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@ 3apaun knactepusauum u vactTuuHoro obyqeHns
@ 3agada kiacTtepusauum
® 3apjaya yacTu4yHoro oby4yeHus
o Kputepun kayecTea knacTepusauum

© Anroputmbl knactepusauuu
o Metog K-cpegHux
o Anroputm DBSCAN
@ WNepapxuyeckne metoabl

e YacTu4yHoe oby4yeHue Ha ocHOBe kKnaccucpukaymm
o Ob6épTkn Hag MeTogamu Knaccudukauum
® TpaHcaykTueHblii SVM
@ Perynapunsauust npasgononobus



3apaym KnacTepmsauum M HacTuHHoro obyqeHus 3apaqa knactepusaymmn
3apgava HacTu4Horo oby4eHus
Kputepun kaqectsa knactepusauum

lMocTaHoBKa 3agaum knacTtepusauuu

OaHo:
X — npocTpaHCTEO 0bBEKTOE;
Xt = {xl, e ,Xg} — obyyatowast BbIbOpKa;

p: X x X = [0,00) — cyHKLNs paccTosiHus Mexay obbekTamu.

Haiitu:
Y — MHOXeCTBO KNacTepoe,
a: X = Y — anroputm knacrepumsauunu,
Takue, 4To:
— KaXkAblii Knactep cocTonT n3 6anskux obbEKTOB;
— 0bOBEKTHI pasHbIX KNACTEPOB CYLLECTBEHHO Pa3/INYHbI.

7o 3apava obyyenus bes yqautens (unsupervised learning).
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3apaym KnacTepmsauum M HacTuHHoro obyqeHus 3apaqa knactepusaymmn
3apgava HacTu4Horo oby4eHus
Kputepun kaqectsa knactepusauum

HekoppekTHOCTb 3ajayu KjaacTepusauunm

PelweHune 3agaqyn knacTepusauum NpUHLUNNANBHO HEOLHO3HAYHO!
@ TOYHOW NOCTAHOBKM 3aJa4n KNacTEpPU3aLUU HET;

CYyLLEeCTBYET MHOTO KPUTEPUEB KAYECTBA KJAcTepusauuu;

CYLLUECTBYET MHOTO 3BPUCTNYECKNX METOAOB KNacTepu3auun;

4ucno knactepos | Y|, kKak NpaBuio, HEN3BECTHO 3apaHee;

pe3ynbTaT KAacTepn3almmnm CUbHO 3aBUCUT OT METPUKM p,
BLIOOP KOTOPOIi TaKXe SIBASIETCS SBPUCTUKOIA.

Mpumep: ckonbko 3geck KnacTepos?

l.l. AA ++ * +++ *
] ++ * + 0 *
n A A * s * A ° * o
B [ ] A n + A 1 (0] o
] AA A [ ] AA A [ ] aa O
] A A ] A A ] A A
LllecTs?

[Oea? Yeroipe?
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3apaym KnacTepmsauum M HacTuHHoro obyqeHus 3apaqa knactepusaymmn
3apgava HacTu4Horo oby4eHus
Kputepun kaqectsa knactepusauum

LUenn knactepusauyun

@ VnpocTtutb ganbHelhwyto 00paboTKy AaHHBbIX,
pa3buTe MHOXeCTBO X! Ha rpynnbl cxoxux 06beKTos
4yTObbl paboTaTb C KaXKAoii rpynnoli B OTAENLHOCTK
(3apaun knaccudpukaunmm, perpeccnii, NPOrHO3NPOBaHUS).

o Cokpatutb 00bEM XpaHUMbIX AAHHDIX,
OCTaBUB MO OAHOMY MpPELCTAaBUTENO OT KaXKLOro KnacTepa
(3apaun okaTnsi faHHbIX).

o Bbigenutb HeTUNNYHbIE 0OBEKTHI,
KOTOpbIE HE MOAXOAAT HU K OAHOMY U3 KNaCTepoB
(3apaun opHOKIAcCOBON Knaccuurkaunm).

e MocTpouTb nepapxuto MHOXeCTBa 00bLEKTOB,
npumep — kiaccudpurkaums XnsoTHbix u pacteHnii K. Jnnnes
(3amaun TakcoHomuwM).
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3apaym KnacTepmsauum M HacTuHHoro obyqeHus 3apaqa knactepusaymmn

3apgava HacTu4Horo oby4eHus
Kputepun kaqectsa knactepusauum

Tunbl KNACTEPHbIX CTPYKTYP

LR KJlacTepbl C LeHTpaMu
.';::' < .. " BHYTPUKNACTEPHbIE PACCTOSAHUS
T U MEHbLLE MEXKNACTEPHbIX
., NEHTOYHbIE KNacCTepbl
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3apaym KnacTepmsauum M HacTuHHoro obyqeHus

3apgada knactepusaymmn

3apgava HacTu4Horo oby4eHus

Kputepun kaqectsa knactepusauum

Tunbl KNACTEPHbIX CTPYKTYP

PR NepeMbIHKN MeXJy KiacTepamu
RER pa3pexXeHHbIN oH
’ oo N3 HETUMUYHBIX OB6BEKTOR

NepeKpPbIBAOLWNECA KNaCTepbl

K. B. BopoHuos (voron@forecsys.ru)
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3apaym KnacTepmsauum M HacTuHHoro obyqeHus 3apaqa knactepusaymmn
3apgava HacTu4Horo oby4eHus
Kputepun kaqectsa knactepusauum

Tunbl KNACTEPHbIX CTPYKTYP

. . KnacTtepbl MOTYT BOO6LIJ'e OTCYTCTBOBATb

a 370 BOODLUE He KNacTepsl

o Kaxgblii MeTog KiacTepusauny NMEET CBOU OrpaHMYeHNs
N BbIOENSIET KAACTepbl JULLb HEKOTOPLIX TUMOB.

o [loHATUe «TUN KNACTEPHOW CTPYKTYpbl» 3aBUCUT OT METOAA
N TakxXe HE NMeeT POPManbHOMO ONPELEsEeHNs.
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3apaym KnacTepmsauum M HacTuHHoro obyqeHus 3apaqa knactepusaymmn
3apgava HacTu4Horo oby4eHus
Kputepun kaqectsa knactepusauum

Mpobnema 4yBCTBUTENLHOCTM K BbIGOPY MeTpuKu

PesynbTaT 3aBUCUT OT HOPMUPOBKM NMPU3HAKOB:
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3apaqm knacTepusaymm m HacTuHHoro obyqeHus 3apgaqa knactepusauun
3apgada HacTm4Horo oby4eHus
Kputepun kausectsa knactepusayum

MNMocraHoBka 3agaym yacTu4yHoro oby4enus (SSL)

OaHo:

MHOXeCTBO 0bbekToB X, MHOXeECTBO Knaccoe Y;

XK ={x1,...,x} — pasmeuennbie obbekTsi (labeled data);
o

U= {Xkt1,...,x} — nepasmeuennbie obbekTo (unlabeled data).

[Ba BapnaHTa nocTaHoOBku 3agaqu:

e Yacrudroe obyqenme (semi-supervised learning):
NOCTPOUTL anropuTm Knaccucpukaumm a: X — Y.

e TpaHcaykTusHoe obyyenne (transductive learning):
,ac}.

3Has BCe {ka, ... ,Xg}, NOAYYUTb METKU {3k+1, ...

TunuyHble NpuUNOXeHUs:
knaccndprkaumsa n KaTanornsaunst TEKCTOB, M30bpaXkeHWid, u T. M.
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3apaqm knacTepusaymm m HacTuHHoro obyqeHus 3apgaqa knactepusauun
3apgada HacTm4Horo oby4eHus
Kputepun kausectsa knactepusayum

SSL He cBoauTCcs K Knaccucpukayum

Mpumep 1. NNOTHOCTN KNACCOB, BOCCTAHOB/EHHbIE!

no pa3Me€4Y€HHbIM OAaHHbIM Xk no NOJIHbIM AdHHbLIM Xf
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3apaqm knacTepusaymm m HacTuHHoro obyqeHus 3apgaqa knactepusauun
3apgada HacTm4Horo oby4eHus
Kputepun kausectsa knactepusayum

SSL He cBoauTCcs K Knaccucpukayum

Mpumep 2. MeTogsl knaccudpmkauym He YHUTHIBAKOT KNACTEPHYHO
CTPYKTYPY Hepa3Me4YeHHbIX AaHHbIX

(a) Toy Data (Twe Moons) (b) SYM (RBF Kernel)
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3apaqm knacTepusaymm m HacTuHHoro obyqeHus 3apgaqa knactepusauun
3apgada HacTm4Horo oby4eHus
Kputepun kausectsa knactepusayum

OpaHako u kK knactepusauun SSL Takxe He cBoanNTCS

Mpumep 3. MeTogbl knacTepusauuy He YHUTbIBAKOT
NPUOPUTETHOCTb Pa3MEeTKUN Haj KJaCTEpPHOW CTPYKTYpPOIi.
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3apaym KnacTepmsauum M HacTuHHoro obyqeHus 3apgava knactepusauun
3apgava HacTu4Horo oby4eHus
Kputepun kaqectsa knactepusauum

KauectBO Knactepmnsaynm B MeTpunydeCkomM npocTtpaHCTBe

MycTb U3BECTHBI TOABLKO NONApHLIE PACCTOAHMS MEXAy obbekTamu.
a; = a(x;) — knacrepusaumns obbekTa X;

o CpenHee BHYTPMKNACTEPHOE PaCCTOSIHUE:

Z_[ai = aj] p(xi, X))

<J )
Fo = ! — min.
> [ai = ajl
1<J
o CpegHee MeXKNaCTEPHOE PaCCTOSIHUE:
>_lai # aj] p(xi, %)
F = '~ — max.
> lai # aj]

i<j

e OtHoweHune napbl dyHkyuonanos: Fo/Fp — min.
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3apaym KnacTepmsauum M HacTuHHoro obyqeHus 3apgava knactepusauun
3apgava HacTu4Horo oby4eHus
Kputepun kaqectsa knactepusauum

KayecTBO knacrepmsayum B IMHEAHOM BEKTOPHOM MPOCTPAHCTBE

MycTb 06beKTHI X; 334at0TCS BEKTOPaMU (fl(x,-), e f,,(x,-)).

o CymMma cpefHuUX BHYTPUKAACTEPHBIX PACCTOSHUIA:
1 .
q)0: Zm Z p(x,-,,u,a)—>m|n,
acyY al . aj=a

X, = {xi € X' | a; = a} — knacTep a,
[l — LUEHTP MaccC knactepa a.

@ CyMMa MEXKJ/IaCTEPHBIX PacCTOSHUIA:

®1= > plHta, p1p) — max.
a,beyY

@ OtHowenune napbl dyHkyuonanos: o/ P; — min.
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3apaym KnacTepmsauum M HacTuHHoro obyqeHus 3apgava knactepusauun
3apgava HacTu4Horo oby4eHus
Kputepun kaqectsa knactepusauum

Koacpuumnent cunysta (aHann3 owmbok knacrepusaumm)

Pacnpegenexune kauecTBa knactepusauum no obbektam/knacrepam

o Cp.paccTosiHue 0o obbEKTOB CBOEro Knacrepa:

1
ri = ‘)<a|7_1 Z p(x, x;)

XE€Xa; \Xi

@ MuH. cp.paccTosHne JO 4YyXOro kjiacTepa:

1
Ri = Jmin %] - Z p(x, xi)

€ [-1,+1]

o KoadpuuneHt cunysta obvekra: s(i) = W

Peter J. Rousseeuw. Silhouettes: a graphical aid to the interpretation and
validation of cluster analysis. 1987.
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3apaym KnacTepmsauum M HacTuHHoro obyqeHus 3apgava knactepusauun
3apgava HacTu4Horo oby4eHus
Kputepun kaqectsa knactepusauum

To4HOCTb ¥ NosHOTA Knactepmnsaynm B CpaBHeHUn C 3TaJIOHOM

yi € Yo — sTanoHHasi knaccucpukaums obvekTos, i =1,..., 4
Yo MOXeT He coBnagath € Y MO MOLHOCTH

P; = {k: a = a,-} — knacTep obbekTa X;
Qi = {k: yx = yi} — s1anoHnsIii knacc obbekTa X;

BCubed—mepbl TOYHOCTW W NOJIHOTbI KAacTepu3auum:

PN Q;
Precision = — Z BoQil _ CPEeAHsIst TOYHOCTb
E i=1 |P’
PN
Recall = = Z Pin@] _ CpefHss NonHoTa
1*1 ’Ql‘
1L 2|PiN Q|
F= Z ————— — cpegHas Fi-mepa
Cim [Pl +1Qi

E.Amigo, J.Gonzalo, J.Artiles, F.Verdejo. A comparison of extrinsic clustering
evaluation metrics based on formal constraints. 2009.
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T c - OyHeH Metopn K-cpegHux
AJ‘IFOPVITMbI KnacTtepusayumn Anroputm DBSCAN

Nepapxunyeckne metoapi

Metoa K-cpegnux (K-means) ans knacrepusauyum

MI/IHVIMVI3aLI,VISI CyMMbI KBaApaTOB BHyTpVIK.HaCTeprIX paCCTOﬂHVIﬁZ
l n
. 2
SNk = el = min |l — pall® = 3 (6i(x) — i)
i=1 {ai}, {na} j=1

AnropuTtm Jlnoiipga

Bxog: X!, K = |Y|; BbIXOA: LEHTPbI KNACTEPOB [i5, 3 € Y
Lz *= HaYanbHOE NpubNMKEHMEe LEHTPOB, A/is BCex a € Y
NOBTOPSATHL
OTHECTU KaXkAblii x; K Bamkaiiluemy LEHTPY:
aj:=argmin||x; — pall, i=1,...,4

acyY

BbIHNCINTL HOBbIE MNONOXKEHMUS LIEHTPOB:
¢t
Ha = —Z"?l[a' a]x,’ acy,;
2izalai = 4]

NOKa a; HE NEPECTAHYT N3MEHATbHCA;
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T c - OyHeH Metopn K-cpegHux
AJ‘IFOPVITMbI KnacTtepusayumn Anroputm DBSCAN

Nepapxunyeckne metoapi

Metog K-cpeaHux (K-means) ans 4actu4Horo oby4yeHus

Mogudukauusa anropurma Jlnoiiga

Npyu HaN4MKU pasMeyeHHblX 06bekToB {Xx1,..., Xk}
Bxog: X!, K =
BbIXO/: LEHTPbI KAACTEPOB iy, @ € Y
lla = HavanbHOe NpubnnKeHWe LEHTPOB, Ans BCex a € Y;
NOBTOPSATH
OTHeCTN Kaxgbllli x; € U k bamxaliwemy LeHTpy:
aj:=argmin||x; — pall, i=k+1,....¢
aeyY

BblHUCNNTb HOBbIE NOJMIOXKEHNA UEHTPOB:

g
fha = —Zi:l[a’ a]x,’ acy;

Yialai = 4]

NOKa a; HE NEPECTAHYT N3MEHATLCH;
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HOro © Metopn K-cpegHux
AJ'IFOPVITMbI KnacTtepusayumn Anroputm DBSCAN

Nepapxunyeckne metoapi

MeTop, K-cpeaHnx — ynpouwieHue EM-anroputma gna GMM

EM-anroputm: Makcumusauusa npasgonofobus ans pasaeneHus
cmecn raycenan (GMM, Gaussian Mixture Model)

HayanbHOE NPUBAVKEHNE Wy, [ia, X, ANS BCeX a € Y
NOBTOPSATb

E-war: oTHecTn kaxabli x; K bavkaliwnm ueHTpam:
_ Wapa(xi) .
g =Plaxj))= =——7", acY, i=1,....¢
Zy Wypy(xi)
aj:=argmaxgp, I=1,...,4
acyYy
M-wwar: BbIYUCANTL HOBbLIE MOJMOXKEHUS LLEHTPOB:
. 1 l
Had -:m i:lgiafd(xi)v ae Yv d:]-v"'an
2 . 1 1 2
Uad .:M I-Zlg,'a(fd(xi)_uad) , dc Y, d:1,...,n
1Y .
Wa =7 Z,’:l 8iay A€ Y,

NOKa a; HE NEPECTAHYT N3MEHATbLCA;
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Metopn K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuyeckne metonbi

CpaBHeHue EM-anroputma gna GMM un metoga k-cpegHux

OcHoBHble otanuna GMM-EM n k-means:

o GMM-EM: msirkas knacrepusauus: gi, = P(alx;)
k-means: xécTkas knactepusaums: g, = [a; = 3]

o GMM-EM: knacTepbl annnnTuyeckne, HacTpanBaemble
k-means: knactepbl ChepuyecKmne, HE HaCTPaNBAEMBbIE

Mbpuasl (ynpowernne GMM-EM — ycnoxHenue k-means):
o GMM-EM c xécTkoii knactepusauueii Ha E-ware

o GMM-EM 6e3 HacTpoiikn gucnepcuii (cepryeckne rayccmansi)

HepoctaTtku k-means:
@ 4HYBCTBUTEJIBHOCTb K Bbl60py HAa4YanbHOro I'IpI/I6J'IVI)KeHVIF|

@ MefJieHHas cxoguMocTb (nonb3yiiTeck k-means++)
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Metopn K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuyeckne metonbi

Mpumepbl HeyaayHoOI Knactepusauum k-means

MpnunHa — HeyaauHoe HavanbHOe NpubaNXKeHUe uaun
CYLLLECTBEHHAS HErayCCOBOCTb KACTEPOB

t o
“haa:: 3 <5
TS
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Metopn K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuyeckne metonbi

Anroputm knactepusauynu DBSCAN
(Density-Based Spatial Clustering of Applications with Noise)

O6wekT x € U, ero e-okpectrocts Uz(x) = {u € U: p(x,u) < e}
Kaxablii 0bbekT MoXeT bbITb 0AHOrO N3 TPEX TUMOB:
@ KOPHEBOW: UMEOLNIi NAOTHYIO OKpecTHOCTb, |Uz(X)| = m

@ rpaHW4YHbIf: HE KOPHEBON, HO B OKPECTHOCTN KOPHEBOrO

WyMoBO#i (BLIBPOC): HE KOPHEBOI 1 He rpaHNYHbIl

Ester, Kriegel, Sander, Xu. A density-based algorithm for discovering clusters
in large spatial databases with noise. KDD-1996.
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TN4HOro oby4eH Metopn K-cpegHux
AJ'IFOPVITMbI KnacTtepusayumn Anroputm DBSCAN
Nepapxuyeckne metonbi

Anropm'M knactepusauynun DBSCAN

Bxoa: suibopka X! = {x1,...,x;}; napametpel £ u m;

BbIXOf,: pa3bueHune BLIOOPKM Ha KIACTEPhl U LIYMOBLIE BbIBPOCHI;
U := X! — HenomeuenHble; a:=0;

NnoKa B BLIOOPKE eCTb HenoMedeHHsle Touku, U # -

B3ATb CyyaliHyto Touky x € U;

ecnm |Uz(x)| < m 1o
| NOMEeTNTb X Kak, BO3MOXHO, LLYMOBOI;

nHade

co3patb Hoeblid knactep: K = U:(x); a:=a+1;

ans scex x' € K, He NOMEYEHHbIX UAN LYMOBbIX
ecnm |Us(xX')| =2 mTo K:= KU U(X) ;
nHave nomeTuTh X’ Kak rpaHuyHblli knactepa K;

aj := a ans Becex x; € K;

U:=U\K;
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Metopn K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuyeckne metonbi

Mpeumyuiectra anroputma DBSCAN

@ bbicTpas knactepusauns 6oAbWINX AAHHBIX:
O(f?) B xyawem cnyuae,
O(4In ) npn adppektnsHoi peannsaumn U-(x);
@ KJ1acTepbl NpON3BOALHONA hopmbl (gonoli ueHTpb!);

@ JeneHne 0bbEeKTOB Ha KOpPHEBbIE, TPaHNYHbIE, LLIYMOBbIE.

Estimated number of clusters: 3
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T c Metopn K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN

Nepapxunyeckune metoapi

AFHOMepaTI/IBHaFl nepapxmyeckass Knacrepmsauunsa

AnropuTtm nepapxudeckoii knactepusauun (Jlanc, Yunssime, 1967):
MTepaTUBHbIA nepecyét pacctosiHuii Ryy mexay knactepamu U, V.

G = {{xa},...,{x}} — Bce knacTepni l-anemeHTHbIE;
Rpiixy = p(Xi, Xj) — paccTosiHUs MeXAY HUMMU;
pns scex t =2,...,¢ (t — Homep mTepaunn):

Haiitn B C;—1 napy knactepos (U, V) ¢ mutnmanshbim Ryy;
CNTb UX B OGUH KNacTep:
W:.=UuV;
Ct = thl U {W} \ {U, V},
ansa scex S € G
Bbl4MCanTb Ryys no dopmyne Jlanca-Yunbsamca:
Rws = ayRus + avRvs + BRuv + v|Rus — Rysl|;
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T c Metopn K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuqeckne metonbi

Anroputm JlaHca-Yunbamca gns 4acTMHHOro odbyveHus

AnropuTtm nepapxudeckoii knactepusauun (Jlanc, Yunssime, 1967):
MTepaTUBHbIA nepecyét pacctosiHuii Ryy mexay knactepamu U, V.

G = {{x},...,{x}} — Bce knacTepbi l-anemeHTHbIE;
Riiixy = p(Xi, Xj) — paccTosiHus Mexay HuMuU;
pns scex t =2,...,¢ (t — Homep mTepaunn):
Haiitn B C;—1 napy knactepos (U, V) ¢ mutnmansheim Ryy,
npw ycnosuu, 4to 8 U U V HeT 06BHEKTOB C pasHbIMU METKamu;
CNNTb X B OAWNH KiacTep:
W .= Uu YV,
Ct = Ct_]_ @) {W} \ {U, V},
ansa scex S € G

BolyucauTb Ryys no dpopmyne Slavca-Yunbamca:

Rws := ayRus + avRys + BRuv + v|Rus — Rys|;
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Metop K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuqeckne metonbi

YacTtHble cny4van chopmynel Jlanca-Yunsamca

1. PaccrosHue 6aunxHero cocepa:

RS .= min w,Ss);
ws = EW,sESp( ’ )
1 1

2. PacctosHue ganbHero coceaa:

Riys = ;
WS = dWses plw.s)

ay=ay=3 B=0, y=3.

3. I'pynnoaoe cpepHee paccTosiHue:

Ws = Z > plw,s);

weWseS
IVl 5. =
V—‘Vﬁ—v—a

Q
<
Il
E
Q
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MeTop K-cpepHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuqeckne metonbi

YacTtHble cny4van chopmynel Jlanca-Yunsamca

4. PaccTosiHue mMexay ueHTpamu:

u _ 2 w S .
Rws = r ( > W’Zm)' _____________
weW ses
U=1wp @V = 1w
0.

B =—ayay, v=

5. Pacctosinne Yopga:

v _ ISIwl 2 W o s ).
Rivs = s P\ 2w 2757 );
weW seS
_ sl R T
v = swre v = 15w B = s 7 =0

Mpobnema BbIGOpa

Kakas dyHkumnsi pacctosiHus nydwe?
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Metop K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN

Nepapxunyeckune metoapi

Bu3lyanusauma knacTepHoii CTPYKTYpbl

1. PaccrositHne bnnxHero cocepa:

Hnarpamma BaoxeHus Henaporpamma
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Metop K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuqeckne metonbi

Bu3lyanusauma knacTepHoii CTPYKTYpbl

2. PacctosiHue panbHero cocepaa:

Hnarpamma BaoxeHus Henaporpamma

Ry

03

02 r

0.1
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Metop K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuqeckne metonbi

Bu3lyanusauma knacTepHoii CTPYKTYpbl

3. I'pynnoBoe cpegHee paccTosiHue:

Hnarpamma BaoxeHus Henaporpamma
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Metop K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuqeckne metonbi

Busyanusauuna KNacTepHoi CTPYKTYpbl
5. PacctosHune Yopgaa:
Hnarpamma BaoxeHus Henaporpamma

R:

0.25

0.2

0.1r

0.05 -
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MeTop K-cpepHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuqeckne metonbi

Adenaporpamma — Bu3yanusaums nepapxmyeckoin knacrepusauumu

o Knacrepbl rpynnupytoTcsi BAOL rOPU30OHTaNLHOI OCK
o [lo BepTuKanbLHOW OCKM OTKNAAbLIBAOTCA paccTosiHus R
@ Paccrostna BospacrtatoT, iMHUM HUMLE HE MepecekaroTCs
@ BepxHue ypoBHU pasnnyumel nyylue, Hem HUXKHUE

°

vaBEHb OTCeHEHNA onpeaensdaeT YNCNo KnacTtepoe

7 E 2
B
" B 75
191 L2
1 * Ty ng &

@1 P £l B

10 16 [y B2 = 1 1
e Iﬂl r EE] ] )
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Metopn K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuqeckne metonbi

OcHOBHble CBOVCTBA Mepapxum4ecKkoi Knacrepusauuu

@ MoHOTOHHOCTB: AeHApPOrpaMMa HE MMEET CaMONepeceqeHnii,
Npy KaXXLOM CANSIHUUN PacCTOSIHUE MeXay 0bbeanHsaeMbiMu
KjacTepamun Tonbko yBenmdmneaetcs: R < Ry < ... < Ry.

o Oxumarowee paccrosune: Ry < p(py, py), Vt.

e Pacrarusarowjee paccrosinne: Ry > p(py, pv), Yt

Teopema (Munnuran, 1979)

KnaCTepm3au,V|;| MOHOTOHHa, €CNhn BbINOJIHAKTCA YC/OBUA

>0, ay =20, ay+ay+4=21, min{ay,av}+v=0.

R“ He moHoToHHO: R®, RA. R, RY — MOHOTOHHbI.

RS — oxkumatowlee; RA, RY — pacTtarueatoLyne;
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Metopn K-cpegHux
Anroputmbl Knactepusayuu Anroputm DBSCAN
Nepapxuqeckne metonbi

PekomeHgauuu n BbiBoAbl

@ peKOMEeHAYeTCsl NOAbL30BaTbCA paccTosiHnnem Yopga RY;

@ 0DbIYHO CTPOSIT HECKOJILKO BapUaHTOB U BLIOWPAIOT Ay4LUnii
BM3yaJibHO MO AEHAPOrpaMME;

@ onpefeneHne Yncna KiacTepoB — no Makcumymy |Riy1 — Ry
TOrAa pesynbTUPYIOLLEE MHOXECTBO KnacTepos := C;.

Re

0.25
0.2

0.15

0.1

0.05
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O6€épTkn Hapg meTogamu knaccudukaunn
TpancayktusHein SVM
YactuyHoe obyqeHune Ha ocHoBe knaccudukaymm Perynsipusayus npasgonogobus

Metog 4actuuHoro obyuenus self-training (1965-1970)

Mycte 1 XK — a — meTon obyuenus knaccudmkaumy;
knaccudpukaTopbl nmetoT Bug a(x) = arg max My (x);
ye

[cespooTcTyn — cTenenb yBepeHHOCTM knaccudpukaymm a; = a(x;):

Mi(a) = T4 (xi) — max My (xi)-

i

Anroputm self-training — obéptka (wrapper) Hag meTtogom

Z = Xk
noka |Z| < /¢
a:= u(2);
A= {x; e U\Z ’ Mi(a) > Mo};
a;j := a(x;) ans Beex x; € A;
Z . =ZUN;

EE ER—TY ¢ a5 1 15 2 25

Mo moxHo onpegensts, Hanpumep, u3 ycnoeus |A| = 0.05 |U]

K. B. BopoHuos (voron@forecsys.ru) Knactepusauusa n HactudHoe obyqeHue 37 /48



O6€épTkn Hapg meTogamu knaccudukaunn
1 TpancayktusHein SVM
YactuyHoe obyqeHune Ha ocHoBe knaccudukaymm Perynsipusayus npasgonogobus

Metog 4acTuyHoro obyueHus co-training (Blum, Mitchell, 1998)

Mycte p1: XK — a1, po: XK — a» — gea cyujecteerHo
Pa3INYHbIX METOAA OBYHEeHUs, NCNOAB3YOLINX

— nnbo pasHble Habopbl NPU3HAKOB;

— nmbo pasHbie napagurmbl obyuenus (inductive bias);
— nnbo pasHblE UCTOYHUKMN AAHHbLIX Xk szz.

ARES Xlkl; Z, = X,

noka |Z; U 2| < /¢

a; = IU,]_(Z]_), A]_ = {X,‘ € U\Z]_\Z2 | Mi(al) > MO].};
a; := a1(x;) ans Beex x; € Aq;

oy = 2o U Aq;

ar = ,UIZ(ZZ)v A2 = {X,‘ € U\Zl\ZQ | Mi(32) 2 M02};
a; := ax(x;) pns BCex x; € Ay;

1= 21 U Ay
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O6€épTkn Hapg meTogamu knaccudukaunn
TpancayktusHein SVM
YactuyHoe obyqeHune Ha ocHoBe knaccudukaymm Perynsipusayus npasgonogobus

Metog 4acTuuHoro obyqeHus co-learning (deSa, 1993)

MycTs pe: XX — a; — pasHbie meToapl obydenns, t =1,..., T.

Anroputm co-learning — 370 self-training gns komnosuuyun —
NPOCTOro ronocoBaHust 6asoBbIx anropuTMoB ag,...,arT:
T
a(x) =argmaxl,(x), [,(x)= g [a:(xi) = y].
yey
t=1
Torga Mj(a) — crenenb yBepeHHocTn knaccudpukanyuu a(x;).

=

noka |Z| < /¢
a:=pu(Z);
A= {x € U\Z | Mi(a) > Mo};
a; := a(x;) ona Bcex x; € A;
Z:=ZUA;
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O6€épTkn Hapg meTogamu knaccudukaunn
TpancayktusHein SVM
YactuyHoe obyqeHune Ha ocHoBe knaccudukaymm Perynsipusayus npasgonogobus

OOwunin onTUMn3auMOHHBLIA Nnogxoa K 3agadam SSL

OaHo:
Xk ={x1,...,x} — pasmedennbie obvekTbl (labeled data);
{)/1; e a)/k}
U= {Xk+1,...,x} — nepasmeuennbie obwvekTs (unlabeled data).

Haitu: wmogenb knaccudpukauymn a(x, w)

Kputepuii ogHospemeHHol Knaccudmkaumm n Knactepusauuu:

k l
> Z(alxi, w)yi) +AY Lu(alxi,w)) — min
i=1 i

i=1

knaccudpmnkayms KaacTepusaymns

rae Z(a,y) — dyHkuus noTepb knaccudpukaumn,
Zuy(a) — dyHKUMs NOTEPL 415 HEPA3MEYEHHbIX JAHHBIX

CyTtb SSL — 3710 obwias napameTpusaums w B ABYX KPUTEPUSIX
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O6€épTkn Hapg meTogamu knaccudukaumnn
TpaHncayktusHbein SVM
YactuyHoe obyqeHune Ha ocHoBe knaccudukaymm Perynsipusayus npasgonogobus

HanomunHnanne: SVM pgna geyxknaccoBoii knaccudmkaumm

JInneiinbiii knaccndmkaTop Ha gga knacca Y = {—1,1}:
a(x) = sign((w,x} - Wo), w,x € R", wp € R.
Otctyn obbekTa X;:
Mi(w,wo) = ({w, xi) — wo) ;.

3apaya obydeHus BeCOB W, Wy NO pasMeYeHHOIli BhIbopke:
k

1
Q(w,wy) = Z(l — Mi(w, Wo)) + —HW||2 — mlrz).
i=1

®yrkuyus L (M) = (1 — M) wrpadbyeT 3a yMeHbLUEHNE OTCTYNA.

Npea!
Pyrkums Zy(M) = (1 — [M]), wrpadyer 3a nonagarue obvekra
BHYTPb pasgensioleid nonocsl.
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O6€épTkn Hapg meTogamu knaccudukaumnn
TpaHncayktusHbein SVM
YactuyHoe obyqeHune Ha ocHoBe knaccudukaymm Perynsipusayus npasgonogobus

DyHKUNA NOTepb ANa TpaHcaykTusHoro SVM

Dyrkums noteps £ (M) = (1 — \M\)+ *
wTrpadpyeT 3a nonagaHue obvekTa 05
BHYTPb Pa3genstoweid noaocs.
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O6€épTkn Hapg meTogamu knaccudukaumnn
TpaHncayktusHbein SVM
YactuyHoe obyqeHune Ha ocHoBe knaccudukaymm Perynsipusayus npasgonogobus

MeTtoa yactuuHoro obydeHusa Transductive SVM

ObyueHue BeCOB W, Wy MO HaCTUYHO pa3MedeHHOo Bbibopke:

k 1
=5(1—- M;(w, —|lw|)?
Qw. o) = 25 (1= M(w. )., + 5l wl +
¢
+v > (1= |Mi(w, W0)|)+ — min.
i=k+1 w;o

HocTtouHctea n HegocTtaTtkn TSVM:
@ kak n B 0bbluHOM SVM, MOXHO MCnoNb30BaTh A4pa;
@ nmeroTcs ahpekTUBHBIE peann3auun Ans boNbLINX faHHbIX;
© 3ajava HeBbINyKIasl, METOAbI ONTUMU3ALUN CAOXKHEE;
© peLlleHne HeyCTOMUYMEBO, eCNn HET 0bNacTn pasperKeHHOCTH;

© TpebyeTcst HacTpolika aAByx napameTpos C, 7;

Sindhwani, Keerthi. Large scale semisupervised linear SVMs. SIGIR 2006.
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O6€épTkn Hapg meTogamu knaccudukaumnn
TpancayktusHein SVM
YactuyHoe obydveHne Ha ocHose knaccudpukayumn Perynspusauus npasgonogobus

HanomunHaHne: mHoroknaccoBasi iornctuyeckas perpeccusa

JInHeiinblii knaccudukaTop N0 KOHEYHOMY MHOXeCTBY kaaccos |Y|:

a(x) = argmax(wy,x), x,w, € R".
veyYy

BepoaTHocTb TOro, 4to 06bekT X; OTHOCUTCS K Knaccy y:
exp(wy, X;)

S exp{we, xi)

ceyY

P(y’va W) =

3apaya MakCMMU3aLUKM Peryisipn3oBaHHOrO Npaegonogobus:

k
1
Q(w) = log P(yilxi,w) = 5= > [ wyl* — max.
i=1 yey

Ontumnzayus Q(w) — METOLOM CTOXaCTUHECKOrO FPafneHTa,
no n|Y|-mepHomy BekTOpy napametpos w = (w,: y € Y).
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O6€épTkn Hapg meTogamu knaccudukaumnn
TpancayktusHein SVM
YactuyHoe obydveHne Ha ocHose knaccudpukayumn Perynspusauus npasgonogobus

CornacoBaHue Mogesin Ha pa3MedHeHHbIX N Hepa3dMe4deHHbIX AadHHbIX

Tenepb yuTém Hepasmedennble pantsie U = {xei1,...,x}.
Myctb bj(x) — buHapHble npusHakm, j =1,...,m.

Ouerum seposithoctn P(y|bj(x) = 1) aByms cnocobamu:

1) sMnnpuyeckas oueHKa Mo Pa3sMEYEHHbIM LAHHbIM Xk

S b))y =y
Y b))

2) oueHKa No HepasMeyeHHbIM aaHHbIM U n BEpOSTHOCTHOI Mogenu:

pily) =

)

i—kr1 bi(xi)P(y|xi, w)
pj(Y‘W) = k+lg ’ :
i=k+1 bj(xi)

Makcumusupyem npasgonogobue BeposiTHoCTHO! Mogenu pj(y|w),
npubanxatoweii smnupuyeckoe pacnpeaenenue pi(y).
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O6€épTkn Hapg meTogamu knaccudukaumnn
TpancayktusHein SVM
YactuyHoe obydveHne Ha ocHose knaccudpukayumn Perynspusauus npasgonogobus

MoctpoeHune perynapusaTtopa (XR, eXpectation Regularization)

Norapudm npaesgonogobust Mogenm KNaccos no j-My Npu3sHaKky:

w) =) Bi(y)logpi(ylw) — max.
yey

Perynapusauus kputepus Q(w) cymmoii log-npasgonoaobuii Lj(w)
¢ k03hpbnLeHTOM perynspusanum y:

m k
1
w) 47 Li(w) = log P(yilxi, w) — >C D lwyl? +
i1 i—1

yey

+722pj(y |0g< Z bi(x:)P(y |, )) ~ max.

j=1yeYy i=k+1

Mann, McCallum. Simple, robust, scalable semi-supervised learning via
expectation regularization. ICML 2007.
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O6€épTkn Hapg meTogamu knaccudukaumnn
TpancayktusHein SVM
YactuyHoe obydveHne Ha ocHose knaccudpukayumn Perynspusauus npasgonogobus

OcobenHoctn metopa XR (eXpectation Regularization)

@ XR — 3710 SSL, HoO 3TO BOODLWE He KnacTepusayus!

@ OnTumMM3aLMs MeTOLOM CTOXaCTUYECKOrO rpajneHTa.
© BosmoxHble BapuaHTbl 3afilaHuA nepemMeHHbIX bj:
e bj(x) =1, torga P(y|bj(x) = 1) — anpuopHast BEpOSITHOCTb
knacca y (label regularization)
— NOAXOANT AN1sl 3aia4 C HecbanaHCUPOBaHHBIMI Kaccamu;
o bj(x) = [TepmuH j copepxutcs B TekcTe x|
— NoaxoAauT ANsA 3aad KnaccuduKkaumm TEKCTOB.

Q@ wmetog cnabo uwyscTeuTeneH K Boibopy C n 7,
© ycToiiunB k norpelwHocTsM oueHnsanus pi(y),
O He TpebyeT 6onbLWIOrO YNCNa pa3MedeHHbIX 06BbEKTOB K,

Q XOopoLWo NoaxoanT ANS KaTeropusalyun TEKCTOB.

Mann, McCallum. Simple, robust, scalable semi-supervised learning via
expectation regularization. ICML 2007.
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O6€épTkn Hapg meTogamu knaccudukaumnn
TpancayktusHein SVM
YactuyHoe obydveHne Ha ocHose knaccudpukayumn Perynspusauus npasgonogobus

Pesome

@ Knacrtepuzsaums — 370 obyyeHne be3 yuntens, HEKOPPEKTHO
NOCTaBJEeHHas 3afa4a, CYLECTBYET MHOMO ONTUMU3ALMNOHHBIX
N 3BPNCTNYECKUX aNrOPUTMOB KiacTepusauum

o DBSCAN — nonynsapHblii BbICTpbIii anroputM Kinactepusauun

@ 3agaya SSL 3aHMMaEeT NpOMEXYTOHHOE NOJIOXKEHME MEXLY
knaccudpmkaymeid n knactepusaumeii, Ho He CBOANTCS K HUM.

@ Metogbl knactepusauum serko agantupytores k SSL
nyTém BBefeHus orpaHnyenuii (constrained clustering).

o ApanTauus MeTOAOB KiacCMpuKaLMm Yalle peannsyeTcs
4epes ONTMMU3aLNIO B3BELLEHHONR CYMMbl ABYX KPUTEPUEB.

@ SSL — He obsasaTensHo knactepnsauus (npumep — XR);
cyTb SSL umenHo B obuyeii napameTpusaumm geyx KpUTEPUEB,
N3 KOTOPbIX TOJIBKO OANH 3aBUCUT OT Pa3MEYEHHbIX AaHHbIX.
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