTaHOBHMCs Ha CaMOM
[IPOCTOM IIpeJICTaBJIEHNN:

type IxMap a = [(Id, a)]

20.4 CrpykTypa mpoekra

HameTuM cTpyKTypy npoekTa. Y Hac yxe ecTb MOAYJib Types . hs. OCHOBHO ITUKJI UI'PHI OyIeT onrcaH B MoAyJIe
Loop.hs. Obuue GyHKIMM OGHOBJIEHN COCTOSHUA Oy Iy T onpefdesieHsl B World. hs, Takxe y Hac GyzieT Ba MOZyJ1A
OTBeuarlre 3a 0OHOBJIEHNE YHCTHIX U I'PA3HBIX JaHHBIX — Pure.hs u Dirty.hs. Mbl BBIIeJ UM OTAEJIbHBI MOLYJIb
JJIs1 OTKICAHUA BCeX KOHCTAHT urpsl (Inits.hs). Tak Ham GyaeT yIOoOHO HACTPOUTH UTPY, KOTAa MBI 3aKOHYUM C
xomoM. OtpensHBIN MoAyJib Utils OyzeT comepxaTh Bce PyHKIMU OOIIero Ha3HAUYeHUs1, TpeoObpa30BaHUs MEXIY
TunaMu OpenGL u Hipmunk.
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20.5 ﬂeTaJII/IBI/IpyeM (I)YHKI.II/II/I OOHOBJIEHUS COCTOSHUA HUI'PbI
Haunéwm ¢ BocnpuATus:

module World where

import qualified Physics.Hipmunk as H

import Data.Maybe
import Types
import Utils

import Pure
import Dirty

percept :: Dirty -> IO (Sense, [Event])
percept a = do
hero <- obj2hero $ dirtyHero a
balls <- mapM (uncurry obj2ball) $ setIds dirtyObjs a
evtsl <- fmap maybeTolList $ getTouch (dirtyTouchVar a) $ dirtyObjs a
evts2 <- fmap maybeTolList $ getClick $ dirtyMouse a
return $ (Sense hero balls, evtsl ++ evts2)
where setIds = zip [0..]

-- B Dirty.hs

obj2hero :: Obj -> IO HeroBall

obj2ball :: Id -> Obj -> IO Ball

getTouch :: Sensor H.Shape -> IxMap Obj -> IO (Maybe Event)
getClick :: Sensor H.Position -> I0 (Maybe Event)

Hastee MbI He Gy1eM KaXIbIE pa3 BHIKICHBATH HOBBIE HeONpeaeIéHHbIe QYHKINM, MBI OyeM IIPOCTO OCTABJIATD
006bABJIeHNs TUIIOB 6e3 onpeeseHuil. iTak Mbl Hanycaay oqHy GYHKIMIO, U MOJIYUYNJIIN emé YeThpe HOBBIX.

M=l cAiesiaeM IpeAIoJIOXeHNe O TOM, YTO CHayasa MBI pearupyeM Ha HellpephIBHBIE COOBITHA, a 3aTeM Ha JucC-
kpeTHble. [Ipr4éM K 3ampocaM Ha peakluy MOTYT IIPUBECTU TOJIbKO AUCKPETHbIe COOBITHUA:

updatePure :: Sense -> [Event] -> Pure -> (Pure, [Query])
updatePure s evts = updateEvents evts . updateSenses s

-- B Pure.hs
updateSenses :: Sense -> Pure -> Pure
updateEvents :: [Event] -> Pure -> (Pure, [Query])

B ¢pyHkumu react Mel npeanosiaraeM, 4To peakliuy Mypa Ha COOBITUA He3aBUCUMEI ApyT oT fgpyra. foldQuery —
GyHKOUA CBEPTKU 1A TUna Query.

import Control.Monad
react :: [Query] -> Dirty -> IO Dirty

react = foldr (<=<) return
. fmap (foldQuery removeBall heroVelocity makeBall)

-- B Dirty.hs

removeBall 1 Ball -> Dirty -> IO Dirty
heroVelocity :: H.Velocity -> Dirty -> IO Dirty
makeBall :: Freq -> Dirty -> IO Dirty

OO6paTtuTe BHUMaHUe Ha TO, KaK MBI BOCNOJIb30Basuch GyHKknuAMU foldr, return u <=< i TOro 4ToOBl HAHU-
3aTh APYyT Ha Apyra GyHknuu tuna Dirty -> I0 Dirty. HamowmHio, 4TO QYHKIUA <=< — 3TO aHAJIOT KOMIO3UI[UK
JIJI MOHAIHBIX QYHKLINM.

OGHOBJIEHHE MOJEJIU:

updateDirty :: Dirty -> IO Dirty
updateDirty = stepDirty dt

-- B Dirty.hs
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stepDirty :: H.Time -> Dirty -> IO Dirty
-- B Inits.hs
dt :: H.Time
dt = 0.5
ODYHKINY pUCOBaHUA IOMECTUM B OTAEJIbHBIN MOAyJb Graphics.hs
-- nepemecTtuM u3 Loop.hs B World.hs
drawWorld :: World -> I0 ()

drawWorld = draw . picture . worldPure

-- B Graphics.hs

draw :: Picture -> I0 ()
-- B Pure.hs
picture :: Pure -> Picture

Jo6GaBuM (PYHKIMIO MHULUATU3AI[UNA UTPHL:

initWorld :: IO World
initWorld = do
dirty <- initDirty
(sense, events) <- percept dirty
return $ World (initPure sense events) dirty

-- B Dirty.hs

initDirty :: IO Dirty

-- B Pure.hs

initPure :: Sense -> [Event] -> Pure

20.6 [leranusupyeM gaJiblie

Bor Tak Ha camMOM MHTepPeCHOM MecTe...Mbl BBIHYX[€HHl IIpepBaThCs. fI HalelCh, YTO Bl YJIOBUJIM OCHOBHYIO
eI METOAA U CMOXETE 3aKOHYMTD 3Ty UI'PY CAMOCTOATEJIbHO. Bes jtorrka urpsl 6y et onrcana B MmofayJie Pure. hs.
ITpuuém B 3TOM MOJyJjie 6yAyT ToJIbKO urcThie GyHKINNU. OcTasock npuMepHo 1000 cTpok koxa. S He Oyy BBIIU-
CBIBATh CBOE pellleHle, eCJIM Bbl Ije-TO 3allHETeCh WJIM Y Bac 4TO-TO He OyAeT MOoJIydaThCsA, BB MOXKeTe CBEepUThCS C
HUM (OHO BXOAUT B KOJI, YTO NPUJIATAETCSA C KHUTOM).

20.7 KpaTtkoe cogepxaHue

B 3T0¥1 ry1aBe MBI IOCMOTpEJIN Ha ABEe MHTepecHble Oubaroteku. Ousmdeckuil ABKOK Hipmunk u rpaduyeckyro
6ubmoTeKy OpenGL U y3HaIM MeTO[ YKPOIeHUs UMIIepaTUBHOrO Koaa. MbI pa3fesinyiv COCTOsIHUE UTPHI Ha JiBe
YyacTH. B o[JHy mOMeCTUJIU BCE Te MapaMeTphl, AJIs KOTOPBIX HEBO3MOXHO 00oUTHCh Ge3 I0-QyHKIMI, a B APYroi
Te MmapaMeTpsl, KOTOPble HeOGX0JUMBI AJIs peasiu3aluy JIOTUKU UrPhl. Bce GyHKLNY, OTBeYalomiye 3a JIOTUKY UTPhI
SIBJIAIOTCSA YMCTHIMU. [TapaMeTphl UMIIEPAaTUBHON YacTH He 0OHOBJISIOTCSA Cpa3y, CHavYasia Mbl [JeJIaeM C HUX CHUMOK,
NOTOM lepejaéM 3TOT CHUMOK B UHCTYIO YaCTh, U OHA pa30brpaeTcs ¢ TeM KaK UX OOHOBJIATh. YacTu o01maTesa Mexay
co6o11 Ha criel{aIbHBIX MaJIEeHbKUX SA3bIKaX, KOTOPbIe 3aKOAVPOBAaHHL B THUIaX. JTO A3bIK HabmogeHuH (Event), A3BIK
peaxiuii (Query) U s3BIK OTPHCOBKM UrpoBoro mupa (Picture).

20.8 YunpaxuHeHus

3akoHuHuTe KOA UIpHL. M1, BO3MOXHO, IIpY 3HaKoMCTBe ¢ Hipmunk y Bac mosBusack ujaes HOBOI UTPHL C HeBe-
posATHON auHaMukoi. Emé syume! Hanumure eé. IIpu sTOM mpoAyMaiiTe MPOEKT UTPHl TakK, YTOOBl I0-THIIBI He
pasbexanuch 1o Bcell MporpaMme.
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I'masa 21

My3bIKaJIbHBIA IIPUMEP

B oT0i1 ry1aBe MBI HamnuileM My3bIKaJIbHBEIN ceKBeHcop. Mul OyJieM IepeBOANUTh HOTHYIO 3anuch B midi-¢daiin c
nomolIikio 6udarorexu HCodecs. OHa IpeAoCTaBIsAeT BO3MOXKXHOCTE co3nanusa midi-daiiios mo onucanuio B Haskell.
IIpu 3ToM omucaHue HalOMHUHaeT onucaHue camoro gopmara midi. Msl ke XOTUM HMOJHATHCA YPOBHEM BbIlle U
OIUCHIBATh MY3bIKYy HOTAMHU 1 KOMIIO3UIMel HOT.

21.1 My3sIKaJIbHasA HOTALUA

JUia Havyasia 3agaAuMcsA BBIAACHHUM: a 4YTO JKe Takoe My3blKa C TOYKU 3peHHA Hallero cekBeHcopa? Mel uiem
Ipe/iCTaBJIeHHe My3bIKH, TEPMUHBI, B KOTOPHIX OBUIO OBl YJOGHO MBICJIUTh KOMIIO3UTOPY. IIpy 3TOM HE06X0auMo
[MOHUMATh, YTO HAII [TOVICK OIPaHMYEH CPeJCTBAaMU HM3KOYPOBHEBOTO NpeCTaBJIeHUsA MY3BIKU. B HameMm ciydae
aTo midi-daitn. Tak HanpuMep MBI MOX€EM cpa3y OTOPOCUTH NPEACTaBJIEHE B BI/Ie CUTHAJIOB, TOCJIEAOBATEIBHOCTU
COMILJIOB, ITIOCKOJIBKY MBI HE CMOXEM peajl30BaTh 3TO IMpefcTaBjieHre B paMkax midi. 3a orBeToMm obpartumcs K
HCTOPHH.

HoTHas 3anuch B €éBPONEHCKON TPaguIuu

B eBpomerickoi TpaAuIY NIPUHATO ONMCHIBATh MY3bIKY B BH/le HOTHOH 3anycy. HOTHBIN JINCT COCTOUT U3 CEPUU
HOTHBIX CTAHOB. HOTHBII CTaH COCTOUT U3 ATHU JIMHeeK. Kaxas iuHerika 0603HaYaeT onpeiesIEHHYI0 BEICOTy. HoTta
COCTOUT M3 0003HAUYEHHUs AJIUTEJBHOCTH U BHICOTHL. PasHble TUTESIBHOCTA 0003HAYAITCA IITPUXaMU U I[BETOM
HOTHI, a BBICOTE COOTBETCTBYET paclosioxkeHre Ha HOTHOM CTaHe.

II!E“"l-
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Puc. 21.1: BykBeHHble 0003Ha4Y€HNs BBICOTHI HOTHI

[To AIUTETBHOCTY HOTHI Pa3JIMYalOT Ha: LieJible, IOJIOBUHBI, YeTBEPTH, BOChMBIE, IIIECTHA/II[AThie M TaK AaJiee.
Kaxpgas mociieyromas JJINTEJIbHOCTh B [1BA pa3a MeHbIle Mpeablaynier. J[IuTeIpHOCTh U3MepsAeTcsa B I0JAX OT
TakTa. TakThl 0003HAYAIOTCS CIUIOIIHOM JIMHUEHN, KOTOpas IepeuyépKuBaeT Bce IMATH JIMHeeK HOTHOro craHa. Ilo
BBICOTE HOTHI, 3aBUCAT OT ABYX IIEJIBIX YKCEJI, STO HOMep OKTaBhl I HOMep CTyIeHu Jiaaa. B same o6byHO Beero 12
cryneHell. Ix o603HayaoT pasHEIMU MMeHaMu. HanprMep B JJaTUHCKOHN HOTalUU X 0603HAYaloT Tak:

o 1 2 3 4 5 6 7 8 9 10 1
Cc ¢4t D Df FE F Ft G Gf A At B
¢ Db D Eb FE F Gb G A A Bv B
do re mi  fa sol la ti

B camMoM HuXHEM psAy pacroJioXKeHbl MeHa HOT. BO BTOpOM U 4eTBEPTOM — 00603HaYeHUs HOT C AUe3aMu U
¢ 6emostamu. OgHA U Ta XKe HOTa MOXeT 0003HavaThCs Mo-pa3HoMy. BykBaMu 0603HA4al0T HOTH TOHAJIBHOCTU JIO
Maxop (3To ceMb OYKB JIs1 CEMU HOT), @ OCTAJIbHBIE HOTHI IOJIyYalOT IIOBBIIIEHEM Ha OJVH IIar ¢ IIOMOIIBI0 3HAKA
nues ff MM IOHMXEeHHeM Ha OZMH IIar ¢ HOMOIIbIO 3HaKa 6eMOJIb D.
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Takxe HOTH Pa3/IMYAIT [0 TPOMKOCTU. B eBpOmeiicKoi Tpaguuuiu CYNTAETCs, YTO IPOMKOCTD M3MeHsETCs He
YacTO B CpPaBHEHWM C BBICOTOM U AJIUTEJIBHOCTHIO, TIO3TOMY Ui 0003HAUYeH!s TPOMKOCTU BBEJIEHHI ClielaibHbIe
CUMBOJIBI, KOTOPBIE MUIIYTCS MO HOTHBIM CTAaHOM, TOJIBKO KOTZa TPOMKOCTh U3MEHSETCH.

W3 sTOr0 0630pa MBI MOHAJH, YTO €JUHHIIEl My3bIKaJIbHOU 3allMCHU SABJIETCA HOTA, OHA COCTOUT M3 0003HaYeHNA
JUINTEJIBHOCTH, BBICOTHI I TPOMKOCTHU. BrIcOTa B CBOIO O4YepeAb COCTOUT M3 0003HAUeHMA OKTaBHl M CTyNEeHU Jafja.
Teneps faBaiiTe MOCMOTPUM KPYITHBIM IIJIAHOM Ha MPOTOKOJI midi.

ITporokos midi

[TpoTokosn midi nosBrIICA B OTBET HAa OypHOe pa3BUTHE CHHTe3aTOpOB. KaXXAbIM M3 CUHTE3aTOPOB IpejJiarai
cBoU TeMOPHI, IIPY 3TOM JIIOAU 3a0yMaJIKCh, a HyXHa JI CHHTe3aTopy KJaBuatypa? Bompoc kaxercsa abCypAHbIM,
€CJIM MBI [ymMaeM 00 OZJTHOM CHHTe3aTope, HO IIPeJICTaBbTe, YTO Y BaC UX eCATh, B KAXIOM CBOU 4YeM-TO 0COOEHHBII
TeM6p. IIpu 9TOM Ham Hy>XHO AecATb Pa3HbIX TeMOPOB, HO Mbl BBIHYX/I€HHBI TacKaTh 3a COO0OH AecATb NPUMepHO
OAVHAKOBBIX KJIaBHATyp. /I TOro 4ToObI OTAEIUTh TeEMOP OT yrnpaBiieHUs (HakaTusA Ha KJIABUIIN UTPOKOM) ObLI
npuAyMaH npotokos midi. IIporokos midi onmuceBaeT cnenuduyecKyro A HaXXaTys Ha KJIaBUIMN UHGOPMALHIO.
ITpousBoguTesN TeMOPOB WM T'eHepaTOpoOB TOHA, MOTYT HayYUTh reHepaTop ToHA noHnMaTth midi. [Ipu 3ToM MBI
MOXeM cJieJIaTh OTAEJIbHYI0 KJIaBUaTypy, KoTopas He uMeeT COOCTBEHHOIO reHepaTopa TOHa, HO yMeeT IOChUIaTh
coobeHys NpoTokoJia midi, Tak MBI CMOXXEM YIIPaBJIATh IeCATHIO FeHepaTOpaMy TOHA OT Pa3HbIX IPOU3BOAUTEIIEN
C TIOMOII[BI0 OAHOY KJIaBHATYpPHl. Takue KjaBUaTyphl Ha3pBalOT midi-KjIaBUaTypaMu.

[MosuakomumMcs ¢ TepmuHosiorueir midi. [Ipotokos midi paccunTad Ha ympaBJieHHe CUHTE3aTOPaMU B pexuMe
peasibHOTO BpeMeHU. MOXHO cKa3atb, 4To midi-(harii — 3To UCTOpHs KOHIIePTa WJIM BBICTYILJIEHUST, HU3KOYPOBHEBAs
HOTHas 3anuch. Kaxaoe ABMKeHHe UTpoKa Koaupyercs cobstreM. HanpuMep Haxartye Ha KJIAaBUIILY, OTITyCKaHLE
KJIABUIIY, CHJIA JABJIEHUA HA KJIABUIIY B ONpeAesIEHHBII MOMEHT BpeMeHU, HaXaTre Iefajid, IOBOPOT peJie VI
cMeHa TaMmbpa.

ITporokos midi M3HAYaJIbHO 3aAyMBIBAJICA KaK PacCIIUPsEMBIN TPOTOKOJI. KaxAblil MpOMU3BOAUTESE TEMOPOB
nMeeT BO3MOXHOCTh J06aBUTh KaKue-TO ocoOeHHble HacTpoliku. [Ipu sToM Te coobiieHusA, KOTOphle JaHHBIHI Te-
HepaTop TOHA He MOHMMAET MPOCTO UTHOPUPYIOTCA. Hamr cekBeHcop OyieT MOHMMATh TaKKe COOBITHA KaK HaXaTre
Ha KJIABUIIY U OTITyCKaHMe KJIaBUIIK. Takxe y Hac 6yQyT pa3Hble HHCTPYMEHTHI.

Ycranosum 6ubanoreky HCodecs ¢ Hackage:
cabal install HCodecs

Tenepsp 3aryisHeM Ha CTpaHUIy JOKyMeHTanuu 3Toro nakera (Ha caiite Hackage), Hac mHTepecyeT MOAyJib
Codec.Midi, Beap MBI XOTMM cO3faBaTh MMeHHO midi-¢aiiibl. 3gech MBI BUOUM OmuMcaHue mporokosia midi, 3a-
KOJMpoBaHHOe B Tumax. [locMoTpuM Ha Tun Message, oH onuceiBaeT midi-coobiieHus. B nepByio ouepenp HaC UH-
TepecyloT KOHCTPYKTOPBIL:

NoteOn {
channel :: !Channel,
key :: !Key,
velocity :: !Velocity }
NoteOff {
channel :: !Channel,
key 11 !Key,
velocity :: !Velocity }

BockyminaTesibHble 3HaKU Nepell TUIIAMH O3HA4aloT B3pBIBHbIE MA0JIOHBEL, O KOTOPHIX MBI TOBOPWJIM B I'JIaBaX O
JIEHUBBIX BBIYMCIeHUsAX. KoHcTpykTop NoteOn o60o3HavyaeT HaxaTHe KJIaBUIIM Ha kaHase Channel c BeicoTOM Key 1
ypoBHeM rpoMmkoctu Velocity. KoHcTpykrop NoteOff o603HaUaeT oTnyckaHue KJIABUIIN, TapaMeTphl UMEIT TOT
’Ke CMBICJI, 4YTO U B ciiy4yae NoteOn.

Jlymaro 4To Takoe BhICOTa 1 'POMKOCTb IPUMEPHO MOHATHO, HO YTO Takoe KaHayi? CunTaercs, 4TO OJUH UCIIOJI-
HUTEJIb MOXET YIIPaBJIATh Cpa3y HECKOJIbKMMU IreHepaTOpaMu TOHA. YIIpaBJjieHUe pacipefesisieTcs no kaHajiam. Ha
KaXkOM KaHaJjle Mbl MOXXeM YIPaBJIATh OTAEeJIbHBIM UHCTPYMeHTOM. HeMHOro 0 BeicOTe U rpoMKOCTU. OHU KOAUPY-
I0TCs1 IIeJIBIMU YMCJIaMy U3 auanasona ot 0 go 127. Hote mo nepsoit oktassl (C') cooTBeTcTBYyeT Iudpa 60, HOTe Jist
nepBoii oktasbl (A) cooTBeTcTBYeT HOMEp 69. OIHO YKCJIO KOAUPYET Cpa3y U OKTaBy U CTYIIEHb Jiaja.

MozxeT nokasaTbcs cTpaHHBIM napaMetp Velocity B koHcTpykTOpe NoteOff, oH o603HayaeT oTIycKaHUe KJIaBu-
Y C OIpeJleJIEHHOI rPOMKOCTEI0. OOBIYHO 3TOT NapaMeTp UTHOPUPYETCA U B HEro 3allMCHIBAIOT Cpe/iHee 3HaUeHue
64 unu HavaspHOe 3HavyeHue 0.

Takxe Mbl Oy[JeM UrpaTh pasHBIMU WHCTPyMeHTaMu. MHCTPYMEHTH B MPOTOKOoJie midi Ha3sBalOTCA Mporpam-
MaMy. MBI MOXeM yCTaHOBUTH OIpeAesIEHHbBIN NHCTPYMEHT Ha JaHHOM KaHajle C IOMOIIBI0 COOOIeHUS:
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ProgramChange {
channel :: !Channel,
preset :: !Preset }

Llenoe yncso Preset ykassiBaeT Ha KO MHCTpyMeHTa. Temeps MOCMOTPUM, YTO e Takoe midi-daii:

data Midi = Midi {
fileType :: FileType,
timeDiv :: TimeDiv,
tracks :: [Track Ticks] }

midi-darin cocTout U3 TpEx 3HaYeHUI. ITO 0603HAYeHHE THNA (aiiia:
data FileType = SingleTrack | MultiTrack | MultiPattern

[To Tuny midi-¢aiiiiel MOTYT pa3iuyatbesa Ha (aiiibl ¢ OAHUM TPEKOM, (Paiiibl ¢ HECKOJIBKUMU TpeKaMu, U
(darinbl, KOTOpHIE co/lepXXaT IPYIIIbl TPEKOB, KOTOPbIe HAa3hIBAOT y3opamu (pattern). ITo cMBIC/Ty TPEK COOTBETCTBYET
MapTHUU UHCTPYMEHTA.

Tun TimeDiv koaUpyeT CKOPOCTh 3amucu coobiieHnil. Pa3inuaioT fBa BapuaHTa:

data TimeDive = TicksPerBeat Int
| TicksPerSecond Int Int

[TepBBIli KOHCTPYKTOP TOBOPUT O TOM, YTO paspellleHHe BpeMeHU 3akoaupoBaHo B dopmare PPQN, oH ykasbl-
BaeT Ha YKCJIO YAAPOB B OJJHON YeTBEPTHOM AJIMTEJIbBHOCTU. BTOPOIl KOHCTPYKTOP TOBOPHUT O TOM, YTO pa3pelleHre
xonupyercsa B popmate SMPTE, oHO yka3piBaeT Ha YKCJIO KAAPOB B CEKyH/Je.

Ternepb IOCMOTPUM, UTO TaKOE€ TPEK:

type Track a = [(a, Message)]

TpeK 3TO CIMCOK COOBITHI C BpeMeHHBIMU OTCYETaMK. BpeMsi B midi OTCUHUTHIBa€TCsA OTHOCUTEIBHO MpeIbIayIiie-
ro cobeiTuA. Hanpumep B ciiefyoleil 3a1cyu TpU COOBITUA IPOU30LILIN OJHOBPEMEHHO U 3aTeM ciycTsa 10 TakToB
TIPOU30ILIN elé JIBa COOBITHA:

[(0, el), (O, e2), (O, e3), (10, e4), (0, e5)]

21.2 My3bIKkaJIbHasA 3anuch B BUJe COOBITHHI

[Mucatp My3bIKy B Bue cobpiTuil midi oueHp Hey10OHO, ycTh Jaxe U yepe3 HCodecs, HEOOXOAUMO IPUAYMaTh
HAJICTPOYKY HaJ poTokosioM midi. I moaro gymas o6 3TOM M B UTOTe MPUILIETT K BEIBOJY, YTO HanboJiee MpoCTOHN
Y MOJIATJIUBHIE CIIOCO6 IpeACTaBIEHHs My3bIKM Ha HOTHOM YPOBHE peayin3oBaH B sa3bike Csound. Tam HOTHI Ipef-
CTaBJIEHB! B BU/le [T0CJIeJOBaTeIbHOCTH cOOBITHI. Kaxjoe coObITHe HAaYHAaeTCs B OIIpeIeJIEHHBIN MOMEHT U JUTUTCA
HexkoTopoe BpeMA. CoObITHE COAEPXKUT KOA MHCTPyMeHTa U Habop NapaMeTpoB, KOTOpPble MOTyT BKJIIOYATh B cebs
TPOMKOCTbB, BBICOTY 3ByKa U Kakue-TO cnenuduyeckue [y JaHHOrO MHCTpyMeHTa HacTpolku. O6s3aTesbHBIMU
napamMeTpaMM COOBITHA ABJIAIOTCA JIMILB HOMep NMHCTPYMEeHTa, KOTOPhIH UrpaeT HOTY, Hauaylo COOBITUA U JJIUTEIb-
HOCTb COOBITHA. MBI 0cs1abuM 5T orpaHnuyeHns. CoObiTre OyAeT coaepxkaTh JIMIIb BpeMs Havyasa, JJIUTeJIbHOCTb U
HEKOTOpoe cojiepXaHue.

data Event t a = Event {

eventStart ot
eventDur ot
eventContent HH!

} deriving (Show, Eq)

[TapameTp t cuMBoIM3UpYyeT BpeMs, a NapaMeTp a — HEKOTopoe cofepxaHue coObTUA. Mbl OyfieM rOBOPHUTD,
YTO B HEKOTOPHEII MOMEHT BpeMeH! IIPOU30IJIO 3HaueHNe TUIMAa @ M OHO AJIMJIOCh HeKOTopoe BpeMsA. TpekoM MbI
OyeM Ha3bIBaTh HaOOp COOBITHIH, KOTOPbIe AJIATCA ONpeaesI€HHON BpeMs:

data Track t a = Track {
trackDur o,
trackEvents :: [Event t a]

}

[lepBbIli MapaMeTp yKa3blBaeT Ha OOIIYyI0 [JIMTEJbHOCTh TPeKa, a BTOPON COAEPXUT COOBITHS, KOTOphIE MPO-
n3onut. Mbl IBHO yKa3bIBaeM JIMTEJIBHOCTh TPeKa AJIA TOrO, YTOOBl MMETh BO3MOXHOCTH MPEACTABUTH THUIIMHY.
3HaueHUe TUMNHEI Oy[eT BBHIIJIAAETD TaK:

silence t = Track t []

OTUM MBI TOBOPHUM, YTO HUYETrO HE MPOM3OILIIO B TeueHHe t e JUHUL] BDEMEHMU.
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IIpeoGpa3oBaHme cOOBITUII BO BpEeMEHH

Hamm co6eiTuA NpuBA3aHbBl KO BpeMeHU. MBI MoXeM BBeCTU JIMHelHHbIe ollepaliiy, KOTopble O6yAyT U3MeHATh
pacroJsioxkeHre coOBITAN BO BpeMeHU. CaMBIll MPOCTON ¢crocob M3MeHeHHA MOJIOKEHU 3TO 3ajepxka. Mbl MoxeM
3a/iepxaThb nosABJIeHUe cOObITHSA, IpUOaBUB Kakoe-HUOYyab YKUCJIO KO BpeMeHHU Havasia COObITHSA:

delayEvent :: Num t => t -> Event t a -> Event t a
delayEvent d e = e{ eventStart = d + eventStart e }

Emé onHo npocTtoe npeobpa3zoBaHue 3aKjoyaeTcs B U3MEeHeHUU MacliTaba BpeMeHH, B My3blKe I aHUMaluu
9TOI onepanyy COOTBETCTBYeT IepemMoTka. CoObITHEe HaulHaeT IPOMCXOAUTh ObICTpee WU MeAJIeHHee:

stretchEvent :: Num t => t -> Event t a -> Event t a
stretchEvent s e = ¢e{

eventStart = s * eventStart e,

eventDur = s * eventDur e}

J1a u3MeHeHus Maciitaba BpeMeHU Mbl YMHOXXHJIM BpeMeHHBle ITapaMeTphl Ha 4MCJIO S. OTU olepalyuy MBI
MOX€eM MepPeHeCTU U Ha 3HaYeHus tuna Track.

delayTrack :: Num t => t -> Track t a -> Track t a
delayTrack d (Track t es) = Track (t + d) (map (delayEvent d) es)

stretchTrack :: Num t => t -> Track t a -> Track t a
stretchTrack s (Track t es) = Track (t * s) (map (stretchEvent s) es)

Kitacc mpeo6pa3oBaHuii BO BpeMeHH

V¥ Hac ecTh aHaJIOrMYHBIE oNlepanyu peobpasoBaHUs BO BpeMeHH JJIsl COOBITHI 1 TPEKOB, 3TO FTOBOPUT O TOM,
YTO MBI MOXXEM BBECTU CIlelMaJIbHBIN Kjlacc, KOTOPBI 00beAUHUT B cebe 3T omnepauuu. Ha3oBéM ero kjaccom
Temporal (BpeMeHHOI1):

class Temporal a where
type Dur a :: *

dur :: a -> Dur a
delay :: Dur a -> a -> a
stretch :: Dur a -> a -> a

B aTOM KJTacce onpeiesIEH OAVH THI, KOTOPHIN 0003HAaYaeT pa3MepPHOCTb BpeMEeHU, U TPU MeTOZA B JOTIOJITHEHUU
Kk MetogaM delay u stretch mbr fo6aBum meron dur, Mbl OyZileM CUUTaTh, YTO BCE YTO MPOUCXOAUT BO BPEMEHU
KOHEYHO U C MOMOIIBI0 MeToAa dur MBI BCerja MOXeM Yy3HaTh IPOTAXKEHHOCTh 3HAUYeHUA UX kjacca Temporal BO
BpeMeHU. [[Jis olpeliesieHUsA 3TOro KJjlacca HaMm NMPUAETCA MOAKIIOUUTH pacimupeHue TypeFamilies. Temepp Mbl
JIETKO MOXeM OIpefleJINTh 3K3eMIUIAPH! Kjacca Temporal asa Event u Track:

instance Num t => Temporal (Event t a) where
type Dur (Event t a) =t
dur = eventDur
delay = delayEvent
stretch = stretchEvent

instance Num t => Temporal (Track t a) where
type Dur (Track t a) =t
dur = trackDur
delay = delayTrack
stretch = stretchTrack

KoMmno3unusa TPEKOB

OHPEJICJII/IM ABE ITIOJIE3HBbIE B MY3BIKE Ollepalli: IapaJijIeJIbHYI0 U IIOCJIEA0BAaTEJIbHYI0 KOMIIO3UIIWIO TPEKOB. B
HapaJ’[J’Ie,J'IbHOfI KOMIIO3UIIK MBI UII'PaeM [IBa Tpe€Ka OAHOBPEMEHHO:

(=:=) :: Ord t => Track t a -> Track t a -> Track t a
Track t es =:= Track t’ es’ = Track (max t t’) (es ++ es’)

’

Teneps 0o0Imas JJIUTEIBHOCTh TPeKa paBHA JJIUTEJIBHOCTU OOJIBIIEro M3 TPEKOB, a COOBITHA BKJIIOYAIOT B cebs
COOBITHA KaXA0r0 13 TpekoB. C IOMOIIbI0 TPpeo6pa30BaHuil BO BpeMeH! Mbl MOX€eM OIPeIeJIUTh [10CIeOBATEIbHY IO
KOMITO3HUIHIO, I 3TOr0 MbI CMECTHUM BTOPOH TpeK Ha JUIMHY I1epBOro U ChirpaeM UX OJJHOBPEMEeHHO:
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(+:+) :: (Ord t, Num t) => Track t a -> Track t a -> Track t a
(+:4) a b = a =:= delay (dur a) b

HpI/I 3TOM y HaC KakK pa3 " IIOJIyUYUTCA, YTO Mbl CHadaJjla CbhiI'pa€M LEJNKOM TPEK a, a 3aTEM TPEK b. Tenepb

ompeesIIM aHAJIOTU ONEepaIyil =:= U +:+ JJIA CIIUCKOB:
chord :: (Num t, Ord t) => [Track t a] -> Track t a
chord = foldr (=:=) (silence 0)

line :: (Num t, Ord t) => [Track t a] -> Track t a
line = foldr (+:+) (silence 0)

MbI MOXeM OIIpeieIUTh B TEPMUHAX 3TUX ONepaLU ITUKJINYHBIN HOBTOP COOBITHUI:

loop :: (Num t, Ord t) => Int -> Track t a -> Track t a
loop n t = line $ replicate n t
DK3eMILIAPBI CTAHAaPTHBIX KJIACCOB

MBI MOXeM cJies1aTh THI TpeK 3K3eMIUIIpoM kiiacca Functor:

instance Functor (Event t) where
fmap f e = e{ eventContent = f (eventContent e) }

instance Functor (Track t) where
fmap f t = t{ trackEvents = fmap (fmap f) (trackEvents t) }

MBI MOXEM TaKke ONpeNeInuTh 3K3eMILIAP [JiA Kiaacca Monoid. [MapasutesibHass KOMIO3ULKA OYAET onepanueit
o0beIHEHUS, @ HEHTPaIbHBIM 3JIEMEHTOM OyAeT TUIIMHA, KOTopast JJIUTCA HOJIb €JUHUL] BpEMEHU:

instance (Ord t, Num t) => Monoid (Track t a) where
mappend
mempty = silence 0

(=:=

21.3 Hotel B midi

C momorpio Tuna Track MBI MOXeM OMMCHIBaTh BCE, UTO MMEET CBOMCTBO CJIy4aThCs BO BPEMEHU U JJIUTHCS,
MBI MOXXEM ONHKCHIBATh HAOOPHI cOOBITHI. Onepanuu U3 kjiacca Temporal U onepanyy NOCIe0OBATEbHON U MapaJ-
JIeJIbHOM KOMITO3UIINK JAl0T HaM BO3MOXHOCTh COOMPATh CJI0XKHBIE HAabophl cOOBITUI 13 npocTelmux. Ho s Toro
yTOOBI 3TO CTAJI0 MYy3bIKO, HAaM He XBaTaeT HOT.

Tak mocTpoum ux. II0CKOJIbKY MbI cOGMpaeMcst UTpaTh My3biKy B midi, Haly HOTHI GYAYT COAEPXKATh TOJIBKO TPU
OCHOBHBIX [TapaMeTpa, 3TO HOMep MHCTPYMEHTA, TPOMKOCTD U BBICOTA. JIJINTEJIbHOCTb HOTHI OYJET KOAUPOBATHCS B
coOBITUM, 3Ta UHGOPMAIYA yXKe BCTpoeHa B Tul Track.

data Note = Note {

noteInstr :: Instr,
noteVolume :: Volume,
notePitch :: Pitch,
isDrum :: Bool }

HTak HOTa COAEPKUT KOJ MHCTPYMEHTAa, FPOMKOCTb U BBICOTY U elllé oguH napametp. Ilo mociegHeMy mapa-
MeTpPy MOXXHO y3HaTh Chil'paHa HOTa Ha GapabaHe wyn HeT. B midi HOTHI Ui ygapHBIX 00paGaTHIBAIOTCS OCOOBIM
obpazoM. [lecAThlil KaHas BbIJieJIeH [0/ yJlapHble, IPY 3TOM HOMep MHCTPyMeHTa UTHOpUpYeTCs, a BMECTO 3TOro
BBICOTA 3ByKa KOJUpPYeT HOMep yapHOro MHCTpyMeHTa. Teneps onpeAeMMcs C TUIIaMU NTapaMeTpOB:

type Instr Int
type Volume Int
type Pitch = Int

Llestble 4KicjIa COOTBETCTBYIOT IIEJIBIM YKCjIaM B mpoTokosie midi. 3HaueHus Ay tunos Volume u Pitch sexar B
nuamnasoHe ot 0 1o 127.

BBeném crneruasibHOe 0603HaYeHMe I My3bsIKaJIbHOTO Tuma Track:

type Score = Track Double Note
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CHHOHWMBI AJiA HOT
BoicoTa HOTBI

My3sikaHTam 6Jinxke GyKBeHHbIe 0603HaUeHNA A1 HOT Hexesu Kofbl midi. Onpenenum y1o6HbIe CHHOHUMBIL:

note :: Int -> Score
note n = Track 1 [Event 0 1 (Note 0 64 (60+n) False)]

Ota GyHKUUA CTPOUT TPEK, KOTOPHIA COAEPXUT OAHY HOTy. HOoTa AIUTCA OOHY LEJIYI0 AJIUTEIBHOCTDh UTPaeTcs
Ha MHCTPYMEHTe C KoJIoM 0, Ha cpeJiHell rpoMKocTU. [TapameTrp GYHKIMM 3aJaéT CMelleHHe OT HOTHI 10 IepBOH
okTaBbl. OIpe/iesIM OCTaJIbHble HOTHI:

a, b, c,d, e f,g,
as, bs, cs, ds, es, fs, gs,
af, bf, cf, df, ef, ff, gf :: Score

c = note 0; cs = note 1; d = note 2; ds = note 3;

[TepBas OykBa cofepXUT OyKBeHHOe 0OO3HaueHue HOTH, a BTopas jmbo s (ot anri. sharp aues) wim f (ot
aurJL. flat 6emosip). Bce 3TU HOTHL HAXOAATCA B MEPBOI OKTaBe, HO CMeENIeHNeM BBICOTH Ha 12 eJUHUI] MBI JIETKO
MOXe€eM CMeIaTh 3TU HOTH B JII0OYI0 APYTYI0 OKTaBy:

higher :: Int -> Score -> Score
higher n = fmap (\a -> a{ notePitch = 12*n + notePitch a })

lower :: Int -> Score -> Score
lower n = higher (-n)

high :: Score -> Score
high = higher 1

low :: Score -> Score
low = lower 1

C noMompio 3TUX QYHKIMI MBI JIETKO MOXEM CMellaTh IPYIIL HOT B JIf00y1o okTaBy. dyHKIUa higher npuHu-
MaeT YHCJIO OKTaB, Ha KOTOpble HEOOXOAMMO CMECTUTh BBEPX BBICOTY BO BCeX HOTax Tpeka. CMelljeHre BBICOTH Ha
12 onpepesiseT cMelleHre Ha OHY okTaBy. OcTasibHble (PYHKINM OIlpefesieHbl B yepe3 GyHKIuo higher.

JIIATeJIbHOCTh HOTBI

IToka 4To Hamu HOTHL JUATCA 1 efuHUIlYy BpeMeHH. Ho HaM OBl XOTeJIOCh IMEeThb B paclopshKeHUU U ApyTrue JUId-
TeJIbHOCTU. HOTHI ApyrUX AJIUTEbHOCTEH MBI MOXEM JIErKO IOoJIydaTh ¢ momolbio GyHKIuU stretch, Mbl mpocto
“3MeHUM MaciTab BpeMeHH U JJIUTEJIBHOCTh BCEX HOT U3MeHHUTcA. Onpeaes M HECKOJIBKO CUHOHUMOB:

bn, hn, gn, en, sn :: Score -> Score

-- (brewis note) (half note) (quater note)

bn = stretch 2; hn = stretch 0.5; gn = stretch 0.25;
-- (eighth note) (sizth note)

en = stretch 0.125; sn = stretch 0.0625;

OTu npeobGpa3oBaHysA OTBEUYAIOT JJINTEJIbHOCTAM HOT B €BpOIeliCKON My3BIKaJIbHOHN TpaguLiiU.

I'poMKOCTB HOTHI

IToka mbI ymeeM co3gaBaTbh HOTHI Cpe;[Heﬁ I'POMKOCTH, HO MbI MOXEM OIIpE€AEJINTh npeo6pa30BaTenM Ha MaHep
T€X, UYTO U3SMEHAJIN BBICOTY 3ByKa OKTaBaMMU:

louder :: Int -> Score -> Score
louder n = fmap $ \a -> a{ noteVolume = n + noteVolume a }

quieter :: Int -> Score -> Score
quieter n = louder (-n)
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CMeHa UHCTPyMeEHTa

M3Ha49aIbHO MBI CO3AaéM HOTHI, KOTOPBIE UTpaloTCsA Ha MHCTpyMeHTe ¢ KogoM 0, B mpoTokosie General Midi atoT
HOMep COOTBeTCTBYeT posiio. Ho ¢ moMomipio ky1acca Functor Mel JIETKO MOXEM U3MEHUTh MHCTPYMEHT:

instr :: Int -> Score -> Score
instr n = fmap $ \a -> a{ noteInstr = n, isDrum = False }

drum :: Int -> Score -> Score
drum n = fmap $ \a -> a{ notePitch = n, isDrum = True }

CorutacHo npotokosty midi B ciiydae yJapHBIX HHCTPYMEHTOB BBICOTA 3BYKa KOOUPYET MHCTPyMeHT. [loaToMy
B GyHKIMHU drum MBI U3MeHseM UMeHHO noJie notePitch. Co3gaaumM Takxke HECKOJIbBKO CHHOHMMOB [AJIS CO34aHUA
HOT, KOTOphle UrparTcs Ha 6apabaHax. B 3ToM ciiyuae HaM He BaXXHa BBICOTA 3ByKa HO BaXKHA I'POMKOCTbD:

bam :: Int -> Score
bam n = Track 1 [Event 0 1 (Note © n 35 True)]

Howmep 35 xoaupyet "60uKy”.

ITay3s1

CiioBo silence BEPHO OTpaxaeT CMBICJI, HO OHO CJIMIIKOM JJIMHHOE. I[aBanITe onpenesiiM HECKOJIbKO CMHOHU-
MOB!:

rest :: Double -> Score
rest = silence

wnr = rest 1; bnr = bn wnr; hnr = hn wnr;
gnr = gn wnr; enr = en wnr; SNr = sn wnr;

21.4 IlepeBon B midi

Tenepb MBI MOXXeM COCTaBUTh KaKyi0 HUOYIb MeJIOUIO:
q = line [c, ¢, hn e, hn d, bn e, chord [c, e]]

MBI MOX€EM COCTaBJIATh MEJIOAVH, HO II0Ka Mbl HE yMeeM UX MHTePNPeTUPOBaTh. J[Jis 3TOro HaM Hy>XHO HalucaTh
(pynKLMIO:

render :: Score -> Midi

M=l peayiu3yeM HIPOCTEHIINI ciIy4ail. ByieM cunTath, 4TO y HAC TOJIBKO 15 MHCTPYMEHTOB, a BCE OCTaJIbHBIE
WHCTPYMEHTH — yAapHsele. Mbl 3anumeM Hanly My3bsIKy Ha oauH Tpek midi-daiina, pacnpenenus 15 HeygapHbBIX
WHCTPYMEHTOB II0 Pa3HbIM KaHajlaM. Emé oJ{HO yrnpoljeHne 3aKIdyaeTcsa B TOM, YTO MbI 3aaiuM GUKCUPOBaHHOE
paspelileHye 10 BpeMeHU [JIs BceX BO3MOXHBIX MesioAuil. ByieMm cuntath, 4To 96 yaapoB Jig OAHON YeTBePTU HaM
JocTaToyHo. [IprHMMAs BO BHUMaHUA 3TH IOCBUIKA Mbl MOXXEM HANUCATh TaKyl0 (QYHKLHUIO:

import qualified Codec.Midi as M

render :: Score -> Midi
render s = M.Midi M.SingleTrack (M.TicksPerBeat divisions) [toTrack s]

divisions :: M.Ticks
divisions = 96

toTrack :: Score -> M.Track
toTrack = undefined

Ms=! 3arpy3win MofyJib Codec.Midi moa mceBOoHHMOM M, Tak MBI CMOXEM OTJINYaTh HU3KOYPOBHEBHIE OIpe-
JleJIeHUs OT TeX, YTO MBI ONpeesIiiIN caMU. Teneps nepe]] KaXXAsIM NMeHeM 13 MonyJia Codec.Midi Heo6xoanmo
nycarhb IpucTaBky M.

B Hamel ynpoIi€HHO peasu3aliy Ha OAHOM KaHaJsle MOXeT UrpaTh TOJIBKO OAVH MHCTPYMeEHT. B camom Havase
MBI Ha3HAYMM MHCTPYMEHT Ha KaHaJl C IOMOIIbI0 coobmeHusA ProgramChange. 11 3TOro HaM HEOOXOAMUMO MTOHATH
KaKOMy MHCTPYMEHTY KaKOH KaHaJl COOTBeTCTByeT. B 6ubsmoreke HCodecs KaHabl UAYT OT HYyJA A0 15. JleBATHII
KaHaJI IpefiHa3HayueH Ul yAapHbIX. IIpeficTaBuM, YTO ¥ Hac ecTh GYHKIMA, KOTOpas pacrnpefiesiaeT HOTHYIO 3alich
10 UTHCTPYMEeHTaM:
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type MidiEvent = Event Double Note

groupInstr :: Score -> ([[MidiEvent]], [MidiEvent])

Ota GyHKIMA IPUHUMAaeT HOTHYIO 3alKCh, a BO3BpalaeT napy. [IepBblil 371eMeHT COAEPXKUT CIHCOK CIIMCKOB HOT
JUIA HEeyOapHBIX MHCTPYMEHTOB, KaXIBIil MOJCIKICOK COMEPXUT HOTHI TOJIBKO [JIA OJHOIO MHCTPyMeHTa. BTOpoit
3JIEMEHT Haphl COAEPXXUT BCe HOTHI JUIA YAApPHBIX MHCTPYMEHTOB. [IpeicTaBUM Takxe, YTO y Hac eCcTb QyHKIus,
KOTOpas MpeBpalaeT 3Ty napy B Habop midi-cooGuieHuit:

mergeInstr :: ([[MidiEvent]], [MidiEvent]) -> M.Track Double

Hamm oTcuéThl BpeMeHU 3amnyicaHbl B Byujie 3HaueHul tuna Double, Ham Heo6xoAuMo NepeiTH K L{eJIOUHCIeH-
HeIM Ticks. [IpencraBum, 4To Takas GyHKIHA Y HAC yXe ecTb:

tfmTime :: M.Track Double -> M.Track M.Ticks

Torpa ¢yHkuA toTrack npuMeT BUA:

toTrack :: Score -> M.Track M.Ticks
toTrack = tfmTime . mergeInstr . groupInstr

Bce Tpu coctaBiisonie GyHKINM IoKa He onpefeseHsl. Hauném c ¢ynkiun tfmTime. Ham Heo6xogumo oT-
COpPTUPOBATh COOBITHSA BO BpeMeHU [JIA TOTr0, YTOOBI MBI CMOTJIM IIepelTH 13 abCOJIIOTHBIX OTCYETOB BO BpeMeH! B
oTHocuTesIbHbEIe. CrenuasnbHO AJiA 3Toro B 6ubanoTeke HCodecs onpenesieHa GyHKINA:

fromAbsTime :: Num a -> Track a -> Track a
Takxxe HaM NOHAaAOOUTCA PYHKLIUA:

type Time = Double

fromRealTime :: TimeDiv -> Trrack Time -> Track Ticks

OHa IIpoBOAUT KBaHTOBaHUe BO BpeMeHU. C ITOMOII[bI0 Heé MbI Ipeobpa3yeM OTCUETH B Double B 1jesiounicIeHHbIe
oTcuéThl. C IOMOIIIbI0 3TUX GYHKINI MBI MOXeM ollpeeuTh GyHKLUM0 timeDiv Tak:

import Data.List(sortBy)
import Data.Function (on)

tfmTime :: M.Track Double -> M.Track M.Ticks
tfmTime = M.fromAbsTime . M.fromRealTime timeDiv
sortBy (compare ‘on‘ fst)

B 5T0i1 GyHKUIMM MBI CHaYaJsia COPTHUPYEM COOBITHA BO BpEMEHH, 3aTEM IEPEXOANM OT aGCOJIIOTHBIX €JUHUI] K
OTHOCHUTEJIBHBIM M B CAMOM KOHI[e IIPOU3BOANM KBAaHTOBaHUeE N0 BpeMeHU. DYHKIMA SOrtBy COPTHUPYET 3JIEMEHTH
COrJIaCHO HEKOTOPOH QYHKINH YIIOPSAI0YMBAHIA:

sortBy :: (a -> a -> Ordering) -> [a] -> [a]

Ona npuHHUMaeT GyHKLHI0 YIOPAAOYMBAHMUA U CIMCOK. MBI BOCIIOJIb30BAJIUCh 3TOM QyHKIMel, IOTOMY YTO HaM
HeoOXO0AMMO OTCOPTHPOBATH JIEMEHTHI CIIHICKA COOOMIEHHUH N0 3HAYeHUI0 BpEMEHHBIX OTCYETOB. DYHKIUIO YIIOpS-
JI04MBaHKA Mbl COCTaBJIAEM C IOMOIIBIO CIelinaIbHON QYyHKIMHU on, KOTopas onpejeseHa B MoAyJie Data. Function.
C oTol1 QyHKI[HEeH MBI yXXe CTaJIKUBaJIMCh, KOra FOBOPMJIU O QYHKIMAX BBICIIEro NOpsiiKa, OHA MpUHUMaeT QyHK-
LUI0 IBYX apryMeHTOB U (PYHKIIMIO OJJHOTO apryMeHTa U CJIOBHO “HOAKJIaJibiBaeT” BTOPYI0 QYHKIUIO IO IepBYIo:

Prelude Data.Function> :t on
on :: (b ->b ->¢) -> (a ->b) -=>a ->a ->c

Tenepp HanuieM pyHKuU0 mergeInstr. OHa ycTaHaBJIMBaeT MHCTPYMEHTHI HAa KaHaJIbl U TpeobpasyeT cOObITUA
B MocJiefoBaTeIbHOCTh midi-cooGieHuii. [Ipy 5TOM MbI pasjinyaeM cOOOIIeHUs AJis YAAaPHBIX U COOOIIEeHUS AJIS BCeX
OCTaJIbHBIX UHCTPYMEHTOB:
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mergeInstr :: ([[MidiEvent]], [MidiEvent]) -> M.Track Double

mergeInstr (instrs, drums) = concat $ drums’ : instrs’
where instrs’ = zipWith setChannel ([0 .. 8] ++ [10 .. 15]) instrs
drums’ = setDrumChannel drums

setChannel :: M.Channel -> [MidiEvent] -> M.Track Double
setChannel = undefined

setDrumChannel :: [MidiEvent] -> M.Track Double
setDrumChannel = undefined

Nms instrs’ ykaspiBaeT Ha [TOCJIeA0BaTeJIbHOCTh CIIMCKOB COOOIIeHNH AJ1A KaX0ro HeyJapHOro MHCTPYMeHTa.
@OyHKIuA setChannel mpuHUMaeT HOMep KaHaJsia U CIIMCOK COObITHIL. [T0 HUM OHa CTPOUT cnrucoK midi-coobieHui.
OnpenenuM 3Ty GyHKIUIO:

setChannel :: M.Channel -> [MidiEvent] -> M.Track Double
setChannel ch ms = case ms of
[] -> [1
X:XS -> (0, M.ProgramChange ch (instrId x)) : (fromEvent ch =<< ms)

instrId = noteInstr . eventContent

fromEvent :: M.Channel -> MidiEvent -> M.Track Double
fromEvent = undefined

[TepBEIM COOBITHIEM MBI NIPHCOEAVHAEM COOBITHE, KOTOPOE YCTAHABJIMBAET HA JAaHHOM KaHaJle ONpeJesIEHHBIN
HMHCTPYMeHT. [1o OCTPOeHHI0 MPOrpaMMEl BCe HOTH B IEPeJAHHOM CITHUCKe UTPAITCA Ha OAHOM U TOM Xe HHCTPY-
MeHTe, II03TOMY MbI Y3HaéM HIeHTU(UKAaTOp UHCTPYMeHTa U3 IIePBOro 3JIeMeHTa CIHCKA. Y Hac MoABUJIACh HOBas
Heornpefiesi€HHasA GyHKIMA fromEvent oHa nepeBoUT cooblleHre B crucok midi-coobmeHui:

fromEvent :: M.Channel -> MidiEvent -> M.Track Double
fromEvent ch e = [
(eventStart e, noteOn n),
(eventStart e + eventDur e, noteOff n)]
where n = clipToMidi $ eventContent e
noteOn n = M.NoteOn ch (notePitch n) (noteVolume n)
noteOff n = M.NoteOff ch (notePitch n) 0

clipToMidi :: Note -> Note

clipToMidi n = n {
notePitch = clip $ notePitch n,
noteVolume = clip $ noteVolume n }
where clip = max 0 . min 127

OmnpenesuB 5TU PYHKIMY, MBI JIETKO MOXeM HanucaTh U yHknuio setDrumChannel oHa nepeBOAUT COOOIIeHNA
JUIA yAapHBIX HHCTPyMeHTOB B midi-coobmeHus:

setDrumChannel :: [MidiEvent] -> M.Track Double
setDrumChannel ms = fromEvent drumChannel =<< ms
where drumChannel = 9

151 yiapHBIX MHCTPYMEHTOB BBIZIEJIEH OT/eJIbHBIE KaHasl. CUMTaeTcs, YTO Bce OHU IpoucxoaAr Ha 10 kaHase.
IMockosbKy B 6ubianoreke HCodecs nepBBIil KaHAJT HA3BIBAETCS HYJIEBBIM, MBI OYZIEM 3alKCBIBATh BCE COOOIIEHM Ha
JEeBATHI KaHaJl.

ME=! nepeBoAUM COOBITHE B [1Ba Midi-cOO6IEHNA, TEPBOE TOBOPUT O TOM, YTO MBI HA4aJIU UTPaTh HOTY, & BTOpOe
TOBOPUT O TOM, 4TO MBI 3aKOHYMJIN e€ urpatb. ®yHkuusA clipToMidi npuBoauT 3HaYEHUA U1 BBICOTH 1 TPOMKOCTH
B quanasoH midi.

Hawm ocrasiocs onpeniesiuTh TOJIBKO OAHY GyHKUIM0. DTa GyHKIMA pacrnpeiessieT COOBITHA 10 NHCTPYMEHTAaM.
CHauaJsia Mbl pa3fie/IuM COOBITHS Ha Te, YTO UTPAIOTCA Ha YAapHBIX ¥ HeyJapHBIX MHCTPYMEHTAX, a 3aTeM pas/ieIiuM
”HeyJlapHble” HOTHI 10 NHCTPyMEHTaM:

import Control.Arrow(first, second)
import Data.List(sortBy, groupBy, partition)

groupInstr :: Score -> ([[MidiEvent]], [MidiEvent])
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groupInstr = first groupByInstrId
partition (not . isDrum . eventContent) . trackEvents
where groupByInstrId = groupBy ((==) ‘on‘ instrId)
sortBy (compare ‘on‘ instrId)

B sTom onpenesIeHU Mbl BOCIIOJIb30BaJINCh ABYMA HOBBIMUY CTaHAAPTHBIMU CI)yHKI.II/IHMI/I U3 MoayJida Data.Llist.
q)yHKI.II/IH pa rtition pasfaesiieT CIMCOK Ha Iapy CIIMCKOB. B IEPBOM CIIMCKE€ HaxXOOATCA BCE T€ 3JIEMEHTHI, OJIA
KOTOPBIX Sa,E[aHHHﬁ IpearuKaT BEPHYJI True, a BO BTOPOM CITMCKE — BC€ OCTaJIbHBIC 3JIEMEHTHI NCXOOAHOI'O CITMCKa:

Prelude Data.lList> :t partition
partition :: (a -> Bool) -> [a] -> ([a], [al])

@OyHKIUA groupBy mpeBpaiaeT CIMCOK B CIIMCOK CIIHCKOB:

Prelude Data.lList> :t groupBy
groupBy :: (a -> a -> Bool) -> [a] -> [[a]l]

Ecnu 6uHapHas GyHKIMA Ha COCEHMX dJIEMEHTaX MCXOJHOIrO CIMCKa BepHyJia True, TO OHU NOMeIAlnTCs B
OJMH NMOACNUCOK. DTa GYHKLUNA UCNOIb3yeTCA AJA TOro 4YTOOBI CrpyNIIMpPOBaTh 3JIEMEHTEI CIIMCKa [0 KAKOMY-HUOy Ab
npusHaKy. [Ipy 3TOM AJ1s TOro YTOGH! CIPYNIIMPOBATh 3JIEMEHTH 110 UIeHTU(PUKATOPY UHCTPYMEHTa, MBI CHavaIa
OTCOPTHUPOBAJIY COOBITHA 10 3HaYeHHI0 neHTHduKaTopa. [Tocse 3Toro 3Ha4eHUs ¢ OAMHAKOBBIMU UAEHTHU(GUKATO-
paMu CTaJId COCETHUMHU Y MBI CTPYIIMPOBAJIM X C IOMOIIBIO g roupBy.

OynkuuAa first npuMensaeT QyHKIMIO K IEPBOMY 5JIEMEHTY aphl. BOT MBI M 3aKOHYWJIN, MOXHO [IOCJIyMIaTh pe-
3yabpTaThl. Ha camom fesie ocranuch fiBa HioaHca. B yHKIuu setChannel MbI ojsiaraeM, 4To MeJIOAUA HAUUHAETCA
B MOMEHT BpeMeHU t = 0, HO Ha MPAKTUKe 3TO MOXET OKa3aThCA He TaK, Mbl MOXEM CMECTUTh HOTHl PyHKLUEN
delay B oTpullaTeJIbHYI0 CTOPOHY. Torja mepBbie HOTH OyAyT cofiepXXaTh OTpHULlaTeJIbHOe BpeMsA Hauyajia COOBITUA.
Ho MBI MOXeM HUCHpPaBUTh 3Ty CUTyal[dl0, CMECTUB BCe HOTHL Ha BpeMs caMOl NMepBON HOTHl, KOHEYHO CMeIaTh
Heo0X0AMMO TOJIBKO B TOM CJIy4ae ecjii BpeMs OKaXXeTCs OTpULlaTeIbHBIM:

alignEvents :: [MidiEvent] -> [MidiEvent]
alignEvents es
| d <0 = map (delay (abs d)) es

| otherwise = es
where d = minimum $ map eventStart es

BrizoBeM a1y dyHKIMIO cpa3y nociie GyHKIUU trackEvents B dyHkunu groupInstr. Bropoii HioaHc 3akio4a-
eTcsl B TOM, UTO KaXxIblil Tpek B midi-paiiyie MoIKeH 3aKaHYMBATHCS CIENUaJIbHBIM COOOIIeHrneM, B 6UGInoTeKe
HCodecs oHO 0003HauaeTcA ¢ IOMOIIBI0 KOHCTpyKTOpa TrackEnd. B camoM koHIle Heo0X0AuMO 106aBUTh coobile-
Hue (0, TrackEnd):

toTrack :: Score -> M.Track M.Ticks
toTrack = addEndMsg . tfmTime . mergeInstr . groupInstr

addEndMsg :: M.Track M.Ticks -> M.Track M.Ticks
addEndMsg = (++ [(0, M.TrackEnd)])

Temnepb MBI MOXXEM IPOBEPUTH, UTO ¥ HAC MOJIyunsIochk. Cozgaaum ¢aii:
module Main where
import System
import Track
import Score

import Codec.Midi

out = (>> system "timidity tmp.mid”)
exportFile "tmp.mid” . render

B ¢dyHKIMM out MBI IepeBOAMM HOTHYIO 3allMCh B 3HaUYeHMe Tumna Midi, 3aTemM coxpaHsaeM 3TO 3HaueHue B darine
tmp.mid 1 B camom KoHIe 3amyckaeM Gaiiyl ¢ IOMOIIb0 npourpeiBatesia timidity. Bmecro timidity BeI Moxerte
BOCITI0JI30BAThCs BAIIUM JIIOOMMBIM MpourpeiBaTesieM midi-¢garisios. Temeps 3arpy3uM MofAyJib Main B UHTepIpe-
taTop. [locirymaem HOTY J0:

*Main> out ¢
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Hasee cnenyioT coobiieHns U3 mpourpeBaTesia timidity u mqoaroxgaHHbIN 3ByK. MBI CJIBIIIMM HOTY O, CHIT-
paHHylo Ha posyie. HabepéM kakyio-HUOYIb MeJIOJIUIO:

*Main> let x = line [c, hn e, hn e, low b, c]
*Main> out X

Crirpaem B JiBa pa3a ObicTpee, Ha APYI'OM UHCTPYMEHTe:
*Main> out $ instr 15 $ hn x

Coirpaem KaHOH. KaHOH 3To Kor/ja 0J{Ha U Ta XXe MeJIOAN: BeAETCA B Pa3HBIX I'0JI0CAX C 3ana3abiBaHueM. ChirpaeM
JBYXT'OJIOCHBIN KaHOH:

*Main> out $ instr 80 (loop 3 x) =:= delay 2 (instr 65 $ low $ loop 3 x)

Homepa MHCTPYMEHTOB MOXHO ITIOCMOTPETH 110 cripaBke K npoTokosty General Midi. OTo nornosiHeHHe K IPOTO-
xoJty midi onpesiesisieT Kakue HoMepa KaKUM MHCTPYMEHTaM JIOJIKHEI COOTBETCTBOBATh. 3BYYUT YXKACHO, HO 3BY4UT!

21.5 IIpumep

Onupasch Ha IPUMUTHBBI KOMIIO3UIIMH, KOTOPHIE MBI OIIPE/IeINII B MOJyJie Score, Mbl MOXEM HaIucaTh MeJIo-
nuio. Hirxe ipuBefi€éH HeGobmon npumep. MHCTpYMeHThL:

closedHiHat = drum 42; rideCymbal = drum 59; cabasa = drum 69;
maracas = drum 70; tom = drum 45;
flute = instr 73; piano = instr 0;

YaapHas cexuus:
bl = bam 100
b0 = bam 84

drumsl = loop 80 $ chord [
tom $ line [gn bl, gn bO, hnr]
maracas $ line [hnr, hn bO]
1

drums2 = quieter 20 $ cabasa $ loop 120 $ en $ line [bl, b0O, b0, b0, bO]
drums3 = closedHiHat $ loop 50 $ en (line [bl, loop 12 wnr])

drums = drumsl =:= drums2 =:= drums3

VYxe ceflyac MBI MOXeM 3arpy3uTh 3Ty MAPTHUI0 B MHTEPIPETATOP U MOC/IyLIATh, BEI3BAB out drums. AKKOpPAbL K
MeJIOANH:

c7 chord [c, e, b]
gs7 = chord [low af, c, g]
g7 chord [low g, low bf, f]

harmony = piano $ loop 12 $ lower 1 $ bn $ line [bn c7, gs7, g7]
Menogus:

ac = louder 5

mell = bn $ line [bnr, subMel, ac $ stretch (1+1/8) e, c,
subMel, enr]
where subMel = line [g, stretch 1.5 $ gn g, gn f, gn g]

mel2 = loop 2 $ gn $ line [subMel, ac $ bn ds, ¢, d, ac $ bn ¢, ¢, ¢, wnr,
subMel, ac $ bn g, f, ds, ac $ bn f, ds, ac $ bn c]
where subMel = line [ac ds, ¢, d, ac $ bn ¢, ¢, c]

mel3 = loop 2 $ line [patl (high c) as g, patl g f d]
where patl a b ¢ = line [pat a, loop 3 gnr, wnr,
pat b, gnr, hnr, pat c, gnr, hnr]
pat X =en (X +:+ X)

mel = flute $ line [mell, mel2, mel3]
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Jlo6aBrUM B KOHIIE 3BYK TapeJsIKu:
cha = delay (dur mell + dur mel2) $ loop 10 $ rideCymbal $ delay 1 bl
CoGepéM Bcé BMecTe 1 MOoCIyHIaeM:

res = chord [drums, harmony, high $ mel, louder 40 $ cha, rest 0]
main = out res

B KoHIle cTOUT rest 0 1A TOro 4ToGH ObLIO YAOOHO IIyMIUTh NHCTPYMEHTH KOMMEHTUPOBaHUEM.

21.6 DddexTHBHOE NMpeaCcTaBJIeHNE MY3bIKAaJbHON HOTAIIUU

Peanusanus, KOTOPYI0 MBI paccMOTpesnu He 3¢ dekTrBHa, Mbl MOrm Obl OIpeAeuTh TUM Track U Mo-Apyromy.
MsI oueHb YacTo nojb3yeMcs omeparreil delay depes oneparuio line. Tak B BEIpaXxeHUHN:

g = line [sl, s2, line [loop 2 s3, s4], s5]

Msb1 GyeM HeCKOJIbKO pa3 O00XOOUTh 3JIEMEHT S3 [JIA KaxJoro npuMeHeHus line. K mpumepy cHavajia Mbl
CMEeCTH Bce dJIeMeHTH Ha 3, IOTOM CMeCTHUM Ha 5, noToM Ha 10, HO BMecTO 3TOro Mbl MOTJIU OBl Cpa3y CMeCTUTh
BCe 3JieMeHTH Ha 18 3a ofuH mpoxof. JJis 3TOro Mbel MOXXeM 3aKOAMPOBATh NIPeoOpa30BaHMsA COOBITUI BO BpEMEHU
B Tune Track:

data Track t a = Track {
trackDur o,
trackEvents :: TList t a

data TList t a = Empty | Single a | Append (TList t a) (TList t a)
| TFun (Tfm t) (TList t a)

data Tfm t = Tfm !t !t

Tun TList mo3BoJisieT IpOBOAUTH OBICTPOE OObeJUHEHNE CIHICKOB. JIOMOJIHUTEIbHBIN KOHCTPYKTOP TFun o6o-
3HayaeT JIMHelHoe Ipeo0pa3oBaHue cliricka Bo BpeMeHH. JInHeliHOe npeoGpa3oBaHye KOAUpPYeTcs AByMs YKcjiaMy,
3TO MacuTab u cMenieHue. MBI cCUUTaeM, YTO COOBITHA B KOHCTPYKTOPE Single HAYMHAIOTCA B MOMEHT BpeMeHU 0
u [uiATea 1 equHUNy BpeMeHU. Tak HanpuMep coOBITHE, KOTOPOe IPOM30IILIO Ha 2 eJUHULe BpEMEHU U JJTHJIOCh 4
€IUHUITBl MOXHO IIPEJICTaBUTD TaK:

TFun (4 2) Single a

3uauenue Tfm k d o6o3HaUaeT JMHENHYI0 QYHKIUIO

fl@)=kx+d

Juis TOoro YTOOH MOJIYYNUTh HACTOSAIINE OTCYETHI [0 BPEMEH! MBI IPUMEHsAEM eé K BpeMeHHBIM KOOpAMHATaM
”He IpeoOpa3oBaHHOr0” coObITHA, T.€. coObITHsA Event 0 1 a.
EnQuHCTBEHHOE, YTO HAaM HYXKHO JJIs1 TOTO YTOOBI BCTPOUTH 3TOT BApUAHT B GUOJIMOTEKY 3TO HANKCATh (PYHKIIHIO:

fromTList :: TList t a -> [Event t a]

W xoHeuHO nepeonpeenTh Bce QyHKIMKU Komnosunyuu. Ho Bce QyHKIMHU, KOTOPbIe OTBEYAIOT 3a NepPeBOA 13
Track B Midi ocTaHyTCcA NIpEeXHUMHU.

21.7 Kpartkoe coaepxaHue

B 3TOi1 rjilaBe Mbl MMOCTPOUWJIM CEKBEHCOp IJiA co3faHusa midi-¢aiisioB. Mbl BOCIOJIb30BAINCh OUOIUOTEKON
HCodecs u co3gasny Hag Hell HeOOJIBIIYI0 HAZCTPOUKY.

B Hamei1 616 1MOTEKEe IPUMUTHUBHBIMU KOHCTPYKIMAMU OBLIU COOBITHA, TapajuiesibHass KOMIO3ulys (0JHOBpe-
MeHHOe BOCIIpOM3BeleHNe) U Mpeobpa3oBaHue cOOBITUI BO BpeMeHU (cOBUT 1 MaciuTabupoBaHue). Bce ocTasibHble
orepalnuy BhIpaXXaJiCh yepe3 3TU IpocTeliie onepanuu. OTMeTUM, YTO eCcTh U Apyryue nonxofsl. Hampumep B
6ubamorekax Haskore u Euterpea MpUMUTHUBHBIMU KOHCTPYKIMAMU sABJIAETCA eqUHUYHOE coObITHE (6e3 0TMeTOK
BO BpeMeHH) U NapaJulesbHas U NocJiefjoBaTesbHas koMno3unuu. [Toaxona, KOTOPEIN MBI pacCMOTpeJiu B 60Jiee 06-
1eM Bu/ie peaan3oBaH B 6ubsmoTtekax temporal-media, temporal-music-notation u temporal-music-notation-
demo.
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21.8 YnpaxHeHus

+ TTonpoOyiiTe HanucaTh KaKylo-HUOYab MeJIOAUIO.

« IlomymaiiTe Kakux omepanuii He xBaTaeT. Hanpumep 65110 661 yIOGHO MMETh BO3MOXHOCTh BBIpE3aTh U3 Me-
Jioauu Kycku. Tak B IpuMepe y Hac OCTaJIMICh XBOCTH OT YAAPHOM CEKI[UH, ONpeNe/IiTe ONepanuio, KOTopas
1103BOJIAET YOpaTh JIUIIHEE.

+ IlpeBpaTuTe My3bIKaJIbHBIN NpUMep B OMOMJINOTEKY: BblIeJINTe OCHOBHbIe (DYHKIMH, HANUIINTE JOKyMeHTa-
LU0,
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ITpuioxeHusn

HauaJio pa6orsl ¢ Haskell

KomMmnuiarop

s mporpammupoBatus B Haskell Ham moHamo6uTcst koMmmnuisitop. Mel 6y/1eM MOJIb30BaThCA HanboJsiee pa3Bu-
ThIM KomMmnuiATopoM — GHC. Jlydme Bcero ycraHasiusaTh ero BMecte ¢ Haskell Platform:

http://hackage.haskell.org/platform/

Haskell Platform comepXuTt cTaGuJIbHYI0 BEPCUI0 KOMIMJIATOPA M MHOTO XODPOIIUX, IIPOBEPEHHBIX BPEMEHEM
6ubsmorek. Ecnm mo xakuMm-to mpuynHaMm ycraHoBuTh Haskell Platform He ymasocs. He oTvyamBaiiTech, MOXHO
3arpy3uTbh KOMIUIATOP ¢ caiita GHC:

http://www.haskell.org/ghc/

U nanee ycTaHOBUTH Bce HeoOXoAuMele 6ubnoreku ¢ Hackage ¢ momomipio cabal.

Cpena paspaboTku

s Haskell cymectByeT oueHs Masio cpen pazpabotku. O6siuHO Ha Haskell mporpamMMupyiotT B Kakux-HUOY b
MPOABMHYTHIX TEKCTOBBIX peAakTopax (vim, Emacs, scite, kate, notepad + +). OTMeTuM Bcé xe cpeqy pa3paboTKu
Leksah (http://leksah.org/), ona HanucaHa Ha Haskell u eé moxHO ycraHoButTh ¢ Hackage. Takxe oTMeTum
pemaxtop yi. On Hamucan Ha Haskell u ero Taxkxe moxHo ycraHoButs ¢ Hackage.

Ecyiu BBI He XOTUTE pa36UpaThCs C HOBBIM TEKCTOBBIM PEAAKTOPOM KJIU CPeioi pa3paboTKU, U BaM HyKHA JIUIIb
IOJICBETKA CHHTAKCHCA MOXHO Bocrosib3oBaThea gedit. [Tumem kox B gedit, coxpaHseMm, nepekioyaeMmcs Ha ghci,
npobyeM, oO6HOBJIsIeM, TpobyeM, IIpU cjIydae KOMIWJIMPYeM WU cobupaeM B makeT. Bcé 3To MOXHO JesaTh U B
gedit.
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JIutepaTtypa

O Haskell HanricaHO MHOTO MHTEPECHBIX KHUT U CTaTel, HO Bce OHU Ha aHIJIMHCKOM. Ha pyccKoM A3bIKe BHIXOAUT
3JIeKTPOHHBIH XypHas “TlpakTuka GyHKIMOHAJIBHOrO nporpaMmMmuposanusa” (fprog. ru). Iloka B HEM JOMUHUPYIOT
JBa A3blka — 9To Erlang u Haskell.

A 6b1 XOTEJT pacckKaszaTb O T€X KHUT'aX U CTaTbAX, KOTOPpbI€ MHE IIOMOI'JIN. Bce oHn NPpUHAJIN aKTUBHOE yJacTue
B CO3aaHUU 3TOM KHUTHU.

Kuuru

» Miran Lipovaca. Learn You A Haskell For A Great Good.
OueHb XOpolTas KHATa Jis HaunHaomux, Haskell B kapTunkax. Becéas u mo3HaBaTesIbHAs KHATA'.

http://learnyouahaskell. com/

e Hal Daume III. Yet Another Haskell Tutorial.
Emé ogHa ovyeHb Xopolas KHUTa JJIA HaurHAomuX. be3 KapTUHOK, HO BCE IO [ey.

www.cs.utah.edu/~hal/docs/daume02yaht.pdf

» Paul Hudak. Haskell School of Expression.

KHura, KoTopas WUIIOCTPUPYET OCHOBHBIE NPUHIUMEI (PYHKIMOHAJIBHOI'O NPOTPaMMUPOBAHUA Ha IpUMepe
Haskell. 'maBHBIE JOCTOMHCTBA — MHOT'O TEKCTA 06 OOLMX NPUHINIIAX Y MHTEPECHbIE IPUJIOKEHN, KAPTUHKY,
My3BIKa, aHUMalus, yIpasjieHue pobotaMu 1 Bcé aTo Ha Haskell.

« Paul Hudak. Haskell School of Music.

ITosn Xsrofax yBiiekaercs He Tosbko Haskell, Ho 11 My3bikoii. OH Hanucas KHUATY, KOTOpas LeJIMKOM [OCBSAIeHa
onucaHuio My3siku B Haskell:

http://www.cs.yale.edu/homes/hudak/Papers/HSoM.pdf
http://haskell.cs.yale.edu/

* Bryan O’Sullivan, Don Stewart, John Goerzen. Real World Haskell.

OueHb MoJie3HasA KHUTa B ImoMo1Ilb T€M, KTO XOUET HAYYUTbhCA NMHUCAaTbh HacToAlUeE, cepbé3H1)1e IIporpaMMal.
ABTOpr HO,Z[IJ06H0 M3y4arT BOIIPOCHI, CBA3aHHBIE C IPUMEHEHNEM Haskell na IIpaKTHKe.

http://book.realworldhaskell.org/
» ToToBUTCA K BRIXOAY K KHura CaiiMoHa MapJsioy o mapaJsuiesibHbixX BbhrunciaeHusx B Haskell. OGemaeTr GbiTh
OueHb MHTEPECHOH, yXKe U3BECTHO, YTO KHUra OyAeT JOCTYIIHA B NHTEPHeTe.
TemaTHueckuii COOPHUK
OCHOBBI
» John Hughes. Why Functional Programming Matters.
+ Paul Hudak, John Hughes, Simon Peyton Jones, Philip Wadler. A History of Haskell: Being Lazy With Class.
» Mark P. Jones. Functional Programming with Overloading and Higher-Order Polymorphism.

» Eprenunii Kupnuues. DiieMeHTH (PYHKIMOHAIBHBIX A3BIKOB IPOrpaMMUpPOBaHUs, XXypHaJ [IpakTuka QyHKIHU-
OHAJIBHOI'0 IIPOrpaMMUPOBaHUs.

» Simon Thompson. Programming It in Haskell.

« Justin Bailey. Haskell Cheat Sheet.
blog.codeslower.com/static/CheatSheet.pdf

Pa3zpaboTka nporpamMm cBepxy-BHHU3

» Nmurpuii Acramnos. [laBHO He 6paJl s1 B pyKH IIaliek, xypHas IIpakTrika GyHKIHOHAJIBHOI'O0 IPOrpaMMUpPO-
BaHUA.

L OGHOBIeHNe: KHUTa IIepeBe/leHa Ha PYCCKHIA, BBIILTA B u3/aTesbetse MK [Ipece
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@OYHKTOPBI U MOHabI
» Conor McBride, Ross Paterson. Applicative programming with effects. CTatbst 06 anmMKaTUBHBIX QYHKTOpaXx.

+ Philip Wadler. The Essence of Functional Programming.

CraThs, B KOTOPOI BIIEPBHIE 3allUIa peyb 0 IpuMeHeHnH MoHaz B Haskell.

» Tarmo Uustalu, Varmo Vene. The Essence of Dataflow Programming.

CraThsi 0 KOMOHA/JaX, HO €CTh MHOTO MHTEPECHOTO 1 O MOHAZaX.
» Bulat Ziganshin. Haskell 1/0 inside: Down the Rabbit’s Hole. CtaThs Ha HaskellWiki.

+ John Launchbury, Simon Peyton Jones. Lazy functional state threads.

Cratpa o Tune ST.
» Simon Peyton Jones. Tackling the Awkward Squad: monadic input/output, concurrency, exceptions, and
foreign-language calls in Haskell.
JleHUBBIE BBIYUCJIEHUS
+ Douglas Mcllroy. Power Series, Power Serious.

» Omutpuii Actanos. Peypcus + MmeMoun3anus = JUHAMAYECKOe TIPOrpaMMUpPOBaHue, xypHas [IpakTuka GyHK-
LOHAJIBHOT'O NPOrPaMMHUPOBAHUA.

» Cepreii 3edupos. JleHb 60aTbCA, XKypHa [IpakThka QyHKI[MOHAJIBHOIO IPOrPaMMHUPOBAHUS.

 Jerzy Karczmarczuk. Specific “scientific” data structures, and their processing.

CTpyKTypHas peKypcus
» Graham Hutton. A tutorial on the universality and expressiveness of fold
+ Jeremy Gibbons. Origami Programming.

» Jeremy Gibbons, Geraint Jones. The Under-Appreciated Unfold.

JIam6aa-ucuyuciieHue U GyHKIMOHAJIBHOE IPOrPaMMHpPOBaHNe
» IManak B.U. [leiiHpuHKeIb 1 KOMOMHATOpPHAA JIOTHKA.

+ Paul Hudak: Conception, Evolution, and Application of Functional Programming Languages.

ﬂJ'II/IHHaH CTaTbhs O pa3BUTUN (I)yHKI.II/IOHaJ'[beIX A3BIKOB. TaM ecTh IJIaBbl O JIAMOAA-MCUUCTIEHUU.

. BeH,E[)KaMI/IH HI/IpC. Turnsl B A3BIKaX nmporpaMMHUpOBaHUA.
bosipmas kHura o T€OpUHU THUIIOB.

http://newstar.rinet.ru/~goga/tapl/

+ HMenuc MockBuH. CUCTEMBI TUIU3ALUHU JIAMOOA-UCYCIIEHYS.
Kypc Bugeo-iexuii.

http://www.lektorium.tv/course/?id=22797

+ John Harrison. Introduction to Functional Programming.

Kypc seknuii o GyHKINOHAJIBHOMY IPOrPpaMMUPOBAHUI0, KOTOPHIN YnTaJICA B YHUBepcuTeTe KamOpumx.

* A. ®ung, [1. XappucoH, @yHKIMOHAJIbHOE NporpaMmupoBaHue, Mocksa "Mwup”, 1993.

bBosnpmas kHuUra A ‘II/ITaTEJIefI, BCpréS 3aHTEpECOBAaBIINXCA (l)yHKI.[I/IOHaJ'IbeIM nporpaMMupOBaHUEM.
HPO‘II/ITaB eé, BBl CMOXETe He TOJIbKO MoJjb3oBaThbcs DII-A3bIKaMK HO M HAMNMCATh TAaKOM SI3BIK CAMOCTOS-
TEJIbHO.

+ Rinus Plasmeijer and Marko van Eekelen. Functional Programming and Parallel Graph Rewriting.

B 3Toi1 KHUTe HCCIJIeYIOTCA BOIPOCH! pacrapaulenBaHuA GyHKIMOHAIBHEIX IPOrpaMM, [OCTPOeHHEe KOM-
MUJIATOPOB A1 QYHKIMOHAJIBHBIX A3BIKOB.
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Teopus kareropuit

I[Be OY€Hb XOpOoLIE KHUTU [JIA HAYNHAIOIINX:

Maarten M. Fokkinga. Gentle Introduction to Category Theory.
www.home.cs.utwente.nl/~fokkinga/mmf92b.pdf

Taxxe r[1e-To B CETH €CTb U NIEPEBOJ] HA PYCCKUI.

Steve Awodey. Category Theory.

Eugenia Cheng, Simon Willerton aka TheCatsters. Kypc Buneo-jekiuii Ha youtube.

http://www.scss.tcd.ie/Edsko.de.Vries/ct/catsters/linear.php http://www.youtube.com/user/
TheCatsters

CraThu 10 KaTeropruaJibHbIM THUIIAM:

Varmo Vene. Categorical Programming with Inductive and Coinductive Types. Phd-aucceprarus.
Erik Meijer, Graham Hutton. Bananas in Space: Extending Fold and Unfold to Exponential Types.
Martin Erwig. Categorical Programming with Abstract Data Types.

Martin Erwig. Metamorphic Programming: Structured Recursion for Abstract Data Types.

IIpakTuka

Conal Elliott. Denotational design with type class morphisms.
Johan Tibell. High Performance Haskell. Caiifibl ¢ BBICTYIIJIEHUSA.
Simon Marlow. Parallel and Concurrent Programming in Haskell.

Edward Z. Yang. Bnor o Haskell B kapTuakax. MHoOro nosjesHoi nHdopmamum o JieHu U ycTporicTse ghc.
http://blog.ezyang.com/about/

Oleg Kiselyov. Biior B Tom uucie u o Haskell. MHoro pemeHuii MHTepeCHBIX M HETPUBHUAJIBHBIX 3aa4. http:
//okmij.org/ftp/

Kak pa6otaer GHC

JoxymeHnTtanusa GHC: http://hackage.haskell.org/trac/ghc/wiki/Commentary

Don Stewart. Multi-paradigm Just-In-Time Compilation. BS Thesis, 2002.
Agtop npo6yer komnunuposaTs Haskell-kox B Java-koz. [Ipu 3TOM O4€Hb JOCTYIHO OOBSACHSEIOTCS BHY TPEH-

Hoctu STG.

Simon Marlow, Simon Peyton Jones. The Glasgow Haskell Compiler. The Architecture of Open Source
Application, Volume 2, 2012.

Simon Marlow, Simon Peyton Jones. Making a Fast Curry: Push/Enter vs. Eval/Apply for Higher-order
Languages. ICFP’04.

Simon Peyton Jones. Implementing lazy functional languages on stock hardware: the Spineless Tagless G-
machine.

Simon Marlow, Tim Harris, Roshan P. James, Simon Peyton Jones. Parallel Generational-Copying Garbage
Collection with a Block-Structured Heap. ISMM’08.

Simon Peyton Jones, Andre Santos. A transformation-based optimizer for Haskell. Science of computer
programming, 1998.

Simon Peyton Jones, John Launchbury. Unboxed values as first citizens in a non-strict functional programming
language. 1991.

Simon Marlow, Simon Peyton Jones. Secrets of Glasgow Haskell Compiler inliner. 1999

CraThs 0 TOHKOCTAX peayin3anuy nparMel INLINE.

Simon Peyton Jones, Andrew Tolmach, Tony Hoare. Playing by the Rules, ICFP 2001

Cratpa o nparme RULES.
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M Bce-Bce-Bce

Ecsin Bapyr y Bac BosHukn Bompocs o Haskell, u psfgom ¢ Bamu He okasajock TOro, KTo Mor Gbl Ha HUX
OTBETUTH, U B KHUTAX HET OTBETA, BBl MOXeETE CIpocuTh y coobmectBa Haskell, B haskell-cafe, Tam Bam GbicTpo u ¢
PaioCThIO OTBETAT:

http://www.haskell.org/mailman/listinfo/haskell-cafe

Coo6ectBo Haskell ciaButesa pagymueM 1 TEpOIMMOCTBIO K HAUMHAKOMKUM. TaM MHOro nH(opMaiuy o BbIITyC-
Kax HOBBIX 616JIMOTeK, KOH(epeHIMAX, 00yJalonuX IporpaMMax M IPOCTO PasroBOPHI O TOM-0-CEM.

Taxxe CTOUT OTMETHUTD XypHas Monad.Reader:

http://themonadreader.wordpress.com/
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0630p Hackage

Yucso nakeTtos, 3arpyxeHHbix Ha Hackage, yxe nepeBammio 3a 2000. B Hackage sierko 3abiyautsca. OueHb
4acTo He pa36epénbcs Kakoy 13 IakeToB BHIOpaTh. K ToMy ke MHOrMe 13 HUX 3a0pOIIeHs! WJIM IIPOCTO He HOAXOAAT
JIJIA KICIIOJIb30BAHMA B CEPhE3HBIX MIPUIoXeHUAX. Ho cpeiu HUX ecTh U OYeHb XOpollre akeTsl. HekoTopele U3 HUX
BkJTIoueHH! B Haskell Platform. Huxe nmpuBenéH Tematudeckuil 0630p HanboJiee MOMYJISIPHBIX [TAKETOB.

CrangapTHble OMOJIMOTEKH

Bce npuBeaé€HHEBIE B 3TOM IoApa3fesie 6ubianoTeky BrktoueHsl B Haskell Platform.

[MosHbIl cniucok 6ubsmoTek i Haskell Platform moxHO mocMoTpeTh Ha caiite http://lambda.haskell.
org/hp-tmp/docs.

« Hauajio-Bcex-HauaJ: base

Bubnnoreka BKJIIOYaeT B cebA Bce CTaHAAPTHBHIE ONpefesieHudA, HanpuMmep moxayiu Prelude, Data.List,
Control.Monad 1 MHOTUE ApyTHE.

+ CranmapTHbIe MOHAABL: mtl

BxutrouaeT MoHazbr State, Writer, Reader u gpyrue.

+ KonTeiiHepsr: containers

AcconuaTuBHbBIE MaCCUBBI, MHOXECTBA, [IOCJIEAOBATEIbHOCTH, AEPEBDA.
*« MaccuBsbl: array
» I'padmr: fgl
* ApxuBaTtopsl: z1lib

* BrrunciieHue 1O 3Ha4YeHUI0: deepseq

O6bIuHaA QyHKIMA seq, TO3BOJIAET IPUBECTH JaHHOE BHIpakeHue K c1aboi 3arojIoBOYHON HOpMaIbHOH ¢op-
Me, ecJI HaM BC€ e HeoOXOAMMO BBIUMCIIUTh 3HAaYeHNe NIOJIHOCThI0, Mbl MOXeM BOCIIOJIb30BaThCA QyHKIHEH
deepseq U3 OAHOMMEHHOU OUOINOTEKU.

» ITapaJsiesibHOe mporpaMMmupoBanue: stmu parallel

* BpemenHasa apudmeTuka, KajeHaapb: time

» ITapcuHr: parsec

* PeryJisipHble BhIpa)keHMsI: regex-base, regex-posix

» ITocTpoeHMe CTPYKTyPUPOBAHHOIO TeKCTa: pretty

» TectupoBauue nporpamm: HUnit, QuickCheck

* YupasyieHue (aiiyioBoii cucremoii: directory

» Pa6ota c mytamu k ¢paiinam/qupexkropusam: filepath

» CereBble 6ubsOoTEKU: Nnetwork, HTTP, cgi.

+ 3n I'paduka: OpenGL, GLUT.

* Monagusie Tpanchopmepsr: transformers

MBI He KOCHYJIMCh 3TOH TeMBI, HO BOT KpaTKoe MOsCHEeHNe: MOHaHble TpaHCcHOpMepPEI T03BOJIAIT KOMOHHU-
pOBaTh HECKOJIbKO MOHaJ. Hampumep, eci HaM HYXHO KCII0JIb30BaTh YTeHUe-3anuch B Gaiiyl COBMECTHO C
HU3MeHsAEeMbIM COCTOSHUEM.
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d¢ddekTHBHBIE TUIIBI JAHHBIX

Cnucku: dlist — apdexTriBHOE 06BEAMHEHNE CITUCKOB.

Ecyu BBI 4acTo noJib3yeTech oneparue ++, To Heo6XoauMo 3a00TUTHCSA O TOM, YTOOBI CKOOKH Bcerjaa rpymniu-
poBauch Bpaso. Kak B a++(b++(c++d) ). iHaue BpeMa oObeAHEHUA U3 JIMHEHHOIO NpeBpPaTUTCA B KBaJ-
patuyHoe. bubnnoTeka dlist npegocrasiigeT cuendaabHBIA TUI CIKUCKOB, AJ1 KOTOPBIX HE BaKHO KakK IpyIl-
NUPYIOTCA CKOOKU IIpU o0beguHeHnU. BpeMsa oO6beariHeHNA Bcerga OyaeT JIMHEHHbIM.

Crpoku: bytestring

Ecsn Bama nporpaMma 3arpyxeHa o0paGoTKOH CTPOK, ¥ paboTaeT CJIMIIKOM MeJJIEHHO, pacCMOTpHUTE Bapu-
aHT IlepexoJja CO CTAaHAAPTHHIX CTPOK Ha TwI ByteString, 3TO MOXeT Ha MOPAAOK YBEJIHMYUTh OBICTPOJEH-
CTBUE.

Teker: text miam utf8-string

Pa6ora ¢ TekctoM B popmare Unicode. YacTo mpobJieMbl BO3HUKAIT NPU HEOOXOAUMOCTH 00pabOTKU pyc-
CKOro TeKcTa 3akoAupoBaHHOro B Unicode. [yid pemeHus 3TOM NpoGJIEMBI MOXHO BOCIIOJIb30BATHCSA OAHOM
U3 3TUX OKUOJINOTEK.

JiBonuyHbIe AaHHbIE: binary uim cereal — Cepruanusanusa/fgeceprann3anis JaHHBIX.

CiryyaliHble 4ymcJia: mersenne-random-pure64

D¢ deKTUBHBII reHepaTop CIy4aiiHbIX YHCell.

BBoa-BeIBOA: iteratee

dddexTUBHAA peanu3alyiA BBOJa-BeBoAa. Ecii BaM HyXXHO UUTaTh WJIM MKCATh JaHHBIE 13 OOJIBIIOTO YKciIa
daiisoB, sTa 6UOIMOTEKA MOXET CYI[eCTBEHHO IIOMOYb.

KonreliHepsr: unordered-containers

AspTepHaTUBa cTaHAAPTHOU 6ubIMOTEeKe containers. DddekTrBHBIE TUTH Map u Set.

ITocnenoBaTesbHOCTH: fingertree

I/ICI'IOJH>3yIOTCH AJA pa60TI>I C ouepeaAaMu pa3JIMYHOIro TUllia.

Maccussl: vector

Db deKTUBHBIN TUT AJ1A MpeACcTaBIeHUsA MacCUBOB. 3aMeHa cTaHJapTHOMY Tuiy Data.Array.

Marpuusl: hmatrix, repa

Pa3paboTrka nmporpamMmm

TectupoBaHue, poBepka nHBapruaHToB: QuickCheck
Onenka 6picTpofelicTBUs: criterion

IIpocmotp Core B yesioBeueckoM Buje: ghc-core
Hactpotika c6opku mycopa: ghc-gc-tune

TpaccupoBka nporpamm: hat

N Bce-Bce-Bce

IMTapcuHr: parsec nwiu attoparsec

A3piku pa3metku: pandoc, xhtml, tagsoup, blaze-html, html
XML: xml, HaXml

JSON: json, aeson

Web: happstack, snap, yesod, hakyll

CereBble 6ubsmnoreku: network, HTTP, cgi, curl

I'paduxka: diagrams, gnuplot, SDL

3n rpaduxa: OpenGL, GLFW, GLUT
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Bassl janHbix: HDBC

BcTpanBaeMble IPUJIOKEHUS PeaJIbHOTO BpeMeHH € )KECTKHMMU OrPaHUYeHUAMM: atom

GUI: wxHaskell, gtk2hs

OuneHkKa NPOMU3BOAUTEIBHOCTH IIpOorpaMM: criterion
CraTucruka: statistics

IMapcunr u redepanusa koga Haskell: haskell-src-exts
FRP: reactive, reactive-banana, yampa

JIuneiiHasn anre6pa: vector-space, hmatrix
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MecTa

I'me kysisTuBUpyercs Haskell?

YHuBepcureTsl

HOCMOTpI/IM Ha YHUBEPCUTETHI, B KOTOPBIX Haskell npenoaarT, pa3BUBalOT U IPUMEHAIOT:

» Bpuranusa: dauHOypr, HortunreMm, Okcdopn (;1abopatopus nHpopmaTukm), I'masro.
* Amepuxa: ﬁenbcm/lﬁ, KonnektukyTt, Texac, Oxyiaxoma, [TopTisHg

* Hupepiangsl: YTpext

« IMBenus: TexHosoruvyeckuii Yanmepca, [6TTUHreH.

» Asctpanus: Hoseiii IOxHEIN Yasbe, 3anagHoll ABCTpaauu

* U JpyTue, NOJIHBIM CIIUCOK Ha http://www.haskell.org/haskellwiki/Haskell in education.

Kommanumu
» Microsoft Research — paspabarsiBator GHC.
+ Galios — BeQyT ucc/IeIOBaHUA U PEMIAIOT MpaKTHUecKue 3agaun Ha ®II-sa3pikax, ocobeHHO Ha Haskell.

» Well-Typed - pemaiot mpakTA4YecKue 3aja4u, KOHCYJIbTUPYIOT U Bcé Ha Haskell. Takxe 3aHMMaloTCs opraHu-
3anueit Haskell-ciéToB, moiepxkoi cTaHAAPTHHIX GUOJINOTEK.

* U Apyrue, NOJIHBIH cnucok Ha http://www.haskell.org/haskellwiki/Haskell in industry
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