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Ot pemakTopa nmepeBoja

Kaura Kpuca Oxacaku «Hucro GpyHKIHNOHAIBHBIE CTPYKTYPhI JAHHBIX>
Jaxke cirycts moatu 20 et mociie myOIuKaInl OCTaéTcsl €IMHCTBEHHBIM JI0CTa~
TOYHO ITOJTHBIM MCTOYHUKOM HHMpOPMAINU 10 Pa3paboTKe U aHAJM3Y [IPOU3BO-
JUTETBHOCTU PA3JIMYHBIX CTPYKTYDP JAHHBIX B (DYHKIIMOHAJIHLHOM OKDYKEHUU.
Paszywmeercs, 3a mpormeiiee BpemMs ObLIO MOy I€HO MHOXKECTBO HOBBIX DPE3YJlb-
TaTOB*, OHAKO PabOTHI, KOTOpas ObI WX 0000IIasa, K COXKaJEHUIO, MOKa He
nosiBIIIOCh. KHHUTra coYeTaeT TEXHUYECKYIO TOYHOCTH B M3JIOKEHHH OCHOBHBIX
pe3y/IbTaToOB M aKaJeMUIECKYI0 CTPOrOCTh UX OOOCHOBAHWUSI.

Pycckuit mepeBos 3T0# KHUTM MOXKHO CUYHATATH UPE3BBIYAIHO YIAUHBIM
JorosHenneM K BoimymenHoi m3gareabctBoM JIMK Ilpece B 2013 roxy Knam-
ru Puuapra Bépma «2KemuayKuHBI MPOEKTHPOBAHUS AJTOPUTMOB: (PYHKITHO-
HAaJIbHBIN I10IX0/[», BMECTE OHU ODECHEYMBAIOT YUTATEJsI OOraThIM APCEHAJIOM
CpeJIcTB Jjisi pa3spaboTku 3 MEKTUBHBIX aJrOPUTMOB U CTPYKTYP JAHHBIX [IPU
pabore ¢ (DYHKIMOHAJIBHBIMU sI3BIKAMHU IMpOrpaMMupoBaHusi. Hajeemcsi, 910
910 m3manue OymeT CrocoOCTBOBATH PACIIPOCTPAHEHUIO MHTEpPEca K (PyHKITHO-
HaJIbHOMY [IPOTPAMMUPOBAHUIO B PYCCKOSI3BITHOM COOOITIECTBE.

IlepeBosm kuuUrm ObL1 BohIMOMHEH leopruem BpommnkoBbiM. Biaromapmm
rakke Pomana Kamuneraa, Beeposioga Onapuna, Kupusa 3abopckoro, Ajiek-
cargpa Kaprmua n Jimurpus Kocapesa 3a yuactue B paboTe o MOJATNOTOBKE
HACTOSIIIErO U3/[AHUS.

Bumanauii Bpazunsescrudi,
Hremumym mamemamuru, METAGHUKY U KOMNOIOMEPHLLT HAYK
FOoicnozo gedepanvrozo ynusepcumema, Pocmos-na-Zlony

*ToapoOHBblil UX IEpeYeHb MOXKHO HaiiTu B oTBeTe Ha Bonpoc EBrenuns Kupnuuésa o agpecy
http://cstheory.stackexchange.com/q/1539/.



IIpeaucaoBue

4 Buepsble nosHakomuiicss ¢ s3bikoM Crangaprabiii ML B 1989 romy.
MHe Bcerjia HpaBUJIOCH IIPOIPAMMHUPOBATH (M PEKTUBHBIE Peanu3alul CTPYK-
TYp JAHHBIX, U s HEMEJJIEHHO 3aHsLJICS IIePEBOJIOM HEKOTOPBIX CBOUX JTFOOMMBIX
nporpamm Ha Cranmaptabiit ML. [{jist HEKOTOPBIX CTPYKTYP HEPEBO] OKA3AJICS
JIOCTATOYHO MPOCTHIM W, K MOEeMY OOJIBITOMY YIOBOJILCTBUIO, MOJIYYAJICT KO
3HAYUTEHLHO 0OJiee KPATKWIA W SICHBIN, WeM IMPEeJbIIyIIe BEPCUH, HAIUCAH-
uble MHOI Ha C, Pascal miun Ada. OgHako He Bcerja pe3ysIbTAT OKa3bIBAJICS
CTOJIb IPUATHBIM. Pa3 3a pasoM MHE NPUXOAUJIOCH HCIOJb30BATH pa3pyIlia-
foree npucBauBanue, koropoe B Cranmapraom ML He mpuBeTcTByeTCs, a BO
MHOTHX APYTuX (PYHKIMOHAJIBHBIX sI3bIKAX BOODIIE 3aIperneHo. S mprrajics 00-
paIaThCst K JUTEpaType, HO HAIIE JIUITh HECKOJHKO PA3PO3HEHHBIX CTATEH.
ITonemHuory s cTas MOHMMATDH, ITO CTOJIKHYJICS C HEUCCIEIOBAHHON 00/IACTHIO,
¥ HAYaJI UCKATH HOBBIE CIIOCOOBI PEIeHUs 3a1ad.

Ceiiuac, BOCEMb JIeT CILYCTsI, MOU IOUCK IIPOJIOJIzKaeTCst. BeE ermé ectb MHO-
ro TMPUMEPOB CTPYKTYD JAHHBIX, KOTOPBIE sl IPOCTO HE 3HAI0 KaK 3D MEKTUBHO
peasn3oBaTh Ha (DYHKIUOHAJIBHOM si3bike. OHAKO 32 3TO BPEMsl s TIOJIYUHJT
MHOKECTBO YPOKOB O TOM, UTO B (DYHKIIMOHAJBHBIX SI3bIKAX pabomaem. ITa
KHUTa sIBJIFETCSI HOIILITKON 3al1caTh BblyY€HHbIC YPOKH, U ¢ Ha/I€IOChb, YTO OHa
[TOCJLY>KUT CIIPABOYHUKOM JIJIsi (DYHKIIMOHAJIBHBIX ITPOIPAMMHUCTOB, 8 TAK¥Ke KaK
TEKCT JJIsT TeX, KTO X04eT OOJIbIlle Y3HATh O CTPYKTYPaxX IAHHBIX B (PYHKIIHO-
HaJIbHOM OKDY2KEHUH.

Crangaptubiii ML. Hecmorpst Ha TO, ITO CTPYKTYPBI JaHHBIX U3 ITOI
KHUTH MOYKHO PEAJIN30BaTh IMPAKTUIECKU Ha JIIOO0M (QyHKIIMOHATIHLHOM SI3bIKE,
s BO Bcex mpuMmepax Oyuy ucrnosiab3oBarb Cranmaptabiii ML. ¥V sToro sisbika
UMEIOTCsI CJIe/LYOIHe IPENMYIIecTBa i Moux Iestedi: (1) sHepruuHbIii mopsi-
JOK BBIYHUCJIEHUI, YTO 3HAYUTEJHHO YIIPOIIAET PACCYKIEHUsSI O TOM, CKOJIBKO
BpeMeHH noTpedyer TOT MK UHOU aJiropuTM, U (2) 3aMedaTebHas CACTEMA MO-
JLyJieit, Uaea bHO TOJXOISINAs JIJIsI BEIPaXKeHUsT abCTPAKTHBIX THUIOB JIAHHBIX.
O/1HaKO IMOJIL30BATENH JAPYTIUX s3bIKOB, Hanpumep, Haskell wiu Lisp, cMmoryr
6e3 TpyJia aJalTHPOBATH MOU IIPUMEPHI K CBOMM BBIYUCJIUTE/IBHBIM OKPYKEHH-
sm. (B npuiokeHun st IpUBOXKY HEpeBoIbl GobIHCTBa npuMepos Ha Haskell.)
Haxe mporpamvuctsl Ha C wan Java JTOMKHBI OBITH CIIOCOOHBI PEATN30BATH
9TU CTPYKTYPBI JAHHBIX, X0Ts B cirydae C OTCyTCTBHE aBTOMATUYIECKON COOPKU
Mycopa WHOIJIa OyeT JOCTaB/ISATh HEHPUATHOCTH.
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Yuraressim, HesHakoMbiM co CranmaptabiM ML, s1 pekOMeHIy0 B Kade-
crBe BBejienus kuauru ML das npozpammucma-npaxmuka [oncona [Pau96] wim
daemenmol npoepammuposanus wa ML Ynomana [U1194].

ITpoune npenBapurTesabHble TPEGOBaHUSI. JTa KHATA HE PACCUUTAHA
CJIy>KUTbH [I€PBOHAYAJIBHBIM ODIIUM BBEJIEHUEM B CTPYKTYDPHI JIAHHBIX. 4 mpes-
[IOJIArak0, YTO YATATEJIIO JOCTATOYHO 3HAKOMBI OCHOBHBIE ab0CTPaKTHBIE CTPYK-
TYDbI JAHHBIX — CTEKH, OU€PeH, Kyuu (IPUOPUTETHBLIE OYEPE/IU) U KOHEIHbIE
orobpazkenus (ciaoBapu). Kpome Toro, si npeJiosiararo 3HaKOMCTBO € OCHOBA-
MU aHaJIU3a aJrOPUTMOB, 0COOeHHO ¢ HoTamuel «Gosbmoro O» (Hanpumep,
O(nlogn)). OBBIMHO 3TH BOIPOCHI PACCMATPHBAIOTCS BO BTOPOM KypCe IS
CTYIEHTOB, U3yYalolUX UH(POPMATHUKY.

Baarogapaoctu. Moé nornmanne pyHKIIMOHAIBHBIX CTPYKTYP JAHHBIX
9pEe3BBIYATHO 000TATUIOCH B PE3Y/IbTATE JUCKYCCUI CO MHOTMMU CHEIHAACTA~
MU Ha MPOTIXKEHWH MHOruUX JjieT. Mie ObI 0COOEHHO XOTeJI0Ch MObJIaroIapuTh
[Turepa JIu, I'erpu Beiikepa, I'epra Bpomana, Boba Xapnepa, Xanma Kamrana,
I'psma Mocca, Caiimona Ileiitona /Ixkouca u Boba Tapbsina.



1. BBenenne

Korpma nporpamvucty Ha C Jijist pellieHust OIpeIe/IEHHOM 3a1a9u Tpedy-
ercst 3 deKTUBHAS CTPYKTypa JAHHBIX, OH WJIA OHA OOBIYHO MOTYT IIPOCTO
HalTU MMOAXOJSAINee PEIleHrne B OJIHOM U3 MHOTUX YI€OHMKOB WJIA CIIPABOYHIU-
KoB. K coxkasieHuio, Jj1s IpOrpaMMECTOB Ha (DYHKITMOHAJIBHBIX S3BIKAX BPOJIE
Cranmapraoro ML uinn Haskell Takasi pockomib HejocTynHa. XOTsi OOJIBIITNH-
CTBO CIIPABOYHUKOB CTapatOTCsi OBITh HE3aBUCUMBI OT si3bIKa, HE3aBUCUMOCTH
9Ta MOJIydaeTcs TOJMbKO B cMmbicie lenpun Dopma: mporpaMMucTbl CBOOOIHBI
BLIOPATDL 000 S3BIK, €CJH A3BIK 3TOT MMHepaTHBHEHI!. UTOOLI HECKOIBKO
UCIIPABUTH ITOT JAucOaIaHC, B 9TOH KHHUIe s PACCMATPUBAIO CTPYKTYDPHI JAaH-
HBIX ¢ (DYHKIMOHAJIBHON TOYKH 3peHusd. B mpumepax IporpaMm s HCIOJIb3YI0
Cranmaprabit ML, oqHako 9Tv mporpaMMbl HETPYIHO IMEPEBECTU HA JIPYyTUe
dyHKIMOHANBHBIE si3bIKM, Hampumep, Haskell miu Lisp. Bepcun mammux mpo-
rpamm Ha Haskell moxkno naittu 8 [Tpunoxennn A.

1.1. PdyHKIIMOHAJbHBIE U UMIIEPATUBHBbIE CTPYKTYPbI
JAHHBIX

Meromonornueckue npenMyIecTsa GyHKINOHAIBHBIX S3bIKOB XOPOIIIO W3-
Becrubl [Bac78, Hug89, HJ94|, Ho Tem He MeHee GOJIBIIUHCTBO MPOrPaMM I0-
[peXKHEMY MUIILYTCS Ha UMIepaTHBHBIX sa3bikax Bpojge C. Kaxkymeecst mpo-
THUBOpPEYNE JIETKO OOBSCHUTH TEM, UTO HUCTOPUYECKH (DYHKIMOHAJBHBIE S3bI-
KW TIPOUTPBIBAJIN B CKOPOCTH CBOUM 00Jiee TPaIMIIMOHHBIM AHAJIOTaM, OJTHAKO
9TOT pa3pbIB ceituac cyxkaercs. 1o mmpokoMmy GpoHTY 3a1a9 OBbLI JOCTUTHYT
BIEYAT/ISIIONIUI IpOrpece, HaunmHasi OT 6a30BOl TEXHUKNA TMOCTPOEHUS KOMIIH-
JIITOPOB M 3aKAHYNBas IVIYDOKMM aHAJM30M W onrtuMmu3sanueil mporpamm. Og-
HaKO OJIHY 0COOEHHOCTH (DYHKITMOHAJIHHOIO IIPOIPAMMUPOBAHUS HE HCIIPABUTH
HUKAKUMH YXUMIPEHUSIMU CO CTOPOHBI ABTOPOB KOMITMJIATOPOB — KCIIOJIH30Ba~
HUe CjabbIX WJIM HECOOTBETCTBYMOIIUX 3aJade CTPYKTYpP HdaHHBIX. K coxase-
HUIO, UMEIOIASCS JIATEPATYPA COAEPAKUT OTHOCUTEIHHO MAJIO PEIENTOB ITOMO-
¥ B 9TOM OOJIACTH.

ITouemy okazbiBaercsi, 9T0 (PYHKIMOHAJIBHBIE CTPYKTYPhI JAHHBIX TPY/I-
Hee CIIPOEKTUPOBATH U PEaN30BaTh, YeM UMIEPATUBHBIE! 3/1€Ch JIBe OCHOBHbBIE

Tenpu ®opy omHax<abl cKazan o mserax apromobmieit Momesm T: «[[Tokynaresu| moryT
BbIOpaTH JIIOOOM IBET, IIPU YCJIOBUHU, YTO OH YEPHBIN».
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pobJieMbl. Bo-11epBhIX, ¢ TOYKMU 3pEHUs] MPOEKTUPOBAHUSI M PEAJH3AIIN -
(PEKTUBHBIX CTPYKTYP JAHHBIX, 3aIpeT (hyHKIIMOHATHLHOIO TPOrPAMMUPOBAHIS
HA JIECTPYKTUBHOE OOHOBJIeHUE (TO €CTh [IPUCBAUBAHUE) SIBJISIETCH CYIIECTBEH-
HBIM IPEIsITCTBUEM, [TOI00HO 3aIpeTy JJisl I0Bapa UCIIOJIh30BaTh HOXKU. Kak n
HO2KU, JEeCTPYKTHUBHbIC O6HOBJI€HI/IH Ipu HelIpaBUJIbHOM yIIOTpe6HeHI/II/I OIIaCHBI,
HO, Oy/y4Yd IIyIIEHBI B JIEJIO JOJIKHBIM 00Pa30M, UPE3BhIYARHO (PpDEKTUBHBI.
VmneparuBHbIE CTPYKTYPHI JAHHBIX 9ACTO CYIIECTBEHHBIM 00Pa30M [TOJIAral0T-
¢ Ha TPHUCBAWBAHUE, TAK 9TO B (DYHKIIMOHAJIBHBIX IMPOTPAMMAX MPUXOIUTCS
WCKATh JPYTHUE MTOIXO/IbI.

Bropoe 3aTpy/Henne cocTOUT B TOM, 9TO OT (DYHKIIMOHAJIBHBIX CTPYKTYD
oxKumaeTcss OoJbIas THOKOCTh, YeM OT UX MMIIEPDATUBHBIX aHajoronB. B wact-
HOCTH, KOI'JIa MBI IIPOM3BOIUM OOHOBJIEHNE UMIIEPATUBHON CTPYKTYPbI JAHHBIX,
MBI, KaK IIPABUJIO, IPUHIMAEM KaK JAHHOCTD, YTO CTapasi BePCHs JaHHBIX OoJiee
HEJIOCTYIIHA, B TO BPEMs KaK IIPU OOHOBJICHUH (DYHKIIMOHAIBHON CTPYKTYPhI MbI
OXKUJIAeM, 9TO KaK CcTapas, TaK M HOBas BEPCHs JIOCTYITHBI JIJIsl JAJIbHEHTIIeH
obpaborku. CTpyKTypa JAHHBIX, HOJIEPKUBAIOIIAS HECKOJIBKO BEPCHil, HA3BI-
Baercst yemotuusot (persistent), B To BpeMst Kak CTPYKTypa JIAHHBIX, TIO3BOJIsI-
FOIAsl UMETh JIUITh OJHY BEPCHIO B KaXKJIbIii MOMEHT BPEMeHM, Ha3bIBAeTCsl Jghe-
meproti (ephemeral) [DSST89]. yHKIMOHATIBHDIE A3BIKK IIPOIPAMMUPOBAHUS
00J18JIAI0T T€M WHTEPECHBIM CBOWCTBOM, YTO 8C€ CTPYKTYPbHI JJAHHBIX B HUX aB-
TOMATHIECKH YCTONIUBLI. VIMIepaTuBHbIE CTPYKTYPHI JIAHHBIX, KaK MPABUJIO,
ademepubl. B Tex ciyuasx, Korma TpedyeTcs ycTolanBasi CTPYKTypa, UMIepa-
TUBHBIE IPOI'PAMMUCTBI HE YIAUBJISIIOTCSI, 9TO OHA, [TOJIydaeTcs 60Jjiee CI0XKHOI 1,
BO3MOXKHO, JIa2Ke aCUMOTOTHIECKU MeHee 3(P(EKTUBHON, YeM IKBUBAJEHTHAS
ademMepHas CTPYKTypa.

Bosee Toro, TeopeTuku yCTAaHOBUJIN HUYKHUE MPAHUIIBI, KOTOPBIE MOKA3bI-
BAIOT, YTO B HEKOTOPBIX CUTYAIIUIX (DYHKITMOHAIBHBIE SI3BIKH 110 CBOEI TTPUPOJIE
menee addekTuBHbI, Yem nMnepatusable [BAG92, Pip96]. B ceere mepeunc-
JIEBHHOTO, (DYHKI[MOHAJIBHBIE CTPYKTYPhI JAHHBIX HHOIJA KayKyTCs ITOXOXKUMU
Ha TaHILYIOIIEro MeBells, O KOTOPOM I'OBOPUTCSI: «IIOPa3uTe/IbHA HEe KPacoTa
€ro TaHI, & To, 9To OH BoOOITe TaHIyeT!> OHAKO HA MPAKTUKE CUTYAIUs CO-
BceM He Tak Oe3Hajié:kHa. Kak Mbl yBUIUM, 9aCTO OKA3BIBACTCS BO3MOXKHBIM
MOCTPOUTH (DYHKIIMOHAJIBHBIE CTPYKTYPBI JAHHBIX, ACUMIITOTUIECKHA CTOJIb YKe
a3 dexkTuBHBIE, KAK JIYUIINe UMIIEPATHBHBIE PEIICHNUS.

1.2. SHepI‘I/I“IHOG n JIEHnBO€ BbIYHMCJI€eHUue

BousbmaeTBo (HOC/HE10BATEIBHBIX) (DYHKIIMOHAJILHBIX S3bIKOB IIPOIPAM-
MUPOBaHUsI MOYXKHO OTHECTU JHMOO K anepeuyunvim (strict), smbo K aenusvim
(lazy), B 3aBHCHMOCTH OT TODsiIKa BbUnCIeHui. Kakoll u3 9TWX MOPSIIKOB
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[IPEIIOYTUTEbHEE — TeMa, 00cy XK 1aeMast DYHKIHOHAIBHBIMEI IIPOrPAMMUICTA-
MU [OJTYAC C PEJIMTHO3HBIM KapoM. Pazimdne MexKy JBYMsi MOPSIKAME BbI-
YUCJIeHUs] HAnbOoJIee IPKO MPOSIBJISIETCsT B MOAXOJAX K BBIYUCIIEHUIO apryMeH-
TOB (DYHKIINU. B SHEPIrUYIHBIX SI3BIKAX apPTyMEHTBI BHITHCJISIIOTCS PEXKIE TEJa
dysKImy. B JIeHUBBIX s3bIKaX BBIYHUCJIEHNE apIyMEHTOB YIIPABJIAETCS ITOTPED-
HOCTBIO; M3HAYAJILHO OHHU IIEPEJAIOTCH B (DYHKIUIO B HEBLIYHCJIEHHOM BHJIE,
U BBIYMCJISIIOTCS TOJBKO TOrJA, Korja (u ecym!) ux 3HAYEHHE HYYXKHO JJIs IIPO-
Jokenus paborel. Kpome Toro, mociie 0IHOKPATHOIO BBIYUCJIEHUS 3HAYECHUE
apryMeHTa K3IIUPYETCs, TaK UTO €CJI OHO MOTPeOyeTcsi CHOBA, €0 MOXKHO IO~
JIyIUTH U3 [MAMsITH, a He ePeBLIYHC/ATh 3aHOBO. Takoe K3IMPOBAaHUE HA3BI-
BaeTCs Mmemousdayua (memoization) [Mic68].

Kaxkplit 3 9TUX MOPSIIKOB UMEET CBOW JOCTOMHCTBA W HEIOCTATKHU, HO
SHEPrUYHOEe BBIYUCJIEHUE SIBHO yJI00Hee M0 KpaifHeil Mepe B OJIHOM OTHOIIE-
HUU: ¢ HUM IPOIIE PACCYXKJIATh 00 AaCUMITOTHIECKOI CJIOXKHOCTH BBIMUCIICHUT.
B sHeprugHbIX S3BIKAX TO, KAKHE WMEHHO ITOABBIPAYKEHUS OYIYT BBIYUC/IEHBI
7 KOIJ/ia, siCHO IO OOJIbINell JacTu yKe M3 CHHTAKCHCA. Lakum o0pa3om, pac-
CYKJIEHUSI O BpEMEHHU BBITTOJTHEHUST KAaXK 101 JIAHHOM IPOrPpaMMbl OTHOCUTETHHO
mpocThl. B TO »Ke BpeMsi B JIHUBBIX sSI3bIKAX JlayKe IKCIIEPTHI 9aCTO UCIBITHI-
BaIOT CJIO)KHOCTHU IIPU OTBETE Ha BOIPOC, KOIJIa Oy/1eT BBIYUCICHO JIAHHOE TIOJI-
BBIpaXKeHue U OyJeT Ji BbIUucseHo Boobie. [IporpaMMucThl Ha TAKUX SI3bIKAX
9aCTO BBIHYKJIEHBI IPUTBOPSITHCS, UTO SI3bIK HA CAMOM JIEJIe SHEPTUYEH, YTOOBI
MOJTYIUTD XOTsT ObI TPyOBIe OIEHKN BpPEMEHU PabOTHI.

Ob6a mopsi/ika BBIMUCIEHNS BIUSIOT HA IIPOEKTUPOBAHIE U aHAJIU3 CTPYK-
Typ JaHHbIX. Kak Mbl yBUJIUM, SHEPTUYHBIE S3BIKU MOTYT OIKMCATH CTPYKTY P
¢ XKECTKOI OIEHKOI BPEMEHU BBIMTOJHEHUS B XY/IIIIEM CJIydae, HO HE C aMOPTH-
3UPOBAHHO OIEHKOI1, & B JIGHUBBIX SI3bIKAX OIMCBHIBAIOTCS AMOPTH3UPOBAHHBIE
CTPYKTYPBI JaHHBIX, HO HE PACCUATAHHDBIE HA XYIMUil caydail. ITo0bl onuch-
BaTb 00€ PA3HOBUIHOCTU CTPYKTYD, TpeOyeTcCs sI3bIK, [IOJIJIEPXKUBAIOIMUN 00a
nopsijika Bbraucyenuii. Mbl mosydaeM Takoil si3bik, pacmupsist CTanmapTHBIA
ML npuMmuTHBaMU JJIsT IEHUBOTO BBIYUCJIEHUsI, KAK OMNUCAHO B ryiaBe 4.

1.3. TepmuHoJIOTHUS

JIr000i1 pa3roBOp O CTPYKTypax JAHHBIX COIEPIKUT OMACHOCTH BO3HUKHO-
BEHHUs Iy TAHMIIBI, IOCKOJIBbKY y TepMuHa cmpyxmypa dannwx (data structure)
€CTh 110 KpaiiHeit Mepe JeThbIpe Pa3InIHbIX CBSI3aHHBIX MEXKy COOOM 3HATEHMUSI.

o Abempaxmnwd mun dannvir (TO ecThb mun u Habop Pynryuld Had smum
munom). st 3r0oro 3uadenust Mol 6yeM [0Jb30BATHCS CJIOBOM afCmpak-
yus (abstraction).
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o Konxpemnas peaausayus adbcmparkmmozo muna darnoix. s sroro 3ua-
YeHUs MbI UCIIOJb3YEeM CJIOBO peasudayus (implementation). Oxmako or
peasu3auu Mbl He TpebyeM BOILIOIIEHUsT B KOJIE — JOCTATOTHO JIeTa b~
HOT'O TIPOEKTA.

o IK3eMNAAD MUNG JGHHBLT, HANPUMED, KOHKPEMHVIT CNUCOK UAU Jepeeso.
st TaKOTO 9K3eMILTISIPa MBI Oy 1eM HCIIOJIB30BATE CJI0BO 00zekm (object)
unmm eepcus (version). Brpodem, Jijig KOHKPETHBIX THIIOB YaCTO OBIBAET
cBoit Tepmun. Hampuwmep, creku u odepean Mbl Oy/ieM Ha3bIBATH ITPOCTO
CTEKaAMH U OYEePEIsIMU.

o Cywmnocmsv, corparaouLas €800 UdeHMUYHOCTL Npu udmeneruaxr. Ha-
mpuMep, B WHTEPIPETATOPE, IMIOCTPOEHHOM HA OCHOBE CTE€KA, MBI TacTO
TOBOPUM O «CTEKe», KaK €CJIM ObI 9TO OBLT OIH 00BEKT, a He PA3IUIHBIE
BEpPCUU B pa3JNIHbIe MOMEHTHI BpeMeHu. J[Jist 9TOro 3HavMeHns: MbI Oy1eM
UCIIO/Ib30BaTh BhIpayKeHue ycmotiuusan cyurocms (persistent identity).
Hyxma B 9TOM BO3HHKaET IPEXKIE BCETO IIPU Pa3roBope 00 yCTONIUBBIX
CTPYKTypaX AAHHBIX; KOTJIa MBI TOBOPUM O PA3JUIHBIX BEPCHUIX OJHOMN
U TOMH Ke CTPYKTYPBI, MbI IME€EM B BUJLY, UITO OHU BCE UMEIOT OIHY U Ty
K€ YCTOMYUBYIO CYIIHOCTD.

I'py6o rosopst, abcrpaknusim B Crangapraom ML coorBeTCcTBYIOT CHTHATYDHI,
peam3anusaM — CTPYKTYPBI Wil PYHKTOPBI, & 0ObEKTaM WU BEPCUAM — 3Ha-
qeHus. XOPOIIEro aHaJora MOHATHIO ycToiuuBoi cymHoctu B CTammapTHOM
ML ner?.

Tepmun onepayus (operation) neperpyKeH HOJOOHBIM 2Ke 0Opa3oM; OH
obozHavaeT U QYHKIWH, HPEIOCTaB/isieMble aDCTPAKTHBIM THUIIOM JAHHBIX, U
KOHKPETHbBIE MpuMeHeHust 3TuX (yHKIui. Mbl TOIB3yeMcst CIOBOM 0ONepayus
TOJIbKO BO BTOPOM 3HAYEHHUW, & JIJIsl [IEPBOTO YIOTPEOJISIEM CJIOBA (PYHKUUA
(function) unm onepamop (operator).

1.4. Hamm moaxon

BwmecTo Toro, 4Tobbl KATAJIOrU3UPOBATE CTPYKTYPbI JAHHBIX, TIOIXOJIATIIIE
JLJIST KasK 101 BO3MOXKHOM 3a1auu (6e3HaIEKHoe TpeaipusTre! ), Mbl COCpeIoTo-
9UM BHUMAHWE Ha HECKOJIBKUX OOIINX METOJAMKAX IIPOEKTUPOBaHUA P DHEKTHB-
HBIX (DYHKIMOHAJIBHBIX CTPYKTYP JAHHBIX, U KaXK/IYI0 TAKYIO METOIUKY OyeM
WJLJIIOCTPUPOBATH OJIHOM UJINM HECKOJbKUMH DPeaJN3aIisMu 6a30BbIX abCTpak-

2VeroitauBas CyUHOCTD 3heMEepHOl CTPYKTYPBI JAHHBIX MOKET GbITh PeaH30BaHa KaK CChl-
Jo4Has fA4deiika, HO JJisl MOJEJIUPOBAHMUS yCTOMYUBOI CYIIHOCTH yCTOMYUBOH CTPYKTYPBI
JIAHHBIX TaKOI'O ITOJXOJa HEI0CTATOYHO.
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Ui, TAKUX, KaK [OC/IEA0BATENLHOCTD, Kyda (0Uepeib ¢ IPUOPUTETAMU) UJIK
CTPYKTYPHI 11 ioncKa. Korma anrareb oBaages STUMA METOJIUKAMUI, OH MO-
2KET C JIETKOCTBIO MX MPUCHOCOOUTH K COOCTBEHHBIM HY2KIAM, WUJIN JayKe CIPO-
€KTUPOBaTh HOBBbIE CTPYKTYPHI C HYJIA.

1.5. O630p KHUTH

Kuaura cocront u3 Tpéx uacreii. Ilepsast (r1aBel 2 u 3) CIy>KAT BBEICHUEM
B (DYHKIMOHAJIBHBIE CTPYKTYPBI JTAHHBIX.

e B miase 2 obcyxknaercs, Kak (HyHKIUOHAJIBHBIE CTPYKTYPBI JAHHBIX J0-
OUBAIOTCS yCTONINBOCTH.

e [1aBa 3 OmMCHIBAET TPU XOPOIIO M3BECTHBIX CTPYKTYPBI JAHHBIX — Jie-
BOOPHEHTHPOBAHHbIE Ky4W, OMHOMHAJIbHBIE KYy4H U KPaCHO-YEPHBIE Jie-
pPeBbsl, — U IOKA3bIBAaeT, KAK UX MOXKHO peajm3oBaTh Ha CTaHIapTHOM
ML.

Bropast gacTh (ry1aBbl 4—7) IIOCBSIIEHA COOTHONIEHUIO MEXKJLy JICHUBBIM BBIUHC-
JIeHUEeM U aMopTu3alyeil.

e B aBe 4 KpaTKoO pacCMaTPUBAIOTCSI OCHOBHBIE ITOHSITHUSI JIECHUBOI'O BBIYUC-
JIEHUsI W BBOJUTCS CUHTAKCUC, KOTOPBIM MBI MOJIB3YEMCS JIJIsi OIMCAHUS
slennBbIxX Bbraucsennit B Cranmgapraom ML.

e ['maBa 5 ciyXuUT BBeJeHHEM B OCHOBHBIE METOJIbI amopTu3aruu. B meit
OO'bSICHSIETCSI, [TOYEMY STU METO/IbI He PADOTAIOT IIPY AHAJIN3€E YCTONIUBBIX
CTPYKTYD JaHHBIX.

e [1aBa 6 onMCHIBaET CBA3YIONLYIO POJIb, KOTOPYIO JIEHUBOE BHIYHC/IEHNE UT-
paeT IIpU COUYeTAaHUHN aMOPTHU3AINU U YCTONYMBOCTH, U JAET JBa METOIA
aHaJIN3a aMOPTU3UPOBAHHON CTOMMOCTHU CTPYKTYP JaHHBIX, PEaJIN30BaH-
HBIX Yepe3 JIEHNBOE BbIYUCJIEHUE.

e B mraBe 7 1eMOHCTPUPYETCsi, KAKYIO BBIPA3UTEIHHYIO MOIIb JAET COUe-
TaHHe YHEPrUYHOIO U JIEHMBOI'O BBIMMCJIEHUsI B OJHOM sI3bike. MbI 10-
Ka3blBaeM, KaK BO MHOI'MX CJIy4YasX MOXKHO IIOJIyYHUThb CTPYKTYDPY JIaH-
HBIX C KECTKHUMU XapaKTEPUCTUKAMU ITPOU3BOJIUTEHBHOCTH U3 CTPYKTY-
PBI C aMOPTU3UPOBAHHBIMHU XaPAKTEPUCTUKAMU, €CJIN CUCTEMATUYECKHU 3a-
IIyCKaTh IIPEKJ/IeBpeMEHHOe BBbIYNCJICHUE JICHUBBIX KOMIIOHEHT CTPYKTY-

pBIL

B rperbeii uactu kuuru (raBsl 8—11) uccieyercs HECKOJIBKO OOIIIX METOIUK
OCTpoeHNsT PYHKITNOHAIBHBIX CTPYKTYP JTAHHBIX.
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e B riase 8 onucniBaercs senusas nepecmpotixa (lazy rebuilding), Bapuant
uzen zaobanvrot nepecmpotiku (global rebuilding) [Ove83]. Jlennsast ne-
pecTpoiiKa 3HAYUTETLHO POIIE TII00aJbHOM, HO B PE3yJILTATe TOJIY Yat0T-
Csl CTPYKTYPBI ¢ AMOPTU3MPOBAHHBIMHE, & He € YKECTKUMH XapAKTEPHCTU-
kamu. Coderanne JIEHUBOH I€PECTPONKH ¢ METOJUKAME ILJIAHUPOBAHUS
U3 [VIABBI 7 9aCTO HO3BOJISET BOCCTAHOBHUTD YKECTKHE XaPAKTEPUCTUKN.

e B miase 9 uccieayrorcs wucaogvie npedcmasaerus (numerical represen-
tations) — mpezcTaBIeHUs JAHHBIX, OCTPOECHHbIE [0 AHAJOTUH C IIPEJI-
CTaBJIEHUSIMU duce] (KaK OPaBUJIO, IBOUYHBIX 4uces). B aroii momesnn
HaxozxieHne 3OMEKTUBHBIX TPOIELYD BCTABKA U U3bATUASI COOTBETCTBYET
BBIOODPY TAKMX BapPUAHTOB JIBOUYHBIX YHCEJI, TJe J00aBJIEHNEe WU BbIYU-
TaHUE eUHUIBI 3aHUMAET KOHCTAHTHOE BPEMS.

e Iiasa 10 paccmarpusaer pageépmxy cmpykmyp dannsix (data-structural
bootstrapping) [Buc93]. Dra Meroquka cymecTByeT B TPEX BApHAHTAX:
empykmypras dexomnozuyus (structural decomposition), xorma perie-
Hust 6e3 OTrpaHUYEHWil CTPOATCS HA OCHOBE OTPAHUYEHHBIX PEIIeHui,
cmpyrmyphas abemparyus (structural abstraction), korma sddexrus-
HbIE PelIeHus] CTPOATCS Ha OCHOBE HeI(DMEKTUBHBIX, U pa3deépmika do co-
cmasroir munos (bootstrapping to aggregate types), Korja peajnsalun
C aTOMAapPHBIMHU dJIEMEHTAMH Pa3BEPTHIBAIOTCSI J0 PEATU3aluil ¢ cocTas-
HBIMA 3JIEMEHTAMU.

e B rnase 11 onuceiBaercs hesghoe pekypcushoe samedaenue (implicit
recursive slowdown), JIeHUBBII BapHAHT METO/A PEKYPCUBHO20 3amedne-
nus (recursive slowdown) Kamnana u Tapesaa [KT95]. Tlomo6Ho steHn-
BOIl mIepecTpoiike, HESIBHOE PEKYPCUBHOE 3aMe/[JICHNE 3HATUTEIHHO IPO-
e OOBITHOIO PEKYPCUBHOI'O 3aMeJIJIEHHUSI, HO BMECTO YKECTKUX XapaKTe-
PUCTHK JaéT JIUIIb aMopTu3upoBaHubie. Kak u B ciiydyae JIeHUBOil Tie-
DPECTPOIKH, YKECTKUE XApaKTEPUCTUKU 3a9aCTyI0 MOYKHO BOCCTAHOBUTD
C IIOMOIIBIO PACIIMCAHUM.

Hakownen, IIpunoxkenne A Biroyaer B cebs 1epeBoj OOJIBIINHCTBA IIPO-
rpaMMHBIX peaju3arnuii 3toit kauru Ha Haskell.



2. YCcTOMYNBOCTD

OrmanTe IbHON 0COOEHHOCTHIO (DYHKITMOHAJIBHBIX CTPYKTYD JTAHHBIX $B-
JII€TCs TO, Y9TO OHU Bcerga yemotvuen, (persistent) — obuoiieHne QyHKIMO-
HAJIBHOM CTPYKTYPBI HE YHHUITOXKAET CTAPyIO BEPCHIO, & CO3/IaéT HOBYIO, KOTO-
pas ¢ Heil COCYIIeCTBYeT. YCTONYIMBOCTD JOCTUTAETCA IIyTEM KONUPOSAHUSA 3a-
TPOHYTHIX y3JI0B CTPYKTYPBI JAHHBIX, 1 BCE N3MEHEHUsI ITPOBOJISITCS HA KOIIUH,
a He Ha opuruHaJje. [IoCKOIbKY y3JIbl HUKOT/Ia HAIIPAMYIO He MOAUMUITUPYIOT-
csl, BCe HE3ATPOHYTHIE Y3JIbI MOTYT COBMECTHO Ucnosvzosamucs (be shared)
MEeXKJIy CTapoil M HOBOI Bepcueil CTPYKTYPHI JTAHHBIX 0663 OMaCeHUsI, UTO U3Me-
HEHUsI OJHOW BEPCUU HEIPOM3BOJIBHO OKAXKYTCsI BUIHBI JIPYTOIA.

B sroit rmaBe Mbr mcciteryeM o pOOHOCTH KOIMPOBAHUA U COBMECTHOTO
WCITOJIB30BAHUS JJIst JIBYX IPOCTBIX CTPYKTYD JAHHBIX: CHHUCKOB U JIBOMYHBIX
JIEPEBBEB.

2.1. Coucku

MpbI HAYMHAEM C TPOCTHIX CBA3aHHBIX CIHMCKOB, 9ACTO BCTPEYAIONINXCS B
AMIIEPATHBHOM ITPOrPAMMHUPOBAHAU W Be3jecymmx B yHKIuoHaabHOM. Oc-
HOBHBIE (DYHKIIUH, MOIIEPKUBAEMBIE CIIMCKAMU, B CYIIIHOCTH T€ K€, 9TO M JIJIs
abCTpakIMy CTeKa, ONUCAHHOW B Buje curHarypbl Ha Crammapraom ML Ha
puc. 2.1. CucKy U CTeKM MOXKHO TPUBUAJLHO PEaM30BaTh JUOO C MOMOIIBLIO
BCTPOEHHOI'O THIIA «CIUCOK» (puc. 2.2), b0 Kak OTAeJbHbIH Tun (puc. 2.3).

3ameuanme. Curnarypa Ha puc. 2.1 HCIOIB3yeT TEPMHHOJIOTUIO CIIMCKOB
(coms, head, tail), a ne crekos (push, top, pop), OTOMY YTO MbI PACCMAT-
pUBaeM CIMCKU KAaK YACTHBIA CJIydail OOIIEro KJacca IOCJIeI0BaTeTbHOCTEMR.
Jpyrumu npuMepaMu 3TOro Kjiacca siBJISIIOTCS ouepedu, 06YCMOPOHHUE ouepe-
Ju u cnucky ¢ Kowkamenayued. st pyHKIMA BO BeeX 9TUX abCTPaKIUIX MbI
HCIIOJIb3YeM OJIMHAKOBBIE COTJIAIIEHUsI 110 MMEHOBAHUIO, YTOOBI MOYXKHO OBILJIO
3aMEHSTh OJ[HY PeAIM3aIUI0 IPYroifl ¢ MUHUMAIBLHBIMU TPY/IHOCTSIMU.

K sroit curnatype Mbl MOTJIH OBI JIOOABUTD €IMIE OJTHY YACTO BCTPEUATOITY-
10Csl OIIEPAIMIO HA CIIUCKAX: H-, KOTOpas KOHKATEHUPYeT (TO €CTh COeUHSIeT)
Ba CIuCKa. B mMmepaTuBHOM cpefie 9Ty (PYHKIUIO HETPYIHO PEATN30BATH 38
Bpems O(1), eciu coXpaHsATb yKa3aTeld U HA ILEPBbIA, U Ha HOCJIEAHUN e
MeHT criucka. Torja + MmpocTo U3MEHSIET [IOCJIEIHIO S4YeiiKy IIEePBOro CINCKA
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signature STACK =
sig
type a Stack
val empty : a Stack
val isEmpty : « Stack — bool

val cons : a X a Stack — o Stack
val head : « Stack — « Stack

(x 6036yorcdaem EMPTY dasn nycmozo cmeka *)
val tail : « Stack — « Stack

(x 6036yotcdaem EMPTY dasn nycmozo cmeka )
end

Puc. 2.1: curnarypa cTekos.

structure List: STACK =
struct
type a Stack = « list
val empty = []
fun isEmpty s = null s
fun cons (x, 8) =x = s
fun head s = hd s
fun tail s =tl s
end

Puc. 2.2: peaymm3almgd CTeKa C IIOMOIIbIO BCTPOCHHOI'O THUIIa CIIMCKOB.

structure CustomStack: STACK =
struct
datatype a Stack = NIL | Cons of a x a Stack
val empty = NiL
fun isEmpty NiL = true | isEmpty _ = false
fun cons (x,s) = Cons (x, s)
fun head NIL = raise EMPTY
| head (Cons (x,s)) = x
fun tail NIL = raise EmMPTY
| tail (Cons (x,s)) =s
end

Puc. 2.3: peanuszamnus creka B BHIe OTAEILHOTO THUIIA.
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Puc. 2.4: Bbinosinenne zs = xs -+ ys B MMIEDATUBHOM OKDY2KeHHHU (9Ta orepa-
sl YHUYITOXKAET CIUCKH-apPIyMEHTBI XS U ys).

Tak, 9TOOBI OHA YKa3bIBaJIa Ha IEPBYIO A49eiiKy BTOPOro cuucka. Pe3yiabraT sroit
onepannnu rpadudeckn nokazaH Ha puc. 2.4. Obparure BHUMAaHUE, 9TO 3Ta Ole-
panust yruwmostcaem oba CBOMX apryMeHTa — IIOCJIE€ BBIIIOJIHEHUS XS H ys HU
XS, HU ys UCIIOJIb30BATH OOJIBINE HEJIb3sI.

B dyHKIIMOHATIEHOM OKPY2KEHUU MBI HE MOXKEM JECTPYKTUBHO MOIUMDUIHT-
POBAaTh MOCJETHIOI YKy MEePBOro CIHCKa. BMECTO 3TOro MbI KOIUPYEM ITY
UMKy ¥ MOJIUMDUIIIPYEM XBOCTOBON YKA3aTeJb B TIeHKe-KOIIH. 3aTeM MbI KO-
[IAPYEM IIPEJIIOCJIEIHION TYeHKy U MOnudUIUpyeM €€ XBOCTOBOI yKa3aTellb,
yKa3bIBas Ha KOIIHMIO ITOCJIe/IHel s4eiikn. Takoe KONMpOBaHME IIPOIOJIZKAETCH,
IIOKa He OKayKeTCs CKOIMPOBAH Bech cnucok. lIpormecc B obmieM Buie MOXKHO
peau30BaTh KaK

fun xs 4 ys = if isEmpty xs then ys else cons (head xs, tail xs + ys)

Ecsn y Hac ecTb JOCTYI K peasu3aiuu Haiell crpyKTypbl (HalpuMep, B Buje
BeTpoennbix crnuckoB Crampapraoro ML), Mbl Moxkem nepenucars 31y dyHK-
IIUIO Yepe3 COMOCTABJIEHHE C 00Pa3IoM:

fun [| Hys =ys
| (x = xs)Hys=x: (xsHys)

Ha puc. 2.5 u300pakén pesynapTar KOHKaTeHaruu AByX cruckoB. OOparture
BHUMAHNE, 9TO TTOCJIe BBITOJTHEHUS OMEPAITIN MbI MOXKEM MTPOIOJIZKATH MCIIO b~
30BaTh JIBA UCXOIHBIX CITUCKA, XS U ys. TaKuM 00pa3oM, MbI JJOOMBaEMCsI yCTOM-
YUBOCTH, HO 3a CUéT Kommposanus tenoi O(n)?!.

1B rmasax 10 u 11 MBI yBuIUM, Kak MOXKHO peaim3oBaTb H 3a Bpems O(1) 6es morepu
YCTOUYMBOCTH.
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Puc. 2.5: BoinosiHenue zs = xs + ys B (DYyHKIUOHAJILHOM OKPYZKeHUH (3aMeTuM,
YTO CIHUCKU-APIYMEHTBI XS U y$ He 3aTPOHYTBI Ollepaliueii).

XoTst 00bEM KOIMPOBAHUS JIOBOJIBHO DOJIBINOI, TeM He MeHee BTOPOIl CITu-
COK, ys, HaM KOIIMPOBATH HE MPUIILIOCh. DTU Y3JIbI TElepPb OOIHe MEXKIY ys
u zs. Emé omgua OyHKIMS, WILTIOCTPUPYIOIIAs TaPHBIE MOHATUS KOIMUPOBAHUS
7 OOIIHOCTHU MOACTPYKTYP — update, U3MEHSIONIAs 3HAYEHUE y3JIa CIIMCKA 110
JIAHHOMY UHJIEKCY. DTy (PYHKIMIO MOXKHO peajin30BaTh KaK

fun update ([], i, y) = raise SUBSCRIPT
| update (x :: xs, 0, y) =y = XS
| update (x :: xs, i, y) = x = update(xs, i—1, y)

31ech MBI He KOIIMPYEM BECh CIIMCOK-apryMeHT. KonupoBaTh MIPUXOIUTCS TOThb-
KO caM y3eJ1, nojyiexkaruii Mojudukanyu (y3es i) U y3Jbl, COAepKallie Mpsi-
MBbI€ WJIM KOCBEHHbIE yKa3aTesn Ha ¢. JIpyrumu ciioBamu, 4T00BI U3MEHUTH OIIH
y3eJI, Mbl KOIIUPYEeM BcCe y3JIbl Ha IIyTH OT KOPHs K m3MeHsieMomy. Bce y3iibl,
HE HAXOISINMECs Ha ITOM IIyTH, UCIOJIL3YIOTCS KAK MCXOIHON, TaK U OOHOB-
séunoit Bepcusmu. Ha puc. 2.6 mokazan pe3yabTaT U3MEHEHUS TPETHEro y3JIa
B IATHUIJIEMEHTHOM CIIACKE: IIepBble TPU y3Jia KOIUPYIOTCd, a IOCJeJHUE JIBa
HUCIOJIb3YIOTCA COBMECTHO.

3ameuanme. Takoil cTUIb MPOrpaMMUPOBAHMS OYE€Hb CUJIBHO YIIPOIIAETCS
[IpY HAJIMYUK aBTOMATUYIECKOH cOOpku mycopa. OueHb BayKHO OCBOOOJUTH Ia-
MSTBH OT T€X KOIMWii, KOTOPBIE OOJIBITE HE HYKHBI, OJJHAKO MHOTOUYNCJIEHHBIE COB-
MECTHO HUCITOJIb3yeMbIe y3JIbI JEMal0T PYIHYI0 COOPKY Mycopa HEeTPpUBUATILHOI
3aJa4eii.

Yupaknenme 2.1. Peanusyiite dyuknuo suflixes : o list — o list list,
KOTOpasi IPUHUMAET KaK apryMeHT CIINCOK XS U BO3BPAIAET CIIMCOK BCEX €ro
cyddukcos B nopsigke yobiBanus JyinHbl. Hampumep,

suffixes [1,2,3,4] =[[1,2,3,4],]2,3,4],[3,4],[4],[]]
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Puc. 2.6: Boimosnenue ys = update(xs, 2, 7) (ofparure BHUMAHUE HA COBMECT-
HOE HCIIOJIb30BAHUE CTPYKTYPBI CIMCKAMU XS U ¥S).

Tokaxkure, 9aro crmcok cybdUKCOB MOXKHO HOPOIUTH 3a BpeMms O(n), UCIoJIb-
3ys pu 31roM O(n) naMsATH.

2.2. /IBouw4dHBIE JIepeBbsI ITOUCKA

Eciu y3esn cTpyKTypbl COmep:KUT 0OJiee OHOIO yKa3aTesis, OKa3bIBAIOT-
Csl BO3MOYKHBI 00Jiee CJI0YKHBIE CIICHAPUHN COBMECTHOT'O MCIIOJIb30BAHUS TTAMSITH.
XOopommM TPUMEPOM COBMECTHOTO HCIOJIB30BAHUS TAKOTO BUJA CIIYZKAT JTBO-
WYHbIE JIePEBbs ITOMCKA.

JlBonvHbIEe NepPeBbs MOUCKA — TO JIBOMYHBIE JIEPEBbs, B KOTOPBIX 3JIE€MEH-
THI XPaHATCs BO BHYTPEHHUX Y3J1aX B cummempuynom (Symmetric) nopsixe,
TO €CTh IJIEMEHT B KaK/IOM y3Jie OOJIbIIe JTIOO0T0 3JIeEMEHTa B JIEBOM II0/I/IEPEBE
9TOTO y3J1a ¥ MEHbIIe JII0H0ro ajieMeHTa B mpaBoM nojepese. B CrammapTHOoM
ML MBI mpescTaB/isieM JTBOUYHBIE JI€PEBbs MOWCKA, ITPHU ITOMOIIN CJIeTYIOIIETO
THUIIA:

datatype Tree = E | T of Tree x Elem x Tree

r7e Elem — Kakoii-1100 (pUKCHPOBAHHDIN ITOJTHOCTHIO YIIOPSAIOUEHHBIN TUTI J1e-
MEHTOB.

3ameuanmne. [IBouvHbie IepeBbs HNOUCKA HE SIBJISIOTCS MOJUMOPGMHBIMU OT-
HOCHUTEJILHO THIIA 3JIEMEHTOB, IIOCKOJIBKY B Ka4eCTBE 3JIEMEHTOB HE MOYKET BbI-
CcTynaTh JIF000M TUIT — TOIXOAAT TOJIBKO THUIIhI, CHAOKEHHBIE OTHOIEHUEM I10JI-
HOro mopsaka. OIHAKO 9TO HE 3HAYMUT, YTO JJIA KAXKJIOTO THUIA IJIEMEHTOB MBI
JOJIKHBI 3aHOBO PEAJIN30BBIBATE JE€PEBbs JJBOMIHOIO ITOMCKA. BMecTo 3TOro Mol
JeJIaeM THUII JIEMEHTOB U IIpUJIaraioniyecs K HeMy (pyHKIUN CpaBHEHUs Iapa-
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signature SET =
sig
type Elem
type Set
val empty : Set
val insert : Elem X Set — Set
val member : Elem x Set — bool
end

Puc. 2.7: curmarypa MHOXKeCTB.

Merpamu @ynrmopa (functor), peasusyromero ABOMYHbBIE JIE€PEBbs IIOUCKA (CM.
puc. 2.9).

Msr mcmosb3yeM 9TO TMpeACTaBjIeHNe s peajm3arnuu MHO2KecTB. OmqHa-
KO OHO JIEI'KO aJIAIITUPYETCs U Jyist Apyrux abcrpakiuil (HanpuMep, KOHEUHbIX
0TOOpaKeHU) MU TIOJIEPKKY GoJiee OPUIMHAIBHBIX QYHKIMIT (CKazkeM, Haii-
TH -1 IO OPSIIKY SJIEMEHT ), eCin JOGABUTE B KOHCTPYKTOP T JOMOTHATE IbHBIE
TIOJISI.

Ha puc. 2.7 nokazana MuHUMAaJbHAS CUTHATYpa jyisg MHOX)KecTB. OHa CO-
JEPKUT 3HATEHUE «IIyCTOE MHOMKECTBOY, & TaKxKe (PYHKINN J00ABIEHNS HOBOTO
3JIEMEHTa U MPOBEPKM Ha TWIEHCTBO. B 0osiee MpaKTHIECKON peam3alinm, Be-
posITHO, OYAyT MPUCYTCTBOBATH W MHOTHE Jpyrue (pyHKIUU, HAIIPUMED, /s
yIaJeHusl 3JIEMEHTa WU IIePEeYnC/IeHUs] BCEX 3JIEMEHTOB.

OyHKIWS member UIIET B IEPEBE, CDABHUBAS 3AITPOIIEHHBIN 9JIEMEHT C Ha-
XOIAIAMCS B KOpHE JepeBa. Kcin 3ampoIeHHbIil 3JIeMeHT MEHbIIe KOPHEBOTO,
MBI PEKYPCUBHO UITIEM B JIEBOM Tojiepene. Ecm o 60/1bIe, peKypPCUBHO UITIEM
B TIpaBoM TojiepeBe. HakoHer, B 0OCTaBIIEMCS CJIydae 3aIlpPOIIEeHHDBINH 3/IEMEHT
paBeH KOPHEBOMY, U MbI BO3BPAIllaeM 3HAYEHUE «MCTUHAY. FC/IM MbI KOT1a-J1n00
HaTBIKAEMCSI Ha, IIyCTOe JIePEBO, 3HAUUT, 3alPAINBAEMbIil 9JIEMEHT HE sIBJISIET-
Cs 9JICHOM MHOXKECTBa, U MBI BO3BpAIAEM 3HAYUEHUE «JI0Kb». DTa CTPATEIHUsT
peanu3yeTcs Tak:

fun member (x, E) = false
| member (x, T (a, y, b)) =
if x <y then member (x, a)
else if x >y then member (x, b)
else true

3ameuanue. [IpocToTbl pagu, Mbl TpeaoaaraeM, 9To (PYHKIIUN CPABHEHUST
HazpiBatoTcs < u >. OHaKO ecsn 5Tu DYHKIHH TIEPEIAIOTCI B KA9eCTBE Mapa-
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MeTpoB (PYHKTOpA, Kak Ha puc. 2.9, 4acTO OKa3bIBAeTCsl yA00Hee HA3bIBATh UX
UMeHaMU BpoJie 1t unu leq, a CUMBOJIBI < U > OCTaBUTb JIJId CDABHEHUS [EJIBIX
U IPpYTUX 3JIE€MEHTapHBIX THUIIOB.

OyHKIWS insert IPOBOJINT IOWCK B JIEPEBE II0 TOI K€ CTPATErnu, 9TO U
member, HO TOJIBKO IO IIyTH OHA KOIHMPYET KaKJIbIil dsement. Korma okasbl-
BaeTCs JOCTUTHYT IIyCTON Yy3eJsI, OH 3aMeHseTCs Ha y3es, COAepKaliuili HOBbI
JIEMEHT.

fun insert (x, E) = T (E, x, E)
| insert (x, s asT (a, y, b)) =
if x <y then T (insert (x, a),y, b)
else if x >y then T (a, y, insert (x, b))
else s

Ha puc. 2.8 nokazana tunmdHasi BcraBka. KasKIblil CKOIMMPOBAHHBINA y3€J UC-
MOJTb3YeT OJHO W3 TOJJEPEBBEB COBMECTHO C WCXOIHBIM J€EPEBOM, & MMEHHO
TO, KOTOPOE HEe OKA3aJIOCh Ha IMyTH moucka. [y GOJbIINHCTBA I€PEBbEB Iy Th
TIOMCKa COAEPKUT JIUITh HEOOJIBIIYIO JIOJI0 Y3JI0B B JepeBe. I'pomainoe 60/1b-
IIMHCTBO Y3JI0OB HAXOJATCSI B COBMECTHO MCIIOJIb3YEMBIX TIOJIEPEBbSIX.

Ha puc. 2.9 moka3amno, Kak JBOMIHBIE IEPEBbsI IIONCKA MOXKHO PEaIn30BaTh
B Bujie dyukropa Ha Crammapraom ML. @yHKTOp NPUHUMAET TUI JIEMEHTOB
U CBs3aHHBbIE C HUM (DYHKIINU CPaBHEHHUsI KaK napamerpbl. [I0CKoJbKY dacTo
Te JKe caMble TTapaMeTphl OYJIyT UCIOIb30BATHCS U APYyTruMu dyHKTOpamMu (CM.,
HaIpuMep, yupazxkHenue 2.6), Mbl yIIAKOBLIBAEM UX B CTPYKTYPY € CUIHATYDOI
ORDERED.

VYupakuenue 2.2. (Augepcon [And95]) B xymmem cirydae member npous-
BOANT 2d cpaBHEHUM, ryae d — riiyouHa mepesa. [lepenurure eé Tak, 9TOOBI OHA
Jesiasia He 6osiee d + 1 cpaBHeHUM, COXpaHsis 3JIEMEHT, KOTOPBINA MOdcem OKa-
3aThCsl PABHBIM 3alIPAINBAEMOMY (HAIIPHMED, HOCIEHU JIEMEHT, JiJIsi KOTO-
poro oneparys < BepHYJIA 3HAUCHUE «UCTUHAY WU < — <«JIOXKb» ), U IIPOU3BOJIS
MIPOBEPKY HA PABEHCTBO TOJIBKO MO JIOCTUXKEHUU JTHA JIEPEBA.

VYupaxkHenue 2.3. Bcraska y2Ke CyIIeCTBYIOIIETO JIEMEHTA B JIBOUTHOE JePe-
BO IIOUCKa KOIUPYET BeCh IIyTh IIOMCKA, XOTs CKOIIMPOBAHHbBIE Y3JIbl HEOTJINIH-
MBI OT UCXOJHBIX. [lepenuiuTe insert Tak, 9T0OBI OHA M30eTasa KOIUPOBAHUST
C MOMOIIBIO UCKJIIOUEHUN. YCTAHOBUTE TOJIBKO OJUH 00PabOTUYMK UCKJIIOUYEHUN
JIJIsE BCEl OIE€paIiy MTONCKA, a He M0 00pabOTINKYy Ha UTEPAIUIO.

VYupaxkaeuue 2.4. CoBMecTuTe YIIyUINeHUs U3 MPEABIIYIINX ABYX YIIPaXKHe-
HUl, ¥ TIOJyYnTe BEPCHIO insert, KOTOpas He JEJIAeT HEHYXKHOTO KOITUPOBAHMS
U UCTIOJIb3yeT He 6osee d 4+ 1 cpaBHEHMIA.
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Puc. 2.8: Boinosinenune ys = insert ("e", xs) (Kak u mpexie, obparuTe BHUMA-
HEE Ha COBMECTHOE HCIIOJIb30BAHKE CTPYKTYPHI JIEPEBBSIMA XS U yS).

signature ORDERED =

(* noarnocmv1o ynopadoennvili mun u €20 PYHKUUY CPAGHEHUA * )
sig

type T

valeq : T x T — bool

val It : T x T — bool

val leq : T x T — bool
end

functor UnbalancedSet (Element: ORDERED): SET =
struct
type Elem = Element.T
datatype Tree = E | T of Tree x Elem x Tree
type Set = Tree
val empty = E
fun member (x, E) = false
| member (x, T (a, y, b)) =
if Element.lt (x, y) then member (x, a)
else Element.lt (y, x) then member (x, b)
else true
fun insert (x, E) =T (E, x, E)
| insert (x, s asT (a, y, b)) =
if Element.lt (x, y) then T (insert (x, a), y, b)
else Element.lt (y, x) then T (a, y, insert (x, b))
else s
end

Puc. 2.9: peajmsanus NBOUYHBIX JIEPEBBEB IOUCKA B BUJE (DYHKTOPA.
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