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AnbHoranug

Jlannas paboTta MocBslleHa HCCJAeJ0BAaHMI0 KOMIO3HLHH pellalluX JepeBbeB U
UX MOIM(HUKALHMH B 3a7ayaX MAIIMHHOIO 00y4yeHHs. 32 OCHOBY B3SIT aJTOPUTM CJy-
yalHOro Jeca, Kak HauboJjee YHHBepCAJbHBIH WHCTPYMEHT [JIsi PelleHHs LIMPOKOT0
CreKTpa MPUKJAIHBIX 3a1ad.

B pamkax pa6oTbl Obll MPOBENEH aHAJNW3 JEPEeBbEB pellleHHH, KaK CTPYKTYPHBIX
3JIEMEHTOB Jleca, U MeTOOB MX KOMOMHHPOBAHHS, BBISIBJIEHBl OCHOBHBIE HEJOCTaTKH
CaMOro ajropuTMa W ero peaju3aldil B NPUKJALHBIX MaKeTax B TEKYIIHWX peasu-
X aHanu3a OOJbLIMX AAHHBIX U NPHUBENEHBl METONbl UX yCTpaHeHHs. Takxke ObliH
ONMCaHbl OCHOBHbIE THIBl 3a/lay, B KOTOPbIX 0OOCHOBAHO NMPUMEHeHHe paccMaTpHBae-
MbIX MOAH(HKALHWH, U NPOBeNeHbl HEOOXOOUMbIE MPeBaPUTE/bHbIE UCCAEIOBAHUS HA
MOJeJ/IbHbIX NaHHBIX.

Kpome Toro, 3¢heKTHBHOCTE U KauecTBO paboThl MOJYUEHHBIX KOMIO3ULUN ObLIU
MPOTECTUPOBAHBI HA peajibHBIX NAHHBIX MeXIyHapOAHBIX copeBHOBaHHU. B padore
MPeNCTaBNeHO dKCIIEPUMEHTANbHOe HCC/Ie0BaHNe U CPABHUTEJNbHBIH aHAJIU3 MOCTPO-
eHHbIX Mozesedl. [TosyueHHble B padoTe pe3ysnbTaThl MOXKHO HCIIOJNb30BaThb INpH pe-
[LIeHUM MPUKJaIHBIX 3aiad, MoJydyasi BBICOKOE KayecTBO PabOTHl AaKe MPH MaJioH

pPa3MepHOCTH UCXOAHOI'O o6yqa}omero MHOXKeCTBa.



1 BseneHue

B HacTosiiee BpeMsi aJrOPUTMbl MALIMHHOTO O0YYeHHs!, UCIIO/b3YIOLIHe AePeBbs MPH-
HSITHS pellleHnH, 04eHb PACTpPOCTPAHEHBl U YHHUBEPCAJbHBI /151 GONbLUIMHCTBA MPUKJIAIHBIX
3anad. C X MOMOIIbIO MOXKHO pellaTh KakK 3aladyd pasleseHus 00beKTOB Ha JiBa U Gosee
KJlaccoB (3amava KJaccH(UKALKH), TaK U TPOTHO3HPOBATH BeLIeCTBEHHBIH OTKJHK [Jis
KaXxJoro obbeKkrta (3amaua perpeccur). CocTapiisiss KOMIO3ULHIO U3 HECKOJNBKUX TOCTPO-
€HHBbIX JIepeBbeB, KOMOMHUPYS OTBETHI KaXKAOTO M3 HHUX, MOXKHO MOJY4YaTh YCTOHYMBOE U
ropaszno 6oJ/iee KaueCTBEHHOE pelleHHe, UeM y MHOTHX IPYTHX aJrOPUTMOB.

B 2001 romy Jleo Bpeiiman u Anenb Katsep mnpennoxuau MUPOBOMY COOOIIECTBY
anroput™ Random Forest [7], 3ak/oualomyics B UCMOJb30BaHUH KOMHUTETa (aHCaMOJst)
pellaIInX AepeBbeB. DTOT aJATOPUTM MTPOU3BEJ HACTOSIINN (hypop B 06/1aCTH MALIMHHOTO
00yueHHsl, TIOCKOJbKY OH Cepbe3HO MPEBOCXOAMJI CYIIEeCTBYIOIIHE aHAJOTH, NMPaKTHYECKH
He mepeolydaJscs ¢ POCTOM YHCJa JepeBbeB B KOMIO3UIUH, MOJIydas NOCTATOYHO yCTOHU-
4KBOE peIlIeHHE.

OnHako HH 4TO He HJeaJbHO M C TeUeHHeM BpPeMeHH CTa/JH MOSIBJATbCS MPHUMEpH
3amad, Ha KoTopbix Random Forest pa6oTaeT He Tak Xopolo, Kak 3TOro Obl XOTeJOCh,
MO3TOMY B JAHHOU paboTe HUCCAEAYIOTCS HECKOJBKO BAPHAHTOB YJyUIIeHHS TOCTPOEHHUS

KOMIIO3HILIHUH, cocTosiled U3 MOJlI/I(pI/IL[I/IpOBaHHbIX pelmamurx n1epeBbEeB.

2 Teopernueckas yacThb

2.1 OOmag nocraHoBKa 3axadyu

B nanHoil paGoTe paccMaTpUBAIOTCS ABE MOCTAHOBKU 3a1ayd — IMOCTPOEHHE aropuT-
Ma 1JIsl 3aJla4d KJIacCH(UKALMU U 1JIs 3aa4d perpeccud. Ho B cuiy HX CXOACTBA 31€eCh
OyIeT MpUBefeHa TOMbKO MOCTAHOBKA JJ/Isl 3afauM KJacCH(HUKALHUH.

B kauecTBe MCXOOHBIX JaHHBIX 1JIs TOCTABJIEHHOH 3aauk HCIO/Ib3YIOTCS pa3MedeHHble

N

napel 00beKTOB {(7;,¥;)} v, TAe x; — NPU3HAKOBOE OIMHCcaHHe 0OBEKTa, a Y; — MeTKa
KJacca (3HayeHHe U3 NUCKPETHOTO MHOXKeCTBa, MOLIHOCTb KOTOPOrO PaBHA YHCJY KJ/acCOB
B paccMmaTpuBaeMo# 3ajgade). Tpebyercst MOCTPOUTH KOMIIO3HLHIO PELIAOLINX JIePEBbEB,

00/1a121011YI0 CJIeyIOLUMH CBOHCTBAMM:



® HTOroBasi KOMIIO3UIIUSI C BbICOKOH TOYHOCTBIO K.HaCCI/I(bI/IU,I/IpyeT HOBBIE OOBEKTHI Zis

MeTKa KJlacCa KOTOPbIX HE M3BECTHA,

® [IpU MMOMOIIKX KOMIIO3MLHKWH IOJYHEHO AOCTATOYHO yCTOIZ‘-IHBOQ pelmeHrne nmocCTaBJIEeH-
HOH 3ajayy, T.e. NpU HeDOOJ/IbIIOM M3MEHEeHUH nmapaMeTpoB MOCTPOCHHOTO peLIeHUS

HE MPOUCXOOUT CEPbe3HOI'0 CHHU2KEHUA KadeCTBa pa6OTbI.

Bonee (opmasbHO MOCTAaHOBKM 3ajay C ONHCAaHHEM BBIOOPOK M paccMaTpHBaeMbIX

(byHKLIMOHAJI0B OyayT ONMUCaHBl B pa3fielie BBIYUCAUTENbHBIX 9KCIIEPUMEHTOB.

2.2 AJroputM Cay4alHOro Jjeca

Hauars onucanue anroputma cjay4yalHoro Jeca cjenyer ¢ JepeBa NPUHATHUSA pelleHnH,
KaK C OCHOBHOI'O CTPYKTYPHOIO 3JleMeHTa Jeca, Belb MMEHHO OT TOro, KakuM 00pa3om
MIOCTPOEHO KaxKJ0e NePeBO, CePbe3HO 3aBUCHT KaueCTBO PabOTBl U YCTOHUMBOCTb BCeH
(bHaIbHON KOMIIO3ULIUH.

PaccMoTpuUM pasMeueHHYI0 BHIGOPKY 00BbeKTOB {(x;, y;) }Y ., rae x; € R? — npusHako-

BOe OMKcaHHe 0OBEKTa B IBYMEPHOM MPOCTpaHCTBe, a y; € {0, 1} — meTka KJacca:
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Puc. 1: cxonnble naHHble 3a1a4M KJaacCU(UKALUU

HecwmoTpst Ha TO, 4TO B cepeiiHe 00BEKTHI PA3HBIX KJIACCOB CHUJIBHO MepeMellaHbl, MPH
MIOMOLIM JepeBa pelleHUH C TaKoW BBIOOPKOM AOCTATOYHO YHAOOHO paboTaThb: Ha KaxKAOM
mare HeoOXOAMMO BBIOMpPATh MPHU3HAK M 3HAYEHHs MOPOra, Mo KOTOPOMY MPOUCXOAUT OI-
THUMaJibHOE 110 3alaHHOMY KpHUTepHio pasbrenue. [Ipu pelieHny NpUK/AaAHBIX 33124 4acTo

MCIIOJIb3YIOTCS CEAYIOLIHEe KPUTEPHH:



e 11715 3anad kjaaccudukauuu iGain:

iGain(S) = H(S) — Y "E'H (S),
ve{L,R}
H(S) ==Y pelogs(pe),

ceC
rae (' — MHOKeCTBO KJIaCcCOB paCCManHBaEMOﬁ 3aJla4y, a p. — BEPOATHOCTDb KJiacca

¢ ST MHOXKeCTBa 00beKTOB S

e g 3a7au pPerpeccuu aHajsoruuHbli iGain KpUTEpUd ¢ UCTIOIb30BAHUEM AHUCIIEPCHH:
iGain(S) = [S|Var(S) — Y |S,|Var(S,),
ve{L,R}

rae Var(S) — mucrnepcust OTKJIMKOB 00BEKTOB M3 MHOXKECTBA S.

[Ipu KaxKnoM nesieHUH Bce OOBEKTHI AeqdTcsl Ha ABe OoJjiee MeJKWe TPYIIbl, T.e. pac-
cMaTpHUBaeMasl B KaXK/IOM M3 y3JIOB 3ajaua pa3brBaeTcs Ha ABe OoJiee MesKHe MOA3afaqyH.
3agaHueM MaKCUMaJsbHOrO 4Hc/a 0ObeKTOB B BepllUMHe-JHCTe JepeBa yCTaHaBJHWBaeTCs
OIMH U3 BO3MOXKHBIX KPUTEPHEB OCTAHOBA MJIsl aJrOpPUTMA.

[lonyueHHOe B WTOre pabOTHI aIroOpuTMa IepeBO MOXKHO H300pas3uTh HECKOJbKHMH
cnocobaMy, Kak MOKa3aHO Ha pucyHke 2. Takum o6pa3oM, MOXKHO OOCTaTOYHO Kaue-
CTBEHHO KJaCCU(ULMPOBATh paccMaTpUBaeMylo BbIOOPKY OOBEKTOB IMPH IMOMOILH BCEro
OJIHOTO JlepeBa pelleHHH, ecd B KaueCTBe OTBeTa JJI TeCTOBOrO 0ObeKTa, MONaBLIero B
s4yeiiky A;, BblJaBaTb HOMep HauboJsiee 4acTO BCTpeyarolllerocs B 3TOH sueiike KJjacca.

OpnHako B peasibHBIX 3aJayax 4acTO BCTPEYAIOTCS IMOTPELIHOCTH B H3MEPEHHUSIX U
00bEeKTBI-BEIOPOCH], KOTOPble CEpbe3HO MOPTAT KayecTBO KJacCH(PHUKALUU OIHUM KOHKpET-
HbIM fepeBOM pelleHHH. [lo3ToMy mepen mocTpoeHHeM KaKAOTO HOBOTO JepeBa IPOHUC-
XONHUT COMIIMPOBAHKE C TOBTOPEHUAMH HOBOH BbIGOPKU { (¥, yF)}N | us {(z;, v;)}Y,, Ha
KOTOpPOH MpPOMUCXONUT oO0ydyeHHe nepeBa ¢ HoMepoM k. [locsie mocTpoeHusi Bcex nepeBbeB
KaXK/Ibll TeCTOBBIH OOBEKT 2; MOJyuaeT B KaueCcTBe NMPOMEKYTOYHOTO OTBETA BEKTOpP Me-
TOK, NPUCBOEHHBIX €My KaK[bIM IepPeBOM, KOTOPbIH MpeobpasyeTcss B (PUHANBHYIO METKY

10 METOLY MPOCTOro rojiOCOBaHUA.

2.3 Hepocratku ciayyalHOro Jjeca U MeTOAbl X YCTPaHEeHUs

[lomumO Bcex 3asiBleHHBIX paHee MPEeUMYLIECTB aJrOPUTM MOCTPOEHHUS CJay4aHHOro

Jieca UMeeT M pAld HEeJOCTATKOB:



. . *
TRARE G
. W - .
7 ot 3 AS™ 8 et mphiyttel e @ o
T - : - -' .:-.o . ,- % : L * -
}’Zd '. A? -}-;.-:-‘ﬁ:l::i:':lll‘i.lg‘l.llw:.fli.- A2
N R @
A : * * Aq * «? e :
.| |: T T -|
2 0 xI & &

Puc. 2: PaznuuHble BapuaHThl H300paKeHUs pellalolllX AepeBbeB

® KayecCTBO HOJIyquHOﬁ KOMIIOSMIIMK CHUJIBHO YXyALIaeTCA B CJaydae, KOTrja Ha BXO[
AJITOPUTMY TIOAAETCA MaJO0 pasMEUeHHBbIX NAaHHBbIX, TMOCKOJbKY OEPEBbA HE MOIYT

KaYeCTBEHHO BbIABUTL CKPLITbIE€ B JAHHBIX 3aKOHOMEPHOCTH,

1o Mepe HpI/I6JII/I)K6HI/IH K JIMCTbAM pa36I/IeHI/IH B y3JaX KaxJA0ro aepeBa CTAaHOBATCA
BCe MeHee CTAaTHMCTUUeCKH 0O0CHOBAHHBIMH H3-3a MaJioro UMCJia paccMaTprUBaeMbIX

00BEKTOB;

B IpOLECCe yBeJHYEHUS YHUCJA HCIOJb3yeMbIX [epPeBbeB yMEHbLIAETCS OMmKAOHE-
Hue (bias), Ho moBbilaeTcst ducnepcus (variance) [12]. Ilpu aToM Takxke Bo3pac-
TaeT TMOKOCTb MOJEJH, UYTO MO3BOJISeT el HAaCTPOUTbCA Ha BBIOPOCH B AAHHBIX U
CrocoOCTBYeT CHUXKeHHI0 o0oOuiaouield cnocoOHOCTH (PMHANBbHOH KOMIO3WLHU Ha

CTaaun TECTUPOBAHUSA.

B kauectBe HemocTaTkoB peanusauuun Random Forest B pasnnyHbIX makeTax airopur-

MOB MAlIMHHOTI'O O6yquI/IH XOTeJOCh Obl OTMETHTh:

e NpaKTHYeCKH He TOAJep:KHUBaeTcss paboTa C KaTeropHasbHBIMH MPH3HAKaMH (Kak
TMpeACTaBJEHHBIMHA B BHIE CTPOK, TaK U B BHIe LeJbIX yuces). B ciydae ¢ npen-
CTaBJ/IEHHEM KaTeropuasbHOro NpHU3HaKa B BUJE LEeJbIX YHCeJ, YPOBHU 1 U 2 cyuTa-
I0TCA ropasjao 6oJsiee OM3KUMH, 4eM 1 U 10, 4TO MOXKEeT NPOTUBOPEUYUTh JIOTHKE —

Halpumep, eCJad 3Ha4YC€HHUSAMHU 3TOro MpHU3HaKa ABJAAI0TCA IBETA Ky30Ba aBTOM06I/IJIﬂ;



e MeJJIeHHO 00pabaThlBalOTCA MPOINYyLIEHHble 3HAaUeHWS B TPEHUPOBOYHOH BBIOODKE U

C€lle Xyxe B TeCTOBOH:

O B TPEHHPOBOYHOM BBEIOOpKE MPOIMYCKH B BELIECTBEHHBIX MPU3HAKaX 3alOJHSA-
IoTCs MelauaHod (6oJiee YCTOHUHMBOW OLIEHKOH MO CPaBHEHHIO CO CPeHUM 3Ha-

UeHHeM), B KaTerOpHaJsbHBIX MIPU3HAKAX — MOJIOH;

O B TeCTOBOH BbIOOpPKE NMPOXOAAT 3aMyCKH aJrOPUTMA C Pa3JUYHBIMH BapUaHTaMH

3all0JIHEHUA W OIIpeneadeTCd .Hy‘-II_HI/Iﬁ KaHauaaT-3aMeHa OJs IPoIlyCcKa.

B kauecTBe ujaey mno YJAYyHIIEHHUI0 KOMIIO3UIHH, OCHOBaHHOM Ha CﬂyqaﬁHOM Jece, MOxK-

HO OTMETHUTD.

e Co3JaHHMe KOMIIO3WLMH CJIydyalHBIX JIeCOB (aHajior CMeCH 3KCIEPTOB C HCIOJb30-
BaHHEeM alpPUOPHOH OLIEHKH MJIOTHOCTH KJIACCOB 10 TPEHHPOBOYHOH BBIOGOPKE), UTO
MO3BOJIUT YJAYULIUTh paboTy (hHHAJIbHOHW MONEJH Ha BCEH reHepasibHOW COBOKYITHO-

CTH JAHHBIX]

® 1CIO0J/1b30BaHUe OoJiee CJIOXKHBIX KPUTepUeB pasfeseHusl 00JacTed 1151 MOBBILIEHHUS
o6ob1arriel Crnoco6HOCTH aAropuTMa (MoAesb ropa3fo MeHblle MOACTPauBaeTCs
Noj BbIOPOCH 3a cueT 6oJiee KaueCTBEHHOrO APOOJEeHUs] UCXOOHOW 3aJadyu Ha Bepx-

HUX YPOBHSIX JIepeBa);

® YCTAaHOBKAa OIPaHHUYEHMH Ha JejieHHe 00OBeKTOB B y3J/ax JepeBa NP MOMOLLHU 110pora
Ha iGain — ynmaJjeHue Mma0Xo 0OOCHOBAHHBIX A€JNEHUH B y3Jax, OJU3KHX K JHUCTAM
JepeBa — W HCIIOJIb30BaHUE PerpecCHy B TEPMUHAJbHBIX y3J/aX [03BOJIseT CHU3UTD
BO3MOXKHOCTb TlepeoOydeHus (siBJeHHs, KOTAA MOCTPOEHHAs MOJesb XOpOoLIo 00b-
SICHsleT TNpuUMepbl U3 obOydarolledl BBIOOPKHM, HO OTHOCHUTEJBHO IJI0XO paboTaeT Ha

TE€CTOBbIX O6"beKTaX) qJHHaJIbHOﬁ KOMITIO3HNIIHUH;

® CEMIlJIMpOBaHHWe MOOINOJHUTEJBbHOTO Ha6opa pa3Me4Y€HHbIX 00bEKTOB IIpyu MOMOIIH
CliellaJru3npOBaHHbBIX KOMIIO3UIIUH pelmamuux AepeBbeB pellaeT npo6neMy I1JI0XO

pasMedYeHHbIX NaHHBIX;

® JeJIEeHHEe 00BEKTOB BO BHYTPEHHHUX y3JaXx AepeBa 0oJiee yeM Ha ABE€ I'PYTIIIIbI (HaHpI/I-

Mep, KaK B aJrOPUTMe OMOPHBIX BEKTOPOB [8], — oTcTyn Gosblue 1, OTCTYN MeHble



-1, TOUKH HGYBepeHHOCTI/I), IIPpHU TTOMOLIK KOTOPOIr'0 MO2KHO MOJYUYHUTb AE€PEBbS MEHb-

1Ied BBICOTHI U, KaK CJIeACTBHUE, TOBbICUTb MHTEPIIPETUPYEMOCTb MOIEJH,

® J3MEHEHHE CTPYKTYpPbl rOJ0OCOBaHHSA NEPEBLEB U MEPEXON K aHaJU3y KOMIIETEHTHO-
CTHU JepeBbeB Ha ry106aJ1bHOH COBOKYITHOCTH 00bEKTOB MO3BOJISIOT CKOHLEHTPUPO-

BaTb BHHUMaHHWE aJrOpHUTMaA Ha HauboJiee «CJOXKHBIX» JJI51 KJ'[aCCI/ICpI/IKaL[HI/I O6’b€KTaX;

® 1CIOJIb30BaHWE MATPHIbI IEHHOCTH (cost matrix) B caydae HecOalaHCHPOBAHHOCTH

KJIaCCOB [JId IOBbILIEHUA KadeCTBa pa6OTbI HTOTOBOU MOOeJIH;

® HaXO0XXIeHHe HauboJiee YacThIX nap NpU3HAKOB, MOABJJAKIIUXCA B I€PEBbsIX Ha YPOB-
HAX, OJTU3KUX KOpHIO, OJ4d HaFJIHILHOﬁ BHU3yaJMU3allUK CTPYKTYpPbl MMEOIMIUXCA NaH-

HBIX;

e nobOaByieHHe BeCOB OOBEKTOB Ha OCHOBE ANPUOPHBIX OLIEHOK IJIOTHOCTH [IJIS1 BBISIB-

JIEHUS] «TPYAHBIX» OOBEKTOB U BLIOPOCOB;

e 00paboTKa BbIOPOCOB — MOXO0XKasl Mjesl MCIOoJb3yeTcs [/ airOPUTMA MOCTPOEHUS
kommnoauuuil AdaBoost [11]: o6yuenune 3anyckaercsi npumepHo Ha 10—15 urepauuii,
nocJjie 4ero ynaajsitoTcss 0oO0ObeKThl ¢ OOJNBIIMMHU BecaMM U oOydyeHHe 3arycKaeTcs

TIOBTOPHO Ha 0OHOBJIEHHOH BBIOOPKE.

2.4 Auaroputm 3(p(heKTUBHOTO NMOCTPOEHUS JIePEeBbeB

[Tpu mocTpoeHHH pnepeBa pelleHHMH Ha Ka)KIOM Ilare MPOU3BOAUTCH PSJ MOXOXKHUX
NelCTBUH, KOTOpble 3a4acTylo MOBTOPSIOT APYr ApPyra, Mo3ToMy padoTa ajJropuTMa Io-
CTPOEHHSs JepeBa pelleHHWil He Bcerja B JOCTAaTOYHOH cTeneHH 3dpdekTHBHA. B naHHOM
paszesie paboThl IPUBOASTCS HEKOTOPBIE UAEH I10 Y/yUlleHHI0 ObICTPOLEHCTBUS CTaHAAPT-
HOTO a/IrOPUTMa IMOCTPOEHHS pellalollero AepeBa, B CJAEACTBHE Yero yBeJUUHWBAETCS U
NPOU3BOAUTENBHOCTb OOLIEr0 aJropuTMa MOCTPOEHHS KOMIO3UIUH.

Jns pasbueHus BbIOOPKH, OOLLEAlIeH [0 ONpeleseHHOro JIMCTa pellalollero Jepesa,
Ha [Be 4acTH HeoOXOAUMO CjaydalHbIM 00pa3oM BbIOpAaTb MHOXKECTBO [, COCTOsllee M3

onHOTO (Mau GoJiee) MPU3HAKA, HA OCHOBE KOTOPOrO OyHeT BBLINOJHSTbCS JeJeHHe, T.e.



HY>KHO PeLIHTb CJeAYIOLLyI0 3a1ayy:
Sp={r e X,|lz; <riel}
Sp=A{x € X,|z; >1,i €}

iGain(S) — max
iel,TeR

[Tpu perieHuu mocTaB/eHHOH 3aauld BO3HHUKAIOT OLHOTHIHBIE 3afayM BbiOOpa rnopora
T IJsI HEKOTOPOro (PMKCHPOBAHHOTO TMPH3HAKA C HOMEPOM ¢, TOITOMY H3HauasJbHO HeoO-
XOIUMO TOATOTOBUTb TaOJHLY BO3MOXKHBIX pa3OUMeHUH MO KaxKIOMYy W3 NPU3HAKOB sl
SKOHOMHMM BpeMeHH W 3arpy3KH HYKHbBIX TOPOTOBbIX 3HAYeHWH 32 KOHCTAHTHOE BpeMms,
UTO 3HAYUTEJbHO yayullaeT 3(h(eKTUBHOCTb aIrOPUTMA.

Bonee Toro, o6uiuil aaropuT™M NOCTPOEHUS AepeBa pelleHUi MoKeT ObITb OPraHU30BaH
Ha OCHOBe OJHOH W3 CJIEAYIOUIMX MapaJurM — MOCTPOEHHUs AepeBa B MIUPUHY [1O] niau B
ray6uny [10], Kaxknas u3 KOTopeX 06JafiaeT CBOUMHU TIPEUMYLIECTBAMU U HELOCTATKAMH.
Tak, HanpuMep, Npu MNOCTPOEHUH JepeBa B IyOMHY B KaKAbld MOMEHT BpeMeHH obpa-
0aTblBaeTCsl BCErO OAMH y3eJ W /151 Hero BeIOMpaeTcsl Hausyullee pa3bueHHe Ha OCHOBe
JOLIEAIINX [0 3TOTO y3J/a AaHHbIX, B TO BPeMs KakK MPH MOCTPOEHHUH B ILIHPUHY OILHOBpE-
MEHHO CTPOHWTCS LlesIbll YPOBEHb JiepeBa pelueHuil. Bojiee HarisigHo mpoliece NOCTPOEHHUS
JlepeBa B KaXKA0H M3 mapagurm n3o0paKeH Ha PUCYHKe 3.

Elte 6osblie MOBBICUTE 3(DPEKTUBHOCTD MOCTPOEHHE OTHAEJNBHOTIO IepeBa pelleHuil cTa-
HOBUTCSI BO3MOXKHBIM 32 CUeT KOMOMHHMPOBAHHUS ABYX MapafurM MOCTPOEHUs — HCIONb3Ys
Ha MepBbIX YPOBHAX aJTOPUTM MOCTPOEHHS B LIUPHUHY, CTPOUM JIepeBO 10 TOrO MOMEHTA,
MI0Ka B HEKOTOPOM y3Jie He OCTaHeTCs YUCJIO 3JeMeHTOB, MeHblllee 3alaHHOrO IIpH 3amyc-
Ke aJqropuT™ma mnopora. HalijeHHBIH y3esa 3anmoMuHaeTCss M aATOPUTM IPOAOJKAET CBOIO
paboTy JI OCTa/NbHBIX Y3JI0B, [IOKA He OCTaHeTCs HHW OQHOI0 TeKYLIero He COXpaHEHHO-
ro ysnaa. [locse 3TOro Bce coxpaHeHHble y3Jibl JOCTPAUBAIOTCS O JIUCTbEB MPU MOMOLIH
aJArOpUTMa MOCTPOEHHUsl AepeBa B rnyOuHy. Takoll moaxon ob6sanaeT C/eAYOIIHUM PSAOM

[IpeuMyuiecTB, I10 CpaBHEHHIO C KaXJ0H U3 napagvrm B OTHEJIbHOCTH!

® [P NOCTPOEHUH B LIMPUHY MPOUCXOAUT He GoJiee, yeM D (3amaHHasi BbicOTa fepeBa)

[IPOXOA0B IMYTH OT KOPHA N0 JHUCTbEB NaHHbBIMHU HCXOIHOH 3aJa4H;

® [105BJISIeTCS BO3MOXKHOCTb OOOHUTHCH 6€3 UCIO/Nb30BaHUS PEKYPCHHU NPU NOCTPOEHUHU
BEPXHUX YPOBHEH JepeBa, TeM CaMblM 3KOHOMS MaMATb Ha XpaHeHHe HeOOXOAMMBIX

NAHHBIX U MOJEJIH, & He CTeKa PeKypPCHH;
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No ITocTpocHHne [TocTpoeHne
B B IIIyOHHY B IIHPHHY

O @)
1 g y
, g O Vsen yixe mocTpoeH
\ O Texymuii yzen
5{ )
3

Puc. 3: PasnuuHble napafiurmMbl NOCTPOEHUS [epeBbeB pelleHUH

® AJITOPUTM TMOCTPOEHHs AepeBa B IIUPHHY NOCTATOYHO MPOCTO peasd30BaTh B BH-
lie mapaJiieJibHOH MporpaMmbl aJisi Heckosnbkux y3j0B CPU (omHOH M3 Takux pe-
anusauui sasercs texHosoruss PLANET [17] or komnanuu Google Ha ocHoBe

Map-Reduce [9]);

® HaKJlagAHbl€ PaCcXOnhl, H€O6XOILHMI:I€ OJis1 UCIIOJIb30BAHHA aJTOPUTMaA MOCTPOEHUA 1e-
peBa peLLIeHI/II'/JI B HIMUPHUHY, 3HAYUTEJbHO COKpallarTCd, €CJU AJad Y3JO0B C HebO0Jb-

IKUMU 06beMaMU JaHHBIX AJOCTpauBaThb NOAAEPEBbS B FJIY6I/IHy.

2.5 AHcam0uaMpoBaHNe aJropuTMOB

B anropurme ciyyalHOro Jjieca B KaueCTBe KOMIIO3HULMU UCIIOJNb3YyeTCsl IPOCTOE yCpel-
HEeHHe OTBETOB BCeX MOCTPOEHHBIX AEPEeBbEB, OJHAKO 3TO HE €IUHCTBEHHBIH M He BCeraa
CaMblil KaueCTBEHHbIH W YCTOMUMBBIA BapuaHT CO3[aHUS aHcaMOJssi 6Aa30BbIX aJIrOPUTMOB
be(x).

Cy1liecTByeT HeCKOJBKO HauOoJee M3BECTHBIX MeTOJA0B 0O0beluHeHHsI 0a30BBbIX aJro-

PUTMOB B KOMIIOSUIIHH:
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e mnpoctoe rosocoBanue (Simple Voting):

e B3BellleHHoe rosocoBaHue (Weighted Voting):

Yans () = Y wiby (),

T
Zwt =1, w = 0;
t=1

e cmech sKcneptoB (Mixture of Experts [14]):

Yans (':C) = Z Wy (l‘)bt<l’>,

T

Zwt(x) =1, Vo e X.

t=1
OueBUAHBIM sIBJSIeTCS (PAKT, YTO NPOCTOE TI'OJOCOBAHHE — 3TO JMIIb YACTHBIH CJy-
4yal B3BELIEHHOI0 I0JIOCOBAHMS, a B3BelleHHOEe I0J0COBAHME SBJISETCS YACTHBIM CJydyaeM
CMeCH 3KCIepPTOB. TakKe CTOUT OTMETHTh, UTO M3-32 HaJWUMs OOJBLIOTO YHCJ/A CTereHeH
cBoOOnbl OOyuyeHHe CMeCH 3KCIEPTOB MPOUCXOAUT 3HAUMUTEJNbHO [OJblle NPYTUX aJjro-
PUTMOB NIOCTPOEHUS] KOMIIO3ULMH, I03TOMY UX NPaKTHUeCKass MIPUMEHUMOCTb 000CHOBaHA
TOJILKO B CJIydae ampUoOpHOH HH(OPMAaUUH O (DYHKIHUSX KOMIETEHIHH ¢;(x), KOTOpbIE

yale BCEero OnpeeJssiioTCs:
e npusHakoMm f(x):
wi(w; o, f) = oaf(x) +6), a,f €R;
e HampasJseHueM o € R™:

wy(z;a, ) = o(z¥a + B), a € R", 3 € R;

e paccTtosHueM g0 o € R"

wy(z; o, B) = exp(—f||lz — a|*), « € R", B € R;
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e 0oJiee CJ0XKHBIMH criocobaMu (HpI/I [TOMOIIIH OLUEHKH IIJIOTHOCTHU paclipeae/eHud 1aH-

HBIX W T.II.).

B npuBeneHHbIX Bbille (opMyaax QYHKIHH KOMIETeHUHH o (z) = # — CHUTMOH-
na.

B ciyyae Hanuuusi BEIOOPKH, pa3Mepbl KOTOPOH MO YUCAY OOBEKTOB H/MUJH MPU3HAKOB
3HAUUTEJIbHO MPEBHIIAIT 00beM omnepaTuBHON namstu [1K, Hcmosb3yloTess aJropuTMbl
6arruHra [6] W cayd4adHbIX MOANPOCTPAHCTB [13], KoTOpble MO3BOJAIT 06yUaTh Ga30Bble
aJITOPUTMbI Ha HEKOTOPBIX CJy4aiHO BHIOPAHHBIX MOIMHOXKECTBAX 0OBEKTOB ¥ MPHU3HAKOB.

Bosee nmonpo6Ho mpuMeHeHHe TaKOro poja aJropuTMOB OylneT pacCMOTPEHO BO BTOPOH

4YaCTHU BBIYHUCJAHUTEJ/IbHBIX 3KCIIEPHMEHTOB.

2.6 3aBHCUMOCTb KayecTBa OT CTPYKTYpPHBIX MMapaMeTPOB aJrOPHUT-

Ma

KauecTBO paboThl JI06Or0 aqroOpuTMa Ha TECTOBOH BBIOOPKE CHJIBHO 3aBUCHT OT HC-
MOJIb3yeMbIX TIPH €ro HACTPOWKe THIepnapaMeTpPOB, MOITOMY BaKHBIM acleKTOM 3TOTO

npouecca fABJAETCA MPOBEACHHUE CACAYIOUIUX IKCIIEPUMEHTOB!:

e TpOBelleHHe aHa/NM3a PA3JHUUHBIX PA3MESIIINX KPUTEPHEB, UCIOJNb3YIOUIUXCS M5
npobJieHHsl TeKylleld 3afadyd, pacCMaTpUBaeMOH B y3Jie JIepeBa, Ha Gojiee MeJKHe

noj3anauy;

® HCCJjeJoBaHHe 3aBHUCHMOCTH KadeCTBa pa6OTbI aJITOpUTMa OT pPa3HOro 4ucJaa IMpU-

3HAKOB, HCII0JIb3YyEMBIX IIPHU MMOCTPOCHUHN Y3J14;

® aHaJ/M3 CBA3M KaydeCTBa pelleHUd 3adadyd C MOpOroM Ha YHUCJ0 O6”b€KTOB, rnomnanga-
IOIKUX B JHCT O€peBa (Haﬂ, 3TUMU HAOJIIONEHHUSIMH MOXKET CTPOUTBCA perpeccus,

KOTOpasi KOPPEKTUPYeT KOHEUHblE OTBETHI).

BBenem HekoTOpble NOMONHUTEbHbIE 0603HAUEHUS:

o X, € RwxK _ COBOKYMHOCTb 00bEKTOB 00yuatollleil BEIOOPKH, AOLIEANINX 10 HEKO-

TOPOr0 PAacCMaTPUBAEMOTr0 BHYTPEHHEro y3Jja v JepeBa;

e x = (x1,...,x) € X, — HEKOTOpbIH OOBEKT M3 MHOMKecTBa X,, OMHCHIBAEMbIH

HabopoM M3 K NPU3HAKOB; BEKTOP-CTPOKA;
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w € REX! — BekTOp BeCOB NPU3HAKOB B JIMHEHHOH KOMOMHALUY;

o I € REXK — martpuua BecoB NPU3HAKOB /15 OCTPOEHHS Pa3IeNAIOUIEr0 KPHTEPHs

BTOPOrO MOPAAKA;

e TER — nmopor, ¢ KOTOPbIM CpaBHHWBAETCA MOJYHYEHHOE 3HaY€HHE BbIPaK€HUS BHYT-

pU pasnensiolero KpUTepHus;

1, ecsu BblpaxkeHHe A HCTHHHO;

[A] =
0, wuHaue.

B kax1oM M3 y3J0oB fepeBa pelleHHWH MPUCYTCTBYeT pa3iessiollUid KPUTEPUH ONHOrO

U3 CJeAYIoIHUX BUOOB:

® «pEeLIAIUUU TeHb»:

e JIMHeHHbIH (OPUEHTUPOBAHHBIN) KPUTEPHH:

Co(z,w, ) = [zw < 7);

e HeJIMHEHHBIM KPUTEPUH BTOPOro mopsiika:

Cs(x,w, W, 7) = [gWal + 2w < 7];

e GoJiee CIOXKHbBIE Pa3fesIolihe KPUTEPHUH.

[Tpumepsl pasgensomMX MOBePXHOCTEH, MOJy4YaeMblX MPU IOMOLIM KaxkK[O0ro M3 yKa-
3aHHBIX BbILIe KPUTEpPHUEB, U300paKeHbl Ha PUCYHKe 4.

B npoBeneHHOM 3KcliepyMeHTe Ha MOAEJBbHBIX AaHHBIX Ha IJIOCKOCTH C Pa3/JMYHBIMU
pasnesOIMMH KPUTEpPUSMHU Obla BBISIBJEHA Npo0JeMa «pellaloliuX MHeH», OCH KOTO-
PBIX MapaJl/esNbHbl OCAM KOOPAMHAT — IIPH TAKOM CIOCOOe He/eHHUs O0OBEKTOB B y3Jax B
OOJIBIIMHCTBE CJyyaeB JepeBbsl MOJY4aloTCHd 3HAYUTebHO OOJblIEH BBICOTH U TpebyeTcs
ropasno 0oJibllee UX YUCJIO /51 LJOCTHKEHHUS CPaBHUMOIO KauecTBa, YeM B CJydyae C Mpo-

M3BOJIbHO OPUEHTHPOBAHHBIMU JIMHEHHBIMH (a TeM 0oJjiee HEJUHEHHBIMH) pa3ae/sIOUIHIMH
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Puc. 4: Paznuunble pasiessiolide KpUTePHH (cJeBa HANpaBO: «PeIIAOMUH TeHb», JH-

HEeHHBIH ¥ HEJMHEHHBIH KPUTEPUH)

noBepxHoCcTAMH. OnMCaHHBIM pe3yJabTaT MOXKHO BH3yaJbHO OLEHHUTb Ha pUCyHKe O. Tak-

2Ke, HeTPYOAHO BHUOETL, YTO C yBE€JIMYEHHUEM CJIO2KHOCTH KPHUTEpHS IOBBIIIAETCA IVIaAKOCTb

[TIOBEPXHOCTH, OTILG.HHIOI_HGI:I 00bEKTHI Pa3HbIX KJaCCOB, KOTOPAs MOJOXHUTEJbHO BJHAET Ha

000011a0ILYI0 CIIOCOOHOCTb AJTOPUTMOB, NIOCTPOEHHBIX HAa PeasbHbIX JaHHBIX.

HpﬂMBIB_. TapanmneaTbHbIe OCAM

OpHeHTHPOBAHHEIE TIPAMEBIE HenmHefIHEIe KPHERIE

Puc. 5: Pas6uenns npocTpaHCTBa MPH MOMOIIN PA3/JIUUHBIX PAa3AeNsOlINX KPUTEPHEB B

y3J/1ax JiepeBbeB CJAY4alHOro Jeca B 3aBUCUMOCTH OT BbHIOPAHHOH BBICOTHI JepeBa

HpI/I CTaHAapTHOM MOCTPOEHUHU AepeBa peLUeHPIﬁ, OCHOBAHHOI'O Ha «pellariux IMHAX»,

IJI51 KaXXI0ro y3Jja cjaydalHblM 00pa3oM BbIOMpaeTcsi MPHU3HAK, 10 KOTOpoMmy OyaeT mpo-

MCXOMUTh pa3buenue. Onpenesnum [IJsi TAKOrO cjaydasi mepeMeHHY p = 1, KoTopas OyneTt
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paBHa pa3MepHOCTH MOAMHOXKECTBA NMPU3HAKOB, BBIOPAHHBIX [/l MpocMoTpa. Tako# moa-
X0 K MOCTPOEHHIO y3Ja MOXKHO 00O0OLIUTBH CJAeAYIOMM 00pa3oM: MJi KaxKAoro y3sJja
nepeBa caydalHbIM oO6pa3oM BbibHpaeTrcs 1 < p < K pasjdyHBIX NPU3HAKOB, U3 MOPOTOB
pa3bueHHs] KOTOPbIX BbIOWpaeTcsl Hausydllee pa3breHHe 00BbEKTOB, AOLIEALIUX OT KOPHS
10 paccMaTpuBaeMoro yaJga. [Ipu TecTMpoBaHUM HAa MOAENbHBIX JAHHBIX IPKO MPOSIBJSET-

Cd ciaenyroumas TeHAEHIHA:

e 1pu BbIOOpPE HU3KOTO 3HAYEHHs TapameTpa p aJATOPUTM IMOKA3bIBAET CpeqHee Kade-

CTBO, BbICOKYIO CKOPOCTDb pa6OTbI WU MUHHUMAJBbHO KOppeJUPOBaHHbBIE NEPEBbLA;

e 1pu BeIOOpE CpelHero 3HaUeHHUs p aJrOPUTM MOJyyaeT BBICOKOE KayeCTBO, HEMJIOXYI0
CKOpPOCTb paboThl U c1ab0 KOppesupOBaHHBIE IepeBbsi — HAWNYUIIWH BapHAHT, T10-
CKOJIbKY OH coueTaeT B cebe CKOPOCTb U 0000IIAOLLYI0 CTOCOOHOCTD, UTO MO3BOJISIET

FTOBOPUTH O €ro HpaKTquCKOﬁ NIPUMEHHUMOCTHU OJ4 pelIeHHs peaJibHbIX 3aaad;

e 1py BbIOOpe OOJIBLUIOIO 3HAUEHWUS p AJTOPUTM IMOJydaeT CPaBHUMOE C Tpeablay-
IIMM BapUaHTOM KauecTBO, HO OUY€Hb MeJJIEHHYI0 CKOPOCTb paboThl U NMPaKTHYECKU
TMOJIHOCTBIO UIEHTHYHbBIE IepeBbs 32 CHET MHOTOKPATHOrO rnepe6opa O0/bLIOr0 KOJIH-
4YeCTBa OLMHAKOBBIX TOUEK pa3OMeHUs] — TAKOH BAPUAHT SBHO He CTOUT NPUMEHSTb

Ha TIpaKTHKe.

BusyasibHble U3MeHEeHUSs lepeBbeB C POCTOM 3HAUEHUS NapameTpa p MOXKHO OTOOPa3UThb

Ha pHUCcyHKe 6.

O (] O

Puc. 6: KoppenrpoBaHHOCTb JiepeBbeB MPH GOJBIIKMX (CjeBa) U MaJjbix (CpaBa) 3Haue-

HHUAX NapaMeTpa p

Jasi Gosiee C/IOXKHBIX KPUTEpPUEB MapaMeTp p Takxke OyleM HCIOJAb30BaThb B Kadye-
CTBe Pa3MepHOCTH MOAMHOXKECTBA NPU3HAKOB, BEIOPAHHBIX AJ/151 OCTPOEHHUS paspesiolle-
ro KpuUTepus B (PMKCHPOBAHHOM Y3Jle [epeBa, OAHAKO B JAHHOM CJy4ae OH Takxke OyneT
paBeH 3(h(PEeKTUBHON Pa3MepHOCTH BEKTOpa BECOB w [Jisl IMHEWHOTO KPUTEPHUS U MaTPHULLbI

W B ciydae HeJMHEHHOTO KPUTEPHUS.
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Hcnonb3oBaHue mnopora Ha KOJHMYECTBO 3JEMEHTOB B JIMCTaX JePeBbeB U 3allyCK
HeOOJIbIIUX 3aa4 perpeccuy Ha HUX NPHHOCUT He3HAYUTeJbHbIH BKJaA B OOLIMH pe3yib-
TaT MO CPAaBHEHHUIO C MpedblAyILIHMH 3KCIepUMEeHTaJbHBIMU H3MeHeHUsIMH. boJjee Toro,
CKOpPOCTb paboThl CYLECTBEHHO MajaeT AaxKe HeCMOTPs Ha TO, YTO AJrOPUTMBl MOCTPO-
€HHUs PerpecCHOHHOM 3aBUCUMOCTH PabOTAlT Ha COBCeM HeOOJbLIMX 00beMaX NaHHBIX.
[lepexon oT anropuTMa NMOCTPOEHUS pellaollero AepeBa «B TNIYOHHY» K a/JTOPUTMY <«B
IIUPUHY» HJIH UX KOMOWHAUMK (HECKOJbKO BEPXHHX YPOBHEH CTPOSITCS MPU MOMOLIM aJi-
TOPUTMa «B IIHPUHY», @ OCTa/]bHAasl 4acTb NOCTPauBaeTCsl NPHU MOMOILLH AJTOPUTMA «B
rJyOWHYy») He NA0T HOBOMY BapHaHTy aJropuTMa MPUOJIU3UTHCS K MPENbIAYIIEeHd BepCHH

M0 CKOPOCTH paboThl.

2.7 AHanu3 IJIOTHOCTHU pacripeneseHrs NCXOIHbIX JaHHbBIX

CTaHﬂapTHbIIjI AJITOPUTM TIOCTPOEHHUA KOMIIO3MI MU [NEPEBLEB peLHeHI/Iﬁ HCIIBITBIBAET
CJIO2KHOCTH B 3agauax C MaJbIMH oObeMaMHt paSsMEUYE€HHbIX HCXOOHbIX ONAaHHbIX, MPHUHAM-
JeXKallluX K KaxAOMy KJacCCy, YTO HEraTuBHO CKa3blBa€TCA Ha KaydeCTBE I10JydaeMOro

pelieHusd. 3Ty HpO6JI€My MOXXHO MpPeonoJieTb HECKOJbKHUMHU crocob6aMmu:

e 00paTHUThCS K MOCTABIIMKY JAHHBIX C MPOCHOOH MOMOJNHUTEbHOrO Habopa pasme-

YeHHBIX 00BEKTOB /i1 00y4eHHUsl Monesel;

® OLEHHUTHb IIJIOTHOCTL pachnpene/ieHrus OaHHbIX Ha reHepaanoﬁ COBOKYITHOCTHU U CIM-

MJIMPOBATh U3 HEro HOBBIH HAOOp pa3MeuyeHHBIX 00bEKTOB HEOOXOAUMOIo pasmMepa.

Ecau nepBblil BapuaHT pelleHUs MpoOseMbl AOCTYNEH AaJjeKo He BCerjaa, To AJs HUC-
N0JIb30BAHUS BTOPOTrO IOCTATOYHO MPHUMEHEHHS KOMIIO3ULIMU Cle[MaJi3uPOBaHHBIX pella-
IOLIMX JepeBbeB, HACTPOEHHOH Ha BCeX MMEIOLIMXCS NaHHBIX 0e3 yyeTa MeTOK KJ/acCOB.
Jlns ee onucaHusl BBeeM HeoOXOAUMbIE ONpelesieHUs] U OKaxKeM HECKOJbKO TeopeTHye-

CKHUX CpaKTOB, HUCIIOJb3YEMbIX MPHU TOCTPOEHHUHU KaKAO0ro y3Ja AepeBa.

Omnpenenenne 1. [lromrnocme pacnpederenus cayuatinot seauuunot v € R", umeroweti

MHOCOMEPHOE HOpMANbHOE pacnpedeserue, vleasidum caedyrouum obpa3om:

1

B e L R o)
(27)/2| 5|1/ ’

P(a; p, X) =
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ede pu € R* — mamemamuuecxkoe oxcudarue, Y. € R"*"™ — negoipoxcdenras Heompuya-
MeAbHO onpedeneHHas CUMMempuinras KO8ApUAUUOHHAs mampuya, |X| — onpedeiu-

menb KOBAPUAUUOHHOL mampuysl, X~ — mampuya, 06pamnas K KOBAPUAYUOHHOLL

Onpenenenne 2. /[uppeperyuarvias anmponus — cpeoHas uHpopmauus Henpepvls-

HOCO UCmodHUKa:

hz) = — / £(2) log, f()dr,

ede f(x) — naomuocmoe pacnpedeseruss CUSHAAQ HENPepbl8HOc0 UCMOYHUKA KAK CAY-

UQliHol 8eAUdUHbL
OcHoOBbIBasiCb Ha BBEIEHHBIX OIpeleieHUsIX, JOKaxKeM JIeMMY:

Jemma 1. ITycmo i = (y1,...,yn)" € R — cayuaiineii sexmop-cmoabey. Toeda ecau

¥ =Elgy'], mo E[y"E"1yl =n

HokasareasctBo. Onpenennm

=Elgg'l= |5 5 Sn
. |
u
— &l —
nlo | G -
— g —

Torna monyyaem, uro s; = E[y;y] u c’ziTEj = 0,5, rae 0;; — cumBos Kponekepa:

1, ecaun i = j;
51']' =
0, wuHaue

Pacnumem [IpyU IMOMOUIHW BBEAEHHDLIX 0603HauUeHUH cjenyloulee Bbipa>kKeHHue:

- a4y - 1T?j
Te—l- — G — | _ axy 7 T 7
yyly=yg" J=i, .. y) | | =wmal gt ypas g+t yadny
- a, - iy
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BbIYHCJIUM MaTeMaTHYeCKoe OKHIAHUE:
Elg" ') = al E[y19] + a2 E[yey] + - - + @l Ely,y] = a1 51 +as sy + - - +a’ 5, = n,

nockoabky Vi € {1,2,...,n} : =0 =1 n

Hcnonbayst seMMy, 10KaxKeM CJAeIyIOLUIyI0 TeopeMy:

Teopema 1 (duddepeHunanbHas HTPONUS MHOTOMEPHOI'O HOPMAJbHOTO pacrpenelsie-
Hust). [lycmo cayuatinas eeiuuuna x € R™ umeem muoeomepHoe HopmanvHOe pac-
npedesenue ¢ mamemamuveckum oxcudaruem | € R™ u xosapuayuonnoti mampuyeil

Y € R™". Toeda:

h(r) = 5 loga((2me)"5))

Joka3areabcTBO. 3anuileM MNJIOTHOCTb MHOTOMEPHOI'0 HOPMaJIbHOTO paclpee/ieHus:

1

e L L R o)
(27T)n/2’2|1/2

P(x; p, X)) =

[Io onpenenenuto nuddepeHna bHON SHTPONHUN UMEEM:

/¢ ) log, & dw—/qﬁ [ logs ((27)"|Z])+
1

1
o= )T o ) log, } o = 1 logy (27" |SI)+

1 1 1
+5 logy B (@ — 1) S7 (¢ — 1) = 5 logy((2m)"[S]) + 5nlogy e =

a'g
=n N0 N0Ka3aHHOH JieMMe

= £ logy (2re)"[3])

]
[Tpy noctpoeHuu nepeBa pelleHHH (KaK CTaHZAPTHOrO, TaK U MOAM(ULUPOBAHHOIO)
HaWJIy4lIUHA KPUTepUH pasOHeHHs [JIS BHYTPEHHEro ysJsa BbIOMPAJICS NPHU TOMOLUM KpH-

tepusi iGain caenytollero Buaa:

iGain(S) = H(S) — > '?'H(Sq,),

rae

== pelog,(p.)

ceC
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Ecau B KauectBe H(S) MOACTaBUTh NOKA3aHHYIO B TeopeMe (opMmyny aJs AU(depeH-
LIMaJIbHOM SHTPONHKM MHOTOMEPHOTO HOPMAJIbHOTO pacrpefiesieHrs, TO paccMaTpHBaeMbli

KPUTepUH MocJ/e yIpoLleHHs PUMeT BUI!

iGain(S) = logy(IS(S))) — ’5;‘ log, (|X(S0)1),

ve{L,R} | |

rJle HOTalHs | - | UMeeT CMBICJ ONpeie/IUTeNs A MATPHULL U MOIIHOCTH JAJISI MHOXKECTB.
[Ipy ucnonb3oBaHWK onmUcaHHOrO (PYHKLHOHA/Na BblOOpa HAWYUILEro pasaessitoliero
KPUTepHs B KOHKPETHOM Y3Jie MOXKHO MOCTPOUTh pellalollye 1epeBbs, B JUCTbSIX KOTOPBIX
OynyT nopOupaTbCcsl MHOTOMEPHble HOPMaJibHble pacnpeesieHns, ONUChIBAOLLKe paclpesie-
JieHUe JIOLIeILIUX 10 HUX 00beKToB. V3 mosyueHHbIX pacrnpeneneHudl myTeM 00beiMHEHHUS
OIMHUCBIBAaEMbIX JHUCTBbAMHU «syeeK» MPOCTPAHCTBA MOXKHO IMOCTPOUTH IJIOTHOCTb pacnpese-
JieHUs1 0ObeKTOB Ha BCel TeHepasibHOH COBOKYMHOCTH (IIPUMep TaKOro pacrhpefiesieHus
1/t IpocTpaHcTBa R? mpuiBelieH Ha PUCYHKe 7), a, YCPEAHMB IJIOTHOCTH IO BCEM Jepe-
BbSIM KOMIIO3UIMH, — K UTOrOBYIO OLEHKY MJOTHOCTH pacrpeseseHusi 060beKTOB Ha BCEM

NPOCTPAHCTBE.

Puc. 7: Ouenka pacnpenesneHuss 00beKTOB A€PeBOM pelIeHUH C pasJHuHBIX PaKypCOB

CTOUT OTMETHTb, YTO KayeCTBO OLIEHKH IJOTHOCTH paclpeleseHUsi MpHU MOMOLIM Ta-
KO0 MeTO[a HaNpsIMyl0 3aBUCUT OT BbIOPAaHHBIX CTPYKTYPHBIX MapaMeTpoB aJropuUTMa.
PesynbraThl paboThl Ha MOJE/IbHBIX JAHHBIX NPU Pa3JUUHBIX 3HAUEHHUSX NMapaMeTpPOB MpH-

BeIeHbl Ha pHUCYHKaX 8 u 9, rae 6oJiee CBeTJILIMM TOHAMH IMOKa3aHbl 06JacTu ¢ OoJjee
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BBLICOKMMHU 3HAUeHUSIMH IJIOTHOCTH. M3 IMOJIYYEHHBIX PE€3YyJbTAaTOB MOXKHO CleJaTb CJeNy-

IOIIlMe€ BBIBOJBI:

® YyBEJIMYEHHNE YHUCJa NEPEBbEB B KOMIIOSHMIIMHU MMO3UTHUBHO BJHAET HA KA4YECTBO IIOJY-

4yaeMoro OoTBeTa,

® LCIOJIb3yeMYI0 IJIyOUHY JepeBbeB He0OXOAUMO MOAOHPATh AJ15 KaXKA0T0 OTAEJbHOIO

cayyJasi:

o B CJydyae HeCKOJbKMX CT'yCTKOB TOYeK (Kak Ha pucyHKe 9) riyOuHa IepeBa,
paBHasi 6 ypoBHSAM, crocoOCTBYeT MpOsiBJeHHIO 3(dekTa nepeobyuyeHUs Mpu
MaJIoM 4ucJje nepeBbeB. Mcmosb3oBaHue IyOOKHUX JepeBbeB B 3TOH CUTyalUUH
ONpPaBAAHO TOJbKO NPU OOJBLIOM UYHCJE AepeBbeB, 00ObeIHHEHHBIX B €IUHYIO

KOMIIO3HIIHIO,

O B CJydYae HaJudusgd OOCTAaTOYHO MEJIKHX ﬂeTaﬂeﬁ, KOTOpPbl€ Ba>KHO YUYHUTBIBATb

(kak Ha puUCyHKe 8), HCM0Jb30BaHHe Gosee TITyOOKUX IepeBbeB, YeM /ISl CTYCT-

KOB, ITIOJTHOCTbIO OIIpaBOaHO.

Puc. 8: Pesysnbrarel paboThl alropuTMa BOCCTAHOBJIEHUS TJIOTHOCTH NPHU Pa3iU4yHOH IJ1y-
OuHe NepeBbeB (C/eBa HANpaBo: IJyOHHA JepeBbeB paBHA ABYM, YEeTBIPEM U IIECTH ypPOB-

HSIM COOTBETCTBEHHO)

PesysbTaThl 3KCEPUMEHTOB 10 CPaBHEHMIO ONMKMCAHHOTO AJATOPUTMAa BOCCTAHOBJIEHUS
TJIOTHOCTH ¢ 60Jiee W3BeCTHBIMU aHAJIOTaMH, TAKUMH KaK MEeTOJ Map3eHOBCKOro okHa [ 18]
n K 6mmkadiux coceneit [4, 16], npuBenensl Ha pucyHke 10. M3 HUX BUIHO siBHOe mpe-
BOCXOJICTBO aJrOPUTMa, OCHOBAHHOI'O Ha C/JAY4YaWHOM Jiece, Hal CBOUMHU KOHKYpeHTaMH —

B CJIydae€ HaJ0XKeHHUAd HCXOMHOH BbI60pKI/I Ha KaXAyl K3 BOCCTAHOBJIEHHbIX MJIOTHOCTEH
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1 nepeeo

400 nepeBneB

Puc. 9: Pesysnbratel paboThl aJropuTMa BOCCTAHOBJIEHUS MJIOTHOCTH MPU Pa3JU4YHOH IJ1y-

OuHe A€PpeBbeB U HX KOJHUYECTBE B KOMIIO3ULIUHU

MonubHIHPORaHHbIE 1ePEBbi MeToq Map3eHOBCKOr0 OKHA Meton K Smoxaiimix cocenefi

DECIIepHMeHT 1

DKCIIepHMEHT 2

Puc. 10: CpaBHeHHe pe3dysnbTaToB paboThl OMHUCAHHOIO aJropuUTMa ¢ 6oJiee W3BECTHBIMH

MeTogdaMHK BOCCTAHOBJIEHUA ITJIOTHOCTH
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BUJIHBI SIDKMe MSITHA Ha MeCcTaX CTYCTKOB TOUeK W uyThb Gojiee TeMHble U paccesiHHble
JIOTHYECKHEe MepeXolbl, CKPBITbIE B JaHHBIX, KOTOPbIE MOYTH He YJIABJIUBAIOT APyTHE ajro-
PHUTMBI.

Takum o6pasom, B ciayuyae HeOOXOAUMOCTH T'eHEpPALMU JOMOJHUTEJNbHOrO Habopa pas-
MeUYeHHBIX NaHHBIX CJefyeT MPUMEHSATh KOMIO3ULIMIO IepEeBbEB, OLIEHUBAIOIIMX MJIOTHOCTD
pacrnpesiesieHUst 0ObeKTOB Ha TeHepaJbHOH COBOKYITHOCTH. DTOT METO[, TI03BOJISIET HE TOJIb-
KO TMOJIYUHTh KayeCTBEHHYIO OLEHKY MCKOMOM IJIOTHOCTH, HO U OOHAPY>KUTb BO3MOXKHbIE

B3aHMOﬂeﬁCTBHH MEXKAY OTAEJIbHBIMU CT'YCTKAMH TOYEK o6yqa10Lue131 BbI60pKI/I.

3 BbruncaureabHbie IKCITIEPUMEHTDbI

3.1 IlocTpoeHne KOMIO3ULMI MOAU(PULHUPOBAHHBIX pelIAlOUNIUX [Ae-

peBbeB
3.1.1 [IlocraHoBKa 3amaum

JlaHHble /1 MpOBeleHHsT SKCIIEPUMEHTOB B 3TOM pasjeJsie B3SiIThl U3 MeXKIyHAapOIHOr0
copeBHoBaHuss Higgs Boson Machine Learning Challenge [1], npoxonuBiiero ¢ 12 mas
no 15 centsiops 2014 rona.

KantoueBbIM cBOHCTBOM J11000H (hHU3UUECKOH YaCTHUIbl IBASETCS TO, KaK 4acTO OHA pac-
nagaetcss Ha Apyrde uactuubl. JkcrnepuMeHT ATLAS ¢usuKM 3/eMeHTapHBIX YacTHIL
npoxonuT B bBosbimom AnponHoMm Kosnaiinepe B [IEPHe u nHauesnen Ha pacuiensieHue
YacTUL, Pa3JUYHOU MPUPOABI C UCIOJNb30BAaHHUEM JIOOOBBIX CTOJKHOBEHHH MPOTOHOB Ypes-
BbIYAaHO BBICOKOH 3Hepruu. MMeHHO Mpu MOMOLIM 3TOro 3KCreprMeHTa Obll MOJyueH
6030H Xwurrca [2], KoTopblli pacrnanaercsi Ha JABe 7T-9acTHIBI, HO 3TOT pacraj IpOHUC-
XOIUT CJIMILIKOM PedKO, B CJeICTBHe 4ero BO3HMKAeT OOJIblIOe KOJIHYeCTBO «LIYMOBBIX»
CTOJIKHOBEHHUH.

3agaya COCTOMT B TOM, 4YTOObl, HUCCJeysl MPU3HAKOBble OMUCAHUS COOBITHH, 00HapY-
XeHHBIX B xone sKcnepumenta ATLAS, knaccugpuumpoBaTh WX Ha «7-7 pacrnan 6030Ha

XHUITCa» U «LIyM».
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3.1.2 Omnucanve AaHHBIX ¥ (PyHKIMOHAJA KayecTBa

TpenupoBounasi BeiGopka coctout u3 250000 o6bekTOB, KoTopble onuchiBaroTcs 30
BeIlleCTBEHHBIMH TPU3HAKaMU U BecoM HabuoneHus. TectoBasi Boibopka copepkut 550000
00beKTOB, TaKxKe onuchiBaeMblX 30 MpU3HAKAMH, HO Beca U METKH /ISl HUX HEHU3BECTHBI.

DyHKIHMOHA KauecTBa B paccMaTpUBaeMoH 3anade OblI HECTAHAAPTHBIMN:

tp

AMS = 2<(tp + fp + fpr) In (1 + m

)) — max,

rae tp u Ip — 3Hauenus true-positive rate u false-positive rate, Ip, = 10 — KOHCTaHTa
peryasipuzauud. Eciu mocmoTperh GoJiee neTasbHO, TO, 0003HAUWB BEPHBIH BEKTOpP OT-
BeTOB (Y1,--.,Yn) € {b,s}", CIPOrHO3UPOBAHHBIN (71, ...,U,) € {b,s}", a BeKTOp Becos

(wy,...,w,) € R™™, monyuum caenymorine GpopmyJbi:

tp = sz‘[?/z‘ = s][gi = s

fIp= sz[yz = b][9; = 5]

3.1.3 3aBucUMOCTb KauecTBa OT CTPYKTYPHBIX MapaMeTpPOB ajJropurMa

[IpoBemem wuccrenoBaHHe KauecTBa M OOLIero BpeMeHM MOCTPOEHHS ajJropuTMa, Ha-

CTPOEHHOI'0 Ha TPEHI/IpOBOLIHOI'/JI BbI60pKe, B 3aBUCUMOCTHU OT CTPYKTYPHBLIX IMapaMeTpOB:

® 4licJja IPpHU3HAKOB p, UCIIOJb3yEMBIX IIPU IMOCTPOCHUH KaXKI0T'0 U3 Y3JI0B HEPEBA;
® BUa pas3aeJdroulero KpUTeprua B KaxXIOM M3 y3J0B NepeBa;

® Tiopora Ha 4HuCJ0 O6’beKTOB, nonagaromux B JIUCT AepeBa, AJad MOCTPOEHUSA perpec-

CHUOHHOH 3aBUCUMOCTH, KOTOpass KOPPEKTHPYET KOHEYHbI€ OTBETHI.

Onpenenenne 3. MoouguyuposarHoe Oepeso peuieruti ¢ AuHelUHbiMU (8MOpoeo no-
padka) pasdessrouiumu Kpumepusamu 8 ysaiax 6ydem Ha3bl8amb MOUHBIM, eCAU NpU
nocmpoeruu Kaxc0020 U3 8HYMPEeHHUX Y3108 depesa peuiarace 3adaua no nodbopy
Koappuyuenmos KOMNO3UyUU nepsozo (8mopoco) nopsaoka BvlOPAHHbLLX CAYUALIHbIM

obpasom p NPU3HAKO8
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Omnpenenenue 4. Eciu svlbop pasdessroujeco Kpumepus npous8oouscs U3 HeKomopo2o
CAYHQALHO20 MHOJNCecmsa 8apuanmos, mo maxue depegvs bydem Ha3vieamo moougu-

UUPOBAHHLIMU CAYHAUHBIMU PeLlarouumu 0epesoamu

['padriku KadyecTBa M obllero BpeMeHH NocTpoeHus kKommnosuuuu U3 100 nepeBbeB
KaXXJOro THMa B 3aBUCHMOCTH OT MapameTpa p NpHBeleHbl Ha pucyHkax lla u 11b, a
Jydllhe pe3yJbTaThl IJI KaXKI0ro U3 METONOB MOCTPOEHHUsl OTpaxkeHbl B Tabmuue 1, rae
peliarolye 1epeBbsi C JHUHEHHBIM paslessioliuM KpUuTepueM oO6o3HaueHbl kKak «Monudu-
LIUPOBaHHBIE JIepeBbs 1», a IepeBbsl C pasnesolMM KpUTeprUeM BTOPOro Mopsiika — Kak

«MonupunrpoBaHHble 1epeBbs 2».

4 T T T 4000

——OBbIYHbIe AepeBbsA /
35001 — Moauduump P 1 (1 ) e
3.75 ——MoanduuupoBaHHble AepeBbA 1 (cnyyaiiHble)
——MoAudULMPOBaHHbIE AepPeBbA 2 (TOYHBIE)

Moaucuump pesLA 2 (cnyaitHeie)
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Yucrno NpusHaKkoBs p Yucrno NpUsHakoB p

(a) Kauectso AMS (b) Bpewmsi HacTpoHKH

Puc. 11: PesyabraThl 3KcneprMeHTa AJS pa3/jMuyHbIX 3HAUe€HWH NapaMeTpa p W BUIA

pasiessoLlero KpuTepus

s [IOJIYYEHHBIX B 3KCIIEPUMEHTE pPe3yJabTaTOB, MOXKHO CAeJaTb CJAE€AYIOUIE BbIBOIbI:

® TIpU YBEJWYEHUHU 3HAUYEHUS [TapaMeTpa p MOHI/I(pI/IL[I/IpOBaHHbIe AepeBbA pemeHHﬁ J0-
BOJIBHO 6bICTpO Hapall¥BalT CBO€ INPeUMYLIeCTBO Had CTaHAAPTHBIM aJTOPHUTMOM
[IOCTPOEHHA, OAHAKO, B OTJIHYHUE OT 0OBIYHBIX nepeBbeB, HMEIOT CKJOHHOCTDL K IOTEe-
pe KadecCTBa IpHU OO0JBIINX 3HAUEHHUSIX p H3-3a MYJbTHKOJJHUHEAPDHOCTHU MPHU3HAKOB

HUCXOMHOH 3ajaui;

® B CJjydae HCII0Jb30BAHUA JIMHEUHBIX pasaeadrommuXx KpUTepruen HeO6XOILI/IMO BBIOH-

paTb 3HaueHHe MapameTpa p = 12 U3 MHOXKECTBa BO3MOXKHBIX 3HaueHu# {1,...,30},
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bBa3oBblil anroputm

KauectBo pa6otsl (AMS)

Bpems HacTpoWKu (CeKyHN)

epeBo perienu#t (p = 23) 2.91 647.3
Tounoe wmomudpuIHpPOBaHHOE 3.69 457.1
nepeBo l(p =12)

CayuaiiHoe MoauULUHPOBAH- 3.66 395.2
Hoe nmepeBo 1 (p = 12)

Tounoe  MomuHUIIUPOBaHHOE 3.72 495.7
nepeso 2 (p=17)

CayuaiiHoe MoIU(MULIHPOBAH- 3.68 386.9

Hoe nepeBo 2 (p = 8)

Tabauna 1: Pe3synbrarel skcneprMeHTa [J5 pa3/UUHbIX 3HAYeHUH MapaMeTpa p U BHOA

pa3zessoero KpUTepus

[TIOCKOJIbKY MMEHHO IpH 3TOM 3HA4Y€HHHU NOCTHUraeTCd MaKCHMaJbHOE Kade€CTBO pa-

60Tbl, 4YTO COOTBETCTBYET Ha6JI}OI1€HI/IHM Ha MOJ€J/JIbHBIX NAaHHDbIX;

e 3HaueHHe MapameTpa p = 7 MO3BOJSET MOJYYUTh Hauydllee KayecTBO paboThl MpH

UCIIOJb30BaHHWKU TOYHO HACTPOEHHBIX pa3AeJ/AloluX KPUTEPUEB BTOPOro Iopdanka,

OOHAKO aJI'OPHUTMbI TAaKOro poga ropasuo OoJibllle CKJOHHBI K nepeo6yqumo K3-3a

OTPOMHOr0O 4MCJa NapaMeTpoB, UTO MOATBEPKAAeTCs OBICTPHIM MaJeHUeM KadyecTBa

NPy yBeJWYEHUU NapameTpa p;

e ciyyailiHble MOIM(HULHPOBAHHbIE JepeBbsl HauboJee MPUTOAHBI [/ NPAKTHYECKOro

HUCIIOJb30BaHUs, MOCKOJBKY OHHU IIOJYHAIOT MpUEeMJEeMOE€ KadyeCTBO, CpaBHUMOE C

TOYHBIMH OE€PEeBbAMH, 3a 3HAUUTEJbHO MEHbIIee BpeMd.

HpI/I NpoOBEACHUHN ISKCIEPUMEHTAa, CBA3AHHOIO C HM3MEHEHHUEM Ilopora Ha KOJUYECTBO

00bEKTOB B JIMCThSIX C [NoCAeAYIOIHUM pelIeHrueM 3adavyu perpeccuur aJad KaXX[10# JIMCTO-

BOM BepILUHBI, ObIIM TOJNyUeHBl pe3yJabTaTbl, MOKa3aHHble B TabJule 2, KOTOpbE MOJI-

HOCTbIO IOATBEP2XKAAIOT H&6JHOI[€HI/IH Ha MOJEJIbHBIX JaHHBbIX. HpI/IMeHeHI/Ie TaKoro pona

MO,U,I/I(i)I/IKaU,I/II/I aJiIropuTMa INPHUBOOAUT K CEPbe3HOMY YBEJHWYEHHUIO BPEMEHHU pa6OTbI pu

He3HAUMTe/JbHOM YJY4YIIEeHHH KayecTBa B TePMUHAX ONTHUMHU3UPYyeMOro (pyHKLHOHAJA.
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bBa3oBblil anroputm

KauectBo pa6otsl (AMS)

Bpems HacTpoWKu (CeKyHN)

CayuaiiHoe MoaU(HULHPOBAH- 3.66 395.2
Hoe nmepeBo 1 (p = 12)

CayuaiiHoe MoIU(MHULUHPOBAH- 3.67 612.3
Hoe nepeBo 1 ¢ moporom

CayuaiiHoe MOIU(MHULIKMPOBAH- 3.68 386.9
Hoe nmepeBo 2 (p = 8)

CayyaiiHoe Moau(ULIHPOBaH- 3.69 593.1

HO€ [1epeBo 2c¢c [10poroM

Taoauua 2:

nepeBa

p€3y.}]bTaTbI 9KCIIEpUMEHTa C MOpPOromM Ha KOJHUYECTBO 00BEKTOB B JIMCThIX

CuienyolUIMH 9KCTIIePUMEHT, OCHOBAHHBIM Ha JaHHBIX pacCMaTpUBaeMOH 3alayH, CBSl-

3aH C MTOCTPOEHHEM KOMIO3ULHH MOAU(PULHPOBAHHBIX AePEBbeB PelleHUH A M0JYYeHNS

YCTOﬁQHBOFO UTOr'OBOI'0 aJIropuTMma. [Tomumo [IPOCTOro yCpeaHeHHda OTBETOB, MMOJYYEHHbLIX

KaxbIM [€peBOM, MO2KHO HUCIIOJb30BaThb CJeAYyIOollMe BapUaHThI KOM6I/IHI/IpOBaHI/IHZ

® BMECTO CpeoHero aqu)MeTquCKoro OTBETOB J€peBbeB BbIYHCJ/IATL CpelHee reoMeT-

prdeckoe:

~
answer __
Y;

[0

HpI/I HUCII0JIb3OBAHUH TAKOT'O BapHaHTA MOCTPOCHUSA KOMIIOSUIIMHU MO2KET IOJYyUHUTbCA

Nclass

~

MTOTOBBIH OTBET ¢ » Y™ < 1, mo3TOMy HeOOXOIUMO NPOHU3BOAMTH (PHHAJB-

i=1
HYI0 HOPMHPOBKY:

answer __
Y;

Neiass

A

~
answer
Y

I

answer
>, Y

s=1

e Beca JlepeBbsIM NPUCBAUBAIOTCS COMVIACHO CpPeHEMY KauecTBY pa3OueHUH NaHHBIX —

yeM OJHKe cpenHee 3Ha4Y€HHWE OTHOLIEHHUA YHCJa O6"beKTOB, rnomeamux B JieBOe U

npaBoe MOIePeBO OTHOCUTEJIbHO HEKOTOPOTO BHYTPeHHero ysJsa, K 3HaueHuio 0.5,

TEM JIyUllle:

~

1

L |MeanSplitQuality(7;) — 0.5 + €’
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~

Wy
T A
> s
s=1

rie MeanSplitQuality(7;) — cpenHee KauecTBO pa3bueHusi aisi aepeBa T3, a € =

Wy = )

1075 /st UCKJIHOUEHHST BO3MOXKHOCTH JieJleHHsI Ha HOMb. CTOUT OTMETHTb, UTO ITOT
croco® 3aaHKsl BECOB TaKxKe YUYHUTBIBAET BBICOTY JepeBa, MOCKOJNBKY 4eM OJinKe
MeanSplitQuality(7}) k sHauenuto 0.5, TeM Gosiee cOaNaHCHPOBAHHBIM M HHU3KHM

[IOJIYYUTCA UTOrOBOE NEPEBO.

PesysbraThl NpoBefeHHOrO 3KClEepUMeHTa ¢ KOMOMHHUPOBAHHEM CJY4YaWHBIX MOAHU(U-
LIUPOBAHHBIX JIepPeBbeB pellleHUH Pa3/JUUHON TJIYOUHBI ¢ Pa3fe/sOIUMHA KPUTEPUSIMU BTO-
poro nopsinka otobpakeHbl Ha rpaduke 12 u B Tabauue 3, UCXONS U3 KOTOPBIX MOXKHO
cliesiaTb BBIBOJ O TOM, UTO CpeJlHee reOMeTpHUecKOe OTBETOB [epeBbeB C MOC/enyoLlel
HOPMHPOBKOH TM03BOJISIET MOJNYUYUTb HauJyullee KayeCcTBO PabOThl MPH HE3HAYUTEJSbHOM

HOIIOJIHUTEJIbHO 3aTpady€HHOM BpEeMEHH.

3.75 I T T

: —CpeAHee apucpMeTMHeCKoe
——BsBelleHHaA KOMMNO3ULUKA
—CpeAHee reoMmeTpuyecKoe
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o
@
[

KayecTeo padoTbkl, AMS
w
(2]
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o
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5 10 15 20 25 30
mybuHa gepeBa

3.5 ‘ '

Puc. 12: Pe3ynbTaTbl 3KCIepUMeHTa [JIs Pa3JUUYHBIX aJITOPUTMOB KOMOWHUPOBAHHUS CJIY-
YalHBIX MOAHU(PULUHPOBAHHBIX €PEBbEB
Tax:ke Ha OCHOBe MPUBENEHHBIX Pe3y/JbTaTOB MOXKHO CHeJaThb CJAeAYIOLINe BbIBOMIBI:

e [IpU yBeJHMUYEHHH MaKCHMaJIbHOU IyOUHBI lepeBa CpeiHee reOMeTPHUUYeCKOe OTBETOB

IepeBbeB Bce 0oJiblie MepeobyuaeTcs U OOHOBPEMEHHO PACTET BPEMS €ro HacTpPOM-
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bBa3oBblil anroputm KauectBo pa6orsl (AMS) | Bpemsa HacTpoiiku (ceKyHn)
Cpennee apudmernyeckoe 3.68 386.9
B3BellieHHass KOMMO3UL U 3.69 415.3
CpenHee reomeTpryeckoe 3.72 390.1

Ta6auna 3: Pe3ynbTaThl 3KClepUMEHTA MAJs PA3JUYHBIX AJrOPUTMOB KOMOHMHHUPOBAHHS

CJy4alHBbIX MOAU(DPULUHPOBAHHBIX J€PEBbEB

KH, UTO TO3BOJSAET OrPpaHUYHUTLCA JUIIb HeOOJIbIIOH BBICOTOH JE€pPEBLEB B HTOT'OBOU

KOMIIO3HIHH;

e 1pu paboTe CO CAUIIKOM HU3KHMHU JepeBbsMHU Habswonaetcs 3hdeKT HenooOydeHus
(mosyueHHasi Moesnb He OOecreyuBaeT MOJy4YeHHE NOCTATOYHO MAJIOH BeJHUMHBL
OlIKOKK Ha TPEHHUPOBOUYHOH BEIGOPKE), KOTOPBIH HEraTMBHO CKa3blBaeTCs Ha Kaue-
CTBe pabOThbl UTOTOBOM MONEeJNHM — HU3KHe JepeBbsl 00/1a1al0T HELOCTATOUHOH 0000-
laKIled CoCOOHOCTBIO M YaCTO HEBEPHO KJIACCH(PUUHUPYIOT TeCTOBBIH OOBEKT, YTO

[IPUBOAUT K IIOJYUEHHIO HEIPABUJAbHOI'O OTBETA BCEeH KOMITO3UILMEH.

[losicHuM mocsiefiHee yTBepxKJeHHe Ha MpUMepe: PACCMOTPUM 3afady KJaacCU(UKaALHUN
Ha JBa KJacca MpU MOMOIIU CPelHEro reOMeTPUUECKOro NeCATH CAYyYaWHbIX MOAU(DHLHU-
poBaHHBIX AepeBbeB. [IycTb TecTOBBIH 00bEKT x; MPUHAMJNEXKHUT K Kjaaccy y; = 1 U Bce
nepesbst Ti(k € {1,...,10}), xpome T}, BblIaJM B KadeCcTBe OTBETA BEPHOe 3HAUEHHE
BeposiTHOCTH py, = P(y; = 1|z;,T;) = 1,k # j. Torna npu p; = P(y; = 1jx;, T;) = 0 koM-
MO3ULHUS BBIAACT 3HaueHHE Yipswer = V19-0 =0 # 1 = y;. Takum 06pa3oM, UTOrOBbIH
OTBET KOMIIO3WLIMU CYILIECTBEHHO 3aBUCHUT OT BCEX OTBETOB 0a30BbIX a/JTOPUTMOB, a 3Ha-
YUT HeOOXOAHWMBIM YCJIOBHEM KaueCTBEHHOH paboThl TaKOro aHcamOJs BJSETCS BbICOKAs
o6ob1arpuas CrocoOHOCTh BXOASALIMX B HETO aJIrOPUTMOB.

B 3aksouyeHue 3TOro pasjesa NpoaHanu3dpyeM KauecTBO pabOThl Pas3jUYHBIX KOMIIO-
3ULMH CJAyYalHbIX JepeBbeB MPU HAJHUUUU MPOMYLIEHHBIX 3HAUEHWH B UCXOAHBIX NAHHBIX.

[TocTaHoBKa 3TOrO 9KCIIEPHUMEHTA BBITJIAAUT CJACAYIOUIUM O6p2130MI

e BpiOepeM Haugyyllue KOH(PUTypaluuy CTaHAAPTHOTO U MOAM(HULHPOBAHHOTO CAy4daH-

HBIX JIECOB OJId CJaydad HaHHbIX oes [IPOITYCKOB;
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e CJy4dyalHBIM 00pa3soM 3aMeHHUM (PUKCUPOBAHHBIM MPOLEHT 3HAaYEHUH Ha MPONYCKH U

3alyCTUM cJieAylolide Bapyualvu aJropuTMoB OJisd HaCTpoﬁKH [IapaMeTpoB:

O CTaHAAPTHBIM CJy4YaUHBIH Jec A/15 BEIOOPKH, B KOTOPOH MPOMYCKH 3aMOJIHSANNCDH

MeAHWaHHBIM 3Ha4Ye€HHEM IIO CTOJI6LLY;

o MOAW(UUMPOBAHHBIHA CAy4YaHHBIH JieCc ¢ KOMOMHUPOBAHHWEM JIepEBbEB HA OCHOBE

cCpefiHero apu¢meTHyeckoro 6e3 3arnoJHeHHs MPONYCKOB;

0 MOAW(UUMPOBAHHBIN CAyUYalHBIH JieCc ¢ KOMOMHUPOBAHHEM JlepeBbeB HA OCHOBE

CpeZlHero reoMeTpUyecKoro 6e3 3anoJHeHHsl MPOIMYCKOB.

® TIOJYUHUM MpeackKasaHus AJad TeCTOBOH BbI60pKI/I [Iph NMOMOIIH KaxXXA0ro M3 HaCTpo-

€HHBIX aJITOPUTMOB M BBIYUCJ/IUM KaUeCTBO UX pa60TbI;

e 1OBTOPUM Bcio npouenypy 10 pas, mocse yero ycpenHuM pesynbTaThbl A5 KaxKA0r0O

aJIrOpUTMa M paccMaTpuBaeMoOro 4ucJja MpornyCKOB B OJaHHBIX OJd O6y‘{eHI/IH

[Tpy nocTpoeHUM MOIU(HULHPOBAHHBIX CAY4YalHBIX JIeCOB 3aloJIHEHHE ITIPOIYCKOB He
MCII0JIb30BAJIOCh, MIOCKOJBKY 3TO MOIJIO BHECTH B UCXOAHble JaHHbIE MH(OPMALMIO, KOTO-
poil B HHUX He OblJI0 M3HAyaJbHO. DTOT (PaKT MOr Obl HEraTHBHO CKa3aTbCsl Ha 06obL1ao-
e#l cnocoOHOCTH aJropuTMa Ha CTaJUM TeCTHPOBaHHS.

BBenem nomnoJsiHUTe/IbHBIE 0003HAUEHHS:

e NA — 3HayeHHe MpPHU3HAKA, COOTBETCTBYIOLIEE MPOMYCKY;

e Ao B — anamapoBo (1M03J71€eMEHTHOE) MPOU3BeleHHEe MAaTPHIL;

e [z = NA| — GuHapHBIil BEKTOp C €IHHULAMU Ha TO3ULHUSAX MPOMYCKOB B BEKTOPE .

CJIeILYET OTME€THUTDb, UTO MJIA pa6OTbI C MpoITyCKaMu OBIIH [IpoBeAEHbl CJieAyIollue

MOIM(UKALMK pa3le/sioluX KPUTEPUEB BO BHYTPEHHUX y3Jax JAepeBa:
e JIMHEHHbIH (OPUEHTHUPOBAHHBIN) KPUTEPUH:
Cy (x,wy, we, 7) = [((x o [x # NA])w; + [ = NAJws) < 7;
e HeJIMHEHHBIM KPUTEPUH BTOPOro mopsiaka:
C5 (&, w1, wa, W, 7) = [((w o [ # NAW (z 0 [z # NA]) "+
+(z o [x # NA])wy + [z = NAJw,) < 7.
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Taxkum o0pasoM, ajs naHHBIX 0e3 NPOMYCKOB pasienstoliue kputepun C5° n CFe
MOJIHOCTBIO aHaJMoruuHbl KputepusiMm Cy 1 Cs, a B c/ydae HaJW4Us MPOMYCKOB MPOUCXOIUT
paszesieHHe Ka)KA0ro 00beKTa Ha U3BECTHYIO U HEU3BECTHYIO YaCTH, KaxKA0H U3 KOTOPBIX
COOTBETCTBYeT CBOH BekTop (mias CFY elne W MmMaTpuua AJs H3BECTHOH 4YacCTH) BECOB.

pGSYJ]bTaTbI [IPOBEAEHHOI'0 3KCIIepHMEHTAa H306pa}KeHbI Ha pUCYHKE 13usB tTabauie 4.

3.5

—CTaHnapTHblﬁ RF
—MoauduuupoBaHHbIA RF (apudm.)
MogucuuMpoBaHHbIid RF (reom.) ||

w

KavecTBO padoTkl, AMS
[\
n

N

1.5

i i i i
E)% 20% 40% 60% 80% 100%
MpoUeHT NPONyLUeHHbLIX 3HAYeHUA

Puc. 13: KauectBo paboThl pa3/UuUHbIX CJAy4YaWHBIX JIECOB MPU HaJUYHWH NPOMYCKOB B

JaHHBIX

s MMOJIYYEHHBIX B 3KCIIEPUMEHTE PEe3YyJbTATOB MOXKHO CH€JaThb CJAeAYIOlHe BbIBOAbI:

e [1/1 TOCTPOEHUS] KOHKYPEHTOCIOCOOHBIX KOMIO3ULMH HEOOXOAMMO HCIOJb30BaTh
BCe HCXOJHble NaHHble, MOCKOJbKY Tpu nobaBieHun paxe 10% mpomyckoB mpo-

UCXOIUT Ccepbe3Hoe YXyJlleHHe KauecTBa paboThl /I BCeX BHUI0B KOMIIO3ULIMH;

e o0a BapuaHTa MOAHM(DHULHMPOBAHHBIX CJAYYaHHBIX JIECOB IOKA3bIBAIOT Jy4llee Kadye-
CTBO 10 CPABHEHMIO CO CTAHAAPTHBIM BAPHUAHTOM IIPU JIIOOOM IPOLIEHTE MPONYCKOB

B UCXOAHBIX JAaHHBIX;
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Aaroputm | Crangapr- MopudunupoBaH- MopudpunupoBaH-

IIpouent Hbii RF | ve1it RF (cp. apudm.) | veiit RF (cp. reom.)
0% 2.9132 3.6815 3.7223
10% 2.4534 2.9298 3.2538
20% 2.3678 2.7290 2.7724
30% 2.0633 2.4337 2.2467
40% 1.8931 2.0716 2.0581
50% 1.5577 1.8481 1.7186
60% 1.3885 1.6758 1.4827
70% 1.3200 1.4314 1.3954
80% 1.1699 1.2817 1.2581
90% 1.0977 1.1555 1.1872
100% 1.0791 1.0791 1.0791

Ta6auna 4: KayectBo paGoThl pa3jUUHbIX CJAyUYaHHBIX J€COB MPH HAJUUKUU MPOMYCKOB B

JaHHBIX

® [IOCTPOEHHE KOMIIO3ULIMH, OCHOBAHHOH Ha CpelHeM reOMeTPHUYeCKOM OTBETOB MO-
IM(QULHAPOBAHHBIX [ePEBbEB peLIeHWH, ONpaBoaHO INPU HAJUUUK He Oojee ueM
25% nponyckoB. [Ipu yBeJHUeHHUH NOJM TPOMYCKOB CJENYyeT UCIO0JNb30BaTh CpeaHee
apudmeTHyYecKoe OTBETOB JepeBbeB, UTO M03BOJIsAET H30exKaThb pobJeM ¢ 3pdeKToM

H€ILOO6y‘-I€HI/IH HN3-3a HEXBATKHU JAaHHBIX.

CrouT TakKe OTMETHTb, YTO KaTeropuaJsbHble MPU3HAKH MOXKHO 00pabaThiBaTb METO-
IOM NONOOHBIM TOMY, UTO HCIIO/1b30BaJCs AJS NPONYCcKoB. IIycThb B HCXOAHBIX NAHHBIX
€CTb €MHCTBEHHBId KaTeropuasjbHbld NMPHU3HAK C MHIEKCOM ¢, NPUHUMAIOLIHUN 3HaYeHUSs
M3 MHOXecTBa {a,b,c}, Torna mJsi ero ydyerta B pas3fie/IsIOLIHH KPUTEPUH BHYTpeHHEH

BEepPIIWHLBI Aepe€Ba HYXKHO HO6aBI/ITb OIHO OOIOJIHHUTEJJbHOE MPOU3BEACHHE BEKTOPOB!

e JIMHeHHbIH (OPUEHTUPOBAHHBIN) KPUTEPHH:

€3 (@, wr,wn, w,7) = (80 # NAwr+[2 = NAJus+ | [, = 8] | ws) <7l
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® HeJIMHEHHBIH KPUTEPHUH BTOPOTO MOPsAKa:

CRe (2, wy, wy, ws, W, 7) = [((Z o [ # NA)W (2 o [# # NA])T+

+(2 o [2 # NADwy + [# = NAJwy + | [z; = 0] | ws3) < 7).
[z: = ]

B npuBeneHHbIX Qopmynax & = (1,...,Ti-1,Tit1,---,Tk), T.€. T SIBJISETCS Belle-
CTBEHHBIM BEKTOPOM Ha €JMHMIYy MeHblleH IJUHBI MO CpaBHEHHIO ¢ BeKTopoMm z. Oue-
BUJIHO, YTO B N0OABJEHHOM MPOU3BE€HUH BEKTOPOB OyIeT BCETO ONHO OTJIHUYHOE OT HYJS
cjaraemoe, TMOCKOJIbKY x; He MOXeT OJHOBPEMEHHO PaBHSITbCSI CPa3y HECKOJbKHUM 3Ha-
YeHHsIM U3 MHOXKecTBa {a,b,c}. Takum 006pa3om, He BO3HHKAeT HUKAaKMX 3aBUCHMOCTEH
MeXy YPOBHSIMU KaTeropuasbHOTO MpHU3HaKa, KOTOPble MOSIBJASUCH NPH UX KOOUPOBAHHH

LeJbIMHU 4YHUCJIaMHU.

3.1.4 AHajau3 noJy4yeHHbIX OTBETOB aJropuTMa

BosbIMHCTBO KOMMO3HLKH a/JTOPUTMOB MAILIMHHOIO OOYy4YeHHUsl SBJASAIOTCH I/ KO-
HEUYHOT'0 M0J/1b30BaTesi CBOEOOPA3HBIMU «UEPHBIMU SILLMKAMH», TIOCKOJNbKY HeJb3sl JIerKO
onpene/uTb, KAKUM 00pa3oM ajrOpUTM IOJNY4YUJ MUMEHHO TaKOH OTBET /51 HEKOTOPOro
KOHKpeTHOro o6bekTa. OfHAaKO BCe OOCTOUT IMO-APYTOMY C HEpPeBbSIMH pelleHUH — A
KaXJ0ro JepeBa MOXKHO ONpeNesUTb JIUCT, B KOTOPbIH MomnaJj paccMaTpUBaeMblil 0OBbeKT
M, paccMaTpuBasi MyTh OT KOPHS [0 MOJYYEHHOTO JIUCTA, MOJYUYHUTh KOHBIOHKIHIO JIOTHUe-
CKHUX YCJIOBHH, KOTOPYIO 00palllaloT B UCTHHY 3HAYeHWUs MPU3HAKOB 3TOr0 0OBEKTa.

Bosiee Toro, MoxxHO Har/JsiiHO MOKa3aTb, UTO OOBEKTHI, MONAAAI0LUIMe B OOUH U TOT XKe
JIUCT JlepeBa, CXOXH APYr ¢ apyroMm. OmnpenesnuM /sl OLLEHKH CXO0XXeCTH OOBEKTOB T U

To CJAeYIOLYI0 (opMyJy:

M L
) 1 m . .
Sim(z1,22) = 77 DD (e [z €TM)
m=1 [=1
roe 71, ..., T™ — mocTpoeHHnsle B pesyabrate paboTH aaroputMa M nepeBbeB pelleHHH,

T™ — nuct ¢ ungekcoM | nepesa T™. Torna nist BoiGopku {(z;, v;) }Y., MOXKHO OMpeNeUTh

MaTpHULy MoXoxecTu pa3mepa N X N:

M Lm
1

Sij = SZm(.TZ,LC]) == M Z Z ([.Z'Z € T'lm] . [xj < irlm])’

m=1 [=1
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roe L,, — ofliee uuc/I0 JUCTbeB B JAepeBe 1™ . 3amerum, 4to S;; = 0,V(i,j) : 1,5 €
{1,...,N} u S;; = 1 Torma M TOJIbKO TOra, KOTa OOBEKTH Z; U ; HEPas3JHUUMBI C
TOUKH 3PEHHsI caydaiHoro Jeca. Kcrnosb3yst Takoe onpesesieHHe MaTPHIIbI TOXO0XKECTH S,
MOXKHO PAcCMOTpPEeThb 3ajady MHOTOMEDPHOTO IIKaJHpOBaHHsI [D] ¢ MaTpHiled pacCTOsHHE
Mexay oobektaMu D = 1 — S, pe3ysibTarhl pelieHust KOTOPOH AJsi CTAHAAPTHOTO U MO-
NH(PULIHPOBAHHOTO aJTOPUTMOB KOMOHMHHDPOBAHHS CAyYaHHBIX AEPEBbEB MPU Pa3JHUHBIX

3HAUYeHHUsIX TapameTpa p MOXKHO YBUIETb Ha pUcyHKax 14-16.

eee Background
eeo Signal

eee Background
eee Signal

&Ko ° o
°8°%e15, o ’_
.ogi.o.‘\ ®

. ‘ﬁ\f;ﬂ%f"'?

'\:‘.

(a) CrannapTHoe 1epeBO pelleHHH (b) MonndpuunupoBaHHOE AePeBO pelleHUH

Puc. 14: Pesynbrarsl skcrniepuMeHTa [/ HU3KUX 3HaYeHUH mapameTpa p

eee Background eee Background
eee Signal eee Signal

o% o % 90!’ LX)
.‘q. ."001- °® °
oS P o0 o

(a) CrannaptHoe 1epeBO pelleHHH (b) MonndpuuupoBaHHOE AePeBO pelleHHH

Puc. 15: Pesynbrarhel skcrniepuMeHTa 1J5 CPeIHUX 3HAYeHUH mapameTpa p

s [I0JIY4EHHBIX Pe3yJ/JbTaTOB MO2KHO CleJaThb CJAeAYyIoLlkie BbIBOJLI:
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eee Background
eee Signal

eee Background
ees Signal

(a) CranpapTHoe 1epeBO pelleHHUH (b) MonuduurpoBaHHOE AEPEBO pelleHH#

Puc. 16: Pesynbrarel skcneprMeHTa [/ 3Ha4eHWH napaMmeTtpa p, OJIM3KUX K 0OLleMy

YUCJTY MPHU3HAKOB

e Il HU3KHX 3HAUeHUH mapameTpa p € TOUKH 3PeHUs aJrOPUTMOB yCpeIHEHHs pas-
JIMUHBIX pellalolInX JepeBbeB (C UCMONb30BAHUEM KOMIIO3UIIMH NPU3HAKOB BO BHYT-
PEHHHUX y3JaX JepeBbeB U 6e3) 00BbEKThl OTJIOXKEHHOH BBIOOPKH, ydacTBYIHOIIHE B
JKCIIEPUMEHTE, MUMEeIOT NMPUMEPHO OJMHAKOBYIO MOXO0XKeCTb, TaK KaK Ha PHUCYHKax

l14a u 14b 3HaUUMBIX OTJIHMUYUH HE BLIBJEHO;

e /15l CPeIHUX 3HAUEHHH MapaMeTpa p, pe3yabTaThl SKCIIEPUMEHTA JIsi KOTOPbIX H300-
pakeHbl Ha pUCyHKaXx lba u 15D, yxke mposiBisieTcsi MpeBOCXOACTBO aJATOPUTMa, OC-
HOBAHHOTO Ha YCOBEPILEHCTBOBAHHBIX I€PeBbSX pelleHWH, NMOCKOJNbKY Ha PUCYHKE
15b 6osiee yeTKO BHAHA KJacTepHas CTPyKTypa MPOCTPaHCTBA OTBETOB aJrOpUTMa
10 CPaBHEHHUIO C Pe3yJbTaTOM Ha pUCyHKe 15a, a 3HAUHUT W KauecTBO, U 0OOCHOBAH-

HOCTb OTBETOB TaKOT'o aJropuTMa 6y11€T BbIIIE,

e s 3HaUeHUH mapameTpa p, OJHU3KUX K 0OlleMy UHC/AY MPHU3HAKOB paccMaTpHBae-
MOH 3aJauM, TeHAEHLHS yNy4dlleHHs] KJIaCTepHOH CTPYKTYpbl 0OBbEKTOB OTJIOXKEHHOH
BEIOOPKM COXpaHseTCsl, TaK KaK Ha pUCyHKe 16b $IBHO BHAHBI TpU KjacTepa «Iy-
MOBBIX» OOBEKTOB M JIBa KJacTepa 0OBEKTOB THIA «CHTHAJ/», B TO BpeMs KaK Ha
prucyHke 16a 3T KJsacTepbl Cepbe3HO pPa3MbIThl. DTOT (PAKT MO3BOJSET FOBOPUTD
0 o0l1eM NPeBOCXOJACTBE yCOBEPLIEHCTBOBAHHBIX [€pPeBbeB pellleHUH Haj CTaHAapT-

HBIM BapHaHTOM.
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3.1.5 BriBoabl

HOILbITO)KI/IM [MOJIy4YE€HHbI€ B XO[1€ MPOBEAECHHDbIX 3KCIEPUMEHTOB PE€3YyJbTAThI:

e IpU yBeJHUUYEHHUHU CJ0XKHOCTH pa3eNsioluX KPUTEPHUEB, UCT0Ib3yEMbIX BO BHYTPeH-
HUX y3JlaX JepeBbeB pelleHHH, NoBblIaeTcss KayecTBO U 000011allas cnocoOHOCTh
M0JIy4YEeHHOT0 a/JrOPUTMa, HO U OIHOBPEMEHHO Cepbe3HO yBeJUuHBaeTcs obllee Bpe-
Ms paboThl aJrOpUTMa, MOITOMY HCIIOJNb30BAHHE AEPeBbeB DEeLIeHUH C pasfelsiio-
IIMMH TIOBEPXHOCTAMHU CJIOXKHee, yeM JMHeHHass KOMOMHAlUsi HeKOToporo Habopa
NIPU3HAKOB, ONpPAaBAAaHO TOJbKO B CJydyae OAHOKPATHOTrO MOCTPOEHHUS TaKOro poja

KJaCCU(PHUKATOPA;

® KOJIMUECTBO MPHU3HAKOB p, UCIOJNb3yeMOe MJis MOCTPOEHHUsI KAXKAOr0 Pas3iessiiollero
KpuTepusi, HeoOxonuMo OpaTb paBHbIM 20-40% oT o6liero uMcsa NPU3HAKOB, YTO
MO3BOJIUT COXPAHUTb MUHUMAaJIbHYIO KOPPEJHUPOBAHHOCTb MOJYYEHHBIX B Pe3yJbTaTe
MIOCTPOEHHUs epeBbeB pellleHUH, MOBBICUTh KayecTBO U 0006IIAMILYI0 CIOCOGHOCTD
3a CUeT yJyulleHHs] KJAaCTepHOH CTPYKTYPBI MPOCTPAHCTBA OOBEKTOB C TOYKH 3pe-
HHUSI UTOTOBOTO aJrOpPUTMa, HO B TO Ke BPeMsl He3HAUUTEJbHO YXYIUIHUTh 0bllee

BpeMsl paboThl MO0 CPaBHEHUIO CO CaydaeM p = 1;

® 1ICII0JIb30BAHKWE MOpPOra Ha KOJHYECTBO 3JEMEHTOB B JIUCTbAX HAEPEBbEB, a TaKxKe
3allyCK pErpeCCUOHHBIX aJITOPUTMOB HAa HUX HE NAKOT 3HAYHUTEJIbHOI'O IMNPHUPOCTa Ka-
4YeCTBd, MO3TOMY HUX HCIIOJb30BaHHE OJ5 PEIICHHSA MPAKTHUYECKHX 3aJa4 HeleJeco-

06pasHo;

® B Ka4ieCTBe aJIrOpuTMa IMOCTPOEHHUSA KOMIIO3ULHUH HeOOXOAHUMO HCII0JIb30BaTh cpen-
HEe reoMeTpruieCcKoe OTBETOB C HOCJTe,U,y}OI_LLeﬁ HOpMHpOBKOﬁ MNOJIYUEHHBIX OTBETOB,
OOHAKO INPHUMEHATDH TakKo¥ crnoco® 000CHOBAHHO TOJIBKO B CJay4dae NepeBbeB CpeILHeljl

BBICOTHI [J151 n30exkaHus 3((PeKTOB HeNo- U NepeoOyueHus.
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3.2 IlocTpoeHue KOMUTETOB MOAU(PUIIMPOBAHHBIX CJYy4YalHBIX JeCOB
3.2.1 [IlocranoBka 3agaum

JlaHHble 111 IPOBeJEHHsT SKCIIEPUMEHTOB B 3TOM pasfesie B3SIThl U3 MeKIyHapOAHOT0
copeBHoBanusi Avazu Click-Through Rate (CTR) Prediction [3], mpoxomusuero ¢ 18
Hosi6psi 2014 roma mo 9 despans 2015 rona.

B onna#iH peksame ypoBeHb KJUKaOelbHOCTHM OaHHepa — OY€Hb BaKHBIA IOKasa-
TeJb €ro JOXOTHOCTH, MO3ITOMY aJrOPUTMBI €ro MPOrHO3UPOBAHUS CTAJH HEOTBHEMJEMOH
YacTbl0 CHEelUAJU3HPOBAHHBIX CHUCTEM peKJaMHbIX KoMMaHuH. YUem Ogauxke K aelcTBU-
TeJbHOCTH OyOyT NpejicKa3aHHble 3HaueHUs, TeM OoJsiee BBIFOJHOE paclHCaHHe I10Ka3a
O0aHHEpPOB MOXKHO CO3[aTb, a 3HAYUT TeM OoJbllie OyneT NpuUObLIb KOMIAHHWU 32 HEKO-
TOPbIH (DUKCUPOBAHHBIA MPOMEXKYTOK BpeMeHHM, MOCKOJNbKY HMEHHO HHTepHeT SIBJSEeTCSs
KpyNHeHIIed MeXIYHapOAHOH peKJaMHOM IJIOLLaLKOH.

OcHoBHOl1 3a1aueil COPeBHOBAHHUS SIBJISINOCH NPOrHO3UPOBAHKE YPOBHS KJHKabesbHO-
ctu GanHepa (3Hauenusst CTR € [0;1] — Oynet Jiu OCYUIECTBJEH KJHUK 10 GaHHEPY HJIH
HeT) Ha OoCcHOBe MH(OpPMalMKU O caMOoM OaHHepe, caiTe, Ha KOTOPOM OH pasMellleH, Bpe-

MEHH I10Ka3a U YCTpOﬁCTBa, C KOTOpOro ero 6y,[l€T [IpoCMaTpPUBATL I10JIb30BaTeE/Ib.

3.2.2 Omnucanve AaHHBIX M (PYHKIMOHAJA KayecTBa

O6yuatomas Boi6opka cocrosiia U3 40428968 06bekTOB-0aHHEPOB, COOPAHHBIX BCEro
3a 10 nmue#t mokasza (¢ 21.10.2014 no 30.10.2014). Kaxnwiéi 6aHHep omuchiBajcs 23
npusHakamu, 10 U3 KOTOPBIX SIBJASMUCH KaTeropuanabHeiMU. O6muit o6vem CSV-daitna ¢
TPEHUPOBOYHOH BBIOOPKOH cocTas/isi1 moutH 61'6. B kauecTBe TecTOBOH BBIOOPKU OblJ B3AT
CJIelYIOLIMH 32 TPEeHUPOBOYHOU BhIOOPKOH, 11-i meHb mokasa (31.10.2014), comepxaiiui
OTHCAHUS TPUMepHO 4.5 MUJIHOHA GAaHHEPOB.

OnTuMuaupyeMblil PyHKIIMOHAJ B PaCCMaTPUBAEMOH 3aaade sIBJSJCS CTAHAAPTHOH Me-

poil — sorapupmudeckoil omundkoi (LogLoss):
| N
LogLoss = —— E E vi; log(pi;) — min
N &< Pij
i=1 j=1
rne N — oOulee 4yucJ0 0OBEKTOB B TeCTOBOHM BblOOpKe, N — KOJMUYECTBO MpeNCcKa3biBa-

eMbIX 3HaueHUH IJIg Ka>Ka0ro M3 O6"b€KTOB, Yij — HpaBHJIbeIﬁ OTBET, a p;; — IMpeackKa-

3aHHO€ 3Ha4deHHe. HOCKOJIbe B 3aJa4e BCero AgBa KJacca («npon3omen KJIHUK» U «KJIHKa
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He OblI0»), TO MPHUBENEHHYI0 OOIIYI0 (POPMY/IY MOXKHO YIIPOCTHTb CJAEAYIOLUIUM 06pa3oM:

N
1 .
LogLoss = N Z (yilog(ps) + (1 — yi) log(1 — p;)) — min,

=1
e p; — NpeicKasaHHasi BepOsITHOCTb KJHKa M0 GaHHEepYy ¢ MHAEKCOM 1.
3.2.3 AHajau3 3aBHCMMOCTH KayeCTBa aJITOPUTMA OT THIeEpPrapaMeTpPoB

[lockoabKy naHHBle paccMaTprBaeMOH 3aJauM LleJIMKOM He MOMEeIarTCs B ONepaTHB-
Hyto namate [1K, To ucnosnb3oBaTh Bce NaHHbIe OJHOBPEMEHHO /Il TIOCTPOEHHUS MOIEJH
He IpelCTaBJseTcss BO3MOXHBIM. B Takux ciaydasix MCHOJb3yeTcs CJAeAYIOLIUH IpHeM,
M03BOJISIIOLIMK yMEHbIIHUTh KOJWYECTBO NAHHBIX, 00pabaTbiBaeMblX aJrOPUTMOM B elH-
HUIY BpPeMeHH — IPOM3BOAUTCS CIMIIMPOBAHME CJyUaHHBIX MOABBIOOPOK OOBEKTOB CO

cay4alHbIM HabopoM npusHakoB. Benem HeoOxonuMble B AasibHelleM 0003HAYeHHUS:
e N — o0lee 4UCJI0 0OBbEKTOB B UMEIOIIUXCS NTAaHHBIX;
e )M — ob1uiee 4KUC/IO NPHU3HAKOB B UMEIOLINXCS JaHHBIX;
e D — marpuua «00beKT-NpusHak» pasmepa N x M;

e « € [0;1] — noasi BEIOpaHHBIX B MOABBIOOPKY 0OBEKTOB OT OOLIEr0 YKc/a 00bEKTOB,;

p € [0;1] — nonst BEIOpAHHBIX AJIS TOABBIOOPKH TPHU3HAKOB OT OOLIEro YucJa TpH-

3HaKOB;
o Mem_size — pasmep onepatuBHoi namsaTtu [IK, Ha kotopom pelaercs 3anaua;

e V(a,3,D) — MHOXeCTBO BCeX CJy4ailHbIX MOABBIOOPOK pa3mepa N, B KOTOPOH

KaXIbld 00BbeKT onucaH SM npusHaKaMmy,

e R(a,B,D) € V(a,B,D) — HeKoTOpasi ciyualiHasi nonBeibopka pasmepa aN, B

KOTOPOH KaxKAblH 00beKT onucaH SN mpu3HaAKaMH.

B npuBeneHHBIX Bbillle 0003HAYEHUSAX U Be3le B AajbHeilieMm 3HadeHus aN u SM
OKPYTJIAITCS 10 OauxkKaliero uejaoro. OCHOBBIBAasiCh HA BBeIEHHBIX 0003HAUEHHUSAX, MOXK-
HO ONHCATh AJATOPUTM MOCTPOEHUS] MOJENH B BHAe MceBIOKoaa .

M3 BBeneHHBIX Bblllle 0003HAUEHHUH TaKKe CJEAYeT, UTO pa3Mep MoABbIOOPKH, CEMILIU-

pPOBaHHOM K3 MOJIHOM BbIOOPKH, MOXKHO 0003HaunuTh Kak alN - BM, U, B CUJIy OUEBUAHBIX
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Agroputm 1: [locTpoeHue mopmenu B cjaydae, Korga oObeM OAHHBIX IPEBLILIAET

oObeMm mamatu [1K
Bxon: o, 3,D,T,

Breixon: Model;

I:gna t=1,...,T

2:  Bolbparb cayuadinyio R(«, 8, D) n3 muoxectsa V(a, 5, D);

3:  O6yuutb mMomenb m; nas R(«, 5, D);

o~

. ArperupoBaTb Momes M m; B UTOrOBYI0 Momedb Model;

orpaHUYeHUH pasmepa mamsiTH, nogaydaem, 4yto alN - M < Mem_size. Takum obpaszom,
N0JII0 eHHOBPEMEHHO HCIO0Jb3yeMbIX AaHHBIX MOXHO OTPAHHUYMUTH MPH MOMOLIU CJeLyIo-
I1ler0 HepaBeHCTBa:

Mem_size
NM

Batch_size = aff <

B naHHOM pasnene OyneM HUCCJAeI0BaTh 3aBUCUMOCTb KauecTBa paboThl U BpeMeHU

HAaCTPOHWKH MOJEJH B 3aBUCMMOCTH OT pas3Mepa MOABBIOOPOK, CreHEePUPOBAHHbBIX AJsi 00Y-

YeHHs, a TaKxkKe YYBCTBHUTEJNbHOCTb I0Jy4aeMOro pelleHHUsl 3aladyd K M3MeHeHHUsSM Mapa-
MeTpoB av U [3.

Ha nepBblil B3rsisin Kaxketcs, 4To [Jis 0OydyeHUs] KaxKAOH Molesd HeoOXOAMMO HC-

[10JIb30BAaTb MAaKCHUMaJbHO€ YHUCJO NAaHHBLIX, KOTOPbI€ MOMEUIAIOTCA B IIaMATh, T.€. pellaTb

3ajpauy
af —  max
a€l0;1],8€[051]
Mem_size
NM

OJHAaKO TaKkoH METO/M He BCeraa OKa3bIBae€TCd YCIEUHbIM MO HECKOJbKHUM MPUYHHAM!

aff <

® JIJIs NIOCTPOEHUA MOAEeJH Ha OCHOBE TaKoH HOILBbIGOpKI/I 3aTpadyrBaeTCd MaKCUMaJb-

HO BO3MOXKHO€ BpE€Ms IO CpaBHEHHIO C APYTMMHU BapHaHTAMU,

® Cpeoud TMPHU3HAKOB HEPENKO BCTPEYANTCHAd TPYMIbl CHUJAbHO KOPPEJHPOBAHHBLIX IIpH-
3HAKOB, UYTO TaK2Ke 3aTpPyAHsAET pelleHHe 3aJadyl U CHU2KAET KadyeCTBO MMOJYYEHHOI' O

pes3yJsbTarta;

e B ciyyae, Korga 3HaueHue Batch_size 6a1u3ko K 1, reHepUpyOTCS MOABBIOOPKU C

CHUJIbHBIM TIEPEKPBITHEM, YTO MOBLILIAET 61130CTh moJydyaeMbliX 6a30BbIX MOI[GJIGI;I H,
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KaK CJaedCTBHe, YMEHbUIaeT MPpeuMYyLIleCTBO KOMIIOSHLI KUK Ilepen OTACJbHO B3ATbIM

aJrOPUTMOM.

[TockosibKy B 3amade yxxe HMMeeTcsl JOrHueckoe fejeHHe Bced BeiGopku Ha 10 mpu-
MEPHO PaBHBIX uacTel, Kaxkaas M3 KOTOPBIX COOTBETCTBYeT OAHOMY [HIO HaOJIOfeHHs,
TO 3KCIEPUMEHTbI 110 aHa/lM3y KauecTBa W BPeMeHH HaCTPOHKH BCel KOMIO3MLHUH MOXKHO

pa3iesUTh Ha [Ba 3Tama 1o TUIy reHepaluy MOABBIOOPOK:

® TeHepalud HOﬂBbI60pOK 13 BceH COBOKYITHOCTHU NAaHHBIX;

® reHepalus HOILBbI60pOK N3 IN4dHHBIX, C06paHHbIX B TeUeHHE Ka>XI0To OTAEJbHOTO

JHSA.

CpaBHeHHe KOMMO3WLUMH MOAU(UIMPOBAHHBIX pelIaloIUX AepeBbeB OyneM MPOHU3BO-

AWTb HAa OCHOBE KaxXXJI0T'0 M3 NBYX KPHUTEPHEB B OTAEJbHOCTH:

® Ka4deCTBY pa6OTbI HTOTOBOM KOMIIO3UIIMM Ha TeCTOBOHU BbI60pKe;

L] O6'beMy OAHHBIX, 3aTpadyvBaeMOMY [Jid MMOCTPOEHHUA KOMIIO3ULHUH.

B nepBom 3KcneprMeHTe MpoaHaJU3UpyeM KauecTBO pabOThl KOMHUTETa KOMIO3HWLHH
MOIM(HLHPOBAHHBIX peLIaOLIMX AepPeBbeB JJIsl Caydas TeHepaluH Cay4alHbIX MOABBIOO-
POK /15l KaXKI0# mapbl mapameTpoB («, [). [loctaHoBKa ¥ mpolece BBITIOJHEHHUST IKCIIEPHU-

MeHTa BBITVIIAAT CJAEAYIOLUM 00pa3oM:

aeA=1{0,0125,...,0.875,1};

BeB={0,0125,...,0.875,1};

e 175 Kaxno# napel (a, 3) € A X B creHepupyeM Mo 5 BHIOOPOK, COCTOSILIUX U3 /N
00BbEeKTOB, onuchiBaeMbiXx SM npusHakamu. 3aech N = 40422968, T.e. paBHO UUCTY

00BbeKTOB B UCXONHOW obOyydarolleld BbIOOpKe;

e Ha KaXXI0¥ BbIOOpKE HACTPOUM MapaMeTpPbl KOMMO3ULHWHA MOAU(PHULHUPOBAHHBIX CJIY-
YalHBbIX [epeBbeB W MOJYUYUM IMpeAcKas3aHUsl [Ji TeCTOBOH BBIOOPKH, PAaBHOH IO
00beMy JaHHBIM, COOpaHHBIM 3a ONWH JeHb (OKOJO 4 MHJJIHOHOB OOBEKTOB-

6aHHEPOB);
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® YCpeIHHM IIpeaCKa3aHus, IoJYYeHHbIEe MOAEJ/IAMU Ha TECTOBOH BbI60pK€ JJIA Ka)KILOIjI

u3 nap («, ).

PesynbraTel, nosy4yeHHble B 3TOM 3KCIIepUMEHTe, MOXHO BMIETb Ha pPUCYHKe 17 u
B Tabsune 5. VM3 HUX MOXKHO cHenaTb BBIBOMA, UTO MAJs OOyueHHs] CTOWUT HCIOJNb30BaThb
CpaBHUTE/JbHO HeboJsblliMe 0ObeMbl NAHHBIX, MMOCKOJbKY HMEHHO B 3TOM CJydae MOJY-
yeHHBIH LogLoss CylleCTBEHHO HUXKe 110 CPaBHEHHIO C TPAaHUYHBIMU pe3ysbTaTaMd. DTOT
(baKT MOATBEpPKIAET TeOpeTHUeCKHe MPEeANoJ0KEeHUS 0 HaJUYUU MYJbTHKOJJIMHEAPHOCTH
B JIaHHBIX U BO3HUKHOBEHUHU 3(P(PeKTOB Helo- U NepeoOyueHHss B C/Aydae HCMOJNb30Ba-
HUSI HEJIOCTATOYHOTO MJM M30BITOYHOrO KOJMYECTBA MPU3HAKOB, KOTOPBIMH OIHCBIBAIOTCS

00beKTbI-OaHHEPbl B TPEHUPOBOUHOH BBIOOPKE.

0.44

c o o
O . S
- N W

Owundka LoglLoss
o
-9

o
(7]
- 0

0.4

0.4 0.2

D1 FPHAREKGE B o O HNonsa 06beKTOR a

Puc. 17: PesysnbraThl 3KCrepyMeHTa NpH reHepalyu CJAy4YaWHbIX MOABBIOOPOK

Crenyolnil sKkcrepuMeHT OyleT CBfI3aH C BBIOOPKAMH, CTeHEpPHPOBAaHHBIMM W3 JaH-
HbIX, COOpaHHBIX B TeyeHHe (DUKCUPOBAaHHBIX AHeH. ComocTaBUM HMCXOJHble NAaHHBIE Ka-

JIEHIAPHBIM HSIM HeleJHu:
e 21 oKTsIOpSi — BTOPHHUK;

o 22 okTs6ps — cpena;
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0.1250 | 0.2500 | 0.3750 | 0.5000 | 0.6250 | 0.7500 | 0.8750 | 1.0000
a
0.1250 | 0.4061 | 0.4054 | 0.4138 | 0.4150 | 0.4189 | 0.4211 | 0.4284 | 0.4383
0.2500 | 0.4138 | 0.4140 | 0.4001 | 0.4070 | 0.4140 | 0.4144 | 0.4233 | 0.4365
0.3750 | 0.4174 | 0.4080 | 0.3972 | 0.4005 | 0.4100 | 0.4109 | 0.4202 | 0.4363
0.5000 | 0.4220 | 0.4136 | 0.3991 | 0.4052 | 0.4134 | 0.4117 | 0.4194 | 0.4358
0.6250 | 0.4225 | 0.4102 | 0.3940 | 0.4016 | 0.4093 | 0.4089 | 0.4203 | 0.4356
0.7500 | 0.4249 | 0.4109 | 0.3948 | 0.4049 | 0.4107 | 0.4099 | 0.4199 | 0.4344
0.8750 | 0.4258 | 0.4044 | 0.3919 | 0.4024 | 0.4111 | 0.4096 | 0.4185 | 0.4345
1.0000 | 0.4261 | 0.4111 | 0.4063 | 0.4027 | 0.4076 | 0.4094 | 0.4184 | 0.4360

Tabauna 5: Pe3ynbraThl 3KCIepyMeHTa MPH FeHepalry CaydalHbIX NOABbIOOPOK

.oy

e 29 okTs0psi — cpena;

e 30 oxTs16psi — ueTBepr;

e 31 okTs6psi — MATHHIA.

TaknM 00pa3oM, MOXKHO MPOBECTH IKCIEPUMEHT CO CJedyolled NOCTaHOBKOM:

e ac A={0,0.125,...,0.875,1};

e $€ B=1{0,0.125,...,0.875,1};

e sl KaxKao# napsl (o, 5) € A X B creHepupyeM 10 5 BBIOOPOK, COCTOSIIIUX M3 vNoj

00BEKTOB, ONMCbIBaeMbIX [SM TNpU3HAKAMH, NpHYeM BCe OOBEKTbl B3SITHl TOJbKO

13 HaGopa HaHHBIX, COOTBeTCTByMOLMX 21 OKTA6psi (BTOpHUK). CTOMT OTMETHTb,

yTo N9y = 4122995 — KO/MMYeCTBO ONUCAHUHU OaHHEPOB-OOBEKTOB, MOKA3aHHBIX

nosb3oBatensiMm 21 okTaOpsi, KoTopoe coctaBaser okono 10% oT obiiero uucaa

00BEKTOB B UCXONHOU obOyydarolleil BeIOOPKE;

e Ha Kax/I0¥ BbIOOpKE HAaCTPOMM MapaMeTpbl KOMIO3HULIUHU MOAU(HUIUPOBAHHBIX CJIY-

YalHBIX [lepeBbeB U IMOJYyUYUM MNpeACcKa3aHWs MAJis TeCTOBOW BBIOOPKH, AaHHBIE MJIsl

KOTOPOM B3siThl U3 Habopa 3a 22 okTsi0psi (cpena);
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® YCpeIHHM IIpeaCKa3aHus, IoJYYeHHbIEe MOAEJ/IAMU Ha TECTOBOH BbI60pKe JJIA Ka)KILOIjI

u3 nap («, ).

DTa NOCTaHOBKA MHTEpecHa TeM, YTO MOA0OpaHHbIe B XO[e 3KCIepUMeHTa NapaMeTphl
KOMIIO3ULMHA MOXXHO MCNOJb30BaTh Npu paboTre ¢ J10O0H mapoil nHEH «BTOPHHUK—CpPeNa».
/151 pelieHusi MocTaBJeHHOH 3a1auu HEOOXOAWMO MPOJeaaTh aHAJOTUUHYIO MPOLUEAYPY C
23 u 24 okTsi6psi (UeTBepr W MATHHIA COOTBETCTBEHHO), MOCJ/e Yero, 1000yYUB KOMIIO3HU-
LIMI0 Ha JIaHHBIX, coOpaHHbIX 32 30 OKTAOpS, MONYyUUTh UTOTOBBIH MPOrHO3 HA TECTOBLIH
nenb 31 okTabps.

KauecTBo paboThl MOCTPOEHHBIX KOMIO3UIUH B XO/e 3TOTO SKCIEPUMEHTa MOXKHO BU-
IeTb Ha pucyHKe 18 u B Tabumuue 6. M3 nosydeHHBIX pe3ysbTaTOB MOXKHO CHesaTh BbIBOJ
O TOM, 4YTO, Kak MU B NpeAbIAYyLIeM 3KCIIepUMeHTe, MOJyuyeHHble KOMIIO3ULHUHU MOAU(pH-
LIUPOBAHHBIX CJAYYaWHBIX JIECOB MOKAa3blBAIOT HauJy4ylllee KaueCTBO IMPHU HUCIOJb30BAHHH
okosi0 40% TpHU3HAKOB MCXOAHOH 3amauu. OmHaKo, MO CPaBHEHHIO C TPEAbIAYILINM 3KC-
TIepUMeHTOM, B 00yUeHHUH MOfiesied 3[1eCb B KayeCTBe MCXOAHOH BBIOOPKH AJS FeHepaluH
ucnosib3oBanoch Bcero 10% oT o6uiero yucaa 06bEKTOB, YTO AOMOJHUTEJBHO MOJIOXKH-
TeJbHO CKa3blBaeTCS HAa BpeMeHM HACTPOWKH, MO3BOJSAS TeM caMblM o0ydaTb OoJblie
0a30BbIX MojeJsel 3a (uKcupoBaHHoe BpeMs. CyeflyeT TakxkKe OTMETHTb, YTO MOJyUeHHble
B 3TOM 3IKCIIePUMeHTe 3HaueHHusi Ooubku LogLoss nisi pa3iudHbix nap (a, ) uMeT 60-
Jiee 0OLLIMPHOE U HU3KOE IJIaTO, YeM MpPHU CaAy4alHOU reHepalMu BbIOOPOK, YTO FOBOPUT O
Ba)KHOCTH yueTa JIOTUUECKUX CBs3eill, HMEIOILNUXCSl B JAHHBIX.

B 3aksouuTeIbHOM 3KCIIepUMEHTe COBMECTHM pas/iMyHble BAPUAHTHl HACTPOHUKHU MO-
nesu (Mo BCeM NAHHBIM U MO MpPeIbIAYLIEMY AHIO) B HTOTOBBIH AJTOPUTM IPH MOMOIIH

B3BElIeHHOW JIMHEHHOH KOMOMHALUK CJeQYyIOIlero BUAA:
Yanswer = (5 * Yall + (1 - (5) * varem'ous

Hauny4yiine pocturnyTtele 3HaueHUs (yHKUHMOHaNa Logloss s pa3fUuHBIX Map
(v, B) mokasaHbl Ha pucyHke 19 W B Tabsuue 7, U3 KOTOPBIX MOXXHO C/e/1aTh BBIBOJ
O TOM, UTO JJIf ONTHMAJbHOTO pelleHHs] MOCTABJAEHHOH 3a/ladl HEeOOXOAMMO HCIOJb30-
BaTh Bcero npuMepHo 40% mnpusHaxkoB 1 90% 0O0BEKTOB HCXONHOH BBIOOPKH, T.e. BCETO
36% ot obuiero o6beMa HAHHBIX. TakxkKe He CTOUT 3a0blBaTb O TOM, YTO 3TH 36% mo-
TpeOyIOTCS MOJHOCTBIO TOJIBKO AJISt aATOPUTMA, UCIOJb3YIOLIET0 Cay4YaiHble MOIBbIOOPKH,

B TO BpeMs KakK MOAeJb, OCHOBAHHAsS Ha IPOrHOSHMPOBAHHHU 3HauUeHUH cjenyroumero aH4,
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Owwndka LoglLoss
o
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o
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- 00

0 AonA oDBLEKTOB o

Oona npuzHakos p 0

Puc. 18: peBy.HbTaTbI 9KCIIEpUMEHTAa MpPU TeHepalhuu CBA3AHHLIX BO BPEMEHHU BbI60pOK

0.1250 | 0.2500 | 0.3750 | 0.5000 | 0.6250 | 0.7500 | 0.8750 | 1.0000

0.1250 | 0.4217 | 0.4072 | 0.4128 | 0.4163 | 0.4193 | 0.4158 | 0.4323 | 0.4540
0.2500 | 0.4304 | 0.4155 | 0.4027 | 0.4067 | 0.4099 | 0.4092 | 0.4242 | 0.4527
0.3750 | 0.4383 | 0.4195 | 0.3983 | 0.4001 | 0.4071 | 0.4042 | 0.4206 | 0.4524
0.5000 | 0.4405 | 0.4182 | 0.3971 | 0.3979 | 0.4050 | 0.4001 | 0.4163 | 0.4515
0.6250 | 0.4462 | 0.4254 | 0.3950 | 0.3941 | 0.4024 | 0.3984 | 0.4145 | 0.4501
0.7500 | 0.4463 | 0.4214 | 0.3947 | 0.3958 | 0.4016 | 0.4002 | 0.4161 | 0.4500
0.8750 | 0.4495 | 0.4218 | 0.3970 | 0.3950 | 0.4002 | 0.4008 | 0.4143 | 0.4487
1.0000 | 0.4481 | 0.4241 | 0.3918 | 0.3917 | 0.3967 | 0.3964 | 0.4105 | 0.4474

Ta6auna 6: Pe3ynbTaThl KCIlepuMeHTa MPU IeHepalyy CBSI3aHHBIX BO BPeMeHH BBIOOPOK
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Oynet pabotaTh Juib ¢ 3.6% HCXOMHOH BBIOOPKH (TakK KaK 3a KaXKAblH JeHb B BhIOOPKE

rMeetcsi mpuMepHo 10% 06BbEKTOB OT 0011ero yucaa 006bekToB N).

2 o o
B B
N W B

Owwndka LoglLoss
o
b

0 0 OonA 0O0BbeKTOB o

Oona NpU3HaKkoe p

Puc. 19: PGSYJIbTaTbI IKCIIEPUMEHTA KOM6I/IHI/Ip0BaHI/IH AJITOPUTMOB [IJi pa3/IMYHBIX Ba-

pHaHTOB reHepauuy obydarollell BEIOOPKU

3.2.4 Mertoabl yMeHblIeHHsS 00beMa UCMOJb3YeMOH NaMITH

B crenyroiiem paszesie pacCMOTPUM Napel 3HauUeHUH (&, ), IPH KOTOPBIX NOCTHUTaeTCs
MHUHHMaJbHas olmn6ka LogLoss mnpu pasiWyHbIX BapHaHTax reHepalud TPEeHHPOBOYHOH

BbIOOPKH. [IocTaHOBKY 3TOro sKCnepuMeHTa MOXKHO 3amucaThb CJedyHLUUM 00pa3oM:

e 9 pa3 npousBesieM reHepaluio caydalHbIX BBIOOPOK M3 MCXONHOH BBIOOPKH U cleJa-
em no 10 3amycKoB MOCTPOEHHS KOMIIO3UIIMH PeLIaloINX JePeBbeB /51 BCEBO3MOXK-

HBIX Map 3HaueHuH («, f);

e I Ka)KIoW M3 NeBsiTH 3anad nporHosupoaHus CTR Ha cienyomuit neHb npu
M3BECTHBIX 3HAUEHUSIX TEKYLIero NHs caesaeM no 10 3amyckoB MOCTpOEHHS] KOMIIO-

3UIMH pellalolIUX JepeBbeB AJsl BCEBO3MOXKHbBIX Nap 3HayeHUi (a, f3);

e nosyuenHsle 18 mHoxects map {(a;, 5;)}12; (Mo 9 nsisi ciydaiiHbIX ¥ CBSI3aHHBIX BO

BpeMeHH BBIOOPOK), NOCTaBJSIIOIINE MUHUMYM (DyHKIHOHAMy Logloss, u3obpasum
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0.1250 | 0.2500 | 0.3750 | 0.5000 | 0.6250 | 0.7500 | 0.8750 | 1.0000

0.1250 | 0.4066 | 0.4020 | 0.4112 | 0.4123 | 0.4164 | 0.4175 | 0.4250 | 0.4386
0.2500 | 0.4141 | 0.4102 | 0.3966 | 0.4045 | 0.4107 | 0.4110 | 0.4211 | 0.4366
0.3750 | 0.4168 | 0.4070 | 0.3950 | 0.3971 | 0.4064 | 0.4071 | 0.4178 | 0.4359
0.5000 | 0.4221 | 0.4121 | 0.3958 | 0.4004 | 0.4089 | 0.4071 | 0.4156 | 0.4342
0.6250 | 0.4248 | 0.4100 | 0.3914 | 0.3975 | 0.4057 | 0.4039 | 0.4161 | 0.4360
0.7500 | 0.4254 | 0.4106 | 0.3911 | 0.3999 | 0.4065 | 0.4050 | 0.4160 | 0.4349
0.8750 | 0.4270 | 0.4034 | 0.3908 | 0.3979 | 0.4064 | 0.4042 | 0.4151 | 0.4343
1.0000 | 0.4268 | 0.4088 | 0.3991 | 0.3980 | 0.4023 | 0.4041 | 0.4130 | 0.4346

Ta6.1mua 7: PGSY.HI:\TaTbI 9KCIIepHMEHTa KOM6I/IHI/IpOBaHI/IH AJITOPUTMOB [IJId pPa3JUUYHbBIX

BAPUAHTOB reHepaluu oOyyarollell BbIOOPKU

Ha mockocTd Oafl B BHAE 3JJMICOB C LEHTpaMHu (&, ) U mapasjebHBIMH OCSIM

Oa u Of nonyocsiMH, paBHBIMU @ U b COOTBETCTBEHHO, TJ€:

10 10

> Qi > Bi
& = =1 B _ =1
10 10

[Tonyuennyto msmockocts Oafl ¢ HaHeCEHHBIMM Ha Hee 3JJMICAMU MOXKHO BHIEThb
Ha pucyHke 20a. I HarisiAHOCTH Ha 3Ty IJIOCKOCTb TaKxKe HaHECeHbl JIMHUHU YPOBHS
{0.01,0.05,0.1,0.2,...,0.9} dyukuuu Mem_size = « - 3, KOTOpble MO3BOJISIIOT OLEHHTD
KOJIMYEeCTBO MaMSITH (a, COOTBETCTBEHHO, W BpeMsl, TpeOyeMoe Ha HACTPOHKY HMTOTOBOH
KOMIIO3ULIMH), KOTOPOE MPUXOAUTCS PACXO0BATh MPH PelleHUH KaXKIoH U3 3a1ad AJs Mo-
JIy4eHUS ONTHMaJIbHOrO pe3ysbTara. [1o pesysnbraTam npoBeieHHOr0 3KCIIePUMEHTa BUIHO,
4YTO HaJIeKO He B KaXKJOH PACCMOTPEHHOW 3ajaye Jydyllde pe3y/bTaThl M0 (PYHKIHMOHA-
Ay KadectBa LogLoss TOJMydalTCsl C UCMOJb30BaHMEM HeOOJBbIINX 0OBEMOB NaHHBIX (B
HEKOTOPBIX CJy4asix MpU paboTe co CaydalHbIMU MOABBIGOpKaMU Tpebyercs nmouth 60%
MCXOIHBIX NAHHBIX), TIO3TOMY B CJeENYIOLIeM 3KCIIepUMeHTe JJIsi KaXKIOoH 3aiadyu Haliem

TaKy0 IpaHULy 1o obbemy namsti Mem_size’, KoTopasi TO3BOJISIET MaKCUMaJ/JbHO COKpa-
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TUTb 00bEM HCIOJb3yeMbIX AaHHBIX 0e3 CylleCTBEHHBIX MOTepb KayecTBa padoTsl. [losy-
UeHHble pe3y/bTaThl AJIs KaxKAOW 3amayd npuBefieHbl Ha pucyHke 20b u B Tabauue 8.
Mcnonb3yst UX, MOXKHO clieslaTb BBIBOA, UTO B CJy4ae ocC/abJeHHs] orpaHUYeHUs] MHHH-
MasJbHOCTH (DyHKUHMOHana LogLoss Ha CPaBHUTE/bHO Hebosbiuoe € = 3 - 1073 ynaercs
MCI0/b30BaTh NMpuMepHO Ha 20% MeHbllle TaHHBIX AJs1 00yUeHHs] MOJEJH CO CAy4yalHbIMU
noBEIGOPKaMHU U Gostee yeM Ha 50% B ciydyae CBSI3aHHBIX BO BpeMeHH 00y4aloluX BbIGO-
pOK. DTO M03BOJISIET OCTPOUTb ropas3fo GoJblile Mofesel 3a (PUKCUPOBAHHOE BpeMsl, YTO

MOXKET OKa3aTb NOBOJbHO KPUTHUUYHLIM MapaMeTpPOM B 3aJadax peaJbHOr0 BPEMEHH.
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Puc. 20: PesysnbraThl 3KcrepuMeHTa 0 YMeHbLIeHHI0 00beMa UCIO/b3yeMOH NaMsATH AJS

HACTPOUKH NapaMeTpPOB MOJEJ/H

3.2.5 BreiBoasl

OcTaHOBHMCS Ha HaubOJee BaXKHBIX pe3yabTaTax, MOoJYyUYEHHBIX B XOA€ 9KCIIEPHUMEHTOB

9TOTO pasaeJa:

e B CJydyae HMCIOJb30BaHHUS CAYYalHBIX MOABBIOOPOK HCXOAHOH 0Oyuaroiei BHIOOPKU
IST TIOCTPOEHHST KOMITO3UIIMK MOIH(HIIUPOBAHHBIX IePEBbEB PellleHHE HEOOXOIHMMO
MPOU3BOJIHThL TeHEepalHio 00yJYalolMX MHOXECTB pa3MepoM MpuMepHo 36% oT 06-

mero obbemMa JaHHbIX — OWIMOKa TAaKOHM KOMIIO3WLMUM Mo (yHKUUOHany LogLoss

coctasut 0.3919;
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Tun BeiGopku | Jlo npeo6pasosanusa | Ilocae npeobpasosanus

Kputepuii Cnyuafinbie | CBasanHble | Caiyuaiinble | CBsisaHHBIE
KauectBo paboThl 0.3919 0.3917 0.3921 0.3917

MuHUMaBHBIH 00beM MaMsITH 20.7% 2.1% 18.5% 2%

CpenHuil 06beM MaMsTH 39.4% 5.2% 21.4% 2.5%
MakcuMaJibHBIH 00beM MaMsTH 58.5% 11.2% 39.7% 5.2%
CpenHee OTKJIOHEHHE, « 0.0662 0.0531 0.0639 0.0467
CpenHee OTKJIOHEHHE, [3 0.0689 0.0728 0.0644 0.0489

Tabauna 8: PesysnbraThl 3KClepuMeHTa N0 yMeHbLIEHUI0 00beMa HCIOoJb3yeMOH MaMsITH

IJ1s1 HACTPOHKH MapaMeTPOB MOIEJH

e B cjlyyae MCIOJb30BaHUS MOJABLIOOPOK, CreHEPUPOBAHHBIX U3 AaHHBIX 32 ONWH JI€Hb,
IJ151 TIOCTPOEHHUSI KOMIO3ULIUK MOAU(PULIUPOBAHHBIX epeBbEB pelleHUH HeoOXOAUMO
HMCII0/1b30BaTh BbIOOPKH pa3MepoM Bcero 5% ot obuiero o6beMa gaHHbIX (Hau 50%
OT o0beMa JNaHHBIX, COOpPaHHBIX 3a 3TOT JeHb) — OLIMOKA TaKOH KOMIO3ULIHH IO

¢dbynkuunonaay LogLoss coctaBut 0.3917,

® [pU KUCIMOJb30BAHUHU JUHENHOH KOMOMHALMHK IBYX KOMIO3ULIUH MOAUMDUIIUPOBAHHBIX
pelanlKX AepeBbeB MOXKHO YJAYULIHUTb pPe3yJbTaT, M0Jy4yaeMbld NPU UCIOJb30Ba-

HUU KaxXI0U U3 MoxeJsied B oTnesabHocTH, 10 0.3908;

® JIpM HE3HAUYHUTEJbHOM ocJsabJaeHun OorpaHnyeHusd MUHUMAJbHOCTHU OIIMOKHU LOgLOSS

Ha € = 3 - 1073 MOXXHO HMCIOJb30BATh:

o Ha 20% MeHbllle JaHHBIX B CJydyae MOCTPOEHHsI MOIEJNH, OCHOBAaHHOH Ha CJy-

YalHBIX MMOJBBLIOOPKAX;

o Ha 50% MeHbllle JaHHBIX B CJydae MOCTPOEHHUsT MOJEJH MPOrHO3UPOBAHHS 3HA-

YeHUH Ha CJeAYIOUMH [eHb.
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4 3akJgoueHue

B Hacrosilel aunjoMHO# paboTe:

® TIpeaJio2KeHbl U HUCCJieNOBaHbI MO,U,I/Iq)I/ILII/IpOBaHHbIe pemarmouie nepeBbsd U METOMbI
HX O6’be,U,I/IH€HI/IH B KOMIIO3WLHKH, MO3BOJAKOIKE TTOJYYHUTb yCTOﬁ‘-II/IBOQ pelmeHue u

CylI€ECTBEHHO MOBBICHUTb UTOIOBOE KAa4YE€CTBO pa6OTbI;

e [IPOrpaMMHO peasiM30BaHbl BCe HEOOXOAWMBIe aJATOPUTMBI U MOAY/b [JIS1 IPOBeEHUS

9KCIIEPUMEHTOB;

® MPOBeJIeHbl BBIUHCJIUTENbHBIE 3KCIIEPUMEHTHl Ha [ABYX peasibHbIX Habopax [aH-
HBIX: OMMCAHHUSX pacnafa (Gusndyeckux yactil B Bosbiiom Anponnom Kosnaiimepe
(250000 06beKTOB) M peKJaMHBIX GaHHEPOB, pa3MellleHHbIX B ceTH MHTepHeT (6o-

nee 40 MJIH. 06bEKTOB).

® KUTOTOBBIM a/TOPUTM I0Ka3aJ NpUeMJeMbld pe3y/abTaT paboThl Ha 00eux 3agadax
0 CPaBHEHMIO C CYLIECTBYIOLIMMH aHAJOTaMH, 4eM J0Ka3aJ CBOKI aKTya/JbHOCTb U

NPAaKTUYECKYIO MPUMEHHUMOCTh.
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