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10. C. Kamnuukui, J1. Y. Uruatos

B crarbe pmaercs KpaTkoe BBeleHHe B aHCaMOJM KJacCH-
¢uKaTopoB B MalIMHHOM OOyUYeHHH U ONHCBHIBAETCS aJrOpUTM,
MOBBILIAKIINNA KayecTBO KJacCU(UKALMK 332 CUeT peKOMeHAa-
UMK KJaccuUKaTOpoB oObekTaM. [HmoTe3a, 3ajoKeHHas B
OCHOBY aJITOPUTMa, COCTOHUT B TOM, YTO KJIaCCH(PHUKATOP CKO-
pee NMpaBUJBHO KJacCUPULUPYeT 00bEKT, eC/IH OH IPaBUJbHO
npeicKasas MeTKH cocelell 3Toro o0bekTa U3 o0ydarollel Bbl-
6opKH. ABTOp HJIJIIOCTPUPYET MPUHLIKI aJATOPUTMA Ha IPOCTOM
NpUMepe U ONKChbIBAeT TECTHUPOBAHHE HA peasibHbIX NAHHbBIX..

BBenenue

Tema aHcam0OseBBIX MeTOHOB XOpOLIO H3yueHa B Ma-
IAHHOM oO0y4yeHUH. [lomoOHBIE cHCTeMbl B pasHbBIX CTaTbsIX I10-
SIBJISIIOTCST IOl PasHbIMM HMEHaMH: CMeChb 3KCrepToB (mixture
of experts), committee machines, ancam6au KaaccupuKaTopoB
(classifier ensembles), cmech knaccupukaropos (classifier fusion)
U MPOYUMH.

B ocHoBe Bcex MOHOOHBIX CHCTEM JIEXKUT HOes OOydyeHHUs
HeCKOJIbKUX (6a30BbIX) KJACCH(UKATOPOB HAa ONHOH U TOH Ke
oOyyamplueid BbIOODKe M KOMOMHALMM HX MpelCKa3aHUH [Js HO-
BBIX TeCTHpyeMbiX 00beKTOB [l]. MaTemMaTHuecKuM 06OCHOBaHHU-
eM 3TOH MIeH CJAYXKUT TeopemMa KoHIopchbe O KIOPU MPUCSKHBIX
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(the Condorcet’s jury theorem), matupyemasi eme XVIII Bekom.
CorsiacHoii 3TOH TeopeMme, eC/AU KaxKAbIH TPUCSKHBIK B CpeqHEM
BepOsiTHEe BCEro CYAHUT O BUHOBHOCTH OOBHHSIEMOTrO BEpHO, Hexxe-
JIU OIIHMOOUHO, TO BEPAMKT OOJIBIIMHCTBA 3aC/]yKHBaeT OBEpHS.
B npenesie BeposTHOCTb TOrO, YTO OOJBILIMHCTBO MPUCSKHBIX TPO-
roiocyeT MpaBUJbHO, CTPEMUTCS K | 1Mo Mepe yBesHyeHUsS 4Mcaa
MPUCSKHBIX. TakUM ke 00pa3oM, UMesi HECKOJbKO Ca0blX KJacCH-
¢uxatopoB (mox cjaaboCThi0 KAacCH(pHUKATOPa UMEeTCs B BHUAY, UYTO
ero omubka Ha obyudamouied Beibopke meHee 50%, Ho Gosee 0%),
MOXKHO O0BbEeIMHUTb WX MNpeACKa3aHUsi U JOCTHYb OoJjiee BBICOKOH
TOYHOCTH KJacCU(HKALUU 0OBEKTOB U3 TECTOBOW BBIOODKH.

Cpenu HauboJsiee H3BECTHBIX aHCAMOJIEBBIX METOMOB KJacCHU-
¢ukauuu Bbaeaum Osrrunr (bagging) [2], Oyctunr (boosting)
[3], cayuaiinble Jjeca (random forests) [4] u crekunr (stacked
generalization, stacking) [9].

B nanHOll cTaThe aBTOp MpeACTaBJIsSeT ellle OAWH aJrOPUTM II0-
JNOOHOTO pOfa, OCHOBAHHBIM Ha PEKOMEHAALMH KJIaCCU(PUKATOPOB —
RCE (Recommender-based Classifier Ensemble). B ocHoBe anro-
pHUTMa JIEXKUT IpeiroJioKeHrne, 4YTO KJacCU(UKATOp CKOpee BCero
NpaBUJbHO KJaccH(UUHpyeT 0OBEKT, €C/AU OH NMPaBUJbHO IpeacKa-
3aJl METKH cocellel 3TOro oObekTa U3 obydarolleil BeIOOPKH.

AHcamO0JieBble MeTOAbI KJIaCcCU(PUKALUHI

B naHHOH rnaBe Mbl paccMaTpuBaeM TPHU HM3BECTHBIX THIA
aHCaMOJIeBbIX AJITOPUTMOB KJIACCU(HUKALHH.

Barrunr

WccnenoBatenu, 3aHuMaroliyecsi CTaTUCTUKOH, yxKe NABHO HC-
MOJIb3YIOT MEeTOH, HasbiBaeMbld “bootstrap sampling”, 4To yc/joBHO
MOXKeT OBIThb INepeBelleHO Ha PYCCKUH Kak “Bapualusl 3arpy304HOH
BbIOOpKK~ . OQHO M3 BOMJIOLLIEHWH 3TOH MAeH B MallMHHOM 0oO0ydye-
HuHU - “bootstrap aggregating”, unu cokpamienHo “bagging”, To ectb
o0beIMHEeHHEe Pe3yJbTaTOB MPU PA3JIUUHBIX 3arpysKax.

Wpnes 6srruHra cCOCTOMT B TOM, YTO IPHU OTCYTCTBHU OOJbILIOH
obyuarollell BbIOOPKH MOXKHO CO3[aBaTb MHOTO CJy4aHHBIX BbIOO-
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POK M3 HCXONHOW MPOCTHIM BBHIOOPOM C 3aMmelleHHeM. XOTS 3Je-
MEHTHl B BBIOOpPKAaX MOTYT IepeceKaTbCsl WJM NyOJaHUpoBaThCs, Ha
NpaKkTHKe BCe Ke pe3y/bTaThl 00beIUHEeHHs 110 MHOIMM BbIOOpKaM
OKa3bIBAIOTCS TOYHEE, YeM TOJIbKO 110 OJHOH Hada/jbHOH. MeTon Tak
Ha3blBaeTCsl, MOCKOJNbKY OH O00ObelMHSEeT pe3ysbTaThl NpeiCcKa3aHus
PasNUYHBIX KJacCH(PUKATOPOB, 0OYUYEHHBIX Ha CJAy4aWHBIX MOAMHO-
JKeCTBaX.

BarruHr okaseiBaeTcs noJie3eH TOJIbKO B Cjydae Pa3HbIX KJaCcCH-
(PUKaTOPOB U HeCTaOUJIbHOCTH, KOTa MaJjible U3MeHeHHsl B HadaJb-
HOU BBIOOPKe NPUBOAAT K CYILECTBEHHBIM W3MEHEHHSIM KJaCCH(H-
Kauuu [2].

Byctunr

B pa6ore 1984 roma [6] OblLIM TpeacTaBJeHbl TeopeTHYe-
ckue ocHoBbl PAC-Momesnu BeposiTHO MOYTH KOPPEKTHOro oOyue-
nus (Probably Approximately Correct), mpu KoTopoM paccmarpu-
BaJ1aCh BO3MOXKHOCTb YJIYUIIUTh aJTOPUTM KJaCCH(PUKAIHMU C TTIOMO-
IbI0 HECKOJBbKUX C/Ia0BIX KJIaCCH(PUKATOPOB.

B 1989 ropy Illanup (Shapire) mepBbiM mpuayMan Takod aJ-
FOPUTM C TOJMHOMHAJBHOH CJIOXKHOCTBIO M OMYOGJHMKOBaJ B CTaTbe
¢ spkuM HasBaHueMm “Cusa cmaboro obydenus” [7], a depes rof
®peiinn (Freund) paspabortan Gosee 3¢hGheKTHBHYIO peasd3aluio
[3], koTopas crasna ocHoBoi anroputMa AdaBoost, npencraBnenHo-
ro B 1995 rony Ulanupom u dpeitHaom yxke BMecCTe.

Byctunr (boosting, yaydiieHue) — 3To mpoleaypa nocJenoBa-
TeJIbHOTO TOCTPOEHHUS] KOMIIO3HUIMK aJrOPUTMOB MALIHHHOTO 00y-
YeHUs!, KOra KaXKIbli CJEeNYIOUHH aJrOpPUTM CTPEMHTCS KOMIIEH-
CHPOBaTb HEOCTATKH KOMIO3MLMH BCEX MPENbIAYIIHX aJTOPUTMOB.
BycTuHr npencraBsser co6od KaaHBIH aITOPUTM MOCTPOEHHUS] KOM-
MO3UIIMK aJrOPUTMOB. M3HauasbHO TMOHsATHE GYCTHHTA BO3HHKJIO B
paboTax 1o BEPOSTHO MOUTH KOPPEKTHOMY OOyuUeHMIO B CBSI3H C BO-
MPOCOM: BO3MOXKHO JIM, HMesi MHOXKEeCTBO MJOXHX (He3HauHUTeJbHO
OTJIMYAIOIIUXCS OT CJYy4alHBIX) AJTOPUTMOB OOyuUeHHs, TOJNYUHTb
XOPOLIUH.

B Teuenue nocnennux 10 seT 6ycTHHT ocTaeTcss OOHUM M3 Hau-
6oJsiee MOMYJNSPHBIX METONOB MAIIMHHOIO OOy4YeHHsl Hapsily C HeH-
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POHHBIMH CETSIMHU M MalllMHAMH OMOPHbIX BEKTOPOB. OCHOBHBIE TPH-
YHMHBl — TMPOCTOTA, YHUBEPCAJTbHOCTh, TMOKOCTb (BO3MOXKHOCTD T10-
CTPOEHHUsI Pa3JMUHBIX MOAM(UKALHMKH), U, TJaBHOe, BbICOKas 0000-
njaroasi CrocoOHOCTb.

BycTuHr Han pelianMMK AepeBbIMU CUMTaeTCs OJHUM U3 Hau-
6oJiee 3(h(PeKTUBHBIX METONOB C TOUKH 3PEHUS] KauecTBa KJacCH-
¢ukauuu. Bo MHOrux skcneprMeHTax HabJ/10[aJ0Ch MPAKTHUECKU
HeorpaHWYeHHOe yMeHblIeHHe 4YacTOThl OLIMOOK Ha He3aBUCHUMOH
TeCTOBOH BbIOOPKE MO Mepe HapallMBaHMs Kommno3uuuu. bosee To-
ro, KauecTBO Ha TeCTOBOH BBIOOPKE YACTO MPOAOJIKAJO YJAyUlIaThCs
Jlaxke MocJie TOCTHKeHNS 0e301HMO0YHOro pacrno3HaBaHus Bced o0y-
yawleld BeIOOPKH. DTO MepeBepHYJIO CyllleCTBOBABILKE AOJT0€e Bpe-
Ms MIpelCTaBJeHUsl O TOM, UTO MAJs MOBbILIeHUs obobiiatollel cro-
COOHOCTH HEOOXOAHMMO OTpaHHUYMBATb CJOXKHOCTb aaroputMos. Ha
npuMepe OYCTHHIa CTaJ0 MOHATHO, UTO XOPOLIMM Ka4eCTBOM MOTYT
00/1a1aTh CKOJIb YTOIHO CJI0XKHble KOMIIO3ULHMH, €CH UX NPABUJBHO
HacTpauBaTh.

Brocnencteuu QeHoMeH OyCTHHra TMOJYUYUs TeOpeTHUecKoe
o6ocHoBaHue. OKa3a/loch, UTO B3BelIEHHOE TOJI0COBAHUE HE yBeJIH-
yuBaeT 3(PPEKTUBHYIO CI0KHOCTb aJIrOPUTMA, a JIMLIb CLJIa’KUBAET
OTBeThbl 0a30BbIX AJATOPUTMOB. Ko/sMuecTBeHHble OLEHKH 000011at0-
el cnocobHOoCTH OYCTHUHTa (hOPMYJIUPYIOTCS B TEPMHUHAX OTCTYIIA.
AddekTUBHOCTL OyCTUHTa OOBACHSETCA TeM, YTO Mo Mepe H00OaB-
JieHusi 6a30BbIX aJTOPUTMOB YBEJHYUBAIOTCS OTCTYIbl 00YyYaroIUX
06bekToB. [lpruemM OYCTHHI MpOAO/KAeT pa3fABUraTh KJacchl aa-
XKe TocJie TOCTHKeHNs 0e301HO0YHON KaaccudrKauuu obydatoliei
BBIOOPKH.

K coxasnenuio, TeopeTuueckue oLeHKH 000011atolied crocobHo-
CTH JalOT JHIIb KayecTBeHHOe 00OCHOBaHHe (eHOMeHY OyCTHHra.
XOoTd OHU CYLIeCTBEHHO TO4Hee OoJiee 0OLIMX OlleHOK BanHuka-
UepBOHEHKHCA, BCe XKe OHM CHUJIBHO 3aBbllLIEHbl, U Tpedyemas IJa1HA
obyuyaroleil BHIOOPKH OLIEHHBAEeTCsl BeJMuMHOH mopsinka 10%. .. 106,
Bosee ocHoBaTe/ibHBIE 3KCIEPUMEHTBI MOKa3a/jd, 4TO MHorga Oy-
CTHHT Bce Xe nepeodydaercs.!

"http://www.machinelearning.ru/wiki/index.php?title=BycTusr
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CrekuHr

CrekoBoe ob6o6urenue (stacked generalization), uau mpocro cre-
KuHr (stacking) — emte onuH crnoco6 06beAHHEHUS KJIaCCUPUKATO-
pOB, BBOISILIMH MOHSITHE MeTa-aJiroputMa oOydeHus. B otnuuue ot
O3rTUHTa ¥ OYCTHHTA, MIPH CTEKUHTEe HCIOJb3YIOTCS KJIacCHPUKATO-
pbl pasHo¥ mpuponabl. Mmesi ctekuHra takoa [9]:

1) pas6uTb oOydalollyio BHIOOPKY Ha JBa HeMepeceKaollnXcs
MOIMHOKECTBA;

2) 06yunTb HECKOJbKO 6a30BBIX KJACCH(HKATOPOB Ha IEPBOM
MIOMHOXKECTBE;

3) TecTHpoBaTh 6a30Bble KJACCH(PUKATOPHl HA BTOPOM MOAMHOXKeE-
CTBE;

4) wucrosb3ys TpeNCcKa3aHUs U3 MPeAbIAYLIero NyHKTa KaK BXO-
Hble JaHHble, a UCTUHHBIE KJAacChl 0OBEKTOB KaK BBIXOA, 00Y-
YUTb MeTa-aJrOpUTM.

OcHoBHble onpenenenus Anaausza Popmanasnbix Ilo-
HATUHA

Dopmanrvroii koumekcm — 3to Tpoilka K = (G, M, 1),
rie G — MHOXecTBO 00bekToB, M — MpU3HAKOB, a GUHApPHOE OT-
HoweHue I C G X M onpenensieT, KaKOH 06beKT KaKUM MPHU3HAKOM
obnanaer. Ilpenukar g/m o3Hayaet, 4To 0ObEKT ¢ MMeeT MpPU3HAK
m. Jlig MOIMHOKeCTB MHOXKeCTB 00beKTOB U mpusHakoB A C G u
B C M onepamopot I'arya onpenesisiloTes caefyomuM 06pa3om:

A'={m € M | gIm nns Bcex g € A},

B'={g € G| gIm nns Bcex m € B}.

Onepatop ” (npuMeHeHHe omepaTopa ' [dBaXkiAbl) Ha3blBaeTCs
onepamopom 3amvikanus. MHoxecTBo 06bekToB A C (G, Takux
uto A” = A, Ha3bIBaeTCs 3AMKHYMObIM.

[Tapa (A, B), takasg uto A C G,B C M,A' = Bu B = A,
HasblBaeTcst opmanrvHoim nonamuem kKoutekera K. MHoxectBa A

/
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1 B 3aMKHYTBI U Ha3blBAlOTCS 06BemMoM U codeprcanuem Ppopmalib-
Horo moHsTtus (A, B) coorBeTcTBeHHO. [/ MHOXeCTBa 0ObEKTOB
A MHOXKeCTBO MX OOLIMX Mpu3HakoB A’ ompenessieT CXOACTBO 00b-
€KTOB MHOXecTBa A, a 3aMKHYTOoe MHOXecCTBO A” ecTb MHOXeCTBO
CXOXHUX 00BeKTOB (¢ 0OIUMU Npu3HaKamu U3z A’).

Ob6iee uncyao GopManbHbIX NMOHATHH KoHTekcTa K = (G, M, )
JIOBOJILHO CyIeCcTBeHHO: B XyaueM cayuae 2™™MICHMI  Cyectpy-
I0T CNOCOOb! YMEHbIIEHHS] 3TOr0 KOJIM4YeCcTBa, HalpUMep, oT6op Io-
HATHH N0 CTaGMJBHOCTH MJIM MHIEKCY MOIIHOCTH o6bema [9].

B konrekcre (G, M, I) nousitne X = (A, B) 6oaee u cmoao se
obuiee, kak nonstue Y = (C, D) (mmu X <Y), eciu A C C wuiy,
skBuBajieHTHo, D C B. [ns aByx nousituit X u Y, Takux 4TO
X <Y u He cyuwectByer nousitua Z: Z # X, Z #Y, X < Z <Y,
noHsiTe X HasblBaeTcs cocedom cHu3y TOHSATHS Y, a Y, cooTBeT-
CTBEHHO - cocedom c8epxy MOHATHS X . DTO OTHOIIEHHe 00603HaYa-
ercs Kak X < Y. ®opmaJsibHble MOHSATHS, YIOPSIOUEHHbIE 3THM OT-
HolLlIeHUeM, 00pasyloT NOAHYHO peuilemKy NOHAMUL, KOTOpasi MOXKET
ObITh TpenctaBieHa duaepammoti Xacce [10]. Heckombko anropurt-
MOB MOCTpOeHHs] (DOPMasbHBIX MOHSITHH M MX pelieToK (BKJouas
Close by One) paccmoTpeHnbl Takxke B [10].

HekoTopeie npumepsl GopMaibHbIX MOHATUH U PEIIETOK, a TaKKe
MPUMEPBI UX MPUMEHEHHS B MPUNOKEHHSIX aHa/JM3a AaHHBIX MOXKHO
na#itu B [8] u [11]. [Ipu onucanuu anroputma RCE Ha nckyccTBeH-
HOM Habope JaHHBIX TaK»Ke JEeMOHCTPHPYETCs MPUMeHeHHe armapa-
ta ADII B peanbHO# 3amaue.

OnHako, B HEKOTOPBIX MPUJIOKEHUSIX HET HEOOXOMUMOCTH HaXo-
IUTb BCe (hopMaJsibHbIe MOHSITHS WM CTPOUTh BCIO PELIeTKY TMOHSI-
TUH. PelieTKH MOHSITHI, KOTOpPble MOTYT BKJIOUYAaTb TOJNbKO 4acThie
(opMasibHBIe TIOHSITHS, HasblBatoTcs aiicbepramu (iceberg lattices).
Bbis0 TOKa3aHo, UTO OHU MOTYT CJY2KHTb KOMIAKTHBIM TpeACTaBJe-
HHUEeM acCOLMATHBHBIX MPABUJ M 9aCThIX MHOXKECTB MpU3HAKOB [11].

Mur ynpoctuau anroputm Close by One, Tak 4TO OH HaXOAUT
TOJIbKO CaMoe BepxHee (OpMasbHOE TMOHATHE U ero OJHKahlIuX
cocesiedl cHu3y. OnucaHue OPUTHHAJIBbHOIO AJTOPUTMAa U €ro ympo-
ILIeHHOH BepCUM OCTaeTcsl 3a paMKaMM JAaHHOH CTaThbH.
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RCE

B sro#i rnaBe mMbl onuchbiBaeM aHcaMOJieBbIH MeTOJ MallMH-

HOro 0Oy4yeHMsi, OCHOBAaHHBIH Ha peKOMEHIALHUH KJAacCU(DUKATOPOB
— Recommender-based Classifier Ensemble (RCE). IlceBgokon as-
TOPUTMA TIPeICTaBJeH B JIUCTHUHTe 1.

Bxon anropurma:

1)

2)

Xtrain, Ytrain — OOydamolias BbIOOpKa, Xiesq — TECTOBAs BbI-
6opKa;

C = {cly,cly, ...,clg} — mHOXKecTBO K 6a30BbIX KiaccudHKa-
TOPOB;

sim(x1, x2) — QYHKOHUS CXOACTBA 0OBEKTOB, ONpeleseHHasi B
MPOCTPAHCTBE MPU3HAKOB. DTO MOXKET ObITh paccTosiiie MuH-
KOBCKOrO (BKJstoyast XaMMuHra W EBKJIHIOBO), paccTosiHue,
B3BeLIEHHOE BaXKHOCTBIO PU3HAKOB, U APYTHE;

k,n_fold - napameTpbl, CMBICJI KOTOPBIX MPOSICHSIETCS HUXKE;

topCbO(context) - GyHKUMS 1/ HAXOXKAEHUS BepxXHero Qop-
MaJIbHOTO TOHSITHSI (POPMaJbHOIO KOHTEKCTA H ero OJHxKak-
LIMX COCeled CHU3Y.

AJ'[FOpI/ITM COCTOUT M3 CJAEAYIOIIHX IIaros:

y

Ckonb3silIMH KOHTPOJIb Ha oOyvatollel Beibopke. Bee K kaac-
cuduraropoB obyuatrcs Ha (n_folds — 1) uvactax obyuato-
el BBIOOPKU Xypgin. 3aTeM (DopMHUpYeTCcs KaacCHU(PHUKaLMOH-
Has Tabsuna (KOHTEKCT), B KOTOPOH KpecT A/ 00beKTa i U
KJlacCH(UKaTopa cl; CTaBUTCHA, €CJH cl; MPaBUJIBHO NpejcKa-
3aj1 MeTKy oObeKTa i, o6yuyuBIInCch Ha (n_folds — 1) yacTax
oOyuarolel BbIOOPKH, He BKJIOYAIOIIUX 00BEKT %

3amyck 6a30BbIX KJaaccudukaTopoB. Bee K k/aaccuukaTopos
obyyatoTcsi Ha Bcel BbIOOPKe Xypqin. 3aTeM (hopMHUpPYyeTCs Tab-
Jua (KOHTEKCT) MpeacKa3aHui IJisi TeCTOBOH BBIOOPKH, B KO-
TOPOU MO3ULHS (7,)) CONEPKUT METKY, MpelcKa3aHHYI KJjac-
cuuKaTopoMm cl; 11g 00beKTa i;
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HaxoxxeHue BepxHHUX (DOpPMaJIbHBIX MOHATHH KJacCH(HUKALHU-
OHHOI'O KOHTeKcTa. 3amnyckaercs anroputm topCbO nas Ha-
X0XKIeHUsT BepxHero hopMabHOTO MOHATHS KJAaCCH(MHUKALMOH-
HOTO KOHTEKCTa WU ero OJuXKauux coceneil cHudy. OObembl
9THX MOHATHH HMEIT MaKCHMaJbHOEe YHCJI0 OOBEKTOB, a CO-
Jep:KaHUs — MHUHHUMaJbHOE YHCJIO KJIACCH(PUKATOPOB;

Haxoxnenue cocenelt 00beKTOB U3 TECTOBOH BBIOOPKH Xjeg:-
ITH 06beKThl oOpabaTbiBalOTCS OAMH 3a ApPyruM. [l Kax-
10oro oObeKTa W3 TEeCTOBOHW BBIOOPKH Xyeqr HaxomsiTcss k ero
OnnxKallnMx cocefedl n3 obyuarwolled BbIOOPKU Xy.qi, COTJIAC-
HO ormpefesieHHOH MeTpHke sim(ry,x2). O603HAUNM MHOXKe-
CTBO 3THUX coceled mpocto yepe3 Neighbors. 3aTeM Haxo-
nuTcs (hopMasibHOE TOHSATHE KJACCH(PUKAIMOHHOTO KOHTEKCTa,
yeld 06beM MMeeT MaKCUMaJibHOe MepeceyeHre C MHOXKEeCTBOM
Neighbors. Ecnu copep:kaHue caMOro BePXHEro MOHATHS My-
cToe (TO €CThb HU ONMH KJacCHU(pHUKaTOp He Mpeackaszas Tmpa-
BHJIbHO METKH BceX 6e3 MCKJIYeHHUSI 00BbeKTOB U3 Xipqin, UTO
yalle BCEro U MMeeT MEeCTO [Jisi PeasbHbIX NaHHBIX), TO BepX-
nee nousitve {G, ()} urnopupyercsi. Takum 06pasom BbIOHpA-
eTcss (opMasbHOE MOHATHE KJACCHU(PUKALMOHHOTO KOHTEKCTA,
cofleprKaHue KOTOPOro — MHOXKEeCTBO KJacCU(HUKATOPOB, KOTO-
poe Mbl HazoBeM Cl;

Knaccudukauus. Ecan Cg; cOCTOUT BCero U3 0JHOro KJaccu-
(ukaropa, To AJS TeKyllero oobekTa U3 Xy NMpeacKasbiBa-
eTcsl KJacc, COBMAAOIINN C NpeaAcKa3aHWeM 3TOro KJaaccupu-
Katopa. Eciiit BbIOpaHbl HECKOJbKO Kaaccupukatopos (|Cye| >
1), To KOHeYHOe TpeacKaszaHue OmNpeaessieTcsi ¢ TOMOIIbIO TO-
JIOCOBAHHS OOJBIIMHCTBOM CPEIU 3TUX KJIACCU(PUKATOPOB.

HckyccTBeHHbIN pUMep

HpI/IHL[I/IH aJIrOpUTMa Mbl TIPOAEMOHCTPHPYEM Ha HCKYC-

CTBEHHOM Habope NaHHBIX, NpeAcTaBjJeHHOM Tabauuel 1. Paccmart-
prBaeTcsl 3ajaya OUHapHOHM KJjaaccupukauuu ¢ 8 oObeKTaMH, CO-
CTaBJAIOLMMHY 00yyalollyo BbIOOPKY, U 2 — TectoBylo. Kaxkablii
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Ta6nuua 1: Tlpumep HaGopa manHbix u3 10 06bekTOB ¢ 4 GUHAPHBIMHU
NpHU3HAKaMH U OMHAPHBIM LieJIeBbIM KJacCOM

G/M mi | My | M3 | My Label
| X X X |
2 X X 1
3 X X 0
4 X X X |
5 X X X 1
6 X X X 0
7 X X X 1
8 X X 0
9 X X X X ?
10 X X ?

00BEKT HMMeeT ueTbipe OWHAPHBIX TPU3HAKA M OWHAPHBIH I1e/1eBOH
kyaacc. Mbl o0yuaem 4 kaaccudukaTopa Ha JaHHOH oOyuarolllel Bbl-
60opKe U MpelncKasbiBaeM 1esieBOH Kaacc ajs 06bekToB 9 u 10.

CorsnacHo Tpapuuuu APII, o603naunm uepes G = {1,2,3,4,5,6,
7,8,9,10} — MHOXecTBO 00beKTOB, Gyt = {9,10} — recTto-
BYIO BBIOOPKY, Girain = G\Giest — OOydarwulyio BbiGOpKY, M =
{my, ms, m3, my} — MHOXKecTBO npusHakos, C' = {cly,cly, cls, cly}
— MHOXKECTBO KJIaCCU(HUKATOPOB.

31ech Mbl NIPUMEHsIEM CKOJb3SIMINUHA KOHTPoJb “OcCTaBb OQHOTO”
(leave-one-out cross-validation) nsis 4 knaccudukaTopoB. 3anosHs-
eTcsl Tabauua 2, B KOTOPOH KpecT AJs1 00beKTa i U KJacCU(pHKa-
TOpa cl; cTaBUTCS, €C/U cl; IPaBU/IBHO NpeAcKas3an MeTKy 00beKTa
i B TIpollecce CKOJb3siIero KoHTpoJss. Hampumep, kpect B Tab/u-
e ass obbekta 3 M KJaaccudukatopa cly 03Hayaet, uTo cly mpa-
BUJIbHO KJIaCCU(UUHPOBaN 00bEeKT 3 mocje oOyueHHs] Ha OCTaJb-
HbIX 00beKTax M3 obOydarouled BbIOOPKH, TO €CTb Ha MHOXKeCTBe
Grain\{3} = {1,2,4,5,6,7,8}

Tabnuuy 2 MOXXHO paccMaTpUBaTh Kak (pOpMabHBIE KOHTEKCT C
o6bektamu GG W npusHakamu C' (TO eCTb Temepb KJacCH(DUKATOPHI
BBICTYIIAIOT B POJIM MPU3HAKOB). HazoBeM 3TOT KOHTEKCT KJaccudu-
KaLMOHHBIM.
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Kak 6b1s10 ynoMsiHyTO, 4ncjo (pOpMaJ/ibHBIX MOHATHH (DOpMaJib-
Horo KoHTekcta K = (G, M,I) MoxeT ObITb BEJUKO — B XYALIEM
ciydae 3KCIOHeHLHanpHO mo oTHoweHuto kK min{|G|,|M|}. Has
anroputMa RCE Hy»XHa He Bcsl pellleTKa, a TOJbKO €e BepXHee I10-

IO. C. Kamnuugwu#t, 1. . Uruatos

Tabauua 2: KnaccudrkauvoHHBIE KOHTEKCT

G/C Cll Cl2 Clg Cl4
1 X X X
2 X X
3 X X
4 X X
5 X | %

6 X X X
7 X X
8 X X X

HSTHE U ero OJukakiine cocend cHU3y (puc. 1).

Bor atu BEpXHHUE TTOHATHA KJIaCCI/ICpI/IKaL[I/IOHHOI‘O KOHTEKCTa:

{G,0};
{[1,3,5,6],cl1 };
{[2,4,5,6,7,8], cly};
{[1,2,4,8],cls};
{[1,3,6,7,8],cls}.

(e}
/

\ N
2,4,5,67.8lcl2}  ({[1,3,5,6],cl1} \ {[1,3,6,7,8],cl4} ([114,8],ch¥

R « A

Puc. 1: BepxHue nmoHATHUS KJAacCU(PUKALIUOHHOTO KOHTEKCTA
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Tabnuua 3: Pekomengauus kijaccuUKaTopoB s 00bEKTOB U3 TECTOBOH
BBIOOPKU Giest

Gtest 9 10

1 6nux. cocen | 4 1

2 GsinXK. cocen | 5 6

3 6auxK. cocen | 7 8
Cocenu {4,5,7} {1,6,8}
[TousThe {[2,4,5,6,7,8], {[1,3,6,7,8],
KJacc. KOHTeK- | cla} cly}
cTa

Pexomennyembifi| clo cly
KJaccuduKa-

TOp

Jas kaaccudukauuu o6bekToB U3 (ies; CHauada HalgeMm k HX
onnxkanx cocenel U3 Gyqi COTJIACHO HEKOTOPOH MeTpHKe CXOf-
cTBa 00beKkTOB. 31ech Mbl OepeM k = 3 W HCIONb3YyeEM METPUKY
XsmmuHra. Ilpu takux ycnosusax 3 Oauxkalmux cocena oobekTa 9
— o0bekThl 4, 51 7,210 -1, 6 u 8.

[lanee HaxoiMM MakcUMaJsibHble ITepecedyeHHss MHOXKECTB 3THX
coceneit Neighby = {4,5,7} u Nieghby = {1,6,8} ¢ ob6bemamu
(bopMasbHBIX MOHATUH KJ1acCU(UKALLMOHHOTO KOHTEKCTa, MPeaCcTaB-
neHHbIMU Bbile (urHopupyst {G,(}). Conepxkanusi (To ecTb KJjac-
CU(UKATOPBI) COOTBETCTBYIOIIUX TOHATHH — 3TO PEKOMEHAyeMble
KJI1aCCU(PHUKATOPBl AJ/151 pacCMaTPUBAEMbIX O00BEKTOB M3 (Giyes. lIpo-
lecc peKOMeHIALUH KJAaCCU(PUKATOPOB KOMMAKTHO MpPEeACTaBJeH B
tabauie 3 (Mom “NMOHSATHEM KJacC. KOHTeKcTa” HMeeTCss B BUIY
(hopMasibHOE MOHATHE KJACCU(UKALHMOHHOIO KOHTEKCTa, Yell 0ObeM
MMeeT MaKCHMaJlbHOEe MepeceueHre CO MHOXKECTBOM COCelel).

Hakonen, RCE npenckaseiBaer a/1s oobektoB 9 u 10 te ke
MeTKH, UTO U KJaCCU(HUKATOPHI cly U cly COOTBETCTBEHHO.

Hanocsenok cnenaem HeCKOJbKO 3aMeYaHHUH:

1) Mpl 6Bl He MPOUTHOPUPOBAJNH BEpXHEe MOHSITHE KJaccH(HKa-

LIMOHHOI'0 KOHTEKCTa ¢ 00beMOM G, ecJiu Obl ero cogepkaHue
He OBbLIO NyCTO. To ectb ecau Obl BepXHee TOHATHE HMeJIo
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Bufl {G,cl;}, 3T0 03Ha4ano Obl, YTO cl; MPABHJIBHO KJ/AaCCH-
¢uurpoBas Bce 06beKTHl U3 0Oyyarolled BEIOOPKU B Mpollecce
CKOJIb3SILIIer0 KOHTPOJISl, U TOTAA Mbl PeKOMeHJ0BaJu Obl ero
KakK JY4ILUHH U [J151 0ObeKTOB HX TeCTOBOH BBIOOPKH;

2) Takxke MOXeT BO3HHKHYTb CHUTyallMs, 4TO ABa U OoJiee KJjac-
cu(UKaTOpa NMpOsIBUJIU ce0s OIUHAKOBO XOPOLIO HA CKOJIb3$l-
1leM KOHTpOoJie MpH KJaaccU(pUKauuu 006beKTOB U3 Gipgin. JTO
Obl 03HayaJ/o, UTO COOTBETCTBYIOLIME KOJOHKH B KJacCHU(HU-
KallMOHHOU TabJikle OfMHAKOBbI, a CJel0BaTe/bHO, COfepxKa-
HHe HEKOTOpPOro (popMaJibHOTrO MOHSATHUS KJIaCCH(PHUKALMOHHOTO
KOHTEKCTa COlepKHUT OoJiee OHOro Kaaccudukaropa. B takom
clydae HeT HUKAKHUX MPUUMH MPeANouynuTaTh ONUH KJacCH(pU-
KaTop Apyromy npu o6paboTke 0ObEKTOB U3 TECTOBOH BbIOOP-
KM, a IOTOMY MeTKa JJisl COOTBETCTBYIOLLEro oObeKTa onpeje-
JIUTCSl B pe3ysibTaTe rojloCOBaHUsl OOJbILMHCTBOM Cpeld 3THUX
OIMHAKOBO cebsl MPOSBUBIINX KJacCHU(PHUKATOPOB;

3) 3mech MBI paccMaTPUBAJIH BXOOHOH HabOp MAHHBIX C OWHap-
HBIMH TIPU3HAKAMH U LleJieBbIM KJjaccoM, onHako upaess RCE
pacrpocTpaHsieTcss U Ha cJydau YHUCJOBBIX NPHU3HAKOB U 3ala-
UM C HECKOJbKHUMHU [eJIeBBIMU KJIaCCaMHU.

JKCIIepUMEHTHI

OnucaHHBIHA BBIIE aJrOPUTM OBl peasu30BaH Ha sI3bIKe
Python Bepcuu 2.7.3 u 3amyckajcs Ha 2-TpOLIECCOPHOH MallMHe
(Core i3-370M, 2.4 I'ru) ¢ 3.87 GB O3V.

Mb1 ucnosnb3oBanu 3 Habopa naHHbIX U3 penosutopus UCI —
mushrooms, ionosphere u digits.Q. Kaxnapiii 13 HabopoB AaHHBIX
Obla1 MofesieH Ha O0Oydalollyl0 U TECTOBYIO BBIOOPKU B MPONOPLUU
70:30.

Ha stux naHHbIX ObLIM 06yueHbl 3 KJaccupukaTopa U3 6ubano-
tekd SCIKIT-LEARN (nanucana Ha Python [12]), koTopele Tak:ke
cayXuau 6a3oBeiMH anroputMamu aas RCE. 9to 6euin maminHa

http://archive.ics.uci.edu/ml/datasets
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Tabmuua 4:
Heix UCI

Tounocte kaccudukanuu 6 aaropuTMoB Ha 3 Habopax HaH-

AnroputM™, | mushrooms| ionosphere | digits

Habop

NaHHBIX

SVM 0.998 0.931 0.865

¢ RBF-| (C=1, (C=10, (C=10%,

SIPOM ~=10.02) | vy=001) |~ =
0.02)

Jloructuu. | 0.959 0.832 0.854

perpeccust | (C=1) (C=10) (C=10?

kNN 0.989 0.666 0.811

(eBkaupn.) | (k=b) (k=3) (k=3)

RCE 0.998 0.946 0.917

(k=2,

n_folds=4)

Bagging 0.999 0.999 0.878

SVM (C=1, (C=10, (C=10%,

50 BwmiGO- | ¥ =0.02) | v=0.01) |~ =

pOK 0.02)

AdaBoost | 0.873 0.997 0.889

on

decision

stumps,

50 wurepa-

LUH
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onopHbeIX BekTopoB (Support Vector Machine, SVM) ¢ rayccoBbiMm
sapom (svm.SVC() B Scikit), Joructiuueckasi perpeccus
(sklearn.linear model.LogisticRegression()) u k 6auxaimux coce-
nen

(sklearn.neighbors.classification.

KNeighborsClassifier()).

TouynocTb KJaaccHUKAIMKM A8 KaXOOTO aJropuT™Ma M Habopa
JaHHbIX MNpencTBaeHa B Tabauue 4. Bosee Toro, mias cpaBHeHUs
npefcTaBJ/eHbl pe3yabTaThl AJs Scikit-Bepcuu 6srrunHra ¢ SVM B
KauecTBe 6asoBoro Kmaaccupukaropa 1 AdaBoost Ha ocHoBe perua-
IOIIMX AepeBbeB ryOuHbl 1 (decision stumps).

Kak BunHo, Bo Bcex 3 caydyasx RCE npessouien cBou 6a3oBbie
KJIaCCU(PUKATOPbl U OKa3aJjcs Jyulle O3TTUHra U OYCTHHIA TOJbKO
B CJydYae 3aJaud KJacCU(UKALHWU C HECKOJbKUMH LeJeBbIMU KJac-
CaMH.
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Aaroputm 1 Ancam6/eBbI# METOI MAILIHHHOTO 00yYeHHs, OCHOBAHHbBIH Ha
peKOMeHJalHH KJIacCH(UKaTOPOB

Bxon: Xirqin, Yirain, Xtest — 00ydamoliasi 1 TecToBasi BoIOOPKH,

C ={cly,cly,...,clg} — 6a3oBble KaacCUHUKATOPDI,

topCbO(context,n) — GHyHKUMS 151 HAXOKAEHUS] BEPXHETO (hOPMABHOTO
TIOHATHST (POPMAJILHOTO KOHTEKCTA U ero OJHXKaUINX cocelled CHHU3Y,
sim(x1,x2) — METPHKa CXOACTBA 00BEKTOB,

k — napametp (4ncjo OGJHKAUIIKUX cocenel),

n_fold — mnapamerp (ducao pasbueHuil obyuamulell BBIOOPKH TpU
CKOJIB3SIILIEM KOHTPOJIE)
Beixom: Yt — ~ TOpeckasaHHblE ~MeTKM g OOBEKTOB U3
Xtest

train_class_context = [ ][ | — nByMepHbIH MaccuB

test_class_context = [ |[ | — AByMepHBI# MaccHB

for i €0...len(Xipqin) — 1 do
for c1 €0...len(C) —1 do
KJaccudukarop ¢l obydaercs Ha (n_fold — 1) yactsix obyuatorie
BBIOOPKH, He BKJOYAIOMNX Xipqin[i]
pred = npenckaszaHHast KaaccupukatopoM cl MeTKa Aas Xipain 1]
train_class_context[i][cl] = (pred == Ytrainli])
end for
end for
forcl €0...len(C)—1 do
Kaaccugukarop cl obydaercs Ha BceH oOyuarouiell BoIOOPKE Xirgin
pred = npelcKazaHHble KJACCHPUKATOPOM ¢l METKH /il 00bEKTOB U3
Xtest
test_class_context[][cl] = pred
end for
top_concepts = topCbO(class_context)
for i €0...len(Xiest) — 1 do
Neighbors = k 6anxaimunx coceneil 00bekTa Xyest[i] U3 Xirqin CO-
TJ1aCHO MeTpHKe sim(z1,x2)
concept = argmazx(c.extent N Neighbors),c € top_concepts
Cyel = concept.intent
labels = mpenckazaHusi 0y Xiest|i], coesaHHble Kaaccu(UKAaTOPAMU
u3 Csel
Ytest|t] = argmax(count_freq(labels))
end for
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3akJjroueHue

B nanHOE cTaTbe Mbl ONMUCaJH HOCH0, JeKallylo B OCHO-

Be aHcaMOJieBbIX MeTOOB KJacCHU(HUKALUU B MALUMHHOM O0y4YeHUH,
BKpATIe OMUCAJNK O3TTHHT, OYCTUHT M CTEKHHT. 3aTeM Mbl MpeacTa-
BUJIM MOAOOHYI0 CHCTEMY, KOTOpas rokasasa 0oJiee BBICOKYIO TOU-
HOCTb KJIaCCU(PUKAL MU, yeM ee 0a30Bble KJAACCU(PUKATOPEBI, a TaKkKe
JIB€ KOHKpeTHble peanusauun 63rrunra u AdaBoost B 3agaue kjac-
CU(UKALUU C HECKOJbKUMHU LieIeBBIMU KJACCaMH.

JanbHelias pa6ota Hag aArOPUTMOM MJIAHUPYETCS MO CJAedyto-
ILIMM HampaBJeHUsIM:

U3yuyeHHe BJIMSHHUA pa3/JUYHBIX MeTPUK CXOACTBA OOBEKTOB
(kak, HampuMep, OCHOBaHHble Ha Ba)KHOCTH IMPU3HAKOB HJIU
MPUPOCTe UH(OPMALIMH) HA TPOU3BOAUTEIBHOCTD AJTOPUTMA;

SKCIIePUMEHTHPOBAHHE HAJl PA3JHUYHBIMHU TUIIAMU 0A30BbIX 1JIs
RCE kJnaccugpukaTopos;

UCCJIeJOBAHME YCJIOBHUH, TPU KOTOPBIX MPEANOUTHUTEIbHO HC-
nonb3oBanve RCE. B uacTHocTH, KOria oH npeBOCXOAUT 63r-
TUHT U OYCTHHT;

paboTa HaJx BpeMEHHOH CJIOXKHOCTBIO aJrOPHUTMA,;

ucc/aenoBaHre npobJeMbl TepeoOydyeHHs AJs NAHHOTO aJro-
pUTMa.

52



AHcamOsieBbIH MeTOH MAlIMHHOIO OOYuUeHHsi, OCHOBAHHBIH Ha peKOMeHAALHH
KJlacCH(UKATOPOB

Cnucoxk auteparypsl

[1] Izenman, A.J.: Modern Multivariate Statistical Techniques,
Springer Texts in Statistics. Springer Science+Business
Media New York (2013)

[2] Breiman, L.: Bagging predictors. Machine Learning, 24, 123-
140. (1996)

[3] Freund, Y., Schapire, R. E.: A Short Introduction to Boosting.
Journal of Japanese Society for Artificial Intelligence, 14 (5),
771-780 (1999)

[4] Breiman, L.: Random Forests. Machine Learning. 45, 1 , 5-
32 (2001)

[5] Wolpert, D. H.: Stacked Generalization. Neural Networks, 5,
241-259 (1992)

[6] Valiant, L. G.: A theory of the learnable. Communications of
the ACM, 27(11), 1134-1142 (1984)

[7] Schapire, R.: The strength of weak learnability. Machine
Learning, 5(2), 197-227 (1990)

[8] Ganter, B., Wille, R.: Formal concept analysis: Mathematical
foundations. Springer, Berlin (1999)

[9] Kuznetsov, S.O.: On stability of a formal concept. Annals of
Mathematics and Artificial Intelligence. 49, 101—115 (2007)

[10] Kuznetsov, S., Obiedkov, S.. Comparing the performance
of algorithms for generating concept lattices. Journal of
Experimental & Theoretical Artificial Intelligence, 14(2-3),
189-216 (2002)

[11] Stumme, G., Taouil, R., Bastide, Y., Lakhal, L.: Conceptual
Clustering with Iceberg Concept Lattices. Proceedings of
GI-Fachgruppentreffen Maschinelles Lernen, University of
Dortmund (2001)

[12] Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V.,
Thirion, B., Grisel, O., Blondel, M., Prettenhofer, P., Weiss,
R., Dubourg, V., Vanderplas, J., Passos, A., Cournapeau,
D., Brucher, M., Perrot, M., Duchesnay, E.: Scikit-learn:

53



IO. C. Kamnuugwu#t, 1. . Uruatos

Machine Learning in Python, Journal of Machine Learning
Research, 12, 2825-2830 (2011)

54



Recommender-based Classifier Ensemble

Y.S. Kashnitsky, D.I. Ignatov

The paper makes a briel introduction into multiple
classifier systems and describes a particular algorithm
which improves classification accuracy by making a
recommendation of an algorithm to an object. This
recommendation is done under a hypothesis that a classifier
is likely to predict the label of the object correctly if it has
correctly classified its neighbors. The process of assigning a
classifier to each object involves here the apparatus of Formal
Concept Analysis. We explain the principle of the algorithm
on a toy example and describe experiments with real-world
datasets.

Keywords: Machine learning, classification, ensemble
methods, formal concept analysis.
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