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A. K. Bepecos
O Bo3MOXXHOM MHTerpanuu Jiucna B sA3b1k Cu

[TpensioxeHa peajn3anusA BBIYMCIUTEJIbHOU Mofesu sA3bika Jlucm, Ha-
nrcaHHasa Ha A3blke CU U npeagHa3zHauyeHHaA [Jid OPUMEHEHUA B MPOEeKTaXx,
OCHOBHBIM A3BIKOM KOTOPBIX ABJiAeTcA Cu. Peasunsanusa mo3BoJsiAeT 3alucChl-
BaTh S-BbIpakeHUs A3bIKa Jlucn B popme cynepro3unuu Bei30BoB PyHKIuM Cu,
TaKUM 00pa3oM CUHTAKCUC U ceMaHTuKa Jlncna MoaenupyoTesa cpeacTBaMuU
a3pika Cu, pyu 5TOM He TpeOyeTcs NOIOJIHUTEIbHOE MpenpoleccrupoBaHue
VICXOQHOT'0 KOJa.
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rpaMMUPOBaHNA, KOMIWIALMA, lTapaAurMbel IporpaMMUpOBaHus, JIncH, A3bIK
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On a possible embedding of Lisp into the C language

An implementation of the Lisp computational model is proposed, written
in the C language and intended for use in projects whose main language is C.
The implementation allows Lisp S-expressions to be written in the form of a
superposition of C function calls, thus syntax and semantics of Lisp are modeled
with C language capabilities, without the need for additional preprocessing of
the source code.
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1 BseneHue

1.1 MyasTUnapagurMajgabHOe IporpaMMupoBaHue

PazsinuHble 3a1aun yAO00HO pelaTh pasHbIMU METOAaMu, U [JIA KaXA0ro
A3bIKa HAaOOp IpeoCTaBJIAEMBbIX METOAOB OTJINYAeTCs, IOPOM CYI[eCTBEHHO.
[Tpy TakuX 3HAYMTEJIBHBIX OTJINYHUAX A3BIKM OTHOCAT K pa3HbIM NapagurMam,
Oyab TO JIoruyeckoe, 00beKTHO-OPUEHTUPOBaHHOE, GYHKIIMOHAJIBHOE UJIN UHOE
nporpaMmmuposanue. I1py aToMm noj napagurmMon OHUMAaETCA OAX0/ K pellle-
HUIO 33a/a4 OoNpeeIéHHBIMU MeTOoAaMu.

PasHble mapaaurMsel nokasanau cedsa spPeKTUBHBIMU B pPELIeHUN Pa3HbIX
3agauy. Hanpumep, OOII ycnenHo ucnosib3yercs 41 MOCTPOEeHUs rpadruuecKux
nHTep(QElCcoB, JIOTUYeCKoe IporpaMMHUpoBaHie — B Nepe0OpHBIX 3aJadax,
a (QpyHKIMOHAJIbHOE — B CHMBOJIbHBIX BBIUMCJIEHUAX. BO MHOIMX mpoekTax
pasHble IoA3afgayyd HauboJiee OYeBHUOHO PelIalTCA B pa3HBIX NapagurMax.
Tak, 1ouTtu Jiro00U MPOEKT, UCIOJIb3YIIMnKN 0a3bl JaHHBIX, coueTaeT B cebe
pasHble mapaJIurMbl JJI1 OCHOBHOI pabOTH U JJis oOpalieHus K 6a3e JaHHBIX.
[TpuBe€HHBIN IPUMeEp MOKa3biBaeT HEOOXOAUMOCTh COYeTaHUA Pa3JINYHbIX
nmapagurM B paMKax OQHOIO IIPOEKTA.

OTO ke HabIAeHre NOATBEPXKAAeTCA CTATUCTUKOU UCIOJIb30BAHUSA A3BI-
KOB [IPOrpaMMHUPOBAHNA B IIPOEKTAaX C OTKPHITBIM UCXOAHBIM KofoM. Mccieo-
BaHUe [7] mokasasio AJif A3bIKOB C HaWOOJIbIIEN MOMYyJIAPHOCTHIO MOBBIILIEHHYIO
JOJII0 MHOT'OSI3BIKOBBIX IIPOEKTOB, IIpeBnimaniy 20%.

B ctatbe [1] npuBeneHsl U IpOaHAJIN3UPOBaHHI CJleAyIole IOAXOAbl K
peIeHuI0 3TON TpoOJIeMBI:

* IpUMeHeHHe HEeCKOJIbKUX CUCTEeM IIPpOrpaMMHUPOBAHNS;

* CO3[1aHKe HOBOI'O A3BIKA;

* pacuvpeHue CyIL[eCTBYIOIIero A3bIKa,;

* HeNoCpeJICTBEeHHas MHTerpanus.
M3 HUX OCTaHOBUMCSA Ha MeTO/le HEIOCPEeACTBEHHON UHTErpannum — OH O3Ha-
yaeT MoAeJIMpoBaHue cpeAcTBaMu 0a30BOI0 A3blIKa CUHTAKCHUCA U CEMaHTUKU
aJIbTepPHATUBHBIX A3BIKOB. B KauecTBe JOCTOMHCTB 3TOI'0 METOa aBTOPHI BBI-
JIeJIAI0T HeM3MEeHHOCTbh 0a30BOro A3bIKA, JIETKOCTh B3aUMOJENCTBUA YacTen
IpOrpaMMBbl, HallMCaHHBIX B Pa3HbIX ITapagurMax, 1 OTHOCUTEJIbHYIO IPOCTOTY
peaj3anuu.



1.2 Bb100p A3BIKOB AJIA HENOCPEACTBEHHON MHTerpauuu

A3pik CU ABJIAETCA OJAHUM U3 CaMBbIX MOIYJIAPHBIX A3BIKOB IPOrpaMMUPO-
BaHUA [23, 25, 7], IIMPOKO HUCIOJIb3yeTCA B CUCTEMHOM, HAYYHOM U IIPUKJIa-
HOM NPOrpaMMUPOBAHNHU, a TaKXe B pa3paboTKe BCTPOEHHOr'0 MPOrPaMMHOIO
obecneueHus, obsagaeT OOJBIIMM YUCJIOM MOAAEPXKUBAEMBIX PA3JIMYHBIMU
KOMNOWUJIATOpaMM LeJieBbiX miuatgopM. U3 sToro cienyer ocobass mpuBJieKa-
TeJIbHOCTh CU B KauecTBe 0a30BOr0 A3bIKA, MOATBEpPKAaeMas BEICOKOU A0JIer
MHOTOSI3BIKOBBIX ITPOEKTOB Ccpeau MpoeKToB Ha Cu — cBbitie 9% [7].

OTMeTHuM, 4TO A3BIK Mpemnpolieccopa ABJIAETCA OTAEJbHBIM OT caMmoro Cu
A3BIKOM, B YACTHOCTU HE YUYWUTHIBAIOLIVM CHUCTEMY THUIIOB IIOCJIeJHEro. OTO U
JpyTue CBOMCTBA Ipernporeccopa obecneunsiv eMy penyTaluuio MHCTPYMEHTA,
AKTHMBHOE MCI0JIb30BaHHE KOTOPOro IMPUBOAUT K MOBBIILIEHHOMY YHCJITY OIIHN-
6ok [16]. B cuy aToro HabroaqeHusA npeajaraeMbld MeTO[ He ONMpaeTcs Ha
IIPENpOoLEeccop.

HecMOTpsA Ha BBICOKYIO aKTyaJIbHOCTH A3bika Cu B KayecTBe 0A30BOTrO
A3bIKA J1JI1 HEMOCPeACTBEHHOM MHTEerpaluu, CylecTByeT OTHOCUTEJIbHO Ma-
Jioe 4MCJIO ucciiefoBaHnu no teMe. K ux 4ncjiy MOXHO OTHECTU OMOJIMOTEeKy
Cello [10], akTUBHO KCIIOJIB3YIOIIYIO MPENpoIieccop IJIis MpeIoCTaBJIEHMU MO-
JieJI1 AUHAMHYeCKOro 00beKTHO-OPMEHTUPOBAHHOI'O IPOrPaMMHUPOBAHUA [JIA
Cu. HenonyiapHOCTh BbIOOpPA sA3bIKa CH B KauecTBe 0A30BOT0 MOXHO OOBAC-
HUTb, B YaCTHOCTU, OTPAHUYEHHOCTHIO €r0 BO3MOXHOCTeU. B A3bikax ¢ Oostee
r’MOKUM CUHTAKCHCOM M3BECTEeH PsJ MPoeKToB, HanmpuMep AjiA C++: InteLib [2],
Castor [17], LC++ [15], FC++ [14]; nna Java u3BeCTeH MPOEKT IOAOepXK-
K1 QyHKI[MOHAJIbHOTO nporpaMmmupoBanus Pizza [18]; aa Haskell: Haskell
Rules [12], uccienoBaHrie BO3MOXXHOCTH BCTPAWMBaHUSA BBIUYMCIUTEILHOU MO/Ie-
u a3sika [Iposior [22], a Takke NOCTPUKCHBIX A3BIKOB [19].

A3piky cemericTBa JIMCH CUJIBHO OTJIMYAIOTCA OT si3bika CU IO CBOMM BO3-
MO>XHOCTAM U IpeJocTasiisieMon napaaurMe. OHU U3BECTHHI CBOEN T'MOKOCTHIO
1 JUHAMMNYECKOU NMPUPOAOoH, Toraa Kak Cu nssecteH cBoeur 3¢pGEeKTUBHOCTHIO U
6JIM30CTHI0 K MalIrMHe. DTO pa3jduuie OTpaxaeTcA U B 00J1aCTU NPUMeHeHUs —
A3BIKU ceMercTBa JIucn 0coO0eHHO aKTUBHO HUCIOJIb3YIOTCA B BeO-pa3paboTke 1A
HalrCcaHusA CePBEPHOU 4aCTU IPUJIOXKEHUN, a TakXe Ui pa3paboToK B 00j1acTu
HWCKyCCTBEHHOI'0 MHTeJUIeKTa. Ha 3ToM KOHTpacTe 3ajaya HerocpegCTBEHHOMN
nHTerpauuu Jlucna B Cu BEITJIAAUT 0CO00 aKTyaJibHO U TpedyeT pa3paboTKu
HOBOI'0 METOJla MCMHOJIb30BaHUs BO3MOXHOCTeU sA3biKa Cu OJ1a obecrieueHusA
MOAJEPXKKU Yy KEePOAHBIX €My BbIPA3UTEJIbHBIX KOHCTPYKIIUU.

AKTyaJIbHOCTH 3aJja4¥ JOMNOJIHUTEJIBHO MTOATBEPXKAAeTCA BHICOKOM IIOMY-
JIAPHOCTBIO A3BIKOB 3TOTr0 ceMelcTBa. HecMOTpsA Ha UX OTJIMYHUA OT A3BIKOB
JOMUHUPYIOIIEeN UMIIEPATUBHOM MTapaJiIurMel, OKOJIO 2% MpOrpaMMHUCTOB MPO-



(peccrOHAJIBHO UCIMOJIb3YIOT 3TU A3BIKU, YTO BHIIIE AaHAJIOTUYHOTO MOKa3aTeis
TaKUX A3BIKOB, KaK XackeJib, [Tackasb, Erlang, Aga u ®optpan [7, 23].

Emé oqHa npuyrHa nNpuBjeKaTeJbHOCTU AUaJIeKTOB Jlrcna B KauecTBe
A3BIKOB [1J11 HEMOCPEACTBEHHOM MHTErpalM 3aK/JII4aeTcs B UX MUHUMAaJIU-
CTMYHOM B CBOEM OCHOBE CMHTaKcHuce. B A3bIKax 3TOro ceMencTsa nporpaMMbl
TPAAUIMOHHO 3aNKMCBhIBAIOTCA KaK JaHHbIe, 8 MMEHHO KaK JaHHbIe, ITpeICTaBJIA-
I0l[1e UX CUHTaKCHU4YecKoe ApeBo. [Ipnuém aJida 3anrcu IporpamMm UCIOJIb3yeTCs
npedUKCHaA HOTAIMA, a CKOOKM MO3BOJIAIT ONMMCHIBATh CIUCKU TPOU3BOJIbHOM
JJIMHBL U KICIIOJIb30BaTh (PYHKIUU C ITIePEMEHHBIM YUCJIOM [apaMeTpPOB.

1.3 IlocraHoBKa 3agauyu U AOCTHUI'HYTbIE€ PE€3YyJIbTAThI

Llesbio paboTHI ABJIAETCA peain3alusA BEIYMCINTENIbHOU MoAeau Jlucna B
paMkax sA3bika CM METOI0M HeloCpeACTBeHHOU MHTerpauuu. i JOCTUXEHUA
IIOCTaBJIEHHOU LIeJIU NpejlaraeTcs pacCMOTpeTh CJleAyole 3a4auu:

1. pazpaborarts cnocob npeacTaBjieHUA JaHHBIX JIMcna, yaoBJIETBOPAIIUN
TpeOOBaHMAM HarJAOHOCTU M KOMIIAKTHOCTH UX 3alMCU CpeACTBaMU
A3pika Cu;

2. peanu3oBarbh OUOJINOTEKY, NCIOJIHAIONIIYIO 3alCaHHble pa3paboTaHHbBIM
criocoO0M mporpamMmel Ha guasiekrte Jlucmna;

3. Ha OCHOBEe MOJIYYEHHOrO HCIIOJIHUTEJIA CO34aTh WUHTEpIpeTaTop Ipo-
rpaMM, 3alMCaHHBIX B KJIACCUYECKOM CHUHTaKcuce Jlucna;

4. WCIIOJIb3yA AJ1A IepBUYHON PACKPYTKU CO3[JaHHBIN MHTEpPIpeTaTop, Ha-
nycaTh Ha n3bpaHHOM AuasiekTe Jlncmna caMONpUMEHUMBIN TPAHCJIATOP,
IIepeBOANIMN POrpaMMBbI U3 TPAAULIMOHHOM 3anucy Jlucna B 3anuch Ha
Cu ¢ ucnoJib3oBaHreM pazpaboTaHHOTO cnocooa.

B xo/ie mpoBeNEHHOI0 NCCIIeJOBAHUA I0JIyY€HEI CJIEAYIOIIe OCHOBHBIE Pe3yJib-
TaThI:

1. mpeasioxeH MOAXOM K MPe/ICTaBJIEHUIO S-BhIpa’KeHMU, JOIMYCKAOIUN UX
HarJIAAHYIO 3alK1Ch cpecTBaMU sA3bika CU B BUJie CyNEepIIO3NLUN BEI30BOB
byHxw;

2. cospgaHa 6ubsmnoreka moAayJsien Cu, peasin3yoliasa BEIYUCIATEIbHYI0 MO-
Jesib Jlucna Ha OCHOBe S-BBIpaXX€HUU, NPeICTaBJIEHHBIX B COOTBETCTBUU
C BBILIEYIOMAHYTHIM ITOJIX0ZI0M;

3. co3gaH MHTepaKTUBHBIN MHTEPIPETATOp AUasieKTa A3blka Jluch, a Takke
CaMOIIPUMEHUMBIN TPAHCJIATOP, IPUHUMAIIINK Ha BXOJ TeKCT Ha Jlucme
B TPAQAULIMOHHOM CHMHTAKCHCEe U CO3[AIIINI COOTBETCTBYIOIINI MOIYJIb
A3bIKa Cu.



2 BeruucimreJibHasA MoneJib JIucma

B JIucne u ero auajsiekrax UCIOJIb3yeTCA eONHOE IpeacTaBJieHne IIpo-
rpaMM U JAaHHBIX — B BUJIe S-BbIpaXeHMI. S-BeIpakeHHe MpOorpaMMbI Mo/jia-
€TcA QYHKIIUU GblUUC/IeHUA, BO3BpAIIalolllell B KaueCcTBe pe3yJibTaTa TakKxke
S-BeIpaxeHue.

2.1 IIpencraBjieHUe JAaHHBIX

W3HauasibHO onpefesiEHHbIe co3aaTteseM A3bika Jluen xonom Makkap-
i [13], S-BBIpakeHUA MCI0JIb3YIOTCA Kak 6a30BasA CTPYKTypa JaHHBIX B JIuciie
1 ero MOTOMKax, a TakXe B MPOeKTax, He CBA3AaHHBIX ¢ JIMcnoM HemocpeacTBeH-
HO, HO 3aUMCTBYIOIIHAX 3Ty KOHIIENIIUIO B CUJTy €€ MPOCTOTHI U TMOKOCTH. [Ipu-
Mepamu MoryT ciryxkuth WebAssembly, KiCad, Emacs, Racket, Scheme [11],
Common Lisp [24], Curl [26] u gpyrue.

S-BeIpaxkeHue ABJAETCA aTOMOM (MAeHTU(HUKATOPOM, KOHCTAaHTOU HEKO-
TOPOTO TUMNA U T.II.) WM Xe TOYEeYHOU MapoM — YIOPsI0YEeHHOU Iapou
S-BeipaxkeHui. CBOE MM aTOM MOJIyYUJI B CHJIy TOTO, YTO OH He MOMAJIEXUT
JlaJibHelleMy pa3bopy B paMKax CUMTBHIBaHUs S-BhIpakeHMs, a TOueyHas Iapa
Ha3bIBAeTCsA TaK M3-3a CBOEW KJIACCUUYECKOW 3allMCH B CKOOKaxX C pas3ie’isio-
el BJIOXKeHHbIe S-BbhIpaXkeHUs TOYKOM. MOXXHO 3anucaTh TaKkoe olpeejeHue
S-BeipaxkeHuu B Buje bH® [5]:

<atom> | <dotted pair>

<S-expression>

<dotted pair> ::= "(" <S-expression> <S-expression> ")"

HAuasnektol Jlncna noanepXuBamwT AJOCTATOYHO HMIMPOKOE MHOXECTBO THUIIOB
aToMoB. [Ipy Ha/IMuMM TAKOBBIX CYI[HOCTEUN B A3BIKE K aTOMaM OTHOCATCA
YICJIOBBIE, JIOTUYECKNEe, CUMBOJIbHBIE I CTPOKOBBIE KOHCTAHTHL. OTEeJIbHBIM
cJIy4aeM aToMma fIBJIeTCA CMMBOJI — HauboJiee 6JIM3K0M aHAJIOruer KOTOPOMY
n3 0oJiee pacrpOCTPaHEHHBIX A3BIKOB OyAeT NAeHTU(HUKATOP — B YACTHOCTH,
CHMBOJIBI UCIIOJIb3YIOTCA [1JI1 UMEHOBAHNUA [IEPEMEHHBIX U BBIUNCIIMMBIX GOPM.
BrIi30B ¢GOpMBI ¢ HEKOTOPHIM HabOpOM IIapaMeTpOB IIPUBOAUT K €€ BbIYMCIIe-
HUIO, 4TO BO3BpalnaeT pesyjbrar. CaMmu 0O0beKThl POPM TaKXe CUUTAITCA aTo-
MaMu. Kpome TOro, HeKOTOphble AUajIeKThHl IOAAePXXUBAIOT JONOJIHUTEJIbHEIE
CTPYKTYPHI JAHHBIX, TaKHe KaK MaCCUBBI, 3alIMCU WJIN XelI-TaOJInuLbl; B MOJe N
S-BBIpaxeHUN Takue OObEeKThl TOXe OTHOCATCA K aToMaM. B quanekre Jlucna
IO/ Ha3BaHKeM Arc BO3MOXHO YCTaHOBUTDH IIPOM3BOJIBHBIN CUMBOJI B Ka4eCTBe
TUIla 00beKTa, B YACTHOCTU BO3MOXHO AMHAMUYECKU PaCIIUPATh HAOOp TUIIOB
aToMoB [21].



roJIoBa | XBOCT |—| rojioBa | XBOCT ——| roJioBa | XBOCT |
Y
1 2 3 0

Puc. 1: [Ipencrasienue crnucka (1 2 3)

JleBoe moaBBIpakeHHE TOYEUYHOU naphl OyZieM Ha3bIBaTh TOJIOBHBIM WJIU
roJIOBOM, a IipaBOe — XBOCTOBBIM MJI XBOCTOM. MIcTOpruecKd UM COOTBET-
crBy1oT Ha3BaHusa CAR u CDR.

CIMCKOM B TEPMUHOJIOTUM S-BBIpaXX€HUI Ha3bIBA€TCA NyCMoll CNUCOK UJIU
Ke ToOYevHas mapa, XBOCT KOTOPOU ABJISAETCA COUCKOM. MoXxeM 3anucaThb 3TO
onpeaesieHre B Buae bHO:

<list> ::= <empty list> | "(" <S-expression> "." <list> ")"

Tak kKaK IIyCTOM CIIMCOK, II0 OIpeeIeHUI0 TOYEeUYHO! IMaphl, JOJIKEH OBITh
S-BbIpakeHHEM U He ABJIAETCS TOUEYHOU Mapo, TO OH SABJIAETCA aTOMOM. DTOT
aToM OOBIYHO 3amurchiBaloOT B Buge NIL uiau xe ().

PacrnipocTpaHeHa COKpaIl€HHAA 3alKcCh CIKMCKA, PU KOTOPOU BCE 3JIEMEH-
TBI CIIMCKA, KPOME OKOHEUYHOTI'0 MyCTOro CIMUCKA, YKa3bIBalOTCA Yepes3 pobest u
obopauunBawTCcA B CKOOKKU. Harmpumep, ciieayioliye 3anmMcyu S3KBUBAJIEHTHBI, TO
€CTb IOPOXAAIOT B NAMATHU OAWH U TOT e 00beKT, N300paXEHHBIN Ha pUCYHKe 1:

(1 2 3)
1. 2. G.0)))

ToueuHbIli CIIMCOK — S-BhIpaXkeHUe, CTPYKTYPHO UIAEHTUYHOE CINCKY, HO
3aKaH4MBamwleecs He MyCThIM CIIKCKOM, a ApyruM atoMoMm [2]. 11 TakuxX KOH-
CTPYKIUH TaKXe peJyCMOTpeHa COKpallléHHas 3amnuch, 06001aIas 3anuuch
TOYEYHOU Iaphl, IPU KOTOPOU MOCJIeJ0BATEJIbHOCTh S-BEIpaXXeHUU B CKOOKax
“MeeT nepej MOCJIEAHUM CBOUM 3JIEMEHTOM TOouKy. [Ipu aToMm oGpasyemoe
S-BBIpaxeHHe MOHO OIKCAaTh KAaK CIMCOK L, MOCTPOEHHEIN U3 BCEX 3JIEMEHTOB,
KpOMe CTOAIIero 3a TOYKOM, a 3TOT MOCJIeAHUU 3JIEMeHT 3aMeHseT IyCTOU
CIIMCOK B KOHIIe cnucka L. [TpuBeiéM nprMep 3KBUBAJICHTHBIX 3anucel, aHaylo-
T'MYHBIN IPYMEPY COKPALLEHHOU 3aMKCy CIIMCKOB, HO I'/le BMECTO OKOHEYHOI'O
IIyCTOI'O CIKCKA CTOUT aToM 4:

(123 . 4)
1. (2. (3. 4))



OTmeTnM, 4TO JIeTajii CUHTAKCHCa 3allUCU S-BBIPAXKEHUM B PA3JIMYHBIX JUAJIEK-
Tax Jlucma MOryT CyIecTBeHHO OTJINYaThCA — BIUIOTH 10, HAIIpUMED, U3MeHe-
HHs CKOOOK C KPYTJIBIX Ha urypHseie [26].

2.2 HcnoJsiHeHHUe IIporpaMm

[Iporpamma Ha Jlucne mpeacTaBJisgeT cOOOU IMOCJIeJOBAaTEJIbHOCTh Gbl-
yucsaemelx (evaluated) S-BelpakeHNil, a BBIIIOJIHEHHE MPOTPaMMBbI COCTOUT B
BbIUUCJIEHUU 3TUX BBIPAXKEHUN.

[TycTh BBIUMCIIAETCA HEKOTOPOE S-BhHIpaXXeHue, TOrga Mo onpeaesieHuI0
OHO MOXeT ObITb TOYEUYHOU MMapor UJIU aTOMOM, [P 3TOM aTOM MOXET OBITh
OJHOT'0 13 MHOX€CTBa TUIIOB.

Oco060 BbIAEIMM BO3MOXHOCTh aTOMa OBITh CUMBOJIOM, IIPU BEIYMCJIEHUU
KOTOPOT'O BO3BpalllaeTcA acCOLUMPOBAHHOE C HUM 3HaueHue. A3bIKu ceMencTBa
JIvucn 0OBIYHO Oy CKAlOT OOJIBIIYI0 TMOKOCTh B 3allICU CUMBOJIOB, IIO3BOJIAA
HCII0JIb30BAaTh B HUX TaKWe CIHeL3HaKH, KaK +, -, ? U Jp.

K 3anuceiBaeMbIM AIBHO KOHCTaAHTaM OOBIYHO OTHOCAT uncia (1, 9.99, 73,
...), TEKCTOBBIE CUMBOJIHI (#\a, #\@, ...) u ctpoku ("sunrise", "Dijkstra",...).
ATOMBI KOHCTAHTHBIX TUIIOB BBIYMCJIAIOTCA caMU B cebsa. OTMeTHM, YTO CUMBOJI,
acCcoLMUPOBAHHBIM 3HaUY€HHEM KOTOPOIO ABJIAETCA OH CaM, TaKXe BhIUUCIIAeTCA
caM B ce0s 1 4acTO TOXe Ha3blBaeTCsA KOHCTAaHTOU.

HekoTopble aToMapHble 3HaUeHUA He MOTyT OBbITh 3allKCaHbl IBHO, a ABJIA-
I0TCA pe3yJIbTaTOM II0JIyYeHUs 3HaueHUs IIpeoNpee/IEHHOI0 CUMBOJIA UJIU pe-
3yJIbTaTOM BbIYMCJIeHUA (OpMBI. BelunciieHre 3TUX aTOMOB BapbUpyeTCs B pas-
JINYHBIX auajiektax Jlucmna u ux peanusanusax. Tak, B onmvcaHuu siseika Scheme
BbIUMCJIeHUe (GYHKLIMOHAJIBHOTO aTOMa OCTa€éTcA HeollpeAesIEHHBIM [11], a pea-
JIN3aluu pa3HATCA B cBOEM MoBeAeHnr — MIT Scheme BriunicisieT Takoi aTom
B camoro ce0s1, a Chicken Scheme BrigaéT ommuoKy.

B ciiyyae Toue4HOM Iapbl OHA B OCHOBHOM pacCMaTpUBaeTCA KakK CIMCOK,
IIPYU 5TOM MEPBBIN 3JIeMEeHT 0003HavYaeT BhI3bIBaeMy1o (OpMy, a Mocjaeayome —
e€ apryMeHThl. JlJ14 3anucy BI30BOB B JIKCIIe MCIIOJIb3yeTCA pedrKCcHasa HOTa-
A, IPU KOTOPOU 2 + 2 CTAHOBUTCHL:

(+ 2 2)

Hasnmune cko6oK MMO3BOJISET KUCII0JIb30BaTh B JIrcne Bapuaandeckrie ¢GOpMBl.
Tak, GyHKIMA cII0XKeHHs 00BIYHO OoImpejiesieHa He IJIs IBYX, a /1A IPOU3BOJIb-

HOro 4mucjia apryMmeHTOB, 1 CYMMY YHCEJI OT Tpex A0 CEMHM MOXHO 3alllCaTb
TakK:

(+ 3456 7)



dopmsbl fesnAaTcsa Ha QYHKIMK, Makpockl U crerdopmsl. [Ipu Bei3oBe PyHK-
IIUM BBIYMCJIAIOTCS BCE apryMEHTHI, [10CJI€ Yero MCIOJIHAETCA cama QYHKIUA U
pe3yJibTaT 3TOr'0 UCIOJIHEHU BO3BPAIllaeTCs B Ka4eCTBe pe3yJbTaTa BhI30Ba.
[Tpu BBEI30BE MaKpoca apryMeHTH Makpoca oOpabaThiBaloTCA UM He Oyayuu
IIpeABLIUYNCIIEHHBIMY, a pe3yJibTaT pab0OTh MaKpoca IOABEPraeTCs BBIYNCICHUIO
B KOHTeKCTe Bbi3oBa. K crendopmam oTHOCAT Bce OCTasIbHbIE CJIy4Yau.

Taxxe ¢popMbl K1accupUUMPYIOTCA HAa BCTPOEHHBIE B CUCTEMY U IOJIb-
30BaTeJIbCKHE, TO €CTh OIpefesiieMble B XOi€ UCNOJIHeHUs. Cpeiul BCTPOEH-
HBIX (OpPM, KakK CJIeACTBHE, JOJDKHBI IPUCYTCTBOBATh TaKUE, YTO MO3BOJIAIOT
oIpenesIATh MoJib3oBaTesbckue GopMsel. [Ipy 35TOM OOGBIYHO OJIB30BATEJIbCKASA
(opma ormnpenesseTcs ABYMs 4aCTAMU — CBOUM 3d20JI06KOM, TO €CThb Iepey-
HeM (GOpMaJIbHBIX ITapaMeTpOB, U meJioM, TO €CTh S-BelpaxkxeHueM. B ciiyyae
olpeJiesIeHNs M0JIb30BaTEJIbCKOU (PYHKIMU (paKTUUYecKre apryMeHThl OyayT
BBIUMCJIEHBI B KOHTEKCTE BBI30BA, I10CJIE€ Yero MOACTaBJIEHbl BMECTO COOTBET-
CTBYHOIIMX (OPMAJIbHEIX B TeJI0 PyHKLIMNU, KOTOpOe 3aTeM OyJeT UCIOJHEHO B
KOHTEKCTe onpefesieHnsa GyHKIUU. B cilyyae MakpoCOB aHAJIOTMYHO MIOACTaB-
JIAIOTCA B TeJIO (paKkTUYEeCKUe mapaMeTphl BMECTO (pOpMaJsIbHBIX, HO B TOM BUJE,
B KaKOM OHU IIPUCYTCTBOBAJIM B BBI30BE, IIOCJIE YETO B KOHTEKCTE OIIpeiesIeHNsA
MakKpocCa BBIUNCJIIAETCA MOJIyYeHHOe IIOACTAaHOBKAMM TeJIO, a pe3yJibTaT 3TOr0
BBIUKCJICHUs BBIUUCJIAETCA eIle pa3, HO yXe B KOHTEKCTE BbI30Ba.

OTMeTUM, 4YTO HU IIPYU MIEPEUYUCIIEHNH ITapaMeTpoB (pOopM, HU IIPU yCTa-
HOBKE 3HAQY€HNU CUMBOJIaM He yKa3bIBalOTCsA TUIBL. DTO IIPOMUCXOAUT OTTOTO,
470 JIncn — A3BIK ¢ AMHAMUAYECKOU TUMNM3alen, U TUIl ABJIAETCA CBOVICTBOM He
VIMEHU CBA3aHHOI'O CO 3HAYEHUEM, HO caMOro 3TOro 3HaueHus. Kak ciencraue,
B A3BIKaxX cemericTBa JIncm OObIYHO AOCTYIIHBI QYHKIUHN, IPOBEPAIOLIEe TUII
IlepelaHHOr0 UM 3HauYeHUs.

3 Hcnosb3oBaHue cpeacTB sA3bIka CHu

3.1 Ilommepxka AUHAMHNYECKON TUMHU3AIUU

Jlucn u Apyrue A3bIKY, KOTOPBIM HEOOXOAUMO AUHAMHYECKU ONpeneiATh
nHdopMmaruio o Tunax, Oyap To cam TUIl — Kak, Hanpumep, B Smalltalk, niu
xKe agpeca QYHKLMHI, peaJu3yolnuX MeToAbl — Kak B C++ Opu UCHOJIb30Ba-
HMU KJIIOYEBOTO CJIoBA virtual, BEIHYXKEHBI TaK WJIA MHAYe XPAHUTh TaKyI0
nHPOPMaLNIO BO BpeMs UCIOJIHEHU CBOUX IIPOrpaMM.

HecMmoTps Ha oTcyTCTBUE MOAAEPXKKU CO CTOPOHHI A3bika CH, B HEM BO3-
MOXHAa pean3aius 3TOro MexaHnu3Ma HeCKOJIbKUMU cnocobamu. Chopmyin-
pyeM uaer TpedyeMoro o0beKTa: 3TO AOJIKHA OBITh CyI[HOCTD, XpaHAILLAs UH-
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00NOJTHUMEJTbHAA UHPOpMAayus | JaHHbIe 0ObeKTa

A
XXVPHBIM yKa3aTeJlb _ 1

Puc. 2: PaciirpeHre oO0beKTa TEXHUKOU XKUPHOT'O yKa3aTeJis

dopmMmarliuio o CBOEM THUIIE, a TaKXKe MHTEPIPEeTHPYyeMbIe B COOTBETCTBUH C 3TUM
THUIIOM AaHHble 00bekTa. HauBHOI peasinzaiiyeil Tuila moJoO6HOTro oObeKTa
Oynmer:

struct object %
enum objtype { objtype_1, /* ... %/ objtype_n } type;
union objdata %
objdata_1 data_1;

/x ... x/
objdata_n data_n;
t data;

[

Takasa peanm3anus He MO3BOJIAET HEMOCPEACTBEHHBIN NOCTYI K JAHHBIM OObeK-
TOB, 4TO 3aTPyAHAET B3aUMO/IeliCTBHE ¢ 00beKTaMM MPU MOMOIIM CTaHAAPTHBIX
cpencTB si3bika Cu. Kpome Toro, mipu qo0aBjieHMM HOBOT'O TUIIA MOJIb30BaTE b
OyaeT BBIHYXX/I€H U3MEHATh KOJ CUCTEMbBI, peaJn3ylollell JUHAMHUYECKYI0 TUIIU-
3a1UI0 TAKUM COCOO0M, BCE TUIBI IIPYA 3TOM JOJDKHBI OBITh M3BECTHHI YK€ Ha
MOMEHT KOMITHUJIAIIUIU.

Perivim nipo6JjiemMy mo0aBJjieHNMs HOBBIX TUIIOB Yepe3 void *. YKa3aTesu
3TOr0 TUMa MOTYT IPUBOAUTHCA K JIIOOOMY APYyroMy, 3a MCKJIIOUYEeHHEM yKa3aTe-
Jer Ha QYHKIOUIO [4], B CUJTy 4ero mo3BOJIAIOT MOJIb30BaTe 0 BBOOAUTH HOBBIE
TUIIbI 6€3 He0OX0UMOCTU U3MEHATDh KOJ CHUCTEMbI JUHAMUUYECKON THUIIM3aI[UU.
OTa e TeXHUKa YCIIEeITHO IpUMeHseTCA MPU NOCTPOEeHUU CUCTeM C PYHKIU-
AMU 0OpaTHOTO BBI30BA, € MOJIb30BaTeIbCKUE JaHHbIe OOBIYHO ITepeqaloTCsA
MMEHHO 4Yepe3 void *. I3 HegoCTaTKOB TAKOro MOAX0/1a MOXHO Ha3BaTh HEOO-
XOAUMOCTh pa3bIMEHOBAHMA yKa3aTeJiA Jaxe B cjIyvyae JAaHHBIX IIPOCTOTO THUIIA,
KakK int.

Tenepp pemnM 1pobjeMy OnocpegOBaHHOTO AOCTyNa K JaHHBIM OOBbEKTa.
[Tpeapiayiiee pelieHyre Mogpa3yMeBaeT, YTO BCe JaHHbIE OOBEKTOB JJOCTYITHBI
110 ykazareso. OqHa U3 TeXHUK HEeABHOI'O pacCllIMpPEeHUs yKa3aTesisa JONOJIHU-
TeJIbHOU MH(OpMaIliel U3BeCTHA B aHTJIOA3BIYHOM JIUTEpAType 0] Ha3BaHUEM
fat pointers [8], uTo 1OCJIOBHO MOXHO MepeBeCTU KaK XHUPHbIEe yKa3aTeJIu.

[Tpu ncnosib30BaHUM XKUPHBIX yKa3aTeJsien mogpasyMeBaeTcCs, 4To JOMNO0JI-
HUTeJIbHaA uHGopMaliua 00 00beKTe HaXOAUTCSA Mepe] OCHOBHBIMU JJaHHBIMH, a
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caM XUPHBIN yKa3aTeJsb COJIEPXKUT aApec 3TUX OCHOBHBIX JJAHHBIX, KaK HAa PUCYH-
Ke 2. PaccMoTpuM 11 IpruMepa paciiipeHue CTpok s3bika Cu JOMOJTHUTEIbHON
nHbopManueln o6 Ux JJIMHE TI0 TeEXHUKE XUPHBIX yKa3aTeJiel. 3anuiieM 0600-
IMEHHYIO peajiu3alluio XXUPHBIX yKa3aTeJsei:

extra xobj_extra(void %obj)

)
return (extra x)obj - 1;
£
void *obj_new(extra xinfo, int size)
)
extra *res = malloc(sizeof(extra) + size);
memcpy (res, info, sizeof(extra));
return res + 1;
$
void obj_free(void *ob7j)
3
free((extra x)obj - 1);
%

3nech TUNIOM extra 0003HAUYeH TUN JOMOJHUTEIbHON MHOpMAaIUK1, pa3Mela-
eMoU IiepeJl OCHOBHBIMU JaHHBIMU. [I0CKOJIBKY B paccMaTpuBaeMOM IpHUMepe
TpebyeTcA paclIupUTh CTPOKU MHGOopMalen o6 ux AjiHe, OyaemM CUUTaTh, YTO
extra 3agaHo cuHOHNMOM 1nt, ucnosb3ysa typedef. Teneps onuieMm co3gaHue
TpeOyeMol CTPOKU:

char xfatstr new(const char *cstr)

1
int len = strlen(cstr);
char *res = obj_new(&len, len + 1);
memcpy (res, cstr, len + 1);
return res;
5

[IpuBeiéM Takke OpHUMep MCIOJIb30BAHUA OJIyYeHHOU CUCTEMBI:

int main()
]
char xfatstr = fatstr new("Hello, World!");
puts(fatstr);
printf("%1ld = %d\n", strlen(fatstr), xobj_extra(fatstr));
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printf("second character is '%c'\n", fatstr[1]);
obj_free(fatstr);
return 0O;

§

Kak BUAHO Ha 3TOM npuMepe, UCII0JIb30BaHMe XUPHBIX yKa3aTeJsien I103BOJIA-
eT paclIMpUTh AOCTYIHBIU [0 yKa3aTeslo OObeKT IPOMU3BOJIBHOU MHGpOpMa-
[[yel, COXpaHAA YaCTUYHYI0 COBMECTUMOCThb C OPUTMHAJIBHBIMU QYHKIUAMU
HaJ oObekTaMu Takoro tumna. CylecTBeHHOe OorpaHrYeHre Ha Takue QyHK-
M1 — TpeboBaHNe NHBAPUAHTHOCTU AOIOJHUTEJIbHOU HGOpManuu o0beKTa
OTHOCHUTEJIBHO UX IIpUMeHeHusA. Tak, IIpy pacliMpeHnr CTPOK MH@oOpManu-
el 00 ux JJIMHEe OpUrMHaibHble QYHKIUY, MEHAIUe JJINHY NOAAaHHOU UM
CTPOKM, HapylIaT COIJIacOBaHMe NOIMOJHUTEJIbHOU NHGOpMALM U JaHHBIX B
o0beKTe, BCJIeICTBUE Yero BO3MOXHBI olInOKkU. Kak nmpaBusio, HeCJI0XXHO MOAU-
(puipoBaTh Takre OpUrvHaJJIbHble PYHKIUN AJ1A pabOThHI ¢ paclIpeHHBIMU
o0beKTaMM WJIU Ke HamucaTth QYHKIUI-00EPTKY, BOCCTAaHABIUBAKIIYIO MIOCTIE
HCII0JIb30BaHMs oO0opaunBaeMou GYHKIIUM COTJIAaCOBaHHOCTD JOMOJTHUTEIbHON
nHGpOopMaIUU U JaHHBIX U3MEHAEMOIo OObeKTa.

1A peanusanmu AUHAMAYECKOW TUMU3ALUU C TIOMOIIBI0 IPUBEAEHHOU
TeXHUKU JOCTATOYHO 3aJaTh extra CMHOHNMUYHBIM TUILY, ONKCHIBAIOIEMY BCIO
TpebyeMyto OT Tumna nH@opmanuw. B ciaydae S-BelpaxeHHUI MOXHO OCTaBUTh
int 1 3aBecTu nepeunciaeHue (enum) Bcex TpeOyeMbIX TUIIOB: TOUEYHOU MapHI,
JIaHHBIE U1 KOTOPOU OyAyT apoy XXUPHBIX yKa3aTesiel Ha I'OJIOBHOE U XBOCTO-
BO€ NOJBBIPAXXEHU; IIyCTOTO CIMCKA, JaHHbIE KOTOPOI'0 HE PacCMaTpPUBAKOTCA
IIpOrpamMMoOM; a TaKXe BCeX OCTAJIbHBIX TpeOyeMbIX TUIIOB aTOMOB — Oyb TO
1[eJIble YKCJla UJIN CUMBOJIBL, JJaHHBIE [IPY 3TOM JOJDKHBI MHTEPIPeTUPOBATHCA
CcoOoTBeTCTBeHHO. OHaKo 0e3 moAnepXKU cOOpKU Mycopa UCIIOJIHEHME IIPO-
rpaMm Ha Jlucrie IpuBe€ET K yTeuke IaMATH, a IOTOMY CTaHET HEBO3MOXHO
HCII0JIb30BaTh pa3pabOTaHHYI0 CUCTeMy Ha MpakTuke. TakoBas momaepxka
noTpebyeT paclipyUTh XPaHUMYIO JOIOJHUTEIbHYI0 NHopManyw 00 oObeKTe.
B pazpaboTaHHOU cucTteMe 1A COOPKU MycOpa UCIOJIb3YeTCA aJiTOPUTM IO-
MeTOK (mark-and-sweep), oMCaHHBIN B COOTBETCTBYIOIIEM pazfeJie. IIpu aToM
WTOT'OBBIM TUII AOIIOJHUTEJIbHOU MHOpPMaLuu uMeeT BU/:

typedef struct extra i
int mark;
int type;

t extra;

[Tpu u3BecTHOM extra MOXHO KOHKPETU3UPOBATh U YIIPOCTUTH Obj_new:
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void xobj_new(int type, int size)

]
extra *res = malloc(sizeof(extra) + size);
res->mark = 0;
res->type = type;
return res + 1;
$

3.2 Tloanepxka QpyHKIIMOHAJIbHBIX O0HEKTOB

[Tpu onurcaHuy UCIIOJHEHU IporpaMm Ha Jlnucne Mbl BbIAeJINId BCTPO-
eHHble (POPMBI, KOTOPbIE JOJIKHBI OBITh TaKXe NOCTYIMHBI KaK S-BhIpaKeHUs.
YToObl yIPOCTUTH pacliipeHne CUCTeMbl HOBBIMUA BCTPOEHHBIMU (OpMaMu co
CTOPOHBI IOJIb30BATEJIA, MOKHO IIPEACTAaBUTh BCTPOEHHBIE HOPMBI KaK PyHKINU
Cu. B HauboJiee o6mieM Buie BCTpoeHHas ¢opMa NprHUMAaeT 1 BO3BpalaeT
S-BBIpaxxeHue, rje MpuHUMaeMoe S-BbIpakeHre COOTBETCTBYET XBOCTY BBIUHMC-
JIAEMOU TOYE€YHOU Maphl, Y KOTOPOY I'0JIOBOM OKa3ajlach BCTpOeHHasA ¢opMma.
Torma MOXHO Tak onucaTh TUI yKa3aTesd Ha QPYHKIMIO, pean3yIoIy0 BCTPO-
€HHYI0 popMy:

typedef void x(xembedded_form) (void =xtail);

CKpBIThIE ITpU OOBIYHOM HCIOJIb30BAHUU CHUCTEMBI IeTasId e€ pean3aliu orpe-
JieJIMM B OT[I€JIbHOM 3aroJIOBOYHOM ¢aiijie — MpeACTaBJIAeTCsA [jejieco00pasHbBIM
VICIIOJIb30BaTh OTKPHIBAOILIMECA IIPY 3TOM BO3MOXHOCTU B paMKaxX OINUCAHUA
BCTPOEHHBIX (POpM.

OpHako ykasaTteyb (GyHKLUHNOHAJIBHOTO TUIIA HE MOXeT ObITh NPUBEAEH
K TUIy void *, TaKk KaK He ABJIAETCA yKa3aTesieM Ha oO0beKT [4]. [ToaTomy
HEIOCPEeICTBEHHOE HCII0JIb30BaHNe ONPeeIEHHBIX TaKuM 00pa3oM QYHKLIM B
KauecTBe S-BhIpaXXeHHU HeBO3MOXHO.

PemeHreM 3101 npo0JieMbl MOXET CJIYy>KUTh OpraHu3anusA XUPHOro yKa-
3aTeJsiA Ha yKasaTeJib Ha PyHKLUIO:

embedded_form xnew_embedded form(embedded form f)

i

embedded_form xres = obj_new(type_embedded_form, sizeof(f));
xres = f;
return res;

h

[lycTs 3amaHa pyHKIUA £ Co ciieayommM 3aroJI0BKOM:



14

void xf(void =xtail);

— TOT/1a CO3/]aHKE COOTBETCTBYIOIIETO S-BhIPAXKEHUSA U €T0 IBHBIN BHI30B MOXXHO
3amnucarhb Tak:

void xsexpr = new_embedded_form(f);
(x (embedded_form *)sexpr) (tail);

3.3 Iloggep>kka COKpalIéHHOM 3allCH CIIHMCKOB

A3pik Cu MO3BOJIAET MepefaBaTh B GYHKIUIO TPOMU3BOJIbHOE YUCJIIO Mapa-
METPOB — Takue (yHKIMU Ha3bIBAIOTCA Bapuagu4ecKUMHU. B 1x 3arosoBkax
ocJie HEKOTOPOT'O KOJIMUeCTBAa OOBIUYHBIX ITApaMeTPOB CTABUTCA MHOTOTOYME:

void variadic_function(int arg_1, /* ... %/ int arg_n, ...);

B03MOXHO Takke onpeaesnTb PyHKINI, 6e3pa3InuHylo K CBOMM apryMeHTaM —
B OTOM CJIy4ae B 3aroJjioBke (PyHKILUHU CIIUCOK apr'yMEHTOB OCTaBJIAIOT ITyCTHIM.
OpaHako, 6e3 3HaHMU O peaiM3aly BbI30Ba GYHKIUY B KOHKPETHOU CUCTEMeE
MOJIyYUTh AOCTYN K apryMeHTaM B TaKOM CJiy4ae HEeBO3MOXHO, IO3TOMY B
JlaJIbHeNIIeM TeKCTe pacCMaTpUuBaTh UX He OyaeM.

Hanpumep, Bapuiaandeckoi ABjisgeTcA cTavgapTHasa QyHkua printf. Ilep-
BB apryMeHT 5TOU (YHKIIMM YKa3aH B €€ 3aroJIoBKe BHO, a OCTaJIbHbIE IIe-
penarmTcsa 4yepe3 MHOroroure. UYToObl NOJIyYUTh K HUM AOCTYII, UCIOJIb3yeTCsA
yHKIMOHAJ cTaHAapTHOU OMOJIMoTeKy sA3blka Cr, ONMCAaHHBIN B 3ar0JIOBOY-
HOM ¢atsie stdarg.h. CrangapTHas 6ubroTeKa He IPeoCTaBJIsAeT CPEACTB
JIJ1A oTllpefieJIeHUA TUIOB U KOJIMYecTBa (paKTUYeCKU NepeJaHHbIX apTyMeHTOB,
HO NOAJepXXUBaeT CUNTHIBAHKE OUYepPeJHOr0 apryMeHTa OINpefeIéHHOro Tria
yepe3 Makpoc va_arg. ®yHkuusa printf ucnosb3yer 5TOT NoAxox, pa3dupas
dopmaTHyI0 CTPOKY, IepeJaHHYI0 IEPBBIM apryMmeHToM. [Ipu BcTpeue covera-
HHS CUMBOJIOB, 0003HAvYaIMX KOMaHy Me4aTyu JaHHBIX YKa3aHHOI'O TUIA,
IPOMCXOAUT CYMTBHIBAHKE OYepeqHOr0 apryMeHTa U ero neyatb B COOTBETCTBUU
¢ tunoM. TakuMm o6paszom nHGoOpMaLA O TUIAX U KOJINYeCTBE apryMeHTOB
M3BJIEKaeTCsA U3 MepBOro apryMeHTa, TO eCcThb popMaTHOU cTpoku. [IpuBeném
npuMep BbI3oBa printif:

printf("Coordinates: (%d, %d)\n", x, y);

Hcnosp3yeM BO3MOXKHOCTh BapraAniecKux QyHKIMI NIPpUHUMATh POU3BOJIb-
HO€e YH1CJIO apTryMEHTOB [JIA MOCTpoeHus QYHKINU, CTPOsAIIEN CIIUCKU B COOT-
BETCTBUM C UX COKPAIEHHON 3aMKChI0 B TPAAULIMOHHOM CcUHTaKcuce Jlucmna.
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[Ipu cunThEIBaHUN OYepeJHOI'0 aprymMeHTa Bapuagudyeckon QpyHKIuU Tpedy-
eTCA yKas3aTh ero Tull. B pamMkax pa3paboTaHHON CUCTEMBI IIpeCTaBJIEeHUA
S-BeIpa’keHUI BCe OHU 00J1aJal0T OJHUM TUIIOM — void *. OTO 3HA4YMT, 4TO
TpedyeTcsa nepenaTh TOJbKO MHGOPMALIMIO O YUCJIe apTYMEHTOB, HO He 00 uX
TUNAax.

[Io anastoruu ¢ onpegesieHrneM QyHKIUU printf MOXHO nepegaBaTh 4uc-
JIO apryMEeHTOB B Ka4eCTBe IIepBOro apryMeHTa (pyHKINU [TIOCTPOEHUA CIIUCKOB,
KOTOpPYI 0003HauMM 3a L:

L(n, obj_1, obj_2, /* ... %/ obj_n);

[Tpy ucrosib30BaHMU TAKOr'o MOAX0Aa HeO0XOAMMO IPOMU3BOAUTD JOIIOJIHUTEIIb-
Hble U3MEHEeHUs KoJia Ipu J00aBJIEHNU 3JIEMEHTOB B CIIMCOK. OTU U3MEHEeHUs
TpeOyIT HAallTH HavyaJsIo CIIUCKa, YTO MOXeT ObITh 3aTPYAHUTEJIBHO ITPU OOJIBLIOM
KOJIMYECTBE 3JIEMEeHTOB B HEM, a KpOMe TOro TpeOyIT MOMHUTH KOJIMYECTBO
J00aBJIEHHBIX 3JIEMEHTOB U CKJIa[bIBaTh €ro € yXe nMerniuMcsa pasMmepoM. Hc-
N0JIb30BaHNMe MPeJIOKEHHOU 3alliCU CIMCKOB B CPAaBHEHUM C MCIIOJIb30BAHUEM
KJIaCCUYECKOU CYI[eCTBEHHO MOBBICUJIO Obl TPYJOEMKOCTh HANIMCAHUA KOAa U
BEPOATHOCTD JOMYCTUThH OLINOKY, OTYEro MOXHO CUUTATh, YTO HEOOXOAUMOCTh
TaKOI'o poJia U3MEHEeHN! HenprueMiieMa.

PerreHrieM MOXeT CJIyXUTh BBeJjleHre MapKepa KOHILa, IOMUMO CKOOKH,
3aKphIBaKIel CIIMCOK apryMeHTOB PYHKIMU. B culy OnrcaHHBIX OTpaHUYeHUN
a3pika CU U ero ctaHgapTHOU OMOJIMOTEKH, MapKep KOHIlAa caM J0JDKeH ObITh
aprymMeHTOM (pyHKLIMU, 8 UMEHHO — IIOCJIeJHUM U3 HUX.

[TockoJyibKy OBLIO pelieHO oOpalbaThiBaTh S-BBIPAXXEHUs uyepe3 KHUPHBIe
yKasaTeJiv, pa3yMHO MCII0JIb30BaTh B KaUueCTBEe MapKepa KOHILIa CIIMCKa HyJIeBO!
yKaszaTeJib, Be[lb HU OQUH OOBEKT B MpeajiaraeMou cuctemMe He OyZeT UMeTh
Takoe 3HaueHue. [Ipu aToMm oTmMeTnM, 4To NIL, mpeacTaBjisieMblll aTOMOM OCO-
Ooro Tuma «nycmoil Cnucok», caM ABJIAETCA OOBEKTOM, U IOTOMY €ro yKasaTeJib
He ABJIAETCA HYJIEBBIM.

[TycTs pyHKIMA, co3aaromas CIrcoK, UMEeHyeTcA L, Torga UcCIoJib30BaHue
pa3paboTaHHOrO pelleHus OyaeT BhIrJIAAETh TaK:

L(obj_1, obj_2, /* ... x/ obj_n, 0);

YTO COOTBETCTBYET CJeAYIIleMy S-BhIpakeHUIO0, 3alIMCAHHOMY Ha A3bike JInCI:
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Tenepp npoayMaeM NOAAEPXKY COKPAIIEHHOU 3allCU TOYEUYHBIX CIIUCKOB.
[TycTh naeHTUHUKATOP O UCIMOJIb3yeTCsA Kak 0003HaUeHre TOYKHU, TorJa JJiAd
MOCTPOEHUA TOYEYHOI'O CIMCKA MOXHO MCII0JIb30BaTh TaKOW BHI3OB:

L(obj_1, obj_2, /* ... */ o, obj_n, 0);

— HOJIb B 9TOM CJiy4yae M30bITOYEH, TaK KaK TOYKa B 3alMCU CIMCKA MOXeT
NOABUTHCA TOJIBKO OJIVH pas, fepej MocjaeJHuM djieMeHToM. OJHaKO 1A equ-
HOOOpa3us 3anucy npejaraeTcs OCTaBJIATh HOJIb, UTPAIOIINU B TAKOM CJIydae
BMeECTe C 3aKpbIBawIllell CKOOKOU pOJib 3aKphIBaIllell CKOOKM B paMKaxX KJIaCCHU-
4ecKoro cuHTakcuca Jlucna.

YToObl peasin30BaTh TaKkoe NOBeJeHNe, JOCTaTOYHO FrapaHTUPOBATh YHU-
KaJIBHOCTb aJipeca, CBA3aHHOIO C 0. OTO CBOMCTBO MOXHO OyAeT MCII0JIb30BaTh
pu peanusanuu QyHKIUU L: BCTPETUB Cpeiu apryMeHTOB 3TOT agpec, QyHK-
1S U3BJIEYET OUepeJHOU apryMeHT, BCTaBUT €ro B XBOCT MOCJIeJHEel TOYeUYHO!
napbl KOHCTPYHUPYEMOTO CIIMCKA U 3aBEPIIUT paboTy.

YHUKaJIbHBIM ABJIAETCA, HalpUMep, aapec rj100ajibHON IepeMeHHON —
JIOCTaTOYHO MPUCBOUTH €ro B ykaszaTesb 0. OJHAKO, TaK KaK caMa lepeMeHHas
B ONNCBHIBAEMOM CJIy4yae He MMeeT HUKAKOro MpUMeHEeHUs, cjielyeT 3aBeCTU eé
B KQUeCTBe CTaTUYeCKOW 1 OCTABUTH JOCTYIIHOU TOJIbKO B paMKax OMOJInoTeKy,
npeaocTaBJiAwilei JIMCH-BeUNCINUTEIb.

4 JIucn-BBIYUCJIUTEJIb

B sTOU ryaBe onucaH peajnsdyembiil JINCH-BBIYMCIUTENb, KOTOPHIU MBI
Oynem Ha3biBaTb CSX — oT C S-expressions.

4.1 CucreMma THUIIOB

ITo onpepesienno S-BeIpaXxeHNN TpebyeTcsa HajJinuue TUIla TOYeYHOU I1a-
pbl, 0003HaueHHOro B CSX cuMBOJIOM pair. JJaHHBIMU 3TOrO TUMA, JOCTYII-
HBIMU 10 XXUPHOMY yKa3aTeJilo, ABJIAETCA CTPYKTypa U3 ABYX yKa3aTeJsen Ha
S-BelpaxeHus, head u tail. Tak, ecau 5T UAEHTUPUKATOPHI CBA3AHBI C COOT-
BETCTBYIOLMMM I'OJIOBHBIM M XBOCTOBBIM MOABBIPAXEHUAMHN TOYEUYHOU Maphl, €€
co3laHMe MOXXHO 3anucarhb Kak L (head, o, tail, 0).

OTaeJIbHBIM TUIIOM, COCTOAILMM POBHO U3 OJHOIO 3HAYEHUA U IIOTOMY
He MMEIOIUM JAaHHBIX, ObLJIO PEIIeHo0 CAesiaTh MyCTOU CIUCOK, JOCTYIIHBIM I10
cuMmBoJIy nil. ITosyunTs ero B paMkax nporpaMmsl Ha Cu MOXHO, HallpuMep,
BbBI3OBOM L (0).
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YKa3aTeJib Ha CUMBOJI +

Y

+'10

yKasaTeJsib Ha CUMBOJI symbol

Puc. 3: Opranusanus TabJuibl CUMBOJIOB

JJ1A nognep>KKy BbIUMCJIEHWI UMeeTCs TUI int, 0003Havammn 1ejble
yrcsa. Ero ganHeie uMmeroT tun int sA3eika Cu, a co3gaHue S-BbIpakeHUs 3TOT0
TUIIa IPOUCXOAUT BBI30BOM (pyHKIMU I, Hanpumep I(37).

HNmeeTcsa Tyl str, JaHHBIE KOTOPOT'O €CTh OKAaHUYMBAKIAACA HYJIEM CTPOKA,
a UMeHHO JUHaAMHWYeCKHH MaccuB s3bika CH, COCTOAIMI M3 3HAaUeHU TUMa
char. [Ipu co3zgaHuu CTPOKU €€ CoZepKUMOoe KONMPYETCA B BBIZIEJIEHHYIO Ha
Kyude o0JsiacTh maMATU. [IppuMepoM BbI30BA KOHCTPYKTOPA 3TOI'0 TUIIA MOXET
cJayxuThb T("wind").

HNmeetca tun symbol, nipeacrassAnyn cuMBoJibl Jlncna. Ero ganHeiMuy,
TaK e Kak Uy str, ABJIAeTCA CTPOKA, OAHAKO NPUHLUIINAJIBHO OTJIMYAETCA
eé cnocob xpaHeHUsA U co3gaHuA. Cucrema opraHusyeT TabJMIy CUMBOJIOB,
MPeACTaBJIAKIYI0 COO0OU MacCUB yKa3aTesjiel Ha BCe JOCTYIIHbIe HA JAaHHbBIN
MOMEHT B CCTEME CUMBOJIBL, KaK Ha pucyHke 3. [Ipu co3maHum ouepeJHOoro
CHMMBOJIa, HarlpyuMep BBI3OBOM S("a"), MPOUCXOAUT MOUCK IO TabJule, pu
3TOM IlepeJaHHasA KOHCTPYKTOPY CTPOKA CPaBHMBAETCA CO CTPOKOU OuepeaHO-
ro cuMmBoJia. Eciiu TpeGyemMbiii cMMBOJI ObLT HaljeH B TabJjule, TO CO34aHue
CUMBOJIa He IPOMCXOUT, a BO3BpalllaeTCA yKa3aTesib U3 TaOJIULBI HA YXKe CY-
mecTBymui. Eciu ke ciMBOJI ¢ TpeOyeMbIM UMeHeM He OKa3aJicsA AOCTYIIEeH B
cucTteMe, TO MPOUCXOAUT CO3aHNe HOBOI'O CMMBOJIa U 3aHeCEeHMeEe yKa3aTesid Ha
Hero B Tabsuily. Takoe penieHne MO3BOJIsAeT MPOU3BOAUTh CPaBHEHNE CUMBOJIOB
110 UX yKa3aTeJisM, TO €CTb He3aBUCHUMO OT JJIMHBI COOTBETCTBYIOIUX CTPOK.
OTO CBOVCTBO 3HAUYUTEJIbHO YCKOPSAET MONCK 3HAYEeHUU CUMBOJIOB.

HNmeetcsa tun embedded_form, koTopeiM 001a4a0T BCe BCTPOEHHbBIE HOP-
MBI CSX M maHHBIMU KOTOPOI'O ABJIAETCA yKasaTesb Ha (pyHKIUIO A3biKa Cu
IIPUHUMAIOIIYI0 U BO3BPALAIOIIYIO S-BhIpaXXeHNe.

[ToceqHue ABa TUIlAa OTPAXaKT [Ba BapyaHTa olpeesieHUA M0JIb30Ba-
TEeJIbCKOU (POPMEIL. DTO TUNHI lambda 1 macro, COOTBETCTBYIOLME PYHKIUU U
Makpocy. JlaHHbIe 3TUX TUIOB YCTPOE€HbI OAWUHAKOBO: 3TO TPOUKU U3 CIIMCKA
(popmasibHBIX IapaMeTPOB, S-BHIPAXKEHUA Tejla U KOHTEKCTa onpenesieHusa. KoH-
TEKCT IIPU 3TOM TaKXe SIBJIAeTCA S-BhIpa’keHueM, a UMEHHO CIHMCKOM (QpenMoB.
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@dpeliM B CBOIO O4Yepeb TOXE CIHCOK, HO COCTOAIIMU M3 TOUYEYHBIX Map, rae
rojIoBa — 3TO HEKOTOPHBI CMMBOJI, @ XBOCT — €ro omnpejesjieHue, TO eCThb S-
BEIpaXeHUe, Ha KOTOPOI CUMBOJI OyAeT 3aMeHEH IIpU BeUKcJieHuH. MoxeM
chopmypoBaTh TUMN JAHHBIX 000UX 3TUX TUIOB TaK:

struct form data %
void *params;
void *body;
void xcontext;

[

fIBHBIE KOHCTPYKTOPHI 3HaUY€HUI 3TUX TUMOB, AOCTyIHbIe U3 Cu, He Mpenay-
CMOTpEeHbl — [JI1 CO3JAaHUA TAaKOBBIX 3HAUEHMIl cjieAyeT BOCIOJIb30BaThCA
BCTPOEHHBIMU (popMamu, JOCTYNHBIMU IO cUMBOJIaM lambda 1 macro.

4.2 Monaejib UCIIOJIHEHUA

3anuiieM BBIYKCIIEHYE U BBIBOJ CyMMBI 37 1 73 ¢ ucnosib3zoBanueMm CSX:
printf("%d\n", *x(int *)E(L(S("+"), I(37), I(73), 0)));

— 37ech E aBigerca pyHKOMEN, IpUHUMANOIen S-BhIpaXkeHue, BBIYNCIIAIIen
ero 1 BO3Bpallalollei MoJy4YeHHbI pe3yJbTar.

OmnuireM, Kak IIPOUCXOAUT BBIUKCJIeHNE OOBEKTOB KaXJ0ro U3 TUIIOB.

BerunciieHre o0bekTOB THIA str, int, base, lambda, macro 1 nil BO3-
BpalaeT nx camux 06e3 u3MeHeHU.

711 06beKTOB TUma symbol Bo3BpalaeTcs CBA3aHHOE C CUMBOJIOM B TEKY-
IeM KOHTeKCTe 3HaueHre. KOHTEeKCT Ipu 3TOM ABJIAETCA CIHMCKOM 13 GperiMOB.
dpeiM mpeACTaBIAeTCA CIMCKOM TOYEYHBIX Iap, IJe rojoBa — 3TO CUMBOJI, a
XBOCT — COOTBETCTBYIOIIlee 3HaueHue. Takasa opraHmsanys o3BoJiseT JIerko op-
raHU30BaTh JIEKCUYECKOE CBA3BIBAHNUE, TEM CaMbIM He JOIyCKasd BO3HUKHOBEHUA
¢yHape-npobsiemst [3].

OOBEKTHI TUMA CONS BOCIPUHUMAIOTCS KaK Gbl308bl (popm. IIpu 3TOM ro-
JIOBHOE NIIOJIBBIPa’X€HNE Iaphl BCer/ia BBIUUC/IAETCA, U B 3aBUCUMOCTU OT TUIIA
MOJIyYEHHOT'O BBIpAXXeHUA JaJibHelIee BoIYMCIeHNe OPraHUu3yeTCs Mo-pPa3HoMY.

Eciu nostyyeH oObeKT TUla base, TO XBOCTOBOE MOABBIPa’keHEe BbI30Ba
nepefaéTrca B KauecTBe apryMeHTa ¢GyHKIUU A3bIKa Cy, JOCTYIIHOU IO yKa3aTe-
JII0 B JaHHBIX 00beKTa BCTPOeHHOU GOpMEl. Pe3ysibTaT BbI30Ba 3TOM QYHKIUU
ABJIAETCA pe3yJIbTaTOM BBI30BA BCTPOEHHOU (POPMEIL.

Ecsu BeI3bIBaetcA lambda, TO BBIUUCIIAETCA KaX bl 3JIEMEHT XBOCTOBOI'O
NOBBIPAXXEHN A, BOCIPUHUMAEMOI'0 KaK CIIUCOK. DJIeMEHThI IIOJIyYEHHOT'O CIIKC-
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Ka COMOCTABJIAITCA C COOTBETCTBYIOIIMMU CUMBOJIaMU U3 CIIUCKa (POPMaJIbHBIX
napaMeTpoB. CrcoK (pOpMaJIbHBIX ITapAMETPOB MOXET ObITh TOUEYHBIM, TOTAa
BCe ocTaBlInecsa (pakTruueckre apryMeHThl, KpOMe CONOCTaBJIEeHHBIX, GOpMU-
PYIOT CIIMCOK, KOTOPBIM OyAeT CBA3aH C CUMBOJIOM, ABJIAIIUMCA MOCJIeJHUM
3JIEMEHTOM TOYE€YHOTro cnucka (opMasibHBIX MapamMeTpoB. Takasa peajau3anu
II03BOJIAET ONMUCHIBAaTh BapuaJuuecKkue noJjib3oBaTesibckue QyHknuu. I[locse
COIOCTaBJIEHU apryMEHTOB COXPAHEHHBIM KOHTEKCT QYHKLUMNU pacIlIupsAeTCA
(periMoM M3 TOJIyYEeHHBIX COMOCTaBJIEHNUN U NPOUCXOAUT UCIIOJIHEHUE TeJsia
(pyHKLIMM B IOJIyYeHHOM KOHTeKCTe. [1oJlydeHHbIN pe3yJibTaT BO3BpallaeTcs
HEIOCPeICTBEHHO.

Eciu BBI3BIBA€TCA MAacro, TO MPOUCXOAUT MPOIleCC, aHAJIOTUYHBIA BBI3OBY
lambda, ¢ TOM pa3HuUlLlen, 4TO CIIUCOK (PAaKTUIECKHX MapaMeTPOB CONOCTABJIA-
eTcAa ¢ popMasibHBIMU Oe3 BBIUYUCJIEHWA, HO Pe3yJibTaT BBIUMCJIEHUA Tejla B
pacCIIMPpeHHOM apryMeHTaMU KOHTEKCTe BBIYMCJIAETCA TOBTOPHO, YK€ B KOHTEK-
CTe BBI30OBA.

4.3 CoOopka mycopa

Pecypchbl KOMIIBIOTEpPA KOHEYHBI, B YACTHOCTU OrpaHMYeHa ollepaTUBHAA
aMATh, JOCTYIHAA mporpamme. OHaKo Kj1accuueckuii JIncn v pa3paboTaHHBIN
BBIUKMCJIUTEJIb HEe MPEeAOCTABJIAIOT MPOrpaMMMCTY CIIOCOOOB IBHOTO KOHTPOJIA
norpebJieHUsA MaMATH — BO MHOTOM 3TO OrpaHu4eHre 00yCJIOBJIEHO Ype3Mep-
HOU TPYJAHOCTBIO PYYHOIO yIIpaBJIE€HUA NaMATbI0 B pAMKaX BbIYUCJIUTEJIbHOU
Mozesnu Jlvucna. Pa3pemnTh 3TO IpOTUBOpeUre pu3BaH cOOpPWUK Mycopda, U3-
HavaJIbHO NPUAYMaHHBIU co3aaTteseM Jlucna [»xoHom Maxkkaptu [13]. 310
HesBHAas 4aCTh IPOrpaMMbl, OTBEYaKIaA 3a OCBOOOXAeHEe MaMATU, 3aHATOU
HEJOCTYIIHBIMU 13 OCTAJIbHOU IIPOrpaMMBbl OObEKTaMMU.

CyiiecTBYIOT pa3Hble OJX0Abl K OpraHu3anuu cOopku Mmycopa. JJoMrUHU-
PYIOIUMU ABJIAIOTCA aJITOPUTMBbI, OCHOBAHHbIE Ha TMOJICUETE CChUIOK (reference
counting) v anroputMe nmoMmeTtok (mark-and-sweep).

[Ipu moacYéTe CChLJIOK KaXXbili 0ObeKT cHaOXkaeTcs nHpopmMaluei oo
MMEIIINXCA HA HEro CChUJIKaxX U3 JAPYyrux OObeKTOB. YMeEHbIIIeHNEe CUETUMKA
CCBUJIOK OO0 HYJIA O3HAyaeT OTCYTCTBHE K HEMYy OOCTylla U3 CUCTEMBI, B CHU-
JIy 4ero 3aHMMaemMasi UM MaMATb MOXeT ObITh ocBOOOXAeHa. [Ipu aToMm asia
BceX 00BbEKTOB, HAa KOTOPBIE CChLJIAJICA OCBOOOXAAaeMbIll, CJieIlyeT YMEHbBIITUTh
CUETYMK CCBLJIOK U MPOBEPUTH, HE CTaJI JIM OH paBeH HyJ0. [Ipu co3gaHumn
HOBOT'0 OOBEKTA, [0 TeX MOP MOKA OH HEMOCPEACTBEHHO JOCTUXUM, €r0 CYETUUK
CCBUIOK yCTaHaBJIMBaeTCA B equHULy. [Ipy HapylieHnn HenocpeaCTBEHHOU
JOCTUXHMOCTU 00beKTa CUETUUK JleKpeMeHTHpyeTcs. Eciii co3qaHHbil 0ObeKT
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COLEPKUT CCHUIKU Ha yKe IIPUCYTCTBOBABIIYE B CUCTeMe OObeKThI, UX CUETUMKU
VHKPEMEHTUPYIOTCH.

BaxxHBIMI JJOCTOMHCTBAMU IIOJICUETA CCBLIOK ABJIAIOTCS IIPOCTOTA peasu-
3alU U He3aMeJIMTeJIbHOe OCBOOOXAeHUe MMaMATHU HeJOCTYITHBIX OOBEKTOB,
YTO [03BOJIAET 00eCHeynTh IpeICKasyeMyl0 OT3bIBUMBOCTD porpammel. Cyie-
CTBEHHBIM HEJIOCTATKOM fABJIAETCS BO3MOXHOCTDH YTE€UKHU [aMATU BBUAY HECIIO-
COOHOCTY HAaMBHOU peayinu3aliiv paclio3HaBaTh [UKJIBI CCBUIOK, TO €CTh B CJIy4ae,
Korjia OObeKT IIPsAMO WUJIM KOCBEHHO CChLIaeTcsA caM Ha cebs. MI3BeCcTHHI Bapu-
aHTHl ajiroputMa [6, 20], mpy KOTOPHIX IIPOMCXOAUT PacIllO3HAaBaHNE LIVKJIOB,
OZJHAKO OHU 3HAQUYMUTEJIBHO YCJIOXKHAIT peajnu3anuio 1 001ananT cOOCTBEHHBIMU
HeJJoCTaTKaMMU.

AJITOPUTM IIOMETOK SABJIAETCA N3HAYAJIbHO NPEeACTaBJIeHHBIM B paMKax
JIncna anaropuTMoM cOOpPKU Mycopa. AJITOPUTM [ePUOANYECKY BBI3BIBAETCA CU-
CTEeMOU /1 OYMCTKU OT HAKOIJIEHHBIX HEJOCTUXKUMBIX O0BbeKTOB. Bce 00beKThI
crucTeMbl cHaOXaTcsa OUTOM NMOMETKU 00 UX JOCTUKUMOCTU — IPU 3allyCcKe
ajiIropurMa Bce 0ObeKThl IOMevYarTCA KaK HeJOCTIXKUMBbIE. 3aTeM [J1A KaXK10-
I'0O HEIIOCPEACTBEHHO JOCTUXXUMOI'0 OObeKTa BhI3bIBaeTCA QYHKLMA [IOMETKHY,
yCTaHaBJIMBAKWIAsA OUT B COCTOSAHME NOCTUXUMOCTU. J{J1A KaXOOM CCBHUIKY,
XpaHALIencsa B IoMeyaeMou 00beKTe, peKypPCUBHO BbI3bIBaeTcsA GyHKLMA I0-
MeTKU. Korza Bce 00beKTHl IOMeU€eHE], BCe OOBEKTHl CUCTEMBI IIPOBEPAIOTCA Ha
COCTOsIHUE OUTa ITOMETKU U 0CBOOOXIAI0TCs, €CJIN OCTAJINCh HEJOCTUXUMBIMU.

B otsinune oT aJropurMa MoACc4€Ta CChUJIOK, aJIrOPUTM IIOMETOK CIIOCOOeH
pacno3HaBaTh HUKJIBL. OQHAKO aJIfOPUTM [IOMETOK TpeOyeT OCTaHOBKHU CUCTEMBI
Ha BpeMs CcBoer paboThl, KOTOpPOe IOPOM MOXeT OBITh CYLIEeCTBEHHBIM. DTO
IIPUBOAUT K IIpoOJjieMaM C OT3BIBUMBOCTBIO Y IIPOrpaMM, UCIOJIb3YIOIINUX 3TOT
cOopiuk mycopa. dacrep Herkcrpa, Jlecau JIamnopt u agpyrue B pabote [9]
OIKCBIBAIOT aJITOPUTM TPEXLBETHHIX IOMETOK, JIMIIEHHBIN 3TOr0 HeJOCTaTKa U
paboTaroui napajiesibHO C yIIpaBjsgeMou UM IIPOrpaMMOMN.

B pamkax nocrtaBJIeHHOH 3ajauu HauboJiee 1iejiecoo0pasHbIM MIpeCcTaBIA-
eTCA UCIOJIb30BaHNEe HAUBHOI'O aJITOPUTMa IIOMETOK, KOTOPBIU U ObLJI peajsin3o-
BaH B CSX. HemocpeCcTBEHHO JOCTMXUMBIMU OOBbEKTaMU CUCTEMBI CUUTAKTCA
OOBEKTHI CTEKa BPEMEHHBIX O00BEKTOB BBEI30BOB (POPM, a TaKXKe TEKYIUN KOH-
TeKCT. [Ipy 3TOM HCII0JIb3yeTCs CBOVICTBO OIlpeieIeHUsA KOHTEKCTa, 10 KOTOPOMY
OH ABJIAETCA S-BBIpaXe€HHeM, 4TO MO3BOJIAeT He OOXOAUTh BXOAALNE B HEro
OOBEKTHI AIBHO, HO IIOJIOKUTHCA Ha peKypcur (QyHKIUM noMeTku. B ciyuae
CSX oHa HOCUT nMsA deepmark, a peKypCUBHBIN BBI30B IIPOUCXOAUT TOJIBKO [JIA
TUNOB pair, lambda u macro:

static void deepmark(void =p)

3
if (mark(p)) return;
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setmark(p);

if (type(p) == type_pair) %
deepmark (head(p));
deepmark(tail(p));

t else if (type(p) == type_lambda ||

type(p) == type_macro) 1%

form_data xfd = p;
deepmark (fd->params) ;
deepmark(fd->body) ;
deepmark (fd->context);

Kak ObLI0 yIIOMAHYTO, MOJIHBIM IPOXO/ aJITOPUTMA IIOMETOK MOXET 3aHU-
MaTh CyLIeCTBEHHOEe BpeMs, a I0OTOMY €ro NCIOJIHEHNE IIPU KaXI0M U3MEHEHUN
CHUCTEeMBI BBI3BAJIO OBl 3aMeTHBIE 3a[lepXKKU B paboTe mporpaMMel. PemeHuem
MOXeEeT CJIY>KUTb BBeJeHre HEKOTOPOro orpaHnyeHus — B ciaydae CSX ObLIO
IIPUHATO pelleHre 3ayCcKaTh aJropuTtm cO0pKyu Mycopa TOJIbKO TOrJa, Koraa
00BEM 3aHUMaeMOU OO0BbEKTaMU CHUCTEMBI OIlepaTUBHOM IMaMATU IIPEeBHIIIaeT
00bE€M OOBEKTOB, OCTABIUINXCA MOCJIEe MPOIILJIOro MpoxXoja aJropurMa, 6osiee
4yeM B [Ba pasa. EqMHCTBEHHO BO3MOXXHBIM MeCTOM 3amyckKa cOopluKa Mycopa
ABJIAETCA Ha4Yas10 (PyHKLIMU BBIUUCJIEHUA S-BBIPAXXEHUA.

4.4 BcTtpoeHHbIe (pOopMBI

YkaxeM BCTpOeHHbIe (POPMBI [10 CUMBOJIaM, Yepe3 KOTOpble OHU JOCTYIIHEI.

cons: (pyHKIIMA, BO3BpalaIias ToUYeyHylo apy U3 JByX CBOUX apryMeH-
TOB.

car: QyHKIMA, 0XKUAAI0IAsA eJUHCTBEHHBIM CBOMM apryMeHTOM TOYEYHYI0
napy ¥ Bo3Bpalljaoias eé rojioBHOe MOoBbIpakeHuUe.

cdr: QyHKIMA, OKUAA0I[AsA eJUHCTBEHHBIM CBOMM apryMeHTOM TOYEUHYI0
napy M BO3Bpallalasa eé XBOCTOBOE NOABLIPaKeHNE.

set-car!: pyHKIUA, IPUHUMAIOLAsA [TIePBEIM aPTYMEHTOM TOYEUYHYI0 apy
1 U3MEHAIAas e€, yCTaHABJIMBAs B KaueCTBe M'OJIOBHOTO MO/IBBIpaXKeHNA BTOPOU
apryMeHT.

set-cdr!: QyHKIMA, NPUHUMAKL[AA IEPBEIM apryMEHTOM TOYEUYHYIO Ma-
Py 4 U3MeHAIas e€, yCTaHABJIMBAA B Ka4yeCTBE XBOCTOBOI'O NOABBIPa’KEeHUA
BTOPOI apryMeHT.

str: QpyHKUMA, IPUHUMAIOIAsA CUMBOJI WM MOCJIeJ0BATEJIbHOCTD YKCEeJI.
Ecii aprymMeHTOM fBJIAAETCA CUMBOJI, TO BO3BpalllaeT COOTBETCTBYIOLIYIO €My
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CTPOKY, €CJIU lepe/ilaHa 10CcjIeJ0BaTeJIbHOCTh YMcesI, TO KaXxJoe 4ncjo oopesa-
eTcsA go 6anTa U U3 HUX GopMHUpyeTcsA HOBas CTPOKA.

symbol: ¢pyHKIUA, IPpUHUMAKOLIAA €AUHCTBEHHBIM CBOMM apryMeHTOM
CTPOKY M BO3Bpalllaol{asA COOTBETCTBYIOIINN €€ CUMBOJL.

len: pyHKUMA, TPUHUMAKOIIAA €JUHCTBEHHBIM apr'yMeHTOM CTPOKY WJIU
CIIMCOK Y BO3Bpalllapilas ux AJINHY.

define: ciendopma, yctaHasauBawlas CMMBOJIy 3HaueHue. [Ipu atom
HepBBI apryMeHT (CMMBOJI) He BBIUUCIIAETCA, @ BTOPOY BBIUUCIIAETCA B KOHTEK-
CTe BBI30Ba U MCIIOJIb3YETCA B KaueCTBE yCTaHABJIMBAEMOI'O 3HAYEHVIA.

defined?: pyHKIMA, IPpUHUMAOLIAA € JUHCTBEHHBIM apPI'YMEHTOM CUMBOJI.
Eciu 5TOT CUMBOJI OIlpeieiéH, TO BO3BpalllaeTcsa eqUHNIa, NHaue — IyCTOU
CIIMCOK. JTa QYHKILMA [10JIe3Ha IPY PaCIIMPEHUN CUCTEMBI, €CJIU 3apaHee Hen3-
BECTEH HaOOp BCTPOEHHLBIX (POPM.

quote: cnendopma, Bo3Bpalawiiasa CBOM eIUHCTBEHHBI apryMeHT HeBbI-
YVICJIEHHBIM.

eqv?: QyHKIUA, IPUHUMAIAsA IPOU3BOJIbHOE YMCJIO apryMeHTOB. Eciiu
apryMeHTHl pa3sHOro THuIla, BO3BpalllaeTcs IyCcToU cnucok. Ecym B KauecTse ap-
T'YMEHTOB IIOJJaHbl YKCJIa U CPeIV HUX €CTh XOTA OBl ;Ba HEPABHBIX, TO BEPHETCA
IyCTOU COUCOK. J1JIA APYTrUX TUIIOB apryMEHTOB IIyCTOU CIMCOK BEPHETCA NPU
HaJINYMU OOBEKTOB C HEpaBHBIMU IIPEACTABJIAKIMMU UX XXUPHBIMU yKa3aTeJis-
MU. Bo Bcex oCTasIbHBIX CJIy4asx BO3BpalllaeTcA eqUHULIA.

type: pyHKIMA, BO3BpaILaIias CUMBOJI, COOTBETCTBYIOLUI TUITY €€ eVH-
CTBEHHOI'O apryMeHTa.

begin: ¢pyHKIMA, BO3BpAIIAIOIAA CBOU MTOCJIEJHUN apryMeHT.

if: cneudopma, npuHUMAaIAs MPONU3BOJIbBHOE YUCJIO apryMeHTOB. Eciu
repeiad TOJIbKO OVH apryMeEHT, TO OH BBIUMCJIAETCSA B KOHTEKCTE BBHI30OBA,
Y MOJIyYeHHBIU pe3yJibTaT Bo3BpalaeTcA. IHavye nepBblld apryMeHT BCE paB-
HO BBIYMCJIAETCA B KOHTEKCTEe BbI30BA, U €CJIU MOJIy4YeH IyCTOM CIHCOK, TO
BTOPOI apryMeHT IPOIyCKaeTCsA, a BCe OCTaBIIMecs MOAAITCA B cnerdopmy
pekypcuBHO. Ecin ke mepBbI apryMeHT BBIYMCJIMJICA HE B MyCTOU CIHCOK,
TO BO3BpalllaeTCsa pe3yJibTaT BBIUMCIIEHUA BTOPOrO apryMeHTa B KOHTEKCTE
BBI30BA — OCTaJIbHBIE apIYMEHTHI IIPYU 3TOM UTHOPUPYIOTCA.

eval: creripopma, BEIUYMCIIAOLIAA CBOM apryMeHT ABaXIbl.

exit: ¢pyHKuMA 6e3 apryMeHTOB, 3aBeplianilas NUCIIOJIHeHUe [IPOrpaMMEL.

write-char: pyHKIMA, IpUHNUMAOL{asA eJUHCTBEHHBIM apryMeHTOM 4YMC-
JIO U BBIBOZAILAsA TEKCTOBBIN CUMBOJI, KO/l KOTOPOI'O PaBeH lepelaHHOMY YMCILy.

read-char: pyHkiua 6e3 apryMeHTOB, BO3BpAlLaoasa B BUJE YMCjia KO
CUYUTAHHOI'O U3 BBOJA TEKCTOBOI'O CUMBOJIA.

context: pyHKIMA 63 apryMeHTOB, BO3BpaLaloias TeKyINi KOHTEKCT.
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new-context: @yHkIMA 6e3 aprymMeHTOB, CO34alollasa U BO3Bpallaias
HOBBIIM KOHTEKCT, B KOTOPOM IIPUCYTCTBYIOT Bce BcTpoeHHbIe B CSX omnpe/iesieHusA
CHMBOJIOB.

+, *: QYHKIIMM OT Habopa uncesi, BO3BPALIAIOT UX CYMMY U IIpOU3Be[eHNe
COOTBETCTBEHHO.

<, > QYHKIUU OT MOCJIeN0BATEJIbHOCTU YKCEeJI, BO3BpAlllal0T eqUHMUILY,
ecJIM mepegaHHas [mocjieJ0BaTeJIbHOCTD yIopsAgoYeHa COOTBETCTBEHHO 110 BO3-
pacTaHUIO U N0 yObBIBAaHMIO. B MPOTUBHOM CJlydyae BO3BPAIaOT MyCTOM CIUCOK.

neg: GYHKIUA OTPULIAHUA YHUCJIa.

div: ¢pyHKOUA OT ABYX 4YKCEJI, BO3BpalllaeT LeJIylI0 YacThb OT AeJIEHUA
IIEPBOT'0 apryMeHTa Ha BTOPOM.

mod: PyHKUMA OT ABYX YKUCEJI, BO3BPAILAET OCTATOK OT [ieJIeHUs [IepBOro
aprymMeHTa Ha BTOPOU.

S Tpaucaauusa quasiekrta Jlucna B Cu

5.1 DBa30Bblil TPAHCIIATOP

PaccmoTpuM cHavasia 3ajauy TPAHCJIALNUM OTAEJIBHOI'O S-BBIPAXXEHUA [J1A
IIOCJIEAYIOIIEro KMCIO0JIb30BaHUsA MMOJIYUEHHOI0 Koa B rnporpaMMe Ha Cu. [lpu
3TOM NpeAnojiaraeTcs, 4To 3arojoBouYHble pansisl 6ubanoreku CSX yxe noj-
KJIIOYEHBI.

Eciiu TpaHCIATOP BCTPETUJI OTKPHIBAKOIIYI0 CKOOKY, TO OH BBIBOAUT L (.
Ecyin BcTpeueHa 3aKkphIBawlias cCKoOKa, TO TPaHCJIATOP BEIBOAUT 0), no0aBiAA
elll€ 3aMATyl0, ecJIu CKOOKa BjioKeHHas. Ecyii BcTpeueHa OTAesIbHO CTOoALasA
TOYKA, TO TPAHCJIATOP BBIBOAUT O, .

Ecsu BCcTpeueHsl KaBBIYKU, TO TPAHCJIATOP BEIBOAUT T (. 3aTeM OBTOPSAET
Ha BBIBOJ BBOJI IO 3aKPBIBAKIINX KaBblu€K C YYETOM BO3MOKHOI'O SKPaHMUPOBA-
HuA. [Ipu 3akpeiTun BHIBOAUT ") ,.

Ecin BcTpeueH 3HaK MUHYC WM nudpa, TO TPaHCJIATOP BEIBOAUT I( U
MOBTOPSIET BCTPEUEHHHBI CUMBOJI U BCe MOcJaeayome qudpsl 10 pa3aeInTesiA.
[Tpu 3aKpbITUM BEIBOAUT ) ,.

Ecyii ObL1 BCTpEeUYeH MHOU CUMBOJI, TO TPAHCJIATOP BBIBOAUT S (" U BCTpe-
YeHHBIU CUMBOJI. 3aTeM MOBTOPSET Ha BBIBOJ BBOJ, [10 HEOOXOAUMOCTHU SKPaHU-
Py CUMBOJIBL O pasgenutesid. [Ipu 3aBepiieHnr BEIBOOUTCA ") , .

MoxHOo MoaAU(PUIIMPOBATh TPAHCJIATOP [JiA NOAAEPKKU Oojiee 4esI0BEeKo-
YnuTaeMoro BBIBOJA, @ UMEHHO BBIBOJIa C KOPPEKTHBIMU OTCTYIIAMU U IlepeHoca-
MU CTPOK IPU 00BbABJIEHUN KaXXJOI'0 HOBOTO 3JIEMEHTa CIKUCKa. TaKou BBIBOL
HICIIOJIB3YETCA B UTOIOBOM TPAHCJIATOPE.
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OnucaHHBII TPAHCJATOP WJUTIOCTPUPYET yclexX B IpeACTaBJIeHUu S-
BBIpakeHN! B A3bIKe CH, Beb UX NepeBOJ B TaKoe IpeAcTaBJieHNe MPOCT U
HarsageH. PaccMoTpuM npruMep nepeBojia CJIeAyIoLero S-BelpaXeHus:

((lambda (p) (+ (car p) (cdxr p))) (37 . 73))

— KOTOpOE€ II0CJIE O6pa6OTKI/I TPaHCJIIATOPOM CTAHET CJIEAYIOIIM KOJOM Ha Cu:

L(L(S("lambda"),
L(S("p"),
0),
L(S("+"),
L(S("car"),
S("p"),
0),
L(S("cdxr"),
s("p"),
0),
0),
0),
L(I(37),
o,
I(73),
0),
0)

5.2 TpaHcaAnMA CUMBOJIOB

Ternepp pacCMOTPUM OT/EJIBHO IMTPOOJIeMy TPAHCJIALMN CUMBOJIOB. PemuTh
3Ty 3aJa4y HeOOXOAUMO AJIA TOrO, YTOOBI MOCTPOUTHh KOMIIUJIATOP C BO3MOX-
HOCTBIO IBHOT'O MCIMOJIb30BaHUA 13 CU CylITHOCTEN, ONpeieIEHHBIX B paMKax
JIncna. Takum 06pa3omM MOXHO OyaeT nzbexarh UCIIOJIb30BaHMA KOHCTPYKTOpa
CUMBOJIOB S IIPU KaX10M HCIIO0JIb30BAHMU CMMBOJIA B KoJie Ha Cu.

Tak kak HaboOp pa3peméHHbIX K UCIMOJIb30BaHUIO0 3HAKOB HE COBHAAAeT
y naeHtudukatopos Cu u cuMBOJIOB Jlucra, TpedyeTcs MpeaIoXuTh CXeMY
nepeBofa. B paGore [2] Ob1a mpeasioxkeHa MOJEJIb, MCIIOJIb3YIOIas YyBCTBU-
TeJIBHOCTb K peructpy Cu++ aiia o60o3HaueHus OyKB JIATMHCKOI'O ajipaBuTa
BEPXHHM PErucTpoM, a i 0003HaUYeHHA CIEel[CMMBOJIOB UCIOJIb3yeTC A HUX-
HUM peructp. [Ipu 5TOM fesaeTcs NpeanosiokeHrue 0 HeYyBCTBUTEJIbHOCTHU K
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perucTpy uHrerpupyemMmoro auasiekra Jlucna. OnuiieM Moaesib TPaHCIALNUN
CHMBOJIOB, He OIIMPAIOIIYI0CA Ha 3TO MPEAIOJIOXKeHNUeE.

714 HarJIAAHOCTU NMpeCTaBJIEeHUA Kax Ayl OyKBY JJaTUHCKOro aji¢paButa
OyneM nepeBOAUTH B He€ camy. Toraa, COrjlacHO onpefeseHNu0 NaeHTU(UKaTo-
pa Cu [4], ocTaéTcsa BO3MOXHOCTD MCIOJIb30BaTh NU(PHI U HIXKHEE ITOAYEPKU-
BaHue. [{ludpsl OygeM Takxe repeBoAUTh B caMux cebs, Beb UAeHTU(DUKATOPHI
B Jlucne, kak u B CH, He MOT'yT HAYMHAThCA C qUPPH, HO MOTYT UMETh UX B
JasibHeumeM. A ocTasleecs HUXXKHee IToquépKrBaHue OyieM MCI0JIb30BaTh B Ka-
4YecTBe CUMBOJIA S5KPAHUPOBAHUA — MEXy ABYMs HUXKHUMU NOA4YE€PKUBAHUAMU
OyaeT HaXOAUTHCA UMsA HUCI0JIb3yeMOro CelcMMBOJia. B cuiy monmyJsisipHOCTH
HCII0JIb30BaHUA Aedrica B KaueCcTBe pas3fesIuTesid yacTer cuMBoJia B Jlucre,
neduc Oygem no ymos4aH1i 0603HA4YaTh ABOMHBIM HUXKHUM NOAYEPKUBAHUEM.

C yué€ToM BrIpabOTaHHBIX IIPaBUJI [IOKAXEM [IpUMep TPaHC/IALMU CIIEeAYI0-
II[er0 S-BBIpaXeHUs:

(set-car! x (+ 37 GREEN))

— 49TO 6Y,I[€T CKOMITUJINPOBAHO B:

L(set__car_excl_,
X,

L(_plus_,
I1(37),
GREEN,
0),

0)

HecJsi05kHO 3aMeTuTh, UTO NPU MCIOJIb30BAHNM TaKON CUCTEMBI TPYAHO Oyaer
n3bexaTb KOHQJINKTA NAeHTU(PUKATOPOB B Koje Ha Cu, B TOM uuciie KOHQPIIUK-
TOB C KJIIOYeBBIMU cjioBamMu CH, TakuMu Kak if. Pemuth npobseMy MOXHO
cHaOauB oOpa3yemMble naeHTU(PUKATOPHI IpedrKcoM. Tak Kak BeIOOp npedukca
Y1 IMEHOBaHUU CIEICMMBOJIOB B 00IeM NMPOU3BOJIbHEIN, CJleAyeT NPeJOCTaBUTh
BO3MOXXHOCTb HACTPOUKM U3 KoAa Ha Jlucne noseeHUsA TPaHCJIATOPA.

BBeném cuMBOJT %%%, KOTOPBIU onpenesiiM B 6a30BOM KOHTeKCTe (Pop-
MOW, UTHOPHUPYIOLLel ¢BOM BXxOJ. IIpu 3TOM TpaHCIATOP, BCTPETUB NEPBLIM
S-BeIpaxkeHreM B ¢aiijie BBI30B 3TOTO CUMBOJIA, CUYMTAET KAXK/BIM €ro apryMeHT
KaK CBOI0 HACTPOUKY.

Tak kak B Havasie ¢ansia UCIoJb3yeTcsa 6a30BbllI KOHTEKCT, TO UCIOJIb-
30BaHMeE B [IEpBOM B (paitjie S-BhIpakeHNM B Ka4eCTBe CaMOU BHeEITHeN (HOPMBI
TOM, UTO JIOCTYIIHA II0 %%%, He MOXET UMeTh Apyroro 3¢deKTra, KpoMe Kak eé
WTHOPHUPOBaHUA. JTO CBOMCTBO MO3BOJIAET TPAHCJIATOPY HE TPAaHCJIUPOBATh
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3Ty KOHCTpyKLuwo. [Ipu naspHenmeM M3MeHEeHUU 3Haue€HUA 3TOr'0 CUMBOJIa
pasHULIb TOBEJEeHNA NHTepIpeTaTopa U KOMIIMJIATOPA He BOZHUKHET, TaK KakK
TPAHCJIATOP 10-0COO0MY pearupyer TOJIbKO Ha BXOXJEHUe 3TOr'0 CMMBOJIA B
KauyecTBe CaMOro BHEITHEro B IIepBOM S-BbIpaxeHuu (aria.

Takon ¢popMaT HaCTPOUKU TPAHCJIATOPA OOAHOBPEMEHHO yA00eH U [Jid
peasmsanuu, 1 J11 UCroyb3oBanusa. Tak Kak B Jlucre qaHHbBIE U KO/ 3alliChIBa-
I0TCS OAMHAKOBO, TO 3allICh HACTPOEK He MOTpedyeT CO CTOPOHHI M0JIb30BaTeIA
M3y4eHNs HOBOro ¢popmara 3anucu JaHHBIX.

1A pelieHrsa onvcaHHBIX IIPOOJIEM TPAHCJIALNU UMEH MOXHO BBECTU
HIXXeCJIeyIoIe HaCTPOUKU.

(declare-char <char> <image>) MO3BOJIAET YCTAHOBUTH [JJIA yKa3aH-
HOT'0O KOJZla CUMBOJIa char CTpOKy image, KoTopas OyJeT MCIOJb30BaHa AJiA
IIOZCTAHOBKU BHYTPU IIOAYEPKUBAHNN IPY TPAHCJIALMU 3TOr0 cuMBoJia. CTpoka
image COAEPXUT TOJIbKO OYKBBI JJATUHCKOTO ajipaBuTa U HUGPHI.

(declare-name <name> <image>) MO3BOJIAET YCTAHOBUTH JJIA yKa3aH-
HOT'0 CMMBOJIa HEIIOCPEACTBEHHOE MPAaBUJIO TPAHCJIALUU.

(prefix <name>) MO3BOJIAET YCTAHOBUTH NPEPUKC AJIA OTTPAHCINPOBAH-

HBIX UMEH, [0 YMOJTYAHUIO MCIOJIb3yeTcs "csx_ "

5.3 MHoroMoayJibHasA KOMIIUJIAIIUAA

JJ1 KOMIWIAMY MHOTOMOAYJIBHOM IIpOrpaMMEbl TpedyeTcsa onpeaesiuThb
IpaBujia IIOJIyYeHUs IMOJIHOLIeHHBIX (aljioB MCXOAHOro kona Ha Cu. Pac-
CMOTpPUM KoMIUJIAIUI0 ¢paiyia modulename. csx. UM ¢aiisia 4o pacmmpeHus
(modulename) 3anmoMHUM B KauecTBe UMEeHHM MOAYJIA M0 yMoJT4YaHUi0. OTMETHM,
YTO MM MOAYJIA ABJIAETCA HACTPOUKOU KOMIIWJIATOPA, KPOME TOro, MOXHO
HaCTPOUTH MMeEHA II0JIy4YaeMbIX 3aroJI0BOYHOro ¢amsia u ¢aisia NCXOJHOI0 KO-
J1a, a Takxke Habop MyOJIMUHBIX CUMBOJIOB. OnuileM CTPYKTYPY 3aroJIOBOYHOI'O
¢daryia modulename. h:

#ifndef CSX_MODULE_INCLUDED_modulename
#fdefine CSX_MODULE_INCLUDED_modulename
extern void xcsx_public_symbol; /% ... %/
void xcsx_load_modulename();

ffendif

Ternepp pacCMOTpUM CTPYKTYpy ¢anjia NCXOAHOro koga modulename. c:

{#finclude "modulename.h"
##include <csx.h>
#finclude "additional header.h" /*x ... %/
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extern void xcsx__external__symbol; /% ... %/

void *csx__public__symbol; /*x ... %/

static void xcsx__local__symbol; /x ... %/

void *csx_load_modulename()

)
csx__public__symbol = S("public-symbol"); /* ... %/
csx__local__symbol = S("local-symbol"); /* ... %/
E(/* S-expression x/); /* ... %/

return E(/* last S-expression x/);

h

J71s 06bsABIIeHNA MyOJIMYHBIX CUMBOJIOB CJieJyeT BOCIIOJIb30BaThCA HACTPOMUKOU
TpaHcATopa public-symbols, ajia ykazaHuA ajabTepHAaTUBHOIO MMEHU MOAY-
1 — module-name, AJIA yKa3aHUA UMEH 3arJIOBOYHOIO U UCXOAHOTO (dansia
Ha Cu — module-header n module-source COOTBETCTBEHHO. J[OMOJJHUTEIIb-
Hble 3aroJIOBOYHbIE (palijibl MOXHO yKa3aTh MCIOJIb3yA additional -headers.
BHelHMEe CUMBOJIBI IepeuncysanTcea B external -symbols.

OObsABJIeHVE CUMBOJIOB B BHJI€ S-BBIPAXEHU! NO3BOJIAET YCKOPUTH UCIOJI-
HeHUe, TaK Kak n3baBJiAeT 0T HeOOXOAUMOCTHU ITIOBTOPHO HAXOAUTh CUMBOJI B
tabsuie cuMBOJIOB. KpoMe TOro, CMMBOJI, AOCTYIIHBIA HEMOCPEACTBEHHO B BU/IE
nepeMeHHOU sA3bika CH, Mpolile UCIO0Jb30BaTh MPXA PYYHOM HANMCAHUM KOAA C
VICII0JIb30BaHMEM S-BBIpAXXEHUU B paMKax UXx IpefcrasyieHusa B CSX.

6 O¢PpPeKTUBHOCTH pelleHns

Onenum nokasaresu 3pPeKTUBHOCTH pa3pabOTaHHOU CUCTEMEBI, 8 UMEHHO
CKOPOCTb UCIIOJIHEHUA IporpaMm U norpebsieHre naMATU B XO[e UX BHIIIOJIHE-
HusA. U3mepeHus OyieM IPpUBOAUTH B CPAaBHEHUU C pe3yJibTaTaMU UCIIOJIHEHNA
Toro xe kofa Ha MIT Scheme — 3T0 noTpebyeT nuicath mporpamMMmsl AJIA OL[eHKU
Ha [MOJIMHO>KeCTBe CO3JaHHOro auasekra Jlucna u auasekTa, UCIoJIb3yeMOoro B
MIT Scheme.

OTMmeTuM, 4TO JaHHbIE i Ipa¢dUKOB NOTPeOIeHNA ITaMATU [10JIyYEHBI
IIOCPEeACTBOM M3MEPEHNI OJWHOYHOIO UCHOJIHEHUA MPOrpaMMbl, TOrAa Kak
JaHHBIe II0 CKOPOCTU IOJIy4YeHHI B pe3yJibTaTe 3amnycka nporpaMmMmsl 1 000 pas
JJIA KaX0oro ucnosiHutesid. TecTrupoBaHue IpOBOANIJIOCh HA KOMIIBIOTEpPE C
nporieccopoM Intel Pentium Silver N5000 u onepaTUBHOIM NaMAThI0 00bEMOM B
yeTblpe rurabanTa. B kauecTBe onepaliiOHHOM CUCTEMBI UCIOJIb30BaJicA Linux,
KOMIWJIALYA IPOU3BOANIIACh BBI30BOM gcc ¢ ¢iiaroM -03.

B xauecTBe nepBoOro npumMepa nporpaMMsbl BOCIIOJIb3yeMcs pa3paboTaH-
HBIM CaMOIIPMMEHNMBIM TPAHCJIATOPOM, HallMCaHHBIM Ha TpeOyeMOoM MOAMHO-
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KeCTBe JUAJIEKTOB. B KauecTBe TeCTOBBIX JAHHBIX HA BXOJ TpPaHCJIATOpa OyzeM
1oJlaBaTh €ero COOCTBEHHBIN UCXOAHBIN KOA. BBIOOp 3TOU MporpamMmsbl 4Ji IPU-
Mepa o0ycJiiaBnBaeTcs O0JIbIIEN CXOXECThI0 €€ KOJa C IPOMBIIIJIEHHBIM — KaK
110 pa3MepaM, TakK U IO CTPYKType — 4eM y OoJsiee GpopMaibHBIX IIPUMEPOB,
TaKUX Kak BeuncjeHue yrces GuboHayuu niam pakropuasa.

Ha pucyHke 4 MOXHO yBUAeTh rpadpuku norpebsieHus TPaHCJIATOPOM
OIepaTUBHOU MAMATH, B YACTHOCTU OTUYETJIMBO BUAHA paboTa cOOpIIMKA MyCO-
pa CSX. PeaHbI1 xapakTep rpadrka BbI3BaH NPUHATHIM pelleHrueM O BHI30Be
cOopirka Mycopa, a UMEHHO 4TO cOOpKa Mycopa IMPOUCXOAUT TOJIBKO TO-
rfa, Korjaa 3aHnuMaemas O0beKTaMu CUCTEMBI OllepaTUBHAA MaMATh 110 00BEMY
MIPEBOCXOAUT OOBEM OCTABJIEHHBIX ITOCJIE MPOILION COOPKU Mycopa OOBbEKTOB
OoJiee yeM B JiBa pa3a. [loguepkHEéM, uTO 3aHMMaemas cucteMou CSX maMATh
IIpU UCIIOJIHEHNM TPaHCJIATOpa He npessimaeT 205 kuiobaut, Toraa kak MIT
Scheme TpeGyeTt GoJsiee 277 MerabaiiT — TO eCTb [JiA 3allycka TpaHCJIATOpa
¢ nomoipio CSX TpebyeTcs B THICAYY pa3 MeHbIIE OllepaTUBHON NaMATH, YTO
MOXeT IO3BOJIMTh UCIOJIb30BaTh pa3pabOTaHHYI0 CUCTEMY Ha OOJIbIIEM YKCJIe
YCTPONCTB.

Ha pucyHke 5a nokasaHbl JuarpamMMel paciipeesieHrs BpeMeHU UCIIOJIHe-
HMs, HA KOTOPBIX N300paxeHkl (CBEpXy BHM3): MAKCUMYM, BEpPXHUU KBapTUJIb,
MearaHa, HUXKHUM KBAapTWJIb U MUHUMYM. CpeJHMM BpeMeHeM CaMOIpUMeHe-
HUA TpaHcsaTopa 1A CSX sABssercsa 186 muutucekyH, a 1y MIT Scheme —
554 MUJUJINCEKYH/IHI.

B kavecTBe BTOpPOro mpuMepa BOCIOJIb3yeMCs IIPOTrPaMMOM BBIYUCJIEHUA
(pyHKIIMM AKKepMaHa, TaKXe HalMCaHHOW Ha MOAMHOXeCTBe N30paHHbIX aua-
JIEKTOB. OTa QYHKIMA NPU HAMBHOW PEKyPCHUBHOU pean3alii U3BecTHa ObICT-
PBIM POCTOM CJIOKHOCTH, U B YaCTHOCTHU BBICOKOU TJIyOMHOU pEeKypCHUU, B CHUITY
Yyero MOXeT CJIYKUTh yAOOHBIM IIPUMEPOM IS MTPOBEPKU MOBEAEHUA CUCTe-
MBI IIPYU UCIIOJTHEHUU PeCypCcoEMKUX 3aau. [IpuBeném onpenenenre GyHKIUN
Axkkepmana:

n—+1, m = 0;
Ack(m, n) = S Ack(m —1, 1), m >0, n=0;
Ack(m — 1, Ack(m, n—1)), m >0, n> 0.

Ha pucyHke 6 n3obpaxeéH rpa¢uk norpedbsieHns NaMAaTU [IPY BEIYNCIIEHUU
Ack(3,7). HecMOTps Ha IOBBIIIEHNE TOTPeOJIEHNS TI0 CPABHEHUIO C IPUMEPOM
HCIOJIHEHUA TpaHcsATopa, CSX BCE elllé noTpebJiseT 3HAYUTEJIbHO MEHbIIe
namMAaTH, ueM MIT Scheme.

Ha pucyHnke 5b noka3aHo pacmpeesieHue BpeMeHu BbruricsieHus Ack(3,7);
cpeaauM BpeMmeHeM U1 CSX sBiisiercs 1300 musuiricekyH T, a it MIT Scheme —
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(a) CSX

(b) MIT Scheme

Puc. 4: IlorpebyieHre TaMATU B Kyue IIPU TPaHCJIALUU
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Puc. 5: PacnipenesieHrsa BpeMeHU HCIIOJIHEHUA
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Puc. 6: IloTpeGyieHre MaMATU B Kyde Ipy BerurcieHun Ack(3,7)

927 MusLIMCeKyHA. Buaym, 4To npu NOBBIIIEHUH aJrOPUTMHUUYECKOU CJI0XKHO-
cTH 3a71auu npeumyitectBo CSX B ckopoctu neped MIT Scheme mpomnasio. 3To
HabJroieHre ropoput o ToM, 4yTo CSX ob6siaaeT kpariHe ObICTPBIM BpeMeHeM
3arpy3Ku, HO P4 3TOM He ONTUMU3UPYET UCIOJIHAEMBIN KO, B OTJinuue oT MIT
Scheme. OgHako fgaxke mpy OTCYTCTBUU ONTUMM3ALM, HECMOTPSA Ha JOCTUXe-
HHe 33/lauell BpeMeHM MCIIOJTHEHNA, 3aMEeTHOr0 IoJib3oBaTesto, CSX ocTtaércs
He O6osiee yeM B ABa pasa MmeaseHHelr MIT Scheme.

Ha pucynke 5c moka3aHsl aHaJIorn4Hble rpaduku aisa Ack(3,8), cpenHee
BpeMs ucnoJjiHeHus cuctemoin CSX — 5157 munnucekynn, MIT Scheme cnipas-
JAeTcsa 3a 2644 muuiMceKyHasl. Bpems 3arpysku B paMKax 3TOro Ipumepa
Urpaert eié MEeHbBIIYI0 POJib, IPU 3TOM COOTHOIIEHEe CKOPOCTU UCIOJIHEHUA
nporpamM cucteMamu CSX u MIT Scheme c1abo n3amMeHHUI0Ch B CpaBHEHUM C
npeblayIien 3ajjaueil 1 OCTaETCA HUXE IBOUKU.

[TpoBen€HHBIE N3MEpeHUs CBUAETEeJbCTBYIOT O MpHeMJIeMbIX IToKa3aTe-
JIAX TIoTpebJieHuA pecypcoB KoMmbloTepa padpaboTaHnHou cuctemon CSX. U3
IIOJIyYeHHBIX JAaHHBIX MOXHO CJieJIaTh BBIBOJ O MEPCIEeKTUBHOCTU MOCTPOEHUA
OITMMU3UPYIOIIEro KOMIIMWJIATOPA HA OCHOBE NPEeAJIOKEHHOI0 IoaxoAa — IMpu
3TOM MPEJCTaBJIAETCA BO3MOXHBIM JOCTUYb CKOPOCTU HUCIOJIHEHUA NPOrpaMm,
npoaeMoHcTpupoBaHHoui MIT Scheme.
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7 3axJIloueHue

7.1 IlepcrieKTUBBI

K nepcnexktnBam fajibHenIen paboThl MOXHO OTHECTU KCCJIeJOBaHUE
BO3MOXHOCTY IIOCTPOEHMA ONTUMU3UPYIOIIEr0 TPAHCIIATOPA, UCIIOJIb3YIOLIEero
MIpeJIOKeHHBI MeTo. JKeslaTesIbHO paclIupUTh BO3MOXHOCTH B3anMOeEN-
CTBUSA [1I0JIy4€HHOU CUCTEMEI C BHEIITHUMU CPeACTBAMU pa3pabOTKU 1 KOMIIOHEH-
TaMU CUCTEMBI [IPOrpaMMUPOBaHNsA, TAKUMU KaK OTJIAQUUKU U IIPOPUINPOB-
IUKU. AKTyaJIbHOU BBITJIAAWT 3aJjada MOAAeP>XKU UCIIOJIHEHNSA NapaslyieIbHbIX
IIpOrpaMM B paMKax IPeJIOKeHHOro noaxoja. IlepcnekTuBHO MpOAOJIKUTh
rccJieoBaHue paclipeHreM Habopa NoAAepXUBAeMBIX CUCTEMOU A3BIKOB,
HanpuMmep TakuMU A3blkamu, Kak [Iposor, Pedan u dopr.

7.2 BpIBOObI

B pamkax npoBeJéHHOU UCCIeJ0BaTEeJIbCKOM PabOTHI ITOJy4YeHBl CIeyI0-
1111ie OCHOBHEIE Pe3yJIbTaThI:

1. mpensioxeH moAXo[ K MPeZICTaBJIEHUIO S-BBIPAXKEHMU, JOIYCKAOMUU UX
HAarJIAAHYI0 3aluch cpefcTBaMu sA3bika CU B BHE CYNEepIO3ULUY BEI30BOB
yHkumit;

2. cospgaHa 6ubsmoreka moayJsien Cu, peasin3yrolias BEIYMCIUTEIbHYI0 MO-
Jesib Jlucna Ha OCHOBe S-BBIpaKeHUM, peCTaBJIeHHBIX B COOTBETCTBUU
C BBILLIEYOMAHYTHIM ITOAX0I0M;

3. co3gaH MHTepaKTUBHBIM MHTEPIpEeTaTop AuaJieKkTa A3blka Jlucn, a Takke
CaMOIIPUMEHUMBIY TPAHCJIATOP, IPUHUMAIIINK Ha BXOJ TeKCT Ha Jlucre
B TPAAULIMOHHOM CHMHTAKCHCE M CO3[AI0IINI COOTBETCTBYIOIINUI MOIYJIb
a3bIKka Cu.

OueHka peajsiM30BaHHOUN CHUCTEMBI MO3BOJIAET MPEANOJIOKUTh BBICOKUN
NOTEHI[aJI U aKTyaJIbHOCTh ONMCAHHBIX NepcreKkTrB. O0 3TOM CBUAETEJIbCTBYEeT
B YaCTHOCTHU HeOXHUAaHHaA AJIA aBTOpa OTHOCUTeJIbHAsA 3G (PEeKTUBHOCTD UCIOJI-
HEHUA NPporpaMM B paMKax NpeyioKeHHOro Metoa. Kpome Toro, HarjiagHOCTb
ONMCAaHHOIO NpeAcTaBjeHus nporpaMm Ha Jlucne B Cu no3BoJisseT IporpamMmu-
CTy nucaTh, MOAUMUIIMPOBATh U aHAJIM3UPOBATh NUCXOAHBIX KO IPOrPaMMBI,
4aCTUYHO HAaIMCAaHHOM Ha Jlucne, a yacTuyHOo Ha Cu, ¢ 00JibllIel JIErKOCThI0, YeM
IIpU aJIbTEPHATUBHBIX NOAX0JAaX — B YaCTHOCTU 3TOMY CIIOCOOCTBYET BbIOpaH-
HOe IIpe/CcTaBjieHne S-BeIpakeHU!, yIpollarlee UCI0JIb30BaHNe pe3yJibTaTOB
BbIUMCJIeHUs popM Jlucma B OCHOBHOU Iporpamme Ha Cu.
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bjsiarogapHocTu

bmaromgapro yuacTHUKOB criericeMuHapa Ilapagurm [IporpammupoBaHus

¢akysabrera BMK MI'Y nm. M.B.JlomoHOCOBa, B ocobeHHOCTH AHApesa Buk-
TopoBuua CToJiApoBa, a Takxke Uropsa I'enHagbeBuua 'ostoBuHa, ExaTepuny
Biagumuposny 'ankuny u Hukuty BuktopoBuua OpJioBa, 3a UX OOLIMPHYIO
MOAAEPXKKY U KOHCTPYKTUBHYIO KPUTHKY B XOJ€ BbINOJHEeHUs paboTel. Kpo-
Me Toro, 6sarogapro corpygHukoB UIIM nm. M.B.Kesiggsiiia 3a ux OrpOMHYIO
IIOMOII[b — B 4YacTHOCTU AJsiekcaHapa MBaHoBuua AnrtekapeBa, Biagumupa
I'enpuxosuua JIsicoBa u Muxauina Asiekcanaposuya bouesa.
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