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Vpest HammcaHus 3TOi KHUIM oopMuiach, KOTAa Mbl BMECTe MPernogaBaiy B
MexkmyHapomHOM yHuBepcuTtete CapaeBo. B xome 06CykIeHMs C HAIIMMU CTY-
IeHTaMM, KOTOpbIe paboTaly B MECTHBIX KOMITAHMSX, MbI IIOHSJIM, UTO CTPYK-
TYpbI JJISI MacCMBHBIX JAHHBIX MOJYYalOT BCe OOJblliee pacpoCTpaHeHMue B
MOBCEIHEBHOM IIPMMEHEHUN VHXeHepaMy ¥ MCCIeI0BaTeIsIMM JaHHbIX. DTU
TEXHOJIOTUM VCITOJIb30BAIVCH IT0 BCEMY MUPY He TOJIbKO KoMITaHusIMK Google n
Facebook, uTo6bI pemaTh cBOM 3a1aun 0becrieueHs] MacIITabupyeMoCTH, HO U
KOMITAaHUSIMM C TOPa3g0 MEeHbIIMMM 00beMaMy JaHHbIX, UbM CHCTEMbI Hauajin
CTAJIKUBATBCS C IOCTOSIHHO PACTYIIMIMM ITOTPEOHOCTSIMM B CKOPOCTH 06paboTKMA
JaHHbIX.

3a 06e40M Mbl Pa3MBIIILISIN O TOM, Ky[a CTYAEeHT, KOTOPbIii YUUTCS BHEAPSITh
CTPYKTYpbI maHHbIX HyperLoglog wim ¢uabTp Bayma B paboTalomyio mpous-
BOZICTBEHHYIO CMCTEMY, MOT 6bI 06paTUTHCS 38 YIOOHBIM 0030pOM UX IIPUMEHe-
Husl. OpUrMHAJIbHBIE CTATbM, B KOTOPBIX 3TU CTPYKTYPHI TaHHBIX BCECTOPOHHE
MIPeACTaB/ISIOTCSI, HEPeAKO GbLIM OUeHb IJTYOOKMMM C MAaTeMaTUUeCKO TOUKMU
3peHMsI, HO C MaJIbIM KOHTEKCTOM [IJisl MH;KeHepa JaHHbIX, ITbITaIoIerocs BCTPO-
UTh 3Ty CTPYKTYPY JaHHBIX B peaJbHYIO CUCTEMY C peabHbIMI JaHHbIMU. Ecu
He CUMTATh SMU30INYECKMX OJIOT-TIOCTOB C OMMCAHMEM pean3aluy CTPYKTYP
IaHHBIX, PECYPCOB, KOTOPbIe 06BEAMHSIIN Obl 3TU CIielu(UUHbIe OIS MaCCUB-
HbIX JaHHBIX AJITOPUTMUYECKIME 3HAHMS, 6bIIO MaJIo Jinbo BOOOIIE He CYIIeCT-
BOBAJIO.

MpbI XOT€eJM HaMCaTh KHUTY, KOTOPAast MOTJIa ObI ITPEICTABUTD ITU BHICOKOTEX-
HUYHbIE TIPeAMEThI B APYKeCTBEHHOM TOHE, a TAaKKe JaTh 60/1ee KaueCTBeHHbIi
OTBET Ha BEUHBIiT BOIPOC CTYI€HTOB: «Ile 3TO MOKHO MCII0Ib30BaTh?» CoueTa-
HIie BepOSITHOCTHBIX ¥ IIOTOKOBBIX CTPYKTYP JAaHHbBIX, 8 TAKXKE CTPYKTYP JaHHbIX
BHEIIIHE IMaMSITU B KMBYIO 9KOCMCTEMY MAaCCUBHBIX JAHHBIX M JEMOHCTPALIVS
MPaKTUUYECKUX IIPUMEPOB MCII0Ib30BaHMs ObLIM HEIIPOCThIM [EeJIOM IJISI IBYX
IperofaBaTesieli B BeJIbBETOBbIX IMuAyKaKaxX. Mbl He ObLIM FOTOBBI ITOJTHOCTHIO
0TKa3aThCs OT MAaTeMaTUKH, [I0O3TOMY IIOCTAaBWIN IIepen co00i 3amauy MOIIbI-
TaTbCsl BBIPA3UTh KAaK MOKHO OOJIbIe MaTeMaTUUYECKUX KOHLIEIINI B JerkKo
BOCIIPMHMMAEMOJi Ha MHTYUTUMBHOM ypOBHe (opMe, He MPUBOISI HU OJHOIO
JIOKA3aTebCTBA.

Ham upe3BbIuaitHO 1T0Be3j10 paboTaTh C MHec, MIII0CTPaTOPOM C IIepeqoBbIM
MH)XKeHepHBIM 00pa30BaHMeM, KOTopas co3alia JeliCTBeHHbIe 1 0UapoBaTeb-
Hbl€ PUCYHKM /IS MJUTIOCTPALIMM CIOXKHBIX aJTOPUTMUUECKUX MaTepuajoB.
Ewtn BbI Korma-inbo OObSICHSIIM KOMY-JIMO0 aJITOPUTM, TO 3HAeTe, YTO OH II0
CBOEJI CYTH BM3YyaJIeH, OMHAKO B KHUTaX 10 KOMITbIOTEPHBIM aJrOPUTMaM 3auac-
TYI0 He TaK MHOTO BU3YaJbHbIX ITOACKA30K. BymeM HamesTbCs, UTO 3Ta KHUTA
CTaHeT ellle OAHMM MajeHbKIM IIaroM K TOMY, YTOObI 3TO M3MEHUTb.
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Kaskmas xopoiiast UICTOpUs Hy>KIaeTcs B KOHMIMKTe, B 3TOJ KHUTE IVIaBHBIM
SIBJISIETCSI KOMITPOMMCC, BOSHUKAIOIIMIA 3-3a OTPaHUYEHNI, HaJlTaraeMbIX KPYII-
HBIMM JaHHBIMMN. [JIaBHeJIIas TemMa Hallleil KHUTY — [OXKePTBOBATh TOYHOCTHIO
CTPYKTYPBI TaHHBIX pajiyi SKOHOMUM MIPOCTpaHCTBA. OTbICKaHME ITOV 30710TOMN
cepenyHbl B MPOU3BOAUTETLHOCTY M YCBOEHME CIIOCOG0B ypaBHOBEINMBAHMUS
pa3HbIX KOHKYPUPYIOUIMX 1ieJieil B CJIO(KHOM KOHBeliepe MaHHbIX — BOT IJIaB-
HbI€ BbI30BbI, KOTOpbIE IIPUBHOCSTCS MaCCMBHBIMM JaHHBIMM B IIOBECTKY IHSI, U
KJII0OUeBble YPOKM, KOTOPbIE MOKHO M3BJIeUb M3 3TOV KHUTM.

MpbI IpU3HATEIbHBI 3@ TO, YTO Y HAC 6bIIa BO3MOXKHOCTD HAMCATh KHUTY Ha
TaKyl0 3aXBaThIBAIOIIYIO M BasKHYIO TeMY. Mbl HEBEPOSITHO 6/1arOfgapHbI BCEM,
KTO OCTaBJIS/T OT3BIBbI, IOKA KHMUIA Haxoauaach B paspaborke. HauaB mucath
ee KaK yuyeHble, Mbl 3aKOHUMJIM €€ KaK MH)XXeHepbl B KOMITAaHUSX, CIIelaan3y-
pyIolLIMxcss Ha 00paboTKe JAaHHBIX (9TO NEeCTBUTENbHO MMpaKTUUecKas KHUra!).
HameeMcsi, uTO 03HAKOMJIEHME C STUM MaTepyrajaoM 000raTUT Balll HAOOP ajro-
PUTMMUYECKUX MHCTPYMEHTOB U IMO3BOJIUT BaM B3SIThCS 3a pellleHue caeayiouei
3agauy 06paboTKM GOJBIINX JAHHBIX C JIIOOOIBITCTBOM M YBEPEHHOCTHIO.



bnaropapHocTu

C MOMeHTa, KOrja HauyHaellb M1CaTh KHUTY, M O CAMOTO KOHIIA ITPOUCXOAUT
MHOTO COOBITHMIA, U BBIAABATD IJIaBbl HA-TOPa, OPMEHTUPYSICh BO BCEX MpPeBpaT-
HOCTSIX JKM3HM U pabOThI, He Bceraa jierko. K cuacTbio, y Hac 6buia 1esiast iepeB-
HSI JTI0fielt, KOTOpbIe HAC MOAAePSKUBAY, TOA0aIpUBAIM HA TIPOTSDKEHUY BCETO
rpoliecca ¥ MpUHOCWIN ey HakKaHyHe CIauy STaroB paboThl.

Bo-mepBbIX, Mbl XOTeJIM Obl TOOGIATOIAPUTD HAIIMX poauTeneit MepazaHy u
Cadepa, a Takke 3uKpeTy 1 Jcaja. Baiy rmpumMepsl M pyKOBOIICTBO Ha ITPOTSIKe-
HUM BCEVA KU3HY STV HAM CBOOOY YMTATh, YUUTHCS ¥ OCBAMBATh, & TAKKE TN
HaM IMOYYBCTBOBATb, YTO Mbl MOXXeM — U JOJDKHBI — IMCAaTh KHUTU. be3 3Toro
IaHHas KHUTA HUKOTA Obl He TTOSIBMIAch Ha CBeT. MbI Takke XOTesu ObI 110671a-
rOapUTh HAIIMX TOPOTUX GpaTheB, CeCTep M TVIEMSHHMUII, KOTOpPbIE TIOIIePsKI-
Ba/IM HAC HA MPOTSDKEHUM BCEro Ipolecca Hanucanus: [I3eiipy, DHcap, AmKiy,
Cepud, Mepcan, Hanan u Jleiiny. DMUH Takke X0Tes Obl M06JIaroJapuTh CBOIO
TeTio IHAMpPY 3a TO, UYTO OHA Tepriesia ero Bo Bpemst yuebbl Bo dpaHkdypTe.

Bo-BTOPBIX, MbI XOTe/V ObI TOOGIATOAAPUTH HAIKX IPY3€ei, KOTOpble HeOTHO-
KpaTHO MHTEPEeCOBAIMCh TIPOABIMKEeHEM PabOThl HAJ, KHUTOI (Iaske 3HAsl, 4YTO
VM OPUIETCS BBICYIIUBATD peayIbHO AJIMHHBIN OTBeT). MHOIrMe Haluu IPy3bsi pa-
60TaT B 00/1aCTSIX, OTIMYHBIX OT BBIUMCIUTENbHBIX HAayK, TO3TOMY X JKeJlaHue
03HAaKOMMUTBCSI C HALIIMM TTePBBIMU IVIaBAMM MMEJIO ropaso Oosbliiee 3HaYeHNe.

MpbI XOTe/M Obl IT06IaTOAAPUTD HALIMX CTYAEeHTOB 13 CapaeBCcKOi IIKOJIbI Hay-
KU ¥ TeXHOJIOIruii 1 MexxapyHaponHoOro yHuBepcuteta CapaeBo, KOTOpbIe BIIOX-
HOBWIM HAC Ha HaIllMCaHMe 3TOJ KHUTU U B pa3HOe BpeMs ee PeLieH3MPOBAJIN.

3aBepIiieHreM pabOThI HaJI 9TOV KHMUTOIM MbI 00sI3aHbI HallleMy pefgakTopy Ka-
peH MuJiiep, KoTopast Ipojienaa BeJIMKONeIHYI0 paboTy, ITPOBe/isl Hac yepe3 Bech
TMIPOIIECC C HEBEPOSITHBIM CoUeTaHyeM IpodeccroHanm3ma 1 106poTsl. Ee mpoHu-
[IATeIbHOCTD U OTIbIT ChITPAJTM PEIIAoITyI0 POb B hOPMUPOBAHUY JAHHO KHUTH.

B mpoiiecce HamMcaHusT Mbl ObUIM Ha CBSI3M CO MHOTMMM COTPYIHUKAMMU U3-
IaTenbcTBa Manning. Ko/nekTuB U3[aTenbCTBa CTPEMUTCSI K COBEPIIEHCTBY U
MpUMeHSIeT TMOKMIT MOAXO/ K M3JaHNUIO KHUT C YYeTOM paHHel 00paTHOI CBSI3H,
YTO MBI, KaK aBTOPBI, COUJIX HEBEPOSITHO TMONE3HBIM U BIOXHOBIISIOLIVM.

MbI XoTesy 6bI HOGIArogapuTh pelieH3eHTOB U3haTeabcTBa Manning: AexaH-
npo Bemtoruua, Anekca l'ayra, AHTO ApaBuHTa, ApHO Bacrenxoda, Kpucrodepa
Kortmaiiepa, UyHcy Tana, Knuddopna Tepbepa, [Janmansa Backeca, [nero Kasesmny,
T'epmana l'oHcaneca-Moppuca, Xuibae Ban Tusens, Kan-®pancya MopuHa, Menca
Kpucrmana bpenans Mapgcena, [Ixkuma Amperina, Xyana Xoce dypuiabo bappuony-
3B0, XyaHa AHToHMO Pydec ne Bucenre, Kenym Cenanasike, Many Capuna, Map-
Kkyca fHra, Mapka bayspa, Huaka Backeca, Paymana [Ixa, Pyu JTto, Carteit Caxy,
CebactbeHa [Ixxanaca, CtioapTa ITepkca, Tuma BaH [Irop3eHa, Tpapuca HenbcoH u
HOpwus Kymua. Bamm npeijioskeHNs1 TIOMOITIM CAeNIATh 3Ty KHUTY JIyJlle.

Haxkownelr, MbI X0TeJu ObI TTO6/IAaTOAAPUTD HALIIMX YMTATENel, 6/1arogaps Ybe-
My y4YacTHMIO M BKJIAQy KHUTa OblIa 3HAUMTENbHO JIy4llle MPUCIocobneHa s
Le/1IeBO ayaUTOPUN.
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Kuura «AnropuTMBI M CTPYKTYPBI JIJ7IT MACCMBHBIX HAOOPOB JTAHHbBIX» TIpeIHAa-
3HaYeHa I OKa3aHus MTOMOIIM B pa3paboTke MacIITabMPyeMbIX IPUIOKEHU
Y TIOHMMaHWUY aJITOPUTMUUECKUX CTPOUTEbHBIX OJIOKOB, JIEesKAIlIMX B OCHOBA-
HUM CUCTeM 06pabOTKM MaCCUMBHBIX JaHHbBIX. B KHMUTe paccMaTpuBalOTCS pas-
Hble aJTOPUTMUYECKNE ACIeKThl Pa3pabOTKM KPYITHOMACIITAOHBIX TTPUIIOKe-
HUI, KOTOpble TpenycMaTpUBalOT SKOHOMMIO MeCTa 3a CYeT MUCIOIb30BaHMS
BEPOSITHOCTHBIX CTPYKTYP AAHHBIX, 00pabOTKY MOTOKOBBIX JaHHBIX, paboTy C
OaHHBIMM Ha OMCKe U MMOHMMaHMe KOMIIPOMMCCOB B MPOM3BOAUTETbHOCTHU B
cUcTEMax yIpaBiieHusT 6a3aMy JaHHbBIX.

KoMy cneayeT npounTaTtb 3Ty KHUIY

OTa KHUTa IpegHa3HaueHa JIjisl YMTaTesIei, pa3ompammyuxcs B GyHIaMeHTalb-
HBIX CTPYKTYpaxX JaHHBbIX M aJropuTMax. BObIlass 4acTb COOEpP>KMMOIO 3TO
KHUTY OCHOBaHa Ha MaTepuajie, KOTOPbI/ 00BIYHO paCcCMaTPMBAETCS Ha PAHHUX
Kypcax I10 CTPYKTypaM JaHHbIX / aJITOPUTMaM: OGOJIBIIMHCTBO IJ1IaB HAUMHAIOTCS
C JeMOHCTpalM TPaAULIMOHHOTO pellleHMs 3a4auM M MPUUMHbBI, IO KOTOPOit
TOT VIV MHOJ aJIFCOPUTM JINOO CTPYKTYpa JaHHBIX OKa3bIBAIOTCS 6€3YCITEeNIHbI-
MM B KOHTEKCTe MaCCUBHbBIX JaHHbIX. HeCMOTpsI Ha TO YTO BBOAHbIE pa3mdesbl
I71aB MTpeIaraloT HEKOTOPOoe 00CYKaeHyie 6a30BbIX AJITOPUTMOB, 3TOT MaTepual
CJTYSKUAT JIMIITh KPaTKUM 0030pOM TEMATUK, C KOTOPBIMM UMTATENb YK TOJIKEH
YYBCTBOBATb Ce6s ymoOHO. UnTarenb JaHHOV KHUTY TAaKKe JTO/DKEH 00/1a7aTh
MIPOMEKYTOUHBIMIM 3HAHUSIMM B 06/1aCTV IIPOrpaMMMUPOBaHMS ¥ IIOHMMATh OC-
HOBBI TEOPUM BEPOSITHOCTeN . HuKakux 3HaHMUIT 0 KaKoii-IM60 KOHKPETHOI CH-
creme win hpeiiMBOpKe He TpebyeTcs (B ITOM BCS KpacoTa airOPUTMOB), Kpome
6a30BOTr0 3HAKOMCTBA C I3bIKOM Python 1 riceBmokomom.

Kak aTa kHura OpraH1M3oBaHa: A0POXHAA KapTa

Knura coctout u13 Tpex yacreii, oxBaTbiBaembix 11 maBamu. YacTs I mocssiieHa
BEPOSITHOCTHBIM JIAKOHMYHBIM CTPYKTypam [OaHHbIX, 4acTb Il — MOTOKOBBIM
CTPYKTypaM [aHHBIX M ajJroputMam, a 4dactb III — cTpyKTypam IOaHHBIX U
QJITOpUTMaM BHeIlIHe mamMsTi. Huske IpuBOAUTCS KpaTKOe U3JI0KeHMe KayKa 0
IJIaBBbI.

O TInmara 1 mocBsieHa 06bsICHEHUIO TPUYMHBI, IO KOTOPOT MacCUBHbIE JaH-
Hble TIPeJCTaB/SIOT TAKyI0 TPYOHOCTD [l COBpEMEHHBIX CUCTeM, U TOTO,
KaK 3TY TPYJHOCTY BAUSIOT Ha pa3paboTKy aITOPUTMOB U CTPYKTYP JTaH-
HBIX.
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Yactsb [: BeposiTHOCTHBIE JTaKOHMYHbIE CTPYKTYPhI TAHHbBIX

O TInaBa 2 MOCBSIIEHA XEUIMPOBAHUIO U 0OBSICHEHNIO SBOJIOLNY Xelll-Tao-
JINII, UTOOBI YIOBJIETBOPSITH TPEOOBAHMS CO CTOPOHBI KPYITHBIX HAG0POB
IaHHBIX M CJIOKHBIX pacrpemeeHHbIX CUCTeM (HapumMmep, COrJIacoOBaH-
HOe XellpoBaHue). MeToIbl XeIMPOBAHMS IMPOKO VCIIOIb3YIOTCS B ITO-
CIenyIONIMX IaBax, ITI03TOMY JAaHHAs I7IaBa CJIY>KUT ITOATOTOBKOM K IPYy-
I'MM IJIaBaM yacTtu I.

O TIaBa 3 3HAKOMMUT C 3a7aveii 0 MPUOIVKEHHO MPUHAIIEKHOCTA U IBY-
MSI CTPYKTYyPaMy JaHHbIX, KOTOPbIE [IOMOT'alOT €€ PellaTh: OJIyMOBCKUM U
IMOPIMOHHBIM (pubTpaMu. B m1aBe mpeacTaBiieHbl IIPUMeEPHI MCIIOIb30-
BaHMSI ¥ aHAJIM3 YaCTOThI JIOKHOIIOJOKUTE/IbHBIX PE3Y/IbTaTOB, a TAKXKe
TJIFOCHI M MMHYCBI MCITO/Ib30BAHMS KaXXA0M CTPYKTYPhI JaHHBIX.

O TnaBa 4 mocBsillleHa OMMCAHUIO 3aauM OLIEHMBAHMS YaCTOThI U BBOOUT
HabpPOCOK count-min, CTPYKTYPY JaHHBIX, KOTOpasl peliaeT 3aady oiie-
HMBAaHMS YaCTOThI Upe3BbIYA/IHO 9KOHOMMUYHBIM CIIOCOO0M. B Helt 06Cy3K-
JAIOTCSl IPMMeEPbI UCIONIb30BaHMsI B 00pabOTKe ecTeCTBEHHOIO SI3bIKa,
06paboTKe CEHCOPHBIX JAHHbIX U APYTUX 00/IACTSX, a TAKKE TPUMEHEeHe
Habpocka count-min K TaKMM 3a/1auaM, KaK Jyana3oHHble 3aIIPOChL.

O TInaBa 5 mocCBANEHA YITyOJIeHHOMY M3JIOKEHUIO aJTOPUTMOB OLIEHU-
BaHMs KapAMHaJIbHOro umciaa u aaropurmam HyperLoglog, a Takke ux
MpUMeHeHUsIM. B 3TOJi 171aBe UCIONb3yeT sl MUHM-IKCIIEPUMEHT, UTOObI
[10Ka3aTh 3BOIIOLIMI0 TOYHOCTU OT IIPOCTOr0 BEPOSITHOCTHOTIO IOACYETa
IO IOJTHOW CTPYKTYphI JaHHbIX HyperLogLog.

Yacts II: CTpyKTYpbI ¥ aJITOPUTMbI 00pabOTKM ITOTOKOBBIX TaHHbIX

O TInaBa 6 mnpexcraBisgeT co6oii KpaTKoe BBeAeHMe B IMTOTOKM JAaHHBIX KaK
AJITOPUTMMYECKYIO KOHLIEIILVIO ¥ 00paboTKy (IIPUIOKEHMS 110 00paboT-
Ke) ITOTOKOBBIX JAHHbBIX KaK IIPOsIBIeHNe peaabHOro mupa. C IOMOIIbI0
HECKOJIbKMX TPAaKTUUECKUX IPUMEPOB MCIIOAb30BaHMS B apXUTEKType
06pabOTKM ITOTOKOBBIX JAHHBIX MbI ITOKaskeM, KaK CTPYKTYPbI JTaHHBIX U3
MpeIbIAYIINX IJIaB BIIMCHIBAIOTCS B KOHTEKCT IIOTOKOBBIX JAHHbIX.

QO B maBe 7 00bSICHSIETCS METOIMKA OIIePsKaHMsl pelipe3eHTaTUBHOI Bbl-
OGOpKM 13 MTOTOKA JaHHBIX UM U3 OKHA, CKOJIb3SIIEero Haj IIOTOKOM. MbI
00OBSICHSIEM CUTYalLM!, B KOTOPBIX MOTYT MHTEPECOBATb CMEIleHHbIE BbI-
GOpKU, ¥ IIPUBOIAUM MIPUMEPBI MCXOTHOIO KOJA, ITIOKAa3bIBAIOIINE peaji-
3aI[MI0 CMEINEeHMST BBIOOPKM B CTOPOHY 6oJiee HeJJaBHO HAOIIOMaBIIXCS
KOPTEXel JaHHBIX.

QO TInaBa 8 mocBsIeHa BBIUMCIEHUIO MPUOIMKEHHBIX KBAHTUJIEH HA YMC-
JIOBBIX JTAHHBIX M3 HEIPEepPbIBHOIO ITOTOKA AAHHBIX. MBI OIMUIIEM [OBE
KOHCITEKTMBHbIE CTPYKTYPbl HAHHBIX, VJIM OAIKeCThl: Q-HaiiIKecT U
t-maiimkect. MblI JaayM O0ObsICHEHME JIESKAIIMX B MX OCHOBE aJITOPUTMOB
Y CPAaBHUM MX OPYT C IPYTOM Ha peaIMCTMUYHOM Habope TaHHbIX.
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Yacts III: CTpyKTYpbI JaHHBIX U &JITOPUTMbI BHEIITHEN ITaMsITH

QO TmaBa 9 mocBsIIeHa BBeIEeHMIO B MOAe/]b BHEIIHe MaMSITU C HeCKOJb-
KMMMU [IpUMepaMu, 4eMOHCTPUPYIOLIMMU, KAK CTOMMOCTD OIlepauii BBO-
JIa-BbIBOAA ITpeobiafaeT Hajl CTOMMOCTbIO II€HTPaJbHOIO IIpOolieccopa
Ipu paboTe ¢ JAHHBIMM B OMCTAHIMOHHOM XpaHWIuIle. DTa IJlaBa OT-
KpbIBaeT HOBbIE TIEPCIIEKTUBDI /Il pa3paboTuyKa aJropuTMOB, IIPUBbIK-
IIero IyMaTh 06 ONMTMMMU3ALUM aJITOPUTMOB C TOYKM 3PEHUS CTOMMOCTU
LIeHTPaJbHOTIO ITpoIleccopa.

O TImasa 10 mocssieHa CTPYKTypaM IAHHBIX, JeXal[uX B OCHOBe MarucT-
pajbHbIX 06a3 JaHHbIX, — B-mepeBbsaM 1 LSM-IepeBbsiM — 1 OXBaThIBAET
pa3auMYHble KOMIPOMMCCHI MEXIy OmepanusiMy YTeHUS U 3alucu Mpu
KOHCTPYMPOBaHMMU IBVKKA Oa3bl JaHHBIX. BRICOKOYypOBHEBOE IOHMMAaHME
MIPUHLIMIIOB PabOThI 3TUX CTPYKTYP JaHHBIX JOJIKHO IIOMOYb BaM pa3iin-
YyaTh pasHble CTWIM 6a3 JAHHBIX M BbIOMPATh MPABUJIbHYIO [IJIsI Balllero
MTPUJIOSKEHMSI.

QO TI'naBa 11 nocBsiIeHa COPTMPOBKE BO BHEIIHENM MaMsITH U JeMOHCTpalumn
OTITMMAaJbHBIX AJITOPUTMOB COPTUPOBKM (DAIOB HA IUCKE C UCTIOTh30Ba-
HMEeM ONTMMMU3UPOBAHHBIX MOJl BHEIITHIOI MaMsTh BepCcuit COPTUPOBKU
CTMSTHYEM U OBICTPOJ COPTUMPOBKY. B rm1aBe 11 cOpTUpOBKA MUCIIOMb3YETCSI
B KavecTBe MpyMepa, YTOOBI MPOIeMOHCTPMPOBATD BU/IbI ONITUMU3AIINH,
KOTOpbIe MOYKHO IPUMEHSITh [1J151 TaKeTHBIX 3a1a4 IPU UX ITepeMelleHUn
BO BHEIIHIOIO ITaMSITh.

Yactu I u II cBS3aHbI APYT C APyroM OOJIblile, 4eM € 4acTbio III, MOCKOIBbKY
06e OHM KacaloTCsl Pe3UIEHTHBIX CTPYKTYP JAHHBIX M T€Mbl MAaKCUMU3AIUU
TOYHOCTU IIPU 3KOHOMMM IIpocTpaHcTBa. YacTth III MMeeT camoCTOSATENbHYIO
TeMy, ¥ YATATeNb, UHTEPECYIOLUUIICS UCKITIOUUTENBHO €10, MOXeT MPOMYCTUTh
ee BIlepe, He IToTepsiB KOHTeKcTa. Kpome Toro, ynraTth yacts I mepep yactoio 11
HeobsI3aTeTbHO, HO YMTATe/b, KOTOPbI CHavasa MpouTeT YacTh I, 6ygeT 6omee
MOJATOTOBJIEH K MIOHMMaHMIO yacTu II, yem TOT, KTO cpa3y nepemger K Heil.

Yactu I1 1 II] HAUMHAIOTCS C IJIaBbI, B KOTOPO 00bSICHSIETCS MOJIEJb M KOHTEKCT
(COOTBETCTBEHHO I7IaBbI 6 1 9), 1 HACTOSTENIBHO PEKOMEHAYETCS TTPOUYNTATD 3TU
I7IaBbl, YTOOBI IMOHSITDb IPYyTrye IJIaBbl B COOTBETCTBYIONIMX YacCTIX. ViMes: 3TO B
BUIY, HE CTECHSIIITeCh 00CIeH0BaTh KHUIY CAMOCTOSITEIbHO. MBI ITOCTapaliCh
HaIucaTh BCe IVIaBbl HACTOJIBKO CAMOAOCTATOYHO, HACKOIBKO 3TO BO3MOYKHO.
ITpu HeoOXOOMMOCTY BbI BCEIIA MOKETE BEPHYThCS Hasal U IONIYYUTh Ooiee
noapobHylo wuHOpMalMoo. PeKoMeHIyeM BCEM UUTATeNsIM IIPOYMUTATh
I71aBy 1, B KOTOPO OOBSICHSIETCS IIPUYMHA, II0 KOTOPOJl MAaCCHMBHbIE TaHHbIE
BbI3BIBAIOT TAKOW CABUT MAapagUIMbl B YaCTU QJITOPUTMOB U CTPYKTYP OaHHBIX,
pasBepThIBAEMBIX B 3aIPY>KEHHBIX pab0TOM KPYIHBIX MHPPACTPYKTYypax.
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HeckonbKo T/1aB KHUTY COAepsKaT MCXOIHbIV KO/, U B HEKOTOPBIX OoJsiee CIIOXK-
HBIX aJITOPUTMAX U TeX, Ille KOHTEKCT 3HAUUTEIbHO €T0 YCIOKHWII ObI (Harpu-
Mep, aITOPUTMAaX BHELIHEe ITaMsITI), Mbl BO3BpalllaeMcsI K IICeBA0KOY. B 60/1b-
HMIMHCTBE (parMeHTOB MCXOTHOTO KO/IA U JJISl CO3IaHMs MUHM-3KCITIEPUMEHTOB,
IEeMOHCTPUPYIOIIVX ITPOU3BOAUTENbHOCTh CTPYKTYP [OAHHBIX B HEKOTOPBIX
r71aBax, UCITONb3YIOTCS A3bIKM Python u R. UnTaTens He JOMKEH MCIBITHIBATD
KaKMX-TO 3aTPyLHEHUN B peanmsalyy yIpPaKHEHUI 10 IPOrpaMMMPOBAHUIO
Ha BbIOPAHHOM UM $SI3bIKE, ITOCKOJIbKY pacCMaTpMBaeMble TEMbI He SBIISIIOTCS
cnenGUIHBIMU AJ1ST KAKOTO-TMO0 KOHKPETHOTO SI3bIKA VIV TEXHOIOTUMN.

JTa KHUTa COOEP>KUT MHOXKECTBO ITPUMEPOB UCXOIHOTO KOJa B BUE OTHEe/b-
HbIX HYyMEPOBAHHBIX JIMCTUHTOB ¥ BHYTPU OOBIYHOTO TeKCTa. B 060Mx ciydasx
MCXOIHBII KOI OT(OPMATUPOBAH upudToM YMKCUPOBAHHOI WNPUHLI, MOAOGHHM 3TOMY, UTO-
ObI OTIENSITH €T0 OT 06GBIYHOTO TEKCTA. VIHOTIA MCXOMHBIN KO, TAKKEe BbIIESeT-
CST XMpHbiM wpndToM, UTOOBI TTOUEPKMBATD TOT MCXOIHBIN KOJ, KOTOPBI M3MEHUI-
Cs1 II0 CPAaBHEHMIO C IpeAbIAYIIMMY lIaraMy B JaHHOI [71aBe, Hallpymep Koraa
HOBast QYHKIMOHATbHASI BO3MOXKHOCTD T00ABJISIETCS B CYIIECTBYIONIYIO CTPOKY
MCXOLHOIO KOJa.

Bo MHOTUMX Crydasix M3HAYaIbHbIM MCXOMHBIN KO/ OB TTepeopMaTpoOBaH;
MbI T0GaBUJIM ITIEPEHOCHI CTPOK U IepepaboTay OTCTYIIbI, YUTOObI YMECTUTHCS B
IOCTYITHOE MTPOCTPAHCTBO CTPAHUIIBI KHUTU. B peIKux ciydasix Jaske 9TOro 6b110
He[0CTaTOYHO, M JIMCTUHIM BK/IOYAMM MapKepbl IIPOLO/IKEHUS CTPOKU (™).
Brmo6aBoK HEpeIKO KOMMEHTAPUNM B MCXOAHOM KOJIE€ U3 JIMCTUHTOB YIAISIICH,
KOT/Za VICXOIHBIV KOJl OITMCBIBAJICS B TeKCTe. MHOrMe IUCTUHIY COIIPOBOXAAI0T-
CSI aHHOTALMUSIMM K MICXOOHOMY KO[Y, BBIAESIIOIIMMU BaXKHbIe TTOHSITUS U KOH-
LeI .

BbI MOKeTE TIOTYYUTh MCITONHSIeMbIe (hparMeHThbI MCXOIHOTO KO/Ia U3 OHJIaii-
HOBOJ1 Bepcuuy 3Toi Kuury B Livebook 1o azmpecy https://livebook.manning.com/book/
algorithms-and-data-structures-for-massive-datasets. [T0/THbIV MCXOIHBIN KOZ, TPUMEPOB
KHUTY JOCTYTIEH JIJIsI CKauMBaHMsI ¢ Be6-caiiTa n3garenbcTBa Manning 1o agpe-
cy https://www.manning.com/books/algorithms-and-data-structures-for-massive-datasets.


https://livebook.manning.com/book/algorithms-and-data-structures-for-massive-datasets
https://livebook.manning.com/book/algorithms-and-data-structures-for-massive-datasets
https://www.manning.com/books/algorithms-and-data-structures-for-massive-datasets
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Ixeiiia MemkemoBud, 1okTop (umocodbun, momryunia
IOKTOPCKYIO CTeleHb B JIabopaToOpuy TMPUKIATHBIX aj-
rOpUTMOB (DaKy/lIbTeTa BBIUMCIUTETbHBIX HAyK YHUBEP-
cutera Croynu Bpyk, Heio-Mopk, B 2014 romy. [Ikeiina
paboTasa Han PsSIIOM ITPOEKTOB B 00JACTV aJTOPUTMOB
06paboOTKM MaCCUBHBIX aHHBIX, IperojaBaga ajaropur-
MbI Ha Pa3/IMYHbIX YPOBHSIX, a TAKKe TIPOBeia HEKOTOPOe
BpeMs B Microsoft. YBieueHa mpenogaBaHueM, MpoaBu-
keHueM 06pa3oBaHMs B 06JIaCTY BBIUMCIUTEIbHBIX HAYK

U Tiepenaveli TexHOJIOrui. B HacTosiee BpemMsi paboTaeT BuUlle-Ipe3nuIeHTOM
1o o6paboTke gaHHbIX B Social Explorer, Inc.

OmuH TaxupoBud, TOKTOp (riocodun, MOIyIMI AOK-
TOPCKYIO CTeleHb 1Mo 6uoctatuctuke B [leHCMIBBAHCKOM
yHuBepcutete B 2016 rogy u cTeneHb MarucTpa TeopeTu-
YeCKMX BBIUMCIUTENIbHBIX HAyK B YHUBepcureTe ['eTe BO
®paukgypre B 2008 rogy. Ero cratuctuyeckass METOI0JI0-
TUS M TeOpeTUUecKkre 3HAHMS B 0671aCTU BIUMCINTETHHBIX
HayK JIeJaloT ero He3aypsaHbIM MCCIeoBaTeieM B 061a-
CTV HayKM O TaHHBIX Ha CThIKE BBIUMCINTEIbHBIX METOHLOB
u cratuctuku. Paboran B DBahn AG UT-KOHCYJIbTaHTOM
U PeTy/ISIpHO KOHCY/IBTUPYET 0 MpoekTam (apmaieBTun-

Yyeckye M TeXHOJIOTMYecKyue KOMITaHMM. DMUH paboTan JOLEeHTOM Kadeapsl
paspaboTKM IIPOrpaMMHOro obecrieyeHus B MeXIyHapOIHOM YHMBEPCUTETE
CapaeBo. B HacTosiiee Bpemst paboraetr B HAProxy Technologies crapmmum mc-
CJiefloBaTesieM TaHHbIX.

HJoktop NHec [TegoBud 1oayymiia JOKTOPCKYIO CTEIEHb
B VIHCTUTYTe BU3YyaaM3aLM ¥ KOMIILIOTEPHOI'O 3peHMs Ha
(akynbreTe anekTpoTexHMkM YHUBepcuTeTa RWTH B Axe-
He, lepmanus. Pa6oTana HayYHbIM COTPYIHMKOM B MCCIe-
IoBaTesbcKoM LieHTpe IOmuxa u B HacTosiee BpeMs pa-
6oTaeT pa3paboOTUMKOM IIPOrPAMMHOTr0 0OecreueHusT OJ1st
CUCTEM BUIEOHAOIONEHMS] B KOMITAHMY 110 aBTOMAaTHU3a-
uuu Jonas & Redmann. MHec 6onee 10 neT Takke pabo-
Tajia 3D-aHMMaTOPOM, XyIOKHUKOM KOMWUKCOB U MUJUTIOCT-

paTopoM Y'-IE6HI/IKOB. B aTOIi KHUTe OHa UCIIO/Ib3YET CBOM XYOOKECTBEHHbIE U
TeXHMYECKMEe HAaBBbIKM OJId CO3OaHVMA MHTYMTUBHO ITOHSITHBIX anyam/[aaumﬁ
TEeXHUYEeCKNUX KOHL[EHL[I/IVI.
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BeepeHue

JTa I7laBa OXBaTbhIBaeT cdienymiuniye HM>XKe TEMbI:

B TeMa KHUTU U €€ CTPYKTYpPaA;
OTJIUME 3TOV KHUTU OT APYIMX KHUT I10 aJITOPUTMaAM ;

® BJIMSHME MAcCHMBHBIX HAOOPOB JAAHHBIX HA YCTPOMCTBO QJITOPUT-
MOB U CTPYKTYD JaHHBIX;

® KAk 3Ta KHUTa ITOMOKeT pa3pabaThiBaTh MPAKTUUECKNE aJITOPUT-
MbI Ha ITPaKTUKeE;

B APXUTEKTYPhl KOMITBIOTEPOB ¥ CUCTEM, YCJIOKHSIONIE PaboTy C
KPYIHBIMM 06'beMaMy JaHHbBIX.

Pas3 BbI B3S/IM B PYKM 3Ty KHUTY, TO, BIIOJIHE BO3MOXXHO, MHTEpeCcyeTeCh YCTPOii-
CTBOM QJTOPUTMOB M CTPYKTYpP IJIT MAacCCUMBHBIX HaOOPOB MaHHBIX U XOTUTE
pa306paThCs B UX OTIIMUMUM OT «OOBIYHBIX» aJITOPUTMOB, C KOTOPBIMU BbI CTaJI-
KUBaIUCh 0 cux nop. O3HavaeT i Ha3BaHMe 3TOV KHUTY, UYTO KacCuyeckue
aJTOPUTMbI (HAIpUMep, TBOUYHBIN TOUCK, COPTUPOBKA CIUSIHMEM, ObICTpast
COPTUPOBKA, TIOVCK B INTyOMHY, TIOVCK B IMPUHY U MHOTHME apyrue GyHIaMeH-
TaJIbHbIe AJITOPUTMBbI), @ TAK’)Ke KAHOHMYECKME CTPYKTYPbI JaHHBIX (Hampumep,
MacCUBbI, MaTPULIbI, XeLI-TabaULIbI, IePeBbsl IBOMUHOTO TOMUCKA, Kyun) ObLIN
CO3/IaHbI MCKTIOUMUTETHHO JIJIST MaJIbIX HA60POB JaHHbBIX?

OTBeT Ha 3TOT BOIPOC HE SIBJISIETCSI HY KOPOTKMM, HU TTPOCTBIM, HO €CJIN ObI
HY’KHO OBIJIO JaTh KOPOTKMIL 1 IIPOCTOI OTBET, TO OH ObLI ObI «Ia». O6beM I10-
HSITUSI MACCYBHBIV HAOOP TaHHBIX MMEeT OTHOCUTEIbHBIN XapaKTep U 3aBUCUT
OT MHOTMX (DaKTOpPOB, HO CYTb TaKOBa: GOBIIMHCTBO MPOCTHIX AJITOPUTMOB U
CTPYKTYP IaHHBIX, 0 KOTOPbIX MbI 3HAEM U C KOTOPBIMMU paboTaeM Ha eXeqHEeB-
HOJI OCHOBe, 6bUTM pa3paboTaHbI C HESIBHO IMTPUHSATHIM IOIYIIEHMEM O TOM, UYTO
BCe JaHHbIe YMEIATCs B OCHOBHO, WM onepaTuBHOM, namsatu (O3Y) koM-
nbloTepa. VM mo3ToMy mocie 3arpy3KM BCeX NAHHBIX B OMEPATUBHYIO MaMSITh
MOXKHO OTHOCUTETbHO ObICTPO U JIETKO 06paIiaThCs K JIIOO0OMY UX 37IeMEHTY, U C
3TOTO MOMEHTA KOHEUYHOI! 11e/TbI0, C TOUKM 3peHust 3Q(GeKTUBHOCTHU, CTAHOBUT-
€S OOCTVKEHMe MaKCUMMaJIbHOV IIPOU3BOAUTENIbHOCTY 38 HaMMeHbIlee YMCII0
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LIMKJIOB LIEHTPAJIBHOTO ITpoleccopa. IMEeHHO 3TOMY M YUUT HaC CTapblii JOOPbIi
a"amn3 «O» 6osnbiroe (O(.)): OH OOBIYHO BhIPAXKAET UMCI0 Oa30BbIX OIlepallii,
TPeOYIONIMXCS B HAUXYAIIEM CIy4ae, KOTOpbIe aJITOPUTM JTO/KEH BBIITOJHUTD,
YTOOBI PEINTD 3aJa4uy. YKa3aHHbIMM eIMHMUIIaMM Pa0b0Thl MOTYT OBITh CpaBHE-
Husl, apudMeTrKa, TOOUTOBBIE OIepalyii, YTeHMe/3aICh/KOMMPOBAHNE sUe-
€K TIaMSITU WIN 9TO-TM0O0 ellle, YTO HeIOCPeICTBEHHO TPAHCIUPYETCS B Mayioe
YJCJI0 IMKIOB LIEHTPaAbHOTIO MIpolieccopa.

OmHaKo ecyiu Bbl — MCC/IEIOBATE/b JAHHBIX!, pa3pab0TUMK MM MHKEeHEepP 6IK-
€HJI0B, paboTaloNIMii B KOMIIAHUM, KOTOpast COGMpaeT JaHHbIE Y CBOVX IT0JIb30-
BaTejIeli, TO XpaHeHMe BCeX NJaHHBIX B paboueil maMsTy Balllero KOMITbIOTepa
3a4acTyio HepeanusyeMo. CeromHs MHOTME IIPUIOXKEHMS B TAKMUX 00/1aCTSIX, KaK
0aHKOBCKOE [1eJ10, 3JIeKTPOHHAsI KOMMEPI[SI, HayUHbIe IPUIOKEHMS U MHTEP-
HeT Bellleil, Ha PyTUMHHOJ OCHOBe MaHUIYIMPYIOT HAabopaMy JaHHBIX pa3MepoM
B Tepabaiit (T6) mau nmetabaiit (P6) (TO eCTh BOBCE He 00513aTeIbHO TPYAUTHCS B
Facebook man Google, uTo6bI Ha paboTe CTATKUBATHCS C MACCUBHBIMY TaHHbI-
MM).

Bo3MOKHO, BbI 3a7jaeTeCh BOIPOCOM, a KaKMM OGOJIBIIMM IOJIKEH ObITh Ha-
00p JaHHBIX, YTOOBI MOKHO OBLJIO BOCIIOIb30BaTHCSI METOIaMM, [TOKa3aHHBIMU
B 9TOJi KHMTre. MBIl HAMEpPEeHHO u36eraeM HaBeIIVBaHMS SIPJIbIKOB C YKa3aHUEM
BeJIMUMHBI HA TaK Ha3bIBaeMble MAaCCHBHbIEe HAOOPHI TAHHBIX VIV «KOMITAHUU
1o 06paboTKe GOIBIINX JAHHBIX», TOCKOJIbKY 9Ta BEJIMUMHA 3aBUCUT OT pella-
eMOJi 3a1auM, JOCTYIIHBIX MHKEHEPY BhIUMCIUTEIbHBIX PECYPCOB, TPEOOBAHMIA
K cucTeMe U T. 1. HeKOTopble KOMITaHMM, MMess OTPOMHbIE HAaOGOPbI JaHHbIX,
K TOMY JKe pacrojiaraioT 3HaUUTeIbHBIMM Pecypcami M MOTYT TIO3BOJISTH cebe
OTKJIAAbIBATh TBOPUECKOE OCMBICJIEHNE TTPO6JIEM MaCIITa0MPyeMOCTH, MHBEC-
TUPYSI B MHGPACTPYKTYPY (HAIIpMMeD, ITOKYIIasi TOHHbI OIIepaTUBHOI ITaMSITH).
Pa3paboTunK, orepupymIlnii Ha CpeJHEKPYITHbIX HAO0pax JaHHbBIX, HO C OTpa-
HUYEHHBIM OIOMKeTOM Ha MHQPPACTPYKTYPy U Upe3BbIYAIHO BHICOKMMU TPebO-
BaHMSIMM K IIPOU3BOAUTENbHOCTY CUCTEMBI CO CTOPOHBI CBOEr0 KIMEeHTa, MO-
SKeT M3BJieUb BBITOAY M3 MOKAa3aHHBIX B 9TOJ KHUTe METOJOB He MeHbIlle, UeM
KTO-11060 Ipyroii. TemM He MeHee, KaK Mbl YBUAMM, Jaske KOMIIAHUY C TTPaKTuJe-
CKM GECKOHEUYHBIMM pecypcaMy MpeATiouMTaIOT 3alOMHSATh 3Ty JTOMOTHUTENb-
HYIO OIepaTMBHYIO MaMSTh ITPOIyMaHHBIMM ITPOCTPAHCTBEHHO-3(h(MEKTUBHBI-
MU CTPYKTYpaMM TaHHBIX.

[Tpo6iieMa MaCCUMBHBIX JaHHBIX CYIIECTBYET IOpasfo IOJbIIe, YeM COIM-
anbHbIe ceTy U MHTepHeT. OgHa 13 MepBbIX paboT [1], B KOTOpO¥t 6bUIM TIpef -
CTaBJIEHbI AJITOPUTMBbI BHEIITHEN IMaMsITy (KIacC airOpUTMOB, KOTOpbIE ITpeHe-
OperamT BhIYMCIAUTEIbHOI CTOMMOCTBIO IIPOrPAaMMBbI B I10/Ib3Y ONTUMMU3ALIA
ropaszmo 6ojiee BpeMsi3aTPaTHOM CTOMMOCTHM Tepeaauy JaHHbIX), ITOSIBMJIACh
eme B 1988 romy. B kauecTBe MpaKTUUECKOI MOTUBAIMU TOTO MCCAEIOBaHMUS
aBTOPBI MCIOAb30BAIM IPUMEpP KPYIHBIX OAHKOB, KOTOPBIM IPUXOIMUIOCH
eXXeTHEBHO COPTUPOBATH 2 MJIH YEKOB, IpUUYeM Yekyu o6bemom okoio 800 M6
IOJIKHBI OBLJIV COPTUPOBATHCS 3a HOUb 0 Hauaja cJIeayIolnero pabouero qHs,
MCITOIb3Ys paboyure 37IeMEeHTHI TaMSITU TOTO BpemeHU (~2-4 M6). BoisscHeHMe
! Aurn. data scientist. — ITpum. nepes.
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TOTO, KaK COPTUPOBATh BCE YEKM, MMesI BO3MOXXHOCTb OJJHOBPEMEHHO COPTHU-
poOBaTh Y€Ky 00beMOM Bcero 4 M6, 1 KaK 3TO Je/laTh 32 HaMeHbIllee YMCiIo
obpallleHuit K OUCKY, ObIJIO aKTYaJbHO 3amaueii TOrO BpeMeHU, U C TeX IMop
€e aKTyaJIbHOCTb TOJIBKO BO3pocia. C TOro BpeMeHM 00beM JaHHBIX BHIPOC KO-
JIOCCAJIbHO, HO, UTO BakHEe, OH pOC ropasfmo ObICTpee, YeM CpeaHMii 00beM
onepaTUBHON NaMSITH.

[J1aBHBIM CJIE[ICTBMEM YCKOPEHHOTO pOCTa 00beMa JaHHbIX ¥ IJIABHOM uae-
ei1, MOTUMBMPYIOLIEI aJITOPUTMBI B 9TOI KHUTE, SIBJISIETCS TO, UYTO CETOIHS O0Ib-
IIMHCTBO NPWJIOKEHMIT XapaKTepU3yITCsS MHTEHCUMBHOCTBIO MCIIOIb30BaHMS
IaHHBIX. IHTEHCUMBHOCTD MUCII0/Ib30BaHMS JAHHBIX (B OT/IMUME OT MHTEHCUBHO-
CTY VICTIOJIb30BaHMS [IEHTPAIbHOTO MPOIeccopa) 03HAYaeT, YTO Y3KUM MeCTOM
MIPWIOKEHMST SIBJISIETCS Tlepeada JaHHBIX Tyaa M 00paTHO M JOCTYH K HUM, a
He BBIMIOJIHEHME BbIUMCAEHUI C 3TUMM JaHHBIMM, ITOC/IE TOIO KaK OHM CTaHYT
IOCTYIIHBIMM. DTOT (aKT SIBJISETCS LeHTPaJIbHBIM IIpM pa3paboTKe aJroOpUuTMOB
IJIS KPYITHBIX HAOOPOB JAHHbBIX, M MMEHHO OTCIOAA ITPOVUCTEKAIOT UIeN JaKO-
HUYHBIX CTPYKTYP JAHHBIX U aJTOPUTMOB, OPMEHTMPOBAHHBIX HA BHEIIHIOK
maMsaTh. B pasnesne 1.4 Mbl moagpo6Hee pacCMOTPUM HPUUMHBI, II0 KOTOPBIM J10-
CTYII K JaHHBIM Ha KOMIIbIOTEpE IIPOMCXOAMUT HAMHOI'O Me/lJIeHHee, YeM BbIUMC-
JIeHUSI.

KapTuHa cTaHOBUTCS ellle CJI0XKHee, [T0 Mepe TOTO KaK Mbl pacliupsieM moJe
3peHusi, Mepexoisi OT OMHOrO-eIVMHCTBEHHOIO KOMIIbIOTepa. BOonblIMHCTBO
MIPWIOKEHUI CEeroOmHsI IPeACTaBIISIIOT CO00i pacpeneeHHbIE U CJIOKHbIE KOH-
Bejiepbl JAHHBIX, B KOTOPHIX THICSUYM KOMITbIOTEPOB OOMEHMBAIOTCS JaHHBIMU
1o ceTsiM. ba3bl JAaHHBIX U Kelllu pacipeeseHbl, ¥ MHOTOUMCIeHHbIe TT0JIb30Ba-
TeJIM OMHOBPEMEHHO J00aBIAIOT M 3aIIpallliBalOT KPYIIHbIE 06beMbl KOHTEHTA.
@dopMaThl JAaHHBIX CTa/M Pa3HOOOPA3HbIMM, MHOTOMEPHBIMM M TVMHAMMUYHBI-
Mu. B mensax nmogmepskanust 3GeKTMBHO paboThl COBpEeMEHHbIE ITPUIOKEHMST
IIOJIKHBI OBITh B COCTOSIHMM OUY€Hb OBICTPO pearupoBaTh HAa MU3MEHEHMSI.

B mpmiokeHMsIX o 06paboTKe MOTOKOB [2] maHHbIe GaKTUUeCKN MpoJeTa-
IOT He3aMeTHO, 6e3 KaKOro-mb0 IPOMEKYTOUHOTO XPaHEeHMSsI, U IPUIOKEHUIO
MIPUXOIUTCS YIaBJIMBATh pejieBaHTHbIe MPU3HAKM JAHHBIX C TAKOW CTeleHbI0
TOYHOCTM, KOTOpas IejaeT MX aKTyaJbHbIMM U IIOJIE3HBIMM, 6€3 ITOBTOPHOTO
CKaHMPOBAHMSI. DTOT HOBBI/I KOHTEKCT TPeOGyeT HOBOrO ITOKOJIEHUS aJTrOPUT-
MOB ¥ CTPYKTYP JAaHHBIX, HOBOT'O Hab0Opa MHCTPYMEHTOB pa3paboTumKa Ipuiio-
SKeHU, ONTUMM3MPOBAHHOTO IO, pellleHe MHOTMX 3a7au, XapaKTepHbIX OJIs
CIUCTEM MaCCUMBHBIX IaHHBIX. HacTosass KHMUra rpeJHa3sHaueHa Hay4uThb Bac
VIMEHHO 3TOMY — OCHOBOIIOJIaraloM aJITOPUTMUUECKUMM METOAAM U CTPYKTY-
paM JaHHBIX 15T pa3paboTKY MacCIITaOMPyeMbIX IIPUIOKEHMIA.

1.1 NMpumep

B mensx MamioCcTpauyy IJIaBHbIX TEM 3TOM KHUTM OaBaliTe€ paCCMOTPUM CJIemy-
IOV IpUMep: Bbl paboTaeTe B MeIMaKOMIIAHMM HaJl IIPOEKTOM, CBSI3aHHBIM C
KOMMEHTapusIMMU K HOBOCTHBIM CTaTbhsIM. Bam mpemocTaBuiaM KpyrHoe XpaHu-
JIUIIEe KOMMEHTapUEB CO CAeAYIOMIMY 6a30BbIMM METaJaHHbIMUA:
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comment-id: 2833908010

article-id: 779284

user-id: 9153647

text: Ana 3Toro peuenTa HyxHo 6oJbue CAMBOYHOIO Macna
views: 14375

likes: 43

}

Bbl ocMaTpuBaeTe MPUMEPHO 3 MJIpH, I0b30BaTEIbCKUX KOMMEHTapUeB
061M 06beMom 600 I'6. Bbl XOTesu GbI TOMYUUTH PSIA, OTBETOB HAa BOITPOCHI O
Habope JaHHbIX, BK/IIOUast OIIpeesieH e Hanbosiee TOMy/IsIPHbIX KOMMeHTap-
€B U CTaTeit, KiaccuuKalMIo CTaTeii B COOTBETCTBUM C TEMaMM U paciipocTpa-
HEHHBIMU K/TI0YeBbIMM CJIOBAMM, BCTPEYAIOIIMMICS B KOMMEHTapusX, 1 T. I. Ho
CHauaa Heo6XOOMMO PelINTb 33/5auy O AyOIMKATAX, KOTOPble HAKAIUIMBAINUChH
B TeUeHMe HECKOJbKMX OIepaiyii BbICKaOGAMBaHMS JAHHBIX U3 MHTEPHETA, U
orpeieauTh 06Iee YMC/I0 HeCOBIMAAAIIMX KOMMEHTapyeB B HA60ope JaHHBIX.

1.1.1 PeweHune 3apaum: npumep

[7151 XpaHeHUsI YHUKAJIbHBIX 371eMEeHTOB B CTPYKTYpe JaHHbBIX IIMPOKO MpPU-
HSITO CO3/1aBaTh CJIOBAPb KJIKUY-3HaUE€HMe, B KOTOPOM YHMUKaJIbHbIN W]I Kaxkaoro
HeCOBMNAaaIolIero 31eMeHTa COOTHOCUTCS C YaCTOTOI ero rnosiBjieHus. CioBapu
KJIIOU-3HaueHle peajn30BaHbl BO MHOTUX OMOIMOTEKAX, TAaKMX KakK map B C++,
HashMap B Java, dict B Python u T. 1. CtoBapu Kiou-3HaueHue 06bIYHO pean-
3YIOTCS B BUIe cOAJaHCUMPOBAHHOIO JepeBa IBOMUYHOrO IIOMCKa (Hampumep,
KpacHO-4YepHOro aepeBa B map C++) 1160, Kak aJlbTepHATVMBHBIN BapMaHT, B BUIE
Xel-Tabaui (Harpumep, dict B Python).

Peanusaumu KpacHO-4epHOro AepeBa 1 Xeww-Tabauubl B CPaBHEHUM

Peanusauuun npeBoBMAHOMO COBaps, NOMMMO OMepaLmi Noucka/Bcrasku/yoane-
HWS, KOTOpbIE BbINOMHSAIOTCA 3a ObiCTpOE NorapudMmUyeckoe BpeMs, npeanaraot
CTOMb Xe DbICTpble onepaLyMu NpeawecTBeHHUK/MPEEMHNK, TO eCTb BO3MOXHOCTb
3Q(HEeKTMBHO NMPOCMaTPUBAThL AaHHble B33k M BMepem, UCMosb3ys NeKCMkorpadu-
yeckoe ynopsgoyeHue. bonblWKMHCTBY peanu3aumnii xew-Tabaul He xBaTaeT BO3-
MOXHOCTM 3(DEKTUBHO BbIMONHATL 06X04 3NEMEHTOB B JEKCMKOrpadhuyeckom
nopsiake; C APYron CTOPOHbI, peanu3aunn xew-Tabnmy 06ecneynBatoT BbICOKYH
NOCTOS\HHO-BPEMEHHY0 NPOU3BOAUTENBHOCTb Hanbonee pacnpoCTpaHeHHbIX one-
paLmii MOMCKa/BCTaBKM/yoaneHus.

Pany ympoleHust Halllero nmpuMepa gaBaiiTe JOITYCTUM, YTO Mbl paboTaeM ¢
xem-Tabnuiieit Python dict. Micmonb3oBanue aTpubyTa comment-id B KauecTBe
KJTIOYa U YMC/Ia TIOSIBJIeHN  9TOTO aTpuOyTa B KaueCcTBe 3HaUeHMsI TIOMOKeT HaM
3¢ deKTMBHO yCTPaHUTh IyOIMKaThl (CM. CJIOBaph (comment-id -> frequency) B
JIeBOii yactu puc. 1.1).
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PucyHok 1.1 B naHHOM npumepe co3paeTcs xel-Tabnuua (comment-1id, frequency),
KOTOpasi MOMOraeT XPaHWTb HECOBMaatLLMe UAEHTUDMKATOPbI comment-1d € UX
yacToTaMu. Bxoaswmin naeHtndukatop comment-id 384793 B Tabnumue
yXKe COAEePXMTCS, U ero YactoTa BospacTtaeT. [IoMUMMO yKa3aHHOW xew-Tabnuubl,
€034aKTCS Xel-Tabnuubl, CBA3aHHbIE C TEMaMM, B KOTOPbIX NOACYMUTBIBAETCS YUCIO Pa3,
KOrAa acCoLMMPOBAHHbIE KJTHOUEBbBIE CJIOBA MNOABNSINCD B KOMMEHTapUAX K KaX 40
cTaTbe (Hanpumep, B CMOPTUBHOM TeME K/IHOYEBbIMU C/I0BaMU MOTYT BbITb (yTOON, UrPOK,
ron uT. 4.). B kpynHom Habope [aHHbIX B 3 MIpA KOMMEHTapUeEB A TaKUX CTPYKTYp
[LaHHbIX MOXeT NoTpeboBaTLCS OT AeCATKOB 40 CTa rrabaiT onepaTMBHOM NaMsaTu

OmHaKo e/Iv UCIOMb30BaTh 10 8 6AlAT B pacueTe Ha rapy (4 6aiiTa ayst comment -
id 1 4 6aiita nJig frequency), TO IJIsI XpaHeHMsI Iap <comment-id, frequency> HaM
MoOXkeT oTpeboBaThces 10 24 T'6 u3 3 mipa, KOMMeHTapueB. B 3aBucumMocTy ot
MEeTO/1a, MCITOJIb3YEMOTO B peann3alyy 6a30BOJi XeII-Ta0UIIbI, 1)1 CTYKeOHbIX
orepaiuit (C MyCTbIMM CJIOTaMM, yKasaTeasMM U T. [I.) CTPYKType HaHHbIX
norpebyetcs B 1.5—2 pa3sa 60s1bIlle 3aHMMAaeMOro 3JIeMEHTaMM MeCTa, UTO IPu-
O6/mu3uT Hac mouTu K 40 I'6.

Eciv Mbl Takke XOTMM KjaacCcMPUUIMpPOBaThb CTAaTbM IO OMpeaeIeHHbIM
MHTEePeCyIIMM TeMaM, TO MOKeM CHOBA MCII0/Ib30BaTh CI0BApU (BO3MOXKHBI
U IpyTyie MeTOMbI), CO3[4aB OTAEIbHbBIN C10Baph A5 KKI0M TeMbl (Harpumep,
CIIOPTUBHOM, TTOMUTUYIECKON, HAYYHONM U T. 1.), KaK IMOKa3aHO B IIPaBOi 4acCTu
puc. 1.1. 3mech ponb cioBapeii (article-id -> keyword_frequency) 3akitodaeTcst
B MOJCUeTe YMc/ia MOSIBJeHMII KII0UeBbIX CJI0B, CBSI3AHHBIX C TOW MM MHOI
TeMOIJi, BO BceX KOMMEHTAapMIX; HallpuMep, CTaThd C article-id 745 comepskut
23 KJII0UEBbIX (JIOBA B COOTBETCTBYIONIMX KOMMEHTAPUSIX, CBSI3aHHbBIX C ITOJTUTI-
KOJi. Mbl TpeaBapuTeIbHO PUIbTPYEM KasKIbIi comment - id, MCITONIb3Y$ OOIBINON
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c10Baph (comment-id -> frequency), UTOOBI YUUTHIBATD TOJILKO HECOBHAAAIOIIE
KoMMeHTapuu. OTaenbHas TabMMIIA TAKOTO POIA MOKET COAEepyKaTh AeCSTKU
MMJUIMOHOB 3aImceii o6umum o6beMoM okosio 1 I'6, 1 rnmogmepskaHye TaKuX XeI-
TabmuII, cKkakeM, s 30 TeM MokeT cTouTh 40 30 I'6 TOMbKO IS JaHHBIX U
npuMepHo 50 I'6 B 00111€#1 CJI0KHOCTH.

Bynem HaiesiTbCs, UYTO TIPUBEIEeHHBIN BbIllle HeOOJBIION MpUMep HaI/ISTHO
IeMOHCTPUPYeT, KaK MO>XKHO Ha4aTh C JOBOJbHO PaCIpOCTpaHEeHHON U HAaMBHOM
3aJlaun U, He YCIIeB OMIOMHUTBCS, CTOMKHYTBCS C PSITOM HEYKITHOKUX CTPYKTYD
IaHHBIX, KOTOpPbIe IPOCTO HEBO3MOXXHO YMECTUTh B aMSITH.

Bo3MOXXHO, BbI TIOAYyMaJIK: a pa3Be Heb3s 3apaHee YMHOXKUTb Napy uyucen u
JIETKO ITpeicKa3aTh OYAYIINYIO BeJIMYMHY CTPYKTYPBI JaHHBIX? JIeJI0 B TOM, UTO B
peasbHO¥ XKM3HM 9TO 3a9acTyi0 paboTaeT He Tak. JIFOM peIko HAUMHAT CTPO-
MUTb CBOY CUCTEMBI C HYJISI, yyKe Mesl B HaJIMUMM MacCUBHbIe TaHHble. KomnaHumn
YaCTO HAYMHAIOT C TMOIMBITOK CO3/aTh pabOTAIOIIYIO CMCTEMY, a TT03Ke CTAHOBSIT-
Cs1 KepTBaMy COGCTBEHHOTO ycIiexa, KOrja Mojb30BaTeabcKast 6a3a YCKOPEHHO
BbIpacTaeT 3a KOPOTKMIT TPOMEKYTOK BpeMeHU U CcTapasi CUCTeMa, IOCTPOeH-
Hasl MTOKMHYBIIMMM KOMITAHMIO pa3paboTuMKaMu, JO/DKHA CIPABJISIThCS C 9TOM
HOBOIJ1 B3bICKATEIbHOV pabodelt Harpy3Koii. Yalie BCEro 4acTy CUCTEMBI TIepe-
CTPaMBalOTCS O Mepe BO3HUKHOBEHMSI HEOOXOIVIMOCTH.

Korga umciio smeMeHTOB B HAabOpe MaHHbIX CTAHOBUTCS OONBIINM, KayKIbIi
IOITOJIHUTEIbHBIN OUT B pacueTe Ha 2JIEMEHT YBeJIMUMBAET HArPy3Ky Ha CUCTEMY.
PacmipocTpaHeHHbIe CTPYKTYPhI JAHHBIX, SIBJISIONIMECS XJ1e60M HACYIITHBIM JIJIs
KaXI0ro pa3paboTuymKa MpOrpaMMHOr0 0OecIieyeHusi, MOTYyT CTaTh CAMIIKOM
60IBIINMM, UYTOOBI C HUMIM MOXKHO 6bIJIO paboTaTh 3GEKTUBHO, M HAM HY>KHbI
6oiee TaKOHMYHbBIE aJIbTePHATUBBI (CM. puc. 1.2).

PucyHok 1.2 Hanbonee pacnpocTpaHeHHble CTPYKTYPbl AAHHBbIX,
BK/IHOYAst XeLW-TabnuLbl, CTAHOBUTCS TPYLHO XPaHUTb U KOHTPOIMPOBATb,
nMesn KpynHble 06beMbl JaHHbIX



1.1 Mpumep <+ 25

1.1.2 PeweHune 3apaum, ay6nb ABa: NOWaroBbiii pasbop KHUru

V3-3a ycTpallalomux pa3sMepoB HAOOPOB JAHHBIX Mbl OKa3bIBaeMcs Ie-
pen BeioopoM. OKa3bIBAETCS, €CM COIJIAaCUThCS Ha HEOOJBIIYI0 TIOTPENTHOCTD
OIIMOKY, TO MOKHO MOCTPOUTb CTPYKTYPY HaHHBIX, aHAJOTMUYHYIO MO (YHK-
IMOHAIBHOCTY Xell-Tabsuiie, TOIbKO 60ee KOMITaKTHYIO. CyIllecTByeT Ieyioe
CeMeCTBO JIAKOHMYHBIX CTPYKTYD JaHHBIX?, i OHM COCTABJISIOT YacTh | KHUTH.
B 3TuX CTpyKTypax JaHHBIX MCIIOJNb3YETCS Majoe MPOCTPAHCTBO, YTOOBI arl-
MPOKCUMMPOBATh OTBETHI HA CIEAYIOIINE HIKE PACIIPOCTPaHEHHbIE BOIIPOCHI:

O npuHadnexcHocms — CyIeCTBYET JIM KOMMEHTapuit/1I0/1b30BaTeNb X?

O uacmoma — CKOMBKO pa3 Moab30BaTeNb X OCTaBWI KoMMeHTapuii? Kakoe
camoe TOIy/ISIPHOE KJII0YeBOe CII0BO?

O kapduHanvHoe yucno® — YN0 AOTONIMHHO HEeCOBMAAAIONINX KOMMEHTa-
pueB/nob30BaTesen?

OTU CTPYKTYPbI JaHHBIX ITOTPEOIISIOT TOPa3 a0 MeHbIIIe IPOCTPAHCTBA, UYTOObI
06pabaTbiBaTh HAGOP JAHHBIX M3 N 3JIEMEHTOB, YeM Xelll-Tab/uiia (Harpumep,
1 6aiiT Ha KakKObIi 3JIEMEHT WM MeHbIIIe, II0 CpaBHeHMIo ¢ 8—16 Gaiitamu Ha
Ka)KIbIi 37IeMEHT B XeIlI-TabJnIIe).

@unemp Byma, KOTOPBI Mbl 00CyIMM B IJIaBe 3, OyIeT MCII0/b30BaTh B BO-
ceMb pa3 MeHblIle IIPOCTPAHCTBA, YeM Xel-Tadmniia (comment-id -> frequency),
1 OyZIeT OTBEUATh Ha 3aIIPOChI O IMIPUHAIJIESKHOCTU IIPUMEPHO C 2%-HOJi 4acTo-
TOJ JIOSKHOTIOJIOKMUTEIbHBIX PE3y/bTAaTOB. B 9T0J1 BBOIHOII IJlaBe Mbl He GymeM
BIAaBaTbCS B MeJIKME MaTeMaTuuyeckiue IMOAPOOHOCTM ITONIyYeHUST STUX UMCeI,
HO BCe JKe CTOUT MOJYEPKHYTb pasHUIy MeKAY GuibTpaMu Biayma u xenr-tab-
Juiamu: GUIbTPhI BiiyMa He XpaHAT KIouM (HarmpuMep, comment - id). @UIBTPBI
BiryMa BBIUMCIISIIOT XeIy 13 KI0Ueli M UCIOMb3YIOT UX IJIST MOAVMUIIMPOBaHMS
CTPYKTYpbI HaHHbIX. CilemoBaTelbHO, pasmep GuibTpa biyma ImaBHBIM 006-
pa3soM 3aBUCUT OT UMCJIa BCTAaBJIE€HHBIX KJIIOUel, a He OT uxX pasMepa (WIN UX
THUIIA — CTPOKOBBI JIMTEpal, MajIoe Jib0 OOIbIIOE LeI0e UMUCTIO).

B r1aBe 4 Mbl y3HaeM elie 06 OHOJ CTPYKTYpe JaHHbIX, UMEeHyeMOoli Habpoc-
KOM count-min*, B KOTOpO# UCIIo/Nb3yeTcs 6ojiee ueM B 24 pa3a MeHbIle IIpOo-
CTPAHCTBA, YeM B xell-Tabjuie (comment-id -> frequency), 4YTOOBI OLIEHUBATh
YaCTOTY KaXKIOro uaeHTuduKaTopa comment - id, e MOHCTPUPYS HEOOIbIIOE ITpe-
yBeJIMYeHMe YacTOThI B 60j1ee uemM 99 % ciayuaeB. CTPYKTYypy JaHHBIX HAOpOCKa
count-min Takyke MOXXHO MCIIO/Ib30BaTh MJIsT 3aMeHbI Xell-Taonul (article-id
-> keyword_frequency) ¥ NMpUMEHUTDb OKOJIO 3 M6 B pacueTe Ha TeMaTUYECKYIO
XeII-Tab/IMIy, UTO CTOUT IIpuMepHO B 20 pas MeHblIle, UeM M3HavUa/IbHas CXeMa.

HakoHerr, cTpykTypa gaHHbiXx HyperLoglog 13 m1aBbl 5 MOKeT OIeHUTb Kap-
IVHAJIbHOE UMCI0 MHOKeCTBa Bcero ¢ 12 K6, meMOHCTpUPYS OLIMOKY MeHee ueM
B 1 % OT UCTMHHOTO KapAMHAIbHOIO YKCIa.

2 Aum. succinct data structure. — IIpum. nepes.

3 Aurn. cardinality; cH. MOIIIHOCTh MHOKeCTBA. — [Ipum. nepes.

4 AHrI. count-min sketch; cuH. 3cku3 count-min; BeposiTHOCTHASI CTPYKTYPa JAHHBIX, KOTOPAst OIleHM-
BaeT YaCTOTY MOSIBJIEHMSI 3IeMeHTa B ITIOTOKe JJaHHBIX. — [Ipum. nepes.
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Eciy B K&KAO¥i U3 YIIOMSIHYTBIX BbIIIE CTPYKTYP JAHHBIX elle G0JIbIle 0c/a-
6uTh TPeOOBAHMS K TOYHOCTH, TO YIACTCSI 060MTHCH e1lje MeHbIITMM ITPOCTPAHCT-
BOM. ITOCKOJIbKY M3HAYaabHbI/ HAOOp JAHHBIX MO-TIPEKHEMY HAXOOUTCS Ha
IVICKe, TalkoKe CYLIeCTBYeT BO3MOXKHOCTb KOHTPOJISL 3@ 3MMU304MUUYECKO Omnob-
KOJf, TaK YTO Mbl HEe OCTaHEeMCSI C JIOXKHOTIOIOXKUTeTbHBIMU pe3yabTaTaMi; HaM
MPOCTO TIPUAETCS MPUJIOKUTD UYTh OOJIbIIE YCYIINIA JIJIST X BepUbUKALIVN.

ﬂ,aHHble KOMMEHTapueB B BUAE NOTOKa

BriosiHe BEpOSTHO, UTO MbI CTOJIKHEMCS € 3aJjaueli 0 KOMMEHTapusX K HOBO-
CTSIM ¥ CTAThsIM He B BUJIe CTATUYECKOTO Habopa TaHHbIX, @ B KOHTEKCTE OBICTPO
MEHSIIOIIErocst MOTOKa COObITHUIA. [IOIMyCTUM, UTO COObITYE 3/1€Ch MTPE/ICTABIISET
co6oii 11000€e M3MeHeHNe Habopa JaHHbIX, TAKOe KaK HakaTue KHomnkyu Hpa-
BUTCS WV BCTaBKa/yaaJieHye KOMMEeHTapust MO0 CTaTby, M COOBITUS TOCTY-
MaloT B CUCTEMY B peajlbHOM BPeMEeHM B By e TOTOKOBBIX TaHHBIX. B r/1aBe 6 Bbl
y3HaeTe 0 KOHTEKCTe 06paboTKM IMTOTOKOBBIX JAHHBIX IOAPOGHEe.

O6paTuTe BHMMAaHME, YTO B ITOI KOHPUTYpALIMY TOKE MOXKHO CTOJIKHYTHCS
¢ mybnkaTaMu uaeHTUdMUKaTOpa comment-1id, HO MO APYTO IPUYMHE: BCIKUIA
pas, Korga KTO-TO KIMKaeT 10 KHOoKe HpaBuTcs nop, orpeseeHHbIM KOMMEH-
Tapuem, Mbl ITOJTy4aeM COOBITHE C TEM K€ comment-id, HO CO CKOPPEKTUPOBAH-
HBIM YMCJIOM TIOSIBJIEHUIT aTpubyTa likes. YUMTBIBAS YCKOPEHHOE U KPYIJIOCY-
TOYHOEe TOCTYIIEHNE COOBITHUIA, B peXkume 24/7, M OTCYTCTBME BO3MOKHOCTMU
XPaHUTD UX BCe, JISI MHOTUX ITPEeACTABSIOINX MHTEePeC 3a4a4 MOKHO ITpefJjio-
SKUTB JINIIb IPUOTMKEHHbBIE pellieHNs. B mepByio ouepeb Mbl 3aMHTEPECOBAHbI
B peaibHO-BPEMEHHOM BbIUMCIeHUM 6@30BbIX CTATUCTUK (HATIPUMeED, CPETHETO
Yycia JaiikoB B pacyeTe Ha KOMMEHTAPUI 3a MOCIEHIO HeJeN0), U, He uMest
BO3MOKHOCTY XPaHUTh YUMCJIO MMOSIBJIEHUI JTAMIKOB 10 KaKIOMY KOMMEHTAPUIO,
MOKHO MTPUOGETHYTh KO B3SITUIO CJTyUaifHbIX BEIOOPOK.

MbI MOskeM (hOPMMPOBATH CIYYATHYIO BBIOOPKY 13 ITOTOKA JAHHBIX 10 Mepe
UX TIOCTYTUIEHUS, UCIIONb3Yysl airoOpuUTM (HOpPMUPOBaHMS BHIOOPKM BepHymm,
KOTOPBIM MbI paCCMOTPUM B IJIaBe 7. B KauecTBe npumepa MOKHO MPUBECTU
UTPY «TIOOUT — He 1I061T». EC/tu Bl KOrga-mmb0 OTIUITBIBAIIV JIETIECTKY [IBETKA
Hayras, TO MOXHO CKa3aTh, UTO Y BaC B pyKax, CKOpee BCero, 0Ka3alch JierecT-
Ki, «0TOGpaHHbIe 110 bepHy/n» (He meaiiTe 9TOro Ha CBMIAHNM). YKa3aHHAs
cxeMa (GOpMUPOBAaHMS BBIOOPKYM YIOOHO MTOAXOINUT AJISI MICTIOJIb30BAHMUS B KOH-
TEKCTe OTHOMPOXOAHBIX JAHHBIX.

OTBeThl Ha HEKOTOpbIe OoJiee JeTalbHble BOIIPOCHI O JAHHBIX O KOMMEH-
Tapusx, HalIpuMep CKOJIbKO JIaiiKOB HY’KHO MOCTaBUTh KOMMEHTaPUIO, UTOOBI
OH mornaa B BepxHue 10 % MOHpaBUBILMXCSI KOMMEHTAapUEB, TAKKe MO3BOJISIT
00MeHMBATh TOUHOCTh HA MPOCTPAHCTBO. Mbl MOXXeM MOAAePXKUBATh PA3HO-
BUAHOCTb JMHAMMYECKOI I'MCTOTPaMMBbI (CM. T71aBy 8) BceX HaOIIOmaBIINXCS
OAHHBIX B OTPAHMUYEHHOM, PEaTUCTUYHOM ITPOCTPAHCTBE OBICTPON MAMSTH.
9TOT Ha6POCOK, MM CBOJKY TAHHBIX, 3aTE€M MOKHO MCITOJIb30BaTh JJIsI OTBETA
Ha TIOMCKOBbIE 3aTPOCHI O JTI0OBIX KBAHTUIISX TTOJHBIX JaHHbIX, HO C HEKOTO-
PpoiJi OLIMOKOJA.



11 Mpumep  « 27

ﬂ,aHHble KOMMeHTapueB B 6a3e paHHbIX

HakoHell, Mbl MOXeM XpaHUTb BCe JaHHble KOMMEHTAapUeB B JOJITOBPEMEH-
HOM ¢opmare (HampuMep, B 6a3e JaHHBIX Ha IMCKe / B 06aKe) U CO3/aTh I10-
BepxX HUX CUCTEMY, TTO3BOJISIONIYI0 OBICTPO BCTABJSITh, M3BJIEKATh U M3MEHSITh
«KVBbI€» JaHHbIE BO BDeMEHHO AuHaMMKe. B Takom ciiyyae Mbl OTIaeMm Ipef-
MOUTEHME TOYHOCTM, @ He CKOPOCTH, ITO3TOMY HaM YIOOHO XPaHUTb TOHHBI
IAHHBIX Ha JVMCKE U U3BJIEKATh UX MeIJIeHHee, eC/I Mbl MOKEM IapaHTUPOBATh
100%-Hy10 TOYHOCTD 3aIIPOCOB.

XpaHeHMe OAHHBIX B OUCTAHLIMOHHOM XPaHWIMILE M OpraHuM3auus Ux Ta-
KM 06pa3oM, YTO6bI OHO AOMYCKaI0 (P GeKTUBHOE UX M3BJIeUeHNe, — 3TO TEMA
QJITOPUTMMUYECKOV MapagurMbl, MMEHYEeMON aJITOPUTMaMM BHEUIHEN MaMsITH,
KOTOPYIO Mbl HAUHEM M3y4aTh B I71aBe 9. AJITOPUTMbI BHEIIHE maMsITy o6pa-
HIAIOTCS K Haubosiee akTyaJbHbIM 3aa4aM COBPEMEHHBIX MTPUIOKEHUI, TAKUM
KaK CTPOUTEIbCTBO M peayn3anysi MexaHM3MOB 0a3 JaHHbBIX M UX MHIEKCOB.
B HamreM KOHKpeTHOM IIpMMepe C JaHHbIMM KOMMEHTapMeB HaM HeOOXOaMMO
OTBETUTHh Ha BOMPOC, Kakas CUCTeMa CTPOUTCS: CUCTeMa, CoAaepsKaliasi IJiaB-
HbIM 00pa3oM CTaTMYeCKye JaHHbIe, HO K KOTOPOi ITOJIb30BAaTEIN ITOCTOSTHHO
HAaIpaBJIsSIIOT TIOUCKOBbIE 3aMPOCHI (TO €CTh ONTUMM3MPOBAHHAS MO, OTIepaln
YTEHUST), MU JKe CUCTEMA, B KOTOPOJi MOJIb30BATEIM OYEHD YaCTO JT0OABJISIOT
HOBbBIE JaHHbIe ¥ UX U3MEHSIOT, HO HaIpaBSIIOT MOMCKOBBIE 3alIPOCHI JINIIb
aNM30aMYecku (TO eCTb ONTUMMU3UPOBAHHAS IO, onlepauuu 3anucu). im ke,
BO3MOXKHO, OHa OymeT KOMOMHAaIMel, B KOTOPOi OAMHAKOBO BasKHbBI KAaK OBICT-
pbIe BCTAaBKM, TaK ¥ ObICTPbHIE ITOVCKOBBIE 3aITPOCHI (TO €CTh OITUMMU3VPOBAHHAS
07, OTiepalyy YTeHUS -3aUCK).

OueHb HEMHOTYME UHXEHEPHI PEaTM3yI0T CBOY COOCTBEHHbIE ABVKKY XpaHe-
HUSI TaHHBIX, HO TIOUTYU BCE MX MCIOMb3YIOT. IJIs1 TOTO YTOOBI TPAMOTHO BBIOV-
paTh MeXKIy pasaMyHbIMM aJIbTEPHATUBAMM, HY)KHO Pa3bupaThcs B CTPYKTypax
IlaHHBIX, KOTOPBIE JIEXXAT B UX OCHOBe. KoMmpomMucc Mexxay BCTaBKOM U TOUC-
KOM SIBJIIETCSI HEOThEMJIEMOJ YacCThio 6a3 TaHHBIX, ¥ 5TO OTPAKEHO B YCTPOii-
CTBE CTPYKTYP JaHHBIX, KOTOpbIe paboTaltoT nmof, yrpasaenrem MySQL, TokuDB,
LevelDB 1 MHOTMX OPYIMX CYIIECTBYIOIIMX CHUCTEM XpaHeHMs JaHHbIX. Cpenn
Hanbosiee MOMYJISIPHBIX CTPYKTYP AAHHBIX JISI TOCTPOeHMS 6a3 TaHHbIX MOXKHO
Has3BaTb B-iepeBbs, Bt -nmepeBbst M LSM-mepeBbs, ¥ KaKIas U3 HUX 00CTYKMBaeT
pasHyio pabouyro Harpysky. Mbl 06CyIuM 3TV pa3Hbie TUIIbI POU3BOIUTENb-
HOCTYM M KOoMITpomucchl B aBe 10. Kpome Toro, HaM MOKeT ObITh MHTEPECHO
pelnTh U Opyrue 3afauM ¢ JaHHBIMM, pPa3MeIleHHbIMM Ha JIMCKe, Takue Kak
JekcuKorpaduyeckoe yropsimoueHne KOMMEHTapMeB WINM YIIOPSAOYeHNe TI0
YMQTy TIOSIBJIeHU . [IJisT 9TOTO HY)XKeH aJTOPUTM COPTMPOBKU, KOTOPBIN OymeT
3(GeKTMBHO COPTUPOBATDh JaHHbIe B 6a3e JaHHBIX MM B (aiiie Ha AucKe. Bbl
Hay4YuTeCh 3TO AeaTh B ITOCAEIHEN IJIaBe KHUTH, I71aBe 11.
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1.2 CrpyKkTypa 3TOM KHUIU

Kak yxe roBopmioCch B MpenbiaylleM pasfese, 3Ta KHUTA BpallaeTcsl BOKPYT
TpeX IJIaBHbIX TEM U, COOTBETCTBEHHO, MTOJleJIeHa Ha TPU YaCTU.

YacTp I (71aBbl 2—5) MOCBSIIEHA KOHCIEKTUBHBIM® CTPYKTYpaM JaHHBbIX Ha
OCHOBe Xela. JTa YacTh HaUMHAeTCS ¢ 0630pa Xell-TabauIl ¥ KOHKPETHBIX Me-
TOMIOB XeIMPOBaHMSsI, pa3paboTaHHBIX [JISI MCII0/Ib30BAHMSI B YCIIOBUSIX MACCUB-
HbBIX JaHHbIX. HeCMOTps Ha TO UTO IIaBa O XelIMPOBAHUM 3aIVIAHMPOBAHA KakK
0630pHast, MbI TIpejjlaraeM JMCII0Ib30BaTh €€ B KaUueCTBe MaMSITKM 110 XeIIpo-
BaHMI0, a TAK)Ke BOCIIOb30BAThCS BO3MOKHOCTBIO Y3HATh O COBPEMEHHDBIX Me-
TOMAaxX XeIMPOBaHMsI, pa3pabOTaHHBIX /11 pAaGOTHI C KPYITHBIMM HAGOpamu AaH-
HbIX. [71aBa 2 TaKKe CAYKUT XOPOIIeil MOATOTOBKOI K IJlaBaM 3—5, ecjiut y4ecTb,
YTO HAOPOCKM OCHOBAHbBI Ha xeliax. [IpeficTaBieHHbIe B I1aBax 3—5 CTPYKTYPhI
IAaHHbBIX, TaKMe Kak GribTpbl Biryma, Habpocok count-min, maccuB HyperLogLog
" VX aJbTePHATUBBI, HAIITM MHOXKECTBO IMPUMEHEHMI B 6a3ax JaHHbBIX, CETIX
WUT. I.

Yacts II (r1aBbl 6—8) 3HAKOMMUT C ITIOTOKaMM JaHHbIX. OT KJIaCCUYECKUX METO-
IIOB, TAKMX KaK (hopMMpoBaHe BHIOOPKYM BepHy/mn 1 pe3epByapHOii BBIOOPKM,
10 6os1ee M30UIPEHHBIX METOOB, TAKMX KaK (OpMUPOBaHME BbIOOPKYM U3 IBU-
SKYIIIErocst OKHA, Mbl IPEICTABJISIEM PSIZT, aJITOPUTMOB (hOPMMUPOBAHMS BIOOPKM,
MTOIXOMASIIIMX JIJIST PA3HBIX MOZeieli 00pabOTKY MOTOKOBBIX JaHHBIX. CO3JaHHbIE
BBIOOPKM 3aTEM MCITOJb3YIOTCS JIJIT pacyeTa OIEHOK OOIIMX CYMM WM Cpej-
HUX 3HAUEHMIT U T. I. MbI TaK)Ke BBOAMM QJITOPUTMBbI BRIUNMCIEHMS (aHCAaMOJIS)
€-TIPUOTVKEHHBIX KBAHTUJIEH, TAKMX KaK q-IaiKecT U t-maiiKecT.

Yacrs III (rmaBer 9—-11) onmcbiBaeT aJirOpUTMUYECKME METOABI IJ151 CLIeHAPW-
€B, KOrja JaHHbIe XPaHSTCS Ha TBEPAOTeIbHOM HakomuTesne/nucke. CHavana
Mbl BBOAVM MO[e/Ib BHEILIHEN MaMsTH, a 3aTeM IMpPeaCcTaBaseM ONTUMalbHbIe
QJITCOPUTMBI [IJISI OCHOBOIIOJIATAIONMX 3a4a4, TaKMX KaK MOUCK U COPTUPOBKA,
WITIOCTPUPYS KIIOYEBbIE JITOPUTMMUUECKME TIPMEMbl, IPUMeHsieMble B 3TOI
Monenu. B ykazaHHOM 4aCTV KHUTU TaKKe OXBAThIBAIOTCS CTPYKTYPbI JaHHbBIX,
KOTOpbIE VCITONb3YIOTCSI B COBPEMEHHBIX 0a3ax TaHHbBIX, TaKMe Kak B-IepeBbs,
Be-nepeBbst 1 LSM-nepeBbs.

1.3 OTAanume 3TOM KHUIM OT APYrux
U ee uenesasa ayauTopms

KitaccuueckyM aJirOpUTMaM M CTPYKTYPaM TaHHBIX ITOCBSIIEH PSifI, 3aMeuaTesb-
HbIX KHUT, B ToM unciie The Algorithm Design Manual (3rd ed., Skiena, Springer,
2020)°, Introduction to Algorithms (3rd ed., Cormen, Leiserson, Rivest, Stein,
The MIT Press, 2022)7, Algorithms (4th ed., Sedgewick, Wayne, Addison-Wesley,

5 Habpocok (sketch; cuH. KOHCIIEKT, pe3ioMe, 3CKU3, CKETY) — ITO KOMITAKTHAsSI CBOZKA OTIPeeIeHHbIX
ACITeKTOB JaHHbBIX, ONITUMM3MPOBAHHAS IO HpI/I6J'II/I)KGHHI)II7[ OTBET Ha Te WUJIM MHbIe 3aIlIpoChl, UC-
I10JIb3Y$I TIOCTOSTHHOE WJTU CYyO/IMHEITHOE TIPOCTPAHCTBO. — [Ipum. nepes.

6 AnropuTmbl. PYKOBOICTBO 10 pa3paboTke. 3-e u3g. — CI16.: BXB, 2022. — IIpum. nepes.

7 Anroputmsl. [Toctpoenne u ananus. - M.: [Inanekruxa, 2020. — [Tpum. nepes.
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2011)% u B KauecTBe BBOAHOTI'O U IPY>KeCTBEHHOTO B3mIsiga Ha mpeameT Grokking
Algorithms (Bhargava, Manning, 2016)°. AITOpUTMBI U CTPYKTYPbI TaHHBIX JIJIs
MAaCCUMBHBIX HAaOOpPOB JaHHBIX IIOKA YTO MeIJeHHO, HO BEpPHO IMPOHMKAIOT B
MEHCTPUMHBIE YUeOHVMKY, OTHAKO MUP Pa3BUBaeTCs ObICTPO, ¥ MbI HaJleeMCSI,
YTO Hallla KHMTA CTaHeT COOPHMKOM CaMbIX COBPEMEHHBIX aJATOPUTMOB U CTPYK-
TYp JaHHBIX, KOTOPbIE OYIYT IIOMOIaTh MCC/IeI0BATEI0 TaHHBIX VIM Pa3padoT-
YMKY CIIPABIATHCS C KPYITHBIMM HAOOpaMy TaHHBIX Ha ITPAKTUKe.

IlaHHas KHUTA MIMeeT LeJIbI0 IPeIIOKUTh XOPOIINii 6aJaHC TeOPeTUUeCKUX
KOHIIETIIINIA, JIETKO BOCIIPYMHMMAEMbIX HA MHTYUTUBHOM YPOBHE, TPAKTUUECKUX
IIPUMEPOB MCIIOIb30BaHMSI M (parMeHTOB MCXOAHOro Komaa Ha Python. MerI mc-
XOOMM M3 TOTO, YTO YMTaTeIb 00/IafaeT OCHOBOIIOIATAOIIMMY 3HAHUSIMU 00
aJrOpUTMaX U CTPYKTYpPax JaHHbBIX, [IOSTOMY €C/IM Bbl He M3yJaju 6a30BbIe ajl-
TOPUTMBI ¥ CTPYKTYPBI JaHHBIX, TO BAM HEIIPEMEHHO CJIelyeT 03HaKOMMUTbCS C
STUM MaTepuayioM, IPeXIe YeM IIPUCTYIIaTh K U3YUeHII0 0003HAUEHHOJ TEMBI.
AJITOPUTMBI MAaCCUMBHBIX JaHHbBIX — OUeHb OOIIMPHAs TeMa, ¥ 9Ta KHUra IpusBa-
Ha MOUTYXUTD IAASIIM BBeIeHUEM.

BObIIMHCTBO KHUT 110 MACCUBHBIM JTaHHBIM ITOCBSIIIEHbI KOHKPETHO TeX-
HOJIOTMM, CUCTEME WM MHQPaACTPyKType. DTa KHUTa He OPMEHTMPOBaHAa Ha
KOHKPETHYIO TEXHOJIOTHMIO; B Hell He MPMHMMAaeTCsl HUKAKMX AOIYIeHM O 3Ha-
KOMCTBE UMTaTeIsI C KaKOii-IMO0 KOHKPETHOI TexHosioruei. HarpoTue, B Heli
paccMaTpUBAIOTCSI 6a30BbIE aJITOPUTMBbI M CTPYKTYPbI JAHHBIX, KOTOPBIE UTPAIOT
Ba)KHYIO POJIb B 00eCIIeueHMM MaCIITabMpyeMOCTU STUX CUCTEM.

3ayacTyi0 B KHUTax, B KOTOPBIX aJrOPUTMMUUYECKME aCIeKTbl MaCCUBHBIX
TaHHBIX BCe >Ke 3aTparuBaloTCsl, OCHOBHOe BHMMaHMe yaesseTcss MallMHHO-
My 06yueHMIo. OqHaKO B JIUTEPATYpe HEPEAKO UTHOPUPYETCS BasKHBII acIeKT
paboThI C KPYITHBIMM JaHHBIMM, KOTOPBII KOHKPETHO He CBSI3aH C BBIBOIAOM
3HAHMII U3 JAHHBIX, 4 CKOpee MMeeT OTHOIIeH)e K OIepypPOBaHMIO pa3Mepamm
IaHHBIX U UX 3hPeKTUBHOV 00paboTKe, KakKUMM Obl HM ObLIM JaHHbBIE. Llesb
9TOJ KHUTU — BOCIIOJIHMTD JAHHBIN ITPOOeJI.

B psime 3ameuaTeNbHbIX KHUT pacCcMaTpUBAIOTCS CHenuaan3upoBaHHbIe
acrmeKTbl MacCHMBHBIX HAOOPOB TaHHBIX [3]. B HacToselt KHUTe Mbl HaMepPeHbI
MpeACTaBUTh 3TU pa3Hble TeMbI B OHHOM MeCTe, YaCTO HIUTUPYS IIepeoBbie Ha-
YYHO-U3BICKATEIbCKME Y TEXHUUECKMEe PaboThl 110 COOTBETCTBYIOIIMM TEMaM.
HaxoHell, Mbl HajieeMcsl, YTO 9Ta KHUTA TIpellogHeceT MPOABUHYThII aJITOPUT-
MMYEeCKMII MaTepuana B OOCTYITHOM ¢opMe, IpeaoCTaBisia MaTeMaTuuyecKue
KOHIIeIIINH, JIETKO BOCIIPUMHMMAaeMble HA MHTYUTUBHOM YpPOBHE, BMECTO TeX-
HUYECKMX I0Ka3aTeIbCTB, KOTOPHIMM XapaKTepU3yeTcsl O0NbIIMHCTBO PECYPCOB
110 3TOMY MpenmeTy. MocTpaluy UrpamT BasKHYIO POJIb B U3IOXKEHUM TIPO-
IBUHYTBIX TEXHMYECKMX KOHIIEITIIMIA, ¥ MbI HaJIeeMcsl, YTO OHM BaM ITOHPABSITCSI
(u 6rarogapst UM Bbl MHOTOMY HAay4MTECh).

Terepb, KOrma CO BCTYNUTEIbHBIMY 3aMeUYaHMUIMM TTIOKOHYEHO, JaBaiiTe 06-
CYIUM LeHTpa/IbHbII BOTPOC, KOTOPbIH JIESKUT B OCHOBE TE€M 3TOI KHUTU.

8 Anroputmbl Ha C++. — M.: [lnanekTtuka, 2019. — IIpum. nepes.
9 Tpokaem anroputmsl. — CII6.: [Tutep, 2024. — I[Ipum. nepes.
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1.4 MNMouyeMy MaccuBHbIE AaHHbIE NPeACTaBASAIOT
TPYAHOCTU ANS1 COBPEMEHHbIX CUCTEM?

Ha mpon3BoanTeIbHOCTb MPUIOKEHNS BIMSET OTPOMHOE UMCJIO TTapaMeTpoB,
CYIIECTBYIOIIMX B KOMITbIOTEPAX M apXUTEKTypax pacIipele/leHHbIX CUCTEM.
Cpeny TIaBHBIX TPYIHOCTEN, C KOTOPbIMM KOMITbIOTEPBI CTATKMBAIOTCS TTPU 06-
paboTKe KPYITHbIX 00bEMOB TaHHbIX, €CTh T€, KOTOPbIE CBSI3aHBbI C aIlllapaTHbIM
obecrieueHneM 1 001l apXUTEKTYPOIi KOMITbIOTEpA. DTa KHUTA He IMOCBSIIeHa
arnmnapaTHOMY obecIieueHuIo, HO, pa3pabaTbiBast 9P heKTUBHbIE aITOPUTMbI 1T
MacCCUBHBIX JAHHBIX, B&KHO TTOHMMATh (U3NYECKMe OTpaHNYeHMs, KOTOpbIe
CUJIBHO 3aTPYOHSIOT Mepefavy JaHHbIX. B 9T0J I71aBe Mbl 06CYIYIM HEKOTOpbIE
M3 3TUX IJIABHBIX TPYTHOCTEN, BK/II0Yast GOBINYI0 aCMMMETPUIO MEXKITY CKOPO-
CTSIMM II€HTPaJbLHOTO IIpolleccopa ¥ MaMsITH, pa3HbIMU YPOBHSIMM MaMSITU U
KOMITPOMMCCHI MEK/TY CKOPOCTBIO M pa3MepOM KaskIOTO YPOBHS, a TAKKe MTPo6-
JIeMY 3a[IeP>KKM OTHOCUTETBHO MPOITYCKHO CIIOCOOHOCTH.

1.4.1 Pa3pbiB B NpOU3BOAUTENIbHOCTU LLEHTPA/IbHOIO
npoueccopa U NamsATH

[TepBoit BaXkHOI acMMMeTpueli, KOTOPYI0O MbI OOCYIMM, SIBJISIETCSI COOTHO-
IIeHre CKOPOCTEeN oIepaluii leHTPaJIbHOTO MpoIeccopa u onepanuii JoCTy-
Ia K [aMAITU B KOMIIbIOTepe, TaK Ha3blBaeMblli pa3pbiB B IIPOU3BOAUTEIBLHOC-
TU LEHTPaJIbHOrO Ipoueccopa u namsartu [4]. Ha puc. 1.3 nokasaH, HaunHas ¢
1980 ropa, cpegHUii pa3pblB MEXAY CKOPOCTSIMU OCTYIIA K IIPOLIeCCOPHOI Ta-
MSTU U OOCTyNa K OCHOBHOM mamsiaTu (OyHamuueckoii O3VY), BbIpa>keHHBIN B
Yyic/Ie 3alpoCoB K MaMsTU B CEKYHy (BenuuHe, 00paTHOI 3a7iepsKKe).

Ha MHTYUTMBHOM YpOBHE 3TOT Pa3pbIB IOKA3bIBAET, UTO BBIUMCJIEHMS BBITION -
HSIIOTCSI HAMHOTO GbICTpee, UeM AOCTYI K JaHHbIM. Eciiu 3acTpsiTh Ha CcTepeo-
TUIIE, YTO B LIEHTPE BHMMAaHUS JOKHA HaXOAUTHCS TOTbKO ONTUMMU3AIUS BbI-
YMCIeHMI LIeHTPaIbHOTO MPOoLieccopa, TO BO MHOTUX CJTy4yasix aHa/In3 He OymeT
XOPOUIO COYETAThCS C PeaIbHOCTBIO.

1.4.2 Uepapxus namaTu

[TomMmuMoO paspbiBa MEXIY LEHTPaIbHbIM IIPOLIECCOPOM U MAMSTbIO, CYIIeCT-
BYET BCTPOEHHAsI B KOMITbIOTED MepapXiusl pasHbIX TUIIOB ITaMSTH, KOTOpbIe 0071a-
JIal0T pa3HbIMMU XapaKTepucTuKamu. [IpeBanmpyroimii KOMIIPOMMCC 3aKI0Yacs
B HAJINUMMA, C OIHOV CTOPOHbI, MaJIOi, HO ObICTPO¥ (M JOPOTOIN) MaMSITH, U, C IPY-
rOJi CTOPOHBI, OOJIBIIION, HO MeIJIeHHO (4 JeleBoi) maMaTu. Kak rmokasaHo Ha
puc. 1.4, HauMHas C CaMOTr'0 MaJIOro 1 ObICTPOr0, KOMIIbIOTEPHASI MepPapXyst OObIU-
HO COAEPXKUT CJIeNyIOUI/ie YPOBHI: PETUCTPBI, KeII-NaMsITh 1-Tro ypoBHSI, Kelll-Tia-
MSTb 2-TO YPOBHS, KeIlI-TIaMsTh 3-TO YPOBHS, OCHOBHASI MaMSITh, TBEPIOTENbHbIN
HakonuTesb (SSD) m/mim skectkuii guck (HDD). [TowieqHue aBe SIBASIIOTCST AOJI-
TOBPEMEHHO! (9HEPrOHEe3aBMCHMOM) MMaMSITbIO, TO €CTbh JAHHbIE COXPAHSIIOTCS
OCJIe BBIK/IIOUEHMSI KOMIIBIOTEPA U, (JIeIOBATEIbHO, ITIOAXOAST IJ1S1 XPaHEHMSI.
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PucyHok 1.3 [paduk paspbiBa B NpOM3BOAUTENBHOCTU LLEHTPASIbHOMO
npoLeccopa v NamsTH, 3aMMCTBOBAHHBIV U3 apXUTEKTYPbI BbIYUCIUTENBHON CUCTEMDI
Hennessy & Patterson. Ha rpaduke nokasaH yBeNM4MBAIOLWMIACS Pa3pbiB MEXAY
CKOPOCTIMM [OCTYNA K MaMSATH LleHTPanbHOro NpoLLeccopa 1 onepaTMBHOM NaMsTu
(cpenHee uncno obpalleHui K NaMsaTu B CEKYHAY BO BpEMEHHOM AMHAMUKE).
BepTukanbHas oCb HAXOAMUTCS B IOrapn@PMUYECKON LKane.
Mpoueccopbl 4EMOHCTPMPOBANM yay4dweHne npumepHo B 1.5 pasa B rog
BnnoTb Ao 2005 roaa, a ynyylieHne AoCTyna K OCHOBHOM NaMsTH COCTaBASIO
Bcero okono 1.1 pasa B roa. C 2005 ropa yckopeHue LeHTpanbHOro npoLeccopa
HEeCKONbKO CHU3UIOCh, HO OHO HUBENUPYETCS 33 CYET UCMONb30BAHMS
HEeCKONbKMX fAep U napannenusma

Ha puc. 1.4 Mbl BUOMM BpeMeHa AOCTYIIa M IPOITYCKHbIE CITIOCOOHOCTH KasK-
JIOTO YPOBHSI TIaMSTU B IIpMUMepe apxXUTeKTyphI [5]. Llndpbl BapbupyroOTCs B 3a-
BUCUMOCTY OT apXUTEKTYPhI U 60JIee TI0Ie3HbI, eC/TM PACCMATPUBATD UX C TOYKU
3peHNsI COOTHOLIEHUI MeXIy pa3sHbIMM BpeMeHaMM AOCTYIa, 8 He KOHKPETHbI-
MU 3HaueHusIMK. Harmpumep, usBieueHne dbparMmeHTa JaHHBIX U3 Kellla MPOUC-
XOIUT IIPUMePHO B 1 MJTH pa3 GbICTpee, ueM C JMCKa.

JKecTkuii IMCK M MarHUTHAs TOJIOBKA, HEMHOTYME U3 OCTaBIUMXCS MeXaHU-
YyecKMx YacTeli KOMIbIoTepa, paboTaloT BO MHOTOM I1000HO IPOUTPbIBATEIO
rpaMILIACTMHOK. [T03MIIMOHMPOBaHME MarHMTHOM TOJIOBKM Ha HY>KHBIN TPEK —
3TO BpeMs3aTpaTHas 4acTh JOCTYIa K IMCKOBBIM AaHHBIM. [Tocse TOro Kak ro-
JIOBKA CIO3UIIMOHMPOBAHA Ha HY>KHOM TpeKe, repefavya JaHHbIX MOXKET ObITh
OueHb OBICTPOIA, B 3aBUCUMOCTH OT CKOPOCTY BPAILleHMSI JUCKA.
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PucyHok 1.4 PazHbie TMNbl NamMaTH B KOMMbloTepe. HaumMHasg ¢ pernctpos B 1€BOM
HUXXHEM YTy, KOTOpble NOPa3uTeNnbHO BbICTPbI, HO B TO XKe BPeMs 04eHb MaIOEMKOCTHBI,
Mbl NPOABMraemMcst BBEpX (MpyY 3TOM CKOPOCTb NAaMATU CTAHOBUTCS MeLNeHHee) U
BMNpaBo (EMKOCTb MaMATH YBENMUMBAETCS) C KeweM 1-ro ypoBHS, KelweM 2-ro ypoBHS,
KeweMm 3-ro ypoBHS M OCHOBHOM MaMATbto, BNAOTb A0 SSD u/mnu xecTkoro amcka.
CMeLMBaHMe pasHbIX 31EMEHTOB NaMATH B OLHOM KOMIMbIOTEPE CO3AAET UIIIHO3UIO
HaMUMS Kak CKOPOCTU, TaK M EMKOCTU XpPaHeHMs, MOCKObKY KaX bl YPOBEHb CIYXXUT
KeleMm ons cneaytoulero, bonee KpynHoro

1.4.3 3apepkKa OTHOCUTENIbHO NPONYCKHOM
CNOCOBHOCTH

AHanornyHoe siBJieHMe HaOIOfAEeTCsS TaM, Ihe «3aJepskka OTCTaeT OT Ipo-
MMyCKHO¥ CITOCOGHOCTM» [6], M XapaKTepHO [Jisl pa3HbIX TUTIOB MaMsITH. 3a TI0-
C/efHMEe HECKOJbKO [eCSITUIeTMIA TPOITyCKHAs CIIOCOOHOCTh B Pa3IMYHbBIX
CUCTeMax, HauMHasl OT MUKPOIIPOLIECCOPOB M 3aKaHUMBasl ONEPAaTUBHON IIa-
MSITBIO, JKECTKUM JVMCKOM U CEeThbI0, 3HAUMUTENbHO YIy4IIWIACh, HO 33[IeP>KKa He
YIIy4IlIaIach C TOM ¥Ke CKOPOCTBIO, XOTS 3aJlepsKKa SBJISIeTCs BaKHOI Mepoli BO
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MHOTUX CLIeHapHsX, IIe 00bIYHOe MOBeIeHNMe IT0Tb30BaTes IIPeayCcMaTpyBaeT
MHOXXeCTBO MaJIbIX ITPOM3BOJIbHBIX 00paIlleHNit, B OTIMUME OT OTHOTO OOJIbILO-
'O ITOC/IeOBATEIbHOTO 06paleHys.

B 1ensx koMIleHcauy CTOMMOCTY TOPOTOCTOSIIEro ITepBOHAYa/IbHOTO BbI-
30Ba nepefayva JaHHBIX MEXIY Pa3HbIMM YPOBHSIMM HaMSITHU OCYIeCTBIISIETCS
MOPUMUSIMM U3 HECKOJbKUX JIEMEHTOB. DTU MOPILMM HA3bIBAIOTCS CTPOKAMMU
Kellla, CTPaHUILIAMM MM 6JI0KaMy, B 3aBUCUMMOCTM OT YPOBHS MaMsITH, C KO-
TOPBIM MBI paboTaeMm, 1 UX pa3Mep IIPOIOPLMOHATIEH pa3sMepy COOTBETCTBY-
IOIIEro YPOBHS MaMsTH; IJis Kellla OHM HaXOHOSTCsS B AuarnasoHe 8—64 6aiir,
a JIJist AMCKOBBIX B6JI0KOB OHM MOTYT mocturath 1 M6 [7]. Biarogapst KoHIemn-
LMY TI0J, Ha3BaHMEeM MNPOCTpPaHCTBEHHAas JTIOKaJbHOCTh, KOI/IA Mbl OXUIAEM,
YTO IporpamMma OymeT o0pamaThCs K siueiikaM IIaMsITH, KOTOpble HaXOAsTCS B
HeIoCPeACTBEHHOII 6JIM30CTH APYT OT Apyra U 6;1M3KM 110 BpeMeHM, Iepefada
IaHHBIX ITOC/IeA0BaTe/IbHbIMM 0/I0KaMM 3P (PeKTUBHO 00ecreunBaeT npeaBa-
PUTENIBHYIO TOCTaBKY 3JIEMEHTOB, KOTOpbIe HaM, CKOpee BCero, MOHamo0sTCs
B OyypKaifiieM OyayImeM.

1.4.4 Kak HacueT pacnpeaeneHHbIX cucTtem?

CeropmHst GOBIIMHCTBO MTPWIOKEHMI PAGOTAIOT HA HECKOIbKMX KOMITBIOTE-
pax, ¥ OTIIpaBKa JaHHBIX C OJJHOTO KOMITbIOTEpA Ha JPYroil IPUBOAUT K elle
OIHOMY YPOBHIO 3a/iep>Kku. [lepemaua JaHHBIX MEXIY KOMITIOTEPAMYU MOSKET
IJIUTBCSI OT COTE€H MUJUIMCEKYHJI 10 TIapbl CEKYH], B 3aBUCUMOCTY OT Harpys-
KM Ha cUcTeMy (Halipumep, Yicia Toab30BaTesell, 06palamnimxcs K OGTHOMY U
TOMY JKe ITPUJIOKEHUIO), UMCIa TIePEeX00B K MeCTy Ha3HaUYeHUS U IPYTUX IeTa-
JIeit apXUTEKTYpPBI (cM. puc. 1.5).

1.5 KoHcTpyupoBaHue anroputMoB € y4eTOM
annapaTtHoro obecnevyeHus

PaccmoTpeB HeKOTOpble BakHeMIIMe acIleKTbl apXUTEKTYpPbl COBPEMEHHBIX
KOMIIBIOTEPOB, MOKHO CIeJIaTh IIePBbIil BaXKHbIN BbIBOZ,: XOTSI TEXHOJIIOTUU I10-
CTOSIHHO COBEPIIEHCTBYIOTCS (HallpuMep, TBepLOTeIbHble HaKOIIUTEeNU SIBJISI-
IOTCSI OTHOCUTETbHBIM HOBIIIECTBOM M Y HUX HET MHOTMX TPO6/ieM, TIPUCYIITNX
SKECTKUM JIMCKaM), HEKOTOPbIe MTPo6IeMbl, TaKye KaK KOMITPOMMCC MEKAY CKO-
pPOCTHIO U pa3MepoM 37IeMeHTOB MaMsITH, B OvKaiiiiee BpemMs HUKYAA He UC-
ye3HyT. OTUaCTV IpUUYMHA TOMY YMCTO pu3nIecKas: Ijisl XpaHeHUsT 60JIbIIOTro
o6bemMa JaHHBIX TpebyeTcs MHOTO ITPOCTPAHCTBA, @ CKOPOCTh CBETA YCTAHABIN-
BaeT hu3nuecKuit mpees CKOPOCTH, C KOTOPO JaHHbIe MOTYT ITepeIaBaThCs U3
OLHOI YacTy KOMIIbIOTepa B APYIYIO0 MM U3 OLHONM 4acTu CeTu B Apyryro. Pac-
MIPOCTPaHMB 3TO Ha CeTb KOMIIbIOTEPOB, MOXKHO MPOLUTUPOBATh npumep [8],
[IOKA3bIBAOLINIA, UTO AJIS1 ABYX KOMIIBIOTEPOB, HAXOLSIIMXCS Ha PACCTOSIHUM
300 M IpyT OT apyra, HUKHUIT GU3UIEeCcKuii TTpenen o6MeHa TaHHbBIMY COCTaBUT
1 MuKpocekyHAy.
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PucyHok 1.5 Bpems poctyna k 06naky MoxeT BbiTb 60NbLIMM M3-33 HArpy3ku Ha CeTb U
CNOXHOW MHGPACTPYKTYypbl. JlocTyn K 06/1aKy MOXKET 3aHUMaTb COTHU MUINIMCEKYHL UK
Laxe ceKyHAbl. Ero MOXHO paccMaTpuBaTh Kak elle OAMH YPOBEHb NMaMATU, KOTOPbIN
ele 6onblue U MeaneHHee, YeM KeCTKUIA AMCK. [oBbILEHNE NPOU3BOAUTENBHOCTH
00671a4HbIX NPUNOXKEHMI ObIBAET 3aTPYAHEHO ELLE U NOTOMY, YTO BPEMS AOCTYNa UK
3anucK JaHHbIX B 0bnake Henpenckasyemo

CnemoBaTeIbHO, BO3SHMKAET IIOTPEOHOCTb B KOHCTPYUPOBAHUM aJITOPUTMOB,
KOTOpbIe MOI/IM 6bI 06XOOMTH allllapaTHbie orpaHnueHys. Pa3paboTka JaKOHMY -
HBIX CTPYKTYP JaHHBIX (1M (pOpMMUpPOBaHME BRIOOPOK JaHHbIX), YMEIIAIIX-
CS1 B MaJIbIX U OBICTPBIX YPOBHSIX MaMSITH, IOMOTAeT 136eraTh JOPOrOCTOSIIIETO
Toucka Ha Aucke. [IpyrMMu cIoBaMM, COKpallleHue MPOCTPAHCTBA SKOHOMMUT
BpeMs.

TeM He MeHee BO MHOTMX IIPUJIOKEHMSIX ITO-TIPESKHEMY IIPUXOIUTCS paboTaTh
C IaHHBIMM Ha AyicKe. VI KOHCTPYMpOBaHMe aITOPUTMOB C OTITUMMU3MPOBAHHBIMU
CXeMaMU JOCTYIa K JUCKY ¥ MeXaHM3MaMM KelllpoBaHMsl, 06eCIeunBaI MU
HayMeHbIIlee YMCIIo repenay JaHHbIX U3 TaMsITH, 34eCh MpuobpeTaeT 0cob6yio
BaXXHOCTh, U 9TO, B CBOIO ouepe[b, CBSI3aHO C pasMellleHMeM 1 OpraHusalmein
IAHHBIX Ha JMCcKe (K IpuMepy, B peISIIMOHHO 6a3e JaHHbIX). [[MCKOBBIE aro-
PUTMBI TPEIIOUNTAIOT IIJIaBHOE CKaHMPOBaHMe I1CKa IMTPOM3BObHOMY U CKau-
KOOOpasHOMY; 6yarogapsi 9TOMYy MbI ITOJy4aeM BO3MOKHOCTb MCIIOJIb30BaTh
XOPOIIYI0 MPONYCKHYI0 CIIOCOOHOCTD M 136eraTb HU3KON 3aJepsKKM, IT03TOMY
OIHMM 13 BaKHbIX HaIIpaBJIeHNI SB/ISeTCS IpeobpasoBaHyie aJropuTMa, KOTo-
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PbIVi BBIMIOJIHSIET MHOTO TIPOM3BOJIbHBIX OMepaluii YTeHMsI/3aMucCi, B aJITOPUTM,
KOTOPBIVi BBITIO/IHSIET TOCAe0BaTe/bHbIe OmepalMy UYTeHMs/3anucu. B aToii
KHUTe Bbl YBUIUTE CIIOCOOBI IpeoOpa3soBaHMsl KIACCUUECKUX aJITOPUTMOB U
KOHCTPYMPOBAHMSI HOBBIX C YU€TOM MPOCTPAHCTBEHHBIX OTPaHUUYEHMIA.

OnHaKo TakKe BaXKHO YUMTHIBATh, YTO COBPEMEHHbIE CUCTEMbI MMEIOT MHO-
SKECTBO METPUK Pe3ylIbTaTUBHOCTH, OTJAMYHBIX OT MacCIITabupyeMocTu: 6e30-
MMaCHOCTb, JOCTYITHOCTb, TEXHMYECKAsl COTPOBOAMMOCTD U T. . IToa KarmoTom pe-
aJIbHBIX MTPOM3BOACTBEHHBIX CUCTEM HYKHbBI 3(PheKTUBHBIE CTPYKTYpa TaHHbBIX
Y aJITOPUTM, HO C GOJIBIIMMU «TaHIIAMM ¢ 6yOHAMM» MOBEpPX HUX, UTOOBI BCe
ocTajibHOe paboTayno Ha ux norpebutesneii (cM. puc. 1.6). OmHAKO MpU MOCTO-
SIHHO PacCTyIIUX 00beMax JaHHBIX KOHCTpyUpOoBaHMe 3(PGeKTUBHBIX CTPYKTYP
JAaHHBIX ¥ aJITOPUTMOB CTaJIO ellle BaKHee, YeM KOTIa-1nbo mpexkze, u oymeM
HaZesIThCs, YTO HA CJIEAYIONIMX Aajiee CTpaHMIAX Bbl Y3HaeTe, KaK MMEeHHO 3TO
Ilenarhb.

&
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PucyHok 1.6 dpdekTMBHas CTPyKTypa AaHHbIX C «TaHUaMu c 6y6HaMm»

Peslome

O CoBpeMeHHbIe MNPWIOXKEHMUS T€HEPUPYIOT ¥ 06pabaThIBAIOT KPYITHbIE
00beMbl JAHHBIX HA MOBBIIIEHHBIX CKOPOCTSIX. TpaguIMOHHbIE CTPYK-
TYpbI JAHHBIX, TaKMe KaK CJIOBApM KIIOU-3HAUYEHMe, MOTYT CTaHOBUTHCS
CJIMIIKOM OOJIbIIMMM, YTOOBI YMEIIAThCS B OMEPATUBHYIO IaMSTh, UTO
MOKEeT IPMBOIUTD K 3aBMCAHMIO TIPUJIOKEHMSI M3-3a Y3KOTO MecCTa oIle-
paLuii BBOAA-BbIBOA.
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O [nst apdekTMBHOI 06pabOTKM KPYITHBIX HAOOPOB JAHHBIX MOXKHO KOH-

CTPYMPOBATh MPOCTPAHCTBEHHO-3(PdeKTMBHbIE HAOPOCKYM Ha OCHOBE Xe-
1Ieit, cobMpaTh peajbHO-BPEMEHHYIO aHAJUTUKY C IIOMOIIIbIO CTyYaiiHbIX
BBIOOPOK M aIIIPOKCUMUPOBATH CTATUCTUKY Wiy 6oee 3¢ PekTnBHO pa-
60TaTh C JAHHBIMMU Ha OVICKE U B IPYIUX OMCTAHUIMOHHBIX XPaHUIUIIAX.

OTa KHUTA CIYKUT eCTeCTBEHHBIM IPOJIOJIKEHMeM KHUTHM/Kypca Mmo 6a-
30BbIM QJITOPUTMaM U CTPYKTypaM JaHHBIX, IIOCKOJIbKY OHa YUYMUT IIpe-
00pa30BbIBATH OCHOBOIIO/IATAIOIIME AITOPUTMbI U CTPYKTYPhI JAHHBIX B
aJITOPUTMBI U CTPYKTYPBI AHHBIX, KOTOPbIE XOPOIIIO MaCIITaOMPYIOTCS Ha
KpyTHbIe HA6OPbI JaHHBIX.

KiroueBble MPUUMHBI, IO KOTOPBIM KPYITHbIE JAaHHbBIE SIBJISIIOTCSI CEPbe3-
HO¥1 Tp0o6JIeMOVi /IS COBPEMEHHBIX KOMITHIOTEPOB M CUCTEM, 3aK/TI0UAI0T-
CS1 B TOM, YTO CKOPOCTU IIEHTPAbHOTO IpoIleccopa (M MHOTOITPOIeCCop-
HOJ CHUCTeMbI) TIOBBINMIAIOTCS TOPa3fgo ObICTpee, UeM CKOPOCTHU IaMSITH,
a KOMITPOMMCC MEXITY CKOPOCTBIO ¥ pa3MEPOM Pa3HbIX TUIIOB ITAMSTH B
KOMITbIOTEpE, a Takke (DeHOMeH 3a/lepKKM OTHOCUTEIbHO MPOIYCKHOM
CITOCOOHOCTM TIPMBOJAT K TOMY, UTO IMPWIOXKEHMST 0O6pabaThIBAIOT TaH-
HbIE C MEHbIIIe} CKOPOCThIO, YEM BBITIOTHSIOT BHIYMCIEHMS. DTU TPEHbI B
6nskaiiiiee BpeMs BPsI, IV U3MEHSITCSI, T03TOMY BaKHOCTD aJITOPUTMOB
U CTPYKTYP JAHHBIX, KOTOPbIE PEIIAIOT ITPO6IEeMbI CTOMMOCTY OTleparuii
BBOJIa-BbIBO/IA U ITPOCTPAHCTBA, CO BpeMeHeM Oy/IeT TOJTbKO BO3PACTaTh.

O B IIPUMIIOXKEHUSX C MHTEHCYMBHBIM MICITO/Ib30OBaHVEM NAHHDBIX OIITMMM3aLi Vsl

IIPOCTPAHCTBA O3HAYAET OIITMMMU3AlMIO BpEMEHMN.



Yactb I

Habpocku Ha ocHoBe xela

B cnengyroomux HECKOMbKUX IVIaBaX Mbl IPOBeeM pa3BelblBaTeIbHbI aHAIN3
BEPOSITHOCTHBIX JITAKOHMYHBIX CTPYKTYP AaHHBIX. MbI yBUIMM, KaK 10 Mepe poc-
Ta 06beMa IaHHBIX BCE TPyAHEee CTAHOBUTCS PellaTh MPOCThIE 3aaUM U3 MUPA
OOBIYHBIX AJTOPUTMOB, TaKMe KaK OLleHMBaHMe YaCTOThI, 3alpOChI Ha IPU-
HaJJIeXKHOCTb U 3aJlaya O 4M(/ie HeCOBIaAalIIX 37IeMeHTOB, U KjlacCcudyeckue
CTPYKTYPbI JAHHBIX HEM30eKHO HAUMHAIOT BBIIIJIECKMBATHCS Yyepe3 Kpaii ore-
paTMBHON MamsTH. Mbl 06paTUMCS K KOJIJIEKIIUM CTPYKTYP AAHHBIX, KOTOpPbIe
TIOMOTAIOT pellaTh Te e 3a4a4y, TOIbKO 3aHMMasl Fopa3io MeHbIle IPOCTPaH-
cTBa. B yeM ke oIBOX? DTU CTPYKTYPHI TaHHBIX He Bcerma oymyT maBath 100%-
HYI0 TOYHOCTh. OTHAKO €CTh ¥ XOPOIIe HOBOCTY — YaCTOThI OIIMOKM 3a4aCTyI0
HeBENVKM U B 3HAUUTENTbHOI CTeMeHN KOMIEHCUPYIOTCS KPYITHBIMU BBIUTPBI-
n1aMy B XpaHeHUM CTPYKTYDP AaHHBIX. CTPYKTYpPbI JaHHBIX, IIpeLCTaBIe€HHbIE B
yacTu I, BRmouatoT GuabTpsl biyma, mopimonHbie GUIbTPbI, HAGPOCOK count-
min, aAropuTM/CTPYKTYPY gaHHbIX HyperLoglLog 1 HeCKo/bKO KOMITaKTHbBIX Ba-
PUAHTOB XeNI-Tab/MuIl. DTU CTPYKTYPhI JAHHBIX JIETKO KOHDUTYPUPYIOTCS IO,
>KeJlaeMyI0 4acTOTY OIIMOKM U B TOM CMbIC/Ie 06/1a[JaloT BbICOKOH YHUBEPCAIb-
HOCThI0. ClieIyoTiyie HeCKOIbKO IJIaB OYIyT BCEIIe/I0 MOCBSIIeHbI BTUCKUBAHUIO
MaKCMMaTbHOM (PYHKIMOHAJIBHOCTM B HAMMEHbIINII 00beM OINepaTMBHON IMa-
MSITH, Y KaKIblii OUT OymeT MMeTh 3HaUeHMe. Ho cHavasia MbI IpoBesieM 0630p
XelI-Tabaull ¥ XelMPOBaHMs, KOTOPbIe MOCTYKaT CTPOUTENbHBIMMU OI0KaMM
MHOTHUX OYIyIINX CTPYKTYP JaHHBIX.
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0630p xew-tabnuy,
U COBPEMEHHOIO XeLNUpPOBAHUS

OJTa IJ71aBa OXBaThIBAET cienyrmuiye H1Ke TeMbl:

m 0030p CI0Bapeli U MPUUYMH, 0 KOTOPBIM XEeIIMPOBaHME TOTYUNIIO
IIMPOKOE PacIpOCTpaHeH)e B COBPEMEHHbIX CUCTEeMaX;

® I1aMSITKa 10 6a30BbIM METOAAM YperyaupoBaHs KOJIN3WIA;
m oOciemoBaHe 3G (MEeKTMBHOCTY KeIIVIPOBaHMS B Xell-TabanUIax;

VICIIO/JIb30OBaHME XEIJ.I-TEI6J'II/IL[ B pacIipeeJIeHHbIX CUCTeMaX M CO-
IJIaCOBaHHOE XelIPOBaHME;

® J3y4YeHMe MPUHIMIIA PAOOTHI COTTITACOBAHHOTO XeIIMPOBAHMS B O -
HODAHTOBBIX CETSIX.

MbI HauMHAEM C TeMbI XeIIMPOBAHMS TI0 PSIAY MpUUMH. Bo-TiepBbIX, KiIaccu-
YyecKkue Xenr-Tabauibl OKa3aauch He3aMeHMMbIMY B COBPEMEHHBIX CUCTeMaX,
13-3a Yero HailTu CUCTeMy, KOTOPast X He UCIIOIb3YeT, CJIOKHEe, UeM Ty, KOTO-
past uX UCIoIb3yeT. Bo-BTOPBIX, B TIOC/IefHEee BpeMsl ObIIO MPOBEAEHO MHOTO
VHHOBALIMOHHBIX PabO0T, HAIIpaBJIeHHbIX HA pPellleHle aaroPUTMUIECKMUX TPo6-
JIeM, BO3HMKAIOIIVX TIPY POCTE XeI-TabanI] 10 pa3MepOB MaCCUBHBIX JaHHbIX,
TakMx Kak 3P ¢deKTMBHOE M3MeHeHMe pasMepa, KOMIIAKTHOe IpeICcTaBeHle
" TIPOCTPAHCTBEHHO-3KOHOMHbBIE TpMeMbl. XelMpoBaHue CO BpeMeHeM ObLIO0
aJanTVpPOBAaHO B TOM K€ pyciie IO, MCIT0/Ib30BaHMe B MAaCCUBHBIX OTHOPAHTO-
BbIX CMCTEMaX, B KOTOPBIX Xelll-Tabnuiia pa3bmBaeTcss MeXIy cepBepamMi; 34eCh
KJII0YeBast TPYAHOCTH COCTOUT B OTBEAEHNY PeCYPCOB CEPBEPAM M Harpy304HOI
6a1aHCMPOBKM PECYPCOB, TIO Mepe TOTO KaK CepBepbl JMHAMUYECKU TTPUCOeAV-
HSIIOTCSI K CE€TU ¥ MOKMIAIT ee. HakoHeIl, Mbl HAUMHAEM C XENIMPOBAHMSI, 110-
CKOJIBKY OHO (hopMUpYyeT OCHOBY BCeX JTJAKOHUYHBIX CTPYKTYP AAHHbIX, C KOTO-
pPBIMM MbI 3HAKOMMMCSI B YaCT I KHUTH.

[ToMMMO OCHOB PAbGOTHI XelI-Tab/nII, B 3TON IJITaBe MbI TOKAsKEM ITPUMEpBI
XeIMPOBAHMS B COBPEMEHHbBIX MPWIOKEHUSIX, TAKMX KaK yCTpaHeHue ayomm-
KaToOB M OOHapyXeHMe IiarnaTta. B paMmkax o0CykKAeHUsT KOMIIPOMMCCOB TIPU
KOHCTPYMPOBaHUM XeIll-TabauI, Mbl KOCHEMCSI TeMbI pean3anuu CJioBapei B
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sa3bike Python. B pasnene 2.8 06cyskaaeTcss METO/, COIIACOBAHHOI'O XeNIpOBa-
HMSI, VCIIOJIb3YEeMBIii [IJISI peaausaluy paclipene/leHHbIX Xell-Tabauil. B aToM
pasfesie mpeacTaBIeHbl IPYMePBI MCXOAHOTO Kofa Ha s13bike Python, ¢ KOTOpbI-
MM MOSKHO ITO9KCIIEPUMMEHTMPOBATD M IIOUTPATh, UTOOBI JIyUIlle IIOHATh peay-
3alMI0 XelI-Tab/uul, B paclipeleeHHOol ¥ OMHaMMUYeCKOoi MHOIOCepBEPHOIi
cpene. [lociegHsist 4acTh pasfiena, MOCBSIIEHHOTO COrJIAaCOBAHHOMY XellpoBa-
HMI0, COAEPKUT YIIPAasKHEHMSI 110 ITPOTrPaMMIMPOBAHMIO [IJISI YUTATEST, KOTOPOMY
HPaBUTCSI IPUHMMATD BbI30B. EC/iM BbI UyBCTBYeTe ceOsl yooOHO BO BCEM, UTO
CBSI3aHO C KJIacCMYeCKMM XelllMpoBaHMeM, TO COBeTyeM IepeiiTu K pasgeny 2.8,
a ecM Bbl 3HAKOMBI C COIVIACOBAHHBIM XeIIMPOBaHMEM, TO MPOJAUCTATD A0 IJia-
BBI 3.

2.1 XewmnposaHue noscrony

XelMpoBaHue — OOMH U3 TeX MPeIMeTOB, KOTOPOMY, BEpPOSITHO, Bcerga OymeT
He XBaTaTb BHMMAaHUS, HE3aBUCMMO OT KOIMYECTBa BpeMeHM, OTBOLMMOTO
ILAHHOJ TeMe B paMKax KypCOB IMPOrpaMMMUPOBAHMS, CTPYKTYP AaHHbBIX U aaro-
pPUTMOB. Xell-TabauIlpl U Xenl-QyHKIMNY eCTh TPaKTu4IecKu Besae. B kauecTse
WITIOCTpaLy pacCMOTPUM IIPOLIeCC HANMCaHUS SJeKTPOHHOrO NMucbMa (CM.
puc. 2.1-2.4). Ilpu BX0oAe B YUYETHYIO 3aMCh JIEKTPOHHON MOYThI BBEHEHHBIN
Mapojib CHavyasia XelupyeTcsl, M Xelll cBepsieTcsl ¢ 6a30i1 JaHHbIX, YTOObBI MO -
TBEpOUTH COBNAZIEHNE.

4@ NAPOMb XEWVPYETCS
BX04 B8 YHETHYK HA CEPBEPE

o0x B13

: /VE@? oxne

ﬁ LOGIN
\ /5A3A LAHHBIX
Q5 XELIMPOBAHHbIX

A® EC/M HARAEH, TO NAPONEW

PASPEWMTb BXO

PucyHok 2.1 Bxop, B y4eTHy 3anmcb 3N1EKTPOHHOM MOYTbl U XelMpoBaHue

[Tpy HamycaHUY 3JIEKTPOHHOTO MCbMa MOAMporpaMmMa-0pHOKOPPEKTOP MUC-
MOJIb3YeT XelMpoBaHue, UTOObI POBEPUTH CYIIECTBOBAHME JAHHOTO CJIOBA B
cjoBape.

[Ipn ormpaBKe 371E€KTPOHHOrO NucbMa Hepenko IP-agpeca mapsl oTnipaBu-
TeTb—I10JTyYaTe/b XeIIMPYIOTCs, YUTOOBI OIMPeNessiTh TPOMEKYTOUHBIN cepBep,
Ha KOTOPBIii MaKeT JOJIKeH ObITh HaIlpaBjieH, 1abbl 3GeKTUBHO cbamaHCHUPO-
BaTh Harpy3Ky Ha Tpaduxk.
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MCbMA XEWWPYET CNOBA
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PucyHok 2.2 Nposepka opdorpadumn n xewmposaHme
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PucyHok 2.3 CeTeBble NaKeTbl M XELUMPOBAHME

@

HakoHeI1,Korma 3/1eKTPOHHOE ITYChMO ITPUObIBAE T K ITOTyYaTeITI0, COEPXKMMOE
JIEKTPOHHOTO MMChbMAa MHOTJA XENIMPYeTCcsT criaM-(uibTpamMu, YTOObI HaTU
CJIOBA, TIOXOXKMe Ha craM, ¥ OTOUIbTPOBATh BO3MOXKHBIN CITaM.

CNAM-OUNBTP XEWWPYET CNOBA 3NEKTPOHHbIX

MMCEM, 4TOBbl X PACCOPTUPOBATD
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Zcnam !

PucyHok 2.4 Cnam-punbTpbl U XelMpoBaHMe

MBI FOTOBBI IIOCIIOPUThD, UTO BO BCEX MeCTaX, I[le BaskHa 0e30I1aCHOCTh, ¥ BO
BCEX MeCTaX, I7le BaXKHA CKOPOCTh ITOVICKA, BbI 00S13aTE€JIbHO OOHAPYKUTE XeIly -
pOBaHMe JaHHbIX.

OTa 1aBa IOCBSIIEHA KaK XeIVMPOBaHMIO, TaK M Xell-TabauiiaM, M MHOTAA
M3JIOKeHMEe B Heil HeOXXUAAHHO MepeKIovaeTcs Tyaa u obpaTtHo. OueBUAHO,
YTO 3TO HE OJHO U TO JKe, HO XellIMpoBaHMe OyIeT pacCMaTPUBAThHCSI B MEeHbIIIEi
CTeleH) B KOHTeKCTe Kpuirorpaduy u B OOIbIIel CTeleHY B KOHTEKCTe JC-
II0/Tb30BaHMS B XeIlI-Ta0/nIle — MK, B CJIEAYIOIIMX I7IaBaX, B HEKOTOPBIX IPYTUX
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CTPYKTYpax JAaHHbBIX. Xell-TabINIIbI TOYUMIU TaKOe 3Ke IIMPOKOe pacpocTpa-
HeHle, KaK ¥ XelIMPOBaHMe, ¥ IIPOTPAMMMCThI VICIIONb3YIOT UX KasKIbIi JeHb
(HampuMep, Py IMTOCTPOEHUM TabINUII KII0U-3HaUeHMe), 3a4acTyIo He 3Hasl, UTO
107, HUMM HaXOOUTCS XeIll-TabIuIia.

Ecty Mbl XOTMM BBISICHUTH IPUYMHY, [0 KOTOPOJi XeIl-TabauIbl ITOTYUNUIN
CTOJIb IIMPOKOE PaCIPOCTPaHEHME, TO HY’KHO CPAaBHUTH UX C OPYTUMM CTPYK-
TypaMy JaHHBIX ¥ TIOCMOTPETh, HACKOJIBKO XOPOIIO B Pa3/IMIHBIX CTPYKTYpax
IaHHBIX peayii30BaHO TO, UTO Mbl HA3bIBae€M CJIOBAapeM, — aOCTPAKTHbBIN TUII
IIaHHbIX, BBITTOJTHSIIONIMI OTepaly IOKUCKa, BCTABKY U YIaTeHMsI.

2.2 YcKOpEeHHbIM KypC NO CTPYKTYpaM AaHHbIX

MHorue CTpyKTYpbI JAHHBIX MOTYT BBITIOJIHSITh POJIb CJI0BApPsi, HO pa3Hble CTPYK-
TYpbl JAHHBIX JeMOHCTPUPYIOT pasHble KOMIIPOMMUCCHI OTHOCUTEIILHO IIPOU3-
BOAUTETBbHOCTY U, TAKUM 00pa3oM, TOISITCS AJISI PA3HBIX CIIeHApUEB MCIIONb-
30BaHMsg. Hampumep, paccCMOTpPMUM OOBIUHBI HECOPTUPOBAHHBIN MacCUB. JTa
IOBOJIBHO TIPOCTasi CTPYKTypa HAaHHBIX ObecreunBaeT MUAeaJbHYI0 ITOCTOSH-
HO-BpeMeHHYI0'’ Mpou3BOaUTENIbHOCTh Ha BcTaBkax (O(1)) mo mepe mobasie-
HMSI HOBBIX 3JIEMEHTOB B )XypHai. OmHAKO MOMCK B HAMXYIIEM c/Tyyae TpebyeT
TOJTHOTO JIMHEHOTO CKaHupoBaHus AaHHbIX (O(n)). HecopTupoBaHHbI Mac-
CUB MOXET XOPOLIO CJIY>KUTh peanu3alyeli ca0Bapsl B IPUIOKEHUSIX, B KOTO-
PBIX HYKHBI Upe3BbIUaifHO ObICTPbIE BCTABKYM M B KOTOPBIX ITOMCK BBITIOTHSIETCS
KpaiiHe pemko'!.

CopmuposaHHble MACCUBbl TIO3BOJISIIOT BBITIOMHSATD OBICTPBIN MOMCK 3a Jiora-
pudmmueckoe BpeMs ¢ moMoiibio AsomnuHoro norcka (O(log n)), koTopsiit ipn
pPasHBIX pasMepax MacCUBOB BBITIOJIHIETCS IIPAKTUUECKY 3a [IOCTOSTHHOE BpeMmst
(;morapudm ¢ ocHoBaHueM 2 u3 1 Muipg paBeH MeHee 30 cpaBHeHMsIM). OIHAKO
3a oA epskaHye COPTUPOBAHHOTIO NOPSIKA [IPY BCTaBKe WY YaaJIeHUN IIPUX0-
IUTCS pacIyiauMBaThC U B HAUMXYAUIEM (JIyyae lepemMelaThCs 0 JIMHETHOMY
yucity asmeMeHToB (O(n)). JIMHeliHO-BpeMeHHbIe OoIlepaly 03HavaloT, YTO B Te-
YeHye OLHON omnepalyy HY>KHO IMOCENIaTh IPUMEPHO KaKIbI 3JIEMEHT, UYTO B
OONBLIMHCTBE CLIeHapVeB SIBJSIeTCST HEITPeOoH0MMOit CTOMMOCTBIO.

CBsi3HBIE COUCKM, B OTJIMYME OT COPTUPOBAHHBIX MAaCCUBOB, ITO3BOJISIIOT
BCTaBJISITh 3/IeMEHThI 3a IIOCTOSIHHOE BPeMsI 38 CYeT BCTaBKM B I'OJIOBY CITMCKaA.
VoansaTh MOKHO U3 JII0OOTO MeCTa CITMCKa 3a IocTossHHoe Bpems (O(1)) myTem
MepeycTaHOBKM HEeCKOJMIbKUX yKa3aTeseit, Mpy yCIOBUM UTO ObLIM JIOKIM30Ba-
HbI MO3ULMN BCTaBKY/yaaneHys. OMHOCBSI3HOMY CIIUCKY IIPUXOOUTCS YAEISTh
6osblile BHMMAaHMS, TaK Kak MMPU yOAJTEHUM HY)KHO ITPEeIOCTaBIISITh yKa3aTelb
Ha TIO3UIMIO TIepe], yIaasieMbIM 37ieMeHTOM. EAMHCTBEHHBIM CIIOCOO0M JIOKa-
JIM3AIMUM ITOM TIO3ULIUY SIBJISIETCS 006XOJ, CBSI3HOTO CIMCKA, CIeIys 10 ero yka-
3aTessiM, Take eCJIM CBSI3HBIN CIIMCOK ObUT OTCOPTUMPOBAH, UTO BO3BpalaeT HacC

10 Aumt. constant-time; o3Hauaet, UTO He3aBMCMMO OT pasMepa MPeOCTaB/ISIeEMbIX BXOIHBIX JaHHBIX
BpeMeHHasl CJIOKHOCTb aJITOPUTMa OCTAeTCsl HeM3MEeHHOIA. — [Ipum. nepes.

11 Ecim MbI TapaHTMPOBAHHO HMKOTZA He Gy[eM HYXIAThCSI B TIOMCKe, TO UMEeEeTCs Jaxe Gosee OnTu-
MaJIbHBIN CII0CO6 «peaan30BaTh» BCTABKM: HUUETO HE JeaTh.
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K TvHelitHoMYy BpeMeHM. C KaK0ii CTOPOHBI HY ITOCMOTPU, B IPOCTBIX JIMHEITHBIX
CTPYKTYpax, TaKMX KaK MacCUBbI U CBSI3HbIE CIIMCKM, €CTh II0 MEHbIIIeli Mepe
oIHa ornepaiys, Kotopast crout O(n), v YToObI ee u36ekaTh, HY’KHO BhIPBATHCS
U3 5TOW JIMHEMHON CTPYKTYPHI.

Omnepaiuy HaJl CJIOBapeM B COANAHCUPOBAHHBIX epesbsix 080UUH020 NOUCKA 3a-
BUCSIT OT IVIyOMHBI A€PEBa, ¥ B HUX UCITIOIb3YIOTCS Pa3/JIMUHble MeXaHM3Mbl 0a-
naHcupoBaHus (ABJI-gepeBo, KpacHO-UepHOe JepeBo U T. 1.), KOTOpbIe MoAaep-
SKUBAIOT TIyouHy gepeBa Ha ypoBHe O(log n). COOTBETCTBEHHO, BCe OIepaiumn
BCTaBKU, TTOMCKA U yIaJeHUS B HAUXY/IIEM CTyuyae BbITTOIHSIOTCS 3a Jiorapud-
muyeckoe Bpemsi. Kak u B ciydyae IBOMYHOTO TMOMUCKA, AJISI MHOTUX Pa3sMepoOB
IlepeBbeB pa3HUIIA B MPOU3BOAUTEIBHOCTY MEKIY MOCTOSIHHBIM U jiorapud-
MUUYECKUM BpeMeHeM HeBelyrKa. B uactu ckopocTu jgorapudmmuieckoe BpeMs
ropasgo Gmske K IMOCTOSTHHOMY, YeM K JIMHEMHOMY, ITO3TOMY BO3MOXKHOCTD
BBITIOJIHSITh BCE OIepaly CO CJI0BApEM 3a 3TO rapaHTUPOBAHHOE KOJIMYECTBO
BpeMeHM JO/DKHA HacC pagoBaTh.

B momosHeHMe K 3TOMY B COQJIaHCHMPOBAHHBIX TEPEBBSIX IBOMUYHOIO ITOMCKA
MO e P>KMBAETCSI COPTUPOBAHHBIN MTOPSIAOK 3I€MEHTOB, UTO JiejlaeT UX OTINUY-
HBIM BapMaHTOM [IJISI BBIIIOJIHEHMS OBICTPBIX AMAaIla30HHBIX 3aIlIpOCOB, a TAaKXKe
3aIIpOCOB Ha IOJyYeHle PeAIleCcTBYIOIINX U OCTAeAyIoMuX 31eMeHToB. Coa-
JIAaHCMPOBAHHbIE [IepeBbs TBOMYHOIO MOMCKA, HECOMHEHHO, SIBJISIIOTCSI OITTU-
MaJbHbIM BapMaHTOM [IJISI CJIOBapsl, €y CPAaBHMUBATh BCE CTPYKTYPhI JaHHbIX,
KOTOpbIe paboTaloT Ha OCHOBE CPaBHEHMS 3JIEMEHTOB (<, >, =).

OnHako Mbl He OTrpaHMYE€HbI IMOCTPOEHMEM CTPYKTYP OaHHBIX TOJIbKO Ha
CpPaBHEHMSIX; KOMIIbIOTEPBI CIIOCOOHBI BBIMOJHITh MHOXKECTBO APYIUX OIlepa-
LM, BKJIIOUAast TIOOMTOBBIN COABUT, apudMeTHUecKe 1 Ipyrue ornepaiun, 1 Bce
9TO OYEeHb YMEJIO MCIIONIb3YeTCS XeIl-(PYHKUMSIMMA, IJISI TOTO UYTOOBI BHIPBATHCS
13 jiorapupMmIecKoil TpaHuIIbI.

[IpenenbHBIM MIPEMMYILIECTBOM X€LI-TAONNI] ¥ XEeIIVMPOBAHUS SIBJISIETCS TO,
YTO OHM COKPAIIalT CTOMMOCTHU OrlepupoBaHus Hafh caoBapem Ao O(1) Ha Bcex
omnepaiusax. Ecii Bel AyMaeTe, YTO 9TO CJIMIIKOM XOPOIIO, UTOOBI OBITh IIPaB-
IOV, TO B KAKO-TO CTEIIeHM Bbl IPABBI: B OTJMYME OT YIOMSIHYTBIX A0 CUX IIOP
TPaHMUll, Ie BpeMs BbITIOJTHEHMSI TapaHTUPYeTCS (TO eCTh B HaUXYIIeM CIyJdae),
MTOCTOSIHHOE BPeMSI BBITIOJTHEHMSI B XeII-Tab/IMUIaxX — 3TO OKugaeMast BeJIMuHa.
Hauxymimii crydait Bce ele MOXKeT ObITh TAKMM JKe IIOXUM, KaK M JIMHEeHOe
Bpemst O(n), HO MPU XOPOIIEM YCTPOIICTBE XeII-TabGJMIbl MbI ITOYTM BCErOa
OymeM 136erath MOJOOHBIX CJTyYaeB.

Takum o6pa3om, Aaxke HECMOTPS Ha TO, UTO HAUXYAIINIA Cydaii IIpy IOMCKe
B XeII-Tab/uIle TaKoJi ke, KakK 1 B HECOPTMPOBAHHOM MAacCCHUBe, B CIyYae Xel-
TabmuIbl cobbpiTve O(n) MOUTH HUKOTAA He IIPOMU30IIeT, Torma Kak B Ciyyae
MacCuBa OHO OYHeT IMPOMCXOOUTH JOBOJIbHO CUCTEMATUUYECKM.

[IpuumuHa 3aKIIOYaeTCs B CJIEAYIOIIEM: B Xell-Tabuuile XOopolluas Xel-
(yHKIIMST 6ecropsSIoOYHO ITepeMeIlBaeT BXOMHON 3JeMEeHT ¥, OCHOBBIBAsICh
Ha 3TOM MepeMellaHHOM pe3y/bTaTe, OTIPABJISIET JIEMEHT B HEKYIO0 KOP3UHY
XeII-TabIuIIbl, B KOTOPOI ero MOXXHO HaiTu 1mo3ke. CJIOBO XeIl ITPOMUCXOIUT
OT aHIVIMICKOTO cjioBa hash, a TO, B CBOIO ouependb, OT ¢hpaHIry3ckoro hachis,
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YacToO MCIOIb3YeMOTO ISl OMMCaHusl Buaa 6ioa, B KOTOPOM MSICO pyOUTCST Ha
MHOXeCTBO MaJIeHbKMX KyCOUKOB pPa3HOro pa3Mepa (Takke CBSI3aHO CO (JIOBOM
hatchet — Tormopuk st py6xu mMsica). [TOCKObKY B CpeJHEM pa3Hble 3JIeMeHTHI OY-
IyT M3MeJIbYaThCsI Ha pa3Hble KyCOUKM, OHYM OOBIYHO pacIpeleNsioTCs 110 Pa3HbIM
KOP3MHAaM XelI-TabJIUIIbI, B CUJTY YeTr0 00ecreurBaeTcsi 6bICTPbIi IMOMCK, ITOCKOTb-
Ky HU B OFHO} KOHKPETHOI KOp3MHe He Oy/eT CIUIIKOM MHOTO 37eMeHTOB. Orme-
panus moucka 6yeT M3MenbyaTh 3alpaniBaeMblil 3JIeMeHT U 3ar/sigbIBaTh He-
IOCPEeACTBEHHO B COOTBETCTBYIOLIYIO KOP3MHY. OTHAKO CYIeCTBYeT BO3MOKHOCTD,
YyTO Xell-QyHKIVS U3MeTbUUT OUeHb pa3Hble BXOJHbIe 3JIeMeHThbl B OJHO U TO Ke
YUCJIO M OTIIPABUT UX BCE B OJHY KOP3UHY. B 3TOM C1yyae nsmenbueHue He IIOMOT-
JI0, ¥ HAaM HY)KHO OyZIeT TPOCMOTPETb BCe JIeMeHThI B KOP3MHe, YTOOBI ITPOBEPUTD
HaJMuye 3arpaiyBaeMoro 31eMeHTa. JTO Ype3BbIUaiiHO pegKuii ciayJdai, U Korga
OH MPOUCXOAUT, MOSKHO IIPUMEHUTDb MHYIO Xelll-QYyHKIMIO, TpeJHa3HAuUeHHYIO JJIs1
TAaKOTO KOHKPETHOI'O BXOAHOTO 3JIEMEHTA.

C Opyroil CTOPOHBI, Xell-TabMUIIbI TIJIOX0 MOIXOAST JIJISl BCeX MPUIIOKEeHUH, B
KOTOPBIX BasKHO MOJIJIEPKMUBATh YIIOPSAOUeHHOCTb JaHHbIX. ECTeCTBeHHbIM CJie]I-
CTBMEM M3MeJbYeHMSI JaHHBIX SIBJISIETCSI TO, UTO MOPSAOK 3JIEMEHTOB He CcoXpa-
HseTcs1. [Ipo6ieMa BO3HMKAeT B OCHOBHOM B 6a3ax JaHHBIX, T7e AJIs OTBeTa Ha
IMara3oHHbIN 3a1poc TpeGyeTcs] HaBUTaIys IO COPTMPOBAHHBIM 3JIeMEHTaM; Ha-
MpUMep, YTOOBI COCTABUTH CIIMCOK BCEX COTPYIHMKOB B BOo3pacTe OT 35 1o 56 jer
MJIY OTBICKATh BCE TOUKYM Ha KOOpAMHATE X OT 3 A0 45 B MPOCTPAHCTBEHHO 6a3e
TAaHHBIX. XelI-TabauIlbl HanboJsiee Mojie3Hbl B 6a3e JaHHBIX MPU MOMCKEe TOUHOTO
CoBIafeHMs1. BMecrTe ¢ TeM xemnpoBaHMe MOXKHO MCIOIb30BaTh U IJ151 OTBETa Ha
BOITPOCHI O CXOZCTBE (HarpuMep, B 0OOHApYsKeHUM TIaruaTa), Kak Mbl YBUIUM B
CIIeHapUsIX U3 CIeoyIoLiero gauee pasnena. B Tabn. 2.1 cpaBHMBAIOTCS Haubosee
pacrpocTpaHeHHbIe CTPYKTYPbI JaHHBIX.

Ta6bnuua 2.1 CeogHag Tabnmua CpaBHEHWUS MPOU3BOAMTENBHOCTM PAa3HbIX CTPYKTYP AAHHbIX
NS onepauuii co cnosapeM. HecopTMpoBaHHble MACCMBbI XOpOLIO paboTaloT B KayecTse
)KYPHanoB AaHHbIX. COpTMPOBaHHbIE MACCMBbI XOPOLLO MOAXOAST A8 NOUCKA B CTaTUYECKOM
Habope faHHbIX. CBA3HblE CMMCKM XOPOLWM AAa BbICTPOro yaaneHus, KOraa ykasaHa HyXHas
nosumums B cnucke. CbanaHCcMpoBaHHble AepeBbs ABOMYHOIO MOUCKa BbICTPbI U YHUBEPCA/IbHBI
MO 4aCTV pa3HbiX OnepaLmii U rapaHTUPYIOT BbICOKYH MPOU3BOAUTENBHOCTb B HAUXYALIEM CITy-
yae. Onepaunu 13BNeYeHUs NpeaLecTBEHHWKA/MpeeMHMKa B COanaHCMPOBAHHbIX AEPEBbAX
[LBOMYHOIO MOMCKA BbIMOJHAIOTCS 33 NOCTOSHHOE BPEMS, eC/IM yKa3aHa No3uuMs 3NIEMEHTA,
npeaLwecTBeHHUKA/MpeeMHMKa KOTOPOro Mbl WLLEM; B MPOTUBHOM Clydae oHo ByneT nora-
pUPMUYECKUM. XeLw-TabnumLbl SBASKOTCS CAMbIMU BbICTPbIMK B CMbIC/IE OXWAAEMOIO BPEMEHM
BbINosHeHUS. OQHAKO MX CMOCOBHOCTb BbIMOMHATL 06X0A4 B COPTMPOBAHHOM MOPSAKE He TaK
XOpOLLA, KaK Yy c6anaHCMPOBAHHbIX lepeBbeB LBOMYHOIO NOMCKA

Monck BcraBka Ynanenue npeﬁ":::;:?:m/
HecoptupoBaHHbIl Maccus O(n) 0(1) O(n) O(n)
CopTMpOBaHHbIW MaccuB O(log n) O(n) O(n) 0(1)
CBAA3HbIN CNXCOK Oo(n) 0(1) o@)” 0o(n)
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Monck BcraBka Ynanenue NS LT TY
npeeMHUK
CbanaHcMpoBaHHoE
[lepeBo ABOMYHOIO MOMCKA O(log n) O(log n) O(log ) o)
Xew-Tabnuua o) (1) o) O(n)
(oxnpaemoe) | (oxupaemoe) | (oxupaemoe)

2.3 CueHapuu UCNoNb30BaHUS B COBPEMEHHbIX
cucTteMax

Kyna HM m1siHb, Be3[ie MOXKHO HAMTU MHOXECTBO IMPUMEHEHUN XellPOBaHMSI.
Bot n1Ba 13 HUX, KOTOpbIe HAM 0COGEHHO HPaBSITCSI.

2.3.1 lepynnukaumus B NpOrpaMMHbIX peLleHUsaX
Nno pesepBHOMY KONMUPOBAHUIO/XPaHEHUIO AaHHbIX

MHorue KoMmIaHuu, Takue kak Dropbox u Dell EMC Data Domain Storage
Systems, 3aHMMAIOTCSI XpaHEHMEM KPYITHbIX 00bEMOB I10/Ib30BaTEIbCKIUX JaH-
HBIX ITyTeM 4acTo (puKcalum CHUMKOB U pe3epBHbBIX KOMMI1 JaHHBIX. KineHTa-
MU 3TUX KOMITaHUIT HepeIKo SIBJISIIOTCSI KPYITHbIe KOPIIOpalii, KOTOpbIie XPaHSIT
OTPOMHBIE 06BEMBI TAHHBIX, ¥ €CJIM CHUMKY JeIal0TCs JOCTATOYHO YacTo (CKa-
skeM, Kaskbie 24 u), To 60/1bIlas 4acTh JaHHBIX MEXKIY II00YepeIHbIMM CHMMKA-
MM OCTaeTcsl HeM3MeHHOI. B 9TOM ciydae BaskHO OBICTPO HAXOAUTDb M3MEHEH-
HbIe YaCTU U COXPaHSIThb TOJIbKO UX, TEM CaMbIM 9KOHOMSI BpeM$I 1 ITPOCTPaHCTBO
TpU COXpaHeHUM HOBOJ KOMuM. [l 3TOr0 HYXXKHO YMeTb 3(PHEeKTUBHO BBISIB-
JISITh TyOIMPOBAHHBIN KOHTEHT.

Iporecc ycTpaHeHusT My6IMKAaTOB HasbIBaeTCs OeAyIlIMKalueit, 1 B 60b-
IIIMHCTBE €ro COBpeMeHHbBIX peanu3aliiii MCIIOAb3yeTcsl XelMpoBaHue. Ha-
npumep, paccMoTpuM cuctemy genyrumkanuu ChunkStash [1], crernmanbHO
pa3paboTaHHYI0 1Moj, obecrieueHne BbICOKOI MPOITYCKHO! CITOCOOHOCTU C UC-
ronb3oBaHueM (uem-namsaTu. B ChunkStash ¢aiinbl pa36éuBaioTcs Ha Masible
610K (GDUMKCUPOBAHHOTO pa3Mepa (K mpumMepy, 1o 8 K6), 1 Kaskablii 6JI0K XeIly-
pyetcst B 20-6aiiTOBbIN oTrieuaTok SHA-1; eci OTIIeYaToK yke MPUCYTCTBYET,
TO yKa3bIBaeTCsI TOJAbKO CYIIECTBYIOUINIT OTIHeUaToK. EC/IM OTIe4aToK — HOBBIIA,
TO MOYKHO JOITYCTUTb, YTO OJIOK TOXKE HOBBIIA, M OMHOBPEMEHHO COXPAHSIETCS
0JIOK B XpaHWINIIE JAHHBIX M OTIIEYATOK B XeIll-Tab/luile C yKa3aTejleM Ha I10-
3ULIMIO COOTBETCTBYIONIErO 6J10Ka B XpaHWINIIE JaHHBIX (CM. puc. 2.5).

PaszbuBka (aitjoB Ha OJIOKM ITIOMOTAET BBISIBJISITb HEIIOJNHbIE TyOIMKATHI?Z,
KOTJIa B KPYITHbINA (aiia 6b11M BHECEHBI HEOObIIME TTPABKIA.

2 Aurn. near-duplicate; cuH. mouTH gy6aMKaThl. — [Ipum. nepes.
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*

HOBbIN GAN CHUNK~ 1D

——— [40x123|  CHUNK 1
— |=—={0736| CHUNK 2
CHUNK-1D

& YKASATEND HA
XPAHWMILE BNIOKOB

@ LOBABNTb
YKAIATENb

(@)BCTABHT CHUNK_|\>CC«/

B XEW-TABMLY ®  3AMCATH BNIOK
B XPAHWMILE

PucyHok 2.5 lMpouecc gepynivMkaummn B NpOrpaMMHbIX PeLeHUaX No pe3epBHOMY
KOMMPOBaHWUIO/XPaHEHMIO AaHHbIX. [10 NpubbITMM HOBOTO dalina oH pasbuBaeTcs
Ha Manble 610kK. B HaweM npumepe dain pasbuT Ha Tpu 610Ka, M KaxKAbIA 610K
xewmpyeTtcsa (Hanpumep, 6nok 1 nmeet chunk-1d 0x123, a 6510k 2 umeet
chunk-1d 0x736). UgeHTndukatop chunk-id 0x123 B Xew-Tabnuue He HanaeH.
[nga atoro KoHkpeTHOro chunk-1d co3paeTcs HOBasi 3anNucb, @ caM H610K COXpaHseTcs.
NpeHtudukatop chunk-i1d 0x736, byoyyun HanaeHHbIM B xelw-Tabnuue, pacueHMBaeTcs
KaK oybnmKkaTt u He CoxXpaHseTcs

B srom mporiecce ropa3go 6oJibllie TOHKOCTeN, ueM Mbl ITOKa3biBaeM. Ha-
IpuMep, Py 3aIlMCy HOBOTO 0JI0Ka BO (uemi-xpaHmIuine OJ0KM cHavaia
HaKaIIMBAIOTCS B pe3uIeHTHOM Oydepe orepariyii 3aIici, a ocje 3aroTHeHUST
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6ydepa oH omHUMM Maxom cOpachiBaeTcsl BO (uien-mamsitb. JTO [EIaeTcsl BO
M30eskaHye TTOBTOPHBIX MAJIbIX ITPABOK HA OJIHOI ¥ TOJ ke CTpaHUIle — TaKkue
omepanym 06xonasITcsi oco6eHHO moporo Bo duieni-namsaty. Ho maBaiiTe moka
oCcTaHeMCs B pe3uJIeHTHOI 061acTy; a¢dderTuBHas 6ydepusanns 1 3anmch Ha
ICK MOy4aT 6osbliie BHMMaHus B yacty I11.

2.3.2 O6bHapyxeHue nnarMata ¢ NOMOLLbIO
naeHTUPUKaunmn umppoBbIX OTNEYATKOB
Ha ocHoBe Mepbl MOSS u anroputma PabuHa-Kapna

Mepa rogo6ust mporpammHoro obecrieuenus (Measure of Software Similarity,
ab6p. MOSS) — aT0 cny:k6a 06HapysKeHMS IIaruaTta, B OCHOBHOM MCIIOIb3ye-
Mas IJ1s1 BbISIBJIEHUS TlaruaTa B 3afaHUsX 10 IporpaMmupoBanuio. OmnHa u3
[JIaBHBIX aITOPUTMUUYECKUX mzeit metoma MOSS [2] mpencTaBiisieT co60¥i Bapu-
aHT aJITOPUTMAa COTIOCTaBJIeHNS CTPOK Pabuua-Kapma [3], KOTOpbIii OCHOBAH Ha
umeHTUdUKAIMY K-TPaMMHBIX (P POBIX OTIIEYATKOB (K-rpaMma — 3TO CIIOII -
Hasl oA CTPOKa IaMHBI k). [laBaiiTe cHauaaa pacCMOTPUM aJITOPUTM.

Mmest CTPOKY ¢, TPeICTABISIIONILYI0 OOJBINION TEKCT, ¥ CTPOKY p, IIPEACTaBIISIO-
MIyI0 [1Ia6JIOH MEHbIIIEro pa3Mepa, 3aJ1aua O COMOCTaBAEHUM CTPOK COCTOUT B OT-
BeTe Ha BOIPOC, CYLIEeCTBYET JIX BXOXKIEHME p B t. AJITOpUTMAaM COTIOCTaBAE€HUS
CTPOK TOCBSIIEHA OOIIMPHAS JINTEPATYPa, ¥ 6OJIbIIAst X YaCTb OPMEHTHPOBaHA
Ha CpaBHeHMe MOAICTPOK MeXIy p U t, HO anroputm Pabuna—Kapma cpaBHMBaeT
XeIlly TIOJICTPOK U JieJIaeT 3TO YMHBIM o6pa3omM. OH Upe3BbIYAiiHO XOPOIIO pa-
60TaeT Ha ITPAKTUKE, 1 €T0 BHICOKASI ITPOM3BOAUTEIBHOCTD (UTO HA TAHHBIN MO-
MEHT He JIOJDKHO Bac YAMBIISTH) UaCTUYHO 00yCIOBIEHA XeNTPOBAaHMEM.

B 4acTHOCTHM, anTOPUTM BBITIOTHSET MPOBEPKY MOACTPOK Ha COBHAZEeHNME B
TOCUMMBOJIBHOM pexkume (TOJIbKO TOTAA, KOrja Xelll IMOACTPOK COBIIAAAIoT).
B Hauxypiiem ciayyae Mbl IOTYyYMM MHOTO JIOKHBIX COBIIAJeHUI 13-3a KOJIIU-
3Ui1 xelleli, KOrga ABe pa3Hble MOACTPOKM MMEIOT OAVHAKOBbBINM Xelll, HO TOJ -
CTPOKM OTINYAIOTCS. B 3TOM ciryyae obiee BpeMsl BBITTONIHEHMSI COCTABIISIET
O(ltllp]), KaKk ¥ B aITOPUTME COIIOCTaBJIEHMsI CTPOK MeTOAO0M I'pyboii cuibl. Ho B
OONMBIIVMHCTBE CUTYaLMi, KOTa VICTUHHBIX COBITaJIeHN1 He TaK MHOTO U KOTJa
MMeeTCs XOpoIas Xen-(QyHKIVS, aITOPUTM IIPOHOCUTCS T10 £ C MOJTHMEHOCHO
CKOPOCTBIO (TO eCTh paboTaeT 3a InHetHOoe BpeMs). JIOsKHbIe COBITIaIEHMSI MOTYT
CITOCOOCTBOBATD MPOU3BOIUTENBHOCTM HAUXYAIIIETO CIyJas, HO, KakK 006CysKaa-
JIOCh paHee, XopoIias xell-GyHKLINS 6yIeT 06ecreunBaTh, YTOObI 3TO IIPOVCXO-
IIAJIO He CTOJTb yacTo. [Ipumep paboThl aaropuTMa puBeaeH Ha puc. 2.6.

Bpems BbIuMCIeHMSI Xellla 3aBUCUT OT pasMepa MOACTPOKM (XOpouias
xel-QYHKIMS AO/DKHA YIYMUTHIBATH BCE CMMBOJIBI), [TO9TOMY CaMoO I10 cebe Xemm-
poBaHMe He ycKopsieT aaroputm. OmHako B anroputme Pabuna—Kaprma 1cromb-
3YIOTCST CKOJB3SIIIME XEIN, TAe MMPY HATMYMK Xella K-TpaMMBbl tfj, ..., j + k — 1]
BbIUMCJIEHME Xellla [ K-TpaMMbl, COABUTaeMOli Ha OJHY TMO3UIIMIO BIIPaBO,
tj +1,...,j + k], 3aHMMaeT UCKIIOUYNUTENBbHO TIOCTOSIHHOE BpeMs (CM. puc. 2.7).
OTO MOKHO CIIeJIaTh, €CJIM CKOJb3SIIas Xell-(GyHKIINS TaKOBa, YTO OHA TTO3BO-
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JIsIeT HEKOTOPBIM 06pa30oM «BbIUMTATh» II€PBbIi CUMBOJI 113 IIEPBOI K-rpaMMbl 1
«IIpUOABJISTH» MOCAIHNIA CMMBOJI U3 BTOPOJi k-rpaMMbl (OU€Hb ITPOCTHIM ITPU-
MEpPOM TAaKOTO CKOJIB3SIIIEro Xelna sBsieTcst GyHKiyst cymmbl ASCII-3HaueHMii
CUMBOJIOB B CTPOKE).
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PucyHok 2.6 MprMep anroputMa naeHTMdmKaumm umdpoBbix oTnevaTkoB PabuHa -
Kapna. Mbl nwem wabnoH p=BBBBC B 6osbluei cTpoke t=BBBBBBBBBBBBBBBBBC. XeLl
BBBBC paBeH 162 M He COBMNAAaeT C xewweM 161 ans BBBBB, KOTOPbI BCTPEYAETCS B
Havane AJIMHHOM CcTpoku. o Mepe ciBWra BNpaBo Mbl HEOAHOKPATHO CTANIKMBAEMCS
C HEeCOBMAAEHWEM Xella 0 TeX Nop, NOKa He Mofy4YMM NoACTPOKY ABBBD ¢ xelleM 162.
3ateM npoBepsieM NOACTPOKMU M YCTAHABNMBAEM NIOXHOE CoBManeHue. B caMoM KoHue
CTPOKM Mbl CHOBa BCTPeYaeM COBManeHue xewwa B BBBBC M Noc/ie NPOBEPKM MOACTPOK
coobwaem 06 NCTUHHOM COBMNAAEHUN

Anroputm Pa6mua-Kapra MoKeT MCIIOIb30BaThCSI B IIPOCTOI Gopme s
CpaBHeHMS JIBYX 3a/aHMII HA MpeMeT Iiaruara ImyTeM pa3ouBku ¢aiiyioB Ha
6oee MenKue OJOKM U UAEHTU(GUKALUU UX HMUPPOBBIX OTIEUaTKOB. OmHAKO
B MOSS Hac mHTepecyeT KpyHHas rpyIlina MpeaoCcTaBAeHHbIX 3aJaHMil U BCe
MOTeHIMabHbIe C/lydyay Iiaruata. JTO O3HauaeT CpaBHEHMe BCeX CO BCEMU U
HeIpaKTUYHBIV aJITOPUTM C KBapaTUUHbIM BpeMeHeM BbITIOTHeHMSsI. Bopsich ¢
KBaJpaTUUHBIM BpeMeHeM, meTon MOSS or6upaet [Jjis cpaBHeHMsI He60o/IbIloe
YMCJIO OTIIEYATKOB B KAUeCTBe MpecTaBuTesell Kaxkmoro gaiina. [IpunoskeHne
CTPOUT MHBEPTUPOBAHHBIN MHAEKC — KaK CPeACTBO COOTHECEeHMS OTIlevaTka C
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€ro Mo3uilieit B JOKyMeHTaxX, IIe OH BCcTpedaeTcs. VI3 3TOro COOTHeCeHMs MOXK-
HO, B CBOIO OUepe[lb, BBIUMCIUTD CIIMCOK ITOXOXKMUX JOKYMEHTOB. O6paTuTe BHU-
MaHMe, UTO B CIMCKe OYyIyT TOJbKO T€ MJOKYMEHTbI, KOTOpPbIe MMEeIOT COBIIaze-
HIS, I09TOMY MbI M30€eraeM CJIeII0ro CpaBHeHMS BCEX CO BCEMIA.

Q
@5)@@&@@@,:7@ ;@@ @ﬂ
. .

——=) CKOMb3smit XELl
H(ses88D) — A + B=H (B3BDE)

PucyHok 2.7 Ckonb3awumii xeww. BelumcneHnue xelwa ansa Bcex, Kpome nepeomn
NOACTPOKM t, IBNSIETCS MOCTOSAHHO-BPEMEHHOM onepaLmen.
Hanpwumep, nns BBBDB HY>XXHO Obifo «BblYeCTb» A U «npubaBuTb» B kK ABBBD

Bri60opy Habopa pernpe3eHTaTUBHBIX IIM(GPOBBIX OTIEYATKOB [JISI JOKYMEHTA
TOCBSIIEH 1e/blii psif MeTomoB. B MOSS 3ameiicTByeTcsl OAVH M3 HUX: JJISI
Ka)XIOTr0 OKHA C IOOYepemHbIMM CMMBOJIaMM (aiiia (Hampumep, OJIMHA OKHA
MOSKEeT COCTaBJIATh 50 CMBOJIOB) BbIOMPAETCS MMHMMAJIbHBIN Xelll 13 K-TpaMM,
MIpUHAaIJIeKallX 3TOMY OKHY. Halune oqHOTO OTIeuaTKa Ha OKHO IT0JIe3HO TEM,
YTO, TOMMMO IPOYEro, MIOMOTaeT u36eraThb MPOIycKa G0JbIINX TTO0UYEPETHBIX/
HeIlpepbIBHBIX COBITaeHMIA.

2.4 O(1): yto B 3TOM TaKoro?

O3HAKOMMBIIMCH C HECKOJIBKMMM BapMaHTaMM MCIIOIb30BaHMS XEIIMPOBAHMS
B CJIOBApSIX, IaBaiiTe CHMMEM C HUX elle OOMH CJIOH mmieayxu. IIpouTss 060 Bcex
KOMITPOMMCCAX MEKAY pasHbIMM aclieKTaMy MPOM3BOOUTENbHOCTM B pasie-
Jie 2.2, BbI, BO3MOYKHO, 3aIa€TeCh BOIIPOCOM, ITIOUEMY TaK TPYIHO CKOHCTPYUPO-
BaTh UIEATbHYIO CTPYKTYPY JAHHBIX — TaKyl0, KOTOpas BBINOJHSIET OIlepauymn
MOMCKa, BCTaBKM U yaaneHus Bcero 3a O(1) B Hauxymiiem ciaydae. I KOHKpeT-
Hee, Bbl, BO3MOXXHO, XOTUTE Y3HATh, MOXKHO JI CKOHCTPYMUPOBATh Xell-Tabym-
11y, KOTOpasi Moria 6bI TapaHTUPOBATh IOCTOSIHHO-BpeMeHHbIe orepaiun. ITo
BOIIPOC O CTPYKTYpaX JAaHHBIX U3 Paspsaa «II0Y4eMY Helb3sl MMETh BCEe 3TO Cpa-
3y?». XOTSI B 11€JIOM 3TO HEBO3MOKHO, CYIIECTBYIOT 0COGbIE CUTYAIIMM, KOTOPbIE
[I03BOJISIIOT 3TO Je/1aTh.

Hampumep, JOIyCTUM, Y BaC €CTh HaGOp JaHHbBIX; IJIS IPOCTOTHI IIPEAIIONO-
SKMM, 4TO Y Bac Ha6op u3 100 umcen u xel-Tab/auiia Takoro ke pasmepa. ITo-
CKOJIbKY Y BaC CTaTMUYECKMiIT HAaOOP MTaHHbBIX, BbI MOKETE MPUAYyMaTh COOGCTBEH-
HYI0 Xel-(pyHKIMI0, KoTopast OymeT obGecrieunBaTh, YTOObI KaXKObIii JIEMEHT
MoTaziaj B pasHyl0 KOP3MHY Xelll-Tab/Muiibl, Xell-QyHKIINI0, HACTPOEHHYI0 Ha
9TOT KOHKPETHbII Habop JaHHBbIX. 32 CYET ITOro OymeT obecrievueHa maeaabHast
MIPOM3BOAUTEILHOCTD.

Ellle ofyuH ogo6HbIi ClieHapuii — eCJIv UMeeTCsI HaOop 1e/IbIX IMOIOKUTEIb-
HBIX UMCeJ U U3BECTeH MaKCMMYM 4ucia (HazoBeM ero M). Eciu M He CIMIITKOM
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BEJIMK, TO MOKHO CKOHCTPYMPOBATh XelI-Tabiuiry pasmMepa M 1 IIoMeIaTh Kask-
Jloe YMCI0 B KOP3MHY, IPOHYMEPOBAHHYIO MO ero 3HadeHuto. OmsTh Xe, IIpU
YCJIOBUM OTCYTCTBUS AYOIMKATOB MbI MIOYyYaeM I10 OMHOMY JIEMEHTY Ha KO-
3UHY, UTO MPUBOJUT K TOCTOSTHHO-BPEMEHHO ITPOU3BOAUTEIbHOCTY Ha Orepa-
LMSIX BCTABKU, IOMCKA U yAATeHUS.

Ho 3T0 ocobGbie cuTyauyu, 1, BOOOIIE rOBOPS, CUTyallu, KOrma Mbl 3HAeM
IlaHHbIe 3apaHee MM MMeeM BXOIHbIe JaHHbIe OUeHb CITelnduIecKoro Buaa, —
3TO 6OJIbIIIe, YeM MOXKHO OKUIATh B OOIBIIMHCTBE CTy4aeB.

[maBHasi TPySHOCTh MPABWIBHOTO XEIIMPOBAHMUS 3aK/IHOUAETCSI B TOM, UTO
Xell-(YHKINY JO/IKHBI 06€CITeUMBATh COOTHECEHE KaXKI0T0 OTEHI[MATbHOTO
2JIEMEHTa C COOTBETCTBYIOIEH KOP3MHOI Xen-Tabnuiibl. MHOXKeCTBO, KOTOpOe
MpeACTaBJsieT BCe MOTEeHIIMalbHbIe 3JIeMEeHTbI, He3aBUCMMO OT TUIIA JaHHBIX, C
KOTOPBIMM MbI MIMEEM JIeJI0, BEPOSITHO, KpajiHe BeJIMKO, HAMHOTO OOJIbIIIe pa3-
Mepa (akTuueckoro Habopa MaHHBIX U, CIeI0BaTeIbHO, UMCIa KOP3UH Xell-
TabuIbl. MbI OyZeM Ha3bIBaTh TAKOE MHOXECTBO BCEX IMOTEHIMAbHBIX dJIe-
MEHTOB YHMBEPCAJbHBIM MHOKeCTBOM U, pasmMep Hallero Habopa JaHHbBIX — N,
a pasmMep Xell-TabauIibl — m.

3HaueHMs n ¥ M MPUMEPHO IMPONOPLUMOHANbHBI. JpyrMMu CJI0BaMu, eCiun
BBI COOMpaeTech XpaHUTh 1 MJTH JIEMEHTOB, TO, BEPOSITHO, 3aXOTUTE 3aIlJIaHM-
pPOBaTh XelI-TabaMIy aHaJOTMYHOIO pa3sMepa. B 3aBMCMMOCTH OT TOr'0, KaKyio
KOHCTPYKIIMIO XeNI-TabJUI[bI Mbl XOTUM MCITOJIb30BaTh, MOKHO MCIIOb30BaTh
0.5 MJIH KOp3UH, MK 2 MJTH KOP3YH, UJIY YTO-TO ellle; TaK WY MHade, HaM HyKeH
IOCTOSIHHBIN KO3pduiLmeHT, 6mmus3Kkuii K n. Ho o6a 3TMX 3HaUeHMST 3HAUUTEIb-
HO MeHbIle, yeM U. BoT mouemy xem-(GyHKIMS, KOTOPAst COOTHOCUT 3JIEMEHTbI
13 Uc m Kop3uHamu, Hen36eskHO 6yIeT MPUBOIUTH K JOBOJIbHO GOJIBIIIOMY ITOf -
MHOXeCTBY YHMBEPCAJIbHOTO MHOXeCTBa U, COOTHOCSIEMY C OOHOM U TOW Xe
KOP3MHOJ XemI-Tabiauibl. Jaxke ecinyu xell-(QyHKIMS paclpeneiseT 3J1eMeHThI
Y3 YHUBEPCAJIbHOTO MHOXECTBA MUIeaJbHO PABHOMEPHO, CYILECTBYET 10 MEeHb-
1Ieil Mepe ofHa KOp3MHa, B KOTOPYIO IonagaeT no MeHblieir mepe |U| / m ane-
MeHTOB. Mbl He 3HaeM, Kakue 3JieMeHThbI OyIyT coepskaThCs B HallleM Habope
IaHHBIX, M ecyiu |Ul / m > n, TO BIIOJIHE BO3MOXKHO, UYTO BCE 3JIeMEHThI Habopa
IaHHBIX OYOYT XeIIMPOBATHCS B OIHY U Ty K€ KOP3MHY. MaJIOBEpOSITHO, UTO MbI
TOJTyYMM TaKO¥ HabOp NaHHBIX, HO 3TO BO3MOXKHO.

Hampumep, pacCMOTpUM yHMBepCaibHOE MHOXECTBO BCeX MOTeHIMaTbHbIX
Tene(OHHBIX HOMepoB dopmarta ddd-dd-dddd-ddddd, roe d — uudpa oT HyIsS
o meBsiTi. [TockonbKy Kaxkmast 3 12 uudp moxkeT mpyuHuMaTh 10 pasHbIX 3HA-
YeHMii, 9T0 o3HauvaeT, uto |U] = 102, u eyt n = 10° (pasmep Habopa JaHHbBIX) U
m = 10° (pasmep TabaUIIBI), TO Jaxke ecyy Xell-QyHKIMS UAealbHO pacrpene-
JIUT 3JIEMEHThI YHUBEPCAJIbHOI'O MHOXECTBA, Mbl BCE PABHO MOKEM ITOTYUYUThb
BCe 3JIEMEHTbI B OHOV KOp3MHe. PacCMOTpUM Citydait naeaabHO pAaBHOMEDPHOTO
pacmnpee/ieHs YHUBEPCAIIbHOTO MHOKEeCTBA 10 KOP3MHAM ; TOTA,A KaXKI0i KOp-
3uHe Ha3HauvaeTcs 10'2/10° = 10° snemeHTOB. II0CKOIBKY pasmep HaIero Habopa
JaHHBIX MeHble 10°, MOXKHO HaliTV Takoii HabOp JaHHBIX, B KOTOPOM BCe 3jie-
MEHTHI TIOTIAIaI0T B OAHY M Ty ke Kop3uHy. He jyuiie 66110 ObI, €C/IM B OIHY U
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TY K€ KOp3MHY II0IaJaja Kakas-To MOCTOSTHHAS J0JIsk Halllero Habopa JaHHbIX
(TO eCcTb TIOJIOBMHA UJIU TPETH)?

B03MOKHOCTD TaKO¥ CUTYaLMy He JOJIKHA Hac 00ecKypaskMBaTh. B 60/bIIMH-
CTBE MNPaKTUUECKUX IPUJIOKEHMUI Ja’ke MPOCThie Xell-QYHKINUM TOCTaTOUHO
XOPOILU, YTOOBI 3TO MPOUCXOAWIIO OUEeHb PEIKO, HO KOJUIM3UM OYIYT MPOUCXO-
IUTH B OOILIUX CAyYastX, ¥ HAM HY>KHO YMETb C HMMM O0POThCSI.

2.5 YperynupoBaHue KOJJIU3UI:
Teopus U NpaKkTUKa

MBI IIOCBSITUM 3TOT pasien ABYM PaclIpOCTPaHEHHBIM MeXaHM3MaM yperyJim-
POBaHMS KOJUIU3UIA: TMHETHOMY OITPOOBIBAHMIO U ITPOXOKIEHMIO IT0 I[eITOYKAM.
EcTh MHOTO IpYTHX, HO MbI PACCMOTPYUM ST IBa, [IOCKOJIbKY OHI SIBJISIIOTCSI HAM -
6osee TMOIMY/ISIPHBIMM BapyaHTaMM Xell-Tabnil, paboTaloX BHYTPU Ballero
MCXOMHOro Koma. Kak BbI, BepOSITHO, 3HaeTe, B MeXaHMU3Me MPOXOKIEHUS I10
IernovkaM' ¢ Kaskgoil KOp3MHOJ Xell-TabauIibl aCCOLMUPYETCS TOTIOTHUTENb-
Has CTPYKTYpa JaHHbIX (HAIIpUMep, CBI3HBIN CIMCOK MM JepeBO ABOUUYHOIO
TOMCKA), B KOTOPOI XPaHSTCS 3JIEMEHTbI, XeIIMPOBAHHbIE B COOTBETCTBYIOIEN
Kop3uHe. HoBble 31eMeHTbI BcTaB/sitoTcs cuepenyt (O(1)), Ho A1 oucka u yaa-
JIeHus1 TpebyeTcs MepeMelieHye Mo yKa3aTelIsIM COOTBETCTBYIOIIETO CIMCKA —
omepaLusi, BpeMs BBIITOJIHEHMsI KOTOPOi CUIbHO 3aBUCUT OT PaBHOMEPHOCTHU
pacripefieieHus 3JIeMeHTOB I10 Kop3uHaM. Ec/iu BbI XOTUTe OCBEXXUTH CBOM 3HA-
HIS O MeXaHM3Me IPOXOKIEeHMs 10 1[eII0YKaM, TO B3[JITHUTE Ha puc. 2.8.

sciaats  MPOXOXAEHVE 110 UETIOHKAM
BCTABUTbL
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PucyHok 2.8 [MprMep BCTABKM M MOMCKA C MPOXOXKAEHUEM MO LLENoYKam

3 AHr. chaining. — ITpum. nepes.
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JIuHeliHOe OMpOObIBaHKME* — 3TO YaCTHBINA Cay4ail OTKPBITONM ampecanyu,
CXeMbI XeIlIMPOBAHMS, ITPY KOTOPOM 3JIEMEHTBI XPAHSTCS BHYTPU CJIOTOB (ak-
TUYECKOI Xell-Tabnuibl. B pamMKax JMHefHOro onpo0ObIBaHMs, IIepe TeM KaK
BCTaBUTb IEMEHT, OH XeIIVPYeTCs] B COOTBETCTBYIONIYI0 KOP3UHY, U €N 00y-
CJIOBJIEHHBI KOP3UHOM CJIOT IYCT, TO JIEMEHT COXpaHseTcs B HeM. Eciin ke oH
3aHST, TO MbI UIIlEM ITePBYI0 CBOOOIHYIO TO3UIMIO, CKAHMPYST TaOIUIy BHU3,
", IPY HEeOoOXOAMMOCTH, IIPOAO/DKaeM ¢ Havasia TabiuIibpl. B albTepHATMBHOM
BapuaHTe OTKPBITON apecany, KBaJJpaTUIHOM OIPOObIBAHNM, TTOMCK CIedy-
IO1Lei TO3ULIVM JJISI BCTaBKM BBITIOJTHSIETCS IaraMy KBaJpaTUYHOro pa3mMepa.

[Touck B MMHETHOM ONTPOOBIBAHMM, TAK K€ KaK M IIPU BCTAaBKe, HAUMHAETCS C
MO3MLINM 06YCJIOBJIEHHOTO KOP3MHOJ CJIOTA, B KOTOPBIN 9JIEMEHT ObIT XeINPO-
BaH, ¥ BbITIOJIHSIETCS BHU3 IO TEX MTOP, TOKa He OyeT HaliIeH MCKOMBI 3JIeMeHT
160 He BCTpeveH IycToii cioT. C yaaaeHueM J1eJ10 06CTOUT HECKOIbKO CIOMK-
Hee, ITI0CKOJIbKY 3[eCh HeJlb3$1 IPOCTO YAAMUTD 3JIEMEHT U3 ero ¢J10Ta — 3TO MO-
SKET IMPUBECTY K Pas3pbIBY LIEMIOYKY, YTO IIPUBEIET K HEBEPHOMY Pe3yJIbTaTty Oy-
IyIIero movicka. PemmTpb 3Ty mpobaeMy MOSKHO pa3HbIMU CITOCO6aMM, TTPOCTHIM
13 KOTOPBIX SIBJISIETCSI YCTAHOBKA HAArpOOHOTO (iaral® Ha MeCTO yaasisieMoro
ayemMeHTa. [IpMmep TMHEHOTO OMpoObIBaHMS TIPUBEleH Ha puc. 2.9.

BCTABNTD JWHEVAHOE OMNPOBbIB AHVE

B B
4
®| o ol o BCTABMTb MYCTOE
Yehd . Z MPOCTPAHCTBO
3| F $ F | ¥ ¥3 XEWPOBAHHON
/ KOP3WHbI
* Alc |3
5| X sy |
HAATY
a) 1| B b) , B
@ _‘2__ D
5| X 6’ X
e
\/ HAIZLEHO K'NCTOE MPOCTPAHCTBO = HE HATAEHO

PucyHok 2.9 lNpumMep BCTaBKM M MOUCKA B IMHEMHOM ONpOObIBaHUM

4 AHur. linear probing; cuH. MMHeliHOe 30HAVPOBaHMe/IPOIYIIbIBaHME. — [Ipum. nepes.
5 AHr1. tombstone flag. — ITpum. nepes.
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CHavasa MmocMOTPUM, YTO TOBOPUT HAM TEOPUSI O MIPEUMYILECTBAX U HEH0-
CTaTKax 3TUX IBYX METOLO0B YperyanpoBaHus Koum3nii. C TeopeTuyecKkoi Tou-
KU 3peHust IpU U3yueHUM Xell-QyHKIMI1 U MEeTOHOB yPeryIupoBaHUsT KO-
3UIi CTIELIMAVCTBI TI0 MHGOPMAaTHKe YacTO IPMHMMAIOT JIOITyIIeHVe O TOM, UTO
xelll-QYHKIUY SIBISIIOTCS MAeaabHO CIy4aiiHbIMM, UTO TI03BOJISIET aHATMU3UPO-
BaTh IIPOLIECC XEMIMPOBAHMS, UCIIOIb3YS BEPOSITHOCTD U aHAJIOTUIO C pABHOMEP-
HBIM ¥ CJTy4aifHbIM OpOCaHMeM N MapoB B N KOP3MH.

B camoii 1TosTHO KOp3uHe ¢ BBICOKOI BeposiTHOCThI0 6yneT O(log n/log log n)
mapukos (http://mng.bz/QWjm); ciieqoBatenbHO, caMas IJMHHAs LerovyKa B MeTO-
Ile TIpoxoskaeHus 1o eroukam He minHHee O(log n/log log n), maBasi BepXHIOH0
IrpaHyLy IPOU3BOAUTENBHOCTY IIOMCKA U YA AeHUS.

BpICOKOBEPOSITHOCTHBIE TPAHULIBI CUJIbHEE, UeM OXMAaeMble IPaHULIbI, KO-
TOpbIe MbI OGCYKIa/IM paHee. BoipaskeHle «C BbICOKOI BEPOSITHOCThIO» O3HAYA-
€T, YTO eCJIM BXOLHOI 3/IeMeHT MMeeT pasMep N, TOTAA BbICOKOBEPOSITHOCTHOE
COOBITHE TIPOM30IIIET C BEPOSITHOCTHIO He MeHee 1 — 1/n¢, roe ¢ € 1 — 3To HeKas
KOHCTaHTa. B HameM ciaydae BhICOKOBEPOSITHOCTHBIM COOBITHEM OYZET Ieroy-
Ka, MJIV HeTIPEePBIBHBIN OTPE30K, B XeIlI-Tab/uIle C BEPXHUM JIOTapUbMUIeCKIuM
OrpaHMYeHMeM Ha ee pazmep. I pyruMu cJ10BaMy, Mbl YCTaHABIMBAEM BEPXHIOO
TPaHMILY BEPOSITHOCTM TOTO, UTO 1IeTI0YKa/0TPe30K OyIeT MMETh JJIVHY, TPeBbI-
HIAIOIIYI0 JIorapudmMmyeckyro. Takum 06pa3oM, ueM Bbilile KOHCTaHTa U pa3Mep
BXOJHOTO 3JIeMeHTa, TeM MeHbIIle BO3MOKHOCTb TOT'O, UTO BBICOKOBEPOSITHOCT-
Hoe coObITHE He MMPOU30IIET, HO TIpu ¢ = 1 Bce yske Xopoino. [TpakTuyecku 3To
03HAuaeT, UyTO IMPeKe YeM BbICOKOBEPOSITHOCTHOE COOBITHE acT COO¥, Ipou-
301IeT MHOTO JIPYTUX COOEB.

Jlorapudmmdeckoe BpeMsi IMOMCKa — 3TO HEIUIOXO, HO ecy Obl Bce caydan
MoyMcKa O6bUTM TaKMMM, TO XelI-Tabauila He umesa Obl CYIeCTBEHHBIX TTPEeUMY-
IIeCTB, CKakeM, TepeJ JepeBOM JIBOMYHOrO moucka. OgHAKO B OOIBIIMHCTBE
CJTy4yaeB Mbl OXKUIAeM, YTO BpeMs Ioucka 6yaeT KOHCTAHTO (MCXOIS U3 JOTTy-
LIeHMS, YTO UYNCIIO 3JIEMEHTOB SIBJISIETCS IIPOIOPLMOHAIBLHBIM UMCITY KOP3UH B
TabuIe 1ernovyex).

Vcrionb3ysl MOIIapHO He3aBUCHMMOE XelIMPOBaHMe, MOXKHO I10Ka3aTb, UTO
HauXyOIIi CJTy4yaii moyucKa Mpu IMHeiTHOM oTipo6biBaHMM 6/11130K K O(log n) [4].
CemericTBO k-TIOMapHO He3aBUCUMBIX Xelll-(GyHKIMI Hanbosiee 6JM3KO0 K TOMY,
K YeMy MbI IOAOLIM Ha JAHHbBIII MOMEHT, UMUTUPYS CIydaliHOe IMOBeleHue.
Bo BpeMs1 BbITTOIHEH S O HA U3 Xell-(QYHKINIT ceMeiicTBa BbIOMPaeTCsl paBHO-
MepHO (IyYaiHO IJIs1 MCII0JIb30BaHMSI BO BCeli MporpaMMe. JTO 3aliuilaeT Hac
OT 3JI0YMBIIIVIEHHMKOB, KOTOPbIe MOTYT YBUAETH HAIll MICXOAHBIV KOA: BbIOMpast
OITHY M3 MHOKeCTBA Xell-(QyHKIMI CTy4yaifHO BO BpeMs BBITIOJIHEHMS, MbI yC-
JIOKHSIEM TeHepUpOBaHMe MAaTOJIOTMUeCKOr0 Habopa JaHHBIX, M JaXKe e/ 3TO
MIPOM30ET, TO He TI0 Halllel BMHe. [Iomo6HbIe pellleHysT MOTYT MOBJIMSITh U Ha
6e301acHOCTDb HAIlero MPUIOKeHMS.

VIHTYUTUBHO MOHSTHO, YTO CTOMMOCTD [IOMCKA B XYALIEM CIy4dae IIpU JIUHEe-
HOM OIMPOOBIBAHUM CJIeTKA BbIIIE, YeM TP ITPOXOKAEHUM T10 IeMoYKaMm, IMo-
CKOJIbKY XeIllMPOBaHMe 3JIEMEHTOB B pa3Hble KOP3WHBI MOXKET CITOCOOCTBOBATD
YBEJIMUEHMIO JJIVTHBI OHOTO M TOTO K€ OTpe3Ka JMHeHoro onpobsiBanms. Ho
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OTpaskaeT M MPUUYIJIMBAs TEOPUSI peajbHble Pasanuus B IPOU3BOAUTENTb-
HOCTHU?

Ha camMoM fiejie Mbl YITyCKaeM BaskHYIO eTajib. OTpe3Ky JIMHETHOTO OITPOObI-
BaHMsI Pa3MeINalOTCs B IMaMSITH IOCTIeI0BATeNIbHO, M GOMBIUIMHCTBO OTPE3KOB
KOpoue OJHOJ CTPOKM Kellla, KOTOpasl JOJKHA JOCTaB/SIThCS B JIIOOOM CiIydae,
He3aBYICMMO OT IIPOAO/IKMUTEIbHOCTH OTpe3Ka. To ske camoe HeJlib3s CKa3aTb 00
JJIeMeHTax CIIMCKAa B paMKax MeXaHM3Ma IIPOXOKIEeHMS 10 1LeoYKaM, MaMsITh
IJIT KOTOPBIX OTBOOMUTCS HEMNOCAeooBaTeIbHbIM o00pa3om. CaemoBaTelbHO,
MPOXOKAEHME TI0 IeITOYKAM MOXKET HYKIAThCs B OOJIbIIEM TOCTYIIE K MTaMSITH,
YTO CYLIeCTBEHHO BIMSIET Ha (aKTUUEeCKOe BpeMs BhIIOTHEHNS. AHaTOTUYHbIA
CTyJyaii UMeeT MecTO C APYTMM YMHBIM METOAOM YPeryJamMpoBaHMsT KOJIU3UIA,
MMeHYeMbIM KyKYIIeUHBIM XeIlIPOBaHKeM ', KOTOPhIi 00eIaeT, UTo comepsKa-
Huiics B TabuIle 2IeMeHT OYIeT HaiileH B OJHO U3 IBYX MO3UIIMIA, OTIpedesis-
€MbIX IBYMS Xelll-QYHKIUSIMM, paclieHBast CTOMMOCTb MOVMCKA MOCTOSIHHOM B
HauxyaiieM crydae. OmHaKo IMpoObl HepeaKko 6epyTcst B OUeHb Pa3HbIX 00/1aCTIX
Ta6INIIbI, TOSTOMY MOTYT ITOHATOOUTHCS IBE TOUKM AOCTYIIA K IIAMSITHA.

VuuThIBas paspbiB MEXKIY BpeMeHeM, TpeOyeMbIM JIJIsT OCTYIIA K MaMsITU, U
LIEHTPaJIbHBIM IIPOLIECCOPOM, O KOTOPOM MbI TOBOPM/IM B I7IaBe 1, BIIOJIHE pe-
30HHO, YTO BO MHOTUX ITPAKTUUYECKUX peann3almsx JMHeiHoe orpoObIBaHle
HePeaKO MCIIOAb3YeTCsl B KaueCTBe IIPeIIIOUTUTEIbHOI0 MEeTOHA YPeryamnpo-
BaHMS KOJIM3uii. [lajiee Mbl pacCMOTPMM IPUMEP COBPEMEHHOTO SI3bIKa IIPO-
IrpaMMMPOBAHMS, B KOTOPOM CJI0Baph K/II0U-3HaUeHMe Peaan30BaH ¢ IIOMOIIbLI0
Xel-TaounL.

2.6 CueHapui UCNONb30BaHMUA: NPUHLMN
paboTtbl cnosaps B a3bike Python

CrnoBapy K/IOU-3HaAUEHME TONMYYMJIM IIMPOKOEe pachpocTpaHeHMe B PasHbIX
sI3bIKaX IporpaMMMUpoBaHus. Hampumep, B cTaHIapTHBIX 0MOmnorekax C++ u
Java oHM peann3oBaHbl Kak map, unordered_map (C++) 1 HashMap (Java); map — 3TO
KpacHO-4YepHOe JIepeB0, B KOTOPOM 3JIEMEHTBI YIIOPSILOYEeHbI, a unordered_map 1
HashMap He YIIOPSITOYEHbI, ¥ BHYTPY HUX MCIIONb3YIOTCS Xell-Tabnuilbl. B 060-
VX JIJIST yPeTyJIMPOBaHMS KOJUIM3UIA UCIIOAb3YeTCS MeXaH3M ITPOXOKIEeHMS 10
terroukam. B Python cioBapem kiou-3HaueHme sipisietrcst dict. Hiske mpuBeneH
IIPOCTOJi IpUMep, ITOKA3bIBAIOIINIL, KAK CO3aBaTh, M3MEHSTh ¥ 00pallaTbCs K
K/II0YaM ¥ 3HaUeHMsIM B dict:

d = {'turmeric': , 'cardamom': 5, 'oregano': 12}
print(d.keys())

print(d.values())

print(d.items())

d.update({'saffron': 11})

print(d.items())

16 Aurn. cuckoo hashing. — Ilpum. nepes.
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Pe3ynbTaT BBIVISIAUT CIEAYIONIMM 00pa3soM:

dict_keys(['turmeric', 'cardamom', 'oregano'])

dict_values([7, 5, 12])

dict_items([('turmeric', 7), ('cardamom', 5), ('oregano', 12)])
dict_items([('turmeric', 7), ('cardamom', 5), ('oregano', 12), ('saffron', 11)])

ABTopbl nmedontHoi peanmsanuu Python, CPython, B cBoeit mokymeHTa-
1uu [5] OOBSICHSIOT peanm3annio caoBapst dict Tak (3/1eCb Mbl COCPeLOTOUMM-
CS1 TOJIBKO Ha CTyvyae, KOra KI0UM SBJSIOTCS LeIbIMU YKCAaMU): 151 pasmepa
Tabmuiel m = 21 xem-GyHKUuUsA paBHa h(x) = x mod 2! (TO eCTb HOMep KOP3WHbI
oTpeiesisieTCs TOCJIeqHUMM | OUTaMM JBOMUHOTO MPECTABIEHNS JIeMeHTa X).
Ona Xopo1o paboTaer B psijie pacipoCTPaHEHHbIX CIYYaeB, TAKMX KaK MOCIE0-
BaTeIbHOCTb IOOUEPEIHBIX UMCell, IJle OHAa He CO3/aeT KO/IM3UIA; TaKKe JIeTKO
HaiTU CIydau, Koraa oHa paboTaeT KpaiiHe IIJIOX0, HarpuMep Habop BCeX UM-
ceJl C OIMHAKOBBIMY TIOCTIeTHMMU | 6uTamMu. bosee TOTo, TP UCTIOb30BAHUY B
COYETAHUM C IMHEMHBIM OIPOObIBAHMEM 3Ta XelI-(PYHKIMSI MOKET IIPUBOIAUTD
K KJIacTepu3anum U AJIMHHBIM OTPe3KaM MoouepeIHbIX 3/IeMeHTOB. Bo n36esxka-
HMe IJIMHHBIX OTpe3KoB B Python mcmonb3yeTcst ciemyronuii MexaHn3M OIpo-
OBIBAHMSI:

j = ((5%3) + 1) mod 2**1

e j — 9TO MHJEeKC KOP3UHBI, Ky[ja Mbl IIONIBITA€MCS BCTAaBUTD B CJIELYIOLIMIA pas.
Ecau c/ioT 3aHAT, TO MbI IOBTOPUM ITPOLIECC, UCIIONb3YSI HOBBIN j. DTa NMOWIENO-
BaTeIbHOCTb OOecIieunBaeT MocelleHye BCex M KOP3MH Xell-Tab/IMLIbI C TeUeHU -
eM BpeMeHM U [ielaeT JOCTATOYHO MTPOTTYCKOB, YTOOBI M30eraTh KiacTepu3anmn
B o6uieM ciayyae. Mcronb3oBaHue CTapiinx GMTOB KIOUa MPU XeLUIMpOBaHUM
obecreunBaeT epeMeHHast perturb, KOTOpast U3HAYAIbHO MHUIIVATN3UPYETCS
3HaueHueM h(x), ¥ KOHCTaHTa PERTURB_SHIFT, ycTaHOBJIEHHAasI paBHOI 5:

perturb >>= PERTURB_SHIFT
j = (5%j) + 1 + perturb (1]

O j % 2' - 370 CnenyloLwasl KOP3MHA, KOTOPYH Mbl MOMbITAEMCS NONPOGOBaTh

Eci BcTaBKM COBITAAAIOT C HAIIMM I1ab10HOM (5 * j) + 1, TO HaC JKOYT HEIIpu-
SITHOCTU, HO B Python 1 60/IBIIMHCTBE MPAaKTUUYECKUX Peaan3allnii Xem-Tabmnil,
10 BCeVi BUAMMOCTH, OCHOBHOE BHMMAaHMe yeNsIeTCsl OUeHb BAXHOMY ITPaKTy-
YeCKOMY TMPUHIUIY KOHCTPYMPOBAaHMS aJTOPUTMOB: HelaTh OOLIMiA CTyvaii
IIPOCTBIM U OBICTPBIM M He 6eCIIOKOUTHCSI 00 SMM30IMYECKOii 3aMIUHKe, KOIma
TIPOMUCXOONUT PEIKNUI TSIXKEbIN CITy4aid.

2.7 Xew-¢pyHKuua MurmurHash

B nmaHHOJ KHMUre HAc MHTEPECYIOT ObICTpble, HAJeKHbIE U TIPOCTbIE XeIll-
dyukuym. C 9TOi 1eabi0 MbI KPaTKO yIoMsiHeM Xem-GyHKIMI0 MurmurHash,
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KoTopast 6buta n306petreHa OctuHoM dmiibu (Austin Appleby) u mpencrasisier
c000Ji OBICTPYI0O HEKPUIITOTpapMUUECcKyI0 Xell-(YHKINIO0, MCIOJb3YEMYIO BO
MHOTHUX pealn3alysx CTPYKTYP JaHHbIX, KOTOPbIE€ MbI IIPECTaBUM B OYAYIIMX
mIaBaxX Hamieit Kuuru. HazBanue Murmur IpOMCXOOUT OT Ga30BbIX Omeparuii
YMHOKEHMSI ¥ TIOBOPOTA, KOTOPbIE MCITONb3YIOTCS IJIS1 M3MeJIbYeHUS KITIoUeri.
OpmHoit u3 Python’oBckux o6epTox xem-byHkiny MurmurHash siBisieTcst mmh3
(https://pypi.org/project/mmh3/), KOTOPYX0 MOXHO YCTAaHOBUTb B KOHCOIU C
MTOMOIIbI0 KOMaH/IbI

pip install mmh3

[TakeT mmh3 IIpejOCTaBJISIET HECKOIBKO CITOCOO0B BBITIOTHEHMSI XeIIVPOBaHMSI.
bazoBasi xemi-yHKIMS TTO3BOJISIET TeHEPUPOBATh 32-OMTOBbBIE Iie/ible Unciia
CO 3HaKOM M 6e3 3Haka C Pa3sHbBIMM HayaJbHBIMM IO3UILMUSIMU TeHepaTopa
[ICeBIOCTyYaliHbIX YMCel:

import mmh3

print(mmh3.hash("Mpuset"))

print(mmh3.hash(key = "Mpuset", seed = 5, signed = True))
print(mmh3.hash(key = "MpuBet", seed = 20, signed = True))
print(mmh3.hash(key = "MpuBet", seed = 20, signed = False))

B pesyibTaTe 4ero reHepMpyeTcs pasHbI Xel /1 pa3HbIX 3HaUeHMIT mapa-
MeTpoOB seed U signed:

316307400
-196410714
-1705059936
2589907360

Ilns reHepupoBaHUS 64-6MTOBBIX M 128-6MTOBBIX Xellleil MCIIONb3YIOTCS
dbyHKIMM hash64 1 hash128, roe hash64 mpumMeHsieT 128-6MTOBYIO Xell-(PYyHK-
LIMIO U TeHepUpyeT mapy 64-6MTOBBIX Xelleli co 3HaKoM Jinbo 6e3 3HaKka. Kak
64-6uTOBbIE, TaK U 128-6MTOBBIE Xell-(QYHKIMM IMO3BOJSIOT YKa3biBaThb ap-
XUTEKTYPY (X64 vy x86), UTOOBI ONITUMMU3UPOBATh QYHKIMIO TIO]T, 3aJaHHYIO
apXUTEKTYPy

print(mmh3.hash64("Mpuset"))
print(mmh3.hashé4(key = "Mpuset", seed = 0, x64arch= True, signed = True))
print(mmh3.hashé4(key = "Mpuset", seed = 0, x64arch= False, signed = True))
print(mmh3.hash128("Mpuset"))

B pesynbraTe 4ero reHepuUpyroTCs CJIeOyIole HybKe (ITapbl) Xelleli:

(3871253994707141660, -6917270852172884668)
(3871253994707141660, -6917270852172884668)
(6801340086884544070, -5961160668294564876)
212681241822374483335035321234914329628
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2.8 Xew-tabnuubl Ana pacnpeneneHHbIX
CUCTEM: COINTACOBaHHOE XelnpoBaHUue

BriepBbie cornmacoBaHHOe XeNIMpOBaHMe ObIIO 3aMeueHO B KOHTEKCTe Beb-Ke-
mpoBaHus [6]. Kelin MmeloT ocHOBoOIoarailiee 3HaueHe B MHGOpMaTHKe
" YCOBEPILEHCTBOBAJIY CUCTEMbI BO MHOTUX 00/1acTsIX. Harpumep, B MHTepHETE
KelllM YCTPAHSIOT TOpsiuye TOYKM, BO3HMKAIOIINE, KOra MHOTO KJIMEHTOB 3a-
MpaIMBaloT OAHY U TY Ke Be6-cTpaHuily ¢ cepBepa. CepBepbl CTy>kaT BMECTM -
JIMIIEM Be6-CTpaHuII, KIMEHTHI 3aMpalliBaloT UX yepes 6Gpays3epsl, a Kellly pac-
TOJIaTal0TCsT MEXKAY HUMU U COIEPsKaT KOIMM YaCTO IMOCeIaeMbIX BeO-CTpaHMII.
B GonbIIMHCTBE CUTyallMii Kellli CIIOCOOHBI YIOBIETBOPSTH 3aIlpoc ObICTpee,
yeM JJOMallTH1e CepPBEPDI, U pacIIpeieiATh Harpy3Ky MeXIy co60i Takum o6pa-
30M, YTOOBI Kelll He ObUT IeperpykeH. IIpy 6e3ycrneniHom obpalieHun K kemry!’
(To ecTh Be6G-CTpaHMUIA B Kellle He HajileHa) Kelll JOCTaBJIsIeT BeO-CTPaHUILy C
MCXOMHOTO cepBepa. IIpu Takoi KoHGUrypauyum Heo6XoauMO peliaTh BaskKHYIO
nmpobemMy, CBSI3aHHYIO C pacripefieieHeM BeO-CTpaHuI] (ajiee: pecypcoB)
MeXIy KellaMu (Jajiee: y3jiaMiu) ¢ yYeTOM CIeOYIOIIMX HUKE OTPaHNYEHNI:

O cooTHeceHMe pecypca C Y3JI0M JTOKHO ObITh OBICTPBIM M ITPOCThIM. Kitui-
€HT U CepBep IOJDKHBI ObITh B COCTOSIHMY OBICTPO BBIUMC/ISITH Y3€JI, OTBET-
CTBEHHBI 3a JaHHBI pecypc;

O Harpyska Ha pecypchl MeKAy Pa3HbIMU y3JIaMU IO/DKHA ObITH TTPUMEPHO
OIIMTHAKOBOI, UYTOOBI 130€eraTh BOSHMKHOBEHMS TOPSYMX TOYEK;

O cooTHeceHMe JOKHO ObITh TMOKMM B YCJIOBUSIX YACThIX IPUOBITHI U OTOBI-
TUI y3710B. Kak TOJIBKO y3es OTObhIBAaeT (TO €CTh ITPOMCXOAMUT CIIOHTAHHBIN
0TKa3), ero pecypchbl JO/KHbI 3G GEKTUBHO MepeHa3HaYaThCs APYTUM y3-
J1aM, a TIpu 106aBIeHMM HOBOTO y3/1a OH JIOJDKEH MOyyaTh PaBHYIO MOP-
LIMIO 00IIeli ceTeBOii Harpysku. Bce 9TO MO/MDKHO MPOVICXOAUTH GECIIOBHO,
6€e3 BO3[IeiCTBIMS Ha CJIUIIIKOM GOJTbIIIOE YMCIIO APYTUX Y3JI0B/PECYPCOB.

2.8.1 TunuuyHasa npobnema xewmnpoBaHus

Vicxopst U3 TepBbIX ABYX TPeOOBaHMIi CJIeAYET, UTO Y Hac 06pa3oBajiach Mpoo-
JIeMa C XeIIMpoBaHMeM: Y3JIbl — 3TO KOP3MHbI, B KOTOPbIE XeIIUPYIOTCS PeCypPChI,
1 Xopo1las Xeli-(QyHKIMS MOKeT 06ecIeunBaTh CIIpaBeIIMBbIi 6alaHC HATPy3-
Ki. Hamnune xelr-Tab/amiibl IT03BOJISET BhISICHSITH y3€/1, Ha KOTOPOM HaXOOMUTCS
TOT MJIM MHO pecypc. Tak, Ipu MOSBIEHMM ITOMCKOBOTO 3aIIPpOCa MbI XeIIMpyeM
pecypc 1 CMOTPUM, B KaKoi KOp3uHe (y3/1e) OH JO/DKeH comepskaThes (puc. 2.10,
c1eBa). DTo 6bUIO GBI MTPEKPACHO, eIy ObI MbI He HAXOAUJIMCh B BHICOKOAMHA-
MUYHOI pacrpezeneHHoit cpefie, B KOTOPOIi y3/Ibl IOCTOSIHHO IIPMCOeIMHSIIOT-
Cs U TIOKMUAAIOT (0TKa3biBaloT) (puc. 2.10, cripaBa). TpyAHOCTb 3aK/IH0YAETCsI B
yIOBI€TBOPEHMUM TPeGOBaHMS: KaK IIepeHasHauyaTh Pecypchl y3/10B, KOTIa OHM
MOKMAAIOT CeTh, MJIM KaK Ha3HavYaTh PeCypChbl BHOBb MTPUOBIBAIOIIEMY Y31y, Ta-

7 Aurn. cache miss; cuH. Heronaganue B Kell. — [Ipum. nepes.
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MSTYSI O TOM, UTO Ga/IaHC HArPy3KM JOJKEH OCTaBaThCsI TPYMMEPHO PaBHBIM U He
CTVIIIKOM HapyIaTh paboTy CeTH.

Y3EN PECVPC- e TR

PucyHok 2.10 Ncnonb3ys xew-tabnmuy, MOXKHO CTaBUTb B COOTBETCTBME PECYPChbl Y3/1aM
¥ NOMOraTbh HAXOAMTb Y3e/, COOTBETCTBYIOLLMIA 3anpaluMBaemMoMy pecypcy (cneBa).
Mpobnema BO3HUKAET, KOTAA y3/1bl MPUCOEAMHSIOTCS K CETU / MOKMAAIT ee (Cnpasa)

Kak MbI 3HaeM, KJ1acCuuecKye Xeur-Tabauiibl MOXKHO Iepepa3MepuBaTh ITy-
TeM IepexelpoBaHMs C VCIIOIb30BaHMEM HOBON Xell-(QYHKIUYU C IPYTrUM
OMAra3oHOM M KOMMPOBAHMS 3JIEMEHTOB B HOBYIO TabiuiIly. ta oreparys 06-
XOOUTCSI OYeHb AOPOTO U, KaK MPaBUIO, OKYIIAeTCsl, TOTOMY UYTO BBITIOTHSIETCS
TOJIbKO BpeMsI OT BpeMeHY M aMOPTU3UPYETCS 3a CUeT OOBIIOTO YMC/Ia HeOPO-
I'MX oTiepanuit. B HaleM ciieHapuy IMHAaMUYeCKOro Be6-KenMpoBaHms, B KOTO-
pPOM MPUOBITHE U OTOBITHE Y3/IOB MTPOVCXOISIT MOCTOSIHHO, KpaifHe HeITpaKTUy-
HO M3MEHSTh COOTHECEHUS PeCcypCoB C y3JaMU MNP KakA0M He3HAUUTeIbHOM
u3MeHeHuM B ceTu (puc. 2.11).

[ 1] 1,85, re 1 | Raz, r3

L] ®60¢  nepExELMPOBANME (2 | R, g3, &1
= (J R7, R2,R18 i> o _)w, Rth

(’F R22, R19 ) ~ :jks R16

@ R11, R12, R3 o [Z) R1, R4, R2

;7‘1\: /J @ R4, R12

PucyHok 2.11 MepexelwmpoBaHue, HepeanmsyeMoe B BbICOKOAMHAMUYHOM KOHTEKCTE,
MOCKOJIbKY NpUCOeaMHEHNe/0TKa3 O4HOro y3/1a MHULMMPYET NOBTOPHOE OTBEAEHME
pecypcoB y3naMm. B aTom npumepe nameHeHWe pazmepa xew-tabnaumubl ¢ 5 Ha 6
M3MEHWNO oTBeAeHMe BOMbLIMHCTBA pecypcoB y3nam. Ha pucyHke cnpaBa BHU3Y
noKasaH «NPOMEXYTOYHbIM» MOMEHT, KOrAa y3/bl COAEPXKAT HECKONIbKO
yCTapeBLUMX U HECKONIbKO HOBbIX pecypcoB



58 <+ [nhasa 2.0630p xewWw-TabauL, 1 COBPEMEHHOMO XELUMPOBAHMS

B ciemyromux manee pasmesiaXx Mbl TOKaskeM, KaK MOC/Ie0BaTeIbHOe Xelln-
pOBaHlMe IIOMOTaeT yIOBJIETBOPSTh BCe TpU TpeOOBaHMS Hallel 3amaun. Mbl
HauyHeM C IIpeACcTaBIeHUs TTOHSITHUS Xell-KObIa.

2.8.2 Xew-Konbuo

['1aBHas uzaes COrnacoBaHHOIO XeIIMPOBAHMS 3aK/I0YaeTCs B XellMPOBaHUU
KaK pPecypcoB, Tak ¥ y3J70B B pUKCMPOBAHHBIN quama3oH R = [0, 2% — 1]. Inama-
30H R 110J1€3HO IpeACTaBIsaTh BU3YaIbHO, paclpefeeHHbIM I10 KPyTy, Ipu4yeM
camas ceBepHasl Touka paBHa 0, a ocTanpHasl 4acCTh AMaria3oHa PaBHOMEPHO
pacrmpeperneHa 1o Kpyry I10 4aCOBOJ CTpesike B ITOpsIKe Bo3pacTaHus. Takoit
KPYT Ha3bIBAeTCS Xeul-KOMbYOM.

Kaxzpiit pecypc 1 y3esl MMeloT [O3ULIMIO B Xell-KOJblie, 3aaBaeMyI0 UX Xe-
mamu. Vimesi Takyi0 KOHQUIypaImio, Kaskablii pecypc Ha3HAyaeTCsl MepBOMY
Y371y, BCTpeyaeMOMY I10 YacCOBOJ CTpesike B Xell-KoJblie. Xopouias Xemi-@GyHK-
1M IOJKHA 00eCIeunBaTh, YTOObI KKIBIN Y361 TOTydasT JOCTATOUHO SKBMBA-
JIEHTHYIO 3arpy>KeHHOCTb pecypcamiu. B3misiHUTe Ha mpumep, IpUBeAeHHbII Ha
puc. 2.12.

PECyPC

D h(a=24  coomHECENE
h)A(h)=23 PECYPCOB Rlc)=7
\ no YACOBON CTPENKE

PucyHok 2.12 CooTHeceHMe pecypcoB y3/1aM B XeLU-KOsbLie.
B npumepe nokasaHo xew-konbuo R = [0, 31] 1 y3nbl, Xewwmn KOTOPbIX
paBHbl 5,12,18 n 27. Pecypchbl a, y 1 b HazHayeHbl y31y 5, pecypcol ¢ M d Ha3HaYeHbI
y3ny 12, pecypc e Ha3zHaueH y3ny 18, a pecypchl f, h v i HazHauveHbl y3ny 27
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Tt MUTIOCTpaLIY IIPUHLIMIIA PaboThI COITIACOBAHHOIO XEIIMPOBAHMS, a TaK-
ke MPUOBITUS U YOBITHUS Y3JI0B MbI IOLIATOBO IIPOAEMOHCTPUPYEM IIPOCTYIO
peanu3anuio kiacca HashRing Ha s3pike Python. Haia peanusaiiys, mokasaH-
Has B cepuu HeOoMbIInx (ParMeHTOB, SIBJISIeTCS JIUIIb UMUTALMel aIfOpUTMa
(akTHUeckast peannsanus COTIACOBAHHOTO XEUIMPOBAHUSI MPeIyCMaTpUBaeT
ceTeBbIe BbI30BBI MEXIY y3J1aMM U T. 11.). Kitacc HashRing peas3oBaH C MUCIIOb-
30BaHMEM LIMKIMYECKOTO ABYCBSI3HOTO CIVCKA Y3JI0B, B KOTOPOM KasKibli1 y3es
XPaHUT CBOM PECYPCHI B JIOKAJIbHOM CJIOBape:

class Node:
def __init__(self, hashvalue):
self.hashValue = hashValue
self.resources = {}
self.next = None
self.previous = None

class HashRing:
def __init__(self, k):
self.head = None

self.k = k
self.min = 0
self.max = 2**k - 1

B KoHCTpyKTOpE Kiacca HashRing UCITONb3yeTCs nmapamMeTp k, KOTOPbIii MHU-
MaauM3upyeT auarna3oH paBHbIM [0, 2X - 1]. Kiacc Node mmeeT aTpubyT hashValue,
KOTOpBIi 0003HAUaeT ero IO3MIMIO B KOJIbIle, M CJIOBAPb resources, KOTOPBIIi
COOEPXXUT ero pecypchbl. OCTaibHAs 4aCTh UCXOOHOTO KO/ OUeHb HAIIOMMHAET
TUIIMYHYIO peaqn3almio HUKINYECKOTO IBYCBSI3HOTO CIMCKA.

[TepBbIii 6a30BbINi METO[ OMMCHIBAET JIETA/JIbHbIN IMAMa30H Xell-3HaueHuit
pecypcoB 1 y3JI0B, KOTOpbIe Mbl pa3pelliaemM B Xelll-KOJIbIIe:

def legalRange(self, hashvalue):
return self.min <= hashValue <= self.max

Iljist Ha3HAYEHMST PeCcypcoB OMVSKAMIIMM K HMM y3JIaM MbI OIIpeesisieM I10-
HITUe OyyKaiiero y3Jjia B XelI-KOJiblie, MCIIO/JIb3ysd CHQ,Z[YIOH.U/Iﬁ HVDKe MeTO[,
distance:

def distance(self, a, b):
if a == b:
return 0
elif a < b:
return b - a
else:
return (2**self.k) + (b - a)

Hanpumep, ecyiv MHUIIMAIM3MPOBATD ITYCTOE XEII-KOJIbII0 TTapaMeTpoMm k=5:
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hr = HashRing(5)

print(hr.distance(29,5))
print(hr.distance(29,12))
print(hr.distance(5,29))

TO MBI ITOIYYUM CeAYIONINIi HIsKe pe3yabTaT:

8
15
24

PaccrostHMe B KOJIbIIE OT pecypca 29 1o y3/1a 5 paBHO 8, UTO KOpode pacCcTosi-
HUs OT 29 10 12 (M paKTHMUeCKy KOpoUe, ueM 10 JTI060ro APYroro ysJia M3 Hallero
IpuMepa Ha puc. 2.6, B pe3yiIbTaTe 4ero ysay 5 HasHauaeTcs: pecypc 29). Crie-
IIyeT YUUTBIBATD, UTO ITOPSIIOK apTyMEHTOB B 3TOV (PYHKIIMM MMeeT 3HaUeHNe.

2.8.3 Nouck

ITepBas PyHKIMOHATBHOCTD, KOTOPYIO HEOOXOAMMO peaan30BaTh B OTHOIIIE-
HUM Kj1acca HashRing, — 3TO TTOMCK COOTBETCTBYIOIIETO y3JIa MO Xell-3HaYeHUIO0
pecypca. Mbl 1BUraemcs 1o Xeu-KoJjblly, HAYMHasl ¢ IepBOro ysJa (C HaMeHb-
MM Xelll-3HaueHMeM) U CJIeAys T10 TIPSIMBIM CCbUIKAM IO T€X IOP, I0Ka TEKY-
UM Y CJIeRYIOIINIA y3JIbl HE OK&XKYTCS 110 OLHY CTOPOHY OT pecypca. YCIoBue
LMKJIa HapylIaeTcs, KOraa Mbl cOOMpaeMcs MIPOCKOUNUTh Yepes Pecypc; TO eCTh
TeKYyLUI y3es MpeauecTByeT pecypcy, a CIeaywIuii y3ea ugeT cpasy Iocie
pecypca, ¥ MMEHHO 3TOT y3€eJl HaM HY>KHO BepHYTb. ECiiu pecypc mpucyTCTBYeT,
TO 3TO TOT y3€JI, KOTOPBIN COmePXKUT pecypc. YKazaHHas GyHKIMOHATbHOCTH CO-
IepxXuTcd B Metone lookupNode:

def lookupNode(self, hashvalue):
if self.legalRange(hashvalue):
temp = self.head
if temp is None:
return None
else:
while(self.distance(temp.hashValue, hashvalue) >
= self.distance(temp.next.hashValue, hashvalue)):
temp = temp.next
if temp.hashValue == hashValue:
return temp
return temp.next

B 3TOI1 peanusanyum Mbl UCXOOUM U3 OTCYTCTBUS KOJUIM3UN Xellleii: HUKaKkue
IIBa pasHbIX y3Jia (M HUMKaKMe JBa PasHbIX pecypca) He OyAyT MMeThb OIVMHAKOBOE
xelI-3HaueHue. OQHAKO MOXeT CITYUYUThCS TaK, YTO PeCcypc U y3esl OKaXKYTCS B
OIHOI ¥ TO¥ ke MO3UIIUYM B Xell-KOjblle, M TOTAA Pecypc C Xell-3HaueHueM i
OymeT HasHAYeH y3Jy i.
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2.8.4 lo6aBneHue HOBOro y3na/pecypca

Korzma B xemur-KoJsblio 106aBJisieTCsl HOBbIN y3en A, HeKOTOpble pecypchl, pa-
Hee MPUHAAJIEXABIIME TOMY Y37y, KOTOPBI Tenepb SIBJISIETCS MPeeMHUKOM
y37a A, BO3MOXHO, MOTpebyeTcsl repeHasHaunTh y3ay A. Teriepb paccTosiHue
3TUX PECYPCOB A0 A MeHbIIle, YeM 10 paHee Ha3HAUEeHHOTO UM y3a (TO eCTb A
HaXOIUTCS HA ITYTU 10 YaCOBOJ CTpeJIKe K Y371y, HA3HAUeHHOMY MM B HaCTOSIIIUIT
MOMeHT). [IpyMep BCTaBKM y3i1a C xell-3HadyeHneM 30 rpuBeneH Ha puc. 2.13.

Rlc)=F

ﬁ(d- /
D%

PucyHok 2.13 lNpubbiTe HOBOTO Yy3n1a. Pecypcbl a U y ¢ COOTBETCTBYOLLMMMU
Xelw-3HavyeHnamun 28 n 29 Tenepb nepeHa3Ha4yaoTCs BHOBb BCTABAEHHOMY Y371y
C xew-3HaveHnem 30

E\g hle)=16

O6paTuTe BHMMaHMe, UTO TaKOi CIIOCOO moOaBieHMsl y3/ia KOHTPYIHTEH
MOC/IeIHEMY OTPaHMYEHMIO M3 Havasia pasjesa: mpu go6aBaeHn HOBOTO y3J1a
MOTEeHIMaIbHO M3MEHSIIOT COOTHeCEHMsI pecypChbl TOBKO OJHOIO IPYTOro y3Ja,
a BCe OCTaJIbHbIe COOTHECEHMS OCTAIOTCSI HETPOHYTHIMM.

CHauana [aBajiTe IOCMOTPUM, KakK (YHKIMOHAJIbHOCTh IepeMelleHus
pecypcoB peasiM30BaHa BO BCIIOMOTaTeIbHOM METO/Ie moveResources, KOTOPbIN
TaKKe OyzeT MCII0Ib30BaThCS MO33Ke JJ1s1 yoaleHi Y3/10B:

def moveResources(self, dest, orig, deleteTrue): (1]
delete_list = []
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for 1, j in orig.resources.items():
if (self.distance(i, dest.hashvValue) < self.distance(i,
orig.hashvalue)
= or deleteTrue):
dest.resources[i] = j
delete_list.append(i)
print("\tMepemeuenne pecypca " + str(i) + " us " +
= str(orig.hashvalue) + " B " + str(dest.hashvalue))
for 1 in delete_list: (2}
del orig.resources[1i]

O [NepeMecTnTb HEKOTOPbIE pecypchbl 13 orig B dest
® YnanuTb Ha3HaYeHHble pecypchl U3 orig

Ocob6ble cmyyau 1obaBaeHNS Y3JI0B BO3HMKAIOT, KOTIA BHOBb J100aBJI€HHbBIN
y3€JT CTAHOBUTCSI TOJIOBHBIM Y3JIOM JIMOO KOT[A CYIIEeCTBYIOUINIA CIIMCOK ITyCT.
B 06bryHOM CiTy4yae MCIob3yeTcs ONMMcaHHas paHee (PyHKIMS MOMCKA, YTOOBI
JIOKaNM30BbIBATh MPABWJIbHOE MECTO JJII HOBOTO y3J1a, a 3aTe€M BBITIONHSTh
HEeOOXOMMYI0 TTepeKOMMYTAIIMIO XeIll-KOJbIla:

def addNode(self, hashvalue):
if self.legalRange(hashvalue):

newNode = Node(hashValue)

if self.head is None: (1]
newNode.next = newNode
newNode.previous = newNode
self.head = newNode
print("[lobaBneHne ronoBHOro y3na

else:
temp = self.lookupNode(hashValue) (2]
newNode.next = temp
newNode.previous = temp.previous
newNode.previous.next = newNode
newNode.next.previous = newNode
print("flobanenne y3na " + str(newNode.hashvalue) +

= " [pepbiayumii: " + str(newNode.previous.hashValue) +
= " n cnepyounii: '+ str(newNode.next.hashvalue) + ".")
self.moveResources(newNode, newNode.next, False)
if hashValue < self.head.hashValue: (3]
self.head = newNode

+ str(newNode.hashvalue) + "...")

n

© [ycToe xeww-KonbLO
@® [MpeeMHUK
© /13MeHseT ykasaTenb Ha ronoBy

Temneps, KOra Mbl 3HaeM, KaK J00ABJISITh Y3JIbI, MOSKHO JOOABUTH ¥ HECKOIBKO
pecypcoB. [Insi nobGaBiaeHMss HOBOTO pecypca Mbl, eCTeCTBEHHO, MUCIIONb3yeM
MeToq, lookupNode ¥ OGHOBJISIEM CJI0OBapb resources COOTBETCTBYIOILErO y3jia
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HOBBIM pecypcoMm. JIjst Toro 4To6bl J06aBUTh HOBBIN Pecypc, B XelI-KOJblle
IOJIKEH OBITh XOTSI ObI OJIMH Y3eJI:

def addResource(self, hashValueResource):
if self.legalRange(hashValueResource):
print("[lo6asnenne pecypca " + str(hashValueResource) + "...")
targetNode = self.lookupNode(hashValueResource)
if targetNode is not None:
value = "OukTnBHOE 3HaueHue pecypca " + str(hashValueResource)
targetNode. resources[hashValueResource] = value
else:
print("He ynaetca fobaBuTb pecypc B MmycToe Xeu-Kojblo")

2.8.5 YnaneHue y3na

VnaneHue y3ia B Xelll-KoJblie paboTaeT ciefylouymM o6pa3om: Koraa yses B
TOKMJAET Xelll-KOIbIIO, YTO YaCTO COOTBETCTBYET CIIOHTAHHOMY OTKa3y y37a,
TOTZA pecypchbl, paHee MPUHAJJIEXKAaBIINE B, TO/DKHBI ObITh Ha3HAYEHbI TOMY,
KTO ObUI MPEeMHMKOM y3/1a B B XelI-Kojblle (cM. puc. 2.14). Onsars ke, 3TO
M3MeHeHMe 3aTparuBaeT JIUIIb MaJIyI0 YaCTh PeCypCoB.

Blc)=F
PRILL S

8
ST )10,
(‘X =

PucyHok 2.14 YpaneHue y3na. B aTom npumepe y3en ¢ xew-3HadeHmem 12 nokmpaet
CeTb, M €ro pecypcbl ¢ 1 d € xew-3HaveHmsaMm 7 n 10 coOOTBETCTBEHHO
nepeHasHavalTCs Y3y € Xelw-3HavyeHneM 18, npeablayliemMy npeeMHumky ysna 12
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Peanusanuust JO/KHA YUYUTBHIBATH CJTydau MYCTBIX M OJHOIEMEHTBIX XeIll-
KOJIel ¥ TOMIBITKY YOAJSITh HECYIIEeCTBYIOIIMII y3eJl MO0 yIaasITh T'OJIOBHOI
2JIEMEHT, B KOTOPOM yKa3aTeJlb Ha TOJIOBY JO/DKEH ObITh MCITPABIIEH:

def removeNode(self, hashvalue):
temp = self.lookupNode(hashValue)
if temp.hashValue == hashvalue:
print("Yaanexue y3na " + str(hashvalue) + ": ")
self.moveResources(temp.next, temp, True)
temp.previous.next = temp.next
temp.next.previous = temp.previous
if self.head.hashValue == hashValue: @
self.head = temp.next
if self.head == self.head.next: (2]
self.head = None
return temp.next
else:
print("Yaanatb Heuyero.") (3]

© Ynansert roNoBHOM 3NEMEHT
® CuTyaums yaaneHuns us oAHO3EMEHTHOIO XeL-Ko/bLa
© Takoro y3na HeT

HakoHell, 4TOObl MMETbh BO3MOXHOCTh OTOOpPaXKaTb COAEPKMMOE XeIl-
KOJIbLIa, MbI peanan3yeM IIPOCTOI MeTO IleyaT, KOTOPBI IMOKAa3bIBAeT TeKY-
1jee COCTOSIHME XelI-KOblla, IIPY 3TOM Y3Jbl PACevyaThIBAIOTCSI B MOPSIKe
BO3pacTaHus (110 4aCOBOJ CTPeJIKe), HAUMHAas C CaMOJ CeBepPHO TOUKY KOJIbLIa,
BMeCTe C JIOKAJIbHBIMM pecypcamMy Kaskgoro y3ja, XpaHsSIIMMUCS B JIOKQJIbHOM
XelI-Tabnuie:

def printHashRing(self):
print("*****")
print("PacneyaTka Xeuw-KonbUa Mo 4acoBon cTpenke:")
temp = self.head
if self.head is None:
print("MycToe xew-koabLo")
else:
while(True):
print("Ysen: " + str(temp.hashvalue) + ", ", end=" ")
print("Pecypcbi: ", end=" ")
if not bool(temp.resources):
print("Mycto", end="")
else:
for 1 in temp.resources.keys():
print(str(i), end=" ")
temp = temp.next
print(" ")
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if (temp == self.head):
break
print("*****")

Vimest 3a myieyaMy BCIO 3TY PYHKIMOHAJIbHOCTD, TeTlepPb MbI TOTOBbI ITOKA3aTh
npumep.

Mpumep

IlaBaliTe HAUHEM C BBITIOJIHEHMS IIPOLiecca, IToKa3aHHOro Ha puc. 2.12 n 2.13.
CuHauajia MbI J06aBIsIeM HECKOJIbKO Y3JI0B ¥ PECYPCOB B CJIYUaitHOM TOPSIAKE U
HabJ01aeM, Kak IMPOMCXOIUT IepeHa3HaueHne pecypcoB 1o Mepe T006aBIeHusT
y3710B 5, 27 1 30. O6paTuTe BHMMAaHMe, UTO JI000i MOPSIAOK J0OaBIEeHNS Y3/I0B
¥ pecypcoB (IIpM YCIIOBUM UTO ITEPBBIN J00aBI€HHBI 00bEKT SIBJISIETCS Y3JIOM, a
He pecypcoMm) JO/DKeH MPUBOAUTD K ONMHAKOBOMY XeIll-KOJIbILY:

hr = HashRing(5)
hr.addNode(12)
hr.addNode(18)
hr.addResource(24)
hr.addResource(21)
hr.addResource(16)
hr.addResource(23)
hr.addResource(2)
hr.addResource(29)
hr.addResource(28)
hr.addResource(7)
hr.addResource(10)
hr.printHashRing()

B pe3yJbTaTe 4ero Mbl I1ojiyuaemM CJ'IG,ZLYIOH.U/Iﬁ HIDKEe pe3yJbTarT:

[JlobaBneHne ronoHoro ysna 12...
[JlobaBnenve y3na 18. Mpedbigywnin: 12 v cnepywounii: 12.
[JlobaBneHne pecypca 24...

[JlobaBnenne pecypca 21...

[JlobaBnenne pecypca 16...

[JlobaBneHne pecypca 23...

[llobaBneHve pecypca 2...

[JlobaBneHne pecypca 29...

[JlobaBneHne pecypca 28...

[JlobaBneHne pecypca 7...

[JlobaBneHne pecypca 10...

kkkkk

PacneyaTka xew-Ko/ibLa MO YacOBOW CTPesKe:
Y3en: 12, Pecypchi: 24 21 23 2 29 28 7 10
Y3en: 18, Pecypch: 16

kkhkkk
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Teriepb MbI 06aBMM JBa OCTABIIMXCS y3J1a U3 puc. 2.12 U IOCMOTPUM, Kak
MIPOUCXOOUT MepeHa3HaueHe pecypcoB:

hr.addNode(5)
hr.addNode(27)
hr.addNode(30)
hr.printHashRing()

Pe3ynbTaT BBIVISIAUT CIEAYIOMIMM 00pa3soM:

JlobaBnenve y3na 5. Mpedviayuni: 18 n crepyoumin: 12.
Mepemewenne pecypca 24 u3 12 B 5
Mepemewenne pecypca 21 u3 12 B8 5
Mepemewenne pecypca 23 u3 12 B 5
lMepemewenne pecypca 2 u3 12 B 5
Mepemewenne pecypca 29 u3 12 B 5
Mepemewenne pecypca 28 u3 12 B 5
JlobaBnenve y3na 27. Mpedpiayunit: 18 u caepywunin: 5.
Mepemewenne pecypca 24 u3 5 B 27
Mepemewenne pecypca 21 u3 5 B 27
Mepemewenne pecypca 23 u3 5 B 27
JlobaBnenve y3na 30. Mpedbiayunit: 27 u caepywuuin: 5.
Mepemewenne pecypca 29 u3 5 B 30
Mepemewenne pecypca 28 u3 5 B 30
*kkxk
PacneyaTka xew-Ko/ibLa MO Y3aCOBOW CTPenKke:
Y3en: 5, Pecypco: 2
Y3en: 12, Pecypcoi: 7 10
Y3en: 18, Pecypchi: 16
Y3en: 27, Pecypcbi: 24 21 23
Y3en: 30, Pecypchi: 29 28

kkkkk

OJTOT pes3y/abTaT OTpPa’kaeT COCTOSIHME Xell-Kojblia Ha puc. 2.13. Temnepb
JlaBayTe yoaJiuMm y3em:

hr.removeNode(12)
hr.printHashRing()

OKoHYATeIbHOE Xelll-KOJIbII0, KaK IT0Ka3aHO Ha PUC. 2.14, BBIISIAUT CJIeIYI0-
M 06pasoM:

Ynanenve y3na 12:
MepemeweHne pecypca 7 u3 12 B8 18
Mepemewenne pecypca 10 u3 12 B 18
kkkkk
PacneyaTka Xew-Ko/MbLa MO Y3aCOBOW CTPesKe:
Y3en: 5, Pecypch: 2
Y3en: 18, Pecypchi: 16 7 10
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Y3en: 27, Pecypchi: 24 21 23
Y3en: 30, Pecypchi: 29 28

kkkkk

2.8.6 CueHapuit COrIacoOBaHHOro XeWwnpoBaHUA:
XOpAOBbIA NPOTOKON

[Tporokon Chord, manee XOpmoOBbIi ITPOTOKOI, [7] — 3TO IIPOTOKOI pacIpe-
JIeJIeHHOTO TIOMCKA IIJISI OJJHOPAHTOBBIX CETel, B KOTOPOM IMPUMEHSIETCSI CO-
[JIaCOBaHHOe xelupoBaHue. [IoMMMO TOTO YTO Cxema M3 YIIOMSHYTOM CTaTbyu
MICIIONIb3YETCSI B Psiie OMHOPAHTOBBIX CETeli, OHA TaKKe OblIa Iepernpoduin-
pOBaHa IMoJ, BhICOKOMACIHITAbMpyeMoe XpaHWInIIe JaHHbIX Amazon Dynamo,
B KOTOPOM XPaHSITCSI pa3/IMIHbIE CTePKHEBBIE CJTY>KOBI IIJIATGOPMBI 3JIEKTPOH-
HOVi KoMMepuuu Amazon [8].

Peann3oBaHHBII HaMM HE3aMbICJIOBAThIM TMPOTOKOA HA OCHOBE CBSI3HOTO
CITMCKA OCTABJISIET JKEJIATh JIYUIIETO C TOUKM 3peHMst 3PEKTUBHOCTY PabOThI B
peasibHO MPOM3BOACTBEHHOI cucTeme. Korma Mbl XOTUMM MaplIpyTU3MPOBATh
3aIpoC OT pecypca, TO OKMIAEM, YTO OH OyZIeT IMPOXOAUTH T10 JTMHETHOMY UMC-
JIy TIpSIMbBIX yKa3aTesieii, ¥ KaKIbIli TaKoil ykaszaTelb TPaHCIUPYETCS B CETEeBOI
BBI30B MEXIy ABYMS MalllHaMM. BpeMmsi, Heo6xomumoe JIjisi MapuIpyTHU3anum
BBI30BA, HE OYIeT MacIITabMpoBaThCs B OOMbLIINX cucTeMax. Kpome 3Toro, s
TOTO YTOGBI IEPEHAITPABIIATD 3aIIPOC, Kaskaas MallyHa AO/DKHA HOAIePKUBATh
KOIIMIO XeIll-KOJIblla, BCIEACTBME Yero OyaeT MoTPeOIsiTh HETPUBUAIbHBIN 00b-
€M JIOKaJIbHOJ IMaMSITH.

XOpIOBBIN IIPOTOKOJ YIyUIIaeT 0a30BbIil aJITOPUTM 3a CUET TOTO, UTO KaK-
IIbIii y3es1 XpaHUT nHdopmalyio TonbKo o Apyrux O(log n) yznax. Kaxkmplit y3en x
MoAaep>XKMBaeT TaK Ha3bIBAEMYIO ITa/IbIIEBYIO TAOIMITY, KOTOPAsI XpaHUT COOTHE-
CeHMS KII0Y-3HauYeHye IJIs1 TOYEK B Xel-KOJblie Ha S3KCIIOHEHIMAaIbHO YBe-
YUBAIOLIMXCS PACCTOSTHUSIX OT x (TaKye KJII0UM Ha3bIBAIOTCS KIoUaMM-nasablia-
M1'8) O UX y37I0B-TIpeeMHMKOB. DTO [TOMOraeT aJITOPUTMY ITOMCKA OTHICKUBATh
HY>KHbI y3eJ1 3a JIorapupMMUUeCcKoe YMC/IO IaroB.

B yacTHOCTH, 17151 XeII-Ko/bIla ¢ MHTepBasIoM R = [0, 2% — 1] masbLieBas Tabmm-
1Ia y3JIa X COOEPsKUT BCe IMasbIlbl f_1 TaKUMM 00pa3oMm, UTo distance(x, f_1i) =
2t -1 nst Beex i < k. TIpeeMHMKM MMa/IbII€B MOTYT ObITh BHIUMCIEHBI C TIOMOIIIHIO
meToAa lookupNode, KOTOpBI/A MbI peajim30Ba/iM paHee. B KauecTBe mpumMepa
B3IVITHUTE Ha PUC. 2.15 ¥ maibIeByI0 TaGIMITY [IJIS y3/1a X=5.

Kak masbiieBble TaOAMIBI MCIOAb3YIOTCS MJIsS yCKOopeHMsl moucka? Orre-
pauus Moucka B 9TOV cxeme paboTaeT TakKuMM 00pasoM, UTO eCIM MayiblieBast
TabaMIa y3/1a, OTKYda MCXOIUT 3aIIpocC, He COAEPKUT pecypca y, TO y3ell mepe-
HaIllpaBJIsieT 3aIpoC MPeeMHMKY, Ha KOTOPbIii yKa3bIBaeT najiel] C HaMeHbIIM
paccrossHueM A0 pecypca. [Ipumep mmokasaH Ha puc. 2.16, roe MoucK pecypca
Xelll-3HaUeHueM 29 HauMHaeTcs ¢ y3ia 5.

18 AHr. key finger; cuH. KJIIOU-CTpeJIKa, KII0Y-yKa3aTelb. — [Ipum. nepes.
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NAEY NPEEMHMK

NAMBUEBAA TABIMLA Y o

ws vann 157 [ @n | 77

— r I+ 2 (iz]
Sl+4 | A2/
]?"48

19

© | |
PucyHok 2.15 lNMpumMep nanbueBoi Tabnunubl 4ns yana 5 B xel-konble,
roe R = [0, 31]. B nanbueBon Tabnauue y3na 5 XxpaHUTCa NaTb 3anucen,
ong npeeMHukoB Toyek 5+1=6,5+2=75+4=95+8=13un5+16 =21.
CooTBeTcTBYHOLWME NPpEEMHUKM TakoBbl: 12,12,12,16 n 27

novck &

f(a)=29

/N 1. WAL

2:@ +16
2

2. WAT

PucyHok 2.16 lMpouenypa nomcka C NOMOLbH NanbLeBbix Tabaumu. [1ng Toro 4tobsl
HaWTh pecypc 29, HaumHas C y3na 5, Mbl CHavana cefyem B HanpasiieHUM, yKa3aHHOM
nanbueM (21 =5 + 16), Tak KaKk 3TOT Nanew, UMeeT HanMeHbLLee paccTosHue fo 29.
Ero npeeMHMKOM gBnseTCsa 27, NO3TOMY 3anpoc nepeHanpasnseTcs K 27. B nanbueson
Tabnuue y3na 27 mbl 6epeM nanew 2, KOTopbii 4aeT poBHO 29. Ero npeeMHUKoOM
asnsetca y3en 30, B KOTOPOM 3amnpoC OKOHYATENbHO MapLIpyTU3MPYeTCs (TO eCTb eC/u
pecypc CyLLecTByeT, TO OH ByaeT HanaeH B y3ne 30)
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Huoke mpyBeieHO HECKOJbKO YIIPasKHEHUI 0 MPOrpaMMMUPOBAHUIO, UTOOBI
IIPOBEPUTH Ballle ITIOHMMAaHMe XOPA0BOr0 IPOTOKOJIA U ITa/IbII€BbIX TAOJIAII.

2.8.7 CornacoBaHHOE XewMUpOBaHUE: YNPAXKHEHUS
no NPOrpamMMMpOBAHUIO

YnpakHenue 1

C yueToM MCXOIHOTO Kofa Kiacca HashRing o6aBbTe B Ompee/ieHye Kiac-
ca Node HOBBbINi aTpubyT fingerTable Tuma dict. Temepp peanusyiiTe MeTO[
buildFingerTables(self) B Kiacce HashRing, KOTOpPBIii CO34A€T MaIblEBYIO TA0-
JIMIY OJ1S KOKAOTO0 y371a B XelI-KOJIbIE C MCIOIb30BaHMEM METO0B, KOTOPbIE
MBI yKe peanusoBaiu. Hapsgy ¢ mapoii, comepskaleil majel U IpeeMHMKa,
Ballla TajblieBast TabauIa TaKkKe JO/KHA XPaHUTh IIPSIMOi yKa3aTesb Ha JaH-
HbIVi y3eJ1 (UTOOBI pa3pemaTh MPSMO¥i TOCTYIT K Y31y U3 TaJIbleBOI TaGINUIIbI).

YnpaxHeHue 2

Terepb,KOrmaKaxKIbliiy3€e1Coe psKUTCBOI0 COOCTBEHHYIO TA/IbLIeBYIOTa6IAILY,
peanusyiite 6oiee 3¢ PeKTUBHBIN ITOMUCK B MeToIe chordLookup(self,hashvalue).
3aTeM co3paiiTe OObIIOe Xell-KOIbI0 C HECKOJbKUMM ThICSUaMy Y3JI0B U pe-
CYPCOB U M3MEPhTE CpemHee UKUCIO MepexooB, TpebyeMbIX HOBBIM METOLOM
roricka. CpaBHMTE €ro ¢ peajn30BaHHbBIM HaMM HaMBHBIM ITOMCKOM, BBIITOIHS-
€MbIM 3a JIMHefHoe BpeMs.

YnpaxHeHue 3

[Tpu mob6aBieHUN U yaaaeHu y3JI0B MaablieBble TabMMIIbI MOTYT yCTapeBaTh
U HYKAATbCS B MepecTpoiike. MomubuuupyiiTe peaan3anuio Xer-Koablla Ta-
KM 006pa3oM, YTOOBI MasIblieBbie TAOIMIbI BCETAA OCTABAMNCH aKTyaJbHbIMMI.

Peslome

O Xeri-Tabnuirsl He3aMeHMMbI B COBPeMEHHbBIX CUCTeMAaX, TAKMUX KaK CeTH,
6a3bI JAaHHBIX, TPOrPAMMHBbIE peLIeHMS IT0 XPaHEHUIO JaHHbIX, TPUJTIOKe-
HMSI TI0 06pabOTKe TeKCTa U T. [I. B 3aBMCUMOCTY OT MPWIOKeHUS U pabo-
yeii Harpy3Ku XelI-TabIuITbl MOTYT KOHCTPYMPOBATHCS C YUETOM pasJind-
HBIX ITOTPEOHOCTEN, TAKMX KaK CKOPOCTh IIPOTUB IMTPOCTPAHCTBA, IPOCTOTA
MPOTUB ONTUMM3ALY HAUXYAIIEro CJrydast u T. 1.

Q CymecTByeT 60JBIIOE YMCIO METONOB YPEryJIMpPOBaHMS KOIM3UIA, HO
HauboJjIee YacTo MCI0Ib3yeMbIMM U3 HUX SIBJISIIOTCS ITPOXOXKIEHME TI0 11e-
TOYKaM U JIMHeliHoe orpobbiBaHMe (pasgen 2.5). JInHeliHOe onpo6bIBa-
HIe MMeeT IPeuMyIIecTBa B YyacTu 3(PpGeKTUBHOCTM KelllpoBaHus. Yem
6osbIlle Xell-Tab/miia, TeM 60/blie pe3yabTaT 3QPeKTMBHOCTH KeIlupo-
BaHMSI, TI0 CpaBHEHMIO ¢ 3G deKToM uncia Ipod Ha MPOU3BOAUTETbHOCTD.
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O DBOoNbIIMHCTBO XemI-TabJuI, MPOU3BOACTBEHHOIO KayvyecTBa, TaKMX Kak
dict B s13pike Python (pasmen 2.6), npemHasHaUYeHbI IJIS ONTUMMU3ALUN
00111ero cIyvast ¥ He OpMEeHTHPOBAaHbI HA pellleHye PeAKMUX MaToIornde-
CKMX CITy4aeB, eCIM OHU YCIOKHSIIOT OOV CTyJarit.

O MurmurHash (pa3gen 2.7) SBiseTcsl IPpMMEPOM LIMPOKO UCIOTb3yeMOIA
6BICTPOIT M MPOCTOI HeKpumnTorpaduueckoyt xeri-QyHKIWU, YACTO UC-
MOJIb3YEeMOJi B Xelll-OPMEHTUPOBAHHBIX CTPYKTYpaxX AAHHBIX, O KOTOPbIX
Mbl Y3HaeM U3 5TOI KHUTH.

O CornacoBaHHOe XelMpoBaHue (pasmen 2.8) peliaet 3amavy pacipemesne-
HMS Xell-TabIuI] MeKAy MHOTOUMCIEHHBIMM MalllMHAMMU, KaK 9TO MMeeT
MeCTO B OJHOPAHTOBBIX cpefax. CoriacoBaHHOe XelMpoBaHue 6bUIO pea-
JIM30BaHO BO MHOTMX OJHOPAHTOBBIX MPOAYKTAaX, TaKux Kak BitTorrent,
a Takke B CMCTeMax XpaHeHMs JaHHbIX, TaKMX Kak Amazon Dynamo.
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MpubnuxeHHaa NnpuHaANEXHOCTb:
61yMOBCKME U NOPLUOHHDbIE
PunbTpbI

OTa IJ71aBa OXBaTbIBAET dienyromnye HKe TeMbI:

® O3HaKoOMJIeHMe ¢ huabTpaMu biryma, MpuuMHaMM UX ITOJIE3HOCTU U
BapuaHTaMM MPUMEeHeH NS ;

m HacTtpoiika uibTpa BayMa B MpakTUYeCKUX YCI0BUSIX;
M3yJyeHMe B3aMMOAeCTBIS apaMeTpoB puibTpa biryma;

m 00C/IegoBaHMe MOPIMOHHBIX GMIBTPOB B KAUeCTBE 3aMeHbI MUITbT-
poB biyma;

® CpaBHeHMe IPOM3BOAUTENBHOCTY OIYMOBCKOTO M IOPIMOHHOTO
bmibTpOB.

@unbTphl Biiyma cTanu cTaHZapTOM B CCTeMax 06paboTKM KPYITHBIX HAOG0POB
JOaHHBIX. VX IIMpOKOe ITpUMeHeHMe, B 0COOeHHOCTH B CETSIX U pacipeeneHHbIX
6a3ax TaHHBIX, 00YCI0BIEHO 3G (HEKTUBHOCTHIO, KOTOPYIO OHM JeMOHCTPUPYIOT
B CUTYyalusIX, KOraa TpebyeTcst QyHKIMOHATbHOCTD Xelll-TabauIIbl, HO IIPU 3TOM
HeT TaKo¥ pOCKOIIN, Kak CBOO6OIHOE mpocTpaHcTBO. OHU ObIIM M300peTEeHbBI B
1970-x rogax Bepronom Baymom (Burton Bloom) [1], Ho o-HacTosi1eMy «pac-
1BEJIV» TOJTbKO B TIOC/IeIHE HECKOIBKO NeCITWIeTH ! 13-3a pacTyliei morped-
HOCTM B YKPOIIEHUM U CKaTUM OONMbIINX HAOOpPOB AaHHBIX. OuabTpbl Biayma
Takke BbI3BAIM MHTEPEC y COOOIIECTBA MCCIeIoBaTeNell B 06/1aCTy BbIUMCITH -
TelbHBIX HAYK, KOTOpOe pa3paboTaso MHOXKECTBO BapMAHTOB IOBepX 6a30BoOii
CTPYKTYPbI JTaHHBIX, YTOOBI YCTPAHUTb HEKOTOpble HENOCTAaTKU (UIBTPOB U
aJlanTUPOBATh X MOJ, pa3Hble KOHTEKCTHI.

@unbTpsl biiymMa MOKHO TPakTOBATh Kak MeXaHMU3M, KOTOPBIN MOAaepKMUBaeT
BCTABKY ¥ ITOVMCK TaKMM 5Ke 06pa30M, Kak 1 XelI-TabauIbl, HO MCIIONb3yeT OUeHb
MaJIo IIPOCTPAHCTBA (B YaCTHOCTH, 1 6aJAT Ha 3JIeMEHT M1 MeHbIIIe). ITO 3HAUM -
TelbHAs 9KOHOMMSI B CUTYaLMSIX, KOT/Ia KJIIOYYM 3aHUMAIOT 4-8 6aiiT. PMIbTPhI
Biryma He XpaHSIT caMU 3/IEMEHThI U 3aHMMAlOT MeHbllle MeCTa, YeM HVKHMUI
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TeOpeTUUeCKUi1 TIpeaes, HeoOXOOMMbIi [J1s1 TTPaBMUIbHOTO XpaHeHMs JaHHbIX;
CJIeIOBaTe/IbHO, OHM JTEMOHCTPUPYIOT BBICOKYIO UaCTOTY OLIMOKM. Y HUX €CTh
JIOXKHOTIOJIOKUTEIbHBIE PE3Y/IbTaThl, HO Y HUX HET JIOKHOOTPUIIATENbHBIX, U
Takasi OMHOCTOPOHHOCTb OIIMOKM MCIIONb3yeTCS B HalIMX MHTepecax. Korma
dwibTp Biiyma coobinaeT 06 smeMeHTe Kak HaiaeH/MpucyTcTeyeT, €CTh HEOOIb-
I1as1 BEPOSITHOCTH, UTO OH TOBOPUT HEIIpaBAy, HO KOIJa OH CcOoOIIaeT 00 aje-
MEeHTe KaK He HaiijeH / He npucyTcTByeT, Mbl 3HAaeM, UTO OH FTOBOPUT IIPaBLY.
B cutyainusx, Korga 60JIbIIYI0 YaCTh BpeMEHM OKMIAETCS, YTO OTBETOM Ha I10-
MICKOBBIiA 3aI1poc O6ymeT He npucyTcTeyeT, GUIbTPBI BiiyMa o6ecrieunBaioT BbICO-
KYI0 TOYHOCTb ¥ ITPOCTPAHCTBEHHO-3KOHOMUYHbIE BBITO/IbI.

Hanpumep, GuinbTpel BiiymMa mpuMMeHSIOTCS B HauboJ1ee MUPOKO MCIIONb3ye-
MBIX CHCTEMAaX paclipeeeHHOIo XpaHeHMs, IpeJHa3HaAYeHHbIX IJjIs1 00padboT-
KI MacCUBHBIX JaHHBIX, Takux Kak Google WebTable [2] u Apache Cassandra [3].
B yacTHOCTH, 5TM CMUCTEMBI OPTaHM30BbIBAIOT CBOM JAHHBIE B PSIA, TAO/INII, Me-
HYeMbIX mabauyamu copmuposarHsix cmpok (SST)!°, KoTopble pa3MeIaloTcs Ha
IMICKe U CTPYKTYPUPYIOTCS KaK COOTHECEHMSI K/II0U-3HaueHue (Harpumep, K-
yoMm MokeT 66ITh URL-azpec, a 3SHaUeHUsIMU — aTpUOYThI BeO-caiiTa mim comep-
skumoe). WebTable 1 Cassandra omHOBpeMeHHO 00pabaThIBAaIOT I0OaB/IEHNE
HOBOT'O COIEPKMMOTO B TAO/IMIIBI ¥ OTBEUYAIOT HA 3aIIPOCHI, M PV MOCTYIUIEHU
ITOMCKOBOI'O 3aIIpOCa BaskKHO JIOKa/IM30BbIBATh TAOIMITY COPTMPOBAHHBIX CTPOK,
cofepsKallyio 3arpaliMBaeMoe COAePKUMOe, 6e3 IBHOTO 00palleHNMs K KaXK a0
Tabauie. C 3TO LeNbI0 B ONePATUBHOM IaMSITH IOAAEPXKUBAIOTCS CIIeLaIb-
Hble GuabTpbl Byma, mo ogHOMY Ha TabaMIly, YTOOBI MapuUIpyTU3UPOBATH I10-
MCKOBBIIi 3aIIPOC K HY>KHOJ Tab/IuIie.

B npumMepe, mokasaHHOM Ha puc. 3.1, 50 Tabnuil cCOpTMPOBAHHbBIX CTPOK pas3-
MeIleHo Ha aucke, 50 cBI3aHHBIX ¢ HUMM GUIBTPOB BiiyMa — B olepaTUBHO
namsaTy. Kak ToabKo ¢GuiabTp Biiyma coobuiaer He npucyTcTeyeT Ha OIlepanymn
IIOMCKa, 3aIIpOC MapIIPyTU3UPYETCs K cienyioemy GduibTpy biyma. Ilpu nep-
BOM coob1ieHny GuibTpoM Biryma o MpucyTctenm 371eMeHTa (B JaHHOM IpuMepe
unapTp Byma TabaMIbl COPTUPOBAHHBIX CTPOK) MBI ITIEPEXOAVIM Ha AVICK, UTO-
ObI BBITIOJIHMTD IIPOBEPKY Ha MPUCYTCTBUE 37eMeHTa B Tabaulle. B ciayyae J10xK-
HOJt TpeBOTM MblI ITPOAO/IKaeM MapIIPyTU3MPOBATh IMOMCKOBBIN 3apocC 10 Tex
mop, nmoka GuibTp biyma He COOGIIUT MpucyTcTByeT U JAHHbBIE TAKKe HE OYIyT
HaliIeHbl Ha JMCKe U BO3BpaleHbI IT0b30BaTeI0, Kak B ciaydyae ¢ SST50.

@unbTpsl biryma Hanubos1ee IMoie3HbI MPY CTPATErMYeCKOM pa3MeIeHUM B CH-
cTeMax MHTEeHCUBHOTO IIpueMa JaHHbIX. Hampumep, BoITTOTHEeHME TTPUIOKEeHN -
eM orepaluii YTeHMsI/3anucy Ha TBepA0TeIbHOM HOCUTeIe/ I iCKe MOXKeT JIETKO
CHIDKATh IIPOITYCKHYIO CIIOCOOHOCTh MPUJIOKEHMS C COTEH ThICSY OIlepaluii B
CeKYH/Iy 10 BCETO JIMIITb Mapbl THICSY MJIM Jaske Tapbl COTEH OTepaliii B CeKyH-
my. Ecjii BMeCTO 3TOro B OIlepaTMBHOI ITaMsITH pa3sMelnaTh GuabTp Biyma, uto-
ObI 0OCITY;KMBATD OIE€paALMM TTOMCKA, TO TAKOTO MaAeHys POU3BOAUTETbHOCTH

Y AHrn. sorted-string table (SST); ato ¢aiinoBslii hopMaT HOATOBPEMEHHOTO XpaHeHMsI, UCIIOIb3ye-
mbiit ScyllaDB, Apache Cassandra u npyrumu 6azamu gaHHbix NoSQL, 4T0o6bI 6paTh XpaHSIIecs B
memtables pe3ugeHTHbIE JaHHBIE, YITOPSIOYMBATD UX C 1IE/TbI0 GBICTPOTO NOCTYIIA ¥ COXPAHSATH Ha
IIVICKE B BUJIE IOJITOBPEMEHHOTO, YIIOPSIIOUEHHOTO, HEMYTUPYeMOTo Habopa dbaiinios. — [Tpum. nepes.
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MOYKHO M30eraThb ¥ MOAJepKUBaTh CTAOMIBHO BBICOKYIO ITPOIYCKHYIO CITOCOO-
HOCTb Pa3HbIX KOMITOHEHTOB MpWIOkKeHus. bonee mogpo6Has MHGopManus o
crioco6ax MHTerpanyuu GuibTpoB Biriyma B 001IyI0 KAPTUHY CUCTEM 06pabOTKM
MTOTOKOBBIX TAHHBIX GyIEeT pUBeIeHa B IJIaBe 6.

waiT [IOCTH!
No USERID = MOW

HANTY (USGRI v)
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121 :ﬁl 4

IEREN 50|
5, "‘/Wl '-;iO-- W\”J‘/‘
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L= EHy)KHOE
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IUsekID—) nocTs|

BEPHYTb
noCTh (USERID - MOi)

PucyHok 3.1 ®Ounbtpbl bnyma B cuctemax pacnpeneneHHoro XxpaHeHus.

B naHHOM npuMepe Ha aucke pasmelleHo 50 Tabnauu, copTMpoBaHHbIX CTPOK (SST),
KaXk[1as U3 KOTOPbIX UMEET creunanbHbli GuasTp bayma, MoryLimili yMecTuTbes B
onepaTMBHOW NaMsaTH M3-3a ero ropasfo MeHbluero pasmepa. Korga nonb3oarenb
BbIMONTHAET MOMCK, LAHHAS OMnepaLums cHavana ceepsetcs ¢ punsTpamm bnyma, uto
no3sonset n3beratb 4OPOroCcTOALMX ONepaL it nepeno3nLMoOHMPOBaHUS FONOBKM
YTeHus/3anucK Ha AMCKe BO BpPeMS Moucka

B 9T071 I71aBe BbI TO3HAKOMUTECH C IPUHIUIIOM paboThl GuabTpoB biayma u
CUTYalMSIMU, KOTZIA UX CJIEAYEeT UCIIONb30BaTh, Ha MIPUMeEpPE PA3INYHBIX TTPAK-
TUYECKMX ClleHapueB. Bpl Takke HayumMTecb KOHOUIYPUPOBATh MapaMeTphbl
dbuapTpa Biyma B cBoeM KOHKPETHOM TMpuioxkeHuu. CyllecTByeT MHTepec-
Hasl B3aMMOCBSI3b MeKy IIPOCTPAHCTBOM (M), YMCIOM 37IEMEHTOB (1), YNCIOM
xenr-GyHkunit (k) 1 T0XKHOTIOMOXKUTENbHO yacToTo (f). [IJ1st unTaTesneii, 6oree
OPMEHTUPOBAHHbBIX HA MaTEMAaTHKY, MbI IIOTPATUM HEKOTOPOE BpeMs Ha ITOHM-
MaHMe TOTO, OTKyHa 6epyTcst GopMysibl, CBSI3aHHbIE C BAXKHBIMM ITapaMeTpamu
dbunpTpa Byma, 1 MOKHO 1 JOOUTHCS 6ombiero, yeM buabTp biyma.
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B pasgene 3.7 Mbl pa3BefaeM COBEPIIEHHO MHYIO CTPYKTYPY JaHHBIX, (PYHK-
IMOHAIBHO aHAIOTMYHYIO0 GuibTpam biyma. IopyuoHHsili unemp [4] — 31O
KOMITIaKTHasl Xelll-Tab/miia, KoTopas o6ecrieuBaeT IMPOCTPAHCTBEHHO-9KOHO-
MUYHBIE BBITO/IBI 3@ CUET JIOKHOIIOIOXKUTEIBHBIX PE3YJIbTaTOB, HO TaKKe 0671a-
IlaeT IPYrMMu IpeuMyInecTBamMu. Eciiu Bbl yBepeHbl B CBOMX 3HAHMSIX O QWUIIbT-
pax bayma, To cmesio MoskeTe IepenucTaTh 4o pasgena 3.7.

3.1 MpuHumn paboTbl

CDI/IJ'IprbI BHYMa COCTOAT M3 OBYX INIABHBIX KOMIIOHEHTOB!:

O 6uTOBOrO MaccyuBa A[0..m-1], BCe CJIOThI KOTOPOT'O M3HaYaJIbHO YCTAHOB-
JieHbl paBHbIMM 0;

Q k HesaBucuMBbIX Xeum-GyHkuuii h,, h,, ..., h,, Kaxkgas 13 KOTOPbIX paBHO-
MepHO CJTyYaifHO oTo6paskaeT Kioun B nuamnasoH [0, m — 1].

3.1.1 BctaBKka

[lpu BcTaBKe sneMeHTa X B QuiabTp Bayma Mbl cHauvana BblUMCIsieM K
xem-QYHKIMI Ha X M IJIsT KaXKIOTO pe3yIbTUPYIOIIEro xella yCTaHaBIMBA-
€M COOTBETCTBYIOIIMIA CJIOT GUTOBOTO MaccuBa A paBHBIM 1 (CM. TICEBIOKOZ, U
puc. 3.2):

Bloom_insert(x):
for 1 < 1 to k
A[hi(x)] « 1

BCTABNTH(X)

i&(x)ﬂ /\0‘4//?5 4 b’//l 7

62.()():; A Y / 0070

BCTABUTL(Y )//\\
3 Ny 2 6 7

Alp=47p o1 ]o 0%4%
bl S

A-1ol1]olol1]1|1(0

PucyHok 3.2 Npumep BcTaBku B dunbtp bnyma. B naHHoM npumepe
M3HavanbHo nycton ounbtp bnyma umeetr m =8 u k = 2 (aBe xew-GyHKLUMN).

Npwv BCTaBKe 3neMeHTa X Mbl CHayana BbluMCASEM [Ba XELLA Ha X, MePBbIA U3 KOTOPbIX
reHepupyeT 1, a BTopoi 5. [lanee Mbl yctaHasnnsaem A[1] n A[5] paBHbimMu 1.
[pu BCTaBKe y Mbl TaKXKe BbIYUC/ISEM XELUM M aHANOTMYHbIM 06pa3om
yCTaHaBAuBaeM nosuumm A[4] n A[6] paBHbiMu 1
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3.1.2 Nouck

[Touck, aHAJIOTUYHO BCTaBKe, BBIUMCISIET K Xel-(PyHKIMIA HA X, U B TIEPBbIi
pa3, Korga OfMH M3 COOTBETCTBYIOLIMX CIOTOB GMTOBOrO MaccuBa A paseH 0,
yKasaHHasl orieparys Coo0IIaeT He npucyTcTeyeT; B IPOTUMBHOM CJIydae OHa CO-
o61IaeT NMpucyTcTByeT:

Bloom_lookup(x):
for i« 1tok
if(A[hi(x)] = 0)
return NOT PRESENT
return PRESENT

Ha puc. 3.3 nokasaH IpumMep II0MCKa B pe3yabTupyloiieM Guabrpe Biayma us
puC. 3.2 1 TO, KaK OH MOXXeT reHepupPOBaTh MCTUHHO MOJIOXXUTEIbHbIE pe3Yy/IbTa-
THI (Ha 3JIEMEHTE X, KOTOPbIN e/ ICTBUTEIbHO OBLJT BCTABJIEH) U JIOXKHOTIONOKM -
TelbHbIE Pe3yIbTaThI (HA JIeMeHTe Z, KOTOPbIi He ObIT BCTABJIEH).

HAATA  (X)

s A [l ool P10
2

X HAWAEH —> WCTUHHO MONOYKNTEbHbIA

PESY/ILTAT
HAWTH (2 )

o 1 2 3 4 6 ¥
AE)=4 p-lol1olofittl1]o

hy(z)=5

Z HNALEH —> NOYHONONOMUTENbHbI
PE3Y/ILTAT

=¢ @ [N
v

PucyHok 3.3 MpuMep noucka B dunstpe bnyma. [pu noncke snemeHTa Xx
Mbl BbIYMCNSIEM XeLWn (TO eCTb TakMe Xe, Kak B C/ly4yae BCTaBKM) M BO3BPALLAEM
HangeHo /MpucyTcTBYET, MOCKONbKY 062 6UTA B COOTBETCTBYHOLMX NO3ULMAX paBHbI 1.
3aTeM BbINOMHIEM NOUCK IN1EMEHTA Z, KOTOPbIA Mbl HE BCTABNSIU, U €70 XELM PABHbI
COOTBETCTBEHHO 4 1 5,3 6uTbl B no3uumax A[4] n A[5] paBHbl 1; cnegoBaTenibHO,
Mbl CHOBa BO3BpallaeM HaiiaeHo /MpucyTcreyeT

Kak BuaHO Ha puc. 3.3, T0>KHOIOIOKUTEIbHbIE Pe3y/IbTaTbl MOT'YT BO3SHUKATD,
KOTJIa HEKOTOPbIe 37IeMeHThl BMeCTe YCTaHABIMBAIOT OMTHI KAKOTO-TO JPYTOro
37eMeHTa paBHbIMMU 1 (B 3TOM IIpMMepe [1Ba IPEeAbIAYIIUX JJIeMeHTa, X U Y, yCTa-
HOBMJIM OMTOBBIE ITO3UIINY 3JIEMEHTA Z paBHbIMM 1).
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B acuMIITOTMYECKOM IJIaHe oIepallust BCTaBKu B puiabTpe biyma crout O(k).
VauThiBas, UTO YMIO Xell-GyHKINWI peako MmpeBblmaeT 12, ykazaHHas orle-
pauus SIBJSIETCSI NOCMOSIHHO-8peMeHHOl. 11 orepaly MOMCKa TOXe MOKeT
norpeboBaThesi O(k), HO TOMBKO B CIy4yae, eCiv Orepalys Jo/KHA TTPOBEPSITh
Bce 6MThI. OmHAaKO OONBIIMHCTBO OTepalyii HEYCHEIIHOTOo IT0MCcKa OyIyT 3aBep-
1I1aThCS 3a/10JITO 1O 3TOTO; Mbl YBUIAMM, UTO B CpeITHEM HEYCITeIlIHbIl MOUCK B
XOpOIIIO CKOH(UTYpMpoBaHHOM (puabTpe biriyma 3aHMMaeT OT OmHONM A0 IBYX
Mpo6, TpeskIe YeM 0TKa3aThCs OT MTPOJO/KEHNS, BCTIeICTBIME Uero obecrieunBa-
€TCSI HeBEPOSITHO ObICTPAst orepaius oucKa.

3.2 BapuaHTbl UCNONb30BaHUS

Bo BBeeHMM K IJIaBe MbI pacCMOTpeJM IIpuMeHeHye GuabTpoB biayma B cucre-
Max pacIpeneaeHHOTo XxpaHeHsl. B JaHHOM pa3jiesie Mbl YBUIVIM €I1le HECKOJIb-
KO TpUMeHeHMiT GuabTpoB BiyMa B pacripefieIeHHbIX CETSIX: CeTEBOM ITPOK-
cu-cepBepe Squid ¥ MOGMIBHOM MPWIOXKEHUM /11 OMTKOMHOB.

3.2.1 @unbTpbl bayma B ceTax: Squid

Squid - aT0 Kem-naMsTh Be6-pokcu?’. B Be6-MpOKCH Kellly MCITOIb3YIOTCS
IJIs1 yMeHbIlleHus Be6-Tpaduka, moaaep>kuBast IOKIbHYIO KOTTMIO HeJTaBHO I10-
CeIlleHHbIX CChUIOK, IT0 KOTOPBIM OHM MOTYT OOCTYKMBaTh 3aIPOChl KIMEHTOB
Ha BeO-cTpanmiibl, dhaiibl u T. A. OAMH M3 MPOTOKOJIOB [5] Tpexnonaraet, 4To
KaXX[IbIi1 TTPOKCU TaKKe XPaHUT CBOAHYIO MHGOPMAIIMIO O COMEPKMMOM Kellla
COCeHUX MPOKCU U TIPOBEPSIET UTOTOBbIE TAHHBIE Tepe[] TePeChbUTKOM JTI0ObIX
TTOMCKOBBIX 3aIlIPOCOB COCeIHMM MMPOKCcH. B Squid 3Ta GpyHKLMS peann3oBaHa C
nomoiesio GuibTpoB bayma, umenyembix faiimskecramu kera (https://wiki.squid-
cache.org/SquidFaq/AboutSquid) (cm. puc. 3.4).

Comepskumoe Kelia ObICTPO ycTapeBaeT, M GuibTpbl biayma snm3omguuecku
TPaHUIMPYIOTCS Mekay cocensiMu. [TockonbKy GuibTpbl biiyma He Bcerma ak-
TyaJIbHbI, MOTYT BO3HUKATb JIOKHOOTPUIIATETbHbIE Pe3yIbTaThl, KOTJA (QUILTP
biryma yTBepsKaaeT 0 MPUCYTCTBUM 37IeMeHTa B IIPOKCH, HO ITPOKCH y3Ke He CO-

Iep>KUT pecypc.

3.2.2 MobunbHOEe npunoXxeHue pag 6UTKOUHOB

@uabTphl BiryMa MCIIONb3YIOTCS B OJHOPAHTOBBIX CETSIX JIJIsT 0OOMeHa JTaHHbI-
MM, ¥ XOPOIIIO M3BECTHLIM IIPUMMEPOM TOMY SIBJIsieTCS BUTKOVH. BaskHO 0COo-
OGeHHOCTHIO BUTKOIIHA SBJISeTCS obGecrieyeHye MPO3PavyHOCTY MEXKIY KIMeH-
TaMM, KOTOpasi NOAdeP>KMBAETCS 32 CUET TOTO, UYTO KakKIblil y3eJl HaXOAUTCS B
Kypce Bcex TpaH3akuuii. OMHaKO XpaHUTb KOMMM BCeX TpaH3aKIMii B y3jax, pa-
60TaIMx co cMapThOHA MM aHAJIOTUYHOTO YCTPOICTBA C OTPaHMUEHHO Ta-
MSITBIO ¥ ITPOIYCKHOJI CITOCOGHOCTHIO, KpaliHe HEeITPaKTUYHO, T03TOMY BUTKOIH

20 Beb6-mpokcu (web proxy) — 3TO mpoiiecc, MpenoCTaB/ISIoNMii Kell-1aMsTh AJis 3JIEMEeHTOB, MEI0-
IIMXCST HA IPYTUX CEPBEPAX, IOCTYIT K KOTOPHIM MTPEANONIOKUTETHHO MeIJIEHHEe WV TOPOsKe. — [Ipum.
nepes.


https://wiki.squid-cache.org/SquidFaq/AboutSquid
https://wiki.squid-cache.org/SquidFaq/AboutSquid
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TMpeJiaraeT OMIINIO YIIPOIleHHO BepuduKauum riaTexei?, mpy KOToOpoii y3en
MOSKET CTAHOBUTHCSI 00/1€2UEeHHBIM Y3/10M, PEKJIAMUPYS CIIMCOK TPaH3aKLMii, B
KOTOPBIX OH 3aMHTEpPECOBaH. DTO KOHTPACTUPYET C MMOTHBIMM Y37IaMI, KOTOpPbIe
coflepsKaT Bce JaHHbIe (puc. 3.5).

3AMPOCUTb () \%;
/ BEPHyTb (X)
X_HE HARTY (X)
HA:I‘ LEH v

ke PucyHok 3.4 ®unbtp bnyma

B Be6-npokcu Squid. MNonb3osatenb
3anpalumnBaeT Beb-cTpaHuLy X, a
BEO-MPOKCK A HE MOXET ee HaWTH
B CBOEM COOCTBEHHOM Kelle,
MO3TOMY OH JIOKa/bHO OMpaluMBaeT
6nymoBckue dunbtpbl B, Cn D.
bnymoBckuit punbtp D coobuiaert
MpucyTcTByeT, NO3TOMY 3anpoc
nepeHanpasnsetcsa B D. Pecypc
HanzeH B D 1 Bo3BpalyaeTcs
Nonb30BaTeNto

BEB-MPOKCY C

BEB-NPOKCH D

PucyHok 3.5 O6neryeHHble
K/IMEHTbI B paMKax

TexHonoruu butkonHa

MOTYT LUIMPOKOBeLLaTeNbHO
TPaHCAMPOBATh MHPOPMALMIO

0 TOM, KaKu1e TPaH3aKLMUM UxX
MHTEPECYIOT, U TEM CaMbIM
610KMpOBaTh IaBUHY OOHOBNEHW
u3 cetu

2L Aurn. simplified payment verification (SPV). — ITpum. nepes.
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OGieryeHHbIe y3JIbl BBIUMC/ISIOT ¥ MEPEJAIOT TOMTHBIM y3/1aM GyMOBCKMIA
GbuabTp crMcka TpaH3aKUMiA, B KOTOPbIX OHY 3aMHTePeCcoBaHbl. Biarogapst aTo-
My, TIepe]] TeM KakK IOTHbIN y3€eJI OTIpaB/sieT MHGOPMAIIMIo O TPaH3aKIUM 06-
JIETYEHHOMY Y3JTy, OH CHavasia obpaiaercsi K cBoemy GuibTpy Biryma, yTo6b!I
IIPOBEPUTH 3aMHTEPECOBAHHOCTD B HEM Yy3J1a. EC/IM MPOMCXOIUT JIOSKHOTTOIOXKM-
TeJIbHBIN Pe3ysbTarT, TO 06/IerYeHHbIii y3eI MOKeT OTOPOCUTh MHPOPMAIUIO 110
ee IpuoITUM [6].

B pamkax TexHOmoruu BuTKoOiHA COBCeM HeIaBHO ObUIM IPEAJIOKEHbI U
Opyryie MeTObl TPAH3aKIMOHHO GUIBTPAIMY C YIyUIIEHHBIMM CBOMCTBAMU
6e30MmacHOCTY 1 KOHPUIEHITMATbHOCTH.

3.3 lpocTtasa peanusaums

basoBelii GuabTp biayma peammsyeTrcss HOBOJBHO MPOCTO. MbI ITOKaskeM
MPOCTYIO peam3aluio, MCIoab3yomryio Python'oBckyio 06epTKy xemi-QyHKIM
MurmurHash, mmh3, KOTOpy10 MbI 0OCYKHaau B rjiaBe 2. YCTAHOBUB Kk pasHbIX
HauyaJIbHbBIX MTO3UIIMI reHepaTopa IMCeBA0CTyIaiHbIX YMCesT, MOKHO MOTYYUTD K
PpasHbIX Xell-QyHKIMIi. B JaHHOI peann3anyy TakKe UCITOIb3YyeTcst 6ubmoTeKka
bitarray, obecrieunBaioniass BO3MOXKHOCTb ITPOCTPAHCTBEHHO-3(P(EKTUBHOTO
KOAMPOBaHMST GUIIbTPa, KOTOPYIO HEOOXOIMMO YCTAHOBUTD, UTOOBI 06ECTIEYUTD
paboTy MCXOTHOTO KOZa:

import math
import mmh3
from bitarray import bitarray

class BloomFilter:
def __init__(self, n, f): (1]
self.n =n
self.f = f
self.m = self.calculateM()
self.k = self.calculateK()

self.bit_array = bitarray(self.m)
self.bit_array.setall(0)
self.printParameters()

def calculateM(self):
return int(-math.log(self.f)*self.n/(math.log(2)**2))

def calculateK(self):
return int(self.m*math.log(2)/self.n)

def printParameters(self):
print("MapameTpbl MHMUMaNM3aLMM:")
print(f'n = {self.n}, f = {self.f}, m = {self.m}, k = {self.k}")
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def insert(self, item):
for 1 in range(self.k):
index = mmh3.hash(item, 1) % self.m
self.bit_array[index] = 1

def lookup(self, item):
for 1 in range(self.k):
index = mmh3.hash(item, 1) % self.m
if self.bit_array[index] == 0:
return False

return True
@ Yka3aTb YMCNIO M XKENaeMyk HacTOTy I0KHOMONOXKMTENbHbIX PE3Y/bTaToB
Bbl MOskeTe OHpO6OBaTb peannsanyio, BCTaBUB IMapy 3JIEMEHTOB TUIIA Str"LngZ

bf = BloomFilter(10, 0.01)
bf.insert("1")

bf.insert("2")

bf.insert("42")

print("1 {}".format(bf.lookup("1")))
print("2 {}".format(bf.lookup("2")))
print("3 {}".format(bf.lookup("3")))
print("42 {}".format(bf.lookup("42")))
print("43 {}".format(bf.lookup("43")))

KoHCTpyKTOp MpUBeeHHOTO BhIllie 06pa3iia peasn3alyy 03BoJsIeT I0Tb30-
BaTeJII0 YCTAaHABIMBATh MaKCUMAJIbHOE YMCIIO JIEMEHTOB (1) U JKejlaeMYyI0 JIOXK-
HOTIOJIOXKUTEbHYI0 4acToTy (f), a caM KOHCTPYKTOp GepeT Ha cebsi yCTaHOBKY
IBYX IPYTUX TTapaMeTpoB (m u k). 9TO pacIpoCTpaHEeHHbIN MOAXO0/, TTOCKOb-
Ky MbI 3a4acTyl0 3HaeM BeJIM4YMHY Habopa JaHHBIX, C KOTOPbIM MMeeM JeJio, U
JIOXKHOTIOJIOXKUTEIBbHYI0 YaCTOTY, KOTOPYIO Mbl I'OTOBbI JOIIYCTUTD. Jlanee peub
MOMeT O 3aJJaHUM OCTAJIbHBIX MapaMeTpPOB 3TOV peanusalnuu U KOHOUTYpuU-
poBauuu bwibTpa biayma, 4T0ObI TOMYYUTh MAaKCUMAaIbHYIO OTHady. Ynraiite
JlaJiblie.

3.4 KoHngurypupoBaHue punstpa bnyma

CHayvasia MbI OIIMIIIEM TJIaBHbIEe (DOPMYJIbI, CBSI3aHHbBIE C BKHBIMM TTapaMeTpa-
My punbTpa biyma. [jist yeThipex mapamMeTpoB GuiabTpa biyma ncmonb3yoTcs
clenywolye Hske 0003HAUeHNSI:

Q n =4KMCI0 BCTABJSIEMBIX 5JIEMEHTOB;

O f=u4acToTa JOKHOIOOKUTEIbHbBIX PE3Y/IbTATOB;

O m =uucyio 6utoB B uabTpe biyma;

O k= umncno xeur-QyHKIHIA.
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dopmya, orpeesIoniast JT0KHOIOMOXKUTETbHYIO YaCTOTY KaK (PYHKIINIO 13
Tpex APYTUX IMapaMeTpOB, BRINVISIAUT CIeIyIIuM o6pa3om (ypaBHeHMe 3.1):

f~ (1 — e‘%’f) k. (YpaBHeHne 3.1)

Ecu BbI XOTHUTE TIOHSTD, Kak 3Ta (popMysia BBIBOOUTCS, TO Gosee oapo6GHast
MHbopMaLys IpuBeaeHa B pasmene 3.5. IIpsmo ceifuac Hac 60sIbllle MHTEpecyeT
BU3yaJbHOE 0O0CHOBaHMe 3TOM (HOPMYIIbI.

Ha puc. 3.6 mokasaH rpaduk f Kak GyHKUIMY OT K 11T pa3HbIX BApMAHTOB m/n
(6uTHI B pacyeTe Ha IEMEHT). Bo MHOTMX peasibHbIX MPUIOKEHUSIX BAXKHO DUK-
CHMPOBATh COOTHOIIEHME OMTOB Ha 37IeMeHT. 3HaUeHMsI COOTHOIIEHWSI OMTOB Ha
97IeMEHT OOBIYHO HAXOISTCS B AMarasoHe OT 6 10 14, U Takue COOTHOIIEHMS
MO3BOJISIIOT MOJIYYaTh NOBOJIBHO HU3KME JIOKHOIIONIOKUTEIbHbIE YaCTOThI, KaK
IOKa3aHo Ha puc. 3.6.

HaunuHasi ¢ BepxHeli 4aCTy KPUBOJ U B CTOPOHY K HVDKHEI Mbl MUMEEeM CO-
OTBETCTBEHHO 6, 8, 10, 12 1 14 B KauecTBe BapMaHTOB COOTHOIIIEHMs GUTOB Ha
anemeHT. [1o Mepe yBeMyeHMs] COOTHOIIEHMS JIOKHOIIOIOXKUTEIbHASI YacToTa
najiaeT mpy TOM Ke unciie xeli-yHKuuit. Kpome TOro, KpuBbie JeMOHCTPUPYIOT
CJIenyIoUMii TPeH I : YBeJlMueHne Kk 10 HeKOTOPO# TOUKM (CieBa HampaBo) Ipu
(bUKCHMPOBAaHHOM mM/n COKpamaeT OIMOKY, HO IMTOC/Ie HEKOTOPOJ TOUKY YBEJM-
yeHue k yBeIMIuBaeT OmMOKy. DTOT ABOSIKMIT 3¢ (DEKT BO3SHUKAET B CBSI3M C TEM,
YTO Ha/MuMe GOMbIIero ynciaa Xeur-QyHKIMIA TaeT orepauyy Mmomucka 60osblie
IIaHcoB HaviTy 0, HO yCTaHaBAMBAET OOJIbIIee YMCIO OGUTOB paBHBIM 1 BO BpeMst
BcTaBku. CiemoBaTenbHO, (opMa KPMBBIX YKa3biBaeT HA TO, UTO JyYIlle OIIN-
6aTbCs1 C 6OTBINIEN CTOPOHBI.

KpuBble 10BONBHO IUIaBHBIE, U IpU M/N = § (TO €CTb MBI TOTOBBI IIOTPATUTh
16aiiTHa 371IEMEHT), HAalIpUMED, eCJI MbI MCIIOTb3YeM IIe-TO OT 4 0 8 XemI-(PyHK-
LM, TOSKHOTIOJIOKMTEIbHAS YaCTOTa He GyaeT MpeBbIlaTh 3 %, Jaxke ecu OIl-
TUMAaJIbHBIN BapUAHT K HAXOOUTCS MEXIY 5 1 6.

MuHMMaIbHAas JIOKHOMOJIOXKUTEIbHAS YaCTOTA [IJ151 KaXKI0M KPUBOI JaeT OIl-
TUMaJbHOE 3HaUYeHMe Kk IJIsI OTIpeieJIEeHHOTO COOTHOIIEHMSI OMTOB HA 3JIEMEHT
(KoTOpoe MbI TIo/TyuaeM, 6epsi TPOU3BOLHYIO ypaBHeHMs 3.1 OTHOCUTENbHO K;
CM. ypaBHeHMe 3.2):

m
kopt = Eln 2. (YpaBHeHne 3.2)

Hanpumep, mpu m/n = 8 Mbl UMeeM Kopr = 5.545. Ty hopMyITy MOSKHO MCITONb-
30BaTh IS ONTMUMATIbHOI0 KOHpUrypuposauus ¢huabrpa bayma, a MHTepeCHbIM
C/IeICTBMEM BbIOOpA ITapaMeTPOB B TAKOM KJTHOUE SIBJISIETCSI TO, UTO B ITO0OHOTO
porna dunbTpe BayMa J0KHOIIOIOKMTEIbHAS YacTOTa paBHa (YpaBHeHle 3.3):

1

k
fopt = (2) . (YpaBHeHMe 3.3)

VpaBHeHMe 3.3 IOIy4aeTcs 3a CYeT IOACTAaHOBKYM YpaBHEHUS 3.2 B ypaBHe-
Hue 3.1. B pamkax Haumieil peajm3anuy KOHCTPYKTOP IPUHMMAeT 3HAYEHUS
n " f ¥l UCTIONB3YeT UX JJIs1 BEIYMCIeHUSI M 1 k ¢ TTOMOIIIbIO ypaBHeHMI 3.2 1 3.3,
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Mpu 3TOM obecIieunBast, YToObl k M m GbUIM LIeJIBLIMU UMcIaMu. Eciau ypaBHe-
Hye 3.2 MPOM3BOIUT HEIeI0e YNCIO U IIPUXOAUTCS OKPYIISITH B GOJIBIIIYIO JIN60
MEHBIIIYIO CTOPOHY, TO YpaBHeHMe 3.3 6oJIbliie He SBJISeTcs aOCOMIOTHO TOYHOI
JIOSKHOTIOJIOKUTEIbHO YacTOTOM. EnMHCTBeHHas npaBwibHast popmyiia, B KO-
TOPYIO CJIeAyeT AeaTh IMOACTAHOBKY, UTOOBI ITOJIyUYaTh TOYHYIO JIOKHOTIOIOKM -
TeJIbHYIO YacTOTYy, MpUBeeHa B ypaBHEeHUM 3.1, HO Jaske ecau UCIOIb30BaTh
ypaBHeHMe 3.3, TO BO3HMKAIOIIAS IIPY OKPYITIEHMUM B GOJIBIIYIO OO MEHBIIYIO
CTOPOHY pasHuIla GymeT He3HAunTelIbHOI. Hepenko mist cokpamieHnst o6bemMa
BBIUMCJIEHNI JIyUIlle BBIOMPATh MEeHbIIIee 13 IBYX BO3MOXKHbBIX 3HAUEHMII K.

0.20 |
0.19- ‘
0.18- ‘
0.17- ‘
0.16- \
0.15- \
0.14- \
0.13- \
0.12-

0.11- \
0.10-
0.09-
0.08-
0.07-

0.06-
0.05-
0.04-
0.03-

f— 4acToTa JIOXKHONOJI0XKUTE/IbHbIX pe3ynbTaToB

0.02-

0.01-

0.00-

k - uncno xew-pyHKumimn
PucyHok 3.6 paduk, CBA3bIBAKOLLMIA YMCNO Xew-DyHKLMA (K)
M NIOXKHOMONOXUTENbHYIO YacToTy (f) B punbTpe bayma.
Ha rpaduke nokasaHa NOXHOMNONOXMUTENbHAN YACTOTa NPU HUKCMPOBAHHOM
COOTHOLLUEHMU BUTOB Ha 3neMeHT (m/n), Tpu 3TOM pasHble KPMUBbIe
COOTBETCTBYIOT Pa3HbIM COOTHOLUEHUAM

KoMy-TO MOXXeT ITOKa3aThCsl MHTePeCHbIM BbipakeHue (1/2)¥ B ypaBHeHUM 3.3
B CBSI3U C TeM (haKTOM, UTO JIOSKHOIOJIOKUTENIbHbBIN Pe3y/bTaT BOSHUKAET, KOra
MOMCK BCTpedaeT k enyHutl toapsi. ONTMMaTbHO 3aMoIHEeHHbIV GuabTp Biryma
U BIIPSMb MMeeT IpuMepHO 50%-HyI0 BEpOSITHOCTDb TOTO, UTO CIyYaiiHbIi OUT
6ymeT paBeH 1. DTO MPOCTO ellle OAMH CITOCo0 CKa3aTh, UTO eCJIM B Bamiem hUIbT-
pe Biryma cuiIkoM MHOTO HyJel Wi efUHULI, TO, CKOpee BCero, oH CKOHQUTy-
PUPOBAH HEINPaBUJIbHO.

B 3aBMCHMMOCTY OT IPeOCTaBIEHHbIX TePBOHAYAIbHBIX [IAPaMeTPOB MUIIYT-
Cs1 pasHbie KOHCTPYKTOPBI husbTpa biryma. O6bIUHO Kk — 3TO CUHTETUYECKUIL Ta-
pameTp, KOTOPbIV BbIUMCISIETCSI HA OCHOBE IPYIUX, 60/iee opraHnveckux Tpe-
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60BaHMI1, TAKMX KaK IMIPOCTPAHCTBO, YMC/IO 3JIEMEHTOB Y JIOSKHOIIOJIOKUTETbHAST
yacToTa. B y06oM ciayuae, e BaM KOrma-HUOYIb IPUIETCS IMCATh pPasHbIe
KOHCTPYKTOPBI GpuabTPoB Biyma, BOT mapa MpuMepoB, KOTOPbIe MOKa3bIBAIOT,
KaK BBIUMC/ISATH OCTa/IbHbIE TapaMeTphl.

Mpumep 1: Bblumcnenue fus mnu k

Bbl nbiTaeTecb NpoaHanM3MpoBaTh JIOXKHOMONOXMTENbHYH YaCTOTY YXKe CYLLeCTBy-
towlero dunsTpa bayma, KoTopbIii NepBoHaYanbHO 6bin CO3AaH ANt XpaHeHus 10°
3/1eMEHTOB, HO B UTOre coxpanun B 10 pa3 6onbwe. ®unstp bnyma gaet oyeHb
cnabyto NpOM3BOAUTENBHOCTb, U HAC MHTEPECYET ero 0XXHOMON0XUTEbHAS YacTo-
Ta. EMKOCTb GunbTpa coctaBnsiet 3 M6, M B HEM MCMOMb3YeTCs ABe XeL-QyHKLMM.

OTBer

VICFIOHb3y9I ypaBHeHKWe 3.1, Mbl nonyyaem cnepyrollee:
nk k _ 2x107 2 1
f: (1—6_W) = <1—€ 3><8><100'> = (1= <_> ~ 32%
(&

Mpumep 2: Bblumcnenne fu ks num

oot

Lonyctum, Bbl XoTHTe NOCTPOUTbL GuAbTp bayma ans n = 10° anemMeHTOB, U ANst 3TOTO
y Bac ecTb 0koo 1 M6 (m = 8 = 10°) 6uT). TpebyeTcs HaliTh ONTUMANbHYH NOXHO-
MONOXMTENbHYO YACTOTY U ONPESeNUTb YMCIO0 Xel-DYHKLMA.

OtBer

M3 ypaBHeHWs 3.2 cnepyet, YTO MAeaNbHOe YMCI0 XewW-QYHKUMA AOMKHO ObiTb
k=1In2 * 8+ 10%/10° = 5.544.YpaBHeHue 3.3 roBOPUT O TOM, YTO JIOKHOMOOXKMTENbHAS
yactota pasHa f = (1/2)>>* = 0.0214, Ho HaM HyXHO feranbHoe 3HadeHwe k. B a1oit cu-
Tyauumn Mbl MOTM 6bl BbIOpaTh k = 5 nnbo k = 6. B 06omx ciyyasx mbl bygem nonyyatb
OLMHAKOBYHO 2%-HYt0 NOXHOMONOXUTENbHYH YACTOTY.

3.4.1 Pa6ora ¢ punbTtpamu bayma: MMHU-3KCNEPUMEHTDI

Terepb, KOTAa y HAc ecTh 6a3o0BOe Mpe[CTaB/leHMe O MPUHLNIIE PabOThI
dunbpTpoB biyma, HuKe MPUBOLAUTCS Iapa MUHM-IKCIEPUMEHTOB, KOTOpbIe
MOAHMMYT Ballle [IOHMMaHMe Ha CJIeAYIOIii YPOBEHb.

YnpaxkHeHue 1

Vcnonb3yiiTe mipemoctaBieHHyo Python'oBckyioo peanmsarnuio s cosma-
Hus bunbTpa biiyma, roe n = 10° u f= 0.02. [I;1s1 371eMEHTOB MCITOb3YiiTe CITy-
yaifHble 1eble yrcna (6e3 MoBTOPeHMIT) M3 paBHOMEPHOTO pacipesiesieHns B
nuarmnasose = [0, 10°] 1 KOHBePTUPYIITe UX B CTPOKOBbIE TUTEePabl (BCTABISIATE
MX KaK CTPOKOBbIe TuTepasibl). COXpaHUTEe BCTaBI€HHbIE 3JIEMEHTHI B OT/Ie/Ib-
HOM d¢aite.
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BoinmosHuTe 10° TOMCKOB 3/1eEMEHTOB, pAaBHOMEPHO CJIyYaiiHO OTOGPAaHHBIX
us U. IIpociaenuTe 3a JTOKHOIIOJIOKUTEIbHOI YaCTOTOI M yoeauTech, YTO OHA
cocrasysieT ~ 2 %. VIsmepbTe BpeMsl, HeOOXOAMMOe 151 BbITTOJTHEeHUS oIlepa-
uuii moucka. [IpoBepbTe, UTOOBI B BalllM M3MEPEHMSI He ObIJIO BKIIOUEHO Bpe-
M, Heo6X0oauMoe [IJis TeHepaluy CIyJdaiiHbIX YMCell, CBI3aHHbBIX C BRIOOPOM
KJIIOYein.

Teneps BoimoaHUTE 10° TOMCKOB YCIIENTHBIX 3JIEMEHTOB ITyTEM PaBHOMEPHO-
ro CIy4aiiHoro orbopa (6e3 moBTOpeHMs) 13 (Qaiiyia BCTABJIEHHBIX 3JIEMEHTOB
U U3MepbTe BpeMs, HeOOXOAMMOe ISl BBIIIOJIHEHMS omepauuii moucka. ITpo-
BepbTe, UTOOBI He ObIIO BKIIOUEHO BpeMsI, He0OXOIMMoe JIJis YTeHus U3 daiiia
VIV TeHepUPOBAaHUS CJIyYaiiHbIX umces. YTo 3aHuMaeT 60Jibllle BpeMeHM — OIle-
paluy IoucKa paBHOMEPHbBIX CAyUalHBIX 371eMeHTOB MM Oomepaluy Ioucka
YCITeIIHbIX 3JIEMEHTOB?

YnpaxkHeHue 2

Vcronb3ysl TipefocTaBlIeHHYI0 peanusannio, cosmaiite buabtp biayma, mo-
IOOHBIN MpMBEIEeHHOMY B IpuMepe 2. Terepb co3maiiTe ABa Apyrux QuabTpa,
OIIVIH, B KOTOPOM Habop maHHbIX B 100 pa3 60Jibllle M3HAUYAIBHOTO, 1 eIIle OIWH,
B KOTOPOM Habop maHHbIX B 100 pa3 MeHbIlle, OCTABUB TY K€ JIOKHOITOIOXKM-
TeJIbHYIO YacToTy. UTO BBl 3aMevaeTe B pa3zMepe QuUabTpa IIpyU U3MEHEHUN pas-
Mepa Habopa JaHHbBIX?

YnpaxHeHue 3

B TexHMYeCKOIi IUTEPATYPE OMMChIBAETCS BapMaHT GuibTpa biryma, B KoTo-
pPOM pasHble Xell-QyHKLIMM 061aJaloT «IOPUCIUKIE» Hal, pasIMIHbIMM Yac-
tamu puabTpa bayma. JIpyrumu cioBamu, k xemi-dyHKIIUI pa3omUBaioT GUILTP
Bryma Ha k uaymux monapsii 6JIOKOB OIMHAKOBOTO pasMepa u3 m/k 6ut, u BO
BpeMsI BCTaBKM i-$1 XellI-(DyHKIINS yCTaHABIMBAEeT OUTHI B i-M Oj10Ke. PeanusyiiTe
9TOT BapuaHT GwibTpa Biayma u mpoBepbTe, CMOXKET Ji, U KaK, 3TO U3MEHeHe
TIOBJIMSITH Ha JIOXKHOIIOJIOKUTEbHYIO YaCTOTY 110 CPAaBHEHMIO C M3HAYaIbHbIM
unpTpom biyma.

Ilanee Mbl JagyIM HECKOIbKO MHCTPYKIVIA O BhIBEIEeHMM (POPMYJIbI JIOSKHOIIO-
JIOKUTEbHOJ 4acToThl puabTpa biryma u 0 paboTe HYDKHMX TPAHUI] B KOMITPO-
MMCCe MEKAY IIPOCTPAHCTBOM M OIIMOKOJ B paboTe CTPYKTYPbI JaHHBIX.

Crenyroiuii gasee pasgen HOCUT TeOPETUUECKUIA XxapaKTep U IpeJHa3HaueH
IIJIST MaTeMaTUJIeCK OPMEeHTUPOBAHHBIX unTaTeseii. Eciiu Bbl 6oiee OpueHTH-
POBaHbI HA MTPAKTHUKY, TO MOKeTe CBOOOTHO ITPOIMCTATD 10 pasena 3.6.

3.5 HemMHoro teopum

[Ipexxne Bcero naBaiiTe MOCMOTPUM, OTKyZa B3siTa IIaBHasi Gopmysia JOXKHO-
TTOJIOKUTENBHOM YacToThl hwibTpa biiyma (ypaBHeHMe 3.1). B mpuBegeHHOM
HIVDKE aHaJIM3€e Mbl MCXOAUM U3 AOMYIIEHMs], YTO Xell-(YHKINY He3aBUCUMbI
(pe3yabTaThl OGHONM Xell-(MYHKIMM He BIMSIOT Ha pe3ylbTaThl JII000J Apyroi
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xelnI-QyHKIMM) U UTO Kaxknasi xeul-GQyHKILMs 0ToOpaxkaeT KUY paBHOMEPHO
cry4dayiHo B guanasoH [0...m - 1].

Ecnu t - ato mons 6utoB B puibTpe Biryma, KoTopble Mo-ImpeskHeMy paBHbI 0
IOC/Ie BCeX N BCTABOK, a k — 4ncio xeu-QyHKIMIA, TO BEPOSITHOCTD f JTOXKHOIIO-
JIOKUTEJILHOTO pe3y/ibTaTa paBHa

f: (1 _t)ky

MMOTOMY YTO HaM HYKHO IOJIYYUTb K eqUMHUII, YTOOBI COOOIINUTD MpucyTcTByeT.
IMonydeHnne k emHNIL TAKKe MOKET OBITh Pe3y/IbTATOM YCITeIHOTO Moucka (ak-
TUYECKY BCTaBJIEHHOTrO 5JIeMEHTa; OLHAKO eCaM Mbl pacCMaTpMBaeM 3aIpoChl
KaK paBHOMEPHO CJIyyaifiHO OTOMpaeMble U3 YHMUBEPCATbHOTO MHOXECTBA, Ha-
MHOTO ITPEeBbIIIANIEro Hab0P JAHHBIX, TO BEPOSITHOCTb MCTUHHO TIOTIOXKUTENb-
HOTO pe3y/bTaTa COCTAB/ISIET HUUTOXHYIO OO OT 3TOM BeIMUMHBI.

3HaueHMe t HEBO3MOYKHO Y3HATb 10 TOTO, KaK OyyT BbITTOTHEHbI BCE BCTaBKM,
MOTOMY YTO OHO 3aBMCUT OT pe3y/ibTaTa XeNMpoBaHMs, HO Mbl MOXeM pabo-
TaTb C 8ePOSMHOCMBIO P TOTO, YTO OUT OyzeT paBeH 0 ITOC/Ie OCYIeCTBAEHMS BCEX
BCTaBOK (TO ecTb p = Pr; dukcupoBaHHbIl 6UT paBeH 0 Mocjie n BCTaBOK).

B BepOSITHOCTHOM CMBbIC/IE 3HAUeHMe p OymeT TPaHCAMPOBATHCS B MPOLEHT
Hynei B wibTpe (t). Mbl TIolydaeM 3HAU€HMeE p PAaBHBIM CIIeAyIOIIeMY HIDKe

BbIpa’>KeHUIO:
1 nk
k
p=[(1—-— e m,
m

IIJIst TOTO YTOOBI TIOHSITh MPUYMHY CIIPaBEIIMBOCTY STOTO BbIpaskeHMsI, Oa-
BaliTe HAUHeM C ITycToro ¢puabTpa biryma. Cpasy rmocsie Toro, Kak mepBast Xell—
GbyHKUMA h, ycTaHOBM/IA OAVH OUT PaBHBIM 1, BEPOATHOCTH TOTO, UTO GUKCUPO-
BaHHbBII 6UT B puibTpe Bayma 6ymet paBeH 1, 6ymeT paBHa 1/m, a BepOSTHOCTb
TOTO, YTO OH paBeH 0, COOTBETCTBEHHO, paBHa 1 — 1/m.

[locme TOro Kak BCe XelIM TepBOIl BCTABKM 3aKOHUWJIM YCTaHABIMBATh
3HaUYeHMs] OMTOB paBHBIMU 1, BEPOSITHOCTh TOTO, YTO (DMKCUPOBAHHBIN OUT
no-npeskHemy 6ymet paseH 0, 6ymer paBHa (1 — 1/m)X, u mocse Toro, Kak Mbl
3aKOHYMJIU BCTABJISITh BECh HAOOP JaHHBIX pasMepa 1 [eJIMKOM, 9Ta BEPOSITHOCTD
6ynert paBHa (1 — 1/m)™. [lanee annpokcumanus (1 — 1/x)* = e maet p = e™"™"/m,

BosHukaer cob6ia3H MPOCTO B3SIThb 9TO BbIpaskeHMe M 3aMEHUTh B HEM t,
0003HayvalolIee JIOKHOIIONIOKUTEIbHYI0 YacTOTY, Ha p, ¥ 9TO JACT HaAM YypaB-
HeHMe 3.1. B KOHIle KOHIIOB, p ONMCBhIBAeT OXMAAeMOe 3HaueHMe CJIy4ailHO
BeJINYMHBI, 0003HAUas IIPOLIEHT HyJIell B QUIbTpe, HO UTO, ey (PaKTIUueCKuii
MIPOIEHT HyJIeli MOXeT CYLIeCTBEHHO BapbMPOBATHCS OT €ro MaTeMaTUUeCKOro
OKUITAHUS?

Wcrnionb3yst epavuyst YepHosa — TeopeMy, OTPaHUUMBAIOIIYI0 BEPOSITHOCTh
CYILIeCTBEHHOI'O OTK/JIOHEHMSI CJIy4aiiHOi BeIMUYMHBI OT ee CpegHero 3Haue-
HMSI, — MOKHO TTOKa3aTh, UYTO J0JISI Hy/el B puiabTpe Bayma cuabHO COCpemoTo-
YyeHa BOKPYT ero cpemHero sHaueHus. O6mast popmyaupoBKa rpauui YepHo-
Ba CcOGIIOmaeTcs IJisg CIydaiiHbIX BeTMUMH X, TIPeCTaBISIoNMX co60i cyMMy
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B3a/MMHO He3aBMCUMBbIX MHAMKATOPHBIX CAydaiiHbIX BeandyuH. CiayuyaiiHas Be-
muuuHa X, KoTopast 0603HauaeT oblee uncIo Hyjeli B GuibTpe biyma, onpe-
nenstercst Kak X = >~ X, rae X, = 0, ecom i-i1 6ut B pubrpe Biryma pasen 1, n
X, =1 B IpOTMBHOM CiTy4ae.

Wcnonb3ys rpanniisl YepHOBa, Mbl [TOKaXkeM, YTO 3HAUYEHME CIIy4aliHOM Be-
JIMUMHBI X CyIIeCTBEHHO He OTKJIOHSETCS OT ee CpedHero 3HadeHus. B Hallem
caydae X, He SIBJISIETCS HE3aBMCUMMOIA, OIHAKO OHA CJIeTKa OTPULIATEIbHO KOppe-
JupyeT (maxke ere jiyuiie!). YcTaHOBKA OJHOTO 0MTa paBHBIM 1 HEMHOTO CHIKA-
€T BepPOSITHOCTD TOT0, UYTO APYTME OUTHI OYIyT YCTAHOBJIEHbI PABHBIMM 1.

O6bmas hopMynmMpoBKa BepxHeii rpaHuIlbl YepHOBa (UTO-TO MOJ0OHOE MOK-
HO CHeJIaTh U IJIs1 HUKHEN TPaHMILbl), TOE U — 9TO CpefHee 3HaUeHue CIydyaliHOM
BeJIMYMHBI X, BBIIJISIAUT CJI€IYIOIMIM 00pa3oM:

) H
(&
PriX>1+0)p < | ———=
> ol < (550 )
[TprMeHUTETBHO K HalleMy caydato U = E[X] = mp = me "™, Ecyiu MbI BbIOEpEM
8 =1 u mogcTaBuM rpaHuily YepHoBa, TO IOIYYMM BEPOSTHOCTh TOTO, UTO X 6Y-
IleT OTKJIOHSIThCSI OT CBOEro CpeJjHero 3HaueHus 6osee yeM B 2 pasa:

nk

e\ me m
Pr[iX > 2pm| < (Z) .

MBI MOXKEM C YBEPEHHOCTBIO AOITYCTUTD, UTO nk = 0(m), 11 3TO OyIeT TOTIOTHN -
TeJIbHO TOBOPUTDh 00 SKCIOHEHIMATbHO Majoii (< (3/4)°™) BepoSTHOCTU TOTO,
uyTo X Oy/ieT OTKIOHSIThCS OT CpelHeTo 3HaueHus 6oee yem B 2 pasa. Cremo-
BaTeJIbHO, p SIBJISIETCS XOPOIIeil armpoKCMaliveit IpolleHTa Hynelt B GpuibTpe
bryma, t, uTo ompaBabiBaeT 3amMeHy t B hopMysie B Hadasie 3TOTO pa3zgena. Ha

9TOM MbI 3aBepiiaeM (GopmMaabHOe BbiBefeHe ypaBHeHus 3.1.

3.5.1 Mo)HO nu pobutbca 6onbluero?

OunbTpsl biryma 1 BIIpsiMb XOPOILO YIIAKOBBIBAIOT IIPOCTPAHCTBO, HO CYILLECT-
BYIOT JI WJIX MOTYT JIY CYIIIeCTBOBATh 60Jiee ONTUMAaIbHbIE CTPYKTYPbI JAHHbBIX?
Ipyrumu cioBaMu, TP TOM ke 00beMe TTPOCTPAHCTBA MOKHO JIV JOOUTHCS 60-
Jiee ONTUMaJIbHO JIO(KHOTIO/IOKUTEIbHOM YacTOThI? JIJ1s1 OTBETA Ha 3TOT BOIIPOC
HYKHO (DOpMaTbHO BBIBECTU HUMHIOI0 2PAHULY, KOTOPAs CBSI3bIBAET 06bEM IPO-
CTPaHCTBA, VICIIOJIb3YeMOTO CTPYKTYPOi JaHHBIX B OUTax (M), C MaKCMMaabHOI
JIOKHOIIOJIOKMTE/IbHO YaCTOTOI, IOIyCKaeMOoi1 CTPYKTYpoii JaHHbIX (f). Obpa-
TUTE BHMMAaHMe, UTO HYDKHSISI TPaHMIIa He 3aBUCUT OT KaKOro-n60 KOHKPETHO-
'O YCTPOVICTBA CTPYKTYPbI JAHHBIX ¥ TOBOPUT O TEOPETUUECKUX ITPejesax 0ol
CTPYKTYPbI JAHHBIX — Iaske TOJ, KOTopas elle He Oblla M300peTeHa.

CTpyKTypa JaHHBIX MPENCTaB/IsSIeT CO00ii m-OUTOBYIO CTPOKY U MMeEeT B 06-
11e¥ CJIOKHOCTY 2™ HeCOBIaAAI0IIMX KOAMPOBOK. Kaxkaast oTaenbHast KOOMPOBKa
CTPYKTYPbI TaHHBIX B OTIOJTHEHVE K COOOIIEHMIO MpucyTcTByeT IJIT HEKOTOPbIX
N 371IeMEeHTOB Takke fJorryckaeT f(U — n) JIOsKHOIIOIOKUTENIbHbBIX Pe3yIbTAaTOB, TO
€CTb JOJTI0 f OCTAJIbHOI YacTy YHUBEPCATbHOTO MHOXKeCTBa. M3 0b61ero umcia
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n + f(U — n) a71eMeHTOB, IJIs1 KOTOPBIX CTPYKTYpa JaHHBIX COOOIIAET MNpucyTcTBy -
eT, Mbl He 3HaeM, KaKye U3 HUX SIBJSIIOTCSI UCTMHHO IOJIOKUTE/IbHBIMMY, 8 Ka-
K¥e — JIOKHOITONOKUTEIbHBIMY, IO3TOMY OJHa KOAMPOBKA CTPYKTYPhI JaHHBIX
CIIVSKUT AJ1S TIpefCTaBlIeHNsl KaKIO0ro IOAMHOXeCTBa pa3Mepa N, KOTOpOe Mbl
3axBaTbIBaeM. Takux MHOXecTB umMeetcs h + f(U — n) 1o n.

B njes1oM cTpyKTYypa LAaHHBIX LOJDKHA YMEThb «0XBaThIBaTh» Bce (U 10 n) MHO-
SKeCTB pa3Mepa 1 B yHUBepcaJibHOM MHoOskecTBe U. BMecTe B3siTbie, 3TU (aKThl
Ilal0T HaM HepaBeHCTBO, [I0Ka3aHHOe Ha PUC. 3.7, KOTOpOe ONMChIBAeT HIUKHIOI
rpaHuLly.

u ¥ PA3MEP YHMBEPCAJIbHOTO MHOXECTBA

N
MAKCYMAJIbHO A0NYCTUMAA
JIOXHONONOXNTENBHAS HACTOTA

+ffa )

41Cno OBILEE wcno
Y4C/IO MHOKECTB

HECOBMAA- CnO MHOKECTS MHOXECTS

ouwmx CTPOK  npgiCTABNISEMOTO PASMEPA

JJMHb! O/HOW CTPOKOW

PucyHok 3.7 HepaBeHCTBO, OMMCbIBAOLLEE HUMKHIOK FPaHULLY
NPOCTPaHCTBA-OLIMOKM

B3sB norapudm ¢ 06enx CTOPoH, Hapsay ¢ TeM (gakTom, uTo U >> n, u He-
CKOJIBKVMMU JIOTIOTHUTEbHBIMY aJIre0pandecKyuMy MaHUITYIISIIMSIMU HEpaBeH-

CTBO U3 pUC. 3.7 JaCT HAaM
cove )
m > nlog — ).
2\ f

Kak 3T0 COOTHOCUTCS C JIOKHOTIONOKMUTENbHOI YacToToi dhuabTpa biyma?

V3 ypaBHeHMit 3.2 1 3.3 MOKHO (D OpMabHO BbIBECTM B3aMMOCBSI3b MEKIY M
Y JIOSKHOTIOJIOKMUTENIbHOM YacToTol puibTpa Biryma (3mech Mbl 6yieM Ha3bIBaTh
ero f,.). Onarp xe, B35B 0rapuMm 1 BBINOJTHUB HECKOIbKO anre6pandecKkmx
YIIPOLLLEHNIA, MBI [10JIy4aeM, UTO

1
m > nlog, <f—> log, e.
BF
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CpaBHMB 3TO BBbIpakeHMe C HUKHEN TpaHulleli, Mbl I1Oayd4aem, YTO MPOCT-
paHCTBO GuabTpa biryma HaxoguTcs Ha paccrosiaum log, e = 1.44 oT onTUMab-
HOro. HekoTophlie CTPYKTYpbl JAHHBIX HAXOASTCS OVDKe K HYDKHEN IpaHuIle,
yeM GuibTp biryma, HO MX OUeHb TPYIHO IMOHSITh U Pean30BaTh.

3.6 Anantauuu U anbTepHaTUBDI
¢dunbTpoB bnyma

bazoBast cTpyKkTypa AaHHBIX GuabTpa Biryma mmpoKo UCITONb3yeTcs B psifie CU-
creM, HO GuabTphI Bayma Takske OCTaBJSIIOT JKeJaTh JIYUIIEro, M Crelyannc-
THI 110 MHGOPMATHUKe pa3paboTaiy pasjinuHbie MOIAUGUIIMPOBAHHBIE BEPCUN
uapTpoB Bayma, KOTOpble YCTPaHSIIOT HEKOTOPBIE M3 3TUX HemocTaTKoB. Ha-
npuMep, CTaHAAPTHBIN GuabTp Biiyma He paboTaer ¢ ynaneHusimu. CyIiecTByeT
Bepcus bunbtpa bayma, umenyemast cuumarowum guismpom bayma* [7], B Ko-
TOPO¥1 BMECTO OTIEeNbHBIX OMTOB B SUEiKaX MCIOIb3YIOTCS cueTumku. Omepa-
LIMST BCTaBKM B cumTawileM ¢uiabTpe biyma yBeamMumMBaeT COOTBETCTBYIOIIME
CUETUMKM, a OTepalus ynajleHus ux yMmeHblinaet. Cuuramiinue GuabTpsl biay-
Ma 3aHMMAaIOT O60JIbIlle MecTa (ITPMMEPHO B UEThIpe pa3a O0JIbIle) Y TOKE MOTYT
MPUBOJUTH K JIOKHOOTPUIIATETbHBIM pe3yabTaTaM; Halpumep, Ipu MHOTO-
KpPaTHOM yJaJIeHUY OZHOTO M TOTO Ke 3JIeMeHTa, TeM CaMbIM CBO[ISI CYETUMUKHU
KaKOTo-71Mb0 3JIeMeHTa K HYJTIO.

Emie ogHoit mpobnemMoii GunbTpoB BiayMa SIBsIeTCS X HECIOCOOHOCTh 3(d-
(hexTUBHO M3MEHSATDb pa3mep. B dmibTpe Biiyma He XpaHSITCS HU 27IeMeHTbI, HU
OTIeYaTKY, TO3TOMY M3HAUaJIbHbIE KJII0OUM HeOOXOAMMO BO3BpalliaTh U3 TOJT0-
BPEMEHHOTO XPaHWINIIA, YTOOBI CTPOUTD HOBBIN GuabTp Bayma.

Kpome Toro, puabTpel Biyma ysi3BMMBI, KOT[Ia 3allpOChl HE JealoTCsl paB-
HOMEpPHO CJIyJaiiHo. 3aIlpochkl B peaJibHBIX CIIEHAPUSIX PeIKO ObIBAIOT paBHO-
MEpHO CTydJaiiHbIMM. HarmpoTuBs, MHOTME 3ampochl MOTUMHSIIOTCSI pacrpeme-
nenuto [umnda, rme Masoe YMCIO 57EMEHTOB 3aIpaniMBaeTcsl 60IbIIOe YMCIO0
pa3, a 6oJIbIIIOe YMCIO JIEMEHTOB 3alpaliyBaeTcsl TOJIbKO ONVH MUK Ba pasa.
Takast 3aKOHOMEPHOCTh 3aITPOCOB MOKET YBeIMUMBATh 3G(HEKTUBHYIO JIOKHO-
MTOJIOKUTEIbHYIO YaCTOTY, €C/IM OMH U3 «TOPSUMX» SJIEMEHTOB (TO eCTh YacTo
3aIpanMBaeMbIX JIEMEHTOB) TPUBOJUT K JIOKHOIIOIOXKUTETbHOMY Pe3yyIbTaTy.
Monmuduxanuus bunbtpa biriyma, umMeHnyemas 83geweHHsIM pursmpom bayma [8],
yCTpaHSIeT 3Ty MPo6JIeMY, BbIIEJISISI 60JIbIIIe Xelllel «TopssanuM» JIeMeHTaM, TeM
CaMbIM CHMKasi BO3MOKHOCTDb JIOSKHOIIOJIOKUTEIbHOTO pe3yibTaTa IJIsS 3TUX
37eMeHTOB. CyIeCTBYIOT TaKskKe HOBbIe adanmusHsie MOIupUKauy GUIbTPOB
Bayma (To ecThb Ipy 06HAPY>KEeHUM JIOKHOTIOOKMUTEILHOTO Pe3yIbTaTa OHM IThI-
TAKOTCS €ro UCIIPABUTD) [9].

Elle omHO HampaB/ieHMe MCCIeqoBaHuii ObIJI0 COCPEIOTOUEHO Ha KOHCTPY-
MPOBAaHUM CTPYKTYDP AAHHBIX, PYHKIMOHAIBHO aHATOTUYHBIX GUIbTPpY bayMma,
HO X YCTPOICTBO GBIJIO OCHOBAHO HA OMpeIeeHHbIX TUITaX KOMITAKTHBIX XeIIl-
TabmIl. B ciiegytonem ranee pasjesie Mbl PACCMOTPUM OHY U3 TaKMUX MHTEpec-

22 AHr1. counting Bloom filter. — ITpum. nepes.
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HBIX CTPYKTYP JAHHBIX: NOPUUOHHbLL (puremp. HeKOTOpbIe MEeTOIbI, 3a€/CTBO-
BaHHbIE B CJIeyIOLIeM HMKe paslese, TECHO CBSI3aHbl C KOHCTPYMPOBAHMUEM
Xell-TabJIuII AJIsI MaCCYMBHBIX HAOOPOB JaHHBIX, UTO SIBJISIETCS TEMOI IIPeIbIay-
11eJi I7IaBbl, HO MbI PACCMOTPMM 3TOT BOIIPOC 37€Ch, IOTOMY UTO IJIaBHbIE 00-
JIACTU TIpUMEeHEeHMS MOPIUMOHHBIX GMIBTPOB QYHKIMOHATBHO SKBMBATEHTHBI
unpTpam biryma, 1 MbI HAXOAMM X IPMMEHEHME B aHAJTOTUYHBIX KOHTEKCTaX.

3.7 NopuMOHHBIN PUNbTP

[MopuymonHbI GrabTp?® [10] B caMoOM ITPOCTOM BuUe TTPeCTaBsIeT COO60i XUT-
POYMHO pa3paboTaHHYI0 XeNI-Tabjuily, B KOTOPO# MCIOIb3YyeTCs JMHeTHoe
ornpoO6bIBaHMe. PasHuIla MeXIy IMOPIMOHHBIM (PUIBTPOM U OOGBIYHON Xeml-
TabMMIeli 3aKI0YAETCSI B TOM, YTO BMECTO XpaHEeHMs KIoueil B ¢JI0Tax, Kak
B KJIACCUYECKOI XelI-Tab/IUIle C MCIIOIb30BaHMEM JIMHEIHOTO ONpPOObIBaHMS,
MTOPIMOHHBIN GWIBTP XPAHUT Xelllu (TEPMUH 0mneuamox OyeT UCIoNb30BaTh-
cs1 B3ayMO3aMeHsieMo 1)1t 0603HaueHus xelia). TouHee, MOPLUMOHHbI QUIbTP
XPaHUT TIOPIMI0 KAXKIOTO Xellla, HO, KaK MbI YBUIMM, OH CIIOCOOEeH HaJexXHO
BOCCTAHaBJIMBATh BECh XEIIl I[eJTMKOM.

B «crekTpe HeMCKaskeHHOCTV» IIOPLIMOHHbIN (PUIBTP HAXOAUTCS IIe-TO MEXK-
oy xem-tabmuieit u guiabrpom biayma. Eciu ABa HecoBmagalomux KiIoJa Xe-
HIVPYIOTCS B OAMH U TOT K€ OTITIeUaTOK, TO TOPIMOHHbIN QUIBTP HE CMOXKET UX
OTJIMYUTD APYT OT Apyra Tak, KaK 3TO caenajia 6bl xem-tadmauia. Ho eciu aBa
KJI0Ya XeIlpyrTCcs B pasHble OTIeYaTKM, TO MOPUMOHHBIN (QUILTP CMOXKET
UX OTJIMUYUTD; 3TO HE OTHOCUTCS K (puiabTpam biayma, rae 3ampoc Mo KTy C
YHUKAJTbHBIM HAOOpOM Kk Xellieit MOKeT TeHepUpPOBaTb JIOSKHOIIOIOKUTETbHBIIA
pesyJbTar.

[MopunonHbl GUALTP o067amaeT GYHKIMOHATBHOCTHIO, AHAJIOTUYHON C
dwibTpoM Biriyma, HO MMeeT COBEPIIEHHO MHOE YCTPOIICTBO. M cronb3ys 6osee
IJTVHHBIE OTII€YATKY, MOPIMOHHBIE (PUIBTPHI MOTYT CHMKATD JIOXKHOTIOIOKM -
TeJIbHYIO YacTOTY, HO 6oJiee IJIMHHBIE OTIIeYaTKY TaKKe MOTYT 3aHMMAaTh CJIMAII -
KOM MHOTO ITPOCTPAaHCTBA.

B maHHOM pasfesie Mbl paCCMOTPMUM pa3HbIe MPYEeMbl, KOTOPbIEe MCITO/Ib3Y-
IOTCSI B MIOPLUMOHHOM (GUIBTPE JJIs1 KOMITAKTHOTO XpaHeHMsT OTIIeYaTKOB. Bo3-
MOSKHOCTb BOCCTaHAB/IMBATD IOJHbBIN OTIIEYATOK IMPUXOAUT Ha ITOMOIIb, KOTIa
BO3HMKAET MOTPeGHOCTh B yIAJE€HUM 3JIEMEHTOB; 1, TTIOPIMOHHbIE (UIbTPHI
CII0COOHBI 9(PGHEKTUBHO YIATATD.

B nmomosniHeHMe K 9TOMY MOPUMOHHBIN (QUIBTP MOXKET caM M3MEHSTh CBOI
pasMep, a orepaius CIUSHUS ABYX MOPIMOHHBIX (QUIBTPOB B 60Jiee KPYITHbINA
MTOPIMOHHBIN QUIBTP MPOXOAUT 6eCIIOBHO U ObICTPO. Db PeKTUBHOE CIMSHNIE,
M3MeHeHMe pasMepa 1 yaajeHune — Bce 3TU PyHKIMOHaTbHOCTH, BO3MOKHO, TT0-
6yIISIT BaC pacCMOTPETh BO3MOKHOCTb MCIIOIb30BAaHMS MTOPIIMOHHOTO (GWIbTpa
B HEKOTOPBIX IIPWIOKEHUSIX BMeCTO ¢uibTpa bayma; 3T GyHKIIMOHATbHOCTU

%3 Aurn. quotient filter; cuH. yacTHBI GUIBTP; OH OCHOBAH Ha CBOETO POja XelI-Tab/uile, B KOTOPOit
3aMMCy COfIePsKaT TOMbKO NOPYUlo KI0Ua TUTIOC HEeKye NOTOJHUTENbHbIe OUTHI MeTaJaHHbIX. CM.
https://en.wikipedia.org/wiki/Quotient_filter. — IIpum. nepes.
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0COOEeHHO YIO0OHbI B IMHAMUYECKMX pacIipeesIeHHbIX cucTeMax. ITo ImpaBe ro-
BOpsI, IOPLVIOHHBIE (QMIBTPHI HEMHOI'O CJIOJKHEE ITOHSITh M peaan30BaTh, YeM
unbTpe! Biyma, Ho, 110 HaIlleMy MHEHMIO, MX M3y4eHMe CTOMUT Balllero BpemMe-
HH.

B cnepyioniux manee pasgenax MbI IPOBedeM 00CIefOBaHME YCTPOICTBa
MMOPLIMOHHOTO (PUIbTpa, CHavaja IMO3HAKOMMUBIIMCH C ITOHITHEM (HOPMMUPO-
BaHMSI YaCTHBIX M OCTATKOB, a 3aTeM OITMCaB IpUMeHeHMe YKa3aHHO Ipolie-
IypbI TIOPILMOHHOIO (MJIbTPa BMECTe C OMTaMy MeTaJaHHBIX IJISI SKOHOMMUM
MpocTpaHcTBa. Ha mopimoHHbIi GUIBTpP JyUllle BCEro CMOTPETh KaK Ha UTPY,
B KOTOPOJi HY’>KHO HEMHOTI'O COKOHOMMUTb 3[I€Ch WJIM TaM M MCIIOJIb30BaTh C 9TOJ
1IeJIbI0 pa3Hble YI0BKM. [IOpIIMOHHBIN GUIBTP — HEe eOMHCTBEHHAsl CTPYKTypa
IJaHHBIX TAKOTO POAa, HO HEKOTOPbIE IIPYEMbI, KOTOPBIM BbI 3[IeCh HAYUUTECH,
OyIyT B 1[€JIOM I10JI€3HbI )T TOHMMAaHUS aHAJIOTMYHBIX CTPYKTYP JaHHBIX, OC-
HOBAHHBIX Ha KOMITAKTHBIX XeIll-Ta0IuIIax.

3.7.1 ®opMupoBaHMe HACTHbIX U OCTAaTKOB

Dopmuposarue uacmuslx u ocmamkog* [11] moppasuensieT Xel Kaxka0ro dJie-
MeHTa Ha YacmHoe Vi 0Cmamox: B IIOPLUMOHHOM (UIbTPE YACTHOE MUCITOTb3YEeTCS
IJIST MHIEKCAIlMY B COOTBETCTBYIOIIYIO KOP3MHY Xelll-Tab/IMIIbl, 8 OCTATOK — 3TO
TO, UTO COXPAHSIETCS B COOTBETCTBYIOLIEM coTe. Hanpumep, nmest h-6UTOBBIN
Xelll ¥ pa3Mep TabIUIIbI M = 29, YaCTHOE — 9TO 3HAUeHMe, oIpefeseMoe Kpaji-
HMMMA JIeBbIMM q 6UTaMM Xellla, a OCTATOK MIPeACcTaB/sieT ocTapiunecs r=h — q
6uT. [Ipumep Ha puc. 3.8 MoKasbIBaeT pa3bMBKY OTIIEUATKOB Ha HeBGOJbIIOM
npumMepe, rae m = 32 (mosromy q = 5) m h = 11.

m=32 = ZQ

v

4cno PAIMEP YACTHOTO
- COPaMH XEW-TABMLY COCTABNFET 5 BHT
BLTABHTD YACTHOE OCTATOK
~

4o h(v) =10001 001010 %ooliioo’/ma
2, h(w) =i0011 100111 loo $r0011/ ]
8, h(x)=to011 111111 :?IToouiﬁl“/ |
'h%?”"”oo 1o1101  [l0j00% W
,5,?7(2)7-!0!00 1o l_l@ £11110 '
R
PucyHok 3.8 DopMMpOBaHHMe YaCTHbIX M OCTATKOB B Xel-TabnuLie.

JneMeHT y uMeeT xelw 10100101101; cnepoBaTenbHO, 0CTaToK 101101 (35)
OyAeT coxpaHeH B C0Te, ONpeaensiemMjM YacTHbIM, B KOp3nHe 10100 (20)

2 AHm1. quotienting. — IIpum. nepes.
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Cnemyromuii Hiske pparMeHT MCXOIHOTO KO/Ia TOKa3bIBaeT, KaK IT0C/Ie Xeln-
pPOBaHMS KJIKOYA M COXpaHEHMs Xellla B epeMeHHOI fingerprint BBIIOIHSIETCS
BCTaBKa B MTOPLUMOHHBIN GuiabTp (filter):

h = len(fingerprint) (1)
q = log2(m) 2]
r=h-g

quotient = math.floor(fingerprint / 2**r) ©
remainder = fingerprint % 2**r (4)
filter[quotient] = remainder (5)

@ Yucno 6uTOB B OTMEUaTKe

® Mpeanonaraetcs, YTo pa3Mep Xew-Tab/uLbl PaBEH CTENEHU ABYX

© g kpaitHux neBbIx 6UT oTNEYaTKa

@ r KpaliHux Npasbix GUT OTNEYaTKa

@ OcraTok coxpaHaeTcs B KOP3MHE, 334aBAEMOM YaCTHbIM (YACTHOE HE COXPAHSIETCS)

[Toka Herutoxo. Eciiu Kommnu3nii He MpoucXoauT (TO eCTh HUMKaKye JIBa OTIIe-
yaTKa He MMEIOT OJMHAKOBOI'O YaCTHOTO), KasKIbI/i OCTATOK 3aHMMAaeT CBOIO
COOCTBEHHYIO KOp3MHY b. ITOJIHBIN OTIIEYATOK JIETKO BOCCTAHAB/IMBAETCS ITYTEM
KOHKaTeHalMM IBOMUYHOTO IIpeaCTaBJIeHMs] HOMepa KOP3UHBI b ¢ IBOMUYHBIM
Mpe[iCTaBIeHMEM OCTAaTKa, XPaHIIIMMCS B KOp3uHe b. Jlaske B 9TOM HEOOIbIIIOM
npuMepe 3a cueT ¢GOpMUPOBAHMS YACTHBIX M OCTAaTKOB HaM YAAJI0Ch COKOHO-
MUTbB q = 5 OUT Ha KasKObIii CJIOT.

Ba’kHO MOMHUTb, UTO OTTIEUATKM B ITIOPIIMOHHOM (QWIBTPE MOKHO PEKOHCTPY-
MUPOBATh, a 3TO IIOMOTAET IIPM U3MEHEHMM pasMepa U CIMSIHUM, HO HEBO3MOXKHO
PEKOHCTPYMUPOBATh M3HAUATbHBIE 3/IeMeHTbI. OTISITh JKe, Mbl HaXOIMMCSI THe-TO
MEXIY Xell-TabnuiiamMu, KOTOpbIe comepskaT GpaKkTUUecKue KIoun, 1 GpuabTpa-
M1 biryma, KoTopble He MOTYT PeKOHCTPYMPOBATh MHGOPMAIINIO O TOM, Y KAKOTO
S7eMeHTa ObLIM KaKye Xellln.

OIHaKO KOJIM3MM B XelI-Tabjauilax JOBOJbHO PacIpOCTPaHEeHbI, U IIOP-
LIIMOHHbBIE QMIBTPBI YPEIYAUPYIOT KOJIJIU3UM, UCIIONb3YS BApUAHT JIMHEHOIO
ornpo6bIBaHMsA. MbI yke UyBCTBYeM HeJlaJHOe, TIOTOMY UTO BCJIEICTBUE JIV-
HEJTHOTO ONpPOObIBAHMSI HEKOTOPbIE OCTATKM OYIOYT 3aABUTaThCSI BHU3 OT UX
M3HAYaJIbHOM KOP3UHBI, UTO OYAET MPUBOAUTD K ITOTEPE acCOUMALUY MeK-
Iy YaCTHBIM M OCTATKOM. [IJISI peKOHCTPYKLMM [TOJIHOT'O OTHEeYaTKa B IOp-
IVMOHHOM (UIbTPE UCIIONIb3YEeTCS TPU OOIMOJHUTENbHBIX OMTa MeTaJaHHbIX
Ha Kaxkaplii cioT. Tpu 6ura — 3TO Masas 1leHa 3a 9KoHoMuio ~20-30 6uT B
KakJI0M CJIOTe Ha YaCTHOM B KPYIHBIX XelI-Tabnuiiax. B cienyionem manee
paspgesie Mbl OObSICHUM, KaK OMTBI MeTaJaHHbIX 00JIeTUaloT OIlepalui B IIop-
LIIMOHHOM QUIbTpe.
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3.7.2 NMoHaTUe 6UTOB MeTaAaHHbIX

[Tpeske ueM TO3HAKOMUTBCSI CO CMbICJIOM OMTOB MeTaaHHbIX, HEOOXOAMO
HEMHOTO Pa306paThCsi B TEPMUHOIOTMY. EC/M BBI 3aMyTa/ICh B TEPMMUHAX 9TO-
ro pasjesna, TO He CJIMIIKOM BOJIHYTECh, TIOCKOJIbKY BCE AO/IKHO IMPOSICHUTHCS
10 Mepe TOro, Kak MbI OyzieM paboTaTh ¢ IpuMepaMu, TOCMOTPUM Ha Tpef-
HasHaYeHMe OTPe3KOB U KJIACTEPOB U HA POJib, KOTOPYIO UTPAET KasKAbIiA OUT
MeTaZaHHbBIX MMPU YPEryIupoBaHMM KOJUTM3UI BO BpeMsl BCTaBKM UJTM TTOMCKA.

Ompe30k* — 3TO HemlpepbIBHAS TOCAEA0BATEIbHOCTh CJIOTOB MOPLIVIOHHOTO
bwibTpa, 3aHSITHIX OCTATKAMMU (TO €CTh OTIIeUaTKaMM) C OOMHAKOBBIM YaCTHBIM
(BCe OTmevyaTKu, KOTOpbIe BCTYIWUIM B KOJUIM3UIO B OAHOM KOHKPETHOM KOP3U-
He). Bce ocTaTku ¢ 04MHAKOBBIM YaCTHBIM COXPaHSIOTCS B QUIIbTPE MOoUepelHO
Y B OTCOPTMPOBAHHOM TOPSIKE OCTATKOB. V3-3a KOTM3MIA U MTPOTATKUBAHUS
OCTaTKOB BHU3 MPU BO3HMKHOBEHUM KOJIIM3MII OTPE30K MOXKET HAUMHATHCS
CKOJTb YTOAHO J1aJIeKO OT COOTBETCTBYIOIIEH eMy KOP3UHBI.

Knacmep - 370 mocnenoBaTenbHOCTh M3 OJHOTO MJIM HECKOJIbKUX OTPE3KOB.
9To roovepeHasI IOCIENOBATEIBHOCTH® CJIOTOB IMMOPLUMOHHOTO (OWIbTPA, 3aHS-
TBIX OCTATKaMMU, Ie TIePBbIii OCTATOK XPAHUTCS B €r0 M3HAYATbHO XelPOBaH-
HOM CJIOTe (TaKoii CJIOT Ha3bIBaeTCsl sIkopHbiM). KoHely kiacTepa o603HavaeTcst
J16O ITYCTHIM CIOTOM, JIMOO HAaYaJIOM HOBOTO KIacTepa.

[Tpy BBITIOJIHEHNUM TTOMUCKA B MOPLVOHHOM (WIbTpe HEOOXOAMMO IEeKOIM-
pPOBaTh OCTATKM BMECTE C COOTBETCTBYIONIMMM OUTaMM MeTaZaHHbIX, YTOOBI
TOJIyYNUTH TIOJIHBIE OTIeYaTKu. [leKomupoBaHue BCeTAa HauMHaAeTCs B Havajie
cofiepskaliero kaacrepa (To eCTb B IKOPHOM CJIOTE) U TIPOXOAUT B HUCXOSIIIEM
HarpasjaeHun. [leKoaupoBaTh KJIacTep MTOMOTaloT Tpu 6MTa MeTaJaHHbBIX B KasK-
IIOM CJIOTe, KOTOpbIe IIpUBeIeHbI HusKe? :

bucket_occupied — co06IIaeT 0 TOM, GBI JIM KAKOI-TM60 KIII0U paHee Xellu-
POBaH B IaHHYIO KOp3MHY. Ero 3HaueHue paBHO 1, ecjv KaKoii-Im60 Koy
OBbLI XEILIMPOBAH B KOP3UHY, ¥ 0 B IPOTUBHOM Cy4ae. ITOT 6UT co0OIaeT
0 BCEX BO3MOXKHBIX YaCTHBIX B KJIACTEPE;

run_continued — cOOOIAET O HAJIMYMUM Y OCTATKA, XPAHSIIErocs B JaHHBIN
MOMEHT B 3TOM CJIOT€, TOTO K€ YaCTHOTrO, UYTO M y OCTATKa MPSIMO Ha
HUM. JIpyTMMM CJIOBaMM, 9TOT 6UT paBeH 0, eciu OCTaTOK UET MePBbIM
B CBOEM OTpE3Ke, M B IIPOTMBHOM C/Iy4yae paBeH 1. DTOT O6MT cooOIIaeT o
TOM, T/l HAUMHAETCS ¥ 3aKaHYMBAETCS KaKIbIii OTPE30K B KacTepe;

is_shifted — cooO1LIAET O TOM, UTO OCTATOK, XPAHSIINIACS B JAHHBI/ MOMEHT
B (JIOTe, HAXOAUTCS B CBOEI M3HAYaJabHOI ITpearojaaraeMoil mo3nuiinm,
160 O TOM, UTO OH OBLI CABMHYT. DTOT OUT IIOMOTAET JIOKAIM30BbIBATh
Havasio Kiaacrtepa. OH ycTaHaBaMBaeTcs paBHbIM 0 TOJIBKO B SIKOPHOM
CJIOTe U B IIPOTMBHOM CJTy4yae yCTaHABIMBAETCsI paBHBIM 1.

% AHIUL run; cuH. ipo6er. — I[Ipum. nepes.
% AHII. consecutive sequence; CMH. HEIIPePbIBHAS TOCIEIOBATENBHOCTD. — [IpuMm. nepes.
27 B mopsifiKke MOSIBJIEHNST: KOP3MHA_3aHSTa, OTPE30K_[TPOJO/IKAETCS U €CTh_CHABUT. — [Ipum. nepes.
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3.7.3 BcTtaBka B NOPLMOHHBbIA GUALTP: NpuMep

Tenepsb nIaBaiite HpOp&6OT8€M BCTaBKYy 3JIEMEHTOB V, W " X, KOTOpbI€ MO>XHO

YBUIETD Ha puc. 3.9.

META-
%SLTHOF OCTATOK; * _AAHHbIE
no3WLNS Vg % v
10000 j o

4y (") =001 Jooi010 2 (@oo))|c0r0r0 [ 170 0
2, P (w) =loon jioon 10010 L

> OTPE3OK 9 100 /1] IE—H_O:O

3,4 (x) =teott Juiit Lhioo [ 111111 @ T8
10101 ]
ar 10110 b

n L)

ol | |

YTO-TO XELWMPOBAHO B 3TY KOP3MHY 5
((BUcKET_ occuPlED)

3T0 NMPOAOMKEHVE OTPE3KA
(" RUN._CONTINUED )

3TA 3AMVCb CABMHYTA
(Is_sHiIFTED)

PucyHok 3.9 BcraBka B NOPLMOHHbIA GUALTP M BUTbI MeTaaHHbIX

MbI HauMHAEM C M3HAYaIbHO ITYCTOTO MOPIVMOHHOTO GuIbTpa U3 32 = 2° cJ10-
TOB, IJle KaKAbIi1 CJIOT, a TAKKe BCe TPU 61Ta MeTaJaHHbIX M3HAaYaIbHO YCTAHOB-
JieHbl paBHbIMMU 0.

1. BcraButh v: h(v) = 10001001010. Kop3uHa, 3agaHHast YaCTHbIM 10001, paHee

He 6blIa 3aHATa. Mbl ycTaHaB/IMBaeM OUT bucket_occupied paBHBIM 1 U
COXpaHsSIeM OCTaTOK B CJIOTE, 3aJJaHHOM ero 4acTHbIM. O6paTuTe BHUMA-
HIM€e, YTO HaM He HY)KHO HMKaKUX JOTIOTHUTEIbHBIX IeCTBUI C IPYTUMU
6MTaMM, TaK KaK 9TOT 3JIEMEHT B HACTOSIIIEE BPEMSI SIBJISIETCS HAYaIOM
OTpe3Ka U Ki1acTrepa.

. BcraButh w: h(w) = 10011100111. ONATb K€, Mbl yCTaHaBIMBaeM OUT buck-

et_occupied paBHbBIM 1 B 10011 1 COXpaHSIe€M OCTATOK B COOTBETCTBYIOLIEM
CJIOTE, TTOCKOJIbKY OH JOCTYIIEH, ¥ HEe M3MeHsIeM HUKAKue IPyrue OUTHI.

. BcraBuTh x: h(x) = 100111111111. [TpITasiCh YCTAHOBUTH KOP3MHY PaBHOI 1,

MbI BUJIMM, UTO KOP3MHA 10011 y)Ke 3aHSITa, [I03TOMY, Iie 6bI Mbl HUM CO-
XPaHSIM OCTAaTOK, HAM HY)KHO Oy/leT yCTaHOBUTb run_continued 3TOTO
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ciota paBHbIM 1. CJIOT B XelIMPOBAHHONM KOp3MHE 3aHST, [I03TOMY, TAe
ObI MbI HJ COXPaHSIIM OCTaTOK, HAM TaKKe HYKHO OyIeT yCTaHOBUTb OUT
is_shifted 3TOrO C/;10Ta paBHBIM 1. YUUTBIBAS, YTO Mbl HAXOAMMCS B Ha-
yajie KjlacTepa, y KOTOPOro eCTb TObKO OZIH OTPe30K (YUaCTHOe KOTOPOTro
PaBHO YaCTHOMY OT X), Mbl CKAHMPYEeM BHM3, UYTOObI HATU MEPBbIii 10-
CTYITHBIN CJIOT BHYTPU OTpe3Ka B KOp3MHe 10100. MbI cOXpaHsieM OCTaTOK
Y YCTaHaBJIMBaeM OUTHI run_continued 1 is_shifted paBHbIMMU 1.

B Hactosmee BpeMst TOPLMOHHBIN QUIBTP MMeeT IBa KjacTepa, KaskIblil 13
KOTOPBIX MMEET I10 OLHOMY OTpe3Ky. Teriepb Mbl BCTaBUM ellle HeCKOJIbKO 3Jie-
MEHTOB (KakK IoKa3aHo Ha puc. 3.10).

O BcraButh y: h(x) = 10100101101. BuT bucket_occupied B 10100 6611 paBeH 0,
¥ MbI YCTAHOBWIM €Tr0 paBHBIM 1 (run_continued B OKOHYATEJIbHOM CJIOTE
ocraTka OyzeT yctaHOBJeH paBHbIM (), U CIOT B XeIIMPOBaHHO KOp3MHE
6ymeT 3aHST (is_shifted B OKOHUATETHLHOM CJIOTE OCTATKa OY/IeT yCTaHOB-
JieH paBHbIM 1). MblI uilleM MepBoe MeCTO HauMHasl C Havajia KjiacTepa,
YTOOBI COXPAHUTD HOBBINM OTPe30K. [TepBbIit JOCTYITHBIN CJIOT HAXOOUTCS
B Kop3uHe 10101, m0o3TOMY MbI COXpaHsieM OCTaTOK M COOTBETCTBYIOIIUM
00pa3oM ycTaHaB/IMBaeM OUThI MeTaJaHHbBIX.

O BcraButh z: h(x) = 10100111110. BuT bucket_occupied B KOp3UHE Z y3Ke ycTa-
HOBJIEH paBHbIM 1 (run_continued B KOHEUHOM CJIOTe OyneT paBeH 1), u uc-
XOOHBIN CIOT 3aHAT (is_shifted B OKOHUYATeIbHOM CJIOTE OyIeT paBeH 1).
MpsI JekoaupyeM C Havaia KjiacTepa M HaXOOMM MeCTOITOJIOKEHUE IO -
XOpsIero orpeska. Mbl CKaHUPYeM OTpe30K 10 Kop3uHbl 10110, 4TO6BI
COXPaHUTb OCTATOK Z ¥ COOTBETCTBYIOIIMM 00Pa30M YCTAHOBUTD OMTHI.

Haiira rmocnemoBaTebHOCTb BCTABOK JOBOJILHO YIIPOIeHa, IOCKOJIbKY BCTAB-
KU TIOCTYTIalOT B OTCOPTUPOBAHHOM TOPSsIIKe 3HaUeHUi1 oTrieuaTKoB. ClieHapuii
OTCOPTMPOBAHHOIO MOPSIIKA BCTABOK B IMTOPLUMOHHBIN QUIBTP MOTYIMUI HIUPO-
KOe pacIipocTpaHeHue M3-3a Crocoba UIMSTHUS U M3MeHeHMs pa3Mepa MopIy-
OHHBIX (GUJIBTPOB, AaHATIOTUYHO CIMSTHUIO COPTMPOBAHHBIX CIIMCKOB IIPU COPTH-
POBKe CJIMSIHMEM, HO HaM TakyKe HYy>KHO yMeTh paboTaTh CO CIeHapusIMU, KOTraa
BCTaBJIsieMble OTIIeUaTKM IMOCTYIIAIOT B IPOM3BOJIbHOM ITOPSIAKE.

Korpa simemMeHThI BCTaBI/ISIIOTCSI BHE COPTUPOBAHHOIO IOPSIAKA OTIIEYATKOB,
TO IIOC/Ee TOrO, KakK OymeT HalifleH MPaBUIbHbBIA OTPE30K IJiT BCTaB/ISIEMOTO
TyZ[a OCTAaTKa, 3TO MOXXET IIPUBECTU K YOAJIEHUIO HECKOJIBKUX 3JIEMEHTOB 3TOTO
OTpe3Ka U APYrux 3JeMeHTOB B 3TOM KjacTepe. PacCMOTpUM MpumMep BCTaBKU
anemeHTa a, h(a) = 101000000000 B pe3yabTUPYIONINMIA TOPIIMOHHBIN QUIBTD,
MOKa3aHHbIN Ha puc. 3.10. AnemMeHT GyIeT NPUHALIEKATh BTOPOMY OTPE3KY
BTOPOrO KJIacTepa, KOTOPBIM B HACTOsILIee BpeMs 3aHMMAEeT CJIOThI, 3aJjaHHble
KOp3MHamMM 10101 1 10110. DIeMeHT a rmepeMecTiu Obl BeCb OTPe30K Ha OAVH
CJIOT HIKE, YTOOBI ObITh COXpAaHEHHBIM B CJI0Te 10101, TOTOMY UTO €ro OCTaTOK
SIBJISIETCSI TIEPBBIM B BO3pacCTaloleM COPTMPOBAHHOM IOPSIAKE B TOM OTpe3Ke,
", CJIeOBATEIbHO, TAKKEe MHULIMMPYET U3MeHeHMs B 6MTax MeTaJaHHbIX.
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PucyHok 3.10 BctaBka y 1 z B NOPUMOHHbIA GUNLTP

3aueM HYXKHO MMeTh COPTMPOBAHHBbIE OCTATKY BHYTPU OTpe3Ka (M OTpe3Ku
Mexny kinacrepamiu)? OTBET Ha 9TOT BOIPOC MPUAET, KOTJa MbI IIOTOBOPUM 00
3(pdeKTUBHOM M3MEHEHUM pa3Mepa U CIUSIHUN.

C xenr-Tabnuiieit CBSI3aHO elle OJJHO Ba)KHOe 3aMeuaHue, 3aK/TIovarolneecs
B TOM, YTO HEOOXOOMMOCTH MTOTEHIMAIBbHOTO IepeMeleHMsI 1IeJIoTO KiacTepa
2JIEMEHTOB NMPU BCTaBKe/yoaJeHUM U NeKOAMPOBAHMM IeJI0T0 Kiacrepa Ipu
BBITIOJTHEHMM TIOMCKA TIOAYEePKMBaeT BAXKHOCTb MAJIbIX PA3MePOB Kiiacrepa. Yem
60JTbIIIe TTYCTOTO TTPOCTPAHCTBA Mbl OCTABJISIEM, TEM MEHbIIIE BEPOSITHOCTH I10-
JY4eHUsT KPYIHBIX KJIACTepOB, KOTOPbIE OMepauyy BCTaBKYU U MTOMCKA JODKHbI
CKaHMPOBATh U eKOAMpoBaTh. Kak 1 B ciyyae ¢ OOBIYHBIMM XENI-TaGIUIIaMMU
C MCIIOJIb30BaHMEM JIMHEMHOTO OMPOOBIBAaHMS, TIOPIMOHHbIE GYIBTPBI paboTa-
10T ObICTpee, KOTma KO3 UIMEHT 3arpy>KeHHOCTH IO IeP>KMBAETCS HAa YPOBHE
75-90 %, yeM KOrza OH BBbIIIIE.

3.7.4 UcxopHbiit koa Python ang noucka

Tenepp, KOrma Mbl KOHLENITYa/IbHO ITOHMMAaeM IIpoLielypy BCTaBKY, faBaiTe
MOCMOTPUM Ha PaboTy Mpolieayphl OUCKA C UCIIOIb30BaAHMEM VCXOLHOTO KOJa
Ha Python. /It moHMMaHMs JeXXaleil B OCHOBE JIOTMKY Ha MUHYTKY OTIOXKUM
B CTOPOHY MEXaHMKYy KOMIIAKTHOIO XpaHEHMsS CTPYKTYPbl JaHHbIX, KOTOpas
npeaycMaTpyBaeT MHOXKECTBO OIlepaluii MOOUTOBOI pPaclakOBKU U CHBUTIA.
Hamra peanusaums kiacca Slot u kiacca QuotientFilter SIBsIeTCS «pa3pexkeH-
HOJi» B TOM CMBICJIE, YTO OUT MeTaJaHHbIX MpeICcTaBiseT cob0it 1enyio OyaeBy
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TepeMeHHYI0, [I0O9TOMY OH 3aHMMaeT 6oyiee ogHOro 6uTa rmamsTyu. Harr ncxop-
HbII1 Python'oBckuit Ko 0CHOBAaH Ha IICEBIOKOIE M3 OPUTMHAIBHOM CTAThI:

import math

class Slot:

def

__init__(self):
self.remainder = 0
self.bucket_occupied = False
self.run_continued = False
self.is_shifted = False

class QuotientFilter:

def

def

__init__(self, q, r):
self.q = g
self.r=r

self.size = 2**q
self.filter = [Slot() for

lookup(self, fingerprint):

quotient = math.floor(fingerprint / 2**self.r)

remainder = fingerprint % 2**self.r

if not self.filter[quotient].bucket_occupied:

return False

b = quotient

while(self.filter[b].is_shifted):
b=b-1

s=b

while b != quotient:

s=s+1

while self.filter[s].run_continued:
s=s+1

b=b+1

while not self.filter[b].bucket_occupied:
b=b+1

while self.filter[s].remainder != remainder:
s=s+1

if not self.filter[s].run_continued:
return False
return True

@ Pazmep dunbTpa

9 Hu 0oMH anemMeHT HMKOraa He XeWnpoBancqa B 3Ty KOp3nHy

8 MopHaTbCS K Ha4any Knacrepa
9 b oTcnexusaet 3aHaTble KOP3WUHbl, @ S — COOTBETCTBYHLLME OTPE3KU

6 CI'IyCTl/ITbC}'I BHWU3 NO OTPE3KY U YBENTNYUTb HOMED KOP3UHbI

@ MNponycTTb NycTbie KOP3UHbI
@ Tenepb s yKa3biBaeT Ha HAYaIo OTPE3Ka, FAe MOXET COAEePXKaThCs Halll J1EMEHT

in range(self.size)]
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[Tpouemypa moyucka HaUYMHAETCS C OThICKAHMS Hayasia KjiacTepa, B KOTOPOM
MOKET COIeP>KaThCsI MICKOMBIN 9/1IeMeHT. [IpyruMu CJI0BaMM, IJ1s1 TOI'O UTOOBI y3-
HaTbh O MIPUCYTCTBUM 37IeMEHTa, HY>KHO IeKOAMPOBATh BeCh KIacTep.

[Tocsie TOro Kak Mbl HallJIM HavaIo KjiacTepa, CoaepsKallero KOp3amHy oTIie-
yaTKa, AJj1s KaKAO0 3aHSATOV KOP3MHBI Mbl HAXOAMM COOTBETCTBYIOIIUI €My OT-
pe30K U IIpoberaemM Mo 3TOMY OTPE3KY IO TeX I0p, ITI0Ka He HaiigeM KOpP3UHY,
KOTOpas paBHa YaCTHOMY OTIIeYaTKa ¥ Havyasay ero OTpesKa (ec/iy 3TOro Hu pasy
He TIPOM30IIeT, TO Mbl BO3BpallaeM False). Halifisi COOTBETCTBYIOIINIA OTPE3OK,
Mpolieaypa MoyucKa BbIMOIHSET ITOMUCK OCTaTKa OTIIeuaTka BHYTPM OTpe3Ka.

B 1cX0omHOM KOf€e BCTaBKM TAK)Ke MCIIOIb3yeTCsl MOAM(PULIMPOBaHHAST BepCus
MpOIeayPhI ITOMCKA, KOTOPas BO3BpallaeT He Oy/IeBO 3HAUEHMe, a IO3UIIMIO 3a-
MpanMBaeMoro sjaeMeHTa. MIcXomHblii KOJ HauMHaeTCs ¢ [TIOMeTKM COOTBeTCTBY-
IOIlleJi KOP3MHBI KakK 3aHSATONM. 3aTeM B HEM MCIIONIb3yeTCs alrOPUTM IMOMCKa,
YTOOBI HAMTY MOAXOISIIee MeCTO IJIsSI BCTABKM OCTATKa, YTO MOXKET MOTpebo-
BaTh CABUIa IPYIMX OCTaTKOB BHM3 IO TeX ITOP, [IOKA He OYAEeT JOCTUTHYT ITyC-
TOI CI0T. YiajeHus: paboTaloT aHaJIOTMYHBIM 00pa3oM, KOrjga MM, BO3MOSKHO,
MOTpedyeTCs] CABUTATh JIEMEHTHI BBEPX, UTOOBI 3aIOIHSITh AbIPY, 06pa3soBaB-
IIYIOCST B pe3y/bTaTe yaajeHyus. Kak BapMaHT MHOIIA yOoaJeHUsT pean3yoTcs
IyTeM pasMellleHMsI CUTHAJIbHOTO 3/ieMeHTa B YKa3aHHOM IO3UIuK, TeEM Ca-
MbIM YCTPaHsISI HEOOXOIMMOCTb B IIepeMEIeHNM OCTAaTKOB BBepX-BHU3. Ecim
yAAMeHHbI 37IeMeHT SIBJISIETCS eqMHCTBEHHBIM 3JIEMEHTOM B CBOEM OTpe3Ke,
TO HAM TaKKe HY;KHO CHSITh IIOMETKY € OMTa bucket_occupied. I[To mocTiokeHMUM
KOHIIA TabIMIIbI BCE OMepaly B MOPLYIOHHOM (MIbTPE MPOIOJIKAIOTCS C Hava-
Jia TAGJIUIIBI TOYHO TaK ke, KaK B OOBIYHBIX XeII-Ta0JUIaX C UCIOIb30BaHMEM
JIMHEITHOI0 OIIPOObIBAHMSI.

XpaHeHue nopunoHHoro punbTpa

BaskHOI IeTambio peannsaiuy MOPUYOHHOTO GUIbTPA, KaK U MHOTUX JPY-
TMX TUIIOB KOMIIAKTHBIX XeIll-Tab/uII, SIBJSIeTCSI TO, KakK JaHHbIe pacIosaraior-
cs1 B MaMsTH. B yacTHOCTH, pazMep ©I0Ta 0OBIYHO He paBeH pazMepam equHUIL
azpecyeMoil maMaTu (Hampumep, 6aifTaM), TO3TOMY TpaHMIIbI 6aiiTa 1 CI0Ta
3ayacTylo He COBHafawT. Hampumep, IpeArionokum, UTO y HaC MOPILMOHHBII
GuUaBTp ¢ OCTATKOM AJIMHBI ' = 7 OUT, a TaKke TPU O6UTA MeTaZaHHbIX (BCEro
ro 10 6ut Ha cioT). Ha puc. 3.11 rmoka3aHo pacIionoskeHye CJIOTOB TTOPIIMOHHOTO
(unbTpa B maMsITH.

Hampumep, nmpu uteHmun 6muTa run_continued coTa 3 HY)KHO 0OpaTUTHCSI K
nsaTomy 6uTy 6aiita 4. [Ipu feKogMpoBaHMM KIacTepa HY>KHO BbITTOTHUTb MHO-
SKeCTBO oTepaluii TO6UTOBOTO CABUTA ¥ TTOOUTOBOI PaCaKOBKH, TTO3TOMY pea-
JM3aluu IOPLMOHHOro GUabTpa (Uallle Bcero HamyucaHHble Ha C) BBIMEHMBAIOT
Majioe MPOCTPAHCTBO Ha JOIMOJTHUTENbHbIE 3aTpPaThl HA I[€HTPAIbHbBIN IMPO-
11eccop, YTO, KaK MbI YBUAMM B pa3zfesne 3.8, BIUSET Ha NPOU3BOAUTENbHOCTD
BCTaBKM M TIOMCKA BHYTPU ONEPATUBHON MaMsATH IJisT BBICOKMX KO3 duIimeH-
TOB 3arpy>keHHOCTM B TIOPLIMOHHOM (GuUIbTpe. B oT/inume OT BCTaBKM B paMKax
dbwibTpa Biriyma, KoTOopas 3/IeTAHTHO TIPBITAET TyAa-Clofa, yCTaHABIMBAS OUTHI
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PaBHBIMM 1, TOPIVMOHHBIN GUIBTP ObIBAET OUEHbD ITPOIIECCOPHO-MHTEHCYBHBIM.
OmHako GbIBAET, UTO 3TO He MPeJCTaBIISIET 0COO0T MPO6IEMBI, TOCKOIBKY OIe-
pauuy MOPIMOHHOTO (GUIbTPa MepeMeNaloTcs o Tabauile IocaeI0BaTeIbHO,
Torga Kak GwibTp bayma ctpagaet oT 1aboit TpoCTpaHCTBEHHOM JTOKAIM3aLIN.

cnoT 4 cnotr 2 cnotT 3 CnoT 4
3|3|8 Blg|B 3 B|8 B|B|B
OCTATOK 1 {11 1| OCTATOK 2{1{!{L| OCTATOK 3|{!{1[,OCTATOK 4 |'|1|
Tt |T TIH|T Tir|T TiT|T
BAWT 1 BANT 2 BANT 3 T BAT &

PucyHok 3.11 CxeMa pacrnonioxkeHusi CNOTOB MOPLMOHHOIO GuabTpa B NaMsTH

3.7.5 UameHeHHe pa3Mepa U CIUsAHUE

Ecimu Mbl XOTMM YIBOUTH pasMep IMOPLMOHHOIO (GUIbTPa, TO JOCTATOUHO
M3BJIeUb OTIEYATOK, CKOPPEKTMPOBATh pasMep YaCTHOIO M OCTaTKa, MOXUTUB
OIVH GUT M3 OCTATKA U MepeaaB ero YaCTHOMY, ¥ BCTABUTh HOBbI OTIIEUATOK B
MOPIMOHHbIN (GUIBTP BABOE GOJbIIErO pasMepa. B obiieM ciayyae usMeHeHue
pasMepa BBIIOIHSIETCS IMyTeM 06Xoa MOPLMOHHOTO0 (GMUIbTpa B COPTUPOBAH-
HOM TIOPSIAiKE, eKOAMPOBAHMS OTIIEUATKOB 10 Mepe MPOABMKEHUS U BCTABKU
UX B 9TOM COPTMPOBAHHOM IIOPSIKe B HOBbI MOPLUMOHHBIN QuabTp. BeicTpas
omepauusi 06aB/IeHUsT MMO3BOJISIET MPOHOCUTHCSI IO MOPILMOHHOMY (QUIbTPY
MOJTHMEHOCHO, IOCKOJIbKY BCTaBKa B COPTMPOBAHHOM IOpsAKe He Tpebyer
60/bIIOr0 06beMa HEeKOAVMPOBAHMUS U TepeMelleHNs OCTaTKOB BBepPX-BHU3.
[IpocToit mpuMep U3MeHeHMs pa3Mepa Majoro MOPIVOHHOTO (GUIbTPa pasme-
pa 4 1okasaH Ha puc. 3.12.

CausiHMe IBYX MOPIMOHHBIX (PUILTPOB BBIMOTHSIETCS aHAJOTUUYHO IPOLIeIy-
pe u3MeHeHMs pa3Mepa, B ObICTPOM JIMHEHO-BpEMEHHOM CTUJIe, KaK 3TO Jie-
JIAeTCS C ABYMSI COPTUPOBAHHBIMM CITMCKAMM B pAMKaX COPTUPOBKM CJIUSHUEM,
CHOBA TTO3BOJISISI OBICTPO JOOAB/ISITh B O0/Iee KPYITHbIN MOPIMOHHbBINA QUIbTP.

HammoMHMM, 4TO BBIMIOJIHATh CIMSIHME WIX M3MeHeHue pasMepa B GuibTpe
Bsyma HeT Tak MPOCTO, MTOCKOJIbKY MbI HE KOHCEPBUPYEM HY M3HAUYajIbHbIE 3j1e-
MEHTBI, HM OTIIeuaTKu. Mi3MeHeHue pasmepa ¢uabTpa bayma nmpegycmaTpuBaeT
COXpaHeHMe M3HAYaIbHOro Habopa KiIoueil 1 repe3arpysKy ero B aMsITh, UTO-
Obl CO3[aBaTh HOBbI GUALTP BiymMa, 4TO HEOCYIIECTBMMO B GBICTPO IBIUKY-
HIVIXCST TTIOTOKAX U 6a3aX JaHHBIX C MHTEHCMBHBIM ITPMEMOM JaHHBIX.
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PucyHok 3.12 M3meHeHuWe pa3mepa NopLMOHHOro GunbTpa pasmepa 4,
cofepxallero Tpu aneMeHTa. [1ng npocToTbl Mbl UCXOAUM U3 TOTO, YTO MeXAay
3TUMM TPEMS dIEMEHTAMM HE NMPOU30LLIO0 HUKAKUX KOMNIM3UIA U KAXKAbIA OCTATOK
COXPaHSeTCcs B CBOEM M3HAYanbHoM kop3uHe. OTneyaTok 110010, KOTOPbIi
XelwnpoBanca B KOp3uHy 11 (c octatkom 0010) B M3Ha4aNbHOM NOPLUOHHOM PUALTPE,
COXPaHseTcs B KOp3uHe 110 BTOPOro NopLMOHHOro Gpunstpa (C octaTtkom 0010)

M B KOp3unHe 1100 OKOHYaTeNbHOro NOPLMOHHOIO GunbTpa (C 0CTaTKOM 010)

3.7.6 CoobpaxkeH1s1 N0 NOBOAY 4YaCTOTbI
NOXXHOMONOXUTENbHbIX Pe3yNbTaTOB U NPOCTPAHCTBA

JIO’KHOTIONOXXUTENbHbIE Pe3Y/IbTaThl B MOPIMOHHOM (GUIbTPE BO3HUKAIOT B
CUTyalMsX, KOTJa JBa HeCOBNALAIOIIMX KI04a FeHepUPYIOT OOUH U TOT JKe OT-
nevyaTok. AHanu3 [12] mokassiBaeT, UTO P HaaM4uy Tabnauiisl u3 2¢ cI0TOB U
OTIlevaTKa AJIMHOM p = q + I BEPOSITHOCTD JIOKHOITOMOKUTEIBHOTO pe3yibTaTa
comocraBuMma ¢ 1/2,.. O6beM TpoCTpaHCTBa, TpebyeMblit Xel-Tabanieii mopm-
OHHOTO QUIbTPa, cocTaBisieT 2%(r + 3) 6UT. UnCI0 BCTABISEMbIX B TOPIIVIOHHbIN
buapTp 2MemMeHTOB cocTaBisieT n = 02, rme K03pdULMeHT 3arpy’KeHHOCTH O
OKa3bIBaeT CylLeCTBeHHOE BAMSIHNE Ha TPOMU3BOAUTENBHOCTD OIlepalnii BCTaB-
KM, TIOMCKA U yOaTmeHUsI.

Taxke cyliecTByeT BapMaHT MOPIMOHHOTO GUIbTPA, B KOTOPOM UCIIONb3YyeT-
s TOJIbKO JiBa OMTa MeTaJaHHbIX U 2%(r + 2) 6UT AJi XpaHeHus], O6e3 yuiepba as
JIO)KHOTIOJIOXKUTENBbHOM 4aCTOThI, HO 3TOT BapMaHT CYLIECTBEHHO YCIOKHSET
Iar AeKOoAMPOBaHMs, easi OObIYHbIE OIlepalyy CAUIIKOM MPOLeCCOPHO-UH-
TEeHCMBHBIMM Ha O0Jiee IJIMHHBIX KIacTepax.
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C mpakTu4yecKol TOYKU 3PeHMS, U3-3a JOMOTHUTENbHOTO POCTPAHCTBRA, He-
00X0AVIMOTrO ISl IMHEMHO OMPOObIBAEMOI TabAUIIbI, TTOPIVOHHbIE (DUIBTPHI,
Kak MpaBWIO, 3aHMMAIOT HEMHOTO 6osblile MecTa, ueM GuiabTpbl Biyma mpu
OOBIYHBIX JIOYKHOTIONIOKUTEIbHBIX UacToTaxX. [Ipy Upe3BbIUaiiHO HU3KOM JIOK-
HOTIOJIOXKUTETbHON YacTOTe MOPIMOHHbIE (PYIbTPBI 60/Iee SKOHOMHBI T10 3aHU-
MaeMOMY MIPOCTPAHCTBY, ueM PmibTpbl Biryma.

J17151 3aIpOCOB O MPUHAAJIEXXHOCTY CYLIeCTBYIOT U JpyTHe TaKOHUYHBIE CTPYK-
TYPbI TAaHHBIX, OCHOBAHHbIE HA XeII-TabNNIax, KOTOpbIie Mbl He Oy/leM M3yJyaTh
B 3TOI1 I71aBe (Harpumep, KyKyueuHblit GuabTp [13], o0CHOBaHHbBIN Ha KyKyllle4-
HOM xemmpoBaHuu). OgHaKko 6ymeM HaJesThCs, UTO UJley, KOTOPbIE BbI TOYepII-
HeTe, u3y4ast GuabTpbl Bayma 1 mornpo6oBaB MOPIMOHHbIE GUIBTPHI, a TAKKE
YBUIEB UX NPOU3BOAUTENBHOCTY B CpaBHEHMM B CJIEAYIOLEM Jajee pasiese,
JanyT BaM MPaBWIbHBINA B3IVISM Ha CYLIECTBYIOIIME aHAJOTUYHBIE CTPYKTYPBI
IaHHBIX.

3.8 CpaBHeHMe 61yMOBCKUX U NOPLIMOHHbIX
¢dunbTpoB

B arom pasnene Mbl MOABITOXUM pasiuuusi B MPOU3BOAUTENIbHOCTU MEXKIY
dwibrpamu Biiyma u nopiuoHHbiMy GuabTpaMu. Crioiiep: pasanuusi B Mpo-
M3BOAUTENBbHOCTU He CTOJb CYLeCTBEeHHbI HU B Ty, HU B JPYTYIO CTOPOHY. Of-
HaKO OOJbIINIT MHTEpPEeC BbI3HIBAET IPYTOe — IMOBeleHYecKye Pasjinums MeKIy
IOBYMSI CTPYKTypaMy TaHHBIX, KOTOpbIe MMPOUCTEKAIOT U3 TOTO, KAK OHU ObUIM
CKOHCTPYMPOBAHbI, ¥ KOTOPbIE MOI/IY Obl TOMOYb HAM JIyUIlle TIOHATH IPUPOTY
3TUX CTPYKTYp JaHHbIX. Halll aHa/in3 OCHOBaH Ha 3KCIIepMMeHTax, paHee Mpo-
BeJIeHHbIX B OPUTMHAIBHONM CTaThe, MOCBSIIEHHOV MOPIMOHHBIM (QUJIbTPAM;
Ha puc. 3.13 mpeacTaBieHo rpyboe pe3ioMe HeKOTOPDIX MX Pe3Y/IbTaTOB.

NOUCK PABHOMEPHO
PACTIPESENEHHbIX CTYHATIHbX nOMCK YCTIELHbX SNEMEHTOB
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PucyHok 3.13 CpaBHeHWe Npon3BOAMTENbHOCTU GUABTPOB bayMa M nOpuUMOHHBIX
(GUNLTPOB COOTBETCTBEHHO MpPU BCTaBKaX, MOMCKE PAaBHOMEPHO pacnpeneneHHbIX
CNy4aHbIX 31EMEHTOB M NMOUCKE YCMeLHbIX 31eMEHTOB
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Ha Bcex Tpex rpadmkax oCbh X IIPeICTaB/ISET OO ITOTHOTHI CTPYKTYPBI JaH-
HBIX, @ OCh ¥ — KYMY/ISITUBHYIO ITPOIYCKHYIO CIIOCOOHOCTD 110 Mepe 3aIl0THEeHMS
CTPYKTYPbI JaHHBIX. B 9TOM KOHKPETHOM 3KCIIEPUMMEHTE 00eMM CTPYKTypam
IaHHBIX ObLJ IIPEIOCTaB/JIEH OAMHAKOBBIM 00beM ITpocTpaHcTBa (2 I'6), 1 oHM
ObLIM 3aTI0JIHEHBI KaK MOXKHO OGOJBIIMM YMCJIOM 3JIEMEHTOB 0e3 yXyIIIeHUs
JIOSKHOTIOJIOXKUTEIBbHO YacTOThI, KOTOPAs Oblja yCTaHOBAEHA paBHOI 1/64 miis
06erx CTPYKTYpP JaHHbIX. [I[pOM3BOAUTENBHOCTD B CJTyuae MOPLUMOHHBIX (GUIIbT-
POB CTAaHOBUTCS OUeHb HMU3KOI1 TToce 90%-Hoii 3aHATOCTH, TI03TOMY MOPIVIOH-
Hble GWIBTPHI 3aH0MHSIOTCS Ha 90 %.

BcraBKa paBHOMEpHO pacnpeaeneHHbIX Cy4aitHbIX S/1IEMEHTOB

Kak BumHO Ha puc. 3.13 (cneBa), BCTaBKM B MOPIVOHHBIX (QUIBTPAX BBITION-
HSIIOTCSI 3HAUMTENbHO ObIcTpee, yeM B dwmiabrpax bayma. Ecim mopuyoHHbIe
GuibTpbl TIpU 75%-HO 3aHATOCTM MMEIOT KyMYISITUBHYIO MPOITYCKHYIO CITO-
COOHOCTH ~3 MJTH BCTAaBOK B CEKYHJY, TO (pmibTpsl BiiyMa MMeEOT COBOKYITHYIO
MPOITYCKHYIO CIIOCOOHOCTD ~1.5 MyTH BCTaBOK B cekyHay. dumbTpam biyma Tpe-
OyeTcs k orepaluii rydaifHoM 3ammcy 1151 Kaska0il BCTaBKY, TOTIA KaK MOPIIy-
OHHBIM (GUIBTPaAM OOBIYHO TpeOyeTCsT TOMBKO 1 omeparus cIyyaifHOM 3amncy,
M 3TO OCHOBHAs MPUUYMHA PAa3HUIIBI B MPOU3BOLUTEIBbHOCTU. B ciydyae Gonee
BBICOKMX JIOKHOIIOJIOXKUTEIBHBIX 4acToT (puabTpam biiyma moskeT mOTpebo-
BaTbCs 60sIbIIe Xell-(PyHKUINIA, YTO MOKET elie 60bIle YXYIIIUTb TPOU3BOIM -
TEeTBbHOCTD BCTABOK. B hmibTpax Biryma mpou3BoIUTEIbHOCTD BCTABOK OCTAETCS
TJIOCKOVA IMHMEN 110 Mepe 3aIlOIHeHUsI CTPYKTYPhI JaHHbIX, TOTAA KaK B IIOP-
IMOHHBIX GUIBTPAX BCTABKYU 3aME[IJISIIOTCS 10 Mepe 3aIl0HEeHUs, TTOCKOIbKY
MM TIPUXOIUTCS JeKOAMPOBATh Bce 6ojiee KPYITHbIe KIaCcTepbl, M 3HAUNTEIbHO
nagaet nocte o = 0.8.

Mouck paBHOMEPHO pacnpeaeneHHbIX CﬂyqaﬁHbIX 3/1IEMEHTOB

[Tonck paBHOMEPHO pacIipefe/IeHHbIX CIy4aliHbIX 57IEMEHTOB BBITIOIHSIETCS
HeMHOTO 6bicTpee B puibTpax BiayMa, uem B TOpIMOHHBIX GuabTpax (puc. 3.13,
B LIEHTPeE); pa3HMIla CTAHOBUTCS 3aMeTHee IT0CIe TOr0, KaK CTPYKTYPhI JaHHBIX
nocturarT 70%-HOV 3aHSITOCTU U TIOPIIMOHHbIE GUIBTPHI HAUMHAIOT AEKOIV -
poBaTh Bce 6osiee KpymHbIe Kinactepsl. B gpuibrpax Biyma mouck paBHOMEPHO
pacripefie/ieHHbIX CTy4YaiiHbIX 3JIEMEHTOB, KaK MPaBWJIO, BHITIONHSIETCS OBICT-
pee, yeM BCTaBKa. [IpM OCTaTOYHO OOJNBIIOM YHUBEPCAJIbHOM MHOKECTBe
6OBIIMHCTBO OTIepaluii Moucka paBHOMEPHO pacripefeeHHbIX CIydaiiHbIX
3JIeMeHTOB HeyCIIelllHbl, a IPY ONTUMaIbHOM 3aroaHeHUM GuabTpsbl Biryma oT-
KJIOHSTIOT TIOVICK HEYCITeIIHbIX 3JIEMEHTOB B CpeIHEM TI0C/Ie OJJHOV-IBYX MPO0;
MOOUTD YTEHME BCErO OJHOTO-ABYX OUT C TOUKM 3pPeHUS IPOU3BOIUTETHBHOCTHU
OUYeHb TPYAHO.

BcrmoMHMTe TIpuMep MapIipyTu3aiyu 3arnpocoB B Google WebTable B Hauase
[7IaBbI: HEYCTIENTHBIN MTOUCK SIBJISIETCSI OOBIYHBIM SIBJIEHVMEM, ITO3TOMY ObICTpOE
BBITIOJTHEHME 3TOVi OTepalyy SBISIeTCSI BeCbMa 6J1aronpusTHBIM )11 GUIBTPOB
Biryma. [Tpon3BOAUTENBHOCTh MOMCKA PABHOMEPHO pacipefeneHHbIX CTydaii-
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HBIX 9JIEMEHTOB CHIKAETCS JIMIITb He3HAUMTEIHHO 110 Mepe 3aroJIHeHUSI QUIbT-
pa biiyma, mOTOMY UTO JOJISI OMHOIO OMTa YBEJIMUMBAETCS, a BMECTe C Hell U
YICI0 OGMTOB, KOTOPbIE MOVCK JO/KEH IIPOBEPSITh, IIPEKIe YeM OH IPeKPaTUT
MOMBITKN. IIOPLMOHHBIM (QUIbTPaM TPeOyeTCsl BBIIOJIHSITh HEMHOIO OOJiblle
paboThl, ueM GuabTpaM BiayMa, Ipyu JeKOAMPOBaHMM COMEPsKAIIero Kiaacrepa,
HO 3TO BCe PaBHO CBOOMTCS K OHOI ollepaiuu MpOou3BOJbHOTO UYTEHMS TIJTIOC
IOIOJTHUTEIbHOJ IIOGMUTOBOJ paciiakOBKe.

Mouck ycnewHbIX 371IeEMEHTOB

[TouickM ycrenHbIX 3JIEMEHTOB TEMOHCTPUPYIOT T€ JKe TPEHbl B TPOMU3BOAM-
TebHOCTH, UTO ¥ BCTaBKM (puc. 3.13, cipaBa), 1 TOPIMOHHbIE OUIBTPHI CHOBA
MPeBOCXoAsAT (WIbTPHI Biiyma, 3a MCKIIOUEHMEM OUY€Hb BBICOKMX KO3(Dhuim-
€HTOB 3arpyskeHHOCTU. PUIbTp BiryMa IoykKeH MPoBePSITh k CTydaifHbIX OUT Ha
TOYICKe YCITEIIHbIX 3/IEMEHTOB (€ro MPOou3BOAUTENbHOCTb HE 3aBUCUT OT 3aIioj-
HEHHOCTM CTPYKTYpPhI JAHHBIX), TOrAA Kak MPOU3BOAUTENIbHOCTb MOPLIMOHHOTO
dbwibTpa gerpagupyeT C pPOCTOM 3aHATOCTY U YBeIMYEHMEM pa3Mepa KJIacTepoB.

OKCcIepMMeHTa/IbHble Pe3y/bTaThl HE YKa3bIBAIOT HA SIBHOTO IOOEmUTENs
cpenyut GuabTPOB Byma 1 MOPLMOHHBIX (GMJIBTPOB, HO APYTHE UX 0COOEHHOCTU
MOTYT YKa3bIBaTbh Ha 60jiee ONMTUMAIbHYIO TPUTOJHOCTh B KOHKPETHBIX YCIOBU-
X paboTsl: GpuabTp Biryma mpoiie peannsyeTcs M CO3/laeT MEHbBIIYI0 HATPY3KY
Ha IIeHTPaJIbHbIN Mmpoieccop. [TIopLUMOHHBINA GUIBTP MOAAEePKUBAET OIlepaIuio
yoaJeHus ¥ OYeHb XOPOIIo paboTaeT B pacipeneeHHbIX cpelaxX, B KOTOPBIX
Ba)KHYIO posIb UrpaeT 3¢ GeKkTUBHOE CIMSHIE U 3MeHeHMe pa3Mepa. BapuaHTbl
MMOPLIMOHHOTO (PMIbTpa, amalTHMPOBaHHbIE ITOH, TBEPIOTENbHbIN HAKOIUTEIb/
IIVICK, TaKKe MPeBOCXOST BapuaHThl GuiabTpa biayma, nmpenHasHaueHHbIe JIJIsI
Tex JKe Iieselt, 6iarogapsi 6bICTPOMY MTOC/IENOBATEIbHOMY CIMSIHUIO Y MaJIOMy
YUCY OTepaluii TpoM3BOJLHOTO UTEHMS/3aMUCU B MOPLMOHHBIX (QWIbTPax.
IMogpo6Hee 06 agaNnTMPOBAHHBIX IO, TBEPAOTENbHbIN HAKOIIUTE/Ib/OUCK Bep-
cusax uIbTpoB BiiyMa M MOPUMOHHBIX PUIBTPOB MOXKHO Y3HATh, 0OPaTUBINNCH
K COOTBETCTBYIOIIEMY 0630py [14].

Pe3lome

O OwnbTphl Biiyma MIMPOKO MPUMEHSIIOTCS B KOHTEKCTE paciipemeeHHbIX
0a3 IaHHbIX, ceTei, 6MoMH(POPMATUKI U APYIUX 00J1acTeil, rme 0ObIYHbIe
XeII-TabanIbl 3aHMMAaIOT CJIMIIKOM MHOI'O MecTa.

O OwnbTpel BiymMa 06MeHMBAIOT TOYHOCTh HA 9KOHOMMIO IIPOCTPAHCTBA, U
B HEM CYILleCTBYeT B3aMMOCBSI3b MeKAY ITPOCTPAHCTBOM, JIOXKHOTIONOKM -
TeTbHOI YaCTOTOM, YMCJIOM JIEMEHTOB U UMCJIOM Xell-(PyHKITUIA.

O O@wunprpbl biiyma He yAOBJIETBODPSIIOT HMKHEN TpaHUIlE COOTHOIIEHMS
MPOCTPAHCTBA U TOYHOCTM, HO MX MPOIIe peaan30BbIBaTh, 4eM Oosiee mpo-
CTpaHCTBeHHO-3((deKTUBHbIE albTePHATUBBI, I CO BpeMeHeM OHU ObLIU
aJanTVUPOBaHbI MO, paboTy C onepanusamMu yoaaeHusl, pa3auyHbIMU pac-
npeneeHns MU 3alpoCcoB U T. 1.
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«  [naga 3. MpnbnnxeHHas NPUHALNEXHOCTb: BIYMOBCKUE U MOPLMOHHbIE QUALTPbI

O TopuyoHHbIe GUIBTPbI OCHOBAHbI Ha KOMIAKTHBIX XeII-TabIMUIax C UC-

MO/Tb30BaHMEM JIMHETHOIO OIPOOBIBaHMS U (PYHKIMOHAIbHO 3KBMBA-
JIeHTHBI puabTpam Biyma, ¢ OToenbHBIM IIPEVMYIIeCTBOM IPOCTPAHCT-
BEHHOJ JIOKaAM3allMyM: BO3MOKHOCTBbIO 3(PGEKTUBHOrO yHaaeHus,
CIUSTHUS M U3MEHEeHMs pa3Mepa.

[MopiroHHbie GUIBTPHI OCHOBAHBI HAa MPOCTPAHCTBEHHO-3KOHOMUYHOM
MeTojie POpMUPOBAHMS YACTHBIX M OCTATKOB, @ TAKKE TOMTOTHUTETbHbIX
6uTax MeTaZlaHHbBIX, KOTOPbIE ITO3BOJISIIOT MOJIHOCTHI0 PEKOHCTPYMPOBATD
11dpoBoit OTIIeYaTOK.

[TopuyoHHbIe GUIBTPHI 0OECTIeUNBAIOT 60JIee BHICOKYIO TPOV3BOIUTEb-
HOCTb, YeM GUIbTPBI BiiyMa, B oriepalisix BCTaBKM paBHOMEPHO pacIipe-
JleJIeHHBIX CTyYaliHbIX 37IEMEHTOB U OIepalusiX MOMCKa YCIelHbIX d71e-
MEHTOB, TOTIa Kak (GuIbTpbl BiiymMa BBIMIPHIBAIOT B OIEpamysax MONUCKa
paBHOMEPHO pacnpeneneHHbIX CIy4alHbIX (HEYCITeIIHbIX) 3JIEMEHTOB.
ITpoM3BOAUTENILHOCTh TTOPIVIOHHBIX (QUIBTPOB 3aBUCUT OT KO3bDUIM-
eHTa 3arpy>keHHOCTU (UeM MeHbIlle Ko3(pbuiimeHT 3arpy>keHHOCTH, TeM
JIyd4Ilie), a MMPOU3BOJUTENbHOCTh (MWIBTPOB Biayma 3aBMCUT OT umcIa
xXenI-yHKuuit (ueM MeHblIlle XelI-QyHKIINIA, TeM JIy4Iie).
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OueHuBaHue 4acToTbl
U HabpocokK count-min

OTa IJ71aBa OXBaTbIBAET dienyromnye HKe TeMbI:

m 00cIemoBaHMe MPAKTNUYECKUX ITPYMEPOB VICIIONb30BaHMS B CUTYa-
LIMSIX, KOTJIa BOSHMKAIOT OLIEHKY YaCTOT, ¥ IIOMOIIlb B 9TOM Habpoc-
Ka count-min;

® [IPUMHIMUI paboThl HA6pOCKa count-min;

u O6C]'I€,E[0B3HI/IE BapMaHTOB MCIIOJIb30BAHMS B ITPUJIOKEHUAX 10 06-
pa60TKe CEHCOPHBIX NaHHBIX U €CTeCTBEHHOI'O s13bIKa;

B KOMIIPOMMCC MEXOy OIIMOKOM M IIPOCTPAHCTBOM B HabpOCKe
count-min;

® [IOHSITHE OJUMaguYecKMX AMANa30HOB U BbITIOTHEHME IMana30HHbIX
3aIpOoCOB C IMOMOIIBI0 HA6POCKa count-min.

B coBpeMeHHbBIX TTPUIOKEHUSIX C MHT@HCYMBHBIM MCITOJIb30BaHMEeM JAHHBIX pac-
MpOCTpaHeHa 3a7jaua aHa/13a MOIY/ISIPHOCTHU, B TOM UM (JIe COCTaBIe€HNE CIIUCKA
6ecTcesiepoB Ha caiiTe JEKTPOHHOI KOMMEPIINY, BbIUMC/IEHE K BEPXHUX JIN-
IVPYIOIIMX 3aIIPOCOB B IIOMCKOBOJ CMCTEMeE MJIM COCTaB/IeHY e OTUETOB O YaCThIX
napax IP-aipecoB MCTOYHMK—MeCTOHA3HAUYEeHMEe B CETU. 3afaya OOHAPYKeHUST
aHOMaJINi (TO eCThb MOHMTOPMHT M3MEHEHNI B CUCTEeMaX, KOTOpbhle paboTaioT
B KPYIVIOCYTOUHOM pexxuMe 24/7, TaKuMX KaK CeHCOPHbIe CeTU MM KaMepbl Ha-
OMoIeHNsI) TIOATIAJAeT IO TOT JKe aJrOPUTMMUYECKNIA ITOAXO/, UTO M 3ajmava
u3MepeHus: nonynspHoctr. O6GHapykeHVe aHOMaIuii 3a4acTyio Hab/IomaeTcst
10 BHE3AITHOMY CKauKy 3HaueHMsI OTipeie/IeHHOIO ITapamMeTpa, TaKoro Kak TeM-
repartypa Wiy U3MeHeHye MeCTOIIOJIOXKEeHMS B TaTUMKe, MOsIBJIeHe 00beKTa B
KaJipe MM YMCIO TYHKTOB, Ha KOTOPbIe BBIPOCIN MM YIIAAM aKIMY KOMIaHUN
3a oIpee/eHHbIl MTPOMEXYTOK BpeMeHN!.

B cymnHocTH, 06e 3agaun CBOOSITCS K M3MEPEHNIO YaCTOThI: IJIs1 YHUKAJIbHO-
ro K/Tl0Ya KaXXIOoro 3jJieMeHTa IMOCTPOUTD CTPYKTYPY AAHHBIX, KOTOpasi CMOXeT
CO061IaTh O YMc/ie pa3, Korja Mbl C HUM CTJIKUBAINCh. DTO 3a7jaua, B KOTOPOIi
CJI0Bapy KJIIOU-3HAUYEHME MOAXOAST Kak IepyaTka, a 00beM 3aHMMAaeMOro CJI0-
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BapeM MPOCTPAHCTBA ITPOIOPIMOHAJIEH He 001eil CyMMe YacTOT BCTpeyaeMocC-
™ (N), a 06IeMy 4Ky HeCOBIAAAIOMIMX 3JIeMEeHTOB, YaCTOThI KOTOPhIX MbI
XOTey 6bI U3MePSTH (11). OMHAKO 3TO YMCIO ObIBAET OUeHb GOMbIIMM. B JaHHOI
I7IaBe pacCMaTpPUBAIOTCS albTePHATUBHBIE PeIeHNs 3a0aul O YaCTOTe KaXKI0ro
37IeMeHTa, KOTZa YMC/I0 HeCOBITaAA0IIMX 3JIEMEHTOB CIMIIKOM BEeJIUKO.

Korma MbI CTaJIKMBaeMCs C OOJbIIMM YMCIOM HECOBITaHAIOIIMX 3JIeMeH-
TOB? JIOITyCTUM, MbI XOTUM IOACYMUTATb YMCJIO Pa3HbIX TOBAPOB, TPOJAHHbIX
Ha caiiTe 3JIeKTPOHHOI KoMMepiuK. EC/ii Mbl IOCMOTPUM Ha paciipeaeaeHme
MpOAaK IO TOBapaM, TO HeEpeaKO CMOKeM OOHAPYKUTb, YTO MajIoe UMCJIO He-
COBITAJAIOIIMX TOBAPOB COCTABJISIET GOMBINMHCTBO IIPOAAXK, & KPYIIHOE UMCIIO
TOBApOB OBLJIO MPOJAHO Majoe uucIo pa3. Takoro poja pacmnpemeneHue (Tak
Ha3bIBaeMblIii 3aK0H Llumnda) Hab10maI0Ch B CAMbIX pa3sHbIX 00/1acTsaX. CI0XK-
HOCTb M3MePeHMsI YaCTOThI TPV IOLOOHOM THUIIE paciipeIe/eHNs 3aKI04aeTcs
B TOM, UTO, C OJHOJ CTOPOHBI, CYII[€CTBYET 3aKOHHAs HEOOXOOMMOCTh pelle-
HMUSI 9TO¥ 3a1a4M 13-3a 60JIbIINX Bapualluii B 4aCTOTE, a C IPYroii — TPYAHOCTD
MaciITabMpoBaHus, KOTopas IPUTAUIaCh 3a YIJIOM 13-3a MHOKECTBA HU3KO-
YaCTOTHBIX JIEMEHTOB.

Eltie omHa IpakTHUyecKkas CUTYalys, B KOTOPOi MOI'YT BO3HUKATh IIPOO/IEMbI C
MacIITabMpyeMOCTbIO, — 3TO KO KUY IIPeICTaBISIOT CO60J Iaphl aJeMeH-
TOB, HaIIpMMep Mapbl IP-aIpecoB MCTOUHNK—MECTOHA3HAUEHVE WK TTaphl CJIOB
BO (pparMeHTe TEKCTA, IIe N1 MOXKET YBeJIMYMBATHCS KBAAPATUYHO IO OTHOIIE-
HUIO K 06IeMy 4McIy HecoBmagawuux IP-agpecos (MIn CJ10B), KOTOPOe CaMO
110 ce6e MOKeT 6bITh JOBOJIbHO BHICOKMM.

Kpome Toro, 3T TPYIHOCTM CBSI3aHbI He TOJIBKO C OTPaHMUYeHUSIMM, HAK/IaIbI-
BaeMbIMM Ha IIPOCTPAHCTBO. B 3T0i1 I11aBe Hac OymeT MHTEpPecoBaTh M3MepeHue
YaCTOThI B GBICTPO ABIMKYIIMXCSI ITOTOKAX, KOTOPbIe HAK/IAIbIBAIOT PSI CJIOXK-
HbIX OIpaHMYEHNI1 Ha Halll BBIOOP CTPYKTYPhI JaHHbIX 1 airopuTMa. Hampumep,
HAalll JITOPUTM CMOKET BUAETh KaskAblii 3JIeMEeHT TOJIbKO OAVH pa3 (MK Majioe
MTOCTOSIHHOE YMCJI0 Pa3), IPeskae YeM Mbl ero OTOPOCUM U IIepeiiieM K CIeyio-
memMy. B 9TX yCIOBUSIX SKeCTKUX OrpaHMUYeHHMIT pellleHye TaKuX 3a4a4, Kak 3a-
MIPOCHI Ha TOJTyYeHye k BEpXHUX 3JIEMEHTOB U TSDKEJIOBECOB (VI BIMSATEIbHbIX
UI'POKOB), 3aUaCTyI0 HeBO3MOKHO. CeIoBaTeIbHO, HAM HY)KHO IIPUOGErHYTh K
MIPUOIVKEHHBIM PEILIeHMSIM.

MbI y3HaeM, KaK BepOSITHOCTHAS JIAKOHMYHAS CTPYKTYpa JaHHbIX, HAGPOCOK
count-min, TOMOXeT HaM M3MePSITb YaCTOTy IMPUOIMKEHHO U peliaTh CBSI3aH-
HbI€ C 3TUM 3aauM, JOCTUTAsI IIPM STOM OTPOMHOI SKOHOMUM IPOCTPAHCTBA.
MbI HAYHEM C 3a,a4M O TSDKeJIOBecax ¥ 06CyIyM MPUYMHY, II0 KOTOPO¥A 1JIs Ipa-
BUJIBHOTO pelleHMs 3TO 3aaunt KpajiHe Heo6X0oMOo JIMHEeTHOe IIPOCTPAHCT-
BO, €C/IM MbI XOTMM PEeIINUTh ee 3a OAMH IIPOXOo[. 3aTeM IIpe[cTaBUM HaGPOCOK
count-min ” ero yCcTpoiiCTBO, a TakKe BOCIIOIb3yeMCS CLIeHapUSIMM ero Ipu-
MeHEeHMS B KOHTeKCTe 06paboTKM CeHCOPHBIX JAHHBIX M €CTeCTBEHHOTO SI3bIKA.
Biyiske K KOHITY I7IaBbl MbI TAK3Ke 00CYIM KOMIIPOMMCC MEXK/IY OLIMOKOI 1 IIPO-
CTPAHCTBOM B Habpocke count-min 1 crioco6sl MpUMeHeHMs Habpocka count-
min [/ OTBeTa Ha NMpUGIVKeHHbIe AMara30HHbIe 3aIIPOChI.
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4.1 MNMpeobnaparowwmini SneMeHT

[laBaiiTe HAUHeM C TIPOCTOI 3aAaum: MPU HAIMYMKU MaccuBa U3 N 371eMeHTOB
U YCJIOBUSI, UTO YKa3aHHbBIM MacCUB COMEPKUT 3JIEMEHT, KOTOPbIii BCTpeuaeTcs
1o MeHbIeit mepe |N/2 + 1| pa3 (To ecTb IpeobIaJaoNnnii 3/IeMEHT), 3aJaHne
COCTOMT B TOM, UTOOBI ITOKA3aTh 3TOT JJIEMEHT.

YnpaxkHeHue 1

[Ipexxme yeM ABUTAThCS AaJIblile, TOMPOoOyiiTe CKOHCTPYUPOBATD U PeaIn3o0-
BaTh IS 3aa4M O MTpe0b/1agaolieM 3JIeMeHTe JIMHEHO-BPeMEeHHO aJITOPUTM
C IOCTOSTHHBIM ITPOCTPAHCTBOM (ITOMMMO MacCMBa B KaUeCTBE XPaHWINIIA).

OJTa 3ajavya pelaeTcs C IMOMOLIbI0 aJITOPUTMA OLHOKPATHOrO MPOXOAa IO
MaccuBy [1] (elne M3BECTHOTO KaK aJTrOPUTM OIpeneeHNs] OOMbIIMHCTBA TO-
JiocoB Boitepa—Mopa?®), B KOTOPOM MCITOIb3YIOTCS JIUIIIb IBE JOIIOIHUTEIbHbIE
repeMeHHbIe, Kak ITOKa3aHo B caeAyIoleM HIsKe McXoqHOM Kofe Python:

def majority(A): (1)
index = 0
count = 1

for 1 in range(len(A)):
if A[1] == A[index]:

count += 1
else:

count -= 1
if count == 0:

index = 1

count = 1

return A[index]
@ Ecnm B A ecTb npeobnaaaolLmii 3neMenT, To 3Ta GyHKLMS ero Bo3BpallaeT

DYHKIMS majority OTCIEXMBAET TEKYILEro mpeTeHAeHTa Ha TUTYI ITpeobia-
JAIoIIEero sjeMeHTa U copacbIBaeT Tuepa, Kak TOJMbKO YMCIO MOSIBIeHU I (OJTHO-
T'O MJIM HECKOJIbKUX) APYTUX JIEMEHTOB ero ypaBHoOBelBaeT. [Ipy ycioBuUM 4To
MpeNOCTaBIEHHbIN CIMCOK COMEPKUT Tpeobraaromuii 3JIeMeHT, TTpUBeleH-
HbIii BbIllle aITOPUTM ero MoKaskeT; B MPOTMBHOM C/Ty4yae OH BbIBelleT ITPOu3-
BOJIbHBIV 2ieMeHT. Ec/ivi MbI He yBepeHbI B HAJTMUMM TTPeobIaatoiero snemMeH-
Ta B MacCMBe, TO MOKHO BBITIOJIHUTH ellle OJMH BUTOK IO MacCUBY, 00eCIeuns,
YyTOOBI BO3BpaAllleHHOEe 3HAUeHNe JeliCTBUTETbHO ObIIO Mpeobiafamimum. Mbr
MOKaxkeM paboTy aaropuTMa Ha ABYX IIpUMepax — CIIMCKe ¢ Mpeobiafaonym
2JIEMEHTOM U CITHCKE C 3JIeMEeHTOM, KOTOPbIl TTOUTH MpeobiaiaeT:

A=1[4,5,5,4,6,4, 4]
print(majority(A))

c = [31 31 4, 4) 4’ 5]

2 AHr1. Boyer-More majority vote algorithm. — IIpum. nepes.
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print(majority(C))
PesynbTaT OyIeT TaKuM:

4
5

CyliecTByeT TaKKe 60Jiee HarISAHbII B3[VISI Ha 9TY 3a4auy: B3SITh CIYUaiHYIO
Mapy CMeKHbIX UMCesl B MAaCCHBe, KOTOPbIe He PaBHbI APYT APYTY, BHIOPOCUTH UX
U CKaTh OTBepCTHMe, 00pa3oBaBIIeecs B pesy/abTaTe yoaaeHus IBYX 3JIeMeHTOB.
ITpomo/KaTh BHIXBATHIBATh MAPhl PA3HBIX JIEMEHTOB B JII0O0M MeCTe MacCuBa
IO TeX II0P, IIOKA Y BaC He OCTaHeTCsI OJMH HeCOBIAAAIOIINIi 3IEMEHT, BO3MOX-
HO, €r0 HeCKOJIbKO KOIINIt; 9TOT 3/IeMeHT 6ymeT rpeobiamamoum. PucyHok 4.1
WUUTIOCTPUPYET aJITOPUTM, IIOKA3bIBask KO3, COMMEPHMYAIOIINX 32 CBOe MECTO Ha
MOCTY, IIpMuYeM Ko3a Tuma 2 mobeskaaeT Kak «I1peobiiagaonas Kosar.

&, L

PucyHok 4.1 Mbl Haxoaum npeobnafatoLwmii ANeMeHT B MaccuBe,
YCTPOMB Tak, 4ToDObl pasHble coceiHMe 3neMeHTbl BbibpackiBanu apyr aopyra.
B aToM npumepe, nocne Toro kak 6yayT BbidpoweHsbl (1,2), (2,5), (3,2)

u 3ateM (3,2) u (4,2), y Hac ocTaHeTcs NpeobnafaroWwmnin anemMeHT 2
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O6a ajnropuTMa WIIIOCTPUPYIOT, UYTO 3Ta 3aJaya MOXKET ObITh pellleHa 0-
BOJIBHO IIPOCTO 3a JIMHEefHOe BpeMsI C IIOCTOSTHHBIMM U3IepsKKaMii Ha MaMSTh.
Ho MOKHO JI1 pacrpoCTpaHuTh 3TOT IOAXO0, Ha OOIIYIO 3aJ1aUy O TSKeIoBecax?

4.1.1 O6wan 3agaua o TAXKenosecax

O6mias 3amava O TSOKEJIOBecax € rmapameTrpoM Kk TpebyeT, UTOObI aJrTOPUTM
BBIBOZIMJT BCE 3JIEMEHTBI B MaccuBe 13 N 371eMeHTOB, KOTOPbIe BCTPEYaroTcst 60-
nee N/k pas (mpeo6jagaroiiyM 3JI€MEeHTOM SIBJISIETCSI IIPOCTOM 9K3EeMILISIp, IIe
k = 2). TskemoBeCOB MOSKET ObITh He 6osiee k — 1, HO X TaKyKe MOXKET ObITh MEHb-
1le MM BOOOIIIe He ObITh.

[TOCKOTBKY TSIXKETIOBECOB MOKET OBITh MHOTO, IIPOCTOE TIPMMEHeHMe HaIIero
aJaropuTMa 0T60pa MPeTEHIEHTOB MOIPAa3yMeBAET, YTO MbI TOJIKHBI TTOTTE PRI~
BaTh OOJBIIIOE YMCIO KAHAUIATOB HA TUTYIT TSDKETIOBECOB KOHKYPEHTHO.

B KauecTBe WITIOCTpAIMM TPYAHOCTY, BO3SHMKAIOIIE! B TaKOil 06CTaHOBKE,
IaBaiiTe pacCMOTPUM CJIEAYIOIIMIT SKCTPEeMaIbHbII CTy4aii, HabIomaeMbIil [2]
npu k = N: JOmyCcTMM, Mbl HabJIOaeM JJIMHHBIN MMOTOK JTaHHBIX, B KOTOPOM
BCce OOHApYKEHHbIE K HACTOSIIIEMY MOMEHTY 3JIeMEHTbI OT/IMYAINCh OBl APYT
OT ApyTa ¥ OMHOKpATHOE MTOBTOPEHME 3JIEMEHTA OINPeNenviIo 6bl 3TOT JJIEMEHT
KaK TspKesoBeca. [[jist Toro 4To6b! MaeHTUOUIIMPOBATH MOTEHIMATBHOTO TSKe-
JI0BeCa, HaM HYKHO COXPaHSTb KakAbIi HOBbI BXOISIIMI HECOBMALAOLIMIA
3JIEMEHT, TOCKOIbKY MbI He 3HaeM, KaKoii U3 HUX Oy[eT ITOBTOPSIThCSI.

OTOT UTPYIIEYHBIN TPUMeEpP UMeeT HEOOJIBIITYIO TTOJKOBBIPKY; €T0 11e/Th COCTO-
UT HE CTOJIBKO B TOM, UTOObBI TPOMJUTIOCTPUPOBATH MPAKTUUECKY BCTPEYAIOIINIA-
Cs1 IpMMep 3a7aui, CKOJIbKO B TOM, YTOObI y6eauTh Bac B pOCTe MOTpeOIeHus
MaMsTy U AJITOPUTMMUUECKOI CJIOSKHOCTY TIpu 60siee KPYITHOM K, ecii Mbl XOTUM
HaiTV TOYHOE pelleHue 3aJaun, U B HEOOXOIMMOCTY 00paTUThCS K MTPUOII-
SKEHHOMY €€ PelleHMUIO.

Yro OymeT anmpoKCUMMUPOBAThHCS B 3ajaue 0O TspKeaoBecax? 3azava o (g, k)
TSDKEJIOBEeCcax MPOCUT CO06IIaTh 060 BCeX 37IeMEHTaX, KOTOPbIe BCTPEUYaIOTCs He
MeHee N/k — eN pas, To ecTb 060 BCeX TsKeJIOBecax 1 000 BCeX 2IeMeHTax, KOTO-
pble He TOTITMBAIOT He 6osee €N, UTOOBI CTATh TSKEIOBECAMMU, JJIsT HEKOTOPO-
ro paHee YCTAaHOBJIEHHOTrO 3HaYeHus €. [Ipyrumum c10BaMu, CTPYKTypa JaHHbBIX,
KOTOpas OyleT XpaHUTh YacTOThI, OyAEeT 3aBbINIATH OIIEHKY YaCTOT HEKOTOPBIX
2JIEMEHTOB Ha JOJTIO € OT 001l CyMMBbl 4acToT N.

B 3T011 r71aBe MbI COCPEAOTOUMMCS Ha CTPYKTYPE TAaHHbBIX, IIO3BOJSIONIEN pe-
TYCTPUPOBATh MPUOIVDKEHHBIE YaCTOThI, MMEHYeMOil HabpockoMm count-min
(Habpocok CM)?%° paspaboranHoii Kopmomom (Cormode) 1 MyTyKpUITHAHOM
(Muthukrishnan) B 2005 rogy [3]. Habpocok count-min IoXox Ha MOJIOJIOTO, TIep-
CTIeKTMBHOTO pOACTBeHHMKA (puiabTpa Biiyma. AHaJIOTMYHO TOMY, Kak QUibTp
brryma maeT npubIskeHHbIE OTBETHI Ha 3aITPOCHI O TIPMHA/IJIESKHOCTH, 3aHUMas
MeHbIIle MeCTa, UeM Xelll-TabInIibl, HAGPOCOK count-min OIeHMBAET UaACMOmbl

2 A"rr. count-min sketch (CMS). — ITpum. nepes.

%0 3TO0 IpoCTOIt MEeTOM, pe3I0MMPOBAHYISI YaCTOTHBIX JAHHBIX 60/IBLINMX 06beMOB. PacueTHOe 4nciIo onpe-
ZleJISIeTCs Ha¥MeHbIIMM 3HaueHueM B Tabnuuie /1 i, a UMeHHO d, = min, countlj, h(i)], rae count — 3T0
Tabnuiia, OTCI0ONA M Ha3BaHue count-min. — ITpum. nepes.



108 <« [nhasa 4.0ueHuBaHKe YacToTbl U HAOPOCOK count-min...

3JIeMEeHTOB B MEHbIIIEM MPOCTPAHCTBE, YeM Xelll-Tabyuiia Uiau 60t TmHel -
HO-TIPOCTPAHCTBEHHBIN CJI0OBaph KI0U-3HaueHue. Elle 0gHO BaKHOE CXOACTBO
3aKJII0YaeTCsl B TOM, UTO HAaOPOCOK count-min OCHOBAaH Ha XeIMPOBAHUMU, 110~
3TOMY MbI TIPOJIOJIKVIM B TOM 3Ke JyXe, VCIIOJb3Ysl XellMpOoBaHe, UTOObI CO3/a-
BaTh KOMITAKTHbIE ¥ MPUOIMKeHHbIe HAGPOCKM JAHHbIX. [lajee Mbl pacCMOT-
pUM MpUHIIUT paboThl HAGpPOCKa count-min.

4.2 Habpocok count-min: npuHumun paéoTbl

Habpocok count-min moggep>kuBaeT ABe TIaBHble ollepaiyi: 0OHOBIeHMe KaK
SKBUBAJIEHT BCTAaBKM M OLlEHMBAaHME KaK SKBMBAJIEHT MoOucCKa. IJisi BXOZAHOI
napel (a,, ¢,) BO BpeMEHHOM JIOTe t orepanyst OOHOB/IEHMS yBe/IMIMBAET YaCTO-
Ty 37IeMEHTa @, Ha BeJIMYMHY C, (B C/TyYae e/ B KOHKPETHOM IPUIOKEHUM ¢, = 1,
MHBIMM CJIOBAMMU, UMCJIA TTOSIBJIEHUI HE MUMEIOT 0CO60TO CMbIC/Ia, TO OGHOBJIEHME
MO3XHO ITepeOIpe/le/INTh, YTOOBI MCII0/Ib30BaTh TOJIbKO apryMeHT a,). Onepawus
OLIEHMBAHMSI BO3BPAIIAET YaCTOTHYIO OLIEHKY d,. BosBpaliaemast orieHKa MOXeT
OBITh 3aBBIIIEHHOJ 110 OTHOIIEHUIO K (PAKTUUECKOi YaCcToTe, HO HUKOTIa He 3a-
HVDKEHHOM (M 9TO He CTy4daliHOe CXOACTBO C JIOXKHOTIONIOXUTETbHBIMU PE3YIIb-
taTaMu B puiibTpe Bayma).

Ha6pocok count-min mmpeacrasisieTcss MaTpuiieii (CMS) LIeJI0UMCIeHHbIX CUeT-
YUKOB C d CTpOKaMu U W ctobmamu (CMS[1..d][1..w]), IpM 9TOM BCE CUETUMKN
MepBOHAYAIBHO YCTAHOBJIeHbI paBHBIMY 0, U d HEe3aBUCUMBIMMU XeTll-(YHKITMS -
mu (h,, h,,..., h,). Kaxxpas xem-GyHKIs uMeeT ayuanasoH [1..w], a j-a xem-QyHk-
LMsI TIpeJHa3HaYeHa JJIsT i-71 CTPOKY MaTpPUIIbI CMS, 1</ < d.

4.2.1 O6bHOBNEeHUe

Omnepanys 06HOBIeHNS NOOAB/IAET elle OAVUH 3K3eMIUIIp (MM C, IK3eMILIS-
pOB) a7ieMeHTa B Ha00p maHHbIX. Mcrmonb3ys d xenr-QyHKIiA, oriepalys 06HOB-
JIEHMS BBIUMCISIET d Xelleil Ha a, Vi IIsl K&K/I0T0 Xell-3HaueHusT hj(at), 1€j <d,
COOTBETCTBYIOIIAA MO3ULMA B j-7 CTPOKE YBEeIMUIMBAETCS Ha C,:

CMS_UPDATE(at,ct):
for j« 1tod
CMS[j1[hi(at)] += ct

[Tpumep paboThI orepaiy 0OHOBIEHMS TTIOKa3aH Ha PUC. 4.2, rie Mbl HAUM-
HaeM C IIyCTOro Habpocka count-min 1 BBITIOMHsIEM OOHOBJIEHMUS 3JIEMEHTOB X, Y
¥ Z COOTBETCTBEHHO BeJIMUMHaMM/9acrotamu 2, 1 u 3.

4.2.2 OueHuBaHue

Omepaiys OLeHMBAaHMS COOOIIAeT MPUOMVDKEHHYIO YaCTOTy 3allpallyiBae-
Moro 3yeMeHTa. Tak ke, Kak ¥ omnepaiys 00HOBJIeHMSsI, oIlepalysl OlleHMBaHMSs
BBIUMC/ISIET d Xellleil ¥ BO3BpalllaeT MUHMMYM cpenay d CYETUMKOB B d Pa3sHbBIX
CTPOKax, IJe IMO3UIMSI CUeTUMKa B j-i1 CTPOKe 3aJaeTcs XeleM hi(at), 1sj<d:
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CMS_ESTIMATE(at):
min = CMS[1][h1(at)]
for j « 2 tod
1f(CMS[j1[hj(at)] < min)
min = CMS[j][hj(at)]
return min

[Tpumep pabOTHI OMepaluy OLeHMBAHKS IT0Ka3aH Ha puc. 4.3, The B pe3yilb-
TaTe OLIeHMBAHMUS JIEMEHTA y BO3BpAlllaeTcsl NMPaBW/IbHBIMA OTBET, TOrAa KakK
B pesy/bTaTe OLeHMBAHUS 3JIeMEHTa X BO3BpalllaeTCsl 3aBbIlIeHHAsl OLleHKa.
Kak BuIHO 13 mpuMepa, HABPOCOK count-min MOKeT 3aBbIIIATh (GaKTUIECKYTO
YacTOTy M3-3a KOJIM3UIL Xellleli pa3HbIX NEMEHTOB M BHECEHUS MMM CBOETO
BKJIaZia B YaCTOTHI IPYTUX IEMEHTOB; OJHAKO 3aBbIlIEH) e YaCTOThI [IPOMUCX0-
IUT TOJBKO B TOM CJTy4yae, ey KO/Um3usl Obl1a B K&KO O CTPOKe.

OBHOBMTL (X, 2) 3C/’Zig . s
2/(’0: 5]

N
0 0 om\j
no=6 (0] 0 [OBLA
%5(’054 O O O O
g 7
0
praw

OBHOBNTL (Y, 4)
h,()=2
A (9)=6
%5(‘1):4
OBHOBVTb (2,3) )
ho(2)= (>0 To
by (2)=2 W RE
00

%5(1):4 %|4

PucyHok 4.2 Tpu onepaumm 0OHOBNEHWS 31EMEHTOB X, ¥ U Z, BbINOJHEHHbIE HA
repBOHayasibHO NYCTOM Habpocke count-min pasmepa 3x8. BblunucneHHble xelm
YKa3bIBAKOT Ha CTONOLLbI HABpoCKa count-min, B COOTBETCTBYHOLMX CTPOKAX KOTOPbIX
HeobxoaMMo aenaTb 0OHOBIEHUS
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PucyHok 4.3 lMpumep onepaumn oLeHnBaHMs Ans Habpocka count-min m3 puc. 4.2.
B cnyyae anemeHTa y, UCTMHHAs YacToTa KOToporo paBHa 1, Habpocok count-min
coobLaeT NpaBubHbIN OTBET, paBHbid 1 (MUHUMYM 13 1,3 1 1).

OnHako B C/lyyae 3feMeHTa X, UICTUHHAS YacToTa KOTOPOro paBHa 2,
Habpocok count-min coobwaet 3 (MMHMMYM U3 5,3 1 5). O6patutecs k puc. 4.2,
4yT0Obl YOEOMTbCS, YTO BO BPEMS MpeablayLimx onepaumin o6HoBNEHMS
3/IEMEHTbI Y U Z BMECTE YBEJIMYMBASIM BCE CHETUMKM, UCMOSb3YEMbIE
3/1EMEHTOM X, YTO NPUBENO K 3aBbILWEHHOM OLEHKE YaCTOTbl 31EMEHTA X

4.3 BapuaHTbl UCNONb30BaHUS

Ternepb Mbl IIEPEXOAUM K IIPAKTUIECKOMY ITPMMEHeHMI0 Habpocka count-min B
IIBYX pa3HbIX 00/1aCTSIX: IPUIOKEHNUY 110 06pabOTKe CeHCOPHBIX TaHHBIX YMHbIX

KpoBarTeii 1 IpUIOKeHUM 110 06paboTKe eCTeCTBeHHOTIO sI3bIKa>!.

4.3.1 k BepxHUX 6€CNOKOMHO CNALWMX NoJib30BaTeNIen

KauecTBO CHa B TeUeHMe IJINTETbHOTO BpeMeHM ObIJIO CBSI3aHO C Pe3yJibTa-
TaMy TICUXUYECKOr0 M (pM3MUYECKOro 3[0POBbs uesoBeka. OqHAKO TOMBKO He-
IaBHO, 6y1arofaps MIMPOKOMY JOCTYITY K HOBBIM TE€XHOJIOIMSIM U BO3MOKHOCTM
06pabaThIiBaTh OIPOMHBIE MACCHBBI JaHHbBIX, Mbl CMOIJIM COOMPATh OUEHb ITOf -
poGHbIe HaHHbIe, CBSI3aHHBIE CO CHOM, Y GOJIBIIIOTO umMciIa oaeit. Hampumep,

3t Aur. natural language—processing (NLP). — ITpum. nepes.
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YMHbIE€ KPOBATH, OCHAII[EHHbIE COTHSIMU JaTUMKOB, CIIOCOOHBIMM PErUCTPUPO-
BaTh pasHble MapaMeTpbl BO BpeMsi CHa, TakKue Kak JIBMKeHMe, TaBjieHue, TeM-
reparypa u T. [i., [IOMOTal0T IOJy4yaTh HOBOe MpeACTaBAeHle O XapaKTepe CHa
nmofeit. OCHOBBIBASICh HA CEHCOPHBIX JAHHBIX, Pa3aMUHble KOMIIOHEHTbI KPO-
BaTy MOTYT aallTUPOBATHCS U BUAOM3MEHSTHCS B pealbHOM BpeMeHU — 4aCTu
KPOBAaTU MOTYT HOJHUMATbCS, IOJOTPEBATHCS, OXIKIATHCS U T. II.

PaccMOTpMM KOMITaHMIO, IIPOM3BOSIIYI0 YMHbIE KPOBATH, KOTOpasi cobupa-
eT JaHHbIe OT CBOMX ITO/Ib30BaTeNell ¥ XpaHUT UX B OTHOM IIeHTpaabHOI 6a3ze
IaHHBIX. [JaHHbIE OTIIPABJISIIOTCS €XKEeCEeKYHIHO MUIIMOHAMM [10JIb30BaTesen 1
IaTUMKOB; CJIeIOBATETbHO, 00beM TaHHBIX OBICTPO CTAHOBUTCS CIVIIIKOM O0Jb-
IIMM, YTOOBI €r0 MOKHO O6b1JI0 00pabaThIBaTh ¥ aHAIM3MPOBATh IIPOCTHIM CIIO-
cobom. [laBaiiTe JOMyCTUM, UYTO OHA YMHas KpoBaTh ocHaileHa 100 maTunkamm
Y UTO STOT TUIT YMHO? KpOBaTH UCIoab3yeTcs 108 moTpebuTensamMu; TOrma Hala
TUIIOTeTHMUYEeCKass KOMIIAHMS eXXeTHeBHO coO0MpaeT B 001eit ciaoskHoctu 108 (1mo-
TpebuTeneii) x 3600 (cekyHA, B yac) x 24 (4acoB B cyTKM) x 100 (OaTUMKOB) =
8.6 x 10! xopTeskeli TaHHbIX, YTO MIPUBOIUT K e3KeTHEBHOMY 00beMy XpaHeH s,
UCUNCISIONEMYCS TepabaiiTaMu. DTOT KOHKPETHBIN IIpUMeD SIBJISIeTCS TUIIOTe-
TUYECKMM, HO 06'beM COOPaHHBIX JAHHBIX U CBSI3aHHAS C HUMU 3a/1auad, KOTOPYIO
MbI M3yUUM, TAKOBBIMM He SIBJISTFOTCSI.

C Kak[10¥i TTOKYITKO¥ YMHO¥ KPOBATH ITOCTABJISIETCS MOOMITbHOE MTPUJIOSKEHVE
SleepQuality, KoTOpoe ITO3BOJISIET MTOIB30BATENSIM KPOBATEN OTCIEKBATD CBOI
COH BO BpeMeHHO¥ iuHaMuKe. OTHO 13 HOBBIX TPWJIOXKEHMI OTCIEKMBaeT 6ec-
TOKOJCTBO CIISIIMX M YBEIOMJISET CaMbIX 6€CITOKOMHBIX CISIIIMX I10JIb30BaTe-
Jielt 0 TOM, UTO XapaKTep UX CHA OTJIMYAETCS OT XapakTepa CHAa OCTaJIbHBIX CIIsI-
mux. Peanusys 3Ty QYHKIMOHA/JIbHOCTD, IPUJIOKEHE YUUTHIBAET MTOKA3aHUS
pa3HbIX JATYMKOB ¥ CBOAUT CBOM Pe3y/IbTAaThl B OAVH O6QJIJT TI0 IITKaJie KayecTBa
cHa. V3-3a OrpoMHOTO 0ObeMa IMOCTYIIAIINX JaHHbIX WHXXeHEepPbl KOMITaHUM
penmuIi Mornpob0oBaTh XPaHUTD MOTyYaeMble OT JATUYMKOB IT0JIb30BaTeNel Be-
JIMYMHBI B HAObpocKe count-min.

Kak mokazaHo Ha puc. 4.4, maHHbIe TTOCTYMNAKT C BbICOKOI 4aCTOTON, U Ha
Ka)kIOM BpeMeHHOM Iiare mapa (user -id, amount)’? 06HOBJISIET HAGPOCOK count-
min Ha YKa3aHHYIO BeJIMUYMHY. B HallleM yIpoieHHOM IIpMMepe KTIounu Habpo-
CKa count-min cOOTBETCTBYIOT MHAVBUAYATbHBIM IT0JIb30BATEISIM; B LIeJIIX 60-
Jiee TOHKOTO aHaaM3a M3MeHeHUs] TTOKa3aHUiT KOHKPeTHBIX JaTUMKOB KIHUOM
IOJIKHA OBbITh Mapa (user-id, sensor-1d)*.

O6HOBJIAS HABPOCOK count-min TakKMM 06pa3oM, MOKHO reHepUpPOBaTh MPHU-
OIMKEHHYIO OII€HKY YacTOThI JIIOOOTO 3aIlpOIIeHHOro Mojab3oBartess. Ho ms
TOTO, UTOOBI MOAIEPKMBATD CIIMCOK Kk BEpXHUX OECIIOKOMHBIX CITSIIINX M0JIb30-
BaTeJieil, HaM IPUAETCS CIe/laTh HEMHOTO 60JIbIlle, UeM IIPOCTO MOAIEPKUBATD
Habpocok count-min. BcrmoMHNUTE, 9TO HAGPOCOK COUNt-min — 3TO BCETO JINIIb
MaTpuIla CYETUMKOB, M B HEI He XPAaHUTCSI HMKAKOI MHGOpMAaIlUM O Pa3HbIX
UIeHTUdUKATOPAX MTOJIb30BATE/EN MU YITOPSTOYEHUM COOTBETCTBYIOIMINX Yac-
TOT.

32 To ectb U1 onb30oBaTess, BenunHa. — [Ipum. nepes.
% To ectp ]I monb3oBaressi, VIl maTumka. — [Ipum. nepes.
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user-10=36 |
AMOUNT =5~ _

vser-10=25 |
AMOUNT = |

USER -1D=25|
TIME -STAHP=01:253: I6

/

USER - 1D= 42 ,
AMOUNT = 16

vser-10=100

AMOUNT=10 | BCTABNTD
03y NUSERID, ~ yser-10=561
HABPOCOK. o | AHOUNT =2
—_—

PucyHok 4.4 Bce faHHble O COCTOSIHUM CHA OTNPABASOTCS B LLEHTPasbHbIN apXuB,
HO nepea, 3TMM OHW BBOASATCS B PE3MAEHTHbIM HABpOCoK count-min
Ang nocnenytoulero aHanusa. [apa (user-1d, amount) nogaeTcs Ha BXoA,
CTPYKTYPbI [@HHbIX, B KOTOPOM YacToTa naeHtTudumkatopa user-id yBenmuympaercs
Ha BeNM4YMHy amount. XelMpyeMbIM KOUYOM aBngeTcs user -id

YnpaxHeHue 2

[Ipexxme ueM IepeiiTy K peleHunIo, IogyMaiiTe 0 TOM, KaKoil MOIJIa ObI ObITh
MpaBUIbHAs CTPYKTYpa MAHHBIX, KOTOPYI0 MOKHO ObUIO ObI MCIOIb30BaTh
BMeCTe ¢ HabpoCcKOM count-min st XpaHeHMsI K BepXHUX OeCITOKOITHBIX CIISI-
VX TT0JIb30BaTesel B KaKIbIii MOMEHT BpeMeHM, MCITonb3yst iniilb O(k) mormor-
HUTEJIbHOTO ITPOCTPAHCTBA.

B ogHOM pelleHuM MPUMEHSIETCS MUHUMYM-0PUEHMUPOBAHHAS Kyua>*, KaK
IOKa3aHo Ha puUC. 4.5. MUHMMYM-OpMEHTUPOBAHHAS KyUa IOAIePKIBAET TEKY-
mux k «robenuTeneii» KOHKypca Ha 6eCIOKOTHOCTh C BO3MOKHOCTbIO OOHOB-
JIeHMsI BCSIKMIA pa3, KOIJa ITOCTyIaeT HoBoe 0OHOBJIeHMe Habpocka count-min.

3 AHII. min-heap; MMHUMMYM-OpMEHTUPOBAHHAS Ky4ya — 3TO CTPYKTYPa JaHHBIX HA OCHOBE JABOMYHOTO
JepeBa, B KOTOPOJ 3HauUeHye KaKJOoro y3Jia MeHbllle U/ PAaBHO ero JoYepHMUM y31aM. — IIpum. nepes.
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B yacTHOCTM, HAGPOCOK count-min 06GHOBJISIETCSI 110 IPUOBITHM HOBOTO 37I€MEH-
Ta, TIOCJIE Yero MbI BBITIOJIHSIEM OTlepalli0 OLleHUBaHUSI 3TOTO KOHKPETHOTO
anemeHTa. Ecin coobimaemast yacToTa IpeBbIlIaeT MUHMMAbHBIN 37IeMEHT B
MUHMMYM-OPUEHTUPOBAHHONM Ky4de (J1erkofocTymHbii 3a O(1)), To MUHUMYM
KyuM YAQISeTCS] ¥ BCTaBJISIETCS. HOBBIN a7eMeHT. Takke obpaTuTe BHMMaHMe,
YTO MPU KaXKIOM OOHOBJIEHMM y3Ke HaXOSIIEerocs: B Kyue 3JieMeHTa OOHOBJIEH-
Hasl 4aCTOTa JO/DKHA OTPAKAThHCS B MO3ULUY JIEMEHTa Ky4ul.

HABPOCOK CM

s Ter[ 6] [ hatoor=1
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PucyHok 4.5 CoBMecTHOE MCNo/b30BaHWe MUHUMYM-OPUEHTUPOBAHHOM Ky4un
1 Habpocka count-min Ans OTbiCKaHMS k BEpXHMX BECMOKOMHbIX CRSLLMX
nonb3oBatenei. [1ns Toro 4tobbl NOAAEPXKMBATL MPABUIIbHBINA CMUCOK K BEPXHUX
6ecnokoiHO CnAWMX NoNb3oBaTeNen Npu KaXAoM 06HOBAEHMM Habpocka count-min
napon (user-id, amount), B 4aHHOM npuMepe (100, 10) Mbl OLEHMBAEM YaCTOTY
HefaBHO 0OHOBEHHOIO MaeHTUdMKaTopa user -id. B Hawewm ciyyae yactoTHas
oueHka upeHtTudukaTopa user-id 100 6ynet pasHa 70. 3ateM ecnu naeHTUdUKaTop
user-id B Kyye OTCYTCTBYET M MMEET 3HaYEHME Bblle MUHMMYMA (KaK 3TO NPOMCXOAUT
B JA@HHOM NpuMepe), TO Mbl U3BJIEYEM MUHUMAJIbHOE 3HaYeHME U BCTAaBUM HOBYHO
napy (user-id, amount) B Ky4yy. ECnin napa yxe npucyTcTBoBana, To ee 3HaYeHne
HeobxoanMo 06HOBUTD, YAANIMB M BCTaBMB Napy MOBTOPHO C HOBbIM, 0OHOBAEHHBIM
(bonee BbICOKMM) 3HAYEHMEM
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B aTOM npuMepe MbI OKa3aju, UTO HAGPOCOK count-min MOKHO MCITIOb30-
BaTb BMECTO OOBIYHOIO CI0Baps KJIIOU-3HAueHMe, UTOObl XpaHUTh MHGOPMa-
LIMI0 O YacToTax mjsi nmpunoskenust SleepQuality, Tem camMbIM 9KOHOMSI MHOTO
IIPOCTPAHCTBA (XOTSI MBI ellle He aHaIM3MPOBaIM IIOTPEOHOCTU B IIPOCTPAHCT-
Be). B To ke BpeMsI Mbl MCIIOIb30BAIM MUHMUMYM-OPUEHTUPOBAHHYIO KyUy
pasmepa O(k) misg xpaHeHus MHQOpMaLyu 0 K BEpXHUX OECIIOKOMHO CITSIINX
MOTb30BaTeNsIX. MUHMMYM-OPMEHTUPOBAHHAST Kyda MOIIePsKMBAeT aKTyallb-
Hble OIleHKM YacTOT Ha KaXXAbIii MOMEHT BpeMeHM, [T0O3TOMY BCSIKMIT pas, Korma
MbI XOTMM OTIIPaBUTh B OMJIEHME TAaKMM I10JIb30BaTEISIM, B HAllleM pacIopsi-
SKeHMU eCTh BCSI HeooxomyuMast MHGOpMaLus.

4.3.2 MacwTtabupoBaHue pacnpeaenmuTesbHoro
CXOACTBA MeXAY C/I0OBaMU

3amava ceMaHTMUECKOTO CXOACTBA MEXIY CI0BAMM Ha OCHOBaHMM UX pac-
nipeneneHus, IV pacnpedenumensHozo cxo0cmad, TpedyeT, YTOObI TTpY HaTuIun
6OJIBIIIOTO TEKCTOBOTO KOPITyCa MbI HAXOIMJIY TIAPbI CJIOB, CXOXKMX 110 CMBICITY B
3aBUCUMOCTHU OT KOHTEKCTOB, B KOTOPBIX OHUM BCTPEUAIOTCs (MJIN, KaK BbIPa3ni-
cst muHrBUCT [I3k0H P. ®epT (John R. Firth), «Bbel y3HaeTe c10BO 110 KOMITAaHMUM €T0
Ipy3seii»). Harpumep, cioBa Kask v KaH03 6yOyT OKPYsKEHbI TOXOKMMU CIIOBaA-
MM, TAKMMU KaK 800a, cnopm, n0200a, pexa u T. i. B kauecTBe KOHTEKCTA JAHHOTO
CJIOBa MbI BBIOVIpaeM OKHO pasMepa k (Hampumep, k = 3), KOTOpoe BKJIIOYAeT B
ce6s1 k c7oB 10 M Kk CJIOB TTOC/Ie JAHHOTO C/I0BA B TEKCTE, MJIY MEHbIIE, /T Mbl
repecekaem IpaHULLy IpeIIOKeHMS.

17151 u3MepeHus pacnpenenuTe/bHOTO CXOACTBA 3aaHHO ITapbl CTIOBO—KOH-
TEKCT IMIMPOKO MCIIOIb3YETCS METOJ, NomoueuHoli 83aumHoli uHpopmayuu® [4].
dopmyria TOTOUEUHO B3aMMHOM MHMOpMaLu 1 ClI0B A U B BBIIJISITUT Clie-
IVIONMM 06pa3oMm:

Prob(AN B)

Iomoueunas eésaumnas ungopmayus (A, B) = log, Prob(A)Prob(B)
0 70 ’

roe Prob(A) o603HauaeT BEPOSITHOCTb MOSBAEHUSI A, TO €CThb UMCJIO MOSIBJIe-
HUIL A B KOpITyce, fieieHHOe Ha o6lllee Y1CI0 CJIOB B KOpIyce. OTO MPUIYILIN-
BbIVi CITOCO6 CKa3aThb, YTO IMOTOYEUHAS] B3auMHAast MHOOPMAIMS CTY>XKUT Mepoit
BEPOSITHOCTY COBMECTHOTO TOSIBJIEHUSI A 1 B B KOpITyCe 10 CPaBHEHMIO C YaCTO-
TO¥ MX TIOSIBJIEHWSI, €C/TV ObI OHM ObUTM HE3aBUCUMbIMMN. YeM BbIIlIe TTOTOUYeYHasT
B3auMHasi MHGopMaIus, TeM 6oJIbIlle CJI0Ba IMOX0XM. Kak rpaBumio, repes Bbl-
YMCI€HVEM 3TOV MEeTPUKU IJI51 BCEX MHTEPECYIOLMX MMap CIOBO—KOHTEKCT WIN
KOHKPETHBIX ITap CJIOBO—KOHTEKCT KOPIYC MpenoopadbaTeiBaeTCs, YTOOBI MPo-
M3BEeCTV MaTPUILy Harofo6ue Toii, KoTopas IToKa3aHa Ha pPuc. 4.6, COmepsKallyio
BCe YaCTOThI [1ap CJIOBO—KOHTEKCT.

35 Aurn. pointwise mutual information (PMI). — ITpum. nepes.
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CO3AATL TABMMLY

nea |1 MEBERb [\omtioers noroAd | croen
ST
KASK 0 O 0 0 1 {
KAHO3 2 4 0) 0 0 1 4 }
cyn 0O 0 2 1 0 0 Xy
cTon 0 0 1 2 1 0 Z/ i
2 5 1 5| 3 1 2 | scero |

A . A e e, ;
KOHTEKCT g

PucyHok 4.6 CosnaHue Matpuubl M, B KoTopor 3anuce M[A][B] coaepXxuT umcno
nosiBNIEHUI CNoBa A B KOHTEKCTe B, ABnseTcs oaHMM M3 cnocobos npesobpaboTku
TEKCTOBOro MacCMBA A5 BbIYMC/IEHUS MOTOYEYHOM B3aMMHOM MHDOPMaL MK,
Hanpumep, kask nosBnseTcs Tpy pasa B KOHTEKCTE 800b/ U HOMb pa3 B
KOHTeKcTe mebesu. Kpome Toro, Mbl AOMNOMHUTENIbHO NMOACUYUTBIBAEM KaXL0€ C/10BO
(nocnepHuit ctonbel, MaTpuULbl) U KXKAbIN KOHTEKCT (MOCNefHAs CTPOKa MaTpuLbl),
a Takxke oblLLee YnMcno cnoB (MpaBbl HUXKHUI Yron)

Bornee BbicOKMe 6aslIbl aCCOLMATUBHOCTY MEKLY CJIOBaMM 3aBUCST OT 06bemMa
TeKCTa — YeM OoJIbllle TeKCTa, TeM JIyullle, — HO IIPY yBeJIMUeHUM KOpIryca, Jaxke
eC/IM YMCJI0 HeCOBIAJAIOIIMX C/IOB SIBJISIETCS JOCTATOYHO Pa3yMHBIM 110 pa3Me-
pY, UMCJI0 TIap CJIOBO—KOHTEKCT OBICTPO BBIXOAUT M3-T107, KOHTPOJIS.

Harpumep, B uccienoBaTenbCckoit paboTe, B KOTOPOit M3MepsIoCh pacipe-
IenuTe/lbHOe CXOACTBO C MCIIO/b30BaHMEM MeTO0B GhopMupoBaHuUsl Habpoc-
KOB [5], mpuMeHsicst Habop JaHHbIX Gigaword, MoyyeHHbI 13 aHTTIOSI3bIYHbBIX
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TEKCTOBBIX HOBOCTHBIX ICTOUHMKOB, comepskaimii 9.8 I'6 TekcTa 11 0Koj10 56 MIH
MpenIoKeHui. B pesyabraTe MOayumMaIoch 3.35 MJIpA TOKEHOB Map CJIOBO—KOH-
TeKCT ¥ 215 MJIH YHUKQJIbHBIX IMap CJIOBO—KOHTEKCT; IIPOCTOE XpaHEHMe ITUX
map ¢ MX Jyacrotamu 3aHumaetT 4.6 I'6. PemeHne cocTouUT B mpeoOpa3oBaHU
MaTpUIIbl TAKMM 06pa3soM, YTOObI YaCTOThI I1ap CJIOBO—KOHTEKCT XPaHU/INUCh B
Habpocke count-min, ¥ ITOCKOJIBKY YMCJIO HECOBIIAJAIOIIMX CIOB HE CJIMIIKOM
BEJIMKO, MOKHO IT03BOJIMTh Ce0e XpaHUTh CJI0BA C MX YacTOTaMM B X COOCTBEH-
HOJi XenI-Tabnuiie (CM. ITOCJIeIHMII CTOIOe MaTPUIIbl), 8 KOHTEKCTBI C UX Ya-
CTOTaMM — B X COGCTBEHHO XelI-Tabuile (CM. MOCIeTHIOI CTPOKY MaTPUIIbI).
910 mpeobpa3oBaHye TTOKa3aHO Ha puc. 4.7.

KOHTEKCT 5
oen e noroaA | CnosA
v 4soan || neg ,MEEEanMOAHOCTb, Av6 | nOroA g

¢TyN
—M-
CToN

KOHTEKCT
XEW _ »
KOHTEKCTOB HABPOCOK CM
tﬁ)“”" @ i & g
PucyHok 4.7 MNpeobpa3oBaHue MaTpuLpbl U3 puc. 4.6 AN SKOHOMUM NPOCTPAHCTBA:
napbl CNOBO—KOHTEKCT, XPaHSILLMECS B [NTAaBHOM Tefle MaTpULLbl, 3aMEHSTCS HAabpOoCKOM
count-min, B KOTOPOM XPaHATCS YacTOTbl Nap COBO—KOHTEKCT. [M0CKONbKY YMCIO
HecoBnafatLMX C/IOB (M KOHTEKCTOB) HE TaK BEIUKO, KAXKA0E U3 HUX MOXHO XPaHUTb
B MX COBCTBEHHOM Xel-Tabnuue C COOTBETCTBYHOLLMMM YacToTamu. Apyrumm cnoBamm,
KOrga Mbl CTaIKMBAEMCS C HOBOM NapoW (CNOBO, KOHTEKCT), Mbl YBENMYMBAEM YACTOTY
napbl B Habpocke count-min 1 yBennyYnBaeM COOTBETCTBYHOLLME YACTOTbI B Xel-Tabnuue
CNoB 1 xewWw-Tabnuue KoHTeKCToB. [pM pacyeTe NOTOYEYHON B3aMMHON MHBOPMaLMK

AOna napbl C10BO—KOHTEKCT Mbl BbIMOJIHAEM 3aMpocC K Ha6p0CKy count-min 1 HaxoamMM
COOTBETCTBYHKOLWME HaCTOTbl CZI0OBA M KOHTEKCTA B COOTBETCTBYHLLUMNX xew-Tabnaunuax
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OKOHOMUS ITPOCTPAHCTBA, JOCTUTHYTAsI B 9TOM IIPMMEPE MCII0Ib30BaHMS Ha-
6pocka count-min, coctaBuiia 6oee 100 pa3. ABTOpbI JaHHOTO MCC/IeTOBAHMS
CO001Ia0T, YTO Habpocok pasMepa 40 M6 maeT pe3ynbTaThl, COITOCTABUMBIE C
OPYIMMM METOAAMM BBIUMCJIEHUSI pacIpeaeanTeIbHOr0 CXOACTBA, KOTOpPbIE
MICITOJIB3YIOT TOpa3ao OoJbIlle MPOCTpaHCTBa. [eHepupoBaHue 3TOr0 Habpocka
count-min ¥ ABYX XeI-Ta6/IuI] 3aHKMMaeT BCero OAMH IIPOXOI, Mo Mpemoopabo-
TaHHBIM ¥ OUMILEHHBIM JAHHBIM, UTO SBJSETCS OOMbIIMM 6jarom Ijs obpa-
OOTKM ITOTOKOBBIX JaHHBIX. MeTpUKM ITOTOUEUHOI B3auMMHOI nHbopMaiun k
BEPXHMX MOYKHO ObIJIO GBI IIPOMU3BECTH C [TOMOIIBIO JOIOJHUTEILHOTO BUTKA IO
JaHHbBIM.

B03MOKHO, BbI 3aJa€T€Ch BOIIPOCOM O TOM, KaK KOH(UTYPUPOBATh HAGPOCOK
count-min (To eCcTb KaK 3a[aBaTh €ro pasMepsl) 1 KaKOBa B3aMMOCBSI3b MEXKIY
3aBbIIlIeHIieM YaCTOThI ¥ pa3MepoM Habpocka count-min. Hab6pocok count-min
MMeeT IBa IapaMeTpa OLIMOKM, € U O, U UX 3HAUEHMST UCIIONb3YIOTCS [JIS OIIpe-
IejeHusl pa3MepoB Habpocka. B wiemyroiem maee paszerne Mbl pacCCMOTPUM
B3aMMOCBSI3b MEXIY OLIMOKOI U IOTPEGHOCTIMM B IIPOCTPAHCTBE MTOAPOGHee.

4.4 OwunbKa M NPOCTPaHCTBO
B Habpocke count-min

Ha6pocok count-min 1eMOHCTPUPYET ABa TUIIA OUIMOOK: € (STICUIIOH), KOTOpast
perynmpyeT AMana3oH 3aBbIIIE€HMS YACTOTHI, U § (IIebTY), BEPOSITHOCTH HEyCIIe-
xa%, Ecii iJ1 TOTOoKa S, TOCTUTIIIET0 BpeMEeHHOTO CJI0Ta t,

S§=(a,c),(a,c,),..,(a,c)

yepe3 N 00603HauMThb OOIIYI0 CYMMY HaOI0HAaeMbIX B IIOTOKE YacCToOT,
N=Y!= 1C,, TO OIIMOKY € 3aBbIIIEHMSI YACTOThI MOKHO BbIPA3UTh KaK MPOLIEHT
oT N, Ha KOTOPbIi MOKHO ITPEBBINIATh (DaKTUUECKYIO YACTOTY JII0O0T0 71eMeH-
Ta. JIpyrumu cl10BamMu, JIJis SlIeMEHTa X M €r0 UCTMHHOM 4acTOThl f HabpOCOK
count-min OLEHMBaeT YacTOTy Kak f,

fxsfestSfx+eN

C BEPOSTHOCTHIO He MeHee 1 — 8. OObIYHO 3HaUeHMe d IToyJyaeT Majioe 3HaueHne
(nampumep, 0.01), BerencTBye Yero MOSKHO PaCcCUMUThIBATh, UYTO OLIMOKA 3aBbI-
IIeHMS YaCTOThI OYZIeT C BBICOKO BEepOSITHOCTBIO OCTABAThCSI B 06EIIaHHO 10-
noce. CylecTByeT MaJiasi BEPOSITHOCTb, 8, UTO 3aBBINIEHME YACTOTHI B HAOPOCKe
count-min 6ygeT HeoOTpaHNYEHHbBIM.

Tax ke, Kak 1 B cyiyuae ¢ GuwibTpoM biayma, Habpocok count-min MOKHO OT-
perynnpoBaTh Ha 60siee BbICOKYIO TOYHOCTh, HO 3TO OyJleT CTOMTh ITPOCTPAHCTBA.
Kakvmu 661 HY ObLTV 3HAYEHUS (€, 3), KOTOPbIE MbI XOTMM MMETD B IPUJIOKEHNN,
TSI TOCTVReHUS ChOPMYIMPOBAHHBIX IPAHMIL HEOOXOIMMO CKOH(PUTYPUPOBATD
pa3Mepbl Habpocka count-min, yCTaHOBUB UX paBHbIMU W = e/e u d = In(1/3).

% Aur. failure probability; onpenmensieTcst Kak BEpPOSITHOCTD MTPEBBINIEHNS TPEIETbHOTO COCTOSTHUS. —
Ilpum. nepes.
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CriemoBaTenbHO, TpebyeMoe 1l Habpocka count-min MpoCTPaHCTBO, BhIPAXKEH -
HOE€ B UlCIe 1[eJIOUMC/IEHHBIX CYETUUKOB, OyaeT paBHO (ypaBHeHMe 4.1)
eln(l)

g

@) (YpaBHeHue 4.1)

9

O6paTuTe BHMMaHMe, YTO HAOPOCOK count-min, Kak IPaBUIIO0, HEBEJIUK, Taske
MIpU UCIIOMb30BAaHUM C GOJBIIMMM HabopaMmyu HaHHbIX. Ha6pocok count-min
YacTo XBAJIST 32 €ro MOTPeO6HOCTM B MPOCTPAHCTBE — OHM HE 3aBUCSIT OT pas-
Mepa Habopa JaHHBIX, — HO 3TO BEPHO TOJbKO B TOM C/Iydae, e/ Bbl XOTUTE,
YyTOOBI OIIMOKA COCTaBIISIA GUKCUPOBAHHBIN MTPOIEHT OT pa3Mepa Habopa TaH-
HbIX. Hampumep, noaepskaHue OMYCTUMO TTOI0CHI OMMOKY (PUKCUPOBAHO Ha
ypoBHe 0.3 % or N u He MTOTpedyeT yBen4eHus pa3Mmepa Habpocka count-min,
Jaxke ey yIBOUTD 3HaUeHMe N, HO hakTuueckast abCOMOTHAS TOI0Ca 3aBbIIlIe-
HMSI YaCTOTHI YABOUTCSI. MOSKHO OBIJIO ObI BO3Pa3nTh, YTO IIPU BABOE H6oibiieM N
MIPUWIOXKEHME TOJKHO ObITh B COCTOSTHMYM JOTYCKATh OIIMOKY 3aBBIIIEHMS Yac-
TOTBI, KOTOpAst B iBa pa3a GosblIie.

OmHako B YacCTM CBOVCTB OMIMOKM HaOGpocKa count-min ocTaBiseT KelaTh
JIYYIIIETO TO, UTO ONIMOKA 3aBbIIIEHMS YaCTOThI YYBCTBUTEIbHA TOIBKO K 001IIEif
cyMmme yacToT N, a He K 4acToTe OTAe/bHOTro dyemMeHTa. CiieloBaTe/bHO, TOI0Cca
OIMOKY MOKET CWJIbHO BapbMPOBAThCS, €C/IM HAOII0MATh ee M0 OTHOIIEHUIO K
VHIVBUIYAJIbHOM YaCTOTe 37IeMeHTa: eCIiy MaKCMMaJlbHas 3aBbIllIeHHAas OlleH-
Ka vyactoThl paBHa €N = 200, TO MbI B PaBHO1 CTEIIEHU MOXEM OXXUIATh, YTO OHA
OyIeT 3aBbIIIEHHOJ OLIeHKOIi [Ij1s1 3/ieMeHTa ¢ yactotoit 10 000 u 11 s/ieMeHTa,
yacToTa Kotoporo paBHa 10. B mocienHeM ciydyae olleHKa YaCTOThI MOXKeT IPO-
CKaKMBaTh MMMO UCTMHHO 4acTOThI B 20 pas.

4.5 MpocTasa peanusauma Habpocka count-min

Teriepb Mbl TOTOBBI ITOCMOTPETh HA MMHMMAJIbHYIO peaau3alyio Habpocka
count-min. Kak u B ciayuae ¢ ¢uiabTpamu Biayma, Mbl MCIIONb3yeM 0OepPTKY
xeni-@yHkuuy MurmurHash, mmh3, mj1s d xem-¢GyHKImii:

import numpy as np
import mmh3
from math import log, e, ceil

class CountMinSketch:
def __init__(self, eps, delta):
self.eps = eps
self.delta = delta
self.w = int(ceil(e/eps))
self.d = int(ceil(log(1. / delta)))
self.sketch = np.zeros((self.d, self.w))

oQ
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def update(self, item, freq=1):
for 1 in range(self.d):
index = mmh3.hash(item, 1) % self.w
self.sketch[1][index] += freq

def estimate(self, item):
return min(self.sketch[1][mmh3.hash(item, 1) % self.w] for i
= in range(self.d))

@ YcraHaBAMBaeT WUPUHY
® YcranasnmBaeT rybuHy

[TorpobyiiTe MpUBEAEHHbBIN HUKE UCXOIHbIN KO/, KOTOPBIN MTOKa3bIBAEeT MC-
MoJIb30BaHMe Kimacca CountMinSketch. [To3KCIIepMMeEHTUPYIITE C OOHOBIEHUSIMU
¥ IOCMOTPUTE Ha M3MeHeHMe OLleHOK 4aCToT:

cms = CountMinSketch(0.0001, 0.01)

for 1 in range(100000):
cms.update(f'{i}', 1)

print(cms.estimate('0"))

B paspeine 4.5.1 MbI IPUBOOMM HECKOJIBKO YIIPaskKHEHMIi, UTOObI ITPOBEPUTD
Ballle TOHMMAaHKe TPoIenypbl KOHPUTYPUPOBaHKS Habpocka count-min. Pa3-
oen 4.5.2 mocesieH MHTYUTUMBHOMY TOHMMAHMIO, BbITeKawoliemy u3 Qop-
MaJIbHOTO BBIBEIEHMS YacTOT OMMOKM B HaGpocke count-min, M HOCUT Gosee
TeOpeTUYeCcKuii xapakrep. M mosTomy yKa3aHHBI pa3fesl B MePBYI0 o4yepenb
npegHa3HauyeH JJIs1 YUTaTeNlel, MHTePeCYIIMXCS MaTeMaTU4eCKMMMU OCHOBA-
MM 06CY>KIAeMO¥i CTPYKTYPbI JAHHBIX, B IPOTYMBHOM C/Tydae €ro MOKHO ITPOCTO
MIPOJIUCTATb.

4.5.1 YnpaxkHeHus

Cnemyoniyie HUKe yIIpaKHEHMS MTpeaHa3HAYeHbI JJIsI TPOBEPKY BAIIero Mo-
HMMaHMs Habpocka count-min, ero ycTpoicTBa M BAUSHUS ero GopMbI U pas-
Mepa Ha YaCTOTY OIIVOKIA.

YnpaxHeHue 3

Vmest N =108, e =10"°u d = 0.1, onpemennute cBoiicTBa Habpocka count-min,
KacalIecs OIIMOKNA.

YnpaxHeHue 4

PaccumuraiiTe OTpeGHOCTM B IMPOCTPAHCTBE Ijisi Habpocka count-min u3
YIIPa)KHEHUS 3.

YnpaxHeHue 5

PaccMoTpuTe, 9YTO MTPOUCXOAUT C pasMepoM (M, KOHKpeTHee, (opmoii) Ha-
6pocka count-min, ecii Mbl XOTUM ITOJMYYUTh (PUKCUPOBAHHYIO aGCOTIOTHYIO
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omn6bKy (eN) nipu yBenmueHuu N. Hampumep, MpeaIiosoxkuM, YTO Mbl XOTUM
MO IeP>KMBATD 3aBBILIEHHYIO OLeHKY 4aCTOThI Ha YpoBHe 100 niau MeHble, Kak
B YIIpaskHEeHUM 3, HO i N, KOTOpOe B JiBa pa3a OoJblle.

YnpaxHeHue 6

CMoskeTe Jin Bbl CKOHCTPUYPOBATh IBA Habpocka count-min, KOTOpbie TOT-
peOIISIIOT OIMHAKOBBIN 00beM ITPOCTPAHCTBA, HO MMEIOT OYeHb OTIMYAIOLIMeCs
XapaKTePUCTUKU TTPOU3BOAUTETBbHOCTY (IO OTHOIIEHNMIO K ux omubkam)? Ka-
KOBO IpaKTHUeCcKoe OrpaHuueHue, TMMUTHUpYIolIee ITyouHy Habpocka count-
min HU3KUMU 3HaUeHusIMu (< 30)?

YnpaxHeHue 7

Kax 651 BbI peliy YIIOMSHYTYIO B Hayasie TJIaBbl 3a7ja4y O MTPUOIVKeHHbIX K
TSDKeJIOBecax ¢ MOMOIIbI0 Habpocka count-min? B yacTHOCTH, Kak ObI BbI yCTa-
HOBWJIM €, YTOOBI 00JIETYNTH pellieHue 3Toi 3agaun? HamoMHmuMm, 4yTo B 3a7a4e O
NpUOIVKEHHBIX K TSKeoBecax Mbl XOTe I 6bI COO6IIATh 060 BCEX TSHKeToBecax
", BO3MO3KHO, O T€X, KTO He SIBJISIETCS TSKETOBECOM.

4.5.2 BoiTekatowui U3 GopMynbl MUHTYUTUBHbBIN BbIBOA,:
HEMHOro MaTeMaTUKHM

Kak mMbI HaG/I07a/TM B TIPOCTO¥ peayn3amnyu Habpocka count-min, 711 JOCTH-
SKeHMSI 3aBBIIIE€HHO YacTOThI He 601ee eN ¢ BepOSTHOCTHIO He MeHee 1 — & min-
pvHa Habpocka count-min w TOJKHA OBITh YCTAaHOBIEHA PABHO €/, a IITyouHa
Habpocka count-min d Jo/sKHa OGBITH yCTaHOBJIEHA paBHOI In(1/d). ITouemy w
CBSI3aHO C €, a d cBsA3aHO C 67

B mesnsix moHMMaHMsI MPUYMHBI JaBaiiTe pacCMOTPUM ITPOLeCC BBITIOTHEHUS
0OHOBJIeHNIT B HAOPOCKe count-min ¥ cocpeaoTounmM ocob0e BHUMaHMe Ha Tiep-
BOJi cTpoke. K ToMy BpeMeHM, KOTIa Mbl BBITTOJIHMM BCe OOHOBJIEHMST HabpocKa
count-min, cyMMa CYeTIMKOB B TePBOI1 CTpOKe (M JI060¥ OTOeTbHOI CTPOKE)
oymer paBHa N. Vcxoms U3 OOMYIIEHMS, UTO Xelll-(pYHKIIUY PaCIIpemesioT 06-
HOBJIEHMSI pABHOMEPHO CTy4YaifHO I10 sSiuelikam, crydariHast BeamumHa X, OTChI-
Balolas 3HaueHye, XpaHsimeecs B /10601 puKcHMpoBaHHOIL Sueiike C B IepBoii
CTPOKe, TIOC/Ie TOTO KaK ObLIM BBITIOTHEHBI BCE OOHOB/IEHNS, MIMEET CpemHee
(uwmu oxxnpaemoe) sHauenue E[X] = N/w.

OTO TakKe O3HAYaeT, UTO MPU OlLleHMBAHMUM KOHKPETHOTO 37eMeHTa, CUeT-
YJK KOTOPOTO B [TIEPBOI CTPOKE HAXOAUTCS B siueiike C, Apyrue 37eMeHTbl MOTYT
BHOCUTb BKJIAJ] B €T0 CUETUMK B CpegHeM He 6oee uem Ha N/w. JIJIs1 TOTO UTOOBI
CpellHee 3aBbIllleHMEe B OJHON CTPOKe He MpeBbIaI0 €N, MOXKHO YCTaHOBUTH
w = 1/e. OueBUIHO, UTO BeJIMUMHA 3aBbIIIIEHHOI OI[eHKY YaCTOThI CBSI3aHa C -
PUMHOI CTPYKTYPbI AAHHBIX.

E[X] roBOpPUT O MOBeJleHMM B CpeiHEM, HO X MOXKeT 3HaUUTETbHO OTKIOHSTh-
CsI OT CBOETr0 MaTeMaTUUeCKOTO OXXUIAHMSI: B HEKOTOPbBIX sSYeiikax 3HaYeHUs
MOTYT ObITh HAMHOTO BbIIIIE, YEM B IPYTUX. 3aBbIIIIEHE YACTOThI B OJTHOI CTPO-
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Ke MOXXHO B KAKOM-TO CMbIC/IE YMEPEeHHO OTrpaHMUMBAaTh, UCIIOIb3YsI HEpaBeH-
cTBO MapkoBa, KOTOpOe TOBOPUT, UTO e X — HeOTpULlATeJIbHAs Cay4daiiHas
BelIM4YMHAa, a c > 1, To
1
Pr(X >ex E[X]) < -
C
[IpMeHNB HepaBeHCTBO MapKoBa K HallleMy Cy4dalo, Mbl IIOJIydaeM C/Iemy-
o1ee:

pr(x>ﬂ)<1.
w e

IOpyrumu cioBaMu, BEPOSITHOCTb TOr'O, YTO KOHKpETHAs suelika B IIepPBOil
CTpOKe OyzeT MMeTh 3HaueHue eN/w uau 6osblie, He mpeBbimaer 1/e. Ho ato-
rO HEeJOCTATOYHO: /ISl TOTO YTOOBI CBSI3aTh BEPOSTHOCTD 3aBBINIEHHBIX OIIEHOK
YyacToT BbIlle, yeM €N, Mbl paccMaTpuBaeM Bce d CTPOK. BcrioMHMTe, UTO 1)1
TOT'0 UYTOOBI COOOIIATH O 3aBBINIEHHO} YaCTOTHO OILIEHKE 3JIeMeHTa g B HaOpo-
CKe count-min, COOTBETCTBYIOIIVE TYEKYU B KAHOOUi CTPOKE TOJIKHBI MMETD 3a-
BBINIIEHHYIO OI€HKY, KAK MUHMMYM PaBHYIO ¢. EC/TM MPUMEHNTD BBITEKAIOIIYI0
13 HepaBeHCTBa MapKoBa BEPOSITHOCTD KO BCEM YPOBHSIM (00paTUTe BHUMAaHMIE,
YTO pe3yabTaThl Xell-(YHKIINUI 151 Pa3HBIX YPOBHEN B3aMMHO HE3aBUCUMBbI),
TO MbI OOHAPYKMUM, UTO

d
. eN 1
Pr <3(16bllu€HH(l}1 OUEHKa 6 Kaxcooti CMpoKe pasHa Kak MUHUMYM > S <) .
w e
VeraHoBuB W = e/€ U d = In(1/8), MbI 0OHAPYKVM, UTO BEPOSITHOCTb TOTO, UTO
3aBbIIIIEHHAS OIleHKA YacTOThI 60sbIie €N, COCTaBIsIET He Ooree J.

4.6 AnanasoHHble 3anpochbl C NOMOLLbLIO
Habpocka count-min

B kavecTBe 3aK/IIOYMTENBHOTO MpMMepa MpMMeHeHMs] Habpocka count-min B
9TO¥i IIaBe Mbl 0OCYIMM BOIIPOC O TOM, KaK COOOLIATh OL@HKY YacCTOT He [/l
OTIENbHBIX TOYEK, a JJ151 A1ana3oHoB. OTYeTHOCTD O Ayana3oHaxX MMeeT OrPOM-
HOe 3HaueHMe B 6a3ax JaHHBIX, IJe 3aIIPOChl YaCTO 3aIA0TCS JJIS1 BBISIBJIEHUS
CBOJICTB TPYNII X KaTeropwuii, a He OTHEeJbHBIX TOYEK TaHHbBIX; €CTECTBEHHO,
Takye 3arpochl, Kak «II0Ka3aTh BCeX COTPYAHUKOB, MPOPabOTaBIIMX B KOMIIa-
HUMU OT a A0 b J1eT Wi MMeIoIMX 3apIviaTy OT X 10 y», eCTeCTBEHHbIM 00pa3oM
TPAHCAUPYIOTCSL B AMalla30HHbIe 3ampockl. Enje ogHMM NMpUMepoM Oymaraso-
HOB SIBJISIIOTCSI BpeMeHHbIe PsIJIbl; HAlTpUMep, «CKOIbKO KHUT ObUIO TIPOJAHO Ha
Amazon.com mexxay 20 mexabpst u 10 sHBaps 3TOTO roga?».

Jl1s1 HaBuranyy o fyana3oHam O4eHb XOPOUIO MOAXOAST CTPYKTYPhI JaHHBIX
B Buie cOQIaHCUPOBAHHBIX €PEBbEB JTBOMYHOTO TOVCKA, TTOCKOIbKY UX 371e-
MEeHTBI PacIoNokKeHbl B IeKCUKOTpadrueckom MOpsAKe, M TOITOMY CTOMMOCTD
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IOMAIa30HHOTO 3aIpoca Mocje OThICKAHMS HauyaabHOM TOUKM IMPOMOPLIVIOHAIb-
Ha MPOCTOJ CTOMMOCTY BbIBO/IA Pe3Yy/IbTATOB 3aIllpoca BHYTPU IMaria3oHa; 3TO
OT/INYAeTCs OT Xelll-TabJnil, KOTOPbIe PacceuBalOT TaHHbIE 110 BCeil Tabmuie u
r7ie JIJIs1 AMaTia30HHOro 3arpoca MOXKeT MOTPe6oBaThCs MOJTHOE CKaHMpOBaHMe
Ta6GINIIBI, TasKe eC/IY B OTUeTe OyIeT COOBIIEeHO HOJIb 9IeMeHTOB. Kak HeTpymHO
cebe MpeaCTaBUTD, TO HE PUCYeT MHOTOO6eIatoIeil KapTUHBI 11 06C/IenoBa-
HMSI AVATNIa30HOB C MCITOJIb30BaHMeM HabpocKa Ha OCHOBE Xellla.

[TpocToe McIoab30BaHMe HAGpocKa count-min It MOyYeHMsT OLIEHOK Yac-
TOT Ha AMana3oHaxX COCTOUT B MpeoOpa3oBaHMM AMAINAa30HHOTO 3ampoca Ajis
nouarasoHa [x, y] B Y — X + 1 TOYEUHbIX 3aIIPOCOB [IJIST KasKA 0V TOUKY Ha MHTEP-
Bajie 3ampoca ¥ He JaeT KeJaeMbIX pPe3ylbTaToB. B momonHeHne KO BpeMeH!
3aIpoca, yBeIMUMBaIOIIerocs IMHETHO BMECTe C pa3MepoM JMara3oHa, BMecTe
C HUM JIMHEITHO YBEJIMUYMBAETCSI U OLIMOKA, [IO9TOMY BMECTO TOTO, UTOOBI 00e-
IIaTh 3aBbILIEHNE YACTOThI He 6osiee €N C BEPOSTHOCTHIO He MeHee 1 — §, MOKHO
obemath He 6osee (y — x + 1) eN, Torga I/l KPYITHbBIX IMAra30HOB MOXKHO Oy-
JIeT paclleHMBaTh CTPYKTYPY TaHHBIX Kak abCOMIOTHO Gecrone3Hyto. Harpumep,
€CJTIU TTIOCTPOUTH HAOPOCOK count-min ¢ MaKCMMa/IbHBIM 3aBbIIIIEHMEM YaCTOThI,
eN = 7, TO quana3oHHBIN 3anpoc ¢ pasmepom uHTepsBana 10 000 moxeT npuse-
CTU K 3aBbllIeHMIO o1leHKM yacToThI 7o 70 000.

4.6.1 Anapnyeckue UHTEpBabl

Bo u3bekaHue JIMHEITHO pacTyIei oMok HeoOX0aMMO HaiTH CIIocob pas-
JIOKeHMSI MMPOM3BOILHOTO IMana3oHa Ha MaJioe YMC/Io TMOAaMana3soHoB. bia-
romapst STOMYy MbI CMOYKEM TIOJYYUTH GoJiee yCTOUMBBIE OIEHKU YacCTOT, CyM-
MMPYS OI[EHKY YaCTOT MEHbBIINX IMATa30HOB 6e3 HAKOTUIEHMSI CYIeCTBEHHbBIX
OImnoboK [6].

[maBHAs Maess COCTOMT B TMOApPA3JeNIeHNM Auara3oHa Ha Majoe YMCIOo Tak
Has3bIBaeMbIX duaduueckux duanasoHos. ViMesi TOMHBIN yHMBEPCATbHbIN MH-
tepBan U = [1, n], MbI ompenesnsieM MHOXeCTBO IMaJNyeCKUX OMara3oHOB Ha
log,n + 1 pasHbIX YPOBHSX: AMafMuecKue A1anasoHbl ypoBHs i, 0 < i< log, n
MMEIOT AJIMHY 2! ¥ MOTYT OBITh BhIPAXKEHBI Kak [j 21+ 1, (j + 1)2],rme 0 < j < n/2i- 1
(cM. puc. 4.8, IEMOHCTPUPYIOLIMIT MHOXKECTBO OUaIMUECKUX AMATIa30HOB ISt
yHUBepcanbHOro uHTepBania U = [1,16]).

VHTepeCcHbIM CBOJCTBOM AMAAVNYECKUX TMATIa30HOB SIBJISIETCS TO, UTO JIIO-
00Ji TPOM3BOJIbHBII AMana30H MOXKET ObITh Pa3/IOKeH He Ooee ueM Ha 2log U
OVagMyecKux Iuarna3oHoB. [T03ke B 9TOM pasziesie Mbl TIOKaXKeM MCXOIHBIN KO
Python, KoTOpBII MOKET pacKaagbIBaTh MPOM3BOIbHBIN AMAara3oH Ha MHO-
’KeCTBO IMaguMuecKux I1ara3oHoB, HO CHavyaa, B KauecTBe IIpuMepa, pacCMOT-
puM Ha puc. 4.8 Masoe yHUBepCaJIbHOe MHOXKECTBO U B3IJITHEM Ha HECKOIbKO
MIPMMEpPOB MOoApa3aeIeHNs JMara30H0B Ha HaMeHbIllee MHOKECTBO Juauue-
CKMX IMaTna30HOB:

O puamasoH [5,14] MoskeT OBITH MTOAPA3/AE/IeH Ha TPYU IMAANYECKNX TMara-
3oHa: [5,8],[9,12], [13,14];
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O pmamnasoH [2,16] MoKeT ObITh ITOpa3/Ae/ieH Ha YeThbIpe NMaaNIeCcKX Aua-
nasona: [2,2], [3,4], [5,8], [9,16];

O puamasoH [9,13] MokeT ObITH IMOAPa3eeH Ha IBa AMagUuUeCKMUX Iuara-
30Ha: [9,13], [13,13].

B0O3MOKHOCTb COOGIIATh YaCTOTY AMaria3soHa Kak CyMMY 4acTOT Auamyude-
CKMX NMAIla30HOB IMpeayCcMaTpMBaeT MoajepkaHue MHGOpMaIyU O Y4acToTe
KaKIOro OMaAuJyecKoro ayuarasoHa 1o Mepe o6HoB/aeHus. C 3TOi 1e/IbI0 MOX-
HO MCIT0JIb30BaTh OAYH HAaGPOCOK count-min, KOTOPbIN GymeT 06CTyKMBaTh BCe
O0GHOBJIEHMST IMaAMUYeCKMX OMAla30HOB OJHOIO YPOBHS (AMaguuecKye Auarna-
30HBI OAMHAKOBOI'O pasMepa), B 06mieii ciaoskHoctr O(log n) HABPOCKOB count-
min. Jlajiee MbI OIIMILIEM 3Ty CX€MY IOApOGHee.

VALMHECKVE ANATAIOH
ANS VHTEPBAA [ 1, 16]

7 = 7
2° (i 8)(s i6)
S V) ) R, R
2" A AE A7 eE dr BEAEw
2° WEEEETelz1El el fliseele]

PucyHok 4.8 [lnagnyeckve guanasoHbl 4ns uHtepsana = [1,16].
[Ounagnyeckne gmanasoHbl ypoBHA O HAX0ATCS HUXKeE BCEX,
C Avana3oHamu pa3Mepa 1; 3aTeM ypoBHEM Bbllle HAXOAATCS AMana3oHbl YpoBHS 1,
C Avana3oHaMu pa3Mepa 2; a oblime aMaguyeckme AuManasoHbl Ha YPOBHE i UMEKT
pasmep 2. Inapmyeckme AManasoHbl HA PasHbiX YPOBHAX B3aWMHO BbIPOBHEHbI

—

4.6.2 Ma3za o6HOBNEHMUS

VUnuThIBasI, UTO TeIephb 3JIeMEHTHBIMM eIUHUIIAMU SIBJSIOTCS OuUaaudecKie
IMarasoHbl, HAM HY;KHO KOHBEPTHPOBATh 06HOBJIEHME OJHOTO ITOCTYIIAIOIIEero
B HAllly CUCTEMY 3JIEMEHTa B OOHOBJIEHME KaKIOT0 AMaAMUeCcKoro AuanasoHa,
B KOTOPOM 3TOT 3JIEMEHT ComepskuTcsi. Hampumep, Ipu 0OHOBIEHMM YaCTOThI
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aJieMeHTa 5 B IIpuMepe yHUBepCaJlbHOro MHO)ecTBa [1,16] MbI 6ygeM 06HOB-
JIATh 4aCTOTy CJIeQyIOIMX AMaJudeckux AmanasoHos: [5], [5,6], [5,8], [1,8] u
[1,16]. Iuama30Hbl MOTYT X€MIMPOBATbCS TOYHO TaK ke, KaK ¥ OObIYHbIE 3Jie-
MEHTbI, TTI03TOMY HEeT HMKaKMX TPEeMsITCTBUM, IJIT TOTO YTOOBI AMaguyecKuit
nuarnasoH ¢opmara [, r] paccmaTpuBascs Kak OAVH 3JIeMEeHT.

910 gocturaetcs ¢ rmomoinbio O(log n) HA6pocKoB count-min 3a cueT cOOPKMU
OHOTO Habpocka count-min JJ1st KaKOOTO YPOBHS JMagMueCcKOro Ayarna3oHa;
3JIeMeHTbI, TIoJIJIeXKallie OOHOBIEHMIO/OIleHMBaHMIO B Habpocke count-min Ha
YPOBHE i, OynyT IMaanvecKMMM Iyana3oHamu 3Toro ypoBHs. Ha puc. 4.9 noka-
3aH MPOIEeCC 0OGHOBIEHNSI HOBOTO 3JIeMeHTAa: IPUOBbIBAIOIINI HOBbBIN 3JIEMEHT
OyIeT OOHOBJISATBCS B K&KAOM HaOpocKe count-min rmyTemM 0OHOBJIEHMSI COZlep-
KaIllero ero Auamna3oHa B COOTBETCTBYIOIEM Habpocke count-min (CMS).

—r

oBHOBNTY L4 161

(Iﬁ |Z) cHS| : +‘+

OBHOBUTb [48]

|+

(4 8J\9 16 )cns2 =
OBHOBWTb [S,&]

4 4)g E 12013 16)cnsa I
OBHOBWTD [, 6] s

(_———]E__JE; 6?\_&9}" 12)[13 w][is 1) cns 4 R =
S BRI B

PucyHok 4.9 O6HOoBNnEHME OAHOrO 31eMeHTa Npeobpa3oBbIBAETCS B OAHO OOHOBEHME
B pacyeTe Ha KaxAapli ypoBeHb. Hanpumep, ecnu Mbl 06HOBASIEM 5, TO PakTUyecKn
obHosnseM [1,16] B CMS1,[1,8] B CMS2, [5,8] 8 CMS3, [5,6] B CMS4 1 [5] B CMS5.

BMecTo 06HOBNEHUS aneMeHTa Mbl 0OHOBNSIEM COOTBETCTBYHOLWLMIA AMANA30H, K
KOTOPOMY 31€MEHT NPUHAANEXMUT B COOTBETCTBYHOLLEM Habpocke count-min
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4.6.3 da3za oueHMBaHUSA

Tereppb MbI TOTOBBI BBITIOJIHUTD OLLEHKY OINpPeAeeHHOr0 Auana3oHa, UCIob-
3ys AuannJeckue nuarnas3onsl. CHavanza Mbl ToApaszensieM Ouarna3oH 3ampoca
Ha ero co6CTBEHHOE MHOXECTBO IMaANYeCKNX I1ana3oHoB. 11 KaKaoro amua-
OUMYEeCKOTO Ayara3oHa MbI BBIITOMHSIEM OIIEHKY B Ha6pocke count-min, KOTO-
PBIii HAXOIUTCS HAa €ro ypoBHe (Kakablii 3a1poCc MOXKET MMETh He 6ojiee NIBYX
IVagyJdecKux OMara3oHOB Ha OOHOM ypOBHe). OKOHYATENbHbIN PEe3yJIbTaT I10-
JydaeTcsl B pe3yjbTaTe CYMMMUPOBaHMS Bcex oueHOK. Ha puc. 4.10 moka3zaHa
npouenypa OLeHMBaHMS OuanasoHa A [3,13], 4aCTOTHYIO OLleHKY KOTOPOro
MBI [1I0JTyYaeM, OLleHMBas CJIeAywliue auagmuieckye [uarna3oHbl B COOTBETCTBY-
I0IMX Habpockax count-min u ux cymmupysi: [3,4], [5,8], [9,12] u [13].

3AMPOCHUTH [ 3, 13]

CHAYANA NOAPAILEMTb
ANANAZOH HA Erp
AVASMHECKVE ANATIAIOHb

|
I I NS |
( | A o
% OLEHKA
| HE BONEE 2
(T : / B PACHETE HA ; [9,12]
D ] P_ YPOBEHb } OL[EHKA 5 ﬁ:
l .4 v e | [51 8] — ]
[ | 8 128 | SN

¥ _
@mf 67 8\9 w0 12 15 %Lg,H:?

nRBaEEaCEE00ETg
R(__/

OTRET HA 3ANPOC : 2.7 BCEX OLEHOK

o~

PucyHok 4.10 B atom npumepe amanasoH [3,13] 3anpoca nogpasgeneH
Ha [3,4] U [5,8] U [9,12] U [13], u Mbl MONYYMM YACTOTHYH OLEHKY ans [3,13],
MOSTYYMB YACTOTHbIE OLEHKM AN YNOMSAHYTbIX AXANa30HOB U UX MPOCYMMUPOBAB
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[Tose3HO 3HATh, YTO KAKIBIN JMara3oH MOXeT ObITh IO pa3eneH He 6oree
yeM Ha 2log n mmaguueckux Ouaria3soHOB (He Oojiee IBYX Ha YpOBeHb). Bpe-
MsI BBITIOJTHEHMSI OOHOBJIEHUSI M OLIEHMBAHUS SIBJISIETCS JIOrapupMmUIecKnm,
" ommMbKa pacTeT TOJMbKO Jyiorapudmuyecku. OmmMoOKy MOXKHO CHeaaTh TaKoi
ke, KaK B M3HAYaJbHOM Habpocke count-min, caenaB OTAeIbHble HAOPOCKU
count-min B 3TO¥1 cxeMe Iupe Ha jorapudmuueckmii KoabUIMeHT, YTOObI JIO-
rapudmbl B3aMOypaBHOBEIIMBAJINACH.

4.6.4 BbluucneHue anaamMyeckux UHTEpBanos

[TpuBemeHHbIN HUKe MCXOMHBIN Ko Python maeT pasnoskeHne nHTepBasia I Ha
OuaguyecKye MHTEPBAJIbI, TIe MMeeTCsl 60/IbIIIoe YHUBEepCaTbHOE MHOXKECTBO U
u auana3oH 1 ¢ U. CHavasia Mbl CTPOMM IIOJTHOE IepeBO ABOMYHOTO MOUCKa Ha
OCHOBE YHMBEPCAJIbHOTO MHTEPBAJIa, aHAJIOTMYHO pUC. 4.8, rae Kaxkablii ypo-
BEHb COOTBETCTBYET YPOBHIO AMAAMYECKUX IMANa30HOB U KaxkKObIii y3e1 COOT-
BETCTBYET YHMKAJIbHOMY AMaIN4YeCKOMY Auara3ony. Harpumep, KOpHEBOI y3e
MpefiCTaB/sIeT AMarnasoH [1, n], ero geBblil JOYepHUIA y3es IIpeiCTaB/seT nuara-
30H [1, n/2], ero npasblii JOYepHUIT y3ell NIpeACTaBiseT AManasoH [n/2 + 1, n|
U T. O. JIMCThS IPeACTaBISIOT AMAaIla30Hbl pasMepa 1, u Bcero ux n. Msl CTpoum
Takoe JepeBo 13 YHMUBEPCATbHOTO MHTEPBAJIA:

from collections import deque

class Node: (1)
def __init__(self, lower, upper):
self.data = (lower, upper)
self.left = None
self.right = None
self.marked = False

def intervalToBST(left, right): (2]
if left == right:
root = Node(left, right)
return root
if abs(right - left) >= 1:
root = Node(left, right)
mid = int((left + right) / 2)
root.left = intervalToBST(left, mid)
root.right = intervalToBST(mid + 1, right)
return root

@ Kaxapin y3en npeacraBnaeT AMaanuyeckuii AnanasoH
® MpeobpaszosbiBaet uHTepBan [left, right] B LepeBo ABOMYHOO MOMCKa

Vimest TOT Wi MHO IMana3oH, Terepb Mbl BBIYMC/IsSIEM MHOKECTBO ero Jua-
OUMYeCcKUX OMara3oHoB, UCIIONb3Ys MOCTPOEHHOe HaMM JiepeBO JBOMYHOTO I10-
MCKa. B KaXXOoOM y3Jie Takke MCIIONb3yeTcsl aTpubyT marked. V3ibl, KOTOpbIE B
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KOHEUHOM MTOre OyIyT MMeTh 3HaueHue aTpubyra marked, paBHOe True, OYyIyT
y3J1IaMU, NIpeJCTaBASIIOIMMU IYaaudecKye MoAAMaasoHbl Juana3oHa 3anpo-
ca. AnropuTM paboTtaet, cHauajaa romMevast Kaxk[Iblii JVCT, KOTOPbIN SIBISIETCS
MOJMana3oHoM MHTepBasa I. 3aTeM OH paboTaeT IMOYPOBHEBO, MOJHUMASICh
BBepX I10 JIepeBy, M eCJIM Y y3/1a OTMeuyeHbl 00a JOYepHMX JIeMeHTa, TO ITOT
y3eJl IOMeYaeTcsl, M C JOUYepHUX 5JI€EMEHTOB IIOMEeTKa CHMUMAaeTCs. AJITOPUTM
OCTaHaBJIMBAETCS MOC/Ie 06pabOTKM KOPHEBOTO y3J1a.

PaccmoTrpum mpoctoit mHTepBan I = [1,5] B yHMBepcaJibHOM MHTEpBasie
U =[1,16]. Ha Hw>kHEM ypOBHe JiepeBa Mbl OTMeYaeM Y3J/bl, TPeICTaBISIOI/e
cinenyouue uHTepBansl: [1,1],[2,2], [3,3], [4,4] 1 [5,5]. 3aTem Mbl mogHMMaeMCst
Ha OJMH YPOBeHb BBEPX ¥ OOHapYXMBaeM, UTO Y y3ia [1,2] oTMeueHbI 06a ero
IOYepHUX 3jIeMeHTa, [1,1] u [2,2], nosTomy Mbl 0OTMedaeM [1,2] (1 cHuMaeM I10-
MeTku c [1,1] u [2,2]). AHAJIOTMYHBIM 06pa3oM momedvaeTtcs [3,4], TOTOMY YTO
[3,3] 11 [4,4] HOMeUeHbI, ¥ CHUMAIOTCS [IOMeTKM C [3,3] 1 [4,4]. Ha TpeTbeM ypoBHE
CHM3Y MBI IOMeuaeM [1,4], motomy uto [1,2] u [3,4] momeueHsl, a [1,2] u [3,4] He
nomeyveHsbl. TakuMm ke 06pazoM 06pabaThIBAIOTCS Y3/IbI CO BCEX IPYTUX YPOBHE
110 CaMOT'0 KOPHSI, HO Mbl 60JIblile He BCTpevyaeM y3JI0B, 00a JOUepHUX 7ieMeHTa
KOTOPBIX IOMeYeHbI Kak True. C/ief0BaTe/lbHO, 0CTA/IOCh 1BA IOMEUEeHHBIX Y3714,
M OHM COOTBETCTBYIOT roaanuanasonam [1,4] u [5,5], ¥ MbI coobIiaeM 0 HUX Kak
0 AMaAuvecKkux nuana3oHax. 3Ta GyHKIMOHAIbHOCTh MPOMITIOCTPUPOBAHA B
C/lenyroleM HIDKe MICXOLHOM Koze:

def markNodes(root, lower, upper):
if root is None: 0
return
queue = [root]
stack = deque()
while(len(queue) > 0):
stack.append(queue[0])
node = queue.pop(0)
if node.left is not None:
queue. append(node. left)
if node.right is not None:
queue. append(node.right)

while(len(stack) > 0): (2]
i = stack.pop()
if 1.data[0] >= lower and i.data[1] <= upper and
= {.left is None and i.right is None: (3]
i.marked = True

if i.left is not None and i.right is not None:
if 1.left.marked and i.right.marked: (4]
i.left.marked = False
i.right.marked = False
i.marked = True
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def inorderMarked(root): (5]
if root is None:
return
inorderMarked(root.left)
if root.marked:
print(root.data)
inorderMarked(root.right)

@ CHauana NpouTK Mo y3n1aM B NOYPOBHEBOM Nopsake (06x0/ CrepBa B LWMPHHY)

® Y3nbl B CTEKE XPaHATCS B NOYPOBHEBOM MOPSAKE, HAUMHAS C IMCTHER

© Kaxablit UCT BHYTPU MHTEPBaAsa NOMeYeH

@ lMoMeuaTb BHYTPEHHME Y3/1bl, 063 AOYEPHMX INIEMEHTA KOTOPbIX BblM MOMEUEHbI, M CHUMATb
NMOMETKY C A0YEPHUX Y3/10B

@ Pacnevartath AMaguyeckme AManasoHb

Bor kak 3Ta peanusauus paboTaeT Ha IpMMepe YHUBEPCAIbHOTO MHTepBasa
U=]1,16] n unrepsana I = [3,13]:

k=4

root = intervalToBST(1, 2**k)
markNodes(root, 3, 13)
inorderMarked(root)

BrixomHble guagudeckue MHTEPBAJIbl TAKOBbI:

(3, 4)
(5, 8)
9, 12)
(13, 13)

Bpemst paboThl aIrTOpMTMa B HAMXYAIIEM CTydae paBHO BpeMeHM, aCMMIITO-
TUYECKM TpebyeMOMy aJIfOPUTMY TOMCKA CIIepBa B IIMPUHY B IepeBe YHUBEP-
CaJTbHOTO MHOXXECTBA, C/IeA0BaTenbHO, O(n).

Peslome

O 3apmaun, cBSI3aHHbIE C OLIEHMBAHMEM YaCTOT, 00BIYHO BO3HMKAIOT ITpM aHa-
Ju3e O60IbIINX JaHHbIX, B OCOOEHHOCTY B Habopax, comepiKallyx 60JIbIIoe
YN0 IIOSIBJIEHNIA OUYeHb MAaJIOTO UMC/Ia 3JIEMEHTOB M Majloe UMCJIO I10-
SIBJIEHU GOJIBIIIOTO YMC/Ia 37eMeHTOB. HecMOTpSI Ha TO UTO B YCIOBUSX
CTAHJAPTHOJ OMEPaTUBHON MaMsTH 3aJada OLeHMBAHMS YaCTOT pella-
eTCs IIPOCTO B JIMHEITHOM IIPOCTPAHCTBE, ee PelleH)e CTAHOBUTCS OUYeHb
CJIOKHBIM B KOHTEKCTe 06pabOTKM IMOTOKOBBIX JAHHBIX, IIe paspelleH
TOJIBKO OZIVIH ITPOXO], 10 JAHHBIM U CYOIMHEiHOe TTPOCTPAHCTBO.

QO Hab6pocok count-min XopoIlo MOAXOANUT [IJIsI pelieHus 3aaun O IIPUOIn-
SKeHHBIX TSDKeJIOBecax, a TaKsKe MHOI'MX IPYTUX 3a1a4 B 06/1acTy 06paboT-
KJ CeHCOPHBIX JaHHBIX 1 €CTECTBEHHOTO SI3bIKa.
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O Habpocok count-min o4eHb MPOCTPAHCTBEHHO SKOHOMMYEH U MMEeT IBa
rapameTpa OMMOKM: € (KOHTPOJMPYIOIINI MAMTa30H 3aBbIIIEHNUS OLeH-
KU 4acTOThl) U O (KOHTPOIUPYIOIINII BEPOSITHOCTh Heycrexa), KOTopble
MOYKHO HACTpauBaTh ¥ KOTOPbIE OMpeNeNsioT pa3Mepbl Habpocka. Ecin
JOTIYCTMMAsI 1T0JI0Ca OIIMOKM 3aBbIIIEHHO OI[@HKY YaCTOThI TIOAAEePKI-
BaeTcsl B Bujie GUKCYMPOBAHHOTO MTPOIIEHTA OT OOIIEro umcia JaHHbIX N,
TO 060beM MPOCTPAHCTBA B HAOPOCKe count-min He 3aBUCUT OT pa3mepa
Habopa JaHHBIX.

O Hcmonb3yss HabpOCOK count-min OISl AMaria3sOHHBIX 3aIlpOCOB, MOKHO
IlaBaTh OBOJIbHO TOYHbIE OLIEHKM YacTOT, pacKjaibiBas Auaria3oH Ha
MHOXXECTBO AMaanJyecKux AMarna3oHoB 1 ucionb3ys O(log n) HAGPOCKOB
count-min.



[naBa 5

OueHuBaHMe KapAUHANbHOIO
uucna u anroputm HyperLoglog

OJTa IJ71aBa OXBaThIBAET diengyromnye HKe TeMbI:

B [IpyMMepbl MPAKTUYECKOIO IIPpMMEHEHUI HpOCTpaHCTBEHHO-Bd)—
(I)EKTI/IBHI)IX AJITOPMTMOB OLIEHVMBAHMS KapAWMHAJIbBHOIO YMCJia;

B [IOCTEIIeHHOe pa3BUTUE WMOei, IOABONIINX K aJITOPUTMY
HyperLoglog, Takix Kak BEpOSITHOCTHBIV IOACYET U aJrOpUTM
LogLog;

m npuHIUI pabotbl anroputma HyperLoglog, ero Tpe6oBaHus K
MPOCTPAHCTBY U OLIMOKE, a TAKKe 06JIaCTM €r0 IIPMMEeHEeHNST;

B DJKCIIepMMEeHTa/IbHad CUMY/ISIOMSA C LEeJIbI0 aHa/lr3a IMOBEAEHNA
Pa3HBIX OIIE€HOK KapAMHAJIbHOI'O YMC/ia Ha KPYITHbIX HaHHBIX

® [IOHMMaHMe MMpPaKTUIYeCcKMX peanmsaunii airopurma HyperLoglog.

3amayva omnpeneneHus] KapAMHAIbHOTO YMCJIa MYJIbTUMHOXeCTBA (MHOKeCTBa
¢ myonukaTaMu) MOJIydmia MMPOKOEe pacipoCcTpaHeHMe U BO3HMKAET BO BCEX
o6yacTsiX pa3paboTKy MPOrpaMMHOTO 0becrieyeHust, B 0OCOOEHHOCTY B TIPUJIO-
SKEHUSIX, CBSI3aHHBIX C 6a3aMM JAHHbBIX, CETEBBIM TpadukoMm u T. . OmHAKO C
pacipeHeM MHTEPHET-CTysK0, B KOTOPhIX MWITMAPABI KINKOB, TTIOMCKOBbBIX
3aIPOCOB ¥ MOKYIIOK COBEPIIAIOTCS eXkKeTHEBHO TOpa3i0 MEHbIIMM UYMCIOM He-
COBITAAAIONINX ITOJIb30BATEIEN, MHTEPEC K 3TOM (yHAaMeHTaIbHO 3a1aue BO3-
pocC ¢ HOBOJ CuJIOii. B acTHOCTHM, CyIecTBYeT O0JbIION MHTEepeC K pa3paboTke
aJTOPUTMOB U CTPYKTYP JaHHBIX, KOTOPbIe CIIOCOOHBI OI[EHNBATh KapAMHAIb-
HOE YCJI0 MY/IbTMMHOKECTBA 32 OTHO CKAHVPOBAaHMe JaHHbBIX U B 06'beMe ITPOo-
CTPAHCTBA, CyI[eCTBeHHO MeHbIIIeM, YeM UMCJI0 HECOBIAMAIOIMX 3IeMeHTOB.
CerogHs TpOLEIypPbl OIEHMBAHUS KapAMHAJTBHOTO YMCIA MCIIOIb3YIOTCS
IJIS1 OTIpefe/ieHNs] Yicia HeCcOBIaJaiIIuX MoCeTUTeNel, 3aMHTePecOBaHHbIX
B KOHKPETHOM TOBape, UMcjia pa3HbIX MMOAb30BaTeseil, MCIIONMb3YIOINUX Te UK
ViHbIe (DYHKIMOHAIbHbIE BO3MOKHOCTM BeO-TIPUIOKEHNSI, M CIIOCOO0B 0OHAPY-
SKeHMSI BHE3AITHbIX M3MEHEeHMI B unciie HecoBnagamomux [P-agpecoB McTou-
HUK-MeCTOHa3HaueHue, MPOXOSIINX Yepe3 MapiipyTusaTop (MOTeHIMaTbHO
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yKa3bIBawImyx Ha DoS-araky?’). MHGopmalust Bo BceMupHOI nayTHe peruin-
IMPYeTCs] CHOBA M CHOBA TaKMM 00pa3oM, UYTO M3MepeHMe KapMHATbHOTO YnC-
JIa Takke MOMOTaeT ONPENeNsThb, CO CKOJIbKMMM HECOBIAAAIIMMM YaCTIMU
KOHTEHTa MBI /MeeM [1eJI0; HallpumMep, YMCJIOM HeCOBIALalIX HOBOCTHBIX
cTaTeit UM KONuii KOHTeHTAa ompeeleHHOro Be6-caiira.

B cBSI3M € CceromHSANIHUMM KPYITHBIMM HabOpaMy TaHHBIX pacTeT MHTepecC K
pa3paboTKe aJIrOpUTMOB, KOTOPble MOTYT TOYHO allpPOKCMMMUPOBATh Kapay-
HaJIbHOE YMC/I0 MHOKECTBA B 06beMe MPOCTPAHCTBA, CYyIeCTBEHHO MEHbIIEM,
YyeM caMO MHOKeCTBO. B 3Toii r/1aBe GyeT pacCMOTPEH OAVH M3 TaKUX aJTOPUT-
MoB, umenyembIii HyperLoglog, HO cHauasa fgaBaiTe yriry6bMMcs B OHO Kiiac-
cuYecKoe MpuMeHeH)e M3MepeHus KapAMHATbHOTO YMCIa, YTOOBI IIOHSITh TPU-
YMHY, 110 KOTOPOI KIacCUYeCKue aITOPUTMUYECKIME pellleHys 10 U3MepPEeHUI0
KapAVHAIbHOTO YMC/Ia He COOTBETCTBYIOT TPeOGOBAHMSIM.

5.1 MNMopacuyeTt uncna HecosnagawLWMX 3/1IeMEHTOB
B 6a3ax AaHHbIX

Bo3MOXXHO, OfMH 13 Hauboee 3HAKOMBIX IIPYMEPOB M3MepeHMs KapauHab-
HOT'O YMCJIa IIpoMcTeKaeT u3 6a3 JaHHBIX M TOTO, Kak B SQL MCITI0/Ib3YyeTCs KITI0-
yeBOe CJIOBO DISTINCT. Eciiu nmpuMeHUTD onepanuio SELECT DISTINCT K OZHOMY
CTOJIOITY TAOIMIIBI, TO OHA BEPHET BCe HeCOBITaAAIONIMe 3IEMEHTHI B 9TOM CTOJIO-
1ie, TOTIA Kak oreparust SELECT COUNT DISTINCT BepHET UMC/I0 HeCOBIIAAaloIIMX
37IeMEHTOB B JAHHOM CTOJIOIIE.

3arpockl ¢ omepaiiyeit COUNT DISTINCT OueHb pacIpoCTpaHeHbI, B 0COGeH-
HOCTU B 3JIEKTPOHHOI KOMMEpPINM, KOI[Ia Mbl XOTUM ITOJIYYUTh CTATUCTUKY
MCIOAb30BaHMsT Beb-caiita. JJaHHbIe O IMOCeLIeHMsIX I10/Ib30BaTeieii HepeaKo
3aHOCITCS B TaOmuiry DAILY_VISITS, KOTOpasl, KaK IIPaBMUJIO, CTAHOBUTCS OUEHb
OO0JBINOI, MMesI B CBOEM COCTaBe TaKue aTpMOyThI, KaK session_id, timestamp,
product_id, user_ip_address, visit_duration u ap. BeilmomHMB onepaino SELECT

SELECT COUNT (DISTINCT user_ip_address) WHERE product_id = 9873947
FROM DAILY_VISITS

MbI IIOJTYYMM UMCJIO HecoBHaAamx [IP-aapecoB (To eCTh M0Ib30BaTeeit), 06-
paTuBIIMXCS K ToBapy ¢ V]I 9873947 B omnpee/ieHHbIV feHb. Ha 0XKMBI€HHOM
Be6-caiiTe TabaMIa exkeTHEBHBIX TTOCEIIEHMI MOKET BbIPACTATh 10 HECKOIbKUX
MWUIMApAO0B CTPOK, M 3TOT KOHKPETHBI 3alpoc MOXKeT 3aHMMaTh Kakoe-TO
BpeMSI.

3azmepskka B OCHOBHOM CBSI3aHa C orepauueii COpTMPOBKY, KOTOPYIO KIacCu-
yeckast onepanyst COUNT DISTINCT BBITIOJIHSIET B OOBIIMHCTBE 623 JAHHBIX (Ha-
npumep, B Azure SQL/SQL Server), ec/iv TOIBKO CTONGEI He ObL ITpeIBapUTeTb-
HO yropsioueH. [Tocsie COpTUPOBKM CTOMOIA BCe TyOIMKATBI OKAKYTCS PSIOM
IPYT C IPYrOM, ¥ OJHOTO TOC/Ie0BaTeIbHOTO CKAaHMPOBaHMs Oy/leT JOCTaTou-
HO, UTOOBI MAEHTUGUIMPOBATD U MOACYNTATH YMCI0 HECOBIAAAOIIMX IeMeH-

57 Anrn. denial-of-service (DoS); oTka3s B o6¢cayskuBauun. — IIpum. nepes.
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TOB. Onepanys copruposku crouT O(n log, n) B Tabauie ¢ n CTPOKaMM U IJIOXO
MacImTabupyeTcs faske Ha HeCKOIbKO MWITMOHOB, He TOBOPSI YyKe O HECKOMbKUX
MWLIMapaax cTpok. UTo elne Xyske, gaxke IMPOCThbIe 3aMPOChl BBITOTHSIIOT O0Ib-
110€e YMC/I0 orepanyit COUNT DISTINCT ¥ GROUP BY Ha pasHbBIX CTOJIOIAX, i COPTU -
POBKa OHOTIO CTOJIOIA HE ITOMOTaeT CHYKATh CJIOKHOCTb COPTUMPOBKU JPYTOrO.
MOKHO ObIJIO ObI 3a€/ICTBOBATD XeII-Ta0MNILy, YTOObI YCKOPUTH IIPOLIECC, HO
Xelll-Tab/uIa mo-TrpexkHeMy TpebyeT JTMHETHOTo MPOCTPAHCTBA B YMC/Ie HeCo-
BMAAAIONINX 571eMeHTOB k. [TocKoMbKy k MOXKET JOXOAUTD 0 N, MbI HE CMOKEM
MO3BOJINTH ce0e MCIOIb30BaTh U XeIIPOBaHME.

CJI05KHOCTB OCTaeTCsl, Jake KOraa TpeOyeTcsl y3HATh JIMIIb YMCI0 HeCOBIaIa-
IOIIMX 9JIEMEHTOB, COIEPsKAIIMXCSI B MYJIbTYMHOXECTBE, U He TpebyeTcs mepe-
YMQISITh CAMM HECOBIAIAIOIINE JIeMeHTHI. [IJis TOTO YTOObI B 9TOM yOeIUThCS,
pPacCMOTPUM 3aauy 00 YHUKAIbHOCTYU 9JIEMEHTOB*, B KOTOPOii, MMes] MacCUB
13 n 3JIeMeHTOB, HEOOXOAVMO OIpeenThb, BCe IV JIeMeHThbl B HeM YHUKAaIb-
HbI; 3Ta 3a/la4a MMeeT HIDKHIOK rpanuny Q(n log, n) [1].

Iy yperynupoBaHus TPYIHOCTEN MacIITabMpOBaHUS pa3paboTUMKMA HOBBIX
BepCUil cucTeM yIipaBiieHust 6a3aMiu JaHHBIX M CKIaA0B JAHHBIX 06paIialoTcs
K OlleHKaM KapauHajabHOTo uncia: B SQL Server 2019 ectb ornepainiyst APPROX_
COUNT_DISTINCT (http://mng.bz/QWjm), KOTOpasi 3aHMMAaET OYE€Hb MaJIO IIPOCTPAH-
cTBa u paboraet 6picTpo. Google BigQuery uzer ele fganbiie, U 3TOT MIPUOIN-
SKEHHbIN ¥ BEPOSITHOCTHBIN MMOAXOM, UCIIOIb3YeTCs B orepauyy COUNT_DISTINCT
M0 YMOJTYaHMIO, OCTaBJIsIsl omepaniuio EXACT_COUNT_DISTINCT mOjisi CUTyallui,
KOIJa HeoOXoaMM abCOMIOTHO TOUHBIN OoTBeT (http:// mng.bz/y4PJ). B ocHOBe 3TUX
OIIEHOK JIEKUT aJTopuTM Tof, Ha3BaHueM HyperLoglog, mepBoHayaabHO U30-
6perennbiit dnaxosne (Flajolet) m coaBT. [2], KOTOpBI obecrieunBaeT mopasu-
TeJIbHYI0 9KOHOMMIO IIPOCTPAHCTBA (HaIlpuMep, B KujaobanTax) mpu 06paboTke
HabOPOB JAHHBIX Pa3MepPOM B TPUJ/ITMOH U HU3KYIO UaCTOTY OIMIMOKY — MOPSIIKa
O(1//m), rme m 0603HaYAET YMC/IO STY€EK [MaMSITU IMPUHOI 5 min 6 6uT. OmHUM
13 pacIpoCTPaHEHHBIX BAPMAHTOB IJIs M SIBJIsIeTCS 214,

B 3TOi1 KHUTe MBI PaCCMOTpEeU Psfi TPUMEpPOB SKOHOMUM MPOCTPAHCTBA B
06MeH Ha 0TKa3 OT HEKOTOPOi TOUHOCTH ; 0OgHaKo ajaroputm HyperLogLog mpu-
JlaeT COBEepPIIIeHHO HOBBIV CMBICI 3KOHOMUYHOMY MCIIOIb30BaHMIO TTPOCTPAH-
CTBAa, ITOYTH BCEIIA OCTaBasiCh B Ipeeax HeCKOIbKUX KUI00aiiTOB, IIPU 3TOM
rosyyasi MICTMHHOE KapAVHAAbHOE YMCI0 C MaJIOi 4acTOTOM OMmMUOKY (Harmpu-
Mep, +2%) B cpeiHEM.

Crenyrowmuii nanee pasfesl MOCBSIIEH IMOCTEIIEHHOMY M3JI0KEHUIO WIeNi,
noasonAmux K anropurmy HyperLogLog. Mbl nipencraBuM M3Ha4YaJIbHBIN al-
TOPUTM U HECKOJIbKO TIPUMEPOB, CUMY/SIIUU U MaTeMaTU4eCKyl0 MHTYUIINIO,
BBITEKAIOIIYIO M3 HEro, a Takke YIIOMSIHEM HECKOJIbKO CIIOCOO0B peanu3anymn
u ontummsanuu anroputma HyperLoglog Takumyu KommaHusiMu, Kak Redis,
Google, Facebook u gp.

SAsnsiercs i HyperLogLog cTpyKTYypOi JaHHBIX MIIM Ke 3TO aJITOPUTM (1 MMe-
eT Jiy 3TO 3HaueHue)? MisHauanbHO HyperLoglog Ha3bpIBa/ICSI aITOPUTMOM, U MBI
6y/leM Ha3bIBaTh €0 aJTOPUTMOM, KOT/Ia COCPEAOTOUMMCS Ha IMpoIieaype, KO-
3% Aurt. element-distinctness problem. — ITpum. nepes.
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TOpasi BBITTOJHSIETCST Ha BXOAHBIX AJaHHbIX. OnHako HyperLogLog Takke qomKeH
XPaHUTb MaCCUB CO 3HAUEHUSIMI, KOTOPbIE BBIUMC/ISIIOTCS HA BXOHBIX JaHHBIX,
Y 3Ta CTPYKTYpa HePeIKO XPaHUTCS s JaJIbHENIIero UCI0b30BaHMSsI, KaK MbI
YBUAVM B IIpUMepe arperupoBaHusi B pasmese 5.5. B TakoM KOHTEKCTE MbI TaK-
ke morosopuM o HyperLoglog Kak o CTpyKType JaHHbIX.

5.2 NocTreneHHOe KOHCTPYUpPOBaHUE
anroputMma HyperlLoglLog

Cytb unen anroputma HyperLoglLog (HLL) cocTOUT B MCIO/Ib30BaHUM BepoO-
SITHOCTHBIX M CTAaTUCTUYECKMUX CBOVCTB PAaBHOMEPHO paCIIpeleieHHBbIX CITy-
YaifHbIX OUTOBBIX CTPOK JJIS YraAblBaHMS KapAVHAIBHOTO UYMCIA MYJIbTHU-
MHOsKecTBa. C 3TOJi 11eJ1bI0 3JIeMEeHThI TIePBOHAYAIBHO XeIIMPYIOTCS B GMTOBbBIE
CTPOKM: B OPUTMHANIBbHOI peanusauuu anroputma HyperLogLog 1cmonb3yoTcs
32-6MTOBBIE XeIllN, a B 6oJiee mo3aHel penHKapHaluuyu Google mog Ha3BaHMEM
HyperLogLog++ [3] u peanu3anuu Redis (http://antirez.com/news/75) 1CTIONb3YIOT-
cs1 64-6UTOBBIE XeIlN, YTOOBI BMEIIATh CKOJIb YTOIHO 60JIbIMe KapayHaabHbIe
yyca. Xely He SBSIOTCS CTy4aliHbIMU, M HEBO3MOYKHO TTOTYYUTD ClTydaiiHblie
IaHHbIE U3 HEeWIy4YaiHbIX; OAHAKO AJIs1 HAlUX 1eieil OHU JOCTaTOYHO XOPOIIO
UMUTUPYIOT CTYYaifHOCTD (TO €CTh 8b12/151051M CTYyYaifHbIMM).

mes MmynbTUMHOKeCTBO M = {a , a,, ..., a } ¢ n 3neMmenTamMu 1 k HecoBIaJaro-
MMM 37ieMeHTamMu (Mbl He 3HaeM k) 1 ucnonb3ys xeli-gyHkuuio h: U — {0,1}
MbI TeHepUpyeM XellMpoBaHHOe MHOkecTBO h(M) = {h , h,, ..., h }, tne h. = h(a)
¢ IIMHOM xema L = Ih,-l- Iyia mocTaTouHO 60b1Ioro L (Hanmpumep, L = 64) Kaskablii
HEeCOBIAJAIOIINI JIeMeHT OyIeT COOTHECEH ¢ HEeCOBMAIAIOIIMM XelIeM C BbICO-
KO BEPOSITHOCTBIO, TAK UTO YMC/IO HECOBITAJAIOIIMX XellIeil Toxke OyIeT paBHO K
MV 04eHb 6/113K0. XeNpoBaHe camo 1o cebe TTOKa He ITOMOTraeT HaM OlleHU-
BaTb KapAMHAaAbHOE YMC/I0, HO TeIlepb MbI MEPEILIN OT OLIEHMBAHMS YMCIa HECO-
BIIaaI0UIMX BXOJHBIX 37IEMEHTOB K OLIeHMBAHMIO UM C/Ia HECOBITaAAI0IINX Xellle.

MbI pemmIn, 4To Jydile BCEro MPOAEeMOHCTPUPOBATD MPUHIINII Pa6OThI JIr0-
putMma HyperLogl.og, nocTenneHHO HapaluBas MPOCTeiIlie aJiT0PUTMBbI, BbISIB-
7SI UX HEIOCTaTKYU U TIepexofsl KO Bce 6osiee CIOKHBIM aJIrOpUTMaM. [Ijist Toro
YTOOBI TOMOYb B TIOHMMAaHWM, MbI OITyCKaeM HEKOTOpPbIe TEXHUUYECKIE TeTaH,
rokasbiBast Python-mogo6Hblii ICeBIOKO/, a He caM MCXOIHbII KO,

IpyruMu ¢JIoBaMM, MbI TIOTIBITAEMCSI TTIOCTAaBUTh cebs HA MeCcTo m3obpera-
tenei anropurMma HyperLogl.og n HauaTh C 4ero-To IPOCTOrO U MOCTEIEHHO
3TO yJayuliaTh. BymeM HafesiTbCsl, YTO BbI HE TOJBKO HAYYUTECh Pa3bmpaThCst
B KOHEYHOM MPOAYKTEe, HO U B UTEPATUBHOM MpPOIecce KOHCTPYUPOBAHUS aj-
TOpMUTMAa ¥ BHECEHUS HeOGOMbIINX YIyUIIeHUI1 Ha Kaskaoi ctagun. B kakoii-To
MOMEHT mojpa3saebl 5.2.1-5.2.4, BO3MOKHO, TOKaXKYTCSI CJIeTKa TPOMO3IKMMU
C MaTeMaTU4yecKol ToukM 3peHUs. Ho He BomHyiiTeCch; pasgen 5.4 comepskut
SKCIIePUMEHT, KOTOPBIM TECTUPYET TPU BepCUM aITOPUTMA, BELYILIEro K aiaro-
putMmy HyperLogLog, 1 KOTOPBbIi LO/KeH IOMOYb BaM IMOHSTh UIeN, ieXalue B
OCHOBE JITOPUTMOB, ¥ HEOOXOAVMOCTb COOTBETCTBYIOIIUX YTyUIIIeHUIA.


http://antirez.com/news/75
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5.2.1 MNMepBas npuMepKa: BepOATHOCTHbIA NoACYET

Camast TpyGast OlleHKa, MMeHyeMast 8epOsmMHOCMHbIM hodcuemom® [4], yuau-
ThIBaeT GMTOBbIE PETYISPHOCTYM B Xelle 3a CYeT BBIYMCICHMS p, AJIsl KaX[0ro
xemra h, Takum 06pasom, 4To

p; = (uucno samvikarowux Hynetie h.) + 1.

To ecTb p, Gymer 0603HaUaTh MO3ULMIO TI€PBOJ eAMHUIIbI, BCTPeYaroIeiics
CcIipaBa (ec/IM Xell He COIePsKUT HUKaKMUX eUHNL, TO p, = L +1). Be3 morepu o6 -
HOCTY B 9TOM U JIPYTUX MECTaX JaHHOJ IJ1aBbl MbI OyI€M MCITOIb30BaTh ITPABYIO
CTOPOHY BMeCTO JieBoJi. Hanpumep, g h, = 1100, h, = 0111 u h, = 0000 coot-
BETCTBYIOIVE 3HAUEHMs p, PaBHbI p, =3, p, = 1 1 p, = 5. OLleHKa KapaMHaIbHOIO
uycia E Gyger 3aBuceTh OT p,_ = max(p,, p,, ..., p,), U OHA PaBHa

E:meax_

Hike mpuBeeHa 1jies BepOSTHOCTHOIO IIOICUeTa, BhipakeHHas B Python-1o-
IOOHOM IICeBAOKOe:

p_max =0
for a in M (1)
h = hash(a)

p = num_trailing_zeros(h) + 1
if(p > p_max)
p_max = p
return 2**p_max

@ M - 370 MyNLTUMHOXECTBO, KaPAMHA/IbHOE YUCI0 KOTOPOrO Mbl XOTUM M3MEPUTH

Mpumep 1
Ha puc. 5.1 nokasaH BEpOSTHOCTHbIA NOACYET B A€UCTBUM, Tae N = 12, k = 7 U OKOH-
yaTeNbHas OUEHKa 2° = 32, MPUYEM INIEMEHT JIUMOH CYLLECTBEHHO BIMSIET HA OLIEHKY.
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9T0 He Tak 6/IM3KO K MCTUHE, KaK HaM ObI XOTeI0Ch, HO MbI TOJTbKO HAUMHAEM.
I'pyObIii MHTYUTUBHBII BBIBOI, BHITEKAIOIIMIi 13 BEPOSITHOCTHOTO ITO/ICYETA, 3a-
KJTIOUaeTCs B CIeAYIONEeM: eC/iv Obl HaM YIaJI0Ch ITOyYMUTb HEOOBIYHBIN Xelll (TO
€CTh XeIll CO MHOTMMM 3aMbIKAIOIIMMU HYJISIMU), TO 3TO ObUIO ObI ITOKa3aTeaeM
HaJIM4Msl MHOTUX OPYTUX Xelleil B MHOXecTBe. [laBaiiTe IIOCMOTPUM, ITOYEMY
9TO Tak, HO MepeJi ITUM (JIeAyeT yUUThIBATh, YTO C JAHHOI OLIEHKOI MbI BCE ellle
JlaJleKy OT MCTUHBI, TO3TOMY He MIPUBSI3bIBANITECh K ATOMY METOZY ¥ TOYHO TaK
ke He OXUAAiTe, YTO MaTeMaTuveckoe OOBsICHEHME, KOTOPOe BOCIIOCIeAyeT,
OyIeT UCTUHOI, BBIOUTOI B KAMHE ; Mbl TOBOPYM ITPUOGIVKEHHO.

[aBaliTe HafeHEM BEpPOSTHOCTHBIE IUISTIBI: B PABHOMEPHO CTyYaiiHO CreHe-
PUPOBAHHOM Habope 13 k GUTOBBIX CTPOK B CPeIHEM OKOJIO k/2 OGUTOBBIX CTPOK
umeroT 0 B KauecTBe nocaenHel nudpsol, a octaabHble k/2 uMmerot 1. 13 mepBbhIx
k/2 B cpenrem monoBuHa (TO ecTh k/4) umetor 00 B KauecTBe ABYX ITOCTIEIHUX
cBomx mudp, npyrue k/4 imeror 10 u T. 1. B KoHEUHOM cueTe k/2 371€EMEHTOB B
cpengHeM MMeEIOT CBOM TocjieqHue | uudp B KauecTBe OJHUX Hy/el, a Ipyrue
MMEIOT CBOM Tocyieguue i uudp B popme 1071,

CoOTBETCTBEHHO, BEPOSITHOCTb F€HEPUPOBAHMS Xella, I7e p, = 1 (Xel 3akaH-
uyyuBaercs Ha 1), paBHa 1/2, BepOSTHOCTD Xellla, Ifie p, = 2 (XeIlll 3aKaHYMBAETCs
Ha 10), paBHa 1/4, a BepOATHOCTD Xellla, Ife p, = i (3akaHunuBaeTcsa Ha 10""), pas-
Ha 1/20. 11 coGBITHS, KOTOPOE IIPOMCXOAMT C BEPOSITHOCThIO 1/2(, B cpemHeM
HYKHO 2/ TIOBTOPEHMIA, UTOObI OHO IMPOM3OIILIO, TAKMM 00pa3oM, IBUTAsICh B
00paTHOM HaIlpaBjIeHNM, HalMuMe 3JIeMeHTa C p, = p, B CPeIHEM II0[ipasyMe-
BaeT KapAMHAJIbHOE YMCIIO 2’mx, KOTOPOE COOTBETCTBYET OLIEHKE B PE3Y/IbTaTe
BEPOSITHOCTHOTO MO/ CYeTa.

OmHaKo 3TO BCETO JIUIITh YcpeOHeHHOe TIOBeNieHe CTyJaifHbIX BeJTMUINH (TO eCTh
MaTeMaTUYeCcKoe OXNUAAHKeE), a SMIIMPUYECKasl BeIMUMHa 3a4acTylo JajeKka OT
cpenmHero. PaccMoTpyM Habop TaHHBIX € ABYMS Toukamu naHHbix, 0 u 100; cpen-
Hee 3HaueHye paBHO 50, MaJo YTO TOBOPS O (PaKTUUECKMX 3HAUEHMSIX B HAOO-
pe. AHAJIOTMYHbBIE BeIlly MPOUCXOIST U CO CTyYaliHBIMM BEJIMUMHAMMU, TIe OymyT
MMeTb MeCTO OTKJIOHEHUS OT 3TOTO CPeHEro 3HaAYEHMS], U Jaske Majloe OTKIIOHe-
HJi€ MOKET CYIIeCTBEHHO BJIMSTh Ha OLIEHKY, €C/IM YYMUThIBATD, UTO P HAXOAUTCS
B OKCITOHEHTe. B 06111eM 1 11eJI0M MbI Ha6II04aeM OIIeHOUHYIO OIIMOKY aJITOPUT-
Ma HyperLoglog Kak omHocumensHyr owubKy — MO0 UCTUHHOTO KapAVHAIb-
HOTO YJC/Ia, Ha KOTOPYIO OIleHKa OTKJIOHSIETCSI B JIloOOe HarpaBieHue (+ %) ;
JUTST MaJIbIX KapAVHAIbHBIX YVCENT 3Ta J0JIST MOKET ObITh OUeHb OOJbIIIOI.

5.2.2 CroxacTuuyeckoe ycpeaHeHue,
wnm «Koraa >XM3Hb NpenoaHoCUT BaM JIMMOHbI»

C HaImMM MepBBIM MPUMEPOYHBIM pellleHVeM eCTb Iapa Mmpobiem: naske mnpu
OTCYTCTBMM BJIMSIHMSI BBIOPOCOB Ha OIIEHKY BCE OII€HKM SIBJISIIOTCSI CTETeHSI-
MM 2, 4TO )11 MHOTUX 3HaUYe€HUI KapAMHAIbHOTO YKC/Ia Ae/1aeT HeBO3MOKXHBIM
NpUOIU3UTHCST K MPaBUABHOMY OTBeTY. B 1enissx yperynmpoBaHus Mpo6aeMbl
BbIOPOCOB MbI IMPUOETHEM K METOMY, MMEHYEMOMY CMOXacmuieckum ycpeoHe-
HueM, KOTOPbIii pa36MBaeT MHOXECTBO Xellleii paBHOMEPHO CTydaifHo Ha m = 2°
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MOJMHOKECTB TPUMEPHO OAMHAKOBOTO pa3mepa, 6pocasi xelM B KOP3MHBI,
3a7ilaBaeMble MMePBbIMU b 6GUTaMy Kaskaoro xenia. [Tocie TOro Kak Kaxkablii Xell
6bUT HA3HAUEH KOP3MHEe, MbI BbITIOTHSIEM BEPOSITHOCTHBIN TOJCUET 10 KaskI0i
KOP3MHE B OTAEIbHOCTI: BMECTO 1-TO OLIeHINMUKA p_ Y HAc Oy[er m OLeHIIN-
KOB p, s 1<i<m,roe P max TIPEIICTABIISIET coboit p Xemreit U3 i-i KOP3UHBL

IleneHne Ha MTOAMHOKECTBA MOKHO TPAKTOBATh KaK XeIMPOBaHME «JIJisT b6eI-
HBIX» BCETO MHOXECTBA M pa3 U MOJNyYeHMe m OLIEHOK, KOTOpbIe B JalbHeli-
IeM MOKHO CKOMOMHMpPOBaTh. Ha camom fiesie MbI He MOKeM cebe TT03BOIUTD
m Xel-QyHKIMI1 ¥ BBIYMCIUTENbHbIE 3aTPaThl Ha XelIMPOBaHMe KaxKI0ro aye-
MeHTa m pas.

Tenepp, KOrga y Hac eCTb M OLEHOK, Mbl CHavyajaa BBIYMCIMM UX CpemHee
apudmMeTyecKoe

m
A= Zi:l Pimax
m
n IIpyMeHUM ero, YTOOBI TMIOJIYYUTDb CPEOHIOIO OLI€HKY IT0 KOPp3MHAM

— 94
KOp3MHa 4

9KBMBAJIEHT CPEeJHETO FeOMETPUYECKOTO 3HAUEHMsI OIIeHOK, TIOTyYeHHBIX B pe-
3yJIbTaTe BEPOSITHOCTHOTO IMOACYETA, AT MHAMBUAYAIbHBIX KOpP3UH. [Tomyye-
HIEe COBOKYITHOJ OlleHKM E mpemycMaTpyuBaeT yueT BCeX M KOP3UH:

Zm—
Pi max
j—1 Pismaz

E:mebucket:mXQ m

Mpumep 1 (npomonkeHue)

[laBaiite nocMOTpUM, Kak 3T0 paboTtaeT npu b = 2, u, CNeA0BaTENbHO, CyLLecTByeT m = 4
Kop3uH. Ha puc. 5.2 nokaszaHo cogepxumoe u P max N9 KaXaow Kop3uHbl. Beluncnss
OLIeHKY, Mbl CHayana BbluncnseM A= (2+ 2 +5+ 1) /4 = 2.5. OTciona Mbl nonyyaem, Yto
EKopsMHa =24=225=566,aE=mx EKOPM =4 x 5,66 = 22.64, 410 TOYHEE, YEM Halla

npenbiayLias oueHka, pasHas 32. [penenbHoe 3HayeHue, K KOTOPOMY Mbl CTPEMUMCS],
paBHo 7.

Cnemyromuii Hyke Python-11omo6HbIi IICeBIOKO/, [TOKa3bIBAET IIPYHIINII pa-
6OTbI CTOXaCTUUYECKOTO YCPEeTHEHNUS :

m = 2%*h (1]
$=0 (2)
for ain M (3]

h = hash(a)

p = num_trailing_zeros(h) + 1

bucket = first_bits(h, b) .... (4]

if(p > S[bucket])
S[bucket] = p
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sum = 0
for item in S
sum += item

arit_avg = sum / m
return m * 2%**avg

@ m npeacTaBAseT YACNO KOP3UH; b — UMCNO BUTOB, UCMOMb3YEMBIX AN MHAEKCALMM B
Kop3uHe

@ S - 370 CNNUCOK/MACCMB M3 M 3anMCelt, XPaHALLMI MaKCMMa/bHbIE 3aMbIKaIOLLME HYW B
KaXZ0M KOp3uHe
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PucyHok 5.2 B 3ToM npumepe Kaxabli Xelw COOTHOCUTCS C KOP3MHOM Ha OCHOBE
€ro nepBbIX ABYX OMT (HanpuMep, XeLl, COOTBETCTBYIOLLMIA INEMEHTY 8UH02PaAo,
COOTHOCMUTCS C KOP3MHOM 00, TOraa Kak XeLl, COOTBETCTBYHOLWMI INEMEHTY epywid,
COOTHOCMTCS C KOP3MHOW 01. [pU BbINOAHEHUM 3TOrO NPOLLECCA HA KPYMHbIX Habopax
[aHHbIX Mbl OXXMAAEM, YTO KaxAas KOp3MHa ByaeT nosyyatb OAHO U TO XKe YMCIo
HecoBnagatowux xeluei. Kaxaasn kopsmHa BbIYMCINET CBOK BEUUMHY p, .,

YTO B AAHHOM C/lyyae NPMBOAMT K 3HaueHunsam 2,2, 5 n 1 kop3uHsbl. Tenepb xeLw
3N1IEMEHTA JIUMOH BNIUSIET TONIbKO Ha 3HAYeHMe, XPaHsLLeecs B KOp3uHe 10

5.2.3 Anroputm LoglLog

B anropurme Loglog croxacTuuyeckoe ycpegHeHMe UCIONb3YeTCsl B cOUeTa-
HUM C HOPMAJIU3YIOlIei i KOHCTAHTO d , KOTOpast BBOAMUTCS JJIsT YCTPaHeHMUs
CMeIleHMs M3-3a CUCTeMaTUUYeCKOTO 3aBbIIlIeHNsI OIleHKM, BOSHUKAKIIETO Npu
OLIeHMBAaHMM KapAMHAJIbHOTO YM(C/ia C IMOMOIIbIO CAyYaliHOM BeJIUMUYMHbI Pimax
(MakcMMyMma reomMeTpuUUeCKUX BeJIMUMH IMapametpa 1/2). CiemoBaTenbHO, MbI
MeHSIeM M3HavYa/IbHYIO OLIEHKY Ha CJIeAYIONIYI0 HbKe GopMyITy:

m
. Pi,max
i=1""%

E=a,xmx2 m ’
rae KOHCTaHTa dm ImapaMeTpn3yeTcs BEIMYMHOM m U paBHa
272 + (In 2)?

Ay, ~ 0.39701 —
“ 3970 48m



138 «¢ [naBa 5.0ueHnBaHWe KapAMHaNbHOTO YKCna v anroput™ HyperLoglog

Iyist GOMBIIMHCTBA MPAKTUYECKUX LieJieii (B YaCTHOCTH, IIPU M > 64) MOXKHO
ucnonb3osaTh d, = 0.39701. Bonee noxpo6bHas MHGOpManyusa 0 GopMaTbHOM
BbIBEJICHUY BbIPKEHMS /IS (d, HAXOOUTCS B OPUTMHAJIbHOMN cTaThe 06 ajro-
putme LogLog [5].

Mpumep 1 (npomonkeHue)

Mpu nonyyveHun oueHkn anroputMom Loglog ans Tekywero npumepa (Ha puc. 5.2)
Mbl BbIYUCNAEM A, NPUOAMKEHHO paBHOe 0.292; TakuM 06pa3oM, OLEHKa anropuTMa
LoglLog paBHa 0.292 x 22.6 = 6.6 , KOTOpasi HAXOAMTCS Ype3BblYaHO BIM3KO K UCTUH-
HOMY KapAuHanbHoMy uuncny 7!

CoobpaxkeHns No noBoAy OWMOKKU U NPOCTPAHCTBA
B anroputme LoglLog

Ha ocHOBe CTaTUCTUYECKOTO aHaTM3a ObIII0 0GHAPYIKEHO, UTO OTHOCUTETbHAS
omoka B anroputMe LogLog MoKeT 6/1M3KO0 allpOKCMMUPOBATHCS BEIMUMHOIM
1.3//m. Ecii MOCMOTpETh Ha 3TO B MEPCIIeKTUBE, TO BO MHOTMX COBPEMEHHBIX
peanusanysix 3HaueHue /M 4acTo YCTAaHABIMBAETCS PABHBIM 24, 1 MOSKHO OXKM-
IaTh, YTO OTHOCKUTE/IbHAS OlIM6Ka OYIeT COCTABIISITh

1.3/ /571 = 1.01 %,

HEe3aBMCMMO OT pa3Mepa Habopa JaHHbIX. ECi MpyHATH BO BHMMAaHMe, 4yTo 2
8-6aiiTOBBIX LIEJIOUMCIEHHBIX TUeeK 3aHMMAaloT Bcero okoio 130 K6, anroputm
LogLog moskeT 1oKa3aThCsl KAKMM-TO BOJIILIEOCTBOM!

Tem He MeHee BaKHO MOHMMATh, UTO [IJISi KOP3UHHBIX CYETUYMKOB He HYKHO
8 6aiiT. Ha camoMm Jiesie HY>KHO TISITh MJIM IIECTb OUT, B 3aBMCUMOCTM OT BeJIM-
YMHBI OI[eHNBAEMbIX KapAMHAIbHBIX uucen. Eciau BepXHUM Tpenenom Kapau-
HaJIbHOTO uyc/Ia Habopa JaHHbIX ABJSAETCA K, TO HaM HyXHO, 4yTo6b1 O(log,
k_.) 6bLIO IIMHOJ Xemma, fabel npoauGepeHnnpoBaTh BILIOTh JO STOTO Kap-
AMHAIBHOIO YMC/Ia, a 3aTeM HYxHO O(mlog,log, k ) 6uT, 4TOObI COXPaHUTD
MaKCUMMaJIbHOE 3HaueHye B Kop3uHe (oTcona 1 LogLog). besomacHbili BepxHMit
npezen KapauHaJIbHOIO YMC/Ia paBeH k= 2%, mo3TOMY [/l OLHOM KOP3MHBI
TpebyeTcs 1mecTb 6MT. O6IIYe TOTPEOGHOCTY B XPaHWININE B paMKax aJIrOpuTMa
LogLog cocTaBiisoT:

O(mlog,log,k_ ).

IMopcraBuB m = 24 B KauecTBe 001ET0 3HAUEHWSI, OKA3bIBAETCS, UTO JJIST Xpa-
HEHMS CTPYKTYPbI JaHHbIX LogLog TpebyeTcst mpumepHo 12 K6.

Ecnu 6bITh TOUHEEe, MbI OKMAAEM, YTO MAaKCMMa/IbHOe KapaMHAIbHOE YMCIIO
BHYTDPM OJHOJ KOpP3MHbI Oyaer 6/mwke K k. /m (k_ — 3TO HaMXyqIumii cryyaii),
YTO COKpallaeT MOTPe6GHOCTb B IPOCTPAHCTBE 10

O <m log, log, <k7;:'r ) )
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OpmHaxo B HalleMm npumepe, rae k /m = 2%°, 3T0 He OMOraeT, TaK Kak Jiora-
pUQMbI OKPYIJISTFOTCSI BBEPX 10 UX LI€JIOUMCIEHHBIX 3HAUYEHMI (B JAaHHOM CIyJae
jorapudm 13 50 6ymeT OKpyIieH BBEPX 10 6).

Anroputm SuperLoglLog

Yactory ommbrku B anroputMve Loglog MOKHO MOMpo60BaTh CHU3UTH 3a
CYeT MOoAJepsKaHys TONbKO MPOLeHTa O caMbIX HU3KMX KOP3MHHbBIX 3HAYEHUIA
M OCHOBBIBATh OLIEHKY Ha 9TUX m, = Om KOp3uHax. JTO HA3bIBAETCS Npasu-
JIoM yceueHus. B aHaJIOTMYHOM IIOAXOME, UMEHYEMOM NpPAasuiom 02paHudeHusl,
UCIIOJIb3YIOTCSI TOJIBKO T€ KOP3MHHbIE 3HAaueHMsl, KOTOpble He IIPEeBbIIIAT
[log,k__/m + 3], 4TO ycTpaHsaeT BLIOPOCHI, HO M MO3BOJISET UCIIOIb30BaTh KOP-
3MHbI IMPUHOJL B [log, [log,k /m + 3] 6ut. CyliecTBYIOT SKCIIepUMeHTalbHbIe
TOATBEPXKIEHMS, YTO MPU 3a4e/iCTBOBAHMM MTPABWI YCEYEHUS U OTPaHUYeHUS
yacToTa ommMOKY magaet go 1.05//m.

Jaxe ecu 3TO JIyyllle 10 CpaBHEHUIO ¢ 6a30BbIM MMOJXOAOM Ha OCHOBE BEpO-
SITHOCTHOTO TIO/ICU€eTa, CpeaHee apupMeTHUeckoe B IKCIIOHEHTE BCe PABHO MOXKET
YBOOUTb OKOHYATENbHYIO OLIEHKY CKO/Ib YTOAHO HAleKO OT CPefHero, MOCKOIbKY
cpenHee apudmeTMyeckoe OYeHb UYBCTBUTENHLHO K BbIOpocam. B TpexmepHOM
KOHTEKCTe 3TO aHAJIOTMYHO LIeHTPOULY (TpexMepHoii Bepcuu cpeqHero apudme-
TUYECKOT0), KOTOPBII MOKET OKa3bIBAaTHCSI CKOJIb YTOLHO IAJIeKO OT LIeHTPa Macc
13-3a TOTO, YTO OF/HA TOUKA OyIeT HaXOAUTHCS JAIEKO OT BCEX OCTATbHBIX. B Hatem
MoCJIeJHEM YCOBepIIeHCTBOBaHMM, anroputme HyperLoglog, s BblUMCIEHUS
OLIEHKM OyZIeT UCIIOMb30BaThCS CpeHEee rapMOHMYECKOe 13 KOP3MHHBIX 3HAUEHUA.

5.2.4 Anroputm HyperLoglLog: croxacTuueckoe
ycpeaHeHue BMecTe C rapMOHUYECKUM CpeaHUM

®opmysia TapMOHMYECKOTO CPeTHETO MTPUMEHUTEIBHO K KOP3MHAM, KOTOpast
MIpeICTaB/sIeT Hallle HOBOE CpefHee KOP3MHHOe 3HaUeHMe, BBINISIAUT CJIeHYIo-
M 06pasoM:

m
Eopsuna = W

1=

B okoHYaTeNbHOI OlleHKe MbI TPMMEHVM COOTBETCTBYIONIMII KO3(PdUIIeHT
TIOTIPABKM CMEIeHNs, ¢, , M yUTeM BCE 1M CErMEHTOB:

Ay m?

m —Pimax .
>im12

KoadduimeHT monpaBKkyu CMeLIeHMs OTIMYAETCS OT TAKOro ke Koapduim-
eHTa B anroputMme Loglog, 1 ero MOXKHO alIpoOKCMMMPOBATh CAEAYIOMIM 00-
pasom:

E = ay X m X Fyopsyuna=

1
T 2mlm2(1+1Bm2-1)+0(m2))-

a m
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II71s1 oueHb OOIBIIMX 3HAUCHMI M 3HAUCHME o, =1/(2In2) = 0.72134 - nemo-
Xas afnmpoKCcUMalysl, BMecTe C TeM B MCXOIHBII KO/ TaK>Ke TT0JIe3HO BCTPanuBaTh
HECKOJIbKO TUIIMYHBIX 3HAUEHMIA o, :

o, = 0.673;
o, = 0.697;
o, = 0.709;
o, =0.723 /(1 +1.079/m) nna m > 128.

Mpumep 1 (npomonkeHue)

MpMeHWB cpenHee rapMOHMYECKOe 3HaYeHME K TeKylleMy npumepy u3 puc. 5.2,
Mbl MONMYYUM

4 4
EKopana = = ~ 3.88,

12 12 1\5 1\l 33
) +G)+GE)+(3) 32
Mbi Takoke nonyuum o, = 0.541 n3 Gopmynbl O , KOTOPas Aanee AAET CEAYIOLYI0 HUXe
OLEHKY:

E=0.541 x4 x3.88 =8.39.

OJTa OLleHKA ellle Jajblie OT UCTUHBI, YeM IpeAbIAyIas OLeHKa aJiITOpUTMa
LogLog (6.6), HO 110 Mepe yBeJInYeHss HAOOPOB JaHHbIX, KAK Mbl YBUIUM B CU-
MyJISIMSX pasaena 5.4, anroputm HyperLoglog sBisieTcs MeHee CMeIeHHbIM
OLIEHIIMKOM ¥ MMEEeT MEHbIIYI0 OTHOCUTEIbHYIO OIMOKY. CTaTUCTHUUeCKUI
aHa/MM3 MMOKa3bIBAET, UTO OTHOCUTEIbHAS ommbka B anroputme HyperLoglog
coctasiser 0o 1.04/v/m. Bonee moapo6Has nHGOpMALsS O BHIYMCIEHNUM YaCTO-
ThI OmKOKY B anroputme HyperLogl.og HaXoauTCsI B OpUTMHAIBHON CTaThbe 00
anroputme HyperLoglog [6].

BoT MBI ¥ 3aKOHUMJIM HAll pacckas O MpoLeaype MoJIydeHs CbIPOii OLeHKU
anroputmom HyperLogLog, ueit Python-1momo6HbIit TIceBO,OKO, IIPUBEIEH HIKE
(mepBas yacTb (hparMeHTa ICEBIOKOA, MCK/TIOUAsl YCTAaHOBKY aibga-TapaMer-
POB, UAEHTUYHA ITPUBEIeHHOMY paHee (parMeHTy IceBmokoaa). [Tocme momy-
YeHMsI ChIPOM OLIEHKU €CTh HEeCKOJIbKO HE3HAUUTEIbHBbIX YTOYHEHUI, B YacCT-
HOCTY KOT[Ia BBIUMC/ISIEMOE KapPAVMHAIbHOE YMCIO CTAJIO CIMIIKOM MAajbIM MJIN
CJIMIITKOM OOJTBIITVIM :

alphal6é = 0.673 (1)
alpha32 = 0.697

alphaé4 = 0.709

alpha_m = 0.7213/(1 + 1.079/m) for m>= 128

m = 2%*b

S=0

for ain M
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h = hash(a)

p = num_trailing_zeros(h) + 1

bucket = first_bits(h, b)

if(p > S[bucket])
S[bucket] = p

sum = 0
for item in S

sum += 2*%*(-1*{tem)

harmonic_avg = m / sum

E = alpha_m * m * harmonic_avg (2]
(3]
if E <= 5*n/2 (4]
V = num_registers_zero() (5]
ifvi=0
E_final = mlog(m/V)
else
E_final = E
if E <= 2%%32 [ 30 (6]
E_final = E
if E > 2%%32 [ 30 0
E_final = -2%*32 * log(1 - E/2**32)
return E_final (8]

@ YcraHaBnuBaeT anbda A8 PasHbIX 3HAYEHUA m

@ Cbipas oueHka

© BbiuncnseT UCnpaBneHHy OLEHKY

@ Monpaska B MajioM AuanasoHe

@ 0603HauMM Yepes V 4ncno perucTpos, pasHoe 0

@ MpoMexyTouHbIN AManasoH, 6e3 nonpasku

@ Monpaska B 60/1bWOM AMaNasoHe

@ VcnpaeneHHas oueHKa € OTHOCUTENbHOM ownbKoM +1.04/sqrt(m)

B cirydyae oueHb MasibIX KapAMHAIbHBIX YMCEJT (10 OTHOLIEHUIO K YMCITY KOP-
3MH) MHOTM€e KOP3MHBI OCTaHYTCS ITyCTBIMMU, M TOTJAa MbI OymeM Ipuberatb K
BEPOSITHOCTHOMY METOMY, MMEHYEMOMY JIUHeliHbIM Nodcuemom, 4To0bl orpe-
IEeMUTBCS C UCTUHHBIM KapAVMHAJIbHBIM YMCIOM. DTOT MOAXO[, CJIEAYET JIOTUKE
UI'PBI B IIAPBI ¥ KOP3MHBI, B KOTOPOJi, €CIM paBHOMEPHO CTy4aiiHO 6pocaTh n
IIapOB B /M KOP3UH, TO, OCHOBBIBASICh HA YMCJIE OCTABIIMXCS MyCTbIMMU KOP3VH,
MOSKHO OLIEHUTH 0Oliee uucao IapoB. Bojee moapo6Has MHGOpMaLMs O JI-
HeHOM I0JiCUeTe HaXOOUTCS B CTaTbe [7], OCBSLIEHHOM YKa3aHHOV TeMe.

VHTepeCcHbIM pe3yabTaTOM UCITO/Ib30BAHMSI JIMHEITHOTO MOACUETa SIBJISIETCS TO,
YTO HEIOCPEACTBEHHO B TOUKE MepeceueHms, KOorma KapaMHaaibHOe YMCI0 CTaHO-
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BUTCSI TOCTATOYHO BOJIBIIVIM, YTOOBI [IEPEKTIOUMTHCS Ha o1ieHKY HyperLogLog, Ha-
6/omaeTcst 60MIBINON BCIUIECK B cMellleHny. ABTOpbI anroputma HyperLogLog++
MOTIBITAIACH CMSTYUTD 3Ty ITPOOIEMY, SKCIIEPUMEHTAIbHO YCTAaHOBUB CpegHe
BEJIMYMHBI CMEeLIeHMs /I KaKA0Tr0 KapAMHAIbHOIO YMC/Ia BOKPYT 3TOM TOUKMU,
a 3aTeM BO3Bpalllasi OIIeHKY I10 3TOi BelnunHe cMmelnieHnst. B peamm3saiium Redis
UCIIOJIb3YETCS ITIOIMHOMUAJIBHASL perpeccusi, KOTopast alllpoOKCUMUpPYyeT KPUBYIO
CMellleHNs, a 3aTeM BO3BpallaeT OLeHKY [0 3TO MpefCcKa3aHHO BelMuyHe.

YuuThbiBasi, 4YTO HAll TIICEBAOKOJ OTpaskaeT peanm3alyuio ajJropurMa
HyperLogLog 13 OpUTrMHAJIBHONM CTaTbM U TO, KaK 32-OMTOBBIE XEIIy MCIIOJIb-
3YIOTCSI B Heli, MOKeT BO3HMKHYTb OfHA TTpobsiemMa: Mpy OYeHb OONbIINX Kap-
OVHAJbHBIX UYMCIaX HAUMHAIOT MOSBISITHCS KOJUIM3UM Xellleii, T03TOMY MbI Ha-
YMHAEeM TepsITb TOYHOCTb Ja’ke Ha YPOBHE XeUIMPOBAHUS, U, CIeOBaTEIbHO,
TpebyeTcs mompasKa B orjeHke. OIHAKO 9TO He Mpobiema, KOrga UCIONb3yeTCs
64-6MTOBBII XeIll, eCM yUecTb, KaK OH UCITOJNIb3YeTCSI BO BCEX COBPEMEHHBIX
peanmu3anysax Google, Redis, Facebook (http://mng.bz/M222) 1 np.

CoobpaxkxeHns No noBoAy OWMOKKU M NPOCTPAHCTBA
B anroputMe HyperLoglog

CraTucTuyeckue oKa3aTelbCTBa [I0Ka3bIBAIOT, YTO OTHOCUTEIbHAS MTOrpell-
HocTh anroputma HyperLoglog cocraBinset okono 1.04/y/m. TToTpebnenue mpo-
CTPaHCTBa TaKoe Xe, Kak 1 B asiroputme LoglLog:

O(mlog,log, k

max) °

VI TOUHO TaK ke, Kak B ajiroputMe LogL.og, MOSKHO MCII0Ib30BaTh IECTOUTOBbBIE
ToJst 1J11 KOp3uH. He CKymuMcst Jiv Mbl, HACTauBasi Ha KOHKPETHO-ITPUKIIaIHBIX
IIECTUOUTOBBIX TMOJISIX, B OT/INYME OT CTAHAAPTHBIX BOCbMUOMUTOBBIX TIOJIETA JIJIST AJT-
TOPUTMA, KOTOPBI U TaK 3aHMMAeT OUeHb MaJI0 MeCTa B IIaMSITH, U He XePTByeM
JIVI MbI LIEHHbIM BpEMEHEM IIeHTPAJIbHOTO MPOIIeCCOPa, PACIIAKOBBIBAST 3TU OGUTHI?
OTBeThI HA 3TU BOMIPOCHI BO MHOTOM 3aBUCSIT OT TOTO WM MHOTO MPUJIOKEHMSI.
Hampumep, mpu BcTpamBaHMM aATOPUTMOB B amnimapaTHoe obecriedeHye Uin Ipu
arpernpoBaHuu 6osb1Ioro uncia maccuoB HyperLoglog B onyH Takue pasamumst
CYMMUPYIOTCSI, ¥ KasKAbIi TPIOK C OIITMMM3al[yeli TPOCTPaHCTBa TOTO CTOMT.

[Ipexxne uem sKCIepUMEHTaabHO MPOTeCTUPOBATh 0COOEHHOCTY MPeNCTaB-
JIECHHBIX B 9TOM pa3fese CTPYKTYpP JaHHbIX/aJITOPUTMOB, MbI 3aBEPIINM TEXHMU-
yeckoe 06CyXkeHMe IPUMepOM KOHTEKCTa, B KOTOPOM MOXKHO MCIIOb30BaTh
anroputm HyperLogLog (HLL).

5.3 MNMpumep ucnonb3oBaHuUsA: NOBNAA YepBen
c nomouwbto anroputMma HyperlLoglog

[IpuokeHUST ¥ CUCTEMbI OOHAPYKEHMSI BTOPKEHUH, CTy>Kalue T MOHUTO-
puHra ceteBoro Tpaduka, OTCIeKMBaIOT MU3MeHEeHMs Pa3/IMUHbIX CeTeBbIX Mapa-
METPOB, KOTOPbIE MOTYT BBISIBJISITh HAJBUTAIOIIMECS HApYyIIeHsI 6€30MMacHOCTH,
HarpumMep B ceTu opraHusanuu. OguH U3 MHAMKATOPOB pPabOTOCIIOCOOHOCTHU
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CeTu CBsI3aH C nmapamu [P-aipecoB MCTOYHUK—MeCTOHA3HAUeHNe, MMEeIOLMXCS
B MaKeTHBIX 3aroJI0BKax, MPOXOSIINX yepe3 MapIpyTU3aTop.

CrabuabHbI ceTeBOli TpaduK XapaKTepusyeTcs (IOTeHIMATbHO OOJbIIM)
YMCIOM TIaKeTOB, KOTOPbIMM OOMEHMBAEeTCS TOpa3/io MeHbIlee YMCIO0 Iap
KOMITbI0TepOB. Hainuye y 0JHOro MCTOYHMKA GOJIBIIOrO YMC/Ia COeNVHEHMII C
(MHOTr[A CTyYaiiHbIMM) MECTOHA3HAUEHUSIMM 32 KOPOTKMI TIPOMEXKYTOK BpeMe-
HY WM IIPOCTO 3HAUMUTEIbHOE YBeMueHe 4Mcaa YHMKaIbHbIX nap [P-agpecos
MCTOYHMK—MECTOHA3HAUeHMe MOXET YKa3blBaTb Ha Haiauuue Bupyca [8] (cm.
puc. 5.3 u 5.4).

KAK Tbl .
rovoBuWb *
MAKAPOHbI?

©
NI a7
& C

MAPWPY--+"~
TUIATOP = |

roTosuub  *
MAKAPOHbI?

110 PABOTE

TOTORMLS B
BOAE?
E——

©

PucyHok 5.3 McnpaBHbii ceTeBoi NOTOK.
[loBonbHO 60AbLIOE YNCNO NAKETOB, HO MANIOE YMCNIO YHUKANbHBIX MOTOKOB

PMCVHOK 5.4 |_|0,EI,O3pl/ITeJ'IbeIl7I MOTOK — HanMymne BONbLLIOro YMcna nap NCTOYHUK—
MECTOHa3Ha4YeHne, n 0OANH UCTOYHUK OTKPbIBAET 60/blLOE YNCNO YHUKaNbHbIX
CoegMHeHUN 3a KOpOTKVIl?I NMPOMEXYTOK BPEMEHU



144 <« [nasa 5.0ueHrBaHWe KapAMHANbHOTO YMCa W anroput™ HyperLoglog...

W ciemoBaTebHO, ObIBAET OUEHb ITOJIE3HO BCTpauBaTh aaroputm HyperLogLog
B MOJK/IIOUEHHOe K MapLIpyTU3aTOpy MporpaMMHoOe obecrieueHne, B 0COOeH-
HOCTM M3-32 HEOOXOAMMOCTY ObICTPOTO BBITIOHEHMST BBIYMCIEHUII Y Majoro
o6bema moTpebsiemoit mamsiTi. Elile omHMM XOpOIIMM MeCTOM ISl CTpaTeru-
YeCKOro pasMelleHus CTPYKTypbl gaHHbix/anroputma HyperLoglog u npyrux
CTPYKTYP BAHHBIX/aJITOPUTMOB, KOTOPbIE IIOMOTal0T aHAJIM3UPOBATh OXXUBJIEH-
HBII ceTeBOi TpaduK ¢ MaJbIMU MTOTPEOGHOCTSMY B IIPOCTPAHCTBE U BpEMEHH,
SIBJISIETCSI TOUKA BXOZ,A B CE€Th OpPraHM3alyy, Kak MoKazaHo Ha puc. 5.5.

CETb
OPT AHN3 ALV

" ———  MAPUPYTU3ATOP/

BPAHAMAYSP T EPHET

(HLL)

WLAN

PucyHok 5.5 Pasmewenune anroput™a HyperLoglog B Touke Bxofa BHYTpb OpraHu3aumu
noMoraeT cobmpathb LLEeHHYI CTaTUCTMKY O CeTEBOM TpadumKe 3TOM OpraHM3aumm

5.4 Ho kak 310 pabotaet? MuUHU-3KCNEepUMEHT

B sTOoM pasgesie MbI BBIIOTHUM CUMYJISIIIUU, YTOOBI IMOIYUYUTh MHTYUTUBHOE
NpeACcTaBjleHe O TOM, KaK pas/iMyHble OLEHKM — BEePOSITHOCTHBIN IOLCUET,
LogLog n HyperLogLog — COOTHOCSTCSI C TOYKM 3pPEHUSI CMEIEHUS M TOYHO-
CTY TIpU BBITIOJTHEHUM HA HabOpe MaHHBIX pa3yMHOT0 pasmepa. Mbl CKOHCTPY-
MpyeM 3KCIIepUMEHT, UTOObI YBUIETb, HACKOIBKO XOPOIIO TPAHMUIIBI OIIMOKM,
[IOIyYeHHbIe B pe3y/bTaTe BepOSITHOCTHOI'O aHaly3a, COOTBETCTBYIOT 4MC/IaM
M3 MPAKTUYECKOro KOHTeKcTa. Hac Takke MHTepecyeT BeIMUMHa, Ha KOTOPYIO
HOpManusywime Kosddbuunents d, (B aaroputme Loglog) u o, (B anropur-
me HyperLoglog) moBpIIIalOT TOYHOCTb, & TAKXKe BJMSHME 4YuCIa KOP3UH B
HyperLoglLog Ha TOYHOCTb U IUIMPUHY pacIpeleieHus.
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IlaHHbIe Bcex rpadMKOB B 9TOM paszesie MoJyueHbl B pe3y/IbTaTe BbIIIOIHE-
Hus cnepyloniero skcrnepumenTa 1000 pas: mbl reHepupyem N = 21 = 65 536
32-6MTOBBIX CTPOK, IIe KasKAblii OUT BHIOMPAETCS PABHOMEPHO CJTyYaifHO. MbI
HauMHAeM C paBHOMEPHO pacIpe/ie/IeHHbIX CIy4YaiiHbIX CTPOK, KOTOpbIE Jeii-
CTBYIOT Kak Xellu (M B JajbHelIIeM OyOyT Ha3bIBATbCS XeIlaMu), [IOTOMY YTO
MbI 3aMHTepecoBaHbl B noaydeHny 1000 HA6OPOB xelneit ¢ OAMHAKOBBIM (MU
MOYTY ONVHAKOBBIM) KapAMHAIbHBIM UMCIOM. YUUTHIBAS, UTO MOXKET ObITh 23
Xelleit, a pasmep Habopa xelleil paBeH 2'°, B 60JIbIIMHCTBE SKCIIEPYMEHTOB MbI
He OyZeM BCTpeuaTh KOJJIM3MIL Xellleit, v o61ee YMcIo HeCOBITaIAIOIIX Xelleii/
3JIEMEHTOB OyIeT paBHO pasMepy Habopa maHHbIX, N = k = 65 536; snusoguue-
CKM OYIEeT MPOUCXOIUTh KOJIM3US Xellleil, HO YMCI0O k HeCOBMAAaloIIuX Jj1e-
MEHTOB HMKOTZA He OomycKaeTcsl Hike 65531, uTo yKasbiBaeT HA HUUYTOKHYIO
PasHUITY B KapAMHAIbHBIX UMCIaX MEKAY Pa3HbIMM SKCIIepyMeHTaMu. MbI pas-
paboTaay SKCIePMMEHT 6e3 IyOaMKATOB, IIOTOMY UTO OHM He BJIMSIOT Ha OIleH-
KV HaIIMX MEeTO0B, IO3TOMY JaHHBI/ SKCIIEPUMEHT TaKKe MOT ObI ITIOCTYKUTD
IJIS1 IeMOHCTpaIy MoBeIeHUsI aske ropas/io 6osee KPyImHbIX HAOOPOB Xelle,
yeM 2'°, HO ¢ 2'°® HeCOBITAJAIOIIVIMM 1€ MEeHTaMM.

Ha mepBom mokazaHHOM Ha puc. 5.6 rpaduke Mbl CpaBHMBAaEM CaeAyIOIIe
HIKE METOJIbI:

QO BepOSITHOCTHBIN MOACYET;

O croxacTuyeckoe ycpeHeHle C HEHOPMaaM30BaHHBIM CpeJIHUM apudme-
Tuyeckum (m = 64);

O croxacTuueckoe ycpefHEHNe C HEHOPMaIM30BAaHHBIM TapMOHWYECKUM
cpenHUM (I = 64).

Ocb x MokasbIBaeT jJorapu@m Mo OCHOBAHMIO 2 KapAMHAIBHOTO YKCiIa; Ha
rpaduKe yKasbIBaeTCS MO3UIINSI MCTUHHOTO KapAMHAaIbHOrO uncia (B 16). Ocb y
MOKa3bIBaeT UMCJIO TPOBEIEHHbBIX SKCIIePUMEHTOB.

I'paduK MMOKa3bIBAET, UYTO BEPOSTHOCTHBIN MMOACYET MMeeT HaubosbIliee OT-
KJIOHeHMe U3 TPeX MeTOH 0B, IPU 3TOM HeKOTOPbIe 9K3eMILISIPbI KCIIepUMEHTa
OTJIMYAIOTCS APYT OT Jpyra Ha Le/bixX 12 enyuu log, KapayHaabHOIO Yncia u
384 sk3eMmIuisipa sKkcrepumenra (6osee Tpetn) ¢ log, KapauHaIbHOrO uncaa 18 u
6osiee. 3a BepOSITHOCTHBIM TTOACYETOM CJIEAYET CTOXaCTUIeCcKoe yCcpegHeHne C
HEHOPMaIM30BaHHBIM CPeTHUM apupMeTUIeCcKUM ¢ pa3dbpocoM IMpuMepHO Ha
1.5 enyHuLp! l0g, KapAMHAIBHOIO YMCIA, & CTOXaCTMUECKOe yCpeIHeHMe C He-
HOpPMaaM30BaHHBIM CPeHUM rapMOHUYECKUM SIBJISIETCS CAMbIM Y3KUM U3 TPEX.

MeToz rapMOHMYECKOrO cpefgHero Haubosee 611M30K K MCTMHHON OIleHKe B
cpenHeM. B 3TOM sKcmepumeHTe cpeqHMMM 10g, KapAMHAIbHOTO UucIa SBJIs-
10Tcst 17.31 (BepOSITHOCTHBIN ToAcYeT), 17.32 (cToxacTuueckoe ycpegHeHMe C
HEHOPMaIM30BaHHBIM CpemHUM apudmerndeckum) u 16.47 (croxacTuyeckoe
yCpenHeHye ¢ HEeHOPMaaM30BaHHBIM CPeIHUM rapMOHUYECKUM).

[Tocwte HOpManM3anuy cpeaHeapuOMeTHUeCcKoil U CpelHerapMOHWYECKO
OLIEHOK COOTBETCTBYIOMIMMM KOHCTaHTamu d, = 0.39701 n o, = 0.709 cpepnme
log, KapaMHaNIbHBIX UMCel CHMKAKIOTCS COOTBETCTBEHHO mo 15.97 (LogLog) u
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15.93 (HyperLogLog), co cpeIHMM CMeIeHMEeM OT UCTMHHOTO KapAMHAIbHOTO
Yyucaa B 000MX CJIydasix B pasmMepe okoso 13 %. [TomydeH TOBOIBHO HEIIOXOi
pesyibTaT, eCIM YUYUThIBATh, YTO OL[EHOUYHAS YaCTOTa OIIMOKM B 000MX CITydasix
COCTaBJISIET HPUOIU3UTENBHO 12.5 %.

300

Meton

bes kop3unH
C Kop3uHamu (apudmeTtnyeckoe cpeaHee)
C Kop3uHaMu (rapMoHUYeckoe cpeaHee)

50

l0g, MCTUHHOIO KapAMHANbHOTO uncna = 16

13 14 15 16 17 18 19 20 21 _ 22 2} 24 25 26 27 28 29 30 31 32 33
OueHka log, kapanHanbHOro Yncna
PucyHok 5.6 Tpaduk nokasbiBaeT CpaBHEHWE BEPOSTHOCTHOIO noacyeTta (6e3 Kop3uH),
CTOXaCTUYECKOro YCPEeAHEHUS CO CPELHUM apnuPMETUUECKUM (HEHOPMANIM30BAHHOE;
C KOp3MHaMu; cpeaHee apudMeTMYecKoe) U CTOXaCTUYEeCKOro YCpeaHeHUs CO CpeaHUM
rapMOHMYECKUM (HEHOPMaNU30BaHHOE; C KOP3MHAMU; CpefiHee rapMOHUYECKOE).
Bce cbipble oLeHKM NOKa3bIBAKOT CUCTEMATUYECKOE CMELLEHNE
M3-33 3aBblLEHNS; OAHAKO HaMMeHblUee CMeLLeHMe B CPefHEM MOKa3aHo
MeTOA0M rapMOHMYECKOro CpeaHero, 3a KOTOpbIM CiefyeT MeToA, CpeaHero
apudMeTMYeCcKoro cpefHero 1 BepOSTHOCTHbIN noacyeT. Hanbonbluee OTKIOHEHHE
B OLLeHKaXx (MpuyeM pasHble IKCNepUMeHTbl BapbUPYHOTCS B OLEeHKe B 212 pas)
NposBASETCS NPU BEPOSTHOCTHOM MOACYETE, UbM OLLEHKM SBMISIKOTCS TONIbKO
CTENEHSIMU 2, 32 KOTOPbIMK C/ieflyeT MeTo[, CpeiHero apudmeTnyeckoro,
a 3aTeM MeToA, rapMOHMYEeCKOro cpefHero

5.4.1 BnuaHue uncna KopsuH (m)

3mech MbI TTOKa3bIBaeM 3KCIIEPUMMEHT C TeMM >Ke Habopamu xelleit, 4To u
paHbllle, HO Ha 3TOT pa3 u3mepsieM 3(PbeKT OT UCTIONB30BAHNS TPEX PAa3HbIX Ba-
pMaHTOB uMcia Kop3uH B anroputme HyperLogLog: m =16, m =64 num=256.Kax
" OKUAAJIOCH, HA PUC. 5.7 MIOKa3aHO, UTO YeM 60JIbIlle KOP3UH, TEM C MEHbIIIEH
JycIiepcreit Mbl CTaIKMBaeMCsl B ITOJTyUeHHBIX OlleHKaX.

[TockonbKy CKOPPEKTUPOBAHHOE Ha CMeIlleHNe CpefHeTapMOHNYECKOe U3 all-
roputma HyperLogLog oueHb 6;113K0 K UCTMHE, HA PUC. 5.8 MbI ITOKa3bIBa€M TOT
ke rpaduK, HO TOCTPOEHHBII Kak cMeleHre 0T (akTUYeCKOro KapAMHAIbHOTO
yMcia B KaXKI0M 9KCIIepuMeHTe (Telepb 0Ch X — 3TO UCTMHHOE KapAMHalbHOe
YCII0, a He Jiorapudm).
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400

MeTop, rapMOHWYEeCKoro cpeaHero
(c nonpaBkoi cMeLLeHus)
C 16 Kop3uHaMu

C 64 Kop3uHaMu
C 256 kop3nHamu

350

300

100

50

g
log, WUCTMHHOTO KapAWHa/bHOTO Yucna = 16

150 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 1
OueHka log, KapArHabHOTO Yncna

PMCYHOK 5.7 Banguue pa3HbIX 3HAYEHUM M HA TOYHOCTb OLEHKM lng KapAnHanbHOIo
4Yncna B anropntme HyperLogLog. YeM 6onblue Yyncno KOP3UH, TEM MEHbLLE OTK/IOHEHUE
OT MCTUHHOTO KapAMHAanbHOro Ynucna. B uenom metop, rapMoOHMYEeCKOro CpegHero nocne

nonpaBkn CMELWEHNA pegko npmMBoauT K BEBbIUJEHVIPO/BaHVI)I(EHMIO 6onee yeM Ha O4HY

eaonHnLY [ng BO BCEX TPEX CNy4daqax

350

0 ? MeToa rapMOHMYECKOro CpeaHero
o (c nonpaBko¥i cMeLLeHus)
3 C 16 kop3uHamu
T C 64 Kop3uHaMu
250 g C 256 kop3uHamu
=
v}

100

-36000 -31000 -26000 -21000 -16000 -11000 -6000 0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000 65000 70000
OueHKa CMeLLEHMS MO OTHOLLEHMUIO K UCTUHHOMY KapAWHaNbHOMY YnCy

PucyHok 5.8 BnvsgHue Kop3uH Ha OLeHKY KapAMHaNbHOIO YnCia B aNroputMe
HyperLoglog. 13 6onbluero 3HauyeHns m cnefyeT MeHblLUee CMeLLeHue 1
pacnipeneneHue, bonee NOXoxee Ha rayccoBo

Kak oTmeuanoch B OpUTMHAIBHOI CTaThe, pacripefeneHne KapAUMHATbHbIX
YyCeNT BBIIJIIIUT IayCCOBBIM, C 60iee KOPOTKMMM XBOCTAMU TIpU OOJIbIIEM M.

[TpubmMkKeHHOE TayCCOBO pacIpee/ieHye TOMOTaeT CIe/IaTh CIeAYIOMINI HUKe
MPaKTUYECKNIT BbIBOI:



148 <« [nasa 5.0ueHnBaHWe KapAMHaNbHOTO YuCna v anroput™ HyperLoglog

C yuemom cmaHOapmuoli owubKU (WU OMHOCUMENbHOL OWUOKU)
anzopumma HyperLogLog e pasmepe 1.04/N/m coomeemcmeeHHO 0K0JI0 65
%, 95 % u 99 % 3naueHulti (20e 3HaueHue — Mo OUeHKA KAPOUHAIbHO20 YUCIA
07151 00H020 Hab6opa daHHsIX) 6y0ym Haxooumsucs 8 npedenax o, 26 u 36 doneti
0m UCMUHHO020 KapOUHAJIbHOZ0 YUCAA.

[IJ1s1 TOTO UTOOBI B 3TOM YOEIMTHCSI, MbI B3sUIM CJTy4aii ¢ m = 256 KOp3uHaMu,
cleoBaTeNnbHO, 6 = 1.04/V256 = 0.065. TakuM o6pasoM, 6.5 %, 13 % u 19.5 % —
9TO, COOTBETCTBEHHO, OJTHA, IBE U TPU CTaHAAPTHBIE OMMOKM OT MCTUHBI. OKa-
3bIBAETCS, UTO B HallleM 3KCIepMMeHTe COOTBeTCTBEeHHO 71 %, 94.8 % 1 99.2 %
IIOMAAAI0T B TPAHMIIGI YIIOMSIHYTBIX OIIMOOK, UTO MPMMEPHO YKa3bIBaeT Ha ra-
YCCOBO TOBeZieHMe (Iaske HEMHOTO 6osiee kecTkoe). Takum 06pa3om, IIpu pea-
mu3anuu anroputma HyperLoglog MOKHO OKMAATH, UYTO OIEHKM OYIyT BECTU
cebst Ipeicka3yeMbIM 06pa3oM U Yallle BCero OyAayT oueHb OJIM3KYM K CpeqHEeMY
3HAUeHMI0 (UCTUHHOMY KapAVHaIbHOMY YMCIY).

5.5 Mpumep ucnonbsosaHusa: arperaums
c ucnonb3oBaHneMm anroputma HyperlLoglog

IaBaiiTe BepHEMCS K MPEIbIAYIIEMY IIPUMeEpPY C TAbIUIaAMM €KeTHEBHBIX T10-
CellleHMii MOMyJIIPHOTO Beb-caiiTa morpebuTtensimu. Kak Mbl y)ke BUAenn, 3a-
Jaya BBIYMCIEHMST YMCIa HEeCOBIAAONMX 3HAYEeHMIT B CTONOLE (Harpumep,
oIpefiesieHye OOIIEero Yrciia ob30BaTesieit) B O0IbIIO TabIuIle SIBISIETCS I0-
BOJIBHO CJIO’KHOJ, HO peayibHas IpobieMa BO3HMKAET, KOTJIa 9TU JTaHHbIe HYX-
HO 0600IINTD 3a THU, HeJIeNIM, MeCsIIIbl U T. II. [loamepkaHue MHANBUAYATbHbBIX
IAHHBIX B TEUEHME JIMTETbHOIO Ieproa BpeMeHM 00XOIUTCS OUYeHb JOPOTO,
OJTHAKO /IJIsI MHOTUX TIPeATIPUSITHI KpaliHe BasKHO MMeTb BO3MOKHOCTh BO3Bpa-
IIAThCSl Ha3aJ U IMOy4aTh COOTBETCTBYIOIIYIO CTAaTUCTUKY 3a MPOU3BOJIbHBIN
MoMeHT B mporuioMm. dororpaduuecknii Beb-caiit Unsplash, Ha KoTopoMm pa3s-
MeIlleHO O0JIbIIOe YMCIO M300PaKeHNI ¥ KOTOPbIN TOCENaeTCss MWITMOHAMM
MOJIb30BaTesNeli B I€HD, IJISI PELIeHMsT 3TOV MPO6IeMbl UCIIOMb3YeT aJITOPUTM
HyperLogLog (http:// mng.bz/aDXJ).

OmHa u3 TPYIHOCTEN, CBSI3aHHBIX C BBIUMCIEHMEM UMC/Ia HEeCOBIaIAIOIINX
3HAYeHUI B OJHOM MJIV HECKOJIBKMX CTOJIOIAX TAOIMIIbI, 3aKIIOUYAETCS B TOM,
YTO Aake eCyi HaM BOJIIIEeOHBIM 00pa3oM OYayT JaHbI UMC/Ia HECOBIAAAIOIINX
3HAYeHMIT, ITO HUKOMM 06pa3oM He [TOMOKET BbIUMCIUTH aTrPErPOBAHHOE UMC-
JI0, KaK I0Ka3aHo Ha puc. 5.9.

OmHako eciau BMECTO 4Mc/ia HeCOBIIA[AIONIMX 3HaUeHMI Mbl CMOXKeM IOf-
nepskuBaTh onuH maccuB HyperLoglog B pacueTe Ha Tabnuily exkeJHEBHBIX
TroceleHunii, TOTAa Mbl CMOXKEM arperupoBaTh pe3y/iabTaThl 3a HECKOIbKO JHEH,
BBITIOJTHSISI OTIepalyio OObeAVHEeHNUST MeXIy ABYyMsl (Wi 6ojee) mMacCMBamu
HyperLogLog Toro ke pasmepa 1 C TOii ke xelI-(QyHKIMeN, Kak MOKa3aHo Ha
puc. 5.10.
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PucyHok 5.9 Kaxpas ctpoka Tabnuubl exxenHeBHbIX NOCELLEHNI yKa3biBaeT
Ha O4HO MOCeLLeHMe NoNb30BaTENEM, U B KXKA0M TabnauLe noanepxmBaeTcs
OTAeNbHas NepeMeHHas YMcia HeCOBMNAAAMOWMX 3HAYEHUI, KOTOPas OTCeXUBaET
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BO3BPALLAOTCA Ha Be6-CalT NOBTOPHO, HEBO3MOXHO NPOCTO NPOCYMMMUPOBATH
MHOMBUAYANbHbIE KOMMYECTBA M NONYYUTb OOLLEe YACNO HECOBMAAALLMX
noJib30BaTeNeN 3a Hedento
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PucyHok 5.10 MopaepxxaHme ogHoro Maccmea HyperLoglog Ha Tabnuuy exxeqHeBHbIX
noceLeHnin NoMoraeT No3xe arpermposaTtb MaccmBbl HyperLoglog 3a Heckonbko
OHen, yTobbl monyyaTh OUeHKY Ans 6onbluero yncna tabnauu. Ha camom pene maccme
HyperLoglLog MOxHO nerko 3akoanpoBaTb, YTOObI MOXHO Obl10 NOAAEPXKMBATL TAbNMLLY
cxeM HyperlLoglog, nabbl ee nekoavpoBaTb BNOCeACTBMM
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Omnepauust obbenviHeHMs ABYX MaccuBoB HyperLoglog HLL1[1..m] u
HLL2[1..m] BBIIIOJIHSIETCS 338 CUET CO3JaHMSI HOBOTO OObEeIVHEHHOr0 MacCUBa
HyperLogLog HLL_UNION[1..m] ¥ Ha3HaueHus max(HLL1[1], HLL2[1]) a;meMeHTy
HLL_UNION[i] mjst Kaskmoro i, 1 < i< m.Hanpumep, o0begyiHEHNE IBYX MacCUBOB
HyperLoglog, 3HaueHust KOp3MH KOTOPBIX paBHbl (1,4, 2, 5) u (2, 2, 5, 3), npu-
BeJleT K CO3JlaHMI0 elle ogHoro Maccuba HyperLoglog co 3sHaueHMsIMM KOP3VH
(2,4,5,5).

YTO MPOMUCXOOUT C YaCTOTON OIIMOKM IIpU OObedMHEeHMM OOJIbLIOTO YMC/Ia
MaccuBoB HyperLogLog? OTHocuTeNbHAsT OlnbKa, 3aBUCST OT UMcIa KOP3UH m,
IOCJIe arperMpoBaHMs OCTAeTCSI HEM3MEHHOM, TaK KaK YMCJIO KOP3MH OCTaeTCs
HeusMeHHbIM. Ho Kak 6bI CMJIBHO Y HAC HYM BO3HMKAJIO MCKYILIEHE TyMaTh, 4YTO
yactoTra omnbky B aaroputme HyperLoglog He 3aBuCHT OT pa3sMepa Habopa
IaHHBIX, KAK 3TO YaCTO PeKJIaMUPYeTCs, Ba¥XKHO YUYUTHIBATh (TOUHO TaK K€, KaK B
cIydae Habpocka count-min), YTO OTHOCUTE/IbHAS OIIMOKA IPeACcTaBiIsIeT coboii
npoyeHm OT UCTUHHOTO KapAMHAJbHOTO UMCa, KOTOPbI/ OOBIYHO MMEEeT TeH-
IEeHIINIO YBEeIMUMBAThLCS C YBEJIMUEHEM pasMepa Habopa mJaHHbIX. TakuM 00-
pasoM, Jaske HeCMOTPSI Ha TO, UYTO MOC/Ie OObeIMHEHNST YaCTOTa OIIMOKM OCTa-
eTCsl HeM3MEeHHO, KOHCTAaHTa, Ha KOTOPYIO OIIMOKa YBeIMUMBAETCS, HA CAMOM
Ilejie pacTeT MPOIOPLMOHAIbHO YMCITY HECOBITAAAOIIMX IE€MEHTOB.

HyperLogLog uMeeT IpOCTyi0 KOOAMPOBKY, UYTO [Ie/IaeT ero 6JarornpusTHbIM
IJIS XpaHeHus B Bume 3ammcu B Tabmuie HyperLogLog, Tpe6oBaHus K Mpo-
CTPaHCTBY KOTOPOJ 3HAUUTEIbHO MEHbIIIe, YeM K ITOIep>)KaHUI0 SKBMBAIEHT-
HbIX TaOJIUIIL eXKeTHEBHBIX ITOCEIeHMIi. B iy 3TOro MOSIB/ISIeTCS BO3MOXKHOCTD
arperupoBaTh HLL 3a TpoM3BObHbIE MPOMEXYTKM BpEMEHU UJIU B ONIpeieieH-
Hble KOHKpeTHbIe AaThl, KaK ITOKa3aHo Ha puc. 5.11.

Bostee TOro, OlleHKM MOTYT BBIMIOJHSITBCS HA MHOTMX YPOBHSIX, HA KOTOPbBIX
MOSKHO arpermpoBath rodyacosbie HLL B exkemHeBHbIe HLL, 3aTeM MCITOb30BaTh
exxemHeBHble HLL a1 BerumcyieHus: exxeHeneibHbIX HLL 1 T. 1. (MokasaHo Ha
puc. 5.12). B Mupe TpaguIMOHHbIX 6a3 JaHHBIX BHIITOTHEHME HECKOIbKIX IPYII-
MMMPOBOK HA PA3HBIX YPOBHSIX 0OBIYHO O3HAYAET HEOOXOAMMOCTh OJHOKPATHO-
ro CKAHMPOBAHMS BCEX MaHHBIX AJ151 KaKA OV IPYIIIMUPOBKM, KOTOPYIO Mbl XOTUM
BbITONMHNUTB. C moMmo1bio anropurma HyperLogl.og Hy>kKHO TpOCKaHMPOBATH BCe
IaHHbIe TOJTbKO OIMH pas3, uToObl co3maTh MaccuBbl HyperLogLog, a 3aTeM MbI
UX TOJIBKO YMTaeM U KOMOMHMPYEM.
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Ha Yacax, AHAX, Hefenax U T. 4. B 6a3ax gaHHbIX Npuy rpynnuMpoBKe AaHHbIX N0 Pa3HbIM
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KaXX40MY YPOBHIO arperMpoBaHus
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Pe3lomMe

O 3apmaua olleHMBAHMS KapAMHAIbHOTO YMC/Ia, MM MOITHOCTY MHOXECTBA,

BO3HMKAeT BO MHOTMX 00JIacTsIX pa3paboTKy MPOrpaMMHOro obecrieye-
HMUSI, B TIepBYIO ouepeb B 6a3ax JaHHbBIX, CeTeBOM Tpaduke U IeKTPOH-
HOJt KoMMepIu. M3-3a 06beMOB JaHHBIX Kaccuueckue s 6a3 JaHHbIX
(YHKIIMM TOYHOTO BBIUMCIEHUS KapAMHAIbHOTO YMCIa 3aMeHSIOTCS Be-
POSITHOCTHBIMM MEeTOJIaMU, KOTOpbIe 00eCreunBaloT 3HAUUTETbHYI0 9KO-
HOMMIO TTPOCTPAHCTBA B 0OMEH Ha MaJIyIO OIMOKY B TOUHOCTM.

HyperLoglLog — 3TO anroputm/CTpyKTypa OaHHBIX, B KOTOPOM MUCIIOJIb-
3YIOTCSI XeIIMPOBaHMe U BEPOSITHOCTHBIE CBOVICTBA CIyYaifHBIX OUTOBBIX
CTPOK JIs OTTPOOBIBAHMS KapAMHAIBLHOTO UKcIa MHOKecTBa. [ToTpebiisie-
MOe MM IIPOCTPaHCTBO paBHO O(m log,log, k,), a oTHOCUTEIbHAS YacTOTa
oum6ku cocrassiet 1.04/V/m.

MHorue KOMIaHUM, YIIPABJISIIONIVE KPYITHBIMU CUCTEMAMU, PEAIN30BaIN
n apantupoBasin HyperLogl.og 1oz cBOM HY>XIbI, YIYUYIIUB ¥ MOLEPHU-
3MPOBaB pa3jiMyHble ero acrekThl (Harnpumep, Komrnanum Google, Redis,
Facebook n np.).

IMpenmocrasnsembie anroputmMom HyperLoglog omeHKM MMEIOT Tpuosm-
SKEHHO rayccoBy ¢opmy. B xome cumynsiuuii Ha Habope 2'° xeleii MbI
yCTaHOBW/IU, UTO ajropuTm HyperLoglog mogumHsieTcss mpaBujiaM ra-
yCCOBa pacripefenenus, No3Bosisi npuMepHo 70% MaHHBIX MONanaTh B
Ipeesibl OgHOI, 95 % — B Ipemesbl ABYX U 99 % — B Ipeesibl TpexX CTaH-
JapTHBIX OIIMOOK.

Wctnnnaasg mowp anroputma HyperLoglog BupHa npu arpermpoBaHUM
6O0JIBIIIOTO YMC/Ia KPYITHBIX OTAENbHbIX TAOINII, TPeACTABIISIONMX JaHHbIe
BO BpeMeHHOIi AuHaMKKe. BMecTo TOTo UTO6bI XpaHUTh KPYITHbIE Tab/ M-
1IbI, MOKHO XpaHUTb Tabnuiry MaccuBoB HyperLogLog u nasee arpernpo-
BaTh U 00benMHATH MaccuBbl HyperLoglog 3a mHTepecymoIe mepuosl
(Harpumep, HeLento, Mecsll, KBapTaa U T. 11.).



Yactb II

PeanbHo-BpeMeHHas aHaNUTUKA

Io cux mop Hac He GeCIIOKOMJIO COCTOSIHME, B KOTOPOM MacCUBHbIE JaHHbIE
MOCTYIIAIOT B HAllle pacIiopspkeHue. Bce aqropuTMbl, ¢ KOTOPBIMU MBI 1O 3TO-
IO MO3HAKOMWINCDH, MOTYT ITPUMEHSITbCSI KaK K HEIIPEePBIBHO ITPYOBIBAOIIVIM
JaHHBIM, TaK ¥ K MCTOPUYECKMM OAHHBIM, OOMTAIONIMM B OOJIBIION cuUcTeMe
6a3 maHHBIX. B Tpex miaBax yacTu Il mpemcTaB/ieHbl ailOPUTMBI ¥ CTPYKTYPbI
IAaHHBIX (HAOPOCKM), KOHCTPYKTUBHbIE COOOPAKEHMS M KOHTEKCT MTPYMEHEHUS
KOTOPBIX 6bUIM OOYCI0BIEHbI HEIPEPhIBHBIM MPUOBITMEM KOPTEXel JaHHbIX,
MMEHYEeMBbIX [TOTOKaMU JaHHbIX. 34,eCh, M3-32 MUMOJIETHON ITPUPOLbI PacIosa-
raeMbIX JAHHBIX, AJITOPUTMBI TO/DKHBI paboTaTh 3GEKTUBHO U IPUCOEOVNHSITh
3HaHUS O IOTOKe Mocjie KaXXa0ro MpoOCMOTPEHHOTO KOpTeXa. ITO JOCTUTaeTCs
3a CYeT Mo AepyKaHMsI HaOpOCKOB MOTOKA JaHHbBIX. HeKOTOphIe M3 HUX, HAIIPH-
Mep CayJaiiHble BbIOOPKM, SIBJITIOTCS OOIIMMM M MOTYT OTBEYaThb Ha MHOTME
BOIIPOCHI O JaHHBIX. [Ipyrue, Takue Kak t-maiimKkect, 6o/ee crielanausupoBa-
HBI, ¥ JITOPUTM/CTPYKTYpa SAHHBIX afallTMPOBAaHbI [10OJ, BO3BPAaT KOHKPETHOTO
MpU3HaKa JAaHHBIX, HAIIpMMepP PasHbIX (XBOCTOBBIX) ITPOLIEHTHIEN. B 0bmmeM
U 11eJIOM IIpe[cTaBjIeHye O 60IbIIOM 00beMe JaHHbIX, KOTOPbIe IIPUOBIBAIOT C
HepaBHOMEPHO CKOPOCThIO U MOc/Ie 06paboTKM YXOOST B HEOBITHE, SIBJISIETCS
Xopolleii OTIPaBHO TOUKO AJ1s JaabHENINX IeViCTBUNA.
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NMoTOKOBbIE AaHHbIE:
cBeJeHue Bcero soeamHoO

OJTa IJlaBa OXBaTbIBAaeT dieayroiiye HMKe TEMbI:

® 03HaKOMJIEHMe C MOJIe/bI0 KOHBeliepa 00paboTKM MOTOKOBBIX JJaH-
HBIX U ee pacrpeneieHHbIM (HpeiiMBOPKOM;

m OIpefie/ieHNe CUTYyalluii, B KOTOPbIX MPUIOKEHMST TI0 00paboTKe
MOTOKOBBIX TaHHBIX ITepeceKaroTcsl C MOAEISIMU TOTOKOB TaHHBIX;

B BbISIBJIEHME MECT, II€ aJITOPUTMbI M CTPYKTYPbI HJAaHHBIX BIIVCbIBA-
IOTCs B IIOTOKM HAHHBIX;

m  GopmupoBaHye 6a30BbIX BHIYMCIUTENbHBIX OTPAHUYEHMIA Y TTOHSI-
TUIA, TPUCYIIUX TTOTOKAM JaHHbBIX;

E OCBellleHle BepOSITHOCTHBIX ITPENOChIIOK IJIST CAeAYIONMX ABYX
IJIaB.

B mpenpIAymux r7aBax ObLI MPeACTaBIeH PSIL aJrTOPUTMOB/CTPYKTYD JaHHbBIX
17151 bopMuUpPOBaHMsSI HAGPOCKOB (BaXKHO XapaKTepUCTUKI) OTPOMHBIX 00beMOB
IAHHbIX, 0OUTAIOIINX B 6a3e JaHHbIX, WV MIPUOBIBAIOIINX Y YOBIBAIOLIMX C MOJI-
HMEHOCHOJ CKOPOCTBIO, KakK Bbl yBuAenu us3 aaropurma HyperLogLog npu ero
NpMMeHeHNH JJIs1 HAOMIoIeHs 3a ceTeBbIM Tpad koM. B maHHO raBe ykazaH-
HbI€ aJITOPUTMBbI OYAYT 0600IIEHBI.

B mepBoii YacTy 3TOJ IJ1aBbl MbI He OyZeM MOAPOGHO paccMaTpUBaTh ajro-
pPUTMBbI 06pabOTKM MaCCUBHBIX JaHHBIX. BMeCTO 3TOro MbI 3aiiMemcsl CITyke6-
HO¥I paboTO¥ 1 M3yunM OoJiee MMPOKIUI KOHTEKCT, B KOTOPOM PacCMOTpPEHHbIe
K HaCTOSI[EMY MOMEHTY aJrOpUTMbl HaXOIST CBOe mpuMeHeHue. Ha maHHOM
sTare Heo6XoaMMO HauaTh paboTaTh C TOTOKAMM JaHHBIX, M OYEHb KCTATY Of-
HJM U3 €CTeCTBEHHBIX Cpe/i 0OMTaHMS ITOTOKOB TaHHBIX SBJISIIOTCS TPUJIOSKEHUST
10 KOHBeepHOii 06paboTKe TTOTOKOBBIX AAHHBIX U UX GoJiee MMUPOKast CUCTEM-
Hasl apxuTekTypa. Eciyu 5TO 3ByUMT CIAMIIKOM DPAcCIlIbIBYaTO, TO PEKOMEHAY-
eM 06paTuThcs K KHure «IloTrokoBbie maHHbIe» JHpIo I. [TcaaTuca (Manning,
2017)*. Bbl He IO/DKHBI IyMaThb, UTO Bbl KyIIWJIM KHUTY, KOTOpasi COBETyeT BaM

4 Streaming Data, Andrew G. Psaltis.
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KYIIUTh APYTYI0 KHUTY; Mbl IIPEICTaBMM 3[€Ch JOCTATOUYHO M3 TOTO, UTO BaM
rnoHagoburcst. OgHako, 6erno mponucras pasgensl 1.1, 1.2 u 1.3 kuuru Ilcan-
THCA, BBl CMOXKETE MPOSCHUTD BCE, UTO MPOOYIUT Balll MHTEPEC elle GOoJbIIe.
Mpbl 6yeM MCIT0/Ib30BaTh U ITIOKa3bIBaTh MOJIEJIb CMCTEMbI/KOHBEliepa 06paboT-
KJ TOTOKOBBIX AaHHbIX IIcanTuca, 4ToObl CO3[aTh YCIOBMS U ITOKAa3aTh, Kak U
rae MOKHO MCIIOJb30BaTh GMIbTpbl biriyma, Habpocky count-min ¥ MaCCUBBI
HyperLogLog st 5KOHOMUM BpeMEeHM/TIPOCTPAHCTBA B JAHHOM KOHKDPETHOM
apXUTEKTYPHOM JIaHAmadTe.

B mporiiom 06paboTKka MOTOKOBBIX JAHHBIX OblIa MCKIIOUEHMEM, IpemHa-
3HAYEHHBIM TOJIbKO [IJISI CUCTEM, KOHTPOJIMPYIOIIVX 0C000 BasKHbIE ITPOLECCHI
Ha SAEepHBbIX YCTAHOBKAxX WM CaMoJieTax, Ije GbICTpoe aBTOMAaTUYeckoe pea-
TMpOBaHMe Ha UTO-TMO60 HeOObIYHOE 03HAYAIO CIaceHle YeIOBeueCcKux Ku3-
Heil. C MosIBJIeHeM MHTEpHEeTa MUPMaIbl 3alPOCOB, OTIIPAB/ISEMbBIX I0Ib30-
BaTeJISIMM Ha CepBep MM B 06/1aK0 IO CBOEMY BbIOOPY, JIETKO KOHIIENTyaJbHO
MpeaCTaBUTh KaK IIOTOKOBbIE TaHHbIe. C IOSIBJIEHVEM MHTEPHETAa Belleii 1oboe
YCTPOJICTBO, JOCTATOYHO BHICOKOTEXHOJIOTMUHOE, UTOOBI M3MEPSITh U 3aTEM CO-
00IIaTh O CBOEM TEKYILeM COCTOSTHMM Ha HEKOTOPOE PacCTOSTHME, CTAHOBUTCS
OIHUM M3 MHOI'MX IIPOM3BOAMTEIE, IOJAI0IIMM Ha BXO/ LIEHTPAIM30BaHHOTO
cepBepa Ui o6jaKka IOCTOSTHHBIN MOTOK JaHHBIX. ITO IIPOUCXOIUT OBICTPHIMU
TeMIaMM, HeIlIpeICKa3yeMbIM M M3MEeHUMBBIM 00pa3oM.

ITOTOKM MOXKHO BU3YaJIM3MpPOBATh KaK HECKOHUAEMbIE MTOC/Ie0BATETbHOCTH
IaHHBIX ¥ OIPOMHbBIE HAOOPBI JAHHBIX, COCTOSIIME 3 MHOIOUMUCAEHHBIX KPO-
IIEUHBIX YacTeii, HO GOJIBIIYIO YacTh BpeMeH) Hac He 0C060 MHTepPecyrT 3TU
KpollleuHble yacTu. Borpoc tumna «Kakopa Obljia TOUHAS TEMIIEPATYPa, KOTOPYIO
3adukcupoBan gatunk M 1092 B 11:34 15 mas 2003 roma?» MOKHO YCIbIIIATh
TOJIBKO B CyJIie, M KaK pa3 IJIsd TaKuX Liejieii JaHHbIe XPaHSITCS B apXMBHOM Xpa-
Huuie. Ho Ha eskeHeBHOI OCHOBE HAC MHTepecyeT MMeHHO HecOBepIIeHHast
0011as1 KapTMHA, CBeIeHMs 0 KOTOPOJi IIOCTYIAIOT B pea/ibHOM BpeMeHM. Takast
06CTaHOBKA IPOTUBOPEUNT IIPUBBIYHOMY 06pa3y MbIC/IEN O TPaAUIIMOHHBIX Oa-
3axX JaHHBIX, Pa3pab0TUYMKIM KOTOPBIX OUE€Hb TOPASATCS TEM, UTO Te 0OecreunBa-
10T UIeaTbHYI0 TOUHOCTD, HO TI0 CBOMM COOCTBEHHBIM Yacam. PucyHOK 6.1 [1]
MpeacTaBisieT cobot Tpyboe M306paskeHe UCIOTb3YEMOTO MCC/IenoBaTeNIMU
aJropuTMa MOZENN 06pabOTKM IIOTOKOBbIX JAaHHBIX.

MBI rOTOBBI OOBSICHUTD IPUHIIUIIBI, 10 KOTOPBIM KOMIIOHEHTBI 9TOI'O BBICO-
KOYPOBHEBOTI'O IIpeACTaBeHMs MOTOKOBBIX HAHHBIX (pUC. 6.1) COOTBETCTBYIOT
KOHKPETHBIM KOMIIOHEHTAM ITOJTHOCTBIO Peaan30BaHHOTO 1 (YHKIMOHATbHOTO
MIPWIOKEHMSI TI0 06paboTKe IMOTOKOBbIX JAaHHBIX.

JIr060J4, KTO MOMBITAETCSI OOBSICHUTD aITOPUTM 00pabOTKY MMOTOKOBBIX TaH-
HBIX, IIOMECTUT ero Ha SIpyC MOJe/i KOHBeliepa MOTOKOBBIX NaHHBIX (puUc. 6.2),
IpenHa3HAYeHHBIN )11 aHaau3a. IMeHHO TaM, B CaMOM Cep/lie 9TOi CUCTEMBI,
ee pa3pabOTUMKY MPEICTaBIsIM cebe UCIIONb30BaHKe aaropuTtMa. Takoe «Cy-
SKeHMe TIOJIST 3PeHMSI» BBITJISIIUT TTOIe3HbIM JIJIS 11eJielt ero MOHMMAaHMs, HO OHO
3aTyMaHMBaeT o0Iee BUIEHNe, eI Mbl XOTUM Pa3BUTh MHTYUTUBHOE ITOHM-
MaHMe CUTyalMii, KOIJa B KauecTBe pellleHUs CJIeAyeT VCIIONb30BaTh (MIIbTP
bnyma.
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MNP OBN3NP OB AHHBIE 3AMPOCH!
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PucyHok 6.1 Mopenb 06paboTku NOTOKOBbIX AAHHbIX.
Mognenb 06paboTku NOTOKOBbIX AAHHbIX OTIMYAETCS OT TPAAULMOHHON CUCTEMDI
ynpasneHus 6asamu AaHHbIX TEM, YTO JaHHbIE NPOXOASAT Yepes NpoLeccop 1
Hebonbloi 06beM paboyeit NamMaTh, U OHU MO0 HUKOTAA HE COXPAHSIOTCS,
NMBO COXPAHSOTCA B apXMBHOM XPaHUIIULLE, KOTOPOE 0ObIYHO CIULLKOM BEMKO U
MeL1eHHO, 4TOObl ero MHAEKCMPOBATb U NPOBOAUTL TaM MOUCK.

TaM MOXHO HaWTW HYXXHble 31EMEHTbI, HO Mbl HE LO/MKHbI PACCUMUTLIBATL Ha TO,
yTo ByAem AenaTtb 3TO YacTo M BbICTpO. Becb peanbHO-BpeMeHHOM aHanu3
BbIMOMHAETCS «Ha neTy». CyLlecTBYIOT ABa TMMa 3anNpoCOB: CTAaHAAPTHbIE
(MK HeM3MeHHbIe) 3anpockl, KOTOpble HEOOXOAMMO BbIYUCIATb MOCTOSIHHO,
¥ UMMNPOBU3UPOBaAHHbIE*! 3aMpocChkl, KOTOPbIE BPEMS OT BPEMEHMU MOSBAAIOTCS
HEOXMOAHHO, M UX COLEPXKMMOE KOHTPOMPYETCS U3BHE

IlormycTM, HaM HYKHO OTOOpaTh HECKOJIbKO KOPTEXei MaHHbIX M3 IOTO-
Ka 3aIpoCoB, OTIIPABJIEHHBIX B 00/1aKO, HA KOTOPOM pa3MellleHa IOMy/sipHast
BebO-cTpaHuia Ui cayxkoba (ckaxkem, Google mny Amazon). BeposiTHO, MbI Obl
paspaboTany aIropuTM AJIsl paboThl ¢ YHUKAAbHBIM M]I Kakmoro 3ampoca. ITu
3aIpOChl OYIYT MPOXOIUTH SIPYChl cO0pa daHHwvix I 06pabomku ouepedeli c006-
weHulii, a hakTrueckuit OTOOP CaydaitHbIX BBIOOPOK 13 TIOTOKA 3aITPOCOB OyIeT

MIPOUCXOOUTD B sApyce aHaausa (puc. 6.2).

41 Aurt. ad hoc; cuH. 5KCITPOMTHBI, pa3oBbIit. — [Ipum. nepes.



7

MoToKoBblE AaHHbIE: CBeAEHME BCEro BoeanHo  *¢ 157

BXOJletE JAHHHIE KJMEHTBI @ X
€

Al \
Q%‘\ * EM-Bnn

OBPABOTKN A0CTYNA

JUAHHBIX O4EPELLEN K LAHHBM
COOBILEHNN PE3NAEHTHOE .
XPAHAMILE
DAHHbIX

AONTOBPEMEHHOE XPAHWMILE

PucyHok 6.2 MokasaHa o6was Moaenb KoHBerepa 06paboTKmM MOTOKOBbIX AAHHbIX.
Mpoun3BoAMTENM AAHHBIX MHULMUPYHOT NOAK/KYEHNS, B3aMMOLENCTBYS
C MPUNOXEHMEM PO3HUMYHOMO NpPOLaBLA

VHorma mojb30BaTe M OTHPAB/ISIOT 3aIlIpoC, HO He MOJIy4aloT IMOATBepsKae-
HIS O TIOJTyYeHMM. BO3MOXKHO, OHM BBIXOIST 3a IIPEeIeJIbl JOCITaeMOCTI CBOETO
curHana Wi-Fi. Jloruka BHYTpU yCTPOJCTBA MOKeT OTHPAaB/ISATh UAEHTUUYHbIN
3aIIpoC MOBTOPHO. B MTOre MBI MOAyYaeM [Ba MPAKTUUECKM UOEHTUUHBIX 3a-
npoca. ! Terepb y HaC BO3HMKAET MPo06/IeMa, IOTOMY YTO Mbl HE XOTUM, UTOObBI
TaKO¥ IMOCTOPOHHMII IPOLIECC BN Ha B3sTHE BbIGOPOK. EC/IM OCTaBUThH Iy6-
JIMKAThI KaK €CTh, TO HaIll aAJITOPUTM (POpMIUPOBaHKS BHIOOPKM OyaeT OTOUpaTh
9TU Oy6IMKaThl BO MHOTO pa3 ualle 13-3a HaJIUUMUS UOAEHTUUHBIX KOIN I10
CpaBHEHMIO C 3aIIPOCAMM, KOTOPbIe GbIIM MOTyUYeHbI TOJBKO OAMH pa3. [IoMHM-
Te, Mbl HAUMHAJIM C sipyca aHanm3a? Ho, moxoxke, ISl UCIIONIb30BAHMS Halllei
TOTOBOJ Bepcuy aJropuTMa (GopMMUPOBAaHUSI BHIOOPKM HEOOXOAMMa KaKasi-TO
npeno6paboTKa MOTOKOBIX JAHHBIX Iepef, IPYyCcoM aHaau3a. B 3Toit cutyauum
T0JIE3HO CIeJIaTh May3y U MOHAOI0NaTh 3a HAIlIMM IUIAaHOM B3SITHUsI BBIOOPOK B
cucreme B meioM. OH MpeBpaTUICS U3 IIPOCTOT0, TOTOBOIO K MOIK/IIOUEHNIO U
MICITOJIb30BaHMIO aJITOPUTMA, OTPAHUUEHHOTO IPYCOM aHa/I13a, B KOMITO3UTHBbI
aJTOPUTM IpenobpaboTKy III0C GOPMUPOBAHMS BBIGOPKI, KOTOPBI pacipo-
CTpaHsIeTCS Ha apXUTEKTYPY MOTOKOBBIX TaHHBIX ellle mmpe (puc. 6.2). Heo6xo-
IyMasi IenyIIMKaLys IIPOUCXOINUT Ha sipyce 00paboTKM ouepeneii COOOIe M,
CJ1IeOBATEIbHO, aJITOPUTM (POPMIUPOBAHMST BHIOOPKY BO3MOKEH TOJIBKO B TOM
cIydae, eci MOKHO OyIeT BBINOJHSTh AeOYIUIMKAILIMIO JOCTATOYHO OBICTPO.
BHe3arHo Mbl, BO3MOXKHO, IPUAEM K MBICM O AeAYIUIMKAIIMN, YIyUIIeHHO 3a
cueT GuabTpa BayMa, KOTOPYIO MBI OIMIIIEM T1033Ke B 3TOJ I/IaBe.
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HecMmotpst Ha To uTO anropuTmbl dunbTpa bayma, HyperLoglog 1 ¢gopmu-
pPOBaHMS BHIOOPKM M3 MOTOKA MpeaHa3HaueHbl /IS UCIIONb30BaHMUSI B paMKax
6e30I1acHOT0, KOHTPOJIMPYEMOTO Sipyca aHa/Iu3a, pU UX MPUMEHEHUN OHU Op-
TaHMYHO CO3HAIOT CPeIy B3aMO3aBUCUMBIX 3a7au, peliaeMbIX ITyTeM UX IPU-
MeHeHMs B II0C/IeJoBaTeIbHOM ITOpsiaKe JIMbo B aHcaMoie.

MbI Hauaau C TEOPETUUYECKOTo B3IJISNA, KOTOPbI MCIIOAb30BAJICS [IJIS I10-
CTPOEHMS TUX AJTOPUTMOB (pUC. 6.1), HO camu IO ce6e OHM CTaIU CAUIIKOM
He3aMbICJI0BAThIMM, YTOOBI pPelllaTh 3aauy B3SITHS BEIOOPOK 13 ITOTOKA. 3aTeM
MbI PaCIIMPUIN IT0JIe 3PEHUS U YBUIEIU, UTO IIPUJIOKEHNE IT0 06paboTKe MOTO-
KOBBIX TaHHBIX SIBJISIETCS €CTeCTBEHHO Cpeoit 06MTaHMs TaKMUX aITOPUTMOB, C
YYEeTOM BCEX €ro IPyCcoB. DTO eIMHCTBEHHbIN ITyTh, KOTOPHIM HOBUYOK B JAHHOIA
06/1acT¥ MOXKET pacIio3HaTh O6IIMe YepThl B Pa3sHbIX 06/1aCTIX MIPUMEHeHNs,
MpUYEM 3TU OOIIVe YepPThI SIBISIOTCS KIIOUYOM K YCIIEITHOMY Pa3sBUTUIO MPaK-
TUYECKMX HAaBBIKOB I10 JAHHO TeMe. B mpeabIayIyX [JiaBaxX Mbl YiKe BCTpedasin
WJUTIOCTPATHUBHBIE ITPYMeEpPBI MCIIOb30BaHMS KaXKIOr0 aJTOPUTMA / CTPYKTYPbI
IaHHBIX, HO C KOHBeiepoM 00paboTKM ITOTOKOBBIX JAHHBIX (PUC. 6.2) Y HAC eCTh
IIAHC YBUIETDh X B TECHOM COIOCTABJIEHUM, UCITOb3YeMbIMM [JIJISI Pa3HbIX I1e-
JIeil, HO CITOCOOCTBYIOLIMMM PELIEHNI0 OIHOI U TO¥ 3Ke II106aJIbHOI 3a0aun.

MbI 6ymeM MCII0b30BaTh PUC. 6.2 IJIS OMYCaHUs 00IIeli SBOIONNY TaHHbIX
B paMKax KOHBejiepa 00paboTKM IMOTOKOBbIX JaHHbIX. [laHHbIE KOHCOMUAUPY-
IOTCSI B LIEHTPaIM30BaHHOM I[eHTpe 00paboTKM JAHHBIX, KOTOPbINi OObeIHSI-
eT JaHHble, BO3MOXKHO, MPUObIBAIOILNE 13 PasHbIX reorpadguueckux paioHOB.
3mech MOXKeT IIPOMCXOAMTh IIpeobpasoBaHue, oboraiieHne U mnpesoopaboTka
JaHHBIX. 3aTeM JaHHbIe OTIIPAB/SIOTCS Ha cepBepbl 06pabOTKM ouepemeit co-
00611eHnit (COGCTBEHHOE WM CepuiiHOe 060pymoBaHMe, COGpaHHOe BOKPYT 06-
JIAUHOJ CJTY3KObI), KOTOPBIE TIPOBEPSIIOT I, II0 BO3MOXKHOCTHM, BOCCTAHAB/IMBAIOT
CTPYKTYPHYIO, BpEMEHHYIO U, BO3SMOKHO, IIPUUMHHO-C/I€ICTBEHHYIO COIIACO-
BaHHOCTH JaHHbIX. C MOMOIIbIO HapagurMbl 06paboTKIM ouepemeit cooOeHMit
9TOT SIPYC yCTaHABAMBAET U MOAAEPKUBAET 6ajaHC MeXIY CKOPOCThIO MpriemMa
OAHHBIX OT COOPIIVMKOB M CKOPOCTHIO MOTpebeHs JaHHbIX CO CTOPOHBI Apy-
ca aHanu3a. Takast 6ajaHCUPOBKA MOKET MPOMCXOIUTH M3-3a TOTO, UTO SIPYC
aHanu3a TpebyeT 60Jblie BHIUMCIEHMIT 10 CPABHEHMIO C TeM, UTO IIPUXOMUT-
Cs1 menaTh IPOU3BOAUTENISIM IIPU Ilepenavue AAHHBIX Ha sApyc coopa. A pasbda-
JIAHCHPOBKA K€ MOKeT JIErKO MPUBOIUTH K Ie€PEHACHIIIeHHOCTI JaHHbIMM UK
cbpacviearuro Hazpy3ku*? (BBIHYKIEHHOMY OTCEBY HEOOPaOOTaHHBIX KOPTEXKEIH)
U, CJIeHOBaTeIbHO, K IIOTepe AaHHbIX. HakoHell, JaHHbIe MTOCTYIIal0T Ha SIpyC
aHa/N3a, TIe BhIUMUISIOTCS Y MOAAePSKUBAIOTCSI pasHble pe3ioMe (IT0/I)IT0TOKOB
IAHHBIX, IPOU3BOIMUTCS BEIOOPKA 13 IIOTOKOB 1 OTBEThI HA HeIIPePbIBHAIE U M-
MPOBM3UPOBAHHbIE 3aIIPOCHI. 3aTeM IOTOK OTBETOB Ha 3aIIPOChI C Ipyca aHaIu-
3a IepechlIaeTCsl PasHbIM MOTPEOUTENIIM JaHHbIX Ha «IIepudepun» CUCTeMbI
06pabOoTKM ITOTOKOBBIX JAHHBIX, TAKMM KaK IMPUOOpHbIE MaHeIy JaHHbIX, TPU-
JIO’KEHMe T10 peaibHO-BpeMeHHOI MpoJaske peKaaMbl I KaKoe-TO aBTOMAaTH-
3MPOBAHHOE MPUJIOKEHME T10 YIIPABAEHNIO ITPOMBIIIIEHHBIM ITPOU3BOICTBOM.
Vip-d! IMonayunnoch HeMaio, HO MbI IOMECTMIN TyHa BCe MPUIOXKeHue 110 00-
42 Anrn. load shedding. — IIpum. nepes.
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paboTKe MOTOKOBBIX JAaHHBIX. IIoTEpINTE — TO, YTO BOCIIOC/IEYET, OyIeT MeHee
TeperpykeHo.

Pasgen 6.1 WULTIOCTPUPYET OPTaHMYECKYIO CPely 0OMTaHMSI, KOTOPYIO ITPUJIO-
SKeHMe 110 00paboTKe MOTOKOBBIX TAaHHBIX CO3AET IJIS PACCMOTPEHHBIX paHee
aJTOPUTMOB. B IIpuoskeHMUM 1Mo 06paboTKe MOTOKOBBIX JAHHBIX OHM OOHApy-
SKMBAIOTCSI BIIOJIHE €CTeCTBEHHBIM 00pa3oM. I[IpuBemeHHbIE B 3TOM pasieie
MpUMepbl UCIOIb30BaHMSI AO/IKHBI ITOMOYb BaM pacIlio3HaBaTh 3a7auM, KOTO-
pble B KOHTEKCTE MaCCMBHBIX TAHHBIX, TAKMX KaK KOHBeiep 00paboTKM ITIOTOKO-
BBIX JAHHBIX, XOPOIIO IMOAXOIST IJISI peIlleHUsI, TIPUMEeHSIST HalllMX TPeIbIAYIINX
3HaKOMbIX (puabTp Bayma, HAGPOCOK count-min) ¥ HamMUX OYIYIINX, O KOTO-
PBIX BbI ellle y3HaeTe U3 CJIeAyIoMMX I1aB. bymeM HamesITbCsl, YTO 3TO ITOMOXKET
BaM pa3BUTh HaBbIK KOHIIEHTPALIMM BHMMAaHMS Ha TeX YacTSIX CUCTeMbI, KOTO-
pble SIBJISTIOTCSI pellleHieM Y3KOJI0Ka/IM30BaHHOM 3a4aui, M HaBbIK PACIIMPEHMS
T10J1s1 3peHMs, A0 BbICOTHI IITUUbErO I0JIeTa, Ha pacipeneaeHHble MPUIOKEHUS C
MHTEHCHMBHBIM MCITOTb30BaHMEM TaHHBIX, OT UX «MCTOUYHMKA» 10 «IIPMEeMHMKa».
IIJIs Tex U3 Bac, KTO BCe elle HEOMBITEH B IPUJIOKEHMSX 110 06paboTKe MOTOKO-
BBIX IAHHBIX, 9TO OYIET MAaHC 6e30ITacHO YBUAETD «JIOTOBO 3BEPSI».

B paspmene 6.2 Mbl BBOAMM HaTMBHbIE [IJISI TIOTOKOB MAHHBIX MMOHSITUS, KO-
TOpbIe YIPaBJSIOT YCTPOMCTBOM aJTOPUTMOB, U OIpenessieM MPUCYIIe UM
OrpaHNYeHUsI, B COOTBETCTBUM C KOTOPbIMM TaKye aJITOPUTMbl KOHCTPYUPYIOT-
cs1. O6pa3HO roBOPS, MbI CykKaeM IOJjIe 3pPeHMs], COCPeAOTOUMBASACh HA YACTIX
puc. 6.1. MbI OO/KHBI OBITH B COCTOSIHUM PacIIO3HABATh 3TU OrPaHMUYEHMST KaK
HEMYTUPYEMbIii MIpU3HAK MPOLEeIyPbl TeHEPUPOBAHUS JAHHBIX, YTOOBI BbIpa-
OaTbIBaThb paboTalolee B MX paMKax pemieHue. [IJis TOCTMKEHMS STOM IIen
MbI peKOMeHyeM ITpounTaTh KHUTY [IcanTica, KOTopas B COUeTaHuM C JaHHOI
KHUTOJ CO3IaeT BCECTOPOHHMUIT ¥ MOIIHBI/ HAOOp MHCTPYMEHTOB 00PabOTKMU
ITOTOKOBBIX TAHHbIX.

B paspesne 6.3 Mbl BO3BpalllaeMcsl K TEOPUM BEPOSITHOCTH, JieXKallleli B OCHO-
Be B3SITUSI U OLI€HMBAHMSI BBIOOPOK, ITOCKOJIbKY B IVIaBe 7 3HAKOMMMCS C ajro-
puTMaMy (GOPMUPOBAHMST BHIOOPOK 13 ITOTOKOB. EC/IM BbI XOTUTE HAYUMUTHCS
MOIMGUIIMPOBATh M3HAYaJbHbIE AATOPUTMbI M 3aJaBaThb aJallTMPOBaHHbIE
rapamMeTpbl B COOTBETCTBUM C Ballleii KOHKPETHOI CUTyallueii, To, BEepOsITHO,
BaM CJiegyeT MpopaboTaTh 9Ty YaCThb, ITOCKOJIbKY €N Tepel BaMy OKasKeTCst
KPYIIHbBII 00beM TaHHbBIX, Jajke He3HAUNUTEIbHAs II0IIPaBKa MOKET IIPUBECTY K
3HAYUTEIbHOI SKOHOMUM MIPOCTPAHCTBA/BpeMeHN. B 0CTalbHOM 3Ke BbI MOXKeTe
0eryo MpoIMCTaTh STOT MaTepuas, YTOObI Ballly I71a3a IIPUBBIK/IN K 0003HaUe-
HMSIM, TIOTOMY UTO MbI Oy/IeM MCIT0JIb30BaTh UX B IJIaBe 7.

6.1 Cucrema 06paboTKn NOTOKOBbIX AAHHbIX:
MeTanpumep

Ha puc. 6.2 mokasaHa Mofejib KOHBeliepa 06paboTKy ITOTOKOBBIX JaHHbIX. Ciie-
IyeT YUUTBIBATh, UTO HA IIPAKTUKE M300paskeHHbIe SIPYChl OTIMYAIOTCS IPYT OT
Ipyra He Tak 4yeTKo. Kak MbI yBUIMM, YKa3aHHbIe SIPYChl HEPEIKO HAK/IaabIBa-
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IOTCSI: HEKOTOPbIE YaCTU CUCTEMbBI COAepsKaT 3afaHusl, KOTOpbie Helb3sl YeTKO
OTHECTU K OTHOMY SIPYCY.

ITowte mpuMepa CO B3SATHMEM BbIOOPOK M3 3alIPOCOB 3TO HE JODKHO BbI3bI-
BaTh ynyBJieHVs. KoHBeliepbl 00pabOoTKM ITOTOKOBBIX JAHHBIX COAEPKAT OIPOM-
HO€e 4MCJIO KOPTeXKei OJaHHbIX, KOTOpbIe IIPOJIeTaloT 110 BCel X ajauHe. U Kak
Bbl YBUJIVTE, €AMHCTBEHHAs pa3HMIla 3aKI0UaeTCs] B KOMIIOHEHTaxX KOpTeXeil
IAaHHBIX, 00pabaThIBa€MbIX HAIIMMM AJITOPUTMaMM, TO €CTb OTIIPaB/SIEMBIX,
SMUTHUPYEMBIX, BCTAB/ISIEMBIX B OUepeay, TPAaHCIIOPTUPYEMBIX, TPUHUMAEMBbIX
Y QaHAJIM3UPYEMbIX KOMITOHEHTaxX KOPTeKeil TaHHBIX.

MpbI 3HaeM, UTO Hambosiee 00IIast MOIE/Ib IePeChUIKM JaHHbIX 10 HEKOTOPOii
CeTy BKJIIOYAeT B ce6st IT0 MeHbIleil Mepe 1Ba KOMITIOHEHTA: MeTafaHHbIe U I10-
JIE3HYIO HAarpy3Ky. MbI YBUAMM, UTO B 3aBUCUMOCTY OT MECTa B KOHBeliepe obpa-
GOTKM ITOTOKOBBIX TaHHBIX, B KOTOPOM MbI HAXOMMCSI, MeTaJaHHbIE U TToJIe3HAasT
Harpyska MOT'YT MEHSITb CBOJ MOATEKCT. DTO O3HAUaeT, YTO 10 XOAy KOHBeliepa
Mojie3Hasl Harpyska (3ampochbl) MHOTAA CTAHOBUTCS [AJ1S1 KOPTeXKa NaHHBbIX Ha-
KJIQTHBIMM M3Oep>KKaMM, TOrma Kak MeTajaHHble (VHMKaJIbHbIE MOAEHTUDU-
KaTopbl 3aIIpOCOB) CTAHOBSTCS aKTyaJbHbIMM [JISI aHaaM3a B 3aBUCUMOCTU OT
MecTa BHYTPU KOHBeliepa, B KOTOPOM MbI HaXOIMMCS B TAaHHbIIT MOMEHT.

6.1.1 CoeamHeHune Ha ocHoBe punbTpa bayma

IIpencraBbTe cebe KPYITHOTO PO3HUYHOTO MPOAaBIia, KOTOPbIi ITPOIaeT CBOU
TOBaphbl OHJIAH M B MarasmHax. Ilom sToT nmpodumiab nomxomut Walmart wim
Whole Foods. Y KoMITaHMM MOKET BO3HMKHYTh IMIOTPEOGHOCTh B peaibHO-Bpe-
MEHHOM (BO3MOXKHO, ITOUTM pPeajbHO-BPEMEHHOM) aHa/in3e (QYHKIMOHAJIb-
HOJi accoluanyuy Mexay IabjoHamu KiamMkoB 1o ee URL-agpecaM U JaHHBIMU
0 CIenKax KyIUIM-TIPOAaku. BO3MOXXHO, OHM 3aXOTSIT ONTUMM3MPOBATh CBOKO
CTpaTeruio CTaBOK B PeaJibHO-BPEMEHHBIX PeKIaMHbIX KammaHusax (http://mng.
bz/g4pR). B Hallly THM HET HUYETO HEOOBIUHOT'O B TOM, UTO ITOJOOHOTO pOfa JaH-
HbIe XpPaHSTCS B IBYX pPa3HbIX CHCTeMax 0a3 JaHHbBIX, CO37aBasl TaK Ha3bIBae-
Moe rMOpuaHoe XpaHwuiie. JJaHHbIe 0 Ipomaykax IJiss KOMIIaHuM 6ojiee LieH-
HbI; C/IeJOBATeIbHO, OHM HEPeIKO HaXOASATCs B IapasiielbHOl 6ase JaHHbIX Ha
BBICOKOIIPOM3BOJAMUTENIbHBIX CEpBEPax WM KOPHOPATUBHBIX CKAaAaX AaHHBIX
(EDW)#, Torma Kax AJIsl JaHHbIX IOTOKA KJIMKOB MOXKET ObITh JOCTATOYHO IPO-
MBIIIIJIEHHOJ CEeTM CepBepOB, TAKOJ Kak pacrnpemeneHHas daiaoBas cucrema
Hadoop*.

Ha HacToSIIMiI MOMEHT MbI OyZIeM MCXOOUTb 13 TOTO, UYTO KOPTEXM AaHHBIX
II0TOKA KJIMKOB IIPMOBIBAIOT M XPAHSITCS B paciipenesieHHoi (aiiyioBoii cucTemMe
Hadoop (HDFS) 1 MbI XOTMM COeAMHSTDH JaHHbIE TTOTOKA KJIVKOB U TaHHbIE 00
OHJIAMTHOBBIX MTpoAaXkax. JIJisi 3TOro Mbl 6yIeM MCII0b30BaTh cToo el IP-agpe-
Ca B KauecTBe K/II0Ya CoeIyHeHUsI. 3eCh, IjIs1 KpaTKOCTY, Mbl a6CTparmpyemcst
OT HEeOOXOAMMOI BpeMeHHO! OM30CTH, KOTOPYIO COeIMHEHME OO/DKHO YUM-
ThIBaTh. C OHJIAIHOBO TTOKYITKOW COIOCTABJISIFOTCS TOJIBKO T€ KJIMKU, KOTOPbIE

4 Aurmr. enterprise data warehouse (EDW). — ITpum. nepes.
4 Anrn. Hadoop Distributed File System (HDFS). — ITpum. nepes.
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PaCITOIOKEHbI O/IM3KO0 IO BpeMeHM K OHJIaifHOBOI ITOKYIIKe C TOTO ke IP-agpe-
ca. B maHHOM CJTydyae Ham HYKHO COeAVHSITb ITOKYIIKM, ClleJlaHHbIe ¢ IP-anpe-
COB, C KJIMKaMM, CAeJIaHHbIMMU C TeX ke IP-agpecoB rpuMepHO B TO BpeMs, Koraa
ITOKYITKa Obl/Ia 3aperucTpupoBaHa (CM. puc. 6.3).

BPEMA TOBAP ' LIEHA | 77— 1P [BPEMS'TOBAP LEHA AEACTBHE
‘ w3034 4 20 P MPOL. 3AMPOCA P9 w0 4 20 CLICK
IP409:5 4 20 IPow, samPocR). | | 1P2 |80 2. 4O ADVERT
P2 0920 2. 4 : e I i T Y
| 10:08 0 P4 |03:43 2 10 CLICK
P\ 2 10 MIP4 050 5 45 LIKE
1PElo:4S ] 20 7 oo 4 20 LIkE
/ﬁ ) [100 3 35 DISLIKE
_=Jd3(101s 4 20 LIKE
ﬁz
P | HA4ANO KOHEL,  |KYMEHO| LIEHA | norpasuocs| He noeABHAOCs] « o o
1Py | 09:14 10:15 1 20 1 3
(] 08:00 10:05 |42 20,10 2 _
P2 082! 09:20 | 2 10 - _
175 | 08:22 10:45 |1 20 [4,% -

A\

J ) HA SPYC OBPABOTKN OHEPEAENR COOBLEHNA

PucyHok 6.3 O6MeH mexxay EDW nepep, coefMHeHUeM, peanm3oBaHHbI
C NOMOLLbI0 BbICTpOM NapannensHon 6asbl AaHHbIX (cnesa) u HDFS (cnpasa).
Mepep TeM Kak AaHHble 0 GUHAHCOBbIX CAENKAX KYMIM-NPOAAXKM OTMPABNAHOTCS
co ctopoHbl EDW, 0be cucteMbl xpaHeHus obMeHnBatoTcs dunbtpamm bnyma ans
Noay4yeHns B3aMMHOTO Ktoda coeamnHeHus (IP-appeca). Kaxaas ctopoHa ncnonbsyet
dunbTpbl ByMa B kavecTBe KpuTepus, 4ToObl MAEHTUOMLMPOBATL KOPTEXM, KOTOPbIE
OyayT y4acTBOBaTb B OKOHYATeNbHOM coenuHeHun. 3ateM HDFS MoxeT cTtacoBaTtb
TONbKO HEOBXOAMMbIE AAHHbIE MEXAY CBOMMMU y3/1aMU U NEPEMECTUTb MUHUMASbHbIN
006beM AaHHbIX Ha y3eN, KOTOPbIK BbINOHUT NOC/IEAYHOLLEee COelMHEHNE.

EDW onpenenut IP-agpeca, kotopble He 6binn ykasaHbl B HDFS, u otnpasut
TONIbKO Te, KOTopble ByayT y4acTBOBATb B OKOHYATENIbHOM COEAMHEHMUMN.
bnarofaps 3ToMy AaHHble O MNOKYMNKe 060ralaTCs KOMMNOHEHTOM MOTOKA KIMKOB C
aToro IP-agpeca 1 MOryT B fanbHeNLWEeM UCMONb30BATLCS B KAYECTBE UCTOYHMKA AAHHbBIX
B rMOpPUAHOM KOHBEMEepe NOTOKOBbIX AAHHbIX
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MOSKHO JOMYCTUTD, UYTO 00e 6a3bl JaHHBIX OUE€Hb BEJIMKY, HO IIPU STOM CTO-
poHa HDFS 6osbliie, UTO SIBJISIETCS MPaBIONOI00HBIM IOITyIeHeM. Mbl KOH-
LEeHTPUPYeMCsSl Ha MMHMMM3AILMKM pa3Mepa Tabjaull, KOTOpble HeOo6XOmMMO
TPAHCAMPOBATh MEXIY STUMMU JBYMS CUCTEMaMM, YTOObI peasn30BaTh JKeja-
e€MYIO OIlepalyio CoOeqMHEeHMsI. 32 CYET ITOTO OYIYT S9KOHOMUTHCS ITPOIYCKHAS
CTIOCOOHOCTh ¥ BpeMsi, B OCOOEHHOCTM KOTZAa MpMMeHsieMble K Tabauiam Jio-
KaJIbHbIE TIPeIMKAThI M/UIV MPOEKIMM He CUIbHO U36UPaTebHbI (Mbl ITPUXO-
IVM K Tabauiiam, KOTOpble HEHAMHOTO MEHbIIle BCeX JAaHHbBIX, XPAHSIINXCS B
cUcTeMax XpaHeHus).

OG6bIuHas CTpaTerusl B TAKOM C/Tydae 3aK/I0YaeTcsl CHavaaa B CO3AaHum Ory-
MOBCKOro ¢puabrpa (PB) Kaoua coemyHeHMs] Kaska0i CTOpoHO#. [laBaiiTe m0-
ITyCTUM, YTO OKOHYATe/IbHOEe CoeAyHeHMe rpoucxoauT Ha ctopoHe HDFS; Tor-
na rnobanbHblil GuibTp Biyma (PB, ) Ha cropone EDW, BblumcIeHHbI 115
cTonbua IP-ampeca, OTIpaBiseTcs KakAoMy IIpoileccopy 3ampocoB HDFS*
(camoe BpeMms B3IVISIHYTh Ha PUC. 6.3). 3mech OH MCIO0JIb3YeTCsT KaK TUIT ITpeay-
Kata (bwibTpa) IS UAEHTUDUKALUY Pe3yIbTUPYIOIIeil TabJIUI[bl MEHbIIEro
pasmMepa, KoTopasi 6yIeT yuacTBOBaTh B OKOHUYATETbHOM COeqVHeHMN. B cryuae
eC/iM TaHHble TOJ/DKHBI TaCOBAThCs MeXIy Ipoueccopamu 3anpocoB HDES, To
repeMeInaThCs JOKHbI TOMbKO JaHHbIe C KIII0YOM coenyHenus B @b, (¢ Tou-
HOCTbIO [TO JIOKHOIOMOKUTEMbHO YacToTel @b, ). 3aTem cTropora HDFS cos-
laeT CBO1 ITI06aIbHBIN @b, 1 oTmIpaBsieT ero cropoHe EDW, mcronb3yioriei
€ero 1J151 fajbHeinero COKpalieHms Ynuciia nogjexkalmux oTIpaske cTpok. [locie
TOrO Kak BCe 3TO OymeT caenaHo, cropoHa EDW oTIipaBiisieT pes3y/bTUPYIOIIYIO
TaOGINITy CBOEM MCXOAHO TabnIle mocie MpUMeHeHs TPeaMKaTOB, TPOeKIINIA
u ®B_ . Biarogaps Takomy JIBYITYTHOMY MCIIO/Ib30BaHMIO (puIbTpoB Biayma 1o
ceTu GyOyT OTIPABISITHCS TOABKO Te 3aMMCH, KOTOPbIE YUACTBYIOT B COeIMHE-
HUM, ¥ OYIEeT UCIIOIHSITHCSA TOJIbKO HeOOXOaMMas pacTacoBKa JaHHbBIX MEXKIY
nporeccopamu 3amnpocoB HDFS Ha cropone Hadoop.

YnpakHenue 1

Terepb maBajiTe KOHKpPeTM3MPyeM Hallle coeMHeHMe Ha OCHOBe (puibTpa
Bryma“. JIjist SCHOCTM JTOTMTyCTUM, UTO ITOKYTIKA — 3TO KOPTEK, COIepsKalinii Bpe-
M B MWJTMCEKYHIaxX (3aHMMast 4 6aiita), IP-ampec (4 6aiita), Clycok mpuobpe-
TEHHBIX TOBAPOB (MX KOJbI U T. A1.) (64 K6) 1 utoroBywo cymmy (8 6aiT). Knnkn
Ha cropoHe HDFS TakoBbI: KOpTexxu Spartan XpaHST BpeMs B MWIIMCEKYHAAX
(4 6atita), IP-agpec (4 6aitta) u URI (64 K6). MbI MOKEM JIOMTYCTUTD, YTO TTOKYTI-
KU U KJIUKA «TIeperuieTaTCs» € MOCTOSSHHOM 4acTOTOM, YTO MO3BOJSET IOf -
IlepKMBaTh COOTHOIIIEHME KIMKOB K TTOKYIIKaM MOCTOSIHHBIM; B HAIlleM CTyyae
45 KIMKOB/TIOKYTIKA. Bce 10y KIMKAIOT, HO HEe BCE UTO-TO MOKYTAIOT.

IorrycTm, UTO Ciefyioiiee coeHeHe MPOMUCXOINUT TIOC/e TOTO, KakK OymeT
coBeplieH 1 MJTH HeCOBMAAAIOIIMX MOKYTIOK. KakoB 661 O6bI pa3mep mepemaH-
HBIX JIAHHBIX, KOTOPbI Mbl O COXpaHWIIN, 3a]1€/iCTBOBAB 37eChb GuibTp Biryma
C JIO>)KHOTIOJIOXKUTEeNbHOM yactortori 0.1 %7?

4 Aum. HDFS query processor (HQP). — ITpum. nepes.
46 Aumt. Bloom-join. — ITpum. nepes.
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IlaBajiTe IOCMOTPMM, [[le B KOHBeliepe 06paboTKM MOTOKOBbBIX JAHHBIX BCE
9TO TOJBKO UTO Mpou3oILIo. Takue coemuHeHMsI Ha OCHOBe (GuibTpa Biryma
MOTYT YCTaHABIMBAThCS Te-HUOYIb Ha spyce cOopa B paMKax MOKa3aHHO Ha
puc. 6.2 cxeMbl. DTO IIar oboraiieHus/Ipeno6paboTKY JaHHbIX, CTYKALIMI [IJIsT
reHepUpOBaHMSI JaHHBIX, KOTOPBIE MOAXOAST JIS1 OTBeTAa Ha MHTePeCYIOIIii BO-
IpOC 13 00JIaCTY IesITeJIbHOCTY KOMIIaHuM. B co3maHHoit Ha ctopoHe HDES pe-
3YIBTUPYIOIEN TabaMIle COXPaHSIIOTCS Mapbl TEMIIOPAIBHO GIM3KUX KIMKOB U
MMOKYTIOK C OAHOTO U TOTO e [P-anpeca (puc. 6.3) miu, TOuHee, BCe UX MOJIS. 3a-
TeM 3TOT IIPOLIEeCC MOXKET CIYXXKUTh CBOEro po/ia HempepbIBHBIM ITPOU3BOAUTE-
JieM 11 ppeiiMBOpKa 00pabOTKM IIOTOKOB JaHHbIX (Hampumep, Apache Kafka).
IMaps! (CTPOKM B Pe3yIbTUPYIOLIEi Tabmuiie; puc. 6.3) 3aTeM mepenaloTcs s
00pabOTKM B OUepesix, aHaaM3a M MCII0JIb30BaHMSsI, BO3MOKHO (ITIOUTH) B peaib-
HO-BPe€MEeHHbIX MHAMBUAYIU3VPOBAHHBIX PEKIaMHbIX KAMIIAHMSIX.

6.1.2 lepynnukauus

/13-3a BBICOKO¥ 4YaCTOTHI ITpyeMa reHepypPyeMbIX TPOV3BOAUTEISIMI TaHHbBIX
", KaK C/IeficTBME, GOJIBIIOrO ITOTOKA (BO3MOKHO) MPemoO6paboTaHHbIX JaHHbIX
10 KOHBeliepy KaskAblil MOKAa3aHHbIN Ha pUC. 6.2 SIPYC COCTOUT U3 OOBIIOTO
ylC/Ia COeIVHEHHBIX Uepes CeTh Y3JI0B (MalllliH). DTY BbIUYMCIUTEIbHbBIE Y3JIbI
peayn3yIoT 3aiaHye CBOEro sipyca B IapayieIbHOM PeskiiMe HacTOIbKO ObICTPO,
HAaCKOJIbKO 3TO BO3MOKHO. SIpyc 06paboTKM ouepeeii cooOIIeHnii peqHasHa-
yeH IJIs1 TIpeloTBpalieHus c60eB, MOTePU MaHHBIX (M3-3a Pa3sHO CKOPOCTU
TeHepMpPOBaHMS U MOTpe6eHusT JaHHbIX), peanusaluy AeAyIIMKaluu, ecin
9TO HEeO6XOMMMO, U T. . YKa3aHHbIe MeXaHM3Mbl obecrieueHmnst 6e30macHOCTI
10 CBOEJi CYTH BJIEKYT 3a COO0Ji HEeKMe LIary yperyJiupoBaHus MeKAY y3aaMu,
OTC/IeXKMBAIOIINE TaHHbIe, KOTOPbIE MTPOITYIIeHbI Ha SIPyC aHaM3a, ¥ BCe Mocye-
oyloliee.

V3J1bI Ha sIpyce 06pabOTKM ouepeny cOOOIIeHMiT 0OBIYHO HA3bIBAIOTCS 6pO-
Kepamu, ¥ B JOIOJIHEHME K ITOJepsKaHMI0 COIIACOBAHHOCTY ouepemeii coo6-
IIeHViT OHM BBIMOJHSIOT ApYyryue Imaru npenobpaborku. Kak B mpumepe ¢ 3a-
MpocaMu, B3aMOECTBYSI C Be6-CcaiiTOM PO3HMYHOIO IPOAABIIA, TOTPeOUTENb
MOJKET MOTePSTh 6€CITPOBOIHYIO CBSI3b WJIM BOWTU B TUGT U MPOIYCTUTD IO~
TBEPKIEHNE CO CTOPOHBI cepBepa 06 OTIIpaBJIeHHOM IIaTeXe, M TOTA MOOGUIb-
HOe TIPWIOXKEHME TIOIbITAeTCS CHOBA OTIPAaBUTh TOT K€ IIATEKHBIN 3arpoc.
9TO MpUBEJIO ObI K TOBTOPHOMY IIaTeXy. Hu mOTpe6uUTesnsIm, Hu KOpIIopaTUB-
HBIM CHCTEMaM IOBTOPSIONIMECS TUIaTEeXM MOJ06HOT0 pojia He HY>KHbI. Heko-
TOpbIE CUCTEMBI, B OCOGEHHOCTH CHCTEMBI JIEKTPOHHOM KOMMEPLM, MMEIOT
MeXaHU3Mbl JemyIUIMKalMu, MO3BOJsoNe 136eraTb Takoro my6IMpOBaHMS.
IIpo1ieHT my6IMKAaTOB B PEATMCTUUHBIX CLIEHAPUSIX He CIAMIIKOM BEIUK (BO3-
MOXHO, 1 %), HO B cucTeMe, KOTOpasi PErMCTPUPYET MUJLTUAPIbI COObITUI, OHU
MOTYT MPUBOAUTH K He3(D(PEKTUBHOCTHM, OTPasKAIOIIeics B 3HAUMTEIbHOI I10-
Tepe NMPUOBLINA.

B nmpenpigyniei rimase Mbl yyke pelnany OgHY 3afady genyruimkauyn. [Ioman-
Te MpUMeP C XpaHeHeM O0IbIInX GaitioB U CTyk6aMu pe3epBHOTO KOMTMPOBa-
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HMs? ITa peajabHasi CUTYalysl, B KOTOPOI Iy6IMpyeTcs: Majiast 4aCTh COOBIIEHMIA,
XOPOIIO ITOAXOAMT IJIsI eIlie OGHOI0 IpMMeHeHust GuIbTPoB biryma c orBemeHN-
€M Y3JIOB «IIepexBaTa» B IOTOKOBOM ITPUJIOKEHMM, BO3MOXKHO, IOCTPOEHHOM Ha
rorokax Apache Kafka. YkazaHHbIe y3/IbI-pPaOOTHMKYM ITOAK/IIOUEHBI K BBICOKO-
CKOPOCTHBIM 6a3aM JaHHbBIX. [ITOMMMO OJITOBPEMEHHOIO XpaHEeHMs BCEX CO00-
IIeHMI (VIJIY TOJIBKO MX YaCTH) C LIeJIbI0 00/IeryeHs] BO3MOKHOI'O OTKaTa B CIy-
yae MoTepy IaHHbBIX, OHM XpaHSIT GuabTp biayma miist naeHTM@UKaTOpOB BCex
coxpaHsieMbIx coobimennii. Kaskmoe mpubbIBatoiee coobIeHne MpoBepseTcst
GWIBTPOM, U eC/Iu COOBIIAETCSI O ero HAJMUMK (C YUETOM JIOKHOIIOTOKUTETb-
HOJ1 yacTOThl QuibTpa Biryma), y3/IbI-pabOTHUKYM €r0 OTOPAaChIBAIOT. JlemyIim-
LIMPOBaHHbIE IIOTOKY COOOIEHMIT BLICTPauBAIOTCS B OUePeb, BO3MOXKHO, B BbI-
xompubIx TormKax Kafka (https://segment.com/blog/exactly-once-delivery/), OTKyma OHM
3aTeM MOTYT IepeHaIpaBIsiTbCS Y3JI0M O0aJaHCHMPOBKM HArPy3KM HECKOTbKUM
6pokepaMm, BeIyIIyM Ha sIpyC aHanam3a (puc. 6.4).
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PucyHok 6.4 [TpoMexyToYHble y3/bl, MOAKNHYEHHbIE K ObICTPbIM 6a3aM AAHHbIX,
peanusyrT AeaynanKaumio, 4Tobbl yAansTb NOBTOPSOLLMECS IK3EMMANAPSI
coobLLeHU B KOHBeMepe 06paboTKM NOTOKOBbLIX AaHHbIX. Kaxabll y3en coaepxuT
dunbTp BnyMa ans coxpaHeHHbIX UM COOBLLEHMI M NO NPUOLITUM CNeayHLWEero
coobLLeHns npoBepsieT Xew naeHTMdMKaTopa coobLLeHns co cBoMM GunbTpoM bnyma.
Ecnu dunetp Bayma coobliaeT o ToM, YTO CoobLLEHME YXKe CYLLECTBYET, TO AaHHbIE
3TOro coobuieHms oTbpacbIBaOTCS; B MPOTMBHOM CJly4ae COODOLEHME COXPAHAETCS U
nepenaeTcs Ha apyc 06paboTkM ovepenent CoobLLEeHMI

6.1.3 banaHcMpoBKa HarpysKu u oTcaeXXnMBaHue
ceteBoro Tpagpumka

Kak 1 B 1106071 pacnpezeneHHO BhIUMCINTEIbHOI cucTeMe, 6aJaHCMPOBKa
HarpysKu MeXmy OpoKepaMu B IPUIOKEHMSIX 110 00pab0TKe MOTOKOBBIX JaHHBIX
MMeeT IIepBoCTeNeHHOe 3HaueHe. [IpegocraBieHne 6pokepam Hec6amaHCUPO-
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BaHHBIX HArpy30K MOXET IIPMUBOAUTH K TOMY, UTO OMH U3 HUX OYIeT IoJy4aTh
HEMPOIOPIVOHAIBHO 60JTbINIe TTOAK/ITIOUEeHNI, 3aITPOCOB U T. 1. YUUTHIBAS, UTO
crykba paboTaeT He ObICTpee CaMOro MeAJIEHHOTO 6poKepa, 9TO MOKET ITPUBO-
IATH K 6OJTBIITMM CKBO3HBIM 3aZiepsKKaM U MTpepbIBaHMIO PAbOThI peasibHO-Bpe-
MEHHBIX TIPUIOKEHMI. B MpaKkTueckoM IUIaHe peaJbHO-BpeMEHHOe 00Hapy-
SKeHMe Ype3MepPHO UCIIOIb3yeMbIX PeCypCOB B CeTU — 3TO Kjaccuueckas 3amada
13 o6yacTy ceTeBoro Tpaduka / 06paboTKM paciipemesieHHbIX ouepeeii, M oHa
CBOIUTCSI K MTHOBEHHOMY 0OHapysKeHNIO BbIOpOCOB/aHOManuit. Takue BbIOPO-
CbI IIPOSIBJISIIOTCST B BY/Ie MAOIOHOB Ieperpy>KeHHbIX MaKeTHBIX IIOTOKOB U TH-
MMYHBI 151 aTak Tura DoS (oTka3 B 06cmy>kuBauum) Ha cepBepbl. COBpeMeHHbIe
CTpaTeruy 3alUThl ONMUPAIOTCS Ha CTATUCTUYECKIE METOIbI X OOHAPYKEHMS B
peayibHOM BpeMeHM.

OnyH U3 TaKUX KJIACCOB aJITOPUTMUYECKUX PeIlleHNii YKa3aHHO MPo6ieMbl
B ceTeBOM Tpad ke OCHOBAH HA MOHUTOPMHTE 3aT0JIOBKOB MTaKeTOB B ceTu. JIst
9TOTO aJITOPUTMY TpebyeTcs Juillb 6a3oBas MHGOPMALMS O KaXKIOM IOTOKE
(FL =[IP-agpec nCTOUHMKA, ITIOPT UCTOYHMKA, IP-anpec MmecToHa3HaueHUsI, IOPT
MeCTOHa3HayeHMsI, TPOTOKO]). MOHUTOPUHT 3TOI (OPMBI MOTOKA 3aIIPOCOB
MO3BOJISIET UIEHTUDUIIMPOBATH MaJIO€ UMCIO MOTOKOB, KOTOPbIE COCTABJISIOT
O6IBIIIYIO YaCTb CETEBOrO TpaduKa, TO eCTh TaK Ha3bIBaeMbIX mscesnosecos. Ha
MpaKTUKe MbI XOTUM OOHApPYKMBATh HEKOE UMCIO M3 HUX, CKOPOCTb KOTOPbIX
(YMCIO TTaKeTOB/3aIpocoB (6aliTOB) B eIMHMIYYy BPeMEHM) IPEeBbIIIAeT HEKUit
TOpOT.

B m1aBe 5 MbI pacCMOTpesy pellleHue 3amauy 00 OOHApyKeHUM 4vepBeii B
00BIUHOI ceTu, OCHOBaHHOe Ha ajroputme HyperLogLog. Eile ogHuM pere-
HMeM MOIJIO 0bI GBITh MCIIOAb30BaHMe HAOpOCKa count-min, KOTOPBIN MTOACUM-
THIBA€T COBOKYITHBIN pa3Mep MOTOKA ITyTeM MpubaBieHus pazMepa Kaskaoro
MaKeTa, OTIIPAaBJIEHHOI0 Yepes3 3TOT MOTOK (IMIOTOK 3[eCh IPeaCTaBiseT coboii
rapy onpejenuTeneit UICTOUHUK—MeCTOHa3HaueHue). Kioun, XxelliMpoBaHHbIE B
HabpPOCOK count-min, SIBJISIIOTCST 3aroJIOBKaMM MIAKETOB, & CYETUMK YBEIMUMBA-
eTcs Ha pa3Mep TeKylllero nakera.

B 60j1ee KOHKpPETHOM C/Tyuae Gpokepa B paMKax MPUJIOKEHUS 1o 06paboT-
Ke MTOTOKOBBIX JAHHBIX CYETUMK OYIEeT YBETMUMBATHCS HA YMCIO 3aMIPOCOB, TT0-
CTaBJEHHBIX B OYepedb OJHOIO M TOTO ke 6pokepa. ITO MOKET IMPOUCXOOUTD
13-3a KpaTKOBPEMEHHOT0 YBeJIMUeHUSI UKCaa Tpou3BoguTeiel (B JaHHOM KOH-
TEKCTe 3TO Ha3bIBAETCSI BHE3ANHbIMU 8cnjieckamu). [TpyoskeHme 110 U3MepPeHNI0
Tpaduka Wi 6aJaHCMPOBKE HArPy3KM 3aTeM OIleHVBaeT MUHMMAaJIbHbIE UMC-
JIa TIOSIBJIEHUIA : «TSDKEJIOBECHOCTD» KaXKIIOT0 TIOTOKA WJIM «3aHSITOCTb» KaskKI0TO
6pokepa. OHM OYIYT EPUOANYIECKU JeMUTHCS Ha TTPOO/IKUTETbHOCTD TIEPUO-
Ila u3MepeHusi. B pe3ynbTaTe MbI ITOTy4aeM CKOPOCTM ITOTOKA / TIOCTAHOBKU B
ouepenb. CeTeBOI afMMHUCTPATOP WM MHXKeHep KOHBeliepa TaHHbIX 3aTeM OT-
JIMYaeT XOpOoIlye IMTOTOKYM OT TUIOXMX, TPUMEeHSIS HeKuii ITopor, OCHOBAaHHbBI Ha
X BapuaHTe UCIOAb30BaHMs. [oc/ie BbISIBI€HUSI BUHOBHBIX OHU MPUMEHSIOT
HEKYIO CTPaTermio Caep>KUBaHMs.

Bnarogapst anroputmy Habpocka count-min MOTOKY HMsKe MTOPOTOBOTO 3HA-
YeHMsI TI0 OMpedeNeHUI0 He SIBJSIOTCSI BPeIOHOCHBIMM, TOTJa KakK M3 BbISB-
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JIEHHbIX HEKOTOpbIe MOTYT OBITH JIOKHOTIOJIOXKUTETbHBIMU ¥3-3a TPUCYIIETO
HabpocKy count-min 3aBbIIIEHMS] YaCTOThI. 3aTeM MOKHO ObICTPO TTPOBEPUTH
TOUHBI Pa3Mep/CKOPOCTh HEOOBIIIOTO YMC/IA TIOTOKOB, MPEBIIAIIINX TOPO-
roBOe 3HaUeHNe, U YIAIUTh JTOKHOIIONIOKUTE/IbHbIE, OCTaBMB B HA6Ope TOIbKO
MCTUHHBIX BUHOBHUKOB.

YnpaxHeHue 2

[aBaiiTe BepHEMCS K BapMaHTy MCOOJAb30BaHUS C HOenyIuiMKanuemn s
dunabTpa Biiyma B cucTeMe 3JIeKTPOHHOM KOMMepIuu. [IOMyCTUM, Balll BbIIIIe-
CTOSIIINI PYKOBOAMUTEb Aa/ BaM 3aJaHye IIPOBEPUTD U J0paboTaTh pellleHle,
HAvyaToe MHXXeHEepPOM, KOTOPbI HeJaBHO OKMHYJI KOMITaHUIO. Bbl MIOHMMaeTe
JIOTUKY pellleHM s, TOCKOIbKY OHO TT03BOJIsSIeT 3KOHOMUTDb BpeMs U He B3MMaTh
¢ moTpebuTesisa ABOJMHYIO IUIaTy. TeM He MeHee 3a 3TO HNPUXOOUTCS ILJIATUTD.
Yro mpoucxoaut, korga GuabTp bayma BbIIaeT JTOKHOIIOMOXKUTEIbHBIN pe-
3yJIbTAT II0 KOHKPETHOMY 3aIlpocCy, coaepskaiieMy MH(pOpMaluIo o JaiiKe, OT-
MpaBJIeHHOM KOMMEHTapUM WIN KIMKHYTOM 00bsiBieHMN? YTo menaThb, ecian
KJIMEHTCKOE MPUJIOKEeHNMEe OTHpaBmMiIo Iiatek? EcTh M TamM UTO-HUOYOb, Ha
YTO cJiegyeT o6paTuTh BHMMaHue? UYto mpoucxomut, korma ¢GuiabTp Biyma
BO3BpaNiaeT JIOKHOTIOJOXKUTEIbHBIN pe3yabTaT Ajisi (GakTUUeCKu OCYIIeCT-
BJIEHHOTO IjIaTexa?

O600611eHHOe MPUIOKEeHVEe MOHUTOPUHIA CeTEBOro TpaduKa MOXKHO HaTH
B 00/71aUHOJI CJTyskOe, Ha KOTOPOJ paboTaeT Ballle MPWIOXKeHMe M0 06paboTKe
ITOTOKOBBIX JAHHBIX, TOI[IA KaK BapMaHT MCIIOIb30BaHMs ¢ 6aIaHCUPOBKOIL Ha-
IPY3KM OTHOCUTCSI K BHYTPEeHHel paboTe caMOro MOTOKOBOTO IMPWIOKEHMS (CM.
puc. 6.5).

Llenb 3TOro KpaTKOrO M MOBEPXHOCTHOTO 3KCKypCa B PeaqUCTUUHYIO ap-
XUTEKTYPy 06paboTKM MOTOKOBBIX JAHHBIX COCTOSIA B TOM, UTOOBI JaTh BaM
HEeKOTOpOe MpeAcTaB/ieHNe O Be3OeCyIIHOCTM pacCMOTpPEHHBbIX paHee ajiro-
PUTMOB U CTPYKTYp HAHHBIX B COBPEMEHHBIX IPUIOKEHMUSIX IO 00paboTKe
MMOTOKOBBIX AaHHbIX. Kpome TOro, Hageemcs, YTO MOMOI/IM BaM YBUIETb BCe
COITyTCTBYIOIIME ITPOOIeMbI, KOTOpPble HEOOXOAMMO pellaTh B TaKOJi IO CBO-
ell CyTu pacripeneneHHONM BbIUUCIUTENbHOI cpene. byaeM HamesTbCs, UTO K
HACTOSIILIEMY BpeMEHM MbI COTKAaJIM JIJISI BaC «K08ep, Komopawlii 006e0UHUM KOM-
Hamyp».

BTopast 1enb cocTosiyia B TOM, YTOObI COOTHECTM YPOBEHb abCTpaKLyu, He-
00XOOMMBIII OjIsT pa3paboTKM aJropuTMOB 00pabOTKM ITOTOKOBBIX JaHHBIX
(puc. 6.1), c ypoBHEM, HEOOXOIVMBIM JIJISI IIOCTPOEHMST PeATVICTUYHOTO IIPUJIO-
SKeHMsI/KOHBejiepa 06paboTKM MOTOKOBBIX JaHHBIX (pUC. 6.2). Mbl 3HaeM, 4TO
TePBbII MOSIBJISIETCS B HECKOJBKMX MeCTaX BTOPOIO ¥ UTO ITOTOKOBbIE JaHHbIE
€CTeCTBEHHBIM 06pa30M CKJIEMBAIOT UX BMECTE, U KaskIblii CTAHOBUTCS BUIM-
MbIM Ha pa3HBIX «YPOBHSX JeTaJIM3aLU U300 paskeHMUsI».
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PucyHok 6.5 ApxuTekTypa 06n1a4HbIX BblYMCAEHMI, 0BCIY)KMBAKOLLAS pa3Hble
K/IMEHTCKME KOHBENepbl AaHHbIX. [TpunoxXeHne MOHUTOPUHIA CEeTEBOrO Tpaduka,
YCTAHOBNEHHOE A1 OTC/IEXXMBAHUS 06MeHa Mexay NPOU3BOAUTENSIMU LAHHbIX

(unn nBbIX NONBLITOK 06MEHA, UCXOAALLMX M3-3a Npeaenos obnaka), peanns3oBaHo
C NoMoLLbko Habpocka count-min. Habpocok count-min naeHTUPUUMPYET CeTeBbIE
MOTOKM, KOTOpble MPOSIBNSIOT CKOPOCTH, NMPEBbILLAOLLME ONPEeaeNeHHbIV 3apaHee
YCTaHOB/IEHHbIM NOPOT, U AENCTBYET COOTBETCTBYHOWMM 06pa3oM. Cxoxune 3a8aum
6anaHCMpPOBKM HArpy3ku Mexay bpokepamu apyca 06paboTku ovepenen coobuieHmi
peLaTCa aHaNorMyYHbIM 06pa3oM NpPUMEHEHMEM eLlle OAHOro Habpocka count-min B
y3ne 6anaHCMPOBKM HArpy3ku Ha apyce 06paboTku ovepener coobleHnin. Obpaturte
BHMMaHMe, YTo 06a 3TMX Habpocka count-min oNepupyrT HA 3aro0BKax NakeTos/
COOBLLEHNI 1 YTO NoNe3Has Harpy3ka NakeToB/coobLeHnit, @ UMEHHO AaHHbIE O
NpOM3BOAMMBIX MONb30BATENEM KMKAX, HE aHANM3MPYeTCs A0 TeX Nop, Noka OHU
He LOCTUTHYT sipyca aHanu3a. TaM BbluMCASOTCS apyrie Gunstpbl bayma, Maccusbl
HyperLoglog, npouenypbl B3aT1s BbIGOPOK MK MHbIE pe3toMe/CBOAKM

6.2 MpakTuyeckne orpaHUYEHUs U NOHATUSA
NOTOKOB AAHHbIX

Ilanee Mbl IIpeICTaBMM HECKOJIbKO ITOHSITUI BBIUMCAEHMI 1 00pabOTKM IIOTO-
KOBBIX JAHHBIX, KOTOPBIE JOJIKHBI COOTIONATHCS Pa3paboTUMKaMy aJIrOPUTMOB
00pabOTKM IMOTOKOBBIX JAHHBIX M Ha OCHOBE KOTOPBIX aJITOPUTMbI OI[€HMBA-

I0TCA.

6.2.1 B peanbHOM BpeMeHH

3aJaHue II0 KOHCTPYMPOBAHMIO IIPUIOXKEHMSI II0 00PabOTKE ITOTOKOBBIX
JAaHHBIX ITpPeBpallaeT Hallle MMpeacTaB/ieHne o BpeMeHu U3 ¢pumocodckoro 3a-
HSTHUS B OUeHb MPAKTUUYHOE YIIpakHeHMe 110 BeJeHMI0 yueTa BpeMeHn. [Ipex-
Jle BCEro MPUXOIUT B TOJIOBY U, CyIs IO HEKOTOPbIM ITIOCTaM Ha ¢opyMax II0
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aHa/IN3y JAaHHBIX, MHTEPEeCyeT YMbI APYTUX JIIOei BOIIPOC O TOM, CYIIeCTBYeT
JI/ peaJibHO-BpeMeHHasl aHaIMTHUKa BooobIe. JIro0ast Majo3aMeTHasI CChUIKA Ha
ITOTOKOBBIE TaHHbIE€ COOOIINT, UTO JAHHbBIE B TIOTOKE IIPUOBIBAIOT HEITPEPHIBHO
(BO3MOSKHO, OT MHOTOUMC/IEHHbBIX ITPOU3BOAMTEIEN) C TAaKOI CKOPOCTbHIO, UTO UX
COXpaHeHMe U MPOXOKAeHKe 60jiee OJHOrO pPasa M0 KaskIoMy KOPTEXY TaHHbIX
HEBO3MOXHO. B HEKOTOPBIX MPUKIATHBIX 00/IACTSX, TAKMX KAaK aHA/IN3 IIOTOKOB
(OMHAHCOBBIX JAHHBIX C LIEJIbIO MPUHSITUSI TOPTOBBIX PElIeHN, HaJluuKue 9TOM
HepealMCTUYHOI OMIMK XpaHeH s 1 OIIpalllBaHNs BCE MCTOPUM paciieHnBa-
eTcs Kak 6ecrojie3Hoe, MOCKOJIbKY pellleHust OyIyT 3aBUCETh OT JAHHbBIX TOJIbKO
3a [MOC/IeAHIOI0 HelesTi0, BO3MOKHO, TayKe 3a IT0OC/IeIHIO MUHYTY. ClieqoBaTeb-
HO, BITOJIHE PAa3YMHO, UYTO TUIIMYHbIE TPeOGOBaHMS K aJITOPUTMaM 00paboTKY IT0-
TOKOBBIX JAHHBIX 3aK/II0YAIOTCS B TOM, UTOOBI OHM paboTaiy 3a 00uH hpoxod 3a
Manoe 8pems i B MAjaom npocmpaicmae.

IlaBaiiTe BepHEMCS K BOIIPOCY O CYIEeCTBOBAHUM peaibHO-BpeMeHHO aHa-
JUTUKA. JTaske eciy HallM aJITOPUTMbI TIOCTPOEHbI B COOTBETCTBUM C STUMMU
Tpe6OBaHMUSIMU, BLIUMCICHNSI TPEOYIOT BpeMeH! (He TOBOpS yke 0 6e30I1acHO-
CTU, KOMMYHMKAILVH, TJIAHUPOBAHMUM U OaJIaHCUPOBKE HArPy3KM — BCE ITO SIB-
JISIETCS YaCThIO TUIIMYHOTO 06JIaUHOIO MPUIOKEHMS 10 00paboTKe IMOTOKOBBIX
IaHHbIX). CTPOro roBopsl, eMMHCTBEHHbBIE TaHHbIE, KOTOPbIE IEICTBUTEIbHO SIB-
JISTIOTCSI peasibHO-BPeMEeHHbBIMU, IIOCTYIIAIOT B BIUAE CEHCOPHOM CTUMYIISILINA OT
COOBITUI, HETTOCPEACTBEHHBIMM CBUIETEISIMY KOTOPBIX MBI siBJiseMcst. Ecin aTo
3BYUMT KaK 3aHY/ICTBO, TO Bbl, BEPOSITHO, IIPaBbI; ObLJIO GBI TPYIHO IPUBECTH YOe-
IUTeNIbHbIE apPTYMEHTHI B I0JIb3Y 00PAaTHOIO, HO, TIOKaIyiiCcTa, moTepnuTe. EcTh
U XOpOIIlrie HOBOCTH: BCe 3TO pa3pemumo. [laBaiiTe COrIacumMcsi, YTO peaabHOe
BpeMs U TIOHSTHE (TI0OUTHU) PeaslbHO-BPEMEHHOM aHAIUTUKY OIIPEeNeIsIIOTCS HO-
BEMIIM TeXHOJIOTMYECKUM pellleH/eM KOHKPeTHO 6M3Hec-3a1auy 06paboTKu
MTOTOKOBBIX JAHHBIX. EC/IM OHO JaeT pesy/abTaThbl i CLIOCOOCTBYET IIPUHITUIO Pe-
HIeHII1, KOTOpbIe TMOAAepPsKUBAIOT KOHKYPEHTOCIIOCOOHOCTh KOMIIAHNUM, TO MbI
ObI He CYJIBHO OLIMOJICh, HA3BaB €0 peajbHO-BPeMeHHbIM. JIpyrMMu CJI0OBaMu,
II0/Tb30BaTEIN/TIOTPEOMUTENIM MMEIOT IIPAaBO MOCAeIHEr0 CJIOBA B TOM, UTO [IJISI
HUX SIBJIIETCS (TI0YTH) pealbHO-BpeMeHHbIM, Jaske KOTIa OHM IepeolleHIBaloT
MY HeOOLIeHMBAIOT CBOM ITIOTPEOHOCTH.

Ectu 3amymaThbCst, TO, CTAHOBSICh CBUAETEISIMU PeaabHbIX COOBITUI B HaIIEl
SKM3HM, MbI BCE MCIIBITHIBAEM OJMHAKOBYIO 3a[€psKKy B YaCTH Hallleil CeHCop-
HOJ ¥ KOTHUTMBHOJ OILIEHKM ITPOMCXOASIINMX Ha HaIIMX IVa3ax coObITuii. BoT
IIoYeMy MbI TaK JIETKO COIVIAlIaeMCs C ITOHSATHEM peaJbHOTO BpeMeHN; Mbl BCe
OIMHAKOBO «OIa3abiBaeM». Terepb, KOTAA Mbl Paspeinnin 3Ty IUIeMMy, BO3-
MOSKHO, HEBEPOSITHO BasKHYIO, MOSKHO ITPOAOJIKUTH 06CYKIEeHMe BOIIPOCa O TOM,
YTO MMOApa3yMeBaeTCsl MOoJ, MaJbIM BpeMeHeM ¥ MaJIbIM IIPOCTPAHCTBOM.

6.2.2 Manoe BpeMsi U Masioe NPOCTPAHCTBO

Wcxopst 3 HAMIMX COOOpaXkeHMii, Masioe MPOCTPAHCTBO OYyAeT onpenessiTh-
Cs1 TI0 OTHOIIIEHMIO K TOCTYITHO paboyeii mamsTi, M306pakeHHO Ha puc. 6.1,
KaK 02paHuyeHHoe pabouee xpaHunuuje. B HeM SOKHBI XPaHUTBCS JTIOObIE TaH-
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Hble, HeOOXOmMMbIe MeXaHM3My 0O0pPabOTKM MOTOKOBBIX 3aIPOCOB ISl CBOE-
BPEMEHHOT0 OTBeTa Ha MMIIPOBU3MPOBAaHHbIE MM HeIIPePbIBHbIE 3aIIPOChHL. BOT
IIe JO/DKHO YMEeCTUTDhCS BCe pa3sHOOOpasue pe3ioMe JaHHbIX, PUabTphl BiayMma,
MaccuBbl HyperLogLog, pe3yibTaThl aITOPUTMOB GOPMIUPOBaHMS BbIGOPOK (6Y-
dhepusaiym) Ha IMOTOKAX JAHHBIX, TMCTOTPAMMBbI IIOTOKA U T. .

Maoe 8pemst OTHOCUTCSI KO BpeMeHM 00pabOTKM aJITOPUTMOM Kaskg0T0 HOBO-
'O MPUOBITHS, a TAKKE KO BpeMeH !, He0OXOAMMOMY /ISl BbIIAaul OTBETa Ha KOH-
KPETHBIN 3a1poc (8pems o6pabomku 3anpoca). Majaoe BpeMst OObIYHO 03HAUAET
CyOnMHeliHOe, KaK IpaBuiIo, moauaorapudmmuueckoe 1o N, rae N — 9T0 AjIMHA
MOATIOTOKA, KOTOPbIi MOXKHO YMECTUTD B OrPaHMUeHHO paboueii mamMsTiu.

6.2.3 Cauru B KOHUENUUaX 1 apeidbl KOHULENLMUH

[TockoMbKY MOTOK SAHHBIX HEMIPEPBIBEH B CBOEI BPEMEHHOV COCTaBIISIIONIEN,
MeXaHM3M IreHepMpPOBaHMS JaHHBIX MOXKET JeMOHCTPUPOBATh U OyIeT JeMOH-
CTPUPOBATD ITPEPBIBUCTOCTD.

IlaBaiiTe BO3bMeEM IPWJIOKEHME IO peaJibHO-BPEMEHHOI 06paboTke MO-
TOKOBBIX NaHHbIX B Facebook, 3amaveit KOTOporo SIBsIeTCS TIpenyTpeskaeHe
T0JIb30BaTeNIell O HEITOCPEeICTBEHHOI JIOKAJIbHO YyIpo3e 13-3a BOOPYKEHHOTO
KOH(QJIMKTA, CTUXUITHOTO O€ICTBYSI I aHAJIOTMYHOI HEMUHYEMOi OIIaCHOCTH,
KOTOpasi 3aTparuBaeT 6o/bIoi reorpaduyecknit paitoH. Jlajee JOMYCTUM, YTO
MIpUJIOSKeHNE BeJleT MO CUeT MOSIBJIeHN T CJIOB B MOAIIOTOKAX MOJIb30BaTEIbCKUX
00bsiBIeHNIT Ha tuiaTgopme. [ToAIMOTOKM MOTYT 3aaBaThCsl C MCIOIb30BaAHM-
eM HeKuX reorpaduyueckux KpuTepueB, KOTOpbIe [ealoT MpeayrnpexneHus o
TaKMX COOBITUSIX aKTyaJIbHBIMU JIJIS1 JIIONIei B 9TOM palioHe. JIro6oe perieHue
HYXIa710Ch OBl B pean3alyy JIOTUKY BbIYMCIEHNS YACTOTHI (YMCII0 TTOSIBJIEHNA,
JleJIeHHOE Ha MTPOIO/DKUTEIbHOCTD TTepMOAa PETUCTPALIVIN) ITOSIBIEHUS TeX VIIN
VMHBIX 3ape3epBUPOBAHHBIX CI0B. HemMuHyemasi JiokajbHas yrpo3a uejoBede-
CKVM 3KM3HSIM B 9TOM pajioHe TpMBesia 6bl K BHE3AIMTHOMY YBEIMYEHNUIO UMCIIa
COOOIIIeHNIA, CBSI3aHHBIX C TaKUM 6eicTBYeM. [IOTOKOBbIE aJITOPUTMBbI TOJIKHBI
yMeTh 0OHapyKMBATh TaKye pe3Kkie M3MeHEHMS B TOTOKE JaHHBIX, UMeHYyeMbIe
B TEXHMUECKOJ IUTepaType Kak cdsuzu 8 KoHuenyusx*'.

[ToBenmeHMe MOTOKA JaHHBIX, CXOJHOE CO CABUTAMM B KOHIIEIIIVSIX, HO MPO-
SIBJISTIONIEECs B TeueHue 6osiee AJIMTEeNbHOTO MTeproia BpeMeHM U XapaKTepu3y-
IolIeecst He CTOJIbKO Pe3KMMU, CKOJIBKO MOCTEIIeHHbIMU M3MeHEeHUSIMY, Ha3bl-
BaeTcs dpetihom KoHyenyuti*®. 3amava ero oOHapyKeHMUsI MeHee TPUBUaJIbHA 110
CpPaBHEHUIO CO CABUTAMM B KOHIIEIIIMSAX, ¥ 3TO ObIIO JaBHEN TEeMOJ HayYHbIX
u3bicKaHuii. (ITogpo6HBI 0630p UMEIOLIMXCS METONOB CM. B cTaThe Ce6acThbsIo
(Sebastiao) u Tammbl (Gamma) [2].)

O6a MOHATHS TECHO CBSI3aHBI C TMTOHSITMEM OKOHHOTO MTOTOKA TAHHBIX, OHOTO
13 MEXaHM3MOB y4eTa HOBM3HbI/HETABHOCTHU ITOTOKA TaHHbIX.

47 Aurn. concept shift. — ITpum. nepes.
4 Aurt. concept drift. — ITpum. nepes.
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6.2.4 Moaenb CKOJb3ALL,Eero oKHa

IToTOK JaHHBIX TeOpeTHuUecky 6eckoHeueH. [IperonaraeTcs, YTo IOTOKOBAs
06paboTKa HaYMHAETCS B HEKMI YETKO ONpe/eleHHbl/i MOMEHT BpeMeHM t, 1
YTO B JII000J1 MOMEHT BpeMeHM t Ha 3aIlpOChl OTBEUAIOT, IPMHMMasl BO BHMMA-
HMe BCce KOPTeXy, HabmofaBImecss Mexay f, u t. 3Ta MOJeNb MIOTOKA JaHHbIX
Ha3bIBAETCSI penepHbviM NOMoKom™.

Bynem HazesiTbCS, K HACTOSIIEMY BpeMeH! Bbl y>Ke ITIOUYBCTBOBAJIU, UTO 3TO
HEBO3MOKHO, ITOCKOJIbKY MbI 3HA€M, 4YTO He MOKEM XPaHUTh IIOTOK B paboueit
MaMsITU 1 He MOKeM BbITIOTHSITh MHOTOKpPATHbIE ITPOXO/IbI IO ero JaHHBIM — I10
MeHbIlIei Mepe HeCBOEBPEMEHHO, UTOOBI PACIleHMBATh OTBET KAk aKTyaIbHbIi
IJIST TIpaKTUUYecKux I1eneil. K cuacTbio, CIOBOCOUYETaAHME «ITPUMHMMAsI BO BHU-
MaHMe» 03HavaeT, UYTO pe3oMe, KOTOPbIe Mbl U3BJIEKAEM U3 «T'aJONMUPYIOLIUX»
IaHHbBIX, SIBJISIOTCS (PYHKIMEN 8cex KOPTEXeH, MOSIBUBIIMXCST HA TaHHBINA MO-
meHT. CiieqoBaTeNbHO, JaXke CTapble KOPTEeXM OaHHbBIX, KOTOpbIe MOSBUINCH
IaBHBIM-IABHO U 1M3-3a OTPaHMUYEHHON paboueii maMATHU ObLIM OTOPOIIEHBI
WJIY TIOMellleHbl B apXMBHOe xpaHuauiie (puc. 6.1), UMeIOT TOT Xe Bec, UTO U
HOBbBIE.

B HEKOTOPBIX MPUIOKEHUSIX, TAKUX KaK ITOTOKM (DMHAHCOBBIX JaHHBIX, MC-
ITOJIb30BaHME CTAPbIX JaHHBIX, YTOOBI YIIPAB/ISITh TEKYIIMMM OTBETAMM Ha 3a-
IIPOCHI, B IYYIlIEM CIydyae He IPUHOCUT HUKAKO MOJIb3bl, a B Xy ILIeM — BjleueT
3a c06071 OTBETCTBEHHOCTh. CTaJIKMBASICh CO CABUTAMU B KOHILIEIIIMSX U Ipeii-
(aMy KOHIIEMIMi1, 3aIIpOChl K PeIepHbIM ITOTOKAM IOABEPKEHbI MHEPLIUU U
CIMIIKOM Me[JjIeHHO «pearupyloT» Ha M3MeHeHMS B KOHUeMuusX. st 3Toit
ey 6B BBEIEHBI pa3jMyHble MeXaHM3Mbl 3aTyXaHMsI BO BpeMeHM, KOTO-
pbie CBSI3bIBAIOT BO3pacCT KOpPTeXa JaHHbIX U Bec, C KOTOPbIM OH B/MSIET Ha
OTBEThI Ha 3aIIPOCHI.

OmHo 13 HamboJIee 3aMeTHBIX SIBJISIETCSI MOJe/lb CKOJIb35UIe20 OKHA, KOTOpast
YUUTBIBAET TOJIBKO OIIpeie/IEHHOE UMC/I0 (OKHO) CAMBIX ITOC/IeIHMX IMPMUOBIBIINX
KopTexeli JaHHbIX. KopTexk JaHHbIX 3a IpeeaMy OKHa aBTOMAaTUYeCKH yaa-
JISIIOTCST U3 aHaam3a, WM UM Ha3HayaeTcs Hy/eBoil Bec. ClenyeT yUUTHIBATD,
YTO TEOPETUUECKM OHMU BCe ellle MOTYT HaXOAUTbCS B OrpaHMUEHHO paboueii
MaMsITH!, €CJI CKOJIb3SI1ee OKHO KOHCTPYKTMBHO MEHbIIIE 110 BeJIMUYMHE, YeM TO,
YTO MOKHO YMEeCTUTb B MPOCTPAHCTBE, JOCTYITHOM IJisI OOHOIIPOXOAHBIX BbI-
YMC/IeHU.

[TepemelieHe CKOJb3SIIETO OKHA MOXKET OCHOBBIBAThCSI KaK Ha BpeMeHH,
TaK M Ha Yuciie 3JIeMEeHTOB. B OKHaxX Ha OCHOBE BpeMeH! 0TOOPaskaloTCs J00bie
KOPTEXM HAaHHBIX, IPUOBIBIIME 3a MociaegHue W eguHUI BpeMeHM, TOTAA KaK
repeMelleHye B OKHaX Ha OCHOBE UMCJ/Ia 3JIEMEHTOB PEryJnpyeTcs Moaepska-
HMEM NOCTOSTHHOTO 4YMciia W 3ieMeHTOB B OKHe (Zanee CMbIC/ W cTaHeT sicHee).
O6e Mopmeny mokasaHbl Ha pUC. 6.6 1 6.7 Ha HpuMepe 0600IIEeHHOr0 IIOTOKA
IAHHBIX AJI51 TPEeX CaMbIX MTOCAeIHUX ITepeMelleHNUli CKOMb3SIIero OKHa.

49 Aumr. landmark stream. — ITpum. nepes.
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OFPAHVHEHHOE PABOYEE XPAHWIMLIE
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PucyHok 6.6 MocnegHve Tpy nepemeLLeHns CKOMb3SLLEro 0OKHa, OCHOBAHHOTO Ha umucie
anemeHTOB. O6paTUTE BHMMaHWE, YTO AJIMHA OKHa W - 3T0 He 06s13aTenbHO BCe, YT
MOXHO BMECTUTb B paboyee XpaHWUMLLE, HO 3TO MaKCUMYM, KOTOPbI MOXHO OXBaTMTb.
CnenoBaTtenbHO, B MPUIOXKEHUSX, TAE Mbl XOTUM, YTOObI Ha aHaNM3 MOTOKA AAHHbIX
B/IMAIO «KaK MOXHO 60/1bLLIE UCTOPUM», Mbl YBEIMYMBAEM [JIMHY OKHA L0 «BCETO, YTO
MOXHO BMeCTUTb». CleyeT yunTbiBaTh, YTO MOMUMO MOAMNOTOKA, KOTOPbIM HYXXEH AN
paboTbl B OAHOMPOXOAHOM PEXMME, ELLE HYXKHO Pe3epBMPOBATH NPOCTPAHCTBO A4S
pe3toMe LaHHbIX U BblUMCIEHWIA, HEOBXOAMMBIX AN UX C6OpKM M 06HOBNEHMS. Ha
PUCYHKE Ha 3TO yKa3blBaeT bydhepHoe NpoCTpaHCTRO.

OFPAHVHEHHOE PABOHYEE XPAHWIMLE
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PucyHok 6.7 3pecb Mbl BUOMM CKOMb3SLLEE OKHO, OCHOBAaHHOE Ha BPEMEHM, AIMHOW
W = 2000 mc n ero Tpu nocneaHmx (3Ha4YMMbIX C TOUYKM 3PEHUS BpPEMEHU MPUBBLITUS
KopTexewn AaHHbIX) nepemelteHuns. Mbl 3anyCTUAN NOTOK AAHHbIX B MOMEHT BpemMeHu 0
MC, U B MOMEHT BpeMeHM 1 MC Npubbia NepBbIf KOPTEX AAHHbIX. 3aTEM BO BPEMEHHbIX
Toukax 500 mc 1 1000 Mc nosiBunuMCh elle ABa. 34ecCh Mbl HAbNKOAAEM MNOTOK Yepes
5.500 mc. YkazaHbl Tpy nocneaHnx nepemMeLLeHms OKHa, KOTOpble M3MEHWUN ero
copepxumoe: ¢ 1.400 o 1.401 mc (kopTex faHHbIX Npubbin B Touke 3.400 Mc 1
BoLlen B 0kHO), ¢ 2.700 mc o 2.701 mc (obpaTuTe BHMMAHWMeE, YTO B pe3y/bTaTe 3TOro
nepemeLLeHns B OKHe NOsSIBUNOCH 4 KopTexa AaHHbIx) 1 ¢ 2.800 mc go 2.801 mc
(kopTex faHHbIX B Touke 2.800 mMc oTbpacbiBaeTcs)
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[IpuBeneHHbIN BbIllle CIIMCOK OTPAaHNYEHMI, CBSI3AHHBIX C TOTOKAMM JaHHBIX,
He SIBJISIETCS] MCUePNbIBAIOIINM, HO Tellepb Mbl MOKEM YCIIEIITHO TPONTH Cie-
IyIollye Tapy IViaB, He OCTaBUB HEBBISICHEHHBIMM BOIIPOCHI HU 110 OJHOMY U3
M3y4aeMbIX aJITOPUTMOB.

Cnenyrommuii majee pasmien UIYKAT B KauecTBe 0630pa Teopuu GopMuUpoBa-
HMSI BBIOOPOK. OH ITOJIKEH 00/IerYnThb IIOHMMaHye HIOAHCOB IJIaBbl 7 UMTATEISIM,
6oJtee J1I0003HATEIbHBIM B TEXHMUYECKOM ILIaHe.

6.3 HemHoro matrematuku: popmupoBaHue
U OLeHUBaHUe BbIOOPOK

Vipest B3ITUS BHIGOPOK BO3HMKIIA 13-3a HEBO3MOYKHOCTM OTBEUYATh Ha BOIIPOCHI
0 JIOTUCTMYECKY HEMpOoUIeKMBAeMbIX KPYITHbIX Habopax JaHHbIX. Hampumep,
eIy BBl U KTO-TO, C KeM Y Bac o01uit IP-agpec, BMecTe Io/Ib3yeTech MHTepHe-
TOM, TO BallM 3alIpOChl IPUHMUMAIOTCSI C OGHOTO U TOro xe IP-agpeca, HO pu
MICIIO/Ib30BaHMM Pa3HbIX Opay3epoB OYAeT oCcTaBaIThcS pasHbliit HTTP-oTmeva-
TOK. Hac Mors10 651 3aHTEepecoBaTh cpegHee uncio HTTP-oTmeuaTkoB 110 BceM
BO3MOXHbBIM IP-anpecam. ITonyunTh IPaBUIbHBIN OTBET HET HUKAKUX LIAHCOB,
HO Jaxke TIpUOMIKEHHAS OlleHKa OymeT 60Jblie, Y4eM TO, YTO MbI 3HAJIM, KOTJaA
9Ta uAest MpuIlia HaM B TOJIOBY. [IJis MOMTydYeHusT MPUOIVKEHHO OLEHKM Mbl
M3BJIeKaeM BbIOOPKM M3 TIpocTpaHcTBa IP-ampecos.

[TlepBoe 3aperncTpupoBaHHOE MCMOJb30BaHME 3TON MAEU MPOU30ILIO B
1786 ropy B monbiTke IIbepa CumoHa Jlariaca OLeHUTDb YNCJIEHHOCTb Hacelle-
Hus ®pannyn. EcTecTBeHHO, OlleHKa Oblyia HEBEPHOIA, HO 3aciyra Jlaruiaca, cie-
JIaBIIIETO BBIOOPKY MOIIHBIM MHCTPYMEHTOM, COCTOSIIA B TOM, YTO OH 00eCTIeumI
BEPXHIOIO TPAHUITY BEPOSITHOCTHU TOTO, UTO €ro OlleHKa, OCHOBaHHAas Ha BbIOOP-
Ke, ObUTa CJIMIIIKOM JjajieKka OT MPaBWIbHOTO OTBeTa. IIpefgocTaBieHe OIeHKN
He OBIJI0O YeM-TO HOBBIM, HO J06aB/ieHMe K Heil CTPYKTYPUPOBAHHOTO METOIa
M3MepeHus U, BO3MOKHO, OTPaHMYEHMSI HEOIIpeAe/IeHHOCTU OLleHKU I10 CPaB-
HEHUIO C UCTUHOM CTaJI0O HOBO 1, K CYaCThIO, ITOJYYMBILIEN [INPOKOE IIPUMeHe-
HUe uaeein.

Il TOro 4YTOGBI ONIPEeIUTh Ipolecc GopMUpoBaHMs BBIOOPKY Ha ITPaKTUKE,
HY>KHBI 1Ba KOMIIOHEHTa: (KOHEUHasi) nonyJ/isiyust, KOTopasi HaC MHTepecyeT (UJIin
KaKOM-TO ee acIeKT), ¥ KaKoii-TO CIocob oTbopa CaydyailHbIX WIEHOB U3 3TO
MIOMYJISIIIMY, OKOHUATENbHBIN, «MaTepuaJIn30BaHHbI» apTedakT, MMeHyeMbIit
8b100pKoli. BbI 0OHAPYKUTE, UTO CIIOBO 8b/00PKA YACTO VCIIOIb3YeTCS IJisT 060-
3HAYEHMSI OT/IENbHBIX JIeMEHTOB/Ha0MI0NeHi1/06pa3iioB, COCTABISIOMMX BbI-
60pKy. MBI HAXOIMM, UTO 3TO COMBAET C TOJIKY. [I03TOMY MbI Oy/IeM Ha3bIBaTh OT-
IebHbIe 3JIeMEeHThI BBIOOPKM HAOTIOIeHUSIMY/YIeHaMy/00pasiaMi, TOTJa Kak
VX COBOKYITHOCTb OYZIET COCTaBJISITh BLIOOPKY™. B 3aBMCUMMOCTY OT TOTO, KAKUM
06pa3oM MbI TTOJTy4aeM 3TH CIydaifHbIe YWIeHbl, BRIOOPKA MOKET ObITh penpe3eH-
mamueHoli (HeCMelleHHO) Un CMeWeHHOU TI0 OTHOIIEHUIO K MOITY/ISLIUN.

50 TlomMMO 3TOTO, B ITepeBoze mpolecc sampling iepeBoguTcs Kak GopMMUpOBaHue BbIGOPKM WU B3SI-
THe BBIGOPKM B3aMMO3aMeHsIeMO, a Pe3y/IbTaT 9TOTO Mpoliecca sample — Kak BbiGopKa. — [Ipum. nepes.
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Eci Kaxkmoe moMHOKeCTBO 13 K 3JIeMEeHTOB 13 ITOITY/ISIIIUY MMeeT O MHAKO0-
BbI€ IIAHChI CTATh OKOHYATEIbHOI BEIOOPKOJ pasMepa K, TO IIPOLIeCC B3SITHS BbI-
OOPKM SBJISIETCS [JIs1 IOMYJISIMM pelpe3eHTaTMBHbIM. B Hamem IP-mipocTpaH-
CTBE 9TO 03HAYAET, UTO KaXKI0e ITIOAMHOXKECTBO 13 k IP-agpecoB MMeeT paBHYIO
BEPOSITHOCTD ObITh B3SITHIM B HAIlly BBIOOPKY. DTO TAK)KE 0O3HAYAET, UTO KayKIbIi
OT[IeJIbHBII UIeH IOy MMEET OOMHAKOBBIE IIAHChI ObITh B3SITHIM, HE3a-
BJMCVMMO OT TOTO, UTO ellle M3BECTHO 00 3TOM WieHe MOy, Ecy Mbl MOKeM
5TO TapaHTUPOBATD, TO Y HAC MTOYYAETCS NPOCmas ciyuatiHas 8sl60pka’'.

[asariTe rmogyMmaeM O TOM, KaK 3TO COOTHOCUTCS € ipuMepom IP-nipocTpaHcT-
Ba. Ha camoM fesie yactora 3ampocoB uepes IP-aapeca pasnnuna. O06xoouuxu®?
(CKpUIITBI, aBTOMATUYECKM ITOCEIIaloIIye M KaTaJOrU3UPYyIolie Be6-CcaiiThl)
OTHPAaBJISIIOT 3aIMPOChl, BO3MOXHO, Yalle, 4YeM 4Yej0BeK, MPOCMaTPUBAIOIINIA
Beb-caiiThl B TeueHMe ogHOro ceaHca. Eciyu 6b1 Mbl 6panyu IP-agpeca mo cxe-
Me «B3SITh CJIYUAlfHBINM 3aIIpoc U 100aBuUTh ero IP-ampec B BBIOOPKY», TO Y 00-
XOIYMKOB ObIJIO GBI OOJIBIIIE IAHCOB IOIACTb B HAIly BRIOOPKY. IToc/ie TOro Kax
MbI peIlliM, YTO BbIOOpPKA JOCTATOYHO BEJIMKA, Y HaC OKaxkeTcst Habop IP-agpe-
COB, Ype3MepHO IMPeICTaBJIEeHHbI agpecaMyl, OTHOCSIIMMUCS K 06XOmUMKaM,
110 CPaBHEHMUIO C TeMM, KOTOPbIE MCIIOIb30BAIUCh JIIOAbMMU. DTO IIPUBEIO ObI K
HeNpaBUJIbHOMY MpPeICTaBIeHNI0 00 UICTUHHOM CpeJHEM YMCIe OTIIeYaTKOB B
pacuete Ha [P-anmpec. Eciu Mbl 06ecriednBaeM HaaMuMe PaBHBIX IIAHCOB Y KasK-
moro IP-agpeca momnacTbh B BBIOOPKY, HE3aBUCUMO OT TOTO, UTO €Ille M3BECTHO
00 aTom IP-azmpece, TO 3TOr0 He IMpPou30iaeT. IMEHHO 3TOro Mbl OOBIYHO U J10-
6uBaeMcs, MOCKOIbKY 3TO MO3BOJISIET HAaM, OA00HO Jlaruiacy, mmojiarathb, 4To y
Hac ecTh XOpoIllas OlleHKa, ¥ BIUMUISITh TPaHUIIbl HeoIllpeneleHHOCTY JaHHO
ounleHku. Haia msHavaapHast crparerusi GopMupoBaHust BbI6opKy IP-ampecos
HAIIpSIMYIO M3 BCEX ITOJIYYEHHBIX 3aIlpOCOB — 3TO Cimpamezust GopmMuposaHuis
cMeleHHOll 8b160pKU>.

6.3.1 Crpaterusa ¢popMmupoBaHUSA CMELLEHHON BbIOOPKU

MbI GyzieM MCITOIb30BaTh 'MTIOTETUYECKYTO TIOTYJISIIINIO CYETOB, 3aPETUCTPH-
POBAHHBIX KPYITHBIM PO3HUUYHBIM TPOAABIIOM, UTOOBI OMIMCATb MPUYMHBI, KO-
TOpbIE JealoT MPOoIlece B3SITHUSI BHIOOPKY CMellleHHbIM. Ha JaHHbBII MOMEHT He
MMeeT HMKaKOTO 3HaUeHMsI, KaKMM 00pa30M 3TH JaHHbIE Y HaC MOSIBWINCh. OHU
MOTYT HaXOAUTHCS B 6a3e JaHHbBIX TG0 ObITH TIOTYYEHbI 3 TTOTOKA TaHHbBIX. [la-
BaiiTe 0603HaUMM uepe3 N UMCI0 MHIAUBUIYATbHBIX TOKYIIOK. MbI XOTMM 3HATh
TIOJTI0 TIOKYTIOK, COBEPIIEeHHbIX TI0 KapTe JosuIbHOCTH. EC/Iv Halll OTen Mapke-
TUHTA IJIAHUPYET U 3apaHee COOOIIaeT O TOM, UTO 3Ta MHGOPMALVS UM ITOTpe-
OyeTcsi, TO COXPaHSATh ¥ OOHOBJISATH €€ MPU KaKI0il HOBOJI MOKYITKe HECIIOXKHO,
HO eCc/IM OHM BHE3aITHO 3aXOTST ee MMeTh (MMIIPOBU3MPOBAHHbIN 3a1IpoC), TO
MbI CMOSKEM ITOTYUMTh XOPOIIYI0 OI[€HKY 3a CYET MOAAe psKaHMs BBIOOPKM U BEp-
HYTb BHIOOPOYHYIO JTOJTIO TTOKYIIOK IT0 KapTe JOSUTbHOCTH.

51 Aurt. simple random sample (SRS). — ITpum. nepes.
52 Aurn. Crawler. — [Tpum. nepes.
5 A biased sampling strategy. — IIpum. nepes.
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[Toxyrnky moppasmeneHbl Ha MOKYIIKM IO KapTe JOSJIbHOCTU M He IO KapTe
JIosIbHOCTU. VicTHHOE 3HaueHue (I) mou IOKYIIOK I10 KapTe JostibHOCTH (L)
OYEBUIHO; 3TO YMCJIO WIEHOB, ITIOJIyYeHHOe B pe3yibTaTe Aenenus L Ha N. B Ha-
1Ieji BbIOOpKe pasmepa Kk 3TO TPaHUIMPYeTCS B HaJuMuue i 3JIeMeHTOB ¢ L 1 j
2JIeMeHTOB 6e3 L, ipu aTom i +j = k.

B TaKOM KOHTEKCTe MbI OIIMIIEM JBa IIpoiecca orbopa. IlepBblii — 3TO B3STHE
HeCMeIleHHOJi BIOOPKH, a BTOPOIi — B3SITHE CMeIlleHHOJ BbIOOPKY Ha IOITYJISI -
LMY 3aPETVCTPUPOBAHHBIX ITOKYIIOK. MBI OyaeM MCIT0ab30BaTh mpumep ¢ N = 10,
k=5wup,_=4/5.IlycTb noMynALMs MpeACTaBaeHa MHOKECTBOM

{10, %25, 31, TaL, T5F, T6L, T7L, TIL, LOLs T10L5 }.

B MHAEKCe KaskAoTo 37eMeHTa MOKHO CYMThIBATh HEKYIO hopmy MaeHTUdM-
KaTopa M MHAMKATOP HAJIMUMS/OTCYTCTBMUS XapaKTepUCTHKH L (B JaHHOM CTy4yae
3JIeMEeHTHI ¢ uaeHTudUKaTopamMu 2 1 5 MOKynaTcs 6e3 peabsiBAeHNST KapThl
JIOSTHOCTH). 17151 J1I060TO 5-371eMEeHTHOrO MOoJMHOKecTBa 13 3TuX 10 anemeH-
TOB MOYKHO TIPUBECTM ITPOCTOV KOMOWHAIIMOHHBIN apryMeHT O BEPOSITHOCTU
BbIOOPA 3TOr0 KOHKPETHOT'O MTOIMHOKeCTBa. BBOHbIE JIeKLIMY IO TEOPUY Bepo-
SITHOCTEV MO0 Ha Kypce NMCKPEeTHOI MaTeMaTKM B TIepBbIe HECKOIBKO HeJleTb
yuar, uyTo cymectsyeT (10 o 5) = 252 pa3HbIX 5-271€eMeHTHbBIX TTOIMHOXeCTBa,
U eI TIPeTonaraeTcsl, YTO Kaskaoe U3 HUX PaBHOBEPOSTHO, TO BEPOSITHOCTh
BbIOOpA KAaKOT0-1MO60 KOHKPETHOTO M3 HMX cocTaBisieT 1/252. Termeps mnpepn-
CTaBbTe, UTO Yy HAcC 252-rpaHHbIi KyOuK, MOKasbIBaomuit mudps 1, 2, ..., 252,
" Mbl (JIIOOBIM IIPOM3BOJIBHBIM CIIOCOO0M) ITepeuncisieM Bce 252 5-a7meMeHTHbIX
MOIIMHOKeCTBa. BpocaHme 3TOro KyouKa 1 BhIOOP MOJMHOKECTBa, YKa3aHHOTO
Ha OOKOBOJI CTOpPOHE KyOumKa, Iocjie ero npu3emMIeHus 1 ecTb crparerust pop-
MMPOBAHUS perTpe3eHTaTUBHO BIOOPK.

IIpyu 3TOM I10/I€3HO 3HATH BEPOATHOCTH OTOGOPA B BBIOOPKY KaXXI0ro X, i = 1,
2, ..., 10. B manHOM mpoliecce oT6opa oHa coctasiset 0.5 11 1106010 U3 HUX,
He3aBUCUMO OT MCII0/Ib30BaHMS KapPThl JIOSJIBHOCTH.

JIto6oe MATMIEMEHTHOe MOAMHOXECTBO (HAllla BbIOOPKA), KOTOPOE MOXK-
HO cebe TMpeCcTaBUTh, IPUHAIIEKNAT K OGHOMY M3 Tpex TUIIOB. BoibopKa nme-
eT TUT 5, KOT/Ia OKAKEeTCsI, UTO BCe TSATh IMOKYIOK ObLIM COBEPIIIEHbI 110 KapTe
JIOSTTbHOCTHU. Tum 4 COCTOUT M3 ONHON IOKYIIKM, COBEpIIIeHHOI He T0 KapTe
JIOSTTBHOCTH, M YeTbIpex MOKYIIOK, COBEPIIEHHbIX 110 AaHHOI KapTe. U owien-
HMIT — TUIT 3, B KOTOPOM [IB€ TTOKYIIKM COBepIIeHbl He 110 KapTe JOSTIbHOCTU U
TPY TIOKYIIKM I10 3TO¥ KapTe. OLeHKM UCTUHHOM BePOSATHOCTU p, = 4/5 /IS 3TUX
TpeX TUIIOB BbIOOPKY paBHbI 1,4/5 1 3/5 B yKa3aHHOM IOPSIJIKE.

MaBaiiTe HOMYyCTUM APYTYI0 CTpaTeruio GopMupoBaHusT BIOOPKM: CHadYaIa
MbI 6pocaeM TpexTpaHHbI KyOMK CO cMelleHMeM (Ha Kaxk[Ioi CTOpOHe yKa-
3aHO YMC/IO TOKYIIOK IO KapTe JIOSUIbHOCTY; CIel0OBaTelbHO, 3, 4, 5), YTOOBI
pelnTb, KaKo¥ TUII BIOOPKM MbI BO3bMeM: 5, 4 160 3. 3aTeM IMPOHMKAEM B
niozgpaszesn L v mogpasen L 110 OToebHOCTY 1 6€peM CTOIBKO ITOKYIIOK, CKOJIb-
KO OIpefie/ieHO TMepBbIM CMellleHHbIM KyOukoMm. Hampumep, eciu pas3spirpaHo
4, TO MBI 3HaeM, 4TO HY)KHO B3sTh 1 M3 mompaszena L u 4 u3 nmoppaspena L.
s B3aTYST GaKTUUYECKMX ITOKYITOK MbI Oy/IeM MCITOTb30BaTh OIVCAHHYIO BbIIIIE
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crpareruio GOpMMUPOBaHMUS Pelpe3eHTaTUBHOM BbIOOPKM. Ha 3TOT pas 1jist BTO-
poii cTamuy OHAMOOSTCS TpU Mapbl KyouKkoB. Hy>KHbI MIMEHHO TIaphbl, TOTOMY
YTO MbI [O/DKHBI PEIPe3eHTaTUBHO OT6MpaTh U3 moapasaeia L v nogpasmaena L.
A Tpu Mapbl HY>KHBI, TOTOMY UTO B 3aBUCHMMOCTHM OT TUTIA BBIOOPKM, KOTOPBIN ObLT
pasbIrpaH C IMOMOIIbIO ITIEPBOr0 CMEIeHHOro Ky6yuKa, Mbl OyaeM OpaTh pasHoe
YMCII0 TTOKYTIOK U3 Mofpasaena L v moapaszena L. 9To IpuBOIUT K (8 10 5)-rpaH-
HoMY ¥ (2 mo 0)-rpaHHOMY KyOMKaM [Jisi BbIOOPKM Tuma 5, (8 mo 4)-rpaHHO-
My U (2 o 1)-rpaHHOMY KyOMKaMm JIjis BbIOOPKM TuIa 4 1 (8 10 3)-rpaHHOMY U
(2 Mo 2)-rpaHHOMY KyOMKaM [IjIs1 BLIOOPKY TuIa 3. ECiv BbI BCIIOMHUTE METO/IbI
MoJicYeTa, TO 3aMeTUTeE, YTO IepBasi M TPEThsI Maphl — 3TO ABA (PaKTUUIECKM OMHA-
KOBBIX KyOMKa; CIef0BaTeIbHO, HY’)KHO BCETO YeThIpe JOTIOMHATEIbHbBIX KyOMKa.

IlaBaiiTe TOCMOTPUM Ha BEPOSITHOCTb BbIOOpA MSATUIIEMEHTHOTO MMOAMHO-
’KeCTBA KOHKPETHOro Tuma 5, 4 1160 3. JJomyCTUM, UTO IPaHU, COOTBETCTBYIO-
[Iyie TUIIaM BBIOOPOK 5, 4 1 3, BCTPEUAIOTCsI ¢ BEPOSITHOCTSIMIU COOTBETCTBEHHO
2/5,2/5u 1/5 (3mech BCTyIIaeT B UTPY CMellleHle IePBOro Kyouka). JIjist BBI6OpKM
TUIAa 5 MbI UMeeM

2 1 1 1
5% 8 T 140
8 2
5 0
Iyt BBIOGOPKY THUTIA 4 TIOTyYaemM
2 1 1 1
5% . T 350"
o 8 2
4 1
Iyt BBIOOPKY THIIA 3 TIOSTyYaemM
2 1 1 1
557N /N 280
2 (8 2
3 2

CremoBaTeNIbHO, JIETKO YBUIETH, UTO 3Ta CTpaTerust GopMUpPOBaHMS BHIOOPKMU
He SIBJISIeTCST PEeNpe3eHTaTUBHOM, WM UTO OHAa CMeIlleHa, ITOCKOIbKY He BCe Iisl-
TU3JIEMEHTHbIE TIOJMHOXeCTBa OyAyT «MaTepuaa30BaHbl» B BLIGOPKE C PaBHO
BepOSITHOCTHI0. TO ke caMoe KacaeTcsl Yic/ia BbIIAHHBIX 3aIIPOCOB, MPUBHOCS -
IIMX CMeIlleH)e B Hallly CTpaTeruio GopMupoBaHmst BHIOOPKY 13 3aIIPOCOB; CMe-
IIEeHHbII KyOMK ITO3BOJISIT BHIGOPKAM C 6GJIbIIMM UMCIOM MOKYITOK I10 KapTe JIo-
SUTbHOCTM GBbITh 60J1e€ BEPOSITHBIMY, U€M C MEHBIIIMM YMCIOM TTOKYIIOK IT0 KapTe
JIOSTTbHOCTHM. JlaBajiTe Terepb MOCMOTPUM, KaK 3TO B/IMSIET Ha BEPOSTHOCTD BbI-
60pa OIHOTO-eIVMHCTBEHHOTO Hab/oneHs. BcriomHMTe, UTO B cTpaTernu Gop-
MMPOBaHMsI Perpe3eHTaTUBHO BIOOPKY BEPOSITHOCTH TOMAaAaHuUs B BHIGOPKY
71100020 OTZIENILHOTO X, cocTapisiia 0.5, He3aBuCUMO OT npusHaxa L. B crpaTerun
dbopMMpoBaHMs CMeIeHHOM BbIGOPKM MbI HE OKMIAEM, YTO OHA GyIeT TOit ke
CaMoii, MTOCKOJIbKY CMEIEeHHbIN KYOUK «ITPeAIIounTaeT» BbIGOPKM C OOIbIIUM
YJICJIOM ITOKYIIOK IO KapTe JIOSUTbHOCTHU. TO CMellleHMe ByIeT «IpocaunBaThCsI»
110 YPOBHSI €IMHUYHOTO HAGJTIONEHMS U «CKJIOHSITh» €T0 IaHChI TIOMACTh B OKOH-
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YyaTeIbHYI0 BIOOPKY B 3aBMCHMMOCTY OT €ro NnpusHaka L. B 3ToM ciaydyae HY>KHO
paccumTaTh BEPOSTHOCTM BbIOOPA OTAEIbHO JJISI 3/IEMEHTOB C L 1 371eMeHTOB 6e3
Hero. Mbl OCTaBJIsieM OIpesie/leHye TOYHOM BepOSTHOCTY BbI6Opa OMHOTO X, M X
B KaueCTBe yIIPaXHeHMs U 3[,eCh IIPOCTO YKa3bIBaeM Ha TO, UTO JIJIsl KaXKIOIO X,
3Ta BepOATHOCTb paBHa 0.525, Torga Kax iy X, OHa paBHa 0.4.

YnpaxHeHue 3

BeposiTHOCTM BBIGOpa* mnist x,,,A € {L, L} B ciaydae crpareruyu popmupo-
BaHMS CMeIIeHHON BbIGOPKM MOXKHO BBIYMCIUTbL TOCPeCTBOM METONa MTe-
patuBHOrO OxkumaHus. st kaxporo A € {L, L} oTmenbHO pacCUUTHIBAETCS
BepPOSITHOCTD TOTO, UTO X,, Oy/ieT 0TO6paH B BLIOOPKY € yUeTOM IOKa3aHuii cMe-
IIeHHOTO KyO1Ka. BhITTO/THMTE BCe MIary, YTOOBI ITOTYUNUTh TOT )K€ OTBET, UTO U JIJIST
x,,Ae{L, L}

YnpaxHeHue 4

Kaxkie BeposSITHOCTM TpeX rpaHeli CMeLIeHHOT'O KyOMKa COOTBETCTBYIOT CTPaTerum
bopMupoBaHus perpe3eHTaTUBHOI BIOOPKY € MHMel, paBHoi 0.5 Ha puc. 6.8?
MbI MOI/IM ObI MCIIOIb30BaTh BTOPYIO CTPATETMIO (DOPMMUPOBAHMS CMEIIEHHOI BbI-
GOPKM CO CITelIMAIBHO ITOT0OPAaHHBIMY BECAMY BEPOSITHOCTE [JISI KAYKI OV I'PaHu U
SMY/IMPOBATh CTPATErnio GOpMIPOBAHMS PEIPE3EHTATVBHOM BHIOOPKM.

1.00-
0.95-
0.90-
0.85- ’
0.80- ot

{4/5, 1/5, 0/5}
R

0.75- /
gyl).7('l'
S o6 / (215, 2/5, 1/5)
e e e e e e e g o S \ s R
0.55- .
a
5-0.50- —_ —_ v
g 0.45- 7 N\
\ {1/5, 215, 2/5)
3 0.40- e e e e = = e = = e = = = =
o 0.35- \
@ .30 “
0.25- |
0.20- \
0.15- .
0/5, 1/5, 4/5,
0.10- wem{CLoml Dl
0.05-
0.00-
XqL XoL XaL X4 XsL X6l X7L XaL XoL X10L

YneH nonynsuum

PucyHok 6.8 BeposTHOCTM BbIGOpa Anst KyOMKa C APYrMM CMELLEHMEM M3 HALLEro
npumepa. BeposTHOCTb B3sTUS BbIGOPKM TUMA 3,4 U 5 nokasaHa Ha KaXoW IMHWUM; OHa
NoKa3biBaeT BEPOSITHOCTb BbiGopa Ans Bcex X,,,i = 1,...,10u A € {L, L},
O6paTnTe BHMMAHME, 4TO ANs NobOoI cTpaTerMm GopMMPOBAHUS CMELLEHHOM
BbIOOPKM NOCPEACTBOM TPEXTPAHHOIO CMELLLEHHOIO Ky6uKa BepoSTHOCTU Bblibopa
LBWXYTCS B CTOPOHY, MpoT1BononoxHyto ot 0.5. HanpasneHue ABUXEHMS 3aBUCUT
OT CYWeCTBOBaHMA (A) KapTbl JIOANbHOCTM MO OTHOLIEHMIO K KOHKPETHOM MOKYMKE X, .
M3HavanbHbIM CMeLLEHHbIN KYBUK COOTBETCTBYET CABUTY, 0603HAYEHHOMY
cooTHoLleHmamu 1/5,2/5,2/5

5 Awurn. selection probability. — ITpum. nepes.
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VIMeHHO 3[1eCh MOXKHO BU3YaJM3MPOBATh CMeIlleHMe TT0-HaCTOosIIeMY, IT0TO-
MY UTO B KaKAOM HaOJIIOJEeHMUM ITOIYJISIIINIM Mbl BUIAVIM «HAKJIOH» B CTOPOHY,
MPOTUBOITIONOKHYIO OT 0.5 B 3aBMcuMocCTM OT rpu3Haka L. Ha puc. 6.8 mokasaHo
CMellleHMe BepOsATHOCTel BbI6opa, p*5, i KybuKa ¢ IpyrMM CMeIeHMeM I10
CpPaBHEHMIO C BePOSITHOCTSIMM BbIOOpa, p.5¥ = 0.5, B pamKax cTpaTeruy Gopmu-
POBaHMS PeIIpe3eHTaTUBHOI BHIOOPKI.

6.3.2 OueHuBaHKe NO penpe3eHTaTUBHOM BbiGOpKe

Pa3ymeeTcsl, B3siTMe BBIOOPOK 6€3 CJIeAYIOIIEero 3a 3TUM Ilara OleHUBaHUS
camo 110 cebe He MMeeT 0COO0To CMbIC/IA, TO3TOMY AaBaiiTe MOCMOTPUM Ha I0-
CIeqYIONINIA 1Iar OLieHMBAHMS PeIIpe3eHTaTUBHOI BbIOOPKU. JIOITYCTUM, MbI XO-
TUM 3HaTb TOYHOE YMEJIO MOKYIIOK, COBEPILIEHHBIX MPU MPEeLbSIBIAEHUN KapPThl
JIOSJIBHOCTY ; IPAaBWJIbHOE 3HAYEHME 3TONM XapaKTePUCTUKU ISl HAIlel MOIy-
JSIMM PaBHO 6 = 8, ¥ MbI IOTTYYMUM ero, ecyix OymeM mpuoaBIaTh 1 I71s1 KaXKI0TOo
3JIeMEeHTAa MOMYJSLUN C XapakTepucTukoi L v 0 IJist BcexX TeX, y KOTO ee HeT:

MbI O1I€eHMM 3Ty TMOMY/SILIMOHHYIO CYMMY, 3a71e/iCTBOBAB ee aHaJIoT JIJIsl CITy-
YaiftHOI BBIOOPKM, «BBIOOPOUHYIO CYMMY»:

5
0=> I
Jj=1

Bri6opka S mpencraBisieT co00ii CIydaifHoe MOAMHOKECTBO pasMepa 5, mosto-
My HEOOXOIMMO YUUTBIBATh, YTO BMECTO (DUKCMPOBAHHBIX 3HAYEHMII C, Terepb
MbI IMeeM A0 CO CTy4aiHbIMM MHIMKATOPHBIMY ITepeMeHHbIMU I].L onsaj=1,2,
3,4, 5. O puKCcHpOBaHHBIX 3HAYEHUSIX MOKHO TOBOPUTH TOJIBKO IIOC/IE TOTO, KaK
KOHKpeTHasl BbIOOpKa OblIa MaTepuaau3oBaHa. VIHAMKATOpHAs IepeMeHHast I,
paBHa 1, eciu j-if 971IEMEHT BBIOOPKM MMeEEeT XapaKTepUCTUKy L, 1 0 B IpOTUB-
HOM QJTy4yae. 3HaueHMe 3TOV CYMMBI JIJI51 JTF060 BO3MOKHOI BBIOOPKY 3aBUCUT OT
TUTIA TIPEeNIbIAYIIEe BbIOOPKY (BBIOOPKM TuMa 3, 4 160 5). Bce BpIOOpKHM THITA 3,
4 u 5 6yayT MUMeTh 3HAUEHMsI COOTBETCTBEHHO 3,4 11 5 9TOJT CyMMBI.

[Tockonbky CymMMa MMeeT IIPOM3BOJIbHBIN XapakTep, HaBaiiTe ITPOBEpUM
OXMIaHVe BIGOPOYHOI CYMMBI (€€ JOJTOCPOYHOE MOBEIeHMe B OKCIIEPUMEH-
Te, B KOTOPOM MbI MHOTOKPATHO OepeM CIyJyaiiHyio BRIOOPKY pa3Mepa 5). Oxku-
IlaHMe OJHOI MmepeMeHHO I].L IJst moboro j = 1,2, 3,4, 5 B paMKax cTpaTerumu
bopmupoBaHms perpe3eHTaTUBHO BRIOOPKM paBHO 8/10 (MbI OCTaBJISIEM 3TO B
KayvecTBe YIIpaxKHeHMs]), a MSITh U3 HUX COCTABJISAIOT ueThipe. Kazasock 6bl, ¢ ye-
TBIPbMSI MbI OTKJIOHSIEMCSI OT Lie/iv B 2 pa3a. Ho Mbl BUAMM, UTO MMEHHO Ha 3TOT
KO3(GULIMEHT OTKIOHSETCS M Hallla MOMYJISIIs, ¥ pa3mep BbIOOpKU. ITomyrns-
uust umeet 10 = N wieHOB, TOrJa Kak BbibOpKa S umeet 5 = k. CeoBaTensHo,
ecu yBemuunuTh Maciitab ¢ Ha N/k, To Mbl 6yeM y 1ieau ¢ oxkumaneM. OKOH-
yaTesbHast GoOpMysia OLIEHIIMKA TAKOBA:
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—~ 10
Osu = E;I]L’

JiaBasi HECMELIIEHHOTO U COIIACOBAHHOTO OLIEHIINKA MOIYIISLMOHHOI CYMMBI 6
(1o Mepe yBen4eHus pazMepa BbIOOPKU 5, CXOOUTCS K UCTUHHOMY 3HAY€HWIO
6 = 8). IlpuBeeHHAas B TaHHOM ypaBHeHUM 001Iast ¢Gopma BepTUKaIbHO Mac-
HITAOMPYIOIIETO OLIEHINVKA Ha3bIBAeTCS oyeHuukom Xopsuya—TomMncoHa cym-
MapHOTO 3HaUYeHMs MMpU3HaKa.

YnpaxHeHue 5

Kak 6bI BBl pacCuMTay OXMIaeMoOe 3HaueHMe VHIMKATOPHONM IepeMeH-
HOI1 [;; 7 CMO3KeTe /11 BbI IPOZIEMOHCTPUPOBATD, UTO OHO SIB/ISIETCS TEM, UTO MBI
yTBepKgaem?

Illar MmacIrTabMpoBaHMsI — 9TO 0OIIASI CTPATErMS, M €€ TAKKEe MOKHO VICIIONb-
30BaTh JIJIS1 OLIEHUBAHMS OPYTUX MOIMY/ISIIMOHHBIX CYMM, TaKMX KaK 00Iast CyM-
Ma, MoTpaueHHasl Ha OHJIaliHOBbIe ITOKYMKM 3a IOCAeIHMIT MecsI] (UTO 3/1ecCh
MpeACTaB/sIeT COO0I MHTEpeCyIoIIast Hac MOMy/Sius?). JInbo ecau Bbl XOTUTE
Y3HATb YMCJIO ITOKYIIOK, COBEPIIEHHBIX Ha cymMMy 6osee 100 moiapoB 3a Io-
CIeIHUIT MecsI], TO MOXHO BOCITOJIb30BATbCSI BEPTUKAIbHO MAaCIITaOMPYIO-
IIMM OLIEHIIMKOM, 3aMEeHMB XapaKTepUCTUKY L Ha «IIOKYIIKa Ha CyMMy Oojiee
100 momtapoB». TTOMySILIIOHHbBIE CYMMBI, TTOIOOHBIE O, BHIIVISIAST CHEIU(PUYHO,
HO IT0 HMM MOXKHO 3a/1aBaTh JII0OOE ee IMHEeTHOe ITpeobpasoBaHue (Jitoboe cpem-
Hee). O6paTuTe BHMMAaHMe, YTO eC/Iu pa3genanTh 0 Ha 10, TO IOY4UTCS P, = 4/5,

YTO TOXKE SIBJISIETCS] PA3HOBUAHOCTHIO CPEIHET0, TO3TOMY Os, TaKKe MOXKHO MC-
TI0/Ib30BaTh 1JIs1 OLleHuBaHuA p,. Takum ob6pasom, crpaTerusi GopMUPOBAHNUS
perpe3eHTaTUBHON BBIOOPKM U «BEPTUKAJIbHO MaCIITAOUPYIONMIT» OLEHIIVK
SIBJISTIOTCSI MOLTHBIMM OGIIMMM MHCTPYMEHTAMM, CYXKALUMMM IJIsI TIOTyYeHMSsT
XOopouieii OLleHKM COOTBETCTBYIOLIEro MOMY/ISLIMOHHOrO IapaMeTpa.

WuTepecytomas HaC TMOMYISINS MOXKeT ObITh KIacCMYecKo, Kak y Jlariaca;
9TO MOTYT ObITh BCe KOPTEXM MOKYITOK 3a ITPOLLIbIN Mecsll, XpaHsiuyecs B 6aze
JAHHBIX, WJIM BCE TIOKYTIKM, TIPMOBIBINME 32 TIoCAegHMe 24 yaca OT TPOU3BOAN -
Teseil B KOHBeliep 06pabOTKM IMOTOKOBBIX JAHHBIX. BepOSITHOCTHBIN apryMeHT
OIVMHAKOB JIJI BCEX TPeX, HO TeXHMUEeCKas peaan3alysi mpolecca 0Tbopa B 3TUX
Tpex 0671acTsIX, pa3ymMeeTcsl, pa3inyHa.

Peslome

O Kouseiiep 06paboTKM IIOTOKOBBIX JAHHBIX SIBJISIETCS €CTeCTBEHHOI cpe-
IOV [IJIs1 NEMOHCTPAaLUM aJITOPUTMOB U CTPYKTYP TaHHBIX.

O PacripeneneHHble BBIUMCIEHUS ¥ MMIIEPATUB peaibHO-BPEMEHHON [10-
CTaBKM PEe3yJIbTaTOB B MPUJIOKEHMUSIX IO 00pabOTKe IMOTOKOBBIX JaHHBIX
CO3[1aI0T MHOTOYMC/A€HHbIE BO3MOKHOCTU [IJISI COKPAIIEHMSI CKBO3HBIX
3aJlepsKeK 3a CUeT pasyMHOTO MCIIO/Ib30BaHMsI XeIIpoBaHus, (GUIbTPOB
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Bayma, Ha6pockoB count-min 1 MmaccuBoB HyperLogLog. Takue 3amaHus,
KaK coefMHeHMs 60X TaOINI], XPaHSIIUXCS B PA3HOPOIHBIX CUCTE-
Max XxpaHeHusl, AeAyTIMKaIKs B TIOTOKe, MOHUTOPUHT ceTeBOro Tpaduka
1 GamaHCUPOBKA HATPY3KM, SBJSIOTCS peajbHbIMU MpUMepaMu Mmomo06-
HBIX BO3MOXHOCTE.

PeanbHO-BpeMeHHasl aHAJIMTHKA BO3MOXHA, €M 3alHTePeCcOBAaHHbIE
CTOPOHBI MOTYT IOTOBAapMBaThCSI 00 YPOBHE TEPIMMOCTHU K 3a7ep>KKaM
B TaKMUX cHUCTeMaX. MexaHM3Mbl T€HEPMPOBAHMS TAHHBIX ITOIBEPKEHDI
TepuogMYeCKUM WA CJTyYaifHbIM M3MEHEHUSM, ¥ Hallly aJITOPUTMBbI 00-
pPabOTKM ITOTOKOBBIX JAAHHBIX HOJIKHBI OBITH CIIOCOOHBI CBOEBPEMEHHO
UX YYUTHIBATh. MOMIe/IM TTOTOKA JaHHBIX, TaKMe KaK CKOJIb3sII/e OKHA Ha
OCHOBE YM(JIa JIEMEHTOB MO0 KOJIMUECTBA BPEMEHM, MTO3BOJISIIOT BHO-
CUTD TTOCTIEAHE KOPPEKTUBDI, YTOOBI 0OHAPYKMBATh TaKMe SIBJIEHMS, KaK
COBUTY B KOHLEIILIVSX U Ipeiidbl KOHIIEIINIA.

B3sTie BBIOGOPKM — 3TO MOIIHBINA M TaBHO 3apeKOMEHIOBaBIINI Cebs
METO/I, OTBeTa Ha BOIMIPOCHI O HEMTPOC/IEKMBAEMOM MHOKECTBE ITyTeM CU-
CTEMaTUYECKOTro GOPMMUPOBAHMS €0 TTOJIMHOXKECTBA ¥ OTBETA HA TOT JKe
caMbIif BOIIPOC Ha €ro ocHoBe. [JaBHO M XOPOIIO 3apeKOMeHAOBaBIIIast
cebst TeopusT CTAaTUCTMYECKOTO BBIBOJA HA OCHOBE HECMEIeHHOI 160
CMeIIeHHO! BbIOOPKM ITOMOTaeT OIpPenessiTbCsl C Pa3MEPOM BbIOOPKU
¥ BbIOMPATH OIEHINMKA JIJIT OTBETA Ha BOIIPOC C TapaHTHE TOYHOCTYU U
MPEeIM3UOHHOCTH!.
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MopmuposaHue BbIGOPOK
U3 NOTOKOB AAHHbIX

OTa IJlaBa OXBaTbIBAET cjieayroinre HKe TeMbI:

m  (GopMupoBaHMe BHIOOPKM 13 6€CKOHEUYHOTO PerepHOro MoToKa;

® BK/IIOYEHMe HOBM3HBI C MOMOIIbIO CKOIb3SIIEr0 OKHA U MPOLey-
PBI B3SITHSI BBIOOPOK 13 HETO;

® JeMOHCTpAaIs Pa3HUIIbI MEKAY CTpaTerusiMu bopMupoBaHus pe-
Mpe3eHTaTUBHOI ¥ CMEIIEHHO BbIOGOPKYM Ha pPEelepHOM TOTOKE C
BHE3aIHbIM CIBUTOM;

m 006cieqoBaHMe MmakeToB 1 6mbamorek R u Python, paspaboTaHHbIX
IJISI HATTMCAHWST Y MCTIONTHEHMSI 3aJaHN Ha TIOTOKAaX JaHHBIX.

MbI TOTOBBI B TIOJTHOV Mepe OIleHUTh GOPMUPOBaHMEe BBIOOPKHM KaK OT/Ae/bHOe
3a/iaHue, IOCTaBJIeHHOe Ha SIpyce aHam3a. XOTSI Mbl yyKe [T0Ka3aju, YTo pa3ouBs-
Ka apXUTEKTYypPbl TOTOKOBBIX JaHHBIX Ha SIPYChI HE CTOJIb OJHO3HAUHA, Mbl BO-
o6pa3um, YTo MPOLecCcop MOTOKOB GOPMUPYET BBIOOPKY M3 BXOISIIETO IIOTOKA
Ha 3TOM sIpyce. DTO IMOMOXKeT BHEAPUTD AITOPUTM (HOPMUPUPOBAHMS BEIOOPOK
6e3 KakMX-T1M00 JOMOTHUTENbHBIX CJIOKHOCTEN, CBSI3aHHBIX C JeAyIUIMKaLNen,
CTMSTHUEM WUJTH 06111ei Tpero6paboTKoli JaHHbIX. B HalleM mpumepe ¢ 4acToTo
oTIevaTkoB IP-afpecoB BXxofsuiye 3arpochkl CHavalIa NPOXOAsT JeLyIINKALUIO
IP-anpecos, a 3aTeM NpeACTaIOT Mepe[ MPOLeCCOPOM MOTOKOB, KOTOPBIN MaTe-
puanusyet perpe3eHTaTUBHYIO BBIOOPKY. Tekyllee cOCTOsSIHME BIOOPKY 3aTeM
MCIIO/Ib3YeTCs ST TTPUOIMKEeHHOT0, HO OBICTPOTO OTBETa Ha HeIpPepbIBHBIN
60 MMITPOBU3MPOBAHHBIN 3ampoc. sl M/UTIOCTPAMM KaXKIOTO aJrOpUTMa
MbI OyZIeM UCTIOTb30BaTh IIPMUMep B3SITUSI BBIOOpKM 13 IP-angpecos.

Teopwst B3SITHSI BBIOOPOK M3 ITOTOKOB €CTECTBEHHBIM 00pa30M pa3Buiiach U3
B3SITUS BBIOOPOK 13 6a3 maHHbIX. DopMupoBaHue (B3sITHE) BIOOPOK U3 6a3bI
JOAHHBIX COIPOBOXKIAETCS IPOAO/DKUTENbHBIMY ¥ OOIIMPHBIMM HayUHBIMMU
MU3BICKAHWUSIMMU U ITyOIMKaLMSIMM, HauaBIIMmucs eie B 1986 rogy ¢ pa6otsr Oji-
keHa (Olken) u Porena (Roten) [1]. OnHO 13 HampaBIeHU MCCIef0BaHMii B 06-
JlacTu 0Tbopa M3 6a3 NaHHBIX, OHAALIHOB0E Azpe2uposaHue, TTIOCTYKUIIO Hauyallb-
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HOIJ 171aTdhOPMOIA 7151 IIaBHO TeMBbI 3TOJ ITIaBbl — 83smue 86100pOK U3 NOMOK08
daHHbiX. MBI TIpeICTaBMM KOHKPETHbBIE aJITOPUTMbI, KOTOpPbIe pabOTalOT C pas-
JINYHBIMU TIOTOKOBBIMM MOZAESIMU, pACCMOTPEHHBIMM B pasperne 6.2.

7.1 @opmupoBaHue BbIOGOPOK
U3 penepHoro noToka

IlaBajiTe 3aiiMeMCsI UepHOBOJi pabOTOI 1 IIOIIBITAEMCS ITOJK/IIOUNThCSI» K ITep-
BOMY IIOTOKY JaHHBIX, B35IB BHIOOPKY 13 MOZEJIM pEIIePHOr0 IOTOKA. DTO Herpe-
PBIBHBI ITOTOK JAHHBIX 6€3 OKHA. DIeMEHTbI JaHHbIX IPUObIBAIOT HEIIPEPBIBHO,
00pabaThIBAIOTCS M MCUe3aloT HaBceraa. Iloskanyii, Hascez0da — CIVIIIIKOM CUIbHO
CKa3aHo, MOCKOJIbKY OOBIUHO IOTOK MepeMellaeTcsl B MeIjIeHHOe MacCUBHOE
XPaHWINIIE BTOPUIHOM maMsaTh. OTOOp M3 TAaKOIO ITOTOKA JO/DKEH KaKUM-TO
06pa3om obecrieunBaTh, YTOObI B KasKIbIii MOMEHT 3BOJIIOLINM ITIOTOKA COXPAHSI -
JIaCh «TOJIbKO» peIlpe3eHTaTUBHAs BbIOOPKA TaHHbBIX, ITIOSBUBILIMXCS HA HACTOS -
HIMii MOMeHT. To 6oJiee IpoCTas 3aava [0 CPaBHEHMIO C MPOLIeTYPOI B3SITUS
BBIOOPKM 13 OKOHHOTO (OCHOBAaHHOTO Ha ITOC/IEOBATE/bHOCTH JIMOO BpeMeH-
HBIX METKaX) [T0TOKa JaHHbIX. 3eCh He TpeOyeTcs peaan30BbIBaTh JIOTMUKY 00-
HOBJIEHMSI BBIOOPKM II0CJIE BBIXOMA 3JIEMEHTAa BLIOOPKM 13 OKHA (€ro ycrapepa-
HUS). DTO HeU36eKHO TpebyeT BpeMeHHbIX 3aTpaT M MOABOAUT K KPUTEPUIO [JIsT
OILIEHMBAHUS «TOOPOTHOCTH» aJITOPUTMOB (GOPMMUPOBAHMS BbIOOPKIU, KOTOPbIE
MbI MIpeNCTaBUM. AJITOPUTM, XOPOIIO OTBeYaloluii Ha 3apoc, JO/KEH YMeThb
CO311aBaTh M/ OOHOBJISITh BEIOOPKY 3a OJMH ITPOXOJ IO 3JIEMEHTAM ITOTOKa.
OH TaKKe TO/KEH JaBaTh MPUOIVKEHHbBI OTBET HA (HepPepbIBHBIN 1160 MM-
MIPOBU3MPOBAHHBII) 3aIIPOC, UCIIOIb3YsT BBIOOPKY ITOIMIOTrapupMUUECKOTO M0
N pasmepa (N — 9TO 4MCJIO 371eMeHTOB, MMOSIBUBIIMXCSI HA JaHHbI MOMEHT B pe-
IIEPHOM ITOTOKE). ITOHSITIe npubnuieHHOCMu NO/DKHO ObITh KOHKPETU3UPOBA-
HO, KOTJa pa3paboTuMKy aJrOPUTMOB XOTSIT MMETh BO3MOKHOCTb CPaBHMBATD
CBOM QJITOPUTMUYECKIME peleHust. [IpubamsKeHHbIN OTBET 03HAYAET, UTO OTBET
IOJKeH OBITh B IIpeesiax € abCOII0THO/OTHOCUTEIbHO OLIMOKI/OTKIOHEHS
OT IPaBUJIBHOI'O OTBETA, 3a VICK/IIOUEeHVeM HEeKOJi HeGOJIbIIIO BEPOSITHOCTH He-
ycrexa, 8, Korjga 9To He Tak. Mbl XOTUM ObITh TOUHBIMMY 110 € B 100 x (1 — §) mpo-
IleHTax cayyaeB. Pasmep oKHa o B OKOHHBIX IOTOKAaX UTpaeT posb nmapameTpa N
B YaCTMU MOAMIOTapUOMUIHOCTY pa3Mepa. Mbl MCXOAMM U3 TOTO, UTO Pa3Mep m
CJIMIIIKOM BEJIMK, YTOOBI BMECTUTD B IIAMSITh BCE KOPTEXM MEKAY t U t — .

7.1.1 ®@opmuposaHue Bbibopku bepHynam

B3sTue BbIOOpKM BepHy/m — 3TO Kiaccuueckasi crparerusi GopMupoBaHust
BbIOOPKY (JTannanb Beprymn skui B XVIII Beke, Korma amMcT 6ymMmary ¢ JaHHbIMU
00 ypO3KaitHOCTH CeTbCKOXO03S1/ICTBEHHBIX KYIbTYP BO BpeMEHHO IMHAMUKe B
pa3HbIX YACTSIX CTPaHbI ObUT HaMbosIee GIM3KMUM ITOHSTHEM K 6a3e JaHHbBIX). DTO
Takxke cTpaterusi GopMupoBaHMS pernpe3eHTaTUBHON BbIOOPKM, KOTOpas repe-
SKMJIa CBOIO BTOPYIO BECHY C TIOSIBJIEHVEM JIETKO M OBICTPO AOCTYITHBIX 3JIEMEHTOB
IAHHBIX (C aKTMBHBIM BHEAPEHMEM MPOIEAYD B3SITHSI BLIOOPOK 13 6a3 TaHHBIX).
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[aHHYIO CTpaTeruio Mpolie BCero MpouUIICTPUPOBATD, €C/IU ITPeACTaBUTD, UTO
BBI UI'PA€Te B BUIOM3MEHEHHYIO UTPY «JIIOOUT — He JTI0OUT», CPbIBAsI JIEIIECTKY C
[IBeTKa [0 OGHOMY 3a pas3 (IIpy 3TOM HafAesCh, YTO K BAM UCIIBITHIBAIOT POMaH-
TUUYeCKue 4yBCTBa). [locie TOro Kak Bbl UCIIOPTUTE COBEPIIEHHO MPEKPACHbIN
LIBETOK, BbI MMpeKpaliaere urpy. IIpmyem To, YTO BbI CIeaau, ObIJIO BEIOOPKOI
JIETIECTKOB B COOTBETCTBUM C BBIPOXKIEHHOW Bepcueii hopmuposanus 8sl00pKu
BepHy/nu: BbI BbIOVPAIM KasKIbIiA JIETIECTOK C BEPOSITHOCTBIO p = 1. EcTecTBeH-
HO, TIpoIiecc GopmuposaHus 8vl60pKu bepHyiu, TPUTOMHBIN IS TPAKTUYECKO-
ro mpuMeHeHwus1, 6ynet umetsb p € (0,1), rme p IpeacTaBiIsieT UCTUHHYIO TOJTIO
BBIOOPKM®® 1181 IIOOOTO UMC/Ia 37IeMEHTOB, ITOSBMBIIMXCS Ha JaHHbBII MOMEHT B
MOTOKe.

Ecinn Mbl BO3bMeM IMOTOK AeAyTUIMIIMPOBaHHbBIX IP-afgpecoB, TO CMOKeM BbI-
6paTh Kaskaplii 1/p-ii agpec, KOTOPBIi MIpoligeT. B 3ToM BCS MpesiecTb IPOCTO-
ThI JAHHOT'O METO/A: B 1000/ MOMEHT MOKHO OBITh YBEPEHHBIM, UTO BbIOOPKA
TOJIHOCTBIO C/Ty4daiiHa u umeet pasmep pN, roe N — 3TO YMCIO JIEMEHTOB, I10-
SIBUBIIMXCS HA JAHHBI MOMEHT. 3aTeM MX MOYKHO MCIT0/Ib30BaTh [IJISI BbIYMCIIE-
HUSI TPUOIVKEHHOTO YlMC/Ia OTIIeYaTKOB B pacuere Ha IP-ampec Bo BceM Ipo-
cTpaHcTBe [P-ampecos.

Ing kaskgoro npubkiBaoniero IP-agpeca Mbl 6ymeM moa6pacbiBaTh MOHETY,
IMOKa3bIBAIOIIYI0 OpJia C BEPOSITHOCTBIO P U PENIKY C BeposSITHOCThIO 1 — p. Eciin
MbI OyieM BBOIMUTH ITOSIBUBIIMIAICS B JAHHbBI MOMeHT IP-afpec mpu Kaskgom
TIOSIBJIEHMM OpJia, TO Y Kakmoro IP-agpeca OymeT p IIaHCOB IIOIIACThb B BHIOOPKY.
K npumepy, NIpuMeHsis CIpaBejIMBYI0 MOHETY, Mbl B CpeTHEM OYyIeM MCIIOJIb-
30BaTh KXl BTOPO¥ mosiBMBIIMiics [P-ampec. O6paTuTe BHMMAaHNe HA HEU3-
OEKHYI0 0COOEHHOCTD: XOTS P OCTAETCsI TIOCTOSIHHO, pasMep k BBIOOPKU SIBJISI-
eTcst GMHOMMAJILHO pacIipele/IeHHO C/TyuaiiHOi BeIMYMHOM, Y ee O3KIIaeMblii
pasmep Np pacret c yBenudyeHuem N. Teriepb MOKHO OIPeNe/UTb NPOLEnypPy
B3SITUS 86100pKU BepHy/iu 60mee popManbHO: C yU€TOM TOC/TIEN0BATETbHOCTHU
9JIEMEHTOB €, €,, €, ..., €,, ... U3 PEIIePHOr0 MOTOKA BK/II0YATh KasKIbI/ SJIEMEHT €,
MOTOKA C BeposiTHOCTBIO p € (0,1) He3aBMCUMO OT JIFOGOTO JIPYTOTO JIEMEHTA,
KOTOPBIN yykKe Mpolles Wi KOTOPOMY ellle TPeACTOUT IIPUATU. DTa uaes Mmpo-
WUTIOCTPUPOBaHa Ha puc. 7.1.

Ecnu Bac He MHTepeCYIOT CKy4YHbIe JeTaIy peajin3aiiuy, TO Terepb y Bac eCTh
BCSI HeoOxomyMast MHQOpMaLys O B3SITUM BRIOOPKYM BepHyIin, 4ToObI IIepeitTu
HeIOCPeCTBEHHO K IPpUBEeAeHHOMY HIKe MCeBAO0KONY HaMBHONM peanyn3alun.
HauBHas peann3aiiys BbI3bIBA€T &JITOPUTM reHepaTopa MceBAoC/TIyYaliHbIX Y-
ceJ AJ1s1 KaKA,0T0 MOSIBUBILET0Cs 37IeMeHTa, BbllaeT pABHOMEPHO paclipeesieH-
Hoe ciayvaiiHoe uncio oT O 1o 1 ¥ BKIIOYaeT 37eMeHT B BBIOOPKY, eCIu YMUCIO
MeHbIIIe p.

BHuKaHue B Teoputio, KOTOpas JIEKUT B OCHOBE reHepaTOPOB IICeBA0CTyYali-
HbIX UMCeJl, Ha JaHHOM 3Talle MPUBeIo Obl K BHE3AITHOMY U BpeMs3aTpaTHO-
MY M3MEHEHMIO KOHTeKcTa. K cuacThio, IJis TOTO YTOObI MOHSIThH, O YeM IOii-
IleT peub Jajibllle, Hy>KHO 3HAaTh TOJIBKO TO, YTO reHepaTOPhI IICeBAOCTyYaliHbIX
yuces1 — 3T0 3G PeKTUBHbIE JeTePMUHUPOBAHHbIE aJITOPUTMbI, FeHePUPYIOLI/e
5 To eCcTh MCTMHHOE OTHOIIIEHNE pa3Mepa BhIOOPKY K pasmepy monyasuun. — [Ipum. nepes.
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I10C/IeIOBaTeIbHOCTD TICeBIOCTYUYANHbIX UMces1. ECM aJropuTm npuaepxKuBa-
€TCS HeKOTOPbIX MOIMYIIeHNUIT U3 TeOPUM UMCel, TO OJIS MPaKTUUeCKUX Iejeii
yKa3aHHbIE UMC/Ia CTAHOBSATCS HEOTIMYMMBIMI OT ITOC/IeI0BATeIbHOCTY Peaslb-
HBIX CJIydaiiHbIX uncesl. Takke BakKHO OTMETUTh, UTO XOTSI ST aJTOPUTMBI U
3¢ deKTUBHbI, OHM TPEGYIOT BpeMeHM, U ITOCKOIbKY MbI paboTaemM B KOHTEKCTe
06pabOoTKI ITOTOKOBBIX JaHHBIX, Mbl He XOTMM BbI3bIBATh UX Uallle, YeM 3TO He-
006X0IMMO.

:_\—> P= 0.3

1 2 ko 4 s 6

£

7 8 9
- N SN & g o
a/%%’%%m&@@m
Bk ﬁj/li = /12 \@/12\ \a//l @/z @//2 /2 B/
U= 015 058 058 025 066 07 05 016 0.33
~4P3 7P 2P J4PZ 2P 7P 2P J4PZ 2P

(BT

PucyHok 7.1 Bbl BuauTe, uto B BbIGOPKY BK/IKOUYEHbI NMEPBbIN, YETBEPTbINM M BOCbMOM
3/1EMEHTbI MOTOKA, NMOCKO/IbKY COOTBETCTBYHOLLEE NCEBAOC/YYANHOE 3HAaUYEHME,
paBHOMepHoe Ha uHTepBane [0,1], okasanocb MeHbLe p = 0.3

[IpUATHO OTMETUTH, UTO TeHepaTOPbI MCEBAOCTyYAiHBIX YMCENT Ha CAMOM
Iesie CUMTAIOTCS aHadeMoii Iy crydaitHocTH (Kak ckasan k. ¢hoH Heliman:
«JI1060Ji, KTO paccMaTpuBaeT apudmeTHUecKuie MEeTOIbl MOAYUEHUS Caydaii-
HbIX 1M}, KOHETHO JKe, HAXOAUTCS B COCTOSIHUM TPEXOTAIeHNST»), HO TEOPUS
4uces, JeXallasl B UX OCHOBe, He MeHee YBJIeKaTelbHa, TaK UTO €CIN BBI ellle
9TOTO He CHeaau, TO TTOUNTATh O HUX OymeT HenuimHuM. He camoe mpocToe,
HO, ITOXKaJTy¥, caMoe JIydlliee MeCTO JIJIsI 3TOTO — iaBa 3 KHuru JJoHanbna Kayrta
«CcKyCcCTBO MpOrpaMMupoBanusi», Tom 2: Ionyumdposbie anroputmsl (1998,
Addison-Wesley Professional).

DKOHOMS Ha BbI30BaX reHEPATOPOB BCEBAOWIYYaHbIX UMCET, HAllla peain3a-
1St 6yIeT UCITOMb30BaTh TOT (PAKT, YTO UMCIIO SJIEMEHTOB, Yepe3 KOTOPbIe HYXK-
HO IIPOCKaKMBaTh IOCJIEe MOC/IeIHEr0 BKIIYEHMS, SIBJSIETCS reOMeTpUYecKu
pacIipefieJIeHHOJ CIyJyaiiHOl BeJIMUMHOI. BMeCTO TOro 4To6bl peanpyuHUMAaTh
KaKye-TO MePbl IPY KaskA0M ITOSIBJIEHMM HOBOTO 3JIEMEHTA B IIOTOKE, Mbl OyIeM
3TO JieJIaTh TOMBKO TOT/IA, KOT/Ia HOBBIN 3JIeMEHT OyZIeT BKIIIOYAThCSI B BHIOODKY.

% The Art of Computer Programming, Volume 2: Seminumerical Algorithms, D. Knuth. — ITpum. nepes.
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OTO 0OBSICHSIETCSI TEM, UTO MbI TEHEPUPYEM «ITPOITYCK» MHIEKCOB, MMMO KOTO-
pBIX Oy/ieM MTPOCKAKMBATh BCSIKUIT Pa3, UTOOBI JOCTUTATh CEYIOIIEro BKIYa-
€MOTO 3JIeMeHTa.

MpbI MCTIOSIb3yEM OU€Hb OOIIYIO TEOPEMY M3 TEOPUY BePOSTHOCTEN, UMeHye-
MYI0 00pamusiM UHMeEZPAanbHsIM hpeobpaszosaruem sepossmuocmu’’. (U3BuHUTE
3a BbICOKMe cioBa!) B HallleM ciiyyae OHa TOBOPUT O TOM, UTO eciu U SIBseTCs
paBHOMEPHO pacrnpefe/ieHHO ciayJyaiiHol BeanumHol Ha uHTepBase (0, 1), To
A = |log U/log(1 - p)| maeT 4yncjio 971eMEHTOB, Yepe3 KOTOpbIe HYKHO MTPOCKAKM -
BaTh Iepe[ CAeayIoM BKIIOYaeMbIM 97ieMeHTOM (|X] 0603HauaeT HauMeHb-
11ee 1ieJioe Y110, MeHblllee WX PaBHOE X), eCIM Mbl XOTUM BKJITIOUATh KaKIYIO
p-10. Yb-b! Huske mprBeeH COOTBETCTBYIOIINI TTICEBIOKO/,:

S=1] (1)
p = 0.01 0
j=0 0
i=1 (2]
U = PRNG_unif(0,1) (3)
A= Logﬁlglf]p)J 9
j=40+1 (5)

while (True):

while (1! =3 ):
1421 (6]
S.append(e,) (7]

U = PRNG_unif(0,1)

-~ logU
8= Lﬂg(l fp)J

j=i+n+1

@ Vumumanu3nposaTh NycToii bydep S 419 XxpaHeHUs BbIBOPKM M 3aAaTb BEPOSTHOCTb
BblbOpa, p

@ 3apath j, MHOEKC CNeAyYIOLEro BKI0YaeMOro aneMeHTa, pasHbiM 0, M MHAEKC | TeKyLlero
3neMeHTa paBHbiM 1

© PaBHOMepHO 13BNEYb NepBbii U

@ Cpenatb nepBbIi NPONYCK/NPOCKaKMBaHME

@ BbiuMCNUTL MHAEKC MEPBOTO BKIOUYAEMOTO 3/IEMEHTA

@ MepepaTb BCE MHAEKCHI MEXAY NOCNEAHUM W CNEAYIOWMM BKIHOHEHUAMM
@ BkntounTb TEKYLLMIA SNEMEHT B BHIGOPKY

57 AHri. inverse probability integral transform. — IIpum. nepes.
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B 7110607f MOMEHT BpeMeHM t BbIGOPKa S SIBJSIETCS CTy4aiiHO BhIOOPKOIT bep-
HYJIIM U3 BCeX MOSIBUBIIMXCS HAa JaHHbBIII MOMEHT KOPTEXKel C BEPOSTHOCTDIO
BKJIIOUeHMsI, p. Kak BUIHO M3 IICE€BIOKOMAA, Mbl BbI3bIBA€M Te€HEpaTop IICEeB-
IOCTyJaiiHbIX uMceT U (PYHKINIO 10g TOJIBKO BO BpeMsI BKIIOUEHMSI HOBOTO 3JjIe-
MEHTa B BbIOOPKY S.

B 0606m1eHHOV Bepcuu GOpMUPOBaHUS BBIOOPKM BepHy/UM AJisi KaXkIoro
3/7IeMEeHTa MCII0/Ib3yeTCs OT/e/IbHAs M YHUKAIbHAs BEPOSATHOCTD BKIIIOUEHMS, P..
Orta cxema (opMupoBaHMST BBIOOPKM HA3bIBAETCS 8351MMuUeM NYacCOHOBCKOL 8bl-
0opKu, M BKJIIOUEHMe 31eMeHTa X, Ha3bIBaeTCsl UCIbITaHMeM bepHymm ¢ Bepo-
ATHOCTBIO yCIiexa, p,. Eii y Hac ecTb [0CTaTOYHO XOpollee Mpe/iCcTaBIeHne o
KpPaTHOCTSX X, (TO €CTh HEKOTOPbIE BEIMUYNMHBI X, B 3a[1aue OL[eHMBaHMS ob1en
CYMMbI MOKYIIOK B JO/LIApax MOSIBISIIOTCS Yallle, YeM Jpyrue, ckaxkem X)), TO
MbI MOXeM TI03BOJIMTb MM OTPaXXaThCsl B BEPOSITHOCTSIX BKIOUeHus. X, ¢ 60-
Jiee BHICOKMMM KPaTHOCTAMU OyeT MMeThb 60j1ee BBICOKYIO p,, TOT/A KaK Te Be-
JIMUMHBI, KOTOPbIE MOSIBJSIOTCS JIUIIb U3PeaKa, OYAyT MMeTh COOTBETCTBEHHO
MEHBIYIO p,. DTOT TUIl (YOPMMUPOBAHUA CMEWEHHOU 8b100PKU TIO3BONISET TIPS~
MOJIMHEIHO CTPOUTD OlleHINMKa XOpBUIla—TOMIICOHA ¥ COKpaIllaeT AMCIIePpCUI0
oneHku. K coxkasieHuto, 3ajauya reHepupoOBaHUS MPOITYyCKOB TIpu (OpMMUpoBa-
HUY ITyaCCOHOBCKOJ BHIOOPKM He TpUBMAJIbHA.

B pacmpeneneHHOV BBIUMCIUTENBHONM Cpefie, B KOTOpOil paboTaeT joboe
MIPOMBIIIJIEHHOE MPWIOXKEeHMEe M0 00paboTKe MOTOKOBBIX JAHHBIX, aJITOPUTM
dbopMupoBaHusT BBIOOPKM AO/DKEH JIETKO TIONIAaBAThCS IMapaylien3aluy 1o
HECKOJIbKMM IIOTOKOBBIM oIrlepaTtopaM ((popMuUpOBaHMUsS BbIOOPOK). IIpenmy-
IIeCTBO cTpaTeruu GopmMupoBaHus BbIOOPKM bepHy/um TOKHO ObITh OUEBU -
HBIM: B3SITM€ BbIOOPOK U3 I IOAIIOTOKOB MOCPEACTBOM 0T6Opa 1o bepHymiu ¢
BEPOSITHOCTBIO BKJIIOUEHMS p OyHeT MPUBOIUTH K MOYYEHUIO PeIIpe3eHTaTUB-
HOJ1 BBIOOPKM 13 BCEro MOTOKA I10C/Ie CBeAEHMs I' BhIOOPOK B Ha3HAUEHHbII Be-
Iyliuii/Macrep-ysell.

[J1aBHBIM HeZOCTaTKOM (GOPMMUPOBAHMS BbIGOPKM BepHy/UIM, Kak U Iyacco-
HOBCKOJ, SIBJISIETCSI CJTyYaliHbIN pasMep BbIOOPKN ; TEOPETUUECKI PeIIepHbIi IT0-
TOK OyzeT pacTu 6eCKOHEUHO. BbUIM MpeaIIpUHSATHI IMOIbITKY KOMOVHUPOBaHMS
otb6opa 1o bepHY/IIM U cCTpaTErnyM YKOPOYEHMS pa3Mepa BHIOOPKMY C LIeJb0 yia-
JIEHUSI 9JIEMEHTOB 13 BbIOOPKM BepHYIIM WK MCIIOIb30BaHMs mpolecca Gop-
MMPOBaHMS pe3epByapHOil BBIOOPKM, KaK TOJIBKO pa3Mep BbIOOPKM IPEBBIIIAET
YCTaHOBJIEHHBI TTOPOT. Takue cTpaTeruy BHOCIT CMeIleHMe B UCXOOHBIN anro-
putM hopMupoBaHus BIOOpKH. B ciryuae oT6opa 1o beprysau crparerus dhop-
MMPOBaHMsI BBIOOPKM CTAHOBUTCS CMEIE@HHOI, C pa3HbIM CMelleHueM p S — p
IJIST KQKIOTO 3JIeMeHTa i. 3aUacTyio He CyIeCTBYeT 3aMKHYTOM (QyHKIIMOHAb-
HOJi ()OPMBI 3TOTO CMEIEeHMSI, KOTOPYI0 MOKHO ObIJIO ObI MCIIOTb30BaThb [JIST
BOCCTaHOBJIEHNUS P IryTem f06aB/IeHNMsl STOTO CMeLeHus K p, i TI03TOMY CTa-
HOBUTCSI TPYAHO IPaBWJIbHO MCIIONb30BaTh OLIEHIMKA HAIOmo6Me OleHIINKa
XopBuna—ToMIICOHA.
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7.1.2 ®opmupoBaHHne pesepByapHO BbIGOPKU

dDopmuposaHue pe3epsyapHoli 8b160pKuU°® pelaeT MPobIeMy ImepeMeHHOTO pPas-
Mepa BbIOOPKM. DTOT aJrOPUTM ObUT MOMYISPU3UPOBAH Cpedy CIIEeIMaIiCTOB
o uHdopmaTuke B cratbe Buttepa (Vitter) [2], omybmkoBanHoi B 1985 romy.
Il1st MI060T0 YKCIa MPOYMTAHHBIX U3 TIOTOKA JIEMEHTOB BbIOOpKA, B3SITast METO-
mom (GopMupoBaHUS pe3epByapHOi BBIOOPKM, OyleT paBHOMEPHO pacripeese-
Ha MeXKIy BceMy BbIOOpKaMu pasmepa k. JIoKa3aTeIbCTBO 3TOrO YTBEPsKIEHUS
IIMPOKO JTOCTYITHO, TTO3TOMY 3JIeChb OHO TIpuBefeHO He Oyget. CiemoBaTenbHoO,
MBI ITOJTyYaeM CTpaTeruio GOpMUPOBaHMSI MPOCTON CTydaitHOl BHIOOPKM (DUK-
CMPOBAHHOTO pa3mepa k 13 6eCKOHEYHOTO PerepHOro MoToKa. BomiebeTso, ma
Y TOJIBKO!

Anroputm GoOpMUPOBaHMST pe3epBYapHOIi BHIOOPKM OIlEpUPYeT Ha IOTOKE
JAaHHBIX CJIeqylomuM o6pa3zomM: k 3ieMeHTOB TTOTOKA CHauaja BKIOYAIOTCS B
pe3epByap JeTepMUHUPOBAHHO (TIPOCTO m06ansis repBbie k 1eMeHTOB). Be-
POSITHOCTDb BKJIFOUEHMSI KaXKA0TO JOMOJHUTEIbHOTO MOCTYIMAILEro 3jieMeHTa
C MHIEKCOM i paBHa i/k mjis mo60ro i > k. EC/i Mbl XOTMM BKJIIOUUTH 3JIEMEHT
C MHJEKCOM I, TO APYrOi 37eMeHT, B HacToslllee BpeMsl HaXOASIIMIICsI B pe-
3epByape, yIaaseTcss paBHOMEPHO CTy4YaifHO, YTOObI OCBOOOAUTL CBOE MECTO.
Ecin po6aBuTh aHAIOTMYHOE COKpalleHne, KOTOpoe Mbl MCIIOJIb30Ba/IM paHee
I 06Xoda 37eMEeHTOB IyTeM I'eHepalyy MPOIYCKOB MEXIY TeMM, KOTOPbIe
HY>KHO BKJTIOUMTH, YTOOBI HE 3aI/ISIIbIBATh B KaXKIbIN, TO OyAeT Bce HEOOXOmM -
Moe, YTOObI IIPOBEPUTH Ballle ITOHMMaHMe ajaropuTma (cM. puc. 7.1). Ecau Bl
He cobupaeTech peaan30BbIBATh AJITOPUTM, a IIPOCTO €ro UCIOIb3yeTe, Bbl BCe
PaBHO CMOKeTe MOHSATh PUCYHOK. Ha HeM n306paskeH mpoiiecc GopMUPOBaHUS
pesepByapHOIi BBIOOPKY IJI5T IEPBBIX CEMM JIEMEHTOB ITOTOKA C MCITO/Ib30BaHM-
eM pesepByapa pasmepa k = 3.

[Ipexkme yeM oGCYANTb BpeMS BBIITOTHEHNS aJITOPUTMa (GOPMUPOBAHUS pe-
3epBYapHOi1 BHIOOPKM, Mbl TIOAPOOHO OIMMUIIEM OAHY M3 BO3MOKHBIX 3(deK-
TUBHBIX peaju3aluii 9Toii ctparerny GopMuUpoBaHus BbIOOPKM. Ecam Takoit
YpOBeHb AeTanu3alyiy Bac He MHTepecyeT, TO MOXXeTe CMeJo MPOINUCTaTh Cie-
IyIoliiMe Tapy CTpaHuil.

ButTep naet ahGeKTUBHYIO peaamsanuio airOPUTMa, UCIIONb3YS TY JKe U0
reHepupoBaHMs YMCIa A, TPOITYCKAEMbIX 3JIEMEHTOB I0C/Ie BKIIOUEHMS B BbI-
60pKY 27eMeHTa ¢ MHAeKcoM i. O6paTuTe BHUMAaHME, YTO 371€Ch YMC/IO0 ITPOITYC-
KaeMbIX 3JIEMEHTOB CHAOKE€HO MHAEKCOM; CJIeIOBATENbHO, IIPOITYyCKM MMEIOT
pasHoe pacripefeneHe B 3aBUCMMOCTH OT TOTO, KaKoil 06beM MOTOKA TaHHbIX
OBLI IIPOCMOTPEH A0 cuX IMop. OHM U3MEHSIIOTCS 10 Mepe 3BOIIOLNM ITOTOKA.
TeHepupoOBaHMe TaKUX MPOITYCKOB OTIMYAETCS OOJbIIEei CIOKHOCTbIO, UEM B
cxeme hopMMUPOBaHMS BIOOPKY BepHY/M, 113-3a HEPAaBHOI (YMEHbIIAIOMIei-
CsI) BePOSITHOCTY BKJTIOUEHMSI TI0 Mepe 3BOJIIOLMM ITOTOKA. JIexkalasi B ee OCHOBe
Teopus He CIMIIKOM CJIOKHA, M C Hell MOKHO O3HaKOMMUTBLCSI B OPUTMHATbHON
cratbe 6O B pasmene 2.3 crarbu Xaaca (Haas) B pykormcu I'apodanakuca

58 AHmI reservoir sampling; cuH. oT60p 06pasioB B pe3epByap. — [Ipum. nepes.
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(Garofalakis), Tepke (Gehrke) u Pactoru (Rastogi) [3] (c 3Toro mecra mMbI 6yzem
CChUIAThCS HA 3Ty paboTy Kak GGR).

B maHHOM MeTo/ie reHepUpOBaHye MPOIYCKOB A, [IJIsl «paHHMX» [ IIPeIyCcMar-
puUBaeT 3aeiiCTBOBaHME YIIOMMHABILEroCsl paHee 0OPaTHOIO MHTETrPabHOrO
npeobpa3oBaHus BepOSITHOCTHU. ISl «6osiee TIO3IHUX» | MCIIONIb3YeTCsI METO[,
npuHamus-omkasa® [4] B coueTaHuUM C apryMeHTOM cxcamus®.

Bo BTOpOM 13 ABYX YIIOMSIHYTBIX CTy4aeB MbI IOJKHbBI 3HATb TOUHYIO QyHK-
LMOHA/IbHYI0 HOPMY f,,, 4YeT0 MbI IIOUTU HMKOT/Ia He 3HaeM. K cyacTbio, Burrep
BBIBEJI TOUHYIO (POpMY B3SITUSI pe3epByapHOil BBIOOPKM, U 3TY (GOPMY BIIOTHE
MOKHO MCIIO/Ib30BaTh. TeM He MeHee Mbl BC€ PaBHO JOJDKHBI €e OLIeHNBATb,
YyTOOBI 6paTh BHIOOPKY C €e MOMOIIbI0, a ITO TpedyeT BpeMeHU. [I09TOMY MbI
He XOTMM BBI3bIBATh €€ CJIUIIKOM YacTO. BMeCcTo 3TOro Ml 6epemM BBIOODKY,
MCIIO/b3YS APYTYI0, TIPOCTYI0 B BBIUMCJIEHUYM (PYHKITUIO, U TIPMMEHSIEM BEPOSIT-
HOCTHBIV apTryMeHT, UTOOBI 3asIBJISITh, YTO HEKOTOPbIe OTOOPAHHbBIE JIEMEHTHI
TIPOUCXOISAT U3 fy, KOCBEHHO. DTO BHICOKOYPOBHEBas Uesl.

Ecy ke TOBOPUTH KOHKPETHO, TO Mbl HAXOAUM MHTETPUPYEMYIO «TPEYTOIb-
HYI0» QYHKIMIO® h, B IManasoHe f,, ABIAIOLIYIOCs QYHKIIMEN MacChl BEPOATHOC-
TU TIPOITYCKOB A,. /Il TOTO YTOOBI CIYXKUTb TPEYTOMbHOM IS fy, MBI IOJDKHBI
UMeTb f(X) < h,(x), uMes B BUIY, UTO BEPOATHOCTb TOTO, UTO A, paBHa X, Bcerzaa
Oyner MeHblIe, yeM h(x). 3aTeM Mbl HOpMaaM3yeM h, C KOHEYHbIM 3HAYEeHU-
eM 0, KOTOPOe SIBJISIeTCS €r0 MHTErpajoM HaJl AMaIra3s0OHoM fy, YTOOBI TONTYYUTh
BaJIMIHYIO (DYHKIMIO IJIOTHOCTY BEPOATHOCTHU g(X) = h.(x)/o.. PasymHo nipons-
BOJUTDb BHIOOPKY M3 AManasoHa fy, UCIonb3ys g(X). Mbl 6epem cirydaiiHoe 3Ha-
yeHne X n3 g(x) u paBHOMepHO pacnpenenennsii Uns (0,1).

Ecmm U < fy(x)/a1,8,(X), TO MbI 6epem X, TEKYIIYIO peann3aumio X, 4To6bl Momy-
4NTh CTyYaliHOE OTKJIOHEHMeE OT f,; B IPOTUBHOM C/Iy4ae Mbl FeHepUpyeM Cjie-
nyromryto rmapy (X, U) mo Tex mop, 1oKa ycIoBye He OyfeT BbITOTHEHO. ECii Mbr
CWIbHO 3JIOYTIOTPe6I 0003HAUEHMUSIMU U TeOpUei, TO MOKHO CKa3aTb, YTO
8/(x), obycnopnenHas Ha U< f, (X)/o.g(X), TOXI€CTBEHHa f,..

Tenepb HY>)KHO pacCMOTPETD elle ONHY AeTalb. BCIOMHNMTE, UTO Mbl XOTUM
OTKAa3aThbCs OT OLEHMBAHMA f,, U3-3a ee CTOMMOCTI. Cxcamue BBOOUT QYyHKIMIO
«I[lepeBepPHYTOr0» TPEYTOJIbHUKA WIIN, TTIOKAJIYI, Yally (BAaHHBI?), KOTOPAst «I10[-
nupaer» f,; CHU3Y.

Takum 06pasom, cKaTue — 3TO OThbICKaHMe (QYHKLMM T, KOTOPYIO HeJo-
pPOro BBIYMCINTD, TAKO YTO I, < fA,- IJIS BCexX x B Amaria3oHe. Torga 3arpoc
U < r(x)/o; g(x) MOXeT ObITb MOATBEPKIEH YTBEPAUTENbHbIM OTBETOM Ha
U < r,(x), M TONBbKO B CJIyyae OTPULIATEIbHOTO OTBETA I0/DKHA OLIeHUBAThCs 60-
nee poporas U < fy(x)/o.g/(x). Mbl 6yiemM UCTIONb30BATh fy, 8, O, I, . QYHKLMIO
KyMYJIITUBHOTO pacrpesienienns G, B TOM Bujie, B KAKOM BuTTep BbIBEJ UX IJIs1
Hac. B vactHOCTM:

39 AumI. acceptance-rejection method. — ITpum. nepes.
% AHmI. squeezing argument. — IIpum. nepes.
61 Aur. hat function; nuisnHas byuakuus. — [Ipum. nepes.
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k H;nzo(lfk+.7)
i— kT[4 1+5)°

[T +1—k+7)
Fa,(m)=P(A;<m)=1—- =L —
A, (m) ( ) T+ 1+7)
i+1
1 —k+1’°

gxm)::if1:<ijx>k;
(%@):1_<iix>i

ri(m) = k < i—k+1 )kﬂl

fai(m) = P(Ai =m) =

a; =

i+1\i+m—k+1
S = [None] * k (1)
ji=0
1=0
A=0 (1)
while (i<k) (2]
1+=1 (2]
S[i]=e_i (2]
i=i+1 (3]
U = PRNG_Unif(0,1) (4]
. [oli+1—k+j) CA =
whxle{lfm su tAh=0+1 @
j=k+A+1 (6]
while (True):
if 1<=C AND i==j (7]
U = PRNG_Unif(0,1)
d = 1 + floor(k*U) (8)

S[d] = e_1
U = PRNG_Unif(0,1)

[I5o(i+1—k+5)

while |1- —==— | >U
[Ti=o(i+1+5)
A=A+1
j=j+b+1

o0

else if 1>C AND i==j
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U = PRNG_Unif(0,1)
d = 1 + floor(k*U)
S[d] = e_i
U=1
. fa,(X)
U> 18
while U > g (%) (11]
V = PRNG_Unif(0,1)
X = 1% (Vrx(-1/k)-1) ®
U = PRNG_Unif(0,1)
10\
ifv= a;gi(X) ®
break
[14]
A =X ®
IERETE R (16]
1=1+1 (17}

@ VHnumanusnposats nycToit Bydep (pesepsyap) S pasmepa k. 3a4aTh j, MHAEKC CleayloLero
371eMeHTa, TakuM 06pa3oMm, 4ToObl OH BKIKOYAN MHAEKC 1 TEKYLLEro 3N1eMeHTa, U NepBbIi
nponyck A paBHbIM 0

® BkiounTb nepeble k 3n1EMEHTOB NOTOKa; e_1- 3TO Harpyska

© MepemecTnTb MHAOEKC 33 BNOK NOBTOPa

@ B3atb U ins nepeoro nponycka

@ B3aTb nepsbiii A u3 Fi (V)

@ BbluMCANTL MHAEKC j NEPBOro BK/KOYAEMOrO 3/1eMEHTa

@ OtsetBNeHMe AN ManbiX MHAEKCOB, 1

@ B3atb d, MHAOEKC Tekylero bydepHOro anemMeHTa 418 3anncu NoBepX Hero
© YCTaHOBUTb MHAEKC ANS BKAKYEHMS HOBOO 3N1EMEHTA

(D OtseTBnEeHMe Ang BOMbWKMX MHAEKCOB, 1 (1 > ()

@ BbINOMHMTL NPUHATME-0TKA3 CO OKATUEM

@ B3atb X kak G711 — V)

® Vcnonb3osathb I, BMECTO fy, 4T0Bbl NpepBaTh UMKN

@ B npoTMBHOM CNyyae NpoBepuTL Gonee AOPOryo fy,

@ B3atbiit X — 370 HOBbIN NponycK A

@ 06HOBUTD j, 4TOBbI YKa3aTb Ha CAEAYIOLLMII BKIOYAEMbIA 3N1EMEHT
@ Mepeiith K cneayloLEMy 3/1EMEHTY B NOTOKe

[IpuBeneHHbBIN BBINIE TICEBIOKOJ, IMTOKa3biBaeT 3G(EKTUBHYIO peann3aiinio
npoienypbl GOPMUPOBaHMS pe3epBYapHOIi BIGOPKM. PazMep BbIGOPKY k JOJ-
>KeH ObITh 3a[JaH HEKOTOPBIM 3HaueHueM. VICIonb3ys mpumep M3 puc. 7.2, BbI
MOKEeTe yBSI3aTh 3TOT IICEBIOKO, C BAIIVIM ITOHMMaHMEM aJropuUTMa.
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PucyHok 7.2 Ha pucyHke nokasaHo COLEPXMMOE pe3epByapa Noc/ie NepBbiX CEMM
npubbITMit. CHavana B BbIOOPKY AETEPMUHUMPOBAHHO BKOYAKOTCS TPU EMEHTA.
Brnocneacrsmu e, nponyckaeTcs (370 COOTBETCTBYET A, YACNY 3N1IEMEHTOB,
KOTOPbIE HYXKHO MPOMYCTUTb MOC/IE BK/IKYEHUSA €,, PaBHOTO 1). 3aTeM e, Ciy4anHo
3aMeHsieT e, B pesepayape (d = 2). Cneayrowmii SNeMEHT e, BKOYAETCA B
NPOU13BO/IbHYIO MO3MUMIO 1 B pe3epByape 1 3aMeHseT e, (0bpaTuTe BHMMaHMe,
4YTO 3TO O3HauaeT, yTo A, Gbin paseH 0). A, 6onbuue 0, Tak Kak Mo MeHbLIen Mepe
OfIMH 3N1EMEHT, €., NponyLLeH

Takue MeTozbl, KaK 06paTHOE MHTeTpaIbHOE MMpeobpa3oBaHe BEPOSTHOCTH,
METOJI, IPUHSTUSI-0TKA3a U CKaTHsI, SBISIOTCS 001myMy MetogaMu 3GexTns-
HOTO B3SITMSI BBIOOPOK M3 JIFOGOTO pacripefiesieHuss BEPOSTHOCTEN, TT03TOMY,
XOTSI BAM MOXKET IOTpeb0oBaThCSI HEMHOTO HACTOMYMBOCTM, UYTOOBI TTOHSTH CITO-
COOBI MX TIPVIMEHEHMSI, eIMHOXKIbI TIOHSIB, BbI CMOeTe 3(h(dEKTUBHO pelaTh
HIVPOKMIA CIIEKTP 3aIaHMIA, CBI3aHHBIX ¢ GOPMMUPOBaHMEeM BbIOOPOK. O6paTuTe
BHMMaHMe, YTO JITOPUTM paboTaeT AJis JII0O60ro Unc/ia MOCTYMAOMIMX U3 TIOTO-
Ka 27IeMeHTOB U MOXeT ObITh OCTAaHOBJIEH B J11060€ BpeMsl, IPUBOJS K IIPOCTO
CTy4YaifHOM BHIOOPKe pasmepa k 13 BcexX 37IeMeHTOB, IOSIBUBIINMXCS Ha JaHHbI
MOMEHT.
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BpeMs1 BBITTOJIHEHMS aJrOpuUTMa (OPMUPOBAHUS Pe3epByapHOIl BHIOOPKMU
cocrasistet O(k + log n/k), mostomy Tpe6oBaHMsI KO BpeMeH! U IIPOCTPAHCTBY
COOTBETCTBYIOT HALlIEMY OTPAaHMYEHMIO «MaJIoe IIPOCTPAHCTBO, MAaJIOe BPEMSI» —
10 MEeHbIIIel Mepe B IPUHLINIIE, [IOCKOIbKY 1 B peIIePHOM IIOTOKe GeCKOHEUHO.
Bo3MOsKHO, JTy4IlIe TOAYMAaTh, KOTOPbIi UCIIOIb3YET BLIOOPKY, ITOC/IE MOSIBIEHUS
KOHKPETHOI'O YMC/Ia 3JIeMEeHTOB. AHAINU3 Pas3/InuMii MeXIy BpeMeHeM BBIIIOjI-
HEeHMS HaMBHOJ peanyu3alyuy U MPeaCcTaBJeHHON 30eCh C TeOMeTPUYECKUMU
CKayKaMy CM. B KHUTe «[eHepalysi HeOMHOPOIHBIX CTyYaiiHbIX BeTMUIMH» ([I/1a-
Ba 12], http://www.nrbook.com/devroye/).

IIjist TOTO UTOGBI TIOHATH, KaK aArOpUTM (GOPMMUPOBAHKS pe3epByapHOIi BbI-
60pKM 06ecIieunBaeT MPOCTYIO CIYUAfHYI0 BHIOOPKY, MbI HATJISIIHO ITPOJE€MOH-
CTpUpyeM O4YeHb TOHKMIT 6aIaHC MEXKIY ABYMS II0C/IeI0BaTeIbHOCTSIMU BepO-
arnocreit. IlepBas u3 Hux k/i := p, — 370 BepOATHOCTb TOTO, UTO i-ii 37IEMEHT
BK/IIOUEH (MbI Ha3Ba/Ii ee BePOSITHOCTHIO BKIIOUEHMS). BTopas — 3TO BeposT-
HOCTb TOTO, UTO i-Ji 97IeMeHT He OYAeT yaaleH U3 pesepByapa, Iocjie TOro Kak OH
ObLI BKJIIOUEH, €C/Ii MbI yBUAUM N — i 3/IeMEeHTOB I10C/Ie Hero. Bropas BeposT-
HOCTb OTHOCUTCSI K COOBITHIO, KOTZA BCE €, (j B MHIEKCE), KOTOPbIE MOSIBIISIOTCS
B «IBepsIX» Mocjie e, (i B MHIeKCe), He MOTYT ya/luThb 3/IeMeHT e, (i B MHAeKce),
KOTOPbIIi HAXOUTCS B pe3epByape.

L7151 O{HOTO KOHKPETHOTO €; BTOPast BEPOSITHOCTD SIBJISIETCS] CYMMOIA BEpOSIT-
HOCTY TOT0, 4TO € BOOOIIEe He ObLT BbIOPaH /151 BKAOUYEHMS (B JaHHOM CJTyyae e
MIPOMYIIEH), ¥ BePOSITHOCTU TOTO, UTO €C/IM OH GbLT BHIOPAH /IS BK/IIOUEHNMS,
eMy He yJja/loCh yaluTh €. Ta CyMMa 3aIlMChIBAeTCs KaK

k k/k—-1 1
Qi'zl——,—F—.(—):l——.-
! i g\ k J

CnemoBaresibHO, BEPOSTHOCTD TOTO, UTO €, IBJISIeTCS YaCThIO pe3epByapa, 1oc-
Jie TOro Kak OyzmeT BcTpeueHo N 3/1eMeHTOB, paBHa

k j-1
: —min (1,2 [] —
Py(e; € 85) m1n< ’i> X .

j=max(i,k)+1 J

Mpb1 6yziemM Ha3bIBaTh ee 8eposimHOCmbio Haiuuus® B Touke N. ITepBasi 4acTb
npousBesieHKs (C1eBa OT x), KOTOPYIO Mbl 0003HaUMM 4epes p., IB/ISIeTCs 6epo-
AMHOCMBIO BKNII0UEHUA®® 171 €. BTopas yacTh (CTpaBa OT X) — 3TO KyMY/IATUBHOE
npousBeseHue (Mbl 6yeM 0603HauaTh €ro uepes 7, ), KOTOpoe OTpakaeT Bepo-
SITHOCTB TOTO, YTO HY OJIMH 13 ITOC/IIEAYIOIINX 9/IEMEHTOB He YIAIUT €, (TTPeIo-
Jjlarasi, YTo MbI BUIMM B 001Ieil c0osKHOCTMU N 371eMeHTOB). MblI 1CIIOIb30BaIN
min, 4YTOO6BI 0606IINTh BhIpaskeHEe C yUeTOM TaKKe MepBbIX K 3/1eMeHTOB (KOTO-
pble BKJIIOUEHBI JeTepPMUHUPOBAaHHO). Ha puc. 7.3 moka3aHbl 3T JBe IIPOTUBO-
TIOJIOKHBIE CUJIBI M pe3y/abTupyiomas P (e, € S) njst kaxknoro e, N =100 u k = 10.

%2 AHr. residing probability. — ITpum. nepes.
8 A inclusion probability. — ITpum. nepes.
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PucyHok 7.3 Mbl BUOMM BanaHc Mexay BepOoSTHOCTAMM BKTHOYEHMS

(M30rHyTas, NyHKTUPHAs TMHUS) U BEPOSITHOCTSMU yaaneHus Bnaotb Ao Touku N = 100
(NpsAmas, MyHKTMpHAas NMHKUSA), OTPAKEHHbIN B P, (e, € S) (CniowHas MHKUS), KOTOPbIM

NPUBIMNKEHHO NOCTOSIHEH AJ19 BCEX 3/IEMEHTOB, MOSIBUBLUMXCS HA JAHHbIA MOMEHT
(xorpa pe3sepsyap nMeet pazMep 10). ITO 03HAYaEeT, YTO KaXK bl 3NEMEHT, HE3aBUCUMO

OT TOTO, KOr4a OH BCTPETUCS, UMEET OAMHAKOBbIE LUAHChl MONACTb B BbIOOPKY

B03MOKHO, BbI IOMHITE, UYTO CYIIECTBYET He TaK MHOTO PeaJMCTUYHbBIX I10-
TOKOB JAHHBIX, B KOTOPBIX Mbl XOTUM, UTOObI OTHAJIEHHOE ITPOIIIOe BJIMSLIO
Ha TEeKYIIUi 3ampoc B TOIi e CTemeHu, 4yTo U Gosee HemaBHee Mpouuioe. Ta-
KOe pasjimyarolieecs: B3BellBaHMe 3/IeMeHTOB B 3aBMCYMOCTM OT BpeMeH! UX
MPUOBITUS HEBO3MOXKHO BBIMIONHATh B paMKax (GOPMUPUPOBAHUS pesepByap-
HOJi BBIOOPKM, TTOITOMY MCCIEIOBATENN MbITAIOTCS «CKJIOHSITh» Yallly BECOB, KaK
MOKa3aHo Ha pUC. 7.3, B Ty CTOPOHY, I1e Gojiee MO3IHMe 3JIEMEHTHI ¢ OOJbIei
BEPOSITHOCTbIO OKaKYTCSl YaCThI0 OKOHUYATEIbHOI BBIGOPKM I10 CPaBHEHMIO C
TeMU, KOTOpble IpMObUIM paHee. Biaromapst aToMy YyepHasi IMHMS TOAHMMAETCS
BBEpX I10 Mepe IPUOGIVsKeHMs K TeKyIleMy MOMEHTY. DTO IIOJBOAUT Hac K CJie-
OYIOIIEeMY aJifOPUTMY (GOPMMUPOBAHMS BBIOOPKU — POPMUPOBAHUI0 CMEUEHHOLI
pe3eps8yapHoli 86100pKU.

7.1.3 @opmupoBaHHe CMELLEHHOI pe3epByapHOi
BbIGOpPKU

Ilyis TOro 4TO6BI CMENAaTh BBIOOPKY, MbI COCPEIOTOUMMCS Ha BEPOSTHOCTU
Haymuus B Touke N, P, (e, € S), KOTOpast OpesieisieT, He HaXOMMTCSI JIV 3JIEMEHT e,
B MOMEHT BpeMeHU N B pe3epByape I0c/ie TOTO, Kak MoSIBWIOCh N — i 3/ieMeH-
TOB II0C/Ie Hero. Mbl XoTenu 6bl MMETh BO3SMOKHOCTb OTKJIOHATD P (e, € S) OT
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perpe3eHTaTMBHOIO PaBHOBECHS, IIPY KOTOPOM BCe €, MMEIOT paBHble P, (e, € S)
(cm. puc. 7.3). OnyH 13 Cr1ocO60B COCTOUT B IOIYILEHMM, UTO P, (e, € S) ymeHbIla-
eTCSI TIPYU KaskIOM MPUOBITUY HOBOTO 3JIeMEHTA M3 MTOTOKA. DJIeMEeHThI yCcTape-
BaIOT HeleTePMMHMPOBAaHHO. Baromapst sTomy, Korja e, CTaHOBUTCs Bce 6oree
OTHAJIEHHBIM IPOILIBIM, @ MbI TTPEATIOWIN ObI HE MMETh ero B HallleM TeKyIieM
pesepByape, ero BeposITHOCTb CTAHOBUTCSI OUeHb MaJsioii. B ipumepe ¢ [P-agpe-
caMM Bac, BO3MOKHO, 3a/{HTepeCyeT CpeHee YMCIO OTIIeYaTKOB B pacyeTe Ha
IP-ampec TOJMBbKO 3a IOC/IeIHNIE IeHb TpaduKa. B aToM crydae HY>KeH MeXaHU3M
YIIpaBI€HMSI BEPOSITHOCTSIMU HaJINYMSL, KOTOPBIN IMO3BOJMUT 3JIeMEHTaM [THEeB-
HOJi TaBHOCTY TIPUCYTCTBOBATh B pe3epByape, HO He 6oJiee CTapbIM.

151 3TOTO MBI MOJENMpPyeM BEPOSITHOCTYM HaauMuMsl, UCIIONb3Yys HEKYI0 He
MMEIOITYIO MaMsITV QYHKIMIO cMemenus, f(i, N). HecMoTpst Ha To UTO 3Ta QyHK-
LMs MMeeT ABa IapameTtpa, i (-ii 37leMeHT U3 MOoToKa) U N (4MCI0 3JIEMEHTOB,
MOSIBMBUIMXCSI HA OAHHBIMA MOMEHT), OHA OLIEHMBAeTCsl OAVMHAKOBO [JISI BCEX
nap (i, N), KOTOpble MMeIOT OfHaKoBoe paccTtosinye (N — i) mexxay HumMu. Cre-
noBatesibHo, P (e, € S) = P, (e, € S), UMes B BUIY, UTO e, TIOC/Ie TOTO, KaK MbI
yBuaenyu N 3JIeMEeHTOB, MMEEeT Ty K€ BepOSITHOCTb HAIMYMS B pe3epByape, YTO
u e, + k 1ocie Toro, Kak Mbl yBuenu N + k 37ieMeHTOB. Mbl 3alpammBaeM sjie-
MEHTBI, KOTOPbIe HaXO[SITCS Ha OAVMHAKOBOM PACCTOSSHUM B IIPOLIJIOM OT IBYX
COOTBETCTBYIOIINMX MOMEHTOB 3ampoca, N u N + k. Tot ¢gakT, 4To 3a 3TO BpeMs
Mbl YBUJEIU k HOBBIX 3JIEMEHTOB, OCTaBJIsSIeT HETPOHYThIMMU [IBe 8epOsIMHOCMU
Hanuuus, P.(e,€ S)u P, (e,, € S). ITO TO, UTO UMEETCS B BUILY, KOT/Ia MbI TOBO-
pUM He umeem namsamu. DYHKIMS He «3aTIOMYHAeT» aOCOMIOTHBI MOMEHT Bpe-
MEHU; eli IPOCTO HY>KHO 3HATh, 0 KAKOM [,aJIeKOM IIPOLIJIOM MBI CIIpaIliiBaeM.

Bb1 MoxkeTe nipefcTaBuUTh cebe Hak/IOH P, (e € S) (cm. Ha puc. 7.3 Tam, Ie ycra-
HOBJIeHO (uKcupoBaHHoe 3HaueHue N = 100). O6paTuTe BHMMaHMe, YTO BEPO-
ATHOCTb Haymuus P, (e, € S) 0CcTaeTcst MOCTOSTHHO MPY YBEJIMYEHUH i. ITO OXKM-
JIaemMoe ToBeJleHNe KIaCcCUMUeCcKoro airopuTMa GoOpMUPOBAHMUS Pe3epBYapHOIi
BbIOOPKMU. ITpoitecc popMupoOBaHMS CMEIEHHOI pe3epByapHOit BBIOOPKM MMeT
651 P, (e, € S) 6ombI1e 110 Mepe NpuOIVKeHNs K TeKyLeMy MOMEHTY M MeHbIIe K
Havaly [MOTOKa («Havyaly BpEMEHM»).

B opurmHambHO cTathbe 0 GOpMUPOBAHUM CMEIIEHHON pe3epByapHOI BbI-
60pku Arrapsana (Aggarwal) [5] ucmonb3yercss He umeromas mamsT QyHK-
1MST SKCTIOHEHIMaabHOro cMmetneHus (i, N) = e*™ -9, 3ametwnu (N — i) B OTpu-
LIATeJIbHO 3KCIIOHeHTe? PaccmaTpuBasi BeIpaskeHMe, Mbl 3aMedyaeM, UTO 4eM
mMpe MPOMEXYTOK, TeM O0Jbllie SKCIIOHeHTa (U, Cief0BaTelbHO, TeM MeHbIlle
OTpuLIaTeNbHAasl SKCIIOHEHTa). JTO JelaeT BCe BbIpasKeHMe, TO €CTh BePOSTHO-
CTu Hanmuus, MeHblle P (e, € S). B moTokax (MHaHCOBBIX JaHHBIX UM TI060M
IPYrOM IIOTOKE, [JIs1 KOTOPOTO I10JIE3HO YCTapeBaHye 3JIeMEeHTOB, 3TO TO, Yero
MbI U XOTUM.

[TapameTp A cay>kuT KoabduumeHTOM cKopocmu ycmapesaHus. Ha puc. 7.4
nokasaHo 3Hauenue P (e, € S) = f(i, N) 11 HECKONbKMX Pa3HbIX 3HAUEHMIA A.
MbI cHa6AMM Bac HEMOCPeICTBeHHBIM MTOHVMaHKeM Ha MHTYUTUBHOM YPOBHE
OTHOCHUTEJIBHO A.
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B pamKax ynpaXHeHUsI CTOMT 3allOMHUTbD, uTo P (e, € S)/P, (e,€ S) = e
Ipyrumu cioBaMu, Iocie MpUObITUSI OJJHOTO HOBOTO 3JIeMEHTA BEPOSITHOCTh
HaJIM4Ms TEKYIIEro sjJieMeHTa YyMeHbIlaeTcs B e pa3. KpaeBoit ciyvait A = 0
O3HAuvaeT «<HMKOT/Ia He 3a0bIBaTh», U JIJIS HALIMX Ie/ieit 3To 6Gecriose3Hoe 3Ha-
YyeHMe A, HO OHO TTOMOTraeT Hab/II0AaTh 32 MTPOUCXOAAIMM BOMM3M Hero. Ecin
IBUTATbCS OT A = 0 BIIpaBO MajbIMM, YBEJIMUMBAIOIIMMUCS 1aramu (TO eCTh
A =0,0.001, 0.01, 0.1, ...), To e 6ymeT npuHuMaTh 3HaueHus 1, 0.999, 0.999
1 0.9 B ykazaHHOM TOpsiiKe. 371eCh Mbl BUAMM, KaK A YIIPaBJIsieT CKOPOCTHIO
ycTapeBaHMs ; TPUOBITHE OTHOTO HOBOTO 37IeMeHTa YBEJIMUNBAET BEPOSITHOCTh
Haymmuust Ha 99.9 %, 99 % mnm 90 % oT TOro, 4To OBUIO M0 MPUOLITHS. VI3 3TOII
yIpaBiisieMoit A mporpeccuy Termepb MOKHO BbIBECTU UMCJIO 3JIeMEeHTOB, KO-
TOpble JOJDKHBI IPUOBITh, UTOOBI P, MOJHOCTBIO COCTapuaachk. Ecim sKkeTpa-
MOVIPOBATh PAaCCYKAEHMS, TO Mbl YBUIUM, UTO e *V~) qBjisieTcs] BeJIMYMHOI,
00paTHOI YMCITy 2JIEMEHTOB, KOTOPbIE JOJIKHBI MPUOBITH, YTOOBI YMEHBIIUTD
P (e, S) B ¢! pa3 (TO eCTb YMHOXeHO NIpubam3nuTenbHo Ha 0.36; cm. puc. 7.4).
Vip-d! IMomyumnoch Hemasio!
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PucyHok 7.4 O6patute BHMMaHwue, 4to Ana A = 0.01 Ham HyxHO 100 anemeHTOB,
yT06bI YMeHbWUTL f{i,N) B 0.36 pasa, Toraa kak ans A = 0.02 310 uncno pasHo 50.
TakuM 06pa3om, 4eM Bblle A, TEM fierye 3abblBaTb CTAPbIE 3/1EMEHTDI

Cejtyac MbI TTOCMOTPMM, KaK OOMH TaKOW KOHKPETHBIN A TakXke BAMSIET Ha
pa3Mep BbIOOPKM. DTa CXeMa B3SITMSI CMeIlleHHO} BBhIOOPKYM He OecruiaTHa, U
YTOOBI MOAJEPKMBATH BHIOOPKY M3 PEIePHOTO IMOTOKA, MbI JO/DKHbI YIOBJIET-
BOPSITh TPeOOBAHMSIM K MYMHMMAaTbHOMY ITPOCTPAHCTBY; MbI JO/DKHBI 3HATD, KaK
pa3mep BbIOOPKY YBEIMUMBAETCS C YUETOM MOSIBUBIIMXCS 3JIEMEHTOB. ABTODBI
OPUTMHAIBHON CTaTby 0603HAYMIIM BBIOOPKY yepe3 S(n), uTOObI yKa3aTh Ha ee
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3aBMCHMOCTD OT YMC/Ia MOSBMUBIIMUXCS 9JIeMeHTOB. UTO yoo6HO, OHM TaKKe J0-
Ka3bIBAIOT, UTO AJIs1 60bIMX N (COOTBETCTBYIOIINX PEATMCTUIHBIM ITOTOKAM)
pa3Mep BbIOOPKM OrpaHMUEeH CBepxy rpaHuueit 1/1 — e™. Vicxoas U3 3TOro, Mbl
oIpene/ni/i MaKCUMaJIbHBI/ pa3mMep BbIOOPKM, HEOOXOAVMBIN IJIsT JOCTIKE-
HMsI CKOPOCTei A, TIpK KOTOPBIX P, (e, € S) COKpalaeTcss COOTBETCTBEHHO Me-
JIEHHO (MM OBICTPO). DTa IepBasl rpaHMIla MOXKET ObITh 3aMeHeHa Ha 1/A (uc-
M0JIb3YsI OCHOBHYIO TEOpeMY MaTeMaTU4yeCkoro aHajau3a), TaK YTO HaM HY>KHO
JIUIIb TTOCOMECTBOBATh B TOM, YTOOBI OBLIO JOCTATOUYHO IPOCTPAHCTBA IJIS
KOHKPETHOT'O, YIIPaBJIsSeMOro MpuIoXKeHueM IapaMeTrpa A, Aa0bl YIPaBJSATh
cMmelneHreM. Eciu BbIUMC/IEHHBIN B IIpUMepe IapamMmeTp A COOTBETCTBYET 3TOMY
OTpaHMUYEeHMI0, TO Mbl CMOXXEM MCITO/Ib30BaTh (QYHKIIMIO SKCIIOHEHIIMATbHOTO
CMeIIeHMsI C TUM A. B HallleM cylyyae MaKCHMMaJIbHBIN pa3Mep BbIOOPKYM HAXO0-
ouTcs roe-to Mmexxmy 10* u 10°. JIas crydast, Koraa MOKHO COIEePsKaTh BeCh MaK-
CUMAaJIbHBIN pa3Mep BbIOOPKMU B pedenax (3 (PeKTUBHBIX) IIPOCTPAHCTBEHHbBIX
OrpaHMYEeHMI TTOTOKOBOTO MPWIOKEHMS, MOXXHO MCIOJIb30BaTh CJIeAYIOIINIA
IIPOCTOJ aJIrOPUTM, YTOOBI ITOAAEPKMBATh CMEIEHHYIO BBIOOPKY Hag, JTI0ObIM
YUCJIOM 3JIEMEHTOB U3 ITOTOKA.

ITomyCTUM, UTO j-i1 37IEMEHT B IIOTOKE TOJIbKO UTO IMpuObLI1. O603HAUYMM 3aHSI-
TYI0 J0/10 pe3epByapa uepe3 F(j) € (0,1). HoBbli1 aemMeHT e, leTepMIHIPOBAHHO
nmobasisieTcs B pe3epByap. DTO MOKET ITPOVCXOIUTH IBYMSI CITOCOOaMM: e, 3amMe-
HSIeT CJIyYaiiHO BHIOPAHHBIN 3JIEMEHT U3 pe3epByapa C BEPOSITHOCTBIO F(j) u e,
IobOaBiisieTcss B pesepByap 0e3 KaKuxX-auMbO ymaleHMil ¢ KOMILIEMEHTapHO
BEPOSITHOCTBIO. TIceBAOKON, 3TOM BepCcuyM B3SITUS CMEIIeHHOV pe3epByapHOil
BBIOOPKM MOKa3aH Ha CIenyiolleil Hiske cTpaHuiie. Ha puc. 7.5 mpeacrasieHa
cTpaTerusi GOpMMUPOBAHMS CMEIEHHON pe3epByapHOi BBIOOPKM [JIST pes3ep-
Byapa pasmepa k = 3(A = 1/3) nJis mepBbIX CEMU 3JIEMEHTOB TTOTOKa.

Mpumep 1

B HaweM cnydyae ucnonb3oBaHMs CO CPELHWUM YMCIIOM OTMEYATKOB HA Kanabli
IP-anpec Mbl MOrin 6bl MMETb MOCTOSHHYKO CKOPOCTb NPUBBITUS, paBHyto 12 ane-
MEHTaM B CEKYHAY. Mbl XoTenu 6bl 3HaTb CPeLHEE YUCNO OTNEYATKOB B pacyeTe Ha
IP-anpeca, noseuBLLMecs 3a nocnegHue 24 yaca. 310 86 400 cekyHz, 3a KoTopble
Mbl BuauM 12 x 86400 = 1036800 IP-agpecos c ux otneyatkamu. Mapametp A
[OMKeH yMeHblwath P (e, € S) HaumHas ¢ 1 Tak, 4tobbl Py, . (e, € S) dakTu-
yecku Hbina paBHa 0. 3T0 03Ha4aeT, YTo Mmocae Toro, kak Mol yBuaum 1036801
3/1EMEHT, BEPOATHOCTb HANIMUMA AN MEPBOTO U3 HUX LOMKHA MPAKTUYECKM ynacTb
po 0. Kakum 6bino bl 3Ha4eHUe A, Npu KOTOPOM 3TO MPOM30LW0 Obl B HalleM
NPUNOXEHUM? DTO 3KBMBANIEHTHO BOMPOCY A/l Kakoro A CrpaBea/ivBo, YTo
e1036800 = 7%, Mcnonb3ys MeTo Npob M OLWKMBOK, Bbl MOXETE NPOBEPUTD, UTO AN
A = 1076 71036800 papno 0.35, Torna Kak 419 A = 10-° oHo cTaHosuTcs 3 x 107>,
TakuM 006pa3oM, A HAXOAMTCS MMEHHO MEXAY 3TUMM ABYMS 3HAYEHUSAMM, ECIU Mbl
XOTUM «BbIXBATblBaTb®» 3NEMEHTbI MOCTENEHHO B TEYEHME AHS.
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PucyHok 7.5 Copepxxumoe pesepByapa A5 NEPBbIX CEMM MPUObITUIA B paMKax
cTpaTerMm GopMMpPOBaHMS CMELLEHHON pe3epByapHOi BbIGOPKH

OneMeHT e, BKII0YaeTCs NeTePMUHMPOBAHHO, a 3/IeMEHT e, BCTaB/IsieTcs 6e3
yIaJleHusT KaKMX-T100 CYIeCTBYIONIMX 3JIEMEHTOB U3 pe3epByapa 13-3a 3Haue-
Huit F(2) u U,. IlockombKy 3aHMMaeMast 4aCTh pesepByapa pacTeT, BEpOSITHOCTb
BKJIIOUEHMSI C/IeIYIOLIEro 3/IeMeHTa 3a CYeT OLHOTO CYIIECTBYIOIIErO 3JeMeHTa
BhiLIe (U, < F(3)); cnenoBareNbHO, e, COXpaHsieTcs B ieppom mecte (d = 1). O6pa-
TUTE BHMMaHME, UTO JIJIS1 3TOTO €CTh IB€ BO3MOKHbIE MO3UIMN: 1 1 2. e, BKIIIO-
4aeTcs B TPEThIO MO3ULMIO 6e3 yJaneHus Kakux-mmbo snementos (U, < F(3)).
[TockonbKy Ha JaHHbBIII MOMEHT BeChb pe3epByap 3aHSIT, BKJIIOUAIOTCS 371€MEHThI
e, e, Vi e, " BCe 3TO 3a CYET 3JIEMEHTOB, COXPAHEHHBIX B MO3UIMIX 3, 1 1 3, B
YKa3aHHOM IOPSIIKE:

S = [None] * 1/A (1]
COP = 0 (1]
1=1 (1)

while (True)
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U = PRNG_Unif(0,1)
if U < COP
U = PRNG_Unif(0,1)
D =1+ floor(k * COP * U) (2]
S[d] = e i (3]
else
d =1 + floor(k * COP)
S[d] = e i
CoP += 1/k (4]

@ Vunumanusnposath nycToii ydep (pesepsyap) S pasmepa k = 1/A. 3anath 1, MHAEKC
TEKYLLEro 31eMeHTa, paBHbIM 1, a TekyLLyto 3aHaTyto fonto COP®* pesepsyapa — paBHoit 0

@ B3atb MHaeKC d Mexay 1 1 MakCMManbHbIM MHAEKCOM 3anoniHeHus, k * COP, pesepsyapa

© CoxpaHuTb 371EMEHT e_1 B 3TOM C/ly4aliHOM MHAEKCE B 3aHSTOI YacTW pesepeyapa

@ [106aB1Tb TEKYLMIT SNEMEHT B pe3epByap. B JaHHOM c/iyuae Mbl TakKe LO/KHbI 06HOBUTH
TeKyLLYIO 3aHATYIO SO0

BbI MOKeTe TIPOITUCH TIO TICEBIOKOAY U MCITONIb30BaTh MpUMep U3 puc. 7.5,
YyTOOBI TPOBEPUTD BallM paccykaeHus. O6paTuTe BHUMaHMeE, UTO ITOC/Ie 3aI10JI-
HEeHMs pe3epByapa 3HaUeHMe TeKyllleil 3aHITON JOoaM paBHO 1, u Mocje 3Toro
BCerjia BbITIONHSIETCS BETBD if.

YnpaxHeHue 2

Peanusyiite crpaternio GopMupoBaHusi CMelLeHHOI pe3epByapHOii BbI6GOD-
KU, VICTIO/Ib3Y$I IPUBENEHHbIN BbIIIE MICeBAOKOM U TIakeT s13bIka R stream, mpey -
CTaBJEHHbIN B pasgesne 7.3, uau Python 3.0.

Korga 1/A He yMmeIiaeTcst B JOCTYITHOI HaM paboueii 6ydepHoi maMsaTH, ajaro-
pUTM MogubUIMpyeTCs, «3aMeJJIsisl» BCTaBKM 3a CUeT BBeHeHMs BepOSITHOCTHU
BCTaBKM p, = kA BMecTO p, = 1. 9TO CO3/1a€T BO3SMOKXHOCTDb peanns3alym TakKoro
ke cmeleHus: B GopMupoBaHUM BbIOOPKM, HO C MEHbIIMM Pa3MepoM BbIOOD-
Ku, p, /A

Takasi moguduKkaumst ycrpaHsieT npobiaemMy CIUIIKOM MeZJIeHHOTO TepBo-
HAYa/JIbHOTO 3aloOjHEeHUS pe3epByapa. ITO MOXET MPUBECTU K JJINTETbHOMY
BpeMeHM OXKMJaHMS OTBeTa Ha 3alpoChl O pa3Mepe BbIOOPKH, rapaHTUPYOLe
npuemMieMble CTaHAAPTHI TOYHOCTU U MPEUU3MOHHOCTU. ArrapBajl gaeT cTpa-
Teruio peleHust 3Toi mpobeMbl, TO3ITOMY, ITPY HEOOXOIUMOCTH, 06paTUTECh K
ero craTbe [5], 4ToOBI ee peaan30BaTh.

7.2 @opmupoBaHue BbIBOPOK
U3 CKONb3AL,Ero OKHa

CHayvaJia MbI 06CYIMM BOITPOC O TOM, KaK 6paTh BbIOOPKY 13 OKHA, OCHOBaHHO-
ro Ha TMOC/IeIOBATe/IbHOCTHU. 3/1eCh HOBM3HA M3MePsIeTCsT B TTOPSTKOBOM CMbIC-
Jie KaK YMCI0 IPUOBIBIIMX 371eMeHTOB. B motoke IP-ampecos IP-aapeca MoryT
MOCTYIIaTh B pa3HOe BpeMsi, HO JIMHA OKHa Oymet coctasisith 1000 agpecos,

o Aur. currently occupied proportion (COP). — IIpum. nepes.
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HEe3aBMCUMO OT TOTO, KaK 9TO UMCJIO pacIipenensieTcs 1o IIKajae BpeMeHu. Mbl
OyIeM MMeTh [IeJI0 C MOC/IeI0BaTeIbHOCTbI0 OKOH (C/I€40BATEIbHO, CKOIb3SI-
mux), W,j <1, rae Kaxknoe MHOEKCUMPOBaHHOE OKHO BJI€YeT 3a C0060J1 n IemMeH-
TOB, €, €,,, €,,,, -+, €, |- YKA3AHHOE N1 HE MEHSIeTCs C IBOMIOLME TOTOKA, KaK
9TO Tpoucxoaut ¢ N. ITIpoMeXKyTKY MeKAY ABYMs IIPUOBITUSIMU, KaK MPaBUJIO,
MOTYT OT/IMYATLCS B aOCOMIOTHBIX eAMHUIIAX BpeMeH, HO OKHA, OCHOBAHHbIE
Ha TI0C/IeI0BaTeIbHOCTY, PACLIEHMBAIOT 3TOT acIeKT KaK HeCyIleCTBeHHbIN U
PErUCTPUPYIOT IEMEHThI B IIOOUEPEeIHbBIX LeIbIX MO3ULMUIX. Mbl GymeM IOf-
Iep>K1BaTh BHIOOPKY pasMepa k 13 Tekyilero okHa. O6paTure BHUMaHMeE, YTO
Temeph HaM HY)KHO BbIpaboTaTh CTPATEruio OOHOB/IEHMS BBIGOPKM HE TOJBKO
TOIIA, KOTa Mbl pelllaeM BCTaBUTh HOBBIN 37IeMEHT B BbIOOPKY, HO U BCSIKMIA
pa3, KOIha CaMblii CTAphIil TEKYIIMII 3/IeMEHT BbIGOPKM BBIXOAUT U3 TEKYIIEro
OKHa («ycTapeBaeT»). Mbl He MCXOOUM U3 JOMYIIEHMS, UTO pa3Mep OKHa N MO-
SKeT YKJIaAbIBAThCS B paOOUYIO MAMSITh; II03TOMY 11eJ1ec000pasHo OpaTh BbIOOP-
KY 3 3TOTO OKHa.

7.2.1 dopmupoBaHMe LEenHOi BbIGOPKM

CHayvasia MbI OOBSICHMM, KaK OpaTh Cy4aiiHyI0 BBIOOPKY pasmepa 1 13 TeKky-
IIero OKHA ¥ OOHOBJISITH €€ TI0 Mepe TepeMeleHsT OKHa. AITOPUTM GopMIUpo-
BaHMS CJIyYaiftHOl BbIOOPKM pasmepa k B TAKOM crydae OyfeT IpoCTo OTHOBpEe-
MEHHBIM (TTapajuIeIbHbIM) BBITTOJTHEHMEM K 9K3eMIUISIPOB (LIEIT0YEK) CTPATErU
oA Aep>KaHusI IUIIb OGHOTO CJIy4aiiHOTO 3JIeMEHTa.

[lepBoHavanbHas ¢dasza aaropuTMa, Kotropast JJUTCS N IUCKPeTHBIX BpeMeH-
HBIX I1aTOB (IO JIMHE OKHA), IIPeCTaBIsieT co00il hopMuUpoBaHMEe OOBIYHOI
HeCMeEIeHHO! pe3epByapHOii BBIOOPKM C HEKOTOPBIMU IOTMOJHUTETbHBIMU
onepauusamu. Kasxapiii Ipu6bIBaoLImii 3/1eMeHT e, 6yJeT BbIOMpPaThCs B KauecT-
Be BIOOPKM S = {€} C BepOATHOCTBIO i/j. 3Ta 4aCTh OTHOCUTCS K aIrOpUTMy Hop-
MMPOBAHMS pe3epByapHOil BbIOOPKM. YIIPABJISIOIIEe CKOMb3SIIMUM OKHOM J10-
nojiHeHue OyeT BbIOMpPATh 37I€MEHT, KOTODbIi Oy[eT 3aMeHSATh €, KOrjaa STOT
2JIEMEHT ycTapeeT. Mbl He JIeJIaiy 9TOTO B aJITOpUTMe GOpMIUPOBAHMS PE3EPBY-
apHoii BeI6opKu. ClieqoBaTeIbHO, BCSIKMIA pa3, KOTAa Mbl BbIOMpaeM CIydaiHblii
oymymmit uamexc, Ke {i+1,i+ 2,i+n) u nobasnsiem (K, .) B 11eOYKY, MbI 3HAEM,
yTo K-ii 971eMeHT OyIeT cOXpaHeH TaM, KaK TOJbKO OH MomnafieT B OKHO. OH cTa-
HOBUTCSI BTOPBIM 3JIEMEHTOM LIeNOYKM. [IepBblit s1eMeHT (i, ) XpaHUT TeKy-
11y10 BbI60pKy pasmepa 1. ITocme mpocmorpa Beero okHa W, (mpoxoga n anemeH-
TOB) B HallleM PacIOPsKeHUM MOMTYYMTCS TIPOCTas cryyaiiHas Beibopka n3s W,
pa3mepa 1, MOCKOMBKY cTpaTerust GopMMUpPOBaHUSI pe3epByapHOii BBIOOPKM 3TO
rapaHTupyet. Bmo6aBok y Hac ectb nmocienauii K, MHIEKC KOPTeXa, KOTOPbIi
€ro 3aMeHMT, KaK TOJIbKO BbIOOpKa pasmepa 1 mcrevet. Temeps, AT KasKAOTO
MpUOBIBAIOLIErO JIeMeHTa, i =n + 1,n + 2, ..., y HaC eCTb BapMaHThI:

Q ¢ BepoATHOCTBIO 1/n MbI OTOpachIBaeM TEKYILYIO BBIOOPKY S = {e} 1 cBs-
3aHHYIO C Heji L[eITOYUKY, COXPaHss MHAEKC K 1 9/IeMeHT e,, KOTOPbIi 10/1-
>KeH ObL ee YHaC/IeOBATh 110 MCTeYEHUU e;
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O MmbI 3ameHsieM ee Ha S = {e}. Terepb y e, 0IKeH OBITh ITPeeMHUK, KOTO-
PbIii BCTYIIUT BO BIIafieHMe TIOC/Ie MCTEeYeHNs e, TI03TOMY Mbl BbIGMpaeM
CIyJaiHbIi 6yaymuit uanexc, K € {i +1,i+ 2, i + n), u mo6asyisem ero B
KauecTBe BTOPOTO 3JIeMeHTa BO BHOBb CO3[JaHHYIO LIETIOUKY;

O ¢ BeposiTHOCTBIO (1 — 1/n) MBI AenaeM NPOBEPKY, He SIBJSETCS JIU [ Clie-
IOYIONMM 3aMelaonMM 3JIeMeHTOM, KOTOPbIN OyIeT COXpaHeH B IeTou-
ke (K =1i?). Ecin ia, To coxpaHsieM i-ii KOpTex B (MocJeHeM) dJeMeHTe
1erouku. Mbl BeIOMpaem ciaydaiHbiii 6yaymimii uamekc, K € {i +1,1 + 2,
i + 1), aMeMeHTa, KOTOPbI/ 3aMEHMUT €; 110 ero VICTeYeHnM, I nmobaBisieM
ero B KOHell IIeTT0YKK. VIMeHHO Tak U pacTeT 1jerouka. B wiydae =j + n,
O3HAYaIOLleM, YTO €; TIOKIAAeT OKHO, BTOPO 7IeMeHT B LIeTIOUKe Iepe-
MellaeTcsl BBEPX, a MCTeKIlas BbIOOpKa, S = {e}, yiansercsa u3 BepxHei
YacTU 1eMOYKU.

OTU BapuaHThI ITPEAOCTABISIOT B KasKIbIil OTIe/IbHbI/I MOMEHT i, CBSI3aHHbIN
c 06HOBJIEHMEM OKHa, IIPOCTYIO CIy4yaiiHylo BhIOOPKY pasmepa 1 u3 okHa W, .

Ha puc. 7.6 mokasaHa crpaTterust GopMUpPOBaHMs LIEITHOM BEIOOPKY [IJIsI [IEPBBIX
CeMM 37IeMEHTOB M pa3Mepa OKHa n = 3.
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PucyHok 7.6 Conepxxumoe Lenoyku (CNMCok L) ansg nepBbiX CEMU 3/1eMEHTOB
M3 OKOHHOrO MOTOKa, 0CHOBAHHOIO Ha NOC/eA0BaTe/IbHOCTU pa3mepa n =3
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[Tpu yTeHMUM IOCTapaiTech MOMISIALIBATL HA puc. 7.6. CHavana geTepMUHNA-
POBaHHO BK/IKOUAETCs 3IEMEHT e,. 3aTeM Mbl Bbioupaem Oyaymmit uHgekc K, xo-
TODBIii 3aMeHMT e, 110 NpubbITUY €,. K, o-Buanmomy, paseH 2. [To 3aBepuieHnn
paboThI C IIEPBBIM 3JIEMEHTOM LieIIoUKa BiedeT 3a coboii (1, e)) u (2, .). B aTor
MOMEHT e, SIBJISIeTCs CIyJyaiiHoi BeIOOpKoii pasmepa 1. Ho, mpomomkas npumep,
npuOBIBAET 7eMEHT 2, M MbI 3aMeuaeM, UTO OH JIO/DKEH ObITh COXpaHeH Kak
IIPEeMHMK 3JIeMeHTa € , YTO HEeMeJIEHHO U BBITIOIHSETCS, M TeIepb Iernoyka
xpaHur (1, e)) u (2, e,). OTU CBA3aHHbIE C IPEEMHMKOM C/Iy>KeOHbIe OIepanun
BBITIOJIHSIOTCA elle /10 TOTO, KaK Mbl PelllM MX BBIIIOIHUTD, €C/Iu BbibepeM e,
C BEpOSITHOCTBIO Y2 (hopMMpoOBaHME pe3epBYyapHOIl BHIOOPKM) U TMOJHOCTHIO
0T6pOCKM €, U ero Lenouky. Mel 6pocaem Kybuxk u U > 1/2 (B Hamem caydae
U=0.7); ciemoBaTebHO, €, He IPMBOAUT K OTOPaChIBAHMIO CYILIeCTBYIOIIEN 1ie-
nouky. B saBepuieHye paboTh ¢ e, 6epeTcs ero NpeeMHUK, M OKa3bIBaeTCsl, YTO
K= 5. CnenoBaTesbHO, TeKyIas erodka pasHa (1, e)), (2, e,) u (5,.). dneMeHT e,
TOYKE He MPUBOAUT K YAATIEHMIO CYIECTBYIOIIEN [[eMOYKY, TaK Kak U, > 1/3.I1o-
CKOJIbKY €, He SIBJIIeTCS] HUUbJM IIPEEMHIKOM, OH He OyJeT BK/IIOYEeH B LIeIoy-
KY, ¥ MbI IBUTaeMcs gajbliie. Tak Kak Ipy YeTBEPTOM HMPUOBITUM IJIMHA OKHA
paBHa n = 3, s5ieMeHT e, uctekaeT. CHavala HeO6X0AMMO OOHOBUTH TEKYLIMI
37IeMeHT BhIOOPKM ero IpeeMHMKOM B Iierouke. DTy poib 6epeT Ha cebs e,. de-
MEHT e, He TPUBOAUT K 0TOpaChIBAaHMIO CyIecTBYIoIei mermouku (U= 0.4 > 1/3),
¥ OHa He ObLJIa BbIOpaHa B KAUECTBE Ybero-11b0 MpeeMHMKa, T03TOMY MbI IBU-
raemMcs fanpine. O6paTuTe BHUMaHME, YTO e, ABJISAETCS IIePBbIM 3JIeMEHTOM BO
BTOpOI1 (asze GopMupoBaHusT Hepe3epByapHOl BbIOOPKU. IIpy MATOM MPUObI-
TUU TIPOUCXOIST ABe Bellu. Bo-TepBbIiX, K HA3HAUEHHO MO3ULIMK B Ilelouke
M06aBIISeTCs €, a TAKKe BKIIOYAETCs MH/EKC ero NpeeMHMKa, = 7, TAKuM 006-
pasomM, Iiernovka paBHa (2, e,), (5, e,) u (7, .), ¥ OHa HaXOAUTCA Ha IMKe CBOe
IJIMHBL. BO-BTOPBIX, ITOCKOJIbKY €, MCTEKAeT, CIEAYIOUIMI JJIEMEHT B LIEIIOUKE,
HeJIaBHO 06aB/IeHHbIVA €, eT0 3aMeHsIeT. 3aKOHYMB C e,, Y Hac 6yayT (5,e,) u (7,.)
B KaUeCTBe TEKYIIei IIeTIOUKM 1 €, B KaUeCTBe TeKYIIei BbIGOPKM pasmepa 1.11o
IPUOBITUM €, MbI CJIYYaiiHO peliaeM OTOPOCUTH TEKYLIYI0 BbIOOPKY M HayaTb
HoBy10 (U = 0.2 < 1/3). Tekyuias 1[elI0YKa BMeCTe ¢ BhIOOPKOii 0TOpachIBaeTcs,
a 3/IeMEeHT e, 1006aB/IeTCsl B HOBYIO LIeNOYKY M CTAHOBUTCS HOBOVI BBIGOPKOIA.
BriBoguTCS MHAEKC ee TipeeMHMKa K, KOTOPKIi B HallleM IIPMMepe paBeH 8. Jre-
MEHT e, He TIPMBOJUT K OTOPachIBaHMIO LIETIOYKM, M TOCKO/IbKY OHa He SIBJISIeTCS
HMYbMM NIPEeMHMKOM (OHa MpPMHAJJIeXana e, HO 3Ta Ilernouka 6bu1a pachop-
MMpPOBaHa), Mbl IIPOXOIUM MUMO Hee. B KaskIblit MOMEHT 9BOIIOLIMN [IOTOKA U3
puc. 7.6 MOSKHO CUMTBIBATH JIBA BayKHBIX MOMEHTA: BIOOPKY pasmepa 1 (J1acko-
BOT'O BOPOOBST) 1 KaKOe CKOJIb3SIIee OKHO OHA TIPeACTaBsieT (OKHO, B KOTOPOM
BOpo6eii HaxomuTCs). BoIGopKa Beerma sIBJsIeTcs] BEPXHUM JIEMEHTOM CITUCKaA.

Iasiee mmokasaH IMCeBIOKO], C MOAPOOHBIMY KOMMEHTAPUSIMU TI0 B3SITUIO BbI-
60pKM pasMepa 1 ¢ UCMOTb30BAaHMEM AJITOPUTMA POPMUPOBAHMS IEITHOM BbI-
60pKku. Bel MOkeTe MPOCIeIUTh TICEBAOKO, 110 PUC. 7.6 U yBUIETh MeCTa, rae
IIerIoYKa CTaHOBUTCS IJIMHHEE U IIe ee 9JIeMEeHThl OTOPachIBAIOTCS, YTOOBI Ha-
YaTb HOBYIO II€TIOUKY:
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while i<=n
U = PRNG_UNIF(0,1)
if U< 1/1
L.clear()
L.append([e_1, 1])
U = PRNG_Unif(0,1)
K =1+ floor(n*U) + 1
else
if 1 ==
L.append([e_1, 1])
U = PRNG_Unif(0,1)
K =1+ floor(n*U) + 1

90D © Qee

@

1+=1

while True (7]
if (i==j+n)
L = L.pop(1) (8]
U = PRNG_Unif(0,1)
if U< 1/n
L.clear()
L.append
U = PRNG_Unif(0,1)
K =1+ floor(n*U) + 1
else if {i==
L.append([e_i, 1])
U = PRNG_Unif(0,1)
K =1+ floor(n*U) + 1
i+=1

@ B Hauane L nycT. 3aaTh MHAEKC 1 TeKyLLero aneMeHTa paBHbIM 1. 3aaath K, MHAEKC
6yAylLEro 3aMeLlaloLLero 31eMeHTa, pasHbiM 0

@ MNepeas dasa ¢ n anemMeHTaMu

@® TMpouecc popMMpoBaHMs pesepByapHOi BbIBOPKM peLIaeT yaepK1BaTh e_i

@ YnanuTb TekyLlyio BbIBOPKY M ee Lenoyky

@ [06aBuTh TEKyLLMI 3NEMEHT e_1 B LLENOYKY U ONPEAENMTb ero NpeeMHMKa K

@ Mpouecc popMMpoBaHMs pesepByapHOi BbIBOPKM peLiaeT NponyCTUTb e_i, N03TOMY Mbl
CMOTPUM, HE SIBASIETCA I OH YbUM-TMBO NPEEMHUKOM

@ Bropasdazagnal =n+1,n+ 2.

© YnanuTb BepxHMit aneMEHT CMCKa, NOTOMY YTO OH BbiNaAaeT M3 OKHa

YnpaxHeHue 2

PeanusyiiTe ctpareruio (GopMUPOBaHMS II€ITHOI BBIOOPKM IJISI OKHA M-
Hoii 100, pasmepom BeibopKy 1 1 mo6oro N > 100. AHaIM3 IIPOCTPAHCTBEHHOI
CJIOXKHOCTY IJIT XpaHeHMs k He3aBUCUMBIX I[elIOUeK MOXKHO HAlTU B OPUTU-
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HaJIbHOM TexHu4eckom oTueTe Babkoka (Babcock), latapa (Datar) u MoTBaHM
(Motwani)[6] wiu B cTatbe GGR [7]. Oxkumaemoe rmoTpebieHne amsiti st k
merouek paBHo O(k), TO eCTh BCe OHM MMEIOT He 6oJiee IJIMHBI, OTPaHUYEeHHOI
KOHCTaHTOI1. [IpocTpaHCTBeHHAs CIOKHOCTD anropuTMa He mipeBbimiaeT O(k log
n) ¢ BeposITHOCTBI0 1 — O(n~°), cyiemoBaTeNbHO, 0 HALIUMM KPUTEPUSIM OHa 3¢ -
dbexTuBHa.

O6patuTe BHMMaHME, YTO KaxkAas IeroyKa B ajaroputme GopMUpPOBAHUS
IIeTTHOM BBIOOPKM ObecreunBaeT MPOCTYIO CIyYaiiHyI0 BBIOOPKY 6e3 BO3Bpa-
Ta, B Ka&KIblii MOMEHT BpeMeH!, pa3Mepa 1 13 TeKkyiero okHa. Tem He MeHee
Npy HoAfep)kaHuM K TapajuieSbHbIX IeMoYeK 3a pas aJifOpUTM OyneT BbIma-
BaTh MPOCTYIO CIyYaifHYI0 BbIOOPKY AJIMHBI kK C BO3BPATOM®®, HO 3TO He SIBJISIeTCSI
OTPaHNYMBAIIINUM (HaKTOPOM.

[asiee Mbl PeJICTaBMM aHATOTUUHbIV QJITOPUTM JJIs1 TOZ/IePKaHMsT BBIOOPKM
pasmepa k 13 CKOJIb3SIIIero OKHa, OCHOBAHHOTO Ha BPeMEeHHBIX METKaX.

7.2.2 dopmupoBaHUe NPUOPUTETHOM BbIOBOPKMU

I[TIpu paboTe ¢ OKHaMM, OCHOBAaHHBIMY Ha BPEMEHHBIX METKAax, Mbl HE 3HaeM
TOYHOTO YMCJIa 3JIEMEHTOB 11 B OKHE, II03TOMY IPUBSI3aTh HAIll a/ITOPUTM K 3TO-
MYy HapaMeTpy HeBO3MOXKHO. [IJisI moaaepskaHust IPOCTOi CaydyaiiHOl BhIGOPKMA
pasmepa 1 B OKHE, OCHOBAHHOM Ha BPeMEHHbBIX MeTKax, Mbl TeHepupyem Ipu-
OPUTET P, IJISI KaKIOTO MPUOBIBAIOIIErO JIeMeHTa €;, 6epylierocsi paBHOMEPHO
n3 uHtepBana (0,1). dneMeHT ¢ HaUBBICIIUM IIPUOPUTETOM B OKHE (ceifyac —
< t < ceityac) mpencTas/sieT co60it MPOCTYIO Cay4aiiHyi0 BBIGOPKY pasmepa 1.
Kak u ¢ popmurpoBaHMeM IEITHOI BbIOOPKM, MbI IMOAAEPKMBAEM ITPEEMHUKOB,
yTOOBI HAC/IEAOBATh BRIOOPKY Cpasy IOC/Ie TOro, Kak TeKyIlas BbIGOpKa BbIiigeT
"3 BpeMEeHHOro OKHa.

IlepBblii 371€eMEHT e, CTAHOBUTCSI BBIOOPKOJ [IeTepPMUHUPOBAHHO, IIOCKOJIb-
Ky HeT npuopureta (p, = 0), KOTOpbIii He06X0AMUMO NpeonoeTs. [To mpubbITUM
BTOPOr'O 3JIEMEHTA, €;,, B MOMEHT BPEMEHM t, MbI [IPOBEPSIeM Ha MCTMHHOCTDb
BbIPasKeHMeE Py, > P;,; €C/IM OHO VCTUHHO, TO €, 3aMEeHSIeT €, (€, yAaasIeTcs u3
namsTi). B mpoTMBHOM ciy4dae (e;,, P;) COXpaHSIETCS B CBSI3HOM CITMCKE U B Ka-
yeCTBe MePBOro JIeMeHTa CITCKA (BhIOOPKA COXPAHSIETCS OTAEIbHO U He SIBJISI-
eTCsl 37IeMEeHTOM CIicKa). I1o mpubbITHM €, MCTIONb3YeTCs TPU Pa3HBIX CLIeHa-
pUs YIOPSAAOYMBAHYS TIPUOPUTETOB B IIAMSTH, Dy, Py, Vi Py, BHOBb IIPUOBIBLIETO
97IEMEHTA €,

1. Py > Dty < Dist € BOOABIISIETCS. B KOHEI], CIIMCKA, KOTOPBIN MOAAep)KuBaeT

3aMeHbl Ha CJIyJaii, ec/iu UCTedeT 3IeMEeHT e;,, TeKyIye BhI6opKu. CIimMcok
YIOPSIOUEH TI0 YOBIBAHUIO MMPUOPUTETA U JIJIST KAKIOTO CO3AAHUS — TI0
BO3pPacTaHMIO BpeMeHM.

2. Dt, > Pt < Dt €, IOOABJISETCS 32 €, @ BCe 37IeMeHTHI (B HACTOsIIee BpeMsl

3TO TOJIBKO €;,) C 6oIee HU3KUM IIPUOPUTETOM U (HeU36eKHO) Golee HMU3-
KOV BDEMEHHO MeTKOM YOaISIIOTCS U3 CIIMCKa/maMsATh. CIMCOK OCTAeTCs

% Anrn. with replacement; To ecTb C BO3BpaTOM OTOOPAHHBIX 3HAUEHMIT Ha3a[, B TOMYJISIINIO. — [Ipum. nepes.
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YIOPSIAOYEHHBIM I10 YOBIBAHUIO IIPMOPUTETA U JJIST KAXKIOTO CO3TAHMST —
I10 BO3paCcTaHMIO BPEMEHM.

3. Dt > Dt; < Pyy: €, B00aBIISIeTCSl B HAUasI0, @ BCe OCTa/IbHbIe 3/IeMeHThI yia/ls-
I0TCST U3 CIcKa/maMsiTi. CIIMCOK OCTAaeTCsl YIIOPSIAOUEHHBIM 110 YObIBA-
HUIO TIPUOPUTETA U JJIST KAXKIOTO CO3AaHMs — IT0 BO3PacTaHUIO BpeMeHN.

B mepBOM CJTyuae HOBBIN 3/IeMeHT J00aBIsIeTCS B KOHEI OTCOPTUPOBAHHOTO
crnmcka (o IpuopuTeTy), M BeChb CIMCOK ocTaeTcsi. Bo BTopom ciiyyae ocraert-
€SI Ta YaCThb CIIMCKA, KOTOPast MMeeT 6oiee BBICOKMIA IIPMOPUTET, UEM Y HOBOTO
2JIeMeHTa. B TpeTbeM ciyyae MpempIayInnii CIIMCOK OTOGpachIBAe€TCs, M HOBbIN
3JIEMEHT J100aBJISIETCS] B BEPXHIOI YaCTh HOBOTO CIIMCKa. OCTaIbHbIE 3JIEMEHTHI
OTOPAChIBAIOTCS, @ HOBBIN 3JIEMEHT COXPAaHSETCS TTOCTeTHMM.

AJITOPUTM IPOAOJIKAET OOHOBJISITH CITMCOK KasKIbIM ITPUOBIBAIOIIM 3I€MEH-
TOM OJHMM M3 OIMMCAHHBIX CIIOCOO0B. B KaskAblii MOMEHT BpeMeHM | B BepXHeii

YacTy CIMCKA HaXOOUTCS SIEMEHT €;, UMEIOIIVii BTOPOI 10 CTapIUMHCTBY IIPU-
OPUTET CPeIy IeMEeHTOB M3 OKHa W, , Tlie  — 9TO MPOAOJDKUTENBHOCTh OKHA
(I - o < t <I). Tekymias BbIOOpKa — 3TO 9JIEMEHT C HAMBBICIIMM IIPUOPUTETOM
B TeueHue BpeMeHn t (I — o < t < [). DneMeHT M3 BepxXHel 4acTu CIMCKa 3aMe-
HSIET TEKYIIYI0 BbIOOPKY M CTAaHOBUTCS HOBOII IMPOCTOI CIIydaitHOl BbIOOPKOI
pasmepa 1 cpa3sy mocjie TOro, Kak TeKyiasi BbI60OpKa BbIXOJUT M3 BPeMeHHOTO
okHa. Ha puc. 7.7 moka3aHa crpaTterus GOpMMUPOBaHKS IIPUOPUTETHOI BbIOOP-
KU JIJIs IIeCTY 3/IEMEHTOB, IPUOBIBAIOIIMX B YKa3aHHbIE MOMEHTBI BDEMEHM t,§
IJ1s1 pasMmepa okHa 600 Mmc.

MpbI TTOCTETIEHHO OOBSICHUM MPOUCXO/ISIee Ha PUC. 7.7, TO3TOMY PeKOMeHy-
eTCsI lepyKaTh ero meper coboii BO BpeMs UTeHus. [IepBblif 27ileMeHT IOCTyIiaeT
yepes 100 mc, u p,, u3BIe€KaeTcs paBHbIM 0.3. JIEMEHT €, CTAHOBUTCS TEKY-
11eit BBIOOPKOIA, TOTJA KaK CIIMCOK C IPeeMHMKaMM OCTaeTCsI ITyCThIM. B MOMeHT
300 mc, Kora IpuObIBAET /IEMEHT €., €r0 IPUOPUTET, P, , YCTaHABIMBAECTCSI
paBHbIM 0.2. [TOCKOMBKY OH MeHbIlle MPUOPUTETA TeKylell BIOOPKM, OH J10-
6aBysieTCs] B CIMCOK B KayecTBe TIEPBOTO 3JeMeHTa CO CBOMM MPUOPUTETOM
U BpeMeHeM NpubbiTys. Ilo mpubbITHMM 3/1eMeHTa €., OH Pa3pblBaeT CIMCOK
MIPUOPUTETOB TaM, T7e HAUMHAIOTCS S7IeMeHThI C 60Jiee HU3KUM MTPUOPUTETOM
(D < Py, = 0.25). OTO IPUBOAMT K yAAJIEHNMIO /IeMeHTa e, U3 crcka. HoBoe co-
Iep>KMMOe CITMCKA — 9TO TOJIbKO 3JIEMEHT €., CO CBOMM MPUOPUTETOM U BpeMe-
HeM TpuObITH. Takasi BEpOSITHOCTHAsSI 06pe3Ka CICKa MPUOPUTETOB He JaeT
€My CTAaHOBUTbCS CJIUTIIKOM GOJTBIITIM.

ITOCKOMBKY p.; < P,,,, HOBbIi 3IeMEHT He 3aMeHseT TeKyIyl0 BbIGOPKY; OH
MPOCTO CTAHOBUTCS €€ HOBBIM U €IVMHCTBEHHBIM TPEEMHUKOM Ha JJaHHbIII MO-
MeHT. B MomeHT BpemeHu 700 MC HM OAVH 3JIeMeHT He ITPUObIBaeT, HO ITOCKOJIb-
Ky 3JIEMEHT €, MICTEKaeT, Mbl JOJ/DKHbI 3aMEHUTh TEKYIIYIO BbIOODKY ee Ipe-
eMHUKOM. JJIeMeHT e, CTAHOBUTCSI TeKyIleii BhIOOPKOIA, a CIIMCOK mycT. Yepes
1000 mc mpubbIBaeT HOBBIN emMeHT. ETo mpuopuTeT paBeH 0.5, KOTOPbIi BbIIIIe
IpUOpUTeTa TeKyLIei BIOOPKM. DTO IPUBOAUT K YIaIeHUIO 3IeMEHTa €., U eT0

3dM€HE Ha 3JIEMEHT €, C YKa3dHMEM €T0 IIPUOPUTETA I BDEMEHU HpI/I6bITI/IH.
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PucyHok 7.7 Copnepxumoe Cnucka NpeeMHMUKOB M TekyLlas BbIbopka A1 NepBbIX WeCTH
BpeMeH npubbiTus (Mc) Anst okHa AnuHoi 600 MC, 0OCHOBAaHHOMO Ha BPEMEHHbBIX MeTKax

CnMcoK MpeeMHMKOB OCTaeTCs IyCThIM. DIeMEHT e, He MMeeT 6oJiee BbICO-
KOT'O IIPMOPUTETA, UeM Y TEKYIIEI BBIOOPKM; C/IeA0BATENbHO, OH J0OaBIISIETCS B
CITMCOK KaK IMOKa eIVHCTBEeHHbIN 371eMeHT. B MomeHT 1600 Mc TeKyias BbIGOp-
Ka e VUCTeKaeT 1 Haclenyercs e, . Terepp CIcoK CHOBA IycT. ITo npubbITum
9JIeMEeHTa €, €T0 IPUOPUTET YCTaHaBIMBAETCsI paBHbIM (.3, TOITOMY OH HIKeE,
uem e, = 0.4. Takum 06pasom, 3/1eMeHT e, H00aB/ISAeTCs B CIIMCOK B KauecTBe
TIePBOTO [TPeEeMHMKa BbIGOPKM €, TI0 €€ UCTEUEeHUN.

ITceBmOKOA 1 TOAPOOGHBIE KOMMEHTAPUY K QJITOPUTMY (POPMUPOBAHUS TTPUO-
PUTETHOI BHIGOPKM 151 BHIOOPKM pasMepa 1 mokasaHbl HIKe. DTO pelieHue 6y-
IeT paboTaTh, eCIM BpeMs MeXKITY ITPUOBITUSIMY JIIOOBIX IBYX 3JIEMEHTOB ITOTOKA

BCeraga MeHbIIe , JJIVMHbI OKHA:

(]

L

(—J— Y
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while True:
if len(L) ==
p = PRNG_unif(0,1) (2]
t=t
L.append([e:, P, t.])
else if (t, -t2 0)

L = L.pop(1) (3)
p = PRNG_unif(0,1)
if p 2 L[1][2] (4]
L.clear() (5]
t=t (54
L.append([e, p, t.1) 5,
else (6)
j=0
while p < L[j][2]
j+=1 0
L = L[0:5] (8]
L.append([e., p , t]) O
i=1+1 0

@ B Hauane L nycT. 3a4aTb MHAEKC 1 TEKYLLEro MOMEHTa BPEMEHH PaBHbIM 1.

3apatb p, NPUOPUTET, Nepea, NOSIBNEHUEM KaKUX-TMB0 31eMEHTOB paBHbIM O
@ 06paboTaTh NepBbIit 3neMEHT

9 Ecnu TEKyLI.I,MlZ 2N1EMEHT BbI60pKIA NCTEK B MOMEHT BPpEMEHU ti’ TO YyAanuTb I'IepBbIﬁ BerHMﬂ
31eMEHT CNMnCKa

@ VimeeT vt TONLKO YTO NPUBLIBLLMI 3NEMEHT 60/1EE BbICOKMIT MPUOPUTET, YEM MEPBbIit
3NIEMEHT B Crincke?

@ OunCTUTb CNMCOK M [,06aBUTL HOBbIM 3EMEHT B KAYECTBE EAMHCTBEHHOIO 31EMEHTA CMMCKA.
O6HOBWTbL BpeMS t TekyLLei BbIBOPKM

@O Mbi 0OMKHBI Pa36UTb CIUCOK NPUOPUTETOB FAE-TO MOJ CaMbIM MEPBbIM 3IEMEHTOM
@ Haiitn mecto, rie pa3buTb CNMCOK, M OTBPOCUTL «XBOCT»

@ OT6pocKTb XBOCT M A062BUTb TEKYLLMIA INEMEHT Ha €0 MecTo

© MepeiTtn K cneayloLlen BpeMeHHOM MeTKe (BpeMeHW NpubbiTus)

OxkupgaeMoe UMCI0 XPaHSIIIMXCS B TTaMSITH 3JIeMEeHTOB B 3TOJ CTpaTeruu B
J106071 MoMeHT Bpemeny paBHo O(In n). [Iyisg moaaepskaHus BHIOOPKY pa3mMepa k
MOXHO COZIePKaTh K CTIMCKOB, HA3HAYATD K IPUOPUTETOB, Py, Py, Digs ---» Dry, KAK-

[OMY MPUOBIBAIOLIEMY 37IEMEHTY €, U MOBTOPSITh aITOPUTM C €, CTOJIbKO pas,
CKOJTbKO MMeeTCsl CTUCKOB. OxKupaemasi CTOMMOCTb IaMSITU B 3TOM aJiTOPUTMeE
paBHa O(k log n), XOTsl, ¢ BBICOKOJ BEPOSITHOCTHIO, CTOMMOCTDb He ITPEBbBINIAET
O(k log n) (aHa/IM3 TPOCTPAHCTBEHHO CJIOKHOCTY MOXKHO HAMTH B T€X e CIIpa-
BOUYHBIX MaTepuasax, YTo 1 1o TemMe GopMmupoBaHMs LIETTHOV BBIOOPKM).

O6paTuTe BHUMAaHMeE, UTO AJITOPUTM C K CITMCKaMM, TOCTABJISTIONIMIT BBIOOPKY
pasmepa k, reHepUpYyeT MPOCTYIO CIyYaifHyI0 BIOOPKY C BO3BPATOM M3 BpeMeH-
HOTr'O OKHa.

Iyist Toro 4To6bhI OITPO6OBATH MPOLEAyPY GOPMUPOBaHMS BEIGOPOK 13 TIOTOKA
Ha MPaKTHKE, ITepe]] TeM Kak IMepeiTu K GakTUIecKoi peannsaiuy airopuTMa
dbopMupoBaHusl BLIOOPKM, CHAUaIa HYsKeH QpeiiMBOpPK [J1s1 06paboTKM MOTO-
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KOB JJaHHBIX KaK 00bekToB. KoOHGUrypupoBaHye TaKoii Cpedbl C UCIIOIb30Ba-
HMeM HI3KOYypOBHeBbIX GyHKINI OC 1 gasxke ¢ IpuMeHeHueM CIIelaabHbIX
6ubamoTexk R mau Python mis B3auMozeiicTBusI C MTIOTOKOBBIM (pPeiiMBOPKOM,
TakuM Kak Apache Kafka, MokeT 3aHMMAaTh JOBOJIBHO MHOI'O BpeMEHM, B 0CO-
GEHHOCTY €I BbI IIPOCTO IbITAETECH OIIEPATUBHO ITPOBEPUTH HAIJIEKAIIYIO
paboTOCIIOCO6HOCTD Balllero MOTOKOBOTO aJiTOPUTMa.

B wienylolem gajee pasjeie Mbl ITOKaskeM, KaK MCII0Ib30BaTh 3TU aJTOPUT-
MbI Ha SI3bIKe IIPOTrpaMMMpOBaHMs R B pamMKax mpocToro ¢ppeiitMBopKa obpa-
OOTKM IOTOKOBBIX JAHHbIX. MbI 1306aBMM ce0sT OT UepHOBOJi paboThl G1arofapst
rmakeTy R stream ¥ IIpy 3TOM ellie COIIEMCS Ha aHAJOTMYHBIM (QpeiiMBOPK Ha
s13bIKke Python.

7.3 CpaBHeHue anroputMoB HOpMUPOBAHUS
BbIOOPOK

Tenepb, KOTIA Mbl IO3HAKOMMIMCH C HECKOJIBKMMU aJIrOpUTMaMy GopMupoBa-
HMSI BBIOOPOK M3 TMOTOKA, MbI IIPOJIEMOHCTPUPYEM CITOCOGBI IPUMEHEHUS He-
KOTOPBIX M3 HUX Ha SI3bIKEe IMPOrpaMMMpOBaHus R U, B YaCTHOCTH, C IIOMOIIbIO
naketa R stream [8]. OH mpenmocTaBsieT GpeiiMBOPK M1 06PaBOTKM TTOTOKOB
JTAHHBIX C VICTIOJIb30BaHMEM 005€eKM08-0aHHbIX N0mMoKo8 0aHHbix (DSD-006beKT)%.
OuyM MOryT 6BITh 06EPTKAMM PeaJbHOIO ITOTOKA JAHHBIX, PE3UAEHTHBIX 100
IVICKOBBIX JAHHBIX, VIV JKe TeHepaTopa, KOTOPbI CUMYIMPYET MOTOK JaHHbIX C
M3BECTHBIMM CBOVICTBAMM ITPM IIPOBEIEHMUM KOHTPOIMUPYEMbBIX SKCITEPYMEHTOB.
OmnpenenuBIINCh C JAHHBIMU, KOTOPbIE MbI OymeM Tonydath 13 DSD-06beKTa,
MbI peanusyeM 3afaHue. B HalieM caydyae oHO GyIeT 3aKIouaThCs B MOAIepP-
SKaHUM CJTY4YaifHOM BBIOOPKM M3 TTOTOKA U €€ UCIIOIb30BaHMM /ISl OIeHVBaHUS
cpegHero 3HaueHus. [IJist 9TOro MbI OyIeM MCII0/Ib30BaTh Kiacc-3adaHue Ha 00-
pabomxky nomoxa darHwix (DST)?".

7.3.1 Hactpoiika cuMynsiumu: anroputMbl U faHHble

Mbl cpaBHUM 3(GEKTUBHOCTh aganTaluy CTpaTeruii GopMUPOBAHMUS CMe-
IIEHHOM 1 HeCMeIlleHHOM BhIOOPOK K BHE3AITHBIM M ITOCTEIIEHHBIM M3MEHEHM -
SIM B IIOTOKE JAaHHBIX. Mbl CTeHepUpyeM ITOTOK C BHE3aITHbIM CIBUTOM B KOH-
LIV, YTOOBI IIPOBEPUTH HAJIEXKHOCTh aJITOPUTMOB (DOPMUPOBAHMSI BHIOOPKIU
10 OTHOIIIEHUIO K 9TOJ XapaKTepUCTHKEe MOTOKa. YKasaHHbIe IBa aJlfOPUTMa
OIIepUPYIOT Ha PeIepHBIX ITOTOKAX, [I0O3TOMY MOKHO TOBOPUTDH O CIy4YailtHOI
BBIOOpKe pa3mepa k M3 TOTO, YTO MOSBWJIOCH K HacTosIeMy MoMeHTy. CTpa-
Terust GOPMMPOBAHMS CMEILEHHO pe3epByapHOii BHIOOPKM IIPUIAET OO IbIINIL
BeC HeJAaBHO IOSIBUBIIMMCS 37eMeHTaM, a QYHKIMS CMEeNIeHNUsI U MapamMeTp
JAM6/1a, B YaCTHOCTY, OTIPeIe/ITIOT CKOPOCTh yCTapeBaHus 6ojiee CTapbixX Je-
MEHTOB.

% Aurt. data stream data (DSD) object. — ITpum. nepes.
7 Aur. data stream task (DST) class. — ITpum. nepes.
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B Lensx cumMyssIyy BHE3AITHOTO M3MeHeHMS B KOHIEMIIMM Mbl CO3/IaeM T10-
TOK C TIOMOIIIbI0 GYHKIMM DSD_Gaussians(). ITOT reHepaTOp HOPMaJIbHO pac-
npefeeHHbIX JaHHbIX co3aaeTr 10° rayccoBbIX AeBuUaToOB. Hab/mome s 13 MoTo-
Ka TaHHbBIX MU3MEHSIIOT cBoe pacripenenenye ¢ N(1, 1) Ha N(3, 1) 3a oauH mar. To
03HAauaeT, UTO MCTOUHMK IMOTOKA CMMY/IMPYET BHE3AITHbIN CABUT B OAHOV TOUKE.
Ilyis 3TOI e Mbl pa3buBaeM MOTOK TomoaaM u momnydaeM 500 K cayyaiiHbix
sHaueHui u3 N(1, 1), 3a KotopeiMu ciieayioT 500 K crydaiiHbIX 3HaUeHUI 13
N(3, 1). MbI oripoGyeM J1Ba pa3mepa BbIOOPOK (pe3epByapa), € {104, 10°}.

CHauaja co3maeM IOTOK, a 3aTeM coxpaHsieM ero B Buae CSV-daiina. 9To
JesaeTcs sl TOTO, YTOObI MOKHO ObIIO OTOMPATh OFHU U Te K€ JaHHbIE C I10-
MOIIIBIO IBYX aJITOPUTMOB:

rm(list=1s()) (1)
if (!'stream' %in% installed.packages()) install.packages('stream') (1)
library(stream) (1)
setwd(" ") (9]
set.seed(1000) (3]
stream_FirstHalf <- DSD_Gaussians(k = 1, (4]

d=1,

mu=1,

sigma=c(1),
space_limit = c(0, 1)

)

write_stream(stream FirstHalf, "DStream.csv", n = 500000, sep = ",") @

stream_SecondHalf <- DSD_Gaussians(k = 1, (6]
d=1,
mu=3,

sigma=c(1),
space_limit = c(0, 1)

)

write_stream(stream_SecondHalf, "DStream.csv", n = 500000,
sep = ",", append=TRUE) (7]

@ Ynanutb 13 paboueit 061aCT BO3MOXKHO OCTaBLIMECs 06bekTbl. ECM nakeT stream elle He
YCTaHOBJIEH, TO YCTAHOBUTb €r0. 3aTEM NPUBS3aTh NAKeT K paboyeit obnactu

@ Bui6paTh NyTb, N0 KOTOPOMY COXPaHATb Gain DStream.csv ¢ AaHHbIMK

@ 3apath HauYaNbHYKO NO3MLMIO reHepaTopa NCeBA0C/yYaiHbIX YACEN TaknM 06Pa30oM, YToBbI
Kak[bli pa3 CO34aBanvCh OHMU U Te XKe CNlyyaiiHble AaHHble

@ Co3patb DSD-06bEKT AN NEPBOM NONOBMHbI NOTOKA

@ 3anucatb 500 K anemeHToB 13 DSD-06bekTa B aiin DStream.csv

@ Co3patb DSD-06beKT 115 BTOPOI NONOBUHBI NOTOKA

@ [No6asutb 500 K 3nemenTtos u3 DSD-o6bekTa B dhaitn DStream.csv

Peanu3anuu MpeiCcTaBJeHHbIX B 3TOV IVIaBe aJrOPUTMOB (POpMUPOBAHUS
CMeIeHHO! ¥ HecMelleHHO! pe3epByapHbIX BbIOOPOK IOCTYIHBI B IaKeTe
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stream B Bue QyHKIIM DSC_Sample(). B cMMyISILIMSIX MCIIOMb3YETCS IBA Pa3HbIX
pasmepa Bb160pok: 10 K 1 100 K symemenToB. MbI 3arpyskaem IOTOK 13 daiiia,
MCITONb3Y4 Kyacc DSD_ReadCSV. IToTok o6pabartsiBaeTrcs maketamu mo 100 K ane-
MEHTOB; CJIeOBATE/IbHO, BECh IIOTOK oOpabaThiBaeTcs 3a 10 maros. Ha Kaxkmom
1rare BbI3biBaeTcst QyHKIMS update(CurrentSample, stream_file, n=100000). OHa
oxupaetr DST-06bekT, DSD-00BEKT U YMC/IO HOBBIX YMTAEMBbIX M3 IIOTOKA JJIe-
MeHTOB. B ocHOBe QyHKIINMM update() JTEXUT MapaanrmMa 3agaHuss, KOTOPOe Mbl
MCIIOJIHSIEM Ha MOTOKe. B HaleM ciyuae 3TO (GOpMMUPOBaHMEe BbIOOPKM U3 I10-
ToKa. [TpounTtas 100 K HOBBIX 2JIeMEHTOB 13 [IOTOKA, HEOOXOAYIMO COOTBETCTBY-
IOLIMM 06pasoM CKOPPEKTUPOBATh TEKYINYIO BbIOOPKY. ClIeq0BaTeIbHO, BHI30B
update() obecrieunBaeT MHTerpainio HoBbix 100 K 551eMeHTOB 00bEKTOM-BbI-
OOpKOJ1 B CBOE TeKyllee cocTosiHye. [I0CKOIbKY MbI Bbi3bIBaeM update() 10 pas,
y Hac ecTb 10 CHUMKOB BbIOOPKM, KAXKIbIi ITOC/IE TTOSIBJIEHMS JOTIOTHUTETbHBIX
100 K anrtemenTOB. Ha 3Tux 10 ocTaHOBKAaX BBIUMC/ISIETCS M COXPAHSIETCS CpeiHee
3HauYeHMe TeKylleil BbIOOPKU. B manpHeiiiieM Mbl OyIeM UX MCIIOIb30BaTh IJIsT
OILIEHMBAHMSI TOTO, HACKOJIbKO XOPOIIO IIpOoLenypbl GOPMMUPOBAHMSI CMEIeH-
HOJi ¥ HeCMeIleHHOJi pe3epByapHbIX BbIOOPOK IPMCIIOCAOIMBAIOT CBOU Cpef-
HMe 3HaUeHMs K BHe3alTHOMY CIBUTY B CpelHeM 3HaUeHU M ITOTOKOBBIX TaHHbBIX.
OTOT CIleHapuii TOBTOPSIETCS OJIsT cTpaTeruit GOopMMUPOBAHUSI CMEIIeHHOM U
HeCMeIlleHHO} pe3epByapHbIX BIOOPOK ¢ pa3mepamu Bbibopok 10 K n 100 K.
BcriomuuMTe, UTO KOSDOUIMEHT CKOPOCTHM CTapeHMs, A, B paMKaxX CTpaTeruu
(opmupoBaHMsT CMeLIeHHOI pe3epByapHOii BBIOOPKM 00PATHO IPOHOPIMOHA-
JIEH pa3Mepy BbIOOPKIU:

rm(list=1s())
if (!'stream' %in% installed.packages()) install.packages('stream')

stream_file <- DSD_ReadCSV("DStream.csv") (1)
CurrentSample <- DSC_Sample(k=10000, biased=FALSE) (2]
MeanResults_Size10K <- NULL (3]
for(i in seq(1,10)){
update(CurrentSample, stream_file, 100000) (4]
names(CurrentSampleSRObjSdata) <- "sample_so_far" (5]
current_sample_avg <-
mean(as.numeric(CurrentSample$RObjSdata$sample_so_far)) (6]

MeanResults_Size10K <- c(MeanResults_Size10K, current_sample_avg) @

}
reset_stream(stream_file, pos=1) (8]

CurrentSample<-DSC_Sample(k=100000, biased=FALSE)
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MeanResults_S1ze100K<-NULL
for(i in seq(1,10)){
update(CurrentSample, stream_file, 100000)
names(CurrentSampleSRObj$data) <- "sample_so_far"
current_sample_avg <-
mean(as.numeric(CurrentSampleSRObjSdatassample_so_far))
MeanResults_Size100K<-c(MeanResults_Sizel00K, current_sample_avg)

}

close_stream(stream_file) (9]

@ Coszpatb DSD-06bekT stream_file u3 daina DStream.csv

@ Coszpatb DST-06beKT, KOTOPbI peanusyeT cTpaternio GopMUPOBaHNS Pe3epBYapHOIl
BbIOOpKM C onumeit biased, yctaHoBneHHoM paBHoi FALSE, u pasmepoM BbIGopKHU,
paBHbiM 10 K

© Mycroi BekTop Ans xpaHeHus 10 cpeaHMx 3HaueHui u3 10 nooyepeaHbIX CHUMKOB
BbIOOPKM

@ 06HOBUTb BbIGOPKY, 106aB1B 100 K HOBbIX 371€MEHTOB

@ MepenmeHoBaTb NEPEMEHHYIO, B KOTOPYIO 06bEKT-BbIBOPKA COXpaHAET BbIGOPKY, BO 4TO-
HWMbyab 6onee MHGOPMaTUBHOE

@ BbiuncnnTb cpeaHee 3HaYEHME BbIBOPKM

@ CoxpanuTb cpesiHee 3HaYeHue BbIBOPKM B BEKTOPE

@ C6pocnTb NOTOK AN19 CTpaTeErMM GOPMUPOBAHMA HECMELLEHHO pe3epByapHOi BbIBOPKM C
pa3mepom Bbibopku 100 K

@ 3akpbiTh DSD-06bEKT

CurrentSample — 9TO 06BEKT Kj1acca DSC_Sample, KOTOPBIN SIBASIETCS TTOAKIIAC-
COM Kjacca-3adaHusi Ha o6pabomky nomoxa oavuwix (DST). Takum o6pasom,
Kyacc DSC_Sample MOYKHO MCITOJIb30BaTh JJISI peanusaluy 0ol cTpaTerumu
dbopMupoBaHKs BBIOOPKM B KauecTBe 3afaHMS Ha IMOTOKe JaHHbIX. VICXOmHbI
KOJI, CMeIlleHHO Bepcuy GOPMUPOBAHNUS pe3epBYapHOIi BBIOOPKM UAEHTUYEH,
IIpY 3TOM IMapaMeTp biased rmomyyaet 3HaueHue TRUE. [TapameTp A, OTIpeiesnsiio-
it CMeleHye B CTOPOHY BHOBb ITPUOBIBININX, B 3TOM CTy4yae paBeH 1/k.

Ha puc. 7.8 mokasaHbI cpefHMe 3HAaUeHUs] BLIOOPKY B XO[Ie SBOJIIOLUM ITOTO-
Ka /ISl 3TUX IBYX CTpaTeruit GopMupoBaHusi BBIGOPOK. Mbl BUAMM AMHAMUKY
M3MeHEHMsI CpeTHero 3HaueHus BbIOOPKY JIJIST CTpaTeruii GopMmupoBaHus pe-
3epByapHOi1 BLIOOPKM U CMEIIEHHOW pe3epByapHOil BEIOOPKM, a TAKKe pasmMe-
pbI pe3epByapa k = 10%, 10° Ha perepHOM ITIOTOKE C BHE3aIHbIM CABUIOM B TOU-
ke i =500 K.

MpbI BUOMM, Kak cTpaTterust GopMMUpPOBaHMSI CMENIeHHO pe3epByapHO BbI-
60pKM 13-32 HEPABHOTO B3BEIIMBAHMSI HEABHETO M OTHAJEHHOTO MPOILIOrO
aJarnTUpyeTcsl K BHE3alTHOMY CABUTY U OlLieHMBaeT CpefHee 3HaUeHMe OYeHb
6BICTPO M HECMEINIEHHO ToC/ie CABUTa, TOTAA KaK cTpaTerny (popMupoBaHUS
HeCcMellleHHOJ pe3epByapHOii BbIOOPKM 3TO CIeaTh He yaaercs. BuicTpora, ¢
KOTOPOJi cTpaTerusi GOpMMUPOBAHMS CMEIeHHO BhIOOPKY MOKET 0OHAPYKM-
BaTh CABUI, 3aBUCUT OT mapametpa A. I[Ipu A = 10 BepoSTHOCTH OCTaThCS B
BbIOOpKe yMeHbIaeTcs Ha e-! kakabie 10 000 s71eMeHTOB, II09TOMY IapaMeT]
A = 10~* 3a6bIBaeT ObICTpee WIM MMeeT MEeHbIINMIi 0XBaT IpoluibiM. ClemoBa-
TeIbHO, CMeNleHHas BbibopKa ¢ A = 107° MeqijieHHee MpUOIVKaeTCs K TEKYIIeMY
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MCTUMHHOMY CpeHeMY 3HaueHMI0. bymeM HamesIThCsl, YTO 3Ta CUMYJISIIINS Jajia
BaM HEKOTOpOeE MpeACTaB/IeHle O PeaJMCTUUYHBIX YCIOBUSIX, B KOTOPBIX BbI OY-
JeTe 6paTh BHIOOPKM M3 IIOTOKOB, M O peIllIeHMsIX, KOTOPbie IPUIAETCS IPUHM-
MaTh, YUUTHIBASI MMEIOIIMECS TaHHbIE.
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PucyHok 7.8 MyHKTUPHBIMU NTMHUSIMK COEAMHEHBI CPEeAHME 3HAYEHMS BbIDOPOK,
B3STbIX C MCMONb30BAHMEM ANrOPUTMA POPMUPOBAHUS CMELLLEHHOW pe3epByapHOW
BbIGOpKM. BepxHsaa, c A = 107%, 1 HmkHAA, ¢ A = 1075, NyHKTUPHBIE IMHUM OTCIIEXKMBAIOT
cpenHue 3HavyeHus BblIbopku Ha kaxabix 100 K HOBbIX 3nemMeHTax Ans AByX pa3MepoB
HeCMeLLEeHHbIX pe3epByapHbIX BbIOOPOK

Iyt Tex U3 Bac, KTO XOTes 661 TOTpo60BaTh GOPMUPOBATH BHIOOPKY 13 TIOTO-
KOB C nomoInpio Python, ectb nBa BapuaHTa. IlepBblii — 60j1ee 06IerYeHHbIN U
M03BOJISIET Pa3BePThIBATh ITpocToro nmpousBoautens Kafka na 6aze Python, ko-
TOPBII UNTAET JaHHbIE C BpeMeHHbIMM MeTKaMu 13 CSV-gaiiia. CooTBETCTBY-
onImii perosuTopuit Haxogutces Ha GitHub B pamkax nutensun MIT (github.com/
mtpatter/time-series-kafka-demo). Bropoii — 6ubamoreka Faust /11 c60pKy IOTOKO-
BbIX TIpuiokeHnit Ha Python (faust.readthedocs.io/en/latest). 3TO OUueHb XOPOIIIO
3aJJ0KyMEHTYPOBaHHasl 1 6oraTtast 6M6/IMoTeKa, JyJIlle MOAXOAIas Ajist oopa-
60TKM MMOTOKOB JTAHHBIX MPOM3BOACTBEHHOTO YPOBHS. EC/TM BBl ITPOCTO XOTUTE
KoHBepTupoBaTh CSV-daiia faHHbIX ¢ BpeMeHHBIMM METKaMM B peaJbHO-Bpe-
MEHHOJ TIOTOK, IIPUTOAHBIN [IJISI TECTUPOBAHMS Balllero ajaropuTMa Gopmupo-
BaHMS BBIOOPKM, TO TOT BaPUAHT OyIeT M3JIUIIHYM.

Peslome

O MbI MO3HAKOMMJTMCH C TISITHIO aITOPUTMaMy (OPMUPOBAHMS BBIOOPKY 13
MOTOKA JaHHBIX (TPU [IJis1 pellepHbIX MMOTOKOB U [1Ba JJ1s1 OKOHHBIX TIOTO-
KoB). ®opMupoBaHye BbIOOPKY BepHY/UIN — 3TO OUeHb ITPOCTO aITOPUTM


http://github.com/mtpatter/time-series-kafka-demo
http://github.com/mtpatter/time-series-kafka-demo
http://faust.readthedocs.io/en/latest
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(dbopmupoBaHs pernpe3eHTaTUBHOM BHIOOPKIA, HO €C/IN BbI XOTUTE €ro MC-
10JIb30BaTh, TO BaM IPUIETCS MOAYMATh O KAKOii-TO CTpaTeruu OrpaHm-
YyeHMsI pa3Mepa BbIOOPKIM, He IIPUBHOCS OOJIBIIOIO CMEeIeHMSI.

O Crtparerusi popMrUpoBaHUS pe3epBYapHOIi BBIOOPKM pelinia Hally mpo6-
JIeMy C TIepeMeHHBbIM pa3MepOM BBIOOPKM M obecrieunsia MpPoCTyI CITy-
YaiiHyI0 BBIOOPKY M3 3JIEMEHTOB, ITOSIBJISTIOINMIXCSI B J1I000J1 MOMeHT. Eciin
MbI XOTUM ITOAYEPKHYTH O0JIee CBEXME JIeMEHThI B BBIOOPKE, TO OIHUM
13 CII0COOO0B SIB/ISIETCST B3SITHE CMEIeHHOW pe3epByapHOit BBIOOPKM, HO
HaM HYKHO ITOAYyMaTh O KeJaeMOil CKOPOCTU YCTapeBaHus U O TOM, Kak
3TO COOTHOCUTCS C MUMEILIMMCS ITPOCTPaHCTBOM. Bee 3aBucuUT OT peanuc-
TUYHBIX ITAPAMETPOB, C KOTOPBIMM BbI CTAJIKMBAETECH B CBOEM COOCTBEH-
HOM IPUIOKEHUN.

O [Ipyroii criocob rmomguepKkMBaTh HeTABHO PUOBIBAIOIIVE B ITOTOK JIEMEH-
ThI — MCIIOJIb30BaTh CKOJb3sIllee OKHO. Mbl HAYYMINCh PeaTn30BbIBATD
cTpaTernu GopMMpOBaHMS LIEITHOM BBIOOPKM /IS OKOH, OCHOBAaHHBIX Ha
MOC/IeIOBAaTeTbHOCTH, ¥ (OPMUPOBAHUSI TIPUOPUTETHOV BBIOOPKM TSI
OKOH, OCHOBaHHBIX Ha BpeMeHM, ec/ii TpebyeTcst 6paTh BBIOOPKM U3 ITOTO
OKHa T10 ero pasmepy.

O MbI yBUIEIN, KaK B paMKax CUMY/ISILIY CTpaTerus GopMupoBaHus cMe-
IIIEHHO pe3epByapHOii BHIOOPKM CyMesia TOACTPOUTHCS K BHE3AITHOMY
COBUTY B KOHIEMI[MM, TOTAA KaK OObIUHAS CTpaTeruss GopMUPOBaHMS
pesepByapHOIi BBIOOPKM OTpearupoBaTh Ha 9TO M3MeHeHe He CMOor/a 1
MpMBeJia K CMeIleHHOMY OTBEeTY Ha 3aIlpoC O HelaBHeM MCTMHHOM Cpe/l-
HeM 3HaueHMM IMOTOKOBbBIX JaHHbIX. HAIIOMHMM, UTO BaM IIPUIETCS KOp-
PEKTHPOBATh ITapaMeTp CKOPOCTH YCTapeBaHMs TaKUM 00pa3soM, UTOOGBI
OH COOTBETCTBOBAJI MOHSTHUIO JOCTATOYHOI CBEXKECTH B BallleM KOHKPET-
HOM C/Tydae MCIOIb30BaHMsI.
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MpubankeHHble KBaHTUIM
Ha NOTOKaX AAHHbIX

OTa IJlaBa OXBaTbIBAET cjieayroinre HKe TeMbI:

E PacCMOTpeHMEe MOHSATHUS TOUYHBIX KBAaHTWIEN U IOHMMaHye orpa-
HUYEHMIi, HaJlaraeMbIX KOHTEKCTOM 06PabOTKM IMOTOKOBBIX HaH-
HBIX;

B IIOHMMAaHMe Pas3JIMYHbIX TUIIOB OIMOOK 151 TPUOIVKEHHBIX KBaH-
TUIEN;

® TIpUMeHeHMe aJITOPUTMOB t-maiikecTa U q-JaiaKecTa K MOTOKY
IaHHbIX;

m cpaBHeHMe t-maiigkecta U q-ZaiikecTa Ha pPeaIMCTUYHBIX JaH-
HBIX O MIPOIOJIKUTEILHOCTY TTOCEIeHMIT Be6-caiiTa.

[IpencraBiieHHbIE B IMPEIbIAYINEl TIaBe pa3sHbie aJITOPUTMBI ITO3BOJISIOT (op-
MMPOBATh (He)CMeIleHHYI0 BhIOOPKY M3 BCEX KOpPTeXKeil MJaHHBIX, MPUOBIBIIMX
Ha TeKyILIMii MOMEHT. B HEKOTOPOM cMbIc/ie BBIOOPKA — 3TO OUeHb TMOKUIT Ha-
OpPOCOK JaHHBIX: OHAa (HOPMUPYETCS] ONMH pas, a 3aTeM C ee TTIOMOIIbI0 MOXKHO
3asBJISITh, UTO €€ CpelHee 3HAUeHMe WM JTI00ast Ipyras XapaKTepUCTUKA SBIIS -
€TCsI XOPOIlIeii OLIeHKOJ 3TOM sKe XapaKTePUCTUKY Y BCeX TaHHBIX, TPUOBIBIIMX
M3 MOTOKA Ha TEKYL[MUIi MOMEHT. BCIIOMHUTe MPUUYNHY, 10 KOTOPOJ MbI Iepe-
n ot opmupoBaHusl BbIOOPKM BepHymu K mporeaypam GhopMUpPOBaHMS
BBIOOPOK, TIOMIePKMBAIOIINX BBIOOPKY (MKCMPOBAHHOTO pasMepa: BbIOOPKA
BepHY/IIM pacTeT BMeCTe C YBeIMYEeHVEeM Unciia MPUOBIBAIOIINX JIEMEHTOB, U
[I03TOMY B COUETAHUM C TOTOKOBBIMM JaHHBIMM OHA IPOCTO HEMIPAKTUYHA.
BmecTe ¢ Tem, 6epst BbIOOPKY BepHYI/H, momyyaenrb TO, Yero He MoTyJaelib
IPYTMMM METOJaMU, — IMTOCTOSTHHYIO TTPOIOPIMIo 0T60pa’® mpu r060M 3HaUe-
Huyu N. CuTyaiys, pu KOTOPOii 6epeTcs B cpeqHeM Kaskaplii 1/p-it smeMeHT,
He M3MEHUTCSI He3aBUCUMO OT BeJM4YMHBI N. 3a 3TO IPUSITHOE CBOJCTBO MpPU-
XOIUTCS «TUIATUTh» HAJIMUMEM CpeqHero pasmepa BbIOOpKM pN. [Touemy 3TO

% AHDI. sampling rate; B CTaTUCTMKE 3TO MPOTIOPIMS TIOMYJISIIINMA, [TOTIABINast B BHIGOPKY (He MyTaTh C
YaCcTOTOI 0T6Opa/aMCKpeTu3aIn B 06paboTke ubpoBbIX CUTHAIOB). — [Ipum. nepes.
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XOpOILO B YCIOBUSX, KOIIa pasMep BbIOOpPKM yBeiamuuBaeTcsi? IleHTpaibHas
npefenbHas TeOpeMa IJIaCUT, 9TO JIF000T OIEeHIMK Ha OCHOBE Hallleil BBIGOPKY
MMeeT CTAaHJaPTHYIO OIIMOKY (MPe3MOHHOCTD), KOTOpast yMEeHbIIIAaeTCsl BMeC-
Te C KBaIpaTHbIM KOPHEM U3 pa3Mepa BbIOOpKU. Takum 06pa3oM, CTaTUCTUYIEC-
KJ HeIJIOXO MMeTb 0oJjiee BBICOKMI pa3Mep BbIOOpKH. IIpobiemMa B TOM, UTO IO
Mepe TOTO, KaK MbI BUJIM Bce OOJIbIlie ¥ 60JIbllle 37IeMeHTOB M3 MOTOKA, TIOT-
HOCTb BBIOOPKM IpU OTOOpe MEeTOAOM BepHy/iu He MeHSIeTCs, HO MeHSeTcs
MIpY IpyruX. B anroputmax, KOTOpbIe MOAIEPKMBAIOT GUKCUPOBAHHBIN pasMep
BBIOOPKM, paBHBIN K, IJIOTHOCTb BHIOOPKYM HEU36EKHO YMEHbIIAeTCsI, ITOCKOIb-
KY MBI BCerja uMeeM IUIOTHOCTb k/N 110 Mmepe pocta N.

9Ta IJIOTHOCTD B IIMPOKOM CMBIC/IE CITYSKUT MEPOii pacipeneleHHOCTY B3SI-
THIX B BBIOOPKY TOUEK I10 BceM ToukaM B roToke. (Eciu Bac mHTepecyeT 6osee
dbopMasibHas TPAKTOBKA JaHHOIO ITOHSTUS «IUIOTHOCTU» BBIOOPKM, IIPOUTHUTE
BBeleHMe K CTaThbe 110 CChlIKe: https://arxiv.org/pdf/2004.01668v1.pdf.)

OmucaHHble B 3TOI I71aBe aJTOPUTMbI MPU3BAHbBI «yBSI3aTh» OrPaHUUYEHMUS
Ha KOHEYHbIi pa3Mep C KOHKPETHBIM ITOHSATUEM NOCMOAHHOU nJlomHocmu (Vi
MPEeLV3MOHHOCTH) TI0 Mepe pocTa N, UTOObI OTBEUYATD Ha 3aIIPOCHI O NPUOTUNCEH-
HbIX K8AHMUSAX. XOTSI, BO3SMOXKHO, 3TO MTOKaKETCS BOJIIIEOCTBOM, HO 3TO BIIOTHE
IOCTVDKMMO B YCJIOBUSIX IOIYIIEHMIA, KOTOPbIe He BMSIOT Ha IPAaKTUUYECKYIO
BaKHOCTb aJITOPUTMOB.

8.1 TouHble KBaHTUU

Becriepe6oiiHoe MPUCYTCTBME B MHTEPHETE, ITOCTOSSHHbI KOHTAKT 1 OOCTYKI-
BaHMe MoTpebuTeneii ceromHst MMeIOT AJ1s1 KOMIIaHMIi IIepBOCTeIeHHOe 3Haye-
HMe. IMeHHO M03TOMY KOMITaHMM M OpraHM3alu BKIaAbIBAIOT 3HAUMTEIbHbIE
cpencTBa B obecrieueHye IIOCTOSTHHOTO HaJIM4YMs KOHTEHTA M AOCTYIa K CBOUM
Beb-cajitam. OmHOI U3 XapaKTePUCTUK, MPEICTaBIISIOINX UHTepeC OJis Jeii-
CTBYIOIIETO Beb-caiiTa, SIBIsIeTCS BpeMs, KOTOpOe T0b30BaTe/b IIPOBOIUT Ha
HeM. Mcxonst U3 3TUX OaHHBIX, MOXKHO OIIpeleNsiTh cpeHee BpeMsi, KOTOpOoe
M0JIb30BaTENb IIPOBOAUT HA BeO-caiiTe. A 3aTeM IO HEKOTOPOMY CTaOMIbHO-
MY YCpeIHEeHHOMY ITPOGUIII0 MOXKHO OITPEeNesiTh MaTOJIOTMUECKe TIPUMEpPHI B
JaHHBIX O IIPOBEJIEeHHOM Ha Beb-caiiTe BpeMeHM.

Mbl ITpOCUMYIMPOBAIM HEMHOTO JaHHbBIX, KOTOpbIe OTC/IEKMBAIOT paclipe-
IeJleHue peayibHbIX JaHHbBIX, OIMCAHHBIX M IIOKAa3aHHBIX Ha caiite Apache
DataSketches (http://mng.bz/gwoG). IIpMBemeHHbIe TaM [TaHHbIE ITOKA3bIBAIOT
peasibHbIe TaHHbIE, M3BJIE€YEHHbIE C OLHOIO U3 UX BHYTPEHHUX CepBEPOB. DTU
JaHHbIe MIPeICTaB/SIOT OMH Yac IIPOBeIeHHOro Ha BeO-caliTe BpeMeH) B MUJI-
JIMceKyHAax. JlaHHble B M3HAYaJIbHON LIKaJle MMEIOT OYeHb JJIMHHBINA [paBblii
XBOCT; CJIeLOBATeIbHO, OTOOPaKaTh MX HAa OJHON MUUIMCEKYHIHO IIKajae B
BUe OOBIUHOI I'MCTOTPAMMbI He [I0OCOBETOBAJI ObI HM OAMH o TanbMoIor. Takye
IaHHbIE JIy4Ille 0OTOOpaXkaThb B BUIE I'MCTOTPaMMbI, KaK ITOKa3aHO Ha puc. 8.1.
dakTMueckass LIMpUHA KOP3MH YBEIMUYMBAETCS 10 Mepe MPOABVKEHMS CJieBa
HarpaBo. TeM He MeHee Mbl PUCYeM MX B BUJe IOAOC OOVMHAKOBO IIMPUHBI.
biaromapsi Takomy Iogxoay Mbl MMeeM BO3MOYXKHOCTb HACTKAAThCSI BU3YaJlb-


https://arxiv.org/pdf/2004.01668v1.pdf
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HBIM IpencTaBaeHueM. O6paTuTe BHUMAaHME, UTO TEXHUUECKM 3TO CTOjI0UaTas
IuarpamMma, a He TUCTOTpaMMa.

[Tpy KaskgoM ToceneHuy BeO-caiiTa Mojib30BaTeIeM BHYTPEHHME CEePBepHI,
Ha KOTOPBIX OH pa3MellleH, peTMCTPUPYIOT Hadyajao M KOHell nmocelieHus. JlaH-
HbI€ MOKa3bIBAIOT MPOAO/DKUTENIbHOCTb MPEeObIBaHMS B MUIIMCEKYHAAX TTPU-
MepHO Ij1s1 26 MJIH MOcelleHnit. Y 60JbIOoi J0/IM, OKOIOo 14 %, IpoBeneHHOoe
BpeMs 3apermcTpmMpoBaHo Kax 0.
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MunucekyHabl

Pucynok 8.1 Cron6uyartasa guarpamma (NoATacoBaHHAS MMCTOrpamMMma), MoKasbiBatoLwas
NPOAOIKUTENBHOCTb NPeObIBAHMUS B MUIIMCEKYHAAX MPUMEPHO A5 26 MH NOCEeLeHUN

Ha ,ELaHHbe;I MOMEHT HaC He BO/JIHYeT, OTKyJda 3TV JaHHbI€ ITOCTYIIUJIN: U3 T10-
TOKa 1160 13 6asbl JAaHHbBIX, HO HAaC MOI'YT 3aMHTepeCOBATb OTBETHI Ha C/IeAYyI0-
1I1e HM>Xe BOIIPOCHI:

QO KakoBa MefduaHHasl IPONO/DKUTEILHOCTh IIpeObIBaHMS Ha BeO-caiiTe,
pasMellleHHOM Ha OJJHOM BHYTpeHHeM cepBepe?

QO KakoB 95-71 IpOLeHTUIb IPOAO/KATEIBHOCTM Mpe6hIBaHMs Ha Be6-caii-
Te, pa3MelieHHOM Ha OIHOM BHYTpPeHHeM cepBepe?

O KakoB 95-it IpoIeHTWIh MPOAOKUTENIBHOCTHM IMPeObIBaHMS Ha BeO-cali-
Te, pa3MelleHHOM Ha BCeX BHYTPEHHUX cepBepax?

[IpemHasHaueHye TaKMUX 3alIPOCOB COBEPIIEHHO OYEBMIHO: 3HATH CUTYAIUH,
KOTJIa X8amka Be6-cajiTa HauMHAeT 0C1abeBaTh WIM KOTJA OHA CTAHOBUTCS I10-
MeXO0ii B BUIe IJIUTEIbHBIX 3a[IepskeK cepBepa (KOTOpbIe, KOHEUHO sKe, MOSKHO 3a-
MpalyBaTh aHAJOTMUYHBIM 00Pa30M HAIPSIMYIO). ITO MOKET ObITh BISIBJIEHO I10
IOBIVKEHMIO MeIyaHbl BO BpeMEeHHO IMHaMuKe (MM, eCIM YK Ha TO IIOIIO, I10
JII0O0MY IPYTOMY KBAHTI/TIO, OTC/IESKMBATh KOTOPBINA, 10 BallleMy MHEHMIO, UIMeeT
ocoboe 3HaUeHMe, YTOOI ONTUMU3UPOBATD KAKOI-T1MO0 6GM3HEC-TIPOLIecC).
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Yro 3TO 3a LITYKA TaKasi, K8AHMUIb, KOTOPAsi MOKET IIPOBECTY Halll Kopabiib
TIPUHSTHS PellieHunii yepe3 Oypisiinee Mope TaHHbIX? HeynuBUTENbHO, UTO T10-
HSITMEe KBAaHTWJISI TIPVOKMUJIOCHh B U€/JIOBEUECKOM KOJIJIEKTMBHOM OMBITE 3a70JI-
rO JI0 TIOSIBJIEHUS JTI0ObIX 60X MaHHbIX. CleoBaTeIbHO, HA HEM OCTaJICS
Cjlef, 3arlaukaHHbIX MeJIOM HapyKaBHMKOB. [pyrMmu ¢JioBamu, BaM MPUTETCS
CMUPUTHCS C TPeYeCKUMM OyKBaMM U Teopueit, YTOObI pa306paThCs B MOHSATUMN.
TeopeTtmueckuii KBaHTUJIb @ (1) HEKOTOPOTO (HEIIPePbIBHOTO) pacIipeiesieHust
BepPOSTHOCTE (TUIOTHOCTMU f(X)) IBJISIETCSI 0OpaTHOM (PYHKIMEN KyMyASITUBHOTO
pacnipenenenus F(x):

0, =Fx)=PX<x)= F'(p)=x.

Tenepb NPOWITIOCTPUPYEM ITO Ha TIPUMeEPe HAIIMX TAaHHBIX O 3aTPaYeHHOM
BpeMeHu. BynerT yierdye, eciy BCTaBUTh OOCYKIaeMble HAMM 3HAYEHUS B BbI-
paxxenue. Ecim nmpuHaATh @ = 0.5, TO TOrga Mbl 3aXOTMM 3HaTh, HUXE KaKOTO
3HAueHUs 3aTpaueHHoe BpeMs x coctasisier 0.5 (II0JIOBMHY) OT BCEX 3aperucT-
PUMPOBAHHBIX IJIUTEIbHOCTEN IoceleHnii. UHbIMK C/10BaMu, IIOJIOBMHA BCeX
ToceleHmnii 6yeT Kopoye yKasaHHOM JIMHBI X. OTO U €CTh MeAuaHa JaHHbIX.
JTI106071 @-KBaHTU/Ib JAHHBIX O MPOJO/DKUTETbHOCTM TPeObIBAaHMS Ha HaIlemM
Beb-caiiTe BBIUMCISETCS TIYTEM MX COPTMPOBKM, a 3aTeM Bbibopa @N-TO aye-
MEHTa B COPTUPOBAHHOI IMocaegoBaTebHOCTH. Hampumep, mipu 25961 440 mo-
CelleHMsIX MeIuaHHasl IIPOAO/DKUTEIbHOCTh NpebbiBaHmsl paBHa 12980721-ii
3aMyMCcy B COPTMPOBAHHOI ITOCIeI0BATENBHOCTM. DTa 3amuch paBHa 1150.592
vvtcekyHabI (R(1150.592) = 12980721). TlocnenHee BbhIpakeHEe B KPYIVIBIX
CKO6Kax ymTaeTcs kKak panr 1150.592 MmwimcekyHbI, paBubiii 12980 721-my.

MpbI ObI TTOCTYITMJTM AHAJIOTMYHBIM 00PAa30M C BbIYMCIEHUEM JIFOOOTO IPYroro
TOYHOT'O KBAaHTWIS (Harmpumep, 95-if mpoueHTuIb MMeeT 95 % maHHBIX «HIUKe»
cebst). 3aaua BbIYMCJIEHNST KBAHTWIEH B MHOOpMAaTHKe M3BECTHA KaK 3a7a4a O
copmuposke u ombope; IO CAMOMY Ha3BaHMIO MOXKHO TTPEATIONIOKNUTH, UTO OHA
MMeeT JONTYIO ICTOPUIO MHTEJIJIEKTYaAbHbIX YCUIINIA M HAYUYHBIX UCC/IeOBAHUIA.

OTpICKaHVe MUHUMYMa MV MakKCMMyMa (COOTBETCTBEHHO paHroB 1 u N) Hy-
SKIAeTCsl TOJBKO B JIMHEITHOM BpeMeHMU U ITOCTOSIHHOM AOIOHUTEIbHOM MIPO-
crpaHcTBe. To ke camMoe KacaeTcsi paHTOB, KOTOPbIe HAXOASITCS BOIM3Y TPAHUIL
JaHHBIX (TO €CTh OTBICKATH 000 paHI, KOTOPbIN HAXOOUTCS Ha ITOCTOSTHHOM
yOAJIeHUM OT MMHMMyMa WM MakCMMyMa, HEMHOTMM CJIOXKHee; Hallpumep,
paHr ¢ win N — ¢ 1151 HEKOJ KOHCTaHTHI €). [IJIsT OTBICKaHUS IPYTUX, MEHee TPu-
BUAJIbHBIX PAHTOB, MOXKHO JIETKO UCIOMb30BaTh COPTUPOBKY, TA€ MOCae COPTU-
poBku maccuBa A[0, ... N — 1] 3a O(N log N) Mbl HaxoauM paHr r, 06paIiasch
K yieMeHTy A[r — 1] maccuBa (TO ecThb 3a IOCTOSIHHOe BpeMsi). Bricokas LieHa
COPTUPOBKM OKYNUTCS, €JIM NAaHHbIE B 3HAUUTE/IbHON CTEIEeHU CTATUYHBI U
MbI OKMaeM BBITIOTHEHWST OOJIBIIIOTO YKCIa PAHTOBBIX 3a1TpocoB. OmHAKO ecn
TpebyeTcst HaliTV TOTbKO HECKOJIBKO TEX VIV MHBIX PAHTOB V/VJIV TaHHbIE YaCTO
M3MEHSIIOTCSI, TO COPTUPOBKA CTAHOBUTCS JOPOTOCTOSIIIIIM X006,

W meiiCTBUTENBHO, /Il TOTO UTOOBI HATHU JTI0601 apuopHO QUKCUPOBaH-
HbIii paHT B HECOPTHPOBAHHOM Habope JaHHBIX, JOCTATOYHO MOTpaTUTh O(N).
JeTepMMHUPOBAHHBIN anzopumm meduaHsl MeouaH ¢ BpeMeHHO CJI0KHOCTBIO
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Hauxymiiero caydas O(N), paspaboraHHbiii Biaomom, ®noiimom, IpaTTom, Pu-
BectroM 1 TapbsiHoMm (Blum, Floyd, Pratt, Rivest, Tarjan, a66p. BFPRT) [3], pa-
60TaeT peKypCUBHO, pa3duBas JaHHbIE Ha TPYIIIbI pa3MepoM 5, 6eps Menua-
HbI KaXIO0l U3 |n/5| Tpymin (IMHeitHO-BpeMeHHas orepainys!) M peKypcuBHO
TOBTOPSI Ha MeAMaHax A0 TeX MOp, TOKa He OCTAHETCS ONMH 3JIeMeHT. 3aTeM
3TOT 3JIEeMEHT UCII0/Ib3yeTCsl B KaueCTBe BbICOKOKAUeCTBEHHO OTIOPHON TOUKMU
Y BBOOUTCS B @ITOPUTM OBICTPOro 0T60pa® (oueHb HaIIOMMHAIOIINIT OGBICTPYIO
COPTUPOBKY), KOTOPBIN MepecTpauBaeT JaHHbIe BOKPYT OTIOPHOI TOUKU U BbI-
TIOMTHSIET PEKYPCUIO Ha CTOpOHe paHra 1. C y4eTOM TOrO, UTO HaM IpeloCTaBIIe-
HbI BBICOKOKAUeCTBEHHbIE OIIOPHbIe TOUKM U3 peKypcuBHOi cxeMmbl BFPRT (ko-
Topas yoo6HO pa36MBaeT JaHHbIE Ha JBe PaBHbIE JOJIM), AJITOPUTM OBICTPOrO
otb6opa BeimoHseTcs 32 O(N).

B 9TOT MOMEHT BbI, BO3MOXKHO, CKaskeTe: «Tak BOT 5Ke Halll aJIF0OPUTM ; TIOUEMY
6Bl TIPOCTO He MCITONb30BaTh ero?» IIpegocrepeskeHne OT TaKOM UAEN — TIOTY-
yeHHbIi MaHpo (Munro) u [latepconom (Paterson) [2] pe3ysbTaT CTOJB XKe KIac-
cuyecknit, kak 1 cam 1980 ron. OHM moKasau, 4To JF0607 aaTOPUTM, KOTOPbI
TOYHO BBIUMC/ISIET MEeAVAHY, UCIIO/Ib3Ys 10 MEHbIIeil Mepe p TPOXOKOEeHUIA TT0
IaHHBIM, TpebyeT Kak MuHumyM O(N "?) paboueii mamsaTu. OpeseanTs p, ¢ KO-
TOPBIM TPUIETCS PaboTaTh B YCIOBUSIX 00pabOTKM MOTOKOBBIX TaHHBIX, OUEHb
JIeTKO. A UMEeHHO MbI TI0JTyyaeM BCEro OAVH TMPOXOJ, MO JaHHbIM. DTO O3Haua-
€T, UTO HaM TpebyeTcst MaMsITh, pa3Mep KOTOPO¥ IMHETHO 3aBUCUT OT pazMepa
BXOJIHBIX TAHHBIX. DTOT OTPE3BIISIIONINI pe3y/IbTaT JOJIKEH 3aCTaBUTh HAC CMMU-
PUTBCSL C HEKOTOPOJI OLIMOKOJA € TIPY OLEHMBAHUM (), Ha IOTOKOBBIX JTaHHbIX.

8.2 MNpubnunkeHHble KBaHTUNU

Terepb, KOT/Ia Mbl 3HAEM, UTO ITOTYIUTH TOUHbIE KBAHTWIN B YCIIOBUSX OTPaHM -
YeHMi1 Ha TOTOKOBbIE TaHHbIe HEBO3MOKHO, MOSKHO, B CTMJIE BCETO HATIOJIOBUHY
MOJIHOTO CTaKaHa’’, TOTOBOPUTDb 00 OlMOKe. AJITOPUTMBbI, pa3paboTaHHbIE s
TaKuX yCJIOBUIA, BCETia JO/DKHBI 1aBaTh Kakue-TO rapaHTUPOBaHHbIe IPaHUIIbI
omubku. EcM y>K Ha TO MOIUIO, BCE aTOPUTMBbI, BBIYMUCISIIONIVE TTPUOIVKEH-
HbIe OTBETBI, IOJIKHBI MMETb Takue rpaHuilpl. CyllecTByeT Tpu TUIIA OLUIMOO0K, C
KOTOPBIMU MOKHO CTOJIKHYTHCSI, €CITV TTPOJIUCTATh (He)OTyOIMKOBaHHbBIE VCCITe-
IOBaHMS B 3TOJ 00/1aCTH:

Q apauTHBHAZ OLIMOKA allIPOKCHMMALIMM PaHTa;

O orHOCuTenbHAs (MyAbTUIUIMKATUBHAS) OMIKOKA alMPOKCUMAIIUY PAHTa;
O oTHOCHUTeNTbHAS OMIMOKA B (haKTMUECKOI 00IacTV 3HAUEeHUIT TaHHbIX.

8.2.1 ApauTHBHag owMbKa

BO/MBIMIMHCTBO aJTOPUTMOB, pa3pabOTaHHBIX JJISI 9TOW 3amadyu, paboTaoT
Tak, YTOObI rapaHTUPOBATH (PUKCUPOBAHHYIO ANAUTUBHYIO OMMOKY eN B arm-
MpOKCUMAIUM paHra ons a06020 ¢ € [0,1]. 3mech N — 3TO YMCJIO 3IE€MEHTOB,

% AHr1. quick-select algorithm. — ITpum. nepes.
0 To eCcTb ONITUMMUCTUYHO. — [Ipum. nepes.
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MOSIBUBIIMXCS Ha JAHHbIi MOMEHT. DTO IMOABOIUT HAC K €-NPUOSIUNEHHOMY
@-KBaHTUIO. [Tog HMM IompasymeBaeTcsi, UTO e€C/IM 3allpPOCUTb KBAHTUIb
¢, € [0,1], To MBI Bcerza 6ymemM IOIyyaTh 7IEMEHT Z C paHroM R(z) € [pN - &N,
ON + eN]. O6o3HaueHme ¢ _IoApasyMeBaeT, YTO ¢ KBAHTMIIb JAHHBIX Ha Ca-
MOM JieJjie paBeH X, a He Z, OTCI0Jla ¥ TpaHulia omm6Ku BOKpyT @N. Bonee Tina-
TeJIbHbII aHa/IM3 TPAHUIIbI OLIMOKM IT0OKAa3bIBAET, UTO Z «00elaeT» OT MMEHU
cBOero paHra R(z) 6bITh He majbliie, 4eM N, OT UCTUHHOTO paHra N 3jieMeH-
Ta X, KOTOPbINI HAC AefiCTBUTENIbHO MHTEpecyeT, HO KOTOPbIif Mbl HE CMOTJIN
yBuaeThb. C 9Toii rapaHTHeii Ha R(Z) AJist 11060ro BO3BPALIeHHOIO Z MOXKHO T10
MeHbIIIeil Mepe MOJIOXKUTHCS Ha

IpN - R(z)| < N.

Ecmi momycTuTh B aJrOpUTMeE HEKYIO CIyYaiiHOCTb, TO 9Ta T'PaHMIIA OIIMO-
KM BCe PaBHO [IOJ/DKHA COOJIONATHCS, 32 MCKIIOUEHMEM MaJioii BepOsSTHOCTU
Heycrexa O (menbThl). PaspaboTumMky HemeTepMMHMPOBAHHBIX aJITOPUTMOB
IIPeIOCTaB/ISIIOT BEPOSITHOCTHOE TOKA3aTeIbCTBO TOTO, UYTO P HEKOTOPBIX OC-
J1a6JIeHHBIX JOITYIIEHNSIX aJITOPUTM He OyIeT 0OMaHbIBaTh BaC CJIMIIKOM YacTo.
Bot oTKyma B3si1ach d.

O6paTuTe BHMMAaHMeE Ha IBa BaXKHBIX CJIEACTBUSI TAKOTO OIIpeIeIeHMs OII0-
KU aIllIPOKCUMALAN:

QO ommbKa u3MepsIeTcs B eIMHUIIAX PaHTa, a He B eIuHuIIax 6a30B0i ob1ac-
TM 3HAYeHMI JaHHBIX;

O ommbKa MOCTOSIHHA JIT GUKCUPOBAHHOTO N, HO TIOCKOJIbKY JJIS TIOTO-
KOBBIX JaHHbIX N GyeT yBeJMYMBAThCS C KaKIbIM HOBBIM ITPUOBITHEM,
nomyctumast paktuueckas onmmbka st -MPUOIVDKEHHOTO (¢ KBAHTUJIS
TaKKe OyIeT YBeIMUMBATHCSI B AOCOTIOTHOM CMBbICIIE.

9TO TO, 0 UeM CJIelyeT TIOMHUTh. B KauecTBe MJUTIOCTPALVY TOHSTUS aIu-
TUBHOJ OIIMOKM MbI OYIEM MCIIOIb30BaTh HAOOP IJIUNTEIbHOCTEN B MUJLIMCE-
KyHzax ajist 10 moceieHmii Be6-caiiTa:

55.3, 43.1, 70.4, 64.6, 52.3, 72.4, 89.2, 82.6, 67.7, 95.6.
CHauasa 3TOT Habop COPTUPYeTCs:
43.1, 52.3, 55.3, 64.6, 67.7, 70.4, 72.4, 82.6, 89.2, 95.6

ost e = 0.1, x =50 u R(x) = 2. Torma Bce jierajibHble€ PaHTM HaXOMSTCS B MHTEpBa-
ne [R(x) - 0.1 x 10, R(x) + 0.1 x 10] = [1,3]. [Ipm Bo3Bpare 1, 2 unu 3 B KauecTse
panra B 50 MwuIMCceKyH], COOI0MAeTCsT TpaHuIa agauTUBHONM omnbKu. Torga
e-npUOMVsKeHHbI KBaHTUIb 0.1 MokeT cocTaBisTh 43.1 wim 52.3. O6paTtute
BHMMAaHMe, YTO aOCOIIOTHBIE OIIMOKM 10 IIKajIe HaIlMX PaKTUUYeCKUX JaHHbIX,
M3MepsieMbIX B MIWIIMCEKYHIAX, paBHBI [43.1 — 50| = 6.9 n |52.3 — 50| = 2.3 Mu-
JIUCEKYHIbI.
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YnpaxHeHue 1

ITpomo/KUM IIPUMED C aaaUTUBHO om6Koii. Eciau Mbl monyunm 90 HOBbIX
371eMeHTOB (B fonoHeHMe K 10, KOTOpbIe MbI UCITO/Ib30BaJIN JIJISI UITIOCTPALINA
MTOHSTHS) Uepe3 MOTOK JaHHbIX, TO 9TO YBEJIMUUT pasmep Habopa go 100 (mist
IPOCTOTHI ¥ BOCHPOU3BOAMMOCTH IPEAIIONOKMUM, UTO BCe OHU Oosbiie 95.6).
KakyuMu Terepb OymyT NpUOIVSKEHHbIE PAHTU U €-IIPUOTVKEHHbIE KBAHTU-
s 0.1, KoTopble COOTIOAAIOT TPaHUITY Ao IUTUBHOM OIIMOKN?

8.2.2 OTHOCMTEeNbHaA OLWMOKA

[Tom HasBaHMEM OMHOCUMEIbHAA OWUOKA BbI HalimeTe Caeaylolee HIKe
ompefesieHe oU6KY, KOTOPYIO HeceT ¢ co60ii Z:

[R(X) — R(z)| < eR(x).

C10BO 0mHocumensHbolli 3eCh CBSI3aHO C TeM (PaKkToM, UTO OmMbKa IIPoTop-
LMOHA/MbHA (aKTMUECKOMY PaHTy, KOTOPBI/ Bbl XOTUTE OLIEHUTb, a HE UUCTY
371IeMEeHTOB, KOTOPbIE Bbl YBUIEN.

EnMHCTBEHHBIM PaHTOM, IPELV3MOHHOCTb KOTOPOTO He M3MEHSIeTCSI MeXKAY
OTHOCUTEJIBHOM U aAAUTUBHON OIIMOKAMM, OUEBUIHO, SIBJISIETCSI MaKCYMaJIb-
HbIA: X (R(x_ ) = N). e-IpUOIVKeHHbI KBAHTW/Ib JIJIs1 MUHMMYMa JOITyCTAM
TOJIbKO Ha PacCTOSIHMMU € OT UCTUMHHOTO paHra 1. /laBaiiTe ellle pa3 mOCMOTPUM
Ha COPTMPOBAHHBIN MPUMep TaHHbBIX:

43.1, 52.3, 55.3, 64.6, 67.7, 70.4, 72.4, 82.6, 89.2, 95.6.

Ectu Mbl 3axotum 3anpocuTsb 0. 1-pubavkeHHbIT MUHUMYM 9TUX JaHHBIX,
(R(x) = 1 m x=43.1), To HaWIy4Immm npubmskeHneM 6ymet 52.3 ¢ ero padrom 2.
910 He cobmopaeT onpepaenenue 0.1-puUOIMKEHHOIO KBAHTU/ISI B CMbICIE OT-
HOCUTEbHOI omM6Ku. CiiemoBaTenbHO, 2 — 3TO JIy4Illee, UTO MOKHO CAENaTh, U
HeIOCTaTOUHO XOPOILMii Pe3yyibTaT, eCIM Mbl XOTUM COGIIOCTM TPAHUIY OTHO-
cuTeNnbHO omnoku. Ilpu € = 0.1 eAMHCTBEHHOJ ITOPSIAKOBOI CTaTUCTUKOI, [IJIST
KOTOPOJi MbI MOIJIM ObI YCTAHOBUTH IPAHMILY OTHOCUTEIbHOI OIIMOKM, SIBJISIET-
€SI MAaKCMMYyM. Bl MOXKeTe 3TO IPOBEPUTb.

CremoBaTeIbHO, TaPaHTUPOBATh OTHOCUTEIbHYIO OIIMOKY B O6IIeM ciydae
TpyAHEee, YeM COOJIOAATh aAAUTUBHYIO: TOT K€ aJITOPUTM €, KOTOPbIi COOJTIO-
JaeT rpaHUIly OTHOCUTEIbHONM (MYIbTUIUIMKATUBHOM) OIIMOKM, TPUBUATIBHO
coOIToaeT rpaHnIly aAAUTUBHONM OMMOKN, HO He HA060POT.

OTHocKTeNbHAS OIIMOKA BajkHA [JISI TOYHOTO OLIEHMBAHMSI KBAaHTWUIEH B
XBOCTax pacrpeneneHusi. BOIbIIMHCTBO OAaHHBIX, [MOJy4aeMbIX B OHJIAMHO-
BOM DeXMMe, SIBJSIOTCS IJMHHOXBOCTHIMM (JaHHbIE O ITOCEIeHMUsIX Beb-caii-
Ta Toxke). [Ipu R(x) < N wim N — R(x) < N (COOTBETCTBYET JIEBOMY U IIPaBOMY
XBOCTOBBIM KBAHTMUJISIM) MbI XOTUM, UTOOBI TOUHOCThH OLIEHOK OblLjIa BBICOKOIA,
ITOCKOJIbKY TaKye MPOLeHTUIN, Kak 99-i1, 99.5-i1 mam 99.975-ii, MOTyT JE€MOH-
CTPUPOBATD GOJIbIIME abCOMIOTHBIE PasHUIIbI. BCIOMHMTE, KaK HaM MPUILIOChH
YBEIMYMBATH IMUPUHY CTOJIOIIOB, KOT/IA MbI YITyOJISUIVCH B MPaBbIi KOHEI JaH-
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HbIX BebO-cajiTa? U Bce 13-3a 3TOI yBeIMUMBAIOIIEiicsl pasHuIlbl. B ellle ogHOM
BapyaHTe MUCII0JIb30BaHMSI, MOHUTOPUHTE CETEBBIX 3aJeP>KEK, HECKOIbKO OUEeHb
TJIOXUX TI€PMOIOB OTK/IMKA MOTYT BbI3bIBATh MacCy MPOOGJIEM Y YaCTU I0Ib30-
Barejel, KOTOpble MOTYT BbIpa)kaTh CBOE pa3oyapOBaHMe HA CTPaHMUIIE CBOE
JII06MMOJi coLIMaIbHOM ceTu. [laske eciy 3aJePsKKM, MCIIbIThIBaeMble OOJIbIIMH-
CTBOM IT0/Ib30BaTeJIeli, HEBEJIMKM, 3TO OOJbIIMHCTBO MOTUMUT. JITMHHOXBOCTbIE
JaHHbIe MOTYT MMETb OOJIbIIYIO PasHUIY MeXIy 99.5-M 1 99.975-M MpOLIeHTH -
JIIMM B aOCOJIIOTHOM BbIpaskeHMM, cKaskeM 6ostee 30 cekyH. [IoaTOMy XOT€/I0oCh
ObI METh BO3MOXKHOCTh 00jiee BbICOKOI JOCTOBEPHOCTM OLIEHKM KBaHTMJIEN
B XBOCTax pacripenejieHus. M rpaHuiibl OTHOCUTENbHOW MYJIbTUIUIMKATUBHON
OIIMOKM CIIPABJISIOTCS C 3aMepOM 3TOr0 HEOOBIUHOTO IOBEIEeHMSI B XBOCTAX
JIy4llle, YeM aIIUTUBHbIE IIPeICTaBIeHMs 00 OIIMOKe.

8.2.3 OTHOCUMTeNnbHaA owWwMbKa B 06aacTu
3HAYeHUM AAHHbIX

TpeTtuit TN OMMUO0K, C KOTOPBIMYU BbI MOXKETE CTOJKHYTHCS, — 3TO OTHOCHU-
TeJabHAs OIMOKAa OTHOCUTENBHO 3HAUYEHMII BamIMxX (aKTUUYECKMX JIEMEHTOB
IaHHbBIX. [IJ1sT KBaHTWIIS @ C R(X) = @N MBI XOTUM BUAETDb JIEMEHT Z TaKOi, 4YTO
cobmomaeTcs

|x — z| < ex.

[ToHsITME OIIMOKYM TAKOTO POJAA MPMBSI3aHO K (DaKTMUECKOI IIKaje Balmx
JAHHbBIX ¥ TIPUMEHVMO TOTbKO K YMCIOBBIM JaHHBIM. [T0CKOIBbKY 06a MpebIIy-
IIMX OTIpe/ieJIeHNsT OIMOKY OTpeiesieHbl OTHOCUTETLHO PAHTOB, OHY MOTYT VIC-
TTOJTb30BATHCS JJIST IPUBSI3KY OMIMOOK K JIIOOBIM JaHHBIM, KOTOPbIE MOTYT OBITh
yIopsiioueHbl. M3-3a 3TOro HeAOCTaTKa OOIIHOCTY HE MHOTME MCCIeq0BaTenn
pelaTcsl pa3pabaThiBaTh aJTOPUTMbI, KAYECTBO KOTOPBIX OIIEHMBAETCS IO
9TOMY TUITY OIINOOK.

Terepsb, KOT/Ia MbI OTIPEJIEVIIACH HEe TOJIBKO C TEM, UTO BCET/a OMnbaeMcs,
HO ¥ C TeM, HaCKOJIbKO OLIIM6aeMCsi, MOSKHO 3aaThCsl BOIIPOCOM O TOM, Kak pea-
JIM30BBIBATH HAGPOCKY WJTU Iaii/IKECTbI, KOTOPbIe OYIyT IOMOTaTh B 9TOM Jiejie
MeXaHUYECKMU.

8.3 T-panpxecT: npuHUMN ero paboTbl

Bce anropuTMbI BRIUMCIEHMS TPUOIMKEHHBIX KBAHTWIIEH, C KOTOPBIMMU BbI CTOJI-
KHETeCh, MPEeACTaBISIOT c000ii GOpMy CaMOOPTaHM3YIOIIUXCS CTPYKTYD JaH-
HBIX, pearnpymolimux Ha pacipene/ieHe AaHHbIX. OHM OYIyT Ha3bIBaThCS C800-
Kamu, oatioxecmamu, ckemuamu v Habpockamu. Ha oueHb BBICOKOM ypOBHE
OHM XpaHST HEKYIO MaJTYI0 TIOPLVIO HAbII0IaeMbIX TaHHbBIX C METaJaHHBIMMU 10
KaXXIOMY COXpaHEHHOMY 3JIEMEHTY JAaHHBIX. 3aTeM OHM UCHOAb3YIOT 3TU JaH-
HbIe JJIsT OTBETA Ha 3arpoc O MPUOIMKEHHOM PaHTe 3JIeMeHTa Wi, Hao60por,
OIS BO3BpaTa (IIpUOIMKEeHHOI0) 9JieMeHTa JaHHbIX B OTBET Ha TOT MM MHOIA
KBaHTUJIbHBIN 3a1poc.
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YacTo ObIBaeT Tak, 4To 3(DQPEKTUBHBI METO[ Mpejaraetcss A0 TOTO, Kak
6ymeT TIpemoCTaB/ieH CBOEro poja JuckieiiMep B ¢bopme TapaHTHUI OMMUOKMN.
Hampumep, aJirOpUTM CJTyYaifHOTO Jieca CTaj MOMY/IIPHBIM U IIMPOKO MCIOJIb-
30BaJicsl (0kommo 13 jieT), mpexke yeM ObUIO A0KAa3aHO aCUMITTOTUUECKOe TTOBe-
IeHye (COmIaCOBAaHHOCTh M CTaHIapTHAsI OlllOKa) 9TOr0 HelapaMeTpUIeckoro
OleHIMKA. [TepBbIii aITOPUTM, KOTOPBIN MBI ITPEICTABUM, ITPOMUCXOINUT U3 Ta-
KOJi 9BPUCTUUECKOI YacTy TeopeTuueckoii MHpopmatuku. Kak u mob6ast mpyrast
XOpOIII0 3apeKoMeHoBaBIIast cebst 1 3G deKTMBHAS IBPUCTUKA, OHA ObLJIA TN -
POKO IIPMHSITA COOOIECTBOM C MOMeHTa ee mpe3eHTaluu B 2013 rogy. CornacHo
obUIMaTbHOM AOKYMEHTAIMK, t-IaiiskecT UCOIb3yeTCsI BO MHOTUX U3BECT-
HbIX 06a3ax JaHHbBIX U GpeiiMBOpPKax 06pabOTKM ITOTOKOBBIX JAHHBIX / pacrpe-
IeJIeHHbBIX BbIUMCAeHn 1 6ubnnoTrekax, Takux kak Apache Kylin, Apache Druid,
Apache DataSketches, PostgreSQL u Elastic Search. ITo cBoeit KOHCTPYKIIUM
T-digest mpenyaraeT amnupuueckue OTHOCUTEbHbIE OMMOKY B KBAHTUIHLHOM
MPOCTPAHCTBE, KOTOPbIE MPEACTAB/ISAIOTCS 6osiee yeM IPUeMIEMbIMU AJISI IV -
POKOTO Kpyra IpuaoskeHuit. OMHAKO ¢ GOpMaabHBIM JI0KA3aTeIbCTBOM TPaHM-
1IbI OIMOKY ITOKA He BCe SICHO — KOJIJIET Vs MPUCSKHBIX 3aceaTesieil Bce ele Ha-
XOAUTCS B COBeNIaTeabHOl KoMmHaTe. CHauasa Jaium orpezeneHne naimKecTa.

8.3.1 Nanpxecr

Ecyi BbI 3HaeTe, C Yero HauMHaJICsl 3HaMEeHUThIN sKypHas «Pudep3 /latioxnecm,
TO CMOXETe 3[IeCh ITPOBECTY 60Jiee BO3BBIIIEHHYIO aHAJOTUIO 10 CPAaBHEHUIO
C TIPOCTOJi aHaJIOTHe, CBSI3aHHOI ¢ 0OBIKHOBEHHBIM IT€peBapyBaHMeM IHIIN.
OTa 1mTyKa Jo/DKHA TOTPeOIISITh HeKMe JaHHbIe, 8 3aTeM PelllaTh, UTO COXPAHSTh,
a YTO MHTErPUPOBATD MIOCPEICTBOM METAaHHBIX, TIEpPe[] TEM KaK OTOPachiBaTh.
VYKa3aHHbIe MeTaJaHHbIe U eCTb caMa CTPYKTypa OaHHbIX. Ee MOXHO mpefacra-
BUTb KaK CEPUI0 PABHOYAAJIEHHbIX OOIBIINX CTYCTKOB BJOIb OCY MUJUTVCEKYHI,
MMomO6HBIX KIacTepaM, KOTOpbIe OXBAaThIBAIOT AMAIIa30H TaHHbIX. B ciyyae maH-
HBIX Be6-cajiiTa 3aIrpoc 0 MeIaHe KacaeTcsl JaHHBIX, ITPeICTaBIeHHbIX KJIacTe-
paMu HIKe cepelyHbI paciipefenenns. Y110 sTUX KiIacTepoB 00bIYHO 3a7aeT-
CS1 10 TIPUOBITHSI TAHHBIX Y BIIOCIEACTBUY YIUTHIBAETCS B MMPOCTPAHCTBEHHBIX
Tpe6OBaHUSIX aITOPUTMA.

Ha puc. 8.2 nokasaH paixecT ¢ msaTbio knacrepamu giasg N = 10 smemMeHTOB,
MpUOBIBIIMX B YKa3aHHOM TOpSiAKe. Y HAC HET OCHOBAaHMIA I0JIaraTh, YTO OHU
OyIyT MOCTYIaTh B KAKOM-JIMO0 OrpeseeHHOM mopsigke. CHauaaa Mbl pa36u-
BaeM 3/IeMEHTbI JaHHbIX Ha HAOOPBI T, B COOTBETCTBUM C MX MOOYEPEIHBIMMU,
HEHAaKJIaIbIBAIOIIVIMICSI MHTEPBAIaMM UHOEKC08 pubbimusi. ITO COOTBETCTBYET
MypaBbMHOMY YPOBHIO Ha puc. 8.2. 1, paBeH {52.3, 72.4, 83.2} u oxBaTbIBaeT
VMHEeKChI TpUObITHS OT 1 mo 3. YKa3aHHbIe pa3e/ibl Ha3bIBAIOTCS KaacTepaMu,
M UISI KaXKOOTO Mbl BBIYMC/ISIEM CPEOHIOK IPOLOJDKUTENbHOCTh MOCELIeHMs,
MMeHYeMYIO UeHmpoudom, ¥ YUCI0 TOUeK JaHHBIX, BAUSIONIMUX HA 3TO CpefHee
3HaueHue, umeHyemoe gecom. Ha puc. 8.2 310 mokaszaHo Ha MepBOM JUCTOBOM
YPOBHE. 3aTeM MbI COPTUPYEM KJIAaCTEPhI B COOTBETCTBUM C X CPESHUM 3Haue-
HreM. O6paTuTe BHMMaHMe, YTO BTOPOIi TMCTOBOI YPOBEHb OTCOPTUPOBAH I10
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pasMmepy. B gornonHeHye K 3TOMY IJIs1 KaXAO0r0 KjaacTepa Mbl OTMe4aeM CyMMY
BeCOB CJIeBa M cIIipaBa oT Hero. Terepb y HacC eCTh IaiiIKecT, comepskaninuit MeHb-
11e HGOpPMAaIMM IO CpaBHEHMIO C M3HAYaAIbHO MTOTYYeHHBIMM JaHHBIMU.

Pe3ynbTUPYIOIIYI0 CTPYKTYPY MOXKHO MCIIOIb30BaTh IJIS OTBeTa Ha 3aIipoc
0 R(72.4). Mbl HallUIH ObI IIEPBOE CpeHee 3HaUEHVe PABHBIM VIV GOIbIINM 72.4.
Ecn 651 MBI 10GaBU/IM BCE Beca CJIeBa OT 3TOrO KJIAacTepa, TO IMOAYIMU/In Obl He-
KYIO OLIeHKY MpuUO/IVkKeHHOro paHra. Ha puc. 8.2 Mbl BepHy/Iu 6bl 3HaUeHue 8 1
OTKJIOHWMJIVCB OBbI OT MCTMHHOIO paHra 7 Ha 1.

[ankecT Ha3bIBA€TCS CTPOTO YIOPSIAOUYEHHBIM, €Cln

<] = XSy Uil XETM, YET,
IajimskecT caabo yIopsimovYeH, ecin
[+A<j = X<y Iy X€ T, ASH

IIJISI HEKOTOPOTO 1eJIor0 MOMOXUTeabHoro unciaa A > 1. Ha puc. 8.2 mokasaH
pe3ynbTUPYIOIIMI 1abo YIOpsAOOoUeHHbI Aaiimkect. OOpaTuTe BHMUMAaHMUeE,
yTo 74.2 6osbile, yeM 64.6, XOTS LIEHTP TSKECTU KiacTepa 64.6 6oiblile, yem
LIEHTP TSDKeCTU KiacTepa, 4acTbi KOTOpOro siBisieTcs 74.2. CinemoBaTesbHO,
10 OIlpeIe/IeHNI0, OH He SIBJISIETCS CTPOrO YIOpsimoueHHbIM. Takum o6pa3om,
VHTYUIMS TTOJICKA3bIBAET, UTO KIaCTePbl, BEPOSITHO, CTSIHYThI HE OYeHb IVIOTHO
BOKPYT CBOETO LIeHTPa TSHKECTU U HEKOTOpble HEOTHO3HAYHbIe TOYKM JaHHbBIX
«IJIaBaOT» MeXny HumMu. [lapametrp A KOCBEHHO SBJISIETCS MePOV 3TOI CTSIHY-
TOCTU KJ1acTepoB. OH OIpeJiesisieT YMCI0 KIacTePOB, HA KOTOPBIE i U j AOKHBI
OBITh AMCTAHLIVIPOBAHBI IPYT OT APYra, YTOOBI BCE 2JIEMEHTHI, ITPeICTaBIeHHbIe
i-M Kj1acTepoM, ObIIM MEHbIIIEe, UeM BCe 3JIEMEHTHI, IPEeICTaB/IeHHbIE j-M.

YnpakHeHue 2

KakoB HamMeHbIINIi MapaMeTp A Ha puc. 8.2, KOTOPbIi ieaeT gaiiIKecT caa-
60 yIopsIIOYeHHBIM (JIJIST TOTO KOHKpeTHOTO A)? EcTb v Takoi#? [Ipyrumu cio-
BaMU, CYILIECTBYeT JiM YMCIO KJIAaCTEePOB, KOTOPbIE, €C/IN MePenpbirHyTh uepe3
BCe 3JIEMEeHTHI U3 i-TO KjIacTepa, OyAyT MeHbIlle, YeM BCe 3JIeMEHTHI B j-M?

B TpuBMaNbHOM IIaHE OTpaHMYEHMe pa3Mepa Kiacrtepa Ao 1 (BbiOupast
onyHOUeK’! B KauecTBe pasfierna) ceaeT pe3yJbTUPYIONMA Jaii/isKecT CTPOTro
YIIOpSIAOYeHHbIM. B 0CHOBe aiiroputma t-gaingkecTta JeXXUT YMHbBIN OIMHAMKUYe-
CKU¥ BBIOODP pasMepoB KiacTepoB. [lasiee Mbl YBUAMM, Kak pa3Mepbl KJIaCTepOB
YIIPaBJISIIOTCSI KOCBEHHO, ITyTeM MX MPOAYMAaHHOTO COOTHECEeHMS C IIUPUHAMU
VMHTEPBAJIOB, IIOAPa3ae/sIIMX KBAHTWIbHbIN auamnasoH [0,1].

8.3.2 MacwrabHble ¢pyHKuLUM

TenmanbHas 4yacTh t-maiiaskecTa 3aK/II0YaeTcs B AMHAMMYECKOM OOHOBIEHUM
pasMepoB (CBSI3aHHBIX C BeCAMM, HO He SIBJISIOIIMXCS caMyMM BecaMm) Ki1acTe-
POB II0 Mepe ITOCTYIUIEHNSI HOBBIX TAaHHBIX. B 1e/sIX MOsICHEHMST MbI nodadum
IaHHbIe B t-IaliI)KeCT B OTCOPTMPOBAHHOM BO3PaCTaOIIEeM ITOpsaKe. ITO MOXK-

' AHr. singleton; CMH. OHO27IEMEHTHOE MHOYKECTBO, CUHIJITOH. — [Ipum. nepes.
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HO ceaTh JJIs1 MaJIoT0, KOHEYHOTO (110 OTHOIIEHUIO K AOCTYITHO paboueii ma-
MSITU) YMcIa HaOMogeHnit, umMes B pacriopsbkeHun Oydep pabodeit mamsaTi u
COpTUPYS HAOMIOAeHUS Iepel UX BCTaBKOi B t-gaiimskect. [Io3ke CTaHET SICHO,
YTO 3TO BOBCE HE OTpaHMUMBaIee AOIyIIEeHME.

LZERE U P X R B X S TR

—— T ! 7 Loy

Sy

G (56.75,250,8)  (,(64.6,1,2,7)  G3(68.35,2,3,5) 4(#:3,3,5,2) Ce(81452,8,0)

(SZ 7@7%)\%‘)

PucyHok 8.2 Jangoxect ong 10 aneMeHTOB. Mbl ynopsao4unBaem Knacrepbl
B COOTBETCTBMM C UX CPeAHUM 3HauveHneM. Knactepbl 1, 2, 3,4 1 5 coctosT
COOTBETCTBEHHO U3 3,2, 2,2 1 1 Touek JaHHbIX. Kaxablh U3 HUX, TOMUMO
4MCNA 3IEMEHTOB, TAKXKE XPaHWT CpeaHee 3HadveHune. W, . v Wright XpaHaT
YMCNO 3NIEMEHTOB JAHHbIX C/IEBA M CMpaBa OT KAaXAO0ro Knacrepa.

O6paTl/ITe BHMMaHMeE, YTO 3TOT AANOXKECT HE UMEeT CTpOroro nopganka

KittoueBbIM pbpluarom 3ech SIBSIIOTCS (PyHKLNMM, KOTOPbIe OINpefessioT, Ka-
KOJ KJ1acTep OO/IKEH CJIMTBCS CO CBOMM COCENOM M KOrAad. B KaKablii MOMEHT
BpeMeHU paclpejeneHye KIacTepoB BIOIb OCK OIpesessieTcss MacTabHbIMMU
dbyukunsmu’?. Ha puc. 8.3 moka3aHo, Kak K/IacTepsl ITOAPa3AesiioT KBAaHTUIIb-
HbI} gyanasoH [0,1] /it [ByX pa3HbIX MacITabHbIX GyHKIMIL. B 060Mx ciydasx
KBaHTUJIbHBI Auamnas3oH [0,1] mokpbiBaeTcs, HO M PUHBI UHTEPBAJIOB, OTHOCS -
LIMXCS K OOHMM U TeM Ke KjlacTepaM, MeXay HUMU pasHble. Mbl yBUAUM HpU-
YMHY, 10 KOTOPOJ OJVH M3 HUX JIYYIlle IPYTOTOo IJIS HAalllUX 1iesieii OlleHUBaHUS
MPUOIVKEHHOTO KBaHTUJIS.

Ha puc. 8.3 knactepsl poc/iv B IIMPUHY MHOTOKPATHOM MHTErpanumu C COCel-
HMMM KJIacTepaMy 10 TeX I10p, ITI0Ka HOBBI KiacTep, MOJyYeHHbI B Pe3yib-
TaTe CAUSHUS, He JOCTUT MaKCMMaabHONM MMPUHBI. DTOT MPOIECC POCTa OCTa-

2 Anrn. scale function. — IIpum. nepes.
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HaBJIMBAETCsI, KOTAA pPe3yJIbTUPYIOIIMIA KJIacTep BBIXOAUT 3a IPaHMIly pa3sMepa,
oTpeiesisieMoro MaciuTabHol GyHKimei. Xoporne MaciiTabHbie GYHKINY He
YAEpKMBAIOT IPAaHMIly pa3Mepa OOMHAKOBOI AJ1s1 KaKA0ro kinacrepa. OHM cTa-
BSIT ee B 3aBUCMMOCTD OT UX MTO3UIIUY B ITOJIIHTEPBa/Ie KBAHTMUJIBHOIO IMara3o-
Ha [0,1]. Ipyrumu cioBamu, TpaHMIIa pa3Mepa, BbIllle KOTOPOii KJIacTepbl 605Tb-
IIe He MOTYT OObeIVMHSTbCS, 3aBYCUT OT TOI'O, IJle B KBAHTU/IbHOM [IMara3oHe
[0,1] mpennpuHMMaeTCsS NOMBITKA CAMSHUS ABYX KIacTepoB. [lpyroe nemno, ecin
IBa CIMBAIOIIMXCS KJIacTepa HaXOOsITCsS BOMINM3YM cepeaMHbl AMana3oHa, a He Ha
Kpasix uHTepBasa. CjienoBaTeJbHO, TOUHbIN ITOAbIHTEPBA/I KBAaHTUILHOI'O AMa-
nasoHa [0,1], 0 KOTOpoM KjacTep B KaKIbIii MOMEHT «CO00IIIaeT», OTIpeIesIsIeTCs
MacIITabHol QYHKINE.

A,(%) £, (D)
51
4 2 4
1
4 J
GG G t, G5 1 { G Cs ¢4 Csg
31
4{ 1 { 0
21
| 4
.
i 2
o 4 4
T T T T ™ °r 1 g T T ™
00 02 04 06 08 1.0 o0 02 04 06 0§ 1o

PucyHok 8.3 K1 u "0 pasnuuaiotcs mexay k1 7 ko. k-pa3mepbl B 06emx
(hYHKLMAX OTBOAAT NATb KNacTepoB (06a t-manmkecTa NokasaHbl B BUAE
yrnopsa04eHHOro Habopa NOMHOCTLIO CIMBLUMXCA KNACTEPOB; HUKAKME ABa
nooyepesHbIX Knactepa Henb3s 06beAnHUTbL 6e3 HapyLIeHUS BECOBOW rpaHmLpbl).
Knacrepsbl k-pazmepa B 060mx cyyasix paBHbl 1; TeM He MeHee coobLiaemble
Knactepamu NofbIHTEPBabl PasfiuyHbI, U NS K, OHM NepeMeHHbI, Npu 3ToM
MeHbLUMe K1acTepbl pacnonoXeHbl Mo KpasMm, a 6onblune — B cepeamHe.
Lins k, oHm coobuiakoT o nosbiHTepBanax 0aMHakoBOA WNPUHbI, paBHoii [0,1]

Ij1s1 9TUX 1esei IpejaraeTcsl HeCKOIbKO QYHKINIA. B opurmHanibHO cTaTbe
o t-parimkecre (https://arxiv.org/abs/1902.04023) ripuBefeHbI CJleayIOILME:

5
ko(p) = 505

o . _
k(o) = Cy sin 1(2(p— 1);

= 0 log ¢
4logn 4 o4 S

ka(9)


https://arxiv.org/abs/1902.04023
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) 1

T log 2¢ ecm @ < =

4logn 21 bl r—= 9

k3 (d)) 65+

T (—log2(1 — ¢)) BmporuBHOM Ciyuae.

31echb n — 3TO TEKYIee UMC/IO MOJTyYeHHbIX 37IEMEHTOB TaHHbIX. OHY I eJiCTBU -
TeJIbHO BBIIVIIAAT 3arafilouHo, HO OT BaC TpebyeTcs MOHATD JIMIIb K, 1yis (puKcH-
POBAHHOTO O (3TO MPOCTAs IMHUS C HAKIOHOM §/2). BbI MOKeTe TPOCMOTpeTh
oCTajbHble, ec/ii BaM MHTepecHO. Bce OHM MMeIOT 0 HaKOBYI0 (G OpMY KPUBOIA,
MOKa3aHHYI0 Ha puc. 8.3. [Ij1s1 HammX 11eseit TymaiiTe TOJIbKO O opme.

ITomMHMTE, MBI TOBOPUIM O pasmepax? Terepb Mbl OObSICHUM WX 3aBUCH-
MOCTb OT MacTabHo¥ GyHKUMM k 1 6ymeM Has3biBaTh pasMep Kiacrepa C, ero
k-pasmepom X .. Kak Bbl BunTe, BCe 3TU MacuITabHble (QYHKIMM MOHOTOHHO
BO3pACTalOT, M OHU OIpeJesieHbl i Joboro kBaHTUAA @ € [0,1]. Mb1 6ymem
JCIIO/Ib30BaTh MX JJISI BBIUYMCJIEHMS] pa3HOCTeN k((pright) - k() o1 (o) ama-
Ma30HOB [Q,, (pright] B uHTepBase [0, 1]. Haripumep, nepsblii Kiactep AJjs1 Mac-
mwTabHoi Qynkuum, k, Ha puc. 8.3 nokpeisaer [0, 0.2]. Ero k-pasmep paBeH
k(0.2) - k(0) =1 -0=1.Kak Bbl BUINUTE, IBE pa3Hble PyHKINM kK HE UMEIOT 00IIIeli
0061aCTV 3HAYEHMIA.

k-pasmep X, knacrtepa C, CBSI3aH C ILMPUHOIA ¢ ieht ~ @', TIOOBIHTEPBAIA, O KO-
TopoM C, coob1aeT B JaHHbIV i MOMeHT. ['paHuLIaMy TOAbIHTEpBaIa @\ . U @
SIBJISIIOTCSI

i
right

o Wieti (Ci) fr
n

(pi = (pl' + ‘Cll

right left n ’

roe W, (C) = ¥, IC| — 3T0 cymMMa BeCOB BCeX KJIaCTePOB C/IeBa OT i-T0 U3 YIIOps-
moueHHoro Habopa. Torza rpanuiia k-pasmepa Kaxmoro kinacrepa C, paBHa

:}Ci = k((piright) - k((pileft) <L

XopoI1i1o BUIHO, UTO k-pa3mep — 3TO pa3HUIla MeXTy K-3HaueHUSIMU TPaHMUII.
Cpasy mocsie TOTo, KaK TOTbKO OOMHOYHBIN KaacTep gocturaet k-pasmepa 1, oH
60sbIIIe HE MOXKET TPUHUMATD HY COCeTHUX OJUHOUYEK, HY COCETHUX KITaCTEPOB.
ViMeHHO Tak MacirTabHbie QyHKIMY YIIPABISIOT pa3MepamMiu KiaacTepos. Bynbre
BHMMATENbHBI: HA OCUM y puc 8.3 ToKa3aHbl k-3HaUeHUs, a He K-pa3mephbl.
k-pasmepbl BBIUMCISIOTCS KaK PasHOCTU MeXIy K-3HaueHUSMU (eIVHUIIBI
CKPBIBAIOTCSI 32 JIEBbIMU (DUTYPHBIMY CKOOKAMMA).

AcuMMeTpUYHAas KOHIIEMIMSI, TPY KOTOPO¥# KacTepbl BOMPAIOT B cebsl Kiac-
Tepbl, peayin30BaHa B t-IaiikecTe IyTeM UIMSIHUS KJIaCTePOB (MHTerpaLuun co-
CeHMX KJIacTepoB B OfVH). IMEHHO TaK OHU YBeIMUMBAIOTCS B aGCOMIOTHOM
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Bece (IC/.I) u k-pasmepe. B MOMHOCTBIO CIMBIIEMCS t-maiiaKkecTe HUKaKMe Ba
(cocegHMX) KjacTepa He MOTYT CAMBAThCS, TaK KaK IIPM 3TOM HapylIaeTCsl UxX
rpauuna k-pasmepa, paBHas 1:

:Ki,iﬂ = :]Ci + "K‘i+1 > l

JomycTum, uTo A/1s1 MaciTabHoii GyHKUyM k, BbI BhiOMpaeTe napametp d = 10,
u k (0) = -10/4 n k (1) = 10/4, xaK 1mokasaHo Ha puc. 8.3. ITO O3HAYaeT, UTo Kk
MPOCTUPAETCS Ha 5 eIVHUII 110 IIIKaje k-pasMepa, a ero apryMeHT IepeMelia-
eTcs Ha oauH 1mar, ot 0 mo 1.

B03MOXHO, BbI y3Ke 0rafiaiich, YTO STO UCTOPKSI O IIPOMU3BOAHOI OT k. Ha
nepucepun uatepsana [0,1] k, usmensiercs 6biCTpee, a 3aTEM Ie-TO IPUMEPHO
B cepefiiHe CKOPOCTb M3MEHEeHMSI CHMUKAETCS N0 MUMHMMYMa. Tam OHa CTaHO-
BUTCSI IMHEJHOM C MOCTOSHHBIM HaKJIOHOM (06paTuTe BHUMAaHMe, uTo K, ume-
eT TaKkoe MOCTOSSHHOe HaKJIOHHOe MoBeJeHne Ha BceM MHTepBaie [0,1]). [Tocre
3TOTO OHA CHOBA HAauMHAeT HabMpaTh OOOPOTHI ¥ 3aKAHUMBAETCS C TAKOW Ke
6O0JTBIIION CKOPOCTHIO M3MEHEH NS, KakK 1 B Hauasie. TakuM 06pa3om, IMUpPUHA CO-
0611aemMoro KjiactepoM monbiHTepBasia [0,1] 06paTHO TTpoNOpIIOHATbHA CKO-
POCTM M3MEHEeHMS] MacIITabHOl (PyHKIMM HA 3TOM IMOABIHTEpBasie. YeM Kpyue
(yHKIMS 1711 KOHKPETHOTO MOABIHTEPBAJIA, TEM MeHblIile (paKTUUecKkuii pasmep
KJ1acTepoB. Ha «KpyThIX» yuyacTKaxX GbICTPO M3MEHSIOIAscst QYHKIMUS ObICTpee
IOCTUTaeT MaKCHMMaJbHOTO k-pasmepa, paBHOTO 1, a KJacTepoB CTaHOBUTCS
MHOTO, HO OHM MaJibl.

CnenmoBaTenbHO, KaK BUAHO 1O pUC. 8.3, Ha KpasiX MHTepBaja pa3Mephbl Kiac-
TepoB MeHbllle, a B cepefuHe — 6osbie. Takke 06paTuTe BHMMaHMe, YToO Ipu K
BCe KJIacTepbl MMEIOT ONVHAKOBBIII pasmep, HE3aBUCMMO OT TMOIbIHTEpBa-
na [0,1], B KOTOPOM BBI HAXOAUTECh. DTO OOHAPYKMBAET I'PAHUIIBI MUHMMAIIb-
HOTO YM(Jia KIIaCTePoB, MOAAeP>KMBAEMbIX B TI0007 Touke. Ha puc. 8.3 mokasaHo
MMHMMAaJIbHOE YMCI0 KIacTepPOB, KOTOPOe MOXHO moayunuThb rpu & = 10. OHO
PaBHO MSITU; CJIelOBATENbHO, MMHUMAaJ/IbHBIM SIBJISIETCSI IMana3oH, MOKpPbIBae-
Mblii MacIITabHOV QPyHKIME, TaK KaK B Mpeaeaax Kaxkaoi eqMHNUIIbI JOITyCcKa-
eTcs He 60iee OJTHOTO KJIacTepa 13-3a TpaHuIlbl kK-pazMepa, paBHOTO 1. ITU MSATh
KJIACTEePOB JO/IKHBI UMETbh MaKCMMAaJIbHbBIN pasmep.

CnenoBaTe/nbHO, k| IpeoCTaB/IsAeT BOSMOKHOCTD «CYXKaTh I10JIe 3PEHMSI» 10
TeX XBOCTOB, KOTOPbIE BIM3KM K MMHUMYMY ¥ MaKCMMYMY TaHHbIX, T TPOUC-
XOIUT YTO-TO HeOObIYHOE (HalpuMep, B IPUI0KEHUSX 10 06HAPYKEHUIO aHO-
Mauuit). JIjst KBaHTuei @, 6amskux KO0 m 1, kl((pright) -k (¢, OKpyrisgercs o 1
BCSIKMIA pas, Korma kl((pright) - k,(¢,,;,) OKa3bIBaeTCs MeHblIe. MOKET CTy4UThCS
TaK, 4To k-pasmMep JOCTUTHET 1, IpM 5TOM B KjacTep He OyAeT MOIyIIeH HU
ONIVH 11eJIblii 37IeMEeHT JaHHbIX, a MMOJIOBMHY 3JIeMeHTa JaHHbIX B KjIacTep Mo-
MECTUTh HeJIb3s1. ITO UMCIEHHbI apTedakT MaciiTabHOM QYHKIMMY U YKuCIa
37IeMEHTOB JaHHbBIX, KOTOPbIe MOSIBUANUCH K HACTOSIILIEMY MOMEHTY, TTIO3TOMY
MbI He XOTUM UMeThb (M pM3MUeCcKy He MOXKeM MMeTh) MeHee 1 3jileMeHTa JaH-
HBIX Ha KJIacTep.
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YnpaxkHeHue 3

Kakoe makcuMasibHOE UMCIO KJIACTEPOB MOXKHO MOMyuuThb Iipu A = 10? Kak
BBIIVISIASIT K-pasMepsl IIpY HaAMUMM MaKCUMMAaJIbHOIO UMC/Ia KJIacTepoB (3Has,
YTO JBa COCEIHMX KIacTepa CJIMBAIOTCSI BCSIKMUIA pa3, KOra OHU BBISICHSIIOT, YTO
UX CJIMSTHME OCTaHeTCs B rpejenax k-pasmepa)?

8.3.3 CmaHue t-panpykecTtoB

Temeps, Korga Mbl pa3obpanich B paboTe MaciTabHo QYHKIMM, AITOPUTM
CTAaHOBUTCSI HEBEPOSITHO MPOCTHIM. 31€Ch MbI OIIChIBAEM BEPCUIO aJITOPUTMA
CTUSTHYS. AITOPUTM OIMHAKOB KaK JjIs1 0OHOBJIEHMST OHOTO t-ajikecTa BHOBb
MPUOBIBIIVIM HAOOPOM 37IEMEHTOB TAHHBIX, TAK U JIJIST CIVSTHUS IBYX t-TmaimKec-
TOB. [Ipy 3TOM OH COCTOUT U3 IBYX ITOOYEPEIHO BBITIOTHSIEMbIX (ha3: COPTUPOB-
KU U CIIVSTHUS.

MBI UCXOOUM U3 TOTO, YTO, TOMUMO MTPOCTPAHCTBA, OTBELEHHOTO AJ1s t-Iaii -
)ecTa S , y HaC ecTb JNONOJHUTEIbHbIN 6ydep 1 pyeMa KOHEeYHOro uucia |
MOCTYMAIOIMX 37IEMEHTOB JaHHbIX X| = [X , X,, X, ..., X ]. [lo Mepe nx MIPUOBITUS
MbI KOHKaTeHUPYeM UX € S (111 0603HaUeHMsl UMC/Ia 3/IeMEeHTOB [I0Ka YTO Mbl
VCIIO/Ib3yeM He3arnaBHoe n). Mbl ykinagpiBaeM ux psagoM. [IpencraspTe 3TO Kak
HeyIopsfoYeHHoe obbenyHenme t-maiimkecta u X, KOTOPbIi mpeacTasiser |
OZIMHOYEK CO CPEIHMMM 3HAUEHWUSIMM, MACHTUUYHBIMY TaHHBIM X, C BeCOM 1.

L a)40)  K=AE)-R(F)

ki=A(3)-4(4) ki=A(2)-4(2)
(30.5] {1339, 6]
.
S’I
N, S\ gis ) ™
C, (43.2,) C;(%0.5,3)
C, (52.31) cl (133.6,3)

/€2.% 135,
N
@ 1554
’ )

PucyHok 8.4 CTporo ynopsnodeHHbii t-aanmxect S, (sepxHue uHaekcol y K C
00603HaYalT YNCNO 3NEMEHTOB U3 NOTOKA, MOSIBUBLUMXCS HA AAHHbIA MOMEHT).
O6patute BHUMaHKE, YTO ApryMeHT K-PyHKLMM NOSBASETCS € waroMm 1/n.
X, npeAcTasnseT [ HOBbIX 3/1EMEHTOB M3 MOTOKa, KOTOPbIE Mbl 406aBAsEM
B t-maikecT (Mbl MOKa3biBaeM TOMbKO JieBbI XBOCT Habopa Xn 7 Sn)
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3aTeM Mbl cOpTUpyeM Bce [S | + |X, | KIacTepoB 110 X CpeJHEMY 3HaUEHMIO U
BBITIOJIHSIEM C(JIEIYIONIYI0 TTPOBEPKY cjaeBa HampaBo. ECTb nu cocen cipaBa OT
KJIacTepa, C KOTOPBIM OH MOT ObI CJIUTHCSI, OCTABasICh B IIpeiesiax CBoero k-pas-
Mepa, paBHOTO 1? ECc/ti 1Ba cocemHMX KiIacTepa MOTYT CIMThCS MTOA0OHBIM 00pa-
30M, TO OHM 3TO JIeJIaloT cjieBa Harpaso. Ein kinactep MoskeT CIUThCS CO CBOUM
COCefIoM, TO HOBBIV pe3yJIbTUPYIONINIA KiacTep 6y/IeT MUMeTh CpefiHee 3HaUeHNe,
paBHOe CcpelHeB3BellleHHOMY 3HAaUeHMIO LIeHTPOUA0B ABYX CIMBIINXCS KIacTe-
poB. Bec pesynabTupymomiero kinacrepa OymeT paBeH CyMMe BECOB OT/IeTbHbIX
KJIaCTepOoB.

[Tocsie COPTMPOBKY B COOTBETCTBUM CO 3HAUEHMEM IIEHTPONUIA MbI TIepeMe-
IaeMcsi cJieBa HampaBo U MpoBepsieM, He NpUBeeT Iy fobaBieHne Kiacrepa
CIIpaBa K MpeBBINIEHNIO k-pa3mMepa rpaHuIlpl, paBHOI 1. Ha 3TOT pas aprymeHT
k-dyukuyn yBennunuBaetcs Ha 1/(n + 1). 3nauenus K 'Ha puc. 8.4 6b11m paccum-
TaHbI C IAroM Ha 1/n AJ1si KasKaoTo MpeCcTaBIeHHOTO KJIaCTePOM JIeMeHTa. ITO
OOBSICHSIETCSI TEM, UTO TeIepb HY>KHO YUUTHIBATD | HOBBIX 3IEMEHTOB.

Ha puc. 8.5 moka3zaHa HayajbHas Touka rmocie dasbl copTupoBKu. OHa cTa-
HOBUTCSI BXOJHBIMM JAHHBIMM, C KOTOPIMM HauMHaeT paboTaTh Basa camsiHums.

-@ £139.6
135.| 'g‘
? y )
155,

35,14

v
NEBbIA XBOCT [8,, X, ] NOCNE COPTUPOBKY

PucyHok 8.5 OTcopTpoBaHHbIi HKHWIA KoHel, [S , X |
nepep, HayanoMm dasbl CIUSAHUS

Ha puc. 8.6 mokasaH Ipoiiecc CJIMSHMS ¢ TOUIaroBbIM IpUpallleHueM A5 Jie-
Boro xsocra S u X, . pyruMu cJIoOBaMM, Mbl TOKa3bIBA€M TOJIbKO HVKHME KOHI[bI
uenbix S 1 X, HO IIOCKO/IbKY (pa3a CIMSAHMS HAUMHAETCS CIeBa M IepeMeIlaeTcst
BIIPAaBO, 3TOTO JOJIKHO OBITH JOCTATOYHO, YTOOBI MMOHSITh, KAK OHO TTPOVICXOINT.
[IpuBemeHHOe Bblllle OMMCAHNE U IICEBIOKO/, U3 OPUTVHAIbHON CTaThy JO/IKHbI
IaTh BaM XOPOIIIYI0 OCHOBY, eC/M Bbl KOTJIa-HMUOYIb 3aX0TUTE Peaan3oBaTh 3Ty
KOHLIEIIMIO CAMOCTOSITEIbHO.

Ha puc. 8.6 moka3aHo, 4TO IOIIbITKA IEPBOTO KacTepa aCCUMMMWIMPOBATh CO-
CeIHEero OJMHOUYKY OKa3bIBaeTCsl Oe3yCIeIIHO, TOCKOIbKY Pe3yIbTUPYIOIIi
k-pasmep ciMIkom BeMK. ITO 03HAYAET, YTO Mbl OCTAHABIMBaeMCcs 1 HopMm-
pyeM IepBblii KJacTep cieBa Kak OAMHOYKY (C TeM >Ke 3HaYeHMeM U BeCOM, UTO U
o ciusiHus ). CrieIyto1iasi OMbITKA CAUSTHUS BBITIOHSIETCSI BTOPBIM OAMHOYKOI
10 OTHOILIEHMIO K CBOeMY ITpaBOMY coceny (CM. puc. 8.6, BpeMmeHHas Touka 3). OHa
MIPOXOJIAT XOPOIIIO, eCIU CYIUTH IO K-paszMepy MOTeHIMaIbHO HOBOTO OymyIie-
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ro kiactepa. ToT ke mpoliecc MpoaoKaeTcsl, ¥ Terepb TeHAeHIMS K CIUSHUI0
pacimpsieTcs B CTOPOHY CJIe[IyIolIero kiactepa cipana. ClieIyomuii KiaacTtep ¢
eHTpoM Tskecty 80.5 nmeet Bec 3. IIpu mo6aBieHny K BecaM OOMHOYEK 2 1 3
3TO IIPUBEJIET K TOMY, UTO k-pa3mep OymeT 6osbiie 1. CiieqoBaTebHO, MbI JIOTIK-
HbI OCTAaHOBUTbCS U OOBEIVHUTD ABYX OJMHOUYEK, KOTOPbIE OCTAIOTCSI BHYTPU
JIeTaJIbHO rpaHuiIbl k-pasmepa (puc. 8.6, MOMeHT BpeMeHM 5). OMHOBpeMEHHO
C 3TUM Kj1acTep ¢ neHTpouaom 80.5 HaUMHaeT CMOTPETh BITPABO U BBISICHSIET, He
MIPUBOIUT JI CYMMa ero Beca 1 Beca OJMHOUYKM CITpaBa OT HEro K yCTOYMBOMY
yBenmueHnio k-pasmepa. IToxoske, UTo HET, ¥ B MOMEHT BpeMeHM 6 (CM. puc. 8.6)
MbI CO3/1a€M HOBBII cmapwlii KiacTtep ¢ eHTpoMm Tspkecty 80.5 v BecoMm 3. 3aTeMm
MPOIIeCC MPOIOJIKAETCS aHAJIOTMYHBIM 06pasoM. Ecyiu mpy KaskIoM co3maHum
HOBOTO KJIACTepa OH SIBJISIETCS] Pe3yJAbTaTOM CIAUSIHUSI OGHOTO MU HEeCKOTbKUX
KJIACTEPOB, TO €r0 IIEHTP TSHKECTY BHIUMCISIETCSI 3aHOBO, M €r0 BeC 0OHOBJISIETCS.

/EZ p—
|8 k- < 1=
" Casa)\ (T2 P 'HL) é(O) </ = FALSE

én#—) 2 é)<4 TRUE

n+l

dopl) gl \<
180).] ' ; (""’L) 4 (n + 4
- FALSE

PucyHok 8.6 ®aza cimaHus B paMkax anroputMma t-ganaxecra. Bcskui pas, koraa
accMMUnALMS Knactepa crpaBa HeaonycTMma (0603HavaeTcs OTpULLATENbHBIM OTBETOM
Ha 3anpoc k-pasMepa), Mbl pOpMUPYEM HOBbIN Knactep (0603Ha4aeTCs 3aKpbITbIM
[6onee TeMHbIM] MeLwKOM). B Kaxblii MOMEHT BPEMEHU TEKYLLME MOMbITKA CIUSHUS
€ cocenoM(siMmn) cnpaBa 0603HaYaKTCS 3eneHbIMK ckobkamu. Knactepbl B MOMEHT
BPEMEHM 8 ABNAIOTCA NEPBbIMM YETbIPbMA KNAcTepaMu HOBOMO S
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YncnoBble 3HaUEHMS Ha STUKETKAX MEIIKOB Ha pUC. 8.6 — 3TO TO, YTO MbI haK-
TUYECKY COXpaHseM, TOTIa KaK HaOJoeHNs 13 ITOTOKA (TOKa3aHHbIe Ha MeIll-
Ke) oT6pachiBaloTcs. ChIpble 3HAUEHMS B MEIIIKe aJITOPUTMOM He COXPaHSIOTCS,
HO MbI IOKa3bIBaeM MX 3[1€Ch JIJISI HATJISAHOCTY. B MOIO/MHEeHEe K STOMY MbI CO-
XpaHsieM BeC Kaskoro HOBOTO KjacTepa.

ObpaTtuTe BHMMAaHME, YTO MHPU CIUSIHUM CTPOrO YIIOPSIIOYEHHBIN t-maiim-
SKECT MOXKET CTaTh CJ1ab0 YIOPSAOYeHHBIM: 62.3 MUUIMCEKYH/IbI OOJIbIIEe, YeM
55.3 MIUIMCEKYH/IbI; TEM He MeHee 62.3 MUIIMCeKYH/IbI IBJISIOTCS 4acThio C,
(B S ), Torma Kak 55.3 mpencrasiieHsl Kinacrepom C, (B S ,|) Mocie OKOHYaHMSI
aser cmstHMS. CUTyaIMs MOXKET CTaTh elle 60Jiee paauKaJabHOI, €CIU VICIIONb-
30BaTh 3TOT AJTOPUTM [JISI CIMSIHUS IBYX t-Aalii>keCTOB C 3aMeHO OAMHOYEeK
Ha peaJibHbIe KJIaCTePbl BTOPOTO t-maiigxkecta. bonbie 3HaueHMS A (BCIIOMHM -
Te, 4YTO A orpezessieT BUJ YIIOPSALOYEeHHOCTHU JaiayKecTa) B 3TOM C/lyyae MOTYyT
YBeJIMUMBATH OILIMOKY, HO, [IOXO03Ke, Ha IIPAKTMUKE 3TO CIYYaeTCs] HeUacTo.

Cnyyvaii ciMsiHMS IBYX t-IaiiiskeCTOB MPOTEKAeT TOYHO TaK Ke, KaK 9TO 6bII0
ITIOKa3aHO Ha puUC. 8.6, HO Ternepb MbI UMEEM JIeJI0 He ¢ [ OfMHOUKaMM 13 II0TOKa,
a C HEKMM M, YMCTIOM KJIaCTePOB BTOPOTO t-IaiakecTa.

B03MOKHOCTb TMOJTYy4aTh t-AaiKECT ISt «ABYX MUPOB», D, U D,, TyTem Cins-
HUS t-[aiIKeCTOB, TOCTPOEHHbIX Ha D, ¥ D, 110 OTAEIbHOCTY, OUeHb BIIeUaT/IseT,
TaK KaK II03BOJISIET MCII0/Ib30BATh BHIUMCIUTEIbHYIO apXuTeKTypy MapReduce.
IorycTuM, Halll TaHHbIE O MPONOJIKUTEILHOCTY TTOCeleHysT Beb-caiiTa pas-
IleJIeHbI Ha IIOAIIOTOKM B 3aBUCMMOCTH OT reorpaduueckoro MecTOIoIOKEeHMS],
OTKyIa MPOUCXOAUT mocenienue. Eciy 06beM JaHHBIX OTPOMEH, a 9TO ObIBa-
eT CBSI3aHO C IOMY/ISIPHBIMMU Beb-caiiTaMy, TaKMMM KaK COLMa/IbHbIE CeTH UJIU
TOMCKOBbIE CMCTEMbI, TO 3aJaHMe Ha allllPOKCUMMAIMI0 XBOCTOBbIX KBAHTUJIEN,
BEpOSITHO, TIPUJIETCS TMapauieNn30BbIBaTh. [I0ANOTOKM MOKHO OTIIPAB/STh B
COOTBETCTBMMU C reorpadmMuecKuM IOApasie/ioM Ha pa3Hble y3JIbl B TOTOKOBOM
nmpwiokeHun. OHM CO37al0T CBOM t-AaliiKeCThl, IIOCTPOEHHbIE Ha Hellepece-
KaloIIyXCcsl Habopax JaHHBIX, ¥ OTIPAB/ISIIOT MX HAa CBOJ Bemyiiuii yseia. Tam
t-gaiiaKecThl OYIyT arperMpoBaHbl ITyTEM UX CJIMSIHYST, YTOOBI alIIPOKCUMMUPO-
BaTh KBAHTUJIM BCEX NAHHBIX. Takasli XapaKTepUCTMKa HAbpoCcKa, Wi pesioMe,
>KeJIaTe/IbHa, M XOPOIIMe aJrOPUTMBbI COIEpsKaT 3TY (PYHKIMOHAIbHOCTD, IMe-
HYEMYVIO C/IUSEMOCMbI0"™: CIIOCOOHOCTBIO pe3IloMe CIMBAThCS C APYTUMU Pe3io-
Me, IIpY 9TOM IIPemOoTBpalasi POCT OLIMOKM Pe3yIbTUPYIOIIET0 pe3ioMe, KaK
(opmanbHO orpenesieHO B cTaTbe ArrapBaja u coasT. (http://mng.bz/p2NG). ITa
CTaThsI JOBOJBHO TEXHMYECKasi, HO €CJIM Bbl CMOKETE MPOCIeIUTD U3JI0)KEHHbIe
B Hell uaen, To OHa CTaHeT OUeHb yBJIeKaTeJbHbIM UTEHMEM U ITI03TOMY HAaCTO-
SITeJIbHO PEKOMEHAYETCSI.

8.3.4 MNMpocTpaHCcTBEHHbIE FPaHULbI t-AanaKecTa

Eciii MbI TOCMOTPUM Ha MTPOCTPAHCTBEHHbBIE TPAHUITBI ITOTO AJITOPUTMA, TO
IJIs1 OOHOTO t-JajifiskecTa HaM HYKHO TOAAEePKMBATh TOIbKO M KIacTepoB, U
KaKAbIM KJIACTep XPaHUT MOCTOSTHHBIN 00beM MHGbOpMAaIMn, CpegHee 3HaUYe-

5 AHr. Mergeability. — ITpum. nepes.
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HIi€e U BEC ¥, BO3MOKHO, HEKME CJTysKeOHbIe MeTaJaHHbIe, eC/IV 9TO HEOOXOIUMO.
TakuM 00pa3oM, HeOOXomyuMoe ISl t-maimkecTa IPOCTPAHCTBO OIPAHUYEHO
MaKCVMaJTbHbIM YMC/IOM KJIACTEPOB, KOTOPbIE MbI ITOAAEPKUBAEM B JIF060I MO-
MEHT BpeMeHM. MaKCcuMMa/IbHOe YMC/IO KIAaCTepPOB MolTydaeTcs s QyHKumum Kk,
CIeoyomM 006pa3oM: ITOCKOJIbKY BCEM KJIacTepaM paspeliaeTcs CIMBaThCs,
OHM CIMBAIOTCS, IPM 3TOM MaKCMMaIbHOE YMCI0 KIacTepoB BO3HMKAET, KOrma
KJIacTepaM noumu pas3peuaeTcs CIUTbCSI, HO He COBCEM.

OTO 03HAYAEeT, UTO IIPU CIMSTHUM COCEITHMX KIacTepoB Kk-pasmMep OymeT uyTh
6onbire 1 (Hanpumep, 1.01). Eciu 9T0 Tak, TO cpeqHuit k-pasmep Kiacrepa He
Menbine 0.5; yHave XOTS ObI OOHA I1apa MOXKET CIUThcS. Eciu n > 3, To Mak-
CUMaJIbHOE YMCIO LIEHTPOUAOB paBHO O, MapamMeTpy MacIITabHOi (QYyHKLIM
(BCIOMHMTE, YTO MUHUMYM 6611 8/2). Boree mogpoOHbIi aHaIM3 YKciIa KiacTe-
POB ¥ MaKCMMaJbHOI'O Beca KakAoro KjaacTepa MOKHO HaiiTU B KOPOTKOJ CTa-
The OTHOI0 U3 cosmaTeeii t-maiimkecra, Tema Januuura (Ted Dunning) (https://
arxiv.org/abs/1903.09921).

[To-BMOAMMOMY, Mbl MM€EM ITOCTOSIHHYIO IPOCTPAHCTBeHHYI0 rpaHuiry O(5)
I7151 TF0GOTO YMC/Ia 1 MPUOBIBIIMX 9JIEMEHTOB AaHHbIX. [TapameTp d t-maiimkecTa,
10 TIOHSITHBIM IIpUYMHAM, Ha3bIiBaeTcs napamempom cxamus. C Hallleil TOUKu
3peHus, IJis 60IbIIMHCTBA IPWIOKEHMIT, B KOTOPBIX MCITONb3YIOTCS t-maiimKkec-
ThI, 3TO JOBOJILHO O/IM3KO K BOIIEOCTBY (OCTAB/ISIS 38 CKOOKAMM TOT (haKT, UTO
ombKa TOKHA YCTAHABIMBATHCS SMIIMPUUECKY 3aHOBO JIJIST KasKAOTO IMPUJIO-
SKeHMSI, a YHMBEepPCa/IbHOM TapaHTUM He CYIIeCTBYeT).

8.4 q-panpxxecr

B sTOM paszesne Mbl IpeacTaByM APYTOil KBAHTUIIbHbBIN gaikecT (M q-Hai-
skecT), BBemeHHbIN IllpuBacraBoii (Shrivastava) m coaBT. [3], ABAsIOIIMiiCS
IpelecTBeHHUMKOM 3BPUCTUKM t-Iaiigskecta, KOTopasl IpedjaraeT rapaHTUmu
CJIOKHOCTY HAMXYAIIEro CJIydast 1o oInbKe 1 IpocTpaHCTBY. [IoMMMO ycItokoe-
HMS HAIIMX aJTOPUTMMUUYECKUX OYIIL, -OaiIKeCT CTY>KUT XOpOLIUM ITpUMepoM
CTPYKTYPHI JAHHBIX, KOTOPAst Hauboiee TOYHO OTBEUYAET Ha 3aIIpOChI 00 3JIeMeH-
Tax ¢ HaubosbIleil yacToToii. Hanmuune 3Toit PyHKIMOHATBHOCTHU SKeIaTeIbHO
Ipy paboTe ¢ YaCTOTHBIMMU JAHHBIMM, OOHAKO OHA HE MCIIOJb3yeTCsI MHOTUMMU
IPYIMMM CTPYKTYypaMU IaHHbIX. BCTIOMHUTE T71aBy 4, B KOTOPOJ TOBOPUIIOCH,
YTO HAOPOCOK count-min JaBaj OOMHAKOBBINM IMAIla30H 3aBbIIIEHHBIX OLIEHOK
YacTOT Kak 6ecTce/yiepoB, TaK ¥ KHUT, KOTOPbIe TaK M He ObLIM IIPOJAHbI.

Q-IainaKeCcT MOXKHO MCIIO/Ib30BaTh B CUTYalIMSIX, KOTAA 3JIEMEHTbI MMEIOT 3a-
paHee 3aJaHHbIN IMaNa3oH JeraJbHbIX 3HaUeHnit, U = [1, 6]. Ilo cymecTBy, mJis
TOTr'0 YTOOBI €r0 MCIOAb30BaTh, HYKHO 3HATh BO3MOXKHBI/ MAaKCMMYM JaHHBIX.
TO peanucTUUHOE JOMYIIeHMe IJIs II0ObIX JaHHbIX, TeHEePUPYEMbIX KaKUM-JIN-
60 KypHaJIMPOBAaHMEM WIX YMHBIM yCTpoiicTBOM. Ilenb q-maimkecta — pe3io-
MMPOBATh HAGOP JaHHBIX S, KOTOPBIM MPUCYTCTBYET B (hOopMe map KIIoU-3Ha-
uyenne, S = {a,:c, a,:,, ..., aG:cc}, rae a, — 910 snemMeHT u3 U, a ¢, — Bec/JyacTora
anemeHTa a. Kpome toro, >.7 ¢, = n (061ast cyMmma HabII0geHumit).


https://arxiv.org/abs/1903.09921
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BoT npumepHoe mpencTaB/ieHMe O TOM, KakK q-JaiikecT pa3mMbIBaeT TOU-
HOCTb, YTOOBI SKOHOMMUTH IIPOCTPAHCTBO: €C/IM UMCIO MOSIBJIEHUI 3JIeMeHTa
paclieHMBaeTcsl Kak CAMIIKOM Majioe, 4TOObI OTHe/IbHO XPaHUTh B BUIE Iapbl
KJIIOU-3HaueHe, TO MH(OpMAaIMs O ero 4mciie MoSIBJIeHMII CIMBaeTcs ¢ MHpop-
Malyeil 0 cocefHeM JIeMeHTe C aHaJOTrMUYHBIM HM3KMM YMCIOM IIOSIBJIEHMIA,
YTOOBI cOepeub MHGOPMALIMIO O UMC/IE 3JIEMEHTOB B COOTBETCTBYIOIEM Ayara-
30He, HO MH(OpMaIMs 0 YMCIe KOHKPETHBIX 9JIEMEHTOB OyIeT yTepsiHa.

Hampumep, B 3aBUMCMMOCTM OT 3aJlaHHBIX 3HAUY€HMUI IMapaMeTpoB q-Aari-
IDKecTa JiBe Taphl KIo4Y-3HaueHue, {3:1, 4:1}, MOryT GbITh CIUTHI B OHY Tapy:
{[3,4]:2}. IpyruMu CI0BaMy, Mbl IIepexoiyM OT 3HaHUS O CYLeCTBOBAHUM OJL-
HOJI KOTIMM 3 ¥ OOHOM KOTMM 4 K 3HaHMIO O HaAMUUU B MHTepBane [3,4] IByx
KOIMIA. JTa uaes gajee NpyUMeHseTCsI K MHTepBaiaM C MaJIbIM UM CIOM TTOsIBJIe-
Huit. CaMyu MHTEPBAJIbI 3aT€M MOTYT OBbITh CJIUTHI Pafyi SKOHOMUM MeCTa, ecu
3JIeMEHTBI B 3TUX MHTEPBajaxX He MMEeIOT JOCTaTOUHO BICOKMX YaCTOT. PellieHe
0 TOM, KaK/M SIBJISIETCSI BbICOKOE MJIM HU3KO€e YMC/IO MOSIBJI€HMIA, Y OC/IeAylo-
LI IIar «PasMbITHSI» OIIpedesIIoTCS ITapaMeTpoM CKaTus k. BcrioMHuTe, 4T
B t-maiimskecte ObLIM MaciiTabHble (YHKIMM; TaK BOT, 9TO aHAJIOTMYHOE IT10-
HSITUE, IPU3BaHHOE YITPABJISITh YMCIOM MHTEPBAIOB. [lajiee Mbl MOKaXkeM, Kak
KOHCTPYMPOBATb U XPaHUTD q-HaliKeCT.

8.4.1 KoHcTpyupoBaHue q-panaxecra C Hyns

B 1esiax moHMMaHMs IPUHIMITA paboThI q-AaliiskKecTa Mbl BOOOpa3MM HesIB-
Hoe JepeBo T (mepeBo He coxpaHsieTcs). JlepeBo mpeacTasisieT co60ii MOTHOe
IBOMYHOE [EepeBO C G JUCTbIMU (TI0 pa3Mepy PaBHOE YHUBEPCAJIbHOMY MHO-
skecTBY U), rae i-it IUCT cjieBa 0603HAYaeT i-if 5JIeMeHT YHUBEPCATbHOTO MHO-
skectBa U. B mpocToM npuMepe, TOKa3aHHOM Ha puUC. 8.7, YHUBePCAJIbHOE MHO-
skecTBO paBHO U = [1,8], a Habop maHHbIX paBeH S = {1:1, 3:5, 4:9, 5:2, 7:2, 8:1}.
OTta MHGOpPMAaINS 0 YaCTOTe KaKIOTO 3IeMeHTa OyIeT XpaHUThCS B KK OM CO-
oTBeTcTBYIOIEM aucte T. Kaxpaplil ysen v u3 T MeeT COOTBETCTBYIOIINIA CUET-
UMK YMCTIa TIOSIBJIeHUI count(v), u BHavaie count(v) 3arioJHeH TOIbKO Y JIMCThEB.

[lpu co3manum q-manKecTa U3 3TOTO HESIBHOTO JepeBa MbI CledyeM JABYyM
MpaBuIaM:

1) g Kakgoro BHYTpeHHero y3iia v B T, KOTOPBIN He SBJSeTCs KOPHEBbIM,
count(v) € n/k (3TO TIpaBMUJIO paspelIeHO HaPYIIaTh JMCTOBBIM M KOpHe-
BBIM Yy3JIaM);

2) ST KOKIOOro y3ia v B T, KOTOPbI He SIBJISIETCS KOPHEBbIM, count(v) +
count(vy) + count(v,) > n/k, roe v, 0603HauaeT CeCTpMHCKMIA y3en y3a v,
a v, 0603HaYaeT poaMTesIs y3jia vV (3TO MPaBWIO paspelleHo HapylaTbh
KOPHEBOMY Y3I1Y).

3mech MbI IMOKa3bIBAaeM IIPOIleCC IMpeoOpa3oBaHMsI HESIBHOTO JiepeBa U3
puc. 8.7 B q-Aaiii>keCT B COOTBETCTBMM C IpaBuiaamu 1 1 2 3a rapy maros. B aTom
rnpuMepe Mbl uMeeM n = 20 1 k = 5, T03TOMY MaKCUMaJIbHOE AOITYCTUMOE 3Ha-
YyeHMe B y3Jie PaBHO 4, M KaxkAasl «TpeyrojibHasi CyMmMa» 13 IpaBuiia 2 JTOKHA
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ObITh He MeHee 5. O6paTuTe BHMMaHMe, YTO B Havaje Mpoiiecca mpaBuio 1 He
HapyIIaeTcs, TaK KaK OHO He OTHOCKUTCSI K JIMCTOBBIM y3J1aM, & OHM eOUHCTBEH-
Hble COMlepsKaT 3HaUeHMsI B cCaMOM HauaJie.

1

4
d=[1,8] %Vh/)/(%
1 £

4
U
3 4 5 6 7 &

PucyHok 8.7 M3HauanbHble faHHbIE U UX YACTOTbI,
npeacTaBneHHble B IMCTbAX HESBHOMO AepeBa

[Ipouiecc HauMHaeTCsd Ha JMUCTOBOM YPOBHE, Ile, IBUTAsICh CleBa HAlpaBO
(KaKk B t-maiimskecTe), Mbl UAEHTUPUIMIPYEM BCE «TPEYTOJIbHMUKM» HA HUKHEM
YPOBHE, KOTOpbIe HapyIIalT MpaBwio 2. Bcakuii pa3, Korga 3TO MPOUCXOIONT,
3HAUeHMsl Y3JI0B V U V, CYMMMUPYIOTCSI, NOOAB/IAIOTCS K 3HAUEHMIO B V, U 3aTeM
yAAISI0TCS U3 V 1 V. Harpumep, B caMOM [TPaBOM TPEYTO/IbHMKE BHM3Y I€PBOTO
IepeBa Ha puc. 8.8 Mbl cymMmmMupyeM 2 u 1, noMmeniaeM 3 B UX pOOUTEIS, & 3aTeM
ypgausieM 2 1 1. Mbl IpOJO/IKaeM B TAKOM >Ke K/IKUe Ha CIeOyIOIeM YPOBHE,
CHOBA JIBUTASICh CJIEBA HAIIPaBO U HAXO/s IMPOb6IeMHbIe TpeyTrobHMKN. [Tpotecc
3aKaHUMBAETCS B KOPHE, ¥ KOPHIO pa3pelaeTcs UMeTb 6eCKOHEYHO HU3KME WU
BBICOKME 3HaUEHMUSI.

Vcmonb3ys 9TOT MpoLecc, Mbl MPUXOAMM K OKOHYATETbHOMY (-IaliKecTy,
TMpeficTaBIeHHOMY TOCTeHUM HessBHBIM JepeBoM Ha puc. 8.8. [lepeBo HUKOT-
Ila He COXpaHsIeTCsl B SIBHOM (opMe; COXPAHSIIOTCS TOMBKO Te y37bl, B KOTOPbIX
eCcTb 3HaueHMsl. Ecim 3amaTh y3iam OepeBa MO3TAlHOE MepeuncyieHyne cjieBa
Hamnpaso, TO Pe3yJAbTUPYIOIIMI q-AalIKeCT HA PUC. 8.8 COXPaHUT CIEAYIONYIO
nadopmanuio: Q = {[1,8]:1, [5,6]:2, [7,8]:3, [3]:5, [4]:9}. Euin mepeuncianTpb Kask-
IbIA y3€J1 ¥ COOTBETCTBYIONIVI MHTEPBAJ 10 YPOBHSIM CJIeBa HAIPaBo, TO OymeT
rosTyueHo ciaepytomiee ommcanme: Q = {1:1, 6:2,7:3, 10:5, 11:9}. MbI nepenuin ot
XpaHeHMsI MeCTU 3HAUeHU I KTIoUeii, KOTa y Hac 6bUIM M3HAUaIbHbIe JaHHbIE,
K XpaHEHMIO MMSTH U3 HUX — He TaK YK ¥ MHOTO. Ho Tipu 60s1bilieM 0ObeMe YHU-



7

8.4 g-panmkect <+ 233

BepCaJbHOT'O MHOYKECTBA 1 GOJIbIIIOM UMC/Ie HU3KMUX 3HAUEHMI, HAUMHAIOIIXCST
C JINCTOBBIX y3JI0B (TUIIMYHOE pacnpenenenue Lumnda, rTeMoHCTpUpyeMoe TaH-
HBIMM O TIPOBEIEHHOM Ha Beb-caiiTe BpeMeHM), SKOHOMMS IIPOCTPAHCTBA CTa-
HOBUTCS BeCbMa CYIIeCTBeHHOIA.

n=20; k=5 n/k =4)

4
v \V4 ‘ \\,/ !

Ay
V\/

PucyHok 8.8 CrpoutensCTBo q-AanpkecTta ¢ Hyns

8.4.2 CwmsaHue q-pAanpKecToB

Q-IaiiIKeCThl M3HAYAJIbHO OBLIM pa3paboTaHbl IJISI CEHCOPHOI CeTU U YCI0-
BUI paboThI B pacipenesieHHON cpene, rie q-JaiaKecTbl MOTYT BbIYUCISATh-
s JIOKaJIbHO, @ 3aTeM CJIMBATBCS C -IaimKecTaMy B Opyrux ysnax. Ecam oba
qQ-JaigskecTa OTHOCSTCS K OGHOMY M TOMY ke YHUBEPCAIbHOMY MHOXECTBY, TO
MPOIIeCC CIMSHUS -Iaii/KECTOB IOBOIbHO MpoCT. Vimes nBa nepesa T, u T,
qQ-IaikecTbl MOTYT CAMBATBHCS IyTeM CO3OaHMs nepeBa T Haf, UOAEHTUUYHBIM
YHUBEpPCATIbHBIM MHOKECTBOM M CYMMMPOBAHMSI COOTBETCTBYIOIIMX Y3JIOB U3
T, n T, B T. BsarisHuTe Ha 1poliecc, u306paxxeHHbIN Ha puc. 8.9, rae n, + n, + 30,
k1 = k2 = 6. MakcumasbHOe 3HaYeHMe B KaKIOM y3Jie u3HavaabHbix T, u T, co-
CTaBJISIO 5.
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n=30, k=6, nfk=5 n=30, k=6, nfly=5

Pucynok 8.9 CnsHue AByx q-faipxecros, rae n, =n, = 30,k + k, = 6.
lMockonbKy AanOKeCTbl UMEKT OAMHAKOBbIE pa3Mepbl, pe3ynbTUPYIOLLNIA
g-0aioKecT UMeeT OAMHAKOBbIM pa3mep, rAe 3Ha4YeHMs B y3/1ax SBNAIOTCA
CyMMaMu B COOTBETCTBYIOLWMX y3N1axX. Hanpumep, pe3ynbTupyrowmin q-aanaxect
MMeeT 3HayeHne 8 B KOpHe, MOCKO/bKY y4acTBYOLME B ONepauum camsaHus oba
g-manmkecta nmeroT 3HaveHre 4. OgHako 3TO MOXET NPUBECTU K TOMY,

YTO q-OaNOKeCT OyaeT CIMT He NOIHOCTbIO. B LaHHOM npuMepe pe3ynbTUMpy LW
g-LanoxecT UMeeT n = n,+n,= 60un k= k, +k, = 6, NO3TOMY Mbl ULLEM
TPeyronabHUKK, CyMMa KOTOpbIX paBHa 10 unu MeHbLue, U Mbl PacNpOCTPaHSAEM
3T 3HAYEHUS BBEPX BMIOTb A0 POAMUTENS, KAK U paHbLue

Cpasy nocie cosganus fgepesa T us T, u T, OHO TaKKe JO/KHO MMPOMTH MPO-
1[ecC KOHCTPYMPOBaHUS JIETAIbHOTO q-JaiiixkecTa, cobopaioliero oba paHee
YIOMSIHYTBIX IPABIJIA, UCTIONb3Ysl CTIeAYIOLIMeE TapaMeTpbl: n=n +n,k=k =k,.
Ecnu mBa cimBaeMbIX (-IaiiIKecTa COAepsKaT IMPUMEPHO COIOCTaBUMbIE WU
paBHbIE CYMMbI HaGJIOEHNI, TO TIOPOT Pe3yIbTUPYIOIIero q-aaiimkecrta (n/k)
OyzmeT B ABa pasa Oosblile TTOpoTa MpeabIayIIuX q-IaiiIkecToB. B Halem mpu-
Mepe MaKCMMa/IbHOe 3HaueHMe y3jia B Pe3ylbTUPYIOIeM (-AaiiIKecTe paB-
Ho 10. [IBa M3HauvaJAbHbBIX (-AaiKecTa, NOAJeKaIUX CAUSHUIO, XPaHUIN B
00111ei1 CJIOKHOCTY 16 map KIou-3HaueHue, HO Pe3yIbTUPYIOIINIA q-IaiiasKecT
MCIIONB3YeT TOJIbKO 8 Iap K/I0U-3HaueHue, BIBOe MeHblIe.

8.4.3 CoobpakeHnst N0 NOBOAY OLNOKU
U NPOCTPAHCTBA B q-AaUAXKecTax

MaxkcumanabHOe MCI0JIb3yeMOoe q-IaisKeCTOM MPOCTPaHCTBO 3aBUCUT OT I1a-
pameTpa ckaTus k 1 paBHO 3k. 0603HaunM pasmep Q uepes |Q| (M3MepsieMblii B
Yycile ap KI4-3HaueHue). Torga, MCxonst U3 rpaBuia 2, Mbl MMeeM:
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Z count(v) + count(vs) + count(vy) > |Q| x %

v B T

KpoMme Toro, cripaBeiinBo, 4TO

3 x Z count(v) > Z count(v) + count(vs) + count(vy),
v g T v gt T

TaK KaK B IIPaBOM BhIPAKeHUM UMCIO MOSBACHNI KaXKIOT0 y3/1a MOACUUThIBA-
eTcs He 6ojyiee ueM TpuU pasa (Kaxkablii y3es1 MOSBISeTcs OOMH pa3 KaK poau-
TeJIbCKUI, OIMH pa3 KaK CeCTPMHCKIUIA 1 OMH pa3 Kak caM 1o cebe; mogymaiite
0 TOM, YTO 3[1eCh MOACUUTHIBAETCS IJIS1 IUCTbEB ¥ KOPHS). JIeBoe BhIpakeHMe
pPaBHO 3n, cyiemoBaTesibHO, |Q| x n/k, B pesyibrare gasas |Q| < 3k.

YTo KacaeTcs 4aCTOThI OIIMUOKY, TO MIPEKIE UeM BbIUUCISITh OMIMOKY TP OT-
MpaBKe KBAaHTWIbHBIX 3aIIPOCOB, HY;KHO IMOHAO/IIONATE 38 AAJTbHOCTHIO OTK/IO-
HeHMs 3HaUYeHMs B IIpeiesiaX OMHOTO y3J1a HesIBHOTO JepeBa T. Bce y3J1bl HA My TH
MEXOY KOPHeM M y3JIOM V MOTYT COMEePKaTh 3HAUeHMsI, MOTeHIIMATbHO OTHO-
csMecs K MHTEPBaJTy, YKa3aHHOMY V. YUUTBIBast 3TOT (akT U IyOuHY JepeBa,
paBHYIO log &, o611as oummbKa B Ipeaeiax OgHOIOo y3ja paBHa log o x n/k. Ecin
MbI Hab/II0IaeM 9Ty OMIMOKY B OTHOCUTEILHOM CMbIC/IE (B IIPOLIEHTAax OT N), TO
roJiyyaeMm, UTo OMMbKa B IIpeiesiax OHOTO y3/1a cocTaBsieT He 6oee log 6/n.

8.4.4 KBaHTUNbHbIE 3aNpOCbl C UCNO/Ib30OBAHUEM
g-AanaKecToB

[I71st TOTO UTOOBI IesIaTh KBAaHTUIIbHBIE 3aITPOCHI C TIOMOIIBIO -AalIKeCTOB,
M0JIe3HO COPTUPOBATD Y3/Ibl HESIBHOTO JlepeBa B 00paTHOM IOpSIiKe ero 00Xo0-
na™. Ipyrumu cioBaMu, Mbl TIOMelllaeM MHTePBas i = [X, y] B OTCOPTUMPOBAHHOIA
MOC/IeI0BAaTeIbHOCTY TOJIBKO MOCJIEe TOTO, KaK BCe €ro MIOTOMCTBEHHbIE IO bIH-
TepBasIbl Y)Ke 6bUTM pasMelneHbl. Cpa3y Moc/ie TOro, Kak 3T0 Oy[eT CAeaHo U
OymeT mpeAoCTaB/ieH KBAaHTU/IbHBIIN 3aIIpOC X, MbI ITPOKPYYMBAEM MacCUB Iap
K/TIOU-3HAaU€eHNe, HaKarMBasi 3HAUeHMsI 10 TeX 0P, TTOKa He OyaeT JOCTUTHY-
TO MM TIpeBbIeHO x. COOOIIEeHHbIN KBAHTWIb TIPEICTABISIET COO0 TTPaBbIii
KOHell MHTepBaJa, B KOTOpOM X ObL IIpeBbiiiieH. Ha puic. 8.9 mpuBemeH npumep
KBaHTMJIBHOTO 3aI1pOca K pe3yabTUPYIOLeMy q-AaiIsKecTy.

[TocnemoBaTeTbHOCTD, MTOJTYYEHHAs B pe3y/ibTaTe 0OPaTHOTO MOPSIAKA 00X0-
Jla Y3JI0B 3TOTO JepeBa, Y3Jbl KOTOPOTO MEePEeUNCISIOTCS 10 YPOBHSIM, BBITISI-
IOUT caepyromum oopasom: {8:12, 10:3, 11:13, 2:2, 14:8, 15:6, 3:8, 1:8}. d10 co-
OTBETCTBYET MPaBOCOPTUPOBAHHBIM OuamnaszoHam {[1]:12, [3]:3, [4]:13, [1,4]:2,
[7]:8, [8]:6, [5,8]:8, [1,8]:8}. DomycTum, Mbl monydwin 3ampoc, ¢ = 0.5; cieno-
BaTeJIbHO, X = n/2 = 30 (TO ecTb MbI UllleM Meauany). [IpokpyunBas cieBa Ha-
MpaBO M HaKalIMBasl 3HAYEHMS B CIMUCKE, Mbl TTOJyYMM CyMMY POBHO 30, TO
ectb 12 + 3+ 13 + 2 = 30, ¥ cOOBIIMM O TTPaBOM KOHIIE TTOCeTHEr0 y3/1a Kak O

7 Aurn. post-order traversal. — [Tpum. nepes.
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Mmeauane. [Ijis y371a, comepskaliero 2, paBblii KOHEI ero auana3oHa paBeH 4.
Coob1meHHass MenyaHa paBHa 4. ITo aHayloruy IpenrionoKMUM, YTO Mbl UIIEM
3n /4 =45. Mbl CHOBa HaUMHAaeM CJIeBa, HaKaIIMBas CyMmmy 12 +3+ 13 +2 + 8 +
6 +8=>52. C mowienHum 3HaYeHMEM, 8, MbI IIPOCKAaKMBA€M MMUMO MCKOMOI'O 3Ha-
YeHMsI, HO Hallla OLIMOKa 6yIeT cou3MepuMa ¢ MaKCMMaJbHbIMIM 3HAYEHUSIMU
y3JIOB, [IO3TOMY MBI COOOIIIaeM O ITIPaBOM KOHIIE MHTEePBaJia, COOTBETCTBYIOIIETO
nape Kio4-3HaueHue [5,8]:8, To ecTs 8. Bo3BpalieHHbI pe3ynbTaT paBeH 8.

q-IaimkecT MOXKeT Takke MCIO0JIb30BaThCs MIJII OTBETOB Ha MHOTMUeE NIPy-
T'Vie TUIIBI 3aIIPOCOB, B IIEPBYIO OUepeIb Ha Auaria30HHbIe 3alpoChkl, 0OpaTHbIe
KBAaHTU/IM ¥ KOHCEHCYCHbIe 3aIIpockl. [Ipy Hanmuumum m siueek namsiTu IS Imo-
CTPOEeHMSs q-JaiaKecTa ouMbKka B KBAHTMIILHOM 3aIipoce COCTaBJIsIeT He 60-
nee € < (3 log 0)/m. Ml miojtyuaeM 3TO, 3agaBasi KoapduumeHT ckaTust kK paB-
HBbIM m/3.

8.5 UcxoaHblii Koa CUMYNSauuu
U ee pe3ynbraThbl

Ijis TOro UTOOBI YBUAETb PabOTy t-maiimkecToB U q-HaiiIKeCTOB B IE€CTBUN,
MbI pa3paboTanay CUMYISIIMOHHBIN ClieHapWii, B KOTOPOM ITPOeMOHCTPUPOBA-
JI/ SMITMPUYECKOEe ITOBeIeHMe UX OMIMOOK M CPaBHWIM UX OLEHKU MepIeHTHU-
Jielt, HaxXOOsIIMXCS TajeKo B IIPaBOM XBOCTe.

Msi B3sin 10 BEIGOPOK 6e3 BO3BpaTa, Kaskaash M3 KOTOPbIX comepskana 10°
oneMeHTOB U3 2 I'6 maHHBIX BeO-caiiTa, MOKasaHHBIX Ha puc. 8.1. TToCKOIb-
KY Q-IaiiaskecT paboTaeT TOJIbKO C LEeIbIMU UMCAaMM, Mbl OKPYIJIMIIM JTaHHbIE
Beb-caiiTa m0 GiysKaiilieii MAUIMCEKYH IbI. Biaromapss 3TOMy Mbl MOKEM MC-
II0/Ib30BaTh 00a aJropUTMa Ha OJHUX U TeX >Ke BbIOOpKaX. VcIonb3yeMbie B
mcxogHoM Koze 10 Bbi6opok 1mo 100 K HabmomeHnii B KaXKaoii, a Takke o6Iye
IlaHHbIEe Be0-CcaiiTa JOCTYIIHbI B PEIIO3UTOPUM UCXOTHOTO KOIa KHUTH.

Pe3ynbTaThl BHIUYMCISIOTCS C ITIOMOIIbI0 6MbmoTeku Python tdigest u Bep-
UM Q-JaiiaKecTa, peaan3oBaHHO Ha Python, 13 6;or-mocra http://mng.bz/pOVw,
TocjIe BaIMgay MCXOOHOTO KOIa Ha HeCKOJNBKMX MaJjbIX ITOTOKOBBIX ITPUMe-
pax. Hiske mmokasaH MCXOOHBIN KO, BBIUMCJIEHMS] M COXPAHEHMSI Pe3y/IbTaTOB
COOTBETCTBEHHO M3 t-gaiimkecra u q-gaimkecta. OH untaeT 10 BBIGOPOK, U
nocsie Toro, Kak Bce 10 BhIGOPOK ObLIM MOTPe6IEHBI MX COOCTBEHHBIM 00hEK-
TOM t-maimkecTa Mau q-IaimKkecTa, MCIIOMHSIETCS 3aIIpoC Ha morydeHne 95-ro
1 99-T0 IMpoIeHTUIel JaHHbIX. B uTore MbI roixydaem 10 ouieHOK 95-10 1 99-r0
MMPOLIeHTUIeN:

import pandas

from pandas import DataFrame
from tdigest import TDigest
import numpy as np

import os
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df = pandas.read_csv('./test.csv') (1]
resNinetyFive = np.array([]) 0
resNinetyNine = np.array([]) 2}

columns = list(df)
for j in columns:

tDigest = Tdigest(delta=1 / 200) (3]
tDigest.batch_update(df[j], w=1) (4]
resNinetyFive = np.append(resNinetyFive, tDigest.percentile(95)) @
resNinetyNine = np.append(resNinetyNine, tDigest.percentile(99)) @

res = DataFrame({'NinetyFive': resNinetyFive,
"NinetyNine': resNinetyNine}) (6]
os.chdir("./") (7]
res.to_csv("Results_TD_WebsiteSample.csv", index=False) (7]

@ Mpountatb 10 BbIGOpOK AnMHOI 100 K, Kaxablii B BUAE Kaapa AaHHbIX. Dain .cSV MOXKHO
HaWTW B XpaHUIULLE MCXOLHOMO KOAA KHUTU

® Co3paTtb NycTbie MacCUBbI, B KOTOPbIX BYAYT XpaHWUTLCS pe3ynbTathl 95-ro u 99-ro
npoueHTUNEN

© [ns ka0 BbIBOPKM COCTABMTb t-AaOKECT C BENMUMHOM, 06paTHOIt § = 200 (B
peanusaumu 1 CTaTbe AeNbTa NapaMeTpu3yeTcs No-pasHoMmy)

@ MNo3BonnTb AANIKECTY NOTPEBUTD j-10 BbIBOPKY. W 03HAUaET, YTO Mbl 106ABASEM OAMHOUKM C
BecoM 1. [1ns ABYX pa3HbIX AaiAXecToB 3T0 Obinn Hbl hakTUUYECKMe Beca KNacTepos

@ [06aBuTb OLEHKY 95-r0 1 99-ro NPOLEHTUNEN B MACCMB PE3Y/LTAaTOB

@ MNocne Toro Kak Bce 10 BLIGOPOK NOTPeBAEHbI, CO3AaTh KaAp AaHHbIX A1 pe3ynbTaTos

@ Yxazatb KaTanor U COXpaHMTb Pe3y/bTaThl

O} dexTMBHOCTD peanm3aluy oka3bIlBaeTCs] HAMHOTO BbIlle JJisl PelleHus ¢
t-maiimkecToM, HACTOJIBKO, UTO JleJiaeT cpaBHeHME 3(DPEKTMBHOCTY TPUBUAIb-
HbIM:

import numpy as np

df = pandas.read_csv('/path/to/test/data") (1)
resNinetyFive = np.array([]) (2]
resNinetyNine = np.array([]) (2]

columns = list(df)

for j in columns:
universeSize = max(df[j])+1
gDigest = QDigest(universeSize, 20)

eo)c)



238 <« [naga 8.MpubnmxeHHble KBAHTUAW Ha NOTOKAX AHHbIX

length = len(df['samplel']) (4]
for 1 in range(length):

gDigest.insert 4]
gDigest.compress() (5]

resNinetyFive = np.append(resNinetyFive,
qDigest.quantile_query(([0.951))) O

resNinetyNine = np.append(resNinetyNine,
qDigest.quantile_query(([0.991))) O

res = DataFrame({'NinetyFive': resNinetyFive,
"NinetyNine': resNinetyNine}) (7]
res.to_csv("/path/to/test/output”, index=False) (8]

@ MpounTatsb 10 BIGOpOK AnMHoI 100 K, kaxaas B BuAe kaapa AaHHbIX. Daiin .SV MOXHO
HaNTU B XPaHWULLE UCXOLHOMO KOAA KHUMM

® Co3paTb NycTble MaccuBbI, B KOTOPbIX BYAYT XpaHWUTLCS pe3ynbTathl 95-ro u 99-ro
npoueHTUnen

© [ns ka0 BbIBOPKM COCTABMTb q-AaNIXKECT C Pa3MEPOM YHUBEPCANLHOMO MHOXECTBA B
KayecTBe napameTpa. +1 - 310 Ang Hynew

@ Knacc g-paipxect NpMHUMAeT Mo OHOMY 3IEMEHTY 3a pa3 1 NOTPebAseT j-10 BbIBOPKY
nooyepenHo

@ q-naitmKecT peopraHM3oBbIBaETCA NOCNE TOrO, Kak byaeT noTpebneHa Bcs BbIBOPKa, B
COOTBETCTBMM C NpaBUIaMU ABYX TPEYrobHUKOB

@ [O06aBuThb OLEHKM 95-r0 1 99-r0 NpoLEHTUNEN B MACCMB PE3Y/LTaTOB

@ Nocne Toro kak notpebneHbl Bce 10 BbIBOPOK, CO3AaTh KaAp AaHHbIX A1 pe3ynbTaTos

® Ykasartb kaTanor u coxpaHuTb pe3ysbTaThl

Yro KacaeTcs rMapamMeTpOB, BHIOPAHHBIX JJIST CO3TAaHNS IBYX AAlIKECTOB, TO
Mbl pelliuiu chenaTh UX MPUMEPHO OAMHAKOBbIMM IO pasmepy. s q-maiim-
’KecTa MbI BbIOMpaeM mmapaMmetp ckatus = 20, a ad t-gaiimkecta — § = 200, uto
ITO3BOJISIET MOMYUNTh OKoyo 1 K6 Kaxkmoro maiimkecrta. sl Kakmoii BeIOOP-
KM Mbl HallJTM MaKCHMMaJIbHYIO TTPOIO/IKUTENbHOCTD MOCeleHNsI, TaK KaK OHa
HeoOXomuma IJjIsT co3ganms q-maimkecta. st Bcex 10 BBIOOPOK MaKCHMYMbI
OKasaJIiCh B mpenenax oT 2 742437 no 2763605 MUITMCEKYH]T; ClIelOBaTEIbHO,
pasMepbl YHUBEPCATbHBIX MHOXKECTB HE HACTOJIbKO BapbUPYIOTCS, YTOOBI ITOMe-
I1aTh 3HAUMMOMY TepeKpPecTHOMY OLleHMBAHMIO Pe3y/IbTaTOB.

OmnbKa, KOTOPYIO MbI ITOKa3bIBAEM, BBIUMC/ISIETCS CIEAYIOMIMM 00pa30M: IJIst
Kaxko7t 13 10 BBIGOPOK MOXKHO ITOJYYUTh TOUHbIE 95-71 11 99-i1 TpOLeH TN, TT0-
CKOJIbKY MOKHO OTCOPTMPOBATh JaHHbIE U HAMTU (PaKkTHMUecKue 3HAUEHMS. DTO
Te 3HaUeHMs X, KOTOpbIe MbI HaleeMCs TOJTyUnThb. M3 maiiiskecTOB MbI ITOJTydaeM
3HAYEHMS Z ¥ MOKEM MPOBEPUTH pasHuIly Mexxmy R(x) u R(z). B aryuae 95-ro
npoueHTWs R(x) moymskHO coctasiistTh 95 000. Ecnu gaiimskect BepHyn 94 990-ii
2JIEMEHT, TO ITOKa3biBaeMasi abcosoTHas ommoKka paBHa |0.94990-0.95000] =
0.00010. B aTOM MOXHO y6eauTbCs Ha MpaBoOM rpaduke; MMEHHO HACTOIbKO
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t-maiimkect nmpubmkaeTcs K uctuHe. Ha puc. 8.10 mokasaHbI pe3y/IbTUPYIONI/e
abCoOJTIOTHBIE SMITMPUUYECKIMEe OIIMOKM [IJISI OLIEHOK 95-T0 IPOLIEHTIIS 0 KaXK-
noii 13 10 BbI6GOpOK. IIepBbIM [eI0M CTOUT 00paTUTh BHMMAaHMe Ha TO, UYTO MbI
He IT0Ka3bIBaeM abCOJIIOTHBIE SMITMpPUUYECKIe OIIMOKM Ha Toii ke ocu y. Cpem-
HMe abCoIOTHBIE SMITMPUUECKIe oMbk q-Jaimkecta npumepHo B 5000 pas
MPEBBINIAIOT CPeIHIE abCOMIOTHbIE SMIIMPUYECKIE OMNMOKY t-gaiimKkecrta. Ecin
ObI MbI ITOKA3aJIM X 00€ Ha OHO 0CH, TO He CMOIJIM ObI BU3YaJIbHO OLIEHUTh UX
BHYTPUIPYIIIOBYIO M3MEHUMBOCTb. CpemHssl aOCOMIOTHAS OIIMOKa t-gaiimKec-
Ta (TpeyrojbHUKOB) cocTapiser 1.2 x 1075, a myis q-maiiakecTa oHa B CpegHEM
4965.4 x 107°. I[ToxosKe, UTO t-HaiiIKeCT IMIPEeBOCXOANUT q-AaliI3KeCT, eC/IU CYOUTh
10 a6COTIOTHO SMITMPUYECKOI OIIMOKe Ha STUX JaHHBIX, HA TTOPSIAOK BeJININ-
HbI 103,
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Homep BbIGOpKU
PucyHok 8.10 Ha rpadwmkax nokasaHa aMnupuyeckas abcontotTHas ownbka,
KOTOPYH AEMOHCTPUPYIOT q-AaNOXKeCT (cnesa) u t-nanaxect (cnpasa)
npu oueHnBaHum 95-ro npoueHTmng. Owmnbka npu oueHmearHum g € [0,1]
BbIYMCNAETCS CiefyowmM 06pa3om: ecnu NpeaocTaBnseMbIN AaNOKeCTOM
MCTUHHDBIN paHT OTBETa (3HaYeHMs) paBeH r, To abcontoTHag owmbka pasHa |r/n - ql,
rAe n — 3TO YNC/I0 3NEeMEHTOB, 06paboTaHHbIX HA AAHHbIA MOMEHT

Iyt TOro 4TOGBI B TOJTHONM Mepe OLeHUTh 3Ty PasHUILy, CHauaja Heobxo-
IVIMO IOHSTh, YTO 3HAUUT OTKIOHUTHCS Ha 1.2 x 10~° mpu oLeHuBaHUMU 95-T0
npoueHTWwIs. ITOCKONMbKY AaHHbIEe ObUIM CO3MaHbl, Mbl 3HAE€M TOUHbII KBaH-
TWIb JII060TO q € [0,1] (TIpM yCJI0BUM UTO BIOOpPKA 06ecTieumMBaeT TaKyo JOCTO-
BEPHOCTD; TO €CTh TPYAHO TOJYUYUTh TOUHBIN 99-71 TIPOIEHTU/Ib BBIOOPKYM U3
10 sannemenTOB). CnemoBaTenbHO, €C/IM MOTYYaeMbIl U3 HalIKeCcTa UCTUHHBIN
paHr z npu 3amnpoce 95-ro NpoLeHTU/IsS paBeH I, TOrga abcolMoTHAs OlubKa
ctaHoBUTCS |r/n — 0.95|, Toe n — 3TO UMCJIO 3JIEMEHTOB B BBHIOOPKe (MM I10-
SIBUBIIMXCSI B IOTOKE HA JaHHBIN MOMeHT). TakuM oO6pasoM, eciyu 3HaueHue
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oTkIoHsAeTcss HA 1.2 x 10~ 01 0.95, TO 3TO 03HAUaeT, uTo t-HaiIskecT ITI0Ka3biBa-
et 95001-e mau 95 002-e mpoBegeHHOEe Ha BeO-caiiTe Bpems BMecTo 95 000-ro.
CormacHO TeM Ke CcOoOoOpaskeHMsIM, q-maiimkect Bo3ppamaer 90035-e man
99966-e mpoBeleHHOE Ha BeO-caiiTe BpeMsl B UX YIIOPSIOUEHHOI MTOC/IeI0Ba-
TesnbHOCTY BMecTo 95000-ro. Kpome Toro, elie cieayeT o6paTUTh BHUMaHMe
BOT Ha KaKyl0 Belllb: 37IeCb Mbl TOBOPUM He O MM/UIMCEKYHOAX, a O paHrax,
3aHMMAaeMbIX JJIUTEeIbHOCTSIMMU ITOCEIIeHNIA.

Ty >ke KapTMHY MOKHO YBUIETh Ha pucC. 8.11, rie Mbl TOKa3biBaeM aHAJIOI Y-
Hble pPe3ynbTaThl AjIsi 99-T0 MpOoLeHTWIS. XOTsS pasHulla B CpeqHeil abCcooT-
HOJ SMIIMPUYECKOI OIINOKe B CEMb pa3 MeHbIIe, YeM IJis1 95-ro MpoLeH TS,
t-maiimKkecT Mo-MpeXKHeMY OIIM6GaeTcss Ha OOMH 9J€MEHT, TOTAAa Kak q-Jaiif-
SKeCT oIMbaeTcs MOUTH Ha ThIcSIuy. TeM He MeHee 3asiBJIeHHAsl B OPUTMHAJIb-
HOJIi cTaThe IpaHMila OUIMOKM (-JaiigkecTa OCTaeTcs B Cujie. YUUThIBAS HaIll
MaKCMMaTbHbI pasMep YHUBepCcaaIbHOrO MHOXKecTBa 2 763605 1 k = 20, MOKHO
BBIUMC/INUTD, UTO OLIMOKa AO/KHA ObITh HisKe 0.74. DTO BepHO U IJjIs1 HaIIero
orydast. ['paHuIia agguTUBHONM OMIMOKM [IJIsT OLleHMBaHUs 95-T0 IPOILEeHTUIS B
pasmepe 0.74 03HavaeT, UTO Aaske IPU yKa3aHUM 22-TO IPOLIEHTUIS B KauecTBe
OTBETa YHACTCSI COXPAHUTb TEOPETUYECKYIO BEPXHIOI I'PAHUITY OIIMOKMA.
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Homep Bbi6opkU
PucyHok 8.11 dMnupuryeckas abcontoTHas ownbKa, KOTOPY AEMOHCTPUPYIOT
g-AanpKecT (cnesa) v t-manaxecT (Cnpasa) Npu oueHnBaHuM 99-ro NnpoueHTUAS.
Owwnbka npu oueHnBaHum g € [0,1] BbluMcCigeTca cnepywmm o6pa3om:
€C/IM UCTUHHDIN PaHT NpefoCTaBASEMOro AANIXKECTOM OTBETA (3HAYEHUS) PABEH I,
TO abcontoTHas ownbkKa paBHa |r/n — gl, rae n — 370 YMCNO 31EMEHTOB,
MPUHATBIX HA AAHHbI MOMEHT

CornacHO HamMM pe3yibTaTaM, t-AaiiIKecT SIBHO IpeB30IleN (-AaiIKecT
MIpU OIIEHVBAHUM BEPXHUX KBAHTUIIEN, TAKMX KaK 95-11 1 99-ii MpoLleHTUIN Ha
9TUX JAHHbBIX. [TOCKOJIBKY t-IaiiaKeCT He COMEPKUT KaKoM-T1M00 OMMUOKY BepX-
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Heli TpaHMLIbl, HeIb3s YTBEPXKAATh, YTO OHA OCTAETCS HUKe Hee, HO, CYAs 110 9M-
MMMPUUYECKUM pe3yabTaTaM Ha 3TUX NAaHHbBIX, OHA OIIpeAe/IeHHO OCTAeTCs HIKe
gq-manmKkecra.

Peslome

O Hamuuue (QYHKIMOHAIBHOCTM TIOJyYEHMS] MMIIPOBU3UPOBAHHBIX IPU-
OMVKeHHBIX KBAaHTUJIEN B JII000€ BpeMs B IIPUJIOKEHUM 110 00paboTKe 1o-
TOKOBBIX JAHHBIX, B 0COOEHHOCTY B TOM, KOTOPOE MCITOIb3YeTCs AJIsl 06-
HapyKeHusl aHOMaJIlii, UMeeT OueHb BakHoe 3HaueHue. dPPeKTUBHbIE
OHJIA/iHOBbBIE AJITOPUTMBI, TOAAEPKMUBAIOIIE HeOOIbIIINE PE3IOMeE O BCeX
IAHHBIX ¥ BBIJAIOIIVE OTBEThHI O KBAHTU/ISIX C HEKOM TrapaHTuei OMOKM,
MPegoCTaB/ISAIOT BO3MOXKHOCTb CO3aBaTh HEGOJIbIIIO HAGPOCOK pacIipe-
IejeHus JaHHBIX B (popMe rmcTorpaMmel. Biaromapst SToMy MOXKHO Ha-
6/1I01aTh 32 HECKOIBKMMM KBAaHTWISIMM OMHOBPEMEHHO U YCTaHABIMBATD
YYBCTBUTE/IbHbIE TTIOPOrOBbIE 3HAUEHMSI.

QO Ommnbka, ¢ KOTOpOoit paboTalOT aJITOPUTMBI allIIPOKCUMAIIY KBaHTUIIeN,
SABJISIETCS 60 agIUTUBHOM, 160 OTHOCUTETbHOM (MYIbTUILIMKATUB-
HOJ). AIIUTVUBHAS OIMOKA, €1, ONVMHAKOBA HE3aBMCUMMO OT TOTO, KAKOIA
KBaHTWIb olieHuBaeTcss. OTHOCUTeIbHAs OLIMOKa, ER(X), SIBISIETCS OTHO-
CUTEeJIbHOJM K KOHKPETHOMY MHTepecylouemMy KBaHTWIIO, [I03TOMY OHa
MeHblIle /I MajbIX KBaHTWU/IEl M HauOObIlIas, €n, OIS MaKCUMaIbHO-
ro sHaueHus. OmmbKa B MPOCTPAHCTBE JTAHHBIX, HO HE B MPOCTPAHCTBE
PaHTOB, MHOTMA TaK’Ke Ha3bIBAETCSI OTHOCUTEIbHOM OLIMOKOI, HO OHA He
MMeeT HMYEro 00IIero ¢ pacCMOTPEHHOM HaMM OTHOCUTEIbHO (MYJIbTU -
TJTMKATUBHOI) OMIMOKOIA.

Q t-mailgKecT — 3TO OYeHb MOIYJISIPHBIN 3BPUCTUYECKUIA AJITOPUTM BBIUNUC-
JIeHUS TIPUOIVKEeHHbIX KBaHTWIe. Mbl yBUIEIM MeXaHMU3M MoAaepiKa-
HMSI MaJIbIX BBIOOPOK Ha KpasiX KBaHTMJIbHBIX MHTEPBAJIOB M OOJbIINX
BBIOOPOK B cepefiiHe, a TAKKe TO, KaK 3TO 00ecreunBaeTcs 3a CUeT pery-
JIMPOBaHUST k-pa3mepa MOoCpeICcTBOM MAacIITaOHbIX QyHKIMIAL. DTO MpuU-
BOAUT K OoJjiee BBICOKOV TOYHOCTY IIPU OLIEHMBAHMUM XBOCTOBBIX KBaH-
TUIeN, Takux Kak 95-i1 mam 99-it MpoLeHTUIb, WK Aaxke 60Jjiee TOUHBIX
3HaYeHmit, 6M3KuX K 1. Mbl yBUIEIM, KaK t-IaiiIKecT JaeT O4eHb TOUHbIE
OLIEHKM B 3TUX AyMana3oHax Ha 10 BbIOOpKaX M3 PeaaCTUYHbIX JaHHBIX O
MPOBEIEHHOM Ha Be6-caiiTe BpeMeHM.

QO MbI y3HaINM, YTO TaKoe aJITOPUTM (-IaiiIKecTa M KaK CO37aBaTh €ro C
HYJIS, @ TAaKKe KaK OObeIMHSITh JIBA MU O0jiee aJrOpUTMOB. q-IaiiIKecT
paboTaeT TOJIBbKO [IJIST LEJIBIX YMCEI, ¥ [IJISI TOTO UYTOOBI €r0 MCII0/Ib30BaTh,
HY>KHO ObITh 3HAKOMBIM JIKILb C YHUBEPCAIbHBIM MHOKECTBOM, U3 KOTO-
pPOro AaHHBIE IMMOCTYHAIOT. [IJIsT TOTOKOBBIX JAHHBIX 3TO MOKET ObITh HE
Tak. Eci Mbl He 3HaeM, Kakoii Iyarna3oH JaHHBIX HaM MPeACTOUT YBU-
IeThb, TO q-JaliIKeCT MMeeT OrpaHMYeHHOe IIpMMeHeHNe. DTO OorpaHnye-
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HIMe He pacIpoCTpaHsieTcs Ha t-IaiakecT, 1, 0-BUAMMOMY, OH paGoTaeT
JIydille, ueM q-IaiiIsKecT, T0Ka3biBast aOCOMIOTHbIE SMIIMPUUECKIE OIINO-

K MeHbIIIe Ha IBa-TPH MOPSIAKa IIPY OLleHUBAHUM OOHMX U TeX JKe Bepx-
HUX KBaHTUJIEN.



Yactb III

CTpyKTypbl BaHHbIX
Ana 6a3 AaHHbIX U ANTOPUTMbI
BHELUHEeX NaMAaTH

Ecu B 11epBO#i ¥ BTOPOJi YaCTSX Mbl 3aHMMAJIMCh CKaTEM U OTOOPOM IaHHBIX,
YTOOBI OHM YMENIAIMCh B OIePaTUBHO MaMITH, TO Tellepb Mbl MOXKEM B3JI0X-
HYTb C 00/IerYeHeM — Hallly JaHHbIe, BCe 10 eAMHOT0 3JIeMeHTa, yI06HO0 pacIo-
JIOKUJIMCh Ha JMCKe. B Tpex raBax TpeTbeil 4acTyu Mbl HAyuYMMcs 3P GeKTUBHO
KOHCTPYMUPOBATh aJITOPUTMbI ¥ CTPYKTYPbI JAHHBIX IJIs1 KPYIIHbIX HAO0OPOB JaH-
HbIX, pa3MelIeHHbIX Ha I}cKe. B yacTHOCTY, MbI y3HaeM, Kak paboTaroT IMOUCK,
BCTaBKa U yJaJieHye JaHHBIX B PasHbIX BMIAX 6a3 MaHHBIX, KaK 3)(PeKTUBHO
COpTMPOBaTh Gosblye Gaiyibl Ha aAyucke. Mbl Takke pacCMOTPUM pasjinuus B
CTPYKTYpe UHAEKCOB B 6a3ax JaHHbIX, ONTMMMU3MPOBAHHBIX IO, UT€HME U IO,
3aIMCh. [IepBbIM IIArOM Ha 3TOM ITyTH OyIeT MTOHMMaHNe TOr0, Kak CTOMMOCTb
omepaLuii BBoga-BbIBOA (TO €CTh CTOMMOCTD ITepeaul OMHOr0 6J10Ka JaHHbIX
C IYICKa B OCHOBHYIO ITAMSITh) IOMUHMPYET HaJl CTOMMOCTBIO pabOThI LIeHTpab-
HOTO Tpolieccopa B Tpu win 6omee pa3. Takum o6pa3om, 00beKTUB, 4epe3 KOTO-
pbIii MbI OyieM HabGMIOIaTh 32 9(PGEKTUBHOCTBIO JITOPUTMA, OYIEeT pa3sMbIBATh
BCE, UTO IIPOVCXOOUT B OII€PATUBHOI MaMSITH, U CY>KaTh IOJIe 3peHus 10 mepe-
JIauy JAHHBIX MEXIY AMCKOM M OIepaTUBHON maMsThio. OCBOeHME CII0COO0B
npoBeneHus aHam3a «O» GOJIbIIOe C TOUKY 3peHMsI ITIepeHoca JaHHbIX C IJCcKa
OymeT OHUM U3 TJIaBHEMIIMX BhIBOJOB yacTu I11.
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BeepeHue B Mogenb
BHELWHen NaMsATU

OTa IJlaBa OXBaTbIBAET cjieayroinre HKe TeMbI:

B BBeJeHNe KOMIIbIOTE€PHbIX OFpaHM‘IEHM]Z, B/IIMAIOIINX HA pa3pa-
6OTKy HpI/IJIO)KeHI/Iﬁ C MHTE€HCMBHBIM MCIIOJIb3OBaHVEM JaHHBIX;

B BBEJcHIE U OIIMCaHMe MOOe/IN BHeIIIHEeN IIaMATHU;

| pa3pa60TKa IIPOCTBIX aJITOPUTMOB CKaHMPOBAHMSI, ITOMCKA U CIINA-
HISI JAHHBIX BO BHEIIHEN! MMaMsITH,

m  0030p BapMaHTOB MCIIOIb30BaHMsI, B KOTOPBIX MCC/IeN0BATEIN JaH-
HBIX ¥ IPOTPAMMMCTbI pabOTAIOT C OTPOMHBIMY (aiimamu;

® IpuMeHeHMe o603HaueHus «O» 60bIIoe a1 u3MepeHus shdek-
TUBHOCTY JITOPMTMOB C TOUKM 3pEHMSI OTIepalii BBOOA-BbIBOIA.

B aT0i1 M1aBe mpecTaBieHbl OCHOBOTIOATAIOIINE UIEN, KOTOPbIE COCTABJISIOT
TPEThIO YaCcTh KHUTU. BHavase Mbl TTO3HAKOMMMCSI C aJITOPUTMaMMU PabOThI C
BHeEIIIHE MMaMsIThbIO ¥ MOJEIbI0 BHEIIHEN namsT [1]. DTa Moaesib HayuyuT pac-
cMaTpuBaTh 3(PpheKTUBHOCTb aITOPUTMOB U CTPYKTYP JAHHBIX B KOHTEKCTE pa-
60TbI C KPYITHBIMYM HabopamMu JaHHbBIX, XPaHSIIVMMCS Ha JVCKe.

BONbIIMHCTBO TIPUIIOKEHMI COOepKaT JaHHble B TOM WM MHOM TUIIE JIO-
KaJIbHOTO MJIM JUCTAHIMOHHOTO XPaHWINILA, SPKUMU TIPUMepaMy KOTOPOTO
SIBJISTIOTCS paiiibl M 6a3bl JaHHBIX. XpaHWINILA 00eCeunBaT IM6KOCTh, O-
3BOJISIIOIIYIO TOJITOBPEMEHHO ¥ OYEHb JIeleBO (PUMKCUPOBATH KPYITHbIE 00BEMbI
IaHHBIX. [laske KOr[a CCTeMa M3BJIeKaeT BhITOAY U3 CBOAOK AAHHBIX, KOTOPBIE
OBICTPO YIOBJIETBOPSIIOT 3aIlPOChl M3 OMEPATMBHONM MaMSTH, Mbl BCE PaBHO
XOTUM XPaHUTh M3HAUaIbHbIe JaHHbIE B KAKOM-HMOYAb 6onee MeIJIEeHHOM U
BMECTUTEIbHOM XpaHwiuiie. Kak Mbl Buaenn Ha rpumepe GuibtpoB biryma u
cucteMbl Google WebTable, Korga 3ampoc Bo3Bpaliaer MpucyTcTeyeT, Mbl 06pa-
raeMcs K AMCKY, YTOOBI MOYYUTD Mapy (K04, 3HaUeHMe) ¥ MeTaJlaHHbIe 100
BBISICHUTD, UTO MbI MeeM JIOKHOTIONIOKUTENbHbI Pe3y/ibTar.

CTPYKTYpbI TaHHBIX B OCHOBE PEISIIIMOHHBIX (M IPYTUX TUIIOB) 6a3 JaHHBIX
YUMUTBIBAIOT YCTPOIVICTBO XPAHWINII, U TTAMSITH, UTOOBI ITpeAJiaraTh ONTUMAallb-
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HYIO IPOU3BOAUTENbHOCTD OIlepaluii C AUCKOM, ¥ OHU OTJIMYAIOTCS OT CTPYKTYD
IaHHBIX, KOTOPbIE ONTUMAJIbHO BBITIOJIHSIOT T€ K€ 3aJaHMs B OTIepaTUBHOM Ia-
MATU. Kak MbI yBUIMM, MUPBI CTPYKTYP JaHHBIX B ONI€PATUBHONM NaMATU U Ha
JIVCKe CyUIeCTBEHHO pasjnyaroTcs. [IpoBoast aHamormm Mmexxay OByMs TUIIaMU
CTPYKTYP JAaHHBIX Y QJITOPUTMUYECKUMM KOHCTPYKLIMSIMM, MBI CTPEMUMCS ITPO-
JIeMOHCTPUPOBATh OOIIVE TEMBI U aITOPUTMUYECKME MHCTPYMEHTbI, KOTOPBIE
MOTYT OKa3aThCsI ITOJIE3HBIMM TTPY PelIeHN M JTI0ObIX 38/1a4 Ha AVICKE.

[Tpexxe yem OBUTaThCS Lajblile, 1aBaiiTe yTOYHUM, YTO MBI MIMeeM B BULY,
KOTAA TOBOPUM «IMCK». B 3aBUMCMMOCTM OT KOHTEKCTa AaHHble MOTYT Xpa-
HUTBCS B PA3HbBIX TUIAX JIOKAJIbHBIX WM OUCTAHIMOHHBIX XPAaHUJINIL, TAKUX
Kak JIOKaJbHbII TBepAOTe/NbHbIN HakonuTeab (SSD), ToKaabHbIIT MarHUTHBIN
ICK, 06J1aKO0 MJIM HEKOTOpast KOMOMHAIMS 3TUX TpeX. B 9T0Ii r/1aBe MbI OymeM
Ha3bIBaTh BCE 3TY YCTPOICTBA XPAHEHMUS IIPOCTO «IUCKAMM», [IOCKOJIbKY LI€HT-
panbHble MMPOO6JIeMbl, KOTOpbIle Mbl ITJIAHVPYEM pelllaTh, SBJSIOTCS OOIIMMU
IJISI BCeX TUIIOB XPaHWJINIL, TIaBHO M3 KOTOPBIX SIBJISIeTCSI HU3Kasl CKOPOCTh
Jocryna. Mexxay pa3HbIMU TEXHOJOTUSIMY XPAaHEHMSI TAHHBIX €CTh MHOTO pas-
JMYMIL BO BpeMeHax JI0CTYIa; HalpyuMep, TBepAOTeTIbHbIe HaKOmuTe u obia-
JIar0T XapaKTepUCTUKAMU ObICTPOIEiCTBYISL, KOTOPbIE BO MHOTMX OTHOIIEHUSIX
MPEBOCXOST MarHUTHbBIE OVCKY, HO UX MIPOU3BOAUTENbHOCTb HELOCTATOUHO
BBICOKA, YTOOBI MMOJTHOCTHIO YCTPAHSTh MPOOJIEMbI, KOTOPbIE MbI PACCMOTPUM
B 3TOJA IVIaBe.

OcCo6eHHOCTY KOHCTPYKIMM KOMITBIOTEPHOTO OOOpYHOBaHMS, TaKue Kak
pas3pbiB B MPOU3BOAUTENBHOCTY MPOLIECCOpa, MepapXusl MaMsITH, 3aJepKKa U
MPOITYCKHAS CITOCOOHOCTD, GOPMUPYIOT BaSKHYIO OCHOBY /IS TOHMMAaHMS TOTO,
KaK KOHCTPyUpoBaTh 3 PeKTuBHbIEe CTPYKTYPhI JAHHBIX [1J151 BHEIITHEl MaMsITH.
PexkomeHTyeM TiepeunTaTh pasnen 1.4 mepBoit riaBbl, YTOObI OCBEXKUTH B Ta-
MSITH 3T TeMbl. Huke TIpyBeeHbl KITI0ueBble 0COOeHHOCTH, KOTOPBIE IealoT
Mpo6seMbl, CBSI3aHHbIE C pa3pabOTKOV aATOPUTMOB BHEITHEN TTaMSITI, HOBBIMU
Y YHUKAJIbHBIMMU:

O o006bem ocHOBHOI maMsTy (O3Y) 3HAUUTENILHO MEHbIIIe, 4eM 06beM KPYTI-
HOTO Habopa MaHHBIX, XPAHSIIErocs Ha AVCKe, M MOXKET OJJHOBPeMEHHO
copepskaTh JIMIIb MaJyIo ITOPINIO Bcero Habopa JaHHbIX. Cle10BaTeIbHO,
IIJISL TOTO YTOOBI PEINTh 3a7auy (CKaskeM, OTCOPTUPOBATh (aiii), JaHHbIe
IOJIKHBI BBOOUTBCSI B OCHOBHYIO ITaMSITh 4 M3BJIeKATbCsI M3 Hee 10 Yac-
TSIM;

O [uckoBble JaHHbIE NOCTABISIIOTCSI MTOOYepeSHbBIMY MOPUUSIMU (TO eCTh
6;o0kamu/cTpanniiaMn). BHeceHne 6;10Ka TaHHBIX B OCHOBHYIO MAMSITh —
DIOPOTOCTOSIIIIAsT OTiepalysi, KOTopasi KOMIIEHCUPYeTCsl TeM, UTO 610K CO-
JOEePKUT MHOTO 37IeMeHTOB. He3aBUCHMO OT uyc/ia 9J1eMeHTOB B 610Ke —
OJLIHOTO 3JIeMeHTa WJIM ThICSUM — MBI IIJIATUM OAVHAKOBYIO CTOMMOCTD B
pa3Mepe OIHOI Mepenaun JaHHbBIX;

O BbBIMOTHEHNE OJJHOKPATHOTO 6JIOYHOTO BBOJIA/BBIBOJIA, TO €CTh ITepelaun
C IViCKa B OCHOBHYIO [TaMSTh B paMKax Orepaiiii BBoJa-BbIBOA, BbITION -
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HSeTCS OUeHb MeJIeHHO 1 MosKkeT 6bITh B 100—1000 pas MenajieHHee, uem
00BIUHAST BBIUMCIUTEIbHAS Oepalnys B OIIepaTUBHOM aMsITH;

O mnowiemoBaTeNbHbBIN MOPSIOK JOCTYIIA K JAHHBIM Ha IVCKe ObICTpee, YeM
CIyvaliHblil nopsnok. [lowienoBaTenbHbl JOCTYI XapaKTepu3yeTcsl Bbl-
COKOIJ1 ITPOITYCKHOJ CITOCOOHOCTHIO0, a TPOM3BOIBHBIN TOCTYIT COTPSKEH C
BBICOKOJ 3a1€ P>KKOIA;

Q uTeHUe C OUCKa, KaK IIpaBUJIO, IIPOUCXOONUT 6bICTpee, ueM 3aIllcCb Ha AMCK.

B cyXoMm ocTaTKe B 3TOii IJIaBe BbI TOJKHBI HAYUMUTHCSI PACIIMPSITD TI0JIe 3pe-
HMUSI, abCTParupysach OT OMePaTUBHO MaMsITH, UTOObI BUIETh OOIIYI0 KapTUHY
repeMeleHns JaHHbIX TyAa-CIoa MeKIY AMCKOM ¥ OCHOBHO MaMsThio. I1o-
HMMaHMe TOrO, YTO acCIleKT Iepefaur JaHHBIX SIBJSETCS Y3KMM MEeCTOM [IJIst
MHOTUX CYIIECTBYIOIIMX MPUIOKEHNIA, @ BCe, UTO IPOMUCXOIUT B OMePaTUBHOI
maMsTH (HarpuMep, UCII0Ib3yeMble aiTOPUTM BHYTPEHHE aMsI TV MJIA CTPYK-
Typa JaHHBIX), 3a4aCTYIO SIBJITETCS MPOOIeMOii BTOPOTO MOPSIIKa, — OOUH U3
K/IIOUEBbBIX YPOKOB 9TOJ I1aBbl. [lepexos K TaKOMYy 00pa3y MBbIIIIEHNUST He BCer-
Ila TIPOCT, YUUTHIBASI, UYTO MbI IPUBBIK/IM CUUTATh CPAaBHEHMS, apudMeTruecKe
oreparui 1 rpoyee, YTO MPOMUCXOIUT B ONIepPaTUBHOM MaMSITH, a TaKKe MMeThb
B pacIiopsKeHuy BeCh Habop JaHHbIX. Mbl IPOJOJIKIUM MCII0NIb30BaTh 0603HA -
yeHme «O» 6O/IbIIOE, YTOOBI JaBaTh XapaKTePUCTUKY BPEMEHM BBITIOTHEHMS
aJITOPUTMOB, HO OTHBIHE BbIpaskeHUs1 BHYTpu «O» OOIBLIOrO OYAYT OTpaXkaTh
UMC/IO0 Mepeaay JaHHbIX, a He [IMKJIOB IeHTPaJbHOTO Ipolieccopa. [Ijisi Toro 4To-
ObI 3aKPEIUTHCS B 3TOV HOBOJ KapTuHe MKpa, fajaee Mbl IIPeaCcTaBMM MOJE/b
BHEIIIHeJi MMaMsITH M IOKaXkKeM Iapy 0a30BbIX aJIfOPUTMUUYECKUX IIPUMEPOB, B
KOTOPbBIX OHA CUMY/IUPYETCS.

9.1 Mopenb BHelUHel naMATU: npeaBapuUTe/ibHbIe
cBeAeHUs

Mopesb BHEITHE ITaMSTH, WJIX MOJIENb TOCTYIIA K IVICKY >, ObLJIa BIIEPBbIE MTPej -
JioxkeHa B 1988 rony, Korga MHOTMe KPYITHbIE OpraHu3anyuy Ha4yaiu CTaIKUBaTh-
Cs1 CO CBOMMM MEPBBIMM MIPOOIeMaMy TPy paboTe C MaCCUBHBIMU TaHHbBIMMA.
C Tex 1op OHa 3apeKOMeH/I0BajIa ceOsl KaK HEBEPOSITHO TOJIe3HbI MHCTPYMEHT
aHa/IM3a AJITOPUTMOB JJIS1 TPUJIOKEHUIA C MUHTEHCUBHBIM MUCIIONIb30BaHMEeM [1aH-
HbIX. YKa3aHHas1 MOMeJb u306pakeHa Ha puc. 9.1.

B Mopenu BHeniHel aMsITy KOMITbIOTEP COCTOUT M3 BHEUIHErO XpaHWINIIA
(mMcka) 6€CKOHEYHOr0 pasMepa ¥ OCHOBHOI MaMSITU OTPaHMUYEHHOIO pasMe-
pa M. [JlaHHbIe IMepBOHAYAIBbHO XPAHSITCS Ha JUCKE U IepefarTcs MeXny OUC-
KOM ¥ OCHOBHOJ ITaMsThI0 6;10KaMy pa3mepa B. Cpa3y mocjie Toro Kak JaHHbIe
MpUOBIBAIOT B OCHOBHYIO ITAMSTh, BCE BBIUMCIEHNS B HEll 1 BCe OCTAJIbHOE, UTO
C HUMM JeJIaeTcsl, OCYIIEeCTBISIOTCST 6ecriaTHO. Hampumep, BHecs GJIOK JTaH-
HBIX B IIAMSITh, BBl MOXKETE CUUTATh €r0 OTCOPTUPOBAHHBIM, €CJIM BaM HYKHO,
yTOObI OH ObUI OTCOPTUPOBAH. CTOMMOCTh COPTMPOBKM B3UMAaThCSl He OyIer.

75 Aur. disk-access model (DAM). — IIpum. nepes.
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JTioboe 3HAUMMOeE BbIUMCIeHME (KOTOpoe He TpebyeT IMpeBbINIEHNST pa3Mepa
OCTaBIIIeNCST MaMsITH!) MOKHO CUMTATD y3Ke BbIIIOJHEHHBIM. B31MaeTcst TOJIbKO
CTOMMOCTb OHO epenauy JaHHbIX B ONePaTUMBHYIO IaMSITh B paMKax orepa-
LIMY BBOZA-BbIBOJA.

ANCK
OCHOBHAS

‘HJ BNOK NAMATb uny
mEF=|[] ™ M“F

OO ‘PASMEP M

11 BECKO- = I U iD

HEYHbI/ PAIMEP B B
PA3MEP

v.____v_/
BPEMA TPAHCTOPTUPOBKY ) ) BPEMA
3ABEPLIEHNA
3
aymcnenne BECTUTATHO

PucyHok 9.1 Mogenb BHeWHeN NaMaT. 3Ta MOLe/b NOAXOAMT AN aHaNU3a
NPUNOXEHMHM No 06paboTKe MACCUBHbIX AAHHbIX, B KOTOPbIX 3aTPaThbl HA BbIYMCIEHMS
B ONEPATMBHOM NaMATV MOMNOLLAKTCA ropa3ao 6G1blWMMKM 3aTpaTaMmM Ha Nepefady
[aHHbIX C AUCKA B OCHOBHYH NamaTb M 06paTHO. BoiuncneHns He coscem BecnnatHsl,
HO OHW HACTO/bKO AELIeBe, YeM CTOMMOCTb Nepefayn AaHHbIX, YTO BO MHOMMX
NPUNOXEHUSAX OHU HAKTUYECKM BecniaTHbl

[TapameTpbl M 1 B MOXXHO TpaKTOBaTh KakK 3HaueHMs, ofaBaeMbie B ajiro-
PUTM. B 3aBUCUMMOCTHM OT KOH(GUTYpaLyuyu 060pyIoBaHMs pa3Hble KOMITbIOTEPbI
MMEIOT pa3Hble 3HAYeHMs ImapaMeTpoB M u B. 3Tu mapaMeTphl TaKKe OyIyT Io-
SIBJISITbCSI B aHaymm3e «O» O0JIbIIoe aJrOPMTMOB BHEIHEN ITaMSITH, ITOCKOIbKY
OHM OYIyT MCIOb30BaThCS J/IsT aHaM3a 3¢hdeKTUBHOCTY. MeCTO MOSIBJIEHUST
KakJoro rmapaMeTrpa B IpaHyile IOMOKET HaM JIy4llle ITOHSTb POjib, UTPaeMyI0
KaXIbIM M3 HMX. PazmMep Halmx BXOAHBIX JAHHBIX HA MPOTS)KEHUM BCelt Jac-
™ 3 6ymeT paBeH N, 1 oH 6GymeT o603HavaTh O6IIMIT 06beM JAHHBIX (TO €CTh
N 351eMeHTOB pa3Mepa HeKOW eIVHUIIbI).

CrenyeT YUYMTHIBATh, UTO Jake HECMOTPS Ha TO, UTO B aHaju3ze «O» 6oJb-
1II0e KOHCTAaHTbI He BaKHbI, a 3HaUeHUs B 1 M 1j1s1 KOHKPeTHOTO KOMITbIOTepa
MTOCTOSIHHBI, Mbl OyIeM CMOTpPeTh Ha HUX Kak Ha IapaMeTpbl, KOTOPbIe MOTYT
YBEIMYMBATBLCS Y U3MEHSIThCS, ¥ BPEMSI BBITIOJTHEHWS aITOPUTMOB OyIeT rmapa-
MeTpU30BBIBaThCSI MMK. Hammpumep, mbl He 6ymem yrpomiats O(N/B) mo O(N),
Iasxke eciv B pacTeT He Tak, Kak, [0 HAIIMM OXUAAHUSIM, OYIyT PACT BXOIHbBIE
JaHHbIE, TO ecTh N.
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Yro o3HauaeT B? B 6uT, B 1ieI0UMCIeHHBIX ITIepeMeHHbIX, B 64-6UTOBBIX CJIOB
WJIA YTO-TO COBEPIIEHHO Apyroe? Ecau Mbl HEYKOCHUTEIbHO BhIOMpPAEM OGHY U
TY 3Ke equHUIY u3mepenust 1151 N, M u B, To BbIGOD He TaK BaskeH, IOCKOJIbKY CO-
OTBETCTBYIOIIVE COOTHOIIEHNS OCTAIOTCSI HEM3MEHHbIMM ; Haripumep, N/B (unc-
JI0 GJIOKOB, 3aHMMaeMbIX HA6OPOM ITaHHbIX Ha AucKe) uiu M/B (4n1ciIo 6JI0KOB,
YMEIAIOUIMXCS B OCHOBHO IIaMSITH).

3mech Mbl OyZIeM CUMTATh €OVHUIIE U3MepeHus 06beM MaMsTy, 3aHuMae-
MBIl OIHMM KOHKPETHBIM 3JIEMEHTOM JAaHHBIX B HA0Ope JaHHBIX, C KOTOPBIM
MbI paboTaeM, 6yIb TO CTPOKOBOE 3HAUEeHMeE, IeJIOUMCIeHHOE 3HaUeH)e, 3Have-
HIe C TUTaBaoIIei TOUKOI MIM KaKOo¥-1Mb0 60siee KPYITHbIN U CJIOKHBIV OOBHEKT.
Pany mpoCTOTHI MbI TAKKe JOITYCTMM, YTO BCE JIEMEHTHI B OMHOM Habope IaH-
HBIX MMEIOT OJMHAKOBBII TUII M 3aHMMAIOT OJIMIHAKOBbIII 00BbEM IIPOCTPAHCTBA,
Jaske eCJIv peajJbHOCTh B 9TOM CJTyuae 6yIeT HaM MPOTUBOpeunTh. Hanpumep,
OIIBIT M UCC/IENOBAHMS ITIOKA3bIBAIOT, UTO 3aIIMCH B 0a3ax JaHHBIX MOI'YT MMETh
OueHb pa3Hble pasMepbl, YTO MOXKET CYIIeCTBEHHO BJIMSTH Ha BPeMs BbIMOJ-
HEHUSI aJITOPUTMOB, KOTOpbIE€ CJIEIIO IIPEIIOJIaraloT, UTO BCe 3alMCU MMEIOT
OIMHAKOBbIN pasmep. Ecau Bbl XOTUTE Y3HATh MOAPOOHOCTH, TO PEKOMEHIyeM
03HAaKOMMUTBCS C MCC/IEIOBAaHUSIMM B-IepeBbeB B UaCTU KJIIOUEil pa3HOIO pas3-
Mepa WIM COPTUPOBKY ¢ MHGOpMAaIlMeii, Kacaroleics eHbl KaskIoro pasMepa.

Ho 17151 TOro 4ToOBI Yero-To JOOUTHCS, HY;KHO IIPUHSITh HECKOIbKO YIIPOIIa-
IOIIMX JOMYIIeHuii. B mr06oM crydae, Mbl MCXOAUM U3 CJIEAYIOIIUX HUKe rapa-
METpOB:

O N =uucio 3ammceii B Habope JaHHbIX, XpaHIIIEMCST Ha JUCKE;
O M =4ucmno 3amnuceit, KOTOpble MOTYT YMECTUTbCSI B OCHOBHOM MaMSITH;
O B =uuio 3anuceit, KOTOpble MOTYT YMECTUTbCS B OHOM GJIOKe.

Pasmep B 06bIUHO paBeH pa3Mmepy 6jI10Ka, ITepegaBaeMoro Mexay AUCKOM U
IMaMSITbhIO, U Yallle BCETO COCTaBJIsIeT OT 4 10 64 K6. Ha HEKOTOPBIX TBEPHAOTENTh-
HbIX HAKOMUTENSAX pa3sMep 6J0Ka COCTaBJSET MOpsiaKa mapbl Merabaiit. B jio-
60M Cydae, BasKHO TTOHMMATh, UTO OAMH OJIOK COMEPKUT THICSUM 3JIEMEHTOB,
roovyepesHO pasMellleHHbIX Ha Ayucke. Pasmepsl MaMsTy Takke BapbUPYIOTCS,
¥ B HACTOSIIIee BpeMsi CpeHUIT KOMITbIOTep uMeeT rhe-To oT 8 mo 32 I'6. Ox-
HAKO He BCe 3TO MPOCTPAHCTBO MUCIIONb3YETCS IJISI BBIUMCIEHUIA, TOCKOIbKY B
OIlepaTMBHOJ ITAaMSITV XPAaHSITCSI BCe paboTalolIe IPOrpaMMBbl, OIepaliIOHHAs
cuctema u T. . Pazmep N Toke BapbMUpyeTCs, HO €I Mbl TOBOPUM O JaHHbIX,
XPaHSIIMUXCS HA AUCKEe, TO MbI IOJIKHBI ObITh TOTOBbI K OUeHb 60TbIIINMM Habopam
IaHHbIX. HarpyMep, co3maTeny CUCTeMbI YITPaBIeHUs PeISIIMOHHbIMY 6a3aMu
nmaHHbIX Teradata yTBepsKIArOT, YTO OHM MOTYT pa3MeIlaTh 6a3bl JaHHBIX pa3-
Mepom 1o 50 merabaiit (I16). ITomBoast UTOT, 6yaeT IMPaBUIbHO ITPEAIIONIOKUTD,
YTO B OOJMBIIMHCTBE cuTyauuit N HaMmHOro 6osbiie, ueM M, 1 M Bce ellle 3HAUM-
TeJbHO GoJIbllle, YeM B, 1aske HECMOTPS Ha TO, YTO Pa3pbiB MEXKIY ITOCIETHUMMA
rapamMeTpamMy HAMHOI'O MeHblle. [[aBaliTe IIpuBeneM 3Ty MOLeNb B eliCTBME B
HECKOJIbKMX IpUMepax.
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9.2 MNpumep 1: oTbiCKAHME MMHUMYMA

IIOBOIBHO YacCTO BO3HMKAET IOTPEOHOCTh HAMTM MUHMMAIbHOE 3HAUYeHMe
B Habope 3HaueHMii. C TOUKM 3peHMs] TPAAULMOHHBIX aJITOPUTMOB IJISI 9TOTO
TpebyeTcst TMHEITHOe CKaHMPOBaHME 3JIEMEHTOB B CITVICKE, B KOTOPOM XPaHSIT-
Csl 2JieMeHTbI. Terepb pacCMOTPUM aHAJIOTMYHBIV BapMaHT UCIIO/Ib30BaHUS OIS
BHEIIIHEN ITaMSsITH.

9.2.1 BapuaHT ucnonb30BaHUS1: MUHUMaJbHbIN
MeAUaHHbIA A0XO0A

Iorryctum, BbI paboTaeTe B cTapTare, KOTOPbIii MOIeIMpyeT AeMorpaduio u
IaHHbIe TIeperucy HaceJeHUs M BU3YaIM3UPYeT UX [J1s1 CBOUX M0JIb30BaTeseit
(manpumep, Social Explorer B www.socialexplorer.com). B 60/1b1110M umciie TaGIInIL
COZlepsKaTCs arperMpoBaHHbIe JaHHbIE, IIPY 3TOM OT/Ie/IbHbIE 3aII/ICH B TaOIMU-
HbIX JAHHBIX O JOXOAaX arperupyrTcs I0 YPOBHS Aemorpadudeckoro 6yoka.
Mpb1 6yzmeM pasindaTh gemMmorpadudeckye 610K 1 IMCKOBbIe 610K, Ha3bIBasI UX
COOTBETCTBEHHO demoezpaguueckumu 6J10Kamu v IPOCTO O10kamu. Teppuropust
CIIIA pasgenena Ha 6omee yvem 10 MJIH memorpadudeckux 6JI0KOB, M TabIMUIIa
Kakmoro gemMorpaduueckoro 6j0Ka COOEPsKUT 3HAUUTEeIbHbI 06beM MHpOP-
Maluu, YIOPSIIOYEHHO IOC/IeIoBaTeIbHO 110 610KamM. OmHa 13 IepeMeHHbIX
BKJTIOUAaeT MeIMaHHbIN TOXOMd, M Mbl 3aMHTEPECcOBaHbl HaiiTU memorpaduue-
CKMIi 6JIOK C MMHMMAaJIbHBIM MeAMaHHbIM 0X0goM Bo Bcex CIIIA.

daxkTHYecKy y HaC HeCOPTUPOBAHHBIV MacCuB 13 N 11eJI0UMC/IeHHbIX 3arceii
Ha IMCKe, M HaM HY)XKHO HaliTM MMHMMAJIbHOE 3HaueHMe. B Mype «0ObIYHBIX»
aJITOPUTMOB OYIEeT JOCTATOYHO IMPOCTOro ukia for, Tpedyroomero O(N) cpaB-
HeHMIi. EC/IM IpMMeHNUTb aHaJIOTUYHbINM MOAXO0M, KOTHA JaHHbIe PacIoIosKeHbI
Ha JVICKe, TO BMECTO 9TOrO MbI GepeM OJIOKM JaHHbBIX, HAUMHASI C TOTO MECTa,
rle HAUMHAIOTCS JAaHHbIE, BIUIOTh A0 CAMOTO ITOC/IemHero 6/10Ka, ComepsKalliero
JII000#1 M3 HAIIMX JIEMEHTOB. PacCMOTpUM B CXeMbI UYTEHMS JAHHBIX B OIle-
paTMBHOM MaMSITH M Ha JMUCKe B TICEBIOKOIE.

BoT KaK Mbl yMTaeM JaHHbIe M3 OTlepaTUBHOI MTaMSITH:

min = INT_MAX
for 1 in range(N)
if (A[1] < min)
min = A[1]

BoT KaKk MbI unuTaemM OaHHbIe C JMCKa:

BLOCK_SIZE = 1024
min = INT_MAX
for 1 in range(ceil(N/BLOCK_SIZE))
BLOCK = read_block(filename, file_start + 1*BLOCK_SIZE, BLOCK_SIZE)
for 1 in range(BLOCK_SIZE):
if (BLOCK[1] < min):
min = BLOCK[1]
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Bropoit parMeHT IceBIOKOAA UMTAeT GJIOK JaHHbIX, YKa3biBas uMs ¢aii-
Jia (OHO COOOIIAeT CTAPTOBYIO MO3UIMIO (aiiia), CMelleHne, TO eCTh TTO3UIAIO
BHYTpU (baiina, v pazmep unMTaeMoro 6;J10Ka, HauMHasi C 3TO Mo3uLun. B mpuBe-
IIeHHOM BbIIlIe TICEBIOKOAE MPUHSITA apa YIIPOILAIIUX AOIYILeHMIA, HAllpU-
Mep uTo ¢aity HaumHaeTcs (file_start) mMpsiMo Ha rpaHuile 6JI0Ka, UTO GbIBAET
He Tak. [ToCKO/MbKY JMCK TofpasieneH Ha GJIOKM MaMsaTy, a 610K MMeIOT, KaK
IIpaBUJIO, JOBOJIBHO GOJIBILION pasMep, HeT HMKAKOM rapaHTuy, 4To Haill ¢aiin
OymeT HauMHATBCS C Havasia 0yioka. B pyHKuMM read_block MPUHSTO OOITyIIE-
HIe, YTO eC/IM MCKOMasl MO3UIMs HAaXOOUTCS B cepenyiHe 60Ka, TO QYHKLMS
IOJIKHA TIOJIXBATUTH OJIOK, COfepsKaIiyii Hy>KHbI HAM 3JIEMEHT.

HeckonbKko 3aMeuaHmnii 0 NporpaMMMPOBAHUM BO BHEIIIHEN MaMsITU: Hallpy-
Mep, Ipu paboTe ¢ KpynmHbIMM (aitmamu Ha Python MOXXHO MCIOTb30BaTh PSIf
O6MOIMOTEK, KOTOPbIE TO3BOJISIIOT BBIMOIHSTH CUCTEMHbBIE BBI3OBBI, TAKME KaK
open ()11 OTKpBITHS (paiina), seek (ST MOVICKA TOW MM MHOM MO3ULINM B (aii-
Jie) W write (IJIS 3alMCH B TY WIM MHYIO MTO3ULMIO B (aiine). [pybo rosops,
seek COOTBETCTBYET paHee YIIOMSHYTOMY AOPOTrOCTOSIEMY UTEHUI0 B paMKax
orepalyii BBOJa-BbIBOJA, HO OTC/IEXMBATh TO, KaK OIlepalMOHHAas CUCTeMa
repeTacoBbIBaeT 6J0KM Ty[a-Ciojia, OueHb TpyaHO. OmepalyoHHas CUCTeMa
MMeeT GOJIbIIOe UMCI0 BCTPOEHHBIX ONTUMM3aLMii, KOTOPble paboTalOT «IIO
KaIloTOM», pelasi mpobyieMbl BBOIa-BbiBOa. Hammpumep, eciu oreparMoHHast
CUCTEeMa 3aMeyYaeT, YTO Mbl ITOCIeA0BaTeIbHO 06pallaIich K HECKOJIbKMUM 6J10-
KaM, TO OHa MOXET JOCTaBUTh HECKOJIIBKO BJIOKOB, KOTOpbIE CJIEAYIOT 38 HUMM,
elle 70 TOrO, KaK MbI UX 3alIPOCUM, UCXOAS U3 TOTO, UTO 3TO TO, UTO MbI, BO3-
MOSKHO, 3aXOTUM C/IeJIaTh Aajbiie. KpoMe TOro, KOrja Mbl CUMTHIBAeM OJIOK B
OCHOBHYIO MIaMSITh ¥ 3aT€M €ro M3MeHsieM, OrlepallMOHHas CUCTeMa MOXKET OT-
Ka3aTbCsI OT €ro HeMeJIeHHO 3amucy 06paTHO Ha JMCK ¥ BMECTO 3TOTO Tpej -
rmovectb 6yepr3oBaTh ero B ONepaTMBHON MTAMSITH M 3aIIMCaTh 00PATHO MO3Ke
C pAIOM APYTUX GJIOKOB B MTOC/IEA0BATENbHOCT.

910 Gosbias 1 BaskHas TeMa, HO, paccKa3biBast 06 aJiropyTMax BHEITHel  ma-
MSITU, MbI CTPEMUMCSI OOUTHCS TOHMMAaHMS KOHIIEMIMIA ¢ a6CTPaKTHO TOUKM
3peHMs U CBSI3aHHBIX C HUMM aJTOPUTMUYECKUX XUTPOCcIieTeHuii. C 3Tol 1e-
JIbIO MbI TIOKa3bIBaeM ITpuMepsl B Python-1mmomo6HOM I1ceBIOKOIE, B KOTOPOM
dbusuyecku 6epem Te WK MHbIE OJI0KM, YTOOBI TOKA3bIBATh PAOOTY anTOpPUTMA,
Jaske HECMOTPS Ha TO, YTO B peaTbHOM MCXOTHOM KOJIe 3TO OOBIUHO MUIIIETCS He
Tak. MbI cunTaem, YTO TAKOH YITPOIIEeHHbII B3IVISII, CIIOCOOCTBYET TOMY ITOHMMa -
HMIO, K KOTOPOMY MbI CTPEMUMCSI.

Temepb BepHeMcs K HalleMy IpuMepy. Korma Mbl Iocaeq0oBaTe/IbHO CKaHM-
pyeMm OJIOKM Ha IVICKe, MbI BBOIMM OJIOKY OAVH 32 APYTMM B OCHOBHYIO ITaMSITh.
Cpasy mocie mpouyTeHus: 6;10ka OH HaM OoJbIlle He HYXeH, [T03TOMY B JTi060e
BpeMS B ITaMSITV HYKEH TOJIbKO OJIVH 6JI0K OMHOBPEMEHHO, a TAKXKe MepeMeH-
Has min, KOTOPYIO MbI COOTBETCTBYIOIINM 06pa3om o6HoBIsseM. Ha puc. 9.2 mo-
Kas3aH Ipolecc Ha urpyumevyHom npumepe, rae N =11, M = 6 u B = 3. II0CKOJIbKY
Hallli TaHHbIe 3aHMMaAIOT He 6o1ee N/B 6710K0B, aaroputm Tpedyet O(N/B) 1e-
PEHOCOB B MaMsITh (MJIM OIlepaliyii BBOAA-BbIBOAA).



9.2 Mpumep 1: otbickaHue MuHumymMa <+ 251

5 [ l[41] 23 i7/li2 |2 5229 33

\ > \.—W_/ \—-\’.—/ \ - ca®
2-9 ONEPALVA  3-21 ONEPALMS  4-9 ONEPALNS

1-4 B/B B/B B/B
OnE_ o 6 o
PAUNA

BB OCHOBHAS NAMATH

S )1 U

PucyHok 9.2 OTbickaHVWe MMHMMYMA BO BHELUHEN NamsTy.
Bcero umeetcs 11 aneMeHTOB, KOTOPblE 3aHUMMALOT YeTblpe 6/10Ka pa3mepa 3.
MocnenHwuit 6nok He nonoH. B naHHOM npumepe Havano daina NobaoYHO BbIPOBHEHO

31ech Mbl TOAXOAMM K IIEPBOMY Pa3uuyio BO BpeMeH! BbITIOJTHEHUS B paM-
Kax IpaHMll OollepaTMBHON M BHelIHel mamMsTu (Kak ITOKa3aHO Ha puc. 9.3).
B Mupe BHelllHel MaMsATy «IMHETHOEe BpeMsi» eCTeCTBeHHbIM 06pa3om CTaHO-
BUTCSE O(IN/B). DTO CTOMMOCTbD JIMHEMHOTO BUTKA M0 ITI00YEPeSHO YIIOPSIA0UYEeH-
HBIM JaHHBIM. XOPOIIIO, €CJIM Mbl CMOXKEM OCTUYb YacCThb /B, MOCKOJIbKY B Hau-
XyZ[lieMm ciayJae, eciv JaHHbIe He YIIOPSA0YeHbI IT0CAeJ0BATETbHO VN €CIU Mbl
obpalaemMcst K HUM CIy4aiiHbIM 06pa3oM, TO AJisd uTeHus N 971eMeHTOB MOXKeT
norpe6oBaThbest o O(N) orepariinii BBoJa-BbIBOA.

q MOTY HARTY
MYHIMYM 3A O(N)

CPABHEHWH

A g mory
HAATV MAHAMYM 3A
O(N/B) ONEPALWA
BBOAA-BHIBOAR

03y B/B

PucyHok 9.3 PasHuua B rpaHunLax Mexay anroputMOM B ONepaTMBHOM Namatu (Cnesa)
M 3KBMBANEHTHbIM aNrOpuMTMOM Ha Aucke (crnpaBa). OYeHb BaXKHO HE CPaBHUBATb UX
HanpsMyto, NOCKO/IbKY OHWU NPeLCTaBASOT pa3Hble eAMHULbI U3MEPEHUS.
CpaBHeHMe rpaHuL, HeobxoaMMo A8 TOro, YToObl MOHATL M3MEHEHMS
B afiIrOpUTMax BCNEACTBUE APYroi KOHCTPYKLMOHHOM CXEMb
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YnpaxHenue 9.1

Vcmonb3yst onepanyuy Python open, seek, read, write, close u T. 1., co3maiiTe
(aitn ¢ 1 MmIpp, 1esbIX unces (110 OGHOMY B CTPOKE) M COXPaHUTE ero Ha AUCKE.

3aTeM MCIIONb3YIiiTe Te 5Ke BbI3OBbI, YUTOOBI BHIMOTHUTD CJIAYIOIIME HIKe 3a-
IaHUs:

1) BBIUMCINTDB CyMMY MEPBBIX 1 MJTH II€JTBIX UVICEJT;
2) BBIUMCIATD CYMMY CTY4aifHO BBIOPAHHBIX 1 MJTH LI€JTbIX YMCE.

[Tpu BbITIONIHEHMM 060OMX 3a[aHMIT 3ac€KUTe BpeMs 3aJaHus 10 Iepemave
IaHHBIX (HaIpMMep, BbI30Ba seek) ¥ BBIUMCIUTEIBHOTO 3aJaHus (CyMMUPOBa-
HMS JaHHBIX). CpaBHUTE KOJIMYECTBO BpeMEHM, KOTOpOe TpeOGyeTcs Jist KaXKI0-
ro 13 Hux. KpoMe Toro, cpaBHMTE KOJIMUECTBO BpeMEHM, HEOOXOIMMOe ISl 10~
CJieloBaTeNbHOTO U CJIy4aiiHOTO uTeHMs. Eciiu XoTuTe, TO B 3aJaHM 2 3aCeKUTE
BpeMsi, 3aHMMaeMoe BbI30BOM seek. 3aHMMaAET JI OH OAMHAKOBOe KOJMYeCTBO
BpeMeH! B KaXk/10¥1 TOUKe 3KCIIepUMeHTa, ¥ eCJIM HeT, TO MolyMaiiTe O Ipu4mnHe,
¥3-3a KOTOPOI 3TO HE TaK.

9.3 NMpumep 2: nBOUYHbBIN NOUCK

Tenepb maBaiiTe MOCMOTPUM, KaK aJalTUPOBATh Halll CTAPbIil JOOPbI TBOMUY-
HbIN MOUCK K AMCKY. [IJIsI 3TOT0 eCTh HeCKOJIbKO BasKHbIX BAPMAHTOB MCIIOIb30-
BaHMS — BCeraa, KOrga Hy>KHO OTBICKATh TO IV MHOE 3HAUeHMe B YIIOPSA0UYeH-
HOM ¢haiiyie, Ha YM IPUXOIUT ABOUIHBIN MOMCK. IIOCKOMbKY TBOMYHBIN MOMCK
BezleTcsl TI0 Bcemy (aiiry, OyIeT MHTEPEeCHO MOCMOTPETh HA UMCJIO BBITIOIHS-
€MbIX IIepeHOCOB pa3HbIX 6JIOKOB. HO cHauaja paccMOTPUM CIeAyIOIINii HIbKe
BapMaHT UCIOJIb30BaHMSI.

9.3.1 BapuaHT ucnonb3oBaHusl B 06nactu
6uomnHdopMaTHKm

Bl paboTaete crieruanucTomM 1o nHopMaTuke B 6MOMHGOPMATNIECKOM
cTaprane M TpyauTech Hap 3agaueli cekBeHupoBaHus JHK. B mocraBieHHOI
KOHKPETHOI 3a/iaue BbI TTOMYUMIn 60mbIoe uncio K-mep (ofacTpok AjinmHbl K
13 psaga 3agaHHbIX nowiegoBaTenbHocTeit JTHK). Kaxkmass K-mepa MmeeTt cBoe
CcOOCTBEHHOE CTPOKOBOE 3HAUEHMeE, a TAKKe HeOOJIbIIOe UMCI0 APYTUX KITI0Ue-
BbIX CBOJCTB, B&KHBIX [JI51 JajibHeero n3ydyeHus. JlanHble MpeACcTaBaeHbl B
BUZIe OOHOTrO KopTexa (K-mepa, CBOWCTBOLl, CBOMCTBO2, ...) B KaXAON CTPO-
Ke ¢aitta. Pasmep aiina mpeBbicua 1 T6. 3HaueHuss K-Mep COPTUPYIOTCS U
IenyTUIMLIMPYIOTCS, M Bac MHTepecyeT JOKaAM3alus TeX MU UHBbIX 3HaueHUi
K-mep B daiine. JIlaHHbIE CTATUYHBI, [TOITOMY BbI HE 3aMHTEPECOBAHbI B M3Me-
HeHUM Qaiiyia 1Mbo peopraHM3aly B HEM JTaHHbBIX; BbI IIPOCTO XOTUTE MMETh
BO3MOYKHOCTb OIPaNIMBaTh Gaiyl MaKCMMaTbHO ObICTPBIM CITOCOO0M, TTO3TOMY
rpuberaeTe K ABOMIHOMY ITOVICKY.
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Kak gBOMYHBII ITOMCK OyaeT paboTaTh B ONEPATUBHOI MaMSTy IO CpaBHe-
HMIO C IOVMICKOM BHE OIlepaTUBHOI namsaTtu? [laBajiTe mOCMOTPUM Ha IICEBAOKOT,
u puc. 9.4.

JIBOMYHBIN ITOMCK B OTIePaTMBHOM NaMSITU:

binarySearch(arr, left, right, x)
while left <= right:
mid = left + (right - left) // 2
if arr[mid] == x:
return mid
elif arr[mid] < x:
left = mid + 1
else:
right = mid - 1
return -1

2-5 ONEPALNS
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PucyHok 9.4 [1BOMYHbIM NOMCK BO BHELWHEW NaMsaTU. ATropuT™ obpaliaertcs
K OTAe/IbHOMY B/10KY MO KaXKA0M MMEIOLLENCS ONOPHOM TOYKE, 38 UCKIYEHUEM
HECKONIbKMX NOCNEeAHNX OMOPHbIX TOYEK, BCE M3 KOTOPbIX HAXOAATCS B OAHOM 6/10Ke

JIBOMYHBI IIOMCK Ha OUCKE:

BLOCK_SIZE = 1024 (1)
def binarySearchExtMem(filename, file_start, left, right, x):
while left + BLOCK_SIZE <= right:
mid = left + (right - left) // 2
BLOCK = read_block(filename, file_start + mid, BLOCK_SIZE):
if BLOCK[BLOCK_SIZE - 1] < x:
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left = mid + 1
elif BLOCK[O] > x:
right =mid - 1
else:
return binarySearch(BLOCK, 0, BLOCK_SIZE - 1, x)
BLOCK1 = read_block(filename, file_start + left, BLOCK_SIZE)
return binarySearch(BLOCK1, 0, BLOCK_SIZE - 1, x)

@ BLOCK_SIZE coBnagaer ¢ B B TekcTe v aHanM3e BPEMEHM BbiMOAHEHMS

Pe3uaeHTHBIN ABOMYHBIN MOUCK (TO €CTh B OIE€paTUBHOM MaMSTH) BBIMOJI-
nget O(log, N) cpaBHeHMIA, a TaKKe TaKOe JKe YMCJIO UTeHMI U3 TUeeK IaMsTH.

Bepcus Toro ke anropmTMa 1115 BHEIIIHE NaMsSITV M3MeHeHa JIMIIb He3HaY-
TenbHO. [10 CyTH, MbI MO-TIPEXKHEMY XOTUM BBITIOHSTD Ty JKe MOC/Ief0BaTeb-
HOCTb CpaBHEHMI1 1 BbIOMpaeM OJIOKM, COAepsKalliie 3JIeMEHTbI, KOTOPhIE MbI
XOTUM CpaBHUBaTh. ONATh Xe, 30eCh MpPU BbINTOJHEeHUM read_block(filename,
file_start + mid, BLOCK_SIZE) MBI yCTpaHsieM MHOTIYE BasKHbIe IeTa/ii, [I0TOMY
YTO 3TO, 6€3YCJIOBHO, HE TOT C/Ty4aif, Korma file_start + mid Bcerma HaXOOMUTCS HA
rpaHuile 6;o0ka. Cpasy mocse Toro, Kak 6J10K OKa3bIBA€TCSI B OCHOBHOJ MTaMSITH,
BBITIOTHSIIOTCS CIeqyIolie JeiiCTBHMS : eCIM X MeHbIIle CaMOT0 MaJIOTO 3JieMeHTa
6710Ka, TO MBI ITPUCTYTIA€M K IBOMIHOMY IOVCKY B JIEBOJI YaCTV MaccuBa, a ecim
X GoJIbIlle caMOoro OOJIBIIOTO 37eMeHTa 6/10Ka, TO MbI BBITTOJIHSIEM ITOMCK B ITpa-
BOJi YacT. B oCTaJIbHBIX CTy4asix Mbl BbI3bIBa€M (DYHKIINMIO TBOMYHOTO TTOVCKA
B OTI€PATUBHOJ MTaMSITU, YTOOBI BHISICHUTD, HE HAXOAUTCS JIM 3JIEMEHT B GJIOKe.

OmHaKo MPOLIeCC MPOI0IKAETCS TOJIBKO IO TeX ITOp, IT0Ka pasMep ¢aiina, B KO-
TOPOM MbI BBITIOJTHSIEM JBOMYHBII ITOMCK, He CTaHeT 6osblie 6;10Ka. Kak ToMbKO
pasMep MaccuBa CTAHOBUTCS MeHbIIIe pa3Mepa 6/10Ka, Mbl BBOAVM OCTaBIIIMECs
IlaHHbIe, KOTOPbIE YMEIIAIOTCS B OJHOM OJI0OKe, M BCe OCTABINMECSI CPAaBHEHMS
BBITIOJIHSIIOTCSI B OTIEPATUBHOI MaMSTU C MCIO/JIb30BaHMEM M3HAvyaJabHOTO aj-
ropuTma.

B nmpumepe Ha puc. 9.4 mbl umeem N = 128, M = 64 u B = 16. Ecint 6bI B 3TOM
MAEHTUUYHOM aJrOPUTMe IBOMUHOIO OV CKA MbI CYMTAIM TOIbKO YMCJIO CpaBHe-
HMIA, TO IS OTHICKAHMSI MICKOMOT'O 3JIeMeHTa HaM ITOTpe60oBaIoCh ObI IIPUMEPHO
ceMb cpaBHeHMIi. [IOCKO/IbKY HaC MHTepecyeT B OCHOBHOM IOJiCUeT mepeMeliie-
HMII1 6JIOKOB, TO B XYAIIIEM CIydae IS OMCKa HaM ITOTpebyeTcst 0KOJIO 3 orepa-
111 BBOIA-BbIBOAA.

9.3.2 AHanu3 BpeMeHu BbINOJIHEHUS

B 60O/IbIIMHCTBE CJIydaeB MCIIOJHEHMS aJITOPUTMa, IJIS TOTO YTOOBI BBITIOJ-
HUTb CpaBHEHME, KOTOPOe HAIIPaBUT HAC K JIEBOJ JIMOO IIPaBOii CTOPOHE MaCCy-
Ba, Mbl TPaTMM 1 oIepanuio BBOga-BbIBOAA, uTo cocTanyser O(log, N) onepauumit
BBOIA-BbIBOAA. OIHAKO KaK TOJIBKO MAaCCUMB CTAHOBUTCS Pa3sMepOM C OJI0K, MbI
BBITIO/IHSIEM ellle OAMH BBOJ, 6710Ka, 1, TaKuM 06pa3oMm, Bce nocaeguue log, B
CpaBHEHMII MCIIONB3YIOT 1 omepanyio BBOIA-BbIBOIA. B 0011Ieli CJIOKHOCTY MbI
nonyyaem O(log, N - log, B + 1) = O(log, N/B) onepauuii BBOga-BbIBOJA.
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BaskHO ITpoaHaIM3UPOBATD, YTO MTPOVICXOINT, KOTAA OJIOK TOTMAiaeT B OCHOB-
HYIO0 TTaMsITh. B acMMNITOTMUYECKOM CMbIC/Ie HAM He TIOMOTaeT TO, UTO Mbl CpaB-
HMBAEM X C IBYMSI TPAaHNMYHBIMM JIeMeHTaMy 06JI0Ka, a He C OAHUM 3JIeMeHTOM,
KaK B M3HAYAJIbHOM aJiropuTMe. PaccMoTpuM BBOJI, IepBoro 6y1oka. Cpasy moc-
Jie TOro, KaK aJiTOPUTM pelllaeT, OCHOBBIBASICh HA IBYX CPaBHEHMSIX, IEPETU K
JIeBOJ1 MO0 IIPaBOii CTOPOHE MacCKBa, y Hac Bce elle octaercs (N — B)/2 = N/2
aneMeHTOB. TeM He MeHee 06C/ieJOBaHMe TPAHNYHBIX JIEMEHTOB B OJIOKe WU
Iaxke TIOCTelOBaTebHOE CKaHMPOBaHMe BCero 6ioKa — pa3yMHOe pelleHMe,
YUUTBIBAS, UTO OJIOK y3kKe HaXOAUTCS B aMsITu. C TPaKTUUYECKOM TOUKM 3peHMSI,
3Ta MOMpaBKa, CKopee BCero, 6y/ieT BAUSITh Ha ITPOU3BOUTEIbHOCTD, TAKe eCIn
OHa He OyJeT OTpaskeHa B aCMMIITOTMYECKOM BPeMEeHM BbITIOTHEHMS.

Tenepsb, KOrAa MbI ITPOJIEeaan BCe 3TO B KAKOM-TO CMbIC/Ie HEYK/TIOXKIM CII0CO-
60M, mpuBeieM 6oJIee eCTeCTBEHHBIN B3IVISII, Ha aITOPUTM ABOVYHOTO TIOMCKA BO
BHEIIIHe! mamMsaTu. Mbl MOKeM pacCMaTpuUBaTh aJITOPUTM KaK OJIOUHBIN: BMeC-
TO TOTO YTOOBI MCKATh TOYHYIO TIO3ULIMIO X B MacCHBE, Mbl MOKEM ITOyMaTh O
JIOKaM3alyy MPaBUIBHOTO 610K, B KOTOPOM HAaXOAUTCS X (MU Tie OH JO/DKEH
ObITh, €M OH OTCYTCTBYeT). CieloBaTeIbHO, aITOPUTM BBITIOIHSIET JBONYHBIN
MOMCK cpeiy 6JI0OKOB, @ He cpeiyt 97ieMeHTOB. Kak TO/bKO 3/IeMeHT OKa3bIBAETCS
BHYTPY BHEITHMX TPAHUI] HEKOTOPOTO BXOZHOTO 6JIOKA, MICIIOIHEHVE aJITOPUTMa
3aBepIIaeTcs. DTO TaKkKe yrIpoinaeT aHaimms. Y Hac ectb O(N/B) 6JI0KOB, U KaXK-
IbIVi IIar JBOMYHOTO MOYCKA CTOUT 1 omepauuio BBOAa-BbIBOAA. B pe3dynbTare,
KaK ¥ paHblue, mbl oayyaem O(log, N/B) omnepaumii BBoa-BbIBOZA.

Jlorapudmmyeckoe BpeMsi BBITIONIHEHNS B OTIepaTUBHOM MaMsITH ITpefCTaBIs-
eT ONTUMAaJIbHYIO TPAaHUITY TIOUCKA, OY/Ib TO MCITOIb30BaHMe ABOMYHOTO TIOVCKA
B COPTMPOBAHHOM MaccCMBe JIMOO MPOXOKAeHe BHU3 10 COATAHCUPOBAHHOMY
JlepeBy IBOMYHOTO ITOMCKA JorapudMmieckoi rry6mubl. OmHAKO ceifyac BO3-
HMKaeT CJIeLYIOMIMIA BOIIPOC: SBJSETCS M aHAJOTUYHBIN aJTOPUTM JIBOUYHOTO
TI0MCKa Ha IMCKe, KOTOPbIii BhinonHsaeTcs 3a O(log, N/B) Bpems, ONTUMa/IbHbIM
MeXaHM3MOM ToMcKa B daiiyiax 1 6a3ax JaHHBIX Ha JUCKe?

Ecnu naHHble BbJIOKEHBI TPOCTO B COPTUPOBAHHOM MacCHBe ¥ HaM He pas3-
pelieHo KaKMM-I160 06pa3oM MX PeOPTaHM30BbIBATD MM TI€PErpyIIUPOBbI-
BaTh, TO, pa3yMeeTCsl, IBOMYHbIN MOUCK — 3TO Jy4IInii Bbxon. Ho eciu Ham
OymeT paspelleHo KakKMM-I1M60 06pa3om mpenobpabaTeiBaTh JaHHbIE (HATIPU-
Mep, TIepecTaBysITh JIeMeHTbI), UTOObI 0becrieunBaTh Oojiee ONMTUMATbHOE
BpeMsI BBITIOJIHEHUS 3aMpoca, TO Mbl CMOXKeM JOOUTHCSI HAMHOTO OOJIbIIIETO,
yeM JABOMYHBIN MoucK. YnuTaiiTe manbiine, 9TOObI y3HATh, KAK 3TO CAeIaTh, HO
MpeX[e YeM ABUTATHCS Aajbliie, TOMPOOYIiTe BHIMOIHUTD BOT 3TO HEOOIbIIIOE
yIpakHeHHe.

YnpakHeHnue 9.2

Cospaitte ¢ait Ha AMcKe ¢ 1 MJIpJ YIIOPSIIOUEHHBIX 1IeJIbIX UMCesl, TT0 OHO-
My B cTpoke. Hammuimre mporpammy Ha Python, KoTopast oTKpbiBaet Qaiin u
BBITIOJIHSET B HEM JBOUYHBIN MOUCK. VICIIO/Nb3yIiTe CUCTEMHbIE BbI30OBBI read-
line(), seek() 1 tell(), YTOOBI BLIIIOJHUTH STO 3aJaHKe. BBITIOTHNUTE ero Ha He-
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CKOJIbKMX TIpuMepax. 3aCeKMUTe BPeMsI BBITIOJTHEHMS Pa3HbBIX YacTel Imporpam-
MBI U OIIpeenTe Haubojiee BpeMsi3aTpaTHbIe U3 HUX.

9.4 OnTMManbHbIA NOUCK

IIJ1s TOTO UTOOBI TIOHSITH, ITIOUEMY TBOMYHBIN TTOVICK He SIBJISIETCSI IS HAC OITHU-
MaJIbHbIM aJITOPUTMOM MOMCKa BO BHeIIIHEeH maMsTU, JOCTaTOUYHO pacCMOTPETh
J11060Ji GJIOUHBIN BBOZ, IPOUCXOOSIINII BO BpeMs ABOMYHOTO ITOMCKa. Jlaxke
eCcii Mbl BBITIOJIHSIEM peajibHO MOPOTOCTOSIIIYIO OIlepalio BBOAA-BbIBOIA, B
pe3y/ibpTaTe KOTOPOJ B OCHOBHYIO IMAaMSITh MOMALAI0T ThICSIYM I€MEHTOB, Mbl
(bakTMUECKM UCIOIb3YEM TOJIBKO OIVH MJIM BCETO IIapy JIEMEHTOB U3 Hee. DTO
BCE PaBHO, UTO HaHSITh aBTOOYC, KOTOPBII OTBE3ET HA paboTy Bac (M TOJIBKO Bac).
CornacuTech, MOKHO CIe/IaTh U MOJTyYIIIe.

1151 TOTO UTOOBI YBUAETD, KAK 9TO JIeJIaeTCsI, B3IISTHUTE Ha pyuc. 9.5a u N oTcop-
TUPOBAHHBIX TaM 31eMeHTOB. C yueToM pasmepa 6si0Ka, B = 3, kakasi mombopka
2JIEMEHTOB OyIeT HauIydIllei AJjIsl UX YITaKOBKM B 610K, KOTOPbI MbI COOMpa-
€MCSI IOMECTUTD B IaMSITh ITepBbIM? TakK BOT, 9TO OYAYT TPU JIEMEHTA, KOTOPbIE
JeJISIT MacCUB Ha YeThbIpe PaBHbIE YAaCTH; B JAHHOM KOHKPETHOM IIpUMepe 3TO
snemeHThI 15, 31 u 40. Eciiu 661 MBI CO3aIM TaKoii GJIOK, TO TIOC/IEe ero BBoja
IJIST TIOMCKA Y Hac octajicst 6bI MaccuB pasmepom He N/2, a N/(B + 1). Anaino-
TMYHBIM 00pa3soM MOXKHO PEKYPCUBHO IIPOIOJIKUTHL pabOTy C KaskKIbIM OCTaB-
HIMCS TTIOIMacCUBOM, OTOMpasi B paBHOYIAJIEHHbIX OMTOPHBIX TOUEK. [IJIT TOrO
YTOOBI IOHSTh, KAK CTPOUTD 3TU OJIOKM, pACCMOTPUM CTPOUTEIBCTBO HESIBHOTO
JlepeBa IBOMYHOTO MOVCKA ITOBEPX COPTUMPOBAHHOrO MaccuBa (puc. 9.5b), a 3a-
TeM, HauMHas C BEPIIMHBI lepeBa, OyaeM IpyImnMpoBaTh BepxHue B y3/10B me-
peBa, uTo6bI (opMUPOBATh OAMH y3es (puc. 9.5¢). Biaromapst TaKOMY ITOAXOIY
MBI CO3IaAMM IOVICKOBYIO CTPYKTYPY JaHHBIX, IIOJOOHYIO TOJ, UTO [IOKa3aHa Ha
puc. 9.5d, B KOTOpOI1 y3eJ1 ITO3BOJISIET OTBETBJISITHCSI HA B + 1 (B maHHOM ITpUMe-
pe ueThbIpe, HO B pea/ibHOM MMpe ThICSIUlM) pa3HbIX HaITpaBieHMii, OCHOBbIBASICh
TOJIBKO Ha BBOJIE OIHOTO 6/710Ka. YeM Bblllle BETBJIEHNE, TEM MEHbIIIE YPOBHEI B
nepese. Kaskmblil ypoBeHb IIPeICTAB/ISIET OO0 OHY OIlepalllio BBOAA-BbIBOA,
TTOMIJIESKAIYIO BBITIOJTHEHMIO, I09TOMY 00jiee BbICOKMII KO3(ULIIEHT BeTBIe-
HMS COKpalllaeT YMC/I0 omepalnii nepenad JaHHbBIX B TaMSITh.

B mesisiX MOHMMaHMS Pa3HUIIBI B TOM HEOOJIBIIIOM IIpMMepe YMCIO CpaBHe-
HMI1, KOTOPbIe HY>KHO BBITIOTHMUTb BO BpeMsI JBOMYHOTO ITOMCKA, SKBMBATEHTHO
[IyOVHe JepeBa ABOMYHOIO MOMCKa B 9.4b, To eCcTh paBHO UeThIpEM CpPaBHEHM-
siM. ITOCKOIBKY MOC/IeIHYE IBA YPOBHS IepeBa OYAYT HAXOOUTHCSI B OMHOM 0J10-
Ke, TO HaM HYKHO 4 — 2 + 1 = 3 6JI0YHBIX BBOJA, €C/IM MCIIOTb30BATh OOBIYHBIN
IBOMYHBIV MTOMCK. HO ecii Mbl UCITO/Ib3yeM HOBYIO CTPYKTYpPY, IOKa3aHHYIO Ha
puc. 9.4d, To TOHamOOSATCS BCETO Ba OJIOUHBIX BBOJIA, TOCKOJIBKY 3Ta CTPYKTypa
MeeT BCero IBa YPOBHSI.

PasHuIa KaskeTcs] TPMBUAIbHOI, TaK KaK HAO0P JaHHBIX HEBEJIMK U, UTO BaXK-
Hee, mapaMeTp B HeBenuk. Ho Ha caMoMm [esne pa3Hylla OTPOMHA: eClIu IIpu
JBOMYHOM ITOMCKE UMC/IO omepaumii BBoga-BbiBoga paBHo O(log, N), To mpu
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MCIIOIb30BaHMM CTPYKTYPBI 3 puc. 9.5d HeobxoauMoe YncIo orneparuii BBO-
na-BbiBofia cocrasysgeT O(log, N) onepauuii.
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PucyHok 9.5 Kak npeo6pa3oBaTb COPTMPOBAHHbIM MAacCMB B CTPYKTYPY,
obecrneunBaloLLyt0 ONTUMANbHbIN MOUCK BO BHeWHen namMsaTtu (B-nepeso). OnTumanbHas
NMOMCKOBAs CTPYKTYPa LaHHbIX B ONEepaTMBHOM NaMaTH BbIMSAUT NPUMEPHO Kak d, roe
y KaXA0ro y3/1a ecTb 0fHa ONopHas To4ka, 0OCHOBAHHAs HA BbIOPAHHOM Y3/10M MyTH
LBUXEHUS BHM3 No aepeBy. OnTUManbHas NoMCcKoBas CTPYKTYpa AaHHbIX BO BHeLUHEN
namatn nMeet Bonblumne y3nbl (pa3MepoM ¢ 610K), KOTOpble COAEPXAT MHOTO 3/IEMEHTOB,
MOTOMY YTO AaHHble U3BEeKaTCs B NaMATb N0BI0YHO

O6BIYHO OCHOBaHMe JorapudmMa aCMMIITOTUYECKM He MMeeT 3HaUYeHMs, eC/In
06a ocHOBaHMS TIOCTOSTHHBI. OHAKO 3/1eCch OCHOBaHMe jorapudma, paBHoe B,
MMeeT I'’MraHTCKoe 3HaueHue.

Bo3bmeMm Habop maHHBIX pazmepoM 1 mipn (= 2%°) u 610K, KOTOPBIV MOXKET
BMecTuThb 1000 (= 21°) snemenToB. Hanpumep, pasmep 6/i0ka coctasisieT 64 K6,
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a KaK[Oblil 2JIeMeHT 3aHMMaeT 8 6aiiT. 9TO O3HaYaeT, YTO B IBOMYHOM IIOVCKE
HY>KHO ~ 20 GJIOYHBIX BBOZIOB, @ B HOBOJ CTPYKTYp€e — TOJIbKO 3.

CrpykTypa Ha puc. 9.5d npencrapisieT co60ii MyJIbTSIIHYIO BEPCUIO TaK Ha-
3bIBAEMOTO B-miepeBa. B-iepeBo 06pa3yeT KOCTSIK MHIeKCOB 6a3 JaHHBIX B O0JTb-
HIMHCTBE KPYIHBIX PEJISIIIMOHHbIX 6a3 JaHHbIX. HecMOTpPST Ha OrPpOMHbII 06beM
IaHHBIX, [JTyOMHA B-IepeBbeB PeAKO IIPEBbIIAET MSTh-IIeCTh YPOBHEI, B CUITY
9TOTO OTpaHMYMBAsE YMCIO OIepaluii BBOAA-BbIBOIA, KOTOPble HEOOXOAMMO
BBITIOJIHSITH JIJIS1 BBITIOJIHEHMS 3aripoca (CM. puc. 9.6).

A 1 Mory
OTHICKVBATD
3A 0(L0GZ N)
ONEPALI BB

‘A MOFY  OTHCKUBATD 3A
0(L0G2 N) CPABHEHW

PMCVHOK 9.6 Ewe ogHO OTnYME B TOM, KaK MOTYT BbIMMALETb rpaHnLLbl B MO4ENN
OﬂepaTVIBHOVI W BHELIHEN NnamMaTu. Hepe,u,Ko BpeM4A BbINONTHEHUSA C J'IOFapMCbMOM no
OCHOBaHMIO 2 MOXeET npeBpawaTtbCqa B norapmch Nno OCHOBAHMIO B, TaK KakK C NOMOLbIO
ogHoro 610ka MoXHO obcnenoBatb B pa3HbIX 21EMEHTOB OAHOBPEMEHHO.

Kak ™Mbl yBnaouMm nanee, oCHoBaHue 2 He Bcerga npeeBpallaeTcs B OCHOBaHUE B

B cnepytoieii riaaBe Mbl pacCMOTPYMM I'Opasio 0oJblie geTaeii o B-nepeBbsx,
MX Pa3HbIX peMHKApPHAIMIX U APYTUX CTPYKTYpPax JaHHbBIX, KOTOPbIE VCIIONb3Y-
IOTCSI B PEJISIIIMOHHBIX 0a3ax JaHHbIX.

O6paTuTe BHMMAaHMeE, UTO JI0 CUX ITOP pasMep MMaMsTy He MMeJT 0co60To 3Ha-
YeHMsI, TUIIb ObI B Hell IIOMeNasIcs XOTsI Obl ONMH OJI0K ¥ MMeJI0Ch HEKOTOPOe
IOTIOTHUTEIbHOE TTPOCTPAHCTBO [IJIsI XpaHeHMST HECKOJIbKUX ITepeMeHHbIX. [Ipu
CKaHMPOBAHMM, JBOMYHOM ITOMCKE MM B-II0MCKe HYKHO ObIIIO BBOAUTH MHOTO
6JI0KOB, HO 10 OMHOMY 3a OonuH pa3. OJHAKO eCcTh 3a/1a4y, B KOTOPBIX BaskeH
pasmep IMaMSITU ¥ B KOTOPBIX aJITOPUTM BHEIIHEN ITaMSITU MOXeT 3((eKTMBHO
ee MCI0JIb30BaTh.

9.5 MNMpumep 3: cnugHue K copTMpoBaHHbIX
CMUCKOB

IaBaiiTe obpaTuMCcs K 3aJaue CAMSIHMS JaHHBIX BO BHeLIHeH mamsati. Hampnu-
Mep, TIONMYJ/ISIpHas 3aaua CIMSHNUS JaHHbIX 13 Pa3HbIX MCTOUHMKOB CBOAMUTCS K
CJIMSIHMIO HeCKOIbKMX CIMCKOB. B OCHOBHOJ MaMSTH OHA YaCTO PEIIaeTcs C I10-
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MOIIbIO KY4UM, KOTOpass MHOIOKPATHO M3BJIEKA€T MUHUMYMbI U3 TE€X VIV MHbIX
CIIMCKOB. [lasiee Mbl YBUOMM, KaK 3amada ciusiHust K copTUpoBaHHBIX (aiiioB
pelaeTcsl BO BHEIIHEel MaMITH ¥ 4TO 3TO FOBOPUT O IPUPOE OJHOBPEMEHHO-
IO CIMSIHUS GOJIBIIOTO UMC/Ia CIIMCKOB B OMePAaTUBHON MaMATH 10 CPaBHEHUIO
C BHeIIHel MmaMaThio. DTa MHMOpMAaLys OKaskeTCs BasKHOI I033Ke, KOTHA Mbl
HauHeM afaIllTUPOBATh COPTUPOBKY CIMSHNMEM K BHEIIHEl ITaMsSITH.

9.5.1 CimsiHue XXypHanoB BpeMeHu/par

BbI paboTaeTe B KOMITaHMM, TPOTYKTOM KOTOPO¥A SIBJISIETCST 6aTaHCUPOBIIVK
Harpy3Ku, Moaaep>XMBaoIMii MHOTOCepBepHBIe TPUJIOKEHMS C BBICOKMM Tpa-
dbuxom. ITpunoskeHMe Takke 06/1aaeT 3HAUNTETbHBIM KOMIIOHEHTOM Oe3011ac-
HOCTM U cOOMpaeT naHHbIe 0 TpaduKe HA MHOXKECTBE pa3HbIX BeO-caiiToB. Bac
MHTEpeCyeT OTBET Ha BOIIPOC, CYIIECTBYET JI KaKasi-Tnb0 CBSI3b MEKAY Bpeme-
HEM U JaTaMyu COBEepLIeHUS OIpeneeHHbIX aTak, [I03TOMY Bbl aHAJIU3UPYETe
GO0JIbIIIOE YMCIO KYPHAIOB COOBITHIT, COGPAaHHBIX HA pa3sHbIX Be6-caiiTax, Kas-
IIbI 13 KOTOPBIX OTCOPTUPOBAH MO BpeMeHu/naTe. KioueBbIM IAaroM sSBJISIeTCS
wmstHMe (DaiiioB B MOPSIIKE BO3pacTaHMsI BpeMeHM/OaThl B OOMH TUTaHTCKUIA
(arin. Bamr iokanbHBIN KOMITbIOTEp MMeeT 16 I'6 ornepaTMBHO MamMsTH, a 06-
muii pasmep ¢aiioB cocraiser 1 TO, KOTOPHIE pacapeneneH mexmy 16000
pasHbIX (aiiyios.

3amava CBOOMUTCS K CIMSHUIO K COPTMPOBAaHHbBIX CITMCKOB. [laBaiTe JOMyCTUM,
YTO BCe CITUCKM, BMECTe B3sThble, cogepskaT N sseMeHTOB. [Ipexxae yem nepeitu
K Bepcuy, B KOTOPOII Topjieskaliye CausiHuio (aiiabl HaxoAsTCsS Ha INUCKe, [Aa-
BaliTe BCIIOMHMM pelleHMe 3TOM 3alau B OIepaTUBHONM MaMsITU.

Bepcusa ana onepaTMBHOI NamaTy

Iyist acpdexTrBHOrO CAMstHMS K COPTMPOBAHHBIX CITVICKOB B OTIepaTMBHON I1a-
MSITM MOKHO 3a/IefiCTBOBATh MMHMMYM-OPUEHTUPOBAHHYIO Ky4uy (min-heap),
KOTOpasi COOEPKUT MO OGHOMY IPEACTaBUTENI0 U3 KakIOr0 COPTUPOBAHHOTO
criicka (B o01eit IoKHOCTM K 971eMEeHTOB), ¥ M3BJIEKaTh MUHMMAaIbHbIE 371e-
MEHTBI 0 ouepenn. Kak TOMbKO 3/1eMeHT MOKUAAeT Kyuy B KaueCTBe ee MUHU-
MyMa, 3JIEMEHT M3 €ro CIMCKa IMOCTYMaeT o6paTHO B Kyuy. IHAMBUAYyaIbHbIE
onepauyy B Kyde pasmepoMm K croaT O(log, K), ¥ IIOCKObKY KaKIbIi 371eMeHT
IOJIKeH B KaKOJi-TO MOMEHT BCTaBJIIThCS B Kyuy pasMepom He 6osee K 1 yia-
JIITbCSI U3 Hee, Ha pelleHye 3TOW 3amauy MmoTpebyeTcsl B 001l CIOKHOCTYU
O(Nlog,K) cpaBHEHMIA.

Bepcml ONS BHELWHEeN NamMsaTH

Tenepp maBaiTe IOCMOTPUM, UYTO IIPOU30IiaeT, ec/ivt N CJIMIIKOM BeJIMKO, YTO-
ObI YMECTUTHCS B OIIePATUBHOI IaMsITU. B 3ToM npumepe Mbl OygeM CUMTaTh,
YTO XOTsI 001IMii pasmep (aiiyioB U Jaske KaXkOoro OTHeabHOro daiia MOXKeT
OBITH CJIMILKOM OOJIbIINM, YTOOBI yMecTUThes B O3V, uncio ¢aiiyioB JO0CTaTOU-
HO MaJjio, YTo6bI BMecTUTb B O3V M0 ogHOMY GJIOKY JaHHBIX U3 KaXKI0ro ¢aiina
U IPU 3TOM OCTaBUTH CBOOOIHOI IOJOBUHY IaMSTHU. [IPYTUMU CJIOBAMM, MbI
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MCXOOUM U3 AomyiieHus, uTo K € M/2B. 3To He O4eHb CTPOTOe AOIylleHNe, I10-
CKOJIbKY B HEKOTOPBIX PAaCIPOCTPAHEHHBIX amllapaTHBIX KOHGUTYpPaIMIX OHO
II03BOJISIET MMeTh JJ0 MUJIJIMOHA CITMCKOB.

MbI BOCHOJIb3yEMCSI 3TUM (aKTOM, pe3epBUpPYs 110 OTHOMY OJIOKY IaMSTU
o, KayKablii (aiiy. BHauase Mbl OyieM YMTaTh IEPBbIii 6JI0K Kaxkaoro daiiia.

Tenepb MOKHO 3a€/ICTBOBATDb PE3UIEHTHOE pellleHue i 6JI0KOB, KOTOpPbIe
MbI TOJIBKO UTO IIpOUMTaai. Mbl HAQUMHAEM C TOTO, UTO KasKAbIii 6JI0K BCTABJISIET
CBOe MMHMMAaJIbHOE 3HaueHe B MUHUMYM-OPUEeHTUPOBAHHYIO Kyuy. 3aTeM MbI
HauyMHaeM M3BJeKaTb MMHUMYMBbI U3 Kyun. [Ipy Kask oM M3BJIeUeHUY MUHUMY-
Ma MbI J00aB/IsIEM CJIEAYIOIINI 3JIEMEHT B Ky4y U3 TOI'O Ke 6JI0Ka, 3 KOTOPOTO
MMUHUMYM ObLT B34T. Kak TOMBKO y HAC 3aKaHYMBAETCS OJMH 010K, MbI JOOABJISI -
eM c/Ieaylouuii 610K 13 TOro ke ¢aiiia, IIoKa He JoiimeM 10 KoHila daiiia. Bech
Mpollecc MokasaH Ha puc. 9.7, a NCeBIOKO, WILTIOCTPUPYET 6ojiee MOoAPOOHYIO
MHGbOPMALNIO.
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PucyHok 9.7 K-nyTHOe cnmsaHue copTMpoBaHHbIX GarnoB. Kaxaomy dainy otseneH
O[MH BNOK JaHHbIX B OCHOBHOM MaMsTH, U Yepes 3TOT 610K Kaxabli daiin otnpasnset
OCTaBLUMECS MUHUMYMbI B Ky4y. MUHMMYMbl MHOTOKPATHO M3B/IEKAKOTCS U3 KYYMu U
OTMNpPaBAOTCS B BbIBOA. JTa CxeMa paboTaeT He3aBUCUMO OT 06LLEro HaKOMIEHHOIO
pa3mepa ¢arnos, npu ycnosum yto K = O(M/B)

YhAM

B 1mceBmoKoe CIMCOK file_names COOEPsKUT MMeHa (DailjioB U MO3BOJISIET 00-
palaThCs K CTapTOBBIM MO3ULIMSIM Kaxkaoro (aitna, a files_loc — 3TO CIIMCOK,
copepsKalnii TEKYITYIO TTO3UIINIO, B KOTOPOJ Mbl HAXOAMMCSI BHYTPU KaXXKAOTO
daiina. Criucok buffer_in XpaHUT MHAMBUAYAIbHbBIE OJIOKM B OCHOBHOJI TTaMsI-
™ (Bcero ux K), M KaXknplii 610K MOXKeT O6bITh MMPOMHIEKCMPOBAH KaK CIIMCOK
M3 BLOCK_SIZE_ELEMENTS umciia 3JIeMEeHTOB, [I03TOMY CIIMCOK buffer_in MOKHO
TPaKTOBAaTh KakK ABYMepHbIii. CIMCOK buffer_out XpaHUT yKe CJIIUThIE 3/I€MeH-
ThI, TOTOBBIE K BBIBOJIY, ¥ KaK TOJIbKO OH OyIeT comepskaTh BLOCK_SIZE_ELEMENTS
YICIO 3JIEMEHTOB, MBI 3aIIMChIBAEM 3TOT OJIOK B MECTOIIOJIOKeHMe file_dest ¢
MMEeHeM BBIXOIHOrO daiina outfile_name.
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CrncoK file_processed yKa3bpIBaeT Ha KaXkblil CJIMBAaeMblii ¢haiiyl 1 Ha TO, BCe
JIX €0 3JIEMEHTHI Y3Ke M3pacxogoBaHbl. CIIMCOK merge_pos 0003HAYAET 3JIEMEHT,
Ha KOTOPbIN MbI B HACTOSIIlee BpeMsl yKas3bIBaeM IPU CIMSIHUM MUHU-CITCKOB
pasmepoM B K 6JI0KOB B OIlepaTUBHO maMsITy. Kak TOJIbKO CUETUMK JOCTUTHET
MAaKCMMaJbHOIO YMC/Ia 3JIEMEHTOB B OGJIOKE, Mbl MHUIIMMPYEM UTEHME HOBOIO
0JI0Ka 13 COOTBETCTBYIOLIEro (haiija, ecam TOJIbKO MbI VK€ He HaXOIMINCh B
KoHIIe daiina:

BLOCK_SIZE = 1024
ELEMENT_SIZE = 64
BLOCK_SIZE_ELEMENTS = BLOCK_SIZE / ELEMENT_SIZE

buffer_in = []
buffer_out = []
file_processed = []
merge_pos = []
file_dest = 0 (1)
for 1 in range(K)
file_processed[i] = False
files_loc[i] = 0
buffer_in[i] = readBlock(files_names[i1], files_loc[i], BLOCK SIZE) @
files_loc[1]+=BLOCK_SIZE (3]

for 1 in range(K)
H.insert(tuple(buffer_in[1][0], 1)) (4]
merge_pos[i]=1

while(!H.empty())
element, 1 = H.extractMin()
buffer_out.append(element)
if buffer_out.size == BLOCK_SIZE_ELEMENTS: 6
flushBlock(outfile_name, file_dest, buffer_out, BLOCK_SIZE)
file_dest+=BLOCK_SIZE
buffer_out.clear()
1f(!file_processed[i]): (6)
H.insert(buffer_in[1][merge_pos[i]])
merge_pos[i]+=1
if merge_pos[1] == BLOCK_SIZE_ELEMENTS && files_loc[1]!=EOF: @
readBlock(files_names[1], files_loc[1], BLOCK_SIZE)
merge_pos[i] = 0
files_loc[1]+=BLOCK_SIZE
elif file_loc[1] == EOF
file_processed[i] = True

@ K - 370 UMCNO CIMBAEMbIX COPTMPOBAHHbIX CMUCKOB
® YutaTb Nepebiii BAOK KaXKA0TO CAMUCKA B OCHOBHYIO NaMsiTh
© MepemecTntb No3uumio B daiine snepes,
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@ Kyua H xpaHuT napbl (3N1€MEHT, MHAEKC CMMCKa)

@ Ecnv uMeeTcs NonHbIi 60K CAIMTBIX S1EMEHTOB, TO OUMCTUTD 610K

©® Cnyuait, Koraa Mbl He M3PACcXOA0BaAM Gain 4o KOHLA

@ Cnyuait, koraa Mbl LOCTUITIM KOHLA YMTaeMoro 6/10Ka, HO He KOoHUa daiina

O6paTtuTe BHMMaHMe, YTO B ITOJ 3amaye Mbl MCIOJb3yeM OOJIbIION 00b-
€M ONepaTUBHON MaMSTH OJIsSI OOJHOBPEMEHHOIO CIMSHMS OOJIBIIOrO YiMciia
(aitnoB. Bpemsl BbIMOJIHEHUST aHATM3UPYETCSI JOBOJILHO MPOCTO, TaK KaK JAJIs
KaskIoro 6J10Ka BBIMTOJHSIETCSI BCero 1 orepanys BBOAA-BbIBOA. B pesynbra-
Te mbl oayyaem O(/N/B) omepaliii BBOGAa-BbIBOAA, BKIKOUASI BCe 3aIlMCaH-
HbIe OJIOKM.

OTO MHTepeCHbIN apTedakT BHEIIHEN MaMsITH, TIOTOMY UTO BO BHYTpeHHe
IMaMSTI Mbl HUKOIZA He CMOIJIM Obl CJIUTH O0jiee YeM ITOCTOSTHHOE YMCJIO COP-
TUPOBAHHBIX CITMCKOB 3a JMHeliHoe BpeMms. C Ipyroi CTOpOHbBI, BO BHEIIIHEeN Ia-
MSITM MbI MOKEM CJINTb 60sbInoe (1o M/B) 4icI0 COPTUPOBAHHBIX CIIMCKOB 3a
OZVIH JIMHENHbIN MPOX0[, M0 BXOAHBIM AaHHBIM (CM. puc. 9.8).

S MOTY CMTb K A 3 Mory
COPTWPOBAHHYX CTMCKOB 37 COPTAPOB AVHSX
O(N/B) CPABHEHN CrMCKOB 3A

03y B/8

PucyHok 9.8 PasHuua B rpaHMLAX CAnAHMS 6ONbLIOFO YMCAA COPTUPOBAHHBIX CMIMCKOB
B OCHOBHOW MaMATK M BO BHeLWHeN naMatn. CiMsHMe MHOrOYMUCIEHHbIX COPTUPOBAHHbIX
CMWCKOB BO BHELUHEN NaMATU MOXHO BbIMOMHWUTb BCErO 38 OAMH BUTOK MO BXOAHbIM
AaHHbIM. CnngHme 6onbluero, 4eM NOCTOSIHHOE YMCIO CMIMCKOB BO BHYTPEHHEN NaMsTy,
NpUBOAMT K 6oNee YeM IMHENHOW CTOMMOCTU NpU psae CpaBHEHMIA. Ta e CTOMMOCTb
BHYTPEHHEN NaMaTh COXPAHAETCS 1 B anroputMe K-nyTHOro C/IMSAHUS BO BHELUHEN
namsTu; U 3TO He CaMas BaXKHas CTOMMOCTb

YTo IpOU30iiIeT, ec/ii Mbl HE CMOKEM OTBOIMUTH 110 OMHOMY OJIOKY Ha Kak-
IbIit ¢aiiy B OCHOBHOI mamMsT? MbI OCTaBUM 3TOT Cydaii Ijisg riaBbl 11, roe
BEPHEMCS K CJIMSIHUIO MHOTOUYMCIIEHHBIX CITVICKOB B KAUECTBE KOHTEKCTA JIJIsI ajl-
rOpUTMa ONTUMAIbHOM COPTUPOBKYM BO BHEIITHEN ITaMsITH.
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bymeMm HazesIThCsI, UTO, TO3HAKOMMBIIINCH C TTAPO¥ IIPUMEPOB TOTO, KaK Mpu
Iepexoie OT OIlepaTUBHOM MaMSITV K BHEIIIHE) BCe COBEPILIEHHO MEHSIETCS, BbI
CMOT/IM Pa3BUThb MHTYUTUBHOE ITOHMMAaHME acCIeKTOB IPOMU3BOAUTENbHOCTMH,
yJIaBIMBAE€MBbIX MOZEIbIO BHEIIHel mamMaTi. OgHaKO 9TOV MOAEeIM He YIaeTcs
OTpakaTb BaskHbIe aCIIEKThI, CBSI3aHHbBIE C BBOIOM-BBIBOJIOM. B ciiemyromeM a-
Jiee pasjiesie Mbl 00CYIVIM, B UeM 3aK/TIOUAIOTCS STU PasIMUMS M HACKOJIbKO OHM
BayKHBI JIS1 TPaBUJILHOTO TpecKasanust 3¢ (MeKTMBHOCTY PeaJbHOTO OHJIAHO-
BOTO ITPUJIOKEHMSI.

9.5.2 Mopenb BHellHeNn naMaTU: npocTas 1Mbo

ynpouweH4yeckaa?

[TepBoe, UTO BU3yasbHO GpocaeTcsl B I71a3a Mpy B3IVIsiAe Ha M300pakeHHYIO
MOJe/lb BHelIHel namstu (puc. 9.1), — 3T0 TO, UTO OHA COOEPKUT TOJIBKO ABa
YPOBHS MaMSITU: OMEPATUBHYIO U OIUCKOBYIO. Kak MbI 3HaeM, KOMIIbIOTEpPHAs
mMepapxusl ropasgo CJIOXKHee U COLEePKUT MHOrO ypoBHel namsaTu. OmHako
3TO He JAO/DKHO 06ecKypaskuBaTh. Kakum ObI HM ObLT pasMep Habopa JaHHbIX,
MbI BCerga MOKeM HAaWTV HaMMEHbIINI1 YPOBEHb, HA KOTOPbIN TaHHbIE MOTYT
YMECTUTbCS, M Ha3BaThb €Tr0 «IUCKOM», TOTIA KaK BCe OCTajbHble MeHbIlle
ypOBHM 6yayT 06pa3oBbIBATh OMEpPAaTUBHYIO MaMsTh. Ha mapameTpsl pazmepa
6710Kka B 1 pasmepa naMsTi M 6ymeT BIMSIT TO, TIe BHYTPU MepapXuu maMsTu
BIMCHIBAETCS pa3Mep Habopa HmaHHbIX. Hampumep, ewin HalM JaHHbIE
YMELIATCS B OCHOBHOV MaMSTH, HO HE MOTYT YMECTUThCS B Kellle, TO TaHHbIe
MeXAY 3TUMMU ABYMSI YPOBHSIMU IepefatoTCs B CTPOKAxX Kellla, KOTOPble MeHbIlle
IMCKOBBIX CTPAHUI]/GIIOKOB.

V3HavanbHasi MOAeNb BHEIIHel IaMSTU TakKe IOIyCKaeT BO3MOXHOCTb
COBMECTHOTI'O MCITOJIb30BaHMsI 6a3bl JaHHbIX HA MHOTOUMCIEHHBIX AMCKAX U B
3TOM CMbIC/Ie 0OecIeurBaeT MapaIe/IbHYI0 epenavy faHHbIX. Ecii nmeercst P
IVICKOB, TO B OOJIBIIMHCTBE aITOPUTMOB BCIO CTOMMOCTH ITPOV3BOIUTEIBHOCTI
MOXXHO pa3JenunTb Ha P.

HexoTopble ynpoujamuiye OOMYLIEeHUS MOAENM BHEIIHEel IaMsITH, Takue
KaK 6eCKOHEeUHOCTh AMCKOBOTO MPOCTPAHCTBA U MOMHAs CBOOOAA BhIYMCIIEHWT
B ONEpaTMBHONM MaMSITU, He OTPaKAKT peasibHOCTM. OOHAKO OMCKOBOE IPO-
CTPAHCTBO Ype3BbIYAIHO JeleBo, U MpeHeOpeskeHne MPOMU3BOAUTENbHOCTHIO
LeHTPaJIbHOTO TIpoIeccopa OyaeT BAUSITh Ha HAC HE CTOJIb CUIbHO, KaK BBITION-
HeHle HeHY)KHBIX Orlepaliuii moucka Ha JIUCKe.

OOHMM M3 Ba>KHBIX HEJJOCTATKOB MO/ BHEIIHEN MaMsTU SIBJISIETCS UTHO-
pUpPOBaHNe COOTHOLLIEHNS ITOUIeN,0BaTe/IbHOM U CIY4aiiHOM ITPOU3BOAUTENBHO-
cti. YTaeM i Mbl X TIOC/IIOBATEIbHbBIX OJIOKOB MJIM X GJIOKOB B COBEPIIEHHO
pa3HbIX MeCTaxX OMUCKa, CTOMMOCTb OCTAEeTCSI PaBHOM X onlepansM BBOAa-BbIBO-
na. st 6ONMbIIMHCTBA TEXHOJOTUIA XpaHeHMs JaHHBIX 9TO JajeKo He Tak. OT-
YacTu 3TO OOBSICHSIETCS TeM, KaK BCe YCTPOEHO C amnmapaTHOM TOUKM 3peHus,
a Takke pasaMYHbIMM ONTUMM3ALMSIMU ONEPALMOHHONM cucTeMbl. Hanpumep,
HepeJIKO, eCJIV Mbl BBITIOJTHSIEM TI0C/IeI0BaTeTbHOE UTeHVe HECKOMbKIX OI0KOB,
TO ONepalMOHHAs CUCTEMA 3aMeyvaeT 3TO U IbITAeTCs peIBapUTeIbHO JOCTa-
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BUTH CJIEIyIOIIMI 6510K. HecMOTpsT Ha CBOM HECOBEPILEHCTBA, MOZe/Ib BHEIIHE
MamMsITV Ha CErOmHSIIIHUI JIeHb OCTaeTCs CaMOl MOMYJASPHOM MOIENbI AJs
ITpoBeZleHNs] aHaJI1M3a IPOU3BOAUTEIbHOCTY aJITOPUTMOB B KOHTEKCTaX MHTEH-
CUBHOTO MCII0/Ib30BaHMS JaHHbIX.

9.6 Yto panblie

B 3TO¥1 r71aBe MbI HAUajIM OTBEYATh HA BOIIPOC O TOM, KaK OITTMMAaIbHO BBITIOJ-
HSTb 3aIIPOChI HAa IMCKe, M Haua/y 3HAKOMMUThCS C 001Iel uaeeit B-IepeBbes.
OnmHaKO MX pa3Hble peajM3alyiy ¥ BApMaHThI OCTABJIEHbI [JIS1 CJIEAYIONIEN I1a-
Bbl. B UaCTHOCTH, MbI IUVIAHUPYEM OTBETUTH Ha CeAyIollye BOIPOChI:

O Kakne BapmaHThl B-IiepeBbeB CYIECTBYIOT U PeaIM30BaHbl B PeaIbHbIX
cucreMax?

QO Kaxk m1006aBJIsITh, yIAISITh ¥ U3SMEHSITh 3JIEMEHTHI B B-IlepeBe 11 KaKOBbI Me-
XaHM3MBI JJISI 9TOT0?

O Kaxk y3HaTh, UTO MOUCK IO B-AepeBy ONTUMaJIeH BO BHEIIHEN maMsTu?

O f{Bnsercsi i B-gepeBo ONTMMAaIbHO CTPYKTYPOI1 TAHHBIX [1J151 BCTABOK U
M3MEeHeHMI, a TaKKe moyucka?

Bompoc 06 onTMMaTbHOCTY B-mepeBbeB [jis1 BCTABOK TAKKe MOOYIUT K BBE-
IOEHUIO IBYX APYIUX CTPYKTYP JaHHBIX, O KOTOPBIX Mbl Y3HAeM: B-mepeBbs U
LSM-nepeBbst; 3TV IBe CTPYKTYPbI JaHHBIX OPYMEHTUPOBAHbI Ha 6a3bl JaHHBIX,
OTNITMMM3UPOBAHHbIE TIOZ, OTIepaIM 3aTUCH.

Peslome

O MHorue NpuIokeHMsI C UHTEHCUBHBIM MUCITOJIb30BaHMEM JAaHHbBIX XPAHSIT
KpyTHbIe 00beMBbI TAaHHBIX Ha nucke. 11 3¢ hekTUBHOM paboThl C KPyII-
HbIMU (aiiiamu v 6a3amMy TaHHBIX, XPAHSIMMUCS Ha AMCKe, TPeOYIOTCs
IPyroii HA6OP CTPYKTYPHBIX AAHHBIX U aMTOPUTMUYECKME TTPUEMBI.

O Mopesb BHEIIHE MaMsITU — 9TO T0JI€3HbIV MHCTPYMEHT ISl aHaIM3a aJl-
TOPUTMOB, ITpeTHA3HAUEHHBIX [IJIST KPYITHBIX HAOOPOB TaHHBIX, KOTOpPbIE
He YMEIIaI0TCsS B OCHOBHO ITaMsITH. B paMKax 9T0ii MOIeM IIPUHSITO J10-
MyIIeHMe 0 TOM, UTO BCE JaHHbIe M3HAUATbHO XPAHSTCS Ha AVICKe 6eCKO-
HEYHOT'0 pasmMepa ¥ JJ1s1 BHIMOTHEHNS BBIUYMCIEHMIT B OCHOBHYIO TTaMSITh
OTPaHNYEHHOTO pa3mepa 3aHOCITCS (M BBIHOCSTCS) TTOPIMM AAHHbBIX.

O Mopenb BHeIIHel MaMsSTH OTKa3bIBAeTCSI OT BbIUMCIUTEIbHON CTOMMO-
CTU aJITOPUTMA, UYTOOBI ITOAUYEPKHYTh CTOMMOCTD ITepefaul JaHHbIX, KO-
Topasi, Kak npasmio, B 1000 pa3 goposke BBIUMCIMUTENbHBIX Olepalyii B
OmnepaTUBHONM MaMSITH.

O TIpu ckaHMpPOBaHUM MTOCTEIOBATeIbHBIX JAHHbBIX aJITOPUTM BHeIIHe ma-

MSITH, KaK MPaBUJIO, COIEPKUT /B-4acTh, 03HAUYAOIIYIO, YTO MbI yIIaKOBa-
JIX 97IEMEHTHI B [IOOUYEpPeIHbIE OIOKN.
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O ANTrOpuUTM JBOMYHOIO MOMCKA, B OTVIMYME OT ero aHajora Jjisi BHyTPEeH-
Heli IaMsITU, He SIBJISIETCS] ONITUMaJIbHBIM aJITOPUTMOM ITOMCKa BO BHeIll-
Heji TaMsITH, TaK KaK OH He OYeHb XOPOIIIO MCIOIb3YyeT 6II0YHbIE BBOJIbI
¥ BBIBOABI. JIyulllero BpeMeHU BBITOTHEHNSI MOXHO JTOOUTHCS 3a CUET
MepeyrnakoBKM OJIOKOB M TIOCTPOEHMSI CTPYKTYPbI JAHHbIX, UMEHYyeMOit
B-nepeBom.

O OpHUM M3 TVIaBHEMIINUX MPEUMYIIECTB OOJIbIION OIepaTMBHON MaMSITH
SIBJISIETCSI TO, YTO BCETO 3a O VH JIMHEMHBI BUTOK MOKHO OLHOBPEMEHHO
C/IMBATh OOJbILIOE YMCIIO COPTUPOBAHHBIX CIUCKOB/(aitioB, He3aBUCUMO
OT CYMMAapHOI BeIMYMHbI BCeX (HaiioB. DTOT MPOIECC TAKKE SBISIETCS
OCHOBOJ IJIST QJITOPUTMA ONTUMAIbHOM COPTUPOBKM BO BHEIIHEN Mmamsi-
TU, KOTOPBIJ MbI U3yUUM I1O3XKeE.
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CTpyKTypbl BaHHbIX
Ang 6a3 AaHHbIX: B-aepeBbs,
B:-pepeBbsi U LSM-pepeBbs

OTa I71aBa OXBAThIBAET C/IEAYIOIIVe HIKE TEMBI:

M3y4yeHMe BHYTPEHHEro YCTPOCTBA MHIEKCOB 6a3 TaHHbIX;

®m 06wIemoBaHMe CTPYKTYp HAHHBIX, oOMTaromux BHYTpu MySQL,
LevelDB, RocksDB, TokuDB u T. 1.;

m BBefieHMe B B-mepeBbs M M3yueHue MPUHIIMIIOB PabOTHI TOWCKA,
BCTaBKM U yHaneHus B B-mepeBbsix;

® [IOHMMAaHMe MpUHINIA paboTsl Bé-mepeBbeB u 6ydepnsanyum Kak
BCIIOMOTATeIbHOTO CPeICTBA JJIsl OIlepaluii 3anncu;

® J3yuYeHMe MPUHIUIA PaboThl >KyPHATbHO-CTPYKTYPUPOBAHHBIX
nepeBbeB cmsiHMS (LSM-mepeBbeB) U UX IPEUMYLIECTB B IIPOU3-
BOIUTEIbHOCTHA.

ITpaBUIbHBI BBIOOP ITOAXOASIIE 0a3bl HAHHBIX IJISI CBOErO IIPUJIOKEHMS
TpebyeT HEKOTOPOTO IMTOHMMAaHMS TOTO, KaK CTPOSITCS pa3jiMUHble MeXaHU3MbI
yIpaBjieHust 6a3aMy JaHHBIX. B 4acTHOCTM, B GONBIIMHCTBE 6a3 JaHHbBIX peasli-
3YIOTCSI MHAEKChI, KOTOPBIE CIY>KAT JIJIsT YCKOPEHMS MOMCKA B GOJIBIINX Y 4acTO
oIpaluBaeMbIX Tabaumax. OObIYHO MHAEKC IIOMEIAeTCsI B OAVH U3 CTOIOLIOB,
YTOOBI YCKOPSITH TIOVCK I10 9TOMY CTOJIOIY. ITOHMMaHue BCex MOCIeICTBUI CO3-
IaHUS MHIEKCA /IS IIPOM3BOAUTEIbHOCTY ITPeayCMaTPMUBAeT IIOHMMAaHMe TOTO,
KaK pa3Hble 6a3bl JAHHBIX CTPOSIT U MOAIEPKMBAIOT CBOM MH/IEKCHI.

B cambIX 001X YepTax MHAEKC — 9TO CTPYKTYpa JAHHBIX, OOBIUHO OTIENb-
Hasl OT caMoil Tabmuilbl 6a3bl JAHHBIX, KOTOpas rmomMoraeT 3QpGeKTUBHO Mepe-
HAIIPaBJISITh 3aIIPOC K HY)KHOJ CTpOKe Tabmuilbl. bes mHeKca oneparys moucka
CBOIUTCS K JIMHEITHOMY CKaHMPOBAaHMIO KJIIOUEil B 3aJaHHOM CTojoIe. Mmest
IIeJI0 C CHMCTeMaMM, KOTOpble eKeqHEBHO 3amuchiBaloT 10 MJIPI HOBBIX CTPOK
WJT OKOJIO TOTO, MOXKHO C YBEPEHHOCTbIO CKa3aTh, UTO JMHEIHBIN TTOMCK C 3TUM
He CITPaBUTCSI.
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B 9T0i1 I71aBe MbI Y3HaeM O Tpex Hambojiee paciIpoCTpaHEeHHbIX CTPYKTYpax
IIAHHBIX, UCII0JIb3yEeMbIX JIJISI TIOCTPOEHMSI MHIEKCOB B COBPEMEHHbBIX CUCTEMaX
XpaHeHMs JaHHbIX. Kaxkgasi CTpyKTypa JaHHBIX ONITMMM3MPOBaHa MoJ, Pa3HbIi
BU, paboueil Harpysky C TOUKM 3PEHMS COOTHOLIEHMS] MEKIY OIlepalysIMu
MOMCKa, BCTaBKW/yIaJeHNUsI ¥ APYTUMM BasKHbBIMM onepaiusiMu. Kak 006bIYHO,
CTOMMOCTY 3TUX Omepanuii OyayT pacXoaUThCs OPYT ¢ APyrom. B ocHoBe ag-
(beKTUBHBIX 6a3 JAHHBIX JIEKAT CTPYKTYPbI JaHHBIX BHELIHEN MaMsTH, U, Ha
Halll B3IJIS1[], OHU SIBJISIIOTCSI TIPEKPACHBIM MPUMEPOM BCEX aJTrOPUTMUUYECKUX
XUTPOCTE ¥ KOMIIPOMMCCOB, CBSI3aHHBIX C pabOTOi ¢ JaHHbIMM Ha gucke. Ho
MpEeKIe YeM IIOTPY3UTHCSI Ha Oojiee TIyOOKMe, TEXHUYECKNE YPOBHM BHYTPEH-
Hero ycTpoiictBa 6a3 JaHHbBIX, CHava/Ia JaBaiiTe MO3HAKOMMUMCS C OCHOBHBIMU
MIPUHLMIIAMY PabOThI MHIEKCAIMM.

10.1 MpuHUMN pabOTbl HHAEKCALMUU

MHpekc HambosIee Mojie3eH, KOToa OH CTPOMUTCS Ha OCHOBE CTOJIOIA, K KOTOPO-
My MbI YaCcTO oOpaiaemMcs ¢ 3arpocaMu. B oTBeTe Ha OTIIpaB/IsieMbIi 3aIpoc,
BO3MOXKHO, TIOTPeOYeTCST BEPHYTh BCIO CTPOKY, B KOTOPOJ KJIIOU COBITAZAET C
KJIIOYOM 3ampoca, HO IJIs1 JIOKaAM3aLy 3aICH HY>KeH TOJIbKO KJIIY — TO €CTh
3HaueHye 113 0003HaUYeHHOr0 MHAEKCHOI'o CTOI01IA.

PaccMoTpum cienyrommii MpoCcToi mpuMep MOCTPOEHMSI MHAEKCOB, [IOKa3aH-
HbIii Ha puc. 10.1. laHa Tabnuiia, B KOTOPOi XpaHUTCS MHOpMAIMS O COTPYA-
HMKaxX KOHKPETHOT'O PO3HMYHOTO MarasyuHa. B 1jeis1x yCKopeHMsI IToycKa MOXKHO
CO3IaTh MHIEKC 110 CTONOIY Wma, M 3HAUEHMs B YKa3aHHOM CTOJIGIIE [IJIST 9TOrO
IOJIKHBI OBITh YHUKAJIbHBIMU. [IPYTVIMY CJIOBAMM, €CJTV MbI UIIEM [X0oHa, TO VH-
IIeKC OO/IKEH BbIAABATh OOHO-eAMHCTBEHHOE MECTOIOJIOKEeHMEe B Tabulle, e
MOYKHO HATU CTPOKY C MMEHEeM [ixoH (MMEHHO II03TOMY CTOJIOel Uma caM I10
cebe TIOXO IMMOAXOAMT B KQUeCTBE OCHOBBI IJIST IIOCTPOEHMST MHAEKCA).

Korga Hy omyH cTos6el] He MMeeT YHUMKAIbHBIX 3HaUeHMI, MOKHO MCITIOIb30-
BaTh KOMOVMHALMIO (TO €CTh KOHKATeHAIMI0) CTOIOLIOB 1 CTPOUTH MHAEKC Ha ee
ocHoBe. Kak rmokazano Ha puc. 10.1, 4To6bI yCKOPSITH ITOMCK I10 IBYM Wi Gojiee
He3aBMCUMBIM CTOJIOIAM, MOKHO CO3[IaBaTh HECKOIbKO MHAEKCOB.

OmHuM 13 CIIocob0B peannsalyy MHAEKCA SIBJISIeTCs IIOCTPOeHMe OTAeIbHO
OT CaMOJi TabGIUIIbI CTPYKTYPhI JaHHBIX, KIIOUM KOTOPOIi JTeKCUKOrpaduiecKku
OTCOPTMPOBAHBI [IJIsI OBICTPOrO IOMCKa (HalpuMep, JepeBo moucka). Kiowou B
CTPYKTYpe AAHHBIX — 9TO CTOJIOEI], Ha KOTOPOM MBI CTPOMM MHIIEKC, a 3HaUe-
HMe — MeCTOIIOJIOKeHMe CTPOKM B Tabjuile, cogepskallieli JaHHbIi K04, KaK
rmokasano Ha puc. 10.1. Torga 3ampoc cHavasa 6bICTPO HAXOIUT KITIOU B MHIEK-
ce, a 3aTeM MCIIONb3YeT YKa3aHHOE ero 3HauYeHMeM MeCTOITOJIOKEeHVE, UTOOBI
MTHOBEHHO M3BJI€Ub COOTBETCTBYIOIIYIO CTPOKY 13 TAOIMIIbI.

To, 4TO MBI TOJBKO UTO OMMUCAJIM, MHOI[IA HAa3bIBAIOT HEKJIaCTepPM30BaHHBIM
MHIEKCOM, Korga (akTuueckyue NaHHbIe TaOAMIbI He IIepecTpPauBalOTCs IIpU
IMOCTpOeHUM MHIeKca. Ecin MHIeKCcOB HECKOJIbKO, KaK B HallleM HpuMepe, TO
OHM JIO/DKHBI OBITh HEKJIACTepu30BaHHbIMM. C IPyToii CTOPOHBI, IIPU ITOCTPOe-
HUM KJIACTEPU30BAaHHOTO MHIEKCA OH YIOPSA0UYMBAET JaHHbIe BHYTPYU TabOIM-
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1IbI, TO3TOMY B KasKI 0¥ Tabiuile MOXKeT ObITh TOJTbKO OIMH KJIaCTepU30BaHHbIN
MHIIEKC.
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PucyHok 10.1 ®opmupoBaHue ABYX MHAEKCOB NOBEPX ABYX
pa3HbIX CTONOL0B TabAuubl

Kak BbI MMOHMMaeTe, HaJaMuMe OJHOTO MHAEKCa MO3BOJISIET YCKOPSATh MOUCK
10 OJTHOMY CTOJIOIly, HO OH COBEpIIeHHO Oecriosie3eH Mpy MOUCKE 10 APYTUM
kputepusim. Ein B Haulem npumepe u3 puc. 10.1 Mbl XOTMM BBIIIOJIHUTD 3a-
MPOC 110 BO3PaCTy COTPYAHMKA, TO HAM HY>KEH COBEPIIIEHHO HOBbI MHAEKC. Tex-
HMYECK!M, KOHEYHO, MOKHO ObUIO ObI MOCTPOUTDH MHIEKC HA KaXXIOM CTOJIOIE
TabIUIIbI, TTIPOCTO HA BCSIKUI CTydail, HO Haju4uye OObIIOTO YMC/Ia MHAEKCOB
OBICTPO NIPUBOAUT K TOUKE, OTKY/Ia OTAA4Ya HAYMHAET yObIBaTh. A UMEHHO TP
KaKIOM OOHOBJIEHMM TAGIUIBI (TO €CTh BCTABKe MO0 yOaJeHUM CTPOKU WU
’Ke M3MEeHEeHUM 3HAaUeHUsI B CTOJIOIE K/TI0Ua) MHIEKC TOXKE JTO/DKEH OOHOBIISTh-
cs1. THOeKChI YCKOPSIOT TIOUCK, HO 3aMeJJISIIOT BCe ApyTue omnepalyy, KOTopble
M3MEHSIOT Coep>kKuMoe Tabauiibl. IMeTb MHOTO MHAEKCOB Ha TAOIUITY MOXKHO
TOJIBKO TOT[Ia, KOT/Ia MbI 3HaeM, UTO TaHHbIe He OyIyT uacTo MOgU(PUINPOBATh-
Cs1, KOTa CKOPOCTh ITOMCKA TOpa3a0 BaykHee CKOPOCTY OOHOBJIEHMS MJIM KOTaa
IOAHHBIX HE TaK MHOTO, YTOOBI 6€CITOKOUTHCSI O CKOPOCTH.
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Heo6xoauMocTb 0GHOBJIeHMS MHAEKCA BMECTe C Tab/IMIieli IPernoJHOCUT HaM
MepBbIif BasKHbIN YPOK 6a3 MaHHBIX: CTOMMOCTD IOVCKA TECHO ITeperieTaeTcs
CO CTOMMOCTBIO BCTaBKY U yIaleHus. ITO He JOJIKHO YAUBIISTh, [TOCKOIbKY Mbl
BUIEM, KaK aHAJIOTMUYHbIe KOMIIPOMMCCHI IIPOUCXOIAT C Pe3UIEeHTHBIMU MH-
IeKCcaMM/CII0BapsSIMU.

OpHako B 6a3ax JAHHBIX 3Ta B3aMMOCBSI3b OGYymeT ropasmo 6ojiee CIOXKHOI,
YyeM Ta, KOTOPYIO Mbl YBUIEIN Ha JaHHbI MOMeHT. Kak 00bsSICHSIETCS B HECKOJIb-
KX HEeJaBHUX TEXHUUYECKMX CTAThsIX [1], B omepaiyio BCTaBKM BO MHOTUX CU-
cTeMax BCTpOeHa omepauus moucka. Hampumep, pu BINMOTHEHUM IemyIUI-
Kal[My oIepaiiys BCTaBKM CHavaja JejaeT 3allpoC Ha HaJIuuye 3aIlliCh C TeM
VJIM VHBIM KJTIOUOM ¥ BCTaBJISIET TOJIBKO B TOM C/Ty4ae, eCJIM K04 He HalieH.
B oT0it cuTyaluu B XyAlleM caydyae CyMMapHasl CTOMMOCTb BCTaBKM CKJIabl-
BaeTCs M3 CTOMMOCTHM ITOVCKA IIIIOC CTOMMOCTb MOAM@UKALIMM B paMKax OIle-
paiuy BcTaBKu. [I03TOMY eciiy 6bI MbI HACTPOWIIM CUCTEMY IOJ, MOJIHMEHOCHO
OBICTPYIO BCTABKY II€HOJ HEBEPOSITHO MeIJIEHHOTO ITOMCKa, TO 6bIIM GbI OYEHb
pa3ouapoBaHbl UTOTOBON IMPOM3BOAUTEILHOCTHIO BCTaBKM, YBUIEB, UTO OHA
BKJIIOUAeT CTOMMOCTb IToycKa. OThICKaHMe OIITYMAa/IbHOM IIPOM3BOAUTEIbHOCTA
BO MHOTHUX peaIbHO-IIPaKTUUECKUX CJTyUasIX, IOJOOHBIX STOMY, IIpeBpalllaeTcs
B TOHKYIO OaJIaHCUPOBKY.

10.2 CrpyKTypbl AaHHbIX 3TOM rNasbl

B aroit T1aBe MbI yaenseM Hanbosblliee BHUMaHMe B-mepeBbsiM [2], TTOCKOMb-
Ky OHM COCTaBJISIIOT OCHOBY OOJIBIIMHCTBA HaMbojIee MOMy/ISIPHbIX IBVKKOB 6a3
IaHHbIX, Takux Kak PostgreSQL (https://www.postgresql.org/docs/13/index.html) u
MySQL (http://mng.bz/0G8n). B-nepeBbsi BO MHOTOM IOXOX! Ha AepeBbsl IBOUY-
HOTO IO CKAa, HO C OTPOMHBIMH y3JIaMM, pa3Mep KOTOPbIX COOTBETCTBYET pa3Me-
PY CTpaHuIIbl/6/10Ka Ha AyicKe. ITOCKO/IbKY TaKye y3JIbl MOT'YT BMEIaTh O0/IbIIIOe
YMC/IO KITIOUeit, B-gepeBbs MMEIOT O0JbIOi KO3G(MULMEHT BETBIEHUS (UUCIO
IloYepHUX y3JI0B, KOTOPOe MHOTIA Ha3bIBAIOT pa3BeTBI€HMEM I10 BbIXOAY'®), UTO
rapaHTUpyeT Maaylo TIyOMHY M, COOTBETCTBEHHO, OTIIMYHYIO TTPOU3BOAUTENb-
HOCTb Toucka. [IoMrmMo Mu3ydeHMs] MeXaHUKM OIlepalyii C UCIOAb30BaHMEM
B-nepeBbeB, B 3TOJ IMlaBe Mbl MaTeMaTUUeCKM MOKaXeM, UTO B-IepeBbsl Jie-
MOHCTPUPYIOT ONITUMAJbHYIO IMTPOU3BOAUTENIBHOCTD MPU MMOMCKE BO BHEIIHEN
namsatu. [Io3ToMy HeyOMBUTETbHO, YTO C MOMEHTa pa3paboTku B-mepeBneB B
70-X rogax OHM OCTAKOTCSI CAMbIM ITOMY/ISIPHBIM BapUMAaHTOM pDelIeHUs] B 4aCTU
KOHCTPYMPOBaHUS ABIKKOB 623 JaHHbBIX.

B-nepeBbsl TIOJIb3YIOTCS BCEOOIIVMM ITPU3HAHMEM 3a MX OBICTPbIE OIepalun
TOMCKA, OAHAKO MOKHO MOMYUYUTh CTPYKTYPY JaHHbBIX, B KOTOPOVi TOMCK BBIMO -
HSIETCSI JIVIIIb HEMHOTO MeJlJIeHHee, a BCTaBKa U yaieHye MMeIoT ropasao 6osee
BBICOKYIO [IPOU3BOAUTEIbHOCTD, UeM B B-epese. B*-nepeBo [3] — 3TO ajbTepHa-
TUBHAS CTPYKTYypa AAaHHbIX, JIeXKalllasi B OCHOBE CUCTeM XpaHeHMs JaHHbBIX, Ta-
Kux Kak TokuDB, koTopble B mocjaegHee BpeMsI CTaIM IIOITY/ISIPHbIMM Oyiaroma-

6 Aur. fan-out. — ITpum. nepes.
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ps1 CBO€Ji TIPEBOCXOLHOV TTPOM3BOAUTENBHOCTY BCTaBKM/yaaneHns. II0CKOIbKyY
IaHHbIe CTAHOBSITCS Bce 60j1ee AMHAMUYHBIMM, MHOTYMM ITPUJIOKEHVSIM HE00XO0-
IVMO TIOAIEePKMBATh ropasao 60jiee BhICOKYIO MPOITYCKHYIO CIIOCOOHOCTD IIPK
BCTaBKe/yHoajeHuu, YeM MOTYT IPeII0KUTh 6asbl JaHHBIX Ha OCHOBe B-mepe-
Ba, IIPY STOM ITOAAEPKUBAsT ObICTPbIN TOVUCK. BE-IepeBbs SIBJSIOTCS MIealbHOli
CTPYKTYPOIJi JaHHBIX IJI51 TAKUX TUIIOB pab0ouMX HArpy3oK. Bi-IepeBbsiM yIaeTcs
MOAIEP>KMBATD TY K€ aCMMIITOTMUECKYI0 CTOMMOCTD ITOMCKA PU OGHOBpEeMeH-
HOM yay4dllieHuy (aCMMIOTOTUYECKM) CTOMMOCTM BCTaBKM/yoajieHus. pyrumm
CJIOBaMM, B MX OIepanusx IMOMCKa OIIYIIaeTCs HeKOTOpoe 3aMenjieHue, HO
YCKOpeHMe B ollepaiusiX BCTaBKM U yiajeHNs OlylIaeTcs ropas3ao CUIbHee.

CekpeT ITPOMU3BOAUTEIbHOCTH Bé-IlepeBa 3aK/II0YaeTCsl B TOM, UTO BCTaBKU U
yaaJieHMS BBITIOJIHSIIOTCSI He Cpas3y, Kak B B-mepeBbsix, TAe OflHa BCTaBKa/yaase-
Hue/MoaubuUKaIMs HeMeIJIeHHO epeMeniaeTcs BHU3 KJIUCTY AepeBa U ero m3-
MeHsieT (B-mepeBbsi IIPOCTO CAUIITKOM Cepbe3HO OTHOCSITCS K KM3HM). BcTaBKYU U
yaaneHus: B B--mepeBbsiX NeMCTBYIOT KakK COOOIEeHMsI, KOTOpbIe Oyhepr3yIoTCs
U 3aJIepXXKMBAIOTCSI HA MYTU K IMCThIM. Vfiess B OCHOBe 3aiep>KKM oTiepaluii 3a-
KJII0YaeTcs B c60pe OCTaTOUHOrO UlMCIa COOOIEeHMIi O BCTaBKaX/yaaJeHUSIX Ha
OHOM Yy3Jie, KOTOpbIe€ HAalpaBJISIIOTCSI B OJHOM HaIlpaBJieHUM, a 3aTeM UX OT-
IIpaBKe BMeCTe B OJHOI Ilepefayde B [aMTh; 9Ta UOEsI CX0XKa C 00beIMHeHeM
BaroHOB, IPMHAIJIEXXAIIVX pa3HbIM IOPOraM, B OOMH cocTaB. OObeIHSISI BCTaB-
KU U yoajneHus, Bé-nepeBo MokeT 3¢ (eKTMBHO UCIOAb30BaTh CBOM OMepaln
BBOJA-BbIBOZA, UTOOBI 00pabaThIBATh KaK MOKHO OOJIbIIIE BCTABOK M yIaJIE€HMIA.
OTO OTIMYaeTCsl OT B-IepeBbeB, B KOTOPbIX OJMH 3JIEMEHT CITyCKaeTCsl BHU3 110
JlepeBY U MHULIMUPYET MHOXECTBO JOPOTOCTOSIIIMX Orepaliii BBOJA-BbIBOAA
VICKJTIOUMTENILHO [JISI CBOeJ COOCTBEHHOI BHITO/IbI.

Haxkownert, mbi 06¢cynum LSM-nepeBbs [4]. LSM-nepeBss — 3TO CTPYKTYPbI TaH-
HbIX, Jexkale B ocHoBe LevelDB, RocksDB, Cassandra [5] 1 HEKOTOPBIX IPYTUX
IBVKKOB, 3a00TSIIVIXCS TOJIBKO O BBICOKOIIPOM3BOAUTEIbHBIX BCTABKAaX, KOTO-
phle BBIIOJIHSIOTCS ObICTpee, yeM Jaske Te, UTO HaXOOSATC B Bi-mepeBbsx. IIpe-
uMyIecTBo LSM-IepeBbeB 3aK/II0UAETCS B TOM, UTO OHM MCIIOIb3YIOT QYHKIIVO-
HaJIbHOCTb OY€Hb OBICTPOTO IOC/Ie0BATeIbHOTO CKAHMPOBAHMS IMCKOB. Ecin
B-nmepeBbs U B'-mepeBbsl IIpU CITYCKe II0 AepeBY 00paIaloTCs K CIydaiiHbIM
6;10KkaM, To LSM-epeBbst OPraHU3yIOT CBOM JAaHHbIE B ITOCIEA0BATEIbHbIE OT-
pesKku’’, KOTopble 3MMU30ANYECKM UHTEIPUPYIOTCS, KaK IIPY COPTUPOBKE CIINSI-
HyeM. CIMsiHMe ABYX OTPE3KOB MOXKET BBITIOMHSITHCS CO CKOPOCThIO CKAHMPOBA-
Hus (N/B ois Bcex 371ieMeHTOB uiau 1/B IS KaKI0ro 3JIeMEHTa), UTO SIBJISIETCS
OINTUMaJIbHBIM, a STIN30AMUECKOe CIMSHME OTPE3KOB rapaHTUPYeT, YTO B UTOTe
MbI He MOJTYUYMM CJIMIIKOM MHOT'O OTPE3KOB, KOTOpble MPUAETCS 3allpaliBaTh
B HYKHBI/I MOMeHT. Kak 6bI TO HM GbIIO, OTIepaluy MOVCKA B 9TOV CTPYKType
IaHHBIX IEeJCTBUTENIbHO OBIOT 110 KapMaHy, HO 3Ty IIP061eMy MOXKHO HECKOJIBKO
CMSITYMTD C TOMOIIBI0 (puabTpoB biyma.

77 AHDJI. run; OTPe30K COAEPKUT TaHHbIE, OTCOPTUPOBAHHbIE 10 MHIEKCHOMY KITIOUY, 1 IIPeCTaB/IeH Ha
MIVCKe B BUIE OHOTO aiiia 1160 Habopa ¢daiijioB ¢ HeHaK/IaIbIBAIOIIMMICS AYaria30HaMy KTroueit.—
Ilpum. nepes.



10.3 B-nepeBbs < 271

10.3 B-pepeBbs

B-nmepeBbsl SIBJISIIOTCSI €CTECTBEHHBIM pacIiMpeHreM ABOMYHBIX JepeBbeB Ha
BHEIITHIOI0 MaMSITh: eC/IU IepeBbsl JBOMUHOTO MOMCKA UCIOAb3YIOT 110 OJHOMY
KJIIOYY Ha y3eJl C 1IeJbI0 OpMEeHTUPOBaHMS TIOMCKa/BCTABKN/yOaleHNsI B IBYX
pasHbIX HaTlpaBJeHUSIX Ha CJIeAyIoleM ypOBHe JepeBa (KU U >KII0U), TO
B-nmepeBbsl MCITONB3YIOT TOpa3mo Gosbliie KIoueil Ha y3el. B ocTaabHOI YacTu
U3JIOKEeHNSI Mbl MHOTZ,A UCIIOb3yeM TePMUH mouka pazgopoma’® Bzaumosame-
HSIEMO C KJIFOYOM B y3Jie B-gepesa.

B uwactHOCTM, B-mepeBo mopsaka d MMeeT B KaXKIOM y3je 10 MeHbIeit
Mepe d kimoueii (¢ KoadduueHnTom BeTsaeHus d + 1) u He 6onee 2d Kioueii
(c koahduientTom BetBieHus 2d + 1). KoadduieHTsl BeTBIEHMS B y3/1aX
MOTYT Pa3nuaThCs B 3aBUCUMOCTY OT UMC/Ia KIIl0Ueit, KOTOpble OHYM COAepsKar.
EQMHCTBEHHBIM Y3/I0M, KOTOPBI He MOJIKEH IMOAUYMHSITHCS TPEOOBAHMIO O MU-
HUMAaJbHOM YMCJie KI0Ueit, IBsieTCss KOpeHb, KOTOPbI MOKET UMeTh MeHbIIIe,
yeM d KJTloueii, Ho He 6ojiee 2d KITIOUeii.

3HaueHne d B y37e B-IiepeBa 3ajiaeT pa3mep y3/a, TOCKOJIbKY Y y3Jia BCeraa
€CTb IIPOCTPAHCTBO /IS pasMelneHus 2d-kimodeit n 2d + 1 ykasaTesieit Ha Mof-
IlepeBbs HIDKe, He3aBMCUMO OT UMcia Kitouyeii, KOTOpOoe OH XPaHUT (HaKTUUECKN.
Kak MbI yBUAVIM, Y3JIbI OOBIYHO MMEIOT HEMHOTO ITYCTOT'O ITPOCTPAaHCTRBA.

Inisg Toro uTo6bI pasobpaThCs BO BHYTPEHHEH CTPYKType y3jJ0B B-mepesa,
B3IVIsSIHMUTE Ha puc. 10.2, Ha KOTOPOM MOKa3aHbI ABa y3ja B-gepesa nopsaka 2.
CneBa MbI BUAMM MUHMMAIBHO 3aTI0JTHEHHBI Y3eJI ¢ ABYMS KJII0UaMy U TpeMmsi
yKa3aTeasMM Ha HeITyCThie fouepHue y3bl. CIipaBa Mbl BULMUM TTOTHBIN Y3l ¢
YeThIPbMSI KITIOUaMU U TISITHIO yKA3aTeNsIMM Ha HelyCTbhie JoYepHIe y3JIbl.

d=2
KoY 2d=4

WKP@I‘ATEIM
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Pucynok 10.2 CrpykTypa y3na B-gepeBa. Y kaxaoro ysna ectb NpoCcTpaHCTBO
AN pasmelleHus 2d kntoven n 2d + 1 ykasaTenei, He3aBMCMMO OT ero 3amnoJIHEHHOCTY.
ToykM pa3BopoOTa HaNpPaBASOT MOUCK; TO €CTb NMPU MOUCKE NEMEHTA X Mbl CDAaBHUBAEM
ero Co 3Ha4YeHMsIMU B TOUYKAX Pa3BOPOTA, U CIEAYIOLMIA y3en (TO ecTb yKasaTeNb
Ha Hero) BbIGMpaeTcs Ha OCHOBEe 3HaYeHMs KoYa. Y3en cieBa 3anosHeH
MWHWUMAJbHO, @ y3e/ CnpaBa — MakCMManbHO

8 AL pivot. — IIpum. nepes.
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Kaxxnplii K10y BHYTpU y37a B-mepeBa, IOMMMO 3HAY€HMS, UCIIOIb3yeMOTrO
I7IST MaplIIpyTU3alMy 3apoca Ha CJIeyIolInii ypOBEeHb, TaKKe COMEPXKUT yKa-
3aTeJib Ha MeCTOIIO/NIOKeHNe CTPOKM B Tab/uile, Kak mokasaHo Ha puc. 10.1. Ha-
uymHas ¢ puc. 10.2 aTa getanb 6yeT CKpbITa ¥ OyIeT IMTOKa3bIBATHCS TOMBKO KITIOY,
MTOCKOJIbKY B OCTaBIIEICS YaCTM IJIaBbl MbI He OyIeM 00pallaThCcs K M3HavYalb-
HBIM Ta0/MIIaM 6a3bl JAHHBIX. MbI IIPOCTO AOITYCTVM, YTO B TOT MOMEHT, KOIIa
MBI JIOKaJI3yeM KJII0U B y3Jjie JiepeBa, KOTOPbI SIBJISIeTCS OTBETOM Ha 3aIipoc, y
Hac 6ymeT HeobxoauMas MH(OpMaIysl, YTOObI aBTOMATUUECKY ITEPEIIPBITHYTh K
TabIMIe M JOCTAaBUTh OCTAIBHYIO YacTh 3amucy. OgHAKO BasKHO IOHMMATh, UTO
BHYTPM KaXX[IOTO y371a B-iepeBa BBITIOTHSIETCS OOIbIIas CIyske6Has U CBI3YIO-
mast paboTa, KOTopast 3aHMMAaeT 3HAYMTEIbHYIO YaCTh €ro MPOCTPaHCTBA. DTU
CO0bOpaskeHMs BaXKHbI ITPY BbIOOpE paszmMepa y3ia. B reom Ha MpoTssKeHM Beeit
9TO¥ IJIaBbI MbI OyZIeM CUMTATh, UTO pa3Mep y3Jja CBsI3aH ¢ pa3MmepoM OJioKa B,
mosTomy d MOXKeT pacCMaTpUBAThCS KaK HeKas oy pasmepa 61oka (Harmpu-
mep, B/2, B/4AuT. n.).

PaccmoTtpum cmyvaii, Korga pasmep 6;1oka B = 1024. Ecmi ykasaTtenn, Bemylnye
Ha CIeqylolvii ypoBeHb AepeBa, 3aHMMAIOT MPUMEPHO IOJOBMHY MPOCTPaH-
CTBAa, TO OCTABIIASICS TTOJIOBMHA OCTAETCS ISl K/TI0Uelt ¥ yka3aTeneil Ha Tabiuiry.
IaBaiiTe DOMYCTUM, UTO 3TO IIPOCTPAHCTBO CHOBA pa3feeHo MOPOBHY, IO3TO-
My KJIIOYM 3aHMMAlOT B/4 mpocTpaHCTBa, a yKaszaTeau Ha Tabauily 3aHMMAIOT
ocTaBimecs: B/4. HecMoTpsl Ha TO UTO M3HAYaabHbIN y3en comepxut 1024 cro-
Ba M TeOpeTUUeCcKu MOXeT xpaHuTh 1024 ki1toua, Ha CaMOM Jiejie OH XpPaHUT 10
256 kiroueit. ITO BCce paBHO BBITOIHAS CHEIKA, YIUTHIBAS, UTO TP MaKCUMaJb-
HOJi 3aTTOJIHEHHOCTHM BCEX Y3JI0B Ha UeThIpeX YPOBHSX Takoe B-mepeBO MOXeT
XpaHUTb Gojiee 4 MJIPH KJIOYeil Ha JIMCTOBOM YypoBHe. Ha mpakTuke MHOTMe
B-pmepeBbs UMEIOT ropas/io 60siee KPYITHbIE Y3JIbl, MHOT/A TIOPSI/IKa MerabaiToB.

10.3.1 banaHcupoBaHue B-aepeBa

B 1ies1s1X rmopepykaHust HU3KO¥ CTOMMOCTH ITOMCKA, Kak U B CJTydyae co cbamaH-
CUPOBAHHBIMM JIEPEBbSIMY IBOMIHOTO MTOMCKA, MbI JIOJDKHBI ObITh YBEPEHBI, UTO
HU OJMH ITyTh OT KOPHSI KJIUCTY B B-IiepeBe He CTAHOBUTCS CAUIIKOM JTMHHBIM.
V B-nmepeBbeB 3Ta MpobieMa MPeKpacHoO pelieHa, MOCKOIbKY KasKAblil ITyTh OT
KOPHS KJIUCTY BCerAa MMeeT OIMHAKOBYIO IJIMHY. B-lepeBo — raockoe CHU3Y (TO
€CTb BCE JIVICThSI HAXOISITCS HAa OTHOM YPOBHE).

Omepaiuy BCTaBKY U ylaJIeHNsI MOTYT HapyIliaTh OTpaHYeHMsI pa3Mepa y3/a,
HarpyuMep Py BCTABKe B ITOJIHbIN Y3€JT WM YIaJIeHUM U3 MUHUMAaJIbHO 3aHSITO-
ro y3ma. Korfia 3To nponcxonnT, iepernoaHeHHbli y3e/l MOKHO paclieriaTh Ha
IIBe YacTy, Tiepepacrpenensis KIun, VI JKe COeAMHNUTD ABa y3JIa, Y KOTOPbIX
HeJIOCTAaTOYHO KITI0Ueit. ITO MOKeT CIIPOBOIMPOBATh M3MeHeH s BBEPX I10 fie-
PpeBy, TpebyIoIINe paciieIIeHUii/CISIHUI Ha BEPXHUX YPOBHSX, T B KpaiiHeM
cJTyyae iepeBO MOKeT B UTOTe BhIPACTU MM YMEHBIIUTbCS C BepiinHbL. To ecThb
MbI MOIJIM GBI B UTOTE PACHIENNTh KOPEHb HA JIBA y3/1a, HAJIOKMB HOBbBIV KOPEHD
CBEPXY, W K& OMYCTUTH CYIIECTBYIOUINIT KOPeHb Ha 6ojiee HU3KMUI YPOBEHbD,
CJIVB €To C y3JIaMy TTOJT, HUM.
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Eciu 970 3ByYMT COMBUMBO, TO HE BOJHYIITECH; BCKOPE 3TU ONepauyuy OyayT
HaIVISITHO MOKa3aHbl ¥ MOAPOOHO omucaHbl. Ha maHHBI MOMEHT BasKHO ITOHM-
MaTh, YTO [JTyOMHA B-IepeBa pacTeT ¥ YMEeHbIIAeTCsI CBEPXY, a BCE JIMCThSI BHU3Y
OCTAIOTCSI Ha OMHOM YpoBHe. CpaBHUTE 3TO C IepeBbSIMY JBOMIHOTO MOMCKA, TIe
HOBbBIIA 2J/IeMEeHT BCTaBJISIETCSI B KaueCTBe JICTa CHU3Y JlepeBa, IpuueM He Tpe-
OyeTcst, UTOOBI BCE JIMCThS HAXOAVIMCh Ha OMHOM YPOBHeE. [lajiee Mbl pacCMOT-
pPUM MeXaHUKY OIlepalnii MoucKa U BCTaBKU/yaaleHUS.

10.3.2 MNMouck

ANTOPUTM IMOMCKA AOBOJILHO IIPOCT M UMUTUPYET JIOTUKY TTOUCKA B JepeBe
JBOMYHOIO MOMCKA. BBIMOMHSS MOUCK, MbI CHa4yaja YuTaeM B KOPHEBOM Yy3jie
B-pepeBa ¥ HaXOAMM MECTOIIOJIOKEHME KIIK0Ua 3arpoca B COpPTMPOBAHHOM I10-
psiiKe cpeAy KOPHEBbBIX KiIIoUeii. B ciaydae eciu K04 paBeH OOHOMY M3 KOp-
HEeBBIX KJIH0UEl, TO BO3BpaAIlaeTcsl True; B IIPOTUMBHOM C/Iydyae MblI ClelyeM 0
COOTBETCTBYIOIIEMY yKa3aTesl0 BHU3 I10 IepeBy U IIPUMeHSIEM TOT 3Ke aJITOPUTM
PEKYPCUBHO IO T€X IOP, II0Ka JIMOO He BepHeM True, T1O0 HE JOCTUIHEM yKa3a-
Tesist null 1 He BepHeM False. Ec/iu a7ieMeHT HaliieH OO TOT0, KaK OH JOCTUTHET
JIUCTBHEB, TO CITYCKAThCS 110 JEePEBY JaJibllle HET HeOOXOAMMOCTH. B 3aBUCUMO-
CTU OT peajnu3anyy MOXKHO BO3BpallaTh He OyJeBO 3HAUeHMe, a XpaHsIIeecs
3HaueHue, HO uaes Ta Xe.

[TockonbKy BepxHMe YPOBHM AepeBa 3a4acTyl0 JOCTATOYHO Majibl U CUAST B
OIlepaTMBHOJ ITAMSITH, MOKHO ObIJIO ObI 9SKOHOMMTh HEKOTOPOE UMCJIO OTIe PaLiii
BBOJIa-BbIBO/IA ITPY MIOVICKE HA BEPXHUX YPOBHSIX AepeBa. OmHAKO GOJIbIIMHCTBO
KJIIOUEei OyIyT HaXOOMUTHCS Ha HIDKHMX YPOBHSX, II03TOMY BEPOSITHOCTb TOTO,
YTO 3anpallyBaeMblii K04 HAaXOOUTCS B OAHOM M3 y3JI0B B ONepaTUBHOIJ Ia-
MSITU, JOBOJIBHO MaJia.

B Hauxymiiem ciayyae Ipy MOUCKe, BO3MOKHO, TIOTPeOGyeTCs BBIITOIHATD UTe-
HMe B KaXKAOM OJIOKe Ha ITyTM OT KOPHS K JIMCTY, UTO IIPUBEIET K CTOMMOCTHU
roucka O(log ,IN) nuis B-nepeBa nopsiika d. TTOCKOTbKY MbI OGBIYHO MCXOIVM 13
IOITyIIeHust, uTo d = 6(B), 9TO 03HAYAET, UTO CTOMMOCTD ITOVCKA B HAUXYIILIEM
crydae 6ymer pasHa O(log, N). ToT akr, 4To HeKOTOpbIe y3/1bI 6ymyT 6osee myc-
TBIMU, YEM JIPYTME, HE HAPYIIUT aCMMIITOTHKY, TaK KaK KO3 PUIVEHT BeTBJIe-
HUS TIO-TIpeXKHeMYy OymeT paBeH 0(B).

Hauxymimmii crydaii 6ymeT MpouCcXOIUThb, KOTIa MCKOMBIN 3JIEMEeHT HaXOIUT-
Cs1 Ha JICTOBOM YPOBHE, IT03TOMY €ro OThICKaHMe IpeaycMaTpUBaeT 06cIeno-
BaHMe KaXXIoro 6j10Ka Ha ITyTM OT KOPHS K JIMCTY. Hauxymimmii ciayJail 4acTo
BO3HMKAET B CUTYALMSIX, KOT/Ia CUMTAETCSI, YTO OONBIIMHCTBO 2JIEMEHTOB CUIAT
B JIMCTBSIX, & TAK)KE KOTAA ITOMCK COODIIAET, UYTO 3JIEMEHT OTCYTCTBYET.

10.3.3 BcTaBKa

BcraBka HeCKOMIbKO 3amyTaHHee, yeM MoucK. CHavaaa Mbl BBITIOTHSIEM I10-
MCK, UTOOBI HAWTY JIUCT, B KOTOPbI TAHHBIN 3JIEMEHT JIOJKEH ObITh BCTaBIeH
(MBI Bcerma BCTaBisieM B JICT). Eciy mucT He 3amonHeH (MmeeT < 2d kitoueit),
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TO 2JIEMEHT MPOCTO J06aBIsIeTCsS B HY;KHYIO MMO3UIIMIO B HaZJIeKaIleM JIMCTE, a
M3MeHEHHbBIN y3eJT 3aMChIBaeTCsT 06paTHO Ha IucK. PaccMoTpum mpumep, 1o-
KasaHHbIM Ha puc. 10.3, B koTropoMm 80 BcTasssgeTcs B B-gepeBo nopsiaka d = 2.
IMomumo nob6aBIeHUS 37IeMEHTA B JIUCT, HUKAKUX APYTUX M3MeHEeHU B iepeBe
He TpebyeTcs.
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PucyHok 10.3 BcraBka B B-AepeBo, KOraa YKa3aHHbIM IMCT He 3anoHeH

OmHAKO MOXKET CJIYUYUTbCS TaK, YTO HA3HAUEHHDIN JUCT OyAeT 3aIoaHeH
(y Hero yxe ectb 2d KJIIOU€if), ¥ TOrHA TOC/IEe pasMelleHMss HOBOTO KJIoda Y
y3na 6ymet 2d + 1 kiroueii. [I0oCKONBKY Teleph 3TO HapyllaeT OrpaHuYeHNe 110
pasMepy, IeperoTHeHHbIN JIMCT pacleruiseTcsl Ha ABa JIMCTA CAeAyIomyM 06-
pa3oM: JIeBbIi JIUCT GYAET comepsKaTh HayMeHbIne d Kaodeii, IpaBblii JIUCT —
Haubosbinue d KIoueil, a MeIyaHHbIi K04 OyIeT BCTaBIeH B POIUTENbCKUI
y3€J1, UTOObI CTYSKUTh Pa3feUTeIeM ISl IBYX BHOBb CO3JaHHbBIX Y3JI0B. DTOT
MPOLeCC MOKET CIIPOBOLIMPOBATD Ja/IbHENIlIee paclieryieHe BBePX I0 AepPEBY.
Hanpumep, eciu Bce y37bl Ha 3aaHHOM ITyTU OT KOPHS K JIUCTY 3alI0JTHEHBI, TO
BCe y3JIbI OYIYT pacieruieHbl, TOTHMMAsICh K KOPHIO, BK/TIOUast KOPeHb, U JePEBO
YBEJIMUNTCS B BBICOTY Ha 1.

TakoB nmpumep, okazaHHbIM Ha puc. 10.4, B KOTOPOM MbI BCTapisieM 69 B
B-mepeBo nopsgka d = 2. ITowte pasmelieHnust 69 B JIMCT OH GYIeT COCTOSITh U3
MISITY 97IEMEHTOB M O6yJeT paciielyieH Ha JBa JIUCTa, KOTOpbIe 6YIYT OTHe/IeHbI
MeIVaHOoM 76; IBa 3JieMeHTa ePEXOIT B JIEBBIV JIUCT, M IBA 3JIeMEeHTa — B IIpa-
BbIif, @ 76 BCTABJISIETCS B POAUTENbCKUI Y3€JI, UTOOBI CIYKUTh pasfeiuTenemM
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MEXOy ABYMSI BHOBb C(OOPMUPOBAHHBIMMU JIMCTAMU. B 3TOM ciyyae pomuTesib
SIBJISIETCSI KOPHEM JepeBa, ¥ OH TOXKe 3aIrojIHEH, I09TOMY BCTaBKa MHULIUUPY-
eT HOBoOe pacuierienye. KopeHb pacieruisieTcst Ha ABa y3J1a, KaKIbIA ¢ IBYMSI
KJII0UaMM, a MeIYaHa IIepEeHOCUTCS BbIllle BO BHOBb CO3/IaHHbII KOPEHb.
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PucyHok 10.4 BcraBka B 3aMOnHeHHbIN y3en,
NpuvBOAALLASA K YBENNYEHUIO TNYyOUHbI B-aepeBa Ha 1

KakoBa cTouMOCTb onepainy BctaBku? OBIIYI0 CTOMMOCTb BCTaBKM MOXKHO
pa3genTh Ha CTOMMOCTD ITOMCKA — CTOMMOCTb, HEOOXOIMMYIO IS OThICKAHMST
MeCTa BCTAaBKM, — I CTOMMOCTb MOAM(MKALIMM, BKIIOUAsT pacIleIlyIeHNs Y3/I0B,
niepepacrnpesesneHue Kiawdei u T. . CroumocTs noucka scerga pasHa O(log, N)
omepaLysiM BBOJA-BbIBOMIA, TAK KaK IIPU KaskKAOM IT0MCKe, TpeGyeMOM BCTaBKOiA,
HY>KHO 06pamaTthes K aucTy. CToMMOCTb MOAM(MUKAIMY BapbUPYETCS B 3aBUCK-
MOCTM OT IaJIbHOCTH, C KOTOPOJ MPUXOAMUTCST BBIIOIHSITD paciliellyieHUs BBepX
I10 IiepeBY, HO 9Ta CTOMMOCTb B Hauxyzem aiydyae cocrasisier O(1) onepanmii
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BBOZA-BbIBOZA B pacyeTe Ha YpoOBeHb AepeBa. Co3gaHMe HOBOTO y3Ja U Iepe-
MellleHNe IT0 HeKOTOPbIM KiIouaM TpebyeT He 6osiee ueM JOCTyIa U 3alIMCH B
MOCTOSTHHOE 4Mc/Io 6;10KOB. CieloBaTeIbHO, B HAMXYAIIEM CJTyyae CTOMMOCTD
MoaU@UKAIIUY aCUMITTOTUYECKN He CHIDKAeT OOIIYI0 CTOMMOCTh BCTAaBKMU, 10-
CKOJIbKY OHa TOXe, camoe 6onbiiee, pasHa O(log, N).

BmecTe ¢ Tem obpaTuTe BHMMAaHME HA TO, YTO IOCKOJIBbKY B-mepeBo mme-
eT O4YeHb OOJbIINe Y3JIbl, Pa3PbIB MEXKAY MUHMMATbHO 3aIIOTHEHHBIM Y3JIOM
(d xmtoyaMu) ¥ TIOJTHBIM Y3JI0M (2d KJTFOUaMi) TOBOJTbHO BEIMK. DTO O3HAYAET,
YTO pacluellyieH/e y3/10B, MHULVIMPOBAHHOE BCTAaBKOW B 3allOJHEHHBI y3ell,
MIPOUCXOOUT He TaK 4acTo. HeKoTopble peryyisipHOCTM BCTaBKU MOL'YT BbI3bIBATh
6osblilee YMCIO paciielvieHnit y3/I0B; HalpuMep, MHOTOYMCIEHHbIE BCTABKMU
B OZIVH ¥ TOT K€ JIUCT 6yayT MPUBOAUTD K HapylieHunio B-mepeBa. BoT mouemy
MHOTrMe IpaKTuyeckue peanusaluuy B-mepesa IbITalOTCS paclio3HABATh I10SIB-
JIeHVe TaKuX BCTaBOK U MO-Pa3HOMY MX 06pabaThIBalOT (OHM BCTABJISIIOTCS Of-
HMM OOJIBIIMM MTaKeTOM M T. [I.).

10.3.4 YnaneHue

VoaneHue sneMeHTa U3 B-IepeBa B HEKOTOPOJi CTEIIeHM aHAJTOTMYHO BCTaB-
Ke. OmHAKO yHajeHyue MMeeT ABa CAeAYIOMNX CIyJast:

O ypaneHue KJIOYa M3 BHYTPEHHETO Yy371a;
O vypmaneHue KIO4Ya U3 JTUCTA.

AJITOpUTM yHasaeHust CBOAUT 06a CJIydasi KO BTOPOMY CTy4alo CIeyIInm 06-
pasoM: ey KITI0Y, MOAJIEXXAIINI yAaTeHNI0, HAXOAUTCS BO BHYTPEHHEM Y3Je,
TO OH YIAJISIeTCSI U3 CBOErO y3JIa, a ero NpeemMHMK MTOMeIIaeTCsl Ha ero MecTo.
HanmomHuM, 4TO MpeeMHMKOM 37eMEeHTa X B JiepeBe SIBJISeTCS HaMMeHbIINit
3JIEMEHT B JiepeBe, KOTOPbIi O0JbIIe X.

B03MO3KHO, BbI 3aXOTUTE HA 3TOM OCTAHOBUTHCS ¥ YOEIUTHCS, UTO Y KAXKIOTO
K/II0Ua B HENMCTOBOM Yy3Jie B-IepeBa eCTh ITpeeMHUK U YTO MPeeMHUK MTPOu3-
BOJIbHOTO KJII0Ya BHYTPEHHEro y3Jia HaxOAuTcs B JucTe. [IpeeMHMKa Kiaoda X
MOXXHO HaiiT¥ BO BHYTPEHHEM Yy3Jie, CJIe[lysl 10 yKa3aTest p CIipaBa OT KIKYa
M HaxXo[sl MMHMMYM MOJIepeBa, Ha KOTOpOe yKa3bIBaeT p. BusyanbHo, cnenys
1O p, Mbl YXOIMM OJMH pa3 BIIPaBO, a 3aTeM MPOJIO/KaeM JIBUTAThCS BJIEBO,
MoKa He JocTUrHeM jucta. Camblii 1eBbIli (HaMeHbIINIA) KJII0U B 9TOM JIMCTE U
eCTb TIPeeMHUK 3JIeMeHTa X.

3aMeHsIsT 37IeMEeHT ero mpeeMHUKOM (Ha puc. 10.5 Tak 60 3ameHsieTcst Ha 66),
MbI TIOAAEPXXMBaeM TO Ke UMCIO K/IHueli BO BHYTpeHHEM Yy3Jie, U3 KOTOPOTO
MPOUCXONUT YAANEeHHbIV 3JIeMeHT, a Takke TMOAAepKuBaeM JeKcukorpadu-
YyeCKuit MOPSAIOK JIEMEHTOB B JIepeBe, TaK UTO TaM MpobiaeM HeT. OMHAKO MbI
TOJBKO YTO MOTEPSIIN IEMEHT U3 JINCTA.

Kaxk ymansitb asmeMeHT u3 jiucta? Eciu ICT y comepskUT Gosbiie KTIoUeit, uem
d, TO 3MeMeHT MOKHO 6e30IacHO YAAIUTD U3 JINCTA, ¥ Ha 3TOM BCe (CM. IpuMep
yoanenust 99 Ha puc. 10.5).
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PucyHok 10.5 O6paboTka yaaneHuit U3 BHyTPeHHero y3na
MO CPAaBHEHWIO C INCTOBbLIM Y3/10M

C Ipyroit CTOPOHBI, €CJIN B JINCTE Y €CTh d KITIOUeii, TO yuaiieHue KioJda Oy-
IeT BbI3bIBAThH OMIMOKY yaJleHusI M3 MUHUMAIbHO 3aHSTOrO y3a’™. Torma mMbl
obpamiaemMcsl K JJIeBOMY/TIpaBOMY COCENy JIMCTA Yy, UTOObI ITPOBEPUTH HaIMume
BO3MOYXHOCTHM [103aMMCTBOBATh Y HETO HECKOIBKO Kiroueii. Eciu y ieBoro am60o
MpaBoro cocena 6osbiine d KI0Yeil, TO MOXKHO T103aMIMCTBOBATh XOTS Obl OIVIH
KJTIOY, YTOObI KOMIIEHCHMPOBATH OMIMOKY yOAleHUsT U3 MUHUMAIbHO 3aHSITOTO
y3Ja.

B npeane ecnuy ogHOTO U3 cocenieli MMeeTCs JOCTAaTOUHBIN 3arac KJIKJei, To
HY>KHO paBHOMEPHO pacIipeie/INThb KUY MEXIY 3TUM COCEeIOM U IUCTOM Y, HO
TepecTaHOBKa 37IEMEHTOB MEeXAY JUCTaMM MIPUBOAUT K U3MEHEHUIO pa3aenu-
Tesnsl. B mpumepe, mokazaHHOM Ha puc. 10.6, B KOTOpOM MbI yaassem 69, rocie
yoanenus: 69 neBblii y3en comepxkut 32, 48, 55 u 57, pazmenutenb paBeH 66, a
TIpaBbIii y3eJ1 comepskuT 71. MblI repecTaBisieM 3T 3JIEMEHThI TAKMM 00pa3omM,
yTOOBI JIEBBI y3es comepskan 32, 48 u 55, pasmenurenem crano 57, a comepsKu-
MBIM IIPaBOro y3Jia cTano 66, 71.

Bo3MOXXHO, 3TO He COBCEM OUYEBUIHO B B-mepeBe mopsiaka d = 2, HO paBHO-
MepHOe repepacrpezeneHye 3J1eMeHTOB MeXIy ABYMSI JIMCTbSIMU UTPaeT BaXK-

" Aurn. underflow; cuH. moTepst 3HaUMMOCTH. — [Ipum. nepes.
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HYIO POJIb (HaIlpuMep, IoayMaiiTe 06 y3J1ax ¢ ThicTyaMy Kittoueii). Pactipemensst
KJII0UM PaBHOMEPHO, Mbl OTOABUTAeM CJIeyIolllee IMOTEeHIMaIbHOe Iepepac-
npesiesieHe KiIoueii ele Jaablie B 6yayiiee.

MosKeT CTyYnThCS TakK, YTO 06a coceqia 3aroIHEHbI TI0 MUHUMYMY CBOEI eM-
KOCTU U HE MOTYT O,a/DKMBATh HUKAKMX KI0Yel. B 9TOM ciyyae nMCThs KOHKA-
TEHUPYIOTCSI. MbI KOHKaTEHUPYeM JIUCT Y (Termepb OH COmepskuT d — 1 Kioueir)
C CcocefioM IO HaIleMy BbIOOPY (COAEPKUT d KITroueii) u 6oee paHHUMM pasje-
JIATeNIeM MEXIY IBYMS TMCTaMu, YTOObI chOpMMPOBATh HOBBI y3€J1, CofepKa-
muii 2d KiIroueii, TakuM o6pa3om (GopMupys MOMHBINA y3en. Omyckas pasmenu-
TeJIb BHU3, Mbl IIPAKTUYECKU yOaJseM KU 13 BHYTPEHHErO y371a, YTO MOXKeT
VHULIMKUPOBATD AajbHelilllee repepacupeeneHye KioJeil Wiy KOHKaTeHaIIo
Y3J10B BBEPX I10 JE€PEBY.

YAAMTD 63

R

EEDS|AOEE) SN EESN | EDSE|EESS

OUMBKA YAANEHNS N3 MUHUMANIBHO 3AHATOMO Y3NA.
NO3AMMCTBOBATDL K/K4M

b

EROAN|FEES | EESS | EENSNS | BENSN | EENN

PucyHok 10.6 YnaneHue aneMeHTa MOXET NPUBOAUTb K OLLUMOKE yaaneHus
13 MUHUMAJIbHO 3aHATOrO y3na. Ecnm coceam 3anonHeHbl N0 MUHUMYMY
CBOEI €MKOCTU, TO Y3€e/ 3aMMCTBYET KUK Y OAHOIO U3 Coceaei

Paccmorpum nipumep Ha puc. 10.7, roe ynaseHue 88 BbI3bIBae€T KOHKATEHA-
LIMI0 Ha JIMCTOBOM ypoBHe. Cpa3y 1ocjie KOHKaTeHaluu JMCTa CO CBOUM Iipa-
BBIM COCEJTIOM ITPeIbIAYIINIi pa3eanTeb IBYX TUCTOB (95) ormyckaeTcs B HOBbII
KOHKATEeHMPOBAHHbIN y3e/1. 3a CUeT STOTr0 MHUIIMUPYETCS OIIMOKA yaaleHus 13
MMUHMMAJIBHO 3aHSTOrO y3/1la HA BTOPOM YPOBHE LepeBa, BbI3bIBAS elle ONHY
KOHKAaTeHAIIMI0 ¥ B KOHEUHOM CUeTe yMeHbIlas IyouHy B-nepesa Ha 1.
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VnaneHue, Kak ¥ BCTaBKa, TpebyeT MoKcKa yoaasieMoro Kiwda U IMOTeHIIN-
aJbHO MOXKET IMOTpe6oBaTh MoAMdUKAIMK y3/1a. AHAIOTMYHO BCTaBKaM, CTOU-
MOCTb MoAuduUKalMy iepeBa BO BpeMs yAaJleHUs aCUMIITOTUYECKM He CTaBUT
10/, yrpo3y 061y crouMocThb u coctaysieT O(log, N).

HecMoTps Ha TO 4TO MBI aHaAM3UPyEM Olepauyuu B B-TepeBe acCMMIITOTH-
yecKu, ryouHa B-epeBa peqKko MpeBbIlaeT 6 Ui 7 ypoBHeli. BepxHue ypoB-
HU B-pepeBa Takke 3a4acTyl0 MOT'YT yMellaTbCs B OCHOBHOV namsaTu. Harmpu-
Mep, [ y3/1a, B KoTopoM d = 512, a 0611t pa3Mep y31a COCTaBJIsIeT MOpsiAKa
napsl KWJI06aiiT, CTaHAAPTHAS OTIepaTUBHAS MTaMSTh MOXKeT BMECTUTD ABa-TPU
BEpPXHUX YPOBHS JepeBa. 3a CUeT 3TOro MPOMUCXOAUT SKOHOMMS Ha ONepaiusix
IOCTYTIa, KOTOpbIe OYOYT MCIIONIb30BATbCS TOMBKO IJISI BYX-UeThIPeX HVDKHUX
YpPOBHeI1 iepeBa.
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PucyHok 10.7 YoaneHue aneMeHTa U3 MCTa MOXET NPUBOAUTb K KOHKATEHALMM
Y3/10B, €C/IM COCEHME Y3/Ibl 3aMOJIHEHbI MO MUHUMYMY CBOEM EMKOCTH.
KoHKaTeHaLmMM MOTyT pacnpocTpaHsTbCs BBEPX MO AEPEBY U B KOHEYHOM
MTOre YMeHbLUATb BbICOTY AepeBa Ha 1
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10.3.5 B*-pepeBbs

BOonbIIMHCTBO MCMHO/Ib3yeMbIX CETOAHSI peasm3aluii B-nepeBbeB Ha caMOM
nene SBASOTCA Bf-mepeBbsiMu. OCHOBHOE pasjinume MeXIy NpoCTbiMu B-pe-
peBbSIMM, KOTOpPbI€ MBI TOJIBKO UTO OIMCaIu, U B'-mepeBbsiMU 3aK/I0UaeTCs B
TOM, UTO B'-lepeBbsl XpaHST BCe CBOM JaHHbIE B JIMCTbSIX. BHYTpeHHME Y3JIbl
comepXkaT K/IYM, INIABHBIM IpefHa3HaueHMeM KOTOPBIX SIBASETCS Maplipy-
THU3alMs 3ampoca K MPaBUIbHOMY JIUCTY, HO OHM He 06s13aTeJIbHO OTpaykaioT
cogepskumoe (paKTMUeckoro Habopa JaHHBIX. DTO TaKKe 03HAYaeT, UTO BCe 3a-
npocsl cToaT O(log, N), MOCKONBKY Aake eCIi BO BPeMsl I0MCKa Mbl 0OHAPYKUM
3amnpaliyrBaeMblii KI0Y BO BHYTPEHHEM y3Jie, Mbl BCe€ PABHO ITPOJO/DKUM OUCK
IO CaMOTrO JIMCTA.

EcThb HECKONBKO MPUUMH, MO KOTOPHIM Ham BBITOAHO TaKOe YCTPONCTBO.
Bo-nepBbIx, IMCTOBOJ YpOBEHb OPraHM30BaH B BUE CBSI3HOTO CITMCKA, KaK M0-
Ka3aHo Ha puc. 10.8. 3a cueT sTOro obecrneumBaeTcs ObICTPBIN OCAEA0BATEIb-
HBIV JOCTYII K JAHHBIM B COPTMPOBAHHOM IOPSIIKE M OBICTPBIE MMAIla30HHbIE
3arpockl. [TomymaiiTe 0 AManma3soHHOM 3aIrpoce WM MOTPeOHOCTU MTPOCKAHM -
pOBaTh BCe JAHHbIE B COPTUPOBAHHOM IOPSIAKE — OHU MHULIMUPYIOT CUMMeET-
pUUHBI 00x01%° K/Taccuueckoro B-mgepeBa, KOTOPbIi CKaueT BBepX-BHU3 I10 pas-
JINYHBIM YPOBHSM JepeBa. Eciu nepeBo pa3MelleHO Ha AJCKe TIOyPOBHEBO, TO
MepeKTIoUeHe MeKIy YPOBHSIMM BbI3bIBA€T HEM3OEXKHbBIN CIyIaliHbI JOCTYTI.
IyaTia3oHHbIe 3aIIPOChI U MOTPEGHOCTH B BHIBOJE BCEX MaHHBIX 33 OLHO OBICT-
poe CKaHMPOBaHMe BaskKHbI B TAKMX CUCTeMaX, Kak 6asbl JaHHBIX U (ailioBbie
cucTeMbl. ClieIoBaTeIbHO, CIIOCOOGHOCTH 06€eCIIeuBaTh GbICTPbIe 06X0AbI B -me-
peBa CTaHOBUTCS KaK HeIb3s1 KCTaTH.
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PucyHok 10.8 OpraHusauus B*-gepeBa. BHyTpeHHMe y3nbl NpoCTbl
W COAEpPXKaT KHOUM, KOTOPble MapLIpyTU3UPYHOT 3aMpoCkl K IMCTbSIM,
B KOTOpbIX COAepXMUTCS 6onee noapobHas MHGOPMALLMS O KAKAOM Kitoye

ARt

80 Aurm. in-order traversal. — IIpum. nepes.
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Bmo6aBOK OTCYTCTBME yKa3aTeleil Ha paKTuJyecKue JaHHbIe BO BHYTPEHHUX
y3JIaX OCBOOOKIAET MHOT'O IIPOCTPAHCTBA [IJIsSI XpaHeHMsI OO0JIbIIEro Ynciia K-
yeii. ITo maet 6osiee BBICOKUI KOI(POUIIMEHT BETBAEHUS ¥ MEHbIIYIO ITyOUHY,
YTO MPUBOIUT K MEHBIIIEMY UMC/Ty OIlepalyii BBOIA-BbIBOIA [IJIsI OOBIYHBIX OIle-
panuii, yeM B KJIaCCMYeCKOM B-nepese.

10.3.6 Yem otanualoTca onepauuu Ha B*-pepeBe

[TepBoHauanbHO B-IepeBo MOXKeT ObITh IIOCTPOEHO TaKUM 00pa3oM, YTOOBI
K/TIOUM BHYTPEHHUX y3JI0B ObLIU TyOIMPOBAaHHBIMM BEPCUSIMU PeATbHbBIX KITI0-
yeli JaHHBIX. [IpyrMMM CJIoBaMM, BHauase BCe 37IeMeHThI, CyIleCTBYIOIIe B JIU-
CThSIX, CYLIECTBYIOT ¥ BO BHYTPEHHUX y371ax. OqHAKO KOTJa IeMeHT yaalsieTcs,
OH YyZ,a/151eTCs TONBbKO M3 JINCTA M OCTAEeTCSI BO BHYTPEHHEM y3Jie B KaueCTBe OpU-
eHTMpa (eI TOIBKO OOJIbIIIEe HET HEOOXOAMMOCTHM B 3TOM KITIOUe-pasaenuTesie
13-3a UIMSIHUSA Y3JI0B U T. 1.). Harpumep, ecsin sneMeHT 28 NO/KeH ObLT ObITH
yoaneH us B-mepesa Ha puc. 10.8, To oH 6bL1 ObI yIaleH U3 JUCTOBOTO YPOBHS,
HO ocTaJjicsi 651 pasfenuTesneM MexIy IBYMS JIMCTaMy BO BHYTPEHHEM Y3JIe.

AHasOrMYHO 3TOMY, BO BpeMsl 60Jiee CII0KHOI BCTABKM Y3€Jl PaCIlerviseTcs
Ha [1Ba, 4 KJII0Y 13 JILCTA MTOBBINIAETCS 10 BHYTPEHHEro YpoBHS; B B*-epeBe OH
OyopyeTcsl, B pe3yJIbTaTe Yero OH MO-TIPesKHEMY OCTAeTCsl Ha YPOBHE JIMCTA
1 TIOBBILIAETCS 0 YPOBHSI BHYTPEHHETO y3J1a, YTOOBI CTY)KUTh Pa3/ieuTeeM.

[Touck Bcerga BeeTCs BIIOTh 4,0 YPOBHS IUCThEB JiepeBa, I03TOMY HE MOXKET
OBbITh CTy4Jasi, KOrja Mpy MoyucKe BhIIIOIHSIETCSI HOJIb OTlepaluii BBOJa-BbIBOAA,
MTOCKOJTbKY 97IEMEHT ObIT HaliIeH Ha OHOM 13 60Jiee BBICOKMX YPOBHE iepeBa,
KeIIMPOBaHHbBIX B OTNlepaTUBHOM nmaMsiTu. C IPyroii CTOPOHBI, ITOCae TOTO Kak
JJIeMeHT HaliJieH, oriepauusi ¢JiefoBaHUsS! BBITIONHSIETCS 32 aMOPTU3UPOBaH-
Hoe O(1/B) BpeMs, MOTOMY UTO [JISI KaKOOi O(B) omepauyy Mbl JOCTaBJIsSIEM
HOBBIN GJIOK, @ BO BCe OCTa/JIbHbIe MOMEHTHI BPEMEHM Orepanus CaeI0BaHus
cBo6oHa. Kak Mbl yBUAVM 103)Ke B 3TOi IV1aBe, B*-epeBo SIB/ISIeTCS I10JIe3HbIM
KOMITOHEHTOM [IJISI TTOCTPOeHMsT 60jiee KPYITHBIX CTPYKTYP JTaHHBIX, B KOTOPBIX
C/IMSIHME KOMIIOHEHTOB MPOMUCXOAUT 3MMU30A4MYECKU. B 3TOM ciryuyae BO3MOX-
HOCTb OBICTPO MPOCKAHMPOBATH BCE TAHHBIE ABYX KOMIIOHEHTOB U OObeAVHUTD
UX CII0CO60M, TTOTOOHBIM COPTUPOBKE CIMSTHYEM, 3HAUMTETbHO ITOBBIIIAET ITPO-
M3BOIUTENbHOCTbD.

10.3.7 BapmaHT ucnonb3osaHus: B-apepesbs B MySQL
(4 MHOrMX ApPYrux MecTax)

B-nepeBbst GOPMUPYIOT OCHOBY IIJIT MHOTMX JIBVKKOB 6a3 JAaHHBIX, B YaCT-
Hoctu PostgreSQL, MySQL n mHorux gpyrux. @aiyioBble CUCTEMBI, TaKMe KaK
daitnoBast cucrema Apple HFS+ (http://mng.bz/YgoN) 1 BTRFS ot Linux (http://mng.
bz/GGYq), McIionb3yIOT B-nepeBbs. Ecay Balia KOMIIaHUS MCIIO/Ib3yeT KaKy-n-
60 6a3y TaHHBIX, TO, CKOPEe BCEro, 3TO Oa3a JaHHbIX OCHOBAaHA Ha B-IepeBbsx.
MHorme 13 ykasaHHbIX peanu3annuii Ha CaMOM [iefie SIBJISIIOTCS B -mepeBbsiMu.

81 A1 successor operation. — ITpum. nepes.
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B kauecTBe mpuMepa (M IJ1s1 pa3HO0Opasusi) pacCMOTPUM OHJIAfHOBOE MPU-
JIOXKeHMe, He MMelollee Jiejla C OTPOMHBIM Hab0opoM JaHHbBIX. Be6-cailT comep-
KUT MHGOpMaIMio 060 BceX CKIafax MHAMBUIYAJbHOIO XpaHeHMs Belleil B
CoenunenHbIx lllTaTax. basa maHHbIX comepskuT okoso 50000 cK1amoB MHIUBU-
IyaJIbHOTO XpaHeHMs Bellleif, HO KasKAblil CKIad MMeeT GOJbIIoe YMCIO TUIIOB
XpaHUJININ, KOTOpble MOKHO apeHIoBaTh (pasinMyHble KaTeropuu pasmepoB
XpaHWININA; pa3indHble (QYHKIMOHAJIbHbIE BO3MOKHOCTM, TaKue KaK K-
MaT-KOHTPOJIb B ITIOMEIIEeHMM, TJOCTYI K JIUMTY MAM aKUUM I10 IIeHaM), TAKUM
06pas3oM, 1o CyTH, Y HAC eCTh OKOIO 10 MJTH MHAMBUIYAJIbHBIX 3aIIMCei, BKIIIO-
yasi UICTOpUYecKue 3amnmcu.

ITonb30BaTeNMM MOTYT 3aliTH Ha BeO-CaiiT, YTOObI MPOBEPUTH JOCTYITHOCTD
OIlpefleJIEHHbIX TUIIOB CKIAACKMX ITIOMEIIeHNIi B UX pajioHe, M (GUIbTPOBATh
10 pa3JIMUYHBbIM KpUTEepUsIM (HaAIIpuMep, 10 MOYTOBOMY MHIEKCY, pa3Mepy Xpa-
Hwma u T. 1.). Kaxkaeiii medp noammcbiBaetcs 6oaee 100000 HOBBIX JOrOBO-
POB apeH/Ibl, I09TOMY MOKHO JOITYCTUTD, UTO HA Beb-caiiTe pasMeNiaeTcs ele
0oJIbIIIEE UMCIIO 3aIIPOCOB.

C mpyroii CTOpOHBI, U3MEHEeHMs B 6a3e JaHHbIX TOKe ITPOVCXOMIST, HO He TaK
OBICTPO, KaK 3aIIpOChl; HAIPUMMEP, CTaphIil CKIad, MOKET 3aKpbIBATbCS /WU
OTKPBIBAThCSI HOBBIN; TAK’KE MOXKET M3MEHSIThCS MHPOPMAaLM O IleHaX, HO Bce
9TO IIPOMCXOAUT C YaCTOTOJ B IMapy pas B Hemeto. [IJis ycKOpeHus Imoucka 6asa
IaHHBIX TOJKHA XPaHUTHCSI B BUe B-mepeBa, U Mbl MOXEM CTPOUTh MHIEKChI
Ha pasHbIX CTOJI0IAaX TabIMIIbI (HAaIpUMep, IOUTOBOM MHIIEKCE).

B cnepytoniem manee paspgene Mbl KOCHEMCSI MATEMAaTUUYE€CKMX OCHOB OITU-
MaJIbHOCTU TIOMCKa B B-gepeBe. DTOT pa3zesl B IIEPBYIO OUepeb IpefHa3sHaueH
IJISI YMTaTesell, MHTepPeCyuxcs MaTeMaTUKOi, M B IPOTUBHOM Cydyae ero
MOXXHO TIPOTITYCTUTb.

10.4 HemHoOro MaTeMaTMKK: NoYeMy NOUCK
B B-pepeBe onTMManeH BO BHELWHEN NaMATHU?

[TpucTynas K onpeneIeHnIo ONTUMAaJIbHOTO CII0CO0a BBIITOJTHEHMS 3aIIPOCOB BO
BHEIIHEe MaMsITH, faBaliTe BepHeMCS K OIepaTUBHOM ITaMSITV M ONITYMMAaJIbHO-
MY ITIOMCKY B OMlepaTUBHOM NamMsITu. Mbl 3HaeMm, 4TO JepeBbsi IBOMYHOTO MOUC-
Ka (2 TakKke IBOMYHBIN IMOMCK B COPTUPOBAHHOM MAacCCUBE) MOTYT ONITUMAILHO
BBITIOJIHATH 3aIPOChI 3a ~ log, N cpaBHeHMIi; APYTMMU CIOBaMU, HVYIKHSAS Tpa-
HMLIA TI0MCKa B onepaTuBHOI namaTu pasHa Q(log, N) cpaBHenuam. Ho orkyna
MbI 3TO 3Haem? [IpyrMmMu CJioBaMi, OTKY/Ia Mbl 3HaeM, YTO B OJIH TIpeKpacCHbIN
IeHb KTO-HUOYIb He MPUIET U He M306peTeT HOBBIN aJIfTOPUTM, KOTOPbIii OymeT
6bICTpEe TBOMIHOTO TOMCKa?

OTBeuas Ha 3TOT BOMPOC, HY>KHO MPOM3BECTM HUKHETPAHUYHbIM apryMeHT,
KOTOPBIN MMOMelllaeT BCe MOTEHIIMaTbHbIe aJITOPUTMBI T1OJ, OAVH 30HTUK TIPO-
LleAyp, BBIMOMHSIOIIMX MOC/IeI0BaTeIbHOCTh CpaBHeHUI (Hampumep, a < 3?),
OTBETHI Ha KOTOPbIE MOTYT ObITh YTBEPAUTEIbHBIMMU JIMOO OTPUIIATEIbHBIMMU,
U IPOAHaIM3UPOBaTh MHGOPMAIINMIO, KOTOPYIO Mbl Y3HAeM M3 KaskIOT0 OTBETA.
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To ecTb MbI paboTaeM B MUPE aJITOPUTMOB, KOTOPbI€ MOTYT BBIIIOJTHSTH TOJIbKO
cpaBHeHMs (B IIPOTUBHOM CJTydae Xelll-TaOINIIbI IPEB30IIyT HI/KHIO IPaHMUITY
MOMCKa). 3aTeM MbI BBIUMCISIEM MUHMMAIbHOE UMCI0 BOIIPOCOB, KOTOPBIE 3Ta
Ipolieaypa ob1Iero ornpeaee s TO/DKHA ITOCTaBUTh, YTOOBI PEIINTD 3a1auy.

B mensgx miutiocTpaly 3TOro MOMEHTA JaBaiiTe 00paTuMCs K TeTCKOi Urpe,
KOTOPpasi, BO3MOKHO, BaM 3HaKOMa: JOITYCTMM, Bbl 3araJbIBaeTe YMCJIO X B Iya-
nazoHe ot 1 mo 1000000, a Bail Apyr/ToApyra MbITaeTCsl yragaTh 3TO UMUCIIO.
Emy pasperraeTcs 3a1aBaTh TaKye BOIIPOCHI, KaK «X MeHbIIIe, 00/IbIIIe WY PABHO
300007?», 1 BbI AOJIKHBI aTh €My IIpaBAMBbIN OTBET. EC/iM x paBHO YIIOMSIHYTO-
MY UM UMY, TO UTpa MpeKpaliaeTcsi; B IPOTUBHOM CTydyae Bbl OTBedaeTe, YTO
€ro JIorajKka CJIMIIKOM BeJIMKa MO0 CAMIIKOM Maja, M Urpa MPOAOIKaeTCs 10
TeX I10p, ITOKA OH He yragaeT IIpaBU/IbHOE YKC/I0. LIeIb COCTOUT B TOM, UTOOBI OH
yrajaa ImpaBWIbHOE YMCJIO 3a HauMeHbIllee BO3MOKHOE UMCJIO BOITPOCOB.

BbI MOsKeTe 3aKII0UYMTh, YTO CAMbIM JIYUIIMM IEPBBIM BOIIPOCOM OYIET BO-
MpoC «x MeHbIlle, 6osbiie 6o paBeH 5000007». biarogapst TaKOMY ITOIXOIY
Iayke B HAMXYIIIEM CTydyae YyMcIo TMOTeHIMaTbHbIX BapMaHTOB COKpallaeTcs C
1000000 mo 500000. Ecyiu Bal ApyT BbIOEpeT MeHbIlee Ji60 GoJblIee YUCIo, TO
9TO OyIeT MoJIe3HO IJIsI Bac, HO He IJIsS IPyTa, TaK KaK Bbl CMOSKETE ITOJCTPOUTH
CBOM OTBETBI I1OJ] T€ BAPMAHTbI, KOTOPbIE OCTABST GOJIbIIIEe Y0 KaHIUIaTOB,
OCTaBasiCh MPM STOM I10C/IeIOBaTeIbHbIMM B CBOMX OTBeTax (HallpuMep, ecjin
B KauecTBe IIepBOTO BOIIPOCA OH CITPAIIMBAET, He SIBJSETCS JIM YMCJIO MEHbIIIe,
paBHO 60 60sbIie 900 000, TO BbI 06513aTETbHO OTBETUTE «MEHbIIIE»).

BbIBOI TaKOB: OJIMH BOIIPOC/CpaBHEHME ITOMOTaeT COKpAaIlaTh YMCI0 Bapu-
aHTOB MAaKCMMYM B JIBa pa3a; BOITPOC MOKeT COKpaIlaThb BApMaHThbl B MeHblllee
YMCIO Pa3 WK BOOOIIEe UX He COKPallaTh, €CJIM OH IIJIOXO ITOCTaBJIeH, HO CaMoe
0oJIblIIee OH ITOMOSKET COKPAIlaTh BAPMAHTHI B IBA Pa3a. ITO O3HAYAET, UTO [IJIsI
repexoja 13 MOoUCKOBOro mpoctpaHcTa N K 1 npuaeTcs 3a4aTh KaK MUHUMYM
Q(log, N) Bonipocos, ostomy 1ipu N = 1000000 Hama urpa HasbiBaeTcs «20 Bo-
MpocoB». Terepb maBaiiTe epeHeceM 3Ty aHAJOTHIO BO BHEIIHIOKO ITaMSITh.

Ecnu B onepaTuBHOI MaMsITU Mbl ITOICUMTBIBAEM 80Nnpocyl (TO eCTb YUCIO
CpaBHEHMIi, KOTOPbIe aJITOPUTM IOJIKEH BBIMIOJHUTD AJIST pPeIleHys 3amaun),
TO B MOZe/IM BHeIlIHel maMsIT Mbl IOACYUTHIBAEM Onepayuu BBOIa-BbIBOMA.
CnemoBaTebHO, HAM HYKHO BBIYMCAUTD MaKCUMMAaJTbHO BO3MOXXHYIO BBITOIY
(TO ecTh CKOJIBKO MHGOPMAaIMM MbI Y3HaeM M3 OJHOTO 6JIOUHOIO BBOJA B I1a-
MSTD).

[TockoJbKY Ilepemava B IIaMsITh COLEPKUT He Oojiee B 371eMeHTOB, BBOJ, OTHO-
ro 6710Ka — 3TO Kak ObI M3MEHEHVE UTPbI, TIO3BOJISIIONIee HAllIeMY APYTY 3a1aBaTh
HEeMHOTO0 6oJiee CJIOKHBIV BOTIPOC, COAepsKaluii 3HaueHus B. I[Ipumepom Takoro
BoIpoca ¢ B = 4 moxeT 6bITh «Kyma 6bI BbI IOMECTUIN X MEXKIY CIemyIOIIy-
MM 4eThIpbMSs uncyiamu: 23, 31, 56 u 88?» Eciu x paBHO OTHOMY M3 UMCEJI, TO
UI'pa MpeKpaluiaeTcs; B IPOTUBHOM CJIydae y Bac OyJeT ISITh BApMAaHTOB OTBETA
(x<23,23<x<31,31<x<56,56<x<88mux>88), u urpa 6ymeT mpoa0/KaThCS
IIO TeX TI0p, ITOKa OHO M3 ITPeAJIOKEHHBIX UMCeT He CTaHeT paBHBIM X. Kakum
OymeT ONTMMAaJIbHBII IEPBbIi BOIIPOC HAIIIEIo Apyra, eCu, CKakeM, B = 4? JTo
OyIyT YeThipe paBHOOTCTOSIIIMX YMC/Ia, TAK YTO KaKOii ObI U3 MSATY BapUAHTOB
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MbI HY BbIOpaJIM, PACCTOSIHME MEKIY HUMM OYIeT paBHbIM. DTO MpeIoXpaHsieT
HAac OT 3aTSITMBaHMS UTPHI.

B Teopetnueckoit mHGOpMaTUKe HAHHBII METOH, HOKa3aTeJIbCTBa Ha3bIBa-
eTcs apeymeHmayueti conepHuka®?. B Hallleil Urpe MbI SIBJISIEMCSI COTIEPHUKAMM,
MOTOMY UTO ITPY HAJIMYKUM JIEMEHTOB B MbI Bcerma 6yaeM pasMelnaTh X B ITOf-
ITPOCTPAHCTBE, KOTOPOE MO3BOJISIET UT'Pe TTPOI0JIKAThCS AOJbIie Bcero. iMeHHO
TaK Mbl U TECTUPYEM HAMXYOIINIA BapMaHT aifOpUTMa. ENVHCTBEHHBIN CI10CO0
OIlepsKaTh PEIIMTETbHYI0 I00eIy Hal COIEPHMKOM — 3TO UTOOBI aJITOPUTM AeJIal
BCe MOATIPOCTPAHCTBA OAMHAKOBOTO pa3mepa. Korga Mbl BHeApPsIEM aJITOPUTMBI
B peasibHbI MUp, Yy HAC HET peasbHbIX CONIEPHUKOB; MpaBUbHEE CKa3aTh, Me-
Tadopa ColmepHMKa CYIECTBYET IJI TOro, YTOObI IIOMOTAaTh HAM OCO3HAaBaTh
aCMMOTOTUYECKYIO CJIOKHOCTD 3a/Iaud.

TakuMm o6pasomM, aydiliee, YTO MOXKET IIPOU3O0IATH, — ITO €C/IU B 271eMeHTOB B
0JI0Ke ITOMOTYT COKPAaTUTDb UMC/IO BapMuaHTOB B B + 1 pa3. OmsaTsb ke, obpaTure
BHMMAaHMe, YTO HAIll PYT MOKET COCTaBUTh IUIOXOi OGJIOK, UTO MO3BOJIMIO OBbI
HaM, COMIEPHMKY, COKPATUTh ITPOCTPAHCTBO Ha BeJIMUYMHY, MEHbIIYIO, yeM B + 1
(cMm. puc. 10.9, Ha KOTOPOM MOKa3aHO, KaK MOKHO COCTaBJISITh XOPOIIMIi/TIOXOM
0JI0K).
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PucyHok 10.9 PacueT HWHew rpaHuLbl MpeanonaraeT Hanmume XopoLlumnx 610KoB

82 Aur1. adversary argument. — IIpum. nepes.
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[TockobKy Kaxkaasi orieparysi BBOJa-BbIBOJA ITOMOTaeT COKpaliaTh obiiee
YMCI0 BapMAHTOB He 6osee yeMm B B + 1 pas, TO /JI BBITIOMHEHMS TIOVICKA BO
BHeIHeli namary Ham tpedyercsa Q(log, \N) = Q(log, N) onepauuii BBoga-Bbl-
BOJIa, U MIOMICK B B-IepeBe yIOBIETBOPSIET 3TOM HVOKHEN TpaHuLe.

10.4.1 NMouemy BcTaBKU/yaaneHus B B-pepese
He SBNSIITCA ONTUMa/bHbIMU BO BHELLUHENX NaMATH

Tereps, KOrma Mbl 3HaeM, UTO B-gepeBbsl ONTUMAaJIbHbI IT0 OTHOIIEHUIO K 3a-
Ipocam, JaBaiTe pacCMOTPUM Omepanyy Mogu@MKaLyu, Takie Kak BCTaBKa U
yIajieHye, KOTOpble TPeOYIOT TOTO sKe aCMMITTOTMYECKOTO YMc/Ia TepeMelleHii
B IIAMSITh, UTO U IIOUCK.

OpHako omepauyy BCTaBKM U yOaJeHMs CylleCTBEHHO OTIMYAIOTCS OT OIle-
paLuii IIOMCKa, IIOCKOJIbKY BCTaBKa He TpeOyeT HeMeIIeHHOTO IOATBEPsKAeHS
TOT'O, UTO HOBbIIi 9JIEMEHT ObIJI COXpPAHEH B JIUCTEe. AHAJIOTMYHO 3TOMY, YAATeHMe
He TpebyeT HeMeIJIeHHOIO ITOATBEPKIEHMSI TOTO, UTO 3JIeMEHT ObUT (usnye-
CKM ygaJieH 13 nepeBa. ETMHCTBeHHOe TTOATBepKAeHe TPUXOAUT B pe3yJibTaTe
0ojiee IMO3OHEN omepanyy IOMCKa, KOTIa OHA JO/DKHA MPUBECTU K YOOBJIET-
BOPUTEJIbHOMY OTBETY [JIS BCTABJIEHHOI'O 3JIeMeHTa U OTPULIATeIbHOMY [JIsI
yIaJIeHHOTO 3jieMeHTa. IIoMCK — 9TO eIMHCTBEHHAs orepanys, Tpebyomas He-
MeJIJIEeHHO? 00paTHO CBSI3M, M KaK TAKOBYIO €e HeJlb3s 3a7epKuBaTh. C Apyroi
CTOPOHBI, BCTAaBKM U YHOAJEeHMS MOXHO 3aJepsKuBaTh 1 OydepusoBaTh. biaro-
JIapsi TAKOMY ITOAXOAY CTPYKTYpa JaHHbBIX MOKET 00pabaThiBaTh 3TU OIepalin
60s1ee 3¢ PeKTUBHO B ITAKETHOM pesKMMe. B ocTabHOI YaCTy I71aBbl MbI YBUIVIM
JIBe TaKye CTPYKTYpPbI JaHHBIX: Bé-nepeBbs 1 LSM-nepeBbs.

10.5 B*-pepeBbs

Be-nmepeBo 6b110 paspaborano bpomanom (Brodal) u ®arepbeprom (Fagerberg)
[6] KaKk CTPYKTYypa AaHHBIX, KOTOpas BOILIOLAeT KOMIIPOMMCC MEXKIY CKOPOCTbIO
orepanyii BCTaBKM ¥ IOMCKA BO BHEIIHEN maMsaT. KoMIIpoMuce oTpaskaeTcs: B
Iyarna3oHe 3HaueHui napamertpa € = [0,1], KOTOPBIi MOXKHO HaCTpauBaTh, U IIpU
€ = 0 cTpyKTypa JaHHBIX TOJHOCTHIO ONITUMMU3UPOBAHA MO, OTlepaluy BCTaBKNU/
yoaneHusi; Ipu € = 1 OHa MOJTHOCTHIO ONITMMM3MPOBaHa MO/, Orepanyu moucka
(3TO B-mepeBo).

OmHako Korja B 3TOi IJIaBe MbI OyJIeM TOBOPUTD O Bf-epeBbsX, Mbl 0OBIYHO
OymeM CChbIIATHCSI Ha «IIOJIOBMHYATYIO» CTPYKTYPY AAHHBIX, KOTOpAst BO3HMKA-
eT 1pu € = 1/2. YKa3aHHOe 3HayeHMe € MHTEepPeCHO TeM, UTO B TAHHOJ TOUKe
CTeKTpa MbI MOMyYyaeM CTPYKTYpPY OAaHHBIX C OmepanusMy MOMCKa, KOTOpbIe
XY’Ke TOJIbKO Ha ITOCTOSTHHBI KO3(hQUIMEHT, ueM y B-IepeBbeB, U OlleparsiMu
BCTaBKMU, KOTOPbIe aCUMIITOTUYECKH JTyUllle, YeM y B-mepeBbeB. ITO O3HAYAeT,
YTO B°-IepeBO 3HAYMTETBHO JIyYIlle TIOAXOAMUT IJIsl pabounx Harpy30K, O TUMU-
3MPOBAHHBIX MOJ, OTIepaluy 3aII1CH, UeM B-IepeBo, U oA AepK1UBaeT aCMMIITO-
TUYECKY ONITUMAJIbHBIN TTOMCK.
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10.5.1 B*-pepeBo: npuHLUMN paboThbI

KitoueBoii KOHCTPYKIIMOHHO? 0COOEHHOCTHIO Bt-TTepeBbEB SIBJSIETCS TO, UTO,
MTOMMMO KJIIOU€ei, KaKIbIii BHYTPeHHMI y3en uMmeeT 6ydep. Bybepbl mpu3BaHbl
BPEMEHHO XPaHUTh BCTABKY U yAaJIeHNs], KOTOPbIE EICTBYIOT KaK COOOIIEeHMS
Ha MyTU K Ha3HaUeHHOMY jiucTy. Onepanus yaaneHus B Be-mepeBe paboTaeT He
Tak, KaK B B-fiepeBe, IyTeM MPSIMOrO Mepexoia K MeCTOIMOMOXEHNIO 3JIeMeHTa
1 pusnyeckoro ero ymaneHusi. BmecTo aToro B 6ydep KopHeBOro y3jia mepBoHa-
YaJIbHO BCTABJISIETCS CUTHAIbHOE co00IeHne® « VIammTh X», U OHO TTOCTEIIEHHO
nepeMeniaeTcs 1o 6ydepam BHM3 10 ITyTH OT KOPHS K JICTY, KOTOPbI XPaHUT X.
Kak TosmbKO cUrHaIbHOE COOOIeHe JOCTUTAET JIMCTA, COIepsKaIIero x, X pusm-
YeCKM YAAISIeTCS U3 lepeBa BMeCTe C CUTHAIbHBIM COOOIIeHeM. AHaTOTMIHbIA
MPOILeCC CYLIEeCTBYET U CO BCTABKAMI.

Kak 1 B B*-mepeBe, Bce 371eMeHTbI B*-IlepeBa HaXOOSATCS B JIMCTBSIX, MO3TO-
MY BCe BCTaBKM U yOaJe€HMs B KOHEUYHOM UTOTE BAUSIIOT Ha JIUCTbhS, & KII0UM BO
BHYTPEHHMX y371aX UCIIO/Ib3YIOTCS TOJIBKO B KaUeCTBE TOUEK pa3BOPOTa JIJIsI Ha-
npaBJieHus noyicka. CoobIeHNs 0 BCTaBKe/yIaleHNM OXUIAI0T B 6ydepe 1o Tex
TOp, TI0Ka He OyeT cCO6paHO JOCTATOUHOE YMCIIO IPYTUX COOOIIEHMIA, KOTOPbIe
MOYKHO OYZIET OTIPAaBUTh OTHOMY U3 JJOUEPHMX 3JIEMEHTOB BCETO 3a OHY OTle-
pauyio BBOAA-BbIBOAA. DTO OTIMYAETCS OT B-IepeBbeB, B KOTOPBIX IJISI OGHON
BCTaBKM/yIaJe€HNS MCIIOJIb3YeTCs O HA OIlepalyisi BBOa-BbIBOAA, YTOOBI TIEpe-
VT Ha CJIeAyIolnii yPOBEHD JepeBa, U, CJief0BaTeIbHO, HECKOIBbKO OIepaluii
BBOJIa-BbIBO/IA, YTOOBI 3aBEPIINTH paboTYy. 3aJiep>k1Bas orepaiuu B B--nepese,
Mbl MOXKEM YCKOPUTDb MX BBITIOTHEHME B aMOPTU3MPOBAHHOM CMbIcie. [1o3xke
MbI YBUJIVIM, KaK TIOIIepykaHMe BCEX ITUX COOOIIEHMIA BIMSIET HAa aITOPUTM I10-
MCKa.

BHYTpeHHSIT CTPYKTypa y3/ia B°-mepeBa BBINIAOAUT CJIEOYIONMM 00pa30M:
KaKIIbIN y3€JI COIEPKUT KITIOUN, a OCcTaBleecss B — B* MpOCTPaHCTBO UCIIOJb3Y-
ercs ayisg 6ydepa (cm. puc. 10.10 c y3imom, tme B= 16 n € = 1/2). B pamkax Hariei
ob1meii koHpurypauuu € = 1/2 Mmbl umeeMm VB kimoueii u B — VB 6ydepHoe Tpo-
crpaHcTBO. CiegoBaTenbHO, Oydep 3aHMMAaeT GOJBIIYI0O YacTh MPOCTPAHCTBA
y3na. Takske oOpaTuTe BHMMaHMe, UTO TIyOMHA AepeBa OINpenensieTcsl CTPyK-
Typoii y3na, rae VB Kiioueii B pacuyeTe Ha y3es JAlOT IyOMHY JepeBa, PaBHYIO
log ;N = 2log, N. HecMOTpsl Ha TO YTO YMCJIO K/IIOYeli 3HAUUTEIbHO MeHbIIe,
ITyOuHa IepeBa BCETo B iBa pa3a 6oJiblile, YeM B B-iepeBe. ITO BJIMSIET Ha IPO-
M3BOIUTENbHOCTh MMONCKA JUIIb OTYACTH, TOCKOAbKY MbI MTOKEPTBOBAIU IIPO-
CTPAHCTBOM Yy3J1a, YTOOBI pa3MeCTUThb 6yepbl, HO ACMMIITOTUYECKASI CTOMMOCTb
IOMCKA OCTAETCSI PABHOM CTOMMOCTHU B-nIepesa.

10.5.2 MexaHuka 6ydepusaumm

Bydep MOKHO TpaKTOBaTh KaK OT/IEIbHYIO 06/1aCTb Y3714, B KOTOPOJ HaKaruii-
BAIOTCS COOOIIEHNSI, ¥ KaK TOMbKO Oydep cTaHOBUTCS MepPeroIHEHHbIM, MbI €70
ouniiaem. To eCTb MbI OUMIllaeM TOJIbKO Te 37IeMeHTbI, KOTOpbIe MpeaHa3Haye-
HbI JIJISl IOYEPHETO y3J1a, Y KOTOPOTO OOJIbIlle BCEro OXKUAAIIX OOHOBIEHMIA.
8 AHmI. tombstone message; CvH. HaArpoGHOe coobieHue. — [Ipum. nepes.
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Bo3MoskHO, 6oJiee UMCThIM CIIOCOOOM BM3YaJIbHOIO IpeAcTaBaeHus 6ydepa sB-
JisseTcs ero pasbuBka Ha B + 1 pasHbIX nombydepos, rae Kaskablii momboydep
COIEPSKUT COOOBIEHNS, TpeITHA3HAYEHHbIE 711 OMHOTO0 KOHKPETHOTO T0YePHEro
5/IeMEeHTa, Ha OCHOBe 3HaueHUI KiIJel (Hanpumep, kak Ha puc. 10.10). Mb1 He
roApasessieM IIPOCTPAHCTBO MeKAy Mmoabydepamu B SIBHON ¢opme, U pasHbie
nonoydepsl MOTYT IeUTHCSI CBOMM ITPOCTPAHCTBOM C IPYTMMU, TAK UYTO OUUCT-
Ka MHUIIMUPYETCS TOJIBKO TOC/Ie 3aIo/iHeHus Bcero 6ydepa. OqHaKO KaK TOMb-
KO Oydep 3aIloIHSIeTCs, OUMILAeTCs TOJIBKO CaMblii IOIHBIN mTopoydep. Bydep
0OBIYHO peanu3yeTcs B Bue cOaIaHCHMPOBAHHOIO JlepeBa JBOMYHOTO IOMCKa,
B KOTOPOM MOXKHO OBbICTPO OOAB/SITH IEMEHTHI U M0 HUM IepeMeniaThCs,
Iepska UX B COPTUPOBaHHOM Iopsiake. Eciu mogdydepsl peaansyioTcs B BUe
OTJIeTTbHBIX JIePeBbhEB JBOMUHOTO IMONCKA, TO CJIe[lyeT 6€CITOKOUTHCS TOITBKO 06
UX 06IIeM pa3Mepe, UTOObI He MPEBBIIIaTh EMKOCTh Oydepa, a He 0 pasMepax
OTJIeTbHBIX TTONI0Y(hepoB.

p=16
(3— =4 (knion)
B-18 = 12 ( npgg'?;mggeo )
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PucyHok 10.10 Y3en Bé-pepeBa umeet kntouu n bydepsl.
B HacToswee BpeMs 6ydep nonoH 1 6onblue He MOXKET BMeLLaTb 0OHOBNEHUS

Ha puc. 10.11 moka3aH MOMEHT, Korja 6ydep meperoiHseTcs ocjae HOBOTo
o6HOBeHMs (Del 8) u ouniaeTcsi. Coo6IIeHNS M3 CaMOTO IMOHOTO noabydepa
OUMILAIOTCS M PACIIPEEISIOTCS 110 COOTBETCTBYIONIMM IToabydepamM To4epHero
anemeHTa. [Ipyrue coobmeHus u3 6ydepa ocraioTcs B 6ydepe (Harpumep, coo6-
ujeHue Del 8, KOTOpOE MHUIMMPOBAJIO OUNIEHME, HE OUUIIAETCS).

Ha puc. 10.11 B 6ydepe mouepHero ysia yske MMeI0Ch HECKOIBKO MPeIbITy-
VX OKMUIAIONMMX 0OHOBIEHMI (Del 29 U Ins 36), HO BMECTE C ITOCTYAIIMMMU
COOOGIIEHUSIMY Y3€eJT He TIPEBLICUIT eMKOCTh Oydepa, Mo3TOMY IIPOollecc Ha 3TOM
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ocTaHaBIMBaeTcs. TyT He [TOKa3aHa OfHA BaskHas JeTasib: C KaKIbIM CO0O0IIe-
HyeM 06 0OHOB/IEHIM CBsI3aHa BpeMeHHAs MeTKa. BpeMeHHas MeTKa [IOMOTaeT
BOCCTAHABJIMBATD MICTOPUIO 1, 3HAUMT, IIPABUJIBHO BBITIONHATH aJITOPUTM ITOMC-
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PucyHok 10.11 Korpa 6ydep cTaHOBMTCS NepenosHEHHbIM,
Mbl O4MLLAEM CaMblil NOMHbIA Noabydep COOTBETCTBYHOLLENO Y313

10.5.3 BcraBka u ynaneHue

Temepb, KOT/IA y HAC ecTb MexaHMU3M Oydepusaiumn, naBaiiTe pacCMOTPUM
BecCh IMpollecc BCTaBKM/ymaneHus 1o KoHia. CoobleHne o BCTaBke/yialeHun
MepBOHAYAIBHO TIOMelaeTcss B 6ydep KopHsi mepeBa. Eciu coobiieHne He
MHUIMUPYET NepenoaHeHus 6ydepa, To fAeso caenaHo. B mpoTuBHOM ciiyuae,
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eIy CoObIIeHe MHUIIMMUPYET OUMCTKY KOpHEBOro 6ydepa, Mbl ero oumiaem
Y BBIMOJIHSIEM JII0ObIe KaCKa[HbIe OUMCTKM BHU3 II0 JepeBY, MOTeHIMAIbHO
BIUIOTb JI0 JIMCTOBOI'O YPOBHSI, C COOTBETCTBYIOIIMMM BCTaBKaMM/yIaleHUSIMU
B JINCTe.

Eciu Bo BpeMsT OUMCTOK JOCTUTAETCS JIMCTOBOM YPOBEHDb, TO MbI BBIIIOJTHSI-
€M BCTaBKY/yIa/ieHye CoObIe i, KOTOpbIe IMTOCTYIIM/IN Ha JIMCTOBOI YPOBEHb,
BCTaBJISIsT/MOGABIISAS 3/IeMEeHT pM3MUeCKy, KaK 3TO JejaeTcs B B'-mepeBe, 1 yna-
JISIST 9TU COOOIIEeHMST BCTaBKM/yaanieHus 13 ux oydepa. Y31bl Bi-mepeBa o6/1ama-
IOT TeM JKe CBOJMCTBOM «IOPsiaKa d», uTo U B-mepeBbs. Korma aucT mpeBbiliaeT
CBOIO €MKOCTb, OH PacCILerlIIeTcs TOUYHO TakK sKe, KaK 3TO [elaeTcs B B -mepe-
BbsiX. Korma oH CTaHOBMUTCSI CIMIIIKOM ITYCTBIM, OH CJIMBA€TCS TaKUM Ke ob6pa-
30M, KaK U B B*-mepeBbsx. Takum 06pa3oM, TUIIMUHAS BCTaBKa/yoaaeHue, KO-
TOpas IPOABUTaeTCs BHU3 10 6ydepaM 1 B KOHEUHOM UTOTEe JOCTUTAET JIUCTA,
MOXKeT 3aTeM MHUIMUPOBATH OIepaliio pacilelieHs]/CINIHUS B JIUCTe, KO-
TOpasi, B CBOIO OUepeb, MOKET MHUIIMMPOBATh HOBbIE PACIIEIIIeHNS/CIUSHUS
BBEPX I10 fiepeBy. Bechb 3TOT mpoiiecc paboTaeT TOUHO TaK ke, KaK 6bLIO OIMCAHO
17151 B-mepeBa, 3a MCKITIOUEHMEM TOTO, UYTO TeIepb Mbl pacileruisieM/00be I HI -
eM KJII0UM U IlepepaciipegesiseM coobiuieHns B 6ydepax.

10.5.4 MNMouck

[Tonck B Bt-mepeBe BBIMOIHSIETCS aHAJIOTMYHO MOVCKY B B-TlepeBe, IIOCKOIbKY
OH CJIefyeT IO MYTU OT KOPHS K JIMCTY, KOTOPBI MOXKeT CoflepskaTh 3ampainimBpa-
eMblIii aeMeHT. OGHAKO MOMCK B IepeBe TaKKe AOKEH YUUTHIBATb COOOIIEHNST
0 BCTaBKe/yIaJleHNN, C KOTOPbIMU OH CTAJKMBAETCS HA CBOEM ITyTHU, IIOCKOJIbKY
OHM BAMSIIOT HA OKOHYATENbHBIN Pe3yIbTaT MOMCKA.

Hamnpumep, 1ommycTmm, Mbl uieM emMeHT 10, KOTOpbIi ObLT BCTaBIEH B ITPO-
IIJIOM; OJHAKO HEAABHO [IJIs1 Hero 6bly1a BbITIOJTHEHA omeparys yaaneaus. Ecim
¢ TexX 1op B oTHomeHny 10 He GbUTO BBITIOTHEHO HUKAKMX IPYTUX OTIepalnii, TO
MTOVICK JIOJDKEH COOOIINTD, UTO 3JIEMEHT OTCYTCTBYeT. OJHAKO 3TOT /IEMEHT BCe
ele MOXKET CyIeCTBOBATH B JINCTE AEPEBA, TTOCKOIbKY CUTHALHOE COOBIIEHNE,
BO3MOXHO, 10 HETO He IOLIIO0.

ITo 3TOii MpuYNMHe orepalus MOCKa JO/KHA COOMpaTh Bce COOBIeHMS (C UX
BPEMEHHBIMM METKaMM), KOTOpble OTHOCSTCS K 3alpallMBaeMOMYy 3JIEMEHTY
Ha IIyTU OT KOPHS K JIMCTOBOMY 3JIEMEHTY. 3aTeM, KOTAa OH OIpeJesisieT, YTO
3JIEMEHT B JIKCTE TIPUCYTCTBYET, OH IIPUMEHSIET JII0Oble MOTeHIMaIbHbIe CO06-
IeHMsI O BCTaBKe/yAajeHUM B IPaBUIBHOM XPOHOJOIMYEeCKOM mopsake. Ha
puc. 10.12 mouck snemMeHTa 7 cobMpaeT coOOIeHNMsI Ha CBOEM ITyTU OT KOPHS K
JIMCTOBOMY 3JIEMEHTY, U MOC/IEe AOCTUKEHUS IMCTOBOIO YPOBHS U MPUMEHEHUS
BCEX COOOIIEHMIT OH MPUXOAUT K BHIBOLLY, UTO 7 MPUCYTCTBYET.

CremyeT yYUTbIBATh, UTO ITOMCK HUKOT/IA HE TPUBOINUT K OUMCTKE KaKMX-JI1M60
6ydepoB. BHyTpeHHe OH co6MpaeT COOTBETCTBYIONIME COOOIIEHNs, YTOOBI IIpa-
BWIBHO OTBETUTH Ha 3a11poc. Best pabora, cBsI3aHHast C 04MCTKOI 6ydepoB, BO3-
JlaraeTcs Ha orepainuy BCTaBKU/yaaneHusl.
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PucyHok 10.12 BctaBka v yaaneHune coobLieHui
Mo MyTW OT KOPHS K IMCTOBOMY 3/1IeMeHTY 7

10.5.5 AHanu3s ctroumocTu

B sTOM paspesie Mbl IpOaHAIM3UPYEM CTOMMOCTD OIepanuii Moucka, BCTaB-
KU U ypaneHus B Be-mepese. Mbl cOCpefoTOUMMCS Ha aHa/IM3€e MHTepeCcyrolein
Hac MOJIOBMHYATON CTPYKTYPBI JAHHBIX (¢ = 1/2), XOTS €ro JIerko 0600IINTh Ha
nm060e 3HaUEHME €.

Be-nepeso umeet O(log, N) ypoBHeii, I03TOMY IOMCK AO/IKEH IIPOYUTHIBATH
O(log,N) y3710B Ha CBOEM ITyTI OT KOPHS K JIACTY. B 3TOM CMbIC/Ie TIOMUCK aCUM-
MITOTUYECKU CTOUT CTOJIBKO K€, CKOIbKO MOUCK B B-mepese. TouHee, B ABa pasa
MeJJieHHee, TOTOMY 4TO Bt-fepeBo B [iBa pa3a Iyoske.

BcTaBku M ymaneHus] MOXKHO aHaAM3UMPOBATh BMECTE, MOCKOAbKY OHU pa-
60TaroT cxokMM o6pazom. CriepBa HaM HYKHO MTPOAHAIN3UPOBATb CTOMMOCTb
CITyCKa OIHOTO COOOIIEHMS C OMHOrO YPOBHS JlepeBa Ha CJIeayiomuii. OTo 3a-
BUCUT OT UKCA 3J€MEHTOB, KOTOPbIe MepeMelialoTCsl BMeCTe 3a OfHYy Ofe-
pauuio BBOAA-BbIBOIA MpU oumcTKe Oydepa. Korma 6ydep cTaHOBUTCS ITOJI-
HbIM, CaMblii TIOITHBIN ToAOydep 3armoHeH M0 MeHbIeil Mepe Tak ke, Kak U
BCe OCTaJIbHbIE TTOAOY(hephI; C/IeA0BATENbHO, OH COIEPKUT 10 MEHbIIel Mepe
(B-VB)/(VB+ 1) ~ VB coobuieHuii. 9To 03HayaeT, uTo 3a 1 orepaiuio BBOja-Bbl-
BOJA Mbl TPAHCIIOPTUPYeM NPUOIU3UTENbHO VB 06HOBAEHWIT Ha CIemyIouii
yPOBeHb JlepeBa; clefoBaTebHo, Kakaoe ooHosneHue crout O(1/VB) B pacuere
Ha yposeHb. [lepeso umeer O(log, N) ypoBHeii, T03TOMY OfiHa BCTaBKa/yjae-
HMe 00XOOUTCS B LIeJIOM B O(logBN/\/]_B) orepanyii BBOJia-BbIBO/IA, YTO B VB pas
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IelieBsie, ueM B B-nepee! [Ipumep ToMy nokasaH Ha puc. 10.11, rae B = 16, HO
MbI OUMCTU/IM YeThbIpe 37eMeHTa (CaMblii IIOIHBI IToa0ydep COmepsKUT YEThI-
pe 3jieMeHTa), [I03TOMY Ha KakKIblil 37IeMEHT Mbl UCIIOIb30BAJIN Y4 orepauun
BBOJIa-BbIBO/IA. EC/IM yuecTh, uTO B 3a4acTyro BbIPa>kaeTcsl B ThICSYaX MM JaKe
MWIIMOHAX, TO yAelleBeHue B VB pas MoxXeT 03HayaTh 3HAUMTeIbHOe CHYKe-
Hle CTOMMOCTMU.

IToMuMO cTOMMOCTM Oydepu3anyu, CYIIecTBYeT TakKe Kaaccudeckasi CTOu-
MOCTb (PM3MUECKOr0 pPacIleIlIeH s ¥ CIMSIHMS Y3JI0B, KOTOPbIE OI00HbI y3/IaM
B B-mepeBe. Ho Ha 3TOT pa3 HaM HYKHO ITPOaHaIM3UPOBATh 3Ty CTOMMOCTD 60-
Jiee TIIaTeIbHO, YYUThIBAs, UTO Mbl He XOTUM mpeBbimath O(log, N/ VB)) crou-
MOCTb BCTaBKM/yaaneHus. JIpyTuMu ¢JIoBaMu, C B-AepeBOM MOKHO ObITh 6ojiee
CBOOOIHBIM B aHA/IM3€ U TONYCKATh, YTO B HAUXYAIIEM CIyYae Ha KaskIoM YPOB-
He IIPOMCXOOUT OGHO paciierieHue a1b0 CausHue, i 3Ta CTOMMOCTh BCE PaBHO
OymeT ITOKPBITA YKe CYIIECTBYIOIIE CTOMMOCTbIO BCTABKV/TIOMCK, CBSI3aHHOI
MPOCTO C IIepeMelleHeM BHI3 110 AepeBy. C Bé-nepeBoM MPUXOAUTCS ObITh 60-
Jiee 6epeskaMBbIMU. K cUaCThlO, UMC/IO OKUAAEMBIX paclleIIeHUI U CIAUSHUI
paboTaeT B HaIy MOJIb3Y.

BosbMeM HauXyIUIyI0 BO3MOXKHYIO pabOuyl0 HArpysKy BCeX BCTABOK, Ha-
MpaBJIEHHbIX K OZHOMY JIMCTY; 9Ta pabodasi Harpyska MaKCUMU3UPYET UUCIO
pacierieHuit y3nos. HauneM ¢ mepeBa nopsiaka d = 0(VB), y3/Ibl KOTOPOT'O MU-
HMMAaJIbHO 3aIlOJIHEHBI, IIpUYeM KasKablil 6(\/1_3) BCTaBJISIET, ¥ HAM ITPUXOOUTCS
pacIerIsTh y3ibl. IToce O(VB) Takux paclierieHnit, KOTopble TakxKe SBISIOT-
Cs1 BCTaBKaMM Ha 6oJiee BBICOKMI YPOBEHb, HAM HYKHO CIeJIaTh pacilerieHne
oIHMUM ypoBHeM Bbilie. To ectb nocie O((VB)2) BCTaBOK/yAaneHuii Mbl 6ygem
3aTparMBaTh TOJAbKO YPOBEHb, PACIIOJIOKEHHBIN BbIIIE JIMCTOBOTO YPOBHS. Of-
HaKO 3Ta CTOMMOCTD YK€ IOKPBITa CTOMMOCTBIO TOpasao 0ojiee yacTo BCTpe-
YaIOUIMXCS paclielJIeHUii Ha JIMCTOBOM YpOBHE. MOKHO 6GbUIO ObI MTPOIOIKUTD
apryMeHTalMIO B I10JIb3Yy 60Jiee BHICOKMX YPOBHEN, HO B MTOTe MOXKHO CKa3aTh,
YTO CTOMMOCTD, BJIEKOMasl paclieIIeHreM U CJIMSIHMEM, IIpeHe6pekMo Majia
¥ aMOPTU3UPYETCS IMTOCTOSTHHOM 10 CTOMMOCTY OIlepaliyieli BBOIa-BbIBOA. DTO
O3HayvaeT, 4YTO HaJ CTOMMOCTBIO pacCIlerJIieHUiT/CIUsIHUIT B Bi-nepeBe JOMUHM-
pPYeT CTOMMOCTb OUMCTKY ¥ TPAHCIIOPTUPOBKM COOOIEHNIT BHU3 T10 IEPEBY.

10.5.6 B*-pepeBo: CNEKTp CTPYKTYP AAHHbIX

Kak yrnoMuHanoch paHee, B 3aBUCMMOCTU OT BbIOPAHHOTO € MOXHO TIOMY-
yaTh 6ojIee BHICOKYIO IMPOM3BOAUTEILHOCTD ITOMCKA MO0 6ojiee BhICOKYIO MPO-
M3BOIUTEIbHOCTh BCTaBKM, UeM B OOBIYHOI KOHurypauuu mnpu € = 1/2. Ha
puc. 10.13 rmoka3aHbl TP TOUKM B CITeKTpe: (a) B-mepeBo (Bce Kitoun, 6e3 6yde-
poB), (b) Bé-mepeBo mpu € = 1/2 (HECKOIBKO K/II0Ueii ¥ 60JbIIMHCTBO 6ydhepHOro
npocTpaHcTBa) U (c) 6ydeprsoBaHHOE PEITO3UTOPHOE IepeBo® (OIVMH KITI0U U
Bce GydepHOoe MPOCTPAHCTBO).

BydepHoe peno3nuTopHOe IepeBO — 3TO MHTEPECHAsT CTPYKTYpa JaHHbIX, KO-
TOpasi MO3BOJSIET ONTMMU3UPOBATh MPOU3BOAUTENbHOCTb BCTaBKM/yOaIeHUS

8 AHIII repository tree. — IIpum. nepes.
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Ioaxke 6osblile, ueM Bi-mepeBo c € = 1/2. ITockonbky 6ydep 60bIINO0N 1 coobIe-
HMS B K&XXIOM y3jle MOT'YT HallpaBsITbCS TOJMBKO B ABYX Pa3HbIX HampaBjieHN-
X, Ha CJIeAyIOLMii YPOBEHb MOTYT COBMECTHO mnepemeniatbcs 0(B) snemMeH-
TOB, CHIKAs MPOU3BOAUTENIbHOCTh BcTaBKM 10 O(1/B) B pacueTe Ha YpOBeHb
u O(log,N)/B) onepauuii BBofa-BbIBOAA B 1ieloM (6ypepHO-perno3suTopHoe Je-
peso umeet O(log, N log, N) ypoBHeJi, TOUHO Tak Xe, KaK B IepeBe JBOMYHOIO
TIOMCKa, UYTO Je/IaeT ero HelpMeM/IeMbIM 151 ITIPOM3BOAUTEILHOTO MOUCKA).
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PucyHok 10.13 CnekTp Bt-0peBOBMAHbIX CTPYKTYp AaHHbIX, OT Hanbonee
ONMTUMMU3MPOBAHHBIX NOJ, YTEHNE SO HaMbosee ONTUMU3UPOBAHHbIX MO 3aNnCb

10.5.7 BapmaHT ucnonb3oBaHus: B-pepesbs B TokuDB

Be-nmepeBbst 6bUTM peanu30BaHbl B BWOKKe xpaHeHus Percona TokuDB miis
cepsepa Percona mox MySQL. B ToM ke KiTtoue ObLIM pean30BaHbl (aiiioBbie
cucTeMbl, Takue Kak BetrsFS [7], KoTopble BHYTpeHHE BbINIOIHSIOT Bf-IepeBbsl.
[TockonbKy Bt-mepeBbsi TOMOTAIOT YAy4IlaTh KAUeCTBO BCTABOK, OHM MOTYT CIT0-
cOOGCTBOBATH YIIPOIIEHNIO U YCKOPEHMUIO MOAAepKaHus MHIEKCOB, MO3BOJISS
TakMM 06pa30M HECKOIbKMM MHJIIEKCAM COCYIIEeCTBOBATb, HE IaBasl BCTaBKaM
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CTAHOBUTHCS CJIMIIKOM MeJIJIeHHbIMM. TO €CTh, IT0 MPOHUM CYyIbObI, BCSI ICTOPUST
CBOIUTCS K TOMY, UYTO MbI YXy/IIIIa€M MTOMCK, YUTOOBI TOMOTATh BCTaBKe, KOTOpas,
B CBOIO OUepeb, IOMOTaeT ITOUCKY.

TUnMYHBIV BapMaHT UCITONTb30BaHMsI, KOTIA Bt-epeBbst MOTYT OKa3aThCsI I10-
JIE3HBIMM, — 3TO BBICOKOAVMHAMMYHbIE TIPUJIOKEHMSI, B KOTOPBIX KakK BCTaBKa,
TaK ¥ MOUCK JO/IKHBI OBITh OBICTPHIMU. PacCMOTPUM cJiefytolee BbICOKOIPO-
M3BOAMTEIbHOE MPUIOKEH)E: Ballla KOMITaHUs pasMeliaeT Be6-3ampochl I1st
KpYyTHEIIero m3gaTessl OHJIAHOBBIX KYpHaIOB. Ilosb30BaTeN IMOCTOSTHHO
3arpyskaloT HOBbIVi KOHTEHT M PearupyioT Ha Hero (HarpuMep, 106aBJisis HOBbIe
KOMMEHTap1iu), M B TO ke BpeMs O0/IbIIN0i 06beM HOBOTO KOHTEHTA U CTaTeit
Myo6IMKyeTcs, MOAUMUIIMPYETCS ¥ OMHOBPEMEHHO 3ampallBaeTcs.

Camoe TpyJHOEe B MPWIOXKEHUSIX TAKOTO TUIIA — ITyOIMKOBATh HOBBIN aKTy-
aJbHbI/i KOHTEHT He 3a CUeT CHIDKeHUs YHoOCTBA UTEHMUS IOTPEOUTETSIMMA.
AHaNormyHble BapMaHThI UCIOTb30BAHNSI BO3HUKAIOT U B COLMAIBHBIX CETSX,
B KOTOPBIX HOBBI KOHTEHT IO/KEH YCBAMBATHCSI C BBICOKOI CKOPOCTBIO; OTHAKO
KOHTEHT TaKyKe JIOJDKEeH OBICTPO TOCTABIISITHCS TTOJIb30BATEIISIM.

10.5.8 Toponutecb MeaneHHo, Kak onepauuu
BBOAA-BbIBOAA

OmHO M3 MaBHENMX pasinunii Mexny B-mepeBbsimu u Be-mepeBbsiMu 3a-
KJIFOUAeTCsI B TOM, UTO B-IepeBbsI BBIIIOIHSIIOT 0OHOBJIEHMSI IIPSIMO Ha MECTe; TO
€CTb, HaIIpUMep, IIPU MOCTYIUIEHUY oIlepaliuy MoaudbuKaIiy/BCTaBKy/yane-
HMS M3MeHeHMe HeMe[JIeHHO BHOCUTCSI MpSMO TaM, Toe HaXOOUTCSI COOTBET-
CTBYIOLIMIA 371eMeHT. C Ipyroii CTOPOHbI, Bé-AepeBbs BHITOJHSIIOT 0GHOBIEHUS
He MpSMO Ha MecTe, TO €CTb CO0bOIeHNe 0 MOAUUKAIIN/BCTaBKe/yIaleH
BHOCUTCSI B CTPYKTYPY AAHHBIX B APYTOM MecCTe, a He TaM, IJie HaXOAUTCSI COOT-
BETCTBYIOLIMI 57IeMeHT. B HMX HeT HMKaKol CellKy C HeMeJIeHHbIM OTbICKa-
HMEeM 3/IeMeHTa U IpUMeHeHeM K HeMy HeOoOXOIMMbIX M3MeHeHuii. O6paTuTe
BHMMaHMe, YTO OOHOBJIEHNST HE Ha MeCTe YBeIMUYMBAIOT 00beM ITPOCTPAHCTBA,
TpebyeMblii CTPYKTYPOii JaHHBIX, IIOCKOJbKY UYMCIO 3JIEMEHTOB B CTPYKType
JaHHBIX M3MepseTcs He UMCI0OM HeCOBIAaIaloIMX 3JIeMEeHTOB, a UMCIOM 00-
HOBJIEHMIT B Heil. Mbl XpaHUM 3JIEMEHTBI 1 COOBIIEHNS, OTHOCSIINECS K 3TUM
9JIeMeHTaM.

BmecTe ¢ TeM oOpaTuTe BHMMaHMe, UTO MMEHHO (YHKIIMOHAJIbHOCTb «HE
MpsSAMO Ha MecTe» TOMOTAeT orepanyusaM Moau@uKaIuyu/BCTaBKI/yaaJIeHs
BBITIOJIHAThCS GBICTpee, ueM B B-mepeBe. [Ijish TOro 4TOGBI BHIMOTHUTh OOHOB-
JIeHMe, HaM He HY>KHO Cpa3y ke MCKAaTb TOUHOEe MECTOIIOJIOKEeHNe 3JIeMeHTa U
CKUTATD IIPY 3TOM OOJIbIIIOE YKCIO ONepaliii BBoga-BbiBoga. OGHOBIEHMS He
TOPOTISITCS MyTeIIeCTBOBATh BHUS T10 IePeBY, KOTAA CITyCKAaThCS elleBJie BCero.
BcraBku/yoanenusi OXUOAOT IPUMEHEHMs OJIbIle, HO 0 3TOM MPUYMHE BbI-
TIOJTHSIIOTCSI OBICTPEE; 3TO OOBSICHSIETCS TEM, UTO MbI M3MepsieM 3(PheKTUBHOCTh
orepaiyii He BpeMeHeM, 3aTpayeHHbIM Ha MpUMeHeHMe omnepaluin, a YuCcaIoM
oIrepalliii BBOa-BbIBOAA, HEOOXOIMMBIX [IJIsI IIPMMEHEeHMsT u3MeHeHus. B cie-
IyIollleM Jajiee pasfesie Mbl YBUAUM CTPYKTYPY JaHHBIX, KOTOpas paciiupsieT
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TTOHSITYE OBICTPBIX OTepalMii 3arcy (M oIlepaLyii 3aMcy He PSIMO Ha MecCTe)
ellle gajiblie, yeM Bt-mepeBbsl.

10.6 )XypHanbHO-CTPYKTYypUpPOBaHHbIE AEepeEBbS
cnuaHug (LSM-aepeBbs)

Ijis TOro 4TOOBI MOHSATH, KaK MOSBWINCh LSM-mepeBbs?®®, maBaiiTe HauHEM C
CaMOCTOSITEJIbHOJ pa3paboOTKy IMPOCTON CTPYKTYPhI JAHHBIX, ONITUMMU3UPOBAH-
HOIJA TTof, oriepauyy 3amnucy. Kakos onTuMaibHbIi CII0co6 peann3anyy MHAeKca
BO BHEIIHE/ MaMsTV C HEBEPOSITHO ObICTPOIi BCTABKOJ/yIaJeHeM He MPSIMO
Ha MecTe, 6e3 yueTa CKOPOCTH oucKa?

Ha yM NpUXOAUT MPOCTasi perucTpanyst cooOIIeHnii 0 BCTaBKaX/yaaJeHUsIX
B OJTHOM TIOC/IeIOBaTe/IbHOM XypHasie. ODHUM M3 BapMaHTOB TaKOi CTPYKTYPhI
JAHHBIX SIBJISIETCS Pe3UAEeHTHBI Oydep, B KOTOPOM HaKaIIMBAIOTCS COOOIIe-
HMSI O BCTaBKaX, YIAJIEHMSIX ywiy Mogudukaumsix 3amuceir. Kak Toapko 6ydep
3aII0JIHSIeTCSsI, MbI IT0C/IeNOBATEILHO cOpachkiBaeM ero Ha AVCK. 3aTeM Mbl CHO-
Ba 3aIl0JIHSIEM Pe3MIEeHTHBIN Oydep onepauusiMyu 3ammcy (TOBOPS «OIepann
3aICH», MbI IO pa3yMeBaeM oTlepalyi BCTaBKM, yaaJIeHUS Y MOAUGbUKALINN) U
cOpachIBaeM COIEPKMMOe IIaMsITH, JOOABJISISI HOBbIEe JaHHbIE B KOHELI JKYpHasIa.

OmnucaHHas Bblllle MPOCTasi CUCTEMA rapaHTUPYeT UAeaTbHYIO TTPOU3BOIAN-
TeJbHOCTb BCTAaBKU/yAaJIeHVs], paBHYIO 1/B Ha 371eMeHT. DTO aMOpPTU3MPOBaH-
Hasi CTOMMOCTb 3aIlMCy JI€EMeHTOB Ha AMCK, II03TOMY HETPYAHO IOHSTh, IO-
yeMy HEeBO3MOXKHO JOOUTHCS yuliero. Pasymeercs, 3ampochkl OYIyT YsKaCHBI,
TakK Kak HaM IPUIeTCs] CKaHMPOBATh BECh IMCKOBbIN (aiii, 4ToObl OTBETUTh Ha
3arpoc (IN/B onepaliuii BBOJia-BbIBO/IA).

Terepb MomnpobyeM HEMHOTO MOAM(UIMPOBAThL 3TY U0 6e3 yiiepba s
MIPOU3BOAUTENIbHOCTY 3anMCK. [IOTTYCTUM, UTO MPU KaKIOM 3aIloHEHUU pe-
3UIEHTHOTO 6ydepa Bce 3/IeMEeHThI B pe3MIeHTHOM Oydepe BHYTPEHHE COPTU-
pytorcs. st aToro 6ydep MOKET HMpeAcTaBsITh CO00i CBOero popa cbajaH-
CMpOBAHHOE IBOMYHOE epeBo 1 cOpachiBaTh OTCOPTMPOBAHHBINA AMara3oH B
OTIeNbHBIN (haiii i Tabauily Ha gycke. IIpu cienyoineM 3arioaHeHnn 6ydepa
MbI CHOBA COPTMPYEM BCe pe3uIeHTHbIE JaHHbIe ¥ cOpachbIBaeM UX B IPYTYIO Ta-
O/IUITY PSIIOM C ITepBOJi Tabuilei u T. 1. Terepb Mbl UMeEM UyTb O60/Iee OpraHm-
30BaHHYIO CUCTEMY, COIepsKalllyl0 MHOKECTBO OTAEIbHBIX TAOJNUIIL C JaHHBIMMA,
IpuYeM Kaykmast Tab/uila BHYTPeHHe yropsiaoueHa. Orepanyy BCTaBKy/yaaie-
HMS MO-TPeXXHEMY BBITIOJHSIOTCS ONTUMaabHO 3a O(1/B), aMOPTU3UPYEMbIX B
pacueTe Ha 3JIEMEHT, IIOCKOJIbKY COPTHPOBKaA Oydepa IPOoMCXOOUT BO BHYTPEH-
Hei maMATK U He TpebyeT HMKaKMX JTOMOJIHUTEIbHBIX ONlepaliyii BBOJa-BbIBOA.
3aIIpochl HE CTAIM aCTPOHOMMYECKM JIyUIlle: Terepb HaM HY;KHO 00C/IeIoBaTh
KaKIyI0 TabIuiIly, YTOObI IOKATM30BbIBATh OOHOBJIEHMSI, CBSI3aHHbIE C MHTEpEe-
CYIOIIMM Hac 3eMeHTOM. Eciiu pasmep Tabnuiibl aHaJIOTMYEH pa3sMepy OCHOB-
Holi maMsaTu M, a ob1iiee unuciao o6HOBIeHui paBHO N, TO Bcero y Hac 6ymet N/M
Tabsmi. [ToCKONBbKY Kaskaasi TabInila OTCOPTMPOBAHA, Mbl MOXKEM JCITO/Ib30BaTh

8 A log-structured merge-tree (LSM-tree). — IIpum. nepes.
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IBOVMYHBIN MOWUCK, YTOOBI YITPABJISITH ITOMCKOM BHYTPMU OTHEIbHbBIX TAOJIAII, UTO
IIOMOTaeT 130eraTh IIOJTHOI'O JIMHETHOTO CKAHMPOBaHMS TaONuIIbl. B pe3ynbra-
Te Mbl onmydaem O(N/M x log, (M/B)) onepauuit BBOAa-BbIBOJA B CTOMMOCTH B
pacueTe Ha 3aIpoc.

IlaBaiiTe HEMHOTO YCOBEPILIEHCTBYEM Hallly ITPOCTYI0 KOHCTPYKIMIO: YUUThI-
Basi, YTO TAOIMIIBI HEMYTHPYEMbI (MbI He OymeM M3MEHSThb X I10c/Ie cOpoca Ha
ICK), TIOYeMy ObI He TIOCTPOUTDb MHJIEKC C MCIIONb30BaHMeM B*-mepeBa moBepx
KayKIoi1 TaGIMIIbl ¥ He ITOBBICUTD IIPOU3BOAUTEILHOCTD 3a1IpocoB 10 O(N/M x
log, (M/B)) onepauuii BBofa-BbiBoga? Haia pesyabTupyromias CTpyKTypa JaH-
HbIX OKa3aHa Ha puc. 10.14.

- CBPOCHTD,
MONHbIN KOT LA OH
BY®EP NOMNOH

a) ANCK

A A A AT

INS 7 DEL 23 NS & DEL 56 INS 3 DEL & )
DEL 9 DEL 25 DEL 67 DEL 69 INS 8 9 |
INS 11 INS 27 DEL 83 DEL 99 €L 9 INS 90 )

- ———

i

\{\Q INS &

A A A A A A A

INS 7 DEL 23 INS & DELS6 INS 3 DEL & INS 6

EL 9 [DeL 25| | DEL 67 EL 69 INS 8 2EL 3 INS 23
e

TS 11 INS 27 | ToeL 83 | |'oec 93 | [19€c g | fins 90 INS 45

PucyHok 10.14 NpocTas cTpyKTypa AaHHbIX, ONTUMU3NPOBAHHAs
nog, onepaumu 3anmcu, Ho He aenaowasncs LMS-nepesom

Co BpeMeHeM pacTyliee YMcIo Tabaull yCyryouT 1 6e3 TOro IIOXYI0 MPOou3-
BOAMTEIbHOCTD TOMcKa. IlommepkaHne HeCKOMbKUX (GuiabTpoB Biayma B ome-
pPaTUBHOM NaMATH (IIpUMep MCIOIb30BaHM ONMCaH B IIaBe 3), 10 OOHOMY Ha
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KaKIyi0 Tab/uIly, IIO3BOJISIET OTKA3aThCs OT MOMCKA Ha JMCKe B Tabiuiax, He
cofepyKanMx OOHOBJIEHMIA NJIST 3aIipalniMBaeMoro sneMeHTa. OJHAKO, Kak Bbl
nmoMHuTe, GUIBTPbI ByMa Toke pacTyT IMPOIOPIMOHAIBHO 00IIEMY 00beMy
IIaHHBIX, TaK UTO HE YCIleeM MbI OIJISIHYTbCSI, KaK 3all0OJTHUM OTlepaTUBHYIO Ma-
MSITh TOHHOM MUHU-OUIBTPOB biyma. ®uibTpbl Bayma mo3BOMSIIOT BHIUTPATh
BpeMsI, HO HEHAJI0/ITO, eC/I Mbl MeeM JIeJI0 C HEBEPOSITHO BBICOKOI UaCTOTOI
BCTaBOK.

PaspaboranHas B 1996 romgy CTpyKkTypa JaHHBIX, MMeHyemas >XypHasb-
HO-CTPYKTYPUPOBaHHBIM AepeBom ciausinust (LSM-mepeBa), BOILIONIAET UAEH0
Halllelt yIpoIeHHO CTPYKTYypPbl, ONTUMU3UPOBAHHOI TIOA, Ollepalui 3arnucH,
¥ mo6aBIIsieT K Heli MeXaHM3M, KOTOPbIii OrpaHMYMBAET YMCIO TAaOIULL Ha JUC-
Ke TIyTeM X 3MMU30MUeCKOro UIMSTHUS U CoKaTust. LSM-aepeBo 6b110 yCITeIHO
peanu30BaHO B psne 6a3 JaHHBIX, ONTUMMMU3VPOBAHHbIX IO, OIepaluy 3amm-
cu, Takux Kak LevelDB, ucmonb3zyemoit Google, RocksDB, mommepskuBaeMoii
Facebook, u ap. laBaiiTe TOCMOTpUM Ha MPUHLMI paboTbl LSM-nepeBbes.

10.6.1 LSM-pepeBo: npuHUMN paboTbl

CylecTByeT HECKOJbKO BapuMaHTOB 6a30BOro ycrpoiictBa LSM-mepeBa, a
TaK)Xe MHOXeCTBO pasHbIX peanmsauuii [8]. IleppoHavasibHO LSM-nepeso co-
CTaBJIAI0Ch U3 k KomroneHToB C,, C, ..., C,_, rae C, HaXOAMUTCS BO BHYTPeHHeN
MaMsITH!, a BCce OCTajJbHble Ha AucKe. OGHAKO eCTb HECKOAbKO BaXKHbIX OTIMUMIL
OT Halllell YIPOILEHHOM CTPYKTYpbl OaHHbIX: B LSM-nmepeBe Mbl MCXoOouM U3
TOrO, 4TO pasmep C, MpMMepHO paBeH pasmepy M mamaTy, a C, Ha f (06bIYHO
f> 2) 6onbie komnonenTa C,. Ha camoM fiesie COOTHOIIEHME f IO 1ePKUBAeTCS
MeXOY pa3MepaMu JIIOObIX ABYX M00UYePeIHbIX KOMIIOHEHTOB, [I09TOMY pasMe-
pPbI KOMIIOHEHTOB B BO3pacTalolieM nopsake pasHsl M, fM, f2M u T. 1.

KoMnoHeHTbI, pacrnosiokeHHble Ha [JCKe, M3HAYaJbHO 3a0yMbIBAJINCh KakK
B*-pepeBbsi, HO, KaK Mbl YBUAVM, B COBPEMEHHBIX peann3alysix UCIOAb3YIOT-
CSI pa3HbIe CTPYKTYPhI TaHHbBIX, TaKMe KaK CITMCKM IPOITYCKOB3® MM IIPOCThIE
TaOGIMIbI COPTUPOBAHHBIX MAap KIOU-3HAUYeHMe U (aiibl. DKCIIOHEHI[MATbHOE
yBeJIMueHue pa3MepoB MeXAYy KOMIIOHEHTaMM TrapaHTUpYyeT, UTO B OajbHeii-
meM MbI OyeM MMeTh YIIpaBJiseMOe YMCIO ONpaliyBaeMbIX KOMITOHEHTOB.
CaMblii 6OJIBIIION KOMIIOHEHT JOJIKEH XpaHUTDb Bce N 37IeMEeHTOB, IIO3TOMY 06-
11ee YyCc/I0 KOMIIOHEHTOB PaBHO k = O(long/M), €C/IV HaMEeHbIINIi KOMIIOHEHT
uMeet pasmep 0(M).

Kaskapli1 KOMIIOHEHT HAaXOOUTCSI HA CBOEM YPOBHE, U KaXKAblli yDOBEHb UMeEeT
OorpaHMYeHle Ha MaKCMMaJIbHYI0 eMKOCTb. [Ipy HapyIlleHur BepxHero mopora
€MKOCTY Ha OJHOM M3 YPOBHE} COOTBETCTBYIOLINI KOMITOHEHT C, CIMBAETCS B
KOMITOHEHT C, . 9TO, B CBOIO OYepe/ib, MOXKET IIPUBECTH K TEePErOTHEHNI0 KOM-
nonenrTa C,, M MHUIMMPOBATH KaCKaJHble CIMSHMS Ha HUKECTOSIINX YPOBHAX.
B opurnHanbHoOM KOHCTpyKUuuyu LSM-nmepeBa 3TO JOCTUTANOCh ITyTEM CIUSIHUS
IMarna3oHa KIIoUeil M3 MeHbIIero KOMIIOHEHTA B 60/bIii. COBpeMeHHbIe pea-
Jm3auyy LSM-mepeBa OToaloT MpeariouTeHMe TTOAXO0AY, TPU KOTOPOM OAHA Kbl

8 Anr. skip list; cuH. criMcok nepexomoBs. — [Ipum. nepes.
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3arMCcaHHble KOMITOHEHTHI (TaK Ha3blBaeMble 0Mmpe3ku) He MyTUpPyeMbl. TakKum
06pasom, Jaxxe ecy OKOHYaTeIbHbIA shdekT ciusauus yposHs C, B C, Takoi
Ke, KaK U B M3Ha4YaJIbHOM Ioaxone causiuus LSM-nepeBa, coBpeMeHHas TON-
TUKa CJIUSIHUSI MEXIY YPOBHSIMM HUKOIZA He MOABepraeT MyTUMPOBAHUIO OfI-
HaK[Ibl 3aIMCaHHbIE CTPYKTYPhl. BMECTO 3TOro co3/maeTcss HOBbI 00beIMHEeH-
HbII KOMIIOHEHT, a cTapble BhICBOOOKHatoTcs. Ha puc. 10.15 mokasaH mpumep
LSM-pepeBa v MOAUTUKY CIUSIHUS, KOTOPYIO MbI TOJIBKO YTO OIMMCAN, IINPOKO
M3BECTHO KaK NOJIUMUKA NOYPO8HE8020 CAusHUAY, yeTpaHsonas netaa Gusm-
YeCKOTO CAVSIHUS TaHHBIX Ha IVICKE.

B mpumepe Ha puc. 10.15 mbl ycTranaBimmBaem M =4 u f= 2. B 1eBoii uactu pu-
CYHKa MbI JieJlaéM CHMMOK CTPYKTYPbI JAHHBIX B KAKO¥-TO MOMEHT 06paboTKM
paboueri Harpy3ku. KommnoseHT C, 3aI10/IHeH U JOJDKeH ObITh T B C,. 711 TOro
uT06b! Tk C, B C,, MBI TIOC/IEJ,0BATeIbHO CKAHMPYeM J1ara3oH 31eMeHTOB B
C, u C, v BBINIOJIHAEM UX CIMSHME TaKMM 00pa3soM, KaKMM OHM Obuiy Obl ClIn-
ThI BO BpeMSI COPTMPOBKM CMSIHMEM. DTO BO3MOXKHO 61aroapsi TOMy, 4To Jie-
MEHTBI BHYTPU UHIUBUAYAJIbHBIX KOMIIOHEHTOB OTCOPTUPOBAHBI. [10 CIUSIHUS
B KOMIIOHeHTe C, 6bI7I0 8 3/1IeMeHTOB, a Tenepb X 16 (IpaBas yacTb PUCYHKA).
Kommnonent C, Takxke 6yzgeT cut B C,, TaK KaK OH JOCTUT MaKCUMaJIbHO eMKOC-

TU.
o) b) ¢)
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PucyHok 10.15 CnnsiHMe MeHbLIero KOMMOHEeHTa B 60MbLUNIA B MONUTUKE
noypoBHeBoro cimsiHug LSM-nepesa. B npumepe nokasaHbl B*-apeBonofobHble
€AMHUYHbIE KOMMOHEHTbI HA KaXXA0M YPOBHE, HO B COBPEMEHHbIX peanm3aumax
LSM-nepeBa BMecTo B*-fepeBbeB MCMOb3YOTCS Pa3INYHbIE CTPYKTYPbl AAHHbIX

UK faxe NpocTble Tabnuubl U Gannbl

87 AHru. leveling merge policy; cM. cTaTbio «O cTabyIn3anyy IIPou3BOSUTENBHOCTH B CYCTEMAaX XpaHe-
Hust Ha ocHOBe LSM»: https://www.vldb.org/pvldb/vol13/p449-luo.pdf. — ITpum. nepes.
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O6paTuTe BHMMAaHME, UTO IIPYU TAKOM CIMSIHUM JIJISI CITYCKA OJHOTO 3JIeMeHTa
Ha CJIeIYIONIMI1 yPOBEHD MbI 321 ChIBA€M 3TOT hparMeHT JaHHBIX MHOTOKPAaTHO:
OIIVH pa3, KOTAa OH CIMBaeTcs B 6oyiee HU3KUIT YPOBEHD, a 3aTe€M M033Ke, KOraa
Ipyrye 37eMeHTbl CJIMBAIOTCSI B €r0 YPOBeHb. ITOT IPOIecC IMTOBTOPSIeTCS AJIsT
Ka)XX[IOTO YPOBHS, ¥ 3TOT TaK Ha3bIBaeMblil 3P DeKT ycuneHus onepayuu 3anucu
MIPOSIBJISIETCST B GOJIbIlIell cTemeHy Mpy O6OAbLIINX KO3h@UIMEeHTax pocTa, Tak
Kak [Jisg 3aloJHEeHMS] MEHbIIIero KOMIIOHEHTa HaM HeoOxoaumo Gojee f pas
CIMBaATb ero B Gonblinuii. TepMUH ycuneHue onepauuu 3anucu VCIIONb3YeTCs
IJIS1 3MepeHusl 00beMa JaHHbIX, KOTOPbIi 3aMMChIBAETCS BHYTPU CTPYKTYPBI
IaHHBIX HA €IMHUILY BCTABJIEHHOT'O 371eMeHTa. MO>KHO C yBepeHHOCTbIO CKa3aTh,
YTO B paMKax MOJUTUKY TOYPOBHEBOTO CIMSIHUS BeJIMUMHA YCUITEHUST OTiepaium
3aI1MICY JOBOJILHO BBICOKA.

IMonumuka nosipycHo20 CAUSAHUSSE — elle OIVH IOIY/ISIPHBINA MeXaHM3M YILIOT-
HeHMsI KOMIIOHEHTOB B COBpeMeHHbIX peanu3sanysax LSM-gepeBa. B maHHOI1 110-
JIUTUKE SIPYChl S5KBUBAJIEHTHBI YPOBHSM, 33 UCK/IOUYEHMEM TOTO, UTO Ka>KIbIi
SIPYC COMEPSKUT f KOMITOHEHTOB OMHAKOBOr0 pa3Mepa. Kak To/lbKO f KOMITOHEH-
TOB Ha SApyce i 3aM0JIHEHbI, BCe OHM CJIMBAIOTCSI B OJMH HOBbIII KOMIIOHEHT Ha
spyce i + 1. biarogapsi TakoMy OAXOAY [IJISI CITyCKa Ha HOBBIIA SIPYC KaXKA bl dJ1e-
MEHT 3aIlMChIBAETCS TOJIBKO OAVH pas. [Ipumep MoJUTUKY TOSIPYCHOTO CJIVSIHUS
npuBeneH Ha puc. 10.16, B KOTOPOM B KaueCTBe KOMIIOHEHTOB MCITOIb3YIOTCS HEe
B*-nmepeBbsl, a COPTMPOBAHHbBIE OTPE3KM, U f = 2. B JTaHHOM ITpuMepe IBe Tabin-
1IIbI Ha sipyce 1 3aITOMHSIIOTCS U CIMBAIOTCS B OJHY Tabuily Ha sipyce 2. [Tpomecc
CJIMSTHUSI IIPOVICXOOUT OBICTPO U MOCAea0BaTeIbHO. Ha piCcyHKe 9TO He IoKa3a-
HO, HO Terepb ABa MOJHOLIEHHBIX KOMITIOHEHTA Ha spyce 2 OYayT CINTHI B ONVH
KOMIIOHEHT Ha spyce 3.
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PucyHok 10.16 MNMonutuka nosipycHoro caunsHus B LSM-pepese ¢ f= 2.
Korza f KOMMOHEHTOB Ha sipyce i 3anoHAOTCS, OHU CIMBAOTCS

B OAMH KOMMOHEHT Ha sipyce j + 1

8 AHrI. tiering merge policy. — ITpum. nepes.
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10.6.2 Ananus croumoctn LSM-pepeBa

O6paTuTe BHUMAHME, YTO MTPU 00EUX IMOTUTHUKAX CIMSTHUSI MBI TEPSIEM YacCThb
nepBoHavanbHoM O(1/B) mpon3BOAUTENBHOCTY 3aIlMCK BO BpeMs cxkatus. [1o-
CKOJIBKY TIpU TIOIUTUKE TTOYPOBHEBOTO CAMSIHUS KaXKObIM 3JIeMEHT 3alucChbiBa-
ercs mpumepHo O(f) pas, YTOOBI CITYCTUTHCSI HA OIVH YPOBEHb, OOIIAsT CTOM-
MOCTbD CITyCKa OJTHOTO 3JIeMEeHTAa Ha OAVH YpOoBeHb HIKe paBHa O(f/B), a ob1ast
CTOMMOCTD CITycKa BHM3 LSM-gepeBa — 3TO CTOMMOCTb, HAKOIUIEHHAsI HA BCEX
ypoBHsx: O((f/B) long/M) orepalnuii BBoga-BbiBoAa. [Ipy MoanTuKe MosipyCcHO-
ro CJIMSIHUS HaMm HY>KHO TObKO O(1/B) Ha KakKIblii yPOBEHbD, i B COBOKYITHOCTU
10 BCEM YPOBHSIM TpebyeTcs O(long/M) oIrepaluii BBOJa-BbIBOAA, UTO B f pa3
MEeHbIIIe, YeM MMPU MOMUTUKE TTOYPOBHEBOTO CIVSTHUS.

OnHaKo 3ampockl TOBOPSAT O Apyrom. be3 yueTa pa3Mmepa caMOro KOMITIOHEH-
Ta IJis1 TPOBEPKU HAIMYMS djieMeHTa TpeOyeTcsl IpUMMepHO TOCTOSIHHOe UMC-
JIO orepaluii BBOAA-BbIBOJA B pacyeTe Ha KOMIIOHEHT. DTOr0 MOXKHO JOCTUYb,
Jaske ecIy camM KOMITOHEHT WJIM OTPe30K HaMHOro 6osbiiie 6;10ka. [Ipumepom
MOTYT CJTYKUTb TaOIUIIBI COPTUPOBAHHBIX CTPOK (SST), comepskaliye coOpTUpo-
BaHHbIE MTapbl KII0Y-3HAUEHMe, a TaK)Ke HeOOJIbIIol MHAEKC Kitoueii. Eciu Mbl
CHavaja XOTUM BBISICHUTb, TIe B TAGINIe MOXKET HaXOAUThCS MOTEHIIVATbHbIN
9JIEMEHT, MbI JOCTaB/IsIEM MHIEKC OTAeIbHOM Tabmuilbl (KOMIIOHEHT), KOTOpast
IOCTAaTOYHO Majia, YTOObI YMECTUTHCS B GJIOKe. Y3HAB MeCTOHAXOXKIeHMe dJie-
MEHTa, 3aTeM HaM ITOHAI00UTCS ellle OTHA OTiepalysi BBOA-BbIBO/IA, UTOODI 10-
CTaBUTH yieMeHT. TakuM 06pa3oMm, B 11eJIOM Ha OIVH KOMITOHEHT TTPUXOIUTCS
O[Ha omepalnus BBOJA-BbIBOJA.

[TocKOnMbKY B MOIMTHUKE MOYPOBHEBOIO CJMUSIHMS YMCJIO KOMIIOHEHTOB PaBHO
YUCy YPOBHEM, OJjIs1 TIOUCKa TpebyeTcst O(long/M) onepanuii BBOAA-BbIBO-
Ia. B monmmTuKe MOSpyCHOTO CIAMSTHUS TIPUXOAUTCS MTPOBEPSTH B f pa3 OosbIile
KOMIIOHEHTOB, UTO YBeJMUMBAET CTOMMOCTb 3ampoca. OgHako HaMOObIINiA
MIPUPOCT NMPOU3BOAUTEIBHOCTY 3aIPOCOB AOCTUTAETCS 38 CYET UCITOIb30BaAHMSI
buapTpoB Biiyma, KOTOpbIe TOMOTAIOT ITePeHaNPaBIsSITh 3aIIPOC B HY>KHYIO Tab-
JIUILY, TEM CaMbIM B GOJIBIIIMHCTBE CY4YaeB OBOAS IMPOM3BOIMUTENbHOCTD 3a-
npoca g0 O(1). DTa onTMMM3ALMS MOXKET MPUMEHSIThCSI K 06eUM IMOTUTUKAM
CIMSIHUSL, ¥ HA 9TOT pa3 OHa paboTaeT, MOCKOJIbKY 001llee YMCI0 KOMITIOHEHTOB
JIorapM(pMMYHO I10 OTHOIIEHNIO K 00IIeMy pa3Mepy Habopa JaHHBIX, 1, Cled0-
BaTeJIbHO, IO epykaHme GyIbTPOB BiiymMa B OCHOBHOI ITaMSITV BIIOJTHE YITpaB-
JigeMo. [Inana3oHHbIM 3aIIpocaM IMTOBE3JI0 MeHbllle, TaK KaK OHM He MOTYT Tak
ke 9¢(HEeKTUBHO MCIOAb30BaTh GWIBTPBI BilymMa, Kak TOUYeUHbIEe 3aITPOChI.

10.6.3 BapuaHT ucnonb3oBaHus:
LSM-pepeBbsa B Cassandra

LSM-nepeBbsi ObUIM peann30BaHbl B psiie KPYIHBIX OBUKKOB 0a3 JaHHbIX,
Takux Kak Cassandra, LevelDB, RocksDB u T. 1. B wacTHOCTHM, LSM-IepeBo Io-
spycHoro causHus B Cassandra mcronb3yet GuabTpbl biryma, 4T06bI 1130€raTh
HEHY)XHBIX orepaunii AUCKOBOTo roucka. PucyHok 10.17 SBasseTcsi OTChUIKOM K
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r7aBe 3, Toe Mbl IPMBETCTBOBAIM ITpUMeHeHMe GuIbTPOB biiymMa B KOHTEKCTax
pacripefieJieHHOTO XpaHeHMs1. Ha pucyHke nokaszaHo LSM-mepeBo, KOMITOHEH-
TaMM KOTOPOTO SIBJSIOTCS Tabauiibl. HarmisigHo BUAHO, UTO HpU f = 4 TaGIMIIbI
SST 1-4 oTHOCSITCS K TepBOMY sIpycy, SST 5-8 — ko BTOpOMY SIpyCy U T. [I.

TUNMYHBIM BapMaHTOM MCIOIb30BaHusI LSM-aepeBa sIBJisieTCsl IPUIOXKEHME,
KOTOPOMY TpebyeTcs HeBEpPOSITHO BBICOKASI IMPOM3BOAUTENbHOCTD OIeparuii
3anucu. [IpuMepoM TaKoTO MPUI0KEHUS SIBJISIETCST TPOLYKT pe3epBHOTO KOMN-
pOBaHMs, KOTOPBIN JejlaeT CHUMKM JAaHHBIX uepe3 peryysipHble IPOMEeXYTKU
BpeMEHM ¥ XPaHUT IeTabaiiThl JaHHBIX, HO PEIKO IMepecMaTpuBaeT UX UCTO-
puto. Enie oguH BapMaHT MCIIOJIb30BAHUSI — CeTEBOE MPUJIOKeHne IS MOHU-
TOopuHTa Tpaduka, KOTOpoe OTCAEXKMBAET COTHM MWIIMOHOB 3aIlIpOCOB B yac.
3ampochl XpaHSITCS B 6a3e MaHHBIX, HO CTy4Yau SIBHOTO IMOMCKA TOTO VIV MHOTO
3arpoca 6pIBal0T peaKo.
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PucyHok 10.17 LSM-aepeBbs ncnonb3yt Gunstpsl bayma
LNS YCTPAHEHMS HEHYXXHbIX AMCKOBbIX 3aNPOCOB K Tabnuuam,
KOTOpble He CoAepKaT 3anpallnBaeMbIX 31EMEHTOB
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Pe3lome

O

Vupgexkc 6asbl JAHHBIX — 3TO CTPYKTypa HAHHBIX, IIOCTPOEHHAsST ITOBEPX
TabIMIIbI 0a3bl JAHHBIX U ITpeIHAa3HAUEHHAs I YCKOPEHMSI IIPOU3BOIN-
TeJIbHOCTY 3aIIPOCOB K OOIbIIMM TabauIaM. IHIEKChI CTPOSITCS C MCIIO/Ib-
30BaHMEM CTPYKTYP JaHHbBIX, KOTOPbIe MOI'YT BBIITOJIHSITD 3P (EeKTUBHBIN
TTOVICK BO BHEIIHE MaMsTH.

B-nepeBbsi GOpMUPYIOT KOCTSIK Hambosee pacmpoCTpaHeHHbIX CUCTEM
XpaHeHVs OaHHbIX, Takux Kak MySQL. B-mepeBo — 3TO OITMMaJbHas
CTPYKTypa JaHHBIX JJIS BBIIIOJIHEHMS IOMCKa Ha OUCKe. Y3ibl B-nepesa
MIMeIOT 60/IbILIO pa3Mep M 06BIYHO CBSI3aHBI C pa3MepoM 6s10Ka. Bee ome-
pauuu B B-nepese norapudmMuaHbl ¢ ocHoBaHueM B. Korpa y3iel B B-fie-
PEeBbSIX CTAHOBSITCS CJIMIIKOM ITOJIHBIMU / CJIUIIKOM ITYCTBIMMU, Y3JIbI MOT'YT
pacILeIuISIThCS/CINBATBCS, a LePeBO — pacTU BBEPX.

B-nepeBbsi ONITMMU3MPOBAHBI IO, OTIepallI0 UTEeHUS, U CYLeCTBYIOT APY-
r'vie CTPYKTYPbI JaHHBIX, KOTOPbIE JIYYIIle IOAXOISIT /IS 3aICy O0IbIINX
pabounx Harpysok. Omepauuy BCTaBKU U yOaJeHUsI, B OT/IMUME OT OIle-
pauuii MoMucKa, MOTYT 3aJepKUBaThCs Wiy 06pabaThIBaThCS MMaKeTaMMu
BMecCTe. JTa Mjesl CIO0JIb3yeTCsI CTPYKTypaMu JaHHbIX, ONTUMMU3UPOBAH-
HBIMM TI0[I, OIIepaLIIO 3aIIMCH, /I 3aJepskKu 1 6ydepusaiiny ornepaiuii
BCTaBKM/yOaJeHNs, YTOObI JOCTUIATh TOPa3mo 6osee GhICTPhIX BCTABOK,
yeM B B-mepeBbsix.

Bt-mepeBOo — 9TO ONTUMMM3VPOBAHHAS IOJ, OTIEPAlIMIO 3aMCH CTPYKTypa
IAHHBIX, B KOTOPOJi BCTaBKW/yIaJleHNSI BBITTONHSIOTCSI aCUMITTOTUYECKA
ObICTpee, ueM B B-IepeBbsX, a ITOMCK BBIIOJHIETCS C ITOCTOSIHHBIM KO-
3 buiineHTOM MejIeHHee, YeM B B-IepeBbsX. Bi-lepeBbsl CIIONb3YIOT B
CBOMX y3JIaxX Oydepbl, UTOObI BpEMEHHO XPaHUTh COOOIIEHMS O BCTaBKe/
yoaJleHu U B yIOOHBIII MOMEHT 06pabaThIBaTh MX MAKETHO. 3HAUEHNE
rapaMeTpa € OINpeessieT CTelleHb, C KOTOPOii CTPYKTypa JaHHbIX OTAAeT
IIpeaIouTe e oepaLyy 3aucy repe, orepanyein YTeHus.

LSM-nepeBo — 3TO ONITMMU3MPOBAHHAS IIOJ, OTIepaLvio 3alIUCU CTPYKTY-
pa JaHHBIX, COCTOSAILAS U3 COPTUPOBAHHBIX OTPE3KOB, KOTOPbIE ANTU300U-
YecKy MHTETPUPYIOTCS B OBICTPOM MOC/IeoBaTeIbHOM Mopsiike. LSM-ze-
peBbsi MOTYT 0becIieuBaTh Upe3BblYaifHO ObICTPOEe OOHOB/IEHME 3a CUeT
oIepaLuii OKCKa, KOTOPbIe BBINIOMHSIOTCS MefljleHHee, ueM B B-fepese
u Bé-nmepese.
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CopTupoBKa BO BHELLHEX NaMATHU

OJTa [VlaBa OXBATbIBAEeT dieayroiiye HMKe TEMbI:

B TIOHMMaHMe Ba>XHOCTU 3(1)(1)@KT]/IBHOI7[ COPTUPOBKM Ha OVUCKeEe;

® peBU3MS ABYX Hamboee KIacCuueCKux airOPUTMOB COPTUPOBKY B
OTlepaTUBHOV MaMSITH: COPTUPOBKY CAUSHMEM U OBICTPOI COPTH-
POBKH;

® J3y4YeHMe MPUHIIMIIA PA6OThl COPTUPOBKY CIMSIHMEM BO BHEIITHEI
MaMsTH;

B IIOHMMAaHMe MPUHIMIIA PA60ThI OBICTPOII COPTUPOBKY BO BHEIITHEI]
MaMsITH;

® [IOHMMAaHMe B3aMMOCBI3M MEXIY MOMCKOM M COPTUPOBKOI BO
BHYTPEHHEN U BHEIIHel ITaMsITH.

B nipenpimyiieii riaBe Mbl IO3HAKOMMIIMCH C PA3HBIMM CIIOCOOaMM KOHCTPYUPO-
BaHMS MHJIEKCOB B 6a3ax MaHHbIX. B mHbOpMaTKe MH/IEKChI BOTUIOMIAIOT B cebe
OCHOBOITOJIATAIONIYIO 3a/1auy O Toucke. Ele ogHa ocHOBoOIMoarammas 3ajgayva,
KOTOpasi BO3SHUKAET B 6a3ax JAHHBIX — M IIPAKTUUeCKY Be3sJie, Iie ObI TO HY ObLIO
elle, — 3TO COPTUPOBKA. BCITOMHMTE, CKOIBKO pa3 BbI UCIIOIb30BaIN QYHKIMIO
sort() B CBOeM MCXOTHOM KOJie [IJIsl YIIOPSIIOYMBaHUs Habopa JaHHbBIX.
[ToMMMO OYeBMIHBIX MPUMEHEHMI COPTUPOBKY, CYLeCTBYET OOJIbIIIOe YMC-
JIO QITOPUTMOB, KOTOPbIE MCIIOAb3YIOT COPTUPOBKY B KaueCTBe CBOE MOATIPO-
rpaMmbl. Harpumep, B r/1aBe 2 Mbl 00CY>KIau 3a5a49y O AeAyTUIMKALMK (TO eCThb
00 ycTpaHeHUM IyOIMKaTOB) M TOBOPUJIM O Pa3anMyHbIX 3(PEKTUBHBIX pele-
HUSIX C UCIIOJIb30BaHMEM XeIlMPOBaHMs. XellMpoBaHue JaeT XOPOLIYIO ITPOn3-
BOIMUTEIbHOCTb B CPEIHEM CJTy4ae; OMHAKO €C/IM MbI CTPEMUMCS K HaMUIydIIei
MTPOU3BOAVTENIBHOCTY HAMXYZIIEro cayJas, TpeAronaralneil peaabHble CpaB-
HEHMSI 3JIEMEHTOB (2 He COTIOCTaBJIEHNMeE C TOMOIIbIO XeIMPOBaHMs), yCTpaHe-
Hue ITy6IMKaTOB BeveT 32 CO60i COPTUPOBKY JaHHBIX. DTO HE O3HAYaeT, YTO
OTNITMMAaJbHBIN aNTOPUTM JeNyTUIMKALIMYU JO/DKEH COPTUPOBAThH NaHHbIE B SIB-
HOJIi opMe, HO OH JOJKEH BBIIIOJIHATh XOTsI ObI TOT 06beM paboThbl, KOTOPbIIi
TpebyeTcs IJisi COPTUPOBKHU, — TIOITOMY C TEM K€ YCIIeXOM 3Ty 3a/iady MOXKHO
pelnTb COPTUPOBKOIA, a 3aTeM CKaHMPOBAHMEM MacCUBa Ha HaIuuye gyonmnKa-
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TOB. JIpyroii HeCKOJIbKO MHOI Bepcueit 9Toit 3amaun sIBJIsIeTcs 3amada 06 yHU-
KaJIbHOCTY 3JIEMEHTOB, KOTOpasi Ha BXOZ e NpUHMMaeT HeyIOpSJOUeHHbI Mac-
CUB IAHHBIX U BbIJAET «Ja», eC/IM BCe 3JIEMEHThI B MacCBe YHUKAIbHbI, M «HET»
B IIPOTMBHOM CJIy4ae. 3afaua 06 YHMKaJIbHOCTY 3JIEMEHTOB aHAJIOTUYHO 3a7aue
0 IenyIUIMKALYU TOKe TpeGyeT COPTUPOBKYM B TOM CMbICJIE, UYTO ONITUMAaJIbHbIN
aJITOPUTM JIJISI 9TOI 3aauy OyIeT MMeThb BpeMsI BbITIOJTHEHMSI 10 KpaiiHeil Mmepe
TaKoe JKe BbICOKOE, KaK B alropuTme copTupoBku (Q(n log, n)).

B 3T011 r1aBe MbI cHavasia IIOTOBOPUM O pa3HbIX KOHTEKCTAaX, B KOTOPBIX BO3-
HMKAeT COPTUPOBKA, U O MPobIeMax, BOSHMKAIOIIVX IIPU COPTUPOBKE KPYITHIX
(aitioB B yCIOBUSIX OrpaHMUYEHHOr0 OObeMa OIepaTUBHOI HaMSITU. 3aTeM
pPacCMOTPUM [ABa M3BECTHBIX aJITOPUTMa COPTUPOBKM, COPTUPOBKY CIUSHUEM
U OBICTPYIO COPTUPOBKY, a TOUYHEE METOMbI MX afallTalyl K BHEIIHel aMsITH.
MbI 6yeM [Ie/1aTh 9TO MOCTEIIEHHO, YTOObI ITPOIEMOHCTPUPOBATD aJITOPUTMU-
YyecKye YJIIOBKM, KOTOpbIe MOTYT OBbITh ITOJIe3HBI B APYTMX 3aavax, IOXOXKMUX Ha
COpPTMPOBKY. HakOHeIll, MbI ITOKa>keM, KaK aHaJIM3MPOBATh H/OKHME TPAHUIIbI IJISI
COPTUPOBKYM BO BHYTPEHHEN 1 BHEIIHEN MaMsITh. MICIIob3ysl 3TOT MHCTPYMEHT,
MbI CMOYKEM YOEIUTHCS, YTO COPTUPOBKA CIMSHUEM SIBJSIETCS ONTUMAaIbHbIM
QJITOPUTMOM COPTMPOBKM BO BHEIIHEN ITaMSITH.

11.1 BapmaHTbl UCNONb30BaHUS COPTUPOBKMU

CopTMpoBKa pacmpoCTpaHeHa B BBIUMCIUTEIbHBIX MPUIOKEHUSIX U3 MHOTUX
MPUKIAAHBIX obnacreil. B Myupe reomMeTpuy COPTUMPOBKA TOUEK 110 KOOPAMHA-
TaM JIOBOJBHO PaCIpOCTpaHeHa ¥ HeoOXoAyuMa [Jjisi MHOTUX OCHOBOIIOJAraio-
HIVIX TPOLIETYP, TAKMX KaK BbIUMCIEHME OIVKaiIIe mapbl TOYEK Ha ABYMEPHOI
IJIOCKOCTM, aJITOPUTMBI 3aMeTalolieii mpsimMoi® u np. PaccMoTpum cremyioliee
HIKe IPYMEHEHME COPTUPOBKY B BBIUYMCINTEIBHOM reOMETPUM U pOOOTOTEX-
HUKe.

11.1.1 NMnaHupoBaHue ABUKEHUI poboTa

IIpencraBbTe, UTO BbI pa3pabaThiBaeTe poO0OTa, KOTOPbIi OYAET ITepeBUraTh-
Cs1 TI0O KyXOHHOMY CTOJTy, M36eras TpensTCTBUiA (JOMyCTUM, pO60TY HYKHO CO-
61MpaTh KPOIIKM CO CTOjIa). Y poboTa ecTh KapTa 00beKTOB U UX 2D-c/ieqbl B ero
OKpEeCTHOCTH, KOTOPbIE JOJIKHBI TIOMOTaTh POOOTY TJIABHO TepeMeniaThCs 1Mo
CTOJTY, He Bpe3asichb B 00beKThI Ha HeM. OObEeKThI MOTYT MMETh pPasjinuHbIe Hop-
Mbl, a (pakTUUecKue Cieibl MOTYT MMETb CIOKHYIO (DOopMYy, UTO MOKET 3aTPya-
HSTH TJIAHMPOBAHME NBUKEHUIA, TIO9TOMY C II€JIbIO YIIPOIIEHMS BhIUMCIIEHUI
BMeCTO (aKTUUYECKMX CIe0B POOOT BBIUMCISET TaK HA3bIBAEMYIO BbINYKAYH
060/10uKy TBYMEPHOTO CJIefla KaXKI0ro 00beKTa, TO €CTh HaVMMEHBIINIi BBIITYK-
JIBIII MHOTOYTOJIBHUK, copepskalinii cien, (cm. puc. 11.1 ¢ nosicHeHusIMn).

MHoOr¥e aJIrOpUTMbI TIOCTPOEHMS BBIITYKJION OOOJIOUKM MUCIIOTb3YIOT COPTU-
POBKY, COPTUPYSI TOUKM MO KoopauHaTam x U y. OOVH U3 MOMYJASIPHBIX ajIro-
PUTMOB ITOCTPOEHMS BBIMTYK/IOV 060OUKM MOKHO HaIISTHO IIPEACTaBUTh KaK

8 AHm1. sweep line algorithm. — Ipum. nepes.
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obepThIBaHME IBYMEPHOIrO cjiefa oObeKTa IomapouyHoii Oymaroii. ITporecc
oTipe/iesieHNs yIia, KOTOPBIN caeayeT 000THYTh CJIeAYIONIMM, pelycMaTpuBa-
€T COPTMPOBKY YIJIOB OT TEKYIIEro yr/ia K APyruM yriaam ciena. bomee mogpo6-
Hy1©0 uHopMalmio cM. B asroputMme [IxkapBuca Mapua (Jarvis March), Takke
MMeHYeMOM QJITOPUTMOM TOJAPOYHO YITakKOoBKMU™ MJIST BBIITYK/IBIX 000I0YEK
(COPTMPOBKA UCTIOJIb3YETCS ¥ BO MHOTUX JIPYTUX @ITOPUTMAaX [IJ1SI BBIYMCIEHUS
BBIMTYKJIBIX 000JI0U€K, 6e3 IMoAapOvYHOi YITAKOBKYM B HA3BaHUM).

PucyHok 11.1 AnropuT™bl nnaHMpoBaHMS ABMXKEHMS poboTa 4acTo
npeaycMaTpMBatoT BblYMCIEHME BbiNyK/bIX 060/104eK 6im3nexalmnx o6bekToB

B 6a3ax JaHHBIX COPTMPOBKA TaKKe HIMPOKO MCIIOIb3YETCS IJIST CO3TaHUS
MH/IEKCOB, YTOGBI BBIMOTHATh OII€paLvy TPYIIIMPOBKHU 10 YCIOBUIO, COPTUPOB-
KY Pe3y/IbTaTOB 3aMpocoB U T. A. [1]. [loMMMO 1cHonb30BaHUS COPTUPOBKU IS
peanusanuy 6a30BbIX oreparuii ¢ 6a3ami JAHHbBIX, KPYITHbIM 6a3aM JaHHbIX
0ObIYHO TpebyeTcsl YIOpSAI0YMBaTh JaHHbIE B COOTBETCTBUM C HEKOTOPBIMU
KPUTEPUSIMHU, KOTOPbIe MIPeayCMaTPUBAIOT BHIUMCIEHMS 10 Pa3HbIM CTOIOIAM.
PaccmoTpym npumep 6a3bl JaHHBIX M3 001acTy 6M0MHGOPMATUKY KaK IIPUIO-
SKeHIe COPTUPOBKIA.

11.1.2 OHKOoreHoMHKa

V Bac ecTb 6osblias 6a3a JaHHBIX TeHOMOB (TTOJIHbIN FeHeTUYEeCKMil KO, ue-
JIOBEKA), KOTOPbIE BbI XOTEM OBl YIIOPSAI0YMBATH B COOTBETCTBUM CO CKIIOHHO-
CThIO K OIIpeeJIeHHOMY TUIy 3JI0Ka4eCTBEHHbIX OIyXoJieii. Bbl MCIOnb3yeTe
CBOIO 6a3y JAHHBIX IS TPOBEPKM TUTIOTE3bl HETABHETO MCC/IEIOBAHMS O TOM,
YTO 4aCTOTa BCTpeyaeMOCTHU OTpeeleHHbIX IToc/IeloBaTe/lbHOCTe, X 1 Y, B re-
HOMe UTrpaeT pojib B BOSHMKHOBEHUM paKa, U IMocjief0BaTeIbHOCTD X fleslaeT 3TO
B [iBa pa3a yalie, ueM I0Cae0BaTeIbHOCTD Y. [IJisI 3TOTO Mbl YIIOPSIAOYMBaeM
TeHOMbI B COOTBETCTBUM C OII€HOYHBIM 6a/yIOM, KOTOPbIN 3a7e/iCTBYET YMCIIO
TTOSIBJIEHMIT YKa3aHHBIX MTOC/IeN0BATEIbHOCTEN, U UCIIONb3yeM OLleHOUHBIN 6aJi
Ha Bxojie B QYHKIINIO CpaBHEHMS, KaK MTOKa3aHo Ha puc. 11.2.

% Aurn. giftwrap algorithm; cm. https://en.wikipedia.org/wiki/Gift_wrapping_algorithm. — IIpum. nepes.
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e | Eniocts | OLEHOHbI
X Y BANN
# # 2-X +Y PAHT
ACTGGGTCACCGTGCA... | 52 4 2-59 +4=)08

GGCCTATTGCHCATECA. | 33 .. 2:55+3= 69| (3
AGAGCCTTCTCCTTTTGA.. | |2 2% | 2-12+23=4F
GCTTATCGCGAGCTAAA..| @ 12 2:0+12= 12| ¢
GCTTECTCGCTCATCITC . | AF 90 |2-27+90=144| 1
TCARAGCGCAATCTECTT... | 19 10 |2-19+10=48| 4
GATCATGCTAGCTGATCC .. | | 8 |2-1+8<10| &
CGATTGACCTATTTCTAG | & I 2-5+1=11 | 7

PucyHok 11.2 B 6uonHbopMaTHke reHoMbl HepeaKo ynopsao4mMBatoTcs
B COOTBETCTBUM C Pa3/IMYHbIMU KpUTEPUSIMU. B AAaHHOM KOHKPETHOM Cnyyae
Mbl YNIOPSALOYMBAEM FEHOMbI MO YUCNY NOSIBNEHWIA NOCNEA0BATENbHOCTEM
X n Y. Tlpucytcteme nocnenoBateibHOCTM X OLEeHMBaEeTCs B ABa pa3a bosbLue,
4yeM MpUCYTCTBME NocnenoBaTenbHoCcTH Y

[Ipu copTMpPOBKE MPUHSITO MPEAOCTAB/STh HACTPauBaeMyr QYyHKIIMIO CpaB-
HeHMsI, KOTOPYIO Mbl MCIIO/Ib30BaN OJis ONpeneneHnsl TIOHITUI MeHblle, Yem
U pasHo. ITO 0COOGEHHO TOJIE3HO MIJIT HEeIIPMMUTUBHBIX TUIIOB JaHHBIX, B KO-
TOPBIX MOPSIIOK MEKAY 3JIEMEHTAaMM 3aBYICUT OT KOHTEKCTAa U SIBJISIeTCS 6oee
w1okHBIM. Hammpumep, GyHKIMST COPTMPOBKYM B Python mo3BosisieT nmepenaBaTh
HaCcTpaMBaeMyr QYHKLVIO CPaBHEHMSI.

ITpu ompeneneHHbIX AMANla30HaX M TUIAX JaHHBIX, pasMepe Habopa JaHHbIX
¥ MHOTMIX IPYTMX ITapaMeTpax MOXeT IIPUMEHSITbCS IPYroii aJiITOPUTM COPTU-
poBKu. McwieqoBaHusi COPTUPOBKM M PAsIMUHBIX peannsanyii aaropuTMoOB
COPTMPOBKM AOBOJBHO OOUIMPHBI. BcecTOpoHHMIT 0630p COPTUPOBKM 3aCTy-
SKMBAeT OT[e/IbHOI IMIaBbl UM KHUTU, TI03TOMY, 3a MCK/IIOUEHeM HeCKOJIbKUX
paccMaTpUBAEMBbIX B 3TOJ IJIaBe aJITOPUTMOB, MbI He OyIeM 00CYKIaTb MHOTME
TOHKOCTY COPTUPOBKIN.

MbI coCpeloTOYMMCSI Ha acCleKTe COPTUPOBKMU, KOI[A JaHHbIE CTAHOBSITCS
CIAIIKOM OGOJIbIIVMMM, UTOOBI YMECTUTHCS B ONepaTMBHONM mamsiTu. Korma Mbl
IJIAaHMPYEeM OTCOPTHPOBATh OOJBIINONM (Daiia, KOTOPBI HAXOAMUTCSI HAa OVCKE, a
B OCHOBHOJ ITAMSITU MOYKET YMEIIAThCS TOJBKO 110 HeGOJIBIIO MOopLyY 3a pas,
BO3HMKAeT IJIaBHBI BOIMPOC: KaK OIpPeAe/IUTh BbICOKOYPOBHEBYIO IIPOLEAYPY
COPTUPOBKM, KOTOpast 6yIeT COPTMPOBATh Bech (aiil, uMess BO3MOXKHOCTb pa-
60TaThb TOJIBKO C MaJIOi MOPIMeN JaHHbBIX 3a pa3? B uacTHOCTH, OCHOBHOE BHU-
MaHMe B 9TOi1 IJIaBe OyIeT yaeaeHO BbhIICHEHUIO TOTO, Kak 3TO CAIaTh, MAHM-
MU3UPYS YMCIIO0 TIEPEHOCOB JaHHBIX C AMCKA.
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11.2 TpyaHOCTU COPTUPOBKMU BO BHELUHEN
namsaTu: npumep

ITpencTaBbTe, UTO BbI paboTaeTe B XOCTMHIOBOJ KOMIAHNUM, KOTOpast cCo0MpaeT
JaHHbIe 0 Be6-3aMpocax AJis CBOUX KIMEHTOB. JIOMyCTUM, BbI XOTUTE YIIOPSIIO0-
YUTH BCE 3aIlpOChI 3a IMOCTAETHMUI MeCsI], YTOObI OIpeIe/nTh paclpeneieHne
BpeMeH 00pallleHNsT U HaliTy 3aIpOChl, KOTOPbIE 3aHsIM OOJIbIIIE BCETO BpeMe-
HM. Ballla KoMIaHus co0MpaeT MHOI'O JaHHBIX, ¥ JaHHbIE OPTaHM30BaHbI B OTHY
6OJBIINYIO TAGMNITY, KasKIast CTPOKa KOTOPOi IMpeCcTaBIsieT OAUH 3apoC U BCIO
CBSI3aHHYIO ¢ HMM MHpopMauuio: IP-agpec, 6paysep, BpeMst 00paleHns 1 T. 1.
daiin, mopJIeskallii COpTUPOBKE, 3aHMMAaeT B 0011eli CJIOKHOCTY 0KoJio 512 T'6,
HO BBI pacriosiaraeTe Jiniib 4 I'6 oriepaTMBHOI MaMSITH.

ITepBoe, YTO MPUXOIUT HA YM, — ITO TO, UYTO MbI MOXKEM COPTHPOBATH 110 4 I'6
IaHHBIX 3a OOMH pas. Eciau pasmennTb M3HavaIbHbIN (aita Ha mopuyu 1o 4 I'6 u
YUTATh KKAYI0 MOPLMIO [IeJIMKOM B OCHOBHYIO ITaMSITh, 3aTE€M €€ COPTUPOBATh
U 3amIMChIBAaTh 0OPATHO, TO MbI ITOJYUYMM YACTUUHO OTCOPTMPOBAHHBIN HAOOD
IaHHBIX.

OTOT LIar co3MaHusl MUHU-COPTUPOBAHHbBIX CITMCKOB, IO CYTH, SIBJISIETCST OT-
JIMYHOM OTIIPABHOVM TOYKON [jis TIPUMEHEHUSI aJITOPUTMa COPTUPOBKU CIIUSI-
HMEM TOJIbKO BO BHEIIHeH maMsiTu. ViHorga Mbl OymeM MCIIO/Ib30BaTh TEPMUH
deynymmas copmuposka ciusHuem®!, 4Too6bl 0603HAYaTh TPAAUIMOHHBIN aro-
PUTM COPTUPOBKM CIAMSIHMEM B KauecTBe IPOTUBOINOCTABIEHMSI MHOTOITYTHOM
COPTUPOBKE CIMSHMEM, KOTOPYIO MbI pa3paboTaeM [Jisg BHEIIHel maMsTu. Jla-
BajiTe MIOCMOTPMM Ha IPUHIIUII PAOOThI ABYITYTHOI COPTUPOBKU CIMUSIHMEM (UJTA
MIPOCTO COPTUPOBKYU CJIUSIHMEM) IIPU €€ CJIETIOM IIePeHOCe BO BHEIIHIOIO MaMSITh.

Ho cHauaja KpaTkuii 00630p: ABYIMyTHAas COPTMPOBKA CIUSIHMEM B OIlepa-
TUBHOJ MMaMsTU paboTaeT TPMBUAIbHBIM JeJeHMEeM MacCHBa Ha Majble IO -
MAacCCUBBI CBEPXY BHM3 0 pasMepa 1 1 BBIMIOTHSIET BCIO pabOTy IyTeM CIMSTHUS
3TUX MAacCUBOB CHU3Y BBepX, IO ONHOJ Mape 3a pas. CausiHue — 3TO, 10 CYTH,
COPTMPOBKA. YKa3aHHOE PeKyPCUMBHOE CIMSHME IpeBpaliaeT 1 COPTMPOBAHHbBIX
CIIMCKOB pa3mepa 1 B n/2 cOpTMpOBaHHbIX CIIMCKOB pasmepa 2, /4 CuCcKOB pas-
Mepa 4 U T. 1., a 3aTeM, HaKOHell, B 1 CIIMCOK pasmepa n. Bpems BbITOTHEHMS
COPTUPOBKY CJIMSTHMEM OMMChIBAETCS C MCIIOb30BaHMEeM CIeyIolelt HIDKe pe-
KypcuBHOI Gopmysibl T(n), KOTOpast Ipy pa3BepThIBAHUM PEKYPCUM TIPeICTaB-
JISIET YMCJIO CpaBHEHMI, TpeOyeMbIX [IJIsSI COPTUPOBKY CUSIHMEM:

T(n) = 2T (g) +0(n).

Ynen O(n) mpeAcTaBisieT BpeMsi, HeOOXOAMMOe IJIst CIMSIHMS Ha OJTHOM YPOB-
He (Harpumep, n/2 CIIMCKOB pa3Mepa 2 B /4 ciuckoB pasmepa 4). ba3osblii cry-
yait pekypcuu paBeH T(1) = 1, Tak KakK COPTMPOBKA OJHO3IEMEHTHOIO CITMCKa
TpuBMaIbHA. PazBopaunuBasi 5Ty peKypCHUIO C IIOMOLIbI0 MacTep-MeTOona Wi
IIPOCTOTO AepeBa, IOCTPOEHHOTO pacIyThIBaHMEM PEKYPCUM, Mbl OIIpeesisieM,
4TO BpeMsl BBIIIOJIHEHMSI COPTUPOBKM cusiHueM paBHo O(n log, n).

o1 AHmI. two-way merge-sort. — [Ipum. nepes.
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11.2 TpyRHOCTM COPTMPOBKYM BO BHELLHEN namsTu: npumep < 307

11.2.1 ABynyTHas cOpTUpPOBKa CAUSAHUEM
BO BHELUHEeW NaMATU

[Tpexxpe yeM HavYaTh [YMAaThb O TOM, KaK alaliTUPOBATh ABYITYTHYIO COPTUPOB-
Ky CJIMSIHMEM K BHEIIHeN aMsTH, faBaiiTe pacCMOTPUM MapaMeTpbl, KOTOPbIE
MbI MCIIO/Ib3YeM [JIS1 aHaau3a aJrOpuTMOB BO BHEILIHeN namsaTu. 3HaueHue N
MpeACTaB/sIeT pa3Mep BXOAHBIX JaHHBIX (UMC/IO 3amyceit), M mpencTasisier 06-
i pa3Mep OCHOBHO¥ maMsITH, a B — pa3mep 6110Ka.

Beiroma OT BHeIlIHel MaMsTy B YaCTU COPTUPOBKM 3aK/IIOUAETCS B TOM, UTO
MpU OMHOM BUTKe IO BceM maHHbIM (N/B miepenay 6;10KOB) MOKHO IIOTy4YaTh
N/M cOpTMpPOBaHHBIX CIIMCKOB pasmMepa M, IO3TOMY TpuUBMabHAsT pa3buBKa
Ha CITMCKM pa3MepoM MeHbIlle M He uMeeT 0co00ro cMbicyia. EcTecTBEHHO, 3TO
OyIZeT TpaHUIMPOBAHO B 6a30BbIii CJIyyail Hallero ajaroputMa. ITocie co3ganust
N/M copTUpOBaHHBIX CITMCKOB, KAKIbI pasmMepom M, aropuTM paboTaeT aHa-
JIOTUYHO BHYTPEHHEN COPTUPOBKE CAMSHMEM, B KOTOPOW MBI CIMBaeM MHapbl
CIIMCKOB (CM. TIpUMeEp C COPTUPOBKOI UTPabHBIX KapT Ha puc. 11.3a).

[Ipu cnMssHUYM IBYX COPTMPOBAHHBIX CIIMCKOB MBI 3a4aCTyI0 HE MOXXeM OJJTHO-
BpPEMEHHO XpaHUTb 00a CIICKA I[eJIMKOM B OCHOBHOJ TTAMSITH, HO AJISI CIVISTHUST
HaM HYXKHO MMeTb JIUIIIb [0 OJHOMY OJIOKY KaskJOTO 13 ABYX CITIMCKOB B OCHOB-
HOJi MaMSITV ¥ BbIOVpaTh HAMMEHBIIMI OCTABIINIICS 37IEMEHT M3 ABYX OJIOKOB
IO TeX TIOP, TTOKAa OAVH 13 HUX He OYyeT MOTHOCTBIO MCYepIIaH; 3aTeM Mbl UMTa-
eM eyl 670K 13 crmcka. IIporecc aHaIoTUUeH CIUSTHUIO K COPTUPOBaH-
HBIX CITMCKOB, Kak paHee 6bLIO ITOKa3aHO Ha PUC. 9.7, KOTOPBI Mbl IIOBTOPSIEM
3mech (puc. 11.4), Ho Npu ABYIYTHOV BHEIIHE! COPTUPOBKE CIUSHMEM K = 2.

OTO O3HA4yaeT, YTO BPEMS BBITIOJHEHMS OBYITYTHOM BHEIIHEN COPTUPOBKU
CIMSTHUEM COCTaBJIsIET

TZBHGIH(]V) = 2T2BH€H.I(%> +0 (%)’

u 6a30BbIi cyvaii pasen T, (M) = O(M/B) nepenadyaM, HeO6XOAMMbIM TOIBKO
IJIs1 9TeHus JaHHbIX. O611ast CTOMMOCTb COPTUPOBKY TTpeobiasaeT Haf, JIMHeT -
HOJI CTOMMOCTBIO CO3/JaHMS IePBOHAYAIbHBIX COPTMPOBAHHBIX CIIMCKOB pa3Me-
pa M, moatomy oHa B (hopMy/y He BK/IOUeHa. [Ii TOro YTOObI MMOHSITh ITPOMUC-
XOZsllee Mpy OBYIIYTHOV BHEIIHeN COPTMPOBKE CAMSHMEM, BaXKHO IOHMMATD,
YTO KaXK0e UTeHNe BcexX MaHHbIX TpebyeT N/B nepenau. [jist KaXkI0oro BUTKA 110
BCEeM JJaHHBIM, KOTODBIN yBe/lIM4YMBaeT pa3Mep Crucka B 2 pasa (M coKpaljaer
YMCJIO CIIMCKOB B 2 pasa), TpebyeTcst N/B omnepaiinii BBOAA-BbIBOA. Bcero HyX-
Ho O(log, N/M) Takux BUTKOB, 4TOObI nepeiiti ot N/M crimckoB pasmepa M K 1
CIIMCKY pa3Mepa N, yaBauBas pa3mep CIMUCKA IIPU KKIOM IIPOTOHe. DTOT aHa-
nu3 (a TaKKe pasBepTbiBaHMe pekypcun) gaeT Ham O(N/B log, N/M) onepaumii
BBOZa-BbIBOZA.

B 1Lie/1s1X MpoBepKyM CBOMX 3HAHM O IepeMelleH1y 61I0KOB Tya-Cioia Bo Bpe-
MS$1 IBYIIYTHOV BHELIHEV COPTUPOBKU CJIMSIHMEM BO BHELIHEe [MaMsTU CHavala
BBITIOJTHUTE CJIeIyIOlee HIDKe YIIPaKHeHMe.
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PucyHok 11.3 [IgynyTHas COPTUPOBKA CAUSIHMEM, aAaNTMPOBaHHAA K BHELUHEN NamMsTu.
MNpu nepsom nporoHe N aneMeHToB 06pabaTbiBatoTcs B N / M nakeTtax pasmepa M,
roe COpTMPYEeTCs Kaxkabli nakeT pasmMepa M. 310 Haw «6a30BbIA Clyyamn»
COPTUPOBKM CIIMSIHUEM BO BHELLUHEN NaMsATU (COPTUPOBKA CIMSIHUEM BO BHYTPEHHEN
NamsaTi 06bIYHO HAUMHAETCS CO CMUCKOB pa3Mepa 1). 3atem, oaHa 3a ApyroMn,
napbl CMMCKOB pa3mepa M 0bpabaTtbiBatoTCs M CIMBAKOTCS B CMUCKK pa3smepa 2M,
noToM 4M 1 T. A. B KOHUE KOHLIOB Mbl MPUXOAMM K OKOHYATENIbHOMY CNUCKY pa3Mepa N

YnpaxkHeHue 1

[TpoaHaMM3uUpyiiTe YMCIO GIOUHBIX 3aITPOCOB, HEOOXOAMMBIX JJIsI COPTUPOB-
KU JaHHBIX 3alIPOCOB U3 MMPeAbIAYIero mpumepa, UCIoib3ys ABYIYTHYIO COP-
TUPOBKY CIMSTHMEM BO BHEIIHe maMsiT. PacrpocTpaHeHHbIe pa3Mepbl 67I0KOB
BapbypyIoTCs ot 8 10 64 K6.

MbI MOXeM TOOUTHCSI GOJTBIIETO, YeM ABYITYTHASI BHEIITHSISI COPTUPOBKA CITMSI-
HMeM, TIO9TOMY JlaBajiTe BepHEMCSI K OJJHOBPEeMEHHOMY CJIMSIHUIO K COPTUPO-
BaHHBIX CMIUCKOB. PucyHOK 11.4 moKa3aTesieH TeM, YTO IeMOHCTPUPYET ITPo1iecc
CIMSIHUSI COPTMPOBAHHBIX CITMCKOB, OOIIMIT pa3Mep KOTOPHIX HE YMEIIAeTcsT B
OIepaTUBHOMN MMaMSTH.
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PucyHok 11.4 CnusHue k COpTMPOBaAHHBIX CMUCKOB BO BHELUHEN NaMsTy.
Kaxkabli CNMCOK COAEPXKUT OQMH penpe3eHTaTUBHbIN OydepHblit 60K,
BCE BPEMS HAXOOALWMICS B NaMATU. MUHUMYM Kax0ro 6/10Kka nepBoOHa4anbHO
BCTaBNSETCS B Ky4y, OTKYAA MMHUMYMbl MHOTOKPATHO U3BNEKAKTCS.
MNpu KaXA0M U3BIEYEHUN INIEMEHTA U3 KYUM B HEE MO OYepesM BCTABNSETCS
CNenyroLwmii 3NeMeHT K13 Toro xe 610Ka, U3 KOTOPOro Obia MoNyYeH MUHUMYM.
Koraa 3akaHUMBAOTCS 3n€MeHTbl 0AHOro 610Ka, U3 TOrO e CMUCKa BBOAWUTCS
cnepyowmii 6nok

S

CornacHoO 3TOMYy pUCYHKY, Mbl MOXXeM cuTb A0 O(M/B) ciuCKOB 3a pas, Tak
Kak IJIsl TIpeACTaBAeHNsT KaXKI0ro CITMCKAa B ONEpPaTUMBHON MaMsTHU TpebyeTcst
Bcero ofvH 6y10K. CnusTHMie MHOXKECTBA CIIMCKOB 32 OfMH pa3 laeT 3HAUUTETb-
HbII BBIUTPBIIL, [IOCKOJIbKY MbI MOXXeM IIpeBpaTuTh M/B CIMCKOB padmepa X
B 1,  JIJIST 3TOTO MBI UCIIOJIb3yEM TO K€ YMCJIO Mepefad B MamsTh, YTO U MIPU
IBYIYTHOJ BHEILIHEN COPTUPOBKE CIMSHMEM ISl TipeBpallenns M/B crinuckoB
pa3mMepa x B M/2B ctinckos. [IpyMBHeceHMe uUaen CAusTHUS MHOXECTBA CITVICKOB
B JBYIIYTHYIO BHEIIHIOIO COPTUPOBKY CJIMSTHMEM OTKPBIBAET JOPOTY AJISI CAaMOTO
[IOMYJ/ISIPHOTO &JITOPUTMa COPTUPOBKU BO BHEIIHeN amsTi — M/B-IyTHO Ccop-
TUPOBKU CJIUSTHUEM.

11.3 CoptupoBKa caMsiHMEM BO BHELUHEMH
namatu (M/B-nyTHasa copTUpPOBKa CIMSIHUEM)

B copTupoBKe causiHMeM BO BHEIIHEN MamsIT, i M/B-TyTHOJ COPTUPOBKeE
CIMSTHUEM, BIIepBbIe IpefcraBieHHON enje B 1980-x rogax [2], ucronb3yercs
uaesi OOHOBPEMEHHOI'O CAMSIHMSI MHOXeCTBa CIIMCKOB. Bce HaumHaeTcst ¢ CO3-
IaHust 6a30BOTrO Cay4yas B BUJie COPTMPOBAHHBIX CIIMCKOB pa3mepa M mjis 1mo-
CIeAyoIIero CIMSHUS. 3aTeM aJITOPUTM ITePeXOqUT K OLHOBPEMEHHOMY CJINSI-
HUI0 M/B CHIUCKOB B OOMH CIOMCOK, TEM CaMbIM yBeJIWUYMBas pa3Mep CINUCKA
MexIy rmporoHamu B M/B pa3s. [IpyruMu cjioBaMy, Mbl HAUMHaeM CO CIIMCKOB
pasmepa M, 3atem M?*/B, morom M?/B? u T. . IO TeX IIOp, IIOKA He JOiIeM IO
onHoro crnycka pasmepa N. COOTBETCTBYIOIIMI TPUMep IpuBeAeH Ha puc. 11.5.
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PucyHok 11.5 B M/B-nyTHOW COPTMPOBKE CAUSHUEM Mbl HAUMHAEM
C CO3[aHu$, 33 0OAMH NporoH, N/M copTpoBaHHbIX CMMCKOB pa3Mepa M.
3aTeM 3TM CNUCcKK 0bbeanHaTCA fanblue, no M/B 3a pas, uTobbl
B KOHEYHOM MTOre CO3[aTb OAMH COPTUPOBAHHbIN CMMCOK

AJNTOPUTM MOXOX Ha KJIACCUMYECKYI0 BHYTPEHHIOI) COPTUPOBKY CIUSHUEM
B TOM CMBICJI€, UTO OH PEeKYPCUBHbINM, [I03TOMY OH TPUBUAIBHO OEJIUT CIUCKU
IO TexX TOop, MOKa OHM He NOCTUTHYT padmepa M, copTupyeT KaXXAblii U3 HUX
10 OTHETbHOCTY U 3aTEeM UX PEKYPCUMBHO 00benuHsIeT. PekypcuBHas dopmyna,
onuceiBawInas M/B-NyTHYIO BHEIIHIOI COPTUPOBKY CIMSIHUEM, BBITVISIAUT Clle-
IYIOIIM 06pa3oM:

M N N
T(%)Bnem(N) = B T(%)BHEHI g +0 <§>

ba30Bblil Cyuyait Takoiil >Ke, KaK U IJjis1 OBYIIYTHOW BHEIIHEN COPTUPOBKU
csaueM, T(M) = O(M/B). [laBaiiTe pa3BepHEM 3Ty PeKypcuio. JIjisi TOro 4ToObI
IepeiiTyl OT CIMCKOB pasmMepa M K criucKy pasmepa N, Bcerga yBenuuuBas pas-
Mep crucka B M/B pas, TpebyeTcs log,,, N/M 1iaroB. Kask/iblii ar Hy>kaeTcs B
OIHOM BUTKE 10 BCEM AAHHBIM, KaKIbIil 13 KOTOPBIX cTouT O(N/B) onepauuii
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BBOJa-BbIBOAA. TakuM 06pa3oMm, o6I1ast CTOMMOCTb M/B-ITyTHO# BHEIIIHE cop-
TUPOBKM ciivsiHMeM coctaiset O(N/B logM/B N/M) onepaniuii BBoJa-BbIBOA.

Camu 10 cebe BhIpasKeHMS /I BpeMeH BBIIIOHEHMSI, BO3MOXKHO, MaJIO UTO
3HAuaT, HO eC/IM BU3YaJbHO CPAaBHUTHL hopmyry M/B-IyTHOI BHEITHE COPTU-
POBKM CJIMSTHMEM Y ABYITYTHOM BHEIIHel COPTUPOBKYU CAMSIHMEM, TO K/IIOUEBOe
pasjmuye TPOSIBUTCS B OCHOBaHMM jorapudma (2 mporus M/B). Hackonbko
BEJIMKO pasjnuue Ha camoM fenne? Mbl IPUBBIKIM IIpeHe6peraTh OCHOBaHMEM
Jiorapu@ma, Tak Kak 0ObIYHO OHO ITPEICTAB/ISIET COO0Ji pa3HOCTD C IIOCTOSTHHBIM
KosdpuumenTom. OmHaKo 37eCh 3a4eiiCTBOBAHbI ITapaMeTpsl M 1 B, 1 MbI He
paccMaTpuBaeM VX KakK KOHCTaHTbI. OTU IBa BpeMeHM BbITIOJIHEHWS OT/INYAIOT-
ca B log, M/B pas. [I7is1 MHOIMX PacIpOCTPaHEHHbIX BAPMAHTOB pasMepa rams-
T ¥ pa3Mepa 6j10Ka KO3DPUIMEHT Pa3HOCTU MOXKET AoCcTuraTh maxke 30 pas.
V6enuTech B 9TOM CaM¥, BHIITOJTHMUB CJIEIYIOIIEe HIKe YIIPakKHEHMEe ¥ CPaBHUB
pe3yabTaThl C pe3yJibTaTaMu, IpUBeeHHbIMY B yIIpa>kHeHUM 1.

YnpakHeHue 2

[TomcunTaiiTe 4ncao nepenad 6JI0KOB, KOTOPOE MCIOIb3YETCS] aJIfOPUTMOM
M/B-11yTHOI BHELIHEel COPTUPOBKU CAUSIHMEM B HallleM [IpUMepe JaHHbBIX 3a-
MpocoB. HamoMHMM, uTO 06beM IaMsTu cocTasiser 4 I'6, a o61uii pasmep Ha-
60opa maHHbIX — 512 I'6. Vcmonb3yiiTe TOT ke pasmep 6i0Ka, KOTOPbIN BbI UC-
MOJb30BAJIN B yIIpaskHeHUM 1.

Tenepsb, KOTAA BbI pelll/iM yIIpakHeHUe 2, Y BaC eCTh XOpolllee MOHMMaHUe
yycaa onepaiuii BBOJa-BbIBOAA, TPEOYEeMbIX aJITOPUTMOM COPTUPOBKM. OfHa-
KO, HECMOTPS Ha TO 4TO IIpy M/B-IIyTHOV BHELIHEN COPTUPOBKE CIVISIHMEM MbI
MBITAeMCS OTITUMU3UPOBATh CTOMMOCTb, CBSI3aHHYIO C IMCKOM, He ClefyeT mpe-
HebOperaTh BHyTpeHHel mamsiThio. Crioco6 06paboTKu omepaiuii B OCHOBHOI
MaMSTU CUJIBHO BIMSIET HA OKOHYATeIbHOE UCIIOMHeHe anroputMa. Ham npu-
Mep CIUSTHUS U3 T71aBbl 9 ¢ onucaHueM MpUMeHeHUs Kyul B OCHOBHOII Tamsi-
TU IJI1 CIVSTHUST K COPTMPOBAHHbBIX CIIMCKOB CITYSKUT MpUMepoM 3(PheKTUBHOTO
MCMOAb30BaHMSI TAMSTHU B aJITOPUTMAaxX TaKOTo TUMa. B 4aCTHOCTH, TIpU BHeII-
Heil COPTUPOBKE CAMSHMEM MOKHO MOAAEPKMUBATh Kyuy pasmepa M/B, uToObI
MO/IIePsKMBATh MUHUMYMBI 3 KasKIOTO 6JI0KA, MPeJICTaBJISIONIET0 ero CIyCcoK.
braromapsi Takomy IOAXOAY MOXKHO AOCTUTATh ONTUMAJbHOCTU KaK BO BHEIl-
Heli, TaK ¥ BO BHyTPEeHHel IMaMsITU.

11.3.1 MNMouck u copTMpoBKa: onepaTtMBHas NamATb
MO CPAaBHEHMUIO C BHELWWHEN NaMATbIO

llaBajiTe HAa MMUHYTKY CAelaeM May3y U IMOAyMaeM O CBSI3U MEXIY MOUCKOM
¥ COPTUPOBKOI U O TOM, KAK OHA MEHSIETCS IIpU Mepexosie OT BHyTPEHHEeN Ia-
MSTU K BHeIIHe. [TorCcK 1 cCOpTMPOBKA BO BHYTPEHHEN MMaMsITV TECHO CBSI3aHbI
B CJIeAyIOllleM CMbIce: cObamaHCMPOBaHHOE JepeBO IBOMYHOIO MOMUCKA, CTPYK-
Typa JaHHbIX, CO3MaHHast 11 3¢ PeKTMBHOrO momcka (Hampumep, ABJI-mepeso,
KPaCHO-4YepHoe [epeBo U T. [I.), TO’Ke MOYKET MCII0/Ib30BaThCS IS ONITUMAIbHO
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COPTMPOBKM JAHHbBIX. BcTaBKa (a Takke IMOMCK U yhajaeHue) B c6ajaHCUPOBaH-
HOM JlepeBe IBOMYHOro noucka obxogurcs B O(log, n), mostomy n BCTaBOK B
nepeBo 3(pHeKTUBHO COPTUPYIOT JaHHbIe 32 O(n log, n) cpaBHeHMIt, U OIMH CUM-
METPUYHBI 00X0J, MOKET BBIBOAUTD JaHHbIE B MACCUB B JIMHEITHOM MOPSIJIKE.
Torpma 1osneMeHTHasi CTOMMOCTb COPTMPOBKM paBHa IO37I€MEHTHOM CTOMMO-
ctu oucka, O(log, n).

Ecnu, nepenecs 3Ty aHaJOTMI0 HA BHEIIHIOK MaMSITh, MOIBITATbhCSI BBIMIO-
HUTb COPTUPOBKY C UCIOJIb30BaHMEM B-IepeBa, TO Mbl MOTYUYUM MTPOU3BOIM-
TEeJIbHOCTD, AAJEKyI0 OT ONTUMAJbHOIO aJropuTMa COPTUPOBKMU: N BCTaBOK
B B-mepeso crout O(N log,N) omepauuii BBoga-BbIBOJA, WM €C/IM Mbl IyMa-
€M O BepXHMX YPOBHSX B-ZlepeBa KaK O pe3uAeHTax B OCHOBHOI IMaMsITH, TO
O(N log,N/M) onepauuii BBoga-BbIBOAa. [I0371eMeHTHAs CTOMMOCTb COPTUPOB-
Ky s M/B-1yTHOV BHEIIHEN COPTUPOBKU CIMSIHMEM COCTaBIISIET BCETO JIMIIb
O(1/B logM/BN/M) orepanuii BBOAA-BbIBOAA, UTO CYILeCTBEHHO MEeHbIIle Bpeme-
HM Ha BCTaBKy B B-AepeBo. [IpyruMu CJ10BaMU, IT03/IeMeHTHAasI CTOMMOCTb COP-
TUPOBKM HAMHOTO MeHbIIle, YeM M03JIeMeHTHasl CTOMMOCTh IMOMCKa BO BHeIII-
Heli namsTU. To eCTb MbI He MOKEM [TepeHeCTy aHAJIOTMI0 BO BHEITHIOK ITaMSsITh.

OTO pasnauuyie BaKHO TeM, UTO OHO MOKa3bIBaeT, YTO B MaKeTHbIX 3aJayvax,
TaKMX KaK COPTMPOBKA, MOXXHO 3((PEKTUBHO MCIOIb30BaTh OOBINON 00BEM
MaMsITU (XOPOLIMM MPUMEPOM SIBJISIETCSI CAUSHME MHOXeCTBa COMCKOB). Ilof
MaKeTHBIMM 3a/Ia4aMy MbI TTO/IpasyMeBaeM 3aJjauii, B KOTOPbIX HYKHO 06paba-
ThIBaTh TOHHY JAHHBIX ¥ IIPEAOCTAB/ISATh Pe3y/IbTaT TOJIbKO B caMOM KoHIle. Ha-
MpyuMep, MaKeTHbIV MTOMCK O3HAYaeT MoJlydeHye TPYIIbl 3alIPOCOB U JOCTABKY
OTBETOB Ha 3T 3aIlPOChl OOMH pa3 B KOHIIe. B makeTHOJ Bepcuu 3agaun MOUC-
Ka MbI OIITMMM3UPYEM 0OIIee KOJIMUYECTBO BpeMeH!M Ha pellleHyue BCceil 3amaun,
U KOTJla 3TO CTAaHOBUTCS 11€J1bl0, 3a7Jauy O MHOTOUMCAEHHBIX 3aMpocax MOXHO
TPeNICTaB/SATh B 11eJI0M (TO €CTh OTBET Ha OAMH 3aIpoC MOMOraeT OTBETUTh Ha
ele OfMH 3aIpoc U T. 1.). B paMKax Takoil KOHGUTypauuy OFHOBpeMeHHast 06-
paboTKa 60/IbIIOr0 06beMa JaHHbIX ObIBA€T OUEHb IT0JIe3HOI, 1 6O0JIbIlIas OIe-
paTuBHAs MaMITh HAM B 3TOM ITIOMOraer.

ODTO CYIIeCTBEHHO OTMYAETCS OT YCIOBUIA, KOTAA HAaM HAIMPABJISIOTCSI OMHU U
Te ke 3aMpOoChl ¥ HAM HYKHO COOOIIATh OTBETHI OJIVH 3a APYTUM, ¥ TIPU 3TOM MBI
ONITUMM3MPYEM CYMMY BpeMeHM, 3aTpauBaeMOoro Ha OTBET Ha KaXKIblii 3a11poc.
OTa rmocieHsIs Bepcus 60JIbIe MTOX0XKa Ha TOCIeI0BaTeTbHOCTh KJIACCUYECKIX
3a71a4 O IMOVCKE, ¥ TAKOJ MOUCK He crtoco6eH 3PeKTUBHO MUCIT0Ib30BaTh OOJIb-
IIYI0 [TaMS$ITh, 38 UCKJIIOUeHeM XpaHeHMs BepXHUX YPOBHeli B-lepeBa B OCHOB-
HO¥ TaMSITH, IOTOMY YTO Pe3YJIbTaT CPaBHEHMS C 3JIeMEeHTaMU M3 OTHOTO 6JI0Ka
ompepessieT CAeayoIyii BHOCHMMBIN OJIOK.

Ectu mowtegHue nBa ab3ara KaskyTcst BaM yepecuyp Guiocopckumu, To, Be-
POSITHO, BbI ITpaBbl. Ho 3TO Hala mociaesHsis I71aBa, M Mbl UyBCTBYEM Ce6s1 BIIpa-
Be B KaKkoJ-To crerneny nopmiocodcTBoBaTh. [Ieo B TOM, UTO ITPY COPTUPOBKE
U OPYTUX CBSI3aHHBIX C Heil 3a7jauyax Mbl U BIIPSIMb BBIUTPbIBAEM OT HaJIUMUUS
OOJBIIION OTIepaTUBHOI MAaMSITH, TOTA KaK B HEKOTOPBIX APYTUX 3aJadax yBe-
JiMyeHye 06beMa OCHOBHOV MaMsITV TIOMOTaeT, HO He HaCTOIbKO CYIleCTBEHHO.
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Bl MokeTe yoeauThCs B 9TOM, IIOCMOTPEB Ha BPeMsI BbITTOJIHEHMSI COPTUPOBKMA
10 CPaBHEHMIO CO BpeMeHeM BBIMIOJTHEHMS TTOMCKA M Ha yaydlleHne CTOMMO-
CTU oTiepaluii BBOAA-BbIBOIA, €C/IM 00beM OCHOBHO MaMSITH yaBauBaeTcs (TO
ectb M craHoButcs 2M).

Cy1iecTByeT 1eMblii psi, OPYTUX MakeTHbIX 3a[au, KOTOpble MOTYT BbIUIPbI-
BaTb OT HA/JIM4Ms OOJIBILION ITAMSITU TaK JKe, KaK 3TO JIeJIaeT COPTUPOBKA. 1o cux
IIOP MbI pacCMaTpUBa TOJIbKO IIPMUMEP CAMSIHIS MHOKeCTBA CIIMCKOB Kak IIpe-
MMYILIEeCTBO OOJIBIION ITaMsITH. [lajiee Mbl PACCMOTPUM BHELITHIOIO BEPCHIO OBICT-
PO¥1 COPTUPOBKY U YBUAMM, KaK GOJbIIOI 06beM MaMSITH ITO3BOJISIET YCKOPSITh
OOBIYHYIO IBYIYTHYIO OBICTPYIO COPTUMPOBKY (TO €CTh BHIOOP OIOPHBIX TOUEK).

11.4 Kak HacueT BHewwHen ObICTpon
COPTUPOBKKU?

IlaBaiiTe HaUHEM C KPaTKOTro 0630pa BHYTpPEHHel ObICTPOI COPTUPOBKM. B OT-
JIMYMe OT COPTUPOBKYU CIMSTHUEM, OBICTPast COPTMPOBKA GOJIBIIYIO YaCTh CBOEIA
paboThI BBHITIONHSET CBEPXY BHU3, TIIATENbHO pa30MBasi JaHHbIe HAa Pa3Jiesibl.
Pa36uBKa IMPOMUCXOAMUT Ha OCHOBE BhIOPAHHOII OIIOPHOJi TOUKM, B KOTOPOJ JaH-
HbIe Jajiee NeJISITCS Ha 3JIEMEeHTDI, MeHbII/e UM PaBHbIE [10 pa3Mepy SJIeMeHTY
B OTIOPHOJ TOUKe, M 37IeMEeHThI, [IPeBhIIIAIIINMe 3JIeMeHT B OITOPHOI Touke. Kak
TOJIBKO TIOJIJIEXKATIME TeJIEHNIO MacCHBBI CTAHOBSITCS pasmMepoMm 1, paboTta 6bICT-
POV COPTUPOBKY MPAKTUUYECKM 3aBepIIaeTCsl.

BbicTpasi copTMpOBKa BO BHYTPEHHE ITaMSTH MMeeT 60/iee BbICOKYIO peryTa-
LIMI0, YeM COPTMPOBKA CIUSHMEM, a 6MOIMOTEKM COPTUPOBKY Yallle UCITOIb3YIOT
OBICTPYIO COPTUPOBKY, UEM COPTUPOBKY CAMSIHMEM. DTO MOXKET ITOKa3aThCs He-
OOBIYHBIM, €CJIU YUECTh, UTO OBICTPAsi COPTUPOBKA He obecrieurBaeT rapaHTuii
ONTUMAJIBHOCTY B HAUXYZIIEM CIy4yae, KaK 3TO AejlaeT COPTUPOBKA CIAVSIHUEM.
IeTepMMHMPOBAHHAS OBICTpasi COPTMPOBKA, KOTOpasl BbIOMpAET CaydaiiHbIii
OTIOPHBII 37IeMEHT B GMKCMPOBAHHO TOUKe (CKaXKeM, BCer/ia C TepBOii MO3UINN
B MacCuBe), MOXKeT BapbupoBaThes oT O(n log, n) 1o O(n*), KaK 1 paHAOMU3UPO-
BaHHas OBICTpast COPTMPOBKA, KOTOPAst BbIOWPAET OTIOPHYIO TOUKY CJTyUaifHbIM
obpasom. TeM He MeHee METOJ, PaHIOMM3MPOBAHHON OBICTPOIi COPTUPOBKMU
ropasmo Oojiee 6e30I1aceH, IOCKOIbKY OH 3¢ (eKTMBHO 00pabaThIBaeT Caydaii
MOYTY OTCOPTMPOBAHHBIX JAHHBIX WM JII0O0 PEryaspHOCTY B JAaHHBIX, KOTO-
pas MOKeT 0Ka3aThCsl HeOIarompusITHOM /1J1sI BBIOOPA OMTOPHOT TOUKINA.

BbICTpasi COpTUPOBKA MOXKET IIPUHYAUTEIbHO BBINTONIHAThLCA 3a O(n log,n), nc-
M0JIb3Y$ JIMHEHO-BPEMEHHO! CeeKIVIOHHbIN aJrOPUTM MeOuaHbl U3 Meau-
aH C rapaHTHelt ONTUMAaTbHOCTY B HauXypiieM ciaydae®? [3], HO 3TOT aiITOPUTM
MMeeT pa3/IMuHbIe CJIOKHOCTU B MPAKTUYECKOM IJIaHe; C PYTOii CTOPOHBI, IJIsI
MOyYeHUsI aCMMIITOTUMYECKM ONTUMAaJbHOTO BpeMeHM BbIMIOJIHEHMSI HaM He
HY)XHBI Ulea/IbHble MeIVaHbl.

OoHMM U3 IJIaBHBIX MMPEMMYILIECTB aJIfOPUTMa ObICTPOI COPTUPOBKU SIBJISI-
€TCS1 TO, UTO OH BBITIOITHSIETCS IIPSIMO Ha MeCTe, [I03TOMY BCe PEKYPCUBHBIE BbI-

%2 Aur1. median-of-medians worst-case linear-time selection algorithm. — ITpum. nepes.
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30BbI PabOTAIOT C OHOJ U TOJ K€ YaCThIO IaMsTH, C M3HaYaTbHbIM MaCCUBOM,
MOJIesKAIIVIM COPTUPOBKE. DTO 03HAYAET, YTO MbI HE TPATMUM BpeMsI Ha KOIIUPO-
BaHMe JaHHbIX U OTBe[eHNe NOTIOTHUTEIbHOI MTaMITH — Ha 3aaHusI, KOTOpbIe
3aMe/IJISTIOT COPTUPOBKY CIMSIHMEM. DKOHOMMS IIPOCTPAHCTBA TAKKe SKOHOMMUT
BpeMs Ha ObICTPYIO COPTMPOBKY BO BHYTPEHHEI MMaMsITi, HO JaBaiiTe IoCMOT-
PUM, MOKHO Jiit 3T 3G (PEeKThI OTTPAHCIMPOBATh BO BHELIHIOKO ITAMSITh.

IIjist TOro YTOGBI pa306paThes B TOM, KakK 3(PpGeKTUBHO TPAaHCIMPOBATh OBICT-
PYIO COPTMPOBKY BO BHEIIHIOIO TIaMSITh, HAIlle ITepBOe YIIpaskHeHMe COCTOUT B
MIPSIMOM T1epeBojie OOBIUHOI ABYITYTHOI OBICTPOIi COPTUPOBKY 6€3 KaKUX-T1M00
CYIIeCTBEHHBIX M3MEHEHMUII B aJITOPUTME.

11.4.1 AsynyTHas 6bICTpas cOpTUPOBKA
BO BHELLUHEN NaMATH

[psimas aganTanys (paHIOMMU3MPOBAHHOI) IBYITYyTHOM OBICTPOII COPTUPOB-
KV K BHEITHEl MaMsaTy JOBOJIbHO TpsSIMOMHeliHa. Mbl cly4aifHO BbIOMpaeM
MeCTOTIONOKeHME OTIOPHOI TOUKY, BHOCUM OJIOK, COAEPsKAIIMif OTIOPHYIO TOUKY,
a 3aTeM IMPOKpyYMBaeM Bech (aiii B mamsTy, 6JI0K 3a GIOKOM, OTIpenessis st
KaKIOTO 3JIeMEHTa, MEeHbIIIe JI OH, paBeH My 6oJjbIlle 3/IeMeHTa B OMOPHOI
TOUYKe. B OCHOBHOI MaMs TV HaXOASATCS ABa Oy epHbIX 6710Ka, KOTOPbIe HaKaTlIu -
BAaIOT 3JIeMEHTbI, TPUHAZJIeKAIMe IBYM TPYIIaM, ¥ Koraa 6JI0K 3aIoIHSIeTCS C
OITHO¥ CTOPOHBI, MbI 3aIIMChIBAEM €TI0 00paTHO Ha AMCK Ha COOTBETCTBYIOUIYIO
eMy «CTOpPOHY». [lociie TMHEeNHOro Yncia MepeHoCcoB B NaMSITh Mbl BBIIIOTHUM
OIIVIH YPOBEHb Pa30MBKM Ha pasgesnsbl (cM. puc. 11.6).

IToka3zaHHbIii Ha puc. 11.6 mar pa36usBku Tpebyet O(N/B) omepaiiuii BBO-
Jla-BbIBOJA. 3aTeM Mbl PEKYPCMBHO BBIIIOJHSIEM TOT K€ CaMblii aJIrOPUTM Ha
IBYX OTHOeNbHbBIX MOPIMIX (aiiaoB. Hair 6a30BbIil ciyuaii cpabaTbiBaeT, Korma
pasmMep copTupyemMoro daiiia paBeH pasmepy rmamsaTy (M) wii MeHblie. B aTom
cJTyyae MbI M3BeKaeM Bech (paiiy 1e;MKoM, COPTUPYEM ero B MaMsTy U 3arm-
cbhIBaeM 00paTHO.

[aBajiTe Ha MMHYTKY OOMYCTMM, UTO BbIOpaHHAasl OMOpHAs TOYKA BCETma
pa3buBaeT JaHHbIE Ha JIBe paBHbIE IMOJIOBUHBI. TOrma peKypCHs, OMIChIBAIO-
1ast BpeMs BBITIOJIHEHMSI IBYIIYTHOJM BHEIIHEH ObICTPOil COPTUPOBKMU, UIEH-
TUYHA PEKypCUM ABYIIYTHOJM BHEIHEN COPTUPOBKMU CAMUSIHMEM, U OHA [aeT
O(N/B log, N/M) B KayeCTBe BpeMEeHM BbIIIOTHEHMS.

11.4.2 Ha nyT¥ K MHOronyTHOM GbICTPOM COPTUPOBKE
BO BHELLHEN NaMATH

Crenyst aHaJIOTMM C COPTUPOBKOI CIMSIHUEM, B LIeJSIX YIyUIIeHUs rmapajie-
JIM3Ma B 3TOM aJITOPUTMeE MOKHO OBIJI0 O6bI TOAYMAaTh 06 YBeTMUEeHNY UM CIa Ha-
XOAMMBIX OIMIOPHBIX TOYEK U BBITIOJHEHUM M/B-1yTHOI pasbuBKY BMECTO JIBY-
IIyTHOJ. [laBaiiTe HAa MMHYTKY [IpeaauMcsi 3Toii uaee. lormyctum, uto 3a O(N/B)
orepalii BBoJa-BbIBOJa MOXXHO OTbIcKaThb O(M/B) OIOPHBIX TOUEK, KOTOPbIE
pa36uBaiT manHbie Ha O(M/B) TOAMAcCUBOB. TO MO3BOIUT HAM IEPEeNTH OT
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BOT TAaKOTO TUITA PEKYPCUU [IJIsI ABYITYTHOI BHEIHE GbICTPOi COPTUPOBKU:

N N
EQBHEIH(N) - 22_éqm-lem <2> + O (B)

K BOT TAKOMY TUITY PeKYPCUU:
M N N
T(%)qBHem(N) = ET(%)({BHQIH (Ig) +0 (E))

UYTO NPUBELET HAC KO BPEMEHU BBIIIOJHEHNS, SKBUBAJIEHTHOMY BpEMEHU BbI-
MoIHeHus M/B-TyTHOJ BHeIIHei COPTUPOBKM ciusHueM. Ho He Takoii GbICT-
pOJi: KOHBepCHS U3 IBYITYyTHOI BHENTHEN ObICTPOIT COPTUPOBKYM B MHOTOITYTHYIO
BHEIITHIO GBICTPYIO COPTUPOBKY JIeIAeTCs He TaK IMPSIMOIMHETHO.

OCHOBHAR
NAMATH
gl.onoes |
< OMOPA
3AMONHEHVE DD AR
BIOKOB 0

3AMMCATD HA ANCK
< OnoPA * > ONOPA

UUUD qjﬂﬂ

DDDU

KOT LA NIONOH, ,

PucyHok 11.6 CHMMOK BO BpeMs pa3bmBKM B paMKax ABYMYTHOM
6bICTPOI COPTUPOBKM BO BHELIHEN NaMaTKH. [laHHble NoC/ief0BaTeNbHO
MPOMNYCKaKTCS Yepe3 OCHOBHYH MaMsThb, U KaX bl 3N1€MEHT CPaBHUBAETCS
C 31EMEHTOM B OMOPHOW TOuYKe. Y Hac oamH 610K 6ydhepHOro NpoCTpaHCTBa,
CNYXalui AN HAKOMNIEHUS 31IEMEHTOB MEHbLLEro pa3mMepa, YeM 3NeMeHT
B OMOPHOM TouKe, M 0anH 610K BydepHOro NpoCTpaHCTBa, CAYXKaLLMIA
[LNS HAKOMNEHUS 31eMEHTOB HONbLIEro pasmMepa, YeM 3/1IEMEHT B ONMOPHOM TOUKeE.
Cpasy nocne T0ro, Kak Kakom-nMbo ns bydepHbix 6J10KOB 3aM0NHSETCS,

OH 3anucbiBaeTcs 06paTHO B HaZnexallee MecTo Ha AUCKe, Kyaa aobasnsercs
nmbo nesas, nMbo NpaBasg YacCTb MaccMBa. [Ans peKypCcUBHbIX BbI30OBOB,
KOTOpble ByAyT BbINOAHATLCS MO3XKe, BaXHO, YTOObI BCE 31EMEHTbI, KOTOPble
MeHblUe unu BonbLie 31eMeHTa B ONOPHOM TOUKe, ObIIM pacroNoXeHbl psioM
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[MaBHasi TPYOHOCTD, C KOTOPOI MbI CTAJKMBAEMCSI, 3aK/II0YAETCS B TOM, UTO
COBCEM He OYeBUIHO, KaK HaxoauTb O(M/B) XOpOUIMX ONOPHBIX TOUEK U BbI-
MTOJIHATD Pa36MBKY Ha JIMHETHOE UMCIIO IePEHOCOB 6IOKOB JAHHBIX. DTO MOXKHO
ClleaTh, eCau MPUOErHYTh K PAHAOMU3MPOBAHHBIM OMTOPHBIM TOYKAM, HO PaH-
JOMM3VPOBAaHHbIE OTIOPHBIE TOUKYM HE JaayT XOpolIeii pa30yBKIM.

Eure ogHa maes 3ak/I04aeTcs B UCIIOAb30BAHMUM aITOPUTMa MeIMaHbl U3 Me-
IViaH, KOTOPBIN Mpy MepeHoce BO BHEIIHIO MaMsaTh Tpebyet O(N/B) mepenady,
YTOOBI OTHICKATH OJHY MeAMaHy. [IpM peKypcMBHOM TPUMEHEHUM 3TOT ajaro-
putm MoxeT HaxoguTh O(M/B) meanan 3a O(N/Blog, M/B) onepauyii BBOJa-Bbl-
BOJIA; 9TO MPOTMBOPEUNT HAIIEMY ITPeIbIAYIeMY TIJIaHy, B KOTOPOM MbI 00era-
JIM, YTO pa3buBKa cpaboTaeT (HEPeKYPCHMBHOI YaCThI0 PEKYPCUBHOM (OPMYJIbI
T (N) 66110 661 O(N/B)). OHaKO €CTh 06XOIHOI Ty Th.

(M/B)qBuemn

11.4.3 OTbiCKaHMe A,OCTAaTOMHOrO YMC/A ONMOPHbIX TOUEK

B pasmbliieHUAX, M3/I0’KeHHBIX B [IpeAbIAYIeM pa3eiie, OKasaalacha3eika.
Mpl cka3anu, 4YTO AJ151 JOCTVXKEHUSI BpeMEHU BbINIONIHEeHMST M/B-IyTHOW COPTU-
POBKM CJIMSTHMEM C MCIIOb30BaHMEM OBICTPOII COPTUPOBKM HYKHO BBITIOHSITh
M/B-1iyTHY10 pa36uBKY (TO €CTb YMETb HaX0aUTh M/B X0pOoIlIo pacipenesleHHbIX
OTIOPHBIX TOUEK 3a N/B onepaiinii BBoJa-BbiBOAA). MbI MOKeM 000ITICH TOpa3-
IO MEHBIIM YMCIOM OITIOPHBIX TOYEK, 1 BOT ITOYEMY: Uero 6bI MbI HU JOCTUTIIN
¢ nomoubio O(M/B) ONOPHBIX TOYEK C TOYKM 3PEHUS BPEMEHM BBIMIOTHEHMS,
MBI TaKKe MOXKeM OOCTUYb (ACMMIITOTUYECKM BbIpaXKasiCh) C rnomounbio (M/B)*
OIOPHBIX TOYEK, TIe ¢ — 3TO HeKask KOHCTaHTa, Takasg 4To 0 < ¢ < 1. TToaTtomy
oTbickaHye VM/B OIOpPHBIX TOUEK MU JaskKe 3/1\73 OIIOPHBIX TOYEK I1O-TIpeKHe-
MYy JaeT BpeMsl BbIIIOJIHEHMS, aCUMIITOTMYECKM PAaBHOE BPEMEHM BbITTOJHEHMS
ﬂM/B)qBHem(N). Hamume VM/B onOpHBIX TOUeK OyieT yABauBaTh [TyOMHY AepeBa
pPeKkypcum, HO 3TO He OyIeT BJIMSTh Ha BPeMs BbITTOJIHEHMSI aCMMITTOTUYECKM.
9o 6yAer Halle epBoe ocableHue yCIoBMS 3a1aun: OTbICKMBAThL VM/B onop-
HbIX TOUEK BMeCcTO M/B-0NOPHBIX TOUEK.

BropbiM ocabieHyeM GyeT TO, UTO MbI JO/KHBI ObLIIV Y3HATD U3 BHYTPEH-
Heil 6bICTPOJ COPTUPOBKM: aCUMITTOTUUYECKY ONITUMaIbHast paboTa aJiropuTma
BOBCE He HYXXJAeTCs B leJIeHUM TaHHbIX Ha paBHBIE 110 pasmepy pasneisl. st
TOTO YTOOBI OOJIErYUTD HAIIY KM3Hb, MbI [IEPEHECEM 3Ty UIEI0 BO BHEIIHIOKO
MaMsITh M TOMBITAEMCSI HAXOAUTh OMOPHBIE TOUKM, KOTOpPbIe He 00s13aTebHO
IOJKHBI MMETh TOYHO pasHeceHHbIe psiabl. OHM OYIyT AOCTATOYHO XOPOIIN B
TOM, UTO OYIYT AeJUTh JaHHble Ha O(S) MOIMAaCcCUBOB, Ie S = \/]WB, U BCe IO -
MAacCCUBBI OYAYT HAXOAUTbHCS B ITpeeiax BeIMUMHbBI [TOCTOTHHOTO KO3hduIeH-
Ta IPyT OT Apyra. HeKoTopble MOAMAaCCHBBI MOTYT ObITh B IBa-TPY pa3a GosbIiie
IPYIUX TIOJMAaCCUBOB, X 9TO OyIeT HOPMaJIbHO.

IaBaiiTe cmenaem Iay3y, YTOObI ITOHATb MPUYMHY, II0 KOTOPOJi 3TO He Oy-
IeT MpeaCcTaBIsaTh pobieM. Bo3Bpalasich K 0GbIYHOI BHYTPEHHE! ObICTPOIA
COPTMPOBKe, HATIOMHMM, YTO €C/IM BCSIKMIT pa3, KOrJia Mbl BBIOMpaeM OMOPHYIO
TOYKY, OHA TTOIaJaeT TOYHO B CEPEAVHY YITOPSIAOUeHHOTO MAacCUBa, TO MbI OY-
lieM T0JTy4aTh IPOM3BOAMUTENbHOCTh O(n log, n). Ecii omopHas Touka Bcerja
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HaxXOJOUTCS TAe-TO B CpeAHeli MOMOBMHE PSINOB (TO eCTh OHA HUKOIA He Hax0-
IUTCSI B HAMMEHbIIUX 25 % may HanOobIInuXx 25 % MaHHBIX), TO BPeMS BBIIIOJI-
HeHMsI B HauXyAlUIeM Caydyae OIMChIBAETCSI C MCIOJb30BaHMEM CIefyloIero
HIKE PEKYPPEHTHOT'O COOTHOIIIEHMS :

T(n) =T (%) 4T <?ZT”) +n.

Ono Taxke npuBogut K O(n log, n). ®akTuuecku maxe eciy OnopHas TOYKa
paspensieT naHHble HA 1 % 1 99 % psinbl, BpeMsl BbIIIOJIHEHMUSI, TeHepUpyeMoe
peKyppeHTHBIM COOTHOILIEHVEM

n 99n
7(n) =T (355) + T (Too) o

no-npexuHemy npuBogut K O(n log, n). Iloka pasmenbl HAXOAATCS B Ipefesnax
TOCTOSTHHBIX pa3MepoB JPYT OT APYTa, 3TO He AOKHO JaBaTb aCMMIITOTUYECKU
601ee HU3KYI0 MPOU3BOIUTEIbHOCTD, YEM Ta, KOTOPYIO IAI0T MleaIbHbIE pa3ie-
Jibl. MBI BOCITO/Tb3YeMCsI 3TUM (DaKTOM ITPH OThICKAHUM S TPUOGIVKEHHBIX OTIOP-
HBIX TOUEK B paMKaX BHEIIHEeli MHOTOITYTHO ObICTPOII COPTUPOBKY (TeIeph ee
MOJKHO Ha3bIBaTh VM/B-ITyTHOI 6BICTPOI COPTUPOBKOIA).

11.4.4 OTbICKaHME AOCTAaTOMHO XOPOLUUX
OMOpPHbIX TOYEK

Pa3o6beM M3HauaabHbI Habop u3 N snemeHToB Ha N/M IOpLMii U OTCOP-
TUPYeM KaXkIyi0 MOPIMI0. 3aTeM M3 KaXkI0l TOPIMK BbIOepeM KaXKIbIi o-i
sneMeHT. BepeM o = s/40. = VM/B/4. 0603HauMM MHOXeCTBO 3TUX BbIOPAHHBIX
271eMeHTOB uepe3 R C N (TO ecTb IpeacTaBUTelIeN); MHOXKECTBO OyIeT MMeTh
KapAayHaibHOe uunciao ~ N/o. Terepb peKypCMBHO 3a[€iiCTByeM CeleKIMOHHbIN
aJTOPUTM MeAVaHbl M3 MeAVaH, YTOObI HATY S OTIOPHBIX TOYEK B R.

CriepBa HY)KHO [10Ka3aTh, YTO 3TO BO3MOXHO CHeaTh 3a JMHEIHOe UYNUCIO
rnepeMelieHuii B naMsitb. Korga airoputm MenyuaHbl U3 MeOMUaH MPUMeHSeT-
Cs1 PEKYPCUBHO KO MHOKECTBY pa3mepa N/o, YTOObI PEKYPCUBHO OTBICKMBATD
$ = 40, OTIOPHBIX TOYEK, 3TO cTOUT O(N/0B 10g,401), 4TO B CyMMe He CTOUT IOPOKe
O(IN/B) onepaiinii BBOAa-BbIBO/A.

Ilasiee HY>KHO TIOKa3aTh, 9YTO S MeJIMaH, BBIOPAHHBIX U3 R, ABASIOTCS TIPUOITHI-
SKEHHBIMM MenuaHamu B N. s MeauaH pa3buBaioT R Ha ~S pa3nesioB pasMepa
k = N/sa, v Kaskaplil U3 3TUX 3JIEMEHTOB SIBJISIETCST TIPEACTaBUTENIeM, KOTOPbIN
MbI BBIOpaIM U3 MOPIMK pa3Mepa M B M3HaYaAbHOM Habope. OgHaKo MOpLyn
B3aMMHO He YTOpSAO0uYeHbl, TO3TOMY B OLHOM pasfese MOTYT COAEePKaThCs
37IeMEeHTbI 13 pa3HbIX NopLMii. Hampumep, nepBblii pasaen (comepskalnii Ham-
MeHbIIIMEe 37eMeHThI) MOXeT COAepskaTh OJHOTO MpeNCcTaBUTeNsl U3 IMePBOii
MMOPLIMHU, IISITh IIpeiCTaBUTeIe 13 BTOPOI ITOPLINHU, YeThIpe U3 TpeTheli ITOPLN
" T. A. B mobom crydae, 9Ty TIpeiCTaBUTENM HECYT B cebe 3JIeMeHTbl, KOTOpbie
UIYT 10 Y TIOC/Ie HUX B M3HAYaJIbHOM Habope.
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MaxkcuMaabHOe UMCIO 3JIEMEHTOB, KOTOpble k TpeacTaBuUTeIeil U3 pas3mena
MOIYT HECTU C CO6OI7I, PaBHO, IJId KaXXO0ro IpeacTaBUTeE IS, oL 3JIEMEHTaM, KO-
TOpbIE€ UOYT I10C/IE, U, OJIsd IIEPBOIO 3JIeMEHTa B IIOPpLIMM, 3JIeMeHTaM, KOTOpbIe
uayT repen Hum. OHO paBHO He Gosiee

N N«

N
01—kxa+(ﬁ)xa—?+ iV

9JIeMeHTaM U3 M3HA4Ya/IbHOI'O Ha6opa, d HaMMeHbIlIee 4nucjio, KOTOpoe MOXKeT
HEeCTU OAMH pa3aesl, CXOXKNM 06pa30M PaBHO

N N N
Cg:kxa—(—>><a:—— a

M 5 M-

[Tockoneky s = q(a), To C, = C,, Takum 06pa3oM ITOKa3bIBas, YTO S MeJMaH,
HalIeHHBIX B R, SIBJISIIOTCS MPUOIVKEHHBIMM M JOCTATOYHO XOPOIIMMM MeTua-
Hamu IJi1 M3HaYa/IbHOTO Habopa pasmepa N (http://mng.bz/zQva).

11.4.5 CBepeHue Bcero BOeAUHO

Teriepb, KOrma Mbl 3HAaeM, KaK OTHICKMBATh OIOPHbIE TOUKM 3a JIMHEITHOE
BpeMs, JaBaiiTe OCMOTPUM, KaK paboTaeT 9Ta Bepcusi BHernHeit VM/B-1yTHoji
OBICTPOJE COPTUPOBKY (CM. puc. 11.7).

OueHb BOXXHO MMETb BO3MOKHOCTh OJTHOBPEMEHHO MMOMEIATh S OMOPHBIX
TOYEK B OCHOBHYIO IaMsITh BMecTe C S + 1 6J0KaMu, KOTOpbIe AeiCTBYIOT KaK
6ydeps! mas coopa snemeHTOB. Cpasy mocse 3aroHeHns] KaKIoro 6710ka OH
3aIMChIBAETCSI 0OPATHO Ha AYCK. Kak TOIBKO BCe 3/1eMEHTHI OyayT 06paboTaHbl,
MbI PEKYPCUBHO TIPOJO/IKUM paboTy Ha s + 1 pa3menax.

BpeMms1t BBITIOJTHEHMST 9TOTO aJTOPUTMa PaBHO BPEMEHM BBITIOJIHEHMUS aJiro-
putma BHeuHei M/B-myTHoit coptuposku cnvsiaem, O(N/B log,, . N/M) ome-
pauusiM BBOJIa-BbIBOMIA. B CiiemyrolieM fgajee pasaesie Mbl YBUIVIM, UTO Ta rpa-
HUTIA SBJISIETCS OMITUMAIbHO JIJISI JII0OOTO aITOPUTMa COPTUMPOBKY BO BHEIITHET
MaMsTH.

11.5 HemMHoro MaremMaTuku: nouemMy COpTUPOBKA
CIMSIHUEM BO BHELWHEW NaMATU ONTUMAaNbHa?

Iyt TOro 4YTO6BI MOHSTh MPUYMHY, 10 KOTOPO¥i M/B-TTyTHasi COPTMPOBKA CIIMSI-
H1eM u VM/B-1TyTHasi 6bICTpasi COPTUPOBKA BO BHEIIIHEt MaMSTH SIBJISTIOTCS OII-
TUMaJbHBIMM, CHAUa/Ia BaXHO PEIIUTh 3TOT BOIPOC BO BHYTPEHHEN MaMsTH.
OTkyma Mbl 3HaeM, uto rpanuna O(n log, n) AByseTcs ONTUMaNIbHOM’ 111 COPTH-
POBKU?

B camom Hauase, Korga JaHHbIE MepefaroTCsl aJrOPUTMY COPTUPOBKM, MbI
He 3HaeM, KaKasl IepecTaHOBKa JaHHBIX IPpeJCTaB/sIeT IPaBUJIbHO OTCOPTUPO-
BaHHbIN NOPsIA0K. CJIOKHOCTD 3a4a4¥ COPTUPOBKM MOKHO TTPOAHAIN3MPOBATD,
eIy TIOAYMaTh O TOM, HACKOJIBKO OFHO CPaBHEHME CITIOCOOCTBYET YCTPAHEHUIO
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HEKOTOPbIX [IePeCTaHOBOK, KOTOPbIE HE COOTBETCTBYIOT OTCOPTUPOBAHHOMY I10-
psiaky. Hampumep, mpedIionokumM, UTO Halll Habop JaHHBIX COCTOUT BCEIO U3
Tpex smeMeHTOoB. Torga 3! = 6 moTeHIMalIbHbIX IIePEeCTaHOBOK MOIIM ObI JATh
OKOHYATeJIbHbIN OTCOPTMPOBAHHbIN MOPSMIOK: (a,, a, a,), (a,, a,, a,), (a,, a,, a,),
(azy az) al)’ (ag) aly az) u (ag’ az’ al)'

OCHOBHAA NAMATb

ONOPA
ONOPA  ONOPA  OMOPA
T™/B

1 2 3
NI N
v \TAR" v

Tk | i )l ke | O

| \

A
| | |

PucyHok 11.7 CHMMOK MHOronyTHOM BbICTPOM COPTUPOBKM BO BHELLHEN NaMATU.
BMecTo 0[1HOW OMOPHOM TOUKM Mbl OTbiCKMBaeM O(VM/B) OMOPHbIX TOUYEK U
NpPOKpyYMBaeM BeCb Habop AaHHbIX B NaMaTh. Kax bl 3n1eMeHT MapLipyTU3npyeTcs
Ha OCHOBE CPaBHEHMI C ONOPHbIMU TOUKAMM B NPaBUbHbIN BydepHbIi 610k, Cpasy
nocne 3anonHeHus bydepHoro 6ioka Ntoboro pasaena oH 3anucbiBaeTcs 06paTHO
Ha AMck, a bydep onycrowaetcs. locne NpoKpy4YMBaHMS BCEX AAHHbIX B OCHOBHOW
namati Mol cosgaem O(VM/B) pa3aenos, Ha KOTOPbIX MOXET BbITb CHOBa PEKYPCUBHO
npuMeHeHa bbicTpas copTupoBka. [locne fjocTuxkeHus pasnenom pasmepa M Becb
pa3gen CY4UTHIBAETCS B OCHOBHYIO NaMsTb, COPTUPYETCS U 3anucbiBaetcs obpaTHo

HorrycTiM, MbI CDaBHUBAEM d, C @, ¥ Y3HAEM, 4TO d, < d,. ITO O3HAYAET, UTO
TPY NepeYNCIeHHbIe TIePeCTaHOBKMU, ITie d, CTOMT Iepe[, d,, JOJDKHBI ObIThb MC-
K/IIOYeHBI KaK IOTeHIMajabHble MCXOAbl. II0OCKO/NIBbKY IepecTaHOBKM CUMMeT-
pUYHBI B 3TOM CMbICJIE, MOXKHO [OIYCTUTb, YTO XOpOIlllee CpaBHEHME MOXKeT
MCKJTIOUaTh He 6oJiee MOOBMHBI OCTABIIMXCS TepecTaHOBOK. OOpaTuTe BHUMA-
HMe, YTO eCJIM Halll aJITOPUTM He OUYeHb XOPOLI, TO CPaBHEeHMe MOXeT COKpallaTh
BpeMsI He TaK CUIbHO MJIM BOOOIIe He COKpaIlaTh (IIpeJCTaBbTe, UTO Bbl IIPOBO-
JIUTe OIHO U TO >Ke CpaBHeHMe CHOBa U CHOBa). Ho B TOM cityuae, eciyt aroputm
npejJjiaraeT OCMBICIEHHbIe CPaBHeHMsI, NMOTpebyeTcss Kak MMHUMYM log,(n!)
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CpaBHEHMIA, UTOOBI MOMYYUTDH OFHY IePeCcTaHOBKY. YIIPOCTUB 3TO BhIpaKeHMeE,
MBI [I0/Ty4aeM, YTO HIDKHSIS TPaHNMIA 3a/laui COPTUPOBKY paBHa Q(n log, n).

Kak aTo paboraeT Bo BHelIHel mamsiTu? 3[ech Hallla eJMHNYHAST OTlepalus
MpesicTaB/sieT cob0it mepemaydy 6;710Ka, IO3TOMY BO3HMKAET BOIIPOC, HACKOJIBKO
repegayva OGHOro 6J10Ka MOXKET CITOCOOCTBOBATH COKPAIIEHMIO UYMC/Ia BO3MOXK-
HBIX TIEPECTAaHOBOK. JTO Oy/leT B 3HAUUTEIHHO CTEIIeH! 3aBUCETD OT COMEePsKI-
MOTO BBOJIMMOTO 6I0Ka M COAEPKMMOTO OCHOBHOI mamsitu. Ho 4To KacaeTcst
HIDKHE! TpaHuIIbl, TO HaC MHTepecyeT, HACKOIbKO OfVH GJIOK MOXET CIoco6-
CTBOBATh BO BpeMsl COPTUPOBKM. Korga BBOOUTCST OAVH OJI0K, OH COIEPKUT He
6osiee B 3/1eMeHTOB, a TaMSITh COAEPKUT He 6071ee M — B pe3uieHTHBIX /1eMeH-
TOB (cM. puc. 11.8).

NOCTYNARWWA BNOK
8 NEMEHTOB (OTCOPTMPOBAHHHX)

03y
M INEMEHTOB

M-® OTCOPTMPOBAHHHIX

AENPPNEAT

2N b /7 ’
OTCOPTUPOBAHO M - 3 B OBLLEA ( g)
3NEMEHTOB CNOXHOCTH 5
YNIOPSA04EHMiA

PucyHok 11.8 Mbi aHanM3npyeM Yncio NOTEHLMANbHbIX YNOPSAOYEHNI 3N1EMEHTOB B
(conepxumoe ofHOro 610Ka), KOTOPOE UMEETCS B MAMSTH, 3aNOJHEHHOM 3NEMEHTaMMK,
4TOObI MOHATH, HACKO/IbKO Nepesfaya 04HOro 6/10Kka MOXET CNOCOHCTBOBATL COPTUPOBKE.
B obuwert cnoxxHocTu cyuiectsyeT (M no B) ynopsaoyeHuid, u 3To TOT KO3PDULMEHT,

C KOTOpbIM OfHA Nepefaya B NaMsATb MOXET YMEHbLIATb 06LLee YMCI0 NepecTaHoBOK,
OCTaBLUMXCS ANSI IPOBEPKM

B mensix ynpoujeHus pacueToB Mbl IPUMeM OOMYIIEHKE O TOM, UTO KaskKAbIi
OTZAENbHBIN GJIOK OTCOPTUPOBaH. DTO yMeHbIIaeT obllee YMCI0 IepecTaHOBOK
¢ N! mo N!/(B! N/B). Tenepb, KOrga BHOCMMbIii B OCHOBHYIO ITaMSITh GJIOK OTCOP-
TUPOBAH ¥ caMa IaMsTh OTCOPTMPOBAHA, 00Ilee YMCIO BAPMAHTOB TOTO, Kyaa
MOTYT NOMajaTh B aneMeHTOB, paBHO (M 1o B). OCHOBBIBAsICh Ha 3TUX JIBYX Be-
JIMYMHAX, MbI [I0JIy4aeM, UTO HVUKHSISI TPaHMUIA COPTUPOBKYM BO BHEILIHEN ramsi-
T paBHA

N!

M\ BN’
(5) 75

KOTOPAs IOC/ie HECKOJIbKUX ayirebpandeckmx MaHUITY/ISILI TIPUBOUAT K TPAHU-
ue Q(N/Blog,, , N/M), COOTBETCTBYIOLLE}i aITOPUTMAM COPTUPOBKY BO BHEIIHET
namsaTy. [IpyBeeHHbIN BbIllle aHAIM3 ObUT aAalTMPOBAH U3 CTaTby JPUKCOHA
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(Erickson) (http://mng.bz/zQva), c KOTOPOJi BbI MOKETE 03HAKOMMUTDCSI, €CJIN XOTU-
Te IOJIyYUThb 6oJiee oapoOHYI0 MH(POpMAaLNI0 06 aaredpanyeckmux MaHUITYJIsI-
LIVSIX C 9TOM HYKHEV TpaHuUliel ¥ HVKHUMMMU TPaHULIAMU B 1eJIOM.

11.6 NopBepeHue utoros

MpI NOA0IIM K KOHILY 3TOV KHUTM. He3aBUCMMO OT IIPUYMHBI, 10 KOTOPO1 BbI €€
B3sUIM: OYZb TO TIOTIBITKA PeaTn30BaTh BEPOSTHOCTHBIE CTPYKTYPbI JAHHBIX [T
peleHus 3a1a9y 13 KOHKPETHON ITpeaMeTHOM 00IacTy VI YIIPOYEHYEe CBOUX
3HAHMI B 06/1aCTM KPYITHOMACIITAOGHBIX CUCTEM M HOY-Xay B 00aCTM YCTPOii-
CTBa aJTOPUTMOB JJis1 cobeceloBaHMSI B KOMITAaHUY, 3aHMMaoLIeics: 06paboT-
KOVi OONBIIIMX TAHHBIX, — MbI HA/I€eMCsI, UTO 3Ta KHUTA ObIa XOPOoIiei MHBeCTH-
1ueii Baurero BpeMenu. Ecin Het, To OyzemM HaJesThCs, YTO BaM 110 MeHbIIe
Mepe MOHPaBWINCh WILTIOCTPAIAMN.

Ecnut BbI TONBKO HauMHaeTe paboTaTh B 00/1aCTM KPYITHOMACIITAOHBIX aJIro-
PUTMOB, TO HaJeeMcsl, YTO TMOC/Ie TTPOUTEHNST ITO KHUTU BBI JIydllle MOjiMe-
Te CIIEKTP aJTOPUTMMUYECKMUX MPo6IeM, TPUBHOCUMBIX KPYITHBIMM Habopamm
IaHHBIX B COBPEMEHHbBIE CUCTEMBI, U, YTO BaXkKHee, HalileTe UX UHTEPECHbIMU.
Bymem HamesaThbCsl, YTO MbI yOeaMIM Bac B TOM, YTO Takue 3a7aun, Kak IMPUHA/I -
JIESKHOCTb MHOXKECTBY, TOMCK, COPTUPOBKA, OLleHMBAaHMe KapAVMHAIbHOTO YNCIIA,
B3sITME BBIOOPOK M MHJeKcauus 6a3 JaHHbBIX /IS MaCCMBHbBIX HAOOPOB JaHHBIX,
SIBJISIIOTCSI MHTPUTYIOIMMMU U CTUMYJIUPYIOUIMMHU 3aa4aMU M UYTO pPa3MbIIIlie-
HMSI O CITOC06ax UX pelnieHus IMTOMOIIM BaM Pa3BUTh /WK YIIyOUTh HOBBIA,
60siee TOHKMIT B3I HA 9P GEKTUBHOCTD U MPOU3BOAUTETbHOCTD.

B KOHeYHOM cueTe KOMIIPOMMCChI, BO3HMKAIOLIME M3-32 OTPaHNYEHHOCTU
MPOCTPAHCTBA U BpeMeH ! Ipy paboTe ¢ KPYIMHbIMM JaHHBIMM, 3CTaBISTIOT ITOA -
XOIUThH K 3a7auam Oosiee TBOPUYECKM, YeM KOTZa-IMb0 Ipekzie, M OXBaThIBaTh
oIM6KM M HecoBeplieHCTBa. Pa6oTa ¢ MacCUBHBIMM HAOOpaMy JAHHBIX YUUT
TOMY, UTO MbI HE MOXXeM MMETh BCe 1 Cpa3y (1 BOBCe HaM He HY>KHbI ObLIIM Mac-
CUBHbBIE HAOOPBI JAHHBIX, YUTOOBI 3TO TIOHSTH!). B yC/I0BUSIX pacTyInero pa3pbiBa
MeXIy HallMMM pecypcaMy M 06beMOM JaHHbIX, 06pabaThIBaeMbIX ITPUIIOKE-
HUSIMU, CTAHOBUTCS SICHO, UTO YCITIEX MHOTUX IIPUJIOKEHWT CEeTOHS OYyIeT orpe-
ZeJISIThCS TEM, HaCKOJIBKO XOPOIIIO OHY CITPaBJISIOTCS € ITPo6aeMamMy MacIuTabm-
pyemMocTu. i TOTO YTOOBI YCITEIIHO C HUMM CIIPABISITHCS, HY>KHbBI MHKEHEePbI,
CIIOCOGHBIE HOCUTh MHOTO IIISITT M COUeTaTh HOY-Xay B 06/1aCTU aJITOPUTMUKHU
¥ TIPOTPAaMMMPOBAHMSI CO 3HAHUSIMY TIPEAMETHO 00/1acTy M MaTeMaTUYeCK-
MM OCHOBAaMM CTPYKTYP JaHHBIX ¥ aJTOPUTMOB. DTa KHUTA — HAIll HEOOJIBIO
BKJIaJ B 06pa3oBaHMe TAKOTO YHUBEPCATbHOTO MHKeHepa.

Peslome

O CopTupoBKa — OHA M3 CaMbIX M3BECTHBIX 3a7a4 B 06;1aCTV MHPOPMATH-
KU, 1 OOJIbIIION 06'beM MCC/IeIOBAHMI ITOCBSIIEH ONITUMM3ALM aJITOPUT-
MOB COPTUPOBKM MO, pa3aMuHble KOHTEKCTHI.
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Korpa maHHbie He yMeLaloTCs B OCHOBHO IMaMsITH, aITOPUTM COPTUPOB-
KU JOJIKEH IIePEHOCUTDb HeOOJIbI/e ITOPLVM JaHHbIX B OCHOBHYIO ITAMSTh
Y TI00YEpeqHO COPTUPOBATD KasKAYIO IOPLIMIO.

M/B-niyTHas1 BHELIHSISI COPTUPOBKA CAMSIHUEM — 3TO IPEeAIIOUYTUTE/IbHbIN
aJITOPUTM, KOTZIA TAHHBIE CIVIIIKOM BEJIVIKM, YTOOBI YMECTUTBCS B OTIepa-
TUBHOM MMaMATU. DTOT QJITOPUTM BBITIOIHSIET CJIMSIHVE MHOXeCTBA CIIUC-
KOB OJTHOBPEMEHHO, B pe3ysbTaTe 3a/eiiCTBYsI OO/bIIOI 06beM MMelo-
L1eics mamsTu.

BbicTpast copTMpoBKa MOKET ObITh afalTHPOBAaHAa aHAJIOTMYHBIM 06pa-
30M IIO[, ONTMMAJIbHYIO paboTy BO BHEIIHEH maMsTH, BbiOupas 6Goiee
KPYITHbI/i HabOp OIMOPHBIX TOUEK M B pe3yjbTaTe pa36buBasi JaHHbIE Ha
MHOKECTBO OTAEIbHBIX MO Pa3e/I0B BMECTO BCETO [IBYX.

[TakeTHbIE 3a[auM, TaKMe KaK COPTMPOBKA, MMEIOT 6ojiee emeByo Mo-
2JIEMEHTHYIO CTOMMOCTb, YeM Y ITOMCKA BO BHEIIHEN MaMSITH. DTO BaXKHOE
pasyuue Mexay OrepaTUBHOI Y BHENTHET MaMSIThI0: COPTUPOBKA B OTIe-
PATUBHOJ MaMSTU MOXKET BBITIOTHSTHCS ONTUMAIbHO ITyTEM BCTaBOK B
TTOVICKOBYIO CTPYKTYPY, @ €€ BbITIOJTHEHE BO BHEIIIHE MaMsITU TPUBOIUT
K CyOTIITMMAaTbHOMY aJITOPUTMY.

JI7151 TOTO UTOOBI TOHSTD, SIBJISIETCS JIX QITOPUTM COPTUPOBKM OTITMAJTh-
HbIM, B&)KHO TIOHMMATh IMPUHIIAI PAGOThI HYDKHUX IPAHMUI COPTUPOBKMU.
KitoueBbIM MOMEHTOM BO BHYTpPEHHE! MaMSTU SIBISIETCS TTOHMMAaHMe
TOT0, HaCKOJIbKO OJTHO CpaBHEHMe CIIOCOOCTBYeT YCTPaHEHMIO IepecTa-
HOBOK, KOTOpbIe He COOTBETCTBYIOT OTCOPTMPOBAHHOMY TIOPSIAKY; TO JKe
camoe JieJlaeTcsl ¥ BO BHELTHel aMs Ty, HO aHaIU3UPysi, HACKOIbKO BBOJ,
OJTHOTO 6710Ka TTOMOTaeT yCTPaHSITh TIePeCTaHOBKNA.
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Beenmenne B anroputmsl, T. H. Cormen, C. E. Leiserson, R. L. Rivest, and
C. Stein, Introduction to Algorithms (3rd ed.), The MIT Press, 2009.
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pacripefie;IeHHOTO KelIMPOBAHUS JIJISI PasTPy3Ku «TOPSTUYMX TOUEK» BO
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rimob6anbHoi cetn, L. Fan, P. Cao, J. Almeida, and A. Z. Broder, «Summa-
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Summary Cache: macirTabupyemMblii TPOTOKOT 0OMeHAa Kelll-MaMsIThio B
rimobanbHoli cetu, L. Fan, P. Cao, J. Almeida, and A. Z. Broder, «Summa-
ry Cache: A Scalable Wide-Area Web Cache Sharing Protocol», IEEE/ACM
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iant, «The Modern Algorithmic Toolbox Lecture #2: Approximate Heavy
Hitters and Count-Min Sketch», Stanford University, 2020, https://web.stan-
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file.php/200059/mod_resource/content/2/Heavy_hitters_-_count-min_sketch.pdf.

VayuireHHast CBOJKa MOTOKA JAHHBIX: HAOPOCOK count-min u ero Ipu-
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bases», Proceedings of 12th VLDB Endowment, 1986.
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Method, vol. 12, pp. 36-38, US Government Printing Office, 1951.
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B. Babcock, M. Datar, and M. Rajeev, «Sampling from a Moving Window
Over Streaming Data», Annual ACM-SIAM Symposium on Discrete Algo-
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CnpaBouyHble Matepuanbl < 329

3.

MemuaHbl, i He TOJIbKO: HOBbIE METObI arpermpoBaHus JIJIs CeHCOPHBIX
cereii, N. Shrivastava, C. Buragohain, D. Agrawal, and S. Suri, «Medians and
Beyond: New Aggregation Techniques for Sensor Networks», Proceedings
of the 2nd International Conference on Embedded Networked Sensor
Systems, pp. 239-249, 2004.

I'maBa 9

1.

BxomHast/BbIXOHAS CJIOSKHOCTH COPTUPOBKY M CMEKHBIE ITPOOJIEMBI, S. Ag-
garwal and J. S. Vitter, «The Input/Output Complexity of Sorting and Relat-
ed Problems», Communications of the ACM, vol. 31, no. 9, pp. 1116-1127,
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. XKypHanbHO-CTpyKTypMupoBaHHOe nepeBo ciusaHusi (LSM-mepeso),
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gerberg, «Lower Bounds for External Memory Dictionaries»; M.A. Bender
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06 unnocTpaumnm Ha 0610XKKe

PuCyHOK Ha 00/105KKe KHUTY « AJITOPUTMBI M CTPYKTYPBI IJISI MaCCMBHBIX HAOOPOB
IaHHBIX» — Roussienne, min «pycckasi skeHIIMHa», B3sT 13 KHuUru YKaka I'pacce
ne Cen-CoBepa, ony6amkoBaHHO B 1788 rogy. Kaxkmast MIIIOCTpalis TOHKO
MIPOPUCOBAHA U pacKpalleHa BPyYHYIO.

B Te mHM GbIIO JIETKO ONPEIeIUTh MECTO JKUTEIbCTBA JIIOIe 1 X peMecyio UIn
TOJI0’KeHMe B KM3HU ITPOCTO 110 UX ofexae. M3maTenbcTBo Manning mpociaBisieT
1300peTaTeIbHOCTh I MHULIMATUBHOCTb BHIYMCIUTEIBHOTIO 613Heca 06/105KKaMu
KHUT, OCHOBAaHHBIMM Ha 60OTAaTOM pa3HOOOpasuy PErvMoHaIbHON KYIbTYPbhI
MHOTOBEKOBOJ HAaBHOCTU, OXMBJIEHHBIMM GoTorpabmusiMmM U3 KOJIIEKIINIA,
MOJOGHBIX ITOIA.
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B

Bepudukauua nnatexeit ynpoluentas (SPV) 77
BepoatHocTb p 84
BepoatHocTb BKtoueHna 186

BepoATHocTb Hanmuma 191
BepoatHocTb Hannuna B Touke N 192
BepxHue k 6ecnokoitHbIX cnAaLLmMx
nonb3oBateneit 110, 111
Bec 220
B3atue Bbibopky
penepHbii notok 181
B3aTue BbIGOPOK M3 NOTOKOB AaHHbIX
113 penepHoro notoka 181
B3ATVe pe3epByapHoil BbIbopkn 186
B3atue pe3epsyapHoii BbiGopK
KpaTkuii 0630p 186
Bpema manoe 168
Bpema obpabotki 3anpoca 169
Bcnneck BHe3anHbIil 165
BcraBka
B-nepeba 273, 285
nopumoHHble puabtpbl 92, 93, 96
dunetp bnyma 74, 100
Bbibopka 172
cTparterua GopMUpPOBAHUA CMELLIEHHOI
BblbOpKM 173
Bbibopka bephynnu 26, 181
Bbibopka npoctas cnyvaiinaa (SRS) 173, 198
Bbibopka penpe3sextatugHas 172

r

[eHepatop nceBgocnyyaitHbix uncen (PRNG),
anroputm 182

[eHomuka onyxonesas 304

[paHuua YepHosa 84

il

Jlaingxect 219
Jlanmxect kewa 76
JlaHHble MacCuBHble
JaHHble KoMMeHTapueB 21
B 6a3e JaHHbIX 27
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B BUAE NOTOKA 26
pelueHme 3a8aun 22
CTPYKTYpa 1 NpefiHa3HaueHue KHurm 28
TpyaHoctu 30
3a/lepXkKa B CONOCTaBNeHIUN C N00CON
nponyckanma 32
nepapxua namatin 30
pa3pblB MeXJy NPOU3BOAUTENbHOCTbIO
LieHTpanbHoro npoteccopa 1 namatbio 30
pacnpegeneHHble cucTemMbl 33
JlaHHble notoka AaHHbIX (DSD), 06bekT 206
JlaHHble notokoBble 154
meTanpumep 159
banaHcMpoBKa HarpysKu 1 oTCNeXMBaHMe
ceTeBoro Tpaguka 164
Jefynankauma 163
coeamHeHusa punbtpoB bayma 159
oueHusaune 172, 177
npaKTYecKue orpaHnyeHua 1 KoHuenuuu 167
Marnoe BpeMs 1 Manoe npocTpaHcTBo 168
moZenb ckob3ALero okHa 170
pearnbHo-BpemMeHHas aHanuTka 167
CABUIY B KOHLENUMAX 1 Apelidbl
KoHuenuuin 169
npubnMKeHHble KBaHTUAM 212
g-pangxect 230
t-panipxect 219
aANTUBHAA oLWMOKa 216
NCXOHDII KOS, CUMYMALIAW 1 e pe3ynbTatbl 236
OTHOCUTESIbHAA OLLINOKa 218
OTHOCUTESIbHAA OLLNOKA B 0611aCTI 3HAYUEHNA
NaHHbIX 219
TOUHble KBaHTUAM 213
Jenynnukauus 44, 163
B NPOrPaMMHBIX PeLLEHNA N0 pe3epBHOMY
KONMPOBAHWK / XPaHEHNI0 AaHHbIX 44
[llepeBo 266
[JlepeBo cbanaHcMpoBaHHoe ABOUYHOTO Moucka 42
[lepeBo cnuAHNA XypHaNbHO-CTPYKTYpUPOBaHHOE
(LSM-gzepeBo) 294
Npelid KoHuenumit 169

X

KypHanbl BpemeHu/aat
cnmanmne 259
BepCMA ANA BHeLLHel namatn 259

Bepcua ana 03y 259
3

3ajiaHue Ha 06paboTKy noToKa AaHHbIX (DST),
knacc 206, 209
3afaua o npeobnagaiowiem snemente 105
3anaua o copTupoBke 1 oTbope 215
3ajaua o TaxenoBecax obwasa 107
3anepxka
B COMOCTAB/IEHNM C MONIOCOA NPONYCKaHUA 32
3anpoc AnanasoHHblil
CnomoLLblo Habpocka count-min 121
BblUnCIEHVe Anafnyeckux MHTepBanos 126
Avapnyeckue nHTepeanbl 121
daza obHoBneHNA 123
da3a oueHuBaHnA 125
3anpoc Ha nonyuenue k epxHux 104
3anpoc Ha nonyyetue k BepxHux nuaepos 103

n

VineHTdMKaLMA LMPOBLIX OTNEUATKOB
PabuHa—Kapna 46
WNnpexcauna 267
HaeKc MHBEPTUPOBaHHDIN 47
VInaekc KnacrepusoBaHHblii 267
IHpeKc HeknacTepu3oBaHHbIin 267
VIHTEHCMBHOCTD NCMONB30BaHNA AaHHDBIX
ambicn 21
VinTepBan anagnyeckuii
Bbluncnenne 126
KpaTkuii 0630p 122
VnTepBan uHpekco npubbiTua 220
npopmauma notoueyHas B3aumuas (PMI) 114
Hdopmaums notoueyHas B3aumHas (PMI)
k Bepxnux 114
VckyccTBO NporpaMmupoBaHus, Tom 2,
[JloHanba KnyT 183

K

KeanTunb 215
KsaHTunb npubnmxeHHblii 212
g-nanmxect 230
KBaHTU/bHbIE 3anpocbl 235
KOHCTpyMpoBaHue C Hyna 231
cuAHne 233
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006paX«eHmA o NoBOAY OLUIMOKK Onpo6biBaHue NuHeliHoe 51
W npocTpaHcTBa 234 OnTUMIU3aLuMA NoJ onepaLin yTeHna-3anucu 27
t-pavipxect 219 OnTumm3auma nog onepawuto 3anucn 27
KOHCTpyupoBaHue 220 OnTMMK3aLuA Nof onepawuio uteHus 27
MaciuTabHble GyHKumun 221 Octatok 89
NPOCTPAHCTBEHHbIE rpaHuLbl 229 OTneuatok 88
CnaHne 226 Otpesok 91, 299
apAuTUBHaA OlWNOKa 216 OTcnexuBaHue ceteBoro Tpaduka 164
UCXOLHDIN KOA CUMYAALUN 1 ee pe3ynbTathbl 236 OueHBaHye
OTHOCUTENbHasA OlWMbKa 218 Habpocok count-min 108, 125
TOUHble KBaHTVM 213 MOTOKOBblE faHHble 172, 177
Knacrep 91 OueHMBaHMe KapanHanbHoro yucna 130
Knactep crapbiii 228 arperupoBaHye  ncnonb3oanmem HLL 148
Knioy BymepHbiit 260 MOACYET HECOBMAAAIOLLIX 3TIeMEHTOB B 6a3ax
KopsuHa i-a 136 JaHHbIX 131
Kyua MuHUMyM-opueHTUpOBaHHaA 112 nocTeneHHoe KOHCTpyMpoBaHie 133
Kew-paiinxect 76 npumepbl ucnonbosakma HLL 142, 148
n OueHuBaHue MoLIHOCTU MHOXecTBa 130
OuenuBanue yactot 103
IlokanbHocTb NpocTpaHCTBeHHaA 33 BapyaHTbI UCMONb30BaHIS HABPOCKOB
count-min 110
M [ana3oHHble 3anpocbl
MaccuB HecopTupoBaHHblil 41 Habpocok count-min 121
Maccus copTupoBaHHblit 41 3a/1aua o npeobnazatouiem dnemente 105
Mepa nogo6usa nporpammHoro obecnieuexna (MOSS) 46 obLad 3aaya o TAaxenosecax 107
Mopenb poctyna k namatu (DAM) 244 onepauusa o6Hosnexua 108
Mopenb ckonb3atero okHa 170 onepauus oueHnBanna 108
dopmuposanue Bbibopki 197 0LLIGKa 1 NPOCTPAHCTBO B HaBpOCKe
dopmupoBaHue npuopuTeTHOI Bbibopkn 202 count-min 117
(hopmupoBaHye LenHoi BbiGopku 198 NPOCTas UMNNEMeHTaLWA HaBpocKa
count-min 118
H OueHwmk Xopuua—TomncoHa 178
Habop aaHHbIX MaccuBHblil 19 Owwubka agauTuBHaA 216
Habpocok 219 OwmbKa OTHOCUTeNbHAA
Ha6pocok count-min (CMS) 103 B 061aCTV 3HaUeHHi JaHHbIX 219
KpaTkuii 0630p 218
Y OwmbKa oTHoCUTENbHAA IMNupuYeckan 220
O6HapyxeHue nnaruata 46
06onouka Bbinyknaa 303 n

06xogumk 173

Onepauusa 3anucn 294

Onepauusa o6HoBneHna 108, 123

Onepauwa ouenmnBaHna 108, 113

Onepavya CNOCTOAHHbBIM BpemeHeM BbINonHeHuA 48, 76
Onepauns ynanexus 87

Mamatb
nepapxus namatin 30
Pa3pbiB MeXAY NPON3BOANUTENBHOCTHIO
LieHTpasbHoro npoteccopa u namatbio 30
Mapametp oxatna 230
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lnaHupoBaHue ABMXKeHNIA pobota 303
[TnoTHOCTb MocToAHHAA 213
MoacueT BepOATHOCTHbIN 134
Mowck
B-pepesba 273, 282
nopuuoHHble Guabtpbl 94, 96, 99
dunbtp bnyma 75, 100
xew-Tabnuubl 60
Mouck ABOUYHBIA 252
aHanM3 BpeMeHN BbIMonHeHua 254
MUHUMANbHbIN MeANaHHbI foxoa 249
[MonuTnKa noypoBHeBoro cinanma 297
lMonuTuka nospycHoro cnuanma 298
Monoca nponyckaHUAB CONOCTaBAEHNN
C3adepxKon 32
MoTokoBble faHHble (Mcantuc) 154
MoTok penepHblit 170
B3ATMe Bblbopky 181
B3ATUe pe3epByapHoii Bbibopkn 186
B3ATVIE CMeLLIeHHOI pe3epByapHoli Bbibopkn 192
dopmupoBanme Bbibopkm bepHynn 181
Mook cobbiTnii 26
[paBuno orpaHuueHna 139
Mpasuno yceyenna 139
Mpeobpa3oBaHue BepOATHOCTU 0OpaTHOE
uHTerpanbHoe 184
MpunoxxeHne mobunbHoe ans 6UTKOMHOB 76
Mpumep ¢ AaHbIMK KOMMeHTapues 21
[aHHble KOMMeHTapueB B 6a3e faHHbIX 27
JaHHble KOMMeHTapueB B BiJe NOToKa 26
pelueHne 22
MpuHapnexHoCTb NpubauxkenHas 71
MOpLMOHHbIe PunbTpbl 88
dunbp bryma 74
[puHATHe-oTKa3, MeTog 187
lpocTpancTo Manoe 168
[poTokon xopaoBbli 67
lMpoxoxaenue ofHokpaTHoe 168
Mpoueccop 3anpocos HDFS (HQP) 162
Mcantuc, Suppio . 154

C

(bpacbiBaHue Harpy3kn 158
(Bogka 219

Caswr B KoHuenuuu 169
Ckatne 187
(ncrema pacnpegeneHHas
MaCCUBHbIIA HAbop laHHbIX 33
Xew-Tabnuupl 56
ZHobaBneHue HOBbIX y310B/pecypcoB 61
nouck 60
TUNNYHaA npobnema 56
ynaneHue y3nos 63
XOpA0BbIi npoTokon 67
Xew-Konbuo 58
(Ckey 219
(kopocTb ycTapeBaHus, koadpduument 193
Cnnaemoctb 229
(Cnosapb 41
Cnor AkopHbIi 91
(oepnHeHuna Ha ocHoge GunbTpoB byma 160
CopTipoBKa ObIcTpas BHelWHAA 313
ABynyTHaa 314
MHoronyTHas 314
onopHble Toukn 316, 317
CopTipoBKa B0 BHeLuHeli namaTi 302
BapUaHTbI NCnoab3osaHua 303
onyxonesas reHomuka 304
NNaHMpoBaHue ABIKeHII poboTa 303
BHELUHAA ObICTpas copTpoBKa 313
ABynyTHaa 314
MHoronyTHas 314
0nopHble Toukn 316
COPTUPOBKaA CIUAHNEM BO BHeLUHei namaTi 309
TpyaHocT 306
CopupoBka cuaHuem M/B-nyTHas (copTupoBka
CNAHNEM BO BHeLLHei namsaTi) 309
(CopTipoBKa CINAHNEM BHELLHAA
onTMManbHoCTb 318
CoptupoBka cinaHuem aBynytHas 307
Cnuncok cBA3HbI 41
(rpaterus ¢opMuUpoBaHIA CMeLLLeHHOI Bblbopkn 173
(TpyKTypa AaHHbIX
JaHHble KOMMeHTapueB 21
B 6aze JaHHbIX 27
B B NOTOKA 26
peLueHue 22
KpaTkuii 0630p 41
CTPYKTYpa 1 NpeaHa3HaueHune kuuru 28
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(TpyKTypa AaHHbIX ANA 633 AaHHbIX 266

(TpyKTypa AaHHbIX NaKOHWYHaA 25

(TpyKTypa AaHHbIX HabPOCKoBaA Ha OCHOBe Xella 28
(xopcTBO pacnpepenutenbHoe 114

T

Tabnuua copTupoBaHHbIX cTPoK (SST)) 72
Toyka passopota 271

Yy

YnaneHue
B-nepesba 276, 285
Y3en
Lobasnexue 61
yaaneHue 63
Y3en obneryeHHblii 77
Yperynuposanue konnuznii 50
YcpeaHeHue cToxacTuyeckoe
KpaTkmit 0630p 135
C rapMOHUYecKIM cpeHum 139

o

Ounbtp bnyma 25, 74, 160
ajanTayum U anbTepHaTuBbl 87
bonee onTUManbHble 10XKHOMONOXMTENbHbIE
yacToTbl 85
BapuaHTbl UCMONb30BaHUA 76
Squid 76
MobUnbHOe NpUnoXeHue AnA GUTKOMHOB 76
B CPaBHEHUN C NOPLMOHHBIMI GunbTpami 99
BCTaBKM PAaBHOMEPHbIX NPOM3BOSbHbIX
anemenToB 100
MOMCKM ycnelLHblx snemenTtoB 101
MOMCK PABHOMEPHBIX MPON3BOMBHBIX
anemenToB 100
BCTaBKa aNeMeHToB 74
KoHurypupoBaHue 79
nonck 75
npocTas MMnnemenTauua 78
Teopua 83
Ounbtp byma B3BeLweHHbIl 87
OunbTp nopumoHHbIi 88
OuTbl MeTafaHHbIX 91
B CpaBHeHuM ¢ punbtpamm bnyma 99
BCTaBKM PaBHOMEpHbIX IPOM3BOSbHbIX

anemenToB 100
MONCKN ycneluHbIx 3nemenTtoB 101
MOMCK PaBHOMEPHbIX NPOI3BOMbHBIX
anemenToB 100
BCTaBKa 3eMeHToB 92
N3MeHeHue pa3mepa n cinatne 97
ucxoaHblit kog Python ana noncka 94
006pax<eHuA No NoBOAY YaCToTbl
NOXHOMONOMUTENbHbIX Pe3yNbTaToB 1
nNpocTpaHcTBa 98
$opmUpOBaHKe YaCTHbIX 1 0CTaTKOB 89
XpaHeHue 96
(OopmmpoBaHue BbIGOPKM
cKonb3ALee okHo 197
paBHeHue anroputmos 206
OopmupoBaHue Bbibopkn beprynnn 26, 181
(opmupoBaHme BbIOOPOK 13 MOTOKOB AaHHbIX 172, 180
113 penepHoro noToka
dopmupoBaHue Bbibopku bepHynan 181
(OopMUpOBaHMe CMeLLLeHHOIT pe3epByapHOii
BblbOpKM 192
113 CKonb3ALLero okHa 197
(opmupoBaHme npuopuTeTHOI Bbibopkn 202
(opmupoBaHme LenHoi Bbibopkyu 198
CpaBHeHue anroputmos 206
cTpaterna GopMupoBaHNA CMeLLeHHOI
BblbOpKM 173
(OopmupoBaHue npuopuTeTHON BbIbopKI 202
(opmupoBaHue nyaccoHOBCKON BbIbOpKN 185
(opmupoBaHue pe3epByapHoii BbIGOPKM
CMellleHHasA Bblbopka 192
(DopmupoBaHHe CMELLEHHOI pe3epByapHOIl
BblbOpKM 192
(OopmmpoBaHue LienHoii Bbibopkn 198
(opmipoBaHHe YACTHbIX 1 0CTaTKOB 89

X

XBatka 214

XpaHunuwe pabouee orpaHnueHHoe 168

Xew h-6utoBblit 89

XewmpoBaHue 38
onepavuum ¢ NoOCTOAHHbIM BpeMeHeM

BbINONHeHUA 48

noBcemecTHaA npupoga 39
(OrNacoBaHHOE XeLunpoBaHue 56
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[L00aBneH1e HOBbIX y3110B/pecypcoB 61
nouck 60
TUNuyHas npobnema 56
ynanexve y3nos 63
X0p/i0Bblit NpoToKoN 67
XeLw-KonbLo 58
CLeHapun 1cnonb3oBanma 44
penynnukauma 44
o6HapyeHue nnarnata 46
cnoBapb dict kntou-3HaueHue B Python 53
yperynupoBanue konanzuii 50
xew-QyHkuma MurmurHash 54
XewwnpoBaHue kykyLueyHoe 53
XelwmpoBaHue cornacoBaHHoe 56
L00aBneHue HOBbIX y3110B/pecypcoB 61
nouck 60
TUNuyHas npobnema 56
ynanexve y3nos 63
XOpAO0BbIiA npoToKkon 67
Xew-KonbLo 58
Xeww-konbLo 58
Xeww ckonb3awmii 46
Xew-tabnuua 38
Xeww-¢yHKumA k-napHas HezaBucumaa 52

1}
Llentpong 220

y

YactHoe 89

3

JddekT ycunenma onepauum 3anucu 298

q

flpycananusa 156, 157, 158
fipyc obpabotki ouepeneii coobuienmit 156
fipyc cbopa ganHbIx 156

B

BFPRT (bntom, Onoiig, Mpart, Pusect u Tapban) 216

biased, napamerp 209
bitarray, 6ubnuoreka 78

BLOCK_SIZE_ELEMENTS 260
bucket_occupied, but 91, 93
buffer_in, cnncok 260
buildFingerTables(self), metoa 69
B*-pepeBo
aHanu3 ctoumoctu 290
BapUaHT UCNonb3oBaHmua 292
KpaTkuii 0630p 285
MexaHuKa bydepuzauun 286
onepauui BBoAa-BbiBofa 293
onepaumi BctaBkn 288
onepaumi noncka 289
onepauuv yaanexus 288
CNeKTp CTPYKTYP AaHHbIX 291
B-pepeso 271
6anaHcupoBaHue 272
BapUaHT Ucnonb3osaHua 281
onepaumu BctaBki 273, 285
onepaumu noucka 273, 282
onepauuv yaanexus 276, 285
B*-pepeso 280

C

(assandra 299
chordLookup(self hashValue), meton 69
ChunkStash [1] 44
close, onepauua 250
(CMS (Habpocok count-min) 103
BapUaHTbI Ucnoab3osaHua 110
BepXHIe k 6eCMOKOMHbIX CNALLMX
nonb3osateneii 110
MacLTabupoBaHue pacnpesenuTenbHoro
CXOACTBA Mexay cnoBamu 114
[AVanasoHHble 3anpocbl 121

BblYMCNeHMe [uaauyeckinx uHTepanos 126

Auagnyeckue nHTepsanbl 121

daza obHoBneHNA 123

daza oueHuBaHua 125
3afjaua o npeobnagatowiem snemente 105
o61wan 3aaua o Taxenosecax 107
onepauua obHosnexns 108
onepauma oueHuBaHna 108
oLN6Ka v npocTpaHcTeo 117
npoctaa umnnemenTauns 118

CountMinSketch, knacc 118
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count(v) 231
CurrentSample, o6bekT 209

D

DAM (mogenb focTyna K namati)
ABOWNYHBIA NoUcK 252
aHanu3 BpemMeHN BbIMonHeHua 254
BapUaHT 1CNosb3oBaHuA 252
ONTUMaNbHbIil NOUCK 256
0TbICKaHue MUHUMYMa 249
npoctas nubo ynpolleHyeckas 263
cuAHne K copTupoBaHHbIX CnckoB 258
DAM (mogenb focTyna k namatn) 244
KpaTkuii 0630p 246
dict, bnbnnoteka 22
dict, cnoBapb Kntoy-3HaueHue 53
dict, Tun 69
distance, meTop 59
DISTINCT, kntoueBoe cnoso 131
DSC_Sample, knacc 209
DSC_Sample(), dyHkuua 208
DSD_Gaussians(), pyHkuua 207
DSD_ReadCSV, knacc 208
DSD (maHHble noToka AaHHbIX), 06bekT 206
DST (3apaHue Ha 06paboTKy NOTOKA JAHHBIX),
knacc 206, 209

F

file_names, cnucok 260
file_processed, cnucok 261
files_loc, cnucok 260
fingerprint, nepemexnaa 90
fingerTable, atpubyt 69

H

hash64, dyHKkuma 55

hash128, dyHkuma 55

HashMap, bubnnoteka 22

HashRing, knacc 59, 60, 64, 69

hashValue, atpuéyt 59

HLL1[1..m], maccus HyperLoglog 150

HLL2[1..m], maccg HyperLoglog 150

HLL (HyperLogLog) 130
arpervpoBanue 148

BANAHME Yncna Kop3nH 146
MOZCYET HeCOBMafALLIX INeMeHTOB B 6a3ax
JaHHbIX 131
nocTeneHHoe KOHCTpyupoBaHue 133
anroputm Loglog 137
BePOATHOCTHbIA noacuet 134
co0bpaxkeHnA no NOBOAY OLLNOKM 1
npocTpaHcTBa 142
cTOXacTUyecKoe ycpenHeHue 135
CTOXacTUYecKoe yCpesHeHIe C rapMOHIYECKIM
cpefHum 139
npuMepbl ncnonb3oBanna 142, 148
HLL_UNION[1..m], maccus HyperLogLog 150
HQP (Mpoveccop 3anpocos HDFS) 162
HyperLoglog (HLL) 130
HyperLoglog, cTpykTypa AaHHbIX 25

|
is_shifted, but 91

K
K-mep 252
k cnyyaiinbix 6ut 101

L

likes, atpubyt 26
Loglog, anroputm 137
anroputm SuperLoglog 139
coobpaxeHus no NoBoAy oLUNOKN
nnpoctpaHcTea 138
lookupNode, meTop 60, 62, 67
LSM-trees (ypHanbHO-CTPyKTYpupOBaHHOE AepeBo
CUAHNA)
KpaTkuii 0630p 296
LSM-zaepeBo (3ypHanbHo-CTPyKTypUpoBaHHOEe iepeBo
cmanua) 294
aHanm3 croumoctn 299
BapUaHT Ucnonb3osaHua 299

M

map, bubnuoteka 22

marked, atpubyt 126

min-heap 112

min, nepemeHHaa 250

mmh3, obepTka xeww-¢pyHkumn MurmurHash 118
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mmh3, naker 55 session_id, atpubyt 131
MOSS (Mepa nogobus nporpammHoro obecneyenms) 46  signed, napametp 55
moveResources, BcnomoratenbHblil Metog 61 Slot, knacc 94
Murmur 54 sort(), dyHkuma 302
MurmurHash, xew-dyHkuna 54 SPV (ynpoLeHHas Bepudukauna nnatexei) 77
MysQL 281 Squid 76
SRS (npocTas cnyvaiiHan Bbibopka) 173, 198
N SST (Tabnunua copTMPOBaHHbIX CTPOK) 72
Node, knacc 59, 60 stream, naket 197, 206
o) T
0(log n)-y3en 67 tdigest, bubnuoteka 236
open, onepauna 250 tell() Gynkuma 255
timestamp, atpubyt 131
P TokuDB 292
PERTURB_SHIFT, KoHcTaHTa 54 t-paimxect 219
perturb, nepemeHHaa 54 KOHCTpyupoBaHme 220
PMI (noToueuHas B3aumHas uxdopmauma) 114 macwTabHble dyHKumm 221
PRNG (reHepatop ncesfocnyyaitHbix yucen) 182 MPOCTPAHCTBEHHbIE rpaHmLbl 229
product_id, atpuéyt 131 awmaHne 226
Python t-AaiiKeCT NONHOCTbI0 00beMHeHHbIR 225
MONCK B NOpUMOHHOM dunbTpe 94
(N10Bapb KMiou-3Hauerue dict 53 U
user_ip_address, atpubyt 131
Q
QuotientFilter, knacc 94 \J
g-naiimxect 230 visit_duration, atpubyt 131
KBaHTW/IbHbIe 3anpocbl 235
KOHCTpyupoBaHue  Hyna 231 w
cmAHne 233 write, onepauusa 250
coobpareHua no noBogy oLUMOKM 1 NpocTpaHcTBa 234
R

read_block, dyHkuma 250
readline() pyHkuma 255
read, onepauua 250
resources, cnogapb 59, 62
run_continued, 6ut 91, 92

S

seed, napametp 55
seek, onepauma 250
seek(), dyHkuma 255
SELECT, onepauua 131
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