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JIucn kak mporpaMMHasi OCHOBA NP NMPeENnoAABAHUHA
(PYHKIHOHAJBHOIO MPOrPAMMMPOBAHMS

B.JI. ®aiigens', JI.B. Topoausis®

ICI'TY um. I'acapuna FO.A., Capamos
’Uncmumym cucmem ungpopmamuxu um. A.I1. Epwosa CO PAH, Hosocubupck

AHHoTaumMs. B cratee paccMarpuBalOTCS  OCHOBHBIE  NPOOJIEMBI
npenoaaBaHus (YHKIMOHATBHOTO MPOTPAaMMHUPOBAHUS JUIS 0OydaeMBIX, YXKe
3HaKOMBIX C HMMIIEPAaTUBHOW mMmapagurmoil. OmucaHa Monenb 00y4aeMoro u
OCHOBHBIC TPOOJIEMBI, BOSHMKAIOIINE NPU MPENOAABaHUH (DYHKIIMOHAIBHOTO
NpPOrpaMMUPOBAaHUSI B ITOM ciy4yae (M3MEHsEMble IIepPEMEHHbIC, ITHKIIbI,
HocJe0BaTeNbHbBIC BEIYUCICHNS). [IpuBeneH pa3BepHyTHI npuMep nepexoaa
OT MMIIEpPAaTUBHOU K (yHKUMOHaNbHOU mapagurme. IlogpoOHO paccMmoTpeH
BO3BpaT  (YHKIMOHAJIBHOTO  3HA4YEHUs HAa  IpUMEpPe  YHCICHHOTO
Qg QepeHIMpPOBaHUSI. [TokazaHo, 4TO HCII0JIb30BaHUE
MYJIbTUIIAPaJUTMEHHOTO si3bIka JIucn ymoOHO st mepBOro 3HAKOMCTBA M
(GyHKIMOHATBLHOM MapaurMoil.

KiroueBbie cjoBa: (GyHKIMOHAIRHOE TMporpammupoBaHue, Jlucm,
HomeLisp

Lisp as a programming base
for teaching functional programming

B.L. Faifel, SSTU named after Gagarin Yu.A., Saratov

L. V. Gorodnyaya, A.P. Ershov Institute of Informatics Systems

Abstract. The article considers the main problems of teaching functional
programming to students already familiar with the imperative paradigm. The
model of the student and the main problems that arise when teaching functional
programming in this case (changeable variables, cycles, sequential calculations)
are described. A detailed example of the transition from the imperative to the
functional paradigm is given. The return of a functional value is considered in
detail using the example of numerical differentiation. It is shown that the use of
the multi-paradigm language Lisp is convenient for the first acquaintance with
the functional paradigm.

Keywords: Functional programming, Lisp, HomeLisp
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BBenenue

Hacrosimiass 3aMeTka paccuvTaHa Ha HAUYMHAIOIMIMX IpEnojaBaTelieH,
npenojamux  (yHKIMOHATIBLHOE MpOrpaMMHUpoOBaHue. EcTecTBeHHO, dYTO
MpPerno/iaBaTelb JODKEH CaM UMETh YeTKOEe MpeICTaBlIeHrne 0 (yHKIIMOHATBLHOM
napagurme nporpammupoBanusi. OCHOBHbBIE TPYJHOCTH, BCTAIOILIUE MEPE] TAKUM
npenojaBaresieM, COCTOAT B TOM, 4YTO TMOJABIISIIOLIEE YHUCIO CTYACHTOB,
u3yJaronmx (pyHKIIMOHATEHOE MPOTPAMMUPOBAHUE, YKE “BIUTAIN KOHIICIIHIO
UMIIEPATUBHOTO MPOTPAMMUPOBAHUS U MPETIOIABATENIO IPUXOIUTCS HE CTOJIBKO
YYUTh, CKOJIBKO MEPEYYUBATh.

Moaesb 00y4aeMoro

ITo MHEHMIO aBTOPOB HACTOSAIIEN 3aMETKHU, CTYJICHT, U3yUYarOLIUM cerdac
yuCcTO€ (PYHKIMOHAIBHOE MPOrpaMMUPOBAHME, YK€ 3HAKOM C KaKUM-JTHOO
“TpamuiMOHHBIM™ s3bIKOM niporpammupoBanus (C, Pascal, Java, Python). Oto
NOPOXKAAET CAEAYIOIIHNE MPOOIEMBI:

e TpyAHOCTH BBI3BIBACT CIMIIKOM pPa3HOOOpPa3HBIH CHHTAKCHC TaKUX
S3BIKOB, Kak XacKeJUl, OTBIEKAIIIUNA BHUMAHHUE OT TMPUHIUIIOB
(YHKIIMOHATBFHOTO MPOTPaMMUPOBAHMS B TOJNB3Y BBIOOpA MEXIy
dhopMaMu MpeICTaBICHUS;

e (Co3Hanue 00y4aeMoro €CTeCTBEHHBIM OOpa3oM COIMPOTHUBISETCS HACIM
GYHKIIMOHATIBFHOTO MPOTrpaMMUPOBAaHUS (ITOCKOJIBKY TPYIHO OTKAa3aThCs
OT M3MEHSEMBIX MEPEMEHHBIX U IUKIIOB, XOTS HAJIMYUE MTPUCBAWBAHUN U
k0B Jutst DI He ABIsSIeTCS MPUHIMIHAIBHBIM, UX TPH KETAaHAH MOYKHO
MOJICTTMPOBATh CPEICTBaMH  (PYHKIIMOHAIBHOTO MPOTrPaMMHUPOBAHMS,
NpUCBaWBaHMs TPOIIE BCEro uepe3 JOKAIM3alHio, a LUKIBl 4Yepes
dyHKIMN);

e OOyuaeMblil (XOPOLIO 3HAKOMBIN ¢ UMIIEPATUBHBIM MPOTPAMMUPOBAHUEM )
y’K€ CHocoOeH co3daBaTh NMPOTrPaMMHBIE CHCTEMbI, U OH HE OUIyIIaeT
HEO0OXOAMMOCTU B (DYHKITMOHAILHOM ITPOTrPAMMHUPOBAHHH.

Takum  oOpa3om, B  TMpenojaBaHUU  OCHOB  (DYHKIIMOHAIBLHOTO
POTrPaMMUPOBAHUS AKIIEHThI, MO MHEHHIO aBTOPOB, HYXHO pPAaCcCTaBUTh
CJIEYIOIUM 00pa3oM:

o [lokazaTp (IMOCTOSIHHO TIOIYEPKUBATH) IPEUMYIECTBA (YHKIIMOHATIHLHOTO
10/1X0/1a (JJAKOHUYHOCTb, HATJISITHOCTb, IPOCTOTA) U 0053aTEJIbHO YKa3aTh,
JUTSL KaKUX 3a/1a4 3TH CBOMCTBA OCOOEHHO BaXKHBI,

e [lokazatre, 4TO mepexo] K (PYHKIMOHATHHON MapagurMe He TaK CIO0XKEH,
KaK 3TO KaKETCS Ha MEPBbIi B3I,
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CpaBHUTe/IbHASl XAPAKTEPUCTHKA UMIIEPATUBHOM
U PYHKIMOHAJILHOW Mapaxurm

Jlaniee KpaTKO pacCMOTPUM OCHOBHBIE XapaKTEPUCTUKH JIBYX Hapajurm
IPOrpaMMHUPOBAHUS — UMIIEPATUBHON U (QYHKIIMOHATIBHOM [1].
NmnepaTuBHBIA NOAXO XapaKTEPU3ZYETCS CICTYIOIIUM:

e [IporpammHas envHHUIIA IPEACTABISIET COOOM HAOOP OMEPaTOPOB;

e AKTUBHO HCIOJIb3YIOTCS  U3MEHSEMBbIE€  IEPEMEHHbIE, OCHOBHOE
Ha3HAUYEHUE KOTOPHIX — MPEJAOTBPAIICHUE TOBTOPHOTO BBIUMUCICHUS;

e AKTHUBHO UCIOJIB3YIOTCS LIUKJIbI, HA3HAYEHHE KOTOPBIX — TAKKE TOBTOPHOE
UCITOJIb30BAaHUE KOAQ;

e AKTHBHO MCHOJIB3YIOTCS MOCIEA0BATEIbHBIE BEIUUCIICHNUS,

e DyHKIMHU HE ABIAIOTCA 0O0beKkTaMu! mepBoro kinacca [2].
OYHKIIMOHAIBHBINA MOAXO0/1 XapaKTEPUIYETCs CIEIYIOLUIUM:

e [IporpammHas equHuUIIa TPEACTABIAECT COO0M HAOOP PYHKIMMN, CBA3aHHBIX
B3aMMHBIMH BBI30BaMU;

e l3meHsieMble NEPEMEHHBbIE HE HUCHOJIB3YIOTCS, a I MPEeIOTBpALICHUS
MOBTOPHOT'O BBIYHMCIICHUSI UCTIOIB3YETCS CIIEUAIbHBIM CHHTAKCUC;

e SIBHBIE UHMKJIBI HE WCHOIB3YIOTCA, JJI TOBTOPEHUSI HCIONb3YeTCs
peKypcus;

e [locnenoBarenbHble BBIYMCICHHUS B UYUCTHIX (DYHKIIMOHAJIBHBIX S3bIKAX
NPUCYTCTBYIOT KaK YMOpPsIOUYCHHUE HepapXuu (GOpMyN HU3HYTPU HAPYXKY,
YTO MPEOI0JIEeBACTCS MTPU HEOOXOAUMOCTH JICHUBBIMU BBIYHUCIICHUSIMH;

o OYHKIHHU SIBISIOTCS 00bEKTaMU MEPBOTO Kiacca — (PYHKIIHS MOKET OBbITh
napameTpoM Apyroi GyHKIUH U QYHKIMS MOKET ObITh BO3BpAIllEHA KaK
pe3ynbTar.

e CymiecTByeT yHUBEpcaiabHas PYHKIMSA, CIOCOOHAs BBIYUCIATH PE3yIbTaT
J000T0 NPABUIIBHO YCTPOEHHOTO BBIPAYKEHHUS.

NMnepaTtuBHOE MPOrpaMMUPOBAHUE 3aBIANEIO YMAMH HE CIy4YalHO —
UMIIEPATUBHBIN TMOAXOA ONMKe K MBIIUICHHI0 OONbIIMHCTBA Jroaen. Jlaxke
MamrHa ThIOpHUHra IMIIEPATUBHA 110 CBOEH CYTH.

OcHoBHbIE IP00JIeMbl, BOSHMKAKIIME NP NMPenoJaBaHUU
(pYHKIMOHAJBHOT0 POrPAMMHPOBAHUS

OneIT  mpenojaBaHusl  MOKAa3bIBA€T, YTO [  “‘TPAJAUIIMOHHOTO”
nporpaMmucTa (IPUBBIKILIETO, CKaxeM, K Java) mepexon cpa3y Ha YHCTHIM
dbynkuroHansHbIN 361K (THa Haskell [3]) BeI3bIBacT 3HAUUTEBHBIE TPYTHOCTH.
[ToaTOMy mpencTaBisieTCss METOAUYECKH OOOCHOBAHHBIM MCIOJIB30BATh JIIsI
MEePBOHAYAILHOTO 00y4ueHUs QYHKIIMOHATBHOMY SI3bIKY MYJIbTHIIAPAIATMEHHBIH

' B cratbe cinoBo “oGbexT” WCIIOJIb3YETCSl B IIMPOKOM METOIO0JIOTUYECKOM CMBICIIE
3TOro cjoBa (MpeAMET, Ha KOTOPBIM HampaBlieHa NEATeIbHOCTh), & HE B CMBICIE, KOTOPBIN
npunaércs aromy TepMuny B OOIL.
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A3bIK (B KOTOPOM BO3MOXHBI Pa3HbIE MOJAXOJbl K PEIICHUIO OJHOM M TOW XKe
3anaun). Takux MyJIbTUIIAPAAUTMEHHBIX SI3bIKOB B HACTOSILEE BPEMS M3BECTHO
HECKOJIbKO. OJTO B TMEPBYIO O4Yepenb, pa3zymeeTcs, - kiaccuueckuit Jlucn
(Common Lisp [4] i Scheme [2] - He cTOJIb BaXKHO). YK€ MepBbIC pean3aluu
JIucna noasiep KUBaIM YEThIPE MapaIUurMbl: KpoMme (PyHKIIMOHATBLHOM apaiurMbl
NOJAJIEP)KUBAIKMCH: METApOrpaMMHUPOBAHUE, JIEKJIIApAaTUBHOE U JIOKAJIBHO-
uMmriepatuBHoe. [lociennee He MPOM3BOJIUT BHEIMIHEro MoOo4YHOro s¢dexra.
Kpowme Jlucma cnegyer oTMeTuTh Takue s3b61ku Kak Scala [5] u Erlang [6].

Jlucn sBnsieTcs BeChbMa “BIUSATENBHBIM SI3bIKOM, MTOPOJAUBIINM OOJBIIIOE
YHUCJIO JUAJIEKTOB M S3bIKOB-HACIIEIHUKOB, a TaKkKe uyepe3 (PyHKIHOHAIbHYIO
napajurMy — MHOTO MPOU3BOJHBIX U THOpUIHBIX mapaaurMm (Jlucm — KopeHb
OrpoMHOT0 jepeBa). TakuMm o0pa3oM, 3HAKOMCTBO ¢ JlucmoM pacmmput
Kpyro3op o0ydaeMoro 6osee 3HaUMTENbHO, YEM MIPU UCIIOJIb30BAHUN B KAUECTBE
0a3bl KaKOTO-IM00 JIPYroro si3bIKa.

CoBpeMeHHOE MPOMBIIUIEHHOE MPOrpaMMHUpPOBAHUE HE MBICIUTCS 0e3
00bekTHO-opueHTUpoBaHHON mapagurmel  (OOII). bazoBeie wuaen OOII
npekpacHo “Bnucanbl”’ B Jluch (yHaciaegoBaunbl JIucom ot lambda-ucuucienus;
WHKAICYJSIUA COOTBETCTBYET MMEHOBAaHUE MEPEMEHHBIX, MOJIUMOPPUIMY —
MHOTOKpPATHbIE JIOKAJIbHBIE ONpENETICHUs; HAcIeAOBaHUID — CBOOOJHBIC
nepemenHsie). [TosTomy Jlucn e nyxaaetcs B unee OOIL. Ona yxe peanu3oBaHa
KaK CBOMCTBA UM 3HAYEHHs ATOMOB.>

Jpyrum npenmyiiecTBoM Jlucna B ONUCHIBAEMOM KOHTEKCTE SIBISIETCS €r0
MIPOCTOTA, MPO3PAYHOCTh W HU3KHM MNOPOr BXOXKJICHUA. B 3TOM 3aMeTke B
KauecTBe 0a30BOro s3plka OyIET WCMONb30BaThesa Jlucm (B peanmusanuu
HomeLisp [7-8]). Bce npuBogumble HUXE OpUMEPHl MOTYT OBITH JETKO
nepeBeieHbl B J100Y10 Bepcuto Jlucmna.

K ocHOBHBIM mpobieMaM TpaJAUIIMOHHOT'O UMIIEPATUBHOTO IPOrpaMMUCTa
npu nepexoje Ha “QyHKIMOHAIBHOE I0Jie” MOXKHO OTHECTH 3alpeT Ha
UCIIOJIb30BAaHUE U3MEHSIEMBIX MEPEMEHHBIX (SBHBIX MPUCBOCHUN) M IUKIIOB, a
TaK)Ke TPAJULMOHHBIX TOCIeN0BaTeNbHBIX BhuMciaeHui. (Kak u3BectHO, 1s
peanu3alry MOCJeI0BATEIbHBIX BBIYMCICHUM B YHMCTBIX (PYHKIHMOHAIBHBIX
A3bIKaX CIYKUT KOHIENIHS MOHA [3]. MoHa bl MOSIBUIACH B SI3bIKE XaCKEII, HO
cefiuac STOT MOAXOM MOSABIAETCSs M B Apyrux sseikax (JavaScript, Java)’.
B03M0XHO MCMONB30BAHME MOHAAMYECKUX BBIUHMCIEHUW W B Jlucme, HO 3TO
JI0CTaTOYHO CIIOKHBINA BOIIPOC M B HACTOSIIEN CTaThe OH HE paccMarpuBaeTcs.

Bpemss or BpeMeHM pa3garTcs rojoca B IOJb3y TOrO, YTO
(GYHKIIMOHATBHOE  MPOTPAMMHUPOBAHHE  CIEAyeT  IpenojaBaTb  IMepea
umnepatuBHbIM. OcoOeHHO, Korja oOy4yaemble — MaTeMaTUKH (MaTeMaTHhka

2 06 srom mroburt mucats ox [pam [4]

3 URL: https://habr.com/ru/companies/otus/articles/800957/
4

[IpumepoM MOHAAMYECKOTO TMOAXOAa MOXKHO cuuTath (QyHKOU  Prog,
MOAEP>KUBAIOIIYIO JIOKAJIbHO UMIIEPATUBHBIE BBIYUCIICHUS.
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¢dyHKIIMOHAIbHA MO cBoeMy 1yXy). C TOUKHM 3peHHUs] METOJUKHU IMpernogaBaHus,
3TO  O0OCHOBAaHO M  pPALMOHAIBHO (Iepexol OT  (PYHKUHOHAIBHOTO
IPOrpaMMHUPOBAHUS K MUMIIEPATUBHOMY IIpOILIE, 4eM oOpatHbli nepexon). Ho
BOIUIOTUTh TAaKOM MOAXOJ B PEAJIBHOCTb MOXKHO OBUIO JIET IIECThAECAT Ha3al
(korma B mporpamMme CpeIHeM IIKOJbl He ObUIO mMpeaMera “‘uHdopMarHhka’;
celyac BCE€ CTYIEHTHl MEPBOIO Kypca B TOW WIH HHOM Mepe YyxKe
“uHULMpPOBaHb” UMIEPATUBHON Mapaaurmoit). Ilostomy npobiema nepexona
OT UMIIEPATUBHON MApaAUTMbI K (DYHKITMOHAILHON OCTAE€TCA aKTyaJbHOM.

Takum oOpa3om, 3amavya mpemnojaBaTeNss HOpU OOYYEHHMH OCHOBaM
(GYHKIIMOHAJIBHOTO MPOrPAMMUPOBAHHSI COCTOUT B CMSTUYEHUU TPYAHOCTEH
nepexona. Huxe Oyaer paccMOTpeHO HECKOJBKO MPUMEPOB TOTO, KaK MOXKHO,
JNEUCTBYS TOCTATOYHO “‘MSTKO”, IPEBPATUTh UMIIEPATUBHBIA UTEPATUBHBIN KO B
(YHKIIMOHATIBHBIN, XOTS JiIerye oOpaTHbIN Mepexo.

ConocraB/jieHHe MMIIEPATUBHOI0 U QYHKIMOHAJIBHOI0 KOJa

Haunem ¢ o4deHb mpoOCTOro nprMepa: BBIYKMCICHUS CYMMBI JJIEMEHTOB
YUCIIOBOTO CITHCKA.

Jlnst “mMIiepaTMBHOrO” MPOrpaMMUCTA PELICHUE 3TOM 3aJadd BBITISIUT
JOCTATOYHO MPOCTO U TPAJAUIIMOHHO:

3aBecTH MEPEMEHHYIO S JUIs Oy Tylieil CyMMBI;

[TpocMaTpuBaTh CIIMCOK 3JIEMEHT 3a 3JIEMEHTOM, JI0 €r0 OKOHYAHMS;
[IpubaBnATh 3HaUEHUE OUEPETHOTO HIEMEHTA K 3HAYCHUIO NTEPEMEHHOH S;
[Tocne ncyepnanus crucka nepeMeHHast s OyneT cofepkaTb TpeOyeMblii
pe3yibTar.

Bort kak BBITJIIIMT 9TO pCHICHUC HA Jlucne B uucTo HMIICPATUBHOM CTI/IJ'ICSI

(defun sume-list (list)
(prog (s)
(setg s 0)
@lab_1: (cond ((null list) (return s)))
(setg s (+ s (car list)))
(setq list (cdr list))
(g0 @lab_1:)))

(sum-list'(12345))
==> 15

5> MOXHO CKa3aTh, B MOHAJe HMIIEPATHBHOTO POTPAMMHUPOBAHHS
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PazymeeTcs, 3TOT KO HECKOJBKO KapUKATypeH (OH JaKe HCIOIb3YeT
ABHBIN mepexon goto®). B Jlucne uMeroTcs pasnMyHble peatu3auyu HUKIOB (0T
POCTEHINMX 70 BeChMa M3OIMIPEHHBIX). Hampumep, ¢ mMOMOIIBIO KOHCTPYKITUU
dolist, GyHKIHS BBIYUCIEHUS] CYMMBI DJIEMEHTOB CITUCKA MOYKET ObITh HECKOJIBKO
“obJyiaroposxeHa’:

(defun sum-list (list)
(let ((s 0))
(dolist (a list s)
(setgs (+as)))))

(sum-list'(12345))
==> 15

DTOT KOJA BBIMJISIAUT 3HAYUTEINILHO JIy4Ille MPEAbIAYIIEro, OJHAKO OH IpH
5TOM HE MEPECTAET ObITH UMIIEPATUBHBIM — COIEPIKUT SBHOE PUCBOCHHE .

Ucnons3ys 0Gonee NPOABHHYTYH LUKIMYECKYH KOHCTPYKLUIO iter®,
paccMaTpuBaeMylo 3a/1a4y MOKHO PEIIUTh OYKBaJIbHO JBYXCTPOUYHBIM KOJIOM:

(defun sum-list (list)
(iter (for ain list) (summing a)))

(sum-list'(12345))
==> 15

[TpuBeneHHBIN BBINIE KOJ y)K€ HE BBITJISAIUT HUMICPATUBHBIM, T.K. HE
COJICPKUT SIBHOTO MPUCBOCHUS. PeanpHas GyHKIIMOHATBHAS YUCTOTA STOTO KOJa
3aBUCHUT OT peaju3ailuu iter.

Tenepb paccMOTpUM PEKypCHBHOE pEIIEHUE ATOW 3amadu. PekypcuBHOE
peleHue 0a3upyercs Ha ABYX (akTax:

L4 CYMMa 9JICMCHTOB ITYCTOI'O CIIMCKa paBHa HYJIIO,
L4 CYMMa 9JICMCHTOB HCIIYCTOI'O CIIMCKAa paBHA CYMMC IICPBOI'O 3JICMCHTA
IJII0OC CyMMa 3JICMCHTOB XBOCTa CITMCKaA.

OTH cO00paKEHUS TOPOKIAIOT CICAYIOIIHIA KO

6 HeonoOpsieMblii METOAMKON CTPYKTYPHOTO MTPOrPaMMHPOBAHUS
" Bpouewm, B si3sikax Scheme 1 Racket nprcBanBanie yHHGHIIPOBAHO C OOBABICHHEM

byHKUIMN.
8 URL: https://iterate.common-lisp.dev/doc/Don_0027t-Loop-Iterate.html
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(defun sum-list (list)
(if (null list) O (+ (car list) (sum-list (cdr list)))))

(sum-list'(12345))
==> 15

Takoi KoJ yXe HE COJSPKUT HUKAKUX SIBHBIX NMPUCBOCHUM U SIBIISIETCS
“gucthiM”.  XOTS 3TOT KOJ MNPAKTUYECKU CTOJIb K€ JIAKOHWYEH, KaK U KOJ,
WCIIOJIB3YIONINH 1ter, HO OH UMEET OYEBHUIHBIN HEJOCTATOK — OOJIBIION pacxoj
MaMsITH Ha PEKYPCUBHBIC BBI3OBBI (UTO, Pa3yMeeTcsl, MOXKET ObITh MCIPABJICHO
MEePEX0JIOM K XBOCTOBOUM PEKYPCHM).

Bnpodem, oObMHO B si3bIKax (DYHKIIMOHAIBLHOTO MPOTPAMMHUPOBAHUS,
HaunHas ¢ Jlucma, apudmernueckuwe omepanud OOBIYHO PEATM30BAHBI Kak
MYJIbTU(QYHKIIUH, UCIIONB3YIONIME HESBHBIE LUKIBI MPU 00pabOTKE CEpUIHBIX
apryMEHTOB.

(+12345)
==>15

Takoe BbIpake€HHE MOXXHO CTPOUTH NMPU BBIYMCICHUU U BBIYUCIATH €T0,
UCIIOJB3YSd  yHHUBepcajibHyl0 ¢yHKIUIO eval, dYro maétr BBIXOJI Ha
METanporpaMMUpPOBaHHUE.

(defun ar-list (op list)
(eval (cons op list)) )
(ar-list'+'(12345))
==>15
Bonee Toro, BBIOOp ornepanur MOXXHO MPOU3BOAUTH KaK BBOJ JIAHHOTO MPHU
BBIYUCJICHUU, XOTS 3TO BBIBOJMUT 3a TPAHMIBI YUCTO (DYHKIIMOHATBLHOTO CTHIIA,
IMOHMMAEMOTI'0 KaK KOHCTaHTHBIC BLIYMCIICHHS.

(defun ar-list (list )
(eval (cons (read) list)) ) ; npeacraBneHne onepauun byaet BBeAEHO
(ar-list '(12345))
==>15; ecnu 6bin BBEAEH «+»
==> 120 ; ecnu bbin BBEAEH «*»

HMeeTrcs 1 HEOUEBHUIHOE HA TEPBBIN B3I TIOCTOMHCTBO PEKYPCHBHOTO
noaxoaa. YToObl BBISICHUTH 3TO, YyTh YCIOXKHHM 3amady. [lycTh HaIl Cimcok
CTaHET MHOTOYPOBHEBBIM. JlJIT MHOTOYPOBHEBBIX CIHMCKOB HHU OJWH U3
MIPUBEJICHHBIX BBIIIE KOJIOB paboTaTh HE OY/IET.

PaccmorpumM, kakuM 00pa3oM MOXKHO J0pabOTaTh WMITEPATUBHBIN KOJI.
OpHuM U3 yTeH Tako# T0pabOTKH MOXKET OBITh TAKUM:
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3aBeCTH CTEK M 3aHECTH B HETO MCXOJHBIN CITHCOK;

3aBECTH aKKyMYJISITOP U 3aHECTH B HETO HYJIb;

J1o ncuepnanus cTeka BBIIOJIHATD CIACAYIOIINE EUCTBUS:

Bbpatp u3 cTeka ero BepuinHy (310 OyA€T CIIUCOK);

IIpocmaTpuBaTh 3TOT CHUCOK JIEMEHT 3a JIEMEHTOM;

Ecnu odepenHoi a1€MEHT — YKCII0, TO MPUOABUTh €T0 K aKKYMYJISTOPY;
Ecnu ouepeHOM 3JIEMEHT — CIKHCOK, TO 3aHECTH €0 B CTEK.

DTO MOPOXKIAET CIASTYIOUINNA KOJI:

(defun sume-list (list)
(let ((stack (list list))
(a nil)
(s 0))
(loop
(when (null stack) (return s))

(setq g (pop stack))
(iter (forain g) (if (numberp a) (summing a into s) (push a stack))))))

(sum-list '(1 (2 3) ((4)) 5))
==>15

Kak mMoxHO yOeauThCs, KOJI 3HAYUTENbHO MPOUTpall B JIAKOHUYHOCTH U
PO3PAYHOCTH. Mexy TeM, pEKypCUBHOE PEIICHUE MOXKET ObITh OYEHb JIETKO
OpabOTaHO JUIsl CIIydasi MHOTOYPOBHEBBIX CIHCKOB. J[JIT 3TOTO HY>KHO TIPOCTO
100aBUTHh 00PaOOTKY €le OJTHOTO YCIOBHUS — €CJIM ['0JIOBA CIMCKA €CTh YUCIIO, TO
cienyeT mpubaBUTh 3TO YHUCIIO K Pe3yJIbTaTy PEeKYPCUBHOTO BhI30Ba (DYHKITUHU HA
XBOCTE criucKka. MHave pe3ynbTar paBeH CyMMe PEKyPCUBHBIX BHI30BOB Ha TOJIOBE
U XBOCTE:

(defun sum-list (list)
(if (null list) O
(if (numberp (car list))
(+ (car list) (sum-list (cdr list)))
(+ (sum-list (car list)) (sum-list (cdr list))))))

(sum-list '(1 (2 3) ((4)) 5))
==>15

[IpuBeneHHBIN NPUMED MOKA3BIBAET, UTO PEKYPCUBHBIN KOJ OKa3bIBACTCS
Oonee yHHUBEpCaJbHBIM, 4YE€M HMIIEPAaTUBHBIA, M OH JIer4e MOAJACTCs
MOU(DUKALIAH.
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PaccmoTpum  eme OAMH KJIACCHYECKMM IPUMEP, MOKA3bIBAIOIINAN
“UKUTHE” W3 KOJAa SABHBIX IPUCBOEHUN. Peub moilper o pacuere uucen
®dubonayun. Kak Xopomio H3BECTHO, KaHOHWYECKas IOCIe0BaTeIbHOCTD
duboHAYUYM HAYMHACTCS C JBYX €IMHUII, a KaXIbIM MOCICAYIONIUN YICH paBeH
CYMME€ ABYX IPEIbIIYIINX.

DTO omnpeneneHrue MOpOXKAACT CHASAYIONUA OYEeBHIHBIM KOJ (JaBHO
KOUYIOIIUHA U3 TOCOOUS B ITOCOOHeE):

(defun fib (n)
(if(<n2)1(+(fib(-n1)(-n2))

Xopo110 U3BECTHO, YTO 3TOT KOJI KpaiiHe Hea((heKTUBEH, T.K. TOPOXKIAET
IPEBOBUJIHYIO PEKYpPCHIO, YTO BBI3bIBAET HKCIOHEHIMAIBHOE YBEIHMUCHUE
oObema BbIYHMCIIEHUN ¢ pocToM n. [lone3HbIM ynmpakHEHHEM sl CTYAECHTOB
ABIIAETCA TOJICYET KOJMYECTBA PEKYPCUBHBIX BBI30BOB (yHKkuuu fib B
3aBucuMoOcTH OT n. Camoe ImpocToe pelleHrue B JaHHOM Cllydae — 3TO 3aBECTH
rI00aNbHYI0 TEePEMEHHYI0, MPEABAPUTEIBHO OOHYIUTH €€, W MPH KakKIOM
BbI30Be fib yBeTMUMBATh 3Ty MEPEMEHHYIO:

(setq *c* 0)

(defun fiba (n)
(setg *c* (+ 1 *c*))
(if (<=n 1) 1 (+ (fiba (- n 1)) (fiba (- n 2)))))

(fiba 16)
==> 1597

*C*

==>3193

OJHAKO, HCIIOIb30BAHUE TIOOAIBHBIX MEPEMEHHBIX® — 3TO “BOIMIOILEE
HapyuieHue” (QYHKIMOHAIBHOM YHUCTOTHI (HE TIOOMIPSIEMOE U B YHUCTO
MMIEPAaTUBHBIX s3blkax'’). Kak ke MOXKHO OpraHM30BaTh IOJACYET 4YHCIIA
BBI30BOB 0€3 HCIOJIb30BaHMS TJIOOATBHBIX TEPEMEHHBIX (M 0€3 SBHBIX
npucBoeHuit)? Begem B uHTepdeiic QyHKUMU emie oAWH (HAKOMUTEIHHBIN)
napamerp:

(defun fibb (n &optional (c 1))
(if (<=n 1) (list1c)
(let* ((t1 (fibb (-n 1) (+ c 1)))

? Xorst COXpaHSIOTCS TJI00aNbHBIE ONpeeaeHuUs QyHKITHMA
10 ITepBblit MEXaHU3M ONTUMHU3ALUK TPOTPAMM.
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(t2 (fibb (- n 2) (+ (cadr t1) 1))))
(list (+ (car t1) (car t2))
(cadr t2)))))

(fibb 16)
==> (1597 3193)

DTOT KOJ HECKOJbKO Oojiee TPOMO3JOK, YeM KO, HCHOJIb3YIOIIHM
I00ATBHYIO TIEPEMEHHYIO, OJTHAKO OH SIBJISIETCS MOYTH ()YHKITMOHATHHO YACTHIM.
CnoBo “moutH” 34€Ch HE CIy4alHO — KOJ COJEP>KHUT IOCIIEIOBATEIbHOE
BeIunciieHue (hopma let™®).

B kayecTBe Apyroro KiacCHUYECKOTO MOpHUMEPa PACCMOTPUM alITOPUTM
“XaHolCckoN OamrHM® — WMEETCS JIOCKAa C TpeMs CTEpP)KHSMHU, Ha OJHOM U3
HAaHW3aHO N JUCKOB C YMEHBIIAIONIUMUCS CHHU3Y BBEpPX JHAMETPaMHU.
Heo6xoammo mocTpouTth anropuT™, NMEPEMEIANINe BCe JTUCKU C MCXOIHOTO
CTEp HS Ha 3aJlaHHbIN. [Ipy 3TOM 32 OIMH X0 MOKHO ITEPEMEIIATh TOIBKO OJIUH
JTUCK U HEJIB3A KJIAaCTh OOJIBIINKI THUCK HA MEHBIIINIA.

HepekypcuBHOE pemieHne 3TOW 3ajadd SIBISIETCS, Ha B3IV aBTOPOB
HACTOSIIEN CTaThU, BECbMa HETPUBUAIIBHBIM [9].

PexypcuBHas ke peanuszanus 3TOro ajropuTMa O4eHb MpocTa (CTEPHKHU
uMeroT Homepa 1, 2 u 3):

(defun move (from to)
(print'*from)
(prints " ->"
(printline to))

(defun hanoi (n from to)
(cond ((= n 1) (move from to))
(t (hanoi (- n 1) from (- 6 from to))
(move from to)
(hanoi (- n 1) (- 6 from to) to))))

CHoBa, Kak ¥ B mpuMmepe o unciax Gubonauyym, nornpodyem MoacyuTaTh
YHCIIO BBIIIOJHEHHBIX MIaroB (WJIM, YTO TO e caMoe, — IEPeHyMepoBaTh IIaru).
Cnoco® ¢ HCHoJIb30BaHUEM TJIO0ANBHON MMEPEMEHHON peann3yeTcsl BIIOJIHE
OYEBHUIHBIM 00pa30oM — nepepadoTaeM (PyHKIIMIO MOVeE:

(defun move (from to)
(setq *c* (+ *c* 1))

1 BbIBO/I TaHHBIX BBIBOJUT 32 TPAHMIIBI YUCTO (DYHKIIMOHAIBHOTO CTHIIS
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(print *c*)

(prints " ")
(print from)
(prints "' -> "

(printline to))

A nns pemienuss npoGiembl B (YHKIMOHAIBHOM CTHJIE HYXHO CHOBa
3aBECTH €Ille OAMH HAKOMUTENbHBIN MapameTp y dyHKuuii hanoi 1 move:

(defun move (from to step)
(prints (fix2str (+ step 1)))

(prints ". ")
(print from)
(prints " ->"

(printline to))

(defun hanoi (n from to &optional (step 0))
(cond ((=n 1) (move from to step) (+ step 1))
(t (let* ((c1 (hanoi (- n 1) from (- 6 from to) step))
(_ (move from to c1)))
(hanoi (- n 1) (- 6 from to) to (+ c1 1))))))

3nech HOBas GyHKIHMS hanoi Bo3BpamiaeT HoMep cieayromero mara. Kak
MOXHO YOeIuThCs, ‘“SSBHbIC IPUCBOCHMS M3KUTHI, OJHAKO MPHUCYTCTBYIOT
dbopMBbI, HESIBHO HCIIOIB3YIOIIME TTOCIeA0BaTeIbHbIe BeruuciaeHus (let*, cond).

Ho He crnemyer cuMTarh, YTO PEKYypCHsl €CThb €IUHCTBEHHBIH CIOCO0
IpeBpallleHus] UMIIEPATUBHOTO KOJAAa B (YHKUIMOHAIBHBIA. Jpyrum criocobom
SBJISIETCS UCTIOJIb30BAHUE CTAaHAAPTHBIX (DyHKIIMOHAIOB (map, filter, reduce).

Tak, cyMMHUpOBaHHE CIHCKA C MOMOIIBIO reduce BBIMOIHSAETCS OJHHUM
BBI30BOM:

(defun sum-list (list)
(reduce '+ list))

CyMMUpOBaHHE K€ MHOTOYPOBHEBOIO CIIMCKAa M IPU HCHOJIb30BAHHUH
(YHKIIMOHAJIOB TOXKE TPEOYeT PEeKypCUH, HO PEIIAETCs IOCTATOYHO MPOCTO:

(defun sum-list (list)
(reduce '+ (mapcar (lambda (x) (if (numberp x) x (sum-list x))) list)))
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Y6enuB ayIuTOpUIO B €CTECTBEHHOCTH M yN00CTBE (YyHKIHMOHAIHLHOTO
M0/1X0/1a, MOKHO MEPENUTH K Crieu(pUIeCKUM BO3ZMOKHOCTSIM, IPUCYIITIM TOJIBKO
(GYHKIMOHATBHON MapaJnurme.

Bo3Bpar u3 pyHKUMH PYHKUMOHAJIBLHOIO 3HAYCHUSA (3aMBbIKAHMSA)

[lepenava B ¢pyHKIMIO (GYHKIIMOHATBLHOTO 3HAUYEHUSI — 3TO, B HACTOSIIIEE
BpeMsi, JOCTaTOYHO TPAAMIMOHHBIA MpueM mporpaMMmupoBaHus. Takas
BO3MO>KHOCTbh MOKET MPUCYTCTBOBAThH U B TPAIULIMOHHBIX SI3bIKaX (HapuUMep, B
C — »oT10 mepemaua ykazatens Ha ¢yHKIuo). Jlpyroe aeno — BO3Bpar
(GyHKUIHMOHATIBHOTO 3HaueHus. st 3TOro sA3bIK MPOTPAMMUPOBAHUS JIOJHKEH
NoAJIePXKUBaTh Oe3bIMsiHHBIE (QYHKUMM (WM JIOKaldbHbIE (YHKIIMH, KaK 3TO
no3BoisieT [lutoH). B nmelcTBUTENbHOCTH MOAEpKKA O€3bIMAHHBIX (DYHKIIMIA
BIIOJIHE JIOCTATOYHA.

Hwxke OyayT paccMOTpeHBI JBa HE CIMIIKOM TPHUBHAIBHBIX IMpUMEpa
BO3BpaTa (PyHKIIMOHATHLHOTO 3HAYCHUSI.

[lepBblii mnpuMep — TOCTPOCHUE HMHTEPIOISIUOHHOTO TMOJUHOMA
Jlarpanmxa. Kak xopomo uzBectHo [10], eciin umeeTcss n monapHO pa3IddyHbIX
TOYEK TIUIOCKOCTH C KOOpJAMHATaMH (X;,yi), TO CYIIECTBYET €IUHCTBEHHbIN
MOJIMHOM CTENEeHH n-1, KOTOPHIH B TOUKaX X; OyAeT IPUHUMATh 3HAYEHUS Y; ITOT
MOJIMHOM MOET ObITh MpejicTaBiieH B (hopme Jlarpanxka:

(x—%,)...[x—x,] . (x—x,)...[x—x,] . . (x—x,)...[x—x,_,)
yz( y”(xn—xl)...(xn—xnfl)

P(X):)’1(

xl—xz)...(xl—xn) xz—xl)...(xz—xn)

OOBIYHO CTyZEHTaM AaloT 3aJlaHusl BUAA “TIpOTadyIMpoBaTh (PYHKIUIO C
MOMOIIBI0O MHTEPIOJISAIUOHHOTO MojauHoMa”. MHTepdeiic Takolt GyHKIMU Hpu
TpPaJAULIMIOHHOM TIOJIX0/I€ TIPEINoaraet, 4YTo Ha BXO/1 [IEPEIAt0TCSl MACCUBHI {Xi},
{yi} M apryMeHT X, a Ha BBIXOJI€ TMOJY4YaeTCs 3HAYEHHE HHTEPIOSIIMOHHOTO
nonuHoMma. Ecnmm 3ta QyHKIUS MOTOM TpUMEHsETca A TalOylsiluu, T.e.
BBI3bIBACTCSI B LIMKJIE, TO CTAaHOBHUTCS OYEBUAHBIM, 4TO €€ uHTEepdeic
“meperpy’keH” — Ha Ka)XJIOM BHUTKE IMKJIa HYXXHO IEepelaBaTh Ha BXOJ JBa
MaccHBa.

Hcnonp3oBanne (yHKIMOHAIBHOTO TOAXOAa TIO3BOJISIET MOCTPOUTH
GyHKIMIO, KOTOpasi BEpHET MOJAMHOM Jlarpanxka Kak (yHKIMOHAJIBHBIM OOBEKT.
OTOT (YHKIMOHANBHBI OOBEKT MOXKET OBITh HCHOJIB30BaH TJI€ YIOJHO
(HampuMmep, I8 TaOyJAnuu) yxke O0€3 TPOMO3JIKOTrO 3aJaHusi MacCHUBOB
K03 (PUIIMEHTOB MpHU KaXK0M BbI3oBe. Hike mpUBOAUTCS MpUMEP peau3aliu
GyHKIIUY, TPUHUMAIOIIEH Ha BXOJ CHUCKH KO3(h(UIIMEHTOB, a BO3BpaIaloIIeH
nosvHoM Jlarpanxa, kak QyHKIIMOHAJIbHBIA OOBEKT.
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;; ICcxoaHble cnnckmn

(setg *x*'(0123456))
(setq *y* '(-7 011 13 16 19 22))

;; UIHTEpnonAauMoHHbIN NOAMHOM JlarpaHXa Kak GYHKUMOHANbHbIN OO BEKT

(defun lagrange (xs ys)
(lambda (a)
(apply '+ (mapcar (lambda (xa y)
(* y (apply '* (mapcar (lambda (xb)
(if (/= xa xb) (/ (- a xb) (- xa xb)) 1)) xs)))) xs ys))))

;; [agr — PyHKUMOHaNbHbIM 06BbEKT

(setq lagr (lagrange *x* *y*))

;; MpoBepka

(iter (for x from -1 to 8) (printline (list x (lagr x))))
;; PesynbTaTt BbiBOAA:

(-1 106)
(0-7)
(10)

(2 11)
(3 13)
(4 16)
(5 19)
(6 22)
(7 84)
(8 427)

Jlerko yOoeuThCs, 4TO 3HAUEHUS OJyYEHHOW (PYHKIIMH B OTIOPHBIX TOUKAX
VUHTEPHOJSLANA B TOYHOCTH COBIIAJAIOT CO 3HAYEHUSIMHM, 3aJJaHHBIMHU B CIIHCKE
*y*. IlpenMyIIecTBOM TakKOro MOJXOJla, Ha B3I aBTOPOB, SIBISIETCS Ooliee
BHATHBINA HHTEp(elic U BbICOKas HArISIHOCTh. Ketatu, yncto (yHKIHOHATIBHOE
pelieHune, UCrojb3ylollee cTanaapTHble pyHkunoHans! Jlucna apply u mapcar,
BBITJISAIUT BECbMA JJAKOHUYHBIM.
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B kauecTtBe BTOpOro nprumMepa pacCMOTPUM 3aJady IPsIMOTO YMCIEHHOTO
muddepenurpoBanus (GYHKIUU. DTOT aNrOPUTM OCHOBAH Ha BBIYUCICHUU
npejaesia pasHOCTHOIO OTHOIIEHUS NpHpamieHus (YHKIUM K MPUPAILIECHUIO
apryMeHTa.

CHoOBa, Kak U BbIIIE, TOCTPOUM (YHKIHIO, KOTOpas OyAeT MpUHUMATh Ha
Bxon nauddepenmupyemyo (QyHkuuio (Kak (QYHKIHOHAIbHBIA OOBEKT), a
BO3BpallaTh €€ MPOM3BOJAHYIO (TOXE KaKk (PYHKIMOHAIBHBIA OOBEKT).
PazymeeTcsi, mpuBeIEHHBIM NOAXOJ HE CIEAyeT MyTaTh C aHAJIUTUYECKUM
CUMBOJIbHBIM nudepenHiupoBanrueM GyHKIUHU (XOTS pe3ybTaThl OKa3bIBalOTCS
OJIM3KUMU).

;; BcnomoratenbHaa pyHKUMA, BblUMCAAIOWaA Npeaen Pa3sHOCTHOro
;; OTHOLLEHMA C TOYHOCTbIO eps

(defun hderive (f pdf x dx &optional (eps 1.0e-5))
(let ((df (/ (- (f (+ x dx)) (f x)) dx)))
(if (<= (abs (- df pdf)) eps) df (hderive f df x (* 0.5 dx) eps))))

;; DYHKUMA, BO3BpaLLatowas Npon3BoAHYIO 3a4aHHOM

(defun derive (f &optional (epsilon 1.0e-5))
(lambda (x &optional (dx 0.1) (eps epsilon))
(let* ((pdf (/ (- (f (+ x dx dx)) (f x)) dx)))
(hderive f pdf x dx eps))))

;; TectoBasa dyHKUMA

(defun test nil
(let ((f1 (derive 'sin)) ;; f1 = cos
(f2 (derive 'log))) ;; f2 = 1/x
(iter (for x from 0.1to 2 by 0.1)
(printline (list x (f1 x) (cos x) (f2 x) (/ 1 x))))))

3amycTuB 3Ty QYHKIHIO, YOEIUMCS, UTO PE3yJIbTAaT OKAa3bIBACTCS BIIOJIHE
IIPEACKA3YEMBIM:

(0.1 0.9949 0.9950 9.9999 10.0)
(0.2 0.9800 0.9800 4.9999 5.0)
(0.3 0.9553 0.9553 3.3333 3.3333)
(0.4 0.9210 0.9211 2.4999 2.5)
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(0.5 0.8776 0.8776 1.9999 2.0)

3nech B KaXA0W CTPOKE MEPBOE 3HAYEHUE — ITO apTyMEHT, CIEAYIoIast
napa — 3To 3Ha4eHUe MPOU3BOAHON CMHYCAa, BO3BpallaeMoe Halel GyHKuuen u
TOYHOE 3HaueHHe (kocuHyc). llocienHsas mapa — 3TO 3HAYEHHE MPOU3BOJIHOMN
norapudma, Bo3BpaliaeMoe Haieil (QyHKIMEH U COOTBETCTBYIOILIEE TOYHOE
3HA4YCHHUE.

Tenepp MOJKHO paccMOTpETh u npuMep CHUMBOJIBHOTO
nuddepenrmposanus ', JInsg Hayansa MOCTPOMM MPOCTON MaKeT s OMHAPHBIX
dbopMy cyMMHUpOBaHUS U MIPOU3BEIEHHI B IpehuKCHOM (hopme.

(defun diff (e x) ; dopmyna 1 nepemeHHas
(cond ((atom e)
(cond ((eq e x) 1) ; npocTtas dopmyna
(T0)))
((eq (car e) '+) (list '+ (diff (cadr e) x) (diff (caddr e) x)) )
((eq (car e) "*) (list '+ (list '* (caddr e) (diff (cadr e) x) )
(list'"* (cadr e) (diff (caddr e) x) )))))

(diff '(+ x (* x x) ) 'x)
==>(+ 1 (+(*X 1) (*X 1))

Pacumpenue kinacca auddepeHunpyeMbix (OpMysl CBOAUTCA K BCTaBKE
He3aBucUMBbIX Kkiay3 B (opmy COND. Ecnmu HyxHa uHbukcHas ¢opma
pe3ynbpTaTa, CIEIyeT ONpeAeNuTh mnpeoOpa3zoBaHus NpeduKCHON (Gopmbl B
WH(PUKCHYIO U 00paTHO.

defun pref2inf (aexpr)
(cond ((atom aexpr) aexpr)

((eq '+ (car aexpr)) (list (pref2inf (cadr aexpr)) '+ (pref2inf (caddr aexpr))))
((eq '- (car aexpr)) (list (pref2inf (cadr aexpr)) '- (pref2inf (caddr aexpr))))
((eq " (car aexpr)) (list (pref2inf (cadr aexpr)) '* (pref2inf (caddr aexpr))))
((eq '/ (car aexpr)) (list (pref2inf (cadr aexpr)) '/ (pref2inf (caddr aexpr))))
((eq ' (car aexpr)) (list (pref2inf (cadr aexpr)) ' (pref2inf (caddr aexpr))))
((eq 'sin (car aexpr)) (list 'sin (list (pref2inf (cadr aexpr)))))
((eq 'cos (car aexpr)) (list 'cos (list (pref2inf (cadr aexpr)))))
((eq 'log (car aexpr)) (list 'log (list (pref2inf (cadr aexpr)))))
((eq 'exp (car aexpr)) (list 'exp (list (pref2inf (cadr aexpr)))))))

2B IIEPBBIX ONKCaHMAX JIucma oT rpynmnsl MakkapTy 3Ta 3a1a4da npeajiaraiach Cpeau
15-MUHYTHBIX 3a7ad.
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(pref2inf '(+ (sin x) (cos x)))

==> ((SIN (X)) + (COS (X)))

(pref2inf '(* (sin (* x 3)) (cos (log x))))
==> ((SIN ((X * 3))) * (COS ((LOG (X)))))

Omnpenenenre MOKHO CAENaTh 00JI€€ KOMITAKTHBIM M THOKHM.

(defun pref2inf (aexpr)
(cond ((atom aexpr) aexpr)
((member (car aexpr) '(+- * / 1))
(list (pref2inf (cadr aexpr)) (car aexpr) (pref2inf (caddr aexpr))))
((member (car aexpr) '(sin cos log exp))
(list (car aexpr) (list (pref2inf (cadr aexpr)))))))

O} PeKTUBHOCTD  BBIYMCICHUS  MOXHO  IOBBICUTH  HCKIIOYCHHEM
ny6nupoBanus Gopmyn «(car aexpr)» u «(cadr aexpr)» depe3 MPOMEKYTOUHYIO
0€3bIMAHHYIO (PYHKITHIO.

(defun pref2inf (aexpr)
(if (atom aexpr) aexpr
((lambda (xy) ; x = (car aexpr) ny = (cadr aexpr))
(cond
((member x'(+-* /1))
(list (pref2infy) x (pref2inf (caddr aexpr))))
((member x '(sin cos log exp))
(list x (list (pref2infy))))))
(car aexpr) (cadr aexpr))))

[lepexon oT uH@UKCHOW (OPMBI K MPEPUKCHOM MOXKHO OINPEACIUTH
npuMepHO Kak GyHkims «inf2pref»'?:

(defun inf2pref (e)
(cond ((atome) e)
((eq (cadr e) '+) (list '+ (inf2pref (car e))
(inf2pref (caddre)) ))
((eq (cadr e) '*) (list '* (inf2pref (car e))

3 Tpusenennas manee Qynxums inf2pref sBIseTcs MOACTBHON, T.K. HE YIHTHIBACT
pUOPUTETHI oniepanuii. bonee momHast Bepcus 3Toit GyHKIKHU Ooiee TPOMO3/IKA.
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(inf2pref (caddre)) ))
((eq (car e) '-) (list '- (inf2pref (cadr e)) ))
(T "HemnsBecTHas onepauua”)))

(inf2pref '((x * z) + (- y)) )
==>(+(*X2) (-Y))

3ak/jIoyeHue

[TpuBeneHHBIN BbIlIE MaTEpHa MOKA3bIBAET, YTO A3bIK JInch (HecMOTps Ha
NOYTEHHBIA BO3PACT) XOPOIIO MOAXOAMT JJii MEPBOHAYAIBHOTO OOy4YeHUS
OCHOBaM  ()YHKIMOHAJIBHOTO MPOTPaMMHPOBAHUs, BKJIIOYAs TMEpPeXoa K
MeTanporpaMMUpOBaHuio. ¥ 100cTBO Jlucna cocTOUT B MPOCTOM CHHTAaKCHUCE U
HU3KOM ITopore BXoxIeHus. [I[puBoauTcs npumep “MArkoro nepexoaa’” OT YUCTO
UMIIEPATUBHOTO Koja K (yHKIMOHaTbHOMY. KoJaudecTBO Takux MPUMEPOB
MOXHO ObUTIO 0€3 TpyAa yBEIUYUTh. ABTOpPHI BBIpAXKAET HAAESKIY, UTO
NPUBEACHHBIM MaTepuan OyJeT MOJe3eH NpenofaBareito (yHKIHOHAIBLHOTO
IIPOTPAMMUPOBAHUS U TOJB3YETCS NPUATHON BO3MOKHOCTBIO BBIPA3UTh CAMYIO
uckpeHHwot OmnaromapHocts H.B. IllunoBy (ynuBepcuter WMuHOMOMMNC,
r. Kazanp) 3a uaTEpEC K padore.
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