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O HOBOWM Bepcun
KJ1lacCU4YeCcKoro yuebHuka
Huxnayca BupTa

Hosas Bepcus yuebHika H. Bupta ¢« ANropuTMBl U CTPYKTYPH JaHHBIX® OTJIHYaETCA
OT aHIJIHiicKkoro nporoTuna [ 1] cusbHee, YyeM NPOCTO UCNPaBJIeHHEM MHOTOYHCJIEHHBIX
ONneYyaToK H OrpexoB, HAKOMHBILIMXCA B Npouecce TPHAUATHIIETHEH 3BOJIIOLIMH KHHTH.
O6bscHsaeTCA 3TO UeIAMHU aBTOPa U NepeBOAYMKA NMPH paboTe Hal KHHIO# B KOHTEKCTe
npoekta «MHdopmaTuka-21» [2], koTOphIii, oNHpascb Ha OOWIKMPHEIN COBOKYMHBIH
ONbIT PAZla BHICOKOKBaNH(PHUUHPOBAHHBIX CNELHATHCTOB (CM. CMHCKH KOHCYJIbTAHTOB
H YYaCTHMKOB Ha caifTe npoekTa [2]), cTaBUT 3324y CO3/1aHUA €ANHOI1 CUCTEMBI BBOA1-
HbIX KyPCOB HH(POPMAaTHKH M MPOrpaMMHPOBaHHA, OXBaThIBalOLLEH YYallIMXCA PHMep-
HO OT 5-ro ksacca obuweii cpeateit wkonl no 3-i kypc yHuBepcureta. Takas cucrema
AOJ)KHA UMeTb 06pa3LoM M NONOJIHATb YHHKaNbHYIO POCCHIACKYIO CHCTEMY MaTeMa-
THYeCKOro 06pa3oBaHHA. 3TO NpeanoJiaraeT HanuyHe CTepAXHA 06LIMX KYPCOB, COCTaB-
JIAOWHX eAHHCTBO 6e3 BHYTPEHHHX TEXHOJIOTHYeCKUX 6apbepoB (KOTOpbie MPHBOAAT,
cpeaM Npoyero, K HeONMyCTUMBIM NMOTEPAM AePHUHTHOrO yueGHOro BpeMeHH ) M JINLLb
BAPbHPYIOIIMUXCA B 3aBHCHMMOCTH OT CneUHaIH3aUMH, BMECT€ C HAACTPOIKOH M3
npo¢eccHOHaIbHO OPHEHTHPOBAHHLIX KYPCOB, ONUPAIOILHXCA HA 3TOT CTEPXKEHD B OT-
HOlleHHH 6a30BhIX 3HaHHH yyamnxcs. Takad cucTeMa noapasyMeBaeT HalHUYHe Kaye-
CTBEHHBIX Y4YeOHHUKOB (NMepBhIM M3 KOTOPhIX MMEET WIAHC CTaThb JaHHAs KHHra),
«roBOPS IMX» Ha 0611eM 06pa3LloBOM A3kIKe NporpaMMHpoBaHiA. EcrecTBeHHlii kaH-
AMAAT Ha poJib Takoro obuwero asvika — O6epon,/Komnonenthsiii [Mackanb. [Toapob-
Heit 06 O6epote peub NoiiAeT HHXe, 3AeCh TOJLKO cKaxeM, uto Ilackanb (Mcnoas3o-
BaHHbIH B MepBOM H3aHUM AaHHOM KHUTH 1975 r.), Moayay-2 (Mcnosib30BaHHYIO BO
BTOPOM M31aHHH, NepeBeIeHHOM Ha pycckuii a3nik B 1989 r. [3]) u O6epoH (Mcnosb3o-
BaHHblii B AaHHOH BePCHH ) JIOTHYHO PaCCMaTPUBATh COOTBETCTBEHHO Kak anbda-, bera-
H OKOHYaTeJIbHYI0 BEPCHIO OZHOTO M TOro Xe s3nika. Ucnons3oBanne ObepoHa — camoe
o4YeBHAHOE OTJINYHE JaHHOW BEpCUU KHHTH OT NpeAblAYy LIEro H3AaHHA.

B kOHTeKCT naeM o eaMHOM cUCTEMe BBOAHBIX KYPCOB BIIUChIBAeTCA H y3Kas 3a/1aya,
peluaBLIasCs HOBOI Bepcueii yuebHMKa, — aaTh HebosbiIoe npoayMaHHOe nocobue, B
KOTOPOM aKKYPaTHO, HO He TOMNSA YHTaTess B 60J10Te BTOpoCTeNneHHbIX AeTaneii, npopa-
6atniBanuch 6hl TPaAMLUMOHHBIE TEMbl KJIACCHYECKO aNrOPUTMMKH, AIA MOJHOIO
obcyXeHMs KOTOPhIX HET BpeMEHH B CNieLlKYpce, YHTaeMoM nepeBoayukoM ¢ 2001 r.
Ha ¢pu3dake MI'Y B nonniTke obecneynutb XoTa 66l MHHHMYM KYJIbTYphl NpOrpaMMHpO-
BaHHA y Oyaywmx acnHpaHToB. 3aech TpeOyeTCA «OTJIAXEeHHBbIH» TEKCT, MPUTOAHBIH
Al CaMOCTOATEJIbHOI paboThl cTyAeHTOB. C TOYKH 3peHHMs Coaep)KaHUs, JIy4IIUM
KaHAMAATOM Ha 3Ty poJib OKa3ajics nporoTun [1).
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UYrto aBoiiHOE nepeaesibiBaHe nporpaMM H paccyxaeHuii B tekcre (¢ Ilackans Ha
Monyny-2 u 3areM Ha Obepon) He npouuto 6e3HakazaHHO, camo Mo cebe HeyAUBH-
TeabHo. OaHaKO 3aTpyAHeHUs:, BOZHHKIIHE NMPH BepuPHKaLUH NMPOrpaMM H TEKCTa,
XOTS ¥ ObL/IM NpeoaoIeH !, BCE e NOKa3aKCh Ype3mepHbiMi. [1oaTOMY, M BBHAY Yueb-
HOro Ha3HauyeHUs KHHIH, BCTas pebpoM Bonpoc 0 Heo6X0AHMOCTH 10paboTKH NpUMEPOB.
IMpennoxeHus nepesoaynka 6u11M onodpeHs aBTOPOM Ha COBMeCTHOI pabouyeit ceccuu
B anpeJie Cero roaa 4 pean3oBaHhl HEMOCpeACTBEHHO B JaHHOM nepeBoae (NpH nepBoi
BO3MOXHOCTH COOTBETCTBYIOLHE H3MeHeHUsl 6yAyT BHeCEHb H B PoToTHN [1]).

Bo-nepBuix, anropuTMal Noxcka obpasiua B TEKCTe NMepenHcaHbl B TePMHHAX UMK
HeiikcTpal (MHOroBetounbiit while [4]). ITa pyHnamMeHTanbHas H MowHaA ynpasis-
IoWas CTPYKTypa NMopa3uTeJibHAIM 06pa3oM A0 CUX MOp He MpeACTaBJeHa B pacipo-
CTpaHeHHhIX A3hIKaX MPOrpaMMHUPOBaHHSA, MOITOMY €ii NOCBALLEHO HOBOE ITPHJIOXKEHHE
C. Paagen 1.9, B xoTophlit Tenepb Buiie/IeHbl 3TH aiOPHTMbI, 6yaeT Hen1oxoit Hiio-
cTpauMeii peanbHOro nNpHMeHeHusa uuiia JeHkcTpol. Bropas rpynna 3ameTHo H3Me-
HEHHhIX MPOrpaMM — aJITOPUTMbI C BO3BPAaTOM B IJlaBe 3, B KOTOPhIX TeNnepb 3KCIUIH-
UMpOBaHO NMpHMEHEHHE JIMHEHHOro Moucka M, 6saroaaps 3ToMy, TPMBHAIW3OBaHa
BepHdukauus. Takoe nposicHeHHe PeKYPCHUBHhIX KOMOHHATOPHBIX aITOPHTMOB ABJIA-
€TCs 10BOJIbHO 06uHM. Obcyxaanuch — HO ObIJIM NPH3HAHB B JaHHbIif MOMEHT Helle-
JecoobpasHhIMH — MOAH(PHKALUMHM H HEKOTOPLIX APYTHX NPOrPaMM.

Haao 3aMeruTb, YTO nMporpaMMHCTCKHII CTUJIb aBTOpa BhipabaThiBaics C KOHLa
1950-x rr., xoraa npo6seMa 3¢¢PeKTUBHOCTH NMpOrpaMM BHCEJIa HaA roJIOBaMM MNpo-
rpaMMHCTOB JaMOKJIOBbIM MEYOM, H 32 HECKOJIbKO JIET 210 TOro, Kak [leiikcTpa onybau-
KOBa/ CHCTeMaTHYeCKHit MeTo NoCTPoeHUs nporpaMM [4]. B cTaprix BepcHAX KHUrH
3aMeTHa pedieKTOpHasA CKAOHHOCTb K ONTUMH3aLHH 10 MOJIHOIO NPOACHEH HA JIOTUKH
NporpamMM, YTo 3aTpyaHAso 3d¢dekTHBHOE NpuMeHeHHe PopManbHOH TeXHUKH. 3TO
Jierko o6bacHuTb: H. BHPT ocBanBan TonbKo ele popMHpYIOLHEcA CHCTEeMaTHYECKHe
METO/bl, HEMOCPEACTBEHHO YYaCTBYs B MpoLecce CO3AaHHA NMPOrpaMMHPOBaHUA Kak
aKaeMH4YecKoi AMCUMIJIHHB, BEPCHUA 3a BepcHeil yJlyullas CBOM Y4eOHHKH.

Ho u yepes yeTBepTh Beka nocJie NocjeaHel CylecTBEHHOI nepeaeaku yyebHUKa
aBTOPOM aHAJIOTHYHasA CKJIOHHOCTD K NpeXaeBpeMeHHOi ONTHMH3aLMH NPH He NMPOCTO
He BIOJIHE yBepeHHOoM, a Hanpoyb OTCyTcTBYoLLeii dopManbHOH TEXHUKE — W, Kak
CJIeACTBHeE, 3aMyTaHHble UHKJIbl, — XapaKTePHbIe YEPTH CTUJIA <«UIHPOKUX NMpOrpam-
MHCTCKHX Maccs! B npodeccHoHanbHbIX HHTEpHET-POpYMaXx 10 CHX NOP MOXHO HAlTH
NO30pHbie AUCKYCCHH O TOM, HY>XXHO JIH YYUTbCA MHCATh UHKIL 1o [delikcTpe, — U 3TO
B 1y4lueM cay4dae. Eciin xe Boo6pa3uTh cebe Becb OKpyxalouuii Hac HenpepeiBHO pac-
Ty WMt MacCUB cO(Ta, OT KOTOPOIO Hallla )KM3Hb 3aBUCHT BCe 60J1bllle, TO BIOPY BNACThb
B aAenpeccuio: Quo usque tandem, Catilina? — CKoabKO ewe Hy>XXHO decamuremuti, 4To-
6n1 cucTeMa 06pa3oBaHMA BhillIa, HAKOHeL, Ha YPOBEHb, 1aBHBIM-1aBHO JOCTHTHYTHIH
HayKoii? Bo BcsAakoM ciyyae, ACHO, YTO €1Ba JIM He IJ1aBHas NpUYHHa npobaeMbl — Xaoc,
uapswmii B cucreMe UT-o6pazoBaHHA, TOpMO3AWMKIE CO3AaHHE H paclPOCTPaHEHHE
Ka4yeCTBEHHBIX METOAMK U MOAAEPKHBAaEMblil, CpeH NMPoYero, KOPhICTHRIMH HHTEpeca-
MH «MOHCTPOB» HHAYCTPHH.

3aech yMecTHO cka3aThb o sishike O6epoH/KoMnonenthnit Ilackans, nponaranam-
pyeMoM B KayecTBe o0ueii n1aTdopMbi A/ NpeanoJaraeMoit eAMHOI CHCTeMbI KypCOB
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nporpaMMHpoBaHusi. O6epoH — nocaeatnii 6oabioit npoekt Huknayca Bupra, Bbiaa-
IOLLEroCcsA HHXeHepa, YYeHoro H neaarora, BMecte ¢ bakycom, A. EpuoBnM, Jeiikcr-
poii, XoopoM U ApyrMMHM NMHOHEpPaMH KOMMNbIOTEpHOit MHPOPMAaTHKH NMpeBpaTHBILETO
NporpaMMHpOBaHHE B CHCTEMaTHY€eCKYI0 AHCLHILIMHY U JIyYllle BCero U3BeCTHOro Co-
3naHHeM cepuH Bce 6oJiee COBeplIEHHBIX A3RIKOB NMporpaMmupoBaHHa — Ilackans
(1970), Moayan-2 (1980) u Hakoneu Obepona (1988, 2007). B aTux A3nikax oTpaxa-
Jlochk Bce Goslee nonHoe noHHMaHHe npobaeMaTHkH 3¢ddeKTUBHOIO NporpaMMHpOBa-
HUA. SI3bIKH 3TH COXPaHAIOT HAEHHYIO U CTHJIEBYIO PEEeMCTBEHHOCTb, H KOMMEPCAHT,
03a604YeHHbI coXpaHEHHEM J0JH phiHKa, He Ha3BaJs Onl HX MO-pasHOMY (Cp. 3o0Mapk
6eiicnkoB). UToOb MOAYEPKHYTH 3TY NPEEMCTBEHHOCTb, CAMOMY MONYJIAPHOMY AHa-
Jekty O6epoHa 61710 Bo3BpaleHo 3akoHHoe pamusibHoe UM — KomnoneHTHwiil [Tac-
Kab.

O6epon/KomnoneHnTHnuiit [Tackanb yHacsienoBan Jyyuine 4epTol CTaporo a06poro
IMackans u no6aBHA K HUM NMPOMBILLJIEHHBI onbiT Moay/bi-2 (Ha KOTopoii nporpaM-
MHPYIOTCA, HaNpHMep, POCCHIICKHe CMYTHHKH CBA3M [5]), a Tak)Ke BhiBEpEHHbIH MUHU-
MYM CpeacTB 060BbeKTHO-OpHEHTHPOBAHHOMO NporpaMMupoBatus. [IpuHuUMnansHoe ao-
CTHXXeHHe — YAaJIoCh HaKOHel N0OUTbCA repMEeTUYHOCTH CHCTEMbl TUMOB (Tenepb ee
HeNb3A 000iiTH CPeACTBaMH A3bIKA AaXKe MPH paboTe ¢ yka3aTeaaMH). ITo obecneunso
BO3MOXHOCTb aBTOMAaTHYe€CKOro ynpabJjieHHs naMsaTbio (cbopa Mycopa; no Obepona
cbop Mycopa ocTaBaiCsi PEpPOraTHBOI ANHAMHYECKHX A3bIKOB — (PYHKLUHOHANbHAIX,
CKPUINITOBHX U T. .) B pe3ysibraTe AHana3oH 3¢ ¢ekTHBHOrO npuMeHeHHa ObepoHa,
noxoxe, UWIHpe, YeM Yy J1060ro Apyroro A3niKa: 3T0 H BIYMCJINTEIbHbIE IPUJIOKEHHS, U
CHCTEMB ynpaBJieHus J106oro Macuitaba (ot 6eCNHIOTHHKOB BeCoM B 1 Kr 0 rpaHau-
03HbIX KackagoB I'3C), u, HanpuMep, 3a1a4¥ CUMBOJIMYECKOI1 anrebphul ¢ npeaeabHo
AHHAMUYHBIMH CTPYKTYPaMH AaHHAIX.

Ocob0 cnenyet ocTaHOBUTbCA Ha MHHHManu3Me O6epoHa. TpaaHLHOHHO pa3pa-
60TYHMKH COCpeI0TOYHBAIOTCA Ha TOM, YTOOR! CHAOANUTb CBOM A3LIKH, MPOrpaMMbi, 616-
JMoTekH «borathiM HaGOpOM CpenCTBs — Beab TaK Jierye NpHBJeYb KIHEHTa, Haaeole-
rocs nobuicTpee HaifTH roTOBOE pellleHHe A/l CBOMX NPUKAaAHbLIX HyxA. [Torons 3a
<«boraThiM HabopoM cpeacTss obopauuBaeTCs yuiepboM KaueCTBY M HaledKHOCTH CHC-
TeMul. BMecTe ¢ koMMepYeCKUMH CO06pakeHHAMH 3TO MPHBOAUT K TOMY, YTO MOJY-
yaeTcs GoJibllas 3aKPLITasA CJI0XKHAs CUCTEeMa ¢ Bpoae 6b 6oraTaiM HabopoM cpeacTs,
HO XpoMaiouleit HaIeXKHOCTBIO M OrpaHHYEHHOH PacClIMPAEMOCTbIO, TaK YTO €CJIH NOoJ1b-
30BaTeJlb CTAIKHBAETCA C HeCTAaHAAPTHOM CUTYallHeil B CBOMX NPHJIOXKEHUAX (YTO Cl1y-
YaeTcA CIUIOWb U pAAOM — Belb pa3HooOpasue peaibHOro MMpa NpeBOCXOAUT Joboe
BooOpaxxeHue nucareneii 6M6JMOTEK), TO OH OKa3bBAETCA B TYMHKE.

H. Buprt ewe co Bpemen ITackans, co3gaHHoro B nuky ¢aHTa3uitHoMy Aarony-68
[6]), mowen apyrum nyreM. Ero raM6uT 3akiioyancs B ToM, YToObl, OTKa3aBUIMCh OT
BKJIIOYEHHUA B A3BIK MAXCUMYMA CPEACTB Ha BCe CJ1y4YaH )XH3HH, TIiaTebHei M obpa-
30M BhLIICJIHTb MUKUMYM PEAIbHO KJIIOYEBRIX CPEACTB, — 00A3aTeIbHO BK/IIOYHB B ITOT
MHHHMYM BCe, YTO HYXHO 1A 6e360ne3HeHHOM, HEOrPAHHYEHHOI paclIMPAEMOCTH
NMPOrpaMMHBIX CHCTEM, — H A00MTbCA BHICOKOHAEXKHOI peaNH3allHH TaKoro siapa.
AroT 3aMbicen 6bu1 ¢ 61eckoM peannsoBad H. BuptoM u ero coparinkoM 1O. I'ytkHex-
ToM B npoekte O6epoH [7). MuHMManu3M M yHHKanbHasa HaaexHoctb Ob6epoHa



8 O HOBOM BEPCHMM KAACCUHECKOro yuebHmka Hukaayca Bupta

3aCTaBJIAIOT BCMOMHUTb aBTOMaT Kanamnukosa. [1pu atoM Bcs Mo ObepoHa oka3bl-
BAaeTCA OTKPHITOI AaXe MporpaMMUcTaM-HenpodeccHoHanaM — GPH3HKaM, HHKEHEPaM,
JIHHTBUCTAM.., 3aHATAIM MPOrpaMMHPOBaHMEM H3pAAHYIO Aoji0 cBoero pabouero
BPeMEHH.

Ilns npenoaaeatensa BaxHO, YTO B O6epoHe JOCTHTHYTH OPTOrOHAJIbHOCTb H CBO-
6onHas KOMOMHMPYEMOCTb A3RIKOBBIX CPeCTB, CMLICJIOBass MPO3payHOCTb, a TaKXe
GecnpeueneHTHO Maihiii JUIA CTOJIb MOLUIHOTO fA3bIKa pa3Mep (CM. MOJIHOE OMHCaHHe
CHHTaKcHCa B npuyioxeHuu B, a Takxe obcyxaeHHe B [8]). B atoM oTHoweHnn O6epoH
nobexAaaer 3a ABHAIM NPEMMYLIECTBOM TPaAHLHOHHAIE NPOMbILIJIEHHbIE A3BIKH, Npe-
CJIOBYTas M30bITOUHAA CJIOKHOCTb KOTOPHIX OKa3hiBaeTCA MCTOYHHKOM CBOEro poaa
PEeHThI, B3UMaeMoii ¢ ocTanbHoro Mupa. O6epoH CKpOMHO YXOAMT B TEHb NPH pacCMo-
TPEHHUH J1060ii A3nIKOBO-HecneUUPHYHON TeMhl — OT BBEAEHHA B aIFOPUTMHKY 0
NPHHLHNOB KOMNUJIALUMHM H NPOrpaMMHOIi apXHTEKTYPhl. A nocJle NOCTaHOBKH 6a3o-
BOi1 TEXHUKH NporpaMMHpoBaHus Ha O6epoHe H3yueHHe NPOMbILLJIEHHBIX A3bIKOB 32-
YaCTYI0 CBOAMTCA K M3y4YeHHIO cniocoboB 06xoauTh aedekTnl UX au3aiiHa. Ecan yxe
ctapniit [Tackanb oka3ancsa HacToJbko YAauHoi niatr¢gopMoii 41a obyueHHs nporpaM-
MHPOBaHHIO, YTO NPHHEC CBOEMY aBTOPY BLICLIYIO MOYECTb B KOMNbIOTEPHOIT MHPOP-
MaTHKe — npeMHIo HM. TbiopHHra, To NOHATHO, 4TO 6yKBaNbHO BhLIH3aHHKi1 O6epoH/
KomnoHeHTHuii [Tackanb Ha3miBaloT yXXe <NpaKTHYeCKH MaeanbHoii» miat¢opMoit
ans o6yyeHus nporpaMMHpOBaHHIO.

HMes B BHAY UCKNIOYHTENIbHBIE Negarornyeckue focToHHcTea ObepoHa, 415 Bcex
NPHMEPOB NporpaMM, NpUBeIeHHbIE B KHUre, obecrneyeHa BOCNIPOH3BOAHMOCTDb B CHC-
TeMe nporpaMMupoBaHus ais KomnonenTHoro Iackans, usBecTHoit kak Biakboxkc
(BlackBox Component Builder [9]). 3To nyaspHuii Bapuant ObepoHa, co3paHHblif
ans paboTbl B pacnpoCTpaHEHHRIX onepauHoHHBIX cucTeMax. Koudurypauun baak-
60Kca A1 HCNOJ1b30BaHHA B LIKOJIe H YHHBEPCUTETe JOCTYHbI Ha calite npoekTa «VIH-
dopmaTHKa-21» [2]). OTkpuiThiii, GecnnaTHbiil H 6e3ynpeyHo coBpeMeHHhlit Baakbokc
OKa3biBaeTCA eCTeCTBeHHOIi 3aMeHoii ycrapeBueMy Typ6o ITackanio — 3aMeHoit TeM
6osiee npuBJIEKaTENbHOI, YTO, HECMOTPA Ha MHHUMaNH3M H 6Jarogaps aBTOMaTHYe-
CKOMY YMNpaBJIeHHIO NaMATbIO, 3TO 60Jiee MOLIHBIH MHCTPYMEHT, YeM NMPOMbILLIEHHbIE
CHCTeMbl MPOrpaMMHpOBaHUA Ha auanekrtax craporo Ilackana. Kparxoe onucanHe
BO3MOXHocTeit Bi1ak6okca ¢ TOUKH 3peHHs HCNIONb30BAHHA B WIKOJIbHBIX KYPCax MOX-
Ho HaiiTu B cTaTbe [ 10].

BaxxHoe npujioxxeHne K KHUre — NMOJIHBIH KOMIUIEKT NporpaMM, NpeACTaBJeHHbIX
B TeKcTe y4ye6OHHKa, B Bijle, FOTOBOM K BhinoJiHeHHUIo. [IporpamMmal odopMiieHbl B OTAENb-
HBIX MOAYJIAX BMECTe C Heo6XoAMMBIMH BCTIOMOraTelbHBIMH NpoueaypaMH, U BCe Ta-
KHe MoayJIi cobpat bl B nanke ADru/Mod/, KoTopas 10J1XHa JIeXaTb BHYTPH OCHOBHOIA
nanku Baak6okca (cneayer uMeTs B BUAY, 4To (aitsinl ¢ paciinpeHreM *.odc A0KHR
yuTaThca H3 Baakbokca). Yntartennb 6e3 Tpyna pasbepercs C KOMNHIALHEN U 3aNYCKOM
nporpaMM no KOMMEHTapHAM B MOAYJIfAX, YHTast MOAYJ/IH B TOM NOPAAKe, B KAKOM OHH
BCTPEYAIOTCA B TEKCTE KHUTH (MJIM B JleKCHKorpadHyecKoM nopsiake umeH ¢aiinos).
B TekcTe KHUIH B HaYalbHLIX CTPOKAX KaXXA0Oro 3aKoOH4YeHHOro NMpOrpaMMHOIO NpHUMe-
pa cnpaBa yKa3aHO HMSA COOTBETCTBywlero moayss. Hanpumep, KoMMeHTapHii
(*ADruS18_Tlouck*) o3HayaeT, 4YTO NaHHasg nporpaMMa COAEPXMUTCA B MoayJie
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ADruS18_TTounck, KOTOpHiit B COOTBETCTBHUHM C npaBuiaMH Biakbokca xpanutca B daii-
Jie ADru/Mod/S18_TTouck.odc. IIpu atom peub uaer o nporpamMme U3 pasaena 1.8,
a Heobsa3aTenbHulit cypdpukc *_TTouck” cayxHr ynodcTsy opueHTauuu. Besa nanka
ADru B cocraBe bsakbokca HMeeTca Ha AHCKe, €CJIM ANCK TPUJIOXKEH K KHHre, J1H60
MoxeT OnITb cKayaHa c aapeca [11].

HakoHel, HeckobKo cioB 0 cobcTBenHo nepesoae. Ctapniit nepeBoa [3] 6b11 Bhi-
MOJIHEH, YTO Ha3niBaeTcA, U3 o6Hx coobpaxenuii. Ho coBceM apyroe aejio - HMeTb
B BUAY KOHKDETHRIX CTYAEHTOB, He o6s3arenbHo Oyaymmx npogeCCHOHaIbHBIX
NpOrpaMMHCTOB, MhITAIOLHUXCA 32 MUHHMaIbHOE BPEMSA OBJIaZieTh 0OCHOBaMHM NPOrpaM-
MHpoBaHus. [To3ToMy B HOBOM nepeBozie 6bLIH NPEANPHHATH 0cOOble YCHITHA, YTOOL
H30exaTb pasMbiBAaHMA CMbICJIAa M3-3a HETOYHOCTel, HeM36eXKHO BKPaAbIBAIOLIMXCSA
NMPH HENOJHOM NMOHMMaHHM NEPeBOAYMKOM OpHMrMHana (Cp. npHMeyaHHe Ha c. 110
B [J1aBe 0 COPTHPOBKaX B [3], rae BripaxceHa HaaexXAa, YTO «CaM YHTaTenb pa3bepeTcs,
YTO XOoTeJ CKa3aTb aBTOp» ). HanpumMep, npu 6osnee-meHee npsaMoanHeiiHoi nogpaso-
BO# MHTepNpETaLHH MaieifllIas HETOYHOCTb CNIOCOOHA Pa3BaIUTb CMbICJI JJAKOHHYHOIO
TekcTa BHpTa 13-3a Toro, HanpuMep, YTO NocJie nepeBoJa MOTyT nepecTaThb 6bITh OAHO-
KOpEeHHBIMH CJIOBa, 6J1aroaps KOTOPhIM TOJIbKO H obecneynBanach CMbICJI0Bast CBA3b
MeXay npeioxkeHHAMH B opuriHane. [IoaToMy 106HTBCA NOJHOIO COXpaHeH s CMhbIC-
Jla py nepeBo/ie 0Ka3aioCh NMpOollle, BHIMOJIHUB €ro C HyJIA.

B oTHOlEHHH TepMHMHOJIOTHH NepeBolaM CNeuHanucToB OblJI0 OTAAHO AO/KHOE.
Bcnen za . b. IloauiBanosbiM [ 3] Mbl HCTIOJIb3yeM NpHJIaraTesibHbie «MaCCUBOBhIi»,
«N0CJIe0OBATEIbHOCTHRII» H «3anHCeBbiifs. Pelaoumii 1oBoa B NoOib3y TaKKUX NpHJIa-
raTeJIbHbIX — OHH €CTeCTBEHHO BMHChIBAIOTCA B rPaMMaTHYECKYI0 CHCTEMY PYCCKOrO
A3biKa, YeM obecneunBaeTcsa HeobxoaHMas THOKOCTb BHPaXKEHUA.

OnaHako aaxe B OTHOLIEHUH TEPMHUHOJIOTMH NEPEBOARI 1O KOMNbIOTEPHOH TEMaTHKe
YacTO AEMOHCTPUPYIOT HEMOJIHOe MOHMMaHHe CYLIECTBEHHBIX AeTasleil aHTJIMHCKOI
rpaMMaTHKU. HanpuMmep, npu ncnosib30BaHHH CYLIECTBUTE/ILHOTO B KaY€CTBE onpeje-
JIeHUs B NPeno3vLUK (YTO, KCTaTH, He IKBUBAJIEHTHO PYCCKOI KOHCTPYKLMH, BHIPaXka-
€MOii pOAMTEJIbHLIM NMaLeXKOM) MHOXXECTBEHHOE YHCJI0 MOXKET HeHTPainu30BaTbCA, H
NpH nepesosie Ha pyCCKHIt ero HHoraa HyXHo BocCTaHaBaHBaThb. Tak, path length non-
XKHO NEpPeBOAMTLCA He KaK «IJIMHA NMYTH», a KaK <JIMHA NyTeits, YTO, MeXAY NPOYHM,
NpAMO COOTBETCTBYET MaTeMaTHYECKOMY OfNpeAesIeHHIO M Oy THMO NoMoraeT NoHH-
MaTb paccyxaeHus. Optimal search tree — «onTHManbHoe AepeBo MOUCKa», a HE ¢lepe-
BO onTHUManbHoro nouckas. Advanced sort algorithms — «3a¢dp¢exkTHBHBIE aNTOPUTMBI
COpPTHPOBKM», MOTOMY 4YTO OyKBasbHOe 3HaueHue advanced B JaHHOM CJlyyae aBHO
HeiiTpannsoBaHo. [lepeBoAHTb Ha PYCCKHIii A3hIK ABYMSA CJIOBaMH crnieHHYHBIE A5
CTHJIMCTUKH aHIJIMIACKOro Ai3biKa CHHOHMMMYHhie napul Bpoae <methods and tech-
niques» o6byHO HepasyMHo. U Tak nanee. Macca noao6HbIX HeToYHOCTEH CHHXKaeT
yao604YHUTaEMOCTb TEKCTa U 3aTeMHsAET U 6€3 Toro HenpocToii CMhIC/I OPUrHHANA.

XOoTs N0 KOHKPETHRIM CTHJIHCTHYECKHM BOTIPOCAM KOMbSA MOXHO JIoMaTb 110 6ecko-
HEYHOCTH, BCE XK€ XOUETCA HAAEATHCA, YTO NPEANPUHATHIE YCHIIHA B OCHOBHOM JOCTHT-
JIM UeJIH — He NMOTEPATh TOYHAI CMBICJ AaHIJIMIICKOrO «MCXOAHHKA® 3TOrO BhiAEpXKaB-
11ero NpoBepPKY BpeMeHeM NpeKpacHoro y4yeOHHKa.

Tpouyx, Mocxoacxas oba., uroav 2009 @. B. Tkaues
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Npeaucnosue

B nocsieqnne roanl NnpH3HaHO, YTO YMEHHe CO3/1aBaTh NPOrpaMMbl U1 BHIYHCJIHTE/b-
HhIX MalLIHH ABJIAETCA 3AJIOIOM yCnexa BO MHOTHX HHXEHEpPHbIX MPOEKTaxX U YTo AUC-
UMIUIHHA NPOrPaMMHPOBAHUA MOXeT OLITh 06beKTOM Hay4yHOro aHaJIN3a M A0NYCKaeT
cHcTeMaTHyeckoe u3JsioxeHue. [IporpaMMupoBaHHe H3 peMec/ia MPeBpPaTHJIOCh B aKa-
aeMuYeckyio aucumMminHy. [lepBhie BrijalouMecs pe3yibTaThl Ha 3TOM NYTH NoJjyye-
Hul [eitkctpoit (E. W. Dijkstra) u Xoopom (C. A. R. Hoare). «3aMeTkH no CTpykTypHO-
My nporpaMMHpoBaHHios [lefixcTpai [ 1] nO3BONIHAN B3MIAHYTb HAa NTPOrPaMMHPOBaHHeE
KaK Ha 06BbEeKT HayyHOrO aHaiH3a, 6pocaloiHit BhI30B Ye/I0BEYECKOMY HHTEJJIEKTY,
a CJI0Ba CIPYKMYPHOE NPOZPAMMUPOsarue NaJTH Ha3BaHHE «PEBOJIIOLIMHS B NPOrpam-
MupoBaHuHu. Pabota Xoopa ¢AkcHOMaTHYeCKMEe OCHOBhI NMPOrpaMMHpOBaHMAs [2]
NPOAEMOHCTPUPOBANa, YTO NPOrpaMMbl JONMYCKAaIOT TOYHbIH aHaIU3, OCHOBaAHHKIH Ha
MaTeMaTHYeCKUX paccyxaeHHsax. Y obe ctaTbi ybeaHTeIbHO JOKA3kIBAIOT, YTO MHO-
rux ownbok B mporpaMMax MOXHO M36eXaTb, €CJIM nmporpaMMHcThl OyayT cHcre-
MaTHYeCKH NPUMEHATb METOhI U NPUEMRI, KOTOPhl€ paHee NPUMEHAJUCH JIULLb HHTY-
MTHBHO U YaCTO HEOCO3HAHHO. ITH CTaTbH COCPEOTOYMIIH BHUMaHHE Ha NOCTPOEHHH H
aHanM3e nporpaMM, HJH, TOYHEE FOBOPA, Ha CTPYKTYP€ aiTOPHTMOB, NPEACTABAEHHbIX
TeKCTOM nporpaMMul. [Ipu 3ToM BroJIHE OYEBHAHO, YTO CUCTEMAaTHYECKHH HaYUHbIil
noAXo/ K NMOCTPOEHHIO NMPOrpaMM YMECTEH Mpexae BCEero B ciyyae 60/bLIMX, Henpoc-
ThIX MpOrpaMM, paboTaloUHX CO CI0XKHBIMH Habopamu aaHHuiX. OTciona ciieayert, 4To
METOJOJIOTHA NPOrpaMMHPOBaHUA AOMXKHA BKIIOYATh B ce65 Bce acneKThl CTPYKTYPH-
POBaHMA AaHHKIX. B KOHlle KOHLIOB, NpOrpaMMal CyTh KOHKpeTHhle GOpMYIHPOBKH a6-
CTPaKTHLIX a/ITOPHTMOB, OCHOBaHHKIE HA KOHKPETHRIX NPEACTAaBJIEHHAX H CTPYKTYypax
AaHHBIX. Boutaomuiica Bkiaa B HaBeieHHe NOPALKAa B OPOMHOM pasHoo6pa3uu Tep-
MHHOJIOTHU H TMOHATHH, OTHOCALLUMXCA K CTPYKTYpPaM JaHHhIX, caejaan Xoop B CTaTbe
«O cTpyKTYpHOIi opraHusauumn aaHHuix» [3). B aToii pabore npoaeMoHcTpHpOBaHoO,
YTO HeJIb3Si NPHHUMATD PellieHUA O CTPYKTYpe A1aHHuIX 6e3 yyeTa Toro, KakHe a/iITOpPHT-
Mbl MPUMEHSAIOTCA K JAaHHBIM, H YTO, 00paTHO, CTPYKTYpa U BbibOp arOPUTMOB YacTo
CHJIBHO 3aBHCAT OT CTYKTyphl 06pabaThiBaeMuix AaHHRIX. Kopouye roBops, 3anauy noct-
POEHHA NPOrpaMM HeJs1b3s OTAEJNATD OT 334241 CTPYKTYPHPOBaHHUA NAHHBIX.

Ho naHHas xHira HayuHaeTCA IJ1aBOi O CTPYKTYpax AaHHbIX, U IS ITOTO €CTb [BE
NpHYHHH. Bo-nepBuiX, HHTYHTHBHO OLLYLIAETCA, YTO JaHHKIE NPeALleCTBYIOT AJIFOPUT-
MaM: HY>KHO HMETb HEKOTOpbie 06BbEKThI 10 TOro, Kak MOXKHO byzneT 4To-To C HHMH ae-
J1aTb. Bo-BTOpRIX, 3Ta KHHIa NpeaAnoJjaraeT, YTO YUTaTeIb 3HAKOM C OCHOBHLIMH NMOHSA -
THAMH nporpaMMupoBaHus. O1HaKo B COOTBETCTBHH C Pa3yMHOi TPaAHLIHEeH BBOAHBIE
KYPChI IPOrpaMMHPOBaHUA KOHLUEHTPHPYIOT BHHMaHHe Ha irOpUTMax, paboTaoumnx
C OTHOCHTEJIbHO NPOCThIMH CTPYKTYpaMH AaHHuIX. [l03TOMY yMECTHO NOCBATHTb BBOA-
HYIO [J1aBY CTPYKTYPaM AaHHhIX.

Ha npoTtsxxeHHH Bceit KHMIH, BKJII0Yas rnaBy 1, Mbl cjleqyeM TEOPHH U TEPMHHO-
JIOTHH, pa3BuTOi X00pOM U peasiIn30BaHHOIi B A3bIKe NporpaMMHpoBaHusa Ilacxans [4].
CyLHOCTb TEOPHH — B TOM, YTO JaHHhIe ABJIAIOTCA NMpeXXAe BCero abcrpakuMAMH
pPeaibHbIX ABJEHHH U UX NPEANOYTHTENbHO POPMYIMPOBaTh Kak abCcTpaKkTHbIE CTPYK-
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TYphl 6€30THOCHTEILHO K X pean3allii B pacCPOCTPaHEHHbIX A3bIKaX NPOrpaMMHPO-
BaHuA. B npouecce nocTrpoeHHa nporpaMMbl NpeACTaBjJe€HHE AAHHBIX NMOCTENEHHO
YTOUHSETCA — B COOTBETCTBUM C YTOYHEHHEM aJITOPHTMa, — 4ToOml Bce Hosee U Gosee
yAOBJIETBOPUTb OTrPaHUYEHHAM, Ha/laraeMhiM HMMelolLelics CHCTEMOIt nmporpaMMu-
poBaHus [5]. [loaToMy Mbl NOCTYIHPYEM HECKOJIbKO OCHOBHBIX CTPYKTYP AaHHBIX, Ha-
3nIBaeMbIX PyHAaMeHTanbHbIMH. O4YeHb BAXXHO, YTO 3TO KOHCTPYKLMH, KOTOphIE A0C-
TaTOYHO JIETKO peajii30BaTh Ha peabHhIX KOMNbIOTepaxX, H60 TONbKO B 3TOM CJ1y4yae HX
MOXHO pacCMaTpUBaTb KaK MCTHHHbie 3JIeMEHTapHble COCTaBJIAIOUHE PeaNbHOro
NpeACTaBJIEHUSA NaHHBIX, MOABJIAIOLIHECA KaK CBOEr0 poZa MOJIeKYJihl Ha NMOCJeAHEM
11are yTOYHEHHA OMHCAHUA JAaHHBIX. ITO 3aNMHUCb, MaCCHB (C PHKCHPOBAHHbLIM pa3Me-
poM) M MHOXecTBO. HeyauBuTenbHo, YTO 3TH 6a30Bbie CTPOHTE/IbHhIE 3JIEMEHTRI
COOTBETCTBYIOT MaTeMaTHYECKHM NMOHATHAM, KOTOpPhl€ TaKxe ABJAIOTCA PyHAAMEH-
TaN1bHbIMH.

LleHTpanbHbIi MYHKT 3TOi TEOPUM CTPYKTYP AAHHKIX — pasrpaHUYeHHe PyHOaMen-
MARLHLIX U CAONCHOX CTPYKTYP. [lepBhie cyTb MOJIEKYJIbI, — CAMH NMOCTPOEHHLIE U3 aTo-
MOB, — U3 KOTOPhIX CTpoATCA BTophie. [lepeMeltbie, npuHagiexale OAHOMY U3 TaKHX
¢yHaaMeHTaNbHbIX BHAOB CTPYKTYP, MEHAIOT TOJbKO CBOE 3HaYeHHe, HO HHKOIa He Me-
HAIOT HH CBOE CTPOEHHE, HU MHOXECTBO CBOMX A0NYCTHMbIX 3HaueHHit. Kak ciencTBue -
pa3Mep 3aHHMaeMoii MM 00J1acTH NnaMATH PUKCHpOBaH. «CJI0XKHbIE» CTPYKTYphI, Ha-
NMPOTHUB, XapaKTePU3YIOTCA U3MEHEHHEM BO BPEMA BbIMOJHEHHA NMPOrpaMMbl KAK CBOHX
3HaYeHHH, TaK M CTpoeHHA. [103TOMY ANA MX peanu3alMK HyXHH 60Jiee H30LPEHHBIE
MeToanl. B aToit kiaccudukauun nocsenoBaTe1bHOCTb OKa3niBaerca rubpuaom. Koneu-
HO, Y Hee MOXeT MEHATLCA JJIHHA; HO TaKoe U3MeHeHHe CTPYKTYpPhl TpuBHaabHO. Ilo-
CKOJIbKY TNOCJ/Ie0BaTe/IbHOCTH UIPaloT NOMCTHHE PYHAAMEHTAIbHYIO POJIb NPaKTHYeC-
KH BO BCEX BhIYHCJIMTENIbHBIX CHCTEMaX, HX 06CyXaeHHe BKJIIOYEHO B IJ1aBy 1.

Bo BTOpOI#i r1aBe peub uaer o6 anropur™Max coptupoBku. Tam npeacraBiaeHo He-
CKOJIbKO Pa3HbIX METO/IOB, pelllalolMX OAHY M Ty Xe 3ajadyy. MaTteMaTHueckoe H3y-
YyeHHe HEKOTOPbIX U3 HHX MOKa3hiBaeT HX NpeHMYLIECTBA U HEAOCTaTKH, a TaKXKe Nnoa-
YepKHBAeT BaXXHOCTb TEOPETHYECKOID aHaMH3a NPpH Bhibope XOpollero pellieHHs A
KOHKpeTHOi 3aaaun. PasnesieHHe Ha MeTOhl COPTUPOBKH MacCCHBOB H METOJ1bl COPTH-
poBKH aitjoB (MX YacTO Ha3bIBAIOT BHYTPEHHel H BHEllIHel COPTUPOBKaMH) J€MOH-
CTPMPpYET pelIalollee BAHAHHE NPEACTAaBJIEHUSA AaHHBIX Ha BbIOOp a1FOPUTMOB M Ha HX
CJ0XKHOCTb. TemMe COPTHPOBKHM yAeAeTCA TaKkoe BHUMaHHe NMOTOMY, YTO OHa npen-
cTasJsieT co0oit naeanbHyI0 NJIOWAAKY ANA UWIJIIOCTPAUHUH OY€Hb MHOTHX MPHHLUMHMOB
NporpaMMHpPOBaHHUA W CHUTyalMii, BOBHUKAIOWMUX B 60AbUIMHCTBE APYrHX NPHJIOXKE-
Huii. [Toxoxe, 4To Kypc nporpaMMHPOBaHHA MOXHO ObL10 Obl TOCTPOHTD, HCMIOAB3YSA
TOJIbKO PHMeEPhl H3 TEMbl COPTHPOBKH.

Ipyras TeMa, KOTOpYIO OORIYHO He BKJIIOYAIOT BO BBOAHbIE KYPChbl MPOrPaMMHPO-
BaHHA, HO KOTOpas UrpaeT BAXHYIO poJjib BO MHOTMX alFTOPHTMHYECKUX PELIEHUAX, -
aTo pexypcHs. [1lo3ToMy TpeTbs IJaBa NOCBALIEHa PeKYPCHBHAIM aIrOPHTMaM. 3a€eCh
NMOKa3bBaeTCA, YTO peKypCcHs ecTb 06061eHHe MOHATHA UHKIA (UTEpPallMK) U YTO OHa
ABJIAETCA BAXHKIM U MOLLHBIM NMOHATHEM NporpaMMHpoBaHus. K coxxaneHHio, Bo MHO-
rHX yYye6HHKaX nporpaMMHPOBaHHMA OHAa HJUTIOCTPUPYETCA NPUMEPaMH, /1A KOTOPhIX
661710 61 IOCTAaTOYHO NPOCTOi HTEpauuH. Mbl B rnaBe 3, HaNpPOTHUB, COCPENOTOYHM
BHUMaHHe Ha HECKOJIbKHX 3a1a4ax, /1A KOTOphIX PEKYPCHA AaeT HaHboJiee eCTeCTBEH-
Hyio GOpPMYJIMPOBKY pelieHHs, TOrAa KaK UCMoJIb30BaHHe HTepaLHH npuBesio bnl K 3a-
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nyTaHHBM W TPOMO3KMM nporpaMMaM. Kiiacc anropuT™MoB ¢ BO3BpaTOM — OTJIHYHOE
npHMeHeHHe PeKYPCHH, HO caMble OYeBHHblE KaHAMAATH A/A NMPHUMEHEHHS peKyp-
CHH — 3TO a/IOPUTMAI, paboTalolMe ¢ JaHHLIMH, CTPYKTYpa KOTOphIX ONpesesieHa pe-
KYPCHBHO. DTH CJlyyaH pacCMaTpHMBAIOTCA B NOCJAEAHMX ABYX rJiaBaX, ANA KOTOPBIX,
TaKHUM 00pa30oM, TpPeTbs 3aK/afhiBaeT PYHIAMEHT.

B rnaBe 4 paccMaTpHBalOTCA AMHAMHYECKHE CTPYKTYPhl aHHBIX, TO €CTb TaKHe,
CTPOEHHME KOTOPhIX MEHAETCA BO BPEMA BhINOJHeHHs nporpaMMul. IlokasniBaetcs, 4To
PEKYPCHBHbIE CTPYKTYPhl aHHbBIX ABJIAIOTCA Ba)KHbIM NMOAKJIaCCOM YaCTO HCMOJIb3Y-
eMbIX JMHAMHYECKHX CTPYKTYP. XOTA peKypCHBHbIE OnpeaesieHUsl BO3MOXKHRI M aXe
€CTeCTBEHHAI B ITHX CJ1y4asX, Ha MPaKTHKE OHH OObIYHO He HCMoJIb3YIoTCA. BMecTo Hux
HCMOB3YIOT ABHAIE CChIJIOYHBIE HIIH YKa3aTesbHble nepeMeHHbie. JlaHHas KHHra Toxe
cnieayeT nongo6HOMy NoAXoay M OTpaXkaeT COBpeMeHHblii ypoBeHb TOHHMaHUA NpeaMe-
Ta: IV1aBa 4 NOCBALIEHa POrPaMMHUPOBaHUIO C YKa3aTeJIAMH, CTIUCKaMH, A€PEBbAMH H
COAEPXHUT NPUMeEPhI C AaXe elle 6oJiee CN0KHO OPraHU30BaHHLIMH AaHHRIMH. 3A€Ch
peyb HAET O TOM, YTO OOBYHO (XOTA H He COBCEM NMpaBHJIbHO) Ha3miBalOT 06paboTKoit
cnuckoB. Hemano Mecra yaesnieHo nocTpoeHHIO 1epeBbeB H, B YaCTHOCTH, 1epeBbsM M0-
ucka. ['1aBa 3akaHunBaeTcs 00CyXaeHHeM TaK Ha3hiBaeMbIX X3l -TabauL, KOTOPhIE Ya-
CTO MCMOJIb3YIOT BMECTO J€PEeBbEB NMOMUCKA. ITO AaeT BO3MOXHOCTb CPaBHMTb [Ba
NMPHHUMIHAIBHO Pa3/IMYHAIX MOAX0Aa K PeLlIEeHHIO YaCTO BO3HUKAIOLLEH 3a4a4H.

I1porpaMMupoBanne — 3To xoxcmpyuposanue. Kak Boob1uie MoXHO yuHTb H300pe-
TaTeJIbHOMY KOHCTPYHPOBaHHI0? MOXHO 6b11o 6bl MONBITATLCA U3 aHATH3a MHOTHX
NPHMEPOB BhIAACJUTD 3/IeMEHTapHbIEe KOMMNO3ULIMOHHhIE NPUHLKITAI H MPEACTABUTb HX
cHcTeMaTH4YecKHM o6pasoM. Ho nporpaMmupoBaHHe HMeET AeJ10 ¢ 3aa4yaMH OrPOMHO-
ro pa3Hoobpa3us M 4YacTo TpebyeT Cepbe3HBIX HHTENEKTYaNbHbIX YCHAHH. Omnboyto
AyMaTb, 4To 06y4MTb €My MOXHO, TPOCTO AaB HeKHii cnucok peuentos. Ho Toraa B Ha-
llIeM apCeHae METOA0B O0Yy4YEeHHSA OCTAIOTCA TOJbLKO TIATeNbHbIi noabop H u3oxe-
HHe 06pa3LoBLIX MpHMepoB. EcTecTBEHHO, He clieyeT 0XKHAATb, YTO H3YYEeHHE NIPHMe-
poB GyneT paBHO NMoJIE3HAIM A/1A pa3HbiX Jioaeit. IIpu TakoM noaxoae MHoroe 3aBUCHT
OT CaMOr0 YYallerocs, OT €ro NMPUJIEXXaHHA U HHTYHUHH. 3TO 0COBEHHO CrpaBeA/IHBO
AN OTHOCHTEJNbHO CJOXKHBRIX M JJIMHHRIX NMpUMepoB nporpaMM. TakHe npuMepn
BKJIIOYEHh! B KHUTY He Cay4aiiHo. IIMHHBbIe nporpaMMbl AOMUHHUPYIOT B NpaKTHKe
NnporpaMMHpOBaHHA, H OHH ropa3fo 6oJblile MOAXOAAT ANA AEMOHCTPALUH TeX TPYA-
HO onpenejsieMhIX, HO CYLIECTBEHHBIX CBOICTB, KOTOPhl€ Ha3biBalOT CTHJIEM H XOpo-
e cTpykTypoi. OHHM TaKk)Ke A0KHB MOCJAYKHUTb YyNpaXHEHHAMH B HCKYCCTBe uTe-
HHMSA MpOrpaMM, KOTOPhIM YacTO nMpeHeOperaloT B NoJib3y HanmHCaHUA NporpaMM. 3To
rllaBHas NpHYHHa TOro, MOYEMY B KauyeCTBe NMPHMEPOB MCMOAb3YIOTCA LUEJIMKOM A0-
BOJIbHO GosblKe nporpamMMal. YuTaTenb HMeeT BO3MOXHOCTb NPOCJAEAWTD NOCTENeH-
HYIO 3BOJIIOLHIO NPOrPaMMhl H YBHJIETh €€ COCTOSIHHE Ha pa3HhIX L1arax, TaK YTo npo-
uecc pa3pab0TKH NpeacTaeT KaK NolllaroBoe yrouheHue aetaneit. CyuTalo, YTo BaXKHO
NoKa3aTh NPOrpaMMYy B OKOHYATeJ1bHOM BHJIE, YAENASA AOCTATOYHO BHHMAaHHUSA AETANAM,
TaK KaK B MpOrpaMMHPOBaHUH AbSABOJ NpAYETCA B AeTandaXx. XoTA H3noxeHHe obueit
MJieH ITOPHTMa H €ro aHa/IH3 ¢ MaTeMaTHYeCKOi TOYKH 3peHus MoryT ObiTh yBJeKa-
TeJIbHbIMM I YYEHOTO, N0 OTHOWEHHIO K HHXEHEPyY-NPaKTHKY OTPaHHYHUTHCA TOJAbKO
3THM 6b1710 661 HeuecTHO. [To3TOMY s CTPOrO NpUAEPIKUBAJICA PaBKJIa 1aBaTb OKOHYa-
TesIbHble NPOrpaMMhbl Ha TAKOM A3hIKe, Ha KOTOPOM OHM MOTYT GbITb peaibHO BhINOJHe-
Hhl Ha KOMNBIOTEpe.
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Pa3ymMmeeTcs, 3nech Bo3HHKaeT npobJieMa noucka HOTaUMH, KOTOpas 0OIHOBPEMEHHO
No3B0JiAJa Obl BRIMOJIHKTH NPOrPaMMY Ha BRIYHCJIMTEJIbHOH MalllMHE U B TO XK€ BpeMs
6bL1a 6b1 AOCTATOYHO MAaLIHHHO HE3aBUCUMOH, YTOORI ee MOXKHO 6110 BKJIIOYATh B 1O-
N06HBIi TeKCT. B 3TOM OTHOLIIEHHH He YA0BAETBOPUTEbHEI HU LIHPOKO UCMOJIb3yeMble
A3bIKH, HY abcTpakTHas HoTaums. A3nik IMackans npeacrapiser coboit noaxoasHii
KOMITPOMHCC; OH OblJl pa3pab0oTaH MMEHHO /15 ITOMH LEeJIH H MO3ITOMY HCNO/B3YETCA Ha
NpOTAXEHHU Bceit KHHTH. [IporpaMMal 6yAyT NOHATHBI NMPOrpaMMHCTaM, 3HAKOMBIM
C APYTHMHU A3bIKaMH BhICOKOIO yPOBHA, TAKMMH Kak Aaroa 60 uau PL/1: cMuica HoTa-
uuu Iackans obbAcCHAETCA B KHMre no xoay aena. OnHako HeKoTopasi NOArOTOBKa BCeE
)Ke Morsia 6b1 6miTh nonesHoit. Kuura «Cucmemamuuecxoe npozpammuposanues (6]
uaeanbHa B 3TOM OTHOLIEHHMH, TaK KaK OHa TO)Ke OCHOBaHa Ha HoTauuH Ilackans. Oana-
KO CJIeAyeT NOMHHTb, YTO HaCTOALLAA KHHIa He NpeJHa3HayeHa OnTb yyeOHHKOM A3bI-
ka Ilackans; ans ato# uenm ectb 60Jee noaxoasiuHe pykopoacTsa [7].

JlaHHas KHHra CyMMUpYeT — H NpPH 3TOM pa3BUBAET — OMbIT HECKOJbKHX KYPCOB
NporpaMMHpOBaHUA, NMPOYHTaHHLX B DenepaibHOM MOJHTEXHHYECKOM MHCTHTYTE
(ETH) B Lliopuxe. MHOrMMH HAEAMH H MHEHUSIMH, IPEACTaBJAEHHBIMH B 3TOH KHHT®,
A obs3aH AucKyccuaM co cBoMMH Kosseramu B ETH. B uyactHocTH, s xoTen Onl
nobaaroaaputhb r-na I. CanaMaiipa 3a BHUMaTesIbHOE YTEHHE PYKOIKCH, a r-Xy Xaitau
Taitniep H MoOI0 JXX€eHy 3a TILATEJIbHYIO H TEPNEJHBYIO nepeneyaTky Tekcta. A nonxex
TaKXXe YNOMAHYTb O CTHMYJIHPYIOLIEM BJIUAHHH 3aceqaHuit pabounx rpynn 2.1 u 2.3
N®MUIla, u B 0cOOEHHOCTH MHOTHX AHCKYCCHI{, KOTOPbIE MHE MOCYACTIMBHIIOCH UMETh
¢ . Heitkcrpoii u Y. XoopoM. Hakonen, HyxHo oTMeTHTb weapoctb ETH, ob6ecneuns-
lIero ycJOBHSA H NPEAOCTaBHBILIEr0 BhIYUCJIHTEIbHRIE peCyPChl, 6€3 KOTOphIX MoAro-
TOBKa 3TOro TeKCTa 6bis1a 61 HEBO3MOXHOIA.

Iopux, aszycm 1975 H. Bupt
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B aToM HOBOM H31aHUM Clle1aHO MHOTO YJyYILIEHHI B 1eTasAX, a TakoKe HeCKOs1bKO 6o-
Jiee cepbe3HbIX MoaudHKalHil. Bce o0HH MOTHUBHPOBaHbI ONMBITOM, MPHOOPETEHHRIM 3a
AECATb JIET NocJjie nepBoro u3aaHus. OaHaKo 0CHOBHOE COAepXaHHEe M CTHJIb TEKCTa He
M3MeHHJIHCb. KpaTko nepeunciuM BaXHeHLIHe H3MEHEHUA.

['naBHOe H3MeHeHHe, MOBIHUABLIEE Ha BECb TEKCT, KACAETCA A3bIKa NPOrpaMMHpPOBa-
HMA, UCNOJIb30BAHHOIO A1 3anUCH anropuT™oB. [lackanb 6wy 3ameHeH Ha Moayny-2.
XoT#a 3T0 M3MEHeH e He 0Ka3blBaeT CEpPbe3HOro BAMAHMA Ha NpeACTaBJIeHHE aITOPUT-
MOB, Bai60Op onpaBaaH 60J1bllell NPOCTOTOI H 3/IEraHTHOCTbIO CHHTaKcHca Moayinl-2,
YTO YaCTO NPHBOAMUT K 60JbluEell ACHOCTH NPEACTABAEHHA CTPYKTYPhl airopuTMa. Kpo-
Me TOro, ObIJIO COYTEHO MOJIE3HRIM HCMOJIb30BaTh HOTALMIO, KOTOpPasA NpUoOpeTaeT no-
NyJAPHOCTb B I0BOJIbHO LIKPOKOM COOOLIECTBE NO TOi MPHYHHE, YTO OHA XOPOLIO NOoA-
XOAMT AN pa3paboTkH 601b1IKX nporpaMMHBIX cucTeM. TeM He MeHee TOT OYeBHAHII
dakT, yro [lackanb aBaserca npeawecreeHHUKOM Moaynl, o6eryaer nepexon. s
yao6cTBa YnTaTeasa CHHTakcuc MoayJsisl cyMMHUpPOBaH B MPHJIOKEHHH.

Kak npsMoe c/ieacTBHe 3aMeHhl A3hIKa NMPOrpaMMHMPOBAHHUA Oblal nepenucaH pas-
anen 1.11 o nocaepoBarensHoit Qaitnosoii ctpyktype. B Moayse-2 HeT BCTpoeHHOro
¢daiiysoBoro Tuna. B nepecMoTpeHHOM pa3aee 1.11 noHATHe Nocie10BaTEIbHOCTH KaK
CTPYKTYPhl JaHHKIX NpeACTaBJieHO B H0s1ee 06wieM BUAe, U TaM TaKxke BBOAUTCA Habop
NporpaMMHbIX MoayJieH, KOTOpbie ABHO PealH3YIOT UAEI0 NOCJIEA0BaTEIbHOCTH KOHK-
petHo B Moayse-2.

Iocaeanss yactb rnaeul 1 apaserca HoBoH. OHa NOCBsALLIEHA TEME NOMCKA U, HaYU-
Has C JITHEHHOro ¥ ABOMYHOro NOKCKA, MOABOAHT K HEKOTOPHIM HeaBHO H3obpeTeH-
HbIM 6LICTPRIM aITOPHTMaM NoKCKa cTPoK. B 3ToM pasaene noayepkuBaeTcs BaXHOCTh
NPOBEPOK NMPOMEXKYTOYHBIX COCTOAHUH (assertions) U MHBapMaHTOB LIMKJIA IS A0Ka-
3aTeJIbCTBA KOPPEKTHOCTH NPEACTABAAEMhIX a/ITOPUTMOB.

Hosuii1 pazaen o npHopHTETHRIX AepeBbAX MOKCKA 3aBEpLLaET IJ1aBy, NOCBALEHHYIO
AHHAMHYECKUM CTPYKTYypaM AaHHbIX. ITa pa3HOBHAHOCTD JepeBbeB ObLIa HEM3BECTHA BO
BpeMs BhIX0/1a nepBoro H3aaHuA. Takue aepeBbsA A0NMYCKAIOT 3KOHOMHOE NpeCTaB/IeHHe
M MO3BOJIAIIOT BbIMOJIHATD ORICTPhIN MOKCK MO MHOXECTBAM TOY€EK Ha MJIOCKOCTH.

[lennkom UckI0Y€EHa BCA NATaA IlaBa NEPBOro H3AaHHA. ITO CieJIaHO NOTOMY, YTO
TeMa NOCTPOECHUA KOMIWIATOPOB CTOMT HECKOJIbKO B CTOPOHE OT OCTJ/IbHAIX IJIaB M
3acayxuBaeTt 6osiee noapobHoro obcykneHus B OTAENbHON KHHUre,

Hakonel, nosiBjieHe HOBOro M3laHHsA OTPaXKaeT nporpecc, rMyb0ko noBaAHABLIMIA
Ha M3/1aTeJIbCKOe AEJI0 B NOCJIEAHHE NeCATDb JIeT: NPUMeHeHHe KOMNbIOTEPOB U H3011(-
PEHHBIX 21TOPUTMOB JUIS NOATOTOBKH M aBTOMaTHYeCKOro popMaTHpPOBaHHUA 10Ky MEH-
TOB. JTa KHHra 6bu1a HabpaHa U copMaTHpPOBaHa aBTOPOM C MOMOLLbIO KOMMNbIOTEPa
Lilith n peaakTopa nokymenroB Lara. Be3 aTux MHCTPYMEHTOB KHMra He TOJIbKO CTana
6n1 nopoxe, HO, HECOMHEHHO, AaXke ewle He Onila 6bl 3aKOHYEHa.

Ilaro Aremo, mapm 1985 a. H. Bupr



HoTauua

B KHHUre Hcnosb3yl0TCA caeayiolme 0603HayeHU, BagThie U3 pabot JleiikcTphl.

B sloryeckux BhIpaXXeHUAX JMTepa & 0603HAYaeT KOHBIOHKLMIO U YUTAETCA Kak
«n». Jlutepa ~ 0603HauaeT OTPHLIAHHE M YUTaEeTCA Kak <He». KomMOuHauua autep or
o603HayaeT AU3BIOHKUHUIO M YNTAETCA KaK «Wwins. JIutepnl A H E, HabpaHHbI€ XKUPHBIM
wpudToM, 0603HaYaIOT KBaHTOPhI OOLMOCTH H CywecTBoBaHuA. Huxecaenywomme
¢opMyJinl onpeaesAIoOT CMbIC/ HOTAlLlHH B JIEBOIi YacTH Yepe3 BhlpaXeHUe B NpaBoM.
VHTepnpeTauns CHMBOJIA ¢...» B MPaBhIX YaCTAX OCTaBJIeHa MHTYHLMH YHTaTENA.

Ai:m5i<n:P| Pm&Pm...]&...&Pn-]

3aech P; — HekoTOphle npeanKaThl, a GOpMyJia yTBEPXKAAET, YTO BhIMOJHAIOTCA BCE
P, AnsA 3HaYeHUit HHAEKCa | U3 Anana3oHa OT M 10 N, HO He BKJIIOYas CaMo N.

Eim<i<n:P Pm OF Pm4y OF ... OF Ppoy

3aech P; — HexkoTOphle npeauKaThl, a opMyJa yTBEpPXAaeT, YTO BhINMOJHAIOTCA
HeKoTophble U3 P; AJ1A KaKMX-TO 3HaueHHI1 MHAEKCa i M3 AMana3oHa OT M 0 N, HO He
BKJIIOYas CaMo N.

Simsi<n:xi = Xm+Xms) + ..o + Xp-)
MINi:m<i<n:x; = MHHMMaNbHOE CpeaH 3HAYEHHUH (X, ... , Xp.1)

MAXiim<i<n:x; = MaKCHMalbHOE CpeaH 3HaY€HHMH (Xpq, ... , Xp.1)
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1.1. BeepeHue

CospeMeHHbIe UH(POBhIe KOMNbIOTEPHI OhIH H306peTeHbI NS BLINOJIHEHHS CII0XKHBIX
M VIMHHBIX BalYucaeHnit. OqHako B 60/1b1IMHCTBE NPHJIOXKEHHIT NpeaoCTaBIAeMas Ta-
KHM YCTPOHCTBOM BO3MOXKHOCTb XpaHMTb M 06ecrieunBaTh 40CTYN K 60J1bLIMM MacCH-
BaM HH(QOpPMallHM HMIrpaeT OCHOBHYIO POJib M paCCMaTPHUBaeTCA KaK €ro rJaBHas
XapaKTepUCTHKA, a BO3MOXHOCTb NMPH3BOAMTb BhIYMCJIEHHA, TO €CTb BhIMOJHATH
apudMeTHyeckHe AeHCTBUA, BO MHOTHX CJIyyasX CTala MOYTH HeCyLeCTBEHHOIA.

B taknx npuioxeHusx 6oabuoii Maccus o6pabarniBaeMoit HHpOpMaLMH ABJAAETCA
B onpeneJieHHOM CMbicJle aOCTPaKTHRIM NpeAcTaB/leHHEM HEKOTOPOii YaCTH peanbHOro
Mupa. UHdopmauusa, aoctynHas KoMmnbioTepy, npeacraBiser coboii cneumasibHO
noaobpaHHbIil Habop AaHHBIX, OTHOCAWMXCA K pelllaeMOif 3aaaye, MpHYEM NpeAno-
JIaraeTcs, YTo 3TOT Habop AOCTaTOYEH A/IA NOJAYYEHHA HYXKHBIX pe3ybTaToB. JlaHHbIE
ABAAIOTCA abCTPaKTHBIM NpeACTaBJIeHHEM PEaibHOCTH B TOM CMbICJIE, YTO HEKOTOPbIe
CBOMCTBa peabHbIX O0bEKTOB HTHOPHPYIOTCA, TaK KaK OHU HECYLIECTBEHHBI JUIA ITOH
3afayu. [loaTtoMy abcTpakums — 3To ewe 1 ynpoueHHe peajbHOCTH.

B xauecTBe npuMepa MOXHO B3sATb (it C JaHHBIMH O CJYXKAWMX HEKOTOPOIt KOM-
naHuu. Kaxaniit cayxawmmii (abcrpakTHO) npeacrasieH B 3ToM ¢aiine HabopoM aaH-
HbIX, KOTOpPhIii Hy)KeH JIH60 ANs pyKoBOACTBA KOMMaHUH, JTHGO A 6yXrantepckux
pacyetoB. Takoit Habop MOXeT conepaTh HEKOTOPYI0 HAEHTH(HKALHIO CAYKALLEro,
Hanpumep UMA M 3apriiaty. Ho B HeM noytH HaBepHsKa He 6yaeT HecylecTBEHHOI
nH$OpMalMH O LIBETE BOJIOC, BECE HJIM POCTE.

Peluas 3aa4y ¢ HCNOJIb30BaHHEM KOMIbIOTEpa HJH 6e3 Hero, Heo6xoauMo BuIbpaTh
abCTpaKTHOE npeacTaBjieHHe PealbHOCTH, TO eCTb OnpeaeanTb Habop JaHHBIX, KOTO-
phlif 6yaeT npeaCTaBAATb peanbHyI0 CUTYallHI0. ITOT BalbOp MOXHO cAeaTb, pyKo-
BOACTBYSACH pPelllaeMoii 3aa4eil. 3aTeM HY>KHO OnpeaeUThCA C NpeacTaBleHHeM HH-
dopMaumu. 3aech Bubop onpeaenseTcs CpeACTBAMH BhIYMCJIMTEJIbHOI YCTaHOBKH.
B 6oabl11MHCTBE C/1yyaeB 3TH B Li1ara He MOTyT ObITb MOJIHOCTBIO pa3/ie/IeHbl.

Bri6op npeacTaBieHHA JaHHBIX YaCTO AOBOJILHO CJIOXKEH H He MOJIHOCTbIO onpeneJs-
€TCA UMEIOLIMMUCA BHIYUCIIUTE/IbHRIMH CpelCcTBaMU. JlenaTh Takoit BuGOp Bceraa HyXHo
C Y4€TOM onepaliuii, KOTOphle Hy>KHO BhITIOJIHATH C AaHHBIMKU. Xopoliuit npuMep — npea-
CTaBJIEHHE YHCeJl, KOTOphi€ CaMH CyTb abCTpaKumK CBOHCTB HEKOTOpPhIX 00beKTOB. ECiin
eMHCTBEeHHOe (HJIM OCHOBHOE) AeiiCTBHE, KOTOPOE HY)KHO BRINOJIHATD, — CJIOXKEHHE, TO
XOPOLMM NpeACTaBJeHHEM YHCJIa N MOXKeT OniTh n yeprouek. [IpaBuo cyioxeHHs npu Ta-
KOM TNpeACTaB/IeHHH — OYEBHMOE U 0YeHb NPOCcToe. PHMCKast HOTaLHA OCHOBaHa Ha 3TOM
NPUHIIKNE NPOCTOTHI, M NPaBHJIa CJIOXKEHHS IMPOCTH 1A MaJieHbKHUX unce. C apyroH cro-
pOHbI, NpeAcTaBiaeHHe apabckuMi LHPpaMi TpebyeT HeOYEeBHAHLIX MPaBUA CJIOKEHHA
(ans ManeHbKUX YKCe), M UX HYXKHO 3anoMuHaTh. OIHAKO CHTYalMsl MEHSeTCA Ha MPOTH-
BOMOJIOKHYIO, €C/IH HY>KHO CKJIaibiBaTh 60JIbLIMe YHCJIa WK BhIMOJHATb YMHOXEHHE U
aeneHue. PazbueHune 3Tux onepaunii Ha 6os1ee NpocThie WIAar¥ ropas’ao Npolle B CIyyae
apabckoit Hotauum 6i1aroaaps ee CHCTEMaTHYECKOM NO3UIIHOHHOI CTPYKTYpe.

Xopolio M3BeCTHO, YTO KOMMbIOTEPbI MCMOJIb3YIOT BHYTPEeHHee NpeacTaBlieHue,
OCHOBaHHOE Ha ABOMYHHIX UMpax (6uTax). ITO NpeacTaBjleHHe HEMPHUIOAHO ANA
MCNOJIb30BaHHA JI0AbMH, TaK KaK 31eCb 0ORIYHO NPUXOAUTCA UMETD 1eJ10 ¢ 60b1IUM



BseaeHne 19

yKcaoM undp, Ho BecbMa y100HO A/IA /IEKTPOHHBIX CXeM, TaK Kak ABa 3HayeHHsa O u 1
MOHO JIETKO H Ha1eXKHO NPeACTaBHTb NOCPeACTBOM HATHYMA HJIH OTCYTCTBHA 3JIEKT-
PHYECKHX TOKOB, 3apAJ0B HJIM MATHHTHAIX NoJeit.

W3 3TOro npuMepa Takxe BHAHO, YTO BOMPOC MPEACTaBJIeHUsA YacTo TpebyeT paccMa-
TPHBATh HECKOJIbKO YPOBHeit AeTasusaunH. HanpuMmep, B 3aaaye npeacrasjiieHus no-
JIoXXeHHA 06BbeKTa nepBoe pellieHHe MOXeT KacaTbCs BalGopa maphl YMCeEs B, CKaXeM,
AeKapTOBLIX HJIH MOJAAPHLIX KoopAKWHaTax. BTopoe pellienne MoxeT NnpUBecTH K npen-
CTaBJIEHHIO C NJIaBaloLeH TOYKOM, rie KaKa0e BellleCTBEHHOe YHCJI0 X COCTOMT H3 Maphl
uenbix, o603HavaowKX ApobHyIo YacTb f U NOKa3aTesb € N0 HEKOTOPOMY OCHOBaHHIO
(HanpuMep, X = f x 2¢). Tperbe pellieHHe, OCHOBaHHOE Ha 3HaHHH, 4YTO AaHHbie OGyayT
XPaHUTbCA B KOMNbIOTEPE, MOXET NMPUBECTH K ABOMYHOMY NMO3ULIMOHHOMY NpeACTaB-
JIeHHI0 uenblx yucesa. HakoHew, nocienHee pelieHHe MOXET COCTOATb B TOM, YTOOb
NpeACTaBJIATb ABOHYHbIE UH(PhI AEKTPUUYECKHUMH 3aPAAIaMH B NOJYNIPOBOAHHKOBOM
ycrpoiictBe naMaTH. O4YeBUAHO, NepBOE pelileHHe B 3TOM LenoYyke 3aBUCUT [JIaBHhIM
06pa3oM OT pelaeMoii 3a1auH, a AanbHeiilHe BCe 60Jble 3aBHCAT OT HCNOJIb3YEeMOro
HHCTPYMEHTa W NpUMEHAEMbIX B HeM TeXHoJioruit. Bpsaa in MoxHo TpeboBaTh, YTOORI
NPOrpaMMHCT pelllai, KaKoe NpeACTaBJeHHe YHUCes HCN0JIb30BaTh HIH AaXe KaKHMH
AOJIXHbI OBITh XapaKTEPHCTUKH YCTPOICTBa XpaHeHHs AaHHbIX. Takue pelleHUs HU3-
KOTO YPOBHSA MOXXHO OCTaBHTb NMPOEKTHPOBLIMKAM BHYHCIHTENbHOro 060pyAOBaHHA,
y KOTOphIX 3aBefioMO 6osiblle HHPOPMaLMH O CYLIECTBYIOLMX TEXHONOTHAX, YTOOLI
caenaTb pasyMHblit BHOOp, TpHeMJIeMblii V1A BCeX (MJIH MOYTH BCeX ) NPHJIOXKEHHI, rae
HrpaloT poJib YKCIa.

B TakoM KOHTEKCTe BhIABJIAETCA BAXXHOCTb A3hIKOB NMPOrpaMMHPOBaHHUA. HA3bik
NporpaMMHPOBaHUA NpeACTaBAAeT abCTPaKTHI KOMNbIOTEP, AONYCKAIOWMHIT HHTEp-
MpeTalUMio B TEPMHHAX JAHHOIO A3bIKA, YTO MOXET MoApa3yMeBaTb OnpeaesieHHbIi
ypoBeHb abGCTpaKUHH [0 CpaBHEHMI0O C OObEKTaMH, HUCMOJIb3YEMBIMH B pealbHOM
BhIYHCJIHTEIbHOM YCTPOCTBe. Toraa nporpaMMUCT, UCMO/Ib3YIOLIHH TaKOM A3BIK Bbl-
COKOro ypoBHs, 6yaet ocBo60AeH OT 3a00Thl 0 NpeACTaBJIEHHH YKCe (U JIHILEH BO3-
MOXHOCTH YTO-TO CA€JIaTb B 3TOM OTHOLIEHHH), €CJIH YUCJIA ABJAAIOTCA JIeMeHTap-
HhIMH OOBbEKTaMH B JaHHOM A3LIKe.

Hcnonb3opaHue A3biKa, NpeaocTasisiouero ynobHuiit Habop 6a3oBbix abeTpakumis,
o61mmnx ans 60abUIMHCTBA 3aaa4 00pabOTKH AaHHBIX, BHAET I/1aBHBIM 06pa3oM Ha Ha-
AEXHOCTb MOJIyYaloWMNXCA nporpamMM. Jlerdye CnpoeKTHPOBAaTh MpOrpaMMy, ONMPasCh
B PacCyX/AEHHMAX Ha 3HAKOMhl€ MOHATHSA YHCeJ, MHOXECTB, NOCJIeJ0BaTeJbHOCTEH H
LUHKJIOB, YeM HMETb AeJi0 ¢ OUTaMH, eIMHULIAMH XpaHEHHA U NlepexoAaMH yIpaBJIeHUSA.
KoneuHo, peanbHblii KOMIbIOTEP NMpPeACTaBJAET JioOble JaHHBIE — YHCJIa, MHOXECTBa
HJIM NOCJIeIOBaTeIbHOCTH — KaK OrpoMHYIo Maccy 6uToB. Ho nporpaMMucT MoXeT 3a-
6biTh 00 3TOM, €CJIH eMY He HYXKHO HECIIOKOMTLCA O AeTaNAX MpeACTaBIeHUs BLOpaH-
HhIX a6CTPaKUHil U eC/IH OH MOXET CYMTaTh, YTO BhIOOp NpeacTaBeHHSA, CAeNaHHAIH
KOMMNbIOTEPOM (MJIH KOMITHJIATOPOM), pa3yMeH AJIA pelllaeMhbIX 3a1ay.

YeM 6sinxe aGCTPaKUMK K KOHKPETHOMY KOMIMbIOTEpY, TEM Jierde caeatb Bubop
NPeACTaBJIEHNUA HH)KEHEPY WIH aBTOPY KOMMMUJIATOPA H TeM Bhillle BEPOATHOCTb, YTO
eAHHCTBEHHKIH BLOOp 6yaeT noaXxoanThb /1A BCeX (MK MOYTH BCEX ) MbICAHMAIX MPH-
JI0XXeHHit. ITO 06CTOATENbCTBO YCTAHABIMBAET onpeaeieHHble NMpeaesibl Ha ¢BhICOTY»
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MCNOJIb3yeMbIX abCTpakLMii MO CPaBHEHHIO C YPOBHEM peaJibHOro «xesesas. Hanpu-
Mep, Hepa3yMHO BKJIIOYaTh B A3BIK 0011ero HazHaueHHsA reoMeTPHYeCKHe PHUIypH, TaK
KaK U3-3a BHyTpeHHe NpHCyLieil MM CJI0XKHOCTH HX NMoaXoAsillee NpeacTaBjleHHe byaer
CHJIbHO 3aBHCETb OT A€HCTBUM, BHMOJHAEMbIX ¢ HHMH. OZ1HaKO MPHPOAA H YacTOTa Ta-
KHMX AeCTBHi1 HEM3BECTHA NPOEKTHPOBIUMKY A3hIKa NPOrpaMMHpPOBaHUA obuiero Ha-
3HaueHHs U COOTBETCTBYIOLLEr0 KOMITUJIATOPA, U Jl060ii BHOOP NpoeKTHPOBLUIHKa MO-
KeT 0Ka3aThCA IJIOXHM JJIA HEKOTOPOIO KJIacCa NPHJI0XKEHHIA.

3TH coobpaskeHHs onpeaeTHIN BulbOp HOTaUMH 1A OMHCAHHUSA AITOPHTMOB H COOT-
BETCTBYIOWMX AAHHKIX B HacToAwei KHUre. PasyMeeTcs, HaM xoresioch 6l MCMOJIb30-
BaTb 3HaKOMbI€ MOHATHA MaTeMaTHKH, TaKHe KaK YUCJa, MHOXECTBa, NOCeA0BaTeb-
HOCTH M T. ., a He MallIHHHO 3aBUCHMbie CYIIHOCTH Bpoae cTpok 6uToB. Ho Ham Takxe
XOTeJocb Obl HCNOAB30BaThb HOTAUHIO, ANA KOTOpOil cyumecTByioT 3d@dekTHBHbIe
koMnuasTopu. HepasyMHo Mcno/ib30BaTh A3bIK, B CH/IbHOM CTeNneHH MalllMHHO 3aBH-
CHMbIii, HO TaK)Ke HeJOCTaTOYHO M OMHUChIBaTh MpPorpaMMbl B a6CTpakTHOM HOTaLMH,
B KOTOpOii Npof/ieMbl NPEACTaBIEHUA OCTAIOTCA HepelleHHhMH. A3bK nporpaMMu-
poBanus [lackanb 6bis1 cCIpOEKTHPOBaH B NONBITKE HAHTH KOMIIPOMUCC MEXAY 3TUMH
ABYMSI KPaifHOCTAMHM, a ero HacjeAHHKH Moayna-2 u O6epoH YYHThIBAIOT OMMIT,
HaKoMJieHHklii 3a aecatHiaeTHs [1.3). O6epoH coxpanser 6azoBuie nonsaTus Ilackans
C HEKOTOPhIMH YCOBEPIEHCTBOBAHHAMH H 106aBeHUAMM; OH HCNOJIL3YETCA Ha NPOTA-
)KeHUH 3TOoM KHUTH [1.5]. Ob6epoH Ghia ycnelllHO peaiu30BaH A/iS pAia KOMNbIOTEPOB,
NpH 3TOM 6bL10 NPOAEMOHCTPUPOBAHO, YTO €r0 HOTALMUSA AOCTAaTOYHO GUIM3Ka K peajibHo-
My <XeJiey», YTOOn BhiOpaHHble CPEACTBA M UX NMpEACTaBIeHHA MOXKHO Ob110 06bsc-
HMUTb C NOJIHOM ACHOCTbIO. S3bIK TaK)Ke 6IM30K K IPYTHM A3KIKAM, TaK YTO YPOKH, YCBO-
€HHble 31eCb, MOTYT ObITb C paBHLIM YCNeXoM MPHMEHEHR! H NPH HX UCMOJIb30BaHUH.

1.2. NoHATHe TMNA AaHHbIX

B MaTeMaTHKe nepeMeHHbie OObIYHO KJIaCCH(ULHUPYIOTCA 1O HEKOTOPhIM BAXXHBIM Xa-
pakTepucTHkaM. [IpoBoauTCs YeTkoe pa3iinuue MexAay BelleCTBeHHhIMH, KOMIJIEKC-
HBIMM U JIOTUYECKUMH NnepeMeHHBIMH, HJIM MeXy NepeMeHHhIMH, NPeCTaBIAIOIMNUMH
OTAeJibHble 3HaYeHHA, MHOXKECTBA 3HaYeHHU i, MHOXKEeCTBa MHOXECTB, HIH MexXAy PyH-
KUHAMH, PYHKLUHOHANIAMH, MHOXeCTBaMH PYHKUHIt M T. A. Takas knaccupHKaLHA He
MeHee, ecJIK He 6oJlee, BaKHa B 06paboTke naHHBIX. Mul 6yneM npuiepXXHBaTbCA TOrO
NMPHHLHMA, YTO KaXKAasA KOHCTAHTA, BhlpaKeHHe WU PYHKLUMA UMeeT onpeaeieHHbiH
mun. B cyllHOCTH, TUN XapaKTepH3yeT MHOXECTBO 3HaYeHHi, K KOTOpPOMYy NpHHaA-
JIEXKHT KOHCTAHTA, HJIU KOTOPhle MOXET MPHHUMATD NepeMEHHasA WK BhlpaXeHHe, HIH
KOTOphle MOryT NMOPOXAATbCA PYHKLHEH.

B MaTeMaTHYeCKHX TEKCTax THMN NMepeMeHHOi 0ObYHO MOXHO ONpeaeJuTh NPoCTO
no wpudTy, 6€3 yyeTa KOHTEKCTa; HO 3TO HEBO3MOXHO B KOMMNbIOTEPHbIX NPOrpaMMax.
Ha BuiuHcAHTENIbHOI ycTaHOBKe OORIYHO AOCTYNEH TOJALKO OAHH WIPUPT (JATHHCKHE
6ykBni). [loaToMy YacTo ciieayloT npaBujly SIBHO BBOAMTb COOTBETCTBYIOWMI THI
B 00bR6reHuu KOHCTaHThI, NepeMeHHO WiH QYHKUHH, pHYeM Takoe obbABieHMe
AOJXHO NMPpEaLIecTBOBaTb HCMOJIb30BaHUIO 3TOi KOHCTaHThI, NepeMEHHON WK PyHK-
uuu. ITo mpaBUJo TeM 6osiee pa3yMHO, Y4TO KOMIMJATOP AoJXeH BubOpaTh npen-
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CTaBJieHHe 00beKTa B MaMATH KoMMbioTepa. O4eBHAHO, YTO 06BbEM NMaMATH, OTBEAEH-
HOI oA NepeMEeHHYI0, A0J1XeH OLTb BaibpaH B COOTBETCTBMM C HANa30HOM 3HaYeHMI,
KOTOpPhIe MOXXeT MPUHUMaTb NepeMeHHasA. Ecim aTta undopMaums aocTynHa koMnuias-
TOPY, TO MOXKHO M36eXaTh TaK Ha3blBaeMOIo AMHaMHYeCKoro pa3MelleHus. OyeHb yac-
TO 3TOT NYHKT OKa3hiBaeTCA KJI0ueBhIM /18 3¢(pPeKTUBHOI peann3aluH arOpUTMa.

CyWHOCTb NOHATHA THIA, KAaK OHO UCMOJb3YETCA B JAHHOM TEKCTE H PeaTH3YyeTCA
B Ai3biKe NporpaMmMupoBaHus O6epoH, BuipaxaeTcs B CJleayIOLHX YTBepxaeHusx [1.2):

1. Tun naHHBIX onpeaessieT MHOXECTBO 3HaYeHUH, KOTOPOMY NMPHUHAMJIEXHT 3Ha-
YeHHe KOHCTAHTHI, HJIH B KOTOPOM NPUHUMAET 3HaYeHHA NepeMeHHas WJH Bhipa-
’KeHHe, WJIH KOTOPOMY MPHUHAaAJIeXaT 3Ha4Ye€HHA, MOPOXKAaeMble onepaLueil MK
dyHKumeit.

2. Tun 3HayeHHs, 0603HAYEHHOIO KOHCTAHTOM, MEpeMEHHON WM BhIpaXKeHHeM,
MOJXKeT ObITh BhiBeeH H3 HX 00bABJIEHHIT H Bia BblpaXXeHHUA 6e3 BhINoIHEH s
BhIYMCJIEHHIA.

3. Kaxnas onepaums win ¢pyHkuus Tpebyer apryMeHTOB onpeaejieHHbIX THIOB H
NaeT pe3yJabTaT HEKOTOPOTro, TOXe ofNpeaejeHHoro Tuna. Ecim onepauuns gonyc-
KaeT apryMeHThl HECKOJIbKHX THIIOB (HanmpuMep, + UCNOJIb3YETCA M1 CJI0XKEHUA
KaK LieJIbIX, TAK U BeleCTBEHHRIX YKCeJ1), TO THI pe3yJibTaTa MoXeT OniThb onpe-
AeJleH Ha OCHOBe O0COOLIX MPpaBHJI A3bIKa MPOrPaMMHPOBaHHA.

KoMnuasaTop MoxeT UCnosb30BaTh Takylo HHGOPMaLHIO O THNAX AJA NMPOBEPKH
3aKOHHOCTH pa3JiHYHbIX KOHCTpYkuHit. Hanpumep, omnboutoe npucBanBaHue bysies-
CKoro (JIOrH4ecKoro) 3HayeHHs apudMeTHYECKOit epeMeHHOi MoXeT 6T 0OHapy-
)KeHo 6e3 BuimosiHeHHs nporpaMMbl. [Togo6Has H36LITOYHOCTb TEKCTa MporpaMMbi
BeCbMa IoJie3Ha NpH ee pa3paboTKe H MOXKET paCCMaTPHBATbCA KaK rJ1aBHOE PEHMY-
LLECTBO XOPOLIHUX A3BIKOB BhICOKOTrO YPOBHSA MO CPABHEHHUIO C MAalIMHHAIM KOAOM (MJIH
KOJZOM CHMBOJIHYECKOro acceMb.1epa).

OueBHaHO, B KOHEYHOM MTOIe JaHHbIe OyaAyT NpeacTaBjieHb OFPOMHBIM KOJIHYECT-
BOM JBOMYHBIX UM(P He3aBHCHMO OT TOrO, OhLna JIH HalTHCaHa HCXOAHasA NPorpaMMa Ha
A3bIKE BLICOKOTO yPOBHS, HCMOJIb3YIOLIEro MOHATHE THIIa, WIH Ha acceMbuiepe, rae TH-
noB Her. 1A KOMNbIOTepa NaMATb NMPEACTaB/AAETCA OAHOPOAHOMH Maccoit 6uToB 6e3
ABHOI cTpYKTYphl. Ho HMeHHO abcTpakTHas CTpykTypa NO3BOASAET YeJI0BeKy-NporpaM-
MHCTY BHAETb CMBICJI B MOHOTOHHOM Meii3axe KOMMbIOTEPHOH MaMATH.

Teopus, 0 KOTOpOit HAET peyb B 1IaHHO# KHUre, U A3kIK NporpaMMupoBatia O6epoH
Aal0T HeKOoTopbie Crocobnl onpenesieHUs TUMOB AaHHbIX. B 60bUIMHCTBE ClyyaeB Ho-
Bblif TN JAHHKIX CTPOMTCA U3 APYTHUX THIIOB, yXKe olpeaeieHHuX ( HA30BeM UX cocmas-
Asouiumu). 3HaYeHHA TAKOro THIMa — 3TO OOBLIYHO arperathl 3HaYeHHit-KOMIMOHEHT,
NpUHaA/IeXaLMUX paHee onpejesieHHbIM COCTaBAAIOLIMM THIaM, U TaKHe 3HaYeHHA Ha-
3bIBAIOTCA COCMAGHMMU, WIN cmpyKkmypupoéannvimu. Eciu HCnosb3yeTcs TOMbKO
OIHH COCTaBJIAIOUIHIT THI, TO eCTb BCe€ KOMMOHEHThI NMPHHAMNEKAT OAHOMY THIY, TO
3TOT THI Ha3bBalOT 6@3066iM. UHCJI0 pa3IYHBIX 3HayeHH i THNa T Ha3kIBaIOT €ro Moy~
Hocmd10. MOWWHOCTb NO3BOJISIET ONpeAeanuTb 0ObeM MaMATH 1A NpeACTaBJAEHHA nepe-
MeHHo# X, uMetowleii Tun T, yTo o603HavyaeTcs Kak x: T.

[TockonbKy coctraBasiiomue THIbI, B CBOIO oYepenb, MOTyT OniTb COCTaBHBIMH, TO
MOTYT BhICTPaHBaTbCA LeJ1hle HepapXHH CTPYKTYP. BnipoueM, oyeBHAHO, YTO HaMMEHb-
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lIHe KOMIIOHEHThI CTPYKTYPhl A0JKHEI OniTh HeeAMMuIMH. [103TOMY Hy)XHBI HeKHe
CTaHAapTHbIe, 3apaHee onpeaeieHHbie THNH. O6YHO 34€Ch peyb HAET 0 YHCJIAX H JIo-
rMYeCcKHX 3HauyeHHusaX. Ecau 3HaueHns THNa MOryT GhITb yNOpPALOYEHR!, TO TAKOI THI
Ha3bIBaloT ynopsdovennviM. B ObepoHe Bce 6eCCTPYKTYpHAIE THITBI YIOPAAOUEHDI.

HMes Takue cpeacTea, H3 NPUMHTUBHBIX THITOB MOXKHO CTPOMTD arperathl, COCTaB-
Hbl€e THIBI JII060ro ypoBHA BJIOXKeHHOCTH. Ha npakTHKe HeoCTaTOYHO UMETb TOJILKO
oaHH 061Hii cocob NOCTPOeHHA CTPYKTYPhl H3 COCTaBAAOWMX THNOB. JlosxHbIM 06-
Pa3oM YYHThIBasA NMpaKTHYECKHe NMpobjieMbl NpeaCTaB/IeHHA H UCNIOJNb30BaHHUA, A3BIK
NporpaMMHPOBaHHUA 06lEero Ha3HaYeHHA AOJNXKEH MpeAiaraTh HeCKOJIbKO METOAOB
CTPYKTYPHPOBaHMA AaHHuIX. B MaTreMaTHyeCKOM CMmIC/le OHM 3KBHBANEHTHH, HO
OTJIMYAIOTCA ONepalUHAMH IJIA 10CTyNa K KOMMNOHEeHTaM CTPYKTYp. basoBnie MeToab
CTPYKTYPHPOBaHHSA, KOTOphle OYAYT NMpeacTaBJieHH HHXe, CYTb MAaccué, 3anucv W
nocredosamensrocmo, BoJiee 10X HbIe CTPYKTYPbl 0OBYHO He ONpeae/AIOTCA KaK CTa-
THYECKHE THIhI, 2 MOPOXKAAIOTCA AHHAMHUYECKH BO BPeMS BbI[IOJIHEHUSA MPOTrPaMMBI,
KOr/ia MOryT MEHATbCA UX pa3Mep # COCTaB. TaKHM CTPYKTypaM NOCBSllIEHa IJ1aBa 4;
Cl0/1a OTHOCATCSA CITUCKH, KOJIbL{a, AEPEBbA H BOOOLIE KOHEYHble rpadbl.

[lepeMeHHbIe ¥ THIIBI AAHHBIX BBOAATCA B NPOrpaMMY U1 HCNIOJIb30BAHHA B BHIYKC-
NeHusx. [na BuYKC/IEHUH HYXHO UMeTb Habop onepaumii. [loaToMy ans kaxaoro
CTaHIAPTHOrO THINA JAHHLIX A3LK IPOrpaMMUPOBaHHA NpeJiaraeT HeKuii Habop NpuUMK-
THBHBIX, CTAHAAPTHAIX OMEPaLHif, a 1A KaXKA0ro METOAA CTPYKTYPHUPOBaHHA — CrelH-
aNbHble oNnepauuy JIA JOCTyNa K KOMIIOHEHTAM BMECTe C COOTBETCTBYIOLIE HOTalMeH.
Hepeako cYuTalor, 4To CyThb MCKYCCTBa NMPOrpaMMHMpOBaHHUA — B KOMOHHHUPOBAHUH
onepauuii. OnHaKo Mbl YBUAMM, YTO XOpolliee CTPYKTYPHPOBaHHE JaHHbIX — 33/la4a He
MeHee pyHAaAMeHTA/IbHAasA U Ba)KHas.

BaxHei1l1ne OCHOBHbIE ONepaLMH — CPAGHEHUE N npuceauéanue, To eCTb NpoBepKa
paBeHCTBa (MJIM MOPAAKA B CJlyyae YNOPAAOYEHHBIX THIIOB) H KOMaH/a, TaK CKa3aTb,
obecneunBaiowas paseHcTBo. [IpHHUMNIHANbHOE pa3uyMe MeXAY HUMH NoaYepKH-
BaeTcs 0603HaYeHHAMH, KOTOPbIE HCNOJb3YIOTCA Ha MPOTAXEHUH BCeil KHUIH:

[IpoBepka paBeHcTBa: X =y (BhipakeHHe, aaolee 3HayeHne TRUE uau FALSE)
[IpucBanBaHHe nepeMeHHoI X: X :=y (onepaTop, Ae/alolHii X paBHLIM Y)

ITH OCHOBoOIOJIaraiolIHe AeiCTBUA onpeaesieHnl A5 60/bIIMHCTBA TUIIOB AaHHBIX,
HO cJieyeT 3aMETUTb, YTO HX BhIMIOJIHEHHE MOXET TpeboBaTh Cepbe3HhIX BRIYHCEHHIA,
€CJIM JaHHbl€e BEJIMKH Mo 06beMY H HMEIOT CJI0XKHYIO CTPYKTYPY.

JAns cTaHAaPTHBIX MPUMUTHUBHBIX THIIOB JJaHHBIX Mbl TOCTYJIMPYEM He TOJbKO BO3-
MOXHOCTb MNPHCBaHBaHUSA M CPaBHEHHS, HO elle H Habop onepaumii 15 co3aaHuA (Bhl-
YUCJIEHUA ) HOBRIX 3HaYeHUI. A UMEHHO: JIJIA YUCJIOBbIX TUMOB Mhl BBOAMM CTaHAAPTHHIE
apu¢MeTHYECKHE onepaLMH, a A5 JOrMHYeCKUX 3HaYeHHH — 3JieMeHTapHhIe onepaluuH
JIOTHKH BhICKa3hlBaHHA.

1.3. CranpapTHbIe NPUMUTUBHLIE TUNbI

CraHaapTHhle NPUMHUTHBHAIE TUTRI CYTb T€, KOTOPhI€ AOCTYMHL B 60/IbLIMHCTBE KOM-
NbIOTEPOB ¢Ha ypOBHe XeJsie3a». Ciona BKJII0YAIOTCA LieJibie YHCJIa, JIoTHYecKHe 3Haye-
HMA, a TaKXKe HEKOTophlit Habop inTep A neyaTH. Ha MHOrmx koMnbloTepax ewe HMe-
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I0TCs1 APO6HbIE YHC/1a BMECTE CO CTAaHAAPTHLIMH apHPMeTHYECKHMH onepaunaMi. Mul
0603HaYaeM 3TH THNRI CJIEAYIOLMMH HAEHTH(HKATOPaMH:

INTEGER, REAL, BOOLEAN, CHAR, SET

1.3.1. Tun INTEGER

Tun INTEGER npeacTapiisier NOAMHOXECTBO Li€JIhIX YHCeJl, AHaNa30H 3HaYeHHit KoTo-
PBIX MOXET MEHATbCA OT OAHOM BhIYMCJIHTENILHOIT cUCcTeMbl K Apyroii. Ecan koMnblo-
TEP HCMOJIb3YeT N OUTOB A5 NPEACTABJIEHHUS LIEJIbIX YHCEJl B AONOJHUTEbHOM KoAe, TO
NONYCTUMBIE 3HAYEHHUSA X JI0JKHBI YIOBJIETBOPATD YC10BHIO -2™! € x < 2"!, [Tpeano-
JIaraeTcs, YTo BCE onepauMy ¢ AaHHBIMH 3TOrO THMA ABJAIOTCA TOYHBIMH U COOTBET-
CTBYIOT OObIYHBIM 3aKOHaM apH(METHKH U YTO BHYHCAeHHe OyaeT npepBaHo, €CJIH pe-
3yJIbTaT JIEKUT 3a NpejejaMH YKa3aHHOro aAvana3oHa. Takoe coOniTHe Ha3bBalOT
nepenoanenuem. CTaHaapTHbie ONEpalHH — YeThipe OCHOBHbIE apudMeTHYECKHE one-
pauMu: coxeHHe (+), BuyutaHHe (-), yMHoxeHue (*) u aesenue (/, DIV).

Kocas yepta 6ynet 0603HayaTh fesieHHe, UMeloLlee pe3y/IbTaToM 3HayeHHe THna REAL,
a onepauns DIV 6yneT 0603HayaTh LeJIOUUCIIEHHOE JieIeHHe, HMelollee pe3yJIbTaTOM 3Ha-
yeHHe Tuna INTEGER. Ecnn Mul onpeaennMm yactHoe @ = m DIV n u octatok r = m MOD n,
TO A0JDXHbI BhINOJIHATHCSA CAEAYIOLIHE COOTHOLIEHHA (npeanosaraercs, 41o n > 0):

g'n+r=m H O0<r<n

Ilpumepn
3IDIVIO= 3
31 MOD 10=1

-310V10=-4 -31MOD10=9

N3BecTHO, 4TO aAejieHne Ha 10" MoxeT OnITb OCYWECTBJIEHO NMPOCTHIM CABHIOM
NECATHYHBIX 3HAKOB Ha N MO3HKLHKIT BpaBo ¢ 0TOpachiBaHHeM H36nIToOUHBIX UHPp cnipa-
Ba. AHQJIOrMYHBIA METOA MPHUMEHHUM, €CJIH YMCa MPeaCTaB/IeHhl B ABOMYHOM, a He
NeCATHYHOI HOTauuH. Ecain ucnosib3yercs 1onONHHTE/IbHAIH Ko (KaK 9TO HMeeT MeC-
TO NPaKTHYECKH BO BCEX COBPEMEHHBIX KOMIBIOTEpaX ), TO CABHTH 0b6ecneynBaioT aene-
HHUe B COOTBETCTBHH C 1aHHKIM Bhillle onpeaeieHneM onepaunu DIV. [ToatoMy B koMnu-
JIATOpE HETPYAHO peau30BaTh onepauuio Biaa m DIV 2" (uan m MOD 2") ¢ noMolibio
6nicTpoit onepaunu caABUra (MK C MOMOLIbIO MacKH).

1.3.2. Tun REAL

Tun REAL npeacrabiseT noAMHOXECTBO BellleCTBEHHBIX Ynucen. Ecnu ana apudpmern-
YyecKuX onepauui c onepataamMu tuna INTEGER npeanojiaraercs, YTO OHH AQlOT TOYHbIE
pe3yJibTaThl, TO apHpMeTHYECKHE onepaulH co 3HaueHUAMH THna REAL MoryT 6niTh
HETOYHLIMH B npejesiax olHOOK OKPYIJIeHHs, BhI3BAHHAIX TE€M, YTO BRIYMCJIEHUA NpPO-
H3BOAATCSA C KOHEYHRIM YHCJIOM 3HaYalMX UMPp. ITo rJaBHas NPHYKUHA JUIA TOTO, YTO-
6nt siBHO pa3inyaTh TUNkI INTEGER H REAL, kak 3710 AesaeTcs B 60/bIIMHCTBE A3LIKOB
NnporpaMMHPOBaHHS.
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CranaapTHuie onepauum — YeToipe OCHOBHhIEe apudMeTHYECKHE OnepaLHH: CJloxKe-
Hue (+), BaluutaHHe (), yMHoXeHue (*) u aenerue (/). CyIHOCTb THNH3AUHH AaH-
HBIX — B TOM, YTO pPa3Hhl€ THIhI CTAHOBATCA HECOBMECTHMAIMH MO NpHcBanBaHuio. c-
KJIIOYEHHe AeJ1aeTCA A/ NPUCBAUBAHHSA LEJOYHCJIEHHMX 3HaYeHUH BeLeCTBEHHAIM
nepeMeHHhIM, TaK KaK CEMAaHTHKA B 3TOM CJ1yyae oHO3HayHa. Beab uesnle yncaa co-
CTaBJSAIOT MOAMHOXECTBO BellecTBeHHuX. OAHaKo nMpUCBaHBaHHe B OOpaTHOM Ha-
npaBJIeHUH 3anpelleHO: MPUCBaHBaHHe BeleCTBEHHOIO 3HaYE€HHS 1es10i1 nepeMeHHOMH
TpebyeT oTOpachBaHUsA APO6HOI YacTH AU OKpyrieHnsa. CtaHaapTHas GYHKUHA npe-
o6pasoBanusa ENTIER(x) naeT uenyio 4acTb BeJIMYHHEI X. TOraa okpyrjeHue BeJJUYHHbI
X BhInoJiHAeTCcA ¢ noMouibio ENTIER(x + 0.5).

MHorHe a3nlkH nporpaMMHPOBaHHA He CoAepXKaT onepaunii BO3BEAEHHA B CTENEHb.
Caeayiomuii anroputM obecneyHBaer HHCTpoE BHYHCIECHHE BEIHYUHB Y = X", rae n —
HeoTpHLaTesIbHOE 1 eJIoe:

y=1.0;i:=n; _ (* ADruS13 *)

WHILEi> 0 DO (*xo" = x'*y*)

IF ODD(i) THEN y := y*x END;
X :=x*x; i:=iDIV2
END

1.3.3. Tun BOOLEAN

J1Ba 3HaueHHs cTaHaapTHoro THna BOOLEAN o6o3Havatorca naeHTHgukaropamu TRUE
u FALSE. ByseBckue onepauuu — 310 JiorHyeckue KOHbIOHKLUMA, AHIBIOHKLUHA H OTPHU-
LaHHe, KOTophle onpeaeseHbl B Taba. 1.1. Jloryeckas KOHBIOHKUMA obO3Hayaercs
CHMBOJIOM &, JlorHyeckas AU3bIOHKLUHUA — CHMBOJIOM OR, a OTpHLIaHHE — CUMBOJIOM ~.
3aMeTHUM, 4YTO onepalUMH CPaBHEHHSA BCerja BhIYHCAAIOT pe3yJibraT THna BOOLEAN.
IloatoMy pe3yJsibTaT CPaBHEHHUS MOXXHO NMPUCBOUTb NEPEMEHHOI MJIH HCNOJIb30BaTh
KaK onepaH Jiorn4eckoii onepaunu B 6yseBckoM BaipaxkeHHH. Hanpumep, ans 6ynes-
CKHUX NMEPEMEHHRIX P U q U LeJIbIX NepeMeHHbIX X = 5,y = 8, Z = 10 1Ba npHCBaUBaHUA

P=Xx=y
q:=(xsy)&(y<2)

nator p = FALSEu q = TRUE.

Tabnuua 1.1. Bynesckve onepauun

P q p&q PORq ~p

TRUE TRUE TRUE TRUE FALSE
TRUE FALSE TRUE FALSE FALSE
FALSE TRUE TRUE FALSE TRUE
FALSE FALSE FALSE FALSE TRUE

B 6onblIMHCTBe A3LIKOB NporpaMMUpoBaHHa GyJieBckne onepaunmn & (AND) u OR
00/1a1a10T AOMOJIHHTENbHBIM CBOHCTBOM, OT/IHYAIOLIMM HX OT APYTHX OMHapHBIX onepa-
uuit. Hanpumep, cyMma x+y He onpenefieHa, ec/ii He onpeaeeH Jiioboit 3 onepaHIoB X
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WJIH Y, ONHAKO KOHBbIOHKIIHA p&q onpeneneHa, Jaxe ecyH He onpeaesieHo 3HaYeHHe q, PH
ycJi0BuH 4TO p paBHO FALSE. Takoe corJiallieHHe oka3biBaeTCsi BAKHBIM M noJie3HuiM. [o-
3TOMY TOYHOE onpezeseHue onepauni & u OR aaeTcs caeayIOLHMH PaBEHCTBAMH:

p&q = ecaup,TO q, uHaue FALSE
p OR q = ecau p, To TRUE, HHaye q

1.3.4. Tun CHAR

CranaaptHniit Tun CHAR npeacrapisieT JIMTephl, KOTOphle MOXHO Hamneyararb.
K coxaneHuio, Her OOLIENPHHATOrO CTAaHAAPTHOMO MHOXECTBA JIHTEp IS BCeX
BhIYHCJIMTEJIbHRIX cCUCTeM. [o3aToMy npusiararenbHOe «CTaHAApPTHhIA» B 3TOM Cjyyae
MOXeT NPUBECTH K NMyTaHHULE; ero cjaeayeT NOHUMaTb B CMhIC/IE€ «CTAHAAPTHRIA LA
BhIYHCJIMTEJIbHOW YCTAHOBKH, Ha KOTOPOH NOJ>KHA BhIMOJIHATLCSA NMPOrpaMMas.

Yawe BCcero HCnoJib3yercsi MHOXECTBO JIMTEp, onpeaejieHHoe MexayHapoaHoM
opraHH3auHeii no cranaaptusauuu (ISO), 1, B YacTHOCTH, €ro aMepHKaHCKHit BApDUAHT
ASCII (American Standard Code for Information Interchange). [IoaToMy MHOXecTBo
ASCII npuBeneHo B npuoxeHHH A. OHo conepxut 95 rpaprueckHX (MMEIOLHX H300-
paxxeHHe) JuTep, a TakKe 33 ynpasasouHe (He HMEOWMX H300paKeHUA) JIUTEPhI,
HCNoJIb3yeMhle B OCHOBHOM MNpH nepeaaye AaHHLIX U AA YNPaBJIeHHA NeYaTalolWuMH
YCTPOMCTBaMH.

Yrobnl MOXKHO OhlJIO CO34ABATh AIFOPUTMEI A1 PaboThl C JiMTepaMH (TO €CTb CO
3HayeHHAMHM THUna CHAR), KoTophie He 3aBHCEJH Obl OT BhIYUCJIUTENbHOI CHCTEMBI,
HY)>XHO HMETb BO3MOXHOCTb CAejlaTb HEKOTOphle MHUHHMMAIbHBIE MPEeANOJIOXKeHHUSA
0 CBOMCTBax MHOXeCTBa JIHTEP, a UMEHHO:

1. Tun CHAR coaepxHT 26 3arsiaBHbIX JJaTHHCKHX 6ykB, 26 cTpouHuiX 6ykB, 10 ae-
CATHYHBIX UN(P, a TAK)KE HEKOTOPhIE APYrHe rpadHyYecKHe CHMBOJIbI, HAaNpHMeEp
3HaKH NpenuHaHHA.

2. IMoaMHoxecTBa 6ykB M UH(P ynopsaAoueHk U MeXAY coboli He nepeceKaloTCs:
("A" £ x) & (x £"Z°) noapasyMeBaeT, YTO X — 3arjlaBHas 6y KBa;

("a" £ x) & (x £"2") noapasyMeBaeT, YTO X — CTpOYHasA 6yKBa;
("0" < x) & (x £"9") noapaszyMeBaeT, YTO X — AECATHYHaA UHPpa.

3. Tun CHAR coaepXHT Hene4yaTtaeMhle CHMBOJIbI Tpo6eJia H KOHLa CTPOKH, KOTO-

phle MOXKHO HCNIONb30BaTh KaK pa3ie/IMTeNH.

Jlnsa HanucaHHA MallMHHO HE3aBHCHMbIX NporpaMM OCOOEHHO BaXXHhl JBe
cTaHaapTHaie pyHKUMM npeoOpa3oBanus Mexay THnamMH CHAR u INTEGER. HasoBeM
nx ORD(ch) (aaeT nopsaaxoBklit HOMep JuTephl ch B UCNOJIb3yeMOM MHOXECTBE JINTEP)

THIS_,IS_,A_ TEXT

Puc. 1.1. Npencrasnexue Texcra
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1 CHR(i) (maaet aHTepy c nopsaakoBuiM HoMepoM i). Takum obpa3oM, CHR saBasercs
obpatHoii pyHkuHei# ais ORD u HaobopoT, TO ecTb

ORD(CHR(i)) = i (ecsu 3Hayenne CHR(i) onpeneneHo)

CHR(ORD(c)) = ¢

Kpome toro, nocrysampyeM Hanuuue craHaaptrHoii pynkuun CAP(ch). Ee 3Haue-
HMe — 3arjiaBHas 6ykBa, cooTBeTcTBYIowas ch, ecau ch — 6yxsa.

ecsi ch — ctpouHas 6ykBa, To CAP(ch) — cooTBeTCTBYI0LI{adA 3araBHas 6yxBa

ecau ch - 3arsiaBHas 6yxBa, To CAP(ch) = ch

1.3.5. Tun SET

Tun SET npeacTaBiseT MHOXKECTBa, 3J1eMEHTAMH KOTOPhIX ABJIAIOTCA LieJible YHUCa U3
axana3oHa ot 0 10 HekoTOporo HebosbLIOrO YKcaa, obryHo 31 wan 63. Hanpumep,
€CJIM onpeeJieHbl nepeMeHHbIe

VAR, s, t: SET
TO BO3MOXHhI MPHCBaHBaHUS
r={5}s={x,y..z5t:={}

3aech nepeMEeHHOM r NMPHCBaMBAETCA MHOXECTBO, COCTOSLLEE U3 €AHHCTBEHHOIO
3JIeMEeHTa S; nepeMeHHO# t NpUCBaHBaETCA NMyCTOE MHOXECTBO, a NEPEMEHHO § — MHO-
’)KECTBO, COCTOSLLEE U3 AIEMEHTOB X, Y, Y+1, ..., 2-1, Z.

Cieayioluye 3jieMeHTapHble onepaLuH onpeaesieHl A onepaHaoB Tina SET:

*  nepeceyeHHe MHOXECTB

+ obbeaHHeHHE MHOXECTB

—  Ppa3sHOCTb MHOXECTB

/  CHMMETPHYeCKas pasHOCTb MHOXECTB

IN  npuHanIeXHOCTb MHOXECTBY

Onepauuu nepeceyeHHs H 00beAHHEHHSI MHOXECTB YaCTO Ha3bIBalOT YMHOXEHHEM
H CJ1I0)KEHHEM MHOXXECTB COOTBETCTBEHHO; TPUOPHTETH 3THX ONepaLHii onpeaAensioTca
TakK, YTO NMPUOPUTET NEpPeceYEHUs Bhillle, YeM Y 0ObeAMHEHUA U Pa3HOCTH, a MPHOPH-
TEThl NOCJI€AHUX Bhillle, Y€M Y ONepPaLlMH NPHHALNEKHOCTH, KOTOpas BhIYUCAET JIOrH-
yeckoe 3HauyeHne. Huxe naiorcs npHMephl BhlpaxXeHHil C MHOXECTBAMH M HX BEPCHH
C MOJHOCTbIO PaCCTaBJIEHHRIMH CKOOKaMH:

r*s+t = (r*'s) +t
r-s*t = r-(s*t)
r-s+t = (r-s)+t
r+s/t = r+(s/t)

XINs+t= xIN(s+t)

1.4. Maccusbl

BeposiTHO, MaccHB — Haubosee LIKPOKO MCMOJIb3yeMas CTPYKTYPa AaHHbIX; B HEKOTO-
phiX A3blKax 3TO BoOOLIE eAMHCTBEHHasA CTPYKTypa. MacCHB COCTOHT U3 KOMIIOHEHT,
MMeIOLUX OAMHAKOBRII THI, Ha3biBaeMblit 62306WM; NO3TOMY O MaCCHBE FOBOPAT KaK
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06 odnopodnoi cTpykType. Maccus nonyckaet npoussonsuuiti docmyn, Tak Kak MOXKHO
NPOU3BOJIbHO BhIGPaTh J1106Y10 KOMIIOHEHTY, H AOCTYN K HUM OCYILECTBJIAETCA OHHa-
KoBO 6bicTpo. UToOb 0603HAUYHTHL OTAE/bHYIO KOMIIOHEHTY, K HMEHU BCEr0 MaCCHBa
HYXHO NPUCOEAHHHUTD UHOEXC, TO €CTb HOMEP KOMIMOHEeHTh. M Haexc aosxeH GuiTh ue-
JIbIM YHUCJIOM B Juana3oHe oT 0 A0 n-1, rae n — YUCJIO 3JIEMEHTOB, WIH 0uHa MaCCHBA.

TYPE T = ARRAY n OF TO
ITpumepwi

TYPE Row = ARRAY 4 OF REAL
TYPE Card = ARRAY 80 OF CHAR
TYPE Name = ARRAY 32 OF CHAR

KoHkpeTHoe 3HaueHHne nepeMeHHOoil
VAR x: Row

Y KOTOpOii Bce KOMIOHEHTRI yNOBJIETBOPAIOT ypaBHeHHIo . [ 40
x; = 2°}, MOXXHO npencTaBUTh Kak Ha pHc. 1.2.

OTaenbHass KOMIMOHEHTa MacCHBa BuniOMpaerca ¢ mo- % | 05
Molbio uxdexca. ECH UMeeTcs epeMeHHasi-MacCHB X, TO xs | 0.25
COOTBETCTBYIOLNI ceaexmop (TO eCTb KOHCTPYKUMIO IS
Bhibopa oTae/bHOI KOMMNOHeHTh) 6yaeM u3obpaxaTtb mo- X | 0.125
CPeACTBOM HMEHH MaCCHBa, 32 KOTOPHLIM cJleyeT HHAEKC CO-

OTBeTCTBYIOLLIeil KOMIIOHEHTHI i, H 6yaeM nucaTb x; uam x[i).  Pvc. 1.2. Maccue na
MepBoe U3 3TX 0603HAYEHUII IPUHATO B MaTEMATHKe, o-  ROW, B KOTOPOM X, = 2!
3TOMY KOMIIOHEHTY MaCCHBA €llle Ha3bLBaIOT UNOEKCUPOBaN-

HOU nepeMennou.

OO6r1yHuIi cniocobd paboTel ¢ MaccHBaMH, 0co6eHHO ¢ 6ONBUIMMH, COCTOUT B TOM,
4yT06R BRIGOPOYHO H3MEHATb OTAEAbHbIE KOMIIOHEHThI, BMECTO TOrO YTOOhl CTPOUTH
HOBOE COCTaBHOE 3Ha4yeHHe UeJHKoM. /15 3Toro nepeMeHHyI0-MaCCHUB PacCMaTPHBAIOT
KaK MacCHB TNepeMEHHbIX-KOMMOHEHT M pa3pelialoT NPHCBaMBAHHA OTAE/IbHAIM
KOMMOHeHTaM, HanpuMep X[i] := 0.125. XoTa npu BubopoYHOM NPUCBaUBAHHH MeHS-
€TCS TOJIbKO OIHa KOMIIOHEHTA, C KOHLENTYaJIbHOI TOYKH 3PEHHS Mbl AO/DKHBI CYH-
TaTb, YTO MEHAETCA BCE COCTaBHOE 3HaYeHHE MaCCHBA.

ToT ¢axT, 4To MHAEKCh MaccuBa ((paKTHYECKH UMEHa KOMIIOHEHT MaCCHBA) CyTb
LieJIbie YUCJIa, UMEET BeCbMa BaXKHOeE CJIeACTBHE: HHAEKChI MOTYT BhIYMCAATLCA. BMecTo
MHIEKCa-KOHCTAHThI MOXHO NMOCTaBUTb obllee HHAEKCHOE BhipaXkeHHe; TorAa noapa-
3yMEeBaeTCs, YTO BhIpaKeHHe BHIUMUCSETCA, a €r0 3HaYeHHe UCTIob3yeTCs A5 Bubopa
KOMIMOHeHThl. Takas 0OLIHOCTbL He TOJILKO AaeT BECbMa BaXXHOE M MOLIHOE CPEACTBO
NporpaMMHUPOBaHHA, HO U IPHBOAMUT K OZTHOM H3 CaMbIX YaCThIX OIIM60K B MporpaMMax:
BRIYMCJIEHHOE 3HaYeHHe HHAEKCa MOXKET 0Ka3aTbCA 3a NpelesaMH AWana3oHa WHAeK-
COB AaHHOro MacCHBa. ByaeM npeanonaraThb, YTO ¢«MPHIAHYHBIE» BHIYMCAHTE/IbH b€ CUC-
TeMbl BBUAAIOT MpeAynpexaeHHue, eCJH UMeeT MeCTO olMboYHas MONbITKa AOCTYMNa
K HeCYLIECTBYIoLIEel KOMIIOHEHTE MaCCHBA.

MowHOCTb CTYKTYPHUPOBaHHOIO THITA, TO €CTb KOJAUYECTBO 3HAYeHHH, NPHHAAIEXKA-
LLMX 3TOMY THIy, paBHa NMPOM3BedeHUIO MOLIHOCTelH ero KoMnoHeHT. [lockoabky Bce
KOMMOHEHTH MacCHBOBOro TUNa T HMEIOT OAHHaKoBhIi 6a30Bhiit THN TO, TO NOAy4YaeM
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card(T) = card(TO)"

DeMeHTh MaCCHBOB CaMH MOTYT 6uITh cocTaBHbIMH. [IepeMeHHas-MacCHB, y KOTO-
poit Bce KOMITOHEHThI — TOX€e MaCCHBbI, Ha3blBaeTCA Mampuiyeti. Hanpumep,

M: ARRAY 10 OF Row

ABJIAETCA MACCUBOM, COCTOSLLIUM H3 AeCATH KOMIIOHEHT (CTPOK ), MpHUYeM KaKaas KOM-
NMOHEHTAa COCTOMT U3 YeThipeX KoMMOHeHT Thna REAL. Takoit MaccHB Ha3nIBaeTCA MaT-
pHueit 10x4 c BeweCTBEHHBIMH KOMMOHEHTaMH. CeJleKTOphl MOTYT NPHNHUChIBATLCA
OMH 3a APYTHM, TaK 4To Mj; 1 M(i][j] 0603Ha4aIOT j-10 KOMITIOHEHTY CTPOKH M;, KoTOpas,
B CBOIO oYepellb, ABJSAETCA i-if KOMNOHeHTOMH MaTpHLal M. O6kIYHO HCOIB3YIOT COKpa-
weHHyto 3anuchb M[i,jl,  aHanornyHo s o6bABIEHUSA

M: ARRAY 10 OF ARRAY 4 OF REAL
MOXHO MCINOJIb30BaTh COKPallleHHYI0 3alHCh
M: ARRAY 10, 4 OF REAL

Ecaun HyXHO BRINOJHHUTb HEKOTOPOE AeHCTBHE CO BCeMH KOMIIOHEHTaMH MaCCHBa
WJIM C TPYNMNOit MAYIMX NMOAPAA KOMIOHEHT, TO yA100HO NOAYEPKHYTb 3TOT (aKT, HC-
noJib3ys oneparop uMkia FOR, kak noka3aHo B cJleAYIOIMX NPHMepPaXx, Iie BhlYHCIAeT-
CA CyMMa H HaXOAMTCA MaKCHMa/bHbIH 3JIeMEHT MaCCHBa a:

VAR a: ARRAY N OF INTEGER; (* ADruS14 %)

sum = 0;
FOR i:=0TO N-1 DO sum := afi] + sum END
k := 0; max := a[0];
FORi:=1TO N-1DO

IF max < a[i] THEN k := i; max := a[k] END
END

B caeaytiomeM npuMepe npeanonaraercs, 4To Apobsb f npeacTaBaseTcs B AeCATHY-
HoM Buze ¢ k-1 undpaMu, To eCTb MacCUBOM d, TAKHM, 4YTO

f=Si:0<i<k:d;* 10 HIH
f = dg+ 10*d; + 100*d; + ... + 10k 1*d, .,

[IpeanosioxuM Tenepb, YTO Mbl XOTHM NoAeAHTD f Ha 2. ITO AeslaeTCA NOBTOPEHHUEM
y>Ke 3HaKoMo# onepauuH aeneHHa 1 Bcex k-1 undp d;, HaunHas ci=1. Kaxnas ung-
pa AeJIMTCA Ha 2 C YYETOM OCTaTKa JeJieHHUs B Npeblaylleil NO3ULHMH, 2 BOSMOXHAIN
OCTaTOK OT AeJIeHUA B JaHHO#1 MO3ULHH, B CBOIO 0Yepeab, 3aNlOMHHaeTCs 1A cJleayio-
Lero 1uiara:

r:=10*r +d[i]; dli}]:=rDIV2; r:=r MOD 2

ITOT ANrOPHTM HCNIONb3YETCA /A BRIYUCIIEHHA TabINLIb OTPHULATEIBHBIX CTeneHel
yucaa 2. [loBTopHble Ae/IeHHA MoNnoJaM IS BIYUCJIEHHS BEJIMYHUH 2°1,22,..,2NcHoBa
ya06HO BhIpa3HTb onepaTopoM LHKIa FOR, Tak YTO B UTOre MOJIyYyaeTcs Nnapa BJAOXKEH-
HuIX I{HKJI0B FOR.
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PROCEDURE Power (VAR W: Texts.Writer; N: INTEGER); (* ADruS14 *)
(*BLIMMCAUTD ACCATUYHOR TIPEACTaBNEHKUE OTPULLATeNbLHbIX CTEeTTeHen Yncna 2*)
VAR i, k, r: INTEGER;

d: ARRAY N OF INTEGER;
BEGIN
FOR k :=0TO N-1DO
Texts.Write(W, “.°); r := 0;
FORi:=0TOk-1DO
r:=10*r + d[i); d(i] :=r DIV 2; r :=r MOD 2;
Texts.Write(W, CHR(d[i] + ORD("0")))
END;
d(k] := S; Texts.Write(W, °5"); Texts.WriteLn(W)
END
END Power

B peayabTtare 14 N = 10 neyataerca cieayowuit TEKCT:

.5

.25

125

.0625
03125
.015625
.0078125
.00390625
.001953125
.0009765625

1.5. 3anucu

Camniit 06mmit cnocob CTPOUTb COCTaBHAIE THITbI 3aK/I0YAETCSH B TOM, YTOObI OOBbEAMHATD
B HEKH  arperar 3JleMeHThl POM3BOJbHLIX TUIIOB, KOTOPhlE CAMU MOTYT OLITh COCTaBHRIMH
tunamH. [IpuMepnl M3 MaTEMaTHKH: KOMIUIEKCHbIE YHCJIA, COCTaBJIEHHbIE U3 Maphbl Belle-
CTBEHHBIX, a TalOKe KOOPAMHATHI TOYKH, COCTaBJIEHHbIE M3 ABYX WK 6osiee yicea B COOT-
BETCTBHH C pa3MepHOCTbIO NpocTpaicTsa. [IpuMep n3 06paboTKH AaHHRIX: ONKUCAHHE Jiio-
aei NoCpeCTBOM HECKOJILKHX CBOMCTB, TAKMX Kak MMA U GaMHJINA, AATA POXKAEHHUS.

C ToukM 3peHHss MaTeMaTHKH, TaKoit cocmaenoti mun (compound type) siBasieTcA
npsAMBIM (1eKapTOBLIM) NMPOH3BeAeHHEM cocmaesasoujux munos (constituent types):
MHOXECTBO 3HaY€HH It COCTaBHOIO THIA COCTOHT H3 BCEBO3MOXKHRIX KOMOMHaLM i1 3Ha-
YeHHit, Kaxa0oe U3 KOTOPhIX B3ATO U3 MHOXECTBA 3HaY€HHil COOTBETCTBYIOLIErO CO-
ctaBaswouero THna. [ToatoMy unci0 TAKMX KOMOHHaLHI, Ha3hiBaeMhIX TaKXe N-KaMu
(n-tuples), paBHO NPOU3BEAEHHIO YUCEJ 3JIEMEHTOB KaXJAOr0 COCTABJAIOLIErO THNA;
APYTHMH CJIOBAMH, MOLIHOCTb COCTaBHOIO THIIa PaBHa NPOH3BEIEHHIO MOILHOCTei co-
CTaBJSAIOLWIMNX THIOB.

B 06pa6oTke JaHHKIX CJI0XKHbBIE THIRI, TAKHE KaK ONMUCAHHA Jiioaeit HIN 06beKTOB,
o6n14HO XpaHATcA B (aitsiax nam 6a3ax JaHHBIX M COAEPXKAT HYXKHbI€ XapaKTEPHUCTHKH
yenoBeka MK obbekTa. [ToaToMy 1A onMcaHKsA COCTaBHBIX AaHHBIX TaKOi MPUPOALI
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CTan WHPOKO YNOTPeOIATbCA TEPMHUH 3anuch, U Mbl TOXe OyaeM ero HCMosib30BaTh
BMECTO TePMHHa <NpsAMOe Npou3BeaeHHe». B o6weM cayyae sanuceswts mun (record
type) T C KOMIOHeHTaMH THIIOB Ty, T3, ..., T, ONpeaeasierca cienyommnM odpasom:

TYPET = RECORD s,: T);s5: Tp; ... Sq: Ty END
card(T) = card(T,) * card(T,) * ... * card(T})

Tlpumepot
TYPE Complex = RECORD re, im: REAL END
TYPE Date = RECORD day, month, year: INTEGER END

TYPE Person = RECORD name, firstname: Name;
birthdate: Date;

male: BOOLEAN
END
KoHkpeTHble 3HaueHHsA 3alHCell, HanpHMep, IS IepeMeHHBIX
Z: Complex
d: Date
p: Person

MOXCHO H306pa3HThb Tak, KaK NMoKa3aHo Ha puc. 1.3.

Complex 2 Dated Person p
1.0 1 SMITH
-1.0 4 JOHN
1973 18 | 1| 1988
TRUE

Puc. 1.3. 3anucu tunos Complex, Date 1 Person

WUnentnduxaropu s,, Sy, ..., S, BBOAUMbBIE B ONpeae/IeHHH 3alTHCEBOrO THMA, CYTh
MMeHa, 1aHHhle OTAEe/IbHbIM KOMIIOHEHTaM MepeMeHHbIX 3Toro Tuna. KoMnoHeHTh 3a-
nucu HasniBatotca noaamu (field), a ux umena — udenmugpuxamopamu noaeti (field
identifiers). Ix ucnoab3yioT B ceiekTopax, NpUMEHAEMbIX K epeMEeHHbIM 3aNUCEBhIX
thnos. Ecaiv nana nepeMennas x: T, ee i-e nnosie 0603HayaeTcs Kak X.s;. MoxHo Baino-
HHUTb YaCTHYHOE H3MEHEHHE X, €CJIH HCN0JIb30BaTh TaKO¥ CeJIEKTOP B JIEBOH YaCTH one-
paTopa NpHCBaHBAHHA:

X.5j.:=¢e

rae e — 3HaueHHe (BulpaxxeHue) tuna T;. Hanpumep, eciH HMeIOTCSA 3anKuceBhie nepe-
MeHHhle Z, d, H p, 06bABJIEeHHbIE Bhillle, TO CJIeAYIOL{HE BhIPaXEHHUA CYTb CeJIEKTOPhl HX
KOMIIOHEHT:

z.im (runa REAL)
d.month (runa INTEGER)
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p.name (tuna Name)
p.birthdate (THna Date)
p.birthdate.day (tuna INTEGER)
p.mail (rna BOOLEAN)

[IpuMep THNa Person noka3niBaeT, YTO KOMIIOHEHTA 3alIMCEBOrO THIIa caMa MOXeT
6n1Th cocTaBHOI. [I03TOMY cesiekTOphI MOTyT OBITH NpHMeEHeHbI OAMH 3a ApyruM. Ecre-
CTBEHHO, YTO pa3Hhle CNOCOObI CTPYKTYPHPOBAaHUA TOXe MOTYyT KOMOMHHUPOBATbLCA.
HanpuMep, i-fi KOMNOHEHTa MacCCHBA a, KOTOPhIi caM ABJIAETCA KOMIIOHEHTOM 3amnHce-
BOit NepeMEeHHOI4 r, 0603HayaeTcs Kak r.a[i], a KOMIIOHeHTa ¢ HMEHEM $ M3 i-ro aJleMeHTa
MacCHBa a, COCTOALLEro U3 3anuceit, o6o3Havaercs Kak alil.s.

[IpsiMoe npoH3BeseHHe N0 onpeae/ieHHI0 COCTOUT U3 BCEBO3MOXHbBIX KOMOHHALIHH
3JIEMEHTOB CBOHX COCTABJAAOIHX THNOB. ONHAKO HYXKHO 3aMETHTb, YTO B peaibHbIX
NPHJIOXKEHHAX He BCe OHH MOTYT MMeTb cMbicjl. HanpuMep, onpeaesieHHblit Bhillle THIT
Date nonyckaet 3HayeHus 31 anpens H 29 ¢pespana 1985, KOTOpLIX B KaneHAape HET.
[ToaToMy npuBeaeHHOe onpeaesieHHe 3TOFO THIA OTPaXKaeT pealbHyI0 CUTYalHIO He
BIOJIHE BEPHO, HO JOCTAaTOYHO OM3KO, a MPOrPaMMHCT A0JXeH obecneynTb, YTOOR
NMpH BHINOJHEHUH NPOrpaMMbl 6€CCMbICIEHHBIE 3HaYeHUs HHKOTAa HEe BO3HHKANH.

Chnenyiouuii pparMeHT nporpaMMhl NOKa3biBaeT HCIIO/1b30BaHHE 3aIUCEBLIX Nepe-
MeHHhIX. Ero HasHaueHHe — moAcYeT YKCcIa JIML XKEHCKOro MoJsia, pPOAUBLIHXCA Moce
2000 r., cpean npeacTaBJieHHLIX B NepeMeHHOH-MacCHBe:

VAR count: INTEGER;
family: ARRAY N OF Person;

count ;= 0;
FORi:=0TO N-1 DO

IF ~family(i].male & (family[i].birthdate.year > 2000) THEN INC(count) END
END

U 3anuch, 1 MaccHB 06ecnieunBaloOT npou3soabHbiti 00CMYn K CBOMM KOMIIOHEHTaM.
3anucs saBiserca 6osee oblueii B TOM CMbiCJ€, YTO €€ COCTABJIAIOLIHE THIThI MOTYT ObITh
Pa3HbeIMU. MaccHB, B CBOIO OYepeab, A0NYyCKaeT 60/1bl1yI0 THOKOCTb B TOM OTHOLIEHHH,
YTO CeJIEKTOPbl KOMIIOHEHT MOTYT BhIYMCJAATHCA (334aBaThbCA BhIpaXXeHUSAMH), TOrAa
KaK CeJIEeKTOPbl KOMIIOHEHT 3allUCH CYTb MIAEHTH(HKaTOpnl MNoneii, 00bsABJIEHHRIE
B ONpee/ICHHH THIA 3aTHCH.

1.6. NpeacraBsnexHune MaccuBoB,
3anucen U MHOXeCTB

CMbICA KCNONb30BaHHA abcTpakuuii B nporpaMMHpOBaHMHM — B TOM, YTOOBI obecrie-
YHTb BO3MOXHOCTb CIIPOEKTHPOBATb, IOHATb H BepuPHUUNPOBATb NMPOrpaMMy, HCXOAA
TOJIbKO H3 CBOICTB aBCTpaKLHi{, TO €CTb He 3HasA 0 TOM, KaK abCTpaKLUHH pealH30BaHbl
H MpeACTaBjieHhl Ha KOHKpPeTHON MauliHe. TeM He MeHee npo¢eCCHOHAIbHOMY
NPOrpaMMHCTY HYXKHO NMOHMMAaTb LIMPOKO MPUMeEHsieMble CrOco6Obl NMpeacTaBJeHUA
¢dyHAaMEeHTa/IbHBIX CTPYKTYP AaHHBIX. ITO MOXKET MOMOYb NPHHATb pa3yMHhle pellle-
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HHMSA O NOCTPOEHHUH MPOrpaMMhbl U JaHHbIX B CBETE HE TOJIbKO aOCTPaKTHbIX CBOWCTB
CTPYKTYP, HO H HX peaiu3allii Ha KOHKPETHOH MallliHe C y4eTOM ee CrieUH(PHYECKHX
0CO6EeHHOCTEl M OrpaHHYEHHIA.

IIpoGnemMa npeacTaBiaeHns AaHHbIX 3aKII0YAETCA B TOM, Kak 0TO6pa3uTb abCcTpakT-
HyI0 CTPYKTYpY Ha namsTb koMnbiotepa. [TamsTh koMnbloTepa — 3710, rpy6o rosops,
MacCCHB OTAEJIbHBIX A4YeeK, KOTOpble Ha3kiBaloTCA b6atimamu. OHH UHTEPNPETHPYIOTCA
Kak rpynnbl U3 8 6T kaxzaas. MHaekchl 6aliToB HasbiBaloTCA adpecamu.

VAR store: ARRAY StoreSize OF BYTE

Ipumumusrvie TANIH NpeACTaBAAIOTCA HeGoNbILIKHM YHCIoM 6aliToB, 06bIuHO 1, 2, 4
win 8. KoMnbioTephal NpoeKTHPYIOTCA TakK, YTOObI nepechu1aTh HeGosbliMe rpynmal
CMEXHhIX 62l TOB 0/IHOBPEMEHHO, HJIH, KAK FTOBOPAT, NapaienbHo. Exnnuuy oaxvospe-
MEHHO# NnepechUIKH Ha3bIBAIOT CI060M.

1.6.1. MNpeancrasnexsne Mmaccnsos

I[1peacrasnenune MaccHBa — 3T0 oToOpaxkeHHe (abCTPaKTHOr0) MaCCHBA, KOMIIOHEHTBI KO-
TOpPOro UMEIOT THI T, Ha NaMATb KOMITbIOTEPA, KOTOPas CaMa €CTb MAaCCHB KOMIIOHEHT THNA
BYTE. Maccus s0/keH 6biTh 0TOOpaXkeH Ha NaMATb TAKMM 00pa3oM, YTOOk! BBIYHC/IEHHE
a/ipecoB ero KOMMNOHEHT 6bL10 kKak MOXKHO GoJiee npocThiM (M NnoaToMy 3ddeKTHBHBIM).
Aapec i ans j-i KOMMNOHEHTH MaCCHBa BLIYHCJIAETCA C MOMOLLBIO JnHelHoMH yHKUMM

i =g +j*s,

rae igp — aapec nepBoi KOMMOHEHTH], a S — KOJHYECTBO CJIOB, KOTOPHIE 3aHUMAaEeT O1Ha
KoMnoHeHTa. IIpuHHMas, 4TO C/NIOBO ABJIAETCA HaMMEHbLIEH eAMHULEH MEePeChLIKH
COZIEP>)XHMOTO NMaMATH, BeCbMa XeNaTeJIbHO, YTOObI § 6bIJIO Le/IhIM YHCO0M, B POCTEN-
weM cayyae s = 1. Ecan s He siBasieTcs uenniM (a 3T0 A0BOJAbHO OObIYHAA CUTYallHA ), TO
s 0OBIYHO OKPYTJIsieTCA BBepX A0 6anxaiiuero 6osbiiero uenoro S. Toraa Kaxaas KoM-
NMOHEHTAa MaCCHBA 3aHUMaeT S CJ10B, TOrAa KaK S-S CJIOB OCTAIOTCA HEMCNOAb30BaHHAIMH
(cM. puc. 1.4 u 1.5). Okpyraenne Heo6XoaMMOro YKcJia cJ10B BBepX /10 6aHxaiilero ue-
Jioro Ha3niBaeTcs swipasnusaruenm (padding). 3¢pdeKTHBHOCTD UCNOJIL3OBAHHA NaMS-
TH U OnpeaeasieTcs Kak OTHOLleHHe MUHHUMaAbHOro o6beMa naMsATH, HY)XHOTO IS

Puc. 1.4. Oto6paxeHue Maccvsa Ha NAaMATL KOMNbIOTEPa
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s=23
S=3

|7 HEC HCNOJIB3VETCA

Puc. 1.5. MNpencrasneHue 3anUcy C BuipaBHUBAHUEM

NpeACTaBJIeHUSA CTPYKTYPhl, K pealbHO HCIO0JIb30BaHHOMY 00beMY:
u = s / (s, oKkpyraeHHoe BBepx a0 6amxaiiuiero ueaoro).

IlockonbKY NpOeKTUPOBIIMK KOMIMWJSATOPA AODKEH CTPEMUTBCS K TOMY, YTOOB
3¢PeKTMBHOCTb MUCNIOB30BAHHUSA NMaMATH Obia KaK MOXKHO 6aHxke K 1, HO pU 3TOM
JOCTYN K YaCTAM CJIOBa FPOMO3/10K H OTHOCHTeJIbHO Hea(peKTHBEH, MPUXOAHTCA MATH
Ha KoMnpoMucc. [IpH 3TOM yUHTRIBAIOTCA ClleayolHe COOOPaXKeHHS:

1. BuipaBHuBaHue yMeHbl1aeT 3PPeKTUBHOCTb UCNIOJIb30OBAHHS MaMATH.

2. Otka3 oT BbIpaBHHBAHHA MOXET MOBJeYb HE06X0AMMOCTDb BHINOJIHATL He3d-

¢ekTHBHBIN AOCTYN K YaCTAM CJOBa.

3. JloCTyn K 4acTSiM CJIOBa MOXKET BbI3BaTh pa3byxaHue CKOMITHJIIMPOBAHHOIO KOJIA H

TeM CaMbiIM YMEHBUIHTb BbIMTPhilll, OJYYEHH bl H3-3a 0TKa3a OT BhlpaBHHBaHHS.

Ha camoM nene coobpaxeHns 2 U 3 0OBYHO HACTOIBKO CYLIECTBEHHAI, YTO KOMITH-
JIATOPbl aBTOMaTHYECKH MCNOJIb3YIOT BblpaBHUBaHHe. 3aMeTHM, 4TO 3¢ PeKTHBHOCTD
HCNoJIb30BaHHsA namATH Bceraa u > 0.5, ecan s > 0.5. Ecan xe s < 0.5, To apdex-
THBHOCTb HCIMO/Ib30BAaHUSA NMAaMATH MOXHO CHJIbHO YBEJIMYHTD, pa3mellian 6oJiee oaHOM
KOMMOHEHThI MaCcCHBa B KaX/JOM CJIOBe. ITO Ha3hiBaeTcA ynaxoexot (packing). Ecau
B OIHOM CJIOBE YNAaKOBaHhl N KOMIIOHEHT, TO 3(P(PEKTHBHOCTb UCNOJIb30BaHHA NAMATH
paBHa (cM. puc. 1.6)

u = n*s / (n*s, okpyrjieHHoe BBepX A0 O.1Mxaiiwero ueaoro).

HEHCIIO/b3yeMas

|
LJ qacTb

Puc. 1.6. Ynakogka WeCT KOMNOHEHT 8 OAHOM Cnoee

JocTtyn K i-i1 KOMNOHEHTe ynaKkoBaHHOINO MaCCHBa NMOAPa3yMeBa€eT BhIYHC/IEHHE aJ-
peca cJI0Ba j, B KOTOPOM HAXOAMTCA HY>KHasi KOMIIOHEHTa, a TaKXKe No3uLHH K-0i KoM-
NOHEHTH BHYTPH CJI0Ba:

j = iDIVn k = iMODn

B 6onbuMHCTBE A3bIKOB NPOrpaMMHPOBaHHA NPOrPaMMHUCT HE HMEET BO3MOXHO-
CTH yNpaBJsATb NpeACTaBJI€HHEM CTPYKTYP AaHHLIX. OaHAKO A0/MKHA ObITH BO3MOX-
HOCTb YKa3blBaTb Xe/1aTeJIbHOCTb YNIAKOBKH XOTs Obl B TeX CJy4asX, KOrAa B O/IHO CJ10-
BO noMeuiaerca 6oJiblie OAHONH KOMMOHEHTHI, TO €CTb KOrAa MoXeT ObiTb JOCTHTHYT
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BhIMIpbILI B 9KOHOMMH NMaMATH B [1Ba pa3a U 6onee. MOXXHO NpeAoXHTb YKa3hiBaTh
XKeJIaTeJIbHOCTb YNIaKOBKH € noMoupbio ciMBoJsia PACKED, xOTOpbI# CTaBHTCA nepel
cHMBoJIoM ARRAY (11 RECORD) B COOTBeTCTBYIOLIEM OOBSBICHUH.

1.6.2. lNpencrasnexune sanncen

3anHcH 0TOOpaXKaloTCA Ha NaMATb KOMITLIOTEPa MPOCTHIM PacnoNoXeHHeM NoAPAA HX
KOMIOHEHT. ApeC KOMMOHEHTH! (M0Jis) rj OTHOCUTEIbHO a/ipeca Hayasa 3anucH § Ha-
abiBaetcs cuewenuen (offset) nons ki. OHo Buuucasiercs cieayowmnm obpasom:

ki = sy +Sa2+...+S51 ko=0

rae s; — paamep (B ¢10Bax) j-it KOMMOHEHThI. 31€Ch BHAHO, YTO PaBEHCTBO THIOB BCEX
KOMMOHEHT MacCHBa HMeeT NPUATHRIM cJieacTBUeM, uTo k; = i x s. K HecuacTbio, 06w~
HOCTb 3aNMHCEBOii CTPYKTYPbl He MO3BOJAET HCIOAb30BaTh NPOCTYIO JMHelHyI0 QyHK-
UMIO 419 BHIYMCJIEHHSA CMEIUEHHS KOMIOHEHThI; HMEHHO MO3TOMY TpebyIoT, YTOORI
KOMIIOHEHThI 3alUCH BhIOMPANUCh € NOMOLWbI0 GPUKCHPOBAHHLIX HAEHTH(HKATOPOB.
Y 3TOro orpaHM4eHUs €CTb TO NPEHMYLIECTBO, YTO CMELLEHUS NoJ1ei1 ONpeesAIoTCA BO
BpeMsi KOMNWIsUKMK. B pe3ysibraTe 1ocTyn Kk noasm 3anuck 6osee adgekTHBeH.

YnakoBka MOX€T NPUBECTH K BLIHTPHILLY, €CJIN HECKOJIBKO KOMMOHEHT 3alUCH MO-
ryT NIOMECTUTLCSA B O1HOM cJioBe naMATH (cM. puc. 1.7). Ilockonbky cMeleHus MoryT
ObITb BBIYHUCEHRI KOMITHIATOPOM, CMELLEHHUE NOJIsA, yNaKOBAaHHONO BHYTPH CJIOBa, TO-
Ke MOXeT ObITb onpeaesieHo KOMINUIATOPOM. 3TO O3HAYaeT, YTO Ha MHOTHX BHYHCJIH-
TeJIbHbIX YCTAHOBKAX YNaKOBKa 3alHCeH B ropa3io MeHbllIeH CTENEHH CHUXaeT 3ddex-
THBHOCTD 10CTYNA K NOJISIM, Y€M YITaKOBKa MaCCHBOB.

S1

Sz S3

BbIDABHHBAHHC

Ss

Puc. 1.7. Npeacrasnexue ynakoBaHHOW 3anucu

1.6.3. lMpegcrasneHne MHOXeECTsB

MHoxecTBO S y100HO NPEACTaBAATD B NaMATH KOMIbIOTEPA €r0 XapaKTepUCTHYECKOiH
dynxuueit C(s). ITo MaCCHB JIOrHYECKUX 3HAYEHHI, Ubs |- KOMIIOHEHTa O3HaYaeT, 4To
i npucytcTByer B s. Hanpumep, MHoXecTBO Heboabmnx uncen s = {2, 3,5, 7, 11, 13}
NpeACTaBJISAETCA NOC/IEJ0BaTEIbHOCTbIO WM LIENOYKOH OMTOB:
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C(s) = (... 0010100010101100)

[IpeacraBnenne MHOXECTB XapaKTEPUCTHYECKUMH GYHKLHAMH UMEET TO PpeHMy-
1[eCTBO, YTO ONMEpPaUMM BhIYMCJIEHHA, O0beaAHMHEHHUS, NepeceyeHHsA U Pa3HOCTH ABYX
MHOXeCTB MOTYT ObITb pealu30BaHbl KaK 3/leMEeHTapHble JJornyeckue onepaunt. Cne-
AYIOl{HEe TOXAECTBA, BhINOJIHAIOL{HECS /1A BCEX 3J1IeMEHTOB i MHOXKECTB X H Y, CBA3bIBa-
IOT JIOTHYECKHE ONEePaUHH C onepauusasMH Ha MHOXeCTBax:

i IN (x+y) = (i IN x) OR (i IN y)
i IN(x*y) =(INX)&GINY)
i IN (x-y) =(iINx)&~(i INy)

Takue sornyeckue onepaunn UMEIOTCA BO BCeX UM(POBLIX KOMIbIOTEpaX, H, 6oee
TOrO, OHH BhINOJIHAIOTCA OJHOBPEMEHHO UIA BCEX 3JieMeHTOB (61TOB) cii0Ba. [IoaToMy
ans 3ddekTnBHOI peanu3auny 6a3oBhIX onepalHili MHOXECTBA X cleayeT npen-
cTaBjATb He6ONbLUIMM PHKCHPOBAHHBIM KOJIHYECTBOM CJI0B, VIS KOTOPhIX MOXHO Bhl-
MOJHHUTb He To/NbKOo 6a3oBble NOrHYecKHe onepauMH, HO H onepauun casura. Toraa
NpoBepKa Ha MPUHAAJIEKHOCTDb Peann3yeTcs eIHHCTBEHHbIM CABHIOM C NOCjeayloLei
nposepKoit 3Haka. B pesysabrare nposepka Buaa x IN {c;, c, ... , €4} MoXeT 6nTb
peann3oBaHa ropa3ao 3¢¢eKkTHBHEE, YeM 3KBHBaJIEHTHOe Gy/ieBcKoe BhlpaXXeHHe

(x=¢)) OR (x =¢c2) OR ... OR (x = ¢cp)

Kak csienctBHe MHOXECTBa 0/KHAI HCMOJIb30BaThCA TOJABKO C HEOONbIINMH YHC-
JIaMH B KauecTBe 3/IeMEHTOB, H3 KOTOPhIX HaHOoJIblllee PaBHO AJIHHE CJI0Ba KOMIIbIOTe-
pa (MHHyc 1).

1.7. Dannsl v nocneaosaTeNbHOCTH

Eute oqmH asieMeHTapHblii cnocob CTpYKTYpHpOBaHUA — nocredogamervrocms. O6biu-
HO 3TO OAHOPO/HaA CTPYKTYPa, NoaobHast MaCCHBY. ITO 03HAYAET, YTO BCE €€ IJIEMEH-
Thl MMEIOT OAMHAKOBAIi THN — 6a3068u mun nocnienoBarenbHocTH. ByneMm obo3navars
MOCJIEA0BATENLHOCTD S H3 N 3JIEMEHTOB CJIeAYIOLHM 00pa3oM:

s - <s°, sl’ sz, see Sn-]>

Yucs10 N Ha3hIBAETCA 0AuMOU NTOCJeA0BATENbHOCTH.

JTa CTPYKTypa BbII/IAAMT B TOYHOCTH KaK MaccuB. Ho cyuecrBeHHas pa3HHUa
B TOM, 4TO Y MaCCHBa YHCJI0 3J1eMEHTOB 3a(hMKCHPOBAHO B €ro ofpeae/IeHHH, a y ocJie-
0BaTeNbHOCTH — HeT. To ecTb OHO MOXeT MEHATLCA BO BpeMsA BhiNOJIHEHHS NPOrpaM-
Mbl. X0Ts KaxxJad Noc/ie0BaTebHOCTD B J1I000it MOMEHT BpeMEeHH UMEET KOHKPETHYIO
KOHEYHYIO J/THHY, Mbl IOJIXHbI CYMTAaTh MOLLHOCTb NMOCJIeA0BaTeIbHOCTHOrO THMNA bec-
KOHEYHOI4, TaK KaK HeT HHKaKHUX orpaHHYeHHIi Ha NOTeHUHAJIbHYIO UIMHY NOC/1e0Ba-
TeJIbHOCTEH.

[IpsaiMoe cieacTBHe nepeMeHHOM AMHHBI MOC/AeJ0BaTe/bHOCTEH — HEBO3MOXHOCTD
oTeecT! GHKCHPOBaHHLIi 00BEM NaMATH NoOA NepeMeHHble-NnocenoBaTeabHocTH. [lo-
3TOMY MaMATb HY>KHO BbIACJATb BO BPeMSA BhIIIOJIHEHHA MPOrPaMMhl, B YaCTHOCTH KOT-
12 MoCJIe0BaTeJbHOCTb pacTteT. COOTBETCTBEHHO, KOrAa NnocJjie10BaTe/IbHOCTb COKpa-
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1aeTCcA, OCBOOOXKAAIOILYIOCA MaMATb MOXHO yTH/IU30BaTh. B /o60M ciayyae HyxHa
HeKad IHHaMHuYecKas cxeMa BuijiesieHus naMatH. [lonoGHeIMH cBoiicTBaMH obsanaloT
BCE CTPYKTYpPhbl IEPEMEHHOrO pa3Mepa, H 3TO OOCTOATENILCTBO CTOJIb BaXKHO, YTO Mhl
XapaKTepHU3yeM HX Kak «caoxHbie» (advanced) CTPyKTyphl, B OT/IHYHe OT pyHAaMEH-
Ta/IbHbIX, 006CY)KAABIIUXCSA A0 CHX NOP.

Toraa noyeMy Mul 06cyxaaeM Mocjiea0BaTeIbHOCTH B [J1aBe, NOCBALLEHHOMH (pyHaa-
MEHTAJIbHBIM CTPyKTypaM? [JlaBHaA npUYHHAa — B TOM, YTO CTPaTerHs ynpaBJieHUA
NaMATbIO V1A NOCJIe0BAaTE/IbHOCTEH OKa3blBA€TCA JOCTATOYHO MPOCTOH (B OT/IMUME OT
APYTHX €CJOXHBIX» CTPYKTYP), €C/IM NOTpeboBaTh onpeneeHHOH JUCUHILIHHbBI HCIOb-
30BaHuUsA nocsienoBatesbHocteii. Y Toraa MoxHo obecneuntb 10Bo/IbHO 3P PEeKTHBHLIH
MeXaHHM3M ynpaBJieHUs NaMATbIo. Bropas npHunHa — B TOM, YTO €/1Ba JIN He B KAKAOMH
3ajjaye, pellaeMoit ¢ NMOMOILbIO KOMIBIOTEPOB, HCMOJIb3YIOTCA MOC/1€0BaTEIbHOCTH.
Hanpumep, nocsienosatebHOCTH OOLIYHO MCMIONB3YIOT B T€X CJAYYasAX, KOrAa AaHHble
NepechiNaloTCA € OZIHOrO YCTPOHCTBa XpaHEHHSA Ha 1pyroe, HalpHMep C AUCKa WJIH JiIeH-
Thl B ONEPaTHBHYIO MAMATH HJHK 06paTHO.

YnoMsaHyTas AMCUMIUIMHA COCTOHT B TOM, YTOOB OrPaHHYHTLCA TOJILKO NOC/Ie40Ba-
TEJIbHRIM JOCTYNOM. 3TO NOAPa3yMeBaeT, YTO AOCTYII K 3JieMEeHTaM NMOC/1e0BaTe/IbHOCTH
OCYLLECTBJIAETCA CTPOr0O B NMOPsiAKe MX CJIeNOBaHHA, a NMOPOXKAAETCA NOC/e10BaTe/Ib-
HOCTb NMPHCOeAHHEeHHWEM HOBhIX JieMEHTOB K ee koHuy. Hemeanennoe cneactsue —
HEBO3MOXKHOCTDb NPAMO020 00CMYNna K dN1eMEHTaM, 32 HCKJIIOYEHHEM TOro 3/IEMEHTa, Ko-
TOPhIii AOCTYMNEH AJ1A MPOCMOTPa B JaHHKI MOMEHT. VIMEHHO Takad AUCLMIJIHHA A0C-
TyMna COCTaBJISieT [JlaBHOe OTJIMYMeE NMOoCcJie10BaTeIbHOCTel oT MaccuBoB. Kak Mkl yBu-
AHM B IJ1aBe 2, IHCUHIJIMHA JOCTYIA OKa3hiBaeT [Jy6okoe BAHAHUE Ha MPOTPaMMbl.

[1penMyieCTBO NOCJI€10BATE/NIBHOIO JOCTY A, KOTOPhII BCE-TaKH ABJAETCA CEpbe3-
HbIM OTPaHHYEHHEM, — B OTHOCHTEJIbHOI MPOCTOTE HeobXoAHMOro 34ech criocoba ynpas-
JieHus naMaTtbio. Ho eite BayxHee BO3MOXHOCTb HCNOJIb30BaTh 3¢)¢eKTHBHAIE METO/bI
6ygepusayuu (buffering) npu nepecbinke AaHHBIX MEXAY ONEPATHBHOH NMaMATHIO
M BHELIHUMH ycTpoiicTBaMu. [locnenoBarenbHuIi 10CTYN NO3BONIAET «[IPOKAYUBATDLY
MOTOKH AAHHAKIX C MOMOLLbIO <KaHANOB» (pipes) MeXXAy Pa3HhIMH YCTPOHCTBaAMH XpaHe-
Hus. bydepusauns noapasyMeBaeT HakonieHHe JaHHAIX 13 MOTOKa B Oygepe u nocieny-
IOLLYI0 NMEPEChINIKY LEeJIHKOM CoAepXHMOro Bcero 6ydepa, Kak TO/IbKO OH 3aNONIHUTCA.
ITO NPUBOAKT K BECbMa CyLIeCTBEHHOMY MOBhIlIeHHIO 3¢eKTUBHOCTH HCNOJIb30BA-
HHUA BHellHel naMATH. Ec/iM orpaHHYMTBCA TOJIbKO NOCAEe0BaTENbHBIM AOCTYIIOM, TO
MexaHu3M Oy¢epH3aLunH J0BOJIBHO NPOCT A5 JII0ORIX NOC/Ie10BaTEIbHOCTE# M N106BIX
BHELIHHX ycTpoicTB. [I0aTOMY €ro Mo>KHO 3apaHee NMpeayCMOTPeTb B BRIYHC/IHTE1b-
HOI1 CHCTEMe H MPeIoCTaBUTD 415 001Iero Nonb3oBaHHUs, 0cB0OOINB MPOrpaMMHUCTA OT
HeoOX0AMMOCTH BKJIIOYATh €ro B CBOI0 porpaMMy. O6nIuHO 3a€eCh peub et o Painoeots
cucmeme, rae A NOCTOAHHONO XpaHEHHA AAHHBIX HCIMOAb3YIOT YCTPOICTBA N0C/1e10Ba-
TeJIbHOro A0CTYMa 60Jb1110ro 060beMa, B KOTOPhIX JaHHhie COXPAHAIOTCA AaXde NoCJe BhiK-
NoveHus koMnbiotepa. ExMHULY XpaHeHHs AaHHbIX B TAKUX YCTPOHCTBaX OOLIYHO Ha-
3bIBAIOT (nocredogamensuuim) gaiinom. Mul 6yneM ucnosnb3onarb TepMuH ¢aiin (file)
KaK CHHOHHM I TEpMHHa nocredosamensrocms (sequence).

CyuecTByIoT yCTPONHCTBa XpaHEHUA JaHHLIX, B KOTOPhIX MOC/ie0BaTeNAbHAIN q0C-
TYN ABJIAETCA €AUHCTBEHHO BO3MOXHbIM. OYeBHHO, CI01a OTHOCATCS BCE BHhI JIEHT.
Ho naxxe Ha MarHMTHBIX AKCKaX KaXJas AOPOXKKa npeactasiaser coboii xpaHuaulLe,
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AoMycKaiollee TOJbKO MocjeaoBaresibHuli gocTyn. CTporo nocJjieaoBaTesbHbIA AOCTY
XapaKTepeH A1 J06hIX yCTPOIHCTB ¢ MEXaHHYEeCKH ABHXYLIHMHCA YaCTAMH, a TaKXKe
1A HEKOTOPhIX APYTHX.

Ortcioaa caeayer, YTO N0JIE3HO MPOBOAHTH Pa3jIHYHE MEXAY CTMYyKmMYpol OaHHHIX, TO
€CTb MOCJIEI0BATEIbHOCTBIO, C OAHOI CTOPOHKI, H MEXQHUIMOM OOCMYNA K ee AeMeH-
mam — ¢ apyroii. [lepBas 0ObABAETCA KaK CTPYKTYpa AaHHLIX, 2 MEXaHU3M A0OCTYINa
06bI4HO peanu3yeTcs NOCPeACTBOM HEKOTOPOIt 3alTHCH, C KOTOPOIi aCCOLIHHPOBaHbI He-
KOTOpbi€ ONEepPaTophl, — HJIH, HCMOJIb3YS COBPEMEHHYIO TEPMHHOJIOTHIO, MOCPEACTBOM
obbekTa noctyna uian <6erynkas (rider object). Pasauyars o6bsiBieHHE NaHHBIX K Me-
XaHH3M JOCTyNa NoJIe3HO elle H MOTOMY, YTO A/ OAHOH NMOCJ1e10BaTeJIbHOCTH MOTYT
OHOBpPEMEHHO CYLIEeCTBOBaTb HECKOJIBKO TOYEK AOCTYNA, B KOTOPhIX OCYLIECTB/IAETCA
NocJieI0BaTe /IbHbIN 10CTYN K pa3HhIM YaCTAM MOCJIe10BaTE/bHOCTH.

CyMMHpyeM I[J1aBHOE H3 NpeallecTBYowero o6cyxaeHHs cieayounM obpasom:

1. MaccHBb U 3aNIMCH — CTPYKTYPbI, I0NYCKaloLHEe POH3BOJIbHBIH AOCTYN K CBO-

MM 3jieMeHTaM. FIx ucnosb3yior, pasmewas B onepaTHBHOM NaMATH.

2. TlocnenoBaTeJbHOCTH UCMOAB3YIOTCA A PaboThl ¢ NaHHBIMH Ha BHELIHHX
YCTPOICTBaX XpaHEHHA, IONYCKAIOWHKX NOCJe10BaTe/lbHbIN AOCTYN, TAKHX KaK
AUCKH WIH JICHTHI.

3. Mhul npoBoAMM pa3/iMuHe MeXIy NOCJeA0BaTeJbHOCTbIO KaK CTPYKTYPOii NaH-
HhIX H MEXaHM3MOM JOCTYyna, Nojpa3yMeBalOLUM ONpeAEeIEHHYI0 MO3HULMIO
B HelA.

1.7.1. SnemeHTapHbie onepayn c painamm

JducunninHy nocJjienoBaTebHOIO A0CTYNa MOXKHO 06ecrnevnTs, NpeaocTaBiasAsa Habop
ClelHaNbHbIX ONepauMi, MOMMUMO KOTOPhIX A0CTYN K ¢aitaM HeBo3MOxeH. [1oaTomy
XOTA B OOLIHX pacCy’KAEHUAX MOXHO UCIOJIb30BaTh 0603HaYeHHe S| JIA i-r0 3IeMeHTa
NnocJieA0BaTebHOCTH S, B NPOrpaMMe 3TO HEBO3MOXHO.

[locnenoBatenbHocTH, TO ecth aiian, — 3T0 OORYHO GoJblIHE, JMHAMHYECKHE
CTPYKTYPH AaHHBIX, COXpPaHAeMble Ha BHEUIHUX 3aNOMUHAIOLIHX YCTPOiCTBax. Takoe
YyCTPOHCTBO COXpaHseT AaHHble, 1aXke eC/IM MporpaMMa 3aKaHYHBAETCA HJIU OTKJII0Ya-
eTca komnbiotep. [loaTtoMy BBenenue ¢aitioBoit nepeMeHHON! — C/I0XKHAs onepauus,
noapa3yMeBalollas MoacoeAHHEHHE JaHHbIX Ha BHELIHEM YCTPOHCTBe K (phaitioBoii ne-
peMeHHoit B nporpamme. ITostoMy o06bsaBuM THN File B oTaenbHOM MoayJie, onpeae-
JieHHe KOTOpOro ONUChIBaeT THIT BMECTE C COOTBETCTBYIOLMMH onepauHaMH. HazoseM
3TOT MoAyJib Files H yCJIOBHMCH, YTO NOCJIE0BATENbHOCTHAA WK paHi0Bas nepeMeH-
HasAd JO/KHA OniThb AABHO MHHULHAIM3UPOBaHa (<€OTKPhITas) NMOCPEACTBOM Bhi30Ba
COOTBETCTBYIOLIEH onepauHy UIH GYHKUHH:

VAR f: File
f := Open(name)

rae name uaeHTHGUUUPYeT a1 Ha BHELIHEM YCTPOMCTBE XpaHeHHA AaHHbIX. B He-
KOTOPhIX CUCTEMaX Pa3/IHYaeTCA OTKPhITHE CYIIECTBYIOLIEro H HOBOIO ¢aitioB:

f := Old(name) f .= New(name)
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HyxHo ewme norpe6oBars, 4ToObl CBA3b MeXAY BHELIHel NaMATHIO U ¢aiiioBoii ne-
peMeHHO# pa3puiBajlach, HanpHMep nocpeacTsoM Bbi3oBa Close(f).

OuesunzHo, Habop onepauuii NOKEH CoaepXKaTh ONEpaLMIo LA NOpOXKAEHHS (3a-
MUCH) NOCJIEN0BaTeIbBHOCTH H ellle OfAHY — 1A ee npocMoTpa (uteHHus). [TorpebyeM,
yTo6hl 3TH ONEpaUHH NPHMEHSIUCH He HANPAMYIO K ¢aiiny, a K HeKOTOpoMy 00beKTy-
bezynxy, KOTOPHI caM moacoeanHeH K daiiny (nocJjienoBaTesIbHOCTH) M KOTOPHIi pea-
JIN3yeT HEeKOTOphlii MeXaHW3M aoctyna. JlucuMn/IHHa MocJieaoBaTe/IbHOrO AOCTYyMNa
obecneynBaeTcs orpaHuyeHHeM Habopa onepaumii aocTyna (npoueayp).

[locnenoBaresbHOCTb CO3AAETCA MPUCOEAWHEHHEM 3JIEMEHTOB K €€ KOHLLy nocJe
noacoeauHeHus 6eryHka K gaitny. Ecain ects obpaBieHne

VAR r: Rider
TO HeryHoK r noacoeanHserca K ¢aiiny f oneparopom
Set(r, f, pos)

rae pos = 0 obo3HayaeT Hauano aiina (nocaegosarenbHocTH). BoT THNHYHAA cxeMa
NOPOXAEHHUA MOCJ/IEA0BATEIbHOCTH:

WHILE ecTs ewse DO ssruncants cnegyowsnii snement x;, Write(r, x) END

Yrobbl NpOYHTATH NOC/IEA0BATEIBHOCTD, CHaYaMa K Helt moacoeanHsAeTca beryHok,
Kak [0Ka3aHo Bbillle, H 3aTeM NMPOU3BOAHTCA YTEHHE OAHOIO 3/IeMEHTa 3a ApYrHM. Bot
THIHYHasA CXeMa YTEHHA NOCJ1e10BaTeIbHOCTH:

Read(r, x);
WHILE ~r.eof DO ob6paborare 3nemeHT x; Read(r, x) END

OueBHAHO, C KAXAIM 6er'YHKOM BCerja CBsidaHa HekoTopas no3uuua. O603HaynM
ee Kak r.pos. Janee npumeM, uro 6eryHok coaepxHT npeaukar (¢aaxok) r.eof,
YKa3hblBaIOLIHit, ObIJI JIM JOCTHTHYT KOHeL NOC/IeA0BaTe1bHOCTH B NpeAbiayLueii onepa-
uun yteHns (eof — coxpauenue ot aHri. «<end of files, To ectTh ¢koHew daiinas — npun.
nepes.). Tenepb Mbl MOXeM NOCTYJIMPOBaTh H HePOPMabHO ONHCATD CAEAYIOUNFT Ha-
60p NPHMHTHBHAIX ONEpaLHii:

1a. New(f, name) onpenesaser f kak NycTyio NOC/Ie10BaTe1bHOCTb.

1b. OId(f, name) onpeaenseT f Kak NocJie0BaTeJBHOCTD, XPAHALLYIOCA Ha BHELll-
HeM HOCHTeJle C YKa3aHHBhIM HMEHEM.

2. Set(r, f, pos) cBA3nIBaeT 6eryHOK I C OCJIEA0BATENBHOCTDIO f H yCTaHaBJIMBa-
€T €ro B MO3HLHIO POS.

3. Write(r, x) 3aMHCbLIBAET 3JIEMEHT CO 3HaYeHHEeM X B IOCJIeA0BaTeJIbHOCTD,
C KOTOpOii cBA3aH 6EryHOK r, H MPO/IBHTaET €ro Brepe.

4. Read(r, x) MPHCBaMBaeT NMepeMeHHON X 3HaYeHHe 3JIeMEeHTa, Ha KOTOPhIit
yKa3biBaeT 6eryHOK r, H IPOABHIAET €ro Brepea.

5. Close(f) PerHCTpHpyeT 3anucaHHbli ¢aiia f Ha BHellHeM HOoCHTee (C He-

Me/IEHHOI 3anuCbio coaepkuMoro 6ydepoB Ha AHCK).

3ameuanue. 3anNHCh 3j71€EMEHTA B MOCJIEAOBATEJBHOCTh — 3TO YacTO JOCTaTOYHO
cn0xHas onepauus. C aApyroit cTopoHs, aiinnl 06LIYHO CO3AaI0TCA NPHCOEAHHEHHEM
HOBBIX 3JIEMEHTOB B KOH11€.
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3ameuanue nepesoduuxa. B npuMepax nporpaMM B KHHre UCMOJIb3YIOTCA €lLE JBE
onepaumH:

6. Writelnt(r, n) 3anuChiBaeT LUeJO€ YHCJIO N B NOCJIEN0BATENbHOCTD, C KOTOPOi
CBSAI3aH 6eryHox r, ¥ MpoABUIaeT ero Brepen.

7. Readint(r, n) npucBaHBaeT NepeMEHHOM N LeJi0e YHCII0, HAa KOTOpOE YKa3hiBaeT
6eryHox r, H NpoABHUraeT €ro Brepea.

Yrobul aath 60s1€€ TOUHOE NpeacTaBieHHe 06 onepauusaX NocjaeA0BaTe/IbHOIO A0C-
Tyna, HUXe NPHBOAKTCA NPUMep peasin3auuu. B HeM Noka3aHo, kak MOXKHO BhIPa3UTh
ornepaLHH, ecJIH NoC/1e10BaTe/ bHOCTH NPeACTaBJieHbl MaCCUBaMHU. JTOT NPHMeEP HaMme-
PEHHO HCMOJIb3YET TOJILKO MOHATHSA, BBeIEHHbIe U 0OCYKIAEeHHbIe PaHee, U B HEM HET HH
6ydepH3auHH, HH NOCJeN0BaTe/IbHAIX YCTPOICTB XpaHEHHA AaHHbIX, KOTOphI€, KaK
YKa3hlBaJ10Ch Bhilll€, 1€J1AI0T NOHATHE NOCJIEI0BAaTE/IbHOCTH NMO-HACTOAIEMY HY)XHbBIM
H nojie3HbiM. TeM He MeHee 3TOT NpUMep NMOKa3biBaeT BCe CYLIECTBEHHbIE CBOMCTBA
npocreilux onepaunii nocJjaea0BaTeJbHOINo JOCTYNa HE3aBHCUMO OT TOT0, Kak nocJie-
J0BaTe/IbHOCTH NMPEACTABJIAIOTCA B NAMATH.

Onepauun peanu3syorca Kak obbiuHbie npoueaypsl. Takoi Habop obbaBaeHH i TH-
NoB, NepeMEeHHRIX W 3aroJIOBKOB Npoueayp (CUrHaTyp) Ha3hIBAaeTCA onpedeneHuem
(definition). ByaeM npeanoaarars, 4TO 371eMEHTaMH NOC/IE10BATEIBHOCTEH ABJIAIOTCA
JIMTEPhl, TO €CTh YTO Peyb HAET O TEKCTOBAIX (haitnax, YbH 3jieMeHThl HMeloT THIT CHAR.
OGbasaenns tunos File u Rider ABNAIOTCA XOpPOLIMMH NPUMEpPaMHU PUMEHEHHA 3aMH-
ceit, TaKk KaK B JONOJIHEHHE K MO0, 0603HaYyaloueMy MacCHB, NPeACTaBAAIOLMI AaH-
Hhle, HY>)KHBl H JpyTHe NMoJs LA 0603HayeHUs TeKywen AiHHbI ¢aiiia U NO3HUHH, TO
€CTb COCTOSIHHA OeryHka:

DEFINITION Files; (* ADruS171_Files *)

TYPE File; (*rmocnheAoBaTenbHOCTh "UTEp*)
Rider = RECORD eof: BOOLEAN END;

PROCEDURE New(VAR name: ARRAY OF CHAR): File;
PROCEDURE OId(VAR name: ARRAY OF CHAR): File;
PROCEDURE Close(VAR f: File);

PROCEDURE Set(VAR r: Rider; VAR f: File; pos: INTEGER);
PROCEDURE Write(VAR r: Rider; ch: CHAR);
PROCEDURE Read(VAR r: Rider; VAR ch: CHAR);

PROCEDURE Writelnt(VAR r: Rider; n: INTEGER);
PROCEDURE ReadInt(VAR r: Rider; VAR n: INTEGER):
END Files.

Onpedenenue npeacrasaser coboit HexoTopyio abcTpakuHio. 3aech HaM JaHbl ABa
THNa AaHHBIX, File U Rider, BMecTe ¢ COOTBETCTBYIOIMMH ONepaUUAMH, HO 6e3 KaKHX-
Anbo aasibHeHIIUX AeTasieii, paCKpbHBAIOLMX HX peanbHOE NpeAcTaBIeHHe B AMATH.
YTo KacaeTcs onepaunii, 00pABIEHHBIX KaK MPOUEAYPH, TO Mbi BUIMM TOJIbKO HX 3aro-
JIOBKH. JleTaqH peaiM3alHH He NOKa3aHhl 31eCb HAMEPEHHO, H Ha3hIBaeTCA 3TO YnpAa-
muisanues ungopmayuu (information hiding). O 6eryHkax Mul y3HaeM TOJIbKO TO, YTO
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Yy HUX eCTb CBOHCTBO ¢ HMeHeM eof. IToT praxxok noJsyyaer 3HayeHue TRUE, xoraa one-
pauus uteHua aocthraer koHua gaiina. [loanumns 6eryHka ckprita, ¥ NO3TOMy €ro UH-
BapUaHT He MoXeT O6nTh paspylieH NpAMbIM obpalieHHeM K ero noasaM. NHBapuaHT
BhipaxaeT TOT (PaKT, YTO MO3HUHA HeryHKa BCeraa HaXOAHTCA B NnpeaesiaXx, COOTBET-
CTBYIOWMX AaHHOi nocJienoBarebHOCTH. UCTHHHOCTD HHBapuaHTa nepBoHaYasIbHO
yCTaHaBJIMBAeTCA npoueaypoit Set, a B aasbHeiiuieM TpebyeTca U NMomIepXHBAETCA
npoueaypaMu Read u Write (a rakxe Readint u Writelnt — npum. nepes.).

Oneparophl, peanu3yiolne onucaHHble MpouUeayPhl, a TAKXe BCe 1eTanu peann3a-
LUMH THIOB JaHHRIX COAEPHKATCA B TaK Ha3niBaeMoM Modyae (module). [IpeactaBuThb
AaHHbIE H peajiu30BaTh Npoueaypbl MOXHO MHOTUMH cniocobamu. B kauecTse npo-
CTOro NMpHMepa NpuBeaeM cJeayownini MoayJib (¢ PUKCUPOBaHHOI MaKCHMaJIbHOM
IUIMHOM ¢aiina):

MODULE Files; (* ADruS171_Files *)
CONST MaxLength = 4096;

TYPE

File = POINTER TO RECORD
len: INTEGER,;
a: ARRAY MaxLength OF CHAR

END;

Rider = RECORD (* 0 <= pos <= f.len <= Max Length *)
f: File; pos: INTEGER; eof: BOOLEAN

END;

PROCEDURE New (name: ARRAY OF CHAR): File;
VAR f: File;
BEGIN
NEW(f); f.len := O; f.eof := FALSE;
(*omepauun ¢ dannoson AUpeKToprUen OTyuleHbl*)
RETURN f
END New;

PROCEDURE Old (name: ARRAY OF CHAR): File;
VAR f: File;

BEGIN
NEW(f); f.eof := FALSE; (*rfonck 8 aMpexTopmmn onywieH*)
RETURN f

END 0Old;

PROCEDURE Close (VAR f: File);
BEGIN
END Close;

PROCEDURE Set (VAR r: Rider; f: File; pos: INTEGER),
BEGIN (*ripeamrtonaraevcsa f # NIL*)
r.f .= f; r.eof := FALSE;
IF pos >= 0 THEN
IF pos <= f.len THEN r.pos := pos ELSE r.pos := f.len END
ELSE
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r.pos =0
END
END Set;

PROCEDURE Write (VAR r: Rider; ch: CHAR);
BEGIN
IF (r.pos <=r.s.len) & (r.pos < MaxLength) THEN
r.f.a[r.pos] := ch; INC(r.pos);
IF r.pos > r.f.len THEN INC(r.f.len) END

ELSE
r.eof := TRUE
END
END Write;
PROCEDURE Read (VAR r: Rider; VAR ch: CHAR);
BEGIN

IF r.pos < r.f.len THEN
ch :=r.f.a[r.pos]; INC(r.pos)
ELSE
r.eof := TRUE
END
END Read;

PROCEDURE Writeint (VAR r: Rider; n: INTEGER);
BEGIN (*peanwn3aumns 3asuCUT OT ThaThopmbl*)
END Writelnt;

PROCEDURE Readint (VAR r: Rider; VAR n: INTEGER);
BEGIN (*peanun3sauus 3asucur ot nmnatdopmol*)
END Readint;

END Files.

B atoM npuMepe MakcUManbHas AJKWHA, KOTOPYIO MOTYT UMeTb (aiibl, 3aaeTcs
NPOH3BOJIbHO Bbi6paHHO# KoHcTaHTOl. EC/H Kakas-To nmporpaMMa nomnbiTaeTcs co-
3natb 6osiee ANIMHHYIO NOCJEA0BAaTENbHOCTb, TO 3TO 6yaeT He omKubKoM NMporpaMMul,
a He10CTaTKOM AaHHoiI peanu3auuu. C apyroii CTOPOHRI, NONMKITKA YTEHHSA 32 TEKYIIHUM
koHuoM daiina byaer o3HayaTh oMbKy nporpaMmal. 3aeck ¢aiar r.eof Takxe ucnosib-
3yeTcA onepaumeil 3anucH, 4Tobbl COOOWMTB, YTO BLIMOJHHTD ee He yaanock. [ToatoMmy
ycnoBue ~r.eof aBiserca npeaycjosueM kak ai1sa Read, tak u ans Write (npeaycio-
BHe — 3TO JIOTMYECKOE BhlpaXkeHHe, KOTOPOoe A0JKHO ObITh MCTHHHBIM JUIA KOPPEKTHO-
o BhINIOJIHEHHA HEKOTOPOit oNepalMH — nPuM. nepes.).

1.7.2. Byjdepusayumns nocnenoBarenbHocTen

Koraa naHHbie nepechijlaloTCs CO BHelllHEro yCTPOMCTBA XpaHEeHUA HJIM Ha Hero, OT-
AenbHbie 6UTH NepeaaloTcsa notTokoM. O6MYHO yCTPOICTBO HanaraeT CTpPorue BpeMeH-
Hble OrpPaHHYEHUA Ha nepecblyKy AaHHuX. HanpuMmep, ec/iH 1aHHbIE 3aNMCHBAIOTCA HA
JIEHTY, JIEHTa ABHXKeTCSA ¢ PUKCHPOBAHHOI CKOPOCTBIO, M HY)KHO, YTOOB 1aHHbIE nepe-
NaBATHCh eii Toxe ¢ PUKCHPOBAHHOI CKOPOCTbIO. Koraa MCTOYHHK JaHHBIX UCYEPTIaH,
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ABUXEHHE JIEHThl MPEKPALIAETCA, U ee CKOPOCTb nazaeT 6bIcTPO, HO He MTHOBEHHO.
ITo3atoMy Ha JieHTe OCTaeTCst NPOMEXYTOK MEXAY yXKe 3anNHCAaHHBMH JaHHBIMH U JaH-
HhIMH, KOTOphI€ NOCTYNAT no3xe. YTo6nl 106HUThCA BHICOKO# NJIOTHOCTH AaHHAKIX, HYX-
HO, YTOOLI YMCJI0 MPOMEXYTKOB ObiJIO Maso, U AJ/ISl 3TOrO JaHHbie NepeaaloT OTHOCH-
TeAbHO 60JbIIMMH OJa0KaMH, YTOOLI He NpepuBaTb ABHXKEHHA JeHTH. [ToxoxHe
TpeGOBaHHsA UMEIOT MecTo NpH paboTe ¢ MAarHUTHRIMM AHCKaMH, I€ IaHHbIE pa3Mella-
I0TCSA Ha 10POoXKaxX ¢ GHKCHPOBaHHRIM YHCI0M 6J10KOB pHKCHpOBaHHOrO pa3Mepa. Ha
CaMOM JieJie AUCK cJleqyeT pacCMaTpHBaTh KaK MaccHB 6JI0KOB, pHYEeM KaXKahlit 6J10K
YUTAETCH MJIH 3aNTMChIBAaeTCA LEJTUMKOM H 0OhIYHO conepxuT 2k 6ailitoBck = 8,9, ... 12.
OnHako B HalIHX NporpaMMax He co6Jii0aeTcs HHKAaKMX BpeMEHHBIX OrpaHHYeHHiA.
Yr1ob6n 0becnednTh TaKylo BO3MOXHOCTD, NiepefaBaeMble 1aHHbie 6ydepusylorca. OHH
HaKamnJIHBAlOTCA B nepeMeHHOI-Oydepe (B onepaTHBHOI NaMATH) H NepecbLIAIOTCA, KOT-
Na HAaKaMJIHBaeTCA N0CTaTOYHO AAHHAKIX, YTOOB coOpaTh 610K HyXKHOro pa3Mepa. KoiHeHT
6y¢epa uMeeT K HeMy AOCTYN TOAbKO NOCPEACTBOM ABYX npoueayp deposit u fetch:

DEFINITION Buffer;
PROCEDURE deposit (x: CHAR);
PROCEDURE fetch (VAR x: CHAR);
END Buffer.

Bydepusauns obianaeT TeM 40NMONHUTEbHBIM NPEHMYLLECTBOM, YTO OHA NO3BOJIA-
€T npoueccy, KOTophuiii NOPoXAaeT/MoJAYyYaeT AaHHbI€, BhINOJHATLCA OAHOBPEMEHHO
C YCTPOIfCTBOM, KOTOpOe MHLIET/YHTaeT AaHHble B/u3 6ydepa. Ha camoMm nene ynobxo
paccMaTpHBaTh caMO YCTPOMCTBO KaK NMpouecc, KOTOPbiii MpOCTO KONMHUPYET MOTOKH
naHHbix. HasnaueHue 6ydepa — B KaKoi-TO cTeneHH 0cJAabUTh CBA3b MeXAY ABYMA
npoueccaMi, KoTopaie 6yaeM Ha3niBaThb npoussodumenem (producer) u nompebumenem
(consumer). Hanpumep, ecin noTpebuTeNb B KaKoi-To MOMEHT 3aMeanset paboTy, oH
MOXXET HarHaTb NpoH3BoAMTENA No3aHee. bes Takoit pa3Ba3ku yacTo Heab3s obecne-
YUTb MOJIHOLEHHOE MCNOJIb30BaHHE BHEWIHUX YCTPOWHCTB, HO OHa paboTaeT, TOJbKO
€CJIM CKOpOCTb paboThbl NPOH3BOAUTENSA U NOTPeOHTE/IA MPHMEPHO PaBHhI B CPEHEM,
XoTs HHoraa U paykTyupyior. CteneHb pasBa3Ku
pacTeT ¢ pocToM pa3amepa 6ydepa.

O6paTHMcs Tenepb K BONMPOCY NpeACTaBJe- \in
HuaA 6ydepa H 1A NPOCTOTH NMPEANONOXKHM NO-

Ka, YTO 3J1IeMEHTHl JAHHBIX 3aNMHCHBAIOTCSA B HEro
(deposited) u cuuthiBalorcs u3 Hero (fetched)
MHAMBUAYANbHO, @ He NMobOAOYHO. B cymHocTH,

6ydep npencraBaser coboii ouepenb, opraHH3o-

BaHHYIO MO NPUHUMIY <NEPBhIM NMpHULLEN — nep-

BuM yuiens (first-in-first-out, uau fifo). Ecxmon —
ofbABJIEH KaK MacCHB, TO Be HHAEKCHhIe nepe- Out \
MeHHble (CKaxeM, in U out) OTMeYaloT Te NO3H-

UMK, KyAa A0JXKHB MUCAaTbCA U OTKYAA AOJDKHAI
CYUMTHIBaTbCA AaHHble. B naeane rakoit Maccus Puc. 1.8. Konbuesoi Gydep
noJxeH 66T 6eckoHeuHbIM. OAHAKO BMOJIHE A0- C uHAeKCaMu in 1 out
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CTaTOYHO MMETb KOHEYHbIi1 MaCCHB, YYHThIBasl, YTO NMPOUYUTAHHLIE 3/IeMEHThI 6oJibllle
He HYXHbI. 3aHUMaeMoe HMH MECTO MOKeT OnITb HCI0JIb30BaHO MOBTOPHO. ATO NPHBO-
IHT K Uzee xoavyeaozo bygepa.

OnepaunH 3aMMCH U CYUTHIBAHHA 3JIEMEHTA PEUIM3YIOTCA B CJeAyIoLleM MOoayJe,
KOTOpbiii 3KCMOPTUPYET 3TH OfNepallHH KaK npoueaypbl, Ho CKpbiBaeT 6ydep H ero HH-
AeKCHhIe epeMeHHble — H TeM caMbiM MexaHu3M 6ydepusaunu — ot npouecca-norpedu-
Tens. B TakoM MexaHH3Me elle Hy>XHa nepeMeHHas N U1 NOACYeTa KOJIMYeCTBa 3/1eMEeH-
TOB B 6ydepe B nanHuiit MoMeHT. Ecan N o6o3Hauaet pasmep 6ydepa, To o4eBUAHLIM
MHBapHaHTOM siBAseTcA ycjaoBHe 0 < n < N. [ToaToMy onepauust cCuUuTHIBaHUA (pole-
aypa fetch) nosxHa oxpaHATbCA ycaoBHeM n > 0 (6ydep He nycT), a onepauus 3anuCH
(npouenypa deposit) — yciosueM n < N (6ydep He nosion). HeBrinosiHeHHe nepsoro
YCJIOBHSA JOJIXHO CYHTATbCA OWIHOKOI nporpaMMHpOBaHHA, a HapylleHHe BTOPOro —
HeOCTaTKOM NpeioxKeHHOo#! peann3auuH (6ydep canumkoM Man).

MODULE Buffer; (*peanu3yer konsuessie bydepa*)
CONST N = 1024; (*pa3mep bydepa*)
VAR n, in, out: INTEGER;
buf: ARRAY N OF CHAR;

PROCEDURE deposit (x: CHAR);
BEGIN

IF n = N THEN HALT END;

INC(n); buffin} := x; in := (in + 1) MOD N
END deposit;

PROCEDURE fetch (VAR x: CHAR);
BEGIN

IF n = 0 THEN HALT END;

DEC(n); x := buf{out]; out := (out + 1) MOD N
END fetch;

BEGINN :=0;in:=0;0ut :=0
END Buffer.

Crosb npocTas peanu3auus 6ygepa npuemiema, ToJAbKo eCJiu npoueayps deposit
H fetCh BbI3KIBAIOTCA € IMHCTBEHHBIM areHTOM (1IeHCTBYIOLLHM TO KaK IPOH3BOANTEJIb, TO
kak notpeburennb). Ho ecjin OHH BbI3nIBAIOTCA HE3aBHCHMBIMH NpoleccaMu, paboTaio-
1M MM OIHOBPEMEHHO, TO TaKasA CXeMa OKa3biBaeTCA CJIMLIKOM NMPHMHTHUBHOI. Beab Tor-
Aa NONbITKY 3aMHCH B NMoJHLIi 6ydep A nonbITKy YTeHHs U3 nycroro 6ydepa crenyer
paccMaTpHBaTh Kak BnoJiHe 3aKOHHbie. [IpocTo BhinoJsiHeHHe TakHX AeHCTBHIH JOJIXKHO
6bITb OTJIOXKEHO 10 TOrO MOMEHTA, KOrla CHOBa OyAyT BbiNOJIHEHAI COOTBETCTBYIOLHE
oxpanw (guarding conditions). B cymHocTH, Takue 3a1epKKH U npeactasiasaior coboit
HeoOXoAMMBIIf MexaHM3M CHHXPOHHM3aUMH MeXAy napa/liesibHeiMM (concurrent) npo-
ueccaMHi. MOXHO NpeACTaBHTb 3TH 3a/IEPXKKH CJieyIOLUMH ONepaTopaMH:

REPEAT UNTILn < N
REPEAT UNTILn >0

KOTOpbie HY)>KHO NMOACTaBUTb BMECTO COOTBETCTBYIOLIMUX ABYX YCJOBHBIX ONEPaTOPOB,
coaepxauwux onepatop HALT.
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1.7.3. Bycdepmnsaunna obmMeHna mexay
napannensHbiMu npoyeccamm

OnaHako npeacTaB/lieHHOE pellleHHe HeJlb3si PEKOMEH0BATh, JaXe €CJIM M3BECTHO, YTO
ABa NpOLUECcCa HCMOJHAIOTCA 1BYMA He3aBUCHUMBIMHU areHTaMH. [IpHynHa B ToM, YTO 1BA
npouecca Jo/XHul oOpalaTbcs K OAHOI U TOil Xe nepeMEeHHOoH N H, CJ1e0BaTebHO,
K oiHO#1 06J1acTH onepaTHBHOIT NaMATH. OXHAAIOWMI TPOLEeCC, NOCTOAHHO NPOBEPAS
3HayeHHe N, MelllaeT CBoeMy NapTHepy, TaK Kak B J060it MOMEHT BpeMeHH K MaMATH
MOXKeT 00paTUTBCA TOJIbKO ofiKH npouecc. Takoro poaa oxHaaHuii caeayer usberatnb, u
NoO3TOMY Mbl NOCTYJIHPYeM HaJIMYHe CPEACTBA, KOTOpOe, B CYLIHOCTH, CKpbiBaeT B cebe
MeXaHM3M CHHXpoHH3auun. byneM HasniBath 310 cpeacTso cuznarom (signal) u npu-
MEM, YTO OHO MPeNOoCTaBIAETCA B cyyxebHoM Moayie Signals BMecTe ¢ HabopoM npu-
MHTHUBHAIX OnepauMii 1A CHTHaIOB.

Kaxaniit cHrHan s cesa3aH ¢ oxpaHoii (ycsaosueM) Ps. Ecam npouecc HyxHo
NPHOCTaHOBMTD, NOKa He 6ynet obecneyeHa UICTHHHOCTD Pg (ApYrMM MPOLECCOM ), TO OH
AOJKEH, NpeXxae YeM NMPOoAOJKUTb CBOIO paboTy, A0XKAATbCA CHrHana $. 3TO BhlpaXa-
etcs oneparopoM Wait(s). C apyroii cropoHnl, ecji1 npouecc obecneynBaeT HCTHHHOCTD
Ps, TO NoCJie 3TOro oH CUrHanu3Hpyer 06 atom oneparopom Send(s). Ecan ans kaxaoro
onepatopa Send(s) obecneynBaeTca HCTUHHOCTb NpeaycaoBus Py, To Pg MOXHO pac-
CMaTPHBaThb KakK NOCTycJ0BHe 1is Wait(s).

DEFINITION Signals;
TYPE Signal;
PROCEDURE Wait (VAR s: Signal);
PROCEDURE Send (VAR s: Signal);
PROCEDURE Init (VAR s: Signal);
END Signals.

Tenepb Mb1 MOXkeM peann3osathb Oydep B BUaE caeayIolero Moayisi, KOTOphlit 101-
)K€H NMpaBWUIbHO paboTaTb, KOrAa OH HCMOJIL3YETCA He3aBUCUMbIMH MapajleIbHbIMH
npoLeccaMu:

MODULE Buffer;
IMPORT Signals;
CONST N = 1024; (*pa3mep bydepa*)
VAR n, in, out: INTEGER;
nonfull: Signals.Signal; (*n < N*)
nonempty: Signals.Signal; (*n > 0%)
buf: ARRAY N OF CHAR;

PROCEDURE deposit (x: CHAR);

BEGIN
IF n = N THEN Signals.Wait(nonfull) END;
INC(n); buffin) := x; in := (in + 1) MOD N;
IF n = 1 THEN Signals.Send(nonempty) END

END deposit;
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PROCEDURE fetch (VAR x: CHAR);

BEGIN
IF n = 0 THEN Signals.Wait(nonempty) END;
DEC(n); x := buf[out]; out := (out + 1) MOD N;
IF n = N-1 THEN Signals.Send(nonfull) END

END fetch;

BEGIN n := 0; in := 0; out := 0; Signals.Init(nonfull); Signals.Init(nonempty)
END Buffer.

OnaHako HY>HO cies1aTh ellie OIHY OrOBOPKY. JlaHHas cxeMa pa3pyulaeTcs, eCJIH Mo
cJly4aitHOMY COBNAZCHHIO KaK TPOU3BOJMTEJIb, TaK U MOTpebuTEb (WIH ABa NPOU3BO-
autens anbo asa norpebutens) onHospeMeHHOo o6OpallaloTCA K NepeMeH oI n, YTo6b
H3MEHHTb ee 3HaueHHe. HenpenckasyeMuiM o6pa3oM nonyyurcsa Au6o 3HaueHue n+1,
160 n-1, Ho He n. TakK YTO HY>XHO 3alHILATH POLECChI OT ONACHLIX B3AMMHBIX TIOMEX.
Boobiwe rosops, Bce onepanuu, KOTopble H3MEHAI0T 3HauyeHus obmmx (shared) nepe-
MEHHBIX, PEACTaBAAIOT CO00ii NOTEHUHANbHbIE JIOBYLIKH.

JocTaTouHbiM (HO He Bceraa Heo6xoaAMMbIM ) yCJI0BHEM AiBJIsieTCA TpeboBaHue, YTo-
6t Bce 061IMe nepeMeHHble 00BABIAINCDH JIOKAIbHBMH B TAKOM MoayJle, IJis Npole-
AYP KOTOPOrO rapaHTUPYETCS, YTO OHU 63QUMHO UCKAIOYAIOM UCTIOJHEHHE APYT ApPYra.
Takoit Moay/ib Ha3biBaloT Moxumopom (monitor) [1.7]. Ycnosue B3auMHoOro uckiioye-
Hus (mutual exclusion) rapantupyer, 4yto B J11060if MOMEHT BpEMEHH TOJIbKO OAMH NpPO-
1eCC CMOXET aKTHBHO BBINOJIHATDL KaKyio-J11u6o npoueaypy MoHutopa. Eciu apyroit
NpoLeCC NMOMNbITAeTCA B3BaTh HEKYIO MPOLEAYPY TOrO XK€ MOHMTOPA, €ro BbIMOJHEHHE
6yneT aBTOMaTHYECKH 3a/iep)KaHO 0 TOrO MOMEHTA, KOT/ia NepBhlii MPoLecC 3aBepPUIHT
BhINIOJIHEHHE CBOEH Npoueayphl.

3ameuanue. C0Ba «aKTHBHO BhIMOJIHATb» O3HAYAIOT, YTO MPOLIECC BbIMOAHAET JII0-
60it onepaTop, KpoMe onepaTopa 0XHAAHHS.

Haxonew, BepHeMcs K 3aaaye, B KOTOpOit NPOM3BOAUTEb M NOTpebuTe b (UJIH
06a) TpebyeT, yTOOBl AaHHBIE K HUM MOCTynanu 6J0KaMH ONpeaeseHHOro pa3mepa.
IToka3aHHbi#t HHXKE MOAYJIb ABJAAETCA BAPHAHTOM NpeAbiAYLIero, IpHYeM NnpeanoJjara-
ercs, 4To pa3Mep 6,10koB naHHbiX paBeH Ny 3J1eMEHTOB A1 Mpou3BoauTes H N ase-
MEHTOB A8 norpeburensn. B atoMm cayyae obeivuHO BoIOHpatoT pa3mep 6ydepa N Tak,
yT06RI OH ie/IHJICs Ha Ny M N¢. UTo6nI noa4epKHYTh CHMMETPHIO MEXAY ONepalUAMH
3alHCH U CYHThHIBAHUSA AAHHBIX, BMECTO €AUHCTBEHHOIO CYETYHKA N TeNnepb UCNOJb-
3yIOTCA ABa CYETYHMKA, ne H nf. OHU NOKa3LIBalOT COOTBETCTBEHHO YHCJIIO MYCThHIX H 3a-
noJHeHHbIX siyeek 6ydepa. Korna norpeburesnb HaXonUTCa B COCTORHUH OXXKHIaHUs, nf
NOKa3biBaeT YMCJIO 3JIEMEHTOB, HYXKHBIX A/ NMpoAoKeHUs paboThl norpeburens; a
KOraa NMpOM3BOAMTE/Ib HAXOAHMTCA B COCTOSAHUH OXHJAHHA, TO Ne NMOKa3bBaeT YUCJIO
3JIEMEHTOB, HEOOXOAHMBIX J1a Npoao/xXeHus pabotn npoussoautens. ([Toatomy yc-
JoBHe ne + nf = N BbINOJIHAETCA He BCeraa.)

MODULE Buffer;
IMPORT Signals;
CONST Np = 16; (*pa3mep 6noka nmponszsoantens*)
Nc = 128; (*pa3mep 6noka morpeburena*)
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N = 1024; (*pasmep bydepa, Aenntca Ha Np u Nc*)
VAR ne, nf. INTEGER;

in, out: INTEGER;

nonfull: Signals.Signal; (*ne >= 0%)

nonempty: Signals.Signal; (*nf >= 0*%)

buf: ARRAY N OF CHAR;

PROCEDURE deposit (VAR x: ARRAY OF CHAR);
BEGIN
ne := ne - Np;
IF ne < 0 THEN Signals.Wait(nonfull) END;
FOR i := 0 TO Np-1 DO buflin] := x[i]; INC(in) END;
IF in =N THEN in := 0 END;
nf .= nf + Np;
IF nf >= 0 THEN Signals.Send(nonempty) END
END deposit;

PROCEDURE fetch (VAR x: ARRAY OF CHAR);
BEGIN
nf := nf - N¢c;
IF nf < O THEN Signals.Wait(nonempty) END;
FOR i := 0 TO Nc-1 DO x[i] := buf[out]; INC(out) END;
IF out = N THEN out := 0 END;
ne := ne + Nc¢;
IF ne >= 0 THEN Signals.Send(nonfull) END
END fetch;

BEGIN
ne := N; nf :=0; in := 0; out := 0;
Signals.Init(nonfull); Signals.Init(nonempty)
END Buffer.

1.7.4. Bsog v BeiBO4 TEKCTA

Iloa craHaapTHRIM BBOAOM M BhIBOIOM Mbl IOHHMaeM nepeavyy AaHHbIX B TY HJIM MHYIO
CTOPOHY MEXAY BhIYHCJIHTEJIbHOI CHCTEMOi U BHELIHUMH areHTaMH, HarpuMep YeJo-
BeKOM-omnepatopoM. JloCTaTOYHO THITHYHO, YTO BBOA MPOHM3BOAMTCA C KJIaBUATYphl,
a BhIBOA — Ha 3KpaH auciuiesn. s Takux cHTyauuii xapaktepHo, 4To MHPOpMauHUs
npeacrapisercs B ¢popMe, NOHATHOIN YeNoBeKY, U OORIYHO COCTOMT H3 NMOC/IE0BATE b
HocTH autep. To ecTb peub uaeT o Tekcte. OTCIOAA elle 0AHO YC/10XKHEH HEe, XapaKTepHoe
AN peasibHbIX OTNepauMii BBOAA U BhiBoa. KpoMe nepenaym JaHHLIX, B HHX BbINOJIHAET-
cs ewe ¥ npeobpa3opaHue npeacrasieHns. Hanpumep, uncaa, ob6n1yHO paccMaTpHBae-
Mbl€ KaK HeleIMble CYLIHOCTH M NPEACTABJICHHhIE B IBOMYHOM BHIE, 10JXKHbI ObITh
npeobpa3oBalbl B YAOOHYIO A YTeHUA AecATHYHYI0 dopMy. CTPYKTYphl AOKHBI
NPeACTaBIATLCA TaK, YTOOB HX 3/IEMEHThI pacniolaraluch onpeaeneHHnIM 06pa3oM, To
ecTb PopMaTHpPOBATHCH.

HesaBucHMo 0T Toro, uto 3ato 3a npeobpasoBaHue, 33/1a4a 3aMETHO YNPOLLAETCH,
€CJIM CHOBa NPUBJIeY b NOHATHE NOC/IeA0BaTe1IbHOCTH. PellatoiuM sBasercs Habone-
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HHe, YTO eCIH Habop NaHHKIX MOXKHO paCCMaTPHBaTh Kak N0CJIe10BaTeIbHOCTh JIMTEP,
TO npeobpa3oBaHHe NOCJAEA0BATENbHOCTH MOXKET OhITh peaiM30BaHO KaK MOC/IeA0Ba-
TeJIbHOCTb (OIMHAKOBAIX ) peobpa3oBaHHil 3/1IeMEHTOB:

T(<So, S1y vy Sn-|>) - <T(50). T(S]), cery T(sn-l)>

HccnenyeMm BxpaTue aeiictBus, HeobOxoaHMble A5 npeobpa3oBaHus NpeacTasJie-
HHMii HaTypaNbHbIX YKCEJ IS BBOAA U BhiBojga. MaTeMaTH4YeCcKHMM OCHOBaHHeM NOCY-
XHUT TOT (PaKT, YTO YHCJO X, MPEACTABJIEHHOE M0C/1€A0BATEe/IbHOCTBIO AECATHYHBIX UHP
d = <d,., ..., d1, dO>, HMeeT 3HaUYEHHUE

X = Si:i=0..n-1:d,*10
X = dnyx10™ +dpox10™2 + .. +dy x10 +d
X = (...(dp-y x104+dp2) x10+ ... +dy)x 10 + dg

Ilycte Tenepb HyXXHO mnpoyecTb W mnpeobpa3oBaTb MNocJeA0BaTeNbHOCTL d,
a noJly4YuBLIeecs YUCJ10BoOe 3HaYeHHUe MPUCBOUTL NepeMeHHOit x. Cneaytowmuii npoctoi
aNrOpUTM OCTaHaBJIMBAETCA MPH CYUThIBAHHH NEPBOIi JIUTEPDI, He ABJsoLeHCcA UH-
poii (apudMeTHYECKOE NepenoJIHeHHe He PaCCMATPUBAETCA ):

x := 0; Read(ch); (* ADruS174.JintepuiBYncno *)
WHILE (*0" <= ch) & (ch <= "9°) DO

x := 10*x + (ORD(ch) - ORD(*0%)); Read(ch)
END

B cayuae BhiBoaa npeo6pa3oBaHHe YCJI0XKHAETCA TEM, YTO Pa3jioXKeHHe 3HaYEHHA X
B Habop AecaTHYHBIX UK(P AaeT HX B 0OpaTHOM nopaake. Maaamas 3Havawas undpa
nopoXxaaercs neppoii npx suiuucaeHnH x MOD 10. IToatoMy TpebyeTcs npoMexyToy-
Huiii 6ydep B BHAe oyepeau THNA <NepPBLIM NMpHLLe — NMOCJAEJHHM Bhilles» (TO €CThb
creka). ByneMm npeacraBasaTe ee MaccMBOM d C HHAEKCOM i M MOJIYYHM CJIEAYIOLLYIO

nporpamMMmy:

i :=0; (* ADruS174.4ncnoBintepsl *)
REPEAT d[i] := x MOD 10; x := x DIV 10; INC(i)

UNTILx = 0;

REPEAT DEC(i); Write(CHR(d[i] + ORD("0"))

UNTILi=0

3amevanue. CucreMaTHYeCKas 3aMeHa KOHCTaHThl 10 B 3THX anropuTMax Ha noJso-
XXHUTEJIbHOE Lesoe B aact npoueaypbl npeobpazosanus 415 NpeacTaBJIeHHs N0 OCHOBa-
Huio B. Yacro Hcnosbdyercs caydait B = 16 (mecrhaauarepuyHoe npeacrasiieHue),
TOrJa COOTBETCTBYIOWIHE YMHOXEHHS H JAeJIeHHs MOXHO Pealn30BaTb MPOCTHIMH
CABHraMH ABOMYHBIX UHGP.

OueBuaHo, 661710 6b1 HEpa3yMHBIM €TAIbHO ONKChLIBATh B KAXK/JA0# nporpaMme Ta-
KHe 4acTo BCcTpeyaiommecs onepaunH. [ToaToMy noctysMpyeM Haauyue BCioMora-
TeJIbHOro MOAYJIsl, KOTOPhIit 0becneyHBaeT Yallle BCero BCTPeYalolHecs, CTaHAapTHhIE
olfepaLuy BBOAA U BhIBOAA JUIA YHCeJ U LeNoYeK JUTep. ITOT MOAYJIb HCIOJIb3YeTC s
B 60JIbLIMHCTBE MPOTrPaMM B 3TOi KHHUIe, H Mhl Ha3oBeM ero Texts. B HeM onpenenex
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THI Text, a Takxe THNh 06beKTOB-6eryHKoB aAs yrenus (Reader) u 3anucu (Writer)
B epeMeHHble TUNa Text, a TaKxke NMPoueAYPhl 15 YTEHHUS H 3alUCH JIKTEPhI, LIeJI0ro
YUCJIa H LUENOYKH JIUTEP.

IIpexae yeM natb onpeneaeHne Moays Texts, MoaYePKHEM CYLIECTBEHHYIO aCHM-
METPHIO MEXy BBOAOM W BhIBOAOM TEKCTOB. XOTA TEKCT MOPOXKJAAETCA MOCJIeN0Ba-
TeJIbHOCTbIO BbI3OBOB MPOLIEAYP BbIBO/A UEJIhIX H BELIECTBEHHBIX YHCeJI, LeNoYek JIu-
Tep U T. A., BBOA TEKCTA MOCPEACTBOM BhbI30Ba MpouEeAyp YTE€HHs NpeaCTaBAAeTCHA
COMHMTE/IbHOI NpaKTHKOM. JleN1o 31ech B TOM, YTO XOTeJIoCh Obl YHUTATD CJeayloLMi
3JIEMEHT, He 3Has €ro THUIA, U ONPEeSIATh €ro THI 70CAe YTEHHA. ITO NPUBOJMT K NMOHS -
THIO ckaxepa (scanner), KOTOPhIH NOCJie KaX A0 MONbITKY YTEHUs NMO3BOJIAET NpoBe-
PHTb THI U 3HaUYE€HHe TPOYHTAHHOTO 3J1leMeHTa. CKaHep HrpaeT poJb 6eryHka as daii-
noB. OHaKo Toraa Hy>KHO HaJIOXKHUTb OTPaHHYEHUsi Ha CHHTAKCHYECKYIO CTPYKTYPY
CYHTbIBaeMbIX TeKCTOB. Mbl onpenesinM CKaHep JUIA TEKCTOB, COCTOALIMX H3 Mocjeao-
BaTeJIbHOCTH L€JIhIX U BELLECTBEHHBIX YHUCEJ, LeNOYeK JIUTEP, MMEH, a TaKe ClieLHaNb-
HbIX JiiTep. CHHTAKCHUC 3THX 3JIEMEHTOB 33/1a€TCA CJIey IOIHMH NPaBHJIAMH TaK Ha3bl-
BaeMoii pacuunpetHoii Hotauuu bakyca—-Haypa (EBNF, Extended Backus Naur Form;
yTo6bl TOUHEE OTPa3UTh BKJIaJ aBTOPOB HOTALUMHU B ee co3aaHue, abbpesnaTypy elue
packpuniBatot kak Extended Backus Normal Form, To ecTb ¢pacuiMpentas HopManbHas
HoTauus Bakycas — npum. nepee.):

item = integer | RealNumber | identifier | string | SpecialChar.
integer = [*-"] digit {digit}.
RealNumber = ["-"] digit {digit} ".” digit {digit} [("E" | “"D")[*+" |
"-” digit {digit}].
identifier = letter {letter | digit}.
string = ** {any character except quote} *”’.
Specialchar - nln I “7" l “@” I “#N I “sﬂ' I “%N l ‘\Aﬂ I “&' l “+” I ‘\_N l
Ng? I “/Ml“\ﬂl“l"l“(ﬂl“)ﬂ I “[Nl“]"l“{"l“}ﬂl
‘\<" I ‘\>ﬂ I “.M I ‘\,M l \\:N I “;" I ‘\~ﬂ.
DeMeHTH pa3aensioTca npobesaMy /UK CHMBOJIAMH KOHLA CTPOK.
DEFINITION Texts; (* ADruS174_Texts *)

CONST Int = 1; Real = 2; Name = 3; Char = 4;
TYPE Text, Writer;
Reader = RECORD eot: BOOLEAN END;
Scanner = RECORD class: INTEGER;
i: INTEGER;
x: REAL,;
s: ARRAY 32 OF CHAR,;
ch: CHAR;
nextCh: CHAR
END;

PROCEDURE OpenReader (VAR r: Reader; t: Text; pos: INTEGER);
PROCEDURE OpenWriter (VAR w: Writer; t: Text; pos: INTEGER);
PROCEDURE OpenScanner (VAR s: Scanner; t: Text; pos: INTEGER);
PROCEDURE Read (VAR r: Reader; VAR ch: CHAR);
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PROCEDURE Readint (VAR r: Reader; VAR n: INTEGER);
PROCEDURE Scan (VAR s: Scanner);

PROCEDURE Write (VAR w: Writer; ch: CHAR);
PROCEDURE WriteLn (VAR w: Writer); (*3asepwnTb CTPOKY*)
PROCEDURE WriteString (VAR w: Writer; s: ARRAY OF CHAR);
PROCEDURE Writelnt (VAR w: Writer; x, n: INTEGER); (*sbisectu uenoe x ¢ mmo
KpaWHen Mmepe n Autepamm. ECam n 60nbwe, YeM HYyXHO, TTepeA YUCNAOM
aob6asnaoTca npobenwvi*)
PROCEDURE WriteReal (VAR w: Writer; x: REAL);
PROCEDURE Close (VAR w: Writer);
END Texts.

(Bbiie no6aBsieHa OTCYTCTBYIOLIAs B aHTJIMHCKOM opurHHane npoueaypa ReadInt, uc-
noJib3yeMasi B IpUMepax NporpaMM — nPuM. nepes.)

Mbi TpebyeM, YTOOBI Noc/E BL30Ba Npoueaypbl Scan(S) aas noJieit 3aMUCH S BLINOA-
HAJIOChH cJleayiollee:

S.class = Int  O3HayaeT, YTO NPOYHUTAHO LieJIOe YHCJI0, M0 3HAYEHHE COAEPKHUTCS
BS.i;

S.class = Real o03Hayaer, YTO MPOYMTAHO BelleCTBEHHOE YHUCJIO, €ro 3HaYeHHue Cco-
JNEPXKHTCA B S.X;

S.class = Name o3HauyaeT, YTo NPOYHTAHA LENOYKA JIMTEP, OHAa COAEPKUTCS B S.s;

S.class = Char o3HayaeT, YTO NpPOYMTaHa CnieLHa/IbHasA JIMTEPa, OHa COAEPKUTCH
B S.ch;

S.nextCh COAEPXHT JINTEPY, HENOCPEACTBEHHO CJeAYIOLYIO 3a NMPOYHTaH-
HbIM 3JIEMEHTOM, KoTopas MoXeT ObiTb npobesioM.

1.8. NMouck

3anaya noucka — oaHa U3 HauboJjiee YaCTO BCTPEYAIOWMXCA B NPOrpaMMHPOBAHUH.
OHa Takxke AaeT npeKpacHble BO3MOXHOCTH MOKa3aTb MPHMEHEHHE PACCMOTPEHHBIX
CTPYKTYP AaHHbIX. ECTb HECKOJIbKO OCHOBHBIX BapHaLIMii Ha TeMY MOKCKA, H 3eChb MpH-
AYMaHO MHOXeCTBO anropuTtMoB. OCHOBHOe NpeaAnoJioXeHHe, KOTOpoe Mhl JesaeM
B AaJibHeiillleM H3J10)KEHHH, COCTOMT B TOM, YTO HabOp NaHHbIX, B KOTOPOM HILETCS 3a-
AaHHoe 3HayeHue, pukcupoBaH. ByaeM npeanosarats, YTo 3TOT Habop N 3neMeHTOB
npeACTaBJleH MAaCCHBOM, CKaXKeM

a: ARRAY N OF Item

OO6bI4HO 3/1eMEHTH ABJAIOTCA 3aMHCAMH, OIHO H3 MoJieil KOTOPBIX HrpaeT poJb
kiioya. Toraa 3anaya COCTOMT B HaX0XAEHHH 3J1EMEHTA, Y KOTOPOTO IoJie KJ1i0Ya PaBHO
3a]aHHOMY 3Ha4YeHHUIO X, KOTOpOe ellle Ha3hIBaIOT apeymenmonm noucxa. Halinennwiit
MHEKC i, YA0BJIeTBOPAIOWMHIL ycaoBHIO ali].key = X, NO3BOJUT OOPaTUTLCA K APYTHM
NOJAM HaiiieHHOro 3JleMeHTa. [TocKoJibKy HaM 321eCh HHTepecHa TOJIbKO 33a/1a4ya NoMC-
Ka, HO He IaHHble, palH KOTOPhIX MPOM3BOAHTCA MOMCK, Mbl GyaeM npeanosnarath, YTo
THI Itém COCTOMT TOJIbKO H3 KJII04a, TO €CTb CaM SIBJIIETCA KJIIOYOM.
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1.8.1. JInnenHbisi NONCK

Ecan Her HHUKakoi#t aonosiHUTeNbHON HHGOPMaLUMHM O AaHHBIX, TO OYEBUAHOE pellle-
HHe — MOoCJIeA0BaTeIbHO MPOXOAMTD N0 MAaCCHBY, LLIAT 32 LIaroM yYBeJIMYMBas BEJINYHHY
TOit YaCTH MacCHBa, Ile MCKOMOe 3HaYeHHe 3aBeIoOMO OTCYTCTBYET. ITO pellieHHe U3Be-
CTHO KaK Aunetinteil nouck. [IoMCK npekpaluaercs nNpy oAHOM H3 ABYX yCJIOBHH:

1. daeMeHT HaitneH, TO eCTb a; = X.
2. TlpocMoTpeH Becb MaCCHUB, HO 3JIEMEHT He HaliieH.

IIpuxoauM K cjeayiouieMy aJirOpUuTMYy:

i:=0; (* ADruS18_TlMownck *)
WHILE (i < N) & (a[i] # x) DO INC(i) END

OTMETHM, YTO NOPAAOK ONnepaHAOB B 6leeBCKOM Bblpa’XX€HHH BaXK€EH.
Jlo ¥ nocaie Kaxaoro 111ara {HKJ1a BhIMIOJIHAETCA cjieayiouiee ycjlopue:

O0<i<N)&Ak:O0<k<i:ayg#x)

Takoe ycJioBHe Ha3biBaeTCA MHHBapHaHTOM. B 1aHHOM c1yyae HHBapHaHT O3Hayaer,
YTO AJIst BCEX 3HauYeHHUI k, MEHbLIMNX, YeM |, cpean a, HCKOMOTo 3HaYyeHHUs X HeT. 3aMe-
THM, 4TO Z10 ¥ OCJIe KA)KAOTO ll1ara HHKJ/ia 3HaueHus i — pasHble. CoxpaHeHHe HHBapH-
aHTa NpH U3MEHEHUH i UMEeT MECTO B IaHHOM cJlyyae 6u1aronapsi HCTHHHOCTH OXPaHbl
uMKJIa (yCJI0BUSA MeXay KaodeBuIMH cioBaMH WHILE 1 DO).

W3 BbINOJIHEHUst HHBAPHAHTA U H3 TOrO (aKTa, YTO NOMCK NPEKPALlAeTCA, TOJbKO
eCJIM CTaHeT JIOXKHOH OXpaHa LHKJIA, NMOJy4YaeTcs YCJO0BHe, BbINOJIHAIOLIeeCs nocje
OKOHYaHMA NaHHOrO ¢parMeHTa NMporpaMMH (Tak Ha3niBaeMoe NMOCTYCJI0BHe ANA AaH-
Horo ¢parMeHTa):

((i=N)OR(aj=x)) & (Ak: 0 sk <i:ag=x)

IJT0 ycJl0BHE He TOJIbKO SBJISETCS MCKOMBIM Pe3yJIbTaTOM, HO ellle ¥ NoApa3yMeBa-
€T, YTO €CJIU Hal1eH 3JlIeMEHT, paBHbIH X, TO 3T0 NepBhiii Takoii aieMeHT. [IpuaTomi=N
O3HayaeT, YTO HCKOMOro 3Ha4YeHHUs He HaiiaeHo.

OkoHYaHHe LHK/Ia FApaHTHPOBAHO, TaK KaK BEJIHYMHA i Ha KaXKIOM llare yBeau-
YHBAETCA U NO3TOMY 00s13aTe/IbHO AOCTUTHET rPaHH Uk N NocJie KOHeYHOro YHCJIa liia-
roB; Ha caMoM eJe nocje N 1aros, eCJIH HCKOMOTo 3HaYeHUs B MaCCHBE HeT.

Ha kaxxaoM ware HyXHoO BbIMHCJIATH GysieBckoe BhipakeHHe M YBeJIMYMBaTh WH-
aexc. MoxHo JiH ynpocTUTb 3Ty 3aa4y M TeM CaMbiM YCKOPUTb NOMCK? EAHHCTBEeHHas
BO3MOXHOCTb — YNPOCTHTb GyJieBckoe BbIpaxeHHe, COCTosIee, KaK BUAHM, U3 ABYX
yseHoB. [ToaToMy nocTpouTh 60s1€e MpoCTOE pellleHHe yaacTcs, TOJIbKO eCJIH HaiTH yc-
JIOBHE C EAHHCTBEHHBIM YJIeHOM, H3 KoToporo 6yayT cjeaoBaTbh 06a. 3T0 BO3MOXHO
JIMLIb TP FapaHTHH, YTO MCKOMOE 3HaueHHe Bceraa 6yzeT HailieHo, a 3TO MOXKHO obec-
neYyuTh, MOMeLast AOMOJHHUTE bHII 3JIeMEHT CO 3HaYeHHeM X B KOHell MaccHBa. Byaem
Ha3bIBaTh TaKoil BCIOMOraTesbHblit 3ieMeHT 6apbepom (sentinel), Tak Kak oH npenAT-
CTBYeT BhIXOy NOMCKa 3a rPaHHULYY MacCHBa. Tenepb MacCHB a O0bABJIAETCA TaK:

a: ARRAY N+1 OF INTEGER,
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M a/ITOPHTM JIHHEeI{HOrO noMckKa ¢ 6apbepoM BhipaXkaeTcs cJeayiowmM obpa3oM:

a[N] ;= x; i :=0; (* ADruS18_Mowuck *)
WHILE a[i] # x DO INC(i) END

B uTore nosiyyaercs ycjoBHe, BHiBeA€HHOE M3 TOIO XXe MHBapHUaHTa, YTO H paHee:
(@Q=x)&(Ak: 0<k <i:ag=x)

OueBuaHo, H3 i = N cjeayert, 4To HCKOMOe 3HaueHHe He BCTPETHJIOCh (He CYHTas
3HavyeHus-6apbepa).

1.8.2. lNMonck genexnnem nononam

IToHATHO, YTO YCKOPHUTb MOKCK HEBO3MOXHO, €CJIH HET A0NOJHUTEIbHOI MHpOpPMaLIHK
0 1aHHBIX, B KOTOPhIX OH BbINOJHAETCA. XOPOlI0 H3BECTHO, YTO MOMCK MOXeT OnITb ro-
pa3no 6onee 3¢deKTHBHBIM, €CM AaHHbIE ynopsaaoyeHnl. JlocTaTOYHO NpeACTaBHTb
cebe TesiepoHHDBII CIpaBOYHHUK, B KOTOPOM HOMepa laHhl He 1o afipaBHTY: TaKo#i cripa-
BOYHMK coBepllieHHO 6ecnionieseH. [ToaToMy 06cyauM Tenepb anropuT™, KOTOPBIi HC-
noab3yeT MHPOPMALHIO O TOM, YTO MACCHUB a YNOPAAOYEH, TO €CTb YTO BhIMOJIHAETCA
yCJioBHUE

Ak: 1 <k <N:ap.y €a,

KnioueBas uaest — B ToM, 4ToObl BhiOpaTh Hayraa 3/IEMEHT, CKaXXeM ay,, H CPaBHHTD
€ro ¢ HCKOMbIM 3HaueHHeM X. Ec/i oH paBeH X, TO MOHCK MPeKpaLlaeTCs; €CJH OH MeHb-
1€ X, TO MOXXHO 3aKJIIOYHUTD, YTO BCE 3JIEMEHTHI C HHAEKCAMH, PaBHBIMH HJIM MEHbLLIUMH
m, MOXKHO HTHOPUPOBATh B AanbHeiillleM NOMCKE; a €CJIK OH 60JibliIe X, TO MOXHO UTHO-
pPHPOBaTb Bce 3HaYEHHs HHAEKca, 60JibllIMe HIM paBHbie M. DTO NIPUBOAHKT K CJeayIo-
LLEMY a/ITOPHTMY, KOTOPbIif HOCUT Ha3BaHHe Nouck deaeruem nonorax (binary search);
B HeM MCMOJIb3YIOTCS ABe MMAEKCHbIe NMepeMeHHble L ¥ R, 0oTMeyaioliHe B MacCHBe a
JieBblii M NpaBblii KOHUBI OTPe3Ka, B KOTOPOM HCKOMOE 3HaYeHHe BCe ellie MOXKET OnITh
HaiiieHo:

L:=0; R:=N-1; (* ADruS18_TNMouck *)
m = moboe 3HaveHne mexay L n R;
WHILE (L <= R) & (a[m] # x) DO
IF a[m] < x THEN
L:=m+]
ELSE
R :=m-1
END;
m := noboe 3naverne mexay L un R
END

IonuepkneM ¢pyHaaMeHTanbHOE CTPYKTYpHOE NoaobKue 3TOro anropuT™Ma M airo-
PUTMa JIHHEHHOIO MOKHCKA B NpeAbiAYLIEM pa3zie/ie: pojb i Tenepb HrpaeT Tpoiika L, m,
R. UTo6bl He MOTEPATD 3TO NoA0OHe U TeM caMbIM HaZieXKHell rapaHTHPOBaTb KOPPEKT-
HOCTb UMKJa, Mbl BO3JAEPXKaJHCb OT COOJia3Ha MeJIKOH ONTHMMM3AaUHH NpPOrpaMMbl
C LeJ1bI0 YCTPaHeHHs Ay6IHpOBaHHA HHCTPYKLIMK NPHCBaUBAHHsA NepeMeHHoi m.
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Cnenylomee yCJI0BHE ABJACTCA HHBAPDHAHTOM LHKJIA, TO €CTb BHIIOJIHAECTCA 10 H
NocJie Kaxaoro uiara.

Ak: 0<sk<l:ag<x)&(Ak:R<k <N:ag>x)
OTKYAa BhIBOAUM AN L{HKJIA TaKOE NOCTYCJIOBUE:
(L>RIOR(Qm=x)) & (Ak: 0<k<LlL:ag<x)&(Ak:R<k <N:ag>x)
U3 Hero caenyer, yto
((L>R)&(Ak: 0 <k <N:ag#x)OR(ay = x)

Bbibop m, oueBHIHO, MPOU3BOJIEH B TOM CMbICJIe, YTO MPaBHJAbBHOCTb aNTOPUTMa
OT Hero He 3aBUCHT. Ho oT Hero 3aBucHT adpdpexTHBHOCTL anropuTm™a. ScHo, 4To Ha
KaXXAOM Lllare HYXHO UCKJII0YaTh U3 JaNbHeiilllero noMcka Kak MoXHo 6osblie 3e-
MEHTOB He3aBUCHMO OT pe3yJibTaTa cpaBHeHHsA. ONTHMaNbHOe pellleHHe — BubpaTh
CPEAHHIi 3JIeMEeHT, TaK KaK 31€Cb B JII060M c/1y4yae U3 MOHCKa UCKJII0YAETCS N0JI0BHHA
orpe3ka. [Tosyyaercs, 4To MaKCHMaJIbHOe YHCJIO Waros paBHo log;N, okpyrieHHoe
no 6aunxaitmero uesoro. [ToaToMy naHHbLIH anropuT™M npeactasaseT coboi paau-
KalbHoe yJy4llleH’e N0 CPaBHEHHIO C JIMHEIHRIM MOMCKOM, Te cpelHee YUCJI0 CpaB-
HeHHI1 paBHO N/2.

Kak yxe ynoMHHanocb, MOXHO 3aHATbCA yCTpPaHeHHeM AyOJHPOBAHUS HHCTPYK-
UMy npucBauBaHMA m. OQHaKo Takass ONTHMH3alUUs Ha YpPOBHE Kola SIBJAAETCA
npexxaeBpeMeHHoIi B TOM CMbICJie, YTO CHayana Jiyyllle MoNnbuTaTbCA ONTHMH3UPOBATh
a/ITOPUTM Ha YPOBHe JIOTHKH 3aja4M. 34ecb 3TO AeHCTBUTENbHO BO3MOXHO: BBUAY
CXOJCTBAa a/ITOPHTMA C a/ITOPHTMOM JIMHEHHOrO NMOMCKA eCTECTBEHHO UCKATh pellleHHe
c 60/1ee POCTRIM YCJIOBUEM OKOHYaH M3, TO eCTb 6e3 BTOporo onepatia KOHbIOHKUHH B
oXpaHe UMKJa. [[Jis 3TOro HyXKHO 0TKa3aTbCsA OT HAMBHOIO XeJIaHHA 3aKOHYUTb MOUCK
Cpa3y NnocJjie Haxo>KAeHHUss HCKOMOro 3HadyeHHus. Ha nepBuiit B3rJis1 310 HEpa3yMHo, HO
npx 6anxaitieM pacCMOTPEHHH OKa3hliBaeTCA, YTO BhIMIPhil B 3P(PeKTUBHOCTH Ha
KaXxoM wware 6osbiue, Y4eM MoTepy H3-3a HeOOMbLIOIO YHCJIa AOMOJHHTENbHRIX CPaB-
HeHuii. HanoMHuUM, 4T0 YyHc10 waroB He npesbiwaet log N.

BoJiee 6nicTpoe pellieHHe OCHOBaHO Ha cieyioleM HHBapHaHTe:

Ak:0<k<l:ag<x)&(Ak:R<k <N:ay2x)
a MOMCK NPOAOJKAETCH, NOKa ABa OTpe3Ka He 6yaAyT nokpriBaTh BeCb MaCCHB:

L:=0;R:=N; (* ADruS18_TMowuck *)
WHILEL <R DO

m := (L+R) DIV 2;

IFa[m] < x THEN L := m+1 ELSE R := m END
END

MoxHo cka3arb, YTO Tenepb MLIETCA He 3jieMeHT a[m) = x, a rpaHHla, OTAe/AIoWas
BCE 3JIEMEHThI, MEHbILIHE X, OT BCEX MPOYHX.

YcaoBue okoHyaHus — L 2 R. EcTb Jin rapanTH# ero goctixkeHnsa? Yrobn ybeaurn-
CA B 3TOM, HY)KHO NMOKa3aTb, YTO B J0OIX 06CTOATENLCTBAX pasHOCTb R-L yMeHb-
IIAeTCA Ha KaXJAOM ware. YcaoBue L < R cnpaBea/iMBo B Hayane KaKaoro wara. Toraa
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cpeaHee apudMeTHYeCKoe yaoBJeTBopsieT ycjaoBuio L € m < R. [loatoMy pasHocTb
nefCTBUTENbHO YMeHbwaeTca 6naronaps JH60 MPUCBaMBAHMIO 3HaYeHHA m+]1 mepe-
MeHHoli L (uyTo yBesinuuBaer L), 1160 3HaueHHI0 m nepeMeHHoit R (4TO yMeHbaeT R),
M LUMKJ npekpawaercs npu L = R.

OnaHako BhINOJHEeHHEe HHBapHaHTa BMeCTe C YcJioBHeM L = R elle He rapaHTHpYeT
ycnexa noucka. Pazymeercs, ecjin R = N, To HCckoMoOro 3HaueHUs B MaccuBe HeT. B npo-
THBHOM CJ1yYae HY>XHO Y4eCTb, YTo 3JieMeHT a[R] ewe He cpaBHHBaICA. [I03TOMY HYXKHa
NONOJIHUTesIbHAs NpoBepKa paBeHCcTBa A[R] = x. B oTyiHuKe OT nepBOro peleHUs, AaH-
Hhlil aITOPUTM — KaK M JIMHEliHbI MOMUCK — HAXOAUT HCKOMOE 3HaY€HHe B MO3HLUMH C
HaHMeHbLINM UHAEKCOM.

1.8.3. MNonck B Tabnuue

ITouck B MacCHMBe HHOT/]a Ha3hIBAIOT NOLUCKOM 8 mabauye, 0COGEHHO eCH KAI0YH CaMH
ABJAIOTCA COCTAaBHhIMM 00beKTaMM, TAKUMH KaK MacCHBhI YKces uiau autep. [locae-
OHHI cnyyall BCTpeYaeTCA 4acTO; MaCCHBhI JIUTEP HA3biBAIOT YENONKAMU Aumep
(string), unu crosamu. OnpeaesnM THN String Tak:

String = ARRAY M OF CHAR
H YCTb OTHOLLEHHE MOPAAKA ANA LeNoyekK onpeaesieHo Tak, YTo A LeNoyeK X H y:

(x=y) = (Aj;0sj<M:x;=Yy))
(x<y) = E:OSi<N:((A:0sj<i:x=yp&(x;<y))

OueBnaHO, paBeHCTBO LeNOYeK 3IKBHBA/IEHTHO PaBEeHCTBY BCeX JIMTep. B cymHocty,
AOCTaTOYHO HCKATb Mapy HepaBHuIX AuTep. OTCYTCTBHE TaKO# Naphl 03HaYyaeT paBeH-
cTBO LUenoyeK. ByaeM npeanosarathb, YTo AJIHHA CJ10B AOCTATOYHO Majla, CKaXKeM MeHb-
we 30, H 6yaeM UCoNb30OBATh JIMHEHAIIT MIOKCK.

B GonbuIMHCTBe NPHJIOKEHHH HYXKHO CYHTaTb, YTO UEMOYKH JIMTEP HMEIOT
nepeMEeHHYI0 AJIMHY. TO JOCTHIAETCA TEM, YTO C Ka)KAOMN Lenoykoi JUTep acCCOUNH-
pyeTcs ee ANWHA. Y YUThIBasA AaHHOE Bhlllie ONpeaesieHHe THIA, 3Ta AJIMHA He J0JIXHa
NpeBbILIATh MAKCHMabHOIO 3HaYeHUA M. Takas cxeMa ocTaBiisieT 1OCTaTOYHO rH6KoC-
TH U1 MHOTHX 3a/1a4, U36eras npH aToM CJI0XKHOCTel AMHAMHYECKOro pacnpeaeieHus
naMaTH. Yaue Bcero HCNo/b3yl0TCA ABa NpeACTaBJAEHHUS A/IMHbI UENOYEK JIUTEP:

1. /lnuHa 3anaeTcs HESABHO TeM, YTO K KOHLLY UeNOYKH JIMTep MPHIUChIBAETCA TaK
Ha3biBaeMas XoMyeséas JIMHTepa, KOTopas B APYTMX UeAAX He MCMOJb3yeTcs.
O6b14HO A/ 3TOI UEAN UCNIOAB3YIOT JUTepy 0X, He HMelowyIO rpad)HYecKoro
obpa3za. ([Ina panbHelillero BaXXHO, YTO 3TO CaMas MAGOwWan JNTepa BO BCEM
MHOXeCTBe JIUTep.)

2. JInMHa XpaHHUTCA HEMOCPEACTBEHHO B IEPBOM 3JIeMeHTe MaCCHBA, TO €CTh LeNoY-
Ka JIHTEp S HMeeT BH]L

S = S0, 51, 52y ««+ » SN

rae Sy ... SN-y CyThb (paKTHYECKHE JIMTEPh! LENOYKH, a Sg = CHR(N). IIpenmyiue-
CTBO 3TOrO croco0a — B TOM, YTO A/IHHA JOCTYIHA HENOCPEACTBEHHO, a HEOCTA-
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TOK — YTO MaKCHMMaJibHasA A/IMHa OrpaHHYeHa pa3MepoOM MHOXECTBa JIMTep, TO
ecTb B cnyyae MHoxecTBa ASCII sHaueHnem 256.

B nanbHeitieM Mbl NpUaepxHBaeMcs nepBoii cxeMnl. CpaBHeHHe LenoYeK JHTEp
NPHHHMaeT BUJ

i :=0;
WHILE (x[i] # OX) & (x[i] = y(i]) DO i :=i+1 END

3aecb KOHUEBas JIMTEpa UrpaeT poJb 6apbepa, a MHBapHaHT LHKJIa MMEeT BH
Aj: 0<j<i:x =y =0X,

U B pe3yJibTaTe BhIMOJIHAETCA CJleAyiollee YCJI0OBHe:
((xj = 0X) OR (x; # v;)) & (Aj: 05 j <i:x;=y;=* 0X).

Ortciona caeayet coBnageHHe Lenovek X H Yy, €CJIH X; = y;; IPHU ITOM X <y, ECJIH X; < Y.

Tenepb Mbl roTOBRI BEPHYTbLCA K MOMCKY B Tabauuax. 3aech Tpebyercs «mouck
B NNOHCKE», TO €CTb MTOUCK CPEAH 3/1IeMEHTOB Tab/NH1bl, IPUYEM LS KaXKAOTO 3JleMEHTa
TabJIHLbl HYXHa MOCJIeA0BaTeIbHOCTb CPaBHEHHMH MeXAy KOMIIOHEHTaMH MaCCHBOB.
HanpumMep, nyctb Tabanua T H apryMeHT NMOMCKa X onpeie/ieHhl Tak:

T: ARRAY N OF String;
x: String

IIpeanonaras, uro N MoxeT 6biTb 6obLIMM U YTO TabAHUa ynopsaaoueHa no anda-
BUTY, OyaeM MCMoJsib30BaTh NMOHMCK AejeHueM nonosaM. Vicnosb3ys noctpoeHHble
Bhillle 2ITOPUTMbI JUIA MOMCKa AeJIeHHeM NOMoJiaM U JUIA CpaBHEHHS CTPOK, NMoJyYyaeM
cJeayouH it nporpaMMHhuIN parMeHT:

i=-1; (* ADruS183 *)
L:=0;R:=N;
WHILEL <R DO
m := (L+R) DIV 2;
i :=0;
WHILE (x[i] # 0X) & (T[m,i] = x[i]) DO | := i+1 END;
IF T[m,i] < x[i] THEN L := m+1 ELSER := m END
END;
IFR < N THEN
i=0;
WHILE (x[i] # 0X) & (T[R,i] = x[i]) DO i := i+1 END
END
(* (R < N) & (T[R,i] = x[i]) ycTtanasnusaioT cosrmapneHune *)

1.9. NMouck o6pa3ua B Texcrte
(string search)

YacTto BcTpeyaeTcs ocobblit BU NoOMCKa — nouck obpasua 6 mexcme. OH onpeaenserca
caeayouwmuM obpazoM. Iycrb naHnl MaccHB s H3 N 3/1eMEHTOB M MaCCHB p U3 M 31eMeH-
TOB, rie 0 <M < N:
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s: ARRAY N OF Item
p: ARRAY M OF Item

Tpebyetca HaiiTh nepsoe BXo)kaeHHe p B S. OObIYHO 3/IeMEHThI 3THX MaCCHBOB
(Item) SABAAIOTCA AUTEpaMH; TOrJa S MOXHO CYMTAaTb TEKCTOM, a p — obpa3uoMm
(pattern) MJIH CI0BOM, ¥ TOTZIa HYXXHO HaiiTH NepBoe BXOXKJAEHHE CJ10Ba B TEKCTe. 3TO
OCHOBHas onepauus B N0boi cuctemMe oOpaboTKM TEKCTOB, M AIA Hee BaXXHO UMETb
3pPeKTUBHLI ANTOPHTM.

OcobeHHOCTD 3TOM 3aaYH — HAJIHYKE BYX MaCCHBOB IaHHBIX U HEOOXOAHMOCTDb HX
OAHOBPEMEHHOIO NMPOCMOTPA, MPHYEM KOOPAHHAUHA ABHXKEHHA HHIAEKCOB-6EryHKOB,
C MOMOLIbIO KOTOPAIX OCY LIECTBJIAIOTCA IPOCMOTPAI, ONpesessieTca AaHHuMHU. Koppekr-
Has peanu3auus NoAOOHBIX <CIVIeTeHHBIX» LUMKJIOB YMPOILAETCH, €CJAH BhIpaXaTb
HX, UCNIOJIb3YA TaK Ha3hiBaeMblii yuxa Jeuxcmpyus — MHOrOBETOYHKIH BapUaHT LHKJIA
WHILE. ITockonbKy aTa pyHaaMeHTanbHaA H MOLIHAsA YNIpaBasiolas CTPYKTypa npea-
CTaBJ/IeHa He BO BCeX si3blKaX MpOrpaMMHPOBAaHHSA, ee ONMTHCaHHIO NOCBALLEHO MpUJIoXKe-
Hue C.

Mui nocnenoBaTenbHO pacCCMOTPUM TPH AIFOPUTMa: MPOCTO# MOHCK, NOCTPOEHHBIH
caMhIM HauBHRIM oOpa3oM; airoput™M Kuyra, Moppuca u Ilparra (KMIT-aaropurs™),
npeacTaBiasAlOWHit co60ii ONTHMH3aLMIO MPOCTOrO MOUCKA; M, HaKOHewl, caMulii 3ddek-
THUBHHI U3 Tpex anroputM boiiepa  Mypa (BM-anropuT™), ocHoBaHHRIH Ha nepe-
cMoTpe 6a30Boii HeH MPOCTOro aIFOPHTMa.

1.9.1. Mpocros nonck o6pa3sya B rexcre

Ipexae yeM ayMatb 06 3¢pPeKTHBHOCTH, ONHIIEM NPOCTEH KA AITOPHTM MOMCKa.
Ha3soBeM ero npocmuim nouckom obpasya 6 mexcme. Y nobHo nMeTb B BHAY pHc. 1.9, Ha
KOTOPOM CXeMaTHYeCKH NoKa3aH obpa3sell p AHHEI M, CONOCTaBAAEMbIii C TEKCTOM S
anuHel N B no3uuuw i. [Ipu 3ToM HHAEKC j HyMepyeT aeMeHThl o0pa3la, H 3/IeMEHTY
obpasua plj] conocraBaseTca aneMeHT TeKcTa s[i+j).

‘0 ll lN-l

S (TexcT)

p (obpasew)

o Ti T

Puc. 1.9. O6paszeu anrHb M, conocraenfieMuit C TEKCTOM S B8 NO3UUMM i

[Ipeauxar R(i), onHchiBalomMit MojiHOoe coBnalleHue obpasua ¢ JUTEepaMH TeKCTa
B No3uuMH i, popMyaHpyeTcs Tak:

R(i) = Ak:0sj<M: Pj = Si+j
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HonycTuMble 3HaYeHHH |, B KOTOPhIX MOXET PeasiM30BaThCA cOBNasieHue, — oT O 10
N-M BKJI0uMTENBbHO. BhiuKceHHe ycaoBus R ectecTBeHHRIM 06pa3oM CBOAMTCA K MOB-
TOPHBIM CPaBHeHHAM OTAeJbHLIX Map autep. Ecan npuMmennTs TeopeMy ne MopraHa
K R, TO OKaXETCA, YTO ITH NOBTOPHLIE CPaBHEHHUsA A0/KHbI NPeACTaBAATb co00#i Nouck
Ha HepaBeHCTBO Cpeay Nap COOTBETCTBYIOLIMX JIHTEP TEKCTa U oOpa3ua:

R = Aj:0<j<M:p=5sj)) = ~Ej: 0<j<M:p=sj,)

IToaTomy npeaukar R(i) 1erko peajindyercs B Buae npoueaypbi-pyHKUHH, MOCTPO-
eHHOM 1Mo cXxeMe JIMHeIitHOro NMOMUCKa:

PROCEDURE R (i: INTEGER): BOOLEAN;
VAR j: INTEGER;
BEGIN
(*O<=i<N?
j=0;
WHILE (j < M) & (plj] = s[i+j]) DO INC(j) END;
RETURN ~(j < M)
ENDR

[TycTb MCKOMBIM pe3y/ibTaTOM OyneT 3HaueHHe HHEKCa i, YKa3hiBalollee Ha nepéoe
BXoXaeHHe obpasua B TekcTe s. Toraa no/kHo ynoBaeTBopaThCs ycoBue R(i). Ho tak
Kak TpebyeTca HaliTH UMeHHO nepBoe BXoxaeHHe obpa3ua, To ycjosue R(k) A01KHO
6bITb JIOXHRIM 415 Bcex k < i. O603HauMM 3T0 HOBoE ycJioBHe Kak Q(i):

Q@) = Ak: 0<k <i:~R(k)

Takas popMyIMpoBKa 3a1a4H Cpa3y HAaBOAUT Ha MhICJIb MIOCTPOUTH NMPOTPaMMY MO
o6pa3suy snHeitHoro noncka (pasaen 1.8.1):

i :=0; (* ADruS191_Tpocton *)
WHILE (i <= N-M) & ~R(i) DO INC(i) END

MHBapHaHTOM 3TOro UMKa ABiaAeTca npeaukaT Q(i), KOTOphlil BHNOJIHAETCA KaK 210
uHcTpyKuuH INC(i), Tak H — 6/1aronaps BTOPOMY onepaHay oXpPaHbi — MocJie Hee.

JlOCTOMHCTBO 3TOro aJirOpUuTMa — JIErKOCTb MOHUMaHHA JIOTHKK Gsaroaaps yer-
KOi1 pa3Bsi3Ke ABYX LIHKJIOB IOMCKa 3a CYeT YNPATHIBAaHUSA OAHOTO U3 HUX BHYTPb Npo-
uenypni-pyHKuuH R. OnHaKo 3To e CBOHCTBO MOXeT 06epHYTbCA U HENOCTaTKOM:
BO-TI€PBhIX, AONOJHUTEJIbHLIH BLI3OB MPOUEAYPbl Ha KaXAOM Liare MoTeHUHaabHO
AJUHHOTIO LIMKJIa MOXET 0Ka3aThbCA CJAHIIKOM JOPOroCTOALWMM JUIA TaKoi 6a3oBoH
onepauHH, KaKk Nouck obpasua. Bo-Bropuix, 60see coBeplieHHbIE aITOPUTMBI, pac-
CMaTpHBaeMble HUXe, UCN0JIb3YIOT HHOPMaLHIO, N10J1y4YaeMYI0 BO BHYTPEHHEM LIUK-
Jie, AJIA yBeJIMYEHHUA i BO BHEUIHEM LIMKJIEe Ha BeJIHUMHY, 60JIb11YI0 EAMHHULB, TaK YTO
ABa LIMKJIA YK€ HeJlb3s paCCMaTPHBaTh KaK BIoJIHe He3aBHCHMble. M0oXHO H36aBHTbD-
CA OT NMpoLUeAy Phl BIYUCJIEHHA R, BBeS AONOJHHTEJIbHYIO JIOTHYECKY [0 IEPEMEHHYIO
AJIS ee pe3yJibTaTa M BJIOXHB LIMKJ U3 MPOLEyPhl B TeJIO OCHOBHOro uuiia no i. Oa-
HaKoO JIOTHKa B3aHMOAEHCTBHUA ABYX BJIOXKEHHBIX LIMKJIOB Yepe3 JIOTHYECKYIo nepe-
MEHHYIO TepsAeT UCXOAHYIO NMPO3payHOCTb, YTO YpPeBaTO OUIHOKaMK NMPH 3BOJIOLMH
NporpaMMal.
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B noaob6Huix cay4yasx yaoOHO HCNOAb30BaTh TaK Ha3niBaeMbii yuxa Jetxcmpor —
UMK WHILE ¢ HecKosiIbKHMHM BETBAMH, KaXK/1as H3 KOTOPhIX UMeET CBOIO OXpaHy (CM.
npuyoxeHue C). B nannoM cayyae aBe BeTBH OyAyT COOTBETCTBOBATb LiIaraM Mo | U j
cooTBeTcTBeHHO. BcnoMuuM puc. 1.9 u BBeneM npeaukar P(i, j), oaHavaiownit copnaae-
HMe NEPBRIX j IMTEp 0Opa3ua ¢ JHTepaMH TEKCTa, HAYMHasA C MO3ULHUH |:

PG, j) = Ak: 0<k <j: Sj4k = Pk

Toraa R(i) = P(i, M).

PucyHok 1.9 noka3niBaeT, YTO TeKylliee COCTOSHUE NMpoLiecca MOHCKA XapaKTepH3y-
€TCA 3HaAYeHUAMH NMaphl NepeMeHHbIX i U j. [Ipu 3TOM HHBapHAHT (YCJI0BHE, KOTOPOMY
YAOBJIETBOPSAET COCTOSAHHE MTOUCKA H K KOTOPOMY NMPOLLECC AoJ1XKeH BO3BPallaTbCA MOC-
Jie Ka)X10ro Lara MpH HOBLIX i HJIH j) MOXKHO BbIOpaTh TaK: B MO3ULIMAX A0 i COBMNAIEHHIH
obpa3ua HeT, a B MO3ULIUH | HMEETCA YaCTHYHOE COBNajieHHe NEPBLIX j JIHTEP 0bpa3ia,
4T0 GOPMAJIbLHO 3aMTHChIBAETCA CJleAyIOLHM 0Opa3oM:

Qi) & P, j)

OvueBuaHO, j = M 03HaYaeT, YTO MMEET MECTO HCKOMOE BXOXKAeHHe obpa3iia B TeKCT
B MO3HLHH i, ai > N - M o3HayaerT, YTO BXOXKAECHHIH HeT BoobO1Le.

OvyeBUaHO, IS NOUCKA AOCTATOYHO NMBTATLCA YBEJIHYMBATD j Ha 1, uTobnI pacum-
PHTb COBNAJAIOLIHIT CETMEHT, a €CJIH 3TO HEBO3MOXHO, TO NPOABHUHYTb obpa3el B Ho-
BYIO IO3ULIMIO, YBEJHWYMB i Ha 1, U COPOCHUTD j B HYJIb, YTOOBI HaYaTh C Ha4yasa MPOBEPKY
coBMnajicHus o6pa3iia B HOBOM NMO3HLIMM:

i=0; j:=0;

WHILE moxHO pacwnputs cosnagaouwinmn cermeHt DO
INC(j)

ELSIF mox+o npoasunryrs obpazey DO
INC(i);, ji=0

END;

OcTaeTcs cOCpeoTOYMTBCA Ha KadKAOM M3 ABYX LIAroB N0 OTAEJbHOCTH U aKKypaT-
HO BLINTUCATD YCJIOBUSA, NPH KOTOPLIX KKAKIM L1ar UMeeT CMbICJI, TO €CTb COXpaHseT
MHBapHaHT. [l1s nepBoii BeTkH 310 ycaoBHe (i £ N-M) & (j < M) & (si,j = p), rapanTH-
pytowee P(i, j) nocne yBennyenus j. Jlnsa BTopol BeTKH NMocJieHHit onepaH]l KOHbIOH-
KUHH J0JIXKEH COAEePXKaTb HEPaBEHCTBO BMECTO PaBEHCTBA, YTO BJiedeT ~R(i) U rapaHTu-
pyet Q(i) nocsie yBesiHueHHs i. YUUThIBAsA, YTO OXpaHbl BETOK BHIYUCJIAIOTCSA B NOPAAKE
HX MEPEYHCJIEHHUS B TEKCTE, MOXKHO OMYCTHTb NMOCJAEAHHH oNnepaHa KOHBIOHKUMH BO
BTOPOi1 OXpaHe H NoJyYHTb OKOHYATe/bHYIO POrpaMMy:

i:=0; j:=0; (* ADruS191_Tlpocton *)
WHILE (i <= N-M) & (j < M) & (s[i+j] = plj)) DO
INC(j)
ELSIF (i <= N-M) & (j < M) DO
INC(i); j:=0
END;

[Tocne unkna rapaHTHpPOBaHO YCJIOBHE, paBHOE KOHBIOHKLIMM OTPHUAHUIH BCEX OX-
paH, Toectb (i > N-M) OR (j >= M), np1yeM U3 CTPYKTYPH 11aroB LIHKJIa AONOJIHHTE/Ib-
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HO CJIeyeT, YTO /1Ba ONlepaH/a He MOryT OnITb HCTUHHLI OAHOBPEMEHHO, a j He MOXeT
npesbiciTb M. Toraa i > N-M o3Hauaer, 4To BXOXAeHHH oOpa3ua HeT,a j=M — 4yTo
cnpaBeuiHBO Q(i) & P(i, M), TO €CTb HalileHO HCKOMOe MOJIHOE BXOXAEHHE B MO3HLHH |.

Ananus npocmozo noucxa 6 mexcme. ITOT UITOPHTM NOBOJIbHO 3¢ ¢eKTHBEH,
€CJIU Npeanoaararb, YTo HepaBeHCTBO JIMTEP OOHapY KHBAETCA JIH1b NocJie HebosbLlo-
ro YucJia CpaBHEHHIt JIMTEP, TO €CTb NpH HeboJiblKX j. Takoe BMOJIHE BEPOATHO, €CJIH
MOLUHOCTb THIA 3JIEMEHTOB BeauKa. [lJis MoMCKa B TEKCTE C MOLIHOCTbIO MHOXECTBA
JIHTEp, paBHO# 128, pasyMHO NpeaANnoJIoXKHTD, YTO HEPaBEHCTBO UMEET MECTO YXKe NocJjie
NpoBePKH 0HOI UJIH ABYX JuTepP. TeM He MeHee NoBeieHHeE B XY/ILIEM CJIyyae Bhi3biBa-
et TpeBory. Hanpumep, paccMoTpuM TekcT, cocToawmmit 3 N-1 6ykB A, 3a KOTOPLIMH
cnenyer eAMHCTBeHHas 6ykBa B, 1 mycTb obpasew; cocTOMT U3 M-1 JinTep A, 3a KOTOphI-
MH cJieayet oaHa B. Toraa HyxHo nopsiaka N*M cpaBHeHMid, 4ToOk OOHapyXHTb COBNa-
AeHHe B KoHLe TekcTa. K cyacTbio, Kak Mbl YBUAMM B Aa/ibHel 111eM, CYLLECTBYIOT MeTO-
Abl, KOTOpPBIE B 3TOM XYALIEM CJ1yyae BeAyT cebs ropasao Jsyyuie.

1.9.2. Anropntm KHyra, Moppuca m lNparra

Okono 1970 r. Knyt, Moppuc u IIpaTT npuayMani anropuT™, KoTopbiii TpebyeT ToJib-
Ko nopsaaka N cpaBHeHUH JuTep, pUYeM aaxe B XyaueM ciayyae [1.8]). Anroput™m oc-
HOBaH Ha TOM HabJ104eHuH, YTo, Bceraa casuras obpaser o TeKCTy TONbKO Ha eAHHHU-
Iy, Mbl He HCMoJib3yeM MNoJIe3HYyI0 MH(POPMaLHIO, NMOJYYEHHYI0O B NPeAbIAYLIHX
cpaBHeHMsAX. Beab nocisie yacTHyHOro coBnaaeHus Hayaia obpasua C COOTBETCTBYIO-
MMM JIHTEPaMH B TEKCTE Mhl PAaKTHYECKH 3HaeM MPOHAEHHYIO YaCTb TEKCTa U MOTJIH
6bt HcnosIb30BaTh 3apaHee NOAroToBJIeHHYI0O HHGopMalHio (MOJyYeHHYIO H3 aHaH3a
obpa3ua) ana 6osee 6bicTPOro NpoaBHXKEHHUA Mo TekcTy. Caenyowmii npuMep, B KOTO-
poM Huercs caoso Hooligan, nanoctpupyer uaeio anroput™a. [loguepkHyTh ante-
Pbi, KOTOphI€ y>Ke CpaBHHBanHCb. Kaxxanlii pa3, Koraa cpaBHMBaeMbie JIMTEPH OKa3biBa-
IOTCSA He paBHbI, 06pa3el] CABHraeTcA Ha Bech YXe MpoiieHH I My Tb, TAK KaK NoJIHOe
coBnajaeHHe ¢ oOpa3LoM 3aBeAOMO HeBO3MOXHO AnA cjoBa Hooligan npu MeHbleM
CABMIE:

Hoola-Hoola girls like Hooligans.
Hooligan

Hooligan

Hooligan

Hooligan
Hooligan
Hooligan

Hooligan

3aech, B OTJIMYHE OT MPOCTOrO A/IFOPUTMA, TOYKA CPaBHEHUS (TO3HLIHA OYEPEHOro
3JieMeHTa B TEKCTe, CPaBHUBAaeMOIro C HEKOTOPhIM 3JieMeHTOM o6pa3iia) HHKoraa He
caBHraercsa Hasaa. VIMEHHo 3Ty TouKy cpaBHeHHUsA (a He MO3ULIMIO NEPBOFO 3JIEMEHTa
obpasua) 6yneM Tenepb XpaHHTb B NepeMeHHOI I; NepeMeHHas j, Kak ¥ paHblue, 6yaer
yKa3blBaTb Ha COOTBETCTBYIOLIMIA 3J1eMeHT obpa3ua (cM. puc. 1.10).



MNowck obpasua 8 TekcTe (string search) 59

‘0 y iN-l

S (Texcr)

p (o6pasen)

o T Twa

Puc. 1.10. B o603HaYeHuax anropurMa KMN
NO3KUMA B TEKCTE NepBon nuTepu 0Opa3ua pasHa i-j
(a He i, KaKk B NpOCTOM anroputmMe)

[leHTpanbHBM NYHKTOM aJICOPHTMA ABJIAETCA CpaBHeHHe 31eMeHTOoB (i) 1 p(j), npu
PaBEHCTBE i H j OIHOBPEMEHHO CABUIralOTCA BIIPaBO Ha eMHHULLY, a B CJlyYae HepaBeH-
CTBa Jos1XeH OniTb CABUHYT obpa3ell, UTO BhlpaXkaeTCcsi NpUCBaHBaHHEM j HEKOTOPOro
MeHblllero 3HayeHHs D. ['paHHuHBIH cyyaH j = 0 noKa3biBaeT, YTO HYXHO NpeaycMo-
TpPeTb BO3MOXKHOCTb CABUIA 00pa3Lia LIeJIHKOM 3a TEKYLLY IO NO3HULHIO CpaBHEHHs (UTO-
61t a1emMeHT p[0] oka3ancs BuipaBHeH c s[i+1]). lns Takoro cay4as yao6HO NOJOXKHTDb
D = -1. ['naBHKIif uMK anropuT™Ma NpHobpeTaeT caeayOWMUi BUA:

i=0; j:=0;

WHILE (i < N) & (j < M) & ((j < 0) OR (s[i) = p(j])) DO
INC(i); INC(j)

ELSIF (i < N) & (j < M) DO (* ((j >= 0) & (s[i] # p(j) »
j:=D

END;

Ita PopMyJIHPOBKa He COBCEM IMOJIHA, TaK KaK €lle He olNpeaesieHO 3HauyeHHe CABU -
ra D. Mbl kK 3TOMy BepHeMCs Yy Tb HHXKe, a I0Ka OTMETHM, YTO MHBapHaHT 3aech 6epercs
Kak B MpeablayLieii BEPCHH airoOpPUTMa; B HOBhIX 0603HayeHHAX 310 Q(i-j) & P(i-j, j).

[TocTycnosue unkia, BYHUCIEHHOE KAK KOHBIOHKLHA OTPULIAHHIT OXPaH, = 3TO Bhl-
paxeHHe (j >= M) OR (i >= N), Ho peanbHO MOTyT pPeaJlM30BaTbCA TOJIbKO PaBEHCTBA.
EcaH anropuTM ocTaHaBJIMBAETCs NPH j = M, To HMeeT MeCTO coBlajieHHe ¢ 06pa3LoM
B NMo3ULMH i-M (useH P(i-j, j) uHBapHaHTa Baeder P(i-M, M) = R(i)). B npoTHBHOM cl1y-
Yyae OCTaHOBKa MPOHCXOAMT C i = N, M TaK Kak 3aech j < M, TO nepBhulii 4JleH UHBapHAHTA,
Q(i-j), BieyeT oTCYTCTBHE COBNAaJeHHIt ¢ 06pa3LioM BO BCEM TEKCTE.

HyxHo y6eanThcs, 4TO HHBApHAHT B AIFOPUTMeE Bceraa coxpansierca. OyeBHaHo,
HHBAapHAHT BhIMOJIHEH B Hayase LUKJIa pH 3HaYeHUAX i = j = 0. He HapywiaeTcs oH H
B [1EPBOii BETKe LIMKJIA, TO €CThb NOCJI€ BHIIOJIHEHHUA ABYX ON€paTOPOB, YBEJIHYUBAIOLHX
i ujHa 1. B caMoM neste, Q(i-j) He HapyllaeTcs, TaK KaK pasHOCTb i-j HE MEHSAETCH.
He HapymaeTtcs u P(i-j, j) npu yBennyeHuH j 6J1aronaps paBeHCTBY B OXpaHe BeTKH (Cp.
onpeaeneHne P). UTo kacaeTcs BTOPOii BETKH, TO Mhl TPOCTO NoTpebyeM, YTobn 3Haye-
Hue D Bceraa 6us10 TaKHM, 4TOORI 3aMeHa j Ha D coxpaHsa/la HHBapHaHT.

[IpuceBanBanue j := D npH ycnoBHH D < j o3HavyaeT casur obpa3ua BnpaBo Ha j-D
no3uuuii. Xoresocs 6bi caeaTh 3TOT CABHT KaK MOXHO 6oJiblue, To ecTh caenatb D Kak
MOXHO MEHbllIe. ITO HIJTIOCTpUpYeTCcs Ha puc. 1.11.
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li
< |Aa|B|C]|D <> uenoyka <~ |A|B|C]|D <
AlB|c|E obpasew AlB|c|E
TJ:B D=0 Tj:O

Puc. 1.11. Npucsaweanue j := D casuraer obpaseu Ha j-D nosnumn

Ecan Mbl XOTHM, YTOOL! HHBapHaHT P(i-j, j) & Q(i-j) BhINOAHAJICA NOC/Ie IPUCBaHBa-
HUA j := D, TO 10 NPUCBAHBaHHA AOJIXKHO BHIIOJHATbCA ycaoBHe P(i-D, D) & Q(i-D).
IJTO NpenycjoBHe H GyaeT KI0YOM K MOHCKY MOAXOASLLEro BhipaKeH s 415 D Hapany
c ycnoBueM P(i-j, j) & Q(i-j), koTopoe npearnoJiaraeTcs y>e BullIOJIHEHHLIM Nepes Npu-
CcBaHBaHHeM (K 3TOi TOYKe MpOorpaMMbl OTHOCATCA BCe AanbHeillliHe pacCyXaeHUsn).

Pewaiowee Habai0/1€eHHE COCTOMUT B TOM, YTO MCTHHHOCTD P(i-j, j) 03HayaeT

Po --- Pj-1 = Si-j --- Sin

(Beab Mhl TOJILKO YTO MPOCMOTPEJIH NepBbie j IUTep 06pa3ua U YCTaHOBHJIM MX COBMa-
JIeHHe C COOTBETCTBYIOLIMMH JiHTepaMu TekcTa). [loaTomy ycaoBue P(i-D, D) npu D <j,
TO €CTb

PO -:- PD-1 = 5i.0 -:- Si-1
npeBpallaeTCcA B ypaBHeHHe 1 D:

Po --- PD-1 = Pj-D -:- Pj-1

Yro kacaerca Q(i-D), To 3to ycnosue ciaeayer u3 Q(i-j), ecaim ~R(i-k) ana
k =D+1 ... j. [Ipu atoM HcTHHHOCTB ~R(i-k) A417 j = k rapaHTHPYyeTCA HEpaBEHCTBOM
s{i] # p(j]. Xota ycaoBua ~R(i-k) = ~P(i-k, M) nna k = D+1 ... j-1 Heb3si NOJHOCTbIO
BhIYHCJIMTD, HCMOJIb3YSA TOJIbKO YK€ MPOYHTaHHKIH (PparMeHT TEKCTa, HO 3aTO MOXHO
BhIYMCJIUTb JOCTATOYHBIE Yc10BUA ~P(i-k,k). PackpniBas X ¢ y4eTOM yxKe HalaeHHBIX
PaBEHCTB MeXJY 3JIEeMEHTAMH S H p, NoJIyyaeM cjieayiollee YCJ10BHE:

Po --- Pk-1 # Pjk --- Pj-1  ansaBcex k =D+1 ... j-1

To ecTb D A0/IKHO ObITb MAKCUMARLHOIM PELIECHUEM BhillIENPHBEIEHHOTO YPaBHEHHA.
PucyHnok 1.12 noka3niBaeT, kak paboTaeT 3TOT MexaHHU3M CABHIOB.

Ecan pewenns aas D Her, To coBnaseHue ¢ 06pa3loM HEBO3MOXHO HH B KaKoii 1o-
3uuMH HHXe i+1. Toraa nosaraeM D := -1. Takas CHTyauus NOKa3aHa B BEpXHEM NpU-
Mepe Ha puc. 1.13.

[locneannit npuMep Ha puc. 1.12 noackassiBaeT, YTO a/ITOPUTM MOXHO €lle YyTb-
4YyTb YAYYIINTb: €C/IH 6nl IuTEpa pj 6uisia paBHa A BMeCTO F, TO MBI 3HaaH 6bl, 4TO COOT-
BETCTBYIOLIAsA JIMTEPa B TEKCTE HUKAK He MOXeT ObTh paBHa A, U Cpa3y B cjeayioweii
MTEepalUMH UMKJIa NPULLIOCH Obl BLIMOJHHTbL CABHT oOpa3ua ¢ D = -1 (Cp. HHXKHIOIO
yactb puc. 1.13). [ToaToMy npH noucke D MOXKHO Cpa3y HaIOXKHTb JOMOJHHTEIbHOE
OrpaHMYEeHHe pp # pj. ITO MOIBOJNAET B MOJHOH Mepe HCIOJIb30BaTh HHPOPMALMIO H3
HepaBEHCTBA B OXpaHe 1aHHOM BeTKH LUMKJIA.
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IIpumepni
¢
AlA|lA]A]lA]C J=5, D=4, (Makc. cmpur =§-D=1)
TR e g Po... P3 = P1... Ps
obpaseu A|lA|lA]A]A]|B
caMHy Wi 06pasel A|lA|A|A]A|B

¢
Al B A|lB|D j=S, D=2, (MAKC. CABHT =j-D=3)
T g Po... P1 = P3... Ps
A|lB|C|]A]|B]C Po... P2 ¥ P2... P«
I
<, |A|B|C|D|E]|A < j=S, D=0, (Maxc. cmHr =j-D=>5)
Po..- Po # Pa... Ps
AlB|C|D|E]|F 0o... P1 % D Pe
AlBlc| < Po... P2 # P2... Ps
Po... P3 # P1... P4

Puc. 1.12. YactnyHue cosnaaeHua obpa3ua u suisucnexue D

TEKCT <y AlB|l|c|OD|E]|F <y
obpasew Ale|lc|D]|E]|®G
CaOMHYThIH 00paszeu Al|B ~<>

j=5, D=1, (CABHI = j - D= 6)

Puc. 1.13. Casuvr o6pa3ua 3a no3vuunio NocheaHen nurepul
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BaxHblit HTOT COCTOMT B TOM, 4TO 3HauyeHue D onpeaensieTcs ToJAbKO 0Opa3UOM H
3HaueHHeM j, HO He 3aBHCHT OT TekcTa. O6o3naunm D a5 3anaHHoro j kak d;. Tabanuy
d MOXKHO MOCTPOHTH A0 Hayana COOGCTBEHHO MOMCKA, YTO MOXKHO Ha3BaTh NPEAKOMITH-
Asumeii obpasua. OuyeBUAHO, TaKHe HaKJIafiHbie PaCXOAb! ONMPABAAIOTCSA, TOJBKO €C/IH
TeKCT 3HaYHTeJIbHO J/IHHHee obpa3ua (M << N). Ec/iH Hy)KHO HaifTH HeCKOJIbKO BXOX-
AeHUii OZHOrO U TOro Xe o0pa3ua, To Tabaniy d MOXHO HCNOIb30BaTh MOBTOPHO.

BennumuHa dj < j sBssieTca AMHHON MAKCHMaNbHOI N0C/1e10BaTe1bHOCTH, Y/I0BJIET-
BOpsAIOLlEH YCJIOBHIO

Po --- Pd(j)-1 = Pj-djj] -+- Pj-1

C AOMNOJHUTEJIbHBRIM OTPAHHYCHHUEM pdm # pj. l'lpoxon MOCTPOCHHOIO HHKJIA 110 CAMOMY
o6pa3ny P BMECTO S nocJjieaoBaTeJIbHO HAaXOAHUT MAKCUMaJbHAIE NMNOCJIeA0BaTE€JNbHOCTH,
YTO NMO3BOJIAET BRIYHCJINTD dj:

PROCEDURE Search (VAR p, s: ARRAY OF CHAR; M, N: INTEGER; VAR r: INTEGER);
(* ADruS192_KMTM *)
(*rfonck obpasua p anmHul M 8 Tekcte s anmHbl N; M <= Mmax*)
(*echn p HaWAeH, TO I yKa3biBaeT ero rmo3nuMmIoO B S, MHave r = -1%*)
VAR i, j, k: INTEGER;
d: ARRAY Mmax OF INTEGER;
BEGIN
(*sbiyucnnTL d U3 p*)
d[0] :=-1;
IF p[O] # p[1] THEN d[1] := O ELSE d[1] := -1 END;
j=1; k:=0;
WHILE (jd< M-1) & (k >= 0) & (p(j] # plk]) DO
k := d[k]
ELSIF j < M-1 DO (* (k < 0) OR (p(j] = plk]) ®
INC(j); INC(k);
IF p(j] # plk] THEN d(j] := k ELSE d[j] := d[k] END; ASSERT( d(j] = D() );

END;

(*cobcrsernHo monck®)

i:=0; ji=0;

WHILE (j <] M) & (i < N) & (j >= 0) & (s[i] # p[j]) DO
j :=dj};

ELSIF (j < M) & (i < N) DO
INC(); INC());

END;

IFj=MTHEN r:=i-M ELSE r :=-1 END

END Search

Ananuz KMII-anzopumma. TouHnii ananu3 ac¢pgextuBiocty KMII-anroputMma,
KaK M CaM airopUTM, BecbMa HenpocT. B pabore [1.8] ero usobperarenn nokasanu, 4to
YK CJIO CpaBHEH HiT INTep HMeeT nopsaaok M+N, uTo ropasao aydiue, yeM M*N B npocToM
noucke. OHHU TaK)Ke yKa3aH Ha TO NPHATHOE 0OCTOATENbCTBO, YTO yKa3areb | Bceraa
ABUXETCA MO TEKCTY TOJILKO BIiepell, TOrAa Kak B MPOCTOM MOUCKE MPOCMOTP TeKCTa
BCer/la HauMHaeTcs C NnepBoii JMTephl 06pa3sia nocsie o6Hapy>XeHHUs HepaBEeHCTBa JIU-
Tep, U NO3ITOMY YXe MPOCMOTPEHHbIe JIMTEPbl MOTYT MPOCMaTPHUBaTbLCA CHOBa. ITO MO-
XKeT NMPUBECTH K TPYAHOCTAM, €CJIM TEKCT CYUThIBAETCS U3 BHELIHE! MaMATH, TaK Kak
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B TaKMX cyyasx o6paTHbIii X0 MO TEKCTY MOXeT aoporo oboiitHch. laxe ecan Bxoa-
Hble naHHbie 6ydepuayloTcs, obpasel MOXeT 0Ka3aThCA TaKUM, uTo notpebyercsa Bo3-
Bpar 3a npenenl 6ydepa.

1.9.3. Anropntm Bosiepa n Mypa

XurpoyMHas cxema KMII-anropurMa saeT BHHMIpLILL, TOJNBKO €CJIM HeCOBNaaeHHue 06-
Hapy>KHBaeTCs NMocJje YaCTHYHOro COBMNajeHns HekoToporo ¢parmeHTa. TosbKO B Ta-
KOM CJ1yyae POUCXOAUT CABUT oOpa3ua 60Jiee YeM Ha OHY O3 LMIO. Y Bhl, 3TO CKOpee
MCKJII0YEHHe, YeM NMPaBUJIO: COBNAeHUA BCTPEYAIOTCA pexe, YeM HecoBnaaeHus. [lo-
3TOMY BRIMIPhILI OT Hcnosb3oBaHua KMII-cTparerun okasmiBaercs He CJIMILIKOM CY-
LLEeCTBEeHHbIM B 60J/IbLIMHCTBe C/lyyaeB OORIYHOIO MOMCKA B TeKCTaXx. MeToa, koTophiii
Mbl Tenepb o6CyauM, yjyullaeT NMOBeA€HUE He TOJIbKO B HaHXYALIEM CJy4yae, HO M
B cpeaHeM. OH 6ni uzobperen okosio 1975 r. Boitepom u Mypom [1.9], u Mu Gyaem
Ha3niBaTb ero 5M-anzopummom. Mbl npeacTaBUM ero ynpouueHHyio BepCcHIo.

BM-anroput™ OCHOBaH Ha HECKOJIbKO HeOXHAAHHOIt jee — HayaTb CpaBHEHHE JIU-
Tep He C HayaJia, a ¢ KoHUa ob6pa3ua. Kak u B8 KMII-anroputme, 10 Hauasna cobcTBEHHO
noucka aiA o6pasua npeakoMnuaupyercs Tabamnua d. s kaxaoii JuTepnl X U3 BCEro
MHOXeCTBa JuTep 0603HauYUM Kak dy paccTosiHMe OT KOHUa oOpa3lia 20 ee CaMOro npa-
BOro BXxoxaeHus. Tenepb npeanosioxkuM, 4To oOHapy>KeHO HeCcOBNaJeHHe MeXAay Tek-
cToM 1 obpa3uom. Torna obpaseu MoxHO cpa3y caABMraTh BpaBo Ha dp(m-1) NO3NLKIA,
M BeCbMa BEpOSAITHO, YTO 3Ta BeJIMYMHaA OKaxxeTcs 6osblue, yeM 1. Ecaiv py-y BooOue He
BCTpeYaeTCa B 06pasiie, CABHUT ellle 6oablile U paBeH UTHHe Beero obpa3ua. Caenyouit
NpUMep WIJIIOCTPHPYET TaKylo Npoueaypy:

Hoola-Hoola girls like Hooligans.
Hooligan
Hooligan
Hooligan
Hooligapn
Hooligan

Tak Kak JiMTephl Tenepb CpPaBHUBAIOTCA CNpaBa HaneBo, To OyaeT yaobxee ucnosb-
30BaTh caeaylolHe CJerka MoauULUHUpoBaHHble BepCHH NpeanKaToB P,R 1 Q:

PGi,j)= Ak:jsk <M: Si-M+k = Pk
RGi) = PG, 0)
Qi) = AkK: M <k <i: ~R(k)

B aTHX TepMHHax HHBapHaHT UHKJa 6yaeT HMeTb npexHHH BuA: Qi) & P(, j). Mu
ewe BBeieM nepeMeHHyio k = i-M+j. Tenepb MoXxHoO aaThb caeayioltyio GopMyJTHPOBKY
BM-anropurma:

i=M;j=M; k:=i;

WHILE (j > 0) & (i <= N) & (s[k-1] = p[j-1]) DO
DEC(k); DEC(j)

ELSIF (j > 0) & (i <= N) DO
i :=i+d[ORD(s[i-1D)]); j :=M; k :=i;

END
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WHaexcnl yaosneTBopsioT orpaHHYeHHAM 0 < J < M, M <1, u 0 < k £ i. OctaHoBKa
anroput™a ¢ j = O Baeuer P(i, 0) = R(i), To ecTb coBnageHHe B NO3HLUHH k = i-M. das
OCTaHOBKH € j > 0 HyXHo, 4To6nl i > N; Toraa Q(i) sneder Q(N) H, cienosarenbHo, OT-
CYTCTBHe coBnaaeHHii. PazyMeeTcs, HaM elle HyXHo ybeauTtbcs, uto Qi) u P, j)
AeHCTBUTENbHO ABJAAIOTCA HHBapHaHTaMH ABYX LUMKJOB. OHH o4eBHAHBIM 0ob6pa3oM
YZ0BJIETBOPEHRI B Hayasie {HKJIa, MOCKoAbky Q(M) 1 P(x, M) Bceraa HCTHHHAL.

CHayana pacCMOTpHM nepByio BeTKy. OaHOBpeMeHHOEe yMeHbllleHHe K H j HHKaK He
BJIHseT Ha Q(i), H, CleaoBaTesIbHO, MOCKOIBKY Y)K€ YCTAaHOBJIEHO, YTO Sy = Pj-1,a P(i, j)
BhINOJIHAETCA A0 OlepallHH yMeHbllleHHs j, TO P(i, j) BRIMOJIHAETCS H NOCE Hee.

Bo BTOpOit BeTke A0CTaTOYHO NMOKa3aTh, YTO MPHCBaHBaHHeE i := i + dg(;-) He Hapy-
aeT HHBapHaHT Q(i), TaK KaK MOcJie OCTaNbHLIX NPHCBaHBaHHit P(i, j) BuInoaHseTCA
aBTOMaTHYeCKH. Q(i) BRINOJHAETCA NOCJ€ H3MEHEHH:A 1, €CJIM 10 HEro BhIMOJIHAETCA
Q(i+dgi-1)). [TockonbKy Mbl 3HaeM, 4To BhinosHseTcs Q(i), A0CTaTOYHO YCTaHOBHTb, YTO
~R(i+h) ans h =1 .. dg;;-y)-1. BcnioMuuM, yTo BesmynHa dy onpenesieHa Kak pacCTossHHe
OT KOHLA /10 KpaiftHero nNpaBoro BXoXxAeHHs X B o6pasue. PopManbHO 3TO BhlPaXkaeTcs
B BH]I€E:

Ak: M-d, <k <M-1:py #x
Ansa x = s;_y noayyaeM

Ak: M-dgi-)) k < M-1:siy # py
= Ah: 1 <h <dgyy)-1 : Si-1 # PM-1-h
= Ah: 1 <h< ds[i-l]'l : ~R(i+h)

B cneayiouteif nporpaMMe pacCMOTpeHHas yrnpolueHHas crparerus boitepa—Mypa
o¢dopmsieHa noaobHoO Npeabiayweit nporpaMme, peanusyiomeit KMIT-anropurm:

PROCEDURE Search (VAR s, p: ARRAY OF CHAR; M, N: INTEGER; VAR r: INTEGER);
(* ADruS193_BM *)
(*rrouck o6pasua p anuHl M 8 TekcTe s ANNHLI N*)
(*echn p HanAeH, TO r yka3biBaeT ero mo3mumio B S, MHaye r = -1%)
VAR i, j, k: INTEGER;
d: ARRAY 128 OF INTEGER,;
BEGIN
FORi:=0TO 127 DO d[i] := M END;
FOR j := 0 TO M-2 DO d[ORD(p(j])] := M-j-1 END;
i=M;j =M k:=ij
WHILE (j > 0) & (i <= N) & (s[k-1] = p[j-1]) DO
DEC(k); DEC(j))
ELSIF (j > 0) & (i <= N) DO
i ;= i+ d[ORD(s[i-1))]; ) := M; k := i;
END;
IF j<=0 THEN r:=k ELSE r:=-1 END
END Search

Ananus anzopumma boiiepa u Mypa. B opurinanbHoit ny6aMkauuu 3aToro anro-
puTM™a [1.9] netanbHO H3yyeHa H ero NPOH3BOAMTENbHOCTb. 3aMeYyaTe1bHO TO, YTO OH
Bceraa Tpebyer cyiecTBeHHO MeHbllle, yeM N, CpaBHEeHHH, 3a HCKJIIOYEHHEM CIelH-
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anbHO NOCTPOEHHKIX MpUMepoB. B caMoM ynayHoM cayyae, Koraa nocjeaHss JHTepa
obpa3ua Bceraa nNagaer Ha HepaBHYIO el JIMTEPY TEKCTa, YHCJIO CPpaBHEHHI paBHO N/M.

ABTOphI NPEAJIOXKHIH HECKOJIbKO BO3MOXHLIX MyTeH AajbHeHLIero yjy4llleHHs
airopuT™Ma. OAHH COCTOMT B TOM, YTOOBI CKOMOHHHPOBATh ONHCAHHYIO CTPATETHIO, KO-
Topas obecneynBaeT 60JibllINe LWArd CABHTra AJIs CJlyYyaeB HECOBNAJAEHHs, CO CTPaTerH-
eit Knyra, MoppHuca 1 I1patTa, koTOpas anonyckaer 60J/ibliiHe CABHIH nocJie (YaCTHYHO-
ro) cosnajaeHHsa. Takoii MeToa norpebyeT nNpeaBapHTEJbHOTO BhIYHCJEHHS ABYX
tabauu - no oaHoit ans BM-anropur™a u aas KMII-anropur™a. M1 Toraa Moxho
6patb 60/1blLIHIT H3 CABHIOB, MOJIyYEHHLIX ABYMA criocobaMM, Tak Kak 06a rapaHTHpy-
IOT, YTO MEeHbllIHEe CABHIH He MOTYT AaTh COBNajAeHHs. Mul Bo3aepXKHMcs ot 06cyxae-
HHA AeTaneil, TaK KaK JONOJIHHTEJ/IbHasA CJI0XKHOCTb BHYHCAeHHs TabHL M caMoro no-
MCKa, NO-BHAHMOMY, He MPUBOAHT K CYLIECTBEHHOMY BhIHIphilly B 3(p(eKTHBHOCTH.
3aTo NpH 3TOM YBEJIHYHBAIOTCA HAKIaAHble PaCXO/bl, TAK YTO HEMOHATHO, ABJAAETCA JIH
CTOJIb H30LPEHHOE YCOBEePLIEHCTBOBAHHE YJIyYLlIEHHEM HJIH YXYALIEHHEM.

3amevanue nepesoduuxa. Tpn airopuT™Ma NOoHUcKa obpa3ua B TeKCTE — MPOCTOIA,
KMII 1 BM - uanocTpHpyIoT oaHy 3aKOHOMEPHOCTb, KOTOPYIO BaXHO MOHMMAThb
M060My NpoexTHPOBIIMKY. B MpocToM anropHTrMe MHCTHHKTHBHO peajH3yercs
neboTHanA uaes, YTo NPOBEPKY COBMNAIEHHsA JHTEP 00pa3La C IUTEpaMH TEKCTa HaJ0
NPOH3BOAHTD B TOM XK€ HanpaBJeHHH, B KOTOPOM NPOABHIaeTCA Mo TeKCTy obpa3el.
KMII-anropurM, yHacieqosaB 3Ty HA€l0, He 0CO3HaBas 3Toro ¢akTa, ONTHMHU3HPYeET
ee 1o6aBJeHHEM H3OLIPEHHO «3al/laTKH» — MEXaHH3Ma NpoABHXKeHHsa o6pa3ua Ha
6oJiee YeM oiHy MO3HUHIO C YYETOM yXKe NMPOCMOTPEHHBIX JIHTEp. 3aTO MOCTPOEHHE
BM-anropur™Ma HauMHaeTCs C KPHTHYECKOro NnepecMoTpa caMoii ae6loTHOH HaeH
NPOCTOro aJIFOPHTMa: Bellb CPaBHEHHe JIHTep o6pa3ua B nopsaakKe ABHXKeHHs obpa3ua
1o TeKCTy 00yc/10BJIEHO, B CYLIHOCTH, JIHLIb HHepUHei MbiluieHHs. IIpH 3ToM M ycKo-
pAiollas «3alJIaTKas 3[eCb OKa3hiBaeTCA HeCpaBHEHHO npoule (CP. BhIYHCJIEHHe
BCNoMorareabHuiX Tabanuu d B AByXx nporpaMmax), H MTOTOBBI aNrOPHTM Cylle-
CTBEHHO ObICTpEe, H ero MaTeMaTHYeCKHI aHaJIM3 CHIbHO obsieryaercs. 3To obuas
3aKOHOMEPHOCTb: MepBbiii MMIMYJIbC K KOHKPETHOH AeATeJIbHOCTH, KOTOPbI MNpo-
rPaMMHCT OlLYLIAET, 3aMETHB KaKoi-HHOYAb «0YeBHAHMIH» cniocob pelleHHs (Koraa,
YTO Ha3bIBAETCH, «PYKH YellyTCsA» HayaThb MHCAThb KoJ ), CMocobeH noMellaTh yBHAETD
NyThb K HaujyylieMy peuieHHio. [103ToOMy HyXHhI CielHaIbHbIE YCHIIHSA, TPebyiolmKe
AHCUMIUIMHBI, JIS «IPHCTAIBHOTO Pa3rjisiAibiBaHHsA» NpobJieMbl, YTOOB BhISABHTD He-
AiBHhI€, HHCTHHKTHBHbIE NPEATNOJIOKEHHs — ellle 10 NEPBbIX MOMNbITOK COCTABHTb KOH-
KpeTHOe pellleHHe, Koraa BHHMaHHe yxXe Oyaer norjomeHo He HCXOAHOI 3aaavyeit,
a KpacoToit H 3¢¢peKTHBHOCTBIO MPpeANoJaraeMoro pellieHHs, sPKo AeMOHCTPHpYIO-
Ero OCTPOYMHe H H300peTaTe/IbHOCTb MPOrpaMMMCTA, a TAKXKeE €ro MNO3HaHHUsA B Me-
TOAAX ONTHMH3ALHH.

YnpaxHeHuns

1.1. O603HauHM MolIHOCTH CTaHAapTHRIX THNOB INTEGER, REAL H CHAR KaK Cint, Creal H
Cchar- KaKOBBI MOLIHOCTH CJleyIOLHX THMOB AaHHBIX, ONpee/IEHHKIX B ITOH [J1aBe
B KadecTBe npHMepoB: Complex, Date, Person, Row, Card, Name?
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1.2.

1.3.

1.4.

1.5.

1.6.

KakHe nocsienoBate/IbHOCTH MallHHHBIX HHCTPYKUHH (Ha BallleM KOMMNbIOTEpe)

COOTBETCTBYIOT CJIe1YIOLIHM ONepaltHAM:

a) YTEHHE H 3aMHCb AJ15 3JIEMEHTOB YNIaKOBaHHbIX 3aMHCeH H MAaCCHBOB;

b) onepauuu ans MHOXeCTB, BKJl0Yas NPOBEPKY NPHHALIEXKHOCTH YHCJIa MHO-
KeCTBy?

KaxoBbt MOTyT 6hITb apryMeHTHI B 110J1b3y ONpeeJieHHs HeKOTOPHIX HabopoB AaH-

HRIX B BiJI€ N1OC/Ie10BaTeIbHOCTEI, a He MAaCCHBOB?

Ilyctb naHo exenHeBHOe >KeJle3HOAOPOXHOE pacNMUCaHHe LIS MOe30B Ha

HeCKOJbKHX JHHHAX. HalinHTe TaKkoe npeacTaBjieHHe 3ITHX AAHHBIX B BIie MACCH-

BOB, 3allHCeil HJIH NOCJIe0BaTeNILHOCTEI, KoTopoe 6bi10 6n yno6Ho s onpene-

JIEHHs BPeMEHH NMPHOLITHA M OTNpaBJIeHHs I 3alaHHBIX CTAaHLUHH H HanpabJie-

HHsA noe3za.

ITycTb nanbt Texct T, NpeacTaBJeHHbIH MOCJE10BAaTEJbHOCTDIO, @ TAKXKE CITHCKH

He6Oo/IbLIOro YHCJa CJIOB B BJE ABYX MacCHBOB A H B. Ilpeanosioxum, Yyto cjopa

ABJAIOTCA KOPOTKMMH MacCHBaMH JIHTEp He6oJbloi (PHKCHPOBaHHON MaKCH-

ManbHoH AiHHb. Hannukre nporpaMMy, npeo6pasyoiiyio TekCT T B TeKCT S 3a-

MEHOI1 KaXXZ10ro BXOXAEHHs CJIOBA A; COOTBETCTBY IOLIHM CJIOBOM B;.

CpaBhnTe cieayiolHe TpH BapHaHTa MOKCKa AeJleHHeM NMONoJiIaM ¢ TeM, KOTOphlii

6n121 naH B ocHOBHOM TekcTe. KakHe M3 Tpex nporpaMM npaBHibHu? Onpeaenunre

COOTBEeTCTBYIOLIHe HHBapHaHTH. Kakue BapHanThl 60s1ee a¢pdextuBHb? [Ipeano-

Jlaraercs, 4to onpeneJjieHbt KoHcTaHTa N > 0 M cieayiolHe NnepeMEeHHbIE:

VAR i, j, k, x: INTEGER;
a: ARRAY N OF INTEGER;

ITporpamma A:

i:=0;j:=N-1;
REPEAT

k :=(i+j) DIV 2;

IF alk] < x THEN i := k ELSE j := k END
UNTIL (a[k] = x) OR (i > j)

ITporpamma B:

i:=0;j:=N-1;
REPEAT
k := (i+j) DIV 2;
IF x < a[k] THEN j := k-1 END;
IF alk] < x THEN i := k+1 END
UNTILi>j

[Iporpamma C:

i = 0; ) :=N-1;
REPEAT

k := (i+j) DIV 2;

IF x < alk] THEN j := k ELSE i := k+1 END
UNTIL i > j
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Iodcxasxa. Bece nporpaMMel 10/DKHBI 3aKaHYMBaTbCA € 8, = X, €CJIH TaKoii 3Je-
MEHT MPHCYTCTBYET, HJIH 3 # X, €CJIH 3JIeMEHTA CO 3HaYeHHEM X HeT.

1.7. Hekas koMnaHHs POBOAMT OMNPOC, YTOOR! ONpPENENHTh, HACKOJIbKO NMONYJIsipHa ee
NPOAYKUHA — 3alIHCH 3CTPaJAHbIX NECEH, a CaMhle MOMYJIAPHhle NMECHH A0JXKHBI
6nITh 06bAB/IEHB B XHT-Napaae. OnpaixsaeMyto BaiOOPKY nokynareyeit HyXHo
Pa3feIMThb Ha YeTbipe IPYMNIb B COOTBETCTBHH C NM0JIOM H BO3pacTOM (CKaXeM, He
crapiue 20 u crapiue 20). Kaxaoro noxkynaress NpocaT Ha3BaTb NATb JIOOHMbIX ne-
ceH. [TecHu HymepyloTca yncaamu ot 1 a0 N (nyctb N = 30). Pe3yabTaTht onpoca
HY>KHO MOAXOAALIHM 00pa30oM 3aKOAHPOBATH B BHJIE NOCJ/IE0BaTEAbHOCTH JIUTEP.

Hodcxasxa: Vicnoab3yiite npoueaypht Read u Readint s YTeHHs AaHHBIX ONpoca.

TYPE hit = INTEGER;
reponse = RECORD name, firstname: Name;
male: BOOLEAN;
age: INTEGER;
choice: ARRAY S OF hit
END;

VAR poll: Files.File

IT1oT aiia coaepKHT BXOAHbIE JaHHBIE A8 NPOrpaMMbl, BRIYHCAAOWEHR caeayio-
l{He pe3yJIbTaThl:

1. Cnucok A neceH B nopsake nonyJjis pHOCTH. Kakaas 3anuch CNHCKa COCTOUT H3
HOMepa NeCHH H KoJIHYeCTBa ee yNoMHHaHHit B onpoce. HH pa3y He Ha3BaHHbIe
NeCHH B CITHCOK He BKJIIOYAIOTCA.

2. Yertbipe pa3HhIX CHCKA ¢ GaMHIHAMH H HMEHAMH BCEX PECTIOHAEHTOB, KOTOpHIE
NOCTAaBHJIH Ha NEPBOE MECTO OAHH H3 TPEX CaMbiX MONYJIAPHRIX XHTOB B CBOEi

rpynre.
Iepen kaxabIM M3 NATH CITHCKOB J0JDKEH WATH MOAXOAS LUKt 3ar0JIOBOK.
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2.1. BBegeHue

TnaBHas uenb 3TOM MaBhl — Aathb GoraThiii HAOOp NMPHMEPOB, HIJIIOCTPUPYIOLIMX HC-
NoJIb30BaHKE CTPYKTYP AaHHbIX, BBEEHHBIX B NpeAblAyllei IjaBe, a TakXe N0Ka3aTh,
410 BEIGOP CTPYKTYPhl 0OpabaThiBaeMaIX JaHHBIX OKa3hiBaeT r11y60Koe BAHAHHE Ha al-
FOPUTMhI pellieH HA 3a1a4H. TeMa COPTMPOBKH X0OPOLLa eLLe U TeM, YTO MOKa3biBaeT, Kak
O1Ha H Ta Xe 3a/1a4a MOXeT pPellaTbCA C MOMOLIbIO MHOTHX Pa3HhIX a/ITOPHTMOB, NPH-
YyeM y KaXZ0ro H3 HUX eCTb MIPeHMYLUECTBA U HEJOCTATKH, KOTOpbIE CJlelyeT B3BECHTD
B YCJIOBUSIX KOHKPETHOM 3a1a4H.

Toa copTHpOBKOit OGRIYHO MOH HMAIOT NMPOLECC NEPECTAHOBKH 00bEKTOB HEKOTOPOTO
MHOXKeCTBa B onpeneaeHHoM nopsiake. Llesb copTupoBkH — 06seryuTh B AanbHeiileM
NOKUCK 3JIEMEHTOB OTCOPTHPOBAHHOIO MHOXECTBA. 3TO 04YE€HDb YaCcTO BhiMoiHsAeMas, pyH-
AaMeHTanbHas onepauusi. O6beKThl COPTHPYIOTCA B TejedOHHLIX CNpaBOYHHKAX,
B CNIHCKaX HAJIOroNJlaTeJIbLIHKOB, B OIJIaBJIeHHAX KHUT, B 6HO/IHOTEKaX, B C/IOBapsX, Ha
CKJIaAax, TO eCTb MOYTH BCIOAY, Il HYX)KHO UCKaThb XpaHUMhble o6beKkThl. Jlaxe aereit
y4yaT NPHBOAHTDb BelllM «B MOPAAOK», H OHU CTANKHUBAIOTCA C HEKOTOPhIMH BHAAMH
COPTHPOBKH 3a0JIF0 10 TOIO, KaK HAYHYT U3y4YaTb apH(PMETHKY.

ITo3ToMy cOpTHPOBKa — BeCbMa BaXKHas onepal s, 0co6eHHo B 00paboTke JaHHLIX.
Kaxercs, HHUTO He NoJAaeTCs COPTHPOBKE Jyyllle, 4yeM aaHHble! Y Bce xe npu usyuye-
HUM COPTHPOBKH HauboJblIMii HHTepec AaA Hac OyayT npeactaBiaATb ewe 6oJiee
¢ymaaMeHTaNbHbIE MPHEMBI, UCTIOABb3YeMhle NPU NMOCTpoeHUH anropuTMoB. Heserko
HaiTH NpUeMhl, KOTOPhIE HE HCIIOJIb30BaNHCh Obl TaK MJIM MHaYe B CBA3H C aIfOPUTMa-
MH copTupoBkH. IIpu 3ToM copTHpPOBKa — HaeaIbHaA TeMa A5 1€eMOHCTPaUHUH WIKPO-
KOro pa3Hoobpa3Hs aJIrOPUTMOB, pelllalolMX OAHY H TY Xe 3aAa4y, NpHYeM MHOTHE H3
HMX B KaKOM-HHOYb CMbICJIe ONTHMANbHbI, M MOYTH KaXKAhlH M3 HUX HMeeT KaKHe-HH-
6yab npeMMy1LecTBa Nepea ocTanbHbIMH. [I0aTOMyY 3a€Ch XOpOLI0 BUAHO, 3a4eM HYXeH
aHanu3 3¢ dekTHBHOCTH anropuT™MOB. bosiee Toro, Ha npuMepe COPTHPOBOK CTAHOBHT-
CA MOHATHO, YTO MOXHO MOJYYHUTb BeCbMa CYWIEeCTBEHHbIii BrIMTPhilll B 3¢ ¢eKTHB-
HOCTH, pa3pabaTbiBasi XHTPOYMHLIE aITOPUTMAI, AaXKe €CJIH y)Ke UMEIOTCA OYEBUAHbIE
METOh.

BausiHue CTpyKTypnl 0OpabaThiBaeMbIX JaHHBX Ha BhIOOp alropMT™Ma — caMo no
cebe 0OnIYHOE ABJIEHHE — B CJlyYae COPTHPOBOK NMPOABIAETCH HaCTOJNBKO CHJIBHO, YTO
METO/bl COPTHPOBKH OORIYHO AeAT HA ABA THMNA, 2 HMEHHO COPTHPOBKH MacCHBOB H
COPTHPOBKH (NocjenoBaTebHbIX) (pai10B. ITH 1Ba THIA YaCTO Ha3hIBAIOT 8HYMpeEH -
Hetl U Hewneli CoOpmuposKamu, Tak KaKk MaCCHBBI XpaHATCA B 6LICTpoii, aonyckatoweit
NPOH3BOJIbHAIH AOCTYN BHYTPeHHeH ONepaTHBHOM NMaMATH, a paisinl yMECTHRI IIPH pa-
6oTte ¢ MeaIeHHRIMH, HO BMECTHTE/IbHBIMH BHEIIHUMH YCTPOICTBaMH XpaHeHHUs (IHC-
KaMHM U JleHTaMH). BaxkxHocTb Takoro aejieHHs oyeBHAHA M3 MpPHUMEpPa COPTHPOBKH
npoHyMepoBaHHuIX Kaprouek. IIpeacraBiieHHe KapToueKk MacCMBOM COOTBETCTBYeET
pacKa1a/hiBaHHIO UX Nlepesi COPTHPOBLIMKOM TaK, YTOObI Ka)Kaas KapTo4Ka 6bLi1a Henoc-
peacTBeHHO BHAHA M A0CTYIMHa (cM. pHc. 2.1).

OnnHaxo npH ¢aitsioBoit OpraHM3aLHH KapToyek B KaXKAOH CTOMKe BUAHA TOJIbKO
BepXHss KapToukKa (CM. puc. 2.2).
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Puc. 2.2. Coptnposka ¢panna

OueBHAHO, YTO TaKOe orpaHH4Y€HHE 6yner HUMETDb CEPbEIHDIC NMOCJICACTBHA 1A ME-
TOAa COPTHPOBKH, HO OHO Hen36eXxHO, ecJIH KapTo4€eK TaK MHOIO, YTO OHH HE YMELlAIOT-
CA Ha CTOJI€ BCE Cpa3y.

CHavasia BBeieM HeKOTOpbl€ TEpPMHHBI H obo3HauYeHHs, KOTOpble 6y11y'l‘ HCINOJIb30-
BaTbCA Ha NPOTAXKEHUH 3TOi raaBbl. ECJIM 1aHbl N 2JIeMEHTOB

dq, 4}, ... , dp-)

TO cop'mpom(a COCTOHMUT B HX nepe<:'rauonxe K BHAY
ako, ak1, .- » Ak[n-1)
TaKUM 0b6pa3oM, 4yToObl 1A HeKoToPpoil ynopsaaoyHBatoweil pyHKuuu f

f(ako) < f(ak]) < .. S f(ak[,,-”)
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YacTo 3HaueHHe TaKoii ynopsaouHBaioueil GyHKUUH He BRIYHUCAACTCA, 2 XPaHHTCA
KaK SiBHasd KOMMOHEHTa (MoJie) B KaXA0M 3jieMeHTe. ITO 3HaYeHHe Ha3bBaeTCs K10-
vom 3neMeHTa. ClienoBaTes1bHO, 3alTMCH OCOGEHHO XOpOLLO NOAXOAAT AJIsA NpeaCTaBJle-
HUA 371IeMEHTOB H MOTYT OB Th OOBABJIEHB, HAIPUMEP, CAEAYIOIUM OOpa3oM:

TYPE Item = RECORD key: INTEGER;
(*3aeCb 0OBABNAIOTCA ApPYre KOMTTOHEeHTh™*)
END

Jlpyrie KOMMOHEHThI NpPEACTABJIAIOT AaHHbIE, HY)XXKHbI€ I UHBIX LeJeif, a KoY
MCIIONb3YeTCA NMpOCTO ANA uaeHTHPHUKauMu aneMeHTOB. OfHAKO A/IS aNrOPUTMOB
COPTHPOBKH BaXkeH ToJIbKO KJtoy. [loaTtoMy B nanbHeiilieM Mul 6yneM UrHOpHpOBaThb
n0bylo aonoyiHHTENbHYI0 HHPOPMaUMIO U MPHUMEM, YTO THN Item onpeaeneH Kak
INTEGER. Takoit Boibop THNA KJIIOYAa HECKOJIbKO MPOH3BoJieH. OYyeBUAHO, C paBHAIM YC-
nexoM MOXKHO MCMOJb30BaTh J1060it TUI, A/I1 KOTOPOTO ONpPEAEsIEHO OTHOlEHHe MOoJI-
HOIO nopsaxa.

MeToa copTHPOBKH Ha3hIBAIOT YCMOUYUGHM, ECIH OH COXPAHAET OTHOCHTEJbHAI
NOPSAAOK 3/1eMEHTOB C PaBHhIMM KJII0YaMH. YCTOIYHBOCTb COPTHPOBKH 4acTo XeJa-
TeJIbHa, €CJIM 3JIEMEHThI YXKe YNOPAAOYEHh (OTCOPTUPOBAaHAI) MO HEKOTOPhIM BTOPHY-
HhIM KJIIOYaM, TO eCTh CBOHCTBaM, He OTPaXXeHHhIM B OCHOBHOM KJIIOY€.

HaHHas riaBa He sABjAseTCA BCeoObeMJIOMHM 0630pOM METOA0B COPTHPOBKH. Mal
npeaAnoYMTaeM yaeauTb 60/1bllie BEMMaHUS HEKOTOPhIM H36paHHBIM anropuT™MaM. MH-
TepecyIOlHACA YNTaTeNb HalleT TIIATEIbHbII pa360p COPTHPOBOK B BeJIMKOJIEITHOM H
nojHoM o63ope Knyra [2.7] (cM. Takxke Jlopun [2.8]).

2.2. CopTnpoBka MaccvBOB

I'naBHoe Tpeb6oBaHHe NpH pa3paboTke aATOPUTMOB COPTUPOBKH MaCCUBOB — 3KOHOM-
HOEe MCMOJIb30BaHHWe AOCTYMHOM onepaTUBHON MaMATH. JTO O3HayaeT, YTO Mepe-
CTAHOBKH, C NIOMOLLbIO KOTOPhIX YIOPAAOYHBAIOTCSA 3JIEMEHThI, 10J1)KHbI BhINOJHATHCA
in situ (Nar.: Ha MeCTe — NPUM. nepes.), TO eCTb He TpeOyA A0NONHUTEIbHOM BpeMEHH O
MaMATH, TaK YTO METOAbl, KOTOphble TPeOYIOT KONMMPOBAaHUA 371EMEHTOB H3 MacCHBa a
B MaCCHB-pe3yJIbTaT b, He NnpeacTaBAAIOT HHTepeca. OrpaHHYHB TakMM 06pa3oM BLIGOD
MeToA0B, nonpobyeM KaaccuPHUMPOBaTh UX B COOTBETCTBHH C 3(PGeKTUBHOCTbIO, TO
ecTb BpeMeHeM pabothl. Xopolas Mepa 3¢peKTHBHOCTH — YUCJI0 HeOOXOAHMBIX CpaB-
HeHuit Koyeii C, a TaKXKe YHCJ10 epeCTaHOBOK 3/1eMEeHTOB M. 3TH BeTHYHUHBI ABJAIOT-
cA QYHKUMAMH YHCJIa COPTHPYEMBIX 3/1IeMeHTOB N. XOTA XOpolliie aIrOPHTMbI COPTH-
poBKH TpebyioT nopsinka n*log(n) cpaBHeHMii, Mbl CHayana PaCCMOTPUM HECKOJIbKO
NPOCThIX H 04YE€BUAHKIX METO/10B, KOTOPhle Ha3hIBAIOTCA NPOCMHXMU H TPeOYyIOT nopAaKa
n? cpaBHeHHit Kioyeit. ECTb TPH BaXkHble MPUYHHBI, IOYEMY HYXKHO PaCCMOTPETD Mpo-
CThie METO/Ibl, NPeX/e YeM NEPEXOAUTD K OLICTPhIM anropuTMaM:

1. ITpocTaie MeToaR 0CO6EHHO XOpOLIKU A/ 06CYKAEHHA OCHOBHRIX NMPHHLUMIIOB
COPTHPOBKH.

2. CoOTBeTCTBYIOLIHE NMPOrpaMMhl Jierko MOHATb. K TOMY ke oHH KOpOTKHe: Beab
HYXHO OMHHTD, YTO MPOrPaMMhbl TOXe 3aHHMAIOT MECTO B MaMATH!
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3. XoTa 6onee n3oupeHHble MeTOAR! TPeOYIOT MEHbLIEro YHCJa onepauuii, HO 3TH
ornepaury 0ObIYHO CJI0XKHEe YCTPOEHbI; I03TOMY NPOCThi€ METOAbl OKA3hIBAIOTCS
ObicTpee Ans MaJIbIX N, XOTA HX HeJib3d UCIO/1b30BaTh /1A OONBUIKX N.

AJIrOpHTMbI COPTHPOBKH, YNIOPAAOYMBAIOLLHE 3/IEeMEHTI in situ, MOryT OnITb pa3se-
JieHb! Ha TPH OCHOBHbIE KaTerOpUH B COOTBETCTBHH C UCTIOJIb3YyeMbIM MPHEMOM:

® COPTHPOBKA BCTaBKaMH;
® CopTHpOBKa BribopoM;
® COpPTHPOBKAa O6MEHOM.

N3yunM u cpaBHMM 3TH TpH noaxoaa. AaroputMnl 6yayT paborars ¢ raobaibHOM
nepeMeHHO a, YbH KOMIIOHEHThI HY)KHO OTCOPTHPOBaTh in situ. KoMnoHeHTaMu AasioT-
CA CaMH KJ0YH. [11f1 NPOCTOTH Mbl HTHOPHPYEM NPOYHE JaHHbIE, XPaHALLHECA B 3aMTHCAX
THna Item. Bo Bcex anropurMax, KoTophie 6yayT paspaboTaHnl B 3TOil rjaBe, peamno-
NlaraeTcs HalMyue MaCCHBAa @ H KOHCTaHTHI N, PaBHOI YMC/y 371€eMEHTOB MaCCHBa a:

TYPE Item = INTEGER;
VAR a: ARRAY n OF Item

2.2.1. lpocras copTMpoBKa BCTaBKaMM

ITOT MeToa YacTO MUCMOAb3YETCA UIPOKaMHU B KapThl. DJieMeHThl (KapThl) MhICJEHHO
Pa3feNATCA Ha MOC/Ae0BaTeIbHOCTb-MPHEMHHK ag ... &j.) U MOCJ1€10BATEIbHOCTb-
HCTOYHHUK 3; ... ap-1. Ha kaxxa0M 1are, HayHHadA ¢ i = 1 H 3aTeM yBeJIHYHBadA i Ha €IUHH-
11y, B IOCJIeA0BATE/IbHOCTH-UCTOYHHKe 6epeTca i-i 3/1IeMEHT H CTABUTCA B IPaBHJIBHYIO
NO3HULKIO B NOCJ/Ie0BaTeIbHOCTH-NpHeMHKKe. B taba. 2.1 paboTa COpPTHPOBKH BCTaB-
KaMHM MoKa3aHa Ha NpHMMepe BOCbMH B3AThIX Hayraj Yucel.

AJITOPHTM NMPOCTbIX BCTABOK UMEET BHA

FORi:=1TO n-1 DO

x = ali];

BCTaBnTh X B ITPABMALHYIO TTOINUMNIO CPEAMN Ay ... @;.)
END

Tabnuua 2.1. Npumep paboTu NPOCTON COPTUPOBKM BCTaBKAMMN

HayansHbie kitoum: 44 5SS 12 42 94 18 06 67
i=] 44 55 12 42 94 18 06 67
i=2 12 44 SS 42 94 18 06 67
i=3 12 42 44 55 94 18 06 67
i=4 12 42 44 5SS 94 18 06 67
i=S 12 18 42 44 SS 94 06 67
i=6 06 12 18 42 44 55 94 67

i=7 06 12 18 42 44 55 67 94
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I[1pu noucke npaBHIbHOI NO3HLHH A1 3/1eMeHTa y106HO YepenoBaTh CpaBHEHUS H
nepechlIKH, TO €CTh MNO3BOJIATH 3HAYEHHIO X «[IPOCEHBAThCA® BHH3, IPH 3TOM CPaBHH-
BaeM X CO CJIe/y IOLLHM 3JIEMEHTOM a;, a 3aTeM JIH60 BCTaBsAeM X, IM6O nepeaBuraeM aj
BIPaBO U NMEPEXOAHM BJIEBO. 3aMETHM, YTO eCTb [1Ba Pa3HhIX YCJIOBHA, KOTOPble MOTYT
BhI3BaTh MpeKpalleHHe Mpouecca NpoceH BaHUA:

1. ¥ aneMeHTa aj K/II0Y 0Ka3aJICA MEHbLLIE, YEM KJIIOY X.
2. O6napyxeH NieBbli1 KOHEl NOC/e10BaTeIbHOCTH-NIPHEMHHKA.

PROCEDURE Straightinsertion; (* ADruS2_Sorts *)
VAR i, j: INTEGER; x: Item;
BEGIN
FORi:=1TOn-1DO
x = ali]; j =1
WHILE (j > 0) & (x < a[j-1]) DO
afj] := a[j-1]; DEC())
END;
afj] := x
END
END Straightinsertion

Ananus npocmoii copmuposxu scmasxamu. Uncio cpaBHeHHit kitoyeit B i-M npo-
ceuBaiuu C; He 6onblie i-1, kKak MUHMMYM PaBHO 1 H — npeanoJiaras, YTo Bce nepe-
CTaHOBKH N KJIloueld paBHOBEPOATHHI, — B CpeHeM paBHoO i/2. Uncno M; nepecbuiok
(npucBauBaHHit 3ieMeHTOB) paBHo C; + 1. [lo3ToMy nonHbie YKcsia cpaBHEHH I U niepe-
ChLIIOK PaBHbI

Cnin=n-1 Mmin = 2*(n - 1)
Cave = (N2 - n)/4 Mye = (N2 + 3n - 4)/4
Cmax ™ (N2 =30+ 2)/2  Mpmax = (n2 - n)/2

MuHuManbHble 3HaYeHHS MONYYal0TCs, KOria 3jieMeHThl H3HaYa/IbHO ynopsaoye-
Hbl; HAUXYALLKI CAy4dail UMeeT MeCTO, KOr/1a 3/IeMeHTH H3Ha4Ya/lbHO CTOAT B 00paTHOM
nopsinke. B aToM cMmbicsie copTHpoBKa BCTaBKaMH Beaer cebsi BNOJAHE eCTeCTBEHHO.
SIcHo TakXe, YTO NpeACTaB/eHHbIH AITOPUTM ABJAETCA YCTONYHBOH COPTHPOBKOIA: OT-
HOCHTEJIbHbI MOPSANOK 3/1eMEHTOB C PaBHbIMH KJII0OYaMH He Hapy1llaeTCs.

JTOT AITOPHTM HETPYAHO YCOBEpLIEHCTBOBaTh, 3aMETHUB, YTO NOCJELOBATE/b-
HOCTb-NIPUEMHHK 3y ... dj-1, B KOTOPYIO HY>XHO BCTaBHUTb HOBhIIH 3JIEMEHT, Y)Ke ynops-
noyeHa. [1oaToMy MoXkHO HCo/Ib30BaTH H071€€e GRICTPHIIT CNIOCO6 HaX0XAECHHUSA NO3HLHH
BcTaBKH. O4YeBUAHRKINH BbIGOP — arOpUTM JeJIeHUA NMoNoJiaM, B KOTOPOM NPOBepSETCs
cepearHa NOCJIeA0BaTeIbHOCTH-NPHEMHHUKA M 3aTeM NPOAOJKAIOTCA AEJIEHHSA Moro-
JlaM, oka He 6yaet HaiiaeHa Touka BctaBkH. Takoit MoandHUHPOBaHHRII aJIrOPUTM
Ha3LIBAETCA COPMUPOBKOL OBOUUNBIMU 6CMABKAMU:

PROCEDURE Binarylnsertion; (* ADruS2_Sorts *)
VAR i, j, m, L, R: INTEGER; x: Item;
BEGIN

FORi:=1TO n-1 DO
x = afi]; L:=0; R :=i;
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WHILE L < R DO
m := (L+R) DIV 2;
IF a[m] <= x THEN L := m+1 ELSE R := m END
END;
FORj:=iTO R+1 BY -1 DO a[j] := a[j-1]) END;
a[R] := x
END

END Binarylnsertion

Ananus copmuposxu dsousnnnimu ecmaexamu. [1o3nuns BCTaBKH HailaeHa, eCaH
L = R. [ToaToMy HHTEepBas NOKCKA A0JXKEH B HTOre MMETb JUTHHY 1; 21714 3TOr0 HY>XHO
AeJIMTb HHTepBaJ JIHHBI | nonojiaM log(i) pa3. [ToaToMy

C = Si: 0<isn-1: llog(i]
AnnpokcuMHpyeM 3Ty CyMMY HHTeTpaioM
Integral (0:n-1) log(x) dx = n*(log(n)-¢c)+c¢

rae ¢ = log(e) = 1/In(2) = 1.442609....

B cymHoCTH, YnCa0 cCpaBHEHHIA He 3aBHCHUT OT NEpPBOHaYaIbHOIO NMOPAAKA 3/IEMEH-
ToB. OHAKO M3-32 OKPYI/IEHHS NPH AeJ€HHH HHTEPBaJa HCTHHHOE YHCJ/I0 CPaBHEHHI
IS | 3neMeHTOB MoXeT ObiTh Ha 1 Gosblue, yeM oxuaaerca. [IpuunHa aToro oTkJoHe-
HHUA — B TOM, YTO MO3HUHH BCTAaBKH B HUXKHEH YaCTH MOCJIeA0BaTEbHOCTH B CPeaHEM
HaXOAATCA HeMHOro GricTpee, YeM NO3NULIHK B BEpXHEH YaCTH, YTO GIaroNpHATCTBYET TeM
CJIy4YasM, KOTZIa 3JieMEeHThl H3HAYabHO CHJIbHO pasynopaaodyeHnl. Ha camoM aene uncio
CpaBHeHMit MUHMMaIbHO, KOT/a 3/IEMEHThl M3Ha4YaNbHO CTOAT B 0OpaTHOM MoOpsAaKe, H
MaKCHMaJIbHO, KOT/1a OHH YXe YTIOpPAA0o4€eHkl. 3AeCh Mhl HMeeM NPUMep HeeCTECTBEHHOrO
noBeieHHA aNropuT™Ma COpTHpOoBKH. Toraa YHc/10 cpaBHEHHIi NPUMEPHO paBHO

C = n*(log(n) - log(e) + 0.5)

K COXAJICHHI0, HCNNOJIb30BaHNE NBOHYHOIO TOHCKA YMEHBUIAET TOJIBKO YHCJIO CpaB-
HeHHﬁ, HO HE YNCJIO NEPECHLUIOK. Ha camoM AeJie NMNePEChIZIKH 3JIEMEHTOB, TO €CTb KJIIO-
yeit U npoueit HHPOpMauKH, 06bIuHO GoJiee 3aTpaTHBI, YeM CpaBHEHHE ABYX KJioyeid,
TaK 4TO nojyyamwouieeca 31€Cb yJayilleHHE HE MPUHUHITHAJIBHO. Ba)KHas BEJIHYHHA M
Bce ellle uMeeT nopaaok n2. [IpuueM cOpTHPOBKA yxe YNOPAAOYEHHOTO MaCCHBA Tpe-
6ye1' 60Jlbllle BPEMEHH, YEM ITIPH HCII0J/Ib30BaHHH NMPOCTAIX BCTABOK C MOCJieA0BaTE/Ib-
HBIM IIOHCKOM.

3ToT NpHMEP MOKA3hIBACT, UTO «OYEBHAHOC YIYYLUICHHES BITIOJIHE MOKET OKa3aTbCA
ropa3go MeHee MOJIE3HbIM, YeM OXHJAANOCh, a B HEKOTOPhIX cay4asx (KOTophie
NeHCTBUTEJIBHO BCTPEYAIOTCA) «yJy4llleHHe» MOXET 0Ka3aTbCA U yxyauleHueM. [1pu-
XOAHTCA 3aKJIIOYHTD, UYTO COPTHPOBKA BCTAaBKaMH HE BhITJIAAHT YAQYHBIM METOAOM LIA
NPHMEHEHHUS B KOMIIbIOTEPHLIX MPOrpaMMax: BCTaBKa 3JIeMEHTa, TPH KOTOPOIi BeCb Pl
AJIEMEHTOB CABHIa€TCA TOJ/IbKO HA O/1HY MO3HLHIO, HE ABJIACTCA 3KOHOMHOIA. J]ytlumx
PE3YyJAbTATOB MO>XKHO OXKHAATb OT ME€ToAAa, B KOTOPOM MNEPEChIJIAIHCD 6hl TOJBKO OHU-
HOYHbBIE JIEMECHTRI, [IPHYEM HA 6011ee AAJICKHE PACCTOAHHA. 310 Ha6mone|me INpHUBO-
IHT K COPTHPOBKE BhlIOOPOM.
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2.2.2. NMpocras copruposkKa Bbi6OpoM

JaHHniii MeTO OCHOBaH Ha CJ'leIl)’lOll.leﬁ CXeMe.

1. BnibepeM 3/1eMEHT C HAWMEHBUIHM KJIIOYOM.

2. IlepectaBuM ero c nNepBhIM 3JIEMEHTOM ag.

3. IloBTOpHM 3TH onepauUMH C OCTANbHLIMH N-1 3jIeMEeHTaMH, 3aTeM C N-2 3JieMeH-
TaMH.., IOKA He OCTAHETCA TOJIbKO OAHH — HaHOO0IbIIHIT — 3/IEMEHT.

[IponaniocTpHpyeM MeToA Ha TOif Xe Noc/eA0BaTeIbHOCTH H3 BOCbMH KJIOY €, 4TO
uBTabn. 2.1;

Tabnuua 2.2. Npumep NPOCTON COPTUPOBKK BHIGOPOM

Hauyanbhnie katoun: 44 55 12 42 94 18 06 67
i=1 06 ss 12 42 94 18 44 67
i=2 06 12 SS 42 94 18 44 67
i=3 06 12 18 42 94 5SS 44 67
i=4 06 12 18 42 94 5SS 44 67
i=5
i=6
i=7

06 12 18 42 44 55 94 67

06 12 18 42 44 S5 94 67
06 12 18 42 44 S5 67 94

Anroput™ dopMyMpyeTcs cieny oM o0pa3oM:

FORi:=0TO n-1 DO
npucgoums k unoexc HauMeHbWE20 INEMENMA U3 & ... 3n-;

nepecmasums a; u ay
END

ITOT MeTOA MOXKHO Ha3BaTb MPOCMOti COpmupoexoi 6u60poM. B HeKOTOPOM cMbiC/Ie
OH MPOTHBONOJIOXXEH NMPOCTOA COPTUPOBKe BCTaBKaMH: B NocJieiHeH Ha KaX<IoM liare,
yToOhl Hal{TH MO3ULMIO BCTAaBKH, paCCMaTPHBAETCA OJUH o4YepeaAHOM 3JIeMEeHT MacCHBa-
MCTOYHHUKA U BCE 3JIEMEHThI MacCHUBa-NMPHEMHUKA; B MPOCTOI COPTHPOBKe BbI6OPOM
NpPOCMaTpUBaeTCsA BECb MAaCCHB-UCTOYHHK, YTOOBI HATH ONUH 3/1IEMEHT C HAMMEHBLLIUM
KJIIOYOM, KOTOPAIii 10/1KeH OhITb BCTaB/IEH B MaCCHB-TIPUEMHHK.

PROCEDURE StraightSelection; (* ADruS2_Sorts *)
VAR i, j, k: INTEGER; x: Item;
BEGIN
FORi:=0TO n-2 DO
k :=i; x := a[i];
FOR j :=i+1 TO n-1 DO
IF afj] < x THEN k := j; x := a[k] END
END;
a[k] := ali]; ali] := x
END
END StraightSelection
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Ananus npocmoii copmupoexu exbopoxm. OueBnaHo, uncno C cpaBHeHHit Klouei
He€ 3aBHCHT OT Ha4YaJIbHOIO NopAAKa KJio4yei. B aToM cMbicjie MOXHO CKa3aThb, YTO 3TOT
MeTo/ BeneT cebs He TaK ecTeCTBEHHO, KaK MeTO/l MPOCThIX BCTaBokK. [Tonyyaem:

C = (n2 - n)/2

Yucao M nepecsuUloK He MeHblile, YeM
Mmin=3*(n - 1)

JJIA H3HAYAJIBHO YIIOPAAOYEHHBIX KJII0Yeii, U He 6oblie, YeM
Mmax = N2/4 + 3*(n - 1),

€C/IM H3HAYabHO KJIOYH CTOAIH B o6paTHOM nopsiake. Yto6nl onpenenuts Myyg, 6y-
A€M pacCyXJaTh TaK: AiTOPUTM MPOCMAaTPHBaeT MaCCHB, CpPaBHMBAA KaXXAhli 3J1eMeHT
C HaHMEHBUIUM 3HaYEeHHEM, HaitleHHbIM 10 CHX NOp, U €CJIH 3/IEMEHT OKa3hlBaeTcCs
MeHbllle, Y4eM ITOT MUHUMYM, BhINOJIHAETCA NPpUCBaHBaHHe. BeposTHOCTB, YTO BTOpOIi
3JIeMEHT MeHbllle, YeM NepBhiii, paBHa 1/2; TaKOBa Xe H BEPOATHOCTb NPHCBaUBaHUA
MHHHMYMY HOBOIO 3HaueHHsA. BeposTHOCTb TOrO, YTO TPETHIl A/IEMEHT OKAXKETCS MeHb-
llie, YeM MNepBhie ABa, paBHa 1/3, a BEpOATHOCTH TOTO, YTO YETBEPThIit OKaXKETCA HaH-
MeHbLIHM, paBHa 1/4, u T. a. [loaTOMY NosHOE CpeaHee YHCIO NEPECHINIOK paBHO Hy.y,
rae H, — n-oe rapMOHHYECKOEe YHUCJII0

Ho = 1+1/2+1/3+...+1/n
Hp MOXHO NMpeaCTaBUTH KaK
Hy = In(n)+g+1/2n-1/12n2 + ...

rae g = 0.577216... — KoHcTaHTa Jitnepa. [lna noctatoyHo 60abUIMX N MOXXHO OTOpO-
CHTb ApOOHbBIe YJIeHh! H NMOJYYUTb NpUOAHIKEHHOE CpeaHee YUCI0 MPUCBaH BaHHI Ha
i-M npoxoae B BHJe

Fi=In+g+1

Torna cpentiee Y4C10 NepecuiioK M,yg B COPTHPOBKE BhIGOPOM PaBHO CyMMe BEIHYHH
F; c i, npoberatowum ot 1 10 n:

Mavg = n*(@+1) + (Si: 1 <i < n: In()
AnNnpoKCMMHPYs AHCKPETHYIO CYMMY HHTErpaioM

Integral (1:n) In(x)dx = n*In(n)-n + 1
nosyyaeM NpuOIMKeHHOe BhlpaXeHHe

Mag = N * (In(n) + g)

Mo3KHO 3aKJ/IIOYHTD, YTO B 00LIEM CJlyyae NpocTas COPTHPOBKA BuiGOpOM Npeanoy-
THTeJIbHel NPOCTOi COPTUPOBKH BCTaBKaMH, XOTSA €CJIH KJIIOYH U3HAYaIbHO YNOpAAO-
YeHhl UJIH TOYTH YNOPAAOYEHBI, TPOCTHIE BCTaBKHU paboTaloT HeMHOro 6micTpee.
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2.2.3. lNpocras coprnposxka oobMeHamMm
(ny3sipbxoBas)

Knaccuduxauns MeTo108B COPTHPOBKH He BNOJIHe ofHO3HaYHa. O6a obcyKaaBumnxca
Bhillle METO/1a MOXHO TaKXe paccMaTpHBaTh Kak COpTHpOBKH o6MeHaMH. OnHaKo ceii-
yac Mbl NPEACTAaBUM METO1, B KOTOPOM OOMEH JBYX 3/1IEMEHTOB UTPaeT I1aBHYIO POib.
[Tonyyatowascs npocrasd COpTHpOBKA OOMEHaMH UCIIO/Ib3YeT CpaBHeHHe U 0OMeH nap
COCeIHHUX 3JIEMEHTOB J0 TeX MOp, NOKa He OyAyT OTCOPTUPOBaHhl BCE 3/IEMEHTHI.

Kak 1 paHee B npocToit COpTHpOBKe Bal6OpOM, 3/1€Ch BhINOJIHAIOTCSA NOBTOPHbIE NPO-
XOJ1bl 10 MAaCCHBY, MPHYEM KaXIhlii pa3 HAMMEHbIINH 3J/IEMEHT OCTABLIErOCA MHOXECTBA
NPOCEUBAETCs B HaNpaBJieHHH JIEBOro KOHLa MaccuBa. Ecaiu as pazHoobpa3Hns cYMTaTh
MaCCHB pacno/ioXeHHbIM BEPTHKAIbHO, a He FOPH3OHTAIBHO, H BOOOPa3HUTD, YTO AJIeMeH -
Thl — 3TO My3bIPbKH B COCYy/le C BOJOil, MpUYEM MX BEC paBeH 3HA4YeHHIO KJII0Ya, TOrAa
NpoXoJbl N0 MaCCHBY MPHUBOAAT K NOABEMY My3bipbKa Ha YPOBEHb, COOTBETCTBYIOLIHIA
ero Becy (cM. Tabu1. 2.3). Takoit MeToa LIMPOKO M3BECTEH KAK NY3bPOK0BAR COPMUPOEKA.

Tabnuua 2.3. Npumep paboTo Ny36PbKOBON COPTUPOBKK

i=0 1 2 3 4 S5 6 7
44 06 06 06 06 06 06 06
55 44 12 12 12 12 12 12
12 55 44 18 18 18 18 18
42 12 S5 44 42 42 42 42
94 42 18 S5 44 44 44 44
18 94 42 42 55 55 55 S5
06 18 94 67 67 67 67 67

67 67 67 94 94 94 94 94

PROCEDURE BubbleSort; (* ADruS2_Sorts *)
VAR i, j: INTEGER; x: Item;
BEGIN

FORi:=1TOn-1DO
FORj:=n-1TOiBY -1 DO
IF afj-1] > a[j] THEN
x := alj-1]; alj-1] := alj]; alj] := x
END
END
END
END BubbleSort

ITOT ArOpHTM HeTpyAHo yayuinte. [Ipumep B Tabn. 2.3 nokasniBaeT, YyTo nocJe-
AHHWE TPH MPOXOAA He BJIMAIOT Ha MOPAAOK 3/IEMEHTOB, TaK KaK OHH yKe OTCOPTHpOBa-
Hbl. OYeBUAHRKIH CNOCOO YAYYIINTL AITOPUTM — 3aNOMHUTb, HME JIH MECTO XOTs 6hl
oauH ob6MeH Bo BpeMs npoxosa. Toraa npoxon 6e3 0OMeHOB CUTHAIU3UPYET, YTO aNro-
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PHTM MOXeT 6bITh 0cTaHOBJeH. OHAKO MOXHO CAeJIaTh elle OAHO yJy4llleHHe, 3aMo-
MHHadA He ToJbKO akT 06MeHa, HO ¥ No3HLHI0 (MHAEKC) nocjieaHero obMeHa. fAcHo,
HalpuMep, YTO BCE Maphl COCEAHUX 3JIEMEHTOB JieBee 3TOI0 3HaYeHUs UHAeKca (Ha3o-
BeM ero k) yxe ynopsaoyeHnl. [ToaToMy nocieayiolive npoxoabl MOryT OCTaHaBJIH-
BaTbCA Ha 3TOM 3HAYeHUM HHAEKCa, BMECTO TOro utobnl npoaosxarbcs Ao i. OaHako
BHUMATEJ/IbHLIA MPOrPaMMHUCT 3aMETHUT JIIOOOMBITHYIO aCUMMETPHIO: €CJIH BHayase
TOJIbKO O/IHH My3hIPEK CTOMT He Ha CBOEM MECTE B «TSXKeJIOM» KOHLE, TO OH nobepercs
20 CBOETNO MECTa 32 OJJMH MPOXO0/, a €CJIM TaKOit My3bIPEK CTOUT B «JIETKOM» KOHLE, TO OH
6yaeT onycKaTbCs B CBOIO PaBUJIbHYIO MO3HULKIO TOJIBKO Ha OMH LIar 3a KaXXAbiii po-
xoa. Hanpumep, MaccuB

12 18 42 44 55 67 94 06
COPTHPYETCA yAy4llleHHO My3bIpbKOBOIi COPTHPOBKOIi 33 OMH NPOX0J, 2 MaCCHB
94 06 12 18 42 44 55 67

Tpebyer ceMu npoxonoB. Takash HeecTeCTBEHHasd aCHUMMETPHsS HABOAMT Ha MbICJIb
O TPeTbeM YCOBEpPLIEHCTBOBAHMH: MEHSTh HallpaBJIeHHe NMOC/Ie10BaTe/IbHhIX IPOXOA0B.
[Monyyalomuiics anropuT™ Ha3hIBaIOT wetixep-copmuposxot (shaker sort). Ero pabora
noKa3saHa B Tab.n. 2.4, rae oH NpUMEHSAETCA K TOil Xe NOCJ/IeA0BATe/IbHOCTH H3 BOCbMH
KJIloyYeit, YTo 1 B Taba. 2.3.

PROCEDURE ShakerSort; (* ADruS2_Sorts *)
VAR j, k, L, R: INTEGER; x: Item;
BEGIN
L:=1;R:=n-1; k :=R;
REPEAT
FORj:=RTOLBY-1DO
IF afj-1] > a[j] THEN
x := afj-1]; a[j-1] := a[j]; a(j] ;= x; k :=
END
END;
L:=k+1;
FORj:=LTORBY +1 DO
IF afj-1] > a[j] THEN
x :=a[j-1); aj-1] := afj); afjl :=x; k 1=
END
END;
R := k-1
UNTILL>R
END ShakerSort

Ananus ny3wpoxoeoi u weixep-copmupoexu. Uncno cpaBHeHHIi B NMPOCTOM
COpTHPOBKe OOMEHaMH paBHO

C = (n2-n)/2,

a MHHHMAaJIbHOe, cpeiHee H MAaKCHMaIbHOE YHUCJIa NTepeChiJIOK (MpHCBaHBaHUM aleMeH -
TOB) paBHh!
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Tabnuua 2.4. Npumep paboTu Weikep-CopTMPOBKN

L= 2 3 3 4 4
R= 8 8 7 7 4
dir= T i) T 1 T
44 06 06 06 06
55 44 44 12 12
12 55 12 44 18
42 12 42 18 42
94 42 ss 42 44
18 94 18 55 55
06 18 67 67 67
67 67 94 94 94

Mmin =0, My =3*(n2-n)/2, Mmax = 3*(n2 - n)/4.

AHanu3 yayylleHHbBX BApHAHTOB, 0CODEHHO lefiKep-COPTHPOBKH, JOBOJIBHO CJIO-
xeH. HauMeHbluee yncso cpaBHeHHit 3aech paBHO Cpyin = n-1. [nsa yaydieHHo# ny-
3bIpbKOBOii COpTHPOBKH KHyT (cM. [2.7] — npum. nepes.) Hallien, 4TO cpeaHee YHCIO
NPOXOA0B NPONOPUHOHANBLHO BeMYHHe N - Ky *n1/2, a cpentee YHc0 cpaBHeHUIt — Be-
nnuuHe (n2 - n*(k, +In(n)))/2. Ho HY)>XHO OTMETHTb, YTO HU OAHO H3 YNOMSHYTBIX
yaydllleHHii He MOXKeT MOBJIMATD Ha YKUCJI0 OOMEHOB; YMEHbLIAETCA TOMIBKO YUCJIO U3-
GeiTOuHBIX MpoBepoK. K HecyacTbio, 06MeH ABYX 3/1€eMeHTOB — 06LI4HO Goniee 3aTpaT-
Has onepaums, YeM CpaBHeHHe KIIoYeH; M03TOMY BCe Halllh XUTPOYMHRIE yJIyylleHUs
MMeIOT ropa3ao MeHbluni 3¢ eKT, Y4eM HHTYUTHBHO 0XKHIAeTCA.

ITOT aHaNM3 NMOKa3hIBA€ET, YTO COPTHPOBKA 0OMEHAMH U ee HebGobllIKe yayyllleHHs
XyXe, 4YeM H COPTHPOBKa BCTaBKaMH U COPTHPOBKA Bhl6OpOM; Ha CaMOM feJie NMy3bipb-
KOBasi COPTHPOBKA Bpsl U YeM-HHOy1b MHTEpecHa, KpoMe CBOEro 3alOMHHAIOLLErocs
Ha3BaHus. lllelikep-copTHpPOBKa BhIro/lHa B TeX CJ1y4asiX, KOraa 3JIeMEHThl YXe CTOAT
B [MOYTH NPaBHJIbHOM MOPSAAKeE, — HO 3TO PEIKO CY4YaeTCs Ha NPaKTHKE.

Mo>Ho nokasaTtb, YTO CpeaHee pacCTOsiHUE, KOTOpPOe JO/IXKEH NMPOUTH KaXKAhH U3
N 3JIEMEHTOB 32 BpeMs COPTHPOBKH, PaBHO N/3 NMO3HLHI. ITO YHCJIO YKa3biBaeT, B Ka-
KOM HalpaBJIeHHH HY>KHO HCKaTb 60J1ee 3¢ peKTHBHbIE METO1hI COPTHPOBKH. B cyuto-
CTH, BCe NPOCThIe METO/ABI NepEMELAIOT 3/IEMEHT Ha OAHY NMO3ULHIO Ha KaXAOM 3Jie-
MeHTapHoM luare. IToatoMy oHu Bcerna Tpe6yioT nopsaka n? takux waros. Jloboe
Cepbe3HOe YCOBEpLIEHCTBOBaHHE A0J)KHO UMETh LeJIbIO YBeJIHYeHHE PaCCTOAHHA, Ha
KOTOpOe NMepeMellaloTCs 1EMEHTH B KaXKAOM IMPhIXKKE.

B nansHeitmem 6yayT obcyxnarbcs TpH 3¢ heKTUBHBIX METO/A, 110 OHOMY Ha KaX-
Ablii U3 MPOCThIX METOJOB COPTHPOBKH: BCTaBKaMH, Bal6opoM 1 o6MeHaMH.
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2.3. AddexTnBHbIC METOADbI COPTUPOBKM

2.3.1. CoprupoBxa BCTaBKamMm
C YMEHbLUAIOWMNMHNCH PACCTOSTHNIMMN

B 1959 r. lllenn [2.9] npeanoxuna cnoco6 yCKOpUTb COPTHPOBKY NMPOCTHIMH BCTaBKaMH.
[TpounmocTpupyem Metox lllenna c nomoubio Halllero CTaHAapTHOIO NpUMepa C Boce-
Mbl0 371eMeHTaMH (cM. Tab. 2.5). CHayana Kaxias rpynina 3JieMeHTOB, OTCTOALMX ApYT
OT ApYra Ha YeThipe NO3HUUH, COPTHPYETCSA OTAE/IbHO. 3TOT Npolecc Ha3niBaeTcs 4-cop-
THPOBKOIi. B HallleM npHMepe ¢ BoCeMbiO 3/1eMEHTaMH KaXJasA TaKasd rpynna COCTOHT
B TOYHOCTH U3 ABYX 3yieMeHTOoB. [loce nepBoro npoxosa CHoBa pacCMaTpPHBAIOTCS Ipyn-
Nkl 2JIeMEHTOB, HO YK€ OTCTOALIMX Ha ABe MO3UILIHH, H CHOBA IPYMNINbl COPTHPYIOTCA MO
OTAEAbHOCTH. ITOT NpOLIECC Ha3hiBaeTcs 2-cOpTUPOBKOii. HakoHew, Ha TpeTbeM npoxoae
BCE 3JIeMeHThbl COPTHPYIOTCH 00bIYHOI1 COPTUPOBKOIA, MJIH 1-COPTHPOBKOIA.

Tabnuua 2.5. Coptupoeka BCTaBkaMu C YMEHbLLIAIOWMMNCA PACCTORHUAMN

44 55 12 42 94 18 06 67
[locae 4-copTHpOBKH 44 18 06 42 94 55 12 67
[locae 2-copTHpoBKH 06 18 12 42 44 55 94 67
[Mocae 1-copTHpOBKH 06 12 18 42 44 5S 67 94

BcTaeT pe3oHHbIH BONpOC: He NMPEBLICAT JIM BO3MOXXHYI0 3KOHOMMIO 3aTPaThl HA Bhi-
NoJIHeHHe HECKOJIBKUX MTPOXO/0B, B KAXKAOM U3 KOTOPLIX COPTHUPYIOTCS BCE 3JIeMEHTH ?
OnHaxo xaxxaas COpTHUPOBKA OAHOI rPYNMkl 371eMeHToB 60 UMeeT feJio ¢ OTHOCH-
TeJIbHO HeGONBLUIMM MX YHUCIIOM, MO0 3JIeMEHTH yXe YaCTUYHO OTCOPTUPOBAHB, TaK
YTO HYXXHO clieJIaTh CpPaBHUTEJIbHO HEMHOTO e peCTaHOBOK.

OueBuaHO, YTO METOA NPUBOAUT K OTCOPTHPOBAHHOMY MAaCCHBY, U HETPYZHO MO-
HATbD, YTO Ha KaXX/I0M llare HyXHO BHIIOJIHUTb MeHbllle paboThl Garoaaps npeaniay-
UM (TaK KaK KaXkaasd i-COpTHpOoBKa KOMOHHHpYeT ABe rpyIIibl, OTCOPTHPOBAHHLIE
npeaniayueii 2i-coptupoBkoii). OueBHAHO TakXKe, YTO AONYCTHMa Jiobas nocaenosa-
TeJIbHOCTb PacCTOAHMIL, Kb 6bl MocaeHee H3 HUX ObLIO paBHO eaHHHLE, TAaK KaK
B XYyALIEM cJy4yae BcA paboTa GyaeT BHNOJHATLCA Ha nocjeaHeM npoxoge. l'opasao
MeHee 04YeBHJIHO, YTo MeTo paboTaerT elue Jiyylle, eC/IH YMeHbllaloWHecs pacCTOAHHSA
BbIOHPaTb OTJIMYHREIMH OT CTeNeHeil ABOKH.

IToaToMy nocTpouM npoueaypy A NPpOU3BOJIbHONM MOC/Ie0BATEJbHOCTH PaccTo-
auuit. Bcero 6yaer T pacctosinmii hg, hy, ... , hy.), y10BAETBOPAIOWHKX YCIAOBHAM

hr.y =1, hiyy <hy
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AnropHT™ onncaH B npoueaype ShellSort [29]) ana T = 4:

PROCEDURE ShellSort; (* ADruS2_Sorts *)
CONST T = 4;
VAR i, j, k, m, s: INTEGER;
X Item;
h: ARRAY T OF INTEGER;
BEGIN
h[0] :=9; h[1] :=S: h[2] :=3; h[3] :=1;
FORM:=0TO T-1DO

k := h[m];
FORi: =k TO n-1 DO
x = afi]; j ;= i-k;

WHILE (j >= k) & (x < a[j]) DO
alj+k] := a[jl; j := j-k

END;

IF (j >= k) OR (x >= a[j]) THEN
alj+k] := x

ELSE
alj+k] := afjl;
alj] :=x

END

END
END
END ShellSort

Ananus copmupoexu lllenna. AHanu3 3Toro anropuT™a — O4eHb CJ0XKHasA MaTeMa-
THYecKas npobJeMa, MOJHOCTBIO ellle He pelleHHas. B yacTHOCTH, HeM3BecTHO, Kakas
NOCJIeI0BaTe/IbHOCTb PaCCTOAHMIA AaeT HauayJdlHi pe3yiabTat. Ho yauBHTe IBHO ToO,
YTO PAacCTOSIHUA He AOJDKHbI ObITh KpaTHRIMH APYT ApYry. Toraa Hcue3HeT siBjieHHe,
Ha6.silonaeMoe B NpUBeAEHHOM NpHMepe, KOTrAa KaX bl Mpoxoa COPTUPOBKH obbeau-
HseT ABe LENnoYKH, 0 TOro HHKaK He <obwaBunecss. Ha camMoMm nesie xenatesbHo,
yToOhl pa3/iHyYHBIE UEMOYKH «OOIATHCh» KAaK MOXHO Yallle, MpHYEeM BhIMOJHSAETCS
caeayiolias TeopeMa: eCJiy MocJe0BaTeIbHOCTD NocJje K-COpTHPOBKH NoABepraeTcs
i-COpPTUPOBKe, TO OHa ocTaeTcs k-oTcopTHpoBaHHOi. KHyT B [2.7] (cM. c. 105-115 ne-
peBoza) MPHBOAMT apryMEeHThI B [10/1b3Y TOTO, YTO HEMJIOXUM BhIOOPOM PacCTOsHMIA iB-
JIIETCA NOC/Ie10BaTeIbHOCTD (3aNHCcaHHasA 31eCh B OOpaTHOM NMOPAAKeE)

1,4,13,40,121,...

raehyy = 3h+1, hy = 1, u T = k x logz(n)] - 1. On TaKxe peKoOMeHAayeT nocJieoBa-
TeJIbHOCTb

1,3,7,15,31, ..

rae hy_; = 2hy+1,hy=1,u T = k x Llog,(n)] - 1. B nocneanem ciyyae MaTeMaTHYeckoe
HCCJleI0BalHe MOKa3biBaeT, YTO NPU COPTHPOBKE N 3jieMeHToB anroputmoM lllenna
3aTpaThl NponopUMoHanbHul n'-2, XoTa 3To ropasao Jyuile, 4eM nZ, Mbl He GyneM yr-
NY6AATBCA B 3TOT METOJL, TaK KK €CTb a/ITOPUTMBI ellie Jyylile.
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2.3.2. TypHnpHas cCopTMpoBKa

IIpocras copTHpoBka BaiGOpoM 0CHOBaHa Ha NOBTOPHOM BhliOOpe HaUMEHbLIIEro KJiya
CpeAu N 3JIEMEHTOB, 3aTeM CpeaH OCTaBIIUXCA N-1 3sieMeHTOB U T. 4. OueBUaHO, ANA
HaxoXAeHHsA HauMeHblllero Kilo4Ya CpeaiH N 3JIeMeHTOB HY>XHO n-1 cpaBHeHHUId, cpeax
n-1 3/1eMEHTOB — N-2 cpaBHEHHIi U T. /1., 2 CyMMa NepBhIX N-1 LeabX paBHa (n2-n)/2.
Kak ke MOXXHO yJIyYUIHTb TaKyIo COPTHPOBKY? T0JIbKO €CJIH nocJie KaXKJ0ro NpocMoT-
pa coxpaHaTb OGosblle MHQOpMAaUMH, 4YeM Bcero JHUb HHGopmauuio o6 oaHoM
HaHWMeHbleM 3JieMeHTe. Hanpumep, n/2 cpaBHeHHi1 NO3BOJIAIOT ONPeAEIUTb MEHbILIHIA
KJII0Y B KQ)XAOMH nape 3/1eMeHTOB, elle n/4 cpaBHEHH AaAYT MEHbLIK KJII0Y B KaXXAOMH
nape U3 yxe HallJleHHbIX MEeHbLIUX KJtoyel, U T. 4. ViMes Tosibko n-1 cpaBHEeHH, Mbl
MOXeM MOCTPOHTD AepeBo Bribopa, Noka3aHHoe Ha pHc. 2.3, npuyeM B KopHe Oyner Hc-
KOMbIi1 HaHMeHbIHIA Koy [2.2].

/ 06\
\ “\
/ 18/ 06
SN SN NN
Puc. 2.3. NosTOpHLIE BLIBOPH CPEAV ABYX KNIOYEH («TYPHUP KNIOYEA»)

BTopoii 11ar cocTOMT B cnycKe MO NMyTH, COOTBETCTBYIOLIEMY HAHMMEHbLLIEMY KJII0YY,
M B €ro YAIJIeHHH NOC/IeA0BaTeIbHOM 3aMeHoi 1n60 Ha NYCTYI0 NO3UUMIO («bIPKY» )
B CaMOM HM3y, JHOO Ha 3/IeMEHT M3 ApYroii BeTKM B NPOMEXKYTOYHRIX y3aziax (CM.
puc. 2.4 1 2.5). Tenepsb 31eMeHTOM B KOpPHe AiepeBa 6yaeT BTOpoit HaMMeHbLIKH KJ1I0Y, H
ero MoXxHo yaanauTb. [Tocse n Takux waroB Bui6opa AepeBO CTaHEeT MYCThIM (TO €CThb
6yneT 3anoJiHEeHO AbIPKaMH ), H NPoLEecC COPTHPOBKH npekpautaerca. Cienyer 3aMeTHTb,
YTO Ha KaXXAOM M3 N waroB Buibopa Tpebyercsa Toabko log(n) cpaBHenuii. [IoaToMy Bcs
npoueaypa tpebyer auib nopaaka n*log(n) aseMeHTapHLIX onepauMii B 0NOJAHEHHE
K TeM N L1araM, KOTOphle HyXHhI U1 MOCTPOEHHA JiepeBa. ITO OYeHb CylUEeCTBeHHOE

/\ -
/\ /

42 94 18 67

Puc. 2.4. BuH0Op HaMeHbWwero Knioya



/12\
P P
SN SN N

Puc. 2.5. 3anonHenune Abipok

yJyullleHHe o CPaBHEHHUIO C MPOCTHIMHU MEeTOAAMH, TPe6yoILMMH N2 L1AroB, U JaXe Mo
cpaBHeHHIO ¢ copTupoBkoii [1le/ua, Tpebyiowmeit n' -2 waros. EcrecTseHHO, OpraHM30BaTh
paboTy Takoro aJiropuT™Ma TpyaHee, NO3TOMY CJ10)XHOCTb OTAEbHBIX LIaroB B TYPHHP-
HOI1 COPTUPOBKe Bhillle: YTOOhI COXPaHUTb BCI0 HHGPOPMaALMIO C MpeAbIAYLIMX LIaroB,
HY>XHO paboTaTb ¢ HeKOTOpOii ApeBecHOi cTpykTypoii. Haule# caenyioleii 3anayeit
6ynet HaiiTh cnocob ad¢pekTHBHO OpraHU30BaTh BCIO 3TY HH(OPMAaIIHIO.

[Ipexnae Bcero BaxkHo H36aBUTHC OT HEOOXOAMMOCTH HMETb Z1€710 C AbIpKaMH, KOTO-
pble B HTOI'e 3aMOJHAT BCe AepeBO H NMOTPeOYIOT MHOrO JIHUIHUX CPaBHEHMIl. 3aTeM
HY>KHO HaifTH ciocob NpeACTaBHTD AEPEBO U3 N 3JIEMEHTOB B N eAMHULIAX TAMATH BMe-
CTO 2n - 1, KaK 3TO HMeeT MeCTO Ha NpuBeAeHHhIX pHcyHKax. Obe uenn 6bL1H JOCTHT-
HyThl B anroput™e Heapsort, HasaBaHHOM Tak ero usobpetatenieM Buabamcom [2.12];
3TOT A ITOPUTM NpeACTaBJIseT co60ii paaHKaibHOE Yay4llleHHe Mo CPaBHeHHIO ¢ 60Jiee
TpaAMLIMOHHLIMH NOAX0AAMH K TYPHUPHOIA copTHpoBke. [Tupamuda (heap) onpenens-
€TCA KaK NocJie10BaTeJILHOCTb KJitoueit h, hy,y, ..., hg (L 2 0), Takas, 4To

hi<hyy u hij<hy,, ana i=L..R/2-1.

Ecsu npeactaBUTh ABOMYHOE A€peBO MAaCCUBOM TaK, KaK MOKa3aHO Ha pHc. 2.6, To
AepeBbsi COPTUPOBKH Ha puc. 2.7 1 2.8 Toxe CyTb MHpaMH/bl, B YaCTHOCTH 3JieMeHT hg
NUpaMHUAkl ABAAETCA €e HAUMEHbUIUM JIEMEHTOM:

ho = min(ho, hl, ey hn-ﬂ

[Iyctb naHa nupamMuaa c ajieMeHTaMH hy,; ... hg ¢ HeKOTOpHIMH L M R, H NycTb
HY>XHO 106aBUTb HOBRII 3/IeMEHT X Tak, YTOOnI MoNy4YHaach pacliMpeHHas NHpaMHaa
hy ... hg. Hanpumep, Bo3bMeM HayanbHyio nmupamHay hy ... h;, noka3aHHyw Ha

h‘ / " \hn
ha / \ i / \h.
h'r/ \ho / \hto hn/ \haz / hu\

Puc. 2.6. Maccus, npeacrasneHHbid 8 BMAE ABOVYHOI0 Aepesa
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/ ho \

42\ oe\

55/ 94 13/ 12

Puc. 2.7. Nupamnaa c cemMbio INeMEeHTamu

/ %\

42 \ 12\

55/ 94 13/ 44

Puc. 2.8. Npocensanue knio4a 44 ckso3b NUpaMuay

puc. 2.7, u pacluIMpuM MUPaMHUAY BJ€BO 3JieMeHToM hg = 44. HoBaa nupamMuaa nosayya-
€TCs TaK: CHa4yaJla X CTaBHTCs Ha BepLIMHY ApPEeBECHOI CTPYKTYphl, a MOTOM NpOCeHBa-
€TCA BHU3, MEHAACb MECTAaMH C HAaUMEHbUIUM H3 ABYX NOTOMKOB, KOTOPhIif COOTBET-
CTBEHHO NepeaABHUraeTcs BBepX. B HauleM npuMepe 3HaueHHe 44 cHayana MeHseTCA
MecTaMH ¢ 06, 3ateM c 12, Tak YTO NoJiy4yaercs AepeBo Ha puc. 2.8. Mul chopMyaupy-
€M aJIFTOPHTM NpPOCeUBaHUA B TEPMHHAX NMaphl HHAEKCOB i, j, COOTBETCTBYIOUIHX 3Jie-
MeHTaM, KOTOpbie 0OOMEHMBAIOTCA Ha KaX<AOM ll1are NpoCeHBaHHA. A YMTaTeIo pea-
NaraeTca yb6eauTbCcs B TOM, YTO METOA AECTBUTEJIbHO COXPaHAET WHBapHaHTAhI,
onpeaejsolHe MHpaMHUAY.

AJieraHTHRI MeToJ NMOCTPOEHHA MUpaMuahl in situ 6b1 npeanoxed DioitaoM
[2.2). MeToa ucnoab3yer npoueaypy NpoceMBaHHA Sift, NpeACTaBJeHHYIO HUXe.
[Iyctb naH MaccuB hg ... hy_y; AcCHO, YTO 371eMeHThl hyy, ... hyy (c m = n DIV 2) yxe
ob6pa3yloT nupaMuay, TaKk KaK CpeaAd HUX HeT TaKUX Map i, j, YToOnl j = 2i+1 HJH
j = 2i+2. 3TH 3/leMeHThI 00Pa3yIOT HHKHHIi Pl COOTBETCTBYIOLLEro ABOHYHOIO Aepe-
Ba (CM. puc. 2.6), rae HHUKaKoOil ynopAAO4YEHHOCTH He TpeGyerca. 3areM nMupaMuaa
pPacuIMpsAETCSA BJEBO, NPHUYeM 33 OAMH LIar B Hee BKJII0YAeTCA OANUH HOBbIH 3JIEMEHT,
KOTOPbIH CTAaBUTCA Ha CBOe MPaBUJIbHOE MECTO NMPOCeMBaHHEM. DTOT MpoLecc Nnoka-
3aH B TabJ. 2.6.

PROCEDURE sift (L, R: INTEGER); (*rmpoceusaHue*)
VAR i, J: INTEGER; x: Item;
BEGIN
i=L;j=2%+1; x ;= afi);
IF (§ <R) &(afj+1] < a[j]) THEN j := j+1 END;
WHILE (j <= R) & (a[j] < x) DO
afi] ;= afj]; i :=j; j :=2*% + 1;
IF (j <R) & (afj+1] < a[j]) THEN j := j+1 END
END;
afi] ;= x
END sift
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Tabnuua 2.6. NocTpoexne nupamMmas

44 S5 12 42] 94 18 06 67
a4 S5 12| 42 94 18 06 67
44 S5 Q6 42 94 18 12 67
44142 06 S5 94 18 12 67
06 42 12 S5 94 18 44 67

CaenoBatesibHO, NpoLeCC MOPOXXAECHUA MUPaMULI U3 N sieMeHTOB hy ... hy,_y in situ
OMMCHIBAETCA CJleaAYIOLMM 00pa3oM:

L:=nDIV2;
WHILE L > 0 DO DEC(L); sift(L, n-1) END

YT10On! A0GUTLCA HE TOJIbKO YaCTHYHOIO, HO H NMOJIHOFO YNOPAAOYEHHS 3/IEMEHTOB,
HY>KHO BbIIIOJHHTDb N MPOCEHBaHU, U NMOCJIe KaXAOro H3 HUX C BepUIMHBI MHPaMHAbI
MOXHO CHATb oYyepeaHoil (HaHMeHbLINI) 3jleMeHT. Bo3HUKaeT Bonpoc: rae XpaHHTD
CHHUMaeMble C BEpPIIMHLI 3JIeMEHTH, H MOXHO JIH OyeT BLINOJHHTb COPTUPOBKY in Situ.
PeleHue cyuecTByeT: Ha KaX10M l1are Hy>KHO B3ATb MOCJAeAHUI 3/IeMEHT MUPaMUhl
(CKaxeM, X), 3alTHCATb 3JIEMEHT C BepUIHHB MHPaMHUkl B O3HLIHIO, OCBOOOAHBLLIYIOCA
M3-MOA X, a 3aTeM MNOCTAaBUTh X B PaBHJIbHYIO NO3ULHI0 NpoceHBaHHeM. HeobxoauMmnie
n-1 WaroB WIJIOCTPHPYIOoTcA Taba. 2.7. DTOT npouecc MOXKHO OMUCAThb C MOMOLIbIO
npouenypsi sift caenyommuM obpasom:

R:=n-1;

WHILER > 0 DO

x := a[0]; a[0] := a[R]; a[R] := x;
DEC(R); sift(1, R)
END

Tabnuua 2.7. Npumep paboTul COPTMPOBKKM HeapSort

06 42 12 S5 94 18 44 67
12 42 18 SS 94 67 44| 06

42 44 55 94 67| 12 06

SS 44 67 94] 18 12 06
S5 94 67| 42 18 12 06
67 94| 44 42 18 12 06
67 94 ] S5 44 42 18 12 06
94 167 S5 44 42 18 12 06

N O

IR R s
154]
154 ]

W3 npuMmepa B Tabu. 2.7 BUAHO, YTO Ha CaMOM JeJie 3/eCb NMojiy4aeTca obpaTHuii
nopanok aseMenroB. Ho 3To sierko HcnpaBuTh 3aMeHoO# onepauuii cpaBHEHUA B NPo-
ueaype sift Ha npoTHBoONOJIOXKHbIe. TakMM 06pa3oM NosyyaeM cieayioumyio npoueaypy
HeapSort. (3aMeTHM, 4TO B JIOTHYECKOM CMbICJIe Npoueaypa sift ABiseTcA BHYTPeHHeH
s HeapSort.)
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PROCEDURE sift (L, R: INTEGER); (* ADruS2_Sorts *)
VAR i, j: INTEGER; x: Item;
BEGIN

i:=Lj:=2%+1; x ;= ali];
IF (j <R) & (afj] <afj+1])) THEN j := j+1 END;
WHILE (j <= R) & (x < a[j]) DO
afi] :=afj); i:=j; j:= 2*j+1;
IF (j <R) &(a[j] <a[j+1]) THEN j := j+1 END
END;
ali] := x
END sift;

PROCEDURE HeapSort;
VAR L, R: INTEGER; x: Item;
BEGIN
L:=nDIV2;R:=n-1;
WHILE L > 0 DO
DEC(L); sift(L, R)
END;
WHILER > 0 DO
x := a[0]; a[0] := a[R); a[R] := x;
DEC(R); sift(L, R)
END
END HeapSort

Ananu3 copmupoexu Heapsort. Ha nepBhiii B3rjisa He 04€BUAHO, YTO 3TOT CNOCO6
COPTHPOBKH NPOAEMOHCTPUPYeT Xopoluyio 3¢dekTuBHOCTL. Beab 60/1bl1He 3/1eMEHTHI
CHayasa pocenBaloTCA BJIEBO, lepe/l TEM KaK MoNacTb HaKoHel B CBOH MO3ULMH B Npa-
BOM KOHLe MaCCHBa. 3TOT METOA AeHCTBUTENbHO HeJIb3A peKOMEHA0BATD A/ COPTH-
poBKH He6oJIb11I0r0 YKCla 3IeMeHTOB (Kak B HalleM npuMepe). OaHako ans 60JbHX
n coptuposka Heapsort oueHb apdexTuBHa, 1 YyeM Goibllie N, TeM Jydllle OHA CTaHO-
BUTCA JaXke B CpaBHEHHH ¢ cOpTHpoBKoit [llenna.

B xymmeM cayyae ¢a3a co3nanus nHpaMuanl Tpebyer n/2 maroB npoceMBaHH,
NpHYeM Ha Ka)XKAOM Liare 3jieMeHThl npocenBaioTca 4epe3 log(n/2), log(n/2+1), ...,
log(n-1) no3uuwuii, rae iorapudmM (Mo 0CHOBAHHUIO 2) OKPYIAfAeTCA BHU3 A0 OiiHxaiilie-
ro uenoro. 3ateM ¢a3za copTMpoBKH TpebyeT n-1 npoceHBaHuii, ¢ He 6osiee yeM log(n-1),
log(n-2), ..., 1 nepecbiiok. KpoMe TOro, Hy>KHo n-1 nepechJIOK IS «CKJIaAHPOBaHHA»
3JIEMEHTOB C BeplIHHhI NMHPaMHAkI B NMPaBOM KOHLie MacCHBAa. ITH PacCyXAEHUA
noxasniBaioT, Ytro Heapsort TpebyeT nopsaka n x log(n) nepechi/iok Aaxke B HAHXy -
eM ciayyae. Takoe OTJIMYHOE NMOBEJEeHHE B HAaUXYALIEM CJlyyae SABJIAETCA OAHUM U3
Ba)KHeHMIHX JOCTOMHCTB anroputMa Heapsort.

OTHI0Ab He ACHO, B KAaKUX CJIyYyasAX cjelyeT 0XKHMAATb HauXyAulei (HJAH Hauayy-
wei) nponsasoautenbHocTH. [loxoxke, yto obnyHO Heapsort «106UT» HayanbHhle
NOCJ/IeI0BaTe/IbHOCTH, B KOTOPHIX 3/ieMeHThI 6o/ee WJIH MeHee OTCOPTHPOBaHhl B 00-
paTHOM NopAAKe, U B ITOM CMbICJIe aITOPUTM BeleT cebs HeectecTBeHHo. Da3a co3aa-
HUSA MUPaMHIB He TpeOyeT NnepechLIoK, €CTH 3JieMEHThl HK3HAYaNbHO CTOAT B 00paTHOM
nopsaake. CpeaHee 41c/io nepechijiok MpUMEPHO paBHO N/2 X log(n), a OTK/IOHEHHUS OT
3TOro 3HaueHUs CpaBHUTEJIbHO MaJhl.
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2.3.3. BbicTpas coprupoBkKa

O6cyanB aBa 3¢ ¢peKTUBHBIX METOAA, OCHOBaHHAIX HAa MPHHLHMAX BCTABKH H Bhibopa,
BBeleM Tenepb TPEeTHH, OCHOBaHHBI Ha nMpHHUHNe o6MeHa. Tak Kak nMy3bpbKoBas
COPTHPOBKa 0Ka3alach B CpelHEM HAHXYAlIEH Cpein TPeX NMPOCThIX aITOPUTMOB, 3/1€Ch
MOXHO OXKMAATb CPaBHHTEJbHO 3aMETHOro yJjyulleHusa. OAHAKO yAHMBHUTEIbHO, YTO
ycoBeplieHCTBOBaHMe 0OMEHHOI COPTHPOBKH, KOTOpoe Mbl cobHpaeMcs o6CcyaMTb,
AAeT JyYllHil H3 U3BECTHhIX METOJOB COPTHPOBKH MacCHBOB. [IpousBoanTENILHOCTD
3/1eCb HaCTOJILKO BbICOKA, YTO aBTOP 3TOr0 aaroputma Xoop Ha3Baj ero 6»cmpoti cop-
mupoexoti (Quicksort) [2.5], [2.6].

[TocTpoenne 6LICTPOI COPTHPOBKH HCXOAMT U3 TOTO, YTO ISt AOCTHXKEHUA MAKCHMAaJIb-
Hoit 2¢pPEeKTHBHOCTH XKeJlaTeJIbHO BHIMOJIHATb OOMEHB MEXAY MaKCHMMaJbHO yaasieH-
HbIMH NO3HUMAMH. [TyCTb 1aHRBI N 3/1eMEHTOB, pacCTaB/IeHHBbIX B 0OpaTHOM nopsiaxe. Mox-
HO OTCOPTHPOBATD MX BCEr0 JIMLIb 3a N/2 0OMeHOB, CHa4ana B35 B KpaiiHHe JieBblii M NpaBblit
aJieMeHTHI U MOCTeNeHHO MPOABUIrasACch BHYTPb MaccHBa ¢ 00enx cTopoH. EcrecTBenHo, Ta-
Kasi poueAypa cpaboTaeT, TOJIbKO €CJIH 3apaHee H3BECTHO, YTO JIeMEHTH CTOAT B oOpart-
HOM nopsaxke. TeM He MeHee M3 3TOro NpHMepa MOXHO U3BJieYb YPOK.

[TonpoOyeM peann30BaTh TaKO#H aAropHTM: CAy4aitHo BhiGepeM Jt060ii aseMeHT
(Ha3oBeM ero x); 6yaeM npocMaTpUBaTbh MacCHB CJieBa, NIOKa He HaleM 3JIeMeHT a; > X,
a3aTeM CMpaBa, M10Ka He HalaeM 3JIEMEHT a; < X. 3aTeM BhINOJIHUM 06MeH IBYX HaleH-
HbIX 3JIeMeHTOB U GyneM NpoaoJIXaTh TaKo#H NMpouecc NPocMOTPOB U 06MeHa, Moka oba
NPOCMOTPa He BCTPETATCA Ile-TO B cepeinHe MacCHBa. B pe3y/ibTaTe nojsiy4uM MaccHB,
pa3zie/IeHHbIH Ha JIeBYIO YacThb C KJI0YaMH, MEHbIIMMH (MK PaBHRIMH) X, U MPaBYIO
YacTb C KA04YaMH, 60b1nMK (MK paBHLIMK) X. Tenepb chopMyHpyeM 3ToT npouecc
pasnesnenusa (partitioning) B Buae npoueaypbl. 3aMeTHM, YTO OTHOUIEHHA > U <
3aMeHeHbl Ha 2 U S, KOTOphle MPH OTPHUAHUH B oXpaHe UHKJIa WHILE npeBpawatorcs
B < H >. [locJie Takoit 3aMeHbl X UrpaeT pojb 6apbepa 419 000HX MPOCMOTPOB.

PROCEDURE partition; (* pazaenexue *)
VAR i, j: INTEGER; w, x: Item;
BEGIN
i:=0;]:=n-1;
8sibpats Hayrag 3HaveHue Xx;
REPEAT
WHILE a[i] < x DO i := i+1 END;
WHILE x < a[j] DO j := j-1 END;
IF i <=j THEN
w := a[i]; a[i] := afj]; aljl :=w; i:=i+1;j:=j-1
END
UNTILi>j
END partition

HanpuMep, ecain B kauecTBe X BHiOpaH cpeaHHit Koy 42, To Ans MacCHUBa
44 55 12 42 94 06 18 67

noTpebyiorcs na obMeHa 18 <> 44 M 6 & 55, M pa3nesieHHbI MaccHB 6yaeM HMETb BHJ
18 06 12 42 94 55 44 67,
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a MoCJIeAHUMH 3HaYeHUAMHU HHIEKCoB 6yayT | = 4 H j = 2. ([lanee onuchiBaeTCA HHBa-
PHaHT UHKJIA, TO €CTb COBOKYITHOCTb YCJIOBHIA, BRIMOJIHAIOLMUXCA B HaYyajle H B KOH1le
Ka)KAOro l1ara UMKJa — npuM. nepes.) Kniouu ag ... aj..) MeHbllle HIW paBHhI KJOYY
X = 42, a KJIOYH 3j4) ... ap-y 6osblle MiH paBHBI X. ClienoBaTe/bHO, MOJAYYHIUCh TPH
YacTH:

Ak: 1<k <i: ay < x
Ak:isksj: g ? x
Ak: j<k<n-1: x<ag

CMbics aeficTBHIt 3aech B TOM, YTOOB yBe/IHYHBATh | H yMEHbLIATD j, MOKa He HCYe3-
HeT CpeAHAA YacTb. 3TOT AITOPUTM O4YeHb NPOCT H 3¢ PeKTHBEH, TaK KaK BaXXHhle Nepe-
MEHHBIE i, j U X MOTYT XpPaHUTbCA B OLICTPRIX PErHCTPax Ha NMPOTSXKEHHH MPOCMOTPA.
OnaHako OH MOXKeT NOBeCTH cebs NJoXo, HanpUMep B CJyYae N OAMHAKOBRIX KJIIOYEH,
Koraa 6yaer caenaHo n/2 obMeHoB. Takne M36bITOUHBIE OOMEHBI JIETKO YCTPAaHHTD, H3-
MEHHB ONlepaTophbl NPOCMOTPA cJeayiolM 06pa3oM:

WHILE a[i] <= x DO i := i+1 END;
WHILE x <= a(j] DO j := j-1 END

Ho Toraa BribpaHHoe 3HayeHue X, KOTOpoe NMPUCYTCTBYET B MaCCHBE KaK OAHH M3
3J1eMEHTOB, He cMoXeT 6oJiblle UrpaTh poJib 6apbepa IS ABYX NMpocMOTpoB. Toraa
B CJly4Yae MacCHMBa, B KOTOPOM BCe KJIIOYH paBHhl, TPOCMOTPH! BRIAAYT 32 rpaHU kI Mac-
CHBa, CJIH He HCN0JIb30BaTh 60Jee CJI0XKHbIe YCI0BHA ocTaHOBKH. Ho npocroTa ycio-
BHii CTOMT TOr0, YTOOBI 3aI/IaTHTD 32 Hee H3ORTOYHRIMH OOMEHaMH, KOTOphle UMEIOT
MEeCTO CPaBHMTEJIbHO peIKO B THITHYHO# cayyaiiHoii koHdurypauuu. Hebosbuas ako-
HOMUSA BO3MOXHa, €CJIM 3aMEeHUTb 0XpaHy o6MeHa i < j Ha i < j. Ho aTo H3MeHeHHe He
J0JIXHO 3aTparHBaTh ABYX OlepaToOpoB

=i+l )= j-1

A5 KOTOPhIX TorAa notpeboBancsa 6bl oTAeNbHRIH YCAOBHLIH onepaTop. YTo6n y6e-
AHTBCA B NNPaBHJIbHOCTH JICOPUTMa pa3/leJIeHHs, MOXXHO NPOBEPHUTD, YTO OTHOLIEHUSA
NopAAKa ABJIAIOTCA HHBapUaHTaMH onepaTopa REPEAT. BHayanenpui=0H j = n-1 oHu
YAOBJIETBOPAIOTCA TPUBHAJIBHO, a MOCJIE BhIX0/A M0 YCJIOBHIO i > j U3 HHX CJIEAYEeT UC-
KOMhlIi1 pe3yJibTar.

Tenepb BCIOMHHM, YTO Hallla UeJb — He MPOCTO Pa3AeJUTb UCXOAHbIH MACCHB, HO
ele U OTCOPTUPOBaTh ero. OAHaKo OT pa3aesieHHA 10 COPTUPOBKH JIKLIb OAMH He6OJIb-
1LI0¥i LLAr: NOcJle pa3ae/ieHUA MacCHBa HY>KHO MPUMEHHTD TOT Xe npouecc k 06enM no-
JIYYHUBLIHMCSA YaCTAM, 3aTeM K YaCTAM TeX yacTeil U T. 4., MOKa Kaxaas 4actb He 6yaer
COCTOATDb TOJIKO U3 OAAHOTO 3J1eMeHTa. ITOT pelenT MOXHO ONMMCATDb CJleAyoUHM 00-
pa3oM (OTMETHM, YTO B JIOTHYECKOM CMhbICJI€ MpoLeaypa SOrt ABJAETCA BHyTPeHHei
ans QuickSort):

PROCEDURE sort (L, R: INTEGER); (* ADruS2_Sorts *)
VAR i, j: INTEGER; w, x: Item;

BEGIN
i:=L;j:=R;

x := a[(L+R) DIV 2];
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REPEAT
WHILE afi] < x DO i := i+1 END;
WHILE x < a[j] DO j := j-1 END;
IF i <=j THEN
w := afi); ali] := alj); alj] :=w;
=i+l j = j-1
END
UNTIL i > J;
IF L < j THEN sort(L, j) END;
IF i <R THEN sort(i, R) END
END sort;

PROCEDURE QuickSort; (* 6bicTpas copTuposka *)
BEGIN

sort(0, n-1)
END QuickSort

[Ipoueanypa sort pekypcHBHO Bhi3niBaeT caMa ceb6a. Takoe HCnoJIb30BaHHE peKyp-
CHH B aJICOPUTMaxX ABJAETCA OYEHb MOLIHRIM CPEACTBOM M GyaeT noapobHo obcyx-
natbcA B IaBe 3. B HEKOTOPLIX CTapUHHBIX A3hIKaX NMPOrPaMMMPOBAHUA PEKYPCHA
3anpeueHa no TeXHHueckuM npuyruHaM. [loaToMy mokaxeM, Kak TOT ke caMblif anro-
PHTM MOXHO BhIPa3uTb B HepeKypcuBHoii popme. OueBHaHO, pellieHHe 3aK/IIOYaeTCA
B TOM, YTOORI BRIPa3HTb PeKYPCHIO Yepe3 UTEPaLIHIO, I/1A Yero NoTpebyloTcs A0NOAHH-
TeJIbHb€ OPraHM3aLlMOHHBIE YCHIIUA.

Koy x uTepauHoOHHOMY pelleHHIO — B TOM, YTOObl OPraHH30BaTb HEKHI1 CITUCOK
3anpocoB Ha pa3iejieHHe YacTeii MaCCHBa, KOTOPbIE €lle TOJIbKO MPEeACTOHT BbIMOJI-
HUTb. [locne KaXKA0ro 1ara BO3SHHKAIOT AABE 33/1a4H AajibHel1Iero pasaejieHHa. ToJbKo
OHY H3 HHX MOXHO BHLIMOJHATb HEMOCPEACTBEHHO B cJledyiolleil UTepauuy; apyras
COXpPaHSieTCA B YNMOMAHYTOM cnucKe. KoHeyHo, BaXHO, 4YTOoOhl CNHCOK 3aNnpocoB
obpabaTtniBasics B onpenejeHHOM NMOPAAKE, a HMEHHO B 0OpaTHOM nopsake. 310 03Ha-
YaeT, YTO NepBhlil COXpaHEHHLIH 3aNpoC A0J1XKeH ObITh BHNOJHEH NMOCAEeAHHUM, H Hao60-
poT, TO e€CTb cnHcok obpabaTeiBaeTcs no NpHHUKNY cTeKa. B caeayioweit Hepexypcus-
HOii BEPCHMH aNrOPHUTMa OLICTPOIi COPTHPOBKH KaXAhli 3anpoc NpeAcTaBjieH NpPOCTo
3HaYeHHAMM JIeBOIi M NPaBOi rPaHMLL CErMEHTa, KOTOPhIH HyXHo pa3aeauTb. [loaToMy
BBOJAATCA ABa MaccuBa low, high, ucnosb3yeMhle Kak CTeKH C HHAEKCOM S (yKa3aTenb
BepLIMHKI cTeKa). Buibop pa3Mepa creka M GyaeT o6cyXaaTbCs NPH aHAH3€ aTOPHT-
Ma OrICTpO# COPTHPOBKH.

PROCEDURE NonRecursiveQuickSort; (* ADruS2_Sorts *)
CONST M= 12;
VAR i, j, L, R, s: INTEGER; x, w: Item;
low, high: ARRAY M OF INTEGER; (*cTek nHAekcos*)
BEGIN
s .= 0; low[0] := 0; high[0] := n-1;
REPEAT (*83aTb BepXHUMW 3amTpoC Co CTeka*)
L := low[s]; R := high[s]; DEC(s);
REPEAT (*pa3aenuTtb cermenT afL] ... a[R]*)
i:=L;j:=R;x :=a[(L+R) DIV 2];
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REPEAT
WHILE afi) < x DO i :=i+1 END;
WHILE x < a[j] DO j := j-1 END;
IFi <=j THEN
w = afi); afi) := a[j); alj] :=w;
i=i+]; ji=j-1
END
UNTIL i > j;
IF i < R THEN (*coxpaHuTb B CTeke 3arTpoC Ha COPTUPOBKY TIPaBOM YacTn*)
INC(s); low[s] :=i; high[s] :=R
END;
R:=j (*rerrepb L # R orpaHnynsaloT nesyio 4actb*)
UNTILL>=R
UNTILs <0
END NonRecursiveQuickSort

Ananus 6vicmpoii copmupoexu. Utobn H3yunTb 3pPekTHBHOCTb ObICTPOIi cCOpTH-
POBKH, HY>KHO CHa4yaJ1a HCCJIeJ0BaTh NoBeAeHHe npouecca pa3aenenus. [locae Buibopa
pa3aessiouero 3Ha4YeHHUA X npocMaTpuBaeTcs Becb MaccuB. [1o3aToMy Buinosnsierca
B TOYHOCTH N cpaBHeHHUi. YHc10 06MeHOB MOXeT OnITh OnpenesieHo ¢ MoMoLLbIo cie-
AYIOLIEro BePOATHOCTHOIO PacCyXAeHHUS.

Ecnn noJsoxeHnue pasaensiiomiero sHayeHUsA (pMKCHPOBAHO M COOTBETCTBYIOLLEE
3HaYeHHe HHAEKCa PaBHO U, TO Cpe/IHee YUCJI0 onepaluii o6MeHa paBHO YHCAY 3J/IeMEH-
TOB B JIEBO# YacTH CErMeHTa, a UMEHHO U, YMHOXXEHHOMY Ha BEPOSITHOCTb TOTO, YTO
3JIEMEHT MoMNaJi Ha CBOe MeCTO NMocpeacTBoM oOMeHa. O6MeH Npon3olLles1, eCJIH 3JIeMEHT
NpHHaAIeXaN NpaBoi 4YacTH; BEPOATHOCTb 3Toro paBHa (n-u)/n. [lostomy cpeanee
YyKCcJ10 06MEHOB paBHO CpeHeMY 3THX 3HaY€HHH Mo BCeM BO3MOX HARIM 3HAaYEHUAM U:

M = [Su: 0 Su<n-1: u*(n-u))/n?
= n*(n-1)/2n - (2n2 - 3n + 1)/6n
= (n-1/n)/6

Ecan HaM cM/IbHO Be3€T U B KauecTBe MPaHHULLkI BCEra YAAeTCA BHOpaTh MeaHaHY,
TO KaXAbIi Mpouecc pa3aeaeHus pa3busaer MacCUB NONOJaM, H YUCJI0 HeO6XOAUMBIX
INA COpPTHPOBKHM npoxoaoB paBHO log(n). Toraa nmojiHoe YHCJ0 CpaBHEHHI paBHO
n*log(n), a noaHoe yKcao o6MeHoB — n*log(n)/6.

PasyMeeTcs, HeJb3si 0)KMAATD, YTO ¢ BhIGOpOM MeaHaHhl Bceraa Oyaer Tak Be3TH,
Belb BEPOATHOCTb 3TONO Bcero JHub 1/n. Ho yauBurenbHo 1o, Yyto cpentss agpdek-
THBHOCTb anroput™Ma Quicksort xyxe onTHManbHOro cayyas TOJbKO Ha MHOXKHTEJb
2*In(2), ecau pa3aensiolee 3HaueHHe BHOMpaeTca B MacCHBe CAYyYaitHo.

Oxnxako M y anroput™a Quicksort ects cBon noasoannie KamHH. Ilpexae Bcero npu
MaJIbiX N €ro NPOM3BOAMTENBHOCTD He boJiee YeM yA0B/IETBOPUTEbHA, KAK U JU1A BeeX 3g-
¢exTnBHBIX MeTog0B. Ho ero npenmywecTeo Haa apyrmmu 3¢p¢deKTHBHBIMM METOJaMH
3aKJII04AETCA B JIETKOCTH NMOAKIIOYEHHS KaKoro-Hubyab NpocToro Metoaa s 06paboTku
KOPOTKHMX CErMEHTOB. IT0 0COOEHHO BaXKHO /Il pEKYPCHBHOIA BEPCHH aJITOPHTMA.

OnHako eue ocraetcs npobsieMa Hauxyauero cayyas. Kak noseaer cebs Quicksort
Toraa? Y Bhl, OTBET HeyTeLIUTeNIeH, H 31€Ch BhIABJIAETCA IJIaBHasA c1abocThb 3TOro anro-
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pur™Ma. HanpuMmep, paccMOTPHMM HeyaauHuli cayvait, KOraa Kaxanlif pa3 B KayecTBe
paszesisiioliero 3Ha4eHHs X BulbHpaeTca HanbGosblee 3HAYEHHE B pa3esiieMOM Cer-
MeHTe. Toraa xaxniii war pa36MBaeT CErMEHT U3 N JIEMEHTOB Ha JIEBYIO YacThb H3 N-1
3JIeMEHTOB H MPaBYI0 YaCTb U3 €IMHCTBEHHOTO 3jieMeHTa. Kak cieacTBHe Hy»Ho cae-
JIaTb N pa3lenieHuii BMecTo log(n), U NoBeaeHHe B XyAlIEM cjy4yae OKa3nlBaeTcs Io-
panka n2,

OueBHAHO, YTO KJIIOYEBHIM LIIarOM 31€Ch ABASAETCA Bl6Op pasaensiowuero 3HayeH1s
X. B npuBeneHHoOM BapHaHTe aJITOPUTMA HA 3TY POJib BuiGUpaeTcs cpeaHHii 3IEeMEHT.
Ho c paBHRIM ycriexoM MOXHO BuiOpaTh NepBhlii WK nocaeaHuii ajileMeHT. B atux cay-
yasfAx HauXyallHil BapHaHT noBeaeHUs Gyaer UMETb MECTO A/ M3HaYalbHO yNops-
AOYEHHOTO MAaCCHBA; TO ecTb anroputM Quicksort ABHO ¢He JIIOOUT» JierkHe 3a1a4KH H
npeanoynraer becnopsanoyHnie Habopu 3HaueHuii. [Ipu BuboOpe cpeaHero ajeMeHTa
3TO CTpaHHoe cBoicTBO anroput™Ma Quicksort He Tak oueBHAHO, TaK KaK H3HAYaJIbHO
yNnopsAa0YeHH i MACCHB OKa3hiBaeTCA HAHJIYYIIHM cayyaeM. Ha camoM aesie ecsin Bhi-
6upaercA cpeaHMit 3JleMEHT, TO H NMPOU3BOAHTENBHOCTb B CPEAHEM OKa3biBAETCH
HeMHoOro Jyylieit. Xoop npeasioxn sabupath X ciyyaiHaiM 06pa3oM uaH 6pathb Me-
anaHy He6osbl0it BaIGOPKH U3, ckaxkeM, Tpex KJoyeit [2.10) u [2.11]. Takaa npeaoc-
TOPOXHOCTb BPAA JU YXyAUIUT CPEAHIOI NMPON3BOAHTENbHOCTb aITOPHTMA, HO OHA
CHJIBHO YJIyYlIaeT ero rnopefieHue B HaHXyalleM ciayyae. Bo BcsikoM cayyae, AcHo, 4To
COpPTHpOBKa ¢ moMoumbio airoput™Ma Quicksort HeMHOro moxoxa Ha TOTa/JK3aTOP,
M MOJIb30BaTe/Ib AOJKEH YETKO MOHUMATh, KaKoii MPOUrpbilll OH MOXeT cebe no3Bo-
JINTD, €CJIH yAaYa OT Hero OTBEPHETCH.

Orcilona MOXKHO U3BJIeYb BaXKHbII ypok aiA nporpammucra. KakoBul nocaeacreus
noseaeHus anroput™Ma Quicksort B HauxyaieM ciayyae, ykazaHHoM Buille? Mn yxe
3HaeM, YTO B TAaKOH CHTYaUHH KaXKaoe pa3jejieHHe 1aeT MpaBbid CerMeHT, COCTOALMM
M3 eIMHCTBEHHOIO 3JIeMEHTa, H 3alpOC Ha COPTHPOBKY 3TOr0 CErMEHTa COXPaHAETCA Ha
CTeKe /1A BuiNoJHeHUA B 6yayweMm. CienoBareibHO, MAKCHMaNbHOE YHCJIO TAKHX 3a-
NPOCOB H, CJieI0BaTe/IbHO, HeoOXoAHMbIi pa3Mep cTeKa paBHbl N. KoHeuHo, 3To coBep-
LLIEHHO HenpHeMaeMo. (3aMeTHM, YTO AeJ10 06CTOMT elle XyxKe B peKypPCHBHOI BEPCHH,
TaK KaK BhIYHUCJAUTEsIbHAA CUCTEMA, NOMYCKAIoWas peKyPCUBHbBE BhI3OBH NpouUeayp,
AOJIXKHA aBTOMAaTHYECKH COXPaHATb 3HaYE€HHA JIOKA/IbHRIX NepeMEeHHRIX U MapaMeTpoB
BCeX aKTHBALH npoueayp, H A5 3TOro 6y 1eT HCNoAb30BaThCA CKPLIThIH cTeK.) Buixoa
31eCb B TOM, YTOORI COXPaHATb Ha CTeKe 3aNpoc Ha 0OpaboTky 6osiee ANMHHOI YacTH,
a K 06paboTke KOpOTKO#i YacTH NPUCTYNaTh HeMeAeHHo. Toraa pa3Mep creka M Mox-
HO OrpaHHYUTb BesiHYuHOM log(n).

CooTBercTBYIOLICE H3MEHEHHE JIOKATH30BAHO B TOM MECTe MPOrpPaMMb, Fie Ha cTe-
Ke COXpaHAIOTCA HOBbl€ 3aNPOChl HA COPTHPOBKY CErMEHTOB:

IFj-L<R-iTHEN
IF i <R THEN (*3anmucartb B CTek 3arrpoC Ha COPTUPOBKY TPpaBon Yactu®*)
INC(s); low[s] := |; high[s] := R
END;
R :=j (*MpoAOAXaTb COPTUPOBKOW NEBON YACTN*)
ELSE
IF L <j THEN (*3armucarb 8 CTek 3arpoC Ha COPTUPOBKY NeBOKr 4acTu*)
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INC(s); low]s] := L; high[s] :=j
END;
L:=i (*mpoAonXaTb COPTUPOBKOMN TTPABOMU HACTUY)
END

2.3.4. lNMonck megnaHbi

Meduana (median) n 3ieMEHTOB — 3TO 3J1eMEHT, KOTOPbLIi MeHbllie (HJIX paBeH) NoJo-
BHHBI N 3JIEMEHTOB H KOTOPHIit 6oJibliie (MJIM paBeH) 3JIeMEHTOB APYroii NMOJOBHHAI.
Hanpumep, Mmeanana yucen

16 12 99 95 18 87 10

paBHa 18. 3aaaua HaxoXAeHHSA MeAHaH bl OORIYHO CBA3BIBAETCA C 3ajayeii COPTHPOBKH, TaK
KaK O4YeBHAHLI MeTo onpeaesieHUsl MelHaHbi COCTOMT B COPTHPOBKE N 3JIEMEHTOB H Bhl-
60pe cpeatero anementa. Ho ucnosib3oBaHHas Bhillle NpoLeaypa pa3aAelieHUA aeT NoTeH-
LIHaNbHYI0 BO3MOXXHOCTb HaXOAHTb MeZIHaHy ropa3szio 6uicTpee. Mertoa, KOTOpbIit M ceii-
Yac NpoaeMOHCTPHPYeM, Jierko 060011aeTCA Ha 33124y HaxoxAeHHUA k-ro HaMMeHbLIero U3
n aneMeHToB. HaxoxaeHne MeHaHb COOTBETCTBYET YaCTHOMY cJyyaio k = n/2.

ATOT anropuT™ 6bi1 npuaymMan Xoopowm [2.4] u paboTaer caeayowmuM oOpa3oM.
Bo-nepshix, onepaunsa pasaenaenus B anroputme Quicksort suinosnnserca c L=0 u
R = n-1, npHyeM B KayeCTBe pa3/ieJiIAolero 3Ha4YeHHs X Bulbupaercs a,. B pe3ysbtaTte
NOJy4aloTCA 3HaYeHHA HHAEKCOB i U j — TaKHe, YTO

1. ah <x anascexh <i
2. ap>x anascex h > j
3.i>]

3aech BO3MOXHhI TPH CJIyyas:

1. Paspensiowee 3HayeHHe X OKa3aJoCh CJHIIKOM MaJiO; B pe3yJbTaTe rpaHHUa
MeX/y ABYMS YaCTAMH MeHbllle Hy>kKHoro 3HayeHus k. Torna onepauHio pasne-
JIEHHA HY>XXHO NMOBTOPUTD C 3JIEMEHTAMH Q; ... ag (CM. pHC. 2.9).

IA
v

X }
i k

Puc. 2.9. 3HayeHme X CAUWKOM Mano

—
0 o

2. BribpaHHOe 3HaYeHHe X 0Ka3aJioCh CJIMIIKOM BeJIHKO. Toraa onepauuio pasae-
JIEHHA HY)KHO MOBTOPHTbD C 3JIEMEHTAMH a,_ ... &j (cM. puc. 2.10).

3. j <k < i: aieMeHT ay pa3bHBaeT MaCCHB Ha BE YaCTH B HY>KHOIi MPONOPLUHH H
NO3TOMY ABJIAECTCA UCKOMBIM 3HaYeHHueM (CM. puc. 2.11).

Onepauuio pasaeneHUs HYXKHO NMOBTOPATH, NOKa He peannu3yeTcs caydai 3. Itor
LMKJI BRIPA)KAeTCA C/1eAYIOUHM NPOorpaMMHBIM (pparMeHTOM:
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< 2
I ¥ f
L k j i R
Puc. 2.10. 3HaueHre X CNUWKOM BENUKO
< 2
; I f
L jki R

Puc. 2.11. 3HayeHune X 0ka3anoCb NPaBUNbHBIM

L:=0; R:=n;
WHILEL <R-1 DO
x := afk];
npoun3secru paaenenmne cermenra (afL] ... a[R-1));
IFj<k THEN L := i END;
IFk <i THEN R := j END
END

3a (bopua.anmM A0OKA3aTCJAbCTBOM KOPPEKTHOCTH aNMOpHUHTMaA OTOULIIEM YHTATENA

K opuriHanbHoli ctatbe Xoopa. Tenepp HeTpyaHo BrimHcaTb npoueaypy Find ue-
JINKOM:

PROCEDURE Find (k: INTEGER); (* ADruS2_Sorts *)
(*rrepecTasuTsh a Tak, 4Tobul a[k] ctan k-m o so3pacTtaHuio®)
VAR L, R, i, j: INTEGER; w, x: Item;

BEGIN
L:=0; R:=n-1;

WHILE L < R-1 DO
x:=alk);i:=Lj:=R;
REPEAT
WHILE afi] < x DO i := i+1 END;
WHILE x < a[j] DO j := j-1 END;
IF i <=j THEN
w := a(i]; a(i]l := a[j]; alj] ;== w;
Iimit]; j o= j=1
END
UNTIL i > j;
IFj<k THEN L :=i END;
IFk <i THENR :=j END
END
END Find
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Ecin npeanosioXuTh, YTO B CpeAHEM Kaxaoe pasbHeHHe AeJIUT NMonojaM pa3Mep
TO# 4aCTH MaCCHBa, B KOTOPOi HAXOAUTCA HCKOMOE 3HaY€eHHE, TO HeOOXoAHMOe YHCIIO
CpaBHeHHii byner

n+n/2+n/4+..+1 = 2n

TO €CTb BeJIMYMHA NMOpAAKa N. IT0 06bACHAET 3¢ dekTUBHOCTL Npoueaypul Find ans
HaXO0XAEHUA MEeAHaH H APYTrUX NOAOOHLIX BeJIMYHH, U 3TUM O0ODBACHAETCA ee NMPeBoC-
XOACTBO HaJA NPOCTLIM METOJI0M, COCTOALLIMM B COPTHPOBKE BCEr0 MaCCHBa C MOCJIeAYIO-
KM BribopoM k-ro asnemMeHTa (rae Hauayyliee nNoseAcHHe HMeeET NopaAok n*log(n)).
Onnako B XxyauleM cjiy4ae KaxXKablil L1ar pa3jie/ieHHs YMeHbllaeT pa3Mep MHOXeCTBA
KaHAMAATOB TOJIbKO Ha ETHHHILY, YTO MPHBOAMT K YHCAY CpaBHeHHit nopsaaka n2. Kak u
paHee, Bps JIM HMeeT CMhICJI HCI0JIb30BaTh ITOT aJIFOPUTM, KOTAa YHCJI0 3JIEMEHTOB
Mano, CKaxxeM MeHblie 10.

2.3.5. CpasHeHne MeTo[0B COPTHPOBKM MAaCCHBOB

Y1061 3aBEpLUINTD NApPaa METOAOB COPTHPOBKH, nonpobyeM cpaBHUTD UX 3pPexTuB-
HocTb. [lycTb n 0603HayaeT YHCJI0 COPTHPYEMBIX 3J1IeMEHTOB, a C M M - yucso cpaBHe-
HHH KII04eil H NepechlJIOK 3JIEeMEHTOB COOTBETCTBEHHO. [l/1 Bcex Tpex mpoCThiX Me-
TOJOB COPTUPOBKM HMEIOTCA 3aMKHYThie aHaiuTHYeckue c¢opmysnnl. OHM AaHml
B Ta6J1. 2.8. B kosloHKax min, max, avg CTOAT COOTBETCTBY IOLIHE MHHUMaNbHhIE, MaK-
CHMaNbHbl€ 3HaYEHHA, a TAKXKE 3HAYEHHSA, yCpeAHEHHbIE 110 BCEM N! nepecTaHOBKaM N
3J1eMEHTOB.

Ta6nuua 2.8. CpasHeHWe NPOCTbIX METOL0B COPTUPOBKN

min avg max
Mpocteie C= n-1 (n2 +n - 2)/4 (n2-n)/2 -1
BCTaBKH M= 2(n-1) (n2 - 9n -10)/4 (n2 - 3n - 4)/2
Mpoctoii C = (n? - n)/2 (n2 - n)/2 (n2 - n)/2
BbiGOp M= 3(n-1) n*(In(n) + 0.57) n2/4 + 3(n-1)
Mpocthie C = (n2-n)/2 (n2-n)/2 (n2-n)/2
obMeHntk M= 0 (n2-n)*0.75 (n2-n)*1.5

Jnsa apdeKTHBHRIX METOAOB NMPOCTRIX TOYHAIX (POPMYJ He cyuiecTByeT. OCHOBHbIE
(bakThl TAaKOBhI: BRIYMC/IUTEAbHbIE 3aTpaThl A1s Shellsort oueHuBaloTCa BeJHUHHOI
nopsaka c*n'-2, a nns coprupook Heapsort u Quicksort — BeanunHoii c*n*log(n), rae
€ — HekoTophie K03 (PHULUHEHThI.

3™ QopMyJinl AAIOT TOJbKO rpybyio oueHky 3¢¢eKTHBHOCTH KaK (PyHKLHIO
napaMeTpa N, H OHU MO3BOJIAIOT KJACCH(PUUHPOBATb AJITOPHTMbI COPTHPOBKH Ha
NPUMHTUBHbIE, NPOCThie MeToak! (n2) U 3¢ deKTUBHBIE, WIN «JOorapHPMHYECKHES,
MeToabl (n*log(n)). OaHako AJs NPAaKTUYECKHX Leieil noJe3HO UMeTb IMITMPHYECKHE
AaHHBIE O BeJIMYMHAX KO3DPHUUHEHTOB €, YTOOL MOXHO ObIJI0 CPaBHHTD pa3Hhie Me-
Toanl. bosee Toro, popMysibl NpHBEAEHHOrO THNA HE YYUTHIBAIOT BhIYHUCAHUTENbHBIX
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3aTpaT Ha onepauMH, OTIUYHbIE OT CPaBHEHHI1 KJII0Yel U NepechiloK 3/IeMEHTOB, Ta-
KHe KaK ynpaBjieHHe UUKJIaMH H T. N. [IoHATHO, 4yTo 3TH bakTOpPH! B KaKOH-TO CTene-
HU 3aBUCAT OT KOHKPETHOH BbIYUCJIMTENIbHON CUCTEMBI, HO TEM He MeHee ISl OPHEH-
THPOBKM TMOJIE3HO HMEeTb KaKue-HHOyab 3MNHpUYecKHe aaHHule. Tabiuua 2.9
noka3biBaeT BpeMs (B CEKYHAAX), 3aTpayeHHoe 06CYyKAaBIIMMHUCA METOIaMH COPTH-
POBKH, NpH BhIMOJHEHHH Ha nepcoHanbHoM KoMmnbloTepe Jlnaut (Lilith). Tpu ko-
JIOHKH coiepXaT BpeMA, 3aTPaYeHHOE Ha COPTUPOBKY YXe YIOpAJ0YEHHONO MaCCHBA,
cayyaiiHoit nepecTaHOBKH U MAaCCHBA, yNopAA04Y€eHHOro B 0OpaTHoM nopsake. Tabu-
ua 2.9 conepXHT AaHHBIE IS MAacCHBa H3 256 as1eMeHTOB, Tabanua 2.10 — aaa Maccu-
Ba U3 2048 31eMeHTOB. ITH JaHHbIE JeMOHCTPUPYIOT ABHOE pa3iMyHe MeXAY KBaj-
paTHuHbiMH (n2) u Jorapudmudeckumu MeToaamu (n*log(n)). Kpome Toro, nosesxo
OTMETHTD cJeayioulee:

1. 3ameHa npocThiX BcTaBOK (Straightinsertion) Ha aBonuHnie (Binarylnsertion)
AaeT JHLIb He3HAYHUTEJbHOE YJIy4llleHHE, a B CJIyyae yxKe ynopsiA04eHHOro Mac-
CHBA MPUBOAMT AaXe K yXYALIEHHIO.

2. IlysnipbkoBasi copTpoBKa (BubbleSort) — onpeneseHHo HaHXYALIHH U3 Bcex
CpaBHHBaeMhIX 31eCb MeTO0B. /[axe ero ycoseplleHCTBOBaHHAas BEPCHA, LIei-
Kep-copTHpoBKa (ShakerSort), Bce paBHO XyXe, YeM METO/hl POCThIX BCTABOK
(Straightinsertion) u npocrtoro Baibopa (StraightSelection), 3a UckJoYeHHeM
NaToJIOTHYECKOr0 C1yYass COPTHPOBKH yXKe YIOPAAOYEHHOr0 MaCCHBA.

3. DBuictpas coprupoBka (QuickSort) aydiie TypHHpHoii (HeapSort) Ha MHOXH-
TeJb oT 2 10 3. OHa copTHpyeT 06paTHO YNOPAAOYEHHIIH MAaCCHB NMPAKTHYECKH
C TaKoif )Ke CKOPOCTbIO, KaK H NIPOCTO YNOPAAOYEHHAIIH.

Tabnuua 2.9. Bpemsa saiNOAHEHUA Npoueayp COPTUPOBKKU AN MaCCMBOB
n3 256 aneMeHToB

YTMOpAAOYEHHbBIN CnyyanHeIn ObpaTHuIn
Straightinsertion 0.02 0.82 1.64
Binarylnsertion 0.12 0.70 1.30
StraightSelection 0.94 0.96 1.18
BubbleSort 1.26 2.04 2.80
ShakerSort 0.02 1.66 2.92
ShellSort 0.10 0.24 0.28
HeapSort 0.20 0.20 0.20
QuickSort 0.08 0.12 0.08
NonRecQuickSort 0.08 0.12 0.08

StraightMerge 0.18 0.18 0.18
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Ta6nuua 2.10. Bpema BuiNOAHEHUA Npoueayp COPTUPOBKU AN MAacCUBOB
n3 2048 anemeHToB

YMOpAAOUYEHHbIH CnyyanHbiin ObpaTHbiN
Straightinsertion 0.22 50.74 103.80
BinaryInsertion 1.16 37.66 76.06
StraightSelection 58.18 58.34 73.46
BubbleSort 80.18 128.84 178.66
ShakerSort 0.16 104.44 187.36
ShellSort 0.80 7.08 12.34
HeapSort 2.32 2.22 2.12
QuickSort 0.72 1.22 0.76
NonRecQuickSort 0.72 1.32 0.80
StraightMerge 1.98 2.06 1.98

2.4. CopTupoBka nocnenosBaTenbHOCTEN
2.4.1. MpocrTeie canaHns

K coxaneHuio, anropuT™Mhl COPTHPOBKH, NpeACTaBJieHHbie B MpeablAylueil rJa.e,
HeMpPHMEHHUMbI, KorJla 06beM COPTHpYEMbIX AaHHbIX TAKOB, YTO OHH He NMOMELIAIOTCA
LEeJIMKOM B OTIEPaTHBHYIO NAMATb KOMNbIOTEPA U XPaHATCA Ha BHEUIHHX YCTPOHCTBAX
NOCJ/IeA0BaTENILHOMO JOCTYNA, TAKMX KaK JIEHThl M AHCKH. B 3ToM cayyae 6yaeM cun-
TaTb, YTO JAaHHKIE NpeACTaBJieHbl B BUAe (nocjieqosareabHoro) gaitna, 41s KoToporo
XapaKTepHO, YTO B KaXXhlii MOMEHT BpeMeHH HeNOCPeACTBEHHO AOCTYNEH TOJIbKO OAUH
3JIEeMEHT. JTO OYeHb CHJIbHOE OrpaHHYEHHE MO CPaBHEHUIO C TEMH BO3MOXHOCTAMH,
KOTOphl€ JAIOT MacCHBBI, M 3216Ch HYXHhI APYTHE METO/1bl COPTHPOBKH.

CamMblit BaXHbI1 MeTO — COPTHPOBKA CIMAHUAMH (18 BCeX BADUAHTOB COPTHPOB-
KH C/IMAHUAMHU BHpT ynoTrpebnser poaosoe HauMeHoBaHHe Mergesort — npum. nepes.).
Causnuem (merging, collating) Ha3niBaiot o6bearHenue aAyx (a4 6osee) ynopsaao-
YEeHHBIX MOCJIeA0BaTE/NILHOCTEH B OHY, TOXe YNOPAAOYEHHYIO MOC/IeN0BaTebHOCTD
NOBTOPHbIM BhI6OPOM M3 AOCTYMHAIX B AaHHbIIf MOMEHT 371eMeHTOB. CHsAHHE - ropa3-
no 6osiee npocTas onepauus, YeM COPTHPOBKA, H 3Ty ONepalHio UCNIO/Nb3YIOT B Kaye-
CTBe BCioMoraTtesibHoii B 60/1ee CI0KHIX pouesypax COPTHPOBKH NMOCJI€10BATEbHO-
cteit. OanH u3 cnoco6oB COPTHPOBKH Ha OCHOBE CJAHAHUI — npocmas copmupoexa
causnusamu (StraightMerge) — cocTouT B ciieayowmem:

1. Pa3obbeM nocienoBaTeIbLHOCTh Ha BE NMOJIOBHHBL, b K C.

2. BuinosHuM causiHHe yacTeil b U ¢, KOMOMHUPYs MO OAHOMY 3JIeMeHTYy U3 b M ¢
B YNOPsA04YE€HHbIE Maphl.

3. Ha3oBeM nosiyyHBLIYIOCS NOC/€0BaTEAbHOCTD a, NIOBTOPHM 11aru 1 H 2, Ha aToT
Pa3 BhINOJIHAA CAHsAHUE YIIOPAAOYEHHAIX NTap B YNOPSAOYEHHbIE YETBEPKH.

4. TloBTOpHMM npeabiayliHe LIard, BhIMOJIHAA C/JHMAHHE YeTBEPOK B BOCbMEPKH,
1 6yaeM NPoAOJKATb B TOM XKe AyXe, KKAhl pa3 yABauBas AJIMHY CJIMBaeMbIX
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NoAnocJie0BaTebHOCTEH, MOKa BCA MOCJ/I€0BAaTE/IbHOCTb HE OKAXKETCs ynops-
JIOYEHHOHM.

HanpuMmep, pacCMOTPHUM CJleAyI0ILYIO OC/IEA0BATE/IBHOCTD:
44 55 12 42 94 18 06 67
Ha ware 1 pazbueHue nocsenoBaTes1bHOCTH AaET ABE TaKHE NOCAEA0BATEbHOCTH:

44 55 12 42
94 18 06 67

CausHHe OAMHOYHBIX 3/1IeMEHTOB (KOTOphle MPeACTaBIsIOT Co00i ynopsao4yeHHble
NnocJie10BaTeNbHOCTH A/IHHBI 1) B yNOpsiAOYEHHbIE Maphl Aa€T:

44 94' 18 55’ 06 12°' 42 67

CHoBa pa3buBas nocepenrHe U BhINOJIHAA CIMHHE YIIOPAAOYEHHIX Nap, NoJiyyaeM
06 12 44 94' 18 42 SS 67

HakoHel, TpeTbsi onepauns pa3bueHns H CAMAHUS AaeT KeJlaeMblii pe3yJibTaT:
06 12 18 42 44 S5 67 94

Kaxxaas onepaums, koropas TpebyeT onHOKpaTHOro POX0Aa Mo BceMY Habopy AaH-
HhIX, Ha3biBaeTcs ¢hasoti (phase), a HauMeHblIas Npoueaypa, U3 MOBTOPHAIX BhI30BOB
KOTOPO#i COCTOMT COPTHUPOBKa, Ha3blBaeTCs npoxodom (pass). B npusenennoM npumepe
COPTHPOBKa COCTOS/1a U3 TPEX NPOXOAOB, KaXJhll U3 KOTOPhIX COCTOsJ U3 (pa3nl pa3bu-
eHnA U $a3nl CAUAHKA. UToObl BRIMONHUTD COPTHPOBKY, 31€Ch HYXKHbI TPH JIEHTH, N0~
3TOMY NpolLeayPa Ha3hiBaeTCs mpexaenmounviM causnuem (three-tape merge).

Ha camoM aene ¢pa3bl pazbHelns He AalOT BKJ1aZla B COPTHPOBKY B TOM CMbICJI€, YTO
3JIeMeHThl TaM He MePecTaBJAIOTCA; B ITOM OTHOLIEHHH OHU HEMPOAYKTHBHAI, XOTA U
COCTaBJIAIOT MOJIOBHHY BCeX onepauuii KonupoBaHus. Ux MoxHo BoobLIe YCTPaHUTD,
ob6beannsns ¢asnl pazbueHus u causHHUA. BMecTo 3anMcH B eAHHCTBEHHYIO TOCNEA0BA-
TeJIbHOCTb Pe3yJIbTaT CJIHAHHA Cpa3y pacnpenessieTcs Ha ABe JIEHTbl, KoTophnie 6yayT
CJIYXHTb UCTOYHMKOM MCXOAHBIX IaHHBIX A/ C/eayiolero npoxoaa. B otauyue ot
BbilLIeONTHCaHHOI dayxgasnoti (two-phase) COpPTHPOBKH CAHAHHEM, TAKOH METOA Ha3hi-
BaeTcs oduogpasnvim (single-phase), HAM MeTomoM cHarancuposanuvix CAUARUL
(balanced merge). OH siBHO 60n€ee 3¢peKTHBEH, Tak KaK HY>XHO BABOE MEHbllIE oMNepa-
uMii KONMUPOBaHH; NJIaTa 32 3TO — HEOOXOAMMOCTb UCNIOAb30BATh YETBEPTYIO JIEHTY.

Mu petanbho pasbepeM npoueaypy CJAHsHHMA, HO CHayana 6yneM NpeacTaBAsTb
AaHHble C MOMOLLBIO MAaCCHBOB, TOJIbKO MPOCMaTPHBaTh MX GyaeM cTporo nocaeaosa-
TeJIbHO. 3aTeM Mhl 3aMEHHM MaCCHBhI Ha MOC/1eA0BaTeIbHOCTH, YTO MO3BOJMT CPaB-
HUTb ABE MPOrpaMMbl M MOKa3aTb CUJIbHYIO 3aBHCHMOCTb BHjJa IMpOrpaMMhl OT
MCMOJb3YEMOrO NPEACTaBIEHHs AAHHBIX.

BMecTo aByX nocsienoBaTeNbHOCTeH MOXHO UCNOJIb30BATh €AHHCTBEHHbIH MacCHB,
€CJIM CYMTaTh, YTO 0Oa ero KoOHUa paBHoNpaBHbl. BMecTo TOro uTo6n 6paTh 3/1€MEHTHI
A5 CIMAHUA U3 ABYX (aitnos, MoxHO 6paTh 3/1eMEHTRI C ABYX KOHLIOB MaCCHBa-HCTOY-
Huka. Toraa o6wuii BuaA o6beanHeHHo# Ga3nl cCAUAHHUA-Pa3OHEHHs MOXHO MPOMJI-
JiocTpupoBathb pHc. 2.12. Tlocie c/IHAHUSA 3/1EMEHTRI OTNPABJIAIOTCA B MAaCCHB-TIPHEM-
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HCTOYHHK NPHEMHHK

Q. O

CAHAHHE ‘/) pa3buerue

Puc. 2.12. NpocTtan COPTUPOBKA CAMAHUAMU C ABYMA MACC1BaMMn

HMK C OIHOTO MJIH APYIOro KOHUA, NpHY€eM NnepeKk/iioYeHne MPOMCXOAUT NMOCe KaXaoii
yNopsAoYeHHOoM Naphl, NoJiyyaioweiics B pe3yJbTaTe CJIMSTHUA B IEpBOM NpoXozae, Noc-
Jie KaX 10l ynopsao4YeHHOit YeTBEPKH Ha BTOPOM NPOXOJAE U T. ., TaK YTo 6yAyT paBHO-
MEPHO 3aMONHATLCA Obe MOC/EN0BATENbHOCTH, NMpPEACTaBJAEHHRIE ABYMs KOHUAMH
eAHHCTBEHHOro MacCHBa-npueMHHKa. [locne kaxxaoro npoxoaa ABa MaCCHBa MEHAIOT-
CSl POJIAMH, HCTOYHHUK CTAaHOBHTCS MPHEMHHKOM H Haob0opoT.

HanbHeiillee ynpoueHHe nporpaMMal NMoJiy4aeTcs, €c/iH o6be AMHUTD 1Ba KOHLeN-
TYaJIbHO Pa3HbIX MaCCHBa B €JMHCTBEHHIIf MaCCHB ABOHHOIO pa3Mepa. Toraa JaHHbie
6yayT npeacrapJieHbl Tak:

a: ARRAY 2*n OF snemenT

NHaexcnl i M j6yayT 0603HayaTh 1Ba 3/1eMEHTa U3 MAaCCHBa-HCTOYHHKA, a k u L — Be
NO3ULIUK B MacCHBe-NpHeMHHUKe (CM. puc. 2.12). UcxoaHble naHHbIE — 3TO, KOHEYHO,
VIEMEHTHI ag ... a,.). OueBHAHO, HyXKHa GyJileBCcKasA nepeMeHHas up, YToOnl YNpaBJIaTh
Hanpas/JieHHeM NOTOKA JaHHbIX; up 6yaeT 03HayaThb, YTO B TEKYLLEM MTPOXOAE 3JI€MEHThI
ag ... ap.) NMEPEChINAIOTCA ¢BBEPX» B NMEPEMEHHBIE A, ... a3p-), TOTAA Kak ~up byaer
YKa3hiBaTh, YTO @y, ... 32,-) MEPECHIJIAIOTCA ¢BHU3® B g ... ap.1. JHAaYEHHE UP NEepeKio-
YaeTcs nepea KaXxKabnlM HoBhIM npoxoaoM. Hakonew, ais 06o3HaueHHs AJIHHBI C/IHBae-
MhIX [MOANOC/IE0BATE/IbHOCTEl BBOAUTCA NepeMeHHas p. CHayana ee 3HayeHHe PaBHO
1, a 3aTeM OHO yaABaHWBaeTCs Nepea KaXAbIM CAeAylownM npoxoaoM. Yrobbl HeMHoro
YNPOCTUTD J1€J10, NMPEeANOJIOKHM, YTO N BCEI/a sABJAAETCA cTeneHbio 2. Toraa nepsniit
BapHaHT NMPOCTOI COPTHPOBKH CIMAHHAMM NpHOOpeTaeT clieayIOLHil BUA:

PROCEDURE StraightMerge;
VAR i, J, k, L, p: INTEGER; up: BOOLEAN;

BEGIN
up :=TRUE; p := 1;
REPEAT
MHALUNNPOBATL MHAECKCHbIC TTePeMEHHSbIE,;
IF up THEN
i:=0;j:=n-1;k:=n;L:=2*n-1
ELSE
k:=0;L:=n-1;i:=n;j:=2*n-1
END;

BLITTONHNATS CANRHME P-HAbOPOB U3 i- N j-NCTOYHNKOB B k- n L-ipnemMHnxmn,
up :=~up; p := 2*p
UNTILp=n
END StraightMerge
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Ha cneayiomeM ware pa3paboTkH Mbl JOJIXKHBI YTOYHUTb HHCTPYKLUMH, BhiJeJi€H-
Hble KypcuBoM. OueBHIHO, YTO NPOX0J] CAUAHUsA, obpabaThiBatoMii n 31€MEHTOB, CaM
ABJNAETCA CepHuei CIMAHUIN NMOANOC/Ie0BATENBHOCTEN H3 P 371EMEHTOB ( p-#abopos).
ITocne kaxaoro Takoro YaCTHYHOro CAMAHHS NMPHEMHUKOM A/ MOANOC/AE€A0BATE/Ib-
HOCTH CTAHOBMTCS NONEPEMEHHO TO BEPXHMIA, TO HUXKHHIt KOHEel MacCHBa-NIpUEMHHKa,
yTOObI 00ECneYynTh paBHOMEpHOE pacnpeaeieHne B 00e NPUHHMAIOIIME <MOC/Ieq0Ba-
TeJIbHOCTH». ECJIM 3leMeHThI TOC/Ie CIIMSTHUA HanpaBasIOTCA B HHXKHUI KOHel MacCHBa-
NPHUEMHHUKA, TO MHAEKCOM-NIPUEMHHUKOM siBJsieTcA K, U k yBeTHUHBaeTCs NnocJie KaKAoH
nepechlIKM 3JleMeHTa. EC/1M OHH nepechL1aloTCA B BEpXHHIt KOHel MacCHBa-NIPHEMHH-
Ka, TO HHAEKCOM-NPHEMHUKOM sABAseTCA L, H ero 3HayeHHe YMEHbLIAETCS MOocjie Kax-
no# nepechlNKH. YTo6bl yNIPOCTHTb NOJIYy4aloWHACA NPOrpaMMHbIi KoA /s CAHAHHS,
k Bceraa 6yaer o603HayaTh MHAEKC-NIPUEMHHK, 3HaYeHHUs nepeMeHnix k Ha L 6yayT o6-
MEHHBaTbCA MOCJIE KAKAOI0 CJIMAHHUA p-HabopoB, a nepeMeHHas h, npuHUMaiowwas 3Ha-
yeHHs 1 UaH -1, 6ynet Bceraa 0603HayaTh npupaieHue Aas k. 3TH NPoeKTHhIE pelle-
HUs IPUBOAAT K TAKOMY YTOYHEHHIO:

h:=1; m:=n; (*m =41CN0 cANBaEMbIX 3INEMEHTOB*)
REPEAT
q:=p;r=p;m:=m-_2*p; '
C/INTb G INCMEHTOB M3 [-NCTOYHMKA C I INCMEHTAMM M3 j-NCTOYHMNKA,
MHAEKC-TIDNeMHNK paseH k, yseanunts k Ha h;
h:=-h;
obMeHATs 3HaYenmna k n L
UNTILm=0

Ha cnenyiowem mare yToyHeHHs HYXKHO KOHKPETH3HPOBATb OMEPALHIO CAUSHHSA.
3aech HYXKHO MIOMHHTD, YTO OCTATOK TOI1 NOC/1€10BATENBHOCTH, KOTOPas 0CTalach He-
NyCTOi NOCJie CIMAHHA, J0KEH ObITb MPHCOEAMHEH K BRIXOAHOI NOC/I€/10BaTebHOCTH
MPOCThIM KOMTUPOBaHHUEM.

WHILE (g > 0) & (r > 0) DO
IF a[i] < afj] THEN
mepecnars 3N1eMeHT 13 i-UCTOYHNKA 8 K-TTpneMHunK;
npoasuHyTs i n k; q = q-1
ELSE
Tepecnars 3N1eMeHT 13 j-NCTOYHMNKA B K-TTpueMHunK;
npoAasnHyTs jn k; r:=r-1
END
END;
CKOMTNPOBATH OCTATOK i-ITOCNE[0BATENbHOCTH,
CKOTTMPOBaTh OCTATOK j-ITOCNCROBATENLHOCTH

YTouHeHHe onepalHit KOMHPOBAHUA OCTAaTKOB AAaCT NMPaKTHYECKH MOJIHYIO MPO-
rpaMMy. [Ipexxae YyeM BLINHChIBATH ee, H30aBUMCs OT OrpaHHYEHHUs, YTO N ABAAETCA
cTenenblo ABoHkH. Ha kakHe yacTh anroput™a ato nosauser? HeTpyaHo noHATb, YTo
CNpaBHTbCA C Takoii 6onee obuieil cHTyauuelt npoule Bcero, eCAH KaKk MOXHO A0Jblile
AeicTBOBaTh CTaphiM cniocoboM. B naHHOM NpuMepe 3T0 03HaYaeT, YTO HYXKHO NPOAOJI-
KaTbh CJIMBATh p-Habophl 10 TEX NMOP, MOKa OCTATKH NOCJIeA0BaTEbHOCTEH - HCTOYHUKOB
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He CTaHYT KOopoue p. IJTO NMOBJIHAET TONBKO HA onepatopal, B KOTOPhIX YCTAaHABJIHBAIOT-
CA 3HaY€HHUA JIHHRI CJIHBaeMbIX NMOC/JeA0BaTeIbHOCTel qHr. Tp}{ onepartropa

Q:=p; r:=p;, m:=m-2%

HYXHO 3aMEHHMTb Ha NMpPUBEAEHHbIE HUXKE YeThipe ONepaTopa, KOTOphlie, KAaK YHTaTeb
MOXeT ybeaAnTbCA, B TOYHOCTH PeaiH3YIOT ONMHUCAHHYIO CTPAaTernio; 3aMeTHM, YTO m
0603HayaeT MoJIHOe YUCJIO /IEMEHTOB B ABYX MOCJI€40BAaTEIbHOCTAX-HCTOYHUKAX, KO-
TOphI€ elle NpeACTOUT CJIUTD:

IF m >=p THEN q := p ELSE q := m END;
m := m-q;

IF m>=p THEN r := p ELSE r := m END;
m = m-r

Kpowme Toro, 4yto6n1 obecneynTh 3aBeplieHHe NporpaMMbl, HYXKHO 3aMEHUTDb YCJIO-
BHE P = N, KOTOPOE YNpaBaseT BHELIHHM LMUKIOM, Ha p 2 n. [locsie 3TMX H3MEHEHHH
BECb aJIFOPHTM MOXHO BhIPa3sHTb B BUJle NPpoLeAyPhl, paboTatoweii ¢ rnobanbHaIM Mac-
CHBOM U3 2N 3JIEMEHTOB:

PROCEDURE StraightMerge; (* ADruS24_MergeSorts *)
VAR i, j, k, L, t: INTEGER; (*aunana3oH uHaekcos maccusa a is 0 .. 2*n-1 *)
h, m, p, q, r: INTEGER; up: BOOLEAN;
BEGIN
up:=TRUE; p:=1;
REPEAT
h:=1,m:=n;
IF up THEN
i:=0;j:=n-1;k:=n;L:=2*n-1
ELSE
k:=0;L:=n-1;i:=n;j:=2*n-1
END;
REPEAT (*cauTb 1Mo OAHON TTOATIOCNEAOBATENLHOCTH
M3 i- N j-UCTOYHNKOB B k-TIPUEMHMUK *)
IF m>=p THEN q := p ELSE q := m END;

m = m-q;
IF m>=p THEN r := p ELSE r := m END;
m = m-r;

WHILE(q> 0) & (r > 0) DO
IF a(i] < a[j] THEN
alk] := afi]; k := k+h; i :=i+1; q :=g-1

ELSE
alk] := a[jl; k := k+h; j :=j-1; r ;= r-1
END
END;
WHILEr > 0 DO
alk] := a[j]; k := k+h; j:=j-1;r:=r-1
END;
WHILEq > 0 DO

alk] := ali]; k := k+h; i :=i+1;q:=qg-1
END;
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h:=-h;t=k;k:=L,L:=t
UNTIL m = 0;
up = ~up; p := 2*p
UNTIL p >=n;
IF ~up THEN
FOR i := 0 TO n-1 DO a[i] := a[i+n] END

END
END StraightMerge

Ananus npocmoii copmuposxu crusnusamu. ITIockobKy p yiBaMBaeTCs Ha KaXa0M
NpOXOJi€, a COPTHPOBKA NpeKpaLiaeTcs, Kak ToJIbKO P > N, To GyaeT BumnosteHo [log(n)]
npoxonoB. [To onpenenennio, Ha KAXXAOM NPOXoAE BCE N 3J1EMEHTOB KOMUPYIOTCA B TOY-
HOCTH oMH pa3. CJie0BaTesIbHO, NOMHOE YUCJIO MEPEChUIOK B TOYHOCTH PaBHO

M = nx[log(n)]

Uncno cpaBHeHHit kiiodeit C naxxe MeHblie, 4eM M, Tak Kak NpHU KONMHPOBAaHUH
OCTaTKOB HHKAaKHX cpaBHeHHii He Tpebyercsi. OnHaKo NMOCKO/IbKY COPTHPOBKA CJIHSA-
HUAMH 06LIYHO NpHMeEHsAeTCA NpH paboTe ¢ BHELIHUMH YCTPOICTBAMH XpaHeHHS JaH-
HbIX, BHIYMCJIHTEJIbHAIE 3aTPAaThl HAa BhINOJHEHHE MEPEChIJIOK HEPEAKO NMPEeBOCXOAAT
3aTpaThl Ha CPaBHEHUSA Ha HECKOJIbKO NMOPAAKOB BeJIMYHHLI. [IoaToMy AeTanbHbiii aHa-
JIH3 YHUCJ1a CPaBHEHMIT He HMeeT NMPaKTHYeCKOro HHTepeca.

OvyeBuaHo, copTHpoBka StraightMerge BhIMJIAAMT HEMJIOXO AaXe B CPaBHEHMH
¢ 3¢ppeKTUBHRIMH METOAAMH COPTHPOBKH, 00CYKAaBUIMMHUCA B NpeabiaylLeii Iase.
OnaHako HakJlagHble pacXo/lbl Ha MAaHUMYJISUMHU C MMAEKCAMU 31€Cb 10BOJIbHO BEJIMKH,
a peulaouIHit HeOCTaTOK — 3TO HeOOXOAMMOCTb HMETb I0CTATOYHO MAMATH /IS XPaHe-
HUs 2n aneMeHTOB. [1o 3ToH NpUYKHe COPTUPOBKY CJAMAHHAMM PeaKo IPHMEHSAIOT 1A
MaCCHMBOB, TO €CTb IJIA JaHHBIX, pa3MelUEHHRIX B onepatuBHoi naMATH. Iloayuutb
npeacTaBj€HUE O peayibHOM NMOBEACHUH anropuTMa StraightMerge MOXHO Mo YyKucaaM
B nocjeaHei cTtpoke tabu. 2.9. Buano, yro StraightMerge Bemer cebs ayule, yeM
HeapSort, Ho xyxe, yeM QuickSort.

2.4.2. EcTecTrBeHHbIC CNSTHNS

Ecan npuMeHAIOTCA NPOCThIE CIHAHUSA, TO HUKAKOTO BLIUTPAILLA HE MOJAYYaeTCs B TOM
cJlyyae, KOraa UCXoAHble JaHHbl€ YaCTHYHO yNnopsaoueHhnl. /J[JIHHA BCeX CJAMBaEeMbIX
noAnocJjenoBaTeNbHOCTel Ha k-M NpoXxoae He NpeBocXoAHT 2Kk, aaxe eciin ectb bosee
JJ/IMHHBIE, Y)Ke YIIOPAA0YeHHble NOANOC/Ie10BaTe/1IbHOCTH, FOTOBhLIE K CIUAHUAM. Beab
Jobbie ABe ynopsaoYEeHHhle MOAMOC/]EAOBATENbHOCTH AJIMHBL M M N MOXHO Cpa3y
C/IUTb B OJHY MOCJIEAOBATEJbHOCTb U3 M+N 3jieMeHTOB. COPTHPOBKa CAMSHHUAMH,
B KOTOPOI#i B J1I060i MOMEHT BpeMEHH CJIHBAIOTCA MaKCHUMa/bHO JUIMHHLIE NOCJIe10Ba-
TeJIbHOCTH, Ha3bIBAETCS COPMUPOBKOU €CMECMBEHHOIMU CAUAHUAMU.

YnopsaaoyeHHyI0 NOANOC/€10BaTeIBHOCTb YaCTO Ha3nBaloOT cTpokoit (string). Ho
TaK Kak ellle Yalle 3TO CJI0BO HCMOJIb3YIOT A5 NOCJAe0BaTe/IbHOCTEH JIHTEP, MBI BCJel
3a KnyToMm 6yaeM ucnoJsib3oBaThb TEPMHUH cepus (run) ans o603HayeHHs YNOPAAOUEH-
HRIX noAnocsienoBatenbHocTei. [loanocnenoBaTeNbHOCTb ; ... aj, TAKYIO, YTO

@) > a) & (Ak: i Sk <j:ay<ag,)& (@ > aj)
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OyneM Ha3biBaTb MAXCUMQRbHOU cepuel, WU, A8 KPaTKOCTH, NpocTo cepueit. Vtak,
B COPTHPOBKE €CTECTBEHHRIMH CIHAHUAMH CMBAIOTCA (MaKCHMaJIbHbie ) CEPUH BMeC-
TO NOCJIe10BaTe/IbHOCTel (PUKCHPOBAHHOM NpenonpenejeHHoH AnuHul. Cepun HMelOT
TO CBOMCTBO, YTO €CJIM CJIHBAIOTCA ABE MOCJEA0BaTE/JbHOCTH MO N CEpPHii Kaxias, TO
NoJiyyaeTcs MocJe0BaTe/bHOCTD, COCTOSLAA B TOYHOCTH H3 n cepii. [loatomy noa-
HOE YUCJI0 CEpPHIT yMEHbLIAeTCs BABOE 32 KaXJAbiiH Npoxo, U HeobXoaHMOoe YKCJ0 nepe-
ChUIOK 3JIEMEHTOB f1aXKe B XyAllleM cJiydae paBHO n*log(n), a B cpeaHeM elue MeHble.
OnHako cpeaHee YHCJIO CpaBHEHHH ropasao 6oJiblle, Tak KakK, KpOMe CpPaBHEHHUI NpH
Baibope 3/1IeMEHTOB, HYXXHbI €llle CPaBHEHHS CJedyIOUHX APYT 32 APYTOM 3J1EMEHTOB
kaxzoro ¢aiina, 4ToOnl onpeaeSHTb KOHell KaXA0i CEpHH.

Haule ouepentoe ynpaxHeHue B NporpaMMHPOBaHHH MOCBsLIEHO pa3paboTke an-
ropMTMa COPTUPOBKH €CTECTBEHHBLIMH CIMAHUAMH B TOM 5Ke NOLIaroBoil MaHepe, KoTo-
past MCIIOJIb30BaJ1aCh NPH 06bACHEHHH MPOCTOH COPTUPOBKH CAHAHHAMH. BMecTo Mac-
CHBa 3/€Cb HCIMOJIb3YIOTCA MNOCJIeA0BaTebHOCTH (MpeAcTaBiieHHule (aitiaMH, CM.
pasaen 1.7), a B HTore noayuntcs HecbataHcMpoBaHHas ABYyX(a3Has TPeXJIeHTOYHas
COPTHUPOBKa CJAHAHUAMH. ByaeM npeanosararb, YTO MCXOAHAs MOCJEA0BATEIbHOCTD
aJieMeHTOB NpeAcTaBJieHa (¢aitioBoit nepeMeHHOi! €. (EcrecTBeHHO, B peaibHoOii cUTYa-
L{MM UCXOMHbIE AaHHbIE CHaYyaNa U3 cooOpaXkeHHit 6630MacHOCTH KONHUPYIOTCS U3 HEKO-
Toporo uctounuka B c.) [Ipu atoMm a u b — ABe BcnoMoratenbHbie daitoBbie nepeMeH-
Hule. Kaxaniit npoxoa cocTouT u3 ¢a3nl pacnpenesieHus, Koraa CepHH U3 C paBHOMEpHO
pacnpeaeasiorcs B a H b, U ¢pa3nl ciausHuA, Koraa cepHH U3 a U b cauBaloTcs B €. ITOT
npouecc nokasaH Ha puc. 2.13.

a a a
c c c ¢ c

b b

‘ ‘— daza cmaHuA
¢da3za pacnpeacncHuns
L J
L JL J
Y Y v
it npoxoa  2it npoxon n-it npoxon

Puc. 2.13. ®a3u COPTUPOBKM 1 NPOXOALI

IIpumep B Tabu1. 2.11 nokasniBaer (aiis ¢ B HCXOAHOM COCTOsAHHH (CTpoKa 1) 1 noc-
Jie KaXxaoro npoxoaa (CTpokH 2—-4) npu COpTUPOBKE ITHM METOAOM ABAALATH YHCE.
3aMeTHM, YTO NOHaAOOMANCH TONILKO TPU NMpoxoaa. COpTHPOBKa NpeKpallaeTcs, Kak
TOJIbKO B C ocTaeTcs oaHa cepus. (Ilpeanonaraercs, Yro ucxoaHas nocJjienoBareJib-
HOCTb COAEPXHUT IO KpaiiHeii Mepe oAHY HenycTyio cepuio.) [ToaToMy nycTb nepemMex-
Has L MOACYMTRIBAET YHCJIO CepHii, 3anucaHHuIX B €. Mcnioab3dys tn Rider (<bery-
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HOK» ), onpenesielHnlii B pazaene 1.7.1, MoxHo copMyanpoBaTh nporpaMMy ciieayio-
KM 0Opa3oM:

VAR L: INTEGER;
r0, r1, r2: Files.Rider; (*cm. pasaen 1.7.1%)

REPEAT
Files.Set(r0, a, 0); Files.Set(r1, b, 0); Files.Set(r2, c, 0);
distribute(r2, r0, r1); (*c pacripeaensevca s a u b*)

Files.Set(r0, a, 0); Files.Set(r1, b, 0); Files.Set(r2, c, 0);
L:=0;
merge(r0, r1, r2) (*a w b causailoTca B c*)

UNTILL = 1

Tabnuua 2.11. Mpumep COPTUPOBKN ECTECTBEHHBIMK CNNAHMAMMN

17 31° 05 59' 13 41 43 67' 11 23 29 47' 03 07 71' 02 19 57° 37 6]
05 17 31 S59° 11 13 23 29 41 43 47 67' 02 03 07 19 57 71' 37 61
05 11 13 17 23 29 31 41 43 47 59 67' 02 03 07 19 37 57 61 71
02 03 05 07 11 13 17 19 23 29 31 37 41 43 47 57 59 61 67 71

J1ByM ha3aM B TOYHOCTH COOTBETCTBYIOT 1Ba pa3HbiX oneparopa. Mx Hy>xHo Tenepb
YTOUHMTb, TO €CTb BhIPa3HTh C Oosibluei aeTanu3alneil. Y TouHeHHbie ONHCAHHUS 111aroB
distribute (pacnpeaeantb H3 6eryHka r2 B 6eryHku rO u r1) u merge (ciMThb U3 6eryH-
KoBrO M rl Br2) npUBOAATCA HHXeE:

REPEAT

copyrun(r2, r0);

IF ~r2.eof THEN copyrun(r2, r1) END
UNTIL r2.eof

REPEAT
mergerun(rO, r1, r2); INC(L)
UNTIL rl.eof;
IF ~r0.eof THEN
copyrun(rO, r2); INC(L)
END

[To nocTpoenHio aTOT cnocob NpHBOAUT MO0 K OAHHAKOBOMY YHCy cepuit Bau b,
an60 nocnenoBaTesIbHOCTb 2 OyAeT coaepxXaTh OAHY JIMLIHIO CEPHIO N0 CPaBHEHHIO
¢ ¢aitnom b. [Tockoabky CIMBAIOTCS COOTBETCTBYIOLIHE MAapbl CEPUi, 3Ta JHLIHASA ce-
PHs MOXET OCTaTbCA TOJIBKO B ¢haiijie a, U Tora ee HYX)KHO NPOCTo cKonHpoBath. One-
pauuu merge u distribute popMyIHpyIOTCA B TEPMHHAX YTOYHAEMOH HHXKE ONepallHH
mergerun (CAHTb CEPHH) MU BCIIOMOTraTeJ1bHOM npouenypsl copyrun (KonHpoBaTthb ce-
PHI0), CMBICJ KOTOPhIX oYeBHJeH. [Ipy nonbiTke peann30BaTh BCe 3TO BO3HHKAET Cepb-
e3Hasi TPYAHOCTb: YTOOh ONpenesHTh KOHEll CEPHH, HYXKHO CPaBHHBATb ABa NMOCJAEA0-
BaTeJIbHAIX Kilo4a. OqHakKo ¢aiibl yCTPOEHh! TaK, YTO KaXKAhIH pa3 JOCTyIeEH TOJIbKO
oAHH 3jieMeHT. OueBHAHO, 316Ch HYXKHO «3arjIAlhiBaTh Briepe/» Ha OAHH 3JIEMEHT, Mo-
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3TOMY /15 KaXK10# NOCJie0BaTe1bHOCTH 3aBOAHTC Oydep, KOTOphIi H A0MKEH colep-
XKaTb OYePeNHO 3/IeMEHT, CTOALHH B MOC/I€I0BATENbHOCTH 32 TEKYLLHM, U KOTOPHIii
npeacrasJiseT coboii HEYTO Bpo€e OKOLIKa, CKOJIb3siero no daitny.

¥Yxe MOxHO 6b110 Gbl BRITMCATh BCE AETA/IH ITOrO0 MEXaHH3Ma B BHJi€ NOJIHOI Npo-
rpaMMhl, HO Mbl BBeJIEM €llle OAMH YPOBEeHb abCTpaKUHH. ITOT ypOBEHb NpeacTaBJieH
HOBRIM MoayJieM Runs. Ero MoxHo paccMaTpuBaTth Kak paciiupeHHe MoayJs Files us
pa3aena 1.7, u B HeM BBOAHTCA HoBhi#i TN Rider («6eryHoks ), KoTophlit MOXHO pac-
CMaTpHBaTh Kak pacuipeHHe Tuna Files.Rider. C 3aTMM HOBBIM THIIOM HE TOJIbKO MOX-
Ho 6yaeT BhINMOJIHATD BCe ollepallH, NpeayCMOTPEHHLIE [UIA cTaporo THNa Rider, a Tak-
XKe ornpeneasaTb KOHel ¢aiia, HO H Y3HaBaTb O KOHLE CEPHH, @ TAKXKe ¢«BUAETb» NEPBbIit
3JIEMEHNT B ellle He PoYMTaHHOM YacTH ¢aiiyia. 3TOT HOBBII THIT BMECTE CO CBOMMH orle-
pPaUMAMH NpeACTaBJIeH B CJ1€AyIoLeM onpeaesieHHH:

DEFINITION Runs; (* ADruS242_Runs *)
IMPORT Files, Texts;
TYPE Rider = RECORD (Files.Rider) first: INTEGER; eor: BOOLEAN END;

PROCEDURE OpenRandomSeq (f: Files.File; length, seed: INTEGER);
PROCEDURE Set (VAR r: Rider; VAR f: Files.File);
PROCEDURE copy (VAR source, destination: Rider);
PROCEDURE ListSeq (VAR W: Texts.Writer; f: Files.File);
END Runs.

Bri6op npoueayp TpebyeT HeKoTOphIX MOACHEHHIA. AJITOPUTMbI COPTHPOBKH, 06CyX-
AaeMble 311€Ch U B lasibHelilleM, 0CHOBaHbl Ha KONIMPOBAHHH 3JIEMEHTOB H3 o HOro (aiia
B aApyro#i. [ToaToMy npoueaypa copy 3aMeluaeT OTAe/IbHbIE ONEepPalKH read U write.

Jnsa yno6cTBa TeCTHPOBAHHA B NOCJIEAYIOLHX PUMEPAX Mhl JOMOJHUTENbHO BBE-
JIK npoueaypy ListSeq, koTopas neyaraet ¢aiia Leanix unucena B TekcT. Kpome roro, ais
yaoGcTBa BBeieHa elle ofiHa npoueaypa: OpenRandomSeq cosaaer daitn ¢ yncnamu
B CJlyyaifHOM nopsake. 3TH ABE Npoueayphl 6YAYT CAYXXHTb A/ NPOBEPKH 00Cyxaae-
MBbIX HHXKe aJIrOpUTMOB. 3HaueHHs noJeii eof H eor AB/AAIOTCA pe3y/ibTaTaMH ONepalHH
COpPY aHAIOTHYHO TOMY, Kak paHee eof 6bl1 pe3y/ibTaToOM onepaLHH read.

MODULE Runs; (* ADruS242_Runs *)
IMPORT Files, Texts;
TYPE Rider* = RECORD (Files.Rider) first: INTEGER; eor: BOOLEAN END;

PROCEDURE OpenRandomSeq* (f: Files.File; length, seed: INTEGER);
VAR i: INTEGER; w: Files.Rider;
BEGIN
Files.Set(w, f, 0);
FOR i := 0 TO length-1 DO
Files.Writelnt(w, seed); seed := (31*seed) MOD 997 + S
END;
Files.Close(f)
END OpenRandomSeq;

PROCEDURE Set* (VAR r: Rider; f: Files.File);
BEGIN
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Files.Set(r, f, 0); Files.ReadInt (r, r.first); r.eor := r.eof
END Set;

PROCEDURE copy* (VAR src, dest: Rider);

BEGIN
dest.first := src.first;
Files.WriteInt(dest, dest.first); Files.ReadInt(src, src.first);
src.eor := src.eof OR (src.first < dest.first)

END copy;

PROCEDURE ListSeq* (VAR W: Texts.Writer; f: Files.File;);
VAR x, v, k, n: INTEGER; r: Files.Rider;
BEGIN
k:=0;,n:=0;
Files.Set(r, f, 0); Files.ReadInt(r, x);
WHILE ~r.eof DO
Texts.WriteInt(W, x, 6); INC(k); Files.ReadInt(r, y);
IF y < x THEN (*koHeu cepuu*) Texts.Write(W, °|*); INC(n) END;
X =y
END;
Texts.Write(W, "$"); Texts.Writelnt(W, k, 5); Texts.Writelnt(W, n, 5);
Texts.WriteLn(W)
END ListSeq;

END Runs.

BepHeMmcs Tenepb K npoueccy NoCTeNeHHOro yTOYHEHHs aJIrOPUTMa COPTUPOBKH
€CTeCTBEHHhIMH cAMAHUAMU. [Ipoueaypnl copyrun H merge yXe MOXHO BhIpPa3HTb
ABHO, KaK MoKa3aHo HHxe. OTMETHM, YTO Mbl OOpallaeMcs K MOCJeA0BaTeNIbHOCTAM
(daiisaM) onocpea0BaHHO, C MOMOLLbIO MPUCOEAHHEHHBIX K HHM 6eryHkoB. OT™MeTHM
KCTaTH, YTo y beryHka nouie first conep>XuT credyrowui Kaod B YUTaEMoIi Nocjie0Ba-

TeJIbHOCTH W N0CAeOKUL KJI0Y B 3alIMChIBaeMOii nocJjie0oBaTEJIbHOCTH.

PROCEDURE copyrun (VAR x, y: Runs.Rider); (* komupoBsaTs cepunio *)
BEGIN (*komupoBaTo u3 X B y*)

REPEAT Runs.copy(x, y) UNTIL x.eor
END copyrun

(*merge: cauth rO 1 rl B r2*)
REPEAT
IF rO.first < r1.first THEN
Runs.copy(r0, r2);
IF r0.eor THEN copyrun(ri, r2) END
ELSE Runs.copy(rl, r2);
IF r1.eor THEN copyrun(r0, r2) END
END
UNTIL rO.eor OR rl.eor

[Tpouecc cpaBHeHUs U Buibopa KJioueii NpH CAMAHHH Naphl CepUii NpeKpallaeTcs,
KaK TOJIbKO OJ1Ha U3 cepHii HcuepnniBaeTcs. [locsie 3TOoro ocTaToK cepum (KoTopas elue
He HcYepnaHa) A0AXKEH OhITb MPOCTO CKOMMPOBAH B CEPHIO-Pe3ybTaT. ITO AeaeTcs

NnoCpeaACTBOM Bhi30Ba Mnpoueayphl COpyrun.
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ITo uaee, 3nech Npoueaypa pa3paboTKH A0JDKHA 3aBEpIUIMTLCA. Y Bhl, BHUMaTeJlb-
HhIfi YUTaTe/ b 3aMETHUT, YTO MOJIYYHBIIAsACA NporpaMMa He BepHa. [IporpamMma Hekop-
PEKTHa B TOM CMICJI€, YTO B HEKOTOPhRIX CJIyyasX OHa COPTHpYeT HenpaBuiabHo. Hanpu-
Mep, PaCCMOTPHUM CJIeAYI0LYIO MOCJIEA0BaTEJIbHOCTb BXOAHBIX JAHHbIX:

0302051107131917233129374341475957617167
Pacnpeaensis nocsenoBate/ibHble CEpHU NMONEpEeMEHHO B a H b, NoJIyyHM

a=03'071319'293743°'5761 7Y’
b=020511"'1723 31'414759'67

ITH NOCJIe0BaTE/IbHOCTH JIETKO CJIHBAIOTCA B €AHHCTBEHHYIO CEpHIO, NOC/E Yero
COPTHPOBKa YCIIElLIHO 3aBeplliaeTcsi. XO0TA 3TOT NPHMep He PUBOAMT K OLIMOKe, OH NOKa-
3bIBaeT, YTO MPOCTOE pacnpenesieHue cepuii B HeCKOIbKO (aitioB MOXET NMPHBOAMTD
K MEHb1LIEMY YHCJy CepHii Ha Bhixoze, YeM ObLIo cepHii Ha BXxoae. 3TO NPOUCXOMMT NOTO-
MY, YTO MepBhlii 3IeMEHT CepUH HOMeD i+2 MOXKeT ObiTh 6oJibllle, YeM Noc/aeqHUi 3Jie-
MEHT CepHH HOMEP i, U TOr/1a 1B CEpUH AaBTOMAaTHYECKH «CJIMMAIOTCA» B OIHY CEPHIO.

XoTsa npeanonaraercs, YtTo npoueaypa distribute 3anHThiBaeT cepHH B aBa Qalisa
B PaBHOM YHCJIe, BAXKHOE CJEACTBHE COCTOUT B TOM, YTO peajibHOe YHCJIO CEPHi, 3anu-
CaHHRhIX B a H b, MOXeT CHJIbHO pa3JiHyaTbcs. Ho Halua npoueaypa cIMAHHA cAMBaeT
TOJIbKO Maphl CEPHit H npeKpalaeT paboTy, Kak ToAbKO npoyuTaH daiia b, Tak yTo0 OC-
TaTOK OHOH M3 MocJjieqoBaTesbHOCTel TepsieTcA. PaccMOTpUM ciieayioliHe BXOAHbIE
AaHHbie, KOTOphle COPTUPYIOTCsA (M OOPBHIBAIOTCA) 32 Ba N0CJ€A0BATE/IbHAIX IIPOX0AA:

Tabnuua 2.12. HenpasunbHuin pe3ynbTaT anropvtMa MergeSort

17 19 13 57 23 29 11 59 31 37 07 61 41 43 05 67 47 71 02 03
13 17 19 23 29 31 37 41 43 47 57 71 11 59
11 13 17 19 23 29 31 37 41 43 47 57 59 71

Takas olH6ka A0CTaTOYHO TUMMYHa B porpaMMUpoBaHHH. OHa BhI3BaHa TeM, YTO
oCTajlach He3aMe4yeHHO# 01HAa M3 CHTYaLUii, KOTOpbie MOTYT BO3HHKHYTb NocJle BHMOJI-
HEeHHsA NMPOCTO#H, Ka3anoch 6b1, onepaunu. OmnbKa THNHYHA TaK)Ke B TOM OTHOLIEHHUH,
YTO ee MOXKHO MCITPaBHTb HECKOJIbKMMH CrIoco6aMu M HyxHO BuibpaTb oanH. O6n1uHO
€CTb J1B€ BO3MOXXHOCTH, KOTOpbI€ OTJIMYAIOTCS B OAHOM NPUHLUMITHANLHOM OTHOLIEHHUH:

1. Mbl npu3HaeM, YTO onepauus pacnpeaesieH|s 3aporpaMMUpOBaHa HelpaBHJlb-
HO U He YAOBJIeTBopseT TpeboBaHHIO0, 4TOOR! YHCJIO CepHit OTHYAJIOCH He 60J1b-
e, yeM Ha eauHuny. IIpu 3TOM MBI cOXpaHsieM NMepBOHaYaNbHYIO CXEMY Mpo-
rpaMMbl M HCTIpaBJisieM HelpaBHJIbHYIO poUeaypYy.

2. Mbi 0OHapy>XHBaeM, YTO HCIpaBieHHE HeNpaBWbHOI Npoueayphl 6yaeT UMeTb
AAIEKO MAYLIHE MOCJIeACTBUSA, U TOrAA NBLITAEMCA TaK U3MEHUTb APYrHe YacTH
NpOrpaMMal, YTOOL! OHM NPaBHJIbHO PabOTaNH ¢ AaHHBIM BapHAHTOM NPOLIEAYPhI.

B o61eM cayyae nepBbiit nyTb Kaxercs 6oee 6e30nmacHbIM, ACHBIM H YeCTHRIM, obec-
NneynBas onpeaeeHHYI0 YCTOIYHBOCTD K NOC/IEACTBUAM He3aMeYeHHhIX, TOHKHUX No6oy-
HuiX 3exToB. [I0aTOMY 06LIYHO PEKOMEHAYETCH HMEHHO 3TOT CNIOCO0 pellieHH .



108 Copmposka

OnHako He Bceraa cJjeayeT HTHOPMPOBaTb U BTOPOI NMyTb. MIMEHHO MO3TOMY Mbi
XOTHM OKa3aThb pellieHHue, OCHOBaHHOE Ha U3MEHEeHHUH NpoueAYPH CIHAHUA, a He Npo-
LeaAypH pacnpenesieHus, H3-3a KOTOPOIt, B CYIIHOCTH, U BO3HUKJIA npobaeMa. [loapa3y-
MEeBaeTCA, YTO Mbl He 6yieM TporaTb CXeMy pacnpenesieHHs, HO OTKaXKeMCA OT YCJIOBHH,
YTO CEPUH NOJKHBI pacrpeneysaTbCs PaBHOMEPHO. 3TO MOXeET MOHU3UTb 3¢dek-
THBHOCTb. Ho noBeseHue B xyaleM cayyae He U3MEHHMTCS, a CJ1y4ail CHJIbHO HEPaBHO-
MEpHOro pacrnpeaejieHHs CTaTUCTHYECKH o4YeHb ManoBeposTeH. IloaTtoMy coobpaxe-
HUs 3P(PEKTHBHOCTH He ABJAIOTCA CEpPbe3HBIM apryMeHTOM NPOTHB TaKOro pellleHHs.

Ecan Mbl OTKa3a/IHCb OT YCJIOBHSi paBHOMEPHOIO pacnpenesieHHsa cepHii, To Mpo-
Leaypa CAMSHUA JOJXKHA U3MEHHUTBCA TaK, YTOObI MO JOCTHXEHHH KOHLa OAHOIO H3
aiisioB KonHpoBa/Csa BeCb 0CTAaTOK Apyroro ¢aiija, a He TONbKO oAHa cepHs. Takoe
M3MeHEeHHe OKa3biBaeTCsA OYeHb NMPOCTLIM N0 CPABHEHHUIO C JIIOOLIMH HCTIpaBJAEHHAMH
B cxeMe pacnpeaenenus. (Untarenio npepiaraercs y6eauTbCs B CpaBe/IMBOCTH 3TO-
ro yTeepxaeHus.) HoBas BepcHs anropuTrMa c/IMsiHHI 1aHa HUXKe B BUAE NPOLEaYPhi-
byHKUMH:

PROCEDURE copyrun (VAR x, y: Runs.Rider); (* ADruS24_MergeSorts *)
(*konmuposaTb cepuio*)

BEGIN (*13 x B y*)
REPEAT Runs.copy(x, y) UNTIL x.eor

END copyrun;

PROCEDURE NaturalMerge (src: Files.File): Files.File; (*ecrecTBeHHbIe CAUAHUA*)
VAR L: INTEGER; (*yucno cepui mmocne CAMAHUA*)
fo, f1, f2: Files.File;
r0, r1, r2: Runs.Rider;
BEGIN
Runs.Set(r2, src),
REPEAT
fO := Files.New("test0"); Files.Set(r0, f0, 0);
f1 := Files.New("test1"); Files.Set (r1, f1, 0);
(*pacnipeaenntb M3 r2srourl®*)
REPEAT
copyrun(r2, r0);
IF ~r2.eof THEN copyrun(r2, r1) END
UNTIL r2.eof;
Runs.Set(r0, f0);, Runs.Set(r1, f1);
f2 := Files.New("®); Files.Set(r2, f2, 0);

(*merge: canTb M3 r0 u rl 8 r2*)
L:=0;
REPEAT
REPEAT
IF rO.first < rl.first THEN
Runs.copy(r0, r2),
IF rO0.eor THEN copyrun(rl, r2) END
ELSE
Runs.copy(rl, r2);
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IF r1.eor THEN copyrun(rO, r2) END
END
UNTIL r0.eor & rl.eor;
INC(L)
UNTIL rO.eof OR r1.eof;
WHILE ~r0.eof DO copyrun(r0, r2); INC(L) END;
WHILE ~r1.eof DO copyrun(rl, r2); INC(L) END;
Runs.Set(r2, f2)
UNTILL=1;
RETURN f2
END NaturalMerge;

2.4.3. CbanancupoBaHHbIe MHOIrOMnyTeBbie CNTHUS

3aTpaTh! Ha OCJIe0BaTe/IbHYIO COPTHPOBKY NPONOPLUMOHAIbHEI HEOOXOAHMOMY YHC-
Jly IPOXO/IOB, TaK KaK Ha Ka)KAOM NMPOXOoJe 1o onpefieieHUIo KoNupyercs Becb Habop
naHHeX. OAUH H3 cnNoco60B yMEHbUINTb 3TO YHUCJIO COCTOUT B TOM, YTOOLI HCMOJIb-
30BaThb 6oJibllie ABYX (aiijioB A/1s pacnpeneieHns cepHit. Ecan canBarts r cepHit, KoTo-
prle paBHOMepHO pacnpeaejieHnl o N ¢aitnaM, To NOJYYUTCA MOCAEN0BATEIbHOCTD
r/N cepuii. [Tocsie BToporo npoxosa MX YHCJI0 yMeHbIIUTCA 10 r/N2, nocie TpeTbero —
no r/N3, anocse k npoxonoB octaHercst r/N cepiii. [T03ToMy NoAHOE YHCIO POXOAIOB,
HeoOX0AUMBIX A/I COPTHPOBKH N 3JIEMEHTOB C NOMOLLbI0 N-MyTEBOrO CIMSIHHUSA, PaBHO
k = logn(n). ITockonbKy Kaxabiit npoxoa TpebyeT n onepauuii KONMPOBaHHA, MOJHOE
YHCJIO onepauuii KONHPOBaHUsA B XyLIEM Cjyyae paBHO M = n X logn(n).

B kauecTBe ciieqyiouero ynpaxHeHHus B porpaMMHpOBaHHH Mbl pa3paboTaeM npo-
rpaMMy COPTHPOBKH, OCHOBAHHYIO Ha MHOTONYTEBbIX CAHAHUAX. YTOOL noa4epKHyTh
OTJINYHe ITOH NMPOrpaMMhl OT NMPHBEACHHON Bblllie TPOrPaMMbl €CTECTBEHHBIX ABYX-
¢ha3HuIX CAUAHHH, MbBl cPOPMYIHPYEM MHOrOMyTeBOE CJAHAHHE B BUae oaHoga3HOro
c6anaHCMPOBaHHOTO CAUAHHA. ITO MOAPa3yMeBaeT, YTO Ha KaX<10M NPOXoje eCTb paB-
Hoe Yucso ¢aiaoB-UCTOYHHKOB H ¢ailoB-NPHEMHUKOB, B KOTOphle CEPUM pacripe-
aensiorcs no oyepenu. Ecau ucnoabsyercs 2N ¢aitio, To roBopsaT, YTO a1rOpUTM OC-
HOBaH Ha N-myTeBoM cjaHsHuUU. Cleays NpPUHATOI paHee CTpaTeruu, Mhl He GyaeM
6ecrnoKonTbCs 00 OTC/IeXKHBAHUH CJIHAHHMA ABYX NOC/IEA0BATEAbHAIX CEPHIA, ONMABIIHX
B oauH ¢aita. [loaToMy HaM HY>XHO CIpOEeKTHUPOBaThb NMPOrpaMMYy CJAHAHHUSA, He Jesas
NpeAnoJioXeH!s 0 CTPOro paBHOM YUCJe cepuii B paitax-HCTOYHHKAX.

3aecb Mbl BliepBhi€ BCTPeYaeM CHTYaLHIO, KOTla €CTeCTBEHHO BO3HHKAET CTPYKTY-
Pa AaHHBIX, IpeAcTaBasiowasn coboit MaccuB daiinoB. Ha caMoM aene yauBHTeNbHO,
HAaCKOJIbKO CHJIbHO Hallla cjeayiowas nporpaMMa OTJIHYaeTCs OT Nnpeabiayuleil u3-3a
nepexosa OT ABYXNMYTEBHIX K MHOMONyTeBhIM CJAUsHHAM. [1aBHasa npuunHa 3TOrO —
B TOM, YTO MPOUECC CIAHAHHUA TeNnepb He MOXKET NMPOCTO OCTAHOBUTLCSA MOCJIE UCYepla-
HHMA O1HOM U3 CepHit-UCTOYHMKOB. BMeCTO 3TOro HYXKHO COXpPaHHTb CITUCOK €llle aKTHUB-
HRIX, TO €CTb 0 KOHLlAa He UcYepnaHHbiX, PaiioB-UCTOYHHKOB. [lpyroe ycaoxHeHHe
BO3HHUKAeT H3-3a HeoOX0AUMOCTH MEHATb PoJH ¢aitIoB-UCTOYHHKOB U (aiiyioB-npu-
€MHHKOB. 31€Cb CTAHOBHTCS BHAHO yA06CTBO NpHHATOro cnocofa KOCBEHHOro AOCTY-
na K ¢aiinam ¢ noMourbio 6eryHkoB. Ha kaxaoM npoxozae AaHHhIE€ MOXHO KOITHPOBATh
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C O/1HO¥ M TOIA ke rpynnul 6eryHKOB r Ha OAHY H Ty e rpynny 6eryHkoB w. A B KoHUe
KaXK/IOTO MPOX0Aa HYXHO NMPOCTO MEPEKJIIYUTb HErYHKM r H w Ha Apyrue rpymnmnnl
aitnios.

OvyeBuaHo, UIs HHAEKCHPOBaHHUA MaccHBa (aiiioB UCNIOJb3YI0TCA HOMepa ¢aitioB.
IIpeanonoxuM, YTo UCXOAHRIN (aiin nNpeacTasJieH NapaMeTpoM SrC H 4YTO AJsA Mpo-
Liecca COpTUPOBKH B HaJIMYUH uMelorcs 2N ¢aiinios:

f, g: ARRAY N OF Files.File;
r, w: ARRAY N OF Runs.Rider

Toraa MOXXHO HanKUCaTh CJAEAYIOWHI 3CKH3HbIH BapHAHT a/IFOPUTMA:

PROCEDURE BalancedMerge (src: Files.File): Files.File;
(*cbanaHCHUpOBaHHbIE CNAUAHNAY)
VAR i, j: INTEGER;
L: INTEGER; (*yucno pacmpeAeneHHbIX cepun®)
R: Runs.Rider;
BEGIN
Runs.Set(R, src);, (*pacmpeAenuTtb HauanbHbie cepun m3 R B wi0] ... w[N-1]*)
j=0;,L:=0;
noaKkniounTe berynkm w Kk pasinam g;
REPEAT
xonrmposats O4Hy cepnio n3 R 8 w(j];
INC(j); INC(L);
IFj=N THEN j := O END
UNTIL R.eof;

REPEAT (*canaHune n3 r 8 w*)
mepexniounTs beryskun r Ha ganns g,
L:=0;j:=0; (*j = nnaekc panna-npueMHuka*)
REPEAT
INC(L);
CNHTbH TIO OB[HON Cepun N3 KAXAROro ncroyHunka 8 wijl;
IF j < N THEN INC(j) ELSE j := 0 END
UNTIL ace ucroyrunkmn ncyepriamsi;
UNTILL =
(*oTcopTnpoBaHHb dann moacoeAnHeH Kk wl0]*)
END BalancedMerge.

Casa3aB 6eryHok R ¢ ucxoaHbIM (aityioM, 3aiiMeMCs YTOYHEHHEM olepaLHH NepBHY-
Horo pacnpeneneHus cepuii. Ucnosb3ys onpenesieHHe npoueaypel COpy, 3aMEHHMM
¢ pa3y xorrnposars oaHy cepmio n3 R 8 wij] Ha caeayommii onepaTop:

REPEAT Runs.copy(R, w(j]) UNTIL R.eor

KonnpoBaHue cepHH NpeKpaliaerca, Koraa Ju6o BCTpeTUTCA NepBhlii 3JeMEHT CJie-
aylouleit cepun, 1n60 6yneT NOCTHrHYT KoHew BXoaHoro daiina.
B peanbHOM anropHTMe COPTHPOBKH HY>KHO YTOYHHTD CJleayIiolHe onepauum:

(1) nmogknounts beryrkn w x gpainam g,
(2) crnTs MO 0aHOA cepuM M3 KAXROIrO NCTOYHMKA B Wj;
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(3) mepexniounts beryHxn r Ha gavins g;
(4) Bce ucrouynnxmn ncuepriars..

Bo-nepBaix, Hy’>KHO aKKYPaTHO ONnpeeaUTb TeKYLHe NOCeA0BaTe1bHOCTH-HCTOY-
HUKH. B yacTHOCTH, YMCNI0 axmuenbix HCTOYHHUKOB MOXKeT OniTh MeHblie N. OueBuaHO,
HCTOYHUKOB He MOXeT OnTb Gosiblue, YeM CepHif; COPTHPOBKA MpeKpallaeTcs, Kak
TOJIBKO OCTAHETCA eAHHCTBEHHasA NMocjeaoBaTeabHOCTb. [IpHu 3TOM OCTaeTCAs BO3MOXK-
HOCTb, YTO B HayaJle N0CJieIHero Mpoxoaa COpTHPOBKH YHcJo cepuii MeHblie N. [1oato-
MY BBeZeM NepeMeHHY 10, CKaxkeM k1, s 0603HaueHUs peabHOro YMCJ1a HCTOYHHKOB.
N Huunanusaunio nepeMeHHoM k1 BKJIIOYHM B ONepalUMIO ITepexnioynTs beryHkn ce-
aywowuM obpasoM:

IFL <NTHEN k1 := L ELSE k1 := N END;
FOR i := 0 TO k1-1 DO Runs.Set(r[i], gli]) END

EcrecTBeHHo, B onepauuu (2) HyXHO YMeHbLIHTb k1 NpH HCYepNaHUKU KaKoro-aH6o
HcrouHuka. Toraa npeaukar (4) jerko BuipasuThb B Bue cpaBHeHHus k1 = 0. OaHako
onepauHio (2) yToYHHTb TPYJAHee; OHa COCTOMT U3 MOBTOPHOro Bhi6opa HAaHMEHbILIEro
KJII0Ya CpeaH UMEIOLHXCA UCTOYHUKOB H 3aTeM ero MepechlJIKH Mo Ha3HaYeHHIo, TO
€eCTb B TEKYULYI0 MOC/eA0BaTebHOCTb-MPHEMHUK. 3Ta OMNepauMusA YCJI0XKHAETCA
HeoOX0AMMOCTbIO ONpeAeNIATh KOHel KaXxaoi cepun. KoHel cepun onpenensercs, Kor-
Aa (a) caeaytowMii Koy MeHbllle TeKyuero HiaH (b) AocrHrHyT KoHeu nocyienoBareb-
HOCTHU-HCTOYHMKA. B mocieaHeM ciyyae HCTOYHMK yaanseTcs yMeHblueHueM kl;
B [IEPBOM CJ1y4ae CepHA 3aKPhIBae€TCA UCKII0YeHHeM MOCJ1e10BaTe/IbHOCTH U3 AaNbHeH -
1Iero npoLecca BHbopa 3/1eMEHTOB, HO TOJAbKO 10 3aBepllieHHA GOPMHUPOBAHHA TeKY-
e cepuu-npueMHHKa. VI3 aroro BHAHO, YTO HY>KHa BTOpas nepeMeHHas, ckaxeM k2,
Ans 0603HaYeHUA YUCAa HCTOYHHKOB, peasibHO JOCTYIHBIX AJisi Bhibopa cleayiolero
3JleMeHTa. 3TO YMCJI0 CHaYaJ1a YCTaHABJIMBAeTCA PaBHLIM k1 M YMEHbIIAeTCA KaXAbii
pa3, Koraa cepus NpepuiBaeTcs Mo yCJ0OBHIO (a).

K coxaneHHio, HenoctaTtoyHo BBeCTH TOJIbKO k2. HaM HyXHO 3HaTb He TOJIbKO
KOJIHYECTBO €elle HCNOoJib3yeMhiX (aiijioB, HO M KaKHe UMeHHO 310 ¢aitnbl. OyeBMaAHOE
pellieHHe — BBECTH MaCCHUB H3 GYJIEBCKMX 3/IEMEHTOB, YTOOK OTMeYaThb Takue aiisinl.
OnHako Mb1 BaibepeM apyroii cioco6, KoTophiit npusener k 6oJee adpdekTuBHOI npo-
ueaype Boibopa, — Belb 3Ta YaCTh BO BCEM AITOPHTME NMOBTOPAETCA Yalle Bcero. BmMecro
6yneBcKkoro MaccHBa BBeAleM KOCBEHHYI0 HHAeKcalHIo ¢aitnioB ¢ moMolbio oTo6paxe-
HuA (Map) HHAEKCOB MOCPEACTBOM MaCCHBA, CKaxkeM t. OTobpaxkeHHe HCMOJIb3YeTCs
TaKUM 06pa3oM, 4TO tg ... ty2.) ABJIAIOTCA HHAEKCAMH AOCTYMHBIX MOC/I€10BaTe1bHOC-
teil. Tenepb onepauns (2) Moxer 6utb chopMyJIHpOBaHa cleayiownUM oOpa3oMm:

k2 := k1;
REPEAT
8bI6paTh MUHUMANBHBIA KNIOY,
nycTh t{m] - HOMep MOCNEe[OBATENbHOCTH, B KOTOPOKR OH HaUIeNCA,;
Runs.copy(r(tim]], wj]);
IF r[t[m]].eof THEN
MCKNIONNTb TTOCNeROBATENBHOCTD
ELSIF r[t[m]).eor THEN
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3aKpuiTH CEPNIO
END
UNTILk2 =0

ITockosbKY YKc/10 MOC/IenoBaTe/IbHOCTENH Ha MPaKTHKe A0BOJILHO Mao, VISl anro-
pHTMa Bbi6Opa, KOTOPHIHt TpebyeTcs yTOYHHTbL Ha CjeayIoLleM liare, MOXXHO npuMe-
HHUTb MPOCTOIt IHHeiHbIH noHck. OnepauHs MCKAOYNTS ITOCAE[0BATENLHOCTH IOAPaA-
3yMeBaeT yMeHblleHHe k1 1 k2, a onepaus 3akpsiTe cepyio — yMeHbllieHHe TOJIbKO K2,
npuyeM obe onepauuny BKJIIOYaIOT B ce0st COOTBETCTBY IOLHE NEPECTaHOBKH 3JIEMEHTOB
MaccuBa t. Jleranu noxasaHnl B cjieayiolleit poueaype, KOTOpas U siBJAeTCA pe3yJib-
TaTOM NocJieHero yrodyHeHus. I1pu atoM onepauus mepexniounts beryHkun 6bia pac-
KPhiTa B COOTBETCTBHH C paHee JaHHBIMH 0O bACHEHHAMMU:

PROCEDURE BalancedMerge (src: Files.File): Files.File; (* ADruS24_MergeSorts *)
(*cbanaHcMpoBaHHbIE CANAHKNAY)
VAR i, j, m, tx: INTEGER;
L, k1, k2, K1: INTEGER;
min, x: INTEGER;
t: ARRAY N OF INTEGER; (*oTobpaxeHwe nHAeKCOB*)
R: Runs.Rider; (*BxoAHble AaHHbIEY)
f, g: ARRAY N OF Files.File;
r, w: ARRAY N OF Runs.Rider;
BEGIN
Runs.Set(R, src);
FORi:=0TO N-1DO
gli] := Files.New("); Files.Set(wli], g[i], 0)
END;
(*pacnipeaennuTs HayanbHelie cepun u3 src mo pannam g[o] ... g[N-1]*)
j=0;,L:=0;
REPEAT
REPEAT Runs.copy(R, w(j]) UNTIL R.eor;
INC(L); INC(j);
IFj=NTHEN:=0END
UNTIL R.eof;
REPEAT
IFL <N THEN k1 := L ELSE k1 := N END;
K1 :=k1;
FOR i:=0TO k1-1 DO (*ycranosuTb 6€ryHKn-uCTOUHNKN*)
Runs.Set(r{i], alil)
END;
FORi:=0TO k1-1 DO (*ycTraHOBUTb BeryHKn-mpueMHuKn®*)
gli] := Files.New("); Files.Set(w{i], gli], 0)
END;

(*cante 13 r[0] ... r(k1-1] 8 W[0] ... w[K1-1]*)
FORi:=0TO k1-1 DO t[i] :=i END;

L:=0; (*yncnho cepmnit Ha BbIXOAE CANAHNAY)

j=0;

REPEAT (*cAute Mo 0AHOW CEPUUN M3 NCTOYHNKOB B W(j]*)
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INC(L); k2 :=k];
REPEAT (*BuibpaTh HAMMEHbWKNA KAION*)
m := 0; min := r[t[0]]).first; i := 1;
WHILE i < k2 DO
x := r(tfi]].first;
IF x < min THEN min := x; m ;= j END;
INC(i)
END;
Runs.copy(ritim]], w(j]);
IF r{t[m]].eof THEN (*UckniounTL MOCNCAOBATENBHOCTbY)
DEC(k1); DEC(k2);
t(m] := t(k2); t[k2] := t[k1]
ELSIF r[t[m]].eor THEN (*3akpbiTb cepunio*)
DEC(k2);
tx = tlm]; tim] := t[k2]; t[k2] := tx
END
UNTIL k2 = O;
INC());
IF j = K1 THEN j := 0 END
UNTILK1 =0
UNTILL=1;
RETURN g[0]
END BalancedMerge

2.4.4. MHorogazHas coprnpoBKka

Mui o6cyanau HeobxoaMbIe MPpHUEMb M TPHOOPENN AOCTATOYHO ONBITA, YTOOR HCCle-
AO0BaThb U 3aNpPOrpaMMHUPOBATD €llle OAHH AIFOPHTM COPTUPOBKH, KOTOPIii O NpoU3-
BOAHTENILHOCTH NMPeBOCXOAUT cOHanaHCMPOBaHHYIO COPTHPOBKY. Mul BUaenu, yto cba-
JIAHCHPOBaHHLI€ CAMAHMA YCTPAHAIOT ONepalMuH MPOCTOr0 KOMMPOBaHMA, KOTOpbie
HY>KHbI, KOr/ia ofiepauMH pacnpeaesieHus H causaHug obbeanHelnl B oaHoii dase. Boa-
HHMKaeT BONPOC: MOXHO JiH elle 3¢ dekTHBHei o6paborarb nocjaeaoBarenbHocTu. Oka-
3nIBaeTcs, MoXxHo. KiitouoM K oyepeqHOMY yCOBepllIeHCTBOBaHMIO ABJIAETCA OTKa3 OT
)KECTKOro MOHATHA NMPOXOAOB, TO ecTb 6osiee M3owpeHHas pab6oTa ¢ mocJienoBareb-
HOCTAMH, HeXeJIM UCNOoJIb30BaHHe NMPoXoa0B ¢ N HCTOYHMKAMHU U C TaKHM XK€ YHCJIOM
NPHEeMHUKOB, KOTOPhie B KOHLE KaXKA0ro nNpoxoaa MeHaoTca MectaMu. [Ipu atoM no-
HATHE MPOX0/1a pa3MbiBaeTCA. 3ToT MeToA 6bL1 H306peTeH I'nabctanoM [2.3) u Ha3wiBa-
€TCA MHOZOGa3HOU COPMUPOEKOU.

[IponnnocTpupyeM ee cHayana MpUMEPOM C TPeMA NOCJie0BaTeIbHOCTAMM. B Jiio-
60it MOMEHT BpEMEHH 3/IeMEeHThl CIHBAIOTCA M3 BYX HCTOYHMKOB B TPETbIO NMOCJEN0-
BaTeJIbHOCTb. Kak TO/IbKO MCuepnbiBaeTCA OlHa U3 MOCJ/IE0BATE/bHOCTEH-HCTOYHH-
KOB, OHa HeMeJIEHHO CTAaHOBHTCA NMPHEMHUKOM /ISl ONepalHii CIMAHUA JaHHBIX U3
elle He HCYEPTAaHHOIO UCTOYHUKA H NOCJ1e10BaTeIbHOCTH, KOTOPas TOJAbKO YTO Gbisa
NpHHUMalIOLLE.

Tak kak NpH HaNMYHH N cepuil B KAXAOM UCTOYHHKE MOJNYYaeTCs N cepuil B pHeM-
HHUKe, 10CTaTOYHO YKa3aTh TOJIbKO YHCJIO CepHit B KaxJaoil Moc/ienoBaTe/IbHOCTH (BMe-
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CTO TOro YyToOhl yKa3niBaTb KOHKpeTHuIe kKiatoun). Ha puc. 2.14 npeanonaraercs, 4to
cHayana ectb 13 u 8 cepuii B nocsenoparenbHocTax-ucrounnkax fO u f1 coorser-
crBelHo. [loaTromy Ha nepBoM npoxoae 8 cepuit canBaerca u3 fO u f1 B f2, Ha BTOpOM
npoxoae ocTaibHbie 5 cepuit caupaiorcs u3 f2 u fO B f1 u 1. 4. B KoHuUe KoHUOB, fO
CONEPXKHT OTCOPTHPOBAHHY 0 N10C/1€10BaTE/IbHOCTb.
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Puc. 2.14. MHorodasHans copTuposxa
C TPEeMA NOCNeNOBATENLHOCTAMK, COAEPXawmmMK 21 cepuio

Bropoit npruMep noka3niBaeT MHorogasHblit MeToa ¢ 6 nocaenoBaTeJbHOCTAMM.
[Iyctb BHayane umetorcs 16 cepuii B nocnegoBarenbHocTH f0, 15B8f1,14Bf2,12Bf3 1
8 B f4. B nepBom yacTHuHOM npoxoae 8 cepuii caupalotrcs Ha fS. B KoHue KoHLOB,
f1 conepXHUT OTCOPTHPOBaHHbIi HabOP 3j1eMeHTOB (CM. pHC. 2.15).
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Puc. 2.15. MHorogasHnan copruposka cnmaHuem 65 cepun
C ncnonb3osaHueM 6 NocnNenoBaTenbHOCTEN
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MHorodasHas coptupoBka 6osee adpexTHBHa, YyeM cObanaHcHpoBaHHas, TaK Kak
npu Hannyuu N nocyienoBaTeJibHOCTel OHa Bceraa peannsyer N-1-nyTeBoe CAUSAHUE
BMecTo N/2-nyrteBoro. [Tockoabky umuciao TpebyeMniX NMpPoOXoaoB NMPUMEPHO PaBHO
log n N, rae N — YKUCJI0 COPTHPYEMBIX 3JIEMEHTOB, a N — KOJIMYECTBO CJIMBAEMbIX CEPHI
B OIHO#1 oNepaliK CAUSHHUSA, TO Haes MHorog)a3Ho# COPTHPOBKH 06€1LaeT CyLIeCTBEH-

Hoe yJy4llleHHe Mo CPaBHEeHHI0 Co cHalaHCHPOBAHHOI.

Pa3zyMeeTcsi, B NpHUBEAEHHRIX MNMpHUMepaX Ha-
YyanbHoe pacrnpenesieHHe cepuii OblJIo TIIATEbHO
noaobpaHo. Utobnl NMOHATb, KaK CEpPUH HOJXKHbBI
6nITh pacnpeaesieHbl B Hayaie COPTUPOBKH 1A ee
npaBubHoro GyHKUHOHHUPOBaHHUs, 6yneM paccyx-
Aatb B 06paTHOM NopsaKe, HaYMHAsA C OKOHYaTeNb-
Horo pacnpeaeneius (MocJIeAHAA CTPOKa Ha
puc. 2.15). HenyneBnie uncna cepuii B Kaxaoit
CTPOKe PUCYHKa (2 M 5 Takux yuces Ha puc. 2.14 u
2.15 coOTBETCTBEHHO) 3aMnulleM B BHJAE CTPOKH
TabauLkl, pacnoJsiaras no y6niBaHHUIO (MOPAAOK YH-
ceJs1 B CTpoKe Tabiiubl He BaxeH). [lns puc. 2.14 u
2.15 noayyarcs Taba. 2.13 u 2.14 cooTBeTCTBEHHO.
KoanyecTBo CTpok TabanLbl COOTBETCTBYET YHUCITY
NPOXOA0B.

Tabnuua 2. 14. UneansHue pacnpenenexns cepun

8 NATKU NOCNeaoBaTenbHOCTAX

Tabnuua 2.13. peanbHuie

pacnpeneneHuna cepmin
B ABYX NOCNEeNn0BaTENbHOCTAX

L agll) a;(L) Sum a;(L)
0 1 0 1

1 1 1 2

2 2 1 3

3 3 2 5

4 5 3 8

5 8 5 13

6 13 8 21

asl) Sum a(L)

L ah)  a)  apl) az(L)
0 1 0 0 0

1 1 1 1 L

2 2 2 2 2

3 4 4 4 3

4 8 8 7 6

5 16 15 14 12

0

m&N_a_n

1

5

9
17
33
65

Ilns Taba. 2.13 nosyyaem caeayioue cooTHoleHus aas L > O:

ay(L+1) = ag(L)
ag(L+1) = ap(L) + ay(L)

BMecTe ¢ ag(0) = 1, a1(0) = 0. Onpenenss fi,; = ag(i), nonyyaem pasa i > 0:

f|..,] - f|+f|_|, f|-]. fo-o

ITO B TOYHOCTH PeKyppPeHTHoe onpeneieHHe vucer Qubonavuu:

f=0,1123,5,8,13, 21, 34,55, ..



116 Copmposka

Kaxaoe uncio @PuboHayun paBHO CyMMe ABYX CBOMX NpeallecTBeHHUKoB. Ciienosa-
TeJIbHO, HayaJIbHhi€ YHUCJ1a CepHit B IBYX MOCJ1€10BaTE€/IbHOCTAX-UCTOYHHKAX AOJKHbI
6nITh ABYMA NOCJen0BaTeAbHBIMHU YHcaaMu DuboHauyH, YTOO MHOrOda3Hasa copTH-
pPoBKa npaBHJIbHO paboTasia ¢ TPeMs Moc/ae0BaTeIbHOCTAMH.

A Kak Hacyet BToporo npumepa (Taba. 2.14) c wecTbio NOCAEAOBATENbHOCTAMH?
HetpyaHo BriBeCcTH onpeseasiolme NpaB1ia B CleayioLieM BHAE:

aL+1) = ag(l)

az(L+1) = ag(l) + ag(l) = ag(l) + ag(L-1)

ax(L+1) = ag(L) + az(L) = ap(l) + ag(L-1) + ag(L-2)

a)(L+1) = ag(l) + ay(L) = ag(l) + ag(L-1) + ag(L-2) + ag(L-3)

ag(L+1) = ag(l) + aj(L) = ap(l) + ag(L-1) + ag(L-2) + ag(L-3) + ap(L-4)

[Toacrapnss f; BMecTo ag(i), nosyyaeM

fim=fi+fiy+fio+fis+fiq anai>4
fo = 1
fi =0 anai<4

10 yucra Qubonavuu nopsdxa 4. B obuweM cnyyae yncjaa PuboHayun nopsaka p
onpeaesATCA TakK:

fiP) = fi(p) + iy (P) + ... + fip(p) Anai>p
fp(p) = ]
fp) =0 nna Osi<p

3aMeTHM, 4TO OOBIUHBIE YHcAa DubOoHAYYH MOAYYAIOTCA ANA P = 1.

BuaumM, uto naeanbHbie HauyalbHhle YHUCAA CEPHI A5t MHOoroda3Ho#i COPTHPOBKH €
N nocJieqoBaTeIbHOCTAMH CYTb CYMMAlI Jiloboro uncja — N-1, N-2, ... , 1 - nocJe-
nosatebHbIX ynucea OuboHayun nopsaaka N-2 (cM. taba. 2.15).

Tabnuua 2.15. Yucna cepui, ponyckaowme naeansHoe pacnpeneneHne

L\ N: 3 4 S 6 7 8

1 2 3 4 5 6 7

2 3 5 7 9 1 13

3 5 9 13 17 21 25

4 8 17 25 33 4] 49

5 13 31 49 65 81 97

6 21 57 94 129 161 193

7 34 105 181 253 321 385

8 55 193 349 497 636 769

9 89 355 673 977 1261 1531

10 144 653 1297 1921 2501 3049
11 233 1201 2500 3777 4961 6073

12 377 2209 4819 7425 9841 12097
13 610 4063 9289 14597 19521 24097
14 987 7473 17905 28697 38721 48001
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Kasanocb 6nl, Takoii MeToa MPUMEHHUM TOJIbKO KO BXOAHAIM AaHHbIM, B KOTOPhIX
yucso cepuit paBHo cyMMe N-1 Takux uncen @ubonauyu. [1oaTOMy BOSHMKaeT Bax-
HBIi{ BOMPOC: YTO XKe JeJaTh, KOrAa YUCJI0 CEPHH BHayasle He paBHO TaKOH HMea/IbHOH
cymMe? OTBer npoct (M TMNMYEH AIA NOAOOHMX cHUTyauwii): 6yaeM UMHTHPOBaTbH
CyLIeCTBOBaHHe BooOpaXkaeMbIX MYCThIX CepHiA, Tak 4TOORI CYMMa peasibHhIX H BooOpa-
aeMbiX cepuit Onis1a paBHa naeanbHoii cymMMe. Takue cepun 6yaeM Ha3niBaTh Qpuxmue-
nomu (dummy).

Ho 3atoro Ha caMoM aeJie HeAOCTAaTOYHO, TaK KaK HeMe/IeHHO BCTaeT ApYyroii, bosee
CJIOXHBIH BONPOC: KaK pacno3HaBaTh (PUKTHUBHLIE CepuH Bo BpeMs cauanua? Ilpexae
YyeM OTBeYaTb Ha Hero, HyXKXHO MCCJIEI0BaTh BO3HHKAIOWLYIO elle paHblle npobieMy
pacnpenejieHMsA HayalbHhIX CEPUI M pellUTb, KAKUM NMPaBHJIOM PYKOBOACTBOBATbCA
NpH pacnpenesieHUH peasibHblX U PUKTUBHLIX cepuii Ha N-1 JieHTax.

Yrobnl HaliTH Xopollee NMPaBWJIO pacnpeneseHHs, HY>)KHO 3HaTb, KaK BhINOJHATD
CIMSIHHE peaibHhIX U GUKTHUBHRIX cepuii. OueBHAHO, YTO BuIGOP GHUKTHBHOMH CEPHH U3
i-i MocJlen0BaTEe/IbHOCTH B TOYHOCTH O3HayaeT, YTO i-f M0CJIeA0BaTeJbHOCTb UrHO-
pUpYeTCA B JaHHOM CJIMAHMH, TaK YTO peyb HAET O CJIMAHUMN MeHee N-1 UCTOYHMKOB.
Cansanune GUKTUBHbIX cepHid 3 BceX N-1 HICTOYHHUKOB 03HAYa€eT OTCYTCTBHE PEAJIbHOM
onepauMH CAUSAHHUA, HO NPU 3TOM B MPUEMHHUK HYXKHO 3anucatb GPUKTUBHYIO CEPHIO.
OTciona Ml 3aKkJiio4yaeM, YTo GUKTHBHBIE CEPHH JOXKHRI ObITh pacnpenesieHbl o n-1
NOCJIEA0BaTENLHOCTAM KaK MOXHO paBHOMEpHee, TaK KaK XoTeJloch 6hl UMETb aKTHB-
Hble CJIMSAHUA C YYaCTHEM MaKCHManbHO 60/1b110r0 Y1C1a HCTOYHHKOB.

Ha munyty 3a6yaem npo ¢puKkTHBHBIE CEPHUH U pACCMOTPHM NpobsieMy pacnpenene-
HHA HEKOTOPOro HEM3BECTHOIO YKcJia cepuii no N-1 nocsieaoBaresbHOCTAM. SICHO, YTO
uncyaa Oubonayun nopsaaka N-2, ykaniBaioLHe XelaTeIbHOe YUCJI0 CEPHIt B KAXKIAOM
MCTOYHHKe, MOryT OnITb CreHepHpoBaHhl B MNpouecce pacnpeaejieiusa. Hanpumep,
npeanooxuM, uro N = 6, u, obpaiuascs K taba. 2.14, HauHeM ¢ pacnipeae/ieHUs CEpUii,
NOKa3aHHOIo B CTPoKe ¢ HHaekcoM L = 1 (1, 1, 1, 1, 1); ecsu ele OCTAIOTCA CEpUH,
nepexoauM Ko BTOPOMY paay (2, 2, 2, 2, 1); eC/IM MCTOYHHUK BCe ellle He UCYepliaH,
pacnpenesieHHe NPOAOJXKAETCA B COOTBETCTBHH C TpeTbel CTPOKoii (4, 4, 4, 3, 2)uT. A.
Hnaekc crpoxu 6yaeM Ha3niBaTh yposHem. OueBUAHO, YTO YeM GOblle YUCIIO CepHii,
TeM Bhillle ypoBeHb unces QuboHayuu, KOTOPhIil, KCTaTH FOBOPS, paBeH YHCAY NMPOXO-
I0B CJIMAHHUA WIH NepeKIoueH Ui MpUEMHHKA, KOTOphble HyXHOo OyaeT caesaartb B cop-
TupoBKe. Tenepb neppasi BepCUA aNrOPUTMa pacnpenesieHusa MoXeT 6uiTb chopMyJIu-
poBaHa caeayiowuM obpazom:

1. B xauecTBe uenu pacnpeneneHus (To eCTb XeJaeMbiX YHCeS CEPHIt) B3ATb YUCJIA
DuboHayum nopsiaka N-2, yposhs 1.

2. Pacnpenensrtb CepUH, CTPEMACH JOCTHYDb LEJIH.

3. Ecau ueab AOCTUrHYTa, BRIMHCJAHTD YHCAa DPHOOHAYYH ClleaYIOLIEr0 YPOBHS;
Pa3HOCTH MeXAYy HUMH U YKUCJIaMM Ha NpeablayLieM YPOBHE CTAaHOBATCA HOBOM
LieJ1blo pacnipenesieHus. BepHyTbcs Ha wiar 2. Eciim xke uesb He JOCTUTHYTa, XOTA
MCTOYHHUK MCYePIaH, MPoLecC pacnpeaesieHUs 3aBepLIAETCA.

[IpaBuno BuiyuciaeHns yncea PuboHayyn oyepeaHOro ypoBHA COAEPKHUTCSA B UX
onpeneneHuu. IloaToMy MOXKHO COCPeaOTOYHTh BHHMaHHe Ha luare 2, rae NpH 3a/laH-
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HOM UenH eule He pacnpeaesieHHbhle CEPHH AOJIKHB ObiTb pacnpenesieHbl Mo OAHOI
B N-1 nmocnenoBareabHocTei-npueMHUKOB. VIMEHHO 31ech BHOBb NOABAAIOTCA PUK-
THBHbIE CEpHH.

[IycTb mocsie noBuillleHUH YPOBHSA oYepe/lHas UeJb NpeacCTaBaeHa Pa3HOCTAMMU d;,
i = 0 ... N-2, rae d; o603HayaeT YHCI0 CepHil, KOTOPhIE NO/DKHAEI ObITh pacnpenesieHnl
B i-10 MOCJIEA0BATEJbHOCTD Ha OYepefHOM liare. 31ech MOXHO NMPeACTaBUTD cebe, UTo
Mbl cpa3y noMeuraeM d; PUKTUBHBIX CepUH B i-10 OC/eA0BaTeIbHOCTD U pacCCMaTPHUBa-
eM nocJjeayiollee pacnpenejeine Kak 3aMeHy PUKTUBHBIX CepHil peaNbHbIMH, NpPH
KaKZ0i1 3aMeHe BhiyuTasA eauHuuy u3 d;. Toraa d; 6yaer paBHO unCily PUKTHBHBIX Ce-
puii B i-i MOC/1€10BaTEJIbHOCTH Ha MOMEHT UCYEPIIaHUA UCTOYHHKA.

HenssecTHo, Kakoii anropuT™ AaeT oNTHMaNb-

HOe pacrnpezesieHHe, HO O4€Hb XOPOLLO 3apeKOMeH- g

aoBano cebsi TaKk Ha3niBaeMOe€ 20PUIOHMANBHOE 1

pacnpedeaenue (cM. [2.7], c. 297). ITo Ha3BaHHe 7 o 3| 4

MOJXKHO MOHATb, €CJIM NpeACTaBUTDb cebe, yto cepun 6 |----o----4----

C/I0XKeHEI B CTONKH, KaK NOKa3aHo Ha puc. 2.16 uia __E:-“_G_“ T8

N = 6, ypoBeHb 5 (cp. Taba. 2.14). UTob6nl kKak MOX- 9 | 10| 11| 12

Ho OniCTpee AOCTHYb PAaBHOMEPHOIO pacnpenesie- 4 “15“ “1;“ “1;“ “1‘6‘ 17

HUS OCTAaTOYHBIX (PMKTUBHBIX CEPUM, MOCAEAHHE 3 femmadecoadaaa-d [ e =

3aMeHAIOTCA peaibHbIMM NMOCJIONHO CJleBa Hanpa- 0 8| w2 )2 | 2]

BO, HauMHasA C BEPXHEro cJos, KaKk MOKa3aHO Ha oa | 24 | 25 | 26 | 27

puc. 2.16. 1 |o===q-===q===mq-===q----1
Tenepb MOXHO ONKUCATb COOTBETCTBYIOLIHA an- 8|2 |0n )=

FrOPUTM B Bije Npoueaypnl select, KoTopas Bhi3hl-
BaeTCs KaxKAhlit pa3, koraa 3aBeplieHo KONMUPOBa-
HHe cepud U BhIOMpaeTcs HOBbIi NPUEMHMK AN
ouyepeaHoii cepuu. ns obo3HaueHMs TeKyiueid
NpUHKUMaloLLei NOC/eA0BaTeIbHOCTH UCTIOJNb3YeTCA NepeMeHHas j. a; u d; 0603HavaloT
COOTBETCTBEHHO HAEANbHOE YUCJIO Cepuii M Ynci10 PUKTUBHBIX cepHii s i-i nocieno-
BaTeJIbHOCTH.

J, level: INTEGER;
a, d: ARRAY N OF INTEGER;

3TH NnepeMeHHble HHHUHAIHU3UPYIOTCA CAeAY IOLLUMH 3HAYEHUAMH:

a=1, di=1 A i=0..N-2
aN-1=0, dyy =0  (mpuHHMMalouas Nocjea0BaTe/IbHOCTD)
j=0, level = 0

Puc. 2.16. Nlopu3onTansHoOe
pacnpeneneHune cepun

3aMeTuM, uYTO mnpoueaypa Select noJikKHa BLIYMCIMTb CJAEAYIOLLYI0O CTPOYKY
Tab. 2.14, To ecTb 3HaYeHH ag(L) ... an-2(L), MpH YBeMYeHHH ypoBHA. O1HOBpEMEHHO
BhIYUCJAAETCA M ouepelHas Lesb, TO €CTb pa3HocTH d; = a;(L) - a;(L-1). IIpuBoanMuiii
aNrOpUTM MCNob3yeT TOT PaKT, YTO noayyaioumecs d; yObBaioT ¢ Bo3pacTaHHEM UH-
nekca (¢HUcxoasilas JecTHUa» Ha puc. 2.16). 3ameTnM, Yto nepexoa ¢ ypoBHsa 0 Ha
ypoBeHb 1 ABJsAETCA UCKJIIOYEHHUEM; NO3TOMY JAHHKII aJITOPUTM JOJIXKEeH CTapTOBaTh
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c yposHs 1. [Ilpouenypa select saxanuuBaercs yMeHblieHneM dj Ha 1; ata onepauus
COOTBETCTBYeET 3aMeHe PUKTHBHOI CepUH B j-ii NoC/IeA0BaTEIbHOCTH Ha PeaJlbHYIo.

PROCEDURE select; (*sbibop rpueMHuka*)
VAR i, 2: INTEGER;
BEGIN
IF d[j] < d[j+1] THEN
INC(j)
ELSE
IF d(j] = 0 THEN
INC(level);
z := a[0];
FORi:= 0TON-2 DO
dli) := z + afi+1] - a[i); ali] := z + afi+1]
END
END;
j=0
END:;
DEC(d(j))
END select

[Ipeanonaras HannyMe npoueaypbl A1 KONUPOBAHUA CEPUH U3 NOCJIE0BATEIBHO-
CTH-MCTOYHHKa Src ¢ 6eryHkoM R B nocJienoBareabHocTb fj ¢ 6eryHKoM rj, Mbl MOXeM
csenyiowuM obpa3zom copMyiMpoBaTh pazy HayanbHOro pacnpeaesieHus (npeanosa-
raeTcs, YTo HCTOYHHK COAEPXKHT XOTA O6nl 0HY CepHIO):

REPEAT select; copyrun
UNTIL R.eof

OnHaxo 3pech clieqyer oCTaHOBHUTbCA M BCIIOMHHTb O ABJIEHHH, UMEBLIEM MECTO
NpU pacnpenesieHUH cepuit B paHee 0oOCyxaaBlIeiiCsi COPTHPOBKE €CTECTBEHHBIMH
C/IMAHUAMH, a UMEHHO: 1BE CEPUH, NOCJIe10BaTeIbHO MONaAAIOLME B OAUH TPUEMHHK,
MOTYT <«CJIMITHYTbCA» B OZIHY, TaK YTO MNOACYET CEPHI1 NaCT HEBEPHAII pe3yJibTaT. ITHM
MOXHO npeHeb6peyb, eCIM A1TOPUTM COPTHUPOBKH TaKOB, YTO €ro MPaBUJILHOCTD He 3a-
BUCHT OT Yuca cepuii. Ho B MHOroga3Hoit coptupoBke Heo6X0AMMO TLIATENbHO OT-
CJIeXXUBaThb TOYHOE YUCJI0 cepuil B kaxaoM ¢aiine. CienoBaresbHo, 31eCb HeJlb3A
npeHebperarb ciay4yaiiHhIM <CaunaHueM» cepuit. IloaToMy HeBO3MOXHO HM36eXaTb
AOMOJIHUTEJILHOMO YCJIOXKHEHHUA aNropuTrMa pacnpeaeseHus. Tenepb Heob6xoanmo
yAepXKUBaTb KJIIOY MOCJIeIHErO 3/IeMEeHTa NocJieAHeii cepyuH B KaXKAOM Mocie0BaTeb-
HocTH. K cyacTbio, MMEHHO 3TO Je1aeT Hallla peaiu3alua npoueaypn Runs. as npu-
HUMAIOLMUX NOCJIea0BaTebHOCTel nosie 6eryHka r.first XpaHUT NocjieAHNIA 3anKcaH-
Hulit 3sieMeHT. [loaToMy ciaeayiolass MOMbITKA HAaMKCATh aIFOPUTM pacnpenesieHus
MOXeT OhITb TaKOM:

REPEAT select;
IF r(j].first <= R.first THEN npogonxars crapyio sepcuio END;
copyrun

UNTIL R.eof
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OueBuHas omnbKa 31eCh B TOM, YTO Mbl 3a6b11H, 4TO r[j].first nonyyaer saHauenme
TOJIbKO MOCJIe KONHpOoBaHUA NepBoit cepun. [IoaToMy KoppekTHoe pelneHne Tpebyer
CHayasia pacrnpeaeanTb Mo OfHOI cepuH B Kaxayio U3 N-1 NpHHHUMAIOIMX NOCaAeao-
BaTeJibHOCTe 6e3 obpaueHns K first. OcraBuinecs cepun pacnpeaenfioTcs cjeayio-
UM oOpa3oM:

WHILE ~R.eof DO
select;
IF rfj).first <= R.first THEN
copyrun;
IF R.eof THEN INC(d(j]) ELSE copyrun END
ELSE
copyrun
END
END

HakoHeu, MOXHO 3aHATBCA rJlaBHbIM 21rOpUTMOM MHOroda3Hoi copTHpoBkH. Ero
NPUMHUMNHANbHAA CTPYKTYpa noao6Ha oCHOBHO# YacTH nporpaMMal N-NyTeBOro caus-
HHUSA: BHELIHHIA LKKJI, B TeJle KOTOPOrO CJIMBAIOTCA CEPUH, NT0Ka He HCYePNaIOTCA UCTOY-
HUKH, BHYTPEHHHI LIMKJI, B TeJle KOTOPOro CJIMBAEeTCA M0 OHOH CepHUH U3 KaXKA0ro 1c-
TOYHMKA, a TaK)Ke CaMhblii BHYTPEeHHHI1 LKKJI, B TeJie KOTOPOro BulbHpaeTca HayanbHhli
KJII0Y M COOTBETCTBYIOLIHI 37IeMEHT NepechijlaeTCA B BuXoAHOI ¢aiia. [1aBHbIe oTin-
Yyus ot c6anaHCMPOBAHHOTO CJAMAHUA B CJleAYIOLIEM:

1. Tenepb Ha kaxaoM npoxoae BMecTo N NPUEMHHKOB €CTb TOJbKO OAUH.

2. BMmecTo nepexiiodeHuss N HCTOUHHMKOB U N NpHEMHHKOB NOCJIe KaXA0ro Npoxo-
Aa MPOUCXOAMT POTaUMUsA MocJjeaoBaTesabHocTeil. s 3toro ucnoJb3yercs
KOCBEHHas HHAEKCalHUA NocjaeA0BaTe/lbHOCTel NPHU NOCpeACTBE MacCHBa t.

3. Yucno nocnenoBatTesbHOCTEH-UCTOUYHUKOB MEHAETCA OT CEPHH K CEPUH; B Haya-
Jile KaX0i cepuM OHO onpeaensieTcA No cueryukaM (PUKTHBHRIX MOCJe]0Ba-
teabHocTel d;. Ecnn d; > 0 ans Bcex i, To uMUTHpYeM cansHre N-1 GUKTHBHRIX
nocJeaoBaTeJIbHOCTel B OHY NMPOCThIM YBeJIMYeHHEM cYeTyrKa dy-y AnA noc-
JleA0BaTeIbHOCTH-NPUEMHUKa. B npoTuBHOM ciiydae cjiMBaeTcCs MO OAHOIA ce-
PHH U3 BCeX HCTOYHUKOB C d; = 0, a A1 Bcex OCTaNbHBIX NOCJIeI0BAaTe/IbHOCTEMH
d; yMeHbll1aeTcs, NOKa3biBas, YTO YUCJI0 PUKTUBHBIX CepUii B HUX YMEHbLUIHU-
Jock. Uncao nocnenoBarebHOCTEH-UCTOYHUKOB, YYaCTBYIOIMX B CJAHUSAHMH,
0603HayuM Kak K.

4. HeBo3MOXHO onpeaesuTh oKOHYaHHe ¢a3bl MO OOHapYyXeHHIO KOHUA Moce-
A0BaTeNbHOCTH ¢ HoMepoM N-1, Tak Kak MOTyT NOHa06MTbCA AanbHeliLIne CNIU-
AHUA C yYacTHeM (PUKTUBHBIX CepHil U3 3TOro HCTOYHHUKA. BMecTo aToro Teope-
THYeCKH HeoOXoAMMoe YKC0 cepuit onpeaenserca no koagpduumueHtaM a;. ITn
Ko3¢duumneHTh 66IH BhlYKceHbl B (pa3e pacnpeneseHus; Tenepb OHU MOTYT
6nITb BoCCTaHOBJIEHb 0OpPaTHRIM BRIYHUCJIEHHEM.

Tenepb B COOTBETCTBMM C 3TUMH NpaBHJIAMH MOXXHO C(HOPMYJIMPOBATb OCHOBHYIO
yacTb MHOrogpasHoii COpPTUPOBKH, npeamnoJaras, 4ro Bce N-1 nocsieaoBaTe/IbHOCTH
C HaYaJbHRIMH CEPUAMM MOATOTOBJEHDI /ISl YTEHUS M YTO MACCHB OTOOpakeHUs UH-
AEKCOB MHMULMAIU3UPOBAH Kak t; = i.
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REPEAT (*cnute m3 t[0] ... t[N-2] 8 t[N-1]*)
2 := a[N-2]; d[N-1] := 0;
REPEAT (*cauTte OAHY cepnio*)
k :=0;
(*ompeAenuUTh YUCNO AKTUBHBIX NCTOYHUKOB™)
FORi:=0TO N-2 DO
IF d[i] > O THEN
DEC(Ii])
ELSE
ta[k] := t[i]; INC(k)
END
END;
IFk =0 THEN
INC(d[N-1))
ELSE
CAnTe O4HY peanshyio cepnio m3 t[0] ... tfk-1) 8 t{N-1]
END;
DEC(2)
UNTIL z = O;
Runs.Set(r[t[N-1]], ft[N-1]D);
BMITONHNTH POTALMIO TOCNE[OBATENLHOCTEHN 8 OTOOpaXeHuN t;
abiyncnnTs afil AnA chepyowiero yposHs;
DEC(level)
UNTIL level = 0
(*pe3ynsTar cOpTUpOBKM HaxoAuTca 8 f[t[0]]*)

PeanbHas onepaums CAHAHUA NMOYTH TaKas Xke, Kak B COpTUpoBKe N-nyTeBhIMH
CIMAHUAMM, eIUHCTBEHHOE OT/IMYHE B TOM, YTO CJierka YNPOLIAEeTCA aNITOPHTM UCKJIIO-
YeHUsA nocJeaoBaTeabHOCTH. PoTauus B orob6pakeHUH MHAEKCOB NMOC/eA0BaTe/IbHO-
cTeil U COOTBETCTBYIOLIHX CYeTYMKOB d; (2 TaKXKe NepeBuYHCAEeHHE 3; TPU Nepexosie Ha
ypoBeHb BHM3) He TpebyeT kakux-a1bo yxuupeHuit; 1eTanu MOXKHO HaiiTH B ciienyio-
et nporpaMMe, LeJIMKOM peanu3yiolleii anroput™ MHoroga3sHoit COpTMpOBKH:

PROCEDURE Polyphase (src: Files.File): Files.File; (* ADruS24_MergeSorts *)

(*mHorodgasHas copTuposka*)
VAR, j, mx, tn: INTEGER,;
k, dn, z, level: INTEGER,;
X, min: INTEGER;
a, d: ARRAY N OF INTEGER,;
t, ta: ARRAY N OF INTEGER; (*otrobpaxeHus uHACKCOB*)
R: Runs.Rider; (*ucxoaHble AaHHbIE*)
f: ARRAY N OF Files.File;
r: ARRAY N OF Runs.Rider;

PROCEDURE select; (*sbibop*)
VAR i, 2: INTEGER;
BEGIN
IF d[j] < d[j+1] THEN
INC())
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ELSE
IF d[j] = 0 THEN
INC(level);
z := a[0];
FORi:=0TO N-2 DO
dli] := z + a[i+1] - a[i); a[i) := z + a[i+1])
END
END;
j=0
END;
DEC(d[j])
END select;

PROCEDURE copyrun; (*u3 src 8 f[j]*)
BEGIN

REPEAT Runs.copy(R, r[j]) UNTIL R.eor
END copyrun,;

BEGIN
Runs.Set(R, src);
FORi:=0TO N-2 DO
afi] :=1;d[i] :=1;
f(i] := Files.New(""); Files.Set(r[i], fli], 0)
END;
(*pacripeaennTh HayanbHbIe cepun*)
level ;= 1; j := 0; a[N-1] := 0; d[N-1] := O;
REPEAT
select; copyrun
UNTIL R.eof OR (j = N-2);
WHILE ~R.eof DO

select; (*r[j].first = mocheaHnin anemeHT, 3arTucaHHbIN B f(j]*)

IF rfj].first <= R.first THEN
copyrun;
IF R.eof THEN INC(d[j]) ELSE copyrun END
ELSE
copyrun
END
END;

FORi:=0TO N-2 DO
t[i] := i; Runs.Set(r[i], f[i])

END;

t[N-1] := N-1;

REPEAT (*cautb u3 t[0] ... t[N-2] B t[N-1]*)
z := a[N-2]; d[N-1]) .= 0;

f(t[N-1]] := Files.New("); Files.Set(r[t[N-1]], f[t[N-1]], O)

REPEAT (*canutb oaHy cepuio*)
k:=0;
FORi:=0TO N-2 DO
IF d[i] > O THEN
DEC(d[i))
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ELSE
ta[k] := t[i); INC(k)
END
END;
IFk =0 THEN
INC(d[N-1))
ELSE (*chnTe oAHY peanbHylo cepuio u3 t[0] ... t[k-1] 8 t[N-1]*)
REPEAT
mx := 0; min := r[ta[0]]).first; i :=1;
WHILE i < k DO
x := r[ta[i]).first;
IF X < min THEN min ;= x; mx = | END;
INC(i)
END;
Runs.copy(r[ta[mx]], r[t[N-1]]);
IF r{ta[mx]]).eor THEN
ta[mx] := ta[k-1); DEC(k)
END
UNTILk =0
END;
DEC(2)
UNTIL z = 0;

Runs.Set(r[t[N-1]], f[tIN-1]]); (*poTauus mocneposaTensHOCTEN*)
tn := t[N-1]; dn := d[N-1]; z := a[N-2];
FOR i :=N-1TO 1 BY -1 DO
tli] := t[i-1]; d[i) := d[i-1]; a[i] := a[i-1] - 2z

END;
t[0] := tn; d[0] := dn; a[0] := 2;
DEC(level)

UNTIL level = 0 ;

RETURN f[t[0]]

END Polyphase

2.4.5. Pacnpegenexne HavanbHbIx cepuni

Heo6xoanMocTb HCNOJIb30BaTh CJI0XKHbIE POrPaMMbl NOCJIE0BaTe/1bHON COPTUPOBKH
BO3HUKaeT U3-3a TOro, Yto 6osiee npocThie MeToabl, paboTaloLHe C MaCCUBaMH, MOXKHO
NPUMEHATH TOJIbKO NPH HANMYMH AOCTAaTOYHO 60JbLIOr0 0ObeMa onepaTHBHOI MaMATH
A/ XPaHEHHA BCEro cCOpTupyeMoro Habopa aaHHbIX. YacTo onepaTHBHOI MaMATH He
XBaTaeT; BMECTO Hee HYXKHO MCMOJIb30BaTh AOCTaTOYHO BMECTHUTEJIbHhIE YCTPOiiCTBa
XpaHeHHUA AAHHLIX C MOCJe0BaTe/IbHAIM JOCTYOM, TaKHe KaK JIeHThl WK AUCKH. Mul
3HaeM, YTO pa3BUThIE Bhillle METOARI COPTUPOBKH NOCJeA0BaTeIbHOCTEH MPaKTUYECKH
He HyXJAIOTCA B ONepaTHBHOI NMaMATH, He CYUTasA, KOHeYHo, 6ydepos ans daiinos u,
pa3yMeercs, caMoii nporpaMMbl. OnHako aaxe B HeGOJNBIINX KOMMbIOTEpaX pa3Mep
onepaTHBHON NMaMATH, AONYCKalouleif MPOU3BOJIbHAIA AOCTYN, NOYTH Beceraa 6osb e,
YyeM HYXKHO 1A pa3paboTaHHBIX 3aech nporpaMM. He cyMeTb ee ucnoJib3oBaTh ONTH-
MaibHbIM 06pa3oM HENMPOCTHTEJbHO.
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PeuieHue COCTOUT B TOM, YTOObI CKOMOMHMPOBATH METOARI COPTHPOBKH MaCCHBOB H
nocJsieaoBarejabHoCcTel. B yacTHocTH, B ha3e HauanbHOMO pacnpeaesieHUsA cepuit MOX-
HO UCNOJIb30BaTh BAPMAHT COPTUPOBKH MacCHUBOB, YTOOLI CEpUH Cpa3y MMeJIH JUIHHY L,
COOTBETCTBYIOLLYIO pa3Mepy AOCTYNHOI onepaTHBHOM naMATH. [loHATHO, YTO B NOCJ1E-
AYIOLHX MPOX0Aax CJANAHMUA HeJib3sA MOBLICUTb 3PPEKTHBHOCTb C MOMOLIbIO COPTH-
POBOK MaCCHBOB, TaK KaK JJIMHA CepHii TOJbKO PacTeT, U OHHU B AajibHeilllleM OCTaIOTCA
6onble, YeM JOCTYNHasA oNepaTHBHasA NAMATh. Tak YTO MOXHO CNIOKOIHO OrpaHUYMThb-
CA YCOBEpLIeHCTBOBaHHEM a/INOPUTMa, MOPOXKAAIOLIEr0 HaYalbHble CEPHH.

EcrecTBenHo, Mhl Cpa3y orpaHMyMM Haw Bbi6op JsiorapupMHUYECKMMH MeToAaMH
cOpTHPOBKH MaccHBOB. CaMulif MOAXOASAWMIA 31€Ch MeTOol — TYPHUPHas COPTHPOBKa,
uau HeapSort (cM. pasaea 2.3.2). Ucnonb3yeMyio TaM NUpaMHAY MOXHO CYUTaTh
dHABLTPOM, CKBO3b KOTOPAIi JOMXKHKI MPOITH BCe aleMeHThl — oK GriCcTpee, Apyrue
MeaneHHee. HanMeHbwnii kiioy 6epercs HemocpeACTBEHHO C BEPLUMHAI MHPAMHLI,
a ero 3aMelleHHe ABAAETCA o4eHb 3PPexTHBHOI npoueaypoit. PuabTpauns 3jieMeHTa
M3 NOCJIe10BaTe1IbHOCTH-UCTOYHHUKA Src (6eryHok r0) ckBo3b BClo NUpaMHAY H B npu-
HUMaIOLLYIO NocJleoBaTebHOCTb (6eryHok rl1) aonyckaer cjeayioulee NpoCcToe onu-
CaHue:

Write(r1, H[0]); Read(rO, H[O)); sift(0, n-1)

IIpouenypa sift onucana B pasaene 2.3.2, ¢ ee noMollbio BHOBb BCTaBJICHHbIN 3J1€e-
MeHT Hp MpocenBaeTCA BHU3 Ha CBOE NMPaBUJIbHOE MeCTO. 3aMeTUM, 4To Hy ABasercs
HaUMEHbUINM 3JIeMeHTOM B nupamuae. [IpuMep nokasan Ha puc. 2.17. B urore npo-
rpaMMa CyLeCTBEHHO YCJIOXKHAETCA MO cJleAyI0IMM MPUYHHAM:

1. IMupamuaa H BHayane nycra M 10MXHa 6bITh 3aM0JIHEHa.

2. Banxe K KOHLLy MMpaMKAa 3aM0JIHEHa JIULIb YaCTUYHO, U B UTOI'E OHAa CTAHOBHUT-
CA MYCTOM.

3. HyxHo oTcjiexXHBaTh Hayano HOBRIX CepHii, YTOOR! B MpaBHJIbHbIII MOMEHT HU3-
MEeHUTb HHAEKC MPUHUMaloLLel N0C/IeA0BaTe/IbHOCTH j.

Ipexae yeM npoaoaxuTh, GopMaibHO O6BABUM NepeMeHHbIe, KOTOpble 3aBEJOMO
HYy>XHbl B ripoueaype:
VAR L, R, x: INTEGER;
src, dest: Files.File;

r, w: Files.Rider;
H: ARRAY M OF INTEGER; (*rtupammnpa*)

Koncranra M - paamep nupaMuanl H. KoncTanta mh Gyaer ucnonb3oBatbhCs Ans
o6o3HaueHus M/2; L u R cyTb MHAEKChI, OTPaHUYMBalolHe NUpaMuay. Toraa npouecc
¢puabTpaunu pasbuBaeTcs Ha NATH YacTei:

1. Ilpoyectb nepsnie mh KiloyeH U3 Src (r) U 3aNMCaTb UX B BEPXHIOIO MOJIOBUHY
NMUpaMHIkl, Iie YNIOPAA0YEHHOCTb Kloyeit He TpebyeTcs.

2. Tlpouects apyryio nopuuio mh kiioueit ¥ 3anucatb UX B HUXKHIOIO NMOJIOBUHY NH-
pPaMMabl, MPpOCEeUBast KaXAKIH U3 HUX B PaBHJIbHYIO MO3UUUIO (TIOCTPOUTD NMHUpa-

MHAY).
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qn H= 15 10

15 | 10 le— <« 3 | 27 }

18 20

10 15

5.

Puc. 2.17. NpocensaHve kmova CKkBO3b NMpaMUAay

YcraHoBuTb L paBHBIM M M NOBTOPATH C/ieAYIOWMIi ar AAA BCeX OCTalIbHAIX
3JleMEHTOB B Sr¢: mepeciaTtbh 3jieMeHT Hg B nocJjie10BaTes1bHOCTb-NPUEMHHK.
Ecnu ero ko4 MeHbllle HJIH PaBeH KJIOYY CJIeAYIOLIEr0 3/leMEHTa B UCXOAHOMH
nocJie10BaTe1IbHOCTH, TO 3TOT CJeAyIOIMUI 3JIeMEeHT NPHHALJIEXKUT TOH Xe ce-
PHM M MOXeT OnITb NpOCessH B HaJleXKallylo no3uuuio. B npotuBHoM cayyvae
HY>KHO YMEHbUIUTb pasMep NMUPaMHikl U TOMECTHUTb HOBRIH 3/IeMEHT BO BTOPYIO,
BePXHIOI0 MTUPaMHUAY, KOTOPas CTPOUTCA LA cnenyiowen cepun. Ipannuy Mex-
4y AByMS MUPaMUIAMH YKa3bliBaeT MHAEKC L, TaK YTO HUXKHAA (TeKyllas) nu-
paMu1a COCTOMT U3 31eMeHTOB Hg ... Hi ., a BepxHsas (caeayowasn) — u3 H ...
Hum-1- EcaiH L = 0, To Hy>KHO NepeK/I0YnTb NPHEMHHMK M CHOBa YCTAHOBUTD L paB-
HuIM M.

Koraa ncxoaHas nocsienoBaTeibHOCTb MCYEpNaHa, HYXKHO CHaYana yCTaHOBUTD
R paBHBIM M; 3aTeM «COPOCHTbY HUXKHIOIO YaCTb, YTOOR 3aKOHYHUTD TEKYLLYIO CE-
PHIO, U OHOBPEMEHHO CTPOMTb BEPXHIOIO YaCTb, MOCTeNeHHO mnepeMellas ee
B no3uuuu Hy ... Hp.).

[locaenHss cepusi reHepHPYETCA U3 3JIeMEeHTOB, OCTaBLIMXCA B MHPaMHJe.

Tenepb MOXHO B AeTaNAX BhINMHCATb BCe NMATb YacTeil B BUAeE MOJHO# NPOrpaMMal,
Bhi3biBalolLeil npoueaypy switch kaxaniii pa3, koraa obHapy»keH KoHell CepHH U Tpeby-
eTcs HeKoe AeiCTBHe A1 u3MEeHEeHUA MHAEKCa BhIXOAHOI nocie1oBaTe/bHOCTH. BMec-
TO 3TOrO B NPUBEIEHHOH HUXKe MpOrpaMMe UCTIO/Ib3YETCSA NMpoLeayPa-+<3aThiiKas, a BCe
CepUU HanpaBJIAIOTCA B NOCJ/IeI0BaTeIbHOCTD dest.
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Ecau renepb noneitaTbCsi 06beAUHUTD 3TY NPOrpaMMY, HanpuMep, ¢ MHOToga3HoiH
COPTHPOBKOIA, TO BO3HHKAET Cepbe3Has TPYAHOCTb: NPOrPaMMa COPTUPOBKH COIEPKHUT
B Ha4ya/bHOM YaCTH OBOJILHO CJIOXKHYIO NpoLeAyPYy NepeKlioYeHHA MeXay Nnocjeno-
BaTeJIbHOCTAMH M MCNOJIb3YET NMpoleAypPY COPYrun, KOTopas nepechijlaeT B TOYHOCTH
oaHy cepuio B Bui6paHH it npuemtuk. C apyroii ctopoHnl, nporpaMma HeapSort ciox-
Ha M MCNOJIb3YeT He3aBUCHUMYIO Nnpoueaypy select, Koropas npocTo BhlGUpaeT HOBbIi
npueMHHUK. [Ipo6neMal He 6n110 6bl, ecyin 6nl B oaHOM (MM 06e1X ) MporpaMMe Hy)KHas
npoleAypa Bui3biBalach TOJbKO B OAHOM MeCTe; HO OHa Bhi3blBaeTCA B HECKOJIbKHUX Me-
CTax B 06enx nporpamMMmax.

B Takux ciiy4asx — T0 eCTb NPU COBMECTHOM CYLLECTBOBaHHMH HECKOJIbKMX Mpollec-
COB — Jiyyllle BCEr0 HCNOJIb30BaTh conpozpamms. Hanbosiee TMNuHOI ABASETCA KOM-
6uHauMsA npouecca, NPOHU3BOAALLIETO NOTOK HHGPOPMaLUH, COCTOALMIA U3 OTAENbHBIX
nopuuii, U npouecca, noTpebisoWero 3ToT NOTOK. ITa CBA3b THMAa NPOM3BOAUTEb-
notpebutenb MoxeT ObITh BalpakeHa C MOMOLLbIO IBYX CONPOrpaMM; 0HO¥ U3 HMX MO-
KeT Aaxe ObiTh cCaMa riaBHas nporpaMMa. ConporpaMMy MOXHO pacCMaTpPMBaTh Kak
npouecc, KOTOphIit COAEPKUT OAHY uu 6osiee Touek npepuiBaius (breakpoint). Korna
BCTPEYaETCA TaKas TOYKa, ynpaBjieHHe BO3BpallaeTCA B NpoLeaypPY, Bh3BaBlIYyIO CO-
nporpammy. Koraa conporpamMma Bbi3bIBaeTCsi CHOBa, BhINIOJIHEHHE MPOAOJKAETCA C TOM
TOYKH, I'le OHO 6biJ10 MpepBaHo. B HalleM npuMepe Mbl MOXeM pacCMaTPHMBaTh MHOIO-
¢a3Hyio COpTHPOBKY KaK OCHOBHYIO NMpOTpaMMy, BLI3bBAIOLIYI0 COpYrun, KoTopas
o¢opMieHa KakK conporpaMMa. OHa COCTOMT M3 IJIaBHOTO TeJs1a NPUBOANUMOI HUXe Nnpo-
rpaMMal, B KOTOPOH KaXxanlif BhI30B Mpoleayphl switch Tenepb A0/1)KeH CYUTATLCA TOY-
Kol npepniBaiusa. Toraa nposepky KoHua ¢aiisia Hy>KHO BCIOAY 3aMeHHTb NPOBePKoii
TOrO, JOCTHIJIa JIU CONPOrpaMMa CBOEro KOH1Ua.

PROCEDURE Distribute (src: Files.File): Files.File; (* ADruS24_MergeSorts *)
CONSTM =16; mh =M DIV 2; (*pa3mep mupamuabn*)
VAR L, R: INTEGER;
X: INTEGER;
dest: Files.File;
r, w: Files.Rider;
H: ARRAY M OF INTEGER; (*rrupamupa*)

PROCEDURE sift (L, R: INTEGER); (*rpoceutb*)
VAR i, j, x: INTEGER;
BEGIN
i:=L;j:=2*L+1; x := H[i];
IF j < R) & (H(j] > H(j+1]) THEN INC(j) END;
WHILE (j <= R) & (x > H[j]) DO
H(i] = H(); i :=j; j = 2%j+1;
IF § < R) & (H(jl > H[j+1]) THEN INC(j) END
END;
H[i] := x
END sift;

BEGIN
Files.Set(r, src, 0);
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dest := Files.New(""); Files.Set(w, dest, 0);
(*war 1: 3armMoNHUTL BEPXHIOIO TTONOBUHY TTHPaAMUALI*)
L:=M;
REPEAT DEC(L); Files.Readint(r, H[L]) UNTIL L = mh;
(*war 2: 3anoNHUTbL HUXKXHIOIO TTIONOBUHY TTMPAMUALI®)
REPEAT DEC(L); Files.ReadInt(r, H[L)); sift(L, M-1) UNTILL = O;
(*war 3: mMponycTUTb 3NeMeHThi CKBO3b TTMPaAMUAY™)
L:=M;
Files.Readint(r, x);
WHILE ~r.eof DO
Files.Writeint(w, H[O]);
IF H[0] <= x THEN
(*x ipuHaanexur Toin xe cepun*) H[O] := x; sift(0, L-1)
ELSE (*HavaTh HOBYIO CEpurIO*)
DEC(L); H[O] := H[L]; sift(0, L-1); H[L] := x;
IF L < mh THEN sift(L, M-1) END;
IF L=0 THEN (*nupamuaa rmonHa; HayaTth HOBYI0 cepmio*) L ;== M END
END;
Files.Readint(r, x)
END;
(*war 4: cOpoc HMKHEN TTONOBUHB TTMPAMKUALI*)
R:=M;
REPEAT
DEC(L); Files.WriteIlnt(w, H[O]);
HIO] := H[L); sift(0, L-1); DEC(R); HIL] := H[R];
IF L < mh THEN sift(L, R-1) END
UNTILL = O;
(*war 5: cbpoc sBepxHeH TTONOBUHB TTMPAMKUALI, HA4YATh HOBYIO CepuIo*)
WHILER > 0 DO
Files.Writeilnt(w, H[0]); H[O] := H[R]; DEC(R); sift(0, R)
END;
RETURN dest
END Distribute

Ananus u ew600dvi. Kakoii npon3soanTebHOCTH MOXKHO 0XKHAATb OT MHOro(a3Hoii
COPTHPOBKH, €CJIM pacnpeesieHHe HayanbHbIX CEPHil BRITIOJIHAETCSA C MOMOLLbIO ANT0-
puT™Ma HeapSort? O6cyauM cHayasla, KaKoro yJyylleHUs MOXKHO 0XXHAATh OT BBejJe-
HHUA MHPaMH/AbI.

B nocnenoBaTesIbHOCTH CO CAy4aiiHO pacnpeae/IeHHhIMH KJIIoYaMH CPeHsAsA JIHHA
cepuit paBHa 2. YeMy paBHa 3Ta AJIMHa NOCJIE TOTO, KaK NOCJIeA0BAaTeIbHOCTb NPodHb-
TPOBaHa Yepe3 nupaMuay pa3Mepa m? VM HTyuuus noackasniBaeT OTBET M, HO, K cyac-
Tbi0, pe3y/IbTaT BEPOATHOCTHOrO aHA/IM3a ropasio ay4lle, a uMeHHo 2m (cM. [2.7], pa3-
aen 5.4.1). [loaroMy oxxnaaercs ynyduieHne Ha ¢paktop m.

[1pousBoauTensHocTb MHOro)a3Hoii COPTUPOBKM MOXKHO OUEHHTb M3 Tabn. 2.15,
rae yKa3aHo MaKCMMaJlbHOE YHCJIO HaYyabHhIX CEPHIi, KOTOphle MOXHO OTCOPTHPOBATh
3a 3aZlaHHOE YHCJIO YaCTHYHBIX MPOX0A0B (YPOBHeH ) C 3alaHHBLIM YHCJIOM NOCJIe10Ba-
TesbHocTell N. HanpiMep, ¢ L1ecTbio nocieaoBaTeIbHOCTAMH U MMPaMHAO pa3Mepa
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m = 100 ¢aiin, conepxawmii ao 165°680’100 HauanbHbIX cepHii, MOXKeT 6bITb OTCOPTH-
poBaH 3a 10 YaCcTHYHBIX NTPOX0A0B. ITO 3aMeyaTe/ibHas MPOU3BOANUTENbHOCTb.
PaccmaTtpuBas kom6rHauuio coptupoBok Polyphase u HeapSort, Henb3s He yauB-
JIATBLCA CNOXKHOCTH 3TOi nporpaMMbl. Beab oHa pelnaeT Ty ke Jierko GopMyJMpyeMyIio
3ajlayy NepecTaHOBKH 3JIeMEHTOB, KOTOPYIO pelllaeT 1 J11000ii U3 NPOCTHIX AIFTOPUTMOB
COPTUPOBKH MaCCHBA.
Mopanb Bceit rnaBnl MOXHO cHOpPMYJIMPOBATH TaK:

1.

2.

CymecTByeT TecHeiilas CBA3b MeXAay aiITOPHTMOM M CTYKTYpoii obpabaTniBae-
MhIX JaHHBIX, H 3Ta CTPYKTYPA BJIHAET Ha a/ITOPUTM,

Yaaercs HaxoaWTbh H30LIPEHHBIE CNOCOOR! 1A NOBhIIIEHHUA NTPOU3BOAHTEbHO-
CTH MPOTPaMMhl, ZaXke eC/IM 1aHHble TPUXOAHUTCA OPraHU30BLIBATh B CTPYKTYPY,
KOTOpas IJIOXO MOAXOAMT AJIA PellleHHs 3aAaun (NMoc/ie0BaTe/IbHOCTb BMECTO
MaCCHBa).

YnpaxHeHus

2.1.

2.2.

2.3.

24.
2.5.

2.6.

Kakue 13 paccMOTpeHHhIX aJITOPUTMOB ABJIAIOTCA YCTOHYHBBIMU METOAAMH COP-
TUPOBKH?

Byaer siv alropuT™ A5 ABOMYHBIX BCTaBOK paboTaTh KOPPEKTHO, €CJIH B onepa-
Tope WHILE ycsioBue L < R 3aMeHuTb Ha L € R? OcTtaHeTcs JiH OH KOPPEKTHBIM,
ecav oneparop L := m+1 ynpocTutb o L := m? Ecau Her, To HaiiTh Habop 3Haye-
HHHi ag ... ap-), Ha KOTOPOM H3MeHeHHas NporpaMMa cpaboTaeT HenpaBUJIBHO.
3anporpaMMHpYiiTe H U3MepbTe BpeMA BhINOJIHEHHMA Ha BallleM KOMMbIOTEpe Tpex
NPOCTHIX METOAOB COPTUPOBKH M Haitaute Ko3pPHUuUHeHThl, Ha KOTOPhie HYXKHO
YMHOXaTb ¢paxTophl C 1 M, 4TOGRI NOy4aaMCh peaibHhle OLleHKH BpeMeHH.

Y KaxxuTe MHHBApUAHThI UMKJIOB JUIA TPEX NMPOCThIX A/ITOPUTMOB COPTUPOBKH.
PaccMoTpHTe crienyiolyio <04eBHAHYIO» BepCcHIo npoueaypnl Partition u Haii-
auTte Habop 3HayeHwmit ag ... a,-), Ha KOTOPOM 3Ta BepcUs He cpaboTaer:

i:=0;j:=n-1; x:=a[n DIV 2],
REPEAT
WHILE afi] < x DO i :=i+) END;
WHILE x < afj] DO j := j-1 END;
w := ali); a[i] := alj); a[j] :=w
UNTILi > j

HanuummnTte npoueaypy, kotopas caenyownM odpa3zoM KOMOHHUPYET anroput-
Mbl QuickSort u BubbleSort: cHayana QuickSort ucnosb3yerca AJs NOJAyYeHUsA
(HeOTCOpTHPOBaHHKIX) CErMEHTOB VIMHR M (1 < M < n); 3aTeM 1A 3aBeplie-
HHUA COPTHPOBKH Mcnosab3yetrca BubbleSort. 3amerun, uto BubbleSort Moxer
NPOXOAUTb Cpa3y MO BCEMY MAaCCHBY M3 N 3JIeMEHTOB, Y4eM MUHHUMM3HPYIOTCA
opraHu3alHOHHbie pacxoanl. HaianTe 3HayeHe m, NpU KOTOPOM MOJIHOE BPEMA
COPTHPOBKH MMHUMHU3HUPYETCA.

3ameuanue. SIcHo, YTO ONTHMANbHOE 3HaYeHHe M 6yaeT aoBosbHO Mano. [Toato-
My MOXeT ObTb BHIOAHO B anropuTMe BubbleSort caenarb B TouHocTH m-1 npo-
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2.7.

2.8.

29.

2.10.

2.11.

2.12.

XO0Z10B 10 MaccHBY 6€3 MCno/Ib30BaHHA NMOCEAHEro NpoXxoaa, B KOTOPOM Npose-
psaeTcs, 4to oOMeHbt 60/IbLIE He HYXKHBI.

BbiNONHUTD 3KCIEPUMEHT U3 YNpaXKkHeHHs 2.6, HCNOIb3ys COPTUPOBKY NPOCThIM
BuibopoM BMecTO BubbleSort. EcTtecTBeHHO, cOpTHPOBKa BaIOOpPOM HE MOXKET pa-
6oTaTh cpa3y CO BceM MacCHBOM, NNO3TOMY 34ech paboTa ¢ HHAeKcaMHu noTpebyeT
6onblue ycunmit.

Hanuunre peKypcMBHRIA anroput™ GnicTPoit COPTHPOBKH TaK, 4TOOKI COPTH-
poBKa 60/1iee KOPOTKOro CerMeHTa NMpOM3BOAMAACH 0 COPTHPOBKH AJIMHHONO.
[TepByio 3 ABYX noa3anay peliaiTe C MOMOLIbIO MTEPAUUH, A/ BTOPOH UCNOJb-
3yiiTe pekypcuBHbiit Bui30B. ([1oaToMy Balla npoueaypa cOpTHpoBKH b6yaeT co-
AepKaTb TONIbKO OAMH PeKYPCHBHbIH Bhi30B BMECTO ABYX.)

Haliaute nepecraHoBKy Kjioyeii 1, 2, ... , n, A1s Kotopoi anroput™ QuickSort
AEeMOHCTpUpPYeT Hauxyauwee (Hawaydviee) nopeaeHue (n =5, 6, 8).

[TocTpoiiTe nporpaMMy €CTECTBEHHbIX CIMAHUMH, KOTOpad noaobHO npoueaype
NpOCThIX CJAUAHHII paboTaeT C MacCMBOM ABOHHOM A/JIMHEI C OOOMX KOHLOB
BHYTPb; CPaBHHTE ee MTPOU3BOAMTEJILHOCTDb C NpoUeAypo#i B TEKCTe.

3aMeTuM, YTO B (ABYXNYTEBOM ) €CTECTBEHHOM CJMAHHH, BMECTO TOrO YTOObI BCE-
rAa cjaeno BHIOMPaTh HAUMEHbIIHH U3 JOCTYMHBIX A/ MPOCMOTPA KJloYeid, Mbi
noctynaeM Nno-ApyroMy: Koraa oOHapyXHBaeTcs KOHel OHOI U3 ABYX cepui,
XBOCT APYroit NpoCcTO KONMMPYETCA B IPHHHUMAIOLLYIO NocjeoBaTebHOCTb. Ha-
npuMep, CJIMAHKeE NOCJIe10BaTeIbHOCTEH

2, 4, 5,1, 2,..
3,6, 89, 7,..
naer

2, 3, 45,6, 8,91, 2, ..
BMECTO NOCJIEA0BATE/IbBHOCTH
2, 3,45, 1,268, 09, ..

KOTOpas KaXeTcs ynopsaaodeHHoil aydwe. B yueM npuunHa Buibopa Takoii cTpa-
TerHu?

Tax HasbiBaeMoe KacKajHoe ciusaHue (cM. [2.1]) u [2.7), pasnen 5.4.3) — aTo Me-
TOA COPTHPOBKH, NOX0XHUiI1 Ha MHorogasHyio copTHpoBKy. B HeM ucnonbsyercs
apyrasa cxema causaHuit. HanpuMep, ecin faHbl wecTb nocjieaoBaTe/ibHOCTEH
T1...T6, To KackaaHoe CIMsiHKE, TOXKe HAUMHAACh C HEKOTOPOIo HaealbHOro pac-
npeaeneHus cepuii Ha Tl ... TS, BhINOJIHAET S-nyTeBoe cuaHue U3 T1 ... TS Ha
T6, noka He OyaeTr ucyepnana TS5, 3aTeM (He Tporas T6), 4-nyTeBoe C/IMsHHE Ha
TS, 3aTteM 3-nyTeBoe Ha T4, 2-nyTeBoe — Ha T3, H, HaKOHel, KonupoBahue u3 T1
Ha T2. Caenyiowmii npoxoa pabotaetT aHa10rM4HO, HAYHHAA C S-NYTEBOro CJAUA-
Hus Ha T1, U T. A. XOTA KaXeTCs, YTO TaKasa cxeMa Oyaer xyxe MHorodasHo#
COPTHPOBKH M3-32 TOTO, YTO B Heil HEKOTOPhI€ M0CJIe0BaTeIbHOCTH HHOTAa Ge3-
NEHUCTBYIOT, a TaK)Ke U3-32 UCNOJIb30BaHUA OlNepauni NMPOCTOr0 KOMHUPOBAHUA,
OHa yAMBHUTENbHBIM O0pPa3oM NpPeBOCXOAHT MHOrogasHyio COPTHPOBKY AisA
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(oueHb) 6ob1IMX DaiiNoB U B ciyyae LiecTH u 6onee nocsienoBatenbHocTeil. Ha-
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3.1. BeegeHue

OO6beKT Ha3bIBaeTC PeKYPCHBHBIM, €CJIM €r0 YacTH ONpeaeeHbl Yepe3 HEro caMoro.
PexypcHs BcTpeyaeTcs He TOJIbKO B MaTeMaTHKeE, HO M B 00bIYHOI XH3HH. KTo He Buaen
peKJIaMHOM KapTUHKH, KOTOpas COAePXHT caMy ceba?

Puc. 3.1. PexypcureHoe naobpaxeHve

PexkypcHsa ocobeHHO XOpollo ABJAET CBOIO MOLLb B MATEMAaTHYECKHX OnpeaesieHH-
AX. 3HaKOMble NPUMEPbl — HaTypajibHble YUCJIA, APEBECHRIE CTPYKTYPhl H HEKOTOPhIe
byHKUHH:

1. HarypanbHbie yncna:
(a) 0 aBnsieTcA HaTyPaibHBIM YHUCJIOM.
(b) Umucno, cneayiolliee 3a HaTypaiibHbIM, ABJIAETCA HaTypaJibHAIM.

2. JlpeBecHble CTPYKTYPHI:
(a) O apasercs nepeBoM (M Ha3hIBAETCA «IIYCThIM AE€PEBOM>» ).
(b) Ecau t; u t; — aepeBbs, TO KOHCTPYKIHA, COCTOALIAA H3 y3/1a C ABYMA MO-
TOMKaMH t) U t, TOXKe ABJIAETCA AePeBOM (ABOMYHBIM MM GUHAPHBIM).

3. QaxropuanbHaa pyHkuus f(n):
f(0) = 1
fn)=nxf(n-1) p1a n>0

OueBuaHO, MOLLb PEKYPCHH 3aKJIIOYAETCA B BO3MOXKHOCTH onpeaeantb 6eckoHey-
HOe MHOXXeCTBO 00BEKTOB € MOMOLIbI0 KOHEYHOro yTBepxaeHHus. [lono6HRIM Xe obpa-
30M GeCKOHeYHoe YMCJIO pacyeToB MOXeT ObiTb ONMHCAHO KOHEYHOI peKypCHBHOIA
NporpaMMoit, Aaxe ecjM MporpaMMa He COAEPXKHUT ABHbIX UMKIOB. OnHAKO peKyp-
CHBHbIE ITOPUTMb YMECTHBI NIPeJXAe BCEro TOrAA, Koraa pellaeMas npobsema, BoyHC-
nsemaa QyHKUMa MAK obpabaThiBaeMas CTPYKTYpa AaHHBIX 33jlaHhl PeKyPCHBHBIM
obpasoM. B obuieM cayyae pekypcuBHaa nporpaMma P MoxeT ObITb BhlpaXKeHa Kak
KoMno3Huus P nocneaoBaTe/ibHOCTH MHCTPYKUMH S (He coaepxkatueili P) u caMoii P:

P = P[S, P]
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HeobxoanMoe H A0CTaToOYHOE CPEACTBO MIA peKypCHBHOM (POPMYJMPOBKH mpo-
rpaMM — Mpoueaypa, Tak KaK OHa Mo3BoJiseT AaTb Habopy MHCTPYKUMIT M5, C MOMO-
b0 KOTOPOrO 3TH HHCTPYKUHH MOTyT ObiThb Bui3BaHbl. Ecsiu npoueaypa P conepxuT
ABHYIO CChLIKY Ha caMy cebs, TO FOBOPST, YTO OHA R6HO PEXYPCUBHA; €CNH P CONEPKHT
CCBUIKY Ha ApYTYI0 npoueaypy Q, koTopas conepXut (MpAMYI0 HJIM KOCBEHHYIO) CChL1-
Ky Ha P, TO roBOpAT, 4TO P xocsenno pexypcuena. llocneaHee o3Hayaert, YTo HAIMYHeE
PeKypcuM MoXeT ObITb He 04€BUAHO U3 TEKCTA NMPOrPaMMBL.

C npoueaypoii 06b14HO acCOUMMpYeETCS HAbOp JI0KaNbHBIX NepeMEeHHBIX, KOHCTAHT,
THNOB U NpouUeaypP, KOTOPhie onpeaesieHnl Kak JoKaJbHble B JaHHOM npoueaype U He
CYLIECTBYIOT M HEe UMeIOT cMbica BHe ee. [Ipu Kaxxaoi peKypCHBHOM aKTHBaUUH NpoO-
ueAyphl CO3AAETCA HOBbIii HAOOP JIOKAbHBIX NMepeMeHHbIX. XOTA Y HUX Te XKe UMEHa,
4YTO M Yy MepeMEHHbIX B MpeablAylieil akTUBAaUHH NMPoUeaAYPhl, UX 3HAYEeHUS APYrHe,
1 11062 BO3MOXXHOCTb KOH(QJIMKTa YCTPaHAETCA NpaBHJIaMH BUAMMOCTH HiaeHTHHKa-
TOpOB: HAeHTH(HKATOPhl BCErAa CChLIAIOTCA HAa HAabOp nepeMeHHhIX, CO3/1aHHbI no-
cneahuM. Takoe ke npaBuJIO AeCTBYeET Ui NapaMeTPOB NpoleAypbl, KOTOpbIie 1o on-
peaesieHHI0 CBA3aHhl C HEM.

Kak u B cj1yyae onepaTopoB UMKJIa, peKyPCHBHbIE POLEeAYPbl OTKPbIBAIOT BO3MOX-
HocTb 6ecKoHeYHbIX BuuKucaeHuii. CienosatesnbHo, He06X0AWMO pacCMaTPUBATh NPO-
6aeMy octaHoBKH. OueBnaHoe ¢pyHAaMeHTaNbHOEe TpeOoBaHHE COCTOUT B TOM, YTOORI
PEKYPCHUBHBIE BhI30BhI NpouUeayPhl P UMeH MECTO JIHLIb NPH BhINOJHEHUH YCJIOBHA B,
KOTOpO€ B KaKOi-T0O MOMEHT nepecTaeT BalNoJHATLCA. [I0aTOMy cXxeMa peKypCHBHBIX
a/ITOPUTMOB TOYHEE BhIPAXAETCA OAHOM H3 ciaeayiomx GopmM:

P = IF B THEN P[S, P] END
P = P[S, IF B THEN P END]

OCHOBHOI1 METOJ1 10Ka3aTe/IbCTBa OCTAHOBKH MOBTOPSA IOLLNXCS NIPOLECCOB COCTOHT
M3 CJIeAYIOLMX LIArOB:

1) onpenensercs uenouncieHnas ¢pynkuus f(x) (rae x — Habop nepeMeHHbX) —
Takad, 4yTo U3 f(x) < 0 cneayer ycinosue octaHOBKH ((pHrypHpyioliee B oneparo-
pe while wau repeat);

2) noka3biBaeTcs, 4YTo f(X) yMeHblI1aeTCs Ha Ka)KA0M liare Mpouecca.

AHaOrHYHO A0KA3LIBAIOT MPEKPalIEHHE PEKYPCHH: 10CTAaTOYHO MOKa3aTh, YTO KaXK-
nas akTUBaUUA P yMeHbLIaeT HEKOTOPYIO LeloYucaeHHY 10 pyHKuHIo f(x) u uyTo f(x) < O
Bi1eyeT ~B. OcobeHHO sicHbiii cocob rapaHTHPOBaTb OCTAHOBKY COCTOHT B TOM, YTOOM
aCcCOUMHUPOBAThb NepejaBaeMhlii N0 3HaYeHHI0 MapaMeTp (Ha30BEM ero n) ¢ npoueaypoi
P, H peKypCHBHO Bhi3niBaTh P ¢ n-1 B KauecTBe 3HaYeHHUs ITOro NMNapaMetpa. Toraa, noa-
CTaBJifig n > 0 BMeCTO B, nosiyyaeM rapaHTHIO NpeKpalleHUs. 3TO MOXKHO BhIPasUTh
CJIeAYIOIHMH CXeMaMHU:

P(n) = IF n > 0 THEN P[S, P(n-1)] END
P(n) = P[S, IF n > 0 THEN P(n-1) END]

B npakTHYeCKHX NPHIOKEHUAX HYXKHO 0Ka3biBaTh He TOJIbKO KOHEYHOCTb I1y6u-
Hbl pEKYPCHH, HO H 4TO 3Ta ryOHHa nocrarouHo Masna. [IpuYnHa B TOM, YTO NMPH Kax-
A0¥ peKypCHBHOI aKTMBaUWH Npoueayphl P UCNIONb3YeTCss HeKOTOPphIit 0bbeM onepa-
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THBHO# MaMATH A5 pasMeLEHHs ee JIOKAIbHhIX nepeMeHHuIX. KpoMe Toro, Hy>HO 3a-
MOMHHTb TeKYLIee COCTOAHHE BhIYHCIUTENBHOIO NMpoLecca, YToObl nocsie OKOHYaHUA
HOBOIf akTUBauUMK P Mor/ia 6uiTh Bo306HOBIEHa npeabiaywas. Ml yxe BcTpeyanH Ta-
Kyl0 CUTYauHio B npoueaype QuickSort B rnase 2. TaM 6n10 0OOHapyXeHo, YTO NpH
HaHBHOM MOCTPOEHHUH NPOrpaMMhl 3 ONepaluH, KOTOpas pa3buBaeT n 3JleMEHTOB Ha
ABE YaCTH, H ABYX PEKYPCHBHhIX BhI30BOB COPTHPOBKH UIA AABYX 4acTeii riy6uHa pe-
KYPCHH MOXeET B XyAllleM cayyae NpuOAnxKaTbCsa K n. BHHMaTeabHbIit aHanK3 no3Bo-
JIUJ1 OTPaHUYMUTD IIyOHHY BenunHoil nopaaka log(n). Paznuua mexay n u log(n) noc-
TaTOYHO CYyWECTBEHHA, YTOORI IPEBPaTUTh CHTYaLUHIO, B KOTOPO# peKypcHs B BuiCLIeit
CTeNeHU HeyMeCTHa, B TaKYIO0, Ile peKYPCHA CTAHOBHTCS BIOJIHE MPaKTHYHOM.

3.2. KorpaHe cnepyer ucnonb3oBarThb
pexypcumio

PekypcuBHRIe anropuTMhl 0CO6EHHO XOpOLLIO MOAXOAAT AJIA TEX CUTYyalHii, Koraa pe-
1aeMas 3aa4ya WK obpabaThiBaeMble AaHHBIE onpenesieHhl peKypcuBHO. OHaKo Ha-
JIHYHEe PeKYPCHUBHOTrO OlpeaefieHHs elle He O3Ha4yaeT, YTO PeKYPCHUBHhIH aNropuTM™
AaCT Hauayyuee peuieHue. VIMeHHO NonbTKH 06bACHATH MOHATHE PEKYPCHBHOIO ai-
rOPUTMa C MOMOLIbIO HEMOAXOAALIMX NMPHMEPOB CTANU [JIaBHOH NMPUYMHON LWHPOKO
pacnpocTpaHeHHoro npeaybexaeHnus NpoTUB HUCNOJIb30BaHHA PeKYPCHH B nporpam-
MHPOBaHMH, a TaK)Ke MHeHHUs 0 Hea(dPeKTHBHOCTH PEKYPCHH.

[IporpaMMmbl, B KOTOpBIX cJjeayeT u3beraTb HCMOJb30OBAHUA AIMOPUTMHYECKOI
PeKYPCHH, XapaKTepPH3YIOTCs olpee/IeHHO! CTPYKTYpoit. 18 HHX XapaKTepHO Hanu-
YHe eAHHCTBEHHOIO Bhi30Ba P B KOHLeE (HJIM B Hayasie) KOMMO3HLUHH (TaK Ha3niBaemas

KORYLBAR PEXYPCUR).

P = IFBTHENS; P END
P = S;IFBTHENPEND

Takue cxeMbl eCTECTBEHHO BO3HHKAIOT B TeX CJIyyasX, KOria BhlYHUCJ/isieMble 3Haye-
HUSA OTNpeAesIAIOTCA NMPOCTbIMU PeKYPPEHTHbIMU COOTHOLIEHHAMH. BoabMeM H3BecT-
Hbiit npuMep akTopnana f; = il:

i =0,1,2,34, 5, ..
fi =1,1,2,6, 24,120, ...

IepBoe 3HaueHMe onpenesneHo ABHO: fo = 1, a NocJieayiolHe — PEKYPCHBHO Yepe3
NpeALecTBYOIMe:

fio = (i+1) * f;

370 peKyppeHTHOE COOTHOLIEHHE HABOAHT Ha MbIC/Ib MCNIO/Ib30BaTh PEKYPCHBHAIf
aNrOPUTM 15 BRIYHCIEHHA n-ro (hakTopuana. Ecin BBecTH aBe nepemenHuie | u F 1is

0603HaueHHs 3HaueHHUil i U f; Ha i-M YPOBHe PeKypPCHH, TO Nepexoa K CAeAYIOLUM Yie-
HaM naphl nocJsienoBaresbHocTel 411 i M f; TpebyeT Takoro BulYHCAEHHA:

l=1+1;, F=I1*F
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[loacTaBass 3Ty napy HHCTPYKUHt BMECTO S, NOJIy4aeM PeKYPCHUBHYIO TPOrpaMMy

PaIFI<nTHENI =1+ 1;F:=1*F, PEND
1:=0,F:=1,P

B npunsATOit HAMK HOTaUMH NepBas CTPOKa BbIpaXKaeTcA caeayiowumM obpasom:

PROCEDURE P;

BEGIN
IFI<nTHENI:=1+1; F:=1*F, PEND

END P

Yaiue Hcnosib3yeTcs 3KBHBaNIeHTHasA dopMa, 1aHHas HUXKe. P 3aMeHseTCs npoueay-
poii-pyHkumei F, To ecTb Npoueaypom, C KOTOpPOH ABHO aCCOUMHUPYETCA BhlYUCAEMOE
3HaueHHe H KOTOpas MOXeT Mo3ToMy OhiTh HCNOJIb30BaHa KaK HEMOCpeACTBEHHas Co-
CTaBHas yacTb BupaxeHHii. Toraa nepemenHas F cTaHOBHUTCs JIMLLIHEIA, a poas | Geper
Ha cebGA ABHO 3a71aBaeMblii MapaMeTp Npoueayphl:

PROCEDURE F(I: INTEGER): INTEGER;
BEGIN

IF 1> 0 THEN RETURN | * F(I - 1) ELSE RETURN 1 END
END F

$IcHo, YTO B 3TOM NpHUMeEpe peKYPCHs MOXKeT ObITh JOBOJABHO JIETKO 3aMEeHeHa UTepa-
LHeH. ITO BhIpaXkaeTcs cJeaylollei NporpaMMoN:

1:=0;, F:=1,
WHILEl <nDOI:=1+1;F:=I1*F END

B o61eM cyyae nporpaMMbl, IOCTPOEHHIE M0 0OCYXKAaeMbIM YaCTHLIM PEKYPCHB-
HBIM CXeMaM, cJleyeT NepenuchiBaTh B COOTBETCTBHH CO C1eyIOWHM 06pa3uoM:

P = [x:=x0; WHILE B DO S END]

CyuectByioT 1 60siee CI0XKHble PEKYPCHBHBIE KOMITO3UL{MOHHbIE CXEMbI, KOTOPhIE
MOTYT H JOJIXHb NPHBOAMUTBCA K UTEPaTUBHOMY BHAY. IIpuMep — BHIYHCIEHHE YHCE
DuboHayuu, onpeaeseHHbIX peKypPEHTHBIM COOTHOLIEHHEM

ﬁbn+] = ﬁbn + fibn.] Filsb| n> 0

u cooTHouleHnsaMH fiby = 1, fibg = 0. HenocpeacrBeHHbi HAaMBHBI NepeBOa Ha A3KIK
nporpaMMHpPOBaHHUA JaeT CeAYIoLlYI0 peKYPCHBHYIO porpaMMy:

PROCEDURE Fib (n: INTEGER): INTEGER;
VAR res: INTEGER;
BEGIN
IFn=0THEN res :=0
ELSIF n = 1 THEN res := |
ELSE res := Fib(n-1) + Fib(n-2)
END;
RETURN res
END Fib
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Buiuucnenue fib, ¢ noMowpio BrzoBa Fib(n) Bu3biBaeT peKypCHBHhIE aKTMBALHH
aToit npoueaypui-pyHkunund. CKoAbKO MPOHCXOAUT TAKUX aKTHBauMit? OyeBHIHO, Kax-
ARl BRI3OB C N > | IPUBOAMT K ABYM AANbHEHUIMM BhI30BAM, TO €CTb MOJHOE YHCJIO Bhi-
30BOB PacTeT IKCNOHEeHUHaNbHO (CM. puc. 3.2). Takas nporpaMMa AsBHO HENPaKTHYHa.

I
/C)5
/ , /O\
N SN N

7 N

O

Puc. 3.2. NatHaguaTte akTuesaumit npu eu3ose Fib(S)

K cyacTtbio, uncia MuboHayun MOXKHO BLIYMCAATH MO HTEPaLHOHHOI cxeMe be3
MHOTOKPaTHOIO BHYUCJIEHHs OAHHX M TeX JKe 3HaueHHit 6saronaps MCNoOJb30BaHHIO
BCMOMOTraTe/bHAIX NepeMEHHBIX — TakuX, 4To X = fib, ny = fib;.,.

i=1,x=1,y:=0;
WHILEi<nDO z:=Xx; xX:=xX+y; y:=2; i:=i+1 END

OTMeTHM, YTO TPH NPUCBAUBAHHSA NIEPEMEHHBIM X, Y, Z MOXKHO 3aMEHHUTD BCErO JIH1LIb
ABYMSA NPHCBaHBaHHUAMM 6e3 NpHBIeYEHUSA BCIIOMOTATE/IbHOI NepeMEeHHOMN Z: X = X + y;
yi=X-Y.

Ortciona Mopanib: cienyetr u3beratb peKypCHH, Korja e€CTb OYEBHAHOE pellleHHe,
ucnosbaylouiee Hrepauuio. Ho 3To He 3HaYHT, YTO OT PEKYPCHH HYXKHO M36aBJIATLCA
noboit uenoii. Kak 6yaer nokasaHo B nocjeayolMx pa3aesiax U rlaBax, CylecTByeT
MHOIO XOpOLUIHX MpHMeHeHHii pekypcHH. ToT $akT, YTO UMEIOTCA peasiu3alnu peKyp-
CHBHRIX MpoLeaAyp Ha NPUHUHIHANBHO HEPEKYPCHBHLIX MallliHaX, A0Ka3biBaeT, YTO
nobas peKypcHBHas NporpaMMa AeiiCTBHTEIbHO MOXeT OhiTh peobpa3oBaHa B YUCTO
uTepaunoHHyio. Ho Toraa Tpebyercs sBHO ynpaBJATb CTEKOM PEKYPCHH, H 3TO 4acTo
3aTeMHAET CYLIHOCTb MPOrpaMMbl 10 TaKO# CTeNeHH, YTO NMOHATH €€ CTAHOBUTCS BECh-
Ma TpyaHo. OTcloa BhIBOA: aiTOPUTMbI, KOTOPbLIE N0 CBOe#i NpHpoae ABAAIOTCA PeKyp-
CHBHBIMH, a He HTEePaLHOHHBIMH, JOJIKHBI TIPOrPAMMHPOBATHCSA B BHJE PEKYPCHBHAIX
npoueayp. Yto6n oueHHTDb 3TO 0OCTOATENBCTBO, NN0JIE3HO CPaBHHTD J1Ba BAPHaHTa an-
ropuTMa GeicTpoii COpTHPOBKH B pasaee 2.3.3: pekypcuBHuiii (QuickSort) u Hepekyp-
cuBHblii (NonRecursiveQuickSort).

OcTaBuIasics YyacThb IJ1aBbl MOCBALIEHa pa3paboTke HEKOTOPLIX PEKYPCHBHBIX MPO-
rpaMM B CUTYallMAX, KOTAa PHMEeHeHHe peKypcHH onpaBaaHo. Kpome Toro, B riase 4
PeKYPCHSA LIMPOKO HCMOJIb3YETCA B TEX CJyyasX, KOrja COOTBETCTBYIOLHE CTPYKTYphl
NaHHBIX NealoT BblOOp PeKYPCHUBHRIX pellleHHi 0YeBUAHBIM H €CTECTBEHHAIM.
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3.3. lBa npumepa peKypCUBHbLIX NPOrpamMmm

CumnaTHyHblit y30p Ha puc. 3.4 npeacrasiaser cob0it Cynepnosuumio niTH KPHUBBIX.
STH KpHBbIE ABIAIOT PETYJIAPHOCTb CTPYKTYPBI, TaK YTO MX, BEPOATHO, MOXKHO M306pa-
3UThb Ha AMCIUIee WK rpadponocTpoutesne noa ynpasjieHueM komnbiotepa. Hawa uens -
BbiSIBHTb PEKYPCHBHYIO CXEMY, C NIOMOLLbIO KOTOPOIt MOXHO HanmKUcaTh NporpaMMy Ais
pPHMCOBaHHSA 3THX KpUBbIX. M0OXXHO BHAETbD, YTO TPH H3 NATH KPUBLIX HMEIOT BHA, NOKa-
3aHHBIi Ha puc. 3.3; 0603HaunuM X Kak H,, H, u H3. KpuBas H; Ha3biBaeTcsa 2uavbepmo-
8ot xpueou nopsaxa i B yectb MatemaTHka ['nabbepra (D. Hilbert, 1891).

H, H: H
Puc. 3.3. M'nnbbeprosu kpuswie nopaaxos 1,2mn 3

Kaxcaas kpuBasi H; coCTOMT U3 YeTbipex KONUit KpUBO# H;.; MOJIOBUHHOrO pa3Mepa,
MO3TOMY Mbl BbIPa3uM Npoueaypy pucoBaHus H; B BHae KOMNO3ULIMHU YeTbIpeX BLI30BOB
ANsi pUCOBaHHUsA H;_y MOJIOBUHHOIO pa3mMepa H C COOTBETCTBYIOLHMH NOBOpOTaMH. [lna
LeJ1eii HAMIOCTPaLHH O003HaYHM YEThIpe NMo-pPa3HOMY NMOBEPHYTHIX BapHaHTa 6a30Boif
KpHBOii Kak A, B, C H D, a 11aru pucoBaHHsA COEAHHHTENbHBIX IHHH I 0603Ha4YHUM CTpen-
KaMH, HanpaBJieHHbIMH COOTBETCTBEHHO. Toraa Bo3HUKaeT clieayiolias peKypCuBHas
cxema (cp. puc. 3.3):

A: D « A l A - B
B: C T B - B l A
C: B - C T C «— D
D: A l D «— D T C

[IpeanonoxHm, 4TO AN PUCOBAHUA OTPE3KOB MPSAMLIX B HalleM PacNoOpsK€HHH
eCTb npouenypa line, kotopast nepeaABUraer yeprsilee nepo B 33/JaHHOM HaIlpaBJeHHH
Ha 3agaHHoe paccrosiiue. [las yaoGcTBa npHMeM, YTO HanpaBJ/ieHHE YKa3blBaeTcCs
LeJIOYMCIEHHBIM NTapaMEeTPOM i, TaK YTO B rpaaycax OHO paBHO 45 X i. Ecau anuny or-
Pe3KOB, H3 KOTOPLIX COCTaBJIAETCA KpUBast, 0603Ha4YHThb KakK U, TO NpoueaypY, COOTBET-
CTBYIOIYIO cXemMe A, MOXXHO Cpa3y BbIPa3uTb Yepe3 peKYPCHBHbBIE BLI3OBbBI aHAJIOTHY -
HuIX npoueayp B u D u ee camoi:

PROCEDURE A (i: INTEGER);
BEGIN
IFi> 0 THEN
D(i-1); line(4, u);
A(i-1); line(6, u);
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A(i-1); line(0, u);
B(i-1)
END
END A

IJTa npoueaypa Bb3bIBa€TCA B IJIaBHOI NporpaMMe OMH pa3 A1 KaXxxA0ii runbbep-
TOBOI1 KPUBOIi, 106aBAsAeMOit B pucyHOK. [1aBHas nporpaMMa onpeaenser HavyalbHYIO
TOYKY KPHBOIA, TO €CTb HayalbHble KOOPAMHATH Nepa, cbo3HayeHHble Kak X0 u yO0,
a Takxe AMHY 6a3oBoro oTpe3ka u. KBaapar, B KOTOPOM pHUCYIOTCS KpUBBIE, TOMella-
€TCA B cepeMHe CTPaHULbI C 3aIaHHBIMH IIMPHHO# M BLICOTOI. JTH NapaMeTphl, TaK
XKe KaK M pucylolias npoueaypa line, 6epytrcs u3 Moayasa Draw. OTMeTHM, 4YTO 3TOT
MOAYJIb IOMHHT TeKylliee MoJI0XKeHHe nepa.

DEFINITION Draw; (* ADruS33_Draw *)
CONST width = 1024; height = 800;
PROCEDURE Clear; (*o4ncTuTb pUCYHOK*)
PROCEDURE SetPen(x, y: INTEGER); (*ycTaHOBUTbL T€pO B TOMKY X, Y*)
PROCEDURE line(dir, len: INTEGER);
(*HauepTUTL NUHKIO ANVHbLI len B HatTpasneHuu dir*45S rpaaycos;
TIepo TepeABUraeTca COOTBETCTBEHHO)
END Draw.

[Ipouenypa Hilbert pucyer ruabbeprosst kpusbie H, ... H,. OHa pexypcuBHO
MCINOJIb3YET YeThipe npoueaypul A, B, Cu D:

VAR u: INTEGER; (* ADruS33_Hilbert *)
PROCEDURE A (i: INTEGER);
BEGIN
IFi> 0 THEN
D(i-1); Draw.line(4, u); A(i-1); Draw.line(6, u); A(i-1); Draw.line(0, u); B(i-1)
END
END A;
PROCEDURE B (i: INTEGER);
BEGIN
IFi> 0 THEN
C(i-1); Draw.line(2, u); B(i-1); Draw.line(0, u); B(i-1); Draw.line(6, u); A(i-1)
END
END B;
PROCEDURE C (i: INTEGER);
BEGIN
IFi> 0 THEN
B(i-1); Draw.line(0, u); C(i-1); Draw.line(2, u); C(i-1); Draw.line(4, u); D(i-1)
END
END C;
PROCEDURE D (i: INTEGER);
BEGIN
IFi> 0 THEN
A(i-1); Draw.line(6, u); D(i-1); Draw.line(4, u); D(i-1); Draw.line(2, u); C(i-1)
END

END D;
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PROCEDURE Hilbert (n: INTEGER);
CONST SquareSize = 512;
VAR i, x0, yO: INTEGER;

BEGIN
Draw.Clear;
x0 := Draw.width DIV 2; y0 := Draw.height DIV 2;
u := SquareSize; i := 0;
REPEAT

INC@i); u:=u DIV 2;
x0 := x0 + (u DIV 2); yO := yO + (u DIV 2);
Draw.Set(x0, y0);
A(i)
UNTILi=n
END Hilbert.

[ToxoxHii, Ho 4yTb HoJiee CIOXKHBIA M ICTETHYECKH H3OLIPEHHbII NPUMEp NMOKa3aH
Ha pHC. 3.6. ITOT y30p TOXe NOJYy4YaeTCsi HaN0XeHHeM HECKOJIbKHX KPHUBBIX, 1BE U3 KO-
TOPLIX NOKa3aHbl Ha pUC. 3.3. S; Ha3biBaeTcsA KpuBoi CepnuHbckoro nopsaaka i. Kakoa
ee peKypcHBHas cTPyKTypa? EcTb cobnasH B KauecTBe OCHOBHOTO CTPOUTEIbHOrO 6J10-
Ka B3sTb ¢urypy S, Bo3amMoxHo, 6e3 oaHoro pebpa. Ho Tak peleHue He NoJayyHTCA.
I'naBHoe oTIMyYHe KpHUBLIX CepnHHbLCKOro OT KpHBLIX ['HabOepTa — B TOM, YTO NnepBbie
3aMKHYTHI (H He UMEIOT caMonepecedeHHit). ITo 03HavaeT, YTo 6a30BOI peKypCHBHOM
cXxeMOii 10/KHA ObITh pa30MKHYTasi KpUBasi M YTO YEThIPe YaCTH COEAHHAIOTCA CBA3Ka-
MM, He NMPHHAAJIeXKALIHMHU CaMOMY PeKYpPCHBHOMY y3opy. B camom aene, 3TH CBA3KH
COCTOAIT M3 YETLIPEX OTPE3KOB NPSIMBIX B YETbIPpeX CaMbIX BHEIIHHX YTI/1aX, NTOKa3aHHbIX
XHUPHBIMH THHHAMH Ha pHC. 3.5. X MOXKHO CYHTATh NPHHAL/IEXKALMMH HEMYyCTOH Ha-
YanbHOI1 KpUBOIi Sg, NpeacTaBasiouiei co60i KBaApaT, CTOSAILHIA Ha OTHOM M3 YTIJIOB.
Tenepsb nerko copMyanpoBaTh peKypCHBHYIO cxeMy. HeTbipe y30pa, H3 KOTOPBIX CO-
CTaBJsAeTCA KpHBasi, CHOBa 0003HauHM KakK A, B, C u D, a TMHUH-CBA3KH OyaeM pHCOBaTb
SIBHO. 3aMeTHUM, YTO YeThipe PEKYPCUBHBIX Y30pa AeHCTBUTEIbHO HAEHTUYHBI, OT/IHYa-
sicb noBopoTamMu Ha 90 rpaaycos.

Bot 6a3oBas cxema KpHBbIX CeprnHHBCKOro:

S: ANB KKCRKD 2

A BOT cxeMa peKypCHii (rOpH3OHTa/IbHblE H BEPTHKAIbHLIE CTPEAKH 0003HaYalOT
JIMHHH ABOAHON AJIUHBI):

A:ANB D 2 A
B:B ¥ ClJl A NGB
CCRKDeB ¢ C
DDD2ATCRKD

Ecan ucnonb3oBath Te Xe NPUMHTHBLI PHCOBAHHSA, YTO U B NPHMEPE C KPUBBIMH
I'nabbepra, TO 3Ta CXEMa PEKYPCHH JIErKO NMPEeBPaLLAETCA B PEKYPCUBHBIA aIrOPHTM
(C npsiMOM M KOCBEHHOM PeKYPCHAMH).
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PROCEDURE A (k: INTEGER);
BEGIN
IF k > 0 THEN
A(k-1); Draw.line(7, h); B(k-1); Draw.line(0, 2*h);
D(k-1); Draw.line(1, h); A(k-1)
END
END A

ITa npoueaypa peain3yer nepBylo CTPOKY cxeMbl pekypcHii. [Ipouenypsi 1ns y3o-
poB B, C 1 D noay4aioTcs aHanorn4yHo. [J1aBHas nporpamMma cocTaBasercs no 6a3oBoit
cxeMe. Ee Ha3HauyeHHe — yCTaHOBUTDb HaYa/IbHOE NOJIOXKEHHE 1epa H ONpeNeHTb ANHHY
e€AHHHYHOI JTHHUH h B COOTBETCTBHM C Pa3MepoM pUCyHKa. Pe3yabTaT BHINOJHEHHUSA
3TOi NporpaMMbI A1 N = 4 Noka3aH Ha puc. 3.6.

VAR h: INTEGER; (* ADruS33_Sierpinski *)

PROCEDURE A (k: INTEGER);
BEGIN
IFk > 0 THEN
A(k-1); Draw.line(7, h); B(k-1); Draw.line(0, 2*h);
D(k-1); Draw.line(1, h); A(k-1)
END
END A;

PROCEDURE B (k: INTEGER);
BEGIN
IF k >0 THEN
B(k-1); Draw.line(S, h); C(k-1); Draw.line(6, 2*h);
A(k-1); Draw.line(7, h); B(k-1)
END
END B;

PROCEDURE C (k: INTEGER);
BEGIN
IFk > 0 THEN
C(k-1); Draw.line(3, h); D(k-1); Draw.line(4, 2*h);
B(k-1); Draw.line(S, h); C(k-1)
END
END C;

PROCEDURE D (k: INTEGER);
BEGIN
IF k > 0 THEN
D(k-1); Draw.line(1, h); A(k-1); Draw.line(2, 2*h);
C(k-1); Draw.line(3, h); D(k-1)
END
END D;

PROCEDURE Sierpinski* (n: INTEGER);
CONST SquareSize = 512;
VAR i, x0, yO: INTEGER;

BEGIN
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Draw.Clear;

h := SquareSize DIV 4;

x0 := Draw.width DIV 2; yO := Draw.height DIV 2 + h;

i:=0;

REPEAT
INC(i); xO := x0-h;
h := h DIV 2; y0 := yO+h; Draw.Set(x0, y0);
A(i); Draw.line(7,h); B(i); Draw.line(5S,h);
C(i); Draw.line(3,h); D(i); Draw.line(1,h)

UNTILi=n

END Sierpinski.

INEraHTHOCTb NMPHBEAECHHBIX NPUMEPOB y6exaaeT B NoAe3HOCTH pekypcHH. Ipa-
BHJIbHOCTb NMOJIyYHBLIHXCS POrpaMM JIErKO YCTAHOBHTb 110 HX CTPYKTYPE H IO CXeMaM
KOMMO3HUHH. Bonee Toro, Hcnosb3oBaHHe ABHOrO (M YMEHbIIAIOLIEroCcs ) MapaMeTpa
YPOBH#A rapaHTHpY€eT OCTAHOBKY, TaK KaK r/1yOMHa peKypCHH He MOXKET NMPEBbICUTD N.
Hanpotus, 3kBUBaJIEHTHbIE MPOrpaMMBbl, HE HCMOJb3YIOLLIHE PEKYPCHIO IBHO, OKa3blBa-
I0TCA BeCbMa POMO3JKHMH, H NMOHATH HX HeJlerko. Yntartesb Jierko ybeauTcs B 3TOM,
ecJIM nonbitaercs pa3obpaTbcA B nporpamMmax, npuseaeHHbix B [3.3].

Puc. 3.6. Kpvewe CepnuHeckoro S, ... S,
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3.4. Anroputmbi C BO3BpPaTOM

BecbMa MHTpHTYIOlLlEe HallpaB/lieHHe B NPOrpaMMHUPOBaHHH — NMOUCK OOLIMX METOAOB
pelleHHs CJI0XKHbIX 3a4ay. Llenn 3aech B TOM, YTOOB HAYYUTBCA HCKATh PellieHHsl KOHK-
PeTHBIX 3a4a4, He celys KakoMY-TO ¢HKCHPOBaHHOMY NpPaBUy BHIYHCIEHHH, a METO-
aoM npob u omnbok. Ob61as cxeMa 3aKaI04aeTCA B TOM, YTOOB CBECTH Npouecc npob 1
OHGOK K HECKOJIbKUM YaCTHBIM 3a/1auaM. ITH 3a/1a4H YacTO JOMYCKalOT OY€Hb eCTeCT-
BEHHOE PEeKY PCHUBHOE ONTUCAHHE U CBOAATCSA K HCCJI€IOBAHHIO KOHEYHOrO YHC/1a NMoJi3a-
aay. I[Ipouecc B uenoM MOXHO NpeAcTaBAATh cebe Kak MOMCK-HCC/IeA0BaHMe, B KO-
TOpOM NMOCTENEHHO CTPOHTCSA U NpocMaTpuBaeTcs (¢ obpe3aHHMeM KakMX-TO BeTBeit)
Hekoe JepeBo noa3anay. Bo MHOrHx 3agayax Takoe AepeBO NMOUCKA PacTeT OYeHb ObICT-
PO, YacTO 3KCMOHEHUHANbHO, KaK PYHKLUMsA HEKOTOporo napametpa. TpyAoeMKOCTb
MOMCKa pPacTeT COOTBETCTBEHHO. YacTo TO1bKO HCMOJIb30BaHHE 3BPUCTHK NMO3BOJISET
obpe3aTh AepeBO NMOMCKa A0 TaKOil CTeleHH, YTOOB! caesnaTh BHIYHCIEHHE CKOJb-HHU-
Oyab peaTHCTHYHBIM.

O6cyxaenne oO1MX IBPUCTHYECKHUX NTPaBKJI HE BXOAHUT B Haluu ueau. Mbi cocpeno-
TOMMMCS B 3TOIi r/1aBe Ha o0lueM NpUHUHNe pa3bMeHns 3a1ay Ha NM0A3aaaYH C pHMe-
HeHHeM peKypcun. HauHeM ¢ AeMOHCTpauMH COOTBETCTBYIOLIEH TeXHUKH B NIPOCTOM
NnpHMepe, a UMEHHO B XOPOLLIO H3BECTHOM 3adaue 0 nymewecmeuu Waxmamuozo KOHS.

[ycTs aaHa aocka n x n ¢ n? noasamu. Koxs, KOTOpHii NepeaBUraeTcs Mo maxmar-
HbIM NIPaBHJIaM, CTABUTCS Ha A0CKe B noJjie <x0, y0>. 3agaya — 060iTH BCIO AOCKY, €CJIH
3TO BO3MOXKHO, TO €CTh BBIYHCMTb TaKOH MapIPYT H3 N-1 X0A0B, YTOGH B KaXxaoe
noJsie A0CKH KOHb NoNaj pOBHO OJMH pa3.

OueBuAHBIH cniocob ynpocTUTh 3a1ayy 06xoaa n? noseit — paccMOTpeTh NOA3azayy,
KOTOpasi COCTOMUT B TOM, YTOOH MO0 BHIMOJHUTL Kakoi-1ub0 ouyepenHoii xod, aubo
00HapyXHTb, YTO Aa/ibHEH1LIHE XOAbl HEBO3MOXHBI. Ty HAECI0O MOXHO BbIPa3UTh Tak:

PROCEDURE TryNextMove; (*morbiTaThCa CAenaTth ouepeAHOW X0A*)
BEGIN
IF aocka He 3anronnena THEN
nHnUnanninposars nepebop AoMycTUMbIX XOR08 » 850pPaTh NMepssii;
WHILE ~(x0408 60/1bwe HeTt) & ~(06x048 MOXHO 33BePLUNTH C ITOMO XOA/3)
DO
8516paTh CnefyIOWMiA ROTTYCTUMbBIA XOA
END
END
END TryNextMove;

[Ipeankat 06x08 MOXHO 3aBepWMTs € ITOro Xo4a yao0HO BLIPa3UTh B BHJE NPO-
neaypbi-pyHKUHH C TOrHYeCKUM 3HaYeHHEM, B KOTOPOi — pa3 yX Mbi cOOHpaeMcs 3a-
NMUCBHIBaTh NMOPOXKAAEMYIO NOCAEA0BAaTENIbHOCTh XOA0B — NOAXOAsALIEe MECTO KaK ANA
3aMUCH OvYepeaHOro X0aa, TaK U /IS ee OTMEHb! B C/lyyae HeyJayH, TaKk KaK MMEHHO
B 3TOi1 Npolieiype BbISICHAETCS ycnex 3aBeplieHHs obxoaa.

PROCEDURE CanBeDone ( xo4 ): BOOLEAN,;
BEGIN
3anucarbe X0A4;
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TryNextMove;
IF e yaanoce aocrponts 06xon THEN
OTMEHMTb 3aITNCh X0Aa
END;
RETURN yaanoce aocrponts 06xoAR
END CanBeDone

3aech yke BHAHA CXEMa PeKYPCHH.

YT106bl yTOYHHUTB 3TOT JITOPHUTM, HEOOXOAHMO NPHUHATH HEKOTOPbIE PeLlieHUs O Npea-
CTaBJIeHHU JaHHBbIX. Bo-nepBbix, Ml XOTe/H OBl 3anUcaTh MOMHYI0 HCTOPHIO XOJOB.
[oaTomy kaxablit xon 6yaem xapakTepHU3oBaTh TPeMsl YHCJIaMH: €ro HOMEPOM i U BY-
M5l KOOPAMHATAMH <X, Y>. ITY CBsA3b MOXHO 6b1J10 ObI BHIPa3uTh, BBEAA CNEUMATbHBIH
THIN 3anHUceH ¢ TpeMs NMOAsAMH, HO JaHHaA 3a/ia4ya CAMILKOM NMPOCTa, YTOOB! ONpaBAaTh
COOTBETCTBYIOLLME HAK/TaAHble PacXoAbl; OyleT 10CTaTOYHO OTCJIEKHBATh COOTBETCTBYIO-
LHe TPOMKH NMEePEMEHHBIX.

IJT0 Ccpa3y NMo3BoJseT BHOpaTh NOAX0AsAIIHE NapaMeTpPhl A1 Npolenypsl TryNextMove.
OHH 10/DKHBI NO3BOJIATD ONPEAEIHTb HaYaIbHble YCJIOBUA A5l O4EPEeAHOrO X043, a Tak-
’Ke coo6waTh 0 ero ycnemwHocTH. Jas 1oCTHXEHHUs NepBoii 1ieIH A0CTaTOYHO yKa3bl-
BaThb apaMeTpbl NMpeAblAYLLEro X04a, TO €CTb KOOPAMHATHI N0 X, y M ero Homep i. [lns
AOCTHXEHHs BTOPOIt LieNH HyxeH OyneBCcKHii NapaMeTp-pe3y/IbTaT CO 3HaYeHHeM 06-
xoA 3asepwer ycrrewHo. [lonyyaetcs cnenyioas CHrHaTypa:

PROCEDURE TryNextMove (x, y, i: INTEGER; VAR done: BOOLEAN)

Hanee, ouepeanoit A0nycTUMbIH X0 10/KEH UMeTh HoMep i+1. [lns ero koopanuHat
BBeJeM Napy nepeMEeHHBIX U, V. TO NO3BOJIAET BLIPA3UTb NMPeAUKaT 06X0A MOXHO 3a-
8€pWNTb C ITOr0 X0A[a, UCNOJIb3YEMBIii B LIMKJIE IMHEHOTO NMOKHCKA, B BHAE BLI30Ba
npoueaypbi-¢pyHKIUHH CO caeaylollei CHrHaTypoi:

PROCEDURE CanBeDone (u, v, i1: INTEGER): BOOLEAN

Ycnosue gocka He 3armonHeHa MoxeT ObITh BHIPaXEHO Kak i < N2, A Juis yC/0BUs
xono08 6osbre HeT BBelleM JIOrHYecKYI0 nepeMeHHYIo eos. Toraa noruka airopurMa
NposiCHAETCA caeaylowHM obpa3oM:

PROCEDURE TryNextMove (x, vy, i: INTEGER; VAR done: BOOLEAN);
VAR eos: BOOLEAN; u, v: INTEGER;
BEGIN
IFi <n? THEN
MHNUNANN3NPoBaTh nnepebop KOTTYCTMMBIX XOR08 M B&IOPATH NTepBbiA
<u, v>;
WHILE ~eos & ~CanBeDone(u, v, i+1) DO
85ibpate cneaylownNit ROMYCTUMbINA XOR <U, V>

END;

done := ~eos
ELSE

done := TRUE
END

END TryNextMove;



AArOPUTMbI C BO3BPRATOM 145

PROCEDURE CanBeDone (u, v, i1: INTEGER): BOOLEAN;
VAR done: BOOLEAN;
BEGIN
3anucarte XoR;
TryNextMove(u, v, i1, done);
IF ~done THEN
OTMEHMTb 3arTNCh X0ARa
END;
RETURN done
END CanBeDone

3ameTHM, uTo npoueaypa TryNextMove cdopMyIHpOBaHa Tak, YTO6bl KOPpPEKTHO 0b-
pabaTbiBaTh M BHIPOXKAEHHBII Cyyail, KOraa 1ocJje X04a X, Y, | BhsICHAETCS, YTO A0CKa
3ano/IHeHa. 3TO CAeNaHo NO Toit XKe, B CYLIHOCTH, NPHYHHE, MO KOTOPOii apudmeTHYe-
CKHe ONnepaLHH ONpeAeasIoTCs TaK, YToOb KoppekTHO 0OpabaTbiBaTh Hy/IeBble 3HAYEHHA
onepaHa0B: ya00CTBO M HafieXXHOCTb. EcH (kak Hepeako AenaloT U3 coobpaxkeHuii on-
THMHM3allMH1) BLIHECTH TaKYIo NPOBEPKY U3 NMPOLEAYPHI, TO KaXAbIH BLI3OB MPOLEAYPHI
NPHAETCS CONPOBOXAATH TaKOH OXpPaHOI — MM A0KA3BIBATD, YTO OXpPaHa B KOHKPETHOH
TOYKe MPOorpaMmMbl He HY)KHa. K mnoao6HbIM ONTUMH3aLMUAM C/ieayeT npuberaTh, TOJAbKO
€CJIK MX HeOOX0AHUMOCTDb I0Ka3aHa — N0C/ie NOCTPOEHHS] KOPPEKTHOIO AIrOPUTMA.

Chnenyiouiee oueBMAHOE pelieHHe — NMpeACTaBHTh JOCKY MaTpHLEH, ckaxeM h:

VAR h: ARRAY n, n OF INTEGER

PelieHne conocTaBUTh KaXXAOMY MOJIIO JAOCKH lles10e, a He OyneBckoe 3HaueHHe,
KOTOpOe 6Bl MPOCTO OTMEYAO, 3aHATO NOJIE MK HeT, 00BACHAETCA JKelaHUeM CoXpa-
HHTDb NMOJIHYIO HCTOPHIO XOA0B NPOCTEMLIHM COCO6OM:

hix, y] = 0: none <x, y> elle He NpPOiAEHO
hix, yl =i: noxae <x, y> npoiiaeHo Ha i-M xony (0 <i < n?)

OueBnaHO, 3aNMKCh AOMYCTUMOrO X04a TeNephb BhpaXkaeTcs NpHcBanBaHueM hy, =i,
a oT™MeHa — hy, = 0, yeM 3aBeplIaeTcs nNocTpoeHue npoueayps CanBeDone.

OcTtanock opraHn3oBath nepebop A0NYCTUMbIX XOJAOB U, V M3 3aJIaHHON MO3HLHH
X, Y B LIMKJe NoMcKa npoueaypbi TryNextMove. Ha 6eckoHeyHOil BO BCe CTOPOHbBI
AOCKe ANS KaXJA0#H NMO3ULHM X, Y €CTb HECKOJIbKO XOA0B-KaHAHAATOB U, V, KOTOpbie
NoKa KOHKPETH3UPOBaTbh HET HyXAbl (CM., oaHako, puc. 3.7). [Ipeaukar ansa subopa
AONMYCTUMBbIX XOAI0B CPEIH XOI0B-KaHAWAATOB BbipaXKaeTCA KaK JIorHyecKass KOHbIOHK-
UMA YCNOBHUH, OMUCBHIBAIOLUIMX, YTO HOBOE I10Ji€ JIEKHUT B MNpelenax AOCKH, TO eCTb
O0<u<nu0<v<n, HYTO KOHb 1O HEMY ellle He TPOXOAM, TO eCTb hy, = 0. leTans,
KOTOpYIO HeJlb3sl YIYCTHUTh: NepeMeHHas hy, CylecTByeT, ToJIbKO eci 06a 3HaYeHHs
U M v JIexart B AHana3oHe 0 ... n-1. [o3ToMy BaxHO, YTOOMH YneH hy, = 0 cTosx nocae-
aHuM. B utore BuIGOp caeayiouero A0NyCTUMOTO X0Aa TOrAa NpeACTaBAsAETCSA YXKe 3Ha-
KOMOI1 CxeMOM JIMHEMHOrO NOUCKa (TOJNIbLKO BLIPRKEHHOM Yepe3 UMK repeat BMECTO
while, uTo B JaHHOM cay4ae BO3MOXHO H YA00H0). [1pu aToM aas coobuieHns ob Hcuep-
NaHUH MHOXeCTBA X00B-KaHAHAATOB MOXKHO HCMOJIb30BaTh NepeMeHHyI0 eos. Ogop-
MHM 3Ty oNnepauHIO B BuAe npolieAypul Next, ABHO yKa3aB B KayecTBe lapaMeTpOB 3Ha-
YHMBblE NepeMEeHHbIE:



146 PexypCHBHbBIE aArOPUTMDI

PROCEDURE Next (VAR eos: BOOLEAN; VAR u, v: INTEGER);
BEGIN
(*~e0s*)
REPEAT 834Tb ovepegHOMN XO[-KaHANRAT U, V
UNTIL (kananaaros 6onswe Hetr) OR
(O<=u)&(u<n) & (0 <=v)&(v<n) & (hlu, v] = 0));
eos = kaHanaparos bosswe Her
END Next;

NHnunanusaumns nepebopa xoA0B-KaHAHAATOB BLINOJHAETCA BHYTPU aHANOrHY-
Hoi1 npoueaypH First, nopoxxaaouleit nepBblit A0NMYCTHMBIN X01; CM. 1€TaJIM B OKOHYa-
TeJIbHOM NnporpamMme, NPpUBOAHUMON HHXe.

OcTanca ToAbKO OAHH LIAr YTOMHEHUs, U Mbl NMOJYYHMM NpOrpaMmy, MOJIHOCTbIO
BbIPa)KeHHYIO B Hallleif OCHOBHO# HOTallHH. 3aMETHM, YTO 10 CHX NOp NporpaMMa pas-
pabaTbiBajach COBEpLIEHHO HE3aBUCHMMO OT NPaBUJI, ONUCHIBAIOLIMUX AOMYCTHMbIE XO-
Abl KOHA. Mbl CO3HaTe/IbHO OTKJAAbIBA/IM PacCCMOTPeHHe TakKHX Aetaneii 3aaauu. Ho
Tenepb NOPa UX YYECTh.

Jns HayabHOI Mapbl KOOPAHHAT X, Y Ha 6ecKoOHe4HOi
cB0oOOAHOIT A0CKEe €CTb BOCEMb NMO3HLNIi-KaHAWAATOB U, V,
KyAa MOXeT NpbiriyTb KoHb. Ha puc. 3.7 onu nponymepo- 4 1
BaHbl OT 1 10 8.

[IpocToii cnocob NoAYYHTD U, V U3 X, Y COCTOHT B NPH- g
6aBJIeHHM pa3HOCTelt KOOPAHHAT, XpaHAILHUXCs AM6O B Mac- 5 8
CHMBe Nap pa3HoCTeil, 1H60 B ABYX MacCMBaX OJHHOYHBIX
pa3Hocreii. [TycTb aTH MaccuBbl 0603HauYeHb! kKak dx U dy H
NpaBHJIbHO HHULIHAJIU3UPOBAHDL: 1

dx = (2,1,-1,-2,-2,-1,1, 2)

_ Puc. 3.7. Bocemb
dy = (1,2,2,1,-1,-2,-2,-1) BO3MOXHbIX XOA0B KOHS

Toraa MOXXHO HcNOAb30BaTh HHAEKC k 111 HyMepaluHH
oyepeaHOro xoaa-kaHauaarta. Jleranu nokasaHbl B nporpamMme, NpHBOAHMOI HHXKe.

Mui npeanonaraem Hanuyue rao6anbHOM MaTpulbl h pa3Mepa n X n, npeacTaBasio-
el pe3ybTaT, KOHCTAHTHI N (M Nsqr = n2), a Takxe MaccuBoB dx u dy, npeacraens-
IOLIHX BO3MOXHBIE X0bl KOHs1 63 orpaHnueHuit (cM. puc. 3.7). PekypcuBHas npoue-
Aypa ctapTyeT ¢ napamerpaMu x0, yO — KoOOpaAHHaTaMH TOro MoJjs, C KOTOPOro A0JXHO
HayaTbCs NyTellecTBUE KOHA. B 310 nose aonxeH 6biTh 3anucaH HoMep 1; Bce npoune
nojs caeayer NOMETHTb Kak CBOOOAHBIE.

VAR h: ARRAY n, n OF INTEGER; (* ADruS34_KnightsTour *)
dx, dy: ARRAY 8 OF INTEGER;

PROCEDURE CanBeDone (u, v, i: INTEGER): BOOLEAN;
VAR done: BOOLEAN;
BEGIN
hlu, v] = |;
TryNextMove(u, v, i, done);
IF ~done THEN h[u, v] := 0 END;
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RETURN done
END CanBeDone;

PROCEDURE TryNextMove (x, vy, i: INTEGER; VAR done: BOOLEAN);
VAR eos: BOOLEAN; u, v: INTEGER; k: INTEGER;

PROCEDURE Next (VAR eos: BOOLEAN; VAR u, v: INTEGER);
BEGIN
REPEAT
INC(k);
IFk <8 THEN u := x + dx[k]; v:=y + dylk] END;
UNTIL(k =8)OR (0 <=u)& (u<n)& (0 <=v) & (v<n)& (h[u, v] = 0));
eos :=(k=8)
END Next;

PROCEDURE First (VAR eos: BOOLEAN; VAR u, v: INTEGER);
BEGIN

eos := FALSE; k := -1; Next(eos, u, v)
END First;

BEGIN
IF i < nsqr THEN
First(eos, u, v);
WHILE ~eos & ~CanBeDone(u, v, i+1) DO
Next(eos, u, V)
END;
done := ~eos
ELSE
done := TRUE
END;
END TryNextMove;

PROCEDURE Clear;
VAR i, j: INTEGER;
BEGIN
FORi:=0TO n-1 DO
FOR j := 0 TO n-1 DO hli,j] := 0 END
END
END Clear;

PROCEDURE KnightsTour (x0, yO: INTEGER; VAR done: BOOLEAN);
BEGIN

Clear; h[x0,y0] := 1; TryNextMove(x0, yO0, 1, done);
END KnightsTour;

Tabauua 3.1 nokasuiBaeT pelleHHsi, NOAYy4YEHHbIE /15 HaYaNbHBIX MO3UUMIT <2,2>,
<1,3>anan=5u<0,0>a1an=6.

Kakue o6uiHe ypoKH MOXKHO H3BJIeYb U3 3TOro npumMepa? BuaHa au B HeM Kakas-
Anbo cxema, THIHYHAA A1 AITOPUTMOB, pellalolux noaobHble 3anauyn? Yemy oH Hac
yuHT? XapakTepHoii 4epToii 3aech AB/NAETCA TO, YTO KaXAbI/ HIar, BLIMOJIHAEMBbIi
B NONbITKE NPUONH3UTBCS K NOJHOMY pellieHHI0, 3aNIOMHHAETCsi TAKUM 0Opa3oM, YTOO!



148 PexypCUBHBIC aArOPHTMBI

TaGnuua 3. 1. Tpm1 BO3MOXHBIX 06X00a KOHEM

OT HEro MOXKHO ObIJIO MO3/IHEE OTKA3ATbCA, €C/IM BLIACHUTCH, YTO OH He MOXKET NMpPHBeC-
TH K NOJIHOMY PELICHHIO U 3aBOAHT B TYNHK. Takoe AeiicTBHE Ha3bIBAaETCs 6036PAMOM
(backtracking). O6was cxema, npuBoanMas Huxe, abcTparMpoBaHa M3 npoleaypbl
TryNextMove B npeanooXeHHH, YTO YHCI0 NMOTEHIIHAAbHBIX KaHAHAATOB Ha KaX/IOM
lIare KOHE4YHO:

PROCEDURE Try; (*rfonsiTaTbCA AOCTPOUTH peLueHune*)
BEGIN
IF pewenne He nonvo THEN
nHuumnannnposaTb mepebop HoOBbIX Waros n subpars mMepsbii,
WHILE ~(waros 6onswe Her) & ~CanBeDone(Ho8sist war) DO
8bibparTb cnepyrownNA HOBbIA War
END
END
END Try;

PROCEDURE CanBeDone ( war ): BOOLEAN;
(*peweHne MOXHO AOCTPOUTL, TTIPOAONKAA ero warom*)
BEGIN

3anucarp war;

Try;
IF He yaanoce gocrponts pewenne THEN
OTMEHMTb 3aNNCh Wara
END;
RETURN yaanoce aocrponts peweqmne
END CanBeDone

Pasymeercsi, B peaibHBIX TPOrpaMMax 3Ta CXeMa MOXKeT BapbMpoBaThesi. B yacTHo-
CTH, B 3aBUCMMOCTH OT crelHpHKH 33a4H MOXKET BapbHPOBAThLCS CNOCOO nepeaayw
uH¢opMalHH B npoueaypy Try npu KaKaoM ouyepeaHOM ee Bbi3oBe. Beab B 06Cyx-
AaeMoii cXeMe Npeanoaraercs, YTo 3Ta Npoueaypa HMeeT JOCTYN K r100aibHbIM i1e-
pPeMEHHbIM, B KOTOPLIX 3anHCBbIBAaeTCA BbICTpaHBaeMoe pelleHHe M, CJIe0BaTe/bHO,
CONePXKHTCS, B NPUHLHNE, NONHas HHGOpMaLMs O TeKyleM wware nocrpoeHus. Hanpu-
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Mep, B pacCCMOTPEHHOM 3aj1aye 0 nyTellecTBMU KOHA B npoueaype TryNextMove HyXHO
3HaTb NOCJIeAHIOI0 MO3ULIHIO KOHs Ha Aocke. Ee Mo)xHO Ob110 Obl HaliTH MOMCKOM B Mac-
cuBe h. OnHako 3Ta MHpoOpMalUHA ABHO HATMYECTBYET B MOMEHT BbI30Ba NpOLEAYPHI,
M ropaszio npoie ee TyAa Nepeaarb Yepe3 napaMeTpol. B aanbHelnx npumMepax Mbl
YBHAHUM BapHallHH Ha 3TY TEMY.

OTMeTHM, YTO YCNOBHE NMOUCKA B LIMKJIe 0OPMJIEHO B BH/IE NMpoleaypbl-PYHKLUHH
CanBeDone a1 MAaKCMMaJIbHOTO NPOSICHEHHUA JIOTMKH airopuTMa 6e3 norepu 0603pH-
MOCTH nporpaMmbl. PasymeeTcs, MOXXHO ONTUMH3UPOBATh NPOrpaMMy B APYTHMX OTHO-
IEeHNAX, MPOBe/iA 3KBUBaJEHTHLIe NpeobpasoBanus. Hanpumep, MoXxHO n3baBUTbCA
ot aByx npoueayp First u Next, ciuB 1Ba Jierko BepudHLHpYeMbIX LIHKJIA B OUH. ITOT
eAMHCTBEHHBII uMKA Oyaer, Boobuie rosops, 60/ee COKHBIM, OAHAKO B TOM CJYyYae,
Koraa TpebyeTcs creHepHpOBaTh 8ce pellieH!s1, MOXKET NONYYHTBCA A0BOJIbHO NPO3pay-
HBbI# pe3yabTaT (CM. MOC/AEAHIO NMPOrpaMMy B CJIEAYIOLLEM pa3jee).

OcTraTok 3T0i1 r1aBbl NOCBsALLEH pa30opy elle Tpex NPUMEPOB, B KOTOPBIX yMEeCTHa
peKkypcus. B HUX 1€ MOHCTPHUPYIOTCS pa3Hble peasn3allH1 ONHUCaHHOI o0 uieii cXeMbl.

3.5. 3apaya o0 BoCbMmu pep3ax

3anaua 0 BocbMM (ep3six — XOPOLIO H3BECTHBI NpHUMEP HCIIONIb30BaHUs MeToAa Npod H
owrH60K U anropuT™MOB ¢ Bo3BpaToM. Ee uccnenosan 'aycc B 1850 r., HO OH He Hawen
NOJIHOroO pellieHHUsi. 3TO H HeyAMBHTENbHO, Bellb A1 TaKUX 3a/1a4 XapaKTepHO OTCYT-
CTBHE aHAIMTHYECKUX pellieHHii. BMecTO 3TOr0 NnpuxoaAUTCS noJslaraTtbCst Ha OrPOMHBII
TpYA, TepleHHe U TOYHOCTb. [103TOMY N0A06HBIE AITOPHTMBI CTAIH IIPUMEHATLCSA NOYTH
MCKJIIOUHTEILHO Guiaroiapst NosiBJIEHHIO aBTOMAaTHYECKOr0 KOMITbIOTEPa, KOTOPLIii 06.1a-
AaeT 3TMMHU KayeCTBaMM B ropasfio Gosblueil cTeneHH, YeM JIIOAH U JaKe YeM NreHUM.

B aroit 3apaue (cM. Takxke [3.4]) TpeGyeTcs pacnosioXHTb Ha LIaXMaTHO# A0CKe BO-
ceMb ¢ep3eii Tak, YTOOB HH OIMH U3 HUX He yrpoxan apyromy. Byaem caenosathb 06-
el cxeme, npeacTaB/ieHHO# B KOHlle pa3aena 3.4. [1o npasuaam waxmar ¢pepab yrpo-
XaeT BceM (PHIypaM, HaXOAALUMMCA Ha ONHOH C HUM BEPTHUKANH, TOPU3OHTAIU MIH
AWAroHa/lM JOCKH, MO3TOMY Mbl 3aKJII0YAEM, YTO Ha KaXA0i BepTHKaIN MOXeT Haxo-
AWUTBCA OAWH M TOJIbKO OaMH ¢ep3b. [loaTomy MOXXHO npoHyMepoBaThb (ep3eli N0 3aHH-
MaeMbIM MMM BEPTHKaIsM, TaK 4TO i-if ¢ep3b CTOMT Ha i-it BepTHKanu. OyepeaHbIM
1IaroM NOCTpoeHus B 06Lueit pekypcHBHOI cxeMe 6yaeM CUNTATh pa3MeLLIeHHE OYepen-
Horo ¢ep3s B NopsAake UX HOMepoB. B oTiMyMe OT 3a1a4H O NyTelEeCTBUU KOHA, 34€Ch
HyXHO OyneT 3HaTh NOJI0XKEHHE BCeX yxKe pasMelleHHBIX ¢ep3eit. [IoaToMmy B kauecTse
napaMerpa B npoueaypy Try AOCTaTOYHO NepelaBaTh HOMepP pa3MelllaeMOro Ha 3TOM
ware ¢ep3s i, KOTOPLIA, TakUM 00pa3oM, AABNsAETCS HOMepOM cToabua. Toraa onpene-
JIUTb NoJoXkeHHe ¢ep3s — 3HaYuT BBIOpaTh OAHO U3 BOCbMM 3Ha4YeHHIi HOMepa pAza j.

PROCEDURE Try (i: INTEGER);
BEGIN
IFi <8 THEN
nHnumnanninposars rmepebop 6e3onacHuix rMo3nunii j n ssibparts nepsyo;
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WHILE ~(6onbwe Her) & ~CanBeDone(i, j) DO
8s1bpaTs cneayoutyo 6e30racHy0 No3nun j
END
END
END Try;

PROCEDURE CanBeDone (i, j: INTEGER): BOOLEAN;

(*pewenHne MOXHO AOCTPOUTDL, TTOCTABMUB i-ro pep3a B j-10 CTPOKY™)
BEGIN

yCTaHosmTh ¢pep3in;

Try(i+1);

IF ve yaanoce gocrponts pewenne THEN

ybpars ¢pep3a

END;

RETURN yaanoce AoCTponTs pewierne
END CanBeDone

Y1ob6bl ABMraThCA AaJibllie, HYXKHO PEWINTh, KaK NPeACTaBAATh AaHHble. Hanpamn-
BaeTcs NpeicTaB/JeHHe JOCKH C MOMOILBIO KBaPaTHOM MaTpULb, HO He6osbLIOE pa3-
MblLIJIEHHE NOKa3biBaeT, YTO TOTAa AeHCTBHA MO NpoBepke 6e30nacHOCTH NO3ULMIL No-
JIy4aTCs 10BOJIbHO F(POMO3AKMMH. 3TO KpaitHe HeXeJlaTebHO, TAK KaK 3TO caMast 4aCTo
BbINO/NHsAEeMas onepauus. I10aToMy Mbl JO/KHBI MPEACTaBUTb JaHHblE TakK, YTOOM! 3Ta
nposepka Oblna kak MOXHO npoue. JIy4yiunii nyTh K 3TOA Heamn — Kak MOXHO 6osiee
HeNnoCpeACTBEHHO NMPeACTaBUTh UMEHHO TY HHPOPMaLIMIO, KOTOPas KOHKPETHO HY)KHa
M yYallle Bcero Ucnonab3yeTcs. B HaleM cayyae 3To He nosioxeHue ¢ep3en, a HHPOpMa-
uMs 0 TOM, 6b1J1 1M YXKe NocTar/eH Gep3b Ha KAKAbIH U3 PAAOB M Ha KaXKAYI0 U3 1Haro-
Haneil. (Mbl yxe 3HaeM, YTO B KaxA0M cTos161e k 1151 0 < k < | CTOMT B TOYHOCTH OAAMH
¢dep3b.) 3TO NPUBOAUT K TAKOMY BLIOOpY NnepeMeHHbIX:

VAR x: ARRAY 8 OF INTEGER;
a: ARRAY 8 OF BOOLEAN;
b, c: ARRAY 15 OF BOOLEAN

rae
Xj O3HaYaeT nosoxeHue ¢ep3s B i-M cToabue;
aj O3HAyaerT, 4YTO <B j-M pAny dep3s elle HET»,
by 03Hayaer, 4TO <Ha k-it /-1HaroHanu Het dep3n»;
Cx O3HavaeT, YTO <Ha k-1 \-AHaroHaH HeT ¢ep3s».

3ameTHM, UTO BCe 1015 Ha /-AHaroHaIM UMEIOT OAHHAKOBYI0 CYMMY CBOMUX KOOPIH-
HaT i M j, a Ha \-AHaroHa/l1 — OJWHAKOBYI0 Pa3HOCTb KOOPAMHAT i-j. CoOTBeTCTBY01asA
HyMepallHsl AMaroHaneil HCNoJib30BaHa B NMPHBEAEHHOH HUXe nporpamme Queens.
C TakMMH onpeneseHUAMH ONepalHs yCTaHO8MTb (ep3a PaCKpbIBaeTCA CJie/y IOLUM
obpa3oM:

x[i] := j; a[j] := FALSE; b(i+j] := FALSE; c[i-j+7] := FALSE
onepauus ybpars ¢pep3s yTOUHSAETCA B
a[j] := TRUE; bli+j] := TRUE; cli-j+7] := TRUE
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[lone <i, j> 6e3onacHo, €c1M OHO HaXOAMTCA B CTPOKE M Ha AMaroHa1sAX, KOTOpbie
ette cBoGoaHbI. [I03TOMY €My COOTBETCTBYET IOrHYECKOE BbIPaXKEeHHE

a(j] & bli+j] & c[i-j+7]

IJTO NO3BOJIAET NOCTPOUTH NPOLEAYPHI EpeYHCIEHHs He30MacH bix 3HaYEHHH j ANA
1-ro ¢ep3s MO aHAJIOrHH C NPeAbLAYLIHM MPUMEPOM.

ITHM, B CYLIHOCTH, 3aBeplIaeTcs pa3paboTka anropuT™a, NpeacTaBI€HHOIo LeJH-
KOM HHXe B Bule nporpaMmbl Queens. OHa BuiuMcasier pewieine x = (0, 4, 7, S, 2, 6,
1, 3), mokasaHHOe Ha pHc. 3.8.

o [

ICx

=

=

N OO 0 A W N
Cx

A
Al

o 1 2 3 4 S§ 6 7

Puc. 3.8. OnHOo 13 peweHuit 3ana4m 0 BOCbMUN dep3ax

PROCEDURE Try (i: INTEGER; VAR done: BOOLEAN); (* ADruS35_Queens *)
VAR eos: BOOLEAN; j: INTEGER;

PROCEDURE Next;

BEGIN
REPEAT INC(j);
UNTIL (j = 8) OR (a[j] & bli+)) & c[i-j+7));
eos = (j = 8)

END Next;

PROCEDURE First;
BEGIN

eos := FALSE; j:= -1; Next
END First;

BEGIN
IFi <8 THEN
First;
WHILE ~eos & ~CanBeDone(i, j) DO
Next
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END;
done := ~eo0s
ELSE
done := TRUE
END
END Try;

PROCEDURE CanBeDone (i, j: INTEGER): BOOLEAN;
(*pewseHmne MOXHO AOCTPOUTD, TTOCTABMUB i-ro pep3a B j-10 CTPOKY™)
VAR done: BOOLEAN;

BEGIN
x(i) := j; a[j] ;= FALSE; b[i+j] := FALSE; c[i-j+7] := FALSE;
Try(i+1, done);

IF ~done THEN
x[i) := -1; a[j] := TRUE; b[i+j] := TRUE,; cli-j+7]) := TRUE
END;
RETURN done
END CanBeDone;

PROCEDURE Queens*;

VAR done: BOOLEAN; i, j: INTEGER; (*rmrevaTts B rnobanbHuin W*)
BEGIN

FORi:=0TO 7 DO ali] := TRUE; x[i] :=-1 END;

FORi:= 0 TO 14 DO DbI[i] := TRUE; cli] := TRUE END;

Try(0, done);
IF done THEN
FORi:= 0 TO 7 DO Texts.Writelnt(W, x[ i ], 4) END;
Texts . WriteLn(W)
END
END Queens.

[Ipexxae yeM 3aKpLITh LIAXMATHYIO TeMY, MOKaXKeM Ha NMpUMepe 3aa4l O BOCbMH
¢dep3sax BaxHyI0 MoAHGHKALMIO TAKOrO NNOHCKa MeTooM Nnpob u omubok. Llenn moan-
¢dukauumn — B TOM, YTOOBI HAlTH HE OHO, @ BCE pelleHHA 3aa4H.

Beinonnuts Takyio moandukaumio serko. HyxHo BCOMHHTb, YTO KAaHAHAATHI A01-
XHbI TOPOXAATbCA CUCTEMATHYECKHMM 00pa3oM, Tak YTOOL HM OAMH KAaHAMAAT He IO-
poxaancs 60sblue OAHOrO pa3a. ITO COOTBETCTBYET CHCTEMAaTHYECKOMY MOUCKY IO fie-
peBY KaHAMAATOB, P KOTOPOM KaXXAblit y3€e/1 MPOXOAUTCA B TOYHOCTH oauH pa3s. [Ipu
TaKOW OPraHM3allMM MOCJIe HaX0XACHHUA U NMeYaTH pPellleHUsA MOXHO NMPOCTO NepenTH
K C/ieayoueMy KaHAHAATy, A0CTaBJAseMOMY CHCTEMAaTHYECKHM MPOLIeCCOM Nopoxae-
Husa. QopmanbHO MOAHGHUKALHMSA OCYLLECTBIAETCA NMEPEeHOCOM Npoueaypbl-QYHKUHH
CanBeDone 13 OxpaHbl LIKMK/IA B €r0 T€JIO H MOACTAHOBKOH TeJ1a NpoLUeAYyPbl BMECTO €€
BbI30Ba. [Ipu 3TOM HYXHO y4yecTb, YTO BO3BpPAILATh JOrHYECKHe 3HaYeHHs OobLie He
HyxHO. [Tonyyaercs Takas o61uas peKypcHBHas cXeMa:

PROCEDURE Try;
BEGIN
IF pewenne He nmonvo THEN
MHNUNAAN3INPO0BATE TTepebop HOBBIX LWaros n sxbpaTs Nepssin;
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WHILE ~(waros 6onswe Her) DO
3anuncare HOBNM War;
Try,
OTMEHMTH 3aNnch HOBOIroO Wwara
8516paTe CNEAYIOUMNA HOBBIA WIAr
END
ELSE
mevarars pewexve
END
END Try

WnTepecHo, 4TO NMOMCK BCEeX BO3MOXKHBIX pelleHHit peanusyerca 6onee npoctoit
NporpaMMo#, YeM NMOUCK €AMHCTBEHHOTO PellEeHHUS.

B 3azaye o BocbMH ¢ep3six BO3MOXKHO ele 6onee 3aMeTHOe ynpouerune. B camom
aene, HeCKOJbKO POMO3AKHIT MEXaHH3M NepPeYyHCAeHHA AOMYCTHMBIX 11aroB, COCTOSA-
wuit u3 asyx npoueayp First u Next, 61 HyXeH A B3aUMHOMN M3OJSALHH LHMKJIA
JIMHEITHOIO NMOKCKa oyepeaHoro 6e3onacHoro noas (UMKA 1o j BHyTpH Next) M LKA
JIMHEHOTro NoMCcKa NepBoro j, AalolLero noaHoe pemweHue. Teneps, 61aroaaps ynpo-
ILEEHH IO OXPAHBI NOCJIEAHEro MK, HYKAA B 3TOM OTNA/IAa H €r0 MOXKHO 3aMEHHUTD Npo-
CTEeLIMM LIHKJIOM N0 j, TPOCTO OTOHpas Ge30mnacHbl€ j C TOMOLLbIO YCIOBHOTO ONEParo-
pa IF, HenocpeACTBEHHO BJIOXEHHOIO B LIMKJ, (€3 HCNO/Ib30BaHUA AONONHHUTEAbHBIX
npouenyp.

Tak moanduunpoBaHHBIt anropuT™ onpeaeneHus Bcex 92 peuenuit 3apauu
0 BoCbMH ¢ep3six nokasaH HHxe. Ha camom aene ecth TONbKO 12 CyIeCTBEHHO pa3iny-
HbIX pelleHHit, HO Hallla MporpaMMa He paclo3HaeT CMMMeTpHUYHbIe peleHus. [lepsuie
12 noposkaaeMbix 321€Ch pelieHHii Buinucalsl B Taba. 3.2. KosioHka n cnpasa nokassi-
BaeT YMCJIO0 BhINOHEHHiT npoBepkH Ge3onacHocTH no3uuuit. CpeaHee 3HaueHHe YacTo-
Thl 110 BceM 92 pewreHHsAM paBHO 161.

PROCEDURE write; (* ADruS35_Queens *)
VAR k: INTEGER;

BEGIN
FOR k := 0 TO 7 DO Texts.Writelnt(W, x[k], 4) END;
Texts.WriteLn(W)

END write;

PROCEDURE Try (i: INTEGER);
VAR j: INTEGER;
BEGIN
IFi <8 THEN
FORj:=0TO 7 DO
IF a[j] & bli+j} & cli-j+7] THEN
x[i] := j; alj] := FALSE; b[i+j] := FALSE; c[i-j+7] := FALSE;
TryGi +1);
x[i] := -1; a[j] := TRUE; b(i+j] := TRUE; c[i-j+7] := TRUE
END
END
ELSE
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write;
m = m+1 (*moAacyer peweHnn*)
END
END Try;

PROCEDURE AllQueens*;
VAR i, j: INTEGER;
BEGIN
FORi:=0TO 7 DO ali] := TRUE; x[i] := -1 END;
FOR i := 0 TO 14 DO b[i] := TRUE; c[i] := TRUE END;
m:=Q;
Try(0);
Log.String('scero pewexunin: °); Log.Int(m); Log.Ln
END AllQueens.

Tabnnua 3.2. iseHanuatb peweHun 3anaqu 0 BOCbMun dpepanx
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3.6. 3apa4a o ctabunbHbIX Opakax

[Ipeanonoxum, 4To AaHBI ABa HEMepeceKaloWMUXCA MHOXKeCTBa A M B paBHOro pasmepa
n. Tpebyercs HaiiTn Habop n nap <a, b> — Takux, YTO a 3 A M b U3 B y10B/1€TBOPAIOT
HEKOTOpbIM OrpaHHYeHUsAM. MoxeT ObiTh MHOrO pa3HbiX KpMTEpPHEB JUIA TaKUX Nap;
OAMH U3 HUX Ha3bIBAETCH NPAGUAOM Caburvnuix 6paxos.

[IpumMemM, 4TO A — 3TO MHOXKECTBO MY>X4YHH, a B — MHOXecTBO eHMH. Kaxcablit
MYXUYMHa H KaXKJas )KEHIHHA YKa3aJI1 NPeano4YTHTEAbHBIX A1 cebs napTHepos. Ecu
N nap BuIOpaHbl Tak, YTO CYLIECTBYIOT MY)XXYMHA U XEHILHHA, KOTOPLIE HE ABJAIOTCA
MYXeM H JK€HOI, HO KOTOpbLIe Npeanowin 6bl Apyr Apyra cBOMM HaKTHYECKHM CYMNpY-
raM, TO TaKoe pacrnpenejeHue no napam Ha3biBaeTcs HectabuabHBIM. Ecin Takux nap
HeT, TO pacnpeaeneHue cmabunvro. [lono6Has cHTyauus xapakrepHa A/ MHOTHX NO-
X0XKMX 33]1a4, B KOTOPbIX HY)KHO CZie/IaTh paclpeleeHHe C y4eTOM Npeano4YyTeHHH, Ha-
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npuMep BoI6Op YHMBEPCHTETA CTyA€HTaMH, BbIOOp HOBOOpaHLIeB Pa3IMYHBIMH POAAMH
Bo¥icK M T. N. [Ipumep ¢ GpakaMu 0cO6EHHO HHTYHTHBEH; OQHAKO CAENYeT 3aMETHTD,
YTO CIUCOK NMpeANnOYTeHHI OCTaeTC HeH3MEHHLIM H NOCJIEe TOrOo, KaK Ce/IaHO pacrpe-
aenenue no napam. Takoe npeanosoxeHue ynpoiuaer 3aaavy, Ho npeAcTaBaser coboit
onacHoe HCKaXKeHHe peaibHOCTH (3TO Ha3blBaloT abcTpakiueit).

Bo3aMoxxHOe HanpaB/ieHHe MOMCKa pellleHHst — NBITaTbCA pacnpeaeauTh N0 napam
YJIEHOB IByX MHOXECTB OJJHOTO 3a IPYTHM, 110Ka He 6yAyT HcuepnaHbl 06a MHOXeECTBa.
Hmes uenbio HaifTH Bce cTabu/IbHbiE pacipeaesieHust, Mbl MOXeM Cpa3y caesaTh Habpo-
COK pelleHMs, B3sAB 3a obpa3elt cxemy nporpamMmbl AllQueens. ITyctb Try(m) osHavaer
A/ITOPHTM MOMCKA JKEHB! U1 MY)XYHHB M, U NYCTb 3TOT NMOUCK NPOUCXOAUT B COOT-
BETCTBHH C NMOPAAKOM CIIUCKA NPEANOYTEHHIA, 3asBJIEHHBIX ITHM MYX4nHO. [leppas
BepCHs, OCHOBaHHas Ha 3THX MPeANON0XKEHHAX, TAKOBA:

PROCEDURE Try (m: man);
VAR r: rank;
BEGIN
IF m < n THEN
FORr:=0TOn-1 DO
B3ATb r-10 KAHANRATYPY M3 CITNCKR MYKYMHBI M,
IF gomycrrma THEN
3anuncars CympyXecKkylo napy,
Try(cneayrowmn 3a m);
OTMeHNTb ITOT bpax
END
END
ELSE
3anuncare ctabunbHoe pewenne
END
END Try

HUcxoaHble naHHble NnpeacTaBJ€Hbl ABYMA MaTPpHUaMH, YKa3bIBalOILHMH TIpeanoY-
TEHHA MY)X4YHH H XXCHLUIHH:

VAR wmr: ARRAY n, n OF woman;
mwr: ARRAY n, n OF man

CooTBeTCTBEHHO, WMT,, 0003HaYaeT CMHCOK MpeANnOYTeHHUIH MY>XXYHHBI M, TO eCThb
WMFpy, . — 3TO JKEHIUMHA, HaXOAAILAACA B ITOM CIIHCKe Ha F-M MecTe. AHAIOTHYHO, MW, —
CMUCOK NPeAno4YTeHHU i XKeHIUHHB W, 2 MWT,, ; — MY)K4HHa Ha r-M MeCTe B 3TOM CITHCKe.

[IpumMep HaGopa AaHHbIX NOKa3aH B Taba. 3.3.

PesysbTaT npeacTaBUM MacCHMBOM XKEHIIMH X, TaK YTO X, 0003HauaeT cynpyry
MYXXYHHBI M. YTOOB COXpaHUTb CHMMETPHIO MEXY MY)XXYMHAMH M JKEHLIHHAMM, BBO-
AMTCSA AOMONHUTENbHDIH MACCHB Y, TaK YTO Y, 0003HaYaeT Cynpyra XeHLIHHbI W

VAR x, y: ARRAY n OF INTEGER

Ha camoM aene MaccHB y H30bITOYEH, TaK KaK B HEM NpeAcTaBieHa HHbopMalus,
yxe coaepxaiuascs B x. JleficTBUTEIbHO, COOTHOLIEHHSA

x[ylwl] = w, y[x[m]]=m
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Tabnuua 3.3. NpumMep BXOAHLIX AaHHLIX ANA WMF ¥ Mwr

r=01 2 3 4 5 6 7 r=0 1 2 3 4 5 6 7
m=0|6 1 5 4 0 2 7 3 w=0|3 5 1 4 7 0 2 6
113 2 1 5 7 0 6 4 117 4 2 0 5 6 3 1
2121 3 0 7 4 6 5 2|15 7 01 2 3 6 4
312 7 3 1 4 5 6 O 312 1 3 6 5 7 4 0
417 2 3 4 5 0 6 1 415 2 0 3 4 6 1V 7
517 6 4 1 3 2 0 5 51 0 2 7 6 3 5 4
6|1 3 5 2 0 6 4 7 6|2 4 6 1 3 0 7 5
715 0 3 1 6 4 2 7 716 1 7 3 4 5 2 O

BBIMOJIHAIOTCA A1 BCEX M U W, KOTOpbie cocTOAT B 6pake. [loaTOMy 3HaueHHe y,, MOX-
HO 6110 6B OnpeaeNnuTh MPOCTHIM NMOMUCKOM B X. OIHAKO SICHO, YTO MCIOJNb30BaHHE
MaccuBay NnoBbICHT 3dpekTHBHOCTb anroput™a. MHdopMauus, conepxaiasca B Mac-
CHBaxX X M Yy, HyXXHa AIs1 onpeaejeHUs CTabUAbHOCTH NpeanoJaraeMoro MHOXKeCTBa
6paxoB. [ToCKO/IbKY 3TO MHOXECTBO CTPOMTCS Liar 3a LIIaroM NOCPeACTBOM COeIMHEHHS
MHAHBHIOB B Napbl H NPOBEPKH cTaOMIBHOCTH NOCJIE KaXKA0ro NpernojaraeMoro Opaka,
MaCCHBBI X H Y HY>KHBI 1a)Xe€ elle 0 TOro, Kak 6yayT onpeaesieHbl BCE HX KOMITOHEHTHI.
Yr1obbl OTCIEXHUBATD, KAKHE KOMITOHEHTHI YXKe ONpe/e/ieHbl, MOXKHO BBeCTH 6y/ieBCKHe
MaCCHMBHI

singlem, singlew: ARRAY n OF BOOLEAN

CO CNEAYIOIHMH 3HAYEHHSIMU: HCTHHHOCTD Singlem,,, 03Ha4yaeT, YTO 3HaYeHHE Xy, ellle
He onpeleseHo, a singlew,, — 4YTO He onpenaeneHo y,. OAHaKO, NPUCMOTPEBLINCH
K o0cyXaaeMoOMy alropuTMy, Mbl JIETKO OOHapy)XHM, YTO ceMeifHOe MOJIOXKEHHe
MYX4HHbI k onpeaensieTcs 3HayeHHeM M ¢ NMOMOLLbIO OTHOLIEHHS

~singlem(k] = k<m

ITO HaBOJAHT Ha MBIC/Ib, YTO MOXCHO OTKA3aThCsl OT MAaCCHBA singlem; COOTBETCTBEH-
HO, UM4 singlew ynpocTHM A0 single. 3TH coraaleHUsA NPUBOAAT K YTOYHEHMIO, NTOKa-
3aHHOMY B caeayioueit npoueaype Try. IIpeamkar gomycrma MOXHO YTOMHHTD
B KOHBIOHKIIHIO OnepaHaoB single u 6pak crabunen, rae npeaukar 6pak crabmsieH eue
NPeACTOMT ONpeeInTb:

PROCEDURE Try (m: man);
VAR r: rank; w: woman;
BEGIN
IF m < n THEN
FORr:=0TO n-1 DO
w = wmr[m,r];
IF single[w] & 6pak crabunen THEN
x[m] := w; y[w] := m; single[w] := FALSE;
Try(m+1);
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single[w] := TRUE
END
END
ELSE
3anvcarte pewenve
END
END Try

Y atoro peuleHus Bce elle 3aMETHO CHJIbHOE CXOACTBO C npoueaypoit AllQueens.
KnioueBasi 3anaya tenepb — yTOUHHTb aITOPHTM onpeaeneHus ctabuabHoctu. K He-
CYacTbIO, CBOICTBO CTaOUIBHOCTH HEBO3MOXKHO BbIpa3HThb TaK XKe MPOCTO, KaK MpH Npo-
Bepke GezonacHocTH no3uuuu ¢ep3d. [lepBasd 0cobeHHOCTb, O KOTOPO#t HY)KHO NOM-
HUTb, COCTOHT B TOM, YTO, N0 Onpeae/eHHI0, CTAOHABHOCTD C/eayeT U3 CPaBHEHMIH
paHroB (TO ecTh MO3U1IMIT B CNHCKAX npeanoyTeHuit). OaHako HHrae B Halllei KoJllek-
UMK AAHHBIX, ONIpeAe/IeHHBIX A0 CHX MOP, HET HeNOCPeACTBEHHO AOCTYIHLIX PaHroB
MYXYHH WK XKeHIUHH. PasyMeeTcs, paHT )XeHILMHBI W BO MHEHHUH MY)XYHHBI M BIYUC-
JINTb MOKHO, HO TOJILKO C TOMOLLbIO OPOTrOCTOALLErO MOMCKA 3HaYeHUs W BwWmr . [1o-
CKOJIbKY BhIYHC/eHHEe CTaOHIbHOCTH — OYEHb YacTas onepalus, noae3Ho obecneynuTb
6o1ee npsiMoit AocTyn K 3T0it HHPopMaunu. C 3Tol Lebio BBeieM Be MAaTPHLLBL:

rmw: ARRAY man, woman OF rank;
rwm: ARRAY woman, man OF rank

[Tpu atom rmwyy, , 0603Ha4YaeT paHT )KEHLIMHB W B CTUCKe NMPeANOYTEHHI MyXKH-
Hbl M, a IWMy, oy — PaHT MY>XXYHHBI M B aHAJIOTMYHOM CITHCKe XXeHLUMHB W. SHaYeHHs
3THX BCIOMOraTeJbHBIX MaCCHBOB He MEHSAIOTCA M MOTyT ObLITb Onpee/ieHbl B CaMOM
HayaJie 1o 3Ha4eHUAM MaCCHBOB WMTI M MWT.

Tenepb MOXHO BBIYHCANUTD NpeauKaT b6pak crabuaeH, TOUYHO caeays ero HCXOAHO-
MYy onpeaeneHuio. HanoMHHUM, 4TO Mbl NpoBepsieM BO3MOXHOCTb COEAHHHTD OpakoM m
M W, Tie W = WMTy, , TO €CTb W AABJIAETCA KaHAUAATYPOif paHra r Ans Myx4uHul m. [Ipo-
ABJISASA ONITUMM3M, MBI CHaYaJ/1a NPeANnoI0XKHM, YTO CTaOHILHOCTD MMEET MECTO, a NIOTOM
NONBITaeMCs OOHAPYXHTb BO3MOXHbBIe NOMexH. I'1le OHH MOryT 6uITh CKpBITH? ECTb
IBe CHMMeTPHYHble BO3MOXHOCTH:

1) MOXeT HATHUCh )KEHILHHA PW C paHroM, 60Jiee BBICOKHM, YEM Y W, 110 MHEHHIO M,
M KOTOpas caMa NpeAnoYHTAeT M CBOEMY MYXKY;

2) MOXXeT HalHTHUCh MY)KYHMHA pm C PaHroM, 6o/1ee BLICOKHM, YEM Y M, 110 MHEHHIO W,
M KOTOPBIH caM NpearoYyruTaeT W CBoeH xeHe.

Yro6b1 06HApYKNTB TOMEXY NEPBOro Pojia, CPaBHHM PAHTH WMy m M TWM gy, viow)
IJIAA BCEX JKEHIUHH, KOTOPBIX M NMpPeANnoYHTaET W, TO €CThb I BCEX PW = WMy, ; TAKHX,
yT1o i < r. Ha camom aene Bce 3TH XeHLIMHBI pW YKe 3aMyXeM, TaK Kak, 6yab nio0bas u3
HMX ellle He 3amyxeM, m BbiOpas Obl ee ewe paHbiue. ONMUCaHHBII NMPOLECC MOXKHO
c¢opMyIHPOBaTh B BHAE JIHHEIHOrO MOUCKA; HMS NepeMEHHO S sABAsieTCs COKpalle-
HueMm A Stability (ctabuabHocTb).

i :=<-]:S :=TRUE;
REPEAT
INC(i);
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IFi <r THEN
pw = wmr[m,i];
IF ~single[pw] THEN S := rwm([pw,m] > rwm[pw, y[pw]] END
END
UNTIL(i=r1) OR ~S

Yr1o6b1 06HApPY KUTH MOMEXY BTOPOIO PoAa, HYXHO NPOBEPHTH BCeX KaHAMAATOB pm,
KOTOPBIX W NpPeANOYHTaeT CBOEH TeKYILeH nape m, TO eCTb BCEX MYXYHH PM = MWT, |
C i < rwmy, m. [lo aHanoruu c nepBbiM ci1yyaeM HYXXHO CPaBHHTb PaHTH FMWpPm . H
FMWpm, x(pm]- OAHAKO HYXKHO He 3a6bITh MPOMYCTHTb CPAaBHEHHS C TEMH Xpm, TA€ pM
ele He XeHat. ITo obecrneyHBaeTcs NMPOBEPKOil pm < M, TaK KaK Mbl 3HaEM, YTO BCe
MYXYHMHBI 0 M YK€ JKEHaTh.

[TonHas nporpamma nokasana Huxe. Tabanua 3.4 nokassiBaeT A€BATh CTAOMIbHBIX
pelueHMiA, HalileHHBIX 111 BXOAHBIX JAHHBIX WMI H MWT, NIpeCTaBJaeHHbIX B Taba. 3.3.

PROCEDURE write; (* ADruS36_Marriages *)

(*ana sbiBOAA UCTToNb3yeTca rnobansHei 06vekT 3armnucu W*)
VAR m: man; rm, rw: INTEGER;
BEGIN
rm:=0;,w:=0;
FORm :=0TO n-1 DO
Texts.WriteInt(W, x[m], 4);
rm = rmw[m, x[m]] + rm; rw := rwm[x[m], m] + rw
END;
Texts.WriteInt(W, rm, 8); Texts.WriteInt(W, rw, 4); Texts.WriteLn(W)
END write;

PROCEDURE stable (m, w, r: INTEGER): BOOLEAN; (*6pak ctabunen*)
VAR pm, pw, rank, i, lim: INTEGER;
S: BOOLEAN;
BEGIN
i:=-1;S := TRUE;
REPEAT
INC(i);
IFi<rTHEN
pw := wmr[m,i];
IF ~single[pw] THEN S := rwm[pw,m] > rwm[pw, y[pw]] END
END
UNTIL (i =r) OR ~§;

i:=-1; lim:= rwm[w,m];
REPEAT
INC(i);
IF i <lim THEN
pm = mwr(w,i];
IF pm < m THEN S := rmw[pm,w] > rmw[pm, x[pm]] END
END
UNTIL (i = lim) OR ~S;

RETURN S
END stable;
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PROCEDURE Try (m: INTEGER);
VAR w, r: INTEGER;
BEGIN
IF m < n THEN
FORr:=0TO n-1 DO
w = wmr[m,r];
IF single[w] & stable(m,w,r) THEN
x[m] := w; ylw] := m; single[w] := FALSE;
Try(m+1);
single[w] := TRUE
END
END
ELSE
write
END
END Try;

PROCEDURE FindStableMarriages (VAR S: Texts.Scanner);
VAR m, w, r: INTEGER;
BEGIN
FORm:=0TOn-1 DO
FORTr:=0TOn-1 DO
Texts.Scan(S); wmr[m,r] := S.i; rmw[m, wmr[m,r]] :=r
END
END;

FORw :=0TO n-1 DO
single(w] := TRUE;
FORr:=0TO n-1 DO
Texts.Scan(S); mwrlw,r] := S.i; rem([w, mwrlw,r]] :=r
END
END;

Try(0)
END FindStableMarriages

ITOT aNropuT™M NPAMOAMHENHO peannsyeT 06xoa ¢ Bo3BpaToM. Ero addexTnn-
HOCTb 3aBHUCHT IJIaBHBIM 00pa3oM OT M3OLUPEHHOCTH CXeMbl YCeYeHHMs JepeBa pelie-
Huit. Heckonbko 6oaee 6bicTpoiii, HO 60/1€e C/I0XKHBII M MeHee NPO3PayHbli aAITOPUTM
aanu MakBHTH ¥ Yuiacod [3.1] u [3.2), H oHM TaloKe pacnpOCTPaHMJIH €ro Ha Ciyyai
MHOXeCTB (MY>X4YHH U XEeHILHH ) pa3HOro pa3Mepa.

AnropuTM™bI, N0A06HblEe MOCAEAHHM ABYM NIPHUMEPaM, KOTOpble NOPOXXAAIOT BCE BO3-
MOJXKHble pellieHHs 3aaa4yM (NpU onpeleNeHHbIX OrPAaHHUYEHHSAX), YaCTO MCMOJIb3YIOT
Ans BbI6Opa OIHOrO MJIM HECKOJIBKHX pellieHHii, KOTOpble B KAKOM-TO CMbICJIE OINTH-
manbHbl. HanpuMmep, B 1aHHOM npHMepe MOXHO Obl10 Ob1 HCKaThb pellieHue, KOTOpOoe
B Cpe/IHEM Jiyyllie y0B/IETBOPAET MY>KYMH HJIH JKeHILIHH HJIH BooOlie BCex.

3ameTum, uTo B Taba. 3.4 ykazaHb!l CYMMB! PAHIOB BCEX XKEHIUHH B CIIMCKAX npel-
NOYTEHUH HX MYXeM, a Taloke CYMMBI PaHIOB BCEX MY>KYHH B CITMCKaX NpeanoyYTeHHH
MX XeH. ITO BeJIMYHUHBI
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rm
w

Sm: 0 <m < n: rMwm x(m)
Sm: 0 s m < n: 'IwWMym).m

Tabnuua 3.4. Pewenne 3anayn o CtabmnbHbix Gpakax

x0 x] x2 x3 x4 XS x6 x7 rm w C
0 6 3 2 7 0 4 1 ) 8 24 21
] 1 3 2 7 0 4 6 S 14 19 449
2 1 3 2 0 6 4 7 ) 23 12 59
3 S 3 2 7 0 4 6 1 18 14 62
4 S 3 2 0 6 4 7 1 27 7 47
S S 2 3 7 0 4 6 1 21 12 143
6 S 2 3 0 6 4 7 1 30 ) 47
7 2 S 3 7 0 4 6 1 26 10 758
8 2 S 3 0 6 4 7 1 35S 3 34

C = CKOJIbKO pPa3 BBIYHCJIAJCA NpeAnKaT bpak ctabmnen (npoueaypsl stable).
Pewenne 0 onTUMaNbHO A8 MYXYHH; pelieHHe 8 — AnA XKeHIMH.

PellleHHe ¢ HauMeHbILIMM 3HaYeHUEM rM Ha30BeM CTaOH/IbHBIM pelliecHHeM, ONTH-
MaJIbHBIM /I MYXUYMH; pelleHHe C HAHMEHbIIUM MW — ONTHUMAJIbHLIM LIS JKEHLUMH.
XapakTep NpUHATO CTpaTernu NOMCKa TaKOB, YTO CHA4Yas1a FreHEPHPYIOTCA pelleHHs,
XOpOIlHeE C TOYKH 3peHHSA MY>XYHH, a pellieHHsA, XOPOLIHe C TOYKH 3PEHHSA XKEHILUHUH, —
B KOHlle. B 3TOM cMbIC/Ie aIrOpUTM BBIFOAEH MY>KYHHaAM. ITO JIErKO MCIIPaBUTh NNyTeM
CHCTEMAaTHYECKOH NepecTaHOBKH poJjieif MyXUYHMH W XXEHIHH, TO €CTb NPOCTO MeHAsA
MECTaMH MWT U Wmr, a TalkoKe rmw M rwm.

Mu! He Gyaem Aanblile pa3BUBATh 3Ty NPOrpaMMy, a 3a1a4y BKJIIOYEHHS B porpaM-
MY MOHMCKA ONTHMAJIbHOIO pelleHUs OCTaBHM JUIA C/IeYI0LIEro H NocaeHero npuMepa
npUMeHeHHUs aIropuT™Ma 00Xx0a C BO3BPaTOM.

3.7. 3apa4ya onTUMAaJsIbHOIro BbiboOpa

Hauw nocaeanuit npuMep anropuTMa nNoHcKa ¢ BO3BPaTOM SBJASETCSA JIOTHYECKHM pas-
BUTHEM NpeAbYIHMX ABYX B paMKax obuei cxembl. CHauyana Mbl TPUMEHHIIH TIPHUH-
UMM BO3BPaTa, YTOObl HaXOANUTb 00K0 pelieHHe 3afauu. [IpuMepomM nocayXuau sagauu
O NyTelIeCTBHH IaXMaTHOro KOHs H 0 BOCbMH ¢ep3six. 3aTeM Mbl pa3obpasiuCh ¢ TOMUC-
KOM écex pellieHHit; TpHMepaMH NOCJYXKHIM 3a1a4H 0 BOCbMH ¢ep3sX U 0 CTabMAbHBIX
6pakax. Tenepb MBI XOTHM HCKaTbh ONMUMANbHOE PElLICHHE.

s 3TOrO0 HYXXHO reHepUpOBaTb BCe BO3MOXHbIE pellieHHs, HO BbIOpaTh JHILb TO,
KOTOpOe ONTHMaJIbHO B KAKOM-TO KOHKPeTHOM cMbicie. [Ipeanonaras, 4To onTMMab-
HOCTb OfpeaeJieHa ¢ noMoubio GyHKuMH f(s), NpUHKUMalOLLEi NOJ0KHTENbHbIE 3HaYe-
HMSA, NONY4aeM HYXKHBIi anropuT™ u3 obieit cxeMsl Try 3aMeHoOM onepauMu rrevarars
peweHune UHCTPYKUHUEH

IF f(solution) > f(optimum) THEN optimum := solution END
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[TepeMeHHas optimum 3anOMMHaeT Jiyylliee pellieHHe U3 10 CHX NMOp HaliieHHbIX.
EcTecTBeHHO, ee HYXHO NMpPaBWIbHO HHHIIHATH3HPOBATh; KPOMe TOro, OObIYHO 3Haye-
Hue f(optimum) xpaHsAT ewte B 04HOIH NepeMeHHOM, YToOb H30€e)XaThb NOBTOPHBIX Bbl-
YUCIEHU M.

BoTt yacTHuiit npuMep obieli npobaeMbl Hax0XAEHUS ONTHUMANbHOrO pellieHUs
B HEKOTOPOIi 3aaaye. PaccMOTpHM BaXkHYI0 M YacTo BCTpeydalowyiocs npobuiemy Buibo-
pa onTHManbHOro Habopa (NMOAMHOXECTBA) H3 3aJIaHHOTO MHOXeCTBa OOBEKTOB TNPH
Ha/JIMMMH HEKOTOpbIX orpaHuyeHuii. HaGophl, ABASIOIHECH AONYCTUMBIMH pellie-
HUAMH, COOUPAIOTCA NMOCTENEHHO NMOCPEACTBOM HCCAEeJ0BaHHUsA OTAENAbHLIX 00BbEKTOB
ucxoaHoro MHoxecTBa. [Ipouenypa Try onucbiBaeT npouecc MCCAea0BaHHS OQHOrO
00beKTa, M OHa BBI3BIBAaETCA PeKYPCHBHO (YTOOB HCC/IeI0BaTh OYepeAHOii 06beKT) A0
TeX Nnop, Noxa He 6yAyT UCCe0BaH bl BCe OOBEKTHI.

3aMeyaeM, YTO pacCMOTpeHHe KaxJaoro obbekTa (TakMe OOBEKTHI Ha3bIBAJIMUCH
KaHAUAaTaMH B NpeblAYLUIUX NpUMepax) HMEEeT [Ba BO3MOXKHBIX HCX0/1a, @ UMEHHO:
Anbo uccaenyeMblit 06beKT BKIIOYaeTcs B cobupaeMblit Habop, MO0 UCKIIIOYAETCA U3
Hero. [ToaTomMy ucnoab3oBath UMKIIL repeat wau for 3aech Heya06HO, M BMECTO HHMX
MOJXKHO NPOCTO SIBHO ONMCaTh ABa cAyyas. [Ipeanonaras, 4yto 06bEKTH NPOHYMepOBa-

Hbel 0, 1, ..., N-1, 3TO MOXKHO BHIPa3HTh CJeAYIOMIUM 0Opa3oM:
PROCEDURE Try (i: INTEGER);
BEGIN
IFi<n THEN

IF sknaovenne gonycrmnmo THEN
BKAIOYNTS i-4 OOBEKT;
Try(i+1);

MCKNIouNTs i-ii 06beKT

END;

IF ucknovenne gonycrnmo THEN
Try(i+1)

END

ELSE
nposepnTb ONTTNMANbHOCTD

END

END Try

Y ke U3 3TOM cXeMbl OYEBUAHO, YTO €CTb 2" BO3MOXHBIX NMOJAMHOXECTB; ICHO, YTO
HY>XXHbI NTOAXOAALLHE KPUTEPHH OTOOPa, YTOOB! paIHKANIbHO YMEHbIIUTB YUCJI0 HCCe-
AyeMbIX KaHAKAATOB. YToOb NPOSACHUTD 3TOT Npoliecc, BO3bMeM KOHKPETHBII npuMep
3azayy BbIOOpa: MycTh KaXKAablit M3 N 06BEKTOB Ay, ... , ap-] XapaKTepPU3YeTCs CBOUM Be-
COM M LIeHHOCTbIO. ITycTh ONTHMaNbLHBLIM CYMTaeTCs TOT Habop, Y KOTOPOro cyMMapHas
LIEHHOCTb KOMIIOHEHT SIB/ISieTCA HauboJiblueil, a orpaHMYeHHeM NycTtb OyaeT HeKoTo-
pblii npeaen Ha UX CyMMapHBIif Bec. 3Ta 3ajjlaya XOpOLIO U3BECTHAa BCeM MyTellecT-
BEHHMKaM, KOTOPbI€ NaKyI10T YeMOJaHbl, ies1ast BLIOOP U3 N PeaAMEeTOB TAKUM 0Opa3oM,
4yT06b! MX CyMMapHas LIeHHOCTb Obl1a Hanbonblielt, a cyMMapHbIil BeC He NpeBbILLIA
HeKOTOporo fnpejeJa.

Tenepb MOXHO NPUHATD pellieHHs O NpeACTaBJI€eHUHM ONMUCAHHBIX CBeJeHHit B IJI0-
6anbHbix nepemennbix. Ha ocHoBe npuBeaennbix coobpaxkeHHit caenath BLOOP J1€TKo:
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TYPE Object = RECORD weight, value: INTEGER END;
VAR a: ARRAY n OF Object;

limw, totv, maxv: INTEGER;

s, opts: SET

[TepemeHHble limw 1 totv 0603HayalOT Npeaen A5 Beca U CyMMapHYIO LeHHOCTb
BCEX N 001bEKTOB. 3TH ABa 3HaYeHMS MOCTOSTHHELI Ha MPOTAXEHUH BCEro NMpolecca Bhl-
6opa. [lepemennasn s npeacrasaseT Tekylee cCOCTosiHHe cobupaemoro Habopa o6bek-
TOB, B KOTOPOM KaXKAiblit 06beKT npeicTaBieH CBOMM MMeHeM (MHaekcoM). Ilepemen-
Has Opts — ONTUMaIbHBIA HaGOp cpeay HCCe0BaHHBIX K JAHHOMY MOMEHTY, 2 maxy —
€ro UEHHOCTb.

KakoBnl kpHUTEpMH AONYCTHMOCTH BKJIOYEHHs1 oObekTa B cobupaembiit HaGop?
Ecau peub 0 TOM, UMeeT 1N CMBbICA 8xaouamy obobekT B Habop, TO KpUTepHit 31ech — He
OyaeT 1M NpH TaKOM BKJIIOYEHHH NpeBbileH JUMHUT 110 Becy. Ecan Gyaer, To MOXKHO He
no6aBasATH HoBble 00bEKTH K TeKYyleMy Habopy. OnHako ecam peyub 06 uckarouenuu, To
AOMYCTHMOCTD Ja/ibHeiillero Hcc1eA0BaHUs HabopoB, He COAEPXKALLMX ITOTO /1IeMEH-
Ta, ONpeJesieTCs TeM, MOXeT JIH IeHHOCTb TAKMX HaGoPOB NPEBLICUTD 3HaYeHHE AN
ONTUMYMa, HaifiIeHHOTO K AaHHOMY MOMEHTY. M1 ecamn He MOJKeT, TO MPOAOJKEHHE N10-
MCKa, XOTS M MOJXKET JaTh eli{e Kakoe-HUOYAb pellieHHe, He NPUBEAET K YAYJIIEHHIO YXKe
HaiiaeHHoro ontuMyma. I103ToMy fanbHelnii NoMcK Ha 3ToM nyTH Gecnone3eH. U3
3THUX JBYX YCJOBHil MOXHO ONpeAeNUTh BeJIMYMHBI, KOTOPble HY)KHO BBIYHCAATb Ha
KaX</IOM 1liare npotiecca Buibopa:

1. Iloanwbiit Bec tw Habopa s, COOpaHHOro Ha AAHHBIif MOMEHT.
2. Euwe poctkumas ¢ HabopoM s LIEHHOCTD av.

ITH ABa 3HaYeHHs YAOOHO NpeACcTaBUTD apaMeTpaMu npouenyps! Try. Tenepb yc-
JIOBHE BKAIOYEHME BOTTYCTHMO MOXKHO c()OPMYIHPJIOBATH TaK:

tw + a[i].weight < limw
a noc/efyouyo NpoBepKy ONTUMAIbHOCTH 3aMUCaTh TaK:

IF av > maxv THEN (*HoBbIW OTTITUMYM, 3aTTKMCaTh ero*)
opts := s, maxv ;= av
END

[Tocnennee NpUcBanBaHHE OCHOBAHO Ha TOM coo6paxcemm, 4TO KOrAa Bce N 06bek-
TOB PaCCMOTPEHBbI, AOCTHXKHMO€E 3HaY€HHE COBIAAACT C AOCTUTHYTBIM. Ycnosue ncknio-
YeHune [OomyCTHMO BbipaXKaeTCA TakK:

av - afi).value > maxv

Ansa 3Hadyenus av - afi).value, koTtopoe HCNONb3yeTCS HEOAHOKPATHO, BBOAUTCSA UMSA
avl, yTo6b! M36€)XXaTh €ro NOBTOPHOTO BHIYHCAEHHS.

Tenepsb Bcs npouenypa COCTaBNAETCA U3 YKe PaCCMOTPEHHBIX Yacreii ¢ 106aBJeHH-
eM MOAXOAALIMX ONepaTOpoB MHMUMANU3AUMK ANs raobaibHBIX nepeMeHHbIX. O6pa-
THM BHMMaHMe Ha JIETKOCTh BKJIIOYEHHS U UCKIIOYEHHs] U3 MHOXECTBa S C NOMOII{bIO
onepauuit 1ns tuna SET. PeayabtaTel paboThl nporpaMMel noka3saHsl B Taba. 3.5.
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TYPE Object = RECORD value, weight: INTEGER END; (* ADruS37_OptSelection *)
VAR a: ARRAY n OF Object;

limw, totv, maxv: INTEGER;

s, opts: SET;

PROCEDURE Try (i, tw, av: INTEGER);
VAR twl, avl: INTEGER;
BEGIN
IFi <n THEN
(*rmposepka BKNOYEHUA™)
twl := tw + a[i].weight;
IF twl <= limw THEN
s :=s +{i};
Try(i+1, twl, av);
s :=s - {i}
END;
(*rmposepka ncknoueHna*)
avl := av - afi].value;
IF avl > maxv THEN
Try(i+1, tw, avl)
END
ELSIF av > maxv THEN
maxy .= av; opts =S
END
END Try;

Tabnuua 3.5. Npumep pesynstatos paboTa nporpamMmel Selection npu swbope
n3 10 06vexTos (BBEPXY). 3B8E€3004KN OTMEHAIOT OOLEKTH N3 OTNUMANbHLIX HAOOPOB
opts ANA OrpaHu4YeHu Ha CymMmMapHuii eec ot 10 no 120
Bec: 10 11 12 13 14 15 16 17 18 19
ueHHocte: 18 20 17 19 25 21 27 23 25 24

limwd maxv
10 * 18
20 * 27
30 * * 52
40 * * * 70
So ] ] - * 84
60 * 4 - ] - 99
70 * - - * * 'I 'Is
80 * * ] ] * ] 130
90 - - * * - * 139
"00 * » - - * » * 'ls7
] 'Io * t 4 - ] - - * * 'I 72

]20 * » * » * » » » ]83
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PROCEDURE Selection (Weightinc, WeightLimit: INTEGER);
BEGIN
limw = 0;
REPEAT
limw ;= limw + Weightinc; maxv := 0;
s :={}; opts := {}; Try(0, 0, totv),
UNTIL limw >= WeightLimit
END Selection.

Takast cxemMa MOMCKa ¢ BO3BpPaTOM, B KOTOPOW MCIMOJIb3YIOTCA OFPaHUYeHHUs LA
NpeaoTBpalleH A H3OBITOYHBIX 61yXxaaHHii NO AepeBy NMOMCKa, Ha3blBAETCA MemOodoM
eemeeti u epanuy (branch and bound algorithm).

YnpaXxHeHus

3.1. (XaHoiickne 6auHn.) JlaHsl TPH CTEPXKHA M N IUCKOB pasHBbIX pa3mMepoB. JIMcKH
MOryT 6LITh HaHM3aHBI Ha CTepXHH, 06pa3ys GawHu. [IycTb N AMCKOB NepBoHa-
yaZIbHO HaXOIATCA Ha CTEPXKHe A B nopsaake yObIBaHHs pa3Mepa, Kak NI0Ka3aHO Ha
puc. 3.9 ana n = 3. 3agaHue B TOM, YTOOBI NEpeMECTHTb N IUCKOB CO CTEPXKHA A Ha
cTepkeHb C, mpHyYeM Tak, YTOOBl OHM OKa3aJMChb HAHM3aHBI B TOM XK€ MOPsAKe.
STOro HY>HO A0OUTBCSA NMPH CNEAYIOUUX OFPaHUYEHUAX:

1. Ha ka>x0oM 11are co CTepXHsA Ha CTepXeHb NepeMellaeTcs TONbKO OAUH AHCK.
2. JInuck Henb3s HAHU3bIBAaTh NOBEPX AUCKA MEHbILEro pasMepa.
3. CrepxeHb B MOXXHO HCNOJIb30OBATh B Ka4eCTBE BCIIOMOraTeJibHOro XpaHHJ/HILa.

Tpebyerca HaliTH anropuT™ BBIMOJIHEHHUA 3TOro 3afiaHHA. 3aMeTHM, YTO HalIHIO
yaobHO paccMaTpHBaTh KakK COCTOSLLYIO U3 ONHOrO JMUCKa Ha BepluMHe U GalliHu,
COCTaBJIEHHOM M3 OCTaJIbHBIX AHCKOB. ONUIINTE aJITOPUTM B BHAE PEKYPCHUBHOM
NporpaMmbl.

3.2. Hanumnte npoueaypy nopoxiaeHus Bcex n! MEepeCTAHOBOK N 3/1eMEHTOB
ag, ..., ap-y N situ, T0 ecTb H€3 Hcnosb3oBaHUA apyroro Maccusa. [locae nopoxnae-
HUA oYepeaHOl NepecTaHOBKH A0/HKHA BbI3bIBaThCA NepeaBaeMas B KauecTBe Ia-
paMmeTpa npoueaypa Q, KoTopast MOXeT, HanpUMep, NeYyaTaTh MOPOXAECHHYIO Nepe-

CTaHOBKY.
0
1
h
A B c

Puc. 3.9. Xaronckue 6awnHun
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3.3.

3.4.

3.5.

3.6.

ITodcxasxa. Cuutaiite, YTO 3aa4a NMOPOXKAEHHS BCEX NMEpeCTaHOBOK JIEMEHTOB
ag, .--) 4m-1 COCTOMT U3 M NO/A3aAa4 NOPOXKAEHUSA BCEX NEPECTAHOBOK 3/IEMEHTOB
ag, --«» @m-2, 10CJIE KOTOPBIX CTOMT a1, FA€ B i-it noasanaye npenBapuTebHO
Obl/IM nepecTaB/IeHb! ABa 3/1EMEHTA a; H am-1.

Haitaurte pexypcusHyio cxeMy ans puc. 3.10, kotopsiit npeacraBnasiet coboii cy-
Nepno3uLMIO YeThipeX KpUBLIX W), Wy, W3, W,. ITa cTpyKTypa noaobHa KpHUBbIM
Cepnunbckoro (puc. 3.6). 13 pekypcHBHOI cXxeMbl NONYYHTE PeKyPCHBHYIO NpO-
rpaMMmy /151 pUCOBAHHS 3TUX KPUBBIX.
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Puc. 3.10. Kpueuie W, - W,

N3 92 peieHnii, BoiuncasieMbix nporpamMmoit AllQueens B 3azaye 0 BocbMH ¢ep-
351X, TONIbKO 12 sIBJISIIOTCS CYLIECTBEHHO pa3an4YHbBIMU. OcTanbHble NMOJAYyYalOTCA
OTpakeHHSIMH OTHOCHTE/IbHO OCeif WM HeHTpaabHOi TouKkH. [IpuayMaiite npo-
rpaMMmy, KOTOpas onpeaeJisier 12 ocHOBHbIX pelieHuit. Hanpumep, obpaTure BHHU-
MaHHe, YTO NOUCK B cTo61e 1 MOXXHO OrpaHHYHUTb NO3UUUAMH 1-4.

N3MeHnTe nporpamMMy A/1si 3aia4u 0 cTabHIbHBIX HpaKax Tak, YTOOL! OHAa HaXOaH-
J1a ONTHMabHOE pelleHHe (ANsT MYXYHH WaM xeHlMH). [loayuurcs npumep
npUMeHeHHUsT MeTO/la BeTBeil M rpaHMll, y)Ke peaii30BaHHOroO B 3ajaye 06 onTu-
Ma/bHOM Beibope (nporpamma Selection).

ZKenesHonopoxxHasa KoMInaHus 0OCY)KHBAET N CTaHUMIA Sy, ..., Sq-1. B ee nnanax —
YAYUYIWHTb 00CAYXXHBaHHE TMaCcCaKMPOB C MOMOILBIO KOMMNbIOTEPH30BaHHBIX
MHPOpPMaLMOHHBIX TepMItHaNOB. [l peanosaraeTcs, YTo naccaxup yka3nlBaeT CBOU
CTaHUMM OTNpaBjeHHUsi SA U HasHayeHHUs: SD U (HeMeA1eHHO) NMONy4aeT pacnuca-
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37.

HHe MapLIpYTa C NepecagkaMu U C MUHUMaJIbHBIM NMOJHbIM BpeMeHeM MOe3aKH.
Hanuuure nporpaMmy Ans BblYMCAeHHA Takoit mHgopmauun. [Ipeanonoxure,
4yTO rpachMK ABHKeHHsI noe310B (6aHK AaHHBIX /151 3TOM 3a1a4M) 3a1aH B NOAXO-
AsAlleil CTPYKType AaHHBIX, coiepxalleil BpeMeHa OTnpaBieHUs (= npuObITHA)
Bcex 1noe3aoB. EctecTBeHHO, He BCe CTAaHUIMH COEAMHEHB IPYT C APYTOM NPAMbIMH
mMapupytamu (CM. Takxe ynp. 1.6).

Dynkums AkkepMaHa A onpeaesieTcsi st BceX HeOTPULATeIbHBIX LeJIbIX apry-
MEHTOB M H N caeayoumnm obpa3oM:

AO,n) =n+
A(m, 0) = A(m-1,1) (m> 0)
A(m, n) = A(m-1, Alm, n-1)) (m, n> 0)

HanummTte nporpaMMy s BbluUCaeHUss A(M,N), He UCTIONb3Ysi peKypcHio. B ka-
yecTBe oOpaslla Mcnosb3yiiTe HepeKypPCHUBHYIO BepcHI0 OLICTPOii COpPTHPOBKHM
(nporpamMma NonRecursiveQuickSort). Chopmyaupyiite obume npasuna ans
npeoOpa3oBaHHsl peKYPCHBHbIX IPOrpaMM B UTEPaTHBHbIE,

Jiutepatypa
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4.1. PeKypCcusHbI€ TUNDbI AAHHbIX

B rnaBe 1 MacCHBBI, 3anMCH U MHOXecTBa OblIM BBeAleHbl B KayecTBe PyHAaMEHTAIb-
HbIX CTPYKTYP AaHHbIX. MBI Ha3Banu Ux GyHAAMEHTAIbHBIMH, TaK KaK OHH SIBJISIIOTCA
CTPOMTEJIbHBIMU 6J10KaMH, U3 KOTOpPbIX (OpMHUpYIOTCA Goslee cNoXKHBIE CTPYKTYPHI,
a TaK)Xe MIOTOMY, YTO Ha MPaKTHKe OHU BCTpe4aloTcs yaile Bcero. CMbics onpeaeneHus
THINA 1aHHBIX, 3 3aTeM ONpeAeieHUsl NepeMeHHbIX, UMEIOLMX 3TOT THI, COCTOMT B TOM,
yTo6bl pa3 ¥ HaBceraa PUKCHPOBATh AHANA30H 3HAYEHHI ITHX NepPeMEHHbIX, @ 3HAUMT,
U cnocob nx pa3melelns B namsaTH. [103ToMy Takne nepeMeHHble Ha3LIBAIOT CMAMU-
vecxumu. OHAKO eCTb MHOTO 3a4ay, rie HYXHbI 60/1ee C/I0XKHble CTPYKTYPbl JaHHBIX.
Jnsi Takux 3aaa4 XapakTepHO, YTO He TOJIbKO 3Ha4Y€eHMsI, HO U CTPYKTypa nepeMeHHbIX
MeHsieTcs BO BpeMs BbluHcJieHHs:. [I03TOMY HX Ha3bIBalOT OuUNAMUYECKUMU CMPYKMYpPa-
Mu. EcTeCTBEHHO, KOMIMOHEHTH! TAKUX CTPYKTYP — Ha OfnpeaesieHHOM YPOBHe pa3pelle-
HHUSA — SABJISIOTCA CTaTUYECKUMH, TO €CTb NPHUHALIIEKAT OAHOMY U3 yHAAMEHTATbHBIX
THIOB JaHHBIX. 3Ta IJaBa NoCBsillleHa NOCTPOEHHIO, aHa/IM3y U paboTe ¢ AMHaMHye-
CKMMM CTPYKTYPaMH JaHHBIX.

Hano 3aMeTUTD, YTO CYLLEeCTBYIOT 6JIM3KHe aHAIOTHH MeXAY METOJaMH CTPYKTYpH-
pOBaHHsl AITOPUTMOB M AaHHbIX. ITa aHAIOTHs, KaK M Jiio0as aApyras, He ABAAETCs M0J-
HOIf, TeM He MeHee CpaBHeHHe METOJ0B CTPYKTYPHPOBaHHs MPOrpaMM MU JaHHBIX NO-
YUYHTEJIBbHO.

JneMeHTapHbI HeleMMblii onepaTop — NpUCBaMBaHHe 3HaYeHHUsA HEKOTOPOii Ie-
peMeHHOW. COOTBETCTBYIOLIMIA YJieH CeMEHCTBA CTPYKTYP AAHHBIX — CKaNAPHBIi, He-
CTPYKTyPHPOBaHHbIii THN. JTa napa npeacraBaser coboii HeaenUMble CTPOUTENbHbBIE
6710kM N cOCTaBHBIX ONEpaTOpPOB M A/ THNOB AaHHbIX. [IpocTeifiine CTPYKTypH,
nonyyaemble NnocpeACcTBOM NMepPeYUCIeHMsi, CYTb NMOCE0BaTE/IbHOCTb ONEepaToOpoB M
3anuch. U Ta, u Apyras cocToaT M3 KoHeYHOro (0OLIYHO He60IbLLIOro) YHCaa SIBHO Me-
PEYHCNIEHHBIX KOMIIOHEHT, KOTOpble Bce MOryT ObiTh pasnuyHuiMH. Ecau Bce koMmo-
HEeHTBl MAEHTHYHBI, TO MX He 00513aTe/IbHO BbINIMCBHIBATh 110 OT/EJIbHOCTH: B 3TOM CJIyYae
MCNoJb3yIoT onepatop for U MaccHB, YTOObI YKa3aThb M3BECTHOE, KOHEYHOE YHCJIO M10-
BTOpeHHii. BoiGop Mexay aAByMst u GoJiee 3/1eMeHTaMH BbipaXKaeTCsi YC/IOBHbIM Ofe-
pPaToOpOM M pacLIMpeHHeM 3aMUceBbIX TUIIOB COOTBETCTBEHHO. M HakOHell, NOBTOpeHHe
C 3apaHee HeM3BECTHLIM (M NMOTEHLHaIbHO 6€CKOHEYHBIM ) YHCJIOM 1AaroB BhPaXKaeTcs
oneparopaMu while u repeat. CooTBeTCTBYIOIasA CTPYKTYpa AaHHLIX — NOCJen0Ba-
TeAbHOCTDb (aiin) — 3T0 NpocTeiiliee cpeaACTBO IS NOCTPOEHHs THNOB ¢ 6eCKOHEeYHO#H
MOLLHOCTBIO.

BosHukaeT BONpoOC: CyllecTBYeT JM CTPYKTypa AaHHBIX, KOTOpPas aHaJOrM4YHBIM
obpa3oM cooTBercTBOBaNa Obl Ooneparopy npoueayphi? EctecTBeHHO, B 3TOM OTHO-
IIeHUHU CaMbIM HHTEPECHBIM M HOBbIM CBOHCTBOM MNpOLEAYP ABJAETCA PeKypcHs.
3HayeHUs TaKoro peKypCMBHOIO TMNa JaHHLIX AOJ/KHBI colepXaTb oqHy uau 6onee
KOMITOHEHT, NMPUHAIEkKaLUX 3TOMY JKe THNY, MoaoOHO TOMY Kak npoueaypa MOXeT
coaepxarb OAHUH WK Gonee B30BOB camoii cebs. Kak u npouenypsl, onpeaeneHus Tu-
NOB JaHHbIX MOTJIH 6bl ObITb IBHO HJIM KOCBEHHO PeKYPCHBHBIMH.

[IpocToit npuMep 06bekTa, KOTOPBIN BeCbMa yMECTHO NPEACTaBAATb peKypCHBHO
onpeeieHHbIM THNOM, — apU(PMeTHYECKOe BhIpaXKeHHe, UMeIoLLeecs B si3biKax Mpo-
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rpaMMHpOBaHHs. Pekypcus Hcnosab3yercs, 4ToObl 0TPasuTb BO3MOXKHOCTD BJIOXKEHHIA,
TO €CTb MCI0J1b30BaHHs NOJBbIpaXkeHHii B CkoOxax B KayecTBe ONepaH10B BhPaXKeHHIA.
[loaToMmy naaum caenyiouee HepopMaibHOe onpeaesieHHe BbipaXeHHs:

BripaxkeHue cOCTOMT M3 TEpMa, 32 KOTOPLIM CJe/lyeT 3HaK OnepalmH, 3a KOTOPbIM
caenyer tepM. (/lBa aTux TepMa ~ onepaHabl onepauuu.) Tepm ~ ato 1mbo nepemeH-
Hasl, NpeAcTaB/ieHHasA HACHTH(UKATOPOM, THO0 BhpaXkeHH e, 3aKNI04EHHOE B CKOOKH.

Tun paHHBIX, 3HaYEHHUSIMH KOTOPOro NMPeACTaBASIOTCS TaKHe BbIpaXKeHHsl, MOXeT
ObITb JIETKO ONMMUCaH, €CJIH HCMOJb30BaTh YK€ UMeloLIMecs: CPeaAcTBa, 106aBMB K HUM
PEKyPCHIO:

TYPE expression = RECORD op: INTEGER;
opdl, opd2: term
END
TYPE term = RECORD
IF t: BOOLEAN THEN id: Name ELSE subex: expression END
END

[loaToMy KaXkaas nepeMeHHasi THIA term COCTOMT M3 ABYX KOMIIOHEHT, @ UMEHHO
NnoJist NPU3HaKa t, a TaKkXKe, eC/IH t HCTUHHO, NoJis id, WK B MPOTHBHOM CJyYae 1oJs
subex. Hanpumep, paccMOTpUM caienyioume YeTbipe BolpaXkeHHs:

1. x+y

2. x-(y*2)

3. x+y)*(z-w)
4, (x/(y+2)*w

ITH BbIpaXKeHHsi CXeMaTHYECKH NOKa3aHbl Ha puUC. 4.1, rae BUAHA MX <MaTpelleyHas»,
PEKYPCHBHasA CTPYKTYPa, a TalkoKe M0Ka3aHO pa3MellleHHe ITHX BbhipaXeHH B TAMATH.

BTtopoit npumep peKkypCHMBHOM CTPYKTYpbl AaHHBIX — CeMeiiHas pOAOC/IOBHas.
Ilyctns ponocnioBHas onpeaeneHa HMEHEM HHAMBHAA U 1ByMsi POOCJIOBHbIMH €ro po-
auteneil. 3To onpeaeneHne Hen3bexxHO NPUBOAUT K HeckoHeuHOit cTpykType. Peanb-
Hble POIOCJIOBHbIE OrPaHHUYEHBI, TAK KaK O JOCTATOYHO AajleKHUX npeakax HH¢opMal s
orcyTcTByer. CHOBa NMpeANoONOKHM, YTO 3TO MOXKHO Y4eCTb C NOMOLUBIO HEKOTOPOI
yc0BHO# cTpyKTyph! (ped ot pedigree — poaocioBHas ):

TYPE ped = RECORD
IF known: BOOLEAN THEN name: Name; father, mother: ped END
END

3ameTHM, YTO Kaxkaas nepeMeHHas THNa ped HMeeT 1o KpaiiHeit Mepe OHY KOMIIO-
HEHTY, a HMEHHO noJie npu3Haka known (u3secteH). Ecau ero 3Hayenune paBHo TRUE,
TO €CTb €lile TPH I0JIsi; B TPOTHBHOM CJ1y4ae 3TH N0 OTCYTcTBYIOT. [I[prMep KoHKpeT-
HOIO 3Ha4Y€HMA MOKa3aH HUXKe B BUAE BbIPaXKeHMsI C BJIOKEHHUSIMH, a TaAK)Ke C MTOMOLLBIO
AHarpaMMbl, MOKa3biBalolleil BO3MOXHOe pa3MmelleHne B naMATH (CM. puc. 4.2).

(T, Ted, (T, Fred, (T, Adam, (F), (F)), (F)), (T, Mary, (F), (T, Eva, (F), (F))

[ToHsiTHO, NoYeMy BaXKHBI YC/IOBMSi B TaKHX OMNpeAeseHUsiX: 3TO eAUHCTBEHHOe
CPEACTBO OrPaHHYMUTh PEKYPCHBHYIO CTPYKTYPY AaHHBIX, TO3TOMY OHH 00si3aTe/IbHO
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Puc. 4.1. CxeMbl pPacCnONOXeHNA B NaMATH PEKYPCUBHLIX 3aNNCEBLIX CTPYKTYP

Ted

Fred

Mary

Eva

Puc. 4.2. Npumep pexypcusHon
CTPYXTYPbl AaHHbIX

CONpPOBOXAAIOT KaXJ0e peKypCHBHOe orpeaese-
Hue. 31eCb 0OCOGEHHO YeTKO BUAHA aHAJIOTHS MeXAY
CTPYKTYpHUpPOBaHHEM NMPOrpaMM M AaHHLIX. Y CJ10B-
Hbli onepatop (uauM onepatop BuiGopa) 06s3a-
TeJIbHO A0JIXKeH OBITh YaCTbIO KaXKA0i peKypCHBHOIH
npoueaypsl, YyToOb obecnednTs 3aBepllieHHE ee Bhi-
nonHeHusi. Ha npaktuke aAMHaMHYeCcKHe CTPYKTY-
pPbl MCMOJIL3YIOT CCHUIKH MJIM YKa3aTe/lH Ha CBOM
3JIeMEHTHI, a Hest AIbTePHATUBHI (A/151 3aBeplLEHUs
PEKYPCHH) peaIn3yeTcsi B IOHATHH yKa3aTesi, Kak
0o0ObACHsETCSA B C/eNYIoleM pa3aene.

4.2. YkazaTtenm

XapaxkTepHoe CBOWCTBO PEKYPCHBHBIX CTPYKTYP,
4eTKO oT/IMYalolLee HX OT PyHAaMEHTANIbHBIX CTPYK-
Typ (MacCHBOB, 3aNUCE, MHOXECTB), — 3TO UX CIO-
cobHocTb MeHATb cBoit paamep. [ToaToMy HeBO3MOXK-
HO BbLAEJIHTb PUKCUPOBAHHDII YYaCTOK NAMATH 1A
pa3MellleH!s1 PeKyPCHBHO onpeae/lieHHOW CTPYKTYy-
PBl, M, KaK CIeACTBHE, KOMITHJIATOP HEe MOXXET CBsi-
3aTh KOHKpeTHble aapeca ¢ KOMIOHEHTaMH TaKMX
nepemeHHbix. MeTtoa, yalue Bcero nmpuMeHsieMblit
ANs pelieHus 3Toit npobJieMbl, COCTOMT B JunaMu-
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yecxom pacnpedenrenuu namamu (dynamic allocation of storage), To ects pacnpeaene-
HUM NAMSATH OTAENbHBM KOMIOHEHTAM B TOT MOMEHT, KOrla OHM BO3HHKAIOT MPH Bbl-
NoJIHEHHUsI MPOrpaMMBl, a He BO BpeMst TpaHcasiuuu. [Ipu aToM KOMIHWASATOP OTBOAMT
¢dUKCHpOBaHHBIi 00bEM NaMATH A/ XpPaHEHHs aapeca AHHAMHUYECKH pa3MelLaeMoii
KOMITOHEHTHl BMeCTO caMoii komnoHeHTH. Hanpumep, poaocnoBHan, nokasaHHas Ha
puc. 4.2, 6yner npeacraB/ieHa OTAEIbHBIMH — BMOJIHE BO3MOXHO, HECMEXHBIMH — 3a-
NMUCSIMH, N0 OAHOMN HA KaXKA0ro HHANWBHAA. 3TH 3aMTUCH 151 OTAEebHbIX JII0eH CBsi3aHbl
C MOMOLLbIO APeCOB, 3alIMCaHHbIX B COOTBETCTBYIOLIHe NoJs father (oTen) U mother
(matb). I'pachmyecku 31O Nyyllle BCEro BHPasUTh € MOMOLLBIO CTPEJIOK HJIH YKa3aTeJlei
(puc. 4.3).
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Puc. 4.3. CTpykTypa naHHBIX, CBA3AHHAR yKa3aTenamu

BaxxHo nog4yepkHyTb, YTO HCNOJIB30BaHHE yKa3aTesiei /I peain3aumH peKypcuB-
HbIX CTPYKTYP — 3TO BCEro JIMLb TeXxHnuecKuii npueM. [lporpaMMucTy He 06s13aTenbHO
3HaTb 00 Mx cywecTBoBaHHH. [TaMATbL MOXeT pacnpenensaTbCs aBTOMaTHYECKH B TOT
MOMEHT, KOrja B NnepBbiif pa3 HCMONbL3YETCsl CChiJIKAa Ha HOBYI0 kKoMnoHeHTY. Ho ecan
sIBHO pa3pellaeTcsi MCMOoJIb30BaHHeE yKa3aTeJsieil, TO MOXXHO NOCTPOUTb U 6oJee obLHe
CTPYKTYPHI JaHHbIX, YeM T€, KOTOPble MOXHO OITMCATh C MOMOLLbIO peKy pPCHBHBIX Onpe-
aeneHuii. B yacTHOCTH, Toraa MOXHO onpeaeasTbh NOTEHUMANIbHO GeCKOHeYHbie MJIH
UMKAHYECKHe CTPYKTYPH (rpacdbl) H yKa3biBaTh, YTO HEKOTOpble CTPYKTYPbl HCMO/b-
3yloTcsi coBMecTHO. [103TOMY B pa3BMTBIX si3biKaX NPOrpaMMH pOBaHHUsl NPUHATO pa3pe-
IATh siBHBIE MAHUNYJISIUUHU HE TOJIBKO C JAaHHBIMH, HO H CO CChIJIKAaMH Ha HUX. JTO Tpe-
OyeT npoBeaeHHs YETKOro pa3/iHYMs Ha ypoBHe 0OO3HAuYE€HHH MEXAY AAHHBIMH H
CCbiJIKAMM Ha laHHbi€, a TaKKe HeoOXOAHMOCTb UMETb TUNBI JAHHbIX, 3HAYEHHSAMH KO-
TOPBIX ABJAIOTCA yKa3aTeJH (CChUIKM) Ha ApyrHe AaHHbie. Mbl 6yaeM HCNOAB30BaTh
cieqyoly 0 HOTaUHIO AJ1si 3TOH LeJH:

TYPET = POINTER TO TO

Takoe onpeaesjieHue TUIa O3Ha4aeT, YTO 3HAYEHHSI THNA T-3T0 YKa3aTeJH Ha N1aH-
Hble THna TO. anHLIHHHaJIbHO BAa)XHO, YTO THN 3JIEMEHTOB, Ha KOTOPbI€ CCBHIJIAETCS
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yka3aTeJsib, O4eBHIAEH U3 onpenenelusi T. Mul roBopuM, uto T canzan ¢ TO. ITa cBA3b
OTJ/IMYAeT YKa3aTesH B A3bIKaX BLICOKOIO YPOBHsi OT aAPECOB B MALIHHHOM 5i3bIKE M siB-
NIIETCs BECbMA BaXKHbIM CPeACTBOM NOBbilieHHs1 6€30MacHOCTH B NPOrpaMMHUPOBaHHH
NMOCPeACTBOM OTPaXX€HHs1 CEMaHTUKH NPOrpaMMbi CHHTAKCHYECKHMH CPEeICTBaMH.

3HayeHHA yKa3aTeJbHbIX THNOB MNOPOXKAAIOTCS NMPH KaXKA0M IHHAMHYECKOM pa3me-
LEHHH 3JIeMeHTa JaHHbiX. Mbl GyaeT npuaepXuBaTbCsi NPaBUJIA, YTO TaKoe COOBITHE
BCErAa A0J1XHO ONUCHIBATLCs IBHO, B IPOTHBOMOJIOXKHOCTh MEXaHU3MY aBTOMaTHYEC-
KOro pa3MellieHHs 3JIeMeHTa 1aHHbIX MTPH NepBOM ccbljike Ha Hero. C 3ToM Lenbio BBe-
aeM npouenypy NEW. Ecam naHa ykasatenbHas nepemeHHass p tuna T, To oneparop
NEW(p) pa3melnaer rae-To B NaMsiTH NepeMeHHylo THNa T0, a yKa3aresb Ha 3Ty HOBYIO
nepeMeHHYI0 3aMHCHIBaeT B nepeMeHHylo p (cM. puc. 4.4). Cocnatbest B nporpamMme Ha
CaMO yKa3aTeJibHOe 3HaYeHHe Telepb MOXHO ¢ NOMOLLbIO P (TO €CTb 3TO 3HaYeHHe yKa-
3aTeabHOI nepemeHHoi#l p). [Ipn 3ToM nepemMeHHas, Ha KOTOPYIO CChl/IaeTCs p, 0003HA-
yaeTcs Kak pA. OObIYHO HCMOJIB3YIOT CCBUIKM Ha 3anucH. Ecan y 3anucu, Ha kotopyio
CCBUIaeTCs yKa3aTeb P, €CTh, HallPUMeEP, NoJie X, TO OHO obo3Havaercs Kak pA.x. [lo-
CKOJILKY ICHO, YTO NOAsAMHU 00J1alaeT He yKa3aTeJlb, a TOJIbKO 3aMKCh PA, TO MBI AOMYC-
KaeM COKPaLEeHHYIO HOTAlUHIO P.X BMECTO PA.X.

p: POINTERTO T | S

puT

Puc. 4.4. lunamnyeckoe pasmMewieHme NepemeHHon pA

Bulllle yKa3bniBasoCh, YTO B KaXK/I0M PEKYPCMBHOM THIe HEOOXOAHMa KOMMOHEHTa,
NO3BOJIAIOLIAA Pa3/IHYaTh BO3MOXKHbIE€ BAPHAHThI, YTOOBI MOXHO ObLNIO obecneynuTb KO-
HEYHOCTb PeKypCHBHbIX CTPYKTYP. IIpMep ceMeitHol poaoc10BHOI1 TOKa3bIBaET BeCh-
Ma YaCTO BCTPEYaloUlyloCsi CHTYalHIo, KOraa B O4HOM M3 ABYX C/y4aeB ApyrHe KOMIO-
HEHTBl OTCYTCTBYIOT. 3TO BHIPaXkaeTcs C/eAYIOLHM CXeMaTHYeCKUM OnpeaesieHHeM:

TYPE T = RECORD
IF nonterminal: BOOLEAN THEN S(T) END
END

S(T) o6o3HavaeT NoCNEA0BaTENbLHOCTD ONpelesieHHi noJjeil, cpeid KOTOPhIX eCThb
oaHO WK 6onee noneii Tuna T, yem U obecneynBaeTcs peKypCHBHOCTb. Bce CTpyKTyphl
THIa, ONpeeJIEeHHOro Mo 3TOH cxeme, UMEIOT ApeBecHoe (MJIM CITUCKOBOE) CTPOEHHe,
noao6Hoe nokasaHHOMY Ha pHc. 4.3. Ero oco6eHHOCTb — HauyHe yKa3aTeneil Ha KOM-
MOHEHTB! AAHHBIX, COCTOsILLIHE TONBLKO M3 10151 NPU3HAKa, TO eCThb He HecyLUHe ApYyroit
nonesHoii uHpopmauun. Meroa peasnsauum ¢ ABHBIMH YK3aTeNsiMH NOACKa3bIBaeT
NpocToii cnocob cCAKOHOMMTH NaMsATh, pa3pelliuB BKAIOYATh HHGOPMALIMIO O NoJe NpHU-
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3HaKa B CaMO yKa3aTeJibHOe 3HaueHue. OOBIYHO A/Isi ITOrO PacIiMpsAIOT AHaNa30H 3Haye-
HHUii BCceX yKa3aTe/IbHbIX TUIIOB €IHHCTBEHHBIM 3HaYeHHEM, KOTOpoe BOOO1LE He sABJIseT-
CA CChLIKOMH HM Ha Kakoi ayieMeHT. O603HauuM 3TO 3HauYeHHE CrieliHaIbHBIM CHMBOJIOM
NIL ¥ nocTyMpyeM, 4TO BCE NEPEMEHHDBIE YKAa3aTe/IbHbIX TUITOB MOT'YT MPUHUMATDb 3Ha-
yenue NIL. BcaeacTBue Takoro paciiHpeHust AMana3oHa ykasaTteJibHbIX 3HaYeHHH Ko-
HeYHbie CTPYKTYPh! MOTYT NOPOXAATLCS NPH OTCYTCTBHU BapUaHTOB (YC/0BUi) B UX
(pexypCHBHBIX) OlpeaesIeHUsX.

Huxe nawTtcsa HoBble GopMyAHPOBKH 00bsABIEHHBIX paHee SBHO PEKYPCHBHbBIX TH-
NOB JaHHBLIX C UCMIONIb30BAaHUEM yKa3aTesieil. 3aMeTHUM, YTO 34€eCh y)Ke HeT noJisi known,
TaK Kak ~p.known Tenepb BhipaxaeTcs nocpeactBoM p = NIL. [lepenmeHoBaHKe THNA
ped B Person (HHAMBHA) OTPaXkaeT U3MEHEHHE TOUKH 3peHHs, Npousoleaiuee 6aaro-
Aapsi BBEIEHHIO sIBHBIX yKa3aTe IbHbIX 3HaueHHit. Tenepb BMecTO TOro, YToOb CHayana
paccMaTpMBaTh AAHHYIO CTPYKTYPY LEJIMKOM H yXKe MOTOM UCCe0BaTh €€ NOACTPYK-
Typhl U KOMITIOHEHTHl, BHUMaHHe COCPe0TOYHBAECTCs NpeXae BCero Ha KOMIIOHEHTax,
a UX B3aUMHas CBs3b (NpeacTaB/eHHas YKa3aTe/1saMHU) He PUKCHPOBaHA HUKAKHUM siB-
HBIM OfnpeaeseHHeM.

TYPE term = POINTER TO TermDescriptor;
TYPE exp = POINTER TO ExpDescriptor;
TYPE ExpDescriptor = RECORD op: INTEGER; opdl, opd2: term END,;
TYPE TermDescriptor = RECORD id: ARRAY 32 OF CHAR END
TYPE Person = POINTER TO RECORD

name: ARRAY 32 OF CHAR;

father, mother: Person

END

3ameuanue. Tun Person cOOTBETCTBYET yKa3aTes1siM Ha 3anHcH 6e3bIMsIHHOrO THNa
(PersonDescriptor).

CrpykTypa JaHHBIX, NPeACTARIAIOIIAA POAOC/AOBHYIO U NOKa3aHHast Ha puc. 4.2 4.3,
CHOBa NOKa3aHa Ha puC. 4.5, rae yka3aTe/H Ha HEM3BECTHBIX 1MLl 0603HaYeH bl KOHCTaH-
To# NIL. [lonyyalouascs akoHOMMsI NaMsATH OYeBUIHA.

B xoHTeKcTe puc. 4.5 npeanonoxuM, yto Fred u Mary — 6par i cecTpa, TO €CTb y HHUX
obwue oren M MaTh. ITY CHMTYalMIO JIETKO BBIPa3MTb 3aMeHOil AByX 3HaueHHit NIL
B COOTBETCTBYIOLIMX NOJIsAX ABYX 3anuceii. Peannsauus, koropas ckpbiBaeT yKa3aTeu

T Ted , ‘
_/ \’
-
T Fred r NIL T Mary NIL 1
_/
— ¢
T Adam NIL [NIL T Eva NIL|NIL

Puc. 4.5. CrpykTypa aaHHbIX C ykasaTensamu, imeiowmmn 3Haqerve NIL
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WK MCNOJAb3YeT ApYyrue npueMbl paboThl ¢ NaMsATbIO, 3acTaBuia Obl NporpaMMHUcTa
NpeacTaBUTb 3aNUCH AJsi poauTeeit, To ecTtb Adam u Eva, asaxabl. X0Ts 415 YTeHUs
NaHHbIX He BAXHO, OAHON MK ABYMS 3alIMCAMH NpeacTaBjeHbl ABa OTUA (M/IM ABE Ma-
TepH), pa3HHlIa CTAHOBUTCS CYLLECTBEHHOM, KOra pa3pelieH0 YaCTUYHOe U3MEHEeHHe
NaHHbIX. TpakTOBKa yKa3aTeseil Kak siIBHbIX 3/IeMEHTOB AaHHbBIX, @ He KaK CKPBITHIX
CPeACTB peajin3alliM, NO3BOJIsieT NMPOrpaMMUCTY YeTKO YKa3aTb, rle Hy)KHO COBMecC-
THTb UCTOJIb3yeMbie OJIOKH MaMsTH, a Tie — HeT.

Jlpyroe cneactsue siBHbIX yKa3aTesiel — BO3MOXHOCTb ONpeAensiTh U MaHUIYJIUPO-
BaTh UMKJNYECKMMH CTPYKTYPaMH JaHHBIX. Pa3ymeercs, Takas JonosiHUTebHas rH6-
KOCTb He TOJIbKO NpeAOCTaB/AseT JONOMHHUTEIbHbIE BO3MOXHOCTH, HO U TpebyeT OT
NporpaMMHMCTA NMOBbIlIeHHOro BHUMaHHs1, MOCKOJIbKY paboTa ¢ UMKAHYEeCKUMH CTPYK-
TYPaMH JaHHbIX JIETKO MOXET NPHUBECTH K HECKOHEYHBIM NPOLIECCaM.

IJTa TecHas CB3b MOIUH U THOKOCTH CPEACTB C ONMACHOCTbIO X HENPaBUJIbHOIO
MCNOJIb30BaHUs XOPOLUO U3BEeCTHA B NpOrpaMMHpPOBaHUH U 3aCTaBJsieT BCIIOMHHUTDb
oneparop GOTO. B camoM aene, ecM NPpOAOJIKMTb aHAJIOTHIO MEXAY CTPYKTypaMH
nporpaMM M JaHHBIX, TO YUCTO PEKYPCHUBHbBIE CTPYKTYPH AaHHBIX MOXXHO COMOCTa-
BHUTb C NMpOlLIEAYPaMH, 2 BBeleHHe yKa3aTe el cpaBHUMO ¢ onepatopamMu GOTO. U6o
Kak oneparop GOTO no3BojsieT CTPOUTDb JiloOble nMporpaMMHbie cxembl (BKAlO4as
UMKJIb), TaK M YKa3aTeJi NO3BOJAIOT CTPOUTB JIIoObie CTPYKTYpbI JaHHBIX ( BKIOYas
KoJiblieBble). [OaHako B oT/inuMe OT onepatopoB GOTO, THNU3UPOBaHHbIe yKa3aTe/H
He HapyLaloT CTPYKTYpPUPOBAHHOCTH COOTBETCTBYIOLMUX 3anuceil — npum. nepes.)
[Tapannenn Mexay CTPYKTypaMHu ynpaBjieHHUst U CTPYKTYPaMH AaHHbIX CYMMHPOBa-
Hbl B Tabu. 4.1.

Tabnuua 4.1. CooTBETCTBUA CTPYKTYP YNPABNEHUA 1 CTPYKTYP AaHHbIX
Cxema noCTpOeHUA Onepartop nporpammsul Tun aaHHbIX

Hepenumuin anement  NpucsausaHve CxanapHut Tun

Nepeuncnexue OnepartopHas 3anuco
NnOCNenoBareNbHOCTb

MNostopervne (ycno Onepartop for Maccus

NOBTOPEHA U3BECTHO)

Bu6Gop YCNnoBRuIA ONepartop OGveavHeHve TMNoB
(3anncb C BapmaHTamu)

NosToperue Oneparop while nnu NocnenosaTenbHOCTHLIA TN repeat

Pexypcua MNpoueaypa PexypCusHbIn TUN AAHHBIX

O6wmi rpad Onepatop nepexona CrtpyKTypa, CBA3aHHaNA
ykasarensiMu

B rnase 3 Mbl BHAEH, YTO HTEPALIHA SABASAETCH YaCTHBIM CJIy4aeM PeKypPCHH M YTO Bbl-
30B peKypCHBHO# NpoueaypHl P, onpeneneHHOR B COOTBETCTBHH CO CJIeAYIOLIEH CXeMOH,

PROCEDURE P;
BEGIN

IF B THEN PO; P END
END
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rae oneparop PO He BkatoyaeT B cebst P M MOXeT ObITh 3aMeHEH Ha 3KBUBAJIEHTHBIi one-
paTop u1Kia

WHILE B DO PO END

AHanoruu, npeacrtabjeHHble B Tab. 4.1, NOACKa3bIBAIOT, YTO NOX0Xas CBA3b A0JIK-
Ha MMETb MEeCTO MEXIY PeKyPCHBHLIMM THMAMHM JAHHBIX U MOCJEAOBATEJbHOCTHIO.
B camoM aene, peKypcHBHBIA THII, ONpeae/eHHbH B COOTBETCTBUH CO CXeMOM

TYPE T = RECORD
IF b: BOOLEAN THEN t0: TO; t: T END
END

rae Tin TO He UMeeT OTHOMWEHHUs K T, MOXeT ObiTh 3aMeHeH Ha 3KBUBAJIEHTHYIO NocJe-
A0BaTeJbHOCTDb 3/1eMeHTOB THMa TO.

OcTtanbHas YyacTb 3TOi r/1aBbl NOCBsILLEHA CO3AaHHI0 U paboTe CO CTPYKTYpaMH AaH-
HBIX, KOMIIOHEHTBI KOTOPBIX CBSAI3aHbl C MIOMOLUBIO ABHbIX Yka3aTeneil. Ocoboe BHUMa-
HHUE yAeNAETCS KOHKPETHBLIM MPOCThIM CXeMaM; U3 HUX MOXHO TMOHATb, Kak paboTaThb
c 60J1ee COXKHBIMH CTPYKTYPaMH. TakMMH MPOCTHIMH CXEMaMH ABJAIOTCS JIMHEHHbI
cnucok (mpocreAlIMH cayyait) U aepeBbss. BHMMaHMe, KOTOpPOe MBI yAe/sieM 3TUM
CpeACTBaM CTPYKTYPHPOBaHHs JaHHbIX, HE O3HAYaeT, YTO Ha NPaKTHKE He BCTPeYaloT-
cs 6osee coxHBIe CTPYKTYPHI. Caenyiowmii pacckas, ony61MKOBaHHbI B LIIOPUXCKOIA
rasete B uione 1922 r., A0Ka3bIBaeT, YTO CTPAHHOCTH MOTYT BCTPEYATbCs JaXKe B TeX
CJTy4asx, KOTopble 0ObIMHO CTy)KaT 06pa3uamMu peryispHbiX CTPYKTYP, TAKHX Kak (reHea-
JorMyeckue) aepeBbsi. MykuMHa XanyeTcst Ha CBOIO XHM3Hb cieyouM 06pasom:

A menuncs na edoge, y xomopot 6viaa e3pocras dous. Moii omey, xomopuwiti uacmo
HAC HABEUAR, BAIOOUACA 6 MO0 NPUCMHYIO O0Ub U HeHUACR Ha Heti. Taxum o6pa3zom, moti
omey, Cmaa MouM 3/MmeM, a M0 npuemxas 0oudb cmana moeti mauexol. Yepes necxonvxo
MeECRUEB MOR HCERA POOURA CHINA, KOMOPHILE CMAAR CBOOHBIM OPAMOM MOEMY OMUY U MOUM
dadeti. XKena moezo omya, mo ecmov MO NPUEMHAR 004b, MOXCe poouUna CoiHa, KOMopvlli
cman Mue 6pamon u ooxHospemenno ernyxom. Mos xcena cmara une 6abywxoti, max xax
ona Mamb Moeti Mavexu. CRed08amenbro, 8 MyNC MOEL HCeHbL U 8 MO JCe BPEMA €€ NPpUeM-
HWLll BHYK; OpYzUMU CAOBAMU, R CaM cebe JedywKa.

4.3. JinHelHbIe CNUCKN
4.3.1. OcHoBHbIE Onepaynn

[IpocTeituuii cnocob cBs3ath HAOOp 3/1€MEHTOB — BLICTPOMTH UX B NMPOCTO#i CIIMCOK
(list) wnum ouepean. U60 B 3TOM Cllyyae KaXKAOMY 3/IEMEHTY HyXKeH €IMHCTBEHHBIH yKa-
3aTeJib Ha 3/IEMEHT, C/IeAYIOLIHIt 32 HUM.

[Tycts THNBI Node (y3en) u NodeDesc (desc ot descriptor) onpeaeneHsl, kak noka-
3aHo Huxe. Kaxxaas nepemerHas THna NodeDesC conep>XHT TPH KOMITOHEHTBI, 38 HMEH-
HO MAeHTHUUMPYIOWHIA KN10Y key, yKa3aTesb Ha caeAyIOLMUA 31eMEHT next U, BO3-
MOXHO, Apyrylo HHdopmauuio. [Ina aanpHeifiiero HaM noHanobatcs Toabko key
H next:
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TYPE Node = POINTER TO NodeDesc;
TYPE NodeDesc = RECORD key: INTEGER; next: Node; data: ... END;
VAR p, q: Node (*yka3aTenbHbie TepeMeHHbIe”)

Ha puc. 4.6 noxa3aH cnucok y3/10B, NpUYeM yKa3aTeJb Ha €ro NnepBblif JIEeMEHT Xpa-
HUTCA B nepeMeHHOM p. BeposiTHO, npocTelilias onepauus co CNHCKOM, MOKa3aHHBIM
Ha pHC. 4.6, — 3T0 BCcTaBKa 3/1eMeHTa B roJiOBY cnicka. CHayaa pasMellaeTcs 3/1EMEHT
THna NodeDesc, npu 3TOM cchlKa (yKa3aTeslb) Ha HEro 3aNMChLIBaeTCA BO BCIIOMOra-
TeJIbHYIO NepeMeHHYI0, CKaxkeM q. 3aTeM NPOCThie NPHCBaUBaHUA yKa3aTesiei 3aBep-
waioT onepauunio. OTMETUM, YTO MOPAAOK ITHX TPEX ONEPATOPOB MEHATD HEJb3S.

NEW(q); q.next :=p; p :=q

p[ o—— 1 |
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Puc. 4.6. Npumep CBA3HONrO CNUCKa

Onepauus BCTaBKH 3jIeMEHTa B roJiIOBY CIHCKA Cpa3y MOACKa3blBaeT, KaK TaKOj
CIMHCOK MOXXHO CO3JaTh: HaYHHas C MYCTOro CNMCKa, HY)XHO NMOBTOPHO A006aBNATH B ro-
NoBY HoBble anieMeHThl. [Ipouecc coadanus cnucka nokasaH B caenyloLeM NPOrpaMM-
HOM ¢pparMeHTe; 31eChb N — YUCJIO JIEMEHTOB, KOTOPhI€ HY)XHO CBA3aTh B CIIHCOK:

p := NIL; (*HauymHaem c rycToro cnucka*)
WHILE n > 0 DO

NEW(q); q.next := p; p := q;

q.key := n; DEC(n)
END

J70 npocreitwnii cnocob co3nanus cnucka. OaHaKo 3aech NMONYYaeTCA, YTO de-
MEHTb! CTOAAT B 0OpaTHOM NMOpsAAKe MO CPABHEHHIO C MOPAAKOM HX A06aBNIEHHSA B CNHU-
cok. B HekoTOpHIX 3a4a4ax 3TO HeXeNaTeNAbJHO, H NO3TOMY HOBbIE 3/IEMEHTH! 10JIXKHBI
NMPHCOEAUHATLCA B KOHLLE, 2 HE B Hauasie CNUCKa. XOTA KOHell CITHCKA JIErKO HaHTH npo-
CTHIM MPOCMOTPOM, TAKOH HaHBHBIH NOAXOA NPHBOAUT K BBIYHCAHTE/NbHBIM 3aTpaTaM,
KOTOPbIX MOXHO H30€eXaThb, MCNO/Ib3YysA BTOPOii yKa3aTesb, CKaXeM q, KOTOpblii Bceraa
yKa3blBaeT Ha NOCJIeAHHIT 3/IeMEHT. ITOT METOJ NPHMEHSAETCSA, HaNpHMep, B NIporpam-
me CrossRef (pasaen 4.4.3), rae coagaloTcs nepekpecTHbie CChIIKH A1 HEKOTOPOrO
TeKcTa. Ero Hei0cTaToK — B TOM, YTO NEPBBIH 3/IEMEHT JO/KEH BCTABJAATHCA NO-APYyro-
MY, YeM BCE OCTa/bHbIE.
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SIBHOE HanMyHMe yka3aTeneil CUIbHO YIPOLIAET HEKOTOPBIE ONepalnH, KOTopbie B I-
POTMBHOM CJIy4Yae OKa3blBAalOTCA rpoMo3aAkuMH. Cpeau aneMeHTapHBIX onepaumit co
CIIMCKaMH — BCTaBKa H yJaJieHHe 3/IeMEHTOB (4aCTHYHOE H3MEHEHHE CITHCKA), a TaKXKe,
pasymeeTcs, Npoxoa o cnucKy. Mbl cHayana paccMoTpuM ecmasxy (insertion) B CUCOK.

[IpeanonoxumM, YTO 3/1eMEHT, Ha KOTOPLI CChLNAETCA YKa3aTelb q, HY)KHO BCTABHTD
B CIIMCOK n0Cr€e 3/1EMEHTa, Ha KOTOPbIi CChlslaeTcs ykasaTenb p. HyxHble npucsanba-
HHA YKa3aTeseil Bhipaxalotcs ciieqyounm o6pa3om, a ux a¢ ekt nokasaH Ha puc. 4.7.

q.next := p.next; p.next :=q

qQ —» q
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Puc. 4.7. Bcraska nocne pA

Ecau HyXHa BcTaBKa neped yKasaHHBIM 3JIEMEHTOM pA, a He NOCJe Hero, To, Ka3a-
Joch 6bl, BOZHUKAET 3aTPyAHEHHE, TaK KaK B OHOHaMNpaBJIEHHOI LIENOYKe CChIIOK HeT
HHMKaKOIo NyTH OT 3JiIeMEHTa K ero npeauectseHHHKaM. OHaKO 34ech MOXeET BLIpY-

YUTb NpocToit npreM. OH NpOMJLTIOCTPHPOBaH Ha pHc. 4.8. [Ipeanonaraercs, yto ko
HOBOTO 3/IeM€EHTa paBeH 8.

NEW(Q); qA := pA; p.key := k; p.next := q

qQ —P 8
P
—] 13 ] 27 /.l 2 | » ~»
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Puc. 4.8. Bcraska nepen pA
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OueBHAHO, TPIOK COCTOHT B TOM, YTOOL!I BCTABHTb HOBYIO KOMIIOHEHTY MOCJE PA,
a NOTOM NPOHU3BECTH OOMEH 3HAYEHHSAMH MEXAY HOBLIM 3IEMEHTOM H pA,

Tenepn paccmoTpum ydarenue u3 cnucxa (list deletion). Herpyano yaanutb ane-
MEHT, CTOSLLHI cpa3y 3a pA. 3Ta onepalMs NoKa3aHa 31eCh BMECTE C NOBTOPHOI BCTaB-
KOit yAaJIeHHOrO 3/1eMEHTa B Hayasl0 Apyroro cnucka (0603HaueHHOro nepeMeHHoi q).
CHTyauus nokaszaHa Ha puc. 4.9, H3 KOTOPOro BUAHO, YTO HMEET MECTO LIHKJIHYECKHH
o6MeH 3HauYeHHit Tpex yka3aTenei.

r .= p.next; p.next:=r.next;, r.next:=q;, q:=r
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Puc. 4.9. Ypanenve n noBTOpHan BCTaska

Y naneHue caMoro 3jieMeHTa, Ha KOTOpbIH yKa3blBaeT CChljKa (@ He caeayloLlero),
TPyAHee, TaK Kak 3/1eCb BO3HUKaeT Ta XKe NnpobsieMa, YTO U CO BCTaBKOM: HEBO3MOXHO
NPOCTO Tak NepeiTH Ha3aA OT 3JieMeHTa K NnpeawecTBylowemy. Ho yaanenue caenyio-
LLErO 3/IeMEeHTa 0cJ/ie KOMMPOBaHUS €ro 3HaueHus Bliepel — NOBOJIbHO OYEBHAHOE H
npocroe peureHHe. Ero MoXxHo NpMMEHHUTDb, KOTAa 32 PA CTOMT HEKOTOPBIH 3/1eMEHT, TO
€CTb PA He ABNAETCA NOC/AeAHUM 371eMEHTOM B criHcke. OiHako HeOOXOAHMO rapaHTH-
pOBaThb, YTO HET APYrHX MepeMeHHbIX, CChUTAIOUIHXCA Ha YAANsAeMblH 3JIEMEHT.

OG6partnMcs Tenepb K pyHAaMeHTaNbHO# onepaluuu npoxoda no cnucky. Ilpeanono-
AKHM, YTO A1 KAXKAOTO 3/IEMEHTA CITHCKA, Y KOTOPOroO MepBLIi jieMeHT PA, HYXHO BhI-
NOJIHHTb HEKOTOPYIO onepauuio P(x). 3Ty 3aaa4y MOXXHO BbHINTOJIHUTD TaK:

WHILE criucok, Ha xoTopwsi ccuinaercs p, He mycr DO
BHITTONHNTb OTepaumnio P;
nrepenTn Kk CNeayIoweMy 31eMeHTy

END
Jletanu 3T0i onepauMH BHIAAAAT cleqyoUHM 06pa3oM:

WHILE p # NIL DO

P(p); p := p.next
END
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U3 onpenenerus oneparopa while H cTpyKTypH! cBsi3eit cnezyeT, 4To P npuMeHsier-
Csl KO BCeM 3/1eMEeHTaM CITHCKA M HU K KAKMM JAPYTHM.

OyeHb YaCTO HCMO/b3yeMas ONepalHs CO CIMCKAMMU = nOuCK B CITHCKE 3/IeMEHTa
C 3a1aHHBbIM K1104YOM X. B 0T/IMYHe OT MaccHBOB, MOMCK 31eCh A0/KEH ObITb YHCTO NO-
cnenoBateabHbIM. [IoHck npekpaitaercs, 160 Koraa aeMeHT HaiiaeH, 1H6o koraa no-
CTUTHYT KOHell CTUCKA. 3TO BLIPAXaeTCs JIOTHYECKOH KOHDBIOHKIHEH ABYX TEPMOB.
CHoBa npeanonoXuM, 4To CHayasa p yKa3biBaeT Ha roJiOBY CITHCKa.

WHILE (p # NIL) & (p.key # x) DO p := p.next END

PaBeHcTBO p = NIL 03HayaeT, YTO 3aMHCH PA He CYLLECTBYET, TAK YTO BLIpaXKeHHe
p-key # x He onpeaeneHo. [TosaTtoMy NopAAOK ABYX TEPMOB BaXKeH.

4.3.2. Ynopsgo4yeHHbIe CUCKN
M nepecrTpoyika cnnuckKos

IIpeacraBJieHHbIi AITOPHTM NMOKCKA B IHHEHHOM CITHCKe O4YeHb ITOX0XK Ha MOMCK B Mac-
CHBE WK NnocJieaoBaTebHOCTH. Ha caMoM aene ocie10BaTesIbHOCTb — 3TO B TOYHOCTH
JINHENHBIA CITUCOK, A/ISi KOTOPOro CMOcob CBA3M ¢ NOC/IeAYIOIHM 3/IEMEHTOM CKPHIT.
[TockoabKy OCHOBHbIE ONepalMH A1 NOCJaeA0BaTeJbHOCTEH He JOMYCKAIOT BCTaBKY
HOBBIX 3/1EMEHTOB (pa3Be 4YTO B KOH1Ie) WK yaaJeHHs (KpOMe yAaNeHHS BCeX d/1eMeH-
TOB), BLIOOp NpeACTaB/JeHHs OTAAeTCA NMOJIHOCTHIO Ha OTKYMN NMPOEKTHPOBIUHKY, H OH
MOXKeT BuIOpaTh MocJjieJoBaTe/ibHOE pa3MelleHHe B NMaMsATH, pacrnojaras nocJieo-
BaTe/IbHble KOMIIOHEHTB! B HenpepbIBHbIX 0bacTAX naMATH. JIMHeliHble CTUCKH C AB-
HbBIMH YyKa3aTelsAMH AaloT 60/biue rHOKOCTH, U NMO3TOMY MX C/eflyeT MCNOAb3OBaTb,
KOrja B Takoii rHbkocTH ecTb He06X0AUMOCTb.

YT1o6bl NOKa3aTh pa3iM4Hbie MPHEMBI, PACCMOTPHM B KayecTBe NMpHMepa 3ajavy,
KoTopas 6yaeT BO3HHKATh Ha NPOTAKEHUH ITOi rJ1aBbl. 3a1a4a COCTOUT B TOM, YTOOHI
NpoYecTbh TEKCT, ONpPeAEJHTb BCE CJIOBa B HEM M MOACYMTATh YaCTOTY MX NOSABJEHHA
B TeKcTe. T0 ecTb NOCTPOUTD arghasummuvtii uaCmMommuvili CR08apb.

OueBuaHOe pellieHHe — CTPOUTD CITHCOK CJ10B, 00HapyXHBaeMbix B TekcTe. CUCOK
NMpOCMaTPHBAETCA ISl KAXAOro ¢J0Ba. Eciu cnoBo B HeM HaliieHO, COOTBETCTBYIOLIMIH
CYETYHK YBeJIHYHBAETCS; B MPOTHBHOM CJIy4ae cJ10Bo AobaBasieTcs B cnucok. s npo-
cToThl 6yieM Ha3blBaTh ITOT MPOLECC MPOCTO N0UCKOM, XOTA Ha CAMOM JieJie 31eCh MO-
XKET HMEeTb MECTO H BCTaBKa. YTo6bl COCPeNOTOYHTBCS Ha CYLLECTBEHHBIX /1A HAC 34eCh
acnekTax paboTbl CO CTHCKAMH, MPEANOJIOKHUM, YTO CJ1I0Ba U3 00pabaThiBaeMOro TEKCTa
yKe M3BJieyeHbl H 3aKOAHPOBAaHbI LEJBIMH YHCIAMH, H3 KOTOPBIX H COCTOHT BXOAHasA
MOCJIe10BATEIbHOCTb.

Huxe naHa camas npamonnHeitHas GopMyaHPOBKa Npoleaypbl NOKcKa (npoueny-
pa search). [lepeMeHHast root CChlJIaeTCs Ha rOJIOBY CITHCKA, B KOTOpLIit HOBBIE CJIOBa
BCTaBJIAIOTCA 10 Mepe HeobxoanumocTH. IlonHaa nporpaMma npeacTapiieHa HUXKe; B Hee
BKJ1l0Y€Ha Npoleaypa NeyaTH NOCTPOEHHOro CNMCKa B Buae Tabanubl. [leyats Tabuiu-
bl — MPHMeEP ONepalnH, B KOTOPOi HEKOTOPas OnepalHs BLINOJIHAETCA POBHO OAHH
Pa3 4151 KaXJ10ro 3/1eMeHTa CIUCKA.
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TYPE Word = POINTER TO (* ADruS432_List *)
RECORD key, count: INTEGER; next: Word END;

PROCEDURE search (x: INTEGER; VAR root: Word);
VAR w: Word;
BEGIN
w = root;
WHILE (w # NIL) & (w.key # x) DO w := w.next END;
(* (w = NIL) OR (w.key = x) *)
IF w= NIL THEN (*HoBbIWM 3neMeHT*)
W = root;
NEW(root); root.key := x; root.count := 1; root.next := w
ELSE
INC(w.count)
END
END search;

PROCEDURE PrintList (w: Word);
(*Aann BbIBOAA UCTTONL3YETCA rNobanbHbIK 06vekT MeyaTn W*)
BEGIN
WHILE w # NIL DO
Texts.Writelnt(W, w.key, 8); Texts.Writelnt(W, w.count, 8);
Texts.WriteLn(W),
w = w.next
END
END PrintList;

AJIrOpHTM IHHEHHOIO MOKCKa 31eCh [TOX0X Ha MpolenypYy NOHCKA AJI MAaCCHBA, TaK
4YTO MOXXHO BCMOMHHTb NIPOCTOH NMpHEM A1 YNPOLIEHUA YCIOBHA 3aBeplLeHUs LIUKIa —
MCNoAb30BaHHe Gapbepa. ITOT NpHEM MOXKHO MPHMEHUTb U NPH NMOMCKE NO CIUCKY;
TorAa 6apbep npeacTaBAseTcs BCIIOMOraTeJ1bHbIM 3/1eMEHTOM B KOHLle cnucka. Hopad
npoueaypa npuBeaeHa HUXXe. Mbl 10J1)KHBI NPeANONIOXKHUTD, YTO Ao06aBneHa raobanp-
Has nepeMeHHas sentinel U YTO HHHUMANKH3aLHA root ;= NIL 3aMeHeHa onepaTopaMH

NEW(sentinel); root := sentinel
NOPOXXAAIOLIMMH 3/IEMEHT, KOTOpbii OyaeT HCNob30BaThCA B KauecTBe 6apbepa.

PROCEDURE search (x: INTEGER; VAR root: Word); (* ADruS432_List2 *)

VAR w: Word;
BEGIN
w := root; sentinel.key := x;
WHILE w.key # x DO w := w.next END,;
IF w = sentinel THEN (*HOBbIN 3nemeHT*)
w := root;
NEW(root); root.key := x; root.count := 1; root.next ;= w
ELSE
INC(w.count)
END
END search
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OueBHAHO, YTO MOLLb U THOKOCTDb CBA3HOIO CNUCKA B JAHHOM NpHMEpe UCTIONb3Y-
IOTCA IJIOXO H YTO N0C/Ie0BaTe/1bHBIif MPOCMOTP BCEro CMHCKA NMpHeMJIeM, TOJILKO €C/TH
YHCJI0 3J1eMEHTOB HeBeJ1MKO. O1HAaKO J1IerKo cie/1aTh NPOCTOoE Yay4LIeHHE: noUCK 8 yno-
padouennoxm cnucxe. Ecnu cniucok ynopsaoueH (CKaxem, o Bo3pacTaHHUIO Ktoyeit ), To
MOUCK MOXeT ObITh NpeKpalleH, Kak TOJbKO BCTPETHJICA NepBblit KoY, 6obinit HO-
BOro. Y nopsfio4eHHe ClHCKa 10CTUIaeTCsA BCTaBKOI HOBBIX 3/IEMEHTOB B Hall/IeXalleM
MECTe, a He B Hayane cnucka. [Ipu aToM ynopsaaouyeHHOCTb NMOAYyYaeTcss NpaKTHYeCKH
GecnaatHo. 10 AocTUraetca 6saroaaps AerkoCcTH BCTABKM 3/1eMEHTa B CBA3HBII CNIH-
COK, TO ecTb O/1arojapsi NOJTHOMY HCNOIb30BaHHIO ero FTHOKOCTH. Takoii BO3MOXHOCTH
HeT HH NpH paboTte ¢ MacCHBaMM, HU ¢ NOCaeA0BaTeAbHOCTAMH. (OQHAKO 3aMETHM, YTO
Aaxce yNopsAAo4YeHHble CITHCKH He AaI0T BO3MOXHOCTH PealH30BaTh aHA/IOr ABOHYHOIO

NOMCKa AN MaCCHBOB. )
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Puc. 4.10. Bctaska B YNOPRAOYEHHBIR CNUCOK

IToHck B ynopsAao4eHHOM CITHCKe AaeT THINHYHBIH NpUMep CHTYalUH, KOTAa HOBBI
aJIeMEHT HY)KHO BCTaBHTb neped 3a1aHHbIM, B JaHHOM CAy4ae nepea NepBbIM 3/1eMeH-
TOM, Yei K04 OKa3aiacs CAMIIKOM GonbiiuM. OIHAKO Mbl IPUMEHHM 3[1eCh HOBBI
npHeM, KOTOPbIii OT/IMYAETCA OT OKa3aHHOro paHee. BMecTo konMpoBaHHA 3HauYeHMi
BA0JIb CMIHCKA NMPOXOAAT ABa yKa3aTeJsA; W2 OTCTaeT Ha wwar oT wl M No3ToMy yKa3biBa-
€T Ha NpaBHJIbHOE MECTO BCTaBKH, Koraa w1 oO6HapyXHBaeT CAHIIKOM 60JIbLIONH KoY.
OO6wuit war BCTaBKH NOKa3aH Ha puc. 4.10. Ykasatenb Ha HOBBIit aeMeHT (W3) a0J-
XeH OBITb NPHCBOEH NMOJTI0 W2.Next, 3a HCKAIoYeHHEM TOro C/ly4asi, KOria CIHCOK ele
nyct. U3 coobpaxenuii npoctothl H 3QPeKTHBHOCTH HeXKeNaTebHO OTCJEXHBaTh
3TOT 0cobblit cnyyait ¢ NoMoILbIO YCI0BHOrO onepaTopa. ExiHHcTBeHHBIIf cnocob n3be-
XaTh 3TOro — BBeCTH QUKTHUBHBII 3/1eMEHT B Havane criucka. CooTBeTCTBEHHO, OMnepa-
TOP HHHUMANH3ALKHH root ;= NIL 3aMeHseTcst Ha

NEW(root); root.next := NIL

PaccmarpuBas puc. 4.10, MOXHO 3anucaTh ycJI0BHE Nepexola K caeayiouemy aje-
MEHTY; OHO COCTOMT H3 IBYX TEPMOB, 3 HMEHHO

(w) # NIL) & (w].key < x)
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[Tonyyaetcs Takas npoueaypa noucka:

PROCEDURE search (x: INTEGER; VAR root: Word); (* ADruS432_List3 *)
VAR wl, w2, w3: Word;
BEGIN
(*w2 # NIL*)
w2 = root;, wl .= w2.next;
WHILE (w1 # NIL) & (w1 .key < x) DO
w2 = wl; wl = w2.next
END;
(* (wl = NIL) OR (wl.key >= x) *)
IF (w1l = NIL) OR (w1.key > x) THEN (*HoBbI 3neMeHT*)
NEW(w3); w2.next := w3;
w3.key := x; w3.count := 1; w3.next := wl
ELSE
INC(w1.count)
END
END search

Yrtobbl YCKOPUTb NMOKCK, OXpaHy oneparopa while onaTh MOXHO YNPOCTHTb, HC-
nonb3ys G6apbep. Toraa ¢ caMoro Hayana Hy>XeH Kak PMKTHBHBII 3/1eMEHT B Hayane
CINKCKa, TaK ¥ 6apbep B KOHILe.

Tenepn nopa cnpocHThb, KaKO#t BBIMIPLIII HaM AACT MOUCK B YNOPAAOYEHHOM CITUC-
Ke. [IoMHA 0 TOM, YTO AONOJHHUTE/IbHBIE YC/I0KHEHHSI OKa3a/IMCh MAJIbI, HEe CTOHT 0XH-
aathb Yyaa.

[IpeanonoxuM, YTO Bce C/IOBa B TEKCTe BCTPEYAIOTCA C OAUHAKOBOMH 4acTOTOI.
B 3ToM cyyae BHIMIpBILI OT JIeKCHKOrpadHieckoro ynopsio4eHus — nocJjie Toro Kak
BCe CJIOBA BKJIIOYEHBI B CITUCOK = TOXKE HyJ1eBOM, TaK KaK MOJIO)KEHHe C/I0Ba He Urpaet
POJIM, €CJIM TOJIbKO NOJIHOEe YMUC/IO BCex onepauMi MOHCKA BEJIMKO M €CJIM BCe CJI0Ba
BCTPEYalOTCA ¢ OAMHAKOBOj YacToToii. OHAKO BLIMIPLILI HMEET MECTO NPH BCTaBKe
HoBoro ¢noBa. Beab Toraa BMecTo NnNpoxoaa no BceMy CIHCKY B CpeiHeM NMPOCMaTpH-
BaeTCs TOJIbKO NoJIoBMHA cnucka. [loaToMy BcTaBka B ynopsinoyeHHbIH CITMCOK OMNpaB-
AblBaeT cebs, ToNbKO ec/iu B 06pabaThiBaeMOM TeKCTe YMCA0 Pa3/IMYHbIX C/IOB BEJIHKO
No CpaBHEHHIO C YaCTOTaMHU HX NMosABJAeHUA. 1 noaToMy Npeabiaylune NpUMepsl Npo-
rpaMM XOPOILH TOJILKO KaK YNpa)XHeHHs B TPOrpaMMHpPOBaHHMH, HO He A1 NpaKTHYe-
CKOro UCNOJIb30BaHUA.

OpraHH3auMio AaHHBIX B CBA3HBIH CITHCOK MOXHO peKOMEH0BaTh, KOrAa YHCJO
3JIeMeHTOB OTHOCHTEIbHO Mano (< 50), meHsieTcs M, 6oaee TOro, koraa Het HH$opMa-
MM O yacToTe obpauieHHs K HHM. THNHYHBIA npuMep — TabaK1Ia HMEH B KOMITHATO-
pax s3bIKOB nporpaMMupoBaHHs. Kaxnaoe o6baBneHne 106aBaseT HOBoe HMsl, KOTOpOe
yAansieTcst 3 CIHCKA Noce BbiXxoaa U3 ero o61acTn BUAHMOCTH. Micnosab3oBaHue npo-
CTHIX CBSI3HBIX CITMCKOB YMECTHO B NMPHJIOXKEHUAX C OTHOCUTEJIbHO KOPOTKUMH TNpo-
rpamMamu. Ho naxe B aToM c/iyyae MOXKHO A0OHTbCS 3HAYHTENLHOTO YCKOPEHHst A0C-
Tyna K JaHHBIM ¢ NMOMOILLbIO O4Y€Hb MPOCTOr0 NpHUeMa, KOTOPblIi YNOMHMHAETCs 3AeCh
npexae BCero NMoToMy, YTO OH NpeACTaBaseT coboii yaauHyio WAMOCTpauuio rHOKOCTH
CBSI3HbIX CTIUCKOB.
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TunuyHoe cBOICTBO NMPOrpaMM COCTOMT B TOM, YTO MOSIBJIEHHsI OHOTO H TOTO Xe
HaeHTH(UKATOPa OuYeHb YaCTO MPYNIMUPYIOTCs TAKUM 0OPa3oM, YTO 33 OIHHUM €ro NOosiB-
JIEHHEM TO e CJIOBO 4YacTo MOsBJAAETCA elle OAHH WJIH HECKOJbKO pa3. 3T0 obcTos-
TeNbCTBO HABOAMT Ha MBIC/Ib PEOPraHM30BLIBATb CITHCOK M0CJIE KaX /0 OnepalHH 1no-
MCKa nepeMellieHHeM HailICHHOro C/I0Ba B FOJIOBY CITHCKA, YTOOB YMEHBIIHTDb JAHHY
NMyTH MOMCKa, KOrJa 3TO C/I0BO HyxHo OyaeT cHoBa HaitiTu. Takoii cnocob aocryna Ha-
3bIBAIOT NOUCKOM C NEPEYynopAooUeHUeM CNUCKA, WA, HECKOJIbKO NOMIIE3HO, TOMCKOM
B camoopeanusyoujemca cnucxe. IIpeacraBass cOOTBETCTBYIOIHIA aNrOPHTM B BHAE
Nnpoueaypbl, BOCNOJb3yeMcsi yxKe NpHoOpeTeHHbIM ONbITOM M C CAMOro Hayasia BBeAeM
6apbep. Ha camom aene Hannune 6apbepa He TOAbLKO YCKOPSET NOMCK, HO B JaHHOM CJ1y-
yae elLlle M yNpollaeT nporpaMMy. B MCX0HOM COCTOsHMH CITHCOK He A0JDKeH OBITh MyCT,
HO yXXe A0JKEH CoepXKaTh deMeHT-6apbep. OnepaTopbl MHHUMAIH3aUUH TAKOBBI:

NEW(sentinel); root := sentinel

3aMeTHM, YTO I/1aBHOE OT/IMYHE HOBOIO AJITOPHTMA OT NPOCTOrO NMOUCKA B CITUCKE —
3TO AeiCTBHs NO NepeynopsAoYHBaHHIO NpH oOHapyKeHHH 3jieMeHTa. B atoM cnyyae
OH YAaAseTcsi CO CTapoit MO3ULIMH H BCTAaBJIAETCA B roJioBy cnucka. Takoe yaanenue
cHoBa TpebyeT napsl caenyOWKX APYr 3a APYroM yKasarteeit, YToObl MOMHHTB NOJIO-
XeHue npeallecTBeHHUKa w2 HalileHHoro asieMeHTaw] . 310, B CBOIO oyepelb, Tpebyer
oco6oit 06paboTkH nepBoro aseMeHTa (TO €CTh NYCTOro cnucka). Ytobsl cTaNo NOHAT-
Hel, KaKHe 311eCb HY)KHbl MaHMNYJAUHH C yKa3aTeNsiMH, Ha pucC. 4.11 nokasaHbl ABa
yKasaTesisi B TOT MOMEHT, Koraa wl Gbl1 HAEHTHQHUHPOBAH KaK UCKOMBIi 3/1EMEHT.
Kondurypauus noce koppeKTHOro nepeynopsiioueHHs nokKasaHa Ha puc. 4.12

PROCEDURE search (x: INTEGER: VAR root: Word); (* ADruS432_List4 *)
VAR wl, w2: Word;
BEGIN

wl :=root; sentinel.key := x;
IF wl = sentinel THEN (*rrepsbii 3nemeHT*)
NEW(root); root.key := x; root.count := 1; root.next .= sentinel
ELSIF
wl.key = x THEN INC(w1.count)
ELSE (*rmouck®)
REPEAT w2 := wl; wl = w2.next
UNTIL w.key = x;
IF wl = sentinel THEN (*HoBbIN 3nemeHT™)
w2 ;= root;
NEW(root); root.key := x; root.count := 1; root.next := w2
ELSE (*Hawnun, nepeynopaaounsaem*)
INC(w.count);
w2.next := wl.next; wl.next := root; root .= wl
END
END
END search

Buiurpsiul B 3TOM MeTo/le MOHCKA CHJIbHO 3aBUCHT OT CTENEeHHU MPYNNUPOBKH CJIOB
BO BXOAHBIX AaHHLIX. [IpH PuKkcHpOBaHHOI cTeneHH rpyNNUPOBKH BHIMIPHIL OyneT
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Puc. 4.11. Cnucok A0 nepeynoprRaoveHns
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Puc. 4.12. Cnnucok nocne nepeynopsaodeHns

TeM Gosiblue, YyeM AMHHHelH cnucok. YTobul nonyynTh npeacraBieHHe 0b 0XnuaaeMoOM
BbIMIPbILLE, OBIIH BHINONHEHB IMITHPHYECKHE H3MEPEHHs C UCNO/Ib30BaHHEM BhllLe-
npHMBeAeHHOI NMPOrpaMMbl /1S OAHOrO KOPOTKOroO M OIHOrO OTHOCHTEJIBHO A/IMHHOIO
TEKCTa, M 3aTeM CPaBHMBAJIMCh METOALI MOMCKA B YNOPAAOYEHHOM CITHCKE M MOMCK
c nepeynopsiaoyuBaHueM. JlaHHble uamepeHuii cobpannl B Taba. 4.2. K coxanenmuio,
Hau6O0/bLIHIL BBIMIPBILI AOCTHIAeTCA B TOM CJyyae, Korjia JaHHble BCe PaBHO HYXKHO
OpraHH30BLIBaThb MO-APYroMy. Mbl BepHeMcsi K 3TOMY npuMepy B pasaene 4.4.

Tabnuua 4.2. CpasHeHne MeTonaos NONCKa B CNUCKe

TecT 1 Tect 2
HYucno pasHbiX KnpYen 53 582
Yncno nossneHun KNouen 315 14341
Bpems noucka ¢ ynopaaoueHem 6207 3200622
Bpema noucka ¢ neperpynnuposkom 4529 681584

DaKTop YCKOPEHMA 1.37 4.70
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4.3.3. lpumeHeHne: TononornyecKas copTnpoBKa

Xopounit npuMep HCNoNb30BaHHA rMOKOI AMHAMHYECKO#H CTPYKTYPbI JaHHBIX — Mo-
nonozuveckas copmuposxa. IT0 COPTHPOBKA 3JIEMEHTOB, AJI KOTOpLIX OnpeaesieH
YACMUYHYIL NOPAGOK, TO €CTh OTHOLLEHHE NMOPAAKA 3a[aHO 4151 HEKOTOPbIX, HO He A
BCeX nap 3/ieMeHTOB. BoT npuMepbl YaCTHYHOIO YNOPsii0OYEeHHsE:

1. B caoBape oaHH cjioBa MOryT ObITh onpeneneHsl Yepe3 apyrue. Ecau cnoso v
MCIIO/Ib3YETCs B ONpeesIeHUH CJI0Ba w, To 6yaeM nucatb v { w. Tonosoruyeckas
COPTHPOBKa CJIOB O3HaYaeT TaKylo UX pacCTaHOBKY, YTOOB KaXkioe C/10BO CTO-
51710 NOCJIE BCEX TeX CJIOB, KOTOpbI€ HYXHBI /151 €ro OnpeaeaeHus.

2. 3apaya (Hanpumep, HH)KEHEPHBIH NpoeKT) pa3b1Ta Ha noa3anayu. OObLIYHO OHM
noA3aAa4yH A0JLKHBI ObITh BBINOJIHEHB! 10 BLINOJIHEeHUs Apyrux. Ecau noasanavav
J0/1XHa OBITh BHIITO/IHEHA A0 N0O/13aAa4H W, TO MBI nHiueM v { w. Tonosiornyeckas
COPTHMPOBKAa O3Ha4yaeT TaKyl0 HX PacCTaHOBKY, YTOOB NpH Hayajie BBHINOJHEHUs
Ka)KA0# Mo/13a/1a4M BCe HYXXHble MToA3aaa4H OblJIH Obl yXKe BBINOJIHEHBI.

3. B nporpamMe yHMBepCHTETCKOro o0yuyeHHsi HEKOTOpble KypChl Npeanosaraior
BJIaJlecHHe MaTepHaioM APYTHX KyPCOB, KOTOpble N03TOMY AO/DKHBI U3YyYaTbCA
paHbiue nepBbiX. Ecan kypc v nosxeH 6bITh NPOC/AYILAH A0 Kypca W, TO Mbl TH-
weM v { w. Tonosoruyeckasi cOpTHpOBKa 03HaYaeT paCCTaHOBKY KypCOB B TAKOM
NnopsiZKe, YToObl BCe KYPChbl, KOTOpPbIE HY>KHO NPOC/AYIIATb 10 HEKOTOPOro Kypca,
BCerja CTOSAJIM B CITMCKe 10 Hero.

4. B nporpamMMme HeKoTopble NpOLEAYPbI MOTYT COAEPXKATb BLI30OBBI APYrHX NPOLEAYP.
Ecan npoueaypa v Bui3niBaeTcs B mpoueaype w, To nuieM v { w. Tonosornyeckas
COPTHPOBKa MoApa3yMeBaeT TaKyIo PacCTaHOBKY O0bsiBJIEHHI NpoLenyp, YTOO!
HMKaKas npolielypa He Bbi3biBaJia elle He 00bsiBeHHbIE NPOLEeaYyphl.

B ob61ueM cnyvae 4acTHYHBIIH NMOPAAOK Ha MHOXECTBE S — 3TO HEKOTOPOE OTHOLIEH HE
MexXay anemeHTaMH S. Byaem o603HayaThb ero cMMBOJIOM { (YMTaeTcs <NpeaulecT-
ByeT» ) M TpeGOBaTh BhINOJHEHUsI CJIEAYIOLIHX TPEX CBOMCTB (aKCHOM) A5t 1100bIX pa3-
HbIX 3/1eMEHTOB X, Y, Z U3 S:

1) ecrtnx{yuny{z 1ox {2z (TPaH3IUTUBHOCTb);
2) ecau x ( y, TO HEBEPHO, YTO Y { X (AHTHCHMMeETPHA);
3) HeBepHO, yTO Z { Z (HepedIeKCHBHOCTD).

ITo oueBHAHBIM NpHYKHHaM OyaeM NpeanosiaraTh, YTO MHOXECTBa S, K KOTOpLIM Oy-
J€eT NMPUMEHATBCA TONOJIOrHYecKass COPTHPOBKaA, KOHeYHbl. [l03TOMY YacTHYHas cop-
THPOBKa MOXKeT ObITh NPOWJIIIOCTPHPOBaHa AMarpamMMoit Hau rpacoM, B KOTOPOM Bep-
IWHHB 0003HaYalOT 3/1IEMEHTH S, a HanpaBJieHHble pebpa NPeACTaBAAIOT OTHOLIEHHS]
ynopsinoyeHHocTH. [Ipumep noka3au Ha puc. 4.13.

3anaya TOnoA0rH4ecKkoi COpPTHPOBKH — MOrPy3UTh OTHOLLIEH Me YaCTHYHOIO NOpsia-
Ka B JuHeiiHbil nopsaok. I'pa¢pmyeckn aTo noapasyMeBaeT pacnoioXeHHe BeplMH
rpada B IMHHIO TaK, YTOOBI Bce CTPEJIKH YKa3biBalH BIpaBo, KaK NI0Ka3aHo Ha puc. 4.14.
CsoiictBa (1) ¥ (2) YaCTHYHOrO yNnopAAOYEHHsi FAPAaHTHPYIOT, YTO rpad He COAEPIKHT
nerejb. ITO B TOYHOCTH TO YCJOBHE, IPH KOTOPOM NMOrpyxeHHe B IMHEAHLIA NOPsAAOK
BO3MOJKHO.
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Puc. 4.13. HYacTu4HO YyNOPRAOYEHHOE MHOXECTBO

—~—

-G OO )00 &

Puc. 4.14. PacnonoxeHrvne B NMHUIO YaCTUHHO YNOPAAOHEHHOrO MHOXeCTsa 13 puc. 4.13

Kak npucTynuTb K NOMCKY OJHOrO M3 BO3MOXKHBIX JIMHEHHBIX yniopsaao4eHnii? Pe-
uent aoBosibHO npoct. HayHeM ¢ BeiGopa n1060ro aneMeHTa, y KOTOPOro Het npea-
IIEeCTBEHHUKOB (10JI)KeH CyLeCTBOBaTh XOTsi Obl OIMH TaKOit 3/1eMeHT, HHaue B rpade
OyneT netssi). 3TOT 3/IeMEHT NOMELLAETCS B Havyano Oyay1uero CNUCKa U yaansieTcst U3
MHOXecTBa S. OCTaTOK MHOXKeCTBa NO-NpeXxHeMy YaCTUYHO YNOPsAA0UY€eH, U TOT Xe al-
rOpUTM MOXET NPUMEHSITHCSI CHOBA — 10 TeX NMOp, NOKa MHOXECTBO He CTaHeT MyCThIM.

Yrtobbl onucaTh aaroput™m Gosee CTporo, HyXHo BbIOpaTh CTPYKTYpPY AaHHBIX W
npeacTaB/ieHHe 15 S M AUIA €ro YaCTUYHOro nopsiaka. Beibop Takoro npeacraBieHus
onpenensieTcs onepauMsiMM, KOTOpble HY)KHO C HUM NMPOU3BOAMTD, B YaCTHOCTH peyb
uaet o6 onepauuy BbIGOpa 3/IeMEHTOB, He UMEIOLUX NpealecTBeHHHKOB. [ToaToMy
KOKABIN 3/1IeMEHT A0JIXXeH NPeACTaB/IATLCA TPeMs XapaKTepUCTUKAMH: CBOMM HAECHTH(M-
LIMPYIOLLIMUM KJTIOYOM, MHOXKECTBOM 3J1EMEHTOB- <110CJIeI0BaTe el » M YHCIIOM 3J1EMEHTOB-
<TpeALIeCTBeHHUKOB». Tak Kak YMCJO N 3JleMeHTOB B S He (PUKCHPOBAHO 3apaHee,
MHOXeCTBO yn100HO OpraHHW3oBaTh KaK CBs3HBI cnucok. CienoBatenbHo, A0NOJIHH-
TeJbHOH KOMIOHEHTO# ONUCaHMUs KaXA0ro 3/ieMeHTa OyieT yKkasaTesb Ha cyieyIoLmii
3/NIeMeHT cnucka. Byaem cunTarh, YTO KNIOUM ABAAIOTCSA LeAbIMH (HO He 00si3aTeIbHO
MAYLIMMH NOAPAA oT 1 40 N). AHAUTOrHYHO, MHOXECTBO NOCJe0BaTe/iel KaXxAoro aje-
MEHTa yA0OHO NpeACTaBUTb CBA3HbIM CNIMCKOM. Kaxablit afeMeHT cnMcka noc/eaosa-
TeJieil ONMUCHIBAETCsE CBOMM KJIIOYOM M yKa3aTejieM Ha C/elYIOLHi 3/1eMEHT B 3TOM
cnucke. Ecaun aeckpunTopsl rj1aBHOro CUCKa, B KOTOPOM KaXXAblif 3JleMEHT MHOXeCTBa
S BCTpevaeTcsi B TOYHOCTH OJIMH pa3, Ha3BaTb sedywumu (leader), a AeCKpUNITOPHI 3J1e-
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MEHTOB B CIIMCKAX MNocjeaoBateneit — sedomuimu (trailer), To npuaem K CaeayOLMM
06bsABNIEHUAM THIIOB JaHHBIX:

TYPE Leader = POINTER TO LeaderDesc;
Trailer = POINTER TO TrailerDesc;
LeaderDesc = RECORD key, count: INTEGER;
trail: Trailer; next: Leader
END;
TrailerDesc = RECORD id: Leader; next: Trailer
END

[IpeanonoxuM, YTO MHOXKECTBO S M OTHOLLEHHs NOPAAKA MEXY €ro 3JieMeHTaMH
M3Ha4ya/IbHO NPEeACTAB/IEHb! KaK N0C/1e10BaTe1IbHOCTD Nap Kiloveii Bo BXoAHOM (aiine.
Takue BxoaHbie AaHHbBIE 415 IpUMepa Ha pHUC. 4.13 npeAcTaB/eH bl HUXKeE, FAE A5 ICHO-
CTH SIBHO yKa3aHbl CHMBOJIb 6 , 0003HavalolHe OTHOLEHHE YaCTHYHOIO NOPAIKa:

1(2 2(4 4(6 2(10 4(8 6(3 1(3
3(S 5(8 7(5 7(9 9(4 9(10

IlepBas yacTb nporpaMMbl TOMOJOTHYECKOH COPTUPOBKH A0J1XKHA NMPOYeCTb BXOA-
Hble JaHHble U npeo0pa3oBaTh MX B HEKYIO CIIMCKOBYIO CTPYKTYpYy. OTO Aenaercs
nocsiea0BaTe/IbHbIM YTeHHEM Mnap KJtoveil x u y (x { y). O603HaunM yKasaTesM Ha UX
NpeACTaB/JeHUsI B CBSI3HOM CMHUCKe BedyLIUX KaK P M q. 3TH 3allMCH HYXXHO HaliTH
B CIIUCKe, a eCJIM UX TaM ellle HeT, BCTaBUTb B 3TOT cnucok. JlaHHadA 3anaya peluaercs
npouenypoii-pynxuueit find. 3ateM K CIUCKY BEAOMBIX /s X HYXHO 106aBUTb HOBbIH
AeCKPUNITOP, COAep>Kallliif CChIJIKY Ha (; CYeTYMK NpeAlleCTBEHHUKOB AJ/Isi Y YBeJH-
yKuBaeTCs Ha 1. ITOT aNropUTM Ha3biBaeTCs a3oi 66o0a. PucyHok 4.15 nokasniBaer
CMMCOYHYIO CTPYKTYPY, NOpOKAaeMylo NnpH o6paboTKe BhilleNpUBeJeHHBIX BXOAHBIX
AaHHbIX. OyHkums find(w) Bbiaaer ykasaTe/ib Ha 3/1eMEHT CITMCKA C KJIIOYOM W.

B cnenyowmeM ¢pparMeHTe nporpaMMbl Mbl HCNOJIb3YEM CPEICTBA CKANUPOBAHUR
mexcmos cucteMbl Ob6epoH. 34ech TEKCT pacCMaTPUBAeTCs Kak MOCJAeA0BaTe1bHOCTD
He JINTEP, a AeKCeM, KOTOpble MOryT ObiTh HAEHTUPUKATOPAMH, YNC/IAMH, LIENIOYKAMH
JIUTEp, a TaKXe CneuHalbHBIMM JUTepaMH (TakUMM Kak +, *, < u T. 4.). [Ipouenypa
Texts.Scan(S) npocMaTpHBaeT TEKCT, YNTasA odyepeaHylo JekceMy. CxaHep S siB/siercst
Pa3sHOBHAHOCTbIO HeryHKa 11 TEKCTOB.

(*¢a3a ssoaa*)

NEW(head); tail := head; Texts.Scan(S);

WHILE S.class = Texts.Int DO
x := S.i; Texts.Scan(S); y := S.i; p := find(x); q := find(y);
NEW(t); t.id := q; t.next := p.trail;
p.trail := t; INC(q.count); Texts.Scan(S)

END

[locne Toro kak B ¢paze BBOAA NOCTPOEHAa CTPYKTypa AAHHBIX, NOKa3aHHas Ha
puc. 4.15, MOXKHO HaYMHATh BHINOJHEHHE COOCTBEHHO TOMOJIOrHYeCKOi COPTHPOBKH,
onucaHHol paHee. Ho Tak kak OHa COCTOMT M3 NMOBTOpsIOUIErocs Bhibopa 3/1eMeHTa
C HyJIeBLIM YHMCJIOM NpeAlleCTBEHHHKOB, Pa3yMHO CHayasia coOpaTh Bce TakHe 3J1eMEH-
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Puc. 4.15. Cnuckosas CTpyKTypa, NOpOXAeHHas nporpammoit TopSort

Thl B CBSI3HBII CIIMCOK. 3aMETHUB, YTO UCXOAHBIH CNHMCOK BelylLIHMX BNOCAEACTBHUH He
NoHaA06MTCA, MOXCHO NMOBTOPHO MCNO/bL3OBATh TO XK€ CaMoe N0Jje next Aisi CBA3biBa-
HUsl BeAYLLHX C HyJIeBbIM YHCJIOM NpeallecTBeHHUKOB. Takas onepaiisa 3aMeHb! OHO-
ro CrMCKa APYrMM 4acTo BCTpeyaeTcss B oOpabotke cnuckoB. Huxke oHa BeimucaHa
B AeTtansx. J11s NpocTOTh HOBLIH CTUCOK CO3aaeTcst B 00paTHOM MNOpsAKe:

(*rfonck seayuwinx 6e3 npeawecTseHHNKOB®)
p := head; head := NIL;
WHILE p # tail DO
q := p; p := q.next;
IF q.count = 0 THEN (*BCTasuTb A B HOBbIN CTTUCOK™)
g.next := head; head := q
END
END

O6pamasch Kk puc. 4.15, BUAUM, YTO CIIMCOK BeAylUHX, 0Opa30oBaHHbIH LIENOYKO
CCLI/IOK Next, 3aMeHsIeTCs MOKa3aHHbIM Ha PHC. 4.16, rae HensobpaxkeHHBIe yKa3aTeaun
ocTaloTcsi 6e3 u3MeHeHHil.

1 7 |«
0 0 head
NIL [«

! v

Puc. 4.16. CnucCok sBeaywmx C HyNesbiM YCNOM NPEAWECTBEeHHNKOB
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I[Tocnie Bceit 3TOI NOArOTOBKH, HMes yaoOHOe NpeAcTaBAeHHe YaCTUYHO YIOPAO0-
YEHHOTO MHOXKECTBa S, Mbl MOXKeM HaKOHell NPUCTYNHUTh COOCTBEHHO K 3aj1aye TOMNO0/0-
rMYecKoit COpPTUPOBKH, TO €CTh NIOPOXAEHHs BLIXOAHO# nocsienosarebHocTH. [lepBas
YepHOBast BepCcHsA MOXeT ObITh TaKoOi:

q := head;
WHILE q # NIL DO (*pacmnieyartatb 3TOT 3N€MEHT, 3aTeM YAANUTh ero*)
Texts.Writelnt(W, q.key, 8); DEC(n),
t := q.trail; q := q.next;
YME@HbLUNTL CHETYHUKN NPEeLUIECTBeHHNKOS
ANA BCeX ero rrocnegosareneit B crucKe t;
ecnu cueTumk obHyNAReTCA, BCTABUTL ITOT 3NeMEHT
8 CITNCOK Beaywmnx q
END

OnepauHs, KOTOPYIO 3eCh HY’)XHO YTOYHHUTb, peACcTaBaseT co00ii eLle OaAHH Npo-
cMOTp cnucka. Ha kaxxioM mare BcnoMoraTe/ibHas nepeMeHHas p o603Havaer senyiue-
ro, yeit C4eTYUK HY)KHO YMEHbIIHTb H NIPOBEPHTb.

WHILE t # NIL DO
p := t.id; DEC(p.count);
IF p.count = 0 THEN (*8CTasuTb pA B CITUCOK Beaywinx®*)
p.next:=q;q:=p
END;
t ;= t.next
END

ITHM 3aBepllIaeTCA NOCTPOEHHE NPOrpaMMbl TOMOJIOTHYECKOH COPTUPOBKH. 3ame-
THM, YTO B MporpaMMe BBeA€H CYETYHK N A/NA MOACYETAa BEAYLUHUX, MOPOXAEHHBIX
B ¢haze BBOAA. ITOT CYETYMK YMEHbIIAETCA KaXAblii pa3, Koraa BeayLuHii BbIBOAUTCA
B ¢a3e BoiBoAa. [loaToOMy ero 3HaueHHe JOMKHO CHOBA CTaTh HYJIEM NOCJ1e 3aBepllieHHsA
nporpaMMbl. Ec/iM 3TOro He NpOHCXOAMT, 3HAYHT, KaXXAbli{ M3 OCTABIIMXCA 3/1IEMEHTOB
MMeeT npeailecTBeHHUKOB. O4YeBHAHO, MHOXKECTBO S B 3TOM CJlyyae He SABJSAETCA Yac-
THYHO ynopsaaoyeHHbIM. Da3a BbIBOAa B NMPEeACTaBJEHHOM BHAE — NPUMEP NpoLecca
C <MyJIbCUPYIOLIHM® CITUCKOM, I/l€ 3/1IeMEHThI BCTaBJIAIOTCA H yAUIAIOTCSA B HeNpeacka-
3yeMoM nopsake. JIpyrnMu cJioBaMH, 3TOT NPUMeEP B MOJIHOI Mepe AeMOHCTPHpYyeT
rMOKOCTb CITHCOYHOI CTPYKTYPbI C ABHLIMH CBA3AMHM.

VAR head, tail: Leader; n: INTEGER; (* ADruS433_TopSort *)

PROCEDURE find (w: INTEGER): Leader;
VAR h: Leader;
BEGIN
h := head, tail.key := w; (*6apsep*)
WHILE h.key # w DO h := h.next END;
IF h = tail THEN
NEW(tail); INC(n);
h.count := 0; h.trail := NIL; h.next := tail
END;
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RETURN h
END find;

PROCEDURE TopSort (VAR R: Texts.Reader);
VAR p, q: Leader; t: Trailer; (*ana sbisoaa ucronb3yerca rnobansHbin W*)
X, Y. INTEGER;
BEGIN
(*MHMuUMann3nMposaTh CTUCOK BeaYWUX C DUKTUBHLIM 3nemeHTOM-bapbepom®)
NEW(head); tail := head; n := 0;

(*¢asa ssoaa*)

Texts.Scan(S);

WHILE S.class = Texts.Int DO
x := S.i; Texts.Scan(S); y := S.i; p := find(x); q := find(y);
NEW(t); t.id := q; t.next := p.trail;
p.trail ;= t; INC(q.count); Texts.Scan(S)

END;

(*mounck seaywmnx 6e3 mpeawecTBeHHUKOBY)
p := head; head := NIL;
WHILE p # tail DO
q = p; p := q.next;
IF q.count = 0 THEN (*BCTasuTb q B HOBbIW CITUCOK™)
q.next := head; head := q
END
END;

(*¢a3a sbisoaa*)
q := head;
WHILE q # NIL DO
Texts.WriteLn(W); Texts.Writelnt(W, q.key, 8); DEC(n);
t := q.trail; q := q.next;
WHILE t # NIL DO
p := t.id; DEC(p.count);
IF p.count = 0 THEN (*BCTasuTb p 8 CTMCOK BeAyWMX*)
p.next:=q;q:=p
END;
t ;= t.next
END
END;

IFn# 0 THEN
Texts.WriteString(W, "Habop He 2BNReTCA YACTUUYHO YTIOPAAOUYEHHbIM")
END;
Texts.WriteLn(W)
END TopSort.
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4.4. [lepesbs
4.4.1. OCHOBHbIE NOHATHUA N ONpeREeNneHNs

Mu! BUAE/IH, YTO NOC/IEAOBATENLHOCTH H CIIMCKH YA00HO Onpenensith cAeayowmumM ob-
pa3oMm. [TocaenoBaTenbHOCTD (CMTHCOK) ¢ 6a30BBIM THNOM T — 3TO:

1) nycras nocaeaoBaTe/bHOCTb (CITUCOK);
2) KoHKaTeHaums (cuenjieHHe) HEKOTOPOro 3JieMeHTa TMNa T M NocJieq0BaTeIbHO-
cTH ¢ 6a30BbIM THIIOM T.

TeM caMbIM peKypCHsi MCIIO/Ib3YeTCSt KaK CPEACTBO ONpeje/ieHUsA MeTOAa CTPYKTY-
PHPOBaHHSA, @ HMEHHO NMOCAEN0BaTEbHOCTH WK UTepauMH. [locienoBaTeILHOCTH H
MTEePaLM¥ BCTPEYAIOTCA HACTOJBLKO YacTO, YTO HX OOBIYHO pacCMaTPHUBAIOT B KauecTBe
dyHAaMEHTANILHBIX CXeM CTPYKTYPHPOBaHHA U noseaeHusa. Ho HY)KHO MOMHHTD, YTO
MX ONpeAe/HTb C MOMOLLIbIO PeKyPCHH MOYKHO, OJHaKO 00paTHOe HeBepHO, TOraa Kak
peKypCHIO MOXKHO 3JIeETaHTHO H 3¢ eKTUBHO HCNOJIb30BATDb /15 ONpeie/IEHUA ropa3ao
60Js1ee H3OLUIPEHHBIX CTPYKTYp. XOpOIlIO U3BECTHBIIT npuMep — aepeBbs. Onpeaeaum
NOHATHE AepeBa caeayiowmM obpasom. Jepeso ¢ 6a3oBbiM THNOM T — 310 AIM6O:

1) nycroe aepeBo, 1160
2) y3enTtuna T ¢ KOHEYHBLIM YHCJIOM n0A0EPeBbEs, TO ECTh He COENHHAIOLIMXCH MeX-
Ay co6oit nepeBbeB ¢ 6a30BbLIM THIOM T.

CxoacTBO peKypPCUBHBIX ONpelesieHHii oc/ie10BaTebHOCTe U 1epeBbeB NOKa3bl-
BaeT, YTO M0CJIeA0BaTeIbHOCTD (CITHCOK) — 3TO AAepeBO, B KOTOPOM Y KaXKAOTO y3/1a He
Goablue oaHoro noaaepeBa. [103TOMy CTMCOK MOXHO CYHTATh BRIPOXXAEHHBIM IePEeBOM.

EcTb Heckonbko cnocoboB npeacraButh Aepeso. Hanpumep, puc. 4.17 nokasniBaeT
HEeCKOJIbKO TaKHUX NpeAcTaBJeHuit Ana aepesa ¢ 6a3oBbiM THNIOM T = CHAR. Bce atu
NpeACTaBJEHUA H300paXkaloT OHY M TY Xe CTPYKTYPY M NMOTOMY 3kBUBasieHTHH. Ho
HMMEHHO npeacTaBJjieHue B Buae rpacda obbscHsAET, noYeMy 311ech HCMOJIb3YIOT TEPMHH
<ZiepeBo». JI0BOJIbHO CTPaHHO, YTO epeBbA Yallle H306paxaloT pacTYLIMMH BHU3 WM —
€C/IM HCNOJIb30BaTh APYrylo Metadopy — NMOKa3biBalOT KOPHH AepeBbeB. OnHako
nocJjeaHee ONUCaAHHE BHOCHT MYyTaHHUILY, TaK Kak KOpHeM (root) oObIYHO Ha3bLIBAIOT
BepxHHIt y3en (A).

Ynopadouennoe depeso - 3To Takoe AepeBo, B KOTOPOM A/ BeTBeH KaXJA0ro y3ja
¢dukcupoBaH onpeneneHHulii nopsaaok. Ilosatomy aBa ynopsaoyeHHBIX AepeBa Ha
pHc. 4.18 pasnuyHbl. Y3en y, KOTOPLIit HAXOAHTCA HEMOCPEACTBEHHO MOA Y3JIOM X, Ha-
3biBaeTcs (HENOCPeACTBEHHBIM) NOMOMKOM Y3/1a X; €CJIH X HaXOAHTCA Ha YPOBHE i, TO
rOBOPSAT, YTO Y HAXOAUTCA Ha yposre i+1. ObpaTHo, y3en x HasbiBaeTcA (HEMOCPeaCT-
BEHHBIM ) 7pedxoM y3na y. Y poBeHb KOPHS 110 ONpefiesIEHHIO paBeH Hya10. MakcuManb-
HbI} YpOBeHb 3JIEMEHTOB B lepeBe Ha3biBaeTCA €ro 21y6unoti, Win 6bicomoi.
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a)
b) (AB(D(1).E(J.K,L).C(F(O).G(M,N),H(P))))
A
B
D
l
J
K
L
C
F
o
G
M
H N
c) P
d)

Puc. 4.17. NpeacTtasnexHue aepesa NOCPEACTBOM () BNOXEHHBIX NOAMHOXECTB,
(b) cko604HOro BLiPAXeHUA, (C) TeKCTa C oTCTynamu, (d) rpada

() ()
& © © G

Puc. 4.18. [1ea pa3Huix ynOpaRa0OYEeHHbIX Aepesa
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Ecan y3en He uMeeT NOTOMKOB, TO OH Ha3bIBaeTCA KOHLKEBLIM (MEPMUNAROHBIM), NITH
Aucmom; y3eJs, He ABNAIOIIMIACA KOHLEBBIM, Ha3biBaeTcs enympennuM. Konnvectso
(HenocpeaACTBEHHBIX ) TOTOMKOB BHYTPEHHETO y3Jila — 3TO ero cmenens. MakcHMaibHan
CTeneHb BCeX Y3JI0B Ha3blBaeTCs CTeneHblo AepeBa. Yucno Betseii uau pebep, no koro-
PbIM HYXHO NPOHTH, YTOOK! MONACTh U3 KOPHA B y3€J1 X, Ha3LIBAETCA €ro AIUHOL nymu.
Jl1MHa NyTH KOPHSA paBHa HYJIIO0, €ro HENOCPeACTBEHHBIX MOTOMKOB — 1 H T. A. Boobiwe,
JAJIMHA NYTH Y3J1a Ha ypOoBHe i paBHa i. [lniuHa nyTteil nepeBa onpenensercs Kak CyMMa
ANUH nyTei Bcex ero koMnoHeHT. Ee elle HasbiBaloT daunoti enympennux nymei. Ha-
npuMep, y AepeBa Ha puc. 4.17 AnuHa BHyTpeHHHUX nyTeii paBHa 36. OueBHaHo, cpea-
HASA AJIMHA NYTH PaBHa

Pne =@Siz 1 <isn:mxi)/n

rAe N | — YHCJIO Y3/I0B Ha ypoBHe i. UToObl onpeaeanTs OAuRYy 6HewNUX nymeti, paclln-
PHM AepeBO 0COOBLIMM JOMONHHTENLHBIMHM Y3/1aMH BCIOAY, rle B MCXOQHOM AepeBe OT-
CYTCTBOBAJIO NNOAepeBO. 311eCh HMEETCS B BHAY, YTO BCe Y3/bl JO/KHBI HMETb OAMHA-
KOBYIO CTeNeHb, 3 UMEHHO CTeneHb AepeBa. Takoe pacliMpeHHe AepeBa paBHO3HAYHO
3aM0JIHEHHIO NYCThIX BeTBel, puueM y 106aBasgeMbIX AONOJHHTEbHBIX Y3/10B, KOHEY-
HO, NOTOMKOB HeT. [lepeBo ¢ puc. 4.17, pacluupeHHOEe AONMOJIHUTENbHRIMH Y3JIaMH, N0-
Ka3aHO Ha puc. 4.19, rae 1oNoJHHTe/IbHbIE Y3/1bl TOKa3aHbl KBaApaTHKaMH. JinHa BHe-
IIHUX NyTeH Tenepb ONpeAeasieTCss KaK CyMMa JUIHH nyTeH BceX AOMOJHMTE/bHBIX
y3/10B. Ec/IM YHC10 AONO/IHUTE/IbHBIX Y3JI0B Ha YPOBHE i pABHO M, TO CPEHASA AJIMHA
BHEIUIHEero NyTH paBHa

Pext = Si:1<ismjxi)/ m

JnHa BHeWIHUX nyTeil nepeBa Ha puc. 4.19 pasHa 120.

Yucao m AONOJIHUTENBHBIX Y3J10B, KOTOpble HYXHO J00aBHTb K iepeBYy cTeneHH d,
onpeaenseTcs YUCJAOM N HCXOAHBIX Y3/10B. 3aMETHM, YTO K KaXXA0OMY Y3y BelleT B TOY-
HocTH oiHO pe6po. TakuM o6pasom, B pacluMpeHHOM AepeBe m + n pebep. C apyroii

o

oREgC F ®
IO G B B I@DPGEMO MOME

Puc. 4.19. Tpon4HOe aepeso, PaCWUPEHHOE AONONHUTEABHBIMK Y3NaMu
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CTOPOHBI, U3 Ka)KA0r0 HCXOAHOIO y3a/a BeixoauT d pebep, U3 10NOAHHUTENbHBIX Y3JIOB —
Hu ogHoro. [Toatomy Bcero umeercs d*n + | pebep, rae 1 coorseTcTByeT pebpy, Beny-
weMy K KopHio. /[Be ¢opMyJibl AaloT cieayioliiee ypaBHeHHe, CBA3BIBAIOLLEE YHCI0 M
AOMOJIHUTEJbHBIX Y3/I0B U YHCJIO N UCXOAHBIX y3/10B: d Xn + 1 = m + n, OTKYyAa

m=(d-1)xn+1

JlepeBo 3aaHHO# BLICOTH h GyaeT HMeTb MaKCMMaJIbHOE YHCJIO Y3JI0B, ECJIH Y BCEX
y3noB ecTb d noanepeBLeB, KpOMe Y3JI0B Ha YPOBHe h, Y KOTOpLIX NMOAAepPeEBbEB HeT.
Torna y aepesa crenexu d Ha ypoBHe 0 ecTb 1 y3en (a UMEHHO KOpeHb), Ha YPOBHe 1 —
d ero noTomMKoB, Ha ypoBHe 2 — d2 notomkos d y310B ypoBHs 1 u T. 4. OTciona noayua-
eM BbipaxkeHHe

Ng(h) = Si: 0<i<h:d

AN MAaKCHMAbHOIO YUCJA y3JIOB AepeBa BHICOTH h U ctenenu d. B yactHocTH, and
d = 2 nony4aem

Na(h) = 2h -1

OcobeHHO BaXkHbI YNOpsiioueHHble JepeBbs cTeneHH 2. VX Ha3biBalOT 080UuHbLIMU
(6unapnwimu) nepeBbamMu. OnpenesuM ynopsiaoyeHHoe ABOMYHOE 1EPEBO KaK KOHeY-
HOe MHOXKECTBO 3/1eMeHTOB (Y3JI0B), KOTOpPOe JH60 nmycTo, 160 COCTOMT U3 KOPHS
(KOpHEeBOro y3na) ¢ AByMAl OTAe/bHBIMH ABOHYHBIMH J€ePEeBbAMH, KOTOPbIE Ha3bIBAIOT
ResbiM N Npasvim noddepesom KopHs. B panbHeiiieM mMbl 6yaeM B OCHOBHOM 3aHM-
MaThCS ABOMYHBIMH AEPEBbAMH, NTO3TOMY NOJA AepPeBOM Bceraa OyaeM noapasyMeBaTth
ynopadouennoe deouutoe depeso. JlepeBbs creneHu 60/blie 2 Ha3bLIBAIOTCSA CLILHO €M -
BRUUMUCR OepesbaMU, UM TIOCBsIILEH pa3aen 4.7.1.

3HakoMble nNpUMepbl ABOHYHBIX JepeBbeB — ceMeiiHas POAOC/OBHasl, rae oTell
M MaThb MHAMBHMIA NpeiAcTaBjeHbl Yy3anaMu-notoMkamu (!); Tabanua pe3yabTaToB
TeHHHCHOTO TYPHHUPa, Ilie KaXXAOMY NOeAMHKY COOTBETCTBYET y3eJ, B KOTOPOM 3allu-
caH nobeautenb, a ABe NpeAblAyLUME HIPbl CONMEPHUKOB SABJAIOTCA NOTOMKaMH;
apudMeTHYECKOE BbIPaXKeHHeE C ABYXMECTHBIMH ONEepalUsMH, TAe KaXK0MY OllepaTopy
COOTBETCTBYET Y3eJ1, a onepaniaM — noaaepeBbs (CM. puc. 4.20).

Puc. 4.20. Npeacrasnexue 8 Buae aepesa ana supaxeHna (a + b/c) * (d - e*f)
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O6patuMca Tenepb k npobaeme npeacraBielus aepesbeB. M3obpaxeHHe Takux
pPeKyPCHBHBIX KOHCTPYKUHA B BHAeE BETBAILMXCA CTPYKTYP NOACKa3bIBaeT, YTO 3[eCh
MOJXKHO MCIOJIb30BaTh Halll annapar ykasareaei. O4eBHAHO, HET CMBIC/Ia OOBABAATD
nepeMeHHble ¢ GPHKCHPOBaHHOI ApeBeCHO CTPYKTYPOIt; BMECTO 3TOro PHKCHpPOBaH-
HYIO CTPYKTYPY, TO €CTb GUKCHPOBaHHBIil THI, OYAYT HMETb Y3/bl, 11 KOTOPBIX CTe-
NneHb JepeBa onpeaessieT YUC/0 yKa3aTeJbHbIX KOMIMOHEHT, CChIJIAIOLIHXCS Ha noaae-
peBbsi y3zna. OueBHAHO, CChlJIKa Ha MycToe AepeBO o6o3HavaeTcs ¢ nomouibio NIL.
CnenoBartenbHo, AepeBO Ha PHC. 4.20 COCTOMT U3 KOMIIOHEHT OMNpeAe/IeHHOro HHUXe
THINa U MOXKeT Toraa ObTh MOCTPOEHO, KaK NMOKa3aHO Ha pHC. 4.21.

TYPE Node = POINTER TO NodeDesc;
TYPE NodeDesc = RECORD op: CHAR,; left, right: Node END

KOpeHL [ » .

/[ \\‘l |
. -

"

b c o f
NL | NiL NiL | N NiL | Nl NL | NL

Puc. 4.21. flepeso puc. 4.20, npeacrasneHHOe Kak CBA3HAA CTPYKTypa AaHHLIX

IIpexxne 4eM MccnenoBaTh, KaKylo M0Jib3y MOXHO H3BJe4b, IPUMEHSAS AEpPEBbS,
M KaK BBINOJIHATH ONepauMy HaA HUMH, AaAHM NPHMEp NMpOrpaMMbl, KOTOpasa CTPOUT
aepeBo. [IpeaAnonoxuM, YTO HY)XKHO NOCTPOUTDb AepeBO, 3SHAYEHHUAMH B Y3/1aX KOTOpOro
ABJNAIOTCA N YKCeJl, CYHTBIBaeMbIX U3 BxoaHoro ¢aitna. Utobnl caenars 3axauy HHre-
pecHeii, GyaeM CTPOMTb AepeBO C N y3/J1aMH, HMelolllee MHHUMANbHYI0 BLICOTY. YTOOb
NOJYyYMTh MUHUMAIbHY IO BLICOTY MPH 33JaHHOM YMCJIE Y3/10B, HY)KHO Pa3MellaTh Mak-
CHMaJIbHOE BO3MOXXHO€ YHCJIO Y3JIOB Ha BCeX YPOBHAX, KpoMe caMoro HuxHero. Ove-
BHUIHO, 3TOr0 MOXHO AOCTHYb, pacnpesessia HOBbIE Y3Jibl TIOPOBHY CJIeBa U CIpaBa OT
Ka)KAO0ro y3/1a. 3TO 03HaYaeT, YTO Mbl CTPOMM AEPEBO /1A 3aIaHHOIO N TaK, KaK Noka3a-
HoOHapuc. 422 gassin=1, ..., 7.

[IpaBiio paBHOMEPHOIrO pacnpeaefieHUsi NPH H3BECTHOM YHCJE Y3JI0B N Jyullie
Bcero cpopMyIMPOBaTh PEKYPCHBHO:

1. HUcnoab3oBaTbh OAMH y3e/ B KaYyeCTBe KOPHA.
2. TMocTpouTb TakuM 06pa3oM JieBoe NMOMIEPEBO C YHCAOM Y3108 nl = n DIV 2.
3. IlocTpoutb TakuM 0b6pa3oM NpaBoe NOAAEPEBO C YUCJIOM Y310BNr=n - nl - 1.
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"0 TP T

Puc. 4.22. UpeanbHo cO6anaHCMPOBAHHBIE AEPEBbA

ITO NpaBHJIO peasin3yeTc peKypCMBHOM NMpoleAypOi, KOTOpas YMTaeT BXOAHOH
¢aiin u cTpoHT naeanbHo cbanancupoBaHHOe AepeBo. Bot onpeaenexue: aepeBo ABas-
eTCA udeardvro cOQIARCUPOBARHBIM, €CJIN NS KAXAOTO y3Ja YUCJIO0 Y3JI0B B JIEBOM H
NnpaBoM NOIEPEBbAX OTAHYaETCs He OoJblle yeM Ha 1.

TYPE Node = POINTER TO RECORD (* ADruS441_BalancedTree *)
key: INTEGER; left, right: Node
END;

VAR R: Texts.Reader; W: Texts.Writer; root: Node;

PROCEDURE tree (n: INTEGER): Node;
(*nocTponTs naeansHo cbanaHcuposaHHOE Aepeso C N y3namu*)
VAR new: Node;
x, nl, nr: INTEGER;
BEGIN
IF n = 0 THEN new := NIL
ELSE nl := n DIV 2; nr := n-nl-1;
NEW(new); Texts.ReadInt(R, new.key);
new.key := x; new.left := tree(nl); new.right := tree(nr)
END;
RETURN new
END tree;

PROCEDURE PrintTree (t: Node; h: INTEGER);
(*pacrievatate aepeso t ¢ h orcrynamn®)
VAR i: INTEGER;

BEGIN
IF t # NIL THEN
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PrintTree(t.left, h+1);
FORi:=1 TO h DO Texts.Write(W, TAB) END;
Texts.Writelnt(W, t.key, 6); Texts.WriteLn(W);
PrintTree(t.right, h+1)
END
END PrintTree;

Hanpumep, npeanonoxuM, 4To HMEIOTCA BXOAHbIE AaHHBIE A AepeBa ¢ 21 y3naMHu:
891115192021 73215641314 101217 16 18

Bbi3oB root := tree(21) yuTaeT BXOAHbIE AaHHbIE H CTPOMUT HAEANbHO cHanaHCHpoO-
BaHHOE JepeBo, NoKa3aHHOe Ha pHC. 4.23. OTMeTHM NPOCTOTY M NPO3PaAYHOCTb ITOI
NnporpaMMbl, MOCTPOEHHOI C HCNOJIb30BaHMEM PEeKYPCHBHBIX npouexyp. OQueBHAHO,
YTO PEKYPCHBHBIE aIFOPUTMBI OCOOEHHO YAOOHBI TaM, rae Hy)XHO o6pabaThiBaTh HH-
dopManHio, CTPYKTYpa KOTOPOii caMa onpeaeieHa peKypCHBHO. ITOT aKT CHOBa Npo-
SIBJISETCA B NpolEAYpe, KOTOpas nevaraeT NoJiyuHBlIeecs AepeBo: eCJIH AepeBo MyCTo,
TO HHYEro He nevyartaeTcs, /1A NojiepeBa Ha YpoBHe L cHayana neyaTtaeTcs ero JieBoe
noaaepeBo, 3aTeM y3€Jl C OTCTYINOM B L CHMBOJIOB TabyaALMH H, HAKOHELl, €ro NpaBoe
nojaepeso.

(1) (7) O (12)
) @ & O O W ¢ (e
® @ & OB OO

Puc. 4.23. lepeso, NOpOXAEHHOE NPOrpaMMon tree

4.4.2. OcHOBHbIE onepaunn
C ABONYHBIMY [EPEBLAMMY

EcTb MHOTO Onepauuii, KoTopbie MOXeT NOHAAOOUTHCA BLIMONHUTD C APEBECHOM CTPYK-
TYpOii; HanpHMep, YacTO HY)KHO BLIMOJHUTb 33J]aHHYI0 Npoleaypy P B KaXAOM y3Je
nepesa. Toraa P cneayer cuutath napaMeTpoM 6osnee obuieit 3anaun obxona Becex y3-
JIOB, WJIH, KaK OOBLIYHO rOBOPAT, 06x00a depesa. Ecan Mbl paccCMOTPHM TaKoit 06xoa Kak



198 AMHAMUYECKME CTRYKTYPH! AGHHbIX

eAMHBIH NnocJieaoBaTeIbHLIH NpoLecc, TO NOJYYUTCS, YTO OT- \J{
AesbHbie y3Jibl NOCELIAIOTCSA B HEKOTOPOM KOHKPETHOM NOpA-
Ke M KaK Obl paccTaBasioTCA B JUHHIO. OnHcaHHWe MHOrMX
aJIFOPUTMOB CHJIbHO yNnpollaeTcs, ecau o6cyxaaTh nocseno-
BaTeJIbHOCTb 00pabOTKH 3/1IeMEHTOB B TEpPMMHAX KaKoOro-aubo
OTHolIeHUs nopsaaka. I3 cTpykTyphl AepeBbeB €CTECTBEHHO
onpeaensoTCs TPH OCHOBHBIX OTHOLIEHUA nopsaka. Ux, kak u A 8
caMy ApeBecHYI0 CTPYKTYPY, yA00HO BbIpaxxaTh Ha A3biKe pe-
KypcHu. ViMes B By ABOMYHOe AepeBO Ha pHcC. 4.24, rae R
0603HayaeT KOpeHb, a A M B — neBoe M npaBoe noptepeBbs, pu P VC- 4.24. [iBondtoe

YNOMSIHYTbIX OTHOLIEHUS NOPAAKA TAKOBHI: Aepeso
1. Ilpamoii nopsaaok (preorder): R, A, B (kopeHb 10 noaaepeBbeB)
2. LentpupoBannnlit nopsanok (inorder): A, R, B
3. O6patHuiit nopaaok (postorder): A, B, R (KopeHb nocse noaaepeBLEB)

O6xona aepeBo Ha puc. 4.20 U 3anKCbLIBaA COOTBETCTBYIOLIHE JIUTEPH MO Mepe
NnocelleHns y3JIoB, NoJay4yaeM cjieaylolue ynopsaaoYeHHble N0C/e10BaTebHOCTH:

1. Ilpsamoii nopanok: *+a/bc-d*ef
2. lleHTpHpoBaHHBIi nopsaoK: a+b /c*d-e*f
3. O6paTHblit nopsaoK: abc/+def*-+

3aech MOXHO y3HaTb TPH (JOpMBI 3aNTUCH BLIpaXXeHHH: npamoi 0bxoa AepeBa Bbipa-
XKeHUS AaeT npeuxcHyo HOTaLHI0, 06pamuniti — nocm@puxcryio, a yenmpuposannuill —
o6bluHYyI0 unghuxcuyo, npasaa, 6e3 ckobok, KOTopbie Hy>KHbl /151 YTOYHEHHUS IPHOPH-
TETOB ONepaluii.

Cdopmynupyem Tenepb 3TH TPU MeToAa o6xola B BHAEe TPeX KOHKPETHLIX Npo-
rpaMM C SIBHBIM MapaMeTpoM t, 0003Ha4alolMM epeBo, KOTopoe HyxHOo obpaboTart,
M C HesABHBIM MapameTpoM P, 0b603HavyaloMuM onepauuio, NpUMeHSAEMYI0 K KaXAOMYy
y3ny. [loapasymeBaeTtcs caenyiolee onpeaeneHue:

TYPE Node = POINTER TO RECORD ... left, right: Node END

Tenepb Tpu MeToaa Nerko GOPMYJHPYIOTCA B BUlle PEKYPCHBHBIX NPOLEAYP; 3TUM
CHOBa NOAYEPKHBAETCA TOT (PaKT, YTO ONEpaUUH C PEKyPCHBHO OnpeleleHHbIMH
CTPYKTYPaMH AaHHBIX YA06Heit Bcero onpeaenstb B BUAe peKYPCHBHBIX a/irOPHTMOB.

PROCEDURE preorder (t: Node);
BEGIN
IF t # NIL THEN
P(t); preorder(t.left); preorder(t.right)
END
END preorder

PROCEDURE inorder (t: Node);
BEGIN
IF t # NIL THEN
inorder(t.left); P(t); inorder(t.right)
END
END inorder
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PROCEDURE postorder (t: Node);
BEGIN
IF t # NIL THEN
postorder(t.left); postorder(t.right); P(t)
END
END postorder

3aMeTHM, YTO yKa3aTesb t NepeaaeTcA No 3HaueHH10. ITHM BBIPaXKaeTcA TOT (aKT,
4YTO NepeaaeTcs CChlIKa Ha pacCMaTpHBaeMoe NMoA/epeBo, a He NepeMeHHast, YbUM 3Ha-
YeHHEeM SABJIAETCA 3Ta CCHIIKA M Ube 3HayeHHe MOrjao Obl 6LITh U3MEHEHO, €C/IH Obl t
nepenaBaiCs KakK napaMeTp-repeMeHHasn.

I1pumMep obxona aepeBa — neyaTb C NPaBHJAbHBLIM YHCJIOM OTCTYNOB, COOTBETCTBY-
IOLIHM YPOBHIO KQXXA0r0 y3Ja.

JlBoMuHbBl€e AEpEBbA YAaCTO HCNOB3YIOT /IS NpeACTaB/leHHA Habopa JaHHBIX, K 3J1e-
MEHTaM KOTOpPOro HY)XXHO ofpawaTbCi NO yHMKaabHOMY Kiiouy. Ecau aepeBo
OpPraHH30BaHO TAKHM 0O6pa30M, YTO A1 KaXAOIO0 y3aa t; Bce KJIOYH B €ro JieBoM Nojae-
peBe MeHbllle, YeM K104 Y3Ja t;, a KAI0YH B paBoM noaaepese Houblile, yeM Ko t;, TO
TaKoe AiepeBO Ha3bIBaIOT depesom noucka. B nepeBe noncka MOXKHO HaiiTH N11060i#i KloY,
CTapTys C KOPHS U CIyCKasiCh B JIeBOE HJIM NPaBoe NoAAepeBO B 3aBHCHMOCTH TOJIbKO OT
3HayeHHs KJII0Ya B TeKyLeM yaae. Mbl Buaenu, YTo N 3/1eMeHTOB MOXKHO OPraHU30BaTh
B IBOMYHOE AepeBO BbICOTHI Bcero JiHiub log(n). [ToaTomy nouck cpeaun n ajnemMeHTOB
MOXHO BBIMOJIHUTD BCEro JXILb 3a log(n) cpaBHEHHIA, ec/IM AepeBO HaeaNbHO cOanaHcH-
poBaHo. O4yeBHAHO, AepeBO ropaso Jiyulle MOAXOAUT A58 OPraHM3allHH TaKoro Habopa
AaHHbIX, YeM JHHeHHbIH CITMCOK M3 NpeabiayLIero pa3aena. Tak kak NOUCK 34ecb npo-
XOAUT NO eAUHCTBEHHOMY NYTH OT KOPHSA K HCKOMOMY Y3J1y, €ro JIerko 3arporpaMMH-
pPOBaTh C MOMOLbIO LIUKAA:

PROCEDURE locate (x: INTEGER; t: Node): Node;
BEGIN
WHILE (t # NIL) & (t.key # x) DO
IF t.key < x THEN t ;= t.right ELSE t ;= t.left END
END;
RETURN t
END locate

Dynkums locate(x, t) Bo3BpauaeT 3HayeHHe NIL, ecsiH B AepeBe, HaYMHAIOLIEMCH
C KOPHS t, He HaiileHo y3/1a co 3HayeHHeM Kioya x. Kak u B ciyyae noucka B CIIHCKe,
CNOXXHOCTb YCJIOBUS 3aBepllieHHs MOACKA3LIBaeT Jiyyllee pelleHHe, 3 HMEHHO HCMOJIb-
3oBaHue Hapbepa. ITOT NpHUeM NMPUMEHHUM M TPH paboTe ¢ iepeBoM. ANnapar ykasareneii
NMO3BOJISET HCNOJ1b30BATh eAHHCTBEHHBIH, 0OwMit 115 Beex BeTBeit y3en-6apoep. [lony-
YHTCA AEPEBO, Y KOTOPOro BCE IHCTbS NPHBA3aHbI K 001LeMy «skopios» (pHc. 4.25). Bapb-
€p MOXHO CYMTATb OOLIHM NpeACTaBHTENEM BCeX BHEWIHHX Y3J10B, KOTOPbIMH ObLIO
paclIHpeHo HcxoaHoe aepeBo (cM. puc. 4.19):

PROCEDURE locate (x: INTEGER; t: Node): Node;
BEGIN

s.key := x; (*6apbep*)

WHILE t.key # x DO



200 AMHAMUYECKME CTRYKTYPH! AGHHbIX

t ——p 4

Puc. 4.25. lepeso noncka ¢ 6apbepoM (y3en s)

IF t.key < x THEN t := t.right ELSE t := t.left END
END;
RETURN t
END locate

3ameTuM, YTO B ITOM Cayuyae locate(x, t) Bo3Bpallaer 3HayeHHe S BMecTO NIL, TO ecThb
yKa3sareJib Ha 6apbep, eCJiH B iepeBe C KOPHeM t He HailAeHO KJ1I0Ya CO 3HAYEHHEM X.

4.4.3. lNonck n BCTaBka B AepeBbaX

Bpsa nu BCIO MOLbL METOZA AMHAMHUYECKOTO pasMellleHUsi C MCNOJIb30BaHHEM YyKa3a-
Teneit MO)KHO BIOJIHE OLEHUTD N0 MPUMEPaM, B KOTOPbIX HabOp AaHHBIX CHaYana CTPo-
MTCA, a B JanbHelieM He MeHseTcA. HTepecHell npuMepbi, B KOTOPbIX epeBO MEHs-
€TCS, TO eCTb pacTeT U/HJIH COKPaLLaeTCs, BO BpeMs BbINOJHEHHs NPOrpaMMbl. ITO Kak
pa3 TOT CJy4aii, KOraa OKa3blBalOTCS HEMPUIOAHLIMHU ApPYTHe NpeACTaBJeHHS JaHHBIX,
HalpHMMep MacCHB, H KOTAa Jiyyllee pelleHHe NMONYYaeTCA NpH HCNONAb30BaHUH liepeBa
C 3JIeMEHTaMH, CBA3aHHBLIMH NOCPEACTBOM yKa3aTeJeid.

Mbi cHayana pacCMOTPHM c/1y4yal TOJILKO pacTyluero, HO HUKOrAa He COKpallalo-
uerocs aepeBa. TUNUYHBIA NpUMep — 3a4a4a COCTaBJIE€HHUS YaCTOTHOTO CJ1I0Baps, KOTO-
PYIO MBI YK€ pacCMaTPHBA/IM B CBA3H CO CBA3HbIMH cniuckamu. Ceifyac Mbl pacCMOTPHUM
ee CHOBa. B aT0it 3aaaye naHa noc1e10BaTe1IbHOCTD CJIOB, U HY)XXHO ONpeAeUTb YHCI0
BXOX/IeHHH KaXA0ro c/10Ba. JTO 03HAYAET, YTO KaXA0€ CJI0BO HILETCS B AepeBe (KOTO-
poe BHayase nycto). Ecau c0oBo HaitaeHO, TO cYeTYMK BXOXAEHHMH YBEJHYHBAETCH;
B NPOTHBHOM CJlyYae OHO BKJIIOYAETCs B IePeBO CO CYETYMKOM, BbiCTaBJIeHHbIM B 1. Mul
OyneM Ha3bIBaTDb 3TY 3a/iauy nNouUcK no depesy co écmasexoti. [lpeanonaraercs, 4to onpe-
AesieHbl CeAYIOLHUEe TUMB JaHHbIX:
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TYPE Node = POINTER TO RECORD
key, count: INTEGER;
left, right: Node

END

Kak 1 paHbllie, He cOcTaBaAsAeT TPyda HaWTH NyTb NOKHCKa. OIHAKO eCJIH OH 3aBeplla-
€TCS TYNHKOM (TO €CTh NPUBOAMT K NMYCTOMY NoaaepeBy, 0603HaY€HHOMY yKa3aTesieM
co 3HayeHHeM NIL), To 1aHHOE CJI0BO HYXKHO BCTaBHTDb B 1epeBO B TOit TOYKe, rae 6uu1o
nycroe noaaepeso. HanpuMep, paccMOTpUM ABOMYHOE AepeBO Ha puc. 4.26 H BcTaBKy
uMeHH Paul. Pe3ynbTaTt nokasaH nyHKTHPHBIMH IHHUAMM Ha TOM Xe PHCYHKe.

¢

NORMA |2

GEORGE | 1 ER 2
g O A== @ Lo
[ ) )
...... | AR
ANN 5 MARY |3 ! PAUL 1! WALTER | 4
NIL | NIL NIL | NiL I NIL | NIL NIL | NLL

Puc. 4.26. Bcraeka B ynopsao4eHHOe ABOVHHOE AepeBo

ITpouecc noncka popMyanpyercs B Bule peKypCUBHOI npoleaypbl. 3aMeTHM, YTO
ee nNapaMeTp p NnepeAaeTcs Mo CChiJIKe, a He 110 3HaYeHHUI0. ITO BAXHO, TaK KaK B CJ1yyae
BCTaBKH NlepeMeHHOi1, coaepxkaBilei 3HadyeHHe NIL, HyXHO NPpUCBOMTbL HOBOE YKa3a-
TeJIbHOe 3HayeHHe. [ 1 BXOAHOI Noc/Ie0BaTeNbHOCTH M3 21 YKcaa, KOTOPYIO MBI yKe
MCIIOJIb30BAIM A/IS NOCTPOEHHUSA AepeBa Ha puc. 4.23, npoueaypa NOMCKa U BCTaBOK
AaeT ABOMYHOE JepeBo, NOKa3aHHOe Ha PHC. 4.27; Ans KaXA0ro Kiioya k BbINOJIHAETCA
BbI30B search(k, root), rae root — nepeMeHHas tuna Node.

PROCEDURE PrintTree (t: Node; h: INTEGER); (* ADruS443_Tree *)

(*pacrmreyatarth aepeso t ¢ h oTcTymmamm*)
VAR i: INTEGER;
BEGIN
IF t # NIL THEN
PrintTree(t.left, h+1);
FORi:= 1 TO h DO Texts.Write(W, TAB) END;
Texts.Writelnt(W, t.key, 6); Texts.WriteLn(W);
PrintTree(t.right, h+1)
END
END PrintTree;
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Puc. 4.27. lepeBo noucka, NOpoOxXAeHHOEe Npoueaypon NOMCKA u BCTaBKU

PROCEDURE search (x: INTEGER; VAR p: Node);
BEGIN
IF p = NIL THEN (*x B Aepese HeT; BCTasuTh*)
NEW(p); p.key := x; p.count := 1; p.left := NIL; p.right := NIL
ELSIF x < p.key THEN search(x, p.left)
ELSIF x > p.key THEN search(x, p.right)
ELSE INC(p.count)
END
END search

U cHoBa ucnosb3oBaHue 6apbepa HeMHOTo ynpouiaet nporpaMmy. SIcHo, YTO B Ha-
yasie NporpaMMbl epeMeHHas root A0/kKHa 6LITh HHULIHAIM3MPOBaHa yKa3aTesleM Ha
6apbep s BMecTo 3HayeHHs NIL, a nepea KaxablM NOMCKOM HCKOMOE 3HaueHHe X A0JIXK-
HO GbITh NPHUCBOEHO NOMIO KNI0Ya Gapbepa:

PROCEDURE search (x: INTEGER; VAR p: Node),
BEGIN
IF x < p.key THEN search(x, p.left)
ELSIF x > p.key THEN search(x, p.right)
ELSIF p # s THEN INC(p.count)
ELSE (*BcTasuTh*)
NEW(p); p.key := x; p.left := s; p.right := s; p.count := |
END
END search

Xo0Ts uesbio 3TOro aNnropuT™a OblJl MOMCK, €ro MOXHO HCNOJIL30BaTh U /1S COP-
THpoBKH. Ha caMOM fiesie OH oyeHb NOXO0XK Ha COPTHPOBKY BCTaBKaMH, a 6saronaps
MCI0JIb30BaHHIO JiepeBa BMECTO MacCHBA HCYe3aeT HeOOXOAHMOCTD NepeMeLiaTh KOM-
NMOHEHTBH, CTOSILHE Bhlillle TOYKH BCTABKH. JpeBeCHYI0 COPTHUPOBKY MOXHO 3anporpam-
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MMPOBaTh TaK, YTO OHa OyaeT noytH Tak xe 3¢pPeKTUBHA, KaK U Jy4llIHe U3BECTHbLIE
METOAbl COPTHPOBKH MaccHBOB. OIHAKO HY>XXHLI HEKOTOphIe NMpeaoCTOPOXKHOCTH. Ecau
obHapy XeHO COBIajieHHe, HOBbIi 3JIEeMEHT TOXe HY>XHO BcTaBuTh. Ecin cayuvaii x = p.key
o6pabaTbiBaTh TaK e, KaK M cJiyvaii X > p.key, TO a/irOpHTM COPTHPOBKH OyneT ycToii-
YMBBIM, TO €CTh 3/IeMEHThI C PaBHBIMM KJI0YaMH GyayT NpOYHTaHbl B TOM )K€ OTHOCH-
TeJIbHOM NMOpsiAKe MPH NPOCMOTPE AepeBa B HOPMa1bHOM NOpsAAKe, B KAKOM OHH BCTaB-
JISLTHCh.

Boobute roBops, ectb U 601ee apeKTHBHbIE METOABI COPTHPOBKH, HO A1 NPHIO-
XEHHUH, rae HYXHbl KaK NMOUCK, TAK U COPTHUPOBKA, MOXKHO yBEPEHHO PeKOMEH0BaThb
aJIrOpUTM NMOKUCKA H BcTaBKU. OH 1eCTBHTENBHO OYEHb YaCTO NPHUMEHSAETCH B KOMITH-
AsATOpax H 6aHKax AAHHBIX A OPraHU3aUMH OOBEKTOB, KOTOPblE HYXKHO XPaHHTb H
McKaTh. XOpOIIKUM NPUMEPOM 3/ieCh ABJIAETCA NOCTPOEHHE yKa3aTeisi NepeKPeCTHbIX
CCHLIIOK A/l 3aJIaHHOTO TEKCTa; MBI YK€ 00pallaNuch K 3TOMY NMPHMEPY Asi HAMIO-
CTpalUXH NOCTPOCHHUSA CITHCKOB.

WTtak, Hallla 3a1aya — HanKcaThb NPOrpaMMy, KOTOpasi YMTaeT TEKCT M NeyaTaeT ero,
NocJieA0BaTeIbHO HyMepYsi CTPOKH, U OJIHOBPEMEHHO COOHPpaeT Bce CJ1I0Ba 3TOr0 TEKCTa
BMeCTe C HOMePaMH CTPOK, B KOTOPbIX BCTPETHJIOCH Kaxaoe ¢ioBo. [lo 3aBepiieHuu
NpocMOTpa A0JXHa 6BITh NOcTpoeHa Tabauua, coaepxaias Bce cobpaHHbie CJ0Ba
B a1paBMTHOM NMOPAKe BMECTE C COOTBETCTBY IOIHMHU CITUCKAMH HOMEPOB CTPOK.

OueBnaHo, depeso noucka (MHave aexcuxozpaguuecxoe depeso) 6ynet npeKpacHbIM
KaHAMAATOM /15 NpeAcTaBJieHUss HHPOPMALIMKM O CJI0BaX, BCTPEYAIOIMUXCA B TEKCTE.
Tenepb kaxxastii yaen 6yaer He TOJIbKO COAEPXKATH CJIOBO B KaueCTBe 3HaYeHHS KJIloYa,
HO M ABJIATHCA HAaYaJIOM CITMCKA HOMEPOB CTPOK. Kaxxay 1o 3anuch 0 BXOXAEHHUH CJI0Ba
B TekcT OyieM Ha3bLIBaTh <3J1eMEHTOM» (item; HexBaTKa CMHOHHUMOB /L7l IepeBoa KOM-
NEeHCHPYETCA KaBbluKaMM — npuM. nepea.). Takum o6pasoM, B 1aHHOM npHMepe PUTYPH-
PYIOT KaK AepeBbs, TaK H JIHHeilHbie cuckH. [IporpasMMa cocTouT U3 ABYX riaBHBIX Yac-
Telf, a UMeHHO U3 (a3bl npocMoTpa U da3bl neyatn Tabnmusl. [Tocaeanss — npocras
ajanTauud npoueaypsl o6xona aAepeBa; 34eCh NPH NMOCELIEHHH KAXXKAOTO y3/1a BbIMOJ/HSA-
eTCs nevyaTb 3HaYEeHH A KJI04a (C/10Ba) BMECTe C COOTBETCTBYIOLIHM CITHCKOM HOMEpPOB
cTpok. Huxe naiorcs 10nonHuTenbHble NOSICHEHHA O NporpamMme, NpUBOAXUMOIN aanee.
Tabuinua 4.3 noka3biBaet pe3yibTaThl 06paboTKH TekcTa npoueaypsl search.

1. CaoBoM cuutaercs mobas nocaenosareabHOCTh 6YkB u uMdp, HauMHaloWaACA
¢ 6YKBBHI.

2. Tak kak AJIMHA CJIOB MOXET CHABHO MEHSThCS, UX JIMTEPHl XPaHATCSA B 0COOOM
MaccuBe-6ydepe, a y3nbl AepeBa coaepXaT HHAEKC NepBoii OyKBbI KJII0Ya.

3. XenatenbHo, YTOOBI B yKa3aTeJle NepeKpecTHLIX CCHIJIOK HOMEpa CTPOK NeyaTa-
JIKCb B BO3pacTaloLeM MOpAKe.

[Io3TOMYy CNHMCOK «3/1€EMEHTOB» AOJIXKEH COXPaHATb NOPAAOK COOTBETCTBYIOLUHX
BXOXA€eHMit cioBa B TeKcTe. M3 3TOoro TpeboBaHHs BHITEKAET, YTO HY)KHMI 1Ba yKa3a-
TeJI B KaXKAOM Y3Jie, NpU4YeM OAANH CChi/IaeTCA Ha NepBblif, a ApYrof — Ha NOCJIeAHHIH
<3/IeMEHT» ClHucka. Mbl npeanoJiaraeM Haauuue raobanbHoro obbekra neyatu W,
a TaK)Ke NepeMeHHOM, npeacTaBsioleil coboii TekyLHil HOMEp CTPOKH B TEKCTe.
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CONST WordLen = 32; (* ADruS443_CrossRef *)

TYPE Word = ARRAY WordLen OF CHAR,;
Item = POINTER TO RECORD (*"3nemMeHT"*)
Ino: INTEGER; next: Item
END;
Node = POINTER TO RECORD
key: Word;
first, last: Item; (*crincok*)
left, right: Node (*aepeso*)
END;

VAR line: INTEGER;

PROCEDURE search (VAR w: Node; VAR a: Word);
VAR q: Item;
BEGIN
IF w = NIL THEN (*cnhosa B aepeBe HeT; BCTaBUTb HOBbLIK y3en*)
NEW(w); NEW(q); q.Ino := line;
COPY(a, w.key); w.first .= q; w.last := q; w.left := NIL; w.right := NIL
ELSIF w.key < a THEN search(w.right, a)
ELSIF w.key > a THEN search(w.left, a)
ELSE (*cnoso B Aepese*)
NEW(q); q.Ino := line; w.last.next := q; w.last := q
END
END search;

PROCEDURE Tabulate (w: Node);
VAR m: INTEGER; item: Item;
BEGIN
IF w # NIL THEN
Tabulate(w.left);
Texts.WriteString(W, w.key); Texts.Write(W, TAB); item := w.first; m := O;
REPEAT
IFm =10 THEN
Texts.WriteLn(W); Texts.Write(W, TAB), m := 0
END;
INC(m); Texts.Writelnt(W, item.Ino, 6); item := item.next
UNTIL item = NIL;
Texts.WriteLn(W); Tabulate(w.right)
END
END Tabulate;

PROCEDURE CrossRef (VAR R: Texts.Reader);
VAR root: Node;
i: INTEGER; ch: CHAR; w: Word;
(*Aans ebiBOAA NCTTONb3YeTCA rNobanbHbIM 06bEKT TeyaTn W*)
BEGIN
root := NIL; line := O;
Texts.Writelnt(W, 0, 6); Texts.Write(W, TAB),
Texts.Read(R, ch);
WHILE ~R.eot DO
IF ch = ODX THEN (*koHeu cTpokun*)
Texts.WriteLn(W);
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INC(line);
Texts.Writelnt(W, line, 6); Texts.Write(W, 9X);
Texts.Read(R, ch)
ELSIF ("A” <= ch) & (ch <="2") OR ("a" <= ch) & (ch <= "z") THEN
i=0;
REPEAT
IF i < WordLen-1 THEN wli] := ch; INC(i) END;
Texts.Write(W, ch); Texts.Read(R, ch)
UNTIL (i = WordLen-1) OR ~(("A” <= ch) & (ch <="2")) &
~(("a" <= ch) & (ch <= "2")) & ~(("0" <= ch) & (ch <= "9%));
wl(i] := 0X; (*koHeu uemoukun nurep*)
search(root, w)
ELSE
Texts.Write(W, ch);
Texts.Read(R, ch)
END;
END;
Texts.WriteLn(W); Texts.WriteLn(W); Tabulate(root)
END CrossRef;

Tabnuua 4.3. Npumep Boifa4n reHepaTopa nepekpPecTHbIX CCNOK

0 PROCEDURE search (x: INTEGER; VAR p: Node);
1 BEGIN

2 IF x < p.key THEN search(x, p.left)

3  ELSIF x > pAkey THEN search(x, p.right)

4  ELSIF p # s THEN INC(p.count)
S
6

ELSE (*insert*) NEW(p);
p.key := x; p.left .= s; p.right := s; p.count := |

7 END
8 END
BEGIN
ELSE
ELSIF
END
IF
INC
INTEGER
NEW
Node
PROCEDURE
THEN
VAR
count
insert
key
left
o]
right
S
search
X

COHLWONNUVMLEONOOWVMOANNWWN —
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4.4.4. YpaneHnune n3 aepesa

O6paTuMcs Tenepb K OMepalyHd, NMPOTHBOMNOJIOXKHON BCTaBKe, TO €CTb YyJaJeHHIO.
Haia uenb — NoCTpOMTL aNropuUTM IS YAANEHHA Y3J1a C KJII0YOM X H3 epeBa C ynops-
AOYeHHBIMH KalouaMH. K coxanenmio, ynaneHue aneMenTa B oOlUeM cayyae cl0XHee,
yeM BCTaBKa. Ero HeC/10kHO BBIMONIHKTD, €CJIH YaNAeMblil y3es ABAAETCA KOHLEBBIM
MJIM HMeeT eAUHCTBEHHOrO NMOTOMKA. TPYAHOCTb — B ylaJleHHH 3/IeMeHTa ¢ ABYMS NO-
TOMKAMH, TaK KaK HeJib3s 3aCTaBUTh OIMH YKa3aTeJb YKa3blBaTh B 1BYX HalpaB/IeHHAX.
B 3T0i1 cuTyaumnH yaanseMblit aJleMeHT AoJDKeH ObiTh 3aMeHeH AM6O0 Ha caMblii npaBblit
3JIEMEHT €r0 JIEBOTO NOAAEPEBa, 160 Ha caMblii IeBbIil 371IeMEHT €ro NMPaBoro No/epesa,
npuyeM o6a 3THX JIeMEHTa He 0/XXHBI HMeTh 6oJiee oqHOro NoToMKa. JleTaiM NoKa3aHbl
HHXe B peKypcHBHOIt npouenype delete. B Heii paznuyalorcs TpH cayvas:

1. OTcyTcTByeT KOMINOHEHTA C KJII0YOM, PABHBIM X.
2. Y KOMITOHEHTHI C KJIIOYOM X He 6oJ1ee OIHOro NOTOMKaA.
3. Y KOMMOHEHTHI C KJIIOYOM X [1Ba MOTOMKA.

PROCEDURE delete (x: INTEGER; VAR p: Node); (* ADruS444_Deletion *)
(*yaanutp*)

PROCEDURE del (VAR r: Node);
BEGIN
IF r.right # NIL THEN
del(r.right)
ELSE
p.key := r.key; p.count := r.count;
r .= r.left
END
END del;

BEGIN
IF p = NIL THEN (*cnhoBa B AepeBe HeT*)
ELSIF x < p.key THEN delete(x, p.left)
ELSIF x > p.key THEN delete(x, p.right)
ELSE
(*yaanutb pA:*)
IF p.right = NIL THEN p := p.left
ELSIF p.left = NIL THEN p := p.right
ELSE del(p.left)
END
END
END delete

Bcnomoratenbhas pekypcuBHas npoueaypa del akTHBHpyeTcs TOJIbKO B ciyyae 3.
Ona cnyckaeTca no KpaiiHeit npaBoit BeTBH JieBOro noaaepena ajieMeHTa qA, KOTOPbIii
A0JKeH ObITh yAaseH, M 3aTeM 3aMEHSET coepXuMoe (K104 U CYETYHK) 3aNUCH QA Ha
COOTBETCTBYIOLIHE 3HAaYEHHUA KpaiiHeH NpaBOH KOMIIOHEHTHI FA 3TOro JIeBOro noane-
peBa, N10cJie Yero 3anuch rA 6osee He HyXHa.

3ameTHM, YTO MBI HE YIIOMHHaeM Npoueaypy, koropas 6bi1a 661 06paTHOI AN NEW
M yKa3biBasia 6bl, YTO MaMATb 60/blie He HY)XXHa U ee MOXHO UCNOJIb30BaTh A1 APYTHX
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ueneii. BooGue npeanosiaraercs, 4TO BHIYMCAHTENbHAA CHCTEMA PaclO3HAET HEHYX-
Hy10 60J1ee epeMeHHYI0 N0 TOMY NPH3HAKY, YTO HUKaKHUe ApYyrHe nepeMeHHble 6oblie
Ha Hee He yKa3bIBaIOT, U YTO NMO3TOMY K Heii Hosblue HeBO3MOXHO 06 paTuThcs. Takoii
MEXaHM3M Ha3bIBaeTCs cOOPKOL Mycopa. ITO CPEACTBO He A3bIKa NPOrPaMMHPOBAHHS,
a, cKopee, ero peajiM3aliuu.

PucyHok 4.28 uanoctpupyer paboty npouenypn delete. Paccmorpum aepeso (a);
3aTeM NocJ1e0BaTe/IbHO YAATHM Y3J bl ¢ Kialodamu 13, 15, 5, 10. Tloayvatoummecs aepe-
BbsA MOKa3aHbl Ha pHc. 4.28 (b-e).

Puc. 4.28. Ynanenuwe 13 nepesa

4.4.5. AHann3 noucka no gepesy Co BCTaBKaMy

BronHe ecTteCTBEHHO HCNBITBIBATh NOAO3PEHHS B OTHOLIEHHH alropMT™Ma MOMCKa Nno
AepeBy co BctaBkoi. Ilo kpaiiHeH Mepe, 10 NMOJyYeHHS AONONHUTENbHBIX CBEAEHHIH
O ero NnoBeieHHH A0/XKHA OCTaBaTbCA TONMKA CKENTUUM3MA. MHOrUX nporpaMMHCTOB
CHavana 6ecnokouT TOT (baKT, YTO B 061LEM CIyyae Mbl He 3HaeM, Kak OyaeT pacTH aepe-
BO M KaKy10 ¢popMy OHO npHMeT. MOXHO TOJILKO A0rafblBaThCs, YTO CKOpee BCEero OHO
He MoAY4YMTCA HAeaNbHO cbanaHcHpoBaHHBIM. [IoCKONIbKY cpeaHee YHC/IO CPaBHEHHIA,
HYXXHO€e /ISl OTBICKAHMSA KJII0Ya B HAEabHO cOaNaHCMPOBaHHOM AepeBe C N y3/aMH,
npHMepHo paBHo log(n), YHCc10 cpaBHEHMIi B AepeBe, NOPOXAEHHOM 3THM AJINOPUTMOM,
6yaer 6onbuwe. Ho Hackonbko 6osbiue?

IIpexne Bcero jerko onpeaeauTb Hauxyamuit cayvait. IIpeanonoxum, 4to Bce
KJII0YM NOCTYNAIOT B yXe CTPOro Bo3pacrtaioieM (au ybuiBaiouem) nopsaake. Toraa
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KaXXABlH KJII0Y NPHCOEANHSAETCA HEMOCPEeACTBEHHO cnpaBa (c/ieBa) K CBOeMY NpeaKy,
M MOJIYYaeTCsA NOJIHOCThIO BBIPOXAEHHOE AepeBO, TO €CTb MO CYTH JMHEHHbIH CIHCK.
Cpeanme 3aTpaThl Ha MOMCK TOrAa COCTaBAT N/2 cpaBHeHHil. B aToM Hauxyauem cay-
yae 3¢PeKTHBHOCTb AITOPUTMA NMOHCKA, OYEBHAHO, OYEHb HM3KA, YTO Bpoae Obl noa-
TBEPXKJAAeT Hall ckenTHIUH3M. PazymeeTcs, ocTaeTcst BONpocC, HaCKOJIbKO BEPOATEH 3TOT
cayyaii. TouHee, xoTes10ch 6bl 3HATD ATHHY 3, MYTH NMOUCKA, YCPEAHEHHYIO 110 BCEM N
KJ1l04aM H 110 BceM N! 1epeBbsAM, KOTOpbIe NOPOXKAAIOTCA U3 NI NepecTaHOBOK N pa3JyiHy-
HbIX HCXOAHBIX KJIlodeil. ITa 3ala4¥a OKa3bIBaeTCA JOBOJILHO NMPOCTON U 0bCyxaaeTcs
3aeCh KaKk THNUYHLIH NpUMeEp aHANWM3a arOPpUTMa, a TakXxe BBUAY MPaKTHYECKOMH
BaXXHOCTH pe3yJibTaTa.

IlycTb naHbl N pa3IMYHBIX KAlOYel CO 3HaYeHHsIMH 1, 2, ...,
n. [IpeanonoxuM, 4To OHH NOCTYNAIOT B CIyYaitHOM NMopsaKe.
BeposiTHOCTL A1 nepBOro kJio4a — KOTOPLIN CTaHOBHUTCA
KOPHEBBIM Y3JIOM — UMeTb 3HaueHHe i paBHa 1/n. B koHeuHOM
cyeTe ero JieBoe noaaepeBo Oyaer coaepxarb i-1 y3/0B, a ero
npaBoe noaaepeso — N-i y3a0B (cM. pHc. 4.29). CpeaHiolo Au-
Hy NYTH B JIeBOM noaaepeBe 0003HaYHM Kak ay.|, a B IPaBOM
KaK a,.), CHOBA MpeAo/aras, 4YTo Bce BO3MOXHbIE epecTaHOB-
KM OCTaJIbHBIX N-1 KJlovel paBHOBepOATHH. CpeaHsAs AJIMHA
NyTH B iepeBe C N y3/1aMH paBHa CyMMe NPOU3BeJeHHH YPOBHS
KaXJO0ro y3sna, yMHOXEHHOr0 Ha BepOSATHOCTb OOpalleHus
K HeMy. EcaM npeanosoxuThb, YTO BCe y3Jbl HILLYTCS C pAaBHOM
BEPOATHOCTDIO, TO

i-1 N+

Puc. 4.29. Pacnpepae-
NeHue Becos
NO BETBAM

ap = Si:1<igsn:p)/n

rae pj — AJIMHa NyTH y3na i.
B nepese Ha puc. 4.29 y3annl pasaesneHbl Ha TPH Knacca:

1) i-1 yanoB B 1eBOM noaaepeBe UMEIOT CPEAHION A/IMHY NMYTH a;-¢;
2) y KOpHS AJIMHA NYTH paBHa 0;
3) n-i y3710B B IpaBOM noAdepeBe HMEIOT CPEAHIOI0 AJIMHY NMYTH a,.;.

Monyuaem, yto BuillenpuBeaeHHast GopMY.Jia BHIpaXKAeTCs KaK CyMMa 4ieHoB 1 1 3:
" = ((i-1)*a. +(n-)*ap)/n

UckoMas BeMYMHA &, ecTh cpeaHee BeanduH a,{’ no Bcem i = 1 ... n, TO ecTh N0 Bcem
JepeBbsM C KJM04YaMH 1, 2, ..., N B KOPHe:
a, = Si: 1 sisn:(i-1)a.y + (n-i) a,.;) / n?

= 2*Si:1<i<sn:(i-1)a.)/n?

=2*6Si:1si<nii*a)/n?
310 YpaBHeHHe ABNSAETCA PeKYPPEeHTHBIM COOTHOLUEHHEM BMAA
a, = fi(a;, ay, ..., a,.1). 13 Hero noayunm 6ojiee npocToe peKyppeHTHOe COOTHOLIe-
HHMe BHAA a, = fy(a,.)). Caeayiouee Buipaxenue (1) nonyyaercs BoiaesieHHEM oce-
AHero 4jeHa, a (2) — noACTaHOBKOM n-1 BMecTO N:
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(1) a, =2*(n-1)*ap; /n2 + 2*Si:1<i<n-1:i*a)/n?
(2) ap.1= 2*@Si:1<si<n-1:i*a)/(n-1)2

YmHoxas (2) Ha (n-1)2/n2, nonyyaem:
(3) 2*GSi:1si<n-1:i*a)/n2 = a5 * (n-1)2/n
[loactaBasas npaBylo YacTh ypaBHeHHs (3) B (1), Haxoaum:
an = 2*(N-1)*ap1/n? + ap.;*(N-1)2/n2 = ap, *(n-1)2/n2

B utore noayyaercs, YTo a, AONYCKaeT HepeKyPCHBHOE 3aMKHYTO€E BbipaXXeHHe Yepe3
rapMOHHYECKYIO CYMMY:

Hy = 1+1/2+1/3+...+1/n
aph =2*H,*(n+1)/n-1)

U3 popmyan Jitnepa (MCNob3ys KOHCTaHTY Jitnepa g = 0.577...)
Hy = g+Inn+1/12n2 + ...
BBIBOAHM NPHOIHKEHHOe 3HaYeHHe A5 GONbLINX N:
ap=2*(nn+g-1)
Tak kak cpeaHsis AIMHA NYTH B HAEeATbHO c6aN1aHCHPOBaHHOM AepeBe IPUMEPHO paBHa
ap’ = logn -1
TO, NIpeHedperas KOHCTAHTaMM, He CYLECTBEHHbIMM NPH GOJIBILKX N, MOJAYyYaeM:
lim (ap/ap) = 2 *In(n) /log(n) = 21In(2) = 1.386...

YeMy y4YHMT Hac 3TOT pe3ybraT? OH rOBOPHT HaM, YTO YCHJ/IMSA, HallpaB/ieHHbIE Ha
TO, 4TO6bI BCEraa CTPOMTh HAEAIbHO cOalaHCHPOBaHHOE AEPEBO BMECTO CJ1yyaifHoro,
NO3BOJIAIOT HaM 0XKHJATh — BCeraa npeanoJiaras, YTo BCe KJIIOYH HLLYTCS C PaBHOIi Be-
POATHOCTDbIO, — Cpe/lHee COKpallleHHe AJHHBI MYTH NoMCKa camoe Gosbluee Ha 39%.
Hy>xHo noauyepkHyTb CIOBO CpeiHee, NOCKOAbKY COKpallleHHe MOXEeT, KOHEYHO, ObITh
HaMHoro GoJibllie B TOM HeyJauHOM CJ/yyae, KOraa Co3/laBaeMoe JepPeBO MOJHOCTbIO
BbIPOAMJIOCH B CIUCOK, BEPOATHOCTb Yero, O4HaKo, 04eHb HH3Ka. B 3Toil cBA3M cTOMT
OTMETHUTb, YTO CPEHSAA A/IMHA NYTH CAYy4aifHOro AepeBa TOXe pacTeT CTpOro Jorapud-
MHYECKH C POCTOM YMCJIa €0 Y3JIOB, HECMOTPA Ha TO YTO A/IMHA NYTH /IS HauXyAlero
Cayyas pacTeT JHHeHHO.

Yucno 39% HaknaabiBaeT orpaHH4YeHHe Ha 00beM JONOHHTENbHBIX YCHIIMIH, KOTO-
pble MOXXHO C MOJIb30M MOTPaTHTb Ha KakKylo-AuMb0 peopraHM3alHio AepeBa Mocje
BCTaBKM Kaloveil. EcTecTBeHHO, Mosie3Has 0Ta4ya OT TAKHX YCHUJIHIH CHJIBHO 3aBHCHT OT
OTHOLIEHHSA YKcaa obpalleHHit K y3aaMm (M3BaeYeHHe HHPOPMaLIMH) K YHCTY BCTABOK
(o6HoBneHHit). YeM Bbillle 3TO OTHOLUEHHE, TeM GoJibllle BHIMIPLILI OT MPOLEAYPH
peoprauu3auun. Yncao 39% AocTaTouHO Mano, YTOOL B GONBIIMHCTBE MPHIOKEHHH
yJiy4llieHue NPOCTOro airopuTMa BCTaBKH B lepPeBO He ONpaBAbiBaso cebs, 3a HCKIIO-
YyeHHeM Cy4YaeB, KOria BeJIMKH YHCJI0 Y3/10B M OTHOLIEHHe YHC/Ia OOpalleHHit K YHCcay
BCTaBOK.
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4.5. C6anaHcupoBaHHbIe AepeBbs

U3 npeapinyutero ob6cyxaeHHs ACHO, YTO NMpoleAypa BCTaBKH, BCErla BOCCTaHaB/IMBa-
I0111as1 HAeIbHYI0 COa1aHCHPOBaHHOCTD A€PEBa, BPA IH MOXKeT ObITh 110JIE3HOM, TaK KaK
BOCCTaHOBJIEHHE HAeaIbHOTro H6as1aHca NocJie CAyyaiiHolt BCTaBKM — onepalis 10BOJbHO
HeTpHUBHa/IbHasA. Bo3MOXKHBIH NMyTb NoBbIlIeHHA 3¢ PEeKTUBHOCTH — MONLITATLCA HAHTH
MeHee XeCcTKoe onpeaeneHue 6ananca. Takoit HeHaeaNbHBlI1 KpHUTEPHIt J0/)KEH NPUBO-
AUTb K Gosiee NMPOCTHIM NMpOLIEAYPaM peOpraHHU3alliH AepeBa 3a CYET He3HAYMTEIbHOIO
yxyAaueHus cpeateit apdexkTHBHOCTH noucka. OnHo Takoe onpeneselue cbanraHcupo-
BaHHOCTH 6b1J10 JaHO AzleibcoHOM-Benbcknm u Jlananucowm [4.1]. Bor oHo:

JlepeBo Ha3bIBaETCA COANGHCUPOBAHHBIM B TOM H TOJIbKO B TOM CAy4ae, KOrAa A
Ka)X/IOrO Y312 BLICOTa ABYX €ro NnojepeBbeB OTAHYAETCA He Gonee yeM Ha 1.

JlepeBbsi, y10BNETBOPSAIOLUIHE 3TOMY YCJOBHIO, YaCTO Ha3blBalOT MO MMEHaM HX
n3obperarteneit ABJI-depegvamu. Mbl 6ynem Ha3biBaTh HX NMPOCTO CHaNaHCHPOBaH-
HBIMM, TaK KaK 3TOT KPUTEPHii 0Ka3aJics B BbiClleif CTeNneHH yaauyHbIM. (3aMeTHM, YTO
BCe HAeabHO cbalaHCMpOBaHHble iepeBbs TaKxe ABasaoTca ABJI-nepeBbsiMu. )

JT10 onpenesieHHe He TOJIbKO CaMO NMPOCTOE, HO H MPHBOAMHT K He CAULIKOM CJI0XHOH
npouenype 6a1aHCHPOBKH, a CPeIHAA AJIMHA NOUCKa 3[1eCh NPaKTHYECKH HE OTJINYaeT-
CA OT CAyyas MaeabHO cOanaHCMpOBaHHBIX AepeBbeB. Cenylolue OnepalHH MOTyT
BLINOJIHATLCA ANA cOasaHCHpOBaHHLIX AepeBbeB 3a Bpemsa nopsaaka O(log n) aaxe
B HaHXYALIEM CJydae:

1) nomck y3na ¢ 3ajaHHbIM KJ1I0YOM;
2) BCTaBKa y3J/a C 3aJaHHBIM KJI04YOM;
3) yaaneHMe yasa € 3alaHHbIM KJI0YOM.

ITH YyTBep>XXIAeHHS CYTb NpsiMble CJAEACTBUS TEOpeMbI, 10Ka3aHHOH AleIbCOHOM-
Benbckum 1 JIaHAMCOM, KOTOpasi FapaHTHPYeT, 4TO cHaaHCMpOBaHHOe AepeBo He 6o-
Nee yeM Ha 45% NMpPeBOCXOAUT MO BLICOTE €ro HAealbHO COaNTaHCHPOBaHHBIN BapHaHT,
He3aBUCHMO OT YHcC/a y3/10B. Eciu 0603HaunTh BHICOTY cOanaHCHPOBaHHOrO AepeBa
¢ N y3samHu kak hy(n), To

log(n+1) < hp(n) < 1.4404*log(n+2) - 0.328

SlcHo, 4YTO onTHMyM AOCTHMraercs ANA HMAeaNbHO COATAaHCHMPOBAaHHOrO JAepeBa
¢ n = 2k-1. Ho kakoBa cTpykTtypa Hauxyauero ABJI-aepeBa? Yto6nl HailTH MaKcH-
MaJIbHYI0 BBICOTY h Bcex c6alaHCHPOBaHHBIX JiepeBbeB C N Y31aMH, GUKCHPYEM BbICO-
Ty h 1 nonbiTaeMcsi NOCTPOUTb COANAHCHPOBAHHOE A€PEBO ¢ MUHMUMAJIbHBIM YHCJIOM
y3/10B. 3Ta CTpaTerus NpeanoyYTUTe/IbHa MOTOMY, YTO, KaK M B C1yyae ¢ MUHUMAJIbHOI
BBbICOTOI, 3TO 3HaYeHHe BLICOTHI MOXET OBITh NONIY4EHO TOJIBKO A/t HEKOTOPLIX KOHK-
peTHbIX 3HauyeHHit n. O603HaYMM Takoe AepeBo BHICOTH h kak Ty, OueBHAHO, YTO To —
nycToe Aepeso, a Ty — AepeBo ¢ OAHHM y310M. UToOn! nocTpouTh AepeBo Tp ansih > 1,
NPHUCOEAMHUM K KOPHIO 1Ba NOAAEePeBa, Y KOTOPbIX YHUCJIO Y3/I0B CHOBA MUHMMAJIbHO.
IloaTomy noanepesbsi MpHHaAIEKAT ITOMY XKe knaccy T. OueBHAHO, OAHO NOAAEPEBO
AOJIXKHO UMETb BBICOTY h-1, a Apyroe Toraa MOXeT MMEeTb BLICOTY Ha €IMHULLY MeHbllle,
TO ecTb h-2. PucyHok 4.30 nokasbiBaeT aepeBbs ¢ BuicoToit 2, 3 u 4. [Tockonbky npuH-
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LM UX MOCTPOEHHSA CHIBHO HanloMHUHaeT onpeaeeHHe yncea ODuboHayyH, UX Ha3biBa-
10T depesvamu Qubonayvu (cM. puc. 4.30). Onpenenaiorcs oHM Tak:

1. Ilycroe aepeBo ectb aepeBo PuboHayum BHICOTH 0.

2. [lepeBo c oaHHM y3/10M ecTb AepeBo DuboHauym BEICOTH 1.

3. Ecan Ty n Tj.2 — aepeBbsas @uboHauyu BeicoTh! h-1 1 h-2 cOOTBETCTBEHHO, TO
Th = <Th-1. X, Th.2> — nepeBo ®uboHayyH.

4. dApyrux nepeBbeB PuU6GOHaUYYH HeT.

GE%) Ta
(3)
OO

Puc. 4.30. fepesbs ®uboHau4M BHICOTH 2, 3 u 4

Yucno y3nos B Ty, onpenensiercs cieay oMM NpocThIM PeKypPPEHTHBIM COOTHOLIe-
HUeM:

Ng=0, Ny =1
Nh-Nh-l + 1 +Nh-2

Np — 3TO YMCNIO Y3/10B, /I8 KOTOPOro MOXET pPeaH30BaThCA HaUXyAWMH caydail
(BepxHwuii npeaen ana h); Takue ynucsa HasblBalOTCA vucaamu Jleonapdo.

4.5.1. Bcraska B cOanaHcuposaHHoOe Aepeso

Tenepb NOCMOTPHM, YTO MPOUCXOAHT, KOraa B cbalaHCHPOBaHHOE iePeBO BCTaBAAETCA
HOBBIi1 y3es1. Ecau r — kopeHb ¢ 1IeBbIM H paBbIM noaaepeBbsiMu L U R, TO MOTYT UMeTb
MecTo TpH cayyas. [TycTb HOBbBIIT y3es BcTaBaseTcs B L, yBeJIHYMBasA €ro BLICOTY Ha 1:

1. h_ = hg: BbicoTa L 1 R CTaHOBUTCSA HepaBHOIi, HO KpUTepHii c6aaHCHPOBaH-
HOCTH He HapyllaeTcA.

2. h_ < hg: BbicoTa L 1 R CTAaHOBMTCSA paBHOIi, TO eCTb 6a1aHC TOJIbKO YJIy4LIAaeTCA.

3. hy > hg: xpuTepmit c6an1aHCHPOBAaHHOCTH HapylIaeTCs, H AepeBO HYXHO nepe-
CTPaHBaTh.

PaccmoTpum aepeBo Ha puc. 4.31. Yanu ¢ knoyamu 9 uan 11 MoXXHO BcTaBUTh 6e3
nepecTpoiiku: noaaepeBo ¢ kopHeM 10 craHeT acuMMeTpUYHBIM (ca1yyaii 1), a y aepeBa
¢ KopHeM 8 6anaHc yayuuintcs (cayvait 2). OaHako Bcraska y3nos 1, 3, 5 uau 7 norpe-
GyeT nepecTpoikH 115 BOCCTaHOBJIEHUs OanaHca.
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Pwc. 4.31. C6anaHcuposaHHOe

Aepeso

[IpucranbHo paccMaTpuBasi CHTYyalUHIo, 0OHapyKu-
BaeM, YTO €CTh TOJIbKO [iBe CYLIECTBEHHO pa3Hble KOH-
¢urypaunu, tpebyouHe paszaenbHoro aHanusa. Oc-
TaJibHble CBOAATCA K 3TMM ABYM MO COOOpaXXeHHMAM
cummeTpHH. Cnyvaii 1 COOTBeTCTBYET BCTaBKe KilodyeH
1 unu 3 B aepeBo Ha pHC. 4.31, cayvaii 2 — BCcTaBKe KJlo-
yeil S wam 7.

ITH ABa cayyvas u3obpaxeHbl B 6osee obleM BHAae
Ha puc. 4.32, rae npsaMoyrojibHHKH 0603HavaloT noaue-
peBbs, a yBeJIMYeHHe BbICOTHI 33 CYET BCTAaBKH YKa3aHO
kpectukamu. XKenaemblit 6anaHC BOCCTaHaBJIMBAeTCA
NpOCTHIMHU NpeobpasoBaHHAMHU. x pe3yabTaT nokasaH

Ha pHC. 4.33; 3aMeTHM, YTO pa3pellieHbl TOJIbKO NepeMelLeH s [0 BePTHKaNH, a OTHOCH-
TeJIbHOE NTOPH30HTA/IbHOE MOJIOXKEHHE NMOKAa3aHHbIX Y3/10B M NOALEPEBbEB HE J0/KHO

MEHATHCA.

cnyyan 1

(8)

cnysan 2

(8)
O

X

cnyyan 1

X X

Puc. 4.32. Hapywenue 6anaHca B8 pe3ynorare BCTasku

Puc. 4.33. Boccranosnenue 6anaHca
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ANropuTM BCTaBKH H 6a1aHCHPOBKH KPUTHUYECKH 3aBHUCHT OT cnocoba xpaHeHus
uHopmalHH 0 cbanaHcHpoBaHHOCTH AepeBa. OaHa kpaiHOCTh — BooOl1Le He XPaHUTD
aTy nHdopmauHio B sisHoM Buae. Ho toraa 6ananc yana 1osxeH 6bTh 33aHOBO BBIYHC/IEH
KKABI pa3, Koraa OH MOXET U3MEHHTBCA MPH BCTaBKe, YTO NMPUBOAMT K Ype3MepHLIM
HakJaAHBbIM pacxoiaM. [pyras kpaHHOCTb — B iIBHOM BHJ€ XPaHMTb COOTBETCTBY IOLIHH
6anaHc B kax oM yane. Toraa onpeaenenne Tuna Node aonosHsieTcs caeayommm ob-
pa3oM:

TYPE Node = POINTER TO RECORD
key, count, bal: INTEGER; (*bal = -1, 0, +1%)
left, right: Node
END

B nanbHeitiem GanancoM y3na OyaeM Ha3blBaThb PasHOCTb BBICOTHI €ro NMpaBoOro
M JIEBOTO NMOIEPEBbLEB H NMOJI0XKHM NMPHUBEAEHHOE ONpe/iesIeHHe THIA y3/1a B OCHOBY I10-
cTpoeHus anroputMma. Ilpouecc BCTaBKH y3/a COCTOMT M3 Tpex NOC/e0BaTe/bHbIX
1LIaroB.:

1) npoiiTi no nyTH NOKMCKA, NOKa He BLISICHHTCS, YTO JaHHOIO KJII0Ya B iepeBe elle
HeT;

2) BCTaBMUTb HOBBII Y3eJ1 H OnpeaeuTh NoJyyalolHiics 6anaHc;

3) BepHYTbCsi 1O NYTH MOUCKA H NPOBepHTH Gananc B KaxaoM yane. Ecau HyxHo,
BBINOJIHATH 6aNaHCHPOBKY.

XoTs 3ToT cnocob Tpebyet M36LITOUHBLIX NpOBEepoK (koraa 6ajlaHC YCTaHOBJIEH, €ro
He HY>KHO NPOBEPATH A/ NMPeJKOB JaHHOTO Y3/1a), Mbl OyaeM cHauyana NpHAEepPKUBATHCS
37Ol 0YEeBHAHO KOPPEKTHOI CxeMbl, TaK Kak ee MOXKHO Ppeain30BaTh NPOCTHIM paciiupe-
HHMEM YyKe NOCTPOEHHOI NpoLeAypbl MTOHCKA M BCTABKH. JTa NMPOLIeAY pa ONUCHIBAET HY X-
HYIO OTNepalHIo MOUCKA M1 KAXAO0ro OTAe/NbHOTO Y33, U 61aronaps ee peKypCHBHOIM
dopmyanpoBke B Hee s1erko 406aBUTb AONOJHHTENbHEBIE A€liCTBHSA, BBINOIHAEMbIE NIPH
BO3BpallleHHH N0 NyTH Noucka. Ha kaxaom Luare A0/KHA NepeAaBaThCsi HHGOpManus
O TOM, YBEJIHYHJIaCh WIH HET BLICOTA NOAJepeBa, B KOTOPOM cleaHa BcTaBka. [Toatomy
Mbl PaCLIHPUM CITUCOK NapaMeTpoB Npoueaypbl 6yaeBckHM napameTpom h co 3HauyeHH-
eM B8b/COTa ITOAAepesa ysennynnacs. SICHo, YTo 3To fosxeH OLITH NapaMeTp-nepeMeH-
Hasl, TaK Kak Yepe3 Hero nepeaaercsi HeKHi pesyJbTar.

Tenepn npeanosIoXHM, 4To NPOLIECC BO3BpalliaeTCA B HeKUH y3e pA (A Ha puc. 4.32 -
npuM. nepes.) U3 1eBOi BETBH C yKa3aHHeM, YTO ee BLICOTA yBeJnunaach. Toraa HyxHO
pa3/iM4yaTh TPH CAYy4Yasi COOTHOLIEHHsI BbICOT NOAAEPEBLEB 0 BCTaBKH:

1) h_ < hg, p.bal = +1; auc6anaHc B p HCNpaBJsieTCsi BCTAaBKOIA;
2) h_ = hg, p.bal = 0; nocae BCcTaBKM JIeBO€e NOAAEPEBO NepeBelIHBAET;
3) hy > hg, p.bal = -1; HyxHa 6anaHcHpoBKa.

B Tpetbem cnayuae usyyenue 6ananca kopHs (B Ha puc. 4.32 — npum. nepes.) nesoro
noazepena (ckaxxem, pl.bal) nokaxer, kakoii U3 cayyaeB 1 uam 2 Ha puc. 4.32 umeer
mecTo. Ecain y Toro yssa Toxe JieBoe noaaepeBo Bhillle, YeM MPaBoe, TO Mbl HMEEM €10
co cayyaeM 1, uHaye co cayyaem 2. (YGeaurech, YTO B ITOM CAy4ae He MOXeT BCTpe-
THTBCs JIEBOE NoAAepeBO C HyJieBbiM 6alaHcom B kopHe.) Heobxoaumble onepaumu 6a-
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JIAHCMPOBKH NOJIHOCTbIO BLIPAXKAIOTCS B BHAE HECKOJIBKHX NPHCBaMBAHUM yKa3aTeJsiel.
Ha camom nene nmeer MecTo LIMK/IMYECKas NepecTaHOBKA yKa3aTeseil, NpMBOAALLAA
K OAMHOYHOH WJIM BOHHOH <pOTallMH» ABYX HJIH TPEX yYacTByIOLHMX y3a0B. Kpome
poTauMu yka3sareseii, Hy)>KHO OOHOBMTb H NOKa3aTesu 6anaHca COOTBETCTBYIOIMX Y3-
noB. JleTanu nokasaHbl B NpolieAypax NMOKHCKa, BCTABKH M 6A1aHCHPOBKH.

% e e

Puc. 4.34. Bctasku B c6anaHCMPOBaHHOE AePEBO

Pa6oTa anropurMa nokasaHa Ha puc. 4.34. PaccMoTpum aAsonyHoe Aepeso (a), co-
cToslLUee TOJILKO M3 ABYX y3/10B. BcTaBka kitoya 7 naet cHavana HecOalaHCMpOBaHHOE
aepeBo (TO eCThb IMHeHBIH cnucok). Ero 6anaHcHposka Tpebyet oanHouHoit RR-pora-
uuM, npuBoasLueil Kk HaeanbHo cbanancupoanHomy aepesy (b). lanbHeiiman scraBka
y3710B 2 U 1 NpUBOAMT K pasbalaHCHPOBKe NoaepeBa ¢ KopHeM 4. JTo noaaepeso 6a-
NaHcupyercs oaHHouHol LL-poTtauueii (d). Cnenyiomas BctaBka kaioya 3 TyT XKe Ha-
pywaer 6anaHc B kopHeBoM y3Jne 5. Ilocse yero 6anaHc BoccTaHaBauBaetcsa 6onee
cN0XxHOi#t ABOITHOIT LR-poTaumueii; pesyabtat — aepeso (e). [locae cneayioueii BcTaBkH
6ananc MOXeT HapyWHTBCA TOJbLKO B y3ne 5. B caMom aene, BcTaBka y3na 6 nomkHa
NPHBOAHTD K YETBEPTOMY CAy4alo HalaHCHPOBKH M3 ONMCAHHBIX HHUJXKE, TO eCThb ABOA-
Hoit RL-poTaunn. OkoHyaTenbHbli BUA AepeBa NOKa3aH Ha puc. 4.34 (f).

PROCEDURE search (x: INTEGER; VAR p: Node; VAR h: BOOLEAN);
VAR p1, p2: Node; (* ADruS4S_AVL *)

BEGIN
(*~h*)
IF p = NIL THEN (*scTaska*)
NEW(p); p.key := x; p.count := 1; p.left := NIL; p.right := NIL; p.bal := 0;
h := TRUE;
ELSIF p.key > x THEN
search(x, p.left, h);
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IF h THEN (*sbipocna nesas BeTBb*)
IF p.bal = 1 THEN p.bal := 0; h := FALSE
ELSIF p.bal = O THEN p.bal := -1
ELSE (*bal = -1, sBocctaHoBUTL 6ananHc*) pl := p.left;
IF pl.bal = -1 THEN (*oanHOuYHas LL-poTauna*)
p.left := p1.right; pl.right := p;
p.bal := 0; p := p1
ELSE (*asonHaa LR-poTtaumsa*) p2 := pl.right;
pl.right := p2.left; p2.left := p1;
p.left := p2.right; p2.right := p;
IF p2.bal = -1 THEN p.bal := 1 ELSE p.bal := 0 END;
IF p2.bal = +1 THEN p1.bal := -1 ELSE p1.bal := 0 END;
p = p2
END;
p.bal := 0; h := FALSE
END
END
ELSIF p.key < x THEN
search(x, p.right, h);
IF h THEN (*sbipoCna npaBsas seTBb*)
IF p.bal = -1 THEN p.bal := 0; h := FALSE
ELSIF p.bal = O THEN p.bal :=1
ELSE (*bal = +1, BocctaHoBuTL Hananc*) pl := p.right;
IF pl.bal = 1 THEN (*oawuHouyHas RR-poTauus*)
p.right := pl.left; p1.left := p;
p.bal := 0; p := p1
ELSE (*asonHaa RL-potaumna*) p2 := pl.left;
pl.left := p2.right; p2.right := p1;
p.right := p2.left; p2.left := p;
IF p2.bal = +1 THEN p.bal := -1 ELSE p.bal := 0 END;
IF p2.bal = -1 THEN p1.bal := 1 ELSE p1.bal := 0 END;
p:=p2
END;
p.bal := 0; h := FALSE
END
END
ELSE INC(p.count)
END
END search

BoanukaeT ABa 0CO6EHHO HHTEPECHBIX BONPOCA KacaTe/1bHO MPOH3BOAHTENbHOCTH
aJIrOpUTMa BCTaBKH B cOataHCHpOBaHHble iepeBbs:

1. Ecau Bce n! nepecTaHOBOK N KJ110YeH BCTPeYaloTCsi C OAHHAKOBON BEPOATHOCTDHIO,
KakoBa OyaeT cpe/iHss BbICOTA NOJIyYalolerocs coaJaHCHPOBaHHOTO AepeBa?
2. C kakoit BepOATHOCTbIO BCTaBKa NPUBOAMT K HeobxoaAMMOCTH 6alaHCHPOBKH?

3anaya MaTeMaTH4€CKOrO HCCIeA0BAaH A 3TOrO CJI0XKHOIO AITOPUTMAa OCTAeTCsi Hepe-
IIeHHOH. IMNUPHYECKHE TeCThl MOATBEPXKAAIOT NMPEANONOXKEHHE, YTO CPeAHAS BBICOTA
c6a1aHCMPOBaHHOIO JIEpeBa, MOCTPOEHHOro TaKHM cniocoboM, paBHa h = log(n)+c, rae ¢ -
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HeboJiblIan KOHCTaHTa (€ = 0.25). 3TO 03HaYaeT, YTO Ha npakTHke ABJI-aepeBbst Tak
e XOPOLIH, KaK H HiaeanbHO cbasaHCHpOBaHHbIE epeBbs, XOTa paboTaTh C HHMH ro-
pa3ao npouue. IMNHpUYECKHE JaHHBIE TaKoKe NOKa3blBaIOT, YTO B CpeAHeM oaHa basaH-
CHPOBKA HY>XHa NIPHMEPHO Ha KaXXAble ABe BCTaBKH. 34eCb OAHHOYHbIE H ABOIHBIE PO-
TalHH PaBHOBEPOATHBI. Pasymeercs, npumep Ha puc. 4.34 6bLn TIaTeILHO NOAOOPaH,
4yT0oOBI NOKa3aTh HanbO/blLEE YUCAO0 POTALMIA IPH MUHHUMYME BCTABOK.

CnoxHocTb AeHCTBHI N0 6as1aHCHPOBKE TOBOPHT O TOM, YTO HCNOJ1b30BaTh cHanaH-
CHpPOBaHHble iepeBbsl C/IElyeT TOJbKO TOrAa, KOTAa MOMCK HHGOpMalMK NPOM3BOANTCH
3HaYMTEJIBHO Yallle, YeM BCTaBKH. Tem 6osiee YTO ¢ Hebl0 3KOHOMHH MaMATH y3Jibl
TaKHX JepeBbeB NONUCKAa OOBIYHO Peau3yIoTCA Kak MJIOTHO yNakoBaHHblie 3anucH. [To-
3TOMY CKOPOCTb W3MEHEeHHs MNoka3sateseii GanaHca, TpebyOLWMX TOLKO ABYX OMTOB
KaXABIi, YacTO pelualouM o0pa3oM BauseT Ha 3¢pPeKTHBHOCTb HalaHCHPOBKH. IM-
NUPHYECKHE OLIEHKH NMOKa3bIBaIOT, YTO NPHBJIEKATEbHOCTb COaTaHCHPOBaHHBIX Aepe-
Bb€B CHJIBHO MaAaeT, eC/IH 3aNHCH AO/DKHBI OBLITh NMJIOTHO ynakoBaHbl. Tak yTo npe-
B30¥ TH NPOCTeiLIKi1 AITOPUTM BCTaBKH B 1€PEBO OKa3bIBAETCS HeJ1erkKo.

4.5.2. YoaneHnue n3 cbanaHcnpoBaHHOro gepesa

Haw onuiT ¢ ynanennem u3 aepeBbeB NMOACKA3LIBAET, YTO H B cayvae cbanaHcHpo-
BaHHBIX JepeBbeB yAaneHHe Oyner 60see CN0XHOI onepauueii, yeM BCTaBKa. ITO Ha
CaMOM JieJie TaK, XOTsl onepalis 6a1aHCHPOBKH OCTAeTCsl B CYLIHOCTH TAKOH XKe, Kak H
ANA BCTaBKH. B yacTHocTH, 3aech 6alaHCMPOBKa TOXe COCTOMT M3 OAMHOYHBIX WJIH
ABOMHBIX POTallHH Y3/10B.

[Tpouenypa ynaneHus u3 c6antaHCMpOBaHHOrO JiepeBa CTPOUTCS Ha OCHOBE ajaro-
pHTMa yJaalieHHsi U3 oOblyHOro aepesa. IIpocThie ciyyan — KOHUEBbI€ Y3/bI M Y3JbI
C €IHHCTBEHHBIM NMOTOMKOM. Eciu ynansemblit y3en umeeT ABa noaaepeBa, Mbl CHOBa
6yner 3aMeHATb ero caMbiM NMpaBbIM Y3JI0M €ero JieBoro noaaepesa. Kak u B ciyvae
BCTaBkH, nobaBasieTcss 6yneBckuit napaMerp-nepeMeHHas h co 3HauyeHHeM 8bICOTa
noanepesa ymenswunacs. HeobxoaumMoctb B HanaHCHpPOBKE MOXET BO3HHUKHYTb,
TOMbKO ec/IM h HCTMHHO. ITO cyyaercs Npu o6HapYXEHHH H YAJEHHH Y3713, HIH eCH
cama 6asaHCHpOBKa YMEHbILAET BbICOTY noAlepeBa. 3aech Mbl BBeieM iBe NpoLeaAyphl
as (CHMMETPHYHLIX ) onepauuii 6a1aHCHPOBKH, Tak KakK MX HY)KHO BBI3bIBaTh M3 Gonee
YeM OJHONM TOYKH aNropuT™a yaaleHHs. 3aMeTHM, 4TO npoueaypsl balancelL uamu
balanceR BbI3bIBaIOTCS NOCJIE TOTO, KaK YMEHbIIN/IACh BbICOTA JIEBOW HJIM NpaBo# BeT-
BU COOTBETCTBEHHO.

Pa6oTa npoueayps! NpoHAaIOCTpHpOBaHa Ha pHc. 4.35. Ecnu naHo c6anaHcMpoBaH-
Hoe AepeBo (a), TO Noc/iei0BaTesIbHOE yaneHHue y3noB ¢ knoyamu 4, 8,6,5,2, 1, n 7
npHBOAHT k AepeBbsiM (b)...(h). ¥ nanenue xiioua 4 caMo no cebe npocTo, Tak Kak COOT-
BeTCTBYIOLIMI1 y3e koHueBoil. Ho aTo npuBoauT k HecbanancupoBaHHoMmy y3ny 3. Ero
6anaHcuposka Tpebyet oanHoyHOM LL-poTtaunn. BasaHcMpoBKka OnsiTh HyXHa nocje
yaaneHus yana 6. Ha ator pa3 npasoe noanepeBo aas kopHs (7) 6anaHcupyercs oau-
HouHoit RR-potauueil. ¥ aanenue yana 2, camo no cebe 6eCXHTPOCTHOE, TaK KaK y3eJl
MMeEeT JIMILb OJHOTO NOTOMKA, Tpebyer NnpUMeHEHHs C0KHOI ABOIHOI RL-poTauumu.
HakoHen, yerBepThiii cnydyai, ABoHHass LR-poTauus, Bbi3biBaeTcs Nnocje yaaeHust
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Puc. 4.35. Yaanennsa n3 c6anaHcruposaHHOro aepesa

y3na 7, KOTOpBIi CHayaja 3aMellaeTcs KpaiHHM NMpaBbiM 3/1IEMEHTOM CBOEro JIeBOIo
noaaepesa, TO eCThb y3JI0M 3.

PROCEDURE balancelL (VAR p: Node; VAR h: BOOLEAN); (*ADruS45_AVL*)
VAR p1, p2: Node;
BEGIN

(*h; ymeHbWINNACL NeBaA BeTBbLY)
IF p.bal = -1 THEN p.bal := 0
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ELSIF p.bal = 0 THEN p.bal := 1; h := FALSE
ELSE (*bal = 1, socctaHoBuTb 6ananc*) pl := p.right;
IF pl.bal >= 0 THEN (*oauHO4Has RR-poTauuns*)
p.right := pl.left; pl.left .= p;
IF p1.bal = 0 THEN p.bal := 1; pl1.bal :=-1; h := FALSE
ELSE p.bal := 0; pl.bal := 0
END;
p:=pl
ELSE (*aBonHas RL-poTauua*)
p2 := pl.left;
pl.left := p2.right; p2.right := p1;
p.right := p2.left; p2.left .= p;
IF p2.bal = +1 THEN p.bal := -1 ELSE p.bal := 0 END;
IF p2.bal = -1 THEN p1.bal := 1 ELSE p1.bal := 0 END;
p:=p2;p2.bal :=0
END
END
END balancel;

PROCEDURE balanceR (VAR p: Node; VAR h: BOOLEAN);
VAR p1, p2: Node;
BEGIN
(*h; ymeHbWIMNACL TTPaBan BeTBbL*)
IF p.bal = 1 THEN p.bal := 0
ELSIF p.bal = 0 THEN p.bal := -1; h := FALSE
ELSE (*bal = -1, rebalance*) p1 := p.left;
IF pl.bal <= 0 THEN (*oanHouHas LL-poTaumna®*)
p.left := p1.right; pl.right := p;
IF pl.bal = 0 THEN p.bal := -1; p1.bal := 1; h := FALSE
ELSE p.bal := 0; p1.bal .= 0
END;
p :=pl
ELSE (*asownHas LR-poTtaums*)
p2 := pl.right;
pl.right := p2.left; p2.left := p1;
p.left := p2.right; p2.right := p;
IF p2.bal = -1 THEN p.bal := 1 ELSE p.bal := 0 END;
IF p2.bal = +1 THEN p1.bal := -1 ELSE p1.bal := 0 END;
p:=p2;p2.bal =0
END
END
END balanceR;

PROCEDURE delete (x: INTEGER; VAR p: Node; VAR h: BOOLEAN);
VAR q: Node;

PROCEDURE del (VAR r: Node:; VAR h: BOOLEAN);
BEGIN
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(*~h*)
IF r.right # NIL THEN
del(r.right, h);
IF h THEN balanceR(r, h) END
ELSE
q.key := r.key; q.count := r.count;
q:=r,r:=r.left; h := TRUE
END
END del;

BEGIN
(*~h*)
IF p = NIL THEN (*knioua HeT 8 Aepese*)
ELSIF p.key > x THEN
delete(x, p.left, h);
IF h THEN balanceL(p, h) END
ELSIF p.key < x THEN
delete(x, p.right, h);
IF h THEN balanceR(p, h) END
ELSE (*yaanuTe pA*)
q:=p
IF q.right = NIL THEN p := q.left; h := TRUE
ELSIF q.left = NIL THEN p := q.right; h := TRUE
ELSE
del(q.left, h);
IF h THEN balanceL(p, h) END
END
END
END delete

K cuacTtblo, yaaneHue aneMeHTa H3 c6a1aHCHPOBaHHOrO AepeBa TOKE MOXET ObITb
BbIMOJIHEHO - B XyAuleM ciy4ae - 3a O(log n) onepauuit. OaHako Helb3si HTHOPHPO-
BaTh CYLLIECTBEHHYIO PasHHLY B NOBeIcHUM NPOLIelyp BCTaBKH H yaajeHHs. B To Bpems
KaK BCTaBKa eIMHCTBEHHOTO KJl04a MOXeT NnoTpeboBaTh caMoe 6oJ1blliee OAHOM poTa-
uMM (ABYX WK TPeX Y3J0B), yAalleHHe MOXKET NoTpeboBaTh POTAlHH B KAXI0M y3Je
nyTH noucka. Hanpusmep, paccMoTpuM yaaneHue kpaiiHero npaBoro y3na aepesa Ou-
6onayun. B atoMm cayyae yaanenue nio60ro 0HOro y3na NpHBOAMT K YMEHbIICHHIO
BBICOTBI IEPEBA; KPOME TOrO, YAa/JleHHe KpaiHero NpaBoro y3/a Tpedyer MaKCHMa/b-
HOTrO YMCJa poTauuii. 34eCh HMEeT MECTO BeChbMa HeylayHas KOMOHHALHA — HAHXYA-
wnit BeIGOp y3na B Hauxyawel KOHHrypauuu cbalaHCHpPOBaHHOTIO AepeBa. A Ha-
CKOJIbKO BEPOSITHBI POTaLlMH B 0611eM cyyae?

Y auBUTENbHBIH pe3y/bTaT AMIUPHYECKUX TECTOB COCTOHT B TOM, YTO XOTS OAHA
poTaumus TpebyeTrcs NPUMEPHO HA KaXKAblEe ABE BCTaBKH, JHIIbL OHA POTalMA NOTpe-
6yerca Ha natb yaaneHuii. IloaroMy B c6anaHCHPOBaHHBIX AEPEBbAX YAaJleHHe
aJleMEHTA SABJIAETCA CTOJb Xe Jierkoit (MM CTO/Ib )Ke TPYAOeMKOii ) onepalHeH, KakK H
BCTaBKa.
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4.6. OnTuMmanbHblie AepeBbs NOUCKa

J10 cHx nop Hall aHaJIN3 OPraHH3allHHU AepeBbeB NOMCKa OMUPAJICA Ha NPEATONOoKEHHE,
4TO YacToTa obpalleHHii KO BceM y3/1aM OJHHAKOBa, TO €CTb YTO BCe KJIOUH C paBHO
BEPOSATHOCTBIO MOTYT BCTPETHTLCS B KayeCTBe apryMeHTa noucka. BepositHo, 3to ayu-
11asi THNOTE3a, eCJIH O pacnpeae/ieHHH BepOATHOCTel obpallleH il K KJloYaM HHYero He
n3BecTHO. OHaKO GBIBAIOT CJyyaH (XOTHA OHH, CKOpee, HCKIIOYEHHs, YeM MPABHJIO),
KOraa takas MHGopMalHa ecTb. 15 noaobHbIX ClyuyaeB XapaKTepHO, YTO KJIIOYH Bce-
ria OfAHH H Te XK€, TO eCTh CTPYKTypa JepeBa MOHCKa He MEHSETCSA, TO €CTh He BbINoJI-
HAIOTCA HU BCTaBKH, HU ylajeHHA. TUNMHYHBINH nNpUMep — JleKCHYECKHH aHa/IH3aTop
(ckaHep) KOMMHUAATOPA, KOTOPLIN AN KaXA0ro c1oBa (MaeHTH(HUKATOpa) onpeaens-
€T, ABJIAETCA 1M OHO KJI0Y€eBLIM (3ape3epBHPOBaHHbIM ) C/10BOM. B 3TOM cayyae ctaTu-
CTHYECKOEe UCCIeJ0OBaHHE COTEeH KOMITHJIMPYEMBIX NPOrpaMM MOXKET AaThb TOYHYIO UH-
¢dopMalHIoO 06 OTHOCHTENILHLIX YacTOTaxX NMOSABJIEHUA TAKHX CJIOB U, CJI€I0BATE/NbHO,
obpalieHHii K HHM B JiepeBe MOMCKa.
[Ipeanonoxum, 4To B AepeBe NOMCKa BEPOATHOCTb O6palleHHs K KAlovy i paBHa

Prixm=k}=p, Si:1<isn:p)=1

M=l ceifyac XOTMM OpPraHM30BaTh J€pPeBO NOHCKA TaK, YTOObI MOJIHOE YHCJIO LIaroB Mo-
MCKa — A/ OCTATOYHO 60JILLIOro YHCJIA MONBITOK — 6b1/1I0 MHHUMaIbHBIM. [l/is1 3TOTO
M3MEHUM OonpeaesieHHe JJIMHBI NYTH, (1) NpHNHCLIBas KaXAOMY Y31y HEKOTOPBIi BeC H
(2) cumrtasn, 4yTO KOpeHb HaxoaAUTCA Ha ypoBHe 1 (a He (), NOCKOABKY ¢ HUM CBA3aHO
nepBoe CpaBHEHHeE Ha MYTH NMOUCKA. Y3/1bl, K KOTOPbIM 0OpalleH it MHOTrO, CTAHOBATCA
TAXEJBIMM, A T€, KOTOpbI€ NOCEILAINTCA peako, — AerkuMH. Toraa esgewennan orumna
nymet: (BHYTPEHHHX) paBHa CyMMe BCeX NMyTeH U3 KOPHSA A0 KaXKAO0ro y3/a, B3BelleH-
HBIX C BEPOATHOCTBIO 0OpalleHHs K 3TOMY y3ay:

P=3Sit1<isn:p*h

h; — ypoBeHnb y3nai. Tenepp Halua 1e/1b — MUHUMH3UPOBATh B3BeLIEHHYIO VIMHY NyTeH
A/A 3a]aHHOrO pacnpeneneHnus BepoaTHocTeil. Hanpumep, paccMoTpuM Habop kiio-
yeii 1, 2, 3 c BeposTHOCTAMM ObOpalenusa pl =1/7,p2 =2/7 n p3 = 4/7. U3 aTux Tpex
KAl04eii IepeBo NOUCKa MOXKHO COCTaBHTh NAThIO pa3HbIMHU ciocobamu (cM. puc. 4.36).

N3 onpeaeneHHs MOXHO BBIYHCIUTD B3BellleHHblE UIMHHBI NyTei AepeBbeB (a)—(e):

P(@=11/7, P(b)=12/7, P(c)=12/7, P(d)=15/7, P(e)=17/7

P A,

Puc. 4.36. lepesbn noncka ¢ 3 yanamu
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Taknm 06pa3omM, B 3ITOM NpHMEPE ONTHMATbHBIM OKa3biBaeTCs He MeaibHO chaslaH-
CHpPOBaHHOe AepeBo (C), a BHIpOXAeHHOe AepeBo (a).

[Ipumep ckaHepa KOMNUAATOpPA Cpa3y HaBOAMT Ha MBIC/b, YTO 3a/1a4y HYXHO He-
MHOro o600LMTD: C/10Ba, BCTPEYAIOIHECS B HCXOAHOM TEKCTE, He BCeraa sBAAIOTCA
KJI0YEBBIMH; Ha CaMOM JieJie KJIIOYeBble C/I0Ba — CKopee UCKaloueHnsA. O6HapyxeHHe
TOro hakTa, YTO HEKOE CJI0BO k He AB/NAETCA KJIIOYOM B iepeBe MIOMCKA, MOXKHO pacCMa-
TPHBaTh KaK obpallleHHe K TaK Ha3biBaeéMOMY AONOJHHUTENbHOMY Y31y, BCTABJEHHOMY
Mexay GmxaiiluMmMu MeHbIIHM K 60bIIMM Kal0uaMH (cM. puc. 4.19), ans koToporo
onpene/ieHa IJIMHa BHelIHero nyTH. EC/in BeposAiTHOCTD q; TOro, YTO apryMeHT MOHCKA X
NEXHT MEXAY 3TUMH ABYMSA KiatodaMH K; H Ki,), TOXe U3BECTHa, TO 3Ta HHPOpMaUHUs
MOJET CYLIECTBEHHO H3MEHHUTb CTPYKTYPY ONTHMaIbHOTO AepeBa noucka. I[loatomy,
06061as 3aaa4y, 6yaeM yyuThiBaTh TakoKe U Oe3ycnelHbie MOMLITKK noucka. Tenepp
o61uas B3BelleHHas J/IMHA Ny Teil paBHa

P=(Si:Vsisn:pi*h) +(Si: 1 sism:q*h")
rae
Si:1<sisn:p)+@i:1<sism:q) = 1

u rae h; — ypoBeHb (BHyTpeHHero) y3aai,a h’j - yDOBeflb BHelIHero y3.a j. Toraa cpen-
HIOIO B3BELIEHHYIO JJIHHY NMYTH MOXXHO Ha3BaTh YeHou epeBa NOUCKA, MOCKOJbKY OHa
AABJIAETCA MEPOi 0XXHaeMblX 3aTpaT Ha NOUcK. [lepeBo noncka ¢ MMHMMaJIbHOI LIEHOI
cpeaM Bcex iepeBbeB C 3alaHHBIM HabopoM Kitioueit k| M BeposAATHOCTe# P, H q; Ha3biBa-
€TCS ONMUMANLHHM 0EPEsoM.

Yr1o6bl HaliTH ONTUMANbHOE AEPEBO, HEe HYXKHO Tpe6oBaTh, YTOOK! CyMMa BCexX Yuce
p uau q paBHsaaach 1. Ha camom aene 3T BeposTHOCTH OOBIYHO ONpeesIoTCA H3 IKC-
NEepHMEHTOB, rie NOACYHUTbIBaeTCA YUCJI0 obpalleHmit K Kaxaomy yany. B aanbHeiimenm

b2 by

Puc. 4.37. lepeso noncka ¢ 4actorammn obpalieHnin
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BMECTO BEePOATHOCTe pj H q; MBI 6yeM HCIIOIb30BaTh TAKHE CYETYHKH H 0603HaYaTh
MX C/IeayIoLMM 06pasom:

a; = CKOJIbKO pa3 arpyMeHT NOMCKa X 6bls1 paBeH k;
b) = cko/IbKO pa3 arpyMEHT NOMCKa X OKasancs Mexny K H kjq

I1o onpenenennio, by — YHCN0 cCnyyaes, KOraa x oka3ascs MeHblue Ky, a b, — koraa x
61 6onbiue ky, (cM. puc. 4.37). B nanbueiiem Mu 6yaemM ucnosnbsosathb P A1 0603Ha-
YeHHs NOJHOH B3BElIEHHON ANTHHLI MyTei BMECTO CpeAHel A/IMHBI MYTH:

P=(Si:1<i<n:ath)+@Gi:1<i<m:b*h)

Taknum 06pa3om, B AONONHEHHE K TOMY, YTO YXKe He HY)KHO BHIYMC/IATD BEPOATHOCTH
10 U3MEPEHHBIM YaCTOTaM, NoJyyaeM AONOJIHHUTEbHLI GOHYC: TPH NOKUCKE ONTHMAb-
HOro AiepeBa MOXHO paboTaTh C LeBIMH YHCAMH BMECTO APOOHBIX.

YuutbiBasi, YTO YMCJIO BO3MOXHBIX KOH(PHIYpaLUMii N yJIOB pacTeT IKCMOHEHLIU-
JIbHO C N, 33J1a4a HAX0XAEHUA ONTUMYMa A5 60abLIKNX N KaxeTcs Oe3HaaexHoit. Oa-
HaKO ONTUMAIbHbIE iepeBbs 001a4a10T OAHMM BaXKHbIM CBOHCTBOM, KOTOpOE NOMOTraeT
B MX OTBHICKAaHMH: BCE UX NMoanepeBbs Takoxe onTHManbHbl. Hanpusmep, eciin aepeBo Ha
puc. 4.37 onTHManbHO, TO noaaepeBo ¢ KaovaMH k3 U k4 Takxe ONTHMaIbHO. 3TO
CBOICTBO MOJACKa3blBaeT AIrOPUTM, KOTOPbIil CHCTEMaTHMYECKH CTPOMT Bce 6osblune
AepeBbs, HAYUHAA C OTAEJbHBIX Y3JIOB B KayeCTBe HaUMEHbLIHX BO3MOXHBLIX noaae-
peBbeB. [1pu 3TOM AepeBo pacTeT OT IMCTbEB K KOPHIO, TO €CTh, YYHTbIBas, YTO Mbl pH-
CyeM JiepeBbsi BBepX HOraMu, B HanpasJjeHWH CHH3Y BBepx [4.6].

YpaBHehue, npeactasasouiee coboii K04 K 3TOMY aJirOPUTMY, BbIBOAUTCSA TaK.
IIycTb P 6yner B3BelieHHo# ANHHOI nyTelt HeKOTOpOrO AepeBa, U NycThb Py U Pg — COOT-
BETCTBYIOLIME JUIHHBI /151 JIEBOTO M MTPaBOrO NOe peBbeB ero KOpHA. A cHo, yto P pas-
Ha cyMMe Py, Pg, a TaKk)ke KOJIHYECTBa NPOXOA0B MOKHCKa MO pebpy, BeaylueMy K KOPHIO,
YTO NPOCTO PaBHO NOJIHOMY YHCJY NONBITOK noucka W. byaem HasbiBaTh W Becom aepe-
Ba. Toraa ero cpeaHsia AnMHa nytei pasHa P/W.

P = PL +W+ PR

W= GSiilsisn:a)+Gi:1sism:b)

ITH coobpaXkeHHUs NOKa3bLIBAIOT, YTO HYXKHO KaK-TO 0603HaYMThb BeCa H AJIHHbI Ny-
Tei noaJepeBbeB, COCTOALMX H3 HEKOTOPOro YHCJa cMexHbIX katoyedd. Ilycrp Ty —
ONTHMAIbHOE NOUIEPEBO, COCTOALLEE H3 Y3/IOB C KIIOYaMH Ki4y, K42, ..., kj. Toraa nycrb
Wij o6o3Hayaer Bec, a pij — AnuMHY nyTteii noanepesa Tjj. AcHo, 4TO P = pon HW = W .
Bce aTi BesiIMUMHBI ONPeaeNsIoTCA CAeAYIOINUMH PeKYPPEHTHBIMHU COOTHOLIEHUAMMU:

wi = b; 0<i<n)
Wij = Wjj-1 + 3 + b; (0si<jsn)
Rii = Wi (0sis<sn)

Pij =W|j+M|N k:i <k5j:(pi'k-| +pl(j) Os<si<jsn)

[locnenHee ypaBHeHHe NMpAMO cleyeT U3 onpeaeseHHit BeIMYHHBI P U OoNnTHMab-
HocTH. Tak kak MMeercsi pUMepHO N2/2 3HauYeHMi Pij» a onepauns MHHUMH3AUHH
B NnpaBoit YyacTu Tpebyer Bui6Opa U3 0 < j-i £ N 3HaYeHMit, TO NOJIHAA MHHHUMM3ALIUSA
norpebyer npumepHo n3/6 onepaunii. KHyT ykasan cnocob cakoHOMHUTb OfHH (akTOp
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n (CM. HHXKe), M TO/IbKO 6a1aroaaps 3TOl 9IKOHOMHMM JaHHBIH AITOPUTM CTAHOBHTCS MH-
TEPEeCHbIM A/ MPaKTHYEeCKUX Liesei.

ITycTb ry — TO 3HaYeHHE BEUUHHBI K, B KOTOPOM JOCTHTaeTcs MHHUMYM pj;. Oxa3bi-
BAa€TCs, MOMUCK Fjj MO)XHO OrPaHHYHUTb ropa3fio MEHbIIHM MHTEPBAJIOM, TO €CTb YMEHb-
IMTb YMCJIO j-1 WaroB BulYMCAeHUA. KnioueBbIM 3aech ABAseTca HabaloaeHue, YTo
€CJIM Mbl HalllJIK KOPEHb Tj; ONTHMAIbHOIO noaaepesa T, TO HH pacliMpeHue AepeBa
nobaBneHHeM Kakoro-HHOyAb y3na cripaBa, HU yMeHblLeHHe JepeBa yaaleHueM Kpaii-
Hero J1eBOro y3/ia He MOr'yT CABHHYTb ONTUMAJIbHbIH KOpeHb BJIeBO. ITO BhlpaxkaeTcs
COOTHOMIEHHUEM

Fig-1 S Tij ST jo

KOTOpOe OrpaHHYHUBAET NMOUCK PELIEHHS LIS Fjj HHTEPBAIOM Fjj.) ... Fi4 j. ITO NPHUBO-
AMT K TMOJIHOMY YMCJIY 3/IeMEHTapHbIX LIaroB nopsaka n2.

Mbl roToBbl Tenepb NOCTPOMThL AITOPHTM ONTUMM3AUMH B aeTansax. BcrnoMHUM
cJieNy10lLHe Onpeae/IeHHs ISl ONTUMAIbHBIX fiepeBbeB Tij, COCTOALLMX U3 Y3JI0B C KJ10-
yamu ki4 ... kj:

a;. 4acToTa IoMuckKa kJlova k;.

bj: 4acrtora ciyyaes, KOraa apryMeHT NOHCKa X OKa3biBaeTcs MeXAy K; u K;,1.
wy: Bec Tj;.

pij: B3BelleHHasA ANKHa nyTei noaaepesa Tj;.

Fy: HMHAEKC KOpHs noanepesa Ty

bW =

O6bsiBUM cieayIoLLHE MACCHBBI:

a: ARRAY n+1 OF INTEGER; (*a[0] He ucrronb3yerca*)
b: ARRAY n+1 OF INTEGER;
p.w,r: ARRAY n+1, n+1 OF INTEGER;

IIpeanonioxum, 4TO Beca wi; BbIMMCIeHB! H3 a H b npocTeiimnm cnocobom. Byaem cun-
TaTh W apryMeHTOM npouenypbl OptTree, KOTOPYIO HY>KHO pa3paboTar, ar — ee pe3y.Jib-
TaTOM, TaK KaK I MOJHOCTbIO OMHCLIBAET CTPYKTYPY Ae-
peBa. MaccuB p MOXHO CYMTaTh NPOMEXYTOYHBIM
pesyabraroM. HauuHas ¢ HaMMeHbIIMX BO3MOXHBIX
AepeBbeB, TO eCTh BOOOLLE He UMEIOLLIMX Y3JIOB, Mbl Niepe- @

XOAMUM KO Bce 60sbluMM aepeBbsM. O603HaAYHM IIHPHUHY
j-i nonnepesa Tj; kak h. Toraa MOXHO J1erko onpeaeuTb
3HaYeHHA P;; As1 Bcex aepeBbeB ¢ h = 0 B COOTBETCTBUH

C Onpe/esieHHEM BEJIHYHH Pjj: by b
FOR i := 0 TO n DO p(i,i] := b(i] END \ )
B cayuyae h = | peub HAET O IEPEBbAX C OAHMM Y3/IOM,  "7H
KOTOpPbIH, O4YEeBMAHO, MW SABJAsiETCST KOpHeM (CM. -~ ~
pHc. 4.38): Wt
FORi:=0TO n-1DO Puc. 4.38. OntumansHoe
j = i+1; pliy] = wili,jl + pli,i] + pliy); rlij) :=j Aepeso noucka

END C EAVHCTBEHHLIM Y3NOM
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3ameTnM, 4To | M j 0603HaYaIOT IEBLIH M NpaBbiii Npeaesbl 3HaYeHU i HHAEKCa B pac-
cmarpuBaeMom Aepese Tj. [lns caydaes h > 1 ucnoabsyem unkai ¢ h or 2 no n, npuyem
cayyaif h = n cooTBeTCTBYET BceMy aepeBy Tg o B kaxkaom ciydae MMHMMaNbHas AH-
Ha NyTeH Pj; U COOTBETCTBYIOLHI HHAEKC KOPHS Tjj ONPEAeNSIOTCSA MPOCTHIM LIHKAO0M,
B KOTOPOM HHAeKc k npoberaeT uHTepBan aas ryj:

FORh:=2 TO n DO
FORi:=0TO n-h DO
J = i+h;
HadTu K n min = MIN k: i < k < § : (Bj -1 + Pxj), 4TObbI 1 j.y < k < iy,
pli,j) := min + wli,jl; rlij] := k
END
END

JleTanu TOro, Kak yrouHsieTcs nnpeA/ioxeHue, HabpaHHOe KYpCHBOM, MOXHO HaiiTH
B nporpamme, NpMBoaAHMOit HHxe. Tenepb cpeanss anuHa nyTu aepesa Ty , AaeTcs OT-
HOLIEHHEM Pg,n/Wo n, 2 €T0 KOPHEM SABJISAETCA Y3€J C HHAEKCOM Fg p.

Onuiuem Tenepb CTPYKTYpPY NMpOeKTHpyeMmoii nmporpammbl. Ee AByMs rjaBHbIMM
KOMMOHEHTaMH ABJAIOTCA Npoleaypa AAA HaX0XAeHHUA ONTHMAJIbHOIO iepeBa MNOKCKa
NpH 3a1aHHOM pacnpenesieHMH BeCOB W, a TaKXKe Npleaypa AJA NnevyaTH aepeBa NpH
3alaHHbIX MHAeKcax r. CHavyana BBOAATCA YacTOTH a M b, a Takxe xaioun. Knioun Ha
CaMOM JieJie He HYXXHBI /151 BHYMCJIEHH A CTPYKTYPHI IepeBa; OHH NMPOCTO HCMOb3YIOT-
cA NnpH pacnevarke aepesa. [Tocsie neyaTtu CTaTUCTHKHM YacTOT NpOrpaMMa BLIYUCASET
ANIMHY NyTeil HaealbHO cOaIaHCMPOBAHHOIO AepeBa, 3a0HO ONpeAeisas U KOPHH ero
noaaepeBbeB. 3aTeM MevYaTaeTCsi CPeAHsAs B3BElleHHasA UIHHA MYTH U pacneyaTbiBaeT-
CA CaMO JepeBo.

B Tperbeii yacTu Bhi3biBaeTcs npoueaypa OptTree, YToObl BHIMHCAHTD ONTHUMAb-
Hoe JiepeBO NMOMCKA; 3aTeM 3TO AepeBO pacneyaTniBaeTcA. HakoHel, Te e npoueayphl
MCNOJIb3YIOTCA AN BbIYHUCJAEHUS U NMeYaTH ONTHUMAJILHOTO AepeBa C yYeTOM 4YacToT
TO/MILKO KJAIOYeH, UTHOPUPYA YaCTOTH 3HAYeHHH, He ABAAIIMXCA KialovyaMH. Bee 3To
MO)XHO CyMMHPOBaTb TaK, KaK MOKa3aHO HH)Ke, HauMHas ¢ OObABNEHHIt rnobanbHbIX
KOHCTAHT M NepeMEHHBIX:

CONST N = 100; (*makc. yucno kniovesnix cNos*) (* ADruS46_OptTree *)
WordLen = 16; (*mMaKkcC. ANUHA KNlOYaA*)

VAR key: ARRAY N+1, WordLen OF CHAR;
a, b: ARRAY N+1 OF INTEGER;
p, w, r: ARRAY N+1, N+1 OF INTEGER;

PROCEDURE BalTree (i, j: INTEGER): INTEGER;
VAR k, res: INTEGER;
BEGIN
k := (i+j+1) DIV 2; r(i, j] := k;
IFi>=jTHENTres :=0
ELSE res := BalTree(i, k-1) + BalTree(k, j) + wli, j]
END;
RETURN res
END BalTree;
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PROCEDURE ComputeOptTree (n: INTEGER);
VAR x, min, tmp: INTEGER;
i, j, k, h, m: INTEGER;
BEGIN
(*aprymenT: w, pesynbTathl: p, r*)
FORi:=0TO n DO pli, i] := 0 END;
FORi:=0TO n-1DO
j=i+1;pl, jl = w(i, il f(i, jl ==
END;
FORh:=2 TO n DO
FORi:=0TO n-h DO
j = i+h; m = r[i, j-1]; min := p[i, m-1] + plm, j];
FOR k := m+1 TO rfi+1, j] DO
tmp := pli, k-1]; x := plk, jl + tmp;
IF x < min THEN m := k; min := x END
END;
pli, jl := min + w(i, jl; rfi, j] :=m
END
END
END ComputeOptTree;

PROCEDURE WriteTree (i, j, level: INTEGER);
VAR k: INTEGER,;
(*Ana sbIBOAA UCTTONb3YeTCA FNobanbHLIK 06BbeKT TeyaTn W*)
BEGIN
IFi<j THEN
WriteTree(i, rfi, j1-1, level+1);
FOR k :=1 TO level DO Texts.Write(W, TAB) END;
Texts.WriteString(W, key(r(i, jl1); Texts.WriteLn(W);
WriteTree(r(i, J1, j, level+1)
END
END WriteTree;

PROCEDURE Find (VAR S: Texts.Scanner);
VAR i, J, n: INTEGER,;
(*ANA 8bIBOAA UCTTONb3YeTCA rNobanbHbI 06veKT meyaTn W*)
BEGIN
Texts.Scan(S); b[0] := SHORT(S.i);
n := 0; Texts.Scan(S); (*s8oA: a, knwu, b*)
WHILE S.class = Texts.Int DO
INC(n); a[n] := SHORT(S.i); Texts.Scan(S); COPY(S.s, key(n)]);
Texts.Scan(S); b[n] := SHORT(S.i); Texts.Scan(S)
END;

(*sblMMCANTL W U3 a n b*)
FORi:=0TO n DO
wl(i, i] := bl[i];
FORj:=i+1 TO n DO
wii, jl :=wli, j-1] + alj] + b[j]
END
END;
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Texts.WriteString(W, "lMonHbin sec = ");

Texts.Writelnt(W, w[0, n], 6); Texts.WriteLn(W);

Texts.WriteString(W, "AnnnHa myten cbanaHCuposaHHOro aAepesa = “);
Texts.Writeint(W, BalTree(0, n), 6); Texts.WriteLn(W);

WriteTree(0, n, 0); Texts.WriteLn(W);

ComputeOptTree(n);

Texts.WriteString(W, "AlnnHa myTen oNMTUManbHOro Aepesa = ");
Texts.Writelnt(W, p[0, n], 6); Texts.WriteLn(W);
WriteTree(0, n, 0); Texts.WriteLn(W);

FORi:=0TOn DO

wli, i] ;= 0;

FOR j :=i+1 TO n DO wili, j] := wli, j-1] + a[j] END
END;
ComputeOptTree(n);

Texts.WriteString(W, "ontumansHoe aepeso 6e3 yveta b"); Texts.WriteLn(W);
WriteTree(0, n, 0); Texts.WriteLn(W)
END Find;

B kauecTBe NpHMepa pacCMOTPHUM ClieflylolliHe BXOAHbIE 1aHHbIE JJ1A epeBa C Tpe-
Ms1 KJIIOYaMH:

20 1 Albert 10 2 Ernst 1 S Peter 1

bg = 20

a =1 key; = Albert by =10
a =2 key, = Ernst by =1
az=4 keyz = Peter b3=1

PeaynbraTnl paboTsl npouenyps Find nokasanbl Ha puc. 4.39; BUAHO, YTO CTPYKTY-
Pbl, MOJyYyeHHbIE B TPEX CAy4asix, MOIYT CHJbHO OT/iMyaThes. [loaHblil Bec paBen 40,
AJIMHa nyTeit cbaaHCMPOBaHHOTO AepeBa paBHa 78, a A1 oNTUMaIbHOrO AepeBa — 66.

c5aNaHCUPOBAHHOS AepeBo ONTUMANLHOS ASPEso 0e3 yueTta «Npomaxos»
— Abenrt
l—Aben Abert |_
— Emst I—EE I—Emst
I—Petor Peter — Peter

Puc. 4.39. Tpu nepesa, NOCTpoeHHbie npouenypoin ComputeOptTree

N3 3Toro anroput™Ma 04eBHAHO, YTO 3aTPaTh! Ha Onpele/ieHHe ONTHMa/IbHOM CTpyK-
TYPBl MMEIOT NOPAAOK NZ; K TOMY XKe U o6beM TpebyeMoii naMaTH UMeeT NOPAAOK n2,
IT0 HenpHemeMo ANs oueHb Gosbinx n. [ToaToMy BecbMa XenarebHO HaiiTH Gosee
a¢pdexTHBHBIE anropuT™bl. OauH U3 HUX Gbin paspabotan Xy u Takepom [4.5); ux anro-
puTM TpebyeT NnaMsaTH nopsiaka O(n) M BEIYUCAHTENIbHBIX 3aTpaT nopsiaka O(n*log(n)).
OaHako B HeM pacCMaTPHBAETCA TONBLKO CJ1yyai, KOrla YacTOThl KJiloyeit paBHBI HYJIO,
TO €CTb YYHTHIBAIOTCS TOJbKO Ge3ycnenHble MONLITKK MOUCKa Katoveit. pyroit anro-
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pPHMTM, Taioke Tpebylowmiit O(n) anemeHToB naMaTH H O(n*log(n)) BLIYMCANTENBHBIX
onepaumit, onucal Yokepom H F'otanbom [4.7). BmecTo noucka ontumMyma 3TOT anro-
PHTM NbITaeTCA HAMTH MOYTH ONTUMA/IbHOE AepeBo. [103TOMY ero MoXKHO NOCTPOUTD Ha
MCII0J1b30BaH HH 9BPHCTUK. OCHOBHasA Haes TaKoBa.

IIpeacraBum cebe, 4TO y3/1b1 (peanbHbie H JONOJHUTE/IbHBIE) pacnpeae/ieHb! Ha JIu-
HeifHOH L1KaJle U YTO KaXA0MY Y3/1y NPHITHCaH Bec, PaBHbIH COOTBETCTBYOLLEH YacTo-
Te (M/IM BepOATHOCTH ) obpaleHHii. 3aTeM Hailaem y3en, 6auxaiiunii K UX HUEHTPY TA-
KeCTH. ITOT y3e/l Ha3LIBaeTCA YenmpoudoM, a ero HHAEKC paBeH BeJHYUHe

Si:1<isn:i*a)+@i:1sism:i*b) /W,

OKpYIJIeHHO# a0 6auxaiimero uenoro. Ecau Bec Bcex y3/10B 0OIMHAKOB, TO KOpPEeHb MC-
KOMOI0 ONTHMA/IbLHOrO AiepeBa, OYeBHAHO, COBNAZaeT ¢ UEHTPOHAOM. B nmpoTuBHOM
CJlyyae — pacCy’>KAaloT aBTOPbl AIOPUTMa — OH 6yaeT B GONBIIMHCTBE cAy4yaeB Ha-
XOAHTBCA BOMM3H neHTpouaa. Toraa BLINONAHAETCA OrpaHHMYEHHBIH NMOMCK AAA Ha-
XOXXJ€HHUSA JIOKANbHOI0 ONTHMYMA, MOCJIe YEero Ta Xe Npoleaypa npuMeHSeTcCA K AByM
nosiyyaiolmMmMca noaaepeBbsaM. BepoaTHOCTDb TOro, YTO KOpeHb JIEKHT OYeHb OJIH3KO
K LEHTPOMAY, pacTeT BMecTe ¢ 061beMonm aepeBa n. Kak To/1bkO noasepeBbs CTAHOBATCA
AOCTAaTOYHO MaJbIMH, ONTHUMYM AJIS HUX MOXeT ObITh HaiiieH NOCPeaCTBOM TOYHOro
aJIrOPUTMA, NIPUBEAEHHOTO BbilllE.

4.7. b-pepesba (B-trees)

o cux nop Haie o6cyxaeHHe OrpaHHYHBaANOCh IBOUYHBIMH IEPEBbAMM, TO €CTb TaKH-
MM, TAe KaXxablil y3ea uMmeeT He 6oJiee ABYX MOTOMKOB. 3TOro BIOJIHE 10CTaTOYHO,
€CJIH, HalpHMep, Mbl XOTHM INpPeACTaBUTb CeMeliHble CBA3M, MOAYEPKHUBasA NMPOUCXOXK-
AeHHe, TO eCTb YKa3hlBad A1 KaXA0ro Yes0BeKa ero AByx poauTeneii. Beab Hu y koro
He 6biBaeT Gosblue AByx poauTeeit. Ho yto, ecaim BO3HHKHET He06X0AUMOCTb YKa3bl-
BaTh NIOTOMKOB KaX/10r0 4YesioBeka? Toraa npHaeTcs yYecTb, YTO Y HEKOTOPhIX Jioaeii
Gonblue AByx AeTeld, M Toraa AepeBbsi 6yAyT coaepkaTh y3Jibl CO MHOTMMM BETBSAMMU.
Bynem Ha3biBaTh TakHe AepeBbs CUALHO BEMBRULUMUCA.

Pa3ymeeTtcs, B ogoOHbIX CTPYKTYpaxX HET HHYEro 0COOEHHOr0, M Mbl YKe 3HAKOMBI CO
BCEMM CPEACTBAaMH NpPOrpaMMHUPOBAHHA M ONpeaeNeHHA AaHHBIX, YTOOBI CNPaBHTLCA
C TakuMu cuTyauramu. Hanpumep, ecsim 3anaH abconoTHbli BepxHMii npeaes Ha YHCO0
AeTeH (Takoe NMpeano/ioxeHue, KOHeYHO, HeMHOro QPYTYPHCTHYHO), TO MOXHO NpeACTaB-
JIATDb AeTeil noJjieM-MacCHBOM B 3alTMCH, NpeacTasasioueii yenoBeka. Ho ecan uncno ae-
Teit CHIbHO 3aBHCHT OT KOHKPETHOIO HHANWBHAA, TO 3TO MOXKET MPHBECTH K ILIOXOMY MC-
No/Jb30BaHMI0 UMeloLeiics nMaMATH. B aToM cilyyae ropa3no pasyMHee OpraHHM30BaTh
MOTOMCTBO C MOMOLLbIO THHEHHOrO CIUCKA, TPHYEM YKa3aTeJb Ha MIajiero (MM cTap-
111€ro) NOTOMKA XPaHHTCSA B 3alIHCH poanTeis. Bo3MOXKHOe onpenesieHHe THNA 1A 3TOro
cayyasi NpUBOAMTCA HHXKE, @ BO3MOXKHasl CTPYKTYpa IaHHbIX NOKa3aHa Ha puc. 4.40.

TYPE Person = POINTER TO RECORD
name: alfa;
sibling, offspring: Person
END
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Puc. 4.40. CunbHO BeTesLLIEeeCH Aepeso, NPeacTasNeHHOE Kak ABOMMHOE Aepeso

I1pu HakNOHe KAapTHHKH Ha 45 rpaaycoB oHa OyaeT BuIrasaeTh Kak 00bIYHOe ABO-
uyHoe aepeBo. Ho Takoii BHA BBOAMT B 3abayXxiaeHHe, TaKk KaK (P)yHKUHOHANbHBI
CMBICJI IBYX CTPYKTYp COBeplleHHO pa3Hblii. O6bluHO Henb3s Ge3Haka3aHHO 0bOpa-
IATbCA C GpaTOM KaK C CLIHOM M He CJIeAyeT Tak NOCTYNaTh Aaxe NPH OnpelejeHHH
CTPYKTYP AaHHbIX. CTPYKTYpY NaHHLIX B 3TOM NpHUMEpPe MOXHO YCJAOXHMTDb elle
6osblue, BBOAA B 3aMKCh A1 KaXAOro MHAMBUAA AOMNOJHHTEIbHble KOMIIOHEHTH,
NpeACTaBAsAOLINE APYTrHe ceMeiiHble CBA3W, HanpuMep CYNpY)XeCKHe OTHOIIEeHHSA
MEXAY MYXeM M )KeHOI WK Aaxke HHGPOPMALHIO O POAHTENAX, Bedb MOAOOHYIO HH-
dopmauHio He Bceraa MOXHO NMOAYYHUTD U3 CCHUIOK OT poauTeeii k AeTaM U K GpaTsb-
am-cectpaM. [logo6Has cTpykTypa GLICTPO BbIpacTaeT B CJAOXKHYIO PesiIHOHHYIO
6a3y JaHHbIX, Ha KOTOPYIO MOXHO OTOOPa3UTb HECKOJIbKO AepeBbeB. AJITOPUTMBI, pa-
6oTalolMe C TAKHMH CTPYKTYPaMH, TECHO CBSI3aHbl C COOTBETCTBYIOLIUMH ONpeaee-
HUSAMH AAHHBIX, TaK YTO He HMEET CMbIC/Ia YKa3blBaTh HH KakHe-11b0 obuiue npaBu-
Na, H1 o0LeNnpUMeHHUMBIE TPUEMBI.

OnHako ecTb 0YeHb Nnosie3Has olJIacTb NPUMEHEHHS CUJIbHO BETBSALLHXCSA A€PEBLEB,
npeacTabsiowas obwmit HHTepec. 3TO NOCTPOEHHE H NoaAepxKKa 6ONbIIHX AepeBbEB
MOKCKa, B KOTOPbIX HYXHO BbIMNOJIHATH BCTABKH M YAaJIeHHS 3/IeMEHTOB, HO Onepa-
THBHasi MaMsTh KOMNbIOTepa JIHGO HeAOCTaTOYHa 10 pa3Mepy, MO0 CAHILKOM A0pora,
YyTOOBI MCTO/IL3OBATD €€ AJISA A/IHTEIbHOrO XPaHEHHS JaHHBIX.

HTak, npeanosoxkuM, YTo y3bl AepeBa JOMXKHbI XPAHUTLCA Ha BHEWHUX YCTPOii-
CTBaX XpaHEHHS AaHHBIX, TAKMX KaK AMCKH. /{MHaMHyecKMe CTPYKTYPbl JaHHBIX,
BBelleHHble B 3TOii r/1aBe, 0CO6€HHO YAOOHB! /15 TOro, YTOOB! MCMOAB30BATh BHEIIHHE
HocuTenu. [NaBHas HOBalHs GyaeT MPOCTO B TOM, YTO POJIb YKa3aTeseii Tenepb OyayT
MrpaTh AMCKOBbIE ajipeca, a He ajpeca B onepaTuBHOil namsaTH. [Ipu ucnoabloBaHuu
ABOMYHOIO AepeBa A Habopa NaHHbIX M3, CKaXXKeM, MMJIJINOHA 3/IeMEHTOB NoTpeby-
eTcs B cpeaHeM npumMepHo In 108 (1o ecth oxon0 20) maros noucka. IlockonbKy 3aech
KaXABIH Wwar Tpedyer obpawenns k aucky (c Hen3bexHol 3afepxKoit), TO KpaitHe
XKeJlaTeJIbHO OPraHH30BaTh XpaHeHHe TakK, YToObl YMEHbUIMTb YHUCI0 TaKHx obpaile-
Huit. CH/IbHO BETBslLeecs JepeBo — HaealbHoe pelieHue npobaemnl. Ecin uMeer Mec-
TO oOpalleHHe K 3/IeMEHTY Ha BHElLIHeM HocHTele, TO 6e3 0coObIX YCHAHI CTAaHOBUTCA
AOCTYNHOIA LieJIas rpynna aneMeHToB. OTcloa naes pasfie/IMThb 1€PEBO Ha NOAEPEBbA
TaKMM 00pa3oM, YTOGb 3TH NOAAEPEBbA NPEACTABAANKCH GI0KaMH, KOTOpble AOCTYN-
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Hbl Cpa3y uesankom. Hasosem Takne noanepesbst cmpanuyamu. Ha puc. 4.41 nokasano
A BOHYHOE AiepeBO, pa3fie/IeHHOe Ha CTPaHHILBI N0 7 Y3JI0B Ha KaXAOM.
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Puc. 4.41. lsonuHoe aepeso, pa3aeneHHoe Ha CTpaHMub

IKoHOMHA Ha YKcae oOpalleHHMit K IMNCKY — Tenepb obpalleHHe K ANCKY COOTBET-
cTByeT o0palleHHIO K CTPaHH1le — MOXeT ObITb 3HauuTeNbHOI. [IpeanonoXkuM, 4To Ha
KaX/10i CTpaHHIle pelieHo pa3MellaTh o 100 y3n0B (310 pa3yMHOe YKC/I0); TOrAa Ae-
peBO NMOMCKa U3 MMJIMOHA 3/1eMeHTOB notpebyeT B cpeaHeM Toabko 10g90(10%) (To
ecTh 0K0J10 3) oOpaiuennii k crpaiuiuaM BMecto 20. [IpaBaa, npu cayyaiiHoM pocTe ae-
peBa 3TO YHCJIO BCe paBHO MOXeT focTHraTh 104 B HauxyaweM cayyae. fAcHo, uTo poc-
TOM CHJIbHO BETBSAIMXCS AePeBbEB NMOYTH 00A3aTEIbHO HY)KHO KaK-TO YIPABJISATh.

4.7.1. CunsHo BeTBALYNECH B-AepeBbs

Ecau uckatb cniocob ynpasjieHHsi pOCTOM A€peBa, TO CJlelyeT Cpa3y HCKJIIOUHTD Tpebo-
BaHHe HAeanbHOM cOanaHCHPOBAHHOCTH, TaK KaK 3/ech NOHaA00sTcA canikoM 60b-
IIMe HaKNaAHble pacxoAbl Ha 6anaHCUPOBKY. SICHO, YTO HY)XXHO HECKOJbKO 0C/1abMTh
TpeboBanus. BecbMa pasymHblit KpuTepuii 6bin npeanoxen bBaitepom n MakkpeitTom
B 1970 r. [4.2]): kaxxaas cTpaHuua (KpoMe OAHOI) COAEPXHUT OT N 10 2N Y3/10B, rae n —
HeKkoTOpas 3aJaHHas KoHcTaHTa. [ToaTtoMy Ans nepeBa u3 N 3J1eMeHTOB H ¢ MaKCHMAaNb-
HBIM pa3MepoM CTpaHHlB B 2n y3/10B notpebyercs B xyaueM caydae log,N obpaiue-
HMIii K CTPaHHLIaM; a UMEHHO Ha O0OpalleH s K CTPaHHLAM NPUXOIAATCS OCHOBHBIE YCH-
Jus B noao6HoM noucke. Boaee Toro, BaxHblii K03 dHUMEHT HCMONB30BaHHUS NAMATH
Oyaet He MeHblue 50%, Tak Kak CTpaHHUlB! Bceraa OyayT 3ano/HeHbl 10 KpaiiHeit Mepe
HanoJioBUHy. [IpHueM npH Bcex 3THX AOCTOMHCTBaX OMHMChbiBaeMasA cxema Tpebyer
CPaBHUTEJIBHO NMPOCThIX AJITOPUTMOB A5l NIOUCKA, BCTABKM U yAQJIEHUA 3JIEMEHTOB.
B aanbHeiimem Mbl NOAPOOHO H3YYHM HX.

Takylo cTpyKTYpy AaHHBIX Ha3biBaloT 5-depesom (Takxe B-aepeBo; B-tree), uncao
N — €ro nNOPAGKOM, H NIPH ITOM NPEANOJIAralTcs clelyloliHe CBOHCTBa:

1. Kaxnasa ctpaHuua coaepxur He 60/1ee 2n 3/1eMeHTOB ( Kaloyeit ).
2. Kaxpas cTpaHuua, KpoMe KOPHEBOIA, COAePXHUT He MeHee N 3JIEMEHTOB.
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3. Kaxnaas ctpannua 1nbo sBasieTCsA KOHLEBOIA, TO eCTh He HMEET NOTOMKOB, 160
MMeeT m+| NMOTOMKOB, rIe M — YUCJI0 KJloYeil Ha ITOH CTpaHulle.
4. Bce KOHueBble CTPaHHIIbl HAXOAATCS Ha OHOM YPOBHe.

Pucyhnok 4.42 noxasbiBaet B-aepeBo nopsiaka 2, umeroiee 3 yposHsa. Ha Bcex cTpa-
HUUax — 2, 3 uam 4 aneMeHTa; MCKIIOYEHHEM ABJIAETCA KOPeHb, rie paspelieHo HMeTb
TOJIbKO OAMH 3JieMeHT. Bce kKOH1eBble cTpaHHLbl — Ha YpoBHe 3. Kniouu 6yAyT cTOATD
B NOpsAKe BO3pacTaHHA C/IeBa Hanpaso, ec/H b-aepeBo <cnowuTL® B OAHH CN0I TaK,
4yTOOB! MOTOMKH BCTaBATH MEX/Y KJ110YaMH COOTBETCTBYIOLIHX CTPaHH1l-NpeaKoB. Ta-
Kasi OpraHH3al M SABJISETCA eCTECTBEHHBLIM Pa3BHTHEM HAEH ABOHYHBIX JepeBbeB MNOUC-
Ka H npeaonpeaenser cnocob NOMCKa a/leMeHTa ¢ 3aJlaHHBIM KilodoMm. PaccMoTpum
CTpPaHMLly, TOKa3aHHYIO Ha PHUC. 4.43, H nycTb 3aaH apryMeHT noMcka x. [Ipeanonaras,
YTO CTPaHHLIA y)K€ CYHTAHa B ONEPaTHBHYIO NaMATb, MOXHO HCMOJIb30BaTh OOBIYHbIE
METOAB! NOMUCKA cpeau KJlodeit kg ... ky-1. Ec1in m Beanko, TO MOXHO NPUMEHHUTD MO-
MCK JieJIeHHEeM MOMoJIaM; ec/IH OHO Mano, TO 6yaeT A0CTaTOYHO OOBIYHOIO NOC/eA0Ba-
TeJIbHOTO Noucka. (3aMeTHM, YTO BpeMs MOMCKa B OonepaTHBHOII namaTn 6yaer, Bepo-
ATHO, NMpeHeOpPeXXUMO Maso MO CPAaBHEHHIO CO BpeMeHeM CYMTHLIBAaHHWS CTPaHHIbI
B ONEpPaTHBHYIO NaMATb U3 BHellIHeii. ) Ecau nouck 3aBepuinics Heyaadeii, TO BO3HMKa-
€T O1Ha U3 CJIeY IO HX CUTYaLH:

1. kj<x <k, ana0 <i<m-1. [Ilouck npoaonxkaercsa Ha cTpaHHlE p;A
2. km-y < X. ITonuck npoaonxkaercs Ha CTPaAHHIE Pm-1A.
3. x <kp [Tonck npoaonxaercs Ha CTpaHHLE P A.

[ 2 5 7 a ] [13 14 15 18] [22 24 | |26 27 29 | [32 35 38 | {41 42 45 48]

Puc. 4.42. b-pepeso nopsaka 2

Piko o ki pr ... Pm2 Km1 Pma

Pl Vo

Puc. 4.43. B-1epeso ¢ m KnoMaMu
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Ecnun B xakoM-TO ci1iyyae yKa3aTesnb OKa3asics paBeH NIL, To ecTb CTpaHMLIa-NoOTO-
MOK OTCYTCTBYET, TO 3TO 3HAa4YMT, YTO 3/IeMEHTa C KJI0YOM X BO BCEM AiepeBe HeT, H No-
MCK 3aKaH4YHUBaeTCA.

Y auBHTENBHO, HO BcTaBKa B B-aepeBo Toxe cpaBHuTENbHO NpocTa. Ecan aneMeHT
HY>XHO BCTaBHTb Ha CTpaHHlle C M < 2n 3JleMeHTaMH, TO BCTaBKa 3aTparuBaeT TOJIbKO
coaepxxuMoe 3TOH cTpaHHUbl. M TOIbKO BCTaBKa B YKe 3allO/THEHHYIO CTPaHMILY 3aTpO-
HeT CTPYKTYpY A€peBa M MOXKET NPUBECTH K pa3MellleHHIO HOBBIX CTpaHHLU. YTobbt no-
HATb, YTO CAYYHMTCS B 3TOM CJiyyae, pacCMOTPUM pHuc. 4.44, KoTOpLIii NoKa3biBaeT
BCTaBKy kjioya 22 B b-aepeBo nopsiaka 2. 3aecb BHNOJHAIOTCS C€AYIOlIHe LIaru:

1. O6HapyxuBaeTcs, YTO KJioya 22 B AepeBe HeT, BCTaBKa Ha cTpaHHue C HeBo3-
MOXHa, TaK KaK C yxxe NnojiHa.

2. Crpanuua C pa3bupaercs Ha aABe (TO eCTb pa3MelllaeTcs HOBasi cTpaHula D).

3. 2n+1 Kilo4eit NOPOBHY pacnpeneisioTcs Mexay ctpaHuuamu C u D, a cpeatuit
KJII0Y NepeMellaeTCs Ha OHH YPOBEHb BBEPX Ha CTPaHULY-NPeaoK A.

! 1

AJ2 ] A2 30\
L7z 10 15 18] [26 30 35 4] L7 10 15 18] [22 23 40
B Cc B D

Puc. 4.44. Bctaska xniova 22 8 b-aepeso

IJTa oYeHb U3SALIHAA CXEMa COXPaHsAET BCe XapaKTepUCTHYeCKHe cBoiicTBa b-nepe-
BbeB. B yacTHOCTH, pa3buBaeMbie CTPaHHIIBI COAEPHKAT B TOUHOCTH N 3JieMeHTOB. Pasy-
MEeTCsl, BCTaBKa 3/IeMEHTa Ha CTpaHHlle-NpeiKe TOXe MOXeT Bbi3BaTh NepenoJyIHeHHe,
TaK YTO CHOBa HY>XHO BBHINOJIHATb pa3buelue, v T. 4. B xpaiiHem ciyuae, npouecc pas-
Guenumii AoCTHTHeT KOpHA. U 3TO eanHCTBEeHHBII cnOCO6 yBeAHYHTDb BICOTY B-aepesa.
CrpanHas MaHepa pacTH Y B-nepeBbeB: BBepX OT JIMCThEB K KOPHIO.

Paspa6oraem Tenepb nogpoOHYyI0 NMporpaMMy Ha OCHOBE 3THX HabpocKoB. Yike
AICHO, 4TO caMoii yao6Hoilt 6yaer pekypcHBHas (OpMYIHPOBKa, TaK KakK Npoliecc pas-
OGMeHHs1 MOXeT pacnpoCTpaHATbCS B 0OpaTHOM HanpaBJieHMH 1O NyTH noucka. [1oaro-
MY o o0Lueil CTPYKType NporpaMMa NoJIy4YHMTCs NOX0Xei Ha BCTaBKY B COalaHCHPO-
BaHHOe JepeBo, XOTA B AeTansax OyayT oranuus. Ilpexie Bcero HyXHO onpeaenuTb
CTPYKTYPY cTpaHul. BribepeM npeactarneHue a1eMEHTOB € MOMOLUbIO MaCCHBA:

TYPE Page = POINTER TO PageDescriptor;
Item = RECORD key: INTEGER;

p: Page;
count: INTEGER (*paHHbie*)
END;
PageDescriptor = RECORD m: INTEGER; (*0..2n %)

p0: Page;
e: ARRAY 2*n OF Item
END
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[Tone count npeacraenser Aobyio HHPOpMalHIO, KOTOpas MOXKeT ObITh CBSi3aHa
C 3/1IEMEHTOM, HO OHO HHKaK He yyacTByeT cOOCTBEHHO B NoMcke. 3aMETHM, YTO Kaxkaas
CTPaHHULa NPeOCTaBJseT MECTO A/ 2n 3seMeHTOB. [losie m ykasuiBaeT peaibHOe YHC-
JIO 3/1eMEHTOB Ha JaHHOM cTpaHHle. Tak Kak m 2 n (KpoMe KOpHeBOi CTpPaHHLb), TO
rapaHTHpyeTCs, YTO NaMATb OyaeT HCMOb30BaHa MO MeHblleil Mepe Ha 50%.

AJIrOpHTM NMOUCKa H BcTaBKH B B-aepeBo copMynpoBaH HHXe B BHAE NPOLEAYPHI
search. Ero ocHoBHasi cTpyKTypa 6eCXHTPOCTHa M Noao6Ha NMOMCKY B cOalaHCMpOBaH-
HOM I BOMYHOM JiepeBe, 3a HCKJIIoYeHHeM TOro hakTa, YTo BbiOOp BETBH He OrpaHHYEH
ABYMsi BapuaHTaMH. BMecTo 3TOro nouMck BHYTpM CTPaHHLBI peain30BaH KaK MOMCK
AeJleHHeM NOMNoJiaM B MaCCHBE €.

ANropuT™ BCTaBKH /151 ACHOCTH C()OPMYJIMPOBaH KaK oTAesbHas npoueaypa. OHa
BbI3LIBAaETCS, KOrJa MOMCK MOKa3saj, YTO HY)KHO NepeaaTb 3JieMEHT BBEpX 0 AepeBY
(B HanpaBJieHHH KOPHs). ITO 06CTOATENBCTBO yKa3biBaeTcs Oy1eBCKHM NapaMeTpoM-
nepemMeHHoIt h; ero HcnoabL30BaHKe aHANIOTHYHO CJIyyalo aAirOPHTMa BCTaBKH B cOanaH-
CHpOBaHHOe aepeBo, rae h coobuwal, uro noaaepeBo Buipocao. Ecan h HCTHHHO, TO BTO-
poi nMapaMmeTp-nepeMeHHas U COAEPXHT 3JIEMEHT, NepeiaBaeMblif HaBepX. 3aMeTHM,
YTO BCTaBKH HAYMHAIOTCS B BUPTYaIbHLIX CTPAHMLAX, @ UMEHHO B TaK Ha3biBaeMbIX
AONOJHUTENbHBIX y3/1aX (CM. puc. 4.19); npu 3TOM HOBBIH 3/1eMEHT Cpa3y nepeaaercs
yepe3 NapaMeTp U BBEPX Ha KOHLEBYIO CTPAHMLLY /s peajibHOM BcTaBkH. Bor Habpo-
COK 3TO# CXeMBbl:

PROCEDURE search (x: INTEGER; a: Page; VAR h: BOOLEAN; VAR u: Item);
BEGIN
IF a = NIL THEN (*x 8 nepese HeT, BCTaBUTL*)
NPNCBONTL X 3N1eMeHTY U, ycTanHosnTs h 8 TRUE, ytobsi coobwymrs,
YTO 31eMeHT U NepenaeTca 8sepx ro Aepesy
ELSE
TONCK AeneHneM roronaM 3HaYeHnAa X 8 Maccmse a.e;
IF naviges THEN
obpaborars gaHHbIE
ELSE
search(x, descendant, h, u);
IF h THEN (*Hasepx 6uin TepeaaH 3neMeHT?)
IF yncno 3nemeHTO8 Ha cTpanHnye asr < 2n THEN
BCTaBMTb U Ha CTpaHuye aA n yctaHosuts h 8 FALSE
ELSE
pa3burs cTpaHnLy v nepenarTs CpeaHnt INeMeHT Hasepx
END
END
END
END
END search

Ecau h pasen TRUE nocie Bui3oBa npoueaypbl search B rinaBHoOI nporpaMae, 3Ha-
uuT, TpebyeTcs pasbUThL KopHEBYI0 CTpaHHLly. Tak Kak KOpHeBas CTpaHH1a HIPaeT 0COo-
Gy10 poab, TO 3TO AeiicTBHE CJieayeT 3alporpaMMHpOBaTh oTAeabHO. OHO COCTOMT Npo-
CTO B pa3MellleHHH HOBOM KOPHEBOH CTPaHHLbI U BCTaBKe eAHHCTBEHHOrO 3/IEMEHTA,
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3azlaBaeMOro napamMerpom u. B pesyisbrare HOBas KOpHeBas CTPaHHMUA COAEPXKHT
eAMHCTBeHH bl aieMeHT. [TonHBIit TekcT nporpaMMbl NpUBeAeH HHKe, a pHC. 4.45 mno-
Ka3blBaeT, Kak OHa CTpouT B-aepeBo npH BcTaBke Kaloyeit U3 caeaylollei nocjieaoBa-
TEJIbHOCTH:

20; 40 10 30 15; 35 7 26 18 22; 5,42 13 46 27 8 32; 38 24 45 25;

ToukH ¢ 3angaTOi OTMEYaIOT MOMEHTHI, KOTAa CAe/IaHbl «CHHMKH», — NMOCJIE KaXXAO0ro
Pa3MELLIECHHSA CTPaHHL. BcTaBka nocsieaHero kaipoya Bb3bIBaeT A1Ba pasGuenml H pa3Me-
lI[EHHE TPEX HOBBLIX CTPAHHUL.

a) L2 ]

b) | 20 J

Lo 15/ ] [0 40 J

c) 20 30

L7 10 15 18] [22 26 ] 35 % ]

d) 10 20 30

Ls 7 ] s 18 ] [22_2¢ ] (38 40 B
e)

s 7 o | 113 15 18 | 22 28 27 | [ 32 35

10_20 EX

| s 7 s ] [13 15 8 | |22 24 | | 28 27 | [ 3 35 38 | |42 45 46 |

Puc. 4.45. Poct b-aepeesa nopsaaka 2

[Tockonbky KaXxxablii BBI30B Npoleaypbl MOMCKA NOApa3yMeBaeT OiHO KONUPOBaHHe
CTpaHHUbI B ONEpaTHUBHYIO NaMATb, TO NOHAA0OUTCS He 6onee k = log,(N) pexypcus-
HBIX BbI30BOB /11 AepeBa H3 N anemeHTOB. I103TOMY HYXHO HMETbH BO3MOXHOCTb pa3-
MeCTHUTb k CTpaHH1l B onepaTUBHOI NaMATH. ITO NepBoe OrpaHHYeHHeE Ha pa3Mep CTpa-
Huubl 2n. Ha camom aene HyxHo pa3mewats 6onblue, yeM k CTpaHHLL, Tak KaK BCTaBKa
MOXeT Bhi3BaTh pa3bueHHe. OTcioaa ciieqyer, YTO KOpPHEBYIO CTPaHHILY Ay4llie NOoCTo-
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SIHHO JiepXXaTb B ONepaTHBHOI NMaMATH, TaK KaK KaXKAblii 3anpoc 06g93aTes1bHO NpoXo-
ANUT Yepe3 KOPHEBYIO CTPaHHILY.

Jlpyroe A0CTOMHCTBO OpraHH3allMH JaHHBIX ¢ noMmolbio b-aepeBbeB — yno6cTBo H
3KOHOMHUYHOCTb YHCTO NOC/IEA0BATENBHOrO OOHOBAEHHS BCel 6a3bl AaHHbIX. Kaxaan
CTPaHHLA 3arpyXaeTcs B ONEePaTHBHYIO NaMATb B TOYHOCTH OHH pa3.

Onepauus yaaneHus anemeHToB U3 b-aepeBa no naee 10BobHO NPOCTa, HO B AeTa-
NAX BO3HUKAIOT yCJI0OXKHeHHs. CaeayeT pa3/iHyaTh ABe pa3sHble CHTYalUH:

1. YnandaeMbiit aneMeHT HaXOAUTCA Ha KOHLEBOH CTPaHHLe; 3AeCh AITOPHTM yAa-
JICHHSA NPOCT U NOHATEN.

2. JneMeHT HaXOAMTCS Ha CTPaHHlle, He ABAAIoLIENCS KOHLIEeBOIA; ero HyXHO 3ame-
HHUTb OAHUM H3 BYX COCEHHX B JiIEKCHKOrpauyeCKOM CMbICJIE 3/IEMEHTOB, KO-
TOpble 0Ka3biBalOTCA Ha KOHLEBbIX CTPaHULIaX U MOTYT OBbITb JIETKO yAaNeHbl.

B cnyuyae 2 HaxoxaeHHe COCeIHEro KJio4ya aHaJIOTHYHO COOTBETCTBYIOLIEMY a/Iro-
PMTMY NPH yAasleHUH U3 ABOMYHOro Aepesa. Mul cnyckaemcs no kpaitHMM NpaBbIM
yKa3aTessiM BHU3 10 KOHLEBOH CTpaHHULbl P, 3aMeHsAeM yaansieMblil 3/1eMeHT KpaitHUM
npaBbIM 3JIeMEHTOM Ha P M 3aTeM yMeHbllIaeM pa3Mmep cTpaHMubl P Ha 1. B nio6om cay-
Yyae 3a yMeHbllleHHeM pasMepa A0/KHa C/1e0BaTh NPOBepKa YHCJIa 3/1IEMEHTOB M Ha
yMeHbIIHBLIEHCA CTPaHHIlE, TaK KaK M < n HapylliaeT XapaKkTepHCTHYeckoe CBOMCTBO
bB-nepeBbeB. 3aech HyXKHO NpeaANnpUHATD AONOJIHUTE/IbHbIE AEICTBUSA; 3TO YC0BHE He-
docmamounou 3anoanennocmu (underflow) ykasniBaercs 6yneBckum napamerpom h.

EaMHCTBEHHBII BHIXOA — NO3aHMCTBOBATD 3J1IEMEHT C OJHOI U3 COCEAHHX CTPaHMll,
ckaxeM Q. [Tockonbky 310 Tpebyer cuHTHIBaHUSA CTpaHHLLb Q B ONepaTHBHY 10 NaMSATh, —
YTO OTHOCHTEJILHO AOPOro, — €CTh C061a3H U3BJeYb MAKCUMabHYIO NM0Jb3Y M3 ITOIH
HeXeJIaTeJIbHOMH CHTYalMM H N03aHMCTBOBATb 3a OAUH pa3 6oJblie OIHOro 3/1eMEHTa.
OG6biuHas cTpaTerus — pacnpeaeanTb 3/1eMeHThbl Ha cTpaHHLax P u Q mopoBHY Ha 06enx
CTpaHHLaX. ITO Ha3biBaeTcs 6arancuposxoti cmparnuy (page balancing).

Pa3ymeeTtcs, MOXET C1yYHTBCSH, YTO 3/IeMEHTOB /1 3aUMCTBOBaHHUSA He OCTa0Ch,
NOCKOJIbKY CTPaHMLa Q AOCTHI/Ia MHHUMaJIbHOTO pa3mepa n. B aTom cayvae obiuee
YHC/I0 3/IEMEHTOB Ha CTpaHHLax P H Q paBHO 2n-1, U MO)XHO 0ObEAMHHTD 06€ CTPaHHK-
bl B OAHY, A00aBHB CpPeAHHI 31IeMEeHT CO CTPaHHUBI-Npeaka Ans P u Q, a 3atem noa-
HOCTbI0 H30aBHTbCA OT cTpaHHUB Q. ITa onepauus ABAsAETCA B TOYHOCTH obpalue-
HHeM pa3fHeHMsa cTpaHuubl. LleaMkoMm npouecc NpouANIOCTPUPOBAaH ylajleHHeEM
Kaiova 22 Ha puc. 4.44. Y s3nech cHOBa yaAaieHHe CpeIHEro KJio4a CO CTPaHH1bI-Tiped-
Ka MOXET YMEHbIIHUTb pasMep NMocjelHeil HUXKe paspelieHHOro npeaena n, TeM ca-
MBIM TpeOyst BLINOJIHEHH A CTieIHANIbHBIX AelicTBHI1 (6aNaHCHPOBKH HJIH CIMSIHUSA ) Ha
cleaywolueM ypoBHe. B kpaitHem cnyyae, cHsiHHe CTPaHM1L MOXKET PaCNPOCTPAHATb-
cs BBepXx 10 camMoro KopHs. Ecaun kopenb ymeHbmaercsa ao pasmepa 0, caeayert yaa-
JINTb CaM KOpeHb, YTO Bbi3bIBaeT yMeHbllieHHe BLcOTH B-aepeBa. Ha camom aene ato
elMHCTBEHHas CHTYallusi, KOria MO)KeT YMeHbIIHTbCA BbicoTa b-aepeBa. PucyHok
4.46 noka3biBaeT nocteneHHoe yMeHblieHHe b-aepeBa c puc. 4.45 npu nocnenosa-
TEJIbHOM YAQNIeHHH KAI04el

25 45 24; 38 32; 8 27 46 13 42; 5 22 18 26; 7 35 15;
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3aech, KaKk U paHblile, TOYKH C 3aMATOH 0TMEYaI0T MECTa, Ie AeNal0TCA «CHUMKH»,
TO €CThb TaM, re YAAIAITCA cCTpaHulbl. Cienyer ocobo noaYyepKkHYTh CXOACTBO CTPYK-
TYPh! AITOPUTMa yAAEHUs C COOTBETCTBYoLIEeH Npoueaypoii Ans cb6asaHCHPOBaHHOIO
aepeBa.

10 20 0 40

[s 7 s ] [13 15 8 ] [22 24 | |2e_27 | [(32.35 38 ] [«2 45 @ |
b) 10 22 30 40
Ls 7 8 | [13 15 18 20] | 28 27 ] [ 32 35 38 | |42 48 |
c) 10 22 30
s 7 s | [13 15 18 20| |28 27 | [35 40 42 4s]
d) 10 22
s 7 ] [ 15 18 20 | [26 30 35 0]
e) | 15 J
/ N\
[ 7 w0 ] [20 30 35 40}
f) [10 20 30 e

Puc. 4.46. Ynanenve anemeHTOB 13 b-aepeea nopsaaka 2

TYPE Page = POINTER TO PageRec; (* ADruS471 _Btrees *)
Entry = RECORD
key: INTEGER; p: Page
END;

PageRec = RECORD
m: INTEGER; (*yncno 3nemeHTOB Ha CTpaHuue*)
pO: Page;
e: ARRAY 2*N OF Entry

END;

VAR root: Page; W: Texts.Writer;
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PROCEDURE search (x: INTEGER; VAR p: Page; VAR k: INTEGER);
VAR i, L, R: INTEGER; found: BOOLEAN; a: Page;
BEGIN
a := root; found := FALSE;
WHILE (a # NIL) & ~found DO
L := 0; R := a.m; (*nonck AeneHnem norronam*)
WHILE L <R DO
i := (L+R) DIV 2;
IF x <= a.e[i].key THEN R := | ELSE L := i+1 END
END;
IF R < a.m) & (a.e[R].key = x) THEN found := TRUE
ELSIFR =0 THEN a := a.p0
ELSE a := a.e[R-1].p
END
END;
p:=a;k:=R
END search;

PROCEDURE insert (x: INTEGER; a: Page; VAR h: BOOLEAN; VAR v: Entry);
(*a # NIL. UckaTb knioy x 8 b-Aepese ¢ KOpHeM a;
BCTaBUTb HOBLIN 3NEMEHT C KNIOYOM X.
Echn HaBepx HYXHO TTepeAaTh 3NeMeHT, TPUCBOUTDL ero v.
h := "sbicOTa gepesa ysennynnaco"*)

VAR i, L, R: INTEGER;
b: Page; u: Entry;
BEGIN
(* ~h*)
IF a = NIL THEN
v.key := x; v.p := NIL; h := TRUE
ELSE
L := 0; R := a.m; (*rmouck AeneHnem ronmonam*)
WHILEL <R DO
i ;= (L+R) DIV 2;
IF x <= a.e[i].key THEN R :=i ELSEL :=i+1 END
END;
IF (R < a.m) & (a.e[R].key = x) THEN (*Hawnwu, aenatb Heyero*)
ELSE (*Ha 3TOW CTpaHuue HeT*)
IFR=0THEN b := a.p0 ELSE b := a.e[R-1).p END;
insert(x, b, h, u);
IF h THEN (*scTtasuTb u cnesa ot a.e[R]*)
IFa.m < 2*N THEN
h := FALSE;
FORi:=a.m TO R+1 BY -1 DO a.e[i] := a.e[i-1] END;
a.e[R] := u; INC(a.m)
ELSE (*repentonHeHune; pa3bute a Ha a, b
W TTPUCBOUTD CPEAHUN 3NEeMEHT TTepeMeHHOMN V*)
NEW(b);
IF R < N THEN (*BcTasuTb B nesyio CTpaHuuy a*)
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v := a.e[N-1];
FOR i := N-1 TO R+1 BY -1 DO a.e[i] := a.e{i-1] END;
a.e[R] := u;
FOR i := 0 TO N-1 DO b.e[i] := a.e[i+N] END
ELSE (*BcTasuTb B TpaByio CTpaHuuy b*)
DEC(R, N);
IFR =0 THEN
Vimu
ELSE
v ;= a.e[N];
FOR i := 0 TO R-2 DO b.e[i] := a.e[i+N+1] END;
b.e[R-1] :=u
END;
FOR i := R TO N-1 DO b.e[i] := a.e[i+N] END
END;
a.m:=N; b.m :=N; b.p0 :=v.p;v.p:=b
END
END
END
END
END insert;

PROCEDURE underflow (c, a: Page; s: INTEGER; VAR h: BOOLEAN);
(*a = CTpaHWua, rae cAMWKOM Mano 3nemeHTos (underflow),
C = CTPaHUUA-TIPEAOK,
S = UHAEKC CTepTOro 3HayeHumsa 8 C*)
VAR b: Page; i, k: INTEGER;
BEGIN
(*h & (a.m = N-1) & (c.e[s-1].p = a) *)
IF s < c.m THEN (*b := cTpaHnua cripasa ot a*)
b := c.e[s).p;
k := (b.m-N+1) DIV 2; (*k = yncno csoboaHbix 3nemMeHTOB Ha CTpaHuue b*)
a.e[N-1] := c.e[s]; a.e[N-1]).p := b.p0;
IF k > 0 THEN (*cbanaHcnposath repemeuwieHrem k-1 3nemeHToB ¢ b Ha a*)
FOR i := 0 TO k-2 DO a.e[i+N] := b.e[i] END;
c.e[s] := b.e[k-1]; b.p0 := c.e[s].p;
c.e[s).p := b; DEC(b.m, k);
FORi:=0TO b.m-1 DO b.e[i] := b.e[i+k] END;
a.m := N-1+k; h := FALSE
ELSE (*cnutb cTpaHuubl a u b, b 6onbue He HyxHa*)
FOR i := 0 TO N-1 DO a.e[i+N] := b.e[i] END;
DEC(c.m);
FORi:=5s TO c.m-1 DO c.eli] := c.e[i+1] END;
am:=2*N;h:=cm«<N
END
ELSE (*b := cTpaHuua cnesa ot a*)
DEC(s);
IFs=0THEN b := c.p0 ELSE b := c.e[s-1].p END;
k := (b.m-N+1) DIV 2; (*k = yncno cBoboaHLIX 3neMeHTOB Ha CTpaHuue b*)



238 AMHAMUYECKME CTRYKTYPH! AGHHbIX

IF k >0 THEN
FOR i := N-2 TO 0 BY -1 DO a.e(i+k] := a.e[i] END;
a.e(k-1] := c.e[s); a.e(k-1].p := a.p0;
(*nmepemecTutb k-1 3nemeHTOB C b Ha a, oAMH Ha ¢*) DEC(b.m, k);
FORi:=k-2TO 0 BY -1 DO a.e[i] := b.e[i+b.m+1] END;
c.e[s] := b.e[b.m]; a.p0 := c.e[s].p;
c.e[s].p := a; a.m := N-1+k; h := FALSE

ELSE (*canTh cTpaHuubl a u b, a 6onbuie He HyxHa*)
c.e[s].p := a.p0; b.e[N] := c.e[s];
FOR i :=0TO N-2 DO b.e[i+N+1] := a.e[i] END;
b.m := 2*N; DEC(c.m); h:==c.m <N

END

END
END underflow;

PROCEDURE delete (x: INTEGER; a: Page; VAR h: BOOLEAN);
(*HanTk 1 yaanuTtb kniou x 8 b-aepese a;
€CNW Ha CTpaHMue CTano CAULLIKOM Mano 3NEeMEHTOS,
cbanaHcuposaTh C COCEAHEN CTPAHUUEN UAN CAUTD;
h := "Ha CTpaHuue CANWIKOM Mano 3NeMeHTOB"*)

VAR i, L, R: INTEGER; q: Page;

PROCEDURE del (p: Page; VAR h: BOOLEAN);
VAR k: INTEGER; q: Page; (*rnobanbHbie a, R*)
BEGIN k := p.m-1; q := p.e[kl.p;
IF q # NIL THEN del(q, h);
IF h THEN underflow(p, q, p.m, h) END
ELSE p.e[k]).p := a.e[R].p; a.e[R] := p.e[k];
DEC(p.m); h :=p.m <N
END
END del;

BEGIN
IF a # NIL THEN
L := 0; R := a.m; (*rrouck AeneHnem moronam*)
WHILEL <R DO
i .= (L+R) DIV 2;
IF x <= a.e[i].key THENR := i ELSEL := i+1 END
END;
IFR=0THEN q := a.p0 ELSE q := a.e[R-1].p END;
IF(R <a.m) & (a.e[R).key = x) THEN (*Hawnun?*)
IF @ = NIL THEN (*a — kOHuesBas cTpaHuua*)
DEC(a.m); h :=a.m < N;
FORi:=RTO a.m-1 DO a.e[i] := a.e[i+1] END
ELSE
del(q, h);
IF h THEN underflow(a, q, R, h) END
END
ELSE
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delete(x, q, h);
IF h THEN underflow(a, q, R, h) END
END
END
END delete;

PROCEDURE ShowTree (VAR W: Texts.Writer; p: Page; level: INTEGER);
VAR i: INTEGER;
BEGIN
IF p # NIL THEN
FOR i := 1 TO level DO Texts.Write(W, 9X) END;
FOR i := 0 TO p.m-1 DO Texts.Writelnt(W, p.eli].key, 4) END;
Texts.WriteLn(W);
IF p.m > 0 THEN ShowTree(W, p.pO, level+1) END;
FOR i := 0 TO p.m-1 DO ShowTree(W, p.eli].p, level+1) END
END
END ShowTree;

ddexktnBHOCTL B-AepeBbeB M3yyanach BecbMa NMoApPOOHO, pe3y/bTaThl MOXHO
HaiiTH B ynoMAHyTOi cTarbe Baiiepa u Makkpeiita. B yacTHocTH, TaM 06cyxaaercs
BONPOC ONTHMANILHOIO pa3Mepa CTpPaHM1lbl, KOTOPbI CHJILHO 3aBUCHT OT XapaKTepuc-
THK UCIMOJIb3YeMOH BLIYHUCIUTEIBHOM CUCTEMBI M MAMATH.

Bapnauumn Ha Temy B-nepesbeB o6cyxaalorcs y Knyra ([2.7], ¢. 521-525 nepeBo-
aa). 3acnyKuBaeT BHUMaHUA HabsoaeHue, YTo pa3breHne CTPaHHLBI CleyeT OTK1a-
ABIBaTh, KaK c/eayeT OTKJAaAbiBaTh M CIMSIHME CTPaHMLL, U CHayaa NbiTaThcsA cbanaH-
CHpOBaTh COCEAHHE CTPaHMLIBbI. B OCTanbHOM MOXO0JKe, YTO BbINo/a OT NpeJiaraBLIUXCA
yayulleHui He3HauuTeAbHa. BecbMa nonnwiit 063op B-aepeBbeB MoXHO HaiiTH B [4.8].

4.7.2. [IsonyHsie b-nepesns

Ha nepsuiit B3rasaa, b-aepeBbs neporo nopsaka (n = 1) — HauMeHee HHTepecHast HX
pasHoBUAHOCTbL. Ho MHOra CTOMT nprcMoOTpeThCA K ocoboMmy cayyalo. SIcHo, oaHako,
uyto bB-aepeBbs nepBoro nopsaka He MOryT ObITh NMO/MIE3HBI AJS NPeACTaBAeHUs 6ob-
IIKUX YNOpPAAOYEHHBIX HHAEKCHPOBaHHBIX HabOpPOB AAHHBLIX C UCMOAb3OBaHHEM BHe-
IIHUX YCTPOHCTB XpaHeHHs. [ToaToMy Mbl Tenepp 3abyaeM NMpo BHEWIHIOW NMaMATh U
CHOBa PacCMOTPHM JA€epeBbs NOMCKa, npeanosaras paboTy B onepaTHBHOI NMaMATH.
Hsouunoe 5-depeso (1 b-nepeBo; BB-tree) coctout u3 y3/10B (CTpPaHHLL) C OAHHUM
MK ABYyMs 3neMeHTaMH. [ToaToMy cTpaHnua coaep)XMT 1Ba WM TPH yKa3aTeJisl Ha Nno-
TOMKOB; 3THM OObACHAETCA TEPMHUH 2-3 depeso. B coOTBeTCTBHH C onpeaesieHHEM
B-nepeBbeB Bce KOHlEBbi€ CTPaHMLbl HAXOAATCA Ha OIHOM YPOBHE, a BCe HEKOH1IeBble
cTtpaHuubl J1Bb-aepeBbeB MMEIOT ABYX MJIM TPEX MOTOMKOB (BKJ1I0Yas KopeHb). Tak kak
MBI Tenepb HMeeM 1€J10 TO/ILKO C ONepaTHBHOI NaMATbIO, TO HYXKHO noayMatb 06 onTH-
MaJIbHOM MCNOJIb30BAHUM NMaMATH, TAK YTO NpPEACTaBJIEHHE 3JIEMEHTOB B y3J1€ C MOMO-
LLIbIO MAaCCHBa He KaXeTCs NOAXOAAINM. ANbTepHaTHBOI OyaeT AMHaMHUYecKoe, CBA3-
HOe pa3MelleHHE; TO eCTb B KaXAOM y3Jie eCTb CBA3HbII CMUCOK 3/1EMEHTOB AJIMHH 1
nam 2. Tak Kak y KaXa0ro ysja He 60Jblle TpeX NOTOMKOB M NIO3TOMY B HEM HYXKHO
XpaHUTb He GoJiee Tpex ykasareseii, CobG1a3sHUTENbHO OObEAMHUTD yKa3aTeu Ha 1o-
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TOMKOB C YKa3aTe/JsiMH B CIMCKe 3/1eMEHTOB, KaK NMoKa3aHo Ha puc. 4.47. Toraa ysen
bB-nepeBa Tepset cBolo cneunduky U HauMHaeT UrpaTh POJb y3/1a OOBIYHOrO JBOHYHO-
ro aepesa. O1HaKo BCe-TakH HYXHO OT/IMYaTh yKa3aTe/ i Ha MOTOMKOB ( BepTUKaJIbHbIE
CTPE/NKH) OT yKa3aTesieii Ha «OpaTbeB» Ha TOif )Ke cTpaHHuLe (rOPU3OHTANIbHbBIE CTPeJI-
KH). Ilocko/nbKy rOpU3OHTANBHBIMM MOTYT ObLITH TOJILKO YKa3aTesM, HanpaB/ieHHbe
BIPaBO, AOCTAaTOYHO OAHOro 6UTa, YTOOB OTMeYaTh 3Ty pa3Huly. [loaTomy BBeneM Oy-
JieBckoe noJie h co 3HayeHHUeM <ropu3oHTaIbHbIs. OnpeaeneHue yana aepesa A1 Ta-
KOO NnpeAcTaBJieHusA npuBoaAnTCa HxKe. Ero npeanoxua u uccnenosan B 1971 r. baii-
ep (R. Bayer [4.3]); Takas opraHu3auus aepeBa MOMCKa rapaHTHPYET MaKCHMAIbHYIO
ANUHY nyTH p = 2*log(N).

TYPE Node = POINTER TO RECORD
key: INTEGER;
left, right: Node;
h: BOOLEAN (*ripassii ykasaTenb ropu3OHTaNbHbIN®Y)

END
a b
a b c

Puc. 4.47. Npeacrasnexve yanoe 4b-0epesses

PaccmarpuBas BCcTaBKy KJIOYa, CJefyeT pa3jiMyarh YeTbipe BO3MOXHBIX CJydas,
BO3HHMKAIOLIME MPH POCTE JIeBbIX HJIM NMPaBLIX MOALEPEBLEB. ITH YEThIpe CIy4yas NoKa-
3aHbl Ha puc. 4.48. HanoMHuM, yTOo Ans B-nepeBbeB xapakTepeH pPOCT CHH3Y BBepx
K KOPHIO M YTO /11 HUX HY>KHO obecreunBaThb, YTOObl BCe KOHLIEBLIE CTPaHHIIbl ObIIM Ha
oaHOM ypoBHe. [1pocreitmnii cayuaii (1) uMeer MecTo, KOraa pacteT npasoe MoaaepeBo
y3/aa A, npuyeM A ABJISIeTCS €AMHCTBEHHBIM KJIIOYOM Ha CBOei (BUPTYa/IbHOI ) CTPaHMLE.
Toraa noromok B npocTo CTAaHOBUTCA «6paTOM» U1 A, TO €CTh BEPTHKIbHBII YKa3aTeNb
CTaHOBUTCS FOPU3OHTAIbHLIM. Takoe NpocToe «NnoAHMMaHHe PyKH» HEBO3MOXKHO, €CJIH
y A yxe ecTb <6paTs. Toraa nosy4yaercs crpaiuua ¢ 3 ysnaMu, M ee Hy)KHO pa3buBaTb
(cnyvaii 2). Ee cpeanmit y3en B Hy)XHO nepesath Ha cJieyIOLHH YPOBEHb BBEpPX.

Tenepp npeaAnosoxuM, 410 yBeJH4YHIaCh BLICOTA JIeBOro nojaaepesa ysaa B. Ecaun
CHOBa y3eJ1 B Ha cTrpaHule oauH (cayuyaii 3), TO eCTb €ro npasblii yKa3aTe/b CChlJIaeTCA
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Ha NMOTOMKa, TO JIeBOMy nozaaepeBy (A) paspeluaeTcs ctaTh <6paroM» aas B. (Tak kax
NeBblif yKa3aTesb He MOXKET ObITb FOPU3OHTANIBHLIM, TO 31€Ch HY)KHa TPOCTast POTalLMS
ykasateseit.) Ho ecan y B yxe ecTb «6paT», TO noaHsTHE A CO31a€T CTPaHHULLy C TPEMs
yKa3aTeasMH, Tpebyioliyio pa3bueHus. ITo pa3bueHne BhINOIHAETCA CaMBbIM MPOCTHIM
cnoco6oM: C CTAHOBHTCS MOTOMKOM B, KOTOPBIA, B CBOIO OYepelb, NOAHUMAETCS Ha cJie-

AylOLHIA YpoBeHb BBepX (cayyaii 4).

PP A .
ROA, ..

Puc. 4.48. Bcraska y3noe 8 [1b-aepese
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Hy>kxHO 3aMeTHTb, YTO NpH NOUCKeE KJI0Y€eil B CYIHOCTH 6e3pasinyHO, HAEM JIK Mbl
10 rOPH3OHTAILHOMY HJIM N0 BEPTHKaILHOMY yka3aTeJo. [loaToMy KaxeTcs HeecTe-
CTBEHHBLIM, YTO HYXHO GECIIOKOMTBCA O TOM, 4YTO JieBbli YKa3aTesb B C1y4yae 3 CTaHO-
BUTCS FOPU3OHTANbHLIM, XOTS €ro CTpaHH1Ia NO-NpeXHeMY coaepXHT He 6onee AByx
ywieHoB. B camMoM aene, anropuT™ BCTaBKH ABJISET CTPaHHYIO aCHMMETPHIO IS CyYa-
€B POCTa JIEBOr0 WJIM NPaBoro noaaepeBueB, Tak yTo [ b-aepeBba kaxyTcs A0BOJILHO
MCKyCCTBeHHOH KOHCTpyKuuei. He cylecTByeT 10Kka3aTe/1bCTBA TOTO, YTO ITO Helpa-
BWJIbHO; HO 3/10POBasi HHTYHLIUSA NMOACKA3bIBAET, YTO 3[ECh YTO-TO HEJNAAHO U YTO ITY
aCUMMETPHIO CeAYeT YCTPAHHUTb. ITO MPUBOAUT K NOHATHIO CUMMEMPUUHOZ0 0B0UYHO-
20 b-depesa (C16-nepeBo; SBB-tree), koropoe Toxe 6bi10 UccnenoBaHo Baiiepom
B 1972r. [4.4]. B cpeatemM OHO NpUBOAMT K 4YTb 60/1€ee 3¢ppeKTUBHOMY NMOUCKY, HO NIPH
3TOM CJIeTKa YCJO0XHSAIOTCA a/IrOPUTMbl BCTAaBKM M yaaneHus. Kpome toro, B Kaxaom
y3ane Tenepb Hy>KHbI 1Ba 6uta (0yaeBckue nepeMenHsle lh u rh), uTo6b yKasaTs npupo-
Ay ABYX €ro yKasaTeJsei.

Mu! OrpaHHYHMCS J€TaTbHBIM PACCMOTPEHHEM 331a4M O BCTABKaX, M 316Ch HAM CHOBA
HY>KHO pa3/inyaTh YeTbipe c/yyas pocTa noaaepeBbeB. OHU NOKa3aHbl Ha puc. 4.49, rae
OYeBHAHA CUMMETPHA, K KOTOPOit Mbl CTPEMMJIUCh. 3aMeTHM, YTO KaXAbli pa3s, Kkoraa
pacTeT NoIepeBo y3a A, He uMelolero «<6paTtas, KopeHb 3TOro NojepeBa CTAHOBUTCSA
«OpaToMs» y3na A. ITOT cayyaii MOXHO B JajibHelileM He pacCMaTPHUBaTb.

Bo Bcex yeThipex c/y4asix, paCCMOTPEHHbBIX Ha pUC. 4.49, BO3HMKaeT nepenoyiHeHne
CTPaHHMLbI € mocjenyolnuM ee pa3bueHueM. Cayvyan obGo3HauyeHBl B COOTBETCTBUM
C HanpaB/ieHUSIMA TOPU3OHTANBHBIX YKa3aTesei, CBA3BIBAIOLIMX Tpex <bOparbeBs
B cpeAHHX puUcyHKax. McxoaHoe MmoJsiokeHHe MOKa3aHO B JIeBOM CToJibue; cpeaHuit
cToabeu HAMIOCTPUPYET TOT PaKT, uTo Obi/ MOAHAT y3eJ ¢ 60J1ee HU3KOro ypOBHS, KOT-
Aa BbIPOCJIO €ro NoAAepeBo; PUCYHKH B MPaBOM CTOJIOME NTOKa3biBalOT OKOHYATebHbIH
pe3yJIbTat NneperpyninupoBKH Y3J0B.

Bosbie HeT cMbic/1a COXPaHATD MOHATHE CTPAaHHULL, H3 KOTOPOI0 3BOIIOLIMOHUPOBA
3TOT CNOcob OpraHKU3aLnH AepeBa, NOCKOJbKY Mbl TOJIbKO XOTe/1H Obl OrpaHHYMTb MaKCH-
MaJIbHYIO VIMHY NYTH BeanunHo# 2*log(N). 15 3TOro A0cTaTouHO 06€eCeynTh, YTOOb!
ABa TOPU3OHTA/IbHBIX YKa3aTe/id HUKOr/Ja He MOTJIM BCTPEYaTbCs NOAPAA HH Ha KaKOM
nyTtH noucka. OHaKo HeT pe30Ha 3anpeLlaTh Y3/bl C TOPH3OHTAIbHBIMH YKa3aTeJIAMH,
HarnpasJieHHBIMH BJIEBO H BIIPaBO, TO €CTb N0-Pa3HOMY TPaKTOBaTh JieBoe U npasoe. [lo-
3TOMY ONnpeae UM CHMMETPHYHOE ABOMYHOE B-aepeBo caeny oMK cBOICTBaMH:

1. Kaxxawlii y3esn conepkuT OMH K104 U He 60J1ee AByx noaaepeBbeB (TOYHee, yKa-
3aTeJieil Ha HUX).

2. Kaxawiii ykasaTenb ABAsA€TCA AM60 rOPU3OHTANbHBIM, IH00 BepTHKaNbHBIM. Hi
Ha KaKOM MYTH NMOMCKa HE MOTYT HATH NOAPSAA ABa FOPU3OHTANIbHBIX YKa3aTes.

3. Bce koHueBble y3bl (y3/1bl 6€3 NIOTOMKOB) HaXOAATCA Ha OIHOM YPOBHeE.

U3 aToro onpeaenenns caeayer, YTo caMblif /IMHHBIA NyTb NOUCKa He MOXeT Gosee
yeM BJBOE NpeBLILIATh N0 AJIMHe BhicoTy AepeBa. [lockonbky Hukakoe C/b-aepeso
¢ N y3namu He MoXeT UMeTb BbICOTY Goibliie, yeM log(N), TO HeMeaIEHHO NnoJiyyaeM,
ytOo 2*l0g(N) — BepxHuil npeaen Ha ANUHY NyTH noucka. HarasaHoe npeacrasnenune
O TOM, KaK pacTyT Takue AepeBbs, AaeT puc. 4.50. Huxxe npuseaeHb! nocienosareb-
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"R KRR AL

"R R ] R

" (a—(e) ORRO O ONO

Puc. 4.49. Bcraska 8 C1b-nepesbax

HOCTH BCTaBJsieMbIX KJloyei, NpHYeM KaXX210ii TOYKe C 3anfaAToi COOTBETCTBYET Kap-
THHKA, NOKa3blBalolan COCTOAHHUE epeBa B NaHHbI MOMEHT.

)1 2;,3;,45 6;7,
2) S 4;,3;1 2 7
3) 6 2;4;1 7 3
4) 4 2 6,1 7; 3

vivi o
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e

b0 £, Posite

Puc. 4.50. Bctaskm xwowen c 1 no 7

ITH KapTHHKH AenaloT 0Co0eHHO OYeBMAHBIM TpeTbe CBOMCTBO B-aepeBbeB: Bce
KOHLIeBble y3/Ibl HAaXOAATCS Ha OAHOM ypoBHe. HanpalunBaeTcs cpaBHeHHe CO CBexe-
NOACTPHIKEHHBIMH CAI0OBLIMHU OrpaJlaMH U3 KyCTapHHUKa.

Anroput™ nocrpoeins C/1b-nepeBbeB nokasan Huxe. OH OCHOBaH Ha onpeneie-
HuM TMNa Node c aByms komnoHeHTaMu |h 1 rh, yka3biBaloliMMHU COOTBETCTBEHHO, SiB-
JISI€TCS 1M FTOPU3OHTA/ILHBIM JIEBBIi M NpaBLIfl yKa3aTeb.

TYPE Node = RECORD
key, count: INTEGER;
left, right: POINTER TO Node;
Ih, rh: BOOLEAN
END

Cxema peKypCHBHOH mnpoueaypsl search cCHOBa NOBTOPSieT OCHOBHOIi aJirOpUTM
BCTaBKH B ABOMYHOe AepeBo. B Hee BBeaeH TpeTHit napaMeTp, yKa3blBaIOLMiA, M3MEHH-
JIOCh JIM NOAAEPEBO C KOPHEM P, M COOTBETCTBYIOLLMI1 napaMeTpy h nporpaMmbl NOMCKa
ans B-pepeBa. OnHaKO HyXHO OTMETHUTb OJHO CJIEACTBHME MNMPEACTABJEHUA CTPaHHUU
CBA3HbIMM CIIMCKAMM: CTPaHHLIa 06X0ANTCS 32 OAMH MJIM [1BA BLI30Ba NpOLEAYPbI NOUC-
Ka. [Toatomy cnenyer pa3inyath c/yyait Bulpociuero noaaepeBa (Ha KOTOpbIid yKa3bl-
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BaeT BepTHKajbHas CChljKa) OT «<6paTCKOro» ysna (Ha KOTOpblii yKa3blBaeT rOpH3OH-
Ta/ibHasA CChI/IKA), KOTOPhIil NOAYYHA HOBOro «OpaTas, Tak uto Tpebyercs pa3bueHue
cTpaHuubl. [Ipobsema nerko peliaeTcst BBeAeHHeM TpexaHayHoro napamerpa h co cae-
AYIOUUMH 3HAYEHUAMM:

1. h = 0: nonaepeso p He TpebyeT U3MEHEHHH CTPYKTYPhI AepeBa.
2. h = 1:y3en p noayuun <6paras.
3. h = 2: yBennyuaach BLICOTa nNojaJepesa p.

PROCEDURE search (VAR p: Node; x: INTEGER; VAR h: INTEGER);
VAR q, r: Node; (* ADruS472_BBtrees *)
BEGIN
(*h=0%)
IF p = NIL THEN (*scTasuTb HOBbIN y3en*)
NEW(p); p.key := x; p.L := NIL; p.R := NIL; p.lh := FALSE; p.rh := FALSE;
h:=2
ELSIF x < p.key THEN
search(p.L, x, h);
IF h> 0 THEN (*nesas seTsb BbIpOCAa unu onyuuna "6para”*)
q:=p.L
IF p.lh THEN
h := 2; p.lh := FALSE;
IF q.Ih THEN (*LL*)
p.L := q.R; q.lh := FALSE; Q.R ;== p; p = q
ELSE (*q.rh, LR%)
r=q.R;qR:=rL;q.rh:=FALSE;rL:=p.L;p.L:=rR;rR=p;p:=r
END
ELSE
DEC(h);
IF h = 1 THEN p.lh := TRUE END
END
END
ELSIF x > p.key THEN
search(p.R, x, h);
IF h> 0 THEN (*nesas seTsb BbipOCAa uau monyuuna "6bpara”*)
q = p.R;
IF p.rh THEN
h := 2; p.rh ;= FALSE;
IF q.rh THEN (*RR*)
p.R:=q.L; q.rh := FALSE; q.L := p; p:= q
ELSE (*q.lh, RL*)
r:=q.L; q.L:=rR; q.lh:=FALSE; rR:=p.R;pR:=r.rLi=p;p:=r
END
ELSE
DEC(h);
IF h = 1 THEN p.rh := TRUE END
END
END
END
END search;
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3ameTuM, YTO AeHCTBHsI, BHINOJHsiEMble 3AeCh /151 PpEOPraHU3allMK yJIOB, OYeHb
IMOX0XH Ha TO, YTO JIe/1aeTCsi B Air0PUTME NMOMCKa Asi coananciposaHHbix ABJI-aepe-
BbeB. OueBHAHO, YTO BCE YEThIpE C/Yy4Yas MOXKHO peasiM30BaTh MPOCTHIMH POTALHAMHM
yKa3aTeJsieii: npocTbie potauuu B caydaax LL u RR, aBoiiHbie poTaunu B cayyasx LR u
RL. Ha camoM aene npoueaypa search oka3biBaeTcs 3aech YyTh 60J1ee npocToit, ueM s
ABJI-nepeBbeB. SIcHo, yTo cxemy C/1b-nepeBheB MOXHO paccMaTpHBaTh KaK albTep-
HatuBy Haee ABJI-6anancupoBku. [103TOMY pasyMHO M NOJIE3HO CPaBHHTH NPOM3BO-
AHTEJbHOCTDb B ABYX CAYYasX.

MBI BO3A€PXHUMCSI OT C/I0XKHOTO MaTeMaTHYeCKOro aHaIH3a H COCPENOTOYHMCS Ha
HEKOTOPbIX OCHOBHBIX OT/IMYMsAX. MOXHO n0Ka3aTb, yTo ABJI-c6anaHcupoBatHble ae-
peBbsi cocTaBsiioT noaMHoxectBo C/IB-nepeBbeB. Tak uTo MHOXECTBO MocaeAHMX
wnpe. CneaosarenbHoO, IMHA nyTeil y HUX B cpeaHeM Oonbiue, yem y ABJI-aepeBbes.
B 3T10il cBsi3u OTMETHM peanusylollee Hauxyawuit caydait aepeso (4) Ha puc. 4.50.
C apyroit cTOpOHBI, peOpraHH30BbIBaTh KJIOYH 31€Ch HYXHO pexe. [Toatomy cbanan-
CHPOBaHHbBIE icpeBbsi CJIeAyeT NpeANnoYecTb B TeX 3a/iayax, rie NOMCK Kialoyeif BbinoJ-
HSETCs ropa3fio Yalile, YeM BCTaBKH (MJIM yAJIeHHs1 ); €CJIM 3TH YaCTOThI CPaBHUMBI, TO
npeanoyTuteabHbIMU MOryT ctath C/1B-aepeBbsi. OueHb TPpyAHO cKa3aThb, rae nNpoxo-
IOUT rpaHHIA. 34eCh BCe CH/IBHO 3aBHCHT He TOJMIbKO OT OTHOLIEHHsI YaCTOT MOMCKA H
peopraHM3aL1u, HO eLile U OT 0OCODEHHOCTel peann3alnu. ITo NpeXxAae BCero Kacaercs
TeX cJly4yaeB, KOra AJ1si 3alHCH B y3/Ie HCMOJb3YIOT IUIOTHO YNAaKOBAaHHOE NpeiacTaB-
JIeHHe, TaK YTO JOCTYI K NMosM TpebyeT u3BedeHus YacTeit cC/10Ba.

C1B-aepeBbsi nNo3aHee BO3POAMJIMCH NMOJA Ha3BAaHHEM KPACHO-YEPHUX Oepesves
(red-black tree). Pasnuua B ToM, 4T0 y cHMMeTpHYHOro ABou4HOro b-aepeBa kaxabiit
y3eJ coaepkHT ABa h-noss, KoTopble COOOLIAIOT, ABIAIOTCS JIM XpaHsLIHECs B y3je
yKa3aTeli FTOPH30HTANbHbIMH, 3 Y KPaCHO-YEPHOro JepeBa KaXXAblif y3es COAEPXHUT
eAHHCTBeHHoe h-mnone, coobwalollee, SABAAETCS JH TFOPU3OHTANBHLIM YyKa3aTelb,
CCBJIAIOLLHIACA Ha 3TOT y3en. HazBanue oTpaxkaeT uaeio cYMTaTh y3esn YepHBIM MJIH
KPacHBIM B 3aBUCHMOCTH OT TOro, sIBJIsIETCS JIW yKa3aTeJsb, CChIJIAIOWMUIACS Ha Hero,
BEePTHKJIbHBLIM WX FOPHU3OHTaIbHBIM. /[Ba KpacHBIX y3/1a HUKOTAa He MOTYT MATH NOA-
psa HY Ha kakoM nyTH. [ToaToMy, kak u B cayyasax [1B- u CZ1b-nepeBbeB, AnnHa no6o-
ro NnyTH NOKHCKA NPEBOCXOAUT BLICOTY AepeBa He 6onee yeM BaBoe. CyliecTByeT KaHO-
HHUYeckoe oToOpaxkeHne ABoH4HbIX B-aepeBbeB Ha kpacHO-4yepHble.,

4.8. NMpuopurteTHsbie AepeBba NOUCKA

JlepeBbsi, 0COGEHHO ABOHYHDIE, MPEACTABAAIOT C060i oueHb 3 peKTHBHBIE CNOCOOBI
OpraHH3alMH AAHHBIX, AOMYCKAIOLIHX JHHEIHOe ynopsiaoueHHe. B npeabiayumx raa-
Bax OblIM MNOkKasaHBl vallle BCEro HMCMNo/b3yemble H3o0peTaTesnbHble CXEMBl IS
3¢¢eKTHBHOrO NOUCKA H 00CyKMBaHHs TaKHX JepeBbeB (BCTaBKH, yaaneHus ). OnHa-
KO He Noxoxe, YTOOb AepeBbst Obl/IM NMOJIE3HB B 3aAa4ax, rA€ JaHHbIE paco/araloTcs
He B ONHOMEPHOM, a B MHOroMepHom npoctpaHcTBe. Ha camMoMm aene a¢pexTHBHbIH
NMOMCK B MHOrOMEPHBIX MIPOCTPAHCTBAX BCeE ellle OCTAETCst OAHOI H3 Hanbosee TPy AHBIX
npobaem HHGOPMATHKH, PHYEM JIi MHOTHX NPHJIOKEHHH 0COOEHHO BaXKeH cayyail
ABYX H3MEPEHHH.



NpuopUTeTHLIE ACPEBLA NOUCKA 247

[IpucMoTpeBiLKCh K npobieme, MOXKHO OOHApYKHTh, YTO AEPEBbs BCE €l{€ MOTYyT
ObITH MOJIE3HD], N0 KpaiiHeil Mepe B AByMEPHOM cay4ae. B koHlle KOHLOB, Mbl H300pa-
)KaeM aepeBbsi Ha Oymare B AByMepHOM npoctpaHcTse. [ToaToMy BcnoMHuM BkpaTie
r/1aBHbie CBOHCTBA ABYX OCHOBHBIX BHAOB €P€BbEB, PACCMOTPEHHBIX 0 CHX NOP.

1. /lepeBo noHcKa NOAYHMHSAETCS C/ENYIOUHM UHBApHAHTaM:

p.left # NIL noapasyMepaer p.left.x < p.x,
p.right # NIL noapasymeBaer p.x < p.right.x,

KOTOpbI€ BBLINOJHAIOTCS A1t BCEX Y3JI0B p € KAI04oM X. OYyeBHAHO, YTO 3TH HHBa-
PHaHTbl OrPaHHYHMBAIOT TOJILKO MOPU3OHTAILHOE MOJIOXKEHHE Y3JI0OB M YTO HX
BEPTHKAJIbHbIE MO3HIMHU MOTYT OBITh BBIOpaHb! NPOH3BOJILHO, YTOOBI MHHHMHU-
3HpOBaTh BpeMs AOCTYNa NPH NOUCKe (TO eCTh AJIHHBI NyTeH).

2. Kyua (heap), uau npuopumemsnoe depeso (priority tree), NoAYHHSAETCSA CAEAYIO-
LL{HM HHBapHaHTaM:

p.left # NIL noapasymeBaetr p.y < p.left.y,
p.right # NIL  noapasymeBaer p.y < p.right.y,

1 06a cBoOIiCTBa BBHIMOJNIHAIOTCA A BCEX Y3JI0B P C KA1o4oM Y. OueBHAHO, 3TH
MHBapHAHTH! OrPAaHHYHBAIOT TOJILKO M0JIOXKEHHE Y3JIOB 110 BEPTHKAJIH.

MoxHO 06beAHHHTDb ABE 3TH Napbl YCAOBHIi B OIHOM omnpeaejeHnu crocoba ape-
BECHOIi OpraHH3allHH B ABYMEPHOM MPOCTPAHCTBeE, NOApa3yMeBasi, YTO KaXXAblii y3en
MMeeT 1Ba KJII0Ya X H Y, KOTOpble MOXXHO CYMTaTh KOOpAHHaTaMM y3jaa. Takoe aepeBo
npeacrasaseT coboit Habop Touek B LIOCKOCTH, TO €CTb B ABYMEPHOM J€KapTOBOM IPO-
CTPaHCTBE; NMO3TOMY €ro Ha3hlBalOT dexapmosuim depesom [4.9]. Mbl npeanoynTaem
Ha3BaHHE npuopumemuoe 0epeso NoucKa, Tak Kak OHO NMOKa3bIBa€eT, YTO 3Ta CTPYKTYpa
BO3HHUKJIa H3 KOMOMHALIMK IPHOPUTETHOTrO AEpeBa U aepeBa noucka. OnpeaensowMMH
3/1eCh ABJAIOTCA C/eAYIOLIHe HHBAPHAHTBI, BHINOJHAIOLIHECS /151 KAXKA0ro y3na p:

p.left # NIL noapasyMenaer (p.left.x < p.x) & (p.y < p.left.y)
p.right # NIL  noapasymeBaer (p.x < p.right.x) & (p.y < p.right.y)

OaHako He JOKHO CHABHO YAUBJATD, YTO 3()eKTUBHOCTb NIOHCKA B TAKMX Aepe-
Bbsix He 0cobo Bnevatasiowas. Beap 3nech ropasao MeHblue cBob6oabl Ans BeiGopa
pacrnoyioxeHHus y3/0B, KOTOpoe MOrJio 6l obecneyuTh KOpOoTKHE NyTH noucka. Ilo-
3TOMY He yAaeTcsi rapaHTMpPOBaTh JiorapupMHUYeCKHe OrpaHUYEHUsi HA BBIYMCJIH-
TeJIbHblE€ 3aTPaThl PH NOKHCKE, BCTaBKe WIH yAaJeHUH 3/1eMeHTOB. XOTs B OT/IMYME
ot o6bIYHBIX HecbanaHcHpOBaHHBIX AepeBbeB MOKHCKa, rie CHTyalus Oblna Takoii xe,
3eCh LIAHCHI Ha XOpollee NOBeAeHHE B CpeAHEM HeBeJHKH. XyXKe TOro, OnepauHH
BCTaBKH H YAaleHUs MOryT ObITh BecbMa rpoMo3akumu. Hanpumep, paccmoTpuM ae-
peBo Ha puc. 4.51a. Ecan koopanHaThl HOBOro y3na C TakoBbl, YTO OH A0JIXKEH Haxo-
AMTbCS HAZ K MEXAY y371aMu A U B, To noTpebyloTcs cepbe3Hble yCHAUs AJis peobpa-
3oBaHus (a) B (b).

MakKpeiiT Halen cxeMy, NOX0XYI0 Ha 6alaHCHPOBKY, KOTOpasi rapaHTHpyeT Jiora-
pudMHyecKue BpeMeHHble OTPaHHYEHHs A1 ONepaLuii BCTaBKH U YIaJIEHHs 33 CYeT
HX ycJ10)kHeHHa. OH Ha3Bas CBOIO CXeMy IPHOPUTETHBIM AepeBOM noucka [4.10]; oaHa-
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(a) ? (b)
=

Puc. 4.51. Bcraska 8 npuopuUTeTHOE Aepeso NOUCKa

KO B Halleif K1accMdHKaLMH ee HY>)XHO Ha3blBaTh cOanaHCHPOBaHHBIM TPHOPHTETHBIM
AepeBOM noucka. Mbl Bo3sep)KUMCs OT 00Cy)KAEeHMs 3TOi CXeMBbl, TaK KaK OHa OY€Hb
CJI0XKHa U Bpsill IH HCMO/Ib3YETCsA Ha NpakTHKe. Peiaa Heckonbko 60Jiee orpaHHYeH-
HYI0, HO He MeHee TO0JIe3HYIO /151 NpHAOXKeHHit 3ana4yy, MakKpeiT Haluen eute oaHy
APEBECHYIO CTPYKTYPY, KOTOPYIO Mbl PACCMOTPHM NMOJIHOCThIO. BMecTo 6eckoHeyHoro
NPOCTPAHCTBa NMOMCKAa OH PacCMOTPeEJ NPOCTPAHCTBO JaHHbLIX, OFPaHUYEHHOE C ABYX
cropoH. O603Ha4MM rpaHMYHble 3HaYEHUs A58 KOOPAMHATBI X KaK Xmin ¥ Xmax-

B BolmeonncaHHoil cxeMe (Hec6anaHCHPOBaHHLIX) NPHOPUTETHLIX A€PEBLEB MO-
MCKa KOXABIM y3e/ p AeJHT IUIOCKOCTb Ha BE YacTH JIHHHeH X = p.X. Bce y3anbl neBo-
ro nNojuLIepeBa JieXaT cJieBa OT p, a Bce y3Jibl nNpaBoro — cnpasa. s a¢pdexrusroro
Nnoxcka Takoit BLI6op, BepoaTHO, 1ox. K cuacTbio, MOXXHO BLIOpaTh pasaeMTebHYIO
JIMHHIO no-aApyromy. CBsidkeM C KaXXIAbIM y3/10M P HHTepBai [p.L .. p.R), cocTosiumni
13 Bcex 3HaYeHHH x oT (M Brulovan) p.L u a0 (Ho ucknioyan) p.R. B atoM nHTeppane
pa3pelIeHO HaXOAHTbCS 3HAYEHHIO KOOPAUHATH! X yana p. 3atem notpebyeM, 4ToObl
JieBblif NOTOMOK (€CJIH OH €CTb) J1eXKaJ B JIEBOH NOJIOBHHe, a NpaBblif — B NpaBoi NMo-
J0BHHe 3TOrO MHTepBasa. [loaToMy pasaenuTenbHas IMHUSA — 3TO He p.X, a (p.L+p.R)/2.
Ans kaxaoro noOTOMKa HHTEpBaJ AEJHUTCs NOMO0JIaM, TaK YTO BHICOTA A€peBa OrpaHH-
YHBAETCs BEHYUHON 109(Xmax=Xmin). STOT pe3yJibTaT BHIMOJHAETCS, TOAbKO €CJ/IH
HeT HY OJHO¥i Naphl y3J10B C OAHHAKOBBIM 3HaYEHHEM X; BN pOY€eM, 3TO YC/I0BHE rapaH-
THPOBaHO MHBapHaHTOM. EciiH koOpAMHaATH — Leble YUCAa, TO 3TOT Npejesi He MO-
XeT npeBbIaTh AJHHY KOMIIbIOTEPHOrO CJI0Ba. B cyl{HOCTH, NOUCK NPOTEKaeT Kak B
aNropuTMe Je/IeHHs MONoJaM WK B noucke no octatkaM (radix search), u noatomy
TaKHe A€PEeBbsi Ha3blBalOT NPUOPUTETHLIMHU AepeBbsAMH NMOKUCKa no ocratkaM (radix
priority search trees, [4.10]). Ans HUX UMEIOT MeCTO JlorapupMHYeCcKHe OrpaHHye-
HMsl Ha YHCJIO Onepaumii, HeOOXOAUMBIX sl MOMCKA, BCTAaBKH M Ya/IEHUs 3/IEMEHTa,
M AN HUX TaKxe CIpaBeAJHBH CJelylolilHe HHBapHaHTHI, BHMOJIHAIOLIHECA AN
KaXXAoro y3Jja p:

p.left # NIL Bneyer (p.L<p.left.x <p.M) & (p.y < p.left.y)
p.right # NIL Bneder (p.M < p.right.x < p.R) & (p.y < p.right.y)
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rae

p.M = (p.L + p.R) DIV 2
p.left.L = p.L
p.leftR = p.M
p.right.L = p.M
p.right.R = p.R

IUIsi BCEX Y3J10B p, NpU4YeM root.L = Xmin, FOOt.R = Xpay.

Peluarolitee A0CTOMHCTBO TaKOi CXEMbI — B TOM, YTO ONepalHH 06CTyKHBAHHSA NPH
BCTaBKe H ylaleHUH (COXPaHAIOLIHEe HHBAPHAHTH) AeHCTBYIOT B Npelesax OAHOro
<OTPOCTKas® AepeBa MeXAy ABYMSA pa3Ae/HTENbHBIMHU JHUHHAMH, TaK KaK MOJIOXXEHHE
NocJIeAHUX NO KoopAHHaTe X (PHKCMPOBAHO HE3aBHCHMMO OT 3Ha4Y€HUH X y BCTaBJisie-
MbIX Y3J10B.

TunuyHbie Onepaluyu C NPHOPHTETHLBIMH A€PeBbAMH NMOHCKA — BCTaBKa, YAAEHHe,
NOMUCK 371eMeHTa C HauMeHbIIHM (HanboabIHM) 3HayeHHeM X (MAH y), GoabuMm
(MeHbLIMM) 3a1aHHOTO Npeaea, a TaKKe NepevyHcaeHHe ToYeK, JeXaLHX B 3aJaHHOM
npsmMoyrosibiuke. Huxe npuseseHbl npoueaypbl A1 BCTaBKH H NepeuncieHuns. OHH
OCHOBaHbl Ha cJ1eAyI0LHX OObABIEHUAX TUIOB:

TYPE Node = POINTER TO RECORD

x, ¥: INTEGER;
left, right: Node
END

3ameTHM, YTO HeobA3aTebHO XPaHHTb AaTPUOYTHI X M Xg B CaMHX y3Jax. FIx MOXHO
BBIYHCJIATD KaXK/1bli1 pa3 B npouecce noxcka. OaHako A5 3TOro B peKypCHBHOIA npolie-
aype insert Hy>KHbI 1Ba IONOJIHHTE/IbHBIX NapaMeTpa. B nepsom Bhi3oBe (C p = root) ux
3HaYEHHS PaBHBl Xmin U Xmax COOTBETCTBEHHO. B ocTanbHOM NMOMCK nMpoTekaer Kak
B OObIYHOM AepeBe noucka. Ecan BcTpeyaercs nycToi y3es, To 3/1eMEHT BCTaBJ/IS€TCA.
Ecau y BcTaBisieMOro y3sa 3HaueHHe y MeHbllle, YeM Yy NMPOBEPAEMOro B JaHHBIH MO-
MEHT, HOBbLIi1 y3es1 MeHsieTCs MecTaMH ¢ npoBepsieMbiM. HakoHel, y3en BcTaBasieTcs
B JIEBOE NOAJEPEBO, ECJIH €0 3HaYeHHUE X MEHbIllE, YeM Cpe/iHee 3HaYeHHe UHTEPBAa,
M B N1paBOe NMOAEPEBO B MPOTUBHOM CJIy4ae.

PROCEDURE insert (VAR p: Node; X, Y, xL, xR: INTEGER);
VAR xm, t: INTEGER; (* ADruS48_PrioritySearchTrees *)
BEGIN
IF p = NIL THEN (*HeT 8 Aepese, BCTaBUTL*)
NEW(p); p.x := X; p.y :=Y; p.left := NIL; p.right := NIL
ELSIF p.x = X THEN (*HanaeH; He BCTaBNATbL*)
ELSE
IF p.y>Y THEN
t:=p.X, p.X:=X; X =1t
t=py py =Y, Y =t
END;
xm := (xL + xR) DIV 2;
IF X < xm THEN insert(p.left, X, Y, xL, xm)
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ELSE insert(p.right, X, Y, xm, xR)
END
END
END insert

3anaya nepeyHcAeHUs BCEX TOYEK X, Y, JIeXKALMX B 3alaHHOM NPAMOYI0JIbHHKE, TO
€CTb YAOBJIETBOPSAIOLIHX YCJOBHAM X0 S x < X1 ny <yl, pewiaercs c NOMOLLbIO NPHBO-
AUMOI HH)XKe npoueaypbl enumerate. OHa Bb3bIBaeT NpoLeAypy report(x,y) Ans Kax-
noit HaitAeHHO¥ TOYKHU. 3aMeTHM, YTO OJIHA CTOPOHA NPAMOYrOJIbHMUKA JIEXXHT Ha OCH,
TO €CTh HHXKHSASA IrpaHHla s y paBHa (. DTUM rapaHTHpYeTCs, YTO NepeynucaeHue Tpe-
6yeTt He 6onee O(log(N) + s) onepaumit, rae N — MOLIHOCTb NPOCTPAaHCTBa MOKCKA 10 X,
a's — YHCJIO NNepeyHCAsieMBIX Y3J/10B.

PROCEDURE enumerate (p: Ptr; x0, x1, y1, xL, xR: INTEGER);
VAR xm: INTEGER; (* ADruS48_PrioritySearchTrees *)
BEGIN
IF p # NIL THEN
IF (p.y <= y1) & (xO <= p.x) & (p.x < x1) THEN
report(p.x, p.y)
END;
xm := (xL + xR) DIV 2;
IF xO < xm THEN enumerate(p.left, x0, x1, y1, xL, xm) END;
IF xm < x1 THEN enumerate(p.right, x0, x1, y1, xm, xR) END
END
END enumerate

YnpaxHeHus

4.1. BBeaeM NoHATHE PeKyPCHBHOTO THIA, 00BABAAEMOro CJeAYIOLHM 06pa3oM:
RECTYPET = TO

1 0603HayvaoLIero MHOXeCTBO 3Ha4YeHHii, onpeaeseHHoe THIOM TO U paclIMpeH-
HOe eAMHCTBeHHbIM 3HayeHuem NONE. HanpuMep, onpeaeneHue tHna person
MO>XHO TOrAa ynpocTHTb 10

RECTYPE person = RECORD name: Name;
father, mother: person
END

KakoBa cxema opraHu3alMu NaMsTH 4151 peKypPCUBHOI CTPYKTYPbl, COOTBETCTBY-
iowe# puc. 4.2? Hano nonarath, peanusanus Takoro CpeACTBa A0J1XKHA OCHOBBI-
BaThCS Ha AMHAMUYECKOH CXeMe pacnpelesieHUst naMATH, U noJs father u mother
B IpUBEJEeHHOM NpHMepe N0JKHB COAepXaTh YKa3aTeu, NopoXaaeMble aBTOMa-
THYeCKH, HO HeAOCTYHble NpOrpaMMHCTY. Kakne TpyAHOCTH BO3HHKHYT NpH pea-
JIN3a1IMH TAKOMH CXeMbl?

4.2. OnpeaennTte CTPYKTYpY AaHHBIX, ONMCaHHYyI0 B MnocseaveM aG3aue pasmena 4.2,
B TEPMHHAX 3anHceii ¥ ykasaTeseil. Mo)xHO M npeacTaBHTh TaKylo ceMeliHylo rpyn-
My C MOMOLLbIO PeKYPCUBHBIX THIOB, PEAJIOKEHHBIX B NPEAbIAYLILEM YTIPaXHEHHH?
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4.3. IIpeanonoxum, yto ouepeab Q, yCTpoeHHas No NPHHLUHUNY <NepBbliii BOllles — nep-
Buli1 Boiwes» (first-in-first-out = fifo), ¢ anementamu TMna TO peain3oBaHa Kak
CBA3HBIN cnucok. Hanuumute Moayib ¢ noaxoasulei CTpPYKTYpOit AaHHBIX, npolLLe-
NypaMH 115 BCTAaBKH M H3BJIeUeHHA 3/1eMeHTa u3 Q, a Takxke GYHKLUMIO NPOBEPKH,
nycTa ouepeab WM HeT. IIpoueaypbl A0MKHBI HMETb COOCTBEHHBIH MeXaHU3M,
obecneyHBalolMii 3KOHOMHOE HCNO/Ib30BaHHE NaMSATH.

4.4. IlpeanonoxuM, YTO 3aNKCH B CBA3HOM CITUCKe UMEIOT noJie kaioya Tuna INTEGER.
Hanuuure nporpamMmy COPTHPOBKH CITHCKA MO BO3PaCTaHMIO KJII0Ya. 3aTeM NocCT-
poiite npoueaypy obpaileHHs CNUCKa.

4.5. Ins opraHu3aumu UHKJIHYECKHUX CITMCKOB (CM. pHC. 4.52) 06bIYHO UCNOJIB3YIOT Ta-
K Ha3blBaeMblii 3aroJIOBOK CnHcKa. 3aueM BBOAAT TaKoif 3arosioBok? Hanuwmure
npoueayphbl BCTaBKH, yAaJleHUS] U MOKCKA 3/IeMEHTa No 3aZlaHHOMY Kitody. Cae-
J1aiiTe 3TO OIMH pas, NMpeAnosaras HaIMYHe 3aroJioBKa, U Apyro pas npu ero oT-

CYTCTBHM.
| g

Puc. 4.52. Unknuueckui Cnucok

4.6. /IByHanpaBneHHBI} CMCOK — 3TO CNUCOK 3/IEMEHTOB, CBA3aHHBIX B 000MX Hanpas-
JneHunax (cm. puc. 4.53). Obe uenoyku cChIMIOK HauMHAWOTCA B 3arosioBke. Kak u
B MpeAbiAyllUeM YNpaXHEHUH, NOCTPOATe MOAYJb C MpoueaypaMHu AJIS NMOKMCKa,
BCTaBKH W yIaJIEHHA 3/IEMEHTOB.

Puc. 4.53. lsyHanpasneHHuin CNMCOK

4.7. Byner an npaBHABHO paboTaTh NpeACTaBJeHHas NMpPOrpaMMa TONOJIOTMYECKOi
COPTHPOBKH, €CJIH HEKOTOpas napa <X,y> BCTpe4aeTcsi BO BXOAHbIX JaHHLIX 6osee
OAIHOrO pa3a?
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4.8.

4.9.

4.10.

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

B nporpamme Tonosiornueckoii coprHposkH coobiueHne "Habop He asnaeTtca ya-
CTUYHO YTTOPAAOYEHHBIM" BO MHOTMX CJIyYasax He CJAMLIKOM NOJie3HO. Y coBep-
IIEHCTBYIiTe NMpOrpaMMy Tak, YTOObL OHa BbZaBasia MOC/AEAOBATEALHOCTb TEX
3/1EMEHTOB, KOTOpble 00pa3yIOT IHK, €C/IH TaKasl CYIeCTBYeT.

Hanuummte nporpamMmy, KOTOpas YMUTAaeT NPOrpaMMHBbI TEKCT, HAXOAMT BCE
onpeaeseHUs U BLI30BBI NpoueAypP U MBITAETCA TOMOJOrHYECKH OTCOPTUPOBATD
npoueaypsi. Ilycts P ( Q 03HavaeT, uTo npoueaypa P Bbi3biBaeTcs npoueaypoii Q.
Hapucylite nepeBo, NOCTPOEHHOE NPHBEACHHOH NpOrpaMMoOil MOCTpoeHUA
HaeanbHO c6anaHCHPOBAHHOIO AiepeBa, €CJIH BXOAHbIE JaHHble — HAaTypasibHble
yKcaal, 2, 3, ..., n.

Kakue nocjenoBatebHOCTH y3/10B noayyatcs npu obxoae aepepa Ha puc. 4.23
B NPAMOM, ICHTPHPOBAHHOM U OO6paTHOM nopsake?

HaiiauTte npaBujo NOCTPOEHUA TaKKUX NOCJEA0BaTEbHOCTEH N YHCe, NpH noja-
Yye KOTOPBIX Ha BXOJ NnpocTeiluieit nporpaMme NoMcKa U BcTaBku (pasaen 4.4.3)
nony4yanuch 6bl HaeaNbHO cOaTaHCHPOBaHHbIE IePeBbS.

PaccMoTpHM caieaylolMe 1Ba nopsaaka 06xona ABOMYHBIX €peBbEB:

al. O6oiiTn npaBoe noanepeso.
a2. [locernTb KOpeHbD.
a3. O6oitTu neBoe noaaepeso.

b1. IToceTuTh KOpeHbD.
b2. O6oiiTn npaBoe noanepeso.
b3. O6oiiTn aesoe noaaepeso.

EcTb in Kakue-HHOYab NpOCTbie CBA3U MEXAY MOC/IeA0BaTENbHOCTAMH Y3JI0B,
NONYYaIOUUMHUCA B ITHX ABYX CAYYasiX, H NOCJEA0BATENbHOCTAMH, MOPOXAae-
MBIMH TPeMsl OTHOILIEHUAMH NMOPSAAKA, ONpeleIeHHBIMU B TEKCTe?

Onpeaennte CTPYKTYPY AAHHBIX A1 NPEACTaB/€HUS N-apHbIX AepeBbeB. 3aTEM
HalHILKMTE NPOLEAYPY, KOTOpas 06XOAUT N-apHoe AepPeBO U NMOPOXAAET ABOHY-
HOe JepeBo, cojepiallee Te Xe 3neMeHTh. [Ipeanonoxure, 4To KaXAbIA KoY,
XPaHUMBIf B 3J1eMeHTe, 3aHUMaeT k CJI0B, a KaXAblit yka3aTesb — OAHO CJI0BO
onepaTHBHO#t naMATH. Kakos Buinrpbii no TpebyeMoii naMsAaTH Npy HCNO/b30Ba-
HHH ABOMYHOTO JiepeBa BMECTO N-apHOro?

I[IycTp mepeBo cTPOMTCA B COOTBETCTBHM C MPHBOAMMBIM HHXKE ONpelesieHHeM
PEeKYPCHUBHO#M CTPYKTYpH AaHHbIX (cM. ynp. 4.1). Hanumunre npoueaypy noscka
3/IEMEHTA C 33laHHBIM KJIIOYOM X H PHMEHEHHSA K 3TOMY 3JIEMEHTY onepauus P;

RECTYPE Tree = RECORD x: INTEGER;
left, right: Tree
END

B HekoTtopo# ¢aitnosoit cucteMe aHpekTopus Bcex ¢aH/I0B OpraHM30BaHa Kak
ynopsiioueHHoe ABOHYHOe aepeBo. Kaxabiit ysen coorBercTByeT aiiny H xpa-
HHT UMA 3Toro aitsa U, cpeau npoyero, AaTy nocjaeaxero obpalleHHs K HeMy,
3aKOAMPOBaHHYIO Kak uenoe. Hannmmnre nporpaMmy, KoTopasi OGXOAHT 3TO Ae-
peBo M cTHpaeT Bce ¢aiinbl, nocjeaHee obpalieHHe K KOTOPHIM MPOH3OLIIO A0
HEKOTOPO# AaThl.
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4.17.

4.18.

4.19.

4.20.

4.21.

4.22.
4.23.

4.24.

4.25.

4.26.

B HekoTOpOH ApeBecHOH CTPYKTYpe A5l KaXAO0ro 3/1eMEHTa IMIMHPUYECKH H3Me-
psAeTca YacToTa obpauleHHii, KoTopast XpaHUTCA B BHje CYeTYHKA B COOTBETCTBY-
oweM y3se. B onpeaeneHHbie MOMEHTH BpeMEHU NPOU3BOANTCSA PEOPraHM3alins
AepeBa: BhINONHAETCA 00X0A AepeBa H CTPOHTCS HOBOE IEPEBO C NOMOLLbIO NPo-
ueaypbl NMpOCTOro NOMCKa U BCTaBKH, MpUYEM KJIOYH BCTABJSAIOTCA B NMOpsAKe
YMEHbILAIOWHXCS 3HaYeHHit yHcaa oOpaweHnit. HannummMre nporpaMmy st BhI-
NnoJIHeHHA Takoil peopraHu3auuu. ByaeT au cpeansas AnvMHa NyTH B 3TOM JdepeBe
PaBHa, Xy>Xe HJIH HAMHOTO XYXe, YeM /11 ONTUMAIbHOIO AepeBa?

OnucaHHbii B pa3aenie 4.5 MeTO aHANM3a AITOPUTMA BCTaBKH B IEPEBO MOXHO
TaKXXe UCNOJIb30BaTDh /151 BLIYMCJIEHHUSA CPeHEero Yucaa cpaBHeHui C, M cpelHe-
ro Yyuc/a nepecuiiok (06MeHoB) M,,, KOTOpBIE AenaeT anropHT™ ObICTPOIi COPpTH-
POBKH MpPH COPTHPOBKE N 3/IEMEHTOB MacCCHBA, NMpeANnoJiarasi paBHYI0 BEpOAT-
HOCTb Bcex n! nepecTaHoBOK n kjtoyeii 1, 2, ... n. [TocTpoiite cooTBeTCcTBYIOLICE
paccyxaenune uonpeaeaute C, v M,

Hapucyiite c6anancupoBantoe aepeso ¢ 12 y3jaMH, BbICOTa KOTOPOro MHHH-
ManbHa cpeau Bcex cbanaHcHpoBaHHBIX AepeBbeB ¢ 12 yanaMu. B kakoit
noc/eA0BaTeIbHOCTH A0/DKHBI BCTaBJAATbCA Y3/bl, yToOB npoueaypa ABJI-scra-
BOK NOpOXJaJia 3TO AepeBo?

Haiiaure TaKyio nocaenoBatebHOCTb N Kjloyeilt A1 BCTABKH, YTOOBI Npoleaypa
BcTaBKH B ABJI-nepeBo BbIMONHWIA KaXKAbli U3 yeTwipex AeiicTBuil 6anancu-
poBkH (LL, LR, RR, RL) x0Ts 61! oauH pa3. KakoBa MMHHMa/IbHaA A/IMHA N TaKOM
nocJieA0BaTeIbHOCTH?

Haitanre c6anaHcupoBaHHOe AepeBO C KAO4aMH 1 ... N H NEPeCTAaHOBKY 3THX
KAlo4eil — Takylo, 4TOObI NpH Nojaaye ee Ha BXo4 npoueaype yaaneHus ans ABJI-
AepeBbeB Kax/asA U3 YeTbipex onepauuit 6a1aHCMPOBKH BBINOJAHHJIACh XOTs Obl
oauH pa3. Hailti Takyio nocneaoBaTeIbHOCTb MUHUMANbHOH AJIHHBL.

KakoBa cpeanss anuna nytu aepesa @ubonayuu T,?

Hanuuute nporpamMmy, KoTopas nopoXaaeT NoYTH ONTUMA/IbHOE IEpEBO B COOT-
BETCTBHH C IrOPUTMOM, OCHOBAHHOM Ha BbIOOpe LIEHTPOHAA B KaueCTBe KOPHA.
[Iyctb knioun 1, 2, 3, ... BcTaBasAwTca B nycrtoe b-aepeBo nopsaaka 2. Kakue
KJI0uM O6yayT Bbi3biBaTh pa3bueHns ctpanuu? Kakue KiiouH BL3bLIBAIOT YBEJIH-
yeHHe BbICOTHI AepeBa? Ecsim k1i0uH CTHPAIOTCA B TOM Xe NOPAAKe, KaKHe KI0-
YU BbI3BIBAIOT CJAHUsHHE cTpaHHl (M ocBoOOXKAEHHE NMAMATH) U KaKue KJIOYH
BbI3LIBAIOT yMeHblIeHHe BLICOTH ? OTBeTbTe Ha Bonpoc (a) ajaa cxeMhl yaane-
HMA, HCTOAb3YolUeit 6anancuposky, H (b) ansa cxembl 6e3 6anaHcuposku (Kor-
Aa CTPaHMla CTAaHOBUTCA MYCTO#M, C coceAHel CTpaHHubl 3abHpaeTca eaHH-
CTBEHHbBIH 3/1IeMEHT).

Hanxumnte nporpaMmy A5 NOKUCKa, BCTaBKH H YAQJICHUS Kl0Yeil H3 ABOMYHOTIO
bB-nepeBa. Ucnoab3yiiTe TMN y3s1a u cxeMy BCTaBKH A1 ABOM4YHOro b-nepesa,
NOKa3aHHYIO BhIlLIE.

HaitanTe nocsienoBaTe1bHOCTb BCTAaBKH KJllOYEeH B NYCTOE CHMMETPHYHOE 1BOUY-
Hoe B-nepeBo, koTopasi 3acTaB/isieT NpeACTABJEHHYIO NPOLEAYPY BCTaBKH Bbi-
NOJHUTL Bce veTbipe onepaunn 6anancuposku (LL, LR, RR, RL) xoTs 61 no
oaHoMY pa3y. Haitante kpaTyaiiuyio Takylo Noc/e10BaTebHOCTb.
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4.27.

4.28.

4.29.

HanummnTe npoueaypy yaaneHus aJIeMEHTOB AJIS CHMMETPUYHOIO ABOHYHOIO
bB-nepeBa. 3aTteM HailaHTe AepeBO U KOPOTKYIO NOC/I€A0BAaTENIbHOCTD YAAICHHIT —
TakKHe, YToOb Bce yeTbipe CHTyauuH, Tpebyiolme 6ataHCHPOBKH, BO3HUKAIH
x0Ts Gbl no pasy.

Onpeaennte CTPYKTypY AaHHBIX U HAMHILUTE NPOLEAYPLI BCTABKHU H YAANEHUSA
a/ieMeHTa A5l IPHOPHTETHOro AepeBa noucka. [Ipoueayps AomkHB 06ecneyn-
BaTbh COXpPaHEeHHME YKa3aHHbIX MHBapHaHTOB. CpaBHUTE UX MPOU3BOAMTEIbHOCTD
C MTPUOPHTETHLIMH JepeBbAMH IMOUCKA MO OCTATKaM.

CnpoekTHpyiiTe MOAYJIb CO CNEYIOLIHMH NpoLElyPaMH A1 paboThl C MPHOPH-
TETHBIMH A€PeBbAMH MOMCKA MO OCTATKaM:

— BcTaBUTh TOYKY C KOOpAMHATaAMH X, Y.

— [lepeuncanTb Bce TOUKH B 3alaHHOM NPAMOYTrOJIbHHKE.

- HaiiTH TouKy ¢ HauMeHblIel KOOPAWHATOH X B 3a]aHHOM NMPAMOYIOJIbHHUKE.

- Haiit1 Touky ¢ Hanbonbleit KOOPAMHATOIN Y BHYTPH 3alaHHOTO NPSAMOYIOJb-
HHKa.

— IlepeuyncanTb Bce TOUKH, JiexalllHe BHYTPH ABYX (NepeceKalouHXcs) npsaMo-
YroJibHUKOB.
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5.1. BeepeHue

B raase 4 noapobHo o6cyxaanach caeayiollas OCHOBHasA npobaeMa: ec/iu 3aj1aH Habop
371EMEHTOB, XapaKTepHU3YIOILMXCA KAI04YOM (KOTOpbIit onpeaessieT OTHOLLEeHHe Nops-
Ka), TO KaK OpraHM30BaTh 3TOT Habop, YTOOL U3BJIEYEHHE 3/IEMEHTA C 3a/IaHHBIM KJI10-
4yoM Tpe6OBasIO HAaMMEHbLIUX YCHAMIA? SICHO, YTO B KOHEUHOM CYETe AOCTYI K KAXKAOMY
3/IEMEHTY B NMaMATH KOMIbIOTEpa OCYILUECTB/SAETCS yKa3aHUEM €ro afpeca B MaMsTH.
[ToaToMy BhilIeyKa3aHHas npobieMa M0 CYyTH CBOANTCS K HAXO0XKAEHHUIO NOAXOAALLEr0
orobpaxenus H knioueit (K) B aapeca (A):

H: Ko A

B rnaBe 4 3T0 oTOOpaxKeHHe peaIM30BBIBAJIOCH C TOMOLIbIO Pa3THYHBIX AIFTOPUTMOB
MOMCKa B CIIUCKAX U JepeBbAX Ha OCHOBE pa3HbiX CMOCOGOB OPraHM3alMM AaHHBIX.
3aechb Mbl ONMMILEM ellle OAWH NOAX0M, NPOCTOH M0 CYTH U BO MHOTHX CAy4YasX OYeHb
a¢pekTUBHBIN. 3aTeM Mbl 0OCYAHM U HEKOTOPbIE €r0 HeOCTATKH.

B aToM MeTOA€ AaHHBIe OPraHU3YIOTCA C MOMOLLbI0 MaccHBa. [loatomy H siBasieTca
otobpaxkeHHeM, NpeoOpa3yIoIMM KAI0YH B HHAEKCH MacCHBa, OTKYZla U IPOUCXOANUT
Ha3BaHMe npeobpasosanue Kaouel, HepeaKo UCTIOb3yeMoe /I 3TOro MeToaa. 3aMe-
THM, YTO 3ieCb HaM He NMOHAN06ATCA NpoLEeAypPbl AMHAMHYECKOTO pa3MelleHHs; MAaCCHB
ABASAETCA OAHON M3 (yHAaMeHTaNbHBbIX, CTATHYECKHX CTPYKTYp. Metoa npeobpa-
30BaHMA KJI0YeH YacTO UCMONb3YIOT B T€X 3a4a4ax, rie ¢ NpUMEpPHO PaBHBLIM YCIIEXOM
MOJXHO MPUMEHHUTDb U iepeBbs.

QyHaaMeHTabHasA TPYAHOCTb MPHU MCINOJAb30BaHMM NpeoOpa3oBaHUA KJIOYeH
3aKJIIOYAETCA B TOM, YTO MHOXKECTBO BO3MOXHBIX 3HaYeHHI1 Katoyei ropasao 6osiblue,
YeM MHOXECTBO JOCTYMHbIX aApecOB B nMaMsTH (MHAeKcoB MaccuBa). K npumepy,
BO3bMeM MMeHa A/IMHO#M 10 16 6yKB B KauecTBe Kaloveit, HACHTHPUUHMPYIOLIUX OTAE/b-
HBIX JII0JIeii BO MHOXECTBe M3 ThICSI4YM YesoBeK. 3aech ecTh 26'® BO3MOXHBIX 3HaUeHHUI
KJI0Yell, KOTOpble HYXKHO 0To6pa3uTh Ha 103 BoaMOXHBIX HHAeKcoB. OUeBHIHO, YTO
¢yHKuHsA H oTobpaxkaeT HECKOILKO 3HaYeHHUI apryMEHTOB B OJHO 3HaYeHHe HHAEKca.
Ecau 3apan kmoy k, TO nepBbiii 11ar onepauuu NOUCKa COCTOMT B BBIYUCJAEHUH COOT-
BeTCTBYIOLLero Haekca h = H(k), a BTopoii — 0ueBHAHO, 0053aTeIbHbIH ~ LIAar COCTOMT
B NpOBEpKe TOro, AeHCTBUTENBHO JIM 3/IeMEHT C KJIOYOM K COOTBETCTBYET 3JIEMEHTY
mMaccHBa (Tabamubl) T ¢ nHAeKcoM h, To ecTb BuinosiHseTcs au paBeHCTBO T(H(K)).key = k.
M1 cpa3y cTankuBaeMcs ¢ AByMSA BOIPOCAMMU:

1. Kaxyio ¢pynkumio H Hano B3siTh?
2. Yro aenatb, eciv H He CMOTJIa BLIYMCUTD aipeC HCKOMOTIO 3J1eMeHTa?

OTBeT Ha BTOpO# BONPOC COCTOHT B TOM, YTOOBI HCNO/1b30BAaTh METO/, KOTOPBIi AaCT
aNbTEPHATUBHYIO MO3MLMIO, CKaXXeM MHAEKC h', U ecIM TaM MO-npexHeMy HET UCKO-
MOTO 3JIeMeHTa, TO TpeTHii uHaekc h”, u T. A. (Takue nonbiTkM 0603HAYAIOTCSA HUXKE KaK
npobtt (probe) - npum. nepes.) Cutyaumio, Koraa B BLIYMCIEHHOI NO3ULIMH HAXOAUTCH
3/IeMEHT, OT/IMYHBIN OT MCKOMOTO, Ha3blBAlOT KOLIU3UEH;, 3aa4a TIOPOXAEHHUSA ANIbTep-
HaTHBHBIX MHAEKCOB Ha3blBaeTCs paspeutenuem xoarusuii. lanee Mbl o6cyanm Buibop
GYHKUMH NpeoOpa3oBaHus KAloYeH M METOABI pa3pelleHHs KOJLTU3MIL.
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5.2. Bbi6op xaw-pyHKuMn

Xopouas ¢pyHkuusa npeobpa3oBaHus Kaloveil 10KHa obecneynBaTh Kak MOXHO 60-
Jiee paBHOMEpHOe paclnpele/ieHHe Kloyeit N0 BceMy AWanasoOHy 3HaYeHMH MHAeKca.
Jlpyrux orpaHuyeHHii Ha pacnpeneneHne HET, HO Ha CaMOM JieJie JKeJlaTeJIbHO, YTOOH!
OHO Ka3aJIoCh COBEPLIEHHO CJAYYaifHBIM. JTO CBOWCTBO 1aJl0 METOly HECKOJIbKO HEHa-
y4Hoe Ha3BaHHUe xawuposanue (hashing ot anra. enpespauats B dapu» U eMelaHu-
Ha» — npum. nepes.). H Ha3blBaeTCA xauw-pynxyuei. OueBUAHO, 3Ta QYHKUHUA AOJKHA
aonyckaTtb 3¢peKTUBHOE BHIYMC/IEHHE, TO €CTh COCTOATH U3 O4eHb Hebosbloro Yucaa
OCHOBHbIX apU(pMETHYECKUX ONepalHii.

[IpeanosioxuM, yto uMeetcs pyHkuHsa npeobpazosanus ORD(k), KOTOpasi BLIYHC-
JisieT NOPAAKOBLIH HOMep KJio4ya k BO MHOXeCTBe BceX BO3MOXKHBIX KatoueH. Kpome
TOro, MPEeANOJ0XHUM, YTO MHAEKC MaCCHBA i NPUHUMAET 3HaYeHHUA B AHANA30HE LebIX
uyucen 0 .. N-1, rae N - pa3Mep MaccuBa. Toraa ecTb OUeBMAHDIH BapUAHT:

H(k) = ORD(k) MOD N

Takoit Boi6op obecneunBaeT paBHOMepHOe pacnpesesieHHe Kiloueit No AManasoHy
MHIEKCOB U MO3TOMY ABASETCA OCHOBOH 60s1bIIMHCTBA X31-(YHKUMIL. ITO BhIpaxe-
HHe oYeHb ObICTPO BuuKCAseTCS, eciv N ecTh cTeneHb 2, HO UMEHHO 3TOrO CJ1y4as cJe-
ayeT u3beraTb, €CJM KAIOYH ABAAIOTCA NMocCjaeaoBaTeabHocTAMU OykB. [Ipeanonoxe-
HMe, YTO BCE KJI0YH PaBHO BEPOSITHBI, B 3TOM CJIyyae HEBEPHO, U Ha CAaMOM JieJie C/I0Ba,
oTJHYaloLMecs AUibL HeMHOrMMH 6ykBaMu, 6yayT ¢ 60b1110i1 BepOATHOCTBIO 0TOOpa-
KaTbCA Ha OIHO M TO XKe 3HaYeHHe MHAEKCA, TaK YTO NOAYYHTCS BECbMa HEOAHOPOAHOE
pacnpeaenerue. [Ioaromy ocobeHHO pekoMeHyeTCs B KayecTse 3HauyeHus N Bbi6upath
npoctoe uucio [5.2]). Kak creactBue npuaeTcs MCMOAbL3OBATh MOJHYIO ONepauuio ae-
JieHHsl, KOTOPYIO HeJib3sl 3aMEHUTh NPOCTHIM OTOpacbiBaHMEeM ABOMYHLIX LHDP, HO 3TO
He sABAsAeTCA NpobjeMoii Ha 60JbLIMHCTBE COBPEMEHHBIX KOMIbIOTEPOB, MMEIOLHX
BCTPOEHHYI0 MHCTPYKLMIO AeJIeHHUS.

YacTo UCronb3yIoT X3ll-(pyHKIUNH, COCTOALME B TPUMEHEHUH JIOTHYECKHUX OMepa-
MM, TAKHX KaK MCKJIIOYaloLiee «H/IH®, K HEKOTOPBIM YacTSAM KJ104a, peACTaB/JIeHHOro
KaK MOCJIeA0BaTeJbHOCTb ABOMYHBIX UHDPp. Ha HekoTOpbIX KOMNbIOTEpPax 3TH onepa-
MK MOTYT BHIMOJIHATBLCA OBICTpee, YeM JesieHHe, HO MHOTAA OHU NPUBOAAT K YAWBH-
TeJIbHO HEOAHOPOAHOMY pacrnpefieIeHHIO KJlodeil Mo Auana3oHy uHaekcos. [ToaTomy
MBI BO3IEPXHUMCS OT Ja/ibHeli11ero o0CyXaeH!st TAKMX METO/0B.

5.3. PaspeweHue konnamanm

Ecau oka3siBaeTtcs, YTO 3/1eMeHT Tabu1Lbl, COOTBETCTBYIOLIMIT AAHHOMY KJIOMY, He AB-
JISIeTCS UCKOMBIM 3JIEMEHTOM, TO MMEET MECTO KOJLJIU3US, TO €CTh Y ABYX 3JIeMEHTOB
KJ1I0YH OTOOpaKaloTCA Ha OHO 3HaueHHe uHAeKca. Toraa HyxHa BTopas npoba ¢ Heko-
TOpPLIM 3HaYeHHeM HUHAEKCa, MoJyYeHHBIM U3 JaHHOro KJIoYa AeTepMHUHHPOBAHHBIM
cnoco6oM. EcTb HeckoJ1bKO c1oco60B NopoXkaeHHst BTOPUYHBIX HHAEKCOB. OueBHAHDIfH
cnocob - cBA3aTh BCE 3/IEMEHTHI C OIMHAKOBBIM NEPBUYHBIM HHAEKCOM H(K) B CBA3HbLIi
CMUCOK. DTO Ha3BLIBAIOT npAMuim ceasvieanuem (direct chaining). dnemeHTH 3TOrO
CNHUCKa MOTYT HaXOAUTBbCS B NEepBUYHOI TabaHle WM BHe ee; BO BTOPOM cayyae 0b-
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JIaCTh NaMATH, TAe OHW Pa3MeLIAIOTCs, Ha3blBaeTcs o6aacmvio nepenoanenus (overflow
area). HeaoctaTtku atoro merosa — Heo6XxoAMMOCTb NOIEPKUBATh BTOPHUYHBIE CITHC-
KH, a TaKXe YTO KaX/bii 3/eMeHT Tabainibl J0/IXKeH colepXaTh yYKa3aTeslb (WK HH-
J€eKC) Ha CMTUCOK KOH(MIMKTYIOLHX 3/IEMEHTOB.

ANbTepHaTUBHBII cnocob paspellleHns KOJIM3Ui COCTOMT B TOM, YTOOB! BoOOILE
OTKa3aTbCA OT CMIUCKOB M MpOCTO NnepebupaTh ApyrHe ajneMeHTH! B TOi e Tabauue,
1noka He OyieT HaitleH HCKOMBIIT asleMeHT 1Mbo nycTas NO3ULMA, YTO 03HAYAET OTCYT-
CTBHeE YKa3aHHOro KJtoya B Tabsuue. Takoit MeToa Ha3LIBaeTCs omxpwimou adpecayuet
(open addressing [5.3]). EctecTBeHHO, nocsie10BaTeIbHOCTb HHAEKCOB BO BTOPHYHBIX
nonsiTKax A0J)KHa ObITh Becerja OqHON| M TOM Xe ANA 3aAaHHOro KJalova. Toraa anro-
PHMTM NoMcka B TabuiMie MoXeT 6bITh KPaTKO OMUCAH CEAYIOINM 06pa3oM:

h:=Hk);i:=0;

REPEAT

IF T[h).key = k THEN 3nemeHT HaitaeH
ELSIF T[h]).key = free THEN 3n1emenTa 8 Tabnanuye Her
ELSE (*konnusna*)
i:=i+1; h = H(k) + G(i)
END
UNTIL HaungeHn nan Her B Tabanuye (mam Tabanya nonra)

B anTepaTtype npeaaaranucs pasuble hyHKUMH A1 pa3pelieHus Kounaumit. O63op
TeMbl, caeJaHHbli Moppucom B 1968 r. [4.8], Bbi3Ban 3HauMTeNbHYI0O aKTHBHOCTD
B 3T0ii obnactu. IlpocTeifnii MeToa — NMpPOBepUTh COCEAHIO MO3UUMIO (CUMTasA
Tabauuy uMKandeckoit), noka He 6yaer HaiiaeH W60 3/1eMEHT ¢ YKa3aHHBLIM KJIIOYOM,
aubo nycras nosuumus. Takum obpasom, G(i) = i; B 3TOM caydae uHaekch h;, ucrnosb-
3yeMble /15 OMCKa, AalI0TCSA BhlpaXXeHUAMH

ho = H(k)
h| = (h|.| + i) MODN,i=1 ... N-1

IT10T cnocob HasbiBaeTcsA Memodom ausetinwx npob (linear probing). Ero Henocra-
TOK — TEHAEHUHA 3JIEMEHTOB K CKY4YMBaHHI0 BOJIU3K NepBHYHBIX KloYeii (TO eCTb KJIo-
yeit, He ICNIBITABIIMX KOJNJIM3UK NP BcTaBke). KoHeuno, B uaeane pyHkums G 101xHa
TOXe pacnpeensarb KJ04YH paBHOMEPHO MO MHOXeCTBY CBOOOAHBIX No3unmii. OaHako
Ha MPaKTHKE 3TO 0BOJIbHO CJ10XKHO 00eCnevynuTh, U 31eCh NPeANoYHUTAIOT KOMIPOMMCC-
Hble METOZbI, KOTOPbIE He TPeOYIOT C10XKHbIX BBIYUC/IEHHI, HO BCe XKe paboTaloT ayylle,
yeM AuHeitHasa pyHkuus. OaUH U3 HUX COCTOMT B UCNIOIb30BaHUH KBaApaTH4YHOI PyH-
KLIMH, TaK YTO HHAEKCHI JUIA NocaeaoBaTe/bHbiX Npob 3analoTcs GpopMynaMu

ho = H(k)

h; =(hg+i?) MODN, i>0

3aMeTHUM, YTO NPH BLIYUCJIEHUM OYEPEHOTO HHAEKCa MOXHO oboiiTHch Ge3 Bo3Be-
NEHHSA B KBaJpaT, €CJIM BOCN0J1b30BaThCA CAENYIOLUMH PEKYPPEHTHBIMH COOTHOLIEHH-
amuansah =i2ud =2i+1:

his1 = h + d

di+| =di+2, i>0
npuyeM hg = 0 u dg = 1. ITOT cnNocobd HasbiBaeTCA MemodoM xeadpamuunsx npob
(quadratic probing), u oH, B o6uiem, 06x0AUT YNOMAHYTYI0 NpobaeMy CKyYMBaHMH,
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NpakTHYeCKH He Tpebys AOMONHMTENbHBIX BuluHcaeHHit. HeaHaunTenbHbiit HeaocTa-
TOK 3/IeCh B TOM, YTO NPH NOC/JIE€A0BaTebHBIX Npobax MpoBepAIOTCA HE BCE 3/1EMEHTHI
TabanUb, TO €cThb NpU BCTaBKEe MOXKHO He OOHapyXHTb cBOOOAHON MO3MLMM, XOTH
B Tabam1e oHu eule ecTb. Ha camMmoM aene B MeToie KBaipaTHUHBIX NPo6 nposepseTcs
no KpaiiHeit Mepe nosioBHHa TabuiMbl, ec/iK ee pa3mep N ABAAETCA NMPOCTHIM YHCJIOM.
IT0 yTBEepXAeHHEe MOXKHO 10Ka3aTh cneaylouM obpa3oM. ToT ¢akT, uto i-a M j-a npo-
6bi MONanaloT B OAMH 371eMEHT TabuIHILbl, BLIPAXKAETCS YpaBHEHHEM

i2 MOD N = j2 MOD N
(i2-j2) =0 (modulo N)

IIpumenss ¢popmyny Ans pasHOCTH KBaApaToB, N0J1y4aeM
(i + j)(i - J) =0 (modulo N)

M TaK KaK i # j, TO 3aKJII0YaeM, YTO XOTA Obl OAHO M3 YKCe i MM j AOJXKHO ObITbL He
meHbule N/2, yTo6sl noay4uTs i+j = ¢*N ¢ uesnbim ¢. Ha npakTHke 3TOT HEeAOCTaTOK He
Ba)XKeH, TaK KaK Heo6X0AMMOCTb BBHINOJAHATD N/2 BTOPHYHBIX Npob npH paspelieHUH
KOJIM3MIA CJ1ydaeTcs KpaiiHe peko, M TOJIbKO ec/iM Tabnuua yxxe NOYTH MOJIHa.

B kayecTBe NpUMEHEHUsA ONMUCAHHON TEXHUKH NepenuilieM NMpoueaypy NOpOXAe-
HUA NePeKPecTHLIX CChINIOK U3 pa3aena 4.4.3. [naBHble OTAHYMA — B npoueaype search
M B 3aMeHe yKka3aTeJbHoro THna Node riobanbHoii xau-tabauueit cnos T. Xam-¢yHk-
uusa H BhYKCAAeTCA KaK OCTATOK OT Ae/IeHHA Ha pasMep Tab/auubl; ANS pa3pelleHus
KOJUIM3Wil NPUMEHAIOTCA KBapAaTuuHbie npoOwl. [loauepkHeM, YTO ANs xopoluei
NPOM3BOANTENbHOCTH Ba)KHO, YTOOBI pa3Mep TabuiMbl 6bU1 NPOCTHIM YHCIOM.

Xots MeTon x3mHpoBaHHUA BecbMa 3¢ (peKTUBEH B 3TOM cayyae, — aaxe 6onee 3g-
(peKTHBEH, YeM METOAbl, HCNOJIb3YIOLHe AepeBbs, — Y HEro ecTb U HeaoctaTok. [1po-
CMOTPeB TeKCT U cobpaB C/10Ba, Mbl, BEPOATHO, 3aXOTHM CO3AaThb U3 HUX aN¢aBUTHBIH
CMHUCOK. DTO HECJIOXKHO, €CJIM JaHHBle OPraHU30BaHb! B BUJE AepeBa, MOTOMY YTO NPHH-
LIMIT YTIOPAA0YEHHOCTH — OCHOBa 3TOro cnocoba opraHusaunu. O AHaKO NPOCTOTa TEPS-
€TcA, eC/IM UCN0JIb3YETCA X3UMPOBaHHe. 3AeCh U NPOABJAETCA CMBIC/ CJIOBA ¢X3UIMPO-
BaHue». [N neyatH Tabuinibl NPHUAETCA HE TOJIBKO BHINOJHUTb COPTHPOBKY (KOTOpas
3/1eChb He N0Ka3aHa), HO OKa3bIBaeTCs AaXKe NPeANOYTHTE/IbHBIM OTC/Ie)XXHBATh BCTaBJIsie-
Mble KJIIOYH, ABHbIM 0Opa3oM CBA3bIBast MX B CMHCOK. [103TOMY BbicOKasi TPOU3BOAHTE b~
HOCTb METO/1a X3 MPOBAaHUS NPH MOKUCKE YaCTHYHO KOMITIEHCHUPYETCA AONOJHUTE/IbHbI-
MM omnepalMAMH, HeoOXOAMMBIMHU IS 3aBeplieHHMs NMOJIHONH 3afayM NOPOXKACHHUA
yNnopsiil0YEeHHOTO YKa3aTess MepeKPecTHbIX CChIJIOK.

CONST N = 997; (*npoctoe, pasmep Tabnuubi*) (*ADruS53_CrossRef*)
WordLen = 32; (*MakcuManbHana ANUHA Knioyen*)
Noc = 16; (*maxc. yncno 3nemeHTOB B Cnose?)

TYPE
Word = ARRAY WordLen OF CHAR;
Table = POINTER TO ARRAY N OF
RECORD key: Word; n: INTEGER;
Ino: ARRAY Noc OF INTEGER
END;

VAR line: INTEGER;
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PROCEDURE search (T: Table; VAR a: Word);
VAR i, d: INTEGER; h: LONGINT; found: BOOLEAN;
(*ncnonb3yetca rnobanbHas nepemeHHas line*)
BEGIN
(*sbluncAnTb xew-mHaekc h ana a*)
i:=0,h:=0;
WHILE a[i] > 0X DO h := (256*h + ORD(a[i])) MOD N; INC(i) END;
d := 1; found := FALSE;
REPEAT
IF T(h).key = a THEN (*cosmaneHue*)
found := TRUE; T[h].Ino[T[h].n] := line;
IF T[h].n < Noc THEN INC(T[h].n) END
ELSIF T[h).key[0] = " " THEN (*HOoBbIN 3neMeHT Tabnnuni*)
found := TRUE; COPY(a, T[h).key); T(h]).Ino[0] := line; T[h}).n := 1
ELSE (*konnn3ua*) h := h+d; d := d+2;
IF h >= N THEN h := h-N END;
IF d = N THEN Texts.WriteString(W,"” TeperonHenune Tabnmuwm”); HALT(88)
END
END
UNTIL found
END search;

PROCEDURE Tabulate (T: Table);
VAR i, k: INTEGER;
(*AnA BbIBOAA UCTTONb3YETCA rNobanbHbin 06vekT meyaTn W*)
BEGIN
FOR k := 0 TO N-1 DO
IF T{k).key[O] # " " THEN
Texts.WriteString(W, T[k].key); Texts.Write(W, TAB);
FOR i :=0TO Tl[k].n -1 DO Texts.Writelnt(W, T[k].Ino[i], 4) END;
Texts.WriteLn(W)
END
END
END Tabulate;

PROCEDURE CrossRef (VAR R: Texts.Reader);
VAR i: INTEGER; ch: CHAR; w: Word;
H: Table;
BEGIN
NEW(H); (*pasmMecTtuTb n OUMCTUTb Xew-Tabnuuy*)
FOR i := 0 TO N-1 DO Hli].key[O] := " " END;
line := 0;
Texts.Writelnt(W, 0, 6); Texts.Write(W, TAB); Texts.Read(R, ch);
WHILE ~R.eot DO
IF ch = ODX THEN (*koHeu cTpoku*) Texts.WriteLn(W);
INC(line); Texts.Writelnt(W, line, 6); Texts.Write(W, 9X); Texts.Read(R, ch)
ELSIF ("A” <= ch) & (ch <= "Z") OR ("a" <= ch) & (ch <= "2") THEN
i :=0;
REPEAT
IF i < WordLen-1 THEN wili] := ch; INC(i) END;
Texts.Write(W, ch): Texts.Read(R, ch)
UNTIL (i = WordLen-1) OR ~(("A" <= ch) & (ch <="Z")) &
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~(("a" <= ch) & (ch <= "2")) & ~(("0" <= ch) & (ch <= "9"));

wli] := 0X; (*koHeu uermoukmn nutep*)
search(H, w)

ELSE Texts.Write(W, ch); Texts.Read(R, ch)

END;

Texts.WriteLn(W); Texts.WriteLn(W); Tabulate(H)

END
END CrossRef

5.4. AHaNN3 X3aWNPOBaHNA

[Ipon3aBoauTenbHOCTH BCTABKHU M MOMCKA B METO/IE X3IUWPOBaHHUA /IS Xy ALIEro cayyas,
OYeBHAHO, y>KacHas. Beap Henb3A MCKIIOMATh, YTO apryMEeHT NMOMCKA TaKOB, YTO BCe
npo6bl NpoiAyT B TOYHOCTH N0 3aHATHIM NMO3ULIUAM, HH pa3y He MONas B HyXXHble (MK
cBoboanbie). HyxHo MMeTb 60/bllIOe 10BepHEe 3aKOHAM TEOPUHM BEPOATHOCTH, YTOOH
NPUMEHATb TEXHUKY X3UIUPOBaHHUSA. 3AeCh HY>KHa YBEPEHHOCTb B TOM, YTO B CpeAHEM
yucno npod mano. [IpuBoanMele HHKE BEPOATHOCTHBIE apryMEHThI [I0Ka3bIBAIOT, YTO
3TO YHCJIO He NPOCTO MaJIO, @ OYEHb MAJIO.

CHoBa npeanoJyioXuM, YTo Bce BO3MOXHbIe 3HAaYECHHUA KJIouell paBHOBEPOATHBI
4TO X3 -PyHKUHUA H pacnpeaensieT UX pABHOMEPHO N0 AHaNa30Hy HHAEKCOB Tab/Hn b,
Eute npeanosoxuM, 4TO HEKOTOPLIiA K104 BCTaBAseTcA B Tabaunuy pasmepa N, yxe co-
aepxamyio k asemeHToB. Toraa BepOATHOCTb MONAAAHMA B CBOOOAHYIO NMO3MLHIO
¢ nepBoro pa3a paBHa (N-k)/N. JT1oii xe BeJIMuMHE paBHA BEPOATHOCTb Py TOrO, YTO
6yaeT A1OCTaTOYHO OAHOrO cpaBHeHHSA. BepoATHOCTb TOro, 4TO NOHaA0OMTCA B TOYHO-
CTH ellle 0AHa npoba, paBHa BEPOSATHOCTH KOJIJIM3UM Ha NEepBOit NONbITKE, yMHOXEHHOMH
Ha BEepOATHOCTb NMONacTb B CBOGOAHYIO MO3MLMIO Ha BTOpoii. B ob1ueM cayyae nonyya-
€M BEepOATHOCTDb P BCTaBKH, TpeOylolueit B TOUHOCTH | npob:

pr = (N-k)/N
p2 = (k/N) x (N-k)/(N-1)
p3 = (k/N) x (k-1)/(N-1) x (N-k)/(N-2)

pi = (k/N) x (k-1)/(N-1) x (k-2)/(N-2) x ... x (N-K)/(N-(i-1))
[Toatomy cpeaxee yncao E npob, HeobxoauMebIx A1 BCTaBKH k+1-ro k1io4a, paBHO

Es1= Sit 1 Sisk+) :ixp;
= 1 x(N-k)/N + 2 x(k/N) x (N-k)/(N-1) + ...
+ (k+1) * (k/N) x (k=1)/(N-1) x (k-2)/(N-2) x ... x 1 /(N-(k-1))
= (N+1) / (N-(k-1))

[TockonbKy Yncao npob Ans BCTaBKH 3/leMEHTa COBIAAAET C YUC/OM Npod A1 ero
MOMCKA, 3TOT pe3y/bTaT MOXXHO MCIMOJIb30BaTh /ISl BLIMMCAEHUA cpeaHero yucaa E
npo6, HeoOXOAMMBIX L1 AOCTYNA K cAyyaiiHOMy Katouy B Tabauue. Iyctb cHoBa pa3-
Mep Tabuinubl 0603HaYeH Kak N, M ycTh M — YKCAO0 Kloyeit yxe B Tabauue. Toraa

E=0Ok:1sksm:E)/m

= (N+1)x (Sk: 1 <k £m: 1/(N-k+2))/m
= (N+1) x (Hn41 - Hy-mes1)
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rae H — rapmoHHyeckast GyHKuMs. H MOXXHO annpokcUMHUpoBaTh Kak Hy = In(N) + g,
rae g — nocrosinHana Jiinepa. anee, ecam BBecTH 0603HaYeHHE a A5 OTHOLIEHUA m/
(N+1), To nonyyaem

E = (In(N+1) - In(N-m+1))/a = In((N+1)/(N-m+1))/a = -In(1-a)/a

Be/nunHa a npuMepHO paBHa OTHOLIEHHIO 3aHATHIX M CBO-  TaBauua 5.1. Cpearee
6oaHBIX NO3MLMIA; 3TO OTHOLLIEHHE Ha3bIBAETCA X0spduyuuen-  yucno npo6 E kax
mox 3anoanenus (load factor); a = 0 cooTBercTByer nycToil  ghyHkuma ko3 HULM-
Tabauue, a = N/(N+1) = 1 — nonnoit. Cpeanee uncno Enpob  gy1a 3anonHeHus a
ANSA TIOUCKA MJIM BCTaBKH CJIy4aifHOro KJ1IoYa JaHo B Tabu. 5.1

Kak ¢pyHKuUMs k03dPHULMEHTA 3aN0THEHUSA. a E
Yucna noayyaiorcs yAMBHTENbHBIE, U OHH OOBACHAIOT UC-  0.) 1.05
KJIOYHUTEJIbHO BHICOKYIO TPOM3BOAUTENBHOCTb MeToAa Npeod-  0.25 1.15
pa3oBaHHsa Kaioveit. [laxe ecsin Tabsinia 3anosiHesa Ha 90%,8 0.5 1.39
CpeaHeM HY)XHO ToJbko 2,56 npo6bi, 4yTo6m HaitTh uckombit  0.75 1.85
K104 MM cBoGoaHYI0 no3uumio. Ocobo nonyepkHem, ytoaro  0-9 2.56
YUCJIO He 3aBHCHT OT abCOTIOTHOTO YHCAa KIoYei, a TOJILKO OT 833 2 ]62

ko3¢ dHIMEeHTa 3aN0THEHUS.

[IpuBeaeHHbIil aHANK3 NpeanoJaraeT, YT0 NpUMeHsieMblH
METO/] pa3peleHHst KOJUIM3HI1 paBHOMEPHO PacCeMBaeT KII0YH M0 OCTABLIHMCSA MO3H-
uuaM. Metoabl, Hcnosib3yeMble Ha NPaKTHKeE, AAIOT HECKOJIbKO XyALIYIO NPOU3BOAM-
TeJIbHOCTh. JleTabHblii aHAIH3 MeTo/1a IHHeHHBIX Npob AaeT caeaylowMil pe3ybTaT
ANl CPeAHero Yucaa npod:

E =(0-a/2)/(Q0 -a)

HekoTtopnie yncneHHble 3HauyeHus E(a) npuBeaeHs B Taba. 5.2 [5.4].

PesynbraThl aaxke Anst npocreiilero cnocoba paspelieHHs KOJUIM3HIA HaCcTOJIBKO
XOPOILH, YTO eCTh co6/1a3H pacCMaTpHUBATh X31IMPOBaHHeE KaK NaHalel0 Ha BCe Cly4aH
xHu3HH. TeM 6GoJiee YTO ero NPOH3BOAHTENLHOCTD NMPEBBILIAET AaXKe CaMble H3OLPEH-
Hble M3 06CY)KAABLIMXCSI METOAOB C MCNOJIb30BaHMEM AepeBbeB, MO KpaitHeH Mepe
C TOYKH 3pEHHs YHCJ1a CpaBHEHHIT, HEOOXOAMMBIX 15 NOKUCKa H BCcTaBKH. Ho nmenHo
NO3TOMY BaXHO SIBHO yKa3aTh HEKOTOPble HEAOCTATKH X3LIHPOBaHHA, 1aXKe €CJIM OHH
OYeBHAHBI [1PH HEMPEAB3STOM aHANIH3e.

Pasymeercs, cepbe3HbLIM HEAOCTATKOM 110 CPABHEHHIO C METOAaMH C IMHAMHYECKHUM
pa3MelleHHeM ABAIOTCA (PHKCHPOBaHHBIH pa3Mep TabH1bl H HEBO3MOXHOCTh H3Me-
HATb €ro B COOTBETCTBMHM C TeKylueH HeoOXOAMMOCTBIO,
TaGnuua 5.2. Cpearee [ToaToMy 00si3aTe/ILHO HY)KHa AOCTaTOYHO XOpOllas an-
“MCNO NPOC ANA METOAR  pyopHas oleHKa YHCIa 06pabaThiBaeMBIX 2/IEMEHTOB AaH-

NIMHEAHbLIX NPOO HBIX, €C/IH HENPHEMJIEMBI 110X0€ HCNO/Ib30BaHHe NaMSITH
a E MJM HM3Kast NPOM3BOJAMTENBHOCTb (MJIM NepenojHeHHe
0.1 1.06  Tabanubi). Jlaxe eciM YHCJIO 3/1€MEHTOB H3BECTHO TOY-
0.25 1.17  Ho, — uT0 6bIBaeT KpaiiHe peaxo, — CTPeMJIEHHE K XOpolleit
0.5 1.50 NpOU3BOAUTEILHOCTH 3aCTaBJisieT BulOMpaTh Tabauy He-
0.75 2.50 MHoro 6osbliero paamepa (ckaxeM, Ha 10%).

0.9 5.50 Bropoii cepbe3Hblii HEAOCTATOK METO0B «pacCestHHO-
0.95 10.50  ro xpaHeHHsi» CTAHOBHUTCSI OYEBUAHDIM, ECIH KJIOYH HYX-
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HO He TOJIbKO BCTABJIsATh H HCKATh, HO H YAAJIATbD. YnanenHe 3nieMeHTOB B x311-Tab/H-

ue -

ype3BbiYaitHO rPOMO3/1Kas ONepalHsi, eCJAH TONbKO He MCIOJIb30BaTh MPsAMOe CBs-

3bIBaHHE B OTAEJIbHOI 06aacTH nepenosiHeHus. [103TOMy pasyMHO 3aKJIIOUHTh, YTO
ApeBecHble Cocobbl OpraHU3alMK No-NpeXXHeMy NPHUBJIEKaTeNbHb H aXKe NMpearnoy-
THTEJIbHBI, eCIM 00beM AaHHBIX MJI0XO NpeackadyeM, CHIbHO MEHSIETCS M 1aXe MOXKeT
YMEHbILAThCA.

YnpaxHeHus

5.1.

5.2.

5.3.

S5.4.

5.5.

Ecan o6vem ungopMaumum, CBA3aHHOIN ¢ KaXAbIM KJ1I0YOM, OTHOCHTEILHO BeJIMK
(B CpaBHEHHH C CAaMMM KJIIOYOM ), TO €€ He cielyeT XpaHHTb B xau-tabauue. O6b-
AICHUTE, TOYEMY, U NPEAJIOKHTE CXeMY NPeACTaBIeHHs TAKOro Habopa AaHHbIX,
PaccmoTpuTe pelienne npobsieMbl CKyYHBaHMsl, COCTOsIILEE B TIOCTPOEHHH 1epeBbEB
BMECTO CITHCKOB IepernoJIHeHHUsl, TO €CTb B OpraHM3aluH KJloveil, nperepneBlIHX
KOJUIM3HIO, B BUlIE PpeBeCHOi CTPYKTYpHI. Toraa Kaablii 3/leMEHT X31-Tabnuibl
MOJXXET pacCMaTPUBATLCA KaK KOpPeHb (BO3MOXHO, nyctoro) aepesa. CpaBHuTe
CPEeZH 010 NPOU3BOANTEIbHOCTb TAKOrO METO/A X3LIHPOBaHMsA C iepeBbSIMH C NPO-
M3BOAMTEJIbHOCTbIO METO/1a OTKPLITOM aipecallHH.

[Ipuaymaiite cxemy, B KOTOpOI#i JIsi pa3pelleHHsi KOJUIM3UM NPHU BCTaBKaX H yAa-
NEHHSAX U3 X3-TabAHLUBI HCNOJIB3YIOTCS KBaApaTHYHble npupalueHus. [IpoBean-
Te 3KCNepUMEHTaIbHOE CPaBHEHHE TaKOM CXeMbl C NPOCTBHIM ABOMYHBIM JEPEBOM,
MCNO/b3Ysi CAYy4ai HYI0 NOCAeA0BaTe/IbHOCTD KJl0YeH A1t BCTaBKHU M YAaIeHHUS.
I'naBHBIA HEAOCTAaTOK METOAOB, HCMO/b3Y IOIMUX X31-TabAnLbI, — B TOM, YTO pa3-
Mep Tabamnubl pHKCHPYeTCsl, KOrja OKOHYaTeIbHOE YHCJIO 3/IEMEHTOB €elle He W3-
BecTHO. [IpeanosoxuM, YTo B Baleil BBIYUCAUTEIbHOM CUCTEME €CTh MEXaHH3M
AWHAMHYECKOTO pacnpenesieHHsl MaMsiTH, NO3BOJISAIOLNIA NONYYUTD NAMSATD B JIIO-
60it MomeHT. Toraa ecau xaum-tabauua H 3anonHeHa (WK NOYTH 3aMoOJIHEHa), CO-
anaercs 6oapman Tabauua H', U Bce KaloYH nepeHocATcst U3 H B H', nocae yero
obnacTh NaMATH U3-nod H BO3BpalLaeTCs CHCTEME YN PaBJIeHHUs NaMATbIO. ITO TaK
Ha3blBaeMoe nosmopoe xawuposanue. Hanummre nporpaMmy, KoTopas BhINoJI-
HsieT NOBTOPHOE X31KMpoBaHHue Tabaunusl H pa3smepa N.

OueHb 4acTO KJIIOYH ~ He lieJible YHCJIa, a OCJea0BaTeIbHOCTH iuTep. Takue co-
Ba MOTYT CHJIbHO BapbHPOBAaTLCA NO AJIMHE, U NO3TOMY XPaHUTb X B NOAAX PUK-
CHMPOBAHHOro pa3Mepa HeyaoOHO U pacTounTenbHO. Hanumte nporpammy, Koro-
pas pabotaer ¢ xau-Tabanueil M ¢ KJilo4aMH nepeMeHHOH| A/IMHBL.

Jiutepartypa

[5.1] Maurer W. D. An Improved Hash Code for Scatter Storage. Comm. ACM, 11, No.

1 (1968), 35-38.

[5.2]) Morris R. Scatter Storage Techniques. Comm. ACM, 11, Na 1 (1968), 38-43.
[5.3] Peterson W. W. Addressing for Random-access Storage. IBM J. Res. & Dev,, 1

(1957), 130-146.

[5.4]) Schay G. and Spruth W. Analysis of a File Addressing Method. Comm. ACM, 5,

Na 8 (1962) 459-462.
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10 20 30 40 50
dle

soh dcl

nul

1

dc2

stc

3

4
S

dc3 #

etx

dc4 §

eot

nak %

syn
etb

enq
ack
bel

5

can

em

bs

ht

sub
esc
fs

If

gs

cr

rs
us

SO

del

Si



NMpunoxexHue B
Cuntrakcuc O6epoHa

1. CuHTakcuc OGepoHa

ident = letter {letter | digit}.

number = integer | real.

integer = digit {digit} | digit {hexDigit} "H" .

real = digit {digit} "." {digit} [ScaleFactor].

ScaleFactor = ("E" | "D") ["+" | "-"] digit {digit}.
hexDigit = digit | "A" | “B" | "C" | "D" | "E" | "F".

digit = "0"|"1"|"2" | "3" | "4"|"S"| "6~ | "7" | "8" | "9".
CharConstant = """ character """ | digit {hexDigit} "X".
string = "™ {character} """ .

qualident = [ident "."] ident.

identdef = ident [**").

TypeDeclaration = identdef "=" type.

type = qualident | ArrayType | RecordType | PointerType | ProcedureType.
ArrayType = ARRAY length {",”" length} OF type.

length = ConstExpression.

RecordType = RECORD ["(" BaseType ")"] FieldListSequence END.
BaseType = qualident.

FieldListSequence = FieldList {";" FieldList}.

FieldList = [ldentList ":" typel.

IdentList = identdef {"," identdef}.

PointerType = POINTER TO type.

ProcedureType = PROCEDURE [FormalParameters).

VariableDeclaration = IdentList ":" type.

designator = qualident {"." ident | (" ExpList "]" | "(" qualident ") | A" }.
ExpList = expression {"," expression}.
expression = SimpleExpression [relation SimpleExpression].
relation = "="|"#"|"<" | "<="|">"|">="|IN|IS.
SimpleExpression = ["+"|"-"] term {AddOperator term}.
AddOperator = "+"|"-"| OR.
term = factor {MulOperator factor}.
MulOperator = "**|*/" | DIV| MOD | "&" .
factor = number | CharConstant | string | NIL | set |
designator [ActualParameters) | "(" expression ") | "~" factor.
set = "{" [element {"," element}] "}".
element = expression [".." expression].
ActualParameters = “(” [ExpList] )" .
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statement = [assignment | ProcedureCall |
IfStatement | CaseStatement | WhileStatement | RepeatStatement |
LoopStatement | WithStatement | EXIT | RETURN [expression] ].
assignment = designator ":=" expression.
ProcedureCall = designator [ActualParameters).
IfStatement = IF expression THEN StatementSequence
{ELSIF expression THEN StatementSequence}
[ELSE StatementSequence]
END.
CaseStatement = CASE expression OF case {"|" case} [ELSE StatementSequence] END.
Case = [CaselabellList ":" StatementSequence].
CaselabelList = Caselabels {"," CaselLabels}.
Caselabels = ConstExpression [".." ConstExpression).
WhileStatement = WHILE expression DO StatementSequence END.
LoopStatement = LOOP StatementSequence END.
WithStatement = WITH qualident ":* qualident DO StatementSequence END .

ProcedureDeclaration = ProcedureHeading “;" ProcedureBody ident.
ProcedureHeading = PROCEDURE identdef [FormalParameters).
ProcedureBody = DeclarationSequence [BEGIN StatementSequence] END.
ForwardDeclaration = PROCEDURE "A” identdef [FormalParameters]).
FormalParameters = "(" [FPSection {";,” FPSection}] )" [*:" qualident].
FPSection = [VAR]) ident {"," ident} ":" FormalType.

FormalType = {ARRAY OF} qualident.

DeclarationSequence = {CONST {ConstantDeclaration ";"} |
TYPE {TypeDeclaration ";"} | VAR {VariableDeclaration “;"}}
{ProcedureDeclaration ";" | ForwardDeclaration ";"}.

Module = MODULE ident ;" [ImportList] DeclarationSequence
[BEGIN StatementSequence] END ident "." .

ImportList = IMPORT import {",” import} ";" .

Import = ident [*:=" ident].

2. CuMBONbI U KNIOYeBble CNoBa

+ = ARRAY IS TO
- A BEGIN LOOP TYPE
* = CASE MOD UNTIL
/ # CONST MODULE VAR
~ < DIV NIL WHILE
& > DO OF WITH
. <= ELSE OR
>=  ELSIF POINTER
END PROCEDURE
EXIT RECORD
IF REPEAT

IMPORT RETURN
IN THEN

PP, pEm— e, —- v W
— b—t “eue”
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3. CtanpgapTtHbie TUNbl AaHHbIX

CHAR, BOOLEAN, SHORTINT
INTEGER

LONGINT, REAL, SET
LONGREAL

(8 6uT)

(16 or 32 bits)
(32 bits)

(64 bits)

4. CtanpapTtHbie GyHKUUM U NpoLueAaypb!

abcosl0THOE 3Ha4YeHHe
xMOD2=1
COOTBETCTBYIOLLAA
3ar/iaBHas OykBa

x x 2"

(apudpmeTHyeckHmit CABHT)
AJHHA V B N-M U3MEPEHUH
A1uHa v B 0-M U3MepeHUH
YUCJ0BOH KOJ JTHTEPhI X
JINTEpa C YUCJOBRIM KOJOM X
TOXJECTBO

(Bo3aMoxHa noteps ungp!)

TOXAECTBO

Haub6oabluee 1enoe,
He npeBbiBalOLLEe X
=V 4+n

=v+]

‘mV-n

=v -]

=V + {n}

=v - {n}

Vi=X

€ € € € € <

NUms Twun aprymenTa Tun peayabTara

ABS(X) YUCJIOBOI THN X

ODD(x) LeABI THI BOOLEAN

CAP(x) CHAR CHAR

ASH(x, n)  ueJble TUNH LONGINT

LEN(v, n) V: MaCCHBOBGII THN LONGINT

LEN(v) V: MaCCHBOBBII THI LONGINT

ORD(x) CHAR INTEGER

CHR(x) INTEGER CHAR

SHORT(x) LONGINT INTEGER
INTEGER SHORTINT
LONGREAL REAL

LONG(x) SHORTINT INTEGER
INTEGER LONGINT
REAL LONGREAL

ENTIER(X) BeleCTBEHHBIM THN LONGINT

INC(v, n) Le/ibie TUMbI

INC(v) Le/ible TUIBI

DEC(v, n)  uenbie TUMH

DEC(v) L eJIbl€ TUITBbI

INCL(v, n) v: SET; n: uenniit TMn

EXCL(v, n) v: SET; n: uenaniif TN

COPY(x, v) x: MaCCHMB JINTEP, LENMOYKA IHTEP

NEW(v) yKa3aTeJIbHblH THI

HALT(x) Les1ast KOHCTaHTa

Pa3MECTHUTb VA
OCTaHOBHUTb BLIYHUCJIEHHE
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Llukn [lenkcTpbl

Heiikctpa [C.1] (cm. Takoke [C.2]) BBes MHOTOBeTOYHBIiT BapHaHT LMki1a WHILE, o6o-
CHOBaB €ro B CBOEil TEOPUHU CHCTEMATHYECKOro BhIBOAA MMMEPATHBHLIX MPOrpaMM.
ITOT UMK OKa3biBaeTCs YAOOHBIM /ISl BhlpaXXeHHA W, I1aBHOE, BepUPHKALHH anro-
PHMTMOB, OOBIYHO 3aNMUCBHIBAEMBIX Y€pe3 BA0XKEHHbIE LIMKJIbI, TO3BOJISAS PE3KO CHU3UTD
YCHJIUS MO OT/IaJKe.

B Bepcun sisbika Obepon, uasectHoi kak O6epoH-07 u npeacrasaenHoit B [C.3),
CHHTAKCHC 3TOr0 LIMKJIa ONpeaesieTCS CAeLyIOLHM MPaBHIIOM:

WhileStatement
= WHILE nornyecxoe ssipaxenne DO
TOCNea0BaTenbHOCTh ONTePaTopos
{ELSIF nornyecxoe ssipaxenune DO
ITOCNeR08aTeNbHOCTh ONTepaTropos})
END.

Ecan Briuucaenune no060ro U3 JOrHuecKux BhipakeHHit (oxpaH) maet TRUE, To
BhIMIOJIHAETCA COOTBETCTBYIOLIAA NOCJEA0BaTEJbHOCTb oOnepaTopoB. BriuucaeHue
OXpaH U BhiNOJHEHHE COOTBETCTBYIOIMX MOC/EA0BATENbHOCTEN NOBTOPAIOTCSA A0 TEX
nop, Noka Bce oxpaHul He 6yayT naBatb FALSE. TakuM o6pa3om, nocTycaoBueM Ans
3TOro LUMKJIA ABJAETCA KOHbIOHKINSA OTPHLIAHHI BCEX OXPaH.

IIpumep:

WHILEM>nDOm =m-n
ELSFn>mDOn:=n-m
END

[ToctycnoBue: ~(m > n) & ~(n > M), YTO IKBHBAJIEHTHO N = M.

HMuBapHaHT UMK/ 1OKEH BhIMONHATLCA B Hayasle H B KOHLE KaXXA0i BETBH.

[py6o roBopsi, 06LIYHO N-BeTOYHBIH UMKA [IefiKCTPbI COOTBETCTBYET KOHCTPYK-
LUMAM U3 N OOBIYHBIX UMKJIOB, KAKUM-TO 00pa30oM BJIOXKEHHBIX APYT B ApYra.

Y n06¢TBO unkaa JdeikcTpet 06yC0BAEHO TEM, YTO BCSA IOTHKA CKOJIb YTOAHO CJIOXK-
HOrO LMKJIA BhIBOAHTCA Ha OAMH YPOBEHb H PaJHKANbHO NPOSACHAETCSA, PHYEM aliro-
PHTMBI C Pa3HBIMM CJY4YasiMH 3aMyTaHHBIX UHK/IOB TPAKTYIOTCA COBEPLIEHHO €AMHO-
obpasHo.

3¢ deKTHBHBII CIOCO6 NOCTPOEHHUS TAKOro LMK/ COCTOHT B TOM, YTOObI [EPEYHCASATD
BC€ BO3MOXHbI€ CUTYalLlHH, KOTOPble MOTYT BO3HMKHYTb, OITHChiBas HX COOTBETCTBYIOLLH-
MH OXPaHaMH, M /L1 KOKIO0# H3 HUX HE3aBUCHMO OT OCTa/IbHBIX CTPOHTD OflEpaLHH, obec-
Nne4YHBaloLIHe NMPOABHXKEHHE MO JAHHbIM, BMECTE C ONepauHsaMH, obecneynBalOLIMMM
BOCCTaHOB/eHHe HHBapHaHTa. [lepeuncaenne cHTyalmit 3aKaHYMBaeTCA, KOraa AH3b-
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IOHKUMA (MIK) BCeX OXPaH NMOKPOeT npeamnosiaraeMoe npeaycaosve uuiia. Ilpx atom
3ajlaya KOPPEKTHOro NoCTPOeHHs UMKIa 061er4aeTcs, eCJiH OTA0XKHUTb GecrnokoitcTBo 0
nopsiike BbIYHCJEHHS OXPaH H BLIMOJIHEHUS BeTBeH, IKOHOMHH ONepalMil PH BbIYHC-
JIEHHUH OXPaH U T. 1. 10 TEX MOP, NOKa LHKA He OyaeT koppekTHO noctpoeH. Takue men-
KHe ONTHMH3aLUH PEKO N0-HAaCTOALLEMY BaXKHb, 3 UX peau3alus CHIbHO obJeryaer-
Csi, KOrla KOPPEKTHOCTb CJI0XKHOrO LIHKJIa yKe obecneyeHa.

XoTs B Teopun JleiikCTphl NOC/EAOBAaTENBHOCTb BhiOOpa BeTBEI 1IMKJIA H BhIYKCE-
HUS COOTBETCTBYIOLIMX OXPaH He onpelesieHa, B 3TOM KHHUXKe MPUHATO, YTO OXPaHbl
BbIYHCJISIIOTCS B TEKCTYa/IbHOM MOpPAAKE.

Bo MHOrMX si3bikax NporpaMMHUpOBaHHSA UMK JleMKCTPHI NPHXOAUTCA MOAENHPO-
BaTh. B cTaphix Bepcuax Obepona, Biiiovyas KomnoHentHolit Ilackans, qoctatouHo
Hcnosb30BaTh UMKA LOOP, Tes10 KOTOPOro COCTOMT U3 MHOIMOBETOYHOIO YCJIOBHOTO One-
paTopa ¢ onepaTopoM BbixoAa B Berke ELSE:

LOOP IF nornyecxoe ssipaxernne THEN
ToCcneA08aTensHOCTb ONEPaTopos
{ELSIF noruvecxoe ssipaxerne THEN
TocneAo08aTensHOCTs OnepaTopos}
ELSE EXIT END END.

B apyrux s3blkax KOHCTPYKUMsS MOXeT OriTh 60s1ee rpoMO3AKO#A, HO 3TO C JTHXBOIA
OKYIaeTCs YNPOLEHHEM NNOCTPOEHUS U OTIAAKH CJIOXKHRIX LIMKJIOB.

JinTepartypa

[C.1] Dijkstra E. W. A Discipline of Programming. Prentice-Hall, 1976 (umeercs ne-
pesoa: [eiikcrpa 3. lucunnianHa nporpaMMHpoBaHuda. — M.: Mup, 1978).

[C.2] Gries D. The Science of Programming. Springer-Verlag, 1981 (umeercs nepe-
Boa: ['puc /1. Hayka nporpamMmupoBanns. — M.: Mup, 1984).

| C.3] Wirth N. The Programming Language Oberon. Revision 1.9.2007.
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EBNF 48

In situ, 72

n-Kka (n-tuple), 29

N-nyreBoe cansnne, 109

NIL (ocoboc anauenue ykasareaeit), 173
p-nabop, 100

A6cTpakuus, 18

ABJI-aepeso, 210

Aapec, 32

AxTHBHBI HCTOYHKK, 111

Anroputm Boiiepa n Mypa, 63
Anroput Kuyra, Moppiitca u [Iparra, 58
Anroput™ c Bo3BpaToM, 143
AndaBuTHbiil YacTOTHHIN caoBaps, 179
ApryMeHT noHcka (HcKoMoe 3HaveHie), 49
B-aepeso, 229

Bazosuit TR, 21

Bazosmii TN AepeBa, 191

Ba3osuit TN MaccHBa, 26

Bazosmit TN nocaeaoBaTenbHocTH, 35
BaiiT, 32

Banaucuposka, 210

Banancuposka crpauiu (aepesa), 234
Bapeep, 50

Berynok (obbvexT aocryna), 37
BunapHoe (aBonuHoe) aepeso, 194
BM-anroputm, 63

bydep, 36

bydepusauns, 36

BuicTpas coprhpoBka, 88

Bec nepesa, 222

Baanmnoe ncxiovenue, 45

Basewennan nanna nyreit (aepesa), 220
Buewnss copruposka, 70

BuyTpennnit yaea, 193

BHyTpeHHAs copTHpOBKa, 70

Boaspar, 148

Boccranosaenne 6ananca (aepesa), 210
BcTtaBka B c6anancHpoBaHHoe aepeBo, 211
Bctabxa B cnucok, 177

BupaBuuBanne, 32

Bupoxaennoe aepeso, 221

Buicora aepesa, 191

MiabbepToBa kpHBas, 137

T'ay6una nepesa, 191

TopizonTanbHoe pacnpenesenne, 118

A B-nepeso, 239

ABoiyunoe (6nHapHoe) aepeso, 194
Aponynoe b-aepeso, 239
JAByHanpasseHHbI# cniHcok, 251

I Byx¢pasnan copTHpoBka, 98
HByxdasnan copruposka, 98
lexaproso aepeso, 247

lepeso, 191

Hepeso Oubonavun, 211

lepeso nonucka, 199

I HHaMiyeckas CTPyKTypa AaHHbX, 168
Hunamiueckoe pacnpeaenenie namMatH, 171
Hanna BHewnnit nyreit, 193

Hanna BHyTpeHHnx nyreit, 193

Hanuna maccisa, 27

Hanna nocaenosarenbHocTH, 35
Hanna nyreit (aepesa), 193

Hdauua nytu (yana B acpese), 193
EctecTBeHHbie cansanug, 102

3aaava o socbMit pepanx, 149

3azaya 0 nyTelWeCcTBHH WAXMaTHOTO KOoHs, 143

3anaua o crabuabHbix Gpakax, 154
3azaya onTHManbHoOro Bubopa, 160
3anucesmit THn, 30

3anuco, 30

HaeanbHo cbanancuposantoe aepeso, 196
HNacutindukarop noaa (3anuch), 30
Husapuant (unkna), 50

HMuaexc (KoMnoHeHTH MacciiBa), 27
HMuaexciposanhan nepeMennas, 27
Hcrounnk, 99

Kackaanoe cansnne, 129

Knwoy anemenTa, 72
KMII-anroputm, 62

Koaanuans, 256

Koabuesoit 6ydep, 43

KomnoHeHTa MaccuBa, 26
Konuesas aurepa, 53

Konuesas pexypcus, 134
Konuesoiil (Tepunnanbhniil) yaen, 193
Kopenb nepesa, 191

KocenHno pexypchBhas (npoueaypa), 133
Koa¢pdiunenTt zanonnenns, 262
KpacHo-yepHoe acpeso, 246
Kpusasa Cepnuubckoro, 139

Kyua (npiopirerHoe aepeso), 247
Jlexcema, 187
JlexcuxorpadHueckoe aepeso, 203
Jlunefinmit nonck, 50

Jlunefinmit cnicok, 175

Jluct (aepesa), 193

MakchmanbHas cepus, 103
Maccus, 26

MaccusoBuii THn, 27
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Martpuua, 28

Meanana, 93

MeToa ksaapatiuHbix npob, 259
Metoa nuHeiinmx npob, 258
Meroa crpykTypipoBanns (1aHHbIX), 22
Mexannam aocryna, 37
MuoronyTtesoc cansune, 109
Muorodasnas copritposka, 113
MHoxecTtBo, 26

Moayaw, 40

MonuTop, 45

MoumHocTb THna, 21

O6nacTtb nepenoanennsn, 258
Obxon aepesa, 197

Obutne nepemennnie, 45

O6vexT aocryna (6eryHok), 37
O6mbaBaenne, 20

Oanodasnan coprHpoBka, 98
Onpeaenenne, 39

OnTumansHoe peweHne, 160
OrkpuiTan agpecauns, 258
OTniManbHoe aepeBo nokcka, 221
Oxpana, 43

Ilepenonnenne, 23

[Tupamnaa, 84

[ToBTOpHOE X3WIHpOBaHKe, 263
[Toraepesobs, 191

[Tonck, 49

I[Touck B cniscke, 179

[Touck B Tabaue, 53

[Tonck B ynopsagoyeHHoM cnHcke, 181
[Tonck aenennem nononan, 51
[Mouck o6pa3ua B TekcTe, 4

[Tonck no aepesy co scraskoil, 200
[Tonck ¢ nepeynopsanoueniem cnicka, 183
[Tone (3anncu), 30

[Topaaok B-aepesa, 229
[TocnenoBarenabHocTb (sequence), 35
[TocnenosaTeabHnit aoctyn, 36
[Tocnrenosateavuuit daiin, 36
[Toctycnosue, 50

[ToTomok (yana B aepese), 191
[ToTpeburenn, 42

[Mpasiuio cTabibhbix 6pakos, 154
[Ipenox (y3na B aepese), 191
[Ipeaycnosue, 41

[IpeobpasoBanne knwveii, 256
[puemunx, 99

[IpHMuTHBHLI THN, 22
[IpHopHuTETHOE ACPEBO NOHCKa, 247
[IpucBanBaune, 22

[Tpoba, 256

[Tposu3ssoaurens, 42
[Tposasoasbuuiii (npamoit) aoctyn, 27
[IpocenBanne, 85

[Ipocras copTpoBKka BcTaBkamu, 73

[IpocTas coprposka Bubopom, 76

[TpocTan copTHpoBka obMeHamit (ny3anipbKoBas ), 78

[IpocTan copTipoBKa CAHAHMAMH, 97

[TpocToit (mneiinmit) cnucok, 175

[TpocToii nosck obpasua B Tekcre, §5

[IpocThie MCTOAM COPTHPOBKH, 72

[1poxon, 98

[Ipoxoa no cnucky, 178

[Ipsimoe cea3biBanHe, 257

[Ipamoit (npon3sosbHbiit) acctyn, 36

[1yampbkoBas copTHpPOBKa, 78

[lycroe aepeso, 191

Paspewenne koan3auii, 256

Pacnpeaenenne HayanbHbix cepuit, 123

Pacunpennas HopmasbHas HoTauusa Bakyca
(EBNF), 48

PexypchBubiit obvexT, 132

PexypcuBnuniit THn, 168

Potaiwa (yanos aepesa), 214

Cb6ananciposantoe aepeso, 210

CbanancipoBaHtbie CAHAHMA, 98

Céopxka mycopa, 207

Caasnunit cnucok, 176

CAB-aepeso, 242

Cenexrop (koMNOHeHTH MaccHBa), 27

Cenexrop (noas 3anucu), 30

Cepusn, 102

Curnan, 44

CiubHo BeTBsmeecs aepeso, 194;, 229

CummeTpnyHoe asoH4yHoe B-zepeso, 242

Cxanep (scanner), 48

CxanupoBanke Tekcros, 187

Caunanne cepnit, 119

Cansanue, 97

CaoBo (eaitHHUA nepecbinKH AaHHbIX), 32

CaoBo (uenovka auTep), 53

Cumewmenne, 34

Coananne cnucka, 176

Conporpanma, 126

Coptiposka, 70

Copruposka llleana, 82

CopTipoBKa ABOHYHBIMM BCTaBKaMH, 74

CoptipoBka nocaeaoaresnbHocTeil, 97

CopTipoBka CAHAHHAMM, 97

Cocrapasiounte Tunu, 21, 29

Cocrasnoit HaH CTPYKTYpPHpOBaHHNIt THN, 21, 29

Cnucok, 175

CpaBHeHnite, 22

CraTiveckas CTpPyKTypa AaHHbiX, 168

Crcnenb yana aepesa, 193

Crpannua (noaanepeso), 229

Crpoka (cepusn), 102

CrpykTypa AaHHbX, 11

TepmHHanbhuit (xonuesoil) yaen, 193
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Tun (aanubix), 20

Tonoaornyeckas copTiposka, 185
TpexnenToqHOC CAHAHHE, 98
TypuupHas coptHpoBka, 83

¥ nanenne u3 aepena, 206

Yaanenne u3 cbanancipoBaHHoro aepesa, 216
Yaancuue u3 cnicka, 178

Yxasarens, 170

Ynakoska, 33

Ynopsanouennoe aBoH4Hoe aepeso, 194
Ynopanouennoe aepepo, 191

Y nopsaaouennniii cnucok, 179

Y nopsaoyennniit THn, 22
Ynpatwsanie Hhopmaunn, 39
Yposenb cTpokn, 117

Yposenb yana, 191

YcToitunBniii MeTOA COPTHPOBKH, 72
®a3a (copTipoBkit), 98

®a3a Beona, 187

®Daiin, 36

MDaiinoBan nepementan, 37
DuxTiBHBIE cepHH, 117
Dynaamentanbumii Tun, 168
X>aw-tabanua, 259

Xow-pynxuis, 257
Xawnposanue, 257

Ilena (nepena noncka), 221
LlenTpoHna, 227

Llenoyka antep, 53

Lukn dediketpu, 55;, 268
[lnxanveckuit cnucok, 251
YacTuunnii nopsaaok, 185

Yiucnaa Jleonapao, 211

Yucaa Oubonawuu nopaaxap, 116
Illeitikep-copTipoBka, 79
d¢ddexTuBHbe copTHPOBKH, 81
$sHo pexypciBHas (npoueaypa), 133
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M CTPYKTYPBI JAHHBIX

Ha CD pasycnien nonibifl KOMILICKT APHMCPOB NPOTPaMM
B CHCTCNC HpOrpasMsnposanis Baakooke

B K1accHucckoM yueOHIKE ThIOPHHIOBCKOro Jaypeata Hukayca
BipTa aKKvpaTiio, HO HE TONMA YHTATEIA BO BTOPOCTENCHHBIX ACTATAN,
MPOPABATHIBAIOTCH TPAAHITHOHHBIC TEMBI LIPOPHTMHEN, BXOJAANINC B
O0A3ATCABLILINE MHIIHMYM 3HANHIT 00010 NPOrpaMMICTa = COPTHPOBKA
H MOHCK, PCKYPCHA, AHHAMHYCCKHE CTPYKTVPHI TaHHBIX.

Tiareabubtit 0TO0P NPUMCPOB 1 YETKOC HINOKCHIIC
COCTABAAIOT (PHPMEHIIBIT CTILIB ABTOPA — OO0 13 CO3ATCACH
HPOTPAMMHPOBANHA KAK AKAICMITMCCKON JIHCIMILIH DL,

B pasmkax npoexra «Hipopmaruka-21+ B COTpyANHYCCTRE
C ABTOPOM NPEIPHIBITO «OMOJOKCHHE» KHHITI € HECJIBIO TOBECTH €€ 10
ROHIHINT COBPCMCHTIONO YYCOIOr0 NMOCOOHSA B CHCTCME MO/ITOTORKH
MPOrPAMMICTOB,

ﬂl)ll NMEPCROJIC, BHIITOAHCHIOM 3AHOBO, TCRCT tﬂ])ﬂ‘!é(‘ﬂll-- b
YCTPANCHUA BCCBOIMOAHBIX OI'PCXOB.

Horaiyedt npusepos teneps cvianT Odepon/Komnonenrustit [lackaan
COBPEMCHUBIT HACAEAHNEK cTaporo [Tackans, A3bK, OAH3KI K
HACAABIOMY JUTH OOYVUCHIA NPOTPAMMHPOBAHINIOG,

[IporpaMyMubie nPHMEPL O MCPC HCOOXOUMOCTH TICPEPAOOTAIIDI
H HPOACHCHDL, BCC OHE IIPOBEPCIB B OTKPLITOH CHCTCMC
nporpaMmuposannig baskboKe H JOCTYMIIB B BHAC KOLICKITHII
PadoTOCIOCOONBIX MOANICH,
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