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OTa KHUra N0CBALLAeTCs, C YBAXKEHHEM U JII000BbIO, 1YXY, KOTOPbIH KHBET BHYTPH
KOMIIbIOTEpA.

“MHe KaxeTcsl, Upe3BbIUAHHO BayKHO, YTOOBI MbI, 3aHUMAsiCb HH()OPMATHUKOH, T10-
JlydaJid pajiocTh OT 0oOlieHus ¢ KomnbioTepoM. C camoro Hayagja 3To OblJIO T'po-
MaJIHbIM yi0BoJbcTBHEM. KoHeuHO, BpeMsi OT BpeMeHH BCTpPEBaJM 3aKa3uMKH, U
Yyepe3 KaKoe-TO BpeMsi Mbl CTaJlM Cepbe3HO OTHOCUThCS K MX »kajnobam. Ham crano
Ka3aThbCs, YTO MBI BIIPABLY OTBeuaeM 3a TO, YTOOBI STH MAILKWHBI UCIOJb30BAUChH
ycrnelHo 1 6e3omubouHo. 1 He Aymaro, 4To 3TO Tak. { cunTaio, 4To MBI OTBEYaeM
3a TO, YTOOBl UX TPEHHPOBATh, YKA3bIBaThb UM HOBBIE HAMpPaBJEHUS U MOAIEPIKH-
BaThb YIOT B goMe. { Hajelochb, 4TO UHQOpPMATHKA HHUKOr[Aa He MepecTaHeT ObITh
panmocteio. §1 HanewCchb, UTO MBI He NpeBpaTUMCsl B MHccHoHepoB. He Hamo 4yB-
cTBOBaTh cebs npopaBnoMm bubauii. Takux B Mupe u Tak gocratodHo. To, uyto Bei
3HaeTe O MPOrpaMMUPOBAHUM, MOTYT BHIYUYUTb U Apyrue. He mymaiite, 9To B Ba-
KX pyKax KJIU K yCremHol paboTe ¢ komnblotepamu. Uro y Bac, kak s nymato
W HaJeloCh, €CTb — 3TO Pa3yM: ClIOCOOHOCTb YBUAETh B MalluHe GoJblie, ueM Bol
BUJIeJIH, KOTIa Bac BrepBble K Hel MOABeJH, YBUIETh, UTO Bbl ciocobHBI cresnath
ee 0ObIINM.”

Anan Jxk. [epauc (1 anpens 1922 — 7 depans 1990)
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IlpenuciaoBue

[TporpamMmupoBaHueM 3aHMMAIOTCS YYUTEJIS, TeHepasbl, IUETOJNOTH, TICHXOJIOTH U poaUTe-
au. TIporpaMMHpoBaHHUIO MOABEPralOTCs apMHH, YYeHHKH U HeKoTopble BHIbI oOuiecTB. [Ipu
pelleHUH KPYMHBIX 3ajJad MPUXOOUTCS MPUMEHSITh I0CJeI0BATEbHO MHOMKECTBO TPOTPaMM,
606Jblast YacTb KOTOPBIX BO3HHKAET MPSIMO B IpoLecce pellieHHs. DTH NPOrpaMMbl U300UY-
I0T JeTajsiIMH, OTHOCSILMMHCS K TOH KOHKPeTHOH 3ajaue, KOTOpylo OHM pewaioT. Ecau xe
Bbl XOTHTe OLIEHUTh NMPOrpaMMHUPOBAHHE KaK MHTEJNEKTYaJbHYIO 1eSTeNbHOCTb 0CO60ro po-
na, To Bam ciepyer o6paTHTbCSl K IPOrPaMMMPOBAHHIO KOMIBIOTEPOB; YMTAHTE U NHUIIHTE
KOMIIbIOTEpHBbIE NTPOrpaMMbl — MHOro nporpamm. He Tak y»xX BaxxHO, uTo OyHeT B HUX HalH-
CaHO U KaK OHH OyoyT NMpUMeHsATbCS. BaXKHO TO, HACKOJBKO XOpPOLIO OHH paboTaloT M Kak
IJIaJlKO CTBIKYIOTCSl ¢ APYTMMH IporpaMMaM{ IPU CO3LaHUU ellle 0oJjiee KPYIHBIX IPOrPaMM.
[TporpaMmMuCT HOJI2KEH PaBHO CTPEMHUTBLCS M K COBEPIUEHCTBY B JeTassiX, U K COPA3MEepPHOCTH
CJIOXKHOTO Liesioro. B kHure, koTopylo Bbl nepxxute B pykax, CJ10BOM «[IpOrpaMMHPOBaHHE» Mbl
6yneM 0603Ha4aTh Mpexe BCEro CO3AaHNe, BHINOJHEHNE U U3Y4YeHHe NIPOrpaMM, HalMCaHHBIX
Ha OJHOM M3 JMaJIeKTOB s3blKa JIMCN W NpeaHa3HayeHHBIX AJS BBEIMOJHEHHS Ha LU(PPOBOM
KoMmbioTepe. Mcnonb3oBanue Jlncna He orpaHHYMBaeT Hac B TOM, YTO MBI MOXKEM ONHCATh B
HallUX NPOrpaMMax, — JHIIb B Coco6e UX BbIpaKeHHUS.

[TpopBurasice mo martepualy 3Tod KHUTH, Mbl OyIeM BCTpeuaTbCcsl C TPeMs IPyNIaMH siB-
JIEHWH: YeJIoBeUeCKHH pa3yM, COBOKYITHOCTH KOMIbIOTEPHBIX POrpaMM M KoMmmbioTep. Beskas
KOMIIbIOTEpHAs] POrpaMMa — 3TO MOPOXKJAEHHAsl YeJOBeYEeCKHM pPa3yMOM MOJE/b peabHOro
JU60 yMO3PUTEJNBHOTO Tpolecca. DT MPOLECCH, BO3HUKAILINE M3 HAILLIETO OIMBITA M MBICJH,
MHOTOUHCJIEHHBl, CJ0XKHBI B AeTalsX, MU Mbl BCerla MNOHHMaeM HX JHIIb YaCTH4YHO. Penko
ObIBaeT TakK, YTO KOMIIbIOTEPHble NPOrpaMMbl OTOOPaXKalT HMX K HalleMy OKOHYATeJbHOMY
ynoBjeTBopeHHI0. TakuMm o6pa3oM, XOTSl HalUM NPOrpaMMbl MPEACTABASIOT COOOH TLLATeNb-
HO cpaboTaHHble AWCKpPETHbIE COBOKYMHOCTH CHMBOJIOB, MO33aWKH MepenueTeHHbIX (YyHKIHH,
OHHU HEMNPEPHIBHO Pa3BUBAIOTCA: Mbl M3MeHsSieM WX [0 Mepe TOro, KakK Halle BOCIPUSTHE MO-
Jequ npuobpetaeT Bce OOJbIIYIO TYOUHY, pacluupsercss U o6oOliaeTcs, 10 TeX IMOop, MOoKa
MoJeJsb He NOCTHUTHET, HaKOHell, MeTacTaOHUJIbHOIO COCTOSIHUS B paMKax cielylolleil Moaesu,
Hall KOTOpPOH HaM MpPeACTOUT OUTbCs. PagocTHoe Bo3OyxAeHHE, COMyTCTBYIOLLEe KOMIIbIOTED-
HOMY TPOTPaMMHPOBAHHUIO, TPOUCXOAUT H3 MOCTOSTHHOT'O PACKPBLITHS B T'OJIOBE U B KOMIIBIOTEPE
BCE HOBBIX BbIPaKEHHBIX B BHJE NPOrpaMM MeXaHHU3MOB M M3 B3DPbIBA BOCIHPHSATHS, KOTOPBIH
oHHU nopoxaamT. MckyccTBo BbipakaeT Hamy MedyThl. KommnbioTep MCHMOMHSET UX MO BHUAOM
nporpamm!

[Tpu Bcelt cBOeH MOILIHOCTH, KOMIIbIOTEp TpeGoBaTeseH U NPUAUPUMB. EMY HY>KHBEI BepHBIE
NpOrpaMMbl, ¥ TO, YTO MBI XOTHM €My CKa3aTb, NOJKHO OBITb BBIPaXKEHO TOYHO B KaXKAOH
Mmesoun. Kak u npu Bcskod npyro#t paGoTe ¢ CHMBOJIAaMM, Mbl yOexaaeMcsi B MPaBUJIbHOCTH
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nporpamMM yepe3 jnokasarenbcTBo. Camomy JIMCIy MOXKHO COMOCTABHTb CEMaHTHKY (MexXny
IPOUYUM, TOXKE MOJEJb), U €ClH (YHKUHIO IPOrpaMMbl MOXKHO BbIPA3HTh, CKaXKeM, B TEpPMH-
Hax HMCYMCJEHHS TPEIHKaTOB, TO JIOTHYECKHE METOAbl M03BOJAT HaM BblBeCTH (POpMaJsbHOE
JI0Ka3aTeJbCTBO ee KoppeKTHOCTH. K coxxasieHHIo, Korma nporpamMMbl CTaHOBSITCS OOJIbIIH-
MM U CJOXKHBIMH, YTO C HUMH BCeraa M MPOHUCXOAHMT, aleKBAaTHOCTb, HENPOTHBOPEYUBOCTb U
KOPPEKTHOCTb CAMHUX CHeLM(pHUKALUUH CTAaHOBHUTCS NPEAMETOM COMHEHMH, TaK 4TO OoJbllHe
NPOrpaMMBbl PEAKO COMPOBOXKAAIOTCSH TMOJHBIMH (POPMa/IbHBIMH [10Ka3aTeNbCTBAMH KOPPEKTHO-
ctu. [lockosbKy GoJiblliMe MPOTrpaMMbl BBIPACTAIOT M3 MaJiblX, HAM HeoOXO0IHMMO 003aBECTHCh
apceHaJ/ioM MPOrPpaMMHBIX CTPYKTYpP, B TPaBUJbHOCTH KOTOPHIX MBI MOXeM OBITb yBEPEHBI —
UX MOXXHO Ha3BaTb WAHOMAaMH — W Hay4YUTbCs 0OBbENUHATb UX B CTPYKTYPB! 60JblIEro pasme-
pa C MOMOLILbI0 OPraHU3aLMOHHBIX METOIOB, LIEHHOCTb KOTOPHIX TaKKe N0Ka3aHa. DTH MEeTO[bl
NoAPOOHO 00CYXKIAITCH B KHHUIe, U UX MOHHMaHHe CYLIECTBEHHO AJf y4acTHs B IIPOMETeeB-
CKOM MPEeATPUATHH TMOJ Ha3BaHHEM <«IIpOrpaMMHpoBaHMe». [y yMeHHs co3gaBaTb OoJbliINe,
3HaYUTeJbHBIE TIPOrPaMMbl HeT JIy4llero MOMOIIHHMKA, 4eM CBOOONHOe BJaJeHHE MOLIHBIMU
OpraHM3alMOHHBIMU MeTofaMH. VI Hao6opoT: 3aTpaThl, CBfi3aHHblE C HaNHUCaHHEM OO0JbLINX
nporpamMm, no6y>XaailoT Hac M300peTaTb HOBble METOMbI yMEHblLIEHHS Beca (DYHKUHH U HeTa-
Jiell, BXOASALIUX B 9TH NPOrpaMMbl.

B oTsiuune ot nmporpamm, KOMIIbIOTEPBI AOJ/KHbI TOBUHOBATBHCS 3aKOHAM (pHM3HKH. Ecau Mbl
XOTHM, 4TOOBI OHH paboTaji ObICTPO — I10 HECKOJbKY HAaHOCEKYHJA Ha CMeHY COCTOSIHUS, —
9JIEKTPOHBl B HX LEMNSAX He IOJKHBI MPOXOLUTb OOJblIMe paccTosiHUS (GoJsiee TOJNyMeTpa).
[Ipy 3TOM TeCHO CKOHLEHTPUPOBaHHbIE B NPOCTPAHCTBE MPUOOPHI H3JMYYaAIOT TEMJO0, KOTOpOoe
HY>XKHO KYZAa-TO OTBOAMTb: TaK Pa3BUJOCh H3bICKAHHOE HHXKEHEepHOe HCKYCCTBO, MPU3BaHHOE
HaxXOOUTb paBHOBECHe MeXAy OOH/MeM (PYHKUHMH M MJIOTHOCTHIO PACIOJIOKEHHS YCTPOHCTB.
Taxk uau vHaue, amnapaTypa Bcerna paboTaeT HUXKE TOrO YPOBHS, Ha KOTOPOM Mbl OBl XO-
TeJIM NporpaMMupoBath. IIporeccsl, MocpeacTBOM KOTOPBIX HAlIM mporpaMmel Ha Jlucme me-
PEBOAATCSA B «MAallMHHbIE» MPOrPaMMBbl, CAMH fBJAIOTCA aOCTPAKTHBIMU MOMEJSIMH, KOTOpBIE
Mbl BoOMJOLIaeM B NporpaMmmax. Mx usydeHue W peanusanus MHOroe AaOT [J/151 IOHUMaHUSA
OpraHH3aLMOHHBIX METONOB, HalpaBJeHHbIX Ha NPOrpaMMHUpOBaHHE MPOHU3BOJBHBIX MOAEJEH.
Pasymeercs, Tak MOXXHO CMOZEJNHPOBAaTh U caM KommbioTep. [Topymatite 06 aToM: noBeneHue
MeJIb4aHllIero nepekJ/iovaTesss MOAENUPYETCS KBAHTOBOH MeXaHHKOH, KOTOpasi OMHMCHIBAETCS
nuddepeHIUaNbHBIMHA YPAaBHEHUSMH, TOYHOE MOBeJleHHe KOTOPbIX (PUKCHPYETCS B UHCJEHHBIX
NPUONHKEHHUSAX, TIPeCTaB/EHHbIX B BHUJE KOMIIbIOTEPHBIX MPOrpaMM, KOTOPble BbINOJHSAIOTCS
Ha KOMIIbIOTEpE, COCTABJEHHOM U3 ... — U TaK 6e3 KoHua!

PaspenpHoe BeIAE/NEHHE TPeX T'PyNN SBJAEHHH — He MPOCTO BOMNPOC TAaKTHYECKOro ynob-
ctBa. XOTS 3TH IPYIIIBI U OCTAIOTCS, KaK FOBOPUTCS, B TOJIOBE, HO, IPOBOAS 3TO pasieseHue,
MBI MO3BOJISIEM TIOTOKY CHMBOJIOB MEXAY TpeMsl TPyNmnaMy ABUraTbes OblcTpee. B yesoseye-
CKOM OIIBITe C 3THM I[OTOKOM II0 GOraTCTBY, »KMBOCTH M OOMJIMIO BO3MOXKHOCTEH CPaBHHUTCH
pasBe uTO caMa 3BOJIIOLHUA KU3HU. OTHOLIEHHS MeXAy pasyMoM YesoBeKa, porpaMMaMH U
KOMIIBIOTEPOM B JIyUIlIeM CJydyae MeTacTaOu/bHbl. KoMmIbloTepaM HHKOTZAA He XBaTaeT MOLI-
HOCTH U OpicTponedcTBHs. KaXKaplil HOBBIH NMPOPHIB B TEXHOJIOTHH TPOU3BOJCTBA alNaparypsl
BeIeT K MOSIBJIEHHIO 6oJiee MacIITAaOHBIX MPOrpPaMMHBIX MPOEKTOB, HOBBIX OpPraHM3aLHOHHBIX
NPUHLMIIOB U K oforalleHnIo abCTpakTHEIX MozeJsed. [TycTb Kaxkablfi unTaTe/ b BpeMs OT Bpe-
MeHHM crpaiinBaeT cebsi: «A 3ayeM, K 4eMy BCe 3TOP» — TOJIbKO He CJHIIKOM 4acTo, 4TOObI
YIOBOJBCTBHE OT NMPOrPaMMHUPOBAHHUS HE CMEHHJIOCHh TOpeyblo (UI0CO(CKOr0 TYIHKA.
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W3 tex nmporpamMm, KOTopble Mbl MHIIEM, HEKOTOpble (HO Bcerna MeHblle, UeM XOTeN0Ch Obl)
pelIaloT TOYHBIE MaTeMaTHUYeCKHe 3a/1auH, TaKhe, KaK COPTHPOBKA I10C/IEI0BATENbHOCTH YHCE
UJIM HaXOXJeHHe UX MaKCHMyMa, IPOBepKa YKC/a Ha MPOCTOTY HJIM BBIUHC/IEHHE KBaAPaTHOTO
KOopHs. Takue mporpaMMbl Ha3blBAlOTCS aJropUTMaMy, H 00 WX ONTHMaJbHOM TOBEIEHHUH H3-
BECTHO [0BOJIbHO MHOT'0, 0COGEHHO B TOM, UTO KacaeTcs ABYX BaKHBIX NIapaMeTPOB: BPEMEHH
BBINIOJIHEHUSI W MOTpeOseHns nmaMsaTH. [IporpaMMHUCT HOJIXKeH BJafeTb XOPOLIMMH aJrOpHT-
MaMM M UAHOMaMH. HecMoTps Ha TO, UTO HEKOTOPBIE MPOTPaMMbl COMPOTHUBJSIOTCS TOYHOH
crienu(pUKaLnY, B 0053aHHOCTH MPOrPaMMHUCTa BXOANUT OLEHUBATb MX MPOHU3BOAWUTEIbHOCTb U
BCE BpeMS$ MbITATbCS €€ YIYYILHTh.

Jlucn — BeTepaH, OH MCHOJB3YyeTCs yKe OKOJIO yeTBepTH Beka. Cpely >KUBBIX $3BIKOB
[IpOrpaMMHUPOBAHUS CTaplie Hero TolbkKo PopTpaH. DTH ABa f3blKa 0OCHYKHMBAJU HYKIbI
BaXKHbIX NPUKJIAAHBIX obsacTel: PopTpaH — eCTeCTBEHHO-HAyUHBIX M TEXHUYECKHUX BbIYMC-
JeHu#, a Jluen — HCKyccTBeHHOro HHTessiekTa. O6e 3TH 00JIaCTH IO-TIPeKHEMY BaKHEI, a
NPOrpPaMMHUCTBI, paboTalolie B HUX, HACTOJIbKO MPUBSA3aHBl K 3TUM ABYM fI3bIKaM, 4TO Jlucn
u DopTpaH BIOJNHE MOTYT OCTaThCsl B Jiesle ellle N0 KpaliHed Mepe Ha YeTBEPTb CTOJETHS.

Jlucn usmensiercsi. Scheme, ero nuajekT, HCMONb3YeMbIH B 3TOH KHUTE, pa3BUJCS U3 Iep-
BOHayaJ/bHOro Jlucna v oTJM4YaeTcst OT HEr0 B HEKOTOPBIX Ba’KHBIX OTHOLUEHHUSIX: B YaCTHOCTH,
UCITIONIBb3YIOTCS CTaTHUYeCKHe 00/1acTH CBS3bIBAHUS TepeMeHHbIX, a (PYHKLHH MOTYT BO3Bpa-
[aTh B KauecTBe 3HaueHHWH apyrue GyHkuuu. [To cemaHTHUYecKoi cTpyKType Scheme Tak xe
6sm3ka Kk Asroay 60, Kak U K paHHuM BapuaHTam Jlucna. Asros 60, KOTOpBIE y»Ke HHUKOTAA
He OyZieT KMBBIM $13bIKOM, MPOJOJKAeT KUTb B reHax Scheme u [lackans. [Toxanyii, TpynHo
Ha#iTH [Be 6oJ/iee pasHble KyJbTypbl POrPaMMHUPOBAHHUS, YeM Te, YTO 00pa3oBalUCh BOKPYT
3TUX JIBYX SI3bIKOB M HMCIIOJIb3YIOT MX B KayecTBe eqWHOH BasioThl. [lackanb CayXdT Ass 1mo-
CTPOEHHUS NMHPaMUJ — BIEUAT/SIOUINX, 3aXBaTHIBAIOLINX CTATHUECKHUX CTPYKTYP, CO3/1aBaEMbIX
apMHUSIMH, KOTOpBIE YKJIAAbIBAIOT HA MecTa TsizKeJble ManThl. [Ipy momomu Jlvcna nopoxnamoT-
Csl OpraHu3Mbl — BIeYaT/IAOIIMe, 3aXBaTbIBAIOIMe AHHAMHYECKHE CTPYKTYpBl, CO3/aBaeMble
KOMaHJaMH{, KOTOpble COOUPAIOT UX M3 MepLaIoLIMX MUpHan 6oJee MpocThx opranu3mos. Op-
raHU3yIolllMe IPUHLUIBLI B 000MX CJAydasix OCTAIOTCS OOHH M Te XKe, 32 ONHUM CYILLeCTBEHHBIM
UCKJIIOUEHHUEeM: TTPOrpaMMHUCT, MUIIYIIHUHA Ha Jlncne, pacrnosaraeT Ha MOpsOK OOJbIIEH TBOP-
YecKO# cBOGONOH B TOM, UTO KacaeTcsi (DyHKIMH, KOTOPble OH CO3JAaeT MAJsi HCIOJb30BAHUS
npyruMu. Iporpammel Ha Jlucne HacensitoT GUOAMOTEKH (DYHKLMSAMH, KOTOPble OKa3bIBalOTCH
HaCTOJIbKO MOJIE3HBIMH, UTO OHU [epeKHUBAIOT NOPOAUBLIME UX NPUJIOKEHHS. TakUM poCTOM
MIOIE3HOCTH MBI BO MHOTOM 00sI3aHbl CIIMCKY — HCKOHHOH JIMCIIOBCKOH CTPYKTYpe HNaHHBIX.
IIpocToTa CTPYKTYpbl CIHCKOB W €CTECTBEHHOCTb HX HCIOJIb30BAHHS OTPaXKaloOTCs B yIUBH-
TeJIbHOH 00IHOCTH GyHKuMHA. B Tlackane o6unue o6bsBAsSEMBIX CTPYKTYpP AaHHBIX BeleT K
crelMaNu3auvy (PyHKUUH, KOTOpas CAepKHMBaeT M HaKasblBaeT CJydaliHOe B3aWMOJeHCTBHe
mexay Humu. Jlyume umerb 100 GyHKUME, KOoTOopble paGoTalOT ¢ ONHOH CTPYKTYpPOH HaH-
HbIX, ueM 10 pyHkuni, paborawmux ¢ 10 ctpykrypamu. B pesynbrate nupamuie NpuxoauTcs
HENOJBHKHO CTOSITh ThICSYEJIeTHSIMH; OPraHNU3M Ke OyAeT pa3BUBATbCS MJM TMOTHOHET.

Uro6Bl yBUAETD 3Ty Pas3HHUIly, CPAaBHHUTE M0OJady MaTepuasna U yrnpayKHeHHs B 3TOH KHHTE C
TeM, 4yTo BBl HafineTe B 1060M BBOJHOM TEKCTE, aBTOPbl KOTOPOro Hcnosb3yioT [lackanb. He
nonjaBaiiTech OLIMOOYHOMY BIleyaTeHHI0, OYATO 3TOT TEKCT MOXKET YCBOWUTb JIMIUb CTYLEHT
MIT — npencraBuTesb cnenu(pUyecKod MOpoabl, KOTopasi TOJbKO TaM M BcTpeuaercs. Hert;
MMEHHO TaKoBa HO0JI2KHA OBITb BCSIKasi cepbe3Hasl KHUra, MOCBsIIeHHas IPOrpaMMHUPOBAHHIO HA
Jlucne, BHe 3aBUCUMOCTH OT TOTO, Tle U KTO 0 HeH y4YUTCS.

YuTHTeE, 4TO 3TO TEKCT O MPOrpPaMMHUPOBAHMH, B OTJHUKE OT OOJBIIMHCTBA KHUT N0 Jlncmy,
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KOTOpBlE HCIOJb3YIOTCS JJISl TIOATOTOBKH PabOTHUKOB B 06JIACTH MCKYCCTBEHHOTO MHTEJIJIEK-
Ta. B KOHIle KOHIIOB, OCHOBHBIE MPOrPAMMHUCTCKHE 3a00THI BBIUUCJAWUTEJNbHON WHXKEHEPUH H
HUCKYCCTBEHHOI'0 MHTEJJIEKTA CTPEMSATCS K B3aWMOIPOHWKHOBEHHIO 10 Mepe TOro, KaK COOT-
BETCTBYIOI[HE CHCTEMbl yYBEJHUUYUBAIOTCS B 0ObeMe. DTO 0OBSCHSET POCT MHTepeca K Jlucmy
3a npenesaMyd UCKYCCTBEHHOTI'O MHTEJIJIEKTa.

Kak 1 MOXXHO 6BLI0 02KMIATh, TJISIAS HA LeJH, KOTOpble CTaBsT Mepel CO00H HcceoBaTe N
B 00J1aCTH HUCKYCCTBEHHOI'O MHTEJJIEKTA, 00JACTh 3Ta MOPOKIAET MHOXKECTBO 3HAYHUTEJHHBIX
MPOTPAMMHUCTCKUX 3a/iad. B Apyrux mporpaMMHUCTCKUX KyJbTypaxX TAaKOH HAT/BIB 3aad POXK-
JaeT HOBBIE SI3BIKH. B camoMm gese, B Ji060H GOJBIION MPOrpaMMHON 3a/ade OMUH U3 BarKHBIX
NPUHIMIIOB OPraHW3alMK COCTOUT B TOM, YTOObl OTPAaHUYUTb M H30JHPOBATb MOTOKH HH(OP-
Mall¥M B OTHEJNbHBIX MOAYJSX 3ajauu, M3obperass Ans 3Toro s3blK. [lo Mepe npubsiuxkeHus
K TpaHUIlAaM CUCTEMBbl, Ile Mbl — JIIOAH — B3aUMOJEHCTBYeM Yallle BCero, 3TH $I3bIKH 0ObIY-
HO CTAHOBSITCSl BCe MeHee NMPUMUTHBHBIMU. B pesysbrare Takue CHUCTEMBI CONEPIKAT CJOKHBIE
(hyHKLHH 110 00paboTKe A3bIKa, IOBTOPEHHBIE 10 MHOTY pa3. ¥ Jlncna e CHHTaKCHC U CeMaH-
THKa HAaCTOJIbKO MPOCTHI, UTO CHHTAKCUUECKHUH Pa3bop MOXKHO CUHUTATb 3J1€eMeHTapHOH 3a1aded.
Takum o6pa3oM, MeTOIBl CHHTAKCHUYECKOTO pa3bopa He WIrPaloT MOUTH HUKAKOH pPOJH B IpO-
rpammax Ha Jlucne, U MoCTpoeHHe SI3bIKOBBIX MPOLECCOPOB PEIKO CJAYXKUT TPENsTCTBUEM IS
pocta u usMeHeHus Gosbliux Jlucn-cuctem. HakoHel, HMEHHO 3Ta NMPOCTOTA CHHTAKCHCA U
CEeMaHTHKH BoaJsaraeT 6pemsi cBo6oabl Ha Bcex nporpammucTtos Ha Jlucne. Hukakyto nporpam-
My Ha Jlucne Gosblile, 4eM B HECKOJIBKO CTPOK AJHWHOM, HEBO3MOXHO HalMCaTb, HE HACENHB
ee caMOCTOsITeJIbHBIMH (PyHKUMSAMU. Haxonure HOBoe W mpucnocabiuBaiiTe; CKaaablBaUTe U
cTpoiite HOBbIMH criocobamu! f mogHHMato TocT 3a nmporpamMMucTa Ha Jlucre, yKJaabBaoIlero
CBOH MBICJIM B THE3/a CKOOOK.

Anan IIx. [epauc
Heto-XeiiBeH, KoHHEKTHKYT



IlpegucioBue Ko BTOpOMY
M3JaHUIO

Bo3MoHO JIH, UTO TIPOrpaMMBl He TOX0XKH
HH Ha 4TO JPYyroe, YTO OHH MpeJHA3HAYEHBI
Ha BBIOPOC; UTO BCS IITyKa COCTOHMT B TOM,
4TOOBI BCETZa BUAETh B HUX MBLIBHBIH
Ny3bIPb?

Anan J1x. Iepauc

Marepuan 3Toll KHUTH OblT OCHOBOH BBOLHOro Kypca no uHpopmartrke B MIT HauuHas ¢
1980 roma. K Tomy BpemeHH, Kak OblJIO BbINYILIEHO TepBOe M3AaHHE, Mbl MPENOJABald ITOT
MaTepuas B TeyeHHe 4eThlpex JIeT, U MPOLLJIO elle ABEHaAlaTb JieT A0 IMOSIBJIEHUS BTOPOrO
usganus. Ham npusitHo, 4To Hama pabora Oblia MIMPOKO MPH3HAHA W BKJOYEeHA B Jpyrue
TeKCTbl. MBI BHZE/M, KaK HAallM yYeHHKH Yepraju HIed W TNPOrpaMMbl H3 3TOH KHHUTH H
Ha UX OCHOBE CTPOMJIM HOBble KOMIIBIOTEPHBIE CHCTeMbl W SI3bIKM. DyKBa/bHO 1O CTapoMy
TaJIMyIAHYeCKOMY KanaMmOypy, Halld YYeHUKH CTa/lM HAlUMMH CTPOUTesIMU. MBI pajbl, uTo y
Hac Takue OflapeHHble YYeHUKH U TaKhe NPEeBOCXOAHble CTPOUTEJH.

[oToBSl 3TO M3MaHMe, Mbl BKJIOUYUJIH B HETO COTHH MONPAaBOK, KOTOPblE HAM MOICKA3asu
KaK Hall COOCTBEHHBIH MpernogaBaTeNbCKHH OMBbIT, TaKk U coBeThl Kojger us MIT u ppyrux
MecT. MBI 32HOBO CIPOEKTHPOBaNH GOJBIIMHCTBO OCHOBHBIX MPOrPAMMHBIX CHCTEM B 3TOH
KHHUTe, BKJ/I04ass CUCTeMY OOOOLIEHHOH apuU(pMeTHKH, UHTepIPEeTaTopbl, HIMUTATOP PErUCTPO-
BBIX MalIMH ¥ KOMIIMJSATOP; KPOME TOr0, Mbl IIepelncally Bce NPUMephl IPOrpaMM Tak, 4ToObI
Jaobasi peannsauust Scheme, coorBerctBytomas cranaapty Scheme IEEE (IEEE 1990), 6bina
CTI0COOHA BBINOJHSATD 3TOT KO,

B sTOoM HM3naHHWU MOAYEPKUBAIOTCS HECKOJIBbKO HOBBIX TeM. Camasi BaxKHast U3 HUX COCTOUT
B TOM, 4YTO LEHTPaJbHYIO POJIb B BbIYMCJHUTEJNbHBIX MOJENSAX UIPalOT pasjUyHble MOAXOLbl KO
BpeMeHH: 00beKTHl, 00Jafalolle COCTOSHUEM, NapaJlebHoe NporpaMMHpoBaHue, (YHKLIHO-
HaJlbHOE MpPOrpaMMHpPOBAHHE, JIEHUBble BBIUMCJAEHHS U HeleTepPMHUHHUCTCKOE MpOrpaMMHpOBa-
HYe. MBbl BKJIIOUUJN B TEKCT HOBBIE pPas3fiesibl M0 MapaJsieibHbIM BbIYUC/JIEHUAM U HeIeTEPMHU-
HU3MY U T10CTapajuch UHTETPUPOBAThL 3Ty TEMYy B MaTepHas KHUTH Ha BCeM ee TPOTSIKEeHHHU.

[TepBoe M3paHWe KHUTM [OYTH TOUHO CJEAOBAJO NPOrpaMMe Hallero OLHOCEMECTPOBOrO
kypca B MIT. PaccMmoTperh Bech Marepual, BKJIO4as TO, YTO N0OaB/JAeHO BO BTOPOM H3Ja-
HUH, B TeyeHHe ceMecTpa OYAET HEBO3MOXKHO, TAaK UTO IIperojaBaTesi0 NPHUAETCS BBIOUPATb.
B Hame#l co6cTBEHHOH MpaKTHKe Mbl HHOTAA MPOMYCKaeM pasies Mpo JOTHUECKOe MpOorpam-
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mupoBaHue (paspmen 4.4); HallKM CTYOEHTHl UCIHOJNb3YIOT UMHTATOP PETHCTPOBBIX MALIHH, HO
Mbl He OMKCHIBAEM €ro peasusauuio (pasmes 5.2); HaKOHeL[, Mbl JaeM JHIIb OerJibid 0630p
kommusstopa (pasmen 5.5). Jlaxe B TakoM BHAe KypC OCTaeTCs HHTeHCHBHBIM. Hekorophbie
NPENoAaBaTeNH NPEANOYTYT OTPAHUUUTLCS TMEPBBIMH TPeMsl HJH UYEeTbIPpbMsl TJ1aBaMH, OCTaB-
JIsisl IPOYME MaTtepuaJs AJsl MOCAeIYIOMUX KYPCOB.

Caiitr World Wide Web http://mitpress.mit.edu/sicp npenocraBiaser NOLIEPXKKY
NOJIb30BaTeNsIM 3TOH KHUTH. TaM eCcTb MporpaMMbl U3 KHHUTH, TNPOCTbIE 3aJaHUs MO MPOrpam-
MHUPOBaHHUIO, CONIPOBOIUTE/NbHbIE MATEPHAJBl U peann3alnd nuanekta Jlucna Scheme.*

*B HacTosiiee Bpemst (aBryct 2005 r.) Ha caiiTe HMeeTCsl TaKk»Ke MOJNHBIH TEKCT aHIVIOSI3bIYHOTO U3aHUS. — MPUM.
nepes.
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KomnbioTep nono6eH ckpunke. IIpencrasbre
ceOe HOBHYKA, KOTOPHIH CHayaJ/a
UCIBITBIBAET NPOUTPLIBATE/b, 3aTEM
ckpunky. CKpHUIKa, TOBOPHT OH, 3BYYHT
yKacHo. FIMeHHO 3TOT apryMeHT Mbl
c/blIaNH OT HAallUX TyMaHHUTapHeB H
CMeLHaNUCTOB M0 UH(OPMaTHKe.
KomnbioTepsl, FOBOPSIT OHH, XOPOLIH JJIS
OTpefleJIeHHBbIX LieJiel, HO OHH He0CTaTOUHO
ru6ku. Tak ke U CO CKPHUIKOMH, U C
NUIIYIed MallUHKOH, noka Bel He
Hay4YHJ/IMCh UX HCII0JIb30BATh.
MapsuH MuHcKHi.
«[Touemy nporpamMmMHpoBaHHe — XOPOLIHMH
crnoco6 BblpaxKeHUs] MaJIOMOHATHHIX H
TYMaHHO C(hOpPMY/JIHPOBaHHBIX HIeH»

«CTpyKTypa W HHTepIpeTaluss KOMIbIOTEPHbIX NPOrpaMM» — 3TO BBOAHBIH KypC IO HH-
¢dopmatrke B Maccauycerckom Texnosorudeckom unctutyte (MIT). On o6s3aresien st Bcex
cryneaToB MIT Ha cnennasnbHOCTSAX «3JMEKTPOTEXHUKA» U «HH(MDOPMATHKA», KAK OJHA W3 Ue-
ThIpeX YacTel «ob1iiedl 6a30Bol MporpaMMbl 00yUeHHsI», KOTOpasi BKJIOYAeT elle 1Ba Kypca IIo
3JIEKTPUUYECKHUM CXeMaM U JIMHeHHBIM CHCTEMaM, a TaKKe Kypc M0 IPOeKTUPOBAHHIO LIH(POBLIX
cucreM. Mbl MpUHKMMAJHK ydacTHe B Pa3BUTHH 3TOro Kypca HauuHas ¢ 1978 rona u npenopasa-
JIX 3TOT MaTepHas B ero HblHelllHel (opMe HaunHasi ¢ oceHu 1980 roma 1mwecTucTaM—-CceMUCTaM
CTyleHTaM B rof. Dosbluasg 4yacTb 3TUX CTYIEHTOB He HMeJsia MOUTH HJIM COBCEM HHKAKO-
ro ¢opmajsbHOro o6pa3oBaHust B 00J1aCTH BBIUUCJAUTENbHOH TEXHHKH, XOTS y MHOTHX Oblia
BO3MOXXHOCTb OOLIEHHSI C KOMIIbIOTEPaMH, a HEKOTOpble 00/1a4any 3HAYUTEJbHBIM OINbITOM B
IpOrpaMMHUPOBaHHUH NHOO0 NPOEKTHPOBAHHUH alapaTyphl.

[TocTpoenue 3TOro BBOLHOrO Kypca 1o HH(pOPMaTHKe OTpaxKaeT JBe OCHOBHble 3afaud. Bo-
MepBbIX, Mbl XOTHM MPHUBUTh CJAYLIATEJNSIM UAEI0, YTO KOMIIBIOTEPHBIH S3BIK — 3TO HE MPOCTO
Croco0 3aCTaBUTb KOMIIBIOTEP MPOU3BOANUTh BBIYHCJEHHS, & HOBOE (pOpMasibHOE CPEACTBO BbI-
pakeHHs MeTOLOJIOTHUeCKUX Hiel. Takum 06pa3oM, POrpaMmbl AOJKHBI IHCATbCS AJs TOTO,
4TOOBl UX YUTAJH JIOAH, U JHIIb BO BTOPYIO OUepelb AJS BbIOJHEHUS MallHHOH. Bo-BTOpHIX,
Mbl CUMTaeM, YTO OCHOBHOH MaTepHas;, Ha KOTOPbIH AOJ/KeH ObITb HampaBjeH Kypc 3TOro
YPOBHSI, — He CHHTAKCHUC OMNpeleseHHOro s13blKa MPOrpaMMUPOBAHHUS, HE YMHbIE aJrOPUTMbI
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17151 3¢ ()eKTHUBHOTO BBIUHMCJIEHHUs] ONpele/leHHbIX (DYHKLMH, faKe He MaTeMaTHYeCKHUH aHaJ/u3
aJTOPUTMOB M OCHOBAHHWH IPOTPaMMHPOBAHMS, HO METOAbl yTpaBJEHHS HHTEJJIEKTYaJbHOH
CJIO?KHOCTbBIO OOJIBIINX MTPOTPAMMHBIX CHCTEM.

Hama nenp — pasBuTh B CTyIdeHTax, NPOXOSALIMX 3TOT KypC, XOPOLIMH BKYC K 3JleMeHTaM
CTHJISL U 3CTEeTHKe nporpaMMHUpoBaHusi. OHU NOJKHBI OBJNafleTh OCHOBHBIMH METONAMH YIIpaB-
JIEHUsI CJIOXKHOCTBIO B GOJIBIION CHCTeMe, yMeTb NpouuTaTbh 50-TH CTPaHHUHYIO NpOrpammy,
eCc/IM OHa HamucaHa B xopouleM cTuje. OHHU JO/KHBI B KaXKIblil JaHHBIH MOMEHT NOHHMATh,
gero ceiyac He cJieIyeT UUTATh U UTO celyac He HY»KHO MoHUMaTb. OHU He JOJKHBI UCIBITHI-
BaTh CTpaxa nepen MOAU(HUKALKeH MPOrpaMMbl, COXpaHss MPH 3TOM AYX M CTHJIb HCXOAHOTO
aBTopa.

Bce aTH yMeHHs HU B KOeM CJjyuyae He HCUEPIbIBAIOTCS KOMIBIOTEPHBIM MPOrpaMMHpPOBa-
HUeM. MeTofibl, KOTOPBIM Mbl YUHUM U U3 KOTOPHIX Mbl YepIaeM, OOHH U Te Xe B JII0OOM TeXHH-
YeCKOM MPOeKTHPOBaHWH. MBI ynpaBJ/isieM CJA0KHOCTbIO C MOMOLILbIO TOCTPOEHHS abCTpaKLHH,
CKPBIBAIOLINX, KOT/Ia 3TO HYXHO, AeTajd. Mbl ynpaB/sieM CJI0XKHOCTbIO MyTeM YCTaHOBJIEHHS
CTaHJAPTHBIX HHTep(eHCcoB, KOTOPbe MO3BOJSIOT HAM CTPOUTh CHCTEMBI U3 eIHHOO0OPAa3HbIX,
XOPOILO NMOHUMAaeMbIX KYCKOB CIIOCOOOM «CMeCH M CTHIKOBKHM». MBI yIpaBisieM CJ0KHOCTBIO C
MOMOILIBbIO TIOCTPOEHHUS] HOBBIX SI3BIKOB JJIsl ONIMUCAHHUS NPOeKTa, KaXKAblil M3 KOTOPbIX KOHLEH-
TpPUPyeT BHUMaHHe Ha ONpeleseHHBIX AeTa/siX MPOeKTa U YBOAWUT €ro OT APYTHX.

B ocHoBe Hallero nogxona K NpeaMeTy JIEXKHT yOexKIeHHe, UTO «KOMIIbIOTEPHAsI HayKa» He
SBJISIETCS HAyKOH M YTO ee 3HaUeHMe MaJo CBSI3aHO C KOMIbIoTepaMu. KomnbioTepHasi peBoio-
1S — 3TO PEBOJIOLUSA B TOM, KaK Mbl MBICJIHM M KaK Mbl BblpaxkaeM Hallld MblCJH. CyLIHOCTb
3TUX W3MEHEHHH COCTOUT B MOSIBJEHHH AUCLHUIJIMHBL, KOTOPYIO MOXHO Ha3BaTb KOMAbrOMep-
HOU anucmemosoeuet, — UCCIeN0BaHUS CTPYKTYpPbl 3HAHUA C UMIEPATHBHOM TOUKH 3pPEHHS,
B NPOTHBOIOJIOXKHOCTb 00Jlee NeK/JIapaTHUBHOM TOUKe 3pEHMS KJACCHYeCKHX MaTeMaTHYeCKHX
IUCUMIIMH. MaTemMaTHKa naeT HaM CTPYKTYPY, B KOTOPOH MBI MOXeM TOYHO OINHCBIBATh I0-
HSITUSA THUIIA «4TO TakKoe». Bolunc/auTe/IbHAS HAayKa AaeT HaM CTPYKTYPY, B KOTOPOH Mbl MOXKEM
TOYHO ONHCBHIBATH MOHATHUSA THUMA «KaK».

B npenonaBaHuu Mbl UCMOJIb3yeM AHAJEKT sI3blKa NporpaMmupoBanus Jlucn. Mbl He yuum
(hopMasIbHOH CTOpOHE $5I3bIKa, NMOCKOJIbKY B 3TOM He BO3HMKaeT HyXAbl. Mbl IpocTo ero uc-
MoJIb3yeM, U CTYHEHTBl CXBaThIBAlOT €ro 3a HECKOJbKO AHeH. B 3ToMm coctouT ofHO M3 60Jb-
IIMX NPEUMYLIECTB JHUCIONOA0OHBIX 3bIKOB: B HUX OU€Hb MaJlo CIIOCOOOB CTPOUTBH COCTAaBHbIE
BBIPaXKEHHS1 U HeT NOYTH HUKaKOH CMHTaKCU4YeCKOH cTpPyKTypbl. Bce dopmanbHble feTanu Mo-
ryT OBITb OMMCAHBl 33 4yac, Kak npaBuia waxmar. CiycTs HEKOTOpoe BpeMs Mbl 3a0bIBaeM 0
(opMasIbHEIX CBOMCTBAaX si3blka (MOCKOJNBKY MX HET) W MPOAOJKAEM TOBOPHTH O HACTOSILIHUX
BOIIpPOCAxX; OIpenessieM, YTO UMEHHO Mbl XOTHM BBIYMCJAHTh, KaK Mbl OyleM pa3buBaTb 3amady
Ha KyCKH pa3yMHOT0 pa3Mepa M Kak motom OyneM paboTaTh ¢ 3TUMU KycKamH. Elne opHo mpe-
UMYI1ecTBO JIMCIa COCTOUT B TOM, UTO OH MOAJeP:KHBaeT (HO He HaBs3blBaeT) G0JIblie KPYITHO-
MaclITaOHBIX CTpaTeruil pa3breHust IporpaMM Ha MOAYJH, uyeM JO0H Apyrod H3BECTHHIH HaM
13bIK. MOXKHO CTPOHUTDh a6CTPaKIMK MPOLEAYP U JAaHHBIX, MOXKHO HCIO0Jb30BaTh (PYyHKLHH BBIC-
WX TOPSIAKOB, YTOOBI OXBAaTUTh 0OlIMe 1Ia6JOHBI X HCIOJNb30BAHHUS, MOXKHO MOJAENHUPOBATH
JIOKaJIbHOE COCTOSIHME C HCI0/b30BaHUEM MPHUCBAUBAHUS U U3MEHEHHs! TaHHbBIX, MOXKHO CBSI3bI-
BaTbh YaCTH NPOTPaMMBI C TOMOLILbIO TOTOKOB Y 3a/lepP2KaHHBIX BBIYMCJEHHUH, U MOXKHO C JIETKO-
CTbIO PeasM30BbIBATh BCTPOEHHbIE A3bIKH. Bce 3TO BKJ/II0YEHO B UaJ0r0BOe OKPYKEHHeE C Ipe-
BOCXOJIHOH MOAJep>KKOH MOILIaroBoro NpoeKTHPOBaHUS, IOCTPOEHHS, TECTUPOBAHUS U OTIAAKU
nporpaMMm. Mbl 6sarogapHel BceM MOKOJEHHSIM KyaecHHKOB Jlucna HaunHas ¢ [I»koHa Mak-
KapTH, KOTOPble CO3Ja/ M 3aMedaTe/ibHbli HHCTPYMEHT HelpeB30HAeHHOH CHJIBI U KPAcCOTHI.
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Scheme, tor muanexkt Jlucna, KOTOpBIH MBI HCIOJb3yeM, MbITA€TCS COBMECTHUTb CHJIY H
kpacory Jlucna u Ausrosa. Ot Jlucna mbl GepeM MeTasi3bIKOBYIO MOILb, KOTOPOH OH 00si3aH
NPOCTOTE CBOEro CHHTAKCHCa, eNHO0Opa3Hoe MpeACTaBJeHHe MPOrpaMM Kak OOBEKTOB HaH-
HBIX, BblJeJNeHHe NAHHBIX M3 KyUd C MOCJedylolled WX yTHJAW3alHeld cOOpILHKOM Mycopa.
Ot Anrosna Mel GepeM JieKCHYeCKyto 06/1aCTb OeHCTBHs U GJOKOBYIO CTPYKTYpY, MOLapeHHble
HaM [epBONPOXOALAMHU POEKTHPOBAHHUS S3bIKOB IPOrPAMMUPOBAHHUS U3 KOMHUTETA M0 AJrody.
Mbl xotum ynoMmsiHyTh JlKoHa PefiHosibiaca u Ilutepa JlanmuHa, oTKpbIBIIMX CBSI3b Uépuye-
Ba JIIMOIA-UCUMCJIEHHUS CO CTPYKTYPOH $I3BIKOB MPOrpaMMHpPOBaHHsl. MBI TakxKe oTnaeM IaHb
NPU3HATEIbHOCTH MaTeMaTHKaM, pa3BelaBlIUM 3Ty 06JacTb 3a NECATUJETHS OO0 TOSBJEHHUS
Ha clieHe KommbloTepoB. Cpenn 3Tux nepsomnpoxonues 6uin Asonco Yépu, Bepkau Poccep,
Creden Knunu u Xackean Kappu.
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Mbl xoTesu 6bl M06GJArofapUTb MHOXKECTBO JIIOfeH, KOTOpble MOMOIVIM HaM CO3AaTbh 3TY
KHHTY U 3TOT KYypC.

Ham kypc — oueBHIHBIH HHTEJJIEKTYaNbHBIH MOTOMOK «6.321», 3aMeyaTesbHOrO Kypca Mo
KOMIIbIOTEPHOH JIMHIBUCTHKE U JsMOIa-UCYHCIeHHI0, KOTopbld uuTand B MIT B koHue 60-x
Jxek Yozenkpadt u Aptyp DBaHC MJI.

Mbui ouenb o6s13anbl Pobepty daHo, KOTOpBIE peopraHu3oBasn BBogHYI nporpammy MIT
[0 3JIeKTPOTEXHUKEe W HH(POPMATHKE, COCPEeLOTOYMBLINCh HA NMPUHLHNAX TEXHHYECKOTO Mpo-
ekTHpoBaHus. OH BIOXHOBHJ Hac Ha 3TO MPEANpPHUSATHE U HANHKCAJ TEPBYIO NPOrpaMMy Kypca,
U3 KOTOPOT'O Pa3BUJIaCh 3Ta KHUTA.

Cruab M 3CTeTHKa NPOrPaMMHMPOBAHHs, KOTOpPble Mbl MBITAeMCSl NPUBHUTb YHUTATEJIO, BO
MHOrOM ObliM paspaboTaHbl coBMecTHO ¢ [aem JIbtoumcom CTUIOM MJ., KOTOPBIH BMecTe ¢
Ixepanboom Jxkeem CaccMaHOM ydyacTBOBaJs B NepBOHaua/bHOH paspaboTKe sibikKa Scheme.
B nononnenue k stomy [ssunm Tépuep, Ilutep Xenmepcon, s Ppuaman, ssun Yaiis
U Yunn KnvHrep Hayuu/au Hac MHOTHM M3 MPHEMOB (PYHKLHOHAJBHOTO MPOrpaMMHPOBAHHUS,
KOTOpble M3J/1araloTcsi B TaHHOH KHHUTe.

JI>xon Mosec Hayuyus Hac CTPYKTypHUpOBaTb OoJiblliMe CHCTeMBl. Bsarogapsi ero ombiTy c
CUCTEMOH CHMMBOJIBHBIX BblYMCJeHHH Macsyma Mbl CTand MOHMMAaTb, YTO HEOOXOOUMO H3be-
raTh yCJOXHEHHOCTH CTPYKTYp YINpaBJeHHS U B MEPBYIO ouepelb 3a00THTbCS O Takoi opra-
HU3aLWK JaHHBIX, KOTOPasl OTPaXKaeT peasbHy CTPYKTYPy MOIAEJHPYEMOr0 MHpa

MapsuH Munckuit u Cefimyp [Isfinept cH/IbHO MOBIMSNN HA (QOPMHUPOBAaHHE HALIEro IMOA-
XOJla K NPOrpaMMHPOBAHUIO U K €r0 MeCTY B Halllell MHTe/JIeKTyabHOH xKU3HU. baaronaps um
Mbl [IOHHMaeM, YTO BBIYMCJ/IEHHE [JaeT HaM CPeACTBO BblPaXKeHHs M HUCCJeOBAHUS MBIC/EH, KO-
TOpble HHaye OblIK Obl CJAULIKOM CJOXKHBI, YTOOBl ¢ HUMH MOXKHO Obl10 TOYHO padoTatb. OHH
MOAUEPKUBAIOT, YTO CHOCOOHOCTb THCATb W HM3MEHSTb MPOrPaMMbl 1aeT CTYHNEHTY MOLIHOe
CPEeACTBO, C MOMOLIbI0 KOTOPOIO HCCJIEOBAaHUE CTAHOBUTCS €CTECTBEHHOH NeATENbHOCTHIO.

Kpome Toro, MBI MoJiHOCTBIO corsiacHel ¢ Asanom [lepsncoM B TOM, YTO MpOrpaMMHpO-
BaHUe — 3TO OPOMHOE YAOBOJIbCTBHE W YTO HaM HYXKHO CTapaThCsl MOANEP:KHUBATb PalloCTb
nporpaMMupoBaHus. YacTb 3TOH pagocTH NMPUXOAMUT OT HAGMIONEHUS 32 pabOTOH BeJIMKUX Ma-
crepos. Hawm Bbinaso cyactbe ObITh yueHHKamu y Hor busna I'ocnepa u Puuapna I'pun6éaarra.

TpynHo mepevyuc/UTh BCeX TeX, KTO MPUHSJ y4acTHe B Pa3BUTHH NPOrpaMMbl HALIEro Kyp-
ca. Mpl 6s1aronapuM BCeX JIEKTOPOB, HHCTPYKTOPOB U ThIOTOPOB, KOTOPBIE padoTali ¢ HAMU B
npolleAlide NATHAAUATD JeT U NOTPaTHJIM MHOIO YacoB CBEPXYPOUYHOH paboThl Ha Hall Npes-
MmeT, ocobenHo busna Cubepra, Anbbepra Meiiepa, [Ixxo Crost, Paunu [dssuca, Jlyu Bpaiina,
dpuka [pumcona, Pona Bpykca, Jlunna CreiiHa u [Iutepa CosoButua. Mul 66l X0TeaM 0C060
OTMETHTb BbIAAIOLIMNCS neparorudeckuil Bkaan Ppanknuna Typbaka, KOTOpbIH Tenepb mpe-
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nofaeT B YaJ/ec/d: ero padora mo o6ydyeHHI0 MJaJILIEeKypCHHKOB YCTaHOBHUJA CTaHAApT, HA
KOTOPBbIA Mbl BCe MOXeM paBHATbcs. Mul 61aronapusl [Lxeppu Canbruepy u [xxumy Muie-
Py, KOTOpbIe TOMOIJIM HaM 60POThCSl ¢ TAHHAMH MapaJijielbHbIX BRIUMCJ/IEHUH, a Takxke [Iutepy
ConoButy u [sBupy Makassectepy 3a UX BKJal B NpPeACTaBJeHHE HeIeTEPMHHHUCTCKHX
BBIUMCJIEHHUH B IiaBse 4.

MHoro Jionell BJOXKWUJIO HeMasbli TPyl B IpeNofaBaHHe 3TOT0 MaTepuaja U B APYIHX
YHUBEpPCUTETaX. BOT HEKOTOpBIE U3 TeX, C KeM MBI TeCHO obmajnuch B pabore: 310 JlxKeKkob
Kaunenscon B Texunone, Xspau Maiiep B Kanudopuutickom yausepcutere B Mpsune, Ilxo
Cro#i B Oxcopne, dnuma Cake B yHuBepcurete [lepnpio 1 A Komoposckuit B Hopeexckom
ynusepcurere Haykn n Texuukn. Mbl ropaumcst KoJieraMy, KOTOPbie MOJYYH/IH Harpajbl
3a ajanTaluMio 3TOrO MpeiMeTa B APYTHX yHHBepcuTeTax: 370 Kenwner Mun B Hene, Bpaitan
Xapeu B Kanudopuuiickom ynuepcutere B bepkau u Jlon Xarrennoxep B KopHesse.

a1 Moiie a7 HaM BO3MOXKHOCTb IIPOUUTATE 3TOT MaTepHaJs UHKeHepaM KOMIaHUH XbIOJETT-
[Takkapa ¥ ycTpPOHJ POU3BOACTBO BHAEOBEPCHH ITUX JeKUUH. MBI X0Tesu 6bl 106/1arofapuTh
OllapeHHBIX npenonaBatesed — B ocobeHHoctn Jxkuma Musnepa, bunna Cubepra u Maiika
Aiizenbepra, — KoTOpble pa3paboTanu KypcHl MOBbILIEHHs KBaJIW(HUKALHUH C UCIIOJb30BAaHHEM
3TUX BUJEOMAaTepHasioB U MpenojaBasd 110 HUM B PA3JHUHBIX YHUBEPCUTETaX M KOPINOpaLHUsiX
10 BCEMY MHPY.

MHoxecTBO pabOTHHKOB 00pa3oBaHMsA TNPOAEJAIM 3HAYUTENbHYIO PaboOTy IO TMEPeBOLY
nepeoro uspanus. Muiuenb Dpuan, [Ivep Wlamap u Aunpe [luk chenanu ¢paniuysckoe ns-
nanue, CiosanHa J[sHuesc-X3poJba BIMOAHUAA HeMelKHH nepeBon, a Pymuo Motoécu —
AMNOHCKUHA. MBI He 3HaeM aBTOPOB KMTAHCKOrO M3NAHHUS, ONHAKO CYMTaeM MAJs ceOs 4YeCTbio
ObITb BBIOPAaHHBIMH B KayecTBe 00bEKTa «HeaBTOPH30BAHHOTO» IepPeBOJa.

TpynHO mepeyuc/UTh BCEX JIOAeH, BHECLIMX TeXHUYECKHH BKJAA B Pa3pabOTKy CHCTEM
NpOrpaMMHUPOBaHUs Ha s13bKe Scheme, KOTOpble MBI HCIOJNB3yeM B y4yeOHBIX Lensx. Kpo-
Mme [asg Cruna, B CnHCOK BaKHeHIIMX BoJse6HUKOB BxoasaT Kpuc Xaucon, [I:xko Boy6up,
Jxum Muanep, [nabepmo Pocac u Creden Anamc. Kpome HHX, CylllecTBeHHOe BpeMs H
cunbl Baoxuan Puuapn Cronnman, Anan Boynen, Keurt Ilutman, xoun Tadt, Hun Main,
Ixon Jlamnusr, 'yun Ocnoc, Tpeiicu Jlappatbu, Lxopmx Kapperrt, Coma Yaynxypu, buii
Kuapkuapo, Cruen Kupiu, Jleit Knotu, ¥sitn Hoce, Tonn Kacc, [Natpuk O’ douHenn, Ke-
BuH Teobanba, [suuen Baiize, Kenner Cunkiep, duronu Kopremanu, l'enpu M. By, dunpio
Bepaun u Pyt lblo.

[Tomumo aBTopoB peanusauur MIT, Mbl xoTesau 6bl MoGaarogapuTh MHOXKECTBO JIONEH,
pabotaBminx Han craHpaproM Scheme IEEE, B ToM uucie Yunbsima Kaunrepa u [lkoHara-
Ha Puca, KoTopele penakTHpOBa/H R4RS, a takxke Kpuca Xast#inca, [ssuna bBaptau, Kpuca
Xancona u Jlxxuma Musnepa, kotopsle noarorosuau cranaapt I[EEE.

Hoaroe Bpemst [1an @puamMan 6bl AuaepoM coobiecTBa sidbika Scheme. Pa6oTa coobiie-
cTBa B 00J/lee IIMPOKOM IlJIaHe MePeXOJUT I'PaHHULbl BOIPOCOB Pa3pabOoTKH sI3blKa U BKJIOYAET
3HAUMTe/bHblE MHHOBALlMKM B 00PA30BaHWH, TaKHWe KaK Kypc HJs CTaplied LIKOJbl, OCHOBaH-
ubii Ha EdScheme kommanuu Schemer’s Inc. u 3ameuatesbhbie kuuru Maiika Aiizen6epra,
Bpaitana Xapsu nu Matbio Paiira.

Mbl LleHUM TpyA TeX, KTO NPUHAJ ydacTHe B NPeBpalleHUH 3TOH paboThl B HACTOSILLYIO
kHUry, ocobeHHo Teppu daunra, Jlappu Kosna u Ilona Betnxa us usnarensctsa MIT Press.
Anna Maiizen Halia 3aMedaTte/bHbIH PUCYHOK 1151 06/I0KKH. UTO KacaeTcsi BTOPOTO U3NaHHUs,
TO Mbl 0cO0eHHO OsaronapHbl bepHapny u dise Maiisen 3a moMolb ¢ 0OpMIEeHHEM KHUTH, a
rakxe J3Buny JlKoHCy, BeuKoMy Boqe6HUKY TEXa. Mbl Takke B HONTY Nepes yuTartes-
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MM, CHeJaBLIMMU NPOHHULATeNbHble 3aMeUaHusl 1o HoBoMY npoekTy: lxeko6y KauHenbcony,
Xapan Meiiepy, xxumy Musnepy u B ocobeHHocT bpaitany Xapsu, KoTopbl# Obla 1151 3TOH
KHUTH TeM ke, KeM JIKynu Oblia pisi ero KHUTH [Ipocmo Scheme.

Hakonew, Mbl XoTe11 Obl BEIPa3UTb NPHU3HATEJNBHOCTb OPraHU3aLHUsM, KOTOPbIE TOIAEPKH-
Ba/JM Hally paboTy B TeueHHe 3THUX JeT. Mbl GsaronapHel Komnanuu XbioseTT-Ilakkapn 3a
MO EPXKKY, KOTOpasi cTaja Bo3MOXKHOU Guaromaps Aiipe [osbacteliny u Jxoanwo BupHbay-
My, a takxke arentctBy DARPA 3a nognepxky, Kotopasi crasa Bo3MOxXHO# Gaaropapsi Boby
Kany.*

*Co cBoe#i cTopoHbI X0Tesoch Obl obuaronaputh Koncrantuna Jlo6kuna, Aunpest Komeua, Ceprest Kopona, Auex-
cest Ounnnukosa, Anekca Otra, Baguma Pannonosa, Mapuio Py6uniureitn u ocobenno Bopuca Cmuary. — npum.
nepes.
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[J1IABA 1

[IOCTPOEHUE ABCTPAKIIMM C ITOMOIUIbIO
[TPOLUEOYP

JlelicTBHUS, B KOTOPBIX YM NPOSIBJISET CBOU
CTMOCOGHOCTH B OTHOLIEHHH CBOMX MPOCTBIX
UleH, CyTb IVIaBHBIM 00pa3oM CienyoLire
tpu: 1) CoennHeHHe HECKOJBKUX MPOCTBIX
Uled B OHY CJOXHYIO; TaK 00pa30BajuCh
BCe CJ0XKHbIle upen, 2) CBeleHne BMeCTe
IBYX H[IeH, BCE PaBHO, NPOCTHIX HJIH
CJIOXKHBIX, U COTNOCTaBJEHHE UX APYT C
ApPYroM TaK, 4ToObl 0003peBaThb UX cpasy,
HO He COeIMHSITb B OHY; TaK yM
npuo6peTaer BCe CBOM HJIEH OTHOLLEHHH,
3) O6ocobJieHue Hiell 0T BCeX APYTHX
uzied, CONyTCTBYIOLWIUX UM B peasbHOH
NEeHCTBUTENBHOCTH; 3TO JeHCTBHE
Ha3blBaeTCsl «abCTparupoOBaHHEM», H TIPU
€ro NoMolH 06pa3oBaHbl Bce 00LIMe HAEH B
yMe.
JlxxoH JIOKK.
«OnbiT 0 yesoBeyeckoM pasymes» (1690)
(TTepeBon A.H. CaBuHa)

M cobupaemcst u3yuaTb MOHSITHE BbiuuUcAUmMENbHOCO0 npoyecca (computational process).
BerancauTenbHble MpoLeccsl — 3T0 abCTPaKTHBIE CYIECTBA, KOTOPbIE XKHUBYT B KOMIIbIOTEPAX.
PasBuBasce, npoueccsl MaHUMYJIUPYIOT a0CTPaKLUMSAMHM APYTOro THIA, KOTOpble Ha3blBAIOTCS
danHeimu (data). DBomouusi mporecca HampabJsieTcsi HAGOPOM MPaBUJ, Ha3blBAEMBEIM 7pO-
epammoti (program). B cyImHOCTH, MBI 3aKOJII0BEIBAEM [yXOB KOMIIbIOTEPA C MOMOLIBI CBOKX
qap.

BrluncnuTeIbHBIE NTPOLIECCH W BIIPABAY BIIOJHE COOTBETCTBYIOT MPEACTABJIEHHSM KOJIY-
Ha o ayxax. Mx Henb3s yBuueTb uiu notporaTb. OHU BooOlle cleslaHbl He M3 BellecTBa. B
TO K€ BPEMS OHH COBepllUeHHO peasbHbl. OHH MOT'YT BBIIOJNHATb YMCTBEHHYIO padoTy, MOTYT
oTBeuatb Ha Bompockl. OHU crOCOGHB! BO3AEHCTBOBATh HA BHEIUIHUH MMp, OIlJ1auKBas cueTa B
6aHKe WM YIpaBJasis pyKod po6oTa Ha 3aBoze. IIporpamMmbl, KOTOPBIMHU MBI MOJIB3YEMCS AJIsI
3aKJIMHAHUS TPOLECCOB, MOXOXKH Ha 4apbl KosayHa. OHM TILIATENbHO COCTABJSIOTCS U3 CHM-
BOJIMYECKUX BBIPAXKEHHH Ha CJIOXKHBIX U HEMHOTHM WU3BECTHBIX A3biKAX NPOSPAMMUDOBAHUSN
(programming languages), onuCHIBaIOWIMX 321241, KOTOPble Mbl XOTHM MOPYYHUTb MPOLECCaM.

Ha ucnpaBHO padoTaiolieM KOMIIbIOTEPE BBIUHCAHTENbHBIH MPOLECC BHINOJHSAET NPOorpam-
MBIl TOYHO K Ge3omn6ouHo. TakuM 06pa3oM, MOLOOHO YUEHHMKY udapojesi, MporpaMMHUCTBI-HO-
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BUUKH JIOJKHBl HAYYUTbCS [IOHUMATh U NPelCcKa3blBaTh MOCAEACTBUSA CBOMX 3aK/JWHAHUH. [la-
XKe MeJiKue onbKu (Mx 00bYHO HaseiBaoT O10xamu (bugs) unu earoxamu (glitches)), moryT
NPUBECTH K CJIOXKHBIM W HEMNpenCcKa3yeMbIM TOCJIeICTBHSIM.

K cuacrteio, o6ydeHre MporpaMMHpOBaHHIO He TaK OMNacHo, Kak oOy4deHHe KOJILOBCTBY,
MOCKOJIbKY IYXH, C KOTOPBIMH MBI HMeeM [eJo, HaleXHO CBfidaHbl. B To xe Bpems mnpo-
rpaMMHUpOBaHHE B peajibHOM MHpe TpeOyeT OCTOPOXKHOCTH, NMPO(ecCHOHaNU3Ma U MYAPOCTH.
Hanpumep, Meskast omn6ka B mporpaMMe aBTOMaTH3MPOBAHHOTO MTPOEKTUPOBAHHUS MOXKET TIPHU-
BECTH K KaTacTpode camoJeTa, NPOPLIBY IMJIOTHHBI UM CAMOYHUUYTOXKEHHIO TPOMBILIIEHHOTO
pobora.

CrieuanucTsl MO MPOrpaMMHOMY O0ecleyeHHI0 YMEIOT OpraHH30BbIBaTh IPOrPaMMbl TakK,
4TOOB! OBITH IOTOM 0GOCHOBAHHO YBEPEHHBIMH: MOJYUYHBIIHECS TIPOLECCHl OYAYT BHIIONHATD Te
3ajauu, 11 KOTOPBIX OHM NpenHasHadeHbl. OHH MOTyT U300pa3uTb MOBeJeHHe CHCTEMbl 3apa-
Hee. OHHU 3HAIOT, KaK NMOCTPOUTH MPOrPaMMy Tak, UTOObl HeNpeABUAEHHbIE TPOOIEMbl He TIpHU-
BeJIM K KaTaCTPO(MUUECKHUM MOCEACTBHUAM, a KOTAa 3TH NPoOJeMbl BO3HUKAIOT, IPOrPAMMHUCTHI
yMmerotromaanusams (debug) cBou mporpaMmbl. XOpOIIO CNPOEKTHPOBAHHBIE BBIUMC/IHUTENb-
Hble CHUCTEMbl, MOJOOHO XOPOLIO CIIPOEKTHPOBAHHBIM aBTOMOOUJSAM UJH SIAEPHBIM peakTopam,
MIOCTPOEHBbl MOAYJIbHO, TAK YTO UX YACTH MOTYT CO3[aBaTbCsl, 3aMEHATHCSA U OTJIAXKHUBATLCA 10
OTHENBbHOCTH.

IIporpammupoBanne Ha Jlucne

Jl/isl onMCcaHus NPOLEeCCOB HAaM HYKeH TOIXOASILIUH S3bIK, U C 9TOH LEJbI0 Mbl UCIOJb3YyeM
36K nporpaMMupoBanus Jlucn. ToyHo Tak ke, Kak OOblYHbIE HALUM MBICJIH Yallle BCETO BhI-
paxkaloTcst Ha eCTECTBEHHOM si3blKe (HampuMep, aHTJIMHCKOM, GppaHIy3CKOM HJIH SITOHCKOM), a
OMUCAHUS KOJMYECTBEHHBIX SBJEHHUH BbIPAXKAIOTCS A3bIKOM MaTeMAaTHKH, HALIK NPOLEYpHBIE
MbIcaH OynyT Bblpaxkatbesi Ha Jlucne. Jluen 6bl1 u306peteH B KoHLe 1950-x Kak ¢opmanusm
IJISL pacCyKIeHUH 06 omnpelesieHHOM THIIE JIOTHUECKHX BbIpaXKeHHH, HA3bIBAEMbBIX YpaABHEHUA
pexkypcuu (recursion equations), kak o Mmomenu BbiuncaeHHH. $I3bIK Obl1 mpumyman Jxko-
HOM MakKapTH U OCHOBBIBaeTCs Ha ero ctaThe «PekypcHBHblE (DYHKIIMH Hal CUMBOJbHBIMH
BbIPaXKEHHSIMH W MX BBHIYMCJEHHEe C MoMolLbo MalinHb» (McCarthy 1960).

Hecmotpst Ha To, uto JlMch BO3HUK Kak MaTeMaTH4eCKHH (popMasiu3M, 3TO MPaKTHYeCKUH
A3bIK TporpammupoBanusi. Humepnpemamop (interpreter) Jlucma npencrasisier co6o#i ma-
IIKMHY, KOTOpasi BBIMOJIHSIET MPOLECCH, ONUCaHHble Ha si3bike Jlucn. [lepBuii HHTepmperaTop
Jlucna Hanucan cam MakkapTH ¢ MOMOLLBIO KOJIIer U cTyfeHToB U3 I'pynnel no MckyccTBeH-
Homy UHrennekty HccnenoBarenbckoit a6opatopuu no AnekrpoHuke MIT u Bouucnurens-
Horo weHtpa MIT!. Jlucn, ybe HasBaHHe MPOMCXONUT OT COKpAILEHHs aHMIMACKUX c/oB LISt
Processing (o6pa6oTka cucKoB), OblI CO3[aH C LeJbi0 06eCIeUUTh BO3MOXKHOCTH CHMBOJIbHOH
00pabOoTKH [JIs1 pelleHHs] TAaKUX MPOrPaMMHCTCKUX 3ajay, KakK CHMBOJIbHOE NU(QepeHIHpo-
BaHWe M UHTETPUpOBaHHe ajreOpandyecKux BoipaxkeHHH. C 3TOH LeJbIO OH COINEp:Kas HOBBIE
00beKTbl NaHHBIX, U3BECTHbIE IOl HA3BaHHEM aTOMOB M CIIMCKOB, UTO Pe3KO OTJIMYaJIO €ro oT
IPYTUX $I3bIKOB TOT'O BPEMEHH.

Jlucn He OBl pe3ysbTaTOM CPeXKUCCHPOBaHHOrO npoekrta. OH pasBUBaJCs He(pOpMasbHO,
JKCIIePUMEHTAJIbHEIM MyTEM, C YYETOM 3alpOCOB IMOJb30BaTENEH U NparMaTHuecKUx coobpa-
JKeHUU peanusauud. HedopmasnbHas sposonus Jlucna npoposxkanack HOJTHE TOIBI, U CO00-

1 Pykosodcmeo npoepammucma no Jlucny I mosuioch B 1960 rony, a Pykosodcmeo npoepammucma no Jluc-
ny 1.5 (McCarthy 1965) B 1965 rony. Panuss ucropus Jlucna onucana B McCarthy 1978.
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111eCTBO NoJsb30BaTesel Jlucna TpaguLMOHHO OTBEpPrajo MOMBITKH MPOBO3IVIACHTb KaKoe-1100
«o(hUIMabHOE» ONMCaHUe s3blKa. BMecTe ¢ rHOKOCTBIO M M3SILECTBOM [€PBOHAYAJNBHOIO 3a-
MBIC/Ia TaKasi 3BOJIIOLMSA M03BosK/a JIMcmy, KOTOpbIH cefiuac Mo BO3pacTy BTOPOH M3 LIMPOKO
HCIIOIb3yeMBIX s13BIKOB (cTapiue Tosbko DopTpaH), HEMPEPBIBHO afalTUPOBAThCS U BOUPATh B
ceb6s1 HauboJsiee COBpEMEHHble MAEH O MPOEKTHPOBAHHWHU NporpamMM. TakuM o0pa3oM, CeroaHs
Jlucn npexncraBnsieT co60H ceMblo [MANEKTOB, KOTOpblE, XOTS U pas3fessioT G0JbLIYI0 YacTb
M3HaUa/lbHBIX CBOMCTB, MOT'YT CYIECTBEHHBIM 00pa3oM ApPYyT OT Apyra oTJin4arbes. ToT aua-
JIEKT, KOTOPBIM MBI TOJIb3yeMcsl B 3TOH KHHre, HasbiBaeTcs Scheme (Cxema)?,

M3-3a cBoero skcnepruMeHTa IbHOTO XapakTepa U BHHUMaHUS K CHMBOJIbHOM 06padoTKe mep-
Boe BpeMs Jlucn Obla1 BecbMa Hea((eKTUBEH NPU PElleHHH BBIUHCANUTENbHBIX 32134, 10 Kpai-
Hell Mepe no cpaBHeHHI0 ¢ PoprpaHoM. OpHako 3a MpollenlIre roibl OblJIM pa3padoTaHbl
KoMnuasATopsl JIucna, KOTopele MepeBOAAT MPOrpaMMbl B MAlUMHHBIA KO, CIIOCOOHBIH MPOU3-
BOAMTDb YHCJIEHHbIE BHIYUCJIEHHUSI C Pa3yMHOH 3((PeKTHBHOCTbIO. A [Jisl Crenua n3npoBaHHBIX
npunoxkenuil JIMcn ymaBanoch HCMO/b30BaTh BecbMa 3(dextuHo®. Xora Jluen u He mpe-
OLlOJIe]1 TOKa CBOIO CTapylo pemyTalHio 0e3HalleXKHO Me[JIeHHOrO 5i3blKa, B Halle BPeMs OH
UCIIONIb3YEeTCsl BO MHOTHX INPUJIOXKEHHUSX, THe 3(P(PeKTHBHOCTb He SIBJSETCS IVIaBHOH 3a00TOH.
Hanpumep, Jlucn ctan J106UMBIM S3bIKOM AJ151 000/104€K ONEPaLUOHHBIX CHUCTEM, a TAKXKe B Ka-
YecTBe sI3blKa PaCIIMpeHHs 115 PeIaKTOPOB H CHCTEM aBTOMAaTH3HPOBAHHOIO IPOEKTHPOBAHHS.

Ho xos1b ckopo JIncn He MOX0XK Ha TUIMYHBIE SI3BIKH, TIOUEMY K€ Mbl TOTIa UCIIONb3YEM €ro
KaK OCHOBY MJIsl HALLIEro pasroBopa O MporpaMMHpoBaHuUU? [1oTOMYy UTO 3TOT $I3bIK 0O6JamaeT
YHUKaJBHEIMU CBOHCTBaMH, KOTOpBIE [/1al0T ero 3aMedaTesbHbIM CPEeICTBOM JJIsl M3ydeHHd
Ba’KHEHIINX KOHCTPYKLHWH MPOrpaMMHPOBAaHUS U CTPYKTYP AaHHBIX, a TaKXKe 1151 COOTHECEeHHsI
UX C JIeTa/NsIMU $13bIKa, KOTOpble UX MOANepKHUBalT. CaMoe CylLIecTBEHHOe U3 ITHX CBOHCTB —
TO, YTO JIMCIIOBCKHE OMHUCAHHSI MPOLIECCOB, Ha3biBaeMble npoyedypamu (procedures), camu mo
cebe MOTYT NpeACTaBJATbCS W 00pabaTbiBaThes Kak naHHble Jlncna. BaxkHocTh 3Toro B TOM,
YTO CYLIECTBYIOT MOILHbIE METOABl IPOEKTHPOBaHHUSA NPOrpaMM, KOTOpble OMHMPAIOTCsl Ha BO3-
MOXKHOCTb CIJIAJINTh TPAJHUIMOHHOE pPa3/HueHHe «[TaCCUBHBIX» NAHHBIX U «aKTHBHBIX» TPOLEC-
coB. Kak Mbl 06Hapy:xuM, cnoco6HocTh Jlucna paccMaTpuBaTh NPOLEAYphl B KayecTBe JaHHBIX
JIeJIaeT €ro OfHUM M3 CaMblX YAOOHBIX SI3bIKOB JJISl HCCJIeOBaHHUS 3TUX MeToH0B. CrocOGHOCTh

2Bo/IbIIHHCTBO KPyNHbIX JIkcn-nporpamm 1970, GbLM HanKcaHbl Ha OJHOM M3 ABYX AManekTos: MacLisp (Moon
1978; Pitman 1983), paspaboranusiii B pamkax npoekra MAC B MIT, u InterLisp (Teitelman 1974), paspaGoraH-
Hblil B Komnauuu «Boar, Bepanek u Hbloman» u B MccnenoBaresnbckoM LeHTpe KomnaHuu Xerox B [lamo AusbTo.
JHuanekr Portable Standard Lisp (Ilepenocumbiit Crangaprusiit Jlncrn, Hearn 1969; Griss 1981) 6b11 cripoektrpoBan
TakK, YTOObL ero Jierko OblJIO NePeHOCUTh Ha pa3Hble MamKHbl. MacLisp Nopoau/ HeCKOJIbKO NOAIHAJIEKTOB, HalpUMep
Franz Lisp, paspaGorauubiii B Kanugopuuiickom yuusepcutere B Bepkin, u Zetalisp (Moon 1981), kotopsiii ocHo-
BbIBAJICSl Ha CIELHaJU3UPOBAHHOM IIPOLIECCOpe, CIPOEKTHPOBAaHHOM B sabopaTopun MckyccTBenHoro MHTensekra B
MIT nns nHau6osee 3pheKTHBHOrO BhINONHEHHS nporpaMm Ha Jlucne. [duanext Jlucna, ucrnonp3yeMbli B 9TOH KHHTe,
HasbiBaetcss Scheme (Steele 1975). On 6bln usobperen B 1975 rogy Taem Jlbtoucom Crusom ma. u JlKepasbiom
Jlxxeem CaccmaHoM B JiaGopatopuu MckycerBeHHoro Murtesnekra MIT, a 3aTeM 3aHOBO peasiM30BaH IJIst HCIOJB30-
BaHuUs B yuebHbIX Lessix B MIT. Scheme crana crannaprom [EEE 8 1990 rony (IEEE 1900). duanekt Common Lisp
(Steele 1982; Steele 1990) 6bi1 creunanbHo paspa6oTaH JIMCH-COOOLIECTBOM TakK, UTOOBI COYeTaThb CBOKCTBa Gojee
paHHUX nuanekToB Jlucna u crath npombiiiieHHbIM ctaHgaprtoM Jlncrma. Common Lisp cran crangaprom ANSI B
1994 rony (ANSI 1994).

3OnHUM U3 TaKMX MPUJOKEHUH OB MHOHEPCKHE SKCTIePMMEHT, MMEBIIHiI HayuHOe 3HAaueHWe — HHTEerpHPOBaHHe
nBrxkeHnss COJHEYHOH CHCTEMbl, KOTOpOe MPeBOCXOAMJIO MO TOYHOCTH MpeABIAYIIHe Pe3yJabTaThl MPUMEPHO Ha JBa
NopsifIka ¥ MPOLEMOHCTPHPOBAJIO, YTo AMHAMHKa CoHEUHON CHCTEMbl XaOTHYHA. DTO BbIYHUCIEHHE CTaN0 BO3MOXKHBIM
6/1aroiapst HOBbIM aJTOPUTMaM MHTErPUPOBAHMS, CIIE[[AIH3UPOBAHHOMY KOMITHUJIATOPY H CleLHaJl3HPOBAHHOMY KOM-
MbIOTEPY; NPHYEM BCe OHH ObLIM peann30BaHbl C MOMOLIBIO MPOrpaMMHBIX CPEACTB, HamucaHHbIX Ha Jlucre (Abelson
et al. 1992; Sussman and Wisdom 1992).
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NpeACTaBAATb NPOLENypbl B KayecTBe NAHHBIX fAesaeT JIucM elle W 3aMeyaTesbHBIM S3bIKOM
IJIS1 HaTIUCAHHUS MPOrpPaMM, KOTOPBIE JOJKHBl MaHHUIMYJHPOBATh APYTHMH IIporpaMMaMiy B Ka-
YecTBe NaHHBIX, TAKUX KaK HHTEPIPETATOPbl U KOMIUJISTOPH!, OALEPKHBAIOIIHE KOMIIBIOTED-
Hble SI3BIKK. A OMHMO U MPEBHILIE BCEX 3TUX COOOpaXKeHUH, mucath nporpammel Ha Jlucme —
TPOMaIHO€ yI0BOJIbCTBHE.

1.1. daemMeHTHI MPOrpaMMUPOBAHUS

MormHbIf A3bIK IPOrpaMMHPOBAaHUSI — 3TO HeuTo 6oJbliee. 4YeM NPOCTO CPeACTBO, C IO-
MOILIbIO KOTOPOI'O MOXKHO YyUHTb KOMIIBIOTEp pellaTh 3afauyd. f3blK TakxKe CJAYXKHUT CpPefloH, B
KOTOPOH MBI OPraHH3yeM CBO€ MBbIIIJeHHe O Npoleccax. TakuM 00pa3oM, KOrjaa Mbl OMHUCBIBAEM
SI3bIK, Mbl JIOJKHBI yIeJasTb 0C000e BHUMaHHe TEM CPEACTBAM, KOTOPble B HEM MMEIOTCS AJIS
TOro, 4To0bl KOMOMHHUPOBATb IIPOCTblE MOHATHUSA Y NOJYYaTb U3 HUX CJOXKHBble. BeAKUE sA3BIK
NpOrpaMMUPOBaHHUsl 06/a4aeT TpeMsl peHa3HauYeHHbIMHU [J1s1 3TOr0 MeXaHW3MaMH:

ajieMeHTapHble BbIpaxKeHMsd, MPeACTaB/fA0IINe MUHUMAaNbHble CYIIHOCTH, C KOTOPBIMHU $I3BIK
HMeeT JeJIO0;

cpeacTBa KOMOMHHUPOBAHUS, C TOMOILIbIO KOTOPBIX H3 MPOCTHIX OOBEKTOB COCTABJSIOTCS
CJIOXKHBIE;

cpeacrsa aﬁCTpaKIJ,I/II/I, C NMOMOUIBI0O KOTOPBIX CJIOXKHBbIE 00bEKTHl MOXXHO Ha3blBaThb H o6pa-
IaTbCAd ¢ HUMH KaK C €IHHBIM LIE€JIbIM.

B nporpamMmupoBaHrH MBI UM€EM AE€JIO C ABYMS THUIIAaMH 0ObeKTOB: NPOLEAYPaMH U NaHHBI-
mu. (BriocnenctBuu Ml 06HAPY2KKM, YTO Ha CAMOM [eJie GOJIbIION PA3HHIBI MEXKIY HUMU HET.)
T'oBopst HepopmabHO, JaHHBIE — 3TO «MaTepuaJs», KOTOPEIH Mbl XOTHM 06pabaTeiBaTh, a Mpo-
Leypbl — 3TO ONHCAaHHS MpaBU/ 06pabOTKHM AaHHBIX. TakWM 006pa3oM, OT JII0GOTr0 MOLLHOIO
A3blKa NPOrpaMMHUpOBaHUs TpeOyeTcsl CIOCOOHOCTb OMHUCHIBATH NPOCTble NAHHBIE U 3JIEMEH-
TapHble MPOLEAYPHl, a TaKKe HaJHuHe CPeACTB KOMOMHHPOBAHUS W abCTPaKLMU MPOLEAYP U
JAHHBIX.

B at0ii rnaBe Mbl 6yzieM paboTaTh TONBKO C IPOCTBIMH YHCJEHHBIMHM JAaHHBIMH, TaK UYTO MBI
CMO2KeM CKOHLIeHTPMPOBATh BHMMaHHe Ha MpaBuJax noctpoenus npouenyp?. B nocsenytoumx
rJ1aBax Mbl yBMAHMM, 4TO Te »Ke caMble NPaBUJ/a NO3BOJSIOT HAM CTPOUTb NPOLEAYPBl AJs
padoThbl CO CJOXKHBIMU JaHHBIMH.

4HasbiBaTh uMC/Ia «IPOCTEIMU JaHHEIMH» — 3T0 GeccThIIHBIH Ged. Ha camom neste pa6ota ¢ unciaMu sBAseTcs
OIHOH W3 CaMblX CJOXKHBIX M 3aMyTaHHBIX CTOPOH JIIOOOrO sI3blKa MPOrpaMMHpPOBaHUsl. BOT HeKOTOpble W3 BO3HUKAIO-
LUX TPH 3TOM BOMPOCOB: HekoTopble KOMIIbIOTEPBI OTIHYAIOT yeavie uucia (integers), Bpome 2, OT gewjecmseerHoLx
(real numbers), Bpome 2.71. Ornuuaercs n BewectBeHHoe yucao 2.00 ot uesoro 2? HcnosbayoTes ik OfHUA U Te
Ke apupMeTHUeCKHe OMepalld IJIsi LeJbIX M JJIsl BelleCTBeHHbIX uncesn? UTo nosyuutesi, ecad 6 nogeauTb Ha 2:
3 nan 3.0° Hackosbko Gosiblide 4ucia MBI MOXKeM TNpeAcTaBHTh? CKOJBKO HECSITUYHBIX LHU(pP Mocie 3amsiTod MBI
MoxKeM xpaHuTb? COBMajaeTr /M AManasoH LeJblX YHCeJ C AHANa30HOM BelleCTBEHHbIX? K MOMHMO 3THX BOMPOCOB,
pasyMeeTcs, CYLIeCTBYeT MHOXKECTBO MpPOG/eM, CB3aHHBIX C OLIKOKAMH OKPYIJIEHHs — LieJas HayKa YHCJEHHOro
aHanu3a. [10CKO/IbKY B 3TOH KHHIe Mbl TOBOPUM O MPOEKTHPOBAHHK GOMBLIKX MPOrPAMM, @ He O YHC/IEHHBIX METOIaX,
BCe 3TH MPOOJEMbl Mbl OyfeM HTHOPHPOBaTb. Uuc/eHHble NPUMepbl B 9TOH IjiaBe GYAyT AE€MOHCTPHPOBATb TaKoe IMO-
BeleHHe TPH OKPYIVIEHHH, KaKoe MOXKHO HalJIofaTh, €CJH HCIO0/Ib30BaTh apU(MeTHUECKHe OlepaltH, COXpaHsSIOLIHe
npH paGoTe ¢ BelECTBEHHBIMH YHCIAMH OTPAaHHUEHHOE YHCJIO IECSTHUHBIX LHU(p MOoc/e 3amsToi.
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1.1.1. Beipaxenus

Camblit mpocToit cnoco6 HayaTh 00ydYeHHe MPOrPaMMHUPOBAHHUI0 — PACCMOTPETh HECKOJIBKO
THIIHYHBIX TPUMEPOB paboThl ¢ HHTepIpeTaTopoM nuanekta Jlucna Scheme. Ilpencrasbre, 4ToO
Bl cuagute 3a TepMHHaJOM KOMMbloTepa. Bel meuataere swvipaxcenue (expression), a HHTep-
MpeTaTop OTBEeUaeT, BbIBOIS Pe3yabTat gviuucierus (evaluation) aToro BblpaxKeHHs.

OnuH U3 TUMOB 3JiIeMEHTApHBIX BbIpaXKeHUH, KOTOpbie Bbl MOXeTe BBOAUTb — 3TO YHCJA.
(ToBopst TouHee, BhipaxKeHHe, KOTOpoe Bbl meuataeTe, COCTOUT M3 LHUGP, MPeNCTABASIONINX
yucso 1o ocHoBanuio 10.) Ecau Bel nagute Jlucny yuciio

486

UHTEePIpeTaTop OTBETUT BaM, HaneanaB5

486

BrlpaxkeHus:, npencTaB/gollde YUCIa, MOTYT COUETATbCsl C BbIpaXKeHHeM, NpeaCcTaBJIslo-
LIMM 3JEMEHTapHYIO MpoLeAypy (CKaxKeM, + HJH *), TaK YTO MOJyUaeTcsi COCTABHOE BhbIpazke-
HHe, NpecTaB/siiolee coboil MpUMeHeHHe NPoLeaypsl K 3TUM uncaaM. Hanprmep:

(+ 137 349)
486

(- 1000 334)
666

(* 5 99)
495

(/ 10 5)
2

(+ 2.7 10)
12.7

BrlpaxkeHuss Takoro poxa, obpasyeMmble MyTeM 3aKJ/IOYeHHUs CIIMCKA BbpaXKeHHUH B CKOO-
KA C LeJblo 0003HAUUTb NMpHMeHeHHe (PYHKLUUH K apryMeHTaM, HasblBalOTCS KOMOUHQUUS-
mu (combinations). CaMblil JIeBBIE 3JIEMEHT B CIIMCKE HasbiBaeTcsionepamopom (operator), a
OCTaJIbHble 3J1eMeHTH — onepardamu (operands). 3HayeHHe KOMOWHALMH BBIUHCIHSETCS My-
TeM NpUMeHeHHUs IPOLENYPHl, 3a1aBaeMOl orepaTopoM, Kapeymermam (arguments), KoTopsle
SIBJISIIOTCS 3HAUEHHUSMH OIlepaH[IoB.

CorsiaueHue, Mo KOTOPOMY OIEpaTOpP CTABUTCSl CJieBa OT ONEPaHAOB, M3BECTHO KakK rpe-
purcraa nomayus (prefix notation), u moHauany oHO MOXKeT COUBATb C TOJIKY, MOCKOJBKY
CYLIEeCTBEHHO OTJIMYAETCsl OT OOIIENPUHATON MaTeMaTHUeCKOH 3anucu. OnHako y npepukcHOH
HOTALMHU eCTh HECKOJIbKO NpeuMylecTB. OfHO U3 HUX COCTOUT B TOM, UTO Npe(pUKCHAS 3alUCh
MOKET PaCHpPOCTPaHATHCH Ha MPOLEAYphbl ¢ NPOM3BOJbHBIM KOJMYECTBOM apryMeHTOB, KaK B
CJIENYIOLIUX NPUMepax:

53nech U manee, Kora HaM HYXHO GyleT TMOXYEPKHYTb PASHUILY MEKIY BBOLOM, KOTOPBIH HaGHpaeT Ha TepMHu-
HaJle 10JIb30BaTeNb, M BBIBOJOM, KOTOPBIH MPOU3BOAMT KOMMbIOTEP, Mbl GyaeM H300pakaTh MOC/eHHH HaK/JIOHHBIM
IpUGTOM.
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(+ 21 35 12 7)
75

(* 25 4 12)
1200

He Bo3HUMKaeT HMKAKOH HEONHO3HAUHOCTH, MOCKOJbKY OMEPATOP BCErna HAXOAMTCSH CJEBa, a
BCSl KOMOMHALMS OrpaHUyeHa CKOOKaMH.

Bropoe npeumyiectBo npeUKCHOH HOTALUKU COCTOUT B TOM, YTO OHA €CTECTBEHHBHIM 00-
pasoM paclumpsieTcsi, 03BoJsIsT KOMOUHALMAM 8KAadbi8amoscs (nest) npyr B npyra, To ecThb
JONyCcKaeT KOMOMHALWH, 3JIeMEHThl KOTOPBIX CaMHU SIBJISIOTCS KOMOMHALUAMU:

(+ (* 3 5) (- 10 6))
19

He cymectByer (B IpHHLHKIIE) HUKAKOTO Mpefesa AJsi IyOHHBl TAKOTO BIOXKEHHsI U oO1ei
CJIOXKHOCTH BbIPaXKE€HUH, KOTOpPble MOXKeT BBIYMC/IATb MHTeprnperarop Jlucna. 1o Mbl, JIOLH,
MmyTaeMcsi Jaxe B JOBOJIbHO MPOCTHIX BhIPAXKEHHUSIX, HATPUMep

(+ (* 3 (+ (* 2 4) (+35))) (+ (=10 7) 6))

a HHTEPIIPETaTOp C TOTOBHOCTBIO BEIUMCIISIET €T0 U JaeT OTBeT 57. MBI MoxKeM 00JIeruuTh cebe
3ajady, 3anuchiBasi TakHe BblpaXKeHHs B (hopme

(+ (* 3
(+ (* 2 4)
(+ 3 5)))
(+ (- 10 7)

6))

Otu mpaBusaa HOpPMAaTUPOBAHHUS HA3BIBAIOTCS Kpacusas neuams (pretty printing). Corsacuo
UM, BCsiKasi AJIMHHAs KOMOWHALMsl 3alHCHIBAETCSl TaK, UTOObl ee OrepaHibl BbIPABHUBAJHUCD
BepTHKA/bHO. [10/Tyuaiomuecs oTCTybl ACHO MOKA3biBAIOT CTPYKTYPY BhiparKkeHHs.,

Jlaxe paboTasi CO CJI0OKHBIMU BbIPa’KEHUSIMH, HHTEPIIPETATOP BCErAa BeleT cebsi ONHHAKO-
BBIM 00pa3oOM: OH CUMTHIBAaeT BbIpa’KEHHE C TEPMHHAJA, BBIUUC/ISET €ro U reyaTaeT pe3ysbTarT.
ITOT crnocob paGoTH MHOTA HA3bIBAIOT UUKAOM UmeHue-8viuucierue-newams (read-eval-print
loop). O6patute ocob6oe BHUMaHKE HA TO, UYTO He HY2KHO CIIELIHAJIbHO NIPOCHTb HHTEPIIPETATOP

Hane4dyaTtaTb 3Ha4YeHHe Bpra)KEHI/IH7 .

1.1.2. UmeHa u okpyxkeHUe

OnHa U3 BaKHEHIIHX XapaKTEPUCTHK sI3blKa NPOrPaMMHPOBAHHsS — KaKWe B HEM Cylle-
CTBYIOT CpelCTBa HCIOJNb30BaHHUSA MMeH [J1s1 yKa3aHHUs Ha BbIYMC/IMTEJbHblE 00beKTbl. Mbl

6Kak npasuso, JInC-cHcTeMBl COMepXKaT CPeCTBa, KOTOphe TMOMOTaloT M0/b30BaTeNsM (hOPMaTHPOBATh BbIparKe-
HUsA. Oco6eHHO yI0OHBI B BO3MOKHOCTH: CIBHUraTh Kypcop Ha IPaBUJIbHYIO MO3UIHMIO A/ KPACHBOH MedaTH KaxKIbli
pas, Korna HauMHaeTCst HOBast CTPOKa M MOACBEYHBATb HYXKHYIO JIEBYI0 CKOOKY Kax</bli pa3, KOraa rnedaTtaetcs rnpasasi.

TJlvcn ciefyeT CONMAIIEHHIO, YTO Yy BCAKOTO BBIPAXKEHHs €CTh 3HaueHHe. DTO cONVIallleHWe, BMecTe CO CTapoi
penyTauue Jlncna kak Hea((eKTHBHOrO s3bIKa, MOCTYKHJIO0 UCTOUHHKOM OCTPOYMHOro 3aMeuaHusi Anana [lepauca
(mapac¢paser u3 Ockapa Ya#abaa), uto «[Iporpammuctsl Ha Jlkcre 3HaIOT 3HaueHHe BCEro Ha CBeTe, HO HHUUYEMY He
3HAIOT LIEHY».
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rOBOpPHUM, UTO HUMs 0603HauyaeT nepemernyro (variable), ubum 3nauenuem (value) siBasiercs
00DBEKT.

B nuanexre Jlucna Scheme Mbl naem Beliam umeHa ¢ nomolibio cioBa define. [penJo-
JKeHHe

(define size 2)

3aCTaBJseT HHTEPNPeTaTop CBA3aTh 3HadeHue 2 ¢ umMeHeM size®. IMocse Toro, Kak uma size
CBSI3aHO CO 3HaYeHHeM 2, Mbl MOXKEM yKa3blBaTb Ha 3HaueHHe 2 ¢ MOMOLLbI0 HMEHH:

size
2

(* 5 size)
10

Bor eute npumMepsl ucnosb3oBanusi define:
(define pi 3.14159)
(define radius 10)

(* pi (* radius radius))
314.159

(define circumference (* 2 pi radius))

circumference
62.8318

CsoBo define cayXHUT B HalleM sI3blKe MPOCTEHIIMM CPeACTBOM abCTPAKLHUH, MOCKOJb-
Ky OHO IT03BOJISIET HAM HCI0J/b30BaTh NPOCThIE UMeHA AJis 0603HAUeHHs Pe3Y/IbTAaTOB CJOXKHBIX
onepauui, Kak, HallpuMep, BIUUC/IEHHAs TOJIbKO UTO JJMHA OKPYKHOCTH — circumference.
Boo6u1e roBopsi, BHIYUCAUTE/bHBIE 0OBEKTE MOI'YT ObITh BECbMa CJIOXKHBIMH CTPYKTYPaMH, H
6b1s10 OBl OUEHb Hey00HO, ecyy Obl HaM MPUXOAUIOCH BCIOMUHATL U MOBTOPATb BCE UX JeTaslu
KaXKIbl}l pa3, Korza HaM 3ax0o4yeTcsl UX MCIOJb30BaThb. Ha camom mese cj10:KHBIE MPOrpamMMbl
KOHCTPYHUPYIOTCS METOJIOM TTIOCTPOEHHS LIar 3a [IaroM BeIUHC/JIUTENbHBIX 0OBEKTOB BO3pacTalo-
el caoxKHOCTH. MHTepnperaTop fe/aeT Takoe MOLIAroBoe MOCTPOeHHe MPOrpaMMbl 0COOEHHO
yIOOHBIM, TIOCKOJIBKY CBSI3H MeXKJy HMeHaMU U 00beKTaMH MOTYT CO3[aBaThbCsl N0CAeA0BATEb-
HO 10 Mepe B3aUMOAEHCTBHUS NPOrPaMMHUCTA C KOMIbIOTEPOM. DTO CBOHCTBO UHTEPIPETATOPOB
o6JieryaeT MoliaroBoe HanMcaHWe U TeCTUPOBAHKE MPOrpPaMM, U BO MHOrOM 6/1arofnapsi UMeHHO
eMy ToJlyuaeTcsl Tak, 4TO TMporpammbl Ha Jlucre oObIYHO COCTOAT M3 GOJBLIOTO KOJHYEeCTBa
OTHOCHTEJIBbHO MPOCTBIX MPOLELYP.

fcHo, 4TO pa3 MHTepIpeTaToOp CNOCOOEH acCOLMMUPOBATb 3HAYEHUS C CUMBOJAMM U 3a-
TeM BCIOMHMHATh HX, TO OH JOJ2KEH HMeTb HEKOTOPOTO pOfa MaMsTh, COXPAHSIOILYIO Mapbl
UMs-00beKT. DTa MaMsATh HasblBaeTcsl okpyscenuem (environment) (a TouHee, enobasbHbIM

8 Mbl He meuaTaeM B 3TOil KHHTe OTBETH MHTEpIPETATOPA TPH BHIYHCJEHHH OTIPeNeJIeHHil, TOCKOMbKY OHU 3aBHCAT
OT KOHKDETHOH peanusalliM si3blKa.
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oxkpyaceruem (global environment), MOCKOIbKY MO3XKe Mbl YBHAHM, UTO BbIYHCJEHHE MOXKET
¥MeTb JIeI0 C HeCKOJbKHUMH OKpy>KeHusiMHu)®.

1.1.3. Boiuuncienue koMmoOnHanumi

OnHa 13 HalUX LieJed B 3TOH IaBe — BBIAEJIMTH 3JEMEHTHl MPOLEAYPHOTO MBIILJIEHHS.
Paccyxpnass B 3TOM pycJie, pUMeM BO BHUMAaHHE, UTO MHTEPIIPETATOP, BHIYHMCJSS 3HAUEHHE
KOMOMHALMH, TOXKE CJleLyeT NPOoLeaype:

e UT0Obl BEIUHUCAUTD KOMOMHALIHIO, TpebyeTcs:

— BoluncauTh Bce moaBBIpaXKeHNUST KOMOWHAIHH.

— [lpuMeHHTH MpOLIEMYPY, KOTOPAst SIBJASIETCS 3HAYEHHEM CaMOTO JIEBOTO IMOJBBIpaKe-
Hus (omeparopa) K apryMeHTaM — 3HaYeHHsIM OCTaJIbHBIX MOIABbIPaXKeHHE (omepaH-
JIOB).

Jlaxke B 3TOM IPOCTOM MpaBUJie BHUAHBI HECKOJBKO BaXKHBIX CBOHCTB IPOLECCOB B LEJOM.
[Ipexxme Bcero, 3aMeTHM, YTO Ha MEPBOM Liare AJs TOTO, YTOObl MPOBECTH MPOLECC BBIUKC-
JIeHUs1 Uil KOMOMHALUY, HYKHO CHauyaJjia NpojesaTh MPOLUECC BBIUMUCAEHUS AJsl KaXKIOTO 3Je-
MeHTa KOMOWHALMK. TakuM 00pa3oM, IPABUJIO BHIYHUCIEHHUS peKypcusho (recursive) mo cBoen
NPUPOJE; 3TO O3HAUAET, UTO B KAUECTBe OLHOIO M3 CBOMX LIATOB OHO BKJIOUAET NMPUMEHEHHe
TOro e camoro npasua'’.

3ameTbTe, KaKyl KpPaTKOCTb NOHATHE PEeKypCHHM NPHUIAeT ONHUCAHMIO TOrO, YTO B Cjyyae
KOMOWHALMHK C TJYOOKHUM BJIOXKEHHEM BBITVISEN0 Obl KaK AOCTATOYHO CJOXKHBIN mpouecc. Ha-

npuMep, 4ToObl BEIUUCIUTD

(* (+ 2 (* 46))
(+ 357))

TpebyeTcsl IPUMEHHUTh NPaBUJIO BbHIYMCIEHHS K YeThlpeM passndHbIM KOMOWHauusiM. KapTuny
3TOTO Mpolecca MOXKHO MOJYYHUThb, HAPHCOBAB KOMOMHALMIO B BHJE JepeBa, KaK MOKa3aHO Ha
puc. 1.1. Kaxknas xom6GuHauus npencras/iseTcs B BUAEBEPLIMHBI, a ee ONepaTop W OlepaH-
OBl — B BUIE BeTBel, UCXONSILIMX W3 3TOH BeplIMHBL. KOHIEBble BepLIMHBE! (TO €CTb Te, U3
KOTOPBIX He WCXONHUT HH OIHOH BETBH) MPEACTABJSIIOT OMEpPaTophbl MK uucia. PaccmarprBas
BBIYMCJEHNE KaK JIePeBO, Mbl MOXKEM MpeACTaBUThb cebe, YTO 3HAYEHHs ONEPAHIOB PacIpo-
CTPaHSIOTCS OT KOHLEBBIX BEPLIMH BBEPX M 3aTeM KOMOMHHPYIOTCS Ha Bce 0oJjiee BBICOKHX
ypoBHAX. BrocsieacTBUM Mbl yBUIUM, UTO PEKypCHsi — 3TO BooOlle OYeHb MOLIHBIE MeTOn
00pabOoTKH HepapXHueCKHX, APeBOBUAHBIX 00bekToB. Ha camom mesne dopma mpaBuia BbI-
YUCJIEHHUS «PaClpPOCTPAHUTh 3HAUEHHS] HABEPX» SIBJISETCS NMPUMEPOM OOLIEro THMa MpoLeccos,
M3BECTHOrO Kak Hakonierue no Oepesy (tree accumulation).

9 B rnaBe 3 Mbl YBUIMM, UTO MOHATHE OKPYXKEHWS HEOGXOAMMO KaK A/ MOHHMaHHS PabOThl HHTEPNPEeTaTopoB,
TaK M [JISl UX peajH3alHH.

10 Moxer mokasaThCsi CTPaHHBIM, YTO TIPABHJIO BEIUMCJIEHHS MPEATHCHIBAET HAM B KauecTBe YacTH MepBOTO IIara
BBIUMCJHUTb CaMblH JIeBbIH 3JleMeHT KOMOWHALMHM, — Beib A0 CHUX IOP 3TO MOI ObITb TOJBKO OIepaTop Bpode +
HJIM *, TIPEACTaBSIOIMHA BCTPOEHHYIO TpOLEAYpPY, HanpuMep, cJ0kKeHHe WM yMHOXKeHHe. [To3ke MBI YBHIMM, 4TO
M0JIe3HO MMeTb BO3MOXKHOCTb PaboTaTh M C KOMOMHALMSIMH, YbH ONEpaTOpel CaMH Mo cebe SBJSIOTCS COCTaBHBIMH
BbIPaXKEHUSIMHU.
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390

4

Puc. 1.1. Boluucnenue, npencraBjieHHOe B BHJE IePeEBa.

,[Ia.nee, 3aMe€THM, YTO MHOIOKpaTHO€ IMPUMEHEHHWE MePBOro uara nNpuBOAWUT HaC K TaKou
TOYKE, rae HaM HY>KHO BBIYHUCJATL YK€ He KOM6I/IHaL[I/II/I, a 3JIEMEHTapHblie BbIpa>K€HHA, a
HMEHHO YHCJIOBble KOHCTAHTBI, BCTPOEHHLIE OTlIepaTOPbl UK APyTrHe UMeHa. C stumu caydassMu
MbI CIIpaBJisieMCs, MOJIOXKHUB, YTO:

® 3HAYeHHEeM YHCJ/IOBbIX KOHCTAHT ABJAAITCA T€ YKUCJA, KOTOPble OHH Ha3bIBAIOT;

® 3Ha4YeHHeM BCTPOEHHBIX OIlepaTOpPOB ABJAITCA I10CAE€A0BATEJIbHOCTH MAIMHHBIX KO-
MaH[, KOTOPbI€ BBLIMOJIHAIT COOTBETCTBYIOLLKE OIEepaluuu; U

® 3HaueHHWeM OCTaJbHBIX MMEH ABJSITCA Te 00BEKTHl, C KOTOPBIMHU 3TH MMeHa CBS3aHH B
OKPY?KEHHH.

Mbl MoxkeM paccMaTpuBaTb BTOpPOe MPABUJO KaK YaCTHBIH Clydyall TPeThero, MOCTaHOBHB,
YTO CHUMBOJIBl BPOE + U * TOXKe BKJIOUEHHl B IVI00a/bHOE OKpyXKeHHe U CBsI3aHbl C MOCJIe0-
BaTe/JbHOCTAMM MAalUMHHBIX KOMaHJ, KOTOpPBIE U €CTb HUX «3HauyeHHs». [J1aBHOe 31ech — 3TO
POJIb OKPY?KEHHS TIPH ONpe/ie/leHHH 3HaueHHsl CHMBOJIOB B BblpaXkKeHHsX. B TakoM nua/norosom
s3blKe, Kak JIucr, He MMeeT CMbIC/a FOBOPUTh O 3HAaYEHWH BbIpaXKeHHs, CKaxkeM, (+ x 1),
He yKas3blBas HUKAaKOH MH(pOpMaUUH 00 OKPYKEHHH, KOTOpOe AaJjo Obl 3HauyeHHe CHMBOJY X
(1 maxe cumBosy +). Kak MBI yBUIMM B ri1aBe 3, o0liee MOHSITHE OKPYKeHHs, PEIOCTABIIs-
IOLEro KOHTEKCT, B KOTOPOM MPOHUCXOAUT BBIYMCJEeHHe, OyIeT UrpaTb BaXKHYH poJib B HalleM
[IOHUMAHUHU TOrO, KaK BBIMOJNHATCS IPOrPAMMBI.

3aMeTHM, YTO PACCMOTPEHHOE HAMH TPABUJIO BBIUKCJEHHS He 00pabaTbiBaeT ONpeeeHHH.
Hanpuwmep, Beiuncienne (define x 3) He o3HadaeT npuMeHeHHe define K ABYM aprymeH-
TaM, OJMH M3 KOTOPHIX 3HayeHHe CHMBOJA X, a APYrod paBeH 3, MOCKoAbKy cMbic define
KaK pa3 U COCTOMT B TOM, 4TOObl CBf3aTh X co 3HaueHWeM. (Taxum obpasom, (define
X 3) — He KOMOHHAIHs.)
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Takue HCKJ/IOUEHUS W3 BBILIEONHCAHHOIO INPaBHJ/A BbIYUCJEHHUS HA3bBIBAIOTCH 0COObIMU
popmanu (special forms). Define — moka 4TO eIUHCTBEHHBIH BCTPETUBILUHICSA HAM TpHUMep
0c060i (OpMBl, HO OYeHb CKOPO MBI NMO3HAKOMHUMCS M C APYTHMH. ¥ KaxKHoH 0coboi ¢op-
MBI CBO€ COOCTBEHHOE TPaBUJIO BbIYMC/EHHs. Pa3Hble BHABI BBIpaXKEHHH (BMecTe CO CBOMMH
NPaBUJIAMH BBIUHCJIEHHSI) COCTABJISIOT CHHTAKCHC $13blKa MpOrpaMMupoBaHus. [1o cpaBHEHHUIO
¢ GOJIBLIMHCTBOM $3bIKOB NMPOrpaMMHUpOBaHus, y JIMcrna oyeHb NMPOCTOH CHHTAKCHC; a HMeH-
HO, MPaBUJIO BBIYMCJIEHHS MJIsl BbIpaXKeHHH MOXeT ObITb ONHCAHO KaK O4eHb MpocToe 0Olee
MPaBUJIO MJIOC CHelHalbHble TPaBuaa /s HeGOMbIIOro Yncaa ocodbx dopm!!.

1.1.4. CocraBHble mpoLenypbI

Mul Hauu B Jlucne HEKOTOpbI€ U3 Te€X 3JIEMEHTOB, KOTOPbI€ AOJ2KHBI MPHUCYTCTBOBATH B
J1060M MOIIIHOM si3bIKe porpaMMHpPOBaHUA:

e Uncna u apudmeTuyeckre onepauyd IMPeACTaBASIOT coOOH 3jeMeHTapHble NaHHblE U
NPOLEaYPHI.

e BioxeHne KOMOWHALMH 1aeT BO3MOXKHOCTb KOMOWHHUPOBATh OMEPALIUH.

L] OHpeI[eJIeHI/IH, KOTOpbI€ CBA3BIBAIOT WM€Ha CO 3HAaYC€HUAMH, NAIOT OrpaHHYeHHbIEe BO3-
MO>XKHOCTH a6CTpaKLLI/II/I.

Tenepsr mMbl y3Haem 06 onpedesenusx npoyedyp (procedure definitions) — 3HauuTesbHO
6oJsiee MOILHOM MeTOle abCTPaKLHH, ¢ MOMOLIbI0 KOTOPOIO COCTABHOH OMepalrd MOXHO NaTb
UMS U 3aTeM CChLIAaThCsl HAa Hee Kak Ha eIHHOE LIeJIoe.

Jlast Hauasa pacCMOTPUM, Kak BbIPa3uThb MOHSITHE «BO3BeleHHs B KBaupaT». MoXHO cka-
3aTh TaK: «UTOObl BO3BECTH YTO-HHOYIb B KBaipaT, HYKHO YMHOXKHUTb €ro caMo Ha ceOsi».
Bot Kak 3T0 BBIpaXkaeTcsl B HallIeM SI3bIKE:

(define (square x) (* x x))

ITO MOXKHO MOHUMATh TaK:

(define (square x) * X X))

T T T T T

UTo6bI BO3BeCTH B KBaApaT UYTO-J. YMHOXb 3TO CaMO Ha cebs

3mecb Mbl MMeeM cocmagHyio npouedypy (compound procedure), KOTOpPOH Mbl Aaud HMS
square. JTa Npoliefypa NPeACTaBIAsSET ONepaLHI0 YMHOXKEHHS 4yero-aub6o camo Ha cebs. Ta
Belllb, KOTOPYIO HY>KHO TOABEPTHYTb YMHOXKEHHIO, N0Jy4aeT 3[eCb UM X, KOTOPOe UTpaeT Ty

11 Ocobrle cunTakcHueckne GopMbl, KOTOPhIE MPEACTABASIOT COOOH MPOCTO YIOOHOE a/lbTepHATHBHOE MOBEPXHOCTHOE
TNpe/iCTaBJeHHe [/ TOTO, UTO MOXKHO BbIPa3HTb Gojlee YHHU(PULHUPOBAHHBIM CIIOCOOOM, HHOIJA HA3blBAIT CUKHMAKCU-
yeckum caxapom (syntactic sugar), ucroan3ysi BbipaxkeHue Ilurtepa Jlanauua. ITo cpaBHEHHIO C M0J1b30BaTEJISIMHU
IPYTHX sI3bIKOB, MPOrpaMMHCTOB Ha JIucre, Kak MpaBUJO, Majo BOJHYeT CHHTaKcHueckuil caxap. ([las KoHTpacTa
BO3bMHTE PYKOBOACTBO Mo [lacka/io M MOCMOTPHTE, CKOJBKO MecTa TaM YAessieTcsl ONHCaHHI0 CHHTakchca). Takoe
npe3peHre K CHHTAKCHCY OTYaCTH MPOMCXOAUT OT rHOKocTH Jlucna, MO3BOJISIOLIETO JIETKO H3MEHSTb MOBEPXHOCTHBIN
CHHTAKCHC, a OTYaCTH U3 HaOJIOJEHHS, UTO MHOTHE «yf0OHBIe» CUHTAKCHUeCKHe KOHCTPYKIHH, KOTOPbIe Je/alT A3bIK
MeHee M0C/e/l0BaTeIbHbIM, NPHHOCAT B KOHLE KOHLOB OoJiblle Bpefia, 4eM T0J1b3bl, KOrAa MpOrpaMMbl CTAHOBSITCS
GosbIIMMK U ca0xkKHBIMA. [To cioBam Anana [lepsnca, «CHHTaKCHUeCKHE caxap BbI3bIBA€T paK TOUKH C 3aNsTON».
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’Ke pOoJib, UTO B €CTECTBEHHBIX f3blKax UI'paeT MeCcTOMMeHHe. BbluncieHue 3TOro onpeseseHus
CO3/1aeT COCTABHYIO MPOLEAYPY M CBA3LIBAET ee ¢ UMeHeM square!?,

O6was dopmMa onpeneseHUs NPOLEAYPHl TAKOBA:
(define ({(ums) (PopmanbHre-napaMempsl)) (mesio))

(Mms) — 3TO TOT CHUMBOJI, C KOTOPBIM HY2KHO CBSI3aTh B OKPY2KEHHHU OTpee/eHNe POLEaY-
pei'®. (Popmarvrbie-napamempsl) — 3T0 UMeHa, KOTOPhIE B TeJle TPOLELYPH HCIOMb3YIOTCS
IJIs1 OTCBIIKKM K COOTBETCTBYIOLIHM apryMeHTam mpoueaypsl. (Te40) — 310 BbIpaXkeHHe, KOTO-
poe BBIYMC/IMT Pe3yabTaT NPUMEHEHHs MpoLeLypbl, Korna GpopMasbHble NapaMeTpsl OyAyT 3a-
MeHeHbl apryMeHTaMH, K KOTOPbIM Mpolenypa 6yaeT npumenatbea'd. (Husa) v (@opmarvroLe-
napamempot) 3aKJIHOYEHbl B CKOOKH, KaK 3TO OblI0 Obl IPU BbI30BE OMPEAeIseMOl MPOLEAYPHL.

Teneps, Korna npouenypa square onpeaesneHa, Mbl MOJKEM €€ HCIOJIb30BaTh!

(square 21)
441

(square (+ 2 5))
49

(square (square 3))
81

Kpome TOro, Mbl MOXeM MCIO/Ib30BaTh Square MpH onpeleseHdH APyrux npoienyp. Ha-
npumep, 2 + 42 MOXHO 3anmucaTh Kak

(+ (square x) (square y)))

Jlerko MoxKHO ompefe/UTh MpoLeAypy sum-of-squares, Koropas, Hojaydas B KauyecTBe
apryMeHTOB [1Ba 4YHCJa, JAeT B pe3ysbTaTe CYMMY HX KBaapaToB:

(define (sum-of-squares x y)
(+ (square x) (square y)))

(sum-of-squares 3 4)
25

Tenepp U sum-of-squares Mbl MOXEM HCIIOJNb30BaTh KaK CTPOMTEJbHBIH GJIOK MPH AaJb-
HelillIeM ompefeNeHUH MPOLEeLyp:

123aMeThTe, UTO 37€CH TIPUCYTCTBYIOT JBE PAsJMuHBIe OMEPAlMH: MBI CO3TAaeM MPOLENYPY, H Mbl HaeM eH HMs
square. BoaMoXHO, U Ha caMoM [iejle aKe Ba)KHO, Pas3fe/UTh 3TH [Ba MOHSATHS: CO3[aBaTh NMPOLEAYPbI, HUKAK HX
He Ha3blBas, U aBaTb MMeHa MpoLeLypaM, y»Ke CO3laHHBIM 3apaHee. Mbl yBUIHM, KaK 3T0 JesaeTcsi, B pasgene 1.3.2.

13Ha Bcem NpoTAXKEHHH 3TOl KHHTH MBI GyIeM OMHMCHIBATh 060GIIEHHEIECUHTAKCHC BEIDAsKEHHH, HCTIONB3Ys KypPCHB
B YIVIOBBIX CKOOKax — Hamp. (ums), 4ToObl 0603HAYHTb «IbIPKH» B BbIPaXKEHHH, KOTOPble HYXKHO 3aMOJHHTb, KOria
3TO BbIPaxKeHHe HCIOJb3yeTcs B A3BIKE.

14B Gonee oblem ciydae TeJo MPOIEAyPEl MOKET GBITh TOC/EN0BATENBHOCTBIO BLIPAXKeH . B 3ToM cirydae uHTEp-
NPeTaTop BHIYMC/ISAET MO O4Yepedy BCe BBIPAKEHHS B 3TOH IMOC/eL0BATEJNbHOCTH M BO3BpallaeT B KauecTBe 3HAYEHHS
NIPUMeHeHUs! IPOLEAYPhl 3HAYeHHe TOCTEHErO BbIPaXKEHHS.
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(define (f a)
(sum-of-squares (+ a 1) (* a 2)))

(£ 5)
136

CocraBHble NpOLELYPbl MCHOJb3YIOTCS TOYHO TaK e, Kak 3jeMeHTapHble. B camom neie,
TJISIAS Ha TIPUBEAEHHOE BHILIE ONpefie/leHHe sum-of-squares, HeBO3MOXKHO BBISICHUTB, Obla
JIU square BCTPOEHA B MHTEPIPETATop, MOLOOHO + U *, WJIM ee ONpele/Uan KaK COCTaBHYIO

npouenypy.

1.1.5. IloncraHoBOYHasi MOJEJNb IPUMEHEHHS MPOLEAYPbI

Bbluncasis xoMOUHALMIO, ONlepaTop KOTOPOHM Ha3blBAaeT COCTABHYIO MPOLENYpY, HHTepIpe-
TaTOp OCYILIECTBJ/sIeT, BOOOIEe roBOps,, TOT Ke MPOLeCC, YTO M [/ KOMOMHALMMH, OlepaTopsl
KOTOpPBIX HA3bIBAIOT 3JIEMEHTAPHBIE MPOLELYPbl — MpolLece, ONMUCaHHbIA B pasmesne 1.1.3. A
HUMEHHO, HHTEPIIPETATOP BHIYUC/ISET 3J€MEHTH KOMOWHALMK U NMPUMEHSIET Npouenypy (3Hade-
HHE oreparopa KOMOHHALMN) K apryMeHTaM (3HaueHHsIM OMEePaHI0B KOMOWHALIUH).

Mbl MoXXeM TpeanoNoKUTh, UTO MEXaHHU3M NIPUMEHEHHS 3JleMeHTapHbIX MpoLeayp K apry-
MeHTaM BCTPO€H B MHTepmpeTaTop. I cocTaBHBIX NMPOLEAYP MPOLECC NPOoTeKaeT Tak:

e Uro0bl NPUMEHHUTh COCTABHYIO NPOLEAYPY K apryMeHTaMm, TpeOyeTcs BBIUHCAHUTb TeJIO
NpOLEeayphl, 3aMeHUB KaxXIbli (hopMasbHbIE NapaMeTp COOTBETCTBYIOLIUM apryMEHTOM.

YTo6Bl MPOUMIOCTPUPOBATD STOT NPOLECC, BEIYUCIUM KOMOUHALIMIO
(£ 5)

rne £ — mpouenypa, onpeneneHHas B pasgese 1.1.4. Hauunaem Mbl ¢ TOro, 4To BOCCTaHABJ/IH-
BaeM TeJsio f:

(sum-of-squares (+ a 1) (* a 2))
3arem Mbl 3aMeHsieM (DOpMaJsibHLIN MapaMeTp & Ha apryMeHT .
(sum-of-squares (+ 5 1) (* 5 2))

Takum 06pasoM, 3ajaua CBOAUTCS K BHIYMC/IEHHI0 KOMOWHALWHU C ABYyMs ONepaHAaMH W oOlle-
patopoMm sum-of-squares. BoluuciaeHne 3Toll KOMOMHALMK BKJ/OUAeT TPU noxasanadu. Ham
HY?KHO BBIYUCJIUTD ONepaTop, YTOOb! MOJYUYUTh NPOLEAYPY, KOTOPYIO TpeGyeTcss NPUMEHUTS, a
TaKXKe OrMepaH/ibl, YTOObI MONYyUNUTh apryMmeHThl. [Ipu aTom (+ 5 1) maetr 6,a (* 5 2) naer
10, Tak uto Ham TpebyeTcsl MPUMEHHUTDb Mpouenypy sum-of-squares K 6 u 10. 11 3Ha-
YeHHs! MOACTABJSIOTCS HA MeCcTO (pOpPMasIbHBEIX NapaMeTPOB X U y B Teje sum-of-squares,
NPUBOJS BbIpaxKeHHE K

(+ (square 6) (square 10))
Korna Mbl ucrosb3yem omnpefeseHre square, 3TO MPUBOIUTCS K

(+ (* 6 6) (* 10 10))
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YTO TIPU YMHOXKEHHUH CBOAMUTCS K
(+ 36 100)

U, HaKOHell, K
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TosibKO UTO OMHUCAHHBIA HAMHU TPOLECC HA3BIBAETCSI NOOCMAHO0804HOIL modesvro (substitution
model) npumeHeHus npouenypsl. Ee MOXHO HCMOJIBb30BATh KaK MOIEJ]b, KOTOpast ONpenessieT
«CMBICJI» TTOHATHS NIPUMeHeHHs NPOoLeNyprl, T0Ka pacCMaTpUBAIOTCA MPOLEAYpbl U3 3TOH Ia-
Bbl. VIMeloTcsl, 0nHAKO, ABe JeTa/lu, KOTOpble He0OXONUMO NOAYEPKHYTh!

o llesb MoncTaHOBOUHOH MOJENH — MOMOYb HAM MPENCTaBUTb, KaK NIPUMEHSIOTCS Npolle-
Iypbl, a He JaTb ONHUCaHHe TOrO, KaK Ha caMoM jeJje paboraeT MHTeprnperarop. Kak npasu-
JIO, UHTEPIIPETaTOPbl BEIUMUC/SIOT NPUMEHEHUS MPOLEAYP K aprymMeHTaM 6e3 MaHUMYJsLHH C
TEKCTOM IPOLEYPbl, KOTOPblE BbIPAXKaIOTCS B MOACTAHOBKE 3HAUEHHH A5 (hOpMasbHBEIX Mapa-
MeTpoB. Ha npakTHKe «MOACTaHOBKAa» peasin3yeTcsl C MOMOLIbIO JIOKAJbHBIX OKPYKEHUH /s
(opmasibHBEIX NapaMeTpoB. bosee mogpo6HO Mbl 06CYAMM 3TO B IVaBax 3 U 4, rie Mbl JeTajabHO
HCCJlelyeM peaiM3allhio MHTepIIpeTaTopa.

e Ha npoTsskeHMH 3TOH KHMTHM Mbl MPEJCTABUM MOC/EN0BATENbHOCTb YCIOXKHSIOMMXCS
Mojieslell TOro, Kak paGoTaeT HHTeprpeTaTop, 3aBepluaiollylocsi MOJHBIM BOMJOIIEHHeM WH-
TeprpeTaTopa W KOMMHUJATOpa B rase 5. [TofcTaHOBOYHAs MOfe/lb — TOJIbKO MepBas U3 HHUX,
crnoco6 HauaTh GOpPMATbHO MBICAUTh O MOAE/AX BhUMCIeHUS. Booblile, MOneupys pasHuHble
ABJEHUS B HAYKe U TeXHHKe, Mbl HAUMHAeM C yIPOILIeHHBIX, HeMoTHbIX Mofeei. [loncTanoBoy-
Has MOJeJb B 3TOM CMBICJe He HCKJI0ueHHe. B 4acTHOCTH, KOTJa B IJiaBe 3 Mbl 06paTHUMCH K
HCTI0/Ib30BAHHMIO TIPOLEAYP C «M3MeHSeMbIMU JaHHBIMH», TO MBI YBHAMM, YTO MOACTAHOBOYHAS
MOJIe/Ib 3TOTO He BBIAEPKUBAET U ee HYXKHO 3aMEeHHThb 60Jiee CJI0XKHOH MOJE/bI0 IPUMEeHeHHs
npouenyp'®.

AnNninKaTuBHBIA U HOpMaJ’IbeIﬁ NOPAAKH BbIYHUCJICHUA

B cooTBercTBUHM C onucaHKeM U3 paszfena l.1.3, MHTepnpeTaTOp CHayasa BBIUKCSET Olle-
patop YU OIepaHibl, a 3aTeM MNpPUMEHsSeT MOJYYMBIIYIOCH MPOLEAYPY K MOJYUYMBIIMMCS ap-
rymeHTaM. Ho 3To He enMHCTBeHHBIH CrnocO6 OCYILECTBJAATb BblYMC/AeHHUS. [lpyras Mozelsb
BBIUMCJ/IEHHST He BBIYHCJSET apryMeHTHl, [OKa He MOHaJoOWTCs MX 3HayeHHe. Bmecto artoro
OHa TIOACTABJISIET HA MECTO MapaMeTPOB BBIPAaXKEHHs-OMepaHIbl, MOKa He ITOJYYHUT Bblpazke-
HHE, B KOTOPOM IIPUCYTCTBYIOT TOJIBKO 3JIeMEHTAPHBIE ONEPATOPHI, U JIUIIb 3aTE€M BBIYUCJISET
ero. Ecau 6bl MBI HCIIOJIb30BaNK 9TOT METOJ, BbIUMCJAEHHE

(£ 5)

npouJio OBl ocJe10BaTeJbHOCTDb IMOACTAHOBOK

15HecmoTpst Ha MPOCTOTY MONCTAHOBOYHON MOJENH, AaTh CTPOroe MaTeMaTHUeckoe orpejeseHue Mpoleccy Moj-
CTAHOBKH OKa3blBAaeTCsl YIMBHTENbHO CJ0XKHO. [Ipo6ieMa BO3HHKAaeT H3-3a BO3MOXKHOCTH CMELIEHHS] HMeH, KOTOpbie
HCMOMb3YIOTCsl KaK (opMasibHble MapaMeTpbl MPOLEAYpbl, ¢ KMeHaMH (BO3MOXKHO, ¢ HUMH COBIMafalOLIHMH), KOTOpbIe
HCIIOJIb3YIOTCSI B BBIPaXKEHHSIX, K KOTOPBIM MpOLENypa MOXKeT MpUMeHsiTbesi. VMeercsi mosiras MCTOPHsI HEBEPHBIX
onpeneneHuiit nodcmarnosku (substitution) B smuTepaType mo JorMke W sisbikaMm nporpammupoBanusi. [logpo6Hoe 006-
CyXJleHHe MOACTAHOBKH MOXKHO Hailtu B Stoy 1977.
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(sum-of-squares (+ 5 1) (* 5 2))
(+ (square (+ 5 1)) (square (* 5 2)) )
(+ (* (+ 5 1) (+5 1)) (* (* 52) (* 5 2)))
3a KOTOPLIMH MOCJEAYIOT peayKLUHUH
(+ (* 6 6) (* 10 10))
(+ 36 100)

136

ITo [aeT TOT XKe Pe3ysbTaT, YTO U MPEeAblAyllas MOJeJb BHIYUCJAEHUH, HO MPOLeCC ero moJy-
YyeHHUd OoTJHYaeTcs. B yacTHoOCTH, BblYMCaeHHe (+ 5 1) ¥ (* 5 2) BbINOJNHAETCHA 31eCh 110
J1Ba pa3a, B COOTBETCTBUM C pelyKIHel Bblpa’KeHHd

(* x X)

rIe X 3aMeHsieTCsl, COOTBETCTBEHHO, HA (+ 5 1) u (* 5 2).

AnbTepHAaTUBHEIE MeTOJ «IIOJIHAs MOIACTAHOBKA, 3aTeM peAyKLHs» H3BECTeH Mo Ha3Ba-
HUEM HOPMAAbHOLLL nopadok eviiucaeruil (normal-order evaluation), B mpoTHBOMOJIOXHOCTb
MEeTO/Y «BbIUMCJEHHE apryMeHTOB, 3aTeM NMPHMeHeHHe MPOLeNypbl», KOTOPOEe HasblBaeTcs an-
naukamushoim nopadkom svtuucienuil (applicative-order evaluation). MoxkHo mokasats, 4To
IJIsl IPOLENyp, KOTOPble MPaBHJIBHO MOIEJNHPYIOTCS C MOMOLIbIO MOACTAHOBKU (BKJIOUas BCe
NPOLEeAYPhl U3 MEPBBIX ABYX IJIaB 3TOH KHHUTH) U BO3BPALLAIOT 3aKOHHBIE 3HAYEHMUs, HOPMaJb-
HbIH ¥ aNMJMKAaTHBHBEIE MOPSAKM BBIYHMCJIEHHS JAIOT ONHO U TO e 3HaueHue. (CM. ympakHe-
Hue 1.5, roe MPUBOOMTCS MPUMEP «HE3aKOHHOTO» BhIPAXKEHHSsI, [Jsi KOTOPOTO HOPMAaJbHBIH H
aNIMJIUKATUBHBIN MOPSIKH BBIYUCJEHHUS JAIOT Pa3Hble PE3y/bTaThl.)

B Jlucne ucnosibdyercsi anmMKATUBHBIA MOPSIOK BBIYMC/IEHHUH, OTYACTH H3-32 NOMOJHHU-
TeJIbHOH 3(PPeKTHUBHOCTH, KOTOPYIO 1aeT BO3MOXKHOCTb HE BBIUHCJATH MHOT'OKPAaTHO Bblpaxke-
HHUS BpOJie NpHUBEeNeHHBIX Bbille (+ 5 1) U (* 5 2), a 0T4ACTH, YTO BakHee, [IOTOMY 4TO C
HOPMaJIbHbIM MOPSIIKOM BBIYHMCJIEHUH CTAHOBHUTCS OYEHb CJIOXKHO 00palllaThCsi, KaK TOJbKO Mbl
MOKUIaeM 06J1acTh MPOLEAYP, KOTOPblE MOXKHO CMOJAEJHPOBATH C MOMOLIbIO MOACTAHOBKU. C
IPYrod CTOPOHBI, HOPMAJIbHBIH MOPSIIOK BBIYMC/JEHHH MOXKET ObITh BECbMa LIEHHBIM HMHCTPY-
MEHTOM, H HEKOTOpbIe ero MPUMEeHeHHs] Mbl PaCCMOTPUM B riaBax 3 u 419,

1.1.6. YcioBHbIe BbIpaxKeHUs U MPeIUKaThl

BrlpasutesibHas cuja TOro Kjaacca NpoLeayp, KOTOpble Mbl yKe Hay4HJIMCh ONpenessTh,
O4YeHb OrpPaHHYeHa, MOCKOJBKY I10Ka 4TO y Hac HeT crnocoba MPOHU3BOAMTbL NPOBEPKU M Bbl-
MOJNHATh pasJiMyHble ONepalyd B 3aBUCUMOCTH OT pe3yJbTaTa NpoBepkd. Hamprmep, Mbl He
CMOCOOHBI OMpPEeNeNUTh NPOLENYPY, BBIUHUCASIONLYI0 MOLY/Ib YHUCJa, TIPOBEPSIs, MOJNOKHUTEIbHOE

168 rnase 3 mpl omuckiBaeM o6paGomky nomokos (stream processing), KoTopas MpeicTaB/iseT cOGOH CrIocod 06-
paGoTKH CTPYKTYP AaHHBIX, KaXYLIHXCs «GeCKOHEUHBIMH», C TOMOLLbIO OrPAHHYEHHOH (HOPMBI HOPMaJIbHOTO MOpsiKa
BhIUMC/IeHHH. B paspmene 4.2 Mbl monmduumpyeMm HHTeprperaTop Scheme Tak, 4TO NoJy4yaeTcsl BapHaHT s3bIKa C
HOPMaJ/IbHBIM IOPSIAKOM BbIYHCJEHHH.
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JIX 3TO YHKCJIO0, OTPHULIATEJbHOE UJH HOJb, U NPeANpHHHUMasa pa3/iMiHbie NeHCTBUSI B COOTBET-
CTBUH C IIPpABHUJIOM

z ecad x>0
|x| = 0 ectu z=0
—x ecan <0

Takasi KoHCTpyKUHMSI HasbiBaeTcsl pasbopom cayuaes (case analysis). B Jlucme cymectByer
ocobasi popma s 0603HaUeHHUs TaKoro pasbopa ciaydaeB.OHa HaseiBaercsi cond (0T aHTVIHE-
cKoro cJjoBa conditional, «yCJlOBHBIH») W HCMONb3YyeTCs TaK:

(define (abs x)
(cond ((> x 0) x)
((=x 0) 0)
((<x 0) (- x))))

O61mas (opMa ycJ0BHOI'O BbIpaXKeHHS TaKOBa:

(cond ((p1) (e1))
((p2) (e2))

((pn) (en)))

OHa cOCTOMT M3 CHMBOJA cond, 3a KOTOPBIM CJENYIOT 3aKJIOUeHHbIe B CKOOKM Maphbl
BblpaxkeHUH ((p) (e)), HasbiBaeMblx semsgamu (clauses). B kakmo#l M3 3aTHX map nepsoe
BblpaxkeHHe — npeduxam (predicate), To ecTb BblpaxKeHHe, 3HAY€HHe KOTOPOTO HHTEPIPETH-
pyeTcs Kak UCTHHA HJIH JOXKb! .

YeoBHBIE BRIPAXKEHHUs BHIUMC/AIOTCS TaK: CHavyala BblYMC/AseTCs npeaukar (py). Ecau ero
3HAUeHHEeM sBJISeTCs JIOXKb, BbUMCIAETCS (o). Ecu snauenue (po) Takxke JIOXKb, BBIYMCIISA-
etcsi (pg). DTOT mpoliecc MPOAOIKAETCA [0 TeX MOp, MOKa He HalleTcss Mpeiukar, 3Hade-
HHeM KOTOpOro OyIeT UCTHHA, W B 3TOM C/ydae HHTEpPIPETaTop BO3BpAllaeT 3HaueHHe COOT-
BETCTBYIOLLETO BbipadnceHus-ciedcmeaus (consequent expression) B KauecTBe 3HaUeHHs1 BCETO
YCJIOBHOTO BhIpaKeHHs. Ecav HH OHH M3 (p) HH OKaXKeTCsl HCTHHHBEIM, 3HAYEHHE YCJIOBHOTO
BbIPAXKEHHsI He OMpPeIeseHo.

CnoBOM npeduxkam HasbIBAIOT MPOLEAYPHl, KOTOPBIE BO3BPAILAIOT HCTHHY HJIH JIOXKb, a
TakKe BbIPaXK€HHsI, KOTOpble HMEIOT 3HaueHHeM HCTHHY WJIH J0XKb. [Ipolenypa BbYHC/IEHHS
MOJLyJisl UCTIONIb3YET 3/leMeHTapHble NpeAuKkaThl <,= u >18.

OHY MPUHUMAIOT B Ka4eCTBe apryMeHTOB [0 ABA YMCJA M, POBEPHB, MEHbILE JIH MepBoOe
M3 HUX BTOPOrO, PABHO €My HJIH GOJblie, BO3BPAILAIOT B 3aBHCHMOCTH OT ITOTO HCTHHY HJIM
JIOXKb.

MoxxHO HanucaTh NPOLEAYPY BBIUMCAEHHS] MOLYJIS U Tak:

17 Vnrepnpetupyetcs Kak HCTHHA MJIM JIOXKb> O3HAYaeT Cjefyiollee: B sf3bike Scheme ecTh Ba BbijieJeHHBIX
3HaueHHusi, KoTophle ofo3HaualoTcs KoHcTaHTaMu #t u #f. Korma mHTepmperatop npoBepsieT 3HaueHHe NpefHKarta,
OH HHTeprpeTHpyeT #f Kak JoxXb. Jlo6oe apyroe 3HaueHue cuurtaercss ucthHOH. (Takum oGpasom, Hanuuue #t
JIOTMYeCKH He fBJIsIeTCs HeOOXOMMMBIM, HO HMeThb ero ylno6Ho.) B 3Toil KHUre MBI GyleM HCIOJb30BaTh HMeHa true
1 false, KoTopble CB3aHBl CO 3HAYeHUAMHU #t U #£, COOTBETCTBEHHO.

18Eme oHa McnobayeT orepanuio «MHHyC» —, KOTOpasi, KOT/Ja HCTOb3yeTcsl C ONHHM OTIePaH/IOM, KaK B BhIparKe-
HUM (- x), 0003HauaeT CMeHy 3HakKa.
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(define (abs x)
(cond ((< x 0) (- x))
(else x)))

YTO Ha PYCCKOM $I3bIKE MOXKHO OBIJIO OBl BBIPA3UTb CJAEAYIOLIMM 00pPa3oM: «eCM X MeHbLIe
HYJI5I, BEDHYTb —I; WHaue BepHYTb T». E1se — crenuanbHblil CHMBOJ, KOTOPBEIH B 3aKJIOYH-
TeJIbHOH BeTBH cond MOXKHO HCMOJb30BaTh Ha Mecte (p). DTo 3actaBisier cond BepHYTh B
KauecTBe 3HAaUEHHsI 3HaUYeHHe COOTBETCTBYIOLIErO (€) B c/ydae, eC/lH BCe MpPEeAbIAyLIHe BETBH
Gbli mponyiieHbl. Ha camom fedie, 31ech Ha MecTe (p) MOXKHO ObIJIO Obl HCIIOJb30BATH JH0G0E
BbIpaXKeHHe, KOTOPOe BCerja MMeeT 3HaUeHHE HCTHHA.

Bor eue onuH crnoco6 HamucaTb NMPOLENYPY BBIUMCJIEHUS MOLYJS:

(define (abs x)
(if (< x 0)
(- x)
X))

3nech ynotpebasiercss ocobast (gopma if, orpaHHUEHHBIH BHJ YCJOBHOTO BblpaxkeHHs. Ero
MOKHO HCIIOJIb30BaTh NPH pasbope cjayyaes, KOrJa ecTb POBHO JIBa BO3MOXHBIX Hcxopa. O6-
mas (opma BblpaxkeHus if takosa:

(1f (npedukam) (cnedcmpBue) (arbmepHamuBa))

Yro0bl BHIYHCIAHTH BoIpaXkeHHe if, HHTepnperaTop cHauasa BhlUHCIsIET ero (npedukam). Ecau
(npedukam) naeT UCTHHHOE 3HAUEHHE, UHTEPIIPETATOP BBIUUCISAET (cAedcmaue) W BO3Bpalla-
eT ero 3HaueHve. B NMPOTHBHOM cjyuae OH BBIUHC/SIET (QAbMepHAMUBY) W BO3BpALLaeT ee
sHauenue!?.

B pomosiHeHHe K 3/€MEHTapHBIM MpeauKatam Bpoie <, = U >, CYLIECTBYIOT ONepalyu
JIOTHYECKOH KOMIIO3HLHMH, KOTOPble MO3BOJISIIOT HAM KOHCTPYHPOBATb COCTABHBIE MPEIHKATHI.

W3 Hux yaie Bcero HUCIIOJIb3YIOTCA TaKHE!:

e (and (e7) . . . (en))
WMHreprnperatop BbIUKMCIsIET BbipaXkeHHst (€) M0 OQHOMY, cjieBa HampaBo. Ecin kakoe-HHOYIb
U3 (e) naet JOXKHOe 3HaueHHe, 3HAUYEHHe BCEro BbIpaxkeHHsl and — JIOXKb, U OCTaJbHbIE (e) He
Boiumcasiioresi. Ecav Bee (€) naiT HCTHHHBIE 3Ha4YeHHs], 3HaUeHHeM BbIpaxeHHs: and sBJSeTCs
3HaueHHe MOCJe[HEr0 U3 HHUX.

e (or (e7) . . . (en))
MuTepnperatop BbUMCISET BhpaXkeHHs (e) MO OJHOMY, CJeBa Hampaso. Ecau Kakoe-HUOYIb
U3 (e) JaeT HUCTHHHOE 3HAYEHHe, HTO 3HAUYEHHe BO3BPAIAETCS KAK PEe3yJbTaT BbIPaXKEHHUs

or, a ocrajibHble (e) He BbluMcasiioTCs. Eciu Bce (e) okasblBalOTCs JIOMKHBIMH, 3HaueHHEM
BbIPaXKEHHsl OF SIBJSIETCS JIOXKb.

e (not (e))

3Hauenue BbIpaxKeHHs not — HCTHHA, €CJU 3HayeHue BbIpaxKeHHs <€> JIO2KHO, U JIO2Kb B
NPOTHBHOM CJiy4ae.

19HeGoubiuast pasHuua Mexxay 1f U cond COCTOMT B TOM, 4TO B cond Kaxaoe (e) MOXKeT ObITb MOCJeL0BATeNbHO-
CThIO BblpaxkeHHH. Ecai cooTBeTCTBYIOIEE (p) OKA3BIBAETCS HCTHHHBIM, BBIPaXKEHHs U3 (€) BBIUMCIISIIOTCS 110 OYepe/H,
M B KauecTBe 3HaueHHs cond Bo3BpallaeTcsl 3HaueHHe MocJefHero U3 HUX. Hanportus, B if Kak (caedcmsue), Tak
U (arbmepramusa) 06s3aHbl COCTOSITh U3 OLHOTO BBIPAXKEHHS.
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3ameruM, uto and U or — ocobele (GOPMEI, & He MPOLELYpPbl, NOCKOJIbKY He 00583aTesNbHO
BBIYMCJSIOTCS BCe MOABbIpakeHUs. Not — o0bluHasi npoueaypa.

Kak mpumep Ha Hcmo/b30BaHHE 3THX KOHCTPYKLHH, YCJAOBHE YTO YHCJIO & HAaXOAWUTCS B
jauanasoHe 5 < < 10, MOXHO BHIPa3UThb KakK

(and (> x 5) (< x 10))

Jlpyroii mpumep: Mbl MOXeM OIpeleNUTb NPEeIHUKaT, KOTOPbIH MPOBEpseT, YTO OAHO YMCJO
GoJibllle WM PABHO APYroMYy, Kak

(define (>= x y)
(or (> x y) (= x7y¥)))

HJIHW KaK

(define (>= x y)
(not (< x y)))

Ynpaxnenue 1.1.

Huoke nprBeneHa nocsenoBaTesbHOCTb BbIpaXKeHUH. Kakoll pesysbrar HarneyaTtaeT HHTEPNpeTaTop B OT-
BeT Ha Kaxkaoe M3 HUXP [lpenmosiaraercs, 4Tto BeIpaXKeHHs BBOLSTCS B TOM JKe TOpsJKe, B KAKOM OHH
HalHCaHBbl.

10

(+ 5 3 4)

(-91)

(/ 6 2)

(+ (* 2 4) (- 46))

(define a 3)

(define b (+ a 1))

(+ ab (* ab))

(= a b)

(if (and (> b a) (< b (* a b)))
b
a)

(cond ((= a 4) 6)

((=Db 4) (+ 67 a))

(else 25))

(+ 2 (1if (> b a) b a))
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(* (cond ((> a b) a)

((< a b) b)
(else -1))
(+ a l))

Ynpaxsenue 1.2.
[lepeBenuTe cienytoliee BelpaxKeHHe B NpedUKCHYy0 (Gopmy:

Btdt(2—(3— (64 2))

5
3(6-2)(2—7)

Ynpaxnenue 1.3.
OmnpenennTe mpouenypy, Kotopast MpHHAMaeT B KayeCTBe apryMEHTOB TPH YMC/a W BO3BPAILAET CyMMY
KBaZpaToB ABYX OOJIbILKUX U3 HHUX.

Ynpaxsenue 1.4.

3ameTHM, YTO Hallla MOZe/lb BBIUMCJEHHMH paspellaeT CYIIeCTBOBAHME KOMOMHALMH, OMepaTopel KOTO-
pBIX — cocTaBHble BbipaxKeHHs. C MOMOLIbIO 3TOr0 HaOJIONEHUs ONHUILUTE, KaK paboTaeT Clenyolas
npouenypa:

(define (a-plus-abs-b a b)
((if (> b 0) + -) a b))

Ynpaxsenue 1.5.
Ben Butobop npunyman tect a5 NpoBepKH MHTEpHpeTaTopa Ha TO, C KAKMM MOPSAKOM BBIUHCJEHUH OH
paboTaet, aNMIMKaTHBHBIM HJIH HOpMaJbHBIM. beH onpenesnser Takue JBe NPOLEAYpHI:

(define (p) (p))

(define (test x y)
(if (= x 0)
0
v))

3aTeM OH BBIUHCJSET BbIpaxkeHue

(test 0 (p))

Kakoe noBezneHne yBUIUT DeH, ecit HHTEPIPETATOP UCIOMNbB3YET aNIHKATHBHBINA MOPSAOK BBIUHCJIEHHH?
Kakoe noBenieHe OH YBHIUT, €CJIM HHTEPIIPETATOP UCIOJMb3yeT HOPMasbHbIH nopsnok? O6bscHuTe Baru
otBer. (Ilpennosaraercsi, 4To NpaBUJIO BbIYUCIEHHST 0COO0H Gopmbl 1f OIMHAKOBO HE3aBHCHMO OT TOTO,
KaKOH MOPSIIOK BBIYMCJEHUH Hcnosbdyercsd. CHayasna BBIUMC/ISAETCS BbIpaXKEHHe-NpeIUKaT, U pe3yJ/bTar
ompenesisieT, Hy>KHO JI BBIYHUC/SAT BblpaKeHHe-CJIeACTBHE UJM albTePHATHBY.)



40 I'naBa 1. IlocTpoeHune ab6CTpaKLyi C MOMOLIBIO POLENYD

1.1.7. IIpumep: BpIuMciIeHNe KBaapaTHOro KopHsa MmerogoM HbloToHa

[Tpouenypsl, Kak OHM ONMUCAHBI Bblle, OYeHb [T0OX0XKH Ha OOBIKHOBEHHblE MaTeMaTH4YecKHe
¢yHkuMK. OHM yCTaHaAB/IMBAIOT 3HAaUEHHE, KOTOPOe OMpefie/IsieTCsl ONHUM UJH 6oJjlee mapamer-
pom. Ho ecTp BakHOe passinure MeXIy MaTeMaTHUeCKMMH (DYHKLHSMH U KOMIBIOTEPHBIMU
npouenypamu. IIpouenypsl 10/KHBEI OBITE 3((HEKTHUBHBIMH.

B kadecTBe mpuMmepa pacCMOTPHUM 3afady BBIYHMCJEHHs KBaApaTHOTO KOpPHS. Mbl MoxeM
onpefieInTh (PyHKLUIO «KBaAPATHBIE KOPeHb» TaK:

VZ = takoe y, utoy > 0ny’ ==z

ITO OMUCHIBAET COBEPIIEHHO HOPMaJbHYI0 MaTeMaTHuecKyw (yHKIHI. C MOMOIIbI0 TAKOro
OTpeiesieHUs] Mbl MOXKEM pelllaTh, SIBJASETCS JIM OJHO YHMCJO KBaJpPaTHBIM KOpPHEM OpPYTroro,
WUJY BBIBOOUTb OOIlIMe CBOHCTBAa KBaipaTHbIX KopHel. C IPyrodl CTOPOHBI, 3TO ONpeleseHHe
He OMHUCHIBaeT Mpouenypsl. B caMoM [esie, OHO MOUTH HHUYEro He TOBOPUT O TOM, KaK HaHTH
KBaJpaTHBIH KOpPeHb JAHHOTO yucsaa. He moMokeT ¥ MOMbITKA MepeBeCTH 3TO OMpeeseHre Ha
ncesno-Jlucm:

(define (sqrt x)
(the y (and (>= y 0)
(= (square y) x))))

DTO TOJNBKO YXO[I OT BOIpOCA.

[TpoTHBONOCTaBNEHHe (YHKLUHMH W NpoLenyp OTpa)kaeT obliee pa3jHyle MeXAy ONHca-
HHMEM CBOHCTB OOBEKTOB M ONHCAHHEM TOTO, KaK UTO-TO JAeNaTb, WJIH, KaK HHOTAA TOBOPST,
pasiuuue MeXAy NeKJapaTHBHBIM 3HAHMEM M HMIIepaTUBHbIM 3HaHMeM. B MaTematHke Hac
OOBIYHO MHTEPECYIOT IEKJApaTHBHbIE OMUCAHUs (YTO Takoe), a B MHPOPMATHKE HMIIEPATHB-
Hele onucanus (kak)2.

Kax BoluncssitoTesi KBagpaTHele KopHu? Hanbosee yacto npumeHnsiercss HeroToHOB MeTon
TNOCJIE10BATEbHEIX NPUOJMKEHUE, KOTOPBIH OCHOBAH Ha TOM, YTO HMesl HEKOTOpOe HeTOYHOe
3HayeHHe y I KBaAPATHOTO KOPHS M3 YMCJA T, Mbl MOXKEM C MOMOIIBIO IPOCTOH MaHHUIYJIsi-
MU MOJyYUTh G0Jiee TOUHOe 3HauyeHue (Gosiee G/M3KOe K HACTOSLIEMY KBaIpPaTHOMY KOPHIO),
ec/M BO3bMeM cpefHee Mexay y U x/y?!. Hampumep, MBI MOXKeM BBIUMC/IHTH KBaApaTHBIH

QOﬂeKJIapaTI/IBHbIe W HMIIepaTHBHbIE OMMCAHMsI TECHO CBSI3aHbI MeXIy coO0H, KaK M MaTeMaTHKa ¢ HH(OPMaTHKOM.
Hanpumep, ckasaTb, 4To OTBeT, MOJy4YaeMblil MPOrpaMMOi, «BepeH», O3HauaeT Cle/aTbh 00 3TOH MporpamMMme jeKja-
paTuBHOe yTBepkKiueHHe. CyliecTByeT 6OJbIIOE KOJHYECTBO HCCJIENOBAHMH, HANpaBJE€HHLIX Ha OTBICKAHHE METO/OB
[10Ka3aTesbCTBa TOrO, YTO NMpOrpaMMa KOppPeKTHa, M GoJblluasi 4acTh CJOXKHOCTH 3TOrO MpeaMeTa HCC/IeOBaHUS CBSi-
3aHa C MepexoioM OT WMIIEPATHBHBIX YTBEpPXKAEHHH (M3 KOTOPBIX CTPOSITCS NMPOrpaMMbl) K JeKJapaTHBHBEIM (KOTOpble
MOXKHO HCIIOJIb30BaTh [Jisl paccyxjaeHui). CBsi3aHa ¢ 3THM M Takas Ba)KHasi 00/1acTh COBPEMEHHbBIX HCCJIeIOBaHHH
0 MPOEKTHPOBAHHUIO SI3bIKOB MPOrPaMMHpPOBaHHUs, KaK MCCIeOBaHHe TaK Ha3blBAa€MBIXS3bIKOB CBEPXBBICOKOTO YpOB-
HSl, B KOTOPBIX NIPOrPaMMHPOBaHHE Ha CaMOM JeJsie NMPOUCXONHUT B TePMHUHAX JeKJapaTHBHBIX yTBep:KueHHH. Mpes
COCTOMT B TOM, UTOOBI ClIeJIaTh MHTEPIPETATOPbl HACTOIbKO YMHBIMH, UTOOHI, 10/1y4ast OT IPOrpaMMHCTa 3HaHHE THMa
«4YTO TaKOe», OHH ObLIHM OBl CIIOCOOHBI CAMOCTOSITEILHO TOPOAMTL 3HAHHME THUMNA «Kak». B obiieM ciydyae 3To cresathb
HEBO3MOXKHO, HO €CTb BaxKHble 00/1aCTH, IJle YAaJd0Cch JOCTHYb mporpecca. Mbl BepHeMcsl K 9TOH Hiee B riiase 4.

21Ha camom geie aJTOPUTM HaXOXKJEHHsI KBaJPaTHOIO KOPHS INpeNCTaBjsieT CO00H 4acTHbIH caydail MeToga Heto-
TOHA, KOTOPBIH $IBJsieTCS OOLIMM METOLOM HaxXOXJeHHs KopHeH ypaBHeHHH. CoOCTBEHHO aJTOPHTM HaXOXJAeHHUs
KBaJpaTHOrO KOpHsi Obl paspaGoraH ['epoHom AJieKkcaHApHHCKMM B MepBOM Beke H.3. MBI yBHAMM, KaK BbIPa3HThb
o6uwuit Mmeron HeioToHa B Buae npouenypsl Ha Jlucne, B pasnene 1.3.4.
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KOpeHb U3 2 cjelylouumM o6pa3oM: NpeanooK1UM, UTO HayalbHoe NpUbanKeHHe paBHO 1.

[Tpubaixkenne UYactHoe x/y Cpennee
1 2, 2t
1 2
2 1. 1.
1.5 — =1.3333 13333+ 1.5 = 1.4167
1.5 2
2 1.4167 + 1.4118
1.4167 Ta167 = 1.4118 — = 1.4142
1.4142

[Iponmosizkast aTOT mpouecc, Mbl MojgydyaeM Bce Gojee TOYHble NPHUOMHKEHHS K KBaApaTHOMY
KOPHIO.

Teneps popmanusyem 3TOT mpolecc B TepMUHax npouenyp. HauHeM ¢ nogkopeHHOro yuc-
Jla ¥ KaKoro-To 3HaueHHUsl NpuoankeHus. Ecau npubiavkeHHe NOCTATOUHO XOPOLIO TOAXOAUT
IJIsl HAalIKUX LeJsied, TO Mpolecc 3aKOHUYEH; €CJIM HeT, Mbl JOJRKHBI IOBTOPHTb €ro ¢ yJay4lleH-
HBIM 3HaueHHeM NPUOMHKeHHs. 3anuileM 3Ty 6a30BYI0 CTPATETHIO B BHIE MPOLELYPHI:

(define (sqgrt-iter guess x)
(if (good-enough? guess x)
guess
(sgqrt-iter (improve guess x)

x)))

3Hauenue HpI/I6JII/I}KeHI/IH yaydmaeTcsd ¢ MOMOIIbIO B3ATHSA CpedHero MexXay HHUM M 4YaCTHBIM
MOAKOPEHHOr0 4YKcJja U CTaporo sHa4eHusd l'IpI/I6.HI/I)K€HI/IFII

(define (improve guess x)
(average guess (/ x guess)))

rae

(define (average x y)

(/ (+ xy) 2))

Hawm Hy»XHO ellle cKa3aTh, 4TO TaKoe JJIsl HAC «I0CTAaTOUHO Xopoliee» npubaukenue. Cienyio-
IKH BapHaHT COMMET IJIs1 UJIOCTPALMH, HO Ha CAMOM fiesle 3TO He oueHb XopowHi TecT. (CM.
ynpaxHeHue 1.7.) Mpuest cocTouT B TOM, YTOOBI ylydyllaTh MPUOMHKEHHsI O TeX INOp, MOKa

ero KBaJpaT HE COBMAAET C TOAKOPEHHBLIM YMCJOM B IpEefe/aX 3apaHee 3aJaHHOTO JOMyCKa
(3mecn 0.001)2%:

(define (good-enough? guess x)
(< (abs (- (square guess) x)) 0.001))

2206bHO MBI GyleM faBaTh TpeMKaTaM HMeHa, 3aKaHUMBAIOLIMECS 3HAKOM BOMPOCa, YTOGH GbIIO Mpolle 3a-
MIOMHHTB, UTO 3TO NMpeAUKaThl. DTO He Gojiee ueM CTHUJHCTHUecKoe corsameHHe. C TOYKH 3peHHs MHTepIpeTaTopa,
BOINPOCUTEJIbHBIN 3HAK — OOBbIKHOBEHHBIH CHMBOJL.
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Hakomell, HY>KHO ¢ 4ero-To HauMHaTh. Hampumep, Mbl MOXKeM /15 Haua/a MpeAnoararh, 4To
KBaJpaTHbIE KOpeHb JI000ro yncaa pasen 123:

(define (sqgrt x)
(sgrt-iter 1.0 x))

Ecsu MBI BBeleM 3TH OINpelesieHHs] B HHTEPIPETATOP, MBI CMOXKEM HCIIOJb30BaTh SQrt Kak
JI00YI0 APYTyI0 NPOLenypy:

(sgrt 9)
3.00009155413138

(sqgqrt (+ 100 37))
11.704699917758145

(sgrt (+ (sgrt 2) (sqgrt 3)))
1.7739279023207892

(square (sqrt 1000))
1000.000369924366

[TporpamMma sgrt mokasbiBaeT TakxKe, YTO TOrO MPOCTOTO IIPOLEAYPHOrO SI3bIKA, KOTO-
PHIH MBI OMUCAJMH 0 CHX IIOP, AOCTATOUHO, UTOObl HANHCATb JIOOYI0 YHCTO BBIYHUCIUTENBHYIO
NporpaMmy, KOTOpy0 MOXKHO Obl1o Obl Hamucathb, ckaxkeM, Ha Cu wiu [lackane. d1o Mo-
JKET MO0Ka3aTbCsl yIUBUTEJbHBIM, TIOCKOJbKY B HAlll SI3bIK Mbl HE BKJIOUWJIH HHUKAaKMX HTepa-
TUBHBIX (LMKJIHYECKHX) KOHCTPYKIHMH, YKA3bIBAIOIIMX KOMIIbIOTEPY, UTO HY?KHO TPOHU3BOAUTD
HeKoe JeHCTBHE HECKOJIbKO pa3. Sqrt-iter, ¢ Apyrodl CTOPOHBI, NMOKa3blBaeT, KaK MOXHO
BBIPAa3UTh WTepalMIo, He HMesl HMKAKOro CIEellHaJbHOI0 KOHCTPYKTa, KpOMe OOBIKHOBEHHOH
CMOCOGHOCTH BHI3BATh MPOLEAYPY>:.

Ynpaxsenue 1.6.

Jluza TI. Xakep He moHumaer, moueMy if nosmkHa ObITE 0c0o00# (hopmoi. «Ilouemy Hesb3st mpocTo
ONpeesuTh ee Kak 0ObIYHYIO TPOLEeLypy C MoMollbio cond?» — crpaluusaer ona. JIlusuna nogpyra Esa
Jly Atop yTBepxknaer, uTo, padyMeeTcs, MOXHO, U ONpelessieT HOBYIO Bepchio 1f:

(define (new-if predicate then-clause else-clause)
(cond (predicate then-clause)
(else else-clause)))

EBa nokaseiBaet JIuse HOByIO mporpammy:

2306paTuTe BHUMaHHe, UTO MBI 3aTUCHIBAEM Haua/bHOE MpubMKente kak 1.0, a He kak 1.Bo MHOTHX peanusaiusx
Jlucna 3pech He GymeT HUKakod pasHuubl. OnHako uHTepriperatop MIT Scheme ornHuaer TouHble Liesble YHcCaa OT
JeCATHUHBIX 3HAYeHHH, W NP NeJNeHHH IBYX LEJBIX NOJydyaeTcsl He NeCATHYHash Apobb, a palOHANbHOE UYHCIIO.
Hanpumep, nogenus 10/6, nonyuum 5/3, a nopenns 10.0/6.0, noayuum 1.6666666666666667. (Mbl yBHINM, Kak
peanu30BaTh apuU(pMeTHUECKHe OMepalliy Haj palMOHAIbHBIMU YHcaaMH, B pasfene 2.1.1.) Ecau B Hauteil mporpamme
KBaJlPaTHOr0 KOPHSl Mbl HAUHEM C HauaslbHOrO MPHUOMHKeHHs 1, a & OyleT TOUHBIM LeJdbIM YHCIOM, BCe Moc/eyloine
3HaueHHsl, NoJlydaeMble NPH BBIYMCJEHHH KBaJPaTHOTO KOPHs, OYAyT He NeCSATHUHBIMH ADPOOSMH, a PalMOHANbHBIMU
yucaaMH. [TocKO/IBKY NpH CMellaHHBIX OnepalMdsx Haj AeCATHYHBIMH APOOSIMHM M pallMOHANbHBIMM UMCJaMM BCerja
ToJTy4aloTCsl AecsiITUHYHbIe APOOH, TO Hauyap co 3HadeHHus 1.0, Bce mpoure Mbl MOJYYHM B BHJE NECATHUHBIX IPOGei.

24UpraTesM, KOTOPBIX 3a60TAT BOTIPOCH 3((eKTUBHOCTH, CBA3AHHbIE C HCTIONb30BAHHEM BBI3OBOB MPOLELYP AJs
UTepalyH, cielyeT 0OpaTUTh BHUMaHHe Ha 3aMeYaHMsl O «XBOCTOBOH peKypcHM» B pasgene 1.2.1.
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(new-if (= 2 3) 0 5)
5

(new-if (=1 1) 0 5)
0

O6panoBanHas Jlusa mepenucoiBaeT yepe3 new—1if nporpaMmMmy BbIYMC/IEHHS KBaJpaTHOrO KOPHS:

(define (sqgrt-iter guess x)
(new-if (good-enough? guess x)
guess
(sgqrt-iter (improve guess x)
x)))

Yro mosyuurcs, Koraa JIusa momelTaeTcsl UCNOJb30BaTh Ty MPOLELYPY AJS BBIYUCJIEHHS KBafpaTHBIX
KopHeii? O6bscHHUTE.

Ynpaxnenue 1.7.

[TpoBepka good-enough?, KOTOPYI0 Mbl HCMOJb30BAH AJI5 BHIYUCJAEHHS KBaApPaTHBIX KOpPHeH, Oyner
NIOBOJIbHO Hea(D(eKTHBHA /IS NOMUCKA KBaJpaTHBIX KOPHEH OT o4yeHb MaJsleHbKHUX yHces. Kpome Toro, B
HACTOSILLMX KOMIIbIOTEpaX apu(MeTHUECKHe OTepalli NOUYTH BCET/la BBIUMC/ISIOTCS ¢ OrPaHUYEeHHOH TOY-
HocThio. [103TOMY Halll TECT OKA3bIBAeTCsl HEAleKBAaTHBIM U 11 OUY€Hb OOJBIIUX YKuces. AJbTepHATHBHbIN
MOJAXOM K peanusalnuu good-enough? COCTOUT B TOM, UTOObI CI€ANTb, KaK OT OLHOH HTepalMHu K ApY-
roil U3MeHseTCs guess, ¥ OCTAHOBHUTbCS, KOrJa M3MeHeHHe OKa3blBaeTCsl HeOOJbIIOH J0JeH 3HaueHHs
npubaukeHus. Paspaboraiite mpouenypy BBIUHC/JEHHS KBaJpaTHOrO KOPHS, KOTOpPAas HCIOJb3YeT TaKoH
BapHaHT NPOBEPKH Ha 3aBeplieHHe. BepHo /M, 4yTo Ha GOJBLIMX W MajeHbKMX 4MC/Iax OHa padoraer
Jyyuie?

Ynpaxnenue 1.8.
Merton HbloToHa 1/1d KyOHMuecKMX KOpPHEH OCHOBAH Ha TOM, 4TO €CJH Yy SBJASETCS NPUOJMMKEHHEM K
KyOH4YeCKOMY KOPHIO M3 X, TO Mbl MOXeM MOJIyUHUTh Jyyllee MPUOIHKEHHE N0 (hopMysie

z/y° + 2y
3

C nomolbio 3ToH (hOpMyJibl HANHUIIUTE MPOLEAYPY BbIYMCIEHHS KyOUYeCKOro KOpHS, MOLOOHYIO Mpolie-
aype mJjsi KBagpaTHoro KopHsi. (B pasmene 1.3.4 MBI YBHIMM, YTO MOXHO peajiM30BaTh OOLIME METOX
HeloToHa KaK abCTpakLUMI0 3TUX NPOLEAYP AJs KBAAPaTHOrO U KyOHYECKOro KOpHS.)

1.1.8. IIpoueaypbl Kak adCTpaKLUM TUNA «YEePHbINA SAIIUK»

Sqrt — Hall NepBblil IpUMep MpoLecca, oNpeaeJeHHOro MHOXKECTBOM 3aBUCHMBIX APYT OT
Ipyra npouenyp. 3aMeTHM, UTO ONpefeseHre sqrt-iter pexypcusHo (recursive); aTo 03Ha-
YaeT, UTO MpOLeNypa ONpelessieTcss B TepMUHAX caMoil cebs. Muesi, 4To MOXHO ONpenesuTb
npouenypy camy uepe3 cedsi, BO3MOXKHO, KaxkeTcsi BaM Mono3puTesbHOH; HESICHO, KaK TaKoe
«LIUKJIHUECKOe» OIpellesileHHe BooOlle MOXKeT HMeTb CMbIC/, He TO 4TO OINHCHIBATb XOPOLIO
onpejie/leHHbIH MpoLecc AJs UCIOJHEHHS KOMIbIOTEPOM. DBoJsiee 0CTOPOKHO Mbl MOAOHAEM K
3TOMy B pasiese 1.2. PaccMoTpuM, ofHaKO, HEKOTOpble APYTrHe BaKHble OeTa/lH, KOTOpbIe
UJIIOCTPUPYET MPUMEp C Sgrt.
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sgrt

sqrt-iter

N

good-enough improve

square abs average

Puc. 1.2. TlpouenypHasi 1eKOMIO3ULKS NPOrpaMMbl sqrt.

3aMeTHM, 4TO 3a1aua BBIYHMCJIEHHS KBaJpaTHbIX KOpPHEH ecTeCTBEHHBIM 06pa3oM pa3buBa-
eTcsl Ha TMOA3aJauM: KakK MOHAThb, YTO ouepeqHOe NMpPUOJIHKEHHe HAC YCTpPauWBaeT, KaK yayd-
LIKTb OuepefHOe TPUOMMKEHHe, U TakK Hajee. Kaxknasi U3 9THUX 3afad pellaercsi C MOMOLIBIO
OTHeNbHOH Mpouenypbl. Best mporpaMma sgrt MoXKeT paccMaTpUBaThCSl KakK MyUYOK MPOLENYP
(mokasaHHbll Ha puc. 1.1.8), oTpakaloWKi 1eKOMIO3UIHIO 3aaud Ha N0A3a1auH.

BaxXHOCTb JIeKOMIO3HULIMOHHOH CTpaTernd He MPOCTO B TOM, UTO 3ajadya pasnessieTcsi Ha
yacTH. B KOHIle KOHIIOB, MOXKHO B35Th JIFOGYI0 OOJIBLIYIO IPOTPAMMY H TOAEJUTb €€ Ha YacTH:
NepBble JECSTb CTPOK, CJAENYIOUIME NecsTb CTPOK U Tak nasee. CyllecTBEHHO TO, UTO KaxX-
nasi IpoLenypa BBITIOJNHSIET TOYHO ONPeNeeHHYI0 3a1ady, KOTOpast MOXKeT ObITb MCIOJ1b30BaHA
NpY OMNpefesieHUH APYrux npouenyp. Hampumep, korma Mbl onpenessieM Npouenypy good-—
enough? ¢ MOMOLIbI0 Square, Mbl MOXKEM pPacCMaTpUBATh MPOLEAYPY Square KakK «4epHbIH
SIIKUK». B 3TOT MOMEHT Hac He HHTepecyeT, KAk OHA BBIUHCJSIET CBOH pe3y/bTaT, — BaKHO
TOJIbKO TO, UTO OHA CIOCOOHA BBIUMCIHUThL KBagpaT. O feTasisiX TOro, Kak BBIUHMC/ISIOT KBaapa-
TBI, MOXKHO Cceluac 3a0bITb ¥ PACCMOTPETb UX NMOTOM. [leficTBUTENbHO, NTOKA Mbl paccMaTpu-
BaeM MpoLenypy good-enough?, square — He COBCeM IpOLEAYpa, HO CKopee abCTpaKkUus
MpOLeyphl, TaK HasbiBaeMasi npoyedypras abempakyus (procedural abstraction). Ha stom
ypOBHe abCTpaKLHUK BCe NMPOLENYpPHl, BEIUUC/IAIONINE KBAAPAT, OMUHAKOBO XOPOLLIH.

Takum 06pasom, ecqu paccMaTpHUBaThb TOJBKO BO3BpalllaeMble 3HAUEHHs, TO CJeAyIOLIMe
[Be MPOLEeNyphl /s BO3BEIEHHS UUC/Aa B KBafpaT OyAyT HEOTIHUMMBL IpyT oT npyra. Kaxnas
U3 HUX NPUHHMaeT YMCJOBOH apryMeHT M BO3BpAILAET B KaueCTBe 3HAUEHMs KBalpaT 3TOTO

‘-II/ICJI825.

(define (square x) (* x x))

(define (square x)
(exp (double (log x))))

(define (double x) (+ x X))

TakuM o6pa3oM, onpenesneHHe NPOLENYPHl JOMKHO ObITh CIOCOOHO CKpPBIBATh AeTand. Mo-

Z5HesicHo naxe, KoTopas M3 3THX TpoLefyp Gosee sdeKxTHBHA. DTO 3aBUCHT OT TOrO, KaKas HMeeTcsi anmapaty-
pa. CyllecTBylOT MalIMHBEI, Ha KOTOPbIX «OueBHMIHas» peanusauus OyneT meineHHei. [IpencraBbre ceGe MalIMHY, B
KOTOPOH 04eHb 3(h(eKTHBHBIM CIIOCOO0M XpaHSTCs GoJbliKe Tab/HLbl JOrapuMoB U 0OPaTHBIX JIOrapHU(MOB.
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’KeT 0Ka3aTbCsl, YTO I[10J1b30BaTe/b MPOLEAYPBl HE caM ee Hamucal, a MOJYy4HJ OT APYroro
nporpaMMHUCTa Kak 4epHblH sIKK. OT Mo/b3oBaTesisi He NOJKHO TPeGOBaThCsl 3HAHUS, Kak
paboTaeT mpouenypa, 4Tobsl ee UCM0JIb30BaTh.

JIokaibHbIEe IMeHa

OnHa 13 metanedl peaju3aluy, KOTopas He J0J/KHA 3a00THUTh 0J1b30BaTENS NPOLEAYPBl —
3TO TO, KaKHe 4eJIoBeK, MUCABLIMK NpoLenypy, BelOpaa MMeHa A5 (opMasbHBIX [1apaMeTpoB
npouenypsl. Takum 06pa3oM, cienyoliye ABe NPOLeLYPhl JOJKHbl ObITb HEOTIMYHUMBL:

(define (square x) (* x x))
(define (square y) (* y y))

OTOT NPUHLHKI — YTO 3HAYEHHe MPOLEAYPBl He NOJKHO 3aBUCETb OT UMEH NapaMeTpoB, KOTO-
pble BbIOpaJ ee aBTOp, — MOXKeT CHavaJsa I10Ka3aTbCsl OUYeBUIHBIM, OIHAKO OH MMeeT riyOoKHe
caencteus. [Ipocrefiliee U3 3TUX CIEACTBHUH COCTOUT B TOM, YTO HMeHa NapaMeTPOB AOJIKHBI
ObITb JIOKAJbHBIMH B TeJsie mpouenypsl. Hamprmep, B mporpamme BbIYHC/AEHHS] KBaApPaTHOTO
KOpHS TIpH omNpeaesneHnd good—enough? Mbl HCNO/b30BaNH Square:

(define (good-enough? guess x)
(< (abs (- (square guess) x)) 0.001))

Hawmepenue aBTopa good-enough? COCTOUT B TOM, UTOOBI ONPEAEJNUTD, JOCTATOYHO U O/NH3-
KO KBaJpaT MePBOTO apryMeHTa JIeXKUT KO BTOpoMy. Mbl BUIMM, 4TO aBTOp good—enough?
obpaliaeTcss K MepBOMy apryMeHTy C TOMOLIbIO MMEHH guess, a KO BTOPOMY C IMOMOLIbIO
HUMeHH X. AprymeHTOM square siBjsieTcsi guess. [1ocKoMbKy aBTOp square HCNoJb30Bal
UMs1 X (Kak Mbl BHIEJH BbILIE), YTOObl OOPATHUTbCS K 3TOMY apryMeHTy, Mbl BHAHM, UYTO
X B good-enough? J0/KHO OTIIMYAThCS OT X B square. 3amycK NpPoUenypbl square He
JOJ2KeH OTPasUTCs Ha 3HAYeHHH X, KOTOpPOe HCMOoJb3yeT good-enough?, MOCKOMBKY 3TO
3Ha4YeHHe X MoHanobutcs good-enough?, Korna square OyneT BhHYHUC/AEHA.

Ecau 6bl mapameTpbl He OBLIM JIOKaJbHBl 110 OTHOLIEHHIO K TeJaM CBOHX IpPOLEAyp, TO
napameTp X B square cMewlasncs Obl C NapaMeTpoM x M3 good-enough?, U NoBeleHHe
good-enough? 3aBuceso 0bl OT TOrO, KaKyl0 BepCHI0 square Mbl MCIO/Nb30BaIH. TakuM
o6pasom, nponeaypa square He Obla Obl YEPHBIM SLIUKOM, KaK Mbl TOTO XOTHM.

Y ¢opmanpHOro napamerpa ocobasi posib B ONpeleseHUM MPOLeNypbl: He HMeeT 3Haye-
HHUsl, KaKOoe Y 3TOro rnapaMeTpa UMsl. Takoe HMs HasbBaeTcs csa3amnol nepemenroti (bound
variable), 1 Mbl GyneM rOBOPHTB, UTO ONpefeseHHe poLenyprl cas3visaem (binds) cBou dop-
MaJsibHble NapaMeTpbl. 3HayeHHe NPOLeypbl He M3MEeHSeTCs, eCld BO BCEM ee ONpeleseHHH
mapameTpsl TOCJe0BaTeIbHEIM 00pa3oM meperMeHoBaHBZ®. Ec/u mepeMeHHas He CBsA3aHa,
MBI TOBOPHM, 4TO OHa ¢80000Ha (free). MHOXeCTBO BbIpAXKEHHH, 1JiS KOTOPHIX CBSI3bIBAHHE
ompefesisieT UMsi, Ha3blBaeTcss ob6aacmoio Oeticmseus (Scope) 3TOro UMeHH. B ompeneseHun
NpOLEeAYpPHl CBI3aHHBIE NlepeMeHHble, 00bsIBIeHHbIe KaK (hopMaJibHble TapaMeTpbl MPOLEAYPHI,
HUMeIOT CBOeH 00/1acTbi0 IeHCTBUS TeJO NMPOLEeAyphl.

B npuBenenHoM Bellle onpenesneHuM good-enough?, guess W X — CBSI3aHHBbIE Tepe-
MeHHbIE, a <, —, abs u square — cBobojHbe. 3HaueHHe good-enough? JIO/KHO ObITh

2GI—IOHSTITI/I(? nocaen0BaTE/NbHOTO NMEPEUMEHOBAHKS Ha CaMOM [eJie JOCTATOYHO TOHKOE€ W TPyAHOE [Jis OlpeaeJeHHus .
3HaMEHUTHIM JIOTHKaM CJay4aJioCh [eJaTb 30eChb YyKaCHble OLIUOKH.
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He3aBHCHMO OT TOr0, KakHe MUMeHa Mbl BblfepeM AJIsl guess M X, I0Ka OHM OCTalTCs OT-
JIMYHBIMM IPYT OT Apyra W oT <, —, abs u square. (Eciu Obl Mbl MepeHMeHOBaNM GUESS
B abs, To nopoau/au Obl OWKOKY, 3axgamus (capture) nepemeHHyto abs. OHa mpeBpaTH/IaCh
Obl U3 cBOOONHOH B cBsizaHHYW.) OnHako 3HaueHHe good-enough? He sIBJsieTCS HE3aBHU-
CUMBIM OT ee CBOOOIHBIX MepeMeHHbIX. Pasymeercs, OHO 3aBHCHUT OT TOro (pakTa (BHeELIHEro
10 OTHOLIEHHIO K 3TOMY ONpeeseHHI0), UTO CHMBOJ abs HasblBaeT MPOLEAYPY BbHIYUCIEHHUS
MopyJisi yncsa. Good-enough? Oyaer BHYKC/AATL COBEPIIEHHO IPYTYI0 (BYHKIHIO, ECJH B €€
onpesiesieHUH Mbl BMECTO abs TOACTaBUM COS.

BuyTpenHue onpenesenuns u 6Jo4Has CTPyKTypa

Jlo cux mop Ham Obl JIOCTYIEH TOJNbKO OfMH BHJ M30JSIUUK MUMeH: (pOopMasibHble apaMeT-
pbl MPOLENYPbl JIOKAJAbHBI 110 OTHOLIEHUIO K TeJy 3TOH npouenypsl. [Iporpamma BelYKcC/I€HUS
KBaJPaTHOT'O KOPHS WJIIIOCTPUPYeT elle OAMH BUJ YIIpaB/JeHHUs HCIONb30BaHHEM HMEH, KOTO-
PBIM MBI XOTesH Obl BjaafeTb. CyllecTByIoLas NPOrpaMMa COCTOUT U3 OTAEJbHBIX MPOLELYp:

(define (sqrt x)
(sgrt-iter 1.0 x))

(define (sqgrt-iter guess x)
(if (good-enough? guess x)
guess
(sqrt-iter (improve guess x) x)))

(define (good-enough? guess x)
(< (abs (- (square guess) x)) 0.001))

(define (improve guess x)
(average guess (/ x guess)))

[Tpo6sema 31ech COCTOUT B TOM, YTO €AMHCTBEHHAs MPOLEAYPa, KOTOpas BaXkKHA AJIS MOJb-
30BaTeJiel sqrt — 310 cama sqrt. OcrajbHble Npoleaypsl (sgqrt-iter, good-enough? u
improve) ToJbKO 3a6UBAIOT UM TFOJIOBbL. Tenepb MOJMb30BATENH HE MOTYT ONPelessiTh IPYTHUX
NpoLefyp ¢ HMeHeM good-enough? HU B KaKOH Apyrod nporpamme, Kotopasi f10J/2KHa pabo-
TaTh COBMECTHO C NPOTPaMMOH BBIUMCJIEHHS KBaJpPaTHOIO KOPHS, MOCKOJbKY sqrt Tpebyercs
3TO UMSs. DTa NMpobJeMa CTAaHOBUTCS OCOOEHHO TSKEJIOH NPU MOCTPOEHHH OOJIbILIUX CHUCTEM,
KOTOpble MUILIYT MHOIO Pa3/HYHBIX NporpaMMHcToB. Hampumep, npu nocTpoeHHH 6G0JbILOH
O6UONMOTEKH UHCJEHHBIX NMPOLEAYP MHOTHE UYHCJ/OBble (DYHKLUHHU BBIYUCJASIOTCS KaK MOCJ/eN0-
BaTe/bHble MPUOJIMKEHHS U MOTYT MOTOMY MUMeTb B KaueCTBe BCIIOMOraTesbHBIX MPOLENYPHI
good-enough? u improve. Ham xoTesoch Obl J0KaaM30BaTh MOANPOLEAYPHl, CIPATAB MX
BHYTPH sqgrt, Tak, 4yToObl sgrt Morya COCYLIECTBOBaTb C APYTMMH I0OC/EN0BATENbHBIMU
NpuUOJIMKEHHUSMH, NIPH TOM YTO y Ka)KIOH M3 HHUX Obl1a Obl CBOSI COOCTBEHHAs MpoLEeAypa
good-enough?. Uro6bl caesaTb 3TO BO3MOXKHBIM, Mbl pasdpellaeM NpoLeaype HUMeTb BHYT-
peHHMe OIpefeJsieHUs], JOKa/bHble AJs 3TOH mpouenypbl. Hampumep, npu pelleHHH 3anadyu
BBIUMCJ/IEHHS] KBaJPaTHOTO KOPHS Mbl MOXKEM HaIlHcaTb

(define (sqgrt x)
(define (good-enough? guess x)
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(< (abs (- (square guess) x)) 0.001))
(define (improve guess x)
(average guess (/ x guess)))
(define (sgrt-iter guess x)
(if (good-enough? guess x)
guess
(sgqrt-iter (improve guess x) x)))
(sgrt-iter 1.0 x))

Takoe BnokeHue ompeneseHui, HaspiBaemoe Oaounoti cmpykmypoii (block structure), maer
MpaBUJIbHOE pelleHue MJs TMPOCTeHlled 3amaun yrnakoBkKH uMeH. Ho 3mech Tautcs emne on-
Ha upes. [loMUMO TOro, 4TO MBI MOXEM BJIOXKUTb ONpefieJieHHs BCIIOMOTaTebHBIX MPOLEAYD
BHYTPb IVIaBHOH, Mbl MOXKEM HX YTIPOCTUTb. [loCKOJIbKY NepeMeHHasi X CBsi3aHa B OIpeleseHHH
sqgrt, npouenypel good-enough?, improve u sqrt-iter, KOTOpbIE ONpeNeseHbl BHYTPH
sqgrt, HaxonsTes B o6JacTH AeHCcTBUS X. TakKuM 06pa3oM, HET HYXKJABI SIBHO IepelaBaTh X B
KaXXJyI0 U3 3THX Mpoueayp. BmecTo 3TOro MBI MOXKeM ciesnaTh X CBOOOTHOH MepeMeHHOH BO
BHYTPEHHUX OIpele/IeHUsIX, KaK ITO 10Ka3aHo HUKe. Torna x MosyduT cBoe 3HaUeHHe OT ap-
TYMeHTa, C KOTOPBIM BbI3BaHa 00beMJlolIast UX Tpouenypa sqgrt. Tako# nopsnok HasblBaeTcs
aexcuueckotl cgpepoti deiicmsus (lexical scoping) mepemenHbix?’.
(define (sqrt x)
(define (good-enough? guess)
(< (abs (- (square guess) x)) 0.001))
(define (improve guess)
(average guess (/ x guess)))
(define (sqgrt-iter guess)
(if (good-enough? guess)
guess
(sqrt-iter (improve guess))))
(sgqrt-iter 1.0))

Mbl 6yneM 4acTo HCIHOJIb30BaTh OJOYHYIO CTPYKTYpY, 4ToObl pasbuBarh OoJiblIHe MpPO-
rpaMMbl Ha KYCKH PasyMHOro pasmepa’. Mpes 6/04HOH CTPYKTYpH MPOMCXOIUT M3 A3biKa
nporpammupoBanusi Aaros 60. OHa npucyTCTByeT B GOJIBLIHHCTBE COBPEMEHHBIX SI3BIKOB MPO-
rpaMMHUPOBAHHSA. IDTO BaXKHbIH HHCTPYMEHT, KOTODPBHIH MOMOraeT OpraHM30BaTh MOCTPOEHHE
60JIBIIMX IPOrPaMM.

1.2. IIpouenypsl U MOPOKIAaeMbie MU MPOLIECCHI

B npenpinyiiem pasgesie Mbl pacCMOTPesH 3JE€MEHThl MPOrpaMMHpPOBaHHS. Mbl HCHOJb-
30Ba/iM 3JieMeHTapHble apu(MeTHYecKHe oNepalud, KOMOMHHMPOBAJIM HUX MU abCcTparupoBann
MOJyYMBILMECS COCTaBHble ONEpalMM NyTeM ONpeleseHUs] COCTaBHBIX npouenyp. Ho Bcero

27TIpaBHuJIo JeKCHUeCKO# cephl IeHCTBUS TOBOPUT, YTO CBOGOIHbIE MepeMeHHbIe B POLeype CCHIAIOTCS Ha CBA3HI-
BaHHUS 3TUX [€PEMEHHBIX, CleJaHHble B 00bEMJIIOLIMX ONpe/iesIeHHUsIX IPOLEYP; TO €CTb OHH MILYTCS B OKPYXKEHHH, B
KOTOPOM Tpolefypa Oblia orpefeseHa. Mbl feTaqbHO pacCMOTPHUM, Kak 3TO paGoTaeT, B IiaBe 3, Korga OyneM Io-
JIPOGHO ONMHCBIBATbL OKPY?KEHHSI W pabOTy MHTeprpeTaTopa.

28 BiyTpeHHHe OmpelesieHHs IOJKHEl GLITh B HauaJe TeJa MPOLeAyphl. 3a MOC/TeNCTBHSA 3aMycka MPOrpamMM, Tepe-
MeLIHBAIOLIKX ONpele/eHNs] U UX UCMO/Nb30BaHHe, aIMUHHUCTPALMST OTBETCTBEHHOCTH He HeceT.
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3TOrO elle HeJOCTaTOUHO, YTOOBI CKa3aTb, YTO MBI yMeeM NporpaMmupoBaTtb. [losoxeHue, B
KOTOPOM MBI HAXOIUMCSI, IOX0KEe Ha MOJOKEHHE YesIOBeKa, BEIYUHBLIEr0 LIaXMaTHblE TIPaBUJIa,
HO HUUEro He 3HamIero 06 OCHOBHBIX Ie6i0Tax, TAKTHKe U cTpaTeruu. [logo6Ho maxmarucry-
HOBMYKY, Mbl [IOKAQ HHYEro He 3HaeM 00 OCHOBHBIX CXeMax HCII0JIb30BaHHs MOHATHH B HalleH
obsacty 3HaHUE. HaM HemocTaeT 3HaHUE O TOM, KaKHe HMEHHO XOIBI CJefyeT HesaTh (Kakue
HUMEHHO TNPOLEeIYPbl UMEET CMBIC/ ONpPelessATh), 1 He XBaTaeT ONbTa NPelCKa3aHHUs MOCJel-
CTBHH CENIAHHOTO X0[a (BBIMOJHEHHUS MTPOLELYPHL).

Crnoco6HOCTb MpeNBUIAETb MOCEACTBHUS pacCMaTPUBAaEMbIX NeHCTBHI HeoOXOAHMMA OJis TO-
ro, 4toObl CTaTb KBaJHU(PULUHUPOBAHHBIM MPOrPAMMHUCTOM, — PaBHO KakK M JJsi JIIOOOH Apy-
roil CHHTETHYECKOH, TBOPYECKOH HeATeJbHOCTH. Hanpumep, KBanuduuupoBaHHOMY (oTorpa-
¢y HYKHO NpPH B3MJISIAE Ha CLEHY IOHWMAaTh, HACKOJBKO TEMHBIM KaXKAblH ee ydacToK IO-
KaXKeTcsl 10CJ/le NeYaTd NPU pasHoOM BblOOpe 3KCIO3WLMU U Pa3HBIX YCJIOBHUAX 0OPabOTKHU.
TosibKO MOCJ/IE 3TOrO MOXKHO NPOBOAMTL OOpaTHbIE pacCcyXOeHHs U BbIOMpaTb Kajap, OCBelle-
HHe, 3KCTO3ULHIO U yCa0BUS 006pabOTKH TakK, YTOObl MOJYUHUTh KejaeMblil pe3y/abTaT. UToOsl
CTaTh CleLHaJUCTaM1, HaM Hall0 HayYUThbCS MPEACTAaBAATH IIPOLECCHl, TeHepHpyeMble pPassny-
HBIMH THNaMH npolefyp. TonbKo pa3BuB B cefe TaKylo CIOCOOHOCTb, Mbl CMOXKEM HAyUHUTbCS
HaJle?2KHO CTPOUTb NPOrpaMMBbl, KOTOpble BeAyT ce0sl Tak, Kak HaM Halo.

[pouenypa mpencrasiser coboil wabaoH sokasvrol ssosroyuu (local evolution) Beumc-
JuTesbHOro pouecca. OHa ykasblBaeT, Kak CJefyolias CTafus npouecca CTPOUTCS U3 TIPeLbl-
nyuei. Ham xoresnock Gbl yMeTb CTPOUTH yTBepkKaeHHUs 06 001ieM, uiau esobarvrom (global)
NOBeJleHUH IIpoliecca, JIOKalbHas 9BOJIOLHKS KOTOPOro onucaHa npouenypoid. B obuem cayyae
3TO CHeJaTh OUeHb CJIOXKHO, HO [0 KpallHeH Mepe Mbl MOXKEM MOIBITAaTbCsl ONHUCATh HEKOTOPBIE
THUIIHYHbIE CXEMBl 9BOJIIOLUH MPOLECCOB.

B aToM paspesie Mbl pacCMOTPUM HEKOTOpPbIE YACTO BCTpevarolinecs: «(popMbl» POLECCOB,
reHepHpyeMBIX MPOCTHIMH TIpoLleAypaMH. Kpome TOro, Mel pacCMOTPHM, HACKOJBKO CHJIBHO
3T NPOLECCH PacXoylOT TaKHe BaKHble BHIUHUCJHUTEJbHBIE PeCcypcbl, KaK BpeMs W MaMsTb.
[Ipouenypel, KoTopble Mbl OyleM paccMaTpUBaTh, BecbMa MmpocTel. OHM OyAyT UrpaTh TaKyio
e poJib, KaK INPOCTble cXeMbl B (hoTorpacuu: 3TO CKOpee YIPOLIEHHblE NPOTOTUIIHYECKHE
m1a6/IoOHbl, a He TIPaKTHYeCKHe MPUMepBl caMu 1o cebe.

1.2.1. JIuHeliHble peKypcUsa U UTepauus

L5 Hadasa paccMOTPUM (PYHKLHMIO (PaKTOPHAI, OTPEIeseMyo YpaBHEHHEM
nl=n-(n—-1)-(n—-2)---3-2-1

Cy11ecTByeT MHOKECTBO CIIOCOOO0B BBIUKC/IATh (pakTopHalsbl. OQKH U3 HUX COCTOMT B TOM, YTO-
Obl 3aMeTUTh, 4TO n! /s JIOGOTO MONOKHUTENBHOIO LIENOr0 YHC/Ia 1 PaBeH 71, YMHOXKEHHOMY
Ha (n — 1)k

nl=n-[n-1-n-2)---3-2-1]=n-(n—-1)!
Taxkum 06pa3om, Mbl MOXKEM BBIUMC/IWTH n!, BbIUMCAHB cHavana (n — 1)!, a 3ateM YMHOXHB

ero Ha n. [locse Toro, kak Mbl go6aB/sieM ycaoBue, 4To 1! paBeH 1, 370 HabJ/IofeHHE MOXHO
HeNOCPEeACTBEHHO NEPEBECTH B NPOLEAYPY:
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(factorial 6)
(* 6 (factorial 5))

(* 6 (* 5 (factorial 4)))

(* 6 (* 5 (* 4 (factorial 3))))

(* 6 (* 5 (* 4 (* 3 (factorial 2)))))

(* 6 (* 5 (* 4 (* 3 (* 2 (factorial 1))))))
(* 6 (*5 (* 4 (*3 (*21)))))

(* 6 (*5 (* 4 (*32))))

(* 6 (*5 (* 46)))

(* 6 (* 5 24))

(* 6 120)

720

Puc. 1.3. JIuHe#HO peKypCUBHBIN MpoLece AJs BblUKCAeHHs 6!,

(define (factorial n)
(if (= n 1)
1
(* n (factorial (- n 1)))))

MOoXHO HCMoJ/Ib30BaTh MOACTAHOBOUHYIO MOeJb U3 pasaena 1.1.5 U yBuueTh 3Ty npouenypy B
NelCTBUU MpU BblYMCJeHNH 6!, Kak mokazaHo Ha puc. 1.3.

Tenepb paccMOTpUM BBEIUHCIIEHHE (haKTOpHata ¢ OPYrod TOUKH 3peHHsi. Mbl MOXKeM OITH-
caTh MPaBHJIO BBIUMCJEHHS n!, cKa3aB, YTO Mbl CHadasa yMHoxKaeM | Ha 2, 3ateM peay/bTar
YMHOXaeM Ha 3, 3aTeM Ha 4, U Tak 10Ka He NOCTUIHEM n. MBI MOXKEM ONHUCATb 3TO BHIYMC-
JIeHHe, CKa3aB, UTO CUETUYHMK U MPOU3BEeHHE C KaXKJAbIM IIAaroM OJHOBPEMEHHO H3MEHSIOTCH
COTJIaCHO MPaBHJIY

NpOoU3BeJieHUe = CUETUYHK - IPOU3BEEeHUE
CUETUUK = CUeTuuK + 1

U 1006aBHUB ycJOBHe, UTO n! — 3TO 3HaueHHUe NPOU3BENEHHS B TOT MOMEHT, KOTLa CUETUHK
CTaHOBUTCA 0O0JIbILIE, YEM 7.
OnsTb XKe, Mbl MOXKEM MePECTPOUTD Hallle OTpelesieHHe B TPOLEAYPY BbIUHCAEHHUS PaKTO-

puana?’:

29B macrosime#i mporpaMMe Mbl, CKOpee BCero, CIpATalH Obl onpeleseHHe fact-iter ¢ MoMouIbio GJIOYHOI
CTPYKTYpBI, BBEIEHHOH B MpeAbIAYILeM pasiele:

(define (factorial n)
(define (iter product counter)
(if (> counter n)
product
(iter (* counter product)
(+ counter 1))))
(iter 1 1))

3D,er MBI 3TOr0 He caeJiaJi, YTOObl KaK MOXHO MeHbIlle AyMaTb O PasHbIX BellaX OLHOBPEMEHHO.
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(factorial 6)
(fact-iter 1 1 6)
(fact-iter 1 2 6)
(fact iter 2 3 6)
(fact-iter 6 4 6)
(fact-iter 24 5 6)
(fact-iter 120 6 6)
(fact-iter 720 7 6)
720

Puc. 1.4. JIuHeiiHO WTepaTUBHBIN Mpollecc AJsl BhlYUCAeHUs 6!.

(define (factorial n)
(fact-iter 1 1 n))

(define (fact-iter product counter max-count)
(1f (> counter max-count)
product
(fact-iter (* counter product)
(+ counter 1)
max-count)))

Kak u paHblle, Mbl MOXKEM C ITOMOLLBIO [OACTAHOBOUHOH MOJeNH H306pa3uTh MPOLECC BBIUKC-
Jenust 6!, Kak nokasaHo Ha puc. 1.4.

CpaBHuM 3TH ABa mpouecca. C OOHOH CTOPOHBI, OHM KaXKyTCSl MOUYTH onvHAKOBbIMH. Oba
OHU BBIUMCJSIOT OfHY U Ty K€ MaTeMaTH4yecKylo (QYHKLUHMIO ¢ OJHOH U TOH ke 06J1acThIO
onpejiesleHHs, U KaxKAblH M3 HUX MAJS BblUMCJAeHHS n! TpebyeT KOJHUeCTBa LIAros, MpPOIOP-
LUOHAJbHOrO 1. JleHCTBHUTENbHO, [Ba 3TUX Mpolecca jAaxke NPOU3BOAAT OLHY M Ty XKe IIO-
CJIEIOBATENIBHOCTb YMHOXKEHUH Y TOJNYUYaIOT OOHY U TY 2Ke T0CJeJ0BaTeNbHOCTh YACTHYHBIX
npousBefieHuH. C ApPyroidl CTOPOHBI, KOrIa MBI PaCCMOTPUM «(OPMBI» 3THX ABYX IPOLECCOB
MBI YBUIHUM, UTO OHH BeyT ceOsi COBEPILIEHHO 110-pa3HOMY

Bosbmem nepBuifi npouecc. IlonctaHoBouHas Mofesb MOKa3blBaeT CHauaja CepHI0 paclliu-
peHUH, a 3aTeM CxKaTHe, Kak [10KasblBaeT cTpeska Ha puc. 1.3. PacuinpeHue NpoHCXOAHUT IO
Mepe TOro, Kak MPOLECC CTPOHUT LENOouKy omioxcerHuix onepayuti (deferred operations), B
JIaHHOM cJydae LIEMOUKy YMHOXKeHHH. CrKaTue TPOUCXOOUT TOrNa, KOrNA BBIMOJHSIOTCH 3TH
OTJIO’KEHHBIE Olepalud. Takod THUN Tpolecca, KOTOPbIH XapaKTepU3yeTcsl LENO4YKOH OTJIO-
JKeHHBIX ONepaluil, Ha3blBAeTCsl pekypcusHuim npoyeccom (recursive process). Brimosnenune
3TOro npouecca Tpedyer, UToObl UHTEPIPETATOP 3allOMHUHAJ, KaKHe ONepalyuy eMy HY»KHO BbI-
MONHUTb BNOCJeACTBUU. [Ipy BbIUMCIAEHHM n! AJHMHA LENOYKH OTJIOXKEHHBIX YMHOXEHHH, a
CJIeoBaTeNbHO, U 00beM HH(POPMALMH, KOTOPEIH TpebyeTcs, YUTOObI €€ COXPaHUTh, PACTET JIH-
HEeHHO ¢ pocToM n (MPOMOpLHOHAJEH n), KAK W YHCJO LIaroB. Takod Mmpouecc Ha3biBAeTCs
Aunelino pexypcusroim npoyeccom (linear recursive process).

Hanporus, BTopo# npolecc He pacTeT U He cxkuMaercs. Ha kaxkaom ware npu J1o60M 3Ha-
YeHUU n HeoOXOAHMMO MOMHUTD JIMILIb TeKyll1e 3Ha4eHUs NepeMeHHBIX product, counter u
max-count. Takoil mpouecc Mbl HasbiBaeM umepamushoim (iterative process).
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B ofwem ciyvae, UTepaTUBHBIH NpoLECC — 3TO TAaKOH MNpouecc, COCTOSHHE KOTOPOro
MOXHO OMHCATh KOHEUHBIM UKCJIOM nepemerHvix cocmosanus (state variables) miroc 3apanee
3aJlaHHOe MPABUJIO, OMpeje/siollee, KaK 3TH MepeMeHHble COCTOSIHUS U3MEHSI0TCS OT luara K
Iary, e (BO3MOXKHO) TECT Ha 3aBeplIeHHE, KOTOPBIHA OMpefesseT YCA0BUs, MPH KOTOPBIX
npouecc NO/KeH 3aKOHUHTb pabotry. Ilpu BbluMcaeHMM n! 4MC/IO LIAroB JIMHEHHO pacTeT C
poctom n. Tako# mpouecc HasbiBaeTCs AuHelHo umepamusnoim npoyeccom (linear iterative
process).

MokHO TOCMOTpeTb Ha pasjuuve 3THUX JABYX MPOLECCOB M C APYrod TOUKH 3peHus. B
UTEPAaTUBHOM CJyyae B KaXKAbld MOMEHT IlepeMeHHble MPOTrpaMMbl JAIOT IIOJHOE ONHUCAHHE
cocTosiHUA Tpoliecca. Ecau Mbl OCTaHOBHM NPOLECC MeXIy LIaraMu, [AJs NPOAOJIKEHHS BbI-
yucJaeHUH HaM OyleT NOCTaTOYHO [aTb HMHTEPIIpPeTaTopy 3HAuyeHHs TpeX NepeMeHHbIX Ipo-
rpaMmbl. C peKypCHBHBIM NPOLIECCOM 3TO He Tak. B 3ToM caydyae uMeeTcs AONOJHHTeNbHAs
«CTIpsiTaHHas» MH(OpPMaNUs, KOTOPYI0 XPaHHUT MHTEPIPEeTaTop M KOTOpas HE COLEPKMUTCS B
nepeMeHHBbIX MporpaMMbl. OHa yKasblBaeT, «Ie HAaXONMUTCS» TPOLECC B TePMHUHAX LEMNOUKH
OTJIO’KeHHbIX omepaluii. UeM f/MHHee 1erouka, TeM GoJblie HHDOPMALKK HYKHO XPaHHTb Y,

[TpotuBomocTaB/sAs UTEpaLUI0 U PEKYPCHUIO, HYXKHO BeCTH ce0si OCTOPOXKHO M He CMe-
LIMBaTb MOHATHE PEKYPCHUBHOI'O npoyecca ¢ MOHSATHEM PeKypCHUBHOH npoyedypsi. Korna mbl
TOBOPHUM, UTO MpOLeNypa PeKyPCHBHA, Mbl HMeeM B BUAY (PAKT CUHTAKCHCA: ONpeJeseHHe Mpo-
LeAypbl CchliaeTcst (MPSIMO MJIM KOCBEHHO) Ha camy 3Ty npoueaypy. Korna xe mbl roBopuM o
npolecce, 4TO OH CJelyeT, CKaxeM, JUHEHHO PeKypCHBHOH CXeMe, Mbl TOBOPHUM O Pa3BUTHH
npolecca, a He 0 CHHTaKCHCe, ¢ [IOMOLLbI0 KOTOPOro HanucaHa npouenypa. MoxeT mokasaTbces
CTpPaHHbBIM, HallpUMep, BLICKa3blBaHUE «PeKypCHBHas npouenypa fact-iter onuceiBaer ure-
paTUBHBIH npouecc». OQHAKO MpoLece NeHCTBUTENBHO SIBJSETCS UTEPATUBHBIM: €0 COCTOSIHHE
MIOJTHOCTBIO OMHCHIBAETCS TPEMS NTEPEMEHHBIMH COCTOSIHUS, U YTOOBI BBINIOJIHUTD 3TOT INpoliece,
HUHTEPIPeTaTop A0/KeH XPaHUTb 3HA4eHHe TOJIbKO TPeX IepeMeHHbIX.

Pasnnune mexnay npoleccaMd M MpoLefypaMH MOXeT 3alMyThIBaTb OTYACTH MOTOMY, 4TO
GOJIBLIMHCTBO peasnu3aluil 0ObIYHBIX sI3bIKOB (BKJtovast Any, [lackane u CH) mocTpoeHs! Tak,
YTO UHTepIpeTalus J00H peKypCcUBHOH MpOLeAyphl MOrJIolaeT 00beM NaMsATH, JUHEHHO pac-
TYLIUH IPONOPLUOHAJNBHO KOJTUYECTBY BbI30BOB NPOLEAYPH, AaXKe €CJIH ONUCbIBAEMBIH €10 MPo-
Lecc B NMPUHLHUIE UTepaTHBeH. Kak c/efCTBHE, 3TH S3BIKU CIIOCOOHBI OMUCHIBATH HTEPATHUBHbBIE
MPOLIECCH TOJIBKO C MOMOILBIO CleHaNbHBIX «IUKJIHNUECKHX KOHCTPYKLUHI» Bpoae do, repeat,
until, for u while. Peanusauus Scheme, KoTopyio Mbl pacCMOTPUM B ryaBe 5, cBOGOAHA
oT 3Toro Hepoctatka. OHa OyneT BBINOJIHATbL UTEPATUBHBIH NMPOLECC, UCIIOb3Ys (PUKCHPOBAH-
HBEIH 00beM MaMsTH, Jake eC/M OH ONHCBIBAETCS PeKYPCHBHOH mpouenypoi. Takoe CBOHCTBO
peanu3auuy si3biKa HA3BIBAETCST MOAAEPKKOH xgocmosoli pexypcuu (tail recursion)*. Ecan
peanusalus f3blKa MOAJEPXKUBAET XBOCTOBYIO PEKYPCHIO, TO UTEPALMI0 MOXKHO BBIPA3UTh C
MOMOILbI0 OOBIKHOBEHHOI'0 MeXaHU3Ma Bbl30Ba (DYHKLHH, TaK UTO CIeLHa/bHble LUKIHYECKHe
KOHCTPYKIIMH HMEIOT CMBICJ TOJIbKO KaK CHHTaKcHueckuii caxap’!.

30Korna B riaBe 5 Mbl GyieM 06CYKAaTh Peanu3alMio NPOLEAyp C MOMOLIbIO PEFHCTPOBBIX MALIMH, Mbl YBUIHM, UTO
UTepaTHBHBIE MPOLIECC MOXKHO peasi30BaTh «B allflapaType» Kak MallHHY, Y KOTOPOH eCTb TOJbKO KOHEYHBIH Habop
PErucTpoB U HEeT HUKAKOH [OMOHUTEbHOH NamsTH. HanpoTuBs, A/s peasnusalny peKypcHBHOrO mpoiecca TpeSyercs
MalllHHa CO BCIIOMOraTe/IbHOH CTPYKTYPOH JaHHBIX, HasbiBaeMoicmex (stack).

*CnioBapp multitran.ru faer nepeBoj «KOHLEBas peKypcusi». Hall BapuaHT, Kak KaxeTcs, U3silliHee U CcoXpa-
HseT MeTadopy, COLEPXKalLyIoCs B aHIVIOS3bIYHOM TEPMHUHE. — Npum. nepes.

31 loBoBHO MOATO CUMTANOCh, UTO XBOCTOBAs PEKYPCHS — OCOGLIH TPIOK B ONTMMH3HDPYIOUIMX KOMIHJISTOPAX.
flcHoe cemaHTHUecKOe OCHOBaHHe XBOCTOBOH pekypcuu Gbuio HaiineHo Kapmom Xbrwoutrom (Hewitt 1977), koropsiit
BbIPA3HJl ee B TepPMUHAX MOJE/H BbIUMC/IEHHE C MOMOLIBIO «lepeiayd COooOLeHHH» (MBI PACCMOTPHM 3Ty MOJE/b B
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Ynpaxuenue 1.9.

Kaxnast 43 c/aeqyolux IByX MPOLEAYp ONPeNessieT CrIoco6 CJ0XKEHHS] ABYX MOJIOKHTENbHBIX LEJbIX
YHceJl ¢ TOMOLLBIO IPOLEeNyp inc, KoTopas 106aBiseT K CBOeMYy apryMeHTy 1, u dec, KoTopasi OTHHMaeT
OT CBOEro aprymenra l.

(define (+ a b)
(if (= a 0)
b
(inc (+ (dec a) b))))

(define (+ a b)
(1f (= a 0)
b
(+ (dec a) (inc b))))

Hcnosib3ysi MOACTAHOBOUHYIO MOJE/b, IPOUJIJIIOCTPUPYHTE MpOLeCe, MOPOXKAAEMbIH KaXK0# U3 3THX NPo-
Lenyp, BBIUMCAUB (+ 4 5). SBASAIOTCA /M 3TH NMPOLECCH HTEPATHBHBIMH HUJIH PEKYPCUBHBIMHU?
Ynpaxuenue 1.10.

Crenyrouasi mpoLeaypa BbYHC/IsET MaTeMaTHiecKyo (GYHKIHIO, HasblBaeMylo (yHKIMed AKKepMaHa.

(define (A x y)
(cond ((=y 0) 0)
((=x0) (*2y))
((=y 1) 2)
(else (A (- x 1)
(A x (-y1))))))

KaxoBbl 3HaueHHS! C/IeYIOLUX BBIPAXKEHHH?

(A 1 10)
(A 2 4)

(A 3 3)
PaccmoTpuM crepyiolnyie npouenypsl, rae A — Npouenypa, onpeaeseHHas Bbllle:

(define (£ n) (A 0 n))
(define (g n) (A 1l n))
(define (h n) (A 2 n))

(define (k n) (* 5 n n))

JlaiiTe kpaTKue MareMaTHueckHe oOnpefeseHHs (DYHKLUMH, BBIUMC/AsEMBIX mpoueaypamu f, g u h ags
MOJIOXKUTENBHBIX LleJbIX 3HaueHHH n. Hanpumep, (k n) Beuucaser 5n2.

rnase 3). BooxHoBnenusle atum, Jxkepanbn ket Caccman u Tlait Jlbtone Ctua mia. (cm. Steele 1975) noctponsn
uHTepripetaTop Scheme ¢ monnep:KKoi xBocToBOH pekypcuH. [losnHee CTHs MoKasas, 4TO XBOCTOBasl PEKypCHs
SIBJISIETCST CJIEACTBHEM €CTECTBEHHOro croco6a KOMMHJsILKHKM Bbi3oBoB mpouenyp (Steele 1977). Cranmapt Scheme
IEEE tpebyert, uToGbl Bce peanusauuu Scheme mnoajep:KuBajld XBOCTOBYIO PEKYDPCHIO.
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1.2.2. [IpeBoBugHasa peKypcus

Cyl1ecTByeT ellle 0JHA YacTO BCTpeyaroliasics cXxeMa BHIUMCJ/IeHUH, Ha3biBaeMast dpesogud-
Has pexypcus (tree recursion). B KauecTBe mpuMepa pacCMOTPUM BBIUHCJEHHE MOCJEN0BA-
TeJIbHOCTH yKces] PuboHaYuH, B KOTOPOH KaxK0€e YHUCJIO SBJASETCS CyMMOH ABYX NMpeablIyLIHUX:

0,1,1,2,3,5,8,13,21,...
O61ee npasujo /s yuces PuGOHAYYN MOXKHO CHOPMYJNUPOBATH TaK:

0 ecan n =0
Fib(n) =< 1 ecmu n =1
Fib(n — 1) + Fib(n — 2) B ocTaJbHbIX CJy4asx

MoxHO HeMe/JIeHHO NpeoOpa3oBaTh 3TO OMNpeje/ieHHe B MPOLELYypY:

(define (fib n)
(cond ((=n 0) 0)
((=n 1) 1)
(else (+ (fib (- n 1))
(fib (- n 2))))))

PacemoTpum cxemy 3Toro BoiuucjaeHus. Uto6wl Beigucautbh (fib 5), Mbl cHauasa BHI-
yucaseM (fib 4) u (fib 3). Urobwl BeiuucauTtb (fib 4), mbl BhyucasgeM (fib 3) u
(fib 2). B ofiem, moayyaroliriics Nporece MoXoX Ha AepeBo, Kak MoKa3aHo Ha puc. 1.5.
3ameTbTe, UTO Ha KaXKIOM ypoBHe (KpoMme NHa) BETBU Pa3lefsiioTCs HAJBOE; 3TO OTpPaXKaeT
TOT (akT, 4To npouenypa £ib npu KakIoMm Bbi3oBe obpalllaeTcsl K camoil ce6e ABaXKIbl.

dra npolueaypa nojesHa Kak MpUMep MPOTOTHUIMUYECKOU NPEBOBUIHON pPeKypCHM, HO Kak
MeToJ moJiydeHus: unces PuGOHAUYM OHA Y»KACHA, MOCKOJbKY MPOU3BOAUT MaCCy H3JHIIHUX
BeiuncaeHuit. O6paTute BHUMaHHe Ha puc. 1.5: Bce BhiuKcaeHde (fib 3) — mouyTH MoJOBHHA
o61eil paboThl, — MOBTOPsieTCs ABaXKAbl. B CYIIHOCTH, HETPYAHO MMOKA3aThb, YTO 0OIee YUCIIO
pa3, KoTopble 3Ta mpolenypa BuizoBeT (f£ib 1) uau (£ib 0) (B obleM, YHCIO JUCTbEB) B
touHocTu paBHsieTcst Fib(n+1). Uro6bl NOHSTH, HACKOJIBKO 3TO MJIOX0, OTMETHM, UTO 3HAUEHHE
Fib(n) pacrer 3KcrnoHeHUHaNbHO TIpU yBenuueHuu n. Bosee TouHo (cMm. ympaxHenue 1.13),
Fib(n) — 370 enoe uucno, 6uxaiiiee Kk ¢ /+/5, re

¢ =(1+V5)/2~1.6180

TO ecTb 3010moe ceuenue (golden ratio), KoTopoe yIoOBAETBOPSIET YpABHEHHIO
P*=¢+1

Takum o0pasoM, 4MCJIO LIAroB HALIEro Mpolecca pacTeT KCIOHEHLHAJNbHO NPH YBeJUYEHHH
aprymeHTa. C apyro#l CTOpOHBI, TpeGOBaHUS K MAMATH PACTyT NPH YyBeJMYEHHH apryMeHTa
BCEr0 JIMIIb JHHEHHO, TOCKOJBKY B KaXK/IOH TOUKE BBIUMCJEHHS HaM TpebyeTcsl 3allOMHHATh
TOJIBKO T€ BePILUHHBI, KOTOPble HaXO[sTCs BbILIE HAC MO AepeBy. B obiiem caydyae yucso 1maros,
TpeOyeMbIX IPEBOBUIHO-PEKYPCHBHBIM MpOLECCOM, OyaeT MPONOPLHUOHANbHO YMC/Y BEpLIKH
nepeBa, a TpebyeMblil 06beM NamsATH OyneT NMPoNoplLUoHaJeH MaKCHMaJlbHON I1yOuHe NepeBa.

Jns nonydyenns yuces PuboHayyu Mbl MOxKeM C(HOPMYJIHPOBATH UTEPATHBHBIN IpoLecc.
Hness coctouT B TOM, 4TOOBl HCNONB30BATh Mapy LeJbIX ¢ U b, KOTOPBIM B Hadaje AAIOTCH
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£ib 5
fib 4 fib 3
/ \ fib 2 fib 1
£ib 3
fib 2
/ \ / \ fib 1/ lfib o] \1
£ib 2 fib 1] [fib 1| |fib 0 ‘
/ N\ ZAN
1 1 0

fib 1/ \fib 0

1 0

Puc. 1.5. [IpeBoBHIHO-PEKYPCHUBHEBIH MpoLece, MOpoKAaeMbli Npy BeluncaeHud (£ib 5).
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sHauenusi Fib(1) = 1 u Fib(0) = 0, ¥ Ha KaX[OM Liare NpUMEHsTb OJHOBPEMEHHYIO TpPaHC-
(hopmaLHIo

a—a+b

b—a

HerpynHo nokasarte, 4To mocJjie TOro, Kak Mbl MpojesaeM 3Ty TpaHC(HOpPMaLHUIO n pas, a U b
6ynyTt coorBercTBeHHO paBHbl Fib(n 4+ 1) u Fib(n). Takum o6pa3oM, Mbl MOXKeM HTEPATHBHO
BBIUUC/IATL yucaa PuboHaYUH IPpH MOMOIIK NPOLEAYPbI

(define (fib n)
(fib-iter 1 0 n))

(define (fib-iter a b count)
(if (= count 0)
b
(fib-iter (+ a b) a (- count 1))))

Bropoii meton Bbiuucaenus yuces PuboHayud npenctapiaseT coOOH JMHEHHYIO UTepaluio.
PasHuua B yucje waros, TpeOyeMblX ABYMs 3TUMH METOJAaMHM — OIUH MPONOPLHOHAJEH 7,
IpYrofi pacteT Tak ke ObicTpo, Kak W camo Fib(n), — orpomHa, naxke [Jisi HeGOJbLINX
3HQUEHUU apryMeHTa.

He Hy»XHO 13 3TOro nenath BBIBOL, UTO JPEBOBHIHO-DEKYPCHBHBIE MPOLECCH Oecrones-
Hel. Korna Mbl GyneM paccmMaTpuBaTh NpoLecch, padoTarolie He C YHUCJaMH, a C HEpapxH-
YeCKH CTPYKTYPHUPOBAHHBIMH AAHHBIMH, Mbl YBHIHUM, YTO NPEBOBHIHAS PEKYpPCHUS SIBJSETCS
eCTeCTBEHHBIM M MOIIHBIM MHCTpyMeHTOM>2, Ho nake mpu paboTe ¢ uuc/iaMH 1peBOBMAHO-
peKypCcHUBHbIe MPOLECCH MOTYT OBITh TOJNE3HBI — OHH MOMOTaloT HaM MOHMMaTb M MPOEKTH-
poBaTb nporpammbl. Hanpumep, xotsi nepsast npouenypa £ib u HamHoro meHee 3¢ eKkTHBHA,
4yeM BTOpasi, 3aTO OHa MpOIle, MOCKOJBKY 3TO HEMHOrMM 6oJjiee, UeM MepeBoj OINpenesaeHus
nocJseoBaTeqbHoCTH yuces PuboHayun Ha Jlucn. Urobbl copMynnpoBaTh UTEPAaTHBHBIN aJ-
TOPUTM, HaM NPHUILJIOCh 3aMeTHUTb, YTO BBIYHCJEHHE MOXKHO I1€pecTPOUTb B BHJE UTEpallUU C
TpeMsl epeMeHHBIMH COCTOSHHUS.

Pa3smeHn peHer

UroObl COYUHUTb UTEPATHUBHBIH anroput™ As unces PuboHayuH, HY?KHO COBCEM HEMHOIO
cMekanky. Temepb [/1s1 KOHTpacTa pacCMOTPHUM CJEAYIOLLYIO 3ajauy: CKOJbKHMHU CIOCoOaMH
MOXKHO pa3MeHsiTb cyMMy B 1 moJsiap, eciu umerorcsi MoHeTsl no 50, 25, 10, 5 u 1 wuent?
B Gosee ofmiem ciyuae, MOXKHO JIM HamucaTb MPOLENYypY MoACUeTa Crocob0B pasMeHa AJs
IIPOU3BOJIbHOH CyMMBI JIeHer?

Y 3Tol 3amaud eCTb NPOCTOE pellleHHe B BHAE PeKypCHBHOH mpoueaypbl. Ilpenmnosmoxum,
Mbl KaK-TO YNOPSAOYMJIM THUIIBl MOHET, KOTOpble y Hac ecTb. B TakoMm c/aydae BepHO OymeT
cJelyIollee ypaBHEHHE:

Yucso cnoco60B pasMeHsATb CyMMY G C TIOMOILBIO 12 TUIIOB MOHET paBHsETCH

® JHucJay croco6oB pasMeHATb CYMMY a C TNOMOIIbIO BCE€X THIIOB MOHET, KpOMe MepBOro,
TJIr0C

32TTpimep 3TOro GbLT yrOMAHYT B pasnese 1.1.3: caM MHTEPNPeTATOp BLIYMCJSET BLIPAXKEHHS C TIOMOIIBIO JPeBO-
BUJHO-PEKYPCHBHOr0 Mpolecca.
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® YlCJIO Croco60B pasMeHATb CyMMYy a — d ¢ UCIONb30BAHUEM BCEX 71 THIIOB MOHET, rae
d— OJOCTOWHCTBO MOHET II€PBOTO THUIIA.

UroO6bl YBHAETb, YTO 3TO UMEHHO TaK, 3aMeTHM, 4TO CI0COObl pa3MeHa MOTyT ObITb IO-
JleJleHbl Ha JIBE€ TPYMNIbl: Te, KOTOpble He MUCMOJb3YIOT MepBblil TUI MOHETHl, U Te, KOTOpbIE
ero ucnoJ/b3yioT. CefoBaTesnbHo, 00llee YUC/IO CIOCOO0B pasMeHa KaKoH-lu60 CyMMbl PaBHO
YHUCJy CHOCOOO0B Pa3MeHSITh 3Ty CyMMY 06e3 NpHBJEUYeHHS MOHET MEepPBOro THMA III0C YHCJO
croco60B pasMeHa B MPENIOJIOXKEHHH, YTO Mbl 3TOT THN HcroJb3yeM. Ho mocsenHee yucsio
PaBHO 4MCJIY COCOOOB pasMeHa AJs CyMMbl, KOTOpPasi OCTaeTcs MOCJ/e TOro, Kak Mbl OOUH pa3
ynoTpebuar MepBblil TUI MOHETHI.

TakuM 06pa3om, Mbl MOXKeM PEKYPCUBHO CBECTH 3ajauy pasMeHa NAHHOH CyMMBI K 3aja-
4ye pa3MeHa MeHbIIHX CYMM C TTOMOLIbI0O MeHbIIero KOJM4YecTBa THIOB MOHEeT. BHHMaTesbHO
paccMOTpUTE 3TO MPABHJO PEAYKLHUH U yOenuTe ceOsi, UTO Mbl MOXKEM HCIIOJIb30BATh €r0 AJIs

OIMHMCAHHWA aJITOPUTMa, e€CJH YKaxKeM CJaeAYIollHMe BbIpO2KIACHHbIE cnyanSS:

e Eciu a B Tounoctr paBHo 0, Mbl cunTaeMm, 4To UMeeM 1 cnoco6 pasmeHa.
e Ecau a menbiue 0, mbl cuutaem, yto umeeMm 0 cnoco6oB pasmeHa.

e Eciu n paBHo 0, Mbl cuutaem, uto uMeeM O croco6oB pasMeHa.

DTO omUcaHHUe JIETKO TIePEBECTH B PEKYPCUBHYIO NPOLEAYPY:

(define (count-change amount)
(cc amount 5))

(define (cc amount kinds-of-coins)
(cond ((= amount 0) 1)

((or (< amount 0) (= kinds-of-coins 0)) 0)

(else (+ (cc amount
(- kinds-of-coins 1))

(cc (- amount
(first-denomination kinds-of-coins))

kinds-of-coins)))))

(define (first-denomination kinds-of-coins)
(cond ((= kinds-of-coins 1) 1)
((= kinds-of-coins 2) 5)
((= kinds-of-coins 3) 10)
((= kinds-of-coins 4) 25)
((= kinds-of-coins 5) 50)))

(Ilpouenypa first-denomination mpuHHUMaeT B KauecTBe BXOJA YHUCJO NOCTYMHBIX THIIOB
MOHET ¥ BO3BpallaeT NOCTOWHCTBO MEPBOrO THMA. 3IeCh Mbl YNOPSIOUUIN MOHETH OT CaMOH
KPYMHOH K GoJjiee MeJKHM, HO TOAMJCS Obl W J1060H npyrod nopsnok.) Temepb Mbl MoxKeM
OTBETHTb Ha WCXOIHBIH BOMPOC O pa3MeHe 10JJapa:

(count-change 100)
292

33PaccMoTpHTe 17151 pUMepA B JeTaifiX, KaK MPHMeHAeTCs PaBHIO0 PeAyKLHMH, ecli HyXKHO pasMeHsiTh 10 1eHTOB
Ha MOHeTHl B 1 W 5 LIeHTOB.
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Count-change nopoxzaaer IpeBOBHUIHO-PEKYPCHUBHBIH NpoLecC ¢ H30BITOYHOCTBIO, OX0-
JKeH Ha Ty, KOoTopasi BOBHHKaeT B Hallel nepBoi peasnusauuu £ib. (Ha to, uTo6bl MoaydnuTh
orBer 292, yiiner 3ametHoe Bpemsi.) C Apyro# CTOPOHBI, HEOUEBHUAHO, KAK MOCTPOUThL GoJiee
3(h(PeKTUBHBIH aJrOPUTM I/ TIONYyUEHHS] STOrO Pe3y/nbTaTa, U Mbl OCTaBJ/sIEM 3TO B KauecTBe
3ajauu Aas xeqawolux. HabmaoneHue, 4To 1peBoBUAHAS PeKYpPCHs MOXKeT ObITh BecbMa Hea-
(heKTHBHA, HO 3aTO ee 4acTo JIerKo C(hOopMyJHpPOBaTb U MOHSTh, NPHUBEJO HCCJefoBaTe el K
MBIC/IH, YTO MOXKHO MOJIY4YHUTD Jy4dllee U3 ABYX MHPOB, €CJH CIPOEKTHPOBATH «yMHbBIH KOMITH-
JIATOP», KOTOPBIH MOr Obl TPaHC(HOPMHPOBATH IPEBOBHIHO-DPEKYPCHBHBIE MPOLENYPHI B GoJee
3 deKTHBHbIE, HO BHIUMCSIONINE TOT XKe pesynbTatt,

Ynpaxnenue 1.11.

Dyukuns f onpegensercs npasuiom: f(n) =n, ecinn < 3, u f(n) = f(n—1)+ f(n—2)+ f(n—3),
ecau n > 3. Hanuiure npotenypy, BBIYHCSIOYIO f ¢ MOMOLLbIO peKypcHBHOro npouecca. Hanuiuure
NPOLEAYPY, BHIUUCISIOULYIO f ¢ OMOLIBIO HTEPATHBHOIO MpoLiecca.

Ynpaxuenue 1.12.
[puBeneHHasi Hi>Ke TabJjula HasbiBaeTcs mpeyeosvrukom lackars (Pascal’s triangle).

1
1 1
1 2 1
1 3 3 1
1 4 6 4 1

Bce yncsa mo KpasM TpeyrospHHKa paBHBI 1, a Kaxk[0e YHCJI0 BHYTPH TPEYroJbHHKA PABHO CYMMe ABYX
uycest Haj HUM?. HamuiuTe npoleaypy, BHUMCSIONIYIO 3JeMeHThl TPeyroJbHUKa [lackas ¢ moMolbio
PEKypPCHBHOrO Mpolecca.

Ynpaxuenue 1.13.

Joxaxure, uto Fib(n) ecTs mesoe umcno, 6amxkaiimee xk ¢"/v/5, rie ¢ = (1 + v/5)/2. Ykasauue:
nyets ¥ = (1 — 4/5)/2. C nomonisio onpenesenus unuces ®udonayun (cM. pasmen 1.2.2) u UHAYKIHH
nokaxure, uto Fib(n) = (¢™ — ¥™)/V/5.

340puH 13 crocoGoB U3GexKaTh U3OBITOUHBIX BHIUMCJAEHHH COCTOMT B TOM, UTOOBl aBTOMaTHYeCKH CTPOUTb TabJIHLY
3HauYeHHH MO Mepe TOTO, KaK OHHM BblYMCIAOTCS. Kaxknblfi pas, Korga HY»KHO TPHMEHHTb TNpPOLEAYPY K KaKOMy-
HUOYAb apryMeHTY, Mbl MOIVIM Obl CHaya/a oOpallaTbCsi K TabJMle, CMOTPETh, He XPAaHHUTCS JIM B Hell yxKe 3HauyeHHe,
M B 3TOM cJydae Mbl M30exasy Obl M30BITOYHOTO BEIYHMC/IEHHWs. Takasi crparerus, HasbiBaemas mabyasapusayuer
(tabulation) nan memousayueti (memoization), nerko peanusyercs. MHorma ¢ nomolbto Taby/sipU3allid MOXKHO
npeoGpa3oBaTbh MpoLecchl, TpeOylHe SKCIOHEHHANbHOr0 4Kcaa laros (Bpoie count-change), B Hpoleccsl,
Tpe6OBaHHs KOTOPBIX K BPeMeHH M NMaMsATH JHHEHHO pacTyT 1no Mepe pocta Boga. CM. ympakHeHue 3.27.

353neMenThl TpeyronbHUMKa IlacKasisi HA3bBAITCA OUHOMUAAbHbIMU KO3(duyuenmamu (binomial coefficients),
OCKOJIBKY M-l DSl COCTOUT U3 KOS((HUIHMEHTOB TePMOB NPU pas/okeHHH (x + y)™. DTa cxeMa BbUUCIEHHUS KO3(]-
(uLMeHTOB MosiBUIAch B MepenoBoit pabore biesa [lackans 1653 ropa mo teopuu BepositHocTelt Traité du triangle
arithmétique. Cornacto Knuth 1973, ta xe cxema Bctpeuaercs B Tpyne L{3y-roans [Ot-uane («JlparoueHHoe 3epKaso
YeThIPeX 3J1eMEHTOB»), OMyOJHKOBaHHOM KuTaiickuM MatematikoMm LI3io IlIu-113e B 1303 roxy, B Tpynax mepcuackoro
Mo3Ta U MaTeMaTHKa ABeHanuartoro Beka Omapa Xafsma u B paboTax MHIMHCKOrO MaTeMaTHKa JBEHaJlaToro BeKa
Bxackapsl Auapby.
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1.2.3. Ilopsaaku pocta

[TpeniuecTByoOLIHe TPUMEPHI TOKA3BIBAIOT, UTO MIPOLECCH MOTYT 3HAUUTENBHO PA3JHUAThCS
M0 KOJIMUECTBY BHIYUCJHTE/bHBIX PECYPCOB, KOTOpPbIE OHHU MOTPeOJAIOT. YIOOHBIM CIOCO60M
OTHCaHHUS 3TUX Pas3inuuil sBJseTcs NOHATHe nopsadka pocma (order of growth), koTopoe naer
006LIYI0 OLEHKY PecypcoB, HeOOXOAHUMBIX [IPOLECCY MPH yBEJHUYEHUH ero BXOAHBIX AaHHbBIX.

[lycts n — mapameTp, U3MepSIIOIIKE pasMep 3anaud, U mycTb R(n) — KOJMYECTBO pecyp-
COB, HEOOXOIMMBIX IMpoLeccy AJsl pelleHHs 3ajaud pasMmepa n. B mpeablaylinx npumepax n
ObLJIO YHCJOM, IJIS KOTOPOro TPeGOBaIOCh BBIUUCIUTL HEKOTOPYHO (DYHKLHIO, HO BO3MOXKHBI H
npyrue BapuaHTbl. Hanpumep, ecsiu TpefyeTcst BBIUHCAUTD NPUOJIMKEHHE K KBaIpPAaTHOMY KOp-
HIO 4HCJa, TO 1 MOXeT OBbITb YHCJIOM LHU(P Mocjae 3amsfiTOH, KOTOpble HYXKHO IMOJY4HUTb. B
3ajaye yMHOXKEHHUS] MaTpHL 1 MOXKEeT ObITb KOJHMYeCTBOM PSIIOB B MaTpuuax. Boobiue roso-
psl, MOXKET MMeTbCsI HECKOJIBKO XapaKTePUCTHK 3a1a4d, OTHOCHTENbHO KOTOPBIX 2KeJaTesbHO
[poaHa u3upoBaTh NaHHbIH mpouecc. [lono6HbIM 06pa3om, R(n) MOXKET U3MEPSITh KOJIUYECTBO
UCIIO/Ib3YEMBIX LEJNOUNUCTEHHBIX PETUCTPOB TAMSITH, KOJUUECTBO UCIONHSAEMBIX 3/1€MEeHTapHbBIX
MalIMHHBIX ONlepauui, ¥ Tak najee. B KommbioTepax, KOTOpble BLINOJHSIOT ONpPeLeeHHOe
YMCJIO ONepaLuil 3a JaHHBIH OTPe30K BpeMeHH, TpeOyemoe BpeMsi OyfeT NPONOPLHUOHATIBHO
HeoOXOAMMOMY YHCJY 3JeMeHTapHbIX MallMHHbBIX ONepaLui.

Mpl rosopumM, uto R(n) nmeer nopsigok pocta O(f(n)), 4rto sanuceiBaercsi R(n) =
O(f(n)) u npousHocutcs «teta oT f(n)», €U CyLIECTBYIOT MOJOXKHUTEIbHbIE OCTOSIHHBIE k1
U ko, He3aBUCHMBIE OT 1, TaKHe, YTO

k1f(n) < R(n) < k2 f(n)

17151 BCSIKOTO IOCTATOYHO GoJibiuoro n. (pyrumu cjoBamu, 3HadeHHe R(n) 3aKI0YeHO MEXIY
klf(n) H kgf(n))

Hanpumep, pisi JMHEHHO pPeKypCHBHOIO MpoLecca BbIUHCAEHHs (DaKTOpHasa, ONHUCAHHO-
ro B pasgese 1.2.1, yucJo WAaroB pacTeT MPONOPLHOHANBHO BXOAHOMY 3HAueHHIO n. TakuM
06pa3oM, YKCJIO IIAroB, HEOOXOMUMBIX 3TOMY Mpoleccy, pacteT kak O(n). Mel Bugesu Tak-
XKe, 4TOoTpedyeMbiii 06beM namsiTHpacTeT Kak O(n). s uTepaTMBHOro (hakTOpHasa UHCJIO
waros no-npexHemy O(n), Ho o6beM namstd O(1) — To ectb KoHcTanta®®. JpeBoBHaHO-
pekypcuBHOe Bhiuncyenue urcesn Pubonauun tpedyer O(¢™) waros u O(n) namsity, roe ¢ —
30JI0TO€ CeyeHUe, onucaHHoe B pasjese 1.2.2.

[Topsinku pocTta narmoT Bcero Juiib rpyboe onucaHue MoBeleHMs mnpouecca. Hampumep,
nporecc, KOTopomy Tpebyercsi n? 1aros, mpouecc, kotopomy Tpedyercss 1000n? waros u npo-
necc, Kotopomy Tpebyercss 3n? + 10n + 17 waroB — Bce uMeloT mopsaok pocta O(n?). C
IpPYrodl CTOPOHBI, MOPSIAOK POCTa MOKA3bIBaeT, KAKOIO H3MEHEHUS] MOXKHO OXHAATh B IOBele-
HUH TpOLecca, KOrAa Mbl MeHsieM pasmep 3amauu. [ljist mpouecca ¢ mopsiikom pocta O(n)
(1MHelHOT0) yIBOEHHe pa3Mepa 3a1ayll NPUMEPHO YIBOUT KOJHYECTBO HUCIOJNb3YEMBIX PECYp-
coB. [l 3KCIOHEHLMAJNBHOrO Mpolecca KaxKIoe YBeJUUYeHHe pa3Mepa 3alaud Ha eJUHHULY
OyneT yMHOXaTb KOJHYECTBO PECYPCOB Ha MOCTOSHHBIN Ko3(duuueHT. B ocraBueiics yactu
paszena 1.2 Mbl pacCMOTPUM [(Ba aJrOPUTMa, KOTOPble HMEIOT Jorapu(pMUUeCKUH NOpsIoK po-

3B sTHx yTBepKEEHUAX CKpbIBaeTCA BaXKHOe ympouleHde. Hamprmep, ecim Mbl cuMTaeM Iuar mpouecca Kak
«MalIMHHbIe OMepalUK», Mbl MpeAnoJaraeM, YTO YUCJAO0 MAIUMHHBIX OMepaluil, HYXKHbIX, CKaXKeM, [/ BblUHC/CHHS
NPOU3BENEHHs, He 3aBHCHT OT pasMepa YMHOXKAeMbIX YHCEJ, a 9TO CTAHOBMTCA HEBEPHBIM IIPH JOCTAaTOYHO GOJBLIMX
yucaax. Te ke 3aMeyaHHsl OTHOCATCA M K OleHKe TpeGyemol namsaTH. ITojo6HO NpPOEKTHPOBAHHIO M ONHCAHHIO
npolecca, aHal13 Npolecca MOXKeT NPOUCXOAUTh Ha PasJMYHbIX YPOBHAX abCTpaKIMH.
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CTa, TaK YTO yABOEHHUE pasMepa 3aaaqyu yBeJUu4yuBaeT Tp€60BaHI/IH K pecypcaMm Ha NMOCTOAHHYIO
BEJHUYHHY.

Ynpaxuenue 1.14.

Hapucyiite nepeso, uiocTpupyloliee npouecc, KOTOpblH NopoxKaaeTcs Npoleaypoi count-change us
paszena 1.2.2 npu pasmeHe 11 neHToB. KakoBbl NOpAAKH POCTA NAMSITH U YKCJA LIATOB, UCIOJb3yeMBIX
3THUM INIPOLECCOM IIPH YBEeJUUYEHHH CyMMBl, KOTOPYIO TpebyeTcs pa3MeHSTb?

Ynpaxkuenue 1.15.
CuHyc yrya (3a1aHHOTO B paiHaHax) MOXKHO BbIYHCIHTD, €CJIH BOCIOJb30BaTbCs IPUOHKEHHEM Sin &
Z TIPH MaJIbiX Z ¥ YHNOTPeOHTb TPUTOHOMETPHUYECKOE TOXKIECTBO

sinx = 3sm§ — 4sin®

wlg

IJ1s1 yMeHblIeHUs] 3HaUeHHUst aprymeHTa sin. (B aTom ynpaxkHeHUH Mbl OyeM CYHTATh, UTO YTOJ «I0CTa-
TOYHO MaJsl», ecJu oH He GoJblue 0.1 pannaHa.) Dta Uaes UCMONb3YeTCs B CJIEAYIOIUX MpoLenypax:

(define (cube x) (* x x X))
(define (p x) (- (* 3 x) (* 4 (cube x))))

(define (sine angle)
(if (not (> (abs angle) 0.1))
angle
(p (sine (/ angle 3.0)))))

a. CxosbKO pa3 BbI3bIBAeTCs NpOLeNypa P NPU BbUMCAeHHH (sine 12.15)°?

6. KaxoBbl mopsinky pocTa B TeDMHHAX KOJMUECTBA IIArOB U HCIOMb3yeMoH MaMATH (Kak (yHKIHS a)
IJ151 TIpoliecca, NopoxKIaeMoro Nnpouefypoil sine npu BelUUC/IeHHH (Ssine a)?

1.2.4. Bo3BeaeHue B CTENEHb

PaccmoTpum 3anauy Bo3BeneHMs 4Mcia B cTeneHb. Ham HyXHa npouenypa, KoTopas, npH-
HSIB B KayecTBe apryMeHTa OCHOBaHHE b U MOJNOXKHTEJbHOE 1ieJ0e 3HaYeHHe CTENeHH N, BO3-
Bpamaet b". OnUH U3 CIIOCOOOB MOJYUYHUTh 2KeJlaeMoe — uepe3 PeKypCHBHOE OlpefiesieHHe

b= bbnt
bO

[y

KOTOpO€e MPSIMO TePEeBOAUTCS B NMPOLENYPY

(define (expt b n)
(if (= n 0)
1
(* b (expt b (- n 1)))))

OTo JMMHEHHO PeKypCHBHBIH mpouecc, TpeGywouuid O(n) waros u O(n) namstu. [logo6Ho
(hakTOpHAY, MBI MOXKEM HEMEJJIEHHO C(OPMYJIHPOBATH SKBUBAJIEHTHYIO JIMHEHHYIO HTEPALHUIO:
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(define (expt b n)
(expt-iter b n 1))

(define (expt-iter b counter product)
(if (= counter 0)
product
(expt-iter b
(- counter 1)
(* b product))))

Ora Bepcusi Tpebyer O(n) waros U O(1) namsTy.
MOKHO BBIYHMCJSITH CTENEHH 3a MEHblUee YHMCJIO LIAroB, €CJH HCIO0/b30BaTh [OC/IE10Ba-
TeslbHOE BO3BeJieHMe B KBaapaT. Hanpumep, BMecTo TOro, 4To6bl BHIUMCAATL b® B BUIe

b-(b-(b-(b-(b-(b-(b-0))))))

Mbl MO2K€M BBIUHUCJIUTbL €ro 3a TPU YMHOXKEHHUSA:

b>=b-b
bt = b2 - b?
b8 =t bt

DTOT METOH XOpOIIO pabdoTaeT HJisl CTeleHel, KOTOpPble CaMM SIBJASIOTCS CTENeHsMH JBOMU-
KM. B ofliem c/ay4yae mpu BBIUHUC/JAEHHH CTEleHEH Mbl MOXKEM IOJYYHTb NPEHUMYIIeCTBO OT
N0CJ/1€0BaTeNBbHOTO BO3BeJleHHsI B KBaLpaT, €C/JAH BOCIOJNb3yeMCsl IPaBUJIOM

b™ = (b"/?)2  ecam n 4eTHO
" =b-b""! ecau n HeueTHO

ITOT METOI MOXKHO BBIPa3UTh B BHIE MPOLEYPbl

(define (fast-expt b n)
(cond ((=n 0) 1)
((even? n) (square (fast-expt b (/ n 2))))
(else (* b (fast-expt b (- n 1))))))

rie NpenuKaT, MPOBEPSIOIIMH Lesoe YUCJIO0 HAa YETHOCTb, OMNpEJe/IeH yepe3 3JleMeHTapHYIo
npouenypy remainder:

(define (even? n)
(= (remainder n 2) 0))

[Ipouecc, Bhluucasomuil fast-expt, pacteT jsorapuMUUYecKd Kak [0 HCIOJAb3yeMOH Na-
MSITH, TaK M 110 KOJMYEeCTBY IMaroB. UTOObI YBHAETb 3TO, 3aMETHM, YTO BhIYMCJIEeHHe b2 C
MOMOLIBI0 3TOTO aJropuTMa TpebyeT BCEr0 Ha OIHO YMHOXeHHe 00Jblle, YeM BbIYUCJEHHE
b™. CyiefoBaTesNbHO, pa3Mep CTEIeHH, KOTOPYI Mbl MOXeM BBIUHCJSATH, BO3pACTaeT MPUMEPHO
BBOE C KaxIbIM CJIENYIOLIMM yMHOXeHHeM, KOTOpoe HaM paspelleHo JenaTb. TakuM obpa-
30M, YMCJIO YMHOXKEHHH, TpeOyeMbIX [/151 BBIUMCJAEHHS CTENEHH n, pacTeT NPUOIU3UTENBHO TaK
)e BBICTPO, KaK Jorapudm n 1o ocHosauuio 2. [Tpouecc umeer crenens pocta O (log(n))% .

37Tounee, KonMuecTBo TpeGyeMEIX YMHOKEHUH PaBHO JIOTapH(MY 7 1O OCHOBAHMIO 2 MUHYC | U TLTIOC KOIHYeCTBO
eIMHUL] B IBOMYHOM MNPEACTaBJEHHH M. DTO YHUCJO BCEr[a MeHbllle, YeM yIBOEHHbIH JIOrapu(M 7 MO OCHOBaHHUIO 2
[TponsBosbHEIE KOHCTAHTBI k1 1 k2 B ONpefie/leHHH MOpsiaiKa pocTa O03HA4aloT, 4TO JJIs JIOTapU(MHUUECKOro Tporecca
OCHOBaHHe, 110 KOTOpoMy OepeTcst JorapudM, He MMeeT 3Ha4eHHMs, TaK YTO BCe TAaKHe NPOLECCHl OMHCBIBAIOTCSA Kak

©(log(n)).
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Ecau n Besuko, pasuuua mexnay mnopsigkom pocta O(log(n)) u ©(n) okasbiBaeTcsi oueHb
samertHoil. Hampumep, fast-expt npu n = 1000 tpebyer Bcero 14 ymuoxenui>®. C nomo-
I1bI0 MU TMOCJe0BaTEeNbHOIO BO3BEAEHHS B KBaZPAT MOXKHO MMOCTPOUTh TaKxKe HTepaTUBHbIH
aJITOPUTM, KOTOPBIH BHIYUC/SET CTENEHH 3a JOrapu(pMHUecKOoe YKUC/IO LIaroB (CM. yIpakHe-
Hue 1.16), XoTs1, KaK 3TO 4acTo OblBaeT C UTEPATHBHBIMH alrOPUTMAaMH, €ro HeJb3sl 3alHcaTh

TaK ke MpoCTO, Kak PeKypPCHBHBIH anroputm®?.

Ynpaxuenue 1.16.

Hanwumure npouenypy, KoTopast pa3BHBaeTcs B BHJe HTePAaTHBHOTO Mpollecca M peasnu3yeT BO3BeleHHe B
cTelleHb 3a JorapudMHYecKoe YMCJIO 1aroB, Kak fast-expt. (YKasaHue: HCro/b3ys HabMIOIEHHE, UTO
(b"?)2 = (b*)™/2, xpanuTe, TOMHMO 3HAYEHHS CTEIIEHH n U OCHOBAHHS b, NOMOJHHUTEIBHYIO MepeMeH-
HYIO COCTOSIHHS @, ¥ OTpele/IUTe MePexof MeKIy COCTOSHUSIMH TaK, UTOOHI POHU3BeieHHe ab™ OT mara K
mary He MeHsioch. BHauane 3HaueHHe a GepeTcs paBHBIM 1, a OTBeT IHoJyyaeTcsl Kak 3HaueHHe a B
MOMEHT OKOHYaHHMsi mpolecca. B ofuiem ciyuae meron onpenenenust unsapuanma (invariant quantity),
KOTODBIH He M3MeHseTCs MPHU IMepeXxofle MeXNy IIaraMH, sBJISEeTCS MOIIHBIM CIOCOG0M Pa3MBIIINEHHS O
TIOCTPOEHHH HTEPaTHBHBLIX aJIOPUTMOB.)

Ynpaxuenue 1.17.

AnropuTMEl BO3BEIeHHs B CTENEHb U3 3TOTO pa3fiesia OCHOBAHbI Ha MOBTOPSIIOLEMCs] yMHOKeHHH. [Tono6-
HbIM 2Ke 06pa30M MOXKHO NPOHU3BOAMTL YMHOXKEHHE C ITOMOLLbIO MOBTOpSoLerocs caoxenus. Cienytouas
npolLefypa YMHOXKeHHUsI (B KOTOPOH MpeAnoJ/araeTcs, 4To Hall $I3blK CIOCOOEH TOJBbKO CKJaiblBaTh, HO
He YMHOXaTh) aHaJIOTHYHa MPOLEAYpe expt:

(define (* a b)
(if (= b 0)
0
(+a (*a (-b1l)))))

DTOT a/NrOPUTM 3aTpaurBaeT KOJHMYECTBO LIATOB, JHHEHHO NponopLuoHanbHoe b. [Ipeanosoxum Teneps,
YTO, HapsAy CO CJOXKEeHHeM, y Hac ecTb onepauuu double, KoTopas yaBauBaeT LeJ/oe 4uco, U halve,
KOTOpasi IeJUT (4eTHoe) yncyo Ha 2. Mcrnosb3ys UX, HalMIIKWTE MPOLELYpY, aHaJorHuHyo fast-expt,
KOTOpas 3aTpayuBaeT JIorapu(pMUUeCKoe UHC/I0 LLIaroB.

Ynpaxsenue 1.18.
HMcnonbays pesynbrathl ynpaxHenuii 1.16 u 1.17, paspaboTaiite npouenypy, KOTopas NOpoxKaaeT UTepa-
THBHBIH NpoLecc A5 YMHOXeHHS JIByX UHMCeJl C MOMOLILbIO CJOKEHHS, YIBOEHHS U JleJleHHs T0NoJaM, U

3aTpayuBaeT J'IOFapI/I(pMI/I‘-IeCKOG YHCJI0 I.Ual"OB4O.

Ynpaxsenue 1.19.
CylecTByeT XUTPbIH aJropuTM nosydyeHus uuces PuboHauud 3a JOrapupMHUECKOe YHCJO LIATOB.
BcromHuTe TpaHchopMaLMio NepeMeHHBIX COCTOsIHUSA a M b npouecca fib-iter u3 pasgena 1.2.2:

38Ecau Bac uHTepecyeT, 3aueM 3TO KOMY-HHOyAb MOMKET INOHafOOHTbCA BO3BOAMTH uncaa B 1000-i0 cTemeHs,
cmotpuTe paszen 1.2.6.

39Yreparupublil anroput™ ouenn ctap. OH BeTpeuaercs B Handa-cympe Auapbu Iluuranel, Hanucauuoit o 200
roga no H.3. B Knuth 1981, pasnen 4.6.3, comep:kutcs mosiHoe oOCYyXAeHHe W aHAJHW3 3TOTO0 W APYTHX METOMOB
BO3BEJIEHHUSI B CTElNeHb.

403101 aropuTM, KOTOpHIH MHOMIA HA3LIBAIOT «METOLOM PYCCKOTO KPECThSHHHA», OueHb cTap. [IpuMephl ero -
N0/Ib30BaHUSI HaHleHbl B PHHICKOM Namupyce, ONHOM H3 JBYX CaMblX [IPEBHHX CYIIECTBYIOLIHX MaTeMaTHYECKHX
JIOKYMEHTOB, KOTOpbIH Obl]1 3anucaH (M MpH 3TOM CKOMHPOBAH C elle GoJiee NPEBHEro NOKyMeHTa) erMIeTCKHM MHC-
oM 1o umeHu A’x-moce okoso 1700 r. 1o H.3.
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a<—a+bub«— a. Hazosem 31y Tpanchopmanuio 7' 1 3aMeTHM, 4TO n-KpaTHOe NpHMeHeHHe T', HAauu-
Hasi ¢ 1 u 0, naer Ham nmapy Fib(n + 1) u Fib(n). dpyrumu cioBamu, uncia Pubonauun mnosydanTcs
nytem npumeHenuss T, n-o#i crenenu tpaHchopmauuu T', k mape (1,0). Temepp pacecmorpum T Kak
yacTHbIH caydait p = 0, = 1 B ceMmelicTBe TpaHcdopMmauuil Tpq, rae Tpq npeodpasyer napy (a,b) mo
npasuny a < bq + ag + ap,b < bp + aq. Ilokaxure, 4yTo AByKpaTHOe NpHUMeHeHHe TpaHC(hOpMaLHUU
Tpq PABHOCHJIBHO OLHOKPATHOMY IpHMeHeHHIo TpaHcdopmauuu T/, TOTO ke THIA, U BbIYHCIHTE p' U
q' 4epe3 p W g. DTO AaeT HAM MPSIMOH CrMOCOO BO3BOAMTb TAKHE TPAHC(HOPMALMHK B KBALAPAT, U TaKUM
06pa3oM, Mbl MOXeM BBIUMCIWTb 1™ C MOMOLIbIO MOCJEL0BATENbHOTO BO3BElEHHs B KBaapaT, Kak B
npouenype fast-expt. Mcnosnbays Bce 3TH nzeH, 3aBeplInTe CJAeNYIOLLYI0 NPOLEAYPY, KOTOpas 1aet

pesyJabTaTt 3a J'IOFapI/I(pMI/I‘-IeCKOQ YHCJI0 I.Ual"OB4ll

(define (fib n)
(fib-iter 1 0 0 1 n))

(define (fib-iter a b p g count)
(cond ((= count 0) b)
((even? count)
(fib-iter a
b
(??) ; BeWucmume p’
(??) ; Bewucmume q’
(/ count 2)))
(else (fib-iter (+ (* b q) (* a q) (* a p))
(+ (* b p) (*aaq))
p

q
(- count 1)))))

1.2.5. HaxoxaeHve Han0OJbIIEro O0OLIEro JeJUTeJIs

[To onpenesnenuto, HauboablMi obmui neautesb (HOM) nByx uesabix yucesa a U b — 3To
HauboJIbIIIeE 1Ie/10€ YUCJI0, HAa KOTOPOE U a, U b nensitcs 6e3 ocratka. Hanpumep, HOJ 16 u 28
paBeH 4. B ryiaBe 2, korna Mbl GyIeM HCCIENOBATh peasu3alHio apUPMETHKH Ha PALlMOHAJbHBIX
yucaax, Ham notpebyercs BeruucasTb HOIbI, 4To6bl cokpawmatbh apodu. (UTo6bl cOKpaTHUTb
Ipo0b, HY>KHO TOIEJUTh €€ UHCAUTeNb U 3HaMeHate b Ha ux HOJl. Hanpuwmep, 16/28 cokpa-
maercsi 10 4/7.) Onun u3 cnoco6os Haiith HOJl aByX uncesn COCTOUT B TOM, UTOOB pa3bUTh
KaXKJ0€ M3 HHUX Ha NPOCTble MHOXHTEJNU W HaHTH cpely HUX oOllHe, OJHAKO CYLIEeCTBYeT
3HAMEHUTBIH U 3HAUMTENbHO GoJsiee 3((EeKTUBHBIN aJITOPUTM.

DTOT aJrOpUTM OCHOBAH Ha TOM, YTO €CJIH I €CThb OCTATOK OT JesieHHs a Ha b, To obliue
JequTeNd ¢ U b B TOYHOCTH Te e, UTO U obiiue neautenu b u r. Takum o6pasomM, MOXKHO
BOCIIOJIb30BaThCsl ypaBHEHHEM

HO(a,b) = HOL(b,r)

yTOObl MOC/eI0BaTebHO cBecTH 3azauy Haxoxaenus HOJl k 3amaue naxoxnenuss HOJL Bce

#1310 ynpaxuenne vam npennoxu Jlxo Croitna ocHose mpumepa us Kaldewaij 1990.
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MEHbIIWX W MEHbIIUX Map LeJblX YHUCeJl. Haan/IMep,

HOJI(206,40) = HOJI(40

I
s
@]
=

| I
javjaniiay
00
PR
NGRS

ceoput HOJ1(206,40) k HOJ(2,0), uto paBHsieTcsi aByM. MoXkHO MokasaTb, 4TO eC/H Ha-
4aTh C MPOU3BOJIBHBIX ABYX LEJbIX UKCEJ W TPOU3BOAUTH IMOCJEIOBATENbHBIE PEIYKLHH, B
KOHILIe KOHLIOB BCEr[a MOJyYHTCs apa, rie BTOpPbIM ajeMeHToM Gyzner 0. DTOT crnocod Haxox-
nenns HOJl ussecten kak areopumm Esxiuda (Euclid’s Algorithm)*2.

Ausroput™ EBK/MIa JIETKO BBIPA3HTh B BHUAE MPOLELYPHI:

(define (gcd a b)
(if (= b 0)
a
(gcd b (remainder a b))))

Ona nopoxpaeT HWTepaTHBHBIH MpoLecc, YUCJO LIaroB KOTOPOIO PAacTeT MPONOPLHOHANBHO
JIorapu(My 4uces-apryMeHTOB.

Tot ¢akT, 4yTo yHC/IO LIArOB, 3aTpaurMBaeMbIX aAropuTMoMm EBKauAa, pacteT Jorapuhmu-
YeCcKH, MHTEPECHBIM 00pa3oM CBsi3aH ¢ yucaaMu PuboHayuu:

Teopema Jlama:

Ecau anroputmy EBkanpa tpebyercs k waroB pisi Beiuuciaenuss HOJL HekoTopo#
napbl YKUCEJI, TO MEHBLIWH U3 UJIEHOB 3TOH Napbl O0JIbIle UK PaBeH k-TOMY UHCIY
Dubonauun®3,
C momoL1bl0 3TOH TeOopeMbl MOXKHO OLEHHTb MOPSILOK pocta asnroputMa Ekaupa. [lycTb
n OyleT MeHbLIMM M3 JBYX apryMeHTOB Npoliefiypsl. Ecau npouecc 3aBepluaercs 3a k 11aros,

42 Anroput™ EBK/IMIA HasblBaeTcs Tak MOTOMY, uTo OH BeTpedaercsi B Hauaaax Epxaupa (kuura 7, ox. 300 r. 10
H.3.). [To yrBepxaenuto Kuyra (Knuth 1973), ero MoxkHO cuMTaTh CaMbIM CTapbIM H3 H3BECTHBIX HETPHBHUAJbHbBIX
anropuT™MoB. JlpeBHeeruneTcKuil MeTol yMHOXeHHs (yrnpaxkHeHue 1.18), pasymeercsi, ApeBHee, HO, KaK OOBSCHSIET
KnyT, anroputm EBKiuIa — camblil cTapbiii anropuT™, NpeACTaBJIeHHBIH B BUe 00lIeH MPoLeayphl, a He yepe3 Habop
HJTIOCTPUPYIOLIUX IPHMEPOB.

4331y Teopemy nokaszan B 1845 romy Ta6pusib Jlams, dpaHIy3cKuil MaTeMaTMK U HHXKeHep, KOTOpHIH GOJblie
BCEro M3BeCTeH CBOMM BKJ/AJOM B MaTeMaTH4ecKylo (u3uky. UToObl J0Kas3aTb TeopeMy, PacCMOTPHUM napel (ag, bg),
rie ar > by u anroputm EBkinpa 3aBepiuaetcst 3a k wwaroB. JlokasaTesbCTBO OCHOBBIBAeTCSI Ha YTBepXKIEHHH,
4to ecnu (ap41,bk4+1) — (ak,bx) — (ak—1,bk—1) — TPH TOC/eIOBaTeJbHEIE Maphl B NpoOLecce PeIyKLHH, TO
bi4+1 > by, + bi—1. UToO6wl 10Ka3aTh 9TO yTBepXKAeHHe, BCIIOMHHM, 4TO LIAr PeAyKLMH Onpejesercs NpUMeHeHHeM
TpaHcopMalUUK ax—1 = bg,bp_1 = OCTaTOK OT JeJieHUs! aj Ha by. Bropoe M3 3TUX ypaBHeHHH O3HauaeT, uToO
ar = qbg + bi_1 19 HEKOTOPOTO MOJOXKHTENbHOTO uHcsia q. ITockonbKy g HOMKHO OBITH He MeHblle 1, HMeeM
ar = gbg + bp—1 > by + br_1. Ho u3 mpexwiayuiero mara peiyKuuu Mel umeeM bpi1 = ajp. Takum obpasom,
b1 = ap > by +bi_1. [IpoMexxyTouHOe yTBep:KAeHHe J0Ka3aHo. Tenepb MOXKHO J0Ka3aTh TeopeMy MHAyKLHeH 1o
k, TO eCTb YMCJY IIAroB, KOTOpble TPeOyloTCs aArOpUTMY AJISl 3aBeplleHHs. YTBepXKAeHHe TeopeMbl BepHo npu k = 1,
TMOCKOJIBKY TIPH 3TOM TpeGyeTcsl BCero JHLIb 4ToObl b Oblyio He MeHblue, yeM Fib(1) = 1. Tenepb npeanonoxum, 4to
yTBepK/leHHe BepHO MJIsl BCeX yMceJs, MEHbLIMX WJM PaBHHIX k, U HoKaxkeM ero ans k + 1. I[lyctsb (ak+1,bk+1) —
(ak,bg) — (ak—1,bk—1) — mocenoBate/bHbIE NMapbl B npouecce penykuuu. CornacHo runotese HHAYKUHH, by 1 >
Fib(k — 1), by, > Fib(k). Takum o6pa3om, NpUMeHeHHe MPOMEXKYTOUHOTO YTBEPKIEHHSI COBMECTHO C ONpelesneHHeM
uuces1 Pubonauuu gaet by > by +br—1 > Fib(k) + Fib(k — 1) = Fib(k 4 1), uto u fokasbiBaeT Teopemy Jlams.
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JOJKHO BINONHATbCA n > Fib(k) ~ ¢F/v/5. CienosaTesbHO, YHCJO maroB k pacTeT Kak
qoraputm n (o ocHoBaHuio ¢). CienoBaTesbHO, MOPsiAoK pocta paBeH O(logn).

Ynpaxzenue 1.20.

Ilpouecc, nopoxaaemsbl#i NpoLeaypol, padyMeeTcsi, 3aBUCHT OT TOrO, 10 KaKUM INIpaBU/IaM padoTaeT HH-
Tepnperatop. B kauecTBe npuMepa pacCMOTPUM HTepaTHBHYIO MpoLeAypy gcd, NMpUBeJeHHYIO BBhIIIe
[IpenmnosoKuM, 4TO Mbl BBIUHCJSEM 3TY NPOLEAYpPY C MOMOLIbI0 HOPMAJbHOTO MOPSIAKA, OMHCAHHOTO B
pasnese 1.1.5. ([IpaBuso HopMasbHOrO TMOpsiiKa BbIYMCJAEHHH [Jst if omucaHo B ympakHeHud 1.5.)
Hcnonb3yst moacTaHOBOUHYIO MOJesb 151 HOPMAaJbHOTO TOPSiAKa, MPOUJIIOCTPUPYHTE Mpolece, MopoxK-
JaeMblil py BbluucaeHuU (gcd 206 40) M yKaxkure, Kakue olepalMy BbIUUC/IEHUs1 OCTAaTKa AeHCTBU-
TesbHO BbiNosHsSOTCS. CKOJIBKO onepaluil remainder BBHINOJHSETCS HA CAMOM fiejie TPH BbIYUCTEHHH
(gcd 206 40) B HOpMaJsibHOM Topsifike? [1pH BHIYMC/IEHUH B aNlMJIMKATHBHOM MOpsIAKe?

1.2.6. IIpumep: npoBepka Ha NMPOCTOTY

B stom paspese onuchBalOTCS IBa METOLA NPOBEPKH YHCJA 1 HA NPOCTOTY, OAMH C IO-
psinkoMm pocta O(y/n), ¥ APYro, «BepOSITHOCTHBIN», aJropuTM ¢ mopsiikom pocra O(logn).
B ympakHeHHsIX, IPUBOAMMBIX B KOHLE pasiesa, MpeljaraloTcs MpOorpaMMHBIE MPOEKTHl Ha
OCHOBE 3THX aJTOPUTMOB.

Ilounck meaureaen

C npeBHUX BpeMeH MaTeMaTHKOB 3aBOPa*KUBaJjiki MPOOJIEMbl, CBSI3aHHbIE C MPOCTHIMH UYHC-
JlaMH, H MHOTHeE JIIOMH 3aHHMaJKCh MOUCKaMH COCOOOB BBIICHHUTH, SIBJSETCS JIK YUHCJO MPO-
cTbiM. OfIMH U3 COCOO0B MPOBEPKH YHUCJ/A HA MPOCTOTY COCTOUT B TOM, YTOOBI HAUTH NEJTUTEIH
yucaa. Caenymolas nporpaMma HaXOAWT HaUMEHbIIHH Lebl# aeantenb (6osblinil 1) yucna
n. OHa TpoJeNbIBaeT 3TO «B JI0G», TyTeM MPOBEPKH AEJIMMOCTH 71 Ha BCE MOC/EN0BATE bHBIE
YypcJia, HaYyuHas ¢ 2.

(define (smallest-divisor n)
(find-divisor n 2))

(define (find-divisor n test-divisor)
(cond ((> (square test-divisor) n) n)
((divides? test-divisor n) test-divisor)
(else (find-divisor n (+ test-divisor 1)))))

(define (divides? a b)
(= (remainder b a) 0))

Mbl MoXxeM MPOBEPUTD, ABJAAETCHA JIU YUCJAO MPOCTLIM, CJAeAYIOIIUM 06p830MZ n MpocToe
TOorga W TOJIBKO TOrjaa, Korga n caMo f[BJiFdeTCA CBOMM HaWMEHbIIUM HOeJIUTEeJEM.

(define (prime? n)
(= n (smallest-divisor n)))

TecT Ha 3aBeplleHHe OCHOBaH Ha TOM, YTO €CJH YHCJO 7 He NPOCTOe, y HEro JAO0JKeH
ObITb JleMTeNb, MeHblle WM paBHbli /n*'. D10 03Hauaer, uTo anrOpUTM MOXKeT MPOBEPATH

#Ecnn d — nenurens n, To n/d Toxe. Ho d n n/d He MoryT 06a GbiTb Gosiblie /7.
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nenutenn Toabko oT 1 mo /n. CienoBaresbHO, YHCJO LIATOB, KOTOPbiE TPEGYHOTCS, YTOOBI
ONPEJIENIUTh, UTO N MPOCTOE, GYAeT UMETh MOPSAHOK pocta O(y/n).

Tect ®Pepma

Tecr Ha mpocToTy ¢ mopsinkom pocta ©(logn) OCHOBaH Ha YTBEPXKAECHUH M3 TEOPUH YHCE,
u3BecTHOM Kak MaJias Teopema ®epma’®.

Maunas teopema Pepma:

Ecau n — NpoCcToe 4UCJ0, 4 a — TNPOU3BOJIbHOE L€/0€ YHUCJA0 MeHblle, yeM n, TO
a, BO3BEAEHHOE B M-10 CTEIE€Hb, PABHO a IO MOAYJ/IIO N.

(ToBopsiT, uTo nBa uucaa pasusr no modysro n (congruent modulo m), ecid OHU AAOT OOH-
HaKOBBIM OCTATOK NpH leseHHH Ha n. OCTaTOK OT [AeseHHs 4Mc/a a Ha n Ha3blBAETCH TaKxke
ocmamkom a no modyaro n (remainder of @ modulo n) niau npocto a no modyaro n.)

Ecnu n He siBjisieTCcsl MPOCTBIM, TO, BOOOILIEe roBOPsi, GOJBILIMHCTBO UUCeN @ < 1. HE OYAyT
YIOBJIETBOPSITh 3TOMY YCJIOBHIO. DTO NPUBOIUT K CJEAYIOLIEMY aJrOPUTMY MPOBEPKH Ha MPO-
CTOTY:HUMesl YUCJIO N, CAy4yalHbIM 00pa3oM BbIOpATh UHCJAO0 @ < 7T U BBIYUCIUTb OCTATOK OT a”
1o Monyso n. Ecu 3TOT 0CTaToOK He paBeH a, TO 1 ONpeleseHHO He sBJseTcs NpocThiM. Ecan
OH paBeH @, TO Mbl HMeeM XOpOLlUMe LIAHCHI, YTO m MpocToe. Toraa Hy»KHO B3fThb elle OJHO
CJyuyallHOe @ ¥ NPOBEPHUTb €ro TeM »Ke crnoco6oM. Eciu M OHO YHOBJETBOpsieT YpaBHEHHIO,
MBI MOXKeM OBITb ellle 6oJiee yBepeHBl, 4To n npoctoe. McneIThiBasi Bce GoJiblliee KOJHYECTBO
@, Mbl MOXKEM YBEJIMYMBATH Hallly YBEPEHHOCTb B pe3ysbTaTe. DTOT AJITOPUTM HasblBaeTcs
tectoM Pepma.

Jns peanusanuu tecta @epma HaM Hy»KHA NPOLENYpa, KOTOpask BbIUMCIASET CTElleHb YUCaa
M0 MOAYJIIO APYTOro YHcJa:

(define (expmod base exp m)
(cond ((= exp 0) 1)
((even? exp)
(remainder (square (expmod base (/ exp 2) m))
m))
(else
(remainder (* base (expmod base (- exp 1) m))

m))))

Ara npoleaypa oueHb Moxoxka Ha fast-expt u3 pasgena 1.2.4. OHa ucnosnb3yeT MOC/eN0Ba-

TeJbHOE BO3BEAEHHE B KBaApaT, TaK UTO YHUCJIO 1IaroB JIOI‘apI/I(pMI/ILIeCKI/I pacTeT ¢ yBeJIMHEHUEM

cremnenn?.

#5TIbep ne depma (1601-1665) cuntaeTcs ocHOBaTeJIeM COBpPeMeHHO# Teopuu uuces. OH [0Ka3aJ] MHOKECTBO BakK-
HBIX TeopeM, OJIHAaKO, KaK MPaBMJIO, OH OODBSBJSAI TONbKO Pe3y/nbTaThl, He MyG6JHKYs CBOMX JOKasaTeabcTB. Maias
TeopeMa Pepma Gbl1a copMmyaHpoBaHa B NHCbMe, KOTopoe OH Hanucana B 1640-m roxy. IlepBoe omy6mukoBaHHOe
JI0Ka3aTesbCTBO OblIO naHoDiaepoM B 1736 r. (Gonee paHHee, HIEHTHYHOE JOKa3aTe/bCTBO ObLIO HalfJIeHO B Heomyo-
JIMKOBaHHbIX pykomucsix Jlei6Huua). Camblfi 3HaMeHUTHIH pesysnbrar Pepma, uM3BecTHbI Kak Dosblias Teopema
Depma, bl 3anucan B 1637 rogy B ero sksemmispe KHUTH Apugmemurxa (rpedyeckoro MaTeMaTHKa TPEThEro Beka
Jluodanta) ¢ noMeTKoH «s Halles MOAJMHHHO YIMBHTE/bHOE JO0Ka3aTe/JbCTBO, HO 3TH IOJS CJHLIKOM MaJbl, YTOObI
BMeCTUTb ero». JlokasatesnbcTBo Bosbuioii Teopembl @Pepma cTaso OAHMM M3 CaMblX H3BECTHBIX BONPOCOB TEOPHH
ynceJ1. [lonHoe peiuenue Obi10 Hatinero B 1995 rony duupio Yailsicom u3 [IpHHCTOHCKOrO YHHBEPCHTETA.

#61llaru pemyxkuuu 1/ cTydaes, KOrAa cTeneHb Gobiie |, OCHOBAaHEI HA TOM, YTO AJIfl JIOGBIX HEJbIX YHCEN T,
Y U m Mbl MOXKeM HaHTH OCTAaTOK OT HeJIeHHS! IPOU3BEJEHHst & U Y Ha M MyTeM OTAE/JbHOrO BEIYMCIEHHS OCTaTKOB
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Tect depMa Npou3BOAUTCA NMyTeM CaydyalHOro Bei6opa yucaa a Mexay 1 u n — 1 BKJo-
YUTEJbHO W MPOBEPKH, PAaBEH JIH @ OCTAaTOK IO MOAYJI m OT n-oH cTeneHd a. CiaydaiiHoe
YHUCJIO @ BBIOMpAeTCs C MOMOIIbIO Mpouenypsl random, MPo KOTOPYIO MBI MpPeANosaraeM, 4to
OHa BcTpoeHa B Scheme B KayecTBe 3JieMeHTapHOH Mpouenypbl. Random BO3BpallaeT HEOT-
pULaTesbHOE YUCJO, MeHbllee, ueM ee Lesblii apryMmeHT. CjefoBaTesbHO, YTOOB MONYYUTb
caydaiiHoe uyncso Mexay 1 u m—1, Mbl Bbi3biBaeM random ¢ apryMeHToM n — 1 U f1o6aBaseM
K pesyabrarty l:

(define (fermat-test n)
(define (try-it a)
(= (expmod a n n) a))
(try-it (+ 1 (random (- n 1)))))

Crenytoliasi mpoueaypa nporoHsieT TeCT 3aJaHHOe UNCJIO Pa3, Kak YKa3aHo ee MapaMeTpoM.
Ee 3HaueHWe UCTHHHO, €CJIM TECT BCETAa MPOXOAUT, U JIOKHO B MPOTUBHOM CJjydae.

(define (fast-prime? n times)
(cond ((= times 0) true)
((fermat-test n) (fast-prime? n (- times 1)))
(else false)))

BepOﬂTHOCTHbIe METOAbl

Tect ®epma oTiMUaeTCs MO CBOEMY XapaKTepy OT GOJIBLIMHCTBA U3BECTHBIX alrOPHUTMOB,
TZle BBIYHCHSETCS Pe3ysbTaT, HCTHHHOCTb KOTOPOTO rapaHTHpoBaHa. 3hechb MOJydYeHHBIH pe-
3yJIbTaT BEPEH JIHIIb C KAKOH-TO BepPOSITHOCTbIO. DBoJjiee TOUHO, ec/iM m HEe MPOXOOMUT TECT
®epma, Mbl MOXKEM TOYHO CKas3aTb, UTO OHO He mpoctoe. Ho TO, 4TO n MPOXOAMT TecT, XO-
TSl U SBJISIETCS OUEHb CHUJIbHBIM MOKAa3aTeJieM, BCe XKe He TapaHTHUpyeT, uTo n npoctoe. Ham
X0Tesoch Obl CKa3aTh, 4TO JJIs JIOOOT0 YHCIa 7, €CJH Mbl [IPOBEeM TECT NOCTATOYHOE KO-
JIMYECTBO pa3 M n KaXIAblH pa3 ero NpoHAeT, TO BEPOSTHOCTb OLIMOKHM B HallleM TecTe Ha
IPOCTOTY MOXKeT ObITh CHeJaHa HACTOJBKO MaJjOH, HACKOJIbKO Mbl TOTO MOMKeJJaeM.

K coxanenutwo, 310 yTBepKaeHHe HeBepHO. CyLIECTBYIOT YHCJa, KOTOPble «0OMAaHBIBAIOT»
TecT Pepma: yncsa, KOTOpble HE SIBJSIOTCS TNPOCTHIMH U TeM He MeHee 00JIafialoT CBOHCTBOM,
4TO [J/151 BCeX LeJblX uHcesa a < n a’ paBHO a MO MoAy/io m. Takue yucjaa O4yeHb penKH,
Tak uTo Ha mpakTHKe TecT MDepma BriosHe Hamexen*’. CyulecTByloT BapuanTh Tecta Pepma,
KOTOpBle 00OMaHyTb HEBO3MOXHO. B Takux Tectax, mono6Ho metony Pepma, npoBepka ducmaa
n Ha TPOCTOTY BeNeTCs MyTeM BeIGOpa CJAydYalHOro 4mciaa a < 1 U TMPOBEPKU HEKOTOPOro
ycJqoBusi, 3aBucsiiero ot n u a. ([Ipumep takoro tecrta cm. B ympaxuenuu 1.28.) C npyroi

2 10 MOZYJIIO M, Yy M0 MOAYJI m, NePEMHOXKEHHUS UX, U B3THS OCTaTKa MO MOAYJIK m OT pe3ynabrata. Hampumep, B
cilydae, KOLa e 9eTHO, MBI MOXKEM BBIYHCIHTH 0CTAaTOK b®/2 10 MO0 m, BO3BECTH €ro B KBaApaT H B3SATb
OCTaTOK 110 MOAYJII0 ™. Takoil MeTox MoJe3eH MOTOMY, YTO C €ro MOMOLIBI0 Mbl MOXKEM MPOU3BOAMUTH BbIYHCIEHHUS, He
UCIIO0JIb3Ysl UKCces, HaMHOrO GoJiblinX, yeM m. (CpaBHuTe ¢ ynpakHeHueM 1.25.)

4TUpcna, «0GMaHBIBAIOIIHE» TECT Depwma, HasbiBatores yucaiamu Kapmaiikaa (Carmichael numbers), u npo Hux
MOYTH HUUYEro HeM3BeCTHO, KPOMe TOro, YTo OHM odeHb penku. CyuiectByeT 255 uncen Kapmaiikna, menbumunx 100
000 000. Heckosibko mepBbix — 561, 1105, 1729, 2465, 2821 u 6601. Ilpx nposepke Ha MPOCTOTY GOJIBLIKX YHCEJ,
BBIOPAaHHBIX CJYYalHBIM 00pa3oM, LIaHC HAaTKHYTbCS Ha YMCIO0, «0OMaHblBawllee» TecT PepMa, MeHblle, YeM ILIaHC,
YTO KOCMHUYECKOEe H3JydeHHe 3aCTaBUT KOMIIBIOTED CHesaTh OLIMOKY NPH BBIUMC/JIEHHH «IIPaBHJIBHOrO» ajroputma. To,
YTO MO MEepPBOH H3 3TUX NMPUYMH aJTOPUTM CUMTAETCS HealeKBAaTHBIM, a 10 BTOPOH HET, MOKA3bIBAeT PA3HULY MeXIy
MaTeMaTUKOHW U TeXHUKOM.
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CTOPOHBI, B OTJIHUMe OT TecTa Pepma, MOXKHO [10Ka3aTb, 4TO AJs JIOOGOTO 7 YCJIOBHE He
BBIMOJTHSIETCS 1151 GOJBLIMHCTBA YHCes a < m, eCJU 7 He npocToe. TakuM 06pa3om, ecau n
MPOXOAUT TECT JJIs1 KAKOTO-TO CJYYaHHOTO a, WAHCH, UTO 1 POCTOE, yKe OOJbLIe MOJOBHUHBIL.
Ecau n npoxomuT TecT A ABYX CAyYaHHBIX @, WIAHCHI, YTO 1 MPOCTOE, GoJblie, 4eM 3 U3 4.
[TpoBonst TecT ¢ GOMBILIMM KOJTHUECTBOM CAyYaHHBIX YHCEJ, MBI MOXKEM C/e/1aTb BePOSTHOCTb
OLIMOKH CKOJIb YTOIHO MaJIoH.

Cy1ecTBOBaHHE TECTOB, AJSI KOTOPBIX MOXKHO JOKa3aTb, UTO BEPOSITHOCTb OLIMOKH MOXK-
HO clieslaTh CKOJIb YTOIHO MaJiOH, BBI3BaJIO OOJBILIOH MHTEPEC K aJTOPUTMaM TaKOro THIIA.
WX cranu HaselBaTbh gepoamuocmuoimy areopummanu (probabilistic alorithms). B sto# 06-
JIACTH BeIyTCS aKTHBHble HCCJENOBAHHS, U BEPOSITHOCTHBIE JTOPUTMBI YyHAJIOCh C YCIIEXOM

NPUMEHHTb BO MHOTMX 06JacTax*e.

Ynpaxuenue 1.21.
C nowmowblo npouenypsl smallest-divisor HaliuTe HaUMeHbLIHH [eJHTeNb CJAEAYIOLIHX YHCEJ:
199, 1999, 19999.

Ynpaxuenue 1.22.

Bosbiias uyacte peanusauuii Jlucna cogepkaT 3s/eMeHTapHyl mpoueaypy runtime, KoTopas BO3-
BpalllaeT Liesioe YHUC/I0, MOKasblBalollee, Kak JOAro padorana cucreMa (Hampumep, B MHJIIHUCEKYHIAX).
Cnenyrouas npouenypa timed-prime-test, 6yayuu Bbi3BaHa C LeJbIM YHCJIOM 7, NleUaTaeT 1 U Npo-
BepsieT, IPOCToe JIM oHO. Ecain n nmpocToe, npolenypa neyataeT TPH 3Be3JOUKH U KOJHUECTBO BPEMEHH,
3aTpaueHHOe Ha MIPOBEPKY.

(define (timed-prime-test n)
(newline)
(display n)
(start-prime-test n (runtime)))

(define (start-prime-test n start-time)
(if (prime? n)
(report-prime (- (runtime) start-time))))

(define (report-prime elapsed-time)
(display " *** ")
(display elapsed-time))

Hcnonbayst 3Ty npoLenypy, HalmHLIKTe Mpoueaypy search-for-primes, KoTopasi IpoBepsieT Ha Npo-
CTOTYy BCe HeUeTHBle UMc/a B 3ajlaHHOM AuanasoHe. C MOMOLbI0 3TOH MpoLenypbl HAHAWTE HaUMeHbILIHe
TpH npocThix yrcaa nocsae 1000; nocae 10 000; mocse 100 000; nocse 1 000 000. TTocmoTpuTe, CKOJIBKO
BpeMeHH 3aTpaunBaeTcsl Ha Ka)kioe MPOCTOe 4yucao. ToCKOMbKY anrOpUTM NPOBEPKH HMeeT MOPSAOK
pocra O(y/n), Bam caenoBano 6bl 0KHIATh, YTO MPOBEpPKa Ha MPOCTOTY ymces, Oauskux k 10 000,

480nH0 U3 HauGosee BIEUAT/IAIOMMX IPUMEHEHHE BEPOSITHOCTHEIE aJTOPHTMBI MIOMYUHJIH B 06IACTH KPHITOrpayH.
XoTsl B HacTosilee BPeMsi BBIUMCIHUTEIbHBIX PECYPCOB HEAOCTATOUHO, YTOOb PA3/IOKHTh HA MHOXKHTEJH MPOU3BOJIb-
Hoe uucno u3 200 uudp, ¢ nomoriubio Tecta PepMa NPOBEPHUTD, SIBJSETCS JH OHO MPOCTBIM, MOXKHO 338 HECKOJNbKO
CeKyHA. DTOT (aKT CIYKHT OCHOBOH mNpejsoxeHHoro B Rivest, Shamir, and Adleman 1977 meroma mnocTpoeHus
wKdpoB, KOTOPbE «HEBO3MOXKHO» B3Jjomath. [losmyuenusiii ascopumm RSA (RSA algorithm) cran wmupoko ncrosb-
3yeMbIM METOIOM MOBbILIEHHS] CEKPETHOCTH 3JEKTPOHHBIX CPEACTB CBsi3H. B pesysibrate 9TOr0 M APYrHX CBSI3aHHBIX
COGBITHH HCC/IeloBaHHMe MPOCTHIX YHCEN, KOTOPOEe paHblle CYHTANOCh 00pPa3LOM «UHCTOH» MaTeMaTHKH, M3ydaeMbIM
HCKJIOUHTENbHO pajd camMoro cedsi, Temepb MOJYYHJIO BaKHble MPAaKTHUeCKHe MPHJIOKEHHs B TaKHUX 00JacTsX, Kak
KpHnTorpadusi, 3MeKTPOHHAsH epeada IeHeXKHBIX CyMM W XpaHeHHe HH(OpMAaLKH.
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sanuMaeT B /10 pa3 Gosble BpeMeHH, 4eM IS unces, 6iuskux K 1000. IToxteepsxaator au 310 Baru
3amepbl BpeMeHH? XOpOLIO JIH TOALEPKUBAIOT MpeAcKasaHue y/n aaxHbie agas 100 000 u 1 000 000?
CoBmecTuM st Baru pesysbTaT ¢ mpeanoJioKeHHeM, YTO MPOrpaMMbl Ha Barued malinHe 3aTpaudBaiOT
Ha BBLIMIOJIHEHHE 3a1ad BpeMsi, MPOMOPLUHOHANbHOE YUCY 1IaroB?

Ynpaxzenue 1.23.

[Tpouenypa smallest-divisor B Hayaje 3TOro pasjesa MPOBOAHUT MHOXKECTBO JIMILIHUX IPOBEPOK:
NocJjie TOro, KaK OHAa TPOBEpsieT, NEJNHUTCS JIK YHUCJIO Ha 2, HEeT HUKAKOT0 CMbIC/JA MPOBEPSITh JeJTUMOCTD
Ha JpyrHe 4yeTHble udcaa. Takum 06pa3oM, BMECTO MOC/en0BaTeqbHOCTH 2, 3, 4, 5, 6 ..., UCMOJb3Ye-
Mo# st test-divisor, 6blI0 Obl Jyullle WCMOAb30BaTh 2, 3, 5, 7, 9 .. .. UTo6sl peanu3oBath Takoe
yJydlleHre, HAaNUIIUTe MPOUEeNYypy next, KoTopas HMeeT Pe3y/bTaToM 3, e/ MoJydaeT 2 Kak apry-
MEHT, a HHaue BO3BpallaeT CBOH apryMeHT mitoc 2. Mcnoabsyiite (next test-divisor) Bmecto (+
test-divisor 1) B smallest-divisor. Hcnoab3ys npouenypy timed-prime-test ¢ moau-
¢uurpoBaHHOH BepcHed smallest-divisor, 3amycTHTe TeCT I/ KaXKAOro M3 12 MpocTHIX Yuced,
Ha#eHHbIX B ynpaxkHeHuH 1.22. [TockosbKy 3Ta MogM(UKaLHUs CHUKAeT KOJHUYECTBO LIATrOB MPOBEPKH
B/BO€, Bbl NOJ/IKHBI 0XKHMIATh ABYKPATHOTO YCKOPEHHUS NpoBepkH. [IoATBepKIAOTCS JIM 3TH OXKHUIAHUS?
Ecau Het, TO KakoBO HabJioaeMoe COOTHOLLEHHe CKOpOCTell JIBYX a/JrOpUTMOB, M Kak Bbl oObsicHUTe
TO, YTO OHO OTJIMYaeTCs OT 27

Ynpaxuenue 1.24.

Monuduuunpyiite npouenypy timed-prime-test us ynpaxksenus 1.22 tax, 4ToObl OHa HCIO0Jb30BAJA
fast-prime? (Meton Pepma) U npoBepbTe Kaxkaoe U3 12 MPOCTHIX UKCes, HAUIEHHBIX B 3TOM yNpax-
Henuu. Mcxons us toro, uto y Tecta Pepma nopsinok pocta O (logn), To KaKoro COOTHOLIEHHS BPEMEHH
Bel 6Bl oxkupanu Mexny mpoBepkod Ha mpoctorty nobausoctd ot 1 000 000 u mobauszoctu ot 10007
[TonTBepxaatoT nu 310 Bawu naHubie? Moxete i Bbl 06bsicHUTh HabJ/1101aeMOe HECOOTBETCTBHE, €C/IH
OHO €CTb?

Ynpaxuenue 1.25.
Jlusa I1. Xakep »Kasyercs, YTO NpH HanMCaHWM expmod Mbl JesaeM MHOTO JHIIHed paboTbl. B KoHIe
KOHLOB, TOBOPHUT OHA, Pa3 Mbl y2Ke 3HaeM, KaK BBIUMCJ/ATb CTeMeHH, MOXKHO MPOCTO HalucaTh

(define (expmod base exp m)
(remainder (fast-expt base exp) m))

[TpaBa sin oHa? Crana Gbl 3Ta MpOLEAypa CTOJb XKe XOPOIIO paboTaThb MPHU MPOBEPKE MPOCTBIX YHUCEJ?
O6bsicHUTE.

Ynpaxuenue 1.26.

Y Xbioro Ilyma GoJblive TpyAHOCTH B ynpaxkHeHud 1.24. [lpouenypa fast-prime? y Hero padoraer
MelJieHHee, yeM prime?. XblOro NpocuT moMolid y cBoeil 3Hakomod EBbl Jly Atop. Bmecre usyuas
KoL Xbloro, OHM OOHApPY»KHMBAIOT, YTO TOT Mepenucasn Npoueaypy expmod C SBHbIM HCIIOJb30BaHHEM
YMHOXKEHHS] BMECTO TOT0, 4TOObl BbI3bIBATb Square:

(define (expmod base exp m)
(cond ((= exp 0) 1)
((even? exp)
(remainder (* (expmod base (/ exp 2) m)
(expmod base (/ exp 2) m))
m))
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(else
(remainder (* base (expmod base (- exp 1) m))
m))))

Xbloro roBopHUT: «5 He BHUXKY 3/eCb HHKAKOH pasHHLbl». «3aTo s BUXKY, — oTBedaeT EBa. — [lepenu-
caB MPOLEAYPY TAKHM 006pasoM, Thl MpeBpaTHs npouecc nopsinka O(logn) B mpouecc nopsiaka O(n)».
O6mbsicHuTe.

Ynpaxuenue 1.27.

ITokaxkure, yto uncsia Kapmaiikna, nepeuncieHHble B cHOCKe 47, NeHCTBUTE/JbHO «O0OMaHBIBAIOT» TECT
®depma: HanmUIIUTE TpOLENYpY, KOTopas GepeT Lesoe YUCIO0 1 U MPOBEPSsieT, MpaBaa Ju a" paBHSeTCs a
10 MOLYJIO n [/ BCeX a < M, U NPOBepbTe 3Ty NPOLEAYPY Ha 3THX yucaax Kapmaiikia.

Ynpaxsenue 1.28.

Onuu u3 BapuaHToB Tecta PepMa, KOTOpPHIH HEBO3MOXKHO 0OMaHYTb, HasbiBaetcs mecm Muarepa—Pa-
6urna (Miller-Rabin test) (Miller 1976; Rabin 1980). On ocHoBaH HaaJbTepHATHBHOH (HOPMYJIHPOBKE
Mauno# teopemsr Pepma, KOTOpasi COCTOMT B TOM, YTO €CJH 1 — MPOCTOE YHUCIO, & 4 — MPOU3BOJbHOE
MIOJIOXKHUTENBHOE 1eJI0e YHCJI0, MeHbllee 1, TO a B n — 1-0if cTeneHu paBHsietcst 1 mo mopyao n. [Ipo-
Bepsist MPOCTOTY uKcaa n MetonoM Musiepa—PabuHa, Mbl GepeM ciyuyaiiHoe YHCI0 a < m ¥ BO3BOAHM
ero B (n — 1)-10 CTemneHb MO MOLYJIO 7 C TOMOLIbIO MpoleAypsl expmod. OnHaKO KOTAa B NpOLeny-
pe expmod Mbl NPOBOLHUM BO3BelleHHe B KBaJapaT, Mbl [POBepPsieM, He HALIJIK JIU MBI «HETPHUBHAJbHBIH
KBaJpaTHBIH KOpeHb M3 1 Mo MOIys0 m», TO €CcTb YMC/IO, He paBHOe | MM m — 1, KBagpaT KOTOPOro
no Monynwo n paBed 1. MoxHO [0Ka3aTb, YTO €C/H TAKOH HETPUBHAJBHBIN KBaApaTHBIH KOpeHb u3 1
CYLLECTBYET, TO m HE MPOCTOE Yncao. MoKHO, KpOME TOTO, I0Ka3aTh, YTO €CJIH 7 — HEYETHOE YHCJIO, He
ABJIAIONIeeCs POCTHIM, TO MO KpaiiHe#l Mepe 1/l MOJOBHHbBI Yhces a < 7 BHUHCJeHHe a” ' ¢ MoMOLIbI0
TakoH NpoLefypbl 0OHAPYKUT HeTPUBHAJbHBIH KBaApaTHbIH KopeHb M3 1 mo Moapy/io m (BOT mouemy
TecT Munnepa—PabrHa HeBo3MOXKHO 06MaHyTh). Mopuduuupyiite npouenypy expmod Tak, 4ToObl OHa
CUTHAJIM3UPOBaJa OOHAPYKEHHE HETPUBHAJIBHOrO KBaIpaTHOro KOpHS U3 1, U Hcrosb3yiTe ee mJsi pe-
anusauuu tecta Muinepa—-PabuHa ¢ nomolublo npouenypsl, aHajgorudyHol fermat-test. Ilposepere
CBOIO MPOLEAYPY Ha HECKOJbKHUX H3BECTHBIX Bam MpoCTHIX M cOCTaBHBIX uHc/aax. [lopckaska: ynoGHBIHA
Croco6 3acTaBUTb expmod MoaaBaTh 0COObI CHIHAl — 3aCTaBHUTb ee Bo3Bpawath 0.

1.3. ®opmyiarpoBaHre aOCTpPaAKIMi C TMOMOLIbIO TPOLEXYP
BBICIIMX MOPSIKOB

Mbl BUIEIM, YTO MPOLEAYPBl, B CYLUIHOCTH, SIBJASIOTCS aOCTPAKUHUAMH, KOTOPble OMUCHIBA-
IOT COCTaBHBIE OMepPaLXy Hal YUCaaMu O€30THOCUTENbHO K KOHKPETHBIM 4ucjaMm. Hampuwmep,
KOTIa MBI OTIpefeisieM

(define (cube x) (* x x X))

Mbl TOBOPUM He 0 KyOe KaKoro-To KOHKPETHOrO 4yHcJa, a 0 crocobe MoJay4uTh Ky6 Js060ro
yucsa. Pagymeercs, Mbl Morsin 66l 060HTHCh 6€3 OmnpesiesieHHst ITOH MPOUeaypbl, KaXIbIH pa3s
NUcaTh BblpaXKeHHs BPOJie

(* 3 3 3)
(* x x x)
(* vyyvy)
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U HUKOTIA SIBHO He YIIOMHHATh MOHATHe Ky6a. JTO MOCTaBUJIO Obl HAc Iepel CEepPbe3HbIM
3aTpyqHEHUEM W 3acTaBuso Obl paboTaTb TOJBKO B TePMHHAaX TeX ONepaluil, KOTOpble OKa-
3a/IMCh IPUMUTHBAMHU 513biKa (B NaHHOM CJydae, B TEPMHHAX YMHOXEHHs ), a HE B TePMHHAX
onepauuil 6osee BoicOKOro ypoBHsl. Hauu nporpammbl 6bl11 Obl CIIOCOOHBI BBIUHCATD KyOHI,
OlHAaKO B HallleM s13blKe He OblJI0 Obl BO3MOXKHOCTH BBIPa3HUTb el Bo3BeleHUs B Ky6. OnHa
U3 TeX Belllell, KOTOPBIX MBI IOJIXKHBI TPeGOBaTh OT MOLLHOIO A3blKa IPOrPaMMHPOBAHUS — 3TO
BO3MOXXHOCTb CTPOUTH aBCTPAKLMUH MyTEM MPUCBOEHHS UMEH OOLIUM CXeMaM, a 3aTeM MPSIMO
pabortath ¢ 3TUMH abcTpakuusaMu. [Iponenypsl nalOT HaM TakKylo BO3MOXKHOCTb. BoT mouemy
BCe SI3bIKHM MPOrPAaMMHPOBAHUSI, KPOME CaMblX MPUMHUTHUBHBIX, 06/1aAI0T MeXaHU3MaMH OIIpe-
JleJIeHHs TIPOLenyp.

Ho naxe npu o6paGoTKe YHMCJAEHHBIX NAHHBIX HallM BO3MOXKHOCTH CO3[aBaTb abCTpak-
UM OK2XKYTCS CHUJbHO OrPaHMYEHHBIMH, €CJH Mbl CMOXKEM OIpEeAe/ATb TOJbKO MPOLEAypPH,
napaMeTpbl KOTOPbIX HOJIKHBI ObITh YMc/IaMU. HacTo OfHA U Ta e CXeMa MPOorpaMMbl UCIOJb-
3yeTcsl C Pa3JUUHBIMU TIpolenypamu. s TOoro 4toObl BHIPA3UTb 9TH CXeMbl KaK MOHSITHS,
HaM HYXKHO CTPOHUTb MPOLEypbl, KOTOpPble NPUHHMAIOT APYTrHe MNPOLeAypbl KaK apryMeHTHI
Jau60 BO3BpallaloT MX Kak 3HadeHud. [Ipouenypa, MaHumyaupymoolias APYTUMH Npolenypa-
MU, HasbiBaeTcsl npoyedypoti svicuieeo nopsoka (higher-order procedure). B atom pasnesne
MOKAa3bIBAETCSI, KK TPOLEAYPHl BBICLIMX TOPSAKOB MOTYT CJYKHTb B KauecTBe MOILIHOTO Me-
XaHHW3Ma abCTpPaKLHK, PE3KO MOBBIILAS BBIPA3UTEJBbHYIO CHUJY HALIETO SI3bIKa.

1.3.1. IIpouenypsl B KauecTBe apryMeHTOB

PaceMoTpum cienyroniye Tpu nporenypol. [lepasi 13 HUX BBIYHC/SET CYMMY LIE€JBIX UHCEJ
oT a 1o b:

(define (sum-integers a b)
(if (> a b)
0
(+ a (sum-integers (+ a 1) b))))

Bropasi BbluMc/sieT cyMMY KyOOB LIJBIX YHCeJ B 3a[JaHHOM JH1ana3oHe
(define (sum-cubes a b)
(if (> a b)
0

(+ (cube a) (sum-cubes (+ a 1) b))))

TpeTbst BBIUMC/SIET CYMMY I10CJEI0BAaTENbHOCTH TEPMOB B psifie

KOTOPHIH (OueHb MeiJeHHo) cxoautest K /840,

. . ™ 1 1 1
49 DrumM pagoM, KOTOPHIH OGBIYHO 3aMMCHIBAIOT B SKBHBAJEHTHOI hopMme i 1-— 3 + 577 + ..., MBI 001-
3anbl Jleii6Huny. B pasnese 3.5.3 MBI yBHIHM, KaK HCIIOJb30BaTh €ro KaK OCHOBY JJIsi HEKOTODHIX H30MIPEHHBIX

BbIYHUCJUTENbHBIX TPIOKOB.
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(define (pi-sum a b)
(if (> a b)
0
(+ (/ 1.0 (* a (+ a 2))) (pi-sum (+ a 4) b))))

fcHo, YTO 3a 3TUMHU MPOUEAYypPaMH CTOHT OfHA 0Olias cxeMa. DoJjbllield 4acTbi0 OHH HIEH-
THYHBl ¥ Pa3JiM4aloTCsl TOJNBKO HMeEHeM IpOLeAypbl, (yHKIHeH, KOoTopasi BBIUHCJSIET TepM,
nojJieXKallui 106aBjeHnIo, U (QyHKLUHEH, BBIUNC/SIOUIEH ciaefyolllee 3HaueHHe a. Bce atn
NpOLEAYPbl MOXKHO MTOPOAUTh, 3aMOJHUB IbIPKH B OJHOM LIa0JOHE:

(define ({ums) a b)
(if (> a b)
0
(+ ({mepm) a)
({ums) ({cnedymyui) a) b))))

[TpucyrcTBUe Takoro obuiero ma6soHa SBJSETCS BECKHMM AOBOJIOM B MOJb3y TOTO, YTO
3/IeCb CKpBITA I0Jie3Hast abCTPaKLHsl, KOTOPYIO TOJNBKO HALO BHITALIWTh HA MOBEPXHOCTb. [lei-
CTBUTEJbHO, MaTeMaTHKH NABHO BBIAENUIN aOCTPAKLHUIO CYMMUPOBAHUSL NOCALO08AMENbHO-
cmu (summation of a series) W U300pesiu «CHTMa-3aMKCh», HATPUMep

4TOOBl BBIPa3UTh 3TO MOHsiTHe. CHJa CUrMa-3aluCH COCTOUT B TOM, UTO OHA MO3BOJISET Ma-
TeMaTHKaM paboTaTh ¢ CAMHUM MOHSATHEM CYMMbl, a He MPOCTO C KOHKPETHBIMH CyMMaMH —
HanpuMmep, (OPMyJaUpPOBaTb OOLIME yTBEP:KIEHHS O CYMMaX, He3aBUCHMble OT KOHKPETHBIX
CYMMHpPYEMBIX [0CJIe0BaTENbHOCTEN.

[Tono6HbIM 06pa3oM, Mbl KaK IPOEKTUPOBIIMKK MPOrpaMM XOTeJH Obl, YTOOB! Hall SI3bIK
OblJ1 IOCTATOUHO MOLIHBIM W TO3BOJS/ HANMCaTh MPOLENYPY, KOTopas Bbipaxasna Obl camo
MOHATHE CYMMBI, a He TOJIbKO TPOLEAYPBl, BBIYHCJSIOUIME KOHKpeTHble CyMMbl. B Hamem
NPOLEYPHOM s3bIKE Mbl MOXKeM 0e3 TPyAa 3TO clleslaTb, B35IB NIPUBEJEHHbIH Bhllle 1a6JI0H U
npeo6pas3oBaB «ABIPKU» B (opMasbHble NapaMeTphl:

(define (sum term a next b)
(if (> a b)
0
(+ (term a)
(sum term (next a) next b))))

3ameTbTe, 4TO Sum NPUHUMAET B Ka4eCTBE apryMEHTOB KaK HUXKHIOIO U BEPXHIOIO IPaHHULBl a U
b, Tak ¥ npouenypsl term U next. Sum MOXKHO HCII0JNb30BaTh TaK, KAK MBI HCIIOJb30BaJNH OBl
JIO0YI0 OPYTYIo Tpolenypy. Hampumep, ¢ ee momollblo (BMecTe ¢ NMpoLeAypoil inc, KoTopas
yBeJIMYHMBaeT CBOM apryMeHT Ha 1), Mbl MOXeM OMNpelesuTh sum-cubes:

(define (inc n) (+ n 1))

(define (sum-cubes a b)
(sum cube a inc b))
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Bocro/ib30BaBIIMCh STHM OTpeNeeHHeM, Mbl MOXKEM BBIUMCIHTb CYMMY KyGoB 4nces oT 1 1o
10:

(sum-cubes 1 10)
3025

C moMmoLIbi0 TPOUELYPbl UIEHTHYHOCTH (KOTOpasi MPOCTO BO3BPAIAeT CBOM apryMeHT) MAJsi
BBIYMCJIEHHS] TepPMa, Mbl MOXKEM ONpefie/IUTh sum—-integers 4epe3 sum:

(define (identity x) x)

(define (sum-integers a b)
(sum identity a inc b))

Tenepb MOXHO CJIOKUTh LieJble uncaa ot 1 no 10:

(sum-integers 1 10)
55

Takum e o6pasoM onpegenserca pi-sum®

(define (pi-sum a b)
(define (pi-term x)
(/ 1.0 (* x (+ x 2))))
(define (pi-next x)
(+ x 4))
(sum pi-term a pi-next b))

C NMOMOILBI0 3TUX NPOLEAYP MBI MOXKEM BBIYUCJUTD NPUONHKEHHE K T

(* 8 (pi-sum 1 1000))
3.139592655589783

Teneps, Korga y Hac ecTh sum, ee MOXKHO UCII0J1b30BaTh B KauyecTBe CTPOUTEJbHOIO 6J10Ka
npu (OpPMYJHPOBAHMM APYrMX MOHATHH. Hanpumep, onpeneseHHblfl uHTerpasn ¢GyHKUHH f
MeX1y NpefesaMy a U b MOXKHO YHCJIEHHO OLEHHTb C IIOMOLLBIO (DOPMYJIbI

b dx dx dx
/a f= {f(a—F?)+f<a+da:+7>+f(a+2d:c+7>—I—...] dx

IJIsT MaJiblX 3HaueHH# dx. Mbl MoxeM PpsAMO BBIPA3UTb 3TO B BHIAE MPOLEAYPDI:

(define (integral f a b dx)
(define (add-dx x) (+ x dx))
(* (sum £ (+ a (/ dx 2)) add-dx b)
dx))

500Gparute BHMMAaHHe, YTO MBI HCIIOb30BAIH GJOYHYI0 CTPYKTYpy (pasen 1.1.8), uToGbl cripATaTh OmpeneseHHs
pi-next u pi-term BHyTpPH pi-sum, MOCKOJbKY BpSIA JIH 3TH MPOLELypbl MOHAZOOSTCS 3adeM-subo emte. B
pasmene 1.3.2 MBI cOBceM OT HUX H30aBHMCS.
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(integral cube 0 1 0.01)
.24998750000000042

(integral cube 0 1 0.001)
.249999875000001

(Tounoe 3Hauenue nHTerpana cube ot 0 no 1 paBHo 1/4.)

Ynpaxuenue 1.29.
[TpaBuso CrumrncoHa — GoJsiee TOUHBIE METOM YHCJEHHOTO HHTETPHPOBAHHUS, YeM NpPeACTaBIEHHBIH BhILIE.
C nomotubto npaBuna CUMICOHA HHTErpas GYHKUUH f MeXAY a U b MPUONHKEHHO BBIUUCISIETCS B BUIE

%[yo +4y1 + 2y2 + 4ys + 2ya + ... + 2Yn—2 + 4Yn—1 + Yn]
rie h = (b — a)/n, 0/ KaKoro-To YeTHOTO LJIOro uucaa n, a yr = f(a + kh). (YBenuueHue n MOBHI-
IIaeT TOYHOCTb MPHOJIHKEHHOrO BhIurcaenns.) Onpenenure mpoLenypy, KOTopasi IPUHIMAeT B KadecTBe
apryMeHToB f, a, b ¥ m, ¥ BO3BpalllaeT 3HaYeHHe HHTerpaJa, BblYUc/IeHHOe 1o npasuiay CummncoHa. C
TNOMOLIBIO 3TOH NpoLeaypsl NpouHTerpupyiite cube Mexkay 0 u 1 (¢ n = 100 u n = 1000) u cpaBHUTe
pesysbTaThl ¢ MpoLeAypoH integral, npuBeneHHOH BbIlLIe.

Ynpaxuenue 1.30.
[Tpouenypa sum nopoxkaaer JHHeHHYIO peKypcuio. Ee MoxHO mepenucatb Tak, 4ToObl CyMMHPOBaHHE
BBINIOJIHSJIOCh HTepaTHBHO. [lokaxkuTe, Kak ciesnaTb 3TO, 3aNOJHHUB MPOMYILIEHHbBIE BBIPAXKEHHS B CJIENY-
IolleM OINpejesleHHH:

(define (sum term a next b)
(define (iter a result)
(if

iter (??) (?2))))
(22)))

Ynpaxsenue 1.31.

a. Ilpouenypa sum — Bcero JulIb NpocTeillas U3 OOLIMPHOIO MHOXeCTBa MOAOOHBIX abCTpakLUMH,
KOTOpBIE MOYKHO BBIDa3HTh uepe3 Mpollefypsl BeickX nopsinkos.”!. Hanuumre anasoruunyio npouenypy
noJ HasBaHHeM product, KOTopasi BbIUHC/SIeT IPOU3BeileHHe 3Ha4yeHHH (yHKLHHM B TOYKaX Ha yKasaH-
HoM HHTepBaJe. [TokaxkuTe, KaK ¢ MOMOLIBIO 3TOH Npoleaypbl onpefennuTs factorial. Kpome Toro,
npu nomomy product BbYMCTUTE PUOIHKEHHOE 3HAYeHHe 7 1o GopmyJie’

T 2:4-4.6-6-8--

4 3.3-5-5-7-7---

SICmbica ynpaxuenuii 1.31-1.33 cocToUT B TOM, UTOGH MPOIEMOHCTPUPOBATH BHIPASHTENbHYIO MOLlb, TOJyUae-
MYI0, KOTla C MOMOLLbIO MOAXOAsLLeH abcTpakLUHH 060011aeTcs MHOXKECTBO onepalHi, Ka3a/noch Obl, He CB3aHHBIX
Mexay co6oii. OnHaKo, XOTs HakKoI/eHHe W (UJbTPALUS — H3fIlHbIe NPHEMBI, IIPY UX MCIO/b30BAHHH PYKH Y Hac
T10Ka UTO HECKOJIbKO CBSI3aHbl, MOCKOJBKY MOKa YTO Y HAC HeT CTPYKTYpP AaHHBIX, KOTOPHIE JaloT NOAXOASILHEe K ITHM
abCTpaKLMsAM CpefcTBa KOMOMHUPoBaHuUs. B pasnene 2.2.3 Mbl BepHeMcsl K 3THM IpHeEMaM U I0KaXKeM, KaK HCIoJIb30-
BaTh nociedosamessvrocmu (sequences) B KadecTBe HHTep(heHCcOB 1/ KOMOMHHPOBAaHHUs (UILTPOB M HaKONHUTeJeH,
TaK 4TO MoJyd4aloTcsl ellle Oojlee MOLIHble abcTpakKUuM. Mbl YBUAMM, KaK 3TH MeTOAbl caMU MO cefe CTAHOBSTCS
MOLIHBIM M M3SILHBIM MOAXOAOM K MPOEKTHPOBAHHIO NPOrPAMM.

5231y dopMyTy OTKPHI AHTHECKHUE MaTeMaTHK CeMHafaToro Beka JIxkoH Yosuc.



74 I'naBa 1. IlocTpoenune abcTpakuii ¢ NOMOLIBIO MPOLENYP

6. Ecau Bawa npouenypa product nopoxaaeT peKypcHBHbBIH NPOLECC, MEpenuiInTe ee TaK, 4ToObl
OHa MOpOXKJaJa UTepaTUBHbIN. Ec/M OHA MopoKaeT UTepPAaTHBHbIH Mpolece, NepPenuIInTe ee TakK, YTOObI
OHa MopoXKaana PeKypCHBHbIH.

Ynpaxzenue 1.32.

a. Ilokaxure, 4to sum 1 product (ynpaxseHue 1.31) sBIAIOTCA YaCTHBIMH CJayyasMH elle Gosee
oflero TOHATHSA, HasbiBaeMoro Haxonexue (accumulation), KoTopoe KOMOHHHPYeT MHOXKECTBO Tep-
MOB C IIOMOLLBIO HEKOTOPOH 00LLed (PYHKLUUH HAKOIJIeHUs

(accumulate combiner null-value term a next b)

Accumulate npUHHMaeT B KayeCTBe apryMEHTOB Te e OMUCaHHs TEPMOB M IHMana3oHa, uTo M sum C
product, a elle npouenypy combiner (IByX apryMeHTOB), KOTopas YKa3blBaeT, KakK HYXKHO MPHCO-
eMHUTb TeKYILIMH TepM K pe3ysbTaTy HaKOIMJIEHHS MpeAblAyLIMX, 1 null-value, 6a30Boe 3Ha4YeHHUE,
KOTOPO€ HYKHO HCII0J1b30BaTh, KOIa TepMbl 3akoH4arcs. Hanuiinte accumulate W moka)kute, Kak u
sum, ¥ product MOXKHO ONpeJeNUTh B BHJE NPOCTHIX BBI30BOB accumulate.

6. Ecan Bama npouenypa accumulate nopoXaaeT peKypCHBHBIH Npoliecc, NMepenuilnTe ee Tak,
4TOObl OHA MOPOXK/AJa UTePaTHBHbIA. EC/IM OHa MOpOXKAaeT UTepaTUBHBII NpoOLeCe, MEPENULINTE ee TakK,
4TOObl OHA NOPOXKAaJa PEKYPCHBHBIH.

Ynpaxuenue 1.33.
MoxxHo nosy4uTh elile GoJee oblryio BepcHio accumulate (ynpaxseHue 1.32), ec/iv BBeCTH MOHSATHE
purempa (filter) Ha KomOHHHpPYeMble TepMbl. To €CTh KOMOMHHPOBATb TOJBKO T€ TEPMbl, MOPOXKIEHHbIE
U3 3HaueHUH JMana3oHa, KOTOpble YIOBJIETBOPSIOT yKasaHHOMY ycnaoBHio. [losmyyvatouasics abeTpakuus
filtered-accumulate nojyuyaer Te )Ke apryMeHTbl, YTO W accumulate, MJ0OC AOMNOJHUTENbHbBIN
OJIHOApPI'YMEHTHBIH NpeauKart, KOTopblf onpenenser ¢uiabtp. 3anuumure filtered-accumulate B
Buje npouenypsl. [lokaxkute, kak ¢ nomoubio filtered-accumulate BhpasuTh clenylollee:

a. CyMMy KBaJpaToB MPOCTHIX YMCeJ B HHTepBaje OT a A0 b (B MpeANnosoXKeHHH, YTO MpoLenypa
prime? yxXe HamnucaHa);

6. TpOM3BeLEHHE BCEX IMOJIOMKHTEJbHBIX LIE/bIX UMCEs MeHble 1, KOTOpble MPOCThl M0 OTHOLIEHHIO K
n (TO eCTb BCEX TAKHUX MOJOXKUTEIbHBIX LeJbX unces ¢ < n, uto HOH(i,n) = 1).

1.3.2. IlocTpoeHue npouenyp ¢ nomompio lambda

Korna B pasnese 1.3.1 Mbl HCMOJIB30BaJK Sum, 0O4eHb HEYNOOHO ObLIO OMPEAE/ISATh TPUBH-
aJibHble MIPOLIeYpPbl Bpojie pi—-term U pi—-next TOJIBKO paau TOro, 4TobObl MepefaTb UX Kak
apryMeHTbl B IIPOLEAYPHl BhICLIEro Mopsifika. beiio Ovl mpolle BMeCTO TOro, yToObl BBOAMTD
UMeHa pi-next W pi-term, npsMo ompenesuTb <«IPOLEAYpPY, KOTOpas BO3BpalllaeT CBOU
apryMeHT IJIoc 4» U «IIpoLefypy, KOTOpast BBIUHUC/ISAET YUCI0, 0OpaTHOe NPOU3BENEHHIO apry-
MeHTa M apryMeHTa IJoc 2». DTO MOXKHO CHeJaTh, BBeis ocobyio ¢opmy lambda, KoTopas
cosnaet mpouenypel. C ucrnosb3oBaHHeM lambda Mbl MOXKEM 3amnucaTb TpeGyeMoe B TakOM
BUJE!

(lambda (x) (+ x 4))
Hu
(lambda (x) (/ 1.0 (* x (+ x 2))))

Torna Hamy npouenypy pi—sum MOXHO Bblpa3uTh 6€30 BCIKMX BCIIOMOTaTeNbHBIX MPOLEAYP:
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(define (pi-sum a b)
(sum (lambda (x) (/ 1.0 (* x (+ x 2))))
a
(lambda (x) (+ x 4))
b))

Eue ¢ momompio lambda MBI MOXKeM 3amucaTb Npouenypy integral, He ompepensis
BCIIOMOraTeJIbHYyI0 npouenypy add-dx:

(define (integral f a b dx)
(* (sum £
(+ a (/ dx 2.0))
(lambda (x) (+ x dx))
b)
dx))

B ofwem ciyuae, lambda ucnosb3yeTcs AJs CO3[JaHHUS NPOLENYpP TOUHO TaK XKe, Kak
define, TOJBKO HHMKAKOr0 HMEHH [Jis NPOLENYPbl He YKA3bIBAETCS:

(lambda ({$opmansHele-—napaMempsr)) (meso))

Ho.nyqaeTc;[ CTOJIb K€ TOJIHOLIEHHAasa npoueaypa, Kak 1 ¢ InoMOILbIO define. E[LI/IHCTBGHHaﬂ
pasHHWLa COCTOUT B TOM, UTO OHaA He CBfA3aHa HHU C KAKMM HUMEHEM B OKPY2KEHHUH. Ha camom
jeJie

(define (plus4 x) (+ x 4))
9KBHUBAJIEHTHO

(define plus4 (lambda (x) (+ x 4)))
MoxxHo unTaTh BeIpakeHHe lambda Tak:

(lambda (x) (+ X 4))
T T T T T

[Ipouenypa oT aprymeHTa x, KoTopass CKJaaplBaeT x H 4

[Topo6HO J1060My BblpaXKeHHIO, 3Ha4YEHHEM KOTOPOro SIBJISIETCS NPOLenypa, BbhlpaxKeHHe C
lambda MOKHO HCIOJIb30BATh KaK ONepaTop B KOMOWHALMH, HalpUMep

((lambda (x y z) (+ x y (square z))) 1 2 3)
12

Wonu, B Gosee obiieM caydae, B JI0OOM KOHTEKCTe, Ile 0OBIYHO MCIOJb3YeTCs UMS NPOLEeLy-
53
pBI°?.

53BbI0 Gbl Gosiee MOHSATHO W MeHee CTpallHO A5l u3yyawoowux Jlucm, eciau Obl 37ech HCIOJIb30Bal0oCh Oosee
ficHoe UM, yeM lambda, HanpuMep make-procedure. OnHako TpaAHLKs yxKe MPOYHO yKOPEHM/Ach. DTa HOTALUS
3alMCTBOBaHa M3 A-HCUMCJEHHS, (opMasu3Ma, H300PETEHHOro MaTeMaTHYeCKUM JorukoM Ajonco Yépuem (Church
1941). Yépu paspaboras A-ucuucieHue, 4ToObl HAHTH CTPOrOe OCHOBAaHHE [Jisl MOHATHH (YHKUHM ¥ [PHMEHEHHs
(DYHKLUHH. A-MCUHMCTEHHe CTa/J]0 OCHOBHBIM HHCTPYMEHTOM MaTeMaTH4eCKHX HCCJeN0BaHHH MO CEeMaHTHKEe S3bIKOB
NPOrpaMMHpPOBaHHUS.
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COS}IaHI/Ie JIOKAJbHBIX MEPEMEHHbIX C MOMOIIbIO let

Eule onHo mpumeHeHve lambda COCTOMT BO BBEIEHMM  JIOKAJbHBIX NepeMeHHBIX. Ya-
CTO HaM B IIpolleaype OBIBAIOT HYKHBI JIOKaJbHble MepeMeHHble MOMHUMO TeX, UTO CBSI3aHBI
(hopMasbHEIMU MapameTpamu. JomycTrMm, HapuMep, YTO HaM HAAO BHIYUCIHUTE QPYHKIHIO

flay) =z(l4+2y)® +y(1 —y) + A +2y)(1 —y)

KOTOPYIO Mbl TaK2ke MOTJIU Obl BbIPA3HUTL KakK

a = l4+zy
fl@y) = wa®+yb+ab

Korzpa mbl muiieM npouenypy AJs BelUHCAeHHS f, XOTesoch Obl UMETb KakK JIOKaJlbHble Iepe-
MeHHbIE HE TOJIBKO & U Y, HO U UMeHa /151 IPOMEeKYTOYHbIX Pe3y/bTaToB Bpole a U b. MoxXHo
CeJIaTb 3TO C MOMOILIbBIO BCIIOMOTraTe/NbHOH MPOLENYPbl, KOTOpPasl CBA3BIBAET JIOKAJbHbIE TIepe-
MeHHBbIE!

(define (f x y)
(define (f-helper a b)
(+ (* x (square a))
(* y b)
(* a b)))
(f-helper (+ 1 (* x y))
(-1 y)))

Pasymeercsi, 6e3bIMAHHYIO NPOLEAYPY AJsI CBS3BIBAHHS JIOKAJbHBIX MEPEMEHHBIX MBI MO-
JKeM 3anucatb yepe3 lambda-soipaxenue. [Ipyn aTom Teso £ oKaspiBaeTcCsi MPOCTO BbBI30OBOM
3TOU MpOLeLypHI.

(define (f x y)
((lambda (a b)
(+ (* x (square a))

(* v b)

(* a b)))
(+1 (*xy))
(=1 y)))

Takasi KOHCTPYKIMS HACTOJbKO TOJI€3Ha, 4TO eCcTh ocobas (hopma non HasBaHHeM let, Ko-
Topast Hesaer ee Gosiee yno6Ho#. C Hcmosb3oBaHHeM let mnpouenypy £ MOXKHO 3amucaThb
TakK:

(define (f x y)
(let ((a (+ 1 (* xy)))
(b (-1 v)))
(+ (* x (square a))
(* y b)
(* ab))))

O6mwas (opMa BblpakeHHs ¢ let Takopa:
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(let (((nepj) (BHP7))
((nepy) (Brp)))

i<'n.epn> (BEIPn)) )
(mes0))

DTO MOXHO MOHMMAaTh KakK

[lycts (nep;) umeer snauenue (6oip )
u (nepy) UMeeT 3HaueHHe (6b/p9)

U (nepn) vMeer 3HaueHHe (8bipn)
B (mese)

IlepBas yacTp let-BbIpakeHHUs TMpeACTaB/IsET COOOH CNHUCOK Map BHAA WMsi—3HaueHue. Korna
let BBIUMC/SETCS, KAXK/A0€ UMl CBSI3bIBAETCS CO 3HAYEHHEM COOTBETCTBYIOLLETO BBIPAXKEHHS.
3ateM BblUHC/ISeTCs Teo let, MpUUeM 3TH HMMeHa CBSI3aHbl KaK JIOKaJbHble NepeMeHHBble.
[Tpoucxonut 3To Tak: BelpaxkeHHe let MHTepPIpeTHPYyeTCs KaK ajbTepHAaTUBHAsA opma AJs

((lambda ({nepi) ... (nepn))
(mes0))
(BBIP7) ... (BEHIPRN))

Ot uHTepnperatopa He TpebyeTcsi HUKAKOTO HOBOTO MeXaHHW3Ma CBSI3bIBAHHUS MEPEMEHHBIX.
BolpaxxeHue ¢ let — 3T0 BCero JMIIb CUHTaKCUYeCKUi caxap /s Bbl3oBa lambda.

VM3 sToli 5KBUBA/JIEHTHOCTH MBI BHAMM, YTO 00JIaCTb OINpEfeJeHHUs MepeMeHHOH, BBeleH-
HOl B let-BelpaxkeHHH — Teso let. OTciona cienyet, 4To:

e Let mo3BoJIsieT CBS3BIBAThH NE€PeMEHHble CKOJb YTOAHO OJH3KO K TOMY MECTY, Ille OHH
ucnosb3yloTes. Hanpumep, ecsiu 3HaueHHe X paBHO O, 3HAUEHHE BbIPaXKEHUS

(+ (let ((x 3))
(+ x (* x 10)))
x)

paBHO 38. 3HaueHHe x B Tese let paBHO 3, Tak UTO 3HaueHHe let-BbipakeHHs paBHO 33. C
IPYrodl CTOPOHBI, X KaK BTOPOH apryMeHT K BHeLIHeMY + MO-NpexXHeMy paBeH 5.

e 3HaueHHUsl TMepPEMEHHBIX BHIUUCASIOTCS 3a mpefetaMd let. DTo CyIleCTBEHHO, KOTAa
BbIpaXKeHHsl, JAlol1e 3HAUEHHUS JIOKAJbHbIM MEePEMEHHbIM, 3aBUCAT OT MEepPEMEHHBIX, KOTOpble
HUMEIOT Te XKe UMEHa, 4TO U CaMU JIoKaJbHble nepeMeHHble. Hanpumep, ecaiv 3HaueHHe X PaBHO
2, BbIpaXKeHHe

(let ((x 3)
(y (+ x 2)))
(* x y))

OyzneT UMeTb 3HaueHHe 12, MOCKONBKY BHYTpH Tesa let x Gyner paBHO 3, a y 4 (4To paBHs-
eTCsl BHELIHEMY X ILIIOC 2).



78 I'naBa 1. IlocTpoenune abcTpakuii ¢ NOMOLIBIO MPOLENYP

Muorpa ¢ Tem Xe ycrnexom, 4yTo U let, MOXHO MCIOJb30BaTb BHYTPEHHHUE ONpeaeseHHs.
Hanpumep, Beilleonucannyio npouenypy £ Mbl MOrH Obl ONpenennTh Kak

(define (f x y)
(define a (+ 1 (* x y)))
(define b (- 1 y))
(+ (* x (square a))
(* y b)
(* a b)))

B Takux cuTyauusix, o4HaKO, Mbl IPeJIIIOYHUTAEM HCII0JAb30BaTh let, a define nucarb TONBKO
TIPH OTpesieleHHH JOKaMbHBIX MpoLeayp>?.

Ynpaxuenue 1.34.
JlonycTyM, Mbl ONpeleNHIIy poLeLypy

(define (f qg)
(g 2))

Torma mbl HMeeM

(f square)
4

(f (lambda (z) (* z (+ z 1))))
6

Yro cayuurcs, ecad Mbl (M3BpAlleHHO) IONPOCHM HHTEPIPETATOP BBIUMCAUTb KoMOMHauuwo (f £)?
O6mbscHure.

1.3.3. IIpouenypbl Kak 0000IEeHHbIE METOIBI

Mbl BBesn cocTaBHble MpoLenypsl B pasaese 1.1.4 B kauecTBe MexaHH3Ma AJ1s abCTPaKLUH
CX€M UHCJOBBIX ONEepaLui, Tak, 4ToObl OHU OBLIM HE3aBUCHMbl OT KOHKPETHBIX MCIOJb3YyeMbIX
guces. C npouenypaMu BBICLIMX MOPSIKOB, TAKWMH, KaK Ipouenypa integral u3 pasge-
Ja 1.3.1, Mbl Hayasnu UccaenoBath GoJiee MOLIHBIA TUI a0CTPAKLMHU: NPOLEAYPHI, KOTOPbIE HC-
NOJB3YIOTCS 1J151 BblpaxkKeHUs! 0000LIEHHBIX METOIOB BEIUHC/EHHS, HE3aBUCHMO OT KOHKPETHBIX
UCIIOJIb3yeMbIX (DYHKUHH. B aToM paspmese Mbl paccMOTpUM 1Ba 6oJjee MOAPOOHBIX pUMepa —
o6LIYe METOAbl HAaX0XEeHHUs HyJeH W HEMOABMKHBIX TOUeK (DYHKLUHH, — U MOKaxkKeM, Kak 3TH
MEeTOJbl MOT'YT ObITb MPSIMO BBIPAaXKEHB! B BHJE TPOLELYP.

Haxomneune KOpHeﬁ ypaBHeHI/Iﬁ METOJAOM IIOJJOBUHHOI'O N€J€HUd

Memood nososurroeo desenus (half-interval method) — 3To mpocToit, HO MOIIHBIH cOCOO
HaxoXIeHusi KopHed ypaBuenusi f(z) = 0, rne f — HenpepoiBHast hyHKuus. Vgesi coctour B
TOM, YTO €C/IM HaM JaHbl Takue TOYKH a U b, uto f(a) < 0 < f(b), To QyHKUMS [ mO/KHA

54Ecu Mbl XOTHM [OHHMATb BHYTPEHHHE OIpeJiesIeHHs] HACTOJNbKO, YTOOBl OBITh yBEPEHHBIMH, YTO MpOrpamMma
NeHCTBUTEJNBHO COOTBETCTBYET HALIMM HaMEPEHHUsIM, TO HaM TpeGyeTcst 6osiee CI0XkKHAsT MOZE/Ib MPOLIECCa BEIUHCIEHHH,
4yeM INpHBefeHHas B 3ToH ryiaBe. OnHAKO ¢ BHYTPEHHHUMH ONpee/leHHsIMU MPOLEAYP 3TH TOHKOCTH He BO3HHMKalT. K
3TOMY BOIpPOCY Mbl BepHeMcsl B pasgeJe 4.1.6, mocse Toro, Kak 6oJblie y3HaeM O BBIUHCJIEHHH.
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HUMeTb 10 KpaliHell Mepe OMH HOJb HA OTpe3ke Mexnay a U b. UTobbl HaliTH ero, BO3bMeM ,
paBHOe cpenHeMy Mexay a u b, u BoiuncauM f(z). Ecan f(x) > 0, To f no/kHa HMeTbh HOJb
Ha oTpeske Mexay a U x. Ecau f(x) < 0, To f M0/MKHA UMETh HOJIb HA OTPE3KE MEXAY & U b.
[Ipomomxasi TakuM 06pa3oM, Mbl CMOXKEM HaXOAUTb Bce 00Jjiee y3KHMe WHTePBAJbl, HA KOTOPBIX
f momxHa uMmeTb HoJb. Korma Mbl poiiieM 10 TOYKH, rlle 3TOT MHTEpBaJ AOCTATOYHO Mal,
npouecc ocranasauBaercsl. [JockosbKy HHTepBas HeolpeleseHHOCTH YMeHbILIAeTCs BABOE Ha
KaxJIOM Lliare npotecca, 4uc/o TpebyeMbix waros pacteT kak O(log(L/T)), rae L ecTb AnnHa
MCXOIHOTO HMHTEpBajia, a T eCcTb AOMYCK OWHOKH (TO eCcThb pa3Mep HHTEpBajia, KOTOPBIE MBI
CUMTAEM «I0CTATOYHO MaJsbiM»). BOT mpouenypa, KoTopasi peajnsyeT 3Ty CTpaTertio:

(define (search f neg-point pos-point)
(let ((midpoint (average neg-point pos-point)))
(if (close-enough? neg-point pos-point)
midpoint
(let ((test-value (f midpoint)))
(cond ((positive? test-value)

(search f neg-point midpoint))
((negative? test-value)
(search f midpoint pos-point))
(else midpoint))))))

Mbl TpefinosiaraeM, uTo BHauyajle HaM jaeTcsi QYHKUHsA f M JBe TOYKH, B ONHOH M3 KO-
TOPBHIX 3HAaUeHHe (YHKIHH OTPHIATENbHO, B APYTOi MoMokuTenbHO. CHAaYaMa Mbl BHIUMC/ISEM
cpelHee MeXIy ABYMsl KpasMM HHTepBaja. 3aTeM Mbl MPOBepsieM, He ABJAETCH JIM HHTepBasl
yXe J0CTAaTOYHO MAasbIM, H eclH [a, cpasy BO3BpalllaeM CPEeNHIO TOYKy Kak oTBeT. Ecam
HeT, Mbl BLIYHC/]seM 3HaueHHe f B cpeiHeil Touke. EC/M 3TO 3HaueHHe MOJOMKUTENBLHO, MbI
MPOJIOIKAEM TPOLIeCC ¢ MHTEPBAJOM OT MCXONHOH OTpHMLATeNbHOH TOUKH N0 CpefHell TOUKH.
Ecan 3HaueHue B cpelHeil TOUKe OTPHIATEbHO, MBI MPOJOKAEM MPOLECC ¢ MHTEPBaJIOM OT
cpelHeil TOYKHM [0 HCXOAHOH MOMOXKHTeNbHOH TOYKH. HakoHel, CyllecTByeT BO3MOMKHOCTD,
YTO 3HayeHHe B CpeJHell TOuKe B TOYHOCTH paBHO 0, M TOTAA CPeHss TOUKA M ecTh TOT
KOpeHb, KOTOPbIH Mbl HIIEM.

UTo6bl MPOBEPUTL, AOCTATOUHO /M GM3KH KOHIBI MHTEpBada, Mbl MOMEM B3ATh MpOLe-
Lypy, MOOOHYIO TOH, KOTOpPas MCMo/b3yeTcs B pasfene 1.1.7 mpu BbIYMCIEHHH KBalpaTHBIX
KOpHe#®:

(define (close-enough? x y)
(< (abs (- x y)) 0.001))

Hcnosb3oBath npouenypy search HemoCpeACTBEHHO YXKACHO HeynoOHO, MOCKOJbKY CJY-
YalHO MBI MOXKEM JaTb €H TOUKH, B KOTOPHIX 3Ha4eHHUsl f He UMEIOT HY>KHbIX 3HAKOB, U B 3TOM
c/y4ae Mbl TMOJIyYUM HENpaBUAbHBIA 0TBeT. BMecTo 3TOro Mel OyfeM HCIIONb30BaTh search
MOCPEACTBOM CJlelyollel MPOoLeAyphl, KOTOpast MPoBepsieT, KOTOPbIH KOHelL HHTepBasia HMeeT
MOJIOXKUTENBbHOE, a KOTOPHIH OTpHLaTe/bHOE 3HaueHHe, U COOTBETCTBYIOLUIMM 00pa3oM 30BeT

55Mpi nenosbaosanu 0.001 Kak JOCTATOUHO «Majoe» YKCIO, YTOGH yKasaTh AOMNYCTHMYIO OMIHGKY BBIUHC/IEHHS.
[TonxonsAmu# NOMYCK B HACTOSIIMX BbIYMCJEHHSX 3aBHCHT OT pellaeMOH 3ajadd, OrpaHWYeHHH KOMIbIOTepa M ajro-
putMa. HacTo 3T0 BecbMa TOHKHH BOMPOC, B KOTOPOM TpefyeTcs NMOMOLIb ClEelHaTuCcTa 110 YUCAEHHOMY aHalu3y Win
BOJILIeOHUKA KaKOro-HUOYAb APYTOro poaa.
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search. Eciu Ha o6onx KoHIIAX UHTepBasa (QyHKLHS UMeeT ONUHAKOBHIH 3HAK, METO[, M0JIO-
BUHHOTO JeJIEHHSI UCII0Jb30BaTh HEJb3sl, U TOT/A MPOLeAypa coobiiaeT 06 omruore®®:

(define (half-interval-method f a b)
(let ((a-value (f a))
(b-value (f b)))
(cond ((and (negative? a-value) (positive? b-value))

(search £ a b))

((and (negative? b-value) (positive? a-value))
(search £ b a))

(else
(error "Y apryMeHTOB He pa3HHe 3Haku " a b)))))

B crnenytouiem npumepe MeTOA MOJIOBUHHOTO Je/€HUS] UCIIONb3YeTCs], YTOObl BBIYUCANUTD T
KaK KOpeHb ypaBHeHHSs sinz = 0, Jexamuil Mexny 2 u 4.

(half-interval-method sin 2.0 4.0)
3.14111328125

Bo BTOpOM mpuMepe 4epe3 MeTOM MOJOBMHHOTO NeJIeHHs MILEeTCS KOPeHb ypaBHeHHUs 5 —

2x — 3 = 0, pacroJiokeHHbIH Mexay 1 u 2:

(half-interval-method (lambda (x) (- (* x x x) (* 2 x) 3))
1.0
2.0)

1.89306640625

HaxoxeHue HeMOABMIKHBIX TOUYEK (DYHKLMI

Yucso x HasbiBaetcs Henodsuscroil moukot (fixed point) ¢yHkuuu f, ecid oHo ymo-
BJeTBopsieT ypaBHeHuto f(x) = x. [las HeKOTOPBIX (PYHKUHE f MOXHO HAHTH HEMOABHKHYIO
TOUYKY, HauaB C KAKOrO-TO 3HAUEHHUSI U MPHUMEHsis f MHOTOKDPATHO:

f(@), F(f (@), F(f(f (), -

— [I0Ka 3HaueHUe He MepecTaHeT CUJbHO H3MeHATbcs. C MOMOILbIO 3TOH HIeH Mbl MOXKEM CO-
cTaBUTb npouenypy fixed-point, KoTopas B KauecTBe apryMeHTOB IPUHUMaeT (PYHKLHIO U
HayaJ/lbHOEe 3HaueHHe W NPOHU3BOAUT MPUO/HIKEHHE K HENOABUKHOM TouKe (DyHKUHH. Mbl MHO-
TOKpaTHO MpUMeHsieM (PYHKLHIO, TI0Ka He HAaHAeM [1Ba MOCJeN0BaTeNbHBIX 3HAUEHUS, pa3HHLA
MeX/ly KOTOPbBIMH MeHbllle HEKOTOPOH 3alaHHOH YyBCTBUTEJBHOCTH:

(define tolerance 0.00001)

(define (fixed-point f first-guess)
(define (close-enough? vl v2)
(< (abs (- vl v2)) tolerance))
(define (try guess)

563T0ro MOKHO JOGHTBCS C IOMOLLBIO MPOLIEAypbl error, KOTopas B KayeCTBe apryMEHTOB IPUHHUMAET HEeCKOJIbKO
3HAUeHUH U MedaTaeT UX KaK coollueHHe 00 OlIHOKe.
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(let ((next (f guess)))
(if (close-enough? guess next)
next
(try next))))
(try first-guess))

HaanMep, C IIOMOIIbIO 3TOr0 MeTOJa Mbl MOXKEM I'IpI/I6JII/I)K€HHO BbIYHUCJUTb HEIOABUXKHYIO

TOUKy (DYHKLMM KOCHHYC, HauHHas ¢ | KaK CTapTOBOTO MPHOIMIKEHHS :

(fixed-point cos 1.0)
.7390822985224023

[Tono6HbIM 06pa3oM MOXHO HaHTH pelleHHe YPaBHEHUS y = Siny + cosy:

(fixed-point (lambda (y) (+ (sin y) (cos y)))
1.0)
.2587315962971173

[Tpouecc moucka HeMoOABHAKHOM TOYKH MOXOX Ha MPOLECC, ¢ MOMOLLbI0 KOTOPOro Mbl MC-
KaJld KBaJpaTHbIH KopeHb B pasgmese 1.1.7. M Tor, u npyrofl ocHoBaHbl Ha Hiee IMOCJENO0Ba-
TEeJIbHOTO YJIYyUYLIeHHUs] NPUOJIHKEHUH, TIOKA Pe3y/IbTaT He YIOBJETBOPUT KAaKOMY-TO KPUTEPHIO.
Ha camom nese mbl 6e3 Tpyna MoxeM cOPMYJHPOBATbBEIUMCIEHNE KBAAPATHOIO KOPHS Kak
MIOMCK HETIOABUKHOU TOUKH. BEIUHCINTD KBaIPATHOrO KOPHS U3 MPOM3BOJILHOIO YHCJIA & O3HA-
yaeT HallTH Takoe y, 4To y? = x. [lepeBenss 3T0 ypaBHeHHE B 3KBUBAJEHTHYIO GopMy y = /v,
MBI 0GHAPYKHBAeM, UTO J0JKHBI HaiTH HEMONBHKHYIO TOUKY BYHKUMK® y — /1y, U, ceo-
BaTeJIbHO, Mbl MOXKEM IOMbITATHCH BBHIYMC/ISATH KBaJpaTHble KOPHU TaK:

(define (sqgrt x)
(fixed-point (lambda (y) (/ x y))
1.0))

K coxaseHuio, 3TOT MOMCK HEMOABHUKHON TOUKH He CXOAMUTCs. PaccMoTpum mcxomnHoe 3Ha-
yenue y;. Cienymwliee 3HaueHHe PABHO Yo = x/yi, 4 CJAELYIOLIEe 3a HUM Y3 = Z/ys =
x/(x/y1) = y1. B pesynbrate BoIXOOUT GECKOHEUHBIH LMKJ, B KOTOPOM [Ba 3HAUEHHUS Y1 U Yo
MOBTOPSIIOTCSI CHOBA M CHOBA, MPbIras BOKPYT MPABHJIBHOTO OTBETA.

OnuH U3 crnoco60B yNpaB/isATh TAKUMH MPbKKAMH COCTOHT B TOM, 4YTOOBI 3aCTaBHTh 3Ha-
YeHHs] M3MEHSTbCS He TaK CHJbHO. [I0CKOJIbKY OTBET BCErna HAXOAUTCS MEXIY TEeKYIIHM
3HAUEHHEM Y U Z/y, Mbl MOXKEM B35ITh HOBOE 3HaUeHHE, HE HACTOJBKO JAJEKOE OT ¥, KakK x/y,

1
B3sIB Cpe/lHee MeX1y HUMH, TaK UTo Cjefylollee 3HaueHUe OyneT He x/y, a §(y+ x/y). [po-
1ecc MnoJiy4eHusl TaKOH MOCJe0BaTeNbHOCTH €CTh BCEro JIMLIb NPOLECC MOUCKA HEelOABHKHOH

1
TOUKH Y — §(y +z/y).
(define (sqgrt x)

(fixed-point (lambda (y) (average y (/ x y)))
1.0))

S"TlonpoGyiiTe BO BpeMs CKyYHOH JEKIHH yCTAHOBHTb KAaJbKYJATOP B PEXXHM PajaH U HaXKMMaTh KHOMKY COS,
[OKa He HalJeTe HENOABHXKHYIO TOUKY.

58\ (mpousHOCHTCA «OTOBpaXKaeTcA B») — 3TO MaTeMaTHUecKHil croco6 Hamucarsh lambda. y — x/y o3Hauaer
(lambda (y) (/ x y)), To eCTb (pyHKIHIO, 3HAaUeHHe KOTOPOH B TOUKE Y €CTb /Y.
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1
(3amerum, uto y = §(y + 2/y) BCero Juib mpocTas TpaHcdopMmalys ypaBHeHUs y = x/y;

4TOOBI €€ MOJYYHThb, 100aBbTe ¥ K 0OOUM YacTsIM YpaBHEHHUS U TONEJHUTE TOIMOJaM.)

[Tocne Takoél MopudUKaLUK Npoliefypa MOUCKA KBAJAPAaTHOrO KOPHS HayMHaeT paboTath.
B cymHocTH, eciv Mbl pacCMOTPUM ONpeeJieHUs, Mbl YBUAHUM, 4TO [10CJAe0BaTebHOCTD MIPH-
6JM2KeHUH K KBaZpaTHOMY KOPHIO, TTOpoXKJaeMasi 3[eCb, B TOUHOCTH Ta XKe, YTO MOPOXKAAETCS
Hallled MCXONHOH NpOLEeAypPOd MOMCKa KBaApPaTHOro KOpHs u3 pasgena 1.1.7. DtoT moaxon ¢
yCcpefHEeHUEeM IOCJ/e0BaTebHBIX MPUOMHKEHUH K pelleHHI0, METOA, KOTOPBIH Mbl Ha3bIBAEM
mopmooenue ycpeonenuem (average damping), yacTo MOMOraeT AOCTHYb CXONUMOCTH TIpH
MOMCKaX HENOABHXKHOH TOUKH.

Ynpaxuenue 1.35.
[TokaxkuTe, 4TO 30s10TOe cevyeHHe ¢ (pasmen 1.2.2) ecTb HemoiBHXKHAs TOYKA TpaHCHOPMALHMU T +—
1+ 1/z, u ucrosb3yiiTe 3TOT (GAKT [Js BLIYUCIEHHS ¢ C MOMOLIbIO Npouenyphl fixed-point.

Ynpaxuenue 1.36.

Mamenute mpouenypy fixed-point Tak, 4ToObl OHA MeyaTasla MOCJENOBATEJNbHOCTh MPUOJIHKEHHUH,
KOTOpble MOPOXK/IAeT, C IOMOLIbI0 MPUMHTHBOB newline u display, nokasaHHBIX B YIpaxHe-
Huu 1.22. 3arem Haiigute pelleHue ypaBHeHHss x” = 1000 myTeM IOHCKa HENOABHXKHOH TOYKH
z +— log(1000)/ log(z). (Mcnoab3y#ite BCTpoeHHYIO Npolienypy Scheme log, KoTopasi BbIYHCISET Ha-
TypaJsbHble Jorapudmbl.) [TocunrtaiiTe, CKOJbKO IIATOB 3TO 3aHHMaeT NPU HUCIONb30BAHHH TOPMOMKEHHS
ycpenHeHHeM U Ge3 Hero. (YuTHTe, 4TO HeJb3st HauMHaTh fixed-point co 3HaueHHs 1, MOCKOMBbKY 3TO
BbI30BeT JeJseHue Ha log(l) = 0.)

Ynpaxuenue 1.37.
a. BeckoneuHasiyennas Opobs (continued fraction) ecTb BeIpaxkeHue BHAA

N3

D -2
2+D3+...

B kauecTBe mpuMepa MOXKHO 10Ka3aTb, UTO pacllupeHHe GeCKOHeyHOH LiemHOH Apo6u mpu Bcex N; U
D;, paBubix 1, naet 1/¢, rme ¢ — 30/0T0e ceuenue (omucanuoe B pasgesne 1.2.2). Onun u3 crnoco6os
BBIYMC/INTD LENHYI0 Jp0o6b COCTOMUT B TOM, YTOOBI MOCJE 33AaHHOI'0 KOJMYECTBA TEPMOB 000pBaThb BbI-
yucneHde. Takoll 0OpblB — TaK HasblBaeMasi Koneunas uyennas Opobe (finite continued fraction) us &
3/1EMEHTOB, — MMeeT BHJ

[Tpennosoxum, 4To n U d — NpPOLEAYPhl ONHOrO apryMeHTa (HOMepa s/1eMeHTa i), Bo3Bpaliaone N; 1
D; snemeHTOB LienHO# Apo6u. Onpenenurte npouenypy cont-frac rtax, 4toObl BblYHCIEeHHe (cont-—
frac n d k) naBaso 3HaueHue k-3jeMeHTHOH KOHeuHoO#H lenHo# npo6u. [IpoBepbTe cBOIO Mpouenypy,
BBIYMC/ISIST IPUOJIMKEHHUS K 1/¢ ¢ TOMOLIbIO

(cont-frac (lambda (i) 1.0)
(lambda (i) 1.0)
k)
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IJ1s1 TIocJleloBaTe/bHbIX 3HaueHuH k. Hacko/bko 60JbLIMM MPUILIOCH clle]aTh k, 4ToObl NOJYyUUThb NPH-
6/1MKeHHe, BePHOe ¢ TOUHOCTbIO 4 LUMPEl MOoCJIe 3anAToi?

6. Ecau Bama npouenypa cont-frac nopoxjaer peKypcHBHbIH Mpolecc, HAMHUIIWTe BapUaHT, KOTO-
pBIF MOpOXK/laeT MTepaTHUBHBIH npolecc. Ecay oHa nopoxjaaeT HTepaTHBHBIH Mpoliecc, HaMMIINTe BapH-
aHT, NOPOXKAAIUIMH PEKyPCHBHBIH Tpolecc.

Ynpaxuenue 1.38.

B 1737 romy wBeiiuapckuii marematuk Jleonapm Oiénep ony6aukoBan crateio De functionibus
Continuis, KoTopasi cofep:KaJja pacllidpeHHe LeNHOH Apobu /1 € — 2, Tle e — OCHOBaHHe HaTypaJsbHbIX
qorapr¢moB. B aTo#t npo6u Bce N; paBHbl 1, a D; nocaenoBaTensHo pasHel 1,2,1,1,4,1,1,6,1,1,8,.. .Hanumure
nporpammy, Hcrnosbayollyto Bamy npouenypy cont-frac us ynpaxHenus 1.37 /s BbUMC/IEHHS e Ha
OCHOBaHUHU (hopMynbl Diiepa.

Ynpaxuenue 1.39.
[IpencraBieHue TaHreHCa B BHAE LENHOH Apo6u Oblno ony6aukoBaHo B 1770 rogy HemMeUKUM MaTeMaTH-

xom U.X. Jlam6eprom:

T
tgxr =

1-—
1}2

N

rie x faH B paguanax. Ompenenute npouenypy (tan-cf x k), KoTopast BEIUHUC/SET NPUOTHKEHHE K
TaHreHcy Ha ocHose (opMyJibl JlamGepTa. K yKasblBaeT KOJHUECTBO TEPMOB, KOTOPhle TPeOyeTCsl BbIUMC-
JIUTb, KaK B ynpaxkHeHuH 1.37.

3

1.3.4. IIpouenypsl Kak Bo3BpaliaeMble 3HaUYeHUS

[Tpenbinymiye mpuMepsl MOKa3blBAIOT, YTO BO3MOXKHOCTH IlepelaBaTh MPOLELypPHl B Kaye-
CTBE apryMeHTOB 3HAUWTEJbHO yBeJWYMBAET BBIPA3UTEJbHYIO CHJY Hallero sidblka Iporpam-
MHpOBaHHsA. Ml MoxXeM N06UTbCA ellle GoJblleli BbIPAa3UTeNbHON CHJIbl, CO31aBasi MpOLEeAypPH,
BO3BpalllaeMble 3Ha4eHHs KOTOPBIX CaMH SIBJSIOTCS NMPOLeLypaMH.

OTy U0 MOXHO MPOMJIIIOCTPUPOBATH NPUMEPOM C MOUCKOM HEMOABHXKHOH TOYKH, 00-
CyXIaeMbIM B KOHLe paszena 1.3.3. Mbl chopMy/aHpoOBasd HOBYHO BepCHIO MPOLENYpPhl BHIYMC-
JIEHHS] KBA[PATHOTO KOPHSI KaK TMOWCK HEMOJBMXXHOH TOUKH, HAauaB ¢ HaOJIONEHUs], UTO +/T
€CTb HEeMOIBHXKHASI TOYKa (DYHKUHUU y — x/y. 3aTeM Mbl UCMOJIb30BAJH TOPMOKEHHE YCPel-
HeHHeM, 4TOObl 3aCTaBUTh MPUOJIHKEHHS CXOAUThCS. TopMOXKeHHe yCpeHeHHeM caMo 110 cebe
SIBJISIETCS MOJIE3HBIM TpHeMOM. A HMeHHO, NOJYyYHB GYHKUHUIO f, Mbl BO3BpallaeM (DYHKLHIO,
3HaueHHe KOTOPOH B TOUKE X €CTb cpelnHee apudmeTHueckoe mexnay = u f(x).

Wneio TopMoXKeHHUSsI yCpeLHEHHEeM MBI MOXKEM BBIPA3UTb IPH MOMOIIM CJeAyIollel mpole-

IypBI:

(define (average-damp f)
(lambda (x) (average x (f x))))

Average—-damp — 3TO Npoueaypa, NPUHHMAalOLlasg B KadecTBe aprymeHnTa npouenypy f u
BO3Bpalllalollasi B KayeCTBe 3HaueHHUs MpoLenypy (MoJyueHHYIO ¢ momollbio lambda), KoTo-
pasi, 6yny4yu TpUMeHeHa K UHCJIYy X, Bo3BpaulaeT cpenHee mexay x U (£ x). Hampuwmep,
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npuMeHeHHe average-damp K NpOLEAype square MoJy4aeT NPoLeaypy, 3HaUeHHeM KOTo-
poii 115 HEKOTOPOTro umMcaa & GyleT cpefHee Mexkay = U x2. [IpuMeHeHue 3Toil MpoLeaypsl K
uncsy 10 Bosspamaer cpenree mexxay 10 u 100, To ecth 55%:

((average-damp square) 10)
55

Hcnosnb3ys average-damp, Mbl MOXeM IepeOpPMYJHPOBAaTh NPOLELYPY BbIUHUCJIEHUS
KBaJpaTHOI'O KOPHS CJeLyIOIUM 06pa3oM:

(define (sqgrt x)
(fixed-point (average-damp (lambda (y) (/ x y)))
1.0))

O6patuTe BHMMaHMe, Kak Takas ()OPMYJHPOBKa JOeJaeT SBHBIMA TPU HIEeH Hallero MeTo-
Ia: TIOUCK HEMOABHMXHOH TOUKH, TOPMOXKEHHe yCcpelHeHHeM U (QyHKUMIO y — x/y. [TonesHo
CPaBHUTb TakKyl (OPMY/JIMPOBKY MeTOJa MOHUCKAa KBaAPaTHOIO KOPHS C HUCXOAHOH BepcHed,
npencTaBjgeHHOH B pasgese 1.1.7. BcromHuTe, 4TO 06€ mpouenypel BBIPaXKamT OAUH W TOT
JKe TIpollecc, W MOCMOTPHUTE, HACKOJIBKO SICHEe CTAHOBHTCSl €ro Hies, KOrga Mbl Bblpakaem
npoLecc B TepPMHUHAX 3TUX abcTpakuuid. B obiiem ciydyae cyuiecTByeT MHOrO crnoco6oB cgop-
MyJMpOBaTh Hpolecc B BuAe npouenypsl. ONbITHblE NPOrpaMMUCTHL 3HAIOT, KaK BbIOpPaTh Te
(hOpMYyJIMPOBKH TIpoLeNyp, KOTOpble HauboJiee SCHO BbIPAXKalOT MX MBIC/IH, WU Tle MOoJe3Hble
3JIeMeHTBI MPOLECCa NT0KA3aHbl B BUJE OTHAENbHBIX CYIIHOCTEH, KOTOpPble MOKHO HCIOJb30BaTh
B IPYTHX TpUIOKeHHAX. UToObl MPUBECTH MPOCTOH MPHUMep TAKOrO HOBOT'O HCIIOJIb30BaHHS,
3aMeTHM, 4TO KyOHuyecKHil KOpeHb & AB/ISETCS HErOABHXKHOH TOUKOH (DYHKUMH y — /1>,
TaK 4TO Mbl MOXKEM HeMe[J/eHHO 0000LMTb Hally MpoLeypy MOUCKa KBaJpaTHOrO KOPHS Tak,
yTOGBI OHa M3BJeKana Kyoudeckue KopHu®Y:
(define (cube-root x)
(fixed-point (average-damp (lambda (y) (/ x (square y))))
1.0))

Meton Herotona

Korna B pasgene 1.1.7 Mbl BrepBHle NpeACTaBUJIM NpPOLENYypY H3BJIeUEHHS] KBaIpaTHO-
r0 KOpHSI, Mbl YIOMSIHYJH, 4TO 3TO JHIIb YacTHHH chaydaiimermnoda Heromona (Newton’s
method). Eciu « — g(x) ectb nubdepenuupyemas (QyHKUHS, TO peLIeHHE ypPaBHEHHS
g(x) = 0 ecTb HemoxBMXKHAsK TOUKA QPYHKUMH T — f(x), rae

_ g(x)

a Dg(z) ecTb mpousBojiHasi g, BelukCAeHHast B Touke x. Merton HeloToHa cocTout B TOM, 4TOGHI
NPUMEHHTDb ONHCAHHBIH CNOCOO MOMCKA HEMOABHMXKHOM TOUKH M allpPOKCHMHUPOBAThH peELlIeHHe

593amernTe, 4TO 3MeCh Mbl HMeeM KOMOMHAIMIO, ONepaTop KOTOpoil caMm mo ceGe komGuHauus. B ynpaxnenun 1.4
yKe OblJa MPOJEMOHCTPHPOBAHA BO3MOXKHOCTb TaKMX KOMOMHALMH, HO TO Obl1 BCero JIMIIb MIPYIIeYHBLIH NpHMep.
3/ech Mbl HauMHaeM YyBCTBOBAaTb HACTOALLYIO MOTPEGHOCTb B BBIPAXKEHHAX TaKOro poja — KOrjaa HaM HYXKHO MpH-
MEHHTb NPOLENYpY, NONYUeHHYI0 B KauecTBe 3HAUeHHs U3 MPOLELYPbl BHICIIErO MOPSAKA.

60Cy. nasnbHeiimee 0606LieHHe B ynpaxkHeHuu 1.45
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ypaBHeHHUsl MyTeM MOMCKa HemoiBHXKHOH ToukH dyHkuuu .81 Jlns muorux ¢yHkumil g npu
JOCTAaTOUYHO XOpOLIEM HadyaJbHOM 3HaueHHWH x MeTon HbioToHa ouyeHb OBICTPO MPHUBOAUT K
pelenuio ypasHenus g(z) = 052,

Uro6el peann3oBath MeTon HbloTOHA B BHIE MPOLEAYPbl, CHaYa a HY?KHO BBIPA3HUThb TOHS-
THe NPOU3BOJHON. 3aMeTHM, YTO «B3ATHE IIPOU3BOAHON», NOLOOHO TOPMOKEHHIO yCPEIHEHHEM,
TpancopMupyeT oaHy GyHKUHMIO B Apyryio. Hanpumep, npousBoaHas GpyHKUMM 2 — o3 eCTb
Gynkuus x — 3z2. B obuiem caydae, eciu g ecTb QyHKUMs, a dr — MaJeHbKOe YHCJIO, TO
npousBopHas Dg QyHKUMH g ecTb (PYHKLHS, 3HaUYeHNe KOTOPOH B KaKJI0H TOUKe X OMHCHIBA-
ercsi popmyJsioit (Mpu dx, CTpeMSIIeMCsl K HYJI0)

gle + dx) — g(x)

Dg(x) = T

Takum 06pazom, Mbl MOXKeM BBIPA3HUTb MOHSITHE MPOU3BOAHON (B3fB dx paBHBIM, HATPUMED,
0.00001) B BHIE mpoueLypbl

(define (deriv g)
(lambda (x)
(/ (- (g (+ x dx)) (g x))
dx)))

JIOTIOJTHEHHOH OTlpefiesIeHheM

(define dx 0.00001)

[lopo6Ho average-damp, deriv sBjsieTcs NpolUenypod, KoTopas GepeT MpoLENypy B
KayecTBe apryMeHTa ¥ BO3BpallaeT NpoLUeaypy Kak 3HadeHue. Hanpumep, yto6sl Ha#iTH npu-
OMMXKEHHOE 3HAaYeHHe TTPOM3BOMHOM T — 13 B To4uKe 5 (TOYHOEe 3HaueHHe MPOM3BOIHOKH PABHO
75), MOXKHO BBIUHCJIHTh

(define (cube x) (* x x X))

((deriv cube) 5)
75.00014999664018

C nomowbio deriv MBI MOXeM Bblpa3uTb MeToi HbOTOHa Kak mpolecc MOUCKAa Hero-
JIIBUXKHOH TOUKH:

(define (newton-transform g)
(lambda (x)
(- x (/ (g x) ((deriv g) x)))))

(define (newtons-method g guess)
(fixed-point (newton-transform g) guess))

61 Bponmbie Kypcbr aHanmM3a 06bIYHO OMHCHBAIOT MeTos, HbI0TOHa Uepes MoceI0BaTeTbHOCT PUOHKEHUH Tyt 1 =
Zn —g(zn)/Dg(xrn). Hanuune s3bika, Ha KOTOPOM MBI MOXKEM TOBOPHTB O IMPOLIECCAX, a TAKXKe HCIO0/b30BaHHe HIAEH
HEMOJBHXKHBIX TOYEK, YIPOLIAIOT OMKMCaHKHe STOr0 METOAA.

62 Meron HbioToHa He Bceria MPUBONMT K PEIIEHUIO, HO MOYKHO MOKA3aTh, YTO B YAAUHHIX CJYdasX KaXKuas HTe-
palHs yIBauBaeT TOUYHOCTb MPHUOJIHKEHHs B TePMUHAX KOJMMUYeCTBa LU(P mocse 3ansToi. JJisi TakuX ciydaeB MeTOL
HbiotoHa cxopuTest ropasio GbiCTpee, YeM METOH [OJOBHHHOTO JeJIeHHS.
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[Ipouenypa newton-transform BblpaxkaeT ¢GopMmysy, NPHUBEAEHHYIO B Hayaje 3TOrO pas-
nena, a newtons-method Jerko ompeznessiercsi ¢ ee MoMoOlIblo. B KadyecTBe apryMeHTOB
OHa TNIPHHHUMaeT MPOLENYPY, BBIUMCIAIOUIYI0 (DYHKLHIO, Yeld HOJb MBI XOTHUM HaHTH, a TaKkKe
HayaJibHOe 3HaueHHe npubmankenus. Hanprumep, uTo6bl HAHTH KBaApaTHBIH KOPEHb T, MBI MO-
XeM ¢ MoMoLIblo MeTofa HbloToHa HaiiTH Hob GyHKUMM ¥ — y? — 2, HAYHHAsA CO 3HAYEHHUS
153, 310 maer Ham eme oaHy (GoOpMy MpOLENYPHl BHIUMC/EHHS KBAAPATHOTO KOPHS:

(define (sqrt x)
(newtons-method (lambda (y) (- (square y) x))
1.0))

A6cTpakuuy 1 npoueaypbl Kak MOJHOIPaBHbIE 00BEKTHI

Mur Bunein 1Ba croco6a MpeacTaBUTh BBIYUCIEHHE KBAPATHOTO KOPHS KAK YacTHBIH CJIY-
yai GoJiee 06IIET0 METOMA; ONHWH pPa3 3TO ObLI MOWCK HETONBUXKHON TOYKH, APYTOH — METOL
Hetorona. Ilockonbky cam meton HeroToHa Obl BbipakeH KaK MPOLIECC TOWCKA HEMOIBHXK-
HOH TOUYKH, Ha CaMOM [ejle Mbl YBHAEJH JBa Croco0a BBIUUCIUTb KBaApaTHBIH KOPeHb Kak
HENOABHXKHYI0 TOUYKY. KaxKzblii U3 3THX MeTONOB MOJy4YaeT HeKOTOPYI (PYHKLUHIO U HAXOOUT
HEMOJBHKHYI0 TOUKY MJisi HEKOTOPOH TpaHchOopMalnu 3TOH (HYHKIUU. DTy OOLIYI0 M0 MbI
MOKEM BBIPA3UTh KaK MPOLEAYPY:

(define (fixed-point-of-transform g transform guess)
(fixed-point (transform g) guess))

dta oueHb 00L1As MPOLEAypPa NPUHUMAET B KAauecTBe apryMeHTOB MPOLENYPY g, KOTOpas BbI-
YUCJseT HEKOTOPYIO (PYHKLHIO, IpoLenypy, KoTopast TpaHC(OPMHUPYeT g, U HayaJbHOe NPUOMIHU-
eHue. BosBpaliaemoe 3HaueHMe eCTb HENOABHKHAS TOUKA TPAHC(HOPMHUPOBAHHOHN (DYHKIIHH.

C nomol1bio TakoH abCTPaKLMK MOXKHO NepeopMyIHpOBaTh NPOLEAYPY BEIUHCAEHHS KBAJ-
paTHOrO KOpHsI U3 3TOr0 pasmena (Ty, Tie Mbl HILEM HEMOABHUKHYIO TOUKY BEpPCHH Y — /Y,
3aTOPMOXKEHHOH yCpefHeHHeM) KaK YaCTHBIHA caydall obliero mMeToaa:

(define (sqrt x)
(fixed-point-of-transform (lambda (y) (/ x y))
average-damp
1.0))

[TonoGHBIM 06pa3oM, BTOPYIO MPOLEAYPY HAXOXKAEHUS KBaApaTHOIO KOPHS M3 3TOro pasiena
(mpumep mpuMeHeHHUs1 MeTofa HproTOHA, KOTOPHIH HaXOOUT HENMOABHXKHYI TOUKy HproToHOBa
npeo6pasoBanus i — y? — ) MOXKHO NPEICTAaBUTh TaK:

(define (sqrt x)

(fixed-point-of-transform (lambda (y) (- (square y) x))
newton-transform
1.0))

Mbl Hauanu paspmen 1.3 ¢ HabJOneHHs, UTO COCTaBHbIE MPOLENYPHl SBJSIOTCS Ba’KHBIM
MeXaHHU3MOM a0CTpPaKLHH, MOCKOJIbKY OHHM MO3BOJSIOT BbIpaKaThb OOLIMe MeTOAbl BHIYHCIIE-
HHUSl B BHUJE SIBHBIX 2JIEMEHTOB Hallero s3blka MPOrpaMMHUpOBaHHus. Termepb Mbl YBHAENH, KaK

63 TIpu momcke KBampaTHBLIX KOpHeit MeTox HbloTOHa GEICTPO CXOAMTCS K MPABUILHOMY pelleHHI0, HauMHas C 060k
TOUKH.
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NpOLEAYPhl BBICIIUX MOPSIKOB MMO3BOJSIOT HAM MaHUIYJUPOBATh STUMU OOLIMUMHU METONAMH U
co31aBaTh ele OoJiee Tay6oKHe abCTpaKIIuy.

Kak mporpaMMHCTEI, MBI AOJKHBl OBITh TOTOBBI PACMO3HABATH BO3MOXKHOCTH TMOHCKa ab-
CTpaKLMH, JeXKaMKUX B OCHOBE HAILIMX NPOrPaMM, CTPOUTH HAlly paboTy Ha TaKUX abCTpak-
nusix U 06061aTh UX, co3naBas elle 6oJee MOLIHble aOCTPAKUHWU. DTO He 3HAYMUT, YTO IPO-
rpaMMbl BCerjia HY>KHO MHCaTh HA BO3MOXKHO GoJsiee TJIy6OKOM ypoBHe abCTpaKLHH: OMbITHbIE
MIPOTPAMMHUCTBl YMEIOT BBIOHPATh TOT yPOBEHb, KOTOPBIH JyUllle BCEro MOAXOMUT K MX 3aja-
ye. OfHAKO BaXKHO ObITb FOTOBBHIMH MBICJHTh B TEPMHHAX 3THUX aOGCTPaKUUU U ObITh TOTOBBIM
MPUMEHUTh UX B HOBBIX KOHTEKCTaxX. BaKHOCTb MpOLEAyp BBICIIErO MOPSAKA COCTOHT B TOM,
YTO OHH MO3BOJISIIOT HaM $IBHO INPENCTaBJATb 3TH abCTPaKLUKU B KayeCTBe 3JEMEHTOB Halllero
13bIKa IPOrPaMMHUPOBAHUS, TaK UTO Mbl MOXKEM 006pallaThCsl C HUMH TaK Ke, KaK U ¢ IPYyrUMH
3JIEMEHTAMH BbIUUCJIEHHS.

B ofmem cayuae f3bIKH NPOrpaMMUPOBAHUS HAKJAIBIBAIOT OTPaHUUEHHs HA CIOCOOHI, C
TIOMOIIBIO KOTOPBIX MOXKHO MaHUIYJIHPOBATh 3/M€MEHTAMH BbIUKCJIeHUS. [0BOPAT, UTO dJIeMeH-
Thl, HA KOTOpblE HaKJ/a/blBaeTCsl HaHMeHblllee YUCJAO OrPaHHUEHHH, HMEIOT CTaTyC 3JE€MeHTOB
BhIUKCeHUs nepgoeo kiacca (first-class) unu noanonpasmsix. BoT HeKOTOpbIE U3 UX «TIpaB U

npuBHAeruii»®*:

e 11X M0OXKXHO Ha3bIBaTh C MOMOIIBIO [IEPEMEHHBIX.
e lIx M0OXXHO nepenaBaTh B MPOLIEAYPbl B KaYeCTBE apryMeHTOB.

e VX MOXHO BO3BpalllaTh U3 MPOLEAYP B BUAE pe3yJbTaTa.

e VX MOXXHO BK/IIOYAThb B CTPYKTYPbl HaHHBIX®.

Jlucn, B oT/inuMe OT APYTHUX PacHpOCTPaHEHHBIX SI3BIKOB IIPOrPaMMUPOBAHHUS, JaeT Npole-
IypaM TOJIHOMPAaBHBIHA cTaTyc. DTO MOXKeT ObIThb NMpobseMol msi 3(p(PeKTUBHOH peasu3aliuy,

HO 3aTO MOJy4yaeMblil BBIUTPHIII B BHIPA3HTENbHOH cHjie orpomen®.

Ynpaxuenue 1.40.
Onpenenure mpouenypy cubic, KOTOpYyH0 MOXKHO OblJO Obl HCIO/Nb30BaTh COBMECTHO C NpPOLENypOi
newtons-method B BhIpaXKeHUAX BUIa

(newtons-method (cubic a b c) 1)

IS TIPUGTMPKEHHOTO BBIYHCIEHHS HYJIell KyOHUeCKHX ypaBHeHHMH =° 4 az? + bz + c.

Ynpaxuenue 1.41.

Onpepnenure npouenypy double, KOTOpas IPUHUMAET KaK apryMeHT NPOLEAYPY C OAHUM apryMeHTOM U
BO3BpalllaeT NpoLeaypy, KoTopasi NpHMeHseT MCXOAHYI0 Npolenypy ABaxael. Hanpumep, ecnu npoue-
aypa inc go6aBnser K cBoeMy apryMeHty 1, To (double inc) noJ/xHa ObITb NMpOLELypoH, KOTopas
nobasnsier 2. Ckaxure, Kakoe 3HaueHHe BO3BpalLlaeT

(((double (double double)) inc) 5)

64TTonsTHEM MOMHOMPABHOTO CTATyCa 3JIEMEHTOB A3bIKA MPOTPAMMHPOBAHHS MbI 0OSI3aHBI GPHTAHCKOMY CIelHaH-
cry no undopmaruke Kpucropepy Crpeitun (1916-1975).

5[ Tpumeprr 3TOr0 MBI YBUIUM TIOC/IE TOTO, KAK BBE/IeM MOHATHE CTPYKTYP NAHHBIX B IvaBe 2.

660cHoBHas 1eHa, KOTOPYIO peaiu3alluu MPUXOJMTCS MJATHTH 32 TMPUIAHHE MPOLEAYPAM CTATyca MOJHONPABHBIX
00BEKTOB, COCTOMT B TOM, 4TO, IOCKOJIbKY MBI Da3pelllaeM BO3BpallaTh NPOLEAYPH KaK 3HaueHHs, HaM HYXHO OCTaB-
JIATh MaMATh [JIs XpaHeHHs! CBOGONHBIX NepeMeHHBIX MpPOLELYPHl 1axKe TOrAa, KOrla OHa He BhIMOJHseTcsd. B peann-
3auuu Scheme, KoTopylo MBI PacCMOTPHM B pasgiene 4.1, 5TH mepeMeHHble XPaHATCS B OKPYKE€HHH NPOLELYpHI.
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Ynpaxuenue 1.42.

[lyete f u g — nBe onHoapryMmeHTHble QyHKUMH. [lo ompepenenuto, xomnosuyus (composition) f u
g ecTb pyHKuMsA x — f(g(z)). Onpenennte mpouenypy compose KOTopasi peajudyeT KOMIO3HLHMIO.
Hanpumep, ecin inc — npoueanypa, 1o6aB/siomnias K CBOeMy apryMeHry 1,

((compose square inc) 6)
49

Ynpaxuenue 1.43.

Ecmu f ecTh unc/leHHas (QYHKUMS, a . — TOJNOXKHTEJbHOE LieJ0e YHCIO0, TO MBI MOXKeM MOCTPOHTb
n-KpaTHOe MpHUMeHeHHe f, KOTOpPOe OMpefessieTcsi Kak (YHKIMsS, 3HaUeHHe KOTOPOH B TOUYKE X PaBHO
f(fC..(f(x))...)). Hampumep, ecin f ectb ¢pyHKUUS & +— & + 1, TO n-KpaTHbIM NpHMeHeHHeM f
Oyner GyHKuMs = — x + n. Eciu f ecTb omepauus Bo3BefieHHS B KBaApar, TO n-KpaTHOe NMpPHMeHeHHe
f ectb (yHKUHS, KOTOpasi BO3BOAUT CBOI apryMmeHT B 2"-10 crerneHb. Hanuure npoueaypy, Kotopas
TIPHHKMMaeT B KadyeCcTBe BBOAA NPOLEAYPY, BHIUHCISAIONUYIO f, U MOJOXKHUTENbHOE LieJI0e 1, ¥ BO3BpAllaeT
TIpoLeAYPY, BEIUUCISIONLYIO n-KpaTHoe mpuMeHeHHe f. TpeGyercs, yTo6sl Bamry mpouenypy MOXKHO GBIIO
HCIIO/Ib30BATh B TAKHX KOHTEKCTAX:

((repeated square 2) 5)
625

[Tonckaska: MoXKeT 0Ka3aTbCsl yIOOHO HCIO0/b30BaTh COMPOSe U3 yrpaxkHeHus 1.42.

Ynpaxuenue 1.44.

Hnes ceramcusanus (smoothing a function) urpaer Baxkuyio posb B o6paboTke curHaios. Ecan f —
GyHKUMS, a dr — HEKOTOPOe MaJjioe YKCJIO, TO CrJaXKeHHasi Bepcusi f ecThb (DYHKLUHs, 3HAaUEHHE KOTO-
poit B Touke x ecTb cpenHee mMexay f(z — dz), f(z) u f(z + dz). Hanumure npouenypy smooth,
KOTOpasi B KauyeCTBe BBOAA NPHHHMaeT NPOLEAYPY, BEIUMCASIOULYIO f, ¥ BO3BpalllaeT MpPOLEAYpPY, BbI-
YUCJISIOLYIO CIylaXkKeHHYH Bepcuto f. MHorna ObiBaeT ymoGHO NMPOBOLHTH MOBTOPHOE CIVIaXKUBaHHe (TO
€CTh CIVIaXKHMBaTb CIVIaXKEHHYI0 (QYHKLUHIO U T.1.), TIoaydas n-kpamuo cearaxcernyro ¢ynxkyuro (n-fold
smoothed function). ITokaxure, KaK IOPOAUTb N-KPATHO CrJIaxKeHHYI0 (QYHKIHIO ¢ HOMOLIbIO smooth u
repeated u3 ynpaxHenus 1.43.

Ynpaxxuenue 1.45.

B pasnene 1.3.3 Mbl BHAesaH, UTO MONMBITKA BBIYMCJIEHHs KBaJpaTHBIX KOPHEH MyTeM HAMBHOTO IMOMC-
Ka HENMOIABHXKHOH TOUKH y — x/y He CXOOMTCS, W YTO 3TO MOXKHO HCIPABHUTb MYTEM TOPMOMKEHHS
ycpenHeHueM. ToT ke caMblii MeTox paboTaeT AJIsT HAXOXAEHHS] KyOUUECKOT0 KOPHsS KaK HeNoABHXKHOM
TOUKM ¥ — x/y>, 3aTOPMOXKEHHOH ycpenHeHHeM. K coxaseHuio, 3TOT mpolecc He paGoTaeT I KOp-
Hell 4eTBepPTOH CTEMEHH — ONHAXKIbl MPUMEHEHHOTO TOPMOXKEHHS yCPEeIHEHHEM HEeIOCTATOYHO, YTOOBI
3aCTaBUTb CXONMTbCS MPOLECC MOMCKA HEMOABMXKHOH ToukH y +— x/y>. C Apyroil CTOPOHBI, €CJ Mbl
TIPUMEHHM TOPMOXKEHHE yCpeIHeHHeM IBaxKabl (T.e. MPHUMEHHM TOPMOXKEHHE YCpelHEHHeM K pe3yJbTaTry
TOPMOXKEHHs yCpPeHeHHeM OT y — /y°), TO MOMCK HETOABHMKHOIH TOYKM HAuHeT cXOAMThbcA. Ilpome-
JIalTe KCTEPUMEHTHI, YTOOB! MOHSTb, CKOJBKO TOPMOXKEHHH yCPEIHEHHeM HYXKHO, YTOOBI BBIUMCIHTH
KOPEeHb M-OH CTEMEeHH KaK HEMOABHUKHYIO TOYKY Ha OCHOBE MHOTOKPATHOI'O TOPMOXKEHHSI yCpeIHEHHeM
yHKUMM y — x/y" ', Wcnoabays cBOM pesyabTaThl AJs TOTO, HAMMIIMTE MPOCTYIO MPOLENYPY BbIUHC-
JIEHHSIKOpHeH n-0# CTeleHH ¢ moMollblo npouenyp fixed-point, average-damp u repeated us
ynpaxHenusi 1.43. CunrafiTe, UTO BCe apuU(MeTHUECKHe OlepalrH, Kakde Bam moHamo0siTcs, mpHCYT-
CTBYIOT B SI3blK€ KaK NMPUMHUTHBBI.
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Ynpaxuenue 1.46.

HekoTopble U3 BEIUHCIHTENBHBIX METOA0B, OMMCAHHBIX B 3TOH I/aBe, ABJSAIOTCA IPUMepaMy Ype3BbluYaiiHO
oO1ell BEIUHC/IUTEIBHOH CTpPaTeruy, HasblBaeMol nowazosoe yiyuuienue (iterative improvement). ITo-
11aroBoe yJy4lleHHe COCTOUT B CJeAYIOLIeM: YTOObl YTO-TO BBIUMC/IHUTb, HY2KHO B34Tb KaK0e-TO Hadajb-
HOe 3HayeHHe, IPOBEPHUTh, JOCTATOYHO JIH OHO XOPOILIO, YTOObI CJAYKHTb OTBETOM, H €CJIH HET, TO YJyd-
IIMTh 3TO 3HaYeHHe U MPOJOJIKHTB NpOLecc ¢ HOBBIM 3HaueHHeM. Hanuuure npouenypy iterative-
improve, KoTopas IPUHHMaeT B KayeCTBe apryMeHTOB [Be NPOLedyphl: IPOBEPKY, AOCTATOUHO JIH XOPO-
IO 3HaueHHe, U MeToJ yJaydlleHHs 3HaueHUs. Iterative-improve [oJ/KHA BO3BpallaTh NPOLELYDY,
KOTOpasi NpHHUMaeT Haua/jbHOEe 3HauYeHHe B KayecTBe aplyMeHTa W yjydllaeT ero, IoKa OHO He CTaHeT
nocratoyHo xopownM. Ilepenuumure npouenypy sqrt us pasgena 1.1.7 u mpouenypy fixed-point
u3 paspena 1.3.3 B TepmMuHax iterative-improve.



[JIABA 2

[IOCTPOEHUE ABCTPAKLMN C ITOMOIIBIO
JAHHDBIX

Tenepb Mbl MOAXOAHUM K pellaiolleMy Liary
B MaTeMaTH4YeCKO abCTpaKkLUU: Mbl
3a0bIBaeM, UTO 0003HAYAIOT HAIIH CHMBOJIBI.
...[Marematuk| He mOJKEH CTOSITh Ha
MeCTe: eCTb MHOTO Orepaluii, KOTOpPble OH
MOXKET TPOU3BOIUTb C STHMH CHMBOJIAMHY,
He ofpalllas BHUMaHHs Ha Te BeLlH,
KOTOpble OHH 0603HAYAIOT.
[epman Befinb.
«MaremaTrnyeckui crnoco6 MbIILJIEHUS»

B rnaBe 1 Mbl CKOHUEHTPUPOBA/JHM BHHMAaHWe Ha BBIYMCJWUTEJBHBIX MPOLECCAX W POJIH
NpoLefyp B MPOEKTHPOBAHHU MporpaMM. Mbl paccMOTpesH, KaK HCIOJIb30BaTh MPOCTeHIIHe
JaHHble (4Mcsa) U MpocTellle onepauuu (apudMeTHYeCcKHe), KaK coYeTaTb MPOLERYPBl U
NOJIy4aTh COCTaBHBIE MPOLEAYPHl C MOMOIIBI0 KOMIIO3ULHMH, YCJIOBHBIX BbIPaXKEHUE U HUCIIOJb-
30BaHHUsl MTAPAMETPOB, a TaKKe KakK CTPOUTb abCTpPaKTHBIe Mpolenypsl npu nomowu define.
Mpbl y6enunuch, uTO TMPOLENAYPYy MOXKHO PacCMaTpUBATb KaK CXeMY JIOKAJbHOI'O Pa3BUTHS
npolecca; Mbl KJ1aCCH(HLHPOBATH HEKOTOPbIe 0OIIHe CXeMbl MIPOLECCOB, BOIIOLIEHHEIE B TIPO-
Lefypax, CTPOUJU O HUX YMO3aKJ/IOUEHHsS] U NPOU3BOAMUJM UX MPOCTEHIINI aIrOpUTMUYECKUH
anasu3. Kpome Toro, Mbl yBHAENH, U4TO NMPOLENYPHl BEICUIMX TOPSIKOB YBEJHUYHBAIOT BbIpa-
3UTEJbHYIO CHJIy HALIEro $3blKa, MO3BOJISIS ONEepPUPOBaTh OOLIMMH METOAAMH BBIUHCJEHHS, a
CJIEIOBATENbHO, W MPOBOAWUTbL PACCYXAEHHUS B MX TePMHHaX. DTO BO MHOTOM H COCTaBJ/ISIET
CYLIHOCTb NPOrpPaMMUpPOBAHHUS.

B sToil ryiaBe MBI OyieM paccMaTpuBaTh OoJsiee CJIOKHBIE NaHHBle. Bee mpouenypsl riasel 1
paboTaT ¢ MPOCTEIMH YUC/JIEHHBIMH TaHHBIMH, a MPOCTHIX YHCJEHHBIX JAHHBIX 4acTO OblBaeT
HeJIOCTATOUHO IJis TeX 3a1a4, KOTOPble Mbl XOTHM pellaTh ¢ MOMOLIbI0 BeiuKCAeHHH. [Iporpam-
MbI, KaK MPaBUJIO, MUIIYT, YTOOBl MOIEJNHUPOBATb CJOXKHbIE SIBJIEHHUS, U Yallle BCETO MPUXOAUTCH
CTPOUTb BBIYUCJUTEJbHBIE 00BEKTHI, COCTOSIIIME U3 HECKOJbKHX YacTei, 4TOObl CMOIENHPO-
BaTb MHOIOCTOPOHHME SIBJEHHsS] peasjibHOro MHpa. TakuM 00pa3oM, B OTJIHYHe OT IJaBhl 1,
Ile Halle BHUMaHHe OblJIO B OCHOBHOM HalpaBJeHO Ha Co3daHHe abCTPaKUHi ¢ MOMOLIBIO
CoueTaHMsl NPOLENyp U NOCTPOEHHsS] COCTABHBIX MPOLEAYP, B 3TOH IJaBe MBI oOpariaemcsi K
IPYrod Ba)KHOH XapaKTepHCTHKE BCSIKOTO sI3bIKa TPOTPaMMUPOBAHHUS: T€M CPEACTBAM, KOTO-
pble OH NpeoCTaBJ/sIeT /s CO3AaHUsl abCTPaKLUUU C MOMOIIBID COYeTaHUS OOBEKTOB NaHHBIX
W MOCTPOEHUs cocmasHbix danHbix (compound data).

J11s1 yero B si3bIKe MPOrpaMMHPOBaHUs HYKHbI COCTaBHble naHHbIe? [1o TeM Ke MpHUUHAM,
[0 KOTOPBIM HYXKHbl COCTaBHBIE NPOLEYPH: Mbl XOTHM IOBBICHTb MOHSATHHHBIH ypOBeHb, Ha
KOTOPOM MBI NTPOEKTHPYEM MPOrPaMMbl, XOTHM CHe/IaTh HALIW MPOEKThl 60Jiee MOLYJbHBIMU H
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YBEJHUHTb BEIPA3UTEJbHYIO CUJY A3bIKa. TOYHO TaK Ke, KaK CIIOCOOHOCTD ONpenessiTh Npole-
Iypbl IaeT BO3MOXKHOCTb paboTaTh ¢ MpoLeccaMu Ha 6oJiee BEICOKOM COIEp2KaTebHOM YPOBHE,
YeM YpOBEHb 3JIeMEHTapHBIX ONepalui f3blKa, CIOCOOHOCTh KOHCTPYHPOBATh COCTABHBIE 00b-
€KTHl JaHHBIX MO3BOJIsET padoTaTh C NAHHBIMH Ha 60Jiee BHICOKOM MOHSTHHHOM YPOBHE, UYeM
YPOBEHb 3JIeMeHTapHbIX JaHHBIX HAIero f3blKa.

PaccMoTpuM 3anauy NpoeKTHPOBAHUS CHCTEMBI AJIS apU(METHYECKUX BBIUMCAEHUH C paLy-
OHAJIbHBIMU YHcaMU. MBI MOXKeM TpelcTaBUTh cebe onepauuio add-rat, KoTopasi IpUHHUMA-
€T [Ba PAllMOHAJbHBIX YHUCJ/A U BBHIYUC/ISET UX CYMMY. B TepMHHAX MPOCTEHILNX AAHHBIX, pa-
LMOHAJbHOE UHUCJIO MOXHO PacCMaTpHUBaTh Kak JBa LEJbIX YHC/A: UUCAUTENb U 3HAMEHATE/b.
Takum 06pasom, Mbl MOIVIH Gbl CKOHCTPYUPOBATb IPOrpaMMy, B KOTOPOH BCSKO€e palMOHaNbHOE
YUCJIO TIPEACTAaBANOCh Obl KaK Mapa LenblX (YUC/IHTesb W 3HaMeHartenb) W add-rat Oblia
OBl peann30BaHa Kak [Be NpoLeAypbl (0OIHA U3 KOTOPBIX BBIUHC/SIA Obl YUCJIUTENb CYMMB,
a npyras 3HameHaTesb). OgHaKo 3TO OblIO OBl KpaiiHe HEYHOOHO, MOCKOJBKY HaM MPUXOIHU-
JIOCh Obl CJIEINTh, KaKHe YUC/IUTEIN KAKUM 3HaMeHaTeJ/siM COOTBETCTBYIOT. Ec/in Obl cucteMe
Tpe60BasoCh NPOU3BOAUTH 00JbLIOE KOJHYECTBO ONepauuil Hax GOMbLIMM KOJTHYECTBOM pa-
LIMOHAJIbHBIX YHCeJl, TaKHe CJyKeOHble JIeTaju CHJbHO 3aTeMHSJIM Obl HALIKM NIPOrpPaMMbl, He
roBopsi y»Ke 0 HalllMX Mo3rax. bblo 6bl HAMHOIO Mpolle, ecju Obl MBIl MOIJIM «CKJEHTb» YHC-
JIUTEJIb CO 3HAMEHATEJIEM H IMOJYUYHTb Mapy — cocmasnoll obvexm daunvix (compound data
object), — ¢ KOTOpOH HalIM MPOrpaMMbl MOTJIM Obl 0OPALLATLCS CIIOCOO0M, COOTBETCTBYIOLUM
HallleMy TPeICTaBJeHHI0 O PAllMOHA/JIbHOM YHCJIE KAaK O €IWHOM IOHSTHH.

Kpome Toro, ucnosb3oBaHue COCTAaBHbIX JaHHBIX M03BOJSET YBEJHUHUTb MOLYIBHOCTb MPO-
rpaMM. Ecau 6br Mbl Moy o6pabaTbiBaTh pallOHaJbHbIE UHC/A HENOCPEeACTBEHHO KaK 00b-
€KTbl, TO MOXXHO OblJIO OBl OTAENUTb Ty YacTb MPOrpaMMbl, KOTopass paboTaeT cOOCTBEHHO C
paLHOHaNBHBIMH UHCAAMH, OT JeTaJjlell NpelcTaBJeHUs] PALMOHANbHOrO UAC/IA B BUJE MAphl Lie-
Jbix. OOWKE MeTon OTHeseHHsl YacTell NporpaMMBbl, KOTOPble HMEIT [eJso C TpelcTaBieHHeM
00bEKTOB JaHHbIX, OT TeX dacTei, Iie 3TH 0OBEKThl NAHHBIX HUCIOJNb3YIOTCS, — 3TO MOLLHAA
MEeTO/IOJIOTHSI MPOEKTHPOBaHHUs, HasbiBaeMas abcmpakxuus Oannorx (data abstraction). Mul
YBUIUM, KaK C [OMOLI1bI0 a0CTPAKLUK JAHHBIX IPOrpaMMbl CTAHOBUTCH Jlerye NMPOEeKTHPOBATD,
MOIEPKUBATb U U3MEHSTD.

Hcnosib30BaHHe COCTABHBIX JAHHBIX BEJET K HACTOSIIIEMY YBEJHUEHHIO BbIPA3UTENbHON CH-
JIbl HALLero f3blKa NPOrpaMMHUpoBaHus. PaccMOTpUM HAel0 MOPOXKAEHHS «IHHEeHHOH KOMOUHA-
uuu» ax—+by. Ham mMoxer norpe6oBarbes npouenypa, KotTopas npuHrMana 6bl Kak apryMeHThHl
a, b, 1 y ¥ Bo3Bpallana 0bl 3HaueHue ax + by. Ecan apryMmeHTHl ABJAAIOTCS YHCIAMH, 3TO He
NpeNCTaBJseT HUKAKOH TPYNHOCTH, MOCKOJbKY Mbl CpPa3y MOXKeM OIpelesHUTb NPOLenypy

(define (linear-combination a b x y)
(+ (* a x) (* by

[TpennosioxXXuM, oQHAKO, UTO Hac MHTEPECYIOT He TOJbKO 4Mc/a. [Ipennosoxum, 4to Ham
XOTeJIoCh Obl BBIPa3UTh B NPOLEAYPHBIX TEPMHHAX MOEI0 O TOM, YTO MOXHO CTPOUTb JIHHEH-
Hble KOMOMHALUWH BCIOLY, Tle OMNpeiesieHbl CJAOXKEHHe W YMHOXeHHe — [J/51 PallMOHaJbHBIX
M KOMIJIEKCHBIX YHMCEeJ, MHOTOYJIEHOB U MHOTOro Ipyroro. Mal Morsiid 6bl BBIPa3uTh 3TO Kak
npolenypy B ciaenyiouleil gopme:

(define (linear-combination a b x y)
(add (mul a x) (mul b y)))
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roe add U mul — He 3JleMeHTapHble MPOLENYpPbl + U *, a GoJjiee CIOXKHbIE YCTPOHUCTBA, KOTO-
pble MPOAENBIBAIOT COOTBETCTBYIOLIME ONepallvi, KaKrhe Obl THNbl JaHHBIX MBI HY NepeaaBasu
KaK apryMeHTH a, b, x ¥ y. 31ech BaxKHeHIlas neTalb COCTOMT B TOM, UTO €IHHCTBEHHOE,
4yT0 TpebyeTcs 3HaThb nmpouenype linear-combination 06 a, b, x © y — 310 TO, YTO TpO-
nenypsl add ¥ mul npoienbiBalOT COOTBETCTBYIOIME AeHcTBUA. C TOUKH 3pPEHUS MPOLEAypbI
linear-combination HecyllecTBeHHO, UTO TaKoe &, b, X U y, U ellle MeHee CyILIeCTBEHHO,
KaK OHH MOTYT OBbIThb NPeACTaBJ/eHbl Yepe3 GoJiee POCThIE AaHHBIE. DTOT 2Ke NMPUMep MOKa3blBa-
€T, TIOUEMY TaK BaXKHO, YTOObl B HallleM s3blKe IPOrpaMMHUPOBaHUs Obl1a BO3MOXKHOCTb MPSMO
paboTaTh C COCTaBHBIMU 0ObeKTaMU: MHA4e y Mpouenyp, nofobHelx linear-combination,
He GbLI0 Obl crocoba mepeaTh apryMeHThl B add ¥ mul, He 3Has jAeTajeil UX ycTpoHcTBa'.

Mbl HaunMHaeM 3Ty IVIaBy C peasd3alldd ONMCAHHOH BbIlIE CHCTEMbl apU(PMETHKH pallro-
HaJIbHBIX YUCes. DTO NMOCJYKHUT OCHOBAHHEM 1718 06CYKIEHHS COCTaBHBIX NAHHBIX U abCTpak-
My naHHbeX. Kak ¥ B cyuae ¢ cOCTaBHBIMH MPOLENyPaMH, OCHOBHASI MBIC/Ib COCTOHT B TOM,
YTO abCTPaKUMS SBJSETCS METOIOM OI'PAaHHUEHHS CJOXKHOCTH, U Mbl YBUAHUM, KakK aOCTpaKLUs
JaHHBIX TO03BOJISIET HaM BO3BONHUTH NoOJe3Hble Oapvepur abcmparyuu (abstraction barriers)
MeX/y PasHbIMH YaCTSIMH MPOTrPaMMBL.

Mbl yBUAMM, uTO I71aBHOEe B paboTe C COCTABHBIMHU JAHHBIMH — TO, UTO $I3bIK IPOrpam-
MHUPOBaHHS LOJI?KEH NPEIOCTABAATb HEUTO BPOJE «KJes», TaK, 4TOObl 0ObEeKThl JaHHBIX MOTJIH
coueTatbcsi, 06pa3ysi 6oJiee coxkHble 00BEKTH JaHHBIX. CyllecTByeT MHOXECTBO BO3MOXKHBIX
TUNoB KJjesi. Ha camom nesie Mbl 06HApY’KHMM, UTO COCTAaBHbIE AAHHBIE MOXKHO TOPOXKAATb BO-
o611e 6e3 UCMONb30BAHUS KAaKUX-AUO0 ClellMaNbHbIX ONepalui, OTHOCALMUXCS K «JaHHBIM» —
TOJIBKO C TIOMOILBIO MPOLEeNyp. JTO elle GoJblle pasMoeT MPAaHULLy MeXAy «IpoLefiypaMHu» H
«JlaHHBIMH», KOTOpasi y»Ke K KOHIy ryaBel | okaszanacb BecbMa TOHKOH. Mbl Takxke Hccie-
JlyeM HEKOTOpble OOIIENpPHHSATHIE METOAbl MPEACTaBJEHHs MOC/eN0BAaTENbHOCTEN U JEPEBbEB.
Baxwnas unesi B paboTe ¢ COCTaBHBIMH NaHHBIMH — MOHATHE 3ambikanus (closure): Kiei mas
COYeTaHHsl 00BEKTOB JAHHBIX JOJIKEH MO3BOJIATh HAM CKJeHBaTb HE TOJBKO 3JieMeHTapHble
00beKTbl JaHHBIX, HO U cocTaBHble. Ellle ofHa BaxKHas UIes COCTOMT B TOM, YTO COCTABHBIE
00bEeKTbl TaHHBIX MOTYT CYKHUTb cmandapmuuimu unmepgeticamu (conventional interfaces),
TaK, 4TOOBl MOILY/IM MPOrPaMMbl MOIJIM COUETaThCsl METOJIOM IOACTaHOBKH. HekoTopble U3 3THX
UJiedl MBI TIPOJIEMOHCTPHPYEM C MOMOLIBIO IPOCTOrO Irpa)uuyecKoro si3blKa, UCIOJb3YIOLIETO 3a-
MBIKQHHE.

3aTeM Mbl yBeJHUYHUM BbIPAa3HUTeNbHYIO MOLIHOCTb HAllero f3blKa NyTeM BBEAEHUS CUMBONb-
Holx svipascerull (symbolic expressions) — DaHHBIX, 3JeMeHTapHble YAacTH KOTOPBIX MOTYT
ObITb MPOM3BOJBHBIMM CHUMBOJIAMH, a2 He TOJbKO 4HucjJaMH. Mbl paccMOTpPUM pa3/H4yHBIE Ba-
PHaHTBI TIPeCTaBEHHS] MHOXKECTB 00beKTOB. Mbl 00HApYKHUM, 4TO, MOAOOHO TOMY, KaK OfHA
U Ta Ke 4HCc/I0Bas (DYHKLHUS MOXKET BBIUHUC/ASATBCS Pa3JUUHBIMH BBIYHCAHTEIbHBIMH ITIPOLEC-
CaMH, CYyILLECTBYeT MHOXECTBO CIIOCOOOB MPEeACTABUTb HEKOTOPYIO CTPYKTYpPY [NaHHBIX depes
3JleMeHTapHble 00beKTEl, U BBIOOpP NpeACTaBJEHHS MOXKeT CYLIeCTBEHHO BJMATb Ha 3aMpoChl
MaHUMYJUPYIOMKUX 3TUMH AaHHBIMH TIPOLECCOB K MaMATH U KO BpeMeHH. MBI uccienyem aTu

'Crnoco6HocTh mpsiMO OMepHpPOBATh MPOLENYPAMH YBEJUUHBACT BBIPASUTEJbHYIO CHJY HAIIETO A3bIKA MPOrpaM-
MHPOBaHHs MOLOOHBIM Ke o6pasom. Hanprmep, B paspese 1.3.1 Mbl BBesM mpoleaypy sum, KOTOpas NMPHHHMaeT B
KayecTBe apryMeHTa NPOLeNypy term M BbIUMCJASET CyMMY 3HaueHHH term Ha HeKOTOPOM 3aJlaHHOM HHTepBase.
Yro6bl onpenesMTh Sum, HaM HeOOXOAMMO HMeTh BO3MOXKHOCTH TOBOPHUTH O NpOLefype THNA term Kak O eIHHOM
11e7I0M, He3aBHCHMO OT TOrO, KaK OHa BblpaxKeHa uepe3 0oJjlee NpocTble onepauuu. BooGlle roeops, He WMei Mbl
TIOHATHS «IIPOLEAYPhl», BPSA JIM Mbl H JyMaTh MOIMIM Obl O BO3MOXKHOCTH OIpeJie/leHHsl TaKoH omepaluM, Kak sum.
Bosnee Toro, moka Mbl pasMmbliliseM O CyMMHMDOBAaHMM, JeTald TOro, Kak term MoxeT ObTb COCTaBJeH M3 Gojee
NPOCTBIX ONepaLuii, HeCyleCTBEHHBI.
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uey B KOHTEKCTe CHMBOJIbHOIO AH((epeHLIUpPOBaHHS, IPEACTABNEHUS MHOXECTB U KOAUPO-
BaHHUSl HH(POPMaLMH.

[Tocnie sToro mer obpatumMcs K 3ajaue paboThl C NAaHHBIMH, KOTOpBIE T10-PAa3HOMY MOTYT
ObITb TPENCTABJEHBl B PAa3/JMYHBIX YACTAX TPOrPaMMbl. DTO BelET K HEOOXOOMMOCTH BBECTH
obobujennoie onepayuu (generic operations), Kotropsie 06pabaTbiBalOT MHOTO PA3JHYHBIX TH-
noB faHHbIX. [Tonnep:xka MOLY/NBHOCTH B IPUCYTCTBHHU 0O0OLIEHHBIX onepaluil Tpebyet Gosee
MOILLHBIX 6apbepoB abCTPaKLKHM, UeM TeX, UTO IMOJNY4YalTCs C MOMOLIBI0 MPOCTOH abCTpaKkuMu
IaHHBIX. A MMEHHO, MBI BBOIHUM npozcpammuposarue, ynpasasemoe dannoimu (data-directed
programming) Kak MeTOJ, KOTOPBIH MO3BOJISIET MPOEKTHPOBATb MPeNCTaBJeHUs] AaHHBIX OT-
JIeIbHO, a 3aTeM coyeTaTb WX addumusrno (additively) (T. e., 6e3 momudukanuu). Urobsl
IPOUJIIIOCTPUPOBATE CHJY 3TOrO MOAXOAA K NPOEKTHPOBAHUIO CUCTEM, B 3aBeplleHHe IJIaBbl
Mbl TIPUMEHHM TO, YeMy B HeH Hay4MJIMCb, K peaju3aluy NakeTa CHMBOJbHOH apU(pMeTH-
KW MHOTOYJIEHOB, KO3(D(MUIUEHTBl KOTOPBIX MOTYT ObITh LeJbIMH, PalHOHAJbHBIMH YHUCJIaMH,
KOMIIJIEKCHBIMH UHCJIaMH U JaxKe OPYTMMH MHOTOYJIeHaAMH.

2.1. BBeneHne B aOCTpaKLUIO JaHHBIX

B paspmene 1.1.8 MBI 3aMeTHJIH, UTO NpOLeEypa, KOTOPYIO MBI HCIOJb3yeM KaK 3JeMeHT
NpY CO3NaHUHU GoJiee CIOXKHOH MPOLENYPhl, MOXKET PACCMATPUBATLCS He TOJbKO KaK MOCJEN0-
BaTeJIbHOCTDb OTIpelesIeHHBIX ONepalyii, HO U KaK TpoleAypHas abCTpaKLHUs: AeTalu TOro, KaK
npoueaypa peasd3oBaHa, MOTYT ObITb CKPBITH, U caMma MpoLenypa MOXeT ObITh 3aMeHeHa Ha
IPYTYI0 ¢ MONOGHBIM MOBefeHHeM. JIpyTHMH CJI0BAMH, MBI MOXKEM HCIIOJIb30BaThb abCTPAKLHIO
175l OTHeJeHHs crocoba HCIONb30BaHUS MPOLEAYPhl OT TOTO, KaK 3Ta MPOLEeAypa peanu3o-
BaHa B TepMHHaX OoJsiee NMPOCTHIX Npouenyp. s COCTAaBHBIX JAHHBIX MOAOGHOE MOHSTHE
HasbiBaeTcss abcmpakyus Oannbix (data abstraction). AGcrpakius OaHHBIX — 3TO METOHO-
JIOTHS1, KOTOpast MO3BOJISIET OTAEJUTD CIOCO0 MCIOJb30BAHUS COCTABHOIO 0ObEKTA NAHHBIX OT
neTtanell TOro, Kak OH COCTaBJIEH U3 3JIeMEHTAapHBIX JaHHBIX.

OcHoBHas1 uziest abCTPaKUMK NAHHBIX COCTOMT B TOM, YTOObl CTPOUTH NpOrpaMMbl, pabo-
TalollHe C COCTaBHLIMU JAHHBIMH, TaK, YTOOBl UMETb HE€JO C «abCTPaKTHBIMHM JaHHBIMH». To
€CTb, UCIOJb3Ysl JaHHble, HALIM MPOrpaMMbl He JOJRKHBI e/1aTh O HUX HUKAKHX MPeNrnoJo-
JKEHHUH, KpOMe aOCOJIIOTHO HEeOOXOAMMBIX /sl BBIIIOJHEHHS MOCTABJAEHHOH 3ajaud. B To xe
BpeMsi «<KOHKPeTHOe» MpeACTaBJeHHe NaHHBIX ONpenessieTcss He3aBUCHMO OT MPOrpaMM, KOTo-
pBle 3TH IaHHbIe UCNOJb3YIOT. MIHTep(elicoM MeXay ABYMSI STHMH YacCTSIMH CHCTEMbI CJYKHT
Habop mpoLenyp, HasblBaeMbIX cesexmopamu (selectors) u koncmpyxmopamu (constructors),
peasM3yIIUX a0CTpaKTHble JAaHHblE B TEPMHHAX KOHKPETHOTrO MpenacTasijeHusi. UTo6bl mpo-
HJIIOCTPUPOBATE 3TOT METOH, Mbl PACCMOTPHM, KaK MOCTPOUTb HAGOp mpouexyp AJs paGoThbl
C pallMOHAJIbHBIMU UHCJAMH.

2.1.1. Ilpumep: apucdmernueckne omnepanu HajJ PalUNOHAJbHBIMU YHC-
JamMu

JomnycTrMm, HaM HY»KHO paboTaTh C pallMOHAJNbHOH apudMeTHKoH. Ham TpebyeTcst cknambi-
BaTb, BBIUWTATb, YMHOXAaTb W [eJUTb pallMOHa/NbHble YHCJA, a TaKxKe IPOBEPSTb, PaBHBI JIH
[1Ba pallMOHAJ/bHBIX UHC/IA APYT APYTY.

Jlns Havyasa mpeanosioKHM, YTO y Hac y»XKe eCcTb CIoCO0 MOCTPOUTh PaLMOHATbHOE YHCIIO
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U3 ero 4McauTeNs U 3HaMeHaTess. Kpome Toro, Mbl mpenmnosaraeM, 4To UMesl paLHOHAJbHOE
YHUCJIO, MBI MOXKEM IIOJNyUHUTb €ro YUC/JWTENb M 3HaMeHartesb. JlOMyCTHM TakKxKe, 4TO 3TH
KOHCTPYKTOP M 1Ba CeJeKTOpa AOCTYNHbl HAM B BHJE MPOLEAYP:

e (make-rat (n) (d)) Bo3BpallaeT palHOHAJbHOE YHCJO, YHCAUTENb KOTOPOrO Liesoe
(n), a sHameHaresip — uesoe (d).

e (numer (x)) BO3BpallaeT YUCJAHUTE]b PALHOHANBHOIO YHCaa (X).

e (denom (X)) BO3BpalllaeT 3HAMEHATEJNb PALMOHAJIBLHOTO YHUCIA (X).

31ech Mbl HUCMOJb3yeM MOIIHYIO CTPATeruio CHHTe3a: meumameo He gpedno (wishful thin-
king). [Toka uTo Mbl He cKasaJjH, KaK MPeICTaBJAsSeTCs PalMOHAJbHOE YHCJIO U KaK HOJIKHBI
peasin3oBbIBaThCsl MpoueAypbl numer, denom W make-rat. Tem He MeHee, ecau Obl 3TH
NpOLeayphl Y HAC ObLJIK, Mbl MOTJIM Obl CKJIAbIBATh, BBIYMTATh, YMHOXKATb, NEJUTb U IIPOBEPSTD
Ha PaBEHCTBO C TOMOLIBIO CJIEAYIOLMIUX OTHOIIEHUH:
ny | n2 _ nidy+nady

E+d_2_ dyds

ni 2 nidy — nody

di  dy dyds
ny nN9 - ning
di do  dids
ny/dy _ nyds
n2/d2 dina

ni n2
— = —= TOTJa W TOJIbKO TOrAa, Korma nids = nad;
dp  dp

Mbl MOXeM BBIPa3uTb 3TH NMpaBUJa B MPOLEAYpPaAX:

(define (add-rat x y)
(make-rat (+ (* (numer x) (denom y))
(* (numer y) (denom x)))
(* (denom x) (denom y))))

(define (sub-rat x y)
(make-rat (- (* (numer x) (denom y))
(* (numer y) (denom x)))
(* (denom x) (denom y))))

(define (mul-rat x y)
(make-rat (* (numer x) (numer y))
(* (denom x) (denom y))))

(define (div-rat x y)
(make-rat (* (numer x) (denom y))
(* (denom x) (numer y))))
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(define (equal-rat? x y)
(= (* (numer x) (denom y))
(* (numer y) (denom x))))

Tenepe y Hac ecTb omepauud Haj palMOHAJbHBIMH UYHC/JAAMH, OMNpeEJieJeHHble B TEPMH-
HaX NpPOUenyp — CeJEeKTOPOB M KOHCTPYKTOPOB numer, denom U make-rat. OnHako camu
3TU NpOLeNypbl Mbl ellle He Hanuca/iu. Ham HyxeH KakoH-HHOyIb CIOCOO CKJEUTb BMeCTe
YUCJAUTE/b U 3HAMeHaTeJb, YTOObl MOJYYUTb PallUOHAJNBHOE YHCJIO.

ITaps1

Jla1si peanusalli¥l KOHKPETHOTO YPOBHS abCTPAKIMH NAHHBIX B HAIleM SI3bIKE HMEeTCs
coCTaBHasi CTPYKTYpa, Ha3biBaeMast napoii (pair), U oHa CO31aeTcsl C MOMOILbIO 3JIeMEeHTaPHOH
npouefypbl cons. JTa MpolieAypa NPUHUMAaeT 1Ba apryMeHTa ¥ BO3BpalllaeT o6beKT NaHHBIX,
KOTOPBI CONEP>KHUT 3TH JIBa apryMeHTa B KauecTBe 4yacTeil. Mmes mapy, Mbl MOXeM MOJY4YHUTb
€e YaCTH C MOMOLIbI0 3JIeMEHTAPHBIX NPOLUELYp car H cdr?. Takum 006pa3oM, HUCIOJb30BATh
cons, car U cdr MOXHO Tak:

(define x (cons 1 2))

(car x)
1

(cdr x)
2

3ameTuM, uTO Tapa siBAsieTcss OOBEKTOM, KOTOPOMY MOXKHO [aTb HMs W paboTaTb C HHUM,
nogo6HO 3JeMeHTapHOMY 00beKTy HaHHbIX. Dojee Toro, MoXHO HCIOJb30BaTh cons [Jd
CO3/laHHU$ Nap, 3MeMeHThl KOTOPbIX CaMM Mapkl, U TakK Jajee:

(define x (cons 1 2))
(define y (cons 3 4))
(define z (cons x y))

(car (car z))
1

(car (cdr z))
3

B pasgene 2.2 Mbl yBUAMM, YTO M3 3TOH BO3MOXKHOCTH COUYETATh Mapbl CJEAYyeT BO3MOXK-
HOCTb MX HUCIIOJIb30BaTh KaK CTPOUTE/bHble OJOKH 00Lero Ha3HauyeHHWs MpH CO3JaHHUH JHOObIX

2Cons osHauaet construct (MOCTPOHTb, CKOHCTPYHPOBATh, cOGpaTh). UMeHa car u cdr NMPOHCXONAT U3 HCXOAHOH
peanusauuu Jlucrna Ha IBM 704. Cxema anpecauuu 5TOH MallUWHBI N03BOJIsIA 00pallaThCsl K «aApecHOi» U «Je-
KPEMEHTHOH» YacTsaM sueliku namsiti. Car osHauyaet Contents of Address Part of Register (comepxuMoe anpecHoH
yacTH perucrtpa), a cdr (IpOU3HOCHUTCS «Kynuaep») o3Hauaet Contents of Decrement Part of Register (comepxumoe
JIEKPEMEHTHOH YacTH PerucTpa).
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CJIOXKHBIX CTPYKTYp HaHHbIX. OnWH-eIHHCTBEHHBIH MPUMHUTHB COCTABHBIX NAHHBIX napa, pe-
aJu3yeMblil mpoueaypaMud cons, car ¥ cdr, — BOT W BeCb KJei, KOTOPbIH HaM HYXKeH.
OObekThl JaHHbBIX, COCTaBJEHHbIE U3 Map, HA3bIBAKOTCA OaHHbie CO CNUCKOBOL CMpPYKMYypot
(list-structured data).

IIpeacraBieHne parMOHAJIBHBIX YHCEJ

[Tapel M0O3BOJISIIOT HAM €CTeCTBEHHBIM 00pa3oM 3aBEPLIMTb MOCTPOEHHE CHUCTEMbl PallHo-
HaJbHBIX yuces. ByneM npocTo npenctaB/siTh palMoOHAJbHOE UHCJIO B BUAE Mapbl ABYX LeJbIX
yuceJs: YUCJAUTES U 3HaMeHaTess. Torna make-rat, numer u denom HeMe[JIEHHO peaJ-

3YI0TCS CJIe[yIOMUM 06pa3om®.

(define (make-rat n d) (cons n d))
(define (numer x) (car x))

(define (denom x) (cdr x))

Kpome Toro, Korna Ham TpebyeTcst BBIBOAWTD Pe3yJibTaThl BHIYMCJAEHUH, MBI [le4aTaeM paluo-
HaJIbHOE YHCJIO, CHAYa/a BBIBOIS €ro UMC/IMTeNb, 3aTeM KOCYI0 UepTy M 3aTeM 3HaMeHaTesb’:

(define (print-rat x)
(newline)
(display (numer x))
(display "/")
(display (denom x)))

Ternepp Mbl MO2KeM OMPOOOBAThH NMpOLENypEl paboThl C PALMOHATBHBIMH YHCJIAMH:
(define one-half (make-rat 1 2))

(print-rat one-half)
1/2

3 lpyrofi croco6 onpeesHTh CeNeKTOPHl U KOHCTPYKTOP GBI Gbl

(define make-rat cons)
(define numer car)
(define denom cdr)

[Tepsoe ompeneneHue cBssbiBaeT MMA make-rat co 3HaueHHeM BbIPaXKEHHS CONS, TO €CTh 3JeMeHTapHOH mpole-
NypoH, KoTopasi cTPOMT mapel. TakuM o6pasom, make-rat M cons CTaHOBATCS MMEHaMH JJIsl OJHOTO M TOTO XKe
9/1eMeHTapPHOr0 KOHCTPYKTOpa.

Takoe onpese/ieHHe KOHCTPYKTOPOB U ce/IeKTOPOB 3(p(eKTHBHO: BMECTO TOro, 4Tobbl 3acTaB/1ATh make-rat s6.3bi-
gamb cons, Mbl JlejlaeM make-rat U cons 0dxol u motl e npoyedypoti, TaK YTo KOrla Bbi3biBaeTcs make-rat,
TNPOMCXOMHUT BbI30B TOJNBKO ONHOH NpoLenypsl, a He ABYX. C LpYyroil CTOpOHBI, 3TO He jAaeT PaGOTaTh OTIALOUHBIM
Cpe/IcTBaM, KOTOPEIe OTCJIeXKMBAIOT BBI30BBI MPOLEAYD HJIM YCTaHABAMBAIOT HAa HUX KOHTPOJbHbIE TOUKH: Bam moxer
norpe6oBaThCs CJAENMTh 32 Bbi30oBaMU make-rat, HO Bl yXK TOYHO HMKOrJa He 3aXOTHTe OTC/EXKHMBAThb KaKIblH
BBI30B CONS.

B 2Toil KHHre MBI pelIN/IM He UCIO/b30BaTh TAKOH CTHJb ONpefeseHU.

4Display — ssemenTapHas mpolenypa fishika Scheme a5 meuat mauHbIx. Jlpyras seMeHTapHas mpoleaypa,
newline, nepeBoAMT CTPOKY MPH MeyaTH. DTH MPOLeAYpPhl He BO3BPALLalOT HUKAKOrO MOJE3HOro 3HaueHHs, Tak uTo
B NIPUMepax MCMOJb30BaHUA print-rat HHKe, Mbl MOKa3biBaeM TOJIBKO TO, UTO MedyaTaeT print-rat, a He To, 4TO
HHTEPIPeTaTOp BLIBOAMT KaK 3HaueHHe print-rat.
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(define one-third (make-rat 1 3))

(print-rat (add-rat one-half one-third))
5/6

(print-rat (mul-rat one-half one-third))
1/6

(print-rat (add-rat one-third one-third))
6/9

Kak nokasbiBaeT mocsefHUH NpuUMep, Halla peaju3alys pPalMOHaJNbHBIX UHCes He IpH-
BOAMT HMX K HauMeHblLIeMy 3HaMeHaTes10. Mpbl MoXeM HCHPaBUTh 3TO yNylUeHHe, U3MEHUB
make-rat. Ecau y Hac ecTb nmpouenypa gcd, BhUMC/sAONIAs HAaUO0bIIHH OOIKEI 1equTeNb
IBYX LeJbIX UHCeJ, BPOIe TOH, KOTOpas onucaHa B pasgesne 1.2.5, Mbl MOXKEM C TOMOLIbIO
gcd coKpallath YHC/JAUTENb U 3HAMEHaTe b, IpeX/e, 4YeM IOCTPOUTh Mapy:

(define (make-rat n d)
(let ((g (gcd n d)))
(cons (/ ng) (/ dg))))

Tenepb Mbl UMeeM

(print-rat (add-rat one-third one-third))
2/3

KaK HaM TOTO M XOTeJoChb. DTa MogM(UKaLusl Oblia MPOH3BeNeHAa MyTeM H3MEHeHHsS] KOH-
CTpykTOpa make-rat, ¥ Mbl He TPOHY/NH HHU OOHY M3 mpouenyp (ckaxem, add-rat uiau
mul-rat), KOTOpble peau3yloT CaMH OMepaLHH.

Ynpaxnenue 2.1.

Onpenenute ynydlleHHYI BepcHio mul-rat, KoTopas NpHHHMasa Obl KakK MOJIOKHTeNbHBElE, TaK U
OTpHLaTeNbHEIE apryMeHTH. Make-rat NO/KHA HOPMA/M30BbIBAaTh 3HAK TaK, 4TOOBl B Clydae, €CJH
palHOHANBHOE YHMCJIO MOJIOKUTENBHO, TO U €r0 YUC/AHUTENb, U 3HAMEHATE/b OBbILIH Obl MOJOKHUTENbHBI, a
€CJIM OHO OTPHULIATENIBHO, TO YTOObI TOJILKO €r0 YHUCJHUTE b Obl1 OTPHLIATEJNEH.

2.1.2. Bapbepbl abcTpaKuuu

[Tpexxne yem MBI mepeiigeM K IpyTHM NpHMepaM paGoThl C COCTABHBIMH NaHHBIMH U ab-
CTpaKLMel NaHHBIX, PACCMOTPUM HECKOJIbKO BOIIPOCOB, OTHOCSILIIUXCS K IPUMepPY C paLuOHaJb-
HBIMH YHcaaMU. Ml onpenein/y onepalnry Hajl palliOHAJbHEIMU UHCIaMU Yepe3 KOHCTPYKTOp
make-rat u cesektopbl numer 1 denom. B ofiiem ciyyae ocHoBHas upes abCTpakUMK NaH-
HBIX COCTOUT B TOM, UTOOBI OMpPENETUTh /Il KAaXKI0ro THIa 00beKTOB NAaHHBIX Habop 6a30BBIX
onepauui, uepe3 KOTOpble OYIyT BbIPaXKaTbCsl BCe NEHUCTBUS ¢ 00beKTAMHU 3TOTO THIIA, U 3aTeM
npyu paboTe C JAaHHBIMHU HCIOJb30BATh TOJNBKO 3TOT HAGOp onepauui.

Mbl MoxeM NpelcTaBUTb cebe CTPYKTYPY CHCTEMBl pabOThHl C PaLUOHAJNBHBIMH YHUCJIAMH
TaK, Kak 3TO rokasaHo Ha puc. 2.1. [opusoHTanbHBEIE TUHUKM 0003HAUYAIOT 6apvepsl abcmpak-
yuu (abstraction barriers), KOTOpble OTAE/SIOT Pa3JHUHbBIE «YPOBHH» CHCTEMBI APYT OT APYTa.
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_‘ [TporpaMmel, Hcno/b3yiolIve palMoOHa bHbIE YHCIA

PauyonanbHble yncia B Hpeﬂ,METHOI;'I obsnactu

_‘ add-rat sub-rat

PanyonasibHble YHcIa KaK YHCJUTENN CO 3HAMEHATe sIMU

[]

_‘ make-rat numer denom

PaiyoHa/ibHble YHCIa KaK napbl

— cons car cdr

To, Kak peanusyloTcs mapsl

[0

Puc. 2.1. Bapbepsl a6cTpakluy NaHHBIX B NakeTe /s paboThl ¢ PalMOHAJNbHBIMH YHCIAMH.

Ha xaxkpom 13 3TuX ypoBHeH Oapbep OTHesseT MPOrpaMMbl, KOTOPbIE HCIIOJNB3YIOT a0CTPaKT-
Hble NaHHbe (CBEPXY) OT MPOrpaMM, KOTOpPble Peaju3ylOT 3Ty abCTPaKLUHMI0 TaHHBIX (BHH3Y).
[IporpamMMel, HCMOJb3YIOLIHE PALMOHAJNbHBIE YHCIa, PAGOTAIOT C HUMH UCKJIOUUTENBHO B TEP-
MHMHax Npouenyp, KOTopble NMakeT padoThl ¢ pallMOHAJbHBIMHM UHCJIAMH NPENOCTaBASET «[JI5
ob11ero nosab3oBaHus»: add-rat, sub-rat, mul-rat, div-rat u equal-rat?. B cBoio
o4epesib, 3TH MPOLELYPBl UCIOJb3YIOT TOJBKO KOHCTPYKTOP U cesieKTopsl make-rat, numer
U denom, KOTOpPbIE CAMH peaJM30BaHbl PU NMoMolIy nap. Jletanu peanusauru nap He UMeEIOT
3Ha4YeHHsl 1J/151 OCTA/JbHOM YacTH Makera paboThl C palMOHAJbHBIMH UYHCJAMH; CYLIECTBEHHO
TOJIbKO, YTO C NapaMM MOXKHO padoTaTb Ipu nomowu cons, car U cdr. [lo cymecTsy,
TIPOLIEAYPHl HA KaXKJOM ypPOBHE SIBJASIOTCA HHTepdeHcaMu, KOTOpble ONpeesioT 6apbepsl ab-
CTPaKLMK U CBSA3BLIBAIOT PA3JIMUHbE YPOBHH.

Y 3To# mpocTo# ugen MHOro npeumyiiects. ONHO U3 HUX COCTOUT B TOM, UTO MPOrPAMMBl
CTaHOBUTCS HAaMHOTO MPOLIe MOANEePKHBATh U U3MeHSThb. JIiobas cloKHAas CTPYKTypa MOXKeT
ObITb NpEACTaBJAEeHA Yepe3 3/eMeHTapHble CTPYKTYPhl JaHHBIX I3bIKa POrpaMMHPOBAHUS MHO-
rUMH criocobamu. Pasymeercsi, BbIOOp NpeACTaBJeHHS BJMSET Ha MporpaMMbl, pafoTaioliue
C 3TUM IpeACTaBJEHHEM; TaK YTO, €CJH KOr4a-HUOYAb MO3[Hee ero Hy»KHOo OyleT U3MEeHHUTb,
COOTBETCTBEHHO MPHIETCS M3MEHHWTb M BCE 3TH INpOrpaMMbl. B ciydyae 6oJsblIMX Mporpamm
3Ta 3a7a4a MOXeT OBbITb BeCbMa TPYAOEMKOH W OPOTOH, eCJIM 3aBUCHMOCTB OT MPEACTaBJEHHUS
He GyIeT MpH NMPOEKTHPOBAHUH OrpaHHUYEHA HECKOJbKHMHU MPOrPAMMHBIMU MOLYJISIMH.

Hanpuwmep, npyrum croco6om peliueHUs 3a1auy NPUBENEHHUS PallMOHAJbHBIX UYHCEN K Hau-
MeHblleMy 3HaMeHaTeJ10 Obl10 Obl IPOM3BOAUTb COKpAILEHHEe He TOrAa, KOTAa Mbl KOHCTPYH-
pyeM 4HMCJI0, a KaXAblH pa3, Kak Mbl K HeMy obpauaemcs. [Ipu 3Tom mortpebyioTcst apyrue
KOHCTPYKTOP U CEJIEKTOPBIL:

(define (make-rat n d)
(cons n d))

(define (numer x)
(let ((g (gcd (car x) (cdr x))))



2.1. BBeneHue B abCTPaKIIHIO NaHHBIX 99

(/ (car x) g)))

(define (denom x)
(let ((g (gcd (car x) (cdr x))))
(/ (cdr x) g)))

Pasnuna mMexay aTod peasnusalred U NMpenblayllell COCTOUT B TOM, KOTJla Mbl BEIUHCJSEM
HO/ ¢ nomowbio gcd. Eciv npu TUHIHYHOM HCIOJNb30BAHWH PALlMOHAJBHBEIX YHCEN K YHCJIH-
TeJII0 M 3HaMeHaTeJsl0 OJHOTO M TOrO Ke PAalMOHaJbHOrO YHCJIa MBI 0OpalllaeMcsi M0 MHOTY
pas, BbluucaaTb HOJL syuile Toraa, Korga palMoHa/bHOE YHCAO0 KOHCTpyupyetcs. Ecau Her,
HaM MOXKeT OBbITb BBIMOJHO MOLOXKIATb C €ro BHIYMC/JIEHHEM 10 BpeMeHH obpalleHus. B mobom
c/yd4ae, KOrja Mbl IepeXOfiUM OT OfHOH peasM3alUH K APYTOH, HAM HHYero He Hy>KHO MEeHSThb
B npouenypax add-rat, sub-rat u npouux.

To, uTO MBI OrpaHUUYHBAEM 3aBHCHUMOCTb OT NPeACTaBAEHHUS HECKOJbKUMH UHTEeP(PEHCHBIMH
[poLeaypaMH, IIOMOTaeT HaM U NIPOEKTHUPOBATL [IPOTPAMMBI, U U3MEHSATb HX, IIOCKOJIbKY TaKHM
00pa3oM Mbl COXpaHsieM 'MOKOCTb M IOJIydyaeM BO3MOXKHOCTb pacCMaTpUBaTh Ipyrue peasiu-
3auuu. [Ipomosmkas Hall npocToil npuMep, NpeacTaBUM cebe, YTO Mbl CTPOUM NakKeT paboThbl
C pauMOHa/JbHBIMH YHCJaMH ¥ He MOXeM Cpa3y peluTb, Belunc/asTb ad HOJ mpu moctpoe-
HUM YWCJa WX NpU obpalleHnH K HeMy. MeTonosorust abCTpakiuy AaHHBIX T103BOJISIET HaM
OTJIOXKHUTb 3TO pellleHHe, He Tepsisi BO3MOXKHOCTH MPOJ0JKATh pa3paboTKy OCTajJbHBIX YacTeh
CHCTEMBI.

Ynpaxnenue 2.2.

PaccMoTpuM 3aauy npencTaBieHHs OTPE3KOB NPSAMOH Ha M1ockocTH. Kaxablil 0Tpe3oK npencTaBiseTcs
KaK Mapa Touek: Hauyajso W KoHel. OnpefenuTe KOHCTPYKTOp make-segment W ceseKTOpH start-—
segment 1 end-segment, KoTopble ONpee/IAOT PefCTaBleHHe OTPE3KOB B TepMHHax Touek. Jlasee,
TOUKY MOXKHO NPEICTAaBUTb KaK Mapy 4uces: KOOPAHHATA = M KoopauHaTta y. COOTBETCTBEHHO, HAMHIIU-
Te KOHCTPYKTOp make-point M cesekTopsl x-point U y-point, KoTopele onpefessioT Takoe mpej-
craBjeHre. HaxoHell, HCIOJb3ysl CBOM CeJ€KTOPHl U KOHCTPYKTOp, HAaNHILIMTe Hpoliedypy midpoint-—
segment, KOTopas NPUHHMMaeT OTPe30K B KauecTBe apryMeHTa M BO3BpallaeT ero cepeiuHy (TOUKy,
KOOPIMHATBl KOTOPOH fBJSAIOTCSA CPeIHHM KOOPAHHAT KOHLOB oTpe3ka). Urobbl onpo6oBaTh 3TH MpoLe-
aypel, Bam notpebyercs crnoco6 nevatatb KOOPAUHATHI TOYEK:

(define (print-point p)
(newline)
(display "(")
(display (x-point p))
(display ", ")
(display (y-point p))
(display ")"))

Ynpaxnenue 2.3.

Peanusyiite mpescraBieHHe NPSMOYTolbHUKOB Ha miockocTH. (ITonckaska: Bam moryT morpe6oBarbest
pe3ynbTaThl ynpaxHeHus 2.2.) Onpenesnute B TepMUHAX CBOUX KOHCTPYKTOPOB U CEJIEKTOPOB NPOLENYPHI,
KOTOpbIe BEIUMCJSIOT IepUMeTP U IJIOIAAb psSMOyTrobHHKa. Tenepsb peannsyiTe Apyroe npencTaBieHHe
AJiIS TIPSIMOYTOJIbHUKOB. Moxkete su Bel clipoeKTHpOBaTh CBOIO CHCTeMY C MOAXOASLIMMH OGapbepaMu
abCTpakUMU TaK, 4ToObl OAHHM W Te »Ke NPOLedypbl BbIUMCJAEHHS NepuMeTpa M miollagu paboTtanau c
J06BIM U3 Bammx npencraBieHuir?
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2.1.3. YTo 3HAUYUT CJOBO «IJaHHBIE»?

CBOI0 peaiM3alvio palluOHAJNbHBIX unces B pazjese 2.1.1 Mbl Hauasu ¢ ONpefeJieHus ore-
pauuil Haj pauMoHa/JbHBIMM unciaaMud add-rat, sub-rat U Tak najee B TepMHHaX Tpex
HeomnpefeJieHHbIX TNpolenyp: make-rat, numer u denom. B 3TOoT MOMeHT MBI MOrM Iy-
MaTh 00 Omepanusix Kak OnpejesisieMblX uepe3 OObeKThl HAaHHBIX — UHUCJWTEJH, 3HAMEeHaTe-
JIU U pPalMOHAJIbHBIE YHCJA, — I[OBEeJEeHHEe KOTOPBIX ONPEeNessjoch TPeMs MOCJAeAHUMH Mpo-
LeLypaMH.

Ho uto B TouHOCTH 03HauaeT coBO daxHoule (data)? 3mech HEIOCTaTOUYHO MPOCTO CKA3aTh
«TO, UTO peasin3yeTcsi HEKOTOPbIM HAabGoOpOM CeJNeKTOPOB M KOHCTPYKTOPOB». $ICHO, uTO He
Jq10600 HaboOp U3 TpeX NpPOLEeAyp MOXKET CAYyKUTb OCHOBOH /51 peanu3aldd pallMOHaJbHBIX
yuces. HaMm HYKHO OBITh yBepEHHBIMH B TOM, UTO €CJH MBI KOHCTPYHPYEM PalMOHANbHOE
YHCJIO X M3 Mapbl UeJblX N U d, TO NOJy4YeHHe numer U denom OT X U AeJeHHe UX APYTr Ha
Jpyra JNOJDKHO aBaTh TOT K€ Pe3y/bTaT, 4To U JAeseHue n Ha d. Jlpyrumu ciaoBamu, make-—
rat, numer U denom JOJIKHbl YAOBJIETBOPATh CJAEAYIOLLEMY YCJIOBUIO: [J5 KaXKI0r0 LEeJOro
YHCJa N U He PaBHOrO HYJIO LieJoro d, eciu x ecTb (make-rat n d), 1o

(numer x) . n
(denom x) d

ATo Ha caMoOM JieJie eIMHCTBEHHOE YCJIOBHE, KOTOPOMY NOJIKHbBI YIOBNETBOPSITh make-rat,
numer U denom, 4TOOB CJAYKWUTb OCHOBOH MJsi MPEACTABJEHUS PalMOHAJIBHBIX 4uces. B
o0l1eM caydae MOXKHO CYUTATh, 4YTO JAaHHble — 3TO TO, UTO OIpefesisieTcss HEeKOTOPhIM HabopoM
CeJIEKTOPOB M KOHCTPYKTOPOB, a TaKKe HEKOTOPbIMHU YCJOBUSIMH, KOTOPbIM 3TH IIPOLELYpPbl
JIOJKHBI YIOBJETBOPATH, YTOOB! ObITh MPaBUJbHBEIM l'Ipe[LCTaBJIGHI/IeMS.

DTa TOUKa 3PEHHUS] MOXKET MOCJYXHUThb [Jisl ONpEeNeseHHs] He TOJbKO «BBICOKOYPOBHEBBIX»
00BEKTOB JNAHHBIX, TAKMX KaK palHOHa/bHbIE YHUCJa, HO U 00BEKTOB HHU3KOTO ypoBHs. Pac-
CMOTPHM IIOHATHE Maphl, C IOMOILBI0 KOTOPOro Mbl ONPENEJU/IN HAIlKW PAaLlMOHAJIbHBIE YHCJA.
Mbl Benb HM pasy He cKasaJjM, 4TO TAKOe Iapa, U YKasblBajd TOJBKO, UTO [IJs1 paboThl C
napamu si3bIK JaeT HaMm Npoueaypel cons, car U cdr. Ho enuHcTBeHHOe, 4TO HaM Halo
3HaTh 00 3THX MPOIEAypPaxX — 3TO UTO €CJIU Mbl CKJEUBAaeM [Ba 0ObEeKTa MPU MOMOIIH CONs,
TO C MOMOILIBIO car U cdr MBI MOXKeM MOJYyUHUTb UX 06paTHO. To €CTh 3TH ONepanuy yAoBJe-
TBOPSIIOT YCJIOBUIO, UTO JJIsI JIIOOBIX OOBEKTOB X U Yy, €CJH Z eCTh (cons X y), To (car
Z) ecTb X, a (cdr z) ecTb y. [leHCcTBUTENbHO, Mbl YIIOMSIHYJH, UTO TPU 3TH MPOLELYPHI
BKJIIOYEHBl B Hall sI3blK KaK MpUMHUTHBBL. OpHako sob6asi TpoHKa Mpouenyp, KoTopas yaoBJe-
TBOpSIeT BBILIEYKA32HHOMY YCJIOBHIO, MOXET MCIO0JIb30BATHCS KAK OCHOBA peau3aluy Iap.

SKak HH CTpaHHO, 3Ty MBIC/Ib OYeHb TPYAHO CTPOro copmymnpoBaTh. CyllecTByeT ABa MOAXOHA K TaKOH (op-
mysupoBke. OnuH, Hauasno kotopomy mnosoxkua U. A. P. Xoap (Hoare 1972), wusBecTeH Kak MeTOH aOCMpakmHvlix
modeseli (abstract models). On opmanusyer crnenudHUKaLHMio BUAA «IPOLELYPHl MJIOC YCJOBHs» BPOJAE OMMCAHHON
Bblllle B NIPUMepe C PallHOHANBHBIMU YHCJAaMH. 3aMETHM, YTO yCJIOBHE Ha MpeACTaBJeHHe PaLMOHAJbHbIX UHCEN ObLIO
chopMyTHPOBAHO B TEPMHHAX YTBEPKIEHHH O LeJIBIX YHCaaX (PaBeHCTBO U JejeHHe). B oblieM ciayuae abeTpakTHble
MOJIeJIY OTIPeNEeNISIOT HOBblE THIIbI OOBEKTOB JaHHbIX B TEDMHHAX THUIIOB AaHHBIX, ONpefeseHHbIX paHee. ClenoBaresb-
HO, yTBepXKJeHHs 00 0ObeKTaxX TaHHBIX MOTYT OBITb MPOBEpPEHbl MyTeM CBeNeHHS HX K yTBepKAeHHAM 00 oObeKTax
JIaHHBIX, KOTOpble OBl OMpeneJsieHbl paHee. Jpyroil nonxon, Kotopblit Gbl BBeneH 3uinecom u3 MIT, Torenom, Tat-
yepoM, Barnepom u Paiitom u3 IBM (cm. Thatcher, Wagner, and Wright 1978) u I'attarom us yuusepcurera TopoHTo
(cM. Guttag 1977), nasbiBaetcst aseebpauneckas cneyupuxayus (algebraic specification). dror noaxon paccmarpu-
BaeT «IIPOLeAYpPbl» KaK 3JeMeHTbl aOCTPAKTHOH ajre6panyeckoil CHCTEMBI, Ybe MOBeJeHHe OfpejessieTcs aKCHOMaMH,
COOTBETCTBYIOIIMMH HALIUM «YCJOBHSM», W HCIIOJNb3YyeT METOABl abCTPAKTHON anreOpsl [J/s NMPOBEPKH yTBepKAEHHH
00 oObekTax gaHHbIX. O6Ga 3TUX MeTona omnucaHbl B ctaThe JIncko u 3uiieca (Liskov and Zilles 1975).
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Ata ues ApKO WIIIOCTPUPYETCS TeM, YTO Mbl MOIVIM Obl peanu3oBatb cons, car U cdr 6e3
HCIIO/Ib30BAHHUS KaKUX-TMO0 CTPYKTYpP HAHHBIX, & TOJBKO MPH MOMOLIM OIHUX mpouenyp. Bor
3TH ONpele/IeHHs:

(define (cons x y)
(define (dispatch m)
(cond ((= m 0) x)

((=m 1) y)
(else (error "AprymeHT He 0 mmu 1 -- CONS" m))))
dispatch)

(define (car z) (z 0))

(define (cdr z) (z 1))

Takoe ucrnosb30BaHKUe MPOLENYP COBEPLIEHHO He COOTBETCTBYET HAalleMy WHTYHUTHBHOMY IO-
HSITHIO O TOM, KaK JOJI?)KHbl BBITJIANETb NaHHble. OIHAKO IJs TOro, UToObl MOKa3aTb, YTO 3TO
3aKOHHBIH croco6 npencrtaB/ieHUs nap, TpedyeTcss TOJbKO NPOBEPUTb, UTO 3TH IMPOLEAYPHI
YIOBJETBOPSIIOT BhIlLIEyKa3aHHOMY YCJOBHIO.

ToHKOCTE 31€Ch COCTOHMT B TOM, YTOOBI 3aMETHUThb, UTO 3HaueHHe, BO3BpAllaeMOe CONS,
eCcTb MpoLenypa, — a UMeHHO npouenypa dispatch, onpeneseHHass BHyTPH cons, KOTopas
NPUHHAMAET OIWH apTyMeHT W BO3BpallaeT JUOO X, JUOO y B 3aBUCHUMOCTH OT TOTO, PaBEH JIH
ee apryMeHT O nsu 1. CooTBeTCcTBEHHO, (car z) omnpepessercs kak npuMeHenue z K 0. Cie-
J0BaTeJbHO, €CJIM Z eCTb NPOoLeaypa, noJydeHHas U3 (cons x y), TO z, NpUMeHeHHas K 0,
BepHeT X. TakuM 006pa3oM, Mbl [I0Ka3aJ/H, YTo (car (cons X y)) BO3BpallaeT X, KaK HaM
u xotesoch. [logo6HbiM o6pazoMm (cdr (cons X y)) NpUMeHsieT MPOLenypy, BOo3Bpallae-
Myl (cons X y), K 1, 4yTo naer Ham y. CjiefioBaTesbHO, 9Ta NPOLENYPHAs peau3auus mnap
3aKOHHA, U eC/IM Mbl obpallaeMcs K rapam TOJIbKO C NMOMOIIbI0 cons, car U cdr, TO Mbl He
CMOXKeM OTJIHUHTb 3Ty peau3aluio OT TaKoH, KOTOpas MCIONb3YeT «HACTOSLIME» CTPYKTYpPHI
JaHHBIX.

JleMOHCTPUPOBATh MPOLUENYPHYIO peasu3alli0 UMeeT CMBIC] He MJs TOro, utoObl MOKa-
3aTh, KaK paboraer Haw s3blK (Scheme, u BooOue JIucn-cucTeMBl, peann3yrOT Napbl HaMpsi-
MYI0 U3 COOOpaKeHUH 3((PEKTUBHOCTH), a B TOM, UTOOBI MOKa3aTb, YTO OH MOT Obl paboTaThb
u tak. [lpouenypHas peanusauusi, XoTs OHa U BBIIJIIAUT TPIOKOM, — COBEpLIEHHO afeKBart-
HbI cnoco MpeacTaBjeHHs Map, MOCKOJbKY OHa YAOBJIETBOPSET €IMHCTBEHHOMY YCJOBHIO,
KOTOPOMY AOJIXKHBI COOTBETCTBOBAThb Mapbl. Kpome TOro, 3TOT mpUMep MOKAa3bIBAaeT, UTO CIO-
COOHOCTb paboTaTh C MPOoLEAyPaMH Kak ¢ 00beKTaMU aBTOMaTHUYECKH JaeT HaM BO3MOXKHOCTb
NPENCTaBIsATh COCTaBHbIE NaHHble. Celiyac 3TO MOXKeT MOKAa3aThCsl Kypbe30oM, HO B HallleM Mpo-
rpaMMHUCTCKOM perepTyape MpoLelypHble NPeICcTaBJdeHUs IaHHbBIX OyIyT UrPpaTh LEHTPANbHYIO
poJsib. Takoiél CTH/Ib MPOrpaMMHPOBAHHS YACTO Ha3bIBAIOT nepedaueti coobujenuti (message
passing), ¥ B ry1aBe 3, P PACCMOTPEHHUH BOIPOCOB MOAENUPOBAHHUS, OH Oy/leT HAIIUM OCHOB-
HBIM UHCTPYMEHTOM.

Ynpaxnenue 2.4.
Bor ewe onHO npouenypHoe npeacTasieHue A5 nap. [IpoBepbTe 118 3TOrO MpeACTaBJEHHS, YTO NPH
JM00bIX ABYX 00beKTaX X U y (car (cons X y)) BO3BpallaeT X.

(define (cons x y)
(lambda (m) (m x y)))
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(define (car z)
(z (lambda (p q) p)))

KaxoBo cootBercTBylomee onpefenenve cdr? (ITogckaska: UToOel NpoBepUTh, UTO 3TO padoTaeT, HC-
NoJb3yHTe MOACTAHOBOUHYIO MOZeJ/b U3 paszena 1.1.5.)

Ynpaxnenue 2.5.

[TokakuTe, YTO MOXKHO TPEACTABMASATb Mapbl HEOTPULATENbHBIX LENbIX YHUCEJ, UCIONb3Ysl TOJIbKO YHC/Ia
Y apudMeTHUeCKHe OIlepalluy, ecJH NpeicTaBaATb Napy a U b Kax npoussenenue 2°3°. Jlaiite cooTset-
CTBYIOLLME ONpefe/eHns poLenyp cons, car u cdr.

Ynpaxsenue 2.6.

Eciou npezncrasieHye nap Kak npouenyp 6ul10 as Bac ele HeoCcTaToOuyHO CyMacllelllInM, TO 3aMeThTe,
4TO B sI3bIKe, KOTOPbIH CrocOOeH MaHHWIYJHPOBATh MPOLENYyPaMU, Mbl MOXXeM 0GOHTHCh U 6e3 uuces (1o
KpaliHell Mepe, MOKa peyb HIET O HEOTPULATE/bHBIX YKcaax), onpenenus 0 u onepauuio npudasseHus 1
TaK:

(define zero (lambda (f) (lambda (x) x)))

(define (add-1 n)
(lambda (f) (lambda (x) (f ((n £) x)))))

Takoe mpexncraBneHue usBecTHo Kak uucaa Yépua (Church numerals), mo vMeHH ero uzobperaress,
Anonco Uépua, Toro caMoro JIOrHKa, KOTOPBI MPUAYMal A-HCUHCIEHHE.

Onpenenute one (enuHuly) ¥ two (nBOiKY) Hampsimyio (He uepe3 zero u add-1). (IToackas-
Ka: BbluHc/INTe (add-1 zero) c NOMOLIBIO NOACTAHOBKH.) JlafiTe mpsiMoe ompeieseHHe NMPOLENyPbl
cnoxeHHs1 + (He B TepMHHAX MOBTOpsiIOLLerocs npuMeHenus add-1).

2.1.4. PacuiupeHHbIN NpUMep: MHTepBajbHas apudmMeTUKa

Jluza Il. Xakep mpoekTHpyeT CHCTeMY, KOTOpas Iomoraja Obl B pelleHHH TeXHUUYECKHX
3agady. OnHa U3 BO3MOXXHOCTEH, KOTOPble OHA X0YeT peasu3oBaTh B CBOEH cUcTeMe, — CHoco0-
HOCTb paboTaTh C HETOUHBIMH BeJHYHHAMH (HanmpHMep, U3MepeHHble NapaMeTpsl QU3HUeCKHUX
YCTPOHCTB), 00J1afaoNMH H3BECTHOM MOrPEILIHOCTLIO, TaK YTO KOTAA C TAKMMH HPUOJIH3U-
TeJIbHBIMU BeJHUYWHAMH MPOU3BOASTCS BBIYMCJAEHHUS, PE3yJbTaThl TAKXKe MPeICTaBASIOT COO0H
YHUCJa C U3BECTHOH MOTPelIHOCTBIO.

MH:xeHepbl-3/1eKTPUKKM OYAYT C MOMOILIbI0 JIM3HHOH CHCTEMBI BBIYMC/IATb 3JEKTPHUUYECKHe
BeslMuuHbl. MHorna um TpebyeTcst BEIUMCAUTE CONPOTHBI/eHHe R, MapaJ/ebHOr0 CoeMHeH s
JByX pe3ucTopoB I?; u Ry mo ¢opmyse

1

R,y=—F—7F—""—"7—
P 1/R1+1/R2

OOGBIYHO CONPOTHUBJIEHUS] PE3UCTOPOB HM3BECTHBI TOJBKO C HEKOTOPOH TOUHOCTBIO, KOTOPYIO
rapaHTHpyeT HX NPOU3BOLHTEN b. Hanpumep, nokynas pesuctop ¢ Haamuceio «6.8 Om ¢ mo-
rpemHocThio 10%», BEl 3HaeTe TOJIBKO TO, UTO CONMPOTHBJEHHE PE3UCTOPa HAXOAMUTCS MEXKIY
6.8 —0.68 =6.12 1 6.8 +0.68 = 7.48 Om. Tak uto ecqu pesucrop B 6.8 OM ¢ MOrpeIIHOCTbIO
10% nonkmoueH napasjenbHo pe3uctopy B 4.7 OM ¢ mOrpemHocTbio 5%, TO COMPOTHBJE-
HUe 3TOH KOMOWHAUMH MOXKeT ObiThb MpuUMepHO oT 2.58 Om (ecsu 06a pe3ucTopa HaXOASTCS
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Ha HYKHeH TpaHMlle HHTepBaja JONMYCTHMBIX 3HadeHHi) no 2.97 Om (ecau oba pesucropa
HaXOAATCSl Ha BepXHel rpaHuLe).

Wnes JIusel cocTouT B TOM, 4TOOBI peasn30BaTh «MHTEPBA/IbHYIO apU(METHKY» KaK Habop
apU(pMETHUYECKUX ONepaluil Hal «HHTepBajaMu» (0ObEKTaMH, KOTOpble NpPeCTaB/SIT AHa-
Na30Hbl BO3MOXHBIX 3HaYeHHH HETOUHOH BeJHUHHBI). Pe3ynbraToM cJI0XKeHHs, BbIYMTAHHS,
YMHOXEHHUS WJIM JleleHHsl ABYX MHTEpBaJIoOB Takxe OyfeT UHTepBaJ, KOTOPHIH MpPEACTaBJsSET
JMana3oH BO3MOXKHbBIX 3HAUeHHH pe3yJ/bTaTa.

JInza mocTynupyeT CyliecTBOBaHHE abCTPAKTHOTO 00BbEKTa, Ha3blBAEMOI0 «HHTEPBaN», Y
KOTOPOT'O eCTb fABa KOHIA: BEPXHSS M HHXKHsAS rpaHuisl. Kpome Toro, oHa mpenmnoJaraer,
4YTO MMes 1Ba KOHIlAa MHTepBaJsa, Mbl MOXKeM CKOHCTPYHpOBaTb e€ro MpH MOMOIIH KOHCTPYK-
Topa make-interval. CHauasa JlM3a nuuer npouenypy C/a0XKeHHs ABYyX HHTepBasoB. OHa
paccynaeT Tak: MUHHMaJbHOe BO3MOXKHOE 3HayeHHe CYyMMbl PaBHO CyMMe HHXXHHUX I'PaHHMIL
HMHTEpBaJIOB, a MaKCHMaJ/JbHOE BO3MOXKHO€ 3HAaUeHHe CyMMe BePXHHX I'PaHHIl UHTepPBaJIOB.

(define (add-interval x vy)
(make-interval (+ (lower-bound x) (lower-bound y))
(+ (upper-bound x) (upper-bound y))))

Kpome Toro, oHa BbIYMC/ISIET NPOU3BEleHHE IBYX HHTEPBAJIOB IyTeM HAXOXAEHHS MHHUMY-
Ma ¥ MakCHMyMa MpPOH3BeleHHH KOHLIOB MHTEPBAJOB W HCIOJb30BAHHUSA B KaueCcTBe I'DAHUIL]
HHTepBasa-pesysnbraTa. (Min ¥ max — NPUMUTHUBBI, KOTOPbIE HAXOAAT MHHUMYM H MakCHMYyM
npu JI000M KOJIHUECTBE apryMeHTOB. )

(define (mul-interval x y)
(let ((pl (* (lower-bound x) (lower-bound y)))
(P2 (* (lower-bound x) (upper-bound y)))
(p3 (* (upper-bound x) (lower-bound y)))
(p4 (* (upper-bound x) (upper-bound y))))
(make-interval (min pl p2 p3 p4)
(max pl p2 p3 p4))))

Ilpu nenenun AByX MHTepBaJsoB JIM3a yMHOXKaeT mepBbIH U3 HUX Ha MHTEepBaJ, 0OpaTHBIH BTO-
poMy. 3aMeTHM, UTO IpaHMLAMH 0OpPaTHOTO MHTEpBaja SBJSITCS 4Hc/a, oOpaTHble BepxHeH
W HHUJXKHEH FpaHHle MCXOJHOTO HHTepBaja, MMEHHO B TaKOM MOpsIIKe.

(define (div-interval x vy)
(mul-interval x
(make-interval (/ 1.0 (upper-bound y))
(/ 1.0 (lower-bound y)))))

Ynpaxnenue 2.7.
[Tporpamma JIM3bl HemoJIHA, MOCKOJBKY OHA He ONpelesnga, Kak peasusyercss abCTpaKLUs HHTepBala.
Bot onpenesieHre KOHCTPYKTOpa HHTEpBaJa:

(define (make-interval a b) (cons a b))
3aBeplunTe peanu3alLMIo, ONpPeesUB CeNeKTOpr upper-bound ¥ lower-bound.
Ynpaxnenue 2.8.

Paccyxxnas B nyxe JIusbl, onuinTe, KaK MOXHO BBIYMC/IHTb Pa3HOCTb ABYX HHTepBajos. Hanuiure
COOTBETCTBYIOILYIO MPOLENYPY BHYMTAHUS, Ha3blBaeMylo sub-interval.
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Ynpaxnenue 2.9.

Paduyc (width) uHTepBana onpepensiercs Kak MOJOBHHA PACCTOSHUS MeXy ero BepxXHell W HHXKHel rpa-
Huuamu. Pajuyc sBisieTcss Mepoi HeolpeeJeHHOCTH YHCJIa, KOTOpoe 0003HauaeT UHTepBal. EcTb Takue
MaTeMaTHuecKHe ONepalny, AJs KOTOPEIX Paguyc pe3y/bTaTa 3aBHCHT TOJBKO OT PaAHyCOB MHTEPBaJOB-
apryMeHTOB, a eCTb TakHe, JJIf KOTOPHIX PaiHyC pe3ynbTata He siBiaseTcs (DYHKIMeH pagHycoB apry-
MeHTOB. [ToKaxkuTe, 4TO pafHyc CyMMEl (MM Pa3HOCTH) ABYX HHTEPBAJIOB 3aBHCHUT TOJIBKO OT PAaLHyCOB
UHTEPBA/IOB, KOTOPble CKJ/AAbIBAlOTCS (MM BblUMTAIOTCS). [IpUBesuTe MpUMephl, KOTOPble MOKa3bIBAIOT,
4TO I/ YMHOXKEHMS WJIM JeJIeHUs] 9TO He Tak.

Ynpaxuenue 2.10.

Ben Butobop, cucteMHbI# NPOrpaMMHCT-3KCIEPT, CMOTPUT 4yepe3 nieyo JIM3bl M 3aMevaeT: HesACHO, 4TO
JIOJKHO O3HauaThb JesleHHe Ha UHTepBaJl, Nepecekarowuil Honb. Moguduunpyiite koa JIusbl Tak, 4To6bl
nporpamMma nposepsijia 3To ycJaoBHe M coobliasa o6 omnbKe, eclk OHO BO3HHKAeT.

Ynpaxuenue 2.11.

[Tpoxons mumo, ben nenaer rymaHHoe sameuanue: «Ecau npoBepsATh 3HaKH KOHLIOB HHTEPBAJIOB, MOXHO
pa3éuteh mul-interval Ha [1eBfATb C/ydyaeB, M3 KOTOPBIX TOJNbKO B ONHOM TpebyeTcs 6oJjee ABYX
yMHOXKeHHUH». [lepenuiunTe 3Ty npouenypy B COOTBETCTBHH C MpeisokeHreM BeHa.

OtnanuB nporpammy, JIusa nokaspiBaeT ee NOTEHIMAJNbHOMY [10J1b30BATEIO, a TOT Kajy-
eTCsl, UTO OHa pellaeT He Ty 3afady. EMy Hy»XHa nporpamma, Kotopas pabortasa 6bl ¢ UHCIaMH,
NpeACTaBJeHHbIMH B BUJE CPeIUHHOr0 3HAYEHHS U afJUTHBHOH MOTPELIHOCTH; HAllpUMep, eMy
xo4etcsi paboTath ¢ uHTepBasamu Buaa 3.5+0.15, a ue [3.35, 3.65]. Jlusa BosBpalaercs K pa-
60Te U UCIIpaBJsIeT 3TOT HeJOUeT, 10OABUB JONOJHUTE/bHBII KOHCTPYKTOP U JONOJHUTEJbHbIE
CeJIEKTOPHI:

(define (make-center-width c w)
(make-interval (- c w) (+ c w)))

(define (center 1)
(/ (+ (lower-bound i) (upper-bound i)) 2))

(define (width 1)
(/ (- (upper-bound i) (lower-bound i)) 2))

K coxanenuio, 6oJblias yacTb JIM3UHBIX [0/b30BaTe/lel — HHXKeHepbl. B peasnbHbIX TeXHU-
YeCKHX 3ajadax pedb 0ObIYHO MIeT 00 H3MepeHHsSX C HeOOJIbIION MOTPeLIHOCThbI0, KOTOopas
u3MepsieTCsl KaK OTHOILIEHWe paauyca HHTepBana K ero cpenHed Touke. MHkeHepel 06bId-
HO YKas3blBalOT B NapaMeTpax yCTPOHCTB MOTPEIIHOCTh B MPOLEHTaX, KaK B CHeLU(UKALHUAX
PEe3UCTOPOB, KOTOPbIE Mbl IPUBEJIH B NIPUMEp BHILLIE.

Ynpaxuenue 2.12.

OmnpenennTte KOHCTPYKTOp make-center-percent, KOTOpbH NPUHUMAeT CpefHee 3HAUeHHEe W IMO-
IPELIHOCTD B NIPOLEHTaX M BblaeT TpebyeMblil HHTepBaJ. HyKHo TakKe ompeiesUTh ce/leKTop percent,
KOTODBIH IJI1 IAHHOTO HHTepBaJsa BblJAeT IOrpelHoCTb B npoueHTax. CesleKTop center ocraercs TeM
JKe, YTO NpHBEJieH BHILIE.
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Ynpaxuenue 2.13.

[TokakuTe, YTO, €CJAU MPEANONOKUTD, YTO MOTPELIHOCTh COCTABJSET MAJYIO AO0JI0 BEJIHUMHBI HHTEPBAJIA,
TO TOTPEIIHOCTb B MPOLEHTaX MPOU3BENEHHs IBYX MHTEPBAJOB MOXKHO MOJNYYHUTh M3 MOTPELIHOCTH B
NPOLIEHTAX HMCXOAHBIX HHTEPBAJOB MO MPOCTOH MPHOMHKEHHOH (opMmyse. 3anady MOXKHO YIPOCTHTb,
€CJIM MPEITIOJNOKHUTh, YTO BCE YHCJA TOJOKHUTENbHBIE.

[Tocne nmoaroét pa6ortel JIuza [1. Xakep cnaer cucremy mnosb3oBaTensiM. Heckosbko Jet
crycTsl, yxke3abblB 06 3TOM, OHa MoJydaeT Kajoly OT pas3rHeBaHHOro nosb3oBaTens Jaiko
[TonpaBuya. OkasbiBaercsi, JJallko 3ameTuJ, 4To (OpMysay AJisl TapasJjesbHbIX Pe3UCTOPOB
MOKHO 3anucaTth AByMs ajre6pandyecKd SKBHUBAJIEHTHBIMH CIIOCOGAMHU:

Ri1Rs
R+ Ry

1
1/Ri+1/Ry

OH HanucaJs cyefyiollde 1Be MPOrpaMMbl, KaXKaast U3 KOTOPBIX CUHUTAeT (popMyJsy AJs mapas-
JIeJIbHBIX PE3UCTOPOB CBOMM CIOCOOOM:

(define (parl rl r2)
(div-interval (mul-interval rl r2)
(add-interval rl r2)))

(define (par2 rl r2)
(let ((one (make-interval 1 1)))
(div-interval one
(add-interval (div-interval one rl)
(div-interval one r2)))))

Jlaiiko yTBepKIaeT, 4To AJs ABYyX croco00B BbluMcaeHUs JIM3uHa nporpamma 1aeT pa3jndyHble
pe3ynbpTaThl. ATO Cepbe3HOe HapeKaHHUe.

Ynpaxzenue 2.14.

[Tokaxkure, uto aiiko npas. MccienyiiTe noseneHre cucTeMbl Ha Pa3iUYHBIX apU(MeTHYeCKHX BbIpaKe-
Husix. CosnaliTe HeCKOJIbKO MHTePBaNoB A M B U BEUUC/IUTE C MX MOMOLILbIO BbipaxeHuss A/A u A/B.
Hau6oubliuyto none3y Bel nosyunte, ecau 6yneTe HCIOJAb30BaTh HHTEPBaJbl, PaAHYC KOTOPBIX COCTaBJIs-
€T MaJsylo 4acTb OT cpefHero 3HaueHusi. Miccnenyiite pesy/ibraTsl BbYUC/IEHHH B (hOPMe LEHTDP/IPOLEHTHI
(cm. ynpaxkHeHue 2.12).

Ynpaxuenue 2.15.

Ega Jly Arop, apyro#i noJjb3osaresb JIN3MHON NporpaMMel, TOXKe 3aMeTHJIa, UTO ajnre6paniyecky 3KBHUBa-
JIEHTHBlE, HO Pa3JIMUHble BbIPAXKEHHS MOTYT JaBaTb pasHble pe3ysbTarbl. OHA TOBOPUT, 4TO (opMyna IJs
BBIYMCJIEHHS] MHTepBaJoB, KoTopas HcroJb3yeT JIM3UHY cHcTeMmy, OyneT AaBaTbh OoJiee y3KHe TPaHHMIIbI
TNIOrPEIIHOCTH, €CJH ee yjaacTcs 3anucaTh TakK, YToObl HU OflHA NepeMeHHasi, NpeACTaBJsiollasi HeTou-
HYyI0 BeJIMUMHY, He MOBTOpsJach. TakMM 00pa3oM, FOBODUT OHA, par2 «iIydlle» KakK Mporpamma AJs
napasJesbHbIX Pe3ucTopoB, 4eM parl. [IpaBa qu oHa? [louemy?
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Puc. 2.2. Tlpencrasienue (cons 1 2) B BUAE CTPEJOYHOH NUATPAMMBL.

Ynpaxuenue 2.16.

O06bsicHuTe B 001IeM clyuae, ToueMy 3KBHBaJIeHTHbIe ajlre6panueckKye BblPaXKeHHsl MOTYT 1aBaTh Pa3Hble
pesyabraTel. Moxere s Bbl npeicraBuTh cebe nakeT A paGoThl C MHTepBaJbHOH apU(MeTHKOH,
KOTOpHIl OBl He 00J1afaj 3THM HeLOCTAaTKOM, MJHM Takoe HeBo3MoxkHO? (IIpemynpexnenue: sta 3anaua
OYeHb CJIOXKHA.)

2.2. NepapxuuecKue JaHHbIe ¥ CBOMCTBO 3aMbIKaHMS

Kak Mbl y2Ke BUAE/H, IAPHI CJIYKAT JEMEHTAPHBIM «KJIEEM», C OMOLIbI0 KOTOPOTO MOXKHO
CTPOUTb COCTaBHBble 00beKTbl AaHHbIX. Ha puc. 2.2 mokasaH cTaHAapTHBIH Cnoco6 pUCOBaTb
napy — B LaHHOM cJyuyae, apy, KoTopas c(hopMHUpOBaHa BblpaxkeHHeM (cons 1 2). B satom
NpeNcTaBJeHHH, KOTOPOe HasblBaeTcsi cmpesournas duaepamma (box-and-pointer notation),
KaXIbld 00beKT uzobpaxaercst B Buue cmpeaxu (pointer), ykasbiBamolueil Ha Kakyw-HUOYAb
auerky. fdveiika, msobparkaomias 3/JeMeHTapHbIH OOBEKT, CONEPKHUT MPEeACTaBJEHHE 3TOTO
oO6bekTa. Hampumep, syelika, COOTBETCTBYIOIIAs YHCJY, CONEPXKHUT YHCJOBYK KOHCTAHTY.
M3o6pakeHHe mapbl COCTOUT M3 [BYX siUeeK, NPHYeM JieBas U3 HUX COHEPKHUT (yKasaTesb
Ha) car 3ToH mapel, a npaeasi — ee cdr.

Mgl yxke BHIENH, YTO CONS CIOCOOEH COENHHSATH He TOJNbKO dncaa, HO u mapbl. (Bel
UCIIOJIb30BAJNM 3TO CBOHCTBO, WJIH, M0 KpalHeH Mepe, NOJIKHbBI OBIHM HCIIOJb30BaTh, KOTNA
BBIMOJIHSLIK yrpaxHeHus 2.2 u 2.3). Kak cienctsre 3TOro, napsl siBASIOTCS YHUBEPCAJIbHBIM
MaTepHaJsioM, U3 KOTOPOTO MOXHO CTPOMUTb JI0Oble THUIBI CTPYKTYp AaHHbIX. Ha puc. 2.3 mno-
KasaHbl [Ba criocoba coequHUTh uucaa 1, 2, 3 u 4 npu noMouy nap.

Bo3MOXXHOCTb cO31aBaTh Napbl, 3JeMEHThl KOTOPbIX CaMU SBJSIOTCH NapaMH, ONpelesseT
3HaYMMOCTb CIIHCKOBOH CTPYKTYPBl KaK CpPEACTBA NpeACTaBJeHHs JaHHBIX. Mbl Ha3blBaeM 3Ty
BO3MOXKHOCTb cBolicmeom 3amvikanus (closure property) mist cons. B obuiem ciyuae, ome-
pauusi KOMOMHHPOBAaHUS 00BEKTOB JaHHBIX 00/1aJaeT CBOHCTBOM 3aMblKaHHs B TOM CJaydyae,
€CJIM pe3ysbTaThl COeAHHEHHS 0ObEKTOB C MIOMOLIbIO 3TOH ONepalyiy caMu MOTYT COEAHHAThCA
3710 ke onepanueir®. 3aMblkaHHe — 3TO KJIIOU K BBIPA3UTeJbHOH CHJe J/1s JH060ro cpencTsa
KOMOMHHUPOBAHHS, MOCKOJNBKY OHO TO3BOJsSIET CTPOUTh uepapxuueckue (hierarchical) crpyk-
TYPBl, TO €CTb CTPYKTYPHI, KOTOPbIE COCTAaBJEHbl W3 YAcTed, KOTOPble CAMH COCTAaBJIEHBI U3
yacTeH, U Tak gajiee.

6Takoe ymoTpeG/ieHHe C/0Ba «3aMblKaHHe» NPOMCXONMT M3 aOCTPAKTHOH anreGpbl. AJreGpavcThl TOBOPAT, UTO
MHOKeCTBO 3aMKHYTO OTHOCHTEJIbHO OIlepall{H, eC/ii NIPUMeHeHHe OrepaltH K 3/71eMeHTaM 3TOro MHOXecCTBa JaeT pe-
3YyJIbTAT, KOTOPBIEl TaKxKe fIBJSIETCS] 9/71eMeHTOM MHOXKecTBa. K coxkaneHuio, B coo0L1ecTBe NPOrpaMMHCTOB, MHIIYLIHX
Ha Jlucne, c/0BOM «3aMblKaHHe» 0003HauaeTcs ellle M COBEPLIEHHO JIPyroe MOHSTHE: 3aMblKaHHeM Ha3blBAaIOT CrOCO0
NpeicTaBJeHHs MPOoLeAyp, HMEIUIUX CBOOOIHbIE INepeMeHHble. B 3TOM BTOPOM CMEBIC/e MBI CJIOBO «3aMblKaHHE» B
KHHre He UCIMOJb3yeM.
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1= = e Iy s Sy
nnsk T
nin 1

(cons (cons 1 2) (cons (cons 1
(cons 3 4)) (cons 2 3))
4)

Puc. 2.3. IBa cnoco6a coenunuts 1, 2, 3 1 4 ¢ nomouisio nap.

C camoro Hayasa raBbl | MBI CylLIeCTBEHHBIM 06pa3oM HCIOJIb30BAJH CBOHCTBO 3aMbl-
KaHHs npu paboTe C INpPOLEAypaMM, MOCKOJbKY BCe MPOrpaMMbl, KPOMe CaMblX MPOCTHIX,
ONUPAIOTCS Ha TO, 4YTO 3JeMEHTbl KOMOMHAUUM CaMM MOTYT OblTh KOMOMHAUMAMH. B 3tom
pasjesie Mbl PacCMOTPHUM, KaKOe 3HauyeHHe 3aMblKaHHe MMeeT 1Js COCTaBHbIX JaHHBIX. Mbl
OTHILIEM HECKOJIbKO PaclpoOCTPaHEHHBIX METONOB HCIO0J/b30BaHMS Nap AJs MPeACTaBAEHUS I10-
CJIeI0OBaTeNbHOCTEN W JIEPEBbEB, a TAKXKE€ MOCTPOUM rpacHuecKHi sI3blK, KOTOPbIH HATJISAHO
WJLTIOCTPUPYET 3aMblKaHHe’ .

2.2.1. IlpeacraBieHne nocienoBaTeIbHOCTEN

OnHa U3 MOJIe3HBIX CTPYKTYP, KOTOPbleé MOXXHO MOCTPOMThb C MOMOILbBIO Map — 3TO NO-
caedosamenvrocms (sequence), TO €CTb YMOPsSIOUEHHAs COBOKYMHOCTb OOBEKTOB MaHHBIX.
Paszymeercsi, CylLIeCTByeT MHOTO CMOCOOOB MpeCTaBJEHHs MOC/EA0BATENbHOCTEH MPH MOMO-
iy nap. OnuH, oco6eHHO TPOCTOH, MOKa3aH Ha PUCYHKe 2.4, Tje MocJjefoBaTebHOCTb 1, 2,
3, 4 mpeicTaBieHa Kak Lienouka nap. B kaxoi mape car — 3TO COOTBETCTBYIOIIMH uJieH
Leno4yku, a cdr — cJelyiolias napa 1enodkud. Cdr mnocjeaHed mapbl yKasblBaeT Ha 0coboe
3HauyeHue, He SIBJISIOLIeeCs Mapoil, KOTOpoe Ha JuarpaMMax h300paKaeTcsi Kak JHaroHajbHas
JIUHHS, a B pOrpaMMax Kak 3HayeHHe mepeMeHHO# nil. Bes moc/ienoBaTeibHOCTh MOPOXKaa-
eTCsl HECKOJIbKUMH BJIO’KEHHBIMH OMepalusMH COns:

"Hnest, 4To cpecTBO KOMGMHHDPOBAHHSA JOJKHO YIOBNETBOPSTh YCJOBHIO 3aMBIKAHHs, oueHb mpocTa. K coxaie-
HUIO, TaKHe CPEeJICTBA BO MHOTMX IOMYJISIPHBIX 3bIKaX NPOrpaMMHPOBaHUs JUOO He YHOBNETBOPSIIOT 3TOMY YCJIOBHIO,
n160 [e/al0T UCNONb30BaHHe 3aMblKaHUH HeynoOHbIM. B PopTpane u Beficuke ajeMeHTbl 1aHHBIX OOBIYHO IpYMMH-
pYIOTCS TTyTeM CO3/laHHSl MacCHBOB — HO MAacCCHBBI, 3/1eMEHThl KOTOPBIX CaMH SBJISIOTCS MAacCHBAMH, CTPOUTH HEJb3sl.
[Tackane 1 CH MO3BOMSIOT UMeTb CTPYKTYPbl, YeHbl KOTOPBIX SIBJSIOTCS CTPYKTypaMu. OfHako npu 3TOM TpebyeT-
s, 4TOOBI TMPOTPaMMUCT HANpsIMyIo paboTas ¢ yKasaTesasiMH M coOJ/ofa/] orpaHH4eHHe, MO KOTOPOMY KaKaoe MoJe
CTPYKTYPBl MOXET COLEPXKaTb TOJNBKO 3/1eMEHThl 3apaHee 3aflaHHOH (opmbl. B otnmume or Jlucna ¢ ero mapamu, B
3THX f3bIKaX HeT BCTPOEHHOTO YHHBEPCAJNbHOIO KJlesi, KOTOPHIH 103BOJSA/ Obl JIETKO PaboTaTh € COCTaBHBIMH JaHHBIMU
eIMHbIM croco6oM. DTo orpaHuueHue nano Asany I[lepaucy noson ckasaTh B NPeIUCa0BHH K 3Tod KHure: «B [lacka-
Jie o6ure 0ObSAB/ISAEMBIX CTPYKTYP AAHHBIX BefleT K ClelHaqu3aluu QYHKIHH, KOTopas clep:KHBAaeT H HaKa3blBaeT
ciydadiHoe B3auMozedictBue Mexnay HUMH. Jlydme umerb 100 ¢yHKUHE, KOoTOpble paGoTalOT ¢ OXHOH CTPYKTYpOH
naHHblx, 4yeM 10 ¢yHKuuil, paboratoumx ¢ 10 cTpykTypamu».
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Puc. 2.4. TlocnepoBarensHocTs 1, 2, 3, 4, npencraB/eHHas B BUJe LeNOYKH Tap.

(cons 1
(cons 2
(cons 3
(cons 4 nil))))

Takast mocsenoBaTebHOCTD Nap, NOPOXKIaeMast BJIOKEHHBIMH CONS-aMH, Ha3blBaeTCsl CRu-
cok (list). B Scheme wnmeercs nmpumuTHB, KOTOpHIH Has3biBaeTcsi list u moOMoraet crpo-
WTh crucku®. BhileyKasaHHYIO MOC/IeI0BaTeIbHOCTb MOMKHO OBbIIO OBl MOJYYHTH C MOMOLIBIO
(list 1 2 3 4). B obuiem caydae

(list (aj) (ap) ... (an))
9KBUBAJIEHTHO
(cons (aj) (cons{ay) (cons ... (cons (an) nil) ... )))

[To Tpapuuuy, Jlucn-cucTeMbl neyaTtaoT CIHUCKH B BUJE 110CJE10BATEbHOCTH UX 3JEMEHTOB,
3aKJI0YeHHOH B cKOOKH. TakuM 00pa3oM, 00beKT JAHHBIX C pUCyHKa 2.4 BbIBOAMTCH Kak (1
2 3 4):

(define one-through-four (list 1 2 3 4))

one-through-four
(1 2 3 4)

Buumanue: He myTaiiTe BeipakeHHe (list 1 2 3 4) co crnuckom (1 2 3 4), KOTOpBIH
IBJISIETCS Pe3y/IbTaTOM BBIUMCJIEHHS 3TOro BbipaxkeHHs. [TombiTKa BBIYMCAUTE BhIpaxkeHue (1
2 3 4) npuBezer K coobuieHH0o 06 owMOKe, KOTAa HHTEPNPETATOP MONPOOyeT MPUMEHHUTH
npouenypy | k aprymenram 1, 2, 3 u 4.

Mbl MOXKeM cuMTaTh, YTO NpOLeNypa car BHIOHpAeT MepBbIH 3JeMEeHT U3 ClHcKa, a cdr
BO3BpAlLlAeT NOACHHCOK, COCTOSIIMH M3 BCEX 3JEMEHTOB, KpOoMe MNepBoro. BijoxkeHHble NpH-

MeHeHHs car M cdr MOTYT BhIOpaThb BTOPOH, TPeTHH M MOC/enylollde 3JeMeHThl crucka’,

8B 370il KHMIe TePMHH CNUCOK BCETla 03HAauaeT LeroyKy nap, KOTopas 3aBepliaeTcsi MapKepoM KOHILA CIHCKa.
Hanporus, Tepmun cnuckosas cmpyxkmypa (list structure) otHocuTes K /0G0 CTPYKType NaHHBIX, COCTaBIEHHOH
U3 Map, a He TOJMbKO K CITUCKaM.

9TlocKobKY 3amMCHIBATh BJIOMEHHEIE NPUMeHEHUs car M cdr FPOMO3AKO, B AHaleKTaX JIMCHa CyLIeCTBYIOT
COKpaILleHHs] — Harnpumep,

(cadr (ape)) = (car (cdr (ape)))

Y Bcex TakMX NpOLENyp HMeHa HauMHalTCA € C, a KOHYawTcsl Ha r. Kaxnoe a Mexay HUMM O3HayaeT orepalHio
car, a Kaxjoe d onepauuio cdr, ¥ OHH NPHMEHSIOTCS B TOM 2Ke MOpsKe, B KaKOM MAYT BHYTpH HMeHH. Kmena
car ¥ cdr coxpaHsIOTCH, MOCKONbKY MPOCThle UX KOMOMHALMK Bpojge cadr HeTPYAHO MPOM3HECTH.
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KOHCTPYKTOP cons nopoxnaaet CHHCOK, nog06HbIN HCXOAHOMY, HO C OOIOJHUTEJbHBIM 3Je-
MEHTOM B HayaJie.

(car one-through-four)
1

(cdr one-through-four)
(2 3 4)

(car (cdr one-through-four))
2

(cons 10 one-through-four)
(10 1 2 3 4)

(cons 5 one-through-four)
(512 3 4)

3HavyeHue nil, KOTOPbIM 3aBepliaeTcs LeNouka Map, MOXKHO pacCMaTpUBaTh Kak IOCJEeN0Ba-
TeJIbHOCTh 6e3 3J1eMeHTOB, nycmoti cnucok (empty list). CyoBo nil MPoOU30IIIO OT CTSKEHHS

JIATHHCKOTO #ihil, UTO 3HAYMUT «HHUUTO» O,

Onepauyu co cnucKamu

Hcnonb3oBanuio nap A/ NpeAcTaB/IeHHs T10C/Ie0BATENbHOCTEH 2/1EMEHTOB B BHJE CITHC-
KOB CONYTCTBYIOT OOLIENPHUHSATbIE METOJBI IPOrPaMMHUPOBAHHUS, KOTOPEIE, paboTasi CO CIHCKa-
MH, NOCJe10BaTeNbHO X «ycdruBaoT». Hanpumep, npouenypa 1ist-ref Geper B KauecTse
apryMeHTOB CIIMCOK M UHCJO 1 ¥ BO3BpallaeT n-U 3/7eMeHT crucka. OBbIUHO 3/1€eMeHTbl CIIUCKa
HyMepyloT, HauuHas ¢ 0. Merton Beiuncnenus list-ref cienyromuii:

e Ecim n =0, list-ref no/mxHa BepHYTh Car CIHCKA.

e B ocranbHbiX ciydasx list-ref nosmxHa BepHYTh (n — 1)-ii ajeMeHT 0T cdr CrHCKa.

(define (list-ref items n)
(if (= n 0)
(car items)
(list-ref (cdr items) (- n 1))))

(define squares (list 1 4 9 16 25))
(list-ref squares 3)
16

10y nuBUTeNIbHO, CKOMBKO SHEPTUHU MPH CTAHAAPTH3AUMU AMANEeKTOB Jlucha 6biI0 MOTpaueHo Ha CHOPHl GYKBAMLHO
HH 0 YeM: J0JI2KHO JIM ¢JI0BO Nnil ObITh OOLIYHBIM HMeHeM? JIo/KHO /M 3HaueHHe nil ABaATECA cUMBOJIOM? JlO/KHO
JM OHO sBJATbCs cruckoM? [lapoit? B Scheme nil — ofbluHOe MMS, ¥ B 3TOM pasjese Mbl HCIO/Nb3yeM €ro Kak
nepeMeHHYI0, 3HauUeHHe KOTOpPOH — MapKep KOHIA CIHcKa (Tak »Ke, KaK true — 3TO oObIYHAs TepeMeHHasl, 3Haue-
HHe KoTopo#l ucrtuHa). Jlpyrue nuanextel Jlucna, Bkiioyas Common Lisp, paccmarpuBaior nil Kak CHeLHa/bHBIH
CHMBOJI. ABTODHI 3TOH KHHMIH MePeXKHJH CJIHIIKOM MHOTO CKaHJaJOB CO CTaHAapTH3alHel S3bIKOB M XOTeJH Obl He
BO3BpallaThcsl K 3THM BompocaM. Kak Tosmbko B pasjese 2.3 Mbl BBeleM KaBBEIUKY, MBI CTaHeM 0003HauaTb IycTOH
CIIMCOK B BHJe ’ (), a OT mepeMeHHOH nil NOJHOCTbIO H36aBUMCS.
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Yacrto Mbl IpocdryBaeM Bech CUCOK. UTOOB MOMOYb HaM C 3TUM, Scheme BKJIOYaeT 3JjieMeH-
TapHyo npouenypy null?, kotropas onpenesserT, BASETCs JHU ee apryMeHT ITyCThIM CIIUCKOM.
IIpouenypa length, KoTopasi BO3BpalllaeT YHCJIO 3JEMEHTOB B CIIHCKE, HJJIOCTPHUPYET 3TY
XapaKTepHYIO CXeMy HCII0JIb30BaHHUS OMepaluil Haj CIHUCKaMH:

(define (length items)
(if (null? items)
0
(+ 1 (length (cdr items)))))

(define odds (list 1 3 5 7))

(length odds)
4

[Ipouenypa length peanusyer mpoctyio pekypcrBHyio cxemy. Illar penykunu Takos:
e [liuHa j060oro crnucka paBHsiercsi | mioc mirvHa cdr 3TOrO CHKUCKa
DTOT wWAr MocJef0BaTebHO IPUMEHSIETCS], I0KA Mbl He JOCTHIHEM (Ga30BOTO CJydasi:
e JlnuHa myctoro crnucka paeHa 0.
Mbl MOXKEM BBIUHC/INTD length U B HTEPATHBHOM CTHJIE:

(define (length items)
(define (length-iter a count)
(if (null? a)
count
(length-iter (cdr a) (+ 1 count))))
(length-iter items 0))

Eule onuH pacnpocTpaHeHHbBIH IPOrPaMMHUCTCKHI TIPUEM COCTOUT B TOM, UTOOBl «CCONSHUTh»
pe3ysbTat Mo Xofy ycdruBaHUS CIIHCKa, KaK 3TO JiesaeT Nnpouenypa append, KoTopas 6epeT
B KauecTBe apryMeHTOB [|Ba CIIUCKA U COCTaBJSET U3 UX 3J€MEHTOB OfMH OOLIMH CIIHCOK:

(append squares odds)
(1 4 916 251 35 7)

(append odds squares)
(1 3571 4 9 16 25)

Append TakXe peaju3yeTcs MO PeKypcHUBHOH cxeme. UToObl COeAMHUTH CNHCKH listl u
list2, Hy>KHO CcresaThb CJeAYIoLLee:

e Ecau cnucok 1istl mycT, To pe3y/bTaToM sBJAsieTcs MpocTo 1ist2.

e B nporuBHOM cjydae, HyXHO coenluHUTb cdr oT listl c list2, a K peaynabraty
npubaBuTh car oT listl ¢ moMoulpl0 cons:

(define (append listl 1list2)
(1f (null? listl)
list2
(cons (car listl) (append (cdr listl) 1list2))))
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Ynpaxuenue 2.17.
Onpenennte npouenypy last-pair, Kotopasi Bo3BpallaeT CIHCOK, COAEPXKALUH TONBKO MOCJeIHHH
3J1eMeHT JaHHOTrO (HEeMmycTOro) CIHCKa.

(last-pair (list 23 72 149 34))
(34)

Ynpaxsenue 2.18.
Omnpenennte npouefypy reverse, KoTopas NPUHHMAET CIIUCOK KaK apryMeHT W BO3BpalllaeT CIIHCOK,
COCTOSILIMH U3 TeX Ke 3JeMeHTOB B 0OpaTHOM MOpsIKe:

(reverse (list 1 4 9 16 25))
(25 16 9 4 1)

Ynpaxuenue 2.19.
PaccMoTpuM nporpammy nogcueTa crnoco0oB pasMeHa U3 pasgena 1.2.2. Belno 6bl NPUATHO MMETb BO3-
MOXKHOCTb JIETKO M3MEHSITb Ba/IOTY, KOTOPYIO 3Ta IPOrpaMMa HCIHOJb3yeT, TaK, YTOOBI MOXKHO ObLIO,
HarnpuMep, BBIUMCIHUTb, CKOJBKUMH CIOCOOaMH MOXKHO pa3MeHsiTb OpuTaHCKMH (yHT. dTa nporpamma
HalucaHa Tak, 4TO 3HaHWe O BaJlOTe paclpefe/eHo Mexay npoueaypamu first-denomination u
count-change (kKoTopas 3HaeT, YTO CYLIeCTByeT ISITh BUIOB aMepPHKAHCKUX MoHeT). [IpustHee GbL10
OBl UMEeTb BO3MOXKHOCTb IPOCTO 3a1aBaTh CIHCOK MOHET, KOTOPble MOXKHO MCII0JIb30BaTh NPH pa3MeHe.
MBI X0THM NepenucaTh MPOLELYPY CC TaK, UTOObl ee BTOPBIM apryMeHTOM OblJI CIIHCOK MOHET, a He
1eJ10€ YHUC/IO0, KOTOPOe yKas3blBaeT, Kakhe MOHEeTH HCII0Jb30BaTh. Torjga y Hac MOIVIM Obl ObITh CIHCKH,
onpejiesiiIOLIMe THIb BaJIOT:

(define us-coins (list 50 25 10 5 1))

(define uk-coins (list 100 50 20 10 5 2 1 0.5))
MoxHO 6BL10 6Bl BBI3BIBATH CC CJENYIOIIUM 00pa3oM:

(cc 100 us-coins)
292

1o norpebyeT HEKOTOPHIX U3MeHeHUH B mporpamMe cc. Ee opMa ocTaHeTcs NpexHeil, HO cO BTOPBIM
apryMeHTOM OHa OyneT paboTaTb HHaye, BOT TaK:

(define (cc amount coin-values)
(cond ((= amount 0) 1)
((or (< amount 0) (no-more? coin-values)) 0)
(else
(+ (cc amount
(except-first-denomination coin-values))
(cc (- amount
(first-denomination coin-values))
coin-values)))))

Onpenenunte npouenypsl first-denomination, except-first-denomination u no-more? B
TepMHHAX 3JeMEHTapHBIX ONepalril Hal CMHUCKOBBIMH CTPYKTypaMu. BausieT s mopsok crnucka coin-
values Ha pesyJ/brar, nosydaembolii cc? [louemy?
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Ynpaxuenue 2.20.

[Tpouenypsl +, * ¥ list NpUHHMAIOT NPOU3BOJNbHOE YHUCIO apryMeHToB. OfMH M3 CrOCOGOB ONpese-
JIeHHUsI TaKHUX MPOLEAYpP COCTOMT B MCMOJb30BaHUH moueurou 3anucu (dotted-tail notation). B ompe-
JleleHHH MpOoLeAypel CIIUCOK MapaMeTPOB C TOUKOH Mepe], MMeHeM MOCJ/eNHEero 4jeHa O3HauaeT, 4To,
KOT/1a TpolLieflypa BbI3bIBAeTCs, Hauya/bHble MapaMeTpbl (ec/id OHH ecTb) OYAyT UMETb B KauecTBe 3Haue-
HUH HadaJbHble apryMeHThl, KaK M OObIYHO, HO 3HaueHHeM I0CJeJHero napamerpa OyleT cnucok BCeX
OCTaBIIMXCS apryMeHToB. Hampumep, ecsu 1aHO onpeseseHre

(define (f x y . z) (meso))
TO mpouenypy £ MOXKHO BBI3BIBATbH C ABYyMsl U 0oJiee apryMeHTaMu. Ec/ii Mbl BBIUHC/ISIEM

(12345 6)

10 B Tesle £ mepemeHHas x Oyner paBHa 1, y GyzneT paBHo 2, a z Gyzer cruckoM (3 4 5 6). Ecau pano
onpefesieHHe

(define (g . w) (meso))
TO MPOLEAYPA g MOXKET BHI3BIBATHCS C HyJIeM U Gojiee apryMeHTOB. ECsi Mbl BBIUMCIHM
(12345 6)

TO B TeJsle g 3HAaUeHHeM INepeMeHHOH w OyzeT cnucok (1 2 3 4 5 6)“.

Hcnonb3yst Ty HOTauMio, HaNWIIKUTe NPOLENypPy same-parity, KoTopas NpPUHHMAaeT OLHO HJH
6oJiee LieJlO€ YMC/IO U BO3BpalllaeT CIMUCOK BCEX TeX apryMEHTOB, Y KOTOPBIX UETHOCTb Ta 2Ke, 4TO Y
nepsoro aprymenra. Hanpumep,

(same-parity 1 2 3 4 5 6 7)
(1 357)

(same-parity 2 3 4 5 6 7)
(2 4 6)

OTo0OpakeHHne CIIUCKOB

Kpaiize nosiesHoii onepanuei iBjsieTcsl IPUMeHeHNe KaKoro-jau6o npeodpas3oBaHus K Kax-
JIOMY 3JIEMEHTY CIHMCKa M MOpOXKJeHHe CIIHCKa pe3y/bTaToB. Hampumep, ciepyromas npoue-
Iypa yMHOXaeT KaxKIblH 3JeMeHT CIIHCKa Ha 3alaHHOe YHCJIO.

(define (scale-list items factor)
(if (null? items)
nil
(cons (* (car items) factor)
(scale-list (cdr items) factor))))

(scale-1list (list 1 2 3 4 5) 10)
(10 20 30 40 50)

“llm TOro, 4yToObl onpenejuts £ v g mpu nomowy lambda, Hafo OblIO Obl HAamUCaTb

(define f (lambda (x y . z) (meso)))
(define g (lambda w (meso)))
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Mbl MoXeM BBIIEIUTD 3[eCh OOLLYI0 HAel0 U 3a(DUKCUPOBATh ee KaK CXeMY, BbIPaXKEHHYIO
B BHJle NPOLENYpPhl BBICIIErO MOPSiAKA, B TOYHOCTH Kak B pasnese 1.3. 3mech 3Ta mpouenypa
BBICILIETO TIOpPSiAKa Ha3blBaeTcsl map. Map 6epeT B KaueCTBE apryMeHTOB IPOLENYPY OT Of-
HOTO apryMeHTa M CIIMCOK, a BO3BpAllaeT CIIUCOK PEe3y/NbTaTOB, MOJYYEeHHBIX NPHMEHEHHEM

MpoLenyphl K KaxKIOMy 3JeMeHTy crucka'?:

(define (map proc items)
(if (null? items)
nil
(cons (proc (car items))
(map proc (cdr items)))))

(map abs (list -10 2.5 -11.6 17))
(10 2.5 11.6 17)

(map (lambda (x) (* x x))
(list 1 2 3 4))
(1 4 9 16)

Tenepp Mbl MOXeM AaTb HOBOe omnpefiesieHHe scale-1ist yepes map:

(define (scale-list items factor)
(map (lambda (x) (* x factor))
items))

Map sBJseTCS Ba)KHBIM KOHCTPYKTOM, He TOJbKO MOTOMY, YTO OHa (DPUKCHpyeT OOILyIo
CXeMy, HO W NOTOMY, YTO OHa IOBBIIIAET YPOBeHb aOCTPaKLUMU NpH padoTe co cnuckamu. B
HCXOIHOM ompefiesieHHH scale—-1ist pekypcuBHas CTPYKTypa MpPOrpaMMbl NIPUBJIEKAET BHU-
MaHHe K M03JeMeHTHOH obpaboTke crnucka. OmnpenesieHne scale-1ist yepes map ycrpaHs-
€T 3TOT YPOBeHb JeTajed W MOAUYepKUBaeT, YTO yMHOXeHHe NpeobdpasyeT CIHCOK 3JEMEHTOB
B CIMCOK pe3yJbTaToB. PasHuIA MeXay 3TUMH OByMS ONpEAeJEeHUSMH COCTOUT He B TOM,
YTO KOMIBIOTEP BBHIMOJHSIET APYro# mpouecc (3TO He Tak), a B TOM, YTO Mbl IyMaeM 00 3TOM
npoLecce Mo-Ipyromy. B cyliHocTH, map noMoraeT yCTaHOBUTb 6apbep abCTpaKLKUK, KOTOPbIH
OTZeJISIET Peasu3almio NpoLeayp, NpeodpasyoliuX CIUCKH, OT AeTasel TOro, Kak BeIOHpaloTCs
U KOMOMHHPYIOTCS 3/1eMeHTbl cruckoB. [lono6Ho Gapbepam Ha pucyHke 2.1, ata aGcTpakuus
M03BOJISIET HAM CBOOOIHO M3MEHSTb HU3KOYPOBHEBBIE AETasld TOr0, KaK peasn30BaHbl CIIUCKH,
COXPaHss KOHLENTYaJbHYI0 CXEMY C ONlepalMsMH, NepeBOAALIMMH OQHH [10CJe10BaTebHOCTH

12 CranpaptHas Scheme comepxkut Gosee 0OLLyI0 MpoOLELypy map, 4eM ONHCaHHAs 3fecb. DTOT BapHaHT map
[PUHHMAET TPOLEAYPY OT 7 aprYMEHTOB M 7 CIIUCKOB W TPUMEHSIET MPOLEAYPY KO BCEM MEPBBIM 3JE€MEHTaM CIHCKOB
BCEM BTODbIM 3JIeMEHTaM CIHCKOB W TaK jasee. BoaBparaercsi cnucok pesyibratoB. Hanpumep

(map + (list 1 2 3) (list 40 50 60) (list 700 800 900))
(741 852 963)

(map (lambda (x y) (+ x (* 2 y)))
(list 1 2 3)
(list 4 5 6))

(9 12 15)
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B apyrue. B pasmesne 2.2.3 takoe HCIO/b30BaHHE N0CJEN0BATEIbHOCTEH KaK CIOCO6 OpraHu-
3alUM MporpaMm paccMmartprBaercs 6osee Moapob6HO.

Ynpaxuenue 2.21.
[Tpouenypa square-list NpUHHUMaeT B KauyeCTBe apryMeHTa CIHCOK YHCesJ W BO3BpalllaeT CIHCOK
KBaJpaTOB 3THUX YHCEJ.

(square-list (list 1 2 3 4))
(1 4 9 16)

[Tepen Bamu nBa pa3nuuHbIX onpeleseHus square-list. 3aKoHUMTEe HX, BCTABUB MPOMYIIEHHbIE BbI-
pakeHHUs:

(define (square-list items)
(if (null? items)
nil
(cons (??) (??))))

(define (square-list items)
(map (??) (??)))

Ynpaxsenue 2.22.
Xbtoro Jlym mMbITaeTcs nepenucarb NepByl0 M3 Mpolenyp square-list us ynpaxHeHus 2.21 Tak,
4yTOOBl OHa pabdoTana KaKk UTepaTUBHbIH Mpouecc:

(define (square-list items)
(define (iter things answer)
(if (null? things)
answer
(iter (cdr things)
(cons (square (car things))
answer))))
(iter items nil))

K coxanenuio, Takoe onpeneseHHe square-list BblJaeT CIHUCOK Pe3y/lbTaTOB B MOpsiaKe, 06paTHOM
kesaemomy. [Touemy?
3artemM XbIOro MBEITAETCs UCIPABUTH OLIKOKY, OOMEHSIB apryMeHTbl CONS:

(define (square-list items)
(define (iter things answer)
(if (null? things)
answer
(iter (cdr things)
(cons answer
(square (car things))))))
(iter items nil))

U rak nporpamma toxe He padoraer. O6bACHHUTE 3TO.
Ynpaxzenue 2.23.

IIpouenypa for-each noxoxa Ha map. B KauecTBe aprymMeHTOB OHa NMPUHHUMAeT MPOLEAYPY M CIIH-
cok 3seMeHTOB. OnHAKO BMeCTO TOro, uToObl (POPMHUPOBATH CIIMCOK pe3y/bTaToB, for-—each mnpocto
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(3 4)

Cape[e ] (3] [
L] [

Puc. 2.5. Ctpykrypa, popMupyemasi (cons (list 1 2) (list 3 4))

TNpUMeHsieT NpoLeypy M0 ouepelr KO BCeM 3JeMeHTaM cJleBa HanpaBo. PesysnbTaThl MpUMeHEHMS Mpo-
LeLypbl K apryMeHTaM He HCMOJb3YyloTcs BooOlle — for-each npuMeHSIOT K MpolelypaM, KOTopble
OCYLLECTBJSIIOT Kakoe-1ub0 JedicTBre Bpoje nedyatd. Hampumep,

(for-each (lambda (x) (newline) (display x))
(list 57 321 88))

57

321

88

3HaueHHe, BO3BpallaeMoe BbI30BOM for-each (0OHO B JIUCTHHTe He T0OKa3aHO) MOXKET OblTb KaKHM
yTOfHO, HanmpuMep ucTHHA. Hanmumure peanusauuio for-each.

2.2.2. Uepapxuueckue CTPyKTYpbI

[IpencraBieHue mocienoBaTebHOCTEH B BHUIE CIIMCKOB €CTECTBEHHO PAaCIpOCTPaHHUTh Ha
MOCJIEI0BATEBHOCTH, 3JIEMEHTBl KOTOPBIX CaMU MOTYT ObITbh MOcJenoBaTenbHoCTsIMUA. Hampu-
Mep, Mbl MOXKeM paccMaTpuBaTh 06bekT ( (1 2) 3 4), mosydaeMblil ¢ NOMOLIbIO

(cons (list 1 2) (list 3 4))

KaK CIHMCOK C TPeMs uJileHaMH, NePBbIH M3 KOTOPBIX CaM sBJseTCs COUCKOM. B cymHocTH, 310
nonckasbiBaeTcsi YOPMOH, B KOTOPOH pe3yJibTaT MedyaTaeTcsi HHTeprpeTaTopoM. PrucyHok 2.5
MOKa3bIBAET NpeJCTaBJeHHe 3TOH CTPYKTYPBl B TEPMHUHAX Map.

Eule omuH crnoco6 aymaTh O MOCJAEeNOBaTeJNbHOCTSX I[OC/AeN0BaTeJNbHOCTEH — Oepesvs
(trees). DieMeHTHI NOCJENOBATEJIbHOCTH SIBJSIOTCS BETBSIMU [€peBa, a 3JeMeHTHI, KOTOpble
camu 1o cebe MOCJ/eN0BATENbHOCTH — MoALepeBbsiMH. PHUCyHOK 2.6 mokasbiBaeT CTPYKTYpY,
H300paXKeHHYI0 Ha pHc. 2.5, B BUIe NepeBa.

EcTecTBeHHBIM MHCTPYMEHTOM MJisi pabOThl C NEPEBBSIMH SIBJISETCS PEKYPCHS, MOCKOJbKY
4acTO MOXKHO CBeCTH ONepalyM Hal AePeBbSAMHU K ONepalHsiM Haj UX BETBSMH, KOTOpble CaMU
CBOLATCA K ONEpaLHUsM HajJ BeTBSIMM BeTBeH, W Tak Aajee, M0OKa Mbl He JOCTHUTHEM JHCThEB
nepeBa. Hanpumep, cpaBHuM npouenypy length us paspmena 2.2.1 ¢ mpouenypodl count-
leaves, KOTOpasi MOACUHUTHIBAET YHUCJO JHCTBEB AEPeBa:
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((1 2) 3 4)

(1 2)

1 2

Puc. 2.6. CniickoBasi CTpyKTypa ¢ pHc. 2.5, paccMaTpuBaeMasi Kak AepeBo.

(define x (cons (list 1 2) (list 3 4)))

(length x)
3

(count-leaves x)
4

(list x x)
(((12) 34) ((12) 34))

(length (list x x))
2

(count-leaves (list x x))
8

Uro6bl peanu3oBaTh count-leaves, BCIOMHUM PEKYPCUBHYIO CXeMy BbluHcJ/eHUs length:

e JlyinHa cnucKa X ecTh | miioc giuHa cdr oT X.

e JlnuHa myctoro crnucka ectb 0.

Count-leaves oO4yeHb I10X0XKa Ha 3Ty CXEeMY. 3HayeHue A5 IIyCTOr'0 CIiUCKa OCTaeTcCsd
TEeM XKe:

e Count-leaves oT nycToro crnucka pasza 0.

OnHako B 1are peiyKUHH, KOTJA Mbl BblIeJsiEM cCar CIHCKa, HAM HYXKHO y4yecTb, 4TO
car cam 1o cebe MOxKeT OBITb AE€PEBOM, JIUCTbSI KOTOPOrO HaM TpebyeTcs COCUMUTATb. TaKUM
00pa3oM, Lar peayKLUUH TaKOB:

e Count-leaves 0T lepeBa X ecTb count-leaves oT (car x) miwc count-
leaves or (cdr x).

HakoHew, BeluMcasiss car-bel, Mbl AOCTUTaeM JHUCTbEB, TAK UTO HaM TpebyeTcs elle OAMH
6a30Bblil Cay4ai:

e Count-leaves oT sucTa paBHa l.
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[TucaTb peKkypcHBHBIE POLEAYPBI HAZ IepeBbsiMU B Scheme noMoraet sjeMeHTapHbIH Npe-
IUKaT pair?, KOTOPbIH NPOBepPSieT, BJASETCS JIM ero apryMeHT napoii. Bot mpouenypa uenu-
13.
KOM °:

(define (count-leaves x)
(cond ((null? x) 0)
((not (pair? x)) 1)
(else (+ (count-leaves (car x))
(count-leaves (cdr x))))))

Ynpaxuenue 2.24.

IlpenmosoxkuM, Mbl BblUHCHAsSeM BblpaxkeHHe (list 1 (list 2 (list 3 4))). Yxaxkure, Kakoh
pesy/bTaT HareuaraeT HWHTepIIpeTaTop, H300pasuTe ero B BHAE CTPEJIOYHOH AHMArpaMMbl, a TakxKe ero
HHTEPIpeTalHtio B BUJe AepeBa (Kak Ha pucyHke 2.6).

Yopaxxkuenue 2.25.
Ykaxkute KOMOHHAUMK car U cdr, KOTOPble H3BJIEKAT 7 U3 CJENYIOLIHX CIHCKOB!

(1 3 (5 7) 9)
((7))
(1 (2 (3 (4 (5 (67))))))

Ynpaxzenue 2.26.
JlomycTyM, Mbl ONpeNesNuIt X U Yy Kak JiBa CIHCKa:

(define x (list 1 2 3))
(define y (list 4 5 6))

Kakoil pesyJsbraT HaneyataeT MHTePHIPETAaTOpP B OTBET Ha CJEAYIOLIHe BblpaXKeHHUS:

(append x y)
(cons x y)
(list x vy)

Ynpaxuenue 2.27.

VameHuTe CBOWO MpoLenypy reverse U3 ynpaxHeHus 2.18 Tak, uToObl mosyuusacek npouenypa deep—
reverse, KOTopasi NMPUHMMaeT CIHCOK B KaueCcTBe apryMeHTa M BO3BpalllaeT B KayecTBe 3HAUEHHS
CITHCOK, e MOPsIIOK 3JeMeHTOB 0OpaTHBIH M MOACHHCKH TakxKe obpalieHsl. Hanpumep:

(define x (list (list 1 2) (list 3 4)))

X
((1.2) (3 4))

(reverse x)

((3 4) (12))

(deep-reverse x)
((4 3) (2 1))

13Tlopsinok mepBbIX IBYX BeTBeil CylecTBeH, MOCKOJbKY MYCTOH CIHCOK YJOBJETBOPSeT mpeankaty null? u mpu
3TOM He fIBJIieTCsl Mapou.
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Ynpaxuenue 2.28.
Hanumure npouenypy fringe, kotopasi 6epeT B KauecTBe apryMeHTa JepeBo (MpeACTaBJeHHOE B BU-
[ie CIHCKa) M BO3BpALlaeT CIHCOK, 3JEeMEHTBl KOTOPOro — BCe JIUCTbSl JiepeBa, YNOpsiIodeHHble CleBa
Hanpaso. Hanpumep,

(define x (list (list 1 2) (list 3 4)))

(fringe x)
(1 2 3 4)

(fringe (list x x))
(1 23412 314)

Ynpaxuenue 2.29.
BunapHeIll MOOHIb COCTOMT W3 ABYX BeTBel, JeBoH M mpaBoi. Kaknmasi BeTBb mpenacTaBissieT coO0H
CTep2KeHb ONpefe/IeHHOH AJHMHBI, ¢ KOTOPOTO CBHCaeT JIMOO I'MpbKa, JMOO elle OfWH OMHAPHBIH MOOHJb.
MBI MOXKXeM NpeACTaBUTb OUHAPHBIA MOOUJb B BUIE COCTABHBIX NaHHBIX, COEMHHB Be BeTBU (HampHMep,
¢ momolIbio 1ist):

(define (make-mobile left right)
(list left right))

BetBb cocraBisieTcss M3 AJMHBL length (KoTopasi HoJ/pKHa OBITh YMCJIOM) H CTPYKTYpH structure,
KOTOpasti MOXKeT ObITh JIMOO YUCAOM (MPEeCTAaBJISIOMINM IPOCTYIO THPbKY), JHOO0 elle OLHUM MOOUJIEM:

(define (make-branch length structure)
(list length structure))

a. Hanumure coorBercTBylolue cejekropel left-branch u right-branch, kotopele BosBpalua-
I0T JIeBYI0 W IIpaByl0 BeTBM MOOMJS, a Takxke branch-length u branch-structure, KoTopble
BO3BpALLLAlOT KOMIIOHEHThI BETBH.

6. C nomolIblo 3THX CeJeKTOPOB HAMHUIIUTe MpoLefypy total-weight, koTopas Bo3Bpallaer oOLIUK
BeC MOOHJIA.

B. ['oBOpAT, 4TO MOOUMbL COAAAHCUPOBAH, €CIM MOMEHT BpallleHHs, JeHCTBYIOLUH Ha ero JeByio BeTBb,
paBeH MOMEHTY BpallleHHs], 1eACTBYIOIEMY Ha IIPABY10 BETBb (TO €CTh JJIMHA JIEBOTO CTEPKHS, YMHOKEH-
Hasl Ha BeC T'py3a, CBHCAIOLIEro C Hero, paBHa COOTBETCTBYIOLIEMY MPOU3BENEHUIO /I PABOH CTOPOHHI),
U ec/IM Bce MOoAMOOHIH, CBUCAIOLIHE C ero BeTBell, Takxke c6ajaHcupoBaHbl. Hanuumunre npeaykar, KoTo-
pelil IpoBepsieT MOOU/IN Ha cOaJaHCHPOBAHHOCTD.

r. JlomycTHM, Mbl H3MEHMJIM NpeACTaBJIEHHE MOOUIEH, TaK YTO KOHCTPYKTOPbI Telepb MPUHSJIN TaKOH
BUIL:

(define (make-mobile left right)
(cons left right))

(define (make-branch length structure)
(cons length structure))

Kak mMHoro Bam Hy»KHO M3MeHHUTPH B IporpaMmax, 4ToObl epedTH Ha HOBOE MpeACTaB/eHHe?
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Oro6paxkeHne nepeBbeB

[Topo6HO TOMY, KaK map MOXKeT CJAY>KHTb MOIIHON a6CTpakiMel 151 paboThl ¢ MOC/eN0Ba-
TeJIbHOCTSIMH, Map, COBMEIeHHasl C PeKypCHel, CyKHUT MOIIHOH abCcTpakiuuel s paboTel ¢
nepeBbsiMH. Hanpumep, npouenypa scale-tree, aHajoruuHas npouenype scale-list us
pasnmena 2.2.1, IpuHUMaeT B KauecTBe apryMeHTa YHCJOBOH MHOXHTENb U NE€PeBO, JIUCThSMH
KOTOpOro BAs0Tcs ynucaa. OHa Bo3BpalllaeT AepeBO TOH ke (hOPMBI, Ille KaxK10e UHCJIO0 YMHO-
’KEHO Ha MHOXKUTeJb. PekypcuBHas cxeMa scale-tree noxoxa Ha cxeMy count-leaves:

(define (scale-tree tree factor)
(cond ((null? tree) nil)
((not (pair? tree)) (* tree factor))
(else (cons (scale-tree (car tree) factor)
(scale-tree (cdr tree) factor)))))

(scale-tree (list 1 (list 2 (list 3 4) 5) (list 6 7))
10)
(10 (20 (30 40) 50) (60 70))

Jlpyro#i crnioco6 peanusauuu scale-tree cOCTOUT B TOM, UTOOBI pacCMaTpHUBaTh IepPeBO
KaK I10CJIe0BaTE/bHOCTD MOJEePEBbEB M HCIONb30BaTh map. Mbl oToOpaxkaem MocjenoBa-
TeJIbHOCTh, MaclITabupys 0 O4epenr Kaxaoe MOAAEPEBO, U BO3BPALlaeM CIIUCOK Pe3yJbTaToB.
B 6asoBom ciy4ae, Koria nepeBo SIBJSETCS JUCTOM, Mbl IPOCTO YMHOXKAEM:

(define (scale-tree tree factor)
(map (lambda (sub-tree)
(if (pair? sub-tree)
(scale-tree sub-tree factor)
(* sub-tree factor)))
tree))

Mmuorue ornepauvud Han NepeBbsAMH MOTYT OBITb peasr3oBaHbl C NMOMOULbIO TAKOT0 COYETAaHUA
onepaunﬁ Ha[ MocJ/jiefoBaTe/JIbHOCTAMU U PEKYPCHH.

Ynpaxuenue 2.30.
Onpepnenute npouenypy square-tree, nofobHylio npouenype square—-list us ynpaxsenus 2.21. A
HUMeHHO, square-tree J0J/KHA BecTH cebsl CJIeLYIOMUM 00pa3oM:

(square-tree
(list 1
(list 2 (list 3 4) 5)
(list 6 7)))
(1 (4 (9 16) 25) (36 49))

Onpenenure square-tree Kak npsMo (To ecTb €3 UCIONb30BAHUS NPOLEAYD BBICIIMX NOPSIIKOB), TaK
U C [OMOLILbIO Map U PEeKypPCHH.

Ynpaxsenue 2.31.
Ab6cTparupyifite cBoi 0TBeT Ha ynpakHeHHe 2.30, nosydasi mpoueaypy tree-map, Tak, 4Tobbl square-—
tree MOXKHO OBIJIO OMpPENEIUTh CAeLYIOIHM 00pa3oM:
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(define (square-tree tree) (tree-map square tree))

Ynpaxuenue 2.32.

MHoKecTBO MOXHO MPEICTaBUTh KaK CIUCOK €ro Pa3/HuHbIX 3JeMEHTOB, 8 MHOXKECTBO €r0 MOAMHOXKECTB
KaK CIHMCOK CNHCKOB. Hampumep, ecsu MHOXKecTBO paBHO (1 2 3), TO MHOMKECTBO €ro MOIMHOXKECTB
paBHO (() (3) (2) (2 3) (1) (1 3) (1 2) (1 2 3)).3aKoHUHUTe CJeAyIOllee ONpenesNeHHe
npoLesypsl, KOTopas MOpOXKAaeT MHOXKeCTBO TOAMHOXKECTB M JaHTe sicHoe OObsSCHeHHe, TOYeMy OHa
paboraer:

(define (subsets s)
(if (null? s)
(list nil)
(let ((rest (subsets (cdr s))))
(append rest (map (??) rest)))))

2.2.3. IlocaenoBaTe bHOCTH KaK CTaHIAapTHbIe UHTepPeNChl

[Ipu paboTe ¢ cOCTaBHBIMHM AaHHBIMU MBI MOAYEPKHUBAJIH, UTO aOCTPAKLHs MO3BOJSIET MPO-
€KTHPOBAaTh NMPOrpaMMbl, He yBsidasl B IeTaJsiX NPeACTaBJeHHs JaHHBIX, U OCTaBJsIeT BO3MOXK-
HOCTb 9KCIIEPUMEHTHPOBATh C Pa3/UYHBIMU criocofaMu NpelcTaBieHUsi. B 3ToM pasnese Ml
NPEeNCTaBJsiEM ellle ONUH MOIIHBIH MPUHLHI MPOEKTUPOBaHUS HJis paboOThl CO CTPYKTYpaMH
IAaHHBIX — HCIOJb30BaHUe cmandapmubix unmepgeticog (conventional interfaces).

B pasnese 1.3 MBI BUIeaH, KaK abCTpakKLHM, peaJU30BaHHbBE B BHIE NPOLELYP BBICLIMX
TIOPSIIKOB, CIIOCOGHBI BBIPA3UTh OOIIHE CXeMbl NPOrpaMM, KOTOpble paboTalT € YHCJIOBBIMH
naHHbIMH. Hama crnoco6HocTh hopMysipoBaTh MopoOHbIe ONMEPALUH C COCTABHBIMU AaHHBIMU
CYLIeCTBEHHBIM 00pa30M 3aBHCHT OT TOTO, B KAKOM CTHJIE Mbl MAHHUIyJHPYeM CBOUMH CTPYK-
TypaMH JaHHbIX. Hampumep, paccMOTpUM c/enymOUlyl0 NPOUenypy, aHaJoTHUHYH count-
leaves u3 pasgena 2.2.2. OHa NpUHUMAaeT B KayecTBe apryMeHTa AePeBO H BBIYHUCJSET
CYMMY KBaJpaToB TeX M3 €ro JUCTbeB, KOTOPbIE SIBJSIOTCS HEYETHBIMH UHCJIAMH:

(define (sum-odd-squares tree)
(cond ((null? tree) 0)
((not (pair? tree))
(if (odd? tree) (square tree) 0))
(else (+ (sum-odd-squares (car tree))
(sum-odd-squares (cdr tree))))))

IIpy moBepXHOCTHOM B3IJIsie KaxKeTcsl, 4YTO 3Ta MpoLeaypa OYeHb CHJBHO OTJIHYaeTcs OT
crenylollel, KOTopasi CTPOHUT CIUCOK BceX 4eTHHIX yucen Pubonayuu Fib(k), roe k meHblie
WJIM PABHO JAHHOTO LeJIOro 4Mcja n:

(define (even-fibs n)
(define (next k)
(if (> k n)
nil
(let ((f (fib k)))
(if (even? f)
(cons f (next (+ k 1)))
(next (+ k 1))))))
(next 0))
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enumerate: filter: map: accumulate:
tree leaves odd? square +, 0
enumerate: map: filter: accumulate:
integers fib even? cons, ()

Puc. 2.7. JuarpamMMmbl MOTOKa CHUTHAaJOB AJs mpoleayp sum-odd-squares (cBepxy) H
even-fibs (CHM3Y) PaCKPBIBAIOT CXOXKECTb 3THUX ABYX MPOTPaAMM.

HecmoTpst Ha TO, UTO CTPYKTYPHO 3TH NPOLELypHl BeCbMa pas3JHuHbl, Oojee abCTPaKT-
HOEe OMHMCaHMe ABYX IPOLECCOB BBIUHCJEHHUS PaCKpbIBAaeT HeMaJsylo 10Ji0 cxonctsa. Ilepsas
nporpamma

® [IepeUHC/IAeT JIUCTbA NEPeBa;
® [IPOCEHBAECT UX, 0T6I/Ipaﬂ HEYEeTHLbIE,
® BO3BOIMT B KBaApaT Kaxaoe U3 0T06paHHbIX quceJ; U

e HaKarJ/uBaeT Pe3y/bTaThl NPH MOMOILM +, HayuHas ¢ 0.
Bropas nporpamma

e IlepeuyucsseT yucaa ot 1 go n;
® BHIYKC/SAET AJIs1 KaXKI0ro U3 HUX uncao PuboHayuy;
e IPOCEUBaeT UX, BbIOMpas HeYeTHbIE; U

° co61/1paeT UX C NIOMOLILbIO cons, HAa4YHWHAasA C MyCTOTO CIIKUCKa.

Crenuanucty no o6padoTke CUIHAJIOB MOKaXKETCsl €CTECTBEHHBIM BbIPA3HUTh 3TH MPOLECCHI
B TEPMHHAX CUTHAJIOB, IPOXOASIINX Uyepe3 psf CTalAHui, KaxAas U3 KOTOPBIX peau3yeT yacTb
IJlaHa NporpaMMBbl, KaK 3TO MoKa3aHo Ha pucyHke 2.7. B nmpouenype sum-odd-squares
MBI HAUMHAeM C nepeuuciumensn (enumerator), KOTOPBIE MOPOKAAET «CHIHAJ», COCTOSIINN K3
JIUCThEB NAHHOTO JepeBa. DTOT CHTHaJ/ mporyckaercs depe3 @uavmp (filter), kotopsiit yna-
JISIeT BCE 3JIeMEHThl, KpOMe HeueTHbIX. [1o/yunBILHMECS TTOC/e 3TOrO CUTHaJ, B CBOIO O4Yepelb,
NPOXOOUT omobpadcerue (map), KOTOpoe NpeAcTaBisieT coboi «mpeobpa3oBaTesb», MPUMe-
HAIOWIMH K KaXKOMYy 3JeMeHTy Npolenypy square. HakoHel, BbIXol 0TOOpaxKeHHS HUIET B
Haxkonumeao (accumulator), KOTopblll coGupaeT 3/7eMeHTHl IPU NMOMOIIM +, HauuHas ¢ 0. s
even-£fibs maH aHajoruyeH.

K coxasenu, n1Ba onpeneseHus NpoUeayp, NPUBEIeHHbIE BhIlLIe, HE OTPAXKAIOT Ty CTPYK-
Typy NOTOKa curHajoB. Hanpumep, ecau Mbl paccMOTpUM sum-oddsquares, Mbl 06Hapy-
’KHM, UTO Iepeyuc/eHHe OTHaCTH peaju3yeTcss NpoBepkaMd null? W pair?, a oryacTd
N PEBOBUIHO-PEKYPCHBHOH CTPYKTypol npouenypsl. [logo6HbIM 06pa3oM, HaKoOIJIeHHe 0TYaCTH
MPOUCXOIUT B MPOBEPKAX, a OTUACTH B CJIOXKEHHWH, KOTOPOE BBIMOJHSETCS TPH PEKYPCHUBHOM
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BbI3oBe. Booblle, HUKaKas OTAe/bHAs YacTb 3TUX MPOLELYP HE COOTBETCTBYET 3JeMEeHTY MOTO-
KOBOHM nuarpaMmbl. Hamu nBe npouenypel 1poOsT BeIUUC/AEHHE IPYTHM 00pa3oM, pacKHabIBas
nepevnc/ieHre Mo MporpamMMe W CMeLIHMBasi ero ¢ oToOpakeHHeM, MPOCeHBAHWEM M HaKOIJe-
HueM. Ecsiu 661 MBI CMOIVIM OPTaHH30BaTb CBOW NPOrPaMMbl Tak, 4TOOBl CTPYKTypa 06paboTKU
MOTOKA CUTHaJ/OB Obla SICHO BHAHA B HalMCAHHBIX HAMH NPOLEypax, TO 3TO cAeJsaso Obl
CMBICJI [IOJ1y4aeMoro Kofa 6oJsiee Mpo3pauHbIM.

Onepaulm HajJ MmocjaeaoBaTeJbHOCTAMHU

HMrak, Haly nporpaMMel JOJKHEI sICHee OTpa)KaTb CTPYKTYPY MOTOKa CHUrHaJoB. Kiroue-
BEIM MOMEHTOM 3/leCb Oy/leT epeHOC BHUMaHHS Ha «CHUTHAJbI», KOTOPBIE MEPENAOTCsl OT OLHOH
cTaguy npouecca K apyrod. Ecin Mbl MpeACTaBUM 3TH CHUTHAJBI B BUME CIIUCKOB, TO CMOXKEM
HCIO/B30BaTh ONepally Hal CIHCKaMH, YTOOBl peann30BaTh 06pabOTKY Ha KaxKIOM 3Tarle.
Hanpumep, MBI MO2KeM peasii30BaTh CTaIUH OTOOPaKeHHsl U3 IUarpaMM MOTOKOB CHIHAJIOB C
MIOMOILbIO TIPOLIEAYPbl Map U3 pasgena 2.2.1:

(map square (list 1 2 3 4 5))
(1 4 9 16 25)

[TpoceuBanue noc/ienoBaTeIbHOCTH, BhIOHpalollee TOJIbKO Te 3JeMEeHThl, KOTOpble YAOBJe-
TBOPSIIOT JAHHOMY NpeIrKaTy, OCYLIECTB/ISETCS MPH TTOMOLIH

(define (filter predicate sequence)
(cond ((null? sequence) nil)
((predicate (car sequence))
(cons (car sequence)
(filter predicate (cdr sequence))))
(else (filter predicate (cdr sequence)))))

Hanpuwmep,

(filter odd? (list 1 2 3 4 5))
(1 3 5)

Haxkomnsienne ocyiecTBasieTcsi mocpeacTBOM

(define (accumulate op initial sequence)
(if (null? sequence)
initial
(op (car sequence)
(accumulate op initial (cdr sequence)))))

(accumulate + 0 (list 1 2 3 4 5))

15

(accumulate * 1 (list 1 2 3 4 5))

120

(accumulate cons nil (list 1 2 3 4 5))
(1 23 4°5)
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Yro6bl peasnn3oBaTh AHArpaMMbl MOTOKA CHUTHAJIOB, HaM OCTaeTCs TOJbKO MEPeYHC/IUTh
M0CJ/IeI0BATENbHOCTH 3JIEMEHTOB, C KOTOPBIMH Mbl OyzneM paborate. s even-fibs HyXHO
MOPOIUTD TI0CJEN0BATEbHOCTD LEJNbIX UHCEJ B 3aJaHHOM [IHana3oHe. DTO MOXKHO CHesaTh
TaK:

(define (enumerate-interval low high)
(if (> low high)
nil
(cons low (enumerate-interval (+ low 1) high))))

(enumerate-interval 2 7)
(2 3456 7)

Uro6bl NepedrcInTb JUCThS JepeBa, MOXKHO HCIOJb30BaTh Takylo mpoueaypy'*:

(define (enumerate-tree tree)
(cond ((null? tree) nil)
((not (pair? tree)) (list tree))
(else (append (enumerate-tree (car tree))
(enumerate-tree (cdr tree))))))

(enumerate-tree (list 1 (list 2 (list 3 4)) 5))
(1 2 3 4 5)

Tenepe Mbl MOXeM nepecopMmynupoBath sum-odd-squares u even-fibs cooTser-
CTBEHHO TOMY, KaK OHM H300pakeHbl Ha JUarpaMMmax MoTokKa CHrHajsoB. B ciaydyae sum-odd-
squares Mbl BbIYHMCJsIEM I0CJE0BATE/IbHOCTb JIUCTbEB JepeBa, (UABTPYeM ee, OCTaBJsd
TOJIBKO HeueTHble YHCJ/a, BO3BOAUM KaK[blil 3/1eMEHT B KBaJApaT U CyMMHpyeM pe3y/bTaThl:

(define (sum-odd-squares tree)
(accumulate +
0
(map square
(filter odd?
(enumerate-tree tree)))))

B cnyuae ¢ even-£fibs Mbl nepeuncisem uncaa ot 0 10 n, nopoxiaaeM /s KaXKI0T0 U3 HUX
yucao PuboHauyy, QUILTPYEM MONyYaeMyl0 MOCJIEA0BATENbHOCTb, OCTABJAS TOJNbKO YeTHBIE
3JIeMeHTbl, U cOOMpPaeM pe3yJbTaThl B CIHCOK:

(define (even-fibs n)
(accumulate cons
nil
(filter even?
(map fib
(enumerate-interval 0 n)))))

4310 B TOuHOCTH TpoLenypa fringe w3 ympaxHenus 2.28. 31ech MBI ee NepeHMeHOBAIH, YTOOH MOTUEPKHYTD,
YTO OHA BXOAUT B ceMeHCTBO OOLIUX MpoLeayp oO0paboTKH MocsefoBaTe bHOCTEH.
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[Tosib3a oT BeIpakKeHHs: IPOrpaMM B BUJEe ONepaluil Haji M0C/e10BaTebHOCTIMU COCTOUT B
TOM, UTO 3Ta CTpPATerusi IOMOraeT HaM CTPOMTb MOAYJbHBIE TPOEKTHl IPOrpaMM, TO €CThb Npo-
€KTbl, KOTOpBIE MOJYYalOTCsl MyTeM COOPKH M3 OTHOCHUTEJbHO HEe3aBUCHMMbIX yacTed. MoxXHO
MOOLIPATb MOAYJbHOE NIPOEKTHPOBaHMeE, faBast pa3paboTYMKy HaOOp CTAHAAPTHBIX KOMIIOHEHT
U YHU(UUHUPOBAHHBIA HHTepdelc, MpelHA3HAUYEHHBIH [IJi TMOKOTO COeNMHEHHUS 3THUX KOMIIO-
HEeHTOB.

MonynbHoe mocTpoeHMe SIBJASETCS MOLIHOH CTpaTerveil ynpaBJeHHUs CJI0KHOCTbIO B HH-
JKEHEpHOM TpOeKTHpoBaHUH. Hanprmep, B peanbHBIX MPUJIOKEHHSX MO 00pabOTKe CUrHAJOB
MPOEKTUPOBLIUKH OOBIUHO CTPOSIT CHUCTEMBI yTEM KaCKaAHPOBAaHHS 3J€MEHTOB, KOTOPbIE Bbl-
6rpaloTcsl U3 CTAHIAPTH30BAaHHBIX CeMeHCTB (PUABTPOB U NpeodpasoBatesei. [logo6HbIM 06pa-
30M Olepaluy Haj Moc/e0BaTebHOCTSMU COCTABJ/SAT OUOJIHOTEKY CTaHAAPTHBIX 3J1eMEHTOB,
KOTOpble MBI MOXKEeM CBf3bIBaTb W CMellWBaTh. K mpumepy, MOXKHO COCTaBUTb KyCKH M3 MpO-
uenyp sum-odd-squares U even-£fibs U N0OJAy4YUTb NPOrpaMMy, KOTOpast CTPOUT CIIMCOK
KBapaToB NepBbiX n+1 yuces PubdoHauuu:

(define (list-fib-squares n)
(accumulate cons
nil
(map square
(map fib
(enumerate-interval 0 n)))))

(list-fib-squares 10)
(01 1 4 9 25 64 169 441 1156 3025)

MoxHo IepeCcTaBuTb KYCKHW M HCII0Jb30BaTh UX, 4yTOOBl BBIYUCJHUTD IIpOU3BEIeHHUE KBaApPaTOB
HEYETHLIX YHCeJ B IT0CJAeN0BaTeJbHOCTHU!

(define (product-of-squares-of-odd-elements sequence)
(accumulate *
1
(map square
(filter odd? sequence))))

(product-of-squares-of-odd-elements (list 1 2 3 4 5))
225

YacTo BcTpeyarolrecs NpUJoKeHHs 1o 06paboTKe JaHHBIX MOXKHO TaKke (POPMY/IHPOBATh
B TepMHHaX ollepauuil Hal NocJenoBaTe/bHOCTAMU. [loMycTHUM, Y HAac ecTb MOCJeN0BaTeNb-
HOCTb 3alHCed O CJayXallWX, U HaM TpebyeTcs HAaHTH 3apmJaTy CaMOro BBICOKOOIJAuHBae-
moro nporpammucta. Ilycte y Hac Oyner cesektop salary, KOTOPBEIH BO3BpallaeT 3apmjaTy
CJIy’Kallero, ¥ NpeidKaT programmer?, KOTOPBIH NPOBEPsIeT, OTHOCUTCS JIM 3alHCh K IPO-
rpamMmmucty. Torna Mbl MOXKeM Hamucathb:

(define (salary-of-highest-paid-programmer records)
(accumulate max
0
(map salary
(filter programmer? records))))
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Bce 3Tu npuMepsl 1aoT JUllb cjadoe NpeacTaBieHre 06 OrpoMHOK 06s1acTH 3aaady, Bblpa-
3MMbIX B BHJE OMeEpaluil Haj NOoC/ef0BaTebHOCTAMHU .

[TocnenoBaTenbHOCTH, 3eCh peaM30BaHHbIE B BHIE CIIHCKOB, C/JYXKAT CTaHAAPTHBIM HH-
TepdelicoM, KOTOPBIH 1M03BOJIsSIET KOMOMHKPOBaTh obpabaTeiBatoiire Monyiu. Kpome toro, eciu
Mbl TIpeJCTaBJ/sieM BCe CTPYKTYPbl €AMHBIM 06pa3oM Kak I10CJe0BaTeIbHOCTH, TO HaM YAaeTcs
JIOKaJIM30BaTh 3aBUCHMOCTb CTPYKTYP AaHHBIX B CBOMX NporpamMMax B He6oJblIOM Habope ore-
paLui ¢ Moc/e10BaTeIbHOCTAMU. VI3MeHsIs1 3TH MOCJ/IeIHHE, MBI MOXKEM 3KCIIEPUMEHTHPOBATH C
pa3/JMYHBIMU CII0CO0AMHU NPeNCTaBJIEHHS MOCAEN0BATENbHOCTEH, OCTABIsIS HENPUKOCHOBEHHOH
O0LLYI0 CTPYKTYPY CBOUX MPOrpaMM. DTOH BO3MOXKHOCTBIO Mbl BOCIIOJIb3yeMcsi B paszeJe 3.9,
Koraa 0600IIKMM NMapaiurMy o6paboTKU MOC/eNoBaTeNbHOCTEH U BBeleM OeCKOHeuHble MocJe-
JI0BaTeJbHOCTH.

Ynpaxuenue 2.33.
3anoJ/iHUTe NPONYIIeHHble BbIPAXKEHHUS, TaK, YTOObl OJYUHIUCh ONpefiesleHHs] HeKOTOPBIX Ga30BbIX OIle-
pauu# mo paboTe Co CNMCKaMH B BHJE HAKOIJIEHHS:

(define (map p sequence)
(accumulate (lambda (x y) (??)) nil sequence))

(define (append seql seqg2)
(accumulate cons (??) (??)))

(define (length sequence)
(accumulate (??) 0 sequence))

Ynpaxzenue 2.34.
BblunciieHne MHOrouJjleHa C MepeMeHHOH = MpPH JaHHOM 3Ha4YeHMH T MOXHO C(OpPMYJHPOBaTb B BHIE
HaKon/eHHsl. Mbl BbIUHC/ISIEM MHOTOYJ/IEH

-1

n n
anT + Gn-1T +...tar+ao

[0 W3BECTHOMY a/iropuTMy, HaseiBaemMoMy cxema [opnepa (Horner’s rule), koropoe mepemnuceiBaer
(opmyay B BUIE

(...(@nx+an—1)x+ ...+ a1)x + ao)
JlpyruMu cioBaMH, Mbl HauHHaeM C an, YMHOXaeM €ro Ha &, U TaK JaJjlee, [I0Ka He JOCTHTHEM g
3anosHMUTe NPOMYCKH B CJAeNYIOUIeH 3aroToBKe Tak, 4TOObI MOJYYHTb MPOLENYPY, KOTOpPas BBIUHC/SET

16

15Pyyapy Yorepe (Waters 1979) paspaGoTan nporpaMmy, KOTOpas aHaJM3HpyeT TPajMLUOHHEIE MPOrpaMMbl Ha
doprpate, npencTas/sis UX B TePMHHAX O0TOOpaKeHHH, QUJILTPOB M HakomleHHH. On ob6Hapyxui, 4to 90 npoLeHToB
koga B [lakere Hayunsix [lTognporpamm na PopTpaHe Xopoio yKJanbiBaeTcs B 3Ty mapaaurmy. OnHa U3 NMpUYHH
ycnexa Jlucna Kak si3blka MPOrpaMMHPOBaHMS 3aKJ/0OUaeTcsl B TOM, UTO CIHCKHM [al0T CTaHAapTHOE CPEACTBO Mpel-
CTaBJIEHUs] YNOPSIIOYEHHBIX MHOXKECTB, C KOTOPHIMH MOXCHO paboTaTh NpH MOMOLIM MPOLEAYp BLICLIMX MOPSIAKOB.
f3eik nporpammuposannsi APL cBoeit MouIHOCTH W KpacoTe BO MHOroMm o0si3aH mopmoGHOMY »ke BbiGopy. B APL
BCe JaHHble BbIPaxalOTCS KaK MacCHBbl, U CYLIECTBYeT YHHMBepCa/bHbIH M YyIOOHBIH HaGop OOLIMX OMepaToOpOB IJs
BCEBO3MOXKHBIX JEHCTBHH Hajl MacCHBaMH.

16Cornacho Kuyry (Knuth 1981), 310 npasu/o 6bl0 chopmyauporano Y. I'. TopHepoM B Hauaje AeBATHAALATOrO
BeKa, HO Ha caMOM flesle ero ucrosab3osaj Heioton Gosee yeMm Ha cTo JeT paublie. [To cxeme T'opHepa MHorousexn
BBIYHCJISIETCS C MOMOIIBIO MEHbIIEro KOJHYecTBa CJIOKEHHH M yMHOXKEHHH, 4eM NPH NPSMOJHHEHHOM crocobe: Bbl-
YUCJUTbL CHauajJa a™x™, 3aTeM [00aBHUTb an,lm”*l u Tak gajee. Ha camom gesie MOXXHO J0Kas3aTbh, UTO JIIOOOU
AJTOPUTM JI/I5 BBIYMCJIEHHS MTPOM3BOJIBHBIX MHOTOUJIEHOB GyfleT HCIOJb30BaTh MO KpalHeH Mepe CTOJbKO CIOXKEHHH
M YMHOXKEHHH, CKOJIbKO cxeMa ['OopHepa, W, TaKUM o6pa3om, cxema [opHepa sB/sleTCS ONTHMaJIbHBIM aJTOPUTMOM 51
BBIYMCJIEHHUs] MHOTO4JIeHOB. DTO OblIO J0KasaHo (Ass uuciaa cioxeHuit) A. M. OctposckuM B cratbe 1954 rona,
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MHorousieHbl 1o cxeme [opHepa. [lpenmosaraercsi, 4To KO3(QUIHEHTH MHOTOYJeHa NpeICTaBJeHbl B
BHJIE MOCJEA0BATENBHOCTH, OT ag A0 Gn.

(define (horner-eval x coefficient-sequence)
(accumulate (lambda (this-coeff higher-terms) (??))
0
coefficient-sequence))

Hanpumep, 4To6bt Beraucauts 1+ 3z + 52 + 2° B Touke 2 = 2, Hyx)Ho BBECTH

(horner-eval 2 (list 1 3 0 5 0 1))

Ynpaxuenue 2.35.
[Tepeonpenenure count-leaves u3 pasgena 2.2.2 B Bujie HaKOIJIEHHUS:

(define (count-leaves t)
(accumulate (??) (??) (map (??) (?2?))))

Ynpaxuenue 2.36.

[Tpouenypa accumulate-n nogo6Ha accumulate, TOJNbKO CBOH TPETHH apryMeHT OHa BOCIPHHH-
MaeT KakK MOCJIef0BaTeNbHOCTh [I0CJAeN0BATENbHOCTEH, IPUUEM IIpeAINoNaraeTcs, 4To BCe OHU COAepxKaT
OJIMHAKOBOE KOJIHUeCTBO 3/eMeHTOB. OHa NMpUMeHsieT yKa3aHHYI0 NPOLENYPY HAKOIJIEHHS KO BCEM Iep-
BBIM 3/1eMeHTaM MOCJ/e[0BaTe/bHOCTeH, BTOPLIM 3JieMeHTaM I0c/e/0BaTeqbHOCTeH U TaK AaJjee, U BO3-
BpalllaeT I0CJeJ0BaTeNbHOCTb pe3yabTaToB. Hanpumep, eciu s ecTb MOC/Ief0BaTENbHOCTb, COCTOSILAS
U3 4YeTblpex MnocJsefoBaTesnbHocTed, ((1 2 3) (4 5 6) (7 8 9) (10 11 12)), To 3HaueHUeM
(accumulate-n + 0 s) Gyner mocjenoBaTesqbHOCTb (22 26 30). 3amosHUTe NPOGeJBl B ClefyI0-
uieM onpejesneHud accumulate-n:

(define (accumulate-n op init segs)
(if (null? (car segs))
nil
(cons (accumulate op init (??))
(accumulate-n op init (??)))))

Ynpaxsenue 2.37.
[TpennosoKuM, 4TO MBI MPEACTaBAsSEM BEKTOPbl v = (v;) KaK IOC/IEeI0BATEJIbHOCTH YHCEN, a MaTPHIbI
m = (Mms;) Kak MoCJeL0BaTebHOCTH BeKTOPOB (psinoB MaTpuubl). Hanpumep, matprua

1 2 3 4
4 5 6 6
6 7 8 9

NpejCTaBAseTcs B BUJe TocienoBaTespHocTd ((1 2 3 4) (4 5 6 6) (6 7 8 9)). Mmes takoe
npeacTaB/ieHUe, Mbl MOXKEM HCIIOJb30BaTh OMNepaluu Hal MOCJAef0BaTeNbHOCTAMHU, UTOOB KPaTKO Bblpa-
3UTb OCHOBHBIE NI€HCTBUS Hal MaTpULAMH U BeKTOpaMH. DTH omnepauuu (ONMUCaHHblE B JIOOOH KHUrE 11O
MaTpUUHO anrebpe) ciepyloOLHe:

KOTOpasl M0 CYLIeCTBY 3aJsi0XKHMJa OCHOBBI COBPEMEHHOH HAayKH 00 ONTHMaJsbHbIX aJropUTMax. AHa/JorM4HOe yTBep-
JKIeHHe 1JIsl uKcsia yMHOXKeHH# pokasan B. §1. Tlan B 1966 rony. Kuura Bopomuna u Myupo (Borodin and Munro
1975) naet 0630p 3THUX pe3y/bTaTOB, a TaKxKe APYTMX NOCTHXKEHHH B 00/1aCTH ONTHMaJsbHBIX aJTOPUTMOB.
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CkansipHoe mpousBeneHne (dot-product v w) BO3BpallaeT CyMMY Y ;0;Ww;;

IIpousBenenue maTpuLbl U BeKTOopa (matrix-*-vector m v) Bo3BpaulaeT BeKTop ¢, Tae t; =
2 Mg vi;

IIpousBenenue marpun (matrix-*-matrix m n) Bo3Bpallaer MaTpULy D, rae
Dij = D KMk Nk

Tpancnosnuusa (transpose m) BO3BpallaeT MaTPULy N, THAE Nij = M

CKaJmpHoe NpOU3BeNeHHE Mbl MOXKEM OINpeNeUTh TaKwZ

(define (dot-product v w)
(accumulate + 0 (map * v w)))

3amoJiHATE MPOMYCKH B CJIEIYIOLUIMX MPOLENypax s BBIYHUC/EHHsS OCTaJbHBIX MAaTPHUHBIX ONepaLHi.
(ITpouenypa accumulate-n onucana B ynpaxkHeHuu 2.36.)

(define (matrix-*-vector m v)
(map (??) m))

(define (transpose mat)
(accumulate-n (??) (??) mat))

(define (matrix-*-matrix m n)
(let ((cols (transpose n)))
(map (??) m)))

Ynpaxuenue 2.38.

[pouenypa accumulate usBecTHa Takxke kak fold-right (mpasast cBepTKa), IOCKONbKY OHA KOMOH-
HHUpYyeT MepBbIH 3/7€MeHT M0C/e[0BaTebHOCTH C Pe3y/JbTaTOM KOMOMHHPOBAHHUS BCeX 3JIeMeHTOB CIpaBa
ot Hero. CyliecTByeT Takxe npoueaypa fold-left (neBas cBeptka), KoTopas nogo6Ha fold-right,
HO KOMOMHHUDYET 3JieMeHTHl B IPOTHBOIOJIOKHOM HalpaBJeHHH:

(define (fold-left op initial sequence)
(define (iter result rest)
(if (null? rest)
result
(iter (op result (car rest))
(cdr rest))))
(iter initial sequence))

KaxoBbl 3HaueHHS C/IeYIOLUX BBIPAKEHHH?

(fold-right / 1 (list 1 2 3))
(fold-left / 1 (list 1 2 3))
(fold-right 1list nil (list 1 2 3))

(fold-left list nil (list 1 2 3))

17310 onpenesiente MCMoNb3yeT paciiMpeHHYIO BEPCHIO map, OMUCAHHYIO B CHocke 12.
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YKaxkute CBOHCTBO, KOTODOMY HOJI)KHA YAOBJETBOPATb OP, UTOOb A/ J000H MOC/ae10BaTe/bHOCTH
fold-right u fold-left naBanu onMHAaKOBBIE Pe3YJILTATH.

Ynpaxzenue 2.39.
3aKoHYHTe cjelyloline ompeleseHnsi reverse (ympaxkHende 2.18) B TepmuHax mpoueayp fold-
right u fold-left u3 ynpaxuenus 2.38.

(define (reverse sequence)

(fold-right (lambda (x y) (??)) nil sequence))
(define (reverse sequence)

(fold-left (lambda (x y) (??)) nil sequence))

BuioxeHnHbIe 0TOOpakeHUs

Pacuiuprs mapagurmy TmOC/eI0BaTENbHOCTEH, Mbl MOXEM BKJIOUWTbh B Hee MHOTHE BBHI-
YUCJIEHHSI, KOTOPble OOBIUHO BBIPAXKAIOTCS C MOMOIIBIO BJIOKEHHBIX HKJI0BS. Pacemotpum
CJIeAYIOUYIO 3aauy: MyCTb JAHO MOJIOKUTEJbHOE 1leJ10€ YUCJO 7; HAUTH BCe TaKue yNopsigo-
YeHHble Napbl pa3JIMyHbIX Leqblx yucea ¢ ¥ j, rae 1 < j <4 < n, 4To ¢+ j ABJAETCH IIPOCTHIM.
Hanpumep, ecau n paBHO 6, TO UCKOMBIE Mapbl CJeAYIOLIHE:

t |2 3 4 4 5 6

EcrecTBeHHBIN c0COO OpPraHU3alMH TOTO BBIUUCJAEHHS COCTOHUT B TOM, UTOOBI MOPOAUTH II0-
CJIE[OBATENBHOCTh BCEX YTOPSNOYEHHBIX Map MOJOXKHTEJIBHBIX UHUCEJ, MEHBIIUX 7, OT(PH/b-
TPOBaTb €€, BBIOMpAsi Te Maphbl, [Ie CyMMa YKCeJ MPOCTasl, U 3aTeM AJsi Kaxaou mapsl (i, ),
KOTOpasi Mpoliia yepe3 QUIbTP, CreHepupoBaTh TPOHKY (4, j,% + 7).

Botr croco6 nopoguTh moc/ienoBaTeNbHOCTh Map: [Js KaXKIOTO LEJOro ¢ < n Tepeduc-
JIUTh LleJble ukcaa j < 4, U A/ KaXKAbIX TaKUX ¢ W j nopomuth mapy (i,7). B Tepmunax
orepamui Haj MOCJEeN0BATENbHOCTSIMH, Mbl IPOU3BOLUM OTOOpaxKeHHe MOCJ/eI0BATENbHOCTH
(enumerate-interval 1 n). Hns Kaxaoro ¢ U3 3TOH IOCJENOBATENbHOCTH MBI IpPO-
W3BOJUM OTOOpakeHHe MOCJeN0BaTeNbHOCTH (enumerate-interval 1 (- 1 1)). Hus
KaXJIOT0 j B 3TOH IMOCJEN0BATEJbHOCTH Mbl MOpokaaeMm napy (list i j). Drto maer Ham
MOCJIeI0BATeNbHOCTh Tap s Kaxnoro i. CKOMOMHHPOBAB IMOCJENOBATENbHOCTH [Js BCEX
¢ (myTeMm HakomJeHHs] yepe3 append), MoJydaeM HeOOXOAHMYIO HaM I0CJeI0BATEIbHOCTh
nap!®.

(accumulate append
nil
(map (lambda (i)
(map (lambda (j) (list i j))
(enumerate-interval 1 (- 1 1))))
(enumerate-interval 1 n)))

183701 noaXon K BNOKEHHBIM 0TOOPaXKeHUAM HaM nokasas Jssun Tépuep, ubk s3bikn KRC u Mupanza o6aafamot
U3SIHBIM (OPMAIH3MOM [Jisi paboThl C TAKMMH KOHCTPYKUHsIMM. [IprMepbl M3 3Toro pasgesna (CM. Takke yrpax-
Henue 2.42) apantupoBanbl U3 Turner 1981. B pasmesne 3.5.3 Mbl yBUAHM, KaK 3TOT MOAXOA MOXKHO 00OOLIWTb Ha
GeCcKOHeUHble TOCJIe0BaTeNbHOCTH.

1931ech MBI MpecTaBaseM Mapy B BHIe CIIMCKA M3 JBYX 3JEMEHTOB, a He B BHIe JIHCTOBCKOH Maphl. VHaue rosops,
«napa» (%,j) mpeacrasgsercs Kak (list i j), a He Kak (cons i j).
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KomOrHauusa U3 oToOpaKeHUs W HaKOIJIeHHs yepe3 append B TaKOro poia Nporpammax
HACTOJIbKO 0ObIYHA, YTO Mbl €€ BBIPa3UM KaK OTAEJNbHYIO MPOLENypY:

(define (flatmap proc seq)
(accumulate append nil (map proc seq)))

Ternepp Hy>XKHO OT(UJBTPOBATH 3TY IOCJENOBATEJbHOCTb Map, YTOOBl HAWTH Te W3 HUX, THe
CyMMa SIBJSIETCS TPOCTBIM 4uc/aoM. [lpenukar ¢uabTpa BbI3bIBAETCH A5 KaXKOOW Mapel B
N0CJ/1€10BaTeNbHOCTH; €ro apryMeHTOM SIBJISIeTCS [1apa M OH JO0JI2KeH 00pallaThes K 3JeMeHTaM
napbl. TakuM 06pa3oM, NpeauKaT, KOTOPbIH Mbl IPUMEHSIEM K KaXKIOMY 3JIeMEeHTY Mapbl, TAKOB:

(define (prime-sum? pair)
(prime? (+ (car pair) (cadr pair))))

HakoHel, Hy>KHO TOPOAMTDH MOCJ/EN0BATENBHOCTb Pe3Y/bTaTOB, 0TOOPA3UB OT(HHUIBTPOBAHHYIO
M0CJIe10BATENbHOCTD T1ap NPH MOMOILHM CAeAYIOLUIeH MPOLEeAYpPbl, KOTOpasi CO31aeT TPOHKY, CO-
CTOSILIYIO U3 ABYX 3J€EMEHTOB Mapbl U UX CYMMBI:

(define (make-pair-sum pair)
(list (car pair) (cadr pair) (+ (car pair) (cadr pair))))

CoyeTaHue BCeX 3THX ILIAroB AaeT HaM rnpouenypy UeJHKOM:

(define (prime-sum-pairs n)
(map make-pair-sum
(filter prime-sum?
(flatmap
(lambda (1)
(map (lambda (j) (list i j))
(enumerate-interval 1 (- 1 1))))

(enumerate-interval 1 n)))))

BroxeHHble 0TOOpakeHHs MOJNE3HBl HE TOJIbKO /151 TAKUX [10C/Ae0BaTebHOCTEH, KOTOpbIE
NepeyucsioT HHTepBabl. JlonycTHM, HaM HYKHO I1€PeYHC/IUTh BCe NePeCTaHOBKH MHOXKECTBA
S, TO ecTb BCe CIIOCOOB! YMOPSIOUYUTh 3TO MHOXKeCTBO. Hamnpumep, nepecTaHOBKH MHOXKeCTBa
{1,2,3} — 370 {1,2,3}, {1,3,2}, {2,1,3}, {2,3,1}, {3,1,2} u {3,2,1}. Bor mnian toro, kak
MOXKHO MOPOJUTH BCe MepecTaHOBKH S: Ilis KaKooro sjeMeHTa x M3 S, HY’KHO PEKYPCHBHO
MOPONHMTL BCe MHOXKECTBO MepecTaHoBok S — 20, 3aTemM 106aBUTh = K Hayaly KaA0i U3 HUX.
Jlast Kaxxporo x U3 .S 9TO 1aeT MHOXKECTBO BCeX IepecTaHOBOK .S, KOTOpble HAYMHAITCA C I.
Kom6uHamus Bcex moc/enoBaTeNbHOCTEH [/l BCEX = JaeT HAM BCe MePeCcTaHOBKU 521

(define (permutations s)
(if (null? s) ; nycmoe MHOXECMmBO?
(list nil) ; nocsiedoBameyIbHOCME,
; codepxawas nycmoe MHOMXECMBO

2OIVXHO)KGCTBO S — x ecThb MHO2KE€CTBO, COCTOsLIee U3 BCEX IJEMEHTOB S, Kpome .

21TO'—[KI/I ¢ 3angToil B Koje Ha Scheme HauWHaOT KommeHmapuu (COITlITleIltS). Becb TEKCT, Ha4YWHasA OT TOYKH C 3a-
nsATON M 3aKaHUMBasi KOHLOM CTPOKH, HHTEPIPETATOP UTHOPUPYET. B aToit KHMre MBI MaJio HUCIOJIb3yeM KOMMEHTapUHu;
Mbl CTapaemcs, YTOObBI nporpaMMbl JOKYMEHTHPOBAJIH cebst camu Mpy MOMOILIH ONHCATEJAbHBIX UMEH IMepEeMEeHHbIX.
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(flatmap (lambda (x)
(map (lambda (p) (cons x p))
(permutations (remove x s))))
s)))

3ameTHM, UTO TaKas CTpaTerdsi CBOOMUT 3aadyy MOPOXKAEHMs MepecTaHOBOK S K 3agaye Mo-
POXK/IEHUS MEePeCTaHOBOK /IS MHOXKECTBA, KOTOPOe MeHblle, ueM S. B rpaHudHOM ciydae Mbl
nobrpaeMcsi 10 MyCTOrO CIHUCKA, KOTOPHIH MpPEACTaBJseT MHOXKECTBO, He cojepiKallee 3Je-
MeHTOB. JlJ1g 3TOro MHOXecTBa Mbl NopoxpaaeM (list nil), KoTopoe fBJseTCS MOCJENO-
BaTeJbHOCTbIO M3 OJHOI'O 4JeHa, a UMEHHO MHOXKecTBa 6e3 ajemeHTOB. [Iponenypa remove,
KOTOPYIO Mbl HCIIOJIb3yeM BHYTPH permutations, BO3BpallaeT BCce 3/7eMEHTbl HCXOAHOH I10-
CJIe0BATeNbHOCTH, 33 HUCKJIOUeHHeM HaHHOro. Ee MOXXHO BbIPasuTh Kak NMPOCTOH (PUABTP:

(define (remove item sequence)
(filter (lambda (x) (not (= x item)))
sequence))

Ynpaxzenue 2.40.

Onpepennte mpouenypy unique-pairs, KoTopasi, mojydas Lejoe YHCJIO 7, MOPOXKIaeT MOCJeN0Ba-
TeJNbHOCTD Nap (4,7), Takux, uto 1 < j < i < n. C noMowblo unique-pairs ynpocTUTe JaHHOE BhIe
onpefeseHHe prime-sum-pairs.

Ynpaxzenue 2.41.

Hanuiure npouenypy, KoTopasi HAXOAUT BCe TaKHE YIOPSAOUEHHbIE TPOHKH Pa3/HUHbIX MOJ0XKHUTEIbHBIX
LeJIbIX YHCeJ 4, j ¥ k, MEHbLIUX W/ PABHBIX JaHHOMY L€JOMY YHCJY 7, CyMMa KOTOPbIX paBHa AaHHOMY
YUCTTY .

Ynpaxsenue 2.42.

B «3amaue o BocbMHU (pep3six» cpallMBaeTcs, KaK PacCTaBUTb Ha IIaxXMaTHOH JOCKe BOoceMb (ep3el Tak,
4TOOBl HU ONMH M3 HHUX He GHJI APYyToro (To ecTb HUKaKHe 1Ba (ep3st He NOMKHBI HAXONHTbCS Ha OINHOM
BepPTHKaJH, [OPU3OHTAIN UM AuaroHanu). OLHO M3 BO3MOXKHBIX pelleHHil N0Ka3aHO Ha pUCYHKe 2.8.
OnuH u3 cnoco6oB peliaTe 3Ty 3afady COCTOMUT B TOM, YTOOBI MATH IMONEPeK NOCKH, yCTaHABIUBAs IO
depsio B Kaxaoi BepTukaaH. [Tocse Toro, kak k — 1 (ep3s Mbl y>Ke pa3MecTHJH, HYy>KHO Da3MeCTHThb
k-ro B TakOM MecTe, Iie OH He ObeT HH OJLHOT'O M3 TeX, KOTOpble yxKe HaXOAATCS Ha JOCKe. DTOT IOA-
XOJ MOXKHO Cc()OPMYJIMPOBATh PEKYPCHUBHO: MPEANOJNOXKHM, YTO Mbl Y2Ke MOPOAHJIH 10C/eL0BaTe/bHOCTh
U3 BCeX BO3MOXKHBIX CIOCO60B pasMecTuTb k — 1 ¢ep3ell Ha mepBbIX k — 1 BepTHKaaX mocku. s
KaXKJI0r0 M3 3TUX CIOCOO0B MBI MOPOXKAAaeM paclIMpeHHbIH Ha0op MO3ULHH, 106aB/ss (ep3ss Ha Kax-
LyI0 TOPH30HTa/b k-i BepTHKaJIH. 3aTeM 3TH MO3HLHUU HYKHO OT(UIBTPOBATh, OCTABJSAS TOJBKO Te, Ie
(ep3b Ha k-i BepTHKaJM He ObeTCs HHM OJHHMM M3 ocTanlbHBIX. IIpofo/izkas 3TOT npouecc, Mbl NOPOAHUM
He TPOCTO OJHO pelleHHe, a BCe PelleHUs 3TOoH 3anauu.

DTo pellleHHe Mbl peasu3yeM B NpolLelype queens, KOTopasi BO3BpallaeT N0CJ/e/0BaTeJbHOCTb pe-
IIeHHH 3alauu pas3MellleHHs n deps3ell Ha focke n X n. B mpouenype queens ecTb BHYTPeHHss Ipolie-
aypa queen-cols, KoTOpas BO3BpalllaeT M0C/eL0BaTe/]bHOCTb BCeX CIOc000B pasMecTHTh (epseil Ha
NepBLIX k BEPTHKANAX NOCKH.

(define (queens board-size)
(define (queen-cols k)
(if (= k 0)
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il

bl

W

M

Puc. 2.8. Pewenue 3anauu o BocbMH (ep3asix.

(list empty-board)
(filter
(lambda (positions) (safe? k positions))
(flatmap
(lambda (rest-of-queens)
(map (lambda (new-row)
(adjoin-position new-row k rest-of-queens))
(enumerate-interval 1 board-size)))
(queen-cols (- k 1))))))
(queen-cols board-size))

B sTo# npouenype rest-of-queens ectb crnocob pasmerieHuss k — 1 ¢epss Ha mepBeIX k — 1 BepTH-
KaJifiX, a NeW-XOW — 3TO TOPHU30HTaJ/b, Ha KOTOPYIO NpeAJaraeTcs NoMecTUTh (ep3s ¢ k- BepTHKaJH.
3aBeplunTe 3Ty IPOrpaMMy, peann30BaB NpeJCcTaB/leHre MHOXKECTB MO3ULUH (hep3ell HA JOCKe, BKJIOYAs
npouenypy adjoin-position, kotopasi no6aBiseT HOBOrO (ep3s Ha ONpeJesieHHbIX FOPU30OHTANH U
BePTHKAJH K 3aJJlaHHOMY MHOXKeCTBY MO3HLHH, U empty-board, KoTopas npejacTaB/seT MycToe MHOXKe-
cTBO nosuuui. Eile Hy»HO Hanucath npouenypy safe?, kotopas /18 MHOXKeCTBa MO3ULHUH onpejesser,
HaxonuTest i (ep3b ¢ k- BepTHKaJIM B G€30NACHOCTH OT OCTaJbHBIX. (3aMeTHM, YTO HaM TpebyeTcs
MPOBEPSTH TOJNBKO TO, HAXOAUTCS JIM B 6€30MacCHOCTH HOBBIH (hep3b — AJs OCTaNbHBIX (hep3elt Ge3zonac-
HOCTb APYT OT ApYyra y»Ke rapaHTUPOBaHA.)

Ynpaxsenue 2.43.
Y Xbloro Jlyma ykacHble TPyLHOCTH INpH pelleHHH ynpaxkHeHus 2.42. Ero mpouenypa queens Bpone
Obl paboTaeT, HO HEBEPOSITHO MelJieHHO. (XbIOro HU pasdy He YAaeTcs J0XKIAThCsl, TOKA OHA PELIUT XOTs
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Puc. 2.9. ¥Y30pbl, nopoxnaemMble si3bIKOM OMHUCAHUST U300paKeHUH.

6bl 3anauy 6 x 6.) Korma Xbtoro npocut o nomow EBy Jly Atop, oHa yKa3biBaeT, UTO OH MOMEHsJI
MeCTaMH MOPSIIOK BJIOXKEHHBIX 0TOOpaX<eHUH B BbI30Be Mpolenypbl f£latmap, 3anucas ero B BUje

(flatmap
(lambda (new-row)
(map (lambda (rest-of-queens)
(adjoin-position new-row k rest-of-queens))
(queen-cols (- k 1))))
(enumerate-interval 1 board-size))

OO6mBsicHHTe, TOUEMY M3-3a TaKOH IepecTaHOBKH MporpaMma paboTaeT MenjeHHo. OLeHHTe, HACKOJIBKO
poJro mporpaMma Xpioro GyfeT pellaTh 3aiauy C BOCeMblo (hep3siMM, €CNH IMPENTOJIOKHTh, Y4TO MpO-
rpaMMa, IpUBeJieHHas B ynpaxkHeHuH 2.42, pelaet ee 3a Bpems 1.

2.2.4. TIpumep: A3bIK ONMMCAHUSA U300paKEeHUN

B aToil ryiaBe Mbl NpencTaBJsieM NPOCTOH SI3bIK AJS PUCOBAHHSI KAPTHHOK, WJJIIOCTPUPY-
IOUIMH cUJly a6CTpakLMM JaHHBIX M CBOHCTBA 3aMblKaHHS; KPOMe TOrO, OH CYILIEeCTBEHHBIM
00pa3oM OnupaeTcs Ha MPOLEAYPhl BEICLIMX MOPAAKOB. fI3bIK 3TOT CIPOEKTHPOBAH TaK, YTOObI
Jlerko Obly0 paboTaTh C y3opaMH Bpole TeX, KOTOpble MOKa3aHbl Ha pUCyHKe 2.9, cocTaB/eH-
HBIMH M3 3JIeMEHTOB, KOTOPhIe MOBTOPAIOTCA B PAas3HBLIX MOJNOXKEHHSX M MeHSIOT pasmep?’. B
ITOM sI3bIKe KOMOMHHpYyeMble 0ObeKTbl TaHHBIX MPEACTABSIOTCS He KaK CIIHCKOBAasi CTPYKTY-
pa, a Kak npoueaypbl. TouHO Tak XKe, KaKk cons, Kotopas obJafaeT CBOUCTBOM 3aMblKaHUS,
[I03BOJIM/IA HAM CTPOHUTb CIHUCKOBBIE CTPYKTYpPbl NPOU3BOJbHOH CJI0KHOCTH, ONEpPaLUH 3TOrO
A3blKa, Takxe obJajalollve CBOHCTBOM 3aMBIKAHHUS, [O3BOJISIOT HaM CTPOUTb CKOJb YTOIHO
CJIOXKHBIE Y30PBI.

223710 13bIK OMMCAHUS KapTHHOK OCHOBAH Ha si3bIKe, KOTOPBIH cosfas ITuTep XeHIEPCOH A/Ist OCTPOEHHS M300-
paxenu#t, mopobHeix rpasiope M. K. Duepa «[Ipemen kBagpara» (cm. Henderson 1982). Ha rpasiope u3o6paxken
TIOBTOPSIIOLIMHCS C YMeHbIIEHHEeM 3J1eMeHT, MOf06HO KapTHHKAM, MOJy4aoINMcs TIPH TIOMOLIH TPOLeAypsl square—
limit u3 sTOro pasgena.
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SI3bIK onmMcaHusA U300parKeHUH

Korpa B paspmene 1.1 Mbl HauMHaA/IM U3y4aTb NPOrpaMMHUPOBAHME, Mbl OAUEPKHUBAJIHU BaXK-
HOCTb OMHCAHHUS sI3blKa Uepe3 PacCMOTPEHHE ero MPUMHUTHBOB, METOIOB KOMOWHHPOBAaHHUS H
MeTonoB abcTpakiuu. Mel OymeM cieqoBaTh 3TOH CXeMe U 3[eCh.

OnHO M3 3JIETAaHTHBIX CBOHCTB $13blKA OMMCAHUS M300paKeHUH COCTOMT B TOM, UYTO B HEM
€CThb TOJIbKO ONMH THIl 3JIeMeHTOB, Ha3blBaeMblil pucosasxoti (painter). PucoBanka pucyer
u3o0paxKeHHe ¢ HeOOXOOUMBIM CMellleHHeM U MacliTaboM, YTOOk! [IONACTb B YKA3aHHYIO PaAMKY
B (hopMe mapaJiiesorpamma. Hanpumep, cyliecTByeT aJieMeHTapHasi pUCOBaKa wave, KoTopas
MOpOXKAAET rPpyOyI0 KapTUHKY U3 JIMHHH, KaK 1oKa3aHo Ha pucyHke 2.10. opma nsobpakeHus
3aBHUCHUT OT PaMKH — BCe YeTbipe M300pakeHHs Ha pucyHke 2.10 mopoxkaeHbl OIHOU U TOH
’Ke PHCOBAJIKOH wave, HO M0 OTHOLIEHUIO K YeTblpeM Pa3JHYHbIM paMKaM. PHcoBalku MOTyT
ObITb W GoJiee U3OLIPEHHBIMU: 3JleMeHTapHasi PUCOBAJNKa [0 HMEHH rogers pHUCYyeT MOPTPeT
ocHoBatens MIT Yunbsama Baprona Pomxkepca, Kak mokasaHo Ha pucyhke 2.11%3. Uerwipe
U300paxkeHUs1 Ha pucyHke 2.11 HapHUCOBaHbI OTHOCHUTENBHO TeX Ke PaMOK, UTO W KapTHHKH
wave Ha pucyHke 2.10.

[Tpy kOMOMHHMPOBAaHHWM H300paKeHHH Mbl MCHOJb3yeM pasJjiMyHble OlepaLyiH, KOTOpbIe
CTPOSIT HOBble PHCOBAJKH M3 PHUCOBAJOK, MOJYYeHHBIX B KayecTBe aprymeHToB. Hampumep,
onepalust beside nosyyaer ABe PUCOBANKH U MOPOXKAAET HOBYIO COCTaBHYIO PHUCOBAJIKY, KO-

23Yunbam Bapron Pomxkepe (1804-1882) Gbl1 ocHoBaTeieM H mepBeIM npesuaenToMm MIT. Bynyuu reosorom u crio-
COOHBIM TefilaroroM, oH npenozanan B Koanenxe Busbrenbma 1 Mapuu, a Takxke B yHUBepcuTeTe lITaTa Buprunus. B
1859 rony oH mepeexas B bocToH, rae y Hero GblIo GoJblile BpeMeHH JJI51 HCC/IeOBaHHMH, pa3paboTal MJaH co3aHus
«IOJIUTEXHHUECKOTO HHCTHUTYTa» U CJAYKHJ NepBbiM VHcrmekTopoM MiTaTa MaccauyceTc 1Mo ra3oBbIM CYETUHKAM.

Korzma B 1861 roxy 6bln ocHoBan MIT, Pomkepc Obl1 H30paH ero mnepBBIM Npe3uneHTOM. Pomkepc HcroBenoBal
UJeals «IoJe3Horo 00yueHHUsi», OTJIUYHOrO OT YHHBEPCHUTETCKOrO 00pa30BaHUsl ero BpeMeHH C Ype3MepHbIM BHUMaHHEM
K KJIaCCHKe, KOTOpPOe, KaK OH IHCaJ, «CTOSJIO Ha MyTH OoJiee MIMPOKOro, BBICOKOTO M MPAKTHYECKOro OOy4eHHS U
TperofaBaHusi B €CTECTBEHHBIX W OOLIECTBEHHBIX HayKaX». DT0 00pa3oBaHHe NOJMKHO ObIJIO OTIHYATBCS U OT y3KOro
06pa3oBaHusl KoMMepyeckux wKoJ. [To cioBam Ponxepca:

[ToBcemecTHO MpoBOAMMOE pasie/seHHe MexAy NPAKTUYeCKHMM M HayuHbIM PaGOTHHKOM COBEpLIEHHO
Gecro/ie3Ho, U Bech OMbIT HALIEro BPEMEHH MOKa3blBaeT €ro MOJHYK HeCOCTOATEeNbHOCTb.

Ponxkepc 6p1 npesunentoM MIT no 1870 ropma, korma oH yiuesn B OTCTaBKY IO COCTOSIHHIO 310poBbs. B 1878
rony Bropoi npesugeHT MIT JIxkon Panks ocTaBus cBoi MOCT U3-3a (pMHAHCOBOI'O KPU3HCA, BBI3BBAHHOTO OHUPKEeBOH
nanuxoit 1873 roga, 1 HanpsikeHHOH 60pbObI ¢ noneiTkamMu [apeapaa nornotute MIT. Pomxepe BepHyiics v octaBascs
Ha nocty npesuneHta po 1881 rona.

Ponzkepc ymep oT mpuctyna Bo BpeMsi cBoell peuu mepep cryfeHTamu MIT Ha BbimyckHo# uepemonun 1882 roza.
B peun, nocasillleHHOH ero naMsATH W POM3HECEHHOH B TOM ke rofy, PaHKJ NPHBOAMT MOC/IeHHE ero CJoBa:

«Cros1 31€ch u BUsA, 4eM CTaJl I/IHCTI/ITyT, ... 5 BCIIOMHHaK O HaydaJie Hay4YHbIX uccsenoBanui. 5
BCIIOMHHAM0, KaK CTO NATbAECAT JIET Ha3and Crusen Xeiisic OHy6JIl/IKOBaJI CTaTbl0 HA TeMY O CBETALLEeMCA
rase, rae OH yTBep2KaaJ, 4TO ero UCCJ/eLOoBaHHs IoKa3daJu, 4To 128 rpaH 6I/ITyMHOI‘O yras. .. »

«BuTymHBIH yronb» — OblIM ero mocjefHue cjaoa B 3ToM Mupe. OH CKJIOHMJCS Bhepel, Kak OyaTo
CTpaBJIsASCh CO CBOMMH 3aMeTKaMH, KOTOpbIE JiexKaJHu Tepesl HUM Ha CToJle, 3aTeM MeJJIEeHHO BBIIPSIMUII-
csl, MOIHAJ PYKH, U OBl TepeHeceH CO CLeHbl CBOMX 3eMHbIX 3a00T U TPUYM(OB B «3aBTpPa CMEpPTH»,
rle pellleHbl TalHBl »KU3HH, U OecTesleCHBIH NyX HaXOLHUT HeH3MepUMOe HacjaxKJeHHe B CO3epLaHHUU
HOBBIX M MO-TIpeKHEeMY HeOOBSICHHMBIX 3araflok 6eCKOHeyHoro Oyayluero.

[To cnoBam Ppancuca A. Yokepa (tperbero mpesupenta MIT):

Bclo ¢Bo0 KM3HB OH MPOBEJ C OrPOMHOM Bepoi M IrepoM3MOM, M yMep Tak, KaK, HaBepHoe, H JOJKeH
Obl1 KeJaTb CTOJIb MPEBOCXONHBIH phIllapb, B MOJHOM BOOPY’KEHHH, Ha CBOEM IOCTY, U BO BpeMs
CaMoOro akTa MCIOJHEeHHsl OOLleCTBEHHBIX 0053aHHOCTEH.
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Puc. 2.10. U3o6pakeHus, TOPOKAEHHBIE PUCOBAJKOH Wwave M0 OTHOLIEHHIO K YeThlpeM pas-
JIUUHBIM paMKaM. PaMKH, MoKasaHHble TyHKTHPOM, He SIBJISIOTCS 4acTbio U300paKeHHH.

Topasi pucyeT H3oOpakeHHe IepBOH pHCOBAJKH B JIEBOH IOJIOBHHE paMKH, a M300paKeHHe
BTOPOH pHCOBaJKH B NpaBoil mojoBHHe paMKH. [lomo6HEIM 06pa3om, below MpUHUMaeT 1Be
PHCOBAJIKM U MOPOXKJAAET COCTABHYIO PUCOBAJKY, PUCYIOLLYI0 H300paKeHHe 1epBOro apryMeHTa
non “3obpakeHHeM BTOpPOro aprymeHta. HekoTopele onepaunu npeo6pasyioT OfHY pHUCOBaJ-
Ky W roJsiy4yaioT npyryio. Hanpumep, flip-vert nosyyaer pucoBanky U IOpoXkKaaeT HOBYIO,
pucylolyio n3obpaxeHue BBepx Horamy, a £lip-horiz nopoxpaaer pHUcOBa/KYy, PUCYIOILYIO
usobpaxkeHre HCXONHOH B 3epKasbHOM OTOOpaXKeHHH.

Ha xaptunke 2.12 nokasaH pesynbTar paboThl pUCOBAJIKH, Ha3biBaeMOH wave4, KOTOpbIH
CTPOUTCS B [Ba 3Tala, HauMHas C wave:

(define wave2 (beside wave (flip-vert wave)))
(define waved4 (below wave2 wave2))

Crpost TaKkUM 00pa3oM COCTAaBHBIE PHUCOBAJIKH, Mbl HCIIOJAb3yeM TOT (haKT, YTO PHUCOBAJIKH
3aMKHYTbl OTHOCHTEJIbHO CPeACTB KOMOMHMPOBAHHUS Hallero s3blka. Beside uiu below or
JIBYX PHCOBAJIOK CaMoO $IBJISeTCS PHUCOBAJKOH; C/e[0BaTeJbHO, Mbl MOXeM €ee HCIO0/b30BaTb
KaK 3JIeMeHT MPH TIOCTPOEHHUH ellle Hosiee CJA0KHBIX PUCOBaJOK. Tak e, Kak MpH NOCTPOEHHUU
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Puc. 2.11. Uso6paxkenus Yunbsima baproHa Pomkepca, ocHOBaTesss U MepBOro Mpe3uieHTa
MIT, napucoBaHHBIE 10 OTHOIIEHHIO K TeM JXKe 4YeTBIpeM paMKaM, 4TO W Ha pucyHke 2.10
(nepBoHauasnpHOe H300paxKeHHe Neyataercs ¢ paspelneHus myses MIT).
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(define wave2 (define wave4
(beside wave (flip-vert wave))) (below wave2 wave2))

-

-
NG

Puc. 2.12. Tloctpoenue cocTaBHOTO H300paKeHHUsl, HauWHAsi C PUCOBAaJKH wave C PUCYH-
ka 2.10

CIIUCKOBBIX CTPYKTYP C MOMOLIbI0 CONS, 3aMKHYTOCTh HAIIUX JAHHBIX OTHOCHTEJNBHO CPEICTB
KOMOMHHUPOBAHHS CJYKHT OCHOBOH CMOCOOHOCTH CTPOUTH CJIOKHBIE CTPYKTYPbI IIPH TTOMOLIH
BCEro JIMLIb HeCKOJbKHUX ONepanui.

Pa3 Mbl MOKeM KOMOWHHPOBaTh PHCOBAJIKH, HAM XOTEJNOCh OBl yMeTb BbIAEJSTh THIIHYHbIE
cXeMbl MX KOMOWHHpoBaHHs. Onepauuy Hal PUCOBAJKAMHM Mbl peajiidyeM KaK MpOLeAyphl
s3blka Scheme. DTo 03HayaeT, YTO HaM B 53blKe M300pakKeHHH He TpebyeTcs CIIELHAJIBbHOTO
MexaHH3Ma abCTPaKLHU: OCKOJbKY CPecTBa KOMOUHHUPOBAHHUS SIBJASIOTCST OOBIYHBIMU MPOLLe-
nypamu Scheme, y Hac aBTOMaTH4YeCKH eCThb NPaBO HeJaTh C ONMepalUsiMU Hal PUCOBAJKaMH
BCe TO, UTO Mbl MOXeM feJaTh ¢ Npolenypamu. Hampumep, cxemy mocTpoeHHs] wave4d Ml
MOKeM abCTparupoBath B BHIE

(define (flipped-pairs painter)
(let ((painter2 (beside painter (flip-vert painter))))
(below painter2 painter2)))

U OmnpenesuTb wave4 Kak NpuMep PUMEHEHHs 3TOH CXeMbl:
(define waved (flipped-pairs wave))

MEl MoXeM ompelesisiTb M PeKypCHBHBEIE ONepauud. BoT mpumep, KOTOpHIE 3acTaBiser
pHCOBaJIKM [EJNUThCSl U BEeTBUTbCS HAMpaBo, KakK MOKAa3aHO Ha pucyHkax 2.13 u 2.14:

(define (right-split painter n)
(if (= n 0)
painter
(let ((smaller (right-split painter (- n 1))))
(beside painter (below smaller smaller)))))
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identity

right-split
n-1

right-split
n-1

right-splitn

up- up- corner-split
split | split n-1
n-1 n-1
right-split
identity n-1
right-split
n-1

corner-split n

Puc. 2.13. PekypcuBHble miaHbl s right-split u corner-split.
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MoxxHo mopoxaate c6aaHCHPOBaHHbIE Y30Pbl, HAPALMBask UX He TOJbKO HAlpaBo, HO U BBEPX

(cm. ynpaxkHenue 2.44 v pucyHku 2.13 u 2.14):

(define (corner-split painter n)

(if (= n 0)
painter

(let ((up (up-split painter (- n 1)))
(right (right-split painter (- n 1))))
(let ((top-left (beside up up))
(bottom-right (below right right))

(corner (corner-split painter (- n 1))))
(beside

(below painter top-left)
(below bottom-right corner))))))

CoO0TBeTCTBYIOIIUM 00pa3oM PACIONOKHB UeThIpe KOMUKU corner—-split, MBI OJy4YaeM cxe-
My IOfl Ha3BaHHEM square-limit, npuMeHeHHe KOTOPOH K wave M rogers MOKa3aHO Ha

pucyHke 2.9:

(define (square-limit painter n)

(let ((quarter (corner-split painter n)))
(let ((half (beside (flip-horiz quarter) quarter)))

(below (flip-vert half) half))))

Ynpaxsenue 2.44.

Onpepenute mpouenypy up-split, Kotopyio Hcmosib3yeT corner-split. OHa mopo6Ha right-
split, HO TOJIBKO MeHsieT MecTaMHu poJiM below U beside.

Onepauyu BbICIIUX MOPSAIKOB

B nomonHeHne K aGCTpardpoBaHUIO CXeM KOMOWHHUPOBAHWSI PHCOBAJIOK, MBI MOXKEM pa-
6otaTh ¥ Ha 0oJiee BBICOKOM ypPOBHe, aOCTparupysi cxeMbl KOMOWHHPOBAHHUS ONEpalvi Han
pucoBajKaMd. A MMeHHO, Mbl MOXKEM pacCMaTpPHBAaTh ONEpaluy Hall PUCOBAJKAMH B KauecTBe
3JIEMEHTOB, MOAJEXKALIUX MAHUIYAALMH, U NIUCATh CPEeACTBA KOMOMHMPOBAHHS 3THX 3JIeMeH-
TOB — OIlepaLly, KOTOpble IPUHUMAIOT ONlepalliy Hajl PUCOBAJKAMH KaK apryMeHTbl U CO31al0T

HOBbIE€ OIlepaluu.
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(corner-split wave

(corner-split rogers 4)

Puc. 2.14. PekypcuBHble onepauuu right-split u corner-split B NpUMeHeHHH K pH-
coBaJIKaM wave U rogers. KomM6ruHNpOBaHHe UeThpeX KapTUHOK corner-split naer cum-
MeTpHUHBIE Y30pbl square-1limit, Kak nokasaHo Ha pUCyHKe 2.9.
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Hanpumep, u flipped-pairs, U square-limit pacnosaraioT onpejeseHHbM obpa-
30M B BHJEe KBajpara 4eTblpe KONHH MOPOXKIAEMOTO PHCOBAJKOH M300paKeHHs; OHHU OTJIH-
YaloTCs TOJBKO TeM, KaK OHU OPHEHTHPYIOT 3TH Komnuu. OnuH M3 croco6oB abCcTparupoBaTh
TaKyl CxeMy KOMOMHHMPOBaHHSI PHCOBAJIOK MpEACTaBJeH CleAylollel Mpouenypoi, KoTopas
NPUHHMAaeT YeTbipe OJAHOAPIYMEHTHBIX ONepalvd W MOpOoXKJaeT OlepalMio Hal pUCOBaJKaMH,
KOTOpasi TpaHC(OPMUPYeT NaHHYI el PHUCOBAJKy C IOMOLIbI0 3THUX 4YeThlpeX onepauuil u
paccraB/sieT pe3dynbTaThl 1Mo kBappaty. Tl, tr, bl u br — 370 TpaHchopMaLUH, KOTOpble
cjefyeT NPUMEHUTb K BepXHeH JIeBOH, BepXHeH NpaBOH, HUXKHEU JIeBOM M HHXKHeH NpaBod
KOIUSIM, COOTBETCTBEHHO.

(define (square-of-four tl tr bl br)
(lambda (painter)
(let ((top (beside (tl painter) (tr painter)))
(bottom (beside (bl painter) (br painter))))
(below bottom top))))

Torpa B TepMuHax square-of-four MoXHoO ornpenennts £lipped-pairs cieayoUUM

o6pasom?*:

(define (flipped-pairs painter)
(let ((combine4 (square-of-four identity flip-vert
identity flip-vert)))
(combined4 painter)))

a square-limit MOXHO BLIPa3HTb Kak>>

(define (square-limit painter n)
(let ((combine4 (square-of-four flip-horiz identity
rotatel80 flip-vert)))
(combined4 (corner-split painter n))))

Ynpaxxuenue 2.45.
Right-split W up-split MOXHO BBIPAa3HTb KaK Da3HOBMAHOCTH OOLIeH onepaluu pasieseHHs.
Onpenenute npoueaypy split ¢ TakuM CBOHCTBOM, UYTO BbIUMCJIEHHE

(define right-split (split beside below))
(define up-split (split below beside))

nopoxzaaet npoueaypsl right-split u up-split ¢ TakuM ke NOBeleHHEM, KaK U ONpeeseHHbIe
paHee.

24 Mbl TaKKe MOIIH Obl HAMKCAT

(define flipped-pairs
(square-of-four identity flip-vert identity flip-vert))

ZRotate180 nosopaunBaeT pucoBaaky Ha 180 rpamycos (cM. ynpaxuenue 2.50). Bmecto rotatel80 Mbl MOMIH
Obl ckasaTb (compose flip-vert flip-horiz), ucrnonb3ys mpolefypy Compose U3 YIparKHeHHUs 1.42.
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BEKTOD - .
edge?2 7 AN

pavkn - . \ BEKTOp

- edgel

paMKH

BEKTOP Qv\\\\\\\\\\\\\\fl
origin

Touka (0,0) Ha skpane
paMKH

Puc. 2.15. Pamka npencraBisieTcst B BHIe TPEX BEKTOPOB — HadyasbHOH TOUKH M IBYX KPaeB.

Pamknu

[Ipexxne, yeM MBI CMOXKEM I0Ka3aTb, KaK peaM3yIOTCS PHUCOBAJKHU M CPEACTBA HUX KOM-
O6MHUPOBaHMS, HAM HYKHO PacCMOTPETb paMKH. PaMKy MOXKHO omucaTb Kak TPH BeKTOopa —
BEKTOP UCXOQHOH TOYKHM M JBa BEKTOpa KpaeB paMKu. BekTop ucxogHoit Touku Origin ykassl-
BaeT CMelleHHe UCXOAHOH TOUYKH PaMKHM OT HeKOH aOCOJIIOTHOH Haya/JbHOH TOYKH, & BEKTOPHI
kpaeB Edge; u Edge, yKasbiBaloT cMellleHHe YIJIOB DaMKHM OT ee HCXOAHOH ToukH. Ecnn
Kpasi MepreHIUKYAspHBI, paMKa OyfeT MpsMOyronbHOH. B mpoTHBHOM ciydae pamka Oynet
NpencTaBisiTh 6oJiee 0OLIMI cayuall napaJgenorpamma. Ha puc. 2.15 mokasaHbl paMka 4 co-
OTBETCTBYIOIIME el BekTOpa. B cooTBeTCTBMHU ¢ MpUHUMNAMU abCTpPaKLUMH JAaHHBIX, HaM T0Ka
He3ayeM yKas3blBaTb, KaKHUM 00pa3oM IMPeACTaB/SAITCA PAMKH; HYXKHO TOJBKO CKa3aTb, UTO
eCTb KOHCTPYKTOp make-frame, KOTOPHH MPUHUMAaeT TPU BEKTOPa M BBIAAET PaMKy, U UTO
eCTh €llle TPH CesiekTopa, origin-frame, edgel-frame u edge2-frame (cM. ynpaxkHe-
Hue 2.47).

Jns onpenesneHus: u3obpakeHHH Mbl OyneM HCIONb30BAaTh KOOPAWHATEL B €HHHUYHOM
kBagpate (0 < x,y < 1). Kaxaoii pamke Mbl cornoctas/isieM omobpaxcerue KoopoOuram pam-
ku (frame coordinate map), KoTopoe GyneT HCHONB30BAThCS, YTOOB! CIBUraTh U MaclITaGHpPoO-
BaTb H300paKeHHs TaK, YTOObl OHH yMeILaJUCh B PaMKy. DTO 0ToOpaxkeHHe TpaHCHOPMHUPYET
eIMHUYHBIA KBaIpaT B PaMKYy, EPEBOAs BEKTOP V = (x,y) B CYMMY BEKTOPOB

Origin(Frame) + « - Edge, (Frame) + y - Edge,(Frame)

Hanpumep, (0, 0) oToGpa)kaeTcst B UCXOAHYI0 TOYKY paMkH, (1, 1) B BeplIHHY, MPOTHBOIO-
JIOXKHYIO UCXOIHOH ToukKe mo nuaroHanu, a (0.5, 0.5) B ueHTp pamku. MBI MOxXeM CO3.1aTb
0ToGparkKeHHe KOOPAMHAT PaMKH MPH MOMOIIH CJeAylomlell mpouesypsZe:
(define (frame-coord-map frame)

(lambda (v)

26Frame-coord-map HCIoNb3yeT BeKTOPHEIE OMEpALMH, OTIpeleNeHHble HUXKe B YNpaXkHeHHH 2.46, M MbI Tpej-
rojiaraeM, 4YTO OHHM PeaNH30BaHBI [/ KaKOro-HHOYIb MpelCTaBleHHs BeKTOpoB. Diaromaps abcTpakuuM AaHHBIX,
HEBa)KHO, KAKOBO 3TO MpPEJCTaBJeHHe; HYXKHO TOJIbKO, UTOObI ONepaluy Hal BeKTOpPAaMH Besd ceOst MPaBUJIbHO.
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(add-vect
(origin-frame frame)
(add-vect (scale-vect (xcor-vect v)
(edgel-frame frame))
(scale-vect (ycor-vect v)
(edge2-frame frame))))))

3ameTuM, uTO NpHMeHeHUe frame-coord-map K paMKe OaeT HaM MpOLeELypy, KoTopas,
noJlyyast BEKTOp, BO3BpalllaeT TOxKe BeKTOp. Ec/M BeKTOp-apryMeHT HaXOAUTCS B eUHHYHOM
KBaJpaTe, BEKTOP-pe3y/bTaT OKaxkeTcs B pamke. Hanpumep,

((frame-coord-map a-frame) (make-vect 0 0))
BO3BpalllaeT TOT 2Ke BEKTOp, YTO U

(origin-frame a-frame)

Ynpaxsenue 2.46.

JIByMepHEIH BEKTOp V, MAYLUMH OT Haua/ja KOOPAMHAT K TOYKE, MOXHO NPENCTaBUTb B BHME Mapbl,
COCTOSIIEH U3 X-KOOPAHHATbI U y-KOOpAHHATH. Peanusyiite abcTpakimio JaHHBIX AJIS1 BEKTOPOB, HAalHCaB
KOHCTPYKTOp make-vect U COOTBETCTBYIOLIME CeJeKTOphl xcor-vect u ycor-vect. B repmunax
CBOMX CeJIeKTOPOB M KOHCTPyKTOpa peajusyhrte mpouenypel add-vect, sub-vect u scale-vect,
KOTOpBIE BBIMOJIHSAIOT OINepaLuy CJ0XKEHHS, BHYUTAHUS BEKTOPOB M YMHOXKEHHs BEeKTOpa Ha CKaJjsp:

(w1,y1) + (z2,92) = (1 + 72,91 + Y2)
(T1,91) — (z2,92) = (T1 — T2, 91 — ¥2)
s+ (z,y) = (sz, sy)

Ynpaxuenue 2.47.
Bot nBa BapuaHTa KOHCTPYKTOPOB AJISi PAMOK:

(define (make-frame origin edgel edge2)
(list origin edgel edge2))

(define (make-frame origin edgel edge2)
(cons origin (cons edgel edge2)))

K kaxpoMy M3 3THX KOHCTPYKTOPOB J00aBbTe€ COOTBETCTBYIOLIME CEJIEKTOPhl, TaK, YTOOBI MOJYUHThb
peanus3aLmio paMoK.

PucoBauaku

PucoBanka npencrassisieTcs B BUe NPOLEAYPbl, KOTOpas, IoJay4yas B KauecTBe apryMeHTa
paMKy, pucyeT onpeieseHHOe H300pakeHHe, OTMacIiTabHpoBaHHOE U CABUHYTOE TakK, YTOObI
YMECTHUTbCS B 3Ty PaMKy. DTO 03HA4yaeT, UTO €CJM eCTb PHUCOBaJKAa p U paMKa £, TO MHI
MOXKEM MOJNYUYUTb U300paxKeHHe, opoxaaeMoe p, B £, mo3as p ¢ £ B KayecTBe apryMmeHra.

Jletanu Toro, Kak peasnu3ylOTCsl 3JeMeHTapHble PUCOBAJKH, 3aBUCAT OT KOHKPETHBIX Xa-
PaKTepPUCTUK TpaUuecKoll CUCTEeMBl M THIA H300pakeHHs, KOTOpoe Hajfo MoJyuuTb. Hampu-
Mep, MycTb y Hac Oyner mpouenypa draw-line, KoTopast pyucyeT Ha 3KpaHe OTPe30K MeXIy
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IBYMSl yKa3aHHbIMM TouKamu. Torma Mbl MOXKeM CO3/aBaTb M3 CIIHCKOB OTPE3KOB PHUCOBAJIKH
IJ1sT ©300paXKeHUH, COCTOSIUX U3 ITHX OTPE3KOB, BPOIE PUCOBAJKHU wave ¢ pucyHka 2.10,

TakuM o6pazom?’

(define (segments->painter segment-list)
(lambda (frame)
(for-each
(lambda (segment)
(draw-1line
((frame-coord-map frame) (start-segment segment))
((frame-coord-map frame) (end-segment segment))))
segment-list)))

OTpesKu JaloTCs B KOOPAMHATAX M0 OTHOLIEHHIO K eIMHUUHOMY KBaapaty. Jlas Kaxmoro cer-
MeHTa B CTHCKe pHCOoBaJKa MpeodpasyeT KOHIbI OTPe3Ka ¢ MOMOIbIO 0TOGPAKeHHs KOOPAHHAT
paMKM M PHCYeT OTPe30K MeXIy TOYKAaMM C MpeoGpa3oBaHHBIMH KOOPAHHATAMM.

[IpencTasieHye pUCOBa/IOK B BHE MPOLELYP BO3JABHMIAeT B A3bIKE MOCTPOEHUS M306pare-
HUH MOIIHBIH Gapbep abCTpakiuu. Mbl MOKeM CO3laBaTh H CMeLIMBaTh MHOXKECTBO THIIOB
3/]eMeHTapHBIX PHCOBAJIOK, B 3aBUCHMOCTH OT MMEIOIIMXCSH BO3MOXKHOCTeH rpaduku. Jleramu
MX peasM3allMM HecyllecTBeHHbl. JI06as mpoleaypa, ecau OHa NPUHMMAeT B KauecTBe apry-
MeHTa PaMKy M DHCyeT B Heil uTo-HMOYAb AOJKHEIM 06Pa3oM OTMACIITAGHPOBAHHOE, MOXKET
CTTYXKHTh PUCOBAJIKOHZS.

Ynpaxsenue 2.48.

HamnpaBnieHHBIH OTPe30K Ha MJIOCKOCTH MOXKHO NMpPeICTABHUTb B BHJE Mapbl BEKTOPOB: BEKTOP OT HayaJja
KOOpJIMHAT [0 Hauaja OTpe3Ka M BEKTOp OT HadaJja KOOPAMHAT 0 KoHHIa oTpeska. McmosbayiiTe cBoe
Npe/iCcTaBleHre BEKTOPOB U3 YIIpaXKHeHHUs 2.46 1 orpelesUTe NpeiCTaBleHNe OTPE3KOB C KOHCTPYKTOPOM
make-segment U cejiekTopaMH start-segment u end-segment.

Ynpaxzenue 2.49.
C nomoulbio segments->painter onpenenure cienylolye MeMeHTapHblE PUCOBAJIKH!
a. PucoBasky, xoTopast 06BOIUT yKa3aHHYIO pPaMKy.

6. Pucoaijky, KoTopasi pucyeT «X», COeIMHSS MPOTHBOINOJ/IOKHbIE KOHLBI PAMKH.
B. PucoBanky, KoTopas pucyet poM0, COeLHHsS MeXay co00H cepeflHHbl CTOPOH PAMKH.

r. PucoBanky wave.

?"TIpouenypa segments->painter HcrosbayeT TpeicTaBJeHHe OTPE3KOB MPAMBIX, OMHUCAHHOE HHXKE B YNpak-
HeHuu 2.48. Kpome Toro, oHa ucnosbayet npouenypy for-each, onucaHHyio B yrnpaxkHeHHH 2.23.

28Hanpumep, pucopasika rogers ¢ pucyHka 2.11 6bia momyueHa us MOJYTOHOBOTO UEPHO-GEJIOr0 U306PAKEHHUS.
Jlna KaxkIoi TOUKH B yKa3aHHOH paMKe pHCOBa/lKa rogers onpejesiseT TOYKY HCXOLHOro H300parkKeHHs, KoTopas B
Hee 0TOOpaxaeTcs, U COOTBETCTBYIOLIMM 00pa3oM ee okpalluBaeT. Pasperass ce6e MMeTb pas3jUyHble THUIbI PUCOBA-
JIOK, MBI MOJIb3yeMcsl Hieelt abCTPaKTHBIX JaHHBIX, OHMCAHHON B pasfiesie 2.1.3, e Mbl TOBOPHJIM, UTO NpeJCcTaBjeHHe
paLMOHA/IBHBIX UHMCe/l MOXKET ObITh KAKHM YTOJHO, N0Ka COOGMIOAAETCs COOTBETCTBYIOLEe YCIOBHE. 31€Ch Mbl HCIIOMb-
3yeM TO, YTO PHCOBAJKY MOXXHO Dea/jH30BaTh KaK YroAHO, JHLIb Obl OHA YTO-TO H300paka/la B yKasaHHOH pamke. B
pasnese 2.1.3 nokaseiBaeTcsl M TO, KaK peasl30BaTh Naphl B BUJe NMpoLeNyp. PucoBasky — 3T0 Hall BTOPOH NmpHMep
TNPOLEAYPHOro NpeLCTaB/eH s JaHHbIX.
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IIpeoGpa3oBaHue U1 KOMOMHUPOBAHUE PUCOBAJIOK

Onepaunu Hapn pucoBankaMu (flip-vert uiau beside, HampuMep) CO30aI0T HOBbHIE pH-
COBaJIKM, KOTOpble BbI3bIBAeT MCXOAHBIE PUCOBAJKH 110 OTHOLIEHHIO K paMKaM, MPOHU3BOAHBIM
OT paMOK-apryMeHToB. Takum o6pa3om, ckaxeM, flip-vert He TpebyeTcs 3HaTh, KakK pa-

6oTaeT pUCOBaJsiKa, YTOOBl MEPEBEPHYTb e — eH HYXKHO TOJBKO YMeTb NEPEBEPHYThb PaMKY
BBEPX HOraMH: MepeBepHyTas PUCOBAJKa MPOCTO HCMOJb3yeT MCXOAHYI0, HO B 0OpalleHHOH
paMke.

Omnepauuu Haj PUCOBaJKaMH OCHOBBIBAIOTCS Ha Inpoleaype transform-painter, xo-
TOpasi B KauecTBe apryMeHTOB OepeT pPHUCOBAJKY M MH(GOPMALMIO O TOM, Kak NpeoOpa3oBaThb
paMKy, a BO3BpallaeT HOBYI pHucoBasky. Korna npeo6pasoBaHHAsi pPUCOBaJsiKa BbI3BIBAETCS T10
OTHOILEHHIO K KaKoH-1160 paMKe, oHa NpeobpadyeT paMKy M BbI3bIBA€T HCXOAHYIO PHCOBAJIKY
N0 OTHOLIEHHIO K Hell. AprymeHTamu transform-painter ciayxaT TOYKH (NpeAcTaBJ/eH-
Hble B BHJe BEKTOPOB), YKa3blBalOLIMe YIJIbl HOBOH paMKH: OynydH oToOpaxKeHHOH Ha PaMKYy,
nepBasi TOYKA YKa3blBaeT UCXOOHYIO TOUKY HOBOH paMKH, a B APYTHX — KOHILBl KPaeBBIX
BEKTOpOB. TakuM 06pa3oM, apryMeHThHl, JiexKallie B Npefiesax efHHUYHOr0 KBaipara, onpese-
JSI0T PaMKy, KOTOpasi CONEPXKUTCS BHYTPH UCXONHOH paMKH.

(define (transform-painter painter origin cornerl corner2)
(lambda (frame)
(let ((m (frame-coord-map frame)))
(let ((new-origin (m origin)))

(painter

(make-frame new-origin
(sub-vect (m cornerl) new-origin)
(sub-vect (m corner2) new-origin)))))))

Bor kak nepeBepHyTb U300paxkeHHe B paMKe BEPTHKAJbHO:

(define (flip-vert painter)
(transform-painter painter
(make-vect 0.0 1.0) ; HOBasl uUcxoOHasl mouka
(make-vect 1.0 1.0) ; HOBEIU XOoHey edgel
(make-vect 0.0 0.0))) , mHoBri XOoHey edge2

IIpu nomouin transform-painter Ham HeTpynHO OyNeT ONpenesnsTh HOBblE TPAHC(OPMALIHH.
Hanpumep, Mo2KHO olpefieIiTh PUCOBAJIKY, KOTOPAsk PACYeT YMEHbIIEHHYIO KOO HCXOLHOT0
U300paKeHHs B BepxHell MpaBOH YeTBEPTH PaMKHU:

(define (shrink-to-upper-right painter)
(transform-painter painter
(make-vect 0.5 0.5)
(make-vect 1.0 0.5)
(make-vect 0.5 1.0)))

Bor tpaHcdopmauusi, KoTopasi noBopaurBaeT HzobpaxkeHrne Ha 90 rpamycoB MPOTHB UaCOBOH

crpenku??:

29Rotate90 mpencrapseT cO60H UHCTHIE MOBOPOT TOMBKO IS KBAAPATHEIX PAaMOK, MOCKOJIBKY OHA ellle PacTATH-
BaeT U CILIIOLIMBAET H300pakeHHe Tak, YTOOB OHO YMECTHJIOCh B [IOBEPHYTOH paMKe
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(define (rotate90 painter)
(transform-painter painter
(make-vect 1.0 0.0)
(make-vect 1.0 1.0)
(make-vect 0.0 0.0)))
A 3712 cxKMMaeT H306pakeHHe N0 HAMpaBAeHHIO K LeHTPY pamMku':
(define (squash-inwards painter)
(transform-painter painter
(make-vect 0.0 0.0)
(make-vect 0.65 0.35)
(make-vect 0.35 0.65)))

[Ipeo6pa3oBaHusi paMoK SIBJSIIOTCS TaK»Ke OCHOBOH /ISl OINpeneseHHs] CPeACTB KOMOWHH-
poBaHMs ABYX UJH OoJjee prucoBasok. Hampumep, npouenypa beside 6Geper nBe pHCOBaJKH,
TpaHC(OPMHUPYET UX TakK, UTOOBl OHH paboTa/i COOTBETCTBEHHO B JIEBOH M NPaBOH MOJOBHHAX
paMKH-apryMeHTa, ¥ CO3/laeT HOBYIO COCTaBHYI0 pucoBasky. Korna coctaBHol pucoBaiske nepe-
JlaeTcs paMKa, OHa BbI3bIBAaeT MEPBYIO U3 NPeoOpPa30BaHHBIX PUCOBAJIOK Hal JIeBOH MOJOBHHOH
pPaMKH, a BTOPYIO Haj NPaBOH MOJOBHHOMU:

(define (beside painterl painter2)
(let ((split-point (make-vect 0.5 0.0)))
(let ((paint-left
(transform-painter painterl
(make-vect 0.0 0.0)
split-point
(make-vect 0.0 1.0)))
(paint-right
(transform-painter painter?2
split-point
(make-vect 1.
(make-vect 0.

o o
[ )
o o
P
~
~
~

(lambda (frame)
(paint-left frame)
(paint-right frame)))))

O6patuTe BHUMaHUe, Kak abCTPaKLHUsl JaHHBIX, © OCOOEHHO TpeCTaBJIeHHe PUCOBAJIOK B BHU-
ne mpouenyp, objerdaer peanusauuio beside. Ilpouenype beside He TpebyeTcss HHUUero
3HaThb O JeTassX PUCOBAJOK-KOMIIOHEHT, KPOMe TOrO, YTO Kax<fas U3 HHUX UTO-TO U306Dpa3UT B
YKa3aHHOH el paMke.

Ynpaxsenue 2.50.

Onpepnenure npeo6pasosanre £lip-horiz, KoTopoe obpailaer u3o6paxeHne BOKPYT TOPU30HTAIBHON
OCH, a Takxe IpeoOpPa30BaHUs, KOTOPble BPAIAIOT PHCOBAJKM MPOTUB 4acoBod cTpeskd Ha 180 u 270
rpanycosB.

30PomGoBMAHEIE H30GpaskeH s Ha pucyHKax 2.10 u 2.11 ObLIM MOMyUYeHE ¢ MOMOILIbI0 squash-inwards, npume-
HEHHOH K wave U rogers.
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Ynpaxuenue 2.51.

Ompenenute /51 PUCOBAJOK omepaluio below. Below NMpPHHHUMAaeT B KayecTBe apryMEHTOB IBE pPH-
coBasiku. Korna mosyuuBiieicsi pucoBasike MepefaeTcsi paMka, OHa PHCYeT B HUXKHEH ee MOJIOBHHE MpH
MIOMOLIY MePBOH PUCOBAJIKH, a B BepXHed Mpu nomouiu Bropoit. Onpenenute below AByMsi cnoco6amu —
OIIVH pa3 aHaJoruuHo npouenype beside, Kak oHa NpUBeJieHa Bhlllle, a BTOPOH pa3 uepe3 beside u
ornepauuy BpaileHus (cM. yrnpaxkHenue 2.50).

YpoBHH fi3bIKa IMOMOTaOT YCTOHYHBOMY NPOEKTHPOBAHUIO

f3bIK mocTpoeHUs H300paKeHUH HUCIO/Nb3yeT HEKOTOPhle U3 BaXKHEHIIMX BBEJEHHBIX HAMH
uiel, oTHOCALIMXCS K abGCTpakUMK MpoLeAyp M JaHHbIX. basoBas abcTpakuus NaHHBIX, pH-
COBAJIKM, peajiM3yeTcsl NpH MOMOIIH MPOLEAYPHOro NMpeacTaBaeHHs, U OJjarogaps 3TOMy Halll
SI3BIK MOXKeT padoTaTh C Pa3JHUHBIMU rpapUuecKUMH CUCTEMaMH eIHHbIM 06pasoM. CpeacTBa
KOMOMHHPOBaHUS 00/1a1al0T CBOMCTBOM 3aMBIKaHHs, W 3TO N03BOJISIET HaM JIErKO BO3BOAMTH
cl0XHble mocTpoeHus. Hakonel, Bce cpencTBa aGCTpakLUMM NPOLEAYP NOCTYIHBl HaM [AJis
TOTO, UTOOBI a0CTParupoBaTh CPeACTBa KOMOMHHUPOBAHUS PUCOBAJIOK.

Hawm ynanoce 6pocuTb B3MIiA U ellle Ha OAHY CYLIeCTBEHHEHIIYIO HAEI0 KacaTeJbHO Mpo-
eKTHPOBaHHsI SI3BIKOB M IPOrpaMM. IDTO TMOAXOL YposHegozo npoexmuposanus (stratified
design), mpexncraBieHHe, UTO CJIOXKHOHW CHCTEME HYXKHO NMPUIABATb CTPYKTYPY IPH MOMOILIH
M0CJ/Ie10BATENbHOCTH YPOBHEH, KOTOPasi ONMUCHIBAETCS MOC/Ie]0BAaTENbHOCTbIO I3bIKOB. Kaxk bt
U3 YPOBHeH CTPOUTCS NMyTeM KOMOWHALMKU YyacTel, KOTOpble Ha 3TOM YPOBHe paccMaTpPHBAIOTCs
KaK 3/eMeHTapHble, U 4acTH, KOTOPble CTPOSITCS Ha KaK[IOM YpPOBHe, paboTaloT Kak 3JeMeH-
TapHble Ha CJjenyomleM ypoBHe. f3blK, KOTOPBIH HCIOJb3yeTcs Ha KaKIOM yPOBHE TakKoro
NpOeKTa, BKJIOYAET MPUMUTHBB, CPeACTBAa KOMOWHHUDPOBAHHUS W aOCTPaKLUHH, COOTBETCTBYIO-
IMe 3TOMY YPOBHIO MOAPOOHOCTH.

YpoBHEBOE MPOEKTHPOBaHHE NPOHU3BIBAET BCIO TEXHHUKY IOCTPOEHHS CJIOKHBIX CHCTEM.
Hanpumep, npyu npoeKTHPOBaHUH KOMIIBIOTEPOB PE3HUCTOPbl U TPAH3UCTOPBl coYeTaloTcs (U
OTHCBHIBAIOTCS TIPH MOMOILH 513bIKa AHAJIOTOBBIX CXeM), U M3 HUX CTPOSTCS H-, HJIH- 3JEMEHTHI
¥ MM TOJ0GHbIe, Cay»Kallke OCHOBOH f3bIKa LH(POBHIX cxeM>!. M3 3THX 3/1eMeHTOB CTPOSAT-
Csl MIPOLECCOPbI, WIMHBl U CUCTEMbl [IAMSATH, KOTOPbIE B CBOI Ouepelb CJAyXKaT 3JeMeHTaMU B
MOCTPOEHUH KOMIBIOTEPOB MPH MOMOIIHX S3bIKOB, MOAXOASAIIMUX [J51 ONHUCAHUSI KOMIBIOTEPHOH
apxuTekTypbl. KoMnbloTepsl, coueTasich, JAlOT pacnpefeseHHble CUCTEMbl, KOTOPbl€ OMMCHIBA-
I0TCS MPH TIOMOLUM SI3bIKOB ONHMCAHHUsl CeTeBbIX B3aUMOIEHCTBUH, U TaK AaJee.

Kak MuHHaTIOpHBIH MpHUMep YPOBHEBOTO MOAXOMA, HAILI $I3BIK ONHCAHUSI H300paKeHHH Hc-
[0JIb3yeT 3JjeMeHTapHble 00beKThl (3/eMEeHTapHblE PUCOBAJKM), CO3[IdBaeMble MPU MOMOLIU
s13blKa, B KOTOPOM OIIMCBIBAIOTCS TOUKHU W JIMHUU U CO3JAIOTCH CIIMCKU OTPE3KOB [/ PUCO-
BaJKH segments->painter ;u60 rpafgauuy Ceporo LiBeTa B PHUCOBAJKE BPOJe rOgers.
Bosblieli yacTblo Hallle ONHCaHHMe f3blKa KapTHHOK OBIIO COCPEeNOTOYEHO Ha KOMOWHHUPOBa-
HHUH 3THX NPUMHUTHBOB C TOMOLIBIO TeOMeTPUYECKHX KOMOMHATOPOB Bpole beside u below.
Paboranu mMbl 1 Ha Gosiee BHICOKOM YpOBHe, rae beside n below paccmarpuBainch Kak
NPUMHUTHUBLI, MAHUIIYJIUPyeMble SI3bIKOM, OIlepallMd KOTOPOro, TakKue Kak square-of-four,
(DUKCHPYIOT CTaHAAPTHBIE CXeMbl COUETAaHHUs TeOMeTPHYeCKUX KOMOUHATOPOB.

YpoBHeBOe MPOEKTHPOBaHHE MOMOTaeT NPUAATh NporpaMMaM ycmoiuusocms (robustness),
TO €CThb MOBBIIAET BEPOSATHOCTb, YTO HeOOJIbIIOE U3MEHeHHe B Cllellu(pUKaluuu notpedyeT OT-
HOCHTEJIbHO MaJsblX U3MeHeHHH B nmporpaMme. Hanpumep, NpeanosoXKum, 4To HaM HYXKHO H3-

31OpuH 13 TaKUX SI3BIKOB OMUCHIBAETCS B pasnene 3.3.4.
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MEHHUTb KapTHHKY, OCHOBAHHYIO Ha pPHUCOBaJIKe wave, KoTopas Noka3aHa Ha pucyHke 2.9. Ml
MOxKeM paboTaTb Ha CAMOM HH3KOM YpOBHe, MU3MeHssl KOHKPETHBIH BHJ 3JeMeHTa wave; Mo-
JKeM paboTaTh Ha NPOMEXYTOUHOM YPOBHE M MEHSATb TO, KaKk corner-split BOCIpPOH3BOAUT
wave; MOXKEM Ha CaMOM BbICOKOM yPOBHE H3MeHSTb TO, KaKk square-limit paccrasnser
yeThlpe KOMNHUHU M0 yriaM. B obiiem, Kaxkablli YpoBeHb TaKOro NMpoeKTa AaeT CBOH CJI0Bapb AJs
ONIMCaHUS XapaKTePUCTHK CHCTEMBbl U CBOH THI BO3MOXKHBIX H3MEHEeHHH.

Ynpaxuenue 2.52.
VameHuTe mpesesn KBajpata pUCOBAJKH wave, NMOKa3aHHbIA Ha pucyHke 2.9, paborasi Ha KaxJIOM M3
BBILIEONHUCAHHBIX YPOBHEH. A HMeHHO:

a. Jlo6aBbTe HOBble OTPe3KHM K 3JeMEHTapHOH pHUCOBajKe wave W3 ynpaxkHeHus 2.49 (Hampumep,
U300pasuB yJbIOKY).

6. VameHuTe 1mabJ/oH, KOTOpPBIE MOpoXKaaeT corner-split (Hampumep, WUCMOJb3Ys TOJNbKO OAHY
KOMHIo 00pa3oB up-split u right-split BMecTO ABYX).
B. M3meHuTte Bepcuio square-limit, ucnosbaytomyio square-of-£four, Tak, 4TOObl YIJbl KOMIIO-

HOBaJIUCh KaK-HUOynb mo-npyromy. (Hampumep, MoxkHO cesath Tak, 4ToObl Goublioil MUcTep Pomkepe
BBITVISAbIBAJ U3 KaX<IOTO yrya KBaapaTa.)

2.3. CuMBoJbHbBIE JaHHbIE

Bce cocraBHBIE 00BEKTHI HOaHHBIX, KOTOpPbIe Mbl OO CHX IIOp HCIOJb30BaJH, COCTOANH, B
KOHEYHOM cyeTe, M3 4JHuceJl. B stom pasneJsie Mbl pacuidpsieM BO3MOXKHOCTH IpencTaBJ/IeHW
Hallero fA3blKa, pa3pelasd HMCIoJb30BaTh B Ka4€CTBE€ NAHHBIX MPOU3BOJbHbIE CUMBOJILI.

2.3.1. KaBbiuku

Pas Tenepb HAaM MOXKHO CpOpMI/IpOBaTb COCTaBHble NJaHHbI€, UCII0J/b3ysA CHMBOJIbI, Mbl MO2KE€M
OoJIb30BaThbCA CIIUCKaMH Bpoae

(a b c d)
(23 45 17)
((Norah 12) (Molly 9) (Anna 7) (Lauren 6) (Charlotte 3))

CrnuckH, cofiepKaliue CUMBOJIbI, MOTYT BBINJISIIETh B TOUHOCTH KaK BbIPaXK€HHUS HAILIEro si3blKa:
(* (+ 23 45) (+ x 9))
(define (fact n) (if (=n 1) 1 (* n (fact (- n 1)))))

Uro6bl paboTaTh C CUMBOJIAMH, HaM B $I3bIKe HYKEH HOBBIH 3J1eMEHT: COCOOHOCTb 3aKa-
8blUUMb (quote) 00BbeKT AaHHbIX. lomycTuM, HaM XO04eTcsl MOCTPOUTD CIIHUCOK (a b). S1oro
Hesb3sl 106HThcsl Yepe3 (list a b), MOCKOJBbKY 3TO BblpaKeHHe CTPOMT CIIMCOK W3 3Haue-
KUl CHMBOJIOB & ¥ b, a He M3 HHUX caMUX. DTOT BOIMPOC XOPOILIO M3y4yeH MO OTHOIIEHHIO K
€CTeCTBeHHBbIM f3blKaM, I[le CJ0Ba U MpeNJoXKeHHsI MOI'YyT paccMaTpuUBaThCs JUOO KaK CeMaH-
THUECKHE eJMHUIIbI, JHUO0 KaK CTPOKU CHMBOJIOB (CHMHTaKCHUYeCKHe eNUHHUIBI). B ecTecTBeH-
HBIX $I3BIKaX OOBIYHO MCMOJb3YIOT KABBIYKH, YTOOB 0003HAUNUTD, UTO CJIOBO HJIH MpPENJIOKEeHHe
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HY>XHO paccMaTpHuBaTh OyKBasJbHO Kak CTPOKy cHMBoJioB. Hampumep, nepsas 6yksa «[lxo-
Ha» — pasyMmeetcs, «JI». Ecain MBI TOBOPUM KOMY-TO «CKa)KHTe, Kak Bac 30ByT», Mbl 0KHaeM
yCJIBILIATD UMSI 9TOTO YesioBeKa. Ec/in ke MBI FOBOPUM KOMY-TO «CKaxKHTe “Kak Bac 30ByT”»,
TO Mbl OXKHJIaeM YCJBIILATD CJIOBa «Kak Bac 30ByT». 3ameTbTe, Kak, [J/s TOTO, YTOOB! OMHUCATH,
YTO IOJI?KEH CKa3aTb KTO-TO APYrof, HaM MpPHILIOCh HCMOJb30BATh KABBIYKHKSZ,

Uro6bl 0603Ha4YaTh CIIUCKH U CUMBOJIBI, C KOTOPBIMH HY2KHO 00palllaTbcsl KakK ¢ 00beKTaMU
JAHHBIX, @ He KaK C BbIpAaXKEHHUSIMH, KOTOPble HY>KHO BBIYMCJHTb, Mbl MOXKEM CJIEA0BATb TOMY
ke o6byatn. OnHaKo Hall ()OpMAT KaBblYeK OTJIMUAETCS OT MPUHSATOrO B €CTECTBEHHBIX S3bIKAX
TeM, YTO Mbl CTaBHM 3HAK KaBbIYKK (0 TPAAMLHH, TO CHMBOJ OAHHAPHOH KAaBBHIYKH ')
TOJIbKO B HauaJjle TOro 00beKTa, KOTOPBIH Ha/lo 3aKaBblYKTh. B Scheme 3T0 cXOmUT HaM ¢ pyK,
MIOCKOJIbKY JI51 pa3fieJieHus1 00beKTOB Mbl [oJ1araeMcs Ha mpodesisl i ckoOkH. Takum obpasom,
3HAaueHHeM OJMHAPHOI KaBBIUKH AB/IAETCH TPeGOBaHHE 3aKABBIUMTh CJIEAYIOMIHH 06beKT .

Tenepb MBIl MOXKEM OTJINYATh CHUMBOJIBl OT MX 3HAUEHUH:

(define a 1)
(define b 2)

(list a b)
(1 2)

(list 'a ’'b)
(a b)

(list 'a b)
(a 2)

KpOMe TOro, KaBbIYKH IMO3BOJIAIOT HAM BBOJIHUTH COCTABHBIE 06BeKTbI, HUCIIONb3YA 00BIYHOE
npencTtaBJjJeHue AJs redaTu CHI/ICKOB234.

32Korna MBI pas3pelllaeM B SI3blKe KaBBIUKH, 3TO pa3pylliaeT Hally CMOCOOHOCTb FOBOPUTH O fi3blKe B MPOCTBIX Tep-
MHHAX, OCKOJIbKY CTAHOBMTCS HEBEPHBIM, UYTO PABHO3HAUHBIE BbIPAXKEHUS MOXKHO NOACTABJAATb APYT BMECTO JApyra.
Hanpumep, Tpu ecTb Ba IJIIOC OOHH, HO CJIOBO «TPH» HE €CThb CJIOBA «[Ba IUIIOC ONHWH». KaBBIUKM SABJSIOTCS MOLIHBIM
HMHCTPYMEHTOM, IOCKOJbKY OHH HAI0T HaM CIOCOO CTPOMTh BbIPaXKEHHMs, KOTOpble paboTaloT ¢ JPYTMMH BbIpaXKeHH-
aMu (Kak Mbl yb6enmMcs B IyiaBe 4, KOrja cTaHeM nucaTb WHTeprperatop). OIHAKO Kak TOJNbKO Mbl paspelliaeM B
s13blKe BbIPaKeHHS, KOTOpble TOBOPAT O APYTMX BbIPA’KEHHSX TOTO Ke f3blKa, CTAHOBHUTCS OU€Hb CJI0KHO COOJIONATh
B KaKOM-/IM00 BHJe MPUHLUI «PaBHOe MOXKHO 3aMeHHUTb paBHbIM». Hamnpumep, eciu Mbl 3HaeM, UTO YTPEeHHSIl U Be-
YepHsisl 3Be3la — OQHO U TO Ke, TO U3 YTBEPKAEHHUs «BeyepHsisl 3Be3Nla — 3TO BeHepa» MBI MOXKeM 3aKJ/IOUHTb, UTO
«yTpeHHsis 3Be3fia — 3T0 BeHepa». OnHako ecay HaM 1aHO, 4TO «JIXKOH 3HaeT, UTO BeuepHsist 3Be3jia — 3TO BeHepa»,
Mbl He MOXeM 3aKJIUHTb, UTO «J[?KOH 3HaeT, YTO yTpeHHss 3Be3na — 3To Benepa».

33OnHHapHaH KaBbluKa OT/IMYaeTCsl OT JBOHHOH, KOTOPYIO Mbl HCIOJb30Ba/NH /151 0003HAYEHUSI CTPOK, BHIBOAMMBIX
Ha revaTb. B To BpeMsi KaKk OMHApHYIO KaBbIUKY MOXHO HCIIONb30BaTh AJIs1 0003HAUEHHUS CIIUCKOB CUMBOJIOB, ABOHHAs
KaBbIUKA MCIIOJb3YeTCs] TOJNBKO CO CTPOKAMH, COCTOSILIMMH M3 IedaTHbIX 3HAaKoB. ENMHCTBeHHOe, 1/ 4ero Takue
CTPOKH HCIIOJIb3YIOTCS B Hallledl KHUre — 3TO Meyarh.

34C'rporo roBOpsl, TO, KaK Mbl HCIOJb3yeM KaBbluKy, HapyllaeT ofllee MpaBHJO, YTO BCE CJOXKHbIE BblpaKeHHs
Halllero si3blka JOJKHBI OTMeUaTbCsl CKOOKAMHU U BBINISAETb KaK CIHUCKH. Mbl MOXKeM BOCCTAHOBUTb 3Ty 3aKOHOMep-
HOCTB, BBelsl ocobyio (opMy quote, KOTopasi CIyXKHUT TEM Ke LeJISM, UTO M KaBbluka. TakuM 06pa3oM, MBI MOXKeM
neyarath (quote a) BMecTo ‘a U (quote (a b c)) Bmecto ’ (a b c). MmenHo Tak u pabotaeT UHTepIpeTa-
Top. 3HaK KaBBIYKH — 3TO IPOCTO COKpAlLlleHHe, 03Haualollee, YTO CJeNyIollee BblpaKeHHe HY>KHO 3aBepHYTh B (hopMy
quote U moayuuTh (quote (BEpaxeHue)). ITO BaXKHO MOTOMY, YTO TAKHM 00pa3oM COOJIONAETCs MPHHLIKII, YTO
¢ JIIOObIM BBEIpaXKeHHEM, KOTOpOe BHAHT HHTEPIIPeTaTop, MOXKHO oOpamartbcs Kak ¢ 00beKTOM AaHHBIX. Hampuwmep,
MOXKHO MOJNYYHUTb BbIpa’keHWe (car ' (a b c¢)), u 3to OymeT To Xe caMoe, 4yTo U (car (quote (a b c))),
BbluMcauB (list ‘car (list ’‘quote ’"(a b c))).
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(car "(a b c))
a

(cdr "(a b c))
(b c)

JleficTByst B TOM Ke [IyXe, MYCTOH CIIUCOK MBI MOXKeM MOJY4YHUTb, BHIYHCASAS ' (), U TaKUM
00pa3oM U30aBUTbCSA OT NMepeMeHHOH nil.

Eule opuH NpUMHUTHB, KOTOPBIE MCIOJNB3yeTCs MpH paboTe C CUMBOJAMH — 3TO eq?,

KOTOprIjI 6€p€T B KayeCTBe apryMeHTOB JBa CMMBOJIa U NPOBEPsAET, COBNANAIOT JH OHI/135.

C nomoulbio €qg? MOXKHO peasn30BaTh IOJIE3HYIO TPOLENypy, HasbiBaeMyl memqg. OHa
NPUHHMAET JBa apryMeHTa, CHMBOJ M CIIUCOK. EC/HM CHMBOJI He CONEpPXKHUTCS B CHHCKe (TO
€CThb, He PaBEH B CMBIC/IE €g? HH OHOMY M3 3JIEMEHTOB CIIUCKA), TO Memq BO3BPAIaeT JIOKb.
B npoTuBHOM cayyae oHa BO3BpallaeT MOACIMCOK CIHMCKA, HaYMHAas C IePBOTO BXOXKIEHHS
CUMBOJIA:

(define (memg item x)
(cond ((null? x) false)
((eg? item (car x)) x)
(else (memg item (cdr x)))))
Hanpuwmep, 3HaueHue
(memg ’'apple ’ (pear banana prune))
€CTb JIOXKb, B TO BpeMsl KaK 3HaueHHe
(memg ’"apple ' (x (apple sauce) y apple pear))

ecTb (apple pear).

Ynpaxsenue 2.53.
Uro HameyaTaeT MHTEPIPETATOP B OTBET HA KaXK[0e W3 CJENYIOLINX BblPa’KeHHH?

(list 'a 'b ’c)

(list (list ’george))

(cdr 7 ((x1 x2) (yl y2)))

(cadr ' ((x1 x2) (yl y2)))

(pair? (car ’(a short list)))

(memg ’'red ' ((red shoes) (blue socks)))

(memg ’'red ' (red shoes blue socks))

35MoxHO cuMTaTh, UTO 1Ba CHMBOMA «COBMANAIOT», €CJAM OHM COCTOAT M3 ONHHX M TeX ke TMedyaTHBIX 3HAKOB
B OJMHaKOBOM mopsnke. Takoe ompezeseHHe OOGXOIUT BayKHBIH BONpPOC, KOTOPBIH Mbl MOKA He TOTOBBI OOCYXKHATh:
3HauUeHHe «OJMHAKOBOCTH» B si3blKe MporpaMMupoBaHus. K HeMy Mbl BepHeMcsi B ri1aBe 3 (pasnen 3.1.3)
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Ynpaxuenue 2.54.
[Tpenukar equal? aJsl ABYX CIHMCKOB BO3BpallaeT UCTHHY, €CJHM OHH COLEPXKAT ONHH U Te XKe 3JIeMeHTb
B OfMHaKoBOM nopsinke. Hanpuwmep,

(equal? ' (this is a list) ’(this is a list))
HWCTHUHHO, HO
(equal? ' (this is a list) ’(this (is a) list))

J0xkHO. BoJslee TOuHO, MOXKHO ompefe/iiTb equal? peKypcUBHO B TepMHHaX 0a30BOTO paBEHCTBA CHM-
BOJIOB €Q?, CKa3aB, YTO a PaBHO b, ecsau 06a OHH CUMBOJIBI U JJIs1 HUX BBINOJIHAETCS eq? JH60 062 OHU
CITMCKH M TNIPHU 3TOM BEpPHO, YTO (car a) paBHAeTCA B cMbicie equal? (car b), a (cdr a) paBHA-
eTcs B cMblcsie equal? (cdr b). [lonb3ysick aTol Hueel, HanuIIKTe equal? B BUle HpOL[e[LyprSG.

Ynpaxxkuenue 2.55.
Esa Jly Artop BBOZUT IpH paGoTe C HHTEPIPETATOPOM BhIpaXKeHHE

(car ’''"abracadabra)

K ee ynuBnenuio, nHTeprnperartop neuyaraetr quote. O6bsicHUTE.

2.3.2. IIpumep: cumBoJbHOE nU(epeHIIIPOBaHNAE

Kak unmocTpanuio K MOHATHIO CHMBOJIBHOH 00paGOTKH, a TakKe KaK JOTOJNHHTEJbHbIH
npuMep abCTpakLUK NaHHBIX, PACCMOTPUM MOCTPOEHHE NPOLEYpbl, KOTOpask IPOU3BOAUT CHM-
BoJIbHOE nUQQepeHIpoBaHUe anrebpandeckKux BblpaxkeHuid. Ham Xorenoch 6bl, 4TOOB 3Ta
npouenypa NMpUHHMAaJa B KauyecTBe apryMeHTOB ajre6panyeckoe BbIpaXkKeHHE U NEPEeMEeHHYIO,
M 4ToObl OHA BO3Bpalllasa MPOM3BOAHYIO BbIpaXKEHHS 10 OTHOLIEHHIO K 3TOH nmepeMeHHOH. Ha-
npuMep, eCJH apryMeHTaMH K MpOLefype CayXat ax? + bxr + ¢ ¥ x, Ipouenypa 10JKHa BO3-
Bpawath 2ax + b. CuMBoJIbHOE AUddepeHLHpoBaHre UMeeT 15 Jlncna ocoboe HCTOpUUYECKOe
3HaueHue. OHO OblJIO OOHHUM U3 NOOYAMTENbHBIX NPHMEPOB NPU pa3paboTKe KOMIIBIOTEPHOrO
A3blKa A1 00paboTKHY CUMBOJIOB. BoJiee TOro, OHO MOC/yKU/I0 HAYAIOM JIHHUH HUCCJIe0BAHUH,
npuBealIed K pa3paboTKe MOIIHBIX CHCTEM /151 CHMBOJMUECKON MaTeMaTHUeCKoH paboThl, KO-
TOpble celuac Bce 0OJIbILE WCIOJb3YIOT NPUKJAAHbIE MATEMATHKH U (PU3UKH.

[Tpu paspaboTke mporpamMbl AJisi CHMBOJIBHOTO AW((epeHIPOBaHHUS MBI OyIeM CJef0BaTh
TOH 2Ke caMoi cTpaTeruu abCTpakLMM AAaHHBIX, COIJIACHO KOTOPOH MBI AeHCTBOBA/IM MPH pas-
paboTKe CHCTEMBI pallOHANBHBIX YKces B pasnese 2.1.1. A uMeHHo, cHayasa Mbl paspaboTaeM
aJNropuTM Iu(pdepeHLHpOBaHHS, KOTOPBIH padoTaeT ¢ abCTPaKTHBIMH 00beKTaMH, TAKHMH Kak
«CYMMBI», «[IPOU3BEIEHUSI» U «IlepeMeHHble», He oOpalliasi BHUMaHHs Ha TO, KaK OHHU JOJI2KHBI
ObITh TIPEeLCTaBJEHbl. TONBKO MOCJE 3TOrO MBI 0OpATUMCS K 3a1ade MpeNCcTaBJIeHHS.

36Ha NpaKTHKe MPOrpPaMMHCTBl HCIOJb3YIOT equal? JJs CpaBHEHHs He TOJbKO CHMBOJIOB, HO M uHces. Yucaa
He CYMTAIOTCs CUMBOJaMM. Bompoc o ToM, BhIMOJIHSieTCs JM eq? AJs ABYX YHCeJ, KOTOpble paBHbI MexXay co0Ooi (B
CMBIC/IE =), OUeHb CHJIbHO 3aBUCHT OT KOHKPETHO#H peanusaunu. Bosee npaBusibHOe onpeneseHne equal? (Hampumep,
TO, KOTOpOe BXOAMT B Scheme Kak 3/ieMeHTapHasi MpoOLEeaypa) HOJKHO CONEp’KaTb YCJIOBHe, YTO €CJM H a, U b
SIBJISIIOTCSL YUC/IAMH, TO equal? [/1s1 HUX BBHIIOJNHSIETCS] TOTAA, KOTZA OHU YMC/IEHHO PAaBHBI.
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IIporpamma nuddepeHuypoBanns ¢ aOCTPaKTHBIMH JAHHBIMH

UroO6bl yIPOCTUTDb 33724y, Mbl PACCMOTPUM IIPOCTYIO NPOrpaMMy CHMBOJBHOTO AH(depeH-
LMPOBaHHs, KOTOopasi paboTaeT C BBIPA’KEHHSIMH, MOCTPOEHHBIMH TOJIBKO TPH TOMOLIHM OIle-
pauni CJIOXKEHHUS W yMHOXKEHHS ¢ AByMs aprymeHTtamu. HuddepeHuuposats a0boe Takoe
BbIpaXKeHHe MOXKHO, IPUMEHS S CJelylollre NpaBu/a peryKIHH:

d
d_c = 0 A/19 KOHCTaHThI JUOO NepeMeHHOH, OTJIMYHOH OT T
XL
dzx B
dx
du+wv) du n dv
dx T dr  dx
d(uv) dv du
i U(E) + U(@)

3ameTuM, 4YTO 1Ba MOCJAEIHHUX MPaBHUJA MO CYTH CBOeH peKypcHBHBEI. To ecTb, UTOOBI IO-
JIYy4YUTb MPOM3BOAHYIO CYMMBl, HAM CHadaJja HY»XHO MOJY4YUTb NPOU3BOAHBIE CJIAaTaeMblX U HX
CJI0XKHUTb. Kaxkioe M3 HUX B CBOIO ouepeib MOXKeT ObITb BbIpaKeHHeM, KOTopoe TpebyeTcs
pasJoXHThb Ha cocTaBisioye. PasbrBas ux Ha Bce Gosiee MeJIKHe YaCTH, Mbl B KOHIE KOHLIOB
JOHIEM 10 CTafMH, KOTa BCe YaCTH SBJASAIOTCA JUOO KOHCTAaHTaMH, JUOO0 epeMeHHbIMH, U X
NPOU3BOAHBIE OynyT paBHbl 160 0, mubo 1.

Uro6Bl BOMJIOTHUTb 3TH IMPaBUJa B BHAE MPOLELYPHl, Mbl T03BOJHUM cebe HEMHOro Nomey-
TaTh, NOAOOHO TOMY, KaK Mbl [e/1aly NPH peasu3alnd palHoHa bHbIX unces. Ecan 6bl y Hac
Ob1J1 criocod MpeAcTaBaeHUs ajare6panyecKMX BblpaXKeHHH, Mbl MOTJIM Obl IPOBEPUTD, SIBJISET-
csl JIW BblpaXkKeHHe CYMMOH, TNPOU3BeleHHeM, KOHCTAHTOH WJM repeMeHHOH. MoXHO GblI0 6Bl
M3BJIEKATh YaCTH BblpaxkKeHWH. Hanpumep, fjs CyMMBl MBI XOTe/ 1M Obl YMETb MOJy4aTb MepBOe
U BTOpoe cjaraemoe. Elle HaM HY»>KHO yMeTb COCTaBJ/ISITb BbIpaXKeHHs U3 yacTed. [laBafite
MPENNOJIOKHM, UTO Y HaC yKe eCTb MPOLENYpPbl, KOTOPblE Pean3yioT CJAedyIOLIHe CeNeKTOPHI,
KOHCTPYKTOPBI U NPeAHUKATHI:

e (variable? e) {pasercs Ju e nepeMeHHOU?

e (same-variable? vl v2) {sastorcs au v1 ¥ v2 OIHOH U TOH »Ke MepeMeHHOU?
e (sum? e) {Bnsercsd au e cyMMOH?

e (addend e) [lepBoe cnaraemoe cymMMbl €.

e (augend e) Bropoe ciaraemoe cymmbl €.

e (make-sum al a2) Crpour cymmy al u a2.

e (product? e) fBasiercss M e NpoU3BeleHUEM?

e (multiplier e) [lepBblii MHOXKHUTE/b POU3BENEHHUS €.

e (multiplicand e) Bropo#i MHOXHUTeNb NPOU3BENEHUS €.

e (make-product ml m2) Crpout npousBeneHue ml u m2.

[Tpu momolM 3TUX NpoUeyp U 3JeMeHTapPHOro NpeirkaTta number?, KOTOPbIH pacrnosHa-
€T YMCJIa, MBI MOXKEM BBIPA3UTh MpaBuia AUPPepeHLHPOBAHHUS B BUE CJIEAYIOLIEH TPOLENYPBL:
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(define (deriv exp var)
(cond ((number? exp) 0)
((variable? exp)
(if (same-variable? exp var) 1 0))
((sum? exp)
(make-sum (deriv (addend exp) var)
(deriv (augend exp) var)))
((product? exp)
(make-sum
(make-product (multiplier exp)
(deriv (multiplicand exp) var))
(make-product (deriv (multiplier exp) var)
(multiplicand exp))))
(else
(error "Heu3BECTHHMN TUIl BHpaxeHusa -- DERIV" exp))))

[Ipouenypa deriv sak/awo4aer B cebe Bech airoputm Anddeperurposanusi. [lockonbky oHa
BbIpaKeHa B TePMHHAX abCTPAKTHBIX NaHHBIX, OHA OyneT padoTaTbh, Kak Obl Mbl HU NpeacTa-
BUJIM asrebpanyeckue BbIPaXKEHUS, €C/IH TOJNBKO Y Hac OyoyT COOTBETCTBYIOLIHE CEJEKTOPbl U
KOHCTPYKTOpBI. FIMEHHO 3THM BOIPOCOM HaM M HYXKHO Tellepb 3aHATHCS.

IIpencraBienue anredpanyecKux BbIparKeHUH

MozkHo npencTaBuTh ce6e MHOXKECTBO CIIOCOOOB NMPeACTaB/IeHNs anredpanyecKrux Bblpaxe-
HHUH C MOMOIIBIO CITUCKOBBIX CTPYKTyp. Hampumep, M0oKHO HCIO/NB30BaTh CIIUCKH CHMBOJIOB,
KOTOpBIE OTpakaJsu Obl 0ObIYHYI0 anredpandyecKylo HOTALHUIO, TaK YTO ax + b NpeacTaBsioch
Obl KaK CIHMCOK (a * x + b). OnHako ecTecTBEeHHEH BCEro UCIOJb30BATh TY K€ CKOOOUHYIO
npepUKCHYIO 3alHChb, C MOMOLLbI0O KOTOPOH B JIucne npeacTaBasioTcss KOMOMHALMY; TO €CTb
NpencTaBiasith axr + b B Bume (+ (* a x) b). Torma Hame mpencraBjieHHe NAHHBIX JIS
3afaun nuddepeHINpoBaHUs OYAET CAEAYIOLIIM:

e [lepemeHHBIe — 3TO cUMBOJBL. OHU PacloO3HAIOTCS eMEHTAPHBIM IPEAUKATOM Symbol?:

(define (variable? x) (symbol? x))

e JlBe mepeMeHHble OJMHAKOBBI, €CJIH AJis MPEACTABJSIONINX UX CHMBOJIOB BBITNOJHSETCS
eq?:

(define (same-variable? vl v2)
(and (variable? vl) (variable? v2) (eg? vl v2)))

e CyMMbl U MPOU3BENEHHUST KOHCTPYUPYIOTCS KaK CITUCKH:
(define (make-sum al a2) (list "+ al a2))
(define (make-product ml m2) (list '* ml m2))

e CyMMa — 3TO CIIHCOK, TEPBbIH 3JeMEHT KOTOPOr0 CHMBOJ +:
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(define (sum? x)
(and (pair? x) (eqg? (car x) ’'+)))

e [lepBoe ciaraemMoe — 3TO BTOPOH 3JIeMEHT CIMCKA, MPENCTABJSIONIEr0 CYMMY:
(define (addend s) (cadr s))

e BTopoe ciaraemoe — 3TO TPeTHH 3/1€MEHT CIIUCKA, MPEACTABJSIOLIETO CYMMY:
(define (augend s) (caddr s))

e [IpousBeneHrne — 3TO CHUCOK, NEPBbIH 3JeMEHT KOTOPOTO CUMBOJ *:

(define (product? x)
(and (pair? x) (eg? (car x) ’'*)))

e [lepBbIii MHOXHTEb — 3TO BTOPOH 3JIEMEHT CIUCKA, NPENCTABJSIOLIET0 POU3BeIeH e
(define (multiplier p) (cadr p))

e BTopoii MHOXHTENb — 3TO TPETUH 3JEMEHT CIHCKA, MPEACTABJSIOIIEr0 MPOU3BEIeHHE:
(define (multiplicand p) (caddr p))

TakuM o6pasoMm, HaM OCTAJ0Ch TOJBKO COEAMHUTb 3TO IpeNCTaBJeHHE C aJTOPUTMOM,
3aKJIIOUEHHBIM B Npouenype deriv, u Mbl nosydaeM paboTaollylo NPOrpaMMy CHMBOJIBHOTO
nuddepenuuposanns. [locMOTpUM Ha HeKOTOpble IPUMEPHI €€ NOBEEHHUS:

(deriv ' (+ x 3) ’'x)
(+ 1 0)

(deriv ' (* x y) 'x)
(+ (*x 0) (*1y))

(deriv " (* (* x y) (+ x 3)) ’'x)
(+ (* (*xy) (+10))
(* (+ (*x 0) (*1y))
(+ x 3)))

OTBeTbI, KOTOpbI€ BblAAaeT MporpamMmma, MnpaBUJbHBI; OOHAKO MX HY2>KHO yIIpOLIaThb. BepHO, 4yTO

d(zy)
dzr

=z-0+1-y

HO HaM XOTeJoCh Obl, UTOOBI Tporpamma 3Hana, 4yto -0 =0, 1.y =y, a 0+y = y. OTBeTOM Ha
BTOPOH MpHUMep AOJKHO OBITH MPOCTO y. Kak BUAHO U3 TPeThero mpumepa, MpHU YCJAOKHEHUH
BBIPAXKEHUH YTIPOIIEHHUE MPeBPALaeTCs B CEPbe3HYI0 IPOBJIeEMY.

Hamu tenepelnHue 3aTpyqHeHHUs] OUeHb TIOX0XKH Ha Te, C KOTOPBIMH Mbl CTOJIKHYJIHCH TIPH
peanu3alyy palUOHAJIbHBIX YHCEJ: Mbl HE MPUBEJIM OTBeThl K mpocTeiied dopme. UTobbl
NIPOU3BECTH MpUBEJEHHE PallUOHAJbHBIX YMCeJ, HaM MOTpebOoBaJoCh U3MEHUTb TOJBKO KOH-
CTPYKTOPBI U CEJIEKTOPHl B Hallled peasin3aliu. 31eCh Mbl MOXKEM MPUMEHUTb MOAOOHYIO Ke
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crpateruio. [Ipouenypy deriv mbl He OyneM M3MeHATb BoBce. BMecTO 3TOro Mbl H3MEHHM
make-sum Tak, UTO €CJd 00a ClaraeMblX SIBJSIIOTCS YHUCJIAMH, OHa MX CJIOXKHT U BEPHET MX
cymmy. Kpome Toro, ecsu onHo u3 caaraeMbix paBHO O, To make—sum BepHeT ApyToe.

(define (make-sum al a2)
(cond ((=number? al 0) a2)
( (=number? a2 0) al)
((and (number? al) (number? a2)) (+ al az2))
(else (list '+ al a2))))

3mech ucmoJb3yeTcs npolefypa =number?, KOTOpas NPOBepseT, He PaBHO JIM BbIpaxKeHHe
onpefie/leHHOMY YHUCIY:

(define (=number? exp num)
(and (number? exp) (= exp num)))

[lono6HBIM ke 06pa3oM Mbl U3MeHHM H make-product, Tak. 4ToObl BCTPOHUTb B HEro mnpa-
BUJIA, UTO HeuTo, yMHoxKeHHOoe Ha 0, ecTb 0, a ymMHOXeHHOe Ha 1 paBHO camoMmy cebe:

(define (make-product ml m2)
(cond ((or (=number? ml 0) (=number? m2 0)) 0)
( (=number? ml 1) m2)
( (=number? m2 1) ml)
((and (number? ml) (number? m2)) (* ml m2))
(else (list '* ml m2))))

Bot kak 3Ta Bepcusi pabGoTaeT Ha HaUIMX TPeX MpHMepax:

(deriv ' (+ x 3) ’'x)
1

(deriv ' (* x y) 'x)
y

(deriv " (* (* x y) (+ x 3)) ’x)
(+ (* xy) (*y (+ x 3)))

XoTs 3TO 3aMeTHOe yJy4yllleHHe, TPETUH NpHUMep M0OKa3blBaeT, YTO HYKHO MHOroe elle Cie-
JIaTh, TpeXJe 4eM Mbl MOJy4YUM NPOrpaMMy, NMPUBOASLLYI0 BbIpaXKeHUs K (opMe, KOTOPYIO
MBI COTJIACUMCS CUMTATh «IIpocTeiiell». 3afaua anre6panueckoro ynpoleHus CI0XKHa, CPpenu
NpOYero, elle U NOTOMY, UTO (hopMa, KOTopast iBJseTCs NMpocTelilell N/ ONHUX Lenel, MoXeT
TaKOBOH He SIBJATHCS 1151 APYTHX.

Ynpaxsenue 2.56.
[TokakuTe, KaK pacIIMPUTh NPOCTeHLIyIO0 NporpaMMy AH(depeHLHPOBaHHs TaK, YTOObl OHa BOCIPHHH-
MaJia GoJibllle pa3HbIX THIOB BblpakeHuH. Hanpumep, peanusyiite npaBuso B3siTHs NPOM3BOLHOM

d(u™) n1,du
=nu"" (=)
dx dx
nN06aBUB ellle OHY NPOBEPKY K nporpamMMe deriv U onpene/nB COOTBETCTBYIOLIMNE IPOLEAYPbl exponentiation?,
base, exponent u make-exponentiation (0603HauaTh BO3BeleHHE B CTeleHb MOXKHO CHMBOJIOM
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**). Berpofite mpaBuia, uTo smo6oe BEIpayKeHHe, BO3BeleHHOe B cTemeHb 0, maer 1, a Bo3BeleHHOe B
cTeneHb 1 paBHO caMoMmy cebe.

Ynpaxsenue 2.57.

Pacminpere nporpamMmy aud¢epeHIHPOBaHUS TaK, YTOOBE OHa paboTajia ¢ CyMMaMH M NPOU3BeNeHUSIMH
Jo6oro (GoJblie IBYX) KOJMYECTBA TePMOB. Torna nocneqHuil U3 NpHUBEIeHHbIX Bbllle IPUMEPOB MOT Obl
OBITh 3aMMCaH Kak

(deriv "(* x y (+ x 3)) ’x)

[TonbiTaiiTech crenaTb 3TO, M3MeHsi TOJBKO NpeACTaBJIeHHe CYMM M NPOU3BENEHMH, He Tporas fpolie-
nypy deriv. Torna, nanpumep, npouenypa addend OyneTr Bo3BpallaTb epBOe cjaraeMoe CyMMbl, a
augend CyMMY OCTaJIbHBIX.

Ynpaxsenue 2.58.

IlpenmosoxkuM, YTO HaM 3aXOTeJOCh H3MEHHTb MporpaMMy auddepeHLHPOBaHUS TakK, YTOOBl OHa pa-
6oTajsla ¢ OOBIUHOH MaTeMaTU4YeCKOH HoTauued, rae + U * He NpepUKCHblE, a UH(PUKCHblE OlepaluH.
[TockosbKy mporpamMma B3siTHsl IPOM3BOAHBIX OMNpeesieHa B TEPMUHAX a0CTPAaKTHBIX NaHHbBIX, Mbl MOXKEM
U3MEHSATb NpelCTaBleHHe BblpaXKeHHH, C KOTOPBIMH OHA paboTaeT, MEHsisi TOJNbKO NPeIHKaThl, CENeKTO-
PBl X KOHCTPYKTOPBI, OTpee/Isioliie NpecTaBieHre anredpanieckKix BbIpaxKeHHH, ¢ KOTOPbIMH JOJI2KEH
pabortaTb AuddepeHLHaTop.

a. [loxkaxkuTe, Kak 3TO cllenaTb Tak, 4ToOb 6paTh MPOHU3BOAHbBIE OT BbIpaKeHMH, MpPEeACTaBIEHHBIX B
UH(pUKCHOH QopMe, Hanpumep (x + (3 * (x + (y + 2)))). Las ynpouieHus 3agadyu Npearnoso-
JKUTE, UTO + M * Bceraa NPUHUMAIOT MO 1ABa apryMeHTa, U YTO B BbIPaKeHUH PACCTaBJIeHbl BCE CKOOKH.

6. 3ajaua CTaHOBHUTCS CYLIECTBEHHO CJIOXKHEH, ec/qM Mbl paspelliaeM CTaHAAPTHYI anreGpanyuecKylo
HOTalMIo, HanpuMep (x + 3 * (x + y + 2)), KoTOpas ONMycKaeT HEHY>KHble CKOOKHM M IpejroJa-
raeT, YTO YMHOXKEHHe BBINOJIHSAETCS paHblle, yeM ciokeHHe. Moxere su Bbl paspa6oTaTb COOTBETCTBY-
IOLIHe TIPeIUKAThl, CENEKTOPbl 1 KOHCTPYKTOPHI /IS 3TOH HOTAUMH Tak, YTOObl Halla MporpaMMa B3sTHS
NIPOU3BOAHBIX TPOJO/MKaNa paboTaTb?

2.3.3. IIpumep: npeacraBjieHUe MHOMKECTB

B nmpempioyuiux npuMepax Mbl MOCTPOUJH TPENCTABJEHUS [JIT NBYX THUIIOB COCTABHBIX
00BEKTOB: AJsi PAllHOHAJBHBIX YHCEJ U [J51 aire6panyecKuX BhIpaXkeHUH. B omHOM n3 3THX
NPUMepOB Mepel HAMH CTOSIT BbIOOP, YMPOLIAaTh JIK BblpaXkKeHHe TPH ero KOHCTPYHPOBAHHUH
WJIM NpU o6pallleHnH; B OCTaJbHOM 2Ke BbIOOD MpeACTaBJeHHs HAKUX CTPYKTYD depe3 CIHUCKU
6bl1 mpocThIM JesioM. Korma mbl obpaiiaemMcsi K MpeiCTaBIEHHI0 MHOXKECTB, BRIOOP MpeaCcTaB-
JIEHUsI He TaK O4YeBHJEH. 3[1eCh CYIIeCTBYeT HECKOJIbKO BO3MOXHBIX MpPEACTaBIEHUH, U OHU
3HAUUTEJBHO OTJIHYAIOTCS IPYT OT APyra B HECKOJNBKHX acleKTaX.

['oBopsi HeopMaIbHO, MHOXKECTBO €CTh MPOCTO HA0OpP pasyMuHbIX 06beKTOB. UTOOBI 1aTh
emy GoJiee TOUHOE OMpefieIeHHe, MOKHO HCIOJb30BaTh METON abCTPaKIMH AaHHbIX. A HMeH-
HO, MBI ONpefiesisieM «MHOXECTBO», YKa3blBasi ONepaldu, KOTOpPble MOXHO MPOW3BOAMTbL Hal
MHOXKECTBaMH. JTO onepaiuu union-set (oObenuHenue), intersection-set (nepece-
yeHue), element-of-set? (mpoBepka Ha MPHHALIEXKHOCTh) ¥ adjoin-set (moGasienue
sjeMeHTa). Element-of-set? — 3T0 MpeauKaT, KOTOPBIE OMpenessier, ABAsSeTCs JU JaH-
HBI OOBEKT 3JIeMEHTOM MHOXecTBa. Adjoin-set NpUHHMaeT Kak apryMeHThl OOBEKT U
MHO>KeCTBO, U BO3BpalllaeT MHOXKECTBO, KOTOPOE COMNEPKHUT BCE JIEMEHTBl UCXOJHOTO MHOXe-
cTBa TIOC N00aBJEHHBIH 3jeMeHT. Union-set BbUUC/seT 00beqUHEHHE NBYX MHOMKECTB,
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TO €CTh MHOXKECTBO, COAepKalllee Te 3JeMeHTBl, KOTOpble MPUCYTCTBYIOT XOTSl Obl B OQHOM M3
apryMeHToB. Intersection-set BhlUUCISET [lepecedeHre ABYX MHOXKECTB, TO €CTbh MHOXKe-
CTBO, KOTOPOE COAEPXKHT TOJBKO Te 3JIEMEHTHl, KOTOpPble MPUCYTCTBYIOT B 000UX apryMeHTax.
C TOUKHM 3peHUs] aOCTPaKLHUK AAaHHBIX, Mbl HMeeM TPaBO B3siTh J1060e MpelcTaB/eHHe, T03BO-
JISIOILlee HAaM MCIOJIb30BATh 3TH OMepalu CocoOoM, KOTOPHIH COrJlacyeTcsl C BhIIeYKa3aHHOH

MHTeprpeTauuei’’ .

MHokecTBa Kak Heynopaao4YeHHbI€ CIIMCKHA

MoxHO npeCcTaBUTb MHOXKECTBO KaK CIIUCOK, B KOTOPOM HH OAMH 3JI€MEHT He COIEePXKUTCS
6osiee opHoro pasa. Ilyctoe MHOXKecTBO mpeacTaB/sieTcs MycThlM cnuckoM. [lpy Takom mpen-
cTaB/eHUH element-of-set? nonobeH npouenype memg 13 pazngena 2.3.1. OHa ucnosb3yeT
He €g?, a equal?, Tak YTO 3JeMEHThl MHOXKECTBA He 00513aHbl OBITb CUMBOJIAMU:

(define (element-of-set? x set)
(cond ((null? set) false)
((equal? x (car set)) true)
(else (element-of-set? x (cdr set)))))

Hcnosib3ys 3Ty npouenypy, Mbl MoxKeM HanucaTb adjoin-set. Ecau 06bexT, KOTOpbIH Tpe-
OyeTcsl 100aBUTb, yKe NPHHAMJIEKHUT MHOXKECTBY, Mbl IPOCTO BO3BpalllaeM HCXOLHOE MHO-
JKeCTBO. B NpoTHBHOM ciyuae Mbl HCIIOJNB3yeM cons, 4ToObl H00aBUTb OOBEKT K CIIHCKY.
NPEeACTaB/SIONIEMY MHOXKECTBO:

(define (adjoin-set x set)
(if (element-of-set? x set)
set
(cons x set)))

Hns intersection-set MOXHO HCNOJIb30BATh PEKYPCHUBHYIO CTpaTervio. Ecau Mbl 3HaeM,
KaK TOJIYyUHTb MNepecedyeHHe set2 u cdr oT setl, HAM HYXKHO TOJbKO TMOHSTb, HAAO JH
n06aBUTb K HEMy car oT setl. DTo 3aBHCHUT OT TOrO, NPUHAMJIEKUT JU (car setl) emle
u set2. [lonyuaercs Takas npouenypa:

(define (intersection-set setl set2)
(cond ((or (null? setl) (null? set2)) " ())
((element-of-set? (car setl) set2)
(cons (car setl)
(intersection-set (cdr setl) set2)))
(else (intersection-set (cdr setl) set2))))

3TEcnn Ham Xouetcs ObiTh Gosee (hOPMasbHBIMM, Mbl MOXKEM ONpENeNHTh «COOTBETCTBHE BhIIIEYKA3aHHOH HHTEp-
npeTalMn» KaK ycJOBHe, YTO OMepalMH YIAOBJAETBOPSIOT HEKOTOPOMY Habopy MPaBHJ BPOJe CJeyloLnX:

e Jlsi 11060T0 MHOXKECTBa S M JIo60ro o0bekTa X, (element-of-set? x (adjoin-set x S)) HCTHHHO
(HecpopManbHO: «106aBIeHHe 00bEKTa K MHOXECTBY JaeT MHOXKECTBO, COAepKalllee 3TOT 0OBEKT»).

e Jlns moOGbIX ABYX MHOXKeCTB S U T W J06oro o6bvekta x, (element-of-set? x (union-set S T))
paBHO (or (element-of-set? x S) (element-of-set? x T)) (HedopManbHO: «3/1eMeHTH (union-set
S T) — 3TO Te 3JIeMEHTbI, KOTOpPble NMpPUHAAEKAT JHO0 S, J160 T»).

e Jlns nmoboro o6bekra x, (element-of-set? x ’ ()) J0xkHO (HeopMasbHO: «HH OfHH OOGBEKT He MpH-
HAJJIEXKHUT MYCTOMY MHOXKECTBY»).
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OnuH U3 BOIPOCOB, KOTOpble AOJKHBI HAac 3a60THUTb NpH pa3paboTke peasnn3alud — 3¢-
(heKTHBHOCTb. PaccMOTpHM 4HC/O 1IAroB, KOTOpble TPeOYIOT HaIlW OMepandd Haj MHOXe-
ctBamu. [lockosibKy Bce OHHM HCMOJB3YIOT element-of-set?, ckopocTh 3TOH omepauuu
OKasblBaeT OOJIbIIOE BJMSIHHE HAa CKOPOCTb peasM3aldd B LeJoM. Ternepb 3aMeTHM, YTO AJIS
TOTO, 4TOOB! IPOBEPUTD, SIBJASETCS JU OOBEKT 3JeMEHTOM MHOXKeCTBa, Npolenype element-
of-set? MoxeT noTpe6OBaTbCS IPOCMOTPETh BeCh CMHCOK. (B Xynuem caydae okasbiBaeTcs,
4TO 06beKTa B cnucKe HeT.) Cjie10BaTENbHO, ECJIH B MHOXKECTBE 1 3JIeMEHTOB, element-of-
set? MOXeT 3aTpaTUTb A0 N IIAroB. TakuM 00pa3oM, 4McJa0 TpeOyeMbIX LIArOB pacTeT Kak
O(n). Yucao waros, tpebyembix adjoin-set, KOTOpas 3Ty ONEPALHUI0 UCIOJIb3YET, TAKKE
pacter kaK O(n). na intersection-set, KoTopas nponenbiBaeT element-of-set?
IJIS1 KaXKA0TO 3JieMeHTa setl, yuc/o TpeOyeMbIX L1aroB pacTeT KakK MPOU3BELEHHE pa3MepoB
WCXOIHBIX MHOXeCTB, Uik O (n?) aas AByX MHOKecTB pasmepa n. To xe OymeT BEpHO M AJs
union-set.

Ynpaxuenue 2.59.
Peanusyiite onepauuio union-set [Js NpeacTaBeHUs] MHOXKECTB B BHEe HEYIOPsAOYEHHbIX CIIHCKOB.

Ynpaxuenue 2.60.

Mbl yKasanu, 4yTO MHOXKECTBO MPEACTaBJsSeTCSl KaK CIHMCOK 0e3 MOBTOPSIOIMXCS 3jaeMeHToB. Jlomy-
CTHM Telepb, YTO MBI paspeliaeM MOBTOpsiiolinecs djaeMeHTsl. Hanpumep, muoxectso {1, 2,3} morso 6bt
ObITh TPEICTaBJEHO Kak crucok (2 3 2 1 3 2 2). Paspaboraiite npouenypsl element-of-set?,
adjoin-set, union-set u intersection-set, kotopble 6bl paboTajau ¢ TAKUM NpPeACTABJIEHHUEM.
Kak cooTHocHTCA 3 ()EKTUBHOCTb STHUX onepauuii ¢ 3((PeKTHBHOCTbIO COOTBETCTBYIOLMX MPOLENYD A5
npencraBieHus: 6e3 nosTopeHuit? CyleCcTBYIOT JIH NPUJIOXKEHHS, B KOTOPbIX BBl 6Bl HCMOIb30BA/H CKOpee
9TO NpEACTaBJIEHHE, UeM NpeACTaBleHHe 0e3 MOBTOPEHHH?

MHoxecTBa Kak yrnopsaaodeHHbI€ CIIMCKH

OnuH U3 cnoco60B YCKOPUTb ONepalyuy HaJ MHOXKECTBAMH COCTOUT B TOM, UTOObl H3MEHHUTb
npefcTaBJeHHe TaKUM 00pa3oM, YTOObl 3/71eMeHTbl MHOXKECTBa MepPeunc/IsINCh B MOPSAKe BO3-
pacranusi. s 3Toro HaMm notpedyercst cnocod cpaBHeHHST 0OBEKTOB, TaK, YTOOBl MOXKHO OblJIO
CKa3aTh, KAaKOH M3 HUX OoJiblie. Hanpumep, cuMBOJIBI Mbl MOTJIM Obl CPaBHHUBATH JEKCHKOTpa-
(hUUeCKH, UMM 2Ke MBI MOIVIM Obl HAHTH KaKOH-HHUOyIb CIIOCOO CTaBHUTh KaxKIOMY OOBEKTYy B
COOTBETCTBHE HEKOTOPOE YHUKAaJBbHOE YHCJ/O M 3aTeM CPaBHHUBATb OOBEKTHl NIyTeM CpPaBHEHHS
COOTBETCTBYIOIMX udHces. UToObl yNpPOCTUTb 06CYKIEeHHe, Mbl PACCMOTPHUM TOJIBKO Cayyai,
KOTZla 3JIeMeHTaMHM MHOXeCTBa SIBJSIIOTCS UMCJ/a, TaK YTO Mbl CMOXKEM CPaBHUBATb 3JEMEHTHI
npu nomouu > U <. Mpl OyneM NpeacTaB/siTb MHOXKECTBO YHCEJ KakK CIIHCOK ero 3JieMeH-
TOB B BO3pacTamolleM Nopsiike. B To BpeMs Kak nepsas Hallla peasn3alus M03BOJsAJNA HAM
NpeAcTaBasATh MHOXKeCTBO {1,3,6,10} myTeM MepedyHC/eHHs ero 3JeMEeHTOB B MPOU3BOJIBHOM
NOpsiiKe, B HOBOM IIPEACTABJEHHUH paspelleH TOJNbKO CIUCOK (1 3 6 10).

OnHO M3 mnpeuMylLIeCTB YNOPSAOUEHUS MposBaseTcss B element-of-set?: mposepss
HaJHM4yHe 3J1eMeHTa, HaM 0oJblie He3aueM POCMAaTpHBaTh BCe MHOMKECTBO. EC/IM MBI JOCTHUIIN
3JIeMeHTa, KOTOPBbIH GoJiblile TOro 06beKTa, KOTOPbIH MBI HMIIEM, MBI MOXKEM YK€ CKa3aTb, UTO
HCKOMOTO B CIIMCKE HET:

(define (element-of-set? x set)
(cond ((null? set) false)
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((= x (car set)) true)
((< x (car set)) false)
(else (element-of-set? x (cdr set)))))

CKOJIbKO 111aroB Mbl Ha 3TOM BbIUIPbIBaeM? B xyniuem ciydae, 06beKT, KOTOPLIH Mbl HILEM, MO-
’KeT ObITb HaUOOJIBIIMM B MHOXKECTBE, TaK 4TO YHMCJIO L1aroB TO XK€, YTO W JJIs1 HeylopsigoueH-
Horo npezactasaeHus. C Ipyrofl CTOPOHBI, €CJIM Mbl HILEM 3JeMEHThl Pa3HbIX Pa3MepOB, MOXKHO
0KMAaTh, YTO MHOTZA MBI CMOYKEM OCTAHABAMBATHCS OMM3KO K Hauasly CIHCKA, a HHOTAA HaM
BCe ke noTpedyeTcss MPOCMOTPeTh GOJBLIYIO €ro 4YacTb. B cpenHeM MBI MOXKEM 0XKHMIATb, UTO
noTpebyeTcs IPOCMOTPETh OKOJIO MOJNIOBUHBI 3J1eMEeHTOB MHOXKecTBa. TakuM 06pa3oM, cpefHee
yucso TpeGyeMBIX 11aroB 6yaet NpuMepHO n/2. DTo Bee elile pocT nopsinka O(n), HO 3TO 3KO-
HOMMT HaM B CpeJlHeM MOJIOBHHY YHCJa IIaroB M0 CPaBHEHHUIO C MpeAblayllell peanusanued.

Bosee Bneuatssiomiee yckopeHue Mbl TonyuaeM B intersection-set. Ilpu Heynopsino-
YEHHOM TpeNCTaB/JeHHH 3Ta onepauus TpeGopana ©(n?) mwaros, NOCKObKY Mbl IIPOM3BONUIN
MOJIHBIH TIOMCK B set2 sl KaxkIoro sjeMeHta setl. OnHako Npu ynopsito4eHHOM Mpen-
CTaBJEHHH MBI MOXKEM BOCIIOJIb30BaTbCs 00Jjiee pa3yMHbIM MeTonoM. HauHeMm co cpaBHeHUSs
NepBbIX 3JEeMEHTOB AByX MHOXecTB, x1 ¥ x2. Ecau x1 paBHO X2, MBI NoJlydyaeM OIMH 3Je-
MEHT IepeCeUyeHHUsi, a OCTAJ/IbHble 3JIEMEHThl IIepeCeUeHUs] Mbl MOXKEM IIOJyUUTh, [epecekas
OCTaBIIHECS 3J€EMEHTHl CITUCKOB-MHOXKeCTB. JlomyCcTHM, ofHaKo, uTo X1 MeHblle, ueM x2. [lo-
CKOJIbKY X2 — HaMMEeHbLIMH 3JleMeHT set2, Mbl MOXKeM HeMeNJIEHHO 3aKJIUMTb, 4TO x1
fosibllle HUrZe B set2 He MOXKeT BCTPETUThCS W, C/IEN0BAaTeJNbHO, He NPHUHAAJEXHUT Nepe-
ceyeHuto. CjiegoBarte/IbHO NepecedyeHue AByX MHOXKECTB PaBHO NepeceyeHHIo set2 ¢ cdr oT
setl. I[logo6HbIM 06pa3oM, ecu X2 MeHbllIe, UeM X1, TO lepeceyeHre MHOXKECTB N10Jy4aeTcs
myTeM mnepeceueHus setl ¢ cdr ot set2. Bor mpouenypa:

(define (intersection-set setl set2)
(if (or (null? setl) (null? set2))
" ()
(let ((x1 (car setl)) (x2 (car set2)))
(cond ((= x1 x2)
(cons x1
(intersection-set (cdr setl)
(cdr set2))))
((< x1 x2)
(intersection-set (cdr setl) set2))
((< x2 x1)
(intersection-set setl (cdr set2)))))))

Uro06bl OLEHUTh YMCJO 1IAroB, HEOOXOAMMOE AJIf 3TOrO Mpolecca, 3aMeTHM, 4TO Ha KaxKIAOM
mary Mbl CBOAHMM 3aJauyy HaXOXKIEHHS MepeceveHHs] K BHIYUCJAEHMIO TepeceyeHHs] MEeHbIINX
MHOXKeCTB — yOupasi nepBbli 3/7eMeHT J160 U3 setl, nubo U3 set2, aubo u3 o6oux. Takum
o6pa3oM, 4uc/a0 TpefyeMblX lIaroB He GoJibllle CyMMbl pa3MepoB setl u set2, a He HUX
NPOU3BENeHHUs, KaK MPU HeyIopsI04eHHOM MpejcTaBieHuu. Jto poct O(n), a He O(n?) —
3aMeTHOe YCKOpeHHe, faxke [J/151 MHOXKECTB HeOOJIbILIOro pasMepa.

Ynpaxuenue 2.61.

Hanuwnre peanusauuio adjoin-set nJs ynopsimoueHHoOro npeactasaeHus. [To aHanoruu ¢ element—
of-set? MoKaxuTe, KaK UCMOJb30BaTh YIOPsiA0YeHHe, YTOOH! OTYYHTb NPOLEYPY, KOTOpasi B CpefHeM
TpeGyeT TOJNBKO MOJIOBUHY YHCJ/A L1aroB, KOTOpoe TpeGyeTcs NpH HEYNOpsiiOUeHHOM MPEACTAB/IEHHH.
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Puc. 2.16. Paznuunble GuHapHble fAepeBbsi, MPeACTABISIOLIHe MHOKeCTBO {1,3,5,7,9,11}.

Ynpaxuenue 2.62.
Jlaiite npencraBieHue nopsiika ©(n) OJs omnepauMH union-set ¢ MpencTaB/eHHEM B BHIE YNOPSIO-
YEHHbIX CITHUCKOB.

MHoxecTBa Kak OMHapHbIe AepeBbs

MoxHO no6UTbCS ellle JIYULIHX Pe3y/NbTAaTOB, YeM IPH IMPEACTABJEHHH B BHJAE YIOPSIO-
YeHHBIX CITHUCKOB, €CJIM PACIOJIOXKHUTD JJEMEHTHl MHOXKECTBA B BHUIE JepeBa. Kaxknasi BepiinHa
JlepeBa COMEPKUT OIMH JEMEHT MHOXKECTBA, HA3BIBAEMBIH «BXONOM» 3TOH BEPIIMHBI, U yKa-
3arenu (BO3MOXKHO, MYCThle) Ha JBe APYrHe BepIUIWHBL. «JIeBBI» yKasaTesb yKa3blBaeT Ha
3JIeMeHTbl, MeHbllIMe, YeM TOT, KOTOPHIH CONEPXKUTCS B BepllHHe, a «[IPaBblii» Ha 3JEMEHTHI,
6oJibllIMe, YeM TOT, KOTOPBIH colep:KUTCs B BepiunHe. Ha prucyHke 2.16 moka3zaHO HECKOJIBKO
BapHaHTOB MpeacTaBieHuss MHOkecTBa {1,3,5,7,9,11} B Bume nepesa. OmHO U TO Ke MHO-
JKECTBO MOXKeT OBbITb INPeNCTaBJEHO B BUIE NePeBa HECKOJbKUMHU PA3JHUHBIMU CIIOCOOAMHU.
EnvHcTBEHHOE, Yero Mbl TpeGyeM OT TPaBUJbHOIO MPEACTaBJAeHHsS — 3TO YTOObl BCe 3JeMeH-
Thl JIEBOTO MOAJepeBa OblIM MeHblUe, YeM BXOJ BepLIMHBI, & 3JeMeHThl MPaBOro MOAJEepeBa
6oJblile.

[IpenMyIecTBO OPEBOBUAHOTO TMpeACTaBJAeHUs chaenytoiiee. [Ipeamosokum, Mbl XOTHM
MIPOBEPUTD, COLEPAKHUTCS JTU B MHOXKECTBE UMCJIO0 x. HauHeM ¢ Toro, 4to CpaBHUM T CO BXOAOM
HauaJbHOH BepIIWHBI. ECaM x MeHbIe ero, To Mbl yXKe 3HaeM, UTO JO0CTAaTOUYHO MPOCMOTPETH
TOJIBKO JIEBOE TMOJIEPEBO; €CU x 60Jibllle, TOCTATOUHO POCMOTPETh TpaBoe MoaaepeBo. Ecu
JepeBo «cOasaHCHPOBAHO», TO KaXK[0e U3 MoAldepeBbeB OyAeT 10 pa3Mepy MPUMEPHO BIIOJO-
BHHY MeHbIe. Takum 06pa3oMm, 3a ONWH LIAT MBI CBeJNU 33/ady TOHCKa B JepeBe pasmMepa n
K 3ajaye MoMcKa B JnepeBe pasmepa n/2. [lockosbky pasmep IepeBa yMeHbIIAeTCs BABOE HA
KaXKJIOM I1are, cjeayeT OXKHUIATh, YTO UHUCJO IMIAroB, TpeOyeMbIX IJis MOWCKA B JepeBe pasMe-
pa n, pacter kak O(logn)®. Jlns 6oablIMX MHOXKECTB 3TO GyleT 3aMeTHBLIM YCKOPeHHeM [0

38YMeHbIleHHe pa3Mepa 3ajaul BIBOE Ha KAXJOM IIATY SBJSETCA ONMpelesiolleli XapakTepHCTHKOM JIorapH(pMHu-
YeCcKOro pocTa, Kak Mbl BHJEJH Ha MPUMepe ajropuTMa ObICTPOrO BO3BELEHHs B cTereHb B pasneste 1.2.4 u merona
TOJIOBUHHOTO flesieHust B pasnese 1.3.3.
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CPaBHEHHIO C MPebIAYIIHUMH PeaNn3alusaMH.

JlepeBbsi Mbl MOXKeM TpeCTaBAATh MPH MOMOIIM cIHcKoB. Kaxnas BepuinHa GymeT criuc-
KOM M3 TpexX 3/eMEeHTOB: BXOJ BepIIMHBbI, JeBoe MONNePeBO M MpaBoe MoAjepeso. IlycToit
CTHCOK Ha MecTe JIeBOTO HJH MPABOTo TMOAJepeBa OyleT 03HAuaTh, UTO B 3TOM MecTe HMKa-
Koe TMOANepeBO He MpHcoenHseTcs. Mpl MOXeM OmMcaTh 3TO MpeACTaBJeHHe MPH TMOMOIIM
clefyIOMUX npouenyp?:

(define (entry tree) (car tree))
(define (left-branch tree) (cadr tree))
(define (right-branch tree) (caddr tree))

(define (make-tree entry left right)
(list entry left right))

Tenepe MOXXHO HamucaThb npouenypy element-of-set? ¢ HCNONB30BAaHHEM BBIILIEOIH-
CaHHOH CTpaTeruu:

(define (element-of-set? x set)
(cond ((null? set) false)
((= x (entry set)) true)
((< x (entry set))
(element-of-set? x (left-branch set)))
((> x (entry set))
(element-of-set? x (right-branch set)))))

Jlo6GaBsieHre 3JieMeHTa K MHOXKECTBY peasiu3yeTcs MOX0XKUM 0o0pa3oM M Takxe Tpeby-
et O(logn) waroB. Uro6bl 106aBUTh 00BEKT X, Mbl CPaBHHBAEM €ro C BXOJOM BEpIIMHBI U
ornpenesisieM, JOJKHBI JIM Mbl J00aBHUTb X K JIeBOH WJM NMpaBOd BeTBH, a N00aBUB = K CO-
OTBETCTBYIOLLIEH BETBH, Mbl COEMHSIEM pe3y/bTaT C H3HAuaJbHbIM BXOJOM M BTOPOH BETBBIO.
Ecau = paBeH BXody, MBI IPOCTO Bo3BpalllaeM BepliHHY. Ecau Ham TpebyeTcss n06aBUTb = K

IyCTOMY AEPEBY, Mbl IOPOXKJAAEM [IepeBO, KOTOPOE CONEPKHUT « Ha BXOLE W IyCThble JIeBOe U
npaBoe nopanepeBbsi. Bor mpouenypa:

(define (adjoin-set x set)
(cond ((null? set) (make-tree x () "()))
((= x (entry set)) set)
((< x (entry set))
(make-tree (entry set)
(adjoin-set x (left-branch set))
(right-branch set)))
((> x (entry set))
(make-tree (entry set)
(left-branch set)
(adjoin-set x (right-branch set))))))

39Mbl mpescTaBiseM MHOXKeCTBAa NPH NOMOLIM [ePeBbeB, a [AepeBba IPH MOMOLIM CIHCKOB — MoJydaeTcs ab-
CTpPaKLHMsl NaHHBIX Ha OCHOBe NpPYyrodl abcTpakuWH AaHHBIX. [Ipouenypel entry, left-branch, right-branch u
make-tree Mbl MOXeM pPacCMaTPHBATh KaK CIOCOO M30MPOBaThb abCTPaKLHUIO «OMHApHOe JepeBO» OT KOHKPETHOro
crnocoba, KOTOPLIM Mbl KejlaeM NPeACTaBUTh TaKoe NePeBO B BHJIE CIHCKOBOH CTPYKTYPBI.
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7

Puc. 2.17. Hec6anaHcupoBaHHOe [epPeBO, MOPOXKIEHHOE MOC/EN0BATENbHBIM IPUCOeIHHEHHEM
3JeMeHTOB oT 1 1o 7.

YTBepXKIeHHe, 4YTO T[OHUCK B JepeBe MOXKHO OCYILECTBHTb 3a JOorapumMuyeckoe
YMCJIO ILIArOB, OCHOBBIBAETCS HA IMPEATNOJIOXKEHUM, 4YTO JepeBo  «COalaHCHPOBAHO»,
TO ecTh YTO JIeBOe U IpaBoe €ro IMOAJAEPeBbsl COAEPKAT INPHUOMM3UTENBHO ONMHAKOBOE
YUCJO  3JeMEHTOB, TaK 4YTO  KaxKgoe  TOJLEepPeBO  CONEPKHUT  MNPUOJIH3HUTEIBHO
MOJIOBUHY 3JIeMeHTOB cBoero poxutesns. Ho kak Ham pgo6uTbes TOro, uTOOBl Te
JiepeBbsl, KOTOpble Mbl CTPOHUM, ObliM cOajaHCHpoBaHb? Jlaxe ecad Mbl HayMHaeM CO
c6ajaHCHPOBAaHHOTO JepeBa, f00aBjeHHe 3JeMeHTOB NP NnoMoly adjoin-set MoxeT naTb
HecOa/slaHCHPOBaHHBIN pe3yJbTaT. [I0CKONBKY MO3ULMA HOBOIO 1006AaB/SEMOro 3JeMeHTa 3a-
BUCUT OT TOrO, KakK 3TOT 3JIeMEHT COOTHOCUTCS C OOBEKTaMH, YK€ COAEPKALIUMHUCS B
MHOXKECTBe, Mbl HMeeM MpPaBO OXKHIaTb, YTO €CAHW Mbl OyfeM N00aBJASTb 3JE€MEHTBl «CJy-
yalHelM  0o0pasoM», B CcpedHeM JepeBo OyAeT MoJaydaTbCcsi  COAJAHCHPOBAHHBIM.
OpHako Takod rapaHTMM Yy Hac HeT. Hamnpumep, ecau Mbl HauHeM C IYCTOro
MHOXecTBa W OyneM [006aBjsiTb [0 oyepend yucjaa oT 1 go 7, TO MOJYyYHTCS BecbMa
HecOa/JlaHCUPOBaHHOE JepeBO, T[OKa3aHHOe Ha pucyHke 2.17. B 3ToM [nepeBe Bce
JieBble TOAJIEPeBbsl MYyCThl, TaK YTO HET HHUKAKOro MPEHMYIIeCTBa [0 CPaBHEHHIO C
MPOCTHIM YTOPSI0UYEHHBIM CUCKOM. OIHUM H3 CIOCOGOB pelleHUsl 3TOH NMpobJeMbl ObIIO Obl
onpejieieHHe ONepallly, KOTopasi IepeBoIUT POU3BOJIbHOE NepPeBO B cOanaHCHPOBAHHOE C Te-
MM Ke 3jeMeHTaMU. Torna Mbl CMOXKeM NPOBOAMTb Npeofpa3oBaHue Yepe3 KaxKAble HECKOJBKO
onepaluui adjoin-set, 4To6bl MOAAEPKHUBATb MHOXKECTBO B cOanaHCHPOBAHHOM Bule. EcTb
U IpyTHe CrocoO0bl pelleHHus: 3TOH 3ajaud. Bosblias yacTb U3 HUX CBSI3aHa C pa3paboTKOH Ho-
BBIX CTPYKTYpP HAaHHBIX, [JIsi KOTOPHIX U MOWCK, U BCTaBKa MOTYT mpousBoauthes 3a O(logn)
marop*?.

40TIpumepamu Takux CTPYKTYp MOFYT CayXUTb B-Oepesvs (B-trees) u kpacro-uepubie depesvs (red-black trees).
Cy1iecTByeT oOLIMpHasi JHTepaTypa MO CTPYKTypaM AaHHBIX, MOCBsilleHHast 3Tod 3anaye. CMm. Cormen, Leiserson,
and Rivest 1990.
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Ynpaxuenue 2.63.
Kaxpas u3 ciefyolmx AByX Npoleayp npeobpasyeT AepeBO B CIIHCOK.

(define (tree->list-1 tree)
(if (null? tree)
" ()
(append (tree->list-1 (left-branch tree))
(cons (entry tree)
(tree->1list-1 (right-branch tree))))))

(define (tree->list-2 tree)
(define (copy-to-list tree result-list)
(if (null? tree)
result-list
(copy-to-list (left-branch tree)
(cons (entry tree)
(copy-to-list (right-branch tree)
result-list)))))
(copy-to-list tree " ()))

a. Jlns BCAKOTO JM JIepeBa 3TH MPOLEAYPHl NAIOT ONHHAKOBBIH pedyibTaT? Ec/iM HeT, TO Kak HX
pesysbTaThl pasnuuaTcs? Kakoll pesy/bTaT AaloT 3TH [Be NPOLENYPbl 175 JepeBbeB ¢ PUCYHKA 2.16?7

6. OnuHaKoB JiM TMOPSIIOK POCTA 3THUX IPOLEAYP MO OTHOLIEHHIO K YMUCJHY IIAroB, TpeGyeMbIX AJIs
npeo6pasoBaHus c6aJaHCHUPOBAHHOTO JepeBa C 1 3JeMeHTaMM B CIHCOK? EcsM HeT, KoTOpas M3 HHX
pacteT MelJieHHee?

Ynpaxuenue 2.64.

Crenyrouasi npouenypa list->tree npeoGpasyeT ynopsiioueHHBIE CIHCOK B cOalaHCHPOBaHHOE OH-
HapHoe nepeBo. BeromoraresbHas npouenypa partial-tree NpUHHMaeT B KauecTBe apryMeHTOB Lie-
JI0e UUCJIO M U CITUCOK M0 KpalHel Mepe U3 m 3JIeMEHTOB, H CTPOUT cOalaHCUPOBAaHHOE I€PEBO U3 MEPBBIX
N 3JIeMeHTOB fepeBa. Pe3ynbTaT, KOTOPHI Bo3BpallaeT partial-tree, — 310 napa (IOCTpoOeHHas de-
pe3 cons), car KOTOPOH €CTb MOCTPOEHHOE AepeBo, a cdr — CIIUCOK 3JEeMEHTOB, He BKJ/IOUYEHHBIX B
LIePeBO.

(define (list->tree elements)
(car (partial-tree elements (length elements))))

(define (partial-tree elts n)
(if (= n 0)
(cons ' () elts)
(let ((left-size (quotient (- n 1) 2)))
(let ((left-result (partial-tree elts left-size)))
(let ((left-tree (car left-result))
(non-left-elts (cdr left-result))
(right-size (- n (+ left-size 1))))
(let ((this-entry (car non-left-elts))
(right-result (partial-tree (cdr non-left-elts)
right-size)))
(let ((right-tree (car right-result))
(remaining-elts (cdr right-result)))
(cons (make-tree this-entry left-tree right-tree)
remaining-elts))))))))



162 InaBa 2. IloctpoeHHe abCTPaKLUE C MOMOIIBIO JaHHBIX

a. Jla#ite KpaTKoe onHcaHHe, KaK MOXHO 0oJjiee siCHO oObsicHsIoIlee paboTy partialtree. Hapu-
cy#te gepeBo, KoTopoe partial-tree ctpour u3 cnucka (1 3 5 7 9 11)

6. KakoB mopsitok pocra 1O OTHOLIEHHIO K YHCJY LIaroB, KOTOpble TpeOyloTcs MpoLexype
list->tree nisa npeo6pa3oBaHus AepeBa U3 M JIEMEHTOB?

Ynpaxuenue 2.65.
Hcnonb3yst peaysbratsl ynpaxkHeHui 2.63 u 2.64, mocrtpoiite peanusauuy union-set U intersec-
tion-set nopsaoka ©(n) mJasi MHOXKECTB, peajM30BaHHBIX Kak (cOanaHCHpOBaHHbIE) GHHAPHbBIE Hepe-

BI)H41 .

MHoxxecTBa 1 nouck uHgpopmanumn

MbI paccmoTpenn crnoco6bl MPeACTaBAeHUS] MHOXKECTB TPH MOMOLIH CIIUCKOB U yBHIEJH,
KakK BbIOOD MpeACTaBJeHUs [Js 00bEeKTOB JaHHBIX MOXET CHJIbHO BJHUSITb Ha NPOU3BOAUTENb-
HOCTb IIPOrpaMM, MCIOJb3YIOLIMX 3TH AaHHble. Ele ofHOH NMpUUMHON Hallero BHHMaHHS K
MHOXeCTBaM OBLJIO TO, YTO ONHCAHHBIE 3[€Chb METOAbl CHOBA U CHOBA BO3HMKAIOT B IPHJIOKE-
HHSIX, CBSI3aHHBIX C MOMCKOM NAaHHBIX.

PaccmoTpum 6a3y maHHBIX, colepxKallyo 00JIbILIOe KOJHYeCTBO 3amnucel, HalpruMep, CBe-
JeHHsT 0 Kaipax KakoH-HUOyNb KOMIIAaHHM WMJIM O TPaH3aKLUHMSX B TOProBod cucrteme. Kak
[PaBUJIO, CHCTEMBbl YIpaBJeHHs NAHHBIMH MHOTO BpeMEeHH MPOBOIAT, 3aHMMAsiChb MOUCKOM U
MooU(HKallKel JaHHBIX B 3aMUCAX; CJe10BaTebHO, UM HYKHbI 3(p(peKTHBHbIE METOAB! JOCTY-
na K 3anucam. [y 3Toro 4acTb KaxKa0o# 3aNuCH BblIe/seTCs KaK HAEHTH(DHLIUPYIOINH K404
(key). Kitouom MOXKET CJ1yKHUTb UTO YTOAHO, YTO OJHO3HAUHO OMpeeJssieT 3amuch. B ciayuae
3amMced O Kajapax 3TO MOXKeT ObITh HOMEpP KapTOUKH COTpyAHMKA. [ljis TOProBoH CHCTeMBb
3TO MOXeT ObITb HOMep TpaH3akLUHWH. KakoB Obl HH OBl KJ/10Y, KOTAA MBI ONpelesseM 3a-
IHCh B BUIE CTPYKTYpPbl AaHHBIX, HAM HY>KHO YKasaTb NPOLEAYPY BBIOOPKH KJ/io4a, KOTOpas
BO3BpAlLAEeT KJIOU, CBA3aHHbIH C JaHHOH 3aMKChIO.

[Tycte MBI MpencTaBasieM 6a3y AaHHBIX KaK MHOXKeCTBO 3anuceidl. UToObl MOJMYYUTb 3aMHCh
C IaHHBIM KJIIOUOM, Mbl HCIOJb3yeM MpoLeaypy lookup, KoTopast IpUHUMAaeT KaK apryMeHThl
KJIOY U 0a3y JaHHBIX U BO3BpallaeT 3allHCb, COAEPKALLYI0 yKa3aHHBIH KJ0Y, JUOO0 JIOXKb,
eclu Takod 3amucd HeT. Lookup peanusyeTcss NMOYTH TaK e, Kak element-of-set?.
Hanpumep, eciiv MHOXKeCTBO 3amucell peanausyeTcs KaK HEYNOPsSAOYEHHBIH CIHUCOK, MBI MOTJIH
6bl HamMcaTth

(define (lookup given-key set-of-records)
(cond ((null? set-of-records) false)
((equal? given-key (key (car set-of-records)))
(car set-of-records))
(else (lookup given-key (cdr set-of-records)))))

KoneuHo, cylecTByoT Jy4lire cnocotbl NPeACTaBUTb OOJbLIME MHOXKECTBA, YeM B BHIE
HeyTopsiIoueHHbIX CTUCcKOB. CHCTEMBI OCTYIA K HH()OPMALMH, B KOTOPbIX HEOOXOMUM «IIPOU3-
BOJIBHBIH IOCTYT» K 3aMMCsIM, KaK MPaBHUJO, Peasn3yloTcsl C MOMOLIbI0 METOL0B, OCHOBAHHBIX
Ha JIepeBbsiX, BPOLE BBIILIEONHCAHHON CHCTEMBI C OMHAPHBIMU AepeBbsiMHU. [Ipu paspaboTke Ta-
KHX CHCTEM MeTOHOJIOTHSl abCTpaKLMK JaHHbIX OKa3blBaeTCs BecbMa MoJe3Hod. [IpoekTupos-
LMK MOXKET CO3[aTb MCXOAHYIO peasH3alHi0 C TOMOLIBI MPOCTOr0, NPSMOJHUHEHHOrO Mpea-
CTaBJIEHHUS] BPOJie HeyTOPsAOUeHHBIX CIUCKOB. L/ OKOHUaTeJbHOH BEPCHH 3TO HE MOIXOIHT,

4lynpacnenusamu 2.63-2.65 Mbl 06s13anbl [Tony Xuaguurepy.
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HO TaKOW BapHaHT MOXKHO HCIOJIb30BATh KaK «IOCIMEMIHYI0 U HeOpeXXHYI0» peann3anuio 6asbl
JAHHBIX, HA KOTOPOH TECTHUPYETCS OCTaslbHas yacTb cucTeMbl. [103ke mpencTaB/ieHre NaHHBIX
MOXKHO HU3MEHHUTb U cIesaTh OoJiee U3oLIpeHHBIM. Ecau noctyn K 6a3e JaHHBIX MPOUCXOAUT
B TEPMHHAX abOCTPAKTHBIX CEJIEKTOPOB M KOHCTPYKTOPOB, TaKOe H3MeHeHHe TpeiCcTaBJeHHUS
NAHHBIX He MoTpedyeT HUKAKUX MOAW(UKALKN B OCTaJbHOH CHCTEME.

Ynpaxuenue 2.66.
Peanusyiite npouenypy lookup IJ/s caydasi, KOrja MHOXKECTBO 3alucell OpraHW30BaHO B BUIe OUHAp-
HOTO JlepeBa, OTCOPTHPOBAHHOIO MO YHUCJIOBBIM 3HAUEHHUSIM KJIHOYEH.

2.3.4. Ilpumep: nepeBbs KogupoBaHuda no Xadggpmany

ITOT pasnes JaeT BO3MOXHOCTb MOMPAKTUKOBATLCS B UCMOJb30BAHHUH CIIHCKOBBIX CTPYK-
Typ W abCTpaKUMH AAHHBIX AJs PaGoThl C MHOXECTBaMHU U JepeBbsMH. OHUM NpPUMEHSIOTCS
K MeTOoaM MpeACTaBJeHHs] NAaHHBIX KaK MOCJeI0BaTebHOCTEH U3 eIHHHL U HYJeid (GHUTOB).
Hanpumep, cranmaptusiét  kon ASCII, KoTOpBIH MCIONB3YeTCs [Jist IPEACTABIEHUsT TEKCTA B
KOMIIbIOTEPaX, KOAUPYET KaXKAblil CUMBOJ KaK MOCJEI0BATENbHOCTh U3 ceMu OUT. CeMb GUT
M03BOJIAIOT HaM 0603Ha4uTh 27, To ecTh 128 pas/MUHBIX CHMBOJIOB. B o6iem cayuae, eciu
HaM TpeOyeTcsl pa3/jnyath n CUMBOJIOB, HaM noTpebyeTcs logy n OUT A/ KaXKAOTO CHMBOJA.
Ecsu Bce Hawu coobuUIeHUS coCTaBgeHbl U3 BocbMU cuMBodioB A, B, C, D, E, F, G, u H, mul
MO2KeM HCII0JIb30BaTh KOJ C TpeMsi OUTaMU AJisi KaXKIO0T0 CHMBOJIA, HAIIPUMep

A 000 C 010 E 100 G 110
B 001 D 011 F 101 H 111

C TakuM KOLOM, COOOLIeHHe
BACADAEAFABBAAAGAH
KOJMPYeTCsl KaK CTPOKa U3 54 6Ut
001000010000011000100000101000001001000000000110000111

Takwue konsl, kak ASCII u Hamr xox ot A mo H, usBecTHbl mon HasBaHWEM KOMIOB ¢ puKcu-
po8anHOL OAuHOU, TIOCKOJBbKY KaXKIblii CHMBOJI COOOIIEHHUS] OHH TPEACTABJSIOT C TTOMOILBIO
OJIHOTO U TOTO Xe yucJia 6uToB. IHOrMa MoJie3HO UCMO/Ib30BATh U KOl C NepemerHot OAUHOL
(variable-length), B KoTOpbIX pa3juyHbIe CUMBOJIbBI MOTYT TPENCTABIATHCS PA3JHUHBIM YHCIOM
6utoB. Hanpumep, az6yka Mop3e He 1151 Bcex OyKB asihaBUTA UCIOJb3YeT OJMHAKOBOE YHCIIO
Touek W THpe. B uactHoctH, E, Hanbosee uacras (B aHriuidckoM) OyKBa, MPEICTABASETCS C
MIOMOIIBIO OfHOH TOYKH. B ofuiem ciyuae, eciau Halld COOOLIEHHS TAKOBBl, YTO HEKOTOPHIE
CHUMBOJIbl BCTPEYAIOTCS OYEHb YacTO, a HEKOTOpble O4YeHb PeKO, TO Mbl MOXeM KOAMPOBATb
CBOM JaHHble 0oJjiee 3PPEKTUBHO (T. €. ¢ MOMOILIbI MEHbIIEro Yucjaa GUTOB Ha COOOIIEHHE),
ecau Gosiee 4aCTbIM CUMBOJIAM Mbl Ha3HAuKUM 6oJjiee KOPOTKHeE KOJbl. PacCMOTpUM CiieflyIoLIui
Kox aJist 6yks ¢ A mo H:

A 0 C 1010 E 1100 G 1110
B 100 D 1011 F 1101 H 1111

C TakMM KOIOM TO 2Ke caMoe COooOlleHHe npeobpa3yeTcsi B CTPOKY
100010100101101100011010100100000111001111

B aroit ctpoke 42 Guta, Tak 4TO OHa 3KOHOMHUT GoJiee 20% MecTa MO CpaBHEHHIO C TPUBe-
JIEHHBIM BbILIE KOAOM C (DPUKCHUPOBAHHOM INJIMHOM.
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OnHa u3 caoxHOCTel NpH paboTe ¢ KOLOM C MepeMEHHOH NJHHOH COCTOMT B TOM, YTOObI
y3HaThb, KOTIa NPH YTEHUH MOCJAE0BATENbHOCTH €IMHHULL U HyJNeH NOCTUTHYT KOHELl CUMBOJIA.
B as6yke Mopse 3Tta npobsema periaercss MpH MOMOIIM CIELHANBHOTO Koda-pasdesumens
(separator code) (B maHHOM cJjydae Mmaysbl) MOCJE MOCIEIOBATEJBHOCTH TOYEK M THPE MAJIs
KaXXJI0H OykBbl. [lpyroe pelieHue COCTOUT B TOM, UYTOObl MOCTPOUTb CHCTEMY KOAHUPOBAHUSA
Tak, 4TOObl HUKAKOH MOJIHBEIE KOI CHMBOJIA He COBMNanaJ ¢ HadyajuoM (MU npedukcom) Kona
HUMKaKOT0 IPYroro cumBoJsia. Tako# kon HaswiBaetcs npegukchom (prefix). B Boimenpusenen-
oM npumepe A komupyercs 0, a B 100, Tak uTo HMKaKO# OPYrod CHMMBOJ He MOXKET MMEThb
KOJ, KoTopbiil HaunHaeTcst HA O uau 100.

B ofmem ciydyae MOXHO NOOUTHCS CYLIECTBEHHOH 3KOHOMHH, €CJH HMCIHOJb30BaTb KOIbI
C INepeMeHHOH IJIMHOH, UCIOJB3YIOLIHe OTHOCHTEJbHblE YACTOThl CUMBOJIOB B IMOJJEXKAIIHX
KOIHMPOBaHHUIO coobuleHusx. OnHa U3 cXeM TaKOro KOLMPOBAHHS Ha3blBaeTCsl KOAHMPOBaHHEM
no Xaddpmany, B yecTb cBoero usobperarens, [ssuna Xadpdmana. Kon Xaddmana moxer
ObITb NPEACTaBJEH KaK OMHAPHOE IEPEBO, Ha JIUCThIX KOTOPOTO JIEXKAT KOAUPYEMble CUMBOJIBL.
B Kaxk[0M HeTepMHHaJbHOM y3J/eé HaXOLUTCS MHOXECTBO CHMBOJIOB C T€X JIUCTbEB, KOTOPbIE
JlexKat TOJ JaHHBIM y3J0M. KpoMe TOro, KaxkJoMy CHMBOJY Ha JIMCTE JepeBa [IPUCBaUBaeTCs
Bec (MpencTaB/sOIKMN COOOH OTHOCHTENBHYIO UACTOTY), a KaXK[blii HeTepMHHAJbHBIH y3eJ
HUMeeT BeC, KOTOPBIH paBHSIETCS CyMMe BeCOB JIUCTbEB, JIEXKALIUX IMOA AAaHHBIM y3soM. Beca
He HCIIOJIb3YITCS B NPOLECCe KOAWPOBAaHHUS U JEKOAHMpPOBaHHUS. Huxke MBI yBHUIUM, Kak OHH
OKa3bIBAIOTCS TIOJIE3HBIMU MPH NOCTPOEHHH I€peBa.

Pucynok 2.18 nzobpaxaet nepeso Xaddmana nas komga oT A no H, mokaszaHHOro Bhilie.
Beca B BeplIKMHax IepeBa YKasbIBalOT, UTO AEPEBO CTPOMUJIOCH IJisl COOOIIeHHUH, rne A BeTpeya-
eTCsl C OTHOCUTENbHOU uacToTod 8, B ¢ oTHOCHTE/IbHON uacToTOM 3, a Bce OCTa/bHble GYKBBI
C OTHOCHTEJbHOH 4acToToH 1.

Wwmes: nepeBo Xaddmana, MOKHO HaWTH Ko J0OOT0 CHMBOJIA, €CIH HadaTb C KOPHS U
IBUraTbCs BHHU3 IO TeX IOp, MoKa He OyfeT AOCTUIHYTa KOHILIEBas BepLIMHA, COAeprKallas
3TOT cuMBoOJ. Kaxabli pas, Kak Mbl CIlycKaeMcs 10 JeBOM BeTBH, Mbl fo6aBaseM O K Komy, a
CIyCKasiCh MO MpaBod BeTBH, fo6aBjseM 1. (Mbl pelaeMm, M0 Kakoi BeTKe IBHraThCs, MPOBe-
psisi, He SIBJISIETCS JIM OfHA M3 BETOK KOHIEBOH BEPIUMHOMH, a TAKXKE CONEPXKHT JIU MHOXKECTBO
NPY BepLIMHE CHMBOJI, KOTOPBIHA MBI HilleM.) Hanpumep, HaunHasi ¢ KopHs Ha KapTuHe 2.18, Mbl
nonagaeM B KOHLEBYIO BepllMHY D, cBopauuBasi Ha NpaBylo IOPOrY, 3aTeM Ha JEBYIO, 3aTeM
Ha MpaBylo, 3aTeM, HAKOHEL|, CHOBa Ha MPaBYl0 BETBb; CjefoBaTebHo, Kox s D — 1011.

UroObl pacKOAHPOBATH N10CJEN0BATEIbHOCTb OUTOB MPH MOMOLIM AepeBa XaddmaHa, Mbl
HayMHaeM C KOpPHS W MPOCMATPHBAaeM ONWH 3a NPYTHM OUTHI B MOCJENOBATENbHOCTH, YTOObI
PELINTh, HY>KHO JIM HaM CITyCKaTbCsl MO JIEBOH WJIM MO MpPaBod BeTBH. KaxKIbli pa3, Kak Mbl
no6upaeMcsi 10 JIMCTOBOH BEpIUMHBI, Mbl MOPOXKAAEM HOBBIH CHMBOJ COOOILIEHHS W BO3Bpa-
1iaeMcs K BeplLIMHe AepeBa, 4ToObl HAaUTH caenylouuil cumBos. Hampumep, nycTb HaM AaHO
NlepeBo, M300paxKeHHOe Ha pUcyHKe, W nocgienoBaTenbHocTh 10001010. Haunnas ot xopHs,
MBI HIEM [0 [PaBOd BeTBU (MOCKOJBKY MEPBBIE OUT B cTpoKe 1), 3aTeM Mo JieBOH (IIOCKOJBKY
BTopo# 6ut 0), 3areM omsiTh 1o JieBoH (mocKoJbKY u Tpetu# 6ut 0). 3mech Mbl Momnajgaem B
JIUCT, COOTBETCTBYIOILMH B, Tak 4To mepBblii CUMBOJ AeKogupyeMoro coobuieHuss — B. Mul
CHOBa HauMHaeM OT KOPHSl U MIeM HaJjleBO, OCKOMBKY ciaenyomuil 6ut ctpoku 0. TyT MBI no-
najaeM B JIUCT, H300pazkalolinil cuMBoa A. MBI ONsiTh HAaUHHAEM OT KOPHS C OCTaTKOM CTPOKH
1010, nBuraemcsi HanpaBo, HajeBO, HanpaBo, HaneBo U npuxonuMm B C. Takum o6pa3om, Bce
coobuenue 6e110 BAC.
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{ABCDETFG H} 17

{BCDETFGH} 9

{E F GH} 4

Puc. 2.18. [lepeBo konupoBanus no Xadgmany.

INopoxnenne nepesbeB Xadpmana

Ecnu Ham faH «andaBuT» CUMBOJIOB U HX OTHOCHTEJbHbIE UaCTOTHI, KAK Mbl MOXKEM TI0-
POMUTh «HaMAydIIHH> Koa? (J[pyruMu c/oBaMH, Kakoe JepeBo Oy/eT KOLMPOBaTh COOGLIEHHUS
TPH TIOMOIM HAaHMeHblIIero KoaudecTsa 6MToB?) XaddMan 1an alrOpUTM /IS pelleHHUs STOH
3a1auk M M0Kasas, 4To MoJydyaeMblil STUM aJrOPUTMOM KO — J1eHCTBUTE/IbHO HaWTyUIIHE KOJL
C TIepeMeHHOH AJMMHOH A8 COOGLIeHHMH, Tle OTHOCHTE/IbHASl UaCTOTa CHMBOJIOB COOTBETCTBY-
eT uacToTaM, A/ KOTOPHIX KO CTPOMJCS. 3/ech Mbl He Oy/eM NOKa3blBaTh ONTHMAaAbHOCTb
Ko0B XaddMaHa, HO MOKaXKeM, KaK 3TH KOfbl CTpoATcs’?,

Anroput™ mnopoxjenus aepesa Xad@maHa BecbMa NpocT. Mjies cOCTOMT B TOM, YTOOBI
YTOPSIIOYHTb [IePeBO TaK, YTOObI CHMBOJIBI C HAMMeHbILei 4acTOTOH 0Ka3a/uch JaJblle BCero
oT KopHfl. HauHeM ¢ MHOXecTBa TepMHMHA/JbHBIX BepIIMH, CONEPKAUIMX CHMBOJIbI H MX ua-
CTOTHI, KaK YKA3aHO B MCXOAHBIX NAHHBLIX, M3 KOTOPHIX HAaM Haj0 MOCTPOHMTHL JepeBo. Temepb
HalileM JBa JIMCTa C HAMMEHBIIMMM BeCaMM M COJbeM HX, MoJydas BepUIHHY, y KOTOPOH
npejiblyIKe JiBe ABJSAIOTCA JeBbIM H NPAaBbIM MOTOMKaMH. Bec HOBOH BeplUMHBI paBeH CyM-
Me BecoB ee BeTBeil. VICKJIOUMM /1Ba JIMCTa M3 MCXOJHOTO MHOMKECTBA M 3aMEHHM MX HOBOH
BepinHoi. [Ipoomxum 3ToT mpouecc. Ha Kaxaom 1mare 6yjem ciuBaTh JBe BEpIIHHbI C ca-
MbIMM HU3KMMHM BECaMH, HCK/I0Uas X U3 MHOMKeCTBA M 3aMeHss BepUIMHOM, /1 KOTOPOH OHH
ABJAIOTCA JIeBOH M TPABOH BeTBAMH. JTOT MPOLECC 3aKaHUMBAETCs, KOTNa OCTAeTCs TOJBKO
OlHa BeplLIMHA, KOTopas U sBJseTcsl KODHeM BCero jepesa. BOT Kak ObIJIO MOPOXKAEHO JepeBo
Xaddpmana Ha pucyHke 2.18:

#206cyxnenne MaTeMaTHUECKUX CBOHCTB KojloB Xaddmana MoxkHo Haiitu B Hamming 1980.
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Hcexonubiii Habop auctbes {(A8) B3) (C1L) (D1 ((E1LD (F1)(G1) (H1)}
Causinue {(A8) B3) {CD}2)(ED) (F1) (G 1) (H 1)}
Causinue {(A8) (B3) {CD}2) (EF}2) (G 1) (H 1)}
CrvstiHue {(A 8) (B 3) {CD}2) ({E F} 2) ({G H} 2)}
CrvstiHue {(A 8) (B3) {CD}2) ({EF GH} 4)}

Causinue {(A 8) {BCD}b) {EF G H} 4)}

Causinue {(A8) {(BCDEFGH]}9)}

OxonuatesbHoe caussine {({A B C D E F G H} 17)}

AsropuTM He Bceraa MPUBOIUT K MOCTPOEHHIO € IMHCTBEHHO BO3MOXKHOTO JIepeBa, MOCKOJIb-
Ky Ha KaXJIOM lIare BbIOOp BepILHMH C HAaUMEHBILIHM BECOM MOXET ObITb He €IMHCTBEHHBIM.
Bribop mnopsinka, B KOTopoM OyAyT CAHMBATbCS [IBE BEPLIMHBI (TO €CTh, Kakas W3 HUX OymeT
JIEBBIM, a Kakas MPaBbIM MOJJEPEBOM) TaKKe MPOU3BOJIEH.

IIpencraBnenue nepeBneB Xadgpmana

B crenytouux ynpaxxHeHHsX Mbl OyieM paboTaTh C CHCTEMOH, KOTOpasi UCIOJb3yeT Aepe-
Bbsl XadpmaHa /15 KOIMPOBAaHUSA U AEKOAHUPOBAHHUS COOOLIEHUH U MOpoxKAaeT nepeBbsi Xadd-
MaHa B COOTBETCTBHH C BBILIEONHCAHHBIM ajaroputmMoM. HauHem Mbl ¢ 06CyKIeHHS TOro, Kak
NPeNCTABIAIOTCS AEPEBbS.

JIucThsl mepeBa TMpenCTaBJSIOTCS B BHAE CIIHCKA, COCTOSIIEro M3 cuMmBosa leaf (aucr),
CUMBOJIa, COfiepKalllerocst B JICTe, U Beca:

(define (make-leaf symbol weight)
(list ’'leaf symbol weight))

(define (leaf? object)
(eg? (car object) ’leaf))

(define (symbol-leaf x) (cadr x))

(define (weight-leaf x) (caddr x))

JepeBo B o61iem ciydae OyneT CHCKOM M3 JIEBOW BETBH, NPAaBOH BETBH, MHOXECTBA CHMBO-
JIOB U Beca. MHOXKeCTBO CHMBOJIOB OyJET TMPOCTO UX CIHUCKOM, a He KaKUM-TO GoJjee CJI0XK-
HBIM TpefcTaBsieHreM. Korma Mbl mopoxiaeM JepeBO CJAUSIHUEM ABYX BepIUHH, Mbl MOJydYa-
eM BeC JlepeBa KaK CyMMYy BECOB 3THX BepLIMH, a MHOXECTBO CHMBOJIOB Kak oObeIUHEHHE
MHOXKECTB MX CHMBOJIOB. [loCKOJIBKY HalllW MHOXECTBa IpPeNCTaBJeHbl B BUIE CIHUCKA, MBI
MOXKEM TIOPOIUTh OO0BbeNWHEHUEe TPH TOMOIIM MpPOIenyphl append, ONpenejJeHHOH HaMU B
pasnese 2.2.1:

(define (make-code-tree left right)
(list left
right
(append (symbols left) (symbols right))
(+ (weight left) (weight right))))

Ecnn MBI mopoxznaem nepeBo TakUM 00pa3oM, TO y Hac OyAyT CJeAYIOLIHe CeJeKTOPbI:
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(define (left-branch tree) (car tree))
(define (right-branch tree) (cadr tree))

(define (symbols tree)
(if (leaf? tree)
(list (symbol-leaf tree))
(caddr tree)))

(define (weight tree)
(if (leaf? tree)
(weight-leaf tree)
(cadddr tree)))

[Tpouenypel symbols U weight HOJKHEI BECTH CeOst HECKOJIBKO MO-Pa3HOMY B 3aBUCHMOCTH
OT TOTO, BBI3BAaHbl OHU MHJISl JIUCTA WM [Js JepeBa oOLIero BHOAa. DTO MPOCThble MPHUMEpPbI
0606uennbix npoyedyp (generic procedures) (mpouenyp, KOTopbie COCOOHE! paboTath GoJiee,
4yeM C OJHUM THIIOM [aHHBIX), O KOTOPBIX Mbl OyIe€M FOBOPUTb HaMHOro GoJjiee MOAPOGHO B
pasnenax 2.4 u 2.5.

IIpouexypa nekogupoBaHus

Cirenytoliasi mpolLeiypa peausyeT ajJropuTM IeKOAUPOBaHUs. B KauecTBe apryMeHTOB OHa
NPUHUMaEeT CIIUCOK M3 €NWHHUIL U HyJeH, a Takxke nepeBo Xaddmana.

(define (decode bits tree)
(define (decode-1 bits current-branch)
(if (null? bits)
" ()
(let ((next-branch
(choose-branch (car bits) current-branch)))
(if (leaf? next-branch)
(cons (symbol-leaf next-branch)
(decode-1 (cdr bits) tree))
(decode-1 (cdr bits) next-branch)))))
(decode-1 bits tree))

(define (choose-branch bit branch)
(cond ((= bit 0) (left-branch branch))
((= bit 1) (right-branch branch))
(else (error "myoxo# 6uT —-- CHOOSE-BRANCH" bit))))

[Tpouenypa decode-1 npuHUMaeT nBa apryMeHTa: CIHCOK OCTAIOIIHUXCS OUTOB M TEKYLLYIO
no3uunio B nepeBe. OHa IBUTaeTCs «BHHU3» MO JepeBY, BLIOUpAsh JIEBYIO WJIM MPaByl0 BETBb B
3aBUCHMOCTH OT TOTO, HOJIb WJIM €IMHHUIA CJEAYIOUHH OUT B criucKe (3TOT BBIOOP JesaeTcs B
npoueaype choose-branch). Korga ona gocruraer JkcTa, oHa BO3BpalllaeT CUMBOJI U3 HEro
KaK o4yepeqHOH CUMBOJI COOOIIEHUS], IPUCOEIMHSAS ero MoCPeCTBOM Cons K pe3y/bTaTy AeKo-
JUPOBaHHUs OCTaTKa coOoblIeH s, HaYlHasi OT KOpHs nepeBa. O6paTHUTe BHUMaHHE HA NMPOBEPKY
ownbOK B KOHIle choose-branch, KoTopasi 3acTaBaseT NporpaMMy MpOTECTOBaTb, €CJAU BO
BXOJIHBIX TaHHBIX OOHAPYKHUBAETCS YTO-AHOO0 MOMHUMO EIWHHUIL ¥ HYyJeH.
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MHoKeCcTBa B3BeLIEHHBIX 3JIEMEHTOB

B HaweMm npeacTaBieHHHM JepeBbeB Kaxk[as HeTepMHHaJ/bHAsi BepLUMHA CONEPKHT MHO-
JKECTBO CHMBOJIOB, KOTOpPOE Mbl MPENCTAaBHJIM KakK MPOCTOH crnucok. OnHako ajlroputM Io-
pOXKJIEeHUS LepeBa, KOTOPbIH MBI 00CyXaa/au Bhille, TpebyeT, 4YToObl MBI paboTany elle U C
MHOXKECTBAMH JIUCTbEB U [IEPEBBEB, MOCJENOBATEIbHO C/AMBAas [1Ba HAUMEHBIIHMX 3JEeMEHTA.
[TockosbKy HaMm HyxHO OyIeT pa3 3a pa3oM HaxOAWTb HaUMeHbLIMH 3JeMeHT MHOXeCTBa,
yooGHO 1151 TAKOTO MHOXKECTBA HCII0Jb30BaTh YNOPSAOYEHHOE MPeACTaBAeHHE.

M5l npefcTaBUM MHOXKECTBO JIUCTHEB U J€PEBbEB KaK CIIHCOK 3JeMEHTOB, yIIOPsA0UeHHbIH
no Becy B BospacrawiieM nopsake. Chenymoouas npouenypa adjoinset mjasi moCTpoeHUs
MHOXeCTB MOJ0OHA TOH, KOTOpasi OMKCcaHa B yIpaxKHeHHWH 2.61; oIHAKO 3JieMeHTHl CpaBHUBA-
I0TCS 110 CBOMM BecCaM, M HUKOTAA He ObIBaeT Tak, 4TO J00aBJsSeMbIH 3/1eMEHT yKe CONepKUTCH
B MHOXECTBE.

(define (adjoin-set x set)
(cond ((null? set) (list x))
((< (weight x) (weight (car set))) (cons x set))
(else (cons (car set)
(adjoin-set x (cdr set))))))

Crenytomiasi mpoilefypa NPUHUMaeT CIHCOK Map BHAa CUMBOJ—uYacToTa, Hampumep ( (A
4) (B 2) (C 1) (D 1)), v nopoxaaeT UCXOAHOE YNOPSIOYEHHOE MHOXKECTBO JIUCTbEB,
TOTOBOE K CJUSIHUIO MO ajroputmy Xaddpmana:

(define (make-leaf-set pairs)
(1if (null? pairs)
()
(let ((pair (car pairs)))
(adjoin-set (make-leaf (car pair)
(cadr pair))
(make-leaf-set (cdr pairs))))))

Ynpaxuenue 2.67.
[TycTb HaM faHbl IePeBO KOOMPOBAHHUS U MPHMEp COOOLIEHHUS:

(define sample-tree
(make-code-tree (make-leaf 'A 4)
(make-code-tree
(make-leaf "B 2)
(make-code-tree (make-leaf ’'D 1)
(make-leaf 'C 1)))))

(define sample-message (0 1 1 001 0101110))

Packonupy#ite cooflieHre Npy MOMOLIH Npolenypsl decode.

Ynpaxsenue 2.68.
[Tpouenypa encode moJyuyaeT B KauecTBe apryMeHTOB COOOLUEHHe W [epeBO, W MOPOXkKJAaeT CIIUCOK
OUTOB, KOTOPEIH NPeACTaB/IsgeT 3aKOAUPOBAHHOE COOOLIEHHeE.
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(define (encode message tree)
(if (null? message)
"()
(append (encode-symbol (car message) tree)
(encode (cdr message) tree))))

Encode-symbol — mpouenypa, KOTopylo Bbl HOJIKHBI HamucaTb, BO3BpallaeT CIHCOK OWUTOB, KOTO-
pbll KOLMpYyeT NAHHBIH CHUMBOJI B COOTBETCTBHHM C 3aJaHHBIM AepeBOM. BBl HOJ/IXKHBI CIIPOEKTHPOBATD
encode-symbol Tak, 4To6bl OHa coobLiata 06 omHbKe, ecu CHMBOJ BOOOIIe He COfEPKHUTCS B JlepeBe.
[TpoBepbTe CBOWO MPOLENYPY, 32aKOAUPOBAB TOT pe3yJbTaT, KOTOPbIH Bbl nmosmyuyuau B ynpaxxHeHuu 2.67,
C JlepeBOM-IIPUMEPOM U MPOBEPUB, COBNAAAET JH TO, UTO MoJjydyaeTe Bbl, ¢ HCXOAHBIM COOOIIEHHEM.

Ynpaxuenue 2.69.

Cnenyrouast mpouenypa 6epeT B KayecTBe apryMeHTa CIMCOK Iap BHAA CHMBOJ-4acToTa (L€ HH OfUH
CHMBOJ He BCTpeyaeTcs 0oJiee, ueM B OLHOH Mape) M MOPOXKAAET AepeBO KOAHPOBaHUs no XaddmaHy B
COOTBETCTBHM C anroputMom XaddmaHa.

(define (generate-huffman-tree pairs)
(successive-merge (make-leaf-set pairs)))

IlpuBenenHas Bhllle mpolenypa make-leaf-set npeo6pasyeT CIHCOK Map B YHNOPsAOUEHHOE MHOXKe-
cTBO nap. Bam Hy»kHO Hamucath MpoLeAypPYy successive-merge, KoTopas NpH nNoMoiiyd make-code-
tree ciauBaer HauboJee Jerkue 3JeMeHThl MHOXKECTBA, [I0KA He OCTAHEeTCs TOJNbKO OJHH 3JE€MEeHT, KOTO-
peiil U npencraBsieT co6oil Tpedyemoe nepeBo Xadhpmana. (dTta npouenypa ycTpoeHa HEMHOTO XHTPO, HO
OHa He Takas yxX caoxHas. Ecain Bl BUaHTe, UTO CTPOHTE CJIOXKHYIO MPOLENYDY, 3HAYUT, MOYTH HaBep-
HsiKa Ber fenaete 4to-To He TO. MOXKHO H3BJeYb HEMaJoe NMPEUMYILIeCTBO U3 TOrO, UTO Mbl HCIIOJIb3yeM
yIOpsiloueHHOE MPeACTaB/IEHHE 15 MHOXECTB.)

Ynpaxuenue 2.70.

HukenprBeneHHbIH aidaBUT M3 BOCBMH CHMBOJIOB C COOTBETCTBYIOLIMMH UM OTHOCHTEJNbHBIMH YacTO-
TaMu Obla1 paspaboraH, yToObl 3(P(eKTHBHO KOAUPOBaTh cjaoBa pok-necen 1950-x rogos. (O6parure
BHHMaHHe, YTO «CHMBOJIb» «aJ()aBUTa» He 0OS3aHBI ObITb OTAEJBLHEIMH OYKBaMH.)

A 2 NA 16
BOOM 1 SHA 3
GET 2 YIP 9
JOB 2 WAH 1

[pu nomoiun generate-huffman-tree (ynp. 2.69) nopoaute cooTBeTCTBYOIIEE AepeBo XadpmaHa,
U ¢ noMolblo encode 3aKOAUPYHTe Clleflyioliee COOOLIEHHE:

Get a job

Sha na na na na na na na na

Get a job

Sha na na na na na na na na

Wah yip yip yip yip yip yip yip yip yip
Sha boom

CkosibKo 6UTOB moTpeboBasochk AJsl KonupoBaHusi? KakoBo HavMeHblllee 4HC/JI0 GUTOB, KOTOpOe MOTpe-
60BaJjioch Obl A/ KOLMPOBAHUS 3TOH [ECHH, €CJAU HCIOJNb30BaTh KOA C (DMKCUPOBAHHOH MJMHOH AJs
ajndaBuTa U3 BOCbMH CUMBOJIOB?
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Ynpaxuenue 2.71.

JonycTtum, y Hac ecTb fAepeBo Xadmana ans andaBuTa U3 n CUMBOJIOB, U OTHOCHTEJbHbIE YACTOTHI
CUMBOJIOB paBHbl 1,2,4, ..., on—1, H3o6pasute nepeBo s n = 5; g n = 10. CKosbKo GUTOB B TaKOM
JepeBe (/151 IPOU3BOJBLHOIO 1) Tpedyercs, 4ToObl 3aKOAUPOBATh CaMblil YacThi cUMBOJ? CaMblil pelKuil
CHMBOJI?

Ynpaxuenue 2.72.

PaccmoTtpuM mpouenypy KomupoBaHHsi, KoTopyto Bbl paspaboranu B ynpaxkHeHud 2.68. KaxoB nopsimox
pocta B TepMHHaX KOJHMYECTBAa LIAaroB, HEOOXOAMMBIX AJSi KOAHPOBaHMs cHMBoJsia? He 3abynabTe BKJIIO-
YUTb UYKCJIO L1aroB, TpeGyeMbIX 1Jis MOMCKA CHMBOJA B KaKHOH caenyouledl BepiinHe. OTBETUTb Ha
3TOT BONPOC B 0OILIeM cjydyae CJOXKHO. PaccMoTpuTe 0COOBIH c/ydaill, KOra OTHOCHTEJbHblE YaCTOTHI
CHMBOJIOB TaKOBbl, KaK OMMCAHO B yrnpakHeHWH 2.71, U Haiinure mopsiiok pocra (Kak QYHKIHIO OT n)
yucJia 11aros, HeOOXOAUMBIX, YTOObl 3aKOAUPOBATb CaMbIH YacThlil U caMblil peiKHUH CHMBOJ ajdaBuTa.

2.4. MHoXecCcTBeHHbIe NPeACTaBJeHUS IJs1 aOCTPAKTHBIX JaH-
HBIX

B npenbiayuinx pasaenax Mbl ONHca i abCTPaKIUIO JaHHBIX, METOLOJIOTHIO, MO3BOJISIOLLYI0
CTPYKTYpPHPOBAaTb CHCTEMBI TaKHM 00pa3oM, YTO OGOJIbIIYI0 YaCTb MPOTPaMMbl MOXKHO CIIELH-
(bUIMpPOBATh HE3aBHCHMO OT peLIeHHH, KOTOpble NMPUHUMAIOTCS NPH peann3aluy 0ObeKTOB,
o6pabaTbiBaeMblx nporpamMmoii. Hanpumep, B pasgese 2.1.1 Mbl y3Ha/H, KaK OTAENHTb 3aja-
4y NPOEKTHPOBAHHUS MPOrpaMMbl, KOTOpas MoJb3yeTcsl PallMOHAJbHBIMM UHCJIaMH, OT 3afaqu
peanu3alM palHOHAJ/bHBIX YHCEJ yepe3 3jeMeHTapHble MeXaHU3Mbl OCTPOEHHS COCTaBHBIX
JAHHBIX B KOMIIBIOTEPHOM si3biKe. [JlaBHasi ujesi cocTosiia B BO3BeAeHHH Gapbepa abCTpak-
MU, — B JAHHOM CJIy4ae, CEJEeKTOPOB U KOHCTPYKTOPOB [Jisl palMOHAJbHBIX unces (make-
rat, numer, denom), — KOTOPHIH OTHeJsieT TO, KaK palHOHAJbHBIE YHC/IA HCIOJb3YIOTCH,
OT WX BHYTPEHHEro IpelcTaB/eHUs uepe3 CIIUCKOBble cTPyKTypbl. [lono6HbIN ke Gapbep ab-
CTPaKLHMH OTAENsIeT NeTalu NPOLeayp, peasusyIoluX paluoHanpHyo apupmetky (add-rat,
sub-rat, mul-rat u div-rat), oT «BBICOKOyDOBHEBHIX» MPOLELYP, KOTOPBIE UCIIONB3YIOT
paunoHasbHble uncaa. [loayunBiuascs mporpaMma UMeeT CTPYKTYPY, TIOKa3aHHY Ha puc. 2.1.

Taxue 6apbepbl abCTpaKLMK — MOILIHOE CPEACTBO YIIPaBJIEHUS CJ0KHOCTbIO poekTa. K3o-
JIMPYys BHYTPEHHHe NpeJcTaB/eH’s] 00beKTOB NaHHBIX, HaM yJaeTcs pas3fie/MTh 3a4ady ocTpo-
eHHs 60JIbILIOH MpOrpaMMbl Ha MeHbLIMEe 33aJayd, KOTOpble MOXKHO pellaTh He3aBUCHUMO ApPYT
ot apyra. OnHako Takod THN a0CTPaKLUUH NAHHBIX elle HeJOCTaTOYHO MOILEH, MOCKOJbKY He
BCEra MMeeT CMBIC] TOBOPUTb O «BHYTPEHHEM IPeACTaBJeHUHN» 00beKTa JaHHBIX.

Hanpumep, mMoxkeT okaszaTbcst 0oJiee OIHOrO YHIOOHOTO MPENCTaBJeHUS [Jsi 00beKTa NaH-
HBIX, U1 MBI MOXKEM 3aXOTeTb IPOEKTHPOBATb CUCTEMBI, KOTOPbIE CIIOCOOHBI paboTaTh ¢ MHOXe-
CTBEHHBIMH IIpelCTaB/eHUsIMH. B KadyecTBe NMpOCTOro npumMepa, KOMIJEKCHbIE YUCJAA MOXHO
NPeNCTaBUTb ABYMs MOUTH 3KBHBaJEHTHBIMH CIIOCO6aMU: B 1eKapToBOH (opMe (IeHCTBUTEb-
Hasl ¥ MHHMasi 4aCTb) U B MOJIsIpHOH (popme (Momysb u apryment). MHorma sydiie moaxomut
nekaptoBa ¢opma, a HHOTAA MoJspHass. B CyIIHOCTH, BIOJHE BO3MOXKHO IPeNCTaBUTb cele
CUCTEMY, B KOTOPOH KOMIIJEKCHbIE YHC/Ia TIPEeCTaB/ISAITCS 000UMH COcOoO0aMH, a NMpoLesypbl-
onepalry Haj KOMIJIEKCHBIM YHCJAaMH CIOCOOHB paboTaTh € JHOOBIM MpPeACTaBJIeHHUEM.

Eule BaxkHee TO, YTO YacCTO NPOrPAMMHBIE CHCTEMbl pa3padaThiBalOTCs OOMBIIMM KOJIHYe-
CTBOM JIIO[Iell B Te€UeHHe J0JIrOr0 BPeMEHH, B COOTBETCTBHU C TPeOOBAaHHSIMH, KOTOPbIe TaKKe
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HpOl"paMMbI, HCIIOJIb3YIOLIHEe KOMIIJIEKCHBIE YHUCJ/Ia

_‘add—complex sub-complex mul-complex div—complex}_

[Taker KOMMIEKCHOU apu(dMeTHKN
HekapToBo [TonsipHoe
NpelCcTaBJeHHe NpelCcTaBJeHHe

CnuckoBasi CTPyKTypa

Puc. 2.19. bapbepbl ab6cTpakuuK JaHHBIX B CUCTeMe PaGOThl ¢ KOMIJIEKCHBIMH YHUCIaMH.

CO BpeMeHeM MeHs0Tcs. B Takoll cuTyaluu NpocTO HEBO3MOXKHO 3apaHee BCEM AOTOBOPUTHCS
0 BbIOOpe TpeACTaB/eHHs TAHHBIX. 1aK 4TO B JOMNOJHEHHe K OapbepaM abCTpPaKLUWH NaHHBIX,
KOTOpble OTAEJSIOT MPeACTaBJIeHHe NAaHHBIX OT UX HCIOJb30BaHHs, HAaM HYXKHbl 6apbepbl ab-
CTPaKLUHH, KOTOPblE OTHEJSIOT APYT OT APYTa pasJjiMuHble MPOEKTHBIE PEIEHHs U MO3BOJSIOT
pas3/JMYHbIM pElleHHsIM COCYILIEeCTBOBaTb B PaMKaX OAHOH mporpaMMbl. boJsee Toro, nmockoss-
Ky 4acTo 6oJibllIMe MPOrpaMMbl CO3AAI0TCS MyTeM KOMOMHHPOBAHUS CYLIECTBYIOLIMX MOAYJeH,
CO3/IaHHBIX HE3aBMCHMO JPYT OT ApyTa, HaM TPeOyloTCs COryalleHHs, KOTOpble MO3BOJISAIN Obl
nporpaMMucTaM 100aBJsiTh MOAYJIM K OoJblinM cuctemam addumusro (additively), To ectb
6e3 mepernpoeKTHPOBAHHUS U MEPENMUCHIBAHNUS ITHX MOAYJEH.

B sToM paspesie Mbl HayuuMcs paboTaTh C JaHHBIMH, KOTOPble MOTYT OBbITb NIPeACTaBJ/IEHbI B
pasHbIX YacTAX NPOrpaMMbl Pa3JHUYHBIMU Clloco0aMU. IDTO TpeOyeT NOCTPOEHUS 00600ujeHHbLY
npoyedyp (generic procedures) — mnpouenyp, paboTaloLUX ¢ JaHHBIMH, KOTOPble MOT'YT ObITh
npeacTaBJeHbl 6ojiee yeM OfHMM crioco6om. Hair ocHOBHOH MeTon mocTpoeHus: 0600IIeHHBIX
npouenyp 6yneT cocTosATb B TOM, 4TOOB pabGoTaTb B TePMHHAX 0OBEKTOB, 00JaAIOIIHUX Mem-
kamu muna (type tags), To ecTb 00BEKTOB, SIBHO BKJIOUAIOIINX HHPOPMALHIO O TOM, KaK HX
Hajo o6pabaTeiBaTh. Kpome Toro, Mbl 06CYIHM npoepammuposarue, ynpasiiemoe OarHolMu
(data-directed programming) — MoIIHYy0 W yIOGHYIO CTPATErHio peannsalliy, npeaHa3HayeH-
HYIO /IS aIUTUBHOH COOPKH CHCTEM C 060OLIEHHBIMU OMEPALUSIMH.

Mbl HauHeM ¢ MPOCTOro MpHMepa KOMIIEKCHBIX uhces. MBI yBUIMM, KaK METKH THIA
U CTHJIb, YIIPaBJsSeMbIH NAaHHBIMH, O3BOJSIOT HaM CO3/aTh OTHeJbHble AEKapTOBO H IMOJSP-
HOe TpelCTaB/eHUs] KOMIJIEKCHBIX YMCeJs, U NPU ITOM MOAJAEPKHUBATh MOHATHE abCTPaKTHOrO
00beKTa «KOMILJIEKCHOe 4YHucjo» . Mpl 1o6beMcs 3TOro, Onpefe/uB apupMeTHYecKHe Mpole-
Iypbl ST KOMIIEKCHHIX uncesa (add-complex, sub-complex, mul-complex u div-
complex) B TepMHHaX 000OIIEHHBIX CEJIEKTOPOB, KOTOPbIE MOJNYYAOT YACTH KOMILIEKCHOTO
YHcJa HE3aBUCHMO OT TOTO, KaK OHO IpenctasseHo. [lomydaromascs cuctema paboTel ¢ KOM-
IJIEKCHBIMU YHCJIaMH, KaK [0Ka3aHo Ha puc. 2.19, conep:xkut nBa THna 6apbepoB abCTPaKLUU.
«[opusoHTaNbHEIE» Oapbepbl UTPAIOT Ty Ke poJb, YTO U Ha puc. 2.1. OHH OTAE/SAIOT «BbI-
COKOYPOBHEBBIE» ONEepalUH OT «HU3KOYPOBHEBBIX» MpelCcTaBjeHUH. B nomnosHeHHe K 3ToMmy,
CYLIECTBYET ellle «BEPTHKAaJbHbIH» Oapbep, KOTOPbIH NaeT HaM BO3MOXKHOCTb OTHEJNbHO pa3pa-
6aTbiBaTh W A100aBJSATh albTePHATHBHBIE NIPEICTABIEHHUS.

B pasnene 2.5 MBI MOKaXkeM, KakK C MOMOIIbIO METOK THIA W CTUJS MPOrpaMMHPOBAHHUS,
yIIpaBJAsSeMOro JaHHBIMH, CO31aTh apu(pMeTHYecKUi naker obuiero HazHayeHUs. Tako# maker
JaeT ToJb3oBaTe o npouenypsl (add, mul U T.A.), C MOMOLIbIO KOTOPHIX MOXKHO MaHHIYJIH-
pOBaTh BCEMU THIIAMH <«UHCEJ», U €CJIH HYXKHO, €r0 MOXHO JIEFKO PacIlIMpUTb, KOTAA MOTpe-
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MHuuMble

z=x+iy=re

JleficTBUTENIbHBIE

Puc. 2.20. Komn/ekcHble 4yncsa KaK TOUKU Ha IJIOCKOCTH

OyeTcss HOBBIH THMN unces. B pasmesne 2.5.3 Mbl MOKa)kKeM, KaK HCIOJb30BaTh 000OLIEHHYIO
apu(MeTHKy B CHCTeMe, paboTalollell ¢ CUMBOJbHON aareOpoi.

2.4.1. IIpeacraBiaeHNs KOMILIEKCHBIX YMCeJI

B kayecTBe mpocToro, XoTs ¥ HePeasUCTHUHOrO, NMpUMepa MPOrpaMMbl, HUCIOJb3YIOLIEH
06001eHHbIe OMepalny, Mbl paspaboTaeM CHCTeMY, KOTOpas NMPOU3BOAUT apu(MeTHUYeCKHe
OTepalyy Haj KOMIJIEKCHBIMH uncaaMi. HauHeM MBI ¢ 06CyKIeHHsl IBYX BO3MOXKHBIX TIpel-
CTaBJIEHWH KOMILIEKCHOTO YHCJA B BHUAE YIOPSAOUEHHOH Mapbl: AeKapToBa (opma (nefcTBH-
Te/bHAas ¥ MHHMas 4acTH) U nosspHas (opma (Moayib u apryment)*3. B pasgene 2.4.2 Gyner
M0KAa3aHo, KaK 00a NpelcTaB/eHHUs] MOXKHO 3aCTaBHTh COCYLIECTBOBATh B PaMKax OTHOH Mpo-
rpaMMbl [IPH MTOMOLIY METOK THIIa ¥ 000OLIEHHBIX OTepaLHi.

[Tono6HO paLHOHAIBHBEIM YHC/IaM, KOMIJIEKCHbIE UHCA €CTECTBEHHO NMPEACTAaB/ATh B BUJE
YNOpPsIAOYEHHBIX Map. MHOXeCTBO KOMIJIEKCHBIX YHCEJN MOXKHO TPeNCTaBJsiTh cebe Kak ABY-
MEepHOe MPOCTPAHCTBO C ABYMsI MEPIEHAUKYJISIPHBIME OCSIMH: «I€HCTBUTEJBHON» U «MHHMO#H»
(cm. puc. 2.20). C 3Toii TOUKM 3peHHs KOMILIEKCHOE uMcao z = x + iy (rme i2 = —1) Mox-
HO TPeNCTaBUTb KaK TOUYKY Ha IJIOCKOCTH, AEHCTBUTeJbHAasi KOOPOMHATA KOTOPOH paBHA z,
a MHUMasl y. B 3ToM mpencraBieHHM C/I0XKeHHe KOMIJIEKCHBIX YHCEJN CBOLHUTCS K CJIOXKEHHIO
KOOpAMHAT:

HeiicTBuTenbHas-yacTb(2z1 + 22) =
= JleficTBuTesbHasi-uacTb(z1) + JledcTBUTebHASI-UACTB(22)

Muumas-uactb(z1 + 22) = MHuMas-yactb(z1) + MHuMasi-yacThb(22)

3B peasbHBIX BBIUMCAMTENBHBIX CHCTEMAaX, KaK MPaBHJIO, JeKapToBa (hOpMa MpeirouTHTe bHee TONAPHOH H3-3a
OLIMOOK OKPYIJIeHHsl MPU NPeoOpa3oBaHHUSX MeXKAy THUMH ABYMs opMaMu. VIMeHHO MO3TOMY NpUMep C KOMILIeKC-
HBIMH YHC/JaMH HepeajucTHueH. TeM He MeHee, OH CJYXKHT SICHOH MJIIIOCTPALMel CTPOEHHS CHCTeMbl, HCIO/b3ylomlel
00600IEeHHbIe ONepPalyt, H XOPOIIMM BBeJleHHeM B 0oJiee cofepKaTesbHble CHCTEMBI, KOTOPble MBI CTPOHUM Jajiee 110
XOy 3TOH TIJaBhl.
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[Ipy yMHOXeHHH KOMILIEKCHBIX UHCeJ eCTeCTBeHHeH nyMarh 06 MX NpeACTaB/JeHHH B IO-
JsipHOH (hopme, B Bume momynas u aprymenrta (r u A Ha puc. 2.20). [lpousseneHue aByX
KOMILJIEKCHBIX UHCEJl eCTh BEKTOP, MOJydYaeMblil IyTeM pPacTACUBAHHS ONHOTO KOMILJIEKCHOTO
guc/Ia Ha MOLYJ/b APYTOTO M MOBOPOTA HA €ro Ke apryMeHT:

Monynb(z1 - z2) = Monyib(z1) - Monyib(zz)
AprymenT(z; - 22) = Apryment(z1) + Apryment(zs)

Takum 06pa3oM, ecTb [Ba PA3JHUHBIX [PEACTABIEHUS A KOMIIJIEKCHBIX 4McCes, U Kax-
Joe U3 HUX ylnoOHee 1/ Kakoro-to Habopa omnepauui. OfHaKO C TOUKH 3pEHHs YeJsOBEKa,
KOTOPBIH TNHIIET MPOrpaMMy C MCIOJb30BaHUEM KOMIIIEKCHBIX 4YHMCEJ, MPUHLHUIN abCTpaKkUHMU
JNAHHBIX yTBepXKAaeT, YTO BCe OMepanuu, paboTalollfe ¢ KOMIJIEKCHBIMH YHCJAAMH, HOJKHBI
paboTaTh HE3aBHCHMO OT TOrO, KaKylo HHTepIpeTaluio HCIoJb3yeT KoMmmbioTep. Hampumep,
4acTo ObIBAET HY2KHO IOJMYYUTb MOIY/b KOMIJIEKCHOIO YUCJIA, TPeACTABIEHHOIO B 1€KAPTOBBIX
KoopauHartax. [Tono6HbIM 06pa3oM, 4acTo MOJIE3HO YMETb ONpelensTh AeHCTBUTENbHYIO YaCTb
KOMIIJIEKCHOT'O YHCJIa, TIPeCTaBJAEHHOr0 B MOJSPHBIX KOOPAHHATAX.

[Tpu paspaboTke TakoH CHCTEMbl MBI MOXKEM CJIEOBATh TOH CaMOH CTpaTeruu abCTpakUMU
JAHHBIX, KOTOPYIO Mbl MCIIOJIb30Ba/IM B MakeTe pabOTHl C palHOHANbHBIMH YHUCJaMH{ B pasje-
Je 2.1.1. Ilpennonoxum, 4To OnepaLyy Hajl KOMIJIEKCHBIMHM UHCJTaMH Peau30BaHbl B TEPMHU-
HaX 4yeTblpeX CeJIeKTOpoB: real-part, imag-part, magnitude u angle. [Ipeanosoxum
ellle, YTO y HAC eCTb ABe MPOLEAYpbl IJ/s MOCTPOEHUS KOMILIEKCHBIX yuces: make-from-
real-imag Bo3BpallaeT KOMIJEKCHOE YHUCJIO0 C YKa3aHHBIMHU AeHCTBUTENbHON U MHUMOH ya-
cTsiMH, a make-from-mag-ang Bo3BpallaeT KOMIJIEKCHOE YUCJO ¢ YKa3aHHBIMH MOIYJIeM U
apryMeHTOM. DTH MPOLEAYPHl 00/Mafal0T TAKUMU CBOUCTBAMH, YTO [IJIs1 JIOOOTO KOMIIJIEKCHOTO
qyucsaa z

(make-from-real-imag (real-part z) (imag-part z))
U
(make-from-mag-ang (magnitude z) (angle z))

MOPOXKAAIOT KOMILJIEKCHbIE UHCJ/IA, PABHbIE Z.

HMcnosb3ys Takve KOHCTPYKTOPBl H CEJEKTOPbl, Mbl MOXKEM Peasii30BaTb apUPMETHKY KOM-
IJIEKCHBIX 4YHCeJ uepe3 «abCTpaKTHblEe NaHHbIE», ONpefesseMble 3THMH KOHCTPYKTOpPaMH H
CeJIEKTOpPaMH, B TOUHOCTH KaK Mbl 3TO JeJajd [Js pallOHAJbHBIX unces B pasgene 2.1.1.
Kak 1okasbiBalOT BbllI€yKa3aHHBIE (POPMYJbI, MOXKHO CKJaIblBATh W BBIUWTATb KOMILJIEKCHBIE
yucaa B TePMHHAaX NEHUCTBUTEJBbHOH M MHHMOH 4YacTH, a YMHOXAaTb W JAEJUTb B TEPMHHAX
MOLYJS U apryMeHTa:

(define (add-complex zl z2)
(make-from-real-imag (+ (real-part zl) (real-part z2))
(+ (imag-part zl) (imag-part z2))))

(define (sub-complex zl z2)
(make-from-real-imag (- (real-part zl) (real-part z2))
(- (imag-part zl) (imag-part z2))))
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(define (mul-complex zl z2)
(make-from-mag-ang (* (magnitude zl) (magnitude z2))
(+ (angle zl) (angle z2))))

(define (div-complex zl z2)
(make-from-mag-ang (/ (magnitude zl) (magnitude z2))
(- (angle zl) (angle z2))))

Jns toro, 4to6bl MPUAATh MaKeTy PabOTBl ¢ KOMIJIEKCHBIMH YHCJIaMH OKOHUYaTeJbHBIH
BUJ, HaM OCTaJoCh BBIOpATh NpeNCTaBJe€HHE M peasu30BaTb KOHCTPYKTOPBI U CEJEKTOPH B
TepPMHMHAX 3JE€MeHTapHbIX YHCes U 3JeMeHTapHOH CIHUCKOBOH CTPYKTYphl. EcTb ABa o4eBHA-
HBIX Cr1oco0a 9TO clie/1aTh: MOXKHO MPEACTABJAATh KOMIJIEKCHOE UHCJ/IO KaK Napy B «1eKapTOBOH
(opme» (melcTBUTeNbHAS YacTb, MHMMasi YacTb) JHOO B «IIOJSIPHOH (opMe» (MOLysb, apry-
meHT). Kakoil BapuaHT Mbl BeiGepem?

UTo6Bl FTOBOPHUTE O KOHKPETHBIX BapHaHTax, MPearoJoKHUM, YTO 1BO€e PporpaMMUCTOB, ben
buto6op u JIuza I1. Xakep, He3aBUCHMO OPYT OT Apyra pa3padaTbiBaloOT MpPeACTaBJAEHUS AJs
cucTeMbl, paboTaillell ¢ KOMIIEKCHBIMH YhcaaMy. BeH pelnaer npenctaB/siTh KOMIJIEKCHBIE
yucsaa B fekapToBod (opme. [lpu TakoM pelieHUM AOCTYN K AEHCTBUTEJNbHOH U MHUMOH 4a-
CTAM KOMIIJIEKCHOTO UHCJIA, a TAaKXKe MOCTPOEHHE ero U3 AeHCTBUTE/JbHOH M MHMMOH 4acTeH
peanuayloTcs npsiMoJiMHeHO. UTOoOB HAHTH MOMLY/Jb U apryMeHT, a TakxKe 4TOOBl MOCTPOUTH
KOMIIJIEKCHOE YHUCJIO C 3aaHHBIMH MOAYJEeM H apryMeHTOM, OH MCIOJb3yeT TPUTOHOMETpHUE-

CKHe COOTHOLIEHHS
x=rcosA y =rsin 4;

r=+ya?2+y*> A=arctg(y,x)

KOTOpble CBSI3bIBAIOT [EHCTBHTEJbHYIO W MHUMYH 4YacTdh (z,y) C MOLY/JEeM M apryMeHTOM
(r, A)*. Takum o6pasom, peanusauus Bena ornpejensieTcs ClelylOUIMMH CeJeKTOPAMH H KOH-
CTPYKTOpPaMH:

(define (real-part z) (car z))
(define (imag-part z) (cdr z))

(define (magnitude z)
(sgrt (+ (square (real-part z)) (square (imag-part z)))))

(define (angle z)
(atan (imag-part z) (real-part z)))

(define (make-from-real-imag x y) (cons x y))

(define (make-from-mag-ang r a)
(cons (* r (cos a)) (* r (sin a))))

Hanporus, JIusa pelaeT npeacTaBUTh KOMIJIEKCHBIE YMCJ/a B MOJSAPHOH (opme. ns Hee
JOCTYI K MOAYJIO U apryMeHTy TPHUBHAJ/IEH, HO /IS MOJY4YeHUS NeHCTBUTEJbHOH M MHHUMOH

M Oynkuua B3ATHA apKTaHTeHCa, KOTOpas 37eCh MCIOJb3yeTcs, BHUMCAAETCA MpoLemypoil Scheme atan. Oua
GepeT 1Ba apryMeHTa Yy M & W BO3BpAlllaeT Yros, TAaHFeHC KOTOPOro paBeH y/x. 3HaKH apryMeHTOB OIpPeeJsioT, B
KaKOM KBaJpaHTe HaXOAUTCS YToJl.
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YacTH el TMPUXOAMUTCS HCIIOJNb30BaTh TPUTOHOMETpPHUECKHE TOXKAECTBA. BOT mpencraBieHue
JIusbr:

(define (real-part z)
(* (magnitude z) (cos (angle z))))

(define (imag-part z)
(* (magnitude z) (sin (angle z))))

(define (magnitude z) (car z))
(define (angle z) (cdr z))

(define (make-from-real-imag x y)
(cons (sqrt (+ (square x) (square y)))
(atan y x)))

(define (make-from-mag-ang r a) (cons r a))

JucuuniuHa abCTpakiyy JaHHBIX 06ecreYrBaeT TO, YTO OfHH U Te K& peasu3aluu IMpo-
uenyp add-complex, sub-complex, mul-complex u div-complex 6ynyT paborartb
Kak ¢ DeHOBBIM mpepncTaBieHHeM, Tak U ¢ JIU3UHBIM.

2.4.2. IloMeueHHbIe JaHHbIE

MorkHo paccmaTpuBaTh abCTPaKUHIO JAaHHBIX KaK NMPUMeHEHHe MPUHLIMINA «HAWMMEHbIIHX
00si3aTesibCTB». Peanusysi cucteMy o6paGoTKH KOMIIJIEKCHBIX uhces B paspene 2.4.1, Mbl Mo-
»KeM HCII0/1b30BaTh JHO0 1eKapToBO NpeacTaB/eHue oT bena, n6o nonsipHoe ot JInasl. Bapbep
abCcTpaKLMH, KOTOPbIH 00pas3yloT Ce/eKTOPbl U KOHCTPYKTOPBI, 03BOJISIET HAM [0 MOCJe/He-
ro MOMEHTa OTJIO)KHTb BbIOOP KOHKPETHOTO NpelCcTaB/eHHUs 1715 HalluX 0OBbeKTOB NAaHHBIX, U
TaKUM 00pa3oM COXPaHHUTb MaKCHMaJbHYIO THOKOCTb B NPOEKTe Halleld CHCTEMBI.

[IpuHUMT HAWMEHBIINX 0053aTENbCTB MOXKHO IOBECTH JI0 ellle 6O/MbLUINX KpalHocTel. Ecau
HaM MOHafno0OUTCs, Mbl MOXKEM COXPaHUTb HEOIIpeaeleHHOCTb NIPeACTaBAeHNs JaxKe noc.ae Toro,
KaK Mbl CIIPOEKTHPOBAJIH CeNeKTOPl U KOHCTPYKTOPEI, X UCIO0Jb30BaTh & NpejacTaBaeHue bena,
u npepacrasiaeHde Jlusel. OnHako ecau o6a NpelcTaB/eHUs Yy4acTBYIOT B OJHOH W TOH ke
cucTeMe, HaM notpebyeTcss KakoH-HHOYAb Ccroco® OTIWYUTb JaHHBIE B TOJSPHOH (hopme OT
JAHHBIX B eKapToBoH ¢opme. MHaue, ecsin Hac monpocsiT, HaNprUMep, BEIUACIUTD magnitude
ot napst (3,4), Mbl He OyIeM 3HaTh, HAIO JIK OTBETHThb D (MHTEPIPETHUPYS UKCJIO B AeKAPTOBOM
tdopme) unu 3 (MHTepIpeTHpyst ero B moJssipHOH (opme). EcTecTBeHHBIN cnocob H06HUTbCS
He0OXOIMMOr0 pasjMyMsl COCTOMT B TOM, YTOObl HCIONb30BaTh memky muna (type tag) —
CUMBOJ rectangular uiau polar — Kak 4acTb KaXJAOro KOMILIEKCHOro yucaa. Torna,
KOTZla HaM IOHafOOUTCS YTO-TO A€JaTb C KOMIJIEKCHBIM YHUCJIOM, MBI MOXeM IPH MOMOIIU
3TOH METKH pelLIUTb, KOTOPHIH ceNeKTop TpebyeTcsl IPUMEHHTb.

Yro6bl paboTaTh C NOMEYEHHBIMHM AAHHBIMH, Mbl IPEAINOJIOKHUM, YTO Y HAC €CTb MPOLELy-
pbl type-tag u contents, KOTOpble HU3BJAEKAIOT U3 3J€MEHTa JaHHBIX METKY U COOCTBEH-
HO cofiep:KHUMoe (MoJisipHble JIMOO NEKapTOBbl KOOPAHMHATHI, €CJIH pedb HIEeT O KOMILIEKCHOM
yucsie). Kpome toro, Mbl moctymupyem mpouenypy attach-tag, kortopas Geper MeTKy u
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COlep>KUMOE, U BBIAET NTOMeUYeHHBIH 00beKT NaHHbIX. [IpocTeiinii cnocod peann3oBaTh 3TH
NpOLEeAYPbl — HCIO0Jb30BaTh OOBIKHOBEHHYIO CIHCKOBYIO CTPYKTYpY:

(define (attach-tag type-tag contents)
(cons type-tag contents))

(define (type-tag datum)
(if (pair? datum)
(car datum)
(error "HexOoppeKTHHE IIOMEUEeHHHEe naHHbHe —-- TYPE-TAG" datum)))

(define (contents datum)
(if (pair? datum)
(cdr datum)
(error "HexOppeKTHHE INOMEUeHHHE naHHHe —-- CONTENTS" datum)))

[Ipu nomomM 3THUX Tpouenyp MBI MOXKEM ONpEAENHTb NpeAHkaThl rectangular? u
polar?, KOTOpble PacMo3HAIOT, COOTBETCTBEHHO, AEKAPTOBO U IMOJISPHOE MpPEeACTaBJIeHHUE!

(define (rectangular? z)
(eg? (type-tag z) ’rectangular))

(define (polar? z)
(eg? (type-tag z) ’polar))

Teneps, Korna y Hac nMmeroTcss MeTKH TurnoB, Ben u Jlusza moryTt nepepenaTb CBOH KO
TakK, YTOObI MO3BOJHUTb CBOMM DPa3HOPOAHBIM MPEACTABJEHHUSM COCYLIECTBOBATb B ONHOH U
Tol ke cucreMe. Kaxnbl#i pas, Korna BeH cospmaeT KOMIIEKCHOE UKCJO, OH MOMEYAeT ero
Kak jpekaptoBo. Kaxnmeiéi pas, xorma Jlusa cos3maetr KOMIJIEKCHOE YHCJIO, OHA MOMEYaeT ero
Kak moJsisipHoe. B momosnnenue K sTomy, BeH u JIuza mosxkHBEI cuesath Tak, 4TOOB He OBLIO
KOH(DJIMKTa UMeH MeXK1y Ha3BaHUsIMU WX npouenyp. OnvH U3 cnoco6oB NOOUTbCS 3TOTO0 —
Beny no6aButh cioBo rectangular K Ha3BaHHSM BCeX CBOMX MPOLEAYD MpencTaBjeHUs
naHHbeiX, a Jluze no6aButh polar K cBouM. BoT mepepaboTaHHOe NE€KAapTOBO IMpeACTaBJIEHHE
Bena us pasnena 2.4.1:

(define (real-part-rectangular z) (car z))
(define (imag-part-rectangular z) (cdr z))
(define (magnitude-rectangular z)
(sgrt (+ (square (real-part-rectangular z))
(square (imag-part-rectangular z)))))
(define (angle-rectangular z)
(atan (imag-part-rectangular z)

(real-part-rectangular z)))

(define (make-from-real-imag-rectangular x y)
(attach-tag ’rectangular (cons x y)))
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(define (make-from-mag-ang-rectangular r a)
(attach-tag ’'rectangular
(cons (* r (cos a)) (* r (sin a)))))

a BOT nepepaboTaHHOE MOJISIPHOE TpeAacTaB/eHue JIn3bl:

(define (real-part-polar z)
(* (magnitude-polar z) (cos (angle-polar z))))

(define (imag-part-polar z)
(* (magnitude-polar z) (sin (angle-polar z))))

(define (magnitude-polar z) (car z))
(define (angle-polar z) (cdr z))
(define (make-from-real-imag-polar x y)
(attach-tag 'polar
(cons (sqgrt (+ (square x) (square y)))

(atan y x))))

(define (make-from-mag-ang-polar r a)
(attach-tag ’'polar (cons r a)))
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Kaxknerii 060011eHHbIH Ce/eKTOp pean3yeTcsl KakK MpoLeaypa, KoTopasi IPOBepsieT METKY
CBOEro apryMeHTa M BBI3bIBA€T MOAXOASALLYI0 NPOLenypy A 06pabOTKH AaHHBIX HYKHOTO
tuna. Hanpumep, ns1g Toro, 4to6bl NONYyYUTb AEHCTBUTENBHYIO 4acTh KOMIJIEKCHOTO UHCJA,
real-part CMOTPUT Ha MeTKy W peliaeT, 3BaTh JU DeHoBy real-part-rectangular
uu JInsuHy real-part-polar. B Kaxa0M U3 3THX CJydaeB Mbl M10JIb3yeMCsl MPOLIEAYPOH
contents, 4yTOObI M3BJEYb TOJBIH, HEMOMEUEHHBIH 3/EMEHT AaHHBIX U NepenaTb ero Jubo B

JIeKapToBy, J100 B MOJSPHYIO MPOLEYPY:

(define (real-part z)
(cond ((rectangular? z)
(real-part-rectangular (contents z)))
((polar? z)
(real-part-polar (contents z)))

(else (error "HeusBecTHHM TuUn —-—- REAL-PART" z))))

(define (imag-part z)
(cond ((rectangular? z)
(imag-part-rectangular (contents z)))
((polar? z)
(imag-part-polar (contents z)))

(else (error "HeusBecTHHM TuUI —-—- IMAG-PART" z))))

(define (magnitude z)
(cond ((rectangular? z)
(magnitude-rectangular (contents z)))
((polar? z)
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[TporpaMmel, HcMo/b3YIOLIME KOMIIJIEKCHbBIE YHCIA

_‘add—complex sub-complex mul-complex div—complex}_

[TakeT KOMIJIEKCHOH apU(pMeTHKH

4‘real—part imag-part magnitude angle}i

,U,eKapTOBO npencTtaBJjieHUe HompHoe rnpencTaBJ/eHne

CrnuckoBast CTPYKTypa M dJeMeHTapHast MallhiHHAas apu(pMeTHKa

Puc. 2.21. CrpykTypa 060011€HHONH CHCTEMBI KOMILJIEKCHOH apr(MeTHKH.

(magnitude-polar (contents z)))
(else (error "HeusBecTHHM TuUI —-—- MAGNITUDE" z))))

(define (angle z)
(cond ((rectangular? z)
(angle-rectangular (contents z)))

((polar? z)
(angle-polar (contents z)))
(else (error "HeusBecTHHM Tun —-- ANGLE" z))))

Jnst peanusaunu apuMeTHIECKUX ONepalyi ¢ KOMIJIEKCHBIMU UHC/AaMU MBI [TO-TIPeXKHEMY
MOXKEM HCII0JIb30BaTh CTapble npouenypol add-complex, sub-complex, mul-complex u
div-complex u3 pasgena 2.4.1, NOCKOJbKY Bbl3blBaeMble HMH CeJIEKTOPbl 0000LIEeHHbIE U,
TaKUM 00pa3oM, MOIyT paboTaTh C JIOObIM U3 AByX NpeiacTaBiaeHui. Hanpumep, mpouenypa
add-complex Mno-npexHeMy BBIIVIAIAT KaK

(define (add-complex zl z2)
(make-from-real-imag (+ (real-part zl) (real-part z2))
(+ (imag-part zl) (imag-part z2))))

HaKOHeL[, HaM Haao0 pPeIIWTb, NMOPOXKAATH JIM KOMIIJIEKCHbBIE YHCJIa B bBenosom uau JIlusunom
npeacTaBJJe€HUH. Onxo us pa3yMHBIX peU.IeHI/Iﬁ COCTOUT B TOM, UYTOOHI MOPOXKAAaTh NEKAPTOBLI
YyucJa, Koraga HaM OaroT ﬂeﬁCTBHTeJIbHyIO U MHHUMYIO 4acCTb, U MOPOXKAATL MOJAPHBIE YHUCAA,
Korga HaM AaloT MOAYJb U apTyMeHT:

(define (make-from-real-imag x y)
(make-from-real-imag-rectangular x y))

(define (make-from-mag-ang r a)
(make-from-mag-ang-polar r a))

CTpyKTypa NoJy4yuBLIEHCS CUCTEMbI KOMILIEKCHOH apu(IMeTHKH TT0Ka3aHa Ha pucyHke 2.21.
Cucrema pasbuTa Ha TPU OTHOCHTE/BbHO HE3aBUCHMbIX YACTH: ONepalud apU(PMeTHKH KOM-
IJIEKCHBIX UHCeJl, TIoNsipHast peanu3auusi JIu3bl U nekaproBa peanusauus bena. [lonsipHas u
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JleKapToBa peasud3aldd MOIJK ObITb HanucaHsl beHoM u JIM30# MO OTHENBHOCTH, H JIOOYIO
U3 HUX MOXeT MCIOJb30BaTb B Ka4eCTBe BHYTPEHHErO NPEeACTABJCHUs TPETHH MPOrPaMMHUCT,
4TOOBl peasn30BaTh MPOLEAYPHl apU(METHKH KOMIJIEKCHBIX YMCEJ B TEPMHHAX abCTPaKTHOrO
uHTepderca KOHCTPYKTOPOB U CeJIeKTOPOB.

[TockoabKy KaKablii 00bEeKT NAHHBIX [OMEYeH CBOMUM THIIOM, CeJeKTOphl padoTaloT ¢
JNaHHBIMHM 000011eHHBIM 00pa3oM. DTO 03HA4aeT, YTO KaxKAbIH CeJeKTOp M0 ONpefeseHHI0 06-
JajaeT MOBeJeHUeM, KOTOpOe 3aBUCUT OT TOr0, K KaKOMy THIY JAHHBIX OH INPHUMEHSeTCs.
Crnenyer oOpaTUTb BHUMaHHe Ha OOLIMH MeXaHHW3M [OCTyNa K OTHEJbHBIM IpPEeACTaBJIEHHU-
SIM: BHYTPH J1000H NaHHOH peasu3aldy MpeACTaBleHUs (CKaXKeM, BHYTPH MOJSPHOTrO MaKeTa
JIu3bl) KOMIIIEKCHOE YHCJIO MPeNCTaBaseTCss HETUIIM3UPOBAHHOK Mapoil (MOAYJ/b, apryMeHT).
Korza 06001eHHbBIH celeKTop 00pallaeTcst K AaHHBIM TOJSPHOrO TUNA, OH OTPHIBAET METKY U
nepenaet conepxxumoe JIusunomy kony. ¥ HaoGopot, korna Jlusa cTPoUT 4KC/IO A/ OOLLETO
M0Jb30BaHMS, OHA MOMEYaeT €ro THI, YTOOBl MPOLEAYPhl 60Jiee BHICOKOrO YPOBHS MOIJIU €ro
JOJ2KHBIM 00pa3oM pacno3Hath. Takas AMCLHUI/KHA CHATHS U J00aBJeHHS MeTOK MNPH mepe-
Jaye 00bEKTOB JaHHBIX C YPOBHS Ha YPOBeHb MOXKeT ObITb LIEHHOH CTpaTervedl opraHhsaluu
JaHHBIX U NPOrpaMM, Kak Mbl YBHIUM B pasiese 2.5.

2.4.3. IIporpammupoBaHue, yInpaBJisieMOe JaHHbIMU, U aJJUTUBHOCTh

O6was cTpaTerdsi MpoBepKH THIA JAHHBIX W BbI30BA COOTBETCTBYIOLIEH MPOLELYPHl HA3bI-
BaeTcs ducnemuepusayueti no muny (dispatching on type). dto xopowuit crnoco6 no6UTbCS
MOIYJBHOCTH TIPH NPOEKTUPOBAHUU cucTeMbl. C pyrodl CTOPOHBI, TaKas peau3anus AHUCIeT-
Yyepu3alllH, KaK B pasfese 2.4.2, uMeeT 1Ba CyLIeCTBeHHbIX HenocTtaTka. OnMH 3akJjiouaercs
B TOM, uTO 06O0OIIeHHbIe MpPOUenypbl HHTepGeiica (real-part, imag-part, magnitude
U angle) o0si3aHbl 3HATh NP0 BCe HMEIOLIMECS CIOCOOb MpencTaB/eHus. [Ipennosoxum, K
NpUMepY, YTO HaM XOYeTCsl BBECTH B HAIly CHUCTEMY KOMIIEKCHBIX YHCEJ elle OLHO Mpen-
cTaBjeHre. HaM Hy»XHO OyIeT CONOCTaBUTb 3TOMY IpPeACTaB/JeHHIO THII, a 3aTeM N00aBUTb B
KaXKIyl0 U3 0000l1eHHbIX NpoLenyp HHTepdelica Mo BapHaHTy AJs NPOBEPKH HAa 3TOT HOBBIH
THUIl U BbI30Ba CE€JIEKTOPA, COOTBETCTBYIOLLETO €0 MPEACTABAEHHUIO.

BTopoii HenocTaToK 3TOr0 METOAA NUCIETYEPU3ALUN COCTOUT B TOM, YTO, XOTS OTAEJbHBIE
NpefCTaBJIeHHs MOTYT IPOEKTHPOBATBLCS pasfesbHO, HAM HY>KHO rapaHTHPOBATh, UTO HUKAKHe
JIBE TIPOLENypPBl BO BCEH CHCTeMe He HasblBalOTCs OAMHAKoBo. Bor mouemy bBeny u Jluze
IPULLIOCh U3MEHHUTh HMeHa CBOMX INIepBOHAYaJ/IbHBIX NPOLEAYP U3 pasfena 2.4.1.

O6a 311 HejoCTaTKa SBJAIOTCS CJAEACTBHEM TOrO, YTO HAll METOJ peanu3aluuu 0600LleH-
HBIX HHTepdelicoB readdumuser. llporpamMmuct, peanusyoLHd 0000IIEHHBEIE NPOLELYPHI-
CeJIeKTOpBl, JOJ/KEH HX MepefesblBaTh KaxKIbld pas, Kak n00aBjseTcs HOBOe MpeacTaBJiie-
HYe, a aBTOPbl, CO3JAIOLINE OTHAE/bHBIE TPeNCTAB/IEHHs, NO/KHBI U3MEHSTh CBOH KOI, YTOOHI
u30exxaTb KOH(QJIUKTOB HMeH. B KaxXAOM M3 3THX C/IydyaeB HU3MeHEHHMs, KOTopble TpebyeTcs
BHECTH B KOJ, TPUBHAJIbHbI, HO UX BCE PABHO HYXKHO Jle/laThb, U OTCIOAA NPOUCTEKAIOT Heyno0-
cTBa 4 OWHMOKU. Mg cucTeMbl pabOThl C KOMIJIEKCHBIMHM UHCJaMH B €€ HbIHEIIHEM BHJIE 3TO
npo6jema HeboJbllIAs, HO TONPOOYHTe MPEACTaBUThb, YTO €CTh He [Ba, a COTHH Pa3/JMUYHBIX
NpeICTaBJIeHHH KOMIIEKCHBIX uuces. M uTo ecTb MHOro 0GOOIIEHHBIX CENEKTOPOB, KOTOPBIE
HaJo MOALEPKHBATb B HHTepdelice abCTpaKTHEIX AaHHbIX. [IpeacTaBbre naxke, YTO HU ONMH
IPOrpaMMHCT He 3HaeT BCeX MHTepdelCHBIX Npouenyp Bcex peanusauuil. [lpobaema sta pe-
ajbHa, U C Hel NMPUXOAMUTCH pa3bupaTbCcs B NPOrpaMMmax Bpoje CUCTeM YIIpaBjeHHUs 06a3zaMu
JNAHHBIX GOJIBILIOTO Kaaubpa.
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Tunesl

o)
nepanuu Polar Rectangular

real-part | real-part-polar | real-part-rectangular
imag-part | imag-part-polar | imag-part-rectangular
magnitude | magnitude-polar | magnitude-rectangular
angle angle-polar angle-rectangular

Puc. 2.22. Tabauua onepaunii B cucteMe KOMIJIEKCHBIX YHCEI.

Hawm HyXeH croco6 elte 6osee MOLY/NSPU30BaTh YCTPOHCTBO CUCTEMBI. DTO MO3BOJSET Me-
TOJ MPOrpPaMMHPOBAHHUS, KOTOPbIH HA3bIBAETCH NPOSPAMMUPOBAHUE, YNPABASEMOE OAHHbIMU
(data-directed programming). YroGbl MoHATb, KaK paboTaeT 3TOT METOA, HAaYHEM C Habio-
JeHUSs: KaXKAblH pa3, KOrga HaM INpUXOUTCs paboTaTb ¢ HAGOpPOM OOOOIIEHHBIX ONepalui,
00LIUX 1/ MHOXKECTBA Pa3/MYHBIX THUIOB, Mbl, B CYLIHOCTH, paboTaeM ¢ IBYMepHOH Tab.u-
LeH, rie no OOHOH OCH PacCIOJIOKEHbl BO3MOXKHbIE OIepallliy, a 110 APYroil BCEBO3MOXHbIE TH-
nbl. Kietkam Tab/uLbl COOTBETCTBYIOT MPOLEAYPHI, KOTOPble Peaju3yoT KaxKAylo ONepaluio
IJIsT KaXKIOr0 THINA ee apryMeHTa. B cucreMe KOMIIEKCHOH apr(MeTHKH M3 MPENBIAYIIETO
paszesia COOTBETCTBHE MeXKIY HMEHEM ONepalyu, THIIOM AaHHBIX U COOCTBEHHO MpPOLEAYPOH
6blJI0 pa3MaszaHo MO YCJOBHBIM MpeNJOKEHUSIM B 0000LIEHHBIX MpoLenypax uHTepdeiica. Ho
Ty Xe caMylo MH(OPMALHI0 MOXKHO Oblo Obl OPraHH30BaTh B BHIe TalJHLBI, KaK MOKa3aHO
Ha puc. 2.22.

[TporpamMmupoBanue, ynpasiseMoe NAaHHBIMU, — MeTOL NPOEKTUPOBAHUS NPOTrpaMM, M03-
BOJISIIOILIMH UM HampsiMyio paboTaTb ¢ Takoro pona tabsuueil. MexaHuaM, KOTOPbIH CBSI3bIBaeT
KOJI KOMIIJIEKCHBIX apru(PMeTHYeCKUX OMepaluid ¢ IBYMsl MaKeTaMH MpeACTaBJeHUH, Mbl paHee
peasu3oBaju B Bue Habopa NpOLEAYP, KOTOpPble SIBHO OCYLIECTBJISIOT AUCIETYEPHU3ALHMIO 110
TUIly. 31eCh Mbl peaju3yeM 3TOT UHTep(delc Yepe3 OfHY NPOLEAYPY, KOTOPas HILET COUeTaHHe
MMEHU OIepaLyy U TUMA apryMeHTa B TaOJulle, YTOOB! ONpPEeNeIUTh, KaKylo NpoLeaypy Tpedy-
eTCsl IPUMEHHTh, a 3aTeM NPUMEHsIET ee K COAEepPKUMOMY apryMeHTa. Ecju Mbl Tak cuenaem,
TO, 4TOOBI JOOABUTb K CUCTEMEe MaKeT C HOBBIM MpEACTaBJIEHHEM, HAM He moTpebyeTcs u3Me-
HSITh CYLIECTBYIOIIHE NPOLENYPbl; TOHANOOUTCS TOJNBKO N00ABUTh HOBBIE KJETKH B TaOJIHLLY.

UroO6bl peanu3oBaTbh 3TOT IIaH, NPEIIONOXKHM, UTO y Hac ecTh 1Be NpPOLEAypb put H
get, I MaHUNYJIALUU ¢ TabauLeld onepauyid U THUIOB:

e (put (on) (mun) (smemeHm)) BHOCHUT (aiemenm) B TabJHLy, B KJETKY, HHIEKCOM
KOTOPOH cJjiyKaT onepaus (on) u THN (mumn).

e (get (on) (mun)) uier B Tabiule YUKy C UHAEKCOM (on),(mun) U BO3BpallaeT ee
conepxumoe. Ecau siuefiku HeT, get BO3BpAlaeT JOXKb.

[Toxa uTO MBI MPEANOJN0OKHUM, UTO get U put BXOAAT B Hall sA3biK. B ryase 3 (pasnea 3.3.3)
Mbl YBUAUM, KaK Peasi30BaTh 3TH U JPyrue omnepanuu AJjs paboThl ¢ TabJIULAMH.

[TporpamMmupoBaHue, yrnpaBaseMoe 1aHHBIMH, B CUCTEME C KOMIIIEKCHBIMH YMCJAaMU MOXHO
HCIOJIb30BaTh Tak: DeH, KOTOpbI# paspabaThiBaeT NeKapTOBO MpEeACTaBIeHUE, MHIIET KO B
TOYHOCTH KaK OH 3TO0 Jesia] cHauaja. OH omnpenessieT Habop npolenyp, i nakem (package),
W MPUBSI3bIBAET 3TH MPOLEAYPHl K OCTaNbHON cHCTeMe, 100aBJ/sis B TabJIHLY sS4edKH, KOTOpPbIE
coO0O0IIal0T CUCTeMe, KaK paboTaTh ¢ JNeKapTOBBIMU YHCJAMHU. DTO MPOWUCXOAUT MPHU BLI30BE
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CJIeyIOLIEel NpoLeaypsl:

(define (install-rectangular-package)

;; BHYmMpeHHUE npoyedypkl
(define (real-part z) (car z))
(define (imag-part z) (cdr z))
(define (make-from-real-imag x y) (cons x y))
(define (magnitude z)

(sgrt (+ (square (real-part z))

(square (imag-part z)))))

(define (angle z)

(atan (imag-part z) (real-part z)))
(define (make-from-mag-ang r a)

(cons (* r (cos a)) (* r (sin a))))

;; uHmepdelc K ocmajbHOU cucmeMe
(define (tag x) (attach-tag ’'rectangular x))
(put ’'real-part ’(rectangular) real-part)
(put ’imag-part ’ (rectangular) imag-part)
(put ’'magnitude ’ (rectangular) magnitude)
(put "angle '’ (rectangular) angle)
(put 'make-from-real-imag ’rectangular
(lambda (x y) (tag (make-from-real-imag x y))))
(put ’'make-from-mag-ang ’'rectangular
(lambda (r a) (tag (make-from-mag-ang r a))))
"done)

O6paruTe BHUMaHUe, YTO BHYTPEeHHHE MPOLENYypbl — Te camble, KoTopble BeH mucasn, Ko-
rna oH B pasuene 2.4.1 paGoran cam mo cebe. Hukakux usaMeHeHHH, uTOObl CBSI3aTb UX C
oCTaJIbHOH cucTeMol, He Tpebyercsi. Bojiee TOro, MOCKOJbKY OmpefesieHUsl TPOLenyp Conep-
»KaTcsl BHYTPH TPOLENypbl YCTaHOBKH, DeHy He3zadeM 6ecrnoKOWTbCS O KOH(JMKTAX HMEH C
NIPyTHMH TpoOLeAypaMH BHe nekaproBa nakera. UToObl cBs3aTh WX C OCTaJbHOH CHCTEMOH,
Ben ycranaBnuBaeT cBoio mpouenypy real-part mom mMeHeM omepauuu real-part u
TUIIOM (rectangular), U TO XKe caMOe OH IPOJEJBbIBAET C APYyrHMH ceneKTopaMH45. Ero
UHTepdeic TakxKe onpefesieT KOHCTPYKTOPBl, KOTOPblE MOXKET UCII0/b30BaTh BHELIHSS CUCTe-
ma%. Onu cosmagamor ¢ KOHCTPYKTOpaMH, KoTopble ben onpenensier nns cebsi, HO BLo6aBOK
NPUKPEIJISIOT METKY.

JIM3UH TOJISIPHBIA MAKeT YCTPOEH aHaJOTHUHO!

(define (install-polar-package)
;; BHymMpeHHUE npoyedypkl
(define (magnitude z) (car z))
(define (angle z) (cdr z))
(define (make-from-mag-ang r a) (cons r a))
(define (real-part z)

45 Mpl ucrionib3yem crHcoK (rectangular), a He cMMBOJ rectangular, 4ToGbl MIPeLYCMOTPETb BO3MOXKHOCTb
ornepalyil ¢ HECKOJbKHMH apryMeHTaMH, He BCe U3 KOTOPHIX ONMHAKOBOI'O THIIA.

46Ty, mox KOTOPBIM yCTAHABIMBAKTCS KOHCTPYKTOPHI, HEOOSI3aTeJbHO Je/aTh CIIHCKOM, MOCKOJIBKY KOHCTPYKTOP
BCEra BbI3bIBAETCS JJ/Is1 TOrO, YTOOB! MOPOAUTH OAMH OOBEKT ONpeNeeHHOro THIa
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(* (magnitude z) (cos (angle z))))
(define (imag-part z)
(* (magnitude z) (sin (angle z))))
(define (make-from-real-imag x y)
(cons (sqgrt (+ (square x) (square y)))
(atan y x)))

;; uHmepdelc K ocmajbHOU cucmeMe
(define (tag x) (attach-tag ’'polar x))
(put ’'real-part ’(polar) real-part)
(put ’imag-part ’ (polar) imag-part)
(put 'magnitude ' (polar) magnitude)
(put "angle '’ (polar) angle)
(put 'make-from-real-imag ’'polar
(lambda (x y) (tag (make-from-real-imag x y))))
(put 'make-from-mag-ang ’'polar
(lambda (r a) (tag (make-from-mag-ang r a))))
"done)

Hecmotpst Ha TO, uTo BeH u JIusa Ucno/b3yIOT CBOM HCXOAHbIE IPOLENYPbl C COBINAAAIOLIN-
MU UMeHamu (Hanpumep, real-part), 3TH ONpefesieHUs Telepb BHYTPEHHKE /ISl PA3JUIHBIX
npouenyp (cm. pasgen 1.1.8), Tak uTO HUKAKOr0 KOHMJIMKTA UMEH He TPOUCXOMIHT.

CeJieKTOpbl KOMIIJIEKCHOH apu(MeTHKH obpalialTes K TabJuie mocpeacTBoM obiie mnpo-
Lelypbl-«onepalni» apply-generic, Kotopass NpHMeHseT 0600LIEHHYIO ONepaLHuio K Ha-
6opy apryMeHToB. Apply-generic uuleT B Tabnule g4elKy N0 UMEHH ONepalMy U THIIAM

apryMeHTOB M MpUMeHseT HallleHHYI0 NPOLeypy, eClH oHa cyliecTsyer? :

(define (apply-generic op . args)
(let ((type-tags (map type-tag args)))
(let ((proc (get op type-tags)))

(if proc
(apply proc (map contents args))
(error
"HeT MeToma OJjid B3TUX THUIOB —-- APPLY-GENERIC"

(list op type-tags))))))
[Ipu momouu apply—-generic MOXKHO ONpPeAeSUTb 0000IIEHHbIE CEJEKTOPhl TaK:

(define (real-part z) (apply-generic ’real-part z))
(define (imag-part z) (apply-generic ’imag-part z))
(define (magnitude z) (apply-generic ’'magnitude z))
(define (angle z) (apply-generic ’angle z))

4Tppply-generic nosb3yercs TOUEUHOH 3aMKChIO, OMUCAHHOM B yrpaxKHeHHH 2.20, OCKO/IbKY pasiHyHble 0600-
I[eHHble OMepaldy MOTYT NPHHHMATh Pas3JM4HOe YHCJO apryMeHTOB. B apply-generic 3HaueHHeM Op SBJISETCS
NepBhHIl apryMeHT Bbi30Ba apply-generic, a 3HaueHHeM args CIUCOK OCTAJbHBIX apryMeHTOB.

Kpome Toro, apply-generic nojb3yercs 3JeMeHTapHOH mpolelaypoil apply, KoTopas NPUHHMaeT 1Ba apry-
MeHTa: MPOLEeAYPY U CIHUCOK. Apply BbI3bIBaeT MNPOLEAYPY, UCNOJb3Ys 3/71eMeHThl CIHCKa KaK apryMeHThl. Hanpumep

(apply + (list 1 2 3 4))

BosBpauaeT 10.
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3amMeTHM, UTO OHU He U3MEHSIOTCS, €C/IH B CUCTEMY A00aBJseTcsl HOBOE NpeacTaBJ/IeHHe.

Kpome Toro, Mbl MOXKeM M3 TOH ke TaOJHLbI 10My4aTh KOHCTPYKTOPBI, KOTOPBIE OyIyT HC-
M0J1b30BaThCS IPOrpaMMaMH, BHEIIHUMH 10 OTHOLUEHHIO K NaKeTaM, AJs U3rOTOBJEHHS KOM-
NJIEKCHBIX YHCeJ W3 AEHCTBUTENbHOH M MHHMOH 4acTH JUOO0 M3 MOLyJs M aprymeHTa. Kaxk u
B pasnesie 2.4.2, Mbl IOPOXKAa€eM NE€KApPTOBO NpeACTaBJAEHHE, €CIH HaM AAI0T AEHCTBUTENBHYIO
W MHHMYIO 4acTb, U MOJISIPHOE, €C/H Aal0T MOAY/b U apryMeHT:

(define (make-from-real-imag x y)
((get 'make-from-real-imag ’'rectangular) x y))

(define (make-from-mag-ang r a)
((get 'make-from-mag-ang ’'polar) r a))

Ynpaxuenue 2.73.
B pasnese 2.3.2 onuceiBaeTcsl mporpamMma, KoTopast OCyLIeCTBJsIET CUMBOJIbHOE AH((epeHIIHPOBaAHKE:

(define (deriv exp var)
(cond ((number? exp) 0)
((variable? exp) (if (same-variable? exp var) 1 0))
((sum? exp)
(make-sum (deriv (addend exp) var)
(deriv (augend exp) var)))
((product? exp)
(make-sum
(make-product (multiplier exp)
(deriv (multiplicand exp) var))
(make-product (deriv (multiplier exp) var)
(multiplicand exp))))
(30ecp MoxHO OobaBumb ewye npaBuiIad)
(else (error "Heu3BECTHHIN Tull BHpaxeHus —-- DERIV" exp))))

MoxXHO cyMTaTh, 4TO 3Ta NPOrpaMMa OCYLIECTBJSET AUCIETUEPU3ALHUIO [0 THIY Bblpa’KeHHs, KOTOpOe
Tpebyercs npoauddepeHpoBaTh. B 3TOM ciydyae «MeTKOH THMa» 3/eMeHTa NaHHBIX SIBJISETCS CUMBOJI
anrefpanyeckoil onepauud (HampuMep, +), a onepalus, KOTOPYIO HYXKHO NPUMEHUTh — deriv. DTy npo-
rpaMMy MOXKHO Mpeo6pa3oBaTh B YIpaB/seMblil JaHHBIMU CTHJIb, €CJIH TEPENHcaTh OCHOBHYIO MPOLENYPY
B3ATHS TIPOU3BOLHOH B BHJE

(define (deriv exp var)
(cond ((number? exp) 0)
((variable? exp) (if (same-variable? exp var) 1 0))
(else ((get 'deriv (operator exp)) (operands exp)
var))))

(define (operator exp) (car exp))

(define (operands exp) (cdr exp))

a. OObsACHHTE, YTO NPOUCXOIUT B NMPHUBENEHHOM (parmeHTe Koaa. [loueMy Hesib3si BKJAKYHTD B Olepa-
1Mo BeIOOpa, YNpaBJsieMoOro JaHHBIMH, NpefuKaThl number? u variable??

6. Hanuiure npouenypbl AJs1 BbIYHC/IEHHS IPOU3BOAHEIX OT CYMMBl M [IPOM3BE/IeHH s, @ TaKKe JI0IOJ-
HUTeNbHBIH KOJ, 4T0Obl J0OABUTh UX K TabJHlle, KOTOPOH M0Jb3yeTcs NpUBEeAEeHHbIH (hparMeHT.
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B. BbiGepurte ele Kakoe-HHOYAb NPaBUIO AU((epeHIMPOBaHHS, HATIpUMep [J151 BO3BeleHHs B CTeNeHb
(ynpaxkHeHue 2.56), 1 YCTaHOBHUTE €r0 B CHCTEMY.

r. B sroil mpocToil anre6panyeckoil cucTeMe THI BblpaXkKeHHs — 3TO ajrefpanuyeckas ornepalus Bepx-
Hero ypoBHs. JlomycTHM, OHAaKO, YTO Mbl MHAEKCHpPYyeM MpOLedypbl MPOTHBOMONOKHBIM 00pa3oM, Tak
YTO CTPOKa AUCMeTUepH3aluuy B deriv BBINISAUT Kak

((get (operator exp) ’'deriv) (operands exp) var)

Kaxue namenenus norpebylorcs B cucteMe Au(depeHIUPOBAHUSA?

Ynpaxsenue 2.74.

Insatiable Enterprises, Inc. — neneHTpa/snsoBaHHass KOMIaHHs-KOHIJIOMepaT, KOTOpasi COCTOUT H3 60Jib-
LIOT0 KOJIMYeCTBa He3aBUCHMBIX MOApa3sfiesleHHH, PaCKHAaHHbIX 110 BceMy MHpY. HeaBHO BbIUMCIHTENb-
Hble MOLIHOCTH KOMIaHHHU OBbLIH CBSI3aHbl YMHOH BbIUMC/IHUTENbHON CETbIO, CO3/alollel 115 N0/b30BaTe s
WIJIO3HI0, 4TO OH paboTaeT ¢ elMHBIM KoMIbloTepoM. [Ipe3nieHT KOMMaHUHM, KOrja OHa B NepBhIH pa3
NbITAaeTCsl BOCMOJb30BATbCS COCOOHOCTbIO CUCTEMbl OCYLLECTBJIATh JOCTYM K (hakinaM noapasjeneHui, ¢
U3yMJIEHHEeM U y2KacoM oOHapy’KMBaeT, 4TO, HECMOTPSl Ha TO, YTO BCe 9T (hail/ibl peasU30BaHbl B BHIE
CTPYKTYP HaHHBIX Ha Scheme, KOHKpeTHasi CTPyKTypa HLaHHBEIX OT/IMYaeTcsl OT MoApasjiesieHHs K MOf-
paszenenuio. CIIelIHO CO3bIBAETCSl COBELlAaHHe MeHe[XKepOB MOfpasieseHui, 4ToObl HAalTH CTpaTeruo,
KOTOpast M03BoJin/a Obl co6paTh (pakbl B eJUHYI0 CUCTEMY AJIsl YAOBJIETBOPEHHUS HYXKJ IVIaBHOTO o(Hca,
U OJIHOBPEMEeHHO COXPaHHTb CYLIEeCTBYIOLLYI0 aBTOHOMHMIO NOApPa3ae/eHHH.

[Toxaxure, KaK Takyl CTpaTerdi0 MOXKHO peasiM30BaTh IPH MOMOLIM NPOrpaMMHPOBAHMS, yIpaB-
JIsileMoro JaHHbIMH. K npuMmepy, NMpenno/ioKUM, YTO CBeLEHHS O MepCcoHaje KaxKAOro MoApasfieseHHs
YCTPOEHBI B BHAE €IMHOro (hak/a, KOTOPBIK COLEPXKUT Habop 3anmucei, MPOMHAEKCUPOBAHHBIX 110 HMEHH
cayxatero. CTpykTypa Ha6opa NaHHBEIX OT NOApasfiesleHus K MojpasfieseHHIo pasnudaercsi. Bosee toro,
Kax/asi 3alMCh caMa 1o cebe — HaGop cBeleHHUH (B PasHBIX M0/ pa3ae/eHUsX YCTPOEHHBIH 0-Pa3HOMY),
B KOTOPOM HMH(MOPMalMs HHIEKCHpyeTcs MeTKaMM Bpofe address (anpec) uin salary (3apmaara). B
YaCTHOCTH:

a. Jlas riaBHoro oduca peanusyiite npoueaypy get-record, KoTopas nosyyaeTr 3alHCb, OTHOCSILY-
10csl K yKa3aHHOMY CJy»KallleMy, M3 YKa3aHHoro ¢aisa nepconasa. Ilpouenypa fosxHa 6bITb MPMMEHHMa
K (aitny qo6oro nonpasnenenns. O6bsacHUTe, KaK LOJKHBL ObITb CTPYKTYPHPOBAHEI (hall/lbl OTAENBHBIX
nozipasaesaeHuil. B yacTHOCTH, KaKylo UH(OPMALHIO O THIAX HYXKHO XPaHUTb?

6. Jlaist rmaBHOro oduca peasnusyiite npouenypy get-salary, KoTopas Bo3BpallaeT 3apjaTy yKa-
3aHHOrO cJaykallero u3 ¢atbsna moboro noxpasnenenus. Kak nosmxHa ObiTb yCTpOeHa 3alHCb, YTOOBI
Mor/1a pa6oTaTh 3Ta npouenypa?

B. [las rsaBHOro o¢uca HanumuTe npouenypy find-employee-record. OHa [0JIKHA UCKaTb B
tafinax Bcex MojpasieseHUH 3aMKMCb YKa3aHHOTO CJy»Kalllero W BO3BpallaTbh 3Ty 3anuck. [Ipeanodsio-
JKMM, UTO B KaueCTBe apryMeHTOB 3Ta Ipolelypa NPUHUMaeT UMS CJyKallero U CIUCOK (aijoB Bcex
N0 pa3ieJeHHH.

r. Kakue usameHeHust TpeOGyeTcst BHECTH B CHCTEMY, YTOObI BHECTH B LIEHTPAJIbHYIO CHCTEMY HH(poOpMa-
IIMI0 0 HOBBIX CJYKallWX, Korjaa Insatiable morsontaer HoBylo KoMmaHuio?

Ilepenaua coobmenni

OcHoBHas unes NporpaMMHpOBaHHUs, yIPABASEMOro NaHHBIMH, COCTOMT B TOM, YTOOH! pa-
6oTaTb ¢ 0OOOLIEHHBIMH ONEepalUusiMH B NPOrpaMMax MpPH TOMOIIM SBHBIX MaHUNYJAALHUH C
TabavLaMU ONepalMi ¥ THUNOB, Bpoie TabJuLbl Ha pucyHke 2.22. B crtuse nporpammupo-
BaHUs, KOTOPBIE MBI NPUMEHSIM B pasiene 2.4.2, nucnetdyepusalus MO THIY OPraHU3YyeTCs



2.4. MHO)KeCTBeHHble NPEeACTaBAeHHs JJIs a0CTPAKTHBIX NaHHBIX 185

BHYTPH KaXKJIOH ONepalMHy, W Kaxjas onepauus NOJKHA camMa 3a00THTbCS O CBOEH AMCIeT-
Yyepusaluu. IDTO, B CYLIHOCTH, pa3buBaeT TaOMHUIY OMEepalMid U THUIIOB Ha CTPOKH, M Kaxknas
0000111eHHAas OnepaLys MpeacTassseT co6oi CTPOKY TabJHIbI.

AnbrepHaTHBON TakOHM CTpaTernd peanusauuu OymeT pa3buTb Tabjuiy Mo CToJbLaM H
BMECTO «yMHBIX ONlepaluii», KOTOpble NUCIETYUPYIOT MO THNAM AaHHBIX, paboTaTh C «yMHBbI-
MM 00beKTaMH NaHHBIX», KOTOpble AMCIETYUPYIOT MO HMeHaM olepauuid. Mbl MOxXeM 3TOro
NOOUTBCS, eCJId YCTPOUM BCE TaK, YTO OOBEKT JaHHBIX, HAlPUMep KOMIIJIEKCHOe YHUCJO B Jie-
KapTOBOM IIpeACTaBJeHHH, OyLeT MpPeNCTaBAsATbCS B BHUOE MPOLEAYPBl, KOTOpas B KadyecTBe
BXOJa BOCIPHHUMAaeT MMs Ollepallud M OCYLIECTBJ/SET COOTBETCTBYyIolLlee el nelctBue. [lpu
TaKOH OpraHu3alMH MOXHO Hanucatb make-from-real-imag B Buze

(define (make-from-real-imag x y)
(define (dispatch op)
(cond ((eqg? op ’'real-part) x)
((eg? op ’'imag-part) y)
((eqg? op 'magnitude)
(sgrt (+ (square x) (square y))))
((eg? op ’"angle) (atan y x))
(else
(error "HeusBecTHasi on. —-- MAKE-FROM-REAL-IMAG" op))))
dispatch)

CooTBeTcTByIOLIAA MPOLEAypa apply-generic, KoTopas NpHMeHseT 060GLIeHHYI0 orepa-
LMIO K apryMeHTy, MPOCTO CKAapMJIMBaeT HMs OMepalyH O0ObeKTy NaHHEIX M 3aCTaBJseT ero
JenaTh BCio paGoTy*d:

(define (apply-generic op arg) (arg op))

O6patuTe BHUMaHHe, YTO 3HaYeHHUe, BO3BpallaeMoe U3 make-from-real-imag, siBasercs
NpoLenypod — 3TO BHyTpeHHssi npouenypa dispatch. OHa Bbi3biBaeTcsi, Korna apply-
generic TpebyeT BBINOJHUTL 000OIIEHHYIO ONepalHtio.

Tako#l cTH/Ib MporpaMMHpOBaHMsl HasblBaeTcsl nepedaia coobujeruti (message passing).
MMs npoucxXomuT U3 MpeACTaBleHHs, YTO 00BbEKT NaHHBIX — 3TO CYLIHOCTb, KOTOpas MOJy-
YyaeT UMsl 3aTpeOOBAaHHOH OIepaLud KakK «coobuleHHes. Mpl yXe BCTpeyasdCh ¢ NPUMEPOM
nepenayu cooOLIeHUH B pasziese 2.1.3, rmie Mbl BHIeJNH, KaK cons, car U cdr MOXKHO orpe-
JIeNnTh 6e30 BCAKUX OOBEKTOB AAHHBIX, C OAHHMH TOJBKO MpOLEAypaMH. Ternepb Mbl BUIUM,
YTO nepefavya COOOLEHUI He MaTeMaTHUeCKHH TPIOK, a IMOJIe3HBIH MeToJ OpraHU3allU{ CH-
cTeM ¢ 00001IeHHBIMHU onepauusMu. B ocTaBuiefics yacTi 3ToH IvaBbl Mbl OyeM MPOLOJKATb
M0/1b30BaThCA IPOrpaMMHPOBAaHHEM, yNpaB/seMblM NaHHBIMH, a He Nepefadyed COOOLIEHUH, U
paccmoTprM 0060011IeHHBIE apH(MeTHYeCK e onepalii. Mbl BepHeMcs K nepenade COOOILEHHH
B IJ1aBe 3, U YBUAMM, YTO OHA MOXKET CJYyKHTb MOLIHBIM HHCTPYMEHTOM [Jis CTPYKTYypHUpPOBa-
HHUSI MOJENHPYIOLUIUX TIPOrpamMM.

Yopaxkuenue 2.75.
Peanusyiite B cTune mepenaun cooOlieHUH KOHCTPyKTop make-from-mag-ang. OH posxkeH ObITh
aHaJIOTH4eH NPHUBENEHHOH Bhille npouenype make-from-real-imag

48y TaKou OpraHusallMu eCTb OrpaHH4YeHHe: OHa AOIyCKaeT 00600111eHHbIe npouenypebl TOJbKO OT OAHOT'O apryMeHTa.
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[TporpaMmel, Hcmo/b3yIOLIME YHCIA

!add sub mul div!

[Taker 060611eHHON apU(METHKH

add-rat sub-rat | add-complex sub-complex
| . L I L1+ - *x /
mul-rat div-rat/|| mul-complex div-complex
PaunonaneHas KomniekcHasi apupmeruka | OGbiKHOBeHHas
apudmeTHkKa apudmeTHKa

JekaproBa [TonsipHas

CrrckoBasi CTPYKTypa U dJeMeHTapHast apu(MeTHKa MallUHbL

Puc. 2.23. O6061ieHHas apudmMeTryeckasi HCTeMa.

Ynpaxsenue 2.76.

Korna Gosbluasi cuctema ¢ 06001eHHBIMY ONlepallisiMH Pa3BUBAeTCsl, MOI'YT NOTPe60BaThCsl HOBbIE THIIbI
00bEKTOB JAaHHBIX WJIM HOBble omepauuu. /g KaxIo#i M3 Tpex cTpareruii — o6oO6LIeHHble oNepaluy ¢
SIBHOH JHMCIeTYepusanyes, CTH/Ib, yNpaB/seMbli JaHHBIMH, U Nepefada COOOLIeHHH, — OMMIINTE, KaKHhe
U3MeHeHHsl HYXKHO MPOM3BECTH B CHCTeMe, 4ToObl J00aBUTb HOBBIH THI MJ/IM HOBYIO omepauuio. Kakas
OpraHMsalusi Jy4ylle MOAXOAUT [J/s CHCTeMBl, B KOTOPYIO 4acTo J006aBJsioTCs HOBble THUNbI? Kakas nss
CHUCTEMBI, TJie YacTO MOSIBJASIOTCS HOBBHIE OIepaLUu?

2.5. Cucrembl ¢ 0000UIEHHBIMU OTEPALUSIMHA

B nmpenbiayiiem pasiesie Mbl YBUOENH, KaK MPOEKTUPOBATh CUCTEMBI, TA€ OO0BEKTH NaH-
HBIX MOTYT OBITh MPEACTaBJEHb Gojiee ueM ogHUM crnocoboM. OCHOBHaAsI Uaesi COCTOUT B TOM,
4yTOObl CBSI3aTh KO/, KOTOPBIK OMpeMeJisieT onepalui Haj JaHHbIMH, ¥ MHOTOYHCJIEHHbIE pea-
JIM3allMK NaHHBIX, TIPH TOMOLIH 06001eHHbIX Mpolenyp UHTepdekiica. Tenepb Mbl yBUINUM, U4TO
Ty 2Ke CaMyl0 Hel0 MOXKHO HCIOJb30BaTb HE TOJBKO [Js1 TOTO, YTOOBI OrpenessiTh 06006IIeH-
Hble OTepalyy AJis HECKOJbKUX peasiM3aldil OJHOTO THIa, HO W JJIsi TOTO, YTOOLl OMpeaensiTh
ornepairu, 060011eHHbIe OTHOCHTEbHO HECKOJNBKUX PA3/JUYHBIX THIOB aprymeHTOB. Mbl yxke
BCTPeUauCh C HECKOJbKUMHU Pa3JIMUHBIMU MaKeTaMKu apupMeTHYeCKHX ONepalni: 3jieMeHTap-
Hasi apudmeTtHka (+, —, *, /), BCTpOeHHas B HAlll s3bIK, apu()MeTHKa pallMOHAJbHBIX YHCEJ
(add-rat, sub-rat, mul-rat, div-rat) u3 pasgena 2.1.1 u apupmMeTHKa KOMMJIEKCHBIX
YuceJs, KOTOPYIO Mbl peasinu3oBasu B pasnese 2.4.3. Ternepb Mbl, UCTO/b3Ys METOMBl MPOTPaM-
MUPOBaHHSsI, YIPABJSEMOTO JAaHHBIMU, CO3[aAUM MaKeT apUpMeTHYECKUX Orepaluil, KOTOpbli
BKJIIOUAeT BCE YK€ MOCTPOEHHble HAMH apU(MeTHUECKHEe MaKeThl.

Ha pucynke 2.23 nokaszaHa CTPyKTypa CHUCTEMbI, KOTOPYIO Mbl coOHUpaeMcsi MOCTPOHUTE.
O6patute BHHMaHHWe Ha Oapbepbl abcTpakund. C TOYKM 3peHHs desoBeKa, paboTaioliero C
«UHCJaMH», eCTb TOJbKO OfiHA mpoueaypa add, kotopas padoTaeT, Kakue Obl uucaa ed HU
nanv. Add siBisieTcsl 4acTbio 0000OLIEHHOTO HHTep(elca, KOTOPBIM 103BOJSIET MPOrpaMMam,
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N0J/1b3YIOLIUMCS YMCAaMH, OJUHAKOBBIM 00pa3oM o6palaTbcs K pas3fesbHbEIM 1aKkeTaM 0OBIKHO-
BEHHOH, palMOHAaNbHON M KOMIIJIEKCHOH apu(pMeTHKH. BCAKHH KOHKPeTHBIH apu(pMeTHYeCKHH
nakeT (HampuMmep, KOMIJIEKCHAash apu(MeTHKa) caM Mo ceGe AOCTYINeH uepe3 0600LIeHHBIE
npouenypsl (Hanpumep, add-complex), KOTOPbIE CBA3bIBAIOT MAKETHI, IPeIHA3HAUEHHbIE [JIs
pas3NUUHBIX peanusaluil (TakMX, Kak JeKapTOBBl H NOJspHBIE YHcaa). Dojee TOro, CTPyKTy-
pa CHUCTeMbl afiJUTUBHA, TaK YTO MOXKHO [IPOEKTHPOBATb OTHEJbHblE apU(PMeTHUECKHE AaKeThl
HEe3aBHCHMO U COYeTaTh UX, Nojydas 0600IIeHHYI0 apU(MeTHIECKYIO CUCTEMY.

2.5.1. O6o06meHHbIe apupMeTHUECKUE ONepanun

3ajaua NpPoeKTHPOBaHUS OOCOOLIEHHBIX apU(MeTHYeCKHX OllepalMil aHaJoruyHa 3ajgade
IPOEKTHPOBAaHUS 0000IIEHHbIX ONepaluil ¢ KOMIJIEKCHBIMM yucaaMd. K npumepy, Ham Obl
XOTeJIOCh UMETh 0000LIEHHYIO POLenypy c/aoKeHHs1 add, KoTopast neficTBoBasa 6bl KaK 00bIU-
HOe 3JleMeHTapHOe CJIOXKEHHe + MO OTHOLIEHHI0 K OObIYHBIM 4HcaaM, Kak add-rat mo or-
HOILLEHHIO K pallOHaNbHBIM yucjaaM U Kak add-complex N0 OTHOLIEHHIO K KOMIJIEKCHBIM.
PeanusoBatb add u npoure o6001ieHHble apH(hMeTHUECKHE ONlepallud Mbl MOXKEM, CJeLys TOH
’Ke CTpaTerud, KOTOPYI0 Mbl HCIIOJNb30Band B pasfese 2.4.3 mis 0000LIeHHBIX CEJEKTOPOB
KOMIIJIEKCHBIX 4Hces. K KaxpoMmy 4ucay Mbl NPUKpPENMM METKY THIA M 3aCTaBUM 0000LIeH-
HYIO TIPOLIeAYpYy IepenaBaTb yNpaBjeHHe B HYXKHBIH MaKeT B COOTBETCTBHUH C THNAMU CBOHMX
apryMeHTOB.

OG6o611eHHble apU(MeTHYECKHe NTPOLEAYPBl ONPEAeSAIOTCS CAeAYIOWHUM 06pa3oM:

(define (add x y) (apply-generic ’‘add x y))
(define (sub x y) (apply-generic ’'sub x y))
(define (mul x y) (apply-generic 'mul x y))
(define (div x y) (apply-generic ’'div x y))

Haunem ¢ ycTaHOBKH nakerta ijisi paboThl ¢ 06bl4HbIML UACTAMH, TO €CTh 3J€MEHTAapPHBIMU
YyHUCJAaMH Hallero sisbika. Mbl MOMETHM HX CHMBOJOM scheme-number. ApudmerHyeckue
omepamud 3TOr0 MakeTa — 3TO 3JEMEHTapHble apHPMeTHYecKHe MpPOoUenyphl (Tak 4TO HET
HUKAKOH HYX[Ibl ONPENeNsTh IOMOJHHUTEJNbHbIE TPOLEAYPHl AJs 0O0pabOTKH HemoMeYeHHBIX
yuces). [TockoMbKY Kaxkaasi ¥3 HUX TIPUHHMAET 110 [Ba apryMeHTa, B TaOJHIy OHHU 3aHOCSITCS
C KJIOYOM-CIIUCKOM (scheme-number scheme-number):

(define (install-scheme-number-package)
(define (tag x)
(attach-tag ’scheme-number x))

(put 'add ’ (scheme-number scheme-number)
(lambda (x y) (tag (+ x y))))

(put ’'sub ’ (scheme-number scheme-number)
(lambda (x y) (tag (- x y))))

(put 'mul ’ (scheme-number scheme-number)
(lambda (x y) (tag (* x y))))

(put ’div ’ (scheme-number scheme-number)
(lambda (x y) (tag (/ x y))))

(put ’'make ’scheme-number
(lambda (x) (tag x)))

"done)
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[Tonb3oBatesnu makera CxeMHBIX yHcesa OyoyT cO31aBaTh (MOMeueHHBIE) 3JeMeHTapHble
YHcJia C MIOMOIILBIO POLELYPBI

(define (make-scheme-number n)
((get 'make ’scheme-number) n))

Teneps, Korna kapkac 060611eHHON apu(MEeTHUECKOH CHCTeMBbl IOCTPOEH, Mbl MOXeM 0e3
TpyZa n000aBjasATb HOBble THIBI unces]. BOT makeT, KOTOPBIH peanusyeT apu(MeTHKy paunuo-
HasbHBIX unces. O6paTuTe BHHMaHHe, YTO Ojarogapsi aliUTHBHOCTH Mbl MOxeM 0e3 H3Me-
HEeHUH UCNO/b30BaTbh KOA PaLUOHAJIbHOH apu(pMeTUKH U3 pasgfesna 2.1.1 B BUIe BHYTPEHHHUX
NpoLenyp naxera:

(define (install-rational-package)

;; BHYmMpeHHUe npoyedypkl
(define (numer x) (car x))
(define (denom x) (cdr x))
(define (make-rat n d)

(let ((g (gcd n d)))

(cons (/ n g) (/ dg))))

(define (add-rat x y)

(make-rat (+ (* (numer x) (denom y))
(* (numer y) (denom x)))
(* (denom x) (denom y))))
(define (sub-rat x y)
(make-rat (- (* (numer x) (denom y))
(* (numer y) (denom x)))
(* (denom x) (denom y))))

(define (mul-rat x y)
(make-rat (* (numer x)

(numer y))

(* (denom x) (denom y))))
(define (div-rat x y)
(make-rat (* (numer x) (denom y))

(* (denom x)

(numer y))))

;; uHmepgeuc K ocmayjbHOU cucmemMme

(define (tag x) (attach-tag ’'rational x))
(put "add ’ (rational rational)

(lambda (x y) (tag (add-rat x y))))

"sub ' (rational rational)

(lambda (x y) (tag (sub-rat x y))))

'mul ' (rational rational)

(lambda (x y) (tag (mul-rat x y))))

'div ' (rational rational)

(lambda (x y) (tag (div-rat x y))))

(put
(put
(put
"make ’'rational

(lambda (n d) (tag (make-rat n d))))
"done)

(put

(define (make-rational n d)
((get 'make 'rational) n d))
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Mbl MoXeM YCTaHOBUTb NOOCHBIH NakeT W A KOMIIEKCHBIX YHCEJ, UCIOJb3ys] METKY
complex. [lpu co3nanny nakera Mbl U3BJeKaeM U3 TaOJHUIbl onepaunyd make-from-real-
imag u make-from-mag-ang, onpeieseHHble B I€KAPTOBOM U MOJSIPHOM MakeTax. Amau-
THBHOCTb MMO3BOJISIET HaM HCIOJb30BaTh 0e3 M3MeHEHWH B KaueCTBe BHYTPEHHHMX OMNepanui
npouenypbl add-complex, sub-complex, mul-complex U div-complex u3 pasne-
Jga 2.4.1.

(define (install-complex-package)

;; npoyedyprl, uMnopmupyeMmsle u3 JdekapmoBa
;7 U NOJIAPHOZ0 nakemos
(define (make-from-real-imag x y)

((get 'make-from-real-imag ’rectangular) x y))
(define (make-from-mag-ang r a)

((get ’'make-from-mag-ang ’'polar) r a))
;; BHYmMpeHHUE npoyedypkl
(define (add-complex zl z2)

(make-from-real-imag (+ (real-part zl) (real-part z2))

(+ (imag-part zl) (imag-part z2))))

(define (sub-complex zl z2)

(make-from-real-imag (- (real-part zl) (real-part z2))

(- (imag-part zl) (imag-part z2))))

(define (mul-complex zl z2)

(make-from-mag-ang (* (magnitude zl) (magnitude z2))

(+ (angle zl) (angle z2))))

(define (div-complex zl z2)

(make-from-mag-ang (/ (magnitude zl) (magnitude z2))

(- (angle zl) (angle z2))))

;; uHmepdelc K ocmajibHOU cucmeMe
(define (tag z) (attach-tag ’'complex z))
(put 'add ’ (complex complex)

(lambda (zl z2) (tag (add-complex zl z2))))
(put 'sub ’ (complex complex)

(lambda (zl1 z2) (tag (sub-complex zl z2))))
(put 'mul ’ (complex complex)

(lambda (zl1 z2) (tag (mul-complex zl z2))))
(put ’div ’ (complex complex)

(lambda (zl1 z2) (tag (div-complex zl z2))))
(put 'make-from-real-imag ’complex

(lambda (x y) (tag (make-from-real-imag x y))))
(put 'make-from-mag-ang ’complex

(lambda (r a) (tag (make-from-mag-ang r a))))
"done)

BHe xommjekcHOro makera MmporpaMMbl MOTYT CO3[aBaTh KOMIJIEKCHBIE yHcsa JHO0 U3
IeHCTBUTEbHOH M MHHUMOH 4acTH, JUOO U3 MOmy/s u apryMmeHta. OOpaTUTe BHHMaHHe, Kak
HHKeJleXKalllye MpoLeaypbl, KOTOpble OBIIM M3HA4aJbHO OMpENeseHbl B AeKapTOBOM U TOJsP-
HOM TaKeTe, SKCMOPTUPYIOTCS B KOMIJIEKCHBIN MaKeT, a OTTY/Aa BO BHELIHHH MUD.

(define (make-complex-from-real-imag x y)
((get ’'make-from-real-imag ’complex) x y))
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’complex ‘ ’ rectangular‘

Puc. 2.24. TlpencraBnenve 3 + 4i B 1eKapToBOH (opme.

(define (make-complex-from-mag-ang r a)
((get 'make-from-mag-ang ’'complex) r a))

31ech MBIl HMeeM [IBYXYPOBHEBYIO CUCTEMY METOK. THIMYHOE KOMILJIEKCHOE YHUCJIO, HallpH-
Mmep 3 + 4i B mekapToBod dopme, OyHeT MPEACTaBJNEHO TaK, KakK I0KA3aHO Ha pHUCyHKe 2.24.
BHemHsAs MeTka (complex) HCMOJb3yeTcsi, UTOObl OTHECTH UHCJAO K MaKeTy KOMIIEKCHBIX
yuces. BHyTpyu KOMIJIEKCHOrO makeTa Bropasi MeTka (rectangular) OTHOCHT YHCJO K Je-
KapTOBY MakeTy. B 60oJbIION U CJI0KHOU CHCTEMEe MOXeT OBbITb HECKOJbKO YPOBHEH, KaXKAblH
U3 KOTOPBIX CBSI3aH CO CJIEAYIOLIUM NpPH NoMolIM 06001eHHbIX onepaunii. Korna o6bekT paH-
HBIX NEpeNaeTcsl «BHU3», BHEILHSS METKa, KOTOpPasl UCIOJb3YeTCs s OTHECEHHUS K HYKHOMY
[akeTy, OTpbiBaeTcs (MPH MOMOIIM BbI30Ba contents), U CIeAyOLUIMH ypOBeHb METOK (ecsn
TAKOBOM MMeeTCsi) CTAHOBUTCS AOCTYIHBIM [Jisl JajbHEHIIeHd IUCeTUeprusaluH.

B npuBeneHHbiX maketax Mbl HUcrosb3oBand add-rat, add-complex u Apyrue apud-
MeTHYecKHe ITpoledypbl POBHO B TaKOM BH[e, KaK OHM ObIM HalMCaHbl C CaMOro HadvaJja.
Ho korpma aTu onpenesieHUs] OKa3bIBAIOTCS BHYTPH Pa3JHUHBIX NPOLEAYP YCTAHOBKH, OTHaLaeT
HeoOXOAMMOCTb 1aBaTb UM pPa3JIMuHble HMeHa: Mbl MOIVIM Obl MPOCTO HAa3BaTh UX B 00OHX
nakerax add, sub, mul u div.

Ynpaxuenue 2.77.

Xbloro JlyMm NbITaeTcsl BBIUHC/INTh BbIpakeHHe (magnitude z), rme z — 00beKT, MOKasaHHbIH Ha
puc. 2.24. K cBoemy yAMB/IEHHIO, BMECTO OTBeTa 5 OH MoJsy4yaeT coobuieHHe o6 olKMOKe OT apply-—
generic, raacsilee, 4yTo y onepauuy magnitude HeT MeTonOB AJs THNA (complex). OH nokaseiBaer
pesynbrat Jluse I1. Xakep. Ta 3asBaser: "[le0 B TOM, UTO CeJEKTOPHl KOMIIEKCHBIX UHCEJ AJIS1 UHCEJ C
MeTKOH complex omnpefiesieHbl He ObLIH, a ObLIN TOJNBKO [/ YHCeJ C MeTKOH polar u rectangular.
Bce, uto Tpefyercs, 4TOOBI 3aCTABUTb 3TO paboTaTb — 3TO A0OABUTH K MakeTy complex caenyoulee:"

(put ’'real-part ’(complex) real-part)
(put ’imag-part ’ (complex) imag-part)
(put 'magnitude ’ (complex) magnitude)
(put "angle ’ (complex) angle)

[Tonpo6Ho onuIuKTe, TOUeMy 3TO paGoTaeT. B KauecTBe mprmepa, MPOCAeIHTe BCe NPOLEYPBI, KOTOPble
BBI3bIBAIOTCS NPH BBIUMCIEHUH (magnitude z), rae z — o0beKT, NoKa3aHHbIH Ha puc. 2.24. B yact-
HOCTH, CKOJIbKO pa3 Bbi3blBaeTcsl apply-generic? Ha Kakyio npouenypy oHa JUCHETUHPYeT B KaXKI0M
ciyyae?

Ynpaxuenue 2.78.
B nakere scheme-number BHyTpeHHHE NIPOLENYPbI, B CYLIHOCTH, HUYETO He JeJal0T, TONbKO BEI3BIBAIOT
3J1IeMeHTapHble Npoueaypsl +, —, U T.A. [IpsgMo HCro/1b30BaTh NPUMHTHBBI 3blKa HE OblJIO BO3MOXKHOCTH,
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MIOCKOJIbKY Hallla CHCTeMa MEeTOK THIIOB TpebyeT, UTOObl KaxKIbli 00bEeKT AaHHBIX OblJl CHAOKeH MeTKOH.
OnHako Ha caMoOM Jiesie Bce peasu3alnu Jlucrna HMET CUCTEMY THIIOB, KOTOPYIO OHH HCIIOJIB3YIOT BHYT-
pH cebsi. DieMeHTapHble MPOLEAYPHl Bpoe Symbol? uiau number? ONpelesstoT, OTHOCUTCS JH 00bEKT
K onpefesneHHOMy Tumy. MameHnte ompenenenus type-tag, contents u attach-tag us pasge-
Jaa 2.4.2 tak, uto6bl Hama o6o0IIeHHass CHCTeMa HCIOJb30Bajla BHYTPEHHIOI cHCTeMy THMOB Scheme.
To ecTb, cucTema HosKHA paboTaTh Tak Ke, KaK paHblle, HO TOJNBKO OObIUHBIE UHCJA HOJKHBI OBITH
NpeacTaB/eHbl IPOCTO B BUJAE YHCeJ si3blka Scheme, a He B BHIe Napbl, Y KOTOPOH NEpPBBIH 3/€eMEHT
cuMBOJ scheme-number.

Ynpaxuenue 2.79.

Onpenennte 0600LIEHHBIE NpeIUKaT PaBeHCTBAa equ?, KOTOPbIH NpoBepsieT ABa YMC/Ia HAa PaBEHCTBO,
W BCTaBbTe €ro B MakeT 00001ieHHOH apupmMeTHKH. Onepaunsi 10o/okHA paboTaTh [/ OOBIUHBIX UYHCE,
paLMOHaNbHBIX U KOMIJIEKCHBIX.

Ynpaxuenue 2.80.

Onpenennte 0600LIEHHBIH NPEIUKAT =Zero?, KOTOPbIH MPOBEPSET, PaBeH JM €ro apryMeHT HyJ0, U
BCTaBbTe €ro B MakeT o6o6lieHHOH apudmeTuku. [Ipennkar moskeH pa6oTaTh A OGBIUHBIX, paLlHO-
HaJIbHbIX U KOMIJIEKCHBIX YHCEJI.

2.5.2. CoueTaHue TJaHHBIX PA3JIUYHBIX THUIIOB

Mbl BULesH, KaK MOXKHO NOCTPOUTb 00beJUHEHHYIO apH(MeTHUECKYI0 CHCTEMY, KOTopas
OXBaTblBaeT OOBIKHOBEHHBbIE YMCJa, KOMIJIEKCHBIE UHCJIA, PallMOHAJNbHBIE YHCIa U J1I00ble ADY-
rve THIBl YMCeJ, KOTOpble HaM MOXKET MOTPeOOBaTbCs M300PECTH, HO Mbl YIYCTHUJH BaKHBIH
MoMeHT. Onepauuu, KOTOPble MBI O CHX MOP ONPeNesu/, PACCMATPUBAIOT PA3JHUUHBIE THIIbI
JAHHBIX KaK COBEpIIEHHO He3aBHCHMble. TakuM 00pa3oM, eCTb OTHAeJbHblEe NaKeTbl AJS CJO-
JKeHHUs, HarlpuMep, ABYX OObIKHOBEHHBIX UMCeJ M ABYyX KOMILIEKCHBIX yHucesa. Mbl 10 cux mop
He YUYHUTBIBAJH TOTO, YTO HMEeT CMbICJ ONpPeNeJsATh ONepalut, KOTopble NepeceKaroT IPaHULbl
THIIOB, HANIPUMep, CJA0XKEeHHEe KOMIIJIEKCHOTO Ync/a ¢ 0OblYHBIM. Mbl 3aTpaTu/in HeMaJsble yCH-
Jiusi, 9TOOBl BO3ABUTHYTb Oapbepbl MeXKAY UaCTSMH HAIKUX MPOTPaMM, TaK, YTOObl X MOXKHO
6bly10 pa3pabaTbiBaTh W MOHMMATh 10 OTAeJbHOCTH. HamM 6bl XxoTesoch 106aBUTh OMepanuu co
CMelLIaHHBIMH THIIaMM [0 BO3MOXKHOCTH aKKypaTHO, TaK, 4YTOObl Mbl HX MOTJIM MOAJEPKHBATH,
He Hapyllasl Bcepbe3 IPaHULL MOALYyJeH.

OnuH u3 crnoco6oB ynpaBJjeHUs ONepalMsMH CO CMeLIaHHBIMH THNAMH COCTOHUT B TOM,
YTOObI ONPENENUTh OTAEJNBHYIO TPOLENYPY AJs KaXKAOT0 COUYeTaHHs THUIIOB, AJsI KOTOPBIX Orle-
pauns uMmeer cMmblca. Hanprmep, Mbl MOTM Obl pacIIMPUTh MakeT PaboThl ¢ KOMIJIEKCHBIMH
YUCJIAMU U BKJIOUHTb Tyla NPOLEAypYy CJI0KEeHHS KOMIIJIEKCHBIX UHces C OObIYHBIMH, 3aHOCS
ee B Tabsully ¢ MeTKOH (complex scheme—number)49:

;7 BKJIoUuaemcs B nakxkem KOMNJIEKCHEIX UUCEJI
(define (add-complex-to-schemenum z x)
(make-from-real-imag (+ (real-part z) x)
(imag-part z)))

(put "add ’ (complex scheme-number)
(lambda (z x) (tag (add-complex-to-schemenum z x))))

49HpnneTCH K TOMY K€ HalucaTb MOYTH TaKylo »Ke MpoLenypy Aas THna (scheme-number complex).
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OToT MeTon paboTaeT, HO OH O4YeHb rPoMO3LOK. IIpM Tako# cHcTeMe CTOMMOCTb BBele-
HHUSl HOBOTO THIA HE CBOAUTCS K TOMY, 4TOOBI TIOCTPOWTb MakeT MPOLEAYP AJs 3TOrO THIIA,
HO BKJIIOYaeT ellle TOCTPOEHHE U YCTaHOBKY MPOLENYpP, OCYLIECTB/ISIOLIMX ONEPALUH CO CMe-
[IaHHBIMH THNAMH. DTO 3alpOCTO MOXeT MOoTpeboBaTh OOJblIe KOa, YeM HYXKHO, 4TOObI
onpejie/IUTh ONepaLMu Hal caMUM THNoM. Kpome TOro, aToT MeTON NOAPBIBAeT HaIly CIIO-
COOHOCTb COYeTaTb OTHesbHble MakKeTbl aAAWTHBHO, WJH, N0 KpaliHel Mepe, OrpaHHYMBATh
CTelneHb, B KOTOPOH peasu3alsi OTAEJNbHOTO MakeTa HOJKHA MPUHHMATb IpPyrHe MakeThl B
pacuet. CKa)keM, B BBILIETIPUBEAEHHOM NPUMEpe, KaXKETCsl eCTECTBEHHBIM, YTOOB OTBETCTBEH-
HOCTb 32 00pabOTKYy CMeIaHHBIX OMepauri ¢ OObIYHBIMM W KOMIIJIEKCHBIMH UHCJIaMH JiexKana
Ha KOMIJIeKCHOM nakere. OOHAaKO coyeTaHUe PALMOHANBHBIX U KOMIIJIEKCHBIX YHCEJ MOXKET
OCYILECTBJATbCS KOMIIJIEKCHBIM MaKeTOM, PallMOHA/JbHBIM MaKeTOM, HJH KaKUM-HUOYAb Tpe-
TBUM, KOTOPBIH 110/1b3yeTCs ONepalrsMH, U3BJeUEHHBIMU U3 3TUX ABYyX. POPMY/IHPOBKA SICHBIX
NpaBUJ pasfeseHns] OTBETCTBEHHOCTH MEXAY MaKeTaMH MOXKET CTaTb HEMOCHJIbHOH 3anadei
npu pa3paboTKe CHCTEM C MHOTHMMH NMaKeTaMHW W MHOTMMH CMEIIaHHBIMH ONEPaLHUsMH.

IIpuBenenune Tumos

B cutyauuu o6uiero Buia, Korga CoBepLIeHHO HECBSI3aHHbBIE IPYT C APYTOM ONepaLuy MpH-
MEHSI0TCS K COBEpIUEHHO APYT C APYrOM He CBSI3aHHBIM THUIIaM, SIBHOE HalHCaHHe ONepaLui
CO CMeLIaHHBIMH THIaMH, KakK Obl 3TO HU OBbLIO 'POMO3AKO, — BCe, HAa YTO Mbl MOXEM pac-
cunTeiBaTh. K c4acTbio, 06BIUHO MBI MOXKEM BOCIOJb30BATHCS AOMOJHUTENBHON CTPYKTYPOH,
KOTOpasi 4acTO B CKPBITOM BH[Ie MPUCYTCTBYeT B Halled cucTeMe THMOB. YacTo pasinyHble
THIBl JAaHHBIX HE COBCEM HE3aBHUCHMBbl, U KaKHM-TO 00pa3oM OOBEKTBl OJHOTO THMa MOX-
HO paccMaTpuBaTh Kak 00beKThl Apyroro. Takoil mpouecc Ha3blBaeTCs npusedexuem munos
(coercion). Hanpumep, ecnu Hac mpocsiT HAHTH HEKOTOPYIO apH(MeTHUECKYH0 KOMOWHALHIO
0OBbIYHOr0 YMCJ/Ia M KOMIJIEKCHOrO, TO Mbl MOXKEM pacCMaTpHBaTh OObIYHOE UHCJO KaK Takoe
KOMILJIEKCHOE, Y KOTOPOro MHMMAsi YacTb PaBHA HYJ/I0. DTO CBOLMT Hally 3aiady K coyera-
HHUIO ByX KOMIIJIEKCHBIX YHCEJ, a C 3TUM MOXKET CTaHIApTHBIM CIIOCOOOM CIPaBHUTBCS MakKeT
KOMIIJIEKCHOH apU(pMeTHKH.

B ofuem ciyyae Mbl MOXKEM peasii30BaTh 3Ty HAEI0, NPOEKTHPYS MPOLEeNypbl NPUBENEHUS
THUIIA, KOTOPblE NEPEBOAAT 00bEKT OLHOIO THIA B IKBUBAJEHTHBIH eMy 0OBbEeKT APYroro THIA.
Bor tunuuHas mpouenypa npHBelNeHHs THIOB, KOTopas npeobpasdyeT HaHHOe OObIKHOBEHHOE
YHUCJIO B KOMIIJIEKCHOE, Y KOTOPOTO €CTb JeHCTBHUTE/bHAS YacTb, @ MHUMasi paBHa HYJIIO:

(define (scheme-number->complex n)
(make-complex-from-real-imag (contents n) 0))

Mbl 3anucbiBaeM MpOLEAYPbl IPUBENEHHUS THIA B CleLHabHYIO TaOMHIy TPHUBENEHHs THIIOB,
NPOVHAEKCHPOBAHHYIO HMEHAMH [IByX THIIOB:

(put-coercion ’scheme-number ’complex scheme-number->complex)

(ITpenmosaraetcs, 4to AJst paboThl ¢ 3TOH TabJHLEN CYILECTBYIOT IPOLEAYPH put—coercion
U get-coercion.) Kak mpaBuso, 4acTb siueek 3TOH Tab/uubl OygeT MycTa, MOTOMY YTO B
00IleM cJydyae HEBO3MOXKHO MPUBECTH MPOHM3BOJIBHBIA 00BEKT NMPOM3BOJNBLHOTO THNA KO BCEM
octaibHbIM THNaM. K mpumepy, HeT croco6a MpUBECTH MPOH3BOJBHOE KOMIJIEKCHOE YHCJIO K
0OBIKHOBEHHOMY, TaK UTO B TalJ/Mlle He MOSABUTCA oblias mnpouenypa complex->scheme-
number.
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Korpa Tabnuua npuBeneHUs TUIIOB OCTPOEHA, Mbl MOKeM paboTaThb C NpHBELEHUEM CTaH-
IapTHBIM 00pa3oM, TPUCTIOCOOUB IJIs1 STOTO Mpouenypy apply-generic us pasgena 2.4.3.
Korna Hac mpocsiT mprMeHHTDb OMepaLyio, Mbl IePBBIM [eJI0M, KaK M paHbllle, IPOBepsieM, He
oTpenesieHa JIM yXKe Orepauusl AJs THUIOB apryMeHTOB. Ecsiu 1@, Mbl BbI3bIBa€EM IPOLEAYPY,
HalileHHYI0 B TabJ/ule onepaluid W TUMOB. Ecau HeT, Mbl npofyeM NPUMEHHTb NpPUBeleHHe
THNOB. JI/Il MPOCTOTHI Mbl PacCMaTpHBaeM TOJLKO TOT cjyyai, Korjaa aprymeHToB nBa’’. Mur
nposepsieM TabJUIy peoOpa3oBaHUs TUIIOB U CMOTPUM, MOXKHO JIH 00BEKT MEPBOr0 THMA MPH-
BECTH KO BTOPOMY THMy. Ecau na, ocyliecTBJseM NpPHBEleHHe U CHOBa NMpoOyeM Orepanuio.
Ecnn o6bexTrl nepBoro tumna B obiieM caydae KO BTOPOMY He NMPHUBOASTCS, Mbl IpoOyeM MpH-
BefleHHe B 0O6paTHOM HaNpaB/leHHH W CMOTPUM, HET JIM crocoba NPHUBECTH BTOPOH apryMeHT
K TUIy nepBoro. HakoHel, eciyd HeT HHKaKOro HM3BeCTHOrO crnoco0a NMPUBECTH OAMH THI K
Ipyromy, Mbl ciaemcsi. Bot ata mpouenypa:

(define (apply-generic op . args)
(let ((type-tags (map type-tag args)))
(let ((proc (get op type-tags)))
(if proc
(apply proc (map contents args))
(if (= (length args) 2)
(let ((typel (car type-tags))

(type2 (cadr type-tags))

(al (car args))

(a2 (cadr args)))

(let ((tl->t2 (get-coercion typel type2))
(t2->tl (get-coercion type2 typel)))
(cond (tl->t2
(apply-generic op (tl->t2 al) a2))
(t2->tl
(apply-generic op al (t2->tl a2)))
(else
(error "HeT MeToma OJjig 3TUX TUIOB"
(list op type-tags))))))
(error "HeT MeToma OJig BTUX THUIIOB"
(list op type-tags)))))))

Takast cxema NpuUBefeHUS THIIOB HMEET MHOI'O NPEUMYILECTB ME€Pe] METOIOM SBHOTO OTpe-
JleNIeHUs] CMeLIaHHbIX Ofepaluil, Kak 3TO ONHCAHO Bhille. XOTS HaM MO-NpeXHeMy TpebyeTcs
nucaTh MPOLEAYPhl MPUBEJEHUS /s CBA3H TUIOB (BO3MOXKHO, 12 MpOLENyp A/ CHCTEMBI C 71
THNAMH), AJS1 KaXKIOH Mapbl THUIIOB HaM HYXKHO HANKCaTh TOJBKO OOHY NPOLENypY, a He 10
npoLe/lype Ha KaxKblii HaGop TMIIOB M KaXKaylo 06061LIeHHYI0 onepaiuio® . 31ech Mbl paccuu-
TBIBa€M Ha TO, YTO Tpebyemass TpaHC(OPMALUS TUIIOB 3aBUCHUT TOJBKO OT CAMHUX THIIOB, U He
3aBHCHT OT OMepanuu, KOTopyio TpebyeTcs NPUMEHHTb.

5006061weHre cM. B ympaxkHeHHH 2.82.

SIEcii Mbl yMHBIE, MBI OOLIUHO MOMKEM OGOHTHCh MeHblle, yeM m2 TpOLeLypaMu NpuBeneHHs Tura. Hampumep,
ec/M Mbl 3HaeM, Kak M3 THNa 1 MoJaydyuTb TUM 2, a M3 THNA 2 THI 3, TO MOXKHO MCIIO/b30BaTh 3TO 3HaHHe sl
npeo6pa3oBaHusl U3 1 B 3. DTO MOKET CHJbHO YMEHbUIUTh KOJIHYECTBO MPOLELYp, KOTOpble HAL0 SBHO 3a1aBaTbh MPHU
BBeJIeHHH HOBOro THIa B chcTeMy. EciiM HaM He cTpallHO BBECTH B CBOIO CHCTeMy TpeOyeMblll ypOBeHb H30LIPEHHOCTH,
MBI MOXKEM 3aCTaBHTb €e HCKaTb M0 «rpady» OTHOLIEHHH MeXKAy THNAMH M aBTOMAaTHUeCKH NOpPOXKAaTh BCe NPOLeLyphl
TNpUBEJEHHs THIIOB, KOTOPble MOXHO BbIBECTH M3 TeX, KOTOpble SIBHO 3aJaHBbl.
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KOMIIJIEKCHBIE
AN

NIeUCTBUTEJIbHBIE
AN

pauuoHaJJ bHbIE
AN

LeJibie

Puc. 2.25. bawnsa Tunos

C npyro#l CTOpOHBI, MOTYT CYLIECTBOBATb MPUJIOXKEHHS, AJsl KOTOPHIX Hallla cXeMa TpuBe-
JIeHHs1 HeocTaTouHo o6ma. Jlaxke Korna HHU OOUH U3 0OBEKTOB, KOTOPbie TPeOyeTCsl COYeTaTh,
He MOXKeT ObITb NMPHBENEH K THUIy APyroro, onepalus MOXKeT 0Ka3aTbCs MPUMEHHMOH, ecsu
npeo6pa3oBath 06a 06beKTa K TpeTbeMy THMY. UTOObI CIIpaBUTbCS C TAKOH CTEMEHbIO CJIOXK-
HOCTH U TO-TIPe’KHEMY COXPaHUTb MOAYJbHOCTb B HALIMX NPOrpaMmax, 00bIYHO HEOOXOAHMO
CTPOUTb TaKHE CHUCTEMBI, KOTOpble ellle B OOJIbIIEH CTENeHH HCIONb3YIOT CTPYKTYypPy B OTHO-
[IEHUSIX MEXAY TUMAaMH, KaK Mbl CEHyac paccKazkeMm.

Hepapxuu Tunos

OnucaHHas Bblllle CXeMa NPUBEIEHHUS THIIOB ONMpasach Ha CyLECTBOBAHHE €CTECTBEHHBIX
OTHOILLEHHH MeX1y napaMM THUIOB. HacTo B OTHOLUEHHAX THUIOB MeXAY COOOH CyILLeCTBY-
eT Gosee «raobanpHasi» CTpyKTypa. [Ipeamnosnoxxum, HanpuMep, 4TO Mbl CTPOUM 06O0OIIEHHYIO
apU(PMETHUECKYIO CHCTEMY, KOTOpPasi IO/KHA paboTaTh C LeJbIMH, PALMOHAJNbHBIMH, N€HCTBU-
TeJIbHBIMM U KOMILJIEKCHBIMU YHCJIaMU. B Tako# cucreme BIOJIHE eCcTeCTBEHHO OyleT paccMmar-
pHBaTb 1leJI0e YHCJIO0 KaK YacTHBIH caydyall palMoOHa/IbHOI0, KOTOPOE B CBOIO O4Yepelb BJSETCS
YaCcTHBIM C/yuyaeM NEeHCTBHUTEJBHOTO YHCJ/a, KOTOpPOe OMATb-TAKHM YaCTHBIM Clydall KOMIJIeKc-
HOro uucja. 3[1eChb Mbl MMeeM TaK HaseiBaemywo uepapxuio munos (hierarchy of types) B
KOTOPO#, HalpuMep, LeJsble YyHCaa ABJAsOTCS noomunom (subtype) paunoHasbHBIX yuces (To
eCTb BCsiKasi onepanusi, KOTOPYI MOXKHO TNPUMEHHTb K PallHOHAJBHOMY YHCJY, IPUMEHUMA H
K 1esbiM). COOTBETCTBEHHO, MBI OBOPHUM, UTO pallMOHAJbHblE YHCJA SIBJISIOTCS HAOMuUnom
(supertype) uensix. Ta KOHKpeTHast HepapxHsi, C KOTOPOH Mbl HMeeM [eJI0 31eCh, UMeeT 0YeHb
NPOCTOM BUI, a UMEHHO, Y Ka)KJIOro THNa He OGoJiee ONHOTO HaATHNA WU He (oJjiee OLHOTO
noxruna. Takasi CTPyKTypa, HasbiBaemasi 6auwins munos (tower), nokasana Ha puc. 2.25.

Ecau y Hac uMeetcs GalliHsl THIOB, TO 3aada 100aBJeHHUsS HOBOTO THIA B CUCTEMY CHJIBHO
yIIpOLLAeTCs], MOCKOJAbKY TpeOyeTcsi yKasaTh TOJbKO TO, KAaKHUM 00pa3oM HOBBIH THI BKJIIO-
yaercsl B OJMKaHIIMH HAaATHI CBEPXY M TO, KaKHUM 00pa3oM OH fIBJSeTCS HAATHUIIOM THIIA,
KOTOPbIH HaXoOUTCA MNpPsIMO MOA HUM. Hanpumep, ecaud Mbl XOTHM K KOMIJIEKCHOMY 4YHC-
Jqy n06aBUTb 1LieJioe, HaM He HYXKHO CIIElHaJbHO ONpeNessiTh MPOLeAypy NPHUBENEHUs THMA
integer->complex. BMecTo 3TOro Mbl onpeznessieM, KaK MOXKHO TE€PEBECTH LleJIoe YHUCJIO B
paLMoHaNbHOE, PALMOHAJNbHOE B JeHCTBUTEJNbHOE, U KAK JeHCTBUTEJNbHOE YUCJO MEPEeBOLUTCS
B KoMILIeKcHoe. [JoToM MBI M0o3BOJIsieM cHCTeMe NMpeoOpa3oBaTh Lesoe YHUCI0 B KOMIJIEKCHOE
yepe3 BCce 3T NPOMEKYTOUHbIE ILIATH MU CKJaJblBaeM JBa KOMIJIEKCHBIX YHCJIA.

MoxHO nepeonpenenuTb NpoLenypy apply-generic cienymomuM obpa3om: AJas Kax-
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noro Thna tpefyeTcs yKasaTb NpoLenypy raise, KoTopas «[NOJHHMaeT» 0OBEKTHl 3TOr0 THIIA
Ha OflIMH ypoBeHb B OallHe. B Takom ciaydae, korna cucreme TpebyeTcss o6paboTaTb 06BEKTHI
pa3/MYHBIX THIOB, OHAa MOXET MOCJEeIOBATENbHO MOIHUMATh OOBEKTHl 60Jee HHU3KHX THIIOB,
noka BCe 00BEKTHl HE OKaXyTCs HA OAHOM M TOM e ypoBHe GawHu. (Ympaxkuenus 2.83 u
2.84 KacaloTcs fetanell peasusallu TaKOH CTPaTErdH.)

Eule ogHo mpeuMylLecTBO GalllHU COCTOUT B TOM, UTO JIETKO peajusyeTcs MpeAcTaBjeHHe
0 TOM, YTO BCSIKHH THI «HAaCJefyeT» ONepalud cBoero HanTuna. Hanpumep, ecid Mbl He f1aeM
0co00# mpouenypbl /s HaXOXKIEHHS NEeHUCTBHUTENBbHOH YacTH LEJIOT0 YHCJa, MBI BCE PABHO
MOXKEM 0XKHMIaTh, UTO real-part OyneT AJs HUX ONpeleseHa B CUJIY TOTO, UTO LieJible YU
ABJSIIOTCS TMOATHUIIOM KOMIJIEKCHBIX. B ciy4ae GaliHHM MBI MOXKeM YCTPOUTb TakK, YTOOBI 3TO
IPOUCXOIUJIO0 caMo co00H, MonuduLKpoBaB apply—-generic. Ecin Tpebyemas onepauus He
onpejiesieHa HENOCPeACTBEHHO AJS THUIA JAHHOrO 0ObeKTa, Mbl MOAHHMMAeM €ro 10 HaATHIA
U npobyeM elle pa3. Tak Mbl Moj3eM BBepx Mo GaliHe, npeobpasys Mo MyTH CBOH apryMeHT,
MoKa Mbl MO0 He HaleM YpOBeHb, HAa KOTOPOM TpefyeMyl OIepaLyio MOXKHO MPOHU3BECTH,
160 He noGepeMcsl 10 BEPIIMHB (M B TAKOM CJydae MBI CIAEMCs).

Eute onHo npermyliecTBo GalliHU Hajl Hepapxuell 6ojiee oOLLEro THIA COCTOUT B TOM, 4YTO
OHa JaeT HaM IIPOCTOH CIOCOO «OMYCTUTb» 00BEKT NAHHBIX [0 €ro MpoCTeHIlero npeacrasJe-
Husi. Hanpumep, ecnu mbl ckaaneiBaeM 2 + 3¢ ¢ 4 — 3¢, 6b1710 OBl IPUSITHO B KayecTBe OTBETa
MOJNyuUTh Liesoe 6, a He KoMmmyekcHoe 6 + 0i. B ympakHeHunu 2.85 o6cyxpaercs crnocod,
KOTOPBIM TaKYI MOHMKAMILYI0 ONepalrio MOXKHO peanu3oBath. (CJ0XKHOCTb B TOM, YTO HaM
HY>XeH OOLIMH crocod OTIUYUTb 0OBEKTHl, KOTOPble MOXXHO MOHHU3UTh, Bpone 6 + 04, OT Tex,
KOTOpBIe TIOHHU3HUTh HeJsb3sl, HanpuMmep 6 + 2i.)

HeanekBaTHOCTD Mepapxuii

Ecau Tunbl faHHBIX B Hallledl CUCTeMe eCTeCTBEHHbIM 00pa3oM BBICTpPaWBaloTCs B Oall-
HIO, 3TO CHJIbHO YIPOLIAeT 3a1ayy paboTbl ¢ 0GOOIIEHHBIMH ONepalUsMH Hajl pa3/iUYHbIMH
THUIIaMH, KaK Mbl TOJBKO UTO BUAeJU. K coxkaseHHIo, 0OblUHO 3TO He Tak. Ha pucyHke 2.26
NoKa3aHo GoJiee CJI0XKHOE YCTPOHCTBO Habopa THUIOB, 2 UMEHHO OTHOLIEHHS MeXIY pasJsuu-
HBIMH THIAMH reoMeTpuuecKux (puryp. Mbl BUAuM, 4TO B 00LLEM Cjaydyae y THMNA MOXeT ObITb
6osiee onHoro noxaruna. Hanpumep, ¥ TpeyroJbHUKH, U YeTBIPEXYTONbHUKH SBASIOTCS PA3HO-
BHUIHOCTSIMH MHOTOYTOJIbHUKOB. B [OMOJIHEHHE K 3TOMY, Y THNA MOXeT ObITb (oJiee OLHOTO
Hanruna. Hanpumep, paBHOGeApEHHBIN NPSIMOYTOJNbHBIA TPEYrOJbHUK MOXKHO PacCMaTpHUBaTh
U KaK paBHOOeIpPEHHBIH, U KaK MPsSIMOYTroJbHBEIE. Bormpoc ¢ MHOXKeCTBEHHBIMUM HAATHIIAMH 0CO-
6eHHO GoJsie3HeH, MOCKOJbKY H3-32 Hero TepsieTcs eIUHBbIH CoCcO0 «MOAHATh» THI MO Hepap-
xuu. HaxoxneHue «IpaBUJIbHOrO» HAaATHIA, B KOTOPOM TpebyeTcs NPUMEHMTh OMNepaLHio K
00beKTy, MOXKET NOTPe6oBaTh AOJTOr0 MOUCKA MO BCEH CETH THIIOB BHYTPHU NPOLEAYPHl BPOIe
apply-generic. [locko/abky B 00LleM Cjyuae y THIA HECKOJBKO MOATHIIOB, CYLIECTBYET
nopo6Has npobsemMa U B CIBHTe 3HAUEHUS «BHU3» MO Hepapxuu. Padora ¢ 60JbILIUM KoJHUe-
CTBOM CBSI3aHHBIX THIIOB 0e3 MOTepU MOAYJIbHOCTH NPH pa3paboTKe GOJbIIMX CUCTEM — 3aaa4a

O4yeHb TPyAHAasi, U B 3TOH 00JIaCTH cellyac BefeTCs MHOTO HCCJIe[0BaHHH2.

52 lanHoe yTBep:KieHHe, KOTOPOe MPUCYTCTBYeT U B MEPBOM W3NAHUU 3TOil KHHTH, ceffuac CTOJb e BepHO, Kak
U IBeHailaThb JeT Hasal. PaspaboTka ymoOHOro, HOCTaTO4YHO 0OLIero croco6a BbIPaXaTh OTHOLIEHHS MEXLy pas-
JIMUHBIMU THNAMH CyLIHOCTeH (TO, YTO (PUIOCO(HI HA3BIBAIOT «OHTONOTMElH»), OKA3blBAeTCsl HEBEPOSTHO CJIOXKHBIM
nenoM. OCHOBHasi pasHMIA MeXJ1y TOH NyTaHMLeH, Kotopasi Oblia HecsiTh JeT Has3ajl, M TOH, KoTopas eCTb cei-
4ac, COCTOMT B TOM, YTO Terepb MHOXKECTBO HealeKBATHBIX OHTOJOTHYECKHX TEOPHH OKa3asoch BOIJIOIIEHO B Mac-
ce COOTBETCTBEHHO HeaJeKBaTHHIX SI3bIKOB MpOrpaMMHpoBaHus. Hanpumep, JbBHHAs 10J8 CI0KHOCTH OOGBEKTHO-
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MHOTOYTOJIbHHUK

S

YeTbIpeXyroJbHHUK

TN

Tpanenus YeTbIPeXyTroJbHUK

C TepreHAMKYNSPHBIMU THArOHANSIMU
TPeyTroNbHUK \
/ \ napaJsiiesorpamm
paBHOGEIpEHHBIH NPSIMOYTOJIbHBIN
TpeyrosbHHUK TPeyToJbHUK

[IpSIMOYTOJIbHUK pomb

paBHOCTOpOHHI/Iﬁ paBH06eL[peHHb11-;I \ /

NPSIMOYTOJIbHBIHA
TPeyroJibHUK TPEYrOMbHHK KBajpaT

Puc. 2.26. OTHoweHus] MeXIy THIIaMH reOMeTPUUYeCKUX (QUTYP.
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Ynpaxuenue 2.81.

Xbtoro Jlym 3ameTus, uto apply-generic MoXeT MbITaTbCsl IPUBECTH apryMeHTbl K THIY IpyT Apyra
[a)ke TOrha, KOTIa MX THUNBl M Tak coBmagawoT. C/lefoBaTesbHO, pellaeT OH, HAM HYXHO BCTaBHThb
B TaOJHULy NPHUBELEHUs] NPOLENYPHl, KOTOPble <«IIPUBOAST» apryMeHTbl KaXKIOTO THNA K HEMY CaMOMY.
Hanpumep, B nomosHeHHe K NpuBelieHHI0 scheme-number->complex, ONHCAHHOMY BEbIlE, OH Obl
Hamnucasn elle:

(define (scheme-number->scheme-number n) n)

(define (complex->complex z) z)

(put-coercion ’scheme-number ’scheme-number
scheme-number->scheme-number)

(put-coercion ’complex ’complex complex->complex)

a. Eciu ycraHOBJ/IeHB! MpOLEAYpPHl NPHUBENEHHs THIIOB, HaMHUCaHHble XbIOro, YTO NMPOU3OHIET, KOrja
apply-generic OyzeT Bbi3BaHa C ABYMs apryMeHTaMH THIa scheme-number WJU AByMs apryMeH-
TaM{ TUNa complex 1Js ONepaluH, KOTopas He HaxOAWTCs B Tabjuue AJs 3THX TUMOB? [lomycTum,
HalpHuMep, YTO MBI ONpeJenuIn 0600IIeHHYIO POLeaYPy BO3BEeHHsI B CTeleHb:

(define (exp x y) (apply-generic 'exp x y))
U 106aBUJIM TPOLEAYPY BO3BELEHHS B CTENEHb B MakeT uuces Scheme W HU B KaKoi Apyroii:

;; Crnedyioyue cmpokxu dobaprswomcs B nakem scheme-number
(put 'exp ’ (scheme-number scheme-number)
(lambda (x y) (tag (expt x y)))) ,uchnomb3yemcs
; BJIeEMeHmapHas expt

Yro HpOI/ISOIZH,ET, €CJIM Mbl MO30BeM €Xp C ABYMA KOMIIJIEKCHBIMUA YUCJAAMHU B KaueCTBe aprMeHTOB?

6. IlpaB s XblOro, 4TO HY?KHO UTO-TO ClleJIaTh C MPUBELEHHEM OJHOTHIIHBIX apryMeHTOB, HJH BCE U
TaK paboTaeT NPaBUJbHO?

B. M3meHute apply-generic tak, utoObl OHa He NbITa/1ach NPUMEHHUTb MPUBeJEHUE, eClU Y 000UX
apryMeHTOB OfMH U TOT K€ THII.

Ynpaxsenue 2.82.

ITokaxkure, xak 06006UUTh apply-generic Tak, uToObl OHa obpabaThiBaja INpHBefeHHe B O0OLLEM
clyyae ¢ HeCKOJNbKUMH aprymeHTaMd. OfMH U3 CIOCOOOB COCTOMT B TOM, YTOObI MOMBITAThCS CHauaja
NPUBECTH BCe apryMeHTHl K THUIy MepBOro, MOTOM K THITy BTOPOro, W Tak jaJee. [lpuBenurte mpumep,
KOT/la 3Ta CTpaTerus (a TakxKe AByXapryMeHTHasi BepPCHs, ONKCaHHas Bbillle) HegoctaTouHo obuwa. ([Toa-
CKa3Ka: pacCMOTpHTe CJydyal, KoTa B TaOJHIe eCTb KaKHe-TO MOAXOASIIHe OMepaluy CO CMellaHHbIMH
THNAMH, HO oOpallleHUs] K HUM He MPOU30UJET.)

Ynpaxuenue 2.83.
[IpennosoxuM, uto Bel paspabarbiBaete 060611eHHYI0 apr(PMeTHIECKYIO CUCTEMY /ST paboThl ¢ OallHel
THUIOB, NOKa3aHHOH Ha pHC. 2.25: 1eJble, palMoHa/bHblE, JeHCTBUTEbHbIE, KOMIJIEKCHBIE. /151 KaxKA0ro

OPUEHTHPOBAHHBIX SI3bIKOB NPOrPAMMUPOBAHMS — W MeJKHX HEBPa3yMUTE/bHBIX Pa3JUUMi MeXJAy COBPeMeHHBIMU
00beKTHO-OPUEHTHPOBAHHBIMH f13bIKAMM, — COCPEIOTOYEHA B TOM, KaK pacCMaTpUBaroTCsl 0000ILEeHHble ONepalul Hajx
B3aUMOCBSI3aHHBIMH THIAaMH. Halle co6CcTBEHHOE ONMHCaHKe BBHIYMCIMTENbHBIX OOBEKTOB B IJiaBe 3 MOJHOCTbIO H30e-
raeT 3TUX BoIpocoB. UurtaTenH, 3HAKOMEIE C 0OBEKTHO-OPHEHTHPOBAHHBIM MPOrPaMMHPOBAHHEM, 3aMETST, YTO HaM
€CTb, UTO CKa3aTb B IV1aBe 3 O JIOKaJbHOM COCTOSIHMH, HO Mbl HH pasy He YIIOMHHAeM «KJ/acChl» UJIH «HACJeJ0BaHHE».
MEr nonospeBaeM, UTO Ha CaMOM Jiesie 3TH MPoOJeMBbl HeJb3sl pacCMaTPUBAThb TOJNBKO B TEPMHHAX NMPOEKTHPOBAHHS
13bIKOB NTPOrpaMMHUpOBaHHUs1, 6e3 obpalleHHs K paboTaM Mo NpeACTaBJeHHI0 3HAHWH U aBTOMaTHYeCKOMY JIOTHYeCKOMY
BBIBOLLY.
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U3 TUMOB (KpOMe KOMIJIEKCHOTO), paspaboTaiiTe MpolLenypy, MOAHMMAIOLLY0 06beKT Ha OLHWH ypOBEHb
B GawHe. [Toxaxure, Kak BBecTH 0000ILLEHHYIO OrepalMIo raise, KoTopas OyaeT pa6oTaTb A/ BCeX
THUIOB (KpOMe KOMIIJIEKCHBIX YHCe).

Ynpaxzenue 2.84.

Hcnonb3ys onepauuio raise u3 ynpaxkHeHus: 2.83, U3MeHHUTe Npolenypy apply-generic Tak, 4yTo-
Obl OHa MPHUBOAMJA apPryMeHThl K OLHOMY THIly IyTeM I[0CJ/e10BaTe/bHOI0 MOAbEMA, KaK ONUCAHO B
atoM paszese. [lorpeGyercss mpuaymarth crnoco NpoBepKH, KaKOH U3 IBYX THIOB Bhille 1o GamrHe. Cre-
JlaliTe 3TO CrOCOGOM, «COBMECTHUMBIM» C OCTaJbHOM CHCTEMOH, Tak, YTOOBl He BO3HHKAJIO MpPOOJeM MpU
no6aBJjieHHH K OalllHe HOBLIX THIIOB.

Ynpaxxuenue 2.85.

B sToM paspese ynmoMuHAaJCS METOH «yTNpPOILEeHHsI» 0ObeKTa JaHHBIX MyTeM CIycKa ero no GallHe Ha-
CKOJIbKO BO3MOXHO BHHU3. Paspabortaiite mpouenypy drop, KoTopasi fejaeT 3TO /s OallHH, OMHUCAHHOH
B ynpaxkHeHuu 2.83. Kutou K 3amaue COCTOMT B TOM, UTO HAf0 PEIIHUTb HEKOTOPBIM OOIIMM CIOCOOOM,
MOKHO JIM TIOHH3HUTb 00beKT B THrne. Hampumep, kommiekcHoe yucso 1.5+ 0¢ MOXKHO ONyCTUTb 10 real,
KoMIieKcHoe uncao 1 4+ 0¢ 1o integer, a KOMIJIEKCHOE YHCA0 2 + 3¢ HUKYIA MOHU3UTh HeJb3s. BoT
NJ1aH TOTO, KaK ONpeNeJHUTh, MOXKHO JIM MOHU3UTb OOBEKT: [J/Is Hadasa onpefesuTe oO0OILIEHHYIO Olle-
pauuio project, Kotopas «CTajJKHBaeT» 00beKT BHHU3 Mo GaurHe. Hampumep, npoeKIusi KOMIJIEKCHOTO
yucaa OyeT cOCTOSATb B OTOPAChIBAHWH ero MHMMOH 4yacTH. Torma 4uce/so MOXKHO CABHHYTb BHH3 B TOM
cjyyae, ecJid, CIIpOeLlMpPOBaB €ro, a 3aTeM MOAHAB OOpPaTHO 10 MCXONHOTrO THIA, Mbl MOJYy4YaeM HeuTo,
paBHOe HcXofHOMY uncay. [lokaxuTe KaK peasnn3oBaTh 3Ty HAEI0 B AeTaslsX, HaNKcaB npolenypy drop,
KoTopasi oryckaeT oObeKT Kak MOxKHO Huxke. [ToTpebyercs paspab6oTaTb pas/nuHble oNepaluHd Npoek-
LHu® u YCTaHOBUTh project B cHcTeMe B KadecTBe 000011eHHOH onepaund. Bam Takxke motpebyercs
00001IeHHBIH TpeUKaT paBeHCTBa, MONOOHBIH OMMCaHHOMY B ympaxkHeHHH 2.79. Hakonel, ucrosbsys
drop, nepenuinte apply-generic us ynpaxkHeHus: 2.84, yToObl OHa «yTpollajas CBOU Pe3y/bTaThl.

Ynpaxuenue 2.86.

HomycTim, HaM xoueTcsi paboTaTb C KOMIJIEKCHBIMH YHCJaMH, YbM N€HCTBUTE/IbHBIE U MHHMbIE YacTH,
MOZYJIH U apryMeHTbl MOTYT ObITb OGBIKHOBEHHBIMH UHMCJIAMH, PallHOHAJBHBIMH YMCAAMH JHOO JIOOBIMU
IPYTHMH, KaKHe HaM 3axodercs H00aBHUTb K cucTeMe. ONHULINMTe U peanusyiiTe M3MeHEHHS] B CHCTeMe,
KOTOpBle MOTPeGYTCs, UTOOB 100aBUTh TaKyK BO3MOXKHOCTb. Bam mpupaeTcs onpenesuTb onepaudu
Bpoze sine (cHHYC) H cosine (KocHHYyC), 0600LIeHHbIe HA OGBIKHOBEHHbIE U pallHOHAJbHbIE YHCIIA.

2.5.3. Ilpumep: cumBoJIbHas ajredpa

O6paboTKa CUMBOJIbHBIX a/re6pauuecKUX BhIpaXKeHUH TpeacTaBJisieT COO0H CI0XKHBIH NMpo-
1ecc, KOTOPbIH HJJIIOCTPUPYET MHOTHe TsKeJliefline npobJ/eMbl, BOHUKAIOLIME NPHU MPOEKTH-
poBaHMM GOJbIIUX cHCTeM. B ofiiem cnyuae, anre6panyeckoe BblpaxkKeHHe MOXKHO paccMmar-
pUBaTb Kak MepapxXxU4yecKylo CTPYKTYpy, AepeBO OlepaLuil, MIPUMeHseMbIX K onepaHaam. Mbl
MOXKeM CTPOMTb ajre6panueckue BblpaKeHHs, HayHHas C 3JeMeHTapHBIX 0OBEKTOB, TaKHX,
KaK KOHCTAaHThl M IepeMeHHble, U KOMOMHHUPYS WX C MOMOLIbIO anrebpanyecKux orepaunui,
TakKHMX, KaK CJ0KeHHe 1 ymMHOxKeHHe. Kak U B Ipyrux s3elkax, Mbl (popMHUpyeM abCTpakLHH,
KOTOpble TI03BOJISIIOT HaM MMEHOBATb COCTABHble OOBEKTbl MPHU MOMOLIY MPOCTBIX TEPMHHOB.

53 JleficTBUTeIbHO® UHC/IO MOXKHO CTIPOEIMPOBAT Ha IleJloe TIPH MOMOIIH MPHMHTHBA round, KOTOHI BO3BpAlIaeT
eJsioe Ynco, OnuxKalillee K CBOeMY apryMeHTY.
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B cumBosbHOH asnrefpe THUIUUYHBIMH a0CTPaKLUUAMHU SBJSIOTCS TakKue MOHATHSA, KaK JHHEeHHas
KOMOMHALMs, MHOTOYJIEH, palMOHa/bHAs MM TPUroHoMeTpuyeckass (yHKUUS. Mbl MoxeM
paccMaTpUBaTh UX KaK COCTaBHBIE «THIbl», KOTOPbIE HaCTO ObIBAIOT MOJIE3HbI NPH YIIPABJIEHUU
06paboTKO BhIpakeHHH. Hanpumep, BeipaxkeHue

22 sin(y® 4 1) + cos 2y + cos(y® — 2¢%)

MOKHO pPacCMaTpUBaTh KaK MHOTOUJIEH MO = C KO3(D(PHUIIHEHTAMH, KOTOPBIE SBJSIOTCS TPUTOHO-
METPUUECKUMHU (PYHKLHSIMHA MHOTOYJIEHOB MO Y, YbH KO3(D(UILHUEHTHI, B CBOIO 0Yepelib, Liejbie
qyucaa.

3necb Mbl He OyfieM MbITaThCs pa3paboTaTh MOJNHYIO CUCTeMY HJs paboTel ¢ anrebpaunde-
CKUMH BHIPAXKEHUSMU. Takue cUCTeMbl — OYeHb CJIOXKHBIE MPOTPAMMBI, HCIOJb3YIOLUIHE TIy-
60KHMe MaTeMaTU4YeCKHe 3HAHUS M dJIeTAaHTHbIe aqrOpuTMbl. Mbl cobrpaemMcsi OMUCATh TOJIBKO
OIHY TPOCTYIO, HO BaXKHYI0 4acTh ajre6pandyecKux omepanudid — apupMeTHKy MHOr0OYJIEHOB.
Mbl npouIIOCTprUpyeM THIIBI PelleHHH, KOTOpble MPUXOAUTCS TMPUHUMATh pa3paboTUHKY I10-
JNOOGHOH CHCTeMBbl, U TO, KaK PUMEHUTb UeH a0CTPaKUHUH AaHHBIX U 0000LIeHHBIX ONepalui,
YTOObl C MX TOMOLIbIO OPraHHU30BaTh PaboTYy.

Apucdmernka MHOro4/eHOB

[lepBas 3amaua npu paspaboTKe CHCTEMBI AJIs IPOBeleHNs apu(MeTHIeCKHX ONepaluil Hal
MHOTOUJIEeHAMH — PEIUUTb, YTO UMEHHO TIPeCcTaB/sieT co60i MHorouseH. OGBIUHO MHOTOUJIEHBI
onpefiesIioT M0 OTHOLIEHHIO K TeM HMJIM HHBIM IepeMeHHBIM. Pany npocToThl, Mbl OrpaHUYUM-
cSl MHOTOYJIEHAMH TOMLKO C OfIHOH mepeMeHHoi®!. MbI ompesiesiieM MHOrOU/JEH KaK CyMMY
TepMOB, KaxK[bll U3 KOTOPBIX NpeAcTaBiaseT cobod nub60 KoappULUeHT, MO0 MepeMeHHYIO,
BO3BEIEHHYIO B CTeleHb, JHUOO mponsBeneHHe Toro u apyroro. KosadduureHt onpenensercs
Kak ajre6panueckoe BblpaXkeHHe, He 3aBHUCAILEE OT NepeMeHHOH MHoro4jeHa. Hanpumep,

52° + 3w+ 7
€CTb MPOCTOM MHOTOUJIEH C NepeMeHHOH z, a
(y? + 1) + (2y)x + 1

€CTb MHOTOYJIEH MO &, KO9(PPHULHEHTB KOTOPOTr0 — MHOTOUYJIEHBI MO Y.

YKe 31ech Mbl CTAJKMBAaeMCsl C HECKOJBKMMH HeyNOOHBIMH AeTasIMU. fBJasieTcs Jiu mep-
Bblii U3 MPUBENEHHBIX MHOTOYJIEHOB T€M Ke 00beKTOM, 4To 5y2 + 3y + 7? PasymHbIH oTBeT Ha
3TOT BONPOC TAKOB: «€CJIHM MBI PACCMaTpPUBaeM MHOTOYJ/IEH KaK YUCTO MaTeMaTH4YeCKyl (PyHK-
LUI0, TO 13, HO eCJH Kak CHHTaKcHuecKylo (hopMy, To HeT». BTopoil npumep anrebpanuecku
9KBHBaJIEHTEH MHOTOWJIEHY MO0 ¥, KO3((HULHUEHTh KOTOPOro — MHOTrOuJIeHHl 1o z. Jo/XKHa
JIM Hallla CHCTeMa paclio3HaBaTb 3To? HakoHell, CyllecTBYIOT ApyrHe crocoObl IpeacTabJe-
HUS MHOTOUYJIEHOB — HAlpUMep, KaK MPOU3BeJleHUe JUHEHHBIX MHOXUTeNEH, KaK MHOXECTBO
KOpHEH (111 MHOTOYJ/IEHA C OJHOH MepeMeHHOMH), UM KaK CIIHCOK 3HaYeHHE MHOTOYJIeHa B 3a-

54C prFOﬁ CTOPOHBI, Mbl paspelraeM MHOI'OYJIEeHBI, K03CpCpI/ILlI/IeHTbI KOTOPBIX CaMH I10 cebe sBJSAIOTCS MHOTOYJIEHA-
MH OT APYIUX INepeMeHHbIX. ITo CYLIECTBY, 3TO AA€T HaM TaKylO 2K€ BbIPA3UTEJbHYIO CHJY, UTO U Y TIOJTHOH CHCTEMBI
CO MHOTMMHU NE€peMeHHbIMH, XOTs U BeleT K HpO6J’[6MaM NpHUBeNeHUs, KaK 3TO O6Cy)KD,36TCH HHUXKe.
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JAHHOM MHOXKeCTBe TOueK>. Mbl MOXeM O06OHTH 3TH BOMPOCHI, PElIUB, 4TO B Hallell cucTeMe
anrebpanuecKruX BBIUUCJIEHHH «MHOTrOUJeH» OyIeT OnpeneseHHOH CHHTAaKCHUeCKOH (opMoi, a
He ee MaTeMaTHYeCKUM 3HaueHHEM.

Tenepp mopa mopymath, Kak Mbl OyAeM OCYLIECTBJISATb apU(@MeTHUeCKHe ONepaldd Hap
MHOTrouJleHaMH. B Haluefi ynpoleHHOH cucTeMe Mbl PACCMOTPUM TOJIBKO CJIOKEHHE U YMHOXKe-
Hue. Bosiee Toro, Mpl 6yfeM HacTauBaTb, UTOObl Ba MHOTOYJEHA, HAaJ KOTOPbIMH IPOBOAUTCS
omnepalusi, UMeJHd OOHY U Ty XKe MepeMeHHYIO.

K npoekTHpOBaHHIO CHCTEMBI MbI TMPUCTYIHM, CJeys yKe 3HAKOMOH HaM IHUCLUIJIMHE
abCcTpaklUMK AaHHBIX. Mbl OyneM TpencTaB/siTb MHOTOUJIEHBI B BHIE CTPYKTYPbl JAHHBIX IO
Ha3BaHUeM poly, KOTopasi COCTOUT U3 NepeMeHHOH W Habopa TepmoB. Mbl npeamnoJsaraem, 4To
HUMeIoTCs CeJIeKTOphl variable U term-1list, KoTopble MoJydaioT U3 poly 3TH NaHHBIE, U
KOHCTPYKTOp make-poly, KOTOphIi cobupaer poly U3 mepeMeHHOH W crnucka TepMmos. [lepe-
MeHHasi OyeT MPOCTO CUMBOJIOM, TaK UTO [JIs1 CPABHEHHUS MepeMEHHbIX Mbl CMOXKEM HCIOJb30-
BaTb NpoLeAypy same-variable? u3 pasgena 2.3.2. Cjenywoline NpoLeAyPHl ONPeesioT
CJI0XKEHHEe W YMHOXXeHHe MHOT'OYJIEHOB!

(define (add-poly pl p2)
(if (same-variable? (variable pl) (variable p2))
(make-poly (variable pl)
(add-terms (term-list pl)
(term-list p2)))
(error "MHOr'OUJIEHH OT Pa3HHX [NepPeMeHHHX —-- ADD-POLY"
(list pl p2))))

(define (mul-poly pl p2)
(if (same-variable? (variable pl) (variable p2))
(make-poly (variable pl)
(mul-terms (term-list pl)
(term-list p2)))
(error "MHOI'OUWJIEHH OT Pa3HHX I[E€PEeMeHHHX -- MUL-POLY"
(list pl p2))))

UroO6bl BKJAIOYUTb MHOIOUJIEHB! B Hally 0000LIEHHYI0 apUPMeTHYeCKyI0 CUCTEMY, HaM IO-
TpebyeTcsi CHabAUTb UX MeTKaM{ Tuna. Mpel OyneM MoJsb30BaThCs MeTKOH polynomial u
BHOCHUTb COOTBETCTBYIOILHE ONEepalyy Hal MOMEUYeHHBIMH MHOTOYJIeHaMH B TabJHLy orepa-
nuil. Bechb cBOH KOI Mbl BKJIIOUUM B MPOLENYPY YCTAHOBKH MakKeTa MHOIOYJIEHOB, MONOGHO
nakeTam w3 pasgena 2.5.1:

(define (install-polynomial-package)
;; BHymMpeHHUe npoyedypEl
;; npedcmasyeHue poly
(define (make-poly variable term-list)
(cons variable term-1list))

5B c/lyyae MHOTOYJIEHOB C OJHOH MepeMeHHOH 3ajaHHe 3HaueHUH MHOrouJieHa B OIpeesleHHOM MHOXKECTBEe TOYeK
MOXKET OBITb OCOOEHHO YAAYHBIM TMpeicTaBieHHeM. ApudMeTHKa MHOrOYJIEHOB MMOJYYaeTCsi YPe3BbYadHO MPOCTOH.
UroOkl MONY4YUTh, CKaxKeM, CyMMY [ABYX MpeNCTaBJeHHbIX TaKUM 00pa3oM MHOTOUJIEHOB, NOCTaTOUHO CJOXKHUTb 3Ha-
YeHHs B COOTBETCTBYIOIIUX TOUKaX. UTOOH mepeiiTH 06paTHO K GoJiee TIPUBEIYHOMY TPEACTABJIEHHIO, MOKHO HCIIOJIb-
30BaTh (hOpMyJly HHTeproJsund JlarpaH:ka, KoTopasi MOKa3blBaeT, KaK BOCCTAHOBHTb KO3(PMHLHEHTH MHOTOYJeHa
CTerNeHUu n, UMesl ero 3HaueHus B n + 1 Touke.
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(define (variable p) (car p))
(define (term-list p) (cdr p))
(npoyedyper same-variable? u variable? usz paszdena 2.3.2)

;7 npedcmaBjleHUE MEPMOB U CNUCKOB MEPMOB
(npoyedyper adjoin-term ... coeff u3 mexcma Huxe)

(define (add-poly pl p2) ... )
(npoyedyprr, komopemu nones3yemcss add-poly)

(define (mul-poly pl p2) ... )
(npoyedyprr, komopemu none3yemcss mul-poly)

;; uHmepdelc K ocmajbHOU cucmemMe
(define (tag p) (attach-tag ’'polynomial p))
(put ’"add ’ (polynomial polynomial)

(lambda (pl p2) (tag (add-poly pl p2))))
(put 'mul ’ (polynomial polynomial)

(lambda (pl p2) (tag (mul-poly pl p2))))

(put 'make ’'polynomial
(lambda (var terms) (tag (make-poly var terms))))
"done)

CroxeHre MHOTOYJIEHOB MPOHMCXOAUT MO TepMaM. TepMbl OIMHAKOBOrO MopsiiKa (To ecTb
UMeIolINe OJWHAKOBYIO CTENeHb MepeMEeHHOH MHOrOUJIeHa) HYKHO CKOMOHMHHPOBaTh. JTO Je-
JlaeTcs TIPU TOMOLIY MOPOXKAEHHUST HOBOTO TepMa TOTO Ke MOpsiiKa, B KOTOPOM KO3(PPHULHUEHT
SBJISETCS CYMMOH KO3(h(DHULHEHTOB C/araeMblX. 1e€pMBl OHOTO CJaraeMoro, AJjs KOTOPbIX HeT
COOTBETCTBHUSI B APYTOM, NPOCTO N00ABJMASIOTCS K MOPOXKAAEMOMY MHOIOYJIeHY-CYyMMe.

Jns Toro, yto6nl paboTaTh CO CIHCKAMH TEPMOB, Mbl MPEANOJIOXKHUM, YTO HMEETCS KOH-
CTpyKTop the-empty-termlist, KoTopblfl BO3BpallaeT MYCTOH CIHUCOK TEPMOB, M KOH-
cTpyKTOop adjoin-term, KoTopblil 106aBjseT K CIHUCKY TepMOB elle onuH. Kpome Toro, Mel
NPeNOoJIOKHUM, UTO UMeeTCsl NpeJukaT empty-termlist?, KOTOPEIHA TOBOPUT, YCT JIU AaH-
HBIH CIIHUCOK, ceslekTop first-term, KOTOPHIH MOJMy4aeT U3 CIHCKA TEPMOB TOT, Y KOTOPOTO
HauOOJBIINH TOPSIAOK, U CeJNeKTOp rest-terms, KOTOPBIH BO3BpalllaeT BCe TEPMbI, KpoMe
TOro, y KOTOPOro HauOoJbLIKMH NopsifoK. Mel mpennosaraeM, 4To A/ paboTbl C TEpPMaMH Y
Hac ecTb KOHCTPYKTOp make-term, CTPOSIIMHA TepM C YKa3aHHBIMHU MOPSIKOM M KO3((u-
LHMEHTOM, U ceJieKTopel order u coeff, KoTOpble, COOTBETCTBEHHO, BO3BPALIAIOT MOPSALOK
U K03(hUUMEHT TepMa. DTH ONepalyy MO3BOJSAIOT HAM paccCMaTPUBATh U TEPMBI, U UX CIIHC-
KM KaK a0CTpakLHUM JaHHBIX, O KOHKPETHOH peasu3allMd KOTOPbIX Mbl MOXKEM M03a00THUThCS
OTIEJbHO.

BoT mpouenypa, KOTOpasi CTPOUT CIIHCOK TEPMOB JJIsl CyMMBI ABYX MHOrOUYJIeHOB"

(define (add-terms L1 L2)
(cond ((empty-termlist? L1) L2)

5631 orepauus o4eHb [10X0Xa Ha MpoLeAypy 0ObefHHEHMs] MHOXKeCTB union-set, KOTOpyio Mbl pa3paboTa/u B
ynpaxkHeHuu 2.62. Ha camom nese, eciv MBI GyieM paccMaTpHUBaTh MHOTOYJIEHBI KaK MHOXeCTBa, YIOpsiLOYeHHbIe 110
CTerneHH NepeMeHHOH, TO mporpamMa, KoTopasi MOpoXKJAaeT CIHCOK TePMOB /ISl CYMMbl, OKaXKeTCsl MOYTH HWAEeHTHYHA
union-set.
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((empty-termlist? L2) L1)
(else
(let ((tl (first-term L1)) (t2 (first-term L1L2)))
(cond ((> (order tl) (order t2))
(adjoin-term
tl (add-terms (rest-terms L1) L2)))
((< (order tl) (order t2))
(adjoin-term
t2 (add-terms L1 (rest-terms L2))))
(else
(adjoin-term
(make-term (order tl)
(add (coeff tl) (coeff t2)))
(add-terms (rest-terms L1)
(rest-terms 1L2)))))))))

Camas BaxkHasi leTaJib, KOTOPYIO 3[€Chb HAl0 3aMETUTb, — 3TO UTO IJIS CJI0XKEeHHs K03 Uuu-
€HTOB KOMOWHHPYEMBIX TEPMOB Mbl HCII0JIb30BaJNH 00001IeHHY0 Mpouenypy add. DTo BjedeT
rJy00KHe MOCJ/EACTBHS, KaK Mbl YBUAMM HHXKeE.

UroO6bl NepeMHOXKUTD ABA CIIMCKA TEPMOB, Mbl YMHOXKaeM KaxKbli TepM U3 NIEPBOrO CIIUCKA
Ha BCe TePMbl BTOPOro, UCIOJb3YS B LHKJIe mul-term-by-allterms, KoTopas yMHOXa-
€T YKa3aHHBbI TepM Ha BCe TEPMBl YKa3aHHOTrO CrHcKa. [losydyuBLIMecs CIHUCKH TePMOB (110
OHOMY Ha KaXXIbld TepM B [ePBOM CIIUCKE) HAKAMJIMBAIOTCS U 06pasyioT cymmy. [lepemuo-
’KeHHe NBYX TepMOB JaeT TepM, MOPSJOK KOTOPOTO paBeH CyMMe MOPSAKOB MHOXHTeJeH, a
K03(ppULUEHT paBeH NMPOU3BEAEHUI0 KOI(P(PULHEHTOB MHOXHUTENEH:

(define (mul-terms L1 L2)
(if (empty-termlist? L1)
(the-empty-termlist)
(add-terms (mul-term-by-all-terms (first-term L1) L2)
(mul-terms (rest-terms L1) L2))))

(define (mul-term-by-all-terms tl L)
(if (empty-termlist? L)

(the-empty-termlist)

(let ((t2 (first-term L)))
(adjoin-term
(make-term (+ (order tl) (order t2))

(mul (coeff tl) (coeff t2)))

(mul-term-by-all-terms tl (rest-terms L))))))

Bor u Bce, uTo Ham Tpebyercsl AJ/d CJNOXKEHHS W yMHOXeHHs MHorouseHoB. OGpatute
BHUMaHUe, 4TO, MOCKOJbKY Mbl paboTaeM C TepMaM{ NpH MOMOLIM OGOOGLIEHHBIX MPOLELYyp
add v mul, Haw naket paGoThl ¢ MHOrouJeHaM{ aBTOMAaTHYECKH OKa3blBaeTCs B COCTOSTHUU
o6pabaTeiBaTh 000U TUN KO3(D(PHUIHEHTa, 0 KOTOPOM 3HaeT 00O0OIIEHHBIH apupMeTHUeCKUH
naket. EcqiM Mbl MOAKJ/IIOUMM MeXaHU3M NPHUBENEHHUS TUIIOB, MONOOHBEIH TOMY, KOTOPBIH 06CYXK-
nancs B pasfesie 2.5.2, To Mbl aBTOMaTHYeCKH OKaxKeMCsl CIIOCOGHBI MPOU3BOMUTh OMepalHu
HaJ MHOTOYJIEHaMHU ¢ K03(p(pULMeHTaMH pPa3/M4YHbIX THIIOB, HallpHMep

322 + (2+ 3i)z + 7] - [2* + §w2 + (5 + 3d)]
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[Tocko/IbKY MBI YCTAHOBUJIH NPOLENYPhl CJI0KEHHUs U YMHOXKeHHUS] MHOrouJleHoB add-poly
U mul-poly B 000011eHHOH apu(MeTHUYeCKOH CHUCTeMe B KauecTBe omnepauui add u mul
10Js1 TMna polynomial, Hamla CUCTeMa OKa3blBaeTCS aBTOMATHUYECKH CIIOCOOHA MPOU3BOIUTD
ornepalyy Hal MHOrouJeHaM{ BpOfe

[(y+ D>+ (P + D+ (y—1)] - [(y—2)z+ * +7)]

[IpyuyuHa 3TOro B TOM, 4TO, KOTAA CHCTEMa MbITaeTCs CKOMOMHHUPOBATH KO3(PQPHULHUEHTH, OHA
nucrietunpyer depe3 add u mul. [TockosbKy Ko3(ppHULHEHTH caMM 10 cebe SBJASIOTCS MHO-
rousieHaMu (1Mo y), oHH OyayT CKOMOMHHpOBaHBI mpu nomour add-poly u mul-poly. B
pesyJsbTaTe IOJYy4aeTcsl CBOEro POAa <«PEeKypCHs, yIpas/sfeMas JaHHBIMH», TAe, HampHUMep,
BBI30B Mul-poly NPUBOAMT K PEeKYPCHBHBIM Bbi30BaM mul-poly A/s TOro, 4ToObl CKOMOH-
HUPOBaTh K03 huHeHTh. Ecau 66l KO3 huMeHTs K03(PpULreHTOB caMu no cebe Oblin Obl
MHOTOYJIeHAaMHU (3TO MOXKeT NMOTpeGoBaThCsl, €CIH HAJO MPECTABUTh MHOTOUJIEHB OT TpeX Me-
PEMEHHBIX), IPOrPaMMHPOBAaHHE, YIIPAB/IsSeMO€e TaHHBIMH, 03a00THTCSI O TOM, YTOOBI CHCTEMa
NpoILJIa elle Yepe3 OAUH YPOBeHb PEKYPCHBHBIX BBI30BOB, M TaK Jajee, Ha CTOJNBKO yPOBHeH
CTPYKTYPbI, CKOJILKO TPeByIoT AaHHbie® .

IlpencraBieHue CIMCKOB TEPMOB

Haxkowrer, Mbl cTajsKnBaeMmcsi ¢ 3ajadedl peasin3oBaTh XOpoOllee MPEeICTaBIEHHE [Jisi CIIHC-
KOB TepmoB. CIHCOK TEPMOB, B CYILIHOCTH, €CTh MHOXKECTBO KO3()(HLUHEHTOB, MPOUHIEKCH-
poBanHoe mopsinkoMm Tepma. CienoBaresibHO, 000N W3 METONOB MPENCTABIEHHS MHOXECTB,
onucaHHeix B 2.3.3, rogurcs s 31oi 3agaud. C Apyro#l CTOPOHBI, HALIK MpoLeAypbl add-
terms ¥ mul-terms Bcerna o6pabaTbIBAIOT CIMCKH TEPMOB MOCJEI0BATEIbHO OT HAHOO0Jb-
IIEro MOPsiAKA K HAUMEHBILEMY, TaK YTO Mbl OyIeM HCMOJb30BaTh HEKOTOPYH PA3HOBHUAHOCTh
YMOPSIA0YEHHOTO TPEACTABJEHHUS.

Kak HaM yCTpPOHUTH CTPYKTYpy AAHHBIX, KOTOpas MPEACTAaBJsIeT CIHUCOK TepmoB? OmHO U3
CO00paXKEHHH — <«IIOTHOCTb» MHOTOUYJIEHOB, C KOTOPBIMH Mbl OyneM paboTaTb. MHorouseH
HasbiBaetcs naomuoim (dense), ecau B TepMax ¢ GOJbLUIKHCTBOM MOPSIIKOB Y HETO HEHYJIEBbIe
K03 duuneHTs. Eci ke B HEM MHOTO HyJIEBBIX KO((HUIHEHTOB, OH HA3BIBAETCS PABPEHCEH-
Howm (sparse). Hampumep,

A:a®+224 + 322 —22 -5
IJIOTHBIH MHOTOYJIEH, a

B:z'% 122241

paspeKeHHBbIH.
CrucKH TEpMOB MJIOTHBIX MHOTOUJIEHOB 3((peKTUBHEE BCErO MPEACTABMATh B BUIE CITUCKOB
K03 ¢uuuento. Hanpumep, A B nmprBeneHHOM mpruMepe yaoOHO mpeacTaB/siercs B Bume (1

574106k BCe 5TO paGoTao COBEPIIEHHO IMIafKO, MOTPeGyeTcs A00aBUTh B HALIY CHCTeMy 0G0GIIEHHOH apudMeTHKHI
BO3MOXKHOCTb TPUBECTH «4HCJIO» K THUIy MHOrOUJIEHa, pacCMaTpPHBasi €ro KaK MHOTOUJIEH CTeNeHH HOJb, KO3(P(HULH-
€HTOM KOTOPOTO sIBJIsIeTCS JaHHOe YHMCJIO0. DTO HYKHO, €CJH MBI XOTHM OCYLIECTBJIATh OMepaluu Bpoje

[ + (y + Da + 5] + [? + 2z + 1]

rie TpebyeTcs CJI0KHUTh KoadhuiueHT y + 1 ¢ KoadpuireHToM 2.
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2 0 3 -2 -5). [lopsiiok TepmMa B TaKOM INpeNCTaBJEHUH e€CTh JJIMHA CIUCKA, HAUWHAOIIle-
rocsi ¢ 3TOoro Kos(@uiKenTa, yMeHbleHHas Ha 1°%. JIng paspeskeHHOro MHOTOUJIeHa BpoOje
B rtakoe mpencraBieHre OymeT yKacCHBIM: MOJYUUTCS POMAAHBIA CIUCOK HYyJEeH, B KOTOPOM
u3peKa MonagarTcs OMUHOKHE HEHYJIeBble TEPMbL. BoJiee pasyMHO mpeicTaBieHHe pa3perkeH-
HOTO MHOTOYJIeHAa B BHJIe CIHMCKA HEeHYJIEBBIX TEPMOB, Ile KaXKIbld TEPM €CTb CIIUCOK, CONEep-
KAl Mopsiiok TepMa ¥ KO3 QpUUUEHT Tpu 3ToM nopsinke. [Ipu Takol cxeme mMHorouseH B
apdekTrBHO npencrasiasietcs B Buge ( (100 1) (2 2) (0 1)). I[TockonbKy 60JBIIKHCTBO
orepanui HaJ MHOTOUJIEHAMH MPUMEHSIETCS K Pa3peXeHHBIM MHOTOUJIEHAM, Mbl HCIIOJb3yeM
3TO TpencTaBsieHre. Ml mpeamnoJsiaraeM, 94To CIIUCOK TEPMOB TIPEACTABJSETCS B BHUIE CITHCKA,
3JieMeHTaMH KOTOPOTO SIBJSIIOTCS TEPMbl, YIOPsii0oYeHHbIe OT OOJbILEro NOPsiKa K MEHbIIEMY.
[Tocsie Toro, Kak pelleHue MPUHSATO, peasu3aldsl CeNeKTOPOB U KOHCTPYKTOPOB [Jis1 TEPMOB H

CIIUCKOB TEPMOB He MpeacTaBJ/iseT pr,[[HOCTteIsgI

(define (adjoin-term term term-list)
(if (=zero? (coeff term))
term-list
(cons term term-list)))

(define (the-empty-termlist) ’())

(define (first-term term-list) (car term-list))
(define (rest-terms term-list) (cdr term-list))
(define (empty-termlist? term-list) (null? term-list))

(define (make-term order coeff) (list order coeff))
(define (order term) (car term))
(define (coeff term) (cadr term))

rae =zero? paboTaeT Tak, Kak onpejensieTcss B yrnpaxHeHun 2.80 (CM. TakxKe HHXKe yIpaxK-
Henue 2.87).

[Tosib3oBaTEIH MHOTOYJIEHHOTO TakeTa OyAyT co3aaBaTh (MOMeUYeHHBIE) MHOTOUJIEHBI MPH
MIOMOIIIM TIPOLEAYPHI:

(define (make-polynomial var terms)
((get 'make ’'polynomial) var terms))

Ynpaxuenue 2.87.
YcraHOBHTE =zero? /15 MHOIOUYJIEHOB B 0000LIEeHHEIH apu(pMeTHIeCKHH MakeT. 1o M03BoJUT adjoin-
term paboTaTb ¢ MHOTOUYJIEHAMH, YbH KOI(DPULHUEHTB CaMH 10 ce6e MHOTOYJEeHH.

%8B 5THX mpEMepax MHOTOUYJEHOB MBI IPEAMOJaraeM, 4To PeanH30Bald 0GOOLIEHHYIO apH(METHUeCKYID CHCTEMY
NPy TNOMOLIM MeXaHHW3Ma THIIOB, NpPeIJoKeHHOro B ympaxkHeHHH 2.78. Takum o6pasoM, Kod((HULUHEHTEl, KOTOpble
SIBJIAIOTCSA OOBIKHOBEHHBIMH UHMC/IaMH, OyAyT MpeaCTaBleHbl CAMHMH YHCJAMH, a He TapaMu C MePBbIM 3JEeMeHTOM —
CUMBOJIOM scheme-number.

59XoTs MBI TpEATIONAraeM, YTO CTIUCKU TEPMOB YIOPSJOUeHHl, Mbl peaiusosanu adjoin-term myTeMm mpocToro
cons K CYIIeCTBYIOLIeMY CIHCKY TepMoB. Ham 3To MoxeT cOHTH ¢ pyK, I0Ka Mbl FapaHTHPyeM, YTO NpOLeLyphl
(Bpone add-terms), KOTOpble HCMOMBL3YIOT adjoin-term, Bcerna BhI3BIBAIOT €€ C TEPMOM OOJbLIEr0 MOPsLKA, YeM
ye ecTb B cricke. Eci 6bl HaM He XOTesoch [aBaTh TaKylo apaHTHIO, Mbl MOIJIM Obl peanu3oBaTh adjoin-term
NOJ06HO KOHCTPYyKTOpy adjoin-set 1Jis MpeJCTaB/JeHHS MHOXKECTB B BHJE YIOPSNOYEHHBIX CIHCKOB (YIpaKHe-
Hue 2.61).
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Ynpaxuenue 2.88.
PacuivpbTe cucTeMy MHOTOUJIEHOB Tak, U4TOOBl OHa BKJK4Yasa BbluMTaHWe MHorodseHoB. (IToxckaska:
MOXET 0Ka3aThCsl MOJIE3HBIM OMpPEAeNUTh 0600LIEHHYI0 ONepali0 CMeHBl 3HaKa.)

Ynpaxsenue 2.89.
OnpenennTe NpoLeNyPBl, KOTOPble PeaM3yIOT NpelcTaBleHHe B BUIe CIIHCKA TEPMOB, ONHUCAHHOE BbIlle
KaK MoAXOAslIee J/18 MJIOTHBIX MHOTOYJIEHOB.

Ynpaxuenue 2.90.

JlonycTHM, UTO Mbl XOTHM Peaji30BaTh CUCTEMY MHOTOUJIEHOB, KOTOpas 3(p(heKTHBHA KaK JJs MJIOTHBIX,
TaK W [/ paspexKeHHbIX MHoro4yseHoB. OIMH U3 CrOCOGOB 3TO CHENaTh 3aKJ/UAeTCsi B TOM, YTOObl pas-
PEeLUUThb B cHcTeMe 06a THna npeacTaB/ieHns. CUTyalus aHaJorHuHa PUMePY ¢ KOMIJIEKCHBIMH YHCAaMU
U3 paszena 2.4, rie Mbl MO3BOJMJM COCYLIECTBOBAaTh NE€KAPTOBY W MNOJSPHOMY NpeAcTaBieHHo. UToObl
NOOUTBCS 3TOTO, HAM MPUAETCS Pa3/ndyaTh BHIbl CIIMCKOB TEPMOB M CHeJaTb ONepalUy Hal CIUCKaMH
TepMOB 06001IeHHBIMU. [lepenpoekTHpyHTe crcTEMy ¢ MHOTOUJIeHAMU TaK, 4YTOOH 3T0 060011eHHe GblJIO
peasnn3oBaHo. D10 MoTpebdyeT GOJBLIOrO TPYa, a He TOJBKO JIOKAaJbHbIX H3MEHEHHH.

Ynpaxuenue 2.91.

MHorouJieHbl ¢ OJIHOM nepeMeHHoﬁ MO2KHO [€JUTb OPYr Ha Apyra, moJy4dyass 4yaCcTHO€ W OCTaTOK. Ha-
5

x5 —
npuMep, =] =3+ T, OCTaTOK x — 1.

JleneHue MOXKHO NPOM3BOAUTb B CTOJOMK. A MMeHHO, pasjie/UM CTaplLIMil YjeH NeJHMOro Ha crap-
KN 4uieH OenuTessi. B pesynbraTe moJyduTcsl MepBBIE TePM YacTHOro. 3aTeM YMHOXHM pe3yJbTaT Ha
NeJIUTENb, BBIYTEM MOJYUUBLIMICS MHOTOUJIEH U3 JEJUMOTO H, PEKYPCHUBHO [eJisi pa3HOCTb Ha JEJHUTE/b,
MOJNYYUM OCTaBLIyHOCS yacTh yacTHoro. OcraHaB/iHMBaeMcsl, KOra MOPSIOK A€JUTENs] NPEBBICUT MOpsi-
IOK JIeJIUMOTO, ¥ OOBSIBJIsIEM OCTATKOM TO, YTO Torga OyneT Ha3blBaThCsl AeqWMBIM. Kpome Toro, ecsu
Korja-HUOYAb JeJUMOe OKaXKeTcsl HyJieM, Bo3BpalllaeM HOJb B KauecTBe M YACTHOTO, M OCTaTKa.

[Tpouenypy div-poly MoxHO paspaboTatk, cienys obpasny add-poly u mul-poly. [Ipouenypa
NpoBepsieT, OfHA JIU M Ta e y MHOrOuUJieHOB NepeMeHHasi. Ecan 310 Tak, div-poly OTKyCHIBaeT
nepeMeHHYI0 U MepefiaeT 3agauy B div-terms, KoTopasi IPOU3BOAUT ONEPALMIO AeJeHHs Hajl CIIHCKaMU
TepMoB. HakoHel, div-poly npuKpenJseT nepeMeHHYIO K pe3y/bTaTy, KOTOpblH BeiiaeT div-terms.
Yno6Ho cpenath Tak, 4yTobbl div-terms BblgaBaja W 4YacTHOE, U OCTATOK INpH AesneHHH. OHa MOXKeT
OpaTh B KauecTBe apryMeHTOB [Ba Te€pPMa W BblJaBaTb CIHUCOK, COCTOSILMHA M3 CIIHUCKA TEPMOB YACTHOTO
U CIHUCKa TEPMOB OCTaTKa.

3akoHYHTE clenylollee onpeneseHHe div-terms, BCTaBUB HelOCTAOIINe BblpaxkeHHs. Mcrnonb3yii-
Te ee, uTOOBl peanusoBath div-poly, KOTopas MoJyuyaeT B BHIe apryMeHTOB JBa 3K3eMmmJisipa poly, a
BBIZIAeT CIIUCOK M3 poly—vacTHoro u poly—ocraTtka.

(define (div-terms L1 L2)
(if (empty-termlist? L1)
(list (the-empty-termlist) (the-empty-termlist))
(let ((tl (first-term L1))
(t2 (first-term L2)))
(if (> (order t2) (order tl))
(list (the-empty-termlist) L1)
(let ((new-c (div (coeff tl) (coeff t2)))
(new-o (- (order tl) (order t2))))
(let ((rest-of-result
(pexypcuBHO BRUUCIUMEB OCMABULYIOCS
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yacme pe3ysbmama)

))

(cPopmupoBamp OKOHUaMEsIBLHHU pe3ysibmam)

))))))

Hepapxumu THIIOB B CUMBOJIBHOH ajredpe

Hama cucremMa 06paGoTKH MHOTOYJIEHOB NOKa3blBaeT, KaK OOBEKThl OJHOr0 THMNa (MHO-
rOYJIEHBI) MOTYT Ha CaMOM JeJie ObiThb COCTABHBIMH CYILIHOCTSIMH, COLEPKAIIMMU B KauecCTBe
yacTel 00bEKThl MHOTMX Pa3/JMuHBIX THUNOB. [Ipu onpeneneHud 0600IIEHHBIX OMEpalUi 3TO
He COCTaBJ/ISIeT HUKAKOH peasibHOH CJI0KHOCTH. Hy»KHO TOJIBKO YCTaHOBUTb COOTBETCTBYIOLIME
00600111eHHble ONepalry /s BBIOJHEHHUS HEOOXONUMBIX NeHCTBUH Hal 4acTMHM COCTaBHBIX
TUIOB. B CyIIHOCTH, Mbl BUOEJNH, UTO MHOTOYJIEHB 00pasyloT CBOEro pOfia «PeKypPCHBHYIO
abCTpakLUHIO JaHHBIX», B TOM CMbIC/Je, YTO YACTH MHOTOUJIEHOB caM{ Mo cebe MOryT OBITb
MHorouseHamu. Hamun o6obiieHHble onepauyy W Hall CTHJb NPOrpaMMHPOBAaHUS, ylpaBsJse-
MOTO JAaHHBIMH, MOTYT CIIPABUTBHCS C TAKUMH TPYyAHOCTSIMH 0e3 ocoboro Tpyna.

C npyro#i cTopoHbl, anre6pa MHOTOYJIEHOB NPeCTaBJsSeT COO0H CHCTEMY, B KOTOPOH THIIBI
JaHHBIX HeJb3sl €CTeCTBEHHBIM 00pa3oM BHICTPOUTb B Buje OawHd. Hampumep, moryr cy-
111eCTBOBaTb MHOTOYJIEHBI MO %, KOI(P(ULIHEHTbl KOTOPbIX fABJAIOTCS MHOroujgeHamu no y. Ho
MOTYT CYLIECTBOBATh U MHOTOYJIEHHI 110 Y, KOI(P(PHUINEHTE KOTOPBIX SBJASIOTCS MHOTOYJI€HAMH
no z. Hukako#l W3 3THUX THUIOB He HAXOAUTCS «BBIILE» IPYTOro HW B KaKOM €CTECTBEHHBIM
CMBICJIE, I TEM HE MeHee 3JeMeHThl 3THX JAByX MHOXECTB yacTo TpedyeTcs ckjaaapiBath. [las
3TOTO CYLIECTBYeT HECKOJbKO croco6oB. OnHa U3 BO3MOXKHOCTEH COCTOMT B TOM, 4TOOBI Ipe-
00pa3oBbIBaTh OAMH M3 MHOT'OYJIEHOB K THUIY APYTOro MyTeM PacKpbITHS U NepeynopsifiouyeHHs
TEPMOB, TaK, 4YTOOBl y 000MX MHOTIOYJIEHOB OKa3aJjach OflHA M Ta Ke IJIaBHasl MepeMeHHas.
MoxHO HaBsi3aTh JaHHBIM OallIHEeNno#OoOHYI0 CTPYKTYpy MYyTEM YINOPSIAOYEHHS TepeMeHHbIX,
U, TakuM o6pas3oMm, Bceraa npeobpasoBblBaTh JIOOOH MHOTOUJIEH K «KaHOHHUYECKOH (hopme»,
Ie nepeMeHHasi ¢ HauOOJbLIMM IPUOPUTETOM BCerja NOMHHMpPYeET, a NepeMeHHble C MeHb-
IIMM OKa3blBaIOTCS 3apbIThl B KO3 (HLHeHT. Takas cTpaTerus paboTaeT HOBOJNBHO XOPOLIO,
TOJIBKO MpeoOpa3oBaHue MOXKeT 6e3 0co6oi HeoOXOOUMOCTH «pPa3fyTb» MHOTOUJIEH, TaK 4TO
€ro CTaHeT HeyHOoOHO YHUTaTh H, BO3MOXKHO, MeHee 3(pdeKkTHBHO obOpabaTbiBaThb. /s 3TOH
006/1acTH CTPYKTypa OallHM ONpele/ieHHO He SBJISETCS eCTeCTBEHHOH, Kak U AJs JI0O0H Apy-
roil 06/1acTH, Ile N0Jb30BaTelb MOXKeT M300peTaTb HOBble THUIbl JUHAMHYECKH, HCIOJb3YS
CTapble B Pa3/jH4YHbIX KOMOMHHMPYIOLIUX (OpMax, TAKUX KaK TPUTOHOMeTpHYeCKHe (YHKLHUH,
[I0CJ/IeIOBATEJNbHOCTH CTelleHeH WM HHTerpaJbl.

He no/mXHO BBI3BIBATH YAMBJEHHS TO, YTO YIpaBjeHHe MPUBEAEHHEM THUIOB NPeCTaBJseT
cepbesHylo MpobJjeMy MpH pa3padoTKe KPYNHBIX CHCTeM ajrebpandyeckux MaHumyasuui. Cy-
IleCTBEHHAsl YaCTb CJOXKHOCTH TAaKMX CHCTEM CBSI3aHa C OTHOLUEHHUSMU MEXAY Pa3MYHBIMU
TUIIaMU. B CYLIHOCTH, MOXXHO UECTHO MPU3HATh, UTO Mbl O CUX IIOpP He A0 KOHL@A NOHHMaeM
npuBeleHHe TUNOB. Mbl faxke He 10 KOHIIA 0CO3HAaeM MOHATHe TuNa AaHHbIX. OfHAKO TO, 4TO
MBI 3HaeM, JaeT HaM COJIMJHble MPUHLHUIBI CTPYKTYPUPOBAHUS W MOAYJSPU3ALHH, KOTOPblE
MIOMOTaIOT B pa3paboTKe OGOJbIIHX CHCTEM.

Ynpaxuenue 2.92.

HMcnonb3oBaB ynopsiioyeHHe NepeMeHHbIX, pacllipbTe NakeT paGoThl ¢ MHOTOYJEHAMH TaK, YTOObI CJIO-
JKeHHe U yMHOXeHHe MHOrOUJIeHOB paboTaso AJsi MHOTOUJIEHOB C HECKOJBbKUMHU NepeMeHHBIMHU. (D10 He
npocras 3anaual)
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PacmupenHoe ynpa)kHeHUe: pallioHaJbHbIe (PyHKIIUH

MoxxHO pacluupuTh 0000IIEHHYI0 apU(PMETHUECKYIO CUCTEMY W BKJIOUHTb B Hee payuo-
Hasvrole Pyrkyuu (rational functions). 1o «1pobu», B KOTOPBIX YHCJUTENb U 3HAMEHATEJb
SIBJISIIOTCS MHOTOYJIEHAMH, HallpUMep

z+1

3+ 1
Cuctema [OJ/KHA YMeTb CKJaAblBaTh, BHIYMTATb. YMHOXKAThb W JeNUTb palMOHA/bHblE (PYHK-
WM, a TAKXKe OCYLIEeCTBJ/ISITh BEIYUCIEHHUS BPOIE

r+1 x 23+ 222 +3x+1

¥+1 22-1 43—z -—1

(3mech cymMma ympoleHa MpH TOMOLIM COKpallleHHsi 00lIHX MHOXKHTejed. OGbluHOE «Iepe-
KPECTHOE YMHOXKEHHEe» 1aji0 Obl MHOTOYJIEH YETBEPTOH CTENeHH B YHMCJHMTEJe H MSATOH B 3Ha-
MeHaTeJe. )

Ecau Mbl M3MEHHUM MakeT apu(hMETHKH PAllMOHAJBbHBIX YHCEJN TaK, YTOOBl OH HCITOJIb30BaJI
06001IIeHHbIe OMepalliy, TO OH GyAeT AesaTb TO, YTO HaM TpebyeTcsi, 3a UCKJIOUEHHEM 3a1auH
[pPUBeJIeH|s] K HaUMEeHbIIEMY 3HAMEHATEIIO.

Ynpaxuenue 2.93.

Mopncpuunpy#ite naketT apupMeTHKH PalLlMOHANBHBIX UHCeJ, 3aCTaBUB €ro MoJb30BaThCsl 0006IIEHHBIMU
ornepaLMUsMH, HO IIPH 3TOM H3MeHHTe make-rat, yToObl OHa He MbITalach coKpaulaTh Apo6u. IIposepbTe
cucTeMy, NpuMeHUB make-rational K ABYM MHOrouJIeHaM, M MOJYUHB PaLMOHaNbHYI (yHKLHIO

(define pl (make-polynomial 'x " ((2 1)(0 1))))
(define p2 (make-polynomial 'x " ((3 1)(0 1))))
(define rf (make-rational p2 pl))

Curoxure Teneps rf camy ¢ coboi, ucnonbays add. Bel yBuaure, 4yto npouenypa cja0XeHus He PUBOLUT
1po6H K HauMeHbIleMy 3HaMeHaTeJIio.

[IpuBomuTh ApO6W MHOTOUNEHOB K HAWMEHBIIEMY 3HAMEHATEJ I MBI MOXKEM, HCIIOJb3ys
Ty 2Ke CaMylo HJel, KOTOPOH Mbl BOCMOJIb30BaJUCh [Js1 LIEJNBbIX YUCes: M3MeHHTbh make-
rat, 4ToObl OHa AeJHJia ¥ YUCJAUTEJb, U 3HaAMeHaTeJJb Ha UX HaWOOJbIIUN OOILUH NEJUTED.
[Tousitne «HauboJbIIEr0 0O0IIET0 OEJUTE/]sI» HMeeT CMbICA AJS MHOrodJeHoB. boJee Toro,
BoiuucasaiTh HOJL 1/ MHOTOYJIEHOB MOXXHO C TOMOIIbIO, B CYIIHOCTH, TOTO K€ aJropuTMma
EBkauna, KoTopelil paboTaeT Ha MeJbIX uyncaax®. Bor uesounciennas BepCHUS:

(define (gcd a b)
(if (= b 0)
a
(gcd b (remainder a b))))

60To, yro anroput™ EBkaMma paGoTaeT AJs MHOTOYJIEHOB, B anreGpe (pOpMajM3yeTcsi YTBEpHKIEHHeM, YTO MHO-
rousieHbl 06pasyioT CTPYKTYypy, HasbiBaemyio Eskaudosvim koavyom (Euclidean ring). EBkmumoBo Kosmbio — 310
CTPYKTYpa, Ha KOTOPOH OINpefeseHbl CI0KEHHEe, BbIYMTAHME W KOMMYTaTHBHOE YMHOXEHHe, a TaKxKe HEKOTOpbIH
Croco0 COMOCTaBHTb KaXKIOMY 3JIEMEHTY KOJbla & «Mepy» — HeOTpHLATeJNbHOe Lesoe Ynucao m(x), obnanamuryo
caepyonME coictBaMu: m(xy) > m(x) mist M0OLIX HEHYJIEBBIX T H Y, 8 TaKkKe 1JIst JIOCbIX T U Y CYLIeCTBYeT ¢,
Takoe, 4To y = gz +7 u au6o r = 0, 160 m(r) < m(x). C abcTpaKTHOH TOUKH 3PEHHUS], ITO BCE, UTO HYXKHO, YTOObI
[0Ka3aTh, 4To anroput™ EBkiupaa paGortaer. B caydae mesbix dnces, Mepa m Kax/IOTo YHC/Ia eCTb ero Momaynab. Jas
CTPYKTYpPbl MHOTOUYJIEHOB MepOi C/TYXKHT CTeleHb MHOIOYJeHa.
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B3sB ee 3a 0CHOBY, Mbl MOXeM IpojesaTb OYeBHUAHblE H3MEHEHUS W ONpeNeJHUTh ONepaLuio
usBneyenuss HOJI, kotopasi paboTaeT Ha CIHUCKaX TEPMOB:

(define (gcd-terms a b)
(if (empty-termlist? b)
a
(gcd-terms b (remainder-terms a b))))

rie remainder-terms u3B/JE€KAaeT KOMIIOHEHTY CIIMCKA, COOTBETCTBYIOLLYIO OCTaTKy, H3
CNUCKA, KOTOPHIH BO3BpalllaeT ONepauus [eJeHHs CIHCKOB TepMoB divterms, peasd30BaH-
Hasi B yrpaxkHeHnu 2.91.

Ynpaxzenue 2.94.

Hcnonbsys div-terms, HamumuTe npoleaypy remainder-terms, U c ee MOMOLIbIO ONpefe/HTe
gcd-terms, Kak NoKasaHo Bbille. Hanuiure Tenepb npolenypy gcd-polys, KoTopasi BbUHCISIET
HOJ nByx mHorouseHoB. (IIpouenypa pomxHa coobuath 06 OLIMOKe, eCli BXOLHbIE 00BEKTHI SIBJSAIOTCS
MHOrOUJIEHAMH OT Pa3HbIX [epeMeHHbIX.) YCTAHOBHTE B CHUCTeMY OOOOILIEHHYIO ONepaluio greatest-—
common-divisor, KoTopas A/ MHOIOUYJIEHOB CBOAMTCA K gcd-poly, a /il OOBIKHOBEHHBIX YHCEJN K
00bIKHOBeHHOMY gcd. B KauecTBe npoBepkH, nonpoOyfite BBeCTH

(define pl (make-polynomial 'x ' ((4 1) (3 -1) (2 -2) (1 2))))
(define p2 (make-polynomial ’x ' ((3 1) (1 -1))))
(greatest-common-divisor pl p2)

U NpoBepbTe pe3yJsbTaT BPYUHYIO.

Ynpaxuenue 2.95.
[lycts Pi, P> u P3 — MHOro4JIeHbl

P:x?—2x+1

Py :112® 4+ 1

P3;:13x+5
Tenepb nyctb Q1 Oyner npoussenenue P1 u P», a Q2 npoussenenue P 1 P3. Ilpu nomouu greatest-
common-divisor (ynpaxsenue 2.94) Boiuncaute HOI Q1 u Q2. ObpaTrTe BHHMAaHHE, YTO OTBET He
coBnajgaer ¢ P;. DTOT npuMep BBOIUT B BBIUHCJEHHE ONEPAlMH C HELEeJbIMH YHCJIAMH, M 3TO CO3/aeT
CJI0XKHOCTH 1451 airoputma BbiuncaeHuss HOJ®!. UToGel moHsATH, 4TO 37eCh MPOMCXOAHT, MOMPOGYHTE
BKJIIOUHTb TPacCUPOBKY B gcd-terms npu Berunciennd HOJL nnbo mpoBenute neseHre BPYYHYIO.

[TpoGseMy, KOTOpPYIO NEMOHCTPHPYeET yrpaxkHeHHe 2.95, MOXKHO pPelluThb, €C/H Mbl UCIOJb-
3yeMm chenymomui Bapuant asroputma Beruuciaenuss HOJl (kotopeiit paGoraer TOJBKO MAJsi
MHOTOYJIEHOB C LeJbIMH Koadduurentamu). [Ipexxne, yem npoBOAUTH lesieHHe MHOTOUJIEHOB
npu BeiuucaeHnd HOJl, MBI yMHOXKaeM JelUMO€ Ha Lieslylo KOHCTaHTY, KOTopasi BhIOHWpaeTcs
Tak, 4ToObl B MpOLIECCe NeJIeHHsl He BO3HHUKJO HUKaKUX Apobel. PesynbraT BoluncaeHus Oynet
otnnuarbesi ot Hactosiero HOJl Ha uenylo KOHCTaHTY, HO NPH NPHUBENEHHH PAlMOHAJbHBIX
(DYHKUHMH K HavMeHbLIeMY 3HAMEHATeJI0 3TO HeCyLeCTBEHHO; OyIeT MPOBENEHO IeseHHe H
gyucautessi, 1 3HameHare s Ha HOJI, Tak uTO KOHCTAHTHBIH MHOXHTEJb COKPATHUTCS.

61B cucremax Bpoge MIT Scheme nosyuuTcst MHOrO4J/IEH, KOTOPBIH Ha CaMOM feJie siBJsieTcs: fequteneM Q1 U Q2,
HO C palHOHaJbHBIMH KO3(duLuHeHTaMH. Bo MHOrMX Ipyrux peanusauusx Scheme, rue npy [eJeHHH LEJBIX YHCE
MOTYT MOJYYaThCsl HEeCSTUYHBbIE UHCJIA OTPAHHUEHHONH TOUHOCTH, MOXKET 0Ka3aThCsl, UTO MBI He MOJYUHM MPaBHJIBHOTO
TEJIATEIS.
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Bripaxkasice 6oJiee TouHO, ecid P u () — MHorouJieHsl, onpenenum Op Kak mnopsinok P
(To ecTb TMOpsOK ero crapuiero tepma), a Oz Kak nopsnok Q. [lyctb ¢ Gyner xoadduumeHT
crapuiero TepMa (). B Takom ciydae, MOXKHO MOKa3aTb, YTO €CJH Mbl JOMHOXKUM P Ha MHOXMCU-
menv yeaocmu (integerizing factor) ¢!T91=92 1o mosyumBuIMiics MHOTOUEH MOXKHO GymeT
nojeIuTh Ha () anroputmoMm div-terms, MOJYYUB pe3yJabTaT, B KOTOPOM He OyLeT HUKaKHX
npobeit. Onepaunst TOMHOXKEHHsI AEJUMOTO HAa TaKyl0 KOHCTAHTY, a 3aTeM JeJieHHsl, HHOTIa
HasbiBaeTcs ncegdodesernuem (pseudodivision) P Ha Q. OcTaTok TakKoro AeJieHHs Ha3biBaeTCst
ncesdoocmamrom (pseudoremainder).

Ynpaxuenue 2.96.

a. Hanuwure npouenypy pseudoremainder-terms, KoTopasi paboTaeT B TOUHOCTH Kak remainder-
terms, HO TOJbKO Npex.e, YeM M03BaTh div-terms, JOMHOXKaeT AeJUMOE Ha MHOXHTENb LENOCTH,
onucaHHbIH Bbllle. Monuduunpyiite gcd-terms Ttax, 4ToObl OHa HUCMOJb30Ba/la pseudoremainder-
terms, u yOeiuTech, UTO Telepb B NpUMepe U3 ynpaxHeHus 2.95 greatest-common-divisor
BBIJIAeT OTBET C LeJbIMH KO3(P(PULIHEeHTaMHU.

6. Tenepr y HOJl uenble Ko pULIHEHTH, HO OHH 0oJblile, UeM Kod(pduuneHTsl P;. Mamennte gcd-
terms, uToObl OHa yOupaJsa OOLIHUHA MHOXUTENb U3 KO3((ULIUEHTOB OTBeTa NyTeM AeJieHHs BceX KO3(-
¢uureHToB Ha uX (uenouncaeHusiil) HOJL.

Hrak, BOT KaK NMPUBECTH PALUOHAJNBHYIO (PYHKLUHIO K HAaUMEHbIIEMY 3HAMEHATeJ0:

e Bouucanre HOJl umcnuTesss ¥ 3HaMeHartessi, HCIOJb3ysi Bepcuio gcd-terms us3
ynpaxkHeHus 2.96.

e Korna Bu nmosyuaetre HOJl, moMHOXbTe YUCAUTEb U 3HAMEHATEb Ha MHOXHUTEJIb 1le-
JoctH, npexiae 4deM nenutb Ha HOJl, uToGbl mpy AesleHHH He MOJYYUTb APOOHBIX KO3(-
¢unmrenToB. B kauecTBe MHOXHTEJSI MOXKHO HCHOJb30BaTh crapinél Koapguunent HO,
BO3BefleHHBIH B cTeneHb 1 + O — O, tne Oz — nopsinok HOJl, a O; — MakcuMyM H3 1o-
PSIKOB YMC/AWTENs U 3HaMmeHartess. Tak Bel mo6perech TOTo, 4TOOBI AesieHHE UHUCIUTENS U
3HameHatesss Ha HOJL He npuBHOCHJIO ApOGei.

e B pesysbrate 37Ol onepauuu Bbl nosydyuTe YMCAMTENb W 3HAMEHATE b C LEJABIMH KO-
adhpuumentamMmu. O6bIYHO M3-32 BCEX MHOXHTEJEH 1eJ0CTH KO3((UIUEHTh OKaXyTcsi 04eHb
60/IBLIMMH, CTaJ0 ObITb, Ha MOCJEAHEM ILare cjaeiyeT MU30aBUTbCS OT JIMIIHUX MHOMXKHTEJEH,
BBIUUC/IUB (LeJbIH) HAUOOJBIINE OOLIMH [eNTeNb YHCAUTE/ ST U 3HAMEHATeJs] ¥ MOJEJNHUB Ha
HEro BCe TEPMBI.

Ynpaxuenue 2.97.

a. PeanusyiiTe 3TOT anroput™ Kak npoueaypy reduce-terms, KoTopas NPHHHMAeT B KayecTBe
apryMeHTOB JBa CIIMCKa TepMOB n U d M BO3BpallaeT CIUCOK U3 nn U dd, KOTOpble NMpeacTaB/IsIoT cO00H
n U d, NpHBelleHHble K HaHMeHblIeMy 3HaMeHaTeJI10 M0 BbILIEONUCaHHOMY aaroputMy. Hamuuure, kpome
Toro, npouenypy reduce-poly, nopobnyto add-poly, KoTopas mpoBepsieT, 4ToObl ABa poly HMeJsH
OfHY U Ty e nepeMeHHYyI0. Ecau 310 Tak, reduce-poly OTKYyCbIBaeT 3Ty Ne€pPeMeHHYIO U IepefaeT
OCTaBLIYIOCS 4acTb 3aflaud B reduce-terms, a 3aTeM NpPHUKpeIIsgeT MepeMeHHYK 00paTHO K ABYM
CIIMCKaM TepMOB, KOTOpbLIe MoJyyeHbl U3 reduce-terms.

6. OmnpenennTe NpouUenypy, aHaJorMUHyl0 reduce—-terms, KoTopasi AesaeT TO, YTO Jesasa AJs le-
JIBIX 4HCceJsl UCcXoAHas make-rat:

(define (reduce-integers n d)
(let ((g (gcd n d)))
(list (/ n g) (/ d g))))
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U onpenenute reduce Kak o600LIEHHYIO OMepallio, KOTopas Bb3blBaeT apply-generic M aucner-
yupyeT Ju60 K reduce-poly (ec/u apryMeHThl — MHOrouJjieHsl), 1u6o K reduce-integers (nns
aprymMeHToB THna scheme-number). Tenepb Brl jlerko MoxkeTe 3acTaBUTh NMaKeT pallHOHANBHON apH-
MEeTHKH MPUBOLHUTb APOOHM K HaWMeHblIeMy 3HaMeHaTeJo, MoTpedoBaB oT make-rat 3paTb reduce
Npex/e, YeM COYeTaTh NaHHble YHCJIHUTE/b U 3HAMEHATE/b B NIPOLECCE MTOPOXKAEHHS PaLHOHABHOTO YHC-
na. Teneps cuctema o6padarbiBaeT palHOHANbHBIE BbIPAXKEHNS W 1J15 LeJbIX YACeJ, U [T MHOTO4JIEHOB.
Yro6bl NpOBEPUTb NMPOrpaMmy, nonpodyiTe NpUMep, KOTOPbIH NPHBEeH B Hayajle 3TOr0 PacLIHPEeHHOro
yIpaKHEeHHS:

(define pl (make-polynomial 'x " ((1 1)(0 1))))
(define p2 (make-polynomial ’'x ' ((3 1)(0 -1))))
(define p3 (make-polynomial 'x " ((1 1))))
(define p4 (make-polynomial 'x " ((2 1)(0 -1))))

(define rfl (make-rational pl p2))
(define rf2 (make-rational p3 p4))

(add rfl rf2)

HOCMOTPI/ITe7 yAaJaocChb Jnu Bam IIOJIYUUTDb HpaBHI{beIﬁ OTBET, NPaBHUJbHO HpI/IBeE,eHHbIﬁ K HauMeHbLIeMY
3HaMeHaTeJIlo.

Boluncanenne HOJl HaxonuTcs B LIeHTPe BCAKOH CHCTeMBI, padoTaiollell ¢ palMoHadbHbIMHU
yucnaMu. AJITOPUTM, KOTOPBI MBI HCIOJIb30Ba/Hd B TEKCTE, XOTS MaTeMaTHYeCKH OH ecTe-
CTBeH, paboTaeT O4eHb MelJ/eHHO. MeNJIUTENbHOCTb 3TA NPOUCTEKAET OTUACTH M3 GOJBLIOTO
KOJINYeCTBa ONepaLuil Ae/eHHus, a OTYAaCTH U3 OTPOMHOTO pa3Mepa MPOMeKYTOYHBIX KO3 (hu-
LUEHTOB, KOTOPble MOPOXKAATCS B X0fe NceBnofeseHus. OnHa U3 akTUBHO pa3pabaThiBaeMblX
obJjacTell B TeOPUM CHUCTeM ajrebpauuyecKMXx MaHUNYJASLUWHA — MOCTpoeHHe OoJsiee OBICTPBIX

anropuT™MoB Aas Belurcaenus HOJl mHorousnenos®?.

52 Msammbiii u upesshuaiino S dexTuBHbI MeTon Bhiuucaenns HOJ[ MHOrOUJIEHOB Gbll OTKPHIT Puuaprom 3um-
neseM (Zippel 1979). 3rtoT Meton — BepOSITHOCTHBIA aJrOPUTM, MOLOOHO OBLICTPOMY TECTy Ha MPOCTOTY YHCJA
onucanHomy B riase 1. Kuura Sunmens Zippel 1993 onmnceiBaer 3TOT MeTon, a Tak»Ke APYrue CIOCOObl HaXOXKIEHHUS
HO/JI, mHorousieHoB
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MOIYJIbHOCTD, OBBEKTBI U COCTOIHUE

MetofdAhov dvamadeton
(M3meHsisicb, OHO OCTaeTCsl HEMOABUKHBIM)

lepakaut

Plus ¢a change, plus c’est la méme chose
Anbdonc Kapp

B npenpiayiux raaBax Mbl BBeJM OCHOBHBIE 3J1EMEHTBI, U3 KOTOPbIX CTPOSITCS POrPaMMBL.
Mbl BUzesiM, KaK 3JeMeHTapHble MPOLENypPbl U 3JeMeHTapHble JaHHble, COYeTasich, o6pasy-
I0T COCTaBHbIE CYLIHOCTH; MBI CTajH MOHHUMATb, UTO 0e3 aOCTPaKLHUU HeJb3sl CIPABUTHCS CO
CJIOKHOCTBIO 60JbIKUX cHcTeM. OOHAKO 9THX MHCTPYMEHTOB HENOCTATOUHO IJs pPa3paboTKH
nporpaMum. s a3¢ppeKTHBHOrO CHUHTE3a porpaMM TpeSyoTcs TakxKe OpraHW3allOHHble IPUH-
LIUIBl, KOTOpbIe TOMOTraJ/Id 0bl HaM C(OPMYAHPOBATh OOLIUH POEKT NPOrpaMMbl. B yacTHoCTH,
HaM HYXHbl CTPaTeruy [J1s1 MOCTPOeHHs OOJIbILIMX MPOrpaMM MO NPHHUUIY MOOYAbHOCMU
(modularity): 4ToObBI MPOrpaMMbl «€CTECTBEHHBIM» 06Pa30M [IEJHIKCh HA JIOTHYECKHU LEJbHbIE
KYCKH, KOTOpble MOXKHO pa3pabaTheiBaTb W MOAJNEP:KUBATh HE3ABUCHUMO APYT OT ApYyTa.

Cy1iecTByeT MOILHasi CTpaTerus paspaboTKH, KOTOpas OCOOEHHO XOPOLIO MOAXOAHT HJS
MOCTPOEHHS MPOrpaMM, MOAENHUPYIOLIUX (PHU3HYECKHe CHCTEMBl: BOCIIPOM3BOAUTb B CTPYKTYype
IporpaMMbl CTPYKTYPY MolenupyeMol cucTeMbl. JIs Kaxkaoro 00beKTa B CUCTEMe Mbl CTPOUM
COOTBETCTBYIOIIUE €My BBIUACIWUTENbHBIE 00beKT. [y KaKaoro AeHCTBUS B CHCTEME OIIpe-
JesisieM B paMKaX Halled BBIUHCJIUTENBHOH MOJEJH CHMBOJIBHYIO onepauuio. HMcnosbsys aty
CTpaTeryio, Mbl HaJleeMcsl, UTO pacllMpeHre Halleldl MOLeNH Ha HOBble 0ObEKTbl MK NeHCTBUS
He T0TpedyeT CTpaTerHyeCKUX U3MeHEeHHH B Iporpamme, a Mo3BOJHUT 000HTHCH TOJIBKO 100aB-
JleHHeM HOBBbIX CHMBOJIbHBIX aHAJIOTOB 3THX 0OBEKTOB UM AeHCcTBUH. Ec/y Halla opraHusanus
CHCTEMbl OKaXKeTcst yIauHOH, TO AJisi 10OaBJeHHs] HOBBIX BO3MOXKHOCTEH MJIM OTJIaIKH CTaphIX
HaM Tpuiercsi paboTaTb TOJIbKO ¢ OTPAHHYEHHOH YaCTbIO CHCTEMBI.

Taxkum o6pasom, crnoco6, KOTOPEIM Mbl OpPraHH3yeM OOJIBIIYIO MPOrPaMMY, B 3HaUUTEJNbHOH
CTeNeHH OUKTYeTCs HallMM BOCIPHUATHEM MOAeJHpyeMoll cucTeMbl. B 3Toill rnaBe Mbl uccie-
JyeM [1Be Ba)KHBIX OPraHM3aLMOHHBIX CTPATErHH, KOTOpble COOTBETCTBYIOT ABYM AOCTaTOYHO
pas3/JMYHbIM B3IJISilaM Ha MHDP U CTPYKTypy cucteM. IlepBas u3 HHUX cocpenoTaurBaeTcs Ha
ob6vexmax (objects), U Gosbluasi cuCcTeMa pacCMaTpPUBaeTCsl KaK coOpaHHe HHIUBUAYAJbHBIX
0OBEKTOB, MOBELEHHE KOTOPHIX MOXKET MEHSIThCsS CO BpeMeHeM. AJIbTepHATHBHAsi CTPATErHsi
CTPOMTCS BOKPYT nomokos (streams) nH(OpMaLUK B CHCTEMe, BO MHOTOM MOLOOHO TOMY, KaK
B 3JIEKTPOHHKE PacCMaTpPHUBAIOTCS CUCTEMbl 06paGOTKH CHUTHAJIOB.

Kak nopxon, ocHOBaHHBIH Ha 06beKTax, Tak U MOAXOA, OCHOBAHHbIH Ha MOTOKAaX, BbICBEUH-
BalOT BaKHble BOIIPOCHI, Kacalollrecs 3bIKOB rporpaMmMmuposanus. [lpu pabote ¢ o6bekTamu
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HaM MNPHUXOIMUTCS AYyMaTh O TOM, KaK BBIUHCJHMTENbHBIH OOBEKT MOXKET M3MEeHSTbCS W IIpH
ITOM COXPAHSTb CBOK WHIMBHAYaJbHOCTb. M3-3a 9TOro HaMm MpHAETCs OTKA3aThCsi OT IMOA-
CTaHOBOYHOH MOMEJM BbluHcaeHHUH (pasmes 1.1.5) B moJibay 6ojiee MEXaHHCTHYHOH H B TO XKe
BpeMsl MeHee MPHUBJEeKaTebHOH TeOpeTHYeCKU modeau ¢ okpyxcenuamu (environment model).
CJI0XKHOCTH, CBsI3aHHBIE C 00bEKTAMU, UX U3MEHEeHHEM U HHIUBHUAYaJbHOCTBIO SIBJASIOTCS (DYH-
JIaMeHTaNbHbIM CJIEACTBHEM H3 MOTPEGHOCTH BBECTH IMOHSTHE BPeMEHH B BBIYHUCJIHTEJbHEIE
MOJIEJIN. DTH CJIOXKHOCTH TOJIBKO YBEJHUYMBAIOTCS, KOTAa Mbl 100aBjsieM BO3MOXKHOCTb TapaJi-
JIEJIbHOTO BBITIOJIHEHHsT TporpaMM. [losyuuTh HAaWGOJBIIYIO OTAAYy OT MOTOKOBOIO MOAXOAA
yIaeTcsi TOrAa, KOrda MOMAEJHPYyeMOe BpeMsi OTHEJSIeTCsl OT MOpsiaKa COOBITUH, MPOUCXOMISsi-
IIMX B KOMIIbIOTEpe B Ipoliecce BbIYMCJAeHHs. Mbl TOCTHTHEM 3TOTO IPH MOMOIILM METO.a,
HasblBaeMoro 3adepacanmvimu soimuciequsmu (delayed evaluation).

3.1. IIpucBauBaHue U BHYTpPEeHHee COCTOsIHNE OOBEKTOB

OGBIUHO MBI CUMTAEM, UTO MHUP COCTOUT U3 OTHENBHBIX OOBEKTOB, U y KaXKI0T0 U3 HUX €CTb
COCTOSIHHE, KOTOPO€e HM3MEHSIeTCsl CO BpeMeHeM. Mbl roBOpUM, 4TO 00BEKT «00sanaeT cocTos-
HHeM», ecJId Ha NoBeJleHHe 00beKTa BJHseT ero uctopusi. Hanpumep, 6aHKoBCKUi cuet obJa-
JIaeT COCTOSIHUEM MOTOMY, UTO OTBeT Ha Bompoc «Mory su 51 cHsite 100 noJsapoB?» 3aBUCHUT
OT MCTOPUU 3aHECEHHUS U CHATHSA ¢ Hero aeHer. CocTosiHMe 06beKTa MOXKHO OMUcaTh HaGopoOM
U3 OIHOH HJH GoJsiee nepemenHvix cocmosinus (state variables), KoTopble BMecTe comepxar
JOCTAaTOUHO HH(OpPMaLKH, 4TOOB! ONpPeNeNUTh TeKylllee MoBefeHHe obbekTa. B mpocroil 6aH-
KOBCKOH CHCTeMe COCTOSIHHE CUeTa MOXKHO 0XapaKTepH30BaTb ero TeKyLIUM 6ajaHCcOM, BMECTO
TOro, YTOOB! 3alIOMHHATh BCIO UCTOPHIO TPAH3aKLHUH C 3TUM CUETOM.

Ecau cucremMa COCTOUT M3 MHOIMX 00BEKTOB, OHH PeINKO COBEPLIEHHO He3aBUCHMbI APYT
oT apyra. Kaxaplii U3 HUX MOXeT BJMATb HAa COCTOSIHME APYTHX IPH MOMOIIM aKTOB B3au-
MOJIEHCTBHS, CBS3BIBAIOLIMX MepEMeHHBIE COCTOSIHUS OJHOTO 0OBEKTa C NepeMeHHBIMU APYTHX
o6wvekToB. Ha camom pese, B3rJIsl, COTNIaCHO KOTOPOMY CHCTEMA COCTOUT U3 OTHEJIbHBIX 00b-
€KTOB, T10JIe3Hee BCEro B TOM CJydyae, KOrJa ee MOXKHO pasfesNHTb Ha HECKOJIbKO MOACHCTEM,
B Ka)KJIOH M3 KOTOPbIX BHYTPEHHUE CBSI3U CHJIbHEe, YeM CBSI3H C APYTMMH MOACUCTEMAMH.

Takasi TouKa 3peHUs] Ha CUCTEMY MOXKeT CJYKHUTb MOLIHOH NMapaiurMoi 15 opraHH3aliu
BBIYUCJUTEJIbHBIX MoOJeseld cucteMbl. UToObl Takasi Momesnb Obljia MOOYJIbHOH, ee Tpebyercs
pasnesuTh Ha BBIYUCJAUTENbHbBIE 00BbEKTHl, MOEIUPYIOLIHE peasibHble 00beKThl cucTeMbl. Kazk-
JBIH BBIYMCJAUTENbHBIH 00BEKT [OJ/KEeH COlep:KaTb COOCTBEHHBIE BHYMpPEHHUEe nepemeHHbie
cocmosnus (local state variables), onuceiBaroiue cocrosine peanbHoro o6bekra. [IockombKy
00beKTbl B MOJeIUPYEeMOH CHUCTeMe MEHSIOTCS CO BpeMeHeM, lepeMeHHble COCTOSIHUS COOTBET-
CTBYIOLIUX BBIYHC/HUTE/BbHBIX OOBEKTOB TaKxkKe NOJKHBI U3MeHATbCA. Ecy Mbl pellaeM, 4To
MIOTOK BPEMEHH B CHUCTeMe OyfeT MOAEJHPOBATHCS BPEMEHEM, POXOASIIUM B KOMIIbIOTEPE, TO
HaM TpebyeTcsi Croco0 CTPOUTb BbIYHC/IHTE/bHbIE OOBEKTEl, TOBEAEHHE KOTOPBIX MEHSIETCS MO
Mepe BbIIIOJHEHUS NPOrpaMMbl. B YacTHOCTH, ec/M HaM XOYeTCs MOJENHpPOBaTh IepeMeHHble
COCTOSIHMSI OOBIKHOBEHHBIMH CHMBOJIMYECKUMH HMEHaMU B f3blKe NIPOrpPaMMHpPOBaHUS, B S3bI-
Ke JOJKEH UMeTbCsl onepamop npucsausanus (assignment operator), KOTOpeIE 1103BOJs GBI
MU3MEHSITb 3HaUeHHe, CBSI3aHHOE C UMEHEM.
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3.1.1. BHyTpeHHUe nepeMeHHbIe COCTOSHUS

Uro6bl MoKasaTb, YTO Mbl HMeeM B BHAY, FOBOPSl O BHIYHUCJHUTEJBbHOM OOBEKTE, COCTOS-
HHe KOTOPOTO MEHSIeTCSl CO BpeMeHeM, JaBalTe MPOMOJe/]HpyeM CHUTYalHI0 CHATHSl AEHer C
6aHKOBCKOTO cyerta. Bocrosbdyemcst asist 3TOro npouenypod withdraw, kotopas B KauecTse
apryMeHTa NpUHUMaeT CyMMYy, KOTOpylo TpeOyeTcs CHATb. Ec/aM Ha cueTy MMeeTcs 10CTaTod-
HO CPelCTB, 4TOOBl OCYIIECTBUTD ONepalnio, To withdraw Bo3spalaer 6anaHc, OCTAMOLIUNACS
nocse cHATUS. B npotuBHOM ciyvae withdraw BosBpauiaer coobuienue «Henocrarouno ne-
Her Ha cyere». Hanpumep, ecau BHauajse Ha cyeTy comepxxkutcs 100 nosnapoB, Mbl MOJY4HUM
CJIeNYIOLLYIO MOCJ/E10BaTeNbHOCTb PE3yNbTaTOB!

(withdraw 25)
75

(withdraw 25)
50

(withdraw 60)
"HedocmamouHo OeHez Ha cueme"

(withdraw 15)
35

O6patuTe BHUMaHHe, YTO BblpaxkeHHe (withdraw 25), Gyoy4u BbIYHMCJIEHO ABaXK[Ibl, Aa-
€T pa3J/IMuHble Pe3yJbTaTbl. DTO HOBBIH THI MOBENEHHUS [Js NpoLUeaAypsl. 1o CHX MOp Bce HAllH
NpOLEAYpPbl MOXKHO ObIJIO pacCMaTpUBaTh KaK OMHMCAHHs CocoOOB BBIYMCJEHHUS MaTeMaThye-
CKUX (YHKUHH. BbI30B npouenypsl BHIYUC/IA 3HaUeHHe (DYHKLUHHU 118 NaHHBIX apryMeHTOB, U
JIBa BbI30Ba ONHOH W TOH »Ke MpPOLEAYpPbl C ONMHAKOBBIMH apryMeHTaMH BCerja MPUBOAMJHU K
ONMHAKOBOMY pesysibTaty'.

[Tpu peanusaunu withdraw Mel Hcno/db3yeM NepeMeHHYI0 balance, KoTopasi MOKasbl-
BaeT OCTATOK JeHEer Ha cueTe, U onpenenseM withdraw B Buje mpouenypsl, KoTopas obpa-
maercs K 3Tod nepemenHol. [Ipouenypa withdraw nposepsier, 4To 3HayeHHe balance He
MeHbllle, YeM 3HauyeHHe aprymeHta amount. Eciu 3to Tak, withdraw ymeHbluaeT 3Haue-
HUe balance Ha amount W BO3BpalllaeT HOBOe 3HaueHUe balance. B mpoTuBHOM cayyae
OHa Bo3Bpaiaet coobiuieHue «Henocratouno neHer Ha cuete». BoT onpenenenus balance u
withdraw:

(define balance 100)

(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepmocTaTOuHO OeHer Ha cuere"))

'Ha camom gesie 310 He coBcem npasia. OfHO HCKJ/IOUeHHe — reHepaTop CJayYaiHbBIX 4Mces U3 paspena 1.2.6.
Bropoe cBsizaHo ¢ TabsHLaMHK OMepalrii U THIIOB, KOTOpble Mbl BBeJHM B pasfene 2.4.3, rae 3HaueHHs IBYyX BbI30BOB
get ¢ OfHHMHU U TEMH XKe apryMeHTaMH 3aBHCEJH OT TOro, Kakde ObLIM B MPOMEXYTKe MeXKIy HUMH Bbi30BH put. C
IPYroil CTOPOHbI, [TOKA Mbl He BBEJIH NPUCBAMBAaHHE, Mbl JIHILIEHbl BO3MOXKHOCTH CAMHUM CO3/1aBaTh TaKHe MPOLEAYPHI.
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3HaueHMe TepeMeHHOH balance yMeHblIaeTcs, KOr4a Mbl BBIMOJHSIEM BbIpayKeHHE
(set! balance (- balance amount))
3nech ucrnosb3yercs ocobasi popMa set!, CHHTAKCHC KOTOPOU BBITJISANUT TaK:
(set! (ums) (HoBoe-3HaueHue))

3pmech (ums) — cuMBOJ, a (HOBOe-3HAUeHUe) — MPOU3BOJbHOE BhbipaXkeHue. Set! 3ameHs-
eT 3HaueHWe (UMeHu) Ha PEe3ysbTaT, MOJYYEHHBIH TPH BBIUHCIEHHU (HOB020-3HA4eHUs). B
JIaHHOM cJjydae, Mbl M3MeHsieM balance Tak, YTO ero HOBOe 3HaueHHe OyfeT pe3y/lbTaToM
BBIUMTAHHS amount U3 Mpeibliyllero sHadeHus balance?.

Kpome Toro, withdraw ucnonb3yer ocobyio ¢opmy begin, korna nposepka if Beipaer
UCTHHY, U TpeOyeTcsl BBIUMCJAMTb 1Ba BbIPa’KEHWS: CHayasla yMeHbLIHMTb balance, a 3areM

BEPHYTb ero 3HayeHue. B of1ieM ciyuae BblYMC/IEHHE BbIpaXKeHHUS
(begin (BepaxeHue]) (BHpPameHUey) ... (BHpPameHUEy))

NPUBOAUT K MOCJ/Ie10BaTeNbHOMY BHIYUCJAEHHIO BbIPAXKEHHH OT <3bzpaofcenuﬂ1> 110 <3blpa9f€el-tuﬂk>,
W 3HauyeHHe MOCJIeHer0 BblpaKeHUs <6blpa9fcel-tu€k> BO3BpallaeTCsl B KaueCTBe 3HAUeHHs BCel
dopmbl begin3.

Xots npouenypa withdraw u padoTaer Tak, Kak Mbl TOTO XOTeJqH, lepeMeHHas balance
npezncrtasisieT coboil nmpobiemy. Balance, Kak OHa ONHCaHa BbILLE, SBJSETCS TepeMeHHOH,
oTpenesieHHOW B I06aJbHOM OKDYXKEHHH, W Jiobas Mpouenypa MOXKET MPOYMTaTb WM H3-
MEHHUTh ee 3HaueHHe. HamHoro jyudine 6v110 Obl, ecin 6Bl balance MOXHO ObLIO CHENAThb
BHyTpeHHell nepeMeHHOH AJs withdraw, Tak, uTobbl ToabKO withdraw uMesa gocTyn K
Hell HampsMylo, a Jwo6as apyras npoueiypa — TOJbKO MOCPeACTBOM BbI30BOB withdraw.
Tak MoxXHO Oynet 6oJ/iee TOUHO CMOAEJNUPOBaTh NpeAcTaBjeHHe 0 balance Kak O BHYTpeH-
Hel MepeMeHHOH COCTOsIHHS, C MOMOLLbI0 KOTOpod withdraw cienut 3a cOCTOSIHHEM CueTa.

Cpenate balance BHYTpeHHeH N0 OTHOLIEHHIO K withdraw Mbl MOXKeM, Nepernucas omnpe-
JlefleHue CJedyI0MHUM 06pa3oM:

(define new-withdraw
(let ((balance 100))
(lambda (amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HemocTaTOuHO OeHer Ha cuetre"))))

3mech Mbl, HCNOJB3Ysl let, co3naeM OKPYXKeHHE ¢ BHYTPeHHeH nmepeMeHHoH balance, KoTo-
poil BHauase npucBanBaercs 3HaueHue 100. BHyTpu aToro JoKajJbHOrO OKPYXKEHHS Mbl IPH

23HaueHHe BhIpaXKeHUs set! 3aBHCHT OT pealu3alMH. Set! HYXHO HCMOMB30BATh TOJBKO paiu 3¢QeKTa, KOTo-
pBIH OHO OKa3blBaeT, a He Paid 3HAUEHHs, KOTOPOE OHO BO3BpALAeT.

VMsi set! oTpaxaer corjalieHue, NpuHsATOe B Scheme: omepaiusiM, KOTOpble W3MEHSIIOT 3HAUYEHUs MepeMeHHbIX
(MM CTPYKTYpBI AaHHBIX, KaK MBI YBHIUM B pasfese 3.3) HAIOTCs MMeHa C BOCKJHMLATEbHbIM 3HAKOM Ha KOHLE. DTO
HaloMMHAET COIallleHWe Ha3blBaTh MPEeIUKaThl MMEHAaMH, KOTOPble OKaHUMBAKOTCS HA BOMPOCHUTEJbHBIH 3HAK.

3HesiBHO MBI y3Ke MCTIO/Ib30BAJHM B CBOMX NPOrpaMMax begin, mockosbKy B Scheme Tesio mpolenypsl MOXKeT GhITh
I0C/IeI0BATEIHOCTBIO BbipaxeHui. Kpome Toro, B KaxIoMm nopBeipaXkeHHr cond CJIEACTBHE MOXKET COCTOSITh HE H3
OIHOTO BbIPaXKEHHUSI, & U3 HECKOIbKHX.
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nomolM lambda onpezessieM Npouenypy, KoTopass OepeT B KauecTBe apryMeHTa amount U
IeHCTBYeT TaK »Xe, Kak Hawa crapas mpouenypa withdraw. Jrta npouenypa — Bo3Bpallae-
Masi KaK pe3yJ/bTaT BblpaxkeHHUsi let, — U ecTb new-withdraw. OHa Benet ce6s B TOUYHOCTH
TaK ke, Kak, Kak withdraw, HO ee nepeMeHHas balance HeIOCTYyIHA U BCeX OCTAJbHBIX
npouenyp*.

Set! B co4eTaHHH C JIOKAJIbHBIMU MlepeMEeHHBIMU — 00111asl CTpaTerus nporpaMMHPOBaHHUS,
KOTOPYIO Mbl OYIEM HCIOJNb30BaTh [JIsl IOCTPOEHHS BBIUUCANUTENBHBIX 0O BEKTOB, 00/1a1aI0LIHX
BHYTpeHHUM cocTosiHheM. K coXKaseHWio, NMpyU HCIONb30BAHWH 3TOH CTpPaTerMM BO3HHKAET
cepbe3Has npobJema: Korga Mbl TOJNbKO BBOLMJIM TOHSTHE NMPOLEAYPHl, Mbl BBEJH TaKXKe IOA-
CTaHOBOYHYIO MOJiesb BhluHcaeHu# (pasmen 1.1.5) mjst Toro, 4ToGbl OGBSCHUTD, UTO O3HAYAET
IpUMeHeHHe TPOLEAYPHl K apryMeHTaM. Mel cKas3asd, 4TO OHO AOJKHO MHTEPIPeTHPOBAThCH
KaK BblUMCJIEHHe TeJla NpoLefypsl, B KOTOPOM (hopMaJsibHbIE NapaMeTphbl 3aMeHSI0TCsl Ha CBOU
3nadeHus1. K coxkanenuio, Kak TOJbKO Mbl BBOOMM B SI3blK IPUCBAaWBaHUeE, NMOACTAHOBKA Tepe-
cTaeTr ObITh aeKBaTHOH MOJeJblo MpUMeHeHHUs npouenypsl. ([Touemy 3To Tak, Mbl moiiMeM B
pasnesne 3.1.3.) B pesysbrare, ¢ TeXHHUECKOH TOUYKH 3pPeHHUsI Mbl cefiuac He yMeeM OObSICHUTS,
noyeMy npouenypa new-withdraw BeneT cefs MMEHHO TakK, KaK ONHCAaHO Bbllle. YToObl
JeACTBUTE/IbHO TOHATb MPOLEAYPHl, MOR0OHBIe new-withdraw, HaM npuaercs paspaboTaTb
HOBYIO MOJeJb NMPUMEHeHHUs mpouenypbl. B pasmesne 3.2 MBI BBeleM Takyl0 MOIeJb, MOMYT-
HO 00BsICHUB set! W JiokajbHble nepeMeHHble. OIHAKO CHauyaja Mbl PACCMOTPHM HEKOTOPBIE
BapUalUM Ha TeMy, 3aJaHHYI0 new-withdraw.

Crenytomas npouenypa, make-withdraw, co3naer «06pabOTUHMKH CHATHS [€HEr CO cye-
ToB». PopmManbHBEIN MapaMeTp balance, nepenaBaemblii B make-withdraw, yka3biBaeT Ha-
Ya/JbHYI0 CyMMy JeHer Ha cueTy’.

(define (make-withdraw balance)
(lambda (amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepocTaTOuHO OeHer Ha cuere")))

IIpu nmomomy make-withdraw MoxHO cienyomKM 06pa3oM co3nath ABa oObekTa W1 U W2:

(define W1 (make-withdraw 100))
(define W2 (make-withdraw 100))

(W1 50)
50

(W2 70)
30

“Tlo TepMuHOMIOrMH, IPUHATON MPH OMMCAHHH S3bIKOB MPOrPaMMHPOBAHHUsS, NepeMeHHas balance urkancyaupy-
emcs (is encapsulated) BHyTpu npouenypsl new—withdraw. Mukancynsinus orpaxaeT oOLMH NPUHLKI IPOEKTHPO-
BaHHUS CHCTEM, U3BECTHBIH KaK npuruyun cokpeimus (the hiding principle): cucremy MoxkHO cenath Gosee MOLY/IBbHOH
¥ HaJeXKHOH, eCJ/Ii 3allHUINATh ee YaCTH APYT OT APYTra; TO €CTb, paspellaTh JOCTYI K HH(POPMALKU TOJIBKO TeM YacTsM
CHCTEMBI, KOTOPBIM «HEOOXOIHMO 3TO 3HATb».

5B omnune oT mpensiiyleli Mpoleayps new-withdraw, 3ech HaM HeOGS3aTENbHO HCMOMB30BaTh let, 4ToGH!
clesaTh balance JIOKaJbHOH NepeMeHHOH, OCKOJIBKY (pOpMasbHble apaMeTphl M TaK JOKaJbHEL. DTO CTaHeT scHee
nocsie 00CYKIEHHsT MOJEH BbIUHC/IEHUS C OKpyKeHUsMH B pasfese 3.2. (CM. Takxe ynpaxHenue 3.10.)
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(W2 40)
"HedocmamouHo OeHez Ha cueme"

(W1 40)
10

O6patute BHUMaHHe, 4YTO W1 ¥ W2 — MOJIHOCThIO HE3aBUCHMble OObEKThI, KaXKIbli CO CBOei
JIOKaJIbHOU mepeMeHHO# balance. CHfATHe JieHer ¢ OHOTO CUeTa He BJUSIET HA APYTroOu.

Mbl Mo2keM c031aBaTh 00bEKTHl, KOTOPble OyIyT pa3peliaTh He TOJNbKO CHSITHE JEHET, HO U
UX 3aHeCeHHe Ha CuUeT, U TaKUM 00pa3oM MOXKHO CMOJEJHUPOBATb NPOCThle HaHKOBCKHE CUeTa.
Bor npouenypa, kotopasi Bo3Bpaiiaetr o6beKT-«0aHKOBCKHH CUeT» C YKa3aHHbIM HadajbHbIM
6alaHCOM:

(define (make-account balance)
(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepmocTaTOuHO OeHer Ha cuere"))
(define (deposit amount)
(set! balance (+ balance amount))
balance)
(define (dispatch m)
(cond ((eqg? m ’'withdraw) withdraw)
((eg? m ’'deposit) deposit)
(else (error "HeusBeCTHHHN BH30B —- MAKE-ACCOUNT"

m))))
dispatch)

Kaknpiii BEI30B make-account co3naer oKpyKeHHe C JIOKaJbHOH NepeMeHHOH COCTOSIHHUS
balance. BuyTpu astoro okpyxeHuss make-account omnpenesnsieT npouenypsl deposit
u withdraw, xoTopele obpamamnTcs K balance, a Takke [IONOJHUTEJNBHYIO NpoUeLypy
dispatch, KoTopas mpuHUMaeT «cooOlleHHe» B KadyecTBe BBOJA, M BO3BpallaeT OAHY U3
IBYX JIoKaJbHbIX npouenyp. Cama mpouenypa dispatch BosBpaliaercs kak 3HayeHHe, KOTO-
poe mpencrtaB/seT 00beKT-0aHKOBCKUE cyeT. DTO He UTO HHOE, KaK CTHJIb NPOrPAaMMHPOBAHUS
¢ nepedauell coobujenuti (message passing), KOTOPbI Mbl BUIe U B paszaese 2.4.3, HO TOJNBKO
3leCb Mbl €r0 HUCII0JIb3yeM B COUETAHHUU C BO3MOXKHOCTbIO MU3MEHATH JIOKaJbHble IIepEMEHHbIE.
Make-account MOXHO HCNOJB30BaTh CAEAYIOLIUM 00pa3oM:

(define acc (make-account 100))

((acc ’'withdraw) 50)
50

((acc 'withdraw) 60)
"HedocmamouHo OeHee Ha cueme"

((acc ’'deposit) 40)
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90

((acc 'withdraw) 60)
30

Kazknpiii BEI30B acc BO3BpallaeT JIOKaJAbHO ONpeeseHHYI0 polenypy deposit uau withdraw,
KOTOpast 3aTeM IpHMeHsieTcsl K yKa3aHHOH cymMe. To4HO Tak ke, Kak 3To Obl10 ¢ make-—
withdraw, BTopoil BhI30B make-account

(define acc2 (make-account 100))

CO3/laeT COBEPLIEHHO OTAeNbHBIH OOBEKT-CUET, KOTOPBIH MOIAJEpKUBaeT CBOK COOCTBEHHYIO
nepeMeHHyio balance.

Ynpaxnenue 3.1.

Hakonumenv (accumulator) — ato mpoueaypa, KOTopasi BBI3BIBA€TCSI C OAHUM YHCJEHHBIM apryMeHTOM
U coOMpaeT CBOM apryMeHThl B cyMMY. [Ipd Kaxk1oM BbI30Be HAaKOMHUTE/b BO3BpALLAET CYMMY, KOTOPYIO
ycnes HakonuTb. Hanuimmre npouenypy make-accumulator, NOpoXAAIOLLYI0 HAKOMHUTEH, KaxXIbli
U3 KOTOPBIX MOAJEPKUBAET CBOIO OTAE/bHYI0 cyMMy. BxonHoil napamerp make-accumulator fo/KeH
yKa3blBaTh HayaslbHOE 3HAYEHHE CyMMBbI; HalpUMep,

(define A (make-accumulator 5))

(A 10)
15

(A 10)
25

Ynpaxsenue 3.2.

[Ipu TecTHpoBaHMH MporpaMM yAOOHO MMeTb BO3MOXKHOCTb IMOACUHTHIBATH, CKOJBKO pa3 3a BpeMs BHI-
yuc/eHUH Obljia BbI3BaHA Ta WM MHas npolenypa. Hamumure npouenypy make-monitored, npu-
HUMAIOLIYI0 B KauecTBe Mapamerpa npouenypy £, kortopas cama mno ce6e NpHHHMaeT OAMH BXOAHOH
napametp. Pesynbrar, Bo3BpauiaeMbli make-monitored — TpeThs mpolenypa, HazoBeM ee mf, Ko-
Topasi MOJACUUTHIBAET, CKOJbKO pa3 OHa Oblia Bbi3BaHa, MPH TOMOLIY BHYTPEHHEro cueTyuka. Eciu Ha
Bxoze mf mosyyaer crneunuasbHbld CHMBOJM how-many-calls?, oHa BO3BpallaeT 3HAYE€HUE CUETUYMKA.
Ecsu ke Ha BXoJ MopaeTcsi crielHabHEIE CHMBOJ reset—count, mf obHysseT cyetyuk. as Jsoboro
npyroro napamerpa mf Bo3BpallaeT pe3yJbTaT Bbl30Ba £ ¢ 3TUM NapamMeTpoM M yBeJHUYMBAET CYETUHK.
Hamnpumep, MoxkHO ObLJIO Obl Cle/IaTh OTCAEXKHMBAEMYIO BEPCHIO MPOLELYphl sqrt:

(define s (make-monitored sqrt))

(s 100)
10

(s "how-many-calls?)

Ynpaxnenue 3.3.

Hamenure mnpouenypy make-account Tak, 4ToOb OHa co3faBasa cyeTa, 3allMIIeHHble MapoJeM.
A umeHHO, make-account Jo/KHA B KauyeCTBe JONOJHHUTENbHOTO apryMeHTa MPHHHMAaTb CHMBO.I,
Harpumep
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(define acc (make-account 100 ’secret-password))

[TonyuuBiuniics 06beKT-c4eT N0J/KeH 06pabaThiBaTh 3alpOChl, TOJIBKO €C/IM OHH CONPOBOXKAAIOTCS Mapo-
JieM, C KOTOPHIM cueT OBl CO3aH, a B IPOTHUBHOM CJly4yae OH JOJI’KeH 2KaJoBaThCs:

((acc ’'secret-password ’'withdraw) 40)
60

((acc ’'some-other-password ’'deposit) 50)
"HeBepHEIU napob"

Ynpaxsenue 3.4.

Monuduuupyiite npouenypy make-account u3 ynpakHeHusi 3.3, 100aBHB ellle OJHY JIOKaJbHYIO Ile-
PeMeHHY10, TaK, 4TOObI, €C/IM NPOUCXOAUT G0JIee CeMHU IOMBITOK AOCTYMa MOAPS C HEBEPHBIM MapoJeM,
BbI3blBaJlach Npouenypa call-the-cops (BEI3BaTh MOJHLHMIO).

3.1.2. IIpeumymiecTBa NpucBanMBaHUS

Kak HaMm mpencTouT yBUAETb, BBeleHHe MPUCBAWBaHHs B HAlll $I3bIK MPOrPaMMHPOBaHHS
BelleT K MHOXKECTBY CJIOXKHBIX KOHIENTyaJbHBIX TpobjeM. TeM He MeHee, TIpelCTaBJeHHE O
cUCTeMe KakK 0 Habope 06bEeKTOB, HMEIOIINX BHYTPEHHEE COCTOSIHHE, — MOIIIHOE CPEACTBO JJIS
obecredyeHnss MOLYJbHOCTH MpoekTa. B KadecTBe mpuMepa pacCMOTPUM CTPOEHHE MPOLELYPHI
rand, KoTopasi, 6yay4Hd BbI3BAHHOH, KaXK[bli pa3 BO3BpalllaeT CJydaiHOe Les0e YHUCIIO.

BoBce He Tak mpocTo ompenesuTb, YTO 3HAYUT «CaydaliHoe». BeposiTHO, HMeeTcs B BULY,
YTO TOC/eloBaTe/IbHble 06palleHuss K rand MOJ/KHBI TOPOXKIATh MOCJAeI0BATENbHOCTD YHCET,
KOTOpasi o6JiafiaeT CTaTUCTHYECKUMU CBOHCTBAMU PABHOMEPHOTO pacrpeneseHusi. 31eChb Mbl
He OyneM 0OCYKIaThb CIIOCOOBI MOPOXKIEHHUSI TONOOHBIX MOCcJaenoBaTebHOCTEH. BMecTo aToro
NPeANoNoKHM, UTO y HAac ecThb npouenypa rand-update, Kotopasi 00/anaeT CAeAyIOLUIUM
CBOUCTBOM: €CJIM Mbl HauyHMHaeM C HEKOTOPOrO JAHHOTO YHCJa X1 U CTPOUM IOCJEN0BATE b-

HOCTb
T2 = (rand-update z1)
r3 = (rand-update x9)
TO MOCJIeI0BATENLHOCTb BEJIUUHH X1, Lo, T3 ... OyAeT 06MafaTh TpeGyeMbIMH MaTeMaTH4eCKH -
MH cBoficTBaMub.
MBI MOXeM peanusoBaTh rand Kak MpoLeAypy C BHYTPeHHeil MepeMeHHOH COCTOSHHMS
X, KOTopas MHHILMaJIH3UpyeTCcs HeKOTOPHLIM 3apaHee 3alaHHBIM 3HaueHHeM random-init.
Kaxkplil BEI30B rand Beunc/iseT rand-update oT TeKyllero sHaueHHs X, BO3BPAlLaeT 3TO
3HaYeHHMe KaK CJIydaiiHOe uMcJI0, M, KpOMe TOr0, COXPaHsAeT ero Kak HoBOe 3HaueHHe X.

60nuu u3 pacrpocTpaHeHHbIX COCOO0B peanusanyu rand-update COCTOUT B TOM, UTOOBI MOJNOXKHUTH HOBOE 3Ha-
YyeHHe X paBHBIM ax + bmodm, rie a, b ¥ m — COOTBETCTBYIOLIMM 00pa3oM MonoOpaHHble LeJble yncaa. [aBa 3
kuurd Knuth 1981 conep:xkut moapobHoe 00CyKaeHHe METOLOB MOPOXKAEHHS [OC/IEN0BATENbHOCTEN CyUYaiHbIX YHCe
U obecrieyeHHs] X CTATUCTHUECKHX cBOHcTB. O6paTHTe BHHMaHHe, 4To rand-update BBUHC/ISET MaTEMaTHIECKYIO
(DYHKLHIO: ecay el ABaXKAbl JaTh ONMH M TOT K€ BXOJ[, OHa BEepPHET ONMHAKOBBIH pe3ysnbTaT. TakuM o6pas3om, Mo-
CJIeI0BaTeIbHOCTD UHCeJ, MopokaaeMass rand-update, HHKOMM 00pa3oM He «cJydaiiHa», €CJIM Mbl HacTaUBaeM Ha
TOM, YTO B MOCJIEOBATEJBbHOCTH «CAYYalHBIX» UKCE] C/IeAyIOllee YHCI0 He JOMKHO UMETh HHKAKOTO OTHOLIEHHS K
npeabiayiemy. OTHOLIEHHE MEXIy «HACTOSIIEH» CIy4alHOCTbI0O H TaK HasbiBaeMbIMH rncegdocayuatinoimu (pseudo-
random) noc/e10BaTeNbHOCTSMH, KOTOpble MOPOXKAAIOTCS MYTeM OLHO3HAUHO ONpeleseHHbIX BbIYHUC/IEHHE U TeM He
MeHee 00/1a1aI0T HYKHBIMH CTATHUCTHYECKHMH CBOHCTBAMH, — HENpPOCTOH BOMNPOC, CBSI3aHHBIH CO CJOKHBIMH IIPO-
6JeMaMHi MaTeMaTHKU U (uaocopuu. s NposicHeHHs] 3THX BOMNPOCOB MHoro cuesanu Kosmoropos, ConomoHODd U
Xaiitun; obcyxaenne MmoxkHo Hailtu B Chaitin 1975.
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(define rand
(let ((x random-init))
(lambda ()
(set! x (rand-update x))

x)))

Pasymeercs, Ty e Moc/e10BaTeIbHOCTb CAyYaHHBIX YMCe Mbl MOIJIM Obl MOJYUHTb 6e3
UCIIOJIb30BAHUS TPUCBAHMBaHMSA, NPOCTO HAMpsMyilo BbI3biBasg rand-update. OnHako 3To
03Ha4aso Obl, YTO BCAKAs YacCTb NPOrpaMMbl, KOTOPAs UCIOJb3YyeT CaydalHble YUcaa, LOJKHA
SIBHO 3allOMHMHAaTh TeKylllee 3HayeHHe X, YTOObl MepenaTh ero Kak apryMmeHT rand-update.
UroObl MOHATb, HACKOJIBKO 3TO Obl0 OBl HEMPHUSTHO, PACCMOTPHUM HCIOJb30BaHHE CJydyai-
HBIX YHCeN JJIsi peaju3aluu T. H. moldeiuposarnus memodom Mowme-Kapro (Monte Carlo
simulation).

Meton Monte-Kapso cocTout B TOM, YTOOBI CJAy4alHBIM 00pa3oM BHIOHPATb TECTOBbIE
TOYKH U3 OOJIbLIOTO MHOXKECTBA M 3aTeM JeJlaTh BbIBOAbl Ha OCHOBAHHH BepOSITHOCTEH, Olle-
HUBaeMbIX 110 pe3ysbTaTaM TecToB. Hampumep, MOXKHO MONYUUTb NIPUONHKEHHOE 3HAUEHHUE T,
UCIIOJIb3YsT TOT (PaKT, YTO AJISI ABYX CJAy4alHO BHIOPAHHBIX LIeJIBIX UHCEJ BepPOSITHOCTb OTCYT-
CTBHSI OOIIMX MHOXKHTEJEH (TO €CTh, BEPOSITHOCTb TOTO, UTO HX HAHOOJBIIUH OOLIUH AEIUTEb
oyner pasen 1) cocrasasier 6/727. UTo6bl MOJYUMTh MPUO/IMAKEHHOE 3HAUEHHE 7, Mbl TIPOM3-
BOJIUM OOJIBIIOE KOJHYECTBO TECTOB. B KaXKIOM TecTe MBI CJIyUalHBIM 00pa30M BbIOMpaeM 1Ba
yucaa U nposepsieM, He paBeH Ju ux HOJL enunuue. [osist TECTOB, KOTOPblE TPOXOAAT, AAET
HaM NpuO/IHXKeHHe K 6/72, W 0TCIoa Mbl TOJlydaeM MPUOIMKEHHOe 3HaYeHHe 7.

B ueHTpe Haeil mporpaMMbl HaXOQUTCS Npolenypa monte—carlo, KoTopas B KauecTBe
apryMeHTOB [IPUHHMAaeT KOJMUYECTBO IIOMBITOK TECTUPOBAHHUS, a TaKXKe caM TecT — MPOLenypy
6e3 apryMeHTOB, BO3BpAILLAIOLIYI0 NPH Kax<IAOM BbI30Be JHOO HUCTHHY, MU0 J0Xb. Monte-—
carlo 3amyckaeT TeCT yKa3aHHOe KOJMYECTBO pa3 M BO3BpalllaeT 4YHCJI0, o6o3Haudaiollee
JOJII0 TIOTIBITOK, B KOTOPBIX TECT BEPHYJ UCTHHHOE 3HAueHHe.

(define (estimate-pi trials)
(sqgrt (/ 6 (monte-carlo trials cesaro-test))))

(define (cesaro-test)
(= (gcd (rand) (rand)) 1))

(define (monte-carlo trials experiment)
(define (iter trials-remaining trials-passed)
(cond ((= trials-remaining 0)
(/ trials-passed trials))
( (experiment)
(iter (- trials-remaining 1) (+ trials-passed 1)))
(else
(iter (- trials-remaining 1) trials-passed))))
(iter trials 0))

Teneps nonpoGyeM OCYLIECTBHTb TO K€ BHIYHCJIEHUE, HUCNOJb3ys rand-update BMeCTO
rand, KaK HaM MPHUILIOCH Obl MOCTYNHTh, €CJH Obl Y HAac He ObLIO MPUCBAUBAHUS IJis MOJE-
JIUPOBAHUS JIOKAJTBHOT'O COCTOSHUSI:

"3ra Teopema mokasana 3. Uesapo. O6cyskaeHHe W 10Ka3aTelbCTBO MOMKHO HaliTH B pasgene 4.5.2 kuuru Knuth
1981.
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(define (estimate-pi trials)
(sgrt (/ 6 (random-gcd-test trials random-init))))

(define (random-gcd-test trials initial-x)
(define (iter trials-remaining trials-passed x)
(let ((x1 (rand-update x)))
(let ((x2 (rand-update x1)))
(cond ((= trials-remaining 0)
(/ trials-passed trials))
((= (gcd x1 x2) 1)
(iter (- trials-remaining 1)
(+ trials-passed 1)
x2))
(else
(iter (- trials-remaining 1)
trials-passed

x2))))))

(iter trials 0 initial-x))

XoTs mporpamma No-npexxHeMy MpocTa, B Hel 0OHapy:KHMBaeTCs HECKOJIbKO 60Jie3HEHHBIX
HapyLIeHHH MPUHLUIA MOAYJbHOCTH. B mepBoll BepcHM MporpaMmbl HaMm YAaaoCh, WCIHOJb-
3ysi rand, BbeIpa3uTb Meton MoHTe-Kapsio Hampsmyto kak 060611eHHY0 Ipolleaypy monte—
carlo, KOTopasi B KauecTBe apryMeHTa NPUHHMAeT MPOU3BOJBHYIO MPOLenypy experiment.
Bo BTOpOM BapuaHTe NporpaMMel, Tie y reHepaTopa CJAy4YalHbIX YyHcesl HeT JIOKAJbHOI0 COCTO-
AHus, random-gcd-test NPUXOAUTCSH HENOCPEICTBEHHO BO3UTbCS CO CJY4YalHBIMM YHCIaMH
x1 1 X2 ¥ nepejaBaTb B UTEPATUBHOM LIMKJe X2 B KauecTBe HOBOro Bxoja rand-update.
H3-3a Toro, uto o6paboTka CaydalHbIX YHCEJ MPOUCXOIUT SIBHO, CTPYKTypa HaKOIJIEHHS pe-
3y/bTAaTOB TECTOB HAauMHAeT 3aBHCETb OT TOTO, YTO HALI TECT HUCIOJb3yeT HUMEHHO JBa CJIy-
YalHBIX 4YMCJa, TOTZA Kak 18 Apyrux TectoB MoHTte-KapJso MoxeT motpe6oBaThesi, CKaxeM,
ofHO uau TpHu. Jlaxke mpoliefiypa BepxHero ypoBHsl estimate—-pi BeIHyXKaeHa 3a60TUTbCS O
TOM, YTOObI IPEAOCTABUTh HayabHOE 3HAUEHUe ClyuyalHoro yucja. I1ockonbKy BHYTPEHHOCTH
reHeparopa CJAy4YalHBIX YHCeJs MMPOCAUYMBAIOTCS HapyxXKy B ApPyrHe 4acTH MPOTrpaMMbl, 3ajgada
u30/MpoBaTh Huelo Merona Monrte-Kapso Tak, 4ToObl NPHMEHSTh e€e 3aTeM K APYTHM 3aja-
4yaM, 0CJI0KHsieTcs. B mepBoM BapruaHTe nporpaMMbl IPUCBaHBaHHE UHKATICYJIUPYET COCTOSIHUE
reHepaTopa CJy4ailHBIX yucesJ BHYTPH rand, Tak 4TO COCTOSIHHE IeHepaTopa OCTaeTcsl Hesa-
BUCHMBIM OT OCTaJIbHOH MPOrpaMMBl.

O6b1wee siBieHue, HabMOOaeMoe Ha TpuMepe ¢ MetonoM Monre-Kapso, TakoBo: ¢ TOUKH
3pEeHUs OJHOHM YacTH CJIOXKHOTO Tpoliecca KaXKeTcsl, YTO APYyTrHe 4acTH U3MEHSIOTCS CO BpeMe-
HeM. OHM 06J1aflal0T CKPBITBIM JIOKQJbHBIM COCTOSTHHEM. Ec/iM Mbl XOTHM, UTOOBI CTPYKTYpa
IporpaMM, KOTopble Mbl IIHIIEM, OTPaxaJja Takoe pas3jie/leHHe Ha YacTH, Mbl CO3laeM BBIUHCJIH-
TesbHble 00BEKTH (HamprMep, GaHKOBCKHE CYeTa MJIM PeHepaTophl CAyUaiHbIX YHCe), OBefe-
HUe KOTOPBIX U3MeHsieTcs co BpeMeHeM. COCTOsIHME Mbl MOZIEIUPYEM MPH NTOMOILH JIOKAJbHbIX
NepeMeHHBIX, a2 U3MeHeHHe COCTOSTHUSI — IPH TTOMOLIYM MPUCBAUBAHHUS 3TUM I1epeMeHHBIM.

31ech BO3HHMKAET c00/1a3H 3aKPLITh 0OCYKIEeHHEe M CKa3aTb, YTO, BBeJs NPHUCBAUBaHUE H
MEeTOJ COKPBITHS COCTOSIHUS B JIOKAJIbHBIX NE€PEMEHHbIX, Mbl 00peTaeM CHOCOGHOCTb CTPYKTY-
pUpoBaTh CHCTeMB! 6oJsiee MOAYJIbHBIM 06pa3oM, YeM ecsy Obl HaM MPHILLJIOCH BCEM COCTOSIHUEM
MaHUIYJHUPOBaTh SBHO, C Iepefayell AOMOJHHTENbHBIX NapameTpoB. K coxasneHHio, Kak Mbl
YBUJIMM, BCe He TaK MPOCTO.
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Ynpaxnenue 3.5.

Humeepuposarue memodom Monme-Kapao (Monte Carlo integration) — crnoco6 mpuG/IHKEHHOTO BbI-
YHUCJIEHUS OTpe/ieleHHbIX WHTErpajioB MpH MOMOLIM MojeaupoBaHust MeronoM Monte-Kapso. Pacemor-
PUM 3a/ia4y BBIYHCJIEHHUS IIOLAAN (UTYPHI, ONMUCHIBaeMO# npeaukatoM P(z,y), KOTOPEIE HCTHHEH 1Jisi
Touek (z,y), NpHUHAAMeXALUX DUTyPe, U JOXKEeH AJs Touek BHe (urypsl. Hampumep, obiacts, comep-
JKalasicsl B Kpyre ¢ paguycoM 3 M LEeHTPoM B Touke (5,7), OMUCBIBAETCS NPeAHUKATOM, NPOBEPSIOLIUM
(x —5)* 4 (y — 7)® < 32, UToOkl OLEHHTH MJIOMIaAb (HUTYPHI, OMUCHIBAEMOl TAKMM MPEeNMKaTOM, I/ Ha-
yaJia BblOepeM NpsIMOYTOJbHUK, KOTOPBIH ColepKUT Hally ¢urypy. Hanpumep, npsiMOyroJibHUK C yriaMu
(2,4) u (8,10), pacrno/ioKeHHbIMH 110 IHAroHaJH, COIEPKUT BbllIEONUCAHHbIH Kpyr. HyXHbIH HaM HH-
Terpaj — IJIOLAAb TOH YacTH MPSIMOYTOJbHUKA, KOTOpPAs JIEXKUT BHYTPH (DUrypbl. Mbl MOXKeM OLEHHTb
HHTErpaJs, cayyailHelM 06pa3oM BbIGHpast TOUKU (x,y), JexKallyue BHYTPH MPSIMOYTOJbHHKA, U POBEPsis
1151 KaXKIOH TOUKH P(x,y), YTOOb! ONpeenThb, JEKUT JH TOUKa BHYTPH ¢GUrypbl. Eciu Mbl poBepum
MHOTO TOYEK, [0/ TeX, KOTOpble OKaXKyTCs BHYTPH 00JaCTH, JACT HAM NPUOJIHKEHHOE 3HAUEHHE OTHO-
IIeHUs] muolafeil GUrypbl W NpsAMOyroJbHUKa. TakuM o6pa3oM, JOMHOXKHB 3TO 3HaueHHe Ha MJIOLIAMb
NPSAMOYTOJIbHUKA, MBI MTOJyUUM NPUOJIHKEHHOE 3HAUeHHe MHTerpaJa.

Peanusyiite unrerpuposanue metogoM MoHTe-Kapso B Buze npouenypsl estimateintegral, Ko-
TOpasi B KauecTBe apryMeHTOB NPUHUMAET MpPeAHKaT P, BEPXHIOW ¥ HHXKHIOK PaHULbI IPIMOYTOJbHHUKA
x1, x2, y1 ¥ y2, a TaKxKe YUCJIO IPOBEPOK, KOTOPbIE MBI IOJIKHBI OCYLIECTBUTb, YTOOBI OLlEHUTDb OTHOLLIE-
HHYe miomagei. Balna npoueaypa 10/KHa HCHOMb30BATh TY XKe CaMylo polielypy monte-carlo, KOTo-
past Bblllle HCII0/1b30BaJach AJIs OUEHKH 3HaueHus w. OUeHUTe 7 NpU NoMollM estimate-integral,
M3MEepPUB MJIOLANb eJUHHYHOr0 KpyTa.

Bam MoxeT npuUroauThes Npoleaypa, KOTopast BblIaeT UUC/I0, Cay4ailHO BbIOpaHHOE BHYTPH AaHHOTO
orpe3ka. HuxenpupeneHHas npouenypa random-in-range peluaer 3Ty 3ajauy, HCIOJb3yst NPOLENYDY
random, BBeJleHHYI0 B pasnese 1.2.6, koTopas Bo3BpallaeT HEOTPHLATEJNbHOE YHMC/IO MEeHble CBOEro
aprymenta®.

(define (random-in-range low high)
(let ((range (- high low)))
(+ low (random range))))

Ynpaxnenue 3.6.

[Tone3Ho HUMeTb BO3MOXKHOCTb COPOCHTb T€HepaTop CJyYaHHBIX UYHCeJ, YTOOBI MOJYYHTb I0CJELOBa-
TeJIbHOCTb, KOTOpasi HauMHaeTcss ¢ HekoToporo umcna. Iloctpofite HoBylo mpouenypy rand, KoTopas
BbI3bIBAETCSI C apPryMEHTOM. DTOT apryMeHT HOJRKeH ObITh JHOO CHMBOJOM generate, Ju00 CHMBO-
jgom reset. [lpouenypa paboraer Tak: (rand ’generate) mnopoxkaaeT HOBOe CjydalHOe YHCJIO;
((rand 'reset) (HoBOoe-3HaueHue)) cOpachiBaeT BHYTPEHHIOI NePeMEHHYIO COCTOSIHUS B YKa-
3aHHOe (HOBOe-3Hauenue). TakuM o6pasoM, cOpachiBasi 3HAYeHHsl, MOXKHO MOJy4YaTb MOBTOPSIOLIHECS
N0CJIe10BATENBHOCTH. DTa BO3MOXKHOCTb O4YeHb MOJIe3Ha NPH TECTUPOBAHHH W OTJaLKe MPOTpPaMM, HC-
NOJIb3YIOLUX CAy4YalHble YHUCa.

3.1.3. H3nepxKu, cBi3aHHbIEe C BBeAeHHEM NPUCBaUBaHUSA

Kak MBI TOJIBKO UTO BHUEJH, Oolepalys set! nosBoJsier MOOEeJHUPOBATH O6"b€KTbI, ob6Jaana-
e BHYTPEHHHUM COCTOSITHHEM. O,U,HaKO 3a 3TO NPEUMYUIECTBO MNPHUXOAUTCH IJATHUTL. Ham
A3BIK MPOTPAaMMHPOBAHUSA HEJb35 60J1bllle OMMUCHIBATD Ipy MOMOIIH MOACTAaHOBOUHOH MOJEJH

8B MIT Scheme ectb Takas npouenypa. Eciiu random Ha BXOJ laeTcst TOUHOE Lesioe unceso (Kak B pasiene 1.2.6),
OHa BO3BpalllaeT TOUHOE Lies10e YHC/I0, HO eC/IH el JaTh JecATHYHYI0 Apo0b (KaK B 3TOM IPHMepe), OHa W BO3BpallaeT
JeCITUYHYIO APO0b.
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NpPUMeHeHHs NpoLenyp, KOTOpylo Mbl BBesqd B pasgmene 1.1.5. Xyxe Toro, He CyllecTByeT
MPOCTOH MOJEJIH C «IIPUSITHBIMH» MaTeMaTHUECKUMH CBOMCTBAMHU, KOTOpasi Obl aleKBAaTHO OIH-
chiBasia paboTy ¢ 0ObeKTaMH M MPUCBAWBaHHEe B sI3blKaX NMPOrPaMMUpPOBaHHUS.

[Toxa MBI He TIpUMeHsieM NPHUCBaWBaHHe, [Ba BBHIUUCJEHHS ONHOH W TOH 2Ke MPOLEAYPHI C
ONHMMH U TEeMH Ke apryMeHTaMH BCerja NalT OAMHAKOBHIH pesynbTar. CTaso OBITb, MOXKHO
CUUTATb, UYTO TPOLENYPhl BHIYUCIAIOT MaTeMaTHueckKHe GyHKUHH. COOTBETCTBEHHO, MPOTpaM-
MHUPOBaHHE, B KOTOPOM MPHCBAaWBaHHE He HCMOJb3yeTcsl (KAaK y HAc B MePBBIX ABYX IJaBax
9TOU KHUTH), U3BECTHO KaK yHKYUOHAAbHOE npoepammuposarue (functional programming).

YroObl TIOHAT, KAK NPUCBAHBAHUE YCJIOXKHSIET CUTYalHI0, PACCMOTPHUM YIPOLIEHHYIO Bep-
cuio make-withdraw u3 pasgena 3.1.1, KoTopasi He NpoBepsieT, AOCTATOUHO JH Ha CUeTe
NeHer:

(define (make-simplified-withdraw balance)
(lambda (amount)
(set! balance (- balance amount))
balance))

(define W (make-simplified-withdraw 25))

(W 20)
5

(W 10)
-5

CpaBHUM 3Ty NPOLENYPY CO caefylollel npouenypoil make-decrementer, KoTopas He HC-
noJb3yetr set!:

(define (make-decrementer balance)
(lambda (amount)
(- balance amount)))

make-decrementer Bo3BpallaeT NpoLeAypPy, KOTOpPas BbIYMTAeT CBOH apryMeHT U3 ompefe-
JIEHHOTO yucJja balance, HO NpH NMOCAeN0BATe/bHBIX BbI30BAX €€ JeHCTBUE He HAKal/JIUBaeT-
Csl, KaK IIpY UCI0Jb30BaHUU make-simplified-withdraw:

(define D (make-decrementer 25))

(D 20)
5

(D 10)
15

Me1 moxkeM 00BSICHUTB, KaK padoTaeT make-decrementer, mpu MOMOIIH MOACTAHOBOYHOH
Moneau. Hamprmep, paccMOTPUM, KaK BBIYMCJSIETCS BbIpayKeHHE

( (make-decrementer 25) 20)

CHayaJia Mbl yTIpoll[aeM OMepaToOpHYIo YacTb KOMOHWHAIIMH, TOACTABss B Tejle make-decrementer
BMecTO balance 25. BoipaxeHue CBOAUTCS K
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((lambda (amount) (- 25 amount)) 20)

Ternepp Mbl IpuUMeHsieM olepaTop K omepaHAay, noacrtasass 20 BMecTo amount B Teje
lambda-BbIpaxKeHusa:

(- 25 20)

OxoHYaTe IbHBIH pe3ysnbTaT paBeH .
[TocmoTprM, 0fHAKO, YTO MPOU3OHAET, €CJU MBI MONPoOyeM MPUMEHHTh MOAOOHBIH MOACTA-
HOBOYHBIH aHa/u3 K make-simplified-withdraw:

((make-simplified-withdraw 25) 20)

CHayasa MBI yIpollaeM OIEPaToOp, IOACTaBJsAs BMecTo balance 25 B Teje make-
simplified-withdraw. Takum 06pa3om, Halle Bepa’keHHe CBOTHTCH K’

((lambda (amount) (set! balance (- 25 amount)) 25) 20)

Terneps Mbl MpUMEHsIEM OMepaToOp K OMepaHiy, MojcTaBjsisi B Tejae lambda-seipakeHus 20
BMeCTO amount:

(set! balance (- 25 20)) 25

Ecsut 661 MBI CJle10Ba/IM MTOACTAHOBOYHON MOJEJIH, HAM MPHUILLJIOCH OBl CKa3aTh, YTO BBIUKCJIEHHE
MpOLEAYpPbl COCTOUT B TOM, YTOObI CHauaJja MPUCBOUTHL MepeMeHHO#H balance 3HayeHue 5, a
3aTeM B KauyecTBe 3HaueHus BepHYTb 25. Ho 3To maeT HeBepHbiii oTBeT. UTOOB MOMYUHTH
MpaBUAbHBIA OTBET, HaM MPHIIIOCH Obl KAaK-TO OTJIHUHTH MepBoe BXoxaeHue balance (mo
TOro, Kak cpaboraeT set!) ot Broporo (mocse BbimosHeHus set!). [logcTaHoBoUYHAs MOfIEb
Ha 3TO He CIoCcoOHa.

[Ipo6sema 31eCh COCTOUT B TOM, YTO MOACTAHOBKA MPEIOJAraeT, YTO CUMBOJIBEI B HallleM
f13bIKe — TPOCTO MMeHa JJisl 3HadeHHH. Ho Kak TOJbKO Mbl BBOIUM set! W NpencTaBieHuUe,
YTO 3HauUeHHe MepeMeHHOH MOXeT U3MEHSIThCSl, TlepeMeHHas y>Ke He MOXKeT ObITb BCEro JIMIIb
uMmeHeM. Tenepb nepeMeHHasi HEKOTOPBIM 00pa3oM COOTBETCTBYET MeCTY, B KOTODOM MOXKeT
XPaHUThCSl 3HAaUYeHHe, W 3HAaYeHHEe ITO MOXKeT MeHsiThcs. B pasmese 3.2 Mbl YBUIUM, Kak B
Halllell MOJIeJIH BBIUHCJIEHUH POJib ITOTO «MECTa» UTPalOT OKPYKEHHUS.

TO)KIICCTBCHHOCTB 1 U3MEHeHue

[Ipo6sema, KOTOPHIH 31€Ch BCTaeT, IJ1y0xKe, 4eM MPOCTO MOJOMKA ONpeleeHHOH Monesn
BBIYMCJAEHUH. KaK TOJbKO MBI BBOAMM B HAIlH BBIUUC/JIUTENbHBIE MOJIEIHN MOHSATHE H3MEHEHHS,
MHOTHMe Jpyrue MOHSITUS, KOTOpble A0 CUX INOp ObLIM $ICHBI, CTAHOBATCS COMHHTEJbHBIMH.
PaccMoTpuM Bompoc, YTO 3HAYMT, YTO [BE BEIIH CYTb «OILHO U TO XKe».

JomyctrMm, Mbl 1Ba pasa 30BeM make-decrementer ¢ OOHHM U TeM e apryMeHTOM, U
noJiy4aeM JiBe MPOLENYPBHI:

(define D1 (make-decrementer 25))
(define D2 (make-decrementer 25))

IMbl He NPOM3BOAUM [OJACTAHOBKY BXOXIEHHS balance B BblpaxkeHHe set!, NMOCKoMbKY (ums) B set! He
BBIUHC/sieTcsl. Ecsii Obl Mbl TIPOBEJIM TOACTAHOBKY, MOJMYYHJIOCh OB (set! 25 (- 25 amount)), a 3T0 He UMeeT
HHUKAKOT'0 CMBICJIA.
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dBasitores au D1 U D2 OfNHUM U TeM e 00beKToM? MoXKHO cKasarb, YTO 13, MOCKOJIbKY
D1 u D2 o6safaloT OAMHAKOBBIM MOBEJEHHEM — KaxKAas M3 ITHUX MPOLEAYpP BBIUHUTAET CBOH
aprymeHT u3 25. B cyumHocTH, B J11I060M BBIYHCJIEHHH MOXKHO MOACTaBUTh D1 BMecTo D2, u
pe3ysbTaT He U3MEeHHUTCS.

Hanpotus, paccMotpum Ba BbizoBa make-simplified-withdraw:

(define W1l (make-simplified-withdraw 25))
(define W2 (make-simplified-withdraw 25))

dpnsiiorcss a1 W1 v W2 onHuMm u TeM Xe? HeT, KoHeuHO, MOTOMY uTO BbI30BH W1 U W2
NPUBOAAT K PA3/JMUHBIM pe3y/bTaTaM, KaK [10Ka3blBaeT CJeAYHoLLas M0C/el0BaTeNbHOCTb BbI-
YHUCJIEHUH:

(W1 20)
5

(W1 20)
-15

(W2 20)
5

Xotss W1 ¥ W2 «paBHBI ApPYT OPYry» B TOM CMBbICJIE, UTO 002 OHHM CO3[aHBI BHIYMCJIEHHEM Of-
HOTO U TOTO Ke BblpakeHHs (make-simplified-withdraw 25), HeBepHO, UTO B JI0O6OM
BBIPaXKEHHH MOXXKHO 3aMeHUTh W1 Ha W2, He MOBJHUSAB [IPU 3TOM Ha Pe3yJbTaT ero BHIYHUC/IEHHUS.

f3bIK, COOIOMAIIINN MPABUIO, UTO B JIIOOOM BBIPAXKEHUH «ONMHAKOBOE MOXKHO IOACTA-
BHUTb BMECTO OJMHAKOBOI'O», He MeHssl ero 3HaueHHs, Ha3blBaeTCsl pegheperyarvHo npo3pay-
Howm (referentially transparent). Ecsiu mbl BK/IOUaeM B CBOH KOMIBIOTEPHBIE SI3bIK set!, ero
pedepeHMaNbHAS TPO3PAYHOCTh HapyluiaeTcs. CTAaHOBUTCSA CJIOXKHO ONPENeNHTh, Te MOXHO
YIIPOCTHUTb BbIpaxKeHHe, MOACTABUB BMECTO Hero paBHOCHJbHOe. Cjlef0BaTeNbHO, pPacCyXKAaTh
0 TporpaMmax, B KOTOPbIX MCIOJb3yeTCsl IPUCBAaUBaHHe, OKA3blBAETCs TOPasfio CJOXKHee.

C norepe#t peepeHIHATbHON NPO3PAUHOCTH CTAHOBUTCS CJIOXKHO (POPMAJIbHO OIMKCATh I10-
HSITHE O TOM, 4TO JBa 0ObEeKTa — ONWH U TOT Ke 00beKT. Ha caMoM nesie, cMbIC/ BbIpaKeHHS
«TO e caMoe» B peajbHOM MHpe, KOTOPBIH HAlIM MpOrpaMMbl MOAEJMPYIOT, caM Mo cebe
HeJIOoCTaTOuHO siceH. B obuieM ciyuae, Mbl MOXeM [POBEPHUTh, SIBJAIOTCA JM [ABa Kak Oyn-
TO Obl ONMHAKOBBIX 0OBEKTa OJHHMM M TeM e, TOJbKO M3MeHssl OIUH M3 HUX M Habaionas,
HU3MEHHJICS JIM TaKUM ke o0pasoMm M npyroi. Ho Kak Mbl MOKeM y3HATb, «M3MEHMJCS» JH
00bekT? ToJIBKO paccMOTPEB OOWH M TOT Ke OOBEKT ABaXKAbl U MPOBEPHB, HE PA3JIHUAETCS
JIN HEKOTOPOE €ro CBOMCTBO MeXAy ABYMS HaOJIOfAEHUSIMH. TakuM 06pa3oM, Mbl HE MOXKEM
ONpefieIUTh «M3MeHeHHe», He MMesl 3apaHee [OHATHS «HAEHTHYHOCTH», a UIEHTHUHOCTb Mbl
He MOXKEM ONpeJie/IUTb, HE PacCMOTPEB pe3y/bTaThl U3MEeHEeHHH.

B kauecTBe mprmepa TOro, Kak 3TH BONPOCH BO3HHUKAIOT B MPOrPaMMHPOBAHHH, PACCMOT-
puM cutyauuio, rae y Iletpa u y IlaBna ectb no 6aHkoBckomy cdety B 100 monnapoB. 3nech
He BCE PaBHO, CMOJEJHMPYEM Mbl 3TO Uepe3

(define peter-acc (make-account 100))
(define paul-acc (make-account 100))

HUJIn



3.1. I[lpucBanBaHHe H BHYTPEHHEE COCTOSIHHE 00BbEKTOB 225

(define peter-acc (make-account 100))
(define paul-acc peter-acc)

B nepBom csydae, nBa cyera pa3auyHbl. JeHcTBUs, KOTOpble MPOou3BOAUT IleTp, He MeHSIOT
cuer IlaBsa, u Hao6opor. OnHaKO BO BTOPOM CJydae Mbl CKasajd, yTo paul-acc — 3TO
ma e camas sewp, uTo U peter-acc. Tenepp y Iletpa u y IlaBna ecTb coBMecTHBIH
6aHKOBCKHH cueT, U eciu [leTp Bo3bMeT CKOJIBKO-TO C peter—-acc, To y [laBna Ha paul-acc
OyneT MeHblie faeHer. IIpy MOCTPOEHHM BBIYMCJAHTENBHBIX MOIEJEH CXOACTBO MEXAY 3THUMHU
JBYMsI HECOBIMAJAIOIIMMH CUTyallUsIMM MOXKET MPHUBECTH K MyTaHHlUe. B yacTHocTH, B ciydae
C COBMECTHBIM CYETOM MOXKET OCOOEHHO MellaTh TO, UYTO y OZHOr0 o6bekTa (6aHKOBCKOTO
cyeTa) ecTh 1Ba UMeHH (peter-acc U paul-acc); ecad Mbl HIlleM B IPOrpaMMe BCe MecCTa,
rlle MOXKeT MeHATbCA paul-acc, Hao CMOTPeTh ellle U Tie MeHsieTcsi peter-acc!?.

B cBs3u ¢ 3THMU 3aMeuyaHUsIMH OOpaTUTe BHUMaHHEe Ha To, 4To ecau Obl Iletp u IlaBen
MOTJIM TOJIbKO MPOBEPATb CBOH MJIATEXKHBIM OaslaHC, HO HE MEHSITh ero, TO BONPOC «OAWH JIH Y
HUX CyeT?» He UMeJ Obl cMblc/1a. B oflem ciyuae, ecyu Mbl HUKOT/A He MeHsieM 00beKThl aH-
HBIX, TO MOXXHO CUHTaTb, YTO KaXKJAbli 0ObEKT NpeacTaB/seT cO00H B TOYHOCTH COBOKYITHOCTD
cBouX 4acTteil. Hanpumep, paunoHaabHOe YHCJ/IO ONpeaesaseTcss CBOUM UHCAUTENEM U 3HaMeHa-
teseM. OfHAKO MPU HaJHUYHWH U3MEHEHHH TAaKOH B3TJIs[ CTAHOBUTCS OLIMOOYHBIM, MOCKOJbBKY
Tenepb y KaXKAOro o0beKTa eCTb «MHAWBHAYaJbHOCTb», KOTOpPAsl OTJIHYAETCs OT TeX yacTeH,
U3 KOTOPBEIX OH COCTOWUT. DaHKOBCKHII cueT oCTaHeTCsl «TeM Ke CaMblM» CUETOM, AaXKe ecsu
Mbl CHUMEM C Hero 4acThb JeHer; U Hao00poT, MOXKHO HMeThb /B4 Pa3HbIX CUeTa C OAMHAKOBBHIM
cocTosiHMeM. Takue CJ0XKHOCTH — CJIeACTBHE HEe Hallero f3blKa NPOrpaMMHPOBaHUS, a HaLIEro
BOCIIPHUATHS OAaHKOBCKOTO cueTa Kak oObekTa. CKaxkeM, palMOHaJbHOE YHUCJIO0 MBI OOBIYHO He
paccmaTpuBaeM Kak M3MeHseMbld 00BbEeKT CO CBOEH MHAMBHIYaJbHOCTBIO, Y KOTOPOTO MOXKHO
OblJI0 OB H3MEHUTb YHUCJUTE/b U MO-PEXXHEMY UMETh JEJIO C «TEM XKe» YHUCJIOM.

JloBymku uMIepaTUBHOr0 NPOrpaMMHPOBAHHSA

B npoTuBonoso:KHOCTE (PYHKLHOHANBHOMY NPOrPaMMHUPOBAHHUIO, CTHJ/b MPOrpPaMMHpPOBa-
HUS, TIPY KOTOPOM aKTHBHO HCIIOJb3yeTCsl NPUCBAUBAHUE, HA3BIBAETCS UMNEPAMUBHOE NPO-
epammuposanue (imperative programming). Kpome Toro, 4to BO3HUKAIOT CJOXKHOCTH C BbI-
YUCJUTEIbHBIMU MOJAEJISIMU, MPOrPAMMbl, HANMCAHHbIE B UMIIEPATHUBHOM CTHJIE, TIOIBEPXKEHbI
TaKUM OLIMOKaM, KOTOpble B (DYHKLHOHAJNbHBIX [pPOrpaMMax He BO3HHKalOT. BcrnomHuM, K
IpUMepY, HTePaTUBHYIO IPOrpaMMmy AJs BbUMCJAeHHS paKkTopuana U3 pasmena 1.2.1:

(define (factorial n)
(define (iter product counter)
(if (> counter n)
product
(iter (* counter product)

10Korna y BHIUHC/IMTELHOMO 0GbeKTa HMeeTCs HeCKOMbKO MMEH, 3TH MMeHa HasbiBaloTes ncesdonumany (aliasing).
CuTyaluusi ¢ COBMECTHbIM GAaHKOBCKMM CYETOM — IPOCTOF NpHMep MCeBAOHMMOB. B pasnesne 3.3 Mbl yBHIMM 3Ha-
YUTeNbHO Gosiee CJIOKHbIE TPUMEPbI, CKaXKeM, «Pas/HUYHbIe» COCTABHble CTPYKTYpbl C OOLIUMH yacTsiMH. Ecsu Mbl
3alyeM, 4TO «I0OOYHBIM 5(P(HEeKTOM» B pe3y/ibTaTe H3MEHEHHsl OLHOr0 00beKTa MOXEeT CTaThb H3MeHEHHe «[pyroro»
00beKTa, MOCKOJNbKY «Pa3Hble» 0OBEKTbl — Ha CaMOM fieJie OIMH W TOT Ke MOJ Pa3HbIMH ICEBIOHHUMAaMH, TO MOTYT
BO3HUKHYTb OLIMOKH. DTH Tak Ha3biBaeMble owubKu noboursix aggexkmos (side-effect bugs) Hacronpko TpymaHO 00-
Hapy>KHBaTb M aHa/JH3MPOBaTh, YTO HEKOTOPbIE HCCJIE0BATENH BBICTYIA/H C MPEIOKEHHSIMHU He JOMyCcKaTh B sI3bIKaxX
nporpaMMHpoBaHusi noGouHele 3ddexTrl U ncepgoHuMsl (Lampson et al. 1981; Morris, Schmidt, and Wadler 1980).
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(+ counter 1))))
(iter 1 1))

BmecTo Toro, uto6el nepenaBaTb apryMeHTbl BO BHyTPEHHEM HTEPAaTUBHOM LIMKJE, MBI MOTJIH
Obl HanmucaThb NpOLEAYpPY B Oosiee HMIIEPAaTHUBHOM CTHJ/E C UCIOJNb30BAHHEM NPUCBAUBAHHUS IS
0OHOBJIEHHUS] 3HAUEHUH NepeMeHHBIX product U counter:

(define (factorial n)

(let ((product 1)
(counter 1))
(define (iter)
(if (> counter n)
product
(begin (set! product (* counter product))
(set! counter (+ counter 1))
(iter))))
(iter)))

PesynbTatel, BEIIaBaeMble IPOrPAMMOH, TIPU TOM He MEHSFOTCSl, HO BO3HMKAET MaJjleHbKasi Jio-
Byuika. Kak onpenenuTb nopsiiok NpucBauBaHUU? B nMelolemcs BUe IporpaMMa KOppeKTHa.
Opnnako ecau 6bl Mbl 3aMUcany MPUCBAWBAHUS B OOPAaTHOM IOpSIAKE:

(set! counter (+ counter 1))
(set! product (* counter product))

— nosyuyuJcst 66l IPYro#, HeBepHbIH pe3ysabpTar. Booblle, nporpaMMHUpPOBaHHUE C UCIIOJb30Ba-
HUeM NPUCBAHBaHUSA 3acTaB/sieT HAC TLIATeJNbHO CJIEAWTb 3a MOPSAKOM NPUCBAWBAHUH, Tak,
4yTOOBl B KaKJOM HCIOJb30Ba/Iach NpPaBUJbHAs BepCUs 3HAYEHHUS NepeMeHHBIX, KOTOpble Me-
HAtoTCsA. B DyHKLMOHANBHBIX IPOrpaMMax TakHe CJ0XKHOCTH MPOCTO He BOSHHUKAKT!!.
CJ/I0)XHOCTb MMIIEPATHBHBIX NPOTPAMM elle YBeJMYMBAETCS, €CJM Mbl HAUMHAaeM paccMmar-
pUBaTb TIPUJIOXKEHHUS, Tle OJHOBPEMEHHO BBIMOJHSETCS HECKOJBbKO TpoueccoB. K aTomy Mbl
ellie BepHeMcsl B pasfese 3.4. OngHako cHauasa Mbl 00paTUMCS K 3afaye MOCTPOEHHUS BBI-
YUCJAUTEJbHOH MOLEJU AJS BblpaxKeHUH, colepKalllMxX IPHCBAaUBaHHeE, a TaKKe H3yuHM, Kak
UCII0Ib30BaTh 0OBEKTHI C JIOKAJbHBIM COCTOSTHUEM TIPU MPOEKTHPOBAHWH MOIENHUPYIOLUIUX MPO-

rpaMM.

Ynpaxnenue 3.7.

PaccmoTpuM 00beKTh-6aHKOBCKHE cueTa, CO3faBaeMble NPOLeAypol make-account, U cHaGKeHHble
napoJsisiMM, KakK 3TO OMHcaHo B ynpaxkHeHuu 3.3. [Ipeamosioxkum, uto Haua GaHKOBCKas CHCTeMa Tpe-
6yeT OT Hac yMeHHs MOPOXKJaTb COBMecTHBIe cueTa. Hanumure npouenypy make-joint, kotopast 3To
nenaet. Make-joint po/’kHa NpUHMMATh TPU aprymeHTa. [1epBblil M3 HUX — 3allMILEHHBIH MapoJem

TlosTOMy cTpaHHO M CMeLIHO, UTO BBOAHbIE KyPChl IPOrpAMMHPOBAHHUS UACTO UHTAKTCS B [MyGOKO MMIIEpPaTHBHOM
ctuise. Moxet ObITh, CKa3bIBAIOTCS OCTATKH pacrpocTpaHeHHoro B 60-e u 70-e rogbl npecTaBieHHUs], YTO IPOrPAMMEL,
KOTOpble BBHI3BHIBAIOT MPOLIENYPl, HelpeMeHHO OynyT MeHee 3((QeKTHBHbBI, YeM Te, KOTOPHIE MPOM3BOAAT MPHCBaKBa-
uus. (Steele 1977 paseHunBaer 3toT aprymeHt.) C Apyroil CTOPOHBI, BO3MOXHO, CUMTAeTCs, YTO HOBMUYKAM Jlerie
TpeNCTaBUTh TIOLIAroBoe NPHUCBAHBaHKeE, YeM BbI30B Npoleaypsl. Tak WM WHaue, IPOrPaAMMHCTaM 4acTO NMPHUXOLHUTCS
3a60TUTBCSI O BOMPOCE <«IPHCBOMTH CHAayala 3Ty NePeMEHHYI0 WM TyP?», a 3TO YCJOXKHSET NPOrpaMMHDOBAaHHE H
3aTeMHsleT BaKHbIE HIEH.
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cyet. Bropoii 06si3aH coBnanarb ¢ napoJieM, ¢ KOTOPhIM 3TOT cueT OblJ CO3aH, MHaue make-joint
oTKaxketcsi paboraTb. TpeTuil aprymeHT — HOBHIH napoJb. Hanpumep, ecin 6aHKOBCKHI cueT peter—
account OblJI CO3[aH C NapoJieM open-sesame, TO

(define paul-acc
(make-joint peter-acc ’open-sesame ’'rosebud))

MO3BOJIUT HaM IPOBOAHTb ONepaluu ¢ peter-account, Hcnosb3ys HUMs paul-acc M mapoJb
rosebud. Bam moxer norpe6oBarbcs nepepaboTaTh pelleHHe yNpakKHeHHs 3.3, uToObl 100aBUTb 3TY
HOBY0 BO3MOXXHOCTb.

Ynpaxnenue 3.8.

Korna B paspmesne 1.1.3 Mbl ompenesisiii MOZesb BBIUMCJIEHHH, Mbl CKa3asd, YTO MEPBBIM LIAroM MpH
BBIUMC/IEHUH BbIPAXKEHHUS SIBJISETCS BblUHCJEHHe ero noasblpakeHWi. OoHAKO Mbl HUTLE He yKasaju
MOPSIIOK, B KOTOPOM MPOXOAHT BbIYMC/IEHHE TOABbIPaKeHHUH (c/1eBa HampaBo WJM crpaBa HajeBo). Korna
Mbl BBOAMM IpPHCBaUBaHHWe, MOPALOK, B KOTOPOM BBbIYHUC/AKTCA apryMeHThbl IPOLEAYpPbl, MOXKeT IMOBJH-
ATb Ha pesysbrar. Onpepenure npoctyio npouenypy £, tak, uto6wl BerunciaeHue (+ (£ 0) (£ 1))
Bo3Bpaulano 0, eciu apryMeHTBl + BBIYMC/AIOTCS CJ1€Ba HANpaBo, M 1, ecJM OHM BBIYHUCJSIOTCS CIpaBa
HaJIeBo.

3.2. MopeJsb BbIYHMCIEHNA C OKPYIKEHUAMH

Korna B riiaBe 1 Mbl BBOAWJIM MOHSITHE COCTABHOH MPOLEAYPHI, TO AJIsI TOTO, YTOOHI OMpee-
JIUTh, YTO 3HAYHT MPUMEHEHHE MPOLEAYPHl K apryMeHTaM, Mbl 10/1b30Ba/NCh MOACTAHOBOYHOH
MOJIeNbi0 BbluKcaeHnH (pa3men 1.1.5):

e UT0oOb NPUMEHHTDh COCTABHYIO NPOLENypPYy K apryMeHTaM, Hy>KHO BBHIYUCJHUTb TeJO IMpo-
LeIypel, TIOACTABUB BMECTO KaxKA0To (DOPMajbHOrO NMapaMeTpa COOTBETCTBYIOILHMH eMy
apryMeHT.

Kak To/bKO Mbl BBOAHMM B SI3bIK NMPOrpaMMHpPOBAHHUS NPHUCBAaUBAHKE, 3TO ONpeLeJieHHe Ile-
pecrtaer ObiTh ajekBaTHBIM. A HMeHHO, B pasgesne 3.1.3 yKasblBajoCh, UTO B MPUCYTCTBHH
NPUCBAHUBAHUs MEPEMEHHYIO YK€ HeJb3sl pacCMaTpUBaTh MPOCTO KaK MMs 1Js 3HadeHus . [le-
peMeHHasi IO/KHA KaKHM-TO 00pa3oM 0603HayaTb «MeCTO», Ile 3HaYeHHEe MOXKET XPaHUTbCS.
B Hale#i HoBOH Moze/IM BbIUMCJAEHHH TakHe MecTa OyoyT HaXxOOUThCS B CTPYKTYpax, KOTOpble
Mbl Ha3blBaeM Okpyscenuamu (environments).

OkpyxeHue mpeacTaBisieT coboil mocsenoBarenbHocTh Kadpog (frames). Kaxpeiit kamp
ecTb (BO3MOXKHO, mycTast) Tabmuua cessvieanuil (bindings), KOTOpbie COMOCTABASIOT UMEHA
NepeMeHHBIX COOTBETCTBYIOLIMM 3HaueHUsIM. (Kaxknblii Kanp mHoJ/keH comepxkaTb He GoJiee of-
HOTrO CBsI3bIBAHMS 1JIs1 KaXKIOH NaHHOH mepeMeHHOH.) KpoMe Toro, B Ka)KIOM Kajipe HUMeeTcs
yKasaresb Ha ob6vemaroujee okpyacerue (enclosing environment), Kpome Tex cjaydaes, KOraa B
paMKax TeKyllero o6CyKAeHHUs] OKpYyKeHHe cyuTaercs esobarvroim (global). Snauenue nepe-
mennoti (value of a variable) mo oTHOIWIEHHIO K TaHHOMY OKPY2KEHHIO €CTb 3HAaUYEHHE, KOTOPOe
HaXOUTCS B CBSI3bIBAHHMHU [JIs1 9TOH NMepeMEeHHOH B MEPBOM Kaipe OKPYKeHHsl, ColeprKalleM
Takoe CBf3blBaHHe. Ec/M B Moc/ae0BaTe/IbHOCTH KaPOB HU OIUH He yKa3blBaeT 3HAUeHUs M1
IaHHOU MepeMeHHOH, rOBOPAT, UTO NepeMeHHas Hecsasara (unbound) B OKpy:KeHHH.

Ha pucynke 3.1 nsobpaxkeHa npoctasi CTPYKTypa OKPYKEHHH, KOTopasi COCTOMT U3 Tpex
Kanpos, nomedenubx yuciaamu I, II u III. Ha stoii muarpamme A, B, C u D — ykasatesu
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Puc. 3.1. IlpocToii mpuMep CTPYKTYpbl OKPYKeHHH

Ha okpyxeHus. C u D ykaspiBaloT Ha ofHO U TO ke OkpyxkeHue. B kanpe Il cBsisbiBaiorcsi
IlepeMeHHBle Z U X, a B Kaape | nepemenHsle y U x. B okpyxenun D nepemenHas x umeet
3HaueHue 3. B okpyxeHuu B 3HaueHHe mepeMeHHOH X TakxXKe PaBHO 3. DTO ONpeNesseTcs
CJIefyIOIMM 06pa3oM: Mbl paccMaTpHUBaeM IepBbIE Kaap B nocsenoBatesnbHocTH (kaap III) u
He HaxoOWM TaM CBSI3bIBAHMS [JISI MEepeMEHHOH X, TaK 4TO Mbl MEPEXOAHUM K oObeMJItolle-
My OKpyxxkeHHI0 D W HaxomuM cBsidbiBaHue B Kazape I. C npyroil CTOpOHBI, B OKpYyXKeHHH A
3HayeHHe MepeMeHHOH X paBHO 7, MOCKOJBKY MepBblH Kanp okpyxeHus (kaap II) comepxur
CBsI3bIBaHHE X CO 3HadeHHeM 7. [1o OTHOIIEHHIO K OKPYXKEHHIO A TOBOPUTCS, YTO CBSI3bIBAHHE
x co sHauyenueM 7 B kaxpe Il ckpoisaem (shadows) cBsisbiBanue x co sHaueHuem 3 B Kazpe l.

Oxpy:KeHHe HWIrpaeT BaXHYI pOJib B IpOLECCe BBIUUCJAEHHS, IOCKOJbKY OHO OIlpe-
JessleT KOHTEKCT, B KOTOPOM BblpaxKeHHe J[OJKHO BbIYMCIATbCA. B camom nese, MOX-
HO CKasaTb, 4YTO BbIpaKeHH§l S3blKa [POrpaMMHUpOBAHHS caMM Mo cefe He UMe-
I0T 3HaueHUs. DBhlpaxkeHue npHoOpeTaeT 3HAauyeHHE TOJbKO [0 OTHOLIEHHIO K OKpYKe-
HUIO, B KOHTEKCTEe KOTOPOTO OHO BblUMcHseTcs. Jlake HHTepnpeTauuss CTOJNb MNPOCTO-
ro BbIpa)keHHsl, Kak (+ 1 1), 3aBUCHT OT Hallero I[OHHMaHHUs, 4YTO Mbl pabora-
eM B KOHTeKCTe, IIe + SB/SeTCH CHMBOJOM CJOXKeHHS. TakuM o6pa3oM, B HalleH
Moleau Mbl Bcerga OyneM TOBOPHTb O BbIYMCJEHHUM BblpaXKeHUS] OTHOCHTEJbHO HEKO-
TOporo OkpyxXeHus. [IpM onucaHuM B3aMMOIEHCTBHA C HHTEpIpeTaTopoM Mbl Oynem
npeanoJsarath, 4YTO CYIIECTBYyeT TIJoOajJbHOEe OKpYXkKeHHe, COCTOsillee M3 ONHOr0 Kaj-
pa (6e3 OOBEMJIIOIIETO OKPYXKEHHs), U UTO T06aJbHOE OKPYKEHHE CONEPKHUT 3Ha-
YeHUs] [JIs1 CHMBOJIOB, OO0O3HAUAWIIMX 3JEMeHTapHble mpouenypol. Hanpumep, wuHpop-
Malus O TOM, UTO + CJYXXKHMT CHUMBOJIOM CJOXKEHHS, BblpaxkaeTcsi KaK YyTBepxKIeHHe,
4YTO B IJ00aJbHOM OKPYXXKEHHH CHMBOJ + CBf3aH C 3JIeMEHTapHOH IpOLEeLYypOH cJoxKe-
HUS.

3.2.1. IIpaBuja BbIYUCIEHUS

O611ee onucaHue TOro, KaK HHTEPIPETATOP BHIUUC/SET KOMOWHAIMIO, OCTAeTCsl TaKUM JKe,
KaK OHO OblJI0 BBeieHO B pasjese 1.1.3:
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° ,U,JIF[ TOro, 4TOObl BHIYUCJUTh KOMOUHALIUIO, HY2KHO!

— BBbIYHCAUTD MOABbIPaKkeHHs KOMGHHAIMK 2,

- HpI/IMeHI/ITb 3HaYeHHE BbIpa>KEHHUA-0MepaTopa K 3HaYeHUAM Bpra)KeHI/II:I-Ol'IepaH,U,OB.

Mopenb BbIUMC/IEHHS C OKPYXKEHUSIMH 3aMeHseT MOJCTAaHOBOYHYIO MOZeEJb, I10-CBOEMY OIlpe-
JleJisisl, UTO 3HAUUT NPUMEHHUTh COCTABHYIO NPOLENYpPY K apryMeHTaM.

B Monenn BbIYHMC/AEHHS C OKPYKEHHSIMU NMPOLEAYpPa BCeraa NPeACTaB/seTcs B BUAE MapHl,
cocTosilled U3 KoJa U yKasaTeJ/sl Ha Hekoe okpyxeHue. [Ipouenypa cosgaercss eAMHCTBEHHBIM
croco6oM: BbluMcjeHHeM lambda-BbipaxeHus. Takoe BbIYHMC/IEHHE [JaeT B KaueCTBe pe3yJbTa-
Ta MpoLenypy, KoI KOTOpod Oepercs U3 Tes1a lambda-BblpaxKeHHUs], a OKpPyKEeHHe COBIAJAeT C
OKpY2KeHHEM, B KOTOPOM OblJIO BBIUHCJIEHO BbIPa’KE€HUE, UbUM 3HaYeHHeM SIBJISIETCS MIPOLefypa.
Hanpumep, paccMoTpum onpeneseHue NpoLenypbl

(define (square x)
(* x x))

KOTOpPOe BBIYMC/SAETCS B r100aNbHOM OKpyKeHHH. CHHTAKCHC ONpeleseHHs TPOLenypsl —
BCETO JIMLIb CHHTAKCHUECKHH caxap sl moipasyMmeBaeModl lambda. C TeM e ycrexom
MOXKHO OBIJIO HalKCaTb BblpakeHHe

(define square
(lambda (x) (* x x)))

KOoTOpoe Beluyuc/seT (lambda (x) (* x X)) U CBA3BIBAET CUMBOJ square C NOJy4YeHHBIM
3Ha4YeHHeM, BCe 3TO B I7100aJbHOM OKDYXKEHHH.

Puc. 3.2 mokasbiBaeT pe3ysnbTarT BbluMciaeHHs lambda-BblpaxeHus. O6bekT-npouenypa
npefcTaB/sieT coboil mapy, Koi KOTOPOH YyKas3blBaeT, 4TO Mpoleaypa MPUHUMAaeT OAHMH (op-
MaJsIbHBIH MapameTp, a MMEHHO X, a Teqo ee (* x x). OkpyKeHHe NpoUeNypbl — 3TO
yKasarteJb Ha rao0ajbHOe OKpy»KeHHe, TOCKOJbKY MMEHHO B HeM BBIUMC/sAJIOCH lambda-
BbIpaKeHHe, TIPH TMOMOLIM KOTOPOro npouenypa Obliaa nopoxieHa. K riobanbHoMy Kaapy Io-
6aBHJIOCh HOBOE CBSI3bIBAHHUE, KOTOPOE COMOCTaB/IsAeT NPOLeNypPHbIH 00BbEKT CUMBOJY square.
B o6wem ciyuae define cospaer onpesesieHus, 100aBJsis HOBblE CBA3bIBAHUS B Kaipbl.

Tenepp, Korma Mbl pacCMOTPEJH, KaK IMpPOLEAYPbl CO3JAIOTCS, Mbl MOXKEM ONHCAaTh, Kak
OHHU NpHUMeHsI0TCs. Mozesb ¢ OKpy»KeHHSIMH TOBOPUT: UTOOBI MPUMEHHTb MPOLEAYPY K apry-
MeHTaM, CO3/laliTe HOBOE OKPYKEHHE, KOTOpPOe COAEepPKUT KaAp, CBA3BIBAIOLIMK MapaMeTphl CO
3HauUeHUAMH apryMeHToB. O0beMJIIOIINM OKPY2KEHUEM MJiS HOBOTO Kalpa CJAYKHUT OKPY2KeHHe,
Ha KOTOpOe yKasblBaeT Npolenypa. Ternepb TpeGyeTcs BBINOJHHUTb TeJO MNPOLEAYPhl B 3TOM
HOBOM OKPY2KE€HHH.

Yro6bl NMPOUNIIOCTPHPOBATb, KaK padoTaeT 3TO HOBOE MPaBHJO, HA pHC. 3.3 TOKaszaHa
CTPYKTypa OKpYKEHHH, Co3/aBaeMasi IpH BbIYUCJIEHUH BBIpaXKeHUs1 (square 5) B riobasb-
HOM OKpYXKEHWH, eCcjlM square — MpoLeaypa, NOpoxAeHHas Ha pucyHke 3.2. [IpumeHeHue

12TTpucBanBanye BHOCHT ONHY TOHKOCTD B INar | mpaBusia BhuMcIeHus. Kak MokasaHo B ynpaskHeHUH 3.8, TIpHCBa-
UBaHMe M03BOJISIET HaM MHCaTh BblPaXKEHHs, KOTOPble UMEIOT Pa3jHyHble 3HAUYEHHUs] B 3aBUCHMOCTH OT TOTO, B KAKOM
TNOpsIIKe BBIYUCISIOTCS MOABbIPaXKeHHs KOMOMHaUWHM. TakuM 06pa3oM, 4ToObl OBITH TOYHBIMH, Mbl AOJKHBI OBIIH
Obl yKa3aTb NOPSIOK BbYMCJIEHHMH Ha Iuare 1 (HampuMmep, cjeBa HampaBo MJM crpaBa HaseBo). OfHaKo 3TOT mops-
JIOK BCErna AO0JKeH paccMaTPUBAThCsl KaK NeTajb peanH3allid, M NMHCaTbh MPOrPAMMbI, KOTOPHIE 3aBUCAT OT MOPSAKA
BBIYHCJIEHHS] apryMeHTOB, He ciefyer. K mpuMepy, MPOABHHYTHIH KOMIMJIATOP MOXKeT ONTHMH3HPOBATh MpPOTpPamMMy,
U3MeHsIs TIOPSII0K, B KOTOPOM BBIUMC/ISIIOTCS TOJBBIPAXKEHHUS.
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roGansHoe | APYTHE TEDEMEHHbIE

—=
OKpPYXEHHE | gquare :T

(define (square x)
(* x x))

napameTpsl: x
TeJo: (* X X)

Puc. 3.2. CtpyKTypa OKpy»KeHHH, nopoxaaemas BbluucieHueM (define (square x) (*
X X)) B rJ106a7bHOM OKPYKEHHUH.

npyrue nepeMeHHble
rjo0aJjibHOe Py P

—=
OKpY2XKeHHEe [square:

(square 5)

El—= x:5

napameTphl: X (* x x)
TeJo: (* X X)

Puc. 3.3. OxpyxeHHe, co3aBaeMoe MPH BBIUUCJIEHUH (square 5) B rio6anbHOM OKpYKe-
HUU.

NpoLeAypPbl MPUBOAMUT K CO3/IaHHIO HOBOTO OKPY2KEHMs, KOTOPOe Ha pHUCyHKe 0603HaueHO Kak
El, u 310 OKpyKeHHe HAauMHAETCS C KaApa, B KOTOPOM X, (hOpMaJsIbHBIN NapaMeTp MpoLeLypbl,
CBsI3aH C apryMeHTOM 5. YKasaresb, KOTOPbIH BeIeT U3 TOTO Kaapa BBepX, MOKa3bIBAEeT, UTO
00beMJIIOILIMM AJI 3TOTO OKPY2KeHHUs siB/seTcs ryobanbHoe. [yobanbHoe OKpyKeHHe BhIOHpa-
eTCsl IOTOMY, UTO UMEHHO Ha Hero CChlJaeTcsl MpouenypHbIH 00beKT square. Buytpu E1 Mbl
BBIUMCJISIEM TeJIO mpouenypsl, (* x x). [lockonbky 3HaueHue x B E1 paBHO D, pe3sysnbTaTrom
6ymer (* 5 5), nau 25.
Mopesib BEIUHCTEHHS C OKPYKEHHUSMH MOXKHO BKpaTle ONUcaTh ABYMs MpPaBUJIaAMU:

o [lpouenypHblil 06BEKT NpUMeHseTCs K HAa00py apryMeHTOB IIPH MOMOLIM CO3JaHHS Kaj-
pa, cBsi3bIBaHUS (DopMaJibHBIX MapaMeTpoB MPOLENypbl C apryMeHTaMM BbI30Ba, M, HaKOHeLl,
BBIUMCJIEHHS TeJia MPOLENypPbl B KOHTEKCTE TOTO CBEKECO3NAHHOTO OKpPYy:KeHHs. B kauectBe
00beMJIIOILIETO OKPYXKEHHsI HOBBIE Kaip MMeeT OKDYXKeHHe, coleprKalleecs B MPUMEHSIEMOM
NPOLENYPHOM 0ObeKTe.
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o [lpouenypa cosnaercs npu BbluMcJeHHU lambda-BblpaxKeHHs 110 OTHOLIEHHIO K HEKOTO-
pomy okpyxkenuio. [Tonyyaromusics npouefypHbeli 06beKT ecTh Mapa, COCTOsILasi U3 TeKCTa
lambda-BbIpakeHHs U yKasaTeJssl Ha OKpyXKeHHe, B KOTOPOM Npoueaypa Obla co3naHa.

Kpome Toro, Mel yKasbiBaeM, 4TO KOTZa CHUMBOJ OINpefessercs npu nomomwu define,
B TeKYIleM Kajpe OKDPYXKeHHs CO31aeTcCsl CBSI3bIBAHHE, W CHMBOJY [PHUCBAaHBaeTCsl yKasaH-
Hoe 3Hauenue'. HakoHell, Mbl OmHCHIBaeM MoBefieHMe set!, omepalyu, M3-3a KOTOPOH HaM,
COGCTBEHHO, W MPHUIILJIOCH BBECTH MOJEJb C OKPYKEHHsSIMH. BbluncieHue BbipaxkeHus (set!
(nepemennasi) (3HaueHue)) B HEKOTOPOM OKPYXKEHHH 3aCTaBJSIET MHTEPIPETATOP HAUTH
CBsI3bIBAHHE [EPEMEHHOH B OKDPYXKEHHU M HM3MEHHTb 3TO CBf3bIBAHHE TaK, YTOObI OHO YKa-
3bIBAJI0 Ha HOBOe 3HaueHHe. A MMeHHO, HYXKHO HalTH NepBBIH Kaap OKPYKeHHsl, B KOTOPOM
CONEPKHUTCS CBSI3bIBAHME MJIsI IepPeMeHHOMH, ¥ U3MEHUTb 3TOT Kaap. Eciu nepemeHHast B oKpy-
JKEHHH He CBsI3aHa, set! curHanusupyer o6 ouubKe.

Bce 3TH mpaBusia BBIYKMC/IEHHUS, XOTSI OHH 3HAYUTENBHO CJIOXKHEE, YeM B MOACTAHOBOYHOM
MOJIeJIM, HOCTATOYHO NPOCTH. DoJjiee TOro, MOIe/b BHIYMCICHNH, HECMOTPS Ha CBOIO abCTPaKT-
HOCTB, JlaeT NPaBUJIbHOE OMMCAHHE TOTO, KAK MHTEPIPeTaTOp BBIUHC/SIET BblpaxKeHUs. B ria-
Be 4 MBI YBHIUM, KaK 3Ta MOIEJb MOXET CJYKHTb OCHOBOH [IJs peasu3alyd paboTaiollero
HHTepIrpeTaTtopa. B moc/jenyomux pasfesnax aHaJd3 HeCKOJbKHX MPUMepOB MPOTpaMM pac-
KPBIBAET HEKOTOPHIE JETAJIH ITOH MOMAEJH.

3.2.2. IIpumeHeHUEe NMPOCTBIX MPOLELYP

Korpa B pasmesie 1.1.5 Mbl onmuCHIBaJM MOACTAHOBOUHYI MOJEJb, MBI MOKAa3ajH, KaK Bbl-
yuceHue KomOuHauuu (£ 5) pmaer pesysnbrar 136, eciu maHBI CieyloLle ONpeeNeHHUs:

(define (square x)
(* x x))

(define (sum-of-squares x y)
(+ (square x) (square y)))

(define (f a)
(sum-of-squares (+ a 1) (* a 2)))

Tenepp Mbl MOXKeM NPOAHANH3UPOBATH TOT K€ CaMblH MPUMeEP, UCHOJAb3Ys MOLEJb C OKpYKe-
HuaMd. Ha pucynke 3.4 usoOpaxkeHbl TPU NPOLENYPHBIX 0OBEKTa, CO3/aHHblE BbIYMC/IEHHEM
B I7100a/bHOM OKDYXKEHHH onpeneneHuil f, square, u sum-of-squares. Kaxapil npoue-
IYPHBIH 00BEKT COCTOUT M3 KyCKa KOJa M yKasaTesisl Ha ryo0ajbHOe OKpyXKeHHe.

Ha pucyHke 3.5 Mbl BUIHUM CTPYKTYPY OKPY2KeHHH, CO3NaHHYIO BbIYMCJIEHHEM BbIpaKEHHS
(f 5). BrisoB f cosmaer HOBoe okpyxeHue El, Haumnaiwlieecs ¢ Kagpa, B KOTOpPOM a,
(opmanbHEIE mapamerp f, cBs3blBaeTcs ¢ aprymeHToM 5. B okpyxeHun E1 Mbl BhluHC/siEM
Teqo f:

(sum-of-squares (+ a 1) (* a 2))

I3Ecau B TeKYILeM Kajipe y»Ke HMeJOCh CBSI3bIBAHHE JJIS1 YKa3aHHOH NepeMeHHOH, TO 3TO CBS3bIBAHHE H3MEHseT-
csi. DTO MPaBUJIO YAOOHO, MOCKOJIBKY MO3BOJISIET NEPEONpefessiTh CUMBOJIbI; OJHAKO OHO 03HAuaeT, YTO MpPH MOMOLIH
define MOXHO H3MEHSITb 3HaUeHHe CHMBOJIOB, a 3TO BJieyeT 3a co60H Bce MpobJieMbl, CBA3aHHBIE C IIPHCBaHBaHUEM,
6e3 sIBHOTO MCIOJb30BaHUsl set!. [lo 3Toll MpUUHHE HEKOTOpble MPEANOYUTAIOT, UTOOH! MepeorpeiesieHHe CyIeCTBY-
IOLIero CUMBOJA BbI3bIBAJIO MpeLyIpexKIeHHe Il cooblieHue 00 olnoKe.
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sum-of-squares:
rio6abHOe .
OKPYKEHH square:
f:j
napaMmeTpel: a napameTpsl: X napameTpel: X, Yy
Teqo: (sum-of-squares TeJo: (= x x) Teqno: (+ (square x)
(+ a 1) (square y))
(+ a 2))

Puc. 3.4. TlpouenypHble 06beKTHl B II06aJbHOM Kaape OKPYKEHHS.

riao6ajibHOE
ox&pymem@
El__ - a:5 E2___|x:6 E3_-| %:6 E4‘%>x:10
y:10
(sum-of-squares (+ (square x) (* x x) (* x x)
(+ a 1) (square y))
(+ a 2))

Puc. 3.5. OxpyxeHHsi, co3laHHBle NMpPU BblYKcAeHHH (£ 5) ¢ HCHNONB30BaHHEM MpPOLENyD,
n306pakeHHbIX Ha puc. 3.4
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Jlnst BbluMC/IeHUs] 3TOH KOMOMHALMK CHadaja Mbl BBIUKCJ/SIEM MOJBbIpaXKeHHs. 3HaueHHe
MepBOro MOABbIpaXkeHHs, sum-of-squares — npouenypHblii 06bekT. (O6paTuTe BHHMaHUeE,
KaK Mbl HaXOOUM 3TOT OOBEKT: CHadaja Mbl MpocMaTpuBaeM mnepBbidl Kanp El, koTopeiil He
COMIEPXKUT CBSI3bIBAHUS /151 lepeMeHHON sum-of-squares. 3aTeM Mbl EPEXOIUM B 0OBLEM-
JIIolllee OKpY2KeHHe, a HMeHHO Iyo0anbHoe, U TaM HaXOQUM CBSI3blBaHUe, KOTOpOe MOKa3aHo Ha
puc. 3.4.) B ocraBuuxcs AByX MOABBIPAXKEHHSIX dJeMEHTapHbIe OMePallu + U * NPUMEHSIOTCS
MIpY BBIUKCJEHUH KOMOWHAUWU (+ a 1) u (* a 2), U JaT, COOTBETCTBEHHO, PE3YJIbTATHI
6 u 10.

Tenepb Mbl MpUMeHsieM MPOLEAYPHBIH 00beKT sum-of-squares K aprymedHtam 6 u 10.
[Tpu atom cosnaercst HoBoe oKpyxkeHue E2, B KoTopoM (opmaJsibHble MapaMeTphbl X U Y CBS3bI-
BAIOTCS CO 3HaYeHHsIMU apryMeHToB. BHyTpu E2 mbl BeluKc/asieM KoMOMHaUMIO (+ (square
x) (square y)). [asa satoro Ham TpeGyeTcsl BHIYUCAUTL (square X), MPUYeM 3HAueHHe
square Mbl Haxo[uUM B TJ106aJbHOM OKPYXeHWH, a X paBeH 6. Mbl onsTh CO3[laeM HOBOe
okpykeHue, E3, rme x cBs3aH cO 3HauyeHHeM 6, U rle Mbl BHIYUCJSEM TeJO Square, TO eCTh
(* x x). Kpome Toro, kak uactb BblYHC/AeHHUs sum-of-squares, HAM HYXKHO BBIYUC/IHUTD
nojBbipaxkeHue (square y), rae y paBeH 10. DToT BTOpOH BBI30OB square CO3/aeT ellle
onHo okpyxxeHue E4, B KoTopoM X, (opMmajibHbIH MapamMeTp square, CBsi3aH CO 3HaYeHHEM
10. Buytpu E4 Ham HY>KHO BBIUHMCIUTB (* X X).

BaxxHo 3aMeTHTh, YTO KaXKIbIH BBI30B Square CO3[JaeT HOBOE OKPYKEHHE C HOBBIM CBSI3bI-
BaHMWEM [J5 X. lernepb Mbl BUAUM, KaK pa3fesieHHe KaApPOB CJYKHUT IJIs TOTO, UTOObl pa3HbIe
JIOKaJIbHble NTepeMeHHbIe N0 HMEHU X He CMeUIMBa/iCh. 3aMETHM, KPOMe TOT0, UTO BCe KaJphbl,
CO3[aHHBle MPOLENyPOll square, yKasblBalOT Ha 100anbHOE OKpyKeHHe, MOCKOJbKY yKasa-
TeJIb UMEHHO Ha 3TO OKPyXKeHHe CONEPKUTCS B TPOLENYPHOM 0ObeKTe square.

[Tocsie Toro, Kak MOABBIPAXKEHHS] BBIYMCJSIOTCS, OHH BO3BpPAllAlOT 3HAueHWs. 3HAYeHHS,
MOPOXKJAEHHbBIe NBYMS BbI30BAMHM Square, CKJaAbBAOTCAd B sum-ofsquares, U 3TOT pe-
3ysnbTaT Bo3Bpaulaercs npouenypoi f£. Ilockosbky ceiiuac Halle BHMUMaHHE COCPENOTOYEHO
Ha CTPYKTypaX OKPYKeHHH, Mbl He OyneM 3lecb pa3bupaTbesl, KaK 3HaUeHUs NepefaroTcs OT
BbI30BA K BBI30BY; OJIHAKO HAa CaMOM JeJle 3TO BaKHasi 4yacTb NpoLecca BBIYMUCJIEHHS, U MBI
JIeTaJlbHO PaCCMOTPHUM €€ B IJiaBe O.

Ynpaxnenue 3.9.
B paspmesie 1.2.1 Mbl ¢ MOMOLILbIO MOACTAHOBOYHOH MOJENH aHAMU3UPOBAJIU JBE NPOLEAYPbl BHIYUCIEHUS
(baxTopHaa, peKypCHBHYIO

(define (factorial n)
(if (= n 1)
1
(* n (factorial (- n 1)))))

U UTEPATHBHYIO

(define (factorial n)
(fact-iter 1 1 n))

(define (fact-iter product counter max-count)
(if (> counter max-count)
product
(fact-iter (* counter product)
(+ counter 1)
max-count)))
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[TponeMoHCTPUPYHTe, KaKHe CTPYKTYpbl OKPY»KeHHH BO3HMKHYT HpH BbiuMcaeHHH (factorial 6) c
ka0l M3 Bepcuil mpoueayps factoriall,

3.2.3. Kaapsl Kak XxpaHuJIulle BHYTPEHHEro COCTOSTHUS

Terepb MBI MOXeM OOPAaTUTbCS K MOAEJH C OKPYXKEHHUSMH U PACCMOTPETb, KaK MOXKHO
C TIOMOLIbIO TIPOLIEAYP W TMPHUCBAUBAHUS MPEACTABAATb OOBEKTHI, 0OJajaroliie BHYTPEHHUM
cocTosiHMeM. B kauecTBe mprMepa Bo3bMeM «00pabOTYMK CHSITHS JEHEr CO CueTa» U3 pasle-
Ja 3.1.1, KoTopbli co3naeTcsl BBI30BOM INPOLELYpHI

(define (make-withdraw balance)
(lambda (amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepocTaTOUHO OeHer Ha cuere")))

OnuieM BBIYHCJIEHHE

(define W1 (make-withdraw 100))
3a KOTOPbIM CJieAyeT

(W1 50)

Ha pucyHke 3.6 mokasaH pesysbratr onpefeseHus make-withdraw B ri06ajibHOM OKpY2Ke-
Huu. [lonydaercss mpouenypHbli OOBEKT, KOTOPHIH COLEPKHUT CCBHIIKY Ha TJ100ajJbHOE OKpY-
eHue. [lo cux mop Mbl He BHAHMM OCOOBIX OTJIMYHMH OT TeX MNPUMEpPOB, KOTOpPble Mbl yxKe
paccMoTpesiu, KpoMe TOro, YTO TeJI0 NPOoLEeAyphl caMo Mo cebe gB/sgeTCs J1IMONa-BblpaKeHUEM.

MuTepecHass yacTb BHIYMC/IEHUS] HayMHAaeTCs TOrha, KOrga Mbl NpPUMeHsieM MNpOLenypy
make-withdraw K aprymeHry:

(define W1 (make-withdraw 100))

CHayaJia, Kak o6bIUHO, Mbl cO3aeM OKpy:xeHHe E1, rie ¢popmanbHbIi napameTp balance cBsi-
3aH ¢ apryMmentoM 100. BHyTpH 3Toro okpyxxeHusi Mbl BbluHCaseM Tesqo make-withdraw, a
uMeHHO lambda-BbipaxeHue. [Ipy 3ToM co3paeTcss HOBBIH MpPOLEAYPHBIH 0OBEKT, KOA KOTO-
poro omnpezensieTcs lambda-BblpaxkeHHeM, a OKpyxkeHHe paBHO El, okpykeHHIO, B KOTOPOM
BeIYMCAsieTcsl lambda npu cosganuu npouenypsl. [lonydeHHblll npouenypHelil 00beKT BO3Bpa-
[aeTcsl B KauecTBe 3HaueHWs Mpouenypsl make-withdraw. Dto 3HaueHHe NpUCBaUBaeTCs
nepeMeHHOH W1 B ryo6ajsbHOM OKDYXKEHHMH, MOCKOJIbKY BbipaxkeHHe define BblUHCAsETCH
uMeHHO B HeM. [losyuuBlIascs cTPyKTypa OKpy:KeHHH M300pakeHa Ha pUCYHKe 3.7.

Tenepb MOXXHO NpOaHAIU3UPOBATh, YTO NPOUCXOIUT, Korna W1 npuMeHsieTcsl K apryMeHTY:

(W1 50)
50

4 Monesb ¢ OKpyXeHHSMH HecrocoGHa MPOMJTIOCTPHPOBATh yTBEPXKeHHe U3 pasiena 1.2.1, uTo MHTepnperaTop
MOZKeT, HCIO0JIb3Ysl XBOCTOBYIO DEKYPCHIO, BLIYUC/SATE NpOLeyphl, Moao6Hbe fact-iter, B GHKCHPOBaHHOM 00beMe
namsaTH. Mbl pacCMOTPHM XBOCTOBYIO PeKYDCHIO, Korfa OyjeM H3ydaTb yNpaBsioOLLyl0 CTPYKTYpy MHTeprpeTrartopa B
paszmene 5.4.
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rJ1062”H’Hoemake—withdraw:

—=
OKpYy2KeHHue 1

napaMmeTpol: balance
Teqo: (lambda (amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepmocTaToOuHO »OeHer Ha cuere"))

Puc. 3.6. Pesysbrar onpenenenus make-withdraw B ri06ajbHOM OKPYKEHHH.

make-withdraw:...
rno6aﬂbHog

OKpyXeHHe | W1 :

!

El—={balance: 100 <%><E>
napaMmeTpel: balance
(::(:} TeJO: .« . .

napameTpbl: amount
teso: (if (>= balance amount)
(begin (set! balance (-balance amount))
balance)
"HepocTaToOuHO OeHer Ha cuere"))

Puc. 3.7. Peaynbrat Boiuncsienus (define W1l (make-withdraw 100)).
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make-withdraw:. ..

rj106aapHOE
okpyxenue | Wl:
4\ Banaunc, kotopbi#t 6yner
El-—= balance: 100 M3MeHeH oreparune

I set!..

amount: 50

napaMmeTpel: amount (1f (>= balance amount)
(begin
(set! (balance
(- balance amount))
balance
"HegmocTaToOuHO OeHer Ha cuere"))

Puc. 3.8. OkpyxXeHus, cosnaBaemble NIpH NIPUMEHEHHH MPOLENYPHOro o0bekTa Wl.

[l Haua/sa Mbl KOHCTPYHpYeM Kaap, B KOTOPOM amount, ¢opmasbHbli mapamerp W1, cBsi-
3biBaeTcsl co 3HayeHueM 50. 31ech KpailiHe Ba)KHO 3aMETHTb, YTO y ITOrO Kaapa B KauecTBe
00beMJIIOILIET0 OKPYXKEHUS BBICTYIAeT He IjobajbHOe OKpyKeHHe, a El, MOCKOJbKY HMEHHO
Ha Hero yKasblBaeT NpoLeNypHbIH 00beKT W1l. B 3TOM HOBOM OKpy2KeHHH Mbl BHIYHMC/ISEM TEJIO
NPOLEYPHI:

(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepmocTaTOUHO OeHer Ha cuere")

[TonyuyaeTcs cTPYKTYypa OKpPY:KeHHH, U300paxkeHHass Ha pUCyHKe 3.8. BbluncisieMoe Bbpaxe-
HHe ofpalaeTcs K MepeMeHHbIM amount U balance. Amount HaXxOAWTCS B MEPBOM Kajpe
OKpYXKeHHs], a balance Mbl HaleM, MPOCJAEIOBaB M0 yKa3aTe/l0 Ha 0ObeMJIOLIee OKpYKe-
Hue E1.

Korpa BeimosHsieTcs set!, cBA3biBaHHe NepeMeHHOH balance B El usmensercs. Ilocae
3aBeplleHHUsT Bbl3oBa W1 3HayeHHe balance paBHo 50, a W1 mo-mpexKHeMy yKa3blBaeT Ha
Kaap, KOTOPBI COmepkKHT NMepeMeHHYI0 balance. Kanp, comepxamuii amount (ToT, B KOTO-
POM MBI BBITIOJIHSIIH KOJI, M3MEHSIONMH balance), 6obllie He HY2kKeH, TOCKOJIbKY CO3[aBIIHH
€ro BbI30B MPOLENYypbl 3aKOHYEH, U HUKAKUX yKasarejed Ha 3TOT Kalap M3 IPYyTHX yacTeH
OKpy2KeHHUs HeT. B caenylomuil pas, korza Mbl no3oBeM W1, cosgacTcs HOBBIH Kanp, B KOTO-
poM OyZeT cBsi3aHa MepeMeHHas amount, U A/ KOTOPOro 06beMJIIOIINM OKPYKEHHEM CHOBa
6yner E1. Mur Bugum, uto El caykUT «MecToM», B KOTOPOM XPaHHUTCS JIOKajbHas Tepe-
MeHHasi OKpYy>KeHHs AJisl mpolenypHoro oobekta Wl. Ha pucyHnke 3.9 nzobpaxkeHa cutyanus
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r10GanbHOe make-withdraw:. ..

—
OKPYKEHHE | W1 :

i

El—| balance:50

®7

napaMeTpbl: amount
TENO: ...

Puc. 3.9. Okpy:xeHus nocje Bbi3oBa W1.

nocJie Bbi3osa W1.
PaccmoTpum, uTo mpou3oHaeT, Koraa Mbl CO3AagUM APYTOH OOBEKT MJISI «CHSATHS JEHETr»,
BbI3BaB make-withdraw BTOpo# pas:

(define W2 (make-withdraw 100))

[Ipu 3TOM mosiyyaeTcst CTPYKTypa OKpPYKeHHH, U3o0paxkeHHast Ha pucyHke 3.10. Mbl BUIUM,
yTO W2 — TPOLEAYPHBIE 00BEKT, TO €CTb Napa, colepkallas Koi U okpyxeHue. OKpyxKeHHe
E2 nnst W2 6bly10 co31aHO BO BpeMsl Bbi3oBa make-withdraw. OHO comep:KUT Kaip CO CBOMM
COOCTBEHHBIM CBf3bIBaHHEM NepeMeHHOH balance. C apyro# cTOpoHEl, Kog y W1 v W2 oxuH
U TOT 2Ke: 3TO KOJ, onpefessieMblii lambda-BbipaxKeHHeM B Tese make-withdraw'®. Orciona
MBI BUAHUM, odeMy W1 v W2 BenyT ce0si Kak He3aBHCHMble 0O0beKTbl. Bbi3oBbl W1 paboTaroT
C TlepeMeHHOH cocTosiHHSA balance, koropas xpaHutcsi B El, a BbI30BEl W2 ¢ mepeMeHHOH
balance, xpansueiics B E2. Takum o6pa3om, H3MeHEHUS] BHYTPEHHEro COCTOSIHUS OLHOTO
00beKTa He NeHCTBYIOT Ha APYTOH.

Ynpaxzenue 3.10.
B npouenype make-withdraw sokanbHasi mepeMeHHast balance cosnaercsi B BUIe napaMeTpa make-—
withdraw. MoxHo 6bls0 OB CO31aTh JIOKAJIbHYIO NEPEMEHHYIO U SIBHO, UCNOMb3Yys let, a UMEHHO:

(define (make-withdraw initial-amount)
(let ((balance initial-amount))
(lambda (amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HemocTaTOuHO OeHer Ha cuetre"))))

BPaznensior 1 W1 ¥ W2 oGWMi (M3HUECKUH KOJ, XPaHUMBIH B KOMIBIOTEpE, WJH KAXKIABIH M3 HHX XPaHUT
COOCTBEHHYIO KOMHIO KOIa — 3TO JeTajb peasu3allii. B nHTeprmperaTope, KOTOPBIH MBI CO3NaAHM B IiaBe 4, KOX
Oyner oOLIKM.
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make-withdraw:.
W2:_
Wl:

riobaJjibHOE
——=
OKpy2KeHUe

! !

El=lbalance: 50| [E2—={balance: 100

O CE

b

napaMeTpbl: amount
TEJIO:

Puc. 3.10. Cosmanue Broporo o6bekta mnpu nomoid (define W2 (make-withdraw
100))

Hanomuum, uto B pasnese 1.3.2 roBopuTcs, 4To let Bcero JIMIIb CHHTAKCHUYECKHH caxap [IJs BBI30Ba
npoLesyphl:

(let (((nep) (BEp)))
(mes0))

MHTEPIIPETUPYETCS KAK AbTEPHATUBHbBIN CHHTAKCUC 1JIs
((lambda ({(nep)) (meso)) (BEpP))

C 1OMOLLbI0 MOZIE/NH C OKPYKEHHSIMH MPOaHaNU3UPYyHTe ajlbTepHATHBHYIO BepcHio makewithraw. Ha-
pucy#Te KapTHHKH, NOAOOHBIE IPUBEEHHBIM B 3TOM pasjiesie, 1J15 BblparKeHHH

(define W1 (make-withdraw 100))
(W1 50)

(define W2 (make-withdraw 100))

[Tokaxkute, uTo ABe BepcHH make-withdraw co3naiT 00beKTH ¢ OIMHAKOBBIM NoBefeHHeM. Kak pas-
JIMYAIOTCS CTPYKTYPBl OKPYXKEHHH B JBYX BEPCHAX?

3.2.4. BHyTpeHHUe omnpenesieHUs

B paspene 1.1.8 Mbl MO3HAKOMHUJIHMCH C HAEEH, YTO MPOLELAYPHl MOI'YT COAEpPXKaTb BHYT-
peHHMeE OINlpeleJieHUs, B pe3ysbTare 4ero BO3HMKaeT 6Jo4yHas CTPYKTYpa, Kak, HanpuMep, B
CJelyIOlleld Npolenype BbIUMCAEHHS KBapaTHOTO KOPHS:

(define (sqrt x)
(define (good-enough? guess)
(< (abs (- (square guess) x)) 0.001))
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ryio6abHOe sqrt:
OKPYKEHHE : 1
®7 x:2
good-enough?-
El—= improve:...
napaMeTpel: X sqgrt-iter:...
teso: (define good-enough? ...)

(define improve ...) ¢
(define sqrt-iter ...) <E>7
(sgrt-iter 1.0)

E2-—= guess:1

napaMeTpel: guess
BbI30B sqrt-iter TeJo: (< (abs ...)

-)

E3 =1 guess:1

BbI30B good-enough?

Puc. 3.11. [Ipouenypa sqrt ¢ BHYTPeHHUMH OIpPeEeeHUIMU.

(define (improve guess)
(average guess (/ x guess)))
(define (sqgrt-iter guess)
(if (good-enough? guess)
guess
(sqrt-iter (improve guess))))
(sgrt-iter 1.0))

Tenepp ¢ MOMOLIBIO MOAEJH C OKPYXKEHUSIMH Mbl MOXKEeM YBHMAETb, [IOUYEMY 3TH BHYTPEHHHE
onpefieieHUs paboTaOT Tak, Kak no/KHb. Ha pucyHke 3.11 uso6pakeH MOMEHT BO BpeMsl BbI-
4YHCJIeHUs] BbipaxkeHUs (sgrt 2), Korja BHYTPeHHsAs npouelypa good-enough? Bbi3BaHa
B MepBBIH pa3 co 3HauUeHHeM guess, pPaBHBIM 1.

PaccmorpuM cTpykTypy okpyxeHusi. CHMBOJ sqrt B Io6aJbHOM OKPYKEHHH CBf3aH C
NpOLEeAYPHBIM 0OBEKTOM, aCCOLMUPOBAHHOE OKPY2KeHHe KOTOPOro — I/100ajibHOe OKpy2KeHHe.
Korzma Mbl BbI3Basiy MpoLenypy sqrt, MosiBUJIOCH OKpy:KeHUe El, 3aBucHMoe 0T r106a/bHOro,
B KOTOPOM MapaMeTp X CBSI3aH CO 3HaueHHeM 2. 3aTeM Mbl BBIYHCJHJN TeJO Srt BHYTPH
El. IlockosbKy mepBoe BeIpaXKeHHe B Tejie sgrt ecThb

(define (good-enough? guess)
(< (abs (- (square guess) x)) 0.001))

BBIUMCJIEHHE 3TOTO BblpaxKeHUs MPUBEJIO K ONpeleseHHIo poLefypsl good—enough? B oKpy-
xenun El. Broipaxasice 6osee TouHo, K nepBomy kaapy El 6bl1 mo6aBieH cuMBOJI good-—
enough?, cBA3aHHBIH C MpPOLEAYPHBIM OOBEKTOM, aCCOLMMPOBAHHBIM OKDYXKeHHeM KOTOpO-
ro sasasiercss E1. Ilogo6HeIM o6pasom B kadecTBe mnpouenyp BHyTpH El Owbiiu ompenesens!
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improve u sqrt-iter. Kpatkoctu pagu Ha puc. 3.11 nokasaH ToabKO NpolenypHbIH 06b-
€KT, COOTBETCTBYWIIUN good-enough?.

[Tocsie Toro, Kak ObLIM OMpee/ieHbl BHYTPEHHHE MPOLENYPbl, Mbl BBIUHCJHJIN BhIpAaXKeHHE
(sqrt-iter 1.0), nmo-npexHemy B okpyxkeHuu El. To ecTb, mpouenypHblli 00BEKT, CBS-
3aHHBIH B El ¢ uMeHeM sqrt-iter, Obla Bbi3BaH ¢ aprymeHTtoM l. Ilpu aTom mosiBuJOCH
okpykeHue E2, B KoTopoM guess, napametp sqrt-iter, cBsizaH co 3HaueHHeM l. B cBoiwo
oyepenb, sqrt-iter Bhi3Basa good-enough? co 3Hauenuem guess (u3 E2) B kauecTse
aprymenta. [losyuusoch eme opHo okpyxkenue, E3, B koropom guess (mapamerp good-
enough?) cBsizan co 3Hauenuem 1. HecmoTpst Ha To, uTo ¥ sqrt-iter, u good-enough?
UMEIOT 110 TapaMeTpy ¢ OfMHAKOBBIM HMEHEM guess, 3TO /iBe pa3JMyHble lepeMeHHble, paco-
JIOXKeHHble B pa3HbiX Kajapax. Kpome toro, u E2, u E3 B KauecTBe 06beMIIIONIEr0 OKPYKeHHUS
umeroT El, nocko/sbky Kak sqrt-iter, Tak U good-enough? B KauecTBe OKPYKeHHS CO-
nepxkat ykasartesb Ha El. OOHHUM U3 CJIeACTBUH 3TOTO SIBASIETCS TO, UTO CHMBOJ X B TeJle
good-enough? o003HauaeT CBsI3biBaHHWE X, B OKpyKeHWH L1, a TouHee, TO 3HaueHHe X, C
KOTOpbIM Obl/1a BbI3BaHa UCXOAHAs Mpolenypa sqrt.

TakuM o6pa3oM, Mofesb BbIYUCIAEHHH C OKPYKEHUSAMH OOBSCHSET ABE KJIOYEBbIX 0COOEH-
HOCTH, KOTOpBle 1eJIal0T BHYTPEHHHUE ONpefieleHHs NPOLenyp MOJMe3HbIM Coco60M MOAYJSPHU-
3allMH MPOrpamMM:

e lMeHa BHYTpPEHHHUX TIPOLEAYP HE MyTalTCs C UMEHAMH{, BHEIIHMMH MO OTHOLIEHHIO K
OXBaThIBalOLIeH MpoLenype, MOCKOJbKY JIOKaJbHble HMeHa mpouenyp OyILyT CBf3bIBATbCH B
KaJpe, KOTOPHIH MpoLefypa CO3/aeT NP CBOEM 3alycKe, a He B I7100a/1bHOM OKPYKEHHH.

e BHyTpeHHMe mpolLefypbl MOTYT 00pallaTbCsl K apryMeHTaM OXBaTbIBAIOLIUX NPOLEAYD,
IPOCTO HCIIOJIb3Ys] HMeHa NapaMeTPoB Kak CBOOOJHbIE TepeMeHHble. DTO NPOUCXOIUT IIOTOMY,
YTO TeJIO BHYTPEHHEH MpoLeNyphl BHIIOJHSIETCS B OKPYKEHHUH, TIONUHHEHHOM OKPYXKeHHIO, e
BBIYMCISIETCS 00beMJIIolIast TpoLenypa.

Ynpaxuenue 3.11.

B pasgene 3.2.3 mbl BUIe/H, KaK MOLe/Nb C OKPYKEHHSIMH OIMCHIBAeT IOBeleHHe NpoLeAyp, obsana-
IOIMX BHYTPEHHHUM cocTosiHWeM. Terepb Mbl paccMOTpes, Kak paboTaloT JOKasbHble OMNpeseseHus
Tunuynas npouenypa ¢ nepejadeil cooOlleHUH MOJb3yeTcs W TeM, W APYTUM. PaccMoTpuM mpouenypy
MOJle/IUPOBaHKsl GaHKOBCKOTO cueTa M3 pasgena 3.1.1:

(define (make-account balance)
(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepocTaTOUHO OeHer Ha cuete"))
(define (deposit amount)
(set! balance (+ balance amount))
balance)
(define (dispatch m)
(cond ((eg? m ’'withdraw) withdraw)
((eg? m ’"deposit) deposit)
(else (error "Heu3BEeCTHHN BH30B —- MAKE-ACCOUNT"
m))))
dispatch)
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[Toxaxure, KaKasi CTPYKTypa OKPY2KEHHH CO3[aeTcsl M0C/Ae0BATENbHOCTbIO NeHCTBUI

(define acc (make-account 50))

((acc ’'deposit) 40)
90

((acc 'withdraw) 60)
30

['me xpaHuTCs BHyTpeHHee cocTosiHHe acc? [IpennosioXXum, 4To Mbl ONpesiesisieM elle OfHH CUeT
(define acc2 (make-account 100))

KaknM 00pa3om ypaercsi He CMELIWBaTh BHYTPEHHHE COCTOSIHUS ABYX cueToB? Kakue yacTd CTPyKTYpHI
OKpY2KeHHH o0liue y acc U acc2?

3.3. MoaeaupoBaHue NMPU MOMOIIA U3MEHSE€MbIX JaHHbBIX

B rnaBe 2 cocTtaBHble HaHHblE UCHOJb30BAINCh KaK CPEACTBO MOCTPOEHHUS BBIUHCJIHTENb-
HBIX OOBEKTOB, COCTOSILIMX M3 HECKOJbKHMX 4acTeH, ¢ Lesbl0 MOJeJHPOBaHHS 0OBEKTOB pe-
aJbHOr0 MHpa, 00/1a1aI0IHX HECKOJbKUMH CBOHCTBaMHU. B 3Toii rnaBe Mbl BBeJM AHCLUMILIN-
Hy abCTpakUWHU NAHHBIX, COMJIACHO KOTOPOH CTPYKTYPBl HAAHHBIX ONHCBIBAIOTCS B TE€PMHHAX
KOHCTPYKTOPOB, KOTOpbIe CO3[AI0T 00bEKThl JAaHHBIX, U CEJEKTOPOB, KOTOpPbEIE 00ECIeYrBaIOT
JOCTYII K YacTSM COCTaBHbIX 00bekToB. OIHAKO Tenepb Mbl 3HaeM, YTO €CTb ellle OJUH acleKT
paboTbl C JaHHBIMH, KOTOPbIH OcCTajcs He3aTPOHYTHIM B rniase 2. 2KejaHue MonesupoBaTh
CUCTEMBI, KOTOpble COCTOSAT M3 00BbEKTOB, 00/1aJaIIIUX U3MEHSIOUINMCS COCTOSIHHEM, BBI3bI-
BaeT MOTPeOHOCTh HE TOJNBKO CO3[aBaTh COCTaBHble 00BEKTHl JAHHBIX M HUMETb HOCTYI K HX
4acTsM, HO M M3MeHATb UX. UT0oObl MoaenrnpoBaTb OOBEKTBl C H3MEHSIOUIMMCS COCTOSIHHEM,
MBI OyieM NPOEKTHPOBaTb abCTPaKLUMH JAaHHBIX, KOTOpble, TIOMHMO KOHCTPYKTOPOB M CeJeK-
TOpPOB, BKJIOYAIOT Mymamops. (mutators), Moguduuupyone o6beKTh AaHHBIX. Hanpumep,
MoJie/IMpOBaHHe OaHKOBCKOH cHCTeMbl TpeOyeT OT Hac COCOOHOCTH M3MeHSTb OasaHChHl Ccye-
ToB. TakuM 06pa3oM, CTPYKTypa AaHHBIX, H300paxaroliass 6aHKOBCKUH cUeT, MOXKeT 00/1a1aTh
onepauueit

(set-balance! (cuem) (HoBOe-3HaueHue))

KOTOpasi TpHCBaHBaeT OajlaHCy yKa3aHHOro cueTa ykKasaHHoe sHaueHne. OObEKTHI JaH-
HBIX, [JIs] KOTOPBIX ONpPeIeJeHbl MyTaTOPbl, HA3BIBAIOTCS USMEHIEMbIMU 00BeKmami OaHHbLY
(mutable data objects).

B rsaBe 2 B KauecTBe YHHBEPCAJBHOTO «KJiesi» MJi MOCTPOEHHs COCTABHBIX JAHHBIX Mbl
BBEJIM Tapbl. TOT pasies Mbl HAUKHAEM C OTIpeleJeHHs] MyTaTOPOB MJist Tap, Tak, YTOOH! Maphl
MOTJIH CJIY’KUTb CTPOUTEJTbHBIM MaTEPHAJIOM /ISl TOCTPOEHHUST U3MEHSIEMBIX 06BEKTOB TaHHBIX.
MyTartopsl 3HaUHUTEJNbHO YBEJHUYHUBAIOT BBIPA3UTENbHYIO CHUJIY Map ¥ MO3BOJSIOT HAM CTPOHMThH
CTPYKTYpPbl JaHHBIX MOMHMO TOCJIEA0BATEIbHOCTEH H JEPEBbEB, C KOTOPBIMU Mbl UMEJH J€JI0
B pasnesie 2.2. Kpome TOro, Mbl CTPOMM HECKOJIBKO TPUMEPOB MOJEJIeH, Te CIOXKHBIE CHCTEMBbI
MPENCTABJSIOTCS B BHIE MHOXKECTBA 0ObEKTOB, 0OJANAIOIIMX BHYTPEHHHM COCTOSTHUEM.
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Puc. 3.12. Cnucku x: ((a b) ¢ d) uy: (e f).

3.3.1. U3meHsiemas cniucKoBas CTPyKTypa

BasoBele onepaunu Hag mapaMu — cons, car U cdr — MOXHO HCIOJIB30BaTh I/ I10-
CTPOEHHUS CIIMCKOBOH CTPYKTYpPbl M [J151 M3BJEUEHHUS] 4acTeH CIHCKOBOH CTPYKTYpbl, OLHAKO
MU3MEHSITh CIIHCKOBYIO CTPYKTYPy OHH He MO3BOJSIOT. T0 »Ke BEPHO W AJS ONepanui co CIuc-
KaMH, KOTOpble MBI 10 CHX MOp HCIOJNb30Ba/H, TakKHUX, Kak append U list, MOCKOJbKY 3TH
nocJieJH1e MOKHO ONpefie/IUTh B TepMUHaX cons, car u cdr. 15 MoAH(HUKALUH CIIHCKOBBIX
CTPYKTYp HaM HYKHBI HOBBHIE OIepalyH.

DijleMeHTapHble MyTaTOPBl AJIsl ap HasblBaloTcsl setcar! W set-cdr!. Setcar! mpu-
HUMaeT JBa apryMeHTa, MepBbll M3 KOTOPbIX 00si3aH ObiTh mapodl. OH MomuduuMpyeT 3Ty
napy, MojCTaB/ss BMeCTO yKasaTeJs CAr ykasaTesb Ha CBOH BTOPoi aprymeHt'®.

B xauecTBe mpuMepa MpEeAINOJOXKHM, YTO II€PeMeHHas X UMeeT 3HayeHHeM CIHCOK ( (a
b) c d), a nepemenHas y cnucok (e f), Kak rmokaszaHo Ha pucyHke 3.12. Beruncnenue
BblpaxKeHHs1 (set-car! x y) H3MeHseT mapy, ¢ KOTOPOH CBSi3aHa MepeMeHHas X, 3aMeHss
ee car Ha 3HaueHHe y. Pesysmbrar 3TOH omepauuu mnokasaH Ha pucyHke 3.13. Crpykrypa
X W3MeHHJach, U Temepb ee MOXKHO 3amucaTh Kak ((e f) c d). Ilapel mpencrasisiomue
CIHCOK (a b), Ha KOoTopble yKa3blBaJ 3aMeHEHHbIH yKasaTesb, Telepb OTAeNeHbl OT HCXOAHON
CTPYKTYpHI' .

CpaBHuTe pucyHOK 3.13 ¢ puc. 3.14, Ha KOTOPOM TIpelCTaBJeH pPe3yJbTaT BBINOJHEHHS
(define z (cons y (cdr x))), rle X U y UMEIOT UCXOAHBIE 3HAueHHs ¢ puc. 3.12.
3necb MepeMeHHasi Z OKa3biBaeTCsl CBsi3aHa C HOBOH Mapoi, Co3JaHHOH omepainuell cons;
CIHCOK, KOTOPBIH fIBJIsSIeTCS 3HaUeHHEM X, He MeHseTcs.

Onepauus set-cdr! nogobHa set—car!. EnvHCcTBeHHas pasHHLA COCTOMT B TOM, 4TO
3aMeHsieTCsl He yKasaTeJsb car, a ykasareab cdr. Pesynbrar npuMeHenus (set-cdr! x y)

163nauenns, kotoprre BosspamaroT set-car! u set-cdr!, saBucar or peannsauuu. Ilomo6Ho set!, sTu ome-
palyy JOJ>KHBI UCIOJIb30BAThCS UCKJIOUHTENbHO Pafd CBOEro No6oyHoro addexTa.

731ech MBI BUAMM, KaK OTepallid U3MEHEHHs NAHHBIX MOTYT CO3/ABATh «MyCOp», KOTODBIl He BJSETCS 4acTbio
HHKaKOH NOCTYNHOH CTPYKTYphl. B pasnese 5.3.2 Mbl yBHAMM, YTO CHCTEMbl yrpaBjeHHs naMsTbio JlMcra BKJroua-
0T cbopujux mycopa (garbage collector), KoTopblil HaXOLMT M 0CBOGOXKIAET MaMATh, MCIOMb3yeMYI HEHYXHBIMH
napamu.
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Puc. 3.13. PesysbraT mnpuMeHeHUsi (set-car! x y) K CIHCKaM, H300paKeHHBIM Ha
puc. 3.12.
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Puc. 3.14. Pesysabrat npumenenusi (define z (cons y (cdr x)) K CIUCKaM, MOKa3aH-
HBIM Ha puc. 3.12.
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Puc. 3.15. Pesysbrat npuMmeHeHusi (set-cdr! x y) K cnuckam ¢ puc. 3.12.

K CIUCKaM, H300paKeHHbIM Ha puc. 3.12, mokasaH Ha puc. 3.15. 3mech ykasarenb cdr B
coctaBe X 3aMeHuJcs ykazateseM Ha (e f). Kpome Toro, cnucok (c d), KOTOpeIH Obla
cdr-oM X, 0Ka3blBaeTCsl OTHEJNEHHBIM OT CTPYKTYPHI.

Cons €03[aeT HOBYIO CIIMCKOBYIO CTPYKTYPY, IOPOXK/asi HOBbIE Mapkl, a setcar! u set-
cdr! uM3MeHsIIOT cyllecTByoMMe. B cylHOCTH, Mbl MOTJIK 6bl peasn30BaTh CONS MPU MOMOILH
9TUX JABYX MYTaTOpPOB W NpoLeAYyphl get-new-pair, KoTOpas BO3BpalllaeT HOBYIO Iapy,
He SIBJISIIOILYIOCS YaCTbl0 HUKAKOH CYILIECTBYIOIIEH CMHUCKOBOH CTPYyKTypbl. Mbl mopoxaaem
HOBYIO Napy, NPUCBAWBaeM ee yKasaTe/siM car U cdr HyXHble 3HAaYeHHUs, XU BO3BpalllaeM

HOBYIO Mapy B KauecTBe pesy/ibTaTa cons'S:

(define (cons x y)

(let ((new (get-new-pair)))
(set-car! new x)
(set-cdr! new y)
new) )

Ynpaxzenue 3.12.
B paspene 2.2.1 6bla BBefieHa cilenyolas npouenypa Ajs 100aBJeHHs] OLHOTO CIIUCKA K APYTrOMYy:

(define (append x y)
(if (null? x)
y
(cons (car x) (append (cdr x) y))))

Append nopoxfaaeT HOBBIH CIIHCOK, MO Ouepeid HapalluBas 3JeMeHTh X B Hadajo y. [lpouenypa
append! nono6Ha append, HO TOJBKO OHA sIBJsIETCSl He KOHCTpPyKTOpoM, a myrtatopoM. OHa ckie-
WBaeT CIHUCKH BMECTe, M3MeHssl MOCJENHIOn Mapy X Tak, uTo ee cdr CTAaHOBUTCS paBHbIM y. (BbizoB
append! ¢ NyCTbIM X SIBJIsIETCS OLIMOKOH.)

18Get-new-pair — omHa W3 omepammii, KOTOpble TpeGyerTcsi MpeJOCTABMTh KAK YACTh CHCTEMBl YIpaBJeHHs
naMsiThlo B paMKax peasnusauuu Jlncna. Mbl paccMOTPHM 3TH BONpPOCH B pasuene 5.3.1.
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(define (append! x y)
(set-cdr! (last-pair x) y)
X)

3neck last-pair — mpouenypa, KoTopast BO3BpallaeT NOC/IELHION Napy CBOEro apryMeHTa:

(define (last-pair x)
(if (null? (cdr x))
X
(last-pair (cdr x))))

PaCCMOTpI/IM MoC/IeI0BaTeNbHOCTh JAeHCTBUM

(define x (list ’'a ’'b))
(define y (list 'c ’'d))
(define z (append x y))

Z
(a b c d)

(cdr x)
(omsem)

(define w (append! x y))

w
(a b c d)

(cdr x)
(omsem)

KakoBbl 6ynyT nponyiiertbie (omsemot)? OGbsICHUTE, HAPUCOBAB CTPEJNOYHBIE IHATPAMMBI.
Ynpaxuenue 3.13.

PaccmoTpuM caenyloliyto npouenypy make-cycle, KoTopas noJb3yercsi last-pair W3 ynpaxHe-
Hus 3.12:

(define (make-cycle x)
(set-cdr! (last-pair x) x)
X)

Hapucyiite cTpesiouHyio uarpammy, Kotopast u3obpakaeT CTpyKTypy Z, CO3[aHHYIO TaKUM KOJIOM:
(define z (make-cycle (list ’'a 'b 'c)))

Uro cayuuTes, ecsiv MBI onpobyeM BHIYUCIUTh (last-pair z)?

Ynpaxuenue 3.14.

Crenyoliasi mpouenypa, XoTsl M CJI0XKHA [J1s1 IOHUMaHHUsl, BIIOJIHE MOXKET 0Ka3aThCs MOJIE3HOH:

(define (mystery x)
(define (loop x V)
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zl——= o | ®

a b

Puc. 3.16. Cnucok z1, nopoxaaeMblii BblpakKeHHEM (Cons X X).

zl——= o | o

e
[ ]

a b

Puc. 3.17. Cnucok z2, mopoxnaeMbld BblpaxkeHueM (cons (list ’‘a ’b) (list ’'a
"b)).

(if (null? x)
y
(let ((temp (cdr x)))
(set-cdr! x vy)
(loop temp x))))
(loop x " ()))

Loop I0JIb3yeTcsl «BDEMEHHOM» NepeMeHHOH temp, 4TOOBl COXPAaHWTL CTapoe 3HaueHHe cdr naphl X,
NOCKOJIbKY set-cdr! Ha cienywoleil ctpoke ero paspyiuaer. O6bscHHUTE, UTO 3a 3a4adyy BbIMOJHSET
mystery. IIpeanosoxum, 4to nepeMeHHast v onpefeseHa BoipaxkeHueM (define v (list ‘a ’'b
"c ’d). Hapucy#ite nuarpammy, kotopast H306pakaeT CIHCOK, SIBJALIMNACA 3HadeHHeM V. JlonycTum,
4TO Temepb Mbl BeinosHsieM (define w (mystery v)). Hapucyfite cTpesoyHble nuarpaMMbl, KOTO-
pble MOKa3blBalOT CTPYKTYPBl V M W IOCJe BBIUHCJIEHHs 3TOrO BeIpakeHHs. UTo OymeT HameyaTaHo B
KauecTBe 3HAUYEHHH V U WP

Pas;lenem/le JAHHBIX U1 UX UIEHTUYHOCTDH

B paszpesie 3.1.3 Mbl yOMHHAJK TeOpeTHUECKHE BOMIPOCH! «MIEHTUYHOCTH» U «U3MEHEHHUsI»,
KOTOpble BO3HUKAIOT C TMOSIBJEHUEM MPUCBAWBaHHUs. DTH BOMPOCHl HAYMHAIOT UMETb MpPaKTHUe-
CKO€ 3HaueHue TOTMa, KOTIa OTAe bHble Tapsl pasdessiomces (are shared) Mexay pasiHYHBIMH
00beKTaMH TaHHBIX. PaccMOTpHM, HampuMmep, CTPYKTYPY, KOTOpasi CO3[aeTCsi TAKUM KOIOM:

(define x (list 'a ’b))
(define zl1 (cons x X))
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Kak nokasaHo Ha puc. 3.16, z1 npexncrasisier co6o napy, B KOTOpoi car U cdr YKasblBaloT
Ha OIHY U Ty Xe napy xX. PasneseHue x Mexny car U cdr napbl z1 BO3HHKAaeT OTTOrO, 4TO
cons peajiM30BaH NMPOCTeHIINM crioco6oM. B obiiem ciyyae mocTpoeHre CIHCKOB C MOMOIIbIO
cons MPUBOIUT K BO3HHKHOBEHWIO CJIOXKHOCBSI3aHHOW CETH Iap, B KOTOPOH MHOTHe Tapbl
paszessioTcss MeXAy MHOTMMH Pa3JHUHBIMU CTPYKTypaMH.

B nporuBonosnoxHocTh puc. 3.16, puc. 3.17 nokaseiBaeT CTPyKTypy, KOTOpasi MOPOXKAAETCS
KOZIOM

(define z2 (cons (list 'a ’'b) (list 'a ’b)))

B 3Toii cTpyKTYype mapel IByX CIHMCKOB (& b) pasjnyHbl, IPUTOM, UTO CAMH CHMBOJIbI pa3ie-
asores!?,

Ecnu Mbl paccmarpuBaeM zl W z2 Kak CIOUCKH, OHU TPENCTaBJSIOT «OOUH U TOT XKe»
cnucok ((a b) a b). Boobuie rosopsi, pasmeseHrde NaHHBIX HEBO3MOXKHO 3aMETHTh, €CJH
Mbl paGoTaeM CO CIUCKaMH TOJIbKO MPH MOMOLIM onepaluid cons, car u cdr. OnHako ecau
MBbl BBOAMM MYTaTOPbI, pab0TaloIIe CO CTUCKOBOH CTPYKTYPOH, paslesieHre JaHHBIX HAUMHAET
UMeTb 3HaueHHWe. Kak mpumep cjaydasi, KOTia pasjieieHde BJHUSET Ha Pe3Y/bTaT, PACCMOTPUM
CJIeIyIOLLYIO NIPOLEAYPY, KOTOpask U3MeHsleT car CTPYKTYpbl, K KOTOPOH OHa NMPUMeHSeTCs:

(define (set-to-wow! x)
(set-car! (car x) ’'wow)
X)

HecmoTpst Ha TO, 4TO z1 W z2 UMEIOT «OIHMHAKOBYIO» CTPYKTYpY, IPUMEHEHHe K HUM Ipole-
Iypel set-to-wow! naer pasjuvuHble pe3y/abTaThl. B ciydae ¢ z1 U3MeHEHHe car BJHUSET U
Ha cdr, NOCKOJbKY 31ech car U cdr — 3TO OfiHA W Ta ke mapa. B cayyae ¢ z2, car u cdr
pasM4HBL, TaK YTO set-to-wow! H3MeHseT TOJbKO car:

zl
((a b) a b)

(set-to-wow! zl)
((wow b) wow b)

z2
((a b) a b)

(set-to-wow! z2)
((wow b) a b)

OnuH 13 cnoco6oB pacro3HaTh pasleseHne NaHHBIX B CIHUCKOBBIX CTPYKTYypax — 3TO BOC-
N0J1b30BaThbCs MPEAMKATOM eq?, KOTOpPbIH Mbl BBeJad B pasiese 2.3.1 Kak MeTOn NpPOBEPKH
IBYX CHMBOJIOB Ha paBeHCTBO. B Gosiee ofuieM ciaydae (eq? x y) IpoOBepsieT, SBJSIOTCH
JH X U Y OfHUM OOBEKTOM (TO eCTh, PaBHBI JI X U y APYT APYTy Kak ykasarenu). Tak 4ro,

Tlapb pasnuuaiores mOTOMY, UTO KaXblii BBI3OB CONS MNOPOXKAAeT HOBYIO napy. CUMBOJIEI pasfensiores; B
Scheme cymiecTByeT TOJBKO ONMH CHMBOJ I/l KaXKIOTo NaHHOro MMeHH. ITockosbKy Scheme He maeT Bo3MOXKHOCTH
M3MEeHSATb CHMBOJI, 3TO pasjieJleHHe HeBO3MOXKHO 3aMeTHTh. 3aMeTHM, KpOMe TOro, YTo HMeHHO pa3jiesieHHe Mo3BoJseT
HaM CpaBHMBaThb CHMBOJIBI MIPH MOMOLIM €q?, KOTOPbIH NMPOCTO MpoBepseT PaBeHCTBO yKasaTesei.
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ecau z1 W z2 omnpeleseHbl KaK Ha pucyHkKax 3.16 u 3.17, (eq? (car zl) (cdr zl))
OyneT UCTHHHO, a (eqg? (car z2) (cdr z2)) JOXHO.

Kak Oyzmer BUIHO B MOCJEAYIOLIMX pa3fiesax, ¢ MOMOILbIO pa3jesieH|s] AaHHBIX Mbl 3HAUYH-
TeJIbHO pacLIUpPUM pernepTyap CTPYKTYp JAaHHBIX, KOTOPbie MOTYT OBbITh MPeICTaBJEHbl Yepes
napel. C Opyroil CTOpPOHBI, pa3fiesieHHe COMPSXKEHO C PUCKOM, MOCKOJbKY H3MEHEHHs B Ofi-
HUX CTPYKTYypaX MOTYT 3aTparuBaTh W JAPYrve CTPYKTYpPbl, pasieJsiollre Te YacTH, KOTOpble
nojBepraTcs uameHenuw. Onepaluu UsMeHeHusi set-car! u set-cdr! HYXHO UCOJb30-
BaTh OCTOPOXKHO; €CJIM Y HAC HET TOYHOrO MOHHWMAHUS, KaKhe U3 HalllMX 0ObEKTOB Pa3leJsiioT

JaHHbIEe, U3MEHEHHE MOXKET MPUBECTH K HEO2KHUIAAHHBIM pesyanaTaMQO.

Ynpaxuenue 3.15.
Hapucyi#ite cTpesoyHble nHarpaMmbl, 0ODbSCHSIOMINE, KaK set-to-wow! melCcTByeT Ha CTPYKTYphl zl
U z2 W3 3TOTO pasjesa.

Ynpaxzenue 3.16.

Ben Butobop pewusn HanucaTh npoueaypy AJs NOAcYeTa uucia nap B J0OOH CHHCKOBOH CTPYKTYpe.
«3JT0 J1eTKO, — AyMaeT oH. — YucJio nap B M060H CTPYKType eCTh YHMCJO Nap B car IJIOC UMC/IO Map B
cdr moc OfMH Ha Tekyllylo napy». M oH nmuuer cienyiolyto npouenypy:

(define (count-pairs x)
(if (not (pair? x))
0
(+ (count-pairs (car x))
(count-pairs (cdr x))
1))

Ilokaxkure, yTo 3Ta mpoueaypa owubouHa. B vacTHocTH, HapucyliTe nuarpaMmbl, MpefCTaBJsIOLIHE
CITUCKOBbIE CTPYKTYpPbl POBHO M3 TpeX Map, AJs KOTOpbix BeHoBa mpouenypa BepHeT 3; BepHeT 4; BepHeT
7; BOOOILle HUKOT[Ia He 3aBepLIUTCS.

Ynpaxuenue 3.17.

Hanuwnre npaBubHYI0 BepCHIO NPOLENYphl count—-pairs U3 ynpakHeHus 3.16, koTopas Bo3BpalaeTr
YHCJIO Pa3UYHBIX Nap B J060# cTpykType. ([Tonckaska: mpocMaTpuBaiTe CTPYKTYPY, NOALEPKUBAS [IPH
ITOM BCIIOMOTATEJBHYIO CTPYKTYPY, CIEISIIYIO 38 TeM, KaKHe Mapbl yKe OblIH MOCYUTAHbL.)

Ynpaxsenue 3.18.

Hanuiure npouenypy, Kotopasi paccMaTpuBaeT CIHUCOK H ONpefeJisieT, CONEPKHUTCS JIM B HEM LHKJ, TO
ecTb, He BOHJET JIM MporpamMma, KoTopas MonbiTaeTcs No6paTbCs 10 KOHLA CIIHCKA, MPOABUraschb IO
nossiMm cdr, B 6ecKOHeYHbIH LUK/, Takue CIUCKH MOPOXKAAINCH B yIpaxKHeHHH 3.13.

20TonKocTH paGoTHI C pasie/eHHeM H3MeHseMbX NaHHBIX OTPAKAIOT CJOKHOCTH C TMOHATHEM «HAEHTHYHOCTH» H
«M3MEeHEeHHsi», 0 KOTOPbIX Mbl roBopusu B pasfene 3.1.3. Tam Mbl OTMeTH/M, YTO BBel€HHe B Hall S3bIK INOHS-
THS HM3MeHeHHs TpebyeT, UTOObl y COCTaBHOro 0OBEeKTa Oblla «HHAMBHAYaJbHOCTb», KOTOpas MpeACTaB/seT COOOH
HEYTO OTJIHYHOE OT yacTeil, U3 KOTOPHIX OH COCTOMUT. B Jlucme Mbl cuMTaeM, UTO MMEHHO 3Ta «HHAMBHIYaJbHOCTb»
npoBepsieTcsl TMpefrKaToM eq?, TO eCTb CpaBHeHHMeM yKasaresed. [Tockosmbky B GosblIMHCTBe peanusanuil Jlucna
yKasaTesqb — 3TO, B CYLIHOCTH, ajipec B NaMSITH, Mbl «pellaeM MNpoOJeMy» OnpeleseHHs WHIUBHIYaJbHOCTH 00b-
eKTOB, MOCTaHOBHB, YTO «CcaM» OOBEKT NAaHHBIX eCTb HH(OPMalWs, XpaHHMas B HEKOTOPOM Habope sdeeK MaMsATH
KOMMbioTepa. JIJIsi MPOCTBIX JIMCMOBCKHUX TPOTPaMM 3TOTO NOCTATOYHO, HO TaKOH METON He CIocoOeH pa3peluTb
0OLIMH BONPOC «UAEHTHUYHOCTH» B BBIUHC/INUTE/bHBIX MOAEJSX.
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Ynpaxuenue 3.19.
[Tepepenaiite ympaxHenue 3.18, ucnosb3ys ¢ukcupoBaHHoe KoanuectBo namsaTu. (TyT HyKHa pocra-
TOYHO XHUTpasi ujes.)

HN3meHeHne Kak npucsavBaHue

Korna Mbl BBOIM/IM MOHSITHE COCTABHBIX JAaHHBIX, B pa3zese 2.1.3 Mbl 3aMeTUJH, YTO Mapbl
MOXKHO MPEACTAaBUTb NIPHU MOMOLIU OJHUX TOJbKO MPOLEAYD:

(define (cons x y)
(define (dispatch m)
(cond ((eg? m ’'car) x)
((eg? m ’'cdr) vy)
(else (error "HeompepernieHHas onepauuss —-- CONS" m))))
dispatch)

(define (car z) (z ’car))

(define (cdr z) (z ’'cdr))

To xe HabsOnEeHNe BEPHO W /Il U3MEHSIEMBIX NAaHHBIX. V3MeHsieMble 0OBEKTH HAaHHBIX MOXK-
HO peajil30BaTh MPH TOMOLIM NPOLEAYP U BHYTPeHHEro cocrosiHus. Hanmpumep, MoxxHO pac-
LWIMPUTh TPUBEJEHHYI0 peasu3allvio nap, Tak, uTtobbl set-car! u set-cdr! obpadaTbl-
BaJIMCb 10 AHAJOTHH C peaju3auuedl 6aHKOBCKMX CUETOB uepe3 make-account u3 pasfe-
aa 3.1.1:

(define (cons x y)
(define (set-x! v) (set! x v))
(define (set-y! v) (set! y v))
(define (dispatch m)
(cond ((eg? m ’'car) x)
((eg? m ’'cdr) vy)
((eg? m ’"set-car!) set-x!)
((eg? m ’'set-cdr!) set-y!)
(else (error "HeompepernieHHas onepauuss -- CONS" m))))
dispatch)

(define (car z) (z ’car))
(define (cdr z) (z ’cdr))
(define (set-car! z new-value)
((z ’'set-car!) new-value)
z)
(define (set-cdr! z new-value)

((z "set-cdr!) new-value)
z)
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Onepanus Pesynbrat
(define g (make-queue)
(insert-queue! gq ’a) a
(insert-queue! gq ’'b) ab
(delete-queue! q) b
(insert-queue! gq ’c) b c
(insert-queue! gq ’'d) bcd
(delete—-queue! q) c d

Puc. 3.18. Onepaunu Hajx o4epensbio.

TeOpeTI/IL{eCKI/I, YyTOOBl ONMMCATh [oBeaeHHe HU3MEHAEMbIX OJAHHBIX, HeE Tpe6yeTCH HHYero,
KpoMe NpruCBavBaHUA. Kak ToJIbKO MBI BBOJMUM B Halll A3bIK Set !, Mbl CTaJKHBAeMCs CO BCEMU

HpO6JIeMaMI/I, He TOJIbKO COOCTBEHHO NpucCBanvBaHus, HO U BOOOIIle U3MEHSIEMBIX l[aHHI:IXQl.

Ynpaxuenue 3.20.
Hapucyiite nnarpaMmMbl OKpy»KeHHH, H300paxcatolyie BbINONHEHHE MOC/e10BaTeIbHOCTH BblpaXKeHHH

(define x (cons 1 2))
(define z (cons x X))
(set-car! (cdr z) 17)

(car x)
17

C TIOMOLIBIO BHILIENPHBEEHHOH MpoLeAypHOH peanusauuu nap. (Cp. ¢ ynpakHeHueM 3.11.)

3.3.2. IIpencraBieHnune ouyepeneit

MyTtaropel set-car! u set-cdr! no3BosSIOT HaM CTPOUTb M3 Map TakWe CTPYKTYPBHI,
KaKrhe Mbl He CMOTJIM Obl CO34aTh TOJIBKO MPH MOMOILM cons, car U cdr. B atom pasge-
Jle OyleT NOKa3aHo, KaK NPEeACTaBUTb CTPYKTYPY HNaHHBIX, KOTOpas Ha3blBaeTcsl odyepeib. B
paszese 3.3.3 Mbl YBUIMM, KaK peasd3oBaTh CTPYKTYpPY, Ha3plBaeMylo TaGJuULEeH.

Ouepeds (queue) npencTaBnaseT cO60H MOCAEI0BATENBHOCTD, B KOTOPYIO MOKHO 106aBJISATh
3JIEMEHTHI ¢ OMHOTO KOHIA (0H HasbiBaeTcst xgocmom (rear)) u y6upath ¢ apyroro (OH Hasbl-
Baercsi eos060tl (front)). Ha pucynke 3.18 uso6paxeHo, Kak B U3HAYaJbHO MYCTYI0 OYEPEb
N06aBASIOTCS 3JeMeHTH a U b. 3arem a yOupaercs U3 ouyepeid, B Hee N00aBAsOTCS C U d,
notoM yaansercs b. [IockosnbKy 3/eMeHTHl yIa/SI0TCS BCeraa B TOM XKe MOpsiiKe, B KOTOPOM
OHU OblIH A00aBjeHbl, HHOTAA OYepelb HasdbiBaloT Oydepom FIFO (aura. first in, first out —
TIePBBIM BOLLEJ, MEePBbIM BBILIEN).

C TOYKH 3peHHUs1 aOCTPaKLUHK AaHHBIX, MOXKHO CUHTATh, YTO OYepelb ONpPEeNesseTCs Cleny-
IOLUIMM HabopoM OnepaLui:

21C npyroii CTOPOHBI, C TOUKH 3DEHHs PeanH3aluu, MpUCBaUBaHUe TpeGyeT MOIH(HKALMM OKPY’KeHWs, KOTOPOe
camo 1o cebe sBJIAETCS M3MEHSAEMOH CTPYKTYypoH AaHHBIX. TakuM 006pa3oM, NpHcBaWBaHHE W M3MEHSEMOCTb NAaHHBIX
006/1afaI0T PaBHOH MOLIHOCTBIO: KaX/J0€ M3 HUX MOXKHO peajd30BaTh MPH MOMOLIH IPYroro.
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e KOHCTPYKTOp (make-queue) BO3BpallaeT MycTyio odyepenb (oyepelb, B KOTOPOH HET
HH OJHOTO 3JIeMEHTa).

e Ba cejekTopa: (empty-queue? (ouepedn)) TpoBepsieT, MycTa JH OdYepeb,
(front-queue (ouepedr)) Bo3BpallaeT OOBEKT, HAXOASILIMECS B roJoBe ouepend. Eciu
odepenb MycTa, OH coobiiaer 06 omwndke. Ouepenb He MOTUPULUPYETCS.

e JIBa myraropa: (insert-queue! (ouepedn) (s7emMeHm)) BCTaBJSET 3JEMEHT B
XBOCT O4Yepe/id ¥ BO3BpalllaeT B KaueCcTBe 3HaUeHHsl U3MeHeHHYI0 odepelib; (delete-queue!
(ouepedr)) ymajsier 3JeMeHT B TOJIOBE OYEPeNH H BO3BPAIAET B KAaueCTBE 3HAYEHHs H3Me-
HEHHYI0 odyepenb. Ecau mepen yHHUUTOXKEHHUEM 3JieMeHTa Ouepellb OKa3blBAeTCs MyCTOH, BBIBO-
nuTes cooblieHue 06 omuodke.

[TockosnbKy ouepenb eCTb MOC/AENOBATENbHOCTb 3JIEMEHTOB, €e, pa3yMeeTcsi, MOXKHO OblIOo
Obl MPeNCTaBUTh KaK OObIKHOBEHHBIH CITHCOK; T'OJIOBOM odyepenud Obl1 Obl car 3TOr0 CIHC-
Ka, BCTaBKa 3JeMeHTa B ouepelb CBOAHWJACH Obl K N0OABJEHHUIO HOBOT'O 3JIEMEHTA B KOHeIl
CMHCKA, a YHUUTOXKEHHE 3JIeMEHTA U3 O0YePeod COCTOSIO OBl MPOCTO BO B3SITHH cAr CIIHUCKA.
OnHako Takasi peanu3auusi Hea(PeKTHBHA, NOCKOJbKY [/l BCTABKH 3JIeMeHTa HaM IpPHULIJI0Ch
6bl MPOCMAaTpHUBaTh BeCh CIHCOK N0 KOHLA. [I0CKOJbKY €IMHCTBEHHBIH NOCTYMHBIH HaM Me-
TOJ, IPOCMOTPA CIIUCKA — 3TO MOCJeA0BaTeNbHOe pUMeHeHHe cdr, TAKOH MPOCMOTp TpebyeT
O(n) waros ajsi ouepenu ¢ n ujneHamu. [IpocToe BUIOW3MEHEHHE CIIMCKOBOTO MPEACTABIEHHUS
MIPeoo/IeBaeT 3TOT HEOCTATOK, MO3BOJISIS HAM PeajM30BaTh OMEPALUU C OUEPelblo TaK, UTO-
OBl Bce oHU TpeboBanu O(1) mwaros; TO eCTb, UTOOB YHUCJO LIATOB AJTOPUTMA HE 3aBHUCEJO OT
JJTUHBl OYepeiu.

CJ/102KHOCTb CO CMUCKOBBIM TpeICTaBJIeHHEM BO3HHKAeT HM3-3a HEOOXOAMMOCTH HCKAaTh KO-
Hell criiucka. MckaTh NMPUXOMUTCS TMOTOMY, UTO, XOTS CTAHIAPTHHIA Croco® TpeacTaBJeHHUS
CMHUCKA B BHUIE LEMOYKU Tap JAeT HaM yKas3aTeJb Ha Hauajo CIIMCKA, JIErKOJOCTYIHOro yKa-
3aTesisi Ha KOHel OH He jaaeT. Momudukamnusi, o0Xoasiasi 3TOT HEOOCTATOK, COCTOUT B TOM,
4yTOObl MPEACTABJSATh OYepelb B BHAE CIHUCKA, U NepXKaTb elle NOTOJHUTEbHbIH yKa3aTeJb
Ha ero mocJjefHIo napy. B takom ciyuae, xorna TpeGyeTcsi BCTABUTb 3JIEMEHT, Mbl MOXeM
MPOCTO MOCMOTPETh HA ITOT yKa3aTesb ¥ U30eXKaTh 3a CUET 3TOr0 MPOCMOTPA BCETO CITHCKA.

Ouepenb, TakuM 00pa3oM, MPEACTABJSETCS B BUJe Maphl yKasareseil, frontptr u rear-
ptr, KoTopble 0003HAUAIOT, COOTBETCTBEHHO, MEPBYID M MOCJEIHION Mapy OOBIKHOBEHHOTO
cnucka. [lockosnbky HaMm xouercsi, 4To6bl o4epelb Oblia 00BEKTOM C COOCTBEHHOH HHIUBH-
NyaJbHOCTBIO, COEAMHUTb 3TH [IBa YKa3aTess MOXHO C TOMOLIbIO CONsS, TaK UTO COOCTBEH-
HO ouepenb GyneT pe3y/lbTaTOM CONS JBYX ykKasaTesei. Takoe mpejicTaB/jeHHe MOKa3aHO Ha
puc. 3.19.

Bo BpeMms ompenesieHus onepauyi Ham O4Yepebl0 MbI OJb3yeMCs CJeNYIOUIUMH TPOLENy-
paMu, KOTOpble MO3BOJISIIOT HAM YHUTATh ¥ 3alHUCBIBATh yKa3aTeJu Ha Hayajo U KOHEL| OUepelu:

(define (front-ptr queue) (car queue))
(define (rear-ptr queue) (cdr queue))
(define (set-front-ptr! queue item) (set-car! queue item))
(define (set-rear-ptr! queue item) (set-cdr! queue item))

Temnepb MOXKHO peasin30BaTh CaMH Olepauuy Hajx ouepenblo. Ovepenb OYAET CUHUTATBHCS
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front-ptr rear-ptr

Puc. 3.19. Peanuzanus ouepenu B BHe CIIHMCKA C yKa3aTeJsIMH Ha Hayajo U KOHell.

MyCTOH, €CJIM ee TOJIOBHOH yKa3aTeJb yKasblBaeT Ha MYCTOH CIHCOK:
(define (empty-queue? queue) (null? (front-ptr queue)))

KoncTpykTop make-queue Bo3BpalaeT B KaueCTBE UCXOAHO MYCTOH OYepend Mapy, B KOTO-
po#i U car, u cdr SBJAAIOTCS MYCTBIMH CIHCKAMM:

(define (make-queue) (cons ' () ' ()))

IIpu obpauieHny K 3/7eMeHTY B roJOBe O4Yepeid Mbl BO3BpallaeM car Mapbl, Ha KOTOPYIO
YKa3blBaeT TOJIOBHOH yKasaTeJib:

(define (front-queue queue)
(1f (empty-queue? queue)
(error "FRONT BH3BaHa C IIYCTOM ouepenbi" queue)
(car (front-ptr queue))))

UroObl BCTABUTb 3JIEMEHT B KOHELl Ouepefid, Mbl UCIIOJb3yeM METOM, PE3y/bTaT KOTOPOro Io-
Ka3aH Ha pucyHke 3.20. [lepBbIM mesIOM Mbl CO3[2aeM HOBYIO Mapy, Car KOTOPOH COHEPMKHT
BCTaBJIsieMbIH 3/1eMeHT, a cdr — MycTod cnucok. Ecsn odepenb Gblia mycTa, Mbl TepeHanpaB-
JisileM Ha 3Ty Tapy ¥ FOJIOBHOH, M XBOCTOBOH YyKasaTesH. B mpoTHBHOM ciyuae, Mbl U3MeHsIEM
TNOCJIEIHIOIO0 T1apy Ouepeny TaK, YTOOBI caenyloliell Obla HOBast apa, U XBOCTOBOH yKasaTesb
TOXe MepeHanpaBJ/isieM Ha Hee Ke.

(define (insert-queue! queue item)
(let ((new-pair (cons item ' ())))
(cond ((empty-queue? queue)
(set-front-ptr! queue new-pair)
(set-rear-ptr! queue new-pair)
queue)
(else
(set-cdr! (rear-ptr queue) new-pair)
(set-rear-ptr! queue new-pair)
queue))))

UroObl YHUYTOXKHUTb 3JEMEHT B TOJIOBE OUEPeNH, Mbl IIPOCTO IIE€pecTaBJsieM TI'0JIOBHOH
yKasaTeJb Ha BTOPOH 3JIeMEHT Ouepel, a €ro MOXKHO HalWTH B cdr [epBOro 3jeMeHTa
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front-ptr rear-ptr

Puc. 3.20. Pesynbrat npuMeHeHnus (insert-queue! g ’'d) K odepenu c pucyHka 3.19

q7T=

[
front-ptr rear-ptr

Puc. 3.21. Pesyabrat npumeHenus (delete-queue! g) k ouepenu ¢ puc. 3.20.

(cm. puc. 3.21)%%:

(define (delete-queue! queue)
(cond ((empty-queue? queue)
(error "DELETE! BmI3BaHa C IOYyCTON ouepenbi" queue))
(else
(set-front-ptr! queue (cdr (front-ptr queue)))
queue) ) )

Ynpaxuenue 3.21.
Ben ButoGop peliaeT NpoTeCcTHPOBATh BhILIEONHUCAHHYIO peanusauuio. OH BBOLUT NPOLEAYPbl B UHTEp-
nperatope Jlucna U TeCTUPYeT UX:

(define gl (make-queue))

(insert-queue! gl ’a)

((a) a)

(insert-queue! gl ’b)

22B ciyuae, ecaM NEpBEI 3JeMEHT — OIHOBPEMEHHO M MOCHENHHIl, IOC]E ero YHHUTOKEHHS COJOBHON yKasaTelb
OKaxKeTcsl TMyCTBIM CITUCKOM, W 3TO OyfieT 03HauaTb, YTO O4Yepejb MyCTa; HaM He3adeM 3a00THUTHCS O XBOCTOBOM yKa-
3aTesie, KOTOPHIH MO-TIpesKHeMy OyleT YKaselBaTb Ha yHHUTOXKEHHBIH 3J€MEeHT, NMOCKOJbKY empty-queue? CMOTPUT
TOJIBKO Ha TOJIOBY.



254 I'naBa 3. MoaysibHOCTb, OOBEKTHI H COCTOSIHHE

((a b) b)

(delete-queue! ql)
((b) b)

(delete-queue! ql)
(() b)

«Huuero ne pab6oraet! — xainyercs oH. — OTBeT HHTepIpeTaTOpa NOKA3bIBAET, YTO MOCJENHUH /eMEHT
nonajaeT B ouepelb ABa pasa. A Korja st 06a s/eMeHTa YHHUTOXKAI0, BTOPOe b N0-IpexXHeMY TaM CHIUT,
TaK 4TO o4yepelb He CTAHOBMUTCS NMYCTOH, XOTs HOoJKHA Obl». EBa Jly Atop rosoput, uto Ben mpocto
He TMOHHMMaeT, UTO MPOUCXOAUT. «Jles0 He B TOM, YTO 3JeMEHTHl JBa Pa3a OKa3blBalOTCSl B OuepenH, —
oObsicHsieT oHa. — Jleso B TOM, YTO CTaHAapTHas JHCIOBCKas MeyaTajKka He 3HaeT, KaK YCTPOEHO
npescTaBieHHe odepead. Ecan Thl Xodelllb, UToObl oYepeb MPABUJBHO NeyaTanach, NPUAETCS HalHcaTh
crelMaspHyl0 MPOLEAYPY pacledaTku ouepeneil». O6bsacHuUTe, uto UMeeT B Buny EBa Jly. B uacTHocTH,
0OBsICHUTE, NOueMy B NpuMepax DeHa Ha meuarb BbIfaeTcsi UMEHHO Takoil pesyabrar. Omnpenesnte
npouenypy print-queue, KoTopas 6epeT Ha BXOJe ouepesib U BEIBOLMT Ha MedaTh MOCJel0BaTeNbHOCTh
ee 3JIeMeHTOB.

Ynpaxzenue 3.22.

BmecTo Toro, 4toGbl MpeACTaB/AATb OYepelb Kak Napy ykasaTesed, MOXXHO NOCTPOWUTb ee B BHJE MPoO-
LeLypbl C BHYTPEHHUM COCTOSIHMEM. DTO COCTOsIHHe OyneT BKJ/OUYaTb yKaszaTesld Ha Hauyalo M KOHel|
00BIKHOBEHHOT0 crnucka. Takum o6pasom, make—queue OyaeT UMeTb BUL

(define (make-queue)

(let ((front-ptr ...)
(rear-ptr ...))
(onpedesnernuss BHympeHHUX npouedyp)
(define (dispatch m) ...)

dispatch))

3akoHuuTE onpenesieHre make—queue )48 peaJmsyﬁTe onepaury Hapn odyepeasiMu C IMOMOILBIO 3TOro
npeacTaBJeHUA.

Ynpaxuenue 3.23.

Hex (deque, double-ended queue, «iByCTOpOHHSIS ouepe/b») MpPeACTABJISET COO0H MOCAEN0BATENBHOCTD,
3JIeMeHTBl B KOTOPOH MOryT n00aBJsiTbCS M YHMYTOXKATbCS KaK C TOJIOBBl, TaK M ¢ xBocTa. Ha ne-
KaX omnpefie/leHbl Takve olepalud: KOHCTPyKTop make-deque, npenukar empty-deque?, cejekTo-
pbl front-deque u rear-deque, u Myrtatopel frontinsertdeque!, rear-insert-deque!,
front-delete-deque! u rear-delete-deque!. [lokaxknuTe, KaK MpPeACTaBUTb [eK IPHU MOMOLIH
Nap, M HamHIIKTe peaiusalHio onepanuii® Bee onepaluun JOJXKHE BRIIOJHATECA 3a ©(1) maros.

3.3.3. IlpencraBiaeHue TabGamIy

Korza B ryiaBe 2 Mbl M3yyasu pa3iuuHble CIIOCOOBI PENCTaBJAEHHS MHOXKECTB, TO B pasfe-
Je 2.3.3 Obli1a yrnoMsiHyTa 3ajadya MoALep:KaHUs TabaULbl ¢ HAEHTH(HULHUPYIOIHUMH KJAIOYaMH.
[Ipy peanusauuu NporpaMMHUPOBAHHUS, YIPaBJASEMOro NAHHBIMH, B pasiene 2.4.3, akTHBHO

230cTOpOKHO, He 3aCTaBbTe HEHaPOKOM WHTEpIpPeTaTop MeuaraTh HHKJAHYeCKylo cTpyKTypy (cM. ymp. 3.13).
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table

*table* [ ] 1 [ ] K [ ] X

a 1 b 2 c 3

Puc. 3.22. Tabanuua, npencraB/ieHHasi B BUIE CIIMCKA C 3ar0JIOBKOM.

HCIIO/Ib30BAUCh IByMepHble TAGJUIbl, B KOTOPbIX MH(OPMALHs 3aHOCHTCS U HILETCS C HC-
[0JIb30BaHUEM [BYX KJjioued. Temepb Mbl yBHANM, KaK Takuhe TaGJHIBl MOXHO CTPOUTH MPU
MOMOIM U3MEHSIEMbIX CIIUCKOBHIX CTPYKTYP.

CHauaJ/ia pacCMOTPUM OIHOMEpPHYIO TabJIMIy, TAe KaXKIblH 3JeMeHT XPaHUTCS MOJ, OTAeJNb-
HbIM KJiodoM. Ee MBI peanusyeM Kak CIHCOK 3amuced, Ka){as M3 KOTOPBIX NPeACTaBJsieT
co6oH mapy, COCTOSILLYIO K3 KJYa U CBSI3aHHOTO ¢ HUM 3HayeHHs. [lapbl cBsi3aHBl BMecTe B
CMHCOK TPU MOMOILIY LEMOYKH Map, B KaKIOH U3 KOTOPBIX CAr YKa3blBalOT Ha OIHY W3 3allu-
cell. DTH cBsA3yWOIIKe Naphbl HasbiBaTCsA xpebmom (backbone) tabmuusl. st Toro, yTobsl y
Hac OblJIO MecTo, KOTopoe Mbl OyneM HM3MeHSITb MpH H100aBJeHWH HOBOW 3amMCH, TabJaHULY MBI
CTPOUM KaK cnucok ¢ 3acoroskom (headed list). ¥ Takoro crucka ecTb B HauaJje CrenualibHast
xpeOToBasi mapa, B KOTOPOE XpaHUTCS (PUKTUBHAS «3aMKUCh» — B JAHHOM CJyuae MPOH3BOJILHO
BEIOpaHHBIH cUMBOJ *table*. Ha pucyHke 3.22 nszoGpakeHa cTpesiouHas AdarpaMmma [Js
TaOJUILIBI

Qoo
w N R

Wudopmanuio u3 TabaMIbl MOXHO H3BJeKaTb MPH MOMOLIM Npoueaypel lookup, KOTO-
pasi mosiy4aeT KJK0Y B KauecTBe apryMeHTa, a BO3BpalllaeT CB3aHHOE C HUM 3HaueHHe (16O
JIOXb, €C/IM B TaOJHlle C 3THM KJIOUOM HHMKAaKOTO 3HaueHHsl He CBsi3aHO). Lookup ompene-
JIeHa NpU MOMOLIY OMepanuu assoc, Kotopas TpebyeT B BHIE apryMeHTOB KJ/I0U M CIIUCOK
3anuceid. O6paTUTe BHHUMaHHUE, UTO aSSOC He BUIUT (PUKTHBHOH 3aMUCH. ASSOC BO3BpallaeT
3amuCh, KOTOPAsi COAEPXKHUT B car MCKOMBIH Kaou’*. 3arem lookup mpoBepsieT, 4TO 3amKCh,
BO3BpallleHHasl aSSOC, He eCTb JIOXKb, U BO3BpallaeT 3HaueHue (To ecTh cdr) 3alHUCH.

(define (lookup key table)
(let ((record (assoc key (cdr table))))
(if record
(cdr record)
false)))

24l—IOCKOJIbe assocC I0J1b3yeTcCa equal?, B KayecTBe KJIOYeHd OHAa MOXKeT pacriosHaBaTb CHMBOJIbI, YHCJA H
CITMUCKOBbI€ CTPYKTYPBhI.
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(define (assoc key records)
(cond ((null? records) false)
((equal? key (caar records)) (car records))
(else (assoc key (cdr records)))))

Uro6bl BCTaBUTH B TaOJHIy 3HAueHHe MO NAHHBIM KJIOYOM, CHadaja Mbl C IIOMOILBIO
assoc MpoBepsieM, HET JI ykKe B TabJHIe 3aMuCH ¢ 3TUM KjawodoM. Eciu HeT, Mbl (hopMU-
pyeM HOBYIO 3aMHCh, «CCONSHBast» KJ0Y CO 3HaYeHHWEM, U BCTaBJjsieM ee B Hayaso CIIUCKa
3anuced TabJMLbl, MOCAe PUKTUBHOH 3amucu. Ecau ke B Tabauie yxKe Oblia 3aMUCh C 3THUM
KJII0YOM, MBI TepecTaBjsieM cdr 3alMUCH Ha YKa3aHHOe HOBOE 3HaueHWe. 3aroJjioBokK TabJiu-
I[bl UCIIOJIb3yeTCs] KAaK HETOJNBUXKHOE MeCTO, KOTOPOe MBI MOXKEM H3MEHSTb MPH MOPOXKIEHUH

HOBO# 3amucuz.

(define (insert! key value table)
(let ((record (assoc key (cdr table))))
(if record
(set-cdr! record value)
(set-cdr! table
(cons (cons key value) (cdr table)))))
" ok)

Jlst Toro, 4To6bl cO3MaTh TAOJHUILY, MBI IPOCTO MOPOXKIAEM CIIHCOK, COAEPKAIIUNA CHMBOJI
*table*:

(define (make-table)
(list ’*table*))

JBymepHbIe TabIULBI

B nBymepHo# Tabsuie Kaxkaoe 3HaUeHHE WHAEKCHpPYyeTCs ABYMs KJaoo4aMu. Takyio TabJu-
Iy MBI MOXKEM IIOCTPOHTb KaK ONHOMEPHYIO TaOJHIy, B KOTOPOH KaXKAbIH KJIIOU ONpelesseT
noaradauuy. Ha pucynke 3.23 uso6paxkeHa cTpesioyHas juarpaMmma Ajs TaGJauibl

math:
+: 43
-: 45
*: 42
letters:
a: 97
b: 098

comepxkalleil nBe moaTabJuLbl (MoATabaHIaM He TpebyeTcs CelHasbHOrO0 3aroJ0BOYHOrO
CUMBOJIA, OCKOJIbKY AJISI STOH LEJIH CAYKHT KAIOU, HAEHTUGUIMPYIOLINH MOATaGMHUILY).

Korna mbl uiem B TabJ/ulie 3JeMeHT, CHayaJa Mpy MOMOLIY MePBOTO KJI0UYa Mbl HAXOOUM
HY>KHYIO TOATA0/MIly. 3aTeM MPU MOMOIIM BTOPOTO KJIIOUA Mbl OMPEEJsieM 3arucCh BHYTPU
MOATAOJIULBI.

25TaxuM 06pasoM, MepBasi XpeGToBasi Mapa SBJAETCH 0GBEKTOM, KOTOPhIH MpeCTaB/IseT «CaMy» TAaGMHILY; TO eCTb,
yKasaresb Ha TabJULy — 3TO yKasaTeJb Ha 3Ty napy. Tasuua Bcerfa HauMHaeTcs C OLHOH M TOH ke XpeGTOBOH
napel. Bynbs 3T0 ycTpoeHo MHaue, mpuiioch Obl BO3BpallaTh M3 insert! HOBoe Hauaso TaGJMIbI B TOM Cjyuae,
KOTJla CO3/1aeTCsl HOBasl 3alKCh.



3.3. MoxaenupoBaHue MPH MOMOILIH H3MeHSE€MbIX JaHHBIX

*table*

letters . \

math

+ 43 - 45

42

Puc. 3.23.

JBymepHas tabauua.

257
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(define (lookup key-1 key-2 table)
(let ((subtable (assoc key-1 (cdr table))))
(if subtable
(let ((record (assoc key-2 (cdr subtable))))
(if record
(cdr record)
false))
false)))

UroO6bl BCTAaBUTh B TaOJMILy HOBBIH 3JIeMEHT IOJ ABYMS KJ/I0YaMH, Mbl IIPH IIOMOILH asSSOC
npoBepsieM, COOTBETCTBYET JIM Kakas-HHOYAb MoaTabsuia nepsomy Kiwody. Ecau HeT, cTpoum
HOBYIO TOATA0JHILY, CONEPKAILYI0 eAUHCTBEHHYIO 3anuch (key-2, value), U 3aHOCHM ee B
TabJUIYy MO MepPBBIM KJ0UOM. EcCaM AJs MepBOro Kjaoua yxKe CYLIeCTBYeT MoATab/Hla, Mbl
BCTaBJ/IsieM HOBYIO 3aMHUCh B 3Ty MOATAOJMULY, UCIIO/Nb3YS BbIIIEONUCAHHBIH METOM BCTaBKH IS
OZHOMEPHBIX TabMuLL:

(define (insert! key-1 key-2 value table)
(let ((subtable (assoc key-1 (cdr table))))
(if subtable
(let ((record (assoc key-2 (cdr subtable))))
(if record
(set-cdr! record value)
(set-cdr! subtable
(cons (cons key-2 value)
(cdr subtable)))))
(set-cdr! table
(cons (list key-1
(cons key-2 value))
(cdr table)))))
" ok)

Co3gaHue JOKaJbHBIX Ta0JIMIL

Onepauun lookup ¥ insert!, KOTOpble Mbl ONpPENENHJH, MPUHUMAIOT TaOJUILY B Ka-
YyecTBe apryMmeHTa. DTO MO3BOJSIET MHUCATh MPOTPaMMbl, KOTOpble obpariatTcs GoJjee, ueM K
onHo¥ Tabsunue. Jpyroil cnoco6 paboThl ¢ MHOXECTBEHHBIMH TabJUIIAMH 3aKJIOUAETCsl B TOM,
4yTOObl MMETb IJIsl KaXKAOH W3 HHUX CBOHM OTHesbHble Tpoueaypel lookup u insert!. Mul
MOXKeM 3TOr0 NOOWUTBCS, MPeNCcTaBUB TabJHLYy B MpPOLEAYPHOM BHAE, KaK OOBEKT, KOTOPbIH
MO IEP?KUBAET BHYTPEHHIO Ta0JMIy KaK 4acTb CBOETO JIOKAJbHOTO cocTosiHus. Korma emy
MOCHIIAIOT COOTBETCTBYIOIIEE COOOIIEHHE, 3TOT «TaOGJUYHBIA OOBEKT» BBIIAET IMPOLELYPY, C
TIOMOLIBI0 KOTOPOH MOXKHO paboTaTh ¢ ero BHYTPEHHHUM cOoCTOsiHHMeM. BoT reHepatop mBymep-
HBIX TabJIuL, TIPeICTaBJIeHHBIX TAKUM CIOCO6OM:

(define (make-table)
(let ((local-table (list ’*table*)))
(define (lookup key-1 key-2)
(let ((subtable (assoc key-1 (cdr local-table))))
(if subtable
(let ((record (assoc key-2 (cdr subtable))))
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(if record
(cdr record)
false))
false)))
(define (insert! key-1 key-2 value)
(let ((subtable (assoc key-1 (cdr local-table))))
(if subtable
(let ((record (assoc key-2 (cdr subtable))))
(if record
(set-cdr! record value)
(set-cdr! subtable
(cons (cons key-2 value)
(cdr subtable)))))
(set-cdr! local-table
(cons (list key-1
(cons key-2 value))
(cdr local-table)))))
" ok)
(define (dispatch m)
(cond ((eg? m ’'lookup-proc) lookup)
((eg? m ’"insert-proc!) insert!)
(else (error "HeusBecTHas omnepauus -- TABLE" m))))
dispatch))

Make-table no3BossieT HaM peasu30BaTh OlepaLuy get W put u3 pasnena 2.4.3, Tak:

(define operation-table (make-table))
(define get (operation-table ’lookup-proc))
(define put (operation-table ’insert-proc!))

Get B KayecTBe apryMeHTOB OepeT JABa KJua, a put JABa KJjwoua U 3HaueHHue. Obe
orepanuy 0O0palIaTCs K OMHOH M TOW Ke JIOKAJbHOU TabJulle, KOTOpast MHKAMCYNIUPYETCS B
00BeKTe, CO3laHHOM MOCPEACTBOM BbI30Ba make-table.

Ynpaxzenue 3.24.

B peanusauusx Tab Ml B 3TOM pasfeJe KJAOYH BCEraa MPOBePSIOTCS Ha PaBEeHCTBO C MOMOLLbI0 equal?
(KoTOpEIf, B CBOIO OYepelb, 30BeTCH M3 assoc). DTO He Bcerga TO, YTO HyxHo. Hampumep, MoxkHO
npeacTaBuTh cebe TabJIMIY C YHCJOBBIMHM KJIOYaMH, TAe He TpeOyeTcs TOUHOIO COBMNANeHHS C YHCJOM,
KOTOpO€ Mbl MIIEM, a HYXKHO TOJIbKO COBINaJeHHe C onpejeseHHOH gomycTHMmoi owmu6koi. Iloctpoiite
KOHCTPYKTOp Tabiul make-table, KOTOPLIH B KadyecTBe apryMeHTa NPUHMMaeT MNPOUeNypy same-—
key? s NPOBEPKHM paBeHCTBA KiwoueH. Make-table po/kHa BosBpamlaTh npouenypy dispatch.
yepe3 KOTOPYIO MOXHO Jo6paTbes 10 npoueayp lookup u insert! sokanbHOH TaGJHIbL.

Ynpaxxuenue 3.25.

O6o06uas cayyad OIHO- U ABYMEPHBIX TabJIMLL, MOKAXKHTE, KAK MOXKHO Peasi30BaTh TabJHIY, B KOTOPOH
3J1eMEHTBl XPaHSATCS C MPOU3BOJbHBIM KOJTHYECTBOM KJIOUel W pas3jMuHble 3HAYEHHs] MOTYT XPaHHTbCS
C pasJMYHBIM KOJIMUecTBOM KJiodei. [Ipouenypbl lookup M insert! HOJ/KHBI NPUHHMATh Ha BXOLE
CITUCOK KJIIOYeH, ¢ KOTOPbIMU TpebyeTcst 00paTHUThCS K TabJHLe.
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Ynpaxuenue 3.26.

[Tpu noucke B Tab/ulle, KaK OHA peask30BaHa BhIlle, MPUXOAUTCS MPOCMATPUBAThL CIMCOK 3amuced. B
CYLLHOCTH, 3TO MpPEACTABJEHHE C HEYNOPsJOUeHHbIM CIIUCKOM M3 pasgena 2.3.3. Jas Gosbluux Tabjaui
MOXeT 0Ka3aTbcsl 3(h(eKTHBHee OpraHU30BaTh TaOMULy HHaue. ONUIINTE peanu3alnto Tab/ulbl, B KOTO-
poii 3anucH (KJrod, 3HayeHHe) OPraHU30BaHbl B BUIe OMHAPHOrO fepeBa, B NMPEAINOJNOKEHHH, YTO KJIOYH
MOXHO KaKHM-TO 00pa3oM yMopsiiouuTb (HanpHuMep, YHCJIEHHO WJH 1o andasuty). (Cp. ¢ ynpakHeHH-
em 2.66 u3 ryaBbl 2.)

Ynpaxuenue 3.27.

Memouszayus (memoization) (HasbiBaeMast Takxe mabyaapusayus (tabulation)) — npuem, koTopsli Mo3-
BOJISIET MPOLEAYPE 3aMUChIBATh B JIOKaJbHOU Tab/HIle eAHHOXKb BHIYUCAEHHbIe 3HaueHHs. Takoil npuem
MOKET CHJIbHO MOBBICHTb MPOU3BOAUTEBHOCTh MPOrpaMMbl. MeMOH3HpOBaHHast POLELYpa MOIAepIKHUBA-
eT TabJIuIly, IIe COXPaHSIOTCST Pe3y/IbTaThl MPeAbIAYIINX BEI30BOB, a B KaueCTBe KJOYeH HCIOJb3YI0TCs
apryMeHTbl, OTHOCHTEJIbHO KOTOPBIX 3TH pe3ysbTaThl OblIH MosydeHbl. Korga oT MeMoM3upoBaHHOM Mpo-
Lefypbl TPeOYIOT BHIYHUCJUTb 3HAUeHHE, CHayaja OHA MPOBEPST B TaGJHMLE, HET JIU TaM yXKe HYXKHOTO
3HauyeHHsl, U eCcJM [a, TO OHa MPOCTO BO3BpalllaeT 3TO 3HauyeHWe. Eciu HeT, TO OHa BBIUMC/SAET 3Ha-
YyeHue OOBIYHBIM COCOGOM M 3aHOCHT €ro B Tabjully. B KauecTBe mpuMmepa MeMOH3allMH, BCIOMHHM
9KCIIOHEHLIMaJIbHBIH MpolLece BeluucaeHus uuces PuboHauun us pasgena 1.2.2:

(define (fib n)
(cond ((=n 0) 0)
((=n 1) 1)
(else (+ (fib (- n 1))
(fib (- n 2))))))

MewmounsnpoBaHHas BepCcHsl TOH Ke caMOH MPOLENYPBl BHIMISAUT Tak:

(define memo-fib
(memoize (lambda (n)
(cond ((=n 0) 0)
((=n 1) 1)
(else (+ (memo-fib (- n 1))
(memo-fib (- n 2))))))))

a npoleaypa memoize onpenessercs Tak:

(define (memoize f)
(let ((table (make-table)))
(lambda (x)
(let ((previously-computed-result (lookup x table)))
(or previously-computed-result
(let ((result (f x)))

(insert! x result table)
result))))))

Hapucyiite nuarpammy oKpy:KeHHH, aHaJWU3UpYIOLLyl0 BeidnciaeHne (memo-fib 3). O6bscHuTe, mo-
yemy memo-fib BbiuncaseT n-e yucao PuboHauyy 3a YKUC/O LIATOB, NpornopuuoHasbHoe n. Crajna Obl
cxeMa paboTaTh, €cd Obl Mbl Onpefeauad memo—£ib npocto kak (memoize fib)?

3.3.4. Umutanusa uudpoBbIX cxeM

[TpoekTupoBaHUe CJOXKHBIX LUQPPOBBIX CUCTEM, TAKUX, KAK KOMIBIOTEpHI, SBJSETCS BaxK-
HOH OTpac/iblo MHKEHEPHOH nesTenbHOCTH. LlnpoBEle CHCTEMBI CTPOSATCS MYTEM COeIHHEHHUS
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o T I
Inverter And-gate Or-gate
(unBeprop) (U-anement) (MJIU-31eMeHT)

Puc. 3.24. dneMeHTapHble ()YHKIHOHAJbHBIE 3JIEMEHTH B UMUTATOPe LU(PPOBBIX CXEM.

MPOCTHIX 3JIEMEHTOB. XOTSl MOBEJEHHE 3THX COCTABJSIOUIMX 3JEMEHTOB MPUMHUTHBHO, CETH,
U3 HHUX cOOpaHHble, MOTYT 00JIafiaTh BeCbMa CJOXKHBIM NoBefeHHeM. KoMmbroTepHass UMHTA-
[US] MPOEKTHUPYEMBIX 3JIEKTPOHHBIX CXEM CJIYXKHUT BaKHbIM HHCTPYMEHTOM [JIs1 WHXKEeHEepOB-
CTeLHaTUCTOB MO LU(POBBIM cHCTeMaM. B 3ToM paspene Mbl CpOEKTHpyeM CHUCTEMY MJIsi
UMHUTALHOHHOTO MOJeNUPOBaHUsl LU(ppoBbIX cxeM. CucTeMa 3Ta OyHeT CJYKHUTb NPUMEPOM
nporpaMm 0co00ro BHAA, Ha3blBAEMbIX umumayus, ynpasisemas coboimuamu (event-driven
simulation), B KOTOpbIX neHCTBHSI («COOBITHSI») BBISBIBAIOT APYTHE COOBITHS, KOTOPHIE MPO-
HUCXOAST CIYCTsS HEKOTOPOE BPeMs W MPH ITOM B CBOIO Ouepelb BbI3bIBAIOT COOLITHS, U TaK
naJsee.

Hama BbluncaurtenbHasi Monesb UH(GPOBOH cxeMbl OYIeT COCTOATb U3 0ObEKTOB, COOTBET-
CTBYIOLIUX 3JE€MEHTAPHBIM KOMIIOHEHTaM, W3 KOTOPBIX CTpPOHUTCs cxeMma. MmeroTes nposoda
(wires), Hecyue yugposvie cuernaroe (digital signals). B kakmbiii maHHBIE MOMeHT Uub-
POBOH CHUIHaJ MOXKET UMEeTb TOJBKO ONHO M3 JIBYX BO3MOXHBIX 3HaueHui, 0 mau 1. Kpome
TOrO, UMEIOTCS Pa3jHuHble BUABl QyHKUuoHALbHbLY dremenmos (function boxes), KoTopbie
COENMHSIOT MTPOBOJA, HECYII[He BXOJHbIE CUI'HAJbl, C BBIXOAHBIMU MPOBOAAMH. TaKkHe 3/eMeHThI
MOPOXKJAIOT BBIXONHbIE CUTHAJIBI, BBIYUCISS UX HA OCHOBE BXOJHBIX CHUTHAJIOB. BbiXonHOU cur-
Hasl 3aepXKUBAeTCsl Ha BpeMsi, 3aBHCsLIee OT THIA (PYHKLHOHANBHOTO dneMeHTa. Hanpuwmep,
ungepmop (inverter) — sjeMeHTapHbIH (PYHKIMOHAJIbHBIN 3JIEMEHT, KOTOPbIH ofpariaet CBOH
BXOJNHOH curHas. Eciu BXogHOW curHas vHBeptopa craHoBuTcs O, TO Ha OfHY MHBEPTOPHYIO
3a/lepXKKY M03)Ke CHTHAJ Ha BbiXofe craHeT paBeH l. Ecsu BXomHoil curHas craHer 1, To Ha
WHBEPTOPHYIO 3alep:KKy Mo3xe Ha Beixone nosisutcst 0. iHBepTOp crMBo/MYecKH H306pakeH
Ha puc. 3.24. H-aremenm (and-gate), Takke MokasaHHbIH Ha puc. 3.24, UMeeT IBa BX0Ia H
omun Beixon. OH ofecrneunBaeT Ha BBIXOLE CHrHaJ, paBHbIH socuueckomy M (logical and) or
BXOIOB. DTO 03HAuaeT, UTO eC/M 00a BXOIHBIX CHUTHAJa CTAHOBSTCS paBHbIMHU 1, To omHy M-
3ajiepKKy cnyctsi M-aseMeHT 3acTaBUT CBOH BBIXOMHOH CHUTHaJ cTaTh l; B IPOTHBHOM CJjydae
Ha Bbixoze Gynet 0.

HJIH-21emenm (or-gate) mpencraBisier co60d MOTOOHBIN Ke 3J€MEHTapHBIH (HYHKIHO-
HaJIbHBIH 3JIeMEHT, KOTOPbIH OOecreyrBaeT Ha BbIXOJle CHUTHAJ, PaBHBIH so2uueckomy HJIITH
(logical or) cBoux BxOmOB. A MMEHHO, BEIXOAHOH CHTHAJ CTaHET paBeH 1, ecsn XoTs Obl OAMH
M3 BXOJIHBIX CHUTHAJIOB OKaxKeTcsl 1; B MPOTHBHOM ciydae Ha Bbixoze Gynet 0.

Coenunsisi aseMeHTapHble (DYHKLHH, MOXKHO MOJy4daTh GoJjiee cjaoxHble. s aToro Ha-
[0 TIONCOEAMHSATb BHIXOAbl OAHHUX (PYHKIMOHAJBHBIX 3JEMEHTOB KO BXomaMm npyrux. Hampu-
mep, cxeMma noaycymmamopa (hali-adder) na puc. 3.25 cocrour nz WJIM-anemenra, nByx
H-anementoB u unsepropa. [losmycymMmmarop nmosydaer nsa Bxopa, A u B, u vimeer 1Ba BhIXOJ3,
S u C. S cranoBuTcs 1, Korma poBHO onuH U3 curHasoB A u B paeen 1, a C Torna, Korna u A,
u B paBHbl 1. M3 cxeMbl MOXXHO BHUIETb, UTO MO MPUYHMHE 33[€PKEK BBIXOIHbIE CUT'HAJbl MOTYT
reHepHpoBaThcs B pazHoe Bpemsi. OTcioga MPOUCXOASAT MHOTHE CJ0KHOCTH B NMPOEKTHPOBAHUU
LIU(PPOBBIX CXEM.
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Puc. 3.25. TTonycymmartop.

Tenepe Mbl MOCTPOMM IpPOTPaMMy IJsI UMHTAUMHU LUQPPOBHIX JOTMUECKHX CXeM, KOTOpble
MBIl XOTHM H3y4aTb. [IporpamMma OyneT CTPOWUTBH BBIUHC/IUTENbHBIE OOBEKTBI, MOIEJHPYIOLIHE
IIPOBOJIa, KOTOPbIe «COAEPKaT» CHrHaJ/bl. PYHKIHMOHANbHbIE 3JIeMeHThl OYAYT MOJENUPOBATHCS
npoLefypaMH, KOTOpble 06ecrneynBaloT Hy>KHOe OTHOLIEHHe MeXAy CHTHa/laMH.

OnHuM U3 6a30BBIX 3JEMEHTOB Halllell UMHUTALWH OyneT npolenypa make-wire, Kotopas
nopozkjaaet nposoza. Hanpumep, Mbl MoxkeM co3[aTh LIeCTb MPOBOJOB TaK:

(define a (make-wire))
(define b (make-wire))
(define ¢ (make-wire))
(define d (make-wire))
(define e (make-wire))
(define s (make-wire))

Mpubl nofcoenuHsieM (pyHKIMOHANbHBIH 3JIEMEHT K TPOBOAY BO BPEMS BbI30Ba MPOLEAYPHI, KO-
TOpast co3JaeT NAHHBIH BHI 3JeMeHTa. ApryMeHTaMH MOPOXKAIIEs POLeayphl CayKaT MPo-
BOJA, MOMCOeAHHsieMble K 3jeMeHTy. Hanpumep, ecqu Mbl ymeeM co3naBaTh K-3jieMeHTHI,
NJIN-3/1eMeHTbl 1 MHBEPTOPBI, Mbl MOXKEM COOPATh MOJyCyMMAaTOp, H306paXKeHHbIH Ha PUCYH-
ke 3.25:

(or-gate a b d)
ok

(and-gate a b ¢)
ok

(inverter c e)
ok

(and-gate d e s)
ok

Jlaxke Jydine TOro, MOXKHO MPUCBOUTb TOH ONepalld UM, ONpefeuB Npolenypy half-
adder, KOHCTPYUPYIOLLYIO CXEMY, HCIOJ/b3Yys UYeTblpe BHELIHHWX IPOBOAA, KOTOpble HYXKHO
MOACOETUHUTD K MOJYCyMMaTOPY:

(define (half-adder a b s c)
(let ((d (make-wire)) (e (make-wire)))
(or-gate a b d)
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Puc. 3.26. Cymmarop.

(and-gate a b c¢)
(inverter c e)
(and-gate d e s)
"ok))

[IpermyiecTBO 3TOro OmpeiesieHHss B TOM, UTO TeNepb Mbl MOXKEM HCIOJb30BaTb half-
adder Kak CTPOUTeJbHbIH OJIOK NPH CO3MaHHUU OoJiee CI0XKHBIX cxeM. Hampumep, Ha pucyH-
ke 3.26 usobpaxen cymmamop (full-adder), cocrosimét U3 aByx moaycymmaropos u WJIM-
snemMenTa’®, CyMMaTop MOXHO CKOHCTPYHPOBaTh TakK:

(define (full-adder a b c-in sum c-out)
(let ((s (make-wire))
(cl (make-wire))
(c2 (make-wire)))
(half-adder b c-in s cl)
(half-adder a s sum c2)
(or-gate cl c2 c-out)
"ok))

OnpenenuB full-adder Kak NpoLEAYpPY, MBI MOXKEM €€ HCIO0JIb30BaTb KaK CTPOUTEJbHBIH
6JI0K 151 ente Gogiee caoxHbXx cxeM. (Cm., Hanpumep, ynpaxuenue 3.30.)

B cymHocTH, Halla UMHTAaLHs 1aeT MHCTPYMEHT, C MOMOLLBI0O KOTOPOTO CTPOUTCS S3BIK
onucanus cxeM. [IpuHuMas oOlLyl0 TOUKY 3peHHMS Ha SA3BIKH, C KOTOPOH MBI NPHUCTYMHJIH
K usydenuto Jlucma B paspmesne 1.1, MOXKHO cKasaTb, YTO 3Je€MeHTapHble (PYHKLHOHAJbHBIE
3JIeMeHTbl SIBJASIOTCS NPUMHUTHBAMH SI3blKa, CBSI3bIBaHME MX MPOBOAAMM MpEeACTaBJseT cobor
CpPeaCcTBO KOMOMHHMPOBAHHUS, a Ofpefie/ieHre LabJOHHBIX CXEM B BHUJE MPOLENYP CJAYKHUT CPei-
CTBOM a0CTpPaKLUH.

dneMeHTapHble (DYHKIMOHAJbHBIE 3JI€MEHTHI.

dnieMeHTapHble (DYHKLMOHAJbHbBIE 3JEMEHTbl U300paKalT «CHUJBl», Uepe3 TOCPeICcTBO KO-
TOPBIX U3MEHEHHe CHUTHaJa B OOHOM IPOBOJE BJleYeT W3MeHeHHe CUrHasa B APYTHX MPOBOAAX.
Jns nocTpoeHnst (pyHKIMOHAIbHBIX 3JIeMEHTOB Mbl OyIeM I0JIb30BaThCS CAEAYIOLUIUMHU Ofepa-
LUUSIMU HaJ, NMPOBOAAMH:

26CyMMaTOp — OCHOBHOH 5J€MEHT CXeM, HCMOJb3YeMBIX A/Is COMKEHWs ABOMUYHBIX uucesa. 3xech A u B — Guthl
Ha COOTBETCTBYIOLIUX MO3MLMAX ABYX CKJalbiBaeMblX 4uces, a Cj;, — OMT MepeHoca U3 NMO3MLHM Ha OHY MpaBee.
Cxewma renepupyer SUM, 6MT CyMMBI /Il COOTBETCTBYOIIEH TMO3HUMHU, H Cy 1, GUT MepeHoca N/ PaclpoCTpaHeH st
HaJIeBo.
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e (get-signal (npoBod)) Bo3BpallaeT TeKylllee 3HaUYeHHe CHIHA/MA B MPOBOLE.

e (set-signal! (npoBod) (HoBoe-3HaueHuUe)) 3aMeHsieT 3HAYeHWEe CHUTHAjA B
[POBOJIE HA yKA3aHHOE.

e (add-action! (npoBod) (npouedypa 6e3 apeyMeHmMOB)) yKa3biBaeT, UTOOHI
npoLefypa-apryMeHT BbI3blBaJach KaxkKAblll pa3, KOTAa CUTHaJbHBIHA MPOBOJ M3MEHsIeT 3Haye-
HUe. Takue NpoLenypHl CAYKAT [lepeJaTOYHbIM MEXAHH3MOM, C [IOMOIIbIO KOTOPOT'O U3MeHeHHe
3HAuUeHMs CHTHaJa B OJHOM IIPOBOJEe NepefaeTcss APYrMM NpoBoxaM. B nonosHeHue, Mbl Oy-
JieM I0J1b30BaThesl npouefypoil after-delay, KoTopas NpUHHMaeT 3HAYeHUe 3aJepPXKKH U
npouenypy. OHa BBHIIOJIHSET MPOLEAYPY MOC/Ie UCTEUEHHS 3aLEPKKH.

[Tpu nmomouIy 3THUX NpOLENYyp MOXHO ONpPeNeJUTh 3J1eMeHTapHble PyHKLUUHU LU(PPOBOH JO-
rukHd. UToOBl COENMHUTb BXOA C BHIXOAOM uepe3 MHBEPTOp, Mbl HcHoJb3yeM add-action!
U aCCOLMUPYEM CO BXOIHBIM MPOBOAOM MPOLENYpY, KOTOpas OydeT BBI3bIBATbCS BCSKHH pas,
KOT/la CUTHaJ Ha BXOJe 3JeMeHTa U3MeHMT 3HadeHue. [Iponenypa Beiuncaser logical-not
(ornueckoe oTpHLIAHHE) BXOIHOTO CHTHaJsa, a 3aTeM, NepexiaB inverter-delay, ycra-
HaBJIMBaeT BBIXOAHOH CUTHa/ B HOBOe 3HaueHHe:

(define (inverter input output)
(define (invert-input)
(let ((new-value (logical-not (get-signal input))))
(after-delay inverter-delay
(lambda ()
(set-signal! output new-value)))))
(add-action! input invert-input)
" ok)

(define (logical-not s)
(cond ((= s 0) 1)
((=s 1) 0)
(else (error "HempaBuisbHHN curzaan" s))))

H-snemeHT ycTpoeH HeMmHOro cioxHee. [Ipouenypa-nmeficTBue M0JIKHA BbI3bIBAThCS, KO-
roa MeHsieTcs Jwo6oe M3 3HadeHWH Ha Bxofe. OHa Mpu 3TOM uepe3 MpoOLEYpPY, NOAOOHYIO
logical-not, Buuncaser logical-and (joruueckoe M) 3HaueHWH CHrHaJOB Ha BXOM-
HBIX TIPOBOMAX, U 3aTeM TpebyeT, 4TOObl H3MeHEeHHe 3HAUEHHST BBIXOJHOTO MPOBOJA MPOU3OLIIO
CIYyCTs 3aJepXKKy JJIHHOH B and-gate-delay.

(define (and-gate al a2 output)
(define (and-action-procedure)
(let ((new-value
(logical-and (get-signal al) (get-signal a2))))
(after-delay and-gate-delay
(lambda ()
(set-signal! output new-value)))))

(add-action! al and-action-procedure)

(add-action! a2 and-action-procedure)

" ok)



3.3. MoxaenupoBaHue MPH MOMOILIH H3MeHSE€MbIX JaHHBIX 265

- MB Ag By A By o A e

e The T

| FA FA FA | | FA
c| L T7 LI ¢

< ) l ' C o

1 8 So S | .

Puc. 3.27. KackanHblii cymMMaTop aJist n-OUTHBIX YHCEI.

Ynpaxuenue 3.28.
Onpenenure WJIM-sneMeHT Kak 3jeMeHTapHBIH (DyHKIHMOHAJIbHBIN 6J0K. Bam KoHCTpyKTOp or-gate
JOJI>KeH ObITh MofobeH and-gate.

Ynpaxuenue 3.29.

Eute omuu croco6 cospare MJIM-asnemenT — 310 cobpaTb ero Kak cocTaBHOH 6J0K U3 M-anemeHTOB
1 uHBepropoB. Onpenenure npouenypy or-gate, KoTopas 3T0O ocyllecTBiaseT. Kak BpeMs 3aiepXKd
NJIM-snemeHTa BhIpaxaeTcs yepe3 and-gate-delay u inverter-delay?

Ynpaxuenue 3.30.

Ha pucyske 3.27 nzobpaxen kackadwoiii cymmamop (ripple-carry adder), mosydeHHbI# BbICTpauBaHUEM
B PSlL . CyMMaTopoB. DTo mpocTeiiuas (opMa rnapas/esbHOro CymMmMaTopa AJis ClI0XKEHHs ABYX Nn-OUTHBIX
NBOMUHBIX unces. Ha Bxome Mbl HMeeM Al‘ A2, A3,. Apwu By, Bg, B3, ... Bn — 1Ba nBonuHbIX 4nc-
J1a, MOJJIEXKAIHX CI0KEHHI0 (KaxKabli U3 Ak u Bk uMeeT 3HaueHue u6o 0, 6o 1). Cxema nopoxnaer
S1,S9, S3, ... Sn — nepsbie n 6UT cymmel, U C — GUT nepenoca noc/ie cymmbl. Hanuwnre npouenypy
riple-carry-adder, KoTopasi Obl Mone/aHpoBajna 3Ty cxemy. [lpouenypa no/mkHa B KayecTBe apry-
MEHTOB MPUHHMATh TPH CMIUCKA MO 1 MPOBONOB B KaxmoM (Ay, By u Sy), a Takxke fomofHUTEIbHBIH
npoBon C. [aBHbIH HeZOCTaTOK KacKaJHbIX CyMMAaTOpPOB B TOM, YTO MPUXOAMTCS XKAaTh, 10Ka CHUTHAJ
pacnpoctpanutcs. KakoBa 3anepxka, Tpebyemas [/ 0Jy4YeHHs TTOJHOTO BbIBOAA N-OUTHOTO KacCKaJHO-
ro CyMMaTopa, BeIpakeHHasl B 3aBUCHMOCTH OT 3afiepxkek M-, MJIM-ssemenToB U HHBEPTOPOB?

IIpeacraBieHne mpoBoaoB

[TpoBon B Hame#d uMHTaUUU OyIeT BBIUYHUCAHUTEJNbHBIM OOBEKTOM C ABYMS BHYTPEHHHUMHU
[ePEMEHHBIMU COCTOSIHUSI: 3HauyeHue curHana signal-value (BHauase paBHoe 0) u HaGop
npouenyp-AeHCTBUH action-procedures, Noajexxalldx HCIOJHEHHIO, KOTAa CHUTHAJ H3-
MeHsieTcsl. MBI peasnusyeM NpoOBOA B CTHJE C Mepefadeil cooOlieHUH, KaK Habop JIOKaJbHbIX
npouenyp IJIOC Npolefypa AHCIETUEPU3aLUK, KOTopas BblOMpaeT TpefyeMyl0 BHYTPEHHIOIO
onepauuio. TouHO Tak Ke Mbl CTPOUJH 0OBEKT-OAHKOBCKUU cueT B paszese 3.1.1.

(define (make-wire)
(let ((signal-value 0) (action-procedures ’()))
(define (set-my-signal! new-value)
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(if (not (= signal-value new-value))
(begin (set! signal-value new-value)
(call-each action-procedures))
"done))
(define (accept-action-procedure! proc)
(set! action-procedures (cons proc action-procedures))
(proc))
(define (dispatch m)
(cond ((eg? m ’"get-signal) signal-value)
((eg? m ’"set-signal!) set-my-signal!)
((egq? m "add-action!) accept-action-procedure!)
(else (error "HeumsBecTHas omnepanusa -- WIRE" m))))
dispatch))

BHyTpenHnsisi npouenypa set-my-signal! npoBepsieT, OTJIHYaeTCS JM HOBOE 3HAYEHHE CHUT-
HaJjla B NPOBOJie OT cTaporo. Ecain na, To oHa 3amyckaeT BCce MPOLEAYPbI-AeHCTBHS MPH TOMOIIU
npouenypsl call-each, KoTopasi o ouepen BbI3bIBAeT 3JEMEHTHl CIIMCKA 6e3apryMeHTHBIX
npoLeayp:

(define (call-each procedures)
(if (null? procedures)
"done
(begin
((car procedures))
(call-each (cdr procedures)))))

BHuyTpenHss npouenypa accept-action-procedure! nobassser npouenypy-apryMeHT K
CTHCKY NEHUCTBHH, a 3aTeM OfMH pa3 3amyckaeT HOBYIO mpouenypy. (CMm. ympakHenune 3.31.)
Pacnoniaras BeileonucanHoi npouenypoil dispatch, Mbl MOXKeM HamucaThb CJepyloline
NPOLENYpPHl AJI JOCTYIA K BHYTPEHHUM ONepanusaM Hal HpOBOﬂaMHQF
(define (get-signal wire)
(wire ’'get-signal))

(define (set-signal! wire new-value)
((wire ’set-signal!) new-value))

(define (add-action! wire action-procedure)
((wire ’add-action!) action-procedure))

[TpoBopa, KoTOphle COnEpKAT MEHSIOIHECsS CO BpeEMeHeM CHIHaJIbl U MOTYT ITOACOeAUHAThCS
K OLHOMY OOBeKTy 3a APYrMM, — THIIMUYHBIH oOpasel M3MeHsLIMXCH 06beKTOB. Mbl cMoze-

27311 mpoleayphl — BCEro JHIIL CHHTAKCHUYECKMH caxap, KOTOPIH MO3BOJIAET HaM paGoTaTh ¢ BHYTPEHHUMH Mpo-
LeaypaMd OOBeKTOB, HCIHOJb3ys OOBIUHBIH CHHTaKCHUC NpOLeAypHOro Bbi3oBa. [lopasuTesnbHO, 4TO Mbl TaK MPOCTO
MOXKEeM MeHATb MecTaMH POJIM MPoLeAyp M AaHHBIX. Hampumep, xorma Ml numem (wire ’get-signal), Mul
npejcTaBisieM ceGe MPOBOA Wire Kak MpoLelypy, BeI3biBaeMyl ¢ coolblieHHeM get-signal Ha Bxome. C apyroit
CTOPOHBI, 3aNlHCh (get-signal wire) noolipseT Hac AyMaTb 0 wire Kak o0 00beKkTe AAaHHBIX, KOTOPbIH MOCTY-
naeT Ha BXOJ Ipouelype get-signal. McTuHa cOCTOUT B TOM, UTO B si3blKe, [e C NpolLeaypaMHd MOXKHO paboTaTb
KaK ¢ 00beKTaMH, HMKaKoro (hyHIaMeHTa/JbHOTO Pa3jHuusi MeXKIy <«IpPOLEeLypaMH» U «IaHHBIMH» He CYIIeCTByeT, U
Mbl MMeeM NPaBO BHIOMPATh TAKOH CHHTaKCHYeCKHMH caxap, KOTOPbIH MO3BOJUT NPOrpaMMHPOBATh B yIOOHOM MJisl HAC
CTHIIE.
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JIMPOBa/NX HX B BHUJe NPOLEAYpP C BHYTPEHHHMH IepeMeHHBIMM COCTOSIHHUS, KOTOpble H3MeHSs-
10T npucBauBaHueM. [Ipy co3gaHUM HOBOTO MPOBOAA CO3LAETCS HOBBIM HAGOp MepeMeHHBIX
cocTosinust (B BoipaxkeHUH let BHyTpu make-wire), a TakxKe MOPOXKIAETCS W BO3BPALLAET-
csl HoBas mponenypa dispatch, kotopas 3axBaTbiBaeT OKPYKEHHE C HOBBIMH IepEeMeHHBIMH
COCTOSIHHSI.

[TpoBopa pasmensitoTcss MexAy pa3IMYHBIMU YCTPOHCTBAMH, K HAM MOACOeAUHEHHbIMU. Ta-
KUM 00pa3oM, H3MeHeHHe, IPOHU3BeIeHHOe TIPH B3aUMOAEHCTBHH C OfHHUM YCTPOHCTBOM, CKa-
JKeTCSl Ha BCeX JPYTHX yCTPOHCTBaX, CBA3aHHBIX C 3TUM mnpoBonoM. IIpoBox nepenaer usme-
HEeHMe CBOMM COCE/SIM, BbI3bIBasl NPOLENyphI-IeHCTBUS, 3apPETUCTPUPOBAHHbIE B HEM B MOMEHT
YCTaHOBJIEHUS COeJUHEHHS].

Ilnan pencreun

Tenepb 1151 3aBeplieHHs] MOJIEJNM HAM OCTaeTcsl ToJbKo Hanucath after-delay. 3nech
ujess COCTOUT B TOM, U4TOOBl OPraHH30BaTb CTPYKTYpPy HAHHBIX IOf HAa3BaHWUEM niax Oeii-
cmeuii (agenda), rme 6ymeT XpaHUTbCS pacMUCaHKWe TOTO, UTO HAM Haio caenathb. Jjist miaHoB
NEHCTBUH ONpefesieHbl CleyolHe ONepaLnu:

e (make-agenda) Bo3BpallaeT HOBBIA MyCTOU MJAH NEHUCTBUH.
e (empty-agenda? (nmaH-delcmBuul)) WCTHHHO, €CJIHU IJ1aH MYCT.
e (first-agenda-item (nmax-JelcmBuil))B0O3BpallaeT MePBbIH 3JeMEHT MJaHa.

e (remove-first-agenda-item! (nmam-deticmsui)) MogudHUUpYyeT MiaH, yOu-
pasi U3 Hero NepBbIH 3/E€MEHT.

e (add-to-agenda! (Bpems) (OeticmBue) (nmam-OelicmBull))  MOAH(pUUHPYET
nJ1ad, 006aBisisi YKa3aHHYI0 MPOLELypy-AeHCTBHE, KOTOPYIO HYKHO 3aMyCTHTb B yKazaHHOe
BpeMsI.

e (current-time (nman-JdelcmBuil)) BO3BpALLAET TEKYIEe BPEMS MOIEJH.

OK3eMILIAp MJaHa, KOTOPbIM Mbl OyleM MoJb30BaThes, OyneT o603HauaThes the—agenda.
[Tpouenypa after-delay no6aB/sieT HOBHIH 3JeMeHT B MyaH the-agenda:

(define (after-delay delay action)
(add-to-agenda! (+ delay (current-time the-agenda))
action
the-agenda))

Mmuranus ynpasisieTcs npouenypoil propagate, kotopas pab6oraer ¢ theagenda, no
o4epeny BBHIIOJNHAANPOLEAYPHI, COfepKalldecs B MJaHe. B oblem caydae, npu padore MOAeH
B IiaH N00aBJSIIOTCS HOBBIE 3JIEMEHTH, a propagate Npopo/kaeT padoTy, MOKa IJaH He
CTaHOBUTCS MYCTBIM:

(define (propagate)
(if (empty-agenda? the-agenda)
"done
(let ((first-item (first-agenda-item the-agenda)))
(first-item)
(remove-first-agenda-item! the-agenda)
(propagate))))
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IIpumep paboThl Mogeau

Crenytommas npouenypa, KoTopash HaBelMBAeT Ha MPOBOJ «TecTep», MOKa3blBAeT HMHTa-
LMOHHYI0 MOfie/b B AEHCTBUM. TecTep rOBOPHUT IPOBOAY, UTO, KaxKAbIH pa3, KOrAa CHUTHAJ
U3MeHsieT 3HaYeHre, Hy>KHO HareyaTaTb HOBOE 3HaueHHe CUrHaJsa, a TaKXKe TeKyllee BpeMs U
UM TIPOBOAA:

(define (probe name wire)
(add-action! wire

(lambda ()
(newline)
(display name)
(display " ")
(display (current-time the-agenda))
(display " New-value = ")

(display (get-signal wire)))))

CHavasa Mbl MHHLMAJU3UPYeM IJIaH AeHCTBUH U yKa3blBaeM 3a[ep:KKH AJs 3JeMeHTapHbIX
(hyHKILMOHAJ/IbHBIX 3JIEMEHTOB!

(define the-agenda (make-agenda))
(define inverter-delay 2)
(define and-gate-delay 3)
(define or-gate-delay 5)

3aTeM Mbl CO3[aeM YeTblpe NMpoBoAa U K ABYM H3 HUX MOACOENHHSAEM TECTEpPhI:

(define input-1 (make-wire))
(define input-2 (make-wire))
(define sum (make-wire))
(define carry (make-wire))

(probe ’sum sum)
sum 0 New-value = 0

(probe ’carry carry)
carry 0 New-value = 0

3aTeM Mbl CBsSI3bIBaeM MPOBOAA, 06pasysi cxeMy mosaycymmaropa (Kak Ha puc. 3.25), ycTaHas-
JIMBaeM CHTHaJ/ Ha BXole input-1 B 1, u 3amyckaeM MojeJb:

(half-adder input-1 input-2 sum carry)
ok

(set-signal! input-1 1)
done

(propagate)
sum 8 New-value = 1
done
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CurHan sum craHoBuTcs | B MoMeHT BpemeHu 8. Mbl HaxopuMmcsi B 8 elMHUIAX OT HadaJja
paboThl Mojesu. B 3TOT MOMEHT Mbl MOXE€M yCTAHOBHUTh CHUIHa/J Ha BXofe input-2 B |l u
JaTh U3MEHEHUI0 PACIPOCTPAHUTDLCS:

(set-signal! input-2 1)
done

(propagate)

carry 11 New-value = 1
sum 16 New-value = 0
done

CurHan carry CTaHOBHUTCS paBHbIM 1 B MoMeHT 11, a sum crtaHoBuTcs O B MoMeHT 16.

Ynpaxuenue 3.31.

BuyTpenHss npouenypa accept-action-procedure!, onpeneseHHas B make-wire, Tpebyer, uTo-
OBl B MOMEHT, KOTJa Ipolefypa-AeHcTBYe 100aBAsSeTCsl K IPOBOIY, OHa HEMeIJIeHHO HCIOoJHANAch. OOb-
SICHUTe, 3aueM TpebyeTcs Takas MHHMILMa/M3aLus. B yacTHoCTH, npocienuTe paboty mpoueaypsl half-
adder 13 3TOro TeKCTa M CKaXkHTe, KaK OTJMYasnach Obl peakLHUs CHCTEMB, ecsi Obl accept-action-—
procedure! Obl1a onpeseneHa Kak

(define (accept-action-procedure! proc)
(set! action-procedures (cons proc action-procedures)))

Peasunsauuga niaHa geicTBUi

HakoHel, Mbl onucbiBaeM JAeTasd CTPYKTYpbl JAAaHHBIX IJaHA AeHCTBUH, KOTOpas XPaHUT
NpoLenyphl, IPefHa3HAUEHHbIE 115 UCIIOJHEHUS B OyNyLIEM.

[lnan cocrout U3 spemennvix ompesxos (time segments). Kaxknplii BpeMeHHOH 0Tpe3ok
sIBJIsIeTCS Mapoi, cocTosiIel U3 Unca (3HayeHHsi BpeMeHH) U ouepely (cM. yrnpaxkHeHue 3.32),
KOTOpasi CONEPKUT NPOLEAYPHI, NPeIHA3HAUEHHBIE K UCIIOJHEHHIO B 3TOT BPEMEHHOH OTPE3OK.

(define (make-time-segment time queue)
(cons time queue))

(define (segment-time s) (car s))
(define (segment-queue s) (cdr s))

Mbu1 6ynem pab6oTtaTh ¢ ouepelsiMM BPeMEHHBIX OTPE3KOB IPH MOMOLIM ONepalri, ONHCaHHBIX
B paszese 3.3.2.

Cam 1o cebe mjaH OelCTBUU sIBJsieTCS OAHOMEPHOH TabJHlled BpeMeHHBIX oTpe3koB. OT
TabJML, ONMCAHHBIX B pasnese 3.3.3, OH OTJIMYAeTCsl TeM, YTO CETMEHTHl OTCOPTHPOBAHHI B
HopsiiKe BO3pacTaHHsi BpeMeHH. B momosiHeHre K 3TOMYy Mbl XpaHUM mekyujee spems (current
time) (T. e. BpeMsi MOCJIeIHEr0 HUCIONHEHHOrO NeHCTBHUs) B roJioBe miaHa. CBexeco3naHHBIH
MJIaH He CONEePXXKUT BPeMeHHBIX OTPE3KOB, a ero TeKylee BpeMs paBHo 02:

28TJono6HO TabiHLaM U3 pasnena 3.3.3, MJaH OEHCTBHH — 3TO CIHCOK C 3arojIOBKOM, HO, MOCKOJBKY B 3aroJsiOB-
K€ XPaHHUTCsS BpeMsl, He HYXKHO JOMOJHHUTEJNbHOIO 3arojioBKa-MyCTHILKH (Bpofe CHMBOJia *table*, KOTOPBIM MbI
M0JIb30BaJIUCh B Tab/HLAX).
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(define (make-agenda) (list 0))
(define (current-time agenda) (car agenda))

(define (set-current-time! agenda time)
(set-car! agenda time))

(define (segments agenda) (cdr agenda))

(define (set-segments! agenda segments)
(set-cdr! agenda segments))

(define (first-segment agenda) (car (segments agenda)))
(define (rest-segments agenda) (cdr (segments agenda)))
[lnan myct, eciv B HEM HET HU OJHOTO BPEMEHHOT'O OTPe3Ka:

(define (empty-agenda? agenda)
(null? (segments agenda)))

Jasi Toro, utobbl 106aBUTh B IJIAaH HOBOE MEeHCTBHE, TIPEXKIE BCErO0 MBI MPOBEpsieM, He
mycT Jid oH. Ecaii mycT, Mbl co3/aeM JJist NEHUCTBHSI HOBBIH OTPE30K M BCTABJSIEM €r0 B ILJIaH.
WMHaue ™Mbl mpocMaTprBaeM IIaH, IS HA BpeMeHa OTPe3KoB. Ecjv MBI HaXoAWM OTpe3oK
C Ha3Ha4YeHHBbIM BpeMeHeM, Mbl 00aBJ/sieM JeHCTBHE K COOTBETCTBYIOIIEH odepend. Ecan ke
Mbl 06HapyKHBaeM BpeMsi, 6oJiblllee, YeM HAa3HaYeHHOe, Mbl BCTABJISIEM HOBBIH OTPE30K Mepes
TeKyIKMM. Eciii Mbl JOXOMUM 0 KOHLA IJIaHA, MBI BCTABJsIEM HOBBIH OTPE30K B KOHEII.

(define (add-to-agenda! time action agenda)
(define (belongs-before? segments)
(or (null? segments)
(< time (segment-time (car segments)))))
(define (make-new-time-segment time action)
(let ((g (make-queue)))
(insert-queue! g action)
(make-time-segment time q)))
(define (add-to-segments! segments)

(if (= (segment-time (car segments)) time)
(insert-queue! (segment-queue (car segments))
action)

(let ((rest (cdr segments)))
(1f (belongs-before? rest)
(set-cdr!
segments
(cons (make-new-time-segment time action)
(cdr segments)))
(add-to-segments! rest)))))
(let ((segments (segments agenda)))
(if (belongs-before? segments)
(set-segments!
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agenda

(cons (make-new-time-segment time action)
segments))

(add-to-segments! segments))))

[Tpouenypa, koTopas ybrupaer U3 MJjaHa MEPBbIH 3JeMeHT, YHUUTOXKAET JEMEHT B HadaJje
o4yepesir IEPBOTO OTpe3ka BpeMeHH. Eciy B pe3ysnbTaTe OTPe30K CTAHOBUTCS IYCTHIM, MBI

M3bIMaeM ero U3 Crucka oTpeskoBZ’:

(define (remove-first-agenda-item! agenda)
(let ((g (segment-queue (first-segment agenda))))
(delete-queue! q)
(if (empty-queue? q)
(set-segments! agenda (rest-segments agenda)))))

[lepBHIli 37€MeHT MJaHAa HAXOAWTCS B Hadyaje Odyepend B MEPBOM BPEMEHHOM OTpe3Ke.

Kaskapiii pas, Korma Mbl o6paiiaeMcsi K TAKOMY 3JeMEHTY, Mbl OOHOB/ISEM TeKyllee BpeMs .

(define (first-agenda-item agenda)
(if (empty-agenda? agenda)
(error "IMnan nyct -- FIRST-AGENDA-ITEM")
(let ((first-seg (first-segment agenda)))
(set-current-time! agenda (segment-time first-seq))
(front-queue (segment-queue first-seg)))))

Ynpaxuenue 3.32.

[Tpouenypsl, mpeHa3HaueHHble K BEINOJHEHHIO B KaX<[OM BPeMEHHOM OTpe3Ke, XpaHSTCS B BHJe Oue-
penu. Takum ob6pasoM, npoLeaypbl A/ KaXKJIOT0 OTPe3Ka BbI3bIBAIOTCS B TOM K€ MOPsiKe, B KOTOPOM
OHM OblIM 100aB/eHb K IJaHy (mepBblil mpuilel1, nepBeifl yuen). O6bsicHUTe, oueMy TpebyeTcs HC-
10J1b30BaTh HMEHHO TaKoH Nopsifiok. B yacTHocTH, npocsenute nosefenue KM-snemeHTa, BX0Ibl KOTOPOro
MeHsoTest ¢ O Ha 1 u ¢ 1 Ha O ofHOBpPEeMeHHO M CKaXKUTe, KaK OTJHYa/oCh Obl IOBeJeHHe, eC/H Obl
Mbl XPaHHJIM NPOLEAYPHl OTPe3Ka B OOLIKHOBEHHOM CIIMCKe, 100aB/ifs W yOupas HX TOJbKO C TOJIOBHI
(mocsienHUi npuUlle], NepBbI yILIes).

3.3.5. PacnpoctpaHenne orpaHu4YeHH

TpaauLIHOHHO KOMIBIOTEPHBIE NTPOrPaMMbl OPraHH30BaHbl KaK OLHOHAIpaBJEHHbIE BbIUMC-
JIeHWS, BBHINOJIHSIOLIME BBIUMC/EHHS Hal YKa3aHHBIMH apryMeHTaMH W MoJyyarollue yKasaH-
Hble 3HadeHUsi. C APYyroil CTOPOHBI, YaCTO CHUCTEMbl MPUXOAUTCS MOLEJIUPOBATH B BUIE OTHO-
[IEHHH MeXKAy BeJuuMHaMH. Hanmpumep, maTematudyeckas MoJesb MeXaHHUECKOH CTPYKTYpbl

2906paTute BHUMaHHe, UTO B 3Toil MpOleAype BhpaxeHue if He uMeeT (aivmepramussl). Takue «OXHOCTOPOH-
HHe npeanoxeHusa if» wMcnoabsyroTcsi, Koraa TpeOyeTcs PelIMTh, HYKHO JHM Kakoe-TO JeHCTBHMe, a He BHIOpaTh
OIHO M3 IBYX BblpaxkeHu#. Ecaiy mpegukar JoxkeH, a (a1bmepHamusa) OTCYTCTBYeT, 3HaueHHe MpelJioxKeHust 1f He
ompeeseHo.

30Takum o6pasom, Tekyuiee Bpems Bcerfia GyeT COBNAjaTh C BPeMEHeM TMOC/eJHero 06paGOTAaHHOTO NEHCTBUS.
Baarogapst Tomy, 4To 3TO BpeMsl XpaHHTCS B TOJIOBE IIJaHA, OHO BCerjga AOCTYNHO, Ja)ke eC/lH COOTBETCTBYIOLIHH
OTPe30K BpPeMeHH OblJl YHHUTOXKEH.
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Puc. 3.28. Ypasuenue 9C = 5(F — 32), BolpakeHHOE B BHIE CETH OrPaHHUUYEHHH.

MOXKeT BKJ04aTb HH(pOpPMaLHIo, 4To AeopMalusi d METalJH4YeCKOTO CTePXKHS CBsi3aHa ypaB-
HenueM dAFE = F'L ¢ npujioxkeHHOU K HeMy CHJIOH F', ero MJUHOH L, MOMepeuHbiM CeYeHHeM
A u monynem ynpyroctd E. Takoe ypaBHeHHe He fiBJISieTCs OfHOHAaNpaB/eHHbIM. Hmes miobbie
YyeThlpe BEJMYUHBI, Mbl MOXKEM BBIYMC/AUTDH NATYI0. OfHAKO NpH NepeBole ypaBHEHUS HA Tpa-
JULVOHHBIA KOMIBIOTEPHBIH f3BIK HaM INPHIETCs BbIOpaTb BeJIMUYHHY, KOTOpas BbIUMC/SAETCS
Ha OCHOBE OCTAJIbHBIX YeThlpex, TaK UTO MPoUenypa IJs BbIYUCJEHHS Moland A He MOXKET
ObITb UCIIOJb30BaHA JJISl BEIUKUCAEHUs NedopMaluuu d, XOTsl BeluncaeHne A U d OCHOBaHBl Ha
OIHOM H TOM K€ ypaBHEHHH ..

B sToM pasnesie Mbl HaGpocaeM 3CKH3 A3blKa, KOTOPHIH TO3BOJIUT HaM paboTaTbh B TEPMHUHAX
CaMHX OTHOLIeHHH. MHUHUMaJbHBIMU COCTaBJSAIOIMMH 3TOTO SI3blKA OYLYT CIAYKHTb 3AEMEH-
mapnsie oepanuyenus (primitive constraints), KoTopble roBOpAT, UTO MEXAY BeJHUHHAMU
CYLIECTBYIOT onpejeseHHble csiszu. Hanpumep, (adder a b c) o3Havaer, 4TO BeJHYUHBI
a, b ¥ ¢ NOoJMXKHBI OBITh CBSI3aHBI YpaBHEHHEM a + b = ¢, (multiplier x y z) BbeIpaxkaer
orpaHuyeHue ry = z, a (constant 3.14 x) roBOpPHUT, YTO 3HAYeHUe x 00SI3aHO PaBHATHCSH
3.14.

Ham 3blk npenocTaBisieT cpeacTBa KOMOMHUPOBAHHUS 3/1€MEHTAPHBIX OrPaHUYeHHH, UYTOObI
C UX MOMOLIBIO BEIPaXKaTh GoJiee CJI0KHbIe OTHOWeHUs1. CoueTanus 00pasywoT cemu oepanuye-
Huti (constraint networks), B KOTOpPBIX orpaHHueHust CBsI3aHb coedunumensmu (connectors).
CoenvHUTENb — 3TO 0OBEKT, KOTOPbIH «CONEPXKHUT» 3HAUEHHE, CIOCOOHOE yUacTBOBATH B OfI-
HOM HJIM HECKOJIbKMX orpaHuyeHHsAX. K mpumepy, Mbl 3HaeM, UTO CBSI3b MKy TeMIepaTypaMu
no Lesbcuio u no @apenrefity Boirasaut kak 9C = 5(F — 32) Takoe orpaHnueHHe MOXKHO
1300pasuTh B BHUIE CETH, COCTOSILIEeH M3 3JeMeHTapHbIX OrpaHUUEeHHH — cyMMaropa, yMHO-
JKUTeJeH U KOHCTAHT (pucyHok 3.28). Ha aToM pucyHKe cjieBa Mbl BUIUM OJIOK YMHOXKHTEJIS
C TpeMsl BbIBOJAMH, 0003HaueHHbBIMUA ml, m2 u p. BeiBong ml npucoenquHeH K COETUHHUTEJIO
C, KoTopblil Oyner XpaHuTb TeMmmeparypy no Lleabcuio. BbiBog m2 npucoenyHeH K coenu-
HUTEJIO w, KOTOPHIH, KpOMe TOr'0, CB3aH C OJIOKOM-KOHCTaHTOH, comepxawum 9. BoiBon p,
PO KOTOPBIH OJIOK-yMHOXKHUTEJNb TOBOPHT, YTO OH JOJIKeH ObITb NpOM3BeldeHHeM ml U m2,
CBSI3aH C BBIBOJIOM P JPYroro 6J0Ka-yMHOXHTeJs, Ueil BbIBOA M2 CBsi3aH C KOHCTaHTOH D, a
ml npucoeJHHEeH K OHOMY M3 CJlaraeMbIX CyMMBbI.

31Pacnpoctpanenue orpanuuenuii nosisusoch B cucteme SKETCHPAD Aiigena Caseprenna (Sutherland 1963),
HeBepOSITHO OnepeiyBLIell cBoe BpeMs. V3simHas cHcTeMa pacrpocTpaHeHHs OrpaHMUeHHH, OCHOBaHHas Ha f3blKe
Smalltalk, 6e1na paspa6orana Ananom Bopuunrom (Borning 1977) B mccsienoBaTenbCKOM LIEHTPe KOMNAHHH Xerox
B [Tano Anbro. Caceman, Croniman u CTHJ NPUMEHHJIM paclpocTpaHeHHe OrpaHMUeHHH K aHa/H3y 3JeKTPHUeCKHX
uerneii (Sussman and Stallman 1975; Sussman and Steele 1980). TK!Solver (Konopasek and Jayaraman 1984)
NpeACTaBJsieT co00i Goratyio Cpely MOLENHPOBAHMUS, OCHOBAHHYI Ha OrpaHHUYEHUSIX.
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BbluncsieHns B TakKOH CeTH MPOUCXOAAT C/IEAYIOLIUM 00pa3oM: KOTa COeUHUTENIO faeTcs
3HaueHHe (M0O/Ib30BaTEIEM JIHO0 GJIOKOM-OTpaHHMUYEHHEM, C KOTOPHIM OH CBsi3aH), COEIMHHUTEJb
npoOyxKAaeT Bce CBsI3aHHBIE C HUM OrpaHH4YeHust (KpOMe TOro, KOTOpPOe CaMo ero mpoGyanio),
U COO0ILlaeT UM, UTO y Hero MosiBUJI0Ch 3HaYeHHe. KaxKapl#l poOyKaeHHBIH OJI0K-OrpaHHueHHe
onpallMBaeT CBOM BBIBOIBI, UTOOBI ONpeNeNHThb, NOCTATOUHO JIM y Hero MH(pOpMaLUH, 4TOObI
HaliTH 3HaueHWe 1/ KaKoro-HUOynb ellle coefnHUTeas. Ecau na, 6/10K NpUCBaUBaeT COeNHU-
HHUTEeJNI0 3HaYeHHe, U TOT[a yKe OH NMpoOy»KIaeT CBS3aHHbIE C HUM OrPaHHUYEHHS, U TaK OaJee.
Hanpumep, npu npeo6pasoBanuu Mexny rpapycamu Llenbcus u Papenreiita, sHaueHHs w,
T W y cpasy yCTaHaBJIUBAaOTCS OJOKaMH-KOHCTAaHTaMH cooTBeTcTBeHHO B 9, 5 u 32. Co-
eIMHUTEN TPOOYKIAI0T YMHOXKHTEJNH U CyMMaTop, KOTopble yOexpalTcs, UTO y HHUX He
XBaTaeT WH(OPMALHKH, UTOOB MPOKOIKUTb. Ec/in mosb3oBaTesb (MM Kakas-To Apyras 4acTb
CeTH) ycTaHOBUT 3HaueHHe C' B 25, mpoOyAUTCS JIeBBIH YMHOXKHTeNb, U CHEJNAeT U PaBHBIM
25-9 = 225. 3areM u pa3byoUT BTOPOH YMHOXKHTEJNb, KOTOPbIH MPUCBOUT v 3HauyeHHUe 45, a v
pasbyouT CyMMaTop, U TOT CHeJNaeT 3HaueHHe F' paBHBIM 77.

Hcnons3oBaHue cucTeMbl OrpaHUYeHNN

UTo6Bl NP MOMOLIN CUCTEMbl OTPAHWYEHHH NMPOBECTH BbILIEONMCAHHOE BHIYHUC/IEHHE, CHa-
YyaJjia Mbl TIOpOXKJaeM aBa coenuHuress, C U F, BbI30BaMH KOHCTPYKTOpa make-connector,
u cBssbiBaeM C U F B TpeOyeMylo HaM CeTb:

(define C (make-connector))
(define F (make-connector))
(celsius-fahrenheit-converter C F)
ok

[pouenypa, cosznawruas ceTb, ONpPeEseTCs TaK:

(define (celsius-fahrenheit-converter c f)
(let ((u (make-connector))

(v (make-connector))
(w (make-connector))
(x (make-connector))
(y (make-connector)))

(multiplier c w u)

(multiplier v x u)

(adder v y £f)

(constant 9 w)

(constant 5 x)

(constant 32 vy)

"ok))

Ara nmpouenypa NOpOKAAET BHYTPEHHHE COEIUHUTENH U, V, W, X U Y, a 3aTeM CBSI3bIBAET UX,
KaK M0Ka3aHo Ha puc. 3.28, MpH MOMOLIM 3JleMeHTapHbIX orpaHudyeHuil adder, multiplier
U constant. Kak u npu monmennpoBaHuu uudpoBbIX cxeM B pasnene 3.3.4, ciocoGHOCTb BbI-
paxkaTb KOMOMHALMK 0a30BbIX 3/1€MEHTOB B BHJE NIPOLELYpP aBTOMaTH4YeCKH COOOLLaeT HalleMy
A3bIKY CPEACTBO aOCTPaKLMU A COCTABHBIX 0OBEKTOB.

Uro6bl HaOMIONATE CETb B NEHCTBHH, Mbl MOACOEAMHHUM TeCTepbl K coefuHHUTesM C U F
NpY MOMOLIY TIPOLeAYyPEl probe, MofoOHON TOH, KOTOpasi Cjeiu/a 3a CUTHAJaMH B MPOBOAAX
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B pasneJie 3.3.4. YcraHoBKka TeCTepa Ha COeOUHHUTEJe BeAeT K TOMY, YTO Ka>K JIbIH pas3, Koraa
OH ITI0JIy4YaeT 3HaueHHe, nevyaTaeTcsa coo0lLIEeHHE:

(probe "mo Lenbcuw" C)
(probe "mo ®apenremnty" F)

3aTeM MBI npucBanWBaeM 3HauyeHue 25 coenuHuTtesto C. (Tpertuii aprymeHT mpouenypsl set-—
value! coobuaet C, UTO TUPEKTHBA UCXOIUT OT I0Jb30BATes.)

(set-value! C 25 ’user)
Tecmep: no ILenbcuw = 25
Tecmep: no Papenzeumy = 77
done

TecTep Ha C mpockinaercsi U neyataet 3HaueHue. Kpome Toro, C pacnpocTpaHsieT 3HaUeHHe 110
CeTH, KaK ONHCaHo Bblllle. B pesysnbrate F CTaHOBUTCS PaBHBIM 77, U TecTep Ha F 00 3TOM
coo011aerT.

Teneps MOXXHO MONMPo6OBaTH NMPUCBOUTL F HOBOe 3HauyeHHe, ckaxeM, 212:

(set-value! F 212 ’user)
Owubxa! Ipomusopeuue (77 212)

CoeMHUTEJb XKaayeTcs, UTO 0OHAPYKHUJ POTHBOPEUHe: ero 3HaueHne paBHO 77, a MPH 3TOM
KTO-TO TBITAeTCs YCTaHOBUTh ero B 212. Eciv Mbl M BIpaBoy XOTHM CHOBa BOCIOJIb30BAaTbCS
CEeTbI0 C HOBBIMM 3HAUEHUSMH, MOXKHO MONPOCUTh C 3a0bITh CBOE CTapoe 3HaUeHHe:

(forget-value! C ’user)
Tecmep: no Ienbcuw = ?
Tecmep: no PapeHzelumy = ?
done

C BUIMUT, YTO USer, KOTOPbIH H3HAUaJNbHO IPUCBOUJ eMy 3HaueHHe, OTMEHseT ero, Tak 4Tto C
COrJallaeTcs MOTePATh 3HAUEHUe, KAaK [0Ka3blBaeT TecTep, U UH(OPMUPYET 06 3TOM OCTaJlb-
HYI0 ceTb. JTa HHGOpMallMs B KOHLE KOHLOB nobupaercs 1o F, u y F yxe He ocraercs
NPUYMH CUUTATh, YTO €ro 3HaueHHe paBHO 77. Tak 4To F TOXe TepsieT 3HAUEHHe, U TeCTep 3TO
otobparkaer.

Tenepsp, Korna y F GoJsibllie HET 3HAUEHUSs], Mbl MOXKEM YCTaHOBUTb ero B 212:

(set-value! F 212 ’'user)
Tecmep: no PapeHzeumy = 212
Tecmep: no Lenscuwo = 100
done

DTO HOBOe 3HaUYeHHe, PACIPOCTPAHSSACH MO CeTH, 3acTtaBiseT C mosayduTb 3HadeHue 100, u
TecTep Ha C 3TO pPEeTHCTpUPyeT. 3aMeTHM, 4TO OfHA M Ta Ke CeTb HCIOJb3yeTcs U [IJis
TOro, 4TOOBl Ha OCHOBe F mosyuuTh C W AJsi TOro, YyToOBl Ha OCHOBe C MOJYYUTb F. DTa
HEHANpaBJeHHOCTb BBIUMCJEHUH $IBJSETCS OTJIMYHMTENbHOH 4epToil CHCTeM, OCHOBAaHHBIX Ha
OrpaHUYeHHSsIX.
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Pea.nnsaunﬂ CHUCTEMbI Ol‘paHI/I'-leHI/Iﬁ

Cucrema orpaHuMuYeHHH peajM30BaHa Ha OCHOBE IMPOLENYPHBIX OOBEKTOB C BHYTPEHHHM
COCTOSIHMEM, OU€Hb MOX0XKe Ha MOAEeJb LHU(PPOBBIX cxeM H3 pasgena 3.3.4. Xots 6a30Bble
00BEKTHl CUCTEMBI C OTPAHUYEHHUSIMHU HECKOJIBKO 00Jiee CJIOXKHBI, CUCTEMa B LI€JIOM IIpolle 3a
CUeT TOTO0, YTO He3aueM 3abOTUTHCA O IJIaHaX AEHCTBUH M JIOTMUECKHX 3alepKKax.

BasoBble onepauuu Haj cCOeUHUTENSMH TaKOBBI:

e (has-value? (coedurumenv))cooblIaeT, eCTb JH y COeAHHUTE/S 3HAUEHHE.
e (get-value (coedurumenv))BO3BpalllaeT TeKyllee 3HaUEHHE COEIHHUTE/IS.

e (set-value! (coedunumenv) (Hogoe-3Hau) (UHpopmarm)) cOOOLIAET COENUHHUTEIO,
4T0 MH(OPMaHT TpeOyeT YCTAHOBUTb B HEM HOBOE 3HAUYEHHe.

e (forget-value! (coedunumensv) (OmMKasHuk)) COOOLIAET COEAUHUTENIO, YTO OTKA3-
HHK MPOCHUT €ro 3abbiTb 3HaUEHHe.

e (connect (coedurnumenv) (HOB0e-02p)) TOBOPHT COEIMHHUTENIO, YTO OH y4acTByeT B
HOBOM OTDaHHYEHHH.

CoenunuTe M 001IAIOTCS C OrpaHHYEHHUSIMH [pU MoMouM mpoueayp inform-about-
value, KOTOpasi TOBOPHUT OTPaHHUYEHHIO, YTO y COEAHHHTE/s eCTh 3HauyeHue, U inform-
about-no-value, KoTopasi co00lIaeT OrPAHHUEHHUIO, YTO COEUHHUTE/b YTPATHI 3HAYEHHE.

Adder mopoxaaeT orpaHUYeHHe-CyMMAaTOp MEXAY COeIUHHUTE/SIMU-CaaraeMbiMu al u a2
ucoenuHuTeNeM-cyMmMol sum. CyMMaTop peasd3oBaH B BHE MPOLEAYPHl ¢ BHYTPEHHHUM CO-
cTosiHueM (mpolenypa me):

(define (adder al a2 sum)
(define (process-new-value)
(cond ((and (has-value? al) (has-value? a2))
(set-value! sum
(+ (get-value al) (get-value a2))
me) )
((and (has-value? al) (has-value? sum))
(set-value! a2
(- (get-value sum) (get-value al))
me) )
((and (has-value? a2) (has-value? sum))
(set-value! al
(- (get-value sum) (get-value a2))
me))))
(define (process-forget-value)
(forget-value! sum me)
(forget-value! al me)
(forget-value! a2 me)
(process-new-value))
(define (me request)
(cond ((eg? request ’'I-have-a-value)
(process-new-value))
((eg? request 'I-lost-my-value)
(process-forget-value))
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(else
(error "HeusBecTHHMN 3anpoc -- ADDER" request))))
(connect al me)
(connect a2 me)
(connect sum me)
me)

Adder cBs3bIBaeT HOBBIH CyMMAaTOp C YKa3aHHBIMH COEIUHHTENSIMH M BO3BpAILAET e€ro B Ka-
yecTBe 3HaueHus1. [Iponenypa me, KoTopast MpeACTaB/sieT CyMMaTop, paboTaeT Kak AHUCIETYep
Il BHYTPEHHUX npouenyp. s nocTyna K AMcreTdepy HCIOMb3YIOTCs CAENYIONIHe «CHHTAK-
cuyeckue uHTepderce» (CM. npuMeuaHue 27 B pasnene 3.3.4):

(define (inform-about-value constraint)
(constraint ’I-have-a-value))

(define (inform-about-no-value constraint)
(constraint ’'I-lost-my-value))

BHyTpeHHsis npouenypa cymMMaTopa process-new-value BbI3bIBAaETCSs, KOrJa CyMMaTopy
cOoO00LIAIOT, UYTO OJMH U3 €ro COeIMHHUTeNel moaydyusa 3HadeHHe. CyMMaTop MpOBepsieT, HMEIOT
JIM 3HaueHWs ofHoBpeMeHHO al u a2. Eciu na, To 0H roBopuT sum, 4TOOBl TOT YCTAHOBHJI
3HayeHHe B CYMMY JABYX claraeMbiX. AprymeHT informant npouenypsl set-value! paseH
me, TO ecTh caMoMy O00beKTy-cymMmaropy. Ecau HeBepHO, 4TO U al M a2 UMEIOT 3HayeHHs,
TO CYMMAaTop TpOBepsieT, MMEIOT JU ONHOBpPeMeHHO 3HaudeHHs al u sum. Ecau npa, 1o oH
yCTaHaBJIMBaeT a2 B HUX pa3HOCTb. HakoHel, ecnn 3HayeHHS eCcTb Y a2 W Sum, 3TO JaeT
CYMMaTOpy JOCTaTOUHO HH(pOpPMaLKH, 4TOObl ycTaHOBUTh al. Ecsiu cymmaropy coobimaiorT, 4To
OlMH M3 COeIUHHTeNeH MOoTepsia 3HaUeHHUe, TO OH MPOCHUT BCE CBOM COEIUHUTENH H30aBUTHCA
ot 3HaueHu#. (Ha camom nesne GynyT oTOpoOLueHB TOJBKO 3HaYeHHs, YCTAHOBJIEHHBIE CAMHM
cyMMaTopoM.) 3aTeM OH 30BeT process-new-value. CMBICJ 3TOr0 MOC/eAHEro liara B
TOM, YTO OIMH WK GOJIee COAUHUTENEH MO-IPEKHEMY MOTYT 00/1afaTh 3HaYeHHeM (TO ecCTb,
y COeIMHHUTeNs MOIJIO ObIThb 3HAaYeHHe, He YCTAHOBJEHHOE CYMMAaTOpPOM), M 3TH 3HaYeHHs
MOKET ObITh HEOOXOAHMMO PaCIpPOCTPAHUTh Yepe3 CyMMaTop.

YMHOXKUTEJIb OueHb MOX0XK Ha cymmarop. OH ycTaHaB/iMBaeT cBod BbiBoA product B O,
ecau xoTs Obl OAMH MHOXHTesab paBeH 0, maxke B TOM cJjydae, KOrJa BTOPOH MHOXKHTEJb
HEU3BECTEH.

(define (multiplier ml m2 product)
(define (process-new-value)
(cond ((or (and (has-value? ml) (= (get-value ml) 0))
(and (has-value? m2) (= (get-value m2) 0)))
(set-value! product 0 me))
((and (has-value? ml) (has-value? m2))
(set-value! product
(* (get-value ml) (get-value m2))
me) )
((and (has-value? product) (has-value? ml))
(set-value! m2
(/ (get-value product) (get-value ml))
me) )
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((and (has-value? product) (has-value? m2))
(set-value! ml
(/ (get-value product) (get-value m2))
me))))
(define (process-forget-value)
(forget-value! product me)
(forget-value! ml me)
(forget-value! m2 me)
(process-new-value))
(define (me request)
(cond ((eg? request ’I-have-a-value)
(process-new-value))
((eg? request 'I-lost-my-value)
(process-forget-value))
(else
(error "HeusBecTHHMN 3anpoc -- MULTIPLIER" request))))
(connect ml me)
(connect m2 me)
(connect product me)
me)

KoHcTpyKkTOp constant mpocTo ycTaHaB/lMBaeT 3HayeHHe yKasaHHOro coefnHutess. Coob-
meHue I-have-a-value qu6o I-lost-my-value, nocaaHHble 6JI0KY-KOHCTaHTE, MPHUBO-
ISIT K OLIHOKE.

(define (constant value connector)
(define (me request)
(error "HeusBecTHHHN 3anpoc -- CONSTANT" request))
(connect connector me)
(set-value! connector value me)
me)

Hakonew, Tectep neuataer cooflieHHe 0 NPUCBANBAHWN WJH TOTepe 3HAYEHHs B YKa3aHHOM
COeNMHHUTEJIE:

(define (probe name connector)
(define (print-probe value)
(newline)
(display "TecTep: ")
(display name)
(display " = ")
(display value))
(define (process-new-value)
(print-probe (get-value connector)))
(define (process-forget-value)
(print-probe "?"))
(define (me request)
(cond ((eg? request ’'I-have-a-value)
(process-new-value))
((eg? request 'I-lost-my-value)
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(process-forget-value))

(else
(error "HeusBecTHHHN 3anpoc -- PROBE" request))))
(connect connector me)

me)

IIpencraBieHue coeguHUTEIEH

CoenuHUTEN b NPEACTABISETCS B BHIE MPOLUENYPHOr0 00beKTa C BHYTPEHHHMH IepeMeH-
HBIMM COCTOSIHHAA: value, 3HaueHHe coefnHUTeNs; informant, 06beKT, KOTOPBIH YCTAaHOBHJI
3Ha4YeHHe COeqMHMTEJNs; U constraints, MHOXKeCTBO OrpaHHYEHHH, B KOTOPHIX ydacTBYyeT
COeNHMHHUTE/Ib.

(define (make-connector)
(let ((value false) (informant false) (constraints ' ()))
(define (set-my-value newval setter)
(cond ((not (has-value? me))
(set! value newval)
(set! informant setter)
(for-each-except setter
inform-about-value
constraints))
((not (= value newval))
(error "IporuBopeume" (list value newval)))
(else ’"ignored)))
(define (forget-my-value retractor)
(if (eg? retractor informant)
(begin (set! informant false)
(for-each-except retractor
inform-about-no-value
constraints))
"ignored))
(define (connect new-constraint)
(if (not (memg new-constraint constraints))
(set! constraints
(cons new-constraint constraints)))
(if (has-value? me)
(inform-about-value new-constraint))
"done)
(define (me request)
(cond ((eg? request ’'has-value?)
(if informant true false))
((eg? request ’'value) value)
((eg? request ’'set-value!) set-my-value)
((eg? request ’'forget) forget-my-value)
((eg? request ’connect) connect)
(else (error "HeusBecTHas omnepauuss —-- CONNECTOR"
request))))
me) )
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BuyTpeHHss mpouenypa coefiMHUTeJ]s set-my-value 30BeTcs, KOTa MoCTynaer TpeboBa-
HUe YCTaHOBHTb 3HaueHWe COeNHHHUTeNs. Ec/M y COeNWHUTEJNs HET TeKyLIero 3HaueHwus, OH
€ro yCTaHAaBJMBAeT U 3allOMHHAET OTPaHHUYEHHe, KOTOPOe MOTPe6oBaso YCTAHOBKH 3HAYeHHS,
B mepeMeHHOH informant3?. 3aTem coenMHHTe/Nb OMOBellaeT Bce CBA3aHHbIE C HUM Orpa-
HUYEHHUS, KpOMe TOro, KOTOpoe MOTpPeGOoBajo0 YCTAHOBUTb 3HauyeHHe. DTO NPOJeNblBaeTcs ¢
MIOMOLILBIO CJIeAYIOLIEr0 UTepPaTopa, KOTOPHIH NMPUMeHseT YKa3aHHYI0 NPOLELYypPY KO BCeM 3Je-
MEeHTaM CIIUCKa, KPOME OIHOTO.

(define (for-each-except exception procedure list)
(define (loop items)
(cond ((null? items) ’done)
((eg? (car items) exception) (loop (cdr items)))
(else (procedure (car items))
(loop (cdr items)))))
(loop list))

Ecnn ot coenunutenss TpebyioT 3abbiTh 3HaYeHHE, OH 3allyCKaeT BHYTPEHHIOI MpOLery-
py forget-my-value, KoTOpasi MepBbIM JeJOM YyOexAaeTcs, YTO 3aMpoC MCXOAUT OT TOrO
’Ke caMoro o0beKTa, KOTOpbIH 3HaueHHe yCTaHOBWJ. Eciy 3TO Tak, COeUHHTENb ONOBELaeT
CBSI3aHHBIE C HUM OI'DaHUYEHHs O MoTepe 3Ha4YeHHS.

BHyTpennss npouenypa connect no6aBnsieT yKa3aHHOe OTpaHHYEHHE K CIIHCKY OrpaHH-
YeHUH, €CJIM ero TaM elle HeT. 3aTeM, eCJId Y COeIUHUTE/s eCTh 3HaueHHe, OH coobuiaeT 06
3TOM OTpaHHYEHHIO.

[Tpouenypa coefnHUTEJS Me CAYXKUT AUCIETUEPOM JJIS OCTANbHBIX BHYTPEHHUX NPOLEAYD,
a KpoOMe TOro, NpeicTaB/seT COeAUHUTeNb KaK oObeKT. Cjenyioline npouenypsl NpefnocTas-
JIAI0T CHHTAKCHUUYeCKUH HHTepdelc K AucneTdepy:

(define (has-value? connector)
(connector ’"has-value?))

(define (get-value connector)
(connector ’value))

(define (set-value! connector new-value informant)
((connector ’set-value!) new-value informant))

(define (forget-value! connector retractor)
((connector ’forget) retractor))

(define (connect connector new-constraint)
((connector ’connect) new-constraint))

Ynpaxzenue 3.33.

C NoMOLIbIO 3/IeMEHTAPHBIX OTPAaHUUEHUE CyMMaTOp, YMHOXKHUTENb W KOHCTAHTA, ONpPe/eNUTe NPOLENYpPY
averager (ycpeiHHTeJb), KOTOpasi IPUHUMAeT TPH COEIMHHTENS &, b U ¢, U obecleunBaeT yCa0BHe,
YTO 3Ha4Y€eHHe C PaBHO CPefHEMY apH(pMeTHUeCKOMY 3HaueHHH a U b.

325etter MoxeT M He OBITH orpaHuueHHeM. B mprMepe ¢ TemmepaTypoll Mbl HCIOJb30Bald CHMBOJ USer B
KauecTBe 3HAueHUda setter.
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Ynpaxuenue 3.34.

Xbioro Jlym Xo4eT MOCTPOMTH KBagpatop, GJOK-OrpaHHUYEHHe C IBYyMsl BHIBOAAMH, TaKOE, YTO 3HAYEHHE
COeNHHHUTEJIsS b Ha BTOPOM BBIBOLE BCerjia OyleT paBHO KBaJpaTy 3HaueHHsl COENHHHUTENs a Ha MepBOM
BbiBofle. OH npenJsiaraer ciefyoliee NpocToe YCTPOHUCTBO HAa OCHOBE YMHOXKHTEJIS:

(define (squarer a b)
(multiplier a a b))

B rakoii uaee eCTb CyluieCTBeHHasa omnbka. OOBSCHUTE ee.

Ynpaxuenue 3.35.

Ben buro6op o6bscHseT XbIOro, YTO OAMH U3 CIOCOO0B U30exaTb HENPUATHOCTEH B ympaxHeHUH 3.34
— omnpele/UTh KBaApaTop Kak HOBOe 3JeMeHTapHOe OrpaHHueHHe. 3aloJIHUTe HeNOCTAlLlHe YacTH B
BeHoBoll cxeme mpolefypsl, peanusyiollell Takoe orpaHHYeHHe:

(define (squarer a b)
(define (process-new-value)
(if (has-value? b)
(if (< (get-value b) 0)
(error "kBagpaT MeHbme 0 —-- SQUARER" (get-value b))
(anemepHamusal))
(anpmepramusaZl)) )
(define (process-forget-value) (mesol))
(define (me request) (meno2))
(ocmamox onpedeneHus)
me)

Ynpaxuenue 3.36.
JlomycTHM, 4TO Mbl BBIITOJIHSIEM CJIEAYIOLLYIO [OCJAEI0BaTENbHOCTb AEHCTBUH B II00aJbHOM OKPYKEHHH:

(define a (make-connector))
(define b (make-connector))
(set-value! a 10 ’user)

B kakoii-To MOMEHT IpH BbIUHCAeHHH set-value! Gyner BHIOJHEHO ClefylOllee BbIpaKeHHe U3 BHYT-
peHHel npouenypbl COeAUHUTES:

(for-each-except setter inform-about-value constraints)

Hapucyiite nuarpammy, H306pazkaiollyto OKpy>KeHHe, B KOTOPOM BBINIOJIHAETCS YKa3aHHOE BblpaKeHHe.

Ynpaxuenue 3.37.

[Ipouenypa celsius-fahrenheit-converter BBEIIIAIUT I'POMO3AKO IO CPaBHEHHIO CO CTHJEM
onpenesieHus B (popMarte BbIPAKEHHS:

(define (celsius-fahrenheit-converter x)
(c+ (c* (c/ (cv 9) (cv 5))
X)
(cv 32)))

(define C (make-connector))
(define F (celsius-fahrenheit-converter C))
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3meck c+, c* U T. . — «OTPaHUYHTEJIbHBIE» BepCHH apuU(pMeTHUeCKHX omnepauui. Hanpumep, c+
GepeT B BHJEe apryMEHTOB 1Ba COENMHHTENs, W BO3BpAlaeT COENAHHHTENb, KOTODPBIH CBS3aH C HHUMHU
OrpaHHYeHHEM-CYyMMaTOPOM:

(define (c+ x y)
(let ((z (make-connector)))
(adder x y z)
z))

OnpenennTe aHaJOTHYHBlE MPOLENYPBl AJs C—, C*, ¢/ U cv (KOHCTaHTa), TaK, 4ToObl MOXKHO OBLIO
onpejiesIATh COCTABHbIE OFPAHHYEHHS, KaK B BHIIENPHBEIeHHOM MprMepe™.

3.4. IIapanaenusm: BpemMs MMeeT 3HaUYeHUE

Mbl y6enuauch B MOIIHOCTH BBIYHCJHUTENbHBIX OOBEKTOB C BHYTPEHHUM COCTOSIHUEM B
KauecTBe MHCTpPyMeHTa MonenupoBaHus. OnHako, Kak ObLI0 cKazaHo B pasgese 3.1.3, 3a sty
MOLIHOCTb MPHUXOOUTCS MJIATHTh MOTepell pedhepeHLHaNbHON TPO3PAYHOCTH, KOTOpask BeleT B
ne6pH BONPOCOB 00 MIEHTHUHOCTH U H3MeHEHHH, 1 HeOOXOIUMOCTbIO 3aMeHbl OICTaHOBOYHOH
MOJEeJId BBIYUCJIEHUH Ha GoJiee CJI0KHYI MOJE/b C OKPYKEHHUSIMH.

[naBHasi mpobJ/iema, cTOsIast 32 CJAOXKHOCTSIMH COCTOSIHHS, HAEHTHYHOCTH U HM3MEHEHHS,
COCTOHUT B TOM, 4TO, BBellsl PUCBaMBaHHe, Mbl BbIHYXKI€Hbl BHECTH B CBOHM BBIUHCJHTEJbHBIE
MozeJsu MoHsATHe gpemenu (time). o Toro, Kak MOsIBUJIOCH NPHCBaWBaHUe, HALIH MPOTPaMMbl
OT BPeMEHH He 3aBHCEJIM — B TOM CMBICJIe, YTO BCSIKOE BEIpaXKeHHe, 00Jsajaoliee 3HaYeHHEM,
BCErJla UMeJIO OfHO M TO Ke 3HaueHHe. BCMOMHMM, ONHAKO, TNPUMEP CO CHSITHEM JEHer CO
cyeTa W MPOCMOTPOM IOJydYHBIIerocs GasaHca U3 Hadasa pasgena 3.1.1:

33Ipencrabienrie B BHe BbIpaXkeHWil yIoGHO, MOTOMY YTO TNIPH 3TOM OTHaiaeT HeoGXOAMMOCTb AaBaTh HMeHa
MPOMEXKYTOUYHBIM BBIPa’KeHHAM B BbluHc/IeHHH. Halmma ncxonHast opMy/MpoBKa f3blKa OrpaHHUeHHH I'POMO3JKa I10
TOH »Ke NpHUYMHe, 10 KOTOPOH MHOTMe SI3bIKH OKa3blBalOTCS IPOMO3AKMMH NP padoTe C COCTAaBHBIMH JAHHBIMH.
Hanpumep, ecit HaM HY»HO BBHIYHCIHTb MpousBefeHne (a+b) - (c+d), rae nepemeHHble MPEACTABASIOT BEKTOPA, Mbl
MoxKeM paboTaTh B «MMIEPATUBHOM» CTHJIE, C IPOLELYPaMH, KOTOpble IPUCBAUBAIOT 3HAUEHUS YKa3aHHBIM BEKTOPHBIM
apryMeHTaM, HO CaMH He BO3BPAILAlOT BEKTOpa KaK 3Ha4eHHMs:

(v-sum a b templ)
(v-sum c d temp2)
(v-prod templ temp2 answer)

C #pyro#i CTOpOHBI, Mbl MOXeM paboTaTb C BbIPA’KEHHSIMH, MCIIOJb3Ysl MPOLENYpPbl, KOTOPble BO3BPAILAOT BEKTOpa
KaK 3HaueHHs, ¥ TaKUM 00pa3oM HM36exaTb MPSAMOro yrmoMHHaHUS templ u temp2:

(define answer (v-prod (v-sum a b) (v-sum c d)))

[Mockosbky Jlucnm mosBossieT Bo3BpallaTh COCTaBHble 00bEKTHl KaK pe3ysabTaTbl MPOLENyp, Mbl MOxKeM Ipeobpaso-
BaTb CBOH MMIEPATHBHbII SI3bIK OrPaHHYEHHH B A3BIK Ha OCHOBE BbIPA’KEHHH, KaK NOKa3aHO B 3TOM YIPaxKHEHHH.
B ssbikax, rage cpenctBa paGoThl C COCTAaBHEIMH 0ObeKTaMH OelHEl, Kak B Aurone, Beficuke u ITackane (ec/u sBHO
He HCIO/b30BaTh NacKaleBCKHe NepeMeHHble-yKa3aTesH), OObIYHO MPH pellleHHH TaKMX 3ajad NPOrpaMMHUCT OrpaHH-
YyeH MMIepaTHBHEIM cTHJeM. [lockosbKy (opmaT BbIpaKeHHH MpeAnouYTHTe eH, MOXKHO CIPOCHTb, €CTb JIM NMPHYHHA
CTPOHMTb CHCTEMY HMMIEDAaTHBHO, KaK Mbl NMOCTYNHJIM B 3TOM pasfiese. OnHa M3 NPHYHH COCTOMT B TOM, YTO SI3BIK
OrpaHHYeHHH, He OPHEHTHPOBAHHBIH Ha BbIPaXKeHHs, JaeT HaM BO3MOXKHOCTb paboTaTb He TOJBKO ¢ OObeKTaMH-
COeMHUTENIAMH, HO M C 0ObeKTaMH-OrpaHHUeHHSIMH (HampuMep, 3HaUeHHeM, MOPOXKIaeMblM mpouenypoil adder).
Oto GyneT MoNe3HO, eCJIM Mbl 3aXOTHM PaCIIMPHTb CHCTEMY HOBBIMM ONepalMsMH, KOTOpble paGoTaloT ¢ OrpaHHUYeHH-
SIMM HanpsIMylo, a He TOJIbKO KOCBEHHBIM 00pa3oM uepe3 orepalMH Hajl COeMHHTeNAMH. XOTs pealusoBaTb paboTy
C BbIpPa’KeHHSIMH Ha OCHOBE HUMIEPaTHBHOH peasiM3allu NPOCTO, Cle/aTh 06paTHOE 3HAYUTEBHO TPYLHEe.
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(withdraw 25)
75

(withdraw 25)
50

31ech Moc/eOBaTeNbHOE BBHIYMC/JIEHHE OIHOTO M TOTO »Ke BbIPAXKEHHS MPUBOLUT K PasJjdy-
HBIM pe3ysbTaTaM. Takoe NOBefeHHE BO3HUKAeT M3-3a TOTO, UTO BBINOJHEHHE NpelJoKeHHH
NpHCcBaMBaHusl (B JTaHHOM cJyuae NPHUCBaWBaHHUs NepeMeHHOH balance) oTMedaeT Momer Mol
spemenu (moments in time), Korga 3HaYeHHs] MEHSIIOTCS. Pe3ynbraT BeUMC/IEHUS BbIPAXKEHHUS
3aBUCHUT HE TOJBKO OT CaMOTO BbIPaKEHWsI, HO U OT TOr0, MPOUCXOAUT JHU BbIUHUCJIEHHE 10
U/ TOC/e TaKMX MOMeHTOB. IlocTpoeHHe Monenedl B TepMHHAaX BBIUMC/UTENbHBIX 0OBEKTOB
C BHYTPEHHHUM COCTOSIHHEM 3aCTaBJ/isleT Hac pacCMaTpUBaTb BpeMs KaK CYLIeCTBEHHOe JJIf
NPOrpaMMHUPOBAHHUs MOHSATHE.

MoxxHO NOUTH ellle Aajiblile B CTPYKTYPUPOBAHUH HALIMX BBIYMCAUTENbHBIX 0OBEKTOB, UTO-
Obl TOYHee OTPA3UThb Hallle BOCHpHUsiTHe (prandeckoro Mupa. OOBEKTb MHPA H3MEHSIOTCS He
MOCJIe0BATeNbHO ONMH 3a APYrvM. Mpl BOCIpHHMMAaeM HX KaK AEHCTBYIOLIUE napaiiesbHO
(concurrently) — Bce BMmecTe. Tak 4To 3ayacTyio GbIBaeT €CTECTBEHHO MOJENHPOBATH CHUCTE-
Mbl KaK COOOLIECTBA BbIYUCJIUTEJbHBIX IPOLECCOB, paboTaOLIUX NapasaenbHo. ToUHO Tak xe,
KaK MOXHO CHesaTb POrpaMMbl MOAY/IbHBIMH, OPTaHH3ysl UX B BHAE 00BEKTOB C paslesbHbIM
BHYTPEHHHUM COCTOSIHMEM, YaCTO MMEET CMbICJ PasfessiTh BBIYMCJIUTENbHbIE MOEIN HA YaCTH,
BBIYMC/SIOIIMECS Pa3fes]bHO U OfNHOBpeMeHHO. Jlaxke eciM Ha caMOM [eJsie MpEeAroJsaraercs
BBIMIOJTHATh NPOrPaMMBl Ha MOCJe10BaTeJbHOM KOMIIbIOTEPE, NPaKTHKAa HANKWCaHHUS MPOrpamMmm
TaK, Kak OyATO BbIYMCJeHHe OyZeT MmapaJjijiesbHbIM, 3acTaBJseT IporpaMMHCTa H3beraTb Hecy-
I1eCTBEHHBIX BPeMEeHHBIX OTPaHUYeHHH, U TaKUM 00pa30M MOBBIIIAE€T MOAYJBHOCTb NIPOrPaMM.

[lapannenbHoe BblYMC/IEHME HE TOJIBKO fAeJaeT MPOrpaMMbl MOAyJbHee, OHO K TOMY »Ke
MOXKeT [aTh BBIMTPBII B CKOPOCTH Mepen MocJenoBaTesbHbIM. [locsenoBaTesibHble KOMIIbIO-
Tepbl BBIMOJHSAIOT TOJIbKO OLHY ONepaluio 3a pas, TakK 4TO BPeMsi, HeOOXOOUMOe .Js pelle-
HUS 33/1a4M, PONOPLHUOHANBHO 00IeMy KOJMUYeCTBY BHIMOHsAeMbIX onepauuit>. Onnako ecu
BO3MOXKHO pa3OUTb 3afayy Ha 4acTH, KOTOpble OTHOCHTEJNBHO HE3aBHUCHMBI APYr OT Apyra U
JIOJIKHBI 00I1aTbCsl MeXAy coOOH pefKo, MOXKeT OKas3aThbCs BO3MOXKHBIM pa3faTb 3TH KYCKH
OT/EJIbHBIM BBIYHC/SIOMIMM IIPOLeccopaM M MOJYUYUTb BBIMIPHILI, MPONOPLHAOHANBHBIE YHUCTY
MMeIOIIHUXCS MTPOLeCcCOpPOB

K HecuacTelo, npoGseMbl, CBSI3aHHble C NPUCBAHBAaHUEM, CTAHOBATCS TOJbKO TsXKeJee B
IPUCYTCTBUU Napasjenusma. CBA3aHO JMU 3TO C TeM, 4YTO MapajesbHO paboTaeT MHUp, HIH
KOMIIBIOTED, HO SIBJIeHHE OJHOBPEMEHHBIX BBIYMCJEHHH NMPHUBHOCHUT [OMNOJHUTEJIbHYIO CJI0XK-
HOCTb B Hallle TIOHUMaHHe BPeMEHH.
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[Tetp Bank [TaBen

| $100)

( Cuurats balance: $100 ) ( Cuwurare balance: $100 )

(HOBOG 3HauyeHUe: 100-10=90)

(HOBOG 3HaueHue: 100-25=75>

( ycTaHoBUTh balance B $90)

— = $90
( ycTaHoBUTh balance B $75)

Puc. 3.29. BpemeHnHas nuarpamma, MokKasblBalolllasi, Kak depeloBaHHe NeHCTBHH NPU ABYX
omnepalHusX CO CUETOM MOXKET MPHUBECTH K HENPaBUJIbHOMY OaJiaHCy.

BpeMs
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3.4.1. IIpupona BpeMeHH B mapaJjiiiebHbIX CUCTEMaX

Ha nepBulii B3ris, BpeMs — Belllb MpocTas. ATo NOPSAOK, HAK/IaAbBaeMbIH Ha COOBLITHS .

Hns Beskux aByx cobbiTiii A u B, qubo A caydaercs paHblie B, 160 A u B npoucxoasT
OJIHOBpPeMeHHO, JH60 A ciaydaeTcs nosxe B. Hampumep, BosBpamiasch K npumepy ¢ GaH-
KOBCKHMM cyeToM, mycTh [leTp Gepet ¢ obiero cyera 10 nonnapos, a [laBen 25, mputom, 4To
cHavasa Ha cuety 100 posnnapos. Ha cuety ocranercst 65 nosnapos. B 3aBucuMocT oT nopsia-
Ka IByX COOBITHH, MOC/IEN0BATENbHOCTL GanaHcoB Ha cueTy Oyzer qu6o $100 — $90 — $65,
an6o $100 — $75 — $65. B xommbioTepHOH peasnn3auuy GAHKOBCKOH CHCTEMBI 3Ta H3Me-
HSIIOIASICST TIOCJIEI0BATEbHOCTb 0a/aHCOB MOXKET MOJIEJIHPOBATbCsl Yepe3 MOoC/e0BaTe bHble
NpHCBaKMBaHuUsl epeMeHHOH balance.

OnHako B HEKOTOPBHIX CUTYaLUsIX TAKOH B3IJISIL MOXKET BECTH K npobsemaM. [lonycTuM, 4To
[Terp u [1aBes, u elue apyrue JOAK TOMAMO HUX, HMEIOT HOCTYI K COBMECTHOMY GaHKOBCKOMY
cueTy yepe3 ceTb 6HaHKOMATOB, pa3bpoCaHHbIX 110 BceMy MUpY. [locsieoBaTe/IbHOCTD 3HAUEHHH
GanaHca OyfeT KPUTHUECKHM 00pa3oM 3aBHCETb OT TOYHOH XPOHOJIOTMH HOCTYyNa U AeTaleid
KOMMYHHKAIUH MeXAy MalliHAMH.

HeomnpeneneHHoCTh mopsiika COOBITHH MOXKET NMPUBOAUThL K CEPbe3HbIM MpobJeMaM B Mpo-
eKTHPOBAaHUU KOMIBIOTEPHBIX crcTeM. Hampumep, npeamnosoxum, uto aeicteus [lerpa u [las-
Jla peajiM30BaHbl KaK 1Ba OTHEJbHBIX Ipollecca ¢ o0luel mepeMeHHOH balance, U YTO Kax-
IbIH Mpoliecc ompenensieTcsl Mpouenypoi us paspena 3.1.1:

(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepocTaTOUHO OeHer Ha cuete"))

Ecau nBa npouecca paboTaioT 0IHOBPeMeHHO, To [TeTp MoxKeT npoBepUThb 6ajaHC K MONbITATb-
csl CHATb paspelleHHYI0 cyMMy. OfHaKO 32 NPOMEXYTOK BpPEMEHHM MexXIy MOMEHTaMH, KOraa
[Tetp npoBepsieT 6a/aHC, U KOIZa OH 3aBepllaeT CHATHe fAeHer, [1aBes MOXKeT CHATb KaKylo-TO
CYMMY U clieaTh pe3dysbTaT [leTpoBOi NMpOBEPKH HECOCTOSATENBHBIM.

U 310 ewre He camoe xynauiee. PaccMOTpuUM BblpaxkeHHe

(set! balance (- balance amount))

KOTOpPO€ BBIMOJHSETCS] BO BpeMsi KaXKJIOTO CHSITHsl JeHer. BbimosiHeHHe MPOUCXOAHUT B TpH
wara: (1) cuuTeiBaHHe 3HauyeHHs NepeMeHHOH balance; (2) BbUHMC/eHHE HOBOrO 3HaUeHHs
Gananca; (3) mpucBoeHue mepeMeHHOH balance 3TOro HOBOro 3HaueHusi. Ecsiu mpouecchl
[lerpa u IlaBna BBIMOJHSIOT 3TO MPeNJOKEHHE MApasJeNbHO, TO B ABYX NpOLEccax CHATHS
JIeHeT TIOPSIIOK UTeHHsl NepeMeHHOH balance W NMpUCBaWBaHHUS MOTYT YepelnoBaThCsl.
BpemeHHAs1 nuarpaMMa Ha pucyHKe 3.29 MoKasblBaeT NMOPSIOK COOBITHE, NMPH KOTOPOM
balance cHauana paBeH 100. [letp Geper 10, IlaBen 25, u onmHako B HTore balance
OKasblBaeTcsl paBeH 75. Kak mokasaHo Ha guarpamme, TNpPUYMHA aHOMAJHUH COCTOUT B TOM,

34Ha camoM gese GOJILIIMHCTBO MPOIECCOPOB BLITIOJHSIOT HECKOMBKO OTIepalliil 3a pa3, MCIONb3ys CTPaTerHio,
HasblBaeMylo Kowsgeliepusayus (pipelining). Xors 3TOT MeTOA 3HAYMTEJbHO MOBbILIAET CTENEHb HCIOJAb30BAHUS all-
NapaTHBIX PeCypCOB, OH HMCIOJb3YeTCsl TOJNbKO JJ/151 YyCKOPEHHS BHIIOJHEHHS MOCJeN0BaTeJbHOr0 MOTOKA BEIUMCIEHHH,
COXpaHsisl NOBeJeHHe N0C/ae0BaTebHON IPOrpaMMbl.

35Tpaddut Ha onHO# cTeHe B KeMOGpumxe: «BpemMsi — 3T0 ycTPOHCTBO AJIS TOTO, UTOOBI CY4a/IoCh He BCe CPAsy».
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yro y [laBna mpucBavBaHHe NepeMeHHOH 3HauyeHHs 75 OCHOBAHO HA MPENIOJIOKEHHH, 4TO
3HaueHHe balance, KOTOpoe Hamo yMeHblHTb, paBHO 100. OmgHako 3TO MpennosioxKeHHe
cTaso HeBepHbIM, Korna [letp cpenan balance paBHbiM 90. st 6aHKOBCKOH CHCTEMBI 3TO
KaracTpouueckas omIMOKa, TaK KaK He coxpaHsieTcs o0llee KOJHUECTBO JIEHEr B CHCTEME.
Ho tpaHzakuuiéi obuias cymma 6bi1a 100 posnnapoB. Ilocse xe y Ilerpa okasbiBaercs 10
nonnapos, y Ilasna 25, u y 6anka 753,

O6b1wee siBJIeHUE, WITIOCTPUPYEMOE 3[1€Ch, COCTOUT B TOM, YTO PA3JIHUHBIE IPOLECCH MOTYT
paszesisiTb ONHY U Ty Xe NepeMeHHYI0 cocTOosiHHs. CI0XKHOCTb BO3HUKAET OTTOTO, UTO C 3TOH
NepeMeHHOH B OJHO M TO Ke BpeMsl MOXKeT MblTaTbCsl padoraTh OoJsiee omHOro mporecca. B
npuMepe ¢ 6AHKOBCKHM CUETOM BO BpeMS KaXKAOH TPaH3aKLUUM KJUEHT NOJKeH MMeTb BO3-
MOXKHOCTb A€HCTBOBaTb TakK, Kak OYATO OCTaJbHBIX KJUEHTOB He cyllecTByeT. Korna K/aueHT
U3MeHsleT OasaHc, UCXOAs M3 ero Mpenblayllero 3HayeHHs, eMy Haao o0ecrneuydTb rapaHTHH
TOrO, UTO MPSIMO TIepel MOMEHTOM HM3MeHeHHs GaJlaHC BCe ellle COOTBETCTBYET ero, KJHEHTa,
NpeNCTaBJIEHHUSIM.

I'IpaBuanoe NnoBeJAeHue MnapaJlajeqbHbIX MporpaMmm

BolllenpuBeieHHBIH IpUMepP NEMOHCTPUPYET THIMYHYIO HEOYeBMAHYIO OLIMOKY, KOTopas
MOKET BO3HUKHYTh B MapaJjJesbHOd nporpamme. CJI0KHOCTb 31€Chb BOCXOAHT K IPHUCBaH-
BaHUIO TI€PeMeHHbIM, paslessieMblM MeX1y pPa3NHuHBIMM NpoueccaMd. Mbl yxXe 3HaeM, 4TO
npu paboTe ¢ set! TpebyeTcs 0OCTOPOKHOCTD, IOTOMY UTO Pe3yJbTaThl BEIYMCJAEHUH 3aBUCAT
OT TMoOpsAKa, B KOTOPOM MPOMCXOAAT TpHcBaumBaHua® . [Ipy HanMuMM Tapasienn3Ma Hy»KHO
ObITb OCTPOXKHBIM BJBOHHE, MOCKOJbKY He BCErAa MOXKHO YIIPaB/ATb MOPSAKOM, B KOTOPOM
IIPUCBAaHUBAHUS NPOUCXOAAT B PasHbIX mpoueccax. ECAHM HECKOJIbKO TaKHX H3MEeHEHHH MOTyT
NPOUCXOUTh ONHOBPeMeHHO (KakK B cjydyae C IBYMs BKJaAYMKaMH, MMEIOLIMMH JAOCTYN K
o0LIeMy cueTy), HaM TpebyeTcsi croco® 0OecrneudTb MPaBHJABHYIO paboTy cucteMbl. Hampu-
Mep, B CJIydyae CO CHSITHEM JeHer C oOLIero cuera, Mbl JOJIKHBI CHeJaTh Tak, uTOObl 0OIee
KOJINYeCTBO JE€HET 0CTaBasJoCh HeH3MeHHBIM. UToObl 3aCTaBUTh MapaJijesbHble IPOrPaMMBI pa-
60TaTb KOPPEKTHO, HHOrA TpedyeTcsl HaNOXKHUTb HEKOTOPblE OpPaHUYeHHS Ha OfLHOBPEMEHHOe
UCIIOJIHEHHE.

OnHO M3 BO3MOXHBIX OTFPaHHUEHHMH Ha Mapasjeu3M MOXKeT COCTOSATb B TOM, UTO HH-
KaK{e [Be Olepanuu, CrocoOHble H3MEHWTb pasjiesisieMble TepeMeHHble COCTOSIHHS, He MO-
TYT MCIOJHATbCS ONHOBPEMEHHO. DTO OuUeHb Cepbe3HOe orpaHuueHue. [jis pacrpeneseH-
HOM OaHKOBCKOH CHCTeMbl 3TO 03Hauaso Obl, YTO NPOEKTHUPOBILHK CHUCTEMbl JOJKEH CHe-
JaTb TakK, YTO B KaXAblH MOMEHT IPOHUCXOAMT He Gosiee ONHOH TpaH3aKUUU. ITO Tpe-
6oBaHHe Ype3MepHO KOHCepBaTHBHOe U BefleT K Hea(dexTtuBHocTH. Ha pucynke 3.30 mo-
KasaH caydaid ¢ coBMecTHbIM cyeroM Iletpa u IlaBna, mpuuem y IlaBna ectb eme u

36Eme Xynuasi omnbKa Morsa Obl CIyUHTbCSs, ecd OBl IBe ornepanyyd set! MOMbITalUCh OJHOBPEMEHHO H3MEHHTh
6asaHc. B pesysnbrare comepxuMoe MaMsTH MOIVIO Obl cTaTh CAydaHHOH KOMOMHAlMell NaHHBIX, 3alHCAHHBIX ABY-
M5 mpoueccaMH. B GOJBIIMHCTBO KOMIBIOTEPOB BCTPOEHa GJOKHPOBKA 3J1€MEHTApHBIX ONepalyil 3alHCH B MaMsTh,
KOTOpasi NIPeloXpaHsieT OT TaKOro OgHOBpeMeHHoro noctyna. OQHaKoO faxe TakKoH, Kasasjocb Obl, MPOCTOH MeTOH 3a-
[IMTHl NPHULAET NONOJHHUTEJNbHYIO CJOKHOCTb MPOEKTHPOBAHHMIO MHOTOINPOLECCOPHBIX KOMIIbIOTEPOB, Ile TPebYITCs
CJIOJKHBIE TIPOTOKOJIbI coeaacosarHocmu kauia (cache coherence), 4ToGbl y pasHbIX MPOLECCOPOB ObIIM HEMPOTHBO-
peurBble TOUKH 3PEHHs] Ha COLEPKHMOE MaMsTH, [IPH TOM, YTO JaHHbIe MOTYT AyOJHPOBaThCs («K3LIMPOBATbCS») B
pa3HBIX MpoLeccopax, YTOOB YBEJIHUUTb CKOPOCTh HOCTYMNA K MaMSITH.

371'IporpaMMa noxcuera (akropuasna u3 paszmena 3.1.3 eMOHCTPHPYeT 3TO B paMKax ONHOIO IMOCJEeN0BATEJbHOIO
npolecca.
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[Tetp Bankl [TaBen Bank2

$100 $300
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BpeMs

Puc. 3.30. OnHOBpeMeHHbIe onepanyy MpH paboTe ¢ COBMECTHBIM cyeToM B BaHke 1 U JIMYHBIM
cueToM B bBaHke 2.

coOcTBeHHBIH cyeT. JlparpamMma mnokasbiBaeT [Be OINepaldd CHATHS JeHer C COBMECTHO-
ro cuera (omHy mnpoBoaut [letp, omny [laBen), a Taxkxe 3aHecenue [laBjoM pneHer Ha
JvaHbE cuer®®. JIBa CHATHMA JeHEer C ONHOrO CyeTa He JOJKHBEI TPOMCXONHTH OAHOBpE-
MeHHO (TMOCKOJIbKY 006a paboTalT C OOHHUM CueTOM), H I[laBes He MOXKeT ONHOBPEMEH-
HO CHSATb JeHbI'M M 3aHeCTH HUX B 0aHK (MOCKONBKY M Ta, W Jpyras onepauus Kaca-
fotcsi Kowlenbka [laBna). OnHako He HO/KHO OBITh NpensTCTBHH, Mewarowmux [laBay 3a-
HOCUTb JeHbI'M Ha JHYHBIH cueT B TO BpeMs, Kak [leTp Oeper neHbru c¢ ofuiero cue-
Ta.

MeHee 1pakoHOBCKOe OTpaHHYeHHe Ha Napajjenn3M Moo 66l COCTOSATh B TOM, UTOOBI Ma-
paJjiesibHas CUCTeMa BbllaBasla TakKHe XKe pe3y/bTaTbl, KaK ec/y Obl NpOoLecChl NPOMCXOIUNH
NOCJ/IeIOBATeNbHO. ¥ 3TOrO OrPaHUYEHHs B BaXKHBIX CTOPOHBI. Bo-mepBblX, OT MpoLeccoB Ha
caMoM Jiesie He TpeOyeTcs 10CJe0BaATEbHOIO UCIIOJIHEHUS, @ TOJNbKO Pe3yJibTaTbl, COBMAAAI0-
IHe C TeMH, KOTOphle noayuasuce Ool, ecau Obl OHH paboTaju ONUH 3a APYruM. B mprmepe
Ha puc. 3.30, NPOEKTHPOBLIMK OAHKOBCKOH CHCTEMbl CIIOKOMHO MOXET Pa3pelluTb OfHOBpe-
MeHHOe 3aHeceHMe neHer [laBnom u cHsiTHe ux IleTpom, mockosbKy OOLIMEH pe3ysabraT Oyner
TaKOB, KaK OyATO Obl OHM LIJH IOCJeNOBaTeNbHO. Bo-BTOPHIX, y MapaJesbHOH NporpaMmbl
MOKET ObITb 60Jle€ OTHOTO «IIPABUJBHOT0» pe3yJibTaTa, I0TOMY UTO Mbl TpeGyeM TOJBKO, YTO-

38110 cronbuam: comepxknmoe Kotuesbka [lerpa, o6uwuii cuer (B banke 1), kowesek [TaBna u qnunbiil cuer [laBna
(8 Banke 2), no u nocse kaxporo cHstusi (W) u 3anecenus nerer Ha cuet (D). [Terp 6eper 10 monnapos u3 Banka
1; ITaBen knaner 5 monnapos B Bank 2, 3atem Geper 25 nossapos u3 banka 1.
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Obl OH COBIAJaJ C pPe3yabTaToOM IPHU Kakom-Hubyds mociaefoBaTesbHOM nopsinke. Hanpuwmep,
npennosoXum, uro oowuil cuet [lerpa u IlaBna BHauasne paseH 100 mosnnapawm, [letp knamet
Ha Hero 40 mosnapos, a [laBes cHUMaeT MOJIOBUHY UMeIOLIMXCS TaMm JeHer. [lpu 3Tom mo-
CJIelOBaTe/IbHOE UCIIOJHEHHE MOXKET MPUBECTH K 3HaueHWio Ha cuery Jsubo B 70, 6o B 90
nonnapos (cM. yrpaxHenue 3.38)3%

MoxHo HaliTu U ewle Gosee cjabble TpeGOBaHUS MJIS KOPPEKTHOIO BbIIIOJHEHUS MapaJ-
JeJbHBIX Tporpamm. [Iporpamma, umutupyomas 1uddysuo (Hanpumep, MOTOK Teria B 00b-
€KTe), MOXKET COCTOSTb W3 OOJBLIOr0 YHCJA MPOLECCOB, KaXKABIH M3 KOTOPBIX H300paa-
eT MaJleHbKHH y4acTOK MPOCTPAHCTBA, M KOTOpPblE MapaJijiesibHO OOGHOBJSIOT CBOM 3HAYEHHS.
Kax bl mpoliecc B LMKJe H3MEHsSIeT CBOe 3HayeHHe Ha cpelHee MeXAY CBOUM COOCTBEHHBIM
3HaUEHHEM U 3HAUEHUAMH cocefiell. DTOT alrOPUTM CXOAUTCS K NPABUJIbHOMY OTBETY HE3aBHU-
CUMO OT IMOPSIAKA, B KOTOPOM BBIMOJHSIOTCS ONepally; HeT HUKAKOH HYXKbl B OIPaHUYeHHUsX
Ha MapaJijieibHOe HUCI0Jb30BaHHe pas3fie/isieMblX 3HAUeHUH.

Ynpaxzenue 3.38.

[Tycto Iletp, IlaBen n Mapusi umeror oKl cyeT, Ha KoTopoM BHauase JexuT 100 momnapos. Iletp
knaazet Ha cuet 10 mosnapos, ogHoBpeMeHHO ¢ 3TuUM [laBest Geper 20, a Mapusi GepeT NOJOBHUHY JeHer
co cuera. [Ipy 3TOM OHM BBIMOJIHSIOT CJENYIOLIHE ONEPALHH:

Ilerp: (set! balance (+ balance 10))
[laBen: (set! balance (- balance 20))
Mapusi: (set! balance (- balance (/ balance 2)))

a. Hepe‘mcnme BO3MOXKHbIE 3HaueHHWs balance mnocie 3aBeplIeHua onepaul/lﬁ, npenmnoJiaras, 4To
GaHKOBCKasi cHUCTeMa Tpe6yeT oT TpaH3aKLU/Iﬁ HUCIIOJIHATLCA MOCJAeN0BaTEJbHO B KaAKOM-TO IOPALKeE.

6. HasoBute kakue-HUOyIb ApPYTHe 3HAUEHHUS, KOTOpble MOIJIM Obl MOJYUYUTbCS, €cad Obl CHCTeMa

paspelllajia OlepauusiM uepefoBaThcs. Hapucyiite BpeMeHHEIe nHarpaMMsbl, ogo0HEE pHC. 3.29, 4TOOH!
OOBACHUTb, KaK BO3HHUKAIOT TAKHE Pe3yJbTaThl.

3.4.2. MexaHu3Mbl ynpaBjeHHs Mapaaieganu3MomM

Mbl y6enunnch, 4To CJ0XKHOCTb pPaboThl ¢ NapaJjJebHbIMU NPOLeCcCaMU NPOUCXOIUT U3
HeoOXOAWMOCTH YUHTHIBATh MOPSIIOK YepeloBaHHsl COOBITHH B pasJfiHuHbIX npoueccax. [Ipen-
MOJIOXKHUM, K TPUMepy, UTO Yy Hac eCTb [Ba INPOLECCa, OAWH C YNOPSAOYeHHBIMH COOBITHSMH
(a,b,c), a npyro#t ¢ ymopsizodeHHbIMU cOObITUsIME (2,Yy, z). Ecau aTH nBa mpouecca ucmod-
HAIOTCS NapasJenbHo, 6e3 KaKuX-Ju60 HOMOJHHUTENbHBIX OrpaHHYeHHUH Ha yepelnoBaHHE CO-
ObITHH, TO BO3MOXHO 20 pa3jU4YHBIX MOPSAKOB COOBITHIH, COOJIOAAIONINX YMOPsSIOYeHHe HX
BHYTPH KaxXI0T0 U3 MPOLECCOB!

(a, z) (a,z,b,y,¢,2)
(abxcy, z) (a,z,b,y,2,c¢)
(a,b,2,y,¢,2) (a,z,9,b,¢,2)
(a,b,2,y,2,¢) (a,z,9,b,2,¢)
(agcbcy7 z) (a,z,y,2,b,¢)

39Bosee hopManbHO 3TO yTBEPHKIEHHE MOXKHO BHIPA3HThb, CKa3aB, UTO MOBEJEHHE MApajIe]bHLIX MPOrPaMM —
Hedemepmuruposanroe (nondeterministic). To ecTb, OHM OMHUCbIBAIOTCS He (DYHKLMSAMH C ONHMM 3HaueHHeM, a PyHK-
LMSMH, UbH Pe3yJbTaThl SBJISIOTCS MHOXKECTBAMH BO3MOXKHBEIX 3HaudeHMH. B paspmese 4.3 MBI pacCMOTpHUM fA3BIK JJI51
BbIpaXKeHUsl HeleTEPMUHUCTCKUX BBIUMCIEHHH.
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[Ipy paspaGoTKe 3TOH CHCTeMBl HaM Kak MPOrpaMMHCTaM MpPHUILJIOCH Obl pacCMaTpPUBATh pe-
3yJIbTaThl KaxKa0ro u3 31ux 20 ynopsizodeHHH W MPOBEPSIThb, UTO Ka)KI0e U3 HUX [NOMYCTHMO.
C pocToM 4McJ/Ia TPOLECCOB U COOBITHH TaKOH TOAXOA OBICTPO CTAHOBHUTCS HepeasUCTHUHBIM.

Bosiee mpakTHUHBEIE MOAXON K MPOEKTHPOBAHHUIO MapasjieIbHbIX CHCTEM COCTOHUT B TOM,
4yTOOB! MPUAYMaTh OOLHMEe MeXaHM3Mbl, KOTOpble Obl OrpaHUYMBANM YepeloBaHHEe COOBLITHH B
napaJJiesbHbIX Ipoleccax U TeM CaMblM 1aBaJjd HaM YBEPEHHOCTb, YTO ITOBEEHHE NPOrpaMMbl
BepHO. Jl/1s1 3TOH Lesn 6blI0 pazpadoTaHo 60JblIOE KOMHYECTBO MeXaHU3MOB. B aTom pasnese
MBI OTHILEM OfMH M3 HUX — cepuaiudamop (serializer).

Cepua.nnsaunﬂ AocTtymna K pasne.nﬂemof/i naMdaTu

Vnes cepuanusauuy 3ak/ouaeTcs B CAeLyIOLEM: MPOLECCH BBIIONHAOTCS MapaJjiesbHo,
HO TIPHA 9TOM CYILECTBYIOT OINpeJeseHHble IPyNIbl NPOLeLyp, KOTOpble He MOTYT BBIIOJHSATb-
csl ONHOBPEMEHHO. Bblpaxkasicb TOuHee, cepHasM3alllsl MOPOXKAAET BblleJEeHHblE MHOXKECTBa
npoLenyp, TaKKe, UTO B KaXKAOM CepHaIM30BAHHOM MHOXECTBE B JIIOOOH MOMEHT MOXET Ipo-
HCXOAMTD BHITIOJIHEHHE TOJBKO OHON MPOLEAypPhl U3 MHOXKecTBa. Ecsin Kakas-To nponenypa 13
MHOXKECTBA YK€ BBIIIOJIHSIETCS, TO MPOLecc, KOTOPbIH MbITAeTCS BLIIOJHUTD JI00YI0 IpoLenypy
W3 MHOXeCTBa, OyleT MPUOCTAHOBJIEH [0 TeX IMOp, OKa He 3aKOHUMTCS TeKyllee BbUHCIeHHUe
npoLeaypHI.

C mnoMolIbl0 cepUau3alUd MOXKHO YNpPaBJsiTh AOCTYNOM K pasfiessieMblM MepeMeHHBIM.
Hanprmep, ecii Mbl XOTUM MPUCBOUTH pasfesisieMOl MepeMeHHOH 3Ha4YeHre, 3aBHUCSILee OT ee
TeKYyIlero 3HaueHWs, Mbl OMellaeM JOCTYI K MPeKHeMY 3HaueHWI0 U MpHUCBaHBaHHe HOBOTO
B OIHY NpOLEAypy. 3aTeM Mbl IIOMellaeM BCe Takue NPOLedypbl B OAMH CepHaju3aTop U TeM
caMbIM [0OHMBaeMcsl TOTrO, YTO HHMKakKas Apyras npoleaypa, KoTopas NpUCBauBaeT 3HA4YeHHs
3TOH NepeMeHHOH, He MOXKET BHIIOJHATHCS OJHOBPEMEHHO C HalleH. DTO rapaHTHPYeT HaM,
YTO 3HA4YeHHe MepEeMEeHHOH He MOXKeT U3MEHHThCS B MPOMeXyTKe MeXAy JOCTYINOM K Hed U
COOTBETCTBYIOILIUM €My NPHCBAaWBaHUEM.

Cepuanusarops! B Scheme

YroObl chesaTb 3TO ONHMcaHHe Gojiee KOHKPETHBIM, MPEAINOJIOXKHM, UTO Mbl PaCILIHPHJN
36K Scheme, no6aBUB B Hero mpouenypy parallel-execute:

(parallel-execute (p1) (p2) ... (Px))

Kaxxnetit u3 (p) mosmxkeH ObiTh Mpolenypod Ge3 aprymeHToB. Parallel-execute cospmaer
IJ151 KaXA0r0 (p) OTHEJbHBIE MPOLece, KOTOPBI BhINOJHSET (p) (C mycThIM HAGOPOM apryMeH-
T0B). Bce 3TH mpolecchl BHMOMHATCA NapasenbHol.

Yro6bl MPOIEMOHCTPUPOBATD, KAK 3Ta MPOLELyPa UCMOJIb3YeTCsl, PACCMOTPHM

(define x 10)
(parallel-execute (lambda () (set! x (* x x)))
(lambda () (set! x (+ x 1))))

40parallel-execute He BXOAUT B CTaHIApTHyK Scheme, HO TaKas IpoOLeIypa MOMKET ObiThb peaNH30BaHA B
MIT Scheme. B naweil peanusauuy HOBble MPOLECCHl BBHIMOJHSIOTCS MapajiiesbHO ellle W ¢ MCXOAHBIM Scheme-
npoueccom. Kpome Toro, B Halell peasnusauiu 3HadeHne, KOTOPoe Bo3BpallaetT parallel-execute, npeacrasisieT
co00# CrelHa bHbIH YIPaBASIOUHHA 00BEKT, C MOMOLIbI0 KOTOPOTO MOXKHO OCTAHOBHTH BCEe HOBOCO3AHHBIE MPOLECCHI.



3.4. Iapaniennsm: BpeMsi HMeeT 3Ha4eHHe 289

3mech co3maroTcsl ABa rnapaJijieJIibHbIX Tpolecca — Pl, KOTOprﬁ NpHCBanMBaeT X 3HAYEHHE X
YMHOXHTb Ha X, U Py, KOTOprﬁ YBE€JHWYHUBACT X HA €IUHHULY. ITocne TOro, Kak BbIYHCJIEHHE
3aKOHYEHO, X MOXKET UMeTb OJHO M3 ISTH 3HAaUeHHUH, B 3aBUCUMOCTH OT yepenoBaHUA COOBITHH
B P1 )4 PQ:

e 101: P, menaer x paBHbiM 100, 3aTem P, ero yBejH4MBaeT.

e 121: P, yBeqnuuBaer X, AeJjas ero paBHeiM 11, 3aTeM P, mpucBanMBaeT eMy 3HaueHHe X
YMHOXHTb Ha X.

e 110: P, usmensier x ¢ 10 Ha 11 B mpomexyTke Mexay AByMsi oOpallleHUsIMH K X U3 P;
BO BpeM# BBIUUC/IEHHSA (* x X).

e 11: P, uutaer x, 3ateMm P; npucBauBaer emy 3HaueHue 100, 3atem P nuier x

e 100: P; uuraer x (nBaxnbl), 3aTeM P, mpucBauBaeT emy 3HaueHue 11, 3atem P; 3anu-
ChIBaeT 3HauyeHHe X.

MBI MOXXeM OrpaHHUHTh MapasJjenusM, HCIOJb3ys Cepuanrn30BaHHBIE MPOLELYPHI, KOTO-
pele cospaworcs cepuaruszamopamu (serializers). CeprasrusaTopbl MOPOKAAITCS TPOLELYPOH
make-serializer, peanusauus KOTopoi faHa HUxke. CepUaan3aTop NpUHUMAET B Ka4eCcTBe
apryMeHTa NpoLeAypy, U BO3BpalllaeT CepPHaJU30BaHHYIO MPOLEAYPY C TaKHUM XKe MOBeleHH-
eM. Bce BbI30BEI ceprasi3aTopa MopoxaaloT cepraU30BaHHbIE NPOLEAYPHI, IPHHALIEKALHE
OIHOMY MHOXECTBY.

Taxkum 06pa3om, B OT/IMYMeE OT NPeAbAYLIETO PUMepa, BbINOJHEHHE

(define x 10)

(define s (make-serializer))

(parallel-execute (s (lambda () (set! x (* x x))))
(s (lambda () (set! x (+ x 1)))))

MOXKET UMeTb TOJIbKO 1Ba pesynbrata, 101 u 121. OcranbHble BO3MOXKHOCTH OTOPACHIBAIOTCS,
TMIOCKOJIbKY BhINIONIHEHHEe P; U Py He MOXKET 4epefoBaThCsl.

Huzke nprBeneHa Bepcusi mpouenypsl make—-account u3 paszgena 3.1.1, B kotopoit nome-
IleHHe NeHer Ha CYeT U CHSITHE UX CO CUeTa CepPHasH30BaHBI:

(define (make-account balance)
(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepmocTaTouHO OeHer Ha cuere"))
(define (deposit amount)
(set! balance (+ balance amount))
balance)
(let ((protected (make-serializer)))
(define (dispatch m)
(cond ((eg? m ’'withdraw) (protected withdraw))
((eg? m ’"deposit) (protected deposit))
((eg? m ’'balance) balance)
(else (error "HeusBecTHHN 3amnpoc —-- MAKE-ACCOUNT"
m))))
dispatch))
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B Takoil peasusauuu nBa mpolLecca He MOTYT MapalJesbHO TOMellaTh NEeHbIM Ha CUeT WJH
cHUMaTb UX. TakuM 06pa3oMm ycTpaHsieTCsl HCTOYHHK OLIMOKH, MOKa3aHHOU Ha puc. 3.29, rue
[leTp naMeHsieT 6ajlaHC Ha cUeTe B MPOMEXYTKE MeXIy MOMeHTaMH, Koraa [laBes cuuTheIBaeT
3HaueHHe 0ajiaHCa, U KOTJA OH TPOM3BOAMT NpucBanBaHHWe. C IPYrod CTOPOHBI, Y KaxKIOTO
cyeTa CBOH COOCTBEHHBIH CepHANH3aToOp, TaK UYTO ONEepaluH C Pas3JMYHBIMUA CYeTaMH MOTYT
TPOUCXOAUTD MapaJiesbHO.

Ynpaxuenue 3.39.
Kakue 13 mATH BO3MOXKHBIX HCXONOB MapaJsijieJbHOTO BBIMOJHEHUS] COXPAHSIOTCS, €CJH MBI CepHaIu3yeM
BBITOJIHEHHE TaKHM 06pa3oM:

(define x 10)

(define s (make-serializer))

(parallel-execute (lambda () (set! x ((s (lambda () (* x x))))))
(s (lambda () (set! x (+ x 1)))))

Ynpaxuenue 3.40.
YKaxuTe Bce BO3MOXHbIE 3HAUEHHUS] X MPH BbITOJHEHHH

(define x 10)
(parallel-execute (lambda () (set! x (* x x)))
(lambda () (set! x (* x x x))))

Kakue u3z Hux COXPAHAKTCA, €CJU BMECTO 3TOr0 Mbl BBIIIOJHAEM Ce€pHUaU30BaHHbIE NMPOLENYPhI:

(define x 10)
(define s (make-serializer))
(parallel-execute (s (lambda () (set! x (* x x))))
(s (lambda () (set! x (* x x x)))))

Ynpaxuenue 3.41.
Ben Burto6op cuntaer, 4To syylle OblJI0 Obl peand30BaTb OAHKOBCKHE CUeT TaKUM 00pa3oM (M3MeHeHHas
CTPOKa OTMeYeHa KOMMeHTapHeM)

(define (make-account balance)
(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepocTaTOUHO OeHer Ha cuete"))
(define (deposit amount)
(set! balance (+ balance amount))
balance)
(let ((protected (make-serializer)))
(define (dispatch m)
(cond ((eg? m ’'withdraw) (protected withdraw))
((eq? m ’"deposit) (protected deposit))
((eg? m ’'balance)
((protected (lambda () balance)))) , cepuanu3oBaHO
(else (error "HeusBecTHHN 3amnpoc —-- MAKE-ACCOUNT"
m))))
dispatch))
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MOCKOJIbKY HeCcepHai30BaHHbIH N0CTYM K GAHKOBCKOMY CUETY MOXET MPHUBECTH K HEMPaBUJIbHOMY MOBe-
neHuto. Ber corsacHbl? CyllecTBYeT JiM ClLieHapUi, KOTOPBIE N€MOHCTPUPYET 000CHOBAHHOCTb GECIOKOM-
ctBa bena?

Ynpaxuenue 3.42.

Ben buro6op roBoput, 4TO C/MIIKOM PacTOYMTENbHO B OTBET Ha Kaxkaoe cooOlleHuHe withdraw u
deposit cosnaBarh 0 HOBOH cepHanu3oBaHHOM mpouenype. OH rOBOPUT, YTO MOXKHO H3MEHUTh make—
account Tak, 4yToObl BCe BbI30BH protected npoucxoaunu BHe npoueaypsl dispatch. Takum obpa-
30M, cyeT OyZeT BO3BpallaTh OJHY U Ty Ke CepPHaJM30BAHHYIO NPOLeAypYy (CO3AaHHYIO TOrJa XKe, KOria
U CaM cueT) KaxKAblH pas, KOTa y Hero MpocsiT NPoLeLypy CHATHS AeHer:

(define (make-account balance)
(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepgocTaTOUHO OeHer Ha cuete"))
(define (deposit amount)
(set! balance (+ balance amount))
balance)
(let ((protected (make-serializer)))
(let ((protected-withdraw (protected withdraw))
(protected-deposit (protected deposit)))
(define (dispatch m)
(cond ((eg? m ’'withdraw) protected-withdraw)
((eg? m ’'deposit) protected-deposit)
((eg? m "balance) balance)
(else (error "HeusBecTHHN 3anpoc —-- MAKE-ACCOUNT"
m))))
dispatch)))

besonacHo /i1 Takoe u3MeHeHue? B YaCTHOCTH, €CTb JIM pasHHLA B TOM, B KaKOM IIOpAAKE MOXKeT
NPOUCXOOHUTH MapaJijieJIbHOe BBINIOJITHEHHE B 3TUX NBYX BEPCHUAX make-account?

CioxHOCTH NP UCNIOJb30BAHNU MHOXKECTBEHHBIX pas3ieJdeMbIX peCcypCcoB

Cepuanusaropsl NpefOCTaBAAIOT HAM MOLIHYIO aOCTPaKLHIO, KOTOpasi 03BOJSET H30JIUPO-
BaTb CJIOKHOCTH BBITNIOJIHEHHUS MapaJljieIbHBIX IPOrPaMM, TaK YTO Mbl [I0J1y4aeM BO3MOXKHOCTb
paboraTb ¢ HEUMH akKypatHO (u, OymeM HamesTbesi, 6e3 omnbok). OnHako, XoTsi mpu padore
TOJIBKO C OJHUM pasjessieMbiM pecypcoM (HampuMep, ¢ OOIHUM GAHKOBCKHM CUYETOM) MCIOJb-
30BaTh CEPUANU3aTOPbl OTHOCHUTENBHO MPOCTO, NPU HAJMYUHW MHOXKECTBEHHBIX pasfesisieMblX
pecypcoB napaJJiesbHoe NporpaMMHPOBaHUE MOXKeT ObITh NPefaTebCKH CIOXKHBIM.

Uro6bl MPOUJIIIOCTPUPOBATD OAHY U3 psifia TPYAHOCTEH, KOTOPble MOTYT BOSHUKHYTb, MIPEL-
MOJIOKHUM, UTO HaM TpebyeTcst MOMEHATb MecTaMH OasaHChl Ha ABYX GaHKOBCKHUX cyeTaX. Mel
YUTaeM KaXKIblH cyeT, 4TOObl Y3HATh GajlaHC, BBIUMC/ISEM PAa3HULY Mexay O6anaHcaMu, CHUMa-

eM ee C OJHOTO CYeTa M KJaJeM Ha APYroi. ITo MOXKHO peasnu3oBaTh ciefyomuM oopasom?!:

41 M1 ynpoctuu exchange, mobaysich TeM, 4TO Halle coobuleHHe deposit MokKeT MPUHMMATb OTPHIlATebHEIE
cyMMbl. ([11s1 6GaHKOBCKOMH CHCTEMBI 3TO Cepbe3Hasi oliHOKal)
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(define (exchange accountl account2)
(let ((difference (- (accountl ’'balance)
(account2 ’balance))))
((accountl ’'withdraw) difference)
((account2 ’deposit) difference)))

dTa mpouenypa paboTaeT MPaBUJIbHO B TOM CJydae, KOTAA TOJNbKO ONHH TPOLECC MBITAETCS
ocymecTBUTh obmeH. [omyctum, onHako, 4to Iletp u IlaBen MMeloT m0CTyn K COBMECTHBIM
cueraM al, a2 v a3, u uto Iletp mMeHsieT Mectamu al u a2, a [1aBes B To ke BpeMsi 0OMeHHBAET
al v a3. Jlaxke eclu CHsATHe W 3aHeCeHHe JeHET Ha OTHeJbHble CYeTa CepHaNu3oBaHbl (Kak
B mpouenype make-account W3 Npeiblayliero pasjena), exchange MOXeT NMPHUBECTH K
HeBepHBIM pesysbTataM. Hampumep, MoxkeT okasartbcst, 4To [leTp mocunTtaer pasHULy MeXOy
al v a2, vo IlaBen usmeHut GanaHc Ha al mpexne, ueM Iletp 3akonunt o6Men*?. Uro6wl
JNOOUTBCS MPABUJBHOTO MOBeNeHHs, Mbl JOJIKHBl YCTPOUTH Tak, 4ToOHl Npouenypa exchange
6/10KMpoBaJia BCAKUI NapaJe/bHbIl AOCTYI K cueTaM Ha Bce BpeMsl oOMeHa.

OnuH 13 crnoco60B 3TOr0 AOCTUYb — CEPHaNH30BaTh BCIO NPOLeNypy exchange cepuaju-
3aTopaMHu 000HX cueToB. Pagy 3TOro Mbl OTKPOEM AOCTYI K cepuanusatopam cyetoB. O6paTu-
Te BHUMaHHeE, YTO, PACKPBIBAsl CEPHUAIM3aTOP, Mbl HAMEPEHHO JIOMaeM MOAYJbHOE MOCTPOEHHe
o6bekTa-6aHKoBcKoro cyera. Coenyiomiass Bepcusi Npoliefiypbl make-account HIeHTHYHA
UCXOJHOH BepcHHM U3 pasgesa 3.1.1, 3a HUCKJ/IOYeHHEM TOrO, YTO UMEETCs CepHasu3aTop AJs
3allUMTHl NTepeMeHHOH 6anaHca, U OH 3KCIOPTUPYeTCs yepe3 nepefady COOOLIEHUH:

(define (make-account-and-serializer balance)
(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepmocTaTOuHO OeHer Ha cuere"))
(define (deposit amount)
(set! balance (+ balance amount))
balance)
(let ((balance-serializer (make-serializer)))
(define (dispatch m)
(cond ((eg? m ’'withdraw) withdraw)

((eg? m ’"deposit) deposit)

((eg? m ’'balance) balance)

((eg? m ’serializer) balance-serializer)

(else (error "HeusBecTHHN 3amnpoc —-- MAKE-ACCOUNT"

m))))
dispatch))

C nomoL1bl0 3TOH BEPCHH MBI MOXKEM BBINOJNHATb CEPUANU30BAHHOE 3aHECEHHE U CHATHE
JeHer. 3aMeTUM, OIHAKO, YTO, B OTJIMYMe OT NpeAblAyLleld BepCUH CepUaH30BAaHHOIO CYeTa,
Ternepb KakJbli M0Jb30BaTEb 00BEKTOB-0aHKOBCKHX CUETOB JOJIKEH SBHBIM 00pa3oM yTmpas-

JITh cepuanusalye, HanpuMep, Tak*:

42Ecnu Ganauchl Ha cueTax BHauase paHbl 10, 20 u 30 noanapam, To mocse J0GOr0 KOJHYeCTBa Mapasiielib-
HBIX 0OMeHOB GasaHCHl NO/KHBI 10 TpexHemy ObiTh 10, 20 u 30, B KakoMm-To mopsinke. CepuHasnusalyy HOCTyMa K
OTHE/BHBIM CYETaM HeNOCTaTOUHO, YTOOb 3TO rapaHTHpoBaTh. CM. ymp. 3.43.

43B ynpaxHennn 3.45 paccMaTpuBaeTCs BONPOC, MOYEMY 3aHECeHHe M CHATHE JeHer Tefepb He CepHaju3yloTcs
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(define (deposit account amount)
(let ((s (account ’serializer))
(d (account ’‘deposit)))
((s d) amount)))

DKCIOPT cepuann3aropa AaeT HaM AOCTATOYHO THOKOCTH, UTOObl peasii30BaTh CepHalsIu-
30BaHHYyI0 MporpaMMmy o6meHa. MBI MPOCTO-HANPOCTO CEPUANHU3YEM HCXONHYIO TMPOLELYpPY
exchange cepua/nn3aTopaMid 060UX CYETOB!

(define (serialized-exchange accountl account2)
(let ((serializerl (accountl ’serializer))
(serializer2 (account2 ’serializer)))
((serializerl (serializer2 exchange))
accountl
account2)))

Ynpaxzenue 3.43.

[pennonoxxuM, uTo 3HaueHHUs GanaHca Ha Tpex cuerax BHauase paBHbl 10, 20 u 30 nossapam, u 4to
HeCKOJIbKO MPOLIeCCOB 3aHMMaloTCsl 0OMeHOM 3HaueHUH 6asaHca. ITokaxuTe, UTO eC/ld 3TH MPOLIECCHl Bbl-
TIOJIHSIIOTCS T0C/Ie/I0BATENBbHO, TO MOcJe J1I060ro KojJHyecTBa 0OMEHOB 3HaueHHsl 6asaHca Mo-TpexHeMy
6ynyT paBubl 10, 20 u 30 nonnapam, B KakoM-To nopsiike. Hapucyiite BpeMeHHyI0 1uarpammy Bpoze TOH,
KOTOpast U300pakeHa Ha puc. 3.29, U MOKaxHTe, YTO YKa3aHHOE YCJOBHE MOXKeT HapylIaTbCsl, €CJH pa-
6oraer mepBasi Bepcusi Ipolenypsl o6MeHa U3 3Toro pasfena. [Tokaxure, ¢ Apyroil CTOPOHBI, YTO faxke C
nepBoii nporpaMMoil exchange ofias cymMmma 6anaHcoB Ha cueTax coxpaHutcs. Hapucyfite BpeMeHHYy10
JMarpamMmy, NokasblBaloLLyl0, UTO ec/d Obl MBI He CepHaJM30Ba/d TPAH3aKLMH 10 OTHeJbHbIM CUeTaM,
3TO YCJIOBHE TOXKE MOIJIO Obl HapyIUaThbCs.

Ynpaxuenue 3.44.

PaccMoTpuM 3aauy nepeHoca feHer ¢ OOHOrO cyeTa Ha Apyro#. Ben Buto6op yTBep:knaer, uTo ee MOX-
HO PELIUTb C MOMOLIBIO CJIEAYIOLIeH MPOLENypbl, 1aXKe B TeX Caydasx, KOTAa MHOTO JIIOIei OMHOBPEMEHHO
nepeMelaloT JeHbIH MeXKIY Pa3/HYHBIMH CUeTaMH, €CJIM HCIO0Jb30BaTh IIPH 3TOM KaKOH-TO MeXaHH3M,
CepHalM3YIOLINH oNepalii 3aHeCeH sl Ha CUeT U CHSTHS CO cueTa, HalpHuMep, BepcHio make-account
U3 HAIllero TeKCTa.

(define (transfer from-account to-account amount)
((from-account ’'withdraw) amount)
((to-account ’'deposit) amount))

Xbloro Jlym cudTaer, 4To ¢ 3TOH BepcHell BO3HUKHYT MpPOOJEMBl M 4YTO HYXKHO HCIIOJb30BaTh OoJee
CJIO’KHBIH MOLXOM, BPOLE TOrO, KOTOPHIH TpebyeTcsi NpU pellleHHH 3anaud oomena. [IpaB su on? Ecin
HeT, TO B 4YeM COCTOMT CYLleCTBeHHas pa3HHIA MexXJAy 3ajauell MepeBofa AeHer M 3afavyedl o6MeHa
cyeroB? (Hy»XHo mpennosioxuTh, 4To 3HaueHHe GasaHca Ha from-account mo KpalHeld Mepe paBHO
amount.)

Ynpaxuenue 3.45.
Xbioro Jlym noJsiaraer, 4to Temepb, KOTAA OMepalliy CHATHS IeHer CO CUeTa U 3aHECEHHsT UX Ha CUeT mepe-
CTaJld CepUaTH30BLIBATLCS ABTOMATHUECKH, CHCTeMa GaHKOBCKHX CUETOB CTasia HEOMPABAAHHO CJIOKHOH

C4YeTOM aBTOMaTHYECKH.
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U paboTaTh C Hell MpaBUJbHBIM 00pa3oM 4epecuyp TpyAHo. OH mpejJaraer ciesaTb Tak, 4ToObl make—
account-and-serializer 3KCIOPTHPOBaAJ cepHanu3aTop (AJs HCIONB30BAHHUSA B MPOLEAYpPax Bpoae
serialized-exchange), U BI00aBOK caM HCIIO/Nb30Bas €ro IJsl CepHaNU3aLUU NPOCTHIX ONepaLil
CO CUeTOM, KakK 3To fesal make-account. OH npensaraer nepeonpenenTb 06beKT-CHET TaK:

(define (make-account-and-serializer balance)
(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"HepocTaTOUHO HOeHer Ha cuere"))
(define (deposit amount)
(set! balance (+ balance amount))
balance)
(let ((balance-serializer (make-serializer)))
(define (dispatch m)
(cond ((eqg? m ’'withdraw) (balance-serializer withdraw))

((egq? m ’"deposit) (balance-serializer deposit))
((eg? m 'balance) balance)

((eq? m ’'serializer) balance-serializer)

(else (error "HeusBecTHHN 3amnpoc —-- MAKE-ACCOUNT"

m))))
dispatch))

(define (deposit account amount)
((account ’deposit) amount))

O6bsicuuTe, B yeM Xbloro omubaercs. B wacTHocTH, paccMOTpHUTe, UYTO NPOUCXOAHUT IIPH BEI3OBE
serialized-exchange.

Peanusanus cepuaansaTopos

Mbi peanusyeMm cepuasn3aTopbl Ha OCHOBe 0oJiee NMPUMHUTHBHOIO MeXaHHW3Ma CHHXPOHH-
3allMHi, Ha3biBaeMoro muiomekc (mutex). MbIOTEKC — 3TO OOBEKT, KOTOPBIE MONIEPKHUBAET
JIBE OMepalfu: ero MOXHO 3axsamums (acquire), © ero MoxxHO ocgobodums (release). Korna
MbIOTEKC 3aXBaueH, HUKakasi Apyras orepalys 3axBaTa TOTO »K€ CaMOTr0 MbIOTEKCa MPOHU30HUTH
He MOXeT, MoKa ero He ocso6oaaT*!. B Halleil peanusauyi KaxIbli cepHani3aTop CONEPIKHT
no mbiotekcy. [lonyuasi mpouenypy p, cepuann3aTop Bo3BpallaeT MPOLEAYPY, KOTopasi 3aXBa-
ThIBA€T MbIOTEKC, BBITMOJHSET P, U 3aTeM 0CBOOOXKJaeT MblOTeKC. Djarogapsi 3Tomy, TOJBKO
OfIHA U3 TIPOLENYP, MOPOXKJIEHHBIX CEPUATU3ATOPOM, MOXKET HCIOJHSITHCS B KaXKAblH MOMEHT
BpeMeHH. FIMEHHO TaKoro MOBeleHUs Mbl U XOTeJNH NOOUThCS OT CepHaNUu3aliu.

4“4 Hazganue «MbIOTEKCH> MPOUCXOAUT OT aHIIuiickoro mutual exclusion «B3auMHOe HCKJoueHue». OO6iast mpo-
6/7eMa MOCTPOEeHHsI MeXaHHW3Ma, KOTOPbIH M03BOJIKJ OBl Mapasse/bHbIM IpoleccaM 6e30MacHO pasfieniiTh Pecypchl,
HasblBaeTcsl MPo0/1eMoi B3aMMHOr0 UCKJtOUeHHst. Hallll MbIOTEKCHI SIBJISIOTCS MPOCTHIM BapHaHTOM MeXaHH3Ma cema-
¢opos (semaphores) (cM. yrnpakHeHHe 3.47), KoTopble BrepBble MosiBUANHCh B CHcTeMe MynbTHIpOrpaMMHpOBaHHS
THE, paspaGoranHoii B DiinaXoBeHCKOM TeXHHYeCKOM YHHBEPCHTETe M Ha3BaHHO 10 MepBbIM OyKBaM rOJJIAHICKOrO
Ha3BaHHUs 3Toro yue6Horo 3aBefeHus (Dijkstra 1968a). Onepaunu 3axsata ¥ 0CBOGOXK/IEHHS H3HAYANbHO Ha3blBAJIHCh
P u V, oT ronnanackux rnarojos passeren (npoiith) u vrijgeven (0cBOOOAHTD), YIOTPeOIsSEMBIX 10 OTHOLIEHHIO K Ce-
MadopaM Ha keje3Hbix noporax. Kmnaccuueckoe onucanne Jedikerper (Dijkstra 1968b) 6b110 ogHHM K3 epBHIX SCHBIX
M3JI0KeHHH BONPOCOB yIpaBJeHHs MapaJliesu3MoM, U TaM ObIJIO NMOKa3aHO, KaK PelIalTcs MpPH MOMOIIH ceMadopoB
pas/MuHble 3a7auH.
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(define (make-serializer)
(let ((mutex (make-mutex)))
(lambda (p)
(define (serialized-p . args)
(mutex ’acquire)
(let ((val (apply p args)))
(mutex ’'release)
val))
serialized-p)))

MperoTeke — H3MeHsieMblil 00beKT (37echb Mbl HCIOJb3yeM OIHO3JEMEHTHBIH CIHCOK, KO-
Topel#l OyneM HasblBaTb Axelikod (cell)), cmocoGHBIN XpaHUTh 3HAYeHHE HCTHHA HWJIH JIOXKb.
Korzna 3HaueHue JIO)KHO, MBIOTEKC MOXKHO 3aXBaThiBaTb. Korna 3HaueHHe HCTHHHO, MbIOTEKC
HeIOCTYTIEH, U MPOLECC, KOTOPLIH TOMBITAETCS €r0 3aXBaTHUTh, BHIHYXKIEH OyleT KIaTh.

Koncerpykrop MmbioTekca make-mutex 175 Hauyasna NPUCBAMBAeT CONEPKHUMOMY SUEHKH
3HaueHHe J0xXb. [/ 3axBaTa MbIOTEKCa Mbl NpoBepsieM 3HaueHHe s4eHKH. Ecan MbloTekc
JOCTYIIEH, Mbl JeJlaeM 3HayeHHe MCTUHHBIM M HAeM fAajblie. Ecad HeT, Mbl BXOIUM B LIHKJI
OXKHJaHMS, BCe BpeMs MBITAsCh 3aXBaTUTh MBIOTEKC, MOKA OH He OKaxKeTcsi CBOOOAHBIM™.

UTo6bI 0CBOOOIUTH MBIOTEKC, MBI IPUCBAUBAEM 3HAYEHUIO TUEHKU JIOKb.

(define (make-mutex)
(let ((cell (list false)))
(define (the-mutex m)
(cond ((eg? m ’"acquire)
(if (test-and-set! cell)
(the-mutex ’acquire)))
((eg? m ’'release) (clear! cell))))
the-mutex))

Test-and-set! mpoBepsieT sueliKy U BO3BpalllaeT pe3yJbTaT mpoepku. [lomumo Toro,
eCJ/IM 3HaueHHe OblIO JIOXKHBIM, test-and-set! ycTaHaB/iMBaeT 3HaueHHe B UCTHHY, Npexe
4yeM BEPHYTb JIOXKb. MBI MOXKeM OMMCaTh 3TO MOBeJEHHE TaK:

(define (test-and-set! cell)
(if (car cell)
true
(begin (set-car! cell true)
false)))

Onnako sta peanusauus test-and-set!, Kak oHa eCTb, HE TOAUTCA. 31ech ecTh Bax-
Hasl TOHKOCTb, ¥ MMEHHO 3[eCb yIIpaBjeHHe MapasijeJHu3MOM CTAaHOBHUTCS YaCTbiO CHCTEMBI:
onepauus test-and-set! nomKHa mpousBonuThes amomapro (atomically). dTo 3HauwT,
YTO MBI JOJIKHBI FApPaHTHPOBATh, YTO KOTJA MPOLECC NPOTECTHPOBAJ A4elKy U yOequscs, 4To
ee 3HaUeHHe JIOXKb, 3HAUeHHe OyIeT YCTAHOBJIEHO B HCTHHY NpeXIe, 4YeM KaKoH-ubo elle npo-
Lecc ycreeT MPOBEPUThb sUelKy. ECM MBI TaKylo rapaHTHIO He 00eCledrM, MbIOTEKC MOXKET
C/IOMAaThCsl TAKMM Ke 00pa3oM, Kak GaHKOBCKHU cueT Ha puc. 3.29. (Cm. ympaxuHenue 3.46.)

4B GosbLIMHCTBE CHCTEM pasnesieHHs] BpeMeHH IMpOLEecCH, OJOKHPOBAaHHBIE Ha MbIOTEKCE, HE TPATAT BpeMs B
«3aHATOM OXKHMIAHHH», KaK 3TO ONHCAHO 31ech. BMecTo aToro cucremMa HasHauaeT Ha HCIIONHEHHe OPYrod mporecc
NoKa MepBbIH 2KJeT, a KOrJa MbIOTeKC 0CBOOOXKJaeTcsl, OHa OyAUT 3a6/0KMPOBAaHHBIH Mpolecc.
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Peanusanus test-and-set! 3aBUCUT OT TOrO, KaK Hallla CHCTeMa Ha CaMOM fieJle yIpas-
JISleT napaJijesqpHEIMU npoieccaMy. Hanprmep, Mbl MOXKeM BBINOJIHATD NapaJijiesbHble MPOLEC-
CBI Ha T10CJ/Ie/I0BATEIbHOM MIPOLIECCOPE MPH MOMOLLM MeXaHU3Ma pasjiesieHHs] BpeMeHH, KOTOPbIH
nepe6rpaeT MpOLECCH [0 OYepelH, NaeT KaKAOMY H3 HHUX BBITNOJNHATHCS B TedeHHe HeOOJb-
IOr0 MPOMeXXYTKa BPeMEeHH, a 3aTeM MpephBaeT ero U MepexofuT K CjeylolleMy Ipoleccy.
B Takom cayyae test-and-set! MoxXeT 3ampeliarb CMeHY MpoLecca B MOMEHT MeX/y Ipo-
BepKoi 1 mpucBauBanueM*®. C 1pyroii CTOPOHbI, B MHOTOIPOLECCOPHBIX KOMITLIOTEPAX OBIBAIOT
KOMaH/Ibl, KOTOpble 06ecredyrBalT aToMapHble ofepaliy PsSMO Ha YPOBHe amnapatypbit’ .

Ynpaxzenue 3.46.

JlomycTM, 4TO MBI peanu3yeM test-and-set B Bule O0ObIKHOBEHHOH MPOLELYPHI, KaK [OKa3aHO B
TeKCTe, He MbITasiCh cliesiaTh ee aTomapHoH. Hapucyilite BpeMeHHYI0 nHarpammy, MofoOHYI0 Juarpamme
Ha puc. 3.29, ¥ NMOKaXHTe, KaK peasu3alns MbIOTEKCa MOXKET OLIMOHUTBCS M MO3BOJUTh ABYM IMpoleccam
OJIHOBPEMEHHO 3aXBaTHUTb MBIOTEKC.

Ynpaxsenue 3.47.

Cemadop (pasmepa m) mpeacrasisieT co6oi 06061ieHne MbioTekca. [1ono6HO MbloTeKcy, cemadop Mof-
JIep>KMBaeT Olepallii 3aXBaTa U 0CBOOOXK/EHHUS], HO 3aXBaTUTb €0 OJHOBPEMEHHO MOT'YT 10 7 IIPOLeCCOB.
IIpoune npouecchl, KOTOpble MOMNLITAIOTCA 3aXBaTHTb ceMadop, AO/KHBI OYAyT KAaTb OCBOOOXKAEHHS.
Jaiite peanusanuio ceMapopos

a. B TePMHHAX MBIOTEKCOB.

6. B TepMMHaX aTOMapHbIX onepauuil test-and-set!.

Tynuk

Tenepb, Korna Mbl pacCMOTpeJid, KaK peasu3ylTCs Cepruasnu3aTopbl, Mbl yOexaaeMcsi, uTo
c 0OMEHOM CUeTOB MO-TIPexKHeMy CBsI3aHbl MPOOGJEMbI, 1axKe C BBIIEONHCAHHOH MpoLeaypoi
serialized-exchange. Jonyctum, uto Iletp xouer oOmeHsTh al U a2, a [laBen B TO

4B MIT Scheme Ha oHONPOIIECCOPHOI CHCTeMe MOMKHO peaiu3oBaTh test-and-set! cieayomum o6pasom:

(define (test-and-set! cell)
(without-interrupts
(lambda ()
(if (car cell)
true
(begin (set-car! cell true)
false)))))

Without-interrupts sanpemaer npepelBanus 10 TakMepy, MOKa BHINOIHAETCSA €ro NPOLEAYPHBIH apryMeHT.
47EcTh MHOro BAPMAHTOB TaKMX KOMaHJ — BKJIOUas POBEPKY-H-YCTaHOBKY, MPOBEPKY-U-cOpoc, 0GMeH, CpaBHeHHe-
1-00MeH, 3arpysKy C pe3epBHPOBaHHEM H YCJIOBHYIO 3alMCh, — M UX (opMa J0/2KHA TOYHO COOTBETCTBOBATh MHTEp-
(eficy MexXAy NpOLECCOPOM W NaMsAThio B HaHHON MaiuivHe. OfMH M3 BO3HHKAIOWIMX BONPOCOB COCTOUT B TOM, UTO
MPOUCXO/IMT, KOTZla 1Ba MPOLecca MbITATCs MOJNYYUTh ONMH H TOT K€ Pecypc B TOYHOCTH OJNHOBPEMEHHO MPH MOMO-
K Tako# KoMaHzabl. TyT TpebyeTcsi Kakoi-TO MeXaHH3M, MPUHUMAIOLINH pellleHHe, KOTOPLIH M3 MPOLIeCCOB MoaydaeT
ynpassieHre. Takoll MexaHH3M HasbiBaeTcs apbumpom (arbiter). OGBIYHO apOUTPHI NPENCTABISIOT COOOH anmaparHble
ycrpoiiera. K coxalsieHHI0, MOXKHO 10Ka3aThb, YTO HeJb3si IOCTPOUTh CNpaBeNInBOro apouTpa, padoraioiero B 100%
cllyuyaeB, eCJIM He M03BOJIATh apOMTPY NMPHHMMATh pellleHHe HeornpeeseHHO fosroe BpeMsi. CyIHOCTb TOTO sIBJEHHs
Obla oTKphiTa (hpaHLy3ckuM duaocodom XIV Beka 2Kanom Bypunanom B xomMmeHTapuu k De caelo Apucrorens
Bypunan ykasan, 4To HuleanbHO padyMHas co6aka, NOMellleHHasi MexXy AByMsl OJMHAKOBO NPHUBJEKATeJbHBIMH KycC-
KaMH e[lbl, 10/JKHAa yMepeTb OT T0JI0fa, MIOCKOJIbKY OHA He CMOXKET PeIHTb, K KAKOMY KyCKYy HATH B NEPBYIO Ouepeib.
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’Ke BpeMs MbiTaeTcss 00MeHATb a2 U al. JomyctuM, uto npouecc [leTpa JOXOZHUT HO HEKOTO-
POH TOUKHM BHYTPU CepPUAJU30BAHHOM MpPOLeAyphl, 3allyilaied al, U cpady BC/ael 32 3TUM
npouecc [laBaa BXoOUT B cepHann30BaHHYIO NpoUenypy, sauuiaomyo a2. Terneps [letp ne
MOXKET [BHraThCsl Jasblie (eMy HAj0 BOHTH B CepHAIM30BAHHYIO MPOLEAYPY s a2), MOoKa
[TaBesn He BbIHZeT M3 cepuann30BaHHOU mpouenypsl Aas a2. TouHo Tak e [laBes He MoxeT
IBUraTbcs nasnblue, noka [letp He BbIHAET M3 cepuanusoBaHHOH mpouenypbl mas al. O6a
npolecca 3aMUPalOT HaBeKH B OXKHWIAHWK APYT Apyra. Takas CHTyalHs Has3blBaeTCs Mynux
(deadlock). B st060#1 cucteMe, KOTOpasi IPeIOCTAB/SET OOCTYN K MHOXKECTBEHHBIM pasjeJisie-
MBIM peCypcaM, CyLIECTBYeT ONAaCHOCTb TYIHKA.

B 3Toli cuTyaunu MOXXHO H30exKaTh TYNHKA, €CH PUCBOUTb KaXKAOMY CUeTy YHUKaJbHBIHU
UIeHTU(HUKALUOHHBIE HOMep, W Nepenucatb serialized-exchange Tak, 4yToObl Npolecc
BCer/ia MbITa/ICsl CHauaJjga BOUTH B MPOLEAYPY, KOTOpas 3alllMIllaeT cYeT ¢ HaMMEeHbUINM HoMe-
pom. XoTsl A/ 3aga4d oOMeHa 3TO pelleHHe paboTaeT XOpOLIO, OBIBAIOT U APYTHE CUTYyallUH,
B KOTOPBIX TPeGyTcs Gosiee pa3BUTbIe METONBI H30€KaHUs TYNHUKOB, /W TIE TYNHKA HeJb3s
usbexatb B npuHuumne. (Cm. ynpaxkHenus 3.48 u 3.49.)%8

Ynpaxuenue 3.48.

[Tonpo6HO 0OBsICHUTE, TOUEMY MeTOJI H30eKaHUS TYNHUKOB, ONMUCAHHBIH BbILIe (T. €. cueTa HyMepyloTcs,
U Kaxblil IPOLecC CHaua/la MbITAeTCsl 3aXBaTUTh CUET C MEHbIIMM HOMEPOM), B CAMOM JeJje M03BOJseT
usbexaTb TyNHUKa B 3ajade o6MeHa OanaHcoB. [lepenuiinte serialized-exchange ¢ ucnoJb3oBa-
HueM 370l unen. (Ilpumercs Takxke M3MeHHTh make-account, Tak, 4ToObl KaXKIBIH CUeT CO3LaBaJCH
BMeCTe C HOMEPOM, M YTOOBI 3TOT HOMEpP MOXKHO OBbIJIO CYHTATh, I0OCJAAB COOTBETCTBYIOIIEE COOOLIEHHE.)

Ynpaxzenue 3.49.

OnuiuTe cueHapuil, B KOTOPOM BbIIIEONHCAHHbIA MeXaHH3M H30eXaHHsl TynuKoB He padortaer. ([Ton-
cKaska: B 3ajaye oOMeHa CUeTOB KaXK[IblH MpOLecC 3apaHee 3HAET, K KAKUM CUeTaM eMy HyxKeH Oyaer
noctyn. PaccMoTpuTe CHUTyalllio, B KOTOPOH MPOLECCY HYXKHO CHadaja MOJNYYUTh HOCTYM K KaKHUM-TO
pasesisieMbIM pecypcaM, MpeK/e YeM OH CMOXKET ONpPeNeUTb, KaKHe PECypChl eMy MOTPeGyTCs A0MO0J-
HUTEJIBHO. )

Hapa.n.nemmM, BpemMd U BsaHMOIleiICTBPIe

Mbl Bupiesid, 4TO 1718 NPOrpaMMHUPOBAHHUS NapaJjlesbHbIX CHUCTEM, KOTa Pas3jHuHble MPO-
1ecchl HMEIOT AOCTYI K pasfelisieMOMY COCTOSIHHIO, He0OXOIUMO yIpaBieHHe MOPSAKOM COObI-
THH, U Mbl BUIEJNH, KaK MOXHO NOOUTbCS HYKHOTO IOpsiKa C MOMOLILbI0 HaaJsexallero Hc-
N0JIb30BaHUs cepraindatopoB. OnHako MpoGJeMbl Napasjiennu3ma Jexar riayoxke, MOCKOJIbKY,
¢ (yHIAMeHTa/NbHOH TOUKH 3peHHsi, He BCerga siCHO, UTO UMEETCsl B BHIY TOJ «Pas3iessieMblM
COCTOSIHHEM>.

Mexanusmbl Bposie test-and-set! TpebyioT, UTOObI IPOLECCH B IPOU3BOJIbHBIE MOMEH-
TBl BpEMEHH HMeJH AOCTYI K IyobasbHOMY pasfesseMomy ¢Jary. Ha coBpeMeHHBIX BBICOKO-
CKOPOCTHBIX MPOLECCOPax 3TO peasu3yeTcs CJI0XKHO U Hea(P(EKTHBHO, MOCKOJbKY, Gaaronaps
CpeACTBaM ONTHMU3ALMHK BPOIe KOHBEHEPOB U KIIIUPOBAHUS MaMSTH, CONEPXKUMOE NMaMsATH He

BO6mui MeTon u3GeKaHHA TYMHKOB yTeM HyMepalHH Pa3fie/ieMbIX PecypCoB M 3aXBaTa HX IO TOPAAKY MPHILY-
mas Xeitennep (Havender 1968). B cutyauusx, rae Tynuka Hesb3sl H30€XKaTbh, HYXKHbI Mepbl 110 86/X00Yy U3 MYNUKaQ
(deadlock recovery), Korna oT mpoueccoB TpeGyeTcst «OTKATHTbCS» M3 TYNHKOBOTO COCTOSIHHSI H TMOBTOPHTb IOIMBITKY.
MexaHU3MBI BbIXOJA U3 TYNHKa LIHPOKO HCIO/B3YIOTCS B CHCTEMax yrpaB/eHHs: 6a3aMH JaHHBIX. DTa TeMa JeTasbHO
paccmatpuBaercst y I'pest u Peiitepa (Gray and Reuter 1993).
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00s13aTeIbHO JOJI?KHO B KaXKAblH MOMEHT HaXOAMTbCS B HENPOTHUBOPEUHBOM COCTOSIHMH. M3-
32 3TOrO B COBPEMEHHBIX MHOTOIPOLECCOPHBIX CHCTEMax Hjes CepHann3aTOpOB BBITECHSETCS
HOBBLIMU TONXONAMH K yIPaBJIeHHIO Mapasie n3mMom™d.

Kpowme toro, npo6semsl ¢ pasiessieMblM COCTOSIHHEM BO3HHMKAIOT B OOJIBIINX paclipeneseH-
HbIX cucreMax. Hampumep, paccMOTpUM paclpefie/leHHYI0 GaHKOBCKYIO CHCTEMY, B KOTOPOH
OTZeJIbHble MeCTHBEle O2HKH NOAAEPKUBAIOT COOCTBEHHBIE 3HaYeHHs1 OajaHca CYeTOB U BpeMSs
OT BPeMeHH CPaBHHBAIOT WX CO 3HAYEHHSIMH, XPAaHUMBIMH B PYTUX MecTax. B Takoi cucreme
3HavyeHHe «OasaHC cyeTa» He OydeT onpeleseHHBIM HU B KaKOH MOMEHT, KpOMe Kak cpasy Io-
cjie cuHxpoHu3auuu. Ecau [leTp BHOCHT neHbru Ha cueT, KOTOPBIH OH AeauT ¢ IlaBjom, Korna
MBI JOJIKHBI CUMTATh, YTO OajaHC U3MEHMJICS, — Korjga MeHsieTcsl OalaHC B MeCTHOM OaHKe
HJIH TOJIBKO MocJse cMHXpoHusauuu? A ecau [laBes obpaiaercs K cyeTy yepe3 OPYyryio BETBb
CUCTEMBl, KaKHe OrpaHHUYEHHs] HY>KHO HaJIOXKUTb Ha 0AHKOBCKYIO CHUCTEMY, UTOOBI ee IoBeJe-
HH€e CUMUTAJIOCh «[IPAaBUJbHBIM»? ENMHCTBEHHOE, UTO MOXKET UMETb 3HAYeHHE NSl ONpefiesIeH s
«TIPAaBUJIBHOCTH», — 3TO TNoBeleHHe, kKotopoe [laBen u I[letp HaGMOHAIOT MO OTHENBHOCTH, U
COCTOSIHME cyeTa cpasdy Iocje CUHXPOHM3aLuuu. Bompockl o «HacTosilieM» 3HaueHHH OasaH-
ca WJM TOpsiAKe COOBITMH MeXAy CUHXPOHM3aLHUSIMH MOTYT He HMeTb 3HAaueHHUs WJHM JaxKe
cmbica®,

O61wee B 3TUX mpobjeMax TO, YTO CHHXPOHMU3ALHMS Pa3/JUYHBIX MPOLECCOB, YCTAHOBJIEHHE
00ILIero COCTOSIHUS U yIIpaBJeHre MOPSAKOM COObITHH TpeOyIoT B3aUMOIEHCTBHS nmpoLeccoB. B
CYLIHOCTH, JI000€ MOHSTHE BPeMEHH NPH YIIpaBJeHUH MapaJjesbHbIMH NPOLECCAMH AOJKHO
6BITH IPOYHO MPHUBA3AHO K B3aMMOAeHCTBHIO mporeccos®!. JII06OMBITHO, YTO MOX0XKAasA CBA3b
MeXJy BpeMeHeM M OOMeHOM HH(popMauuell BO3HMKaeT B TEOPHH OTHOCHTEJBHOCTH, TZe
CKOPOCTb CBeTa (caMoro OBICTPOrO CHMTHAJA, KOTOPBIA MOXKHO HCIIOJb30BaTh [Jif CHHXPO-
HU3aLUKK COOBITHE) CJYKHT YHHBEPCAJbHOM KOHCTAHTOH, CBSI3bIBAMOLIEH MPOCTPAHCTBO U
BpeMsi. CJI0XKHOCTH, C KOTOPBIMHU Mbl CTaJIKUBaeMcs NP padoTe ¢ BpeMEHeM M COCTOSIHHEM B
BBIYMCJUTENBbHBIX MOJEJSIX, MOTYT Ha CaMOM JieJle OTpaxKaTb (PyHAaMeHTaJbHYI CJ0KHOCTb
(hHU3U4YeCcKoro Mupa.

3.5. IloTroku

Tenepr y Hac ecTh siCHOe MOHMMaHHE TOTO, KaK NPUCBAWBAHHWE MOXET CJYKHUTb MHCTPY-
MEHTOM MOJEJMUPOBAHHS, a TaKxKe MOHSTHE O CJ0KHOCTH NpobJeM, CBI3aHHBIX ¢ HUM. [lopa
3alaTb BOINPOC, HeJ/b3sl JIU OpPraHHW30BaTb PaboTy HMHaue M M30exXaTb 4aCcTH 3THUX NpobJaeM.

“90nuH M3 TONXONOB, aNbTEDHATHBHBLIX CepHAJM3allMH, HAsblBaeTcs Oapoepras cunxponusayus (barrier
synchronization). ITporpaMMHCT M03BOJIsieT MapasieJbHbIM POLECCAM BBIIOJHITLCS KAk YrOAHO, HO yCTaHABJIHBAaeT
onpesesieHHble TOUKH CHHXPOHH3ALKH («Gapbepbl»), TAK UTO HH OMH MPOLECC HE MOXKET MPOAOJIKATHCS, TOKA BCE OHU
He foCcTHIIH Gapbepa. CoBpeMeHHBIE MPOLEeCCOphl 06/1alaloT MallHHHBIMH KOMaHIaMH, KOTOpble MO3BOJISIOT NPOrpam-
MHCTaM yCTaHABJHBATh TOUKH CHHXPOHH3ALMH TaM, e TpeGyeTcs HMeTh HeMmpoTHBOpeuHBoe cocTtosiHue. Hampumep,
8 Power PCTM yyerores nBe npenHasHaueHHble A5 atoro komauasl: SYNC u EIEIO (Enforced In-Order Execution
of Input-Output, TapantupoBanHo ITocsenosaresnbHoe HMcnosnHenue Beona-Beisona).

50Takas Touka 3peHHs MOMKET Kas3aThCs CTPAHHOH, HO MPH STOM CYIIECTBYIOT CHCTEMBI, KOTOpble HMEHHO TaK W
pa6oratot. F3meHeHUs Ha cueTax, CBSI3aHHBIX C KPEAUTHBIMH KapTaMH, HallpuMep, 06bIYHO MOAEPXKHUBAIOTCS OTIAEIBHO
B KQX[0F CTpaHe, a U3MEHEeHHs B Pa3/IMUYHbIX CTPAHAX COIJIACOBBIBAIOTCS BpeMsi OT BpeMeHH. TakiuMm o6GpasoM, GasaHc
Ha cyeTe MOXKeT ObITb Pa3JHUHBIM B Pa3JMYHBIX CTPaHax.

51 ]Ins pacripene/ieHHBIX CHCTEM 3Ta TOUYKa 3peHMs HccenoBanach Jlammoprom (Lamport 1978). O nokasan, Kak
TPH MOMOLLH B3aHMOAEHCTBHS YCTAHOBUTD «[VI00a/IbHbIE Yachl», Yepe3 KOTOpble MOXKHO YIPaBJIATh MOPSAKOM COOBITHH
B pacrpee/ieHHbIX CHCTeMax.
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B 3TOM pasnesie Mbl HCC/IefyeM aJbTePHATHBHBIHA MOAXOA K MOIEJIMPOBAHHIO COCTOSIHHS, OC-
HOBaHHBIH Ha CTPYKTypax NaHHBIX, HasbiBaeMbix nomokamu (streams). Kak wam npencrour
yOeIUThCsI, MOTOKU MOTYT CMSITYMTh HEKOTOPHIE TPYAHOCTH B MOAEJHPOBAHUH COCTOSHHSL.

JlaBaiitTe chesaeM IIar Ha3al d PacCMOTPHUM elle Pa3, OTKYAA MPOUCXOAST 3TH CJIOKHO-
ctu. [lbiTasick MomesMpPOBAaTh SIBJEHHS peasbHOrO MHPA, Mbl NPHUHSIM HECKOJNBKO, Ka3ajoch
OBbl, pa3yMHBIX pelleHHI: Mbl MOIEJNHPOBaSH 0OBEKTbl BHELIHEro MHpa, 06Jafaioliie COCTo-
SIHUEM, MPH MOMOIIY BBIUKC/JIUTENbHBIX 00BEKTOB C BHYTPEHHHUMH MepeMeHHbIMH. Mbl 0TOX-
IECTBUJM TeUeHHe BPeMeHH B MHpe C TEeUYeHHEeM BpeMeHH B KOoMIMbioTepe. Mbl HMUTHPOBAJH
Ha KOMIIbIOTEpE H3MEHEHHEe COCTOSIHUS MOAEJUPYEMbIX 00BEKTOB IMPU MOMOLIY TPUCBAUBAHHUS
BHYTPEHHHM [epeMeHHbIM 00 BeKTOB-MOEJeH.

Bosmozken sin npyroit mopxon? MoxHO /i1 H36€XaTb OTOXKAECTBJIEHNS] BPEMEHH B KOMIIbIO-
Tepe ¢ BpeMeHeM B MoJeJHpyeMoM MHpe? JIOJIKHBI JIM Mbl 3aCTAaBUTb MOIEJb H3MEHSIThCS BO
BPEMEHH, UTOOB CMOJIEJIUPOBATH SIBJICHHUS H3MeHsolerocs: mupar [laBaiite mogymaem 06 3TOM
B TEPMHHAX MaTeMaTHYeCKUX (HYHKUHHA. MOXKHO OnncaTh H3MEHEeHHEe BO BPEMEHU BEJIUUHHBL &
¢ momMoubio GYHKUMH x(t), Tae BPeMsl BBICTyMaeT Kak apryMeHT. Eciiu Mbl cocpenotaunBaem
BHHMaHHe Ha T MOMEHT 32 MOMEHTOM, Mbl IyMaeM 00 H3MeHsiollelicsl BequurHe. OMHAKO e
Mbl ofpalaeM BHUMaHHe Ha BCIO XPOHOJIOTHIO 3HAYEHHH, Mbl He NMOJUepKHBAeM U3MeHeHHe —
(yHKIHS cama 1o ceGe He U3MeHSeTCA 2.

Eciu Bpemsi uamepsieTcst IUCKPETHBIMH HHTEPBAaJaAMH, Mbl MOXKEM CMOJEJNHPOBATH (HYHK-
LMI0 BPEMEHHU KaK IMOCJIe0BATENbHOCT (BO3MOXKHO, GeCKOHEUHY0). B aTOM pasnese Mbl yBH-
IMM, KaK MOIEJHPOBaThb M3MeHeHHe B BHJE I0CJeN0BaTeJbHOCTEH, KOTOpble MPEeNCTaBISIOT
KapTHHBl H3MeHEeHHs] BO BpPeMeHH CHCTeM, MOfBepraeMelX MojeaupoBaHHi0. C 3TOH LeJblo
Mbl BBOIMM HOBYIO CTPYKTYPY HaHHBIX, HasbiBaemywo nomokx (stream). C abcTpakTHOH TOY-
KM 3peHHsi, OTOK — 3TO MPOCTO mocjenoBaresbHoCTb. ONHAKO, KaK MBI YBHUAHM, MPSIMOE
IpeacTaBjJeHHe TOTOKOB B BHAE CIHCKOB (Kak B pasgene 2.2.1) He MOJHOCTbIO PaCKPLIBAET
Mollb paboThl C MOTOKaMU. B KauecTBe asbTepHATHBBl Mbl BBEIEM METOML 3Q0EPHAHHbLX Bbl-
yucaenuti (delayed evaluation), KoTopbI#i MO3BOJUT HaM MPEACTABJASATb OUeHb OOJbIIHE (1aXKe
GeCKOHeYHEBIe) MOCIEe0BATENBHOCTH B BUIE OTOKOB.

Pa6ora ¢ moTokamy Mo3BoJIsieT MOEJIUPOBATE CUCTEMBI, 00/1aJal0lIHe COCTOSTHUEM, COBEP-
IIEHHO He HCIOJb3ysi MPUCBaMBaHuWe M u3MeHsieMble gaHHbeie. OTcCioma €CTb BaXKHbIE CJIe-
CTBHSI, KaK TEOpeTHYeCKHe, TaK U MpPaKTHYeCKHe, OCKOJNbKY Mbl MPHOOpETaeM BO3MOXKHOCTb
CTPOHUTbH MOJIEJIH, JHUILIeHHble HEeJOCTATKOB, CBS3aHHBIX C NpucBanBaHueM. C Ipyroil CTOPOHH,
napajurma MOTOKOB BBI3bIBA€T CBOM COOCTBEHHbIE TPYAHOCTH, H BONPOC, KaKo# M3 METONOB
MOJIEJIMPOBAHUST BEAET K MOCTPOEHUI0 GOJjiee MOAYJIbHBIX U JIETKO MOIAEPXKUBAEMBIX CHCTEM,
OCTaeTCsl OTKPBITHIM.

3.5.1. IloToKkM Kak 3ajepKaHHbIe CIHCKHU

Kak mbl Bumenu B paspese 2.2.3, MOC/IELOBAaTENbHOCTH MOMKHO HCIOJb30BaTh KaK CTaH-
JIapTHele MHTepdelchl A5 KOMOMHHPOBAHUS NMPOrpaMMHBIX Monysaed. Mel cdopmynarpoBasu
MOILIHble abCTpakKUMH JAJsi paboThl C MOCJENOBAaTEJNbHOCTSIMH, TakHe Kak map, filter u
accumulate, ¢ MOMOLIbIO KOTOPLIX MOXHO ONHUCATh LIMPOKUH Kjaacc NeHCTBHH OQHOBpEMEH-
HO KOPOTKO M H3SILLHO.

52dusnku UHOTAI2 MPHHUMAIOT STy TOUKY 3PeHHS, BBOIS «MUPOBble TUHHU»> YACTHI[ B PACCYKACHUAX O NBUKEHHH.
Kpome Toro, Mel yxe ynomuHanu (B pasuene 2.2.3), 4TO 3TO eCTeCTBEHHBIH XOI MBICIH TpPH DacCyXIHEHUSX O
cucreMax 06pabOTKH CHTHasIoB. Mbl pacCMOTPHM MNpPHJIOXKEHHE MOTOKOB K 00paboTKe CHIHA/NOB B pasielse 3.5.3.
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K coxanenuio, ecau npencTap/siTh N0CJAe0BaTENbHOCTH B BUE CIIHCKOB, 32 3TO W3sllle-
CTBO TMPUXOAUTCS PAaCIIauMBaTbCH Upe3BblYalHOH Hed()(PEeKTHUBHOCTBIO KaK C TOYKHM 3PeHHs
BpeMEHH, TaK U C TOUKH 3peHHs oObeMa MaMsiTH, KOTOPBIH TpeOyeTcsl HAIIWM BBIYMCJAEHHSIM.
Korna mel npescTaB/sieM onepalyy Haf MOCJEN0BATENbBHOCTSIMH B BUe TpaHC(OpMaLUi Cruc-
KOB, MPOrpaMMaM NPUXOAUTCS Ha KaxK[OM IIary CTPOUTb W KOMHPOBAThb CTPYKTYPBI JaHHBIX
(KoTOpble MOT'YT ObITh IPOMAaIHBIMH).

UTo6Bl MOHATH, IOYEMY 3TO TaK, CPABHHUM JiBe NPOrpaMMbl /Il BHIYUCJIEHHUS] CyMMBI BCEX
NPOCTHIX YHCesJ Ha HWHTepBaJse. IlepBas mporpamma HamucaHa B CTaHAAPTHOM HTEPAaTHUBHOM

cTusieds:

(define (sum-primes a b)
(define (iter count accum)
(cond ((> count b) accum)
((prime? count) (iter (+ count 1) (+ count accum)))
(else (iter (+ count 1) accum))))
(iter a 0))

Bropasi mporpamma MpOM3BOMUT TO K& CaMO€ BBIUMCJEHHE C MOMOIbI0 Ofepaluuid Haj
NOCJIeI0BAaTENbHOCTMHU U3 paspena 2.2.3:

(define (sum-primes a b)
(accumulate +
0
(filter prime? (enumerate-interval a b))))

Bo Bpems BblYUMC/EeHHs] TepBas MporpaMma [OJKHa XPAaHHTb TOJIBKO HaKalJMBaeMylo
cymmy. Hamportu, ¢uibTp BO BTOpOH mHporpaMMe He MOMKET HauyaTb TeCTHPOBATb, IOKa
enumerate-interval He co3jaja MOJHOrO CIIKUCKA YHCces Ha UHTepBase. PUABTP MOPOXK-
[laeT ellle OfMH CIIUCOK, KOTOPBIH, B CBOI ouepenb, Nepenaercss accumulate, npexie, yeM
OH coxMetcsi B cyMMy. [lepBoii nporpamme He TpeGyeTcsi TAKOTO KOJMUYECTBA MPOMEXKYTOUHOH
NaMsiTH, — Mbl MOXEM CUHTATh, YTO OHA MPOCTO MPOXONHUT MHTEPBaJ CHHU3Y BBepX, H06aBJsis
K CyMMe Ka)KI0e NMpOCTOe YHUCJ0, KOTOpPOe el BCTPETUTCS.

HeaddekTrBHOCTD HCMOMB30BAHUS CITUCKOB CTAHOBUTCS GO0JIE3HEHHO OYEBHUAHOH, €CJIH MBI
BOCIIOJIb3YeMCS TTapaJuTMOK MOC/e0BATENbHOCTEN 1151 BEIYUCEHHUS BTOPOTO MPOCTOr0 YHCJ/Ia
B uHTepBase ot 1000 no 1 000 000 mpu MOMOLIM CJIEAYIOLUIEr0 BbIPaXKEHHS:

(car (cdr (filter prime-?
(enumerate-interval 10000 1000000))))

OTo BblpakeHHe HAaXOAUT BTOPOe MPOCTOE YHMCJO, OAHAKO Ha 3TO 3aTpayuBaeTcsl BO3MY-
THTEJIbHOE KOJIMUECTBO BBIYHUC/UTEJBHBIX PeCYpcoB. Mbl CTPOUM CIIHCOK U3 TMOYTH MHJJIMOHA
LeJIBIX UhCesl, (GPUIBTPYEM 3TOT CIIUCOK, NPOBEPSisl KAXKAbIH ero 3JeMeHT Ha MPOCTOTY, a 3aTeM
MIOYTH Bech pe3ysbTaT UrHopupyeM. [Ipu Gosee TpagULIMOHHOM MPOrPaMMHUCTCKOM TOAXOAE Mbl
Obl YepenoBasd Iepevyuc/eHre U (UAbTPALMIO, U OCTAHOBUJIHUCH Obl MO NOCTHXKEHHUH BTOPOTO
IPOCTOrO YHCa.

53Mp1 mpexmosiaraem, uTo y Hac MMeeTcs TIpeIMKaT prime? (HamphMep, u3 paszena 1.2.6), KoTopbii mpoBepserT,
SIBJISIETCS JIH YHCJIO TIPOCTBIM.
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[ToToxu mpexncTaBasioT co60H NpHeM, KOTOPbIH JaeT BO3MOXKHOCTb padoTaTh C M0CJ/eN0Ba-
TeJIbHOCTSIMU Y TIPH 3TOM HUYEro He TepsiTb Ha MpelCTaBJeHUH MOC/IeI0BaTENbHOCTEH B BUIE
cnuckoB. [IoToKM coueratoT Jydllee U3 000HWX MOAXOAOB: Mbl MOXKEM H3SILHO (hOPMYJHPOBATH
NpOrpaMMbl B TePMHUHAX OMepaluil ¢ MOCAef0BATENbHOCTIMU U TIPH 3TOM COXPaHATb 3 dek-
THUBHOCTb IIOLIAr0BOrO BbluMcjeHHsl. OCHOBHAs HIes COCTOUT B TOM, YTOObl CTPOUTbH CIHUCOK
TOJIBKO YaCTHYHO W MepelaBaTh YACTUYHO MOCTPOEHHBIH CIHCOK Nporpamme, noTpebssiomei
notok. Ecan motpe6uTesb 3aPOCHT AOCTYN K TOH 4acTH MOTOKA, KOTOpas ellle He CKOHCTPY-
MUpOBaHa, MOTOK aBTOMAaTHYeCKH JOCTPOUT POBHO TaKyl0 4acTb ce0si caMoro, Kakas HY»KHa, U
COXpPaHUT TaKUM 00pa3oM HJIJIIO3HI0, YTO OH CYILECTBYeT LeJHKOM. IIpyrHMH CJI0BaMH, XOTS
nporpaMmbel OyoyT NMHCATbCS TaK, Kak OyaTo oOpabaTbiBAlOTCs MOJHBIE MMOCJAeN0BATEIbHOCTH,
MBI TaK CIIPOEKTHPyeM peaM3alHIo I0TOKOB, UTO MOCTPOEHHE NOTOKa OYAeT aBTOMAaTHUECKH
W He3aMeTHO [/15 M0JIb30BaTe/1s1 YepefoBaThCsl C ero UCIM0/b30BaHHUEM.

Ha nepBei#l B3r/15i1, MOTOKKH — 3TO MPOCTO CIHCKH, Y KOTOPBIX MPOLEAYPbl padOTEl ¢ HUMHU
nepenMeHOBaHbl. VMIMeeTcsi KOHCTPYKTOp, cons—-stream, U 1Ba cejeKTopa, Stream-car 1
stream-cdr, npuyeM BBHINOJIHAITCA ypaBHEHUS

(stream-car (cons-stream x y)) = x

(stream-cdr (cons-stream x y)) y

Hwmeercs crneuuanbHbll 06bekT, the-empty-stream, KOTOPBH He MOXKeT OBITb pe-
3yJIbTaTOM HHUKaKOH olepaluu cons-stream, U KOTOPHIH MOXKHO Paclo3HaTh NPOLEAypPOH
stream-null?%. Takum 06pa3oM, MOXKHO CO37aBaTh M MCIMOJb30BaTh MOTOKH, TOUHO TaK
JKe, KaK CIIUCKH, 1J15 TIPEeCTaB/JeHUs] COCTABHBIX J@HHBIX, OPraHM30BaHHBIX B BHJE IOCJEN0-
BaTe/JbHOCTH. B 4acTHOCTH, MOXKHO MOCTPOUTH TOTOKOBbIE aHAJIOTH OMepanuil co CIMCKaMH U3
rJaBH 2, Takux, Kak list-ref, map u for-each®:

(define (stream-ref s n)
(if (= n 0)
(stream-car s)
(stream-ref (stream-cdr s) (- n 1))))

(define (stream-map proc s)
(if (stream-null? s)
the-empty-stream
(cons-stream (proc (stream-car s))
(stream-map proc (stream-cdr s)))))

(define (stream-for-each proc s)
(if (stream-null? s)
"done
(begin (proc (stream-car s))
(stream-for-each proc (stream-cdr s)))))

54 B peanusauuud MIT the-empty-stream coBmajgaer ¢ MycTbIM CIUCKOM ' (), a mpouenypa stream-null?
coBnagaer ¢ null?.

%53 nech y Bac momkHO BO3HUKHYTb GecrokoicTBO. To, 4TO MBI ompefesisieM CTOJMb CXOIHBIE POLEAYPhI 1151 MOTOKOB
U CIIMCKOB, IOKa3bIBAeT, UTO Mbl YIIyCKaeM HeKylo IMyOHHHYIO abcTpakuuio. K coxaneHuio, 4ToObl UCIOIb30BATh 3TY
abCcTpakutIo, HaM HyXKHO 6osiee TOYHOE yIpaBJeHHe MPOLEeCCOM BEIUHC/IEHHS, YeM Y Hac cefiuac ecTb. Mul moppobHee
o6CyIuM 3TOT BOMpOC B KOHLE pasgena 3.5.4. B pasnene 4.2 mbl paspaGoraeM cpefy, B KOTOPOH CIHCKHU H MOTOKH
00beIUHSIOTCS.
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C nmomoltipio stream-for-each MOTOKH MOXHO MeYyaTaTh:

(define (display-stream s)
(stream-for-each display-line s))

(define (display-line x)
(newline)
(display x))

Uro6bl 3aCTaBUTh peau3aluio MOTOKOB aBTOMAaTHUYECKH U HE3aMEeTHO UepefoBaTh MOCTPO-
eHHe MOTOKA C ero UCIOJb30BaHUEM, MBI CAeJIaeM TakK, YTOOB cdr MOTOKA BBIYUCJISJICS TOTAA,
Korza K HeMmy ofpaimaercs mnpouenypa stream-cdr, a He TOTZA, KOTZA MOTOK CO3LaeTcs
npouenypoil cons—-stream. Takoe MPOEKTHOE pelleHHe 3acTaBJsieT BCIOMHUTb 00CYyKIeHHe
paLMoHa/NbHBIX UKces B pasfese 2.1.2, rae Mbl YBHAEIH, YTO MOXKHO NPUBOAUTH PALUOHAJB-
Hble UHCJa K HauMeHblleMy 3HaMeHaTeso JU60 BO BpeMs CO3[aHMs uucaa, Jubo BO BpeMs
oOpalleHusi K HeMy. [IBe peasnsaluyl palHMOHANbHBIX UHCEJ MPELOCTABJSIOT OOHY U TY XKe
abCcTpakLHMIo, OIHAKO Hall BHIGOp BiHseT HAa 3(P(eKTHBHOCTb paboThl. CyluecTByeT nonobHas
CBSI3b U ME€XJY MOTOKAMH W OObIYHBIMH CHHCKaMH. B KayecTBe aGCTpaKUWHM HaHHBIX MOTO-
KH{ He OTJIMYAIOTCs OT CIUCKOB. PasHHLla COCTOHUT B TOM, KOTZA BBIYHUC/SIOTCS UX 3JEMEHTHI.
B o6bluHBIX cnHcKax U car, U cdr BHIYMC/AIOTCS BO BpeMs IOCTPOEeHHS. ¥ MOTOKOB cdr
BBIUMCJISIETCS TIPU OOpalLLleHHH.

Hama peanusauns moTokoB ocHOBaHa Ha ocoboi (opme noa HasBaHHWeM delay. BoimosHe-
Hue (delay (BelpaseHue)) He BBIUHMC/SET (BvipajeHue), a BMECTO STOTO BO3BpAllaeT Tak
HasblBaeMblll 3adepacantbili o6vexm (delayed object). Mbl MOXKeM CUMTaTh, YTO 3TO «obela-
HUe» BHIYMC/INTh BEHIPaXeHHe Korna-Hubynb B OyayleM. B kauecTBe napsl Kk delay umeercs
npouenypa force, kotopas 6epet 3afepKaHHbIH 0OBEKT B KaueCTBe apryMeHTa U BbIYUCJISAET
ero — (hakTU4eckH, 3acTapisisi delay BHINOJHUTL OOemanue. Huxe Mbl YBUANM, KaK MOXHO
peanusoBaTh delay u force, HO cHauasna faBalTe MOCMOTPHUM, KaK C UX MOMOLIBIO CTPOUTD
MIOTOKH.

Cons-stream — 370 ocobas (opma, Takas, 4To

(cons-stream (a) (b))
5KBHMBAJIEHTHO
(cons (a) (delay (b)))

DTO O3HAuaeT, UTO MBI CTPOMM MOTOKH NpH nomouy nap. OgHAKO BMECTO TOTO, YTOOHI
MIOMECTHTh 3HaueHHe OCTaTKa M0TOKa B cdr mapbl, Mbl KJafeM TyjAa OOelllaHHe BBIUHUCJHUTH
OCTaTOK, €C/IM Hac 06 3TOM NOMpOocAT. Tenepb MOXKHO ONpele/NuTh Stream—-car U stream-
cdr Kak Nnpouesypsl:

(define (stream-car stream) (car stream))
(define (stream-cdr stream) (force (cdr stream)))

Streams—car Bo3BpallaeT car mnapsl. Stream-cdr GepeT cdr napbl H BblYHUC/SET

XpaHsluieecd TaM 3aaepKaHHOE BbipaKeHue, YTOOBI IMOJIYYUTb OCTAaTOK HOTOKaSG.

568 OT/IMYMe OT stream-car U stream-cdr, KOTOpbl€ MO2KHO ONpene/iuTb B BUIE MpoOLenyp, cons—-stream
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Peaqusanusg noTokos B JeMCTBUU

UroO6bl MOCMOTPETD, KaK BeleT cebs aTa peanusalusl, naBaiTe MPOAHAIU3UPYEM «BO3MY-
THUTeJIbHOE» BBIUKUCJEHHE C TIPOCTBIMH YHCJIaMH, MepeOpMyNTHPOBAHHOE Uepe3 MOTOKH:

(stream-car
(stream-cdr
(stream-filter prime?
(stream-enumerate-interval 10000 1000000))))

MbI yBUINM, YTO Tenepb BBIYUCJAEHUS MPOUCXOAAT 3 (HEKTUBHO.

BHauasne 3oBercsi mpouenypa stream-enumerate-interval c aprymeHtamu 1000
u 1000000. Stream-enumerate-interval — 3TO MOTOKOBBIH aHAJOr MpPOLENYPHI
enumerateinterval (pasgen 2.2.3):

(define (stream-enumerate-interval low high)
(1f (> low high)
the-empty-stream
(cons-stream
low
(stream-enumerate-interval (+ low 1) high))))

M, TakuM obpas3oM, pe3ynbTaT, BO3BpallaeMbli stream-enumerate-interval,
copMHpPOBaHHBIl cons-stream BHYTPH Hee, paBeH>’

(cons 10000
(delay (stream-enumerate-interval 10001 1000000)))

A umenHo, stream-enumerate-interval Bo3Bpallaer MOTOK, NPEACTABJIEHHBIN B BH-
ne napel, car Kotopoii paBeH 10000, a cdr siBasieTcsi o6ellaHHeM BEIUUCIUTb OCTaTOK UHTEP-
BaJia, Korga mnomnpocst. Tenepb 3TOT MOTOK OT(QUIIBTPOBLIBAETCS HA MPEAMET MOUCKA MPOCTHIX
YHCeJ ¢ TOMOLILBIO OTOKOBOTO aHaJsora npouenypsl £ilter (pasmen 2.2.3):

(define (stream-filter pred stream)
(cond ((stream-null? stream) the-empty-stream)
((pred (stream-car stream))
(cons-stream (stream-car stream)
(stream-filter pred
(stream-cdr stream))))
(else (stream-filter pred (stream-cdr stream)))))

Stream-filter npoBepsieT stream-car noroka (To ecTb car mapel, To ectb 10000).
[Tocko/ibKy 3TO He mpocToe 4yucjo, stream-filter cMOTPUT Ha streamcdr CBOEro BXOA-
HOro NnoToKa. Bel30B stream-cdr NpUBOAMT K BBIUMCJIEHHUIO 3a/lepKaHHOTO BbI30Ba Stream-—
enumerate-interval, Bo3BpalLAIOLLETO

006s13aH OBITb 0c060# (popmoi. Eciin 6bl oH OBl MpoLEenypoH, To, COrIACHO HALlled MOIEH BBIUMC/JIEHHH, BEITIOJHEHNE
(cons-stream (a) (b)) aBTOMaTHYeCKM NPUBOAUJIO OBl K BbUHCJIEHHIO (b), a HMEHHO 5TOro Mbl U He XoTHM. [lo
3TOH Ke npUyuHe delay fo/kKeH ObITb 0c000H (opMoii, XoTa force MoxeT ocTaBaTbCcs OOBIYHON MPOLEAYPOH.

57TTokasanHble 3Mech YMCJa HAa CaMOM JeJie He TOSIB/SIOTCS B BO3BPALlaeMOM BhIPaKeHHH. Bo3Bpaiiaetcss HCXOnHOE
BbIpa’keHHe BMeCTe C OKPy2KeHHeM, B KOTOPOM TlepeMeHHbIM MPHCBOEHB COOTBETCTBYOLIMe 3HaueHus. Hampumep, Tam,
rie HaneyartaHo uucao 10001, crout (+ low 1), u mepemeHHast low cBsidaHa co 3HadeHnem 10000.
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(cons 10001
(delay (stream-enumerate-interval 10002 1000000)))

Teneps stream-filter cMoTpUT Ha stream-car 3toro notoka, 10001, BUAUT, YTO U
3TO He MPOCTOE YMCJIO, CHOBA 30BeT Stream-cdr U Tak 1ajiee, Moka stream-enumerate-
interval He Bhiaact mpoctoe yucao 10007. Torma streamfilter, B COOTBETCTBHHU CO
CBOUM OIpelesieHHeM, BepHET

(cons-stream (stream-car stream)
(stream-filter pred (stream-cdr stream)))

4YTO B JAaHHOM CJlydae paBHAETCSH

(cons 10007
(delay

(stream-filter

prime?

(cons 10008

(delay
(stream-enumerate-interval 10009
1000000))))))

Tenepb 3TOT pesysbraT nepenaercss B stream-cdr K3 Halero UCXONHOTO BBIPAXKEHHS.
[Ipu sToM BbI3bIBaeTCsl 3alep:KaHHbBIH stream-filter, KOTOPHIH, B CBOK Ouepelib, BBIHYX-
JlaeT 3alepKaHHBEIE BbI30Bbl Stream-enumerate-interval, moka He pobepeTcs IO Cie-
nytollero npoctoro unchaa, a umenHo 10009. Hakonen, pe3dynbrat, nepegaBaeMblil B stream-—
car Hallero UCXOIHOTO BbIPaXKEHHUs, paBeH

(cons 10009
(delay

(stream-filter

prime?

(cons 10010

(delay
(stream-enumerate-interval 10011
1000000))))))

Stream-car Bosspamaer 10009, u BbluKc/IeHHe 3aKOHUeHO. Ha mpocToTy OblJIO MpoBe-
PEeHO POBHO CTOJIBKO YHCEJ, CKOJIBKO OblI0 HEOOXOAHMMO, YTOOBI HAWTH BTOPOE MPOCTOE YHCJIO
Ha MHTepBaJje, U caM HHTepBaJs Obll NepedpaH TOJNBKO IO TOFO MecTa, KOTOpoe OblI0 HYXKHO
(UNBTPY NPOCTBIX YHUCEJ.

B o6uieM, Mbl MOXKEM CUMTaTh 3ajiepKaHHble BBIUMCAEHHS NMPOrpaMMHUPOBAHUEM, «YyINIpaB-
JISeMbIM OTPEOHOCTSMHU», B KOTOPOM KaXK[Iblil LIar BEIYUC/IEHHH B TIOTOKOBOM IIPOLIECCE aKTH-
BU3UPYETCS JIUIIb HACTOJBKO, HACKOJBKO 3TO HYXKHO JJIS CjleAytoliero mara. Takum o6pasom,
HaM y[aJ10Ch OTAEJNUTh peasbHbIH MOPSAAOK COOBITHH NPH BBIYMCAEHHUH OT BHELIHEH CTPYKTYpHI
npouenyp. Mel nuiieM NpoLeayprl Tak, Kak OyATO MOTOKH CYLIECTBYIOT «BCe LENHKOM», a Ha
caMoM JeJle BbIUMCJEHHE NIPOMCXOAUT MOLIAroBO, KaK W MpH NPOrpaMMHUPOBAHHH B TPaaHLIU-
OHHOM CTHJIE.
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Peannszauug delay u force

Delay u force MOryT KasaTbCs TAaHHCTBEHHBIMH ONepalUsiMH, HO Ha CaMOM [eJjle HX
peanusanus BecbMa npocta. Delay MOJ/KHO YNakKoBaTb BblpakeHHe TaK, 4TOObl MOTOM €ro
MOXKHO OBbINIO BBIMONHHTH MO TPeGOBAaHHIO, U MBI 106HMBaeMCsl 3TOrO, MPOCTO paccMaTpHBast
BbIpaXKeHHe Kak TeJso npouenypel. MoxHo cnenate delay oco6o# hopmoii, TaKoH, 4TOObI

(delay (Brpaxenue))
OBbLIO CHHTAKCHUECKHM CaXapoM JJist
(lambda () (Bmpaxenue))

Force mpocTo Bbi3biBaeT (6e3apryMeHTHYI0) MPOLeypy, MopoxaeHHy delay, Tak 4yTo
OHa MOXKeT OBbITh peasu30BaHa Kak Ipoleaypa

(define (force delayed-object)
(delayed-object))

[Tpu tako# peannsauuu delay u force paboTaioT COTJACHO OMMCAHHIO, OOHAKO K Hel
MOKHO 100aBUTb BaxKHYIO ONTHMH3aLHI0. BO MHOTHX NMPUJIOXKEHHAX Mbl BBIHYXKIAeM OAHH U
TOT K€ 3alepKaHHbI 00BEKT [0 MHOTY pa3. B peKypCUBHBIX NporpaMmax ¢ UCHOJb30BaHUEM
MIOTOKOB 3TO MOXET INPHBECTH K CYyLIeCTBeHHOH Hea(p(eKTHBHOCTH (CM. yrnpakHeHHe 3.57).
Pemenne coctout B TOM, 4TOObl CTPOUTH 3anep:KaHHble 0OBEKTBI TaK, UTOOBl MPH MEPBOM
BBIHY>K/IEHUM OHM COXPaHSJ/IM BBIUMC/eHHOe 3HaueHHe. [Tocnenyiomue obpaiienus 6yayT mpo-
CTO BO3BpalllaTb COXpPaHEeHHOe 3HaueHHe Oe3 TOBTOPEHUS BHIYUCJAEHHH. J[pyTHMH CJI0BaMH,
MBbl peanndyeM delay Kak 0co00ro pona MeMOM3MPOBAHHYIO MPOLEAYPY, MOLOOHYIO OMHCaH-
HBIM B ympaxkHeHHH 3.27. OnuH U3 crnoco60B 3TOr0 NOOUTHCA — HCIOJB30BaTh CJEAYIOLLYIO
IpoLeaypy, KOTOpasi IpUHUMAEeT npouenypy (6e3 apryMeHTOB) ¥ BO3BpAIAET €€ MEMOH3HPO-
BaHHYI0 BepcHio. [Ipy mepBoM BBEI30BE MEMOM3UPOBAaHHAs NMpPOLEAYypa COXPaHSET pe3yJsbTar.
IIpu mocnenyoUIMX BEI30BAaX OHA MPOCTO €ro BO3BPALlaeT.

(define (memo-proc proc)
(let ((already-run? false) (result false))
(lambda ()
(if (not already-run?)

(begin (set! result (proc))
(set! already-run? true)
result)

result))))

Tenepp mMoxHO ompenenuts delay TakuMm o6pasoM, uto (delay (BrpaxeHue)) paBHO-
CHJIBHO

(memo-proc (lambda () (BrpaxeHue)))

a omnpeneJsieHue force He MeHHeTCHSS.

58EcTh MHOIO BO3MOMKHBIX peasM3alUil MOTOKOB MOMHMO ONHCAHHOH B 3TOM pasjiesie. 3alep:KaHHOe BBIUHCJEHHE,
KJIIOYEBOH 3JIeMeHT, KOTOpbIH JieslaeT MOTOKH NPAKTHUECKH IMOJIe3HBIMHU, ObIIO UYAaCThbIO MeTOfa Mepefaud NapaMeTpoB
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Ynpaxuenue 3.50.
3akoHUMTE caenylollee ONpeaeeHHe, KOTopoe 06001IaeT Npouenypy stream-map, 4ToObl OHa M03BO-

JislJla HUCII0JIb30BaTh INPOLEAYPbl OT HECKOJbKHX apPryMeHTOB, nogo6HO map MU3 pasaeJqa 221, CHOCKa
12.

(define (stream-map proc . argstreams)
(if ((??) (car argstreams))
the-empty-stream
((27)
(apply proc (map (??) argstreams))
(apply stream-map
(cons proc (map (??) argstreams))))))

Ynpaxsenue 3.51.
Uro6bl BHUMaTe/bHee H3YUNTb 3aiepKaHHble BIUUCIEHHs, Mbl BOCIOJIb3YyeMCs CleAyIOLIel NpoLenypoi,
KOTOpas reyaTaeT CBOH apryMeHT, a 3aTeM BO3BpalllaeT ero:

(define (show x)
(display-1line x)
X)
UTro neyaTaeT MHTEPIPETATOP B OTBET HAa KaXKJ0€ BBIpaKeHHe U3 CJeyIolleH [10CJIE0BATENBHOCTH ?

(define x (stream-map show (stream-enumerate-interval 0 10)))
(stream-ref x 5)
(stream-ref x 7)

Ynpaxzenue 3.52.
PaccMoTpHM MOC/eN0BaTENbHOCTD BhIpaXKEHHUH

(define sum 0)
(define (accum x)

(set! sum (+ x sum))
sum)

no umenu (by name) B s3bike Auron-60. Hcrosb3oBaHue 3Toro MexaHu3Ma MJs peanu3aldH MOTOKOB BIepBble
6bl10 omucano JlanauHoM (Landin 1965). 3anepxaHHoe BblUMC/IeHHe 1Jis1 MOTOKOB BBeau B Jlucn @puaman n Yaiis
(Friedman and Wise 1976). B ux peanusaunu cons Bcerna 3ailepKHBaeT BBIUMCJIEHHE CBOMX apryMeHTOB, TaK 4TO
CIIMCKH aBTOMATHYECKH BelyT ceOsi KaK MOTOKH. MeMOHM3HpyIolas ONTHMH3ALMs H3BECTHA TaKXKe KaK 8bl308 NO
Heobxodumocmu (by need). B coobiiectBe mporpaMmucToB Ha Asrosie 3ajepKaHHble 0GbEKTHl M3 Halled NepBoi
peanusalUK Has3blBalUCh Obl cankamu 6vi308a no umeru (call-by-name thunks), a onTUMH3HpPOBaHHBII BapHaHT
cankamu 8vi308a no neobxodumocmu (call-by-need thunks).

¥npaxuenus Tuna 3.51 u 3.52 momoraiot noHsATh, kak padoraer delay. C APYroil CTOPOHBI, CMElleHHE 3alep-
JKaHHOT'O BBIYMCJIEHHS C MeYaTbio — WJIH, Xy»Ke TOro, ¢ NpHUCBaHBaHHEM, — Y’KaCHO 3alyTbiBaeT, W MperofaBaTeH,
YUTAIOLIKE KYPCHI 10 SI3bIKaM [POrpaMMHPOBAHHSI, YACTO MBITAIOT CTYAEHTOB 9K3aMEHALMOHHBIMH BOMPOCAMH BpOAE
yrpaxKHeHHH U3 aToro pasiesa. HesaueM M roBOpHTb, YTO MHUCATb MPOrpaMMbl, 3aBHCSIIHE OT TaKMX TOHKOCTEH, —
NI0Ka3aTe/lb Upe3BblYaiiHO MJ0X0ro cTH/st. OTYAaCTH MOLIHOCTh MOTOKOBOTO NMPOrpaMMHUPOBAHUS B TOM U 3aKJ/OUyaeTcs,
YTO MOXKHO HTHOPHPOBATb MOPSAOK, B KOTOPOM Ha CAMOM JeJie TPOMCXOAST COOBITHs B mporpammax. K coxaseHuio,
POBHO 3TOr0 Mbl M He MOXKeM ceGe M03BOJUTh B MPUCYTCTBHU NPHCBAHBAHHUS, 3aCTaB/ISIOIIEr0 HAC AyMaTh O BPeMeHH
U M3MEHEeHHH.
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(define seq (stream-map accum (stream-enumerate-interval 1 20)))

(define y (stream-filter even? seq))

(define z (stream-filter (lambda (x) (= (remainder x 5) 0))
seq))

(stream-ref y 7)

(display-stream z)

KaxoBo 3HaueHHe sum rocJje BBIUMC/IEHHUS KaXkKIOro M3 3THX BblpaxkeHHH? UTo meuataercs MpPH BbI-
YHCJIeHHH BblpaxkeHH# stream-ref u display-stream? Mamenuscs O6bl 3TOT pe3yJbTar, eciaH Obl
MBI peasnsoBain (delay (BepaxeHue)) npocto kak (lambda () (BepaxeHue)), He NPHUMEHss
ONTHMH3aLUI0 Uepe3 memo-proc? OObIACHUTE CBOH OTBET.

3.5.2. BeckoHeuHbIe MOTOKH

Mbl BUzeIH, KaK MOXKHO MOIAEPKHBATh WJIIO3UI0 PabOTHl C TOTOKAMH Kak C LeJbHbI-
MU 0OBEKTaMH, XOTS Ha CaMOM JeJie Mbl BBIYHC/ISEM TOJBKO Ty YacTb IOTOKA, K KOTOPOH
HaM TpebyeTcs HOCTYIN. DTOT METOA MOXKHO MCIOJb30BaTb, UTOObl 3 (EKTUBHO NPeCcTaB/IATh
NI0CJ/IeIOBATEJNbHOCTH B BHJE TOTOKOB, AaKe €CJH 3TH M0C/eN0BaTEbHOCTH BeCbMa [JIMHHBIL.
Elle ynuBHTe/bHEE TO, YTO MPH MOMOLIY IOTOKOB MOXHO NPEACTABJATh M0C/EL0BATENbHOCTH
6eCKOHEUHOH NuHbl. PaccMoTpuM, HampuMep, Claenyollee OnpeneseHre NOTOKA MOJ0XKHUTENb-
HBIX LIeJIBIX UHCeI:

(define (integers-starting-from n)
(cons-stream n (integers-starting-from (+ n 1))))

(define integers (integers-starting-from 1))

Takasi 3anuch WMeeT CMBIC/, MOTOMY YTO OMHCBHIBAET sequence Kak Mapy, y KOTOpOu
car paBeH 1, a cdr siBasieTcs ofellaHWEM MOPOOMThH Lejble 4ucaa, HauuHas ¢ 2. Takoi
MoTOK GeCKOHEeYeH, HO B JIIOOOH NAHHBIM MOMEHT Mbl MOXKeM paboTaTh TOJIBKO C KOHEUHOH ero
yacTblo. TakuM 06pa3oM, HalllM MPOrpaMMbl HUKOTJA He Y3HAIOT, YTO LIEJUKOM GeCKOHEeYHOro
MOTOKA He CYIIeCTBYeT.

[Ipu nomowmn integers MOXHO ONpefesisiTh Npyrue GecKOHeYHble MOTOKH, HalpUMep,
MOTOK UMCeJs, He JNeJsIuXcs Ha 7:

(define (divisible? x y) (= (remainder x y) 0))

(define no-sevens
(stream-filter (lambda (x) (not (divisible? x 7)))
integers))

Tenepe MBI MOXKEM HCKaTh 4MCJa, HE OeJslHecs Ha 7, MPOCTO o0paliasich K 3JeMeHTaM
3TOro MOTOKa:

(stream-ref no-sevens 100)

[To anasoruu ¢ integers, MOXHO ONpeNENUTh GECKOHEUHBIH MOTOK unces PuboHayuu:
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(define (fibgen a b)
(cons-stream a (fibgen b (+ a b))))

(define fibs (fibgen 0 1))

Fibs npexacraBjsier coboil napy, car kotopoi paBen 0, a cdr siBasercss obGellaHUEM
BoluMCauTh (fibgen 1 1). Korma mbl BemogHsieM 3To 3ajepaHHoe (fibgen 1 1), oHo
MOPOXKJAeT Mapy, rie car paBeH 1, a B cdr JiexuT obeliaHue BuYHCAUTh (fibgen 1 2),
U Tak jaajee.

UTo6Bl MPOAEMOHCTPUPOBATh NpPHMep 60Jiee MHTEPECHOrO MOTOKA, MOXHO 060OIHTE NO-—
sevens u MOCTPOUTb GECKOHEUHBIH MOTOK MPOCTHIX UKCEJ, UCIOJMb3YS METOM, U3BECTHBIN KakKk
pewemo Jpamocgena (sieve of Eratosthenes)®®. Chauana Ml cTpoum moTOK umces, Hauu-
Hasi ¢ 2, mepBOro npocroro yucaa. s Toro, ytToObl HAUTH OCTaJbHbIE MPOCTBIE YUCJAA, MBI
(hUIbTPYeM KpaTHBIE ABOHKH M3 TIOTOKA OCTaJbHBLIX dnces. [losydaercs noTok, KOTOPEIH HaYH-
HaeTcst ¢ 3, CJEAYIOLIEro MPOCTOro uncsa. Temepb M3 OCTaTKa MOTOKA Mbl (DUJBTPYEM UHCa,
kpatHble 3. [losyuaercss MOTOK, HAYMHAIOIIKMKCS C D, CJENYyIOIIEero MPOCTOro, U Tak Jaajee.
JpyruMu cjioBaMu, MBI CTPOHM TIPOCTBIE UMCJA C MMOMOILBIO NTPOCEHUBAOIIETO TPOIEeCca, OMU-
CBIBAEMOTO TaK: 4TOObI MPOCESiTh MOTOK .S, HY>KHO C(HOPMHUPOBATh MOTOK, B KOTOPOM MeEPBbIN
3JIeMeHT COBIMAaJaeT C MEePBbLIM 3JEMEHTOM .S, a 0CTAaTOK MoJsydaercs (UIbTpaleidl MHOXHUTE-
Jiel MepBOTo 3JeMeHTa M3 OCTaBlIeHCs 4acTH S W NMPOCEHBAHHUS TOTO, YTO MOJNYUUTCS. Takoh
MpoLEeCC HETPYIHO OMUCATh B TEPMMUHAX OMepauMid HaJ MOTOKAMHU:

(define (sieve stream)
(cons-stream
(stream-car stream)
(sieve (stream-filter
(lambda (x)
(not (divisible? x (stream-car stream))))
(stream-cdr stream)))))

(define primes (sieve (integers-starting-from 2)))
Tenepb, 4TOOBl HAUTH OMNpeNeseHHOE MPOCTOE YKCJIO0, HAI0 TOJbKO MOMPOCHTh

(stream-ref primes 50)
233

HHuTepecHo npenctaBuTh cebe cucteMy 00paboOTKH CHTHAJOB, COOTBETCTBYIOLLYI0 sieve,
TMOKA3aHHYIO Ha «XeHAePCOHOBCKOH auarpamMme» Ha pucynke 3.316!. BxoagHo# noTok nmomana-
eT B «pacconsep», KOTOPbIH OTHEJsIeT MepBbIH 3/7eMeHT M0TOKa OT ero xsocTa. [Ipu nomoru

603parocden, rpeveckuii umocod TpeThero Beka 0 H. 3. M3 AJleKCaHIpHM, 3HAMEHHT TeM, YTO OH Haj MepByo
BEPHYIO OLEHKY JJIMHBI OKDPYXKHOCTH 3€MJIM, KOTOPYIO OH BBIYMCJIMJ, HaOJiofasi TeHH, OTOpackiBaeMble B MOJIEHb
JIeTHEro cosHuUecTostHUsA. MeTox pewera dparocdeHa, HECMOTPS Ha CBOK JPEBHOCTb, J1eXKasl B OCHOBE ClelHasbHbIX
anmnapaTHbIX YCTPOHCTB-«pelleT», KOTOpPble 10 HeJaBHHUX NOpP ObLIM CaMbIMH MOLIHBIMHM YCTPOHCTBAMH A/ NOMCKA
npoctblx uuces. OnHako HauuHas ¢ 70-X rofoB TakHe ycTpOHCTBA OBIIM BBITECHEHbl PAa3BHTHEM BePOSTHOCTHBIX
METOAHMK, 06cyxaaeMbIx B pasnese 1.2.6.

61 M1 HasBaiu 3TOT CrOCOO M30GpaKEHUs MOTOKOB B uecTb I1MTepa XeHIEPCOHa, KOTOPHIH MEpBBIM MOKA3aJ HaM
JMarpaMMel TaKoro BUJa Kak Croco0 paccyxjeHni 06 o6pa6oTke noTokos. Cr/IOLIHbIE JTUHHH MPEACTABASIOT NOTOKH
nepejilaBaeMblX cHrHajos. [IpephiBucTas JMHHSI OT car K cons M filter ykasbiBaeT, YTO 31eCh lepejaeTcss He
TNOTOK, a eJMHUYHOe 3HAYeHHe.
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sieve

not
divisible?

Puc. 3.31. Pewero /s noucka mpocTbiX 4nces B BUAE CUCTeMbl 06pabOTKH CHUTHAJIOB.

MepBOr0 3JIEMEHTA CTPOUTCS (PUJABTP HAa JeJMMOCTb, W 4Yepe3 HEero IMpoMyCcKaeTcs OCTAaTOK
BXOJIHOTO MOTOKA, a BHIXOJ 3aMyCKaeTcsl B ellle OUH 3JeMeHT Sieve. 3aTeM UCXOAHBIN Tep-
BbIH 3JIEMEHT COUETAETCs MPU MOMOIIM CONS C BBIXOAOM BHYTPEHHEro sieve, U MoJydaercs
BBIXOAHOH MOTOK. TakuM 00pa3oM, He TOJBKO BXONHOU NOTOK OeCKOHeueH, HO U 00paboTIHK
CUTHAJIOB TaKyKe OeCKOHeueH, MOCKOJbKY OTHO PEIIeTO COAEPXKHUT B cebe Ipyroe.

HesiBHoOE ornpeneseHre NMOTOKOB

[Toroxu integers u fibs ObliM ONpeneseHbl NPH MOMOLIH «[OPOKAAIOLIUX» TIPOLEAYD,
KOTOpble SIBHBIM 00DPa30M BBIUUCJSIOT 3JEMEHTHl MOTOKA OAWH 3a ApyruM. OmHaKO MOXHO
OTIpenesiATh MOTOKHU HESIBHO, MOJb3YySCh 3a/lepXKaHHBIM BblUKC/AeHHeM. Hanpumep, caenytoree
BbIpaXKeHHe ONpeie/isieT ones Kak 0€CKOHEUHbIH MMOTOK, COCTOSIIIUN U3 ONHHUX €QUHHULL:

(define ones (cons-stream 1 ones))

DT0 BbIpakeHHe pabOTaeT NMPUMEPHO TaK Ke, KAK PEKYPCHBHAs MPOLENypa: ones sBJsSeTCs
napoi, ueii car ectb 1, a cdr npexncrasisieT co6oil obelaHHe BHIYUCIUTh ones. O6palleHue
K cdr naer Ham cHoBa | W ofelaHue BBIYHUCAHUTh ONes, U Tak Jaljee.

MoxHo nenaTb U 6ojiee HHTepecHble BelM C MOMOLIbIO onepauuil Bpone addstreams,
KOTOpasi MOPOXKIaeT NO3/IeMEHTHYIO CYMMY ABYX AaHHBIX MOTOKOB®Z:

(define (add-streams sl s2)
(stream-map + sl s2))

Terniepb MOXXHO OIpENENUTh MOTOK LEJNBbIX YUCeJ CIeAYIOUUM 06pa3oM:
(define integers (cons-stream 1 (add-streams ones integers)))

3mech integers onpefessioTcs KaK MOTOK, B KOTOPOM MePBbIH 3/eMeHT 1, a 0CTaTOK paBeH
cymMme ones U integers. Takum o6pa3om, BTOpOH ajeMeHT integers paBeH | miioc
NepBbIH 2/eMeHT integers, To ecTh 2; TpeTUH 3JeMeHT paBeH | IJIIOC BTOPOH 3J€MEHT
integers, To ecThb 3, U TaK Janee. ITo onpeleneHre padoTaeT NOTOMY, YTO B J11060H MOMEHT
CreHEpHpPOBAHO NOCTAaTOUHO 3JIEMEHTOB MOTOKa integers, 4ToObl MBI MOTJIM O0OPAaTHUTbCH K
HUM B OIpeJesNeHUH U MOPOAUTh CJAEAYIOUIUN 3JeMeHT.

B Tom ke cTusie MOXHO omnpenenuTh uynucia PuboHauyu:

623 nech ucniosibayercs 0606LIeHHAs BepcHs Stream-map U3 ynpaxkHenus 3.50.
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(define fibs
(cons-stream 0O
(cons-stream 1
(add-streams (stream-cdr fibs)
fibs))))

Ato onpenesieHre roBopuT, uto £ibs ecTh notok, HauuHatomuics ¢ 0 u 1, Takoi, 4To OCTAaTOK
NOTOKa nopoxaaetcs cjaoxkenueM £ibs ¢ cob6oil caMuM, CIBUHYTHIM Ha OfHY MO3ULHUIO:

1 1 2 3 5 8 13 21 ... = (stream-cdr fibs)
o1 1 2 3 5 8 13 ... = fibs
0O 1 1 2 3 5 8 13 21 34 ... = fibs

Eure onHa nosesHasi npouenypa a/s NogoOHBIX ONpefie/ieHHH NMOTOKOB — scalestream.
Ona yMHOXKaeT KaxKIblH 371€MeHT I10TOKA Ha JAHHYIO KOHCTaHTY:

(define (scale-stream stream factor)
(stream-map (lambda (x) (* x factor)) stream))

Hamnpuwmep,
(define double (cons-stream 1 (scale-stream double 2)))

MOpPOXKJAeT MOTOK cTeneHed aBoiku: 1, 2, 4, 8, 16, 32 ...

MOoXHO aTb a/JbTePHATUBHOE OTpelesieHHe MOTOKA MPOCTHIX UHCeJl, HauaB C TI0TOKA LEJIbIX
qyuces, U (UIBTPYS ero 4yepe3 MPOBEPKYy Ha MNpPocTOTy. BHauane Ham mnortpebyeTcss mepBoe
MPOCTOE YHCJO, 2:

(define primes
(cons-stream
2
(stream-filter prime? (integers-starting-from 3))))

DTo ompejesieHUe He CTOJb TPUBHAJBHO, KaK KaxKeTcs, IIOCKOJNBKY Mbl OyAeM MpOBepsTb
YUCJIO M HA MPOCTOTY, TPOBEPsis, AEJUTCS JIK 1 HA TNPOCThie 4yucsa (a He Ha BCe LeJble),
MEHBILIME HJIH PaBHBIE /7

(define (prime? n)
(define (iter ps)
(cond ((> (square (stream-car ps)) n) true)
((divisible? n (stream-car ps)) false)
(else (iter (stream-cdr ps)))))
(iter primes))

DTO pPeKypCUBHOE OMpefie/eHHe, TIOCKOJbKY primes onpefessioTcs OCPeICTBOM MpeqrKaTa
prime?, a oH caM HCHOJb3yeT NOTOK primes. Paboraer 3Ta mpouenypa noromy, uto B
JII000H MOMEHT HMeeTcsl JOCTaTOYHO 3JeMEeHTOB N0TOKa primes 1/ NPOBEPKU HA MIPOCTOTY
crenyroliero TpedyeMoro uncaa. A MMeHHO, NpU NPOBepPKe n JIMOO OKA3bIBAeTCs He MPOCTHIM
(a B TaKOM c/ydae MMeeTCsl yxKe CTeHepHPOBaHHOE MPOCTOE YHUCJIO, HA KOTOPOE OHO HEJUTCS),
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7160 OHO TIpocToe (a B TAKOM CJydae, MMeeTcsl yKe CreHepHpOBaHHOE MPOCTOe UMCI0 — TO
eCcTb, IPOCTOe UMC/IO MeHble 1, — GoJbluee /n®3.

Ynpaxuenue 3.53.
He 3anyckasi mporpamMmy, ONHILIKTE 3JeMEHTHl [I0TOKA, OPOXKAAEMOr0

(define s (cons-stream 1 (add-streams s s)))

Ynpaxuenue 3.54.

Onpenenunte npouenypy mul-streams, aHanoruuHyio add-streams, KOTopasi IOPOXKAAET MOIJIEMEHT-
HOe NPOU3BeJeHHe IBYX BXOAHBIX MOTOKOB. C MOMOILbIO Hee U I0TOKAa integers 3aKOHUHTE Ciefyloliee
onpefiesieHUe NOTOKA, n-H 3JeMeHT KoToporo (HauuHast ¢ 0) paBeH dakropuany n + 1:

(define factorials (cons-stream 1 (mul-streams (??) (?2?))))

Ynpaxuenue 3.55.

Onpepnenute mpolenypy partial-sums, KoTopast B KayecTBe apryMeHTta OepeT MOTOK S, a BO3Bpa-
aeT MOTOK, 3JeMeHTHl KOTOpPOro paBHH So, So + S1,S0 + S1 + S2,.... Hanpumep, (partial-sums
integers) mo/kHO maBath motok 1, 3, 6, 10, 15 ...

Ynpaxnenue 3.56.

CyliecTBYyeT 3HaMeHHTasl 3ajaya, BIepBble copMyanpoBaHHas P. X3MMHUHIOM: MOPONHTb B BO3pacTa-
IOleM MOpsiiKe U Ge3 MOBTOPEHHH BCe MOJIOKUTEJbHbIE LeJble YKC/Ia, Y KOTOPBIX HET APYTHX MPOCTBIX
nenutesedl, kpome 2, 3 u 5. OueBUIHOE pellleHHe COCTOUT B TOM, 4TOOBI MepeGHpaTh BCe HaTypasbHble
YHcJa 10 o4Yepely M NPOBepsTh, €CTb JH y HHUX NPOCTble MHOXKHUTEIH NoMuMmo 2, 3 u 5. OmgHako 3Ta
npouenypa BecbMa Hea(p)eKTHBHA, MOCKOJIbKY UeM GOJIbLIIe UKC/IA, TEM MEHbIUAsi UX TO0JIsi COOTBETCTBYET
ycaoBHIO. [IpUMEHHM asbTepHATHUBHBIH MOAXOM: Ha30BeM HCKOMbIH MOTOK 4HceJ S U 00paTHM BHHMaHHe
Ha cjefylomne GakTbl:

e S HayuHaeTcs ¢ 1.

dneMeHTH (scale-streams 2) TakxXe NpUHaIJeXaT S
o To xxe BepHO U 1711 (scale-stream S 3) u (scale-stream S 5).

JIpyrux s/eMeHTOB S HeT.

Tenepb Tp86yETCH TOJIBKO CO€IHHHUTDb 3JIEMEHTbl M3 3THUX HCTOYHHKOB. ,HJ]H 3TOr'0 Mbl OIlpeneJssieM
npouenypy merge, Kotopasd CJUBaeT ABa YyNOPAAOYE€HHBIX [TIOTOKA B OAWH yHOpHﬂO'—[eHHbIﬂ TMOTOK, y6y1paﬂ
pHU 3TOM INOBTOPEHHA:

(define (merge sl s2)
(cond ((stream-null? sl) s2)
((stream-null? s2) sl)
(else
(let ((slcar (stream-car sl))
(s2car (stream-car s2)))

63310 ToHKas JeTasb, KOTOPas OCHOBAHA HA TOM, UTO Ppt1 < p2 (3mechb py, 06osHauaer k-e npocroe uucio.) Takue
OLEHKH JOCTaTOYHO TPYAHO NOKasaTb. AHTHYHOe N0Ka3aTeJbCcTBO EBK/HAA MOKa3biBaeT, 4To MMeeTcsl GeCKOHEYHOe
KOJIMYECTBO MPOCTBIX YHCEN, H 4TO Pp+1 < p1p2---Pn + 1. HHUKakoro cyuiecTBeHHO Jydllero pesyjbraTa He
6bl10 HaiineHo no 1851 rona, korma pycckuit matematuk I1. JI. YebbiiieB nokasas, uTo AJIsl BCEX M, Pyl < 2Pn.
[TpenmnosioxeHre, 4To 3TO Tak, ObLIO BeICKa3aHO B 1845 romy u u3BecTHo Kak eunomesa Bepmpawa (Bertrand’s
hypothesis). [lokazaTesnbcTBO MOXKHO HaiiTh B pasgesie 22.3 B kuure Hardy and Wright 1960.
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(cond ((< slcar s2car)

(cons-stream slcar (merge (stream-cdr sl) s2)))
((> slcar s2car)

(cons-stream s2car (merge sl (stream-cdr s2))))
(else

(cons-stream slcar

(merge (stream-cdr sl)
(stream-cdr s2)))))))))

Torna TpeGyeMblil MOTOK MOXKHO MOJIYUHTb C MOMOLLBIO Merge TakuM 00pa3oM:
(define S (cons-stream 1 (merge (??) (??))))

3arnoJ/iHHTe MPOMYCKH B MeCTaX, 0003HaUEHHBIX 3HAaKOM (?7).

Ynpaxuenue 3.57.

CKOJIbKO CJI0}KEHHH MPOHUCXONMT MPH BEIUMCIEHHH n-ro unciaa PuboHayu, B c/ydae, KOTAa Mbl HCHOJb-
syeM onpefesnenue fibs uepes mpouenypy add-streams? IlokaxuTe, 4TO UHC/IO CJIOXKEHHH BHIPOC/IO
Obl 9KCIIOHEHIMA/MbHO, ecan Obl Mbl peannsoBann (delay (BepameHue)) mpocto Kak (lambda ()
(BEPakeHue)), Ge3 ONTHMU3AIMM Yepes Mpollefypy memo-proc 13 pasaena 3.5.1%.

Ynpaxsenue 3.58.
JlafiTe HHTepNpeTalyIO NOTOKY, OPOKAAEMOMY CJeAyIOlLIel MpoLenypoi:

(define (expand num den radix)
(cons-stream
(quotient (* num radix) den)
(expand (remainder (* num radix) den) den radix)))

(DnemeHTapHas mpouenypa quotient Bo3BpallaeT LeJYH YacTh YACTHOIO IBYX LeJblX yuces.) Kako-
Bbl [10CJ/IE/IOBATE/IbHbIE 3JEMEHTBI I0TOKA, MOPOXKIEHHOT0 BbipaxkeHHeM (expand 1 7 10)? YUro naer
BhIuKMc/eHHe (expand 3 8 10)?

Ynpaxsenue 3.59.

B pasnene 2.5.3 MBI yBHZeJH, KaK peanl30BaTh CHCTEMY apH(METHKH MHOTOYJIEHOB, HCIOJB3YS Mpe-
CTaB/IeHHe MHOTOYJIEHOB B BHJe cnucka TepMoB. [TonoGHEIM ke 06pa3oM MOXKHO paboTaTb CO cmenex-
Holmu padamy (power series), Hanpumep

e$—1+x+x_2+x_3+—4+...
- 2 3.2 4-3-2 ’
Cosx—l—x—2—|——4—
o 2 4-3-2 ’
. z°3 z°
sine =x —

5.2 5432

Npe/ICTaBJeHHBIMU B BHJle O€CKOHEUYHBIX MOTOKOB. Dynem npencTap/siTh MOC/I€A0BATENbHOCTD Go + 1T +
asz? 4 asx® + - -+ Kak MOTOK, 3JMeMeHTaMH KOTOPOTO SIBJSIIOTCS KO3(D(HULUEHTH! ao, a1, a2, as . . .

64310 ympaxHeHue MOKa3biBaeT, KaK GIH3KO CBA3aH BLI30B M0 HEOGXOXMMOCTH C OGBIYHOH MeMOHM3alueli, OMHCaH-
HOHU B ympakHeHHH 3.27. B aToM ynpa’KHeHHH Mbl TNPH MOMOIIM NPUCBaWBaHHUS SBHBIM 00pPa30M CO3/aBaJH JIOKaJlb-
Hyto Tabnuny. Hama onTuMu3aumst ¢ BEI30BOM 110 HEOOXOIMMOCTH, B CYILIHOCTH, aBTOMaTHYECKH CO3[aeT TaKylo e
TabJIMLy, COXpaHsisl 3HaYeHHUs B y2Ke Pa3MOPOKEHHBIX YacTsX MOTOKa.
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a. I/IHTeraII [10CJIeI0BATEJILHOCTH agp + a1 + a2x2 + a3m3 + .-+ eCTb IOCJIeIOBATEJbHOCTb

1 2,1 3.1 4
c+ aor + za1x” + sa2x” + —azxr + -

2 3 4
roe ¢ — Tpou3BoJbHAsi KoHcTaHTa. Omnpenenurte TNpouenypy integrate-series, KoTopas Ha
BXOJe NpPUHHMaeT IOTOK ag,d1,a2,..., [PEACTaB/SIOILYI0 CTeeHHOH psii, M BO3BpalllaeT MOTOK
1 1
ao, §a1’ gag,... KO3((ULHUEHTOB NPU HEKOHCTAHTHBIX 4JleHaX HHTerpajia nocnaenosaresnbHocTH. ([To-

CKOJIbKY B pe3yJ/IbTaTe OTCYTCTBYeT MOCTOSIHHBIH UJjieH, OH He MpeNcTaBJ/seT Co00H CTeneHHOH psil; NpH
UCIO/b30BaHUH integrate-series Mbl uepe3 cons GyfeM NPUCOEIMHATh K HayaJgy COOTBETCTBYIO-
I1y}0 KOHCT&HTY.)

6. @yHkuusa x — e” paBHa cBoell coOCcTBeHHOH npousBonHoi. OTciona cienyer, 4yTo e U uHTerpasn e”
CYTb ONHA M Ta e TOCJIe0BaTeNbHOCTh, C TOYHOCTBIO A0 MOCTOSIHHOTO uJeHa, KOTophli paseH ¢’ = 1.
CoOTBETCTBEHHO, MOXKHO MOPOAUTh MOCAEN0BATENBHOCTD s € Yepe3

(define exp-series
(cons-stream 1 (integrate-series exp-series)))

ITokaxkute, Kak MOPOAUTb MOCJAENOBATENBHOCTH JJIs1 CHHyCa M KOCHHYCa, ONHpasCh Ha TO, UTO IPOM3-
BOJIHAasl CHHYyCa paBHa KOCHHYCY, a IPOHM3BOAHAS KOCHHYCAa paBHAa MMHYC CHHYCY:

(define cosine-stream
(cons-stream 1 (??)))

(define sine-series
(cons-stream 0 (??)))

Ynpaxuenue 3.60.

Ec/in cTeneHHO# psiL NpencTaB/seTCsl B BUIE NMOTOKA CBOUX KO3((hUIMEHTOB, KaK B yNpa:KHeHHH 3.59,
TO CyMMa MoCJe/ioBaTe/IbHOCTel peannayercs nocpenctsoM add-streams. 3aBepliuTe ONpefeseHHe
cylenyioLlell poLenypsl A5 epeMHOKEHHs T0CIe10BaTeIbHOCTEE:

(define (mul-series sl s2)
(cons-stream (??) (add-streams (??) (??))))

MozkeTe TIPOBEPUTD CBOIO MPOLEAYPY, yOeMUBLIMCh, YTO sin® & 4-cos? & = 1 ¢ MOMOILbIO MOC/eN0BATENb-
HocTel U3 yrnpakHeHHs 3.59.

Ynpaxuenue 3.61.

[Tycts S Oymer creneHHsIM psigoM (ynpaxkHende 3.59 ¢ nocTosHHEIM 4ieHoM 1. IIpeanosoXum, 4To Mbl
XOTHUM HaHTH creneHHo# psig 1/S, To ectb Takod psim X, yro S - X = 1. 3anuwem S = 1+ Sg, rae
Sr — 4acTb S 1nocJ/le NOCTOSIHHOrO uJjleHa. Torza Mbl MOXKeM pelIMTb ypaBHeHHe 1/ X Tak:

S-X =1
(I1+Sr)-X =1
X+Sr-X =1

1

X = Sr-X

Ipyrumu cnoBaMi, X eCTb CTENeHHOH Psifi C MOCTOSIHHBIM YJIeHOM 1, ubW 4jieHbl ¢ GoJsiee BBICOKHMH
CTEleHsIMU OINpENesIsIoTCs Kak MHHYC npousBefeHne Sk W X. Bocnosb3oBaBIukch 3THM, HANHIIKTE
npoueaypy invert-unit-series, kotopas Beruuciasier 1/S mis creneHHoro psiga S ¢ MOCTOSHHBIM
yseHoM 1. Bam nmortpebyercsi mul-series u3 ynpaxsenus 3.60.
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Ynpaxuenue 3.62.

[Tpu momomu pesysnbpraToB ynpaxkHenu#t 3.60 u 3.61 ompegesute npouenypy div-series, xoTopas
JIeJIAT OJMH CTeNeHHOH psin Ha Apyro#. Div-series noskHa pa6oTarth AJs JIOOBIX ABYX PANOB, NPH
YCJIOBHH, UTO PsiJ B 3HaMeHaTeJsle HauMHAeTCs C HEHYJEeBOro NMOCTOsHHOrO useHa. (Ecnu B 3HameHarese
TIOCTOSIHHBIH YJleH paBeH HyJ/0, div-series no/kHa coobuwarh o6 omwubke.) [Tokaxkute, Kak mnpu
nomouy div-series u pesyJibTaTa ynpakHeHHs 3.59 MOMYUHTb CTENEHHON S IS TAHTeHca.

3.5.3. HUcnoab3oBaHNne mapagurmMsl IOTOKOB

[ToToKH ¢ 3a1epKKOH BbIYMCJEHHS MOTYT CJAYKHUTb MOLIHBIM MHCTPYMEHTOM MOJeJNHpPOBa-
HUs. OHU [aI0T MHOTHE W3 NpPeuMyLIecTB, OOBIYHO NPENOCTABASEMbIX BHYTPEHHUM COCTOSIHU-
eM W npucBauBaHHeM. Dosiee Toro, oHM M36eral0T HEKOTOPHIX U3 TEOPEeTHYeCKHX HeYyH0OCTB,
CBSI3aHHBIX C BBEJEHHEM IPUCBAMBAHMSA B S3BIK [1POrPaMMHPOBAHHUS.

[ToToKOBBIE MeTOHN MOMKET HW3MEHSATb B3IVISIA Ha Belld, TaK KakK OH I03BOJSET CTPOUTH
CUCTeMbl C JPYTHMH IPaHHLAMH MOIYJEeH, He TaKHMH, KaK B CHCTeMax, OCHOBAaHHBIX Ha IpH-
CBaUBaHUU MEPEMEHHbIM COCTOSHHUA. Hanpumep, MOXKHO cocpeoTOYMBATh BHUMaHHe HA BCeH
BPEMEHHOH NOC/IeI0BaTeIbHOCTH (MJIM CUTHAJe), a He Ha 3HAYeHHUH NepeMeHHbIX COCTOSHUS B
otnesbHble MOMeHTHl. OkasbiBaeTcst yIOOHO COUeTaTb U CPABHUBATH MapaMeTpPhl COCTOSHUS B
pasJMuHble MOMEHTHI BPEMEHH.

HArepanus Kak MOTOKOBBIA MPOIECC

B pasnene 1.2.1 Mbl BBeJIM TOHATHE WTEPATHBHOTO MpoOLEecca, N0 Mepe UCIOJNHEHHUS U3Me-
HSIIOLLIETO MepeMeHHble COCTOsIHUsA. Terepb Mbl y3HaJsH, 9YTO MOXKHO MPEACTABJSATh COCTOSIHUE
B BHJE <«BHEBPEMEHHOTO» MOTOKa 3HAaueHWH, a He Habopa OOHOBJsEMBIX NepeMeHHbIX. [la-
BaliTe MPUMEM 3TOT B3IVIAJ M 3aHOBO PAaCCMOTPHUM IPOLELYPY IOUCKA KBAaApaTHOIO KOPHS U3
paspena 1.1.7. HanoMHuM, 4TO ules NpoLedypbl COCTOsAIA B TOM, YTOOB! OPOXKAATH MOCEN0-
BaTeJbHOCTb BCE JIYULIMX M JYYLIMX NPUOJIMKEHUH K KBaJpaTHOMY KOPHIO x, CHOBA M CHOBa
NPUMeHSIS IPOLEAYPY YAyULIeHHs TUIIOTEe3Bl:

(define (sqrt-improve guess x)
(average guess (/ x guess)))

B ucxoaHo# mpouenype SQrt 3TH THIOTe3bl OLLIM MOC/IEN0BATENbHBIME 3HAUCHHSIMHU Tle-
peMeHHOH COCTOSIHHS. BMECTO 9TOT0 MOXKHO MOPOIHTH GEeCKOHEUHBIH MOTOK IUIOTe3, B TOJI0BE
KOTOPOTO CTOMT HayasbHas runotesa 10%:

(define (sqgrt-stream x)
(define guesses
(cons-stream 1.0
(stream-map (lambda (guess)
(sgqrt-improve guess x))
guesses)))
guesses)

(display-stream (sgrt-stream 2))

%5 BryTpenniolo nepeMeHHy0 guesses Hesb3s CBA3ATH C MOMONIbI0 let, MOCKOMbKY 3HAaueHHe gUueSSes 3aBHCHT
oT Hee caMoi. B ympaxkHenuu 3.63 paccMatprBaeTcs BONPOC, 3aueM 3/leCh Hy>KHA BHYTPEHHSIS epeMeHHast.
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.5

.4166666666666665
.4142156862745097
.4142135623746899

MR R R R

MoxHo nopoxzaatb Bce GoJibllie 3JeMEHTOB [OTOKA, MOJydyas BCe Jy4llue NPHOJIMKEHHS.
Ecsu Hy»KHO, MOXKHO HamHCaTb MPOLENYpY, KOTopasi Obl MOpOXKIaja THUIOTE3bl IO TeX IOop,
[OKa OTBET He OKaxeTcst noctatodno xopoul. (CM. ynpaxkHenue 3.64.)

Eure onvH vTepaTHBHBIN Npolece, KOTOPhIH MOXKHO paccMaTpyBaTh MOLOOHBIM 06pa3oM —
annpoKCHMallus Yucsa 7, OCHOBaHHAsl Ha 3HaKouepenylolleMcs psiie, YIOMSHYTOM B pasie-

ae 1.3.1:

E—1_1+1_1+...

4 3 5 7
Chauasia Mbl IOPOXKJaeM NOTOK 3J1eMeHTOB psiia (ducsa, oOpaTHble HEUETHBIM HAaTYPaJbHEIM, C
YepeAyIOLIMMCs 3HAKOM). 3aTeM MBI GepeM NMOTOK CyMM Bce GOJbIIEro KOJHYeCTBa 3JeMEHTOB
(mpu momotiuy npoueaypsl partial-sums U3 ynpaxkHeHus 3.55) U JOMHOXKaeM pe3yJbTaT Ha

4.

(define (pi-summands n)
(cons-stream (/ 1.0 n)
(stream-map - (pi-summands (+ n 2)))))

(define pi-stream
(scale-stream (partial-sums (pi-summands 1)) 4))

(display-stream pi-stream)

.666666666666667
.466666666666667
.8952380952380956
.3396825396825403
.9760461760461765
.2837384837384844
.017071817071818

WwWwbhwbdh wdhn

[Tosyyaercss mOTOK Bce GoJiee TOUHBIX MPHUOIMKEHHH K 7, HO CXOASITCH 3TH NPUOJIHKEHHUS
JIOBOJIbHO MeJjleHHO. BoceMb 4jieHOB MocC/1e10BaTeNbHOCTH TOMeCTHN 7 Mexay 3.284 u 3.017.

[Toxa 4To MOAXOM C MOTOKOM COCTOSIHHH He CJMILIKOM OTJIMYaeTcs OT MOTOKa C MepeMeHHbI-
MU cocTossHUS. OIHAKO MOTOKH AaI0T HaM BO3MOXKHOCTb IPOJeNblBaTh HEKOTOPble HHTEepeCHble
Tploku. Hanpumep, MoTok M0OKHO Tpeo6pa3oBaTh C TMOMOLIBIO YCKOPUMEAs nOcAed08amens-
Hocmu (sequence accelerator), mpeoGpasyroiiero noc/ief0BaTe bHOCTb NPUB/INKEHHH B HOBYIO
[0CJ/IeI0BATENbHOCTb, KOTOPAask CXOAUTCS K TOMY 2Ke 3HaueHHIO, UTO U UCXOfHasi, HO ObICTpee.

OnuH TakoH yCKOpHUTe/b, OTKPHITHIH IIBEHLAPCKMM MaTeMaTHKOM BOCEMHAALATOro BeKa
Jleonapnom disepom, xopolo paboTaeT ¢ M0CJAeI0BATEIbHOCTAMH YaCTHUYHBIX CYMM 3HaKo-
YyepenyoLuxcs psigoB (psiioB, 3HAKH 3JeMEHTOB KOTOPBIX depenytoTcs). [To metomy Disepa,
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€CJIn Sn €CTb n-H UJieH HCXOJIHOTO psna, To YCKOpeHHas oc/je10BaTe/ibHOCTb UMEET 3J1€MEHThI

S (SnJrl - Sn)2
n+1l —
Sn—l - 2Sn + Sn-l—l

Takum o6pa3oM, ecjau HCXONHAS MOCJAENOBATENbHOCTb NpeACTaB/leHa KaK MOTOK 3HaueHHH,
npeoGpa3oBaHHast MOC/ENOBATENBHOCTb AAETCS MPOLEAYPOH

(define (euler-transform s)

(let ((s0 (stream-ref s 0)) ; Sn-o1
(sl (stream-ref s 1)) ; Sn
(s2 (stream-ref s 2))) ; Snt1
(cons-stream (- s2 (/ (square (- s2 sl))

(+ sO (* -2 sl1) s2)))
(euler-transform (stream-cdr s)))))

MoKHO NPOJEMOHCTPUPOBATH yCKOpeHUe Diljiepa Ha Hallleil MOCJ/e10BaTeNbHOCTH MPUOJIH-
JKEHHUH K T

(display-stream (euler-transform pi-stream))
.166666666666667

.1333333333333337

.1452380952380956

.13968253968254

.1427128427128435

.1408813408813416

.142071817071818

.1412548236077655

Wwwwwwuww

BoJsiee TOro, MOXHO YCKOPHUTb YCKOPEHHYIO IMOCJENOBATENbHOCTb, PEKYPCHBHO YCKOPHTb
pesyJbTat, ¥ Tak jgajee. To eCTb, MOXKHO CO3[aThb MOTOK MOTOKOB (CTPYKTYPY, KOTOPYIO MBI
OyneM Ha3biBaTh mabao (tableau)), B KOTOPOM KaXKIblH IOTOK €CTb PE3yJIbTAT NPeoOpa3oBaHHUs
Ipebl Iy ILEro:

(define (make-tableau transform s)
(cons-stream s
(make-tableau transform
(transform s))))

Tabso umeet BUf,
S00 So1 So2 S03 So4
S$10 S11 S12  S13
S20 S21 S22

Hakonell, MOXXHO MOCTPOUTH MOCJIEA0BATENBHOCTD, YleHAMHU KOTOPOH OyIyT MepBble 3J1eMeHThl
KaXKJIOH CTPOKH TabJIo:

(define (accelerated-sequence transform s)
(stream-map stream-car
(make-tableau transform s)))
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MorkHO noKasaTh, KaK paboTaeT Takoe «CBepXyCKOpeHHe» Ha IMOCJe0BATEbHOCTH MPH-
OJIMKEHUH K T

(display-stream (accelerated-sequence euler-transform
pi-stream))

.166666666666667
.142105263157895
.141599357319005
.1415927140337785
.1415926539752927
.1415926535911765
.141592653589778

Wwwwwwwhn

Pesynbrar Bneuatsisier. BoceMb 4si€HOB MOC/€0BATENbHOCTH OAIOT HAM BepHOE 3HAYEHHe T
C TOUHOCTBIO 0 14 nmecsiTHYHBIX 3HaKOB. Ecsin 6bl y Hac ObljIa TONBKO MCXOAHAS MOCJEN0BA-
TeJbHOCTb MPUO/IMKEHHH K 7, TO MPHUIILIOCH Obl BBIYHCAMTH nopsaka 1013 ee snementos (1o
€CTb J0BECTH IOCJEL0BATENbHOCTb 10 TAKOIO MECTa, e ee 3JIeMEeHThl CTAaHOBATCS MeHbIle
10~13), uTo6Bl HOGUTHCA TAKOH TOYHOCTH!

Bce aTH MeTozBl yCKOpPeHHS! MOXKHO Ob110 Obl peaqu30BaTh U 6e3 MoMoLIH NoToKOB. OnHaKo
(hOpMyJMMPOBKa B TePMHHAX MOTOKOB 00/1aaeT 0COObIM yIO0OCTBOM M M3SILIECTBOM, MOCKOJIbKY
Mbl MUMeeM AOCTYN KO BCeH MOCJeNOBAaTeJbHOCTH COCTOSSHHU B BHIE CTPYKTYPbl NAHHBIX, C
KOTOPOH MOXKHO paboTaTb MpU MOMOLLM eIHHOro Habopa onepauui.

Ynpaxuenue 3.63.
Xptoro Jlym crnpalinBaeT, moyeMy HeJb3s OblIO HamucaTb sgrt-stream GoJee NPOCTHIM COCOOOM,
6e3 BHyTpeHHEH NepeMeHHOH guesses:

(define (sqgrt-stream x)
(cons-stream 1.0
(stream-map (lambda (guess)
(sgrt-improve guess x))
(sgrt-stream x))))

Jlnza I1. Xakep oTBewaeT, 4TO 3Ta BepcHsl MPOLEAYPbl 3HAUUTENbHO MeHee 3(D(EKTHBHA, MOCKOJBKY
MPOU3BOIUT H3OBITOUHbIe BhiuHcAeHHsl. O6bsicHuTe JIu3un orBeT. CoxpaHHUsOCh OBl OT/IHYHE B 3(dek-
THBHOCTH, eC/M Obl peanusdauus delay McroJgb3oBaja Tolbko (lambda () (BmpameHueM, 6e3 om-
TUMH3alKH Yepe3 memo-proc (cm. pasgen 3.5.1)?

Ynpaxuenue 3.64.

Hanuwure npouenypy stream-limit, kotopasi B KayecTBe apryMeHTa NMPUHUMAET MOTOK M YHCJIO
(morpewHocTs). OHa HOJ/KHA TPOCMAaTPUBATh MOTOK, NOKA He HaleTcs ABa dJeMeHTa NMOAPS, pasiuda-
IOLIUXCSl MeHbllle, YeM Ha MOrPELIHOCTb, U BO3BpalllaTh BTOPOH W3 3THUX 3jeMeHTOB. [Ipu momoiun stoit
NPOLEAYPbl MOXKHO OYAET BBIUMC/ATh KBaJpaTHble KOPHU C 33aHHOH TOUYHOCTBIO TaK:

(define (sgrt x tolerance)
(stream-limit (sqrt-stream x) tolerance))
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Ynpaxuenue 3.65.

C nomouibio psifa

111
Im2=1—7+z— 7+

MOPOJUTE TPH NOCJEN0BATENbHOCTH NPUOJIHMIKEHHH K HAaTypaJbHOMY JIoTapudMy 2, TaK e, KaKk MBI Bbllle
cresanu 1o Aas . Kak 6bIcTpO CXOAATCA 3TH NOCJ/E0BATENbHOCTH?

BeckoneuyHble MOTOKM map

B pasnene 2.2.3 mbl BuiesH, KaK napagdrma paboThl ¢ MOCJAEI0BATENbHOCTAMH paccMaT-
pUBaeT BJIOXKEHHBIE LMKJbl TPAAWLMOHHOH MapaiurMbl B BHIE MPOLECCOB, ONpe/eeHHbIX Ha
nocJsieloBaTeNbHOCTH nap. Ecau Mbl 06061KMM 3TOT MeTOA Ha GeCKOHeYHble NMOTOKH, TO CMO-
’KeM IMHCcaTb MPOrpaMMbl, KOTOpble TPYLHO BOCIPOHM3BECTH C I[OMOILIbIO OOBIYHBIX LUKJIOB,
MIOCKOJIbKY «LHKJI» OXBaTblBaeT 6ECKOHEYHOE MHOXKECTBO.

Hanpumep, nycTb HaM xoueTcsi 06000HUTh Mpouenypy sum-of-primes u3 pasgena 2.2.3
Tak, 4TOObI MOJYUHJICS TOTOK K3 8CeX Map HaTypajbHbIX 4nced (i,75), TAKUX, 4TO 4 < j U i+ J
npoctoe. Ecaiu int-pairs ecTb moc/enoBaTesbHOCTb BCEeX Map HaTypasibHbIX duces (i,j),

rae i < j, TO HEOGXOMMMBIHA HaM MOTOK Takos®:

(stream-filter (lambda (pair)
(prime? (+ (car pair) (cadr pair))))
int-pairs)

3ajaua, Cc/Ief0BaTeNbHO, COCTOUT B TOM, UTOObl MOPOAMTb NMOTOK int-pairs. B Gosee
oflLeM caydae IOMYCTHM, 4TO Y Hac ecTh ABa moToka S = (S;) u T = (1), 4 mpeacTaBuM
cebe 6eCKOHEUHYI0 MaTpHULLy

(S0,To) (So0,T1) (So,T2)
(S1,To) (S1,T1) (S1,T2)
(82,To) (S2,T1) (S2,T2)

Hawm xouetcs IIOPOAUTDL MOTOK, KOTOprﬁ CONEP2KUT BCE Mapbl U3 3TOH MaTpHULbl, JeXKallhe Ha
AVaroHaJid WJjiur Bbille, a UMEHHO Mapbl

(S0,To) (S0, Th) (So,Tz)
(S1,71)  (S51,T2)
(S2,T3)

(Ecn mbl BosbMeM u S, u T paBHBIMH MOTOKY HATYypaJbHbIX UHCEJ, TO MOJYYHM KaK pas
HeoOXOAMMBIH HaM MOTOK int-pairs.)

Hasosem o6mumii notox nap (pairs S T), u OymeM CUMTaThb, YTO OH COCTOWUT M3 TPeX
uacredi: mape (Sp, Tp), OCTaTKa nap B MepBOM sy, H BCeX oCTalbHbIX map®’:

(S0,To) | (So,T1) (S0, T2)

(S1,T1) (51,72)
(S2,T2)

66Kaxk u B pasmene 2.2.3, Mbl MIpefcTaB/seM Mapy HATyPaJbHLIX YMCeN B BUJE CTIUCKA, 4 HE JHUCTOBCKOH MAaph.
67B ynpaxuenuu 3.68 o6bsicHseTCS, MOUEMy Mbl BHIGPATH UMEHHO TaKylo NEKOMIO3HIUIO.
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3aMeTHM, UTO TPeThbsl YaCTb 3TOH NEKOMMO3MLHMH (Mapel, He JeXallde B MePBOM psiLy) CyTb
mapel, nojydaemble (peKypcuBHO) M3 (stream-cdr S) u (stream-cdr T). 3amerum
TaK»Xe, YTO BTOpast 4yacTb (OCTATOK MEPBOTO psiga) €CTh

(stream-map (lambda (x) (list (stream-car s) x))
(stream-cdr t))

Takum o6pa3om, Mbl MOKeM C(HOPMHUPOBATH HALl MOTOK Map Tak:

(define (pairs s t)
(cons-stream
(list (stream-car s) (stream-car t))
({(kax-HUbYOb CMewams)
(stream-map (lambda (x) (list (stream-car s) x))
(stream-cdr t))
(pairs (stream-cdr s) (stream-cdr t)))))

Uro6Bl 3aKOHYUTH OMpefesNeHrne MPOLenypbl, Hy>KHO BeIOpaTh KaKoH-HHOyAb crocod cMme-
1IaTh 1Ba BHYTPEHHHX MOTOKAa. B rosioBy NpPHUXOAUT BOCMOJIb30BATHCS MOTOKOBLIM aHAJOIOM
npouenypsl append u3 pazpena 2.2.1:

(define (stream-append sl s2)
(if (stream-null? sl)
s2
(cons-stream (stream-car sl)
(stream-append (stream-cdr sl) s2))))

OpnHako 3Ta uiess He cpabarbiBaeT ¢ GeCKOHEYHBIMH IOTOKAMH, MOCKOJIbKY, Tpexe ueM Ie-
pelTH KO BTOPOMY MOTOKY, HY?KHO NPOHTH BeChb MePBBIH MOTOK 0 KOHLIA. B 4acTHOCTH, ecnu
MBI MO1Ipo6yeM MOPOAUTh BCe Mapbl HATYpPaJbHBIX YHCEJ MPH TOMOLIH

(pairs integers integers)

TO MOJYUUBIUHUHCH MOTOK CHayaJsa MOMBITAETCS MEPEUUCJUTb BCe Mapbl, TAe MepPBbId 3/JeMeHT
paBeH 1, a cjenoBaTesbHO, HUKOTAA He MOPOAUT HU OTHOH Maphl C APYrUM 3HAUEHHUEM TIEPBOTO
4JieHa.

Jnst paGoThl ¢ GeCKOHEUHBIMU MOTOKAaMH TpebyeTcsl NMPUAYMaTh CIOCO6 CMelleHUs, KOTOo-
pblil rapaHTHpoBas Obl, UTO KaxK[Ablil 3JeMeHT OyneT AOCTUTHYT, eCJd IporpamMMme AaTb AOCTa-
TOUHO BpeMeHH. M3siHBINA coco6 MOOUTBCS 3TOTO COCTOHT B TOM, UTOOBI BOCIIOJb30BATHCS
clemyloledi mpouenypoii interleave®:

(define (interleave sl s2)
(if (stream-null? sl)
s2
(cons-stream (stream-car sl)
(interleave s2 (stream-cdr sl)))))

68 Tounas hopMyTUpPOBKa TPeGOBaHHS, KOTOPOMY JIOJKeH YIOBJETBOPATL TMOPSIOK CAMSHHS, BLIIAAMT TaK: 10JKHA
CyLLECTBOBATh (DyHKLHMS OT ABYX apryMeHTOB f, Takasi, 4TO mapa, COOTBETCTBYIOLLAS {-My 3JIEMEHTY MepBOro MOTOKa
U j-My 3JeMeHTY BTOPOro, MOSIBUTCS B KauecTBe 3/eMeHTa BBIXOLHOro MoToka nog HomepoM f(i,j). Tprok ¢ depemo-
BaHHeM uepe3 interleave Ham nokasan J{asun TépHep, kotopeiit Hcnosnb3oBan ero B sissike KRC (Turner 1981).
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[Tockosibky interleave uyepenyeT 3JeMeHThbl U3 ABYX MOTOKOB, BCAKHH 3JE€MEHT BTOPOrO
MOTOKA PaHO UM MO3[HO MONajeT B CMELIaHHbIH MOTOK, JaKe eCyy MepBbld NOTOK GeCKOHEeUeH.
Takum 06pa3om, Mbl MOXKeM TOPOAUTH TPeOyeMbld TOTOK Map Tak:

(define (pairs s t)
(cons-stream
(list (stream-car s) (stream-car t))
(interleave
(stream-map (lambda (x) (list (stream-car s) x))
(stream-cdr t))
(pairs (stream-cdr s) (stream-cdr t)))))

Ynpaxzenue 3.66.

PaccmoTpum noTok (pairs integers integers) Moxere Ju Bbl 4T0-TO cKasaThb O Mopsiike, B
KOTOPOM Maphl MomnafamT B MOTOK? Hampumep, CKobKO MPUONH3UTEbHO Tap npeAllecTByoT nape (1,
100)? ITape (99, 100)? (100, 100)? (Ecau Bbl criocoGHBI NpenocTaBUTh TOUHblE MaTeMaTHUECKHE yTBEp-
XKpeHust, — npekpacHo. OnHako eciu Bbl yBsizaere B HeTassix, JOCTATOUHO KAY€CTBEHHBIX OLIEHOK.)

Ynpaxuenue 3.67.

MamenuTte mpouenypy Tak, utobbl (pairs integers integers) mnopoxpaaso NMOTOK H3 8cex Tap
HaTypasbHBIX uucesa (4,7), 6e3 HomosHHUTeNbHOro yeoBus ¢ < j. [Togckaska: morpebyeTcsi MpuUMeLIaTh
ellle OfIUH MOTOK.

Ynpaxsenue 3.68.
Xptoro JlyM cuMTaeT, YTO MOCTPOEHHe NOTOKA Map U3 TpeX yacTeidl — MpOLeAypa CJAHMIIKOM CJOXKHas.
OH npepJsaraer BMeCTo TOro, 4to6sl 0TAesTh napy (So, To), paboTaTh ¢ NEPBOH CTPOKOH LIEJIHKOM:

(define (pairs s t)
(interleave
(stream-map (lambda (x) (list (stream-car s) x))
t)
(pairs (stream-cdr s) (stream-cdr t))))

Byner nn Takoit kon padorats? [TocMoTpHTE, YTO TPOU3OHAET, €C/IM Mbl MONBITAEMCS BBIYMCIUTD (pairs
integers integers), ucno/b3ys onpeneneHre Xbioro.

Ynpaxsenue 3.69.

Hanumure npouenypy triples, kotopasi GepeT Tpu OeckoHeuyHblx nmotoka S, 1" u U, u nopoxnia-
eT nmoTok tpoek (S, T}, Ux), Takux, uto ¢ < j < k. C momowpio triples NOPOAHTE MOTOK BCEX
[Tu¢aropoBbIX TPOEK HATypasbHBIX YHCEJ, T. €. TAKUX TPoeK (%, 7, k), 4T0 ¢ < j U PP+ 52 =k?

Ynpaxuenue 3.70.

HHrepecHo 6blio Gbl yMeTb MOPOXKIATb MOTOKM B KaKOM-/IHOO IOJE3HOM MOpPSIAKE, a He B IOPSIKE,
3ajlaBaeMoM K CJIy4aro MPHAYMaHHBIM MTPOLECCOM YepeaoBaHHsA. M0oXKHO BOCIOJb30BaThCs METONOM, MO-
JOGHBIM MpOLEAype merge M3 ynpaxkHeHust 3.56, ecau Mbl OnpelesuM Crnocob cKasaTh, YTO OfHA Mapa
Le/BbIX UYMCes «MeHblue» Apyrod. OAuMH H3 CHOCOGOB COCTOMT B TOM, UYTOOBI OMPENENHTh «(PYHKLHIO
B3BelWBaHUst» W (i, ) ¥ NOCTAHOBUTH, UYTO (i1, j1) MeHblue, 4eM (i2,j2), ecan W (i1, j1) < Wiz, j2).
Hanumure npouenypy merge-weighted, koTopast Bo BceM Mogo6Ha merge, HO TOJbKO B KauecTBe
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l% scale: dt

add

Puc. 3.32. Ilpouenypa integral B BHe CHCTEMBI IPe0OPA30BAHUS CUTHAJIOB

JIONOJIHUTEJIBHOTO apryMeHTa IpUHHMMaeT npouenypy weight, koTopas BblUMC/ISgeT BeC Hapbl, U HC-
NoJIb3yeTcsl [/ olpeleseHHsl TMOpsiika, B KOTOPOM 3J€MEHTHl JOJKHbBI MOSIBJSITHCS B IOJyYalolleMcs
cmemnansom motoke®®. TIpu nomomy merge-weighted Hanummure npouenypy weighted-pairs,
o6obuatiyto pairs. OHa fo/KHA NMPUHMMATh [Ba MOTOKA M MPOLENYPY, BBIUMC/SIOLLYIO (DYHKLHIO
B3BeLIMBAHUS, U NMOPOXKIATh IOTOK Map, YNopsiioueHHbIX No Becy. [lopoanTe, ncnonb3ys 3Ty npouenypy:

a. IToTok Bcex map HaTypaJsbHbIX 4nces (4,7) rae ¢ < j, yNnopsiioueHHBIX MO CyMMe i + j.

6. NOTOK BCeX Map HaTypasibHBEIX uHces (i,7), The ¢ < j, HU ¢, HU j He HOeJHTCS HHU Ha 2, HU Ha 3, HU
Ha 5, ¥ Mapbl yNopsiioueHbl 0 3HAYeHHIO CyMMbl 2 + 35 + 5ij.

Ynpaxuenue 3.71.

Yucna, KOTopble MOXHO BbIPa3WTb B BHIE CYMMbl ABYX Ky060B 6oJiee, yeM OJHHMM CHOCOOOM, HHOTZAA
HasblBaloT yucramu Pamanydncarna (Ramanujan numbers), B yectb MateMaTrka LllpunuBacel Pamanyn-
xaHa'®. YropsiioueHHble MOTOKH Nap MPEefaraloT USSLIHOE pelleHHe NS 3afadd MOPOXKIEHUS TAKUX
yrces. YToObl HAMTH YKCI0, KOTOPOE MOXKHO JBYMSI pa3HbIMH Crloco6aMM 3anucaTh B BUAE CYMMBI IBYX
Ky60B, TpebyeTcsl TOJNbKO MOPOLHUTb MOTOK Map HATYpPaslbHBIX 4Hces (i,J), B3BELIEHHBIX COTJIACHO CYM-
me i* + 4% (cm. ympaxknenue 3.70), ¥ MCKaTb B 3TOM MOTOKE JBe Mapbl MOAPSA C ONMHAKOBHIM BECOM.
Hanumure npouenypy /s nopoxxaeHus yncesl Pamanynxana. [Tepsoe taxoe uncso 1729. KakoBel cie-
NYIOlHe OSTh?

Ynpaxuenue 3.72.

HMcnosib3ysi MeToq, MofoGHbIH ONMCAaHHOMY B yNpaxkKHeHHH 3.71, MOpOAMTe MOTOK BCEX YHCEJ, KOTOpble
MOXKHO 3aMicaTh Kak CyMMy ABYX KBaIpaTOB TPeMsi PA3/JUUHBIMU ClOco6aMu (M MOKaXKUTe, KAKOBBI 3TH
CIoco0bl).

IToTokHn Kak curHaJjbl

Mer Hauamu 06CyKIeHHE TTIOTOKOB C TOT0, YTO OIMHCAJNH MX KAK BBIUMCJUTEJbHBIE aHAJIOTH
«CUTHAJIOB» B cucTeMax 006paboTku curHajoB. Ha camom [ese ¢ MOMOIIbIO MOTOKOB TaKHe

69 Mp1 Gynem TpeGoBaTh OT (DYHKLMH B3BElIMBAHHS, 4TOOb BEC Maphl BO3PAacTasl MPH ABHKEHHH BIPABO MO CTPOKe
U/ BHHU3 110 CTOJOLY B MaTpHLe nap.

"0llurata u3 Hekposiora Ha cMepThb Pamanynkana, Hanucansoro I'. X. Xapau (Hardy 1921): «Kasercs, 310 MucTep
JIMTABYL 3aMeTHJI, UTO «Ka)K[0e HaTypasbHOe YHUCJO0 OBIO eMy ApyroM». §1 MOMHIO, KaK ONHaXKIbl HaBECTHJ €ro,
Korjia oH Jiexkan 6o/bHOH B [lyTHu. 51 mpuexan B Takck Homep 1729, ckasas, 4ToO YHCJIO MOKA3al0Ch MHE CKYUHBIM, U
BBEIPA3UJ HAJEXKMY, YTO 3TO He OblJIO HeCYacTNHBLIM 3HaKOM. «HeT, — OTBeTHJ OH, — 3TO OUeHb HHTEPECHOE YHCJIO;
9TO HaWMeHblllee YHCJI0, KOTOPOe MOXKHO ABYMSl Pa3jHYHBIMH CIIOCOOAMH BBEIPA3HTb KaK CyMMY IBYX KyGoB». Tpiok
C MCIO0Jb30BaHMEM B3BELUEHHBIX Map AJIsi MOpoxAeHHs uuces PamaHynkaHa Ham nokaszan Yapsbs JleiisepcoH.
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+ v -
! R C v=uv+1/C [} idt+ Ri
scale:R
v
! scale:lC integral

S--=>

Puc. 3.33. RC-uenb u cBsizdaHHasi ¢ Hell auarpaMma MoTOKa CUTHAJIOB.

CHUCTEeMBl MOXXHO MOJEJNHPOBAaTb CaMbIM HeNOCPeNCTBEHHbIM 00pa3oM, NMpeACTaBJsis 3HAYEHHUS
CUrHaja B IOCJe0BaTe/bHble MOMEHTbl BPEMEHHM KaK IOCJ/Eef0BaTesNbHble 3J€MEHTbl OTOKA.
Hanpumep, MoxkHO peanusoBath urmeepamop (integrator), uau cymmamop (summer), KoTo-
pBIE, [J15 BXOAHOTO MOTOKA & = (x; ), HayajbHOro 3HadeHust C' ¥ Majioro NpUpalieHus BpeMeHH
dt, cobrpaeT cymMmy

Si:C-FiiEjdt

j=1

¥ BO3Bpallaer noTok 3Hauenu# S = (9;). Caenyiowas npouenypa integral HamoMHHaeT
«HEesIBHOE» OMpeJeieHHe MOToKa Lebix (pasmen 3.5.2):

(define (integral integrand initial-value dt)
(define int
(cons-stream initial-value
(add-streams (scale-stream integrand dt)
int)))
int)

Ha pucynke 3.32 nokasaHa cucteMa npeo6pa3oBaHUsl CUTHAJOB, COOTBETCTBYIONIAS IPOLENYPE
integral. BxonHo#l MOTOK Ae/UTCS HA OTPe3KHU di U MPOMYyCKaeTCsl Uepe3 CyMMaTop, a BEIBOJ
cyMMaTopa OIsiTb HampasJsieTcsl Ha ero BXoA. CchliKa Ha caMoro cebsi B ONpefeseHHH int
OTpaxKeHa Ha AuarpaMMe B BHJIe LHMKJa 0OPATHOH CBSI3H, COEIMHSIOIIET0 BBIXOL CyMMaTopa C
OJIHUM H3 ero BXOJOB.

Ynpaxuenue 3.73.
MokHO MOIEe/NMpPOBaTh d/MeKTPUUYECKHE LIENMH C TIOMOLLbIO [IOTOKOB, MPECTaBMASIOUINX 3HAUEHNS TOKa /N
HamnpsiKeHUsl B ONpeJiesieHHble MOMEHThl BpeMeHH. JlomycTHM, HampuMep, YTO y Hac umeercs yenos RC
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(RC circuit), cocrosiiasi U3 pe3ucTopa ¢ CONPOTHBJIEHHeM R U KOHJAeHcaTopa eMKocTblo C', coelvHeH-
HbIX T10CJIEN0BaTENbHO. 3HAUeHHe HampsiKeHUst ¥ B 3aBUCHMOCTH OT 3a[aHHOTO TOKa 4 ONpejesseTcs
(opmyJoil, nokazaHHo# Ha puc. 3.33. CtpyKTypa (opMyJsbl MOKa3aHa Ha MpUJaraeMoil nuarpamme Io-
TOKa CHUTHAJIOB.

Hanumure npouenypy RC, mMomeaupyioulyio 3Ty Lens. Ha Bxoge RC Ho/KHA MOJydaTh 3HaYeHHUS
R, C u dt, u BbIIaBaTh NpoLeypy, KoTopas NPUHHUMAaeT Ha BXOJe MOTOK 3HaYeHHH TOKa ¢ U Haydalb-
HOe 3HaueHHe HaNpsiKeHUsl Vo, a Ha BBIXOAE BbIJAeT MOTOK 3HAUeHWH HampsikeHus v. Hampuwmep, y
Bac no/mxHa O6bITh BO3MOXHOCTb cMozeanposath npu nomouwn RC RC-uenb ¢ R =5 oM, C = 1 da-
pazne, ¥ BpeMeHHbIM waroM B 0,5 cekyHnbl, BoiuncauB (define RC1 (RC 5 1 0.5)). 3mech RC1
ompefessieTcs KaK Mpoliefypa, KOTopast IPUHUMAaeT Ha BXOJe NOTOK, NPeACTaBJSIOLMH BpeMeHHYI0 MOo-
CJ1efl0BaTe/IbHOCTb TOKOB, M HCXOQHOe HaIps>KeHHe Ha KOHJEHCaTope, a Ha BhHIXOJe JaeT BpPeMeHHOH
MIOTOK HampsiZKEeHHH.

Ynpaxuenue 3.74.

Jlusa I1. Xakep paspabaTbiBaeT cucTeMy AJif 06pabOTKH CHIHAJIOB, MPUXOAALIMX OT (PU3HUECKHX CeHCO-
poB. OnMH M3 BaXKHBIX HHCTPYMEHTOB, KOTODEIF OHa XOUeT MOCTPOMTb, — 3TO CHTHaJl, OMHUCBIBAOLLUH
nepexo0b. 8X00H020 Cu2HAAQ 4epe3 HOAb (zero crossings). BEIXonHON curHan HOJKeH paBHATbCA +1,
KOIJla CUTHaJ/l Ha BXOJle MeHsIeTCsl C OTPHLATENbHOIO Ha MOJIOXKUTEJbHBIH, -1, KOTa CUrHal MeHsleTcs ¢
TIOJIOXKHUTEIBHOTO Ha OTPULIATeNbHBIH, ¥ 0 B OCTa/MbHBIX caydasx. ([lomycTnM, 4To 3HaK HYyJeBOro BXOAa
noJoxureseH). Hanpumep, THIHUHBIE BXOAHON CUTHAJ U CBSI3AHHBIH C HUM CUTHAJ I€PeXofia uepe3 HoMlb
MOTYT BBITVILETH TaK:

...1 2151056 =01 -2 -3 -2 —05 02 3 4
00 00 O -1 0 0 O 0 10 0...

B JlusuHOH cucTeMe CHrHa/l OT CeHcopa MNpejcTaBJseTcs Kak NOTok sense-data, a zero-
crossings mnpejacTaB/sgeT COOTBETCTBYIOLIMH MOTOK mnepeceueHui Hyas. JHas Hauana Jlusa nuwer
npouenypy sign-change-detector, KoTopas 6epeT 1Ba 3HaYeHHs B KaueCTBe apryMeHTOB H, CpaB-
HHMB HX 3HakW, BbigaeT O, 1 umam -1. 3aTreM OHa CTPOMT MOTOK [EPEXOf0B yYepe3 HOJb CJ/eLyUM
o6pasom:

(define (make-zero-crossings input-stream last-value)
(cons-stream
(sign-change-detector (stream-car input-stream) last-value)
(make-zero-crossings (stream-cdr input-stream)
(stream-car input-stream))))

(define zero-crossings (make-zero-crossings sense-data 0))

Mumo npoxoaut JIusuna HadanbHuua EBa Jly ATop u 3ameuaet, 4To mporpamMma IpHOJIH3HUTE/BHO PaB-
HOCHJIbHA CJIeflyIollel, HalMCaHHOH ¢ HCMoJb30BaHHeM 0000IIeHHOH BepcHH stream-map M3 ynpaxk-
Henus 3.50:

(define zero-crossings
(stream-map sign-change-detector sense-data (BmpaxeHue)))

3aBeplunTe NPOrpaMMy, BCTaBUB HEOOXOLUMOE (Bbipajicerue).

Ynpaxuenue 3.75.

K coxanenuio, JIusun netekTop nepexona uepe3 HOJb U3 yNpaxkKHeHHs 3.74 oKa3blBaeTCsl HEIOCTATOU-
HBIM, TIOTOMY YTO 3alIyMJEHHBII CHTHAJ OT CEHCOPOB IIPHBOAUT K JIOXKHBIM cpabarTblBaHUsM. MHxeHep-
snekTpoHuMK Jlafiko IlonpaBuu npensaraer JIkse craanuTh cMrHad, uToObl OT(UIBTPOBATH LIYM, MPeXK-
Je, 4eM OTJaBJMBaTh IepecedeHHe Hyasl. JIM3a NPUHMMAaeT e€ro COBET U pellaeT W3BJeUb Iepexofbl
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yepe3 HOJIb U3 CHTHaJa, N10JyYeHHOr 0 B3ITHEM CpelHero apu(MeTHYeCKOro Kaxk0ro 3HayeHHs BXOAHBIX
NAHHBIX C MpeAblAyIHUM 3HayeHHeM. OHa 0ObsICHseT 3aady CBOeMY NMOMOLIHHMKY Xbioro ymy, u TOT
MBITAETCS peasv3oBaTh HAel0, MOoNpaBuB JIM3UH TEKCT cjeAyIoUIUM 06pa3oM:

(define (make-zero-crossings input-stream last-value)
(let ((avpt (/ (+ (stream-car input-stream) last-value) 2)))
(cons-stream (sign-change-detector avpt last-value)
(make-zero-crossings (stream-cdr input-stream)
avpt))))

DTOT KoI HEBEepHO peasusyeT 3ambices Jlnswl. Halimute ommbKy, BHeceHHYW XbIOTO, U HCIPaBbTE ee,
He MeHsist cTPyKTypy nporpammbl. (ITonckaska: mpUAeTCst YBENMYHUTb YHCIO apryMeHTOB make-zero-
crossings.)

Ynpaxuenue 3.76.

Epa Jly Arop HemoBosbHA MNOAXOLOM XbIOro M3 ympaxHeHus 3.75. Hanucannas uMm mporpamma He
MOJyJ/IbHa, TOCKOJIbKY CMellHBaeT Olepaluy CraxKMBaHUsS M OTJIOBa NepeceueHHi Hossl. Hanpumep, Tect
Ha MepecevyeHHe He JOJKeH M3MeHAThbCs, ec/d JIMse ynacTess HalUTH ApYTo# crnocod yaydylluTbh KayecTBO
BXOJHOro curuaja. [Tomorurte Xpioro 1 HaNmuIIUTe NpoLeaypy smooth, koTopas GepeT Ha BXoJe MOTOK, a
Ha BBIXOJIe BBIAET NOTOK, 3/1€MEeHThl KOTOPOro MOJIyUYeHbl YCpeHeHHeM KaKAbIX ABYX MOCJIeN0BaTelbHbIX
3/IeMEHTOB BXOJHOIO NOTOKA. 3aTeM HCIOMNb3yHTe smooth Kak KOMIIOHEHTY U peasiu3yiTe IeTeKTOp
nepexoa yepes HOJb B 6oJlee MOLYJIbHOM CTHJIE.

3.5.4. IloTtoku u 3afepKaHHOE BbIYHMCJIEHUE

[Tpouenypa integral B KOHIle NpelblAYILIEro pasfesa MOKa3biBaeT, Kak ¢ MOMOLIbIO I0-
TOKOB MOXKHO MOJIE/IMPOBATh CHCTEMbl 00PabOTKH CUIHAJIOB, KOTOPblE COAEpKaT LHKJbl 06part-
HO# cBsidu. LMKy oOpaTHOH CBf3H IJ1s1 CyMMAaTopa, MOKa3aHHbIH Ha puc. 3.32, Momenupyercs
TeM, YTO BHYTPEHHHH MOTOK int B mpoueaype integral onpenessieTcst ¢ UCMOJIb30BAHUEM
cebsl caMoro:

(define int
(cons-stream initial-value
(add-streams (scale-stream integrand dt)
int)))

Crnoco6HoCTb MHTepnperatopa paboTaTb C TaKUM KOCBEHHBIM OINpeleseHHeM 3aBHCHUT OT
delay, BcTpoeHHOTO B cons-stream. Bes 3Tol 3aiepXKH HHTepHpeTaTop He MOr OBl I10-
CTPOUTh int, He BHIYMCAUB 00a aprymMeHTa cons-stream, a 1/ 3TOr0 HYXKHO, 4ToObl int
yxe Obl1 onpesiesieH. B obmem ciaydae, delay urpaer KJ/i04eByl0 POJb, KOTJa Mbl MOJEJH-
pyeM cucTeMbl 00pabOTKH CHTHAJIOB ¢ 06paTHOH CBSI3bIO NPH MOMOLIK NOTOKOB. B oTCcyTCTBHE
3a/lepKKH HaM IPUXOAUJIOCH Obl (hOPMY/NHpPOBaTh MOIEJNH Tak, YTOObl BXOJ BCSKOro obpabda-
TBIBalOLLero 6J10Ka MOJHOCTbIO BBIUMCIISAJCS, Tpexe yeM OJI0K BblIaeT 4YTO-JMO0 Ha BBIXOZE.
Takoe yc/i0BHE HCKJIFOYAeT LIUKJIBL

K coxaseHuo, OTOKOBble MOJENH CHCTEM C LUKJAMH MOTYT TpeGOBaTh NMPUMEHEHHs 3a-
JepKeK MOMHMO TOH, KOTOpasi «ClpsiTaHa» B cons-stream. Hanpuwmep, Ha pucyHke 3.34
nokasaHa crucTeMa o6paboTKH CHIHAJIOB, peliamoiias nudepeHyasbHoe ypaBHeHue dy/dt =
fly), rne f — 3amanHas ¢pyHKuus. Ha pucyHKe nokasaH oToOpaKawoiui 610K, KOTOPBIE MPH-
MeHsieT f KO BXONHOMY CHTHaJsly, CBS3aHHBIH B LIMKJ OOpPAaTHOH CBSI3W C MHTErPaToOpPoOM. DTO



3.5. INoToku 325

d
map: [ y integral Y

Puc. 3.34. «AnasoroBasi KOMIbIOTEPHAS Lellb», KOTOpasi peliaer ypaBHenue dy/dt = f(y).

O4YeHb M0X0XKe Ha paboTy aHaJOrOBBIX CXeM, JEHCTBUTEJNbHO HCIOJb3yeMBIX MAJs pelLleHHs
TaKOro pPojia ypaBHEHHUH.

Ecny HaMm naHO HauyasbHOE 3HA4YeHHE Yo, MBI MOIVIM Obl MOMBITATHCS CMOAEIMPOBATH 3TY
CUCTEMY C TOMOLIBIO MPOLEAYPHI

(define (solve f y0 dt)
(define y (integral dy y0 dt))
(define dy (stream-map f y))
y)

dta nmpouenypa He paboTaeT, IOTOMY UTO BbI30B integral B mepBoil cTpoKe solve Tpely-
eT, 4ToOBl GBI ONpeneseH BXONHOH MOTOK dy, a 3TO MPOUCXOAMT TOJNBKO BO BTOPOH CTPOKe
npouenypsl solve.

C npyro#t CTOPOHBI, 3aMBICJ, 3aKJIOUEHHBIH B 9TOM OINpefe/IeHUH, BIIOJIHE 3/1PaB, MNOCKOJb-
Ky MBI MOXeM, B IPHUHLUIE, HayaTb [OPOXKIATb NOTOK y WU He 3Has dy. JeHcTBHTENbHO,
integral u MHOrMe ApYyrHe oOlepalMy Haji MOTOKaMHU 06/afaloT CBOHCTBAMH, MOAOOGHBIMU
cons-stream, a UMEHHO, Mbl MOXKeM TOPOAMTH YaCTb OTBETA, JaxK€ eCJd HaM JaHa TOJbKO
yacTHuHas uHpopManus o6 aprymenrtax. B ciydae integral, nepBbifi 3/eMeHT BBIXOLHOTO
MI0TOKAa eCThb yYKa3aHHOe HavyaslbHOe 3HaueHHue initial-value. Takum o6pasomM, MOXKHO IO-
POAMTDb TEPBHIH 3JIeMEeHT BBIXOLHOTO MOTOKA U He BBIYMC/ISAS UHTErPUPYeMyo BendnHy dy. A
pas Mbl 3HaeM INepBBIH 3JIeMEHT Yy, TO stream-map BO BTOPOH CTPOKe solve MOXKeT HauaThb
paboTaTh U MOPOAUTH MepBBIH 37eMeHT dy, a C ero MOMOILIbIO Mbl MOJYYUM BTOPOH 3JeMEHT
Y, ¥ Tak jajee.

Uro6bl BOCNONB30BATbCS ITOH HAeeH, MmepeonpenenuM integral Tak, YToOB OH OXKHAAJ
MHTErpUpPyeMblH MOTOK B BUAe 3adepscarnnoco apeymenma (delayed argument). Integral
OyneT pa3MopaxKHMBaTh BBIUMCJ/EHHE BXOAHOIO MOTOKA 4yepe3 force TOMBKO TOrna, Koraa emy
HY?KHO TOPOIUTH 3JIEMEHTBl BXOAHOI0 NMOTOKA MOMKUMO T1epPBOro:

(define (integral delayed-integrand initial-value dt)
(define int
(cons-stream initial-value
(let ((integrand (force delayed-integrand)))
(add-streams (scale-stream integrand dt)
int))))
int)
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Tenepp MOXKHO peasiu30BaTh NpoLeypy solve, 3aiepxKaB BbluKc/IeHHe dy BHYTPHU olpeseJe-
nus 7L

(define (solve f y0 dt)
(define y (integral (delay dy) y0 dt))
(define dy (stream-map f y))
y)

Teneps npu J11060M BbI30Be integral He0OXOAMMO 3a/ePKMBATh UHTEIPUPYEMBIH apryMeHT.
MoxxHo nokasars, 4To npouenypa solve paboTaer, annpoKCHMHUPYS e ~ 2.718 BelUHC/IeHHEM
B TouKe y = 1 perueHus: nuddepeHLHaNbHOr0 ypaBHeHHs dy/dt = y ¢ HayaJbHBIM YCJOBHEM

y(0) =1:

(stream-ref (solve (lambda (y) y) 1 0.001) 1000)
2.716924

Ynpaxuenue 3.77.

BolwenpuBeeHHas npouenypa integral Obljia aHAJOTHYHA <«HENPSIMOMY» ONpeJeseHHI0 GeCKOHEeUHO-
ro MOTOKAa HATypajbHbIX 4ucCesa W3 pasfesna 3.5.2. B Bupje ajbTepHATHBBI MOXHO HaTh OMNpelesieHHe
integral, Gosee noxoxee Ha integers-starting-from (takxe B pasgese 3.5.2):

(define (integral integrand initial-value dt)
(cons-stream initial-value
(if (stream-null? integrand)

the-empty-stream

(integral (stream-cdr integrand)
(+ (* dt (stream-car integrand))

initial-value)

dt))))

B cucTemax ¢ nuk/aamMu 3Ta peasnusalyes NopoxaaeT Takue ke NpobJeMbl, KaK U Halla HCXOLHAs Bepcus
integral. Monuduuupyiite mpouenypy Tak, yToObl OHa OXHAajJa integrand Kak 3alep:KaHHBIH
apryMeHT, a CJIel0BaTe/IbHO, MOria ObITh HUCIIOJIb30BaHA B MpoLeAype solve.

Ynpaxuenue 3.78.
PaccmoTpuM 3amauy NpoeKTHPOBAaHHS CHCTEMbl 00pabOTKH CHIHAJIOB MJISl PELeHUs FOMOTE€HHBIX JIHHEH-
HbIX JU(depeHaNbHEIX YPaBHEHHH BTOPOro Mopsifika

dy  dy

e aE —by=0
BbIXonHOH MOTOK, MOAENUPYIOLIHUH Y, MOPOXKAAETCS CETbIO, COlepKallleld LUK, DTOT LHUKJ BO3HHKAET
TMOTOMY, YTO 3HaueHue dy/dt* 3aBucHT oT 3HaueHHil y U dy/dt, a OHM 06a MOMyYaIOTC UHTErPUPOBAHH-
em d?y/dt®. luarpamMma, KOTOPYI0 HaM XOTeJoCh Obl 3aKOAMPOBATh, MOKa3aHa Ha puc. 3.35. Hamumure
npouenypy solve-2nd, KoTopasi B KayecTBe apryMeHTOB OepeT KOHCTaHTH a, b U dt W HavyaslbHble
3HauYeHHs Yo U dyo AJS y U dy, ¥ TIOPOKIAET MOTOK MOCJAE0BATENbHBIX 3HAYEHUH Y.

"IHe rapanTupyercs, uto 3Ta mpouenypa GyzeT paboTaTh BO Bcex peanusanuax Scheme, Ho s MoOGoH peanusa-
LMK JOJKEH HalTHCh TPOCTOH Crocol 3acTaBHUTh MOLOOHYIO Mpoleaypy pa6oraTb. [IpoG/eMbl CBI3aHBI ¢ TOHKHMH
pasnU4MsIMH B TOM, KaK peanusauuu Scheme oGpabaTeiBaloT BHyTpeHHHe onpenenenus. (Cm. pasnen 4.1.6.)
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dyo 17

v i
ddy dy y

integral ¢—{integral

scale:a

add

scale:b

add

Puc. 3.35. luarpaMma noToka CHUTHAJIOB /IS PellleHust JHHeHHOoro nudpepeHHalbHOTO ypaB-
HeHHUs! BTOPOro MopsiiKa.

Puc. 3.36. IlocaenosatesnbHas RLC-1enb
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Ynpaxuenue 3.79.
O6o6wute npouenypy solve-2nd u3 ynpaxHeHus 3.78 Tak, 4TOObl C €€ IMOMOLIbIO MOXHO OBLIO
perath AuQdepeHIraibHbie YPaBHEHUS BTOPOTO Mopsiika obuiero una d2y/dy® = f(dy/dt,y).

Ynpaxuenue 3.80.

[Tocaedosamenvras RLC-yens (series RLC circuit) cocTodT M3 pesaucropa, KOHAEHCATOpPa W KaTYILIKH
HHAYKTHUBHOCTH, COEIMHEHHbIX I10C/EN0BaTe/bHO, KaK MOKa3aHo Ha puc. 3.36. Ecau compoTuBieHue,
HHAYKTHUBHOCTb M €MKOCTb PaBHBI, COOTBETCTBeHHO, R, L u C, TO OTHOLIEHUS] MEXIY HanpsKeHHeM v
U TOKOM i Ha TPeX 3JeMeHTaX OMUCBIBAIOTCS YPaBHEHHSAMH

vr = irR
_ dir,
vL = E
. duc
wc = W
a Lenb AUKTYET COOTHOLUEHUSA
iR =i = —icC

v = VL + VR

CoueTaHue 3THUX YCJOBHH TOKa3bIBAET, UTO COCTOSIHHE LeNH (XapaKTepHayeMoe uepe3 vc, HanpsiKeHHe
Ha KOHJIeHCaTope, M iy, TOK Yepe3 KaTYIIKY) ONUCHIBAETCS Mapod AHddepeHIHaNbHEIX YPaBHEHUH

dvc . ir

dat - C
dir 1 .
F A A
JluarpaMma MoToKa CUIHaJOB, NpeACTaB/sioNlas 3Ty cucTeMy AH((epeHIHalbHBIX ypaBHEHUH, MTOKa3a-
Ha Ha pucyHke 3.37.

Hanumure npouenypy RLC, KoTopas B KadecTBe apryMeHToB Oeper mapameTpnl uenu R, L u C
U TOYHOCTb 1O BpeMmeHHU dt. [lomo6HO mpouenype RC u3 ympaxkHeHus 3.73, RLC H0J/KHA MOPOXKIATb
NpoLEeAYpY, KoTOpasi GepeT Haua/bHble 3HaUEHHUs] IepPeMeHHBIX COCTOSIHUS U, U i1, U MOPOXKIAaeT (uepes
cons) napy NoTOKOB COCTOSIHUSA vc U ir,. C nomolbio RLC MOPOAXTE Napy NOTOKOB, KOTOpasi MOENHPYeT
noBefienne RLC-uenu ¢ K = 1 om, C = 0.2 dapan, L = 1 renpu, dt = 0.1 ceKyHIbl, U HaYaJbHBIMU
3Ha4yeHUsAMH i, = 0 amnep U vc, = 10 BOJIBT.

HopmaabHblii OPSAOK BBIYMCIEHUI

[TpumMeprr U3 3TOro pasiesa MOKa3bIBAIOT, KaK sIBHOe HcIoJb3oBaHue delay u force co-
o6L1aeT NPOrpaMMHUPOBAHHIO 60JbLIYIO TMOKOCTb, OJHAKO Te 2Ke caMble PHMepbl I0Ka3bIBAIOT,
KaK HallM IporpaMMbl OT 3TOIO MOI'YT CTaTh C/I0XKHee W 3anyTaHHee. Hanpumep, HoBas npole-
nypa integral no3BoJisieT MOIENHUPOBATh CHCTEMBI C LHKJIAMH, HO Telepb HAaM MPUXOAUTCS
MIOMHHUTb, UYTO 3BaTh €€ HAlO0 C 3a[ep:KaHHBIM apryMeHTOM, U BCe MpPOLEAYPHI, KOTOPbIe MOJb-
3yloTcsl integral, NOJIXKHBI 3TO 3HaTh. B pe3ysbTaTe Mbl CO3hanu [Ba KJjacca MPOLELyp:
0OblYHblE U Te€, KOTOPHIM TpelyloTcsl 3aliep:KaHHble apryMeHTH. B oflieM ciaydae co3paHue
HOBBIX KJ1aCCOB IpoLenyp TpeOyeT OT Hac elle ¥ CO3AaHHS HOBHIX KJACCOB MPOLEYpP BbICLINX

nopsiaKoB’ 2.

723[[6(1]3 MbI IoJiy4aeM B Jlucne cnaboe OTpaxeHue Tex CJIOXKHOCTEH, KOTOpbl€ BO3HHUKAIOT IIPH paﬁoTe C npore-
AypaMH BbICIIUX MOPSAAKOB B 0OBIKHOBEHHBIX CHJIbHO TUNHM3HMPOBAHHBIX f3bIKaX BpoOAE ITackansi. B takux si3biKax
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Puc. 3.37. lnarpamma mnoToka CHrHaJIOB JJIsl pellieHUsi YpaBHeHHWH nocJgenoBaTenbHod RLC-
LeMy.

OnuH 13 cnoco6oB u3bexaTb HEOOXOAUMOCTH BBOAWUTb [Ba KJacca MPOLELYpP COCTOWUT B
TOM, YTOOb! 3aCTaBUTb BCE NPOLENYPbl IPUHUMATD 3a/iep2KaHHble apryMeHThl. MoXXHO IPUHATD
MOJeJsb BbIYUCJEHHH, B KOTOPOH BCe apryMeHTHl NPOLeNyp aBTOMaTHUYECKH 3allep:KHUBaloTC,
M BBIHYXKIEHHE MPOUCXOAUT TOJNBKO TOTAA, KOTHA MX 3HAUEHHs] PeajibHO HYXKHbI (Hampumep,
[J151 BBIIOJIHEHHUS 3/JIeMEeHTapHOH onepauuu). Takum 06pa3oM Hall sI3bIK CTAHET MCI0Jb30BaTh
HOPMaJIbHbIH TOPSIIOK BBIYMCJAEHHH, KOTOPBIH Mbl BIepBble ONHCAJ/H, KOTAA Pa3roBOp LIeJ O
TIOACTAHOBOUHOH MOZEJH BBIUHCJeHMH B pasmene 1.1.5. [lepexonm K HOpMasjbHOMY MOPSIAKY
BBIUMCJIEHUH MPENOCTaBAseT HAM U3ALIHBIH U elMH000pa3Hbli cnocod YyHNpOCTHTb UCIHOJb30-
BaHUe 3aJepxKaHHBIX BBIYMCJAEHNUH, U eC/i Obl HAaC HHTepecoBasa TOJbKO 006paboTKa MOTOKOB,
Obls10 OBl €CTECTBEHHO IMPUHATbL 3Ty cTpaTeruto. B pasnmesne 4.2, mocje TOro, Kak Mbl H3y-
YUM YCTPOHCTBO BBIUHUCJHUTEJS, MBI YBUIUM, KaK MOXKHO NpeoOpa3oBaTh S3blK UMEHHO TaKHM
crnioco6om. K coxasnenuto, 106aBUB 3a/ilepKKH B BbI30Bbl NIPOLELYP, Mbl COBEpIIEHHO JIHLIH-
J1 ce0s1 BO3MOXKHOCTH CTPOUTb NPOTrpaMMbl, paboTa KOTOPbIX 3aBUCHUT OT NOpsKa COOBITHH,

MPOrPAMMUCTY HYXHO yKa3blBaTh THIIbl JaHHBIX /sl apryMEHTOB W pesy/bTaTa Kax[OH MpOLEeLypbl: UHCJIO, JIOTH-
YyecKoe 3HaueHHe, roc/eoBaTebHOCTb U T. A. CJlefoBaTesbHO, Mbl He MOXEM BbIPa3UTb TaKyl aOCTpaKLHIO, Kak
«IIPUMEHHTDb JaHHYI0 MPOLENyPy PrOC KO BCEM 3JIeMeHTaM I0C/e0BaTebHOCTH» B BHJE eIMHON MpOLeLyPHl BbICIIe-
ro nopsiika Bpoie stream-map. BmecTo storo Ham notpebyercs oThesbHast mpolieaypa AJs Ka)KAOH KOMOMHALMK
THUIOB apryMeHTOB M pe3yJbTaTa, KOTOpble MOXKHO yKasaTb IJsi proc. [Ipaktuyeckass Moijep:KKa MOHSATHS «THI
IaHHBIX» TPH HAJWYHH MPOLEAYD BBICLIKX MOPSAKOB MPUBOLHT KO MHOTHM HHTepecHbIM mnpoGiemam. OIHH U3 crio-
co00B paboTel ¢ HUMH HaTocTprpyet siabik ML (Gordon, Milner, and Wadsworth 1979), B koTopoM «mosuMopdHbie
THUIbl JaHHBIX» BKJIOYAIOT IAGIOHBl AJIs peoOpa3oBaHUi MeX[y THIAMH NaHHBIX BbICIIEro ypoBHs. Bosee Toro,
1J1s1 GOJIBIIMHCTBA npoueayp B ML THMbl HaHHBIX SIBHO He OMpeNeJsoTCs mporpaMMHcToM. Bmecto atoro B ML
BCTPOEH MexaHH3M 8bi800a munog (type inference), KOTOpbIH MPH MOMOLIH KOHTEKCTHOH HH(OPMALHUH BBIYHC/ISET
THUIbl JaHHBIX JJIS BHOBb OMpeAeJsieMbIX [POLELyp.
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TO e€CTb MPOTrpaMMbl, UCIIOJb3YIOUIMe NPUCBAWBaHUe, U3MEHSIOLIHMe CBOU NaHHble UJIH NPOU3-
BoAsiIMe BBOA-BbIBOL. OnHO-€IMHCTBEHHOE HCIIOJb30BaHHe delay B (opMe cons-stream
y2Ke MOXKET TIPUBECTH K Hepa3bepuxe, KaK MMOKa3aHO B ympaxkHeHusix 3.51 u 3.52. Hackosbko
U3BECTHO, B $I3BIKAX MPOTPAMMHUPOBAHUS H3MEHEHHE COCTOSIHUS U 3aJlep:KaHHble BBIYHUCJIEHUS
[JI0XO COBMECTHMbl, U NOUCK BO3MOXKHOCTeH HCMO/Nb30BaTh OJHOBPEMEHHO U TO, U Ipyroe
SIBJISIETCS] aKTHBHOH 00J1aCThI0 UCCJI€JOBAHUH.

3.5.5. MoaynbHOCTh (PyHKIIMOHAJbHBIX MPOrpaMM
¥ MOAYJIBHOCTb 00BEKTOB

Kak mbl Bunenu B pasnese 3.1.2, omHO M3 OCHOBHBIX NPEUMYLLECTB OT BBEIEeHHS MPHUCBa-
UBAHHUS COCTOMT B TOM, YTO Mbl MOXKEM MOBBICUTb MOAYJBHOCTb CBOMX CHCTEM IPH MOMOILLH
WHKAMCYJASALUUH, WU «COKPBITHS», YacTeHd OOJbIIOH CUCTEMbl BO BHYTPEHHHUX IepeMEHHBIX.
[ToToKOBBIE MOLEIU MOI'YT MPENOCTABUTb HAM TAKOH K€ YpOBeHb MOAYJbHOCTH 6e3 HCIO0Jb30-
BaHUS NPUCBaMBaHUs. B KauecTBe mprMepa Mbl MOXKEM 3aHOBO PeajM30BaTh aIMMPOKCHMALHIO
m MertogoM MounTe-KapJsio, KoTopylo Mbl paccMaTpuBasd B pasgesne 3.1.2, ¢ TOUKM 3peHHS
00pabOTKH MOTOKOB.

['naBHas 3amaua npu obecriedeHUU MOAYJIbHOCTH COCTOsIA B TOM, UTO HaM XOTeJOCh CIpSi-
TaTb BHYTPeHHee COCTOSIHME TeHepaTopa CJAydyalHbIX YUCeJ OT MPOrpaMM, KOTOpble MOJb3Y-
I0TCA CJAY4YalHBIMUM uncaaMd. Mbl Hagaau ¢ npouenypsl rand-update, mnocjenoBaTtesbHble
3Ha4YeHHs1 KOTOPOH CJYXKHJM JJIS HAC HCTOYHHKOM CJyYaHHBIX UHCEJ, U YK€ C ee MOMOLIbI0
MOCTPOUJIM I'eHepaTop CAyUaWHBIX YHCEI:

(define rand
(let ((x random-init))
(lambda ()
(set! x (rand-update x))

x)))

[Ipu ¢dopmynupoBKe MoCpeACTBOM MOTOKOB TeHEpaTopa CJAYYaWHBIX YHUCes] KaK TaKOBOTI'O
He CYLLEeCTBYyeT, UMeeTCsl TOJbKO MOTOK CAY4YalHBIX 4HUCeJI, MMOJYYeHHbIX BblI30BaMHU rand-—
update:

(define random-numbers
(cons-stream random-init
(stream-map rand-update random-numbers)))

C ero IIOMOLIbBIO MbI IOPO2KAAEM IIOTOK pPe3yJibTaTOB HCIBbITAHUH Llesapo, IIPOBEAEHHbIX Ha
nocJieJOBaTe/bHBIX TapaxX MOTOKa cnyqaf/’lelx qHuceJI:

(define cesaro-stream
(map-successive-pairs (lambda (rl r2) (= (gcd rl r2) 1))
random-numbers) )

(define (map-successive-pairs f s)
(cons-stream
(f (stream-car s) (stream-car (stream-cdr s)))
(map-successive-pairs f (stream-cdr (stream-cdr s)))))
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[ToTok cesaro-stream nonaercs Ha BXOA Ipoliefiype monte-carlo, KoTopasi MOpoXia-
€T MOTOK OLIEHOK BepOSITHOCTH. 3aTeM 3TOT pe3yJbTaT Mpeobpasyercsi, U MOJydaeTcsl MOTOK
OLEHOK 3HadeHHUsl 7. B 3Tol Bepcuu mporpamMmbl He TpeOyeTcsl mapameTpa, yKasblBaloOLILero,
CKOJIbKO HUCTIBITaHUH TpebyeTcs MPOBOAUTh. DoJiee TOuHBIe OLEHKH 7 (TOJydeHHBIe NPH GOJb-
IIeM KOJIHUEeCTBE HCIBITAHWH) MOXKHO MOJNYYHTh, HaJblie 3arJsiHyB B IOTOK Pi:

(define (monte-carlo experiment-stream passed failed)
(define (next passed failed)
(cons-stream
(/ passed (+ passed failed))
(monte-carlo
(stream-cdr experiment-stream) passed failed)))
(if (stream-car experiment-stream)
(next (+ passed 1) failed)
(next passed (+ failed 1))))

(define pi
(stream-map (lambda (p) (sgrt (/ 6 p)))
(monte-carlo cesaro-stream 0 0)))

Taxo# monxon IOCTAaTOUHO MOIYJEH, MOCKOJbKY Mbl T1O-IIPEKHEMY HMEEM BO3MOXKHOCTb C(hop-
MyJHpoBaTh 00LIyl0 MpoLeaypy monte-carlo, paboTawIlylo C NPOM3BOJIbHBIMH HCIIBITAHH-
saMd. OfHaKO 31eCh HET HU MPUCBaUBaHHUS, HH BHYTPEHHETO COCTOSIHHUS.

Ynpaxuenue 3.81.

B ynpaxkHeHuu 3.6 o6cyKnanach BO3MOXKHOCTb 0GOOLIMTb eHepaTop CJAydaiHBIX 4HCes] M MO3BOJHUTh
N0JIb30BaTeNI0 cOpachlBaTh MOC/AEJ0BAaTEbHOCTh CJAY4YaHHBIX YMCeJ, TaK, 4TOObl MOXKHO ObLJIO MOPOXK-
JaThb BOCIPOU3BOAHMbIE «C/yyaiiHble» MocsefoBaTe/lbHOCTH. [locTpoiiTe MOTOKOBLIM BapHaHT TaKOH 2Ke
npolefypbl-reHepaTopa, Kotopasi paboTaeT co BXOLHBIM TIOTOKOM 3alpocoB Buja generate — MOPOAUTH
HOBOE YHCJIO, OO reset — cOPOCHTHL MOCJEN0BATENbHOCTb B HYXKHYIO TOYKY, H KOTOpas NopoxiaaeTr
TpebyeMblil TOTOK cy4alHBIX uHces. He ncronb3yiiTe B cBoeM pellleHUH NPHCBaUBAHHE.

Ynpaxuenue 3.82.

[TepepenaiiTe Ha OCHOBe NOTOKOB yNpaxKHeHHe 3.5 Ha WHTerpupoBaHue MerogoM Mounre-Kapio. Iloto-
KOBasl Bepcusi nmpouelypsl estimate-integral He TpebyeT apryMeHTa, KOTOPbIH T'OBOPHT, CKOJIBKO
TNPOBOAMTE HCNEITaHHH. BMecTo 3Toro oHa mopoxiaeT MOTOK OLEHOK, OCHOBAHHBIX Ha Bce GoJiblieM
KOJIHYeCTBEe HCIbITaHUH.

Barasg Ha BpeMs B (yHKIIMOHAJBHOM IIPOTrpaMMHpPOBAHUH

Bepnemcs tenepb k BompocaMm 06 00beKTax M M3MEHEHWH, NMOAHATBIM B HauaJje 3TOH IJa-
Bbl, 1 PacCMOTPHM HX B HOBOM cBeTe. Mbl BBe/M NpHUCBAaWBaHHE M H3MeHsieMble OOBEKTHI,
4TOObl UMETh MeXaHU3M [J/151 MOAYJbHOIO MOCTPOEHHS MPOrpaMM, KOTOpble MOAENHpPYIOT obJa-
Jalolllde COCTOSIHUEM cUcTeMbl. Mbl MOPOXKAAAH BBIUHCAHUTENbHbBIE OOBEKTHl C BHYTPEHHUMH
nlepeMeHHBIMH COCTOSIHUS U H3MEHSJIH 3TH 00beKTHI IPH MOMOLIM NpUCBauBaHus. Mbl Mozen-
poBaJ/IM BpeMeHHOe NoBeieHHe 00beKTOB MUpa Yepe3 BpeMeHHOe MoBeJleHHe COOTBETCTBYIOLIUX
BBIYMCJAUTENBbHBIX OOBEKTOB.
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Tenepb Mbl BUIMM, UTO MOTOKH JAIOT ajJbTEPHATHBHBIA CIOCOO MOAEJTUPOBAHHUS 0OBEKTOB,
00J1aIaf0IIUX BHYTPEHHUM COCTOsiHWEM. MOXKHO MOIENHMPOBATH HW3MEHSIOIIYIOCS BEJUUHUHY,
HampuMep, BHYTPeHHee COCTOSTHIE KAKoro-aub0o 06beKTa, 4epe3 MOTOK, KOTOPBIH MPeICTaBIsSeT
JNUHAMUKY U3MeHeHUH COCTOsIHUS. B CyIIHOCTH, C MOMOIIBIO TIOTOKOB MBI TIPEACTABJSIEM BPEMS
SIBHO, TaK 4TO BpeMs B MOJEJHUPYEMOM MHpE OKa3blBaeTCsl OTHEJEHO OT MOCJEeN0BATEIbHOCTH
COOBITHH, TPOUCXOASIIIMX BO BpeMs BbluuceHus. [leficTBUTeIbHO, Garofaps Hamuunio delay
MeXITy UMUTHPYEMBIM BPeMeHEM MOJEJH U TOC/e0BATENbHOCTBIO COOBITUH MPU BHIUNUCJIEHUH
MOXKeT ObITb BeCcbMa MaJio OOILIEro.

UTo6bI COMTOCTABUTD STH JBA MOAX0IA K MOJEJUPOBAHHUIO, PACCMOTPHUM ellle pa3 «06paboT-
YUK CHSTUS JEHer», CJe/sIlMi 3a 3HaueHneM GanaHca Ha 6AHKOBCKOM cuety. B paspmese 3.1.3
Mbl peaJiM30Bajid YIPOILIEHHYIO BEPCUI0 TAKOH MporpaMMbl 06pabOTKH:

(define (make-simplified-withdraw balance)
(lambda (amount)
(set! balance (- balance amount))
balance))

BrizoBel make-simplified-withdraw nopoKaaT BEIUUCIUTENbHbBIE 0OBEKTHI, U KaXKblH
M3 HHUX COLEPKUT BHYTPEHHIOK IlepeMeHHYI0 balance, KoTopas yMeHbLIAeTCs NPU KaxKa0M
o6palileHdl K 00beKkTy. DTOT OOBEKT MPUHHUMAeT B KauyeCTBe apryMeHTa KOJHMUYECTBO AEHEr
amount, a Bo3BpaliaeT HOBbIH OasaHc. MoXKHO mpencTaBUTh cefe, KaK M0Jb30BaTeNb OaH-
KOBCKOTO CueTa IeyaTaeT IMOCJe[0BATeNbHOCTh BXOAHBIX NAHHBIX /ISl TAKOro 0OBbEKTa U pac-
CMaTpuBaeT Ha 3KpaHe AHCIIES I10CJAeL0BATENbHOCTh BO3BPALLAEMbIX AAHHBIX.

C npyro#l CTOPOHBI, MOKHO CMOJEJIUPOBAaTh 0OpaBOTUMK CHSITHUSI AEHEr W B BHUIE INpOLe-
Jypbl, KOTOpasi IPUHUMAET Ha BXOfle 0AJIaHC U MOTOK CHHMAEMBIX CYMM, a TOPOXKAAeT TMOTOK
MOCJIeI0BATEIbHBIX 0AJIAHCOB HA CUETY:

(define (stream-withdraw balance amount-stream)
(cons-stream
balance
(stream-withdraw (- balance (stream-car amount-stream))
(stream-cdr amount-stream))))

Stream-withdraw peajqusyeT XOpOLIO ONpeNeJeHHYI0 MaTeMaTUUeCKYyl (DYHKIUIO, BbI-
XOJI KOTOPOH MOJIHOCTBIO onpefnessercss BxofgoM. OnHaKo NpennosoxKUM, 4YTO BXOA amount-—
Stream ecTb NMOTOK MOCJENOBATE/bHBIX 3HAUE€HUH, BBOAUMBIX M0Jb30BaTeNEM, H YTO MOJyYa-
IOLIMECS MTOTOK 6alaHCOB BBIBOAUTCS Ha MedaTh. B TakoM cjydyae, C TOUKH 3peHHs M0JIb30BaTe-
Jisl, KOTOPBIH MevataeT 3HaueHHsl U CMOTPHUT Ha Pe3yJbTaThl, IOTOKOBBIH Tpouecc 06aanaer TeM
JKe TIOBeJleHHeM, 9TO U OOBeKT, CO3HaHHBIH npu noMmoud make-simplified-withdraw.
OpnHako B MOTOKOBOH BepCHH HET HU NPUCBAMBaHHUS, HU BHyTPEHHEH NepeMeHHOH COCTOSIHUS,
U, CJie[oBaTeNbHO, OHA He BBbI3bIBaeT HUKAKHX TEOPETHUYECKHUX CJO0XKHOCTeH M3 ONHCAaHHBIX B
pasgese 3.1.3. U Bce-taku cuctema obsanaet cocTosiHueMm!

DTO DOCTHXKeHHe NO0CTOHHO BHUMaHus. HecMoTps Ha To, uTo stream-withdraw peasu-
3yeT XOpOLIO OMNpefieJIeHHYI0 MaTeMaTH4YeCKyl (PYHKLHIO, TTOBeleHHe KOTOPOH He MeHseTcs,
y N0J1b30BaTeJsl CO3AaeTCsl BleyaTaeH’e, YTO OH B3aUMOJEHCTBYeT C CHCTeMOH, obJafamolel
U3MeHsKUMCS cocTossHHeM. OIMH U3 CIOCO00B paspelinTb MapafoKC 3aKJUaeTcss B TOM,
4YTOOBl MOHATh, YTO HMEHHO CYyIeCTBOBaHME MO0Jb30BaTessi BO BPEMeHH HaBsi3blBaeT CHCTe-
Me coctosiHve. Ecan 6bl mosb3oBaTesb MOT MPUHATH OoJsiee OTCTPAaHEHHYIO TOYKY 3pPEHHS U
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Puc. 3.38. CoBMecTHbBI GaHKOBCKHH CYeT, CMOIEJNHPOBAHHBIN Yepe3 CJHUsSHHE ABYX MOTOKOB
COOBITUH-TPaH3aKLHMH.

IyMaTb B TEPMHHaX MOTOKOB W 6a/jiaHCOB, a He OTHEJbHBIX AKTOB B3aHMOJEHCTBHUS, CHCTEMA
BbIMVIAZENa Obl KaK 00BbEKT 6e3 coCTOsHUA S,

C TOUKM 3peHHUs] OfHOH YaCTH CJIOXKHOTO MPOLIECCa KaXKeTCs, UYTO JPyrue ero 4acTu Mme-
HsitoTcsi co BpemeHeM. OHM COEp)KaT CKPbITOe HW3MEHUHWBOe BHYTpeHHee cocTosinue. Eciu
Mbl XOTHM MHCATh MPOrPaMMbI, MOAEJIUPYIOIIHE TAKOH THI €CTECTBEHHOU NeKOMIO3UIUH Ha-
mero Mupa (Kak Mbl BHAHM €ro CO CBOeH TOYKH 3peHHsi, OYAyYH YacTHLAMH 3TOrO MHpa)
NpU MOMOIIM CTPYKTYp B HallleM KOMIIbIOTEPe, Mbl CTPOMM BBIUHUCJHUTEJNbHBIE OOBEKTH, He
sBAsomrecs PyHKUHOHANbHBIMHA, — OHU 00si3aHbl MEHSITbCS CO BpeMeHeM. Mbl Mozeupyem
COCTOSIHME TIPH TOMOLIM BHYTPEHHUX MEPEeMEHHbIX, U U3MEHEeHHEe COCTOSIHUSI Mbl MOJAEJIUPYEM
yepe3 MpUCBaWBaHUe 3TUM mnepemeHHbIM. [lolifsi Mo 3TOMYy MyTH, Mbl JielaéM BPEMs BbINOJI-
HEHUs BBIUHCJIUTEJbHOH MOJEJNU BPEMEHEM MHpa, 4acTbi0 K