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9 3apaum knactepusayum M 4acTUYHOro ody4eHus
@ 3apgaya knacrepusauuu
@ 3apaya 4actuyHoro obyuyeHus
@ KpuTepun KayecTBa KaacTepusauum

Q Anroputmbl Knactepmusauuu
@ Metog K-cpenHux
9 Anroputm DBSCAN
@ Vlepapxudeckne meTogbl

9 YactuyHoe oby4yeHue Ha ocHoBe Kiaccucukaumn
@ O6EpTku Hag MeTomamu Knaccudmkauum
® TpaHcaykTusHblii SVM
@ Perynspusauus npasgonogobus



3apayn knacTepmsauum U HacTUHHOro obydyeHus 3apaua knactepusauun
3apaya 4acTu4HoOro obyqeHus
Kputepun kavectsa knacrepusauun

NMocTaHoBKa 3agayuu knacrtepusauyuu

OaHo:
X — NpoCTpaHCTBO OOBEKTOB;
Xt = {xl, . ,Xg} — obyuatowas Bbibopka;

p: X x X = [0,00) — cyHKLNS paccTosiHUS MexXay obbekTamu.

Haiitu:
Y — MHOXECTBO K1acCTepos,
a: X — Y — anroputm knacrepusauunm,
Takue, 4TO:
— KaXKAblA Knactep cocTonT u3 6anskux obbEKTOB;
— 0DOBEKTbI PasHbIX KNACTEPOB CYLLECTBEHHO Pa3/ivyHbI.

7o 3apava obyyenus be3 yuutens (unsupervised learning).
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3apayn knacTepmsauum U HacTUHHOro obydyeHus 3apaua knactepusauun
3apaya 4acTu4HoOro obyqeHus
Kputepun kavectsa knacrepusauun

HekoppekTHOCTb 3aja4yun KjacTtepusauuu

Pelienne 3apgaun knactepmusaumy NpuHLMNAANBHO HEOAHO3HAYHO!
@ TOYHOI MOCTAHOBKM 3aja4yy KiaacTepu3auny HeT;
CyLLeCcTBYeT MHOFO KpUTEPUEB Ka4yecTBa KjacTepusauunu;

CyLLECTBYET MHOIO 3BPUCTUYHECKNX METOA0B KNACTEPMN3aUnn;

4ucio knactepos | Y|, kak NpaBuio, HEN3BECTHO 3apaHee;

pe3ynbTaT KNAacTepn3aunm CUbHO 3aBUCUT OT METPUKM p,
BLIOOP KOTOPOUi TakXKe SIBASIETCS 3BPUCTUKOIA.
Mpumep: ckonbko 3gech KnacTepos?
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3apayn knacTepmsauum U HacTUHHOro obydyeHus 3apaua knactepusauun
3apaya 4acTu4HoOro obyqeHus
Kputepun kavectsa knacrepusauun

Llenn knacrepusayum

© YnpocTutb ganbHeiiwyo o6paboTKy AaHHbIX,
pasbutb MHoxecTBo X! Ha rpynmbl cxoxmx 0bbekToB
yTobbl paboTaTh C KaXKAol rpynnoii B OTAENLHOCTH
(3apaun knaccndpukaumm, perpeccun, NPoOrHO3MPOBaHUS).

o Cokpatntb 00bEM XpaHUMbIX AaHHBbIX,
OCTaBWB MO OLHOMY MPEACTAaBUTENO OT KaXKAOro KaacTtepa
(3amaum oKaTms faHHbIX).

@ Bbigenutb HeTUNnYHbIE 06BEKTHI,
KOTOpPbIE HE NOAXOOAT HUN K OAHOMy N3 Knactepoe
(3apaun opHOKNACCOBON Knaccudpukaumnm).

o MocTpouTb nepapxui0 MHOXeCTBa 00HLEKTOB,
npumep — knaccndmkauns XnsoTHbix n pactennii K.JTunxes
(3agaqm TakcoHomuUM).
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3apaua knactepusauun
3apaya 4acTu4HoOro obyqeHus
Kputepun kavectsa knacrepusauun

3apayn knacTepmsauum U HacTUHHOro obydyeHus

Twunbl KNacTepHbIX CTPYKTYP

L KJlacTepbl C LeHTpaMu

.'._-'-: < ... " BHYTPMKJACTEPHbIE PACCTOSIHUS
e o MeHbLLEe MEXKJaCTepHbIX
IR JIEHTOYHbIE KNacCTepbl
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3apaua knactepusauun
3apaya 4acTu4HoOro obyqeHus
Kputepun kavectsa knacrepusauun

3apayn knacTepmsauum U HacTUHHOro obydyeHus

Twunbl KNacTepHbIX CTPYKTYP

: : nepeMbl4KN MeXAy Knactepamu

S, paspexeHHblli doH
: : N3 HETUNUYHBIX OOBEKTOB
o . .+ .° NEepeKpbIBatOLLNECA KNacTepsbl
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3apayn knacTepmsauum U HacTUHHOro obydyeHus 3apaua knactepusauun
3apaya 4acTu4HoOro obyqeHus
Kputepun kavectsa knacrepusauun

Twunbl KNacTepHbIX CTPYKTYP

< KJiacTepbl MOryT BoobLLe OTCYTCTBOBaTh

a 370 BoODLLE He KnacTepbl

o Kaxgblii MeTog, Knactepusauny MeeT CBOM OrpaHmyeHuns
N BbIGENAET KJACTEPbl NNLIb HEKOTOPbIX TUMOB.

@ [loHsaTue «TUn KIACTEPHOI CTPYKTYpbl» 3aBUCUT OT METOAA
N TaKXe HE NMeeT POPMaLHOrO ONpeneneHus.

K. B. BopoHuos (voron®forecsys.ru) Knactepusauusa n qactudroe obyqeHue 8/46



3apayn knacTepmsauum U HacTUHHOro obydyeHus 3apaua knactepusauun
3apaya 4acTu4HoOro obyqeHus
Kputepun kavectsa knacrepusauun

Mpobnema 4yBCTBUTENLHOCTU K BbIOOPY MeTpuku

Pe3ynbTaT 3aBUMCUT OT HOPMUPOBKU MPU3HAKOB!

Poct,cm
190 B
180} A
ol A — cTymeHTKnM,
ol B — crymenTnbl
150 ) ) ) ) )

60 65 70 75 80 Bec,xr

nocsie NepeHopMUpOBKHA
(okann ocb «Bec» BABOE)
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3apava knacTtepusayum
3apgada HacTm4Horo oby4eHus
Kputepun kavectsa knacrepusauun

3apayn knacTepmsauum U HacTUHHOro obydyeHus

MNMocraHoBka 3agaym vacTu4yHoro oby4yenus (SSL)

OaHo:
MHOXeCTBO 06BbekToB X, MHOXXECTBO Knaccos Y;
XK= {x1,...,x} — pasmedennbie obvekTbl (labeled data);
{Y1> . 7)/k}
U= {Xkt1,...,x} — Hepasmeuennbie obbekTs (unlabeled data).

[Ba BapuaHTa NOCTAHOBKU 3ajauyu:
@ YactuyHoe obyqenume (semi-supervised learning):
NocTpouTb anroputm knaccudukaumm a: X — Y.

o TpaHcaykTusHoe obyyenne (transductive learning):
3Has BCE {Xkt1,- .., X}, NOAYHUTE METKM {aki1,...,ar).

TunuyHble NpunoxeHus:
Knaccudpukaums n KaTanornsauus TEKCTOB, M30bpaXkeHWid, u T. .
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3apayn knacTepmsauum U HacTUHHOro obydyeHus 3apava knacTtepusayum
3apgada HacTm4Horo oby4eHus
Kputepun kavectsa knacrepusauun

SSL He cBoauTCA K Knaccucukayum

Mpumep 1. NAOTHOCTU KNACCOB, BOCCTAHOB/EHHbIE:

no pa3MEYE€HHbIM OaHHbIM Xk N0 MNOJIHBIM OaHHbIM XZ
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3apayn knacTepmsauum U HacTUHHOro obydyeHus 3apava knacTtepusayum
3apgada HacTm4Horo oby4eHus
Kputepun kavectsa knacrepusauun

SSL He cBoauTCA K Knaccucukayum

Mpumep 2. MeToapl knaccudrkaum He YHUTLIBAIOT KAACTEPHYHO
CTPYKTYPY Hepa3MeYeHHbIX AaHHbIX

(a) Toy Data (Twe Moons) (b) SVM (RBF Kernel)
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3apayn knacTepmsauum U HacTUHHOro obydyeHus 3apaua kn 3ayumn
3apgada HacTm4Horo oby4eHus
Kputepun kavectsa knacrepusauun

OpaHako u K knactepusauun SSL Takxke He cBoauTCS

Mpumep 3. MeTogbl knacTepusaynum He yHUTbIBAKOT
NPUOPUTETHOCTb PAa3METKUN HaJ KNACTEPHOU CTPYKTYpOIi.
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3apayn knacTepmsauum U HacTUHHOro obydyeHus 3apava knacTtepusayum
3apaya 4acTu4HoOro obyqeHus
Kputepun kavectsa knacrepusauun

KayecTBO knacrepusauum B METPUYHECKOM MPOCTPaHCTBE

nyCTb N3BECTHbl TONbKO NOMNapHbl€ PACCTOAHNA MeXay obbekTamu.

o CpepHee BHYTpUKNACTEPHOE PaCCTOSIHUE:

;[ai = aj] p(xi, X))
Fo= ST = 2] — min.

i<j

@ CpefHee MEXKNaCTEPHOE PaCcCTOSIHUE:

>_lai # aj] p(xi, %)
. 1<J
F = o 2 aj] — max.

i<j

@ OrtHoweHne napsl yHkymnoHanos: Fo/F1 — min.
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3apayn knacTepmsauum U HacTUHHOro obydyeHus 3apava knacTtepusayum
3apaya 4acTu4HoOro obyqeHus
Kputepun kavectsa knacrepusauun

KayecTBO knacrepusauuu B JNHEAHOM BEKTOPHOM MPOCTPAHCTBE

MycTb 0b6beEKTHI X; 334at0TCS BEKTOPaMU (fl(x,-), e f,,(x,-)).
o Cymma cpegHux BHYTPUKAACTEPHBIX PACCTOAHMIA:
1 .
00=3" "1 3 px) - min
| Xal  —~
acyYy i:aj=a
X, = {xi € X' | a; = a} — knacTep a,
[l — UEHTPp Macc Knacrepa a.

@ CymMMa MeXKNacCTepHbIX pacCTOSHUIA:

®1= ) p(ttar tip) — max.
a,beY

@ OTtHoweHwne napbl yHkuymonanos: $o/P; — min.
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1 H 6 H MeTton K-cpepgHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne metoppi

Metoa K-cpegHux (K-means) ans knactepusauuu

MI/IHI/IMI/I3aLI|I/IFI CYMMbIl KBaApPaTOB BHYTPUKNACTEPHbIX paCCTOﬂHI/IﬁZ

4 n

. 2
> X =l = min L x = pall? = 30 (606) — pay)
i=1 {ai}, {ua} j=1

AnropuTtm Jlnoviga

exon: X!, K = |Y|; BbIXx0oA: UEHTpbI KNacTepos /i, a € Y
[la *= HaYasbHOe NpubAnKeHNe LEHTPOB, AJis BCex a € Y
NOBTOPSATb
OTHECTN KaxAblli X; K bavxaiiwemy LeHTpy:
aj:=argmin||x; — pall, i=1,...,6

aeyY

BbIYUCAUTL HOBbIE MOJIOXKEHUSI LLEHTPOB:
2
. a; — alx;
L i= —Z’?l[ ! ]X', acy;
>izalai = a]

NOKa a; HE NepeCTaHyT N3MEHATLCA;

K. B. BopoHuos (voron®forecsys.ru) Knactepusauusa n qactudroe obyqeHue 16 / 46



1 H 6 H MeTton K-cpepgHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne metoppi

MeTtoa K-cpegHux (K-means) ans 4actu4Horo oby4yeHus

Mopgudukauua anroputma Jlnoiiga
NpU HaNU4YMM pa3MedeHHbIX 0bbekToB {xi,. .., Xk}

sxop: X!, K = lY];
BbIXO/: LEHTPbl KNAaCTEPOB iy, @ € Y;

[la *= HaYasbHOe NpubAMKeHNe LEHTPOB, AJis BCex a € Y,
NOBTOPATb
oTHeCTn Kaxgablli X; € U k bamxaiiuemy LeHTpy:

aj:=argmin||x; —pall, i=k+1,....¢
aeyY
BbIYNCINTE HOBbIE MOJIOKEHUS LLEHTPOB:
¢
Zi?l[ai = a]Xi, ac Y,
> i—1lai = a]

NOKa a; HE NepeCTaHyT N3MEHATLCA;

Ha -=
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u TU4Horo ob HUNS MeTton K-cpepgHux
Anroputmbl knactepusauumn Anropntm DBSCAN

Nepapxunyeckne metopbi

Metop K-cpepHux — ynpouweHue EM-anroputma ana GMM

EM-anroputm: makcumunsaums npasgononobus ans pasgeneHus
cmecn rayccmad (GMM, Gaussian Mixture Model)

HayanbHOe NpubvXXeHne Wy, Lia, X, NS BCex a € Y
NoOBTOPSATb
E-war: oTHecTn kaxablli x; K bavxaliwmm LeHTpam:
W, Ppa(X;i .
8ia '= P(a|x;) = A')_, aeyY, i=1,....¢
Zy Wypy(xl)
aj:=argmaxgi,, i=1,...,¢
acyY
M-war: BbIYMCANTL HOBbIE MOJIOXKEHUS LIEHTPOB:
1 4 _ .
Had i= g D_i=1 8iald(xi), @€Y, d=1,....n;
2 . 1 3\ : . 2 _ .
Ood = 7w 2oim1 &ia(fa(Xi) — pad)®, @€Y, d=1,...,n;
N B V4 .
Wa'= 7 Z,'zl g A€EY;
NnoKa a; He NepecTaHyT U3MEHSATLCS;
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MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne metoppi

CpaBHeHue EM-anroputma gna GMM un metoga k-cpegHux

OcHoBHble otanuna GMM-EM u k-means:

® GMM-EM: msrkas knactepusauusi: g, = P(alx;)
k-means: xeécTkasi knacTepusauus: g, = [a; = a|

@ GMM-EM: knactepbl 3naunTu4eckne, HaCTpamBaemble
k-means: knacTepbl ccepuyeckue, He HaCTpanBaemMble

Mbpuast (ynpowernne GMM-EM — ycnoxnenne k-means):
o GMM-EM c xécTtkoli knactepusauymnein Ha E-ware

© GMM-EM 6e3 HacTpoiikn gucnepcnii (ccepuueckmne rayccmansi)

HepocTtaTtkn k-means:
o l-1yBCTBI/ITeJ1l:>H0CTl:> K Bbl60py Ha4YaJIbHOro an/I6III/I)K6HVI$I

@ mepneHHas cxoguMocTb (nonb3yiitech k-means++)
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MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne metoppi

Mpumepbl HeypaayHoOW Knactepusauum k-means

MpnynHa — HeyaadHoe HaYanbHOE NMpUbNNXKEHNE UK
CYLLIECTBEHHASA HEraycCOBOCTb KJaCTEpOB

& '3 f
¥*<l’<“;" “‘ p W .
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MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne metoppi

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

O6wekT x € U, ero e-okpectrocts U-(x) = {u € U: p(x,u) < e}
Kaxnablii 06bEKT MOXET BbITb OAHOrO U3 TPEX TUMOB:

@ KOPHEBOI: MMeOLLNA NAOTHYIO OKpecTHOCTb, |UL(x)| > m

@ TPaAHUYHBIA: HE KOPHEBOIA, HO B OKPECTHOCTUN KOPHEBOrO

@ WyMOBOIi (BbIBPOC): He KOPHEBOU 1 HE rPaHUYHbIA

[ e

Ester, Kriegel, Sander, Xu. A density-based algorithm for discovering clusters
in large spatial databases with noise. KDD-1996.
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3ay acTU4YHOro obyueHuns MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne metoppi

Anroputm knactepusauyun DBSCAN

Bxop: Buibopka X' = {x1,...,x;}; napamerpel £ u m;

BbIXO/: pa3bueHune BLIGOPKM Ha KNacTepbl N LYMOBbIE BbIOPOCHI;
U := X! — HenomeueHHbie; a:= 0;

noka B BLIOOPKE eCThb HenoMedeHHble Touku, U # -

B3SITb C/IyHaliHyto Touky x € U;

ecnm |U-(x)| < m To
| nmomeTnTb X Kak, BO3MOXXHO, LUYMOBOIA;

nHaye

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

Anst Bcex x' € K, He NOMEYEHHbIX UK LYMOBbIX
ecnm |U:(X)| =2 mTo K:=KUU(X);
nHa4ve nomeTnTb X' KaK rpaHnyHbli knacrepa K;

a; := a ans ecex x; € K;

U:=U\K;
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MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne metoppi

MpeumyuiectBa anroputma DBSCAN

@ bbicTpas knactepusaums 6oabLINX AAHHbBIX:
O(f?) B xypwem cnyyae,
O(£In£) npwn adbcpektusHoit peannsaunn U-(x);
@ KnacTepbl NpoON3BONLHONA hopmbl (Jonoli ueHTpsl!);

@ pgenedHune 0bbEKTOB Ha KOPHEBbIE, TPAaHN4HbIE, LUYMOBbLIE.

Estimated number of clusters: 3

K. B. BopoHuos (voron®forecsys.ru) Knactepusauusa n qactudroe obyqeHue 23 /46



u TU4Horo ob MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne meroppi

AI’HOMepaTI/IBHaSI nepapxmyeckad Knacrepusalusa

AnropuTtm unepapxunyeckoin knactepusauum (Jlanc, Yunssme, 1967):
MTepaTUBHBIA NepecHéT paccTosHuii Ryy mexpy knactepamu U, V.

G = {{xa},...,{xe}} — Bce knacTepni l-anemenTHbIe;
Rixi}{xy == p(Xi, Xj) — paccTosiHus Mexay HAMY;
ans Bcex t =2,...,¢ (t — Homep uTepaunm):

HaiiTu B C;_1 napy knactepos (U, V) ¢ munumansHeim Ryy;
CNUTb UX B OAWH KNacTep:
W .= Uu YV,
Ct = thl @] {W} \ {U, V},
ana scex S € G
BolUnCINTL Ryys no dopmyne Slavca-Yunssimca:
Rws := ayRus + avRys + BRuv + 7|Rus — Rys|;
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u TU4Horo ob MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne meroppi

Anroputm JlaHca-Yunbamca Ans H4acTU4YHOro odbyyeHus

AnropuTtm unepapxunyeckoin knactepusauum (Jlanc, Yunssme, 1967):
MTepaTUBHBIA NepecHéT paccTosHuii Ryy mexpy knactepamu U, V.

G = {{xa},...,{xe}} — Bce knacTepsi l-anemenTHbIe;
Rixi}{xy == p(Xi, Xj) — paccTosiHus Mexay HUMK;
ans Bcex t =2,...,¢ (t — Homep uTepaunm):

HaiiTu B C;_1 napy knacrepos (U, V) ¢ munumansHeim Ry,
npu ycnosumn, 4to B U U V HeT 06beKTOB C pasHbIMu MeTKamu;
CNUTb UX B OAWH KNacTep:
W:.=UuV;
Ct = Ct—l U {W} \ {U, V},
ana scex S € C;

BolUnCINTL Ryys no dopmyne Slavca-Yunssimca:

Rws := ayRys + avRys + BRuv +7v|Rus — Rys|;
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MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne meroppi

YactHble cny4vau chopmynel JlaHca-VYunbamca

1. PaccrosHue bnunxkHero cocepa:

R8 .= min w.s);

W, WEW,SGSP( ’ )
1 1
aU:aV:E,IB:O,fy:—E_

2. PaccrosiHne ganbHero cocepa:

R« = ;
w. werrvlli)s(es p(w,s)
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MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne meroppi

YactHble cny4vau chopmynel JlaHca-VYunbamca

5. PacctosHue Yoppa:

v _ IsIw| 2 W o s ).
Rws = st P\ 20w 2,751
wew sesS
_ ISy CSHIVE p_ —ISI
U = 1w v = 1w B = w1 =0

Mpobnema BbIOOpa

Kakas dyHkumsi pacctosiiusa nydwe?
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MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN

Nepapxunyeckne metogbi

Busyanusauus knactepHoil CTpyKTypbl

1. PaccrosHue bnunxkHero cocepa:

[duarpamma BnoXxxeHus LeHngporpamma
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Anroputmbl knactepusauumn

MeTton K-cpepHux
Anropntm DBSCAN
Nepapxuyeckne meroppi

Busyanusauus knactepHoil CTpyKTypbl

2. PaccTosiHue panbHero cocepaa:

[duarpamma BnoXxxeHus

K. B. BopoHuos (voron®forecsys.ru)

Ry

0.4
0.3
0.2

0.1

LeHngporpamma

Knactepusauuma n 4actudHoe obydeHune

20 /46



MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne meroppi

Busyanusauus knactepHoil CTpyKTypbl

3. I'pynnoBoe cpeaHee paccTosiHue:

[duarpamma BnoXxxeHus LeHngporpamma
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MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne meroppi

Busyanusauus knactepHoil CTpyKTypbl

5. Pacctosivne Yopaa:

[duarpamma BnoXxxeHus LeHngporpamma

0.25 -
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Metoan K-cpepgHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne meroppi

deHaporpamma — Bu3yanusauusi nepapxmyeckoil knacrepusauum

@ KnacTepbl rpynnupytoTcst BAOAb FOPU30OHTANBHON OCH

Mo BepTuKanbHOW OCK OTKNAAbIBAOTCA paccTosiHua Ry

]
@ PaccTosiHua BospacTatoT, AMHUM HUTAE HE NepecekatoTcs
@ BepxHue ypoBHM pa3nnymMmbl Jy4dlle, YEM HUXKHUE

]

vaBEHb OTCEe4YEHNA onpeaendeT YNCno Knactepos

EG

5

2 7T 1
LG *

%7 l P 2
£
- 3 s zs
BT P
1 ] ek e *
S B[ =5 & y =
0 P 104 Hﬁl T 03 w7 ) B B
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MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne meroppi

OcHoOBHbIe CBOWCTBaA Mepapxu4eckoi Knacrepusauun

@ MoOHOTOHHOCTB: AeHApOrpaMMa HE UMeeT caMonepeceyeHnii,
Npy KaXkaoM CAUSIHUN PacCTOsiHUE MexXAy obbeamHsaembiMu
KnacTepamu Tosbko yBenudusaetcs: R < Ry < ... < Ry.

o Cxumarowee paccrosmne: Ry < p(py, pyv), Vt.
© Pacrarusarowee paccrosnue: Ry = p(py, py), Vt

Teopema (Munnuran, 1979)

KnaCTepmsame MOHOTOHHAQ, €CJ/IN BbIMNOJHAKTCA YCN0OBUA

ay=20, ay =20, ay+ay+p=21, min{ay,ay}+~v=0.

R“ He MOHOTOHHO; R®, RA R", RY — MOHOTOHH®I.

R6 — okumatowee; RA, RY — pacrarusarowne;

K. B. BopoHuos (voron®forecsys.ru) Knactepusauusa n qactudroe obyqeHue 33/46



MeTton K-cpepHux
Anroputmbl knactepusauumn Anropntm DBSCAN
Nepapxuyeckne meroppi

PekomeHgauun n BbiBOAbI

@ peKOMeHZyeTCsl NONb30BaThCA paccTosHueMm Yopga RY;

@ ODbIYHO CTPOSIT HECKONILKO BapUaHTOB U BLIOUPAIOT NydLLNii
BM3Ya/lbHO MO OEHAPOrpaMMme;

@ onpefeneHne Yncna KAacTepos — no mMakcumymy |Ryiq1 — Ry
TOrAa pesynbTUpyoLLee MHOXECTBO knactepos (= C;.

Re

0.25
0.2

0.15

0.1

0.05
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O6épTku Hap meTopammu knaccudukayum
Tpancayktusuein SVM
YactuyHoe obydveHne Ha ocHose knaccudpukaymmn Perynsapusauns npasgonopobus

Metoa 4actuuHoro obyqeHus self-training (1965-1970)

Mycts p1: XK — a — meTon obyyenns knaccudpmkanum;
knaccudpukaTopbl umetot Bug a(x) = arg max ', (x);
yey

[MceBgooTCcTyn — cTeneHb yBepeHHOCTU Knaccudukaymum a; = a(x;):

Mi(a) =T, (xi) — y21$<< Ty (i)

i

Anroputm self-training — obéptka (wrapper) Hag meTogom i

Z = Xk
noka |Z| < /¢
a:=u(Z);
A = {X,' € U\Z ‘ M,-(a) > Mo};
a; := a(x;) onsa scex x; € A;
Z =7ZUN;

EE] ER—Y ¢ uE 1 [ 2 25

Moy moxxHo onpegensits, Hanpumep, u3 ycnosus |A| = 0.05 |U]
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O6épTku Hap meTopammu knaccudukayum
Tpancayktusuein SVM
YactuyHoe obydveHne Ha ocHose knaccudpukaymmn Perynsapusauns npasgonopobus

Metoa 4actuyHoro obyyeHus co-training (Blum, Mitchell, 1998)

Mycts p1: XK — a1, po: XK — a» — pra cyuwjectsenHo
pasNMYHbIX MeTOAa Oby4YeHUs, NCMONb3YHOLLNX

— nnbo pasHble Habopbl NPU3HAKOB;

— nnbo pasHble napagurmbl obyuerus (inductive bias);
— nnbo pasHble UCTOYHUKMA JaHHbIX Xkl, X2k2.

/= lkl; s = Xle.

noka |Z; U Zp| < /¢

a = Iu,l(Zl); A = {X,' € U\Zl\Z2 { Mi(al) > MOl};
a; := a1(x;) ans Beex x; € Ag;

oy = 2o UNq;

ap = /1,2(22); Ny = {X,' € U\Zl\Z2 | Mi(32) > MOQ};
a; := ax(x;) ans Beex x; € Ap;
Z1 = 2721 U Ao;
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O6épTku Hap meTopammu knaccudukayum
Tpancayktusuein SVM
YactuyHoe obydveHne Ha ocHose knaccudpukaymmn Perynsapusauns npasgonopobus

MeToa 4acTuyHoro oby4eHus co-learning (deSa, 1993)

MycTo pe: XK — a; — pasHble meToabl obydenns, t =1,...,T.

Anroputm co-learning — 370 self-training gns komnosnunn —
NPOCTOro ronocoBaHusi 6asoBbIX anropuTMoB aj,...,arT:
T
a(x) = argmaxly(x), Ty(x)= E [a:(x7) = y].
Yey
t=1
torga M;(a) — creneHb yBepenHocTn knaccudpmkauum a(x;).

7 = 3%
noka |Z| < ¢
a:=pu(Z);
A= {x € U\Z | Mi(a) > Mo};
a; := a(x;) onsa scex x; € A;
Z: =ZUA;
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O6épTku Hap meTopammu knaccudukayum
Tpancayktueubin SVM
YacTtu4yHoe obyqeHne Ha ocHoBe knaccudpumkaymmn Perynsipusauns npaesgonopgobus

ObOwunin oNTUMN3aLNOHHBIA Noaxoa K 3agadam SSL

OaHo
XK ={x1,...,x} — pasmedennbie obwekThl (labeled data);
{)/1; e aYk}
U= {Xk+41,...,x} — nepasmeuentbie obwvekTs (unlabeled data).

Haiitu: wmogens knaccudpukaunm a(x, w)
Kputepuii ogHoBpemeHHOI knaccudmkaumm n KnacTepusaumn:

k ¢
Z.ﬁf(a(x,-, w),yi) + )\Z.,%U(a(x,-, w)) — mmi/n

i=1 i=1

knaccudbmnkayms KnacTepnsauns

roe Z(a,y) — dyHkunsa notepb knaccudukaumn,
Zu(a) — yHKLMA NOTEPb ANt HEPA3MEHEHHbIX JAHHbIX
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O6épTku Hap meTopamu knaccudbukaynm
TpancaykTusuein SVM
YacTtu4yHoe obyqeHne Ha ocHoBe knaccudpumkaymmn Perynsipusauns npaesgonopgobus

Hanomunanune: SVM pgnsa gByxknaccoBoi knaccudukauum

Jnneiinbii knaccudpmkaTop 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 MO pa3MedeHHOl BbIGOpKe:
k

Qw, o) = D2 (1— Miw, wo)) , + 5 cllwl? — min.
i=1

Pynkuns L (M) = (1 — M), wrpadyeT 3a yMeHbLIEHME OTCTYNA.

Ngesa!
Dynkums Ly(M) = (1 — |/\/I|)Jr wrpadyeT 3a nonagaxue obbekTa
BHYTPb pasgensitolyeil nosocsl.
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O6épTku Hap meTopamu knaccudbukaynm
TpancaykTusuein SVM
YacTtu4yHoe obyqeHne Ha ocHoBe knaccudpumkaymmn Perynsipusauns npaesgonopgobus

DyHKLUMA NOTepb Aas TpaHcAykTusHoro SVM

®Dynkums noteps .£(M) = (1 — |/\/I|)Jr "
wTpadpyeT 3a nonagaHue obbekTa ost
BHYTPb pa3aensitoLleli nonochl.
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O6épTku Hap meTopamu knaccudbukaynm
TpancaykTusuein SVM
YacTtu4yHoe obyqeHne Ha ocHoBe knaccudpumkaymmn Perynsipusauns npaesgonopgobus

MeTtoa 4actuyHoro obydeHusa Transductive SVM

ObyueHue BeCOB W, Wy MO YaCTUYHO Pa3MeYeHHOI BbIbOpKe:

— k i 1 2
Q(w, wo) = El(l = Mi(w, wo)) |+ 5&lIwll* +

¢
+v > (1= |Mi(w, WO)\)+ — min.
i=k+1
OocTtouHctBa n HegoctaTtku TSVM:
@ kak n B 0bbl4HOM SVM, MOXKHO MCNONbL30BaTh A4pa;
@ nwmeroTcs 3bpeKTUBHbIE peannsaunmn ans boNbLINX JaHHbIX;
© 3apgaya HeBbINykNasi, METOAbI ONTUMU3ALNMN CAOXKHEE;
© peLleHne HeyCTONYMBO, €CAN HET 0BNACTM pa3peXKeHHOCTH;

© TpebyeTca HacTpolika AByx napametpos C, 7;

Sindhwani, Keerthi. Large scale semisupervised linear SVMs. SIGIR 2006.
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O6épTku Hap meTopamu knaccudbukaynm
Tpancayktueubin SVM
YactuyHoe obydveHne Ha ocHose knaccudpukaymmn Perynspusauus npasgonopobus

HanomunHaHumne: mHoroksaccoBasi iorucruyeckasi perpeccusa

JuHeiinbiii knaccnbnkaTop N0 KOHEHHOMY MHOXKECTBY kaaccos |Y|:

a(x) = argmax(wy,x), x,w, € R".
vey

BeposiTHOCTb TOro, 4TO OBBEKT X; OTHOCUTCS K Kfaccy y:
exp(wy, Xi)

S exp{we, xi)

cey

P(}/|X,', W) =

3afaya MakCMMU3auMuU perynsipu3oBaHHOro npaefonogobus:

k
1
Qlw) = E |°gP(YI|Xi,W)*E E ||WyH2 — max,
i=1

yey

Ontumnsauuns Q(w) — METOLOM CTOXaCTUHECKOrO rpafMeHTa,
no n|Y|-mepHomy BekTOpy napametpos w = (w,: y € Y).
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O6épTku Hap meTopamu knaccudbukaynm
Tpancayktueubin SVM
YactuyHoe obydveHne Ha ocHose knaccudpukaymmn Perynspusauus npasgonopobus

CornacoBaHue MoOJeJ/in Ha pa3MedHeHHbIX U Hepa3Me4YeHHbIX AdHHbIX

Tenepb yutém Hepasmedentbie ganubie U = {xii1,...,x}.
Myctb bj(x) — GuHapHble npusHakn, j =1,...,m.

Ouerum seposTHocTn P(y|bj(x) = 1) asymsi cnocobamu:

1) aMnunpuyeckas oueHKa Mo Pa3MEYEHHBIM LAHHbIM Xk

le‘(:l bj(x;)[y,' = y] :
Zf'(:l bj(x;) ,

2) oueHka No Hepa3MmedeHHbIM AaHHbIM U 1 BEpOSITHOCTHOI Mogenu:

pily) =

1 biO)P(yIxi, w)
Zf:k—f—l bj(xi)

Makcumunsmupyem npasgonogobue seposiTHocTHOl Mogenu pj(y|w),
npubnnxatoleii amnupuyeckoe pacnpegenerue p;(y).

pi(ylw) =
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O6épTku Hap meTopamu knaccudbukaynm
Tpancayktueubin SVM
YactuyHoe obydveHne Ha ocHose knaccudpukaymmn Perynspusauus npasgonopobus

MocTpoenune perynapusatopa (XR, eXpectation Regularization)

Norapudm npasgonofobusi Mogenn KNaccoe no j-My npu3aHaky:

Li(w) =) Bi(y)log pi(ylw) — max.
yey

Perynspusauuns kputepus Q(w) cymmoii log-npasgonogobuii Lj(w)
c KoabpnuMeHTOM perynsapusannm y:

m k 1
Q(w) +7>_ Li(w) =" log P(yilxi,w) — >C D lw PP +
=1 i=1

yYey

m 4
—i—’yz Z pi(y) Iog< Z bi(xi)P(y|xi, W)> — max.

j=1yey i=k-+1

Mann, McCallum. Simple, robust, scalable semi-supervised learning via
expectation regularization. ICML 2007.
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O6épTku Hap meTopamm K cncbukaymnm
Tpancayktueubin SVM
YactuyHoe obydveHne Ha ocHose knaccudpukaymmn Perynspusauus npasgonopobus

OcobenHoctn metopa XR (eXpectation Regularization)

XR — 310 SSL, Ho 3T0 BOOBLLE HE KnacTepusauus!

OnTuMmn3saumsi METOA0M CTOXaCTUYECKOro rpagueHTa.

000

BoamoxHbie BapuaHThl 3agaHNs nepemMeHHbIX bj:
o bj(x) =1, Torna P(y|bj(x) = 1) — anpnopHas BeposTHOCTb
knacca y (label regularization)
— NoAXoAUT Ans 3ajad ¢ HecbanaHCMPOBAHHBIMYN KJ1AaCCaMu;
o bi(x) = [TepMMHj COAEPXKUNTCS B TEKCTE x]
— NOAXOAUT ANs 3ajad Kaaccudukaumm TEKCTOE.

meTog cnabo yyecTeuTeneH k Boibopy C un 7,
YCTOIYMB K NOrpeLHoCTsIM oueHuBanus Pi(y),

He TpebyeT 60AbLIOro Yncia pasmedeHHbIX 0ObEKTOB K,

000

XOpoLWwo noaxoanuT OnA KaTeropmsauynm TEKCTOB.

Mann, McCallum. Simple, robust, scalable semi-supervised learning via
expectation regularization. ICML 2007.
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O6épTku Hap meTopamu knaccudbukaynm
Tpancayktueubin SVM
YactuyHoe obydveHne Ha ocHose knaccudpukaymmn Perynspusauus npasgonopobus

Pe3siome B kKoHUEe nekuuun

@ Knactepusauus — 370 obyueHne 6e3 yunTtens, HEKOPPEKTHO
NnOCTaBJ/IEHHAs! 3afa4a, CYLECTBYeT MHOIO ONTMMUN3ALNOHHbIX
1 3BPUCTUYECKNX afirOPUTMOB KaacTepusauuu

@ DBSCAN — nonynspHslii BeICTpbIA anropuTM Knactepusauuu

@ 3agaya SSL 3aHMMaeT NpoMeXyTOYHOE MOJIOKEHNE MEXAY
Knaccudpmkaumeid n KnactepusaLumeil, HoO He CBOAUTCA K HUM.

@ MeTogbl knactepusauum nerko agantupytorcs k SSL
nyTém BBeaeHusi orpanuyennii (constrained clustering).

@ ApanTaums meTogoB knaccucbmkaumm peannsyeTtcs CAoXKHee,
HO, KaK NpaBuno, NpueoanT K bonee adbbeKTUBHBIM METOAAM.

@ Perynapusauyus obbeanHsAeT KpUTEpUN HA Pa3MEUEHHbIX
W Hepa3MeYeHHbIX JaHHbIX B OfHY 3ajady ONTUMMU3aLUN.
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